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Chapter 1

Introduction

It was less than a decade ago that in Manchester a material was synthesized for the first time in a
controlled way [1] whose properties at first sight seem implausible. What Andre Geim and Konstantin
Novoselov managed to fabricate is graphene [2], a mono-layer of carbon atoms forming a planar (2D)
honeycomb structure. Since it is only one atom thick, graphene is a truly two-dimensional crystal,
something that for thermodynamic reasons was thought not to exist [3, 4]. The way they managed
to isolate graphene is legendary; which amongst several other steps, scotch tape to peel the layers
off prepared graphite samples is involved. The material they managed to identify afterwards on their
substrate has since then written superlatives with its unique properties. From the mechanical point
of view, experiments showed that graphene is the strongest material ever measured [5]. It appears to
be essentially impermeable to any gases [6], and graphene based membranes turn out to be Helium-
Leak-Tight but allow water to permeate [7]. Graphene has a remarkably high thermal mobility [8]
and even its optical properties are fascinating, since this one atom thick layer of carbon atoms absorbs
almost exactly ma ~ 2.3% («a being the fine structure constant) of white light [9], quite an amount for
a one atom thick material. On the other hand 97.7% is transmitted making it essentially transpar-
ent. Nonetheless graphene layers exhibit very good electronic properties with mobilities that exceed
100, 000cm?V ~1s~1 [10]. Due to this high mobility graphene exhibits the quantum Hall effect already
at room temperature [11]. It is in this context not at all surprising that Andre Geim and Konstantin
Novoselov got the Nobel Prize of Physics in 2010, only a few years after their discovery of graphene.

Since 2004 the number of graphene related works has grown tremendously (from 155 in 2004 to 9,878
in 2012 for graphene related topics in the web of science). The discovery of graphene essentially created
a complete field within physics dealing with the properties of graphene and possible applications. But
on top of all this, the most astonishing fact is that graphene has developed within a few years from a
subject of basic research towards a material that is heading towards its first commercial applications.
Current road-maps suggest the development of graphene based touch screens and rollable E-paper
within a few years from now [12]. In slightly longer terms there are many other applications suggested.
As examples we may name terahertz detectors or high frequency transistors, which rely on the unique
electronic properties of graphene.

In view of the seemingly well planned and focused road-map of applications one might get the
impression that graphene is a material that is already fully understood and the only task left is to
harvest possible applications. The surprising and wonderful fact, instead, is that graphene has still
many mysteries and there seems so far no end in the unveiling of astonishing properties.

Looking at the electronic structure, there are several approaches to graphene: coming from semi-
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conductor physics graphene may be viewed as a semiconductor with zero bandgap whereas scientists
working with metallic systems may refer to graphene as a semimetal. From the pure fact that both
terms are used, one can already conclude that graphene somehow “sits between the chairs”. It is indeed
possible to tune, by gating, the charge carrier concentration from hole like carriers through a charge
neutral point, the so-called Dirac point, towards electron like carriers and reach there, if sufficiently
many carriers are present, metallic behavior. At the Dirac point, however, graphene is not insulating,
as one may expect due to the absence of charge carriers. There is a minimal conductivity left of the
order of e?/h [13]. Whichever classification is favored, the key point of graphene’s electronic struc-
ture is the peculiar behavior of its charge carriers. The compelling fact! about the quasi-particles in
graphene is that they obey the equations of motion of massless relativistic particles [14], i.e., the Dirac
equation. The resulting consequences are observable in experiments and even allow for verification of
some phenomena, like the “zitterbewegung” [13, 15] responsible for the minimal conductivity, which
instead of a large particle collider usually required for ultra-relativistic phenomena, is seen within a
table top experiment. The need to deal with relativistic particles is a rather uncommon feature in
condensed matter systems since the focus in these systems is on low energies. Particles with low ener-
gies usually do not reach relativistic velocities which forces us to look for a different reason to explain
the relativistic behavior. It is known that symmetry can provide us with such a mechanism [14]. In
graphene the lattice itself provides us with the symmetry needed to gain massless quasi-particles. It is
very important to stress that the particles velocity is way smaller than the speed of light; the crucial
point is, that due to the lattice symmetry this smaller velocity appears to them as if they move with
the speed of light. We may avoid confusion by calling the true speed of light ¢ and the fake speed
of light the particles in graphene exhibit vp. Whereas free particles obey the Lorentz symmetry with
respect to ¢, the quasi-particles in graphene do so with vg. The ultra-relativistic physics that is gained
by this symmetry unveils itself in phenomena usually only discussed in high energy physics. These
phenomena are now experimentally verified in condensed matter systems like the Klein tunneling [16]
through potential barriers.

The question that we dedicate our attention to in this thesis is: what is the influence of Coulomb
interaction on the electronic properties of graphene?

The motivation to study interaction effects is the observation, that due to the higher and higher
quality of the samples available these days [10], interaction effects should become more and more
relevant and more easily measurable. A classical experimental setting in this regard is the Coulomb
drag [17, 18] that relies on the interaction between two electronically separated layers. But mani-
festations of the Coulomb interaction appear already in much simpler setups. The electrical current
in graphene for example, is affected by Coulomb interaction. If one ignores the lattice, this sounds
unlikely since current is protected by momentum conservation due to Galilean invariance. In real sys-
tems, a lattice affects this naive picture allowing for umklapp scattering, which is responsible for the
T?-dependence of conductivity in Fermi-liquids. In graphene the electronic properties are governed by
the boundary of the Brillouin zone, which via umklapp scattering processes forms effectively graphene’s
Lorentz symmetry and thus leads to relaxation of the current due to the Coulomb interaction.

We will in this work consider both conductivity of clean graphene and Coulomb drag in double layer
graphene. But first, we must determine the effective strength of the Coulomb interaction.

The effective coupling strength oy in free graphene (a counterpart of the fine structure constant of

'From the Big Bang Theory: “The Einstein Approximation”, (Season 3, Episode 14), (2009-2010 Premiered on CBS)
Howard: Sheldon, what the hell are you doing?
Sheldon: Same thing I’ve been doing for three days. Trying to figure out why electrons behave as if they have no
mass when traveling through a graphene sheet.




quantum electrodynamics) is of order unity. This might raise the question whether interaction can
induce gaps in the system. However, experiments on free-standing graphene show no indication of
a gap down to very low temperatures [19]. To be able to proceed analytically, we will assume that
oy is small. This is the case for the majority of experiments where graphene on insulating dielectric
substrates is studied.

However, when interaction is perturbative one might wonder what discriminates the setup from
the well-known high energy picture of quantum electrodynamics (QED). In QED, ultra-relativistic
particles move nearly as fast as the interaction between them, making them essentially non-interacting.
In graphene it is the fact that, although its quasi-particles behave ultra-relativistically, they appear, in
contrast to the electrodynamics obeying the Lorentz symmetry with respect to ¢, as completely non-
relativistic. From the point of view of the quasi-particles in graphene we are in an ultra-relativistic
(with respect to vp) setup that interacts faster than “light” (the maximal speed of graphene quasi-
particles vg). It is this delicate but crucial point of explicit and strong Lorentz symmetry breaking that
forms the heart of the phenomenon we will refer to as forward scattering resonance — a resonance that
creates interesting changes in the electronic behavior of the system. Within this work we will consider
scattering rates that posses non-trivial structure due to this phenomenon. Furthermore, we will see
how this forward scattering resonance condenses into a direction dependent equilibrium ansatz, that
allows us to solve analytically the kinetic equation. In this regard, this resonance guides us throughout
this work and will provide us with rich physics and interesting effects to deal with.

This thesis is organized as follows:

In Chapter 2, we establish the basic language and provide the elementary concepts, like the forward
scattering resonance, needed to understand the peculiarity of graphene.

With Chapter 3 an overview is given on the phenomena related to the interplay of the Coulomb
interaction and graphene. We will show that in some respect, the problem is ill-defined at the Dirac
point.

The resolution to this obstacle is given in Chapter 4, where we focus on the electronic structure
at the Dirac point. In this chapter we will determine the quasi-particle lifetime, dephasing rate and
energy relaxation rate within the random phase approximation, which turns out to be a suitable way
at finite temperature.

Starting with Chapter 5, we will consider transport phenomena in graphene. We will present the
method of previous works and explain the underlying connection to the foregone chapter. For clarity,
we will cover two different approaches to transport, the kinetic equation used by previous works and
a diagrammatic calculation of the conductivity within the random phase approximation. We will see
that both methods complement each other. Further we will present the hydrodynamic formulation of
the transport in graphene.

Subsequently we, will introduce the effect of Coulomb drag in Chapter 6 and briefly describe the
activities that have been performed in the field.

Chapter 7 is dedicated to the studies of the physics governing the Coulomb drag in graphene. In
this chapter we will employ the kinetic equation approach to the Coulomb drag and will introduce the
phenomenon of thermalization that appears between the layers.

In the following Chapter 8, we extend the formulation of the Coulomb drag towards multi-layer
drag and Hall drag. We will present a possible extension towards higher order drag and we will present
a Drude-like formulation, which allows for a more intuitive approach to the problem.

Finally, we finish in Chapter 9 with a conclusion and a summary of the obtained results.







Chapter 2

Basics

To those who do not know mathematics it is difficult to get across a real feeling as to the
beauty, the deepest beauty, of nature ...
R. Feynman, The Character of Physical Law (1965) Ch. 2

For any serious discussion of a problem one needs to fix some basic language. This chapter is
dedicated to provide briefly the basics of graphene, the Coulomb interaction and the formalism we are
going to use throughout this work. Each of the topics deserves a far more complete discussion, which
we cannot provide within this work but for which we will refer to literature within the corresponding
sections.

2.1 Graphene

2.1.1 Definition
What is graphene [2, 20]?

Graphene is a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D)
honeycomb lattice, and is a basic building block for graphitic materials of all other dimen-
sionalities. It can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or stacked
into 3D graphite.

A K. Geim and K.S. Novoselov The rise of graphene [2]

Its diversity has made graphene a promising material with a plethora of ideas for possible applica-
tions. Since graphene is a fairly good conductor [13, 21], considering its one atom thickness, a valid
question is why it conducts, or — to rephrase that — how the process of transport works in graphene.
Of course, there are several known phenomena that affect transport, such as disorder or phonons, but,
as will be shown, even the Coulomb interaction will affect transport in graphene. At this point we
wish to remind the reader that the Coulomb interaction conserves the total momentum of the system.
Thus, in systems where transport is affected by the Coulomb interaction it is clear that additional in-
gredients have to be taken into account. In condensed matter systems this is the lattice, which breaks
the translation symmetry and turns momentum into quasi-momentum. When including the lattice,
the Coulomb interaction can relax the current, since the quasi-momentum is still conserved but not
the original kinetic momentum. The process allowing for relaxation is the umklapp scattering [22].
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Figure 2.1: The lattice of graphene with a colored emphasis on the sublattice separation.

However, if one considers an effective field theory the lattice disappears, hence the Coulomb interaction
seemingly can not relax the current due to Galilean invariance. In this work we will argue in terms
of symmetries, rather than lattice properties, although these symmetries arise from the lattice. We
will see that in graphene a Lorentz symmetry emerges allowing for relaxation of the current by the
Coulomb interaction. Thus, the focus of our attention in this work is on the phenomena related to the
electronic structure and the transport properties of graphene in presence of the Coulomb interaction.

2.1.2 The Tight-Binding Approach

Graphene owes his lattice structure to the sp?-bonding of the carbon atoms. Without going into the
details of the chemistry of the bonds the crucial input we need to describe its electronic structure is
the fact that it forms a honeycomb lattice. This is not part of the regular two dimensional Bravais
lattices, since translation of single atom positions will not form periodically the hexagonal structure.
To overcome this problem one chooses a basis containing two neighboring carbon atoms gaining a
Bravais lattice that has triangular structure. One should note that since we need to have two identical
atoms within the basis, we have explicitly created a symmetry that will manifest itself in a touching
of the bands as shown in Fig. 2.2. But let us proceed step by step and define now a proper structure
to describe graphene.

Let us designate the two different atoms of the basis A and B and the two vectors spanning the
lattice

i = 3(3, V3)T and @ = g(?), —V3)T. (2.1)

This is the nomenclature that is illustrated in Fig. 2.1.

Within the tight-binding approach we now assume that due to the overlap of atomic orbitals there
is a finite probability for an electron to hop to one of its nearest neighboring atoms. Within this
simplified model we can therefore think about hopping of electrons from one atom to its neighboring
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ones with an amplitude of ¢:
0 -t Qo j
H=-t Y (a;iba,j +h.c.> = > (af, bl,)- (_t 0) : <b04> .
<i,j>,0 <'i,j>,0' Y

The notation < i,j > indicates the nearest neighbors of the Bravais lattice, where a and b distinguish
the sublattices (atoms A and B) on the operator level. Further we take into account electrons with
different spins o. If we proceed by transforming into momentum space we obtain

ikd;
_ Pt ) 0 —t132;€™\ (agk
H = kz: (aa,k‘ bo’,k) (—t Zj e tkd; 0 bo i :
s0 ’

The dispersion of the electronic system is now given by the eigenvalues of this Hamiltonian. The ds
that appear here are the vectors connecting the nearest neighbors as shown in Fig. 2.1 and read:

5y = %(1, —V3)T 5y = %(1, V3)T S3=a (2.2)

The Dispersion of Graphene

The dispersion of graphene was calculated more than half a century before its discovery [23]. Within
the above nearest-neighbor calculation the dispersion is given by

e(k) = +t| Zeikéj’ =4t |3+ 2005(\/5]@@) + 4 cos \égkya cos <2kxa>. (2.3)
J

A graphical illustration of this dispersion can be seen by Fig. 2.2. The bandwidth is of the order
of eV, which is determined by the scale of the parameter ¢ (a microscopic property). Since we are
interested in macroscopic properties we need to know the low energy behavior of electronic excitations
in graphene, which means that the physics we are mainly interested in will be around the K-points',
where the energy is zero,

K=(% %) ad K'=(3. -5

These are the points where the dispersion is exactly zero. One should note that these points are not
an artefact of the nearest-neighbor calculation. The existence of the K-points and the dispersion close
to it follows from symmetry considerations [14, 24, 25]. If we expand the surrounding dispersion we
arrive at a dispersion of the form

3
e(p) ~ + 3" pl +O((/K)?) - (2.4)

Subsequently, we will derive an effective Hamiltonian that will describe the physics around those
K-points.

Tt is worth to note that the K-point is at the boundary of the Brillouin zone. This means that a symmetry that arises
from the K-point can have non-Galilean contributions, which correspond to umklapp scattering processes.
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Figure 2.2: The dispersion of graphene in the reciprocal lattice. The figure shows three Brillouin
zones to demonstrate the formation of the two inequivalent K points in graphene.

2.1.3 The Dirac Hamiltonian

The Hamiltonian around the K-points can be derived if one expands the previous form of the Hamil-
tonian in small momenta around the momentum K or similarly K’:

. tzeii(Ker)é- _ —tz‘(eﬂmlpél + eiiK&gpéz + eﬂmgp(;?)) _
J

31 3. . ‘ )
— ta/§Z +2\/_(7/p:1: :I:py) =VF (pz :F Zpy) 67’90 up to;p ase

vpo-p. (2.5)

Thus the low energy physics of the electronic system in graphene appears to follow the Dirac-Hamiltonian.
By simple replacement of vgp with ¢ one obtains the ultra-relativistic Hamiltonian describing for exam-
ple massless neutrinos in particle physics. Although this means that the behavior of our excitations
is ultra relativistic one should note that there is no true speed of light involved. In graphene the
Fermi velocity is vp &~ 58, which definitely allows for a non-relativistic treatment. It is a property of
the lattice that creates, due to interference, electronic excitations that behave in an ultra-relativistic
manner without actually reaching the true speed of light. This is what we refer to when speaking
about ultra-relativistic physics in graphene.

We see in the Hamiltonian above Eq. (2.5) that, since we neglect spin orbit-coupling, there is no
signature of spin left, which means we can treat spin as a mere degeneracy. Furthermore we have the
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freedom to choose the point to expand around for the low energy model, namely K or K’. In both
cases, we arrive at the same Hamiltonian (up to a phase), which means that we have an additional
degeneracy due to the valley we expand around, the so-called valley degree of freedom. In total we
therefore have a degeneracy N = 4 in graphene.

2.1.4 Differences Between Graphene and Fermi-Liquid

Having derived the basics of graphene it is worth looking back and recapitulating what distinguishes
it from the usual Fermi liquid (FL) systems. We will concentrate on properties that will be important
for our purpose. From the perspective of electronic properties one of the most crucial differences is the
group velocity. For this reason we compare (for simplicity) a Fermi liquid, in systems with a parabolic
dispersion?, with graphene:

Graphene € = vp|p] Parabolic FL € = p2/(2m)
L Oe(p) 2 P Oe(p) P
= = V5= 2.6 U= ==, .
U Vg o (2.6) U - (2.7)

It is essential to notice, that the absolute value of the velocity in graphene is constant. With higher
momentum a parabolic spectrum has a higher velocity but in graphene that is not the case. The reason
is the ultra-relativistic physics we are dealing with. In this sense, the velocity and the momentum in
graphene are two essentially different quantities. This distinguishes graphene from a parabolic Fermi-
liquid where momentum and velocity differ only by a constant. As we will see below, the impact of
this difference becomes particularly dramatic in the vicinity of the Dirac point.

When treating FL systems one linearizes around the Fermi energy and argues that within this
approximation the electronic excitations have constant velocity. To compare the two systems within
the linearized FL approximation we will look at the energy conservation represented in terms of delta-
distribution constraints for the situation of a small transfered momentum ¢ = p5 — p1 = p1/ — por. The
general form of the constraint is given by

L[ Oe(p1)  Oe(pyr) 1_[0%(p1)  9%(pr) \ -
o - — —5 + - s ) 2.8
q( op1 opv 29\ opop " opvop ) 28)

Further we assume that we are in a close vicinity of the Fermi-surface (|pi| =~ p ~ |p1/]). In the
next step we will focus on the angular dependency between the momenta and consider therefore the
difference up to 7 (v411 — g1 = dymod 7).

The expansion around small §y (67 < 1) helps to gain insight into the difference between the
parabolic Fermi liquid and graphene:

Graphene Parabolic FL

v 2
5[1)Fq (sin(’yql)&y))—l—v;gQ sin2(7q1)+0(572)], (2.9) 5lqu (sm(yql)ay))+$+0(572)]. (2.10)

2Parabolic Fermi liquid in this context requires on top of the Fermi liquid configuration that the dispersion is close to
free particles. Since Fermi liquid usually implies a linearization of the dispersion, parabolic Fermi liquid may sounds
strange. The crucial point to make is that already the quantity of the total number of particles needs to specify the
dispersion beyond the linearized dispersion. Instead of having some mixed picture of Fermi liquid and semi-classical
model we will consider a parabolic dispersion for the situations the non-linearized dispersion affects the system.
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7
d éjﬁ

1/

Figure 2.3: [llustration of the position of momenta Py and py to each other as well of the angles
@p1 = qp1cos(vg, ) and gpr = qp1r cos(vg,,) -

A consequence of this analysis is that in graphene it is more likely that forward scattering occurs, as
compared to a parabolic FL, this is known as the (FSR). This is seen by the appearance of sin~,; in
the second order contribution in Eq. (2.9) as compared to Eq. (2.10). In Fig. 2.3 the correspondence
of angles of with v41 = 0 or 741 = 7 to forward scattering is shown. This statement is not restricted to
small momenta only, the curvature argument is only particularly transparent. The possibility of forward
scattering is already obvious when writing down the energy and the momentum conservation with the
constraint of collinear momenta. In such a situation the two conservation laws are simultaneously
fulfilled. The above estimation gives us some insight as to how the singularity in this case looks like
and how it is may be cut off by curvature. On those general terms it becomes clear that only few
dispersions, namely the truly linear ones, will exhibit the sensitivity to forward scattering processes.

One should mention that within the control parameter vgq?/pr the regime where this difference
appears can be formally reduced until it vanishes when the Fermi momentum reaches infinity. This
means that graphene will indeed show behavior of a Fermi liquid if the chemical potential is high
enough (vpq?/(pr) <& 1). Still, the forward scattering resonance will be a feature present in graphene
and dominating its physics.

Another quite relevant point distinguishing graphene from a parabolic FL is the density of states
(DOS). This quantity reflects the properties of the spectra in a peculiar way such that the constant
DOS of a two dimensional parabolic FL has to be contrasted with

d*p €]
_ Sle — _ _ 2.11
10 = [ Gapdle vl = 575 (2.11)
So in graphene the DOS per spin and valley is vanishing at the Dirac point.

The three effects we have discussed here (forward scattering resonance, vanishing DOS and difference
of velocity and momentum) are the ones to which we will trace back almost all the peculiarities of
graphene discussed in this work.

2.2 Coulomb Interaction

We may find illustrations of the highest doctrines of science in games and gymnastics, in
traveling by land and by water, in storms of the air and of the sea, and wherever there is
matter in motion.

J. Maxwell, Introductory Lecture on Experimental Physics held at Cambridge

One of the most basic forces relevant to our everyday life is the force that comes with electromagnetic
charges. It appears in astonishing many ways in our daily routine and belongs to the basic things even
pupils learn at school. The electrostatic interaction between charges, the Coulomb interaction, is

10
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not only a well-studied force, it is also always present in a system with charged particles. The non-
interacting description of graphene already shows physical properties unusual enough in condensed
matter physics to warrant looking more closely at the effects the Coulomb interaction can induce.

Nevertheless, the emphasis we put on Coulomb interaction in graphene might confuse the reader,
since it is clear that by its nature the Coulomb interaction is always present and involved in the
dynamics of charged particles. So one should make it clear as to why in the field of condensed matter
one often discards the Coulomb interaction entirely or treats it like a short-range interaction instead,
which the bare Coulomb interaction is clearly not. The main reason for this is screening.

The electrostatic interaction between particles can be strongly reduced by inducing charge separation
between different charge carriers. For example, if one puts a charged particle into a fluid of charge
carriers it will repel equally charged particles in its surrounding, creating a region that appears to be
slightly charged with opposite charge when compared to the mean charge density of the fluid. This
process, called Thomas—Fermi screening, can reduce the relevance of interaction enormously. This does
not necessarily mean that particles stop interacting at all but that the nature of interaction between
two particles becomes more local, maybe even short-range due to screening®.

At the same time one knows that, for example in Luttinger liquids [27-33], reduced dimensionality
can enhance the effects of interaction strongly, which may even change the nature of the quasi-particles
in the system.

Due to its two-dimensional structure and, even more, due to its vanishing density of states (DOS)
at the Dirac (K or K') point, screening is very weak or even absent in graphene, demanding that we
really need to consider the proper long-range Coulomb interaction. So the question is: How important
is the Coulomb interaction for the electronic properties of graphene?

If one looks up the basic properties of matter-light interaction one comes across the coupling strength
of the electromagnetic interaction, the fine structure constant

e2 h=1 e2 1

47T6()C(] - ﬁ

= 2.12

41 €0 hCO ( )
Its low value implies that the interaction of light and matter is rather weak in vacuum. But in graphene
it turns out that ¢g is replaced by v, enhancing the coupling strength by a factor 300,

e 22

Oy = — R~
I Amege,up €r

, (2.13)
where €, is the dielectric constant?. One can interpret this as a consequence of the slower velocity vp
for the Dirac fermions which causes an enhanced interaction since the effective time particles interact
is increased.

Due to the possibility of strong coupling in the system there have been several attempts to find
signatures like exciton condensation or a Stoner instability [36-38], which would create a gap in the

3There is an important difference between screening in 3D and 2D. Whereas screening in 3D yields exponential sup-
pression of the interaction for distances larger than the screening length, forming effectively point like interaction
if screening length is comparable with Fermi-length. The 2D case is different. There screening appears to form a
power law dependence similar to a quadrupole for large distances [26]. The Coulomb interaction is thus screened
algebraically.

In three dimensions the coupling constant of the coulomb interaction, that enters an effective model, is itself effective
since high energy processes allow modifications of the coupling constant [34]. Nevertheless is the coupling constant for
graphene the bare coulomb interaction (up to screening by the substrate). This is due to the inability of high energy
excitations to screen the coulomb interaction in two dimensions [35].

11
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spectrum. Since this has not yet been observed and since graphene on substrates gains an additional
reduction of the Coulomb interaction strength by screening (e,) our approach to the problem will be
perturbative in oy while keeping the Coulomb interaction as a long-range interaction.

Treating the long-range Coulomb interaction perturbatively and considering the fact that we have
ultra-relativistic particles, one could think that we are dealing with QED, the theory of interactions
between light and matter. Obviously, nearly every condensed matter system may ultimately be reduced
to the non-relativistic limit of the “real” QED. This way, we end up with effective theories describing
the low energy behavior of our system. In graphene the low energy model is described by Eq. (2.5),
which corresponds to an ultra-relativistic theory. This means that although the particles behave like
massless Dirac fermions moving at the Fermi velocity vg, their “speed of light” is not the speed the
Coulomb interaction propagates with, which is ¢. From the viewpoint of the Coulomb interaction we
are still in a non-relativistic theory. Thus the quasi particles in graphene interact instantaneously,
although the theory that describes them without interactions is Lorentz-invariant. From the point of
view of a Dirac fermion (vp) we have a “faster than light” interaction (c) in graphene. This makes the
treatment of the Coulomb interaction in graphene quite different from the treatment within QED.

2.2.1 Interaction Effects in a 2D Electron Gas in Contrast to Graphene

The Fermi liquid theory is based upon Landau’s quasi-particle picture, which requires that small
excitations with an energy close to the Fermi energy (e¢/er < 1) need to have a much smaller energy
broadening (decay rate I') to be well-defined quasi-particles [39, 40]. This statement appears to hold
as long as there is no symmetry breaking induced by the interaction. In 2d electron gases (2DEG) it
can happen that even with screening the character of the interaction may remain long-range, which
may lead to singularities that change the thermodynamic quantities of the system. Still those systems
appear to be Fermi liquids in the sense that the quasi-particle picture stays largely intact [41].

Graphene at the Dirac point behaves differently since screening is less effective. This leads to
consequences in the quasi-particle picture, causing it to show marginal Fermi-liquid behavior [42]. In
this sense graphene is more sensitive to Coulomb interaction than usual 2DEGs.

In disordered 2DEGs the situation becomes more complicated since one needs to consider the inter-
play of Coulomb interaction and disorder effects [43, 44]. Since our particular interest is in the effects
induced by Coulomb interaction we will not consider the interplay of interactions and disorder that
appears in the diffusive limit, like the Altshuler-Aronov type contributions.

2.3 Field Theoretical Formulation and Notation

It seems that if one is working from the point of view of getting beauty in one’s equations,
and if one has really a sound insight, one is on a sure line of progress
P. Dirac, The Evolution of the Physicist’s Picture of Nature

The field theoretical formulation, especially in quantum mechanics, is a very elegant, intuitive de-
scription, since the complexity that appears in the presence of many particles is completely absorbed
into the usage of fields. The basic idea of this is of course very old, since hydrodynamics basically al-
ready builds upon such an interpretation. The usage of this formulation will allow us to define a proper
language to express the physics we will discuss within this work. For details we refer to the literature
[39, 40, 45-47] on this subject for details. In this section we will only briefly sketch the formalism
prerequisite for our further discussion. It will not be the only method to describe our system but it

12
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is a particularly beautiful one, bringing to the surface a lot of fundamental and interesting insights of
the physics governing the phenomena we are looking for.

The Hamiltonian describing the physics of our model at energies that are small enough to keep the
approximation of a conic spectrum (e < 1leV') is given by

H=Hy+V
S () e 9) () + 53 e b (7) B (%) e () 7).

The spinors ¥ have two components in the sublattice space, o; are Pauli matrices operating in this
space. The index v labels N independent degrees of freedom (in graphene N = 4 accounts for the spin
and valleys degeneracies). We set i = 1. First we will focus on the case of undoped graphene and set
the chemical potential (relative to the Dirac point) to zero, u = 0. It will be no problem to restore the
chemical potential later, but the way to do so will be explained when needed.

The retarded (advanced) Green’s function of the noninteracting Hamiltonian Hy (the bare Green’s
function) in the energy-momentum space has the form

el +vpo - p

GRA(e 5) = . 2.15

The Green’s functions have a matrix structure inherited from the Hamilton operator. An appropriate
way to deal with the system is to rotate it into its eigenbasis. The two eigenstates one obtains this
way correspond to the two chiral states of the system. If the direction of the momentum is fixed
the two chiralities correspond to the lower or upper branch of the conic spectrum (particle and hole).
Alternatively one can introduce the projection operators that distinguish between the two chiral states:

1+0-7

PL(p) = 5 (2.16)

where 7, = p/p is the unit vector in the direction of momentum. With the help of Eq. (2.16) the
matrix Green’s function, Eq. (2.15), can be decomposed into the superposition of the two Green’s
functions corresponding to the states with + and — chiralities

G (e.9) = PG (e.5) + P-@)GE (e.5) (2.17)
where 1
G4 (6a17> = 0¥ vpp (2.18)

*
and G@“i (e, ﬁ) = |Gl (6, ]5’)} . For later purposes we will need the quasi-particle spectral weight

™

Ao(ess) = 5 |G (e5) = Gt (e.5)| =~ (et + vror ) 3(e — vem) + de 4 vem)] . (219

2¢

Using the projection operators, we decompose the spectral weight as follows:

Ao(e,p) = P1(p) Aot (e, ) + P-(p)Ao-(€, D), (2.20)
Aos(e,p) = —7d(e Fvpp). (2.21)
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It is worth noting that for Dirac particles, the spectral weight Ag(e, p) is not given by the imaginary
part of the Green’s function G (e,ﬁ), because the latter contains the Pauli matrix o,. However,

within each chirality the conventional relation holds: Ag+ (e, p) = Im GE, (e, ﬁ) .

The interaction is treated by performing a Hubbard-Stratonovich transformation. After this the
Hamiltonian reads:

B =3[ 6l(7) (~ivre ¥+ 009) B () + [ o) D5 (007 (2.22)

The momentum space representation of the propagator of the Hubbard-Stratonovich field is given by:

2T,V
Do(q) = —2—=, (2.23)
which is of course just the Fourier-transformed Coulomb interaction (the 2d Fourier transformation of
the 3d interaction agvp /7).

2.4 The Keldysh Formulation

. non-equilibrium may be a source of order. Irreversible processes may lead to a new type
of dynamic states of matter which I have called “dissipative structures”
Prigogine, Nobel Lecture

Non-equilibrium setups turn out to extend the richness of physical systems enormously, which itself
makes it worth being able to describe them. At first glance it may seem unnecessary for our purpose
to make the effort of dealing with a more complicated formalism since for Chap. 3 and 4 we deal only
with equilibrium setups. But as we will see later in this work, when we start investigating transport
phenomena in graphene, having a theory capable of dealing with non-equilibrium setups is quite useful.

The QFT we have introduced so far is a zero temperature QFT since we were operating on pure
ground states without taking any thermodynamics into account. The way we will incorporate ther-
modynamics is general enough to account for non-equilibrium situations as well as equilibrium and is
usually referred to as Keldysh formalism [48]. While there are easier ways to take thermodynamics
into account as long as one limits oneself to equilibrium physics, and while that is what we will mainly
consider, there is a big advantage in choosing the more powerful but slightly complicated Keldysh
formalism, namely the natural extension of the latter towards quantum kinetic equations. Even within
the diagrammatic equilibrium calculations we will hence use the Keldysh formalism. This will allow
us to compare the diagrammatic and the quantum kinetic equation points of view in a particularly
transparent way.

The complexity that appears when dealing with the more general non-equilibrium case is well covered
in the corresponding literature [49, 50] and will not be explained within this work. We will only briefly
sketch some of the details, mainly to provide the notation, since a more profound explanation is beyond
the scope of this work. Still we will try to briefly motivate the appearance of the additional complexity
when possible.

2.4.1 Keldysh Objects

A very intuitive way to gain some insights into the Keldysh formalism is to use the field integral
representation of the QFT. Within this representation we consider the following:

14
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The action involves an integration over time. So one considers the time evolution of the model from
a thermodynamic state at t_., = —oo up to the state at tooc = oo in the distant future. Since we do
not know about the state in the distant future, unless we have a constraint like the system being in
equilibrium or the adiabatic limit, we will subsequently evolve the system back to t_,,. Thus, the total
time evolution operator from t_., to t_ Vvia ts is the unity operator. Nevertheless by causing artificial
changes in this time evolution (source fields) one captures the physics that governs even non-equilibrium
setups. By referring to the field evolving from t_., to t as ¥i-field and respectively o-field for the
opposite case, we explicitly see the connection to the previously introduced field theory and gaining
the perception that the price of dealing with non-equilibrium setups is paid by an additional structure
in the fields. The dynamics will involve both of the fields, which is a consequence of not specifying the
state we are evolving to.

Using the idea of two fields living on different time branches we can write the partition sum as

7= [ Dl e, (2.24)
where the action is given by
S(1h, 1)) /dz:dx > i (z, 2" ), (x /dx Vi (z)r (z) — ‘/'2152(5”)102(33» (2.25)
ez
j€

In comparison to the previously introduced field theory the fields now have an additional Keldysh
structure, since we have to differentiate between the forward and backward time evolution. Therefore
the Green’s functions now gain an additional matrix structure due to the Keldysh formalism. That
said, the separation in 7 and 9 according to the parts of the time contour turns out not to be the
most convenient form.

The Keldysh Rotation

A proper analysis of the causal structure of the formalism unveils[49, 50] that the condition Giy +
G__ — é+_ — é_+ = 0 is fulfilled as long as we are not dealing with an acausal operator like in full
counting statistics. Since for Fermions the field operators 1) and 1 are two independent fields we can
transform them individually following the transformation rules of Larkin and Ovchinnikov [51]. Within
this transformation the correlators read

R / K /
— i (i) (1) = Gy(t, 1) = (G (Ot,t) CGJAE::;))) . (2.26)
’ ab

This rotation induces a rotation for the source field as well. It transforms such that V) = (V1 +V5)

and as a consequence V = 1V +0XV, holds. The Coulomb interaction that is decoupled mto Hubbard-
Stratonovich fields acquires in the very same way its Keldysh structure one obtains,

. 1 _
b= (¥ P} =2 prtp2 o192 (2.27)
$q  Pe 2\p1—p2 p1+ 2
Within these rotated forms we gain the propagators by
i R _toa
(eepa) = 5D% (eape) = 5D%, (2.28)
I K
<‘Pc§0c> = §D > <Q0q§0q> =0 (2.29)
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With these objects we are now well equipped to perform diagrammatics.

The Keldysh Formalism in Equilibrium

If one approaches the equilibrium state there is a crucial simplification of the formalism since the
Keldysh Green’s function is known due to the fluctuation dissipation theorem and given by

Gl (e.5) = £(0 [G{i (c.5) - G (e ﬁ)} — 2if(e) Aole, ), (2.30)

where the fermionic thermal factor is given by f(e¢) = tanh (e/ 2T ) In the equilibrium situation the

Keldysh component DX of the interaction propagator satisfies
DX (w, (j’) = 2ig(w) Ap (w, (j’) ) (2.31)

with g(w) = coth(w/2T).

The Self-energy and Polarization in Keldysh Formalism

Within the first part of this work we will mainly use the quantum field theoretical description. Two
objects will be dominating the discussions. The first of these objects is the self-energy, which is
physically related to the interaction induced reaction of the particles’ propagation properties. Self-
energy can renormalize the velocity and can create a finite lifetime in the sense that interaction induced
scattering processes are likely enough to allow the particle to escape its (almost eigen-) state. To
investigate the influence of Coulomb interaction on electronic transport in graphene it is crucial to
calculate the self-energy. Again we will keep the discussion brief since the self-energy is a common
object in QFT and its general properties and definitions are well explained in literature [39, 45-47, 50].

The full Keldysh Green’s function for Eq. (2.14) is, due to the Dyson series, expressed through Go

G =(Go- 2)71 (2.32)

where ¥ is the full self-energy. In the lowest order in the fully dressed propagator of Coulomb interaction
D the retarded self-energy is given by

o = (DX oG + Do G ) (2.33)

i
2
where the symbol o denotes the operator product which within the integral representation translates
into integration over all internal energies and momenta (see Eq. (A.2) for details of its derivation). In

equilibrium this equation will be simplified due to equations (2.30) and (2.31) such that the spectral
weight of the self-energy is given by

n -5 == [(f +9) Im DF] o (GR - G*). (2.34)
Splitting the self-energy into the chiral basis we obtain,

ImSf = Im SF £ Im S = — Im DR(f + g) o Tr [APL], (2.35)
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Figure 2.4: Left: is the diagram we refer to as the Golden Rule level diagram. In App. A.2.1
it is explicitly shown how this diagram relates to the Golden Rule process illustrated
on the right side of this figure. Alternatively one can consider the imaginary part
of this diagram, which via the optical theorem relates the right panel. Right: The
illustration of the Golden Rule process. This corresponds to the matriz element | Mg|?
of collisions.

with
1
mxf = —ilmDR(f—kg)oTrA, (2.36)
1
mxf = 7§ImDR(f+g)OTI'AO"ﬁp. (2.37)

Clearly, the bare Coulomb interaction (whose propagator is purely real) does not yield an imaginary
part of the self-energy, so that one has to take into account retardation effects. Hence the analo-
gous procedure of defining the self-energy should be applied to take into account the response of the
electronic system onto the interaction. The lowest order response is the polarization operator. If one
continues to resum the interaction contributions using only the polarization operator contributions one
obtains the random phase approximation (RPA). The screened Coulomb interaction in RPA takes the

form
Do(q)
1+ Do (g) NTIR (w, q)

Dffpa (wa @) = (2.38)
where NNV is the number of flavors. Below we will also consider the interaction propagator at the Golden
Rule (GR) level (see Fig. 2.4) which corresponds to expanding Eq. (2.38) to the second order in Dy
(including only a single polarization operator),

Dfp (w,q) = D (g) NI (w,q) . (2.39)

The lowest order of interaction (Dy purely) does not affect the system except due to a RG contribution
(see Sec. 3.1.1). The dynamical screening in Eq. (2.38) is expressed through the bare polarization
operator (see Eq. (A.4))

e = %Tr(GOR o GE + G 0 GY). (2.40)

2.5 The Kinetic Equations

Until now we have used the very elegant formulation in terms of a quantum field theory, where we have
quoted Dirac as one of the founders. The technique we will focus on in the following section seems to
be as different as the views of its founders seem to be:
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Elegance should be left to shoemakers and tailors
L. Boltzmann, reported by Arnold Berliner. Die Naturwissenschaften

The Boltzmann equation is a quite pragmatic way to deal with a many-particle system, since its
properties are basically completely absorbed into a probability distribution in an effectively single-
particle phase space. The system’s dynamics are completely governed by operators acting on the
Boltzmann distribution.

The Keldysh formalism from the previous Sec. 2.4 enables us to connect the field theoretical de-
scription with the rather old technique of the Boltzmann equation. Since the Boltzmann equation is
a purely classical theory without the knowledge of quantum uncertainty there must be a deep sepa-
ration we have to overcome. The Keldysh objects like the electronic propagators follow the rule of
quantum mechanics to have a real space representation and a momentum space representation. They
cannot have both (as long as coordinate and momenta are conjugated variables). A way to achieve a
compromise is the Wigner transformation.

The prerequisite is to introduce relative and center of mass coordinates:

R= %(fl +E)  F=d - (2.41)
T = %(tl + tQ) t=11 —to (2.42)
X=(RBT) a=(nt). (2.43)

Now the idea is that, since the relevant scale for quantum mechanics is usually the small scale on
which the quantum fluctuations live on, we will use the relative coordinates as “quantum coordinates”
whereas the center of mass coordinates take on the role of classical coordinates. If so, momentum and

energy p = (E , 13') are well defined even in the presence of the real space coordinates X. So in principle

one can handle functions h(X,p) but it is quite important to remember that (X, p) is not an element
of the classical phase-space! We proceed by defining the Wigner transformed Greens function:

G(X,p) = /dxe_”"pG(X—i—x/ZX —x/2) : (2.44)

With the help of this representation we manage now to have a language to draw the connection between
the Keldysh formalism and the Boltzmann equation.

2.5.1 Derivation of the Kinetic Equation

The derivation of the kinetic equation can be found in the literature [49, 50, 52]. Since it is an involved
derivation with critical assumptions made and since we are using both techniques to gain insights into
the model, we will briefly sketch the derivation following the notation of Rammer and Smith [49].

The starting point to do so is the Dyson series, which, within a general operator formulation, can
be expressed as

G=Go+GooSol = (Gy'=D)olG=1 =[G'-3:¢|=0 (2.45)
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The kinetic equation we are going to formulate is one for fermions, which means we will use the
fermionic Keldysh structure. Then the Keldysh component of the Dyson series forms:

Gyt =SB o GK — GK o (Gg1 — 24 +GRonK K oG4 =0 (2.46)

i{SKAq }-[253Re]

[(GgLRE)?GK] —i{ AsSGK }

Using the short notation of Rammer and Smith [49], namely 2Rp = OF + 04 and 2i4p = OF — 04
(O is any operator). We further use the convention [, | for the commutator and { , } for the anti-
commutator. In these terms the last equation reads:

[(Go" = Ry) 5G] =i {AssGH )+ {25040} — [2F9Re| = 0. (2.47)
\—,,/_/
Gyt
The operator Ga ! here is the renormalized operator we will use for brevity from now on.

We consider all appearing Greens functions to be Wigner transformed, which is why the convolution
of operators is more complicated than it looks at first glance. For any operators A, B the convolution

can be rewritten as:

i aAaB_aAaB
(Ao B)(X,p) = eQ( e X>A(X,p)B(X,p) (2.48)
the notation for derivatives acting on A is given by 6}4} = (—8T,V ﬁ) for real space and analog

8;,4 = (—8E,V];) for the momentum space, whereas the product is given with an additional sign

8;}8;,4 = —0r0g + V3V5. The complexity of Eq. (2.48) is due to the strong non-locality generally
generated by integrating over internal variables. If the spacial and temporal length scales (0xO) the
operators come with are much larger than the scale of the quantum effects (9,0), one can do a “local
approximation” (i.e. dx00,0 < 1) which reduces Eq. (2.48) to

o ~ i A B A B
{AsB} ~ AB+ BA+ 3 ([aXA, opB| - 0,4, aXBD : (2.49)
[43B| ~ AB — BA + ;({ag‘;A, 0B} —{0;4, a%}) . (2.50)
Considering the first commutator in Eq. (2.47) and doing the local approximation we obtain:
(G sG" | = Gyl - GRGgt + ;({axégl, G} —{0,G5 ", aXGK}) . (2.51)

The last equation unveils a problem that can appear when the Green’s functions have additional matrix
structure, namely that the leading contribution in the expansion of Eq. (2.51) does not vanish. At this
point we have to put some details about graphene into the derivation since otherwise we would need
to deal with Wigner lines, some more complicated objects that appear in the presence of non-Abelian
gauge fields [53], for example. It is the fact that within the chiral basis the Hamiltonian becomes
diagonal that will help us to treat this problem.

The Chiral Basis

In Sec. 2.3 we showed the simplification of the formalism by using a chiral basis. This means that
since we can write our objects as:

G=P,G,+P_G_. and =P, %, +P_%_, (2.52)
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we have already a clear splitting into the chiral objects. To establish a complete chiral structure we
explicitly rotate into the chiral basis by usage of: (7, = p/p):

1 [eif/2+in/4  ,—ib/2+in/4 »
. i S, .
Up = 2 \ it/2in/a _gibj2-in/a with e = (7p)z + i(7ip)y. (2.53)
The rotation U can be understood more easily by looking at the way they act on the Pauli matrices

UsaU' = 0.Mpd — 04 (7l X @) Uo,U" = —0y. (2.54)

Applying the rotation now yields:

UGUt = (%* GO ) and UXU' = <E+ 0 ) : (2.55)

The Kinetic Equation in the Chiral Basis

Eq. (2.51) considerably simplifies after the rotation with U given in Eq. (2.53), indicating that the
chiral basis is the natural basis to treat this problem.

U|Gy G| Ut = UG UTUGR U UGRUTU G U +;U({8XG(;1, G —{ap(;gl,aXGK}> Ut

=0-1 ~0

= —5{UaGy " oxUTUGKUT} = L{U(0r + 5roVR). UTUGKUT

—

=14 |0 + ﬁpazﬁpVR + 17F0'x(ﬁp X VR)} UGKyt (2.56)
Here o is the renormalized velocity that originates from @6 ! The most significant changes are due
to the cancellation that becomes transparent within the diagonal basis, another simplification is that
we assume that the inverse bare Green’s function does not depend on the spatial coordinates X and
hence its derivative disappears. The full kinetic equation now appears as a matrix equation of the
following form:

(aTwFﬁpvR —Opily X vR> (Gf 0 ) .y (Ame 0 ) .y <2§AG+ 0 >
—dpity x VR Or —opi,Ve) \ 0 GE| ™ 0 As_GE 0 SEAq- )

(2.57)
Focusing on the diagonal parts only and using the notation v € {41, —1} for the chirality, one obtains:

(0r +70r, Vi) GX =2 (A5, G ~ 55 A, ). (2.58)

A form more closely resembling the Boltzmann equation can be obtained by assuming A, to be a
peaked function, which close to equilibrium gives rise to fo = 2if,A,. From a conceptual level
this is a crucial step since with this assumption one deals with well defined quasi-particles. These
quasi-particles are fully described by a distribution function that solves a equation like the Boltzmann
equation. By integration over € Eq. (2.58) reduces to

LS = (0r +7orityVa) f95 =i (SX - 2if95 A5, ) = —St[f], (2.59)
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where f?s is the distribution function taken on the mass shell (On Shell). In this fashion the equation is
very close to the Boltzmann equation [54] L f = —St[f] but one should note that although f is a function
of ¥ and p’ simultaneously it is not quite a Boltzmann function since f is not a probability measure
of the phase space. The distribution function f is called a Wigner quasi-probability distribution. We
therefore use the term kinetic equation instead of Boltzmann equation.

Since in equilibrium the distribution function used within the Keldysh formalism is the symmetrised
Fermi distribution we may as well write the equation in the unsymmetriesed form. This is not only for
transparency reasons but also serves to make the connection to the Boltzmann equation more explicit.
Hence we use f(e) = 1 —2n(e) where in equilibrium we recover the Fermi distribution np. The kinetic
equation reads in the abstract manner introduced above:

Ln = _IColl [n] (2.60)

We use for brevity Ln = L f?s and Icon[n] = St[f]. In Appendix A it is explicitly shown how to obtain
the collision kernel Eq. (A.17) from the formulation in terms of Green’s functions Eq.(A.7). Thus, this
appendix provides valuable insights into the connection of quantum field theory and kinetic equation.

The Berry Phase and Coupling to External Fields

We assumed in the previous section that the bare Green’s function does not contain external fields,
which involve center of mass coordinates. Hence we used dxG{ L' — 0 for a good reason. But let us
now assume to have an external electric field in a gauge invariant form E = —Vo¢ — A, So using
Eq. (2.56) we can follow each step as before except for the one previously mentioned, where we used
oxGy ' — 0. For this part we need to be more careful, so that when using the Green’s function

Galz(e—gb)]l—c?(ﬁ—ff) one reads

UdxGy'0,GR Ut = U (=~ VoV, G — GorA0.G") U (2.61)

Now we need to remind ourselves that the rotation U is momentum dependent. The contribution
coming with the vector potential does not involve derivatives with respect to p'and is therefore relatively
straightforward. The contribution involving the scalar potential is more complicated since it leads to
additional terms that involve the rotation U (since UGKUT = foiag, see Eq. (2.55)):

U (VG5 ) U = U (VUTGEU) U = VGl + U (VUT) Gl + Gl (VoU) UT. (262)

Berry phase contribution

With the help of Eq. (2.53) we see that V,U, = i/2U,0,V 0, which simplifies the above expression to:
1 1
U (VoG5) U = VG + 5Vt [0y, g | = VGl — 5 Vb0 (¢ —ax), (2.63)

where V,0 = (nz X np) 1/p comes with the part we refer to as the Berry phase contribution (adiabatic
change of the rotation U).

We see that as in the previous case we get contributions to the Liouvillian that are off-diagonal. But
since the collision kernel is purely diagonal there will be no relaxation of those processes meaning that
they correspond to constraints the system obeys.
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Another interesting point one should mention follows from Eq. (2.59), which is the observation that
VUi, = U, which suggests one, to consider n as a function of € and ¢’ obtaining:

Ln = (BT + UVR+ 651786) n = _ICoH[n]- (2.64)

It is worth noting that in the case of allowing a local equilibrium (7)) = p+7Vju and T(7) = T+7VT,
whereupon the corresponding gradients have to be smooth on the scale of the collision integrals, one
can deal with temperature gradients as well. In cases where this holds not true one has to be more
careful taking the temperature gradients into account. A Possible way of doing so is with the help of
an artificial local gravitational field as initially introduced by Luttinger in Ref. [55]. Further details
on the effects on the kinetic equation can be found in Ref. [56].

2.5.2 The Hydrodynamic Equations

Starting from the kinetic equation which resides in the quasi-classical world we might consider going
one step further towards a purely classical description of the system. Such a description is given by
the hydrodynamic equations which will serve us by expressing the phenomena of transport in simple
physical terms. Within this section we will consider the example of the parabolic Fermi liquid case to
express the basic ideas and to get familiar with the concept. A more detailed discussion on the subject
can be found in Ref. [57, 58].

The Conserved Fields

Using the kinetic equation of a system we can, given that the scattering length of the collision integral
is short enough, derive the hydrodynamic equation. This means that we started with a non-equilibrium
field theory to derive the distribution function of quasi-classical quasi-particles to regain a classical
field theory describing a liquid of those quasi-particles. There is one crucial precondition that has to
be fulfilled, namely that the system of quasi-particles has to be dominated by interactions between
the quasi-particles in order to resemble the characteristics of a liquid and not of a gas. This is exactly
translated into the condition that the scattering length of the collision integral is short enough, since
it provides the ultraviolet cutoff of a corresponding classical field theory.

The way to proceed towards the hydrodynamic equation is by defining the hydrodynamic objects
which in general read:

U(R,T) = (¥(R,T)) = ;/(gzz;lw(ﬁ, T, p)n(R, T, p). (2.65)

In such an abstract formulation, the density p, for example, is given by:

d"p
(2m)"

Surely this seems to be very general but one easily recognizes that the velocity field @ for a parabolic
Fermi liquid is for example given by the replacement w(R, T,p) — p/m. By this construction the
current is given by ](ﬁ, T)= ep(ﬁ, T)ﬁ(é, T).

To gain the hydrodynamic equations we have to integrate out the quantum variables we constructed
originally as relative coordinates for the Wigner transformation.

p(R.T) = / n(B, T, 7). (2.66)
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For example:

/ (;Zgjn (8T +0(p)Vr + eEVp) n(R,T,p) = drp(R,T) + Vg (p(ﬁf7 T)%(R, T)) —0

_ [ 4
_ / St (2.67)

where we have used that the boundary term coming from Vpn(ﬁ, T, p) disappears at infinity as well as
the fact that the integration over the collision integral vanishes, due to a symmetry all collision kernels
have provided they conserve the particle number.

This way we managed to obtain the continuity equation, one of the fundamental equations of hy-
drodynamics. To derive the equation of motion we need to introduce the pressure tensor measuring
the velocity variation locally.

Pas = [ ot (79 = #(R.T)) (59 ~ (A1) (R 7.9
— —pidais + / ggﬁ@)aﬁ(mﬂn(ﬁ, T.5) (2.68)

The next step is to multiply the kinetic equation by p, leading to:

d*p . - —
/ (275”]9 (8T +U(p)Vr + eEVp) n(R, T, D)

5 L = S5 0 d"p . o
= moy (pUR.DVE.T)) + eEplBT) 4 oo [ Sl a(5)uiP)on(R.7.5)

. . L ) )
= mor (p(B, T)a(R,T)) + cEp(R, T) + m (pitatis) + mFas = 0. (2:69)

(07

The integral over the collision kernel gives zero again, since the total conservation of momentum
requires it. The above equation can be simplified by usage of the continuity equation to obtain:

e -
p (aTm S+ (WR)@) +VRP =0, (2.70)
We have used particle and momentum conservation to gain hydrodynamic equations that avoid in-
volving the collision integral. In fact there is one more fundamental conservation law calling for yet

another hydrodynamic equation. Multiplying the equation with p?/(2m) one easily recognizes that
the collision kernel disappears due to energy conservation. Including the liquid’s temperature as

m/2([5(p) — AR, T)]") = m/2Tx(P) = n/2p(R, T)T(R,T) (2.71)

(to reduce confusion we distinguish the center of mass time 7" and the temperature 7 in this chapter)
and introducing the heat current given by

qR.T) = m/2([6) — a(R,7)]" [v5) - a(R,T)]). (2.72)
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one reads:

dn 2 . . .
/ (2;))” 2pim <8T +9(p)Vr + eEVp) n(R,T,p)

n 1 n m E
= Or | 5T + 2mpﬁ21 + Vg {q@ mPi+ 5 pTi = < piil| = jE =0 (2.73)

with the current as defined in the beginning of this section.

The hydrodynamic equations we derived here are those related to conservation laws. In fact, it is also
possible to define hydrodynamic equations for non-conserved quantities at the cost that the collision
integral does not vanish, making the situation more complicated. In principle the collision kernel could
create interactions with other hydrodynamic fields and, in the worst case that the quantity cannot be
described by hydrodynamic equations, it would call for an infinite hierarchy of equations. This point
is relevant as momentum conservation does not lead to current conservation in graphene, putting us
in the position where we must necessarily deal with the collision kernel.

The Navier Stokes Equation

Having derived the hydrodynamic equations for the conserved quantities like density, momentum (ve-
locity) and energy it appears that the objects we have needed to do so have not yet yielded a defining
hydrodynamic equation. Hence we need to gain equations for the stress tensor (2.68) and the heat
current (2.72). If one uses the Fermi liquid distribution in local equilibrium it turns out that Eq. (2.68)
becomes P,3 = do3p7T /m in the same way Eq. (2.72) becomes ¢ = 0. Additionally, the temperature
field T(ﬁ, T') is constant since we are in equilibrium. The equations we arrive at using these constraints
on the hydrodynamic equations ((2.67), (2.70) and (2.73)) are the Euler equations,

= 1

Orp+ Vg (,017) =0, p <8T2_[+ %E + (UVR)ﬁ) + EVR (pT) =0, (2.74)
1 2 S

or [Zp'r%- impﬁz + Vg %/ﬂ'ﬁ— leﬁzﬁ] —jE=0. (2.75)

Still we want to do better and allow for non-equilibrium contributions within the stress tensor
and the heat current. We therefore expand the distribution function in small variations around the
local equilibrium (n = np — %’Zh) obtaining a linearized kinetic equation. We will assume to have
solved the linearized kinetic equation. This means that we have a set of functions h corresponding to
different modes solving the kinetic equation. The pressure tensor and heat current then gain corrections
(Pag = PYg + 0Pag and ¢ = ¢° + 6¢) due to:

§Pag = / (;an (v-4a), (7-1), 8(';:11 07 = / é;ﬁl (5 a)’ agfh (2.76)

In Fermi liquid systems it turns out that the pressure tensor and the heat current can be, up to some
constants, mapped back to the hydrodynamic fields determined by the Euler equations. One then gets
(see Ref. [57, 58] for further details):

1
Pog = 0appT /m —n [2 (V%ﬁ’g + V%ﬁa) — VRQ_MM] qd=krVT, (2.77)
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where 7 is the viscosity of the system. With these additional equations one obtains the Navier-Stokes
equation (see [57, 58]). Calling p = p7 /m the local pressure we can rewrite the equation of motion,
arriving at:

p(0ri+ SE+ (@Va)) + Vip =} [Ani~ Vi(Vai)]. (2.78)

with the viscosity n appearing as the part responsible for the non-local contributions (higher order
derivatives). Since solving the kinetic equation is usually a rather difficult task, there are several
ways to perform a controlled expansion such as the Chapman-Enskog expansion (development) that
corresponds to a systematic expansion in the distribution function in such a way that the number of
modes one needs to solve the linearized kinetic equation for is reduced. This way one can also go
beyond the Navier-Stokes-equation towards Burnett equations and further. Since we will solve the
kinetic equation for graphene anyway, a detailed discussion of the Chapman-Enskog expansion is not
necessary. We refer to the literature [52, 57] for further details.

One might get an impression that in the equations above we have never used the constraint that the
length scale the hydrodynamic fields live on need to be much larger than the scattering length defined
by the collision kernel. Of course this impression would be wrong, since the constraint has been used.
The pressure tensor and the heat current will call for an infinite hierarchy of hydrodynamic equations
if one tries to approach the ultra violet cut-off. This is because the distribution function depends
on momentum in contrast to the hydrodynamic fields, to overcome the problem of fewer degrees of
freedom the hydrodynamic formulation needs more (infinity many) fields. The scattering length comes
into play since pressure tensor and the heat current know about this length scale. The exact details
may differ strongly with the system one considers, which is why we refer again to Ref. [57].

Having introduced all the necessary methods and having introduced the system we are going to look
at, we will now proceed with the discussion of the previous work on Coulomb interaction in graphene.
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Chapter 3

Coulomb Interaction in Graphene:
Previous Analysis

How quick are we to learn, that is, to imitate what others have done or thought before. And
how slow to understand, that is, to see the deeper connections. Slowest of all, however, are
we in inventing new connections or even applying old ideas in a new field.

Frits Zernike, Nobel lecture

Now that the basics of the system we are dealing with and our formulation of it have been introduced
we will try to gain some basic insights into the problem itself. To do so we will follow some of the
calculations that have been done previously and will try to conclude on how to best deal with the
problem.

3.1 Coulomb Interaction in Graphene at Zero Temperature

Most previous studies of the Coulomb interaction have, for simplicity, been done at zero temperature.
Following their line of arguments, within the established formulation for this work, we will investigate
the system and discuss the problems that have arisen in previous considerations, and towards the end
of this chapter we will argue why the problem in general is so tough.

3.1.1 Renormalization Group Analysis

The first insights into the system will be gained by a renormalization group analysis. The main
purpose here is to understand how the system behaves on different scales. There have been more
involved studies [42, 59] about the RG flow behaves in graphene but for the physics we want to discuss
it is enough to look only at the leading order. In previous studies [60] it has been shown that in the
leading order the theory is renormalizable and that the electrical charge is not at all renormalized for
which reason we will look at the velocity renormalization only.

The Objects to Renormalize

We start by defining the objects we will renormalize by decomposing the retarded self-energy into two

terms:
YR =M+ 38 7, (3.1)
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The real parts of ¥ and X2 give rise to the corrections to the energy and Fermi velocity, respectively:

de = —ReXE(e,p), (3.2)
dvp = ReXE(e,7)/p. (3.3)
In order to fix the unrenormalized energy, we introduced the Z factor
ReXF
Zep) =1 - 226D (3.4)

€

so that € — Re X% (e, p) = Z(¢,p)e. The renormalized Fermi velocity then takes the form

Re Bff
vh = vpZe,p) |14+ o (E’@] . (3.5)
UFp
Using Egs. (3.4) and (3.5), we write the retarded Green’s function as
-1
ZIm ©f
G"(e,p) = 2 | (e~ iZmBI)1 — (up + Z?) o5l (3.6)

where the imaginary parts are given by Eq. (2.37).

Note that in this representation the velocity acquires a non-zero imaginary part. This is a manifes-
tation of the fact that within the chiral basis the self-energy is diagonal, as the Green’s function, which
therefore induces the usual imaginary part that can be interpreted as the lifetime of the chiral states.

The most singular terms in the renormalized velocity v}, coupling constant ay = e2 /evi, and the
Z-factor can be summed up by means of the renormalization group approach [60].

The Renormalization Group Approach

The lowest order of relevant contributions to the self-energy is the Fock diagram or exchange term. The
self-energy, as given by Eq. (2.33), can be simplified for the case of a bare interaction (D = Dy = DA
hence DX = 0), zero temperature and considering energies close to the Dirac point (f =0 sign(e))
such that we obtain:

./d2ﬁ1 dey

%0 (el’ﬁl> T (2m)? ) 27

Dy (ﬁl - 172) Go (62,172) : (3.7)
In RG terms we are now in the situation that po and es are the corresponding "fast“ fields whereas

p1 and €; are the "slow® ones. The object we are particularly interested in is dvp given in Eq. (3.3).
Hence we project onto the part that is proportional to op, which yields:

. 1
ovp (Elvpl) = QTD%Tr {Uﬁzo}
_agupT / d*py  [dey P1D2 .
P1 JAi<oppe<nn(2m)2 ) 21 pipa|pi — Dol

) (5(62 —vpp2) + 0(€a + vaz))

Ay

P1<p2 QgUR @ _ aguR In Ao (3.8)
4 A <vppa<A2z D2 4 .
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Since this was a perturbative calculation it is of course only valid as long as the coupling strength
is small enough, oy < 1. For the renormalized quantities at the energy scale A1 = € we get (Ay = A):

A
vi(e) = wp <1+O:191n6>, (3.9)
* ag
af(e) = —9 3.10
g() 1+%ln% ( )

Here A is the ultraviolet energy cutoff (bandwidth) and the on-shell relation between € and p is
assumed. At finite temperature 7' the renormalization stops at max|e, T']. In lowest order the RG flow
equation from Ref. [42] appears to read:

dIn(E,)

2 2
dIn(Z) _%’ day :&' (3.11)
6 dIn(E.) 2
Hence we can determine the flow of the quasi-particle weight as a function of the coupling strength,

which yields:

1 X 1 agln% ay )
2(e) = exp{3 [ag - ag(e)}} = exp {HH—CZ’ID? >1-— 1o + O(ay) ~ 1.

For energies below T' (which we will focus on below) the renormalized velocity and the Z-factor are
independent of energy. Since for oy < 1 the corrections to unity in the renormalized Z-factor are
parametrically small, in what follows we set Z = 1.

As an important consequence we see from Eq. (3.9) that for small energies close to the Dirac point the
correction to the velocity is such that it increases. Of course it cannot increase arbitrarily since at some
point our approximation that the Coulomb interaction is much faster than the Fermi velocity breaks
down. At that point we would need to consider a proper QED treatment, where we can already a priori
say that the particle velocity is not renormalized towards faster velocities forever. This consideration
is of course purely academic, but emphasizes that the theory itself is not contradictory. The most
important point in this observation is that for low enough energies the coupling strength o, decreases.
So if a perturbative treatment is possible in the very beginning its applicability can only become better
when approaching lower energies.

Further detail about where the model can flow towards and what the relevant scales would be can
be found within the Ref. [59].

Knowing the rough behavior of the model under the changing of scales we will now try to gain
insights into the processes that happens in graphene in the presence of Coulomb interaction. To do so
we will analyze graphene’s ability to polarize.

3.1.2 The Polarization-Operator

The polarization operator contains the information of the system’s response to interaction. We defined
the polarization operator in Eq. (2.40). Transforming it into the energy and momentum basis one
finds:

(,7) = —/(;i])’z ;if(e)Tr{A()(e,ﬁ) « [G(If(e—i—w,ﬁ—i—(j) + G e—wi- q’)]} (3.12)
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where G(If A are bare Green’s functions, Eq. (2.15). The momentum integrals that appear in this
expression can be conveniently evaluated using elliptic coordinates as described in Appendix B.1.
In the zero temperature limit, Eq. (B.1) simplifies and leads to

1 q2
16 v%q2 — (w +10)2

7w, q) = (3.13)

Taking the imaginary part of the polarization operator, Eq. (3.13), yields the well-known expression:[60]

¢>signw

I 117 (w, §) = % Re (3.14)

w? — vig?
One can see that the imaginary part of the polarization operator is non-vanishing only if w > vpg and
shows a divergence at the “light cone” w = vpq.

To understand the vanishing of the imaginary part of the polarization operator at w < vggq, it is
instructive to analyze [61, 62] the kinematic restrictions for elementary processes. It is easy to see that

an on-shell electron-hole pair can be created if (left panel of Fig. 3.1)
w > vEq. (3.15)

To see this more properly one should look at the kinematics, meaning that we consider a real process
(on the mass-shell) with a transferred energy w such that €; — e2 = w and momentum transfer ¢ such
that p1 — p2 = ¢. When using these constrains one needs to remember, that for electron-hole creation
the signs of the energies need to be different (sign (e1) + sign (e2) = 0), one obtains:

202 p1p2 (1 +cos( [ﬁl,ﬁzm —w? - e, (3.16)

which clearly shows the condition from Eq. (3.15).
This should be contrasted to the energy and momentum conservation of on-shell electron-electron
scattering processes, whose kinematics unveil (right panel of Fig. 3.1)

20Fp1p2 (1 — cos <<i [ﬁhﬁg])) = viq’ —w?, (3.17)

which implies the condition
w < Upg. (3.18)

Thus, if we restrict our consideration to on-shell particles, electron-electron scattering processes only
create electron-hole pairs under the condition w = vpq, when Im IT diverges. As follows from Eq. (3.17),
scattering processes that satisfy w = vpq correspond to forward scattering with < [pl, pz] =0.

From Egs. (2.39) and (3.13) we obtain the golden rule (GR) (see Fig. 2.4) interaction propagator at
zero 1T’

N (2magvp)?
16 /1242 — (w +i0)2

DgR(wa q)

2 2.2 .
(8] W VLT S1enw
F g
J Re

Im DgR(w,q) = — 1

w? — v%qQ.
(3.19)
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Figure 3.1: Schematics of electron-hole (e-h) creation (left panel) vs electron-electron (e-e) scat-
tering (right panel) near the Dirac point for i = 0. The hole-hole scattering processes
are analogous to those shown in the right panel. We set vp = 1 for brevity. In both
panels the possible transferred momenta satisfy |a —b| < |q] < a+b (only the extreme
cases of minimal and maximal q are shown). For e-h creation w = a + b, so that
w > qup, whereas for e-e scattering the kinematic restrictions yield w = a — b < qup.

After the RPA resummation [plugging in Eq. (3.13) into Eq. (2.38)], the imaginary part of the zero-T'

interaction propagator takes the form
2772 -2 g /)2 _ 32 2
a?Nvan?  signwRe/w?® — viq
g L F r (3.20)

4 22 (1—”—2042]\72).

ImDI}%PA(wa(J) - -
3279

It is seen that the divergence at w = vpq that occurred in the golden rule interaction propagator,
Eq. (3.19), is now eliminated. Moreover, the imaginary part of the propagator is zero at the light cone
w = vpq. Therefore, the forward scattering divergence that arises on the golden rule level disappears
within RPA, yielding a zero scattering rate on the RPA level. This is a manifestation of a highly
singular character of the zero-temperature problem. We will show that the singular behavior can be
controlled by considering a finite temperature allowing for an unambiguous treatment of the system
even at zero temperature by considering the limit 7" — 0. Otherwise RPA is only justified within a
large N treatment.

General Kinematic Details

One might think that if one considers the relaxation of particles by excitation of more particles the
constraints given by Eq. (3.15) and (3.18) may wash out. This is not the case. To understand this
more properly we consider an arbitrary transferred momentum that similarly to Eq. (3.16) and (3.17)
fulfills:

2
@ = (]5; —;5}) =% (622 + efc — 2sign(ejef)eiey cos(gbif)) = vpw? + 20keies (1 — sign(e;er) cos(d)if))
(3.21)
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The relation between w and ¢ in general reads:

2 2
4% < (3.22)
2¢i€y

incorporating both of above discussed limits into one equation.

Figure 3.2: [llustration of relazation of a hot electron via excitation of many electron hole pairs.

Now if we consider a particle with € > 0 and want it to relax into several electron-hole pairs we can
define several transfered momenta ¢, ¢, ¢3, ... and energies wy, wa, .... Due to energy and momentum
conservation we have:

> 3 =0, > w,=0. (3.23)
n n

Since we are interested in a particle relaxing by creation of electron-hole pairs we consider ¢§; and wq
to be the energy and momentum the initial particle lost. Further we want the state the particle relax
to, to be on the same side of the Dirac cone (see Fig. 3.2) which implies ¢7 > w?. Since at the Dirac
point we assume to be able to relax only via creation of electron-hole pairs, all other momenta satisfy
G2~ < w2_,. With help of the conservation laws we obtain:

@l ==Y Gl <D 1G] <D lwal. (3.24)

n>1 n>1 n>1

If we consider relaxation we want to deposit energy in the creation of the electrons and holes implying
that all wy,~1 have the same sign and the right hand side of Eq. (3.24) equals |w;|. This means again
that the only processes possible in such a situation, are exactly collinear and thus having only a zero
measure. The RPA Kkills contributions that exist only and singular the single line w = |¢] as in the
previous case explicitly shown in Eq. (3.20).

3.1.3 The Scattering Rate

Taking into account RPA makes the interaction disappear at the single line w = |g], where kinematically
interaction could affect the particles. Nonetheless have previous works [61, 63] approached this problem
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and obtained a quasi-particle lifetime. Within the introduced formulation we will sketch a way to obtain
a similar result. It is important to note though, that the calculation one needs to perform to obtain
the previous lifetime is ill defined.

To do so we will use the GR interaction defined in Eq. (3.19), instead of the RPA screened interaction.
We will use the imaginary part of the self-energy (Eq. (2.35)) and its zero temperature limit (see RG
3.1.1). But the focus this time is on including the effects that come from the polarizability of graphene
by using the GR interaction (see Eq. (3.19)). So we are dealing with (on shell):

Im Xy (e = vpp,p) = ' 9 Z/ — Im DEx (W, q) Aoy Tr [PAPy/] (7). (3.25)

Doing the w integration with the constraint |w| < |e| one recognizes that this constraint transforms
into |[p — AN'|p — ¢]| < p which is only fulfilled for AN = 1. This states that at zero temperature and
the corresponding lowest order in polarization corrections a particle will never turn into a hole due
to electron-electron interaction. Using again the elliptical coordinates (see App. B.1) we manage to
obtain:

ImZ)\(ezvpﬁ,ﬁ):—f;S/ dg/ 5*\’}}%+ Re ! . (7). (3.26)

At this step one pretty well recognizes the trouble one has at the single line w = ¢ which in aboves
formula translates into & = p. The expression as it is given above is strictly speaking zero since the
electrons can not create electron-hole pairs (see the previous section) except for the one singular line
where the integrand appears to be divergent. One can assume the following relation to be true:

1
Re ~ (& —p) (7). (3.27)
(€=p)(p—¢)
If so, we gain for the quasi-particle lifetime, as was previously seen in the literature [61]:
2N
Im ¥y (e = vpp, p) ~ A5 (7). (3.28)

This calculation shows how the above (see Sec. 3.1.2) discussion manifests itself in quantities like the
quasi-particle lifetime, making the calculation rather difficult. Furthermore, the lifetime obtained in
Eq. (3.28) does not appreciate the complexity of the problem. We will present in Sec. 4.2.1 a way
to unambiguously define a proper quasi-particle lifetime at the Dirac point which significantly differs
from Eq. (3.28).

3.1.4 Discussion

In view of the singular character of the problem, at zero temperature the imaginary part of the
self-energy is highly sensitive to changes of the electron dispersion [62]. The Fermi velocity depends
logarithmically on the momentum or energy [60], Eq. (3.9), due to the renormalization by the Coulomb
interaction.

In Eq. (3.14) we have neglected the momentum dependence of vr which leads to a separation of the
two regions defined by Egs. (3.15) and (3.18), see the left-hand side of Fig. 3.3. The electron-hole
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w=V:@)q
W=Ve(\) g

w=Ve(P)q

q

Figure 3.3: Left: Interaction-induced dispersion correction near the Dirac cone. The electron-
hole creation (w > vp(q) q) and electron-electron scattering (w < vp(p) q) regions do
not overlap, so that the zero-temperature inelastic scattering rate is zero. Middle:
Illustration of the only relaxation process at zero temperature. Right: Illustration of
the relaxation process possible at finite temperature.

creation [w > vp (q) q] and electron-electron scattering [w < vp (p) q] regions are then separated due
to the renormalization-induced nonlinearity of the electron dispersion, which leads to the vanishing of
the zero-T scattering rate already at the golden rule level. This supports our statement that in the
strict zero-temperature case the question of the influence of Coulomb interaction on graphene is an ill
defined problem.

Nevertheless, at finite temperature the situation is essentially different. First, the conditions (3.15)
and (3.18) will be smeared by temperature, since not only relaxation processes of the type shown
in the middle part of Fig. 3.3 take place but as well processes of the type shown in the right-hand
side of Fig. 3.3. Second, for energy scales smaller than 7" the renormalization of the Fermi velocity is
cut off by temperature and hence, the linearity of the dispersion relations is restored: renormalization
reduces merely to a T-dependence of the Fermi velocity. Therefore, when discussing the finite-T" physics
of inelastic scattering on scales < T we will disregard the renormalization-induced nonlinearity of the
dispersion. Furthermore whenever we will use the notation vy for € < T we will mean the renormalized
value of the velocity v3 (1) and omit the asterisk for brevity.
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Chapter 4

Coulomb Interaction in Graphene: Finite
Temperature Analysis

Heat, like gravity, penetrates every substance of the universe, its rays occupy all parts of
space.
J. Fourier, The Analytical Theory of Heat

One of the main purposes of this work is to get insights into the electronic processes that take place
in graphene in the presence of Coulomb interaction. We discussed the problems that arise in case of
zero temperature in the previous chapter. Our attempt to resolve these problems is to introduce finite
temperature to the system. The reason to do so is rather simple. It is not only experimental fact
to have finite temperature it creates as well a broadening in the distribution function reflecting the
overall presence of electron-hole pairs at the Dirac point. The point of those pairs is that they might
screen Coulomb interaction and help to resolve the forward scattering resonance. Hence we look first
at the polarizablility of graphene at finite temperature and afterwards investigate its consequences for
the scattering processes.

4.1 The Polarization Operator at Finite Temperature

The natural starting point is again Eq. (3.12) which contains at finite temperature a broadened distri-
bution function allowing now not only for electron-hole creation but as well electron-electron scattering
with thermally activated electrons. So one of the problems discussed in the previous Chap. 3, namely
the fact that electron-electron scattering and electron-hole creation have only a subspace of measure
zero in common is overcome by the presence of thermally activated electrons. Gaining the polarization
operator for the finite temperature case will hence allow us to do a well defined RPA approximation of
the interaction. The actual calculation of the polarization operator is rather long which is the reason
why the details can be found in the appendix B.1.

It turns out that the effect of finite temperature on the screening in graphene is much more pro-
nounced than in conventional metals with finite Fermi-surface and quadratic electronic dispersion. In-
deed, the linearity of the spectrum of Dirac fermions gives rise to a strong (linear) energy dependence
of the density of states in two dimensions, whereas for the parabolic spectrum the density of states is
constant. In the latter case, the polarization operator is essentially independent of temperature. This
is not the case for Dirac particles.
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Let us consider the undoped graphene first, i.e. the chemical potential lies at the Dirac point (u =
0). The typical electron-hole pairs that participate in the screening of Coulomb interaction at finite
temperature live within the energy window of order T'. This strongly changes the polarization operator
at qup,w < T. To simplify the notations at non-zero temperature, we introduce the dimensionless
variables according to

VEq w
Q=77 5T (4.1)
We use the general expression for the polarization operator, Egs. (B.1) and (B.2) from Appendix B.1.
Considering four different regions shown in Fig. 4.1, we simplify these equations in each of the cases,
which allows us to treat the problem analytically.

The four regions are defined by the conditions:
e Region 1: Q < 1and Q < |Q]
e Region 2: 1 < @ and @Q < |Q]
e Region 3: Q@ < 1 and | < Q@
e Region 4: 1 < Q and || < Q

The need to deal with those four regions is due to the non-analyticity of the polarization operator for
forward scattering Q = € and due to the additional length scale we got from temperature. The forward
scattering creates naturally a division of the 2-Q-plane, whereas the comparison with the temperature
is ad-hoc introduced to explore the different regimes we cannot properly explore for momenta of order
temperature (Q ~ 1).

The regimes 2 and 4 correspond to situations where the presence of the thermal broadening becomes
less effective, hence the leading terms should correspond to the zero temperature result. The regions
1 and 3 are the ones dominated by thermal broadening and are therefore most relevant to understand
the way the formally ill-defined problem can be resolved. In region 3 we deal with the polarization
effects caused by thermally activated electrons whereas region 1 corresponds to electron-hole processes
within the thermally broadened window around the Dirac point.

As shown in Appendix B.1, the leading-order terms with non-vanishing imaginary part form the
following simplified polarization operator:

In?2 [s] i Q7 tanh (0/2) .
— [1 — TP + 3 e (region 1) 1 >Q 1
1 5 Qarcsin | 2 _ Q<
T |2, @ ¢)  im2 0 (region 3) || < Q
M9Q.Q) =1 7 & JE-Q@ | 1 J@Z-0F g
F 3y(9 _ /9 sion O 9
_%\/@4_ ’LSlg8n \/me@27 (region 2) Q] > @ 1
1@ i Qe 9sinhQ . Q>
8/Q2— 02 + Vor JQR—q2 (region 4) 1 <@

(4.2)
In the case of large momenta, () > 1, we recover the zero-temperature result as we should. For
@ < 1, the polarization operator substantially differs from the zero-temperature expression. We will
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o5 1.0 15 20 ¢
Figure 4.1: Imaginary part of the polarization operator in the frequency-momentum plane. Four

regions of dimensionless variables Q and @Q (see text) are indicated. The magnitude
of ImIT®(Q, Q) is encoded by the logarithmic color-scale.

discuss this case in more detail in Sec. 4.1.1. The separation between 2 < @ and € > @ is dictated by
the non-analytical structure of the polarization operator, see Eq. (4.2), which origins from the forward
scattering resonance discussed in Sec. 2.1.4.

In the regimes 1 and 3 in which the thermal screening is important it is possible to extend the
above discussion towards finite chemical potential by including a chemical potential within the thermal
factors. This way Eq. (3.12) stays unchanged except of the distribution function that changes according
to f(e) = f(e — ). Adapting the calculations one finds (for 4 = p/27)

In (2 cosh(ﬂ)> Q| i Q2 Sinh(Q) -

HR(Q Q) = T T a V2 - Q2 8 V2 — Q2 cosh(272) + cosh(Q)’ (region 1)
) U% In (2 cosh(ﬂ)) Q? Q arcsin <8) iln (2 COSh(ﬂ)) q .

v + 8T V2 — Q2 cosh?(j1) + - Jor (region 3)

(4.3)

The contributions we have considered here describe the interplay of temperature induced screening
and chemical potential screening. As clearly visible when comparing Eq. (4.3) with Eq. (4.2) is the
ability of dynamical screening unchanged.

The original question we have focused on is the system’s behavior due to Coulomb interaction which
is shown in Ch. 3 to be most severe at the Dirac-point for which reason we keep within this chapter
the finite chemical potential most of the time out of business.

37




4 Coulomb Interaction in Graphene: Finite Temperature Analysis

4.1.1 The RPA Screened Interaction

The real part of the polarization operator, Eq. (4.2), for Q < 1 is determined by temperature and
leads therefore to the screening of Coulomb interaction according to

: R B Dy (Q) _ vEm agNIn2
Aoy Diea (4. Q) = 1+ Dy(Q) NTIZ(0,Q)  NTIm2\Q+ayNmn2)’ (4.4)

which yields the screening length
o

lor = —————. 4.
20y NT'In 2 (4.5)

Thus at finite temperature the system does screen the long range Coulomb interaction. Note that for
@ < ayN, the RPA propagator becomes independent of the interaction constant cy,

1

Qa,n " TR, Q) (46)

R
Drpa (92, Q)‘
as in conventional systems with Coulomb interaction. We will see, however, that the dominant con-
tributions to relaxation rates are determined by higher transferred momenta @ 2 a4V, where the
peculiarities of the finite-7T" screening in graphene are crucially important.

4.1.2 Plasmons

In Region 1, the real part of the polarization operator in Eq. (4.2) may become negative, leading to
emergence of plasmon excitations. The plasmon dispersion €,(Q) is determined by the zero of

asNIn2+Q) /Q
| 4 DN ReTr#— V@12 Q—( ! ) : (4.7)

(g2 | VATmNm

yielding

0 (agN 2+ Q) vQ s

p(@)i /Q—i-QchNan . ( . )

For ) — 0, this simplifies to 2,(Q) x /oy NQ. A non-zero imaginary part of the polarization operator

Eq. (4.2) in the corresponding region implies that these plasmons have a finite lifetime. The decay
rate of plasmon excitations is given by

02 9 3/2
T,(Q,Q) = ﬂp (Q) ImIT*(2, Q) (4.9)
L agNQIn2 0 T '
which yields ,
Y 2 2 m
F”(Q’Q)’&kﬂp(cz) B 161112<Q @) azon(@)  16I2|g_o ) (4.10)

Remarkably, Eq. (4.10) indicates a good quasi-particle behavior for plasmons which is, as we will
see in Sec. 4.2.1, not true for electronic excitations. The situation is somewhat similar to Luttinger
liquid where plasmons are almost perfect quasi-particles, whereas, from the point of view of fermionic
excitations, the Luttinger liquid represents a paradigmatic example of a non-Fermi-liquid.
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The discussion of the plasmons is one of the few situations where we should really consider to
check their appearance in the presence of finite chemical potential. Taking a look at Eq. (4.3) and
reminding the definition of the plasmon resonance (4.7) it becomes clear that by simply replacing
In2 — In(2cosh f1) we got the dispersion of the plasmons for arbitrary chemical potential as long as
the momentum stays small Q < 1. We identify two different asymptotics of the dispersion and the
plasmon broadening (in dimension full units ¢* (1) = ay NT In[2 cosh(u/(2T))]):

T agNvrq

) Vatvrg vrq < 2¢*(p)

¢*(mvrq  vrg < 2¢*(u) 1627 cosh? (41

Wp = (¢")? % N T a,Ng*vpq
vEpq + 2¢* (1) < vpq L Tg'd TFY
2urq 32 9T cosh? (-2%)

. (4.11)

2q* (1) < vrq

which support earlier statements of the good quasi-particle picture for plasmons in the case of larger
chemical potential (note that vpq < T is always assumed).

Q

Figure 4.2: Imaginary part of RPA interaction. Left: using an analytic approximation, right:
by numerical evaluation of Eqs. (B.1) and (B.2). Dashed lines indicate the plasmon
dispersion (see Eq. (4.7)).

Fig. 4.2 and Fig. 4.3 demonstrates that Eq. (4.2) for the polarization operator yields a remarkably
good approximation for evaluation of the imaginary part of the RPA-interaction,

ND2ImII?

(1+NDyRe HR)2 +(NDyIm1I7) (412

ImDRpA = — 3
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4 Coulomb Interaction in Graphene: Finite Temperature Analysis

[see also Eq. (B.12) in Appendix B.2]. In Fig. 4.2b we see the plasmon peak in the RPA interaction
propagator, which is strongly asymmetric and is suppressed around the light cone, so that Im Drpa =0
exactly at 2 = Q.

ImSI?R"A Im Dgpa
5¢

2

: : : . = 2Q-1/5
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Figure 4.3: Cross-sections through the plots of Fig. 4.2 from (Q,Q) = (1,0) to (,Q) = (0,1) (1)
from (Q2,Q) = (0.2,0) to (2,Q) = (0,0.2) (2). Solid curves: analytic approximation;
dashed curves: numerical integration. For all plots the interaction strength is agN =
1/3.

Further one recognizes in Fig. 4.2 that on the right hand side of the plasmon peak where interac-
tions with the electronic continuum are possible a feature is present that can be interpreted as strongly
broadened plasmon peak as it is known from plasmons entering the electronic continuum in conven-
tional 3 dimensional metals. The notion plasmon is of course misleading for this object since due to
interactions it is not a well defined excitation. When talking about plasmons we will therefore always
refer to the well defined peaked structure whose dispersion is given by Eq. (4.7).

Validity of RPA

Let us now discuss the status of the RPA in graphene. In the previous Chap. 3 we have argued that
at zero temperature the only way of controlling RPA is via the large N treatment. Meaning that we
assume to have numerous independent flavors in the system making the leading density response the
dominant contribution. If N is not assumed to be large and in view of the absence of the screening,
the non-RPA diagrams are parametrically the same as those included in the RPA. Furthermore, as
discussed in the end of Sec. 3.1.2, the renormalization-induced curvature of the spectrum (which is
also beyond the RPA) may dramatically affect the results obtained within the RPA.

Nevertheless at finite T, the T-induced screening of the interaction, Eq. (4.4), restores the validity of
the RPA for ¢ < T//vr (Q < 1) even for N ~ 1. Indeed, the 1/g-singularity of the long-range Coulomb
interaction is not compensated in the denominator of Eq. (4.12) because the polarization operator at
finite T is no longer linear-in-q. The situation becomes similar to that in conventional metals with a
finite Fermi-surface, where the RPA is justified for ¢ < kr (and oy < 1). In undoped graphene the
role of kp is played by T'/vp, which in effect establishes an analog of a finite Fermi-surface. Therefore,
for ¢ < T'/vr the RPA does sum up the most singular interaction-induced terms. All other terms are
non-singular because of the screening. This means that all the observables that are dominated by the
collisions with the momentum transfer smaller than T'/vr can be calculated (even with the correct
numerical prefactors) within the RPA. The RPA result for those observables that are dominated by
qup ~ T is parametrically correct, but the value of the prefactor cannot be found using the RPA.
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Below we employ the finite-T' RPA for calculation of various scattering rates in graphene. For the
sake of generality, we keep N as a large parameter. In what follows we focus on the case oy N < 1,
but whenever the rate under consideration is dominated by qup < T, the condition N > 1 can be
removed so that we are allowed to use the RPA for N ~ 1.

4.2 The Rates at Finite Temperature

We figured out that RPA is controllable within the finite temperature calculation. Further we briefly
discussed the screening properties and plasmonic properties of graphene. With this knowledge at hand
we will try now to understand the consequences for the electronic system. For this reason we calculate
various inelastic scattering rates in clean graphene at finite temperature. More specifically, we focus
on the quantum scattering rate (and dephasing) and the energy relaxation rate induced by the RPA-
screened Coulomb interaction. The quantum scattering rate determines the lifetime of quantum states
(plane waves) and is related to the dephasing rate. The energy relaxation rate governs the relaxation
of the quasi-particle distribution function.

Although the origin of all these rates is the same, the inelastic electron-electron collisions, these rates
may strongly differ from each other. For instance, this is exactly what happens in diffusive metals
[43, 64] because of the infrared-singular collision kernel. Another prominent example of a non-trivial
behavior of relaxation rates related to the infrared singularities is a Luttinger liquid (disordered or
clean) [27-33]. On the other hand, within the Fermi-liquid theory of clean metals all the inelastic
scattering rates behave in the same way, since the characteristic frequency and momentum transfer in
the course of electron-electron collisions is determined by temperature. The goal of this section is to
understand whether the situation in clean graphene is similar to the Fermi-liquid or not.

As we have already seen in Sec. 4.1, the behavior of the polarization operator at finite temperature
is highly non-trivial. This leads to a rather rich behavior of the scattering rates.

It turns out that, in addition to the temperature scale, two more characteristic scales appear which
are relevant for relaxation rates: ong 2T and agNT. In this section we will distinguish between the
four regimes (I-IV) as shown in Fig. 4.4. The contributions to each of the scattering rates from different

I I Il v
| |
x x

|
I
2
0 ogN°T ogN T T

Yo

Figure 4.4: Characteristic enerqy scales separating domains of distinct behavior of the rates.

regions (1-4, see Fig. 4.1) of the momentum-frequency plane are calculated separately.

4.2.1 Quantum Scattering Rate in Graphene

One of the main manifestations of the inelastic scattering in electronic systems is the interaction-
induced dephasing. In order to analyze the effects of dephasing in graphene, we will follow the route
suggested by earlier works on 2D (in particular, diffusive) systems [43]. A natural first step is to
calculate the quantum scattering rate 7, ! which is given by the imaginary part of the quasi-particle
self-energy taken on the mass-shell. Indeed, for conventional metals with parabolic dispersion, in the
high-temperature (ballistic since not diffusive: T'7 > 1) regime, the dephasing rate Ty ! to leading
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order is given by 7 ! (see Ref. [65]). In the diffusive regime, the scattering kernel acquires an infrared
singularity leading to a divergent 7, I at finite 7. This is a manifestation of the fact that the single-
particle self-energy is not a gauge-invariant object; no divergencies occur in observable (gauge-invariant)
quantities, such as, e.g., dephasing rate. However, even when the quantum scattering rate diverges,
the calculation of it turns out to be instructive: a parametrically correct result for the dephasing rate
can be obtained from the expression for 7, ! supplemented with an appropriate infrared cutoff. It is
thus useful to begin with analyzing 7. L

Quantum Scattering Rate: Definitions

The peculiarity of graphene is that the self-energy is a matrix in the sublattice space, which has a
non-zero imaginary part, Im ¥, [Eq. (2.37)], in the off-diagonal components. Therefore, the definition
of the quantum scattering time in graphene is actually not unique. Indeed, one can associate with the
quantum scattering rate the on-shell value of the imaginary correction to the energy in the full Green’s
function, Im ¥, [Eq. (2.36)], similarly to the conventional Fermi-liquid theory:

1
5 = —0(c) InEc(vrp, p)‘ — 0(—¢€) Im X (—vpp, @\ . (4.13)
Tq(f) p=¢/vp p=—¢/vp
Here we have taken the self-energy at the “+” mass-shell for ¢ > 0 corresponding to the positive
energies, ¢ = vpp, and at € < 0 on the “—” mass-shell. For undoped graphene we clearly have
1 1

@ (e (14)

due to particle hole symmetry (x = 0). Within the RPA the explicit expression for the imaginary part
of the total self-energy Y. taken at ¢ = vpp reads:

T [ dw

2
S (orp.) = = [ 5 [o6) + florp =) [ 555 Tm DR

X [5(UFP_W —vplp— (ﬂ) +6(UFP_W+UF|ﬁ_‘ﬂ>] . (4.15)

b

Alternatively, one can introduce the lifetime of the “4” and “—
sponding self-energies, from Eq. (2.35)

chiral states through the corre-

1
— ImX(e, , 416
o ) ot or (4.16)
which yields
L1 (4.17)
Ti(e)  T-(—€) '
Using Eqgs. (2.35) and (2.19), we get for the self-energy of electrons (+ chirality)
T [ dw d%q R
Im2+(UFp7ﬁ>:_§ % {g(w)+f(UFp_W):|/(27T)2 ImD (W,q>
A5 a) ) A5 ) )
X |[1+—=——=|dlvpp—w—vplp—q])+ (1 ——== | dlvrp—w+ovp|p—4q])|. (4.18
( plp—q’1> ( | 1) plp—d ( | j) (14.18)
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for the “own” mass-shell (e = +vpp), and

T [ dw d?q

ImY (—vpp,p) = 5[ 5 {g(w) + f(—vpp — w)} / om)? Im D% (w, §)
75— ) ) A5 ) )
X [(1 - IM) 6(—1)Fp —w—vplp— (ﬂ) + (1 + M) 5<—vpp —w+vplp— (j’|) . (4.19)
for the “wrong” (hole) mass-shell (e = —vpp).

The main formal difference between the two relaxation rates, Eqs. (4.13) and (4.16), which are

related by
1 1 1

@) 2ri(0) 27 (0

is in the appearance of Dirac factors 1 & cos6 in Egs. (4.18) and (4.19) where 6 = arccos(pp’/pp’)
is the scattering angle between the incoming momentum p and the momentum p’ = p — ¢ after
scattering. These factor is related to the additional Berry phase in the problem of Dirac particles,
which arises due to the overlap of Bloch functions and, in particular, forbids the backscattering within
the same chirality and valley (see Eq. (A.20)). Note that for well-defined quasi-particles (i.e., in a
Fermi-liquid situation) the self-energy at a “wrong” mass-shell would never be relevant. However, if
the quasi-particle broadening is larger than the characteristic energy, this is no longer the case, so that
Eq. (4.19) may then contribute to the observables.

In Eq. (4.18), the term with 1 + cosf corresponds to the electron-electron scattering (right panel of
Fig. 3.1) which is determined by the contribution of region 3 in Fig. 4.1. The term with 1 —cos# is due
to electron-hole scattering (electron-hole pairs, left panel of Fig. 3.1) accompanied by the excitation
of plasmons and is determined by the contribution of region 1 in Fig. 4.1. The latter contribution
is suppressed for the forward scattering § = 0 because of the Dirac factor. Furthermore, at zero
temperature only the electron-electron processes are allowed by the kinematic restrictions.

At finite T, however, the situation is different for the low-energy domains I and II (e < agNT),
where the contributions of the electron-electron and electron-hole scattering to the inelastic quantum
scattering rates are of the same order. This means that the low-energy electron-type and hole-type
quasi-particles are strongly correlated by the mutual inelastic scattering, whereas at higher energies
(e > agNT, corresponding to domains III and IV) the electronic and hole subsystems are only weakly
coupled with each other, in agreement with Ref. [62].

(4.20)

As we will see below, depending on the energy range, Fig. 4.4, both 7 Vand 71 ! may be larger or
smaller than the quasi-particle’s energy. When the quasi-particle’s broadening is small, the two rates
coincide since the inelastic scattering is dominated by small scattering angles 8 and the Dirac factors
reduce to 0 and 1. At the lowest energies (domains I and II), both 7. Land 71 ! exceed the energy which
makes the notion of mass-shell not well-defined. In particular, due to the inelastic broadening, the
electronic excitation (4 chirality) has tails at negative energies which overlap with the hole mass-shell.

Furthermore, as shown in Sec. 4.2.3, the characteristic rate of the energy relaxation (energy mixing
due to the diffusion over energy) at low energies is of the same order as the quantum scattering rate, so
that the electronic excitations constantly explore the hole mass-shell and vice versa. In this situation,
the broadening of quasi-particles of a given chirality is an effect described by the total scattering rate
Ty 1 according to Eq. (4.20), rather than Eq. (4.16). Therefore, in what follows, we will mostly focus
on the Fermi-liquid-type total rate 7~ 1 formally defined in Eq. (4.13).
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Tq I T 111 v
qUp ~ w T (agNT)? /e agNT agNT
Regions | 1,2,3,4 1,3 3 3

Table 4.1: Momentum/frequency scales and regions of the Q-Q plane that dominate the quantum
scattering rate Tq_l in different domains (LILIII, and IV) of energy €.

Quantum Scattering Rates: Results and Discussion

The evaluation of integrals involved in the calculation of the total quantum scattering rate 7. ' is

q
outlined in Appendix B.2. The result depends on the energy range (see Fig. 4.4)
T e 9 n12
Clﬁ T, e K O[gN T, I
1
o) c20gT,  2N?’T < € < agNT, 1I (4.21)
csag T, agNT < e. IIL, IV

Here ¢ ~ 1, co = 37/2, and ¢35 = 2(3(2)/m are numerical coefficients of order unity, S(x) is the
Dirichlet beta function and $(2) is the Catalan constant. Note that for energies in regimes II, 111, and
IV, the number of independent flavors N drops out from the expression for 7. The comparison of the
asymptotic expressions (4.21) with the exact numerical evaluations is shown in Fig. 4.5).
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] 1 1

LoV

agN* T agNT T

Figure 4.5: Quantum scattering rate for agN = 4 X 103 (double logarithmic scale). Dots:

exact values obtained by numerical evaluation; solid lines: analytical asymptotics,
Eq. (4.21).

As we will explain within the next few lines the obtained rates are dominated by different values
of momenta transferred during the collision. Furthermore, depending on the energy range the main
contribution may come from different regions of the @ vs. Q plane (Fig. 4.1) as shown in Table 4.1.

In regime I the result is determined by momenta of order temperature and therefore all four regions
contribute in the same way: 7, 1~ (eT)'/?/N. All scattering angles # contribute to the result in
regime 1. In order to evaluate the numerical prefactor ¢; one needs the knowledge of the screened
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interaction in the crossover around qug ~ T, which is beyond the analytic approximations for the
polarization operator used above. For energies in regime II the dominant contributions come from
regions 3 (electron-electron scattering) and 1 (electron-hole scattering); in both of them all scattering
angles 6 contribute. In regimes III and IV the main contribution to the quantum scattering rate
stems from the region 3 (electron-electron scattering) and is dominated by the forward scattering
(0 SagNT/e < 1).

An important feature of the quantum scattering rate is its non-monotonic energy dependence, see
Eq. (4.21) and Fig. 4.5: with increasing energy the quasi-particle broadening first grows in regime I,
has a maximum at € ~ agN 2T, then decreases in regime II, and finally becomes energy-independent.
The maximum of 7 1 occurs due to the resonant emission/absorption of plasmonic excitations. We
will see below that the non-monotonicity of the energy dependence is related to the peculiar properties
of the dynamical screening in graphene and is a characteristic feature of all inelastic scattering rates
in graphene.

TIl
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Figure 4.6: Quantum scattering rate 7;1 for the + chirality (electrons) for agN = 4 x 1073
(double logarithmic scale). Dots: exact values obtained by numerical evaluation; solid
lines: analytical asymptotics (see Appendiz B.2).

In Fig. 4.6 we show the results for the quantum scattering rate of electrons, TJ:l, defined in Eq. (4.16).
One sees that Fig. 4.6 represents an “unfolding” of Fig. 4.5 into the contributions of “own” (e > 0)
and “wrong” (e < 0) mass-shells, according to Eq. (4.20). The hole mass-shell with € < 0 is probed by
electrons due to the strong quasi-particle broadening. At positive energies in the regimes III and IV
(€ > agNT), the total scattering rate 7, 1'is dominated by the electronic scattering rate le.

In contrast to the naive expectation (7 LN agN T) based on the Fermi golden rule result, the
quantum scattering rate calculated within the RPA is proportional to o (and does not depend on N)
for € > agN 2T and is independent of oy at the lowest energies. This enhancement of the inelastic
scattering for ay N < 1 is a result of peculiar screening properties of graphene at finite 7" which leads
to a non-analytic behavior of the rate as a function of the natural four-fermion coupling constant ag.
This behavior bears a certain similarity to the behavior of the quantum scattering rate in a spinful
Luttinger liquid [27, 28].

Since the RPA quasi-particle broadening in domain I may overlap with the higher-energy domains,
where the quantum scattering rate is of the order of a 7', one can speculate that the characteristic
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strength of inelastic scattering is given by 7 L(e) ~ agT also at low energies. Of course, the calculation
based on the lowest-order RPA diagrams for the self-energy is then insufficient. Moreover, the typical
observables at finite temperatures are dominated by € ~ T' (the border between domains III and IV),
where the quasi classical broadening is smaller than energy and the above calculation is justified. The
low-energy inelastic relaxation may become relevant in the context of spectroscopy under strongly
non-equilibrium conditions, for example, in problems related to tunneling into a non-equilibrium state
(cf. Ref. [32, 33]). In this situation the inelastic effects can be treated within the quantum-kinetic
approach including non-RPA contributions, similarly to one-dimensional problems [32, 33].

It is crucial to notice, that the quasi-particle lifetime we obtain in this section differs strongly from
the naive calculation performed in Sec. 3.1.3. The lifetime we obtained becomes infinite if we approach
the zero temperature case 7, (agT)_l 29 56 and is not determined by the quasi-particle energy as
Eq. (3.28) suggests.

4.2.2 Dephasing Rate at High Temperatures

Let us now discuss the dephasing rate. The result for the quantum scattering rate obtained for the clean
graphene allows us to evaluate the dephasing rate relevant to weak (anti)localization in the ballistic
regime [66] of high temperatures T'7gis > 1, where 74;5 is the elastic mean free time due to scattering
off impurities. It is worth noting that this condition may coexist with the condition 74 > 74is which
allows long interfering paths in the weak-localization experiment. Indeed, the inelastic scattering is
suppressed with decreasing oy (even though in a non-trivial way) so that one expects that 7, can be
made arbitrary long.

The result for the quantum scattering rate, Eq. (4.21), remains intact (up to the change of the
prefactor) when we calculate it in a self consistent way an appropriate estimation for the dephasing

rate is:
o

7y o /dQ... (4.22)

(T'ry)~t

This happens due to the fact that the characteristic momenta dominating the integrals for the quantum
scattering rate in regimes ILIII, and IV is of the same order as the resulting rate [see Table 4.1 and
Eq. (4.21)], both are ~ 4T for N ~ 1 (for N > 1, the characteristic momenta are much higher
than 1/74). In regime I of lowest energies, the characteristic momentum transfer is much higher than
the rate. Therefore, in all these regimes the infrared cutoff is redundant and the dephasing rate is
given by the quantum scattering rate, Eq. (4.21), similarly to the case of conventional metals in the
ballistic regime [65]. Although, in contrast to the conventional case, the characteristic transferred
frequencies are much smaller than temperature. Since the characteristic energies involved in the
transport coefficients are of order of T', we conclude that in the ballistic regime the interference effects

are governed by

1
— ~a,T. (4.23)

T¢

4.2.3 Energy Relaxation Rate

Let us now discuss the energy relaxation time in clean graphene. In Sec. 4.2.1 we have seen that
the typical momentum or energy transfer during the electron-electron collision is much smaller than
temperature. In this situation, the energy relaxation occurs through multiple scattering processes
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which can be viewed as diffusion in energy space (see, e.g., Ref. [67]). The characteristic energy
relaxation rate is given by the diffusion coefficient of this problem, which amounts to introducing the
factor Kg = w?/T?, see Appendix B.2.1, into the collision kernel. More rigorous calculation of the
energy relaxation or equilibration rates can be done using the language of kinetic equation; here we
only estimate the typical rate 75 ! within the energy diffusion picture.

Once the quantum scattering rate is obtained, the calculation of the energy relaxation rate can be
done using the same steps as described in the previous section. Technically, the integrals in Eq. (4.15)
are only slightly changed, which leads, however, to a substantial difference between the two rates. The
detailed calculation can be found in appendix B.2. The result is:

T [e€
—1\/= I
NVT’

1 ;NT | ¢/T
~ 9 1In , ILIIT . 4.24
TE(€) Ve/T (agNQ) (4.24)

3/2 1
2 £ =t
agNT(T> hl(ong) , v

In particular, we have the following estimates for the energy relaxation rate at characteristic energies

separating the regimes:

agT, €~ aZNZT,
1 a§/2N1/2Tln< L ), e~ agNT, (4.25)
7E(€) agN ' ’
1
2
agNT In (agN> , e~T.

Again the obtained rates are dominated by different momentum scales and by contributions of
different regions as shown in Tab. 4.2. Due to the factor g all contributions except in regime IV
are now determined by momenta of order temperature, which does not allow us to find the numerical
value of the prefactors analytically.

Furthermore, in fact, the above calculation based on the energy diffusion is not justified for “hot
electrons” with high energies, ¢ > T. Indeed, within our consideration, the characteristic energy
transfer dominating the energy relaxation in regime IV turns out to be much higher than 7' in contrast
to the original assumption. Therefore, the estimate, Eq. (4.24) for regime IV cannot be trusted and
another approach is needed for this regime.

R I II 11T IAY
qQUF ~ W T T T €
Regions 1,2,3,4 1,2,3,4 1,2,3,4 4

Table 4.2: Momentum/frequency scales and regions of the Q- plane that dominate the energy
relazation rate TE_l in different domains (LILIII, and IV) of energy e.
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TR
€

gN’T  agNT T

Figure 4.7: Energy relaxation rate for agN = 4 X 1073 (double logarithmic scale), obtained from
the energy-diffusion consideration. Dots: exact values obtained by numerical eval-
uation; solid lines: analytical asymptotics, FEq. (4.24). Since the energy-diffusion
approzimation employed in the calculation is mot justified in regime IV, we do not
present the results in this regime for e > T.

The numerical results for the energy relaxation rate are shown in Fig. 4.7 together with the analytical
asymptotics, Eq. (4.24). One sees that the energy relaxation has a minimum at € ~ T, where we recover,
up to the logarithmic factor |In oy, the golden rule result 75 Lo agN T. At lower energies the inelastic
scattering is enhanced due to the resonance in the RPA interaction propagator (the resonant condition
correspond to € ~ agN 2T), whereas at high energies the energy relaxation is stronger because of the
large phase space available for inelastic processes. We remind the reader, however, that at € > T the
above calculation based on the energy-diffusion approximation is not justified. In order to find the
correct relaxation of the distribution functions in this regime of hot electrons, one should solve the
corresponding kinetic equation (see Sec. 5.2.1).

Experiments, able to observe the consequences we discussed in this Chapter are very non-trivial.
This is because the graphene samples need to be clean enough, that Coulomb interaction induced
scattering can overcome the disorder induced scattering. Further the temperature has to stay below
the threshold, where phonons become important and several other constraints, e.g. large enough
samples to observe electron-electron interaction, have to be fulfilled as well. Nonetheless in the recent
years experiments made huge progress in getting closer to the regime described here.

Although the experimental status of the quasi-particle lifetime in graphene is not yet clarified,
there are experimental attempts to measure the quasi-particle lifetime in graphene [68, 69] evidently
demonstrating the relevance of this work.

A recent experiment [70] measured the relaxation process of hot electrons at finite chemical potential,
which is not yet what we described in this Chapter but clearly shows that the experiments are on their
way towards the relaxation processes we discussed here.
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Chapter 5

Transport

. Und andererseits zeigen die glinzenden Erfolge der drahtlosen Telegraphie so deutlich,
wie wohl fast nie zuvor in der Physik, dass auch die subtilste, aus rein wissenschaftlichen
Zwecken und nur mit den feinsten Hilfsmitteln unternommene Untersuchung sich in un-
serem Zeitalter der Technik und Naturwissenschaft zu einer aufSerordentlich wichtigen und
praktischen Bedeutung entwickeln kann.

P. Drude, Antrittsrede 1906

Transport is one of the most fascinating parts in condensed matter physics. It not only involves
the knowledge of the electronic structure of the system but as well how this structure changes, how
external forces change the occupation of the states. Transport measurements have a long history in
physics, they have been studied for quite some time and have become one of the standard techniques
for experimentalists. Thus the phenomenon of transport has become a cornerstone of todays scientific
community. The purpose of this chapter is to present some introductory views on transport before
considering the special situation of graphene. The transport phenomena in graphene are described in
a twofold way since it allows deeper insights to have more than one perspective. There is no way the
introductory part about transport could be complete since the topic is far too rich. We will instead
provide an intuitive picture which will serve us as comparison throughout this work.

5.1 Basics

We will start the introductory part, considering the parabolic spectra of non-relativistic particles which
we will compare the relativistic transport in graphene.

5.1.1 Drude Theory

The very basic idea leading to the Drude theory is to think about the material, the transport is observed
in, as consisting of ions at rest and electrons scattering between them. In this situation a force like the
electric field will accelerate the electrons in the direction of the external field. Essential for the Drude
theory is the idea that with increasing velocity of the electrons their scattering probability increases
as well. This is in e.g. if the distribution of ions define a mean scattering length. Formally we may
write:

d qz= 1.
370 =~ E — (1), (5.1)
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as a differential equation for a single particle’s averaged velocity. The driving force is given by the
electric field E acting on the electric charge ¢ and 7 is the average time between two scattering
processes. The stationary solution of the Drude equation is 7y = Tq/mE which implies within the
Drude picture the current:

> T¢*n

—

J = nquy =

E =0E. (5.2)
m

Where n is the density of electrons participating in this picture.

Surely the Drude picture is simplistic but still it describes pretty well a lot of phenomena, e.g.
the conductivity of electrons, which is a Quantity that will be essential within this work. Still, the
picture of transport introduced so far is very phenomenological and to gain additional understanding
on how the friction in the Drude picture appears we will try to derive a very similar formula from the
Boltzmann equation.

Drude Theory within kinetic equation approach

We will reformulate the above simple picture into the language we have derived in Sec. 2.5. The
benefit of this reformulation is not only to have proper many-body language. It will also allow us to
gain some more insights into the origin of the scattering rate. The central equation we deal with is

d2p/

BV n(p) = —Iconln] = — / e

Wy [n(5) = n@)] (53)

where the collision integral measures the probability of scattering into and out of the state with
momentum p. To proceed, we look for the linear response of the system. We perform an expansion
around the equilibrium distribution function ng. To do so we will first try to understand the deviations
of an equilibrium system as a response to a small electric field.

A fermionic system in equilibrium is described by the Fermi distribution function ng(€). If we switch
on the electric field there will appear a growing shift in the momentum distribution of the system. If we
take into account relaxation processes the complete Fermi-ball will change its location in momentum
space. Thus we read in terms of the dispersion e(p+ Tpeﬁ ) where 7,° l'is the momentum relaxation rate.
If the electric field is weak enough we can expand the equilibrium distribution function around this
perturbation having n(e(5+ mpeE)) = np(e(p)) — denp(e(p))mpe ET with @ = V,e(). A consequence of
this parametrization is that the current reads

- d2p I d2p . L 1
j= e/wvn (p) = *62/ (27r)2v8€np(e(;5))7pEv ~ 562’()%TPFI/FE. (5.4)

In the last step of this equation we used the approximation that the Fermi energy is much larger
than the considered temperature. This approximation that is fairly good for most metals. The latter
approximation allowed us to evaluate everything at the Fermi energy including the density of states
VE.

Going back to the Boltzmann equation, Eq. (5.3), we will use the fact that the equilibrium distri-
bution function, per definition, annihilates the collision kernel Icop[ngp] = 0. Thus we end up with an
equation specifying the transport scattering rate, which for simplicity is projected on the direction of
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E:
d2 / S
vbone() = [ (o5 Wo [0 () — el iy |
|pl~pr~ d2 / N
~ W@np(@w@Fp%—%Md.(am
So in the very end we will have the scattering rate
_ d(p
Tor = 5 We (L—cosp), (5.6)

traced back to some effective scattering kernel W,, with the transport factor (1 — cos ¢) involving the
angle ¢ between p'and p’. Due to this appearance the scattering rate that comes with transport related
quantities like current is usually referred to as transport rate since it has an intrinsic suppression of
scattering processes that do not change the direction (¢ = 0). The Boltzmann equation then reads:

JWW@:J@EE@Q (5.7)

Tpr

where (n(p)) ,, 1s the direction average that reflects the isotropy of the impurity scattering. The deeper
reason for the direction average is hidden in between Egs. (5.5) and (5.6) and comes from the fact that
isotropic variations of the distribution function like density variation or energy density variation are
not affected by impurity scattering.

5.1.2 Transport in Graphene

When it comes to transport the first thing to mention is that graphene is a fairly good conductor
[13, 21]. It is of prime importance to understand which scattering mechanism finally determine the
conductivity of graphene. The usual suspects responsible for current limiting scattering processes are
disorder scattering or, if temperature is high enough, phonon scattering. In this work we focus on the
Coulomb interaction which apparently is not a member of the usual suspects. In Galilean invariant
systems the Coulomb interaction with exception of the umklapp scattering does not affect current. We
thus take a closer look at the current operator of both systems.

The Dirac Current

With the ultra-relativistic Dirac Hamilton operator the system inherited the Dirac current operator
as well. The definition of the Dirac current operator apparently differs from the conventional current
used in standard condensed matter systems. Let us take a closer look at those differences. If one starts
with the Dirac-Equation: —ivp & v P = i%d}, one obtains the continuity equation

2 wp = (oruta) (58)
which implies the Dirac-current
j=evpy! (r, t) o) (r, t) = evar(Ez/J (F, t) wT(_’, t)) (5.9)
iG2,1(0,0)
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5 Transport

The Green’s function G__ is a Keldysh Green’s function as defined in Sec. 2.4. This structure of the
current is significantly different from

-

7= 5 (150 — Guhw) (5.10)

obtained from the non-relativistic Schrodinger equation. Still both currents unveil that current is

proportional to velocity (j o« ). However, in graphene || = vp which is completely constant for
arbitrary energies (within the Dirac cone).

Comparison

The main difference between the two systems is the form of the velocity, Eqs. (2.6) and (2.7)) as
explained in Sec. 2.1.4. When it comes to transport the main point in graphene is that the current can
be relaxed by processes that do conserve momentum. Such a scattering process is illustrated in Fig. 5.1.
One recognizes that the presence of both bands simultaneously is needed since otherwise momentum
conservation protects the current. Therefore, it is expected that for large chemical potential graphene
exhibits the usual Fermi liquid behavior.

Figure 5.1: A sketch of graphene’s dispersion with a process that annihilates the current. Elec-
tron (red) hole (gray) pair annihilates by creating another electron hole pair. The
process chosen is suppressed by Dirac factors but sketches more intuitively the kind
of processes that lead to current relaxation.

Scattering processes involving phonons or impurities allow momentum transfer out of the electronic
system. Therefore both mechanisms do not conserve momentum from the point of view of the electronic
system. Hence, those processes relax current in both systems in graphene and in usual Fermi liquids.
The Coulomb interaction is always fulfilling the momentum conservation. In a Galilean invariant
system, current is always proportional to momentum and therefore conserved. This is not true in an
ultra relativistic system where conservation of momentum does not imply the conservation of current.
In graphene the Coulomb interaction, although conserving momentum, will relax the current leading
to a scattering process that should be taken into account when describing transport.
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5.2 Previous Works

In previous works by Fritz et al. [71] and Kashuba [72], it has been shown that within the formalism
of the Boltzmann equation one can access the problem of Coulomb interaction dominated transport in
graphene. The path they suggest will be sketched and explained in the following sections. However, we
will use one simplification, namely the large N approximation. The large N approximation basically
discards the right diagram in Fig. 5.2. This choice is in so far controllable that in the limit many
flavors it becomes exact. We know by comparison with the previous works [71, 72] that for the case
N = 4, corresponding to real graphene, the difference in the numerical prefactor for the conductivity as
compared to the N = oo approximation is ~ 8%. As will be discussed in Chaps. 6 and 7, the diagram
on the left-hand side of Fig. 5.2 is the only one in this order allowing for Coulomb drag between two

layers.

Figure 5.2: The two possible second order self-energy diagrams leading to a two particle scattering
process on collision kernel level.

We will see that by choosing only the diagram involving a polarization operator (left-hand side of
Fig. 5.2) we will catch all the relevant physics in the system as we will discuss later in Sec. 5.4.

5.2.1 The Kinetic Equation for Graphene

We have derived the kinetic equation for graphene in Sec. 2.5. What is left to show is the form of
the collision kernel for the Coulomb interaction in graphene and on which scale the kinetic equation is
valid. In Chap. 4 we discussed the energy relaxation rate in graphene determining the relevant scale
for the rate to be temperature (see appendix B.2.3). Deriving the kinetic equation we need to keep
in mind that due to the gradient expansion (see Sec. 2.5) the temporal and spatial variations of the
distribution function need to be small on the scale of temperature. With this in mind we continue
with the collision kernel. But first we will introduce a more transparent basis we will perform our
calculation in.

The velocity in graphene is fixed via #(e, ) = v%p/e and the kinetic equation is taken on the mass
shell. We change the usual notation in terms of momentum and chirality according to

WEE

The system is now described by the particle’s energy and its direction encoded in . The measure
of the angular integral (direction weight) is given by 27dd = d¢ (from d?p = pdpd¢) and we used
2mvav(e) = |e| for further simplification. The advantage of this formulation is that for a given velocity
the chiral symmetry has been absorbed into the particle’s energy making it an explicit symmetry of
the corresponding integrals. Collecting the degrees of freedom dx; = de;d0 and subsequently using
the notation {z;} = {x1,x2,z1/, 22} and d{z;} = dx;dxodxy,dzey we found a very short and elegant
formulation for the problems allowing to keep the focus on the physics.

59(vrA|p], D) :/de dov(e)g(e, €v). (5.11)
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The way we discussed the Drude theory via Boltzmann equation it is natural to build up the collision
integral:

1

v(er)

Toon[n] = — / da}ieqarnzy K ({2:}) {n(t, 20)[L = n(t, 22)In(t, 20)[1 - n(t, )]~

[1—n(t,z1)n(t, z2)[1 — n(t, x1/)]n(t, xQ/)} , (5.12)
where the collision integral kernel is

K({z:)=(27)°6(e1 — e2+ €1 — e )8 (181 — ealiy + 1T — exWy) (w1, w2|Ularys, o) Pr (e (egv(er)v(ex).
(5.13)
The matrix element of the Coulomb interaction reads:

9
| (1, 22|U|21/,290) |2 = N ‘D(Q)‘ 01,201 2. (5.14)

Here D(q) is the interaction propagator usually chosen to be the bare Coulomb propagator Eq. (2.23)
but here it can as well be replaced by the RPA screened interaction propagator Eq. (2.38). The chiral
overlap of an incoming particle with the outgoing one is defined by

" " 1 AR 1 -
Or1n0 = Tr [P’Yl (pl)Pw(pﬂ} =5 [T+ y172p12] = B [1 + Ulvg} . (5.15)

It is the same object that determined the difference between the quantum scattering rate and the chiral
scattering rate in Sec. 4.2.1. Its appearance is special for Dirac fermions, which is why we will term
them Dirac factors.

The derivation of the general form of the kinetic equation for graphene has been presented in Sec.
2.5. A detailed calculation on determining the collision integral from the field theoretical formulation
is given in appendix A.2.1.

The next step in gaining transport properties is to linearize the collision kernel (see App. A.3).
Therefore we expand the distribution function around equilibrium,

O (e)

n(t,z) =np(e) =T e

h(t,x), (5.16)
gaining the linearized collision integral,

Sleon = / A{ziticqaaranW ({2:) {h(t, 21) = h(t, 22) + h(t, 21) = h(t, z2)} , with the kernel

(5.17)
(27)30 (€1 — e+ €1/ — €9)) I (€101 — €an + €1 Uy — € Ua) (1, 22 |U |21/, 20 ) |Pv(€) v (€2) v (€1) v (€9)

16 cosh(<5#) cosh(Z72) cosh( 972 ) cosh(Z+-)

1
v(er)

W({zi}) =

(5.18)

Still, even for the linearized collision integral it is far from trivial to solve the kinetic equation at this
stage. Following the previous literature we will find a powerful method to do so.

5.2.2 The Functional Approach

We will now introduce the method that has been used by Fritz et al. [71] and Kashuba [72] to solve
the Boltzmann equation. The method we are going to introduce is the reformulation of the kinetic
equation into a functional. This is very similar to the formulation of the equations of motion in terms
of the Langrange function which by functional variation allows to reobtain the equations of motion.
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Reformulation of the kinetic equation

If we use the linearized collision kernel Eq. (5.17) and applying it to Eq. (5.12) we gain

(mh(a:) n e?) Tange(e) — SLonlh]. (5.19)

Where we assumed a homogeneous sample but a very slowly oscillating external field E = E(t) causing
the additional €2 term. Our aim is to reformulate this equation in a language that allows an easy
treatment of approximate solutions of the Eq. (5.19). Suppose we have a solution hs that solves the
kinetic equation. Then a reformulation of the problem to a nonlinear functional F'(h) is done by the
demand that F'(h) is minimized for the solution hs only. This is exactly what is done within the
Lagrange formalism, where the solution of the equations of motions minimizes the Lagrangian. Thus
via functional variation we should regain the kinetic equation. The constraint

dF(h)
Sh
needs to be equivalent to Eq. (5.19). One can verify that

=0 (5.20)

F(h) = /dxlu(el)%?zF [eﬁﬁlhl + iTQ—Qh% + ;/d{xi}W({xi})[hl ho i —hel2  (5.21)
1

indeed yields Eq. (5.19) by functional variation of Eq. (5.21) (for brevity h; = h(x;)). The only
additional input needed is about the symmetry properties of the integral kernel. The symmetries of
Eq. (5.18) are due to the invariance under simultaneous exchange of 1 and 1’ as well as 2 and 2’ and
additionally the invariance by simultaneously exchanging 1 and 2 as well as 1’ and 2. Note that the
second symmetry is essential, it corresponds to the hermiticity of 67[h] — i€k which will become clear
later.

One should note that these symmetries are also responsible when one is trying to derive the hy-
drodynamic equations from the kinetic equation (see Sec. 2.5.2). This is because the equations that
correspond to conserved quantities, like particle number (density) or energy (energy density) do not
involve the collision integral, since they are conserved. Thus there needs to be a symmetry within the
collision kernel responsible for this conservation.

We have now reformulated the problem of solving the kinetic equation into the problem of minimizing
the functional F. Assuming h to be an analytic function linear in E allows one to write its series
expansion in terms of (see Sec. 5.2.4 for non-analytic contributions)

o0 o
h(z) = Z rie + Z xi€' ET. (5.22)
=0 =0

This reformulation corresponds then to the task of solving a linear equation by inverting an infinite
dimensional matrix.

Still one can ask why to bother inventing a functional F'(h) instead of putting the series expansion
(5.22) into the linearized kinetic Eq. (5.19). The answer is quite simple, the reason to proceed this
way is that we would like to have an algebraic equation where the ; and y; are constants, which does
not follow straightforwardly by plugging in the series expansion (5.22) into the linearized kinetic Eq.
(5.19). To transform the integro-differential equation properly into an algebraic one we need to have
a well defined integral measure that tells us how to deal with the free parameters within the linear
kinetic Eq. (5.19). This is the reason to choose the apparent detour of defining the functional (5.21).
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General considerations about the approximation scheme

We will now provide a general discussion of the method we are going to use as it has been done in
the previous articles [71, 72]. Instead of thinking about the reformulation in terms of a functional,
we will for pedagogical reasons think about the reformulation in terms of a linear equation in the
spirit of the linear algebra A |h) = |b) with A being a linear operator acting on |h). In this language
one recognizes that the hermeticity of A provides us with the possibility to solve formally the linear
equation by rotating into the basis A is diagonal in. In this rotated basis A, which is now diagonal
can be represented as >, |hl) a, (k| with the eigenvector |h') and the corresponding eigenvalue a,,.
The equation then reads Y a, |h),) — [b),) = 0 and is uniquely solvable if none of the eigenvalues a,,
vanishes. It can happen that some a,, are zero but the corresponding b,, are zero as well, the system
remains solvable but is no longer uniquely solvable. In such a situation we can still restrict our space
of solutions to the eigenmodes that are not zero modes (modes that have a vanishing eigenvalue). We
then, can formally write the solution as |[h/) = > a_! |b,.) (with m counting only non-zero eigenvalues).
This way one might recognize that the best approximations are done by keeping those eigenstates that
have a “small” eigenvalue a,, (if non-vanishing states |b/,) do not vary too much). This is the basic
idea we want to follow in our attempt to find an approximation. A slightly different view on this can
be gained by thinking about the introduced procedure in terms of the image B and the kernel of the
operator A. Then, restricting our space to deal only with the image we can formally define the inverse
of A. A further restriction onto a small subspace X C B of the image B can be sufficient for the solution
of the linear equation if this subspace X is chosen such that it covers the most important parts of A.
A clever way to do so is to choose the subspace in such a way that the target space A~'X contains the
essential properties of the operator A~!. Therefore small eigenvalues of A are the selection criteria.
It will turn out later that for our purpose the eigenvalues are parametrically controllable making the
approximation scheme exact in certain limits.

The functional comes into play when we have identified the modes we have chosen to use as the
approximated subspace. Then those modes provide use with an ansatz |hansatz) = Y. Xn |hn) that
plugged into the functional f(h) = (h|A|h) — 2 (h|b) and performing a differentiation with respect to
the x,, gives us an algebraic linear equation for the x,, namely > Xm (hn|A|hm)— (hyn|b) = 0 due to the
hermiticity of A. To provide a simple picture of the abstract discussion we dealt with, we have chosen

Figure 5.3: Illustration of a function sub-manifold (black line) passing by the minima of a func-
tional (orange plane) in function space.

to use Fig. 5.3 as a sketch on how the choice of the sub-manifold due to selection of the eigenvalues
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substantially influences the quality of the solution. In this sketch the purpose of the functional is to
provide us with an easy way of gaining a new minimum inside the sub-manifold whose distance (hence
quality) is minimized but restricted to the choice of the manifold.

The plan is, now to find a proper ansatz by studying the integral kernel of §I[h] given by Eq. (5.17)
and using this ansatz together with the functional F'(h) Eq. (5.21) to gain an algebraic equation for
the coefficients that parametrize our solution.

Discussion of the ansatz

The general considerations from above have unveiled that for our case of a fixed driving term eET
that plays the role of |b) we have to look for modes minimizing the collision kernel Eq. (5.18). Note
that we skip the part of the kernel that is related to €2 which in this discussion will be only used
as regularization for cases the kinetic equation is not solvable otherwise. This limit corresponds to
Coulomb interaction dominating other scattering mechanism like i€) and Tcﬁsl. One recognizes at first
that there are two zero modes due to the delta functions in W ({z;}) namely hee x € and hy,e eET.
These zero modes are due to particle, energy and momentum conservation (see 2.5.2). The fact that
the zero mode corresponding to particle and energy conservation does not couple to the driving term is,
in aboves terms, reflected by the statement that (hec|b) = 0, hence we can further on ignore those two
zero modes (as long as dealing with pure transport). This is not true for the momentum conserving
mode hp.. Without regularization €} this one can make the problem unsolvable, since without any
scattering the momentum mode will accelerate uncontrollably not allowing us to consider a stationary
case.

Finding more relevant modes requires the knowledge of different energy scales in the integral kernel
Eq. (5.18). Detailed calculations supplement this discussion and can be found App. C.2.2. As explained
in Secs. 3.1.2 and 4.1 and Refs. [71, 72], on a golden rule level of interaction the collision kernel W ({z;})
has a singularity that is due to forward scattering. In Eq. (5.17) one can identify some traces of this
forward scattering resonance by setting all velocities in the collision kernel the same. This way one
obtains a kind of three dimensional energy conservation constraint, indicating a divergent structure
and leaves only the question of the relevant phase space for that to happen. Again, an investigation
of this divergence can be found in more general terms in the App. C.2.2. With this forward scattering
divergence all modes that do not efficiently suppress forward scattering relax quickly meaning that
the collision kernel provides zero weight to the solution of the kinetic equation (if 7" # 0 [61]). There
is exactly one mode that is not affected by this fast relaxation namely the velocity mode h, E®.
This mode annihilates efficiently the collision kernel for the processes that are resonant in forward
scattering. From these considerations it seems that taking only the momentum conserving and the
velocity mode will provide us with the exact solution to the problem. Surely this is not correct since
the divergence in the kernel is regularized, at finite 7', by taking into account the RPA screening.
Again, more details are provided in App. C.2.2. In total it turns out that the collision kernel itself for
p < T provides us with the scale ;7" as it is shown in Sec. 4.2.1. This is by a factor a;l larger than
the averaged transport related quantities given in Sec. 5.4.2. Hence the quality of the aforementioned
approximation with only two modes is well-founded as long as Coulomb interaction dominates the
structure of the kinetic equation 2 < agT . One should mention that the ansatz discussed so far
corresponds to direction dependent equilibration, which we will discuss in more detail in Sec. 7.1.2.
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Assuming Coulomb interaction being the most relevant interaction we formulate the ansatz':

eEv e eV

Rk TPV 2
T2 +X1T T2 ) (5 3)

hAnsatZ (.%‘) = X0
for the distribution function. An extensive analysis on the precision of the ansatz Eq. (5.23) compared

to contributions that relax parametrically fast is performed in Ref. [73]. With the ansatz at hand we
will now proceed solving the kinetic equation.

5.2.3 The Conductivity in Graphene

Following the ideas sketched in the previous sections we are left with the functional Eq. (5.21) altered

by the ansatz Eq. (5.23):
X0 T X1 2T X0 T

/ A YW (s DT — B + T3 — 642, (5.24)

0
F(xo0,x1) = /dCL“lV(El);;

8T2

As we discussed above within the lines of Eq. (5.22) the xi-mode, the zero mode, disappeared within
the integral kernel due to momentum conservation. The only thing that is left to do now is the actual
calculation which is done by minimizing F'(hansatz) With respect to xo and x;. While doing so it turns
out that the following useful short forms will help compactifying the result:

It = 47;3 /d{IL’Z}W({J}Z}) (171 — Uy + U3 — 174)2, (525)
_ —f/d a”F 2 (;)n (5.26)

We finally end up with a set of algebraic linear equations

a-F(thnsautz) Q
X \NAmsata) _ 404322 (A Aix1) = xoNIy =0,
%o 0 +ZT( oxo + Ai1x1) — xoNIw =0
aF h nsatz Q
(5:1 atz) =A + ZT(ADCU + Azx1) = 0. (5.27)

where we are using the short-hand notation introduced in App. C.1 in Eq. (7.13). The solution to the
kinetic equation in the aboves approximation is

- AgAs — A2
X0 = AQ(NITr — on) + A%Z%7
AINI
X1 = Lt (5.28)

Z% |:<AOA2 - A%) ’L% - A2NITI«:|

!For quantities, governed by energies of order temperature (like the conductivity), this ansatz is controllable in powers
of In(1/ay). If, e.g., observables are governed by energies of order a7 the situation changes. In Chap. 4, we found,
that plasmons lead to a quantum scattering rate and energy relaxation rate of the same order (analogous behaves the
transport scattering rate 5.4), which provides no selection of modes.
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From Eq. (5.4) and the ansatz Eq. (5.23) follows the current

S d2p ~ 62 .
Jj= eN/ 2n)? on(x) = EN (Aoxo + Aix1) E. (5.29)

Hence the conductivity reads:

2N

2
We see that for finite chemical potential (A; # 0) the DC conductivity (2 — 0) diverges since x1
diverges. This limit reflects the case that the kinetic equation has no solution since there is no steady
state to relax to.

At the Dirac point (u =0 — A; = 0) the conductivity is

g =

(AOXO + Ale) . (530)

L_ON, @ M 0@ A0 0r _—

This result has been obtained in previous Refs. [71, 72] and the DC limit will be determined in Sec.
5.4 within a diagrammatic analysis. It is worth noting that the Ity appears as scattering rate of the
system (It = (T'r;) 1), a fact which motivates some of the later notations (e.g. Eq. (7.13)).

If we consider the resistivity the full result reads (Tz = —iQ2 or Ttz = 1)

I B?12
2 1otr , (5.32)
BO BO BO (B%Itr + BQZ)

e
P=7
where we introduced an additional short-hand notation, which is particular useful for resistivities,
namely

Ag = By, By = Nfl(l)’ By=NAs — A1 By. (5.33)

There is a deeper reason in the fact that at the Dirac point conductivity is definable even in the
clean case. The reason for this becomes more clear when we take a look at Fig. 5.3. The reason for
creating the functional was to provide a systematic way to find the best approximation for the solution
of Eq. (5.19). The functional defines a measure within this abstract language. It hence, tells us how
to weight the modes, which finally leads to the measure y(e)%p. This way the functional approach
defines a scalar product

<(;)n\ (;)m> - —% /dxu(e) 8”56(6) (;)n+m = Anim. (5.34)

on the space of all possible modes (see Eq. (5.22)). If we use x, and k, as a short form for the
corresponding mode we have (xpn|Xm) = Antm€2E2/2, (xn|km) = 0 and (kp|km) = Apim. For the
description of graphene only xo and x; have been needed. The scalar product of their modes is A;
which is an odd function of the chemical potential (see Eq. (C.18)) and disappears at the Dirac point.
Hence, at the charge neutral point, where p = 0, the zero mode due to momentum conservation does
not couple to an external electric field. As discussed in Sec. 5.2.2 this implies that at the Dirac point
only the velocity mode is needed to take into account (see references [71, 72]). The limit of large
chemical potential is not less interesting. Within the scalar product of the modes we can as well talk
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about angles in the sense of |Xy||xm| €08 Opn.m = (xn|xm) (We use as a norm |xn|? = (xn|Xn)). This way,
in the limit of large chemical potential, one gains cosfp 1 ~ 1 — 72/(2442%) (see Eq. (C.37)) indicating
that the modes xp and x; become the same up to algebraically small contributions. The fact that the
two modes become the same is somewhat natural since within the usual Fermi-liquid picture there is
no deeper separation between velocity and momentum.

5.2.4 Non Analytic Corrections

The analysis performed previously so far is in fact not fully complete as long as we stay to the two
mode description only. The basis we founded our expansion of possible modes on is given in Eq. (5.22).
We could show (see App. C.2.2) that within this basis only two modes are relevant. In the notation of e
and ¥ we used explicitly the symmetry between particles and holes making the treatment significantly
more easy. Unfortunately this basis masks a peculiarity we first observed in Sec. 3.1.2. In this specific
section we explained that relaxation of particles by creation of holes is an inefficient process since it
takes place only within a measure of zero in the phase space (due to kinematic reasons). This implies
that the total number of excitations is a conserved quantity separately for particles and holes. A
perturbation of the system could therefore create an asymmetry between particles and holes we have
not included so far within our two mode ansatz. The authors of Ref. [74] noticed this curious fact and
found a related slow mode similar to xo we have not yet included.

Within our language, incorporating this particular mode alters the two mode ansatz towards a three
mode ansatz:

€ . eEv € .
h= (no + K + fi351gn(e)> + T2 (XO + X1 + Xs&gn(e)) . (5.35)

A natural question that appears now is: do we really have all needed modes now?

The only problem with the previous discussion of the two mode ansatz is that we limited ourselves to
analytic forms only. This means that the xs-mode has to be taken into account since y is essentially
constant and therefore similar to yg. There is no counterpart to x1, since the zero mode is actually not
stable against the forward scattering resonance but is “accidentally” annihilated by the momentum
conservation (see thermalization in the later Sec. 7.1.3). Thus changing signs will no longer allow
this mode to be annihilated by momentum conservation. Hence, the only additional mode able to
annihilate the forward scattering resonance is xs.

The purpose of this section is now to analyze the influence of this particular mode in contrast to the
two mode case introduced previously.

The effective three mode kinetic equation

We discussed in Sec. 5.2.2 the method using a functional to determine the effective kinetic equation and
in this context learned that only the choice of the ansatz matters for the quality of the approximated
effective kinetic equation. By using the three mode ansatz Eq. (5.35) together with the functional
given in Eq. (5.21) we gain an algebraic equation that reads (z = —iQ2/T or z = 1/(T'7qis)):

A Iy + Aoz A1z I + As0z ) [ X0
A | = Az Aoz Agz X1 (5.36)
AsO Lgtr + ASOZ As1z I + AOZ Xs
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where the new appearing objects have been straightforwardly adapted to the previous notation using:

1 . . . . . . . )\ 2
Iy = 173 /d{xl}w({wz}) (Slgn(e1)v1 — sign(eq) vy + sign(es)vs — 81gn(e4)v4) (5.37)
Ty = 4711“3 /d{xz}W({xl}) (171 — U2+ U3 — 774) (Sign(fl)ﬁl — sign(ez) v + sign(ez)vis — sign(e4){)’4)
(5.38)
and
Asn(p) = —% / dz v(e) ange(e) sign(e) (;)n (5.39)

Before continuing to solve the effective kinetic equation we need to understand how it differs from Eq.
(5.27). It is therefore convenient to analyze the kind of additional contributions we gained. The Ay,
although appearing similar to the A,, have a shifted symmetry caused by the xs mode to appear with
a term odd in energy. In this view xs behaves like y1. A prior classification of x, is done by thinking
about it as a velocity (xo) like mode with the symmetry of the zero mode (x1).

Let us now discuss the rate I by confirming first that indeed it is not divergent which would
cause a fast relaxation of the mode. As already mentioned both layers have a conserved number
of excitations which means that inter band collisions and intra band collisions happen separately
forcing sign(ejezezeq) = 1. This means that the integral kernel of I can look like the one of I, like
(171 — Uy — U3 + 174) or like (171 + Uy — U3 — 174). These possibilities are all annihilated by the forward
scattering constraint 7 = Uy = ¥3 = U4. An explicit calculation of this cancellation can be found in
App. C.2.3.

Discussion of the significance of the third mode

We are now interested in the relevance of this third mode. The first observation we did is that the
symmetry of the y; mode is odd which immediately implies that close to the Dirac point the interplay
of ypand xs disappears. Further we notice, that having two odd modes their interplay should be
governed by the vicinity to the clean limit, in which the third mode, again is irrelevant. Thus a
possible expansion may look:

2
_ 2 _

pé Le oz B2I2 B [BoBﬂstr-i— (BOBlAsl ByBiAso AsoBz> Itr:| z

2 By Do By(Bi.+ Bz) BiByI, (2B} 1s + Ba2)

(5.40)

Here we kept in the denominator only the leading contributions of z and Bj, which is proportional to
. Hence we assume z < 1 and p < 1. For this discussion we need to know some of the asymptotics of
the short-hand notations introduced. The calculation of those can be found in App. C.2.3 and states,
that except of By o Agg o Igr < i, everything is constant up to quadratic contributions, close to the
Dirac point. Then we have two distinct limits to deal with. If we assume z < u? we recognize that
the additional contribution coming from the third mode disappears completely compared to the first
three terms, which correspond to the two mode calculation Eq. (5.32). Thus the corrections appear as
O(z). In the regime of z > p? the last two contributions are proportional to x2. But one of the terms
coming from the two mode calculation has an additional z~! enhancement which again allows us to
skip the three mode contribution since it appears as O(u?) (instead of O(pu2271)). In the vicinity of
the Dirac point and of the clean case we re-obtain the two mode calculation.
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Let us focus now on the situation of large chemical potential. In this situation Ig,, Is and I, are
up to exponential small corrections the same. The same is true for the Ag,s, that are now up to
exponentially small corrections appear to be the same as the A,s (see App. C.2.3). Thus, we define
I — I =6 € 1, Iy — Ity = 0gtr < 1, Ag — Asp = — 0450 < 1 and Ayy — A1 = 0451 < 1 to obtain the
leading order in for large chemical potential. Again we only keep the leading orders of nominator and
denominator and obtain

e L, oz B3I2

Py s T35 —

2 BO BO BO (B%Itr + BQZ)

B%Itr(sAsléAsO + B2315A5058t1‘ + B25str5Asl

—2I4,2°By S
B(z) (B%Itr + BQZ) (2251450 - 2651;1‘)

(5.41)

The deviations 0450 and 0451 are just exponentially small in p/7T with some prefactor of order 1.
However the deviations dgi; and ds have additionally to the same exponential suppression a prefactor of
order oz?]. Therefore as long as we are close to the clean limit where the Coulomb interaction determines
the modes the denominator of the last term in Eq. (5.41) can not become zero. The corrections we
gain then by the three mode calculation are exponentially small.

Concluding we can say that for large chemical potential and close to the Dirac point the two mode
calculation is sufficient. Already within the choice of the collision kernel we considered large N contri-
butions only which means that we will not gain more precision by including the third mode. On the
other hand the concepts and ideas we managed to learn from the two mode calculation seem to allow
us a conceptual and qualitative understanding of the physics governing the transport in graphene.
Therefore although the two mode calculation gains additional corrections at u ~ T" we will continue
performing only the two mode calculation to keep the discussion more clear allowing us to stay focused
on the phenomena of transport in graphene.

5.3 Hydrodynamics for Graphene

In our pursuit of understanding the transport in graphene, there is one more step left to go. We have
seen how the kinetic equation approach becomes very powerful using the ansatz based on the graphene
intrinsic forward scattering resonance. The next setup to go is to extend the formulation towards a
true hydrodynamic picture. We have seen in Sec. 5.2.2 that already the ansatz (5.23) is based on the
assumptions that interactions dominate the system. Thus, a hydrodynamic formulation (see Sec. 2.5.2)
is the next logical step [62, 73-76].

A hydrodynamic formulation implies to have local fields determining the macroscopic state of our
system on top of the microscopic details. In Sec. 2.5.2 we sketched how the hydrodynamic equations
appear from the kinetic equation almost without involving any microscopic details. This section is
dedicated to the derivation and analysis of the hydrodynamic equations in graphene.

5.3.1 The local Hydrodynamic picture

The purpose of writing down the hydrodynamic equations is to add another perspective on the trans-
port properties in graphene. Writing down the hydrodynamic equation as we did in Sec. 2.5.2, it turns
out that we gain three equations but none for the current. The reason for this is of course that current
itself is not conserved by the Coulomb collision term. We spend quite some effort on solving the kinetic
equation. This allows us to write down the local hydrodynamic equations easily. In contrast to the
discussion we had so far, the hydrodynamic equations involve the densities implying that the ansatz
needs to have a non-directional component.
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Figure 5.4: Illustration of the concept of local direction dependent equilibrium (see Sec. 7.1.2).
The distance between the spatial separated direction dependent equilibria needs to be
at least the thermal length.

In the spirit of Eq. (5.22) we will consider the two modes for transport. Which modes we discussed
within this chapter, and add to this the two zero modes k¢ and k1 (see Sec.5.22) responsible for the
densities. The hydrodynamic fields we want to use to describe the system should be local quantities
on the scale of temperature. The origin of this limitation is the kinetic equation itself which originated
from the local approximation performed in Sec. 2.5. The conclusion there was that all real-space
gradients and time derivatives need to be smaller than the relevant quantum scale. In Sec. 4.2 and
Sec. 5.4.2 we showed that at the Dirac point, where the chemical potential will not serve us as a large
energy scale, temperature comes into play and will be the most relevant scale for transport and energy
relaxation rates. Thus, the real-space ultraviolet cut-off for the kinetic equation is given by the thermal
length I o< T~1. On length scales larger than the thermal length we may as well allow local variation
of the external fields. Further, since the collision kernel is a purely local object (see App. A) we might
allow all the coefficient’s that parametrize the modes k and x to vary in real-space coordinates. This
yields the desired local ansatz. This implies a local direction dependent equilibrium sketched in Fig.
5.4. The hydrodynamic fields obtained within the approximation of the ansatz (5.23) read:

p= eN/da;l/(e)n = eNT? (Agko + A1k1) , (5.42)

pE = N/d:cy(e)en = NT? (A1ko + Asry) (5.43)

j= eN/dxu(e)f)’n = %eQNE (Aoxo + A1x1) , (5.44)
jg = N/dq:y(e)eﬁn = %eTNE (A1x0 + Aaxa) , (5.45)

where we are using the abbreviation A introduced in Eq. (5.25) for brevity. With these fields the local
hydrodynamic equations can be expressed as:

op+V,j=0, Opp +Vyjg =0,
(5.46)
- = j Asj — AijpT/e - = JE
O] +V,p—e?NEAg = — —1T , o) V,.pp —eNETA, = — .
)+ Vep—e 0 Trais tr Ay Ay — A% WE + VepE — € 1 e
(5.47)

Remarkably these equations generalize in a very intuitive way the results obtained for conductiv-
ity (5.31) previously. Further these equations highlight the interplay of electric current and energy
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current with an easiness and intuition we have not seen in the matrix formulation. Assuming the fields
to be static and homogeneous Eq. (5.46) appears to correspond to the some graphene-based Drude-like
equations (see for comparison Eq.(5.1)).

5.3.2 Derivation of the non-local Hydrodynamics

The kinetic equation (5.12), we used so far lack one crucial ingredient that is needed to describe the
non-local hydrodynamics, namely the viscosity. In Sec. 2.5 we derived the kinetic equation using the
local approximation which essentially made the collision kernel a local object. To go beyond this
approximation we need to understand the effects of the higher order terms in the gradient expansion
as well as their origin. Tracing back the derivation of the kinetic equation (see App. A) we will end
up with the self-energy as given in Eq. (A.2).

Fll FQ’

— —

1 2

Figure 5.5: The self-energy diagram involving the spatial coordinates

If we just disregard any Keldysh structure, for now, we obtain from the diagram in Fig. 5.5:
Z(T_"l, FQ) = /d’f‘i/ /dFQ/_D()(T_'i — ’Fy)DO(FQ! — ’FQ)G(Fl, FQ)TI' [G(Fll,FQI)G(F2/7 Fll)] . (548)

Performing the Wigner-transformation for each propagator and making use of the delta constraints
that appear we can rewrite the equation, using 2¢' = ¢1 + ¢ and §¢ = ¢1 — ¢> as total and relative
transfered momentum, and obtain

oq oq

—1 ﬁlQ—R1/2/ o7 dq dp/ o -
( ) /WWDO(q+2)DO(q_2)

x G(Ri, 5 — @) T [G(Rua, 7)G(Rua, 7 + @) . (5.49)

Y(R12,D) :/defw((;i?Qe
This self-energy appears finally in the kinetic equation (see Eq. A.7) together with an additional
convolution between different center of mass coordinates of the electronic propagator and the self-
energy. Since Coulomb interaction is a long-range interaction we assume the non local structure of the
self-energy to be more relevant than non-local contributions between electronic propagators. Assuming
further that the center of mass dependence of G(ﬁ, P) is not only very weak but exclusively present
in the distribution function f we observe that the complete calculation that has been performed in
App. A.2.1 can be done without any further restrictions. Even more we can as well linearize the
collision kernel arriving at:

1 ~ — déq —i(ﬁqz—ﬁﬂy)&j . (5q_" . (567
[ = — L (7 19 3 19—~ D 7D -
e = oy [ Aridiciaran W) [ afx e 0@+ S)D0(a = )

X {h(ﬁ’n,wl) — h(ﬁ12,9€2) + h(ém', xy) — h(ﬁm',mz')} , (5.50)
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W({LBZ}) = 271'5(61 —e€g+€yr —62/)(27'()25(61171 —€9Uo+€1/ U7/ —62/272/) X
% 017261/’2/1/<€1)I/(EQ)V(El/)V(E2/)
16 cosh(<-E2) cosh(2-E2 ) cosh(“+2 ) cosh(242) '

(5.51)

This equation is particular useful. Assuming the distribution functions to be independent on the center
of mass coordinates we recover the collision kernel (5.18) from the previous sections. Expanding the
interaction propagator in ¢ we will be able to go beyond the local approximation. Since an expansion
of the interaction propagator reads:

L, 04, 00 § 9 67 (G 7—q*1\ 67 .,

it follows that the combinations of the propagators inside the non local collision integral read:

. 5 N2
Eq) ~ D2(q) — DZEQ) @q) . (5.53)

S 0G0
Do(q+ 5 )Dold -

=9

It is clear that the first term in this expansion creates naturally the local collision integral we took into
account so far. Within the integration over Ry/o/ the parameter ¢ can be understood as an operator
acting on Ry/o/. Thus we may write the symmetrised transformation explicit as:

(5@')2 N % (AR12 + AR1’2’ — Qleng1/2/> , (554)

where Ap is the Laplace operator with respect to R. The leading non-local correction to the collision
integral reads:

2
0leon = _1/d{wi}ie{Q,l’,T}W({xi}) <D0q(d)>

81/(61)
X {Ang [h(R127x1) — h(Ri2, 1102)} + AR, [h(élf%fflf) — h(Ryo, 1‘2/)} } . . (5.55)

R1/2/ —)R12

We need to remember, that after applying the operator, the different coordinates Ris and ﬁlxgr have to
be evaluated at the same point. This way we defined how to extend the here presented theory towards
viscosity contributions as shown in Eq. (2.78). With help of the viscosity we can understand the
equilibration of non-local setups that e.g. appear when considering clean finite systems with different
chemical potentials applied to. Thus, the here performed analysis provides an excellent starting point
for the analysis of finite setups (see Sec. 9).

5.4 Diagrammatic Analysis

We have seen the description of transport in terms of the kinetic equation. Within the next section we
will look at the transport properties at the Dirac point of clean graphene but using the diagrammatic
approach known from chapters 3 and 4. We therefore continue the calculation of Chap. 4 but with an
emphasis on transport.
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5.4.1 Transport Scattering Rate due to Inelastic Collisions

In this section we calculate the transport relaxation rate due to inelastic collisions. The expression for
the corresponding kernel Eq. (B.11) of the self-energy can be deduced from the interaction-induced
correction to the conductivity, as described below. We are interested in the linear-response dc con-
ductivity. The leading order perturbative correction to the conductivity due to Coulomb interaction
is given by the two diagrams shown in Fig. 5.6.

a) b)

VRO Vpd vpd vpd

Figure 5.6: Diagrams describing the first-order interaction correction to the conductivity

In the absence of interaction, the conductivity of a clean graphene diverges at finite temperature.
Therefore, we have regularized the diagrams by introducing a small broadening (6) which mimics the
finite lifetime due to weak disorder. The general analytic expression of the lowest-order interaction
correction to the conductivity within the Keldysh formalism can be found in Ref. [44]. This correction
can be split into two parts (Figs. 5.6a and 5.6b): do = do° + do¥, where

s d2p1 d€1 d2p2 d62 6f1 . R A .
o=~ [ [ [ 52 Gemd a6 -] gy

x| (f2+9) D" = D |[GR(1) GR2) GF(1) - (1) 61 (2) G

+ fo [GR(l) [GR(2) DT — ¢4(2) DA] GR(1) — GA(1) [GF(2) DF - GA(2) D] GA(l)} ] } (5.56)

is the self-energy contribution and

v d2p1 d€1 d2p2 de? 8fl . R A
i =5 i |20 Jans [ o 5 s+ o) [p" - 7]

x [GF(1) GT(2) - GA(1) GA(2)] 45 [GT(2) GT(1) - GA(2) GA(1)]
+ 25 2| GR(1) — GA1)] [DAGR(2) j5GR(2) - DFGA(2) jsGM(2)] s |G (1) - G (1) } (5.57)
is due to the vertex correction. Here jg = evpog is the current operator in graphene and we used

the short-hand notations for the arguments of Green’s functions: 1 = pi,€; and 2 = pj, e5. We first
trace out the sublattice structure and then regularize the divergent integrals by § using essentially
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Gf\%GA = 2—%5 (Gf — Gf\‘). The most divergent interaction-induced correction to the dc conductivity

de; Of [dey [d? d?
o = — evF dey f 62/ pl/ P2 77{(5(61—UFP1)+5(61+UFP1)}Sign61

462 ) 21 ey
w |1 — [ PLP2 1+ Pl P2
p1p2 pip2

Transport factor Dirac factor

Ks(e1,€1 — €2,p1,p1 —p2). (5.58)

is then proportional to 2. Here Ky, is the integral kernel of the self-energy:

Tm E{f(e,ﬁ) - /(;12) Z:KZ (e w, P, q) (5.59)

The correction, Eq. (5.58), is determined by the inelastic electron-electron scattering. In the dia-
grams of the leading order in bare interaction shown in Fig. 5.6, we have Kx; o« Im Dy = 0, so that the
inelastic corrections are zero. What remains in the first-order conductivity correction, Fig. 5.6, are
the contributions responsible for the renormalization of the Fermi velocity in graphene coming from
the real part of the self-energy; note that these contributions are less singular in 6.

Thus, we have to consider higher order corrections. In Fig. 5.7 one can see all classes of second order
skeleton diagrams. There are also the second-order diagrams of the ladder type, see Fig. 5.8. Such
diagrams contribute only to the renormalization of vg, similarly to the diagrams in Fig. 5.6, and their
contribution has been already included into the calculation simply by the replacement vy — vp(T).

In the large N approximation, diagrams in Figs. 5.7d, 5.7e, and 5.7f dominate. Diagram 5.7f is
the Coulomb drag diagram and yields a zero contribution at the Dirac point due to electron-hole
symmetry (in later chapter we will investigate the drag contribution more carefully see chapters 6 and
7 and references [77, 78]). We are left with the diagrams 5.7d and 5.7¢ which correspond to the two
diagrams shown in Fig. 5.6 with the second-order correction to the interaction instead of the bare
one. For these two diagrams, Eq. (5.58) still holds with Ky, oc Im D;. This suggests to replace the
bare interaction lines shown in Fig. 5.6 by the RPA interaction lines, which would correspond to Eq.
(5.58) with Ky, oc Im Drpa. Note that even with the RPA-dressed interaction, Eq. (5.58) still yields
a divergent contribution which we have regularized with 0.

Considering the two independent scattering processes with the transport scattering rates § and Tt;l
such that we find the Drude conductivity in the form

on V5T (€)

2 F Fltr

= d — , 5.60
7=° / €pe) ( De > 2[1 + 74 (€)d] (5.60)
where np(€e) = [1 — f(€)]/2 is the thermal Fermi distribution function and p(e) is the thermodynamic
density of states. Expanding this formula in (67;)~!, we get the “interaction-induced” correction:

5o — CVE [4.9F ple)

482 “ De Ter(€)

(5.61)

Comparing Eq. (5.61) with Eq. (5.58) we can identify the interaction-induced transport scattering
rate in graphene. The transport scattering rate obtained from the conductivity correction corresponds
to the kernel K, defined in Appendix B.2.1.
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Figure 5.7: Second-order skeleton diagrams for the conductivity
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Figure 5.8: Ezamples of second-order diagrams for the conductivity that contribute to the renor-
malization of velocity.

Furthermore, the connection between the kernels in the transport scattering rate and the quantum
scattering rate also follows from Egs. (5.58), (5.59), and (5.61). One can see from Eq. (5.58) that in
the transport scattering rate not only the contribution of forward scattering processes is suppressed as
in conventional systems but also the contribution of the backward scattering. The latter suppression
is due to the Berry phase of 7w in graphene.

In the above derivation we have assumed § > 7, * which allowed us to extract 7, ' from the expansion
of the conductivity in Tt;l. Using the generalized GR approach, we show in Appendix B.3 that the
expression for the transport scattering rate obtained in this way remains valid also for § — 0.

5.4.2 Transport Scattering Rate: Results

Similarly to the quantum scattering rate, the transport rate is dominated by region 3 (see Fig. 4.1) in
the regimes II, III, and IV. Again, this is not so for energies that are in the regime II. In this case, we
have an additional contribution from region 1 (see Fig. 4.1), like in Sec. 4.2.1. The calculation outlined
in App. B.2 yields

T je I

NV T
agT, 1T

1

Tur(€) agNT<T> , il

€

2

T

agNT<e> , vV

(5.62)
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The characteristic momenta dominating the transport scattering rate as well as the relevant regions
in Q-2 plane are shown in Table 5.1. The transport scattering rate in Regimes II and I1I are dominated
by momenta much smaller than temperature, which allows us to find the numerical prefactors (given in
Appendix B). Regimes I and IV is determined by momenta of order temperature, which does not allow
us to find the numerical coefficient in these regimes. The analytical asymptotics are plotted alongside
with the exact numerical result in Fig. 5.9.

Tor I II II1 v
qQUF ~ W T a§N2T/€ € T
Regions | 1,2,3,4 1,3 3 3

Table 5.1: Momentum/frequency scales and regions of the Q- plane that dominate the transport
scattering rate T&l in different domains (LILIII, and IV) of energy e.

Similarly to Sec. 4.2.3, we see a strong enhancement of the transport scattering rate in region II.
When the energy approaches the temperature, the GR result

T (e~T)~alNT (5.63)

is reproduced.

TEEERTTIRY,

agN’T  agNT T

€

Figure 5.9: Transport scattering rate for agN = 4 x 1073 (double logarithmic scale). Dots:

exact values obtained by numerical evaluation; solid lines: analytical asymptotics,
Eq. (5.62).

Comparing the transport scattering rate with the energy relaxation rate,

Ttr 1

— x In——, 5.64

R agN ( )
we observe that in the limit of small o the relaxation of energy due to the inelastic collisions occurs
much faster than the velocity relaxation, 7, > 7g. The difference between the two rates comes from
the fact that the forward scattering in graphene is strongly enhanced. The RPA screening suppresses
the contribution of scattering angles smaller than g thus regularizing the logarithmically divergent
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contribution to the energy relaxation rate. On the other hand, the transport factor in Ky, see Eq.
(5.58), kills the contribution of the forward scattering to the transport scattering rate much more
efficiently than the RPA screening (this is the reason why the GR result for 7, is parametrically
correct), so that no logarithmic factor arises in 7.

The relation Eq. (5.64) justifies the hydrodynamic approach [62, 73, 74, 76]: the distribution func-
tions of electrons and holes equilibrate within each type of carriers much faster than the direction of
the velocity is changed. As a result, the distribution functions effectively depend only on the velocity
direction. This means that the interaction-induced transport scattering rate entering the observables
should be averaged over the temperature window:

T af 1
de p(e) - ——~
0/ O€ T (€)

(5.65)

This energy-averaging procedure exactly corresponds to the solution of kinetic equation as we explained
it in the previous Sec. 5.2 following the line of arguments given by Refs. [72] and [71].
Evaluating the integral in Eq. (5.65) numerically with the exact expression for the RPA propagators,
we find
(') ~ 0.989 a2 NT. (5.66)

The numerical prefactor in this result is the same one obtains by dividing Ig¢, (1 = 0) (see Eq. (C.3.1))
by Ao(p = 0) (see Eq. (C.37)) and thus agrees with that found in Ref. [72] for the direct interaction
term. As we will see below, this averaged value of the transport scattering rate can be substituted
into the Drude expression for the conductivity, which yields the parametrically correct result for the
collision-dominated conductivity of clean graphene.

5.4.3 Collision-Limited Conductivity

Above, when calculating the conductivity, we have assumed that the finite lifetime of quasi-particles
is provided by some artificially introduced broadening ¢ which mimics disorder. The introduction of
the artificial lifetime allowed us to identify the contribution of the inelastic collisions to the transport
scattering rate by considering the perturbative-in-interaction contributions to the conductivity. Let us
now discuss the conductivity of clean graphene, or, more precisely, the conductivity of graphene in the
regime when the inelastic collisions dominate over disorder scattering.

The conductivity of graphene at the Dirac point is a rather intricate quantity. In the absence
of interaction, transport in the ballistic limit shows remarkable peculiarities in graphene.[20] The
interplay between vanishing density of states and vanishing scattering rate leads to the non-universal
conductivity that depends on the measurement details. In particular, finite size clean graphene sample
of the “short-and-wide” geometry shows a behavior analogous to that of a normal diffusive metal. The
zero-T conductivity of such a setup is ¢ = 4 x e?/mh. The same value of conductivity was predicted
for an infinite sample with a large but finite electron lifetime. A different result, o = e2/2h, was
found in the undoped graphene at a large frequency. At any non-zero value of the chemical potential,
the conductivity of clean graphene is infinite. At finite temperature, energies within the temperature
window contribute to the conductivity. This implies that the Dirac-point conductivity becomes infinite
in the noninteracting case at any non-zero 7.
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As has been shown the previous Sec. 5.2 and in Refs. [62, 71, 72], the conductivity of clean undoped
graphene becomes finite due to the inelastic electron-electron collisions. The estimate for the collision-
limited conductivity can be obtained by substituting the typical value of interaction-induced transport
scattering time, Eq. (5.63), and the typical density of thermally populated states, p(T) ~ NT/v%, into
the Drude formula, which yields

e2 e NT 1 ez 1
= — o(Tv%74- (T VI~ — . 5.67
0 = 3, PT)ET(T) ~ vk FaZNT © h a2 (5.67)

Note that the explicit dependence on T, N, and vg drops out from this formula; however, the temper-
ature dependence appears in Eq. (5.67) implicitly through the renormalization of ;. A more rigorous
calculation of the collision-limited conductivity requires the analysis of the kinetic equation (see Sec. 5.2
and Refs. [71, 72]). The fast energy relaxation discussed above not only simplifies such an analysis,
but also reduces the kinetic equation to the hydrodynamic model [62, 73-76].

The consideration of Sec. 5.4.1, which allowed us to find the transport scattering rate from the
expression for the conductivity, relied on the perturbative treatment of the interaction. This assumes
the following hierarchy of the energy scales:

l«d<T. (5.68)

The first inequality implies that the broadening of the Green’s functions is due to the artificial “dis-
order” rate 0, whereas the second inequality establishes the ballistic regime which allows us to neglect
the dressing of interaction by disorder. Since the characteristic frequency transfer in the transport
scattering rate is of the order of the temperature, the resulting Tt;l does not depend on § as long as
6 < T. Furthermore, in App. B.3 we have calculated Tt;l from the generalized GR approach for 6 =0
and reproduced the transport kernel K, from Appendix B.2. Therefore, we expect that the Drude
formula, yielding Eq. (5.67), is applicable also for Tt;l > 4, i.e. in the collision-dominated transport
regime. This expectation is supported by the kinetic equation approach shown in Sec. 5.2 and the
results of Refs. [62, 71, 72].

Assuming the validity of the Drude formula for § < 7', we evaluate the conductivity using the
energy-averaged transport scattering rate given by Eq. (5.66):

62 NT(' f e? 0.7

This result is exactly the same obtained previously in Eq. 5.31 within the kinetic equation approach.

It is worth noting here that the kinetic equation approach (see Sec. 5.2.1) performed in analogy to
Refs. [71, 72] was based on the GR calculation of the self-energies. As we have seen in Sec. 5.4.1, the
RPA result for the transport scattering rate at relevant energies € ~ T' [as well as the energy-averaged
characteristic rate, Eq. (5.65)] has the same form as given by the GR. Moreover, the averaging of
the energy-dependent transport scattering rate using Eq. (5.65) yield the same numerical prefactor as
follows from the kinetic equation with the GR collision integral [71, 72], see Eq. (5.66). Therefore, we
conclude that the RPA resummation does not change the numerical prefactor of conductivity in the
leading order in ag. In other words, unlike the quantum scattering (or dephasing) rate considered in
Secs. 4.2.1 and 4.2.2, the calculation of the conductivity can be done within the Golden-Rule approach.
The RPA resummation yields only sub-leading-in-cy, corrections to the conductivity. A treatment of
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the Coulomb interaction like in the beginning of Sec. 5.2 is therefore accurate if the quantities one is
looking for are transport related.

We want to emphasis that in case ay/N > 1 and N > 1 the calculation can become controllable again
since the biggest contributions to the interaction are due to the polarization operator, however the
resummation (RPA) yields effective small interaction (small mean-field). Thus the above consideration
remain, except that the regime 0 < ¢ < a2NT crosses the temperature. Therefore in Eq. (5.62) only
regime I is relevant. Averaged over temperature one yields for the conductivity:

e2

o X ﬁN 2, (5.70)
which together with the conductivity from Eq.(5.69) matches perfectly with the large N analysis
performed in Ref. [59]

5.4.4 Qualitative Discussion of the Effect of Disorder and Comparison with
Experiments

In this Drude like picture we can discuss on the qualitative level the effect of disorder on the Dirac-
point conductivity in graphene. For simplicity we set N = 1 below. In the absence of interaction,
effect of disorder on transport in the ballistic regime is highly unconventional and strongly depends
on the type of randomness [79-82]. On the other hand, as we have seen above, the interaction effects
are crucially important for the transport already in a clean system. It is thus important to explore
transport in realistic graphene structures, with both the electron-electron interaction and disorder
taken into account.

“
Phonons

T ]

Figure 5.10: Schematic plot (only parametrical scales are given) of the temperature dependence
of the Drude conductivity (in units of e*/h; solid line) oy < 1/ In(ATais), where A is
the bandwidth. For simplicity, the logarithmic temperature corrections to oy which
comes from the renormalization is not shown. Dashed lines: low-T' behavior of the
conductivity governed by quantum interference effects; depending on the character
of disorder, the localization, antilocalization, or criticality (coincides with the solid
line) may occur. Dash-dotted line: expected high-T behavior governed by electron-
phonon scattering.
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Figure 5.11: Schematic plot of the temperature dependence of the Drude conductivity (in units of
e%/h) for strong interaction, oy > 1/In(A7ais). The characteristic scale Ty is given
by Ty ~ Ty n?(A/Ty) ~ Tyt In®(ATais). For possible deviations at low and high T
(interference and phonon contributions, respectively), see Fig. 5.10

The role of disorder here is twofold: (i) potential disorder introduces velocity relaxation, thus con-
tributing to the transport scattering rate:
1 9 1

S~ 2T 4 —, 5.71
Ttr g Tdis ( )

and (ii) establishes a finite density of states already in the Dirac point:

1
pox T+ p— (5.72)
1S

Substituting these formulas into the Drude conductivity, we obtain the following result describing the
crossover between the collision-dominated and disorder-dominated regimes:

2 T4+ L
o~ S T (5.73)
h 2T +
g Tdis

This expected temperature dependence of the Drude conductivity is shown in Fig. 5.10 for the case
weak interaction (or strong disorder), oy < 1/In(A7gis) when the renormalization of a4 gives only
small logarithmic corrections. For stronger interaction (or weaker disorder), oy < 1/In(A7gis), the
renormalization of

_ Qg

1+ % In %’

ag(T)

becomes strong [so that the renormalized coupling “forgets” about its bare value, ay(T') — 4/ In(A/T)]
already in the collision-dominated regime, see Fig. 5.11. One sees that, since the interaction-induced
transport rate contains ag whereas the density of states of thermally excited quasi-particles does not,
the two crossover T-scales appear, which establishes an intermediate regime of the ballistic transport,

1
<T K -
Tdis Qg Tdis
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Note that we neglected the phonon contribution to the relaxation rates (for estimate of their contri-
bution, see, e.g. Ref. [66]) which becomes relevant at sufficiently high temperatures.

At T ~ 1/74;s the Drude conductivity becomes of the order of conductance quantum and the de-
phasing rate becomes of the order of T'. At lower temperatures, the T' dependence of the conductivity
is governed by interference effects: localization, antilocalization, or critical behavior may occur, de-
pending on the symmetry of disorder.[83-85] The crossover scale 1/74i in typical experiments on
high-quality graphene is in the range 7'~ 1 — 100K.

Transport measurements performed on suspended graphene [86] show significant changes in the
conductivity as a function of temperature, as depicted in Fig. 5.12. The case of suspended graphene
is more complicated since the appearance of flexural phonons dramatically influences the transport
properties of graphene [87]. Nonetheless, depending on the specific details of the setup the system
shows at low temperatures T o T(isl a disorder dominated conductivity and at very high temperatures
Ton a conductivity governed by flexural phonons. However, in between the conductivity is determined
by Coulomb interaction if the temperature the phonons become relevant obeys Ty, > (agTdis)_l (see
Fig. 5.10).
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Figure 5.12: Conductivity measurement performed on suspended graphene from Ref. [86].

In the experimental data shown in Fig. 5.12 the rise of the conductivity is maybe due to the initiation
of the Coulomb interaction dominated regime as indicated by Fig. 5.10.

Although experiments can not yet measure the regime described above they seem to have reached
the threshold, which so far agrees very well with our theory. Thus we are quite optimistic to see
experimental data measuring Coulomb dominated conductivity in the next few years.
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Chapter 6

Coulomb Drag in Graphene: Basics and
Previous Work

An alleged scientific discovery has no merit unless it can be explained to a barmaid.
Ernest Rutherford, As quoted in Einstein: The Man and His Achievement

This chapter is dedicated to a phenomenon that may look very simple at first sight but despite
its apparent simplicity allows deep insights into the interplay of transport phenomena and Coulomb
interaction. We will first define Coulomb drag, then continue with a simple Drude picture for the
description of the effect and finally recapitulate previous work on this subject in 2DEG and in graphene.

6.1 Definition of Coulomb Drag

The concept of Coulomb drag is rather old [17, 18] but still attracts attention. One of the reasons is
that experimental settings have become more controllable and more complex in the phenomena they
manage to combine. Another facet of this attention is that Coulomb drag is, because its nature relies
on the long-range character of the interaction and because of its delicate effects on the system, not as
well studied as other effects of this age may be [88-91].

Figure 6.1: A sketch of the setting the Coulomb drag will be described in.
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Still, the very basic idea of Coulomb drag is rather simple. Let us imagine we have two-layers of
a two-dimensional conducting material, say a 2DEG or graphene, like it is shown in Fig. 6.1, but
electronically decoupled. We refer to the two-layers as layer a and layer b. We need conducting
materials since we will now consider two pass a current through one of them, for example layer a.
A current in layer a means that we have an imbalance in the velocity (in a 2DEG also momentum)
distribution of the system. The key to understand the phenomenon is that the Coulomb interaction
in such a setup couples the layers and therefore transmits traces of the non-equilibrium configuration
of layer a to layer b. If layer b is not attached to any conducting contact the transmitting traces will
build up a charge imbalance that can be measured as a voltage. Altogether this means that Coulomb
drag refers to the ability of such a system to show a transresistivity also referred to as drag resistivity,

japD X Eb- (61)

If one compares it with the full resistivity tensor one can define in the situation of two interacting

layers,
.za — Paa —PD — Eja ’ (62)
Jb —PD  Pbb Ey

one recognizes that the drag resistivity, as explained, connects the layers.
To establish an intuitive picture of Coulomb drag we will first discuss it within a Drude picture.

6.1.1 Classical Description

As in the previous Chap. 5 we will start by considering non-relativistic parabolic particles first, making
the picture as transparent as possible. In its core Coulomb drag is simple enough to describe it within
the previously introduced Drude picture Sec. 5.1.1. We therefore begin with two equations that each
have a Drude-like structure:

d . q = 1 - Ub(t) — Ua(t)

—G,(t) = ~E, — =7, AV A .
30 (t) - 0 (t) + - (6.3)
d . qg = 1_ Ta(t) — Tp(t)

— S —_ 4
dtvb(t) Ly T'Ub(t) + P (6.4)

These two equations differ from Eq. (5.1) by an additional contribution proportional to 7 1 This
additional contribution accounts for differences in the velocity distribution of the two-layers and cre-
ates a phenomenological exchange between the layers. At this point we will not specify how such a
contribution can arise since this will be part of later discussions (see Chap. 7). Instead we will show
how such a phenomenological exchange contribution creates a transresistivity like the Coulomb drag
resistivity (see Eq. (6.1)).

To do so, we apply the appropriate conditions to measure the drag. Layer b is assumed to be
disconnected which results in a vanishing velocity distribution. in the stationary case this leads to:
n ﬁa(t)

Ey, +

0=-1L
m ™

(6.5)

In layer a, the driving layer, we pass a current, which, as discussed in Sec. 5.1.1, leads to a velocity
distribution for layer a due to Eq. (5.4). Hence we end up with an equation connecting the electrical
field in layer b with the current in layer a:

- n 2T =
Ja = — 1 DEb' (6.6)
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What we see in this simplified picture is that the drag is fully determined by the phenomenologically
introduced inter-layer scattering rate 7p. We will show later (see Chap. 7) how such a rate appears
from microscopic considerations, but for now we will continue to discuss the Coulomb interaction in
two-dimensional electron gases.

6.2 Coulomb Drag in 2DEG

Although from a theoretical point of view Coulomb drag is a rather simple gedanken experiment, the
proper experimental realization is far from trivial. The first setting that has been realized was able
to see a current to current coupling between a two-dimensional and a three dimensional system [92].
Ouly a few years later a coupling of two-dimensional systems was achieved [93] for which semiconductor
based GaAs heterostructures were used to prepare the experimental setup.

Coulomb drag itself is quite an interesting experiment, since it allows to measure the strength of
the Coulomb interaction in a given system, which can become quite crucial in a lot of low dimensional
systems (see Sec. 2.2). Of course this is only true if a similar coupling is not created due an effective
interaction between the layers caused by phonons [94]. Further some phenomena may alter the Coulomb
interaction’s influence on the Coulomb drag, such as interlayer condensates [95], or correlated disorder

configurations [96].

For Coulomb drag to appear the interlayer scattering rate 7, Uis crucial. Within the Fermi liquid

theory such a scattering rate should have a temperature dependence of T2 due to the phase space
of the electrons. The theories describing Coulomb drag of 2DEGs have become more complicated,
e.g. including disorder corrections as well (see Ref. [89, 90]), so that Coulomb drag has become a well-
established effect not only in the experimental but also in the theory community. Still, the calculations
that have been done for 2DEGs rely on the assumption of a Fermi liquid. As we have seen in Chap. 4
this might not be an appropriate assumption for graphene-based Coulomb drag.

6.2.1 Coulomb Drag in Graphene in Contrast to Coulomb Drag in 2DEG

From an experimental point of view a big advantage of measuring Coulomb drag in graphene is the
easily controllable charge carrier concentration that can be tuned from positive charge carriers to
negative ones [97, 98]. Further, due to graphene’s thickness of only a single atom, it is possible to
reach very short distances between the two-layers which allows to explore regimes that could not have
been studied before (dT" < 1). So already from an experimental point of view it seems promising to
investigate Coulomb drag in graphene.

As we have discussed in Sec. 2.1.4 graphene is quite different when compared to 2DEGs and further-
more we have shown in Chap. 4 that the Coulomb interaction has a quite important effect on graphene.
In the previous chapter we have seen in Sec. 5.1.2 that in graphene even the Coulomb interaction can
relax a current, creating additional meanderings to the situation of a 2DEG. Nevertheless, if we push
the chemical potential high enough, we have seen that it acquires the characteristics of a traditional
2DEG.

We therefore expect Coulomb drag in graphene extends the richness of the Coulomb drag features
known in 2DEGs.
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6.3 Coulomb Drag in Graphene: a Brief History

Since graphene has been discovered [1, 99] there have been an overwhelming number of publications
related to graphene. In this flourishing field many ideas have already been covered, including Coulomb
drag [77, 78, 100-104]. But except for one of those works [103], only the rather conventional limit of
high doping ¢ > T has been considered, where graphene starts to obey Fermi liquid behavior. So
only the authors of Ref. [103] took interest in the chance, graphene offers to explore also the regime
of low doping. Furthermore, all the previous authors have treated Coulomb interaction as a weak
perturbation on top of a sufficiently dirty system OéZTTdiS < 1. In many cases this might be the
appropriate way to describe the experiments but graphene on boron nitrid offers the chance to explore
the ballistic transport regime and beyond as well (see Ref. [10]). This means that within the previous
studies in the field of Coulomb drag in graphene there has been a blind spot on the map when it comes
to ballistic and hydrodynamic drag in graphene.

The purpose of the next Chap. 7 will be to investigate this blind spot and to, as far as possible,
draw the connections to the previous works. Additionally we will in Chap. 8 consider Hall drag,
Magnetodrag and further extensions to the Coulomb drag. Before doing so we will summarize some
of the previous results and their technique.

6.4 The Perturbative Approach

One of the most complete previous approaches has been published in Ref. [103]. Hence we will take a
closer look at their work.

=2
.7&

Figure 6.2: The leading order diagrams causing the Coulomb drag. (Aslamazov Larkin)

The authors of Ref. [103] have used a perturbative approach. To do so they calculate the conductivity
diagrams shown in Fig. 6.2.
The conductivity and the resistivity are related by:

-1
~ g 0D 1 g —0D
D 022 011022 — 0p op 011
The authors of Ref. [103] assumed further that o;; is given by Drude conductivity and that the

transconductivity op is a small parameter, in particular that it is smaller than the Drude conductivity
(op < 0i). The drag resistivity in their case is therefore given by:

g
bR —2 (6.8)
011022

by omitting the sign due to the definition of the drag resistivity. The drag diagrams (see Fig. 6.2) can
now be treated similarly to the perturbative calculation done in Sec. 5.4, except that one needs to do
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the calculations away from the Dirac point since at the charge neutral point the diagrams yield zero
drag (see the discussion in Secs. 5.4.1 and 8.3.2). Following their calculation the drag conductivity is
given by:

1 dw
= Lo(w, 9T (w, Q)| Dap|?, 6.9
0= 16T zq;/ sinh? 2 (0, DTo(, D (6.9)
with the inter-layer interaction D, and I'(w,q) being the nonlinear susceptibility. The nonlinear
susceptibility is an object we will discover later as well but using a completely different path to obtain
it (see App. C.2). The interaction between the layers, when including screening via RPA, is given by:

2qd)> ’

(6.10)
where I, is the polarization operator of layer a. The results that have been found by the authors of
Ref. [103] are summarized in the Tabs. 6.1 and 6.2.
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Table 6.1: The asymptotic expressions for the drag coefficient as obtained by the authors of
Ref. [103] in the limit of equal layers and varying the chemical potential throughout
different regimes.

Parameter region Drag coefficient
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Table 6.2: The asymptotic expressions for the drag coefficient as obtained by the authors of
Ref. [103] in the limit of weak interlayer interaction and small interlayer spacing.

Already in the variations of the results and the different parameter regimes it becomes clear that
the Coulomb drag in graphene is a rich quantity exhibiting unusual behavior when compared to the
Coulomb drag of Fermi liquid systems like 2DEGs. Even so, the calculations done by the authors of
Ref. [103] rely on the possibility, that sufficient dirty samples of graphene offer to treat the Coulomb
interaction perturbatively. In the next Chap. 7 we will develop a way to access the regime of ultra
clean graphene and to investigate the parameter regimes that arise there. It is crucial to notice, that
ultra clean in the context of Coulomb drag setups is not at all academic but experimentally real (see
Sec. 7.2.3).
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Chapter 7

Coulomb Drag in Graphene: The Kinetic
Equation Approach

The design of this Memoir is to deduce strictly from a few principles, obtained chiefly by
experiment, the rationale of those electrical phenomena which are produced by the mutual
contact of two or more bodies, and which have been termed galvanic; its aim is attained if
by means of it the variety of facts be presented as unity to the mind.

Georg Simon Ohm, The Galvanic Circuit Investigated Mathematically

In this chapter we will apply the single layer kinetic equation approach introduced in Sec. 5.2 to
gain a better comprehension of Coulomb drag in graphene. We will focus on the clean limit, in which
the Coulomb interaction is the dominant contribution for the inter-layer scattering rate. We will start
with the kinetic equation for two-layers and build up the machinery to treat Coulomb drag [105]. We
will then proceed to extend the machinery towards multilayer drag and Hall drag. Finally we are going
to expand the ideas to incorporate a hydrodynamic description and higher-order corrections to drag.

For simplicity we will, whenever we are dealing with exactly two-layers, use the convention —a to
indicate the corresponding other layer, in the sense that —a = b and vice versa.

7.1 The Two Layer Kinetic Equation

For clarity we will not begin with the most general case and calculate all the relevant quantities at
once. Instead we start with the most simple case and go through the calculation explicitly to gain the
greatest possible insight into the technique before extending it towards multiple layers and magnetic
fields.

7.1.1 Formulation of the Two Layer Kinetic Equation

In the previous Chap. 6 we have considered a simple Drude picture based description of Coulomb
drag. In analogy to Eq. (6.3) we write the kinetic equation, we introduced in Sec. 2.5, for the static
homogeneous case with an external force and a small amount of disorder scattering within the relaxation
time ansatz introduced in Sec. 5.1.1. Graphene’s intrinsic back scattering suppression, changes the
impurity scattering rate of isotropic scatterers as shown by the authors of Ref. [106] (the difference
is a factor of 2). But considering the relaxation time as the effective transport related relaxation we
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arrive at:
=, 0€(p) O o n(e,p) — (n%(e, p)) e
8(_) 8 (6 17) = — pr Y _ N coll[ ] o Nblcoll[n Tl,b]
dis
Oe(p) 0 nb(e,ﬁ) — (nb(gﬁ))
Eb 8(#) Oe b(6 m B 7_b - N Icoll[n n ] - NbICOH[ ] (71)
dis

Here each layer has its distribution function n®(¢, €, p) and its external fields E“. The collisions between
the particles take place within the same layer, referred to as intra layer scattering, and between different
layers, denoted inter-layer processes. The collision kernel involving intra-layer and inter-layer processes
is given by:

i ) = oo [ ez K ()
x {nam)u = @)l )L = 0 )]~ [1 =0 @) @)L - @) (e2)} - (72)

using the notation of € and ¢ introduced in Sec. 5.2 (see Eq. (5.11)) for brevity. The integral kernel
for the collision integral reads similar to Eq. (5.13):

Kaﬂ({xi}) =270(€e1 — €2 + €/ — 62/)(271')25(61171 — €9ty + €10y — €91 ) X
X ‘ <$1,$2’Ua/8‘$1/,$2/> ‘21/(61)V(€2)V(€1/)V(GQ/). (7.3)

The matrix element is, analogous to Eq. (5.14), given by:
af 2 _ af 2
| {21, 22| U |21, 290) |7 = ’D (Q)’ 01,2617 27 (7.4)

The RPA screened interaction propagator for two-layers has been derived previously and is given by

Eq. (6.10). Except for the discussions on the regularization of divergent integrals (see App. C.2.2) and

the asymptotics of integrals (see App. C.3.2) we will consider the interaction to be in its bare form,

reading:

me—qd ba,—
q

Since Coulomb drag is, as is the conductivity, a linear response function, we will linearize the kinetic
equation according to

D

bare

(q,d) = Do(g)e 9% ~# = (7.5)

Ing ()

n(@) = n(e) — T L

h(x). (7.6)

The linearized collision kernel reads:

Ol = (11) [ aladicray W (ai) {1 @1) — h(22) + P (@r) = W(ap)}  with (7.7

WQB({{L‘Z}) == 27T(5(61-€2+6y—62/)(271')25(61171—62772+61/171/—62/172/)X
{21, 22U |21, 2o0) Pr(e1)v(e2) v (er)v (e)
16 cosh(“ote ) cosh(25Ee ) cosh (22 ) cosh (22 )

(7.8)
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which forms the linearized kinetic equation in analogy to 5.2:

o 0n%(e) onS(e) h(x) — (h*(z
Eog—tom = p=k NdIZh.
T e Oe TS Z AT coll

(7.9)

When one compares the linearized collision kernel from Eq. (7.8) with the one from Eq. (7.7) one will
notice that in comparison to the symmetries discussed in Sec. 5.2.2 the collision kernel in presence of
the additional layer index only obeys the hermeticity relation. The simultaneous exchange of 1 with
1" and 2 with 2’ corresponds to an interchanging of the layers. This is an useful observation we will
make use of later.

We have now the kinetic equation we will deal with to determine the Coulomb drag. Using the
functional approach introduced in Sec. 5.2.2 we can rewrite the kinetic equation into a functional of
the form:

n (€ g Uz n b b(x
2
+ é;:; [ atad W () (1) K es) + 1) ~ h“(m)}Q
+ 577 / AW (o)) [t (1) — B () + ¥ (s) — W)
+ ]Z}f” / AW ({i}) [1 (1) — B (w2) + W () — Wo(aa)] (7.10)

7.1.2 The Ansatz for the Two Layer System

In Sec. 5.2 we have discussed the analytic structure of the kernel and as a consequence what kind of
appropriate ansatz could solve the equation. The changes within the integral kernel do not affect the
conclusion we have drawn in Sec. 5.2. We therefore need to use the very same ansatz to continue. Still,
we would like to emphasis that there is a different possible point of view regarding the ansatz given
by Eq. (5.23). To gain a better understanding of the phenomena related to the ansatz (5.23), which
has been used for the integral kernel chosen in Sec. 5.2, we will try to argue more physically about the
system’s behavior.

Let us regard this from a different perspective by thinking about the changes that can appear in
our system by switching on a weak homogeneous external electrical field. We first recall very briefly
how one would think about this situation in an usual Fermi liquid. An attempt there would be to
assume that an external field accelerates the total momentum of the Fermi ball. Taking into account
a relaxation mechanism this means that there is a relaxation rate such that in the stationary case
the overall shift of the Fermi ball is given by p'— p'+ eEr. If the shift is small enough this changes
the equilibrium distribution only by a little so that we can describe the situation by changing the
distribution using the simple transformation np(e) — np(e 4+ evET).

For graphene it is still a reasonable assumption that an external electrical field will create a direction
dependent shift of the chemical potential f1n (V) = p1q+0 (V) similar to Fermi liquid case. Additionally
we have seen in the discussion of the kinetic equation for a single layer in Sec. 5.2.2 that the Coulomb
interaction leads to the specific choice of two relevant modes that do not relax quickly. This means that
maybe not only the chemical potential, respectively the particle relaxation, can depend on the direction
but also the temperature, corresponding to energy relaxation, can depend on direction, T' — T'+6T'(7),
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which constitutes the argument given in Ref. [73]. For small deviations from equilibrium we will
formulate these ideas as:

on% -

0o () ~ ns(e) — P (50 + M @) ) (7.11)
Oe T

Since we are only interested in the linear response to the external field the structure of the scalar

functions 07'(¥) and du(Z) is fixed to be proportional to UE (they need to vanish in the absence of the

external field). Our ansatz for the two-layer system in the presence of two electrical fields yields

N B
he(zi) = (xﬁ’” + x;‘”;i) e IZ;’ (7.12)
Y

where x37 and X7 are constants. If one compares the two modes entering this ansatz with the
previous discussion in Sec. 5.1.1 one recognizes that the part coming with x;*7 has the form of the
momentum conserving zero mode and the one coming with x{7 corresponds to the velocity mode. In
this notation one can see that 47" leads to contributions to x;”” and x{" indicating that temperature
variations belong to both classes of variations. The Mode that does not at all relax due to Coulomb
interaction (the momentum conserving mode) and the one that does slowly relax like variations of the
chemical potential do (the velocity mode). In this sense the ansatz (7.12) provides us with an useful
interpretation of the physics that governs transport in graphene.

This ansatz is a direct consequence of the forward scattering resonance first introduced in Sec. 2.1.4
and 3.1.2. We have recognized already earlier (see Sec. 4.2) that this resonance created traces of
the physics related to Luttinger liquids which is based on a dimensional enforced forward scattering
resonance. Already in Sec. 2.1.4 we have interpreted this as a direct consequence of the relativistic
spectrum, which not only distinguishes between velocity and momentum but also keeps the absolute
value of the velocity constant. In this view it is not very surprising that the proper ansatz for this
system is not given by a local equilibrium approximation as it is done in most text books for usual
Fermi-liquids (like [52]) but by a direction dependent equilibrium as sketched in Fig. 7.1.

Extensibility of Applicability

In Sec. 5.1.1 we have argued that the selected ansatz is a proper description of the system as long
as  (now T(isl, which appears equivalently) is much smaller than aZT, which is the very same for
the two-layer system. However, there is a very curious point to make: the opposite case of negligible
Coulomb interaction compared to T(;ﬁsl specifically T(;Esl > ayT is given by a kinetic equation of the
form of a relaxation time approach as seen in Eq. (5.7). This implies that the most relevant mode for
the opposite situation has been taken into account already namely the velocity mode (applying aboves
ansatz one obtains x§ = T'7§; at the Dirac point). So as a conclusion it turns out that within the chosen
ansatz we should be able to describe the Coulomb dominated regime as well as the disorder dominated
regime (in the relaxation time approximation). A more detailed discussion on the applicability will be
provided in Sec. 7.2.2, when we have a more thorough view on the problem.

7.1.3 The Effective Kinetic Equations and Thermalization

Since the equations we are dealing with are linear, we can treat the two cases Ee =% 0 but E' =0
and E® = 0 but E® # 0 separately, while still gaining the full solution. Applying the ansatz with
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Figure 7.1: A sketch of the direction dependent equilibrium in graphene. The temperature of the
particle changes as it changes the direction it looks in (illustrated by the hot color
yellow and cooler color red). The kinetic equation involving the direction dependent
thermalization approach describes scattering between different equilibria (directions).

the functional we gain the effective kinetic equation for our system (see Sec. 5.2.2 for details on this
calculation). One ends up with a functional F(x%,x?%, xg,xg) as given in Eq. (C.4) (see App. C.1),
from which we obtain the effective kinetic equation. Using the following short forms

o 1 aa T R N N2
B = s [ Had Wb (5 -+t —31) e 2 o [ Aadwe (o)) (31 - 22)”

I g e o) (1) (). 172 e ot 5 )

o « N a 1 a a I/(E) on% (6) e\"
ITr = IIntra + Z Fﬂllrﬁew Ie = ﬁ/d{CEZ}W b({xl})qg and An == /dl‘ T ge <T) )

BFa 0
(7.13)

for integrals that naturally appear while finding the new saddle point, this allows us to write the kinetic
equation as done in Eq. (C.5).

When one glances at the short forms given in Eq. (7.13) one may recognize a peculiarity of the
energy relaxation related integral Iy. As explained in Sec. 5.2.2 all modes are quickly relaxed except
for the zero mode and the velocity mode. That is the reason for the appearance of the ¥; — v;-terms
in all the integrals except for one. Within App. C.2.2 we explain in more detail that this causes a
divergence, formally sending Iy to infinity if no regularization via RPA or a logarithmically curved
spectrum is taken into account. But even within RPA or the logarithmically curved spectrum the
energy relaxation rate is parametrically enhanced as is explained in Chap. 4. In App. C.3 we estimate
the energy relaxation rate for each regime assuming that the energy relaxation is larger than the
thermal rates Ig, .

By rotating within the two-dimensional subspace of x; and Xg one manages to reach one equation
where only in the diagonal element the energy relaxation rate appears. We arrive at (2,77 = 1,
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N, = N = 1 for simplicity):

Al IS, + 2, Ad —Ip Za AY I + za A§ XZ‘

0 . —Ip I%r + ZbAg ZbAIf —2[1}}1 — ZbAli Xpu (7 14)
AV 2q Ay 2, A8 20 A% + 2 A} 2q A% — 2, A8 X5 '
Ag 214, + 2o AG =215, — 2 A8 2, A — 2 AY Alp + 2, AS + A8 ) \ x&

Since this means, that the mode corresponding to Iy becomes irrelevant as long as the off diagonal
elements within the same row or column stay much smaller (for example in the clean limit), we can
reduce the number of modes to deal with down to three modes only. Formally this parametrically
enhanced energy relaxation leads to inter-layer thermalization enforcing xj = Xg- Introducing x, =
Xp = xf, we are able to simplify Eq. (7.14) even more (2,178, = 1):

Ag 0 NI + Az, —NyIp Agz, @t yel
c=1 0 Ay | = —N,Ip NpIb, + Abz, Abzy ot oI = My
N,AY  NpAb Ny A%z, Ny Ab 2, NoASza + NpASzy ) \ x5 X3

(7.15)

The distinction I and II is introduced to allow more compact notation and refers to the two situations
of only an electric field in layer a or in layer b, respectively.

7.2 The Coulomb Drag Resistivity in Graphene

With Eq. (7.15) we now have the possibility to solve the kinetic equation and hence to calculate the
conductivity in close analogy to Eq. (5.29), where the current is given by:

jazeNoz/

and the definition of a vector (generalized vector involving both cases I and II)

dT:<NaA0 0 NaAl) (7.17)

d2p >« e a. a. v\ Y
~e{LIT}

0 NyAY NyAb
enables us to write the conductivity of the two-layer system as:

2
dr'y = %JTM—la (7.18)

A~ 62
=3
To convince oneself of the proper symmetry & needs to obey, one can consider a rescaling of the form
Noxy — x5 which makes M explicitly symmetric and transforms ¢ such that it equals the definition
of d.

A proper evaluation of the conductivity can be found in App. C.1.2. The inverse of this tensor is
the resistivity tensor defined in Eq. (6.2). Inverting 6 one will observe reoccurring patterns motivating
the following choice of short forms that significantly enhance the readability (see Eq. (C.10)):

AT

S{ZBSY) B?:NOCTSN

BS = N,AY — ASBY and (7.19)
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1

_ _ B¢ + BY,
- B+ B}

{(Bf)Q 1%+ (Blf)2 1B —2BB | = LG T 216 (7.20)

Tr) !
(T'ro) B¢ + B}

The last equation appears to be a combination of interaction induced scattering rates that form to-
gether an effective rate measuring the relevance of Coulomb interaction in the system. Furthermore a
generalized scattering rate of the form:

I& = BY'IT, — By “Ip, (7.21)
as well as an effective averaged scattering rate defined as

B$+BS  BS B}

= 7.22
TTad TS, T Tgis ( )
will turn out to be quite useful in determining a closed form of the drag resistivity:
2 Ip VE S
PD = ﬁBaBb + b — ) (7.23)
BEBY | Ip (Bg + BY) [(T70) ! + (T7aa) ]
2 1 1 NI, Na (18)2
Pac @I (7.24)

CENBY(\TrE - BY B (B + BY) [(Tro) ™ + (Traa) ]

It is worth to notice, that the effective Coulomb interaction rate Eq. (7.20) appears as a competing
rate to the averaged disorder scattering rate Eq. (7.22), a fact, which supports the relevance of these
rates for the purpose of understanding the physics governing the Coulomb drag.

The Bs we have introduced obey an interesting relation that may help to make their appearance
more transparent. Interpreting the definitions of the A%s in Eq. (7.13) in a slightly different way we
can use:

9 ?
Zo=—7 [an@FE,  (f(), = —lea [a0FE @, towite  (1.29)

0 = Za; A =Za <<;)n> : (7.26)

In this language the introduced short form BY appears to read:

€ (Ae)? € <6 >2
B§ =7 BY = Ny ( = BS = N, Z = NoB§( = — (= . 7.27
0 [ed 1 « <T>a 2 «@ O‘< T2 >a a0 <T2 T o N ( )

If one compares Z, with the total particle number one recognizes that there is only the additional
derivative acting on the distribution function that differs. Hence Z, is a dimensionless quantity related
to the number of states that can scatter. In these terms the BS's represent moments of the scattering
phase-space distribution. This interpretation is related to the measure the functional provides us with,
which we have discussed in the end of Sec. 5.2.3.
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7.2.1 Asymptotics of the Resistivity and its Numerical Evaluation

We will now investigate the different limits our approach allows for, starting with the known result
available by perturbation theory as has been done in Ref. [103] (see Sec. 6.4) and then continue with
the lesser known regimes. We hereby use the following convention:

o 'K Tcﬁsl is the diffusive limit were one needs to incorporate the diffusive
modes due to coherent impurity scattering. In this regime the result (7.23)
is not applicable.

. agT2 < T(Esl < T corresponds to the ballistic regime since scattering with
impurities causes particles to lose their quantum nature (coherence) but the
length scale, in which the interaction is relevant is still much longer than the
mean free path of the quasi-particles.

° Td_isl < agT 2 is the ultra-ballistic or hydrodynamic phase, where the inter-
action between the particles take place on a shorter length scale than the
mean free path induced by impurities.

We will explain in Sec. 7.2.2 why we are able to consider not only the hydrodynamic regime, which
the formalism was developed for, but do also the ballistic regime, where a comparison to former work
is possible (see Sec. 6.4).

Ballistic Regime

In Sec. 7.1.2 we have first discussed the applicability of our Coulomb drag result (7.23) and have
concluded that we should be able to describe the ballistic regime. In Sec. 7.2.2 a detailed discussion is
given. Either way we can always try to do the calculation for the ballistic limit and compare them to
previous results. In the ballistic regime (T'7,q)~! is not only by far bigger than (T'm)~!, it also wins
out compared to the Coulomb induced scattering rates of the individual layers. Therefore we may
rewrite Eq. (7.23): the contribution in the big brackets disappears except for unity. Hence the drag
resistivity reads: 5 g
D

PD = eﬁw (7.28)

The determination of Ip for different regimes can be found in App. C.3 from Eq. (C.47) (large
distance (C.51) and (C.52)) we can reach the p < T limit whereas the intermediate scale T <
p < (2dagN)™t can be found from Eq. (C.63) (large distance (C.65)), and finally the large scale
(2dayN)™! < p can be found by Eq. (C.73) (large distance (C.75)). The mixed situation pu, < T <
y K W follows from Eq. (C.80). This way we obtain Tab. 7.1, which shows perfect agreement
with Tab. 6.2. These results again support the statement that the calculation we have done, although
focused on the clean case, is applicable to the ballistic regime as well.

To obtain the asymptotics discussed in App. C.3 we used some generalized integrals (Igp and Igy;)
defined in App. C.2. These generalized integrals allow us to consider a numerical treatment as well
as the asymptotics discussed in Tab. 7.1. In the case of effectively zero distance d - T =~ 0 the drag
resistivity is completely determined by p/T, which allows us to give the full dependency as shown on
the left hand side of Fig. 7.2.

Further we can consider a comparison to the asymptotics discussed for the case of the disordered
regime. To do so we consider a cross section of the left hand side of Fig. 7.2 in such away that the
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Parameter region

Drag resistivity for dT" < 1

Drag resistivity for dT" > 1

:uavlub<<T
e KT < pp K
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1
2dTa,N
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h Halty
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oh T
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(4)? h T

PD ™ 15(0g Ny Ny )2 €2 i3 i3 do

Table 7.1: The asymptotic expressions for the drag coefficient obtained in App. C.3.
The cutoffs are given by Aog = min(Jual, |usl,1/(2d0a,—p)) and Ao =
max(agNalttal, gNglpgl,T). The coefficient n is one for agNdT < 1 to be one
and three for agNdT > 1.

chemical potential of both layers is the same everywhere (1, = pp). Such a cross section is shown in
the right hand side of Fig. 7.2, supporting the consistency of the asymptotics with the numerics.

Now that we have verified the known results within the kinetic equation approach we can proceed
to determine the behavior of the drag resistivity in the clean situation.

The hydrodynamic phase (approaching the clean limit)

The case that the Coulomb interaction governs transport phenomena is a somewhat unknown limit. In
graphene, as explained earlier in Sec. 6.2.1, we are fortunately in the position that a system governed
by the Coulomb interaction is not only thinkable but it might as well be within range of experimental
realization, as explained in Chap. 6. In the pure Coulomb interaction limit we treat the disorder
induced rate (T'7,q) " as the smallest scale in the system or put it even to zero.

In contrast to the disordered regime it may happen that in the equation for the resistivity Eq. (7.23)
the 1 within the big brackets becomes negligible. Such a situation is given if, for example, the relation
Ip < I, for the dimensionless scattering rates holds true. In such a situation the drag rate Ip may
disappear completely from our expressions which indicates that our simple Drude picture of drag (see
Sec. 6.1.1) is no longer applicable. In such a situation the drag rate resistivity reads:

2 B¢Bb
e? B¢B§ (

a 1b
ITrITr

Bf)2 I + (Bl) b+

— 7.29
PD Ba BlQ? ( )

+
T Tdis

Tles

The reason for a drag resistivity in such a situation is purely due to the inter-layer thermalization
which leads to the three modes approximation (see for comparison Ref. [105]). We then have transfer
between the layers only due to the thermalization constraint x;, = X;I; as introduced in Sec. 7.1.3.
Further details on this thermalization are found in Sec. 7.2.2.

For a small chemical potential y < T" we have exactly the situation described above, which leads to
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PP (u,p0)
A

. T -
4 -2 0 2 4 2T

Figure 7.2: Left: The drag resistivity in units of af]e% plotted over 5% of the two-layers for
disorder scattering rate of order Tcﬂsl ~ 100a§T and with zero distance (N = 1).
Right: A cross section of the drag resistivity in units of 0‘36% plotted over 5% of the
two equal layers for disorder scattering rate of order Tcﬁsl ~ 100043T and with zero
distance. In orange dashed lines the asymptotics given in Tab. 7.1 for the case of

e = iy K T and in red dotted lines from the same table the regime T << g = pp <K
1 _
2dTagN (N=1).

a drag resistivity given by:

A A Nq=N
2 flafis(Na + Np) ziObl i 2 Halld

~ Ay~ 5 -
2
e Iz + py

o 1
pD(fla, fiy) = 9.01 5

7.30
€2 INL2 + NpfiZ + = (7.30)

with z = %@% (see Eq. (C.49) for details). The remarkable clean limit of this equation unveils,
g9

that depending on the way one approaches the Dirac point of both layers, the necessity to vanish
at the Dirac point disappears (see discussion in Sec. 8.3). As shown in Egs. (C.51) and (C.52) this
behavior is kept even when considering larger distances 1 < d1' although we have no control of the
prefactors. This unintuitive statement will be explained in more detail in Sec. 7.2.2 and is shown in
terms of numerical data in Fig. 7.5.

In the intermediate case T < pu < (2dayN)™! a cancellation between contributions, the intra-
layer scattering integrals consist of, happens to appear. This causes the drag rate Ip to be bigger
than the interaction induced transport scattering rate I,. There the clean limit causes no additional
contribution since the perturbative obtained drag resistivity stays unchanged.

When we come to the case of a very large chemical potential (2dog N )~1 < p we have additional
static screening for the interlayer rates in contrast to the previous case, which causes the drag rate to
be again much smaller than the intra-layer scattering rates Ip < Ii;. We also have a cancellation of
the drag rate and we obtain the following drag resistivity from Eq. (C.73):

|ptal 1|
0. 0) ~0 21104!2] Sign(ﬂa/ﬁb)NaNbTQ i <2T>\a> " (QTAb>
pD(lu‘amub) ~ Y. 672 (Ma,U»b)Q N21 |ta N21 | o
a {57y, | TNy In{ o7,

(7.31)

with A\ = max(agNa|pal, gNglug|, T) as in App. C.3. For the case of large distances small deviations

90




7.2 The Coulomb Drag Resistivity in Graphene
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Figure 7.3: The drag resistivity in units of age% plotted over 5% of the two-layers for the clean
case and with zero distance (N = 1). The emphasis is on the non analytic feature
at the Dirac point where the exact value is determined by the way one approaches it,
see Eq. (7.30) and Fig. 7.4 for further details.

appear due to a slightly changed appearance of the cut-off. The resulting resistivity can be determined
from Eq. (C.65). Still one has to be careful, since the three-mode calculation breaks down as soon as
the disorder strength becomes big enough to fulfill ?/7q;s ~ Ig. This does not endanger the clean
limit result but tells us that an experimental setting, designed for clean limit measurements in the
large p limit, is harder to achieve than in the small p limit since disorder is weighted with the chemical
potential by the A; contributions (see the matrix elements in Eq. (7.14)). Again a more detailed
discussion about the validity of the Eq. (7.31) can be found in Sec. 7.2.2

In analogy to the ballistic regime we can use the integrals defined in App. C.2 to obtain numerical
values for the generalized integrals at zero distance, which allows us to obtain the full dependency of
the drag resistivity for the clean case. This way one obtains Fig. 7.3, in which one can recognize the
nontrivial behavior at the Dirac point that is described by Eq. (7.30).

The approximated result is separately shown on the right hand side of Fig. 7.4, illustrating further
the non-analytic behavior at the origin by emphasizing two different paths passing through the origin
which are parametrized by the corresponding approximation (7.30). The paths are given by:

I',(t) = (tsin-y,tcos~y, 18siny cos 7). (7.32)

One finds on the left hand side of Fig. 7.4 a cross section at small but non-vanishing disorder
scattering rate illustrating the applicability of Eq. (7.30) even for small disorder scattering rates.

A very interesting fact is observable when considering equal layers in the clean case. The drag
resistivity Eq. (7.23) in this case simplifies (b — a) and we arrive at:

2|\ b 0 B B S
Cl(me)" ee(m)| < |(m) ()

pD = (7.33)
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Figure 7.4: Left: A cross section of the drag resistivity in units Ofage% plotted over 5% of the two-
layers for the case very weak disorder Tcisl ~ 0.02043T and with zero distance (N = 1).
Right: Eq. (7.30) plotted in units of ageh—é plotted over £ (N =1). The emphasis
of this figure is in the fact that all equiresistivity (“equipotential-like”) lines pass
straight through the Dirac point of both layers, indicating the non-analytic behavior
there. These equiresistivity lines are parametrized by Eq. (7.32) and correspond to
different cross sections of Eq. (7.30).

This equation suggests that in analogy to the simple Drude consideration of Sec. 6.3 we have a resistiv-
ity determined by a drag rate m, L Ip /B2 and a transport scattering rate induced by electron-electron
interaction 7.;! ~ I;/B2. For different layers such a simple analogy is much harder and the unam-
biguous definition of scattering rates becomes less clear. This is the reason for us to work with the
integrals Ip and Ii;, which correspond, as seen in Eq. (7.33), to interaction induced scattering rates
but appear to be not equivalent to the conventional definitions for equal layers.

7.2.2 Discussion of the Results and Their Validity

We now have reached a point were we have seen sufficient effects and physical consequences to stop
for a moment to try to more thoroughly understand their meaning and implications. We start by
questioning the thermalization approximation and continue with discussing the applicability in the
ballistic regime and an overview of all possible regimes.

One of the main reasons for the particular simple form of Eq. (7.23) is that we could reduce the
effective four-mode kinetic Eq. (7.14) (or Eq. (C.5)) down to an effective three-mode kinetic Eq. (7.15).
This way we managed to get rid of the energy relaxation rate Iz, which drove the inter-layer thermal-
ization, but we also managed to avoid the need to deal with the thermalization rates I%ﬁl . The deeper
reason for the inter-layer thermalization is in its foundation, the same one we discussed in Sec. 7.1.2
when we argued for the ansatz and even earlier when we were discussing the structure of the collision
kernel in the single layer case (see Sec. 5.2.2): it is the fast forward scattering resonance we came
across in Sec. 2.1.4; this time, however it appears as a resonance between the layers. This way the
observation in App. C.3, that the energy relaxation is always larger than the thermalization rates, is
none other than the statement that in clean graphene we gain a thermalization between the two-layers
due to the forward scattering resonance. Thermalization in this context means that their scattering
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Figure 7.5: Plot of drag resistivity (7.23) with numerical evaluation of the corresponding integrals.
The emphasis is in the way the system approaches the clean limit.

rates will be strongly correlated, x; = xf;- The remarkable thing here is that this happens for arbi-
trary distances as long as the graphene sheets do not have any scattering rate except for the Coulomb
interaction induced ones (not even the inverse Thouless time). Of course, this may at first sight seem
quite counter-intuitive but the explanation is rather simple. Coulomb interaction is a long-range inter-
action, meaning that the low energy modes, given enough time, will always feel the other layer as long
as system size (via Thouless time) or impurities (via scattering rates) do not prevent them from feeling
the forward scattering resonance in the system. This is the statement that has already been discussed
along the lines of Eq. (7.14). The criterion for thermalization was that the diagonal entry containing
the energy relaxation rate in Eq. (7.14) was larger than any off-diagonal one within the same column
or row. Since the thermalization rates I%f are always smaller than the energy relaxation rate Iy (see
App. C.3) the inter-layer thermalization is effective as long as the off diagonal contributions of the type
A%/ (T1g;) stay small. Close to the Dirac point this is basically always true (if the disorder scattering
rates do not differ too much) since all A%s with odd n disappear, a manifestation of the fact that the
two modes ), and Y, are orthogonal at the Dirac point, as explained in the end of Sec. 5.2.3.

When it comes to the applicability of the kinetic equation approach used in Eq. (7.1) with respect
to the ballistic regime we need to question the effectiveness of the forward scattering resonance in
general. In Sec. 5.2.2 and Sec. 7.1.2 we have argued via the forward scattering resonance that the
ansatz (7.12) is the right choice to treat the problem. This way the ansatz is the approximation
separating relevant (slow) from irrelevant (fast) modes which has been studied by Ref. [73]. On the
other hand we have noticed a curiosity in Sec. 7.1.2, allowing us to go beyond the ultra-ballistic limit.
The reason for this extensibility is that the ansatz (7.12) turns out to include the mode governing
the solution of the relaxation time ansatz (5.7), namely the velocity mode. This way we manage to
use the results obtained by a direction-dependent ansatz for the ballistic regime as well. This is fully
supported by the perfect agreements between the results of Tab. 7.1 and those of Tab. 6.2, which
have been obtained earlier via a perturbative approach [103]. For the regime T(i; < agT and for the
regime 2T < T < T Eq. (7.23), which is derived from the thermalized effective kinetic Eq. (7.15),
is therefore a suited description of Coulomb drag in graphene. In between the two regimes, for disorder
strength of order TCE; ~ agT, the thermalization arguments and the pure relaxation time descriptions
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Figure 7.6: The drag coefficients in the case of identical layers in different parameter regimes for
p < min(T/ay,1/d). The orange part (T3} < T) is the regime the kinetic equation
is applicable. The regime a}T < Th < T is where perturbative (see Ref. [103])
and kinetic equation approach coincide, whereas the regime Tcﬂsl < a;T is obtained
by kinetic equation only. The upper regime T <« Tcisl corresponds to the diffusive
regime, where the relaxation time ansatz fails to describe the disorder contributions;
this is the regime that has been studied by previous authors [77, 78, 100-104], see
Sec. 6.3 for details.

are not well founded. Still, we claim, since above and below the theory applies properly, that the
relevant physics for the intermediate case is taken into account and therefore making Eq. (7.23) a well
founded approximation.

To gain an overview of the possible regimes including the regimes the previous works have considered,
(see Sec. 6.3), Fig. 7.6 provides a collection of the results for the case of equal layers. The orange part
of Fig. 7.6 is the regime where Eq. (7.23) is applicable. This part corresponds to the ballistic limit
Trais > 1> agTTdis whereas T'7g;s < 1 (the upper part) corresponds to the diffusive limit. Due to the
nature of the collision kernels we take into account (the relaxation time ansatz as well as the Coulomb
kernel), diffusive modes like diffusons and cooperons have not been considered, which prohibits us to
discuss the diffusive limit properly within the kinetic equation of the two-layer system we started from
(Eq. (7.1)). The regime we are actually focused on, the hydrodynamic regime, oyT'7qis > 1, shows
several interesting features. For small chemical potentials around the line 1 we have the situation
described by Eq. (7.30) the impurity scattering rate distinguishes the two asymptotics. For large
chemical potentials the behavior seems to be quite universal, only the sub-leading correction separates
the results there, shown by line 2.

For small chemical potentials there are several highlighted contributions p](;’ ) in Fig. 7.6. Except
for the diffusive regime they are unknown. These contributions correspond to higher-order corrections
within the drag rate Ip. Due to symmetry reasons the leading order drag disappears at the Dirac
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point, paving the way for possible sub-leading corrections to govern the behavior at charge neutrality
(see Sec. 8.3). It is known [91] that this can happen in the diffusive limit. Further details on the higher
order contributions can be found in Sec. 8.3.

A discussion of the obvious odd symmetry with respect to the axes is provided later in Sec. 8.3.1,
since this symmetry will be crucial there. There is one additional point to make about the symmetries,
namely that for all kind of transresistivities it has to be irrelevant if we exchange p, with p; (if we do

the same with 7§};). This implies that the transresistivities must behave as even functions with respect
to the line p, = .

7.2.3 Comparison to Experiment

Within the last year the experimental techniques to deal with graphene have developed enormously.
Thus, we are in the fortunate position to compare our theoretical considerations with experiments.
So far, two experimental groups managed to measure the Coulomb drag resistivity of graphene-based
two-layer setups [107, 108]. The two experimental realizations differ in the substrate, the graphene
sample is deposited on, and in the material they use to separate the two graphene layers.
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Figure 7.7: Comparison of our data for the drag resistivity (below) with the experimental data
(above) from the authors of Ref. [108]. The deviation in the total scale comes from
different parameter regimes. Our data is plotted for temperatures T = 200K, coupling
strength ag = 0.08 and layer distance d = 11nm the left figure shows the data for
impurity strength T(isl = 5K whereas the right shows it for T(ﬁsl = 25K

The experimental data for the resistivity is in both cases given as a function of the charge carrier
concentration of each layer. We use a simple relation interpolating the two different regimes introduced
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by Ref. [103] to express the resistivity in terms of concentration n.,
wo TNc
2T /7mlne| + (Trais) 2
We further note that the layer distance within our considerations appear as an exponential suppression
restricting the momentum, able to contribute to drag. Therefore when considering dimensionless units
the quantity d- T determines the value of the integrals. Thus, in our data a change in the temperature
always comes along with a change of the distance. This is not a problem a priory but relies on the

fact that more numerical data from the evaluation of the integrals would be needed to compensate this
taint.

(7.34)
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Figure 7.8: Comparison of the cross-section of equal layers of our data (right) for the drag resis-
tivity with the experimental data (left) from the authors of Ref. [107].

The experimental data of Ref. [107] contain drag resistivity measurements varying the concentrations
of both layers. They see the symmetry arising from the sign change of a single layer and a peaked
structure along lines of equal chemical potential (or equal up to a sign). Thus the qualitative agreement
with our theory is quite good as one can determine from Fig.7.7.

One recognizes that the shape of the high resistive pockets (in absolute values) differs slightly
but yields better agreement for higher impurity strength. Thus the different shape may arises from
contributions coming from the diffusive regime.

A comparison with the data provided by the authors of Ref. [108] can be performed by means
of cross-section through the previous data. The experimental data provided allows to compare the
temperature trends as well. Since so far temperature variation correspond to distance variations we
need to be careful in the comparison with the experiment shown in Fig. 7.8.

The tendencies as a function of temperature are rather good. We see the translation of the peak
towards the origin as well as the hight change caused by temperature. The latter is not as pronounced
as in the experiment since in our case the distance varies as well.

In total the qualitative agreement with the experiments is surprisingly good and supports the general
picture we have presented so far. In the experiments one recognizes a feature at the Dirac point which
is not present in our data. An explanation for this and possible phenomena related to this are given
in Sec. 8.3
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Chapter 8

Coulomb Drag in Graphene:
Generalizations and Further Developments

To explain all nature is too difficult a task for any one man or even for any one age. 'Tis
much better to do a little with certainty, € leave the rest for others that come after you,
than to explain all things by conjecture without making sure of any thing.

Isaac Newton, quoted in Never at Rest: A Biography of Isaac Newton

This chapter is dedicated to further extensions of the approach introduced in the previous Chap. 7
for Coulomb drag. We will show how to generalize the formulation to cover multi-layer systems and
how to include a magnetic field yielding Hall drag and magneto drag. We then, proceed by extending
the formalism itself to describe higher-order drag and to gain Drude-like equations for the drag setup
in graphene.

8.1 Multilayer Drag

When we started to derive the Coulomb drag of two-layers in Sec. 7.1.1 we were focused on the Coulomb
drag of a two-layer system. We did not bother thinking about the extensibility of the treatment but
focused on making the derivation as clear as possible. Now we can consider possible extensions. The
simplest one seems to be adding a layer. Glancing at Eq. (7.1) we see that the consequences of adding a
layer would be an additional equation on the one hand and two additional collision integrals connecting
all of them on the other hand. Following the logic of our calculation for two-layers we gain a three-layer
functional similar to Eq. (7.10):

EG  he(z)
T2 277§,

Fyt.(ha, hp, he) = F(ha, hy) + No /da: V(e) angf) he(z)

2
D [ atmaweetm) ) — 1) + 1)~ hG)]

JZZ’TJZ [tz W) (1) — W) ) — 1)
S [ atwpwread) [ - R0+ h ) - )] 8)
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Along the lines of the arguments for the ansatz (7.12) we see no need to restrict them to two-layers
only. This way we can derive very analogous an effective three-layer kinetic equation including six
modes as it is shown in App. C.1.3. The main difference is in the more lengthy expressions that appear
during the calculation.

In Sec. 7.1.3 we noticed a correlation appearing between the two-layers which we referred to as
thermalization (see Sec. 7.2.2). In App. C.1.3 we show that the same arguments apply for the three-
layer case leading to an effective three-layer thermalization. The detailed calculation is only sketched
in App. C.1.3, since it turns out to be too lengthy. Nonetheless it is a straight-forward calculation
following the steps in the spirit of the two-layer case.

By solving the thermalized kinetic Eq. (C.11) analogous to Sec. 7.1 we obtain the drag resistivity
for the three-layer case to be:

op _ 2 It I&1g
pD:€72 a B 1= af vy 1 1 ’ (82)
By By i3 (2, BY) (5 + 7))
_ Ng (I& ’
2 1 1 NoIg, al\la (8.3)
Poa = ) - .
e NaBg | T7d B§ By (2, BY) [(Tro) " + (Traa) ]
with the short forms, as previously, given by Eq. (7.13). The generalized rate is given by:
1§ =B{IL - Y Bl (8.4)
yFo
and the characteristic scattering rate for the Coulomb drag is of the form:
1 Z’y BI/IEY} 1 2 §
— = = B 10 -N BB |. (8.5)
TT() Z'yB; Z'yB; Zy:( 1) tr % 114D
Y76
The averaged disorder scattering rate reads:
2y B3 = B3 (8.6)
TTad 5 TT(;YiS

Eq. (8.2) is fully downward compatible since reducing the number of flavors N, — 0 of the corre-
sponding layers gets rid of the corresponding B's and Bjs and therefore effectively reduces the possible
summations. On the other hand setting the chemical potential of some layers to zero is different from
this procedure. It only sets the corresponding ISWS and B]s to zero which leaves traces within the
equation in form of the averaged disorder scattering rate and the characteristic scattering rate for the
Coulomb drag. These two multilayer quantities know about the additional layers even if they are at
the Dirac point.

Since the Eq. (8.2) reflects the physical properties of a multi-layer system very well, it is expected
that this result holds for more than three layers.

The multi-layer setup becomes naturally important if the layer degeneracy is lifted. This is the case
if we apply an in-plane magnetic field to the Coulomb drag setup. The electronic spins, so far treated
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as degeneracy, will become spin polarized. Furthermore via the Zeeman splitting two different chemical
potentials arise, one for each species of spin polarized electrons. Thus, a two layer setup transforms into
a four layer setup, since each of the physical layers of graphene counts now as effectively two layers
of spin polarized graphene. Coulomb drag in such a setup will cause drag between spin polarized
electrons, which via their effective chemical potentials can be controlled. Similar setups are known
for conventional systems [109, 110] and 1D setups [111]. A detailed analysis of the Spin drag in
graphene-based setups remains as a future work (see outlook Sec. 9).

8.2 The Hall Drag and Magnetodrag

We will return now to the case of two-layers. We now alter the system by including a magnetic field.
Before we can continue to modify our machinery to the new setup we need to understand how the
system will change due to the changed circumstances.

8.2.1 Applicability of the Kinetic Equation

One of the most studied phenomena in condensed matter physics is the quantum Hall effect (QHE).
The quantum Hall effect is observable at very low temperatures in very strong magnetic fields and is
based on the change of the electronic structure of the material under these circumstances. The electrons
in the quantum Hall phase appear to occupy degenerated quantized energy levels, so-called Landau
levels. The formulation we have used so far has depended on the electronic structure in graphene in
absence of a magnetic field. Our purpose now is to investigate whether or not we can keep this picture
in the presence of a magnetic field. For details of the quantum Hall effect in graphene we refer to the
general overview given in Ref. [20].

The question we face in our attempt to deal with Hall drag is: what are the limitations when we
want to describe the system with help of the unchanged electronic structure. In case of disordered
graphene it is known that there is an interplay of mean free path lg;s and magnetic length lg (see for
example Ref. [112]). But how is the situation for clean graphene? In Sec. 4.2 we have shown that even
for clean graphene at the Dirac point there is an interaction induced lifetime for finite temperatures.
Hence we need to determine in a self-consistent manner if such a finite lifetime, which broadens the
energy levels, can compete with the tendency of a magnetic field to quantize the electronic structure.
The energy levels in graphene that are induced by a magnetic field behave as €, = w.+/n, where the
cyclotron frequency is given by w. = vpv2eB (see Ref. [20]). We look now for the condition:

w? 1
€nil — €n et e < - (8.7)
One important observation is that with higher energies the condition (8.7) becomes more likely to be
fulfilled, since the energy appears in the denominator. Following this logic there is an energy €* at
which the broadening is bigger than the distance between the Landau levels hence restoring the linear
spectrum of graphene as illustrated in Fig. 8.1.
The quasi-particle broadening is induced due to Coulomb interaction and disorder scattering:

1 1 1
7:R+E’ (88)
Tq Tq Tq

for the following considerations we will assume the clean setup, where impurity scattering is absent.
Let us now assume that the energy scale at which the broadening is bigger than the distance between
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Figure 8.1: Sketch of the density of states (DOS) in the cross over between the regime of Landau
level quantization and the recovery of the electronic structure of graphene. The dotted
gray line corresponds to the DOS of the system without magnetic field.

the Landau levels fulfills € > w,, then the condition (8.7) reduces to

wf? N{N E e<a2NT (8.9)

2¢ 7y €> oﬂN T
using the result from Eq. (4.21). We see that for large energies € > agN T we need to have € > ¢* =
w?/(agT). Since we = v2vp/lg defines the magnetic length we can, with the help of the definition of
the screening length (4.5), reformulate this to gain € > €* = 41n(2) Nvplser /13-

There is also the situation that the magnetic field is so weak that the critical energy becomes smaller
than the energy scale defined by the magnetic field €* < w,. In such a situation the energy difference
changes towards €1 —€p = w,, which implies that if the condition w. < a,T holds the complete electronic
structure appears to be unchanged by the magnetic field. This condition corresponds to the case that
the length scales obey lse; < Ig, it is therefore a natural limit in switching off the magnetic field.

We see that one can easily find situations in which one can deal with the linear electronic structure
of graphene in the presence of a weak magnetic field. In all of aboves discussion we need to remember
that w. < T must hold for us to be able to treat the system within the kinetic equation approach.

8.2.2 The Kinetic Equation in the Presence of a Magnetic Field

In order to deal with the two-layer system in the presence of a magnetic field we still need to discuss
how a weak magnetic field manifests itself in the language of the kinetic equation. A reasonable way to
proceed is to look back at the derivation of the electric field in the Liouvillian as done in Sec. 2.5.1 and
follow the analogous route with a magnetic field instead. For simplicity we will argue more physically
by the usage of the Boltzmann equation. In the Boltzmann theory (see [49, 50, 52]) the way the
electric field appears is generalized as a force acting on the distribution function F V. In presence
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of a magnetic field (B = Bé,) we will consider the Lorentz force F' = e(E + @ x B) which alters the
Liouville operator [73-75] towards (V= 90, + 0y with 0y = v;1€¢8¢):

2
Ln = (8:/“ + Vg + eEV0. + We 8¢> n, (8.10)
2upe

using 9(€, x 93) = e 'vpds. Hence we obtain now a mixing of directions caused by the magnetic field.
Since we have this mixing we need to be more careful with the ansatz (7.12). We will still keep the
form of the ansatz but we replace the directions the ansatz can point to by €,. The modified ansatz
reads:
€ ——
h(x;) = Z (Xff” + Txfj“) ve,,. (8.11)
o

The changed Liouvillian induces alterations in the functional (7.10), which read:

Fooa(h®, BY) = F(h®, by — / dxu(e)agf“ (;”;)22?3(]5 (h@))” - / dxu(e)%f“ (;";)22?(% (h(@))”
(8.12)

Using the ansatz we arrive at the effective kinetic equation for the case of a weak applied magnetic
field. The details of the functional variation can be found in App. C.1.4. The effective kinetic equation
is expressed in Eq. (C.17). As for the case of no magnetic field a thermalization between the layers
appears again (see Sec. 7.1.3), which for each direction separately reduces the modes needed to deal
with the system. With the help of the definition from the rotated effective kinetic Eq. (7.15) for M
we can write:

Ag 0 Xgoh X!
0 Wl A0 A5
N A? NyA M yL\ [ x®' x® . -
0 o _<Z/L M) Ba apu | with L= 0 A% Ap (8.13)
0 0 NN N AS NyAb NyAS + N, A
v v
O 0 Xp’I X%yn

for the rotated system ((27)%y = 2w?). We have used here that the ansatz is again oriented in such a
way that the yo! parts do not see the electric field (bey = 0), for further details we refer to App. C.1.4.
The current in the additional directions is given by:

o &p o ¢’ v [ gy ony oy

]‘u = eNa/anF(x) = ?Na Z eu (AOXU +A1Xp ) . (814)
E{z,y}
:e{lﬁ}

These equations create an explicit anisotropy, meaning that the conductivity has the structure ¢ =
1o*® 4+ e0™ (e being the completely antisymmetric tensor of rank two) which allows us to write:

s B\ (om om —om —ont\ (B

-Zz — orr =™ @3 —_ 0—223 Jlfbx _0—25 _Ofby E_::l; (8 15)
| \er e JVE | T et ey o o || B '
it i) \o oy o o ) |8
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Again we use vectors to project the solution of the effective kinetic equation

a a Ag O
dr = (N“OAO NOAb %“ﬁ;) and b=| 0 Ab (8.16)
o T N,A$  N,A

to write the conductivity in the presence of a magnetic field as:

2 —1] 2
. e o M yL e o 9 I U P T
Oae = 5 d ( yL M > b= —d (M y“ LM L) b~ —d M b, (8.17)

2 -1 2 2

L _ € op M yL > €% oorar 17\t B I/ A WS R

bay = 5 d (yL M) b=y d (M Y2 LM L) LM b~y d" M LM,
L 421

(8.18)

One clearly sees that in the limit of weak magnetic fields 6., equals Eq. (7.18) and we hence recover
the results obtained in the beginning of Sec. 7.2. In the very same way we see that 6., for weak
magnetic field is proportional to y (which itself is proportional to B) The resistivity for this case
involves the inversion of the conductivity matrix introduced in Eq. (8.15). The complete discussion is
only valid for weak magnetic fields (see Sec. 8.2.1), which is why the expansion of Eq. (8.17) is valid
in the regime we are looking for Hall physics. The resistivity reads:

-1
~ ~ A A—1n o a1
Doz = (am + OuyOry ny> SN (8.19)
-1
A ~ A oa—la Aoa—1 a1 A1
Py = (O'xx + OxyO gy Uwy) OxyOgy = Ogg OxyOgy (820)
where the expansion for small y again corresponds to the regime where we can describe the magnetic

field in the kinetic equation approach. Doing the matrix multiplications straightforwardly the familiar
short forms (7.19) and (7.20) reappear together with

C“ = By — A% B{/Nq, (8.21)
which allows us to express the Hall resistivity and the Hall drag as:

b 2 y CoIg + CPIg B (B{C* + BIC")I& I}, (8.22)
Pov = 2 BgBy \ (Bs + BY)[(Tro) ' + (Tra) 1] (BS + BY2((Tro) L+ (Traa) 12 ) '
o2 v (Bpocn 20°18 (BRCO 4 BUCT)(18)

W e (Bg)? By (Bs + BY)[(Tr0) ' + (T'raa) Y] (BS + BY)[(T10) ™! + (T7aa) 1 )

(8.23)

also using the generalized rate we have introduced in Eq. (7.21) defined as I§ = BY*Ig, — By “Ip, the
effective Coulomb interaction rate:

1
~ BY+ B}
and the averaged disorder scattering rate:
B+ B} B B
TTad TS T Té’is'

2 2 BaJs BbIb
[(B‘f) 1§+ (BY) 14 - 2B{BlIp | = Piia Pl (8.24)

Tro) "t
(T'mo) B$ + B}

(8.25)
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8.2.3 Asymptotics of the Hall Drag

In analogy to Sec. 7.2.1 we consider the asymptotic behavior of the Hall drag in several regimes. To
do so we follow the same notation of ballistic and ultra-ballistic/hydrodynamic we have defined and
used in the case of the Coulomb drag resistivity.

The ballistic regime

When the Coulomb interaction can be considered to be much smaller than the relaxation rate the
discussion in Sec. 7.2.1 unveiled that (T'79)~! 4+ (T'raq) ™' ~ (T'7aq) "' is the factor suppressing the
results that go beyond the perturbative calculation of Ref. [103]. If we do the very same for the Hall
drag (8.22) we obtain:

pry =0+ O(af]TTdis), (8.26)

where the coefficient of the leading non-vanishing contribution is not accessible, since in the ballistic
regime the magnetic field requires additional modes that have not taken into account. This result is
not too surprising since a glance at the Drude picture already gives us this result.

We start with a modification of the two-layer Drude Eq. (6.3) taken in the stationary case:

L1 0 — T, .
0=2LE, - ~g,+ 2" 4 T4 x B, (8.27)
m T ™D m
L1 G, — .
0=2LF, - —g+22=2 4 95 « B (8.28)
m T ™ m

—

Driving a current in layer a (j, = nqt,) and keeping the second layer untouched, i.e. not connected
to leads to prevent the second layer from developing a current (3), we see that the magnetic field
drops from the equation since no current appears in layer b. Hence the equation for layer b reduces
to the Drude drag Eq. (6.5) showing no Hall drag features. In this view the result of Eq. (8.26)
comes at no surprise. Nevertheless even in this Drude-like picture one may obtain a Hall drag at
the cost of incorporating the magnetic field’s influence into the quasi-particle kinetics in the collision
kernel [113, 114].

From the modified two-layer Drude Eq. (8.27) we gain the Hall resistivity by disregarding the second
layer and sending the current in €, direction through the layer a. Having the magnetic field in €,
direction one reads for the €, part of the equation:

o g - jgmB — — N
0= mEey + p (ex X ez) Y. (8.29)
The drag resistivity appears as
p'" = B/(qn) (8.30)

in these terms.
Within the kinetic equation approach we obtained the Hall resistivity in Eq. (8.23), which in the
ballistic limit reduces to:

goo _y2 A% m  tanhj, 1B rtanh (§1) (8.31)
W T Na(Bf)? e Naln®(2coshfia) €2 T2 o {%OSh (QT)}
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In the limit of large chemical potentials this result agrees with the Drude picture Eq. (8.30) since the
concentration for this case is given by n = Np?/(4r). For small chemical potentials the resistivity
deviates from Eq. (8.30), implying that using the Hall resistivity to get the concentration in graphene
becomes unsuitable for small chemical potentials.

The hydrodynamic phase (the clean case)

When the Coulomb interaction dominates the processes within graphene we see quite unusual physics
appear in the kinetic equation. In this situation it is worth rewriting Eq. (8.22) into the following
form, getting rid of some cancellations explicitly:

2 y 7T (Café’; + Cb[é) +CBy (18)2 + C°By <Ig’)2 with 2 = M (8.32)

o2 b 2
e B B (By1g + BYI, + ) TTad
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Figure 8.2: Left: The Hall drag resistivity in units of e%;—]g plotted over 5% of the two-layers
for disorder scattering rate of order Tcﬁsl ~ 0.1a§T with d-T < 1 and for simplicity
N, = Ny = 1. Right: A cross section of the drag resistivity in units of 6@2% plotted
over 5% for disorder scattering rate of order T(ﬁsl ~ 0.02a§T and with d - T < 1.
Note the sign change of the resistivity for u/(2T) ~ 1 see Sec. 8.2.6 for more details.
Further in orange dashed the small p-asymptotics for the hydrodynamic regime is
given in Eq. (8.33) for simplicity again with Ny, = Ny = 1.

In the case of a small chemical potential we can again use the asymptotics of the involved integrals
derived in App. C.3 to arrive at a particularly simple equation for the Hall drag resistivity:

pD _ 2Ty Nafla + Npfly with » — T dr=0 7.85 [ N, Ny (8.33)
Y 28 [(Nofty)® + (Noin)?] + 2 4020 (dT) aj \Trds  T7i

The Hall drag of the clean case has a divergence at the Dirac point of both layers that disappears for
any small disorder scattering in the system. The comparison of this approximation to the numerically
evaluated integrals is given on the right hand side of Fig. 8.2. The overall shape of the Hall drag is
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given on the left hand side of Fig. 8.2, which unveils a dramatic change of the symmetry the Hall
drag (8.22) obeys in contrast to the symmetry of the Coulomb drag (7.23). The Coulomb drag behaves
as an odd function for each of the axes defined by one chemical potential. The Hall drag in contrast
is an odd function with respect to the line u, 4+ pp = 0, at which the Hall drag disappears. Therefore
the difference is that the Coulomb drag is sensitive to the charge-carrier concentration of each layer,
whereas the Hall drag seems to be susceptible to the total concentration of charge carriers. An attempt
to arrive at a deeper understanding of this change can be found in Sec. 8.2.4.

8.2.4 Properties and Analysis of the Hall Drag

To understand the qualitative change in the Hall drag as compared to the Coulomb drag we first need
to take a look at the influence of the magnetic field in graphene. In Eq. (8.10) we have included
the Lorentz force into the kinetic equation. In conventional non-relativistic systems the Lorentz force
appears to be “charge over mass” selective. In graphene however, due to massless charge carriers,
the Lorentz force becomes energy-selective. This is an important difference since the magnetic field
in Eq. (8.13) not only mixes the directions but also the symmetry of the modes. To understand this
statement we should again remember the interpretation of the coefficients A, as scalar products of
our modes (see Eq. (5.34)). In this language the influence disorder has on the system is contained in
the As. The entry Ap suggests a mixing of a velocity mode with another velocity mode whereas As
refers to a mixing of a momentum mode with another momentum mode. The contribution A; appears
in disorder scattering as a mixing of a velocity with a momentum mode instead. At the Dirac point
A vanishes (see the discussion after Eq. (5.34)) which is the reason we could define a conductivity in
absence of impurities there (see Sec. 5.2.3). The magnetic field now manifests as an energy weighted
mixing of directions that causes a change in this viewpoint by exchanging coefficients A,, to A,_1, seen
explicitly in Eq. (C.15). The reduction of the n dramatically changes the symmetry properties of the
coefficients A,, in such way that at the Dirac point the magnetic field scatters only between a velocity
and a momentum mode not between a momentum and another momentum or respectively a velocity
and another velocity mode. To understand this more easily it is helpful to imagine a sketch as it is
given in Fig. 8.3. Let us consider the following scenario to gain a clearer picture. We assume that

a b
o el @
b
XZI_)_ Xp””;
oA X XA XA

Figure 8.3: A sketch of the possible modes appearing in a magnetic field. The gray region sym-
bolizes the region the magnetic field causes possible mixing of the modes pointing in
x direction with those pointing in y direction.

layer b is at the Dirac point. In Fig. 8.3 this implies that the magnetic field allows only for scattering
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between x?® and ng and respectively ng and Y. Also, since layer b resides at the Dirac point the
velocity mode does not communicate with the momentum mode. This creates an interesting situation
when we consider the electric current Eq. (5.29) and the energy current analogous defined as:

- d2 5 e —
JE = N/(27r1; evn(z) = §N (A1xo0 + Aax1) E, (8.34)
2
- (& =3
g=5N (Aoxo + A1x1) E. (8.35)

At the Dirac point x, is exclusively responsible for the electrical current whereas x;, exclusively covers
the energy current. An electric field in = direction will create a pure electrical current in x direction.
In presence of a magnetic field the electrical current will be scattered into a pure energy current in
y direction as one can easily derive from Eq. (C.15). This means that at the Dirac point Eq. (8.23)
yields zero since no electrical current is transfered between the directions.

Since the Dirac point apparently provides us with the possibility to more easily understand what
processes are going on in the system we will now consider the Hall drag from layer a to layer b in the
case that layer b stays at the Dirac point whereas layer a does not. We will consider a current in layer
a in z direction which leaves us with seemingly two scenarios to gain an electric field in layer b in y
direction:

e The electric current in layer a consisting of x3* and X" is scattered via the
magnetic field to the modes x7¥ and x;¥. Here now the usual Coulomb drag
could provide us with a possibility affect layer b, but since layer b is at the
Dirac point this is not possible. Note: it would be possible for an energy
current but not for an electric current.

e Again we start with the electric current in layer a consisting of x7* and xj”.
To directly affect layer b seems impossible since layer b resides at the Dirac
point. But we have learned that there is the phenomenon of thermalization
(see Sec. 7.1.3), which means that although there will be no current in layer
b in x direction there might be an energy current instead. In exactly the
way we have previously discussed the single layer case at the Dirac point
this energy current will now scatter the ng mode.

After this simple picture it is worth to actually look at the Hall drag result simplified for the case of
wp = 0:
pD _ z Y Cb[&
* e BBY (BS + BY)(BLIE + (T7aa) ™"

with I& = B2 and C° = B, (8.36)

In this expression the nominator corresponds exactly our second pathway since the magnetic field
appears via C?, which knows about the magnetic field of layer b only, B{ corresponds to the xp”
component of the driving current and I} knows about the collision kernel creating the thermalization.

The symmetry of the drag resistivity (7.23) (see Sec. 7.2.1) looks completely different from that of
the Hall drag. But since the Hall drag is a transresistivity it has to obey the even symmetry with
respect to the axes p, = pp physically reflecting that the layers can be distinguished only by the layer-
dependent parameters we included, p, and 7§,. To analyze further properties we utilize the following
replacement rules:

et e gt =S, Bete=Ste (—)nBe, oo S o, (8.37)
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In contrast to the Coulomb drag resistivity (7.23) The Hall drag does not obey any symmetry with
respect to the axes, instead it appears to be an odd function under simultaneous sign change of the
chemical potential of both layers. Therefore, due to the even symmetry with respect to the axes
e = iy, the Hall drag has an odd symmetry with respect to the axes pq, + pp = 0. The fact that
the Hall drag has a different symmetry as compared to the Coulomb drag is somewhat clear, since the
magnetic field appears in linear response, causing one single distinct change in the symmetry properties
when changing the direction the modes point to. If we focus on the symmetry axis uq + pp = 0, around
which the Hall drag behaves as an odd function, we might think about the vanishing of the Hall
drag as a cancellation of the two pathways we have described earlier. In Fig. 8.3 this vanishing can
be understood when we remind ourselves again of the overall symmetry properties of the ingredients.
Each layer and collision kernel stays invariant if all energies, momenta and their corresponding chemical
potential change sign. This is a manifestation of the fact that the system does not distinguish between
hole-like particles and electron-like particles (see the symmetry discussion in Sec. 8.3.1). The magnetic
field’s influence being energy sensitive forces us to change its direction in this conceptual electron-hole
symmetry to keep the invariance. In this sense we can think about the cancellation of the two pathways
(via x® or via x* in Fig. 8.3) as a cancellation that comes due to opposite signs of the magnetic field,
in an otherwise perfectly symmetric setup.

8.2.5 Magnetic Field Induced Drag at the Dirac Point

A quite beautiful observation can be made in Eq. (8.13), namely the change in the matrices at the Dirac
point of both layers. In this situation M becomes diagonal and the only entries left in L are the those
that contain Af. Thus the matrices that appear are simple enough to write down in Eq. (8.17), and
although the I is zero the combination —y?LM ~'L generates an entry that serves us as an effective
drag rate. From these considerations we obtain, using the usual drag resistivity for the ballistic case
Eq. (7.28) a magneto drag resistivity at the Dirac point of both layers that reads:

2 y? 2 B?
= = — 8.38
PD e? B$z, + Blz, T B3 | B (8.38)
TTgiS TTgis

with B being the magnetic field. A peculiarity of this feature is its appearance with a negative sign
independent of the sign of the magnetic field or the chemical potentials.

In the discussion of the previous Sec. 8.2.4 this feature is easily understood. To do so we will consider
both layers at the Dirac point. Driving an electric current in x direction in layer a then corresponds
only to the x, mode being driven (see Fig. 8.3), in analogy to the previous section the magnetic field
scatters this mode into a pure energy current. This energy current going in y direction thermalizes
with the second layer, inducing the same energy current their. Subsequently this energy current in y
direction in layer b scatters again with the magnetic field into an electric current pointing in = direction.
In this scenario a thermalization like mechanism is crucial, and a suited test to verify this can be found
by using the non-thermalized equations given in Eq. (C.16). Performing the calculation we obtain a
magneto drag resistivity, that reads:

2 y2 Iy B?74is aZIn(1/ay)

PD = —75 apb X 2 1
CIp(Bgza + Bha) + Pyt 1T agNTIn(l/ag) 47,

(8.39)

One sees that depending on the strength of thermalization the result varies. In this regard this result
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provides an excellent litmus test for the thermalization hypothesis of an experimental setup. The
comparison with experiment given in Fig. 8.4 shows a very good agreement.
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Figure 8.4: Left: The magnetodrag resistivity for equal concentration varying the strength of

the magnetic field. Right: The magneto drag resistivity measured by the authors of
Ref. [108]

The peak at the Dirac point is very well described within our theory as one can see in Fig. 8.4. It is
worth to note that the experimental data suggests that their measurements are slightly above the field
strength we can describe without the need to deal with Landau-levels, since the peak shows already
saturation effects. Further the side peaks in the experiment increase in contrast to our estimation. We
assume, that this discrepancy arises from the experimental setting being rather in the ballistic than
hydrodynamic regime. Thus, the magnetodrag in the hydrodynamic regime seems to differ from the
ballistic regime. Further investigation of the interplay of different regimes and comparison with the
experiment is needed, which is work in progress (see Chap. 9).

8.2.6 Comparison to Experiment

From private communications with the group of Andre Geim [115] we know that Hall drag measure-
ments are currently in progress which is why we will give here some more detailed data to compare
with.

Again we use the relation given in Eq. (7.34) to transform the chemical potential into concentra-
tion. For the same reasons, that have been explained in Sec. 7.2.3 we vary distance and temperature
simultaneously. The Hall drag resistivity is plotted in the left of Fig. 8.5.

One of the most interesting features shown in our data in the left-hand side of Fig. 8.5 is the sign
change that occurs away from the Dirac point. The unpublished data kindly provided by the group
of Andre Geim [115] right-hand side of Fig. 8.5 exhibits exactly such a sign change, a strong support
of the theory presented here. Furthermore the experiment shows the disappearance of the Hall drag
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Hall drag and Hall resistance along the line of matching densities Mg = Ny
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Figure 8.5: Left: The Hall drag resistivity for equal concentration varying temperature and dis-
tance. Right: Unpublished data, a courtesy of the group of Andre Geim, showing
measurements of the Hall drag [115].

along the line ny, +n, = 0, when the concentrations equal up to the sign. Thus, the experimental data
matches very well with the theory we presented in this work. Nonetheless, further experimental data is
needed to perform a complete comparison of theory and experiment, which is left as an ongoing work

(see Chap. 9).

8.3 Higher-Order Drag

In the previous Secs. 7.2.3 and 8.2.6 we introduced the first experimental observations on Coulomb
drag in graphene. These first experimental measurements have been performed by the authors of Refs.
[107, 108]. The overall behavior of the drag is in qualitative agreement with the here presented theory
(see Chap. 7.2.3) except of one detail. The authors of Ref. [107] found that at low temperature a
non-vanishing, even peaked, Coulomb drag appears at the Dirac point of both layers (see left hand
side of Fig. 7.8). This section is devoted to the question of the possible origin of this Coulomb drag at
the Dirac point. First we will investigate why the theory presented so far fails to describe the feature
at the charge neutrality point. Subsequently we will explain how to overcome this problem.

8.3.1 The Vanishing of the Leading Order

The investigation of the symmetry of the Coulomb drag resistivity is performed using the objects we
have derived so far. There are several ways to discuss the symmetries of the leading order Coulomb
drag. One example is the diagrammatic language [91, 103]. For consistency we rather study the
kinetic equation, in particular the collision kernel. The collision kernel for two-layers Eq. (7.8) has
been derived in App. A.2.

109




8 Coulomb Drag in Graphene: Generalizations and Further Developments

We write again the collision kernel from Eq. (7.8):

Waﬁ({xi}) = 27T5(61—€2—|-€1/—62/)(27T)25(61171—6252+61/51/—62/172/)><
(@1, 22| U |y, 2o) Pr(en)v(e2)v(er)v(ex)

16 COSh(q;ﬁa ) Cosh(ezgjlfa ) COSh( 61/2—TM,8 ) COSh(€2/2—TNﬁ ) s

(8.40)

The basic symmetry we need to consider within the collision kernel is seen by interchanging ¢; —
—€9, € — —e€1 and U1 <> Us. The energy and momentum conservation, via the delta constraints,
and the density of states stay unchanged. The matrix element Eq. (A.19) contains the Berry phase
and the interaction propagator. The Berry phase (see Eq. (5.15) for the representation in terms
of ¥ and ¥) stays as well unchanged and since the interaction is a function of ¢ = €1U; — exvh
and w = €1 — €9 the propagator is also unchanged. The only place in the collision integral where
something changes is within the hyperbolic cosines that originate from the Fermi distribution function
(see App. A.3). Since the hyperbolic cosine is an even function, the interchanges result in the mapping
o — —la- The transformation behavior of the collision kernel could have been guessed since the
symmetry operation corresponds to an inversion of the spectrum. Which due to electron-hole symmetry
of the spectrum leaves naturally the collision kernel invariant except for the distribution functions.
The crucial observation is now that the collision kernel is invariant with respect of the transformation
€1 — —€3, € — —e€1 and U] <> Uy if the chemical potential is zero, p, = 0. The analog argument
can be performed using the primed coordinates in all symmetry operations. This way the discussion
affects pg instead of fiq.

So far we identified a possible symmetry of the integral kernel if one layer is tuned to the Dirac point.
What needs to be resolved is how this symmetry effects the drag resistivity if one of the layers reaches
the Dirac point. The drag resistivity (7.23) simplifies substantially in the ballistic case, Eq. (7.28). In
this limit the resistivity is determined by the coefficients By given in Eq. (7.19) and Ip. The coefficients
By have neither zeros nor singularities. Hence, we have to analyze the drag rate related integral Ip
which is defined in Eq. (7.13) but for convenience given again:

1

In=—om / Ay W ({a}) (31— 32) (50 — ). (8.41)

Within this integral again we encounter the integral kernel (7.8). However, I involves additionally
U1 — Uy (and the primed version) that describes the velocity transfer between the layers. In case that
one of the layers e.g. layer a, is at the Dirac point the replacements ¢ — —e€g, €5 — —e1 and v <> Uy
keep the integral kernel W% ({z;}) invariant but it interchanges the velocities #» — ¥y, which creates
a sign change indicating that the integral in its entirety is zero. The vanishing of the velocity transfer
rate is due to the electron hole symmetry at the Dirac point [91, 103].

Alternatively one may study the diagrams that are related to the Coulomb drag. In App. A.2 we
derive the collision integral from Keldysh diagrammatics which allows us to identify the these related
diagrams. It turns out that the ansatz (7.12) leads to vertices within the diagrammatic formulation.
With these vertices we can rewrite Ip into the expressions given in Eq. (C.24) where the appearing I's
correspond to the triangles shown in Fig. 8.6. The reason for this diagram to vanish is the same as for
the collision kernel but can be applied for each vertex I' separately (see Eq. (C.22)). Still it is worth
having the analogy to the diagrammatic language in mind since we will use it in the next section.

When we consider the hydrodynamic limit we get an additional contribution, which led to the drag
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Figure 8.6: The lowest order drag diagram also known as Aslamazov Larkin diagram.

resistivity (7.29) that does not necessary involve Ip:

2 B 1%, BY, 5
b= 62 a Rb a 2 a b 2 b BS+Bg ‘ .
BBy |(Bs) Ity + (BY) I, +

T'Taq

The crucial point here is that at the Dirac point the coefficients B; vanish as well. The reason
for this is rather simple and lies in the fact that firstly the coefficients B; ~ A; and secondly as we
showed in Eq. (5.34) the coefficients A; describes to the overlap of the velocity mode with the zero
mode. However, at the Dirac point the two modes are orthogonal (see Sec. 5.2.3) which means that
the additional contribution disappears as long as some impurity scattering is present.

In total this means that at the Dirac point of either one of the layers the Coulomb drag is zero due
to the inability of the system to transfer velocity between the layers (electron hole symmetry) and due
to the fact that velocity and zero mode are orthogonal to each other (see Sec. 7.2.1 for the exception
to this in the clean case). The latter means that the electrical current is then purely given by the
velocity mode and although we have thermalization, meaning that the zero modes of the layers stay
connected, they do not influence the electronic properties.

With this understanding of the symmetry of the Coulomb drag resistivity we will now continue to
investigate higher-order corrections.

8.3.2 The Changes Due to Higher Order-Drag

In Sec. 8.3.1 we discussed why we are not able to see anything but zero transresistivity at the Dirac
point of both layers in absence of the magnetic field (except for the clean limit discussed in Sec. 7.2.1).
In the experiment reported in Ref. [107], this feature appeared for small temperatures which, before we
even start to speculate about its origin, means that, if we can describe this feature within the developed
technique, it is more likely to be described in the ballistic regime then inside the hydrodynamic one. So
utilizing the discussion of the previous Sec. 8.3.1, we know that in the ballistic limit the Coulomb drag
resistivity gains its sign changes from the drag rate related integral Ip. For this integral we showed
explicitly that the particle hole symmetry causes it to vanish at the Dirac point. Hence sub-leading
terms become important, which is why we need to consider corrections to the drag related integral
that break this particle hole symmetry.

The most straightforward approach to this problem is to look for higher order corrections in the
Coulomb interaction. For this purpose we consider a higher order self-energy that is able to provide
a contribution to the drag rate related integral i.e. to have a closed bubble that could belong to a
different layer see Fig. A.4. In App. A.2.2 we determine the Keldysh self-energy of such a diagram
and show how to form a collision kernel out of it. The calculations for this are straightforward but
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lengthy and therefore performed completely in the appendix. The main result of these considerations
are found in Eq. (A.41) which explains how the previous matrix element within the collision kernel
changes by adding higher order contributions.

The collision integral we discussed previously is altered now compared to the higher-order collision
kernel in the matrix element [Mo|? — |[Mo|? + MoM} + M§M; implying that we can adapt the
complete discussion from the previous section except that we need to test the matrix element for
particle hole symmetry. For this reason we write explicitly the matrix element from Eq. (A.41)

./\/l()./\/l*l< + MéMl

—T d?qy dws 73 Py
= —Do(q1 / — |1+ 0102 + (U1 + U2 ) Az== | |1+ Upvy + (U1 + Uy ) Agr=—| X
2@ 2 [y e (51 22) Dz (5 ) D
o ) ) tanh (632 jga) ) tanh <€3/2T“B )
x Do(¢2 — q1)Do(—2) (€3 — As[ps])P ——- +0(ey — Ay [Py )P————=-| (8.43)

€3 — \3|p3]

where the energies obey €3 = €1 — w9 and €3 = €1/ + wy and the momenta p3 = €17 — ¢» and py =
€1/U17 + ¢2 and for brevity A\, = sign(ey). Further P indicates the principal value integral. A detailed
analysis of this matrix element has not yet been done but is not necessary for investigating its particle
hole symmetry properties. Again we consider the exchange ¢ — —es, €2 — —¢1 and ¥ <> V2 as before.
The transfered momentum ¢ stays invariant but the energies change like €3 = —€s —ws = —€1 + w1 —wo
and €3 = —e1/ — w1 +wo and the momenta transform correspondingly. Each try to avoid the additional
contributions fails due to the total energy €; + €1 or the corresponding total momentum p; + py/ that
enters the process. The total energy flowing through the matrix element can be understood more easily
by means of the diagrammatic language in the right hand side of Fig. 8.7. If the total momentum and
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Figure 8.7: Left: Higher order Coulomb drag diagram with the corresponding energy and mo-
menta labeling. Right: The matriz element that appears within the higher order
kinetic equation.

energy is zero, we have e3 = —e3 and p3 = —p3. If we perform the integral substitution in the latter
case we in dead see that the matrix element stays invariant. On the other hand, in this situation the
matrix element can diverge, a possible indication of an exciton condensation. Nevertheless the matrix
element from Eq. (A.41) allows contributions to I that do not vanish at the Dirac point. If we assume
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to be close to the Dirac point we read

Halto
Ip = Cpal (2‘%)2 + Chont) (8.44)

which affects the drag resistivity (see Eq. (7.23)) such that for u < Oé;/ T and 1> Trg;s we read:

1 C’honozﬁT + élagﬂaﬂdeisN

D X = . 8.45
P e? T+ CQagua,udeisN ( )
Exactly at the Dirac point this yields:
3
@
pPD X e—g (8.46)

This changes the phase diagram we introduced previously as shown in Fig. 8.8. Thus, the higher order
contribution allows for a drag resistivity at the Dirac point. Away from the Dirac point one notes, that
as shown in Fig. 8.8 approaching the clean limit thermalization takes over and overcomes completely

the contributions from Ip and therefore replacing the ag contribution by af].
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Figure 8.8: The drag coefficients in case of identical layers considering the higher order drag
contribution from Coulomb interaction. The dash-dotted line separates the previous
results (see Fig. 7.6) from the higher order drag.

Diffusive Regime

Throughout this work we focused on the limit T'74;s > 1 and even more agT Tdis > 1 where we found the
thermalization between the layers. Since the resistivity peak at the Dirac point is seen experimentaly
we will qualitatively discuss the consequence for the peak expected from the diffusive regime.

For stronger disorder or at low temperatures T'7q;s < 1, the electron motion becomes diffusive. In
this regime, the standard perturbative approach is applicable. The lowest-order perturbative calcu-
lation [89] amounts to evaluation of the Aslamasov-Larkin-type diagram (see Fig. 8.6) for the drag
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conductivity given by

1 dw

aB Ié] a R2

= —TI I D 8.47
op 16T E@:/Sinh2 = L (W, OTg (w, Q)|DT%, (8.47)

where D¥ is the retarded propagator of the inter-layer interaction Eq. (6.10) (not necessarily screened)
and I'Y (w, ¢) is the non-linear susceptibility (similar to Eq. (C.22)) [in fact, all previous studies of the
Coulomb drag in graphene [63, 101, 103, 104, 116, 117] focused on Eq. (8.47)]. In the diffusive regime,
I'%(w,) can be found using the Ohm’s law and the continuity equation [118] T' = eg(do/dn)ImII~.
All microscopic details are now encoded in the diffusion coefficient and the density dependence of the
single-layer conductivity o. Close to the Dirac point p < T < T(Esl the derivative do/0n ~ nvhri,
(independently of the precise nature of impurities). After this the evaluation of Eq. (8.47) is rather
standard (except that, in contrast to Ref. [89], the Thomas-Fermi screening length is much longer than
the inter-layer spacing »d < 1) and yields

Pg) (Mz <T <K T(ii) ~ (h/e*)aPppe T3, (8.48)

vanishing at p; = 0 due to the electron-hole symmetry.
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Figure 8.9: Schematic view of the drag coefficient at low temperatures. Left: pg) (1) (solid line)

and pg’) (1) (blue dashed line). The arrows indicate the tendency of the two terms

with the decrease of temperature T — 0. Right: pg) (e =0) and pH™ (1 = 0) (solid
line) as functions of T

The importance of the electron-hole asymmetry for pg) follows from Eq. (8.47): the non-linear

(

susceptibility can be thought of as a measure of the asymmetry. But pD2) dominates the observable
effect only under standard assumptions of the Fermi-liquid behavior in the two layers (1 > vp/d > T,
w7 > 1). On the contrary, in the vicinity of the Dirac point in graphene, the next-order contribution
pg) [91] as well as disorder correlations [96] (see App. D) become important and yield non-zero drag
at p; = 0.

The explicit results of Ref. [91] were obtained in the usual limit s«d > 1. Extending these calculations
to the opposite case »d < 1 we find close to the Dirac point

Pg) (,ul < T < Td_lsl <K OZ_QT) ~ (h/e2)043(Tdes)_3/2, (849)
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and ,0(5’) ~ h/e? for T(isl > a7 2T. Away from the Dirac point this contribution decays as a function

of the chemical potential pg’)(quiS > max[1, o (T7gis)/?]) ~ (h/e?)(prais) > and rapidly becomes
subleading. As a result, pg) is only detectable at low T" and p, see Fig. 8.9.

While estimating pg)(ui = 0), we assume the single-layer conductivity o ~ e?/h discarding localiza-
tion effects. Indeed, experiments on high-quality samples show T-independent o down to T = 30 mK
[119], that can be explained by the specific character of disorder in graphene [84, 120, 121].

Although this estimation unveiled interesting and experimentally relevant dependencies the consid-
erations done here are not complete. A detailed analysis of the interplay of the effects governing the
resistivity at the Dirac point remain to be performed and promises rich physics to investigate (see

outlook Sec. 9).

8.4 Drude-Like Picture for Drag

We have seen the kinetic equation as an effective approach to graphene-based drag setups. Using the
modes, the ansatz (7.12) provided us with, we have written the effective kinetic equations in a compact
and elegant way (see Eqs. (7.15) and (8.13)). Nonetheless with help of the currents Eq. (5.42) we might
rotate our equations, written in terms of x modes towards an equation involving only currents. In the
thermalized case we can use:

o 2 2

7% FNaAG 0 7 NaAf X

8| = 0 < N, A & N AS X8 (8.50)
i TINA TNpAL T (NoAg+ Npab) |\

Performing the rotation does not affect the physics we described. It also will not help in calculating the
drag resistivity or Hall drag resistivity. What it will allow us though, is to express the effective kinetic
equations in terms of currents. On the level of an effective equation such a formulation is clearly more
natural and fits nicely into the Drude picture introduced in Sec. 6.1.1, although it is equivalent to the
compact equations we introduced in Egs. (7.15) and (8.13).

The Drude-like Drag

The rotation introduced in Eq. (8.50) will provide us a formulation in terms of constant currents.
From the point of view of hydrodynamic fields (5.42) we consider the current to constant effectively
decoupling current from the continuity equations. Performing the Rotation one obtains:

2 a a arta bra
e - I¢, 2 [ 1 B¢, Z . ID BIIE
B E, = L0 S Ll € AN ° — G 8.51
0Fat IE BQ+B’> 7 <B“ +Na(Bg+Bg) +Na i B} +J\fb(BaJer) (8:51)
. IL - [ Ip B¢IL I? BbI? 2
B E, —G __ = — G L il € S 8.52
3o+ 7 /% By +B’2’ 7 (B“ T Na(Bs + Bb) +7 B Ny(Bi+BY) N, (8:52)

eT eT
BgBaE + BOBlEb

TBaBb( — 2p) <]a 577 ) -+ B§zq + Bgzb. (8.53)

B¢ + BY N, N, BY + B
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8 Coulomb Drag in Graphene: Generalizations and Further Developments

Where we used the short-hand notation introduced for the drag resistivity in Eq. (7.13), further we
use Egs. (7.19), (7.21) and 2,77, = 1 for further simplifications. For orientation we will repeat the
short-hand notations starting with the integrals:

1 . . . 2\ 2 ol 1 . \2
Iﬁltra = ﬁ /d{xi}Wa’a({xi}) (Ul — U2 + U3 — 7)4) ) IInfer iﬁ 2T3 /d{xl}Wa’B({xl} (Ul - UQ)

)
o = g [aledWo () (5~ ) (5 - ) 15 2 ke [aladwe (i) (5 - ) 7

N, " one n
ITr IIntra + Z /BIInﬁter’ E /d{xl}wab {'rl}) and A% = _/dxyéf) nF<€) (6> )

975
57,5@ 2T Oe T
(8.54)
the scattering phase-space moments (see end of Sec. 7.2)
= BY By = N, At BS = N, AS — AT B} nd (8.55)
- F0 1—aA87 2 = Nadg 151 a .
the averaged impurity scattering rate
B+ B} B BS
2+ Py B 2 (8.56)
TTad TT((ilis TTdis
and the effective Coulomb scattering rate
1 2 2 _ B{I& + BT},
-1 _ b\~ 7b a
Finally the generalized rate, which is given by
I& = B{'1f, — By “Ip. (8.58)

A comparison with Eq. (6.3) unveils that the main difference arises from the total energy current
that corresponds to an independent degree of freedom mixing the currents and creates contributions
beyond Ip. In this sense this Drude-like equation for the two-layer system summarizes in a very
compact way the complete physical picture that governs transport in two graphene layers. Further we
see on the level of the Drude-like equation (8.51) already that, in comparison to usual Drude picture,
the thermalization creates additional contributions to the drag, since Ip appears not exclusively as
interlayer coupling.

The Drude-like Hall Drag

Analogous to the previous section we can perform the same rotation for the x and the y direction in
presence of a magnetic field. Thus collecting all the ingredients we arrive at:

e? ¢ Ia o [ T2 BTG I BbIS
BOE+ By = I | T e T | B e
T’ BY + BY B¢ Nu(B$+ BY) N, By ' Ny(BS + BY)
B ~ (B§ —C BgCe 5 BRC@ 2. Ce
e X |9 g vme ez ) 9 N TP g 899
T B¢B¢  N,(B$+ BY) Ny(B¢ +BY)  T°7 BY + B}
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8.4 Drude-Like Picture for Drag

2 - I - [ I Bey? It BbI
%BOE(;—I- —JE——>— G =j° D—i—% +j tr+—G+Zb

T’% B¢ + B} B¢ " N.(BS+ B BY " Ny(B¢+BL) N
g . BbCb _, [ B —® BbCb 2 . Ob
g x| el e e | P — e |+ Tl | (860)
T N, (BS + Bb) BYBY  Ny(BS+ BY) Tl "B+ B
el eT TB{BY(za—2) [ 3*\,~ BS2a+Bba B 1+ -
—_BSBYE,+—B'B'E 2P e A (L | g fp R TR L 2 ey b (8,61
g ORI = T e B N, N, B+ By T i+ 7] ®on

In addition to the short-hand notations Eqs. (7.13), (7.19) and (7.21), which have been used in the
previous section we employ further the relation (8.21) which reads

C* = Bg — A*, B /N,. (8.62)

Again the benefit of these equations is their simple Drude-like form. We observe in Eq. (8.61) that
at the Dirac point the energy current and the electric current are orthogonal. This underlines again
the independence of the two currents in graphene and the need to deal with both when investigating
transport properties in graphene.

With these equations we managed now to regain equations in the spirit of Egs. (6.3) and (5.1) with
which we started the transport journey.
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Chapter 9

Conclusion

In this thesis we have performed an analysis of the interplay of the Coulomb interaction with the
electronic structure in graphene and its consequences for the transport properties. This chapter will
summarize the results and add conclusions to this work.

Although the Coulomb interaction might be strong in graphene, we assumed that screening, e.g.
due to the substrate, allows for a perturbative treatment. Furthermore, finite temperature allowed
us to deal with the Coulomb interaction properly, a fact we used to investigate graphene’s electronic
properties at the Dirac point. Finally the kinetic equation approach enabled us to describe transport
in graphene and double layer structures of graphene, which we studied towards the end.

In Chapter 4, we tamed the Coulomb interaction, i.e. we reformulated the problem by introducing
finite temperature, which made the calculation controllable. This allowed us to treat the Coulomb
interaction properly at finite temperature within the random phase approximation (RPA). We found
that RPA provides an excellent way to deal with the forward scattering resonance (FSR), which at finite
temperature is even more pronounced. We found the dispersion relation of plasmons, which turn out to
be rather good quasi-particles, and we found that the temperature itself gives rise to static screening
with a screening length of order ls; o (ogN T)~!. We found that due to the forward scattering
resonance (FSR) the quasi-particle lifetime is substantially reduced, classifying graphene effectively
as a marginal Fermi-liquid. As a consequence, close to the Dirac point (for energies e < oz?]N T) the
conceptual separation between electron-like and hole-like particles fails. On this basis, we determined
the energy relaxation rate, which is logarithmically enhanced by the FSR, similarly to the quasi-particle
lifetime. The quasi-particle scattering rate, the dephasing rate and the energy relaxation rate obey a
non-trivial, non-monotonous behavior as a function of energy.

In Chapter 5, we carried out calculations for transport in graphene within the language of the
kinetic equation including only the bare Coulomb interaction. We emphasized the importance of the
choice of ansatz, which, based on the forward scattering resonance (FSR), corresponds to a direction
dependent equilibrium, and showed how this ansatz allows for an analytic solution of the kinetic
equation. We then, in the case that the chemical potential is at the Dirac point, treat the transport
within the RPA in clean graphene without utilizing the ansatz. We obtained the transport scattering
rate, which shows a non-monotonous energy behavior, but turned out to be smaller than the energy
relaxation rate. This made it necessary to perform a thermal average of the transport scattering rate,
which agreed with the previously obtained rate and conductivity obtained via the kinetic equation
approach including only the bare Coulomb interaction. We finished this chapter by introducing the
hydrodynamic formulation of transport in graphene and possible extensions of it.

119




9 Conclusion

In Chapter 7, we started to use the kinetic equation approach to describe Coulomb drag in a two
layer graphene setup. We found the phenomenon of directional thermalization between the layers,
which simplifies the direction dependent equilibria ansatz of a two layer setup. We solved the kinetic
equation analytically and obtained the Coulomb drag for the hydrodynamic (ultra-ballistic) as well as
for the ballistic regime, where we have a perfect agreement with previous works. We found in these
equations a non-trivial interplay of velocity and momentum transfer between the layers, which led in
the ultra clean limit to a non-analytic expression for the drag resistivity at the Dirac point.

Finally, in Chapter 8, we extended the description of the Coulomb drag in graphene. We determined
the multilayer drag and the Hall drag. In the latter, the magnetic field acts as an energy selective
scatterer. It thus led to interesting phenomena in the Hall resistivity, the Hall drag and even to a
non-vanishing magneto-drag at the Dirac point. Towards the end of this chapter, we showed how to
extend the formulation towards higher order drag and its close connection to a Drude-like formulation,
which allows for a more intuitive understanding of the phenomena presented in this chapter.

The experimental developments of the last years are astonishing and support the relevance of our
calculations. These include the measurements performed to determine the relaxation of hot elec-
trons [70], which is closely related to the calculations performed in Sec. 4.2.3, as well as conductivity
measurements performed on suspended graphene [86] (see Sec. 5.4.4). Furthermore, we have been very
fortunate that within the last year Coulomb drag measurements with graphene have become experi-
mentally accesible [107, 108]. In Sec. 7.2.3 we presented a comparison of our theory with experiments
showing a very good agreement. A Short time after the first Coulomb drag experiments, the interplay
with a magnetic field was also studied [107]. In Sec. 8.2.5, we showed that our theory is capable of
explaining one of the open questions of the experimental data [107], namely the strong magnetodrag
at the Dirac point. Finally in Sec. 8.2.6, we compared our result with unpublished data, courtesy of
the group of Andre Geim [115], supporting very well our theory of the Hall drag.

The work that has been presented here allows for many further directions of research, of which some
are already underway and publications are planned. Publication is planned for:

e the Hall drag, that has been introduced in Sec. 8.2. Since in recent times experiments started
to measure the Hall drag (see Sec. 8.2.6) we aspire towards a publication with experimentalists,
allowing for a detailed comparison of theory and experiment.

e the magnetodrag presented in Sec. 8.2.5 was puzzling experimentalists since their observation
of the effect. A joint publication with experimentalists would again allow for a more detailed
comparison of theory and experiment.

e the spin drag explained in the context of the multi-layer drag in Sec. 8.1, which promises to
provide additional utilizations for graphene in the field of spintronics.

This list involves only the most advanced projects we wish to complete soon. But there are many more
promising extensions we wish to study, this includes, e.g.:

e the Navier Stokes equations of graphene, which is sketched in Sec. 5.3. It will provide us with
many further follow-ups. Particular interesting examples are: the possibility to analytically
investigate finite system setups and to study consequences of applying non-equilibrium conditions
to the system.

e a detailed investigation of the different mechanisms that govern drag at the Dirac point and the
regimes they apply to (see Sec. 8.3). This is very important to understand the experimental
observation at the Dirac point [108].
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e the magnetodrag drag in the regime of Landau-level quantization.
e drag setups involving the Dirac Fermions of 3D topological insulators.

This is of course an incomplete list of possible projects including only those we are particular interested
in. The formulation presented in this work is powerful enough that we expect many more projects to
arise, which crucially depend on the insights provided by this work.

In conclusion, we found that the Coulomb interaction, although treatable perturbatively, affects
graphene substantially. We have seen the appearance of the forward scattering resonance (FSR),
which leads to rich behavior at the Dirac point and moreover creates the direction dependent equi-
librium as a general equilibration scheme to external directed perturbations of the system. In the
drag setup this direction dependent equilibration caused an interplay between the layers leading to an
effective thermalization of two parallel layers of graphene. Because of this direction dependent equili-
bration, the description of the system simplified enormously, resembling graphene specific Drude-like
equations. In this sense, the FSR led to a particular elegant and simple formulation allowing us to ac-
cess even rather complex graphene-based setups like the drag resistivity and the Hall drag in graphene.
Already the mere fact that experiments have been performed, measuring Coulomb drag in graphene,
strongly supports the relevance of this theoretical work to the field of transport in graphene. With our
contribution, we have proven that complex setups can appear to be controllable and even more can be
treated relatively simple by employing particular effects unique to graphene. The dynamics and the
speed of the current developments in graphene suggest that the theoretical considerations we presented
in this work could become relevant in multi-layered clean graphene-based applications. Furthermore,
graphene’s intrinsic properties that are both discovered or not yet discovered, promise that graphene
research will remain an exciting and fascinating field.
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Appendix A

Keldysh Objects and the Kinetic Equation

A.1 Keldysh Self-energy and Keldysh Polarization Operator

In this section we provide the structural details of the Keldysh objects we us within the diagrammatic
calculation. Most of the details and techniques are useful as well for the kinetic equation we consider
later.

A.1.1 The Kedlysh Self-energy in Lowest Order

In the beginning in Sec. 2.4.1 we faced first time the self-energy. In lowest order it appears in two
possibilities namely the Hartree (left in Fig. A.1) and the Fock diagram (right in Fig. A.1). Since
Hartree is usually considered to be canceled out by the ionic background of the system the contribution
we will look for is the Fock diagram.

Figure A.1: The Feynman diagram for the Hartree (left) and the Fock (right) contribution to
self-enerqgy

The Self-energy reads in lowest order reads:
S = ($1Gada), (A.1)

with the Greens function as defined in Eq. (2.26) and the Hubbardt Stratonovich field as given in Eq.
(2.27). Using the correlation as they are given by Eq. (2.28) we gain:

i [ DXGR+ DRGK  DRGR 4 DEGK 4 DAGA) A2

N=-
2 (DAGR + DRGA = 0 DAGK + DKGA
The interaction here has been kept quit general but since we want to deal with the Coulomb inter-

action we need the polarization operator or a related object to gain a less singular structure of the
interaction.
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A Keldysh Objects and the Kinetic Equation

A.1.2 The Keldysh Polarization Operator

In analogy to the self-energy the first time the polarization operator is presented is in Sec. 2.4.1. Its
appearance corresponds to the interaction propagator in the very same way the self-energy corresponds
to the Green’s function. Its Feynman graph can be seen in Fig. A.2. The main difference is that, the

O

Figure A.2: The Feynman diagram of the polarization operator

interactions we deal with have no sublattice or valley structure. Thus these degrees of freedom will be
traced out. We read:

Tr [Ghé1Gade| = ¢565Tr |GIG + GIGE| + 6500 Tr |G GY + GIGE|
+¢losTr [GRGE + GEGE| + olodTr GGy + G GE + GEGE] . (A3)
which then forms the corresponding bosonic Keldysh polarization operator:

s_i [ cfedvrafici=o ciak +afal =4 | (A1)
2 \GEGS + GRGE =117 GRGY + GG + GEGEK =11K

Within this definition of the polarization operator we gain now
D = Dy — DolID, (A.5)

analogous to the Dyson equation of the self-energy given in Eq. (2.32). But with the Keldysh structure
of the interaction following the bosonic structure:

5 K DR
D= (gA % ) (A.6)

A.2 The Collision Integral

We introduced in Sec. 2.5 the formalism of the kinetic equation. We will now report on the details
needed to match the kinetic equation approach with the field theoretical description. In Sec. 2.5 we
derived the Liouvillian and introduced formally the collision kernel as a abstract object that reads

LGK — i <(GR — G eK ek (2h - zA)) . (A7)

In Sec. 2.5 we showed how integration over either momentum or energy gives the Eilenberger or
Boltzmann equation. But for the purpose of studying the integral kernel it is more useful to consider
the general object on the right hand side of Eq. (A.7).
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A.2 The Collision Integral

A.2.1 Coulomb interaction: Lowest Order

In equation(A.7) the appearing Greens functions are of fermionic type and have the Keldysh rotation
following Larkin and Ovchinnikov (see Eq. (2.26)). The first thing to do, is therefore to find the
self-energy of the system we are looking for. Within the notation (sz = ¢al + ¢qo1 for the Hubbardt
Stratonovich field the lowest oder diagram able to create a four particle scattering process between the
layers is the one forming the following self-energy illustrated in Fig. A.3:

Figure A.3: Coulomb interaction correction we take into account for the drag.

2 = — ($1GadeTr {éyq;yémf;wbd) (A.8)

with a minus sign due to the fermionic loop.
Since we need some details on the Keldysh structure we do some straightforward matrix multiplica-
tions that will be instructive for the further treatment (see Eq. (A.3) as well).

51 G — [ 91GH08 +01GE G5 + 61GE 6 61Gil5 + 01GHGY + 9 GE o5 (A.9)
GCR0% + 01GHS5 + $1GE 0] 67Gy 65 + $1GF 05 + 91GL o}
(616200 — [1Cna]” = (G — G3) (9565 — 6164) + GIF (504 — ol65)  (A10)
[61620a] " = [1Gada] " — [1Cada] ¥ = (G - G4) (504 - 8105) + G (565 — ol63) (A1)

In lowest order of the interaction the Hubbardt-Stratonovich fields obey ((ﬁ?gbf,) s = Dy(py —
D1/)da,—pi/2. We obtain therefore:

SR _9A (;)2 D2 {(cﬂ; - Gy)Tr {G{fGéf - (¢f -af) (65 - c9)

—GETy [(G{f ~GY)GE - Gf (6F - Gg‘)] } (A.12)

K _yK _yQ _ (;)2 D2 {GfTr [G{fagf —(¢f-ct) (65 - cg)

- (6F -G

(¢ff - 6)ay - af (65 - 63)

} . (A.13)
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A Keldysh Objects and the Kinetic Equation

The contraction between ¢f and ¢%; is due to symmetry reasons given by the same expressions and
is topological not distinguishable which means that already the integration over the internal variables
will take into account other contractions.

We can now express the collision kernel in terms of Green’s functions to gain the following kinetic
equation:

O — <;>2 D2 { {(G{% - G) 6K -6t (cf - Gg‘)} Tr {G{fGﬁf ~ (6% -6t) (65 - Gg‘)}

}

Note that still everything is convoluted although not explicitly written. An interesting observation
is that we can reduce the complexity of the equations to deal with by introducing 277 = GiK +

+ [G§ Gi - (6f -6t (65 - &9

Tr [(G{% - GY) GY - GF (65 - G3)

o (Gf“ - Gg“). A vigilant observer may notice the construction of the 7T; as a rotation in Keldysh
space. Thus the collision kernel simplifies to:

N 2
LGK = —4 (;) D? {[TfT; — T T | T [T Ty + T3 T |+ [T Ty + 17 15| T [T Ty — T;Tzﬂ} .
(A.14)
In equilibrium we can rewrite GZ»K = f; (GZR — G{‘) = 2if; A; with the spectral weight A; =
(24)~1 (GZR - G;-A). Further due to its form the T;* is always on mass shell and in equilibrium we
read: T = iA; (f; + ). Utilizing this observation we might write:
i

2
2’L£(1 — 2711)./41 =8 <2> D8(22)4A1A2TI‘ [.AllAQ/] (nln_gnlzn_4 — n_1n2n71/n4) . <A15)

since

|

fi4lfo—-1 fi—1fo+1

f1'+1f2/—1+f1'—1f2/+1
2 2 2 2

2 2 2 2

f1+1f2—1_|_f1—1f2+1
2 2 2 2

f1/+1f2/—1_f1/—1f2/+1

* 2 2 2 2

|

= {[nlng — nln,g} [n,yng/ + nlln,gf} + [n,lng + nln,g} {n,l/ngf — nl/ngf]}

= -2 (n1n72n11n74 — n,lngn_llml) (A16)

where we used f; = 1—2n;, n_; = 1 —n; and n; being the Fermi distribution of particle i. One can
make use of the relation (f; + «)/2 = an_q;. We see that Eq. (A.15) has already the proper form of
distribution functions to gain the usual collision integral. To make this more manifest we reintroduce
the needed integrations and write explicitly

126




A.2 The Collision Integral

<3T + YOpTp, VR) n(er = yvrp1)

_ / d*q dPp3 dwdes
- (2m)2 (2m)2 27 27~

(q)(=7)36 (e2 — yavrpa) 6 (e3 — Y3vEp3) 3 (€4 — YavEpa)

X Oy 3205 30 [ P(€1) mi(—e2) mleg) m(—€q) = n(—€1) m(ez) n(—es) (e
_ d*pa d*ps d?p4
T / (2m)2 (27)2 (2)2
X Oy 3205 3 [ P(€1) mi(—e2) mleg) m(—€q) = n(—e1) m(ez) n(—es) (e
2 2 2
- [ o T (7o) [nler) (—ea) ) m( )

—n(—e1) n(e2) n(—es) n(es)| (A7)

(2m)d(e1 — €2 + €3 — e4) (2m)%6 (71 — P> + B3 — s ) D3(0)

With the collision integral kernel Kp in Boltzmann-form given by
Kp (ﬁl,ﬁ2,ﬁ3,ﬁ4) = (2m)d(e1 — €2 + €3 — €4) (2#)26(171 — P2+ P3 — ﬁ4) |Mol?, (A.18)
With the leading order matrix element of the collision kernel to be:
IMo|? = N0y, 1,050, D5(q). (A.19)

Hereby the object 0., 5, is defined as:

L o 1 .
Oyi e = Tr {Pw (1) Pre (p2)] =3 [1+ y1y2p1P2] (A.20)

which is the Dirac factor that appears when projecting on the chiral basis. (see Sec. 5.15)

A.2.2 Coulomb Interaction: Sub-leading Contributions

We will follow the very same line as in the leading order order case except that we will start with a
diagram of higher order shown in Fig. A.4. Since the contributions that appear in higher order tend
to be more complex some needed details will appear slightly smaller than others.

» »
> >

Figure A.4: Coulomb interaction correction we take into account for the higher order drag.

We start with the self-energy given by:

vvvvv

S = — ($1G20aGladyTr é1/<51/é2'<132'é3/<53/}>¢- (A.21)
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A Keldysh Objects and the Kinetic Equation

As done previously we look for the combinations we will need for the collision integral.

vvvvvvvvvv

- (¢i¢§¢>§ — sloses) (GFGE — G1G3) + (950508 — olases) (G5 G + GEGY)
+ (e50308 — 010305 ) (GI GF + GEGS — GGE) + (910305 — ol0iol) (GFGF - GRGY)  (A22)

vvvvvvvvvv

- (¢i¢§¢§ — olosol) (GEGa + GREGE ) + (ofas04 — oloses) (GFGH - Giad)
+ (950308 — 010105 ) (GG — GAGE ) + (050405 — olotel) (GEGE +GRGi —Gial)  (a.29)

In the very same way we gain the higher order polarization operator:

T [Gurdu GordarGodor| = 6300505 (GHGHGH + GIGEGE) + ¢t 03.05 (GHGEGS + GIGEGE + GEGEGE)

4680005 (GALGAGE + GEGAGE + G{%Gz,Gg,) + 69,065 (Gf‘, GEGS + GEGAGE + GAGEGE + G5G§G§>

+ 613

6850, (G{i GAGA + GRGEGE + GRGRGE ) + 67,6568 (01,02,03, +GAGEGE £ GEGEGA + Gl,G2,G3,)
(Gl/G§ GA + GAGAGE + GEGAGE + GRGE Gg,)

(GEGHGE + aEaRas + ahalal y o alal ) (A.24)

It helps to look at certain combinations for which it appears to be helpful to use the short-hand notation

III = Tr [é lzgivylféglqzyég)/ (53/] as a generalization of the polarization operator from the previous section.
We then read:

050505 — ofosed) M) Dy G{f (c5ck +cicd - aaah) - (6f - ot (cEes G;‘,Géf)}

,(G GE GGg,)—(G{%—G{‘,)(GG +GERGA GG)}

\_/\_/\_/
=
=
Q

DgTr GE (GEGE — GAGH )f(Gf?fo‘/) (G§G3, +GE Gg,)}

d (s
(o550 — olesos) ) (
(i -~
(

Jm
#0301 — o16s5 ) TII)
Jm

916505 — olalo]) III) ( )DS’Tr G,(G G3,+G2,G3/)—(Gﬁ—G{‘/) (G§G3, G4 Gg,)} (A.25)

where for simplicity we use D} although the momenta of the interaction propagator differs.

The polarization operator is per construction cyclic which means that taking into account all possible
contractions we can differ between the cyclic ones and the ones odd in total number of transpositions.
So we gain finally a degeneracy of three by connecting only 1 — 1/, 2 — 2/ and 3 — 3’ setting the
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A.2 The Collision Integral

self-cnergy to be:
DI y g (;)B D} (A.26)
{ GfGR GAGA> Tr [G{? (G GE + GEaa - Gg‘,Gg) - (G{? - G{‘,) (G§G§}, - Gg‘,Géf)]
+ G§<G§‘+G§G§<) Tr {G{? (G§G e Gg,) - (Gfi —G{‘,) (G GE + GRGA — GAGE )}

(
+(GEGE + GEG) — GG T [G{? (chch—cicy) - (cf - ct) (GEah + GKGA)]
(

+(cEagr - G§G§<) Tr {Gl, (G§G + Gg/Gg,) - (Gf, - G{‘,) (G LGE _ GAGH )}} (A.27)

(;)3 D? (A.28)
{(GKGA +GRGE) v [G (chch +cEGs - cich) - (6 -6t (a6t - cs GS,)}
+(arep - cios)m [G{f (chcs —cpan) - (6 —cp) (chak +GEcs - G;%Gg)}
+(o56E - afok) T |of (afief - 6363) - (6 - f) (ool + afiop )]
+ (G§G§< +GEGA - chgf) Tr [G{f (G§G§‘, + G§3G§) - (G{%, - G{‘,) (G@G;ﬁ - Ggl,cg)} } (A.29)

The kinetic equation looks for the higher order collision kernel as follows:

LGK = i (;)5 D} { {(Gf -6 (GheE + 6 at) - 6f (Gfah - Gg‘Gg‘)] x
T {Gf (G§G§$ +GEGA - G@Gé}i) + (Gﬁ - G{‘,) (GgGgi - Ggfcgj)]
+ [Gf (6¥ci + el - (6f -6t (cRaf - G;“Gg‘ﬂ x

<Tr |G (G GE — GAGK )7<G§fG{‘,> (G GE + GRGA - G G3,>]

+ g (c¥cf +cics - Gaat) + (Gf - 61 (ail - GE G?)_ x

<Tr |G (G§G§ - Gg‘,Gg‘,) - (G{% - G;‘,) (G§G3, + GKGA)]

+ -(sz - G‘{‘) (Ggfagf +GRGA - Gg‘Gg“) e (G§G§ - G‘Z“Gf)- x
Tt [G{f (G§G§‘, + G§G§$) - (Gf? - G{‘,) (G§G§§, - Gg‘,Gg‘,)] } (A.30)

So far only one class of diagrams is included. Gaining the other diagrams one needs to exchange e.g.

1 and 3, which is only a sign change for <(¢§¢g¢g - ¢;f¢g¢§) HI) | and <(¢§¢g¢g - ¢§¢>g¢§) )
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Further we will introduce again 7;* that led to a compactified notation in the previous section.
Additionally to the T we need as well the 2M® = GK + a (GlR + Gf‘) which yields:

GEGE + GFGY — GIGF = (T My + Ty My + My T + M Ty ) (A.31)
GHGY - GGy = (T3 My + Ty My — My Tf — My Ty (A.32)
GHGY + GG = (T My — Ty My — My T + M;T3 ) (A.33)
GEGE - G GY = (T3 My — Ty My + My T — MSTy) (A.34)

We simplify the collision kernel towards:

x{ {Tf (M5Ty =T Mz ) + 17 (MyTS T;M;)] T [Tj, (M3 Ty + T3 My ) + T (My T + T;,M;,)]

T (Mg Ty + Ty My ) = T3 (My T + T;,M;Cﬂ
(M55 =T M5, ) + Ty (M TS — T;Mgtﬂ

+ [Tj (M5Ty + 15 My ) = 1y (M5 TS + T+M+)} T [Tl, (M55 — Ty My, ) = Ty (M TS — T M) }
i 3
= 4 (2) Df & Ty My T T [T T M | = T T My T [T My T |

+ T M Ty T | T3 T M| = Ty T My T [T;M;TS,” (A.35)

and the diagram with crossed lines forms:

x {T; (M5Ty =T Mz ) + 1 (MyTS T;M;)] T {Tl, (M3 Ty + T My ) + T (My T + T;M;,)]

(MQ, T + T;,M;ﬂ
(M5 - mhaty )|

)
)
+ [Tf (M;T; + T;M*) — T (M;T; + T;Mg)} Tr [Tl, (M;,T;, - T27M3T) Ty (M2,T3, T;,M;,) }

Il
|
&
N =
N———
w
IS
—
~
T
=
+
S
3
S
~+
=
<+
ci'ﬂ
A
T
S
=
3
!
R
=

+ Ty My T T [T My T | = Ty T M T [T;T;Mﬂ} (A.36)
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A.3 The Linearized Collision Kernel

One recognizes within this notation that each term has four Green’s functions on mass shell which
means that we deal, as it should be, with a two particle scattering process.

To identify the proper matrix element we will continue exploring the structure of the collision kernel

in the vicinity of equilibrium where we can make again use of T = iA; (fi + ) = iA;2n_,; gaining:

A\ 3
LGE = —2i (;) D3 (2i)*

X {A1M2+.A3Tr {AlfM;;Agl} ninN_snyn_g + A1M2_A3TI‘ [.AllMQ_,Ag/} n_ingn_i/mg

_AlAQM;_TI' [AllAQ/M;,_] n_inan_1/nor — A1A2M3_TI' |:./41/./421M3_,j| nln_gnlzn_y} (A37)

Still we need to work a bit to gain the proper form of Fermi distributions. To do so one needs to
make use of the symmetries of the Kernel. We need to map partially 2 to 3 and respectively 2’ to 3'.
Note that this is only a renaming since there is always a integration over all primed, 2 and 3. To make
the next step very clear one should look for the projected states meaning that the collision kernel will
be projected on the chiral basis of the incoming particle. With the projection Py we read:

+| — + — +
Tr {A1/A2/M3,] = ./41/)\/1 AQ/)\/2M3,)\5TI' |:IP>\’1]P)\’2]P>\J = A1/>\/1A2/)\/2M3,)\é C“))\ll)\éxg (A38)

where )
Oxpa, = 7 (L MXopupy + N Nspurpar + NoXipora ) (A.39)

is responsible for the Dirac factors within the three leg polarization. Projecting the kinetic equation
and exchanging the energies as discussed we gain:

A\ 2
2 .
ﬁG{f\l =8t <2> (22)4“41)\1AQAQAI’A1/A2’)\2/ (nln—in’n—2’ — n_lngn_llTLQ/) X
—i 3 — _
X ZDO@)\lAQ)\B@)\l/)\Ql)\y |:M3JS\3M;/_)\3, - M3>\3M3/>\3,:| (A40)

The matrix element reads now:

« 1 1 A A1
MMy + MoM7 = ZDg@)\l)\2)\3@)\1/)\2/)\3/ L-Géf\g (G:)],%',\s, + G3’/\3/) + (Géf&g + G3>\3) ;ngy

(A.41)
Some of the properties of this matrix element will be discussed in Sec. 8.3.2

A.3 The Linearized Collision Kernel

In this section we will derive the the linearized collision kernel for the case of small deviations from
equilibrium that will be parametrized by n(e,t) = np(e) + (4T cosh? €/(2T)) " 'h(e,t). We will start
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with the quantum kinetic equation written in Eq. (A.17) Hence we have the following collision integral:

d2 d2 d2
fean= 3 [ G5 g famyen (s o ) [l (=) nle) )
V2,735,774

—n(—e1) n(e) n(—€s) n(es)|  (A.42)
with (¢; = vvr|pi|)
K (P12, s, 1) = @m)d(er —e2 + e —e0) (2m)20(By —Po + s — ) M2 (A43)

as already defined before. By plugging in the parametrization for n(e,t) and throwing away all non-
linear contributions in hp we will end up with combinations of distribution functions given by:

hF(El)
———— |nr(—e2)nr(es)nr(—€s) + nr(e2)np(—€3)np(es)
4T cosh ot { }
hr(e2)
2 €
4T cosh® &
hr(e3)
AT cosh? 5

[TLF(Gl)nF(Eg)nF(—EzL) + nF(—€1)nF(—63)nF(e4)}

[nF(El)nF(—€2)nF(—€4) + nF(—El)TLF(EQ)?’LF(e4)}

hp(€a)

———— Inpler)np(—€e)np(e np(—e)np(eg)np(—e A.44
4TCOSh2% { F( 1) F( 2) F( 3)+ F( 1) F( 2) F( 3)} ( )

We used the relation [4Tcosh(z/2T)]~! = T~ 'ng(z)np(—x) and ngfﬁgggz) = n;{fggg?gﬂl) to get
for the distribution functions:

1

Tnp(el)nF(—eg)nF(eg)nF(—e4) {h(el) — h(eg) -+ h(63) — h(&;)} (A45)

[16Tcosh(26%) cosh(;—%) Cosh(%) cosh(g‘q{)} B
With the following integral weight
Wg (ﬁ17ﬁ27ﬁ37ﬁ4) =Kp (ﬁ17ﬁ2,ﬁ37ﬁ4>
(@m)dler — ext e — ea) (2m)?3 (P — P + s — i) |MP?
16T cosh ( ) cosh (%) cosh ( ) cosh (—;)

the linearized collision integral is writable as

(A.46)

= Y / d2p2 d2p3 & p)4 Ws (Pl,pZ,PS,m) [hF(ﬂ) — hp(e2) + hp(es) — hF(€4)} (A.47)

V2,735,774
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Appendix B

Polarization and Rates

B.1 Polarization Operator

In this Appendix we evaluate the polarization operator, Eq. (3.12), at finite temperature. In a scatter-
ing process with emitting a photon, three different momenta are involved which form in two dimensions
triangles as shown in Fig. B.1. Specifically, if an electron before scattering has the momentum p’ and
the emitted photon carries momentum ¢, the electron that is left over has to carry p'— ¢. The angular
integration over the transferred momentum ¢ becomes complicated. To proceed further it is convenient
to choose elliptic coordinates defined by & = p + ‘ D — q“ and n=p— ’ﬁ — (]‘ The corresponding coor-

dinate system is shown in Fig. B.1. Using the elliptic coordinates, the expressions for the imaginary
and real parts of the polarization bubble take the form

sinh(Qf) V1-1n? Ve —

R _
tm I = 2m Re \/ﬁ2 / cosh (QB) + cosh(nQ) «/1 — B2 / gcosh (QB) + cosh(EQ) ’
(B.1)
2 2_1
. 0 ) 1 smh(f@) 5 L= 52 § 52 + s1nh(77Q) {_7725277_772
Rell™ = 2 1/d€ O/d cosh(£Q) + cosh(nQ) ' (B-2)

Here and below we introduce the notation § = ©/Q to decouple expansions in small or large @ from
the behavior at the singularity () = 2. For simplicity we set vp = 1 and T' = 1. The integrals in Egs.
(B.1) and (B.2) are evaluated separately in the four regions shown in Fig. 4.1.

Region 1

In region 1 the condition @ < 1 and § > 1 hold, which means that in Eq. (B.1) only the part with
the n-integral is left. Expanding the integrands in small n@) < 1, we get

Im IT%

Sin. vV 31— Qﬁ/2
ij/;:@ﬁ/ CIE 9 ) (B:3)

cosh @B +1 8 B2 —
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< =const.

T )

Figure B.1: Sketch of elliptic coordinates

for imaginary part and

:’?(ﬁl) ~2l
R —Q QP [, VE€-1 _ m2f |5
Rl = m/s?—n | eonieqy 1~ (W ! (B4)

for the real part of II®. The term o sinh(¢Q) in Eq. (B.2) yields a contribution of the order of ~ Q3.
The second term o sinh(n@Q) results in Eq. (B.4).

Region 2

In region 2, we have Q > 1 and § > 1. In Eq. (B.1) again only the n-integral is left and by neglecting
cosh(nQ) and expanding in large @ we get

smh Qﬁ V1I—n2 1 Qsign j3
/ cosh (QP) 8 VA2 -1

By expanding Eq. (B.2) in large @ and resolving exponentials in the denominator by a geometric
series, we see that the leading contribution comes from n ~ 1 (y = £ — 1 ~ 0). A competition of @
and 2 — Q? arises and the limit Q% — Q? <« @ gives the relevant contribution. The corresponding
principal value integral reads:

ImII® ~

(B.5)

X (=) [0 d/2y /20 —Qn\/@2/2 1ynHt
ReHR:—Q’l/QZ (1) 2/ dv2y /2y e o~ 1 Z 5s— (B.6)
o=t () (B -12-vay' — AEVRE ) &
~—7 [312—1
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B.2 Calculating the Rates

Region 3

Region 3 is characterized by the conditions () < 1 and 8 < 1. In this region, only the ¢-integral
contributes to Eq. (B.1). By expanding the integrand in small Q5 we get

R @ Q fi VO-T w2, B
ImII %m!dglﬂosh(g@)_ ﬂ Rem. (B.7)

The simplification of Eq. (B.2) in region 3 is similar to that leading to Eq. (B.4). The contribution
of the first term in Eq. (B.2) is of order @ In @, yielding

(e}

VE2—-1  In2 (B.8)

R . Q[ Qn° o VEeE-1
Rell™ =~ 7r2/0 VI—n2 B2 —n? 1/dgcosh(gQ)—{—l o

Region 4

Finally, in region 4 the conditions @ > 1 and 8 < 1 are fulfilled. In Eq. (B.1) only the &-integral
contributes and by neglecting cosh(Qf) and expanding the integrand in large Q¢ we get

r . sinh(Qp Q6 sinh(QB) e @
- R 1_52 /dg,/g2 T G (B.9)
:e—Qﬁ\/g

In region 4 the simplification of Eq. (B.2) differs from that in region 2 in one important point. By
neglecting cosh(Qn) in comparison to cosh(Q¢), the first term [ sinh(Q¢)] yields no principle value
integral, while 5 is smaller 1. This results in

1

0

Rell? ~ (B.10)

B.2 Calculating the Rates

In this Appendix we calculate the integrals for inelastic scattering rates.

B.2.1 Definitions of the Rates

The rates we are interested in are defined by inserting the kernel K; into the integrand for the imaginary
part of the total self-energy, Eq. (4.15) (j = q, +, E, tr):

e Total quantum scattering-rate (j = q):
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e Energy relaxation-rate (j = E):

2
w
Kg = ﬁ;
e Transport scattering-rate (j = tr):
1 1 2 sin?
K;tr:*Sin29:*2 q2 e :
2 2 €% 4+ g — 2eqcosy

Here 0 is the angle between incoming particle and outgoing particle and -y is the angle between ¢ and
p. The origin of Ky, is explained in Sec. 5.4.1. The kernel for the chiral scattering rate 7 1 depends
on the scattering channel. In particular, for + chirality at € > 0 the electron-electron scattering kernel
contains cos?(#/2) and the electron-hole scattering kernel contains sin?(6/2) due to Dirac factors.

It is convenient to introduce the dimensionless energy y = €/27. The integrals we have to handle
are of the following form:

9 27
=25 [Se [ > [5(2.Q.0) 1 Dffps (2. @) [eoth (@) + tann(y - )]
o 0 Q=y++/y2+Q?—2Qy cosy
(B.11)
Since the combinations y=4+/y2 + Q2 — 2Qy cosy lead to complicated integrands, we split the integrals
into the parts corresponding to Q < y and y < Q. Here « is the angle between the transferred
momentum ¢ and the initial momentum p.

B.2.2 Simplifying the Integrand

The imaginary part of the interaction propagator is given by

I Dl (2,.Q) = — D6(@) N (0%, Q) . B1)

(14 Do(Q) NReTI(2. Q)] + [Do(Q) N ImTI(,Q)]

where
Dy(Q) = LT (B.13)

is the bare Coulomb interaction.
The splitting of the ) integral leads to the following simplification:

2
y—Qcosy Q<Ky Qy‘smﬂ t @<y
~ o2 — 02| ~ .
Q_yi{Q—ycosv Yy’ ‘Q Q’_ 2vyQ Sln%‘ + y<Q (B.14)
2:/yQ cos%‘ -

Here +, — correspond to the two possible values for Q that appear in Eq. (B.11). These signs reflect
the separation of integration domains into the parts above and below the mass-shell line Q@ = :
+ corresponds to 2 > @ and — corresponds to 2 < ). Below we simplify the integrands Z =
[g+ f] KjIm Dgp A separately in each to the region in the @ vs {2 plane.
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B.2 Calculating the Rates

Region 1

In region 1, the dominant contribution to all the rates comes from the domain y < (. Using the
simplified polarization operator, Eq. (4.2), we obtain

_ 1, i=q
; veh 1 72 \,yQ‘sm%’ 2cos? 3, j=+
T 5(y, Q,7) ~ TNS 3 X\ 402 B (B.15)
8 2\/@\/@ . ’Y‘ In?2 +< 0 Q2)2 lgiI:lQ J o tr
————|sin=| — In — 5 , )=
P 16 28

Here and below the first digit in the subscript of the function Z denotes the region in the @ vs Q plane,
while the second digit is 1 for @) < y and 2 for @ > y.

Region 2

The contribution to all the rates coming from the region 2 is exponentially small in Regime IV. In
other Regimes, it contains at least an extra a4 as compared to the contributions of region 3, except for
the situations when results for the rate are determined by momenta q of order T'/vp. In this situations,
it turns out that the asymptotics produced by region 2 is the same as the asymptotics of region 3. We
remind the reader that finding the numerical value of the prefactor is beyond our analytical approach
when integrals are dominated by g ~ T'/vp. Therefore, there is no case where we need to calculate the
contribution of region 2.

Region 3

Region 3 appears to be the most important region because most of the final results for the rates are
determined by this region. In this region both small and large y compared to ) are important:

o y>Q:
L, I=q
2 . 1 .
i L YF T |sinv| @ 2, =+
(407 = 5515 5 ; ) “\ 4Qcosy, j=F (B.16)
_— — i 1Q° .2 s
<agN1n2 +1> 1) sin®y+1 gy STy, J=tr
o yK(@Q:
L, =q
2 —3/2 o Y hy
i ve 1 2w Q cos 2sin?1, j=+
7 ~E - 2 2 ) B.17
320009 = Ty y4y 2, 1 4Q?, j=E (B.17)
Il * A 1 .. 92 .
Q <agN1n2 * 1) costy 1 2SIy, =t
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Region 4

This region is only important for the energy relaxation rate (j = E). The corresponding contribution
is governed by ) < y, so that only the energy range y > 1 is of interest, where

2 2.2 ; 2
vi asm4N  sinycos® y
IAEl (vavfy) ~ £

~ s ( N>2 (B.18)
Oég’ﬂ'

sin vy + 3

B.2.3 Results for the Rates

Finally we estimate the rates in the Regimes I, II, III, and IV as defined in Fig. 4.4, using the simplified
integrands of the previous part.

Region 1

The contributions of Region 1 to the quantum and transport scattering rates are only relevant for
energies in Regime II for y <« @, where we have:

oT2 [ dQ . Fdvy..
Tj‘l(y)Zg / 23@/2;:1{,2(1/,@,7)- (B.19)

min(y,l) 0

Performing first the angular integration over v, we obtain the quantum scattering rate:

1

1

T(;l(y) ~ 40[gT /dam ~ 27TO[gT7 (B20)
0

the chiral scattering rate:

1
1 (y) ~ 4a,T /da V1—a?~7a,T, (B.21)
0

and the transport scattering rate:

1

Tt (y) =~ 8a, T /da a?V1 — a2 ~ gagT. (B.22)
0

Here the integrals over the variable a = ayN In2/1/4yQ correspond to the @ integration.

Regime 7'q_1 (y) Q Q ol 0

i ~ 2ra, T azN?/y Q 0<~<m 0<f<nm

Table B.1: Contribution of region 1 to the total quantum scattering rate Tq_l in Regime II and
the characteristic values of the transferred momentum Q, transferred frequency 2, the
angle v between momenta P and ¢, and the scattering angle 0 (the results here and in
tables below are symmetric with respect to v — —v and  — —0).
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Regime

4 (y)

Q

y

6

1I

~ 2magT

0
Q

O<y<m

O<b<m

aZN?/Jy

Table B.2: Contribution of region 1 to the chiral quantum scattering rate 7;1 in Regime II and
the characteristic values of Q,Q, v, and 60 dominating this contribution.

~y 0
O<y<m O<b<mw

Regime Tt (y) Q Q
11 ~ ma,T/2 aZN?/y Q

Table B.3: Contribution of region 1 to the transport scattering rate Tt;l in Regime II and the
characteristic values of Q,Q2, v, and 0 dominating this contribution.

In all the regimes, the contribution of region 1 to the energy relaxation rate is parametrically the
same as that of other regions. Since the numerical prefactor is not accessible within our calculation
(the integrals are dominated by qup ~ T'), we have chosen to present only the calculation of the
contribution of region 3.

Region 2

There is no important contribution from region 2 (see Sec. B.2.2 above).

Region 3

This is the most important region for all the rates in most of the Regimes. The corresponding integrals
are expressed through the kernels Iévz- introduced in Sec. B.2.2 as follows:

mi y7 1
_ 277 27* d’y
7 y) = =5 / Q/ (1,Q,7) + / Q/ 21, Q.7) (B.23)
vV v
mm(y l 0
Using the short-hand notations
r_ ; r_ Yy
agN1In2’ agN1In2’

we obtain the following result for the contribution of region 3 to the quantum scattering rate:
arsinh [\/4y’ <\/§c + \}Eﬂ

(4 M tray(var k)

(B.24)

min(z’y') arsinh[ z(z + 2)} 7

-1 N% "
o () =T O/d 2@+ 2)(z + 1)
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Regime 7 (v) Q Q ol 0
I ~ YT 1 —Q O<vy<m 0<O<m
I ~ oy T agNQ/y —Q O<y<m 0<f<m
I11 Z@O@T agNT Q cosy O<~vy<m 9§%<<1
v ~ wﬂz)agT agNT Q cosy O<vy<m |05 aiN <1

Table B.4: Contribution of region 3 to the total quantum scattering rate Tq_l in all energy do-

mains and the corresponding characteristic values of the transferred momentum Q,
transferred frequency 2, the angle v between momenta p and ¢, and the scattering

angle 6.

For the contribution of region 3 to the chiral scattering rate we get:

i) arsinh[ x(z + 2)}

-1 N% .
) = 7TT 0/ d z(x+2)(z+1)

2! \/1 +4y’<\/5+ \}5>Qarsinh[\/fg/<\/5+ 135)1 - \/ry/(\/ng ﬁ)

v / dz : (B.25)
(1+2)* 2
min(a:’,y’)
Regime ' (y) Q Q ol 0

I ~ YT 1 -Q O<vy<m 0<O<m
II ~ wogT a;NQ/y —-Q O<y<m 0<f<m
111 ~ 867(r2) agT agNT Q cos~y O<vy<m |0S aiN <1
v ~ 8’373) a,T agNT Q cos 0<y<m |05 <1

Table B.5: Contribution of region 3 to the chiral quantum scattering rate 7'_;1 in all energy do-
mains and the corresponding characteristic values of Q, 2, v, and 6.
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The contribution of region 3 to the energy relaxation rate reads:

IE/

min(x',y') arsinh( .’L‘(I T 2)) x2arsinh [@(ﬁ + \}5)]

= sl | J
e W) = T 2|t ) Wale £ 2) v 2
’ min(e’y’) (14 ) 4/1+ 4y’<ﬁ + }>
(B.26)
Regime 7 (y) Q Q v 0
I N%T 1 —Q O<y<m 0<f<m
2 N oN oN
& ~agT 5 ln<a§§vz) 1 -Q m— %2 <1
11 ~ agT% hl(ag%vz) 1 -Q T — % a“’]yv <1
Table B.6: Contribution of region 3 to the energy relazation rate Tgl obtained in all energy do-

mains within the energy-diffusion approzimation and the corresponding characteristic
values of @, U, v, and 0. Since in all energy domains the result is dominated by
Q ~ 1, the numerical prefactors can not be obtained from the asymptotics at QQ < 1
and Q@ > 1.

Finally, region 3 yields the following result for 7‘&1:

min(:p )

arsinh( x(z + 2))

T (y) = ] 5 /dx _
2y’ ) +2 (x4 1)z(x+2)
inh
+ agT/ S +3 e (B.27)
z 2
mm(:t y 1 +z )

V()
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Regime Toe ' (V) Q Q v 0
I NﬁT 1 —Q O<y<m 0<f<m
a2 N? N N
11 ~ Ty T < -Q ™ <1
. N N N
111 N%agT y y(1—=2[sing]) | “= &m— 2= 1 0 $ M= <1
N N
v ~ y—QagT 1 Q cosy QQT 0 < a‘; <1

Table B.7: Contribution of region 3 to the transport scattering rate Tt;l in all energy domains and
the corresponding characteristic values of Q, 2, v, and 6. Since in energy domains I
and 1V the result is dominated by Q@ ~ 1, the numerical prefactors in these domains
are beyond the accuracy of our approrimations. Furthermore, since in Regime III the
integral is dominated by Q ~ y, the splitting of the integrand according FEqs. (B.16)
and (B.17) does not reproduce the correct prefactor.

Region 4

This region is only relevant for the energy relaxation rate in Regime IV, where the main contribution
comes from @) < y, yielding

8712 e 1)dQ . % L 12N 16

1 dy Ev<5-5 3/2

=5 —1 ~ —— T 1 . B.28

e W) 2 / o pr / o bl (4, Q,7) = V2 gty H<N7rag\/g> (B.28)
0

Since the result is determined by @ ~ €2 ~ y > 1, the energy-diffusion model is, in fact, not applicable

in this Regime.

B.3 Scattering Rates from the Generalized Golden Rule

In this Appendix we analyze the Golden Rule (GR) approach to calculating quantum and transport
scattering rates. The quantum scattering rate for electrons was introduced in Eq. (4.16). Using the
imaginary part of the self energy Eq. (24), we obtain

P () 8(c — vrp) Aole — .7 )

Lie) oc/d(j'/dw ‘DRPA(q,w)r[l —nF(e—w)]/dﬁTr
x/dE

The spectral weights Ay are defined in Eq. (2.19). Equation (B.29) is completely equivalent to Eq.
(46) of the main text.

We can regard the quantum scattering rate as the probability (per unit time) of the electron decay
with emitting an electron-hole pair. The amplitude of this decay process is given by the “half” of
the self-energy diagram shown in Fig. B.2. The incoming and outgoing particles in this diagram are
taken at the mass shell. Equation (B.29) has the form of the Fermi golden rule with the amplitude
determined by the RPA-screened interaction.

ni(E - w/2) —np(E+ w/2)] /dETr [Ao(B = w/2,k = §/2) Ao(E +w/2,F +/2)] .
(B.29)
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E—w/2

¢ E + w2

Figure B.2: Diagram for the “elementary” inelastic scattering amplitude.

We now apply the GR to calculate the transport scattering rate. This amounts to including an extra
transport factor [¥; - (¥ — ¥f)]/v% accounting for the change of the current due to scattering, in the
integrand of Eq. (B.29). Here ¢; and ¥; are total velocities of incoming and outgoing particles. For the
linear electronic dispersion the velocities of individual quasi-particles are determined by the relation

e vip

R B.
op’ € (B.30)

U=
This results in the following transport factor:

vi (Ui — 0 (5 -G k+q2  k—q/2
: (1 f)zv%p(p_p q +4q/ 7/ ) (B.31)
€ €

V% e—w E+w/2 E—-w/2
Note that in the conventional case of massive particles with the quadratic electronic dispersion, 7 = p/m
and hence U; — Uy < p'— (p'— q) — (k + q/2) + (k — §/2) = 0, which reflects the fact that because of
the total momentum conservation there is no current relaxation in conventional metals due to the
electron-electron interaction.

We now make use of the particle-hole symmetry of the graphene spectrum in order to simplify the
expression for transport scattering rate. Let us reverse the integration variables in the second line of
Eq. (B.29): (E, E) > (—E, —E) Using the symmetry Ag(e, p) = Ao(—¢, —p), we see that the trace in
the integrand is not changed. The difference of two equilibrium distribution functions in the second
line of Eq. (B.29) is also independent of the sign of E. Thus the contribution of particle-hole pair into
the current relaxation vanishes, which corresponds to the absence of the Coulomb-drag contribution to
the conductivity in undoped graphene (Fig. 5.7f). This allows us to keep only the part of the transport
factor Eq. (B.31) which is even under reversing E and k,

U%% (f _ f_f}) =1 — sign(e — w) cos b, (B.32)

where 6 is the scattering angle. Inserting this reduced transport factor into the first line of Eq. (B.29)
and calculating the trace of projection operators, we obtain

[1 — sign(e — w) cos O] Tr ['P+(ﬁ)./40(€ —w,p— (j’)}
= —g {1 — sign(e — w) COSG} {(1 +cos)d(e —w —vp|p—q]) + (1 — cos0)d(e —w + vp|p — (ﬂ)}

1
= 5(1 — cos? ) {A07+(6 —w,p—q +Ag—(e —w,p— cj)} (B.33)
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B Polarization and Rates

This way the transport factor 1 — cos? # appears for Dirac fermions.

The GR calculation of the transport scattering rate reproduces the result obtained from the Drude
conductivity Eq. (5.58). Note that an additional broadening § was not used in this calculation. This
shows that our result for ;' can be actually applied in the limit 7' > § as we argued in Sec. 5.4.3.
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Appendix C

Effective Kinetic Equations and Collision
Integrals

C.1 Solution of the Effective Kinetic Equation

In this appendix we will provide additional details to follow more easily the calculation and the argu-
ments drawn in Sec. 5.2 and 7.1. Although we provide details for Chap. 5 we keep for generality the
labels of the layers as they are used starting with Chap. 6.

C.1.1 The Functional Approach

In Sec. 5.2.2 we introduced the functional technique to find the proper effective kinetic equations.
As discussed in Sec. 5.2.2 the crucial part of this technique is the ansatz (7.12). To discuss some
kind of general treatment we will consider an easy case with several directions given. We consider two
orthogonal directions to begin with. Note that if only one direction is relevant the discussion simplifies
a lot by choosing this direction as the one the ansatz points to.

To do so we will consider the functional that corresponds to the relaxation time ansatz. Proceeding
with linearization we might write down a functional in analogy to Eq. (5.21):

F(h) = / dxly(q)‘?;z

- h C.1
DY (C.1)

If we plug in an ansatz of the type h =} 3 Xff}’é’g where €3 corresponds to a unity vector, § € {z,y}
and €€, = 0.

To continue let us firstly consider the situation of having two physical directions A and B. If we
assume that the absolute orientation in space does not matter and only the relative orientation of A
and B affects the system we can rewrite expressions of the type

((/Tﬁ) (B'U)>SO = ABv? /027T g—f cos(pa — @) cos(ep — ¥)

9 2m—pA d@ B B o
= ABv ; o cos(p) {cos(go) cos(pa — ¢p) —sin(@) sin(pa — SDB)}
—pa
1 2 ’[)2 - =
= §ABU cos(pa — oB) = ?AB (C.2)
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C Effective Kinetic Equations and Collision Integrals

Using this observation we can rewrite Eq. (C.1) within the assumption €,€, = 0 to gain:

1 o 1 2
E T oFgaB B
XU’XP /dely ey deq [2T2 eEesxu AT T4 (XU) ]

A0)?)| . (©3)

where we used the As according to definition (5.25). We see that within this schematics we gain
X2 = etqisE€3/T which gives the proper direction E far the current, since > p(Eep)(vep) = > 5 E(ep®
€3)0 = OE if used in Eq. (5.29).

C.1.2 Derivation of the Effective Kinetic Equation for Coulomb Drag of Two Layers

With help of the functional method introduced in Sec. 5.2.2 we will calculate the effective kinetic
equation for the two layer case following the one layer calculation given in Sec. 5.2.2. To do so we use
the two layer functional (7.10) derived in Sec. 7.1.1 We therefore use the functional obtained in Eq.
(7.10) to proceed as in Sec. 7.1 and apply the ansatz (7.12) to it. Since in each layer, the direction is
given by the external electric field we skip the direction splitting introduced in Sec. C.1.1. We gain
four kinetic equations of an algebraic structure by taking the derivative of F'[ha(x5%, x3°), hy (X, Xga)]
with respect to x%¢, Xv ; Xp" and Xga_ For brevity we use 2,17, = 1 and get the conditions:

- 2
oF 3n‘}(e) Ea = aa aa €
= o :/dz: v(e) 9c \e2? I =24\ X"+ X, T
Ny

ab _, ba (= - q aa ba
2T2/d{ W ()} { (0 =)+ (T — W) + 506" — ") | ez

OF on% E €
d F a —
0 6XZ“ / xz/() Oe ( 2"

72
Naxga aa = = = = eEa
4T2 /d{l‘z}W ({xz}) [(Ul — Ug + V3 — U4)W

+

—

2T2 /d{:z: YWt ({a} { (01 — Do) + X" (U5 — T4) + %(Xp xf,“) e%} zq:eﬁg,
——/dxl/( 8n§6 (f) ‘ oo +XPT)
Mo [atwawerie) { o9 (5= 3) + X0 (5 — 1) + L0 = x| e } Lz
0:(;;%:7/&1: 1/(6) ( v) z( 0 + Xga;> 4 J\;b;;ea /d{xi}Wbb({xi}) [(171 — Uy + U3 — 174) 67% 2
2T2 d{ai} W ({z:} { (0= %) + X" (U5 — W) + %(XZ“ -7 e%} (U3 — tia) e%'

(C.4)
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C.1 Solution of the Effective Kinetic Equation

we also used the fact that the system obeys no anisotropy meaning that as explained in Eq. (C.2) we

can use the following identity 2(17¢E)(17}E) = ﬁiﬁjEQ. For simplicity we drop the indices that indicate
the electric field the modes are directed to. Further more we replaced €19y — eaUs with ¢ for brevity.
Doing so one gets:

A0 NoI$, + 2, A% —NyIp NI + 2, A% —NpI% X2

0 A _ —N,Ip NpI4, + 2, Al ~N, I N Ib + 2, A% b (.5)
A$ 0 NpI% + 2, AS — N I%% Nylg + 2, A% —NpIg x% :

0 A% —N 1% N I% + 2, A —NIg NoIg + 2A5 | \x)

with the usage of the short-hand notation defined in Eq. (7.13).

Conductivity and Resistivity for Three Modes

By inverting M (see Eq. (7.15)) it is a straight forward task to obtain the conductivity ¢ with the
entries (for even more brevity A, (uq) = A% further N, = N, = N and z, = 2, = z later restored for
resistivity):

Oaa = 62]\;%% Detl(M) {2214814[1‘14[1)[]3 + z (AS)Q [( 9+ AS) (Iflfr + ZA8> -z (A?)Z]

_ (A”{)Q [(IT +248) (I +248) + I%] } . (C.6)

€2N2’U%—| 1
g =
bb 2 Det(M)

{oehatio = (4 (a5 +-a8) (5, o) - = ()’

()

(I + 248) (Ih + 245) + 1]%} } . (C.7)

e2N%p2 -1
0D = Obg = Oqgb — 9 L Det(M) Acleli (I'%rj%r - I]%)

+2Ip | Al (Af;)2 +Ab (A‘f)Q — AgAG (A3 + Ag)] } . (C.8)

where the determinant of the matrix M is given by

Det(M) = = {QZA‘fAI{ID + (A5 + 43)

(1 + 245) (Ih +248) — 13

_4@f@ﬁmw4m7@ﬂﬂu_@w
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C Effective Kinetic Equations and Collision Integrals

If one applies the relation of drag resistivity with conductivity given in Eq. (6.7) (the non-approximated
version) one ends up with

AaAb a u aAa Ab
) AéAé (13 — It Ihy) + 2Ip | A5+ A} — 1?% _ A?AT%
TN (C.10)
eZNUF b (‘Llcll)2 a a (Al{)z b a Ab a pb a b aA(f b Al{
Aj Ag I, + Ag Al IT, + 2ATAT I + 2zAGAY | A + Ag — 1A78 — AlfT%

where one recognizes repetitive patterns that indicate a simplification by introducing new shortening
objects as they are given in equations (7.19) and (7.20)

C.1.3 The Effective Kinetic Equation for Three Layers

In Sec. C.1.2 we showed how to get the effective kinetic equation out of the functional (7.10) with help
of the ansatz (7.12). In this ansatz we did not need to limit ourselves to two layers only as explained
in Sec. 8.1. Hence we can consider the the more complicated case of three layers. The functional
for three layers involves additional distribution functions and collision integrals which surely make the
derivation of the effective kinetic equation for three layers more lengthy. For this reason we will not
give all the details but refer to the essential steps. Writing down the functional and determining the
new saddle point equations (see the discussion in Sec. 5.2.2) is a lengthy but straight forward task.
The result needs to be of the following form:

Ag 00 Xo X g
0 A5 0 Xo Xoo Xoo
0 0 8 ~ ~ XC XC XC

=(I4+A v v v A1
A2 00 ( + ) Xgl ol X%III (C.11)
0 A 0 XpI XpH XpHI
0 0 Ai X}c)l X;:)H X;HI

Since the three layer situation involves bigger matrices we separated the matrix that comes from the
relaxation time collision kernel

xgA§ 0 0 x,A7 O 0
0 xAY 0 0 xAY 0
A 0 0 zA5 O 0 xAf
A= T, AY 0 0 2,43 0 0o |’ (C.12)
0 xA4% 0 0 x4 0
0 0 zA7 O 0  z:A5
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C.1 Solution of the Effective Kinetic Equation

from the matrix that is determined by the coulomb collision kernel.

N.I4, — N, I8 —N,Ig ; NS =Ny I — NI
aFa
—N, 1% Ny I%, —N.I¥ —NyI% S NL I8 —N.I%
a#b
— N, I —N,Ig N.I§, —N,I% ~N IS S NLIE
I= N, Jac —N Iba _N.]Jca N, Jac —N Iab Oé?iCN Jac . (013)
%ﬁ: a‘Th b4 Th c¢*Th %ﬁ: alE biE c'E
axa axa
—N I% S NI —NJIP  —NJE Y NI —NJI2
aFb a#b
—NI85  —NpIb S NLIS:  —NI% —NIf 3 NI
a#c a#c

In the right bottom three by three block of the definition (C.13) we see, similar to Eq. (C.5), the
appearance of the energy relaxation rates IgB which are in the same way divergent as we discussed
it in Sec. 7.1 for the two layer case. The idea is again to diagonalize this block which again has one
obvious eigenvalue 0 by adding up the rows or columns (the columns need some ratio of Nys involved).
The mode that turns out to be unaffected by the interlayer thermalization is x,(Ng + Ny + N¢) =
Naoxp + Nbxg + Nexj, and again all orthogonal modes get suppressed leading to an effective three layer
thermalization. Although the calculation is more involved this time one can explicitly show that except
for the case of switching of one layer N, — 0 the diagonal element after rotation is always proportional
to the energy relaxation rate Ig.

To think, that the same idea works in case of a multilayer setup has not been proven strictly so
far since the analytic diagonalization becomes quite complicated which means that the multilayer
thermalization is the weak point to argue about. Still per construction it is clear that x;, > 3 Ng =
2.3 Ngxg is the mode with zero eigenvalue for arbitrary layers.

What is left to do is the procedure, that as has been done in the previous Sec. C.1.2 namely solving
the matrix equation and find the the conductivity tensor whose inverse leads to the resistivity tensor.
Again this calculation is lengthy but not very complicated and its result can be found in Eq. (8.2).

C.1.4 The Effective Kinetic Equation in Presence of a Magnetic Field

The magnetic field mixes different directions requesting us to do a proper multi-direction treatment
as exemplary introduced in Sec. C.1.1. In the Liouville operator defined in Eq. (8.10) we see the way
the magnetic field comes into play. An important observation is to understand the action of d; more
properly. Which is why we consider:

. 21 g L
(A3)0,(B)), = ABv? /0 S2 cos(ipa — ¢)sinlpp — ) = S A x B (C.14)
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C Effective Kinetic Equations and Collision Integrals

This way we gain with the modified ansatz (8.11), the altered functional (8.12) and the short forms
introduced in Eq. (7.13) the following modified functional:

o o T 1 2 2 1
Frod X0 =5 D Nyl g D (AS (XI*) "+ 247X+ A (XZ“) >+Nﬂﬂmra2 > am?
ye{ab} dis e f,y} pe{z,y}

2

e = w

-y (Agxl“ + AYXZ“) b8 +2 (2}> (ALXZ“"XZy + AT+ xpTxY) + AYXZZXZy)
pe{z,y}

T 1 a a 1 a a a a a a 1 a 2

tgNaly 3 l2fhf’ter(xv“)2+2If’mer(><ﬁ“)2—fnxv“xﬁ”+(H’ﬁx#“hxﬁ“) (=) + 51 (i =) ] :
nefz,y}

(C.15)

Already in this form we recognize that the second direction we took into account does not mix and
behaves as in the case without magnetic field except for the magnetic field, which couples the two
directions. With b,,, = equé'M /T2, (2T)%y = 2w? and as previously 77 z, = 1 we define the following
short forms for the effective kinetic equation:

NI, + 2, A% ~NyIp NIE + 2, A9 =N, I, Acy 0 A% 0
g—|  —Nalp NpIb, + 2 A —N 1%, N I%, + 2, A Y Ab, 0 A
T Ny IE + 2, AS — N, 1% Nylg + 24 A% —NyI, A8 0 A o |
~N, 1% N, IM + A —N,Ig NoIg + 2, A8 0o Ay o A
(C.16)
which allows us to write:
Afbaz 0 Xﬁxl ngu
0 Ay Xorh Xt
A%bam 0 A A X§$I X§$II
0 Al{bbx — ]VA y{{ prI XpwH (C 17)
Agbay 0 yK N ) et ! '
0 A, bty
Atlz bay 0 XayI XayH
0 Afby Xt b

Hereby the matrix N has been introduced in Eq. (C.5) and we see that without the magnetic field
y — 0 the directions decouple and by choosing the ansatz to point in the direction of the electric
field we further gain b,y = 0 which was exactly the system of equation we treated in Sec. 7.1.3. To
proceed with Eq. (C.17) we need to consider the thermalization which is explained in Sec. 8.2.2 and
is performed in Eq. (8.13).

C.2 The Integrals Appearing within the Effective Kinetic Equation

In this section we want to investigate the integrals that appear within the derivation of the kinetic
equation. Their structure not only unveils the forward scattering resonance but shows close connections
to the diagrammatic analysis we have performed in Chap. 4.
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C.2 The Integrals Appearing within the Effective Kinetic Equation

The AY are exactly solvable by using the polylogarithm Li. The thermal factors read then:

1
A5 = An(pta = 2T2) = =~ (n+ 1! [Ling1 (=€) + (—1)"Ligga (—e )] . (C.18)
The asymptotics of the polylogarithm will be discussed in the later Sec. C.3.

The integrals specified by IfY, ., I, and Ip as defined in Eq. (7.13) need a more involved treatment
to gain insights. One realizes that all these integrals can by described by two kinds of generalized
integrals namely an integral related to the drag rate Igp(ia, 1) and one related to transport rate

IGtr(,U'on :U'ﬁ)

Tan(pastt5) =~z [ MW (aah) (51— ) (8 — ) (C.19)
Tau(pas 13) = 57 [ AW (o) (7 - )’ (C.20)

Gaining the following connections to the integrals given in Eq. (7.13)

It ira = Icte (s ta) — IaD (Has o) Itvier = Latr(as o) Ip = Ip(fta, t1) (C.21)

To handle these generalized rates in a more reasonable way and to draw the connection to a pertur-
bative approach we will introduce the generalized vertex functions (GVF):

V(fi)’/(ﬁ')5(6i—e-—w) o N ) o
e s ) 0 - e
C.22

with 26, ,, = 1+;v; being the Dirac factor as introduced in Eq. (A.20) (And discussed in Sec. 4.2.1).
One recognizes the different symmetries that arise by varying n from even to odd. To compensate this
symmetry change we project the odd case onto ¢ which is the only direction I'}'; can point to.

f%(%@ﬂ) Z/deidej s

S I7 (w,q,p) n=0mod?2
T.L. = s D
The generalized rates read
1 d?q dw 2 5 o
IGD(Ma,Mﬁ) = ﬁ/ (2m)2 /g ‘DaB’ F%,Q(wa% ,ua)F;I;A(w,q,,uﬁ), (C.24)
1 d?q dw 2 5 o
IGtr(NOmNﬁ) = QT?’/W/QW ’Daﬂ’ F%,Q(waQa Ma)FgA(W,q,MB), (C.25)

with help of the generalized vertex functions. Note that the sign change of Igp comes due to the fact
that the le,j for the two cases have to point in opposite directions.
C.2.1 Simplification of the Generalized Vertex Functions (GVF)

The generalized vertex functions can be simplified by decomposing the delta distribution that provides
n
the momentum conservation. The GVFs that have an odd power of (171' — 17}) would be vectorial but
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have been projected to § since there is no other direction they can point to (see Eq. (C.23)). We
continue considering only the angle dependent part:

/ Qi O,y (5 = )" (2125 (ei8 — 57 — )
- /d@id@j % (1+57;) {2 (1- mj)] ) [q (5 - )

SCL (leith — €551 = 1) 0 (

n mod 2
] <

Eﬂ_};’ — 6]'1_)}‘

|eiU; — €57 -

q) (C.26)

averaging over the directions of ¢'shows that only v;/; = cos(¢) will be relevant for further calculation
implying that the velocity integral reduces to:

/d@idﬁj % (1 + ﬁiﬁj) (ﬁi — Uj)n (2m)%5 (Gz‘ﬁi — €;Uj — ff)

nmod 2
Lo 311 (et 5 e
= q/o d¢ sin” ¢ [2 (1 —cos gb)} (2(]) o (\szz — ;U] — “ﬂ)

(51— n mod 2
= Re \/<q2 — (e — 6j)2) ((67; +¢)% - q2> : <q2 G 6j)2> 1 <€i h 6j> . (C.a27)

22 .
€€ €€ 2q

The GVF can now be written by introducing the coordinate E = €; + ¢;, decomposing the cosine
hyperbolic in the denominator and symmetrizing the E-integral allowing to write:

' (w, q, 1) ! /OodE Re\/(QQ—wz) (EQ_qQ) (4 q2—w2>m1 (217/,q>nmod2><
0

dm |E? — w?| sinh (%) E? —w?

E+w-—2pu E—w-—2u nmod 2 E+w+2p E—w+2p
X tanh( T ) tanh( T )—i—( 1) tanh T tanh T :

(C.28)

which has the advantage that one can easily recognize the confinement w < T'. This notation is a good
starting point to gain deeper insights into the structure of the collision kernel.

C.2.2 Insights to the Collision Kernel

We will now look more closely at the analytic structure of the collision kernel to legitimate the ansatz
we have chosen in sections 5.2.2 and 7.1.2. The language developed so far allows us to rewrite the
collision kernel reading:

Jatmpwestah = [ [ Dusf oG ) (C29)

Taking a look at Eq. (C.28) one realizes that since every I'0 comes with (¢> — w?)~/2 the collision

kernel will diverge if considered D, as bare Coulomb interaction as defined in Eq. (2.23). As explained
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C.2 The Integrals Appearing within the Effective Kinetic Equation

in Chap. 4 the divergence at ¢ = w? corresponds to forward scattering. We also showed that a RPA

screened interaction will compensate this even at the Dirac point as long as the temperature stays
finite. The bigness of the above divergence is then to be seen as enhancement (~ o,1") compared to a
usual golden rule calculation (~ a2T).

To convince one self that we need no other modes to take into account we will briefly look at more
general GVF taking into account arbitrary modes of the form: (¢/T)"3E. Considering the same kind
of decoupling we will get modified I'"™"" reading:

v(e)v(ej)o (ei — €+ w)
4 cosh (%) cosh (63'2;” )

x / A3y 0,y (05— '55)" (2076 (et — 535 +4) . (C.30)

o (w, g ) = Tm /dﬁidEj 27

In an similar way as shown in appendix C.2.1 we integrate out the angle degree of freedom gaining
(¢%> — (e; — ¢;)?)7"/2 and a term of the type:
n/2

(egnz_/} — em{fj>n = (e?m + e?m — 2(eiej)m17iz7j> = (e?m + E?m — (eiej)mfl(ez2 + e? — q2)>

n/2
j .

(C.31)
This term is not able to cancel (¢ — (¢; — ej)2)*1/ 2 which will cause the forward scattering divergence.
Even if one considers large chemical potential (¢; ~ p + §;) aboves equation changes to u?" 2(¢? +
(m? — 1)(6; — §;)?) indicating that only the velocity modes are resistant to fast relaxation (except
non-analytic modes see Secs. 5.2.4 and C.2.3). So again one has to take into account the RPA screened
interaction to regularize the corresponding integral hence enhancing the resulting scattering weight.
Note changes in the interaction due to the second layer (see Eq. (6.10)) does not change this discussion
since dynamic screening is responsible for these effects.

C.2.3 The Collision Kernels Involving the Imbalance Mode

In Sec. 5.2.4 we have seen that there is one additional mode, which avoided the discussion above by
being non-analytic. In analogy to Egs. (C.19) and (C.20) we can define rates involving the third mode
Xs- Which means that we need to consider as well some GVFs related to the third mode

I/(GZ')V(GJ')(S (Ei — € — w)
4 cosh (%) cosh (Eg;“ )
/d’f]ld@] 9%7%. (sign(ei)@} — Sign(ej)l_fj)n (27‘(’)25 (61271 — erj - i) (032)

which can be similarly analyzed and simplified as the I's of the previous sections. Simplification leads
to:

f?;i,j(w,(j’,,u) :/deidej 27

L meflE ) () (o)™

nmod 2
Fiw, ¢ i) = ) Fy(w, 1, E)
’ AT Jiw| |E? — w?|sinh (%) E? — w? 2q "
[2] d2
_ L Mg B) g B =@ (B2 gt (@) (C.33)
16 w22\t ) :
T Jo sinh (ﬁ) q —w w q
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with

Fn(w7M7E) =

E+w—-2u E—w-—2u 42 E+w+2u E—w+2u
h _ h -1 7. mo h o h
tan < T > tan ( AT >+( ) tan T tan T

(C.34)

Although it looks like I'? could be divergent it turns out that this part cancels when putting everything
together. But within this representation the appearance of being divergent is somewhat natural since
the decomposition has performed in such a way that that the cancellation is not yet apparent. Still
this form is useful to understand that if one would perform the calculation for two or more layers there
would appear a thermalization of the third mode between the layers.

To see the cancellation more clearly we put together the ingredients needed for I (see Sec. 5.2.4)
and obtain for the critical part only:

L/ dg fdw 5 1 /“’ 1 [ qp Polw u E)Fo(w, p, )
AT3 ) (2m)2 ) 270 (16m)2 Jo 0 sinh? <%)
Re \/(EQ _ q2)(E’2 _ q2> 4(]2 _ w2 EZ(EIZ _ q2) 4 E/2(E2 o q2) (C 35)
q2 (E2 —w2)(E’2 _w2) :

Is;crit =

q2_w2

2 verifying the third mode to be not quickly relaxed

where one clearly sees the cancellation of ¢ — w
by forward scattering.
The peculiar Ag,s that appear within the third mode calculation can be explicitly evaluated and

yield:

Asn(z) = 5= =+ (22)? n ; (C.36)

C.3 The Asymptotics

The final purpose of this section is to provide all ingredients needed to discuss the asymptotics of the
drag resistivity. We will, therefore start with objects that appear most often namely the coefficients
A,,. Their asymptotics is given by:

In(2) n=0 sign(z) 27 + 272 n=20
Az <1l)==4¢ 4zIn(2) n=1 A,(|Jz| >1) = g2 (2z)% + %2 —4e7® pn=1,
T 2B) n=2 T (2z)% + 2072 + 1272 n =2

(C.37)

and the coefficient appearing in magnetic field reads A_;(z) = tanh(z)/(27). Immediately we gain the
asymptotics of the B, by:

In(2)/7 n=0 |z|/m n=0
By(z<1)={ 4Nz n=1 Bp(z>1) =% 2Nz + 87 pn=1 . (C.38)
LeE) n=2 nN|z|/3 n=2
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And hence the objects needed for Hall drag (see Eq. (8.21)):

In2 2
Clz< 1)~ % CY z>1)~ —17;—33

The next step will be to simplify the GVFEs to obtain the asymptotics of the rates.

(C.39)

C.3.1 The Limit of Small Chemical Potential

When we are in the situation that pa < T for both layers this means that screening is done by
temperature only. Since we consider to have the same temperature in our layers this means basically
that II, ~ II;. The RPA screened interaction as it is given in Eq. (6.10) simplifies then and for
the purpose of gaining only parametrics can be thought of being the one layer interaction with an
additional degeneracy. This is surely only appropriate if ¢ < d~' hence not allowing to gain any
numerical prefactors.

This strong assumption allows us to use a powerful mapping to the rates we have obtained in Secs. 4
and B.2.3. As one has seen in appendix C.2.2 the bare interaction kernel is given as I'°T'Y combination.
For the single layer case we provided in App. B.2.3 closed expressions for the corresponding rates. The
bare kernel in this sense corresponds to the rate 74 (e) of Sec. 4.

Our aim is therefore to express the integral kernels of the GVFs in terms of the one of I'’. It turns
out that only w < ¢ (region 3) is relevant. By comparison we identify:

n W / \/ — q
sinh( % \/q —w2 cosh2 £)

2 _ 2 B3 nmod 2
x % <1+ (—1)" + %%(1 _ (_1)n)> (422_6‘%) <2b;) . (C.40)

Ky
The kernels we will actually need are K, = KoKo, Kp = K1 K1, K11, = KoK1q and Kg = KqKoq?.
In our Sec. 4.2.1 (especially appendix B.2) we described everything using momentum ¢ and angle
between ¢ and pi. In the case of w < ¢ we read then:
2

X

=4 g2 Hatty € o 4
Ktr - 62 S (f}/) KD - T2 T2 sin (,Y)
fa §° . o _ 2
Krn, = 7 g sin (7) Kg=¢q (C.41)

with the equations given in appendix B.2 we can estimate the behavior of the rates.

Small Distance

The first thing we learn already from the mapping is that. For dT" < 1 there will be no change to the
system parametrically speaking. This is due to the fact that especially after energy averaging aboves
rates will be determined by ¢ ~ T. The dependence of the chemical potential can be seen already by
expanding the definition of the GVFs. One reads:

) (B2 -1
S e [ Gl TpF P WYY ()
~in |E2 — w2| sinh (%> E?—w AT AT
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. 2 _ 2) (E2 — 2
an~ dE\/(q )( q)<E> COSh21 ! , (C.43)

|E? — w?| sinh (2%) 2q ( I ) " cosh? (%>

E+w E—-w
2 tanh< T )—tanh( 1T )] (C.44)

The rates can be obtained numerically with coefficients Cp(dT) and C,(dT) that are slowly varying:

. 2_w2 E2_2
r? (w*u)z;/o dE\/(q >( q)

|E? — w?|sinh (%)

1 d2q dw bare = 1 =
IGD(M& < T, Hp K T) 2T3 / (27_[_)2 / 2T <Daﬁ ) F,LL<<T( _Q7No¢)r,u<<T(wv q, /’Lﬁ)
2 Haltp
~ a:Cp(dT C.45
P D( ) (QT)Q ( )
1 d?q dw / bare
IGtr(,ua < T, pp < T) 2T3 / (27T)2 /% (Daﬁ ) F/1<<T( w, =, Ma)r,u<<T(w 7. M/B)
~ a2Cry(dT) (C.46)

For zero distance those coefficients are given by Cp(dT = 0) ~ 0.1374 and Cr,.(dT = 0) ~ 0.2193. In
Sec. 5.4 it is shown that energy relaxation is logarithmically larger than transport related quantities
like Ity,. Therefore energy relaxation is fast enough to treat only the kinetic equation with three
modes. We have now everything one needs to get the drag resistivity for small chemical potential:

1 043271'2 32w a2C’Tr(dT) Ny + N
fla, fip) ~ —5 ——-Cp(dT)flafip |1 + C.47
polfas o) % Gy U el 115 503G aT) )1 + () (4D
Where the effective drag rate is given by:
327
-1 _ o2
(TTO) QC( ) CTI‘ ( a,LLa + Nbl‘bb) (048)

—1 . ) ~—1 _ _—19¢(3) 1
If now 7,4 is of order of agyT we can define 7,1 = 7,4 =5~ aZ0m

Nofig + Nofiy + 7= < (No + Np)2Cri(dT) /Cp (dT) holds. We obtain:

which leads to a simplification if

1 (2w faftr(Na + No)
) ~ a2 O (dT
pD (flas i) 2 g21 2129 e )Nagg+Nbﬂ§+

(C.49)

1
TTad

The prefactor is approximately (27/1n2)2Cry (dT)/2 ~ 9.01.

Large Distance

In the case that the distance is large dT > 1 it turns out that we actually need to use the kernels
given in Eq. (C.41). By usage of the appendix of our previous article we recognize a additional scale
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and get the following behavior for the inter layer rates:

In (1 ) j=E
a2NT agNdT
—L— fio j = Thy agNdTI' < 1
I; x fafly j=D : (C.50)
1 j=E
Nrp | fa j=Tha agNdT > 1
fafy  j =D

The intra layer rates are of course not changed. The interesting fact one can see here is that energy

relaxation is always faster than thermalization. So in both situations we are allowed to use the kinetic

equation for three modes only. Since the inter layer rates are suppressed by distance compared to the

intra layer rates we need only to adept the inter layer rates compared to the zero distance calculation.
For agNdT' < 1 we gain the following parametrically behavior for the drag resistivity:

agﬂaﬂb
e2(dT)

pD X (C.51)

2N (dT)
' (T70)~' + (Trass)

with an unknown constant Cy. For this regime we have (T'rp) ™! o a?]N (i2 + p2). As in the previous
case of small distances we see that if (T'm9) ™! + 2z < agN (dT) is fulfilled we will enter a regime that is
up to numbers identical to the one discussed in Eq. (C.49).

For agNdT > 1 we follow the very same logic ending up with:

pD X faflt
e2N2(dT)3

(C.52)

3
14 Cy ag(agNdT') 1,
(TTO)_l + (TTdis)

and again we do not know Cs. In this regime (T'rp) ~! behaves in the very same way as in the previous
one leading again to the unusual behavior as given in Eq. (C.49).

C.3.2 The Limit of Large Chemical Potential

We consider now the situation of large chemical potentials namely p > T. In this limit we will
choose a different path to gain the rates. Since kinematically suppressed the most important regime is
w < q K p. In this regime we can actually gain information from the GVFs directly by the treatment
showed below:

_1 o0

0 = ~ 2 _ 2 _ 42 2 _ 42

Fu>>T(w,q,u)~167T q2—w2sinh(W)/q dE(E\/E ?—q¢ In(E+\/E Q))x
2T

1 1 1 N |p|w 'S
“ 3T o ((Btw—2lul) o (E—w—2lul) | 97 /aZ — 2 sinh (< (1 S 8u2 )’ (C.53)
cosh” | =7 cosh” | =7+ TV qT — WS { o7
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Dysr(w, @ p) ~

¢ - /OO dE \/E2 —q% - \/q2 — w?arctan B¢

47q sinh (%)

~ . ) 192>
8T cosh? (W) cosh? (W) 2mq sinh (%) Su 4p
(C.54)

Pt oo /% — 2 E V@ -2
2w, qp) ~ 7/ dE | In(E +y/E? — ¢?) + ———arctanh | ————=
. 2w sinh (%) q w wE?*—¢?

X 8T - ~ 1- 4o 2 )
: 2 2 2
81| cosn? (E“;;?“) cosh? (E—EQIHI) 27| p| sinh (% 8u?  3u 124

1 1 1 O ( ¢ | W W2(2T)2>

(C.55)

We used in these relation that for small T we can use (87) sech(z/(4T)) ~ 6(x) +x2(4)~1(4T)25" (z)

where the last term of this relation is relevant for FZ>>T.

With these powerful approximations we will continue getting the rates. Note that the definition of
transport rate and thermalization rate are very close in this limit since T°T'? differs from I'%I'" by a
factor of p.

Intermediate Chemical Potential for Small and Large Distances

The chemical potential will now be assumed to obey the condition agNp < 1/(2d) additionally to
T < p. We will consider two cases: the first one dI" < 1 in which we will consider the frequency
cut-off to be A,, = 0o since it is restricted by temperature and the second one dT' > 1 where the cut-off
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is chosen to be A, = q. We get the following generalized rates for the regime T' < |uqo| < ﬁ:

mm (Jual, \uﬁ\) A

798 ~ )’ 521 e~ 2460, s&gn(,ua,ug) S el 1+ “ﬁ _ f 1 + 1
GD ™~ 2T3 2 2 2 4 12 ((w 4 8 2 2
7r T q m2q? sinh (f) ]

Ay 2 2 s Aq AL
ln()\lg)—i-((ﬂ;)-i-(ﬂ;)) 2(2)1n(5)_116(2T)52] dl' < 1

o aB I nZ Aag
~ —sign(uang) . ey, en R " : (C.56)
6 N 1 o 1 o
w2 2753 = ( uZ + I [6 (2T§3 B 4(2T§3‘| dT > 1
min(fa,ig) A,
fn ok [, [eCrl e pull (1 1), @or ey
“rmers Joowt ) oom @ 4n?sinh? () lnal 8 \Had 13 1243
apB —w
Ay 372(27)? Ao 272 or)2 | A2
02 In(522) + S (S22 — & <( o+ B uf,) ) - dT < 1
~ 202 (C.57)
3 lpal | 6 Aa Ao o7 Ady 1 [en? er2) Al
PTTB (QT) B + 9Sr 22 (2T)3 T 4n? (Mg + w3 (2T§3 dT'>1

where for brevity we used Ang = min(|pal, ||, 1/(2d 0a,—5)) and Aog = max(ogNa|pial, agNglpsl, T).
One recognizes the similarity of the expressions which is why we will look carefully at the following
combination that is strongly related to the generalized rate defined in Eq. (7.21):

2M2_U2 A
2 i 22H5~Ha a8
jos _ ol e Iap g 5 (2T)* 1n(;aﬁ)2 <t .
- Gtr ~ _: - 2 _3 A .
3 | 1L@T)Aq 1 g Hg—3ug AY
] sign(ttapis) 3O+ e (T i AT > 1

Where Ig'f is a generalized scattering rate we introduce due to its useful properties, like I&f = I, .
and:

_ 2 /. . _
16 = BTG, — By % o (FANaT8] + i-aftal N-o 5 ") (C.59)
«
One should remember that the intra layer quantities will be never affected by the large distance case

dT > 1 which means that in the large distance case the cut off is always given by: A.2d = 1.
To proceed we need to check the energy relaxation to be still enhanced. The energy relaxation reads:

N min(|pal,|1sl) A 2 DRPA 2
I oc Lk / dgq’® / W (C.60)
0

15 Ao sinh? (%) ¢2 —w?’

For the case of large chemical potential the polarization operator and therefore the screened interaction
reads:

- RPA |2 2 .2 —2qd
Mo (w, ) = |,u| - iw |€ab |~ (27T)2age2
2m ViR —w?) ¢ -w qla(q + ag(lpal + po]))? — w?(q + 204 (|pal + [1s]))]
(C.61)
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Finally we obtain the energy relaxation rate to be enhanced by an factor (u/7") compared to thermal-
ization rate:

2 Aagp
Iy o Q¥ Hatty | 0 (maxwag(uaﬂub))) <1 (C.62)
T Bap dT > 1

justifying the usage of the thermalized kinetic equation involving three modes only. The resistivity
forms therefore for dT" <« 1:

A
2 2 ab)
Ofg 27T ln ()\ab

[la, fip) = — —— ——— X
pp(fas fin) ® 5 =5 Fulin
2# fia A 202 -7
|, o (Naln( 2) + Noln (522) mbaub|>< oI (32) + Naln (32 )mbﬂaf) 63
100 [wftal (Nalfta] + Noliw]) n (522 ) ((T70) =" + (Trass)~
with the characteristic rate given by:
(Tr) =T N2t (Dae ) vz (A8 4 g Pa Ay, (e (C.64)
T n{~— b o )
5 Nalfial + Nyl oo )T )T el \ A
For large distances we gain:
PD(ﬂaaﬂb)
i [ o) i) nine) )]
-9 14 ¢ , .65
e @D)fafiy | T |fiafis] (Na |ua|+Nb|ub|>%<<Tm> + (Trais) 1)
with the altered characteristic rate:
2 a? 2 A, 2 Ay ﬂQ—{—ﬂQAb
Tr) t=2— 9 N2 1n + N2 (22 4 NN e Tl 2a C.66
) = e Nolhal + Nolful [ “10 (A) AT (Abb N i) 27| (C9)

Where one should remember that A,,2d = 1.

Large Chemical Potential for Small and Large Distances

This time we assume the chemical potential to be that large (1/(2d) < ayNp) that static screening
comes into play. For this limit we are using

1 Iz
which gains
2oy 4mq
Dag = 25,5 + - Oar C.68
7 ¢ 7" ayNNypappsinh(qd) “ " (C.68)

as screened interaction to proceed with. Since the only change that appears in this regime is within
the intra layer rates we focus on them. Again we consider the two cases of distance namely dT" < 1
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and dT" > 1. The generalized rates for the regime ﬁ < o taken within the same notation as for
Eq. (C.56) forms:

mm (lnal,s \ua\)

v w sign( w? w? 2 1 1
IgﬁD / / CY| PP 280 Maltp)e en(fapip)w ol B Y (N —
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(C.70)

We see immediately that as in the u < T case the inter layer rates are strongly suppressed with
large distance. Again we take a look at the following combination:

¢(3) 205 —ha
78 — ’Na‘ ISED a#pB 72 10 272 dl' <« 1
- T ool o) A A A2 A2
G gl G sign(uaps)  OZNZNPRTAWZAE | w4 1w 1 MR

(C.71)

To proceed we need to know again what the energy relaxation does for that large chemical potential.

Again we start with Eq. (C.60) but using this time a stronger screened interaction we will gain the
energy relaxation with an enhancement to the thermalization rate by a factor of (u/T):

|DRPA (271')26_2qd I 1 (dT)f4 dT < 1 (C 72)
. B - .
¢? —w? " dlpapslg(gdad|paps| — 202) a2papy | (A7)0 dT > 1
Using the three modes involving drag resistivity we obtain for d7" < 1:
3 3 R aa A
i) L @ |, TSP S NEND ftafiy] (24T7) " In (%22 ) 1 (42 -
D s b) ~ ~ N N _ .
! e2ag NN} (2Td) (Aafn)? (Nalfia] + Nolfw) (T70)~1 4 (Trazs) ™)
where the characteristic Coulomb drag rate is given by:
2
7'(' (0% A Abb
Ty - ! NZln (= |+ NfIn [ == | | C.74
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And similar the drag resistivity for dT" > 1:

P (ﬂ ﬂ ) ~ 1 87T2 1 ig gNng‘MaNb|(2dT) AaaAbb
D as Mb) ~ —— —_ —
CaININT 5T (afi)® | (T (Nalfial + Mol (T70) " + (T7a) )
(C.75)
where the characteristic Coulomb drag rate is given by:
2 a? 1
Tro)™" = ’ NZAgq + NZA C.76
) = (Nalfal + Nl 2T ( Fum) (C.76)

Large and Small Chemical Potential for Small Distances

We introduced in the beginning of this section (see C.3.2) approximations of the GVFs allowing for an
analytic treatment of the rates for a large chemical potential. If we like to combine the limit of small
chemical potential with the limit of large chemical potential we need to integrate again as it has been
done in Sec. C.3.1. For Simplicity we will choose po < T < pp. Since the intra layer contributions
stay unchanged we will focus at the inter layer rates gaining:

Icp(pta < T < ) = 2;3 /(;1;312/;1: (Dg%re) L) cr(—w, =, )T fosr (@, G 113)
~ a?JCDz(dT)HaSig;('ub) (C.77)

Iau(pe < Ty > T) = 2;3 / (dz) /(;: (Db‘“e) L2 cr(—w, =G pa) s (w, 7, 113)
~ a2C7y (o) (dT) ;‘; (C.78)

Taw(up > Ty e < T) = 2;3 / (d2)2 / ;L: (Dg%re) L2 r(—w, =G pa) e (w, 7, 113)
~ 02Cr ) () Z (C.79)

where the Cs zero distance limit is Cpa(dT" = 0) &~ 0.2035, Cry(ap) (T = 0) =~ 0.3384 and Cry () (dT' =
0) ~ 0.2271. Due to this artificial asymmetry the transport rate for the layers obeys an interesting
behavior. The transport rate of layer b reads: IT R CTr (ba) |\ ] whereas the transport rate of layer
a reads: If, =~ o CTr ab)|fip| and is strongly enhanced by the presence of layer b. Hence we are gaining
for the drag reswtlvrty

a? 272 11y 12 Crvbay (20Te(ab) — Cb2
pp R SO TP 1 Z 2N ( - )_1 (C.80)
€ In2 pp ™ Cpe (TT()) 14 (TTdis)
With the characteristic rate for the Coulomb drag given by:
_ 6
(T70)~' ~ p SNCrry(ba) (C.81)
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Appendix D

Correlated Disorder and Diffusive
Corrections to the Higher-Order Drag

Following the notation introduced by Ref. [91] we will briefly sketch the estimation of drag contributions
at the Dirac point. This estimation is of experimaental relevance, which is why we exceptionally
consider the diffusive regime. We will start with higher-order Coulomb interaction contributions in
the diffusive regime and proceed then with correlated disorder contributions.

D.1 Estimation of Diffusive Higher Order-drag

In this section we follow the calculation that has been performed in Ref. [91] but will adept it towards
our situation. The relevant regime for the experimental setup is Nxd < 1, in which we will now use
the terminology in analogy to Ref. [91]. Thus, the propagator for the longitudinal vector potential
reads:

1 Kq

Via(g,w) =~ v [Dq(q + 2Nk) —iw] [Dg? — iw]’ (D-1)
Substituting this into the third order drag equation given by Ref. [91] we obtain:
@ _ I gopd 7d dQ Fy (w, Q
Pp = ) 5 w 1(w, Q) F2(w, Q)
0
d%q d?Q I 1 2 Kq
/ (2m)? / (2m)? o {Dq2 — iw} [Dq(q + 2Nk) — iw]|[Dg? — iw]
" kla/2 - Q
[D(q/2 - Q)*+2D|q/2 - Q|Nk — i(w/2 = Q)] [D(q/2 - Q)* —i(w/2 — Q)]
H‘q/2 — Q’ (D 2)

[D(a/2+ Q)% +2D|q/2 + QNk —i(w/2 + Q)] [D(q/2+ Q)* —i(w/2+ Q)] [
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The frequency integrals are dominated by w ~  ~ T, whereas the momentum integrals are dominated
by ¢ ~ Q ~ gr = \/T/D. Therefore, the drag conductivity given by Ref. [91] can be estimated as

p(3) ~ EL‘P 2 4 1 K g
D

2 vp ~r I (D@ 1T (D + T+ DgrNk)?
dwdQ d2qd2Q

h 1 K ° D.3
g3 Nk++T/D) (D.3)

Therefore, for Nk > /T /D we get

@ h 1
Pp ™~ 672 Nggg) (D4)
while for Nx < /T/D we find
3/2
3y h 1 [Dk?
Py ~ S <T> : (D.5)

In the first case the expression for the third-order drag coefficient is given by

@ _ Bt ] ?q [ d*Q 172
o) = sl 0/ dwdQ T (0, D Fa(w. D) [ o / o Im{[}

e2 Dqg? — 1w

1\ 1 1 b6
* \anD Dq¢? —iwD(q/2 —Q)? —i(w/2-Q) D(q/2+ Q)% —i(w/2+Q) [ (D-6)

The integrals here are now dimensionless [one measures momenta in units of (7'/D)"/? and frequencies

in units of 7). In the second case the prefactor is again determined by a dimensionless integral:

9 9 2 2
(3):712Tg/ 0 0 Q/dq/dQI [1}
pp = 5 3203 J dwdQ@ Fi{w, D520, Q) [ 5553 | Gz ™\ D —iw

% /€3 q |CI/2_Q’ ’q/2+Q| (D 7)
[Dg* —iw]? [D(q/2 - Q)* —i(w/2 - Q)* [D(q/2+Q)* —i(w/2+ Q)2 [
For Tt < 1 and pur > 1, we have
K~ au/v, (D.8)
which implies
T 1 a®N?u?
Nk =] = - = D
K= 5 ¢ T (D.9)
For pur < 1, we have
K~ a/uT, (D.10)
and hence
[T 1 T
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Thus, for
max{T, o’ N?1>/T} < 1/7 < T/a?N?

the third-order drag resistivity reads:

3
(G N
Pp T (D.12)

At TT ~ 1 this result matches the ballistic third-order drag resistivity, Eq. (8.46).
For yet lower T < o?N?/7 and pur < 1 the third-order drag saturates at

(3) h 1

Finally, for pr > max{1, (I't)'/2/aN}, the third-order drag behaves as
o h_1 (D.14)

D (N

D.2 Estimation of Correlated Disorder Contributions

As emphasized in Ref. [122], the correlations between the disorder potentials of the two layers might
be especially important in drag experiments on graphene near the Dirac point for the two reasons:
(i) similarly to the third-order drag, it does not require [96] the particle-hole symmetry and hence
provides finite drag at the charge neutrality point [122]; (ii) in contrast to experiments on conventional
semiconducting double wells, the interlayer distance in graphene experiments is rather small, which
enhances the disorder correlations between the layers. In what follows, we analyze the two models of
correlations: (A) Correlated scattering off common short-range impurities [96] and (B) correlations of
large-scale inhomogeneities of the chemical potentials in the layers [122].

D.2.1 A. Short-Range Correlations: Correlated Impurity Scattering

Following Ref. [96], we introduce the matrix of disorder correlators wsf‘],,) = (u®u))i,. The values
of w(#) at i # j differ from zero due to correlations between the impurity potentials «(*) in different

layers. The total scattering rates are defined by
1 I Y
P <wi7]\7’ +2VV > ’ (D-15)

where the symbol (...) stands for the angular average. The disorder correlations between the layers are
described by the characteristic rate

1 —
S h (D.16)

2
Tg T

where 1/7 = [1/711 + 1/722]/2. The time scale 7, is a characteristic scale on which carriers in the two
layers start “feeling” the difference between the impurity potentials u(!) and «(®. The potentials in
the two layers are strongly correlated when 7, > 7. One might expect that for realistic systems the
situation of moderately correlated potentials, 7, ~ 7 ~ T3, is typically realized. Weakly correlated
potentials (712 > 7) yield 7, < 7. Below we assume that disorder is sufficiently short-ranged and do
not distinguish between the total and transport scattering rates for the estimates.
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We start from the ballistic regime T'7 > 1. The correlated disorder affects the drag in a way similar to

the third-order drag. With correlated disorder, one can include an interlayer disorder line w2 into the
inelastic scattering amplitude. In the ballistic pg) drag we had one amplitude My with two interaction
lines and one with a single wave line (Mj). The corresponding drag rate contains 2Re[M;(M3)*] o< o®.
Now one can form the second-order scattering amplitude My using one interaction line («) and one

interlayer-disorder line, which introduces a factor (T'ri2)~ 1. This gives

1

TEorT ~ ®T(Tri2) ™" = ? /712, (D.17)
and )
Corr «

~ o D.18

TT12’ ( )

which overcomes the third-order drag pg’) ~ o3 for 1/719 > oT. This happens in the perturbative

regime (1/7 > o7, assuming correlated disorder, 712 ~ 7), where the correlated-disorder contribution
can be calculated diagrammatically. Similarly to ag’), the corresponding diagram involves two four-leg
vertices (hence finite drag at the Dirac point u = 0), but now connected in all possible ways by two
interaction lines and one disorder line wis.

The general expression for the drag resistivity in the ballistic regime, including both third-order and

correlated-disorder drag rates for equal layers has the form:

N 2 2 2 72 2 2\ 2
— <a2u+a3T+Q> +'u a?T? — <a2u+a3T+a>

h 1 T T T12 T2 T T12
~ D.19
PD ™ B NT 1 2N 12 o2 ( )
- L 2T 27 3T + —
T + T2 @ + <a T ta + 7’12)
Exactly at the Dirac point it reduces to:
h 1

=0~ —a? | —— . D.20
pp(i=0) ~ —a (T - a) (D.20)

Let us now analyze the role of correlated disorder in the diffusive regime T'7 < 1. Again, we assume
the absence of localization at the Dirac point (see Section 3). The drag resistivity for the case of
correlated disorder was calculated in the diffusive regime in Ref. [96]. It is dominated by the Maki-
Thompson diagram with an interlayer Cooper propagator. It is worth noting that any difference in
the disorder potentials (as well as in chemical potentials of the layers) leads to a finite gap in these
propagators given by 1/7,. The main result of Ref. [96] is as follows:

h 1 TT,my

pH T~ — — In (D.21)
b e2 g2 [)\211 +1In(go/T)]2 Ty + Ty

at 7'g_1 <« T < 7' and
h T1,)?
P~ _1( 7s) . (D.22)
e® g*[A51 + In(eomy)]?

at lower temperatures T < 7 L
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D.2 Estimation of Correlated Disorder Contributions

In graphene near the Dirac point, for small interlayer distance kd < 1 the interlayer interaction
constant in the Cooper channel is A\j2 ~ «. The Cooper channel cutoff energy is ¢g = 1/7 (the
logarithm in the Cooper channel appears only for a constant density of states; in graphene in the
diffusive regime this happens only for energies below 1/7), the dimensionless conductance g ~ 1, and
T4 ~ 1/T. Substituting these values to Egs. (D.21) and (D.22), we arrive at

h o?
corr -1 -1
~ < T , D.23
D e2[1 — aln(TT)]? Tg T ( )
corr h a2(T7—9)2

Bl Sl VA -1
s AT amep < (D.24)

These results are oc a? for realistic temperatures, T7 > exp(—1/a). For a moderately correlated
disorder 74 ~ 7, Egs. (D.18) and (D.24) then lead to

h Tr)~ 1, Tr > 1
o~ a2 { ) T (D.25)
e (T7)2, IT<1

which yields a maximum at 7' ~ 1/7 in the temperature dependence of the drag resistivity at the
charge neutrality point. For strongly correlated disorder potentials (7, > 7), this maximum develops
into a plateau between 7'9_1 <T<7 L

D.2.2 B. Long-Range Correlations: Correlated Macroscopic Inhomogeneities

Let us now analyze within our kinetic-equation framework the model of correlated macroscopic spatial
fluctuations dyu; in chemical potentials of the two layers [122], characterized by the correlation function

FyO(F = 7) = (R (7)) # 0. (D-26)
We restrict ourselves to the ballistic regime T'7 > 1. Assuming the spatial scale of the fluctuations
to be much larger than all characteristic scales related to the particle scattering, v7ee, v7p, and vT,
we solve the hydrodynamic equations locally, yielding Eq. (7.23) with local values of the chemical
(b)

potentials encoded in functions B{"" ~ ta)/ T, as well as in the local drag rate

1 9 11 (7) 2 (7)
o N T

On the other hand, since the coefficients By ~ 1 and By ~ 1, as well as the transport electron-electron
scattering rate 7.,! ~ o?T are finite at the neutrality point, we can neglect the fluctuations of p;
in these quantities. Exactly at the Dirac point p12 = 0, assuming that the fluctuations of chemical
potentials are weak (the precise condition is established below), we can further neglect the Bj-terms
in the denominator of Eq. (7.23), yielding for the “local resistivity”

h 232’7’

() LI B{ (") BY(F)

= €2 NBSBST 77p(7) TaTh,
h t o’N PR

~ —_—— —_— N* ). D.2
b ()oa(r) ( N ta (D.27)
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D Correlated Disorder and Diffusive Corrections to the Higher-Order Drag

Averaging this expression over the small fluctuations of the correlated chemical potentials [122], we
arrive at the correction to the universal third-order result, pg) (u=0) ~ (h/e*)a?,

1
A 2F(H) 0 h F(H) 0 a4NT7’ - <K 042]\71_’7
App(p=0) ~ —20‘172;() (14 a?NT7) ~ =12 2( ) T 1 (D.28)
€ T ec T o? ’NT < = <T.

We see that in the Coulomb-dominated transport regime, this correction is dominated by the fluctu-
ations in Bj, whereas in the disorder-dominated (perturbative) regime, the main role is played by a
locally finite drag rate.

Finally, in the ultraclean limit

L« 2NFOT, (D.29)
-

we can neglect 1/7 in the denominator of the local drag resistivity given by Eq. (7.23), yielding a
natural analog of Eq. (7.29):

h 2 5/1,15/12

A =0)(r) ~ s« .
Pl =0)(x) €2 Op1dpr + Opadpy

(D.30)

In particular, for perfectly correlated chemical potentials, dui(r) = dusa(r), the fluctuations drops out
from Eq. (D.30) and the local resistivity turns out to be independent of r. In a more general case,
the averaging over fluctuations becomes nontrivial, but this can only affect the numerical prefactor in
the final result. Thus, the correlated large-scale fluctuations of the chemical potentials in the layers in
effect shift the curve 1 in Fig. 7.6 upwards, extending the validity of the fully equilibrated result,
h

to the case of finite disorder, Eq. (D.29), at the Dirac point. This implies that in the case of correlated
inhomogeneities the disorder-induced dip in the lower left panel of Fig. 1 develops only for sufficiently
strong disorder.
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We analyze the inelastic electron-electron scattering in undoped graphene within the Keldysh dia-
grammatic approach. We demonstrate that finite temperature strongly affects the screening properties
of graphene, which, in turn, influences the inelastic-scattering rates as compared to the zero-temperature
case. Focusing on the clean regime, we calculate the quantum scattering rate which is relevant for de-
phasing interference processes. We identify a hierarchy of regimes arising due to the interplay of a
plasmon enhancement of the scattering and finite-temperature screening of the interaction. We further
address the energy relazation and transport scattering rates in graphene. We find a nonmonotonic
energy dependence of the inelastic relazation rates in clean graphene, which is attributed to the res-
onant excitation of plasmons. Finally, we discuss the temperature dependence of the conductivity at
the Dirac point in the presence of both interaction and disorder. Our results complement the kinetic
equation and hydrodynamic approaches for the collision-limited conductivity of clean graphene and can
be generalized to the treatment of physics of inelastic processes in strongly nonequilibrium setups.

M. Schiitt, P. M. Ostrovsky, M. Titov, I. V. Gornyi, B. N. Narozhny, A. D. Mirlin, Coulomb drag in
graphene near the Dirac point. Accepted for publication as a Letter in Physical Review Letters (2012)

We study Coulomb drag in double-layer graphene near the Dirac point. A particular emphasis is put
on the case of clean graphene, with transport properties dominated by the electron-electron interaction.
Using the quantum kinetic equation framework, we show that the drag becomes T-independent in the
clean limit, TT — oo, where T is temperature and 1/7 impurity scattering rate. For stronger disorder
(or lower temperature), TT < 1/a?, where « is the interaction strength, the kinetic equation agrees
with the leading-order (a?) perturbative result. At still lower temperatures, Tt < 1 (diffusive regime)
this contribution gets suppressed, while the next-order (o) contribution becomes important; it yields a
peak centered at the Dirac point with a magnitude that grows with lowering T'T.
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