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Abstract

This thesis addresses two similar problems that combine the theory of Coulomb
drag with the emerging field of graphene physics. First, the theory of Coulomb drag
between two graphene mono-layers is extended to include finite temperature. It is
found that the effect is strongly enhanced at intermediate temperatures by coupled
plasmon modes. This behaviour is similar to that seen between two dimensional
electron gasses. In the second, we investigate the finite temperature polarisability
of a graphene bilayer and apply this to the problem of Coulomb drag in a bilayer
system. We find that enhancement due to coupled plasmon modes is suppressed,
and dependence of the position and width of the plasmon peak on carrier density

and interlayer separation is enhanced.
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Chapter 1

(General Introduction

The physics of electron-electron (e-e) interaction plays a leading role in a wide range
of condensed matter phenomena. These range from the fractional quantum Hall
effect and high-temperature superconductivity, to Wigner crystallisation, exciton
condensates and the Mott transition. In addition, the e-e interaction is central to
problems involving quantum coherence since it is a leading mechanism of electron
dephasing.

Despite its importance, the direct measurement of the e-e interaction through
transport experiments is difficult. This is a consequence of the e-e interaction’s
momentum conserving nature. A scheme for doing so was first proposed in 1977 by
Probrebenskii [1] and later by Price [2] in 1983. Their idea involved measuring the
rate at which current, passed through one of two closely spaced conducting layers,
drags charge in the other via the e-e interaction. The layers should be uncoupled.
In other words, far enough apart so that there is no quantum mechanical tunneling
between them. However, they must be close enough so that the weak drag effect
can have a measurable influence and typically this equates to a layer separation of

around 200A. This effect was to become known as Coulomb drag, and from the
1



Chapter 1. General Introduction 2

details one can infer something about the character of the e-e interaction.

It was not until the development of advanced semi-conductor fabrication tech-
niques that the experimental realisation of Coulomb drag was made possible. In
1991, Gramila et al. [3| did just that and observed behaviour in broad agreement
with theory. However, there were significant deviations from the predicted result.
This led to a flurry of experimental and theoretical activity that saw Coulomb drag
evolve into a field in its own right. The inconsistencies were eventually explained
and this opened the door to the investigation of Coulomb drag in a number of novel
experimental configurations. Although the pace of research in the field has greatly
reduced, new and surprising results are still emerging. For example, the recent dis-
covery [35] of novel universal conductance fluctuation behaviour in Coulomb drag
systems.

A new and interesting opportunity arose in the field with the 2004 discovery of
graphene by Novoselov et al. [51]. Graphene is a two dimensional crystal of car-
bon atoms arranged in a honeycomb lattice and it has some remarkable features.
Specifically, its electronic excitations are not described by the Schrédinger equation,
ubiquitous in condensed matter physics, but instead by the relativistic Dirac equa-
tion. Graphene’s electrons therefore mimic the physics of quantum electrodynamics
and behave as ultra-relativistic particles, with an effective speed of light around 300
times smaller than the true speed.

Although graphene’s elementary properties have long been known [40], they were
only used as a starting point for calculations on more readily available carbon al-
lotropes, such as graphite. Since 2004, many new and interesting properties of
graphene have been discovered, both theoretically and experimentally, and it has

become the fastest growing field in the condensed matter community. There are
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many interesting of graphene’s unusual properties. As of 2009, graphene holds the
records of being the strongest |[52] material ever discovered and is approximately
200 times stronger than the strongest steel. At room temperature, it is also the
most conductive, both electrically and thermally [53]. Naturally, this has led to a
great deal of excitement about its potential uses. Despite theses possibilities, the
difficulty in realising them comes from the inability to manufacture graphene sheets
on an industrial scale and there is a great deal of work to be done in this area.

Perhaps the most exciting of graphene’s potential uses is that for replacing silicon
as the material of choice for building integrated circuits. As mankind reaches the
physical limits of silicon, graphene may offer way to continue the trend of Moore’s
law. Of particular relevance to this potential application is the physics of two coupled
graphene layers, commonly referred to as a graphene bilayer. A bilayer has the
advantage of possessing a tunable band gap and as such may provide a more realistic
route to viable graphene transistors.

The idea to merge the two fields of Coulomb drag and graphene is not original
[106, 107]. However, to our knowledge the only calculations so far have been for
two graphene monolayers, and each has used zero temperature expressions for many
of the key terms. In this thesis, we will extend the theory to include a full finite
temperature treatment. The primary original work of this thesis uses McCann et
al.’s 2006 discovery [85] of the bilayer’s low energy Hamiltonian as its starting point.
We investigate the physics of Coulomb drag between two bilayers, deriving on the

way new results for the graphene polarisation and non-linear susceptibility.



Chapter 2

Coulomb Drag

In this chapter, we give a general overview of the physics and history of Coulomb
drag. This is an effect whereby charge flowing in one of two closely spaced conducting
layers drag charge in the other. We begin by motivating and describing the drag
effect in the context of the electron-electron (e-e) interaction and go on to describe
the mathematical framework of the theory.

Following this, we discuss some of the early discrepancies between theory and
experiment and how they were ultimately resolved. These led to the realisation that
drag experiments exist in one of three regimes. At low temperature (7" < 0.17%
where T is the Fermi temperature) the exchange of phonons dominates the process.
In the intermediate regime (0.17p < T < 0.57%) the Coulomb force dominates
before succumbing to the presence of coupled plasmon modes at higher temperatures
(T > 0.5TF).

Upon establishing the behaviour of the canonical drag experiment, we will con-
tinue by summarising some of the later developments and extensions to the field.
These include the investigation of drag with correlated disorder and the discovery

of novel universal conductance fluctuation behaviour.
4
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In the final part of the chapter we will present two equivalent derivations for
the drag conductivity. The first, a semi-classical approach, uses coupled Boltzmann
equations to derive an expression for the interlayer momentum transfer. This method
is physically transparent but is unable to capture higher order quantum effects such
as weak localisation. The second, a fully microscopic approach, starts from the Kubo
formula and treats the interlayer interaction as a perturbation. This is shown to be

equivalent to the Boltzmann approach in the limit of weak impurity scattering.

2.1 Introduction

Perhaps the most basic type of experiments that one could hope to perform on
electronic systems are those involving transport measurements. The e-e interaction
has only an indirect effect on the transport properties of most condensed matter
systems. This is a direct consequence of the momentum and total current conserving
nature of the e-e interaction in perfectly pure, translationally invariant systems.
Since transport measurements probe, for example, the average total current, this is
unaffected by e-e momentum transfer where total momentum is conserved.

Despite the above argument, it is possible to measure the e-e directly by con-
sidering a system of two coupled layers. Although total momentum in the system
is conserved, that within an individual layer is not. In principle momentum can
be transferred between the layers via the Coulomb interaction, or indeed any other
relevant interlayer interaction. It was this principle that led Probrebenskii [1] and
later Price [2] to investigate an effect which was to become known as Coulomb drag.
They predicted that a current passed through one of two closely spaced conducting

layers (the drive layer) would drag carriers in the other (the drag layer) via interlayer
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Drive Layer

Drag Layer

Figure 2.1: The basic configuration of a Coulomb drag experiment. A current [
passing through the drive layer interacts with charge carriers in the drag layer re-
sulting in a transfer of momentum between layers (in opposite direction for electrons
and holes) A net charge builds up at one end of the drag layer as a result of elec-
tron hole asymmetry until its electric field balances the force due to Coulomb drag.
Measurements of the voltage Vp along the drive layer provide information about the
rate of momentum transfer.

Coulomb scattering (figure 2.1). By closely spaced it is meant that the layers are far
enough apart so that quantum mechanical tunneling between the layers is negligi-
ble, but close enough so that the interlayer Coulomb interaction is strong (typically
~ 2004).

If the drag layer is in open circuit, there will be a build up of charge at one
end that will continue to increase until the electrostatic force exactly balances that
due to the interlayer scattering, whereby the system is in a stationary state The
voltage Vp induced across the drag layer is a direct result of the e-e interaction and
in performing such experiments we may hope to learn something of its character.

It was almost 10 years between Price’s 1983 theoretical prediction of Coulomb
drag [2] and its first experimental observation by Gramila et al. in 1991 [3]. The
reason for this is that the drag effect is very small and this is a direct result of
quantum mechanics. The Pauli exclusion principle tells us that no two fermions can
exist in the same state. Therefore, charge carriers in a drag experiment can only
scatter if there is an empty state for them to scatter into. At zero temperature all

states of a fermionic system are occupied up to the Fermi energy Ep. All states
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above this energy are empty. The result is that Coulomb drag at zero temperature
is not possible. At finite temperature however, states close to the Fermi surface
become partially occupied and so interlayer scattering is allowed. Coulomb drag is
therefore driven by the thermal fluctuations of the system. Because these only occur
for the relatively small number of states around the Fermi surface, the effect is small.
Based on this, one might suggest that the drag effect will scale as T2 because the
number of partially occupied states increases as ~ kg7 for each layer. As we shall
see, this is broadly correct but a more sophisticated theory is required to model the
experimental results.

The drag effect is in fact even smaller than the above argument would suggest.
The current passing through the drive layer consists of electrons above the Fermi
energy and holes below the Fermi energy traveling in opposite directions. If one
considers the electron and hole states to be symmetric, then electrons and holes
in the drag layer will be dragged in the same direction and at the same rate. The
result will be a zero net drag effect. The observation of a finite drag effect is therefore
only possible due to the small asymmetry between electron and hole states. This
asymmetry exists because the electrons and holes have slightly different energies
relative to the bottom of the Fermi sea, a consequence of the band’s parabolicity.

The net effect of this and of the Pauli exclusion principle is to make the drag
effect very small indeed. It was not until the development of advanced semicon-
ductor techniques that experimentalists were able to build structures with sufficient

precision to observe Coulomb drag.
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2.2 General Formalism

In this section, we will outline the basic mathematical framework of the theory. If
the drag layer is in open circuit so that the drag current per unit width, Jp, is zero,
the drag effect is characterised by the drag resistivity pp (analogous to the standard
transport resistivity). The drag resistivity is defined as the ratio of the induced drag

electric field Ep to the drive current per unit width Jj :

Ep
PD = —F/ JDZO, (21)

J1
where Ep = Vp/l. Here, [ is the layer length and V) is the voltage across the drag
layer. In most theoretical treatments, the quantity most readily at hand is the drag
conductivity op. It is elementary to convert from one to the other by casting the

resistivity for the system as a whole into the 2 X 2 matrix

_ P11 P12
p= : (2.2)

P21 P22
where the p;; are the in-plane layer resistivities and p;; = pp are the drag resistivity
and, for example, the indices 1,2 represent the drive and drag layers respectively.
From the relation p = ! the drag resistivities in terms of the drag conductivities

are

0D

PD = (2.3)

011022 — 012021
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The drag conductivity is typically smaller than the intralayer conductivity by a

factor of 107% [7] and so a common approximation is to write

0D
011022

PD = (2.4)

The in-plane conductivities are typically known. This leaves theoretical treat-
ments of Coulomb drag the task of deriving an expression for op in terms of the
system parameters. These include temperature (T), interlayer distance (d) and the
details of the interlayer interaction. A number of different approaches [3,7,9,19-21]

all lead to the same general expression for the drag conductivity

1 > Fl(q,W)Fg(q,W) ‘U12(Q7w)|2
= dw. 2.5
7D = 6mkpT ;/0 sinh?(w/2k5T) < (25)

An explanation of each of the terms in (2.5) is in order. The term Ujs(q,w) is the
effective interlayer potential. The expression above is sufficiently general so that
interlayer interactions other than the Coulomb can be investigated with a suitable
choice of Ujs. In the case of the Coulomb interaction, in order to obtain agreement
with experiment, it is necessary to self consistently account for the screening of
charge between layers. For typical experimental parameters [3] the random phase
approximation is used. This assumes that the system is in the high density limit
where interactions are small and the random phase approximation is asymptotically
exact. The interaction term typically results in a factor of sinh™> (gd) where d is
the interlayer spacing. This provides an upper cutoff to the momentum sum and
is physically interpreted as fluctuations smaller than the interlayer spacing being

averaged out from the point of view of the drag layer. The result is that fluctuations
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with a wavelength < d do not contribute to the drag rate.
The terms I';(¢q,w) are the non-linear response functions of the charge density in

layer 7 to an external potential:

6pi(q>w> = Fi(Qu w)¢2 (Q7 w) . (26)

Accordingly, the drag effect can be viewed as the rectification of alternating fluctu-
ations in the drive layer to a direct current in the drag layer. It will be shown below
that for a 2DEG in the weak scattering limit, these functions are proportional to
the imaginary parts of the individual layer linear susceptibilities x;(¢,w). In this

case (2.7) becomes

1 > Imy (g, w)Imxa(q, w) [Ur2(q, w)|?
- dw. 2.7
oD 16mkpT Xq:/o sinh®(w/2kgT) “ 2.7

The final sinh ™2 (Aw/kpT) factor controls the available phase space for the charge
carriers to scatter into. As described in the previous section, this arises due to the

broadening of the Fermi distribution on each layer at finite temperature.

Interlayer Interaction The interlayer interaction term Ui, is arguably the most
important term in (2.5) because it is responsible for defining the character of the mo-
mentum transfer between layers. Although we will primarily consider the Coulomb
interaction, it is sufficiently general so that other interactions such as phonon ex-
change between the layers can be investigated with an appropriate choice of Uys.
To get quantitative agreement with experiment, it is essential to take into account
the screening of charge when constructing a Coulombic interaction term. Under the

assumption that the electron gas is in the high density (weakly interacting) limit, it is
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common to approximate the screened interlayer interaction using the random phase
approximation (RPA) [18]. In the RPA, electrons are treated as self-consistently
moving within the background electric field of the other electrons. For a single layer

in the RPA, the effective intralayer interaction is given by [18|

U(g.w) = Vi(q) Vi(q)

Ce(qw) 1+ Vi(g)x(g,w) (28)

where (g, w) is the dielectric function, V,(q) = 2me?/q is the bare in-plane Coulomb
interaction (see appendix A) and x(¢,w) is the polarisability of the electron gas.
The polarisability defines the response of the charge dp(g,w) to an external potential
¥ (q,w) through

op(q,w) = —x(q,w)¥(q,w). (2.9)

The extension to a double layer system is straightforward and requires the bare

interlayer Coulomb interaction

Up(q) = w, (2.10)

where d is the layer separation. This is derived by considering the potential of a

charge situated in one plane, as seen from the other. This is given by

62

Un(r) = s (2.11)

where 7, 6 are the in-plane radial and angular coordinates of the observation point,
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relative to the charge. Fourier transforming (2.11) we get

o [ Jo(gr)rdr

00 2m 62 )
U = rdr df————€""% = 27r¢ —_— 2.12
ko) = [ v [l ey . e G

where J, = o2 [0 €"7<°%d0 is a Bessel function of the first kind. The integral over
7 is then performed with the aid of a standard identity |5| and yields (2.10).
The effective interlayer interaction is most conveniently expressed as a 2x2 matrix

[15]

PN B Vi(q)
V) = s @’

(2.13)

where the off-diagonal elements Uy = Us; are the interlayer interactions. Some

straightforward algebra results in

Un(gw) = 290 Us(a) (2.14)

e2(q,w) [T+ xa] [1+ xa] = U (@)xixa’

where x1 = x1(¢,w) and x2 = x2(q,w) are the response functions for each layer.
Equation (2.14) is valid for the case where the layers are treated as mathematical
planes. To get quantitative agreement with experiment it is necessary to extend
this result to include a finite layer thickness in which case the denominator of (2.14)
acquires form factors. A standard approach [4,8] is to model each layer as an infinite
square well of width L, separated by a well-centre to well-centre distance d. Under

these approximations (2.14) is modified to

Un(q,w) = Unla) (2.15)

[1 4+ Gxa] [1 + Gxo) — G2UR(@)xax2




2.3. Early Developments 13

where
1 ql 872 2
G =——e % sinh — 2.16
2" (Sm 2 ql (4W2+q2L2)) ’ (216)
Go_L|Z2, __ak s i B 2 e-atr2 (2.17)
—_ - | £ — sinh —e . :
2q | qL  4m? + ¢2L2 ql (472 + ¢%L?) 2

The effect of treating the layers as quantum wells and not as mathematical planes
does not affect the qualitative behaviour of the Coulomb drag effect. It is necessary
to do so simply to obtain precise agreement between theoretical and experimental

values of the drag rate.

2.3 Early Developments

As already discussed, a naive approach to the temperature dependence of pp might
suggest that it should vanish as T2 at low temperatures. This is a result of the scat-
tering being limited by the exclusion principle to within kg7 of the Fermi surface.
With the development of advanced semiconductor fabrication techniques, this pre-
diction was first put to the test experimentally in the pioneering work of Gramilia
et al. |3]. For the first time they were able to produce two independently contacted

quantum wells that were spaced closely enough to observe Coulomb drag.

2.3.1 Double Quantum Wells

The two-dimensional electron gas, made by trapping electrons at doped semicon-
ductor junctions, is perhaps the most prolific system in which low-dimensional elec-
tronic transport has been studied. Modern fabrication techniques and in particular
molecular beam epitaxy, allow for the controlled construction of ultra high crys-

talline quality semiconductor structures and provide exquisite control of dopant
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Figure 2.2: Independently contacted quantum wells. The Hall bar geometry as used
by Gramila et al. showing upper and lower arm gates. Reproduced from |[3].

levels. Modulation doping, in which the carriers are physically separated from the
dopants that create them, have resulted in huge increases in the carrier mobility of
these structures.

It was these techniques that allowed Gramila et al. [3] to construct a double
quantum well (DQW) system with which to study Coulomb drag. They used a
modulation doped GaAs / Aly3Gag7As heterostructure to create a system comprised
of two closely spaced quantum wells, each 200A thick and separated by ~ 200A.
Carriers in the well are constrained to lie in the lowest energy level of the well
but are free in the remaining two dimensions. The system therefore acts as an
approximation to a two dimensional electron gas.

The key to this experiment and others like it is the ability to independently
contact the quantum wells. This was achieved by creating a Hall bar geometry
in which control contacts were placed on each arm above and below the DQWs.
By varying the voltage applied to these gates, carriers in a given layer are locally
depleted. The remaining layer is then independently contacted to that arm of the

Hall bar and ordinary transport measurements can be taken from it.
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Figure 2.3: Temperature dependence of the interlayer momentum transfer rate di-
vided by T? for interlayer separations of 175-, 225- and 500-A. The dashed line
shows the estimated Coulomb contribution to the 500-A sample. For these samples
the Fermi temperature is approximately 60K. Reproduced from |[3].

2.3.2 Phonons

The experiment carried out by Gramilia et al. |3] showed a deviation from the
expected pp ~ T? behaviour due to Coulomb scattering alone. Although this de-
pendence is roughly satisfied, confirming the dominance of the e-e interaction, the
experiment gave a non-monotonic pp/T? with a maximum at ~ 2K (figure 2.3).
The Fermi temperature for the samples used is approximately 60K and the overall
temperature dependence and position of the maximum are roughly similar for dif-
ferent layer separations. At a layer separation of 500A, the observed pp is simply
too large to be the result of Coulomb scattering alone and this led Gramila et al. to
suggest an additional interlayer interaction.

An initial clue to the nature of this interaction is that the observed scattering
rate shows an extremely weak dependence on layer spacing, once Coulomb scattering
is subtracted from the overall rate. This implies that the interaction is phonon me-

diated because low temperature acoustic phonon mean free paths in these samples
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are on the order of millimetres. One would therefore not expect significant varia-
tion upon changing the layer separation by hundreds of Angstroms. Furthermore,
the observed temperature dependence bears a remarkable resemblance to the well
known interaction of acoustic phonons with 2D electrons [15]. The scattering rate

of this interaction, 7}

, Ton » 18 linear in 7" at high temperatures, but has a much stronger

temperature dependence of 7° or 77 at low temperatures. For samples at these
densities the crossover occurs at a few Kelvin and hence the observed temperature
dependence of 7p is broadly consistent with a phonon mediated interaction.

Further evidence for a phonon mediated interaction arises when the dependence
of the scattering rate on the relative electron density of each layer is considered.
The phase space for back scattering diverges in a 2DEG and the phonon scattering
rate is dominated by 2kp phonons [18|. Therefore, a phonon in the drive layer has
a much higher chance of being absorbed by the drag layer if the densities and hence
the Fermi wave vectors are matched. The result is that one would a expect phonon
mediated interaction to produce a peak in the interlayer scattering rate at matched
densities and this is indeed observed. This argument does not hold for the Coulomb
interaction between layers which, as we shall see later, is dominated by small angle
scattering by the factor of e79? appearing in the interlayer interaction (2.14). Figure
2.4 shows that for the systems considered in [23]|, a peak at matched densities is
indeed observed at 2.3K where 7,'/T? is significant, but not at both higher and
lower temperatures where it is small.

So far, the temperature, layer spacing and density dependence of the interlayer
scattering rates strongly support a phonon mediated interaction. A problem arises
when one compares the magnitude of the observed scattering rates with those ob-

tained theoretically. It is found that the observed scattering rates are between 20
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Figure 2.4: Dependence of the interlayer scatting rate on the electron density of
the drag layer (Ny ) for three different temperatures. The arrow indicates that the
densities of the two layers are matched. Inset: drag rate at 2.3K with Ny replaced
by the gate bias. Reproduced from [23].

and 100 times larger than the calculated results for real phonon exchange, despite
having its characteristic temperature dependence. It was suggested [21,22,27| that
in order to get agreement with experiment, a virtual exchange mechanism should
be considered in the form of virtual phonons. Virtual phonons have the property of
not obeying energy conservation and provide a much stronger interaction. This is a
result of the difference in dimensionality of the electron and phonon systems. The
result is that although the in-plane components of the virtual phonon’s wave vector
are constrained by momentum conservation, the out of plane component is not fixed
by energy conservation as it is for real phonons. Therefore, for a given electronic
excitation there is a line of possible excitations in phonon phase space. In compar-
ison, for real phonons the allowed phase space for a given electronic excitation is
restricted to two points.

The temperature dependence of real and virtual phonon interactions are similar
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but differ in their magnitudes. It was decided by Gramila et al. [23] that more
evidence was required to indicate virtual over real phonon exchange. They suggested
that although a real phonon exchange interaction will be independent of the layer
separation until it becomes comparable to the phonon mean free path, this is not
true for virtual phonons. Instead, the range of virtual phonon energies able to
contribute to the interaction would decrease as the interlayer distance is increased.
Therefore, an observation of a reduction in 7" for interlayer distances well below
that of the real phonon mean free path would be strong evidence in support of an
additional interlayer interaction. If this interaction is due to virtual phonons it would
be indicated by the fact that the temperature dependence of the virtual phonon
interaction is close to that for real phonons. This was confirmed experimentally
when Gramila et al. observed a significant decrease in interlayer scattering rate,
with the appropriate temperature dependence, in a system with a layer separation

of 5000A.

2.3.3 Plasmons

Coherent, collective excitations of the electron gas, known as plasmons, play an
important role in the optical properties of metals and semiconductors. The system
may excite spontaneously, that is, a finite response may arise from an infinitesimal
excitation, at the poles of the charge density response function. If a pole lies on the
real axis then it is outside of the electron-hole (e-h) continuum (Imy = 0) and so
the plasmon cannot decay by electron-hole excitations. As the pole moves off the
real axis and moves into the e-h continuum, the plasmon develops a finite lifetime
and it may decay via excitations of e-h pairs. This process is known as Landau

damping [8]. The plasmon dispersion relation is found by looking for zeros of the
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dielectric function e(q,w) = 1 + V,(q)x(¢,w) which to lowest order in ¢ is given

by [10]

(2.18)

In the context of Coulomb drag, it was first noted by Flensberg and Hu |8, 24]
that collective charge oscillations of the double layer system, that exist at the poles
of the effective interlayer interaction, will enhance the drag rate at sufficiently high
temperatures. For identical layers, x1 = x2 = X, the screened interlayer interaction

Upa(q,w) is given by (2.3):

Us(q)
[1+ x(q,w)]* = U2(9)x*(q,w)

Ura(q,w) = (2.19)

where Uy(q) = w is the bare interlayer interaction (2.10). There are two

plasmon modes, one where the charge oscillations are in phase (optic mode), and

the other where they are out of phase (acoustic mode). Evidence for the symmetric

in-phase) and antisymmetric (out-of-phase) modes arises if we write (2.19) in the
y

form

_1 Vi +Us B Vo — Us
21+ x(q,w)(Vo+Us) 1+ x(qw)(Vo—Us) |

Ura(q,w) (2.20)

where V;,(¢q) = 2me?/q is the bare in-plane Coulomb interaction. At zero temperature
the poles of Uy lie on the real w axis. This implies that the plasmons lie outside
of the e-h continuum and are therefore stable. Since the expression for the drag
conductivity involves an integration over Im{x(q,w)}, there can be no plasmon con-

tribution to the drag rate at zero temperature. At finite temperature, the plasmon
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poles move off the real axis and acquire a finite lifetime, decaying by excitation of
e-h pairs. As the plasmon poles begin to overlap with the e-h continuum the latter
contribute to, and eventually dominate, the drag rate. That the finite temperature
expressions for x(¢,w) are required to see a contribution from plasmons explains
why Jauho et al. [4] did not see a plasmon enhancement. At finite temperature,
there is no analytic expression for x(¢,w) and so Flensberg and Hu [8, 24] were
forced to evaluate it numerically. They did so using the following expression by
Maldague [28] that expresses the finite temperature polarisation as an integral over

the zero temperature expression,

> x(q,w; ', T = 0)
swip, T) = dy’ : 2.21
(g, wipT) /0 H 4kpT cosh?®[(u — i) /2kpT] (2.21)

As usual the chemical potential in two dimensions is obtained via conservation of

particle number and is given by [11]
p=TIn(e™/T —1)/Tp. (2.22)

It is possible to obtain the small g dispersion of these plasmon modes under
the assumptions of zero layer thickness and zero temperature. In this limit, the
poles are close to the real axis and so we may look for zeros of the real part of
(2.20). For typical drag experiments where the electronic density is high and kinetic
energy dominates over potential (see section 3.3.2.3), the appropriate 2D polarisation

function, x(q,w), is that taken in the RPA. First calculated in 1967 by Stern [12],
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it is given by

krm | q q w \? q w )’
_ 2 _ 2 ) 1= — 4+ —] —13. (2.2
x(4:w) wq | kr \/(Qkp qUF) 2kp " qur (223

To calculate the small ¢ plasmon dispersion it is necessary to take x(q,w) in the

limits ¢ < 1 and w > ¢. This region is outside of the electron-hole continuum and

where the plasmon modes exits. In this limit we have

4.9

- 2.24
Ay, (224

where n is the electron density and m the effective mass. In the small ¢ limit
Vi + Uy >~ 4me? /q and Vj, — Uy, ~ 4me?d, which when substituted into (2.20) yields
the dispersions w4 (q) of the two plasmon modes

wy =e (4”—”)% q% Optic,

m

1

wo =e(E)2 g Acoustic. (2.25)

As the acoustic plasmon mode is lower in energy, it provides the dominant contri-
bution to the drag rate. The plasmon dispersions at zero temperature are shown in
figure 2.5 for two different values of layer separation, along with the e-h continuum.
At large ¢ the plasmon modes are not well defined because the two branches initially
merge and are then Landau damped out of existence.

Flensberg and Hu [24] were able to develop an approximation for the plasmon

contribution to the drag rate that is reasonably accurate up to around 0.57%. By
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Figure 2.5: The plasmon dispersion for two coupled quantum wells for two different
layer separations at zero temperature. Reproduced from [8].

expanding around the plasmon pole they obtained the expression

o h? Tt 4 Im[x(q, wx(q))]
E 87Tenmk‘BT/0 daq 4B+ (q)| sinh?*[hw(q)3/2] (2.26)

where ;4 (q) = dRe[x(q,w)]/dw |,—w, and the parameter g. 4 defines the value where
the plasmon ceases to exist, i.e. when there are no more solutions to ¢ (¢,w) = 0. In
analysing the dependence of the plasmon contribution on the interlayer separation
d, they noted that although the exponential dependence on the layer separation has
dropped out of (2.26), 74 is still d dependent through the d dependence of w.(q),
B+(q) and g.. As can be seen from figure 2.5, as d increases the slope of w_(q)
increases while ¢. decreases. This is counteracted by the decreasing slope of w,(q),
although this is a weaker effect. The drag rate then decreases with increasing d as
is expected. It is not possible to obtain an analytic expression for the d dependence
of the plasmon contribution. However, Flensberg and Hu were able to determine
numerically that within the range of validity of their approximation, 7, oc d~® where

a~3.
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Figure 2.6: The temperature dependence of the drag rate scaled by T2 for two
identical GaAs quantum wells with densities n = 1.5 x 10" em ™2, a well separation of
d = 375Aand a well widths of 200A. The full bold curve corresponds to calculations
using the finite-T" form of x(q,w), the dotted curve to using the 7' = 0 form of y,
and the short-dashed curve is based on the static screening approximation of [4].
Reproduced from [8].

The numerical calculations of Flensberg and Hu [24] suggest that at temperatures
above 0.27F% the plasmons dominate the drag effect with a peak at around 0.57%
(see figure 2.6). At higher temperatures, the plasmons are increasingly Landau
damped and their contribution to the drag rate decreases. They also showed that
the drag rate is maximised when the densities of each layer are matched which is
an important experimental signature of plasmon enhancement. This peak occurs
because the contribution of each layer to the plasmon enhancement is essentially
determined by distance from the e-h continuum to the plasmon dispersion. These
distances are minimised for matched densities.

As the temperature is increased well beyond the Fermi temperature, the 2DEG
begins to behave like a gas of classical particles and is governed by the Maxwell-
Boltzmann distribution. In the high temperature limit it was shown [24] that drag
rate that goes as 7' oc 773/2, although the numerics indicated that does not occur

until around 107, for a T of around 60K.
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Figure 2.7: The scaled transresistivity ppT 2 verses T'/T for different but matched
densities. The dashed (solid) curves are the RPA (Hubbard) calculations of [8]. The
circles are the experimental results of [30]. Reproduced from [30].

The theoretical predictions for plasmon enhancement were put to the test in
experiments by Hill et al. [29] with good qualitative agreement. They found that
the temperature required to excite the plasmons is lower than expected and that,
over the majority of their temperature range, the magnitude of the drag rate was
higher than the prediction. The suggestion that this indicated a failure of the
RPA approximation was bolstered by several attempts |25, 26] to go beyond it.
More closely matching the experimental data, they emphasised the fact that RPA
is only good for very high densities. In general it overestimates the screening so
that the effective interlayer interaction is weaker. The comparison with theory
and experiment (figure 2.7) clearly shows that this is particularly the case at higher
temperatures. In addition, Guven and Tanatar [31] studied coupled plasmon-phonon

modes and found an enhancement to the drag effect.
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2.3.4 Disorder

The effect of disorder on the drag rate was first investigated by Zheng and MacDon-
ald [19]. They used the fact that in the diffusive regime (¢ < 1/l and w < 1/7), the

density response x(q,w) is given at small frequencies and wave-vectors by

dn  Dg?

== 2.27
dp Dg? — iw’ (227)

x(q,w)

where D = [?/27 is the diffusion constant, [ the mean free path, 7 = [/vp the
scattering time and dn/du the density of states. They showed that the diffusive

contribution to the drag resistivity is

D pusive _ €0 / 7 o / vdg (2.28)
b (lfTFd)2 0 ePhw 4 e=phw — 9 (w/D)/2 4

In the low temperature, large layer separation limit they were able to obtain an

analytic expression for the drag resistivity and found that

62

T?logT 2.29
(orrd)? ogT, (2.29)

PD =

which is valid for | < d, T' < T and krd > 1. The change in the distance depen-
dence from d~* in the ballistic case to d~2 in the diffusive case is a direct result of the
change in the wave-vector dependence of Imy from ¢~! to ¢~2. Zheng and MacDon-
ald numerically calculated the relative correction to the interlayer scattering rate,
TA /T, where Ta is the correction due to disorder and 75 the ballistic contribution.
These results are shown in figure 2.8 as a function of sample mobility and it can be

seen that disorder dominates the drag effect at low temperatures and mobilities.
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Figure 2.8: The relative correction to the interlayer scattering rate due to disorder
enhancement for several temperatures as a function of sample mobility and for a

layer separation of 500A and a density of 1.5 x 10 em 2. The last two plots are

results for the case where one layer has an infinite mobility and the other a finite
mobility. Reproduced from [19].

Zheng and MacDonald also estimated the crossover temperature 7. where the

effect of disorder on drag becomes observable as

T, ~ Trexp[—3(1/d)* /4¢(3)], (2.30)

where T, = h/kp7 and ( (z) is the Riemann zeta function. No experiment has yet
observed Coulomb drag in the diffusive regime. For typical drag experiments this

crossover temperature is below experimentally attainable temperatures.

2.4 Further Developments

By the end of the 1990s, the physical properties of the canonical drag experiment
were well established [15]. Researchers now turned their attention to some novel
extensions to the theory and experiment, and in this section we review a selection

of these.
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2.4.1 Mesoscopic Systems

A mesoscopic system is one whose size is of the order of the coherence length,
L, of the charge carriers. The coherence length is the distance that the carriers
travel before losing their phase coherence. These systems are essentially in between
the atomic and the bulk regimes and as such the cornerstone of statistical physics
(that principle that systems behave as the average over an ensemble of identical
systems), is no longer applicable. An electron loses its coherence through inelastic
e-e or electron-phonon scattering processes. As temperature decreases, the coherence
length increases as the density of phonons decreases. In the low temperature regime,
e-e scattering dominates the dephasing process [37].

In mesoscopic systems, the wave properties of electrons are observable and man-
ifest themselves in various phenomenon such as weak localisation and universal con-
ductance fluctuations (UCF). Weak localisation is seen in bulk samples and is the
process by which coherent, diffusive electrons, traveling on time reversed paths,
constructively interfere. It manifests itself in a divergence in the resistivity of meso-
scopic systems, as the temperature approaches zero, and a decrease in resistance
with an applied magnetic field (negative magnetoresistance). This is a result of the
magnetic field interacting with the phase of the interfering electrons. It has been
shown [7,9] that weak localisation has a negligible effect on the drag resistance.

Universal conductance fluctuations are not seen in bulk samples and are small
variations in the resistivity. These variations’ defining characteristic is that they
are reproducible. As parameters such as magnetic field, impurity configuration (re-
configured by heating) or carrier density are varied across a range, the resistivity

will vary in a way that will be exactly duplicated if the process is repeated. This
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Figure 2.9: Reproducible fluctuations of the drag resistivity. The black, green,
and red plots show reproduced fluctuations of the drag resistivity, each taken at a
different temperature. The amplitude of the fluctuations are clearly larger at lower
temperatures. (A) Drag resistance measured at low temperatures as a function of
passive layer concentration; T = 1, 0.4 and 0.24 K, from top to bottom. (Inset) pp
as a function of T" for two values of ny denoted by the dotted lines; solid line is the
expected T? dependence of the average drag. (B) pp as a function of B; T = 0.4,
0.35, and 0.24 K, from top to bottom. (Graphs for higher 7" are vertically offset
for clarity.) Single-layer concentration for each layer is 5.8 x 10%m 2. (Inset) The
UCF of the single layer, with an average background resistance of 500 {2 subtracted.
Reproduced from [35].

leads to concepts such as magneto-fingerprinting whereby a sample’s unique and
reproducible resistance fluctuations could in principle be used to identify it.

It was first suggested by Aleiner and Narozhny [36] that at low enough temper-
atures and for very small disordered systems, mesoscopic fluctuations may actually
come to dominate the drag conductivity with the sign of the drag current becoming
random. These ideas were first put to the test experimentally by Price et al. [35].
They explored the potential for UCF in samples larger and cleaner than theory sug-
gested would produce significant fluctuations. Surprisingly, they found (see figure
2.9) that although the fluctuating drag resistance was small, it was still four orders
of magnitude higher than predicted by theory.

The authors have provided a possible explanation for this surprising result. In

mesoscopic systems it is not only the conductivity but also the local density of states
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that fluctuates. In their samples, the mean free path between impurity scattering
is large compared to the layer separation. This implies that only relatively large
momentum transfers contribute to the drag conductivity. The uncertainty principle
then demands that the interlayer interactions occur over small distances. Therefore,
fluctuations in properties such as the local density of states govern the drag effect.
At the relevant experimental parameters, fluctuations in the local density of states
are known to be much bigger than the average of the sample. Fortunately, this
particular mechanism has a very specific temperature dependence and Price et al.
were able to show that their experiment is in good agreement with this behaviour.
This experiment has provided an interesting new way to study not only just the e-e
interaction, but the interplay between the e-e interaction and quantum coherence

effects [37].

2.4.2 Correlated Disorder

In conventional Coulomb drag experiments, the carriers in each layer are donated
by doped layers below and above the system. Because screening is effective in these
systems, the carriers in each layer are only scattered by the smooth and random po-
tential of the impurities in the closest doped layer. This is the so called independent
impurity model.

Gornyi et al. 34| studied a correlated impurity model in which a doped layer is
placed between the layers of a conventional drag experiment. There is therefore a
correlation in the impurity potential experienced by the carriers of each layer. Tt was
found that at low temperatures and in the diffusive regime, the correlated impurity
model results in a significant enhancement in the drag effect. A cartoon of this

effect is that because the carriers are moving within the same impurity potential,
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there is an increased probability for electrons in opposite layers to follow an identical
trajectory. The result is that overall there is an increase in the average time during

which electrons in opposite layers can experience Coulomb scattering.

2.4.3 Tunneling Bridges

Kamenev and Oreg [32] investigated the drag effect with local tunneling links be-
tween the layers. Their particular model was to include the presence of point like
bridges (places where electrons may tunnel), between the layers. Such a situation
often occurs in metallic double layer systems [33]. For charge carriers of the same
sign, the drag current flows in the same direction as the drive current. Kamenev
and Oreg showed that in the presence of tunneling bridges, the interaction between
the tunneling and the Coulomb interaction leads to a drag conductivity that is finite
at zero temperature and negative for carriers of the same sign.

Two different regimes were identified in which different tunneling mechanisms
cause a negative drag conductivity. If the temperature is not too small then the
drag current is dominated by the following mechanism. As current passes through
the drive layer, a fraction of the carriers tunnel into the drag layer and in doing so
“forget” the direction of their initial momentum (a consequence of the uncertainty
principle). The result is that there is no net contribution to the drag current at this
stage. However, the repulsive Coulomb interaction between the remaining electron
in the drive layer and the tunneled electrons cause the later to move in a direction
opposite to the drive current. The net result is a negative drag conductivity. At
lower temperatures the dominant process is one that involves coherent tunneling to
the drag layer and back, accompanied by the Coulomb interaction. It was shown

that this mechanism has a strong temperature dependence that is logarithmically
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divergent as T' — 0.

2.5 Derivation of the Drag Conductivity

The first microscopic theoretical treatment of the drag effect was given by Jauho and
Smith [4] and was based on a Boltzmann equation approach. Alternative treatments
include the Green’s function formalism |7, 9], presented in section 2.5.2; the mem-
ory function formalism [19] and the collective excitation approach [20]. Although
studying Coulomb drag through the Boltzmann equation is semi-classical and hence
unable to capture higher order quantum effects, such as weak localisation, it has
the advantage of providing a transparent origin for the terms appearing in equation

(2.7). With this in mind it is instructive to look at this approach in some detail.

2.5.1 The Boltzmann Equation Approach

This calculation due to Jauho et al. [4] is valid under the condition of weak scat-
tering (wr > 1). It uses coupled, linearised Boltzmann transport equations to
calculate the transfer of momentum from the drive to the drag layer. This approach
is semi-classical in the sense that although the Boltzmann equation treats scattering
classically, quantum mechanics enters the procedure via the de Broglie relation and
the use of the Fermi equilibrium distribution function.

The calculation proceeds as follows. After obtaining the Boltzmann equation
and the collision term for interlayer scattering, the resulting expression is linearised
under the assumption of weak interlayer scattering. Following this, it is coupled with
the in-plane Boltzmann equation for the drive layer, linearised under the assumption

of weak intralayer impurity scattering. After a series of technical manipulations, the
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resulting expression will be written in terms of the polarisabilities, x(g,w), of each
individual layer.

The Boltzmann equation describes the evolution of the non-equilibrium distri-
bution function f (r,k,?) as a function of time. It is one of the most important
equations of non-equilibrium statistical mechanics. The distribution function is de-
fined so that f (r, k,t) drdk is the number of particles that, at time ¢, have a position
within an element dr about r, and a momentum within an element dk about k. In
the absence of collisions, and in the presence of an external force F, particle conser-

vation demands that
k
f (r + —dt,k+ Fdt,t + dt) drdk — f (r,k,t) drdk = 0. (2.31)
m

In the presence of collisions, the resulting change in distribution function must equal

(2.31),

f (r + Edt, k + Fdt,t + dt) drdk — f (r,k,t) drdk = (%) drdkdt. (2.32)
m coll

Dividing (2.32) by drdkdt and taking the infinitesimal limit, we arrive at the Boltz-

mann equation,

of of  dk df [of
ot Tor VW dk_(at . (2.33)

In general, solutions to (2.33) are non-linear integro-differential equations that must
be evaluated numerically. There are several approximations that are commonly used
in Boltzmann equation calculations in order to make the problem more tractable.

The first is to linearise the Boltzmann equation and restrict the problem to small
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deviations from equilibrium. The distribution function can then be written as
2 (k) +Af (k), where f° (k) is the equilibrium distribution function and Af (k) is
small. The second commonly used technique for evaluating the Boltzmann equation

is to approximate the collision term by a relaxation time form by writing,

i _ . (2.34)

Tk Tk

(8f> L R0 Af(K

This implies that the collisions restore the non-equilibrium distribution function
f (k) to its equilibrium value f° (k) in a characteristic time 7. In a further sim-
plification, the scattering time 7y is often taken as being momentum independent,
7. It is possible to derive an expression for the drag rate assuming a momentum
dependent scattering time [38|. However, the result is not expressible in terms of
the individual layer susceptibilities.

In calculating the interlayer collision rate in a Coulomb drag system it will be
necessary to work with an explicit form for the collision term. For a single layer,
it is straightforward to construct the collision integral by considering the phase
space restrictions to scattering, along with the scattering probability Q. The
probability per unit time that an electron in a state k will be scattered into a state
with the same spin, contained in an infinitesimal element dk’ around k', is Qy ydk’.
However, not all of the states in dk’ are empty. As a consequence of the exclusion
principle, the actual rate of scattering will be reduced by the fraction of occupied
states, 1 — f (k’). Now, the probability per unit time P (k) of an electron in a state
k, leaving dk via collisions, must be the sum over all k’ of the probability to scatter

into a state k'

P09 = [ 5 1= 1)) 239
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The total number of electrons per unit time that undergo a scattering event in the
infinitesimal volume dk around k, and consequently leave it, is P (k) f (k). The

change in the distribution function due to these collisions is therefore,

<af8§k)>m — —fK)P (k) = —f(k)/%gk’k, A-fa). (236

To evaluate ( a};(tk))m, we note that the probability per unit time that electron in a
state k' is scattered into dk around k is Qv xdk’. Because only a fraction of these
states are occupied, the probability is reduced by a factor f (k’). Similarly, due to
the exclusion principle, the fraction of k states available for scattering into reduces

the scattering probability by a factor 1 — f (k). The total number of electrons per

unit time scattering into dk is therefore,

(5) —u-ru [ %ﬂf ). (2.37)

The total change in f per unit time due to collisions is therefore
of (k) of (k) of (k)
— 2.
< at )c ( at out " at n ( 38)

= / (il:;d Dea (1= f (k) f (K') — Qeae f (k) (1 — f (K))]

where, for a Coulomb drag system where each layer is taken as a mathematical

plane, d = 2.
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Figure 2.10: Diagram representing interlayer scattering.
2.5.1.1 Interlayer Scattering

Equation (2.38) describes the change of the distribution function as a result of scat-
tering with impurities in a given layer. The quantity of interest in calculating the
drag resistivity is the change of the distribution function as a result of scattering
events between electrons in different layers. We may extend (2.38) to this case by
noting that such scattering events involve two incoming and two outgoing momenta
(see figure 2.10). Therefore, the scattering probability, €2, becomes a function of four
momenta and the occupancy of the two extra states must be taken into account. En-
forcing energy conservation with Dirac ¢ functions and including spin summations,

the collision term for interlayer electron-electron scattering is

(%)C = ¥ /dkl’ / dk; /éﬁj’aug:y,z’) (2.39)

011,02,09/

S(flaf27f1’7f2/)6(k1 +k2 _kl’ _k2/)5(51 + &9 — €y —52/)

where S (f1, fo, frrs for) = fufo (1= f1) (1 = f2) = fifa (1 — fi) (1 — fo). It should

be noted that in equilibrium (f; = f?), the detailed balance condition implies that
the should be no net flow of probability around a closed cycle of states. There-
fore, S (fY, 13, fY, f%) = 0. Therefore, momentum transfer to the drag layer arises

because of the asymmetry of the electron distribution of one layer relative to the
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other.
The delta function involving momentum in (2.39) allows us to omit a momentum

integration and we may therefore write (%)c =

2. / = / dk29<12 1.2) S (fr. for fu fr) 8 (o1 22 —ev —2w).

T11,02,09/

(2.40)
where o, are spin variables and a dash indicates a state after a scattering event. The
function € (1,2 :1’,2') is the probability that two electrons in states kyoq and keos
will scatter into the states ky/, 0y, and ko, 0o,. Time reversal symmetry is assumed
so that Q(1,2:1,2)=Q (1,2 : 1,2).

It turns out that it is useful to recast the collision integral using terms of the

i

form 1—_fi’

allowing us to exploit the identity - (;0 = exp( . }‘) To this end,

energy conservation’s demand that 1 + 5 = €/ + €9 allows us to write,

R i fy

-1 -1 24
and S(f1,f2,f1/7f2’) =
e e e Jule b
—(1 fl) (1 f2> (1 fl)(l f2> (1—f1’> (1_f2’) (1—f1> (1_f2)
(2.42)

Next, we linearise the distribution f; under the assumption of weak interlayer scat-

tering to yield,

fi= v afm g0+ 2

( ) fi0+fi0 (1_in) i (5)7 (2-43)
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and similarly,

: 0 0
1flfi 1 ilf.o 1 flf0¢i OF (2.44)

where 1; (¢) = —(; (¢) /kgT is a slowly varying function of energy, . Substituting

(2.44) , (2.41) and (2.43) into (2.42) gives for the linearised S term,

S (fr, fo, fis for) = (L= f1) (L= f2) fLfS [o + b — ¥o + 1] + O (¥%) . (2.45)

Substituting this into (2.40) we arrive at the linearised collision integral:

(%) _ Z/ 1/ 29(1,2:1/,2’)[¢1+¢2—w1/—¢2f]

0110209/

><fO1f02 (1 - fol’) (1 - f02’) d(e1+e—er —ew). (2.46)

If we assume that impurity scattering in the drive layer (2) is weak so that the
distribution function in this layer is not far from equilibrium, then the dynamics
of this layer can then be described by the single layer Boltzmann equation in the

relaxation time approximation:

dfy _ Af (k)
Bt ===, (2.47)

where Af (k) ~ af 52 (2 (¢) is the change in the distribution function from equilibrium.
Noting that (s (¢) = kT, (¢) and then choosing the direction of the current to be

parallel to the x-axis, we can express the deviation functions s and 1)y as

wg = — T2€U2$/E2. (248)

ToeVop Eg, Py = —

kBT k)BT
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Because no current is flowing in the drag layer the distribution function is the
equilibrium one, corresponding to ¥; = ¥ = 0. Assuming that the effective masses
in both layers are identical, momentum conservation gives vo, — Voy = V1 — V1 =

L (k1w — kip). With this in mind we substitute (2.48) into (2.46) to get

6f1 B 7'262 dkll dkz YN
(W)c = T > / / -Q(1,2:1,2) (2.49)

01102049/

X k1o — Kia] f01f02 (1 - f01/) (1 - foz/) d(e1+er—er —ey).

If we multiply (2.49) by ki, and integrate over momentum and spin, we get the rate

of transfer of momentum from the drive to the drag layer,

dP Toe? dk, dky / dky ) o
— = — E Q 1,2:1,2 2.50
dt kaT / / (27T) ( ) 9 ) ( )

010110204/

X kg (k1o — K1a) 01 % (1 - f01/) (1 - fozf) 6(e1 +eg—er —ey).

The summation over spins may be evaluated by noting that only two of the four
variables are independent since oy = oy and 09 = 09, providing an additional
factor of 4. Furthermore, the right-hand side of (2.50) may be simplified by noting
the symmetry of the integrand with respect to the interchange of 1 and 1’. This
implies that ki, (kiw — k12) = ki (k1z — k1) and so k%, = k%,_. In addition, the
relaxation rate is independent of whether the electric field is taken along the = or y

axis. Consequently, we may average the contribution from each so that

(kyrg — k1a)? = = (ky —ky)* = = (2.51)

NN

1
2
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where q is the interlayer momentum transfer. Substituting this into (2.49) gives

P _ehEm/ dk12/ dk1/2/ B2 )19 1) 2.52)
dt mkgT J (2m) (2m) (27)

Xq2f01f02 (1 - folf) (1 - fozf) d(e1+e2 —er —ey).

If we assume that the scattering amplitude, €2, depends only on q and not on the
specific momentum values, the integral over ky, can be replaced by an integral over

q to give

dP chEymy / dq / dk, / dks )
—_— = = 4 Q 2.53
dt ket oo ) ) et (2:53)

X fOr % (1 - fol’) (1 - foz/) d(e1+er—er —ey).

A few more technical manipulations are now needed to cast (2.53) in terms of the

layer density-density response functions. Noting the following two identities,

1) (81 + &9 — €&y — 62/) = h/oo dwd (81 + ey — hW) ) (82 + €9 + hw) s (254)
) 1= e+ o] = LS E ), (2.55)

1—e *87T

we substitute these into (2.53) and use the identity

_nw — h
(1 . e*k’};T) (1 _e ,J;;T) = —dsinh? (Qk:T> , (2.56)
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to yield

2kpT

2 2
dP _ ek Eﬂ?/ / 0 q (2.57)
dt mk:BT sinh2 ( hw >

x {/ (;l:;Q (f°(e1) = fO (e1 + hw)) & (e1 + &1 — hw)}
« {/ (;”;;2 (F°(c2) — f* (2 — hw)) 6 (0 + 20 + hw)}

The terms in curly brackets in (2.57) are proportional to the imaginary part of the
individual layer density-density response functions I'my; (q,w) and I'mys (q, —w).
Using the oddness of Imy; (q,w) with respect to w, the second of these terms may
be written as —%Im)@ (q,w). Observing that the integrand in (2.57) is an even
function of w, we now change the limits of the integral over w from [~ to [ and
get,

P ’E. i
b chlars / dw/ 1 —8(qg — L Imxi(q,w)Imxa(q,w). (2.58)
dt — 4n?mkgT smh2 <2£MT>

2.5.1.2 Drag Resistivity

In order to obtain an expression for the drag resistivity we must first invoke Newton’s
second law and equate the rate of momentum transfer to the drag layer, to the total
force per particle on the electrons in the drag layer due to the induced electric field

EDZ

dP
% = ngeED, (259)
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where ns is the carrier density of the drag layer. This is the condition for a steady

state. Substituting in (2.58) we have

eh?EsTy /°° dq q>
noeEp = ———— dw/ Q(q) Imx1(q,w)Imxs(q,w).
T A T

(2.60)

To proceed, we write the drag resistivity pp in terms of an interlayer scattering rate

Tp, in analogy with the Drude conductivity, so that

ED m
== = . 2.61
pp Ji1 mee?tp (261)
Using the standard Drude expression
n26271
Jy = Ey, (2.62)
m

where F is the electric field across the drive layer and 7; the transport scattering

time. We then combine (2.61) and (2.62) to yield

Ep 71
— = 2.63
E1 D ( )

Combining equations (2.60), (2.61) and (2.62) we have for the drag resistivity

1 > o 3
. 3/ dw———— Imx (g, w) Imya(q,w).  (2.64
PP = 5 ey /0 @(a)g” | dw s & xi(g, W) Imxa(g,w).  (2.64)

In general, equation (2.64) must be evaluated numerically. In order to extract an
analytic result we make a number of approximations. Foremost, we assume that

each layer is identical so that Imy; = Imys = Imyx and n; = ny = n. We then
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approximate the scattering probability 2(¢) using the Born approximation [4], valid
under the assumption of weak scattering. The Born approximation states that the
scattering probability is proportional to the square of the interaction potential so
that

Q(q) = |eUna(q,w = 0)[*, (2.65)

where Ua(q,w = 0) is the static screened interlayer interaction (2.14). The conse-
quence of using static screening in demonstrated in figure (2.6) where it can be seen
that it overestimates the drag resistivity at intermediate temperatures. Under these

approximations we have

1 oo o0 /B
~ dq |Uia(q,w =0 3/ dw—————=1Imx(q,w). 2.66
D 27T2n2/0 q|U12(q ) q L T (2] x(g,w) (2.66)

To obtain an analytic result, we must calculate (2.66) under the assumptions of large
layer separation (d > ¢~') and low temperature (7' — 0). In the limit of large layer

separation, we have for the interlayer interaction

™q
=0) —m——. 2.

The consequence of taking the low temperature limit (7" — 0) is that the frequency
integral of (2.66) is cut off at low w. In this limit, the imaginary part of the polar-

isability becomes

miw

Imy (q,w) ~ (2.68)

- 2mqgkp

With the use of equations (2.66), (2.67) and (2.68), the drag resistivity is now written

in terms of elementary integrals. Performing these, it can be shown that in the limit



2.5. Derivation of the Drag Conductivity 43

of large layer separation and low temperature, the drag resistivity reduces to

mkBT2((3)

= 2.69
P 1622 B2k A (2.69)

where ((z) is the Riemann Zeta function.

2.5.2 The Green’s Function Approach

This calculation is due to Kamenev and Oreg [9] and Flensberg et al. [7] and uses
linear response theory, starting from the Kubo formula to find the leading order
Feynman diagrams that contribution to the drag conductivity. The Kubo formula

for the drag conductivity is [9]

op(Q,Q) = QLS /000 dte™ ([Jy(x,1), Jo(x, 0)]) (2.70)

where Q, €2 are the wave vector and frequency of the external field, J; is the current

operator in the i’th layer and S is the area of the system.

(g,iw, )

(Q,1Q,)

(Q+q,iQ, +im,)

Figure 2.11: Diagram corresponding to the current-current correlation function to
second order in the inter-layer Coulomb interaction. The shaded triangles corre-
sponds to the non-linear susceptibilities, I'(¢,w), appearing in (2.72).

The full Hamiltonian for the Coulomb drag system is of the general form H =

H, + Hy + Hy, where H; are the individual layer Hamiltonians and Hiy is the
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interlayer contribution. The interlayer term has the form

H12 (I'l, I'Q) = /d3r1 /d3r2p1 (I‘l) Ulg(rl—rz)p2 (I‘z) (271)

where Ujp(r; —ra) is the screened interlayer interaction. Treating Hio as a per-
turbation, they found that the leading order contribution to the drag conductivity
is second order in the interlayer interaction, corresponding to the diagram in figure
2.11. In the uniform system (@ — 0) and DC(2 — 0) limit, the leading contribution

to drag conductivity has the form

1 < Ti(gw)Ta(g,w) [Ura(g,w)|”
_ d . 2.72
7P = 16rkpT ; /0 T sinh? (hw/2k5T) (2.72)

The three point correlation functions, I';(¢,w), appearing in (2.72) are the central
characters in this formalism and correspond to the shaded triangles in figure 2.11.
They are the non-linear susceptibilities (NLS) of layer i and can be evaluated under
various levels of approximation. Here, as in [7,9], the approximation taken is that of
non-interacting electrons scattering against random impurities, corresponding to the
high density limit. This allows one to express the non-linear susceptibilities in terms
of Green’s functions. It is easier to work initially in the finite frequency Matsubara
representation, before analytically continuing to real frequencies and taking the DC

limit.
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(i)

(k+Q.is +iQ)

(k+g+Q,ic +iw +iQ)

(k.ig)
(g+0.iw +iQ)
_——

Figure 2.12: The Feynman diagram representing A (k, q, i¢, i€2, iw).

Each correlation function, I';, is the sum of contributions from diagrams with

clockwise and anti-clockwise propagating Green’s functions (figure 2.12) and corre-

spond to
[ (q;iQ + iw) = (2.73)
D> ) (A (k q, iz, i iw) + A (k, —q, e, i€, —iw — iQ)]
k e
where

A (k,q,ie,iQ,iw) = G (k, i) J(k)y(k, k, ic + iQ) (2.74)
xG (k,ie +1iQ)n (k, k + q; ie + i€, ie + iw + i)

xG (k + q, ik +iQ + iw) n (k + q, ie;ic + iw + i€, ie)

and the summation is over Fermi frequencies ¢c. The functions 7 and 7 are the
current and charge vertex corrections respectively, and consist of ladder diagrams
that take into account correlated intralayer impurity scattering. In what follows we
will take the weak scattering limit, in which case charge vertex corrections can be
ignored (see section 2.3.4 for a discussion of Coulomb drag in the diffusive regime).

Correlated impurity scattering between the layers is also ignored. Taking these
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into account would otherwise involve introducing impurity lines crossing from one
triangle to the other (see section 2.4.2 for a discussion of correlated disorder). The
current vertex cannot be ignored as it is important to take into account the fact
that small angle scattering events contribute more to the conductivity. In general,
this leads to the transport lifetime (73,) and the impurity lifetime being (7) being
different but in the weak scattering limit (k) = 7,.(k)/7(k) [10]. In what follows
we will assume that the current operator includes this correction.

The summation over Fermionic frequencies is evaluated by decomposing the
Feynman diagram for (2.74) into allowed (internally consistent and non-zero) com-
binations of advanced (-) and retarded (+) Green’s functions and then converting
the summations over ik, into contour integrals. The demand of a positive external

frequency, €2, and the interaction lines provide the first inequalities:

Q>0 w<0;w+Q2>0.

The only two non-zero contributions come from the triangle functions, A, with ¢ < 0,

e+ € > 0. This leads to two possible combinations A; and As where,

c<0,e4+0>0,e4+w+02>0

== Qeex

The other two possibilities have three Green’s functions of the same type and so
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contribute nothing because their poles are on same side of the real axis. Writing A,

and Ay out explicitly and summing over k and ¢ we have,

YA = =) Y Gulie)J(K)Gi(ie +iQ)Gr g (ie +iQ + iw), (2.75)

k —w—0Q<e<0

DAy = =) > Gilie)J(K)Gilie +iQ)Gy 4 (ie +iQ + iw). (2.76)

k O<e<—w—0

We now convert the above summations into contour integral, following the standard

prescription [10] of making the replacement

573 1) = 5 P deme(2) () .17

where np is the Fermi distribution function. After performing the contour integral,
we analytically continue back to real frequencies and take the DC (2 — 0) limit to

yield,

STAL =2 [T mEEE LGu(e) I (K)Gr(e) Gy (e +w) (2.78)
—Gi (e — w) J(K)Gi(e — w)Griq(e)}
ZA2 = 30 o mEEdE G (e — W) J(K)Gh(e — w)GE o (e) (2.79)

—Gi(e)J(K)Gi(e)Grpqle +w) } -

Summing (2.78) and (2.79) gives, for the first of the two triangle functions in (2.73),
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Zk Zia A (k7 q, ié, ZQ: Zw) = Zk,s Al + Zk,a AQ

_ L /Oonp(e)de{Gﬁ(e)J(k)G{;(e)[ (et w) — Glyo(e +w)]2.80)

27rzk .

— Gi(e = w)J(K)Gi(e — w) [Giiq(e) — Giiq(e)] } -

Now, making a change of variables ¢ — ¢ + w in the second term of (2.80) yields,

Yo i Ak, q,ie, 19, iw) =

5%5/:mdshu%s%w)—Tw%@]Gﬁ@JJOQC&@ﬂ[ (e +0) = G qle +0)].

(2.81)
Recalling (2.73), I' (q; i +iw) = >, .. [A (k, q,i€,iQ, iw) + A (k, —q, i€, i, —iw — iQ)],
in the DC limit the second term can be obtained from the first by setting q — —q

and w — —w. With this in mind we have our final Green’s function expression for

I'(q,w):
1 o0
Maw) = 5o [ delu(e+ ) = (O] GHEIIICLE) [Glug(e + ) = Glagle +)]
+{qg— —q¢, w— —w} (2.82)

This expression is extremely important as it forms the basis for deriving the NLS

for graphene monolayers and bilayers.

Derivation of the Boltzmann Equation Result We proceed to derive the
Boltzmann equation result for the drag resistivity (2.64) by employing the identi-

ties [10] G" (k,w) — G* (k,w) = —iA(k,w) and G" (k,w) G* (k,w) = TA (k,w) and
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substituting in the momentum operator J(k) = k/m. With these, (2.82) becomes

I'(quw) = ;kZ/OO de [np(e +w) —np(e)] Ak + q, e + w) A (k,e)

2m
+Hqg— —q¢ w— —w} (2.83)

We now perform a change of variables & — k + ¢ in the second term of (2.83) and

swap the order of the Fermi functions. This yields

I (q,w) = —

27rquz/C>O denple +w) —np(e)] A(k+q,e +w) A(ke) (2.84)

In the weak scattering limit the full impurity Green functions become free Green
functions since the self energy vanishes in the non-interacting case. Furthermore, the
use of free Green functions implies that the spectral functions reduce to ¢ functions
so that

A(k,e) = 2m0(ex). (2.85)

Employing the identity [*° ded (¢ +w — Ekiq) 0 (6 — &) = 6 (§k +w — Ekiq) and

—— = C1 Find (), equation (2.83) takes the form

I (q,w) = %q S Im { 1 Gicra) = e () } (2.86)

Cktq —Ek —w — 10

after which it is trivial to see that (2.86) may be written in terms of the layer

susceptibility function as

I'(q,w) = 2%qlmx(q? w). (2.87)



2.5. Derivation of the Drag Conductivity 50

It is convenient for calculating the transresistivity to write (2.87) in terms of the in
plane conductivity via the usual Drude result o;; = €?n;7;/m so that (reintroducing
system labels)

T (qw) = (q,w). (2.88)

Substituting (2.88) into the transconductivity (2.72) yields,

—20110 % dw
UD—#ZQ U )\2/ o [Ounp(w)] Imya (@, w)Imxa(q,w)  (2.89)

e2niny

where the fact that Imy (q,w) is odd in both q and w has been used. Therefore,

2 9 2 > dw
pp = o Zq |U12(q)] /Oo o [0.np(W)] Imx1(q,w)Imys(q,w)
dw I'mx(q,w)?
= U — 2.90
e?n’kp TZC] U2 ’ / T Adsinh? 6W} (2.90)

where in the second line it has been assumed that the layers are identical. Finally,
agreement with the Boltzmann transport calculation (2.64) is achieved by converting

the sum over q to an integral to give

1 Oo 2 > B 2
= — dq |U 3 / dw——————— [Imx(q,w)|" . 2.91
=55 /0 q|Ui2(q)|” ¢ Y [Imx(q,w)] (2.91)
Since the above calculation ignores all higher order (quantum-mechanical) processes,
such was weak localisation, it is perhaps not surprising that the same result was

obtainable via the Boltzmann transport approach.



Chapter 3

Graphene

In this chapter, we give a general overview of the history and physical properties of
graphene, a potentially revolutionary two dimensional crystal within which electrons
take on the characteristics of ultra-relativistic particles. After a brief introduction,
we discuss the reason for its relatively recent discovery, despite long standing theo-
retical knowledge of its properties. In order for graphene to exists, it must overcome
the predictions of the Mermin-Wagner theorem which states that it is impossible for
macroscopically large two dimensional crystals to exit. Graphene overcomes this by
rippling in the third dimension, whilst retaining the two dimensional character of
its electronic properties. In addition, we discuss the technique that allows graphene
to be searched for and classified with an optical microscope. The interference effect
at its heart is responsible for catalysing this emerging field.

In the second half of the chapter, we discuss some of the electronic properties of
graphene, primarily the unusual chiral Dirac fermion quasiparticles that characterise
graphene physics. These are the result of the electron’s interactions with the back-
ground lattice, leading to low energy excitations that have a linear dispersion, and

are best described using the two dimensional Dirac equation. Details of graphene’s
51
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band structure, demonstrating why it is classified as a gap-less semiconductor, are
given. Following this, we move on to the basic electronic properties of a graphene
bilayer and highlight the essential differences with a monolayer. In particular, the
retention of the property of pseudospin and the restoration of a quadratic quasipar-
ticle spectrum.

In the final section, we discuss the open question of graphene’s minimum con-
ductivity. This is an effect whereby conductivity of undoped graphene is quantized,
despite the fact that at zero doping the electronic density of states vanishes. Tt

remains perhaps the biggest unsolved problem in graphene physics.

3.1 Introduction

On Earth, carbon is arguably the most important of all elements in the periodic
table. The flexibility of its bonds make it the central component of life, all of
organic chemistry and of course our hydrocarbon based society. It is able to form
an unlimited number of different structures of varying dimensionality and displays
an array of interesting phenomena. Three dimensional structures consisting of only
carbon atoms are familiar in everyday life in the form of diamond and graphite
(see figure 3.1). Less familiar are the lower dimensional allotropes of carbon such
as graphene. Graphene is a one atom thick layer of carbon atoms arranged in a
honeycomb lattice. It plays a leading role in understanding the physical properties
of carbon nanotubes and fullerenes (commonly known as Buckyballs) because it
forms the basis of their structures.

Carbon nanotubes are made by rolling up graphene along a given axis and recon-

necting the carbon bonds. They can be modeled as one dimensional structures and
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Figure 3.1: Carbon allotropes of varying dimensionality. From left to right; diamond,
graphite, graphene, nanotubes, fullerenes. Reproduced from [41].

have been the subject of a great deal of theoretical and experimental interest [39)].
Fullerenes are carbon atoms arranged into a sphere and may be treated as zero di-
mensional objects with discrete energy levels. To make fullerenes from graphene, it
is necessary to introduce pentagons into the structure.

Although the basic properties of graphene, such as its band structure and un-
usual semi-metallic behaviour, have long been known [40], its actual realisation was
for a long time considered improbable. Its properties were instead used as a start-
ing point to study graphite (from the Greek word “graphein”, to draw, to write),
first discovered in a mine near Borrowdale in Cumbria in the 16th century, and an
important material in the post-war era for its use in the nuclear fission industry. Ex-
perimental and theoretical interest in graphene was revitalised when in 2004 a group
at Manchester university, led by Andre Geim, succeeded for the first time in isolating
a graphene flake |51|. Graphene physics is currently the fastest expanding area of
condensed matter physics, and graphene’s highly unusual mechanical and electronic
properties hold promise for a staggering number of technological applications.

As of 2009, graphene holds the records of being the strongest [52] material ever
discovered and is approximately 200 times stronger than the strongest steel. At room
temperature, it is also the most conductive, both electrically and thermally [53]. For
example, it is approximately 30% more electrically conductive than silver, previously

the most conductive material at room temperature. Many of its unique properties
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can be traced to its unusual low energy excitations that are massless, chiral, Dirac
fermions (see section 3.3). In undoped graphene, the electronic dispersion mimics
the physics of quantum electrodynamics, but with an effective speed of light that
is 300 times smaller than c¢. Indeed, many of the unusual properties of quantum
electrodynamics show up in graphene, but at much smaller speeds where their mag-

nitude is enhanced [43].

3.2 Fabrication

The early history of graphene is full of many surprises, starting with the fact that
for many years it was thought that it could not exist in an isolated form. The reason
for this pessimism originated with an argument put forward more than seventy years
ago by Landau and Peierls [46-48|, and later extended by Mermin [49] into what
is now known as the Mermin-Wagner theorem. They argued that a strictly 2D
crystal would be thermodynamically unstable due to a divergence in the density of
long wavelength phonons. At finite temperature, this would lead to displacements
comparable to the lattice spacing. This argument was supported by experimental
evidence showing that the melting temperature of thin films rapidly decreases with
decreasing thickness |50, 63].

It came a surprise then when in 2004, Novoselov et al. [51] reported the discov-
ery of graphene. A year later they reported the discovery of other free standing
two dimensional atomic crystals such as single layer boron nitride [55]. What was
also surprising was that these crystals displayed a remarkable high crystal quality,
especially so in the case of graphene. With the benefit of hindsight, the existence

of graphene has been reconciled [56] with the earlier arguments that it should not
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Figure 3.2: Stability in two dimensions. An artist’s impression of ripples in a
graphene sheet. Reproduced from [86].

exist. The suggestion is that graphene avoids the divergence in the phonon density
of states by forming ripples on a scale of ~ 10nm in the third dimension. Although
this increases the elastic energy, it is more than compensated for by the suppression
of the thermal vibrations.

Consequently, it could be argued that graphene is not a truly two dimensional
crystal. However, it should be remembered that broadly speaking, the graphene is
still no more three dimensional than the surface of an apple is to an ant. Although
there may be effects of moving over a curved surface, both still have only two
spatial degrees of freedom. In fact, it has been shown that rippled graphene retains
its characteristic electronic properties where, for ripples that change slowly on the
lattice scale, the curvature can be recast as an effective magnetic field [57]. In
the opposite case they are equivalent to potential scatterers and are screened in
the normal way [58]. That graphene is inherently curved has led some to make
analogies of Dirac fermions propagating on a locally curved surface, to problems of
quantum gravity [59]. The question remains however as to what extent two, three, or
more graphene layers should be considered two dimensional crystals. The question

is, as more layers are added, when does the system resemble the bulk behaviour of
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Figure 3.3: Left: Scanning electron microscope image of a strongly crumpled
graphene sheet on a Si wafer. The image width is 20um. The Si wafer can be
seen in the bottom right corner. Image reproduced from [86]|. Right: Transmission
electron microscope image of a graphene layer with a resolution of ~ 1A (atoms
appear white). Reproduced from [87].

graphite? In fact it is known that the electronic properties of graphene layers change
quickly as layers are added with the system behaving as bulk graphite approaching
ten layers [60]. Already for a bilayer, the behaviour is markedly changed. Although
many of the important features of monolayer graphene, such as pseudospin and zero
band gap, (sec. 3.3.3) remain. As more layers are added, many of the distinguishing
features of graphene’s electronic properties disappear and it can be argued that one,
two, and more layers should be identified as three different types of 2D crystals [45].
From the point of view of screening, this distinction is sensible because the screening
length in graphite is approximately 5A, equating to less than two layers’ thickness.
For systems larger than this, a distinction must be made between the surface and
the bulk.

The technique that Novoselov et al. [51]| used to create their graphene samples
is technically known as micro-mechanical cleavage. Initially, they were applying
adhesive tape to graphite and transferring the residue to a SiO, substrate (figure
3.3). The technique has since been refined. In hindsight, every time that a pencil

is used some graphene is created. This should not be surprising because graphite
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410nm 470nm 530nm 590nm 650nm A =710nm
(a) 300nm SiO, (b) (c) 200nm SiO,
AL white light % = 560nm white light
410nm 470nm 530nm 590nm 650nm A =710nm

Figure 3.4: Graphitic samples on Si0, substrates of varying thickness and illumi-
nated with a range of sources. (a) A 300nm SiO, substrate illuminated by white
light. Graphene is visible as the lightest areas set against the background substrate.
(b) Another 300nm substrate but illuminated with green light at 560nm showing
a marked improvement in contrast over white light. (¢) A 200nm substrate illu-
minated with white light. Even three layers of graphene are not distinguishable.
Reproduced from |64]

is composed of stacks of weakly bonded graphene sheets. In fact, this is the reason
that graphite is so useful as a writing material. The real breakthrough of Novoselov
et al. |51] was to develop a method of finding single graphene flakes amongst a sea

of graphitic flakes.

3.2.1 Making Graphene Visible

It was not possible to search for graphene flakes using established techniques, such
as atomic force or electron microscopy, because they do not provide a strong enough
signature of a monolayer and are slow at searching micrometer length scales. Re-
markably, the technique that Novoselov et al. [51] used to search for graphene flakes
used an optical microscope and the human brain’s image processing capability.

By placing the graphitic sample onto a thin (~ 100nm) SiO; layer, itself on top of
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a S7 substrate, they were able to exploit an interference effect that is strong enough
to distinguish between one and two layers of graphene. By carefully choosing the
S104 layer thickness, the effect was maximised. Graphene monolayers then appeared
under the microscope as areas darker than the background substrate but lighter than
the surrounding multilayered graphitic pieces.

The nature of this interference effect was studied theoretically by Blake et al. [64]
who showed that graphene’s opacity was in part responsible for the effect’s extreme
sensitivity. In fact, not only is the opacity of graphene staggeringly high for a one
atom thick layer, but it also has a startlingly simple value of Ta ~ 2.3%, where
a = e?/hc ~ 1/137 is the fine structure constant (c is the real speed of light). It
is unusual in condensed matter physics to find phenomena that are defined only
by fundamental constants and not a material’s properties. Other examples include
the quantum of resistivity, h/e?, that appears in universal conductance fluctuations
and various transport experiments, and the magnetic flux quantum, h/2e, that
appears in superconductivity. What is particularly unusual in this case is that
an unsophisticated quantity such as opacity is defined in terms of a constant that
is usually associated with quantum electrodynamics. The fine structure constant
describes the coupling between relativistic electrons and light and is an empirical
parameter in the standard model of particle physics.

Blake et al. [64] were able to derive theoretically the contrast between a graphene
flake and the substrate, as a function of wavelength and SiO, thickness (figure 3.5).
It was shown that given a suitable choice of monochromatic source, graphene can
be found on any thickness of Si0,. It was clear however that a thickness of 100nm
produces the greatest contrast for visible searching. They applied the same approach

to other insulating substrates and were able to find, for example, graphene on 50nm
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Figure 3.5: Plot showing the contrast of a graphene flake and the substrate as a
function of Si0, thickness and wavelength. The colour scale on the right shows the
expected contrast. A thickness of 100nm is clearly the best choice for searching for
graphene with white light. Reproduced from [64].

Si3N, using blue light.

3.2.2 Macroscopic Graphene

The development of a reliable way to make macroscopic quantities of graphene is
one of the major obstacles yet to be overcome on the way to real world applications
of graphene. As it stands, graphene is currently the most expensive material known
to man with 1mg costing the equivalent of the gross domestic product of the USA.
There are now many methods of producing graphene in small and often uncontrolled
quantities, ranging from epitaxial growth [68], to cutting open carbon nanotubes
|67]. Macroscopic scale graphene sheets have been chemically derived from graphite
crystals and graphene oxides, but the purity of these samples is in serious doubt.
One of the most promising recent attempts [66] at making large scale, patterned,
graphene films involves using chemical vapour deposition on nickel layers. The
authors were then able to transfer their graphene onto a substrate and demonstrated

that its quality was comparable to that of micro-mechanically cleaved samples.
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3.3 Electronic Properties

In the following section, we present the elementary electronic properties of monolayer
and bilayer graphene. From a tight binding description, first investigated in 1947 by
Wallace [40], we shall see that the elementary excitations of both systems have the
properties of pseudospin and chirality but have different low energy dispersions. For
an excellent review of the electronic properties of graphene, the reader is referred to

Novoselov et al. [43].

3.3.1 The Carbon Atom

As the 6th element in the periodic table, carbon consists if six electrons, six protons.
Nuclei with six or seven neutrons form the stable isotopes 2C and *C respectively.
The isotope 12C is by far the most abundant in nature, making up around 99% of all
carbon atoms, with much of the remaining 1% consisting of 13C. However, a small
number (approximately 1 in 10'2) are 4C, a radioactive isotope that 3 —decays into
M N with a half life of ~ 5700 years. Despite its relative rarity, *C is an important
isotope because it concentrates in organic materials, allowing one to approximate a
sample’s age through the abundance of MC' [44].

Carbon’s six electrons have a 15225%2p? orbital configuration in the ground state.
The two electrons in the 1s orbital form a deep valence band and are therefore
irrelevant to chemical reactions. The remaining 4 electrons occupy the 2p (2p,,2p,
and 2p,) and 2s orbitals. For an isolated carbon atom, it is energetically favourable
to put two electrons in the 2s orbital and two in the 2p orbitals because the 2p
orbitals are 4eV" higher in energy. In the presence of other atoms, the situation is

different and it is instead favourable to excite a 2s electron to the third 2p orbital to
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form covalent bonds with the other atoms. This excited state then consists of four
quantum-mechanical states, |2s), |2p.), |2p,) and |2p.), and a quantum mechanical
superposition of the |2s) state with n |2p;) states is known as sp™ hydridisation.

These superpositions are critical to the understanding of carbon physics.
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Figure 3.6: Schematic view of the sp' hybridisation. The figure shows on the 1.h.s.
the electronic density of the |2s) and |2p,) orbitals and on the r.h.s. that of the
hybridised ones. Reproduced from [44].

3.3.1.1 sp' Hydridisation

In sp' hybridisation (commonly referred to as simply sp hybridisation), the |2s)
state forms a superposition with a 2p orbital (|2p,) for example), leaving the others
unaffected. For a superposition in which each original state has an equal weight, we

have the symmetric (|sp,)) and anti-symmetric (|sp_)) combinations [44]

(12s) + [2pz)) ,

Sl

S =
|sp4) 5

5p-) = 5 (128) ~ 2p.)). )

S

The electronic density of these hybridised states form a shape resembling an asym-

metric lemniscate (figure 3.6), with the larger of the two lobes in the +z (—x)
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Figure 3.7: Schematic view of the acetylene molecule. The propeller-like 2p, and 2p,
orbitals of the two C atoms strengthen the covalent ¢ bond by forming two n bonds
(not shown). Reproduced from [44].

direction for the |sp_) (|sp_)) states. This form of hybridisation is responsible for
the acetylene molecule in which overlapping sp' orbitals form a strong covalent (o)
bond (see figure 3.7). In addition, the remaining unhybridised 2p orbitals form two

additional () bonds that are weaker than the o bond.

3.3.1.2 sp? Hydridisation

This form of hybridisation is central to the physics of the graphitic allotropes and
consists of a superposition of the 2s orbital and two 2p orbitals. Choosing these to
be the |2p,) and |2p,) states, the result is three states in the xy — plane separated

by 120° and given by [44]

o L 2
}3p1> = % <|23> - \/;|2py>> ;

|sp3) = % |2s) + \/g (? 12p2) + % |2py>> ,

) =~ )+ §(—“§rzpz>+§\2py>). (32

The remaining unhybridised 2p, orbital lies perpendicular to the xy — plane. Their
combined electronic density resembles a three lobed rose curve. (figure 3.8).

In graphene, each carbon atom is o bonded to its three neighbouring carbon
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Figure 3.8: Schematic view of the sp? hybridisation. The orbitals form angles of
120°. Reproduced from [44].

Figure 3.9: The quantum-mechanical ground state of the benzene ring is a superpo-
sition of the two configurations which differ by the position of the © bonds. The =
electrons are therefore delocalised over the ring. Reproduced from [44].

atoms making six o bonds per hexagonal unit cell. In addition to these, the remain-
ing 2p, pair up to form 3 7 bonds that strengthen half of the carbon-carbon (C-C)
bonds. Naively, one would expect this to result in a distorted hexagon since the
double bond C-C distance (0.135 nm) is shorter than that for a single bond (0.142
nm). However, the measured C-C distance for all of the bonds is roughly the average
of these two distances at 0.142 nm.

This puzzle was solved in 1931 by Pauling [42] in the context of the benzene
ring (a hexagon of carbon atoms with hydrogen bound to the remaining in-plane,
sp? states). He showed that the ground state consisted of a quantum mechanical
superposition of the two possible configurations, a single and a double bond (figure
3.9). When applied to a graphene sheet, one sees that the ground state is a super-
position of all possible combinations of single and double bonds with the 7 electrons
are delocalised over the entire lattice. This explains the good conduction properties

of graphitic allotropes.
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Figure 3.10: sp® hybridisation with an angle of 109.5° between the four orbitals.
Reproduced from [44].

3.3.1.3 sp* Hybridisation

We mention for completeness this third class of hybridisation that involves the super-
position of the 2s orbital and all three of the 2p orbitals, known as sp® hybridisation.
The consideration of sp® hybridisation is important in understanding the structure
of diamond. The resulting electron density consists of four club-like orbitals, sep-
arated by 109.5°, that form a corner of a tetrahedron (see figure 3.10). The fact
that all four valence electrons form o bonds explains not only the hardness and high

thermal conductivity of diamond, but also its electrically insulating character.

3.3.2 Monolayer Graphene

As shown in figure 3.11, graphene consists of carbon atoms arranged hexagonally.
The lattice is not Bravais but can be viewed as two intersecting triangular lattices,

with a basis of two atoms per unit cell. The nearest neighbour vectors are given by
a a
o =5(1, V3), 6= (L —V3), 65 =—a(1,0). (3.3)
and the lattice vectors by

a =53, V3), ar = 5(3, —V3), (3.4)
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Figure 3.11: Left: Lattice structure of graphene, made out of two interpenetrating
triangular lattices (a; and ay are the lattice unit vectors, and d;, i = 1,2, 3 are the
nearest neighbour vectors); Right: corresponding Brillouin zone. The Dirac cones
sit at the K and K’ points. Reproduced from [43].

where a &~ 1.42A is the distance between carbon atoms. From these, the reciprocal

lattice vectors are
b = _<17 \/§)7 by = _(17 _\/é) (35)

At the corners of the Brillouin zone lie the two high symmetry points K and K’.
For reasons outlined below, these are known as the Dirac points but are sometimes
referred to as the charge neutrality points. In momentum space they have the

coordinates
2m 1 , 27 1

K=g,020)  K=g-—

” ” ). (3.6)

We now investigate the low energy dynamics of graphene by considering a tight-
binding Hamiltonian that takes into account nearest neighbour and next nearest

neighbour hopping:

H=—tY (al}ibm + h.c.) ¢ (ajm.bg,i n h.c.) . (3.7)

(i.4),0 ((@.5)).0

_I.

o,

where the operators a,, and a,; respectively create and destroy an electron of spin

o on site R; of sublattice A. The b;i and b, ; operators are equivalent to these but
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for sublattice B. The energies ¢t (=~ 2.8¢V) and t' (=~ 0.1eV) [69] are the nearest
neighbour and next nearest neighbour hopping energies respectively. A nearest
neighbour hop takes the electron between sublattices, while a next nearest neighbour

hop takes it onto the same sublattice. This Hamiltonian leads to the energy bands

[40]

Ei(q) = *t/3+4 f(q) —t'f(q)

f(q) = 2cos (\/gqya) + 4 cos <§qya) Cos(;qza), (3.8)

where the +(—) refers to the upper (lower) band. In the absence of ', the dispersion
is clearly symmetric around zero energy and in figure 3.12 we show the band structure
according to (3.8), with and without ¢ = 0. The two bands meet at the Dirac
points with zero gap and it is for this reason that graphene is classed as a zero gap
semiconductor. In fact, at zero doping the Fermi energy passes through the Dirac
points and so the carrier type can be tuned continuously between p- and n-type with
the appropriate application of an electric field. This is known as an ambipolar field
effect [45].

The cones that surround each Dirac point are known in the literature as valleys
and, as discussed previously, there are two such valleys within the Brillouin zone.
If one assumes that the physics in each valley is equivalent, then the effect of both
may be taken in account by including an extra valley degeneracy of 2, in addition
to the usual spin degeneracy.

It is possible to obtain the dispersion close to the Dirac points, (3.6), by setting

q = K+ k where |k| < |K|. Expanding up to second order in k, the dispersion has
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Figure 3.12: Left: Energy spectrum for ¢ = 2.7¢V and t' = 0 showing the that
bands are symmetric around the Dirac point. Right: Energy spectrum for ¢’ = 0.2¢.
The bands are no longer symmetric and the Dirac point has shifted down in energy.

the form

Ei(k) = f+up k| + O(K?). (3.9)

This dispersion is clearly conical and has the rather unusual feature of a photon like,
momentum independent, Fermi velocity, vy = 3ta/2 ~ 1 x 10°n/s ~ ¢/300 [40],
where ¢ is the real speed of light. This is in contrast to the usual vp = k/m.
Graphene’s linear spectrum at the Dirac points has been confirmed by experiments
using angle resolved photo emission spectroscopy (ARPES) [77].

Including next nearest neighbour hopping (¢'), the position of the Dirac point is
shifted and particle-hole symmetry is broken, the two bands becoming asymmetric.

Up to second order in k and including ¢, the dispersion takes the form [43],

9'a®  3ta®
4“ + Tasin (39k)) k[, (3.10)

E:t(q) ~ 325’ :|:UF ‘k' — (

where 6y = tan™! (k,/k,). The term in sin (36) gives a three fold symmetry to the

electronic spectrum as we move away from the Dirac point (figure 3.13). This feature
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Figure 3.13: Contour plot of the positive energy band clearly showing the three
fold symmetry of trigonal warping.

of the spectrum has become known in the literature as trigonal warping [71,72].
It is possible to obtain an analytic expression for the graphene density of states
per unit cell, but only in the case of ' = 0 [73| (see figure 3.14 ). In this case it is

given by [43|

- 4|E‘ 1 s Zl
P(E)—pt—Q\/—Z—OF<§a 70) (3.11)
2 2
| asgy -2 <B<t
) =
41Z| . —3t<E<-—t or t<E<3t
1% s B
ZOZ 2 2
(1+\%\)2—m ; —3t<E<—t or t<E<3t

Close to the Dirac points the density of states D(e) is given by [43]

9s9o l€]
D) =55 (3.12)
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Density of states

E 0 t Energy

Figure 3.14: Schematic plot of the density of states for electrons in graphene in the
absence of next nearest neighbour hopping. The dashed line indicates the density
of states obtained at linear order (equation 3.12). The divergences at +t are known
as van-Hove singularities and are due to the saddle points at the borders of the
Brillouin zone. Reproduced from [44].

where g, = 2 and g, = 2 are the spin and valley degeneracies respectively. At the
Dirac points it is clear that the density of states vanishes and as a result there is no

screening there.

3.3.2.1 Dirac fermions

The linear, mass independent dispersion of graphene is reminiscent of ultra-relativistic
particles and it is a key feature of physics close to the Dirac point. This analogy deep-
ens when one considers the effective Hamiltonian close to the Dirac points. Here,
one finds that the electron’s interactions with the two equivalent sublattices leads to
quasiparticles that are more naturally described in terms of the (2+1)-dimensional
Dirac equation, as opposed to the Schrédinger equation that is so ubiquitous in con-
densed matter physics. These quasiparticles are formally known as massless Dirac
fermions and as the name suggests behave as massless, relativistic spin—% particles.
They may also be viewed as being equivalent to neutrinos that have gained an elec-

tronic charge, although given their origins it is perhaps the former description that
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is more natural.
At K, these low energy quasiparticles are formally described by the following

Dirac like Hamiltonian [40, 74]

HK = Uf == UFQ'k, (313)

where k is the quasiparticle momentum and ¢ = (0,,0,) is a 2D vector of Pauli
matrices. As we have already established (3.9), the above Hamiltonian has eigenen-
ergies £ = tvp k|, with the momentum independent Fermi velocity acting as an
effective speed of light. The Hamiltonian of the remaining Dirac point is the same
as above, but with o replaced by o*. It is important to realise that these Pauli ma-
trices are not acting in spin space but instead on the sublattice degrees of freedom.
The result is that the eigenstates of (3.13) are themselves two component vectors
in sublattice space (spinors). The similarity of the sublattice index (A, B) to spin
index (up, down) has led to the sublattice degree of freedom becoming referred to
as pseudospin.

The eigenstates of f[K, labeled by ¢ k(k), have contributions from both sub-
lattices and are given by

o—0x/2

vik(k) =— , (3.14)

\/§ :l:eigk/Q
with 6 = tan™' (k,/k,). For the remaining Dirac point K', ¢. k/(k) = ¢% g (k).
An interesting feature of these eigenfunctions is that if the phase y is rotated by

27 then the eigenfunction changes sign, indicating an overall change in phase of .
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This feature is a characteristic of spinors known as a Berry’s phase and leads to
some interesting phenomena in graphene such as weak anti-localisation |57, 75].
Because the eigenfunctions (3.14) are composed of contributions from both sub-
lattices, it follows that the sublattice index is not a good quantum number. Instead,
quasiparticles near to the Dirac points exist in states of definite chirality, defined
as the projection of o onto the direction of motion k. This may be seen by first

defining the quantum mechanical operator for chirality h:

K
k|

>
Il
S

(3.15)

Acting this operator on (3.13) shows that the eigenstates (3.14) are also eigenstates
of h with eigenvalues 1. This demonstrates that electrons (holes) exist in states of
definite positive (negative) chirality, with the components of pseudospin projected
parallel (antiparallel) to momentum. A similar relation holds for states near K’
but with opposite chirality and projection (see figure 3.15). This situation with
chirality is similar to the conjugated electron and hole states that appear in QED.
The fundamental reason for this in graphene is that the k electron and the —k
hole states are connected because they originate from the same sublattices and are
governed by the same Dirac equation. This is quite different to the situation that
normally arises in condensed matter physics where electrons and holes are described
by independent Schrodinger equations, with independent effective masses. This is a
consequence of the Seitz sum rule [76].

Chirality, as well as pseudospin, are important concepts in graphene physics
because many of its unusual electronic properties arise from them. It should be

remembered however that chirality only exists as a good quantum number so long
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Figure 3.15: Relation between band index ), valley (K,K'), and chirality 7 in
graphene. Reproduced from [44].

as the Hamiltonian (3.13) is valid. It is therefore an asymptotic property of graphene

approaching the Dirac points.

3.3.2.2 Is graphene a Fermi liquid?

As discussed elsewhere (Section 2.1), information about the character of a mate-
rial’s electron-electron interactions is important because it determines many of its
physical properties. The question as to whether or not graphene’s Dirac fermion
quasiparticles fit into the normal Fermi liquid picture is of particular importance
because Fermi liquid theory allows one to greatly simplify calculations involving the
interacting electron liquid.

First put forward by Landau [80], the central premise in Fermi liquid theory is
that as interactions are adiabatically turned on between free electrons, the quantum
numbers of the system are preserved, unless there is a phase transition. The single
particle excitations of the non-interacting fermions are replaced by incoherent collec-
tive excitations of the electron liquid, known as quasiparticles. The quasiparticles
preserve the spin, charge and momentum of the non-interacting case, but with a

renormalised (effective) mass.
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Quantities such as specific heat and compressibility show the same qualitative
behaviour in a Fermi liquid, but often with different magnitudes. These can be used
to indicate whether or not a system is behaving as a Fermi liquid and furthermore,
measurements of, for example, the specific heat can be used to estimate the effective
mass.

That the physics of the Fermi liquid can be described within the framework of
the free Fermi gas, with a renormalised mass, immediately raises an issue when
investigating graphene close to the Dirac points. This is because the quasiparticles
there behave as massless particles. It has been shown [79] that close to the Dirac
points, the quasiparticles acquire an effective velocity, as opposed to an effective
mass. Furthermore, it has been confirmed [78] by ARPES experiments that the
quasiparticle picture is preserved.

In undoped graphene, when the Fermi energy lies exactly at the Dirac point, Das
Sarma et al. [79] showed that the system behaves as marginal Fermi liquid. Using
diagrammatic perturbation theory, they were able to show that the quasiparticle
lifetime scales linearly in energy but that unphysically, the renormalised Fermi ve-
locity diverges logarithmically at the Dirac points. The result is that the step in the
Fermi function vanishes, whereby the concept of a Fermi surface no longer applies.

At finite doping, it was shown that graphene displays ordinary Fermi liquid
behaviour with the Fermi velocity renormalising in a similar fashion to an ordinary
2DEG. This is a result of the emergence of intraband and plasmon excitations, as
well as the return of a finite density of states, restoring Fermi liquid behaviour.
It has been shown more recently [81], that the specific heat of doped graphene
has normal Fermi liquid, linear in temperature behaviour. Very far away from

the Dirac points it is not surprising that the system should behave as a Fermi
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liquid because the system has as ordinary quadratic dispersion and is composed of
ordinary “Schrédinger” fermions. There as yet exists no robust theory for describing
the presumably smooth crossover between this regime and the pseudo-relativistic
behaviour close to the Dirac points.

Even for experiments involving undoped graphene, there will inevitably be a
finite Fermi energy due to either charge from a substrate and / or rippling of the
graphene itself [58]. As we will see in section 3.4, there is evidence that undoped
graphene splits into puddles of positively and negatively doped regions, within which
the Fermi liquid picture holds. In almost all realistic situations it is therefore rea-

sonable to treat graphene as a normal Fermi liquid.

3.3.2.3 Screening and Plasmons

Of particular interest to studies of Coulomb drag is the nature of screening and
plasmons in graphene close to the Dirac points. In the majority of 2DEG drag ex-
periments and theoretical treatments, screening has been taken in the random phase
approximation. This approximation is valid in the high density limit where kinetic
energy dominates over potential. It is critical to understand whether or not this
approximation is appropriate for use in graphene systems. In an interacting elec-
tron system, the quantity that paramaterises the ratio (Rg) of the average potential
energy to the average kinetic energy is the Wigner-Seitz radius (rs), defined as the

mean electronic separation;

re = (3.16)
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where n is the electronic density. The average potential energy is

62

: (3.17)

N | —

(Potential Energy) =
KT

where k is the background dielectric constant. Using the graphene dispersion (3.9),

the average kinetic energy is

27TUF VET

~
~

A rs

(Kinetic Energy) ~ (3.18)

and therefore we have for the ratio (Rg) of the potential to the kinetic energy,

(Potential Energy) e? (3.19)
(Kinetic Energy) KTUR .

which is clearly independent of ry and therefore the density, n. This constant rela-
tionship is markedly different to the usual 2D (Rg v n~'/?) and 3D (Rp v~ n~'/3)
case for electron liquids, where interaction effects increase with increasing density
n. It should however be remembered that (3.19) only holds close to the Dirac point
where the quasiparticle spectrum is linear. It will therefore fail at high enough dop-
ing. An estimate for Rg can be obtained for experimentally relevant systems by
assuming that the graphene substrate used in SiO; so that k = 4 and therefore
Rp ~ 0.5. This shows that graphene is a weakly interacting system for all carrier
densities. The RPA is asymptotically exact in the Ry < 1 limit and so it is an
excellent approximation for graphene [84].

Treating screening in the RPA, the dynamical screening function (or dielectric
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Figure 3.16: Particle-hole continuum and collective modes of: (a) 2DEG; (b) un-
doped graphene; (¢) doped graphene. Reproduced from [43].

function) is given by [18]

(g, w) = 1+ v(g)x(q,w), (3.20)

where v(q) = 2me?/kq is the bare 2D coulomb interaction and x(q,w) is the 2D
polarisability. The polarisability is calculated as usual from the bare bubble diagram

and is given by (see section 5.2) [82]

np(exn) — ”F(€k+q A)
W) = 1+ A\ cos6 : A 3.21
x(a,w) Z? T (3.21)

For undoped (intrinsic) graphene at zero temperature we have np(cx_) = 1 and
np(ex+) = 0. Therefore, there are no intraband transitions, only interband tran-

sitions between the upper and lower cones are allowed. As these have a relatively
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high energy cost, intrinsic graphene does not support any electron-hole excitations
at low energy and at zero temperature. The polarisability (3.21) has been evaluated

in this case and found to have the simple analytic form [83]

q2

N ————————}
xlg:w) =7 o

(3.22)

In doped (extrinsic) graphene, where np(ex\) = [exp {0 (exr — u) + 1}], intraband
transitions are allowed. An analytic form for the polarisability has been found [82]
that is a great deal more complicated than (3.22) and the reader is referred to |82] for
details. However, it is worth mentioning a few limiting cases. In the long wavelength

(¢ — 0) limit it has been shown that [82]

DErvpa® [ w?
2w? 4E%,

}, vpq < w < 2Ep,

x(q,w) = (3.23)

D(EF) [1 + Z#q} , w < vpq,

and for the static (w = 0) case,

D(EF)7 q < 2kFa
x(q) = (3.24)

™ 4k .
D(EF)|:1+#—%\/1—TQIT—%SID1%TF:|, q>2]§F’
where D(FEr) = 2kp/mup is the graphene density of states at the Fermi energy. By
looking for the zeros of the dielectric function, (3.20), they were able to determine
the plasmon mode dispersion of doped monolayer graphene (figure 3.16). They

found that in the ¢ — 0 limit, the plasmon dispersion has the form

wp(q = 0) = wo\/q (3.25)
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Figure 3.17: Im [51_21(q,w, T)} plotted at 0.17 and for three different layer separa-
tions. From left to right 3.5]{:;1, 2.5]{;1 and 1.51{:;1. As the layer separation decreases
the plasmon modes are seen to move further apart.

where wy = /2e2Er/k. This leading order behaviour has exactly the same ¢'/2 form
as for a normal 2D plasmon. The difference however is in the density dependence
of the plasma frequency, which goes as n'/* compared to n'/? in a 2DEG. This is a
direct consequence of the graphene’s relativistic dispersion.

Ramezanali et al. |[81] were able to derive a semi-analytic expression for the
finite temperature polarisability, x(q,w, T'), of doped graphene, given by x(q,w,T) =

Rex(¢,w,T) + Imx(q,w, T) with

ImX(Q7w7T) = - Z { Vpq — W q f(UFQ7 ) [Gf)(Q7va) - GSO{)(vaaT)]
2 m (a)
+ 0(w —vrq)q” f(w, vrq) [—55@— + H (g, w, T)] } , (3.26)
—2kgT In [1 + ea“(T)/kBT}

1
ReX(Ququ) = ;Z { 2 +0(W_UFQ)
a==+

Up

% f (@, vrq) |G (.0, T) = G (g,0,T))

+ 0(vg — W) f(vpq,w) [—gém_ + H(_a)(q, w, T)] } , (3.27)



3.3. Electronic Properties 79

where,
1
R 3.28
fey) 2\/22 — 32 e
o0 21
G(q.w, T) =/ du 5 ’ (3:29)
1 exp (%) +1
1
HY (q,0.T)= | du vi-w (3.30)
+ 4w, 1 [vrquzte] —20(T) ' '
exp (=g ) +1

Their numerical results (figure 3.17) showed that although, as expected, the in-
tralayer region of the e-h continuum is bounded by w < ¢, the interlayer region
acquires a significant weight at small w and ¢, even for temperatures as low as

T =02TF .

3.3.3 Bilayer Graphene

A great deal of theoretical and experimental activity stemmed from the 2004 fabri-
cation of graphene monolayers. More recently, graphene bilayers have become the
subject of intense research, primarily because they offer the possibility of opening up
a band gap, while retaining many of the properties associated with chiral quasipar-
ticles. A graphene bilayer is simply two parallel graphene monolayers close enough
so that they are coupled by interlayer tunneling. The distance between them is
essentially identical to the graphite interlayer spacing [43].

McCann et al. [85] were the first to investigate the low energy Hamiltonian of a
graphene bilayer and their findings were later confirmed by several other authors [88—
90]. They did so by employing a tight binding approach to two graphene monolayers
arranged according to Bernal stacking. With four atoms per unit cell, if A, B and

A, B are the sublattices of the bottom and top layers respectively, Bernal (A — B)
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Figure 3.18: Left: Schematic of the bilayer lattice (bonds in the bottom layer A,
B are indicated by solid lines and in the top layer A, B by dashed lines) containing

four sites in the unit cell: A (blue circles), B (yellow hashed), AB dimer (solid).
Right: the lattice of a monolayer. Reproduced from [85].

stacking has every B site directly below an A site, but the A and B sites do not sit
directly above or below another site (figure 3.18).

The bilayer lattice shares some features of its hexagonal Brillouin zone with a
graphene monolayer and has two inequivalent corners K (£ = 1) and K’ (§ = —1)
that form two valleys and are labeled by ¢ = 4. Like the monolayer, the Fermi
energy lies at these points for an undoped system. The bilayer Hamiltonian forms
four bands (figure 3.21), two low energy gap-less bands (5;1)) and two high energy
bands (5?). The starting point for the tight binding calculation is the second

quantized Hamiltonian [43],

H = /YO Z <a’-frn,7;,0'bm7j7o- + h.c'> - ’Yl Z <a2[7j70'a2’j’g + h.c‘> (3.31)

<Zn7> m,o Jo
- s Z (alj,abQ,j,o— + a;j’ablyj,o + hC) — Y4 Z (b‘{,j,ab27jjg + hC) .
j’o- ]70

The above Hamiltonian is characterised by several parameters that relate to the
amplitudes or both in-plane and out-of-plane hopping. The parameter vy = yap =

vip =~ 2.8eV controls the nearest in-plane neighbour hopping and is identical to
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the nearest neighbour hopping amplitude ¢ (3.7) that appears in the monolayer
system. The strongest interlayer coupling forms a dimer and comes from hopping
between the directly opposite sites A and B. It is controlled by the parameter
T =7ip =~ 0.39eV and forms the two higher energy bands (5(?), with energy > 7.
The weakest coupling taken into account in [85] is A — B hopping, controlled by the
parameter 3 = v,5 =~ 0.315e¢V. In principle one should take into account hopping
between sites B and B with an energy v, ~ 0.2¢V. Taking into account higher order
hopping introduces a negligible overlap between the low energy bands.

One of the most interesting features of bilayer graphene is the ability to open
up a gap, A, between the two bands (E(il) ) via asymmetric doping of the layers.
It is this feature in particular that may lead the the bilayer becoming important
for graphene electronics devices. At the corners of the Brillouin zone, at either K

(¢ =1) or K’ (¢ = —1) the Hamiltonian has the form |85]

H=¢ : (3.32)

v 0 &y LA

where 7 = k, + ik,, 7' = k, — ik,, and the in-plane (v) and out-of-plane (vs)
velocities are given by v = (v/3/2) ayo/h and vs = (v/3/2) ayz/h respectively (a is
the lattice constant and vz ~ 0.1v). The in-plane velocity, v, is the same as that
appearing in the monolayer calculation. Just as the monolayer Hamiltonian (3.13)
acts on the subspace of sites A and B, the bilayer Hamiltonian (3.32) acts on the

subspace of sites A, B, A and B. The band structure near the K points (figure
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Figure 3.19: Left: 2D band dispersion near to one of the K points (¢, = 7).

Reproduced from [88|. Right: 3D bands structure of bilayer graphene near to one
of the K points as plotted from (3.33).

3.21) is given by

2 Az 2 2_,02 k22
a0 = o8 (i) e [

2 2 4

2

+0? |k|? (Vi +u® + 03 \kﬂ + 26y, 030% K| cos 39k] , (3.33)

where a = 1,2 labels the bands high and low energy bands respectively (figure 3.19)
and 0y = tan~' (k,/k,). Equation (3.33) describes the four bands, two low energy
bands (1, ') that meet with zero gap (for A = 0) at zero energy, and two higher
energy bands (2, £2) with |£3| > ;.

In the low energy regime, where only the low energy bands (el) are relevant,
electrons are mostly localised on the A and B sites (those not directly opposite a site
in the adjacent layer). This is demonstrated [88,90] by real space electron density

calculations that show a triangular structure for the bilayer (figure 3.20). This is in

contrast to the monolayer case where the electrons are evenly distributed between
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Figure 3.20: The phase (using grey colouring with the corresponding scale to the
far right) of one of the two degenerate wave functions at the K point for (Left)
monolayer and (Right) bilayer graphene with a contour plot of the electron density
superimposed (both calculated at 1A above the surface). The monolayer electron
density is shared between the A and B sites forming the usual hexagonal pattern.
For the bilayer this pattern is missing as the electron density is confined to the A
(or equivalently B) sublattice forming a triangular pattern. Reproduced from [90].

the sublattices and the expected hexagonal structure is seen. Consequently, the low
energy dynamics of a bilayer can be described by a 2 x 2 Hamiltonian acting in the
A, B subspace. Valid within the energy range |¢| < 171, it was shown [85] that the

low energy states of a bilayer are described by the following Hamiltonian, H=

2
1 0 (af) 0 = 1(1 O 2 [ 7l 0
5 +eus +A |5 -2
2 0 7t 0 0 —1 REN

(3.34)
The first term, quadratic in k, describes A = B hopping via the dimer state formed
between A and B. The second term (linear in k) is the bilayer equivalent of trigonal
warping and describes direct A = B hopping. The third term takes into account
the effect of a gap, A, that as previously stated, is induced via asymmetric doping
of the bilayer.

In contrast to monolayer graphene, the trigonal warping term for the bilayer has a
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Figure 3.21: Constant energy lines (in units of ;) of the graphene bilayer dispersion
relation (3.33). Shown for the positive eigenvalues in the (k,,k,) plane around the
K point of the Brillouin zone (at the origin in this figure). The asymmetry of the
Fermi line at the K’ valley is inverted. Reproduced from [61].

profound effect on the band dispersion at very low energies (|e| < 17 (v3/v)? ~ 2 x 107%eV),
where it dominates. This corresponds to a charge density n < 1 x 10~ "em ™2, Its
effect is to change the topology of the band from parabolic into four pockets, one
circular “central” pocket and three satellite elliptical “leg” parts (figure 3.21). At
zero energy these legs meet, forming cones with a linear spectrum.

For intermediate energies (371 (vs/v)? < |e] < 271) the first term of (3.34) dom-
inates and the quasiparticles behave as chiral fermions with a Hamiltonian

R 1 0 [/{:x — 1k ]2
H=— S (3.35)

Ky + ik, ]? 0

and a parabolic dispersion

=4+, (3.36)

The quasiparticles’ effective mass m = 7, /2v? is estimated [85] to be light at m ~

0.054m, and, in contrast to the monolayer, have a Berry’s phase of 2.
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At yet higher energies, |e| > 17, ~ 0.1eV, the Hamiltonian (3.34) does not
hold and the dispersion again becomes linear [85] . In the crossover between the
parabolic and linear dispersion at high energies, and before the lower band is reached

(le] = 71), the dispersion can be approximated by [85]

4v k[
el mdy |14 Uyu —1]. (3.37)
1

The crossover occurs at |k| ~ 7, /v and corresponds to a carrier density n &~ 4.36 X

10"2. This is below the density at which the upper bands (¢) become occupied,
estimated to be n ~ 3.49 x 10'3.

In principle, calculations of the low energy properties of the bilayer should use
a Hamiltonian describing all of the above regimes. The theoretical framework to
describe the effects of chirality in the complicated crossover regimes remains to
be developed. Fortunately, for most experimental systems of interest, the relevant
Hamiltonian is the one describing chiral fermions with a quadratic spectrum (3.35).
It has been estimated [62] that charged impurities from the substrate will induce
a residual charge density that corresponds to € > 0.01eV. This is above the range
at which the trigonal warping term dominates. Furthermore, typical experimental
systems induce charge densities below, or comparable to, the high energy crossover
from a parabolic to a linear dispersion (n ~~ 4.36 x 10'?). Therefore, as long as the

system in question has a charge density in the range

1 x 107 "Hem™2 < n < 4.36 x 102em ™2, (3.38)
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or equivalently energy in the range

2 x 107%eV < || < 0.1eV (3.39)

it is justifiable to make the simplifying assumption that the system may be described

by (3.35).

3.3.3.1 Screening and Plasmons

The full details of screening and plasmons in bilayer graphene is an area yet to be
explored in the literature and will form part of the original work of this thesis. The
case of static screening has been considered at zero temperature [92]. From the bare
bubble (RPA) diagram, the dynamic polarisability is found to be (see for example

Section 5.2)

np(En) — nr(Exrqn)
W) = 1+ A\ cos 20 ’ iy 3.40
vaw = 3 3 el 2t gg)

In the static limit, this reduces to

x(q) = Z Z(l + A\ cos 29+)nF(€k’X) — nF(ngrq”\). (3.41)
A=t K kN — €k+q

For an intrinsic (undoped) bilayer, it was shown that the static polarisability (arising

from interband transitions) equals a constant for all k and is given by

x(q) = D(EF)In4, (3.42)
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where D(EF) is the density of states at the Fermi surface, given by 2m/mx. This is
quite different from both the 2DEG and single layer graphene case. The former is
a factor of 4 smaller and only constant for ¢ < 2kpr. For a graphene monolayer the
static polarisability is proportional to k£ and given by xsra(q) = ¢/4vp.

In the extrinsic (doped) case the static polarisability was shown to have the form

xg) _ 2kp+¢° /q2_4k2+lnq—\/q2—4k%
D(Er) 2kiq ! q+/q* — 4k}
4 4 2 4 4
(g — 2k <\/4I<:F—|—q M [k:F ki +q*/4

2k2, 2k2,

) . (3.43)

3.4 Minimum Conductivity

One of the most intriguing properties of graphene is its finite minimal conductiv-
ity at the Dirac points that is of the order of the conductance quantum e*/h per
valley /spin. Note that it is conductivity quantization and not conductance quanti-
zation (often associated with transport through quantum wires). This is essentially
conductivity without charge carriers since the density of states vanishes at the Dirac
points. This feature of graphene is potentially important for electronic application.
The experimental results [93| indicate that the conductivity approaches its quan-
tized value for an ideal crystal and is therefore independent of scattering (figure
3.22). This is completely at odds with conventional transport theory where, at low
temperatures, conductivity is limited by impurity scattering.

There has been a great deal of theoretical activity trying to explain the precise
value of the minimum conductivity, for example [94-97|. None so far has succeeded,
with most predicting a minimum conductivity of 4e?/hm. This is approximately

7 times smaller than the experimental value and has led to the problem becoming
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Figure 3.22: Minimum conductivity of graphene. Independent of their carrier
mobility u, different graphene devices exhibit approximately the same conductivity
at the neutrality point (open circles) with most data clustering around ~ 4e*/h
indicated for clarity by the dashed line (A.K.G. and K.S.N., unpublished work;
includes the published data from [93]). The high-conductivity tail is attributed to
macroscopic inhomogeneity. By improving the homogeneity of the samples, 6,5
generally decreases, moving closer to ~ 4e%/h. The green arrow and symbols show
one of the devices that initially exhibited an anomalously large value of o,,;, but
after thermal annealing at =~ 400K its 6,,;, moved closer to the rest of the statistical
ensemble. Most of the data are taken in the bend resistance geometry where the
macroscopic inhomogeneity plays the least role. Reproduced from [45].
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Figure 3.23: Spatial density fluctuations and electron /hole puddles. Colour map of
the spatial density variations in the graphene flake extracted from surface potential
measurements at high density and when the average carrier density is zero. The
blue regions correspond to holes and the red regions to electrons. The black contour
marks the zero density contour. Reproduced from [45,100].

known as “the mystery of the missing pi”. It is one of the great outstanding problems
in graphene physics. Many of the theories so far rely on the linear spectrum and
hence the vanishing density of states of graphene. However, experiments on graphene
bilayers [98,99] also indicate a minimum conductivity of €?/h per valley/spin. This
suggests than the minimum conductivity is an effect of chirality and not the linear
spectrum. It is not clear at this point whether or not the discrepancy between
experiment and theory is due to inaccurate approximations about electron scattering
in graphene, or because experiments so far have only probed a limited set of sample
parameters e.g. length to width ratios [95].

In attempts to solve the mystery, there has been a great deal of interest in

the effects of microscopic inhomogeneities in graphene. Although pure, undoped
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graphene has its Fermi energy at the Dirac points, it is reasonable to suggest that in
a realistic sample, disorder, ripples or dopants will shift the local Fermi energy away
from the Dirac points. The result will be the formation of “puddles” of electron and
hole carrier regions. It has been shown that this is indeed the case, except that these
puddles are an intrinsic property of graphene, not related to the substrate. [100].
It is not at first obvious how this relates to minimum conductivity as the sample
average carrier density will still be zero. However, modeling the carrier puddles as a
random network of resistors [101], through which the current percolates has resulted
in good agreement with experiment. The boundaries of the electron and hole regions
can be seen as conventional p-n junctions, forming a potential barrier through which
a carrier may tunnel.

It is here than an interesting feature of relativistic particles known as the Klein
paradox comes into play. The Klein paradox in relativistic quantum mechanics, and
consequently graphene, states that for particular angles of incidence, a carrier may
tunnel through an arbitrary high barrier without a reduction in amplitude. In fact,
only for an infinitely high potential does the transparency become perfect and in
general the tunneling probability is only weakly dependent on the barrier height.
In non-relativistic quantum mechanics such tunneling would result in a reduction
of the wave-function’s amplitude. It is not yet known whether this relativistic ef-
fect, or indeed any other, holds the key to solving issues surrounding the minimum

conductivity.



Chapter 4

Graphene Monolayer Systems

In this chapter, we perform a full finite temperature calculation of Coulomb drag
between two graphene mono-layers. After a brief introduction, we will derive a semi-
analytic expression for the graphene non-linear susceptibility, representing the first
original work of this thesis.

Following this, we will use a semi-analytic expression for the finite temperature
graphene polarisability (derived in [81]) to study, for the first time, the behaviour
of finite temperature plasmons modes in the double layer graphene system.

In the final original calculation of this chapter, we will combine the above results
to calculate the finite temperature drag resistivity at various carrier densities and
interlayer spacings. Our results show that the drag effect is dominated by plasmons
at around 0.27 (approximately room temperature) and should therefore be exper-
imentally accessible. This is in contrast to a prediction made elsewhere [106] that
suggests that none will be seen until 7' ~ Tr. For comparison, the plasmon contri-
bution to drag between two dimensional electron gasses peaks at around 0.57% [8].
We will then discuss the behaviour of the drag resistivity at very small interlayer

distances (=~ 30A) where the plasmon enhancement is weak due to a competition
91
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between phase space terms, and the strength and position of the plasmon peaks.

4.1 Introduction

There are several differences between graphene and a two dimensional electron gas
(2DEG) that make it an intriguing system in which to study the Coulomb drag
effect. Foremost, its linear dispersion and chiral properties may be expected to lead
to some novel drag effects with which to probe direct interactions between Dirac
Fermions. There is some precedence for this since other transport properties of
graphene show unusual features such as weak localisation and minimum conductivity
(see chapter 3). As we shall see, an effect of the linear dispersion is that the non-
linear susceptibility (NLS) is not simply proportional to the imaginary part of the
individual layer polarisability, as is the case for a 2DEG system in the weak scattering
limit. Furthermore, interband transitions, as well as the more usual intraband ones,
need to be accounted for. This is not normally the case in a 2DEG semiconductor
system because its band gap prevents low energy interband transitions.

Another important difference between these two systems is that it should be
possible to study the drag effect in graphene at much smaller interlayer distances
than in a conventional drag system. This is because interlayer tunneling will not
occur between graphene layers until the out of plane 7 orbitals begin to overlap at
approximately 3.5A [106]. Below this distance the system will begin to behave as a
single graphene bilayer (section 3.3.3 ).

As an extremely clean and strictly two dimensional system, the added compli-
cations of modeling disorder and a finite well width are no longer as relevant to

a graphene monolayer drag system, and in a sense we might expect to observe a
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purer drag effect. As yet, there have been no actual drag experiments performed
in graphene systems although, it is understood that some groups are investigating
such experiments. [105]

Perhaps disappointingly, a 2007 theoretical investigation by Das Sarma et al.
[106] of Coulomb drag in graphene, performed with zero temperature expressions
for the NLS and polarisation, showed strikingly similar behaviour at finite doping
to that of a 2DEG system. At zero doping they showed that the symmetry of
the system around the Dirac point precludes a drag effect, so long as one does
not include the effects of trigonal warping or strong disorder [107|. Away from the
Dirac point one sees the same d~*, T? behavior of the drag resistivity in the limit
of low temperature and large interlayer spacing, although the strength of the effect
typically an order of magnitude greater. Interestingly, the fact that graphene’s Fermi
temperature is typically an order of magnitude higher than that of a GaAs 2DEG
means that this low temperature behaviour should be observable up to a higher
absolute temperature.

The calculation of Das Sarma et al. only included temperatures up to 0.27F and
displayed conservative behaviour, with the drag resistivity decreasing slightly faster
than 72 away from zero temperature. The calculation showed no evidence of any
plasmon enhancement up to this temperature and in fact the authors put forward
an argument that that there will be no such enhancement in a graphene system until
one approaches the Fermi temperature. Their argument was primarily based on the
fact that (see section 4.2) the graphene intraband excitations are strictly bound to a
region w < vrq. The result is that as temperature is increased, intraband excitations
never acquire a weight in the region containing the plasmon dispersions. This is in

contrast to the case of a 2DEG system where, at finite temperatures, the migration
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of electron-hole (e-h) excitations into the path of the plasmons dispersions drives
the plasmon enhancement to the drag effect. Therefore, the only possible source
of a plasmon enhancement to graphene drag come from the interband region of
the e-h continuum. Das Sarma et al. predicted that this would not happen until
approximately the Fermi temperature, at around 1000K. This is clearly outside of
typical experiment parameters. As we shall show in this chapter, this is not the case

and interband transitions enhance the drag effect at much lower temperatures.

4.2 The Non-Linear Susceptibility

As usual, the central quantity in the drag calculation is the non-linear susceptibility

(NLS), I';(q, w), appearing in the general expression for the drag conductivity (2.72)

1 > Ti(qw)Ta(q,w) |Usa(q,w)|?
- d . 41
7D = 6rkpT ;/0 T sinh (hw/2k5T) (1)

where ¢ labels the layer. As we have already seen (section 2.5.2), the 2DEG NLS
in the weak scattering limit is proportional to the individual layer polarisabilities.
This is not the case in graphene and it is a direct consequence of the fact that
the graphene current operator is not directly proportional to momentum, itself a
consequence of its linear dispersion. In this section, we will derive a semi-analytic
expression for the finite temperature NLS. Following that, we will state the small ¢
and w limit of the zero temperature expression for the NLS, originally derived by
Das Sarma et al. [106], allowing us to reproduce an analytic expression for the drag
resistivity in the limit of large interlayer spacing and T — 0.

We will not derive the general expression for general form of the graphene NLS
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in this chapter as the structure of the calculation is broadly similar to that presented
in the next chapter for bilayer graphene. It can be shown [106] that the graphene

NLS in the weak scattering limit has the form

/ / nr(Cwn) — nr(Eiqn)
[(qw)=T [JkJrq—Jk, ,}Im{l—i—)\)\’cosﬁ -
(q,w) /\)\Z:i %: AX A'A ( +)w + Ewxn — Exyqn T 00
(4.2)
where 0, = ¢y q— ¢k is the scattering angle from momentum k to k+q, A\, \" label

the bands, ey = Avp |K/| and w > 0. The impurity dressed charge-current operator,

expressed in the chiral basis which diagonalises the problem, is [106]
k Ttr
I = )\(?)UF COS P (4.3)

The non-linear susceptibility can be broken into two parts, an interband (A # \)

and an intraband (A = )\’) term so that
I(q,w) = T4 (g, w) + D25 (g, w). (4.4)

The intraband term corresponds to low energy electron-hole conduction band exci-
tations bounded by w < vpqg. The interband contributions are in general an order

O (¢*) smaller than the intraband contribution at zero temperature [106].

4.2.1 Coulomb Drag in Intrinsic Graphene

For the case where at least one of the layers is undoped, with the Fermi energy
passing exactly through the Dirac point, there is no net drag effect (op = 0). As

we have discussed previously (section 2.1), a consequence of electron-hole symmetry
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is that the momentum transfer from each works in opposite directions, resulting in
a zero net drag effect. This is precisely the case at the Dirac point where there is
a mirror symmetry from one side to the other. If the drive layer is doped and the
drag layer is undoped, equal numbers of electrons and holes are dragged resulting
in a zero drag current. Similarly, if the drive layer is undoped and the drag layer is
doped, there are equal number of electrons and holes driving the drag current [106].

It has been suggested that this fact may be used to ones advantage when looking
for non-linearities in the graphene spectrum at the Dirac point. Sources of these
non-linearities are effects such as corrections due to next nearest neighbour hopping,
impurity scattering and trigonal warping. It was shown [107| that there will be a
finite drag conductivity at the Dirac point due to trigonal warping. Furthermore,
it was argued that it could be distinguished from the other mechanisms mentioned
above by its dependence on system parameters such as the layer separation. In this
thesis we will only consider the case of drag in doped graphene systems, under the
assumption that the strength of the drag caused by subtle non-linearities will be

small compare to the conventional drag effect.

4.2.2 Finite Temperature Intraband NLS

We will now manipulate (4.2) into a form that lends itself to explicit calculation and
do so under the assumption of electron doping. Consequently, at zero temperature

np(ex—) =1 and np(ew ;) = 6(krp — k), whereas at finite temperature we have

nr(ewa) = [exp (8 (hew — 1) + 17" (4.5)
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From (4.2), we have for the intraband contribution (I/™7e = TAN'=+ 1 [AXN=")

rintre — _pr Z [J’\,’\Jrq - J’\,)‘} (14cosby) [np(ew r) — np(Extqnr)] O (WHew x—Extqnr)-

K A=+
(4.6)
We will first calculate the A = X = + term, I'**, where
= —777'2 [Tt — ] (4cos0) [np(ew +) — np(Gwrqr)] 0(wtew 1= rq)-
k/
(4.7)

The calculation can be simplified somewhat by noting that the current operators
are even with respect to ¢ — ¢_x. Therefore, we may make a change of variables
k — —k — q in the term of (4.7) involving the Fermi function npg(eyiq) and

thereby write

= —WTZ [Jdtg = 5] (cos 04 )np(ew 1 )d(wtew s —eirqr) —{w = —w}.
) (4.8)

To evaluate this expression, we will need to write the ¢ dependent terms as
functions of the 6, the angle between the vectors k' and q. We proceed by noting
that since the angles ¢ and ¢y 4, which are measured with respect to an axis
parallel to the current direction, are integrated over and so for convenience we may

choose the vector q to be parallel to that axis. This gives

Ter k' cosf + q

JLt - gt = ey —cosf 4.9
T <\/kz’2—|—q2+2k"qcose ) (4.9)

k’+q
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The case for 1 + cos 6, is more simple. We have

qcos + K

1+cosfy = 14cos(duiq— k) =1+ '
n (D1 +q — P1c) VE?+ ¢+ 2k'qcos 0

(4.10)

Returning to (4.8) and writing the sum over momentum as an integral, we have for

the non-linear intraband susceptibility

o0 2 k'cost + q gcos + k'
e KL At / K di! / do [— - 60591 [1 n —}
(27T)2 0 0 Q Q
Xnp(ep +)0(w+ ew 4 — Exiqr) — {w — —w}, (4.11)

where @ = \/k2 + ¢2 + 2kqcosf and we have taken into account the 2 x 2 spin and

valley degeneracy. Introducing e = Avpk explicitly,

o] 2 / /
Pt = _TweUr / K dk' / do [—k cosh+a_ 00591 [1 L acosf i }
m 0 0 Q Q
xnp(ew 4+ )0(w+ vk’ —vpQ) — {w — —w}. (4.12)

It is convenient at this stage to introduce the dimensionless variables k = k'/kp,

r = q/kp and y = w/Ep. Making use of the identity é(ax) = ﬁd(x) and noting
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that £r = vpkr we then have

0 27
M = 20 / kdk / o [—k“’sg e 0089} {1 yLoosbtk }
0 0 Q Q

xnp(ex+)0(y+k —Q) — {w— —w}, (4.13)

where Q = k2 + 22 + 2kxzcosf and o = % The angular integration can be

carried out via the delta function which provides the conditions

S y < . (4.14)

Making the change of variable Q = v/k2 + 22 + 2kxcosf so that

QdQ Q- K-

df = = —-—— 4.1
VAR (2 k2 Skr (4.15)
equation (4.14) becomes
s 2 12, 2 2 _ 2 _ 2
P = —%/ kdk/QdQ [Q 2 o © Z ! (4.16)

2

Oz —vy) —[w— —uw].

y {1_’_ Q2+k2—$2] np(exs)d(y +k - Q)
2kQ) \/4]{;21,2 _ (QQ — k2 — x2)2

Evaluating the integrand at Q =y + k,
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00 2 72 2 2 _ 12 .2
r++ — _9/ kdk y+k)" -k +a" Wtk -k —a (4.17)
2, 12 .2 _
X[HWQIZ) L ] el ROy
(y+k) \/4k2x2 — ((y +k)* — k2 — 22)

The term in the square root factorises into /(22 — y?)(2k — x + y)(2k + = + y). We

then have,

2uk + y* + 2? _2yk‘+y2—x2

_L/“’ kdk[
r\/2? —y? Jegu y+k k

F++ _

(4.18)

0(x —y) —{y — —v}.

{1 2k% + 2uk + 1y — 1132] nr(ex+) (Y + k)
2k (y + k) V(2k — 2 +y)(2k + x4+ y)

Putting the terms in square brackets over common denominators

o kdk{(ﬁ—y% (2k+y)} {(2k—x+y)(2k+x+y)

k(k +vy) 2k(k +vy)

« /°°
x\/x? —1y? oy

np(ex+) (y+ k)
V(2k — 2+ y)(2k +z +y)

X

0z —y) — [y — -y, (4.19)

and then tidying up a little yields

2k +y)/Ck —z + ) (2k + = + y)

F—H—
k(k+vy)

S 0(xz—y)—{y — —y}

2x zz;y

(4.20)

We proceed by making the substitution © = % + £ so that k = (2u — y)/2 and
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dk = §du. This gives

It = —ay/22 — 2 /100 dunp(gu#)xu\/(mu —o)(zu+ x)€($ —vy)—{y — -y}

(zu — y)(ru +y)

Expanding the denominator we have our final form for the finite temperature I'/7"¢

(2, y,T) = —ay/22 — 32 /100 dunp(gu#)%é’(x—y) —{y — —y}, (4.21)

2
2 _ Y
u 22

where a = —”;’“F
Moving on to the A = X = — term, ['"~, we have
g [J‘:’jq .y } (1+cos ) [np (e ) — np(ewrq)] 8(wtew.— —ewiq ),
k/
(4.22)
which as we have already seen can be written as
[ = —WTZ [Jl_(,fq - Jl_‘/_} (1+cosO)np(ew —)d(w+ew - —Exqq-) —|w = —w].
k/
(4.23)
. . oy k/ o k/ _ o 1
Making use of the identities J3 = —J%,_,, ewr = —ew —» and d(az) = mc?(a:)

yields,

D =y 30 [ = T, ] (cos 0, )mr(w )0(—wrtew —wa ) —{w = —w}
k/
(4.24)

Therefore, we have shown that

p— ) (4.25)
np(ew +)
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Applying (3.11) to (2.3), we have for I'"—,

a2y > (2k +y)\/(2k =z +y) 2k + 2 +y)
r = —Tﬁ(x—y) /x;y dknp(ex ) i+ 9)
—{y— —y}. (4.26)

Repeating the steps that led up to (2.47) we have finally for both intraband terms,

with

np(eun) = {exp (A ru—yl = 2“/> + 1} L (4.29)

where ;' = pu/Ep is the dimensionless chemical potential and 7" = T'/Tr the dimen-

sionless temperature. Defining a function

uvu?2 — 1

MMz, y, T :/
( ) 1 [u? — 222 [exp (Alxuiyl—%’) + 1]

27"

du, (4.30)

we can write [/ in the compact form

pine = aZ Var =20 —y) [M} 2,y T') = MX(2,y, )], (4.31)

where o = Tzehe
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4.2.3 Finite Temperature Interband NLS

From (4.2) we have for the intraband contribution (A # \), T1"" = T',_; vy +

Fa=—1.x=1
= —WTZ [Jk fa_ i| (1 — COS «9_,.) [np(ék/,_) — nF(ék/_;_q,_;_)} (S(L«J + Ex/,— — 5k’+q,+)
(4.32)
—TT Z [Jkurq } (1 —cosby) np(ew +) — np(exiq-)] 0w+ ew + — Extq-)-

The second term in (4.32) is zero because every term in its § function is always

positive. Therefore,

FITLte'I’ = —T7T Z |: k +q ] (]_—COS 8_._) [nF(gk/,—) — nF(Ek’+q,+)] 6(w—|—€k/7_—€kl+q,+)
(4.33)
Changing variables k' — —k’—q in the second of (4.33) involving np(ex yq+), which

we shall call I'(3), we have
Lo = —WTZ/ [J;f — J__l_{/_q] (1—cosb)np(e_w +)0(wHe_w—_q-—c—x+) (4.34)
Using the fact that J % = J¥ and e_j, = e, we have,
=TT Z [J_ILr l_(fq] (1 —cosbi)np(ew +)0(w+ ewiqe, —ewt)  (4.35)
which, using e )y = —ew \ we can write as

Ly =77 Z [ij;r - Jl_dfq} (1 —cosbi)np(ew +)0(w+cw - — exiqr,). (4.36)
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Using JX, = —J%, |
=T Z [ Tt - } (1 —cost)np(ew 4 )0(w+ew - — wiqr,). (4.37)
Therefore, we have for [/

FIntET = WTZ |:Jk/+q ] (1—COS 0+) [np(ék@_) - np(gk/7+)] 5(w+€k/7_—€k/+q7+).
(4.38)
As before, we now write the ¢ dependent terms as functions of #. For the current

operators we have,

: , , k' cos 6
T L v c0sv 9 + cosf |, (4.39)
VK2 + ¢+ 2k'qcos §

and for 1 — cos .,

qcosf + K

1—cost, = 1—cos(Puiq— dw)=1-— '
+ (¢k+q gbk) \/k/2_|_q2_¢_2k;’qcosﬁ

(4.40)

Returning to (4.33) and writing the sum over momentum as an integral, we have

for the non-linear interband susceptibility

plnter  _ _47T7'tr€1;F /OO /{:'d/{:'/%de [k'cosé-l—q +cos8] [1 B qcos«9+k’]
(2m) 0 0 Q Q

x [np(ew,-) = npew +)] 0(w + ex - — Exvqqr); (4.41)
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where Q@ = /K2 + ¢2 + 2K'qcosf and we have included the 2 x 2 spin and valley

degeneracy. Introducing ei y = Avpk’ explicitly,

o) 21 ! /
[huter _ _TtTGUF/ kz’dkz’/ &0 {k COS@+Q+CO$9:| {1_(]0050—1—/@]
m 0 0 Q Q
X [nF<€k/7_) — nF(€k/7+)] (5(&) — UFkZ/ — UFQ) (442)

We now once again introduce the dimensionless variables k = k' /kp, * = q/kr and

y = w/FEr. Making use of the identity 0(az) = ﬁ5($> and noting that Fr = vpkp

we have
[e') 27
pinter  —  _9q / kdk / 0 {M + 6059] [1 — M]
0 0 Q Q
X [np(ex,-) = nr(exs)] 6y — k= Q), (4.43)

where Q = VE2 + 22 + 2kzcosf and o = % The angular integration can be

carried out via the delta function which provides the conditions

y—x y+x
<k<
2 2

r <y. (4.44)

Making the change of variables Q = k2 + 12 + 2kxcos so that

dQ cosf = M, (4.45)

df =
\/4]5%2 _ (Qz — k2 — xz)z’ 2k

equation (4.14) becomes
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Yy—x

e 2 7.2 2 2 12 2
plnter  _ —%/ kdk;/QdQ [Q g” L@ Ik; ’ (4.46)

oy —k— Q).

QQ + k2 — g2 [np<€k,_> — nF(£k,+)] Q(y — :L')
X |:1 - 2kQ) ‘| \/4/{72132 _ (QQ — k2 — x2)2

Evaluating the integrand at () = y — k,

-\ 2 - N\ 2 ~
y+z _ _ 1.2 2 _ L2 2
FInter _ Oé/ 2 kdk <y k) b T (y k) _ b v
s Y

(4.47)

Y

% [1_ (y_k)2—|—k'2_gj‘2] nF<5k’,) (y—k) Q(y_x)
2k (y — k) \/4ka _ ((y _ k’)2 2 I2)2

the term in the square root factorises into v/(y? — 22)(z +y — 2k)(2k + x — y) and

we have

y+zx
Flnter

y2+x2—2yk+y2—x2—2yk

e} 2
—_— kdk
/Y% — x? /yzz [ y—k k

(4.48)

y [1 2K =29k +y? - ﬂ np(ex-) —nr(ex )| (y — k) 0(y — x)
2k (y — k) Vi +y—2k) 2k +x —y) '

Putting the terms in square brackets over common denominators,

ytz

FInter

(4.49)

(v* —2*)(y — Qk‘)]

‘ﬁ/’“{ K )

y [(1‘ +y —2k)(2k + — y)} (e (o) —nele)l (y —K) 0y — ) -
2k (y — k) V(i +y—2k)2k+2—y) .
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Tidying up a little,

Inter __ a\/y? — a? 2 y — 2k
r = —T/ dk [m} Ve +y—2k)(2k+x —y)
X [np(ex-) — nplex+)] 0y — ). (4.50)

We proceed by making the substitution u = 28 — ¥ so that k = (zu + y)/2 and

dk = §du. This gives

[inter  _ +oz\/y7/ [$U\/x—xu)($+aﬁU)

(zu+y)(zu —y)

X [np(ea—) —np(cut)| 0y — x)du. (4.51)

Expanding out the terms in round brackets, we have for our final form for I'/nter

pnter  _ _am/ [ 1-— u2] [HF(gu,Jr) . nF(gu,f)] (9(3/ — :L‘)du. (4.52)

with

nr(eun) = [exp (A zu =yl = 2“,) + 1} B , (4.53)

where y/ = p1/Er is the dimensionless chemical potential and 7" = T'/T the dimen-

sionless temperature. Defining a function

! uv'1 — u?

- du (4.54)
1 [u? — y?x—2?] [exp (—A'“‘ﬁ%‘f“ ) + 1}

Ni(l’,y,T,) = /
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we can write '™ in the compact form
[inter — _q Z VY2 — 220y — 2)AN (2,9, T"). (4.55)
A=+

4.2.4 Summary and Discussion

We have shown that the graphene finite temperature non-linear susceptibilityl'(z, y, T") =

Flntra + FInter is
D(z,y,T)=—a ) {0z —y)f(z,y) [M} = M ] + X0(y — ) f(y, ) N2}, (4.56)
A=+

uvu2 —

—_

Mi(‘r?va,) :/ , du,
1 u? — y2x? [exp <—’\|mj2tjyﬂ|,f2“ > + 1]
1
uv'1 — u?
NZ(z,y,T') :/ Nty 24 du,
-1 [u? — y2x~?] [exp e ) + 1]

flx,y) = Va2 —y?,

and where k = k' /kp, v = q/kp, y = w/Ep , 7' =T/Tp, i = p/Er, and a = %
Equation (4.56) represents the first original work of this thesis. It is evaluated
numerically for three difference temperature in figure 4.1, clearly showing that the
intralayer contribution (w > vrq) migrates toward the origin as the temperature

increase. As we will see, this is crucial to driving the plasmon enhancement to the

drag effect as it quickly overlaps with the plasmon dispersions.
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Figure 4.1: The finite temperature graphene non-linear susceptibility. Density plots
of [I'(¢/kr,w/Ep,T)|/a as a function of w and ¢ for three different temperatures.
From left to right 0.017r, 0.17% and 0.27%. The colour scale shows the value of
the non-linear susceptibility in units of a = % The intraband contribution
is restricted to the region w < vpq and the interband contribution to w > wvpgq.
The interband contribution is seen to migrate toward the origin with increasing

temperature.

4.2.5 Zero Temperature

The zero temperature graphene non-linear susceptibility was first derived by Das
Sarma et al. [106]. At zero temperature and for electron doping, the lower band the
Fermi function np(eg ) = 1 whereas np(eg ) =0 (k:F — l;:) The result is that for
the intraband contribution the Fermi functions of (4.2) cancel and we are left with
only one intraband term, I't* given by equation (4.20) with an upper momentum
cutoff of 1. The calculation is now reduced to a series of elementary integrals and

after some straightforward but tedious algebra one arrives at

Intra Q (IQ - y2) \/(y +x— 2)(y — T — 2)
plora — O TV g 02—z —y) {2
. (z —y)0( y){ s

(4.57)

_[tan—l<¢<y+x—2><y—x—2>¢x2—y2>_we[y@_m—gsm }

22— (y—2)y

—{y — —y}, where a = =2 Similarly, for the intraband contribution (4.32) the

2

difference of the two Fermi functions gives a lower momentum cutoff of 1. This leads
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Figure 4.2: The absolute value of the zero temperature non-linear susceptibility
[ (q,w) = Tktra (g w) + TIMer (¢, w) (as derived in [106]) as a function of wand q.

The colour scale shows the value of the non-linear susceptibility in units of & = %

to

Ly = ——O‘<y2‘ﬁ)e(y—x)e(xw—2>e<x—y+2>{2“(“1"2)("”‘1"2)

yZ_xQ

X

(4.58)

- ltan_1 <\/($+y—2)(x—y—2)\/y2 —xQ) — 76 [z —2—9(9—2)}] }

2 —2—(y—2)y

A plot of the zero temperature NLS is shown in figure 4.2, showing clearly that the
interband contribution (y > x) resides high up on the y axis and therefore has no
weight to contribute to the drag effect as zero temperature.

It will be useful in deriving the analytic result of section 4.4 to give an expression
for the small y and z limit of I'(x,y). In this case, the interband contribution has

no weight and (4.57) reduces to

nira det, kpy  detw
[(z,y) = D72 (x, y) = E;FW = thn z,y < 1 (4.59)

where w = Ery. This expression will be useful in deriving a result for the drag rate
that is valid in the limit of lower temperature (T' < Tr) and large interlayer spacing

(kpd < 1).



4.3. Screening and Plasmons 111

4.3 Screening and Plasmons

As we have already discussed (section 3.3.2.3), the random phase approximation
(RPA) is an excellent choice for graphene as it is a weakly interacting system. In

the RPA the screened intralayer potential is given by (2.8)

Un(a)  _ Us(q) (4.60)

Tl x(gw)  e(gw)

U(q,w)

where Uy(q) = 2me?exp(—qd)/q is the bare interlayer Coulomb interaction and
X(q,w) is the graphene polarisability. We showed in section 2.2 that under the RPA
and treating the graphene layers as identical, the screened interlayer interaction
(2.19)

U12<Q,W) _ Ub(Q) — Ub(Q) ] (461)

1+ x(q,w)]* — U2(g)x*(q,w)  €12(¢,w)

Das Sarma et al. [82] were the first to derive an analytic expression for the finite
frequency polarisability at zero temperature and finite doping. Its form is formidable
and so it will not be stated here. It will be useful in deriving the analytic result of
section 4.4 to give the zero temperature, large layer separation expression (d™! <

¢, kr,grr) limit of (4.61). In this limit we have

N q
™ 4re? sinh(gd)x2(q, w)

Ur2(q,w) (4.62)

As T — 0, the integral governing the drag conductivity (2.7) is restricted to small
frequencies w by the sinh® (w/2kp) appearing in the denominator. Consequently,

we may take the static limit of the polarisability where it is real and equals the
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graphene density of states (3.24). We have

2k
X(g,w — 0) = ﬁ (4.63)

Substituting this into (4.62), the large d, small w limit of the interlayer interaction
is

meq

Uia(q,w) =~ (4.64)

¢} sinhqd
where grrp = 4e*kp/vp is the Thomas Fermi Screening wave-vector for graphene
[106].

The finite temperature graphene polarisability was first considered by Ramezanali
et al. (2009, [81]). They were able to derive a semi-analytic expression and showed

that it has real and imaginary parts given by

Imx(q,w,T) = % Z {Q(qu — W)@ flupq,w) [Ggf‘)(q7w,T) — G(_a)(qu, T)]
a==+

+ 0w = vra)g* f(w,vrq) | =G0 + H (.0, T)] } . (4.65)

1 kT In [1 + eon(D)/ksT
Rex(g.w,T) = —3 { [UQ I O(w — vrq)
a=% F

< f (@, vra) |G (g0, T) = G (g,0,7)]

+ 0(vg — W) f(vpq,w) [—g%,_ + HY (q,w, T)} } , (4.66)

where,
) . (4.67)
z,Y) = ———, )
Y 24/ 22 — y?
o0 2 _ 1
6w 1) = [ v , (4.68)
1

exp <‘UF‘1U:;:L_Y?04M(T)> +1
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Figure 4.3: The finite temperature graphene polarisability showing the imaginary
(upper) and real (lower) parts for temperatures 0.057F (left) and 0.57% (right). The
imaginary part, which represents the electron-hole continuum, is seen to migrate
toward the origin although it is only the interband (w > vrq) region that does so.
In real part has most of its weight in the region w < vpq.

(4.69)

1 1_ 2
g 1) [ du e

“1 exp (IquuiZz]IB}?au(T)) +1

As for the NLS, the intraband contribution is restricted to the region where w < vpgq
and the interband contribution to w > vrq. The real and imaginary parts of the
polarisation are plotted separately in figure 4.3 at two different temperatures.

Das Sarma et al. [82] showed that the plasmon dispersion in a single graphene

layer has the familiar ¢ dependence

wp(q = 0) = wo\/q (4.70)
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Figure 4.4: Im[e~!(z,y,T)| plotted for three different temperatures, from left to
right 0.057F, 0.17TF and 0.27%. As the temperature increases, the interband e-h
continuum (w > vprq) migrates towards the origin, progressively damping the single
layer plasmon with dispersion w o< /q.

ey
[i]

kg ik

in the ¢ — 0 limit where wy = \/m. The plasmon dispersion is found to lie
outside of the intraband particle hole continuum and as such the plasmon cannot
decay via intraband excitations. Instead, as temperature increases the interband
contribution migrates down towards the origin and as it does so overlaps with the
plasmon mode. This is best illustrated by plotting the imaginary part of the recip-
rocal of the dielectric function Im [e7* (g, w, T)] (figure 4.4). The dielectric function
has peaks at the plasmon dispersion but it is also proportional to Imx(q,w). It
therefore provides a measure of the weight of particle-hole excitations available to
the plasmon. At the lowest temperature (7" = 0.057%), there is little overlap with
the electron-hole continuum. Consequently, the plasmon is lightly damped, giving a
large magnitude over a small area that follows the dispersion. As the temperature
increases, the plasmon acquires a lifetime (width) as it overlaps with the contin-
uum and it can decay via particle hole excitations. This process is know as Landau
damping. The result is a lower maximum amplitude, spread over a wider region of
the plane.

The issue of plasmons in the double graphene layer system was considered by

Das Sarma et al. [82] at zero temperature. By finding the poles of the interlayer
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Figure 4.5: A density plot of Im [e}; (¢,w, T)] plotted at kpd = 2.5 and for three
different temperatures. From left to right 0.017r, 0.57% and 0.27%. As the temper-
ature increases, the interband e-h continuum (w > vpq) migrates towards the origin,
progressively damping the coupled interlayer acoustic (out of phase) and optic (in
phase) plasmons modes.

interaction (4.61), they found that at small ¢ the plasmon dispersions have the form

woy/2q (4.71)

w_(q) ~ 2weVdg (4.72)

&
+
S

2

where wy = \/2€2FEr/2k and w, (q), w_(q) are the optical (in phase) and acous-

tic (out of phase) plasmon modes, respectively. These show the same qualitative
behaviour as plasmons in a 2DEG drag system (2.25).

To our knowledge, the case of finite temperature is yet to be considered and we do
so now. Following the same path as above, in figure 4.5 we plot the imaginary part
of the reciprocal of the interlayer dielectric function Im [51_21((1, w, T )}, the results of
which are shown in the figure for three different temperatures at krpd = 2.5. As for
the single layer, as the temperature is increased the interband contribution migrates
towards the origin, progressively damping both plasmon modes.

Of particular relevance to the drag effect is the way in which the plasmon modes
vary as the interlayer distance changes. To this end, we show in figure 4.6 the

function Im [e3; (¢, w, T')] for three difference layer separations d, at T = 0.1Tp. As
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Figure 4.6: A density plot of Im [61_21(q,w,T)] plotted at 0.17F and for three dif-
ferent layer separations. From left to right 3.5k", 2.5k5" and 1.5k,'. As the layer
separation decreases the plasmon modes are seen to move further apart.

the layer separation increases, the acoustic plasmon mode is seen to move further

away from the optical mode.

4.4 Limit of Low Temperature and Large Interlayer
Spacing

In general, calculations of the drag resistivity must be carried out numerically. How-
ever, it is possible to obtain an analytic result in the limit of low temperature (7" — 0)
and large interlayer spacing (d~! < kr, qrp). In this limit, the dominant contribu-
tion to the drag resistivity comes from a region with small ¢ and w. To this end we

recall the expression for the NLS in this limit (4.59)

47y,
[(q,w) ~ % (4.73)

TR

as well as that for the interlayer interaction (4.64)

2
e
Ua(g,w) =~ < (4.74)

g3 sinh gd’
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We will now work toward an analytic expression for the drag resistivity by substi-

tuting (4.73) and (4.74) into the general expression for the drag conductivity (4.1)

1Ty |Ura(q,w)|*
dw. 4.75
oD = 167T]{?BTZ/ smh (w/2kgT) “ ( )

Doing so, as well as converting the summation into an integral yields

dgdw (4.76)

qterﬂ F / / h2 h w
Op =
2kpT 22 sin qd sin 2( )

Making use of the identity

00 P

where ((p) is the Riemann Zeta function, we may perform the integrals over w and

q to give
0 2
/ Y g S (4.78)
0 sinh? (21:;T> 6
and
[e'e) q3 6
——dg = —((3). 4.79
/0 sinh? gd ! i (4.79)

Putting this all together yeids the final expression of the drag conductivity in

the low temperature limit;
Ttr 2k2 TQC(S)
op = ——F—————

4
WqTFUFd

(4.80)

To convert (4.80) into a resistivity we must make use of the relation (2.4)

%))

PD = — 3
011012



4.5. Numerical Results 118

where o1 and o5 are the longitudinal conductivities given by [106]

€2EFTtT‘
011 = 022 = .
s

Reintroducing Plank’s constant and writing the final expression in terms of ¢rp we
have for the drag resistivity

| hmekBT(3)

pp = (4.81)

¢rpvpdt
To get agreement with [106], we expand two of the Thomas-Fermi wave-vectors by
making the replacement ¢2, = (4¢%kp /vp)’. This yields,

kT (3)
PD =

= . 4.82
166%g2, ERR2d (4.82)

The drag resistivity in this limit therefore displays the same dependence on tem-
perature (~ T?), layer separation (~ d~*) and density (~ n?) as that of a 2DEG

system (2.69), but is smaller in magnitude.

4.5 Numerical Results

Das Sarma et al. [106] numerically evaluated the zero temperature drag conductivity
for a range of system parameters (figure 4.7). Their results showed qualitatively
similar behaviour to a 2DEG system but with an order of magnitude increase in
the strength of the drag conductivity. Calculating up to 0.27F, they discovered no
plasmon enhancement and indeed argued that none should be seen until 7" =~ Tp.

Their argument was that since the intraband excitations are bounded by w < vpq,
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Figure 4.7:  |pp|/(T/Tr)* vs T/Tr for higher values of T up to 0.27r. Up-
per panel: for fixed interlayer distance d = 500A and different values of density
n = 10" em™2 (solid line), 5 x 10" em ™2 (dashed line), 10'2cm ™2 (dot-dashed line),
corresponding to Tr = 431, 963, 1361 K, respectively; Lower panel: for fixed den-
sity n = 10" em =2 and different values of interlayer distance d = 300A (solid line),
150A (dashed line), and 30A (dot-dashed line). Reproduced from [106].

any plasmons excitations would have to come from the intraband excitations. That
these reside above an energy w ~ Fpr mean that there are only accessible by the
drag integral (4.1) at temperatures approaching the Fermi energy.

We believe that this argument is flawed because it underestimates the rate at
which the interband continuum migrates toward the origin with increasing tem-
perature and therefore the extent to which the integrand acquires weight from the
plasmon modes. As we can see from figure 4.1, by 0.27F it has weight well below
w = Epr. Although relatively small, it is sufficient to pick up the plasmon modes
strongly. In figure 4.8, we plot the full finite temperature integrand for five temper-
atures. It is clear that at 0.087% the finite temperature integrand has a significant
enhancement from the plasmon modes, in contrast to the zero temperature result
(figure 4.7). By 0.2T% the modes are fully exposed, after which they are progressively
Landau damped.

The above suggests that the drag rate will demonstrate a plasmon enhancement,
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Figure 4.8: The dimensionless integrand of the drag conductivity (4.1) for n =
1.5 x 107"'em=2 and d = 375A. (a)-(e): The full finite temperature integrand at
T =0.06, 0.08, 0.1, 0.2, 0.37 respectively. (f): The zero temperature susceptibility
and polarisation integrand of [106] at T" = 0.087p. The full finite temperature
integrand has a weight from the plasmon modes starting at around 0.087r. By
0.27% the modes are fully exposed. In contrast, the integrand of [106], (f), that has
almost no plasmon weighting at 0.087%.
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in contrast to the zero temperature prediction. Indeed, this is what we find and
in figure 4.9 we numerically evaluate the drag conductivity, divided by T2, for a
range of carrier densities n and interlayer distances d. The enhancement of the
drag effect due to plasmons is clearly demonstrated with a peak in the drag rate
at approximately 0.27. This is in contrast to 2DEG drag which shows a plasmon
peak at approximately 0.57F (figure 2.6). Since 0.2 corresponds to approximately
room temperature, the plasmon enhancement to the graphene drag rate should be
experimentally observable.

Of particular interest are the results plotted for a range of interlayer spacings
(figure 4.9 (a)). As the distance is decreased, the plasmon peak decreases in relative
height above the 7" = 0 level. By d = 30A it does not rise above it. The drag
resistivity integrand at d = 30A is plotted in figure 4.10 for several temperatures.
There are several key differences between these and those plotted for d = 375A in
figure 4.8. Foremost, at d = 30A the dimensionless interlayer distance kpd = 0.53
compared to kpd = 2.57 at d = 375A. The result is that the momentum cutoff of
the drag integral (4.1) is much higher for d = 30A and consequently we see that the
integrand extends much further along the ¢ axis. Consequently, when the plasmon
modes are activated their contribution to the drag integrand is smaller relative to

whole.
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Figure 4.9: |pp| /(T/Tr)* vs T/Tr. (a) Fixed density n = 10"2cm~? and several
interlayer distances. The dominance of the plasmon peak is seen to decrease with

decreasing interlayer distance. (b) Fixed interlayer distance d = 500A and several
densities. The plasmon enhancement is seen to increase with decreasing density.
Both plots show a peak due to plasmon enhancement at ~ 0.27% compared to

0.5TF for 2DEG drag .
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Figure 4.10: The dimensionless integrand of the drag conductivity (4.1) for d = 30A
(krpd = 0.53) for three different temperatures. From left to right 0.057%, 0.125TF,
0.2Tr. The integrand extends far along the ¢ axis at this distance. By 0.1257F, the
acoustic plasmon is the dominant mode but its relative contribution to the overall
integrand is less than for larger interlayer distances.

The second reason for this behaviour can be seen from figure 4.11 which shows
several plots of the interlayer potential and non-linear susceptibility, at fixed w.
As the interlayer distance is decreased, the position and magnitude of the right
(acoustic) mode moves to higher values of ¢ and decreases rapidly in magnitude.
The result of its decrease in magnitude is a decrease in its contribution to the drag
rate. Conversely, by moving to higher values of ¢ the plasmon enters a region of
increasing non-linear susceptibility weight (see figure 4.11 (f)), thereby increasing its
contribution to the drag rate. There is therefore a competition between the weight
of the non-linear susceptibility at higher ¢ and the decreasing plasmon magnitude
there. This is in addition to the decrease in the plasmon’s relative contribution to
the drag integrand already mentioned. This explains the results at d = 30A where
the plasmons are much less dominant. Indeed, one would expect that for still smaller

interlayer distances the plasmon contribution could become undetectable.
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4.6 Conclusion

In this chapter, we performed a full finite temperature calculation of Coulomb drag
between two graphene mono-layers. After a brief introduction, we derived a semi-
analytic expression for the graphene non-linear susceptibility, representing the first
original work of this thesis.

Following this, we used a semi-analytic expression for the finite temperature
graphene polarisability (derived in [81]) to study, for the first time, the behaviour
of finite temperature plasmons modes in the double layer graphene system.

In the final original calculation of this chapter, we combined the above results to
calculate the finite temperature drag resistivity at various carrier densities and in-
terlayer spacings. Our results showed that the drag effect is dominated by plasmons
at around 0.27F (approximately room temperature) and should therefore be exper-
imentally accessible. This is in contrast to a prediction made elsewhere [106] that
suggests that none will be seen until 7" ~ Tr. For comparison, the plasmon contribu-
tion to drag between two dimensional electron gasses peaks at around 0.57 [8]. We
then discussed the behaviour of the drag resistivity at very small interlayer distances
(=~ 30A) where the plasmon enhancement is weak, due to a competition between

phase space terms and the strength and position of the plasmon peaks.
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Figure 4.11: (a)-(e): The interlayer potential at fixed values of w/Ep for several
interlayer distances and temperatures. As the interlayer distance is increased the
right plasmon mode is seen to exist at lower values of ¢ and increase in magnitude
relative to the left mode. As w/FEp and T/Tr is increased the modes broaden as
they are Landau damped. (f) The non-linear susceptibility at fixed w/Ep for several
temperatures. Most of the weight is at large ¢ in the region of the left plasmon mode

and is seen to increase as the temperature is increased.



Chapter 5

Graphene Bilayer Systems

In this chapter we investigate Coulomb drag between two graphene bilayers, ar-
ranged far enough apart so that there is no coupling between them. Throughout,
we remain in the regime within which the low energy Hamiltonian of McCann et
al. [85] is valid. Before numerically evaluating the drag conductivity itself we will
perform two preliminary calculations, each an original work.

First, we will derive a semi-analytic expression for the finite temperature po-
larisability, re-deriving on the way the general expression of Das Sarma et al. |62].
We investigate both the single layer and coupled layer plasmon modes and upon
numerical evaluation find them to be within the intra-band continuum, even at
zero temperature. This is in contrast to the mono-layer case and will be key to
interpreting the Coulomb drag results.

Second, with equation 2.82 as our starting point, we derive a general expression
for the bilayer non-linear susceptibility (NLS). We arrive at a form identical to that
for a mono-layer, but with the bilayer Berry’s phase of 2. This will lead us to derive
a semi-analytic expression for the bilayer NLS which we evaluate numerically.

Following these preliminary calculation, we proceed by numerically evaluating
126
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the drag resistivity of two graphene bilayers. We find that the low temperature be-
haviour is similar (~ T?) to that for 2DEGs and monolayers. However, in contrast to
these the plasmon enhancement at intermediate temperature is strongly suppressed
by Landau damping of the plasmon modes. This is a result of the plasmon modes
being within the e-h continuum, even at zero temperature. We also find that the
density and interlayer separation dependence of the position and width of the plas-
mon peak is stronger than for the 2DEG and monolayer systems. An explanation

for this is suggested.

5.1 Introduction

The Coulomb drag effect between graphene bilayers is in some sense an intermediate
case between the standard 2DEG and monolayer systems. With bilayers, we have
a system within which the electronic spectrum is quadratic, as for a 2DEG. The
difference of course is that the bilayer quasiparticles are chiral and one would expect
this fact to result in a significant departure from the standard 2DEG behaviour.
However, in contrast to the 2DEG system, it is not necessary to take into account a
finite layer thickness and this simplifies the calculations somewhat. In addition, it
is possible to study bilayer drag at the same small interlayer separations that were
possible in the monolayer system. This is because the out of plane 7 orbitals no not
begin to overlap until approximately 3.5A [106]. Below this distance, the system
will start to behave as a graphene quad-layer with properties more similar to that
of bulk graphite.

A naive analysis of the system would suggest that compared to the monolayer

system, the strength of the drag effect will be smaller with bilayers. The reason for
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Figure 5.1: Feynman Diagram: The imaginary time polarisation bubble.

its size in the monolayer system can largely be traced to the vanishing density of
states at the Dirac point, implying weak screening of the interlayer potential. This
does not apply to the bilayer.

Throughout this chapter, we restrict ourselves to the regime in which the low
energy Hamiltonian of McCann et al. [85] is valid. This amounts to restricting the

range of electronic densities (n) to
1 x 107 em™ < n < 4.36 x 102cm ™2, (5.1)

(see section 3.3.3). Fortunately, this range is typical to experiments on both 2DEG,

monolayer and bilayer systems.

5.2 Polarisability

In the random phase approximation, the graphene bilayer polarisability is given
by the bare bubble diagram (figure 5.1) [92]. Working in the finite temperature,
imaginary frequency Matsubara formalism, the Feynman rules [17] give us for the

polarisability,

(g, iw) = —ZTZtr{ék (i€) Clerq (i5+iw)}, (5.2)

k €
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where T is the temperature ¢r {} is the trace and the minus sign is from the Fermion
loop. The Green’s functions Gy(ie) = (ie — Hy)™" are 2 x 2 matrices in sub-
lattice space, where H is the bilayer Hamiltonian (3.35). The calculation is greatly
simplified by transforming to a basis in which the Hamiltonian and hence the Green’s
functions, are diagonal. As for the monolayer, the bilayer Hamiltonian is diagonal
in the chiral basis, i.e eigenstates of the Hamiltonian are states of definite chirality
and not pseudospin. The unitary matrix that transforms from the pseudospin to
chiral basis is
1 e 1

Ul = — : (5.3)
) \/§ 6i2¢k -1

where ¢y = tan! (k,/k,). We can therefore express (5.2) in the chiral basis as,

(g, iw) ZTZtr{U*Gk ie) UkU} o Gherq (i + i) Uk+q}. (5.4)

Using the fact that the trace is invariant under cyclic permutations, we can write

(5.4) as

X(q,iw) Z T Z tr {Gk ie UkUk+qu+q (ie + iw) Uk+qUi} : (5.5)
This allows us to define the operators

1 67i29+ _|_ 1 67i29+ _ 1
U+ - UkUli—‘rq = 5 ) (56)

e—i29+ _ 1 e—i29+ _'_ 1

Ui =UkiqUx =5 (5.7)
€i29+ _ 1 e’i29+ + 1
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where 6, = @xiq — ¢k is the scattering angle. Expressing (5.5) in terms of these

operators yields

w(g,iw) = = ST Y tr { Guc(i€) Uy Gueyq (i + iw) UL } (5.8)

k €
Employing the more compact notation Gf<j+q(i6 +iw) = GY and G (ie) = GY,
where ¢+ and j label the rows and columns respectively, we will now calculate the

trace explicitly by taking each term in turn from the right. Remembering that the

Green’s functions are now diagonal we have,

20+ 1 1) G, (e20+ — 1) GI!
qup L[ €7 e e oo
(ez’29+ _ 1) G2, (612(9+ + 1) G2

2(14cos 204 )G +2(1—cos 204 )G?2, 2isin 04 G11—2isin 6 G322

i1
—2isin 04 G1142isin 04G22, 2(1—cos 204+ )G +2(1+4-cos 204 ) G22
(5.10)
UG UT 1 (14c0s204)GALGI +(1—cos 20 )GI1 G22 —
2U4+ UV = 5
— (1—cos204)GZ2G11 +(14cos 204 )GE2G22

(5.11)

Finally, taking the trace of (5.11) yields

1 ) ) )
tr {G2U+G1Ul} =-3 Z Grtgn (1) Grpg(ic + iw), (5.12)

AN ==+
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Figure 5.2: Contours in the complex frequency (¢) plane, C and C’, used to calculate
the energy summation of equation (5.13).

where we have used the notation Gi!(ie) = Gy . (ie) and Gi*(ie) = Gy _(i€). Sub-

stituting this into (5.8), the polarisation takes the form

x(q,iw) = —= Z Z (14 AN cos 26) TZGkX i€) G (ic +iw).  (5.13)

)\)\’:I:k

The summation over the frequency is evaluated using the standard techniques [17]
of complex analysis, as follows. With polarisation now in terms of Green’s functions

of the form Gy, (ic) = (ie — &en) ™!, we have

1
T Gy (ie)G ie+iw) =T y . 5.14
Z 1,3 (7€) Greggoa( Z (ie — &) (ie T 0w — Exran) ( )

Note that the complex Fermi function, np(z) = [exp(z/T) + 1]7!, has poles at
z =1ie = i(2n+ 1)7T, where n is an integer. Each pole has a residue —T', the result

of which is to be able to write (5.14) via the residue theorem as

- L _ 1 np(z)
T; (ie — &) (ie +iw — Grqn) 270 j (2 — o) (2 + i — i) (5.15)
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where C' is a contour enclosing the imaginary axis (figure 5.2). We now consider a
new contour C’; also shown in figure 5.2. It not only encloses the poles along the
imaginary axis but also the two poles at z; = {kiqx — iw and 2o = &ky. The sum of

the residues of these two poles is simply

nr(€x,n) np(Ekrqr — W) _ e (&er) = e (Giera) (5.16)

Skv 1w — Ekragr Sk W — Ekpgn 1w+ &k v — Ektrqr

where in the last line we have used the fact that np(fkiqn — iw) = np(€kiqn) (the

2mmi — 1 to the exponential in the denominator).

—iw just adds an extra factor of e~
Using (5.16), and the fact that as C" — oo the contour j;c, = 0, we may once again

use the residue theorem to write

7{ Foyp(s) 0 = ") ~nr(Gcar) g : E

1w+ & x — Ekrbg ie — &n) (i€ + 1w — Exrqn)

Cl
(5.17)
Therefore, we have
TZ 1 _ r(8ex) = nr(Sirqn) (5.18)
— (ie — &) (i€ + iw — Ektan) iw + & v — Ekrq
Substituting (5.18) into (5.13) gives
np(§kx) — np(€kran)
Jiw) = —= 14+ A\ cos 26 ey 5.19
xla M,Z 2 )= iw + en — Skran (5-19)
Finally, we analytically continue to real frequencies, iw — w + 79, to yield
== Z Z (14 AN cos 26) e (Giox) = M lGicran), (5.20)

)\)\/ + gk,)\/ - fk-l—q,)\ + 7’5
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Figure 5.3: Three density plots showing the real part of the graphene bilayer polar-
isability Rex(¢,w) as a function of w and q, at 7' = 0.057%. Left: The intraband
contribution. Centre: The interband contribution. Right: The combined contri-
bution. The colour scale shows the value of Rex(q,w) in units of N(Ep), where
N(EF) is the density of states at the Fermi energy.

5.2.1 Finite Temperature Evaluation

In appendix C, we derive semi-analytic expressions for the finite temperature polar-
isability (5.20). The result is composed of intraband (A = \’) and interband (A # \)

parts, and is given by

_ Intra

x(@,y) = X" (@, y) + X (2, y) (5.21)

where

Intra

Imy(z,y) = Imx"™* + Imx"™*",  Rex(z,y) = Rex"™*"(z,y) + Rex"™"(, )
(5.22)

and

s Ny 1+ 2k2)?
Imy e — %/0 dk[nF(ik(]; +Z§% )e(kz—s_)—{y%y}, (5.23)
(5.24)
oo _ + 2kx — 2k?)(2k? + 2kx — n_
B o B B e
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Figure 5.4: Three density plots showing the imaginary part of graphene bilayer po-
larisability, Imx(q,w), as a functon of w and q at 7' = 0.017". Left: The intraband
contribution. Centre: The interband contribution. Right: The combined con-
tribution. The fact that the contributions overlap is the main difference with the
monolayer, where the individual contributions to the NLS occupy independent areas
of the ¢ — w plane. The colour scale shows the value of Imx(q,w) in units of N(EF),
where N(EF) is the density of states at the Fermi energy.

Intra _ %/O [”F<5z+<)_”F(5k—>] B4y — |k —2?| (5.25)

R —
eX k2 +y)

)0 (s- — k) (2k% +n_)°
_59"(77)2(; . _);2 SN PN
Rexlnter _ %/Ooo [nF(€1];+(112—+n;)(§k)] k2 +y+ |/€2 _ :E2‘ (5.26)

22_2 22 2
_(k k+77+)(k+ k+77+)0(|2k2_|_77‘_2kx) dk—f—{y—)_y}.

\/(2k2 +14)° — 4k2a2

In figure 5.3, we have numerically evaluated the real part of bilayer polarisability
at 0.057r. We have created density plots of the intraband, interband and combined
contributions. Little information of use can be extracted from these as the real part’s
primary contribution to the drag effect is in its control over the plasmon dispersions.

Of greater interest are the density plots of the imaginary part of the polarisability
(figure 5.4). These are important as they define the electron-hole continuum through
which plasmons may decay. The bilayer continuum is quite different that of both

the monolayer and 2DEG. The primary difference that the intraband and interband
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contributions are not restricted to their own regions, as they were in the monolayer.
The consequences of this are twofold. First, the intraband continuum may migrate
over a wider are so that it is more likely to pick up a plasmon mode. Second, since
the intraband and interband regions overlap, a plasmon mode decaying via electron-
hole excitation within this region may do so simultaneously via both. This feature
was missing in the monolayer and could result in increased Landau damping. The
most immediate difference between the bilayer and 2DEG continuum is the existence

of interband excitation which do not exist for a 2DEG.

5.3 The Non-Linear Susceptibility

As with any Coulomb drag calculation, the central quantity is the nonlinear suscep-
tibility (NLS). In this section we will derive the graphene bilayer nonlinear suscep-
tibility, starting from the general expression (2.82) in terms of Green’s functions,
derived in chapter 2. Following this, we will evaluate the angular part of the NLS

and obtain a semi-analytic expression for finite temperature.

5.3.1 Derivation

The derivation presented in this section will lead us to the following expression for

the graphene bilayer nonlinear susceptibility;

) - [ i } I L (14 A cos 29, ) " Eex) ~ e (Ercran)
(q,w) T“,Z_ig T = S| Imq (1 + AN cos 26, )~ F——
(5.27)

where 0, = ¢riq — ¢k is the scattering angle and Ji/\, is the impurity dressed

current operator in the chiral basis. Interestingly, the only difference between this
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and the monolayer susceptibility is the argument of cos which is just 6, for the
monolayer. The starting point of the derivation is the expression (2.82) for the

nonlinear susceptibility in terms of advanced and retarded Green’s functions;

-1 oo ~ ~ ~ ~ ~
['(qw) = By Z/ de [n?w - n%] G(€) kG (€) | Giyq(e +w) — Giyqle +w)
k —0oQ
+{q— —q,w— —w}. (5.28)

The fact that the graphene bilayer Hamiltonian is a 2 x 2 matrix in pseudospin
means that the corresponding Green’s functions and operators are themselves 2 x 2
matrices. When calculating its nonlinear susceptibility we must therefore take the
trace over the resulting matrix so that

-1

Plaw) = 523 [ e i =] or {GRORGLE) [Ggle +0) — Blagle +
k —0Q

The algebra involved in deriving (5.29) is greatly simplified by transforming to a basis
in which the Hamiltonian and hence the Green’s functions are diagonal (note that the
current operator is not diagonal in this basis). Again, as for the monolayer the bilayer
Hamiltonian is diagonal in the chiral basis, i.e eigenstates of the Hamiltonian are

states of definite chirality and not pseudospin. The unitary matrix that transforms

2l

(5.29)
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from the pseudospin to chiral basis is

EE (530
U, =—= 9.30
« \/§ ei2¢k -1

where ¢ = tan™' (k,/k;). We can therefore express (5.29) in the chiral basis by

making the replacements

Gu(e) = ULGy(e)Us (5.31)
Je = ULhU (5.32)
Gi(e) — Gile) = Ul [Gi(e) — Gu(e)] Uk (5.33)
so that
_1 oo
I'(qw) = Q—MZ / de [n5 — n%| tr {UiGi(g)UkUliJkUkUliG;(g)Uk
k — 00
(5.34)
X Ul g [Grale + @) = Giyqle + )] Ucra } +{a > —a,0 = —w}.

Making use of the fact that the trace is invariant under cyclic permutations of

the operators and that by definition UkUli = I, we can write (5.34) as I'(q,w) =

_ﬁ Zk ffooo d€

x (gt = ni] o { OO [Glig(e + @) = Glq(e +w)] UeqULGi(e) HGi(e) }

(5.35)

+ [n‘}_‘" — n}] tr {UkUlt_q [ b qle —w) = Gy_q(e — w)] Uk,quiGﬁ(e)JkGi(e)}>
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where we have explicitly written the second {q - —q,w — —w} term. It is conve-

nient at this stage to define two new operators U, and U_ where

; 1 67i20 + 1 67i29 -1
Us = Ulilq= 5 | | (5.36)
6—126' -1 6—120 +1

eti20 4 1 eti20 _q
U. = WU, = 5 (5.37)
eti20 _ 1 eti20 41

where 0 = ¢y q — ¢k is the scattering angle. It will be useful to note that U_ = UL

In terms of these new operators, (5.40) becomes

Nqw)=—50 S [72 da([n%+w—n%]tr{U+ [Gﬁ+q(s+w)—G£+q(s+w)]

(5.38)

X ULGE(e) G () b+ [n5 “—n5 ] tr{U_[Gi_ o (e—w)—Gy_ o (e—w)|UT Gi(e) Gy (e) })

We can simplify this expression somewhat by performing a change of variables ¢ —

€ + w in the second term. This yields

" omi Z/ dg E+w - n%] [tr {U+ [ i+q(€ +w) — £+q(€ + w)}

(5.39)

% ULGHEAGE) | — tr {U- [Giqle) = Gio(0)] ULGH(e +w) hGrle +w) }]
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Furthermore, we can introduce the spectral function Ay (w), which is in fact a diag-

onal matrix, via the identity [10]

G (w) — () = i Ay(w) (5.40)
so that
= > [ el = ) [ir {U e + UL RGR)
(5.41)

—tr {U_Ak_q(e)UiGi(e + W) Gl (e + w)H .

The next stage is to evaluate the trace. After some lengthy algebra that is nonethe-

less greatly simplified by the use of the chiral basis, we arrive at

1 ETW € J—
[ = —5 Ek /_Oods [nFJr —nF} T+ Ty, — T3 —Ty] = (5.42)
where

4T1 = All(l,q(e){[eiw-&-l] [e—i29+1] JlilGll(l‘a(6+w)Gllc1’r(e+w)+ [6129—&—1] [6_06—1]JiQGiQ’a(s—&—w)Gll(l’r(s—Q—w)}

+A422 () [e20-1][em 20 1| S G (e+w) Gy (ew) + [€20-1] [e 720 41] SR GE (e4w) G T (e+w)
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47, = All(l_q(s){ [eiz(’fl] [e’i2g+1] J2 Gllcl’a(erw)GiQ’r(erw) + [eizefl] [6712971]JﬁQG?’a(s+w)Gi2’r(s+w)}

+422 () {[e20+1] [ 1201 J2LG 1 (e+w) G " (etw) + [€2041] [e 720 +1] S22 G2 (e+w) Gy " (e+w) |,

AT3 = Al (e+w) {[e 20 +1][e2041] LG ()G () + [e 720 +1] [e 4201 JL2GR3 ()G (o) }

+Aiiq (s+w){ [6_i28 — 1] [e‘”ge —1] Ji Gll‘l’a (E)Gil’r(s) + [e‘iw — 1] [e”g—i—l] JE GiQ‘a (E)Gil‘r (s)},

4T4 = A}(Eﬁq(z—:—&-w){ [e—i20_1] [eﬂe—l—l] JﬁlGil‘a(s)GiQ‘T(s) + [ei%—l] [e_iw—l]Ji2Gi2’a(€)Gi2’r(e)}

+Ai2+q(5+w){ [e*i29+1] [6i2971] Jﬁl Gllcl’a(e)GiQ’r(s) + [e’i29+1] [ei20+l] JﬁQfo’a(E)Gle’T(E) } .

To proceed, we take the high density, non-interacting limit by replacing the

spectral functions with ¢ functions so that

Afi(e) = 2m8(e — &y), (5.43)

where & » = Avpk is the bilayer dispersion. We can do likewise with the Green’s
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function products by employing the useful identity [?]

G (WGP (w) = 276(e — &) i=j (5.44)

= 270(e — &ki)0(Eki — &) 1 F (5.45)

where 7 is the impurity scattering rate. The consequence of (5.45) is that since
Eki = &kj only at k = 0, and we are ultimately integrating over k, terms propor-
tional to products of Green’s functions where ¢ # j vanish. These terms all involve
off-diagonal elements of the current operator and so, perhaps surprisingly, only di-
agonal elements of the current operator contribute to the non-linear susceptibility.
Employing the notation k1 = &k 4+, &k2 = &k— and making use of the following
identities

(€ +1] [e7™° +1] =2(1 + cos 26), (5.46)

[e?0 —1] [e7™ — 1] =2(1 — cos20), (5.47)

the above considerations give for the non-linear susceptibility

I=-r Z/ de [ng™ —ng] [+ Tp — Ty — T, (5.48)
k —00

where

Ty = (14 c0820) J,76(e — Exqi)0(e +w — &r) + (1 — c0820) J75(e — Exq-)0(e +w — &)
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T, = (1—cos20)J (e —Ek—q+)0(e+w—Ek) + (1 —cos20) Ji d(e — Ek—q+)0(e +w — Ek)
Ty = (1+co820) J,50(e +w — Eerqr)(e — &r) + (1 — c0s20) JF0(e +w — &ryq)0(e — Ext)

Ty = (1—cos20)J_6(c+w—Ekiqqr)0(e — &)+ (1 +cos20) J (e +w — kg )0(e — &)
We now evaluate the energy integral of (5.48) via the identity |5]
| de-aie-s 1 =sa-5 e

This yields

I = —TZ [Ty + Ty, — Ty — Ty, (5.49)
k
where
Ty = [np (&et) = 1 (Skmq)] O 0w — &y + Ekqr)

+ [ (Ger) = 10 (Gkmq )] O- T 0(w — &y + Eq,-)

T, = [np (&) = (§kq)] C- S 0w — - + Ekq.t)

+ [nr (§—) = F (§k-q )] C-Jy 0(w — & + Ek—q+)

T3 = [nF (brasr) — nF (Cxr)] CrIio0(w + &kt — Exrar)

+ [nr (Sktq—) —nF (&) O J;‘S(W + &+ — kraq,-)
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Ty = [nr Ekrqr) = nr (G )] C- S 0(w + & — Ekpar)

+ [nF (§ra) = nF (G- )] O Iy 0(w + &k — Erq,-)-

and C. = 1 %+ cos26. Proceeding by making a change of variables k — —k — q in

Ty and T5, and making us of the symmetries {ky = {_k\ and Jx = J_x, we have

Tv = [nF (§krq) — 1F (§i1)] (1 + cos 20) J;+q5(w + &t — Ekrq)

+ [nr (Gicrqr) — nr (G )] (1= c0s20) I, (0(w + &k — &icrqr) (5.50)

T, = [np (Scra-) = 1r (§e)] (1 —co820) Sy 0(w + &t + Eicra,—)

+  [nr (Ekiq-) — nr (§et)] (1 — cos20) J 0(w + Ex+ + Ek—q—)- (5.51)

We can now write the non-linear susceptibility in the compact form

I(qw) = [Jk+q B Jk} tm d (14 0 cos 20 nr(kn) = nr(Eriqn) |
(q,w) TA,\:Zi; A x| Im ¢ (1+ cos >w ¥ i — Crrqn + 10
(5.52)

where J/{f » = 2A™evp cos ¢k is the impurity dressed current operator in the chiral

basis.
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5.3.2 Evaluation

We will now partially evaluate the bilayer nonlinear susceptibility and obtain a

semi-analytic expression for finite temperature. Our starting point is equation 5.52;

nr(Ekn) — nr(Exign)
INqw)=rT1 [Jk+q—J1‘,] Im{ 1+ AN cos20 ’ s
( ) /\;i - A A ( )w +5k7)\/ — EktqA +Z5
(5.53)
where 0 = ¢riq — ¢k is the scattering angle and Ji‘ = J)li/\,é,w = 2\™evp cos Py.
The angles ¢y and ¢ are measured with respect to an axis parallel to the current

direction, which we shall choose as the z-axis. Since we are summing over k, we

may for convenience choose the vector q to be parallel to that axis so that

Y :(k+q)-§<:(k+q).q: kcosf + q (5.54)
T k+aq| k+allal k24 ¢2+ 2kqcosh’
k% k-q
cos g = ——— = ——— = cosf. (5.55)
k| [kl[q]

The difference of current operators in (5.53) can therefore be written in terms of ¢

as

VK24 ¢ + 2kqcos 0 (kcos 6 + q)
Vk%+ ¢ + 2kgcos §

— kcos 9) = QeAvF&q
-

(5.56)

Tir <\/k2+q2+2kq0089(l€cos€+q)

Tk = 2e vp =
A A r VK2 + @2 + 2kqcos b

+ k cos 9) = QGAUF@ (q+2k cos 0)
T T

(5.57)
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5.3.2.1 Intraband

For the intraband contribution (A = \') we have

rntre (g o) 27““6(’ ZZ)\Im{ (1+ cos 29) nr(era) = ne(Eicran) } (5.58)

+ e — 10
iy kX — €kig) T

It is clear that (5.58) is closely related to the imaginary part of intraband contribu-

tion of the polarisability (5.20)

- - Z Z (14 AN cos 26) Ffé‘“’) — "F(&‘*q%g. (5.59)
/\/\, kN — Skpgr T 1

via
e (g, w) = — g, w) — Imx ™ (q,w) } (5.60)
where, as before,
: 1 np (k) = ne(krgn)
>\>\ / FASk, +q,
— (1 4+ AN cos 26 —. 5.61
X 2 ; ) W =+ v — Sktqn + 90 (5:61)

Using (C.0.61),

o _ [ g () —ne(@) O £ 20007, 0

Im =
X 2m J, k (k2 +y) [4k22? — 2

—{y =y}, (562)

['"tre may be written in the semi-analytic form

Intra = —~r > [nF(gk—) + nF(gk-i-)] (77— + 2k2)2 2 s _
(5.63)

2Tt7»ek3F

where x = q/kr y = w/Ep and 7 =
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5.3.2.2 Interband

For the intraband contribution (A # \’), the situation is slightly more complicated.

We have

rinter (g w) = 27,ev A q+2k cos 6 Im{ 1 + cos 260 nr(Ein) = nF(€k+q’A,) } )
(q,w) = 27, F)\#Z)\; (q )Im < ( )W+5k,>\_5k+q,>\+25

(5.64)

The terms proportional to the ¢ and 2k cos #, which we shall label Ffﬁt” and F(Ig)t”

respectively, will again be closely related to the polarisability. We find that

Ff?f"(q, w) = 21evp Z Z AgIm {(1 + cos 20)nF(Ek’)‘) — nr(fkiqn) }5.65)

W+ Ex ) — Ekpgr T+ 70

ANk
= _4TtTeUFq {ImXJri (Q7W> o ImX7+(Q7w>} ) (566)
where, as before,
/ 1 nr(§kx) = 1 (Ekran)
A ! F\Sk,\ +a,A
,Ww) = —— 1+ AN cos 26 —. 5.67
XM (g w) 2;( ) ot b Brar 0 (5.67)

The Imy~* term vanishes identically because all terms in its ¢ functions are positive.

Therefore, we only need to consider Imy™*,

o _ kx — 2k?)(2k? kx —n_
Iy = 2= [ dknp(€e) — ne(6es)] Vo 2k k:(2k2 )_(22/) — )7

T o 0
(5.68)
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we have

V- + 2kx — 2k2) (k2 + 2k — 1)
k(k* —y) ’
(5.69)

DI (s, ) = —ya / 0k [ (6 ) — i (Gies)]
0

2mrirekpvp

where v = =

We now calculate

Inter _ nr (gk,/\) —nrp (5k+q7>\)
Ly (¢, w) = 27yrevp Z Z Alm {Qk cosO(1 + cos 20)w p————
ANk ; :

(5.70)
by noting that in appendix C we calculated the angular integral by first making the
substitution Q = 2k?+2kx cos # and then evaluating the integrand at y — 2?. Under
these operations

Q—Zkz_y—x2—2k2_n_—2k2
r x - x

2k cosf =

(5.71)

Noting that once more the Imy ™~ term vanishes, we simply multiply (5.69) by (5.71)

to get

V(- + 2kx — 2k2)(2k2 + 2kx —n_)

Ll (2, y) = — 2 /OOO i [ (€)= nr(Ges)] (0 — 247) k(K2 —y)

(5.72)

Summing (5.69) and (5.72) together to give for the interband contribution to yield

(n_ + 2kx — 2k?)(2k% + 2kx — n_)
k(K —y) ’
(5.73)

P (2, y) = %/Ooo dk [nrp (§i.-) — nr(Ger)] (26° —y) v

2mTtrekaF

where v = —
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5.3.2.3 Summary and Discussion

We have shown that the graphene bilayer susceptibility is closely related to the
imaginary part of the polarisability Imy, more so than for a monolayer because the
bilayer current operator is proportional to k. The reason that it is not direction
proportional to Imy, as it is for a 2DEG, is a consequence of the chirality. Overall,

we have shown that

Flntm(l‘, y) — Flmm(l’, y) + Flntm(l‘, y) (574)

with

Intra o < Inp(be) +ne(ba)] (- + 2627, _s ) —
(5.75)

(n_ + 2kx — 2k?)(2k% 4+ 2kx — n_)
k(K —y) ’
(5.76)

D (z,y) = %/Ooo dk [np(éi.-) — nr(Ger)] (2° —y) v

2TtrekF’UF
—7'(' .

where x = q/kr y = w/Ep and 7 =

In figure 5.5 we numerically evaluate the NLS and show density plots for the
intraband, interband and combined contributions. As was the case for the imaginary
part of the polarisability (figure 5.4), the two contributions overlap. Of particular
not is the rich structure of the full NLS. This results from the relative sign of
the intraband and interband contributions and is not seen in either a 2DEG or

monolayer.



5.4. Plasmons 149

@ e w9
] 1 1
wlks afk afks

Figure 5.5: Three density plots showing the graphene bilayer nonlinear susceptibility
(5.74), at T = 0.1T%. Left: The intraband contribution. Middle: The interband
contribution. Right: The combined contribution. The rich structure of the com-
bined contribution arises because of their relative sign. This highlights the main
difference with the monolayer, where the individual contributions to the NLS oc-
cupy independent areas of the ¢ — w plane. The colour scale shows the value of the

nonlinear susceptibility in units of v = %

5.4 Plasmons

Key to the analysis of the drag effect is an understanding of a system’s plasmon
modes. Since we have not obtained a fully analytic zero temperature expression
for the polarisability, it is not possible to find the low ¢ dispersions. However, as
we did for the monolayer, we may investigate their dependence on temperature and
interlayer distance by analysing the imaginary part of the inverse dielectric function
Im [~ (2,9, T)]. To this end, in figure 5.6 we show a density plot of Im [ (xz,y, T)]
for a single bilayer at 7' = 0.017%. Surprisingly, the plasmon mode lies completely
within the continuum. This implies that a non-decaying plasmon can not exist
within this regime since it will immediately decay via Landau damping.

Of importance to the Coulomb drag system is the question of where the coupled
plasmon modes begin to overlap with the e-h continuum. This will determine to what
extent the drag effect is enhanced by them. In figure 5.7 we show density plots of
Im [51_21 (x,y, T )}, where ¢;5 is the effective interlayer dielectric constant, for a range

1

of temperatures and interlayer spacings, with a density of 10''em ™. Again, the
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Figure 5.6: The bilayer plasmon mode. The density plot shows I'm [e7(q,w, T)],
where e(q,w,T) is the dielectric function, at 7' = 0.017%. The plasmon mode lies

completely within the e-h continuum, implying that any plasmon will quickly decay
via Landau damping.

plasmon modes are immediately well within the electron hole continuum, implying
heavy Landau damping. In addition, the position of the modes appear to be more
weakly dependent on the interlayer separation than for a monolayer and have a quite

different shape (figure 4.6). By 0.57F, the modes have completely merged.

5.5 The Drag Conductivity

Combining the result obtained so far, we now calculate the bilayer system drag
density for a range of variables. In figure 5.8 we plot |pp| /(T/Tr)? vs T/Tr for

2 and a range interlayer distances. There is

a fixed carrier density of n = 10 em™
very little plasmon enhancement to the drag resistivity as might have been expected
from the result for the polarisability and NLS. In addition, the plasmon peak is seen
to drift to higher temperatures and broaden, as the interlayer distance is decreased.

Although this effect is present in the monolayer, is it is much more pronounced here.

At very low temperatures, the drag rate appears to go as T2, as it does for the 2DEG
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a/kg

4/

Figure 5.7: Coupled plasmon modes. Three plots showing the inverse interlayer
dielectric constant Im [e7; (¢,w,T))], at a carrier density of n = 10"c¢m™2, and for
several temperatures and interlayer spacings d. Left: T = 0.0017F, d = 1000A.
Centre: T = 0.0017p, d = 100A. Right: T = 0.05T%, d = 100A. Both modes are
well within the e-h continuum, implying heavy Landau damping. The modes appear
to be more weakly dependent on layer separation that their monolayer counterparts.
Already by 0.57F the modes have merged.
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Figure 5.8: |pp|/(T/Tr)? vs T/Tr Left: A fixed carrier density of n = 10" em ™2
and a range interlayer distances. Right: A fixed interlayer spacing of 300Aand a
range of carrier densities. The peak due to plasmon enhancement is far less pro-
nounced than it is for the monolayer system, a consequence of Landau damping.
Unlike the monolayer system, the plasmon peak is seen to drift to higher tempera-
tures and broaden as the interlayer distance and / or density is decreased.
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and monolayer systems.

A similar description holds for the density dependence. In figure 5.8 we also
plot |pp| /(T /Tw)? vs T /Ty for an interlayer spacing of 300A and a range of carrier
densities. Again, little plasmon enhancement is seen as a result of heavy Landau
damping and the drag rate appears to go as T? at low temperatures. The plasmon
peak is seen to drift to higher temperatures and broaden, as the interlayer density
is decreased.

The general behaviour appear to be for the plasmon enhancement peak to shift to
higher temperatures and broaden as the interlayer distance or density is decreased.
This is illustrated in figure 5.9, showing density plots of the drag integrand (2.91).
The two density plots are for systems with carrier densities of n = 101'¢m—2and
n = 102em ™2, corresponding to Fermi temperatures of 51K and 514K respectively.
The higher density system is dominated by the damped plasmon modes at this
temperature, whereas the lower density system is not. This is a consequence of both
the relatively weak plasmon modes and the difference in Fermi temperatures. That
the plasmon peaks are much weaker than in the monolayer system can be seen by
comparing the interlayer potential of the bilayer and monolayer at fixed w, as shown
in figure 5.10. The monolayer plasmon peak is seen to be an order of magnitude
higher and they are much more clearly defined. The broadening in the bilayer case
is evidence for Landau damping..

The observed behaviour may be explained as follows. The consequence of the
large difference in Fermi temperatures is to make far more of the w axis available to
the higher density system. This is due to the sinh™'(hw/kgT) term in the denom-
inator of the drag integral (2.91) restricting the region of integration to a few Tp.

This results in the higher density system being able to pick up the region contain-
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Figure 5.9: Density plots of the dimensionless integrand of equation (2.91) at 7' =
0.087 and d = 300A, and carrier densities of 10'2cm =2 (left) and 10" cm 2 (right).

The higher density system is clearly dominated by the plasmon modes in comparison
to the low density system.

ing the plasmon modes, and become dominated by them, more quickly. Although
this applies equally to the monolayer system, the fact that the plasmon modes here
are weaker means that the system must capture more of the w axis in order to be
dominated by plasmons. Therefore the trend for lower plasmon peak temperatures
with increasing density is enhanced in the bilayer system. A similar argument holds

for increasing interlayer distances.

5.6 Conclusion and Further Work

In this chapter, we have studied Coulomb drag in a double graphene bilayer system.
This has led us to derive semi-analytic finite temperature expressions for both the
bilayer polarisability and non-linear susceptibility. Both of these calculations repre-
sent original work. Using these results, we have calculated the drag resistivity and
found that the plasmon enhancement in a bilayer system is strongly suppressed by

Landau damping in comparison to 2DEG and monolayer systems. This is a con-
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Figure 5.10: The interlayer potential for a bilayer (left) and a monolayer (right) at
w/Er = 0.25 and T' = 0.087%. The monolayer’s peaks are an order of magnitude

higher and much more clearly defined. This is evidence for early Landau damping
in the bilayer system.

sequence of the plasmon modes being entirely within the e-h continuum, even at
low temperature. In the low temperature limit, is it noted that the system seems
to have the usual T? behaviour. We have also suggested an explanation for the ob-
servation that the position and width of the plasmon peak is more strongly density
and interlayer distance dependent than for the other systems.

There are many possible improvement to be made to this work and ways in which
it could be extended. Foremost, fully analytic expressions for the polarisability and
NLS would allow one to calculate the low-q plasmon modes and attempt to find an
analytic result for the drag resistivity in the low temperature, large interlayer sep-
aration limit. This would allow more a more rigorous comparison to the monolayer
and 2DEG system.

Perhaps a more natural extension would be to use the existing machinery to look
at Coulomb drag between composite systems. That is to say, Coulomb drag between
any combination of a bilayer, monolayer or 2DEG. No new calculations would need

to be performed as it would only be a matter of adapting the numerics. From the

0.4
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result obtained so far, it seems likely that such systems would display relatively
conservative behaviour.

It would also be interesting to extend the theory outside of the range of validity of
McCann et al’s low energy Hamiltonian. There could be interesting effects related
to the crossover regimes of the full bilayer Hamiltonian. It is probable that this
would represent a formidable technical challenge. More simply, one could look the
drag effect between bilayers in which a band gap has been opened. Of course it goes
without saying that all of the above may be extended to include magnetic fields,
disorder and phonons.

In conclusion, it remains to be seen which aspects of Coulomb drag in graphene
systems contains the richest new physics. However, it is clear that there is a great

deal of new ground to explore.



Chapter 6

Thesis Summary

This thesis began with two introductory chapters. The first gave a general overview
of the field of Coulomb drag, discussing both the nomenclature and history of the
subject. The second chapter introduced the physical properties of graphene, and
particular attention was payed to its electronic properties.

Following this, the first of this thesis’ projects was presented in chapter 3. Here,
the finite temperature graphene nonlinear susceptibility was derived, representing
the first original work of this thesis. This was used, in combination with previously
known results, to calculate the drag rate between two graphene layers. It was found
that the drag rate is enhanced by coupled plasmon modes at around 0.27%, in
disagreement with an earlier prediction by Das Sarma [106].

The final chapter of this thesis studied Coulomb drag between two graphene
bilayers. Expressions for both the finite temperate polarisability and nonlinear sus-
ceptibility of a graphene bilayer were derived. These were combined to calculate the
drag rate between two graphene bilayers. It was found that in contrast to the single
layer case, plasmon enhancement at intermediate temperature is strongly suppressed

by Landau damping.
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Appendix A

Two Dimensional Fourier Transform

of the Electron Potential

The potential in real space is

o (r) = ; (A.0.1)

6(p) = e / Leiargy. (A.0.2)

Converting to polar coordinates,

o 27
¢ (p) = e/ dr/ elrreest g, (A.0.3)
0 0

With the use of Bessel’s first integral [5],

2
Jn (2) = /0 ezt ein? . (A.0.4)
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we have

¢ (p) = 2me /000 Jo (qr) dr. (A.0.5)

This is in the form of a Hankel transform [5]

H,(y) = / zh (z) J, (zy) dz (A.0.6)
0
of order p = 0. A property of Hankel transforms is that for h(z) = 1, Hy (y) = i
Finally,
2me
¢(p)=— (A.0.7)



Appendix B

The Linear Response Theory of

Coulomb Drag

This calculation is due to Kamenev and Oreg [9] and Flensberg et al. [7], and uses
field theoretic techniques to evaluate the transresistivity. In the original papers, the
authors demonstrated the power of this approach by extending the analysis to the
case of disorder and localisation. The calculation will proceed as follows. Working
with the drag conductivity o5, and the Kubo formula in the Matsubara formalism,
the interaction representation will be employed in order to expand the S-matrix in
powers of the interlayer interaction. Following this, the lowest non-vanishing order
in the dc limit will be evaluated and analytically continued back to real frequencies.

It will be shown that in the ballistic (weak scattering) limit this reproduces (2.64).

B.0.1 The Kubo Formula

The starting point of the calculation is the Kubo formula [10], that expresses the

drag conductivity in terms of the retarded current-current correlation function H%ﬁ .
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In momentum and frequency space

PQ) = ST (Q:9), (B.0.1)

where «, 0 label the Cartesian coordinates, €2 is the frequency and S the system
area. The subscripts ¢, j label the subsystems and for the drag conductivity ¢ # j.
The retarded current-current correlation function IIj; is then defined in the time

domain as

My (x — X3t — 1) = —i6(t — ') ([j:(x, 1), 3, (<)) (B.0.2)

where the 7, j subscripts denote the layer, j;(x,t) is the usual current operator and
h=1.

The current-current correlation function is most conveniently evaluated via the
imaginary time (Matsubara) formalism; the fundamental concept of which is to take

zero temperature field theory and make the transformation
t— —iT. (B.0.3)

The task now is to express equation (B.0.1) as an expansion in powers of the inter-
action between the layers and then evaluate the most relevant terms. The quantity
with which it is easiest to do this is the imaginary time, time ordered correlation

function,

Oy (x — x5 7 = 7) = — (T (e ) (K. 7)) (B.0.4)

where the operator T’ time orders the 7 terms. Equation (B.0.4) is related to (B.0.2)
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via their frequency domain representations by the analytic continuation

I (x — x'; Q) = limyg,, opisll(x — x'5482,) (B.0.5)
where
LR
I (x — x'5iQ,) = / dre®TI1;(x — x5 7) (B.0.6)
0
1 .
I;(x — x'57) = 3 Z e T (x — x5492,,) (B.0.7)

and § = kBLT Using the above relations, the following will evaluate the leading order
terms of a perturbative expansion of II;; (x — x’;7) via the Matsubara technique
and where necessary analytically continue back to real frequencies to obtain their

contribution to the drag conductivity.

B.0.2 Perturbative Expansion

Consider now the full system Hamiltonian H = H, + Hy + Hy> where H; are the

individual layer Hamiltonians and His is the interaction between them, given by

His (rq,15) = /dr1 /dr2p1 (r1) Ura(ri—ra)ps2 (r2) (B.0.8)

Where r; is a coordinate in the i’th layer and p; is the charge density. In (B.0.4)
the 7 dependence of the current operator is determined by the full Hamiltonian. To
develop a perturbative expansion in powers of the interaction term Hp, it must be

isolated by transforming to the interaction representation, upon which [10]

(TAS(B)r (%, 7)j2 (X', 7)})
(5(8)) '

I;x—x,7—7")=—

(B.0.9)
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The 7 dependence of the current operators is now determined by the individual layers
and hence they are decoupled. This is assumed throughout the remainder of the
calculation. The S-matrix S(f) describes the evolution of the system in imaginary

time and is given by

S(8) = Trexp {— /0 ’ dﬁﬂu(ﬁ)} | (B.0.10)

Employing the linked cluster theorem [10] the denominator in (B.0.9) cancels all of
the unconnected diagrams in the numerator and as such it may be neglected so long

as only connected diagrams are included in the expansion. Recognising this,
I;(x —x',7—7") = = (T {S(B)jr(x,7)ja(x', T)}) . (B.0.11)
Expanding (B.0.10) as a power series in His,

8 1 B 8
S(B) ~ 1 - TT/ dTlH12<7—1> + §Tq—/ / dTldTQng(Tl)H12(7'2> + ... (B012)
0 0 0

Since the interaction between layers is small compared to the individual subsystem
Hamiltonians it is reasonable to assume that the leading order terms are the relevant

ones.
Zeroth order

Substituting the zeroth order term from (B.0.12) into (B.0.11) provides

LY (x = %, 7 = ') = — (T {1 (x, 1) (X, 7)}) (B.0.13)
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Comparing this to (B.0.2) it is clear that the zeroth order term vanishes since the

current operators are decoupled and hence commute.

First order The first order term in (B.0.12) leads to

B
M(x —x,7— 7)1 = / dﬁ/drldrz (T{i(x, 7)pr(re,71)})
0

(B.0.14)

X Ua(r1 —ra2) (T-{pa(ra, m)j(x', 7)})

where the correlation function has been factorised into layers since they are
independent in the interaction picture. The density operators in (B.0.14) may be

written in terms of current operators by considering the continuity equation

g(r,t) = — B.0.15
v -j(r,t) 5 ( )
the Fourier transform of which yields
. q .
pla,i8) = -55(q, ). (B.0.16)

Making use of this leads to the first order contribution to the drag conductivity

1
091 (q, Q)(l) = _ie2Qa22(q’ Q)012U12 (q) o11(q, ) (B.0.17)

It is clear that () does not give a meaningful contribution to the drag conductivity

in the dc [Q — 0] limit [7].

Second order
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The second order term of equation (B.0.12) leads to

1 [P B
H21 (X—X/,T—T/) = —5/ dTl/ dTg/dI‘l/drz/drll/dr,zUlg(I'l—rz)Ulg(I'll—I'lz)
0 0

X (Trpi(re, 1) pa(re, ) p1 (T, 72) p2(rh, 72) 51 (%, 7)j(X, 7)) . (B.0.18)

Again, since the operators for the two layers are decoupled the expectation value in

(B.0.18) can be factorised into individual layers so that

1 [P B
H21 (X — X/, 7'/ — 7') = —5/ dTl / dTQ / drldrzdr’ldr'zUlg(rl — I'Q)Um(r/l — I'lz)
0 0

x  Dy(x7, vy, rim) Do (X7 ram, 1hm). (B.0.19)
where for brevity, the function
[(x7,x'7",x"7") = — (T, {j(x7) pi (X'7") ps (X" 7") }) (B.0.20)

has been introduced. Assuming that the layers are translationally invariant (B.0.19)

may be Fourier transformed so that |7]

m(Q;iQ,)” = Z ZU12 U (Q+q) (B.0.21)

where v is the layer volume, the iw, sum is over Boson frequencies and the layers
are assumed to be of identical size. Equation (B.0.21) corresponds to the diagram

of figure B.1 where the shaded triangles represent the I' functions.



Appendix B. The Linear Response Theory of Coulomb Drag 165

(g,iw,)

(0,1£2,)

(Q+q,iQ, +iw,)

Figure B.1: Diagram corresponding to the current-current correlation function to
second order in the inter-layer Coulomb interaction.

It is here that the power of the Matsubara formalism is demonstrated. Rewriting

(B.0.21) as

H21<Q, ZQ Z U12 Uv}’< Q + q) (lQn) (B022)

where

1
S(iQ,) = -3 D T (i + i, iwn) Do (=i, — iwn, —iw,) (B.0.23)

W,

and the momentum arguments have been suppressed, the summation over Bose
frequencies may be carried out by noting that the function I'(z + €2, z) has branch
cuts as Im(iQ, + z) = 0 and Im(z) = 0. The discrete frequency summation may

then be converted to a contour integral (see figure B.2) by making the replacement

5 i, [ iwn) = —(2mi) 7" § dznp(2) f(2) upon which (B.0.23) becomes
1
S(i2) = 5 jl{ dznp(z)I'1(iQ, + 2, 2) o (=i, — 2, —2). (B.0.24)

It can be shown [7] that only only the horizontal contours need to be considered so
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Im

\

Re % 0

A

\/

A

Figure B.2: Branch cuts and contour of B.0.24.

that,

1

S(if,) = 5mid / dzng(2)T(iQ, + 2z, 2 +i0) (=i, — z,—z — i)  (B.0.25)

1 e, 9]
+ , / dznpg(z —iQ,)(2 + 40, 2 — iQ,)[(—2 — 6, —z + i, ) —
2mif | ) o

- / dznp(2)L(iQ, + 2,2 — 10)(—iQ, — 2, —2 + i6) |

—00

1
2mif

/ dzng(z —iQ,)(2 — 0, 2 — Q) [ (=2 + @6, —z + i2,,).

Analytically continuing to real frequencies in accordance with (B.0.5) and employing

the notation

T(4,4) = Ty(iQn + iwn — Q + w £ 66, i, — w £ id) (B.0.26)

[(£,+) = To(—i, —iw, — —Q —w + i, —iw, — —w £ 10)
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(B.0.25) becomes,

S(Q) = / 27” p(w+ Q) — np@)] T (4, =) T (=, 4) (B.0.27)

5/ Wy (+,4)Ta (= =) = np (w+ Q) Ty (=, —) Ty (+,4)].

The function I'; (4, —) and T'; (+, —) may be shown [7] to vanish identically in the
dc limit. With this in mind and reintroducing momentum arguments the retarded

correlation function is

Q.0) = 53, D Ul (@ra) |5 e+ ) = na(l T (1) (-

w0 271

(B.0.28)
Substituting the above into (B.0.1) gives for the second order contribution to the

drag conductivity

07 (QQ) = 5= Un@U'(Q+aq) /_ ;l—i: s (w + Q) — np(wlB.0.29)

x I'i(q,qw+i0,w—1i0) Ty (—q, —q'w — i, —w + i0) .

For a uniform (@ = 0) system in the dc limit (2 — 0), the drag conductivity is

therefore

—62 0o du)
op=oyy = %Z\Uu(q)IQ/ %[awnB(W)] (B.0.30)
q —0o0

x I'i(q,qw+i0,w—1i0) Ty (—q, —q'w — i, —w + i0) .



Appendix B. The Linear Response Theory of Coulomb Drag 168

This expression is exact and must be approximated in an appropriate limit in order

to obtain useful results.



Appendix C

Graphene Bilayer Polarisability

The graphene polarisability derived in section 5.2 is given by

xlg,w) = —% S 37 (14 A cos2g) P Gx) = 17 (Gicran)

Nvafies W+ &k n — Eitqr 00

C.0.3 Real Part

We will now evaluate the real part of the (C.0.1), given by

Rex(q,w) = —% > > (14 AN cos 29+)nF<§kW> ~ nF(fk’Jrq,)\).

AN=+ Kk w + fk/,/\/ - 5k’+q,)\

where 0, = ¢ri1q — ¢k is the scattering angle.
Intraband : Starting with the intraband (A = X = +) term,

np (&) — nF(kaqur)
W+ &t — Ektaqt
nr(ew+)
w+ &t — Eitat

1
Rex™ = —52(1+C0829+)
k/

1
= -3 Z(l + cos26.)
k/

169

+{w — —w}.

(C.0.1)

(C.0.2)

(C.0.3)
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Using the identity 1-+cos 260, = 2cos? 6, this can we written as

Rexytt = — cos? (0 nr(Ew+) —dw — —w}. C.04
V= et ) ) (04

We can expresscos?® (6, ) in terms of 0, the angle between the vectors as k’ and q via

k'+q) K cosf + k'
cos(rrsq — ) = T DK g

— = C.0.5
Kt allK] /Rt gt Thgeostd (€.0.5)

so that,

Rex™ = -3 <¢ geosd + ) ne(ewy) Fw = —w). (C.0.6)

” k? + q2 +2kgcosf ) w+ &y — Siqr

We we focus first on the first term of (C.0.4) which we shall label x}] and later take
w — —w to find the second term Rexz;“. Writing the sum over k as an integral and

writing the energy terms explicitly

Rex(;y = » /OO K dk’ /27r do (qeos b+ k')’ np (&)
@ 7‘—2 0 0 (k? + q2 + Qk/q cos 9) (w + % . k’2+q2—551k’/qcos9

(C.0.7)
where we have taken account of the 2 x 2 spin and valley degeneracy and taken the
. It is useful to now switch to the dimensionless variables x = q/kp, y = w/Er and
k =k'/kp so that

2m [ 2 (zcosf + k)’ np(exs)
Rexy/ T = — kdk do . (C.0.8
X T e /0 /0 (k2 + 22 4 2kx cos 0) (z2 — y + 2kx cos ) ( )
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To proceed, we split this integral up using partial fraction. Labeling () = 2kx cos 6

we have
(Q/2k + k) 1 @2k +y—a?)" (k2 — 22)?
(B2 +22+Q) (12 —y+Q)  4k2 42 (K2 +y) (22 —y+Q) 4k (K2 +y) (B2 +22+Q)
(C.0.9)
This leads to
2k2 — 22)? L2 _ 422
Rexa;r:% I nF(ik+)dkf()27r wl 1 + ( ty—z ) _ ( £ ) 7
v (k2 +y) (22 —y + 2kzcosl) (k*+y) (k* + 22 + 2kx cos )
) B &
(C.0.10)
the individual terms of which we shall label A, B and C.
A : Calculating term A first,
00 2 00
- "F(&“)dk/ 9 = T/ () g (C.0.11)
212 Jo k 0 T Jo k

Moving on to term B,

mo [T [T rGe) (K +y—a?)
B=— dkdf. C.0.12
27r2/0 /o ko (k2+y) (22 —y+2kzcosh) ( )
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We can calculate the angular integral by making use of the following identity from

complex analysis

2 1 2msgn(A)
— = =" 4| >|B
/0 A+ Bcos# A2 — B2 41> 18]
=0 otherwise. (C.0.13)

Applying (C.0.13) to (C.0.12), we get

00 912 22 2

B @/ nF(lfk-i-) (2k% +y — 2%)" sgn(z® — y) 0 ((x2 —y)Q —4]{:2952) dke.
™ Jo (k2 + y) /(a2 — y)* — 4k2a?

(C.0.14)

Employing the notation 74 = y+2? and si = n3 /42%, we can then write B, (C.0.14),

as

B = sgn(—m)% /OOO nF%H) R 0. 06—k (C.0.15)

(k2 +y) /0% — 4k22?

m [ np(&e) (22 4+ n02)"0 (s — )

- e dk:. 0.1
sgn(n )ch 0 k (k2 + ) \/m (C.0.16)
C : Moving onto term C,
m [ [P np(Ge) (k* — x2)2
T o2 dkdo 0.1
¢ 2w /0 /0 ko (kK*+y) (k% + 22 + 2kz cos 0) ’ (C.0.17)

we can again evaluate the angular integral with the use of (C.0.13) to give

00 2 .22 2 2 _
oo [T nelGe) (B =a7) 0 4o - 2ke) (C.0.18)

T Jo k (k2 + y) \/(k:2+m2)2—4k2x2
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Since k? + 22 > 2kx is always satisfied, there are no constraints on k. Noting that

(k% + 22)% — 4k222 = (k2 — 22)°, we have finally,

C= —% /OOO ”F(lfk*) |("‘;_+$2)| dk. (C.0.19)

Bringing together (C.0.11), (C.0.16) and (C.0.19), we have shown that

00 00 9k2 B 2 0(s — k2
ReX++($, y’T) — T/ nF(£k+)dk, . Sgn(n) m / nF(£k+> ( + n ) (S >dk
T Tk ey Tk (Bay) s R
m [ np(ley) K - 27
- dk +4{y — — C.0.20
" s k(v ) (C.0.20)
Rex ~ : We will now calculate the (A = X = —) term, given by
- 1 np(&—) — nr(€ktq-)
Re = —= 1+ cos 26 C.0.21
x ;2 e S (C0.21)
1 ’I’LF<§k1_)
= —= 1+ cos 26 +{w — —w}. (C.0.22
;2 DT ). (C02)
Using the identity ex )y = —ek,—x, we can write this as

__ 1 nF(gk/_)
Rex ™ =—= 14 cos 26 +{w — —w}, C.0.23
e T ST N
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which is just x ™ with ng(&ey) replaced by np (). Therefore we have

m nF m [ np(€er) (k2 +1-)20 (s_ — k2)

S dk
sgn(1-) 5 — i p RN

Rex™ (z,y,T

m [ np(&) |k* — 27
-/ T dk + {y — —y}. (C.0.24)

Recalling the expression for x**(x,y,T), (C.0.20):

o 22 +1_)2 0 (s — k?)
Rext*(z,y,T) = +2 "F 2 gk sgn(n) " e (Gicr) ( dk
X,y T gn(n-)5 — i p RN
72
m/ nr 5“* i Tl gk + {y = —y). (C.0.25)
(f€2 y)
Combining both intraband terms we have
Intra m k2 + y k |] [nF(£k+) - nF(fk*)]
= dk C.0.26
/ k (k2 +) ( )

dk +{y — —y}.

_m /Oo [ (&) — nr(6e)] (262 4+ n)°
2 Jo k(k?+y)\/s_ —k?

—sgn(n)f (s— — k*)

Bringing each term in (C.0.26) under the same integral, we have

e _ M [F r(Ge) —nr&)] | e oy sgn(n2)0 (s- — k) (2K +0)°
A k(R 1) Ky — [k - 205 — K2

+Hy — —y} (C.0.27)
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Interband : We will now evaluate the intraband terms of the real part of the

polarisability, starting with (A =4, A’ = —), given by [see (C.0.2)]

nF(fku) - nF(ék'+q+) '

W+ - — Ewtqr

Rex™ =-1 Z(l — cos260.) (C.0.28)
k/

By making a change of variables k' — —k’ — ¢ in the second term of (C.0.28) it can

be shown that

np (&) — nF(ﬁk'+).

W& — Srqr

_ 1
Rex™™ = —3 %:(1—00820+) (C.0.29)

Using the identity 1 — cos20, = 2 (1 — cos?#,) and then using (C.0.5) to write the

Berry’s phase term in terms of €, we have

- (qeosb + k')* nr(§w—) — nr(ée+)
ReX - Z < k2 + q + 2]{7/(] COSQ) W+ Sk’— — 5k’+q+ 7(0030)
_ 2 [1 = cos? 0] g (i-) — np (&)
= — Z k:’2 F %+ 2k'qcosf) (w+ & — 5k'+q+) (C.0.31)

As before, we now switch to the dimensionless variables = = ¢/kp, y = w/Er and

k = k' /kp. Writing the sum over k£’ as as integral we have

_ me k1 —cos?0) np(&) — nr (&)
= dbdk
Rex / / (k2 + 22 + 2kx cos0) (y — 2k — 22 — 2kx cos 0) ’

(C.0.32)
where we have taken account of the 2 x 2 spin and valley degeneracy written the

Sk = ﬁ |k| terms explicitly. We proceed by applying partial fractions. Labeling
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() = 2kx cos 0 we have

(1 — (Q/2kz)?)” _ 1 (2K +y—a?)" (k* —2?)°
(T2 Q) -2 Q) W ARty Py Q) R4y (7 4+ Q)
(C.0.33)
to write
Reyt— = ~ma® /OO /27r e () — nr (et
X 272 Jo  Jo k
2 2\ (1.2 2 2 o _ 2 _
<14 (k2 2k~|—2:1€ )(iﬂ +2k+a%) (2k2 2k 127,)(2/6 +2k —n_) 0k,
—_ (k? —y) (k? + a2 + 2kxcosb) ~ (k* —y) (2k? — 1 + 2ka cosb)
A B c

where we have employed the same notation as in the intraband band case, ny =

y £ 22, and labeled the terms A, B and C.

A : Calculating term A first,

A _gl:j /OOO [ (&) ; nr(Ger)] 5 /027r Jo — _m:2 /000 [ (&) ; (Gt )] 5

(C.0.34)

which is analytic at & = 0 because the term [np(&-) — np(&ks )] ~ k as k — 0.

B: Moving on to term B,

-1 /OO /2” [ (&) = e (Ges)] (K = 2k + 2%) (K* + 2k +2%) )
20 o Jo & (k% —y) (k* + 22 + 2kx cos ) '

(C.0.35)



Chapter C. Graphene Bilayer Polarisability 177

We can calculate the angular integral by making use of (C.0.13) to yield

B _m:v2 o0 N . (k? — 2k + 2?) (K* + 2k + 2?)

B o= T [ etee) —mete] o e
_omat [ . (k? 4 22)* — 4k?
= = [ e —nrle) e (C03)

C : Moving onto term C,

max? [ [T (2k* — 2k —n_) (2k* + 2k —n_)
C =+ [ belec) = et Pt g,

(C.0.38)

we can again use (C.0.5) to evaluate the angular integral and yield

ma?

C=+— /OOO np(&k-) — nr(§et)]

™

2 _ 2 _
@R Z2h =) G 2R 00) (142 | — 2ka) di.

k(K2 = ) /(282 — n_)? — k20
(C.0.39)

Bringing together (C.0.39), (C.0.37) and (C.0.34), we have shown that

Rex™ (2,9, T) = —m: /OOO [nF(&/;(/)@__n;)(gH)] [k,z - (k (+k2x_) 5,;2_) Ak

2 _ _ 2 _
(2K =2k —n) (2K + 2k 77)9(|2k27,2m)] dk.(C.0.40)

\/(2k‘2 —n_)* — 4k2a?

Rex™" :  Moving in to the (A = —1,\ = 4) term, given by

nr(&ey) — (&)

(C.0.41)
W+ Ek+ — Ek/4q—

1
Rexy * = —3 Z(l — cos26,)
k/
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Using the identity ex » = —ek _x, We can write this as

nr(&e-) — 1)
—W+ Ew— — Exyqt

1
Rexy ™+ = -5 Z(l + cos20.) = Rex™ (w— —w). (C.0.42)
k/

Therefore we can write the real part of the interband polarisability as

2 poo _ 2 2)2 _ 412
R/ (a5, 7) =~ / [nF@Z_U)CQ _n;)(fkm 2oy &f_)ﬂ)% (C.0.43)

2 _ _ 2 _
_@R =2k ) CR AR 0Dy o2 | ok) | dk+ {y — —)

\/(2k2 — )% — 4k2a?

Intra it i easier to work with

In order to combine this expression with that for Rey
the y — —y term so that n_ — —n,. Switching the order of the Fermi functions we

have

(k2 + 22)% — 4k?
(k> — z?)

np (&) — nr(&e)]

K4y —+
k(k? +y) Y

Rex™ (z,y, T) = %/ [ (C.0.44)
0

22_2 22 2
_(/{ k+n+)(k+ k+’7+)g(|2k:2+77\—2k$) dk+{y—>_y}.

V(@R 4 ,)? — 4k2a?

Therefore, we have for Rex!™"(x,y,T)

Rex(z,y,T) = Rex™™ (x,y, T) + Rex'™*" (x,y,T) (C.0.45)



Chapter C. Graphene Bilayer Polarisability 179

where

Intra _ nF €k+ - nF(fk )] 2 |2 2

Rey = / sy K4y — |k — 27 (C.0.46)
sgn(n_)0 (s — k2) (2k2 +n_)?
— dk +{y — —y},
T2 {y = —y}
Inter m [ [nF (§k+) — Nrp (fk—ﬂ 2 2 2
_ _ 0.4

Rex AR Ky + |k — 2? (C.0.47)

(2K =2k +ny) (2K + 2k + 1)
V(@22 40, )? - ak2a?

0 (|2k* + n| — 2kz) | dk + {y — —y}.

C.0.4 Imaginary Part

We will now evaluate the imaginary part of the graphene bilayer polarisability (5.20),

given by

Imx(q,w) = 5 Z D (14N €08 260,) [np(Gix) = 1 (Gerqn)] 8 (0 + G = Eirvann) -
M=% Kk’

(C.0.48)

where 0, = ¢riq — ¢k is the scattering angle.

Intraband : Starting with the intraband (A = X' = +) term, we again express the

Berry’s phase term in terms of cos# (C.0.5). We have

(gcosf + k')
+ q% + 2kq cos 6

Iy ™ = 7> [np(&es) — nr(éerar)] e 0 (w+ &t — Ewrqr XC.0.49)

k/

A change of variable in the second term allows use to write

np(&ey) (qeosd + k)
= Y PR (IR 04 s Gusae) — i ) (C050
k/
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As before, we write the sum over k’ as an integral and then covert to the dimen-

sionless variables x = q/kp, y = w/Er and k = k' /kp to yield

2m np(&ey) (xcosb + k;)2
++ — 22 _9 — N
/ kdk / db 12+ 22 4 2kr cos O ) (y x kx cos 0) vy —y}.

(C.0.51)
The delta function places limits on £ by demanding that
kil P U (C.0.52)
2z 2z
We proceed via the change of variables () = 2kx cos 6 so that
d
-9 (C.0.53)
Jie =
and (C.0.51) becomes
2k + k)*
Imy*+ = / kdk / i (Giet) (QF 5(y—22—Q) ok — s_
X CEEERS sl U A U
—{y =y} (C.0.54)
nre(&er) (Q + 2k2)2 2 2
= dk/ d(ly—ax"—Q) Ok —s_
/ 1 k(K2 + 22 4 Q) \/4k?2? — Q? v Q)6 )
—{y — y} (C.0.55)

Evaluating the angular integral by setting Q = y — 2? = n_ yields,

00 22
iyt = 0 [T g G 2R ey gy (c0s6)
27 Jo k(K2 +y) AR — 1
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Imyx~—: Moving on to the A = X = —1 term, we have

o np(ée-) (qeosd + )° _ _
Imy = 7 T 4+ Dhigeosd §(w+ & — &iq) — {w — w}.(C.0.57)

Using &y = —&w.—a and 0(ax) = ﬁé(m) we can write (C.0.57) as

o np(Ge-) (qeosf +1)° - _ _
Imy = 7 — k2 + ¢2 + 2k'q cos 6 6 (—w + &t — Ewtq-) — {w — w} (C.0.58)

nF(fk/_) (q cos + k/)25
k? 4+ ¢% + 2k'q cos 0

(w4 s — ) — fw = w} (C.0.59)
-

This is the same as Imy*++ (C.0.50) but with nz(&w_) replaced with —np(£4) and

therefore

Imy ~ = m [ dk (i) (n + 2k2)° O(k* —s_)—{y —y}. (C.0.60)

21 Jo k (k% +y) \/4k222 — n?

Therefore, combining (C.0.56) and (C.0.60) we have for Imy/™ = Tmy " +Imy ™,

e = T [ gplie6e) —ne(@l o 2% 0y

21 Jo k (k2 +y) \/4k2a? — %

(C.0.61)

Interband : Moving on to the interband term (A # )) term we immediately

notice that for the A = — and X = + term,
L ™
Imy™"(q,w) = By Z(l —08204) [nF (S +) — nr(§wra,-)] 0 (W+ &t — Swva-) s
k/

(C.0.62)
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every term in the delta function is positive since w > 0. Therefore, Imx~" = 0 and
we only need to consider A = +, X' = —,

niler ™
Imx ™" (q,w) = = Y (1= cos204) [np(Sw,—) — nr(&eraq)] 6 (W + & - — Goraq) -

2
k/

(C.0.63)

A change of variable k — —k — q allows us to write

T
Imy ™" (¢, w) = 5 > (1= c0820.) [np(&e,-) = np(Ge4)] 6 (@ + o m — rqs)
k/
(C.0.64)
As usual we write the Berry’s phase term in terms of cos 6,
2(qcosf+ k')? 2¢* (1 — cos®0)
1—cos20, =2(1—cos’0,) =2— -
C08 U+ (1= cos®6,) k2?4 q2 +2k'qcos k"2 +q? + 2K'qcos O’
(C.0.65)

so that

1 —cos?6
k2 4+ ¢ + 2k'q cos 6’

Ty ™ = g2 Z np(6e—) — np(&os)] ( ) 0 (w+ &k - — Ertaqt) -
k/
(C.0.66)

As in the previous calculations, we now write the sum over k as an integral convert

to the dimensionless variables © = q/kr, y = w/Er and k = k/kp to yield

2m

2 o) 2m
Imy/™er = ’ / k;dk/ dO Inp(&e—) —np(&eq)] (C.0.67)
0 0

™

1 —cos?6
§(y —a® —2k* — 2k 6) .
8 <k2+x2+2kx0089’> (v—2 zc0s6)
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The delta function provides the condition

V2o + a2 — 2% <2k < \/2n_ + 22 + 2° (C.0.68)

2

where as usual . = y — 2. We proceed by evaluating the angular integral by

making he substitution Q = 2k? + 2kx cos 6 so that

_dQ

do = ,
2kxv/1 — cos? 0

(C.0.69)

and (C.0.67) becomes Imy/™er =

v/1—cos?6
k2 + 2%+ Q — 2k?

—mx

/OOO dk / dQ [np(ée) — np(éey)] §(y—2*—Q) (C.0.70)

— dk Ak2x2 — —2k2)2
N m/ /dQank ) = lGie)] \/ Q+:132 12 0(y—2"-Q).

Evaluating this at Q = y — 22 yields,

! m [ \/4k2$2 — (y — 22 — 2k?)°
Ty /Mer = 2 ) dk [np(ée-) — np(&ey)] R ) (C.0.71)
o (n_ + 2kx — 2k2)(2k2 + 2kx —n_)
- % 0 dk [nF (&) — nr (&) v (k2 —y)
C.0.5 Result

So we have finally for the graphene bilayer finite temperature polarisability,

x(@,y,T) = x"""(z,y,T) + X" (x,y,T) (C.0.72)



Chapter C. Graphene Bilayer Polarisability 184

where

Intra

Imx(x,y,T) = Imy + Iy /™, (C.0.73)

Rex(z,y,T) = Rex"™ (x,y, T) + Rex™ (x,y,T) (C.0.74)

and

Intra __ m = dk [nF<§k*) — nF(€k+)] (7]* + 2k2>29(l€2 . 8_)

27 Jo k (k2 +y) \/4k222 — 2

—{y =y},

(C.0.75)

e m [ (n_ + 2kx — 2k?)(2k? + 2kx —n_)
Ty /"ter — %/0 dk [np(&k,-) — nr(&e+)] v k(K2 — ) ’
(C.0.76)
Rey/mre = = / h [”F(i‘j(?ﬁ; J:L;)(gk‘)] Kty — |8 —a?| (C.0.77)
)0 (s — k) (K% +1_)°
_sgn(n-) ;‘; : —)(k? 1) dk + {y = —y},
ReXInter — m/ nF §k+k2_+n;)(£k >] k? +y+ |k2 — 1’2‘ (0078)

_ (2]{72 — 2k + 77+) (2]{32 + 2k + 7]+)
\/(2k2 +n4)° — k222

0 (|2k* +n| — 2/@] dk +{y — —y}.
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