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Introduction

inde fluunt lacrimae, stillataque sole rigescunt
de ramis electra nowvis, quae lucidus amnis
excipit et nuribus mittit gestanda Latinis.

Their tears still flow, and hardened by the sun,
fall as amber from the virgin branches,
to be taken by the bright river and sent onwards to adorn Roman brides.

—Ovid, Metamorphoses Book 11, 364-366

These are the last words of a tragic story. Phaethon, son of the sun god Phoebus, requests to drive
his fathers chariot, the sun, over the sky. However, he looses control over the horses and comes too
close to earth. In order to save the oceans, rivers, and earth from the fate of being burned by the
sun, Jupiter throws a lightning onto Phaethon. Phaethon falls from the sky and dies on the riverside
of Eridanus, which is nowadays known as the river Po. His sisters, the Heliads, grieve at his grave
for four months without ever leaving it. Then a god takes pity on the sisters and turns the grieving
virgins into poplar trees and their tears into amber which falls into the river and is sent onwards to
Roman brides.

The reader may now wonder how this mythological tale is connected to Transport in isotropic
and anisotropic Dirac systems. It is a story which explains how amber, in Latin electrum and in
Greek n\eTpor, comes to exist. This material fascinated many generations, since, besides its beautiful
color, it exhibits a mysterious force which attracts dust and paper. This attractive force was already
observed by the Roman philosopher Pliny the Elder and is a phenomenon that could not be explained
or understood for a long time. In 1600, the English physician and physicist William Gilbert was the
first to distinguish between different attractive forces and named this strange attractive force of amber
electrium and firstly introduced the term electric force. The physical reason for this attractive force
is that amber has a very high relative permittivity and thus becomes electrostatically charged upon
applying friction. Hence, amber —or electrum— gave its name to a whole field of physics: electrostatics,
electrodynamics and quantum electrodynamics.

Now, let us return to the quotation we started with. The tears of the grieving virgins are turned
into amber, electra, and the electra fall into the river and are transported in and by the river to the
Roman brides. Just like the amber is transported in the river, we study the transport of electrons in
condensed matter systems in this thesis: we investigate the electrical conductivity o and the viscosity n
of two dimensional (2D) isotropic and anisotropic Dirac systems. These two transport quantities play
an important role in the transport theory of electrons (or rather quasiparticles) in condensed matter
systems. In the following, we describe these quantities in detail and motivate why they are interesting
to study.

The nature of the transport described by the electrical conductivity and by the viscosity is different:
The electrical conductivity describes the movement of electrons due to an electric field, while the
viscosity of a system describes the resistance of the quasiparticles to an applied gradient of the drift
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velocity. These two transport quantities are very important for the characterization of materials.
Using the conductivity as a criterion, we can categorize different materials into different classes such
as insulator, semi-conductor, and metal. Since the viscosity of a fluid describes the resistance to a
hydrodynamic flow, the smaller the viscosity becomes, the more turbulent the flow dynamics of the
system is. Hence, the size of the viscosity significantly determines the flow dynamics of the system.

In this thesis, these transport quantities are studied in two different regimes: the hydrodynamic
regime (w < 771) and the collisionless regime (w > 771). Very different processes are responsible
for the transport of the electrons in the two regimes and as a consequence, we will also find different
behavior of the transport properties in the different regimes. In the hydrodynamic regime where the
characteristic scattering time 7 between collisions is the fastest time scale, the physics is dominated
by scattering processes, whereas in the collisionless regime the excitation frequency w sets the fastest
time scale and scattering processes are less dominant. In order to study the two regimes, the kinetic
Boltzmann equation is employed in the hydrodynamic regime, and the Kubo formalism in the colli-
sionless regime. Of course, the Kubo formalism works in both regimes, in the hydrodynamic regime
using the Boltzmann equation is only easier.

But why do we study the electrical conductivity and the viscosity in the two regimes for isotropic
and anisotropic Dirac systems? What is so special about Dirac systems? To answer these questions,
we refer to the energy-dispersion of these systems. The energy-dispersion relation of Dirac systems
is linear and gapless which makes these systems quasi-relativistic. They are quasi-relativistic, since
the electrons move with the Fermi velocity vp and not the speed of light ¢, where v is in the case
of graphene 300 times smaller than c¢. The relativistic, gapless energy spectrum results in a distinct
behavior of the transport properties which is very different from conventional metal.

The most famous example for a 2D isotropic Dirac system is graphene whose transport properties
are investigated in this thesis. Graphene is a beautiful material with many fascinating characteristics.
On the one hand, it is the thinnest material in the world, since it only consists of one layer of carbon
atoms ordered in a honey-comb structure. On the other hand, graphene is one of the strongest materials
(even stronger than steal) and simultaneously it is very flexible. Its relativistic behavior is for example
reflected in a universal behavior of the conductivity in the optical regime [1], as can be seen in this
thesis. In addition, graphene has several symmetries such as the C3 rotational symmetry, time reversal
symmetry and invariance under spatial inversion.

In this thesis, we also want to address the question what happens to the transport properties in
systems with lower symmetry. The anisotropic Dirac systems (ADSs) are such systems, since they
are not rotationally invariant. These systems are formed by the merging of two Dirac cones. One
example of such an anisotropic Dirac system (ADS) is the organic charge transfer salt a-(BEDT-
TTF)213 where two Dirac cones merge under the application of uniaxial pressure. Another example is
the heterostructure TiOy/VOgy which has even four anisotropic Dirac cones in the first Brillouin zone.
The resulting energy dispersion of an ADS is parabolic in the direction of the merging Dirac cones and
linear in the perpendicular one. The anisotropy in the energy spectrum leads to fascinating transport
properties which we demonstrate in Chap. 8 and Chap. 9. We find classical and relativistic behavior
in the same material.

A common theme in every chapter of this thesis is the question how the Coulomb interaction between
the electrons influences the transport properties. The Coulomb potential V(r, ') = €%/|r — 7/| is a
long-range interaction which is not screened for graphene at the charge neutrality point, since at this
point the charge carrier density vanishes. It was a long standing question whether the influence of the
Coulomb interaction in graphene is large or not, since many phenomena such as Klein tunneling [2]
and the odd-integer quantum hall effect [3] can be explained without taking the Coulomb interaction
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into account. However, with cleaner samples, evidence for the influence of the Coulomb interaction was
seen, including as the fractional quantum hall effect [4, 5] and the logarithmic divergence of the Fermi
velocity [6]. There has also been a long dispute over the influence of the Coulomb interaction on the
optical conductivity in graphene [7-17], and we finally settle this dispute in this thesis. Furthermore,
we demonstrate that in the collisionless regime, the viscosity is a transport property which is strongly
influenced by the Coulomb interaction. But we will not only study the influence of the Coulomb
interaction in graphene. The effect of the Coulomb potential on the transport properties of the ADSs is
investigated as well and we determine how the Coulomb interaction modifies temperature and frequency
dependence of the viscosity and conductivity in both regimes.

Structure of the thesis

This thesis is divided into three parts. In the introductory Part I, the different regimes, the applied
methods and the studied transport properties are introduced and defined. In Part 11, the essentials of
graphene are introduced and the electrical conductivity and the shear viscosity of graphene are studied
in the two different regimes. Part III is devoted to systems with lower symmetry, the anisotropic
Dirac systems, where the electrical conductivity and the viscosity in both the hydrodynamic and the
collisionless regime are studied.

A graphical guide through this thesis can be found in Fig. 1, where the sections indicated in gray
recapitulate results obtained by other authors, whereas the sections marked in black refer to my own
work. Let me now give a detailed overview of the content of the different chapters.

In Chap. 1, the hydrodynamic and the collisionless regime are introduced. The ratio between the
excitation frequency w and the relaxation rate 7 due to collision processes decides which regime is
applicable. Depending on the regime, the transport properties are either determined using the Kubo
formalism in the collisionless regime or using the Boltzmann equation in the hydrodynamic regime.
These different methods are introduced and defined here.

In Chap. 2, the electrical conductivity is defined, its scaling behavior under a renormalization group
(RG) analysis is studied, and we demonstrate how the conductivity is determined using either the Kubo
formalism or the Boltzmann equation.

In Chap. 3, the concept of the wviscosity of a fluid is introduced. We summarize how the energy-
stress tensor, and thus the viscosity, is connected to the strain generators acting on spatial coordinates.
Moreover, we extend the concept of strain generators acting on spatial coordinates to strain generators
acting on the pseudospin space and show how the energy-stress tensor for a lattice with a pseudospin
is calculated. Furthermore, we show how the viscosity is determined either in the Kubo formalism
or in the Boltzmann equation and study how the viscosity scales under an RG flow with the help of
the Ward identity. At last, we introduce the famous lower bound of the ratio viscosity over entropy
n/s > h/(4wkg) [18] and give a physical interpretation of this lower bound, which gives a limit to the
validity of the quasiparticle picture of the system. We also discuss some examples from cosmology and
ultra cold atoms which violate the lower bound.

In Part II, we focus on graphene. To this end, we introduce the tight-binding description and the
Dirac model of graphene in Chap. 4. Furthermore, we show how the Coulomb interaction acting on
the quasiparticles of graphene is implemented via the Wilson RG scheme in this chapter.

After having laid the foundations, the electrical conductivity of graphene is studied in Chap. 5. For
the sake of completeness, the results of the conductivity in the hydrodynamic regime obtained by Fritz
et al. [19] are discussed in Sec. 5.1, before we study the optical conductivity in the remainder of this
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chapter. In particular, we focus on the question how the Coulomb interaction influences the optical
conductivity and settle a long dispute about the correction coefficient in first order of the Coulomb
interaction by performing a tight-binding calculation and correcting previous approaches in the Dirac
model. These results are based on my work in collaboration with Peter P. Orth, Daniel E. Sheehy and
Jorg Schmalian which is published in Ref. 16.

In Chap. 6, the viscosity of graphene is studied. We recapitulate the results of Miiller et al. [20]
of the viscosity in the hydrodynamic regime. They showed that the quasiparticles of graphene behave
as a nearly perfect fluid, i.e., the ratio of viscosity over entropy approaches very closely the lower
bound. In addition we present the derivation of the Navier-Stokes equation by Briskot et al. [21]. Our
contribution to the investigation of the viscosity is the study of the viscosity in the collisionless regime.
We show that the viscosity is proportional to the frequency squared and that the Coulomb interaction
has a large influence on this transport quantity.

In Part III, we study how these transport quantities change for a system with a lower symmetry,
namely the anisotropic Dirac systems (ADSs). Hence, in Chap. 7, different physical systems are
introduced having such an anisotropic energy dispersion where the energy spectrum is parabolic along
one axis and linear in the perpendicular one. Furthermore, the Coulomb interaction is implemented
by an RG analysis in the large-N limit and in the strong coupling regime, and the collision integral
describing the Coulomb interaction in the Boltzmann equation for an ADS is derived.

In Chap. 8, building on the theoretical background obtained in the previous chapter, we are able
to determine the conductivity in the hydrodynamic and in the collisionless regime and demonstrate
that the material has the temperature dependence of an insulator in one direction and the temperature
dependence of a metal in the perpendicular direction.

In Chap. 9, the wviscosity tensor of ADSs is investigated in both regimes. We demonstrate that
these ADSs are, to our knowledge, the first condensed matter realization which violate the lower bound
of viscosity over entropy which implies highly turbulent flow behavior of the system.

viii




w ACollisionless Regime w > 77!

Graphene Anisotropic Dirac Systems (ADS)
o(w) = Sec. 5.2 1 1 guq(w) — Sec. 8.3
" Vot y =h
. n(w) = Sec. 6.2} ! gl = Bee B4 § g
i - E
1] Lo X
T 4! ' ' '
: L0 v @D
5 = -
5 Lo 2 g
5 L 1 S 2
; Vo o B 953
: o(T) — Sec. 5.1 + ' 0qa(T) — Sec. 8.1 : =5
i n(T) — Sec. 6.1 i ! Napys(T) — Sec. 9.2
Collision-dominated Regime w < 7~

Figure 1: Overview of this thesis. In this thesis, we determine the conductivity ¢ and the viscosity
n of graphene and ADSs as a function of frequency and temperature. Both materials are studied
at the charge neutrality point, i.e., their chemical potential u is zero. The red area indicates the
collisionless regime where the Kubo formalism is used, while the blue area indicates the hydrody-
namic regime where the transport quantities are calculated using the Boltzmann equation. The
sections colored in gray represent results obtained by other authors, while the sections in black
represent the results obtained by me and my collaborators.
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Chapter 1

Regimes and Methods

In this thesis two transport properties, the electrical conductivity and the viscosity, of graphene and
of anisotropic Dirac systems (ADSs) are investigated. Thereby, we distinguish between two different
regimes. These regimes are the hydrodynamic regime where collision processes dominate and the
collisionless regime. The ratio between excitation frequency w and the characteristic time scale for the
collisions 7 decides in which regime we are. If w < 77!, the scattering time due to thermal collisions
is smaller than the time scale set by the excitation frequency. The dominant process responsible for
the transport or relaxation processes are thus collisions due to scattering of thermally excited electrons
and holes. However, if w > 771, the fastest time scale is set by the excitation frequency and processes
due to thermally excited states can be neglected.

In the following chapter the two different regimes are introduced in detail as well as the different
formalisms used which are capable of describing the relevant physics, namely the Kubo formalism and
the Boltzmann equation.

1.1 Collisionless Regime

We start with a short introduction of the collisionless regime. In this regime, the excitation frequency
sets the shortest time scale and scattering processes of the particles can be neglected, i.e., w > 771,
This regime can be experimentally accessed by optical experiments. An example is the measurement
of the optical transparency of graphene [22] which measures implicitly the optical conductivity of
graphene. In this thesis, the optical conductivity of graphene and the influence of the Coulomb
interaction on this transport property is studied in full detail in Chap. 5, while in Sec. 8.3 the optical
conductivity of ADSs is investigated. Further, we study the viscosity of graphene and ADSs in the
collisionless regime in Sec. 6.2 and in Sec. 9.3, respectively. A related experiment is angle-resolved
photoemission spectroscpoy (ARPES) [23] where the band structure of quasi-freestanding graphene
can be directly observed.

For a regime with high frequencies, we are going to use the Kubo-formalism in the remainder of this
thesis. This does by no means mean that the Kubo-formalism can only be applied in the collisionless
regime. With the Kubo-formalism, we are able to make predictions for both regimes, the hydrodynamic
and the optical regime. Far more, using the Kubo-formalism, we can access the collisionless regime
which could not be accessed by the Boltzmann equation which describes physics that are dominated
by collisions.




1 Regimes and Methods

1.1.1 Kubo-Formalism

In this section we derive the Kubo formalism and thereby follow closely the derivation presented in the
book of Elk and Gasser [24]. Here, we study how the mean value of an observable A; of a system with
an external perturbation is calculated. The system is described by the Hamiltonian H = Hg — ulN,
where Hg is the Hamiltonian of the non-interacting system, p is the chemical potential of the system
and N the particle number. Next, an external, time-dependent perturbation W; is introduced to the
system

Wy =—> B;F(t), (1.1)
j

where Fj(t) is an external, classical time-dependent field and Bj a quantum-mechanical operator
coupled to Fj(t). In order to evaluate the average of the operator A;, we introduce the density

operator py, i.e., <1211> = Tr[flipt}. The density operator obeys the von-Neumann equation

0
ih2 = [+ Wil (1.2)

which is the quantum-mechanical analogue of the Liouville equation. In the following, the von-
Neumann equation is solved to find the time dependence of the density operator. Firstly, in order
to solve this differential equation, the initial condition has to be found. Since the perturbation W; van-
ishes for t — —o0, the density operator is defined over the non-interacting system with H at t = —oo
which yields the initial condition

o—H/T

P—oo0 =P = m- (1.3)

Knowing this initial condition, we can now solve the von-Neumann equation. Therefore, we go into

the interaction picture! where . .
pt(t) — elHt/hptefﬂ-[t/h. (14)

The time derivative of this operator is given by

dpe(t) ie/h 0P _iusn
ih e [H, pe(t)] + e 1h§ e

= —[H, pe(t)] + MM [H + Wy, py] e /R

(1.5)

which can be rewritten as dou(t
P4 _ wwi(t). pute) (16)

ih (
with W;(t) = e /? W, e=Ht/h Using the initial condition (1.3), we obtain the following expression

¢
1 1 s i
pe(t) = p+ 0 / dt' Wy (), pe(t)] & p=p+ 0 / dt'e HUO/A, | py MR (1)

This differential equation can be solved by iteration. For the first iteration step, we use that the system
is in thermal equilibrium for t — —oo, insert p§0) = p and obtain

t
1
oM =p+ = / dt' [Wy(t—1t), p]. (1.8)

In this section, all operators with the additional time argument O; (t) are in the interaction picture.
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This solution is linear in the perturbation and for small fields one can stop the iteration process here.
This solution is called linear response and it is the form which is going to be used in the remainder of
this thesis.

Now we are able to calculate the mean value of the observable 4; in linear response. It is given by

t
<Ai>t — Tr(pAi) + — / At Te(e UMW, (1), ple ™0 A;)

ih_
1 | 1 |
= Tolpdi) + ;[ AIV®)pA) = Te(pd) + 5 [ @t (A0 We))  (19)

t

~Tu(pd) + 5 [ af > (A:(0), Bi())) F5(t).

—00

The mean value of the observable A; in the interacting system is given by the average value of the
non-interacting system and a correlation function between the observable and the operator B; coupling

to the field F}j(t). This can be rewritten as <Az>t = <AZ> + [ dt 35, Gij(t—t')Fj(t') with the retarded

A~

Green’s function Gy;(t —t') = —i0(t — t') <[Al-(t), Bj (t’)]> In the following, we demonstrate how this
expression can also be cast into a different form. For this purpose, the Kubo-identity is applied which
is given by [24]

B
i[A(t), p] = p/dTA(t —ir), (1.10)
0

where the derivative is taken with respect to the imaginary time it and the boundary [ of the integral
is proportional to the inverse temperature, i.e., 3 = (kg7)~! with kg being the Boltzmann constant.
Hence, upon using the invariance of the trace under cyclic permutations, the retarded Green’s function
can be written as

B
Gi;(t) = —0(t) /dT <Bj(—t - 1T)Ai> . (1.11)
0

o0
Upon introducing the Fourier transform G,j(w) = [ dte“+'G;;(t) with wy = w +10", we find for the
— 0o

above expression
00 B
Gij(w) = —/dt/dTei““rt <Bj(—t—iT)Ai> . (1.12)
0 0

This expression can be integrated by parts, which leads to the following expression

[e.9]

; oo B ) d . i B d .
() = - it [ p 4 _ima, 1w+t/ s i_ina
Gij(w) o ), dt/O dre <dtB]( t IT)AZ>+W+6 ; dr dtBj( t —ir)A; ,
0
(1.13)
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where in the boundary terms, the term arising due to the the upper boundary vanishes because of the
convergence factor in wy. Now we apply again the Kubo-identity (1.10) and cast the Fourier transform
of the retarded Green’s function into the form

Gij(w) = o) = x5). (1.14)

The correlation function y;j(w) is the Fourier transform of the retarded Green’s function
/ . / d /
Xij(t, ) = =10t =)  [Ai(t), 7 B;(1)] ) (1.15)

while X;T,;' is the Fourier transform of

W% = (140, B,0)]) - (1.16)

which corresponds to the isothermal susceptibility. An important implication of Eq. (1.14) occurs
when the zero frequency contribution of x;;(w) and the value of the isothermal susceptibility are not
equal, i.e.,

Dij = xi(0) = xi; # 0. (1.17)

In this case the real part of the Green’s function is given by

Im x5 (w
Re Gij(w) = 7Di;0(w) — Imxi (@) (1.18)
w
where D;; denotes the generalized Drude term in the response function. We are going to use this
form of the retarded Green’s function in order to calculate the conductivity and the shear viscosity of
graphene and of ADSs in the collisionless regime.

1.2 Hydrodynamic Regime

In the hydrodynamic regime with w < 77! the shortest time scale is the relaxation time due to
collisions and thus scattering processes dominate the physics. But, what exactly is Hydrodynamic?
Hydrodynamic describes the dynamic of fluids governed by conservation laws. Thus, it is a powerful
description which can be found in many different fields of physics.

An example for the universality of hydrodynamics is the Poiseuille flow of particles through a tube
with the radius R. Using the momentum and particle conservation, we find that the current through
the tube is I = (mnR*AP)/(8nl) where AP denotes the pressure gradient over the distance [, n the
particle density and 1 the viscosity of the fluid, while the resistivity is p = (16e?nR~2)/n? which is
proportional to the viscosity. This flow behavior becomes very important for the blood circulation in
our body. If an artery narrows in the radius by d R, the heart has to increase the pressure gradient by a
factor of 4 in order to maintain the same blood current. Astonishingly, the Poiseuille flow is again found
in a total different context, namely in solid state systems. Here, we find that the magneto-resistivity
of PdCoO4 depends on the length of the sample [25, 26]. It decreases with increasing width of the
sample, since p o« R72. The reason for this behavior is that the friction occurs at the walls where
the layers of the fluid have zero velocity. If the sample size increases, this effect decreases. In these
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two examples we have seen how the same hydrodynamic effect occurs in two very different, physical
systems.

Hydrodynamics in condensed matter physics is a very fascinating area of research, since in this
regime, it is possible to investigate the universal collision-dominated dynamics of an isolated electron
fluid, while the couplings to the lattice and to impurities becomes secondary. The observation of
hydrodynamic behavior only became recently experimentally accessible, because, as mentioned before,
only the collisions between electrons are the dominating process which requires extreme clean samples.
Different examples for the experimentally observed hydrodynamic behavior in many-body physics are as
diverse as superfluid Helium [27], the breakdown of the Wiedemann-Franz law in graphene [28, 29], the
negative local resistance [30, 31| and the giant magnetodrag [32] in graphene and the above mentioned
length dependence of the magentoresistivity of PdCoOq [25] and of the (Al, Ga)As heterostructure
[33]. A recent review of the hydrodynamics in graphene can be found in Ref. 34.

The main contributions for the conductivity and the shear viscosity in graphene are repeated in
Sec. 5.1 and Sec. 6.1, while the new results of the conductivity and the shear viscosity of ADSs are
presented in Sec. 8.1 and Sec. 9.2.

1.2.1 Quantum Boltzmann equation

Now, we introduce the method used to determine different transport properties in the hydrodynamic
regime. Hydrodynamic processes are described by the Boltzmann equation. The Boltzmann equation
determines the distribution function fyr of the quasiparticles and depends on the time ¢, the spa-
tial coordinate r and the momentum k. For a system with two energy bands (the valence and the
conductance band) with A denoting the band index, the Boltzmann equation has the form

0
((% +vy Ve + F- Vk) Pt = TNl (1.19)

where the left-hand side of the equation is the Liouville operator describing the time evolution of the
system and the right-hand side of the equation is the collision integral which describes changes in the
distribution function due to different scattering processes. These scattering processes can have their
origin in scattering either due to impurities of the system or due to the Coulomb interaction between
the quasiparticles. Furthermore, F' is the Lorentz force acting on the electrical charged particles with
F = ¢(E + vy, X B/c), where E is the electrical field, B the magnetic field and vy is the velocity of
the quasiparticle of the energy band A. In this thesis, we focus on the electrical transport due to an
applied electrical field and are not going to investigate magneto-transport.

The Boltzmann equation and the corresponding collision integral can also be derived using quantum
mechanics, or more precisely the Keldysh formalism which can describe out-off equilibrium quantum
mechanics. In the following, we roughly sketch the derivation and refer for further details to the
corresponding literature [35, 36].

The special characteristic of the Keldysh formalism is its closed time contour which differs from the
time contour used in equilibrium physics, where the initial state evolves from ¢t = —oco to t = 4o00.
Here, we have a system described by a time-dependent Hamiltonian #, and we assume that the system
is in a specific, known many-body state for ¢t = —oo. To calculate the mean value of an observable in
the Keldysh formalism, the initial state has to be evolved forward and backwards, i.e.
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1 Regimes and Methods

where Uy = T exp(—i fttl H(t")dt") is the time-ordered unitary evolution operator and T the time-
order operator. The time-dependent density matrix is determined using this evolution operator and
holds p(t) = Uz, sop(—00)U_o0s Where p = p(—0c0) is the density matrix at ¢t = —oo. Why do we not
have to evolve forward and backwards in time for an equilibrium system which is non-interacting at
t = —oo and where the interaction is adiabatically switched on with increasing time? The reason is that
in equilibrium the non-interacting ground state |0) can only collect a phase upon forward and backward
evolving in time, i. e., U_oo o0 [0) = €X' |0). This leads to the fact that it is enough to evolve forwards in
time, i. e., (0] U_oo tOUs, 00 |0) = (0| Uy 00 tOU;s, 5 |0) / (0| Uso, o0 |0) where the denominator describes
the accumulated phase factor e iZ.

After having established the needed time contour in the Keldysh formalism which describes the
out-off equilibrium physics, we are now able to derive the Boltzmann equation with the corresponding
collision integral. To this end, the equations of motions with the self-energy 3(1,2) for a Green’s
function G(1,1’) are studied. They read

.0 ”% / ! /
— 4+ — 1,17 =0(1,1 23(1,2)G(2,1
<lat1+2m> G(> ) 5(7 )+/C’d (7 ) (7 )

(1.21)

.0 V3 , , /
o G(1,1) =6(1,1) + [ d2 G(1,2)%(2,1'),
C

where fC symbolizes that the integral is performed along the closed time contour and we choose the
notation 1 = (x1,t1) and 6(1,1") = d(z1 — 27)d;, . The Green’s function is given by

G(x1,t1, T2, t2) = O(t1,t2)G” (21, t1, T2, t2) + O(t2, t1)G=(x1, t1, T2, t2) (1.22)

with 6(t1,t2) being defined on the time contour with 6(t1,t2) = 1 if ¢; is later on the contour than ¢y and
otherwise zero. The functions G~ (1,2) and G<(1,2) are the greater and smaller Green’s function and

they are defined as the average of the following Heisenberg operators, i.e., —iG<(1,2) = <@ZA)L (2)1/3(1)>

and iG~(1,2) = <@ZA)H(1)1/AJL(2)> Upon introducing relative coordinates in space and time, r = &1 —x2,
t=t;—ty and R = (x1+x2)/2, T = (t1 +t2)/2 and Fourier transforming in the relative coordinates,
the lesser and greater Green’s functions can be related to the distribution function of the quasiparticles,
i.e.,

dw

fae,rr = | == (-1)G=(p,w, R, T)
/2” (1.23)

dw .
1— far,rT = / §1G>(p,w7R7 T).

If we fix the time arguments in the equations of motion (1.21) at opposite sides of the contour, we
obtain the Kadanoff-Baym equations for upper and lower contour. Under the assumption that the
temporal and spatial changes are small and do not vary much from the free evolution of a uniform
system, we obtain the Boltzmann equation upon subtracting the Kadanoff-Baym equation of upper
branch of the contour and of the lower branch of the contour for the time ¢; = tf, = T'. Hence, the
Boltzmann equation reads

i (;T + % : VR> G<(p,R,T)=%"(p,w; R, T)G=(p; R, T) — X=(p,w; R,T)G” (p; R, T), (1.24)
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where we used that the lesser Green’s function is related to the distribution function. The right-hand
side of this equation defines the collision integral and we are going to use this definition of the collision
integral to determine the collision integral of the ADSs in Sec. 7.2.2.

After having introduced the Boltzmann equation (1.19) and having defined the collision integral
(1.24) via the lesser and greater self-energies, we now briefly sketch how the Boltzmann equation is
solved in order to determine the distribution function. Thereby, we choose for the distribution function
the following ansatz

ke = ,(\(;)c) +0frk - (1.25)

The distribution function is split up into a part describing the equilibrium distribution function fi?c) and
a part describing the out-off equilibrium correction to the distribution function 6 fyg. The equilibrium
function of the systems studied in this thesis is given by the Fermi-Dirac distribution function, i.e.,
f/g(,)c) = (1 + e(&x=m)/T)=1 where €y, is the energy dispersion relation of the system studied, X the
band index of the energy band, and p) the chemical potential. For the out-off equilibrium correction,
we assume that the perturbation causing the deviation of the equilibrium of the system is small and
thus it is sufficient to take only the linear order in the perturbation into account. Hence, the out-off
equilibrium correction is assumed to be the product of the first derivative of the equilibrium distribution
and the perturbation and reads

S = 0~ 1w (1.26)
where the function hyg is proportional to the external field perturbing the equilibrium times an un-
known function g)x. Upon solving the Boltzmann equation, gyr and thus 0 fyg are determined. It is
important to know the out-off equilibrium distribution function, since different transport quantities
such as the electrical current, j = ", fk VRO fak, and the energy-stress tensor, 7,5 = > fk VK80 ke,
depend on ¢ fyg. These quantities will play a crucial role in the remainder of this thesis.







Chapter 2

Conductivity

2.1 Definition of the Conductivity

One important property of a material is the electrical conductivity o,g. The conductivity plays a
prominent role in condensed matter physics, since it is the quantity used to characterize different
materials, such as insulators having a small conductivity and metals having a large conductivity. It
describes the reaction of quasiparticles in a crystal to the perturbation of an electrical field E. The
electrical conductivity is a rank two tensor which relates the electrical field to the electrical current of
the system as shown in Fig. 2.1, i.e.,

Jo = 0apEs, (2.1)
B

where «, 8 are the indices for the spatial coordinates. Since we are going to study two-dimensional
materials in this thesis, the indices run over o, 8 € {z,y}.

One of the first physical models describing the conductivity of materials is the Drude model [37, 3§],
which was introduced by Paul Drude in the year 1900. He described the movement of a single electron
in an electrical field and introduced a scattering time 7 defining the time interval between successive
collisions in the crystal. He found that the conductivity is proportional to this scattering time, i.e.,
o = e?n1/m with m being the mass of the particle and n the particle density. Thereby, it was assumed
that all electrons move as single particles which lead to an overestimation of the electrical conductivity
by at least a factor of thousand. In the year 1927 Sommerfeld extended this model by taking the
quantum statistical distribution functions into account which describe the fact that only fermions at
the Fermi surface participate in the transport process and thus corrected the overestimation of the
conductivity.

In this thesis, we use a many-body description in order to determine the conductivity of graphene
and of a anisotropic Dirac system (ADS). In Sec. 2.2, we introduce the different Kubo formulas for
the conductivity which describe the linear response of the material to an external perturbation which
is in this case the electrical field E. Another method to calculate the conductivity is the Boltzmann
equation which gives the distribution function of the quasiparticles when an external perturbation
is applied. This distribution function determines the conductivity in the hydrodynamic regime and
further details can be found in Sec. 2.4.

An interesting question to ask is how the Coulomb interaction between the electrons influence the
conductivity. In order to answer this question, we will perform a renormalization group (RG) analysis

11




2 Conductivity

Figure 2.1: The conductivity tensor connects an applied electrical field to an electrical current.

in Chap. 4 and Chap. 7. Here, in Sec. 2.3, we study the scaling behavior of the conductivity under
the RG flow.

2.2 Kubo-Formalism for the conductivity

In this section, we derive the expressions defining the conductivity in linear response via the Kubo-
formalism. The Kubo-formalism was introduced in Sec. 1.1.1 where we showed how the mean value
of an operator can be calculated when an external perturbation W; occurs in the system. Here, the
perturbation generating an electrical current is given by

~

W,=P-E, (2.2)

where F is the time dependent electrical field coupling to the polarization operator P. The polarization
operator is defined as

i (2.3)

with @ZA)Q) denoting the fermionic annihilation (creation) operator. Using the continuity equation of
the particle density, one finds that the derivative of the polarization operator determines the electrical
current, i.e., 3 = OP/0t [39]. As we have seen before, the electrical conductivity is defined over
Ja =D, 3 0apEp and hence, we have to determine the mean value of the electrical current in order to
obtain the electrical conductivity. Using the equations (1.9) and (1.15) of the Kubo formalism derived
in the previous chapter, we obtain for the conductivity tensor

t

Tap(w) = [T ar et [y [ja(t), Ps(t))]
p [ _4 < ’ > (2.4)
= (s — Xjads @)

W4

where x;,j;(w) is the Fourier transform of x;,;,(t —t') = —i0(t — t') <[ja(t),j/3(t’)]>, while Xﬁjﬁ =
d <ja> /dAglaz=o0 with A being the vector potential. We find that the real part of the conductivity
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tensor is given by
Imx, .7, (w)

Gap(w) = TDab(w) — I, (2.5)
where Dag = Xjojs(W)" = Xjujs (0) is the Drude conductivity. Thus, the conductivity is defined over
the current-current correlation function. However, we can also express the electrical conductivity by
a density-density correlation function. In order to derive the respective Kubo-formula, the continuity
equation of the particle density has to be applied. The continuity equation describes the particle
conservation and relates the time derivative of the particle density to the divergence of the electrical
current, i.e.,

on(r,t) ==V, -j(r,t). (2.6)
The Fourier transform of the continuity equation into momentum and energy space is
wn(qw) =q-j(q,w). (2.7)

Upon inserting this expression into the Kubo-formula, we obtain

0o3(w, q) = TDasd(w) — Im e /0 dte+* ([n(t), n(0)]) 8
= T‘-DOL,B(S(('U) - q:;ﬁ Im Xp(q7w) J

where x,(gq,w) is the density-density correlation function. In linear response the electrical conductivity
can either be determined by calculating the current-current correlation function or by evaluating the
density-density correlator and both methods will lead to the same result.

2.3 Scaling behavior of the conductivity

In the remainder of this thesis we want to study the influence of the Coulomb interaction on dif-
ferent transport properties such as the electrical conductivity and the shear viscosity. To this end,
we implement a RG analysis. A detailed discussion of the RG analysis in graphene can be found in
Sec. 4.3.2, while the detailed description of the RG analysis in ADS is given in Sec. 7.2.1. Here, we
briefly summarize the concept behind the RG and discuss the behavior of the conductivity under the
RG. For further details we refer to the corresponding chapters.

In the RG the fermionic operators are split up into fast and slow modes, i.e., ¥}, = 1&5 + g@,? . The
slow modes zﬂ,j = 1)y, are defined for momentum 0 < k < A /b, while the fast modes 1&,? are defined in
the momentum integral A/b < k < A, where the parameter A is an UV cut-off. As first step, the fast
modes are integrated out. Then the momentum k' = bk and the frequency w’ = Zr Ly are rescaled in
such a way that the new variables run up to the old cut-off A. During this procedure the transport
properties are also rescaled by a scaling factor.

In this section, we determine the scaling factor of the conductivity for a d dimensional system and
show that the conductivity is scale invariant for two dimensional systems. The conductivity is given,
as we have seen in the previous section, by

€2w

o(w) = ;1_% Z Im x,(q,w). (2.9)
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We find that the scaling of the conductivity is determined by
o(w,T) = Zpb* Zy,0r(Z;'T, Zy' W), (2.10)

with Z,  being the scaling factor of the density-density correlation function consisting of Z,, =
Z2Zrb=?% We want to identify the scaling factor Z, for the particle density and the scaling of the
current operator Z; independent of the order of the RG applied. In an RG analysis up to first loop
order, we find that the current operator scales as

Ja(k, Q) = Zyjor(bk, Z7' Q) (2.11)

with Z; = b. In the following we prove that this scaling relation is correct for every order of the RG.
To this end, we use the Ward-identity. The Ward identity represents the conservation of the charged
particles and is derived from the continuity equation of the particle density, On(r,t) + V,-j(r,t) = 0,
following the steps in [40, 41]. It reads

e0- <TTH(T, 7')1[}1'1,7'1 1&;[-2,7'2> - iv?"a <T7'ja(7°7 7')77;1‘1,71 1[};[2,7-2>

o (2.12)
= —ie[é(d)(r —7r)0(T —711) — 5@ (r —r2)d(r — 72)] <7/1r1,r1¢12,72> )

where 7 = it is the imaginary time and 7% is the time-ordering operator. The Ward identity has to
be fulfilled in all orders of the RG analysis and thus all scaling relations derived from this identity are
valid for all orders of the RG. Now we examine the scaling relation of the Ward identity (2.12). To
this end, we Fourier transform the electrical current j(q,w) and the particle density n(q,w) to the real
space of a d-dimensional system and obtain the following scaling relations

Ja(r,7) = Z3Z0b™ Y0 p(r /b, 7Z7)

d (2.13)
TL(’I‘, 7-) = ZnZTbi nR(T/b, TZT) .

Inserting these relations into the Ward identity, rescaling r — br and 7 — 7/Zp (and similarly for 1,
71, etc.), yields for the scaling factors

Z;=b,

2.14
Zn=Z5". (2.14)

Next these scaling factors are inserted into (2.10) which implies that the conductivity for a d- dimen-
sional system is
o(w,T) = b*op(Z w, Z7'T) . (2.15)

For a two dimensional (2D) system, this scaling relation leads to the scale invariance of the conductivity.
Independent of the frequency or temperature scale of the system the conductivity will have the same
value for two dimensional systems.

2.4 Ansatz for Quantum Boltzmann equation

In the hydrodynamic regime, the conductivity can also be determined using the Boltzmann equation.
With the help of the Boltzmann equation, the distribution function of the quasiparticles fyx can
be determined. The distribution function consists of the Fermi-Dirac function f/(\(,)c) describing the
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2.4 Ansatz for Quantum Boltzmann equation

equilibrium distribution and an out-off equilibrium correction d ). This out-off equilibrium correction
arising because of the perturbation due to the electrical field defines the electrical current, i. e.,

Jj= Z/U,\k5f,\k7 (2.16)
Ak

where v, is the velocity of the quasiparticles and A is the energy band index of the correspond-
ing quasiparticle. In order to determine this out-off equilibrium correction, the Boltzmann equation
needs to be solved. Here, we first study the Boltzmann equation in the relaxation-time approximation
which takes only scattering processes due to impurities into account and scattering processes between
the particles due to the Coulomb interaction are neglected. The scattering processes due to impuri-
ties are characterized by the relaxation time 74;s and the Boltzmann equation in the relaxation-time

approximation is
) Y
E— 2.1
(Bt +e ) VS s (2.17)

where 0 far = e — <f)\k> with <> denoting the angular average over the directions of k of the
distribution function. The momentum derivative of the term proportional to the electrical field can be
rewritten as an energy-derivative times the velocity of the quasiparticle, i.e., 9/0k = v g - 0/Jerg and
thus we obtain for the out-off equilibrium correction of the distribution function is given by

T vpp——— T Q) (2.18)

—lw — les

which leads to the following electrical current in the relaxation-time approximation

o= Z/’L'()?kéf)\k
7150 )
—Z/YAkz — —— T lfi‘,?(l*.i[k))

dis

(2.19)

Now we want to generalize the above expression in such a way that we can go beyond the relaxation-
time approximation and are thus also able to take scattering processes due to Coulomb interaction into
account. To this end, we choose for the out-off equilibrium distribution function the following ansatz

0)
Sfue =T L) = 1w (2.20)
with
bk = Ik - (2.21)
The function h)g is proportional to the scalar product of the velocity vy, and the electrical field FE
and the term containing the scattering time 74;s is replaced by a by the function gy = ), Q/anbf\z),

where gbggc) is a set of basis functions weighted by the unknown coefficients v,,. The coefficients 1,
can be calculated by an inversion of the Boltzmann equation. Hence, in the hydrodynamic regime the

conductivity is given by
Y —1 ,(0 -(0
Tap = Z/k’"ik T = F)gan - (2.22)
A

This expression of the conductivity is used in Chap. 5 and Chap. 8 in order to calculate the conduc-
tivity of graphene and of ADSs.
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Chapter 3

Viscosity in lattices with pseudospin

An important transport quantity is the viscosity of a material. The viscosity describes the resistivity
of a system in response to a hydrodynamic flow. In Sec. 3.1, we define this important transport
property and give an intuitive picture of the viscosity before we formalize it. We show in Sec. 3.3
that the viscosity can be calculated using the Kubo-formalism which connects the correlation function
of energy-stress tensors to the viscosity tensor. The energy-stress tensor can be determined by the
time derivative of the strain generators [42]. Thereby, we extent the study of Bradlyn et al. [42] to
lattices with a pseudospin in Sec. 3.2. We demonstrate that an additional strain generator acting on
the pseudospin is needed to obtain the correct energy-stress tensor. In the same section, we also show
how the perturbation of the system due to the gradient of the drift velocity dug/0x, is described by an
Hamiltonian, where the velocity gradient couples to the strain generators. This Hamiltonian is used in
Sec. 3.5 to derive the ansatz for the out-off equilibrium correction of the distribution function defined
by the Boltzmann equation. Furthermore, the scaling behavior of the viscosity under a renormalization
group (RG) analysis is determined via a Ward identity in Sec. 3.4. At last the famous lower bound of
the ratio viscosity over entropy n/s is introduced [18] and a physical interpretation of this lower bound
is given.

3.1 Definition of the viscosity

The viscosity of a fluid describes the effect of energy dissipation in a fluid due to internal friction [43].
This energy dissipation occurs, if different particles of the fluid move with different velocities. Here, we
firstly introduce an intuitive picture for the viscosity before we demonstrate how the viscosity modifies
the Euler equation which describes the dynamics of an ideal fluid.

Let us start with the following gedankenexperiment: There are two plates, one is fixed, while the
other one is moving and there is a liquid between the two plates. This situation is depicted in Fig. 3.1.
Due to these boundary conditions (one fixed, one moving plate) a velocity gradient du/dy is exhibited
in the fluid. Because of interaction, there is an irreversible energy transfer between particles with a
large velocity u(y’) to particles with a small velocity u(y). In order to maintain this velocity gradient,
a shear stress 7 = F'/A needs to be applied where F' is the force acting on the moving plate with the
area A. This force keeps the plate moving. The stronger the force is to obtain the velocity gradient
the more viscous the fluid is. The viscosity 1 connects the shear stress to the velocity gradient

T= na—y . (3.1)
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l\y
boundary plate
(moving) > F—=7 >
<> ou
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fluid =" = ‘
7 dy Energy-Stress velocity gradient
_?' Tensor Shear Viscosity

boundary plate (stationary)

Figure 3.1: Definition of the viscosity. We see two plates, one is moving, the other one is fixed.
Between the two plates is a fluid with the velocity gradient du/dy. The stronger the applied force
has to be to maintain the velocity gradient, the more viscous the fluid is.

The viscosity thus describes how resistive a fluid is to an hydrodynamic flow.
Now, we implement the concept of viscosity into the hydrodynamic equations of an ideal, Galilean
invariant fluid. An ideal fluid is described by the Euler equations which are defined as

9 Ol

= (pua) = (3.2)

dxg
where p is the density of the fluid moving with the velocity w and II,g is the momentum flux density
tensor. The indices «, 8 denote the spatial components. This momentum flux density consists of the
pressure P of the system and the product of two velocity components weighted by the density. It reads

Hag = P(Saﬁ + puqug . (3.3)

In order to take the dissipative processes due to internal friction into account, the momentum flux
density of an ideal gas is modified by adding the viscous energy-stress tensor —T,5. The form of
this viscous energy-stress tensor is derived in the following. Since the irreversible energy transfer
only occurs, when the particles of the fluid have different velocities, 1,3 should depend only on space
derivatives of the velocity, i.e., Jug/0xo. Upon assuming the velocity difference to be small, the
energy-stress tensor should also only consist of linear combinations of dug/0x,. Hence, in the most
general form, the viscosity is a rank four tensor which relates the velocity gradient Ou./0xzs to the
viscous part of the energy-stress tensor

Oug
Taﬂ = Z 770557687 . (34)
76 v

For rotational invariant systems, the above expression can be simplified such that the energy-stress
tensor only depends on two viscosities, the shear viscosity 1 and the bulk viscosity ¢, which are both
positive quantities. Thereby, we use the fact that the viscous energy-stress tensor has to vanish when
the fluid is in uniform rotation. In the case of a uniform rotation no internal friction occurs. Thus,
the viscous part of the energy-stress tensor for a rotational symmetric system has the form [43]

Oug, 8u5 2
Taﬂ =n (8566 + 87% - g(gagvr . ’lL) +C 5aer U, (35)

where d is the dimension of the system. The viscosity coefficients for rotational invariant systems obey
the following condition [44]

2
Nap~ys = 77[5047566 + 5a556'y - 35aﬁ575] . (3'6)
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The shear viscosity of a Galilean invariant system is connected to the non-local conductivity [42, 45],
i.e., Oaa(q,w) X 0aa(0,w) + ¢*n/(mw)?. Thus, by measuring the non-local conductivity one can gain
experimental access to the viscosity of a Galilean invariant system.

3.2 The strain generator and the energy stress tensor

In this section, we show that the energy-stress tensor can also be derived from strain generators, since
the viscosity denotes the response of a fluid to the time derivative of strain, i.e., the deformation of
the original coordinates of a systems. Furthermore, we demonstrate how a perturbation due to strain
is implemented in the Hamiltonian of the fluid and how we can derive a Kubo formula for the viscosity
using this perturbation. Thereby, we follow the calculation of Bradlyn et al. [42]. However, we are
going to extend their considerations to electron liquids in lattices which have a pseudospin due to a
multi-atomic basis and show how the pseudospin has to be modified accordingly.

This extension is part of my work in collaboration with Daniel E. Sheehy, Boris N. Narozhny, and
Jorg Schmalian which is in preparation to be published [46].

Transformation of the spatial coordinates
Now, let us start with our calculation. The strain acting on the electron fluid is defined as

_ 8u5(t)

eys(t) = (3.7)

Oy

where u denotes the displacement of the coordinates from their original position. The new coordinates
under the strain e, are given by € — ' = +u(x) where the deformation is realized by a homogeneous
but time-dependent invertible d x d matrix A(t)

o =At)Te  with  A@t) =@, (3.8)

The new volume of the fluid becomes time dependent, i.e., V(t) = A(t)Vp where 1} is the volume of
the undeformed system. In the following, we want to express the Hamiltonian given in the displaced
coordinates again by the original coordinates

o= [ dul@)p)va) > H= [ Eovle( P ) v, (3.9)
V(t) Vo A(t)
where €(p) is the energy dispersion of the system. To this purpose, the field operators are transformed

as
Ye(x) = /det A(t)p(A(t) ), (3.10)
where the factor y/det A(t) ensures the normalization of the field operators, i.e., proper canonical

commutation relations. Next, we want to find a unitary transformation, which fulfills the following
relation

Ye(w) = Ue(t)y(x) (3.11)

leading to a Hamiltonian which is completely rewritten in the original coordinates plus an additional
part

5H, = —i / oyt (2)U (H)(OU (), (3.12)
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which describes how the system couples to the applied strain. In order to determine the unitary
transformation (3.11), we investigate how the fermionic field operators change under the infinitesimal
transformation from € to € + de. We find

0

_ aﬁ 9
@7#( ) @De( ) aa /we($)v (3'13)

where in the last step, we took the derivative with respect to the displaced coordinates. But, since we
consider an infinitesimal small change we can set € to zero and there is no distinction between the two
sets of coordinates. Hence, the strain generators due to a spatial transformation are

ﬁag = imaaa + %(501/5
8 (3.14)

1 7
= —5{%,2?5} = —Tapg + 55«1[3-

Thus, we find for an infinitesimal transformation of the fermion fields

e (z
V() +Z 365

- (1 - iZeagﬁaﬁ>¢(w) (3.15)

e=0 af
which leads to the fact that the unitary transformation is given by
Ud(t) = e 2ap BaLas (3.16)

The strain generators due to the spatial transformation of the coordinates L,z fulfill the commutation
relation of the corresponding Lie algebra

[Lag, Lys] = 1(0vLas = dasLyp) (3.17)
and the antisymmetric part of £, determines the angular momentum
L, = —eupyLags- (3.18)

Here, we have seen that under an applied strain which deforms the spatial coordinates, L,z =
—1/2{xq,pg} generates the unitary transformation which at the end determines the form of the addi-
tional Hamiltonian dH; by (3.12).

Transformation of the pseudospin

Thus far, we only considered the transformation of the coordinates. However, lattices with a basis
consisting of multiple atoms have a pseudospin which we call ”lattice spin” that behaves like a real
angular momentum. One of these lattices is graphene [47] which has a two-atomic basis and whose
Hamiltonian is given by

HDirac = U / Y/SL(szm + pya—y)&pa (319)
p

where vp is the Fermi velocity and the Pauli matrices denote the valence and conductance band!. An
important example which demonstrates that the pseudospin of graphene is a real angular momentum

'For a detailed derivation of this Hamiltonian and a far more detailed description of graphene, we refer to Chap. 4.
Further, a detailed discussion of the viscosity in graphene will be presented in Chap. 6.
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3.2 The strain generator and the energy stress tensor

is given by the photon-mediated electron-hole pair production (recombination) in graphene [47]. An
electron with its pseudospin parallel to its momentum in the valence band is lifted into the conductance
band by absorbing a photon and thereby flipping its pseudospin [48]. Another physical quantity that
shows the importance of the pseudospin in graphene is the shear viscosity. This transport quantity is
going to be discussed in more detail in Sec. 6.2.1.

In order to treat the deformation of the liquid consistently, we also have to introduce strain generators
acting in the spin space. Analogous to the strain generator of the spatial coordinates, we define

) 1 1
Sop = Z[SO" Sp] = —5604/5‘757 = _Zfaﬁvf’w (3.20)

where in the last line we gave the explicit expression for graphene. The antisymmetric part of this
strain generator determines again the spin/angular momentum (analogous to L,g)

Sy = —€ya5Sas - (3.21)

The total strain generator acting on both spin and real space is thus given by the sum of the above
introduced generators. It reads
Jap = Lag + Sap - (3.22)

The unitary matrix U,(t), which describes how the fermionic fields transform under the applied strain,
and which determines also the additional Hamiltonian dH;, has now the form U.(t) = e~ ! TrésaJas,
Hence, we are able to express the influence of the strain on the fluid by the Hamiltonian

= 86(1/3
He= /V 0 e (x)e(p)(x) — / A"zl (@) =2 Tt (@), (3.23)

where the first term describes the unperturbed system, while the second term connects the velocity
gradient Oug/0xa, i.e., the time derivative of the strain tensor, to the total strain generator Jug.

The connection between strain generator and energy-stress tensor

As the next step, we have to relate the total strain generator J,s to the energy-stress tensor T3,
since the energy-stress tensor is proportional to the viscosity tensor as we have seen in the previous
section. Therefore, the continuity equation of the momentum density g, (x, t) is studied, i. e., go(x,t) =
/. Tﬁl;,t(—ihax&)%bw,t . This continuity equation [49]

Nga(z,t) = —0p,Tpa(, 1) (3.24)

sets the time derivative of the momentum density equal to the negative divergence of the energy-stress
tensor Tyg(x,t). After a Fourier transformation w.r.t. the spatial coordinates, the above continuity
equation is given by

dga(a,t) = —iqsTpa(g,t). (3.25)

Upon expanding the momentum density g(q, ¢) for small momentum g, we find

ga(q,t) /ddxeiq'wga(zc, t) (3.26)

= ga(0,1) +iqﬁ/ddm/ﬁ(m,t)xg(—ia%)z/)(x,t) 4o, (3.27)
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3 Viscosity in lattices with pseudospin

and can identify the following formula for the energy-stress tensor

Ta,@ = _atjoz,b’

i, Jus). (3.28)

The energy-stress tensor is defined as the time derivative of the total strain generator. Here, also
the strain generator S,g acting on the spin space is included, since the gradient of an antisymmetric
third-rank tensor can always be added without changing the energy-stress tensor, i.e., Tog + 0, Zgar
[50, 51].

The energy stress tensor and the pressure of the system

In this section, we show that in the hydrodynamic regime the non-dissipative part of the energy-stress
tensor Iyg = Yy [i v5%ks f)(\(,? and the momentum density nf = >, [; ka f;\?c) can be set into relation
with the pressure P of the system. Here, the distribution function f/g(,l) for a two-band lattice system

with the energy dispersion e)r where X is the band index is given by f/g(,]c) =(1+ e(ﬁ*k_“*_”'k)/T)_l.

The pressure can be obtained from the thermodynamic potential 2 = —PV. Hence, in the grand
canonical ensemble, for a two band system we find the pressure
d2k. —eqptuktug dzk —le_pl-uk—p_
P=T [ —I1 1 T T [ —1 1 T . 3.29
[ s 1+ )7 [ gayeion (1+¢ ) (3:29)

This expression can be simplified further by integration by parts. Thereby, it is important that for an
energy spectrum ey, and small enough u, the combination e, — u - k tends to infinity for k — oo
such that the boundary terms of the integration by parts vanish. Thus, we find for the pressure

1 [ d?%k 1 [ d’k
P:2/W(k-v+k—k-u)ff,j+2/(%)Q(k-v_k_k.u)(f@,g_n, (3.30)

which can also be expressed by the non-dissipative part of the energy-stress tensor and the momentum
density as
1
pP= iTrHaﬁ—nk~u. (3.31)

This formula defining the pressure will become important in Sec. 9.4 where we derive the Navier-Stokes
equation for anisotropic Dirac systems (ADSs) which will also contain the pressure of the system.

3.3 Kubo-Formalism for the viscosity

Now, using the Kubo-formalism let us derive the different expressions defining the viscosity tensor
which connects the velocity gradient to the energy-stress tensor, i.e., T,g = 275 NaBys0Us/0x. These
different expressions for the viscosity can also be found in Ref. 42. We have seen in Sec. 3.2, that the
Hamiltonian describing the perturbation due to the velocity gradient is given by

= — [ @30 @) g Fasi (@), (3.32)

where J,3 is the total strain generator which was also defined in the previously mentioned section.
We can insert this expression into Eq. (1.9) where the expectation value of the operator A; for the
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3.4 Scaling behavior of the viscosity

~

perturbed system was evaluated. In this case, A; is the energy-stress tensor, A; = T, and the
operator Bj; coupling to the external perturbation is the total strain generator, B; = J,5. Hence, we
obtain

(Tus), == [ 400 =0) (Tos(0). 500]) 522 (3.33)

which leads to the following formula for the real part of the viscosity coefficients
oo
Re fasos(t) = Im / ar'0(t — 1) ([Tas(t). Toa()]) (3.34)
— o

As seen in Sec. 1.1.1, we can also rewrite this formula by applying the Kubo-identity (1.10) and then
integrate by parts which leads to
i
Re 7704575(“}) - E(X%MgT.ﬂ; - XTQ[;TW (w)>7 (335)

where w, is the imaginary frequency with w; = w + i0". The function XT,5T,s(w) is the Fourier

transform of the retarded Green’s function x7, ;1. 5 (t—t') = —i0(t—1') <Ta3(t), Tys (t’)> while X%JBTWS =

d <Ta5> /d€aple,s=0 being the isothermal susceptibility. Hence, we find for the real part of the viscosity

tensor
Im x7,,7

Re7agns(w) = TDagsd(w) — ——==, (3.36)

where Dogys = Dagys(0) — X%} Tos determines the Drude peak of the viscosity. This expression for
the viscosity tensor is used in §eg. 6.2.1 where the shear viscosity of graphene is determined in the
collisionless regime and in Sec. 9.3 where the viscosity tensor of ADSs is calculated.

At last, there is one more expression for the viscosity tensor. Again using Eq. (3.34) and combining
it with the fact that the time derivative of the strain tensor is equal to the energy-stress tensor, i.e.,
Tap = —0rTap, we find after an integration by parts (analogous to the one performed in Sec. 1.1.1
form (1.12) to (1.13))

tins(©) = =i (7a3(0): Ts(O]) +y [ s (195(0). 75001 - (3.37)

This formula for the viscosity tensor is used in Sec. 9.2.2 where the scaling factor of different contri-
butions of the viscosity tensor for ADSs is determined via the above expression of the viscosity.

3.4 Scaling behavior of the viscosity

Here, the scaling behavior of the viscosity for a d-dimensional system under a RG calculation is
investigated. Analogous to the analysis of the conductivity in the previous chapter Sec. 2.3, a Ward
identity is used to determine the scaling factor Z, for two-dimensional, renormalized systems.

Let us shortly repeat the very basics of the RG. After integrating out the fast fermionic modes in
the RG process, we obtain an effective theory which has the UV cut-off A/b and which only depends
on the slow fermionic modes. Next, the momentum and the frequency are rescaled by k' = bk and
W= Zp, 1w in such a way that these new variables run to the old cut-off A. In this process also the
viscosity is rescaled.
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3 Viscosity in lattices with pseudospin

As seen in the previous section, the viscosity is defined for finite frequency as the correlation function
of the energy-stress tensors

XTopTys (W)
O (3.38)
where the correlation function has the scaling factor ZXTaBT'y6 = ZTb*dZTaﬁQ, which depends on the

scaling of the energy-stress tensor Zr,,. This implies that the scaling factor of the viscosity has the
form

Naprs(w, T) = b2, Napys (27w, Zp'T) (3.39)

which means that we have to determine Zr,,. This is done using the Ward identity describing the
conservation of the momentum density. By applying the continuity equation for the momentum density,
Otga(r,t) + V., Tpa(r,t) = 0, and following the steps described in Refs. 40 and 41 we obtain the Ward
identity

0- <TTga (T7 7—)1/37'1,71 ¢l2,7-2> - ivr,@ <TTT,3a(7"> 7)1&1‘1,71 1/;;[2772>

; o ; . . (3.40)

= i[5 (r = )0 = 71) (<100, B,y ) = D (7 = 12)0(7 = 72) (g (—i8r, )6 )]
In order to study the scaling of this equation, we Fourier transform the momentum density g.(q,w)
and the energy-stress tensor T,g(q) which enter the above Kubo-formula (3.38) to the real space, and
find the following scaling behavior

9a(r,7) = ZyZ7b 2 ga g (r/b, 7 Zr)

., (3.41)
Tﬁa(r, 7') = ZTQBZTb T[gaR(r/b, TZT) s

where Z, is the scaling factor of the momentum density in momentum space, and Zr, , the one of the
energy-stress tensor also in momentum space. Inserting these relations into the Ward identity (3.40),
rescaling » — br and 7 — 7/Zp (and similarly for rq, 71, etc.), the Ward-identity which can also be
applied in the renormalized system implies

Zy=bZ5",

3.42
Zr, =b"=1. (3.42)

When we compare the scaling of the momentum density Z, to the scaling of the particle density Z,
defined in Eq. (2.14), we see that Z, has an additional b factor. Furthermore, we see that the scaling
factor of the energy-stress tensor does neither depend on b nor on Zp, but is one. Hence, we find the
scaling behavior of the viscosity of a renormalized, d-dimensional system with

Naprs (W, T) = b~ Nagys p(Zy'w, Zp'T) . (3.43)

The viscosity of a two dimensional system is thus not scale invariant, but scales with Z; = b2

3.5 Ansatz for out-off equilibrium function in the Boltzmann equation

As we have seen in the previous chapters, transport properties of materials can also be determined
by the Boltzmann equation in the hydrodynamic regime. The Boltzmann equation describes the time
evolution of the distribution function of the particles of the fluid. This distribution function fyg
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3.5 Ansatz for out-off equilibrium function in the Boltzmann equation

consists of an equilibrium distribution of the fluid f/g(,? and an out-off equilibrium correction § fig,

i.e, firr = f/g(,? + dfak. The equilibrium distribution function is given by a Fermi-Dirac distribution
function, while the out-off equilibrium correction denoting the response to a perturbation which in the
case of the viscosity the gradient of the drift velocity dug/0x, is unknown.

In this section, we derive an ansatz for this out-off equilibrium distribution function from the Hamil-
tonian of a perturbed, two-band system. This Hamiltonian is given by

R R (3.44)
Vo Lo

with Lo = —2apg + %5(15 being the strain generator coupling to a velocity gradient du,/0xz3. Upon

inserting this definition of the strain tensor into the above equation and applying integration by parts

for the term proportional to —z,ps and using that the momentum is defined as pg = —ihd,,, for the

term proportional to d,g, we find

My = /V d2zif (% pguﬁ[1—L])¢m (3.45)

The energy €y, of the system is modified by the drift velocity u. We can thus write for the distribution

function )

(exp—ppus(1-8as/2)) /T

o= +0/xp (3.46)
1+e
where the energy dispersion €y, of the equilibrium distribution function is replaced by the modified

energy. In leading order of the velocity gradient g%g, we find

‘ZJE; _ _ka‘gzz< . 8@{%) [1 - 5aﬁ/2] . (3.47)

Upon inserting the above expression into the Boltzmann equation, it holds for the Boltzmann equation
in the relaxation-time approximation

O frk

dap Gua of
WJF”fkka(l_ 5 ) fAlc(l_fAlc)/T—_i

, 3.48
Tdis ( )
where 7g;s is the scattering time due to impurities in the system and d fx, = far — <f /\k> with < fAk>

being the angular average performed over the directions of k. In the following, we take a closer looﬁ

at the term proportional to the velocity gradient

(02 ke — 02 kabup/2) = (03 ko — gelj’“k Sap/2). (3.49)
H,_/
RENE
The term proportional to d,5 can again be rewritten as the energy ey of the unperturbed system.
Using this approximation, we obtain, upon solving the Boltzmann equation (3.48), for the out-off
equilibrium correction in the relaxation-time approximation?

T—lf(o)(l o f(O)) aua
O =D Tglkk (vhka — exrdap/2) 52 o (3.50)
afB is

2In the relaxation-time approximation, we assume that the energy can only relax via scattering off impurities within
the scattering time 74;s and no other processes are taken into account.
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3 Viscosity in lattices with pseudospin

Now, knowing the out-off equilibrium correction, we are able to determine the dissipative part of
energy-stress tensor

<7’a5> = Z/ 0\ 1ks0 fak
2 k
—1 0007 £(0)
— Z/k’(f{kk‘dz T Fa a {)\k) )
A af

—lw — Tdis

(3.51)

which defines the viscosity tensor in the relaxation-time approximation. When we want to go beyond
the relaxation-time approximation and take also scattering processes due to Coulomb interaction into
account, we generalize the above expression for the out-off equilibrium distribution function to

JG :
Sfae = - F\0 (1 - i(,?)hm, (3.52)
with
hae = o, (3.53)
afB

where the function gfk is can be expanded into a set of basis functions which are weighted with

unknown coefficients qpﬁ , L.e., gfk =>. wﬁgsg”}c.

3.6 The Lower Bound

So far, we defined the viscosity tensor and showed how the viscosity can be determined in different
formalisms. However, we have not introduced a measure for the magnitude of the viscosity, or in
other words: we have no indicator if the determined viscosity is large or not. In the following section,
the ratio viscosity n over entropy density s is introduced for this purpose. We repeat the arguments
of Kovtun, Son, and Starinets [18] and show that there exist a lower bound for the ratio n/s. The
closer the ratio /s of a fluid is to the lower bound, the more perfect the fluid is. Here, a fluid with
zero viscosity is referred to as an ideal fluid. Most fluids have a ratio of /s which is larger than the
lower bound, and so far all known condensed matter systems fulfill it. However, there are systems in
cosmology [52-57] and an ultra-cold gas system [58, 59] which violate the lower bound in the second
part of this section.

Furthermore, in the third part of this thesis, we present the up to our knowledge first condensed
matter realization which violates the lower bound of n/s. These systems are the anisotropic Dirac
system (ADS) and the viscosity of these systems and the violation of the lower bound is discussed in
Chap. 9.

3.6.1 Derivation of the lower bound

In order to derive the famous lower bound of the ratio n/s the anti-de Sitter/conformal field the-
ory (AdS/CFT) correspondence is applied. The AdS/CFT correspondence connects the N' = 4
super-symmetric Yang-Mills (SYM) theory in the strong coupling, large N limit with a classical ten-
dimensional supergravity theory [60-63].

The idea behind this correspondence is the following. In a type IIB string theory, N black branes are
stacked on top of each other [64]. Black branes are black holes with translationally invariant horizons
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3.6 The Lower Bound

in higher-dimensional gravity theories [18, 65]. The N'=4 SYM is the low-energy theory which lives
on the branes [64] and the typical parameters are the gauge coupling ¢ and the number of colors N.
This theory describes a strongly coupled quark-gluon plasma. For large N the stack of the branes has
a large tension, which curves space-time [64]. In the limit of large 't Hooft coupling A = ¢g?N, the
curvature radius of the space-time is large in comparison to the string length, and the string theory
can be reduced to a ten-dimensional supergravity theory [66]. Thus, the physics of a strongly coupled
field theory can also be described by a higher dimensional, classical gravity theory.

As a consequence of the AdS/CFT correspondence, the viscosity 7 can be calculated by the ab-
sorption cross section o(w) of a graviton polarized parallel to the brane which falls in a 90 degrees
angle on the brane. This absorption cross section is defined by the correlation function between two
energy-stress tensors as it is the case for the viscosity tensor, see (3.36). Hence, the absorption cross
section and the viscosity are connected via

K2

o(w) = = / dtde et <Txy(t7:c),Txy(O,O)>

w
= 2r%n(w)

(3.54)

where £ = V87mG and G is the ten-dimensional gravitational constant [64]. This cross section is
calculated upon linearizing the Einstein’s equations which connects the Einstein tensor describing the
curvature of the space to the energy-stress tensor and thus solving this linearized wave equation.

Furthermore, the entropy of the strongly coupled quantum field theory can also be determined by
the AdS/CFT correspondence, since the entropy of the field theory is equal to entropy of a black brane.
The entropy of a black brane is proportional to the area A of its event horizon [18]

A
s=2. (3.55)
The entropy density s is given by s = a/(4G) with a = A/V. After determining these quantities,
Kovtun et al. [18] find
n. 1 h _ 1370,
. > P 6.08 x 107 Ks. (3.56)
The ratio of these two quantities cannot become smaller than the ratio of the reduced Planck constant
and the Boltzmann factor. Naturally the question of the physical meaning of this lower bound arises.
This question can be answered in the following way: The viscosity of a system is proportional to the
transport mean free time of a quasi-particle 7 and the energy density ne, i.e., 7 &« Tn., while the
entropy density of the system is proportional to the particle density n and the Boltzmann constant,
i.e., s < kgn. Thus, the ratio of viscosity over entropy is proportional to n/s kglrne/n, where n./n
is the energy per particle. Due to Heisenberg’s uncertainty principle, the product of n./n and 7 cannot
be smaller than # and we find the bound condition n/s 2 h/kp. Another interpretation can be given

upon taking into account that the ratio viscosity over entropy is also proportional to

n Emfp
-~ — 3.57
1. bl (357)

where /5, is the mean free path of the quasiparticles and A denotes the de Broglie wavelength [66]. If
the quasi-particle picture is valid, ¢, has to be larger than A which leads again to the lower bound
for the ratio.

Up till now, all known condensed matter systems fulfill the lower bound. The temperature depen-
dence of the ratio n/s for different fluids such as helium, nitrogen and water can be found in Fig. 3.2,
where we see explicitly that these fluids have a ratio n/s which is well above the lower bound.
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Figure 3.2: The temperature dependence of the ratio n/s for different fluids. The figure was
taken from [18].

3.6.2 Violation of the lower bound

Soon after the introduction of the lower bound to the ratio 1/s, some counter examples where found.
These systems are anisotropic black holes where the anisotropy is introduced by higher order deriva-
tive theories of gravity [53-55]. It was shown that when these systems violate the lower bound, the
microcausality in the conformal field theory is violated which makes the theory inconsistent [54].

Another example which violates the lower bound is an anisotropic, strongly coupled N' = 4 SYM
where the anisotropy is introduced by an additional parameter which depends linearly on one of the

spatial dimensions [52]. The corresponding gravity theory is given by an anisotropic axion-dilation-
gravity background [52].

The violation of the lower bound can also be found in super-conformal gauge theories with non-

equal central charge [56] and in black branes which break rotational symmetry while preserving the
translational invariance [67].

These are all examples of systems violating the lower bound in cosmology. But, another system
violating the lower bound which is not an anisotropic black hole are the ultra-cold atomic gases in an
anharmonic trap [58, 59]. The interaction between the ultra-cold gases can be tuned via a Feshbach

resonance [68] to the very strong coupling limit. Upon making the trap potential extreme anisotropic,
the ratio n/s can theoretically violate the lower bound.

We have seen that anisotropic black holes and ultra-cold atomic gases in an asymmetric trap can

violate the lower bound. In Chap. 9, we study the first condensed matter system which will violate
the lower bound.
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3.7 Summary

3.7 Summary

In this chapter, we defined the viscosity tensor which connects the energy-stress tensor to the gradient
of the drift velocity

Oug
Top = Z"“Waixv . (3.58)
7%
The energy-stress tensor can be derived from the total strain generator J,g, i.e., Tog = —0tJag- The

strain generator consists of a contribution acting on the spatial coordinates L,3 = {zqa,ps}/2, while
the other contribution acts on the pseudospin space So3 = i[Sa, Sp]/2. Furthermore, we derived the
Kubo-formula for the viscosity which is given by

Im XTC,[;T,Y(;

7704676(‘*)) = WDaﬁvéé(W) - T ) (3.59)

where xr,,7., is the correlation function of two energy-stress tensors and Dygys the corresponding
Drude peak. In the next section, we derived using momentum conservation and the respective Ward
identity the scaling factor of the viscosity under a renormalization group (RG) analysis and found

n(w,T) = b nr(Z3 w, Z7'T) . (3.60)

Next, upon determining the viscosity in the hydrodynamic regime with the help of the Boltzmann
equation, we derived the ansatz for the out-off equilibrium contribution & fy, = f/g(,)c)(l — fi(;))h)\k /T
with 9
U
h,\k = Z (Ufkka — 6)\]@(5&5/2) Jg,\kﬁ . (3.61)
B 8%5

In the last section the famous lower bound of the ratio viscosity over entropy density

h
4rkp

» |3

(3.62)

was obtained and a physical interpretation was given.
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Chapter 4

Field theoretical description and the
Coulomb interaction

Graphene is a two dimensional material consisting of carbon atoms ordered in a honeycomb lattice. It
is a material with many fascinating properties, such as a high mobility of the charge carriers at room
temperature, a high transmissivity of optical light and its the strongest material in the world [69-71].
Graphene is also the building block of many carbon based crystals due to its high flexibility. If one
rolls graphene up, one obtains the one-dimensional carbon nanotubes, whereas the three dimensional
graphite crystal is build up of many different layers of graphene which are stacked on top of each other.
It was long believed that graphene does not exist on its own due to the the thermodynamical unstable
behavior of two dimensional crystals predicted by Landau and Peierls [70] and manifested further by
Mermin [72]. Nevertheless, it rose the interest to theoretical studies as a building block for graphite.
Already in 1947, Wallace predicted the band structure of graphene [73] and further studies followed by
McClure [74] and Slonczewski [75]. It took almost 60 years untill graphene was experimentally isolated
by Novoselov et al. in the year 2004 [76]. They used mechanical exfoliating techniques, where they
repeatedly peeled different layers from a graphite crystal with the help of an adhesive band until they
isolated a graphene flake. In 2010, Andre Geim and Konstantin Novoselov were awarded the Nobel
Prize in physics for the discovery of graphene.

A further characteristic of graphene lies in its linear, gapless energy dispersion at the Dirac points.
Because of the linear energy dispersion, the quasiparticles of graphene can be described by massless
Dirac fermions, which makes graphene a quasirelativistic system. Hence, we have in graphene a con-
densed matter system that can simulate quantum electrodynamics in 24+ 1 dimensions. The difference
to QED2,1 is that the Dirac fermions of graphene move with the Fermi velocity vp = 1 - 106% [69]
which is approximately 300 times smaller than the speed of light ¢. The electron-electron Coulomb
interaction can thus be regarded as instantaneous.

The influence of the Coulomb interaction can be found in the hydrodynamic regime of graphene, where
we see the breakdown of the Wiedemann-Franz law [28], a giant magnetodrag [32], and a local nega-
tive resistivity [30]. Further sings of the effect of the Coulomb potential are found in the logarithmic
divergence of the Fermi velocity [6], and angular resolved photoemission spectroscopy [23].

In the first part of this chapter, Sec. 4.1 and Sec. 4.2, we will lay the foundations for a theoretical
description of graphene. Thereby, we will start with the tight-binding description of graphene and
define the most important operators in this description such as the current operator. Further using
the tight-binding model as a starting point, we will derive the relativistic Dirac model. After being able
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© ©

Figure 4.1: The structure of graphene is a honeycomb lattice spanned by the Bravais lattice
vector a; and as. It has a two-atomic basis with the basis vectors vy 2 depicted by the red and
blue color of the carbon atoms. The nearest neighbor vectors are u, = &, + v2 — v1 with the
nearest Bravais lattice vectors d; = (0,0), d2 = a2, and d3 = as.

to describe the non-interacting graphene, we want to pose, in the second part of this chapter, Sec. 4.3,
one of the main questions asked in this thesis: What is the role of the Coulomb interaction acting
on the electrons of the system and how can this influence of the interaction on optical and transport
properties be described theoretically.

4.1 The tight-binding description

Graphene as a two dimensional (2D) crystal consists only of one layer of atoms. Due to the sp’-
hybridization of the s- and p-orbitals of the carbon atoms, graphene has a honeycomb structure. This
structure can be described by a lattice with a two-atomic basis which is generated by the Bravais
lattice vectors R; = i1a1 + i2ay with 1,40 € Z. The primitive vectors have the form

a; = g (?) and ag = % <_§/§) , (4.1)

where a is the carbon-carbon distance. The two-atomic basis of the lattice is given by the basis vectors
v1,2 where we choose v1 = 0 and vy = (0, —a), and is depicted by the red and blue atoms in Fig. 4.1.
The tight-binding Hamiltonian models the kinetic energy of the electrons hopping from one site to
another site and is defined as

How= 3 —tum (agni)Rm +aan§}%m) , (4.2)
(Rt

where the fermionic operator dkn creates an electron at the site (Rn, '01) and the operator lA)TRn creates

an atom at the same site (Rn, vg), while the operators ag, and b Rr,, annihilate an electron from the
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4.1 The tight-binding description

Tight-binding Model (TB) Dirac-Model

Figure 4.2: The energy dispersion of graphene is shown. The two energy bands touch at two
points in the first Brillouin zone indicated by the red line. These points are known as Dirac points
and a linear energy spectrum emerges around these points.

respective site. The kinetic energy needed to jump from site (R,,v;) to the site (R,,,v2) is given

by the hopping matrix element ¢, !. In the following, we will restrict ourselves only to nearest

neighbor hopping and introduce the Fourier transformation ¢g, = \/LN S elkRig, with ¢ € {a,b}. The
k

Hamiltonian of the tight-binding model in momentum space can now be cast into the form
0 h a
_ _ t t k k
Ho = tzk: (af ) (h;; . ) (bk> , (4.3)

hi = 1+ elkar 4 gikaz (4.4)

with

For our choice of the primitive vectors, we find hy, = 1 + 2 cos (‘@k@t) i3kve The energy dispersion

of graphene consists of two energy bands which are given by:

1 k
€4p = Et|hg| = £t, |3+ 2cos \/§akx + 4 cos —\/gakx cos Saky . 4.5
2 2

The two energy bands touch at two points in the first Brillouin zone, as can be seen in Fig. 4.2. These

two points are known as Dirac points and are positioned at K4 = 2& [ £-L 1). A linear energy

3 \ T3
dispersion emerges around these Dirac points and we will derive the Dirac model for graphene in the
next Sec. 4.2. But before we study the Dirac model in more details, we will define different important
quantities of the tight-binding description needed in the remainder of the thesis.

!The braket notation in the summation index should indicate that we do not double count the hopping processes.
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4 Field theoretical description and the Coulomb interaction

-1

One of these quantities is the Matsubara Green’s function which is given by Gy 5., = (iw — ’Ho) and

has the explicit form
- 1 —iw thg
G = w2 + 12| hy |2 (t hj, —iw) ' (4.6)

The other quantity which needs to be defined in the tight-binding description is the electrical current j
This operator can be derived in two different ways. One way is the well known Peierls substitution [77]
and the other way is the calculation of the time derivative of the polarization operator after Mahan [39].
In the following, we briefly sketch the two approaches that give identical results. Let us first start with
the derivation by Mahan. According to Mahan, the electrical current is defined by the formula

J =i[H, P (4.7)

with the polarization pP= >; Rin; which can be derived using the continuity equation of the particle
density. In our honeycomb lattice with the two-atomic basis, the polarization operator consists of two
parts, one part describing the density of the electrons on the A sublattice and the other part is the
density of the B sublattice, leading to the following expression of the polarization operator

P:—tz

After computing the commutator of Eq. (4.7), we find for the current operator

R + ’U1 CLL aR; (RZ + ’02) IA);LIA)RZ] . (4.8)

R = —it Z (6a + vo — ’Ul) (&TRZ.I;R¢+6O¢ — &Rii);?r&-tsa) s (4.9)
€2,

with ;1 = 0, 02 = a1 and d3 = a2 and the nearest-neighbor vectors u, = 8, + vo — v1.
The same expression can also be obtained by the Peierls substitution [77]. In an electromagnetic
vector potential A the hopping element ¢ gains an additional phase when the electron jumps along
the direction of the nearest-neighbor vector u, to a neighboring site, i.e., t — ¢ e®4% Upon
differentiating the modified Hamiltonian with respect to the vector field A, one obtains the electrical
current, i.e.,

5o OHor(t — t eleAua)

S DA

(4.10)

)

0

which also leads to Eq. (4.9). The Fourier transform of the current operator is

Tq =" (thyy Dhpg) T(k0) (‘;:) (4.11)

k

with
0 Jrt
j k7q = - a
(k,q) <.7k+q 0

it 0 1 0 elka1 0 elk-az
:_ﬁ us 10 + uy —ei(k_'_q).al 0 + u 76i(k:+q)~a2 0 ’
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4.2 The Dirac model

The different components of the current operator can be rewritten using the function hg in the g — 0
limit. We find for the z-component:

Vita | V3 0 eizkya
T (k,q) = 5 Sin 7]{:33& o—idhya 0
(4.12b)
_t 0 Ok, e
b\ Oy 0 ’
and for the y-component:
it 0 cos <\é§kwa elzkva _ 1
TV (k,q) =~

’ h \/gk —i3kya 1

—cos | Skza ) e 2 + 0 (4.12¢)

_ o0 30k —a
TR\ So by +a 0 '

4.2 The Dirac model

In this section, we are going to derive the Dirac-Hamiltonian from the tight-binding description and

study the symmetries of the system. For a more detailed study of the symmetries of graphene, we refer

to Refs. 78 and 79. In the tight-binding description, we have seen that the two energy bands touch
27

1>. A

in two points of the first Brillouin zone. These points are the Dirac points K4 = % | &

1
\/g’
linear dispersion relation emerges around these points. By expanding the function hx yr, Eq. (4.4),
around these two points we find the Dirac-Hamiltonian?

T
Lt .

‘fTK++k 0 ky — iky 0 0 UK 4k

b ky + ik 0 0 0 br  +k
Hp = Tk v : R I 413
b ”Fk/ b ok 0 0 0 —hetiky | | b s (4.13)

d}{_+k 0 0 —ky —iky 0 AK_ 1k
where k is the relative momentum to the Dirac points and vp = %ta is the Fermi velocity with

vp ~1-10%2 [69]. This Hamiltonian can be compactly written as:

Hp = vp / Ui ® (k:gcax + ky0y> Ty, (4.14)
k
where the Pauli-matrices o, and o, describe the pseudo-spin which arises due to the two sublattices

of graphene and the Pauli-matrix 7, describes the subspace of the two Dirac cones. The system
consisting of two Dirac cones is invariant under spatial inversion P, i.e. Hp — PHpP ' = Hp. The

2Note that we interchanged the operators of the A- and B sites for the Dirac point K _.
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4 Field theoretical description and the Coulomb interaction

spatial inversion exchanges both the A- and B-sublattices as well as the Dirac points and the spinor
transform as [78]

(?K++k brk_—k

A b P o2 aK_

U= | Kotk | Bpyy = [TE-—F] (4.15)
bk _+k UKk
AK_+k br, K

with P = 7, ® 0p and P? = 1. Here, oy is the 2 x 2 unity matrix. The Hamiltonian density Hp
of Eq. (4.13) has to fulfill the condition PHp P = Hp _k, in order to conserve the spatial inversion
symmetry. Another symmetry of the system is the time reversal 7 which only interchanges the Dirac
points and the spin but nothing else. The spinors transform under time reversal as [78]

UK 4 +k OK_—k

- b - b _

U = | Kotk | Lo, = | VKK | (4.16)
br_ 1k br, &k
aK +k aK, —k

with 7 = 7, ® 0, and 72 = 1 3. The invariance under time reversal is only fulfilled, if the Hamilto-
nian density obeys the condition 7 HY}, ., 7 = Hp, _k, which is here the case. We have seen that both
symmetries P and T are only fulfilled dpon taking both Dirac cones into account. An other symmetry
of the Eq. (4.13) is the chirality. The chirality operator 4° can be introduced to the Hamiltonian by
defining the y-matrices: v = —it, ® (04, 0y, 02), 70 =7, ® 09, and 7° = i7%y14243. Since the chirality
operator commutates with the Hamiltonian, +° is a conserved quantum number and its eigenvalues
denote the chirality and we find that the two Dirac cones have the opposite chirality. In this thesis,
the effect of the Coulomb interaction on two different transport quantities, the conductivity o and the
viscosity 7, is studied. However, the Coulomb interaction does not break chiral symmetry of graphene
except for the Hall conductivity. Thus, we can treat the two Dirac cones separately and the Dirac
Hamiltonian of graphene can be described by a 2 x 2 matrix

Hpirac = Nov / QZ)LUF (kxam + ky0y> T/A)k > (4'17)
k

where N, = 4, since we find two possible spin-directions of the electron and two different Dirac cones.
This Hamiltonian describes massless Dirac fermions with the energy dispersion

exk = Aph|k|, (4.18)

where A is the band index with A = +1 for the conductance and A = —1 valence band. What still
remains to be done, is to define the Matsubara Green’s function of graphene in the Dirac model. It

holds .
lwap + vpko

w? + (Upki)2 ‘
The current operator of the Dirac model is derived using the minimal substitution k — k — eA and
taking again the derivative of the modified Hamiltonian with respect to the vector potential A. It is

5# = e/qﬂ;rco'#?])k. (4.20)
k

Gk,iw = (lw - HDiraC)_l = (419)

3Here, T is the unitary part of the time reversal operator § = 7C with C being the complex conjugation.
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4.3 Coulomb interaction in Graphene

This expression is in agreement with the continuum’s limit of the current operator of Eq. (4.12).

4.3 Coulomb interaction in Graphene

What role plays the Coulomb interaction in graphene? This frequently asked question is studied in
this section. Especially since shortly after the discovery of graphene, many experiments showed no
pronounced signature of the Coulomb interaction. The minimal conductivity in disordered samples [80],
the odd-integer quantum Hall effect in high magnetic fields [3] and the observation of Klein tunneling
through a potential barrier [2] can be explained with a theory of free, noninteracting Dirac fermions.
However, while cleaner samples of graphene become accessible, the influence of the electron-electron
Coulomb interaction was observed in such phenomena as the fractional quantum Hall effect [4, 5],
hydrodynamic behavior [21, 28, 30-32, 34, 81], the logarithmic divergence of the Fermi velocity [6],
and angular resolved photoemission spectroscopy [23]. We want to give an overview of the expected
role of the Coulomb interaction in this section and show how the Coulomb interaction is theoretically
treated in the Wilson RG approach.

4.3.1 The role of Coulomb interaction in Graphene

The repulsive interaction between two equally charged particles is the Coulomb interaction. The
interaction Hamiltonian describing the Coulomb potential of two Dirac fermions is

/ / Sl S b by, (4.21)

"elr — /|

where € = (e1 + €2)/2 is the dielectrical constant which consists of the sum of the two dielectrical

constants of the materials on either side of the graphene sheet. The Fourier transform of the Coulomb

potential is proportional to V(q)sp = fﬁg for three dimensional crystals. However, in the two di-

mensional graphene, the fermions hve 1n 2D while the Coulomb interaction still acts in the three
dimensional space, i.e. V(q)sp = Thus, the Coulomb interaction has to be projected to the

(q + aj)’
two dimensional space of the fermions by integrating out the perpendicular momentum component ¢ .
The Fourier transform of the Coulomb potential for graphene has the form

2me?

elg|

V(g) = (4:22)
where the momentum g now lives in the plane of the honeycomb lattice. At the Dirac point, this
Coulomb interaction is not screened because of the vanishing density of charge carriers which will
lead to logarithmic divergent corrections, as we will see in the following section. The strength of the
Coulomb interaction is governed by the coupling constant

62

a= (4.23)

€ th '
For vacuum e = 1, the coupling constant of graphene is a ~ 2.2 which is approximately 300 times
larger than the fine structure constant of QED, agrp = ﬁ, whereas for graphene on a SiO4 substrate
with € ~ 3.9 [82], we find a ~ 0.79. Hence, the value of the coupling constant can be manipulated
by the substrate on which graphene stands. The influence of the variation of strength of the Coulomb
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4 Field theoretical description and the Coulomb interaction

—>»—p—
a. ~ 1.1

Figure 4.3: The semi-metal to insulator transition induced by the Coulomb interaction calculated
by Monte Carlo methods.

interaction was studied by Refs. 83, 84, and 85. Upon applying a lattice Monte Carlo method, they
found a phase transition between a semi-metal and an insulator. The critical coupling constant are
at a. = 1.1 for the fermion flavor Ny, = 2 and a, = 1.59 for Ny, = 4 [84]. This phase transition is
depicted in Fig. 4.3. Hence, these lattice Monte Carlo simulations predict that suspended graphene
has a gapped energy spectrum. However, the precise value of a. is expected to depend on microscopic
details such as the regularization scheme used to reach the continuum’s limit. In addition, there
is no experimental evidence that free standing graphene is an insulator and thus we will treat the
coupling constant of graphene as being smaller than the critical coupling constant. Thus, because of
the experimental observation that the Coulomb interaction does not gap the system, the Coulomb
interaction conserves the chiral symmetry.

4.3.2 Wilson RG in Graphene

The renormalization group analysis is a powerful theoretical approach that uses the change of different
observables under scale transformation.

In the high-energy physics context, the logic is as follows: Upon calculating the scattering cross
section of particles with perturbation theory in the coupling constant «, ultraviolet (UV) divergences
were found for the different correction terms, whereas the experiment indicated a finite result. In the
RG-analysis, the UV divergences are regularized by a high-energy cut-off A and the coupling constants
are chosen in such a way that they incorporate the cut-off and thus the final physical observable
becomes finite and cut-off independent. That means that for different values of the cut-off one finds
different values of the coupling constant. In high energy physics, it is natural to send the cut-off to
infinity, A — oo, at the end of the day.

In condensed-matter physics applications, the situation is a different one. In contrast to high-energy
physics, there is a natural cut-off in the system which is the inverse of the lattice constant, A o a™!.
Also we are not interested in the regime of high energy but in a low energy description of the system
which describes long range physics. This means we use RG in a conceptual different way than in high
energy physics. This "new” RG was first thought about by Kadanoff [86] and Wilson [87, 88]. The
fermionic fields are separated into slow and fast modes, where the slow modes are given by 1/1,? = Y
for 0 < k < A/b and the fast modes are ¢ = ¢, for A/b < k < A. The function b is b = €' with [ as
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4.3 Coulomb interaction in Graphene

Figure 4.4: The fast modes 1, are integrated out and the action is rescaled to the new cut-off
A/b — A by introducing rescaled momenta k' = bk.

the RG flow parameter. Next, fast modes are integrated out and the system is described in terms of
the slow modes with the new cut-off A/b. After rescaling the momenta and frequencies of the system,
k' = bk and w’' = bw, which now run up to the old cut-off A, the only thing which remains to be done,
is to introduce rescaled fields wbi ! bl = ZypYr .. Fig. 4.4 shows schematically this renormalization
procedure. For a detailed review on the Wilson RG, we refer to Ref. 89.

Now let us focus on the Wilson RG for clean graphene. The action of clean graphene at the charge
neutrality point, i.e., the chemical potential is zero p = 0, is

A . N 2me? ~i - AL oA
S = Nsv/ w} [_1wn00 + VUFO - p] Yp+ / W"p;&l ¢P1+Qw;2¢P2—Q ) (4‘24)
P

Q,P1,P>

where P is the four component vector P = (wy, p) with the Matsubara frequency w,. Furthermore, it
is [p = TZ f 2 with T’ Z being the Matsubara sum*. The first part of the action describes non-

interacting graphene and the second terms arises due to the Coulomb interaction. For the tree-level
RG, which is the zeroth order in the RG equation, we introduce the rescaled variables

p = bp (4.25)
o= bw (4.26)
T = . (4.27)

It follows for the rescaled fields that the scaling factor is Z; = b%. A consequence of this rescaling is
that the Coulomb interaction is marginal for graphene, i.e., it is invariant under the RG flow. This
is a consequence of the fact that the kinetic energy of graphene is of the same order of magnitude as
the Coulomb interaction. Only further orders of the RG equation will decide, whether the Coulomb
interaction is marginal irrelevant or marginal relevant. The next order in the RG-calculation is given
by corrections due to one loop diagrams. The crucial diagram which contributes to the quantum
corrections is the Fock self energy

A/Jb<|k—K'|<A e
S(k)=-TY / e G

’ |k — K| (4.28)

~ %vpka logb+ O (k2) .

4Let us also introduce the notation f = f % for the remainder of this thesis.
k
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4 Field theoretical description and the Coulomb interaction

The Hartee self energy does not contribute to the quantum corrections because of the overall charge
conservation of the system and is also responsible that the chemical potential is fixed to zero. Fur-
thermore, the Fock self energy contribution is frequency independent which leads to the fact that the
electrical charge e will not be renormalized in the RG-flow. (Only higher order diagrams in the RG
[90, 91] or strong coupling effects [92] will lead to a renormalization of the electrical charge.) The
rescaling factor of the electrical charge Z. is defined over the Ward-identity

B 0¥(k,w)\
Fk =€ (1 81&)) == CZe, (429)

where I'y is the vertex correction. This relation is derived from the charge conservation of the system.
Thus, the self energy correction renormalizes only the Fermi velocity of graphene:

VF — UF <1 + %log b) . (4.30)

A consequence of the renormalization of the Fermi velocity is that the momenta and the frequen-
cies/temperature scale differently. We find for the scaling function Z, = Zr of the temperature 7" and
the frequency w

Z7(b) = (1 - %Iog b) bt (4.31)

The renormalized temperature is thus given by T' (b) =Zr 7, where T is the initial value at b = 1,
i.e., the physical value of the temperature. We see that with increasing RG flow, the renormalized
temperature increases. The frequency behaves analogous to the temperature. For the rescaled fermionic
fields, the scaling factor is given by Z,, = b Z, ! These rescalings also affect the Coulomb interaction.
We find for the coupling constant which determines the strength of the Coulomb interaction the
following flow equation:

da(b) 1 2
=——a(b)". 4.32
dlogh 4" (%) (4:32)
The solution to this equation is
@
= — 4.33
o(b) 1+ 9logb’ (4.33)

where « is again the initial value of the RG flow (i.e., the physical value of the coupling constant).
Thus, as the RG flow increases with increasing b, the coupling constant decreases. Hence, the Coulomb
interaction is a marginal irrelevant interaction in graphene.

As it is shown in Ref. 93, clean graphene is located at a quantum critical point for T'= B =y =n = 0.
(Fig. 4.5 shows the quantum critical phase diagram as a function of the carrier density n and the
temperature T. At T = 0, we see the phase transition from an electron Fermi liquid with a large
circular Fermi surface to an hole Fermi liquid with an equally large circular Fermi surface where the
phase transition is tuned by varying the doping of the system. Using crossover scaling arguments
around the quantum critical point, the behavior of different physical quantities can be predicted. It is

O(T,w,a) = ZoO(Z:  (W)T, Zz' (b)w, a(b)) = ZoOr (4.34)

where O(T,w, ) is the physical observable, O the renormalized quantity, and Zp the scaling factor of
the observable. One example for the combination of scaling arguments and RG analysis can be given by
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[Reprinted figure with permission from Daniel E. Sheehy and Jorg Schmalian,
Phys. Rev. Lett. 99, 226803 (2007). Copyright 2007 by the American Physical Society]

Figure 4.5: Quantum critical phase diagram of graphene as a function of the carrier density n
and temperature T, for the vacuum case € = 1 taken from [93].

the electronic compressibility x~!(T) of graphene. Hereby, we follow closely the steps of Ref. 93. After
renormalization, one finds for the number of charge carriers per area the following scaling behavior
n(T, p, ) = b~2np. Since the compressibility is obtained by differentiating the charge carrier density
with respect to the chemical potential p, the scaling of the compressibility is given by x = b_2Z; Len.
The renormalized compressibility is defined in a regime with a small effective coupling constant a(b)
and a high temperature 7'(b). Since the temperature cannot become larger than Ty = D/kp with
the bandwidth D = hAvpA, we find the renormalization condition 7'(b*) = Tp. Furthermore, the
renormalized high temperature compressibility can be approximated by the free fermion result, i.e.,

k'~ 7(hor)?/(4kpTolog 2). This yields
7 2
& 0

In the same manner, the charge carrier dependence of the incompressibility can be found with £~ (n) =
hop /ﬁ <1 + § log ) with ng = A%/7. In Fig. 4.5, the experimental data for the dependence of the

inverse compressibility on the charge carrier density measured by Martin et al. [94] is shown. There is
a very good agreement between the experimental data and the theoretical prediction. Another example
for the agreement between the RG prediction and the experiment is the measurement of the Fermi
velocity, see Fig. 4.5. In this experiment [6], Elias et al. measured for differently doped graphene in
a magnetic field B the Shubnikov—de Haas oscillations and deduced from this oscillations the Fermi
velocity. The Fermi velocity shows the logarithmic divergence due to the Coulomb interaction predicted
by the RG calculation. We can conclude that the RG-analysis captures pretty well the influence of the
Coulomb interaction on physical quantities.

In this thesis, we will follow this reasoning, using RG in combination with the scaling behavior of the
physical observable, in several different places.

I{_I(T) o W(ﬁ’UF)Q

=7 4.
4kpT log 2 (4.35)

ng
In|
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(a) Fermi velocity (b) inverse compressibility
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[Adapted by permission from Springer Nature, Dirac cones reshaped by inter- [Reprinted figure with permission from Daniel E. Sheehy and Jorg Schmalian,
in suspended graphene, Phys. Rev. Lett. 99, 226803 (2007). Copyright 2007 by the American Physical Society]
, R. V. Gorbachev, A. S. Mayorov, S. V. Morozov, A. A. Zhukov, P.
Blake, L. A. Ponomarenko, I. V. Grigorieva, K. S. Novoselov, F. Guinea, and
A. K. Geim, Nature Physics 7, 701, Copyright 2011]

Figure 4.6: Measured data of the renormalized velocity and inverse compressibility. In panel (a)
the experimentally measured Fermi velocity is depicted and we can observe clearly the logarithmic
divergence of vp. (This figure was taken from Ref. 6). In panel (b), we see the inverse compress-
ibility which is also logarithmically diverging. The data of x~! was measured by Martin et al. [94],
while the figure was taken from Ref. 93.
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Chapter 5

The conductivity in graphene

One of the most important transport properties in a condensed matter system is the conductivity. It
describes the response of the quasiparticles with an electrical charge to an applied electrical field. In this
chapter, the conductivity of graphene at the charge neutrality point is studied in the hydrodynamic and
in the collisionless regime. The charge neutrality point is characterized by zero chemical potential p. In
the hydrodynamic regime the shortest time scale is the relaxation time due to collisions, i.e., 77 > w,
and thus collision processes between the electrons determine the physics, whereas in the collisionless
regime the fastest time scale is the excitation frequency of the electrical field, i.e., w > 77!, which
leads to the fact that collisions can be neglected. For a more detailed description of the two regimes,
we refer to Chap. 1.

In Sec. 5.1 we start in the hydrodynamic regime. Here, the conductivity of pristine graphene
is proportional to «(7T)~2 as was shown by Fritz et al. in Ref. 19 using the Boltzmann equa-
tion. With increasing temperature, the low-frequency conductivity converges to its universal value
oo(Dirac)disorder = %%, which arises due to disorder in graphene and is determined in the self-
consistent Born approximation, see Ref. 95.

In the remainder of this chapter, we will focus on the collisionless regime. First we will point out
the connection between the optical conductivity and the light transmissivity through graphene and
discuss experimental data of the transmissivity [22]. These data points of the light transmissivity
can be theoretically described already quite well by noninteracting Dirac fermions which raises the
question of the role of the Coulomb interaction in graphene. This question is a frequently and very
controversially discussed question in the literature [7—17]. The course of this discussion is elaborated in
Sec. 5.2.2. The reason for this debate is that the involved Feynman diagrams are each logarithmically
divergent in the Dirac model and need to be regularized. Depending on the regularization scheme
used one finds different answers. In Sec. 5.4, we demonstrate which subtleties have to be considered
upon using the different regularization schemes in the correct way. We also show that dimensional
regularization (DR) in combination with the Wilson renormalization group (RG) analysis leads to a
non-commuting order of limits between the parameter of the dimensionless regularization ¢ and the
UV cut-off A to which we refer to as UV quirk. And we further elaborate Ref. 15 which shows how
DR can be correctly used if it is combined with a continuum field RG.

In the Sec. 5.3, we present a calculation of the optical conductivity of graphene which is independent
of any regularization schemes. This calculation of the optical conductivity is performed in the tight-
binding description. The advantage of the tight-binding model over the Dirac model is the natural

momentum cut-off in the system, which is the inverse lattice constant A ~ a~!.
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5 The conductivity in graphene

To this end, we give a final answer to the question of the importance of the Coulomb interaction
on the optical conductivity in graphene upon presenting a regularization independent calculation and
demonstrate the correct way to apply the different regularization schemes in the Dirac model.

Sec. 5.3 and Sec. 5.4 are based on my work in collaboration with Peter P. Orth, Daniel E. Sheehy
and Jorg Schmalian which is published in Ref. 16.

5.1 ... in the hydrodynamic regime

In this section, we present the results for the conductivity in the hydrodynamic regime (77! > w)
obtained by Fritz et al. in Ref. 19. In the hydrodynamic regime, the dominating physical processes
are the collisions between the electrons due to Coulomb interaction. In this regime, the method of
choice to determine the conductivity is the quantum Boltzmann equation as already pointed out in
Sec. 1.2. For a more detailed presentation of the quantum Boltzmann equation, we refer to Sec. 1.2.1.
The quantum Boltzmann equation has the form

<§t 4 eE. ai) Fae = I°Ufr] (5.1)

where E is the electrical field acting on the quasiparticles with the electrical charge e and I¢[fyg] is
the collision integral which originates from the Coulomb interaction. The distribution function fyg
with A being the band index of the system is parameterized as

ok = fi?c) + 0 2k - (5.2)

Here, f /g(,)c) is the Fermi-Dirac distribution function and ¢ fyg gives the out-of-equilibrium corrections. In
linear response, the out-of-equilibrium correction is 6 fygx = ev g E f/g(,?(l - f/(\?c)) g(k, ), where g(k,\)
can be expanded in a set of basis functions ¢, (k,\) which we call the modes of the system, i.e.,
g(k,\) = >, ¥nodn(k,A) and the velocity of the quasiparticles is given by vy = Avpk/k. The

function g(k, \) also determines the conductivity tensor, since it holds .5 = €? || kD vf’\‘kvfk f)(\?c)(l -

f)(\(,)c))g(k,)\). Next, the collision integral due to Coulomb interaction is to be determined. Due to
momentum and energy conservation, not all scattering processes are allowed!. The authors of Ref. 19
found that the collision integral including the allowed scattering processes is given by

2
Iee[f,\k]——v://[5(k—k1—\k+CI|+\k1—QDRl(k,k1,Q)
k q

x (kaf—xkl[l — Paetalll = forki—q] = 1 = fau][1 = f—Akl]f,\kJrqf—Akl—q) (5.3)

X (kakal[l — Paktal[l = Frki—ql — [1 — Hre][1 — fAkl]f)\k+qf>\k1—q>] :

IFor example Auger-processes or ionization are forbidden. Furthermore, also scattering processes where the two initial
states are both in the upper energy band and the final states are both in the lower band, and vice versa, are forbidden
due to energy conservation.
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5.1 ... in the hydrodynamic regime

The scattering amplitude R; corresponds collisions of particles with opposite charge and is defined as
+,i +,i

+i i 4 i 4
]ﬁ‘ E _::}>< +(N — 1) +m—n::}>< ‘ (5.4)
0 =0 - i T

I

where the additional index ¢ and j indicates the two Dirac cones. The collisions of particles with the
same electrical charge are given by the scattering amplitude Ra:

+,i +,i

% 2
g gx +N - 1) . (5.5)

+3 ]

NI \

Upon linearization, the collision integral is given by
19l N =~ [ [0k = o~ [k + gl + by — al) Bk, B, @) 0 R f Sy P
g\r, T 1 q 1= qD)h\R R, Q)T g d by J 1 k+-q ) k1 —aq]

(03890, A) + 0 91, =A) = Vatq9( + @ 0) = v wa—q9 (k1 — @, )))
+0(k+ ki — |k +q| — |k1 — q|)Ra(k, k1, )f( fo klf(013+qf4(r0k);1_q

<’U>\k:g(k77 A) + Vg, 9(k1, A) — Vaktq9(k + @, \) — Vg, —q9(k1 — q, A)) ] :
(5.6)

We find a peculiarity in the collinear scattering limit. The scattering time of nearly collinear particles
diverges, since particles with different energies move with the same velocity vy, = )\vF%, due to the
linear energy dispersion. This logarithmic divergence can be seen explicitly in the phase-space density,
e. g., for particle-particle scattering processes proportional to Rs. In order to observe the divergence,
let us introduce the momenta k = (k,0), k1 = (k1,k1), and ¢ = (¢,q1) with k; and ¢; small. (For
scattering of particles with opposite charge, the logarithmically divergence occurs for anticollinear
collisions since the group velocity depends on A.) Thus, after expanding in small ¢, , the phase space
density can be written as

ki(k+q)(k1—q) [ dkL
k Lan

/dkldQLd(k+k1—’k+q‘—kl_(I|):2\/

1
x 2log <> ,
o

where the phase-space density is proportional to log(1/a) with a@ = e?/(hvr) being the coupling
constant. Now the collision integral can be split into a part arising due to (anti-)collinear scattering
and the other one describes the non-collinear scattering, i.e., I°¢[g] = It¢[g] + I¢[g]. In the collinear
limit, we find that ¢o(k, A) = const. is a zero mode of the collinear collision integral I¢¢. But if we go

(5.7)
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Figure 5.1: Temperature dependence of the dc conductivity in the hydrodynamic regime. The
blue line shows the temperature dependence for the dc conductivity which enters via the renor-
malized coupling constant o(T)~2 [19]. Here, the temperature ranges from T = 0K up to room
temperature for a reasonable cut-off A of several eV. The red curve indicates the low-frequency
value of the dc conductivity with disorder obtained by a self-consistent Born approximation [95].

beyond the collinear scattering regime, this mode will have an eigenvalue which is not proportional to
log(1/cv) in the limit of small o. Hence, the Boltzmann equation can be cast into the form

- 1\ -
izl +olos () ol = . (5.9
where ¢ denotes the left-hand side of the Boltzmann equation defined in Eq. (5.1). In order to obtain
the coefficients 1), of the different modes ¢,,(k, \) which determine the conductivity, we need to invert
the Boltzmann equation. Thus, the conductivity is in first order proportional to a~2 and the higher

L It is

corrections in « will be of order | —wv——1|.
a?[log(a™1)]

2

oo(T) = #(T) (5.9)

0.760 + O (

o
| log a(T)]

with the renormalized coupling constant a(T) = a/[1 4 alog (%)] which can be obtained using the

Wilson RG. For more details of the Wilson RG in graphene we refer to Sec. 4.3.2. The temperature

dependence of the conductivity is shown in Fig. 5.1. The conductivity converges with increasing
2

temperature to the universal value of the dc conductivity at small frequencies o = %% which was

obtained in the presence of disorder within a self-consistent Born-approximation [95].

5.2 Transmissivity and optical conductivity

Now we go into the opposite regime of the hydrodynamic one. This regime is the optical regime where
the excitation frequency of the electrical field sets the shortest time scale i.e., w > 77! which leads
to the fact that collision processes can be neglected since they occur on a larger time scale. However,
now being in a different regime, does not stop us from posing the question how the electrons and
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[From R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T.
Stauber, N. M. R. Peres, and A. K. Geim,

“Fine structure constant defines visual transparency of graphene,”

Science, 320, 5881, 1308-1308 (2008). Reprinted with permission from AAAS.]

Figure 5.2: Measurement of the transmissivity of light through a graphene sheet. The figure of
panel (a) shows how each layer of graphene absorbs 2.3% of the incident light. In figure (b), the
experimental data for the light transmissivity in dependence of the wavelength of the incident light
is depicted by the red dots. This data is taken from [22]. The green line depicts the theoretical
prediction of the transmissivity using the optical conductivity of non-interacting Dirac fermions.
(Figure (a) and the inset of Figure (b) was taken from [22].)

holes in graphene respond to an electrical field. Hence, in this section, we want to study the optical
conductivity of graphene and the influence of the Coulomb interaction on this transport quantity. The
role of the Coulomb interaction for the optical conductivity is a highly controversial discussed question
[7-17]. In Sec. 5.2.2, we summarize the course of the debate and give some details of the various
methods applied to determine the influence of the Coulomb interaction, before we resolve the dispute
in Sec. 5.3 and Sec. 5.4.

5.2.1 The light transmissivity of graphene

One of the fascinating properties of graphene is that it transmits only 97.7% of incident light although
graphene consists only of one layer of atoms. This was experimentally measured by Nair et al. [22] and
Fig. 5.2 (a) shows a graphene flake upon which light falls. One sees clearly, that graphene absorbs 2.3%
of the incident light and each new layer absorbs the same amount of light (see inset on the Fig. 5.2 (b)).
Furthermore, the transmissivity 7'(w) is almost constant for incident light with wavelength in the range
of 480—800 nm, whereas we see a small decrease of the transmissivity for light with smaller wavelengths.
The transmissivity 7'(w) is directly related to the optical conductivity o(w). The detailed derivation
of this relation can be found in App. A.l. It reads

)
T(w) = (1 + ”(“’)) , (5.10)
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5 The conductivity in graphene

where we assumed a normal incident of p-polarized light to the graphene layer in vacuum?.

On the one hand, the experimental data of the transmissivity can already be explained by the
universal value for the conductivity og(Dirac) at high frequencies

Ngy e2
16 A’

with Ny, = 4 taking into account the spin degree of freedom and the two Dirac cones in the first
Brillouin zone. This value for the optical conductivity is obtained by using the Kubo-Formalism at
T = 0 for free Dirac fermions [1] and we can rewrite the formula for the transmissivity as T'(w) = (1 +
%&QED)_2 where aqgp is aqep = e?/(he) = 1/137. This theoretical prediction of the transmissivity
using o¢(Dirac) is depicted as the green dashed line in Fig. 5.2 (b). We see that this prediction fits
the data already quite well.

On the other hand, op(Dirac) was obtained using free Dirac fermions and therefore, the Coulomb
interaction was not taken into account. We must ask ourself the question, why we do not see the
influence of the Coulomb interaction. What is the reason that already the prediction for non-interacting
Dirac fermions fits the experimental data quite well? And can we find an explanation for the deviation
between theory and experiment for small wavelengths?

These questions are going to be answered in the following sections.

oo(Dirac) = (5.11)

5.2.2 The debate in the literature

In order to answer the question, why we see no large effect of the Coulomb interaction on the opti-
cal conductivity, we will make use of our Wilson renormalization group (RG) analysis introduced in
Sec. 4.3.2. Let me briefly repeat here the flow equation for the coupling constant a and the scaling
function of the frequency Z,. It holds

dal®) _ 1, )2 and  Zu(b) = (1 + 7 log b> bt (5.12)

dlogh 4

with b = e! and [ > 0 being the RG flow parameter. We see that with increasing RG flow, the coupling
constant decreases, while the frequency increases, i.e., wg — Z;'w. The RG flow can only run to the
point where the renormalized frequency has the size of the bandwidth D = vpA and we obtain the
renormalization condition wg = D and a(b*) = a/[1 + § log g] Due to the scale invariance of the
conductivity [97], we find

o(w,a) = o0(Z, \w,a(b)) = o(D,a(d*) < 1). (5.13)

The optical conductivity at any given frequency Z 'w with the corresponding coupling constant c(b)
can also be determined by the value of the optical conductivity where the frequency is equal to the
bandwith D of the energy spectrum of graphene. As we have seen before, the coupling constant is
extremely small in this regime and hence, we can use it as a small parameter to perform perturbation
theory. The optical conductivity o(w) can be written as

~Imxy(w)
w

~ o0 (1 +a(b*)Cy + O (a(b*)2>) ,

o(w,a) =
(5.14)

2 Another experiment measuring the optical conductivity can be found in Ref. 96.
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Figure 5.3: Contributions to the current-current correlation function up to first order in .. Panel
(a) shows the noninteracting current-current correlation function XE,O) (w). The remaining panels
show the diagrams contributing to first order in « to the current-current correlation function.
Panels (b) and (c) show the self-energy correction to the correlation function and panel (d) the

vertex correction.

where we expanded the current-current correlation function xj(w) in the small parameter a(b*), i.e.,

XJ = XSO) +X51) +--+ witho® = —Im Xf,i) Jw. Here, o refers to the conductivity of free Dirac fermions
and C, is the correction coefficient of leading-order in . The conductivity of the free Dirac fermions
o9 = —[Im XF]O> (w)]/w is defined in terms of the current-current correlation function XF]O> (w) with
2
0 d<k
WO ) = Moo Z / / L Tr (juak v JuG ) , (5.15)
(1,bc)

while the correction coefficient C, consists of three contributions: the two self-energy diagrams x;

(1,d)

and the vertex-correction x ;. They are represented in terms of Feynman diagrams in Fig. 5.3. These
correlation functions are given by the expressions

(1 bC)( = —2Ng / / ]VGk: 1(w+e)]qu 16Gk+q,1e’Gk 16)
e, k,q
2N, [ [ 1(3Gnicar 0 GraE )G (5.16)
Xf]l 4 (lw) NSU / / V(q) Tr (jqu,i(ere)Gk+q,i(w+e’)3l/Gk+q,ie’Gk:,ie) . (517)
€€ k,q

The three diagrams are individually logarithmically divergent, however, upon adding up the diagrams,
the logarithmic divergences cancel each other and we obtain a finite correction coefficient C, which
does not depend on the cut-off. Different groups have approached this problem [7-17], and one finds
three different values for the correction coefficient C, in the literature, namely
C~z_25—67r - 22-19 _ 19—6m7

~ 0.51, C, = ~ 0.26, and Co

490 — b — = ~ 0.01. 5.18
7 12 12 12 (5.18)
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5 The conductivity in graphene

These different values have been obtained using different regularization methods. However, the value
of the correction coefficient describes the influence of the Coulomb interaction on the optical conduc-
tivity and thus, only one value can be correct. Therefore, it is crucial to determine which regularization
scheme produces the correct result and also to point out where the other regularization schemes go
wrong or where they neglect important subtleties.

First,we demonstrate how it is possible that a hard-momentum cut-off procedure which regularizes
the fermionic degrees of freedom yields a different result than a soft-cut-off acting on the Coulomb
interaction. To this purpose, we study the self-energy and see that the self-energy can be rewritten as
a surface integral and becomes dependent on the parameter (. The value of this parameter, determines
which cut-off procedure is applied and hence, one has to find a way which fixes (.

But now let us start with a more detailed study of the self-energy. The self-energy is independent
of the frequency and can be written as

//27“‘ Caie = 0(k) k- o (5.19)

with ¢(k) = % f|q| <A qu‘ kq , where the first factor is the Coulomb potential and the second factor

comes from the Green’s function. Next a shift in the integration variable ¢ — q — (k is introduced
while the cut-off A stays fixed. The value of the factor { represents which regularization method is
used. The function ¢(k) can then be rewritten as

o? 1 (g + Ck)k
de(k) = — / : 5.20
B =Fm | Bi-0—ql latck (5:20)
lg|<A
and the self-energy is
4N
Edk)zjlog( f)k.aujk.a. (5.21)

Hence, the self-energy becomes dependent on the regularization scheme used and this leads to different
values of the correction coefficient.

On the one hand, according to Eq. (5.20), the integral is regularized by a hard-momentum cut-off
for ( =0, i.e., Gg,e —> Gq,ict (A q) In this case, the self-energy is ¥¢—o(k) = § log(4Ak\/E)k-0' which
produces the value C

On the other hand, 1f ¢ = 1, the cut-off is introduced for the Coulomb interaction, i.e., V(q) —
V(q)0 (A — g). Then the self-energy is given by S (k) = & log(4Ak‘/5)k -0 + Gk - o, which yields the
value C,.

At last, the value ¢ = 1/2, which would correspond to a mixture of both regularization schemes,
would yield the value C,.

Thus, we have to find a method which fixes ¢. In the following, we give an overview of the discourse
of the debate and thereby introduce a way to fix ¢, but we will also introduce yet other different
approaches yielding one of the three values of the correction coefficient.

In the year 2008, Herbut et al. calculated the correction coefficient C, for the first time [7] using
a hard-momentum cut-off and obtained C}l = % ~ 0.51. However, in the same year, Mishchenko
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determined the correction coefficient by calculating the polarization operator Il(w, q), i.e. o(w) =

lin% Im le;—r‘g’ﬂ(w, q), and obtained C, = 191_26” ~ 0.01, see Ref. 8. The result is one order of magnitude
q—

smaller than the previous one. The contradiction between the two values was resolved by Sheehy and
Schmalian in Ref. 9. They showed that the hard-momentum cut-off violates the Ward identity (4.29),
which describes the charge conservation. This is due the fact that the hard momentum cut off modifies
the fermionic density of states. Thus, the hard-momentum regularization scheme should not be used
in this case and C;l is wrong. Whereas, if the cut-off is at the Coulomb interaction, the Ward-identity
is fulfilled and the value C, is found. The parameter ( is thus fixed by charge conservation. Gazzola et
al. fixed ¢ by using the spatial O(2) symmetry which translates to the transversality of the polarization
operator [98] and obtained the same result C,. The discussion seemed to be settled.

However, Juricic et al. published a calculation which uses dimensional regularization (DR) and
which does not violate the Ward-identity [10] . Their new value for the correction coefficient was

Cy = 221_26“ ~ .26, which is by a factor of two smaller than the previous old wrong value CNUI, but it
still deviates from C,.

In 2012 further work was published by Sodemann and Fogler [13] who found C, by using a cut-off in
the Coulomb interaction and using the Kubo-formula based on the polarization operator. Teber and
Kotikov also obtained C, using DR and a continuum RG, see Ref. 15. A list of the different papers

with their evaluated value of C, and the method applied can be found in Tab. 5.1.

The whole discourse over the correction coefficient C, has its origin in the fact that the Dirac theory
description has no natural cut-off in its system which leads to the divergent integrals that have to be
regularized. Thus, the cut-off has to be introduced “by hand” and a certain regularization method
needs to be chosen. In contrast, in the tight-binding description, the cut-off comes in naturally. Here,
the cut-off is determined by the lattice constant v/3a. Furthermore, in contrast to the Dirac model,
the energy-dispersion of the tight-binding description is also finite due to its curvature. Hence, a
calculation of the correction coefficient in the tight-binding model should give the definite answer.

In 2013, Rosenstein et al. claimed that they obtained C, in a tight-binding calculation, see Ref. 14.
They concluded that a proper treatment of the entire energy spectrum of the first Brillouin zone was
needed and that this unexpected behavior is related to a chiral anomaly or due to nonlocal optical
effects [99]. However, the supplemental material suggests that they derived an expression for the
correction coefficient in the tight-binding description but numerically evaluated the coefficient again
in the Dirac approximation. Furthermore, as we are going to show in the next section, they also did
not treat the Coulomb interaction on the lattice correctly.

In the following section, we will present a true lattice calculation of the correction coefficient and
resolve all issues. We do not only determine the correction value, but also answer the question, whether
the correction coefficient is a universal quantity. Or, in other words: Does the correction coefficient
depend on microscopic quantities of the system, such as the ratio of the lattice constant over the width
of the Wannier orbital A of the carbon atoms?

This work was done in collaboration with Peter P. Orth, Daniel E. Sheehy, and Jérg Schmalian and
can be found in Ref. 16.

5.3 The tight-binding approach to the optical conductivity

In this section, we present a calculation of the optical conductivity and the correction coefficient in
the tight-binding description. This section is based on my work in collaboration with Peter P. Orth,
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’ Paper ‘ Year ‘ Method used ‘ 251726” ‘ 22;26” ‘ 191726”

Herbut et al. [7] 2008 | Hard momentum cut-off ®

Mishchenko [8] 2008 | Polarization operator ®

Sheehy et al. [9] 2009 | Cut off in the Coulomb-potential & cur- ®
rent /current correlation fct

Juricic et al. [10] 2010 | Dimensional regularization & Wilson RG ®

Sodemann et al. [13] | 2012 | Cut off in the Coulomb-potential & Polar- ®
ization operator

Rosenstein et al. [14] | 2013 | “Tight-binding”-calculation ®

Gazzola et al. [98] 2013 | spatial O(2) symmetry ®

Teber et al. [15] 2014 | Dimensional regularization & Continuum ®
RG

Link et al. [16] 2016 | Tight-binding calculation & UV-Quirk ®

Boyda et al. [17] 2016 | Quantum Monte Carlo ®

Table 5.1: List of the different papers calculating the correction coefficient C,.

Daniel E. Sheehy, and Jorg Schmalian, which was published in Ref. 16.
In order to determine C, in a lattice calculation, we first study the Coulomb interaction Hamiltonian
and the self-energy in the tight-binding model and answer the question how these quantities depend
on the size of the Wannier orbitals A of the carbon atoms, see Sec. 5.3.1. In contrast to the Dirac
approximation, the self-energy is not divergent due to the existence of a natural cut-off, i.e. the lattice
constant v/3a, as can be seen using a real-space analysis.

Furthermore, before we determine the correction coefficient in Sec. 5.3.2, we will see how the curva-
ture of the full energy dispersion influences the non-interacting contribution of the optical conductivity
oo(TB).

5.3.1 The Coulomb interaction Hamiltonian

The interaction between electrons is described by the Coulomb interaction and the corresponding
contribution to the Hamiltonian is3

M=y [ [itil S i (5.22)

r — 7|

L o

The Coulomb interaction acts in the three-dimensional space and thus vectors r, 7’ are three-dimensional
real-space position vectors, i.e., 7 = (p, z) with p = (z,y). The two-dimensional graphene crystal is
considered to be located in the x — y plane with z = 0. The fermionic field operators are

=2 [90(" — R; — v1)ag, + ¢(r — Ri — v2)bg, | . (5.23)
R;

where ¢(r — R; — vy) are the Wannier p,-orbitals of the sp?-hybridized carbon atoms at the site
(R;,vp). We assume that the p.-orbitals are localized, or with other words that the overlap between

3Here and in the remainder of this section, we will drop the spin index of the field operators.
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neighboring atoms is small in comparison to the on-site overlap ¢*(r — R; — vy)¢(r — R; — vy) for
i =j and £ = ¢'. The density can thus be approximated by

1/3;[@,4 ~ Z [‘gp(r - R;, — vl)‘Q d;{idRi + ‘gp(r - R, — v2)‘2 [A)TRZZA)RJ . (5.24)

a

In the following, we will use the notation ¢r,1 = agr, and ¢r,2 = I;Ri for simplicity. The expression for
the density thus simplifies to i1, = DR Dt=12 ‘gb(r — R, —vy) ‘2 é;ﬁféRie . Inserting this definition
= ffdQ%ei‘I(p*p')eipz(zle) into Eq. (5.22), we

__€e
elr—r/| T

4
e(q?+p?)

obtain

of the density and the Fourier transform
/ dp: old(p—p")gip=(z—2") 2T

47
He = [ & /d3’/
€ / e(q® +p?)
i

2
x> |o(r — Ri— )] ‘fb(?”' —Rj —vp)| gl ptretRie

Ri LR,V

(5.25)

To evaluate the r and 7’ integration, we shift the integration variable r — r + R; + v, and the 7’
respectively. This shift in the integration variables gives rise to an additional phase factor '@ (Fitve),
The sum over the lattice vector R; and R; implements the lattice Fourier transform of the field
operators ¢r.p = > Cree FRi We find:

k

_ (ve—v Af T
Hin = / V@)Y 3 e Y il it

(=1,2/0'=1,2 kK
(5.26)

- /V Z ¢k2 qkwk1+qz¢k1dwk2,€Mw( q)Mie(—q),

k1,k2
where the matrix

el?'v1 0
Mq = ( 0 eiq~vz> (527)

arises because of the two-atomic basis of graphene. The phase factor described by M, is responsible
for the convergence of the different contributions to the correction coefficient. The matrix element of
the Coulomb interaction of Eq. (5.26) is

[ dp. 4me? |p(q,p2)|
V(g) = /OO R e (5.28)

where p (g, p.) is the electron density of the three-dimensional orbital with p(q, p.) = [ d3r|p(r)|?el(@PF4:2),
Upon using the p,-orbitals with the effective Bohr radius a’;, one obtains V(q) = 2me®F(q)/(¢|q|)
with the form factor F(q) = exp(—|gla’;) and a’; ~ 0.9 A [100]. In the following, we will as-
sume that the orbitals are point-like in z-direction, but Gaussian-shaped in the 2D plane, ¢(r) =
)\—\1/;exp[—(:t:2 +9%)/2)%]6(2), which leads to the Coulomb matrix element

2me? 242
V(g) = e—lal"A/2 5.29
(@) = 2 (5.20)
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The size of the Wannier orbitals A suppresses the Coulomb potential for large values of the g-
momentum, whereas for small g the Coulomb interaction is barely affected by the size of the orbitals.
Hence, the long-range physics is not determined by the orbital size A\. The above expression simplifies
(A — 0) for a point-like orbital to V(q) = 267‘2;2

Crucial for the remainder of the calculation is that the sums ), ,+ in Eq. (5.26) run only over the
first Brioullin zone, whereas the integral over q goes over the infinite momentum space. This distinction

was ignored in earlier work [14].

The self-energy in the tight-binding description

We have seen in the previous section that the self-energy is logarithmically divergent in the Dirac
approximation. Hence, the cut-off A needed to be introduced, which results in X(k)piac x k -

o log 4Ak—‘/g . However, in the tight-binding description, we expect the self-energy to be finite on

its own and no cut-off has to be introduced by hand, in spite of the fact that the Coulomb integration
runs over the infinite momentum space, since the inverse lattice constant 1/(v/3a) acts as an ultravio-
lett cut-off.

The self-energy of graphene in the tight-binding description is given by

(k) = — / V(@T S M_oGry qinMy. (5.30)
q w

Upon inserting the definition of the Green’s function Eq. (4.6) with Gg i, = (iw — Ho)_l and hg =
|hk|ei¢(k) into the above expression and after performing the Matsubara sum over the frequency, we

obtain
1 0 elo(k+q)
N(k) = —2/V(Q)M—q o—io(k+q) 0 Mg .

q

(5.31)

For simplicity, in the remainder of the section, we focus on the upper right matrix element of the

self-energy which already describes the whole self-energy, since 91 (k) = Xj5(k), and which is given
by
1 .
Yia(k) = -5 / V(q)ellPtkta)—a(vi—v2)] (5.32)
q

The phase factor €' (?2=v1) ig highly oscillatory for large g and is thus responsible for the convergence
of the self-energy diagram. However, it is numerically very costly to perform the g integration over
the infinite momentum space. A better approach is to analyze the self-energy in real space. Since
the self-energy is lattice periodic, i.e., 3(k) = X(k + G) with G being the reciprocal lattice vector,
the self-energy can be expressed as a function of Bravais-lattice vectors upon applying the Fourier
transform

Sio(Ri) =) Tia(k)e FF (5.33)
k

Thus, the Fourier transformation into momentum space of the self energy is given by Xi9(k) =
AY g T12(R)e* R where A = 31/3a?/2 is the area of a unit-cell in real-space. The self-energy
component in real-space, Eq. (5.33), can be determined by shifting the momentum k — k — g, since
the integrand X2(k) is periodic in the reciprocal lattice. ¥12(k) is not restricted to the first Brillouin
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zone and can expanded to the whole momentum space, since by adding a reciprocal lattice vectors G
to a momentum in the first Brillouin zone, k — k + G, every value of the whole momentum space can
be realized. Hence, we find for the self-energy in real-space

1 )
Sia(Ri) =~ / V(g)elt (Bitv—v1) p(Ry) (5.34)
q
with the coefficients o
F(R) =Y ellok)-k R (5.35)
k/

Upon inserting the above expression into the Fourier transform into the momentum space, we find
the following expression for the self-energy in momentum space with point-like Wannier orbitals, i. e.,
A—0: )
e ; 1
Siok)=——AY B~ _F(R). 5.36
() = gAY PR (536)
Here, we have exchanged a numerically intensive momentum integration by an infinite sum over Bravais
lattice vectors. We can see explicitly that even for R; = (0,0) all summands of the self-energy will be
finite (since the denominator m never reaches zero). The convergence of the self-energy relies
on the fact that the coefficients F/(R;) decay sufficiently fast as a function of |R;|, as can bee seen in
Fig. 5.4 (b). If we take the finite size of the Wannier orbitals into account, it holds

2
Sia(k) = —C A kR \/;e’R”””lf/(“%Io Ritv—vil) pp), (5.37)
_ 2 4N2
where Iy(x) is the modified Bessel function of the first kind. In order to calculate the self-energy
diagram in the tight-binding description we used 4.6 x 10* Bravais lattice vectors. The results are
shown in Fig. 5.4 (c), where we see the self-energy for different sizes of the Wannier orbitals. Even for
varying size of the Wannier orbitals, the self-energy does not diverge. Only the slope of the self-energy
shows logarithmically divergent behavior around the Dirac points, as would be expected in the Dirac
approximation. The different sizes of the Wannier orbitals only modify the prefactor of this logarithm.

5.3.2 Optical conductivity

Now, the real part of the optical conductivity is determined via the Kubo formal

o(w) = —m’;"(“) : (5.38)

where s is the current-current correlation function. As already discussed in the previous sections, we

are interested in the high-frequency regime, where the renormalized coupling constant is small, and use

perturbation theory to expand the correlation function in small o, i. e., xj(w) = XL(]O)(w) +X571) (w)+---

Here, XSO) is the non-interacting contribution to the optical conductivity, whereas Xsl) is the leading-

order correction in o and consists of the two self-energy diagrams Xgl’bc) and the vertex correction Xsl’d).

The different contributions to the current-current correlation function relate to the conductivity via
o = —TIm Xf}l) (W) /w.
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[Reprinted figure with permission from Julia M. Link, Peter P. Orth, Daniel E. Sheehy, and Jorg Schmalian,
Phys. Rev. B 93, 235447 (2016). Copyright 2016 by the American Physical Society.]

Figure 5.4: The self-energy of graphene in the tight-binding description. Panel (a) shows the
self-energy diagram. In panel (b), the coefficients F'(R;) are plotted as a function of |R;|/a. They
decrease fast and thus ensure the convergence of the self-energy. This convergence is illustrated in
panel (c), where we show the self-energy around the Dirac point for different sizes of the Wannier
orbitals. Panel (d) shows the slope of the self-energy, and only here we see a logarithmically
divergent behavior as the momentum k,a approaches zero.
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5.3 The tight-binding approach to the optical conductivity

Result for non-interacting electrons

The optical conductivity for non-interacting quasiparticles is determined by the free current-current
correlation function

XSO) (ZUJ —_ Z Tr |:t7k Ok lejk: gki i( €+W):|
k: JEV
! Z (hk*ju,k - hkj:,k)Q

ko el (412 +w2/22)

(5.39)

where in the last line, we already performed the sum over the Matsubara frequency ie and v = x,y.
The function hy, = 1 + ¢*@ 4 ez ig the off-diagonal element of the tight-binding Hamiltonian
in momentum space defined in (4.4), while the current operator j,, = —ita(hy — 3)/2 is defined in
(4.12a), and ¢ denotes the hopping element. Upon analytically continuing iw — w + id, we find for the
denominator of the correlation function

1 1 T -
AP 12 1.2 PV.——— +i—9 —2|h i—§ 2h 4
A hi|? + w? —P.V A2 — w2 +12w (w | k:|) +12w (w—i— | k]) , (5.40)

where P.V. denotes the principal value integral and it is sufficient to study w > 0 in the following. The
imaginary part of the retarded current-current correlator is thus

ta?m
Im X (w) =Z< 9 )
k

The first two terms can be evaluated analytically exact, whereas the remaining terms are going to
be Taylor expanded to order O((w/t)?) around the Dirac points. Hence, the noninteracting optical
conductivity in the tight-binding description is, setting ¢ = 1,4

2 2
18+ 4 |7y |* + pglRehel = leh’“‘

_ o4 }hk{lé (yhk| - ;) . (5.41)

||

T w w?
olw) = E <2> (18 4 w?) — %% (5.42)
SN (1 + éuﬂ + O(w3)> (5.43)

with the density of state

s e

(2m)? E)(1+ E)*?

p(E) = (5.44)

Here, K[m] is the complete elliptic integral of the first kind and oy = %— is the result for the
non-interacting optical conductivity in the Dirac approximation. (The factor Ny = 2 arises because
our fermions have a spin degree of freedom. The valley degree of freedom was already taken into
account by the tight-binding calculation.) As shown in Fig. 5.5, the Dirac approximation is valid for
w <K t and breaks down close to the van Hove singularity at w = 2¢, where the optical conductivity

increases proportional to w?. This effect of the curvature of the energy spectrum can also be seen

4The frequencies are now measured in units of the hopping element.
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Figure 5.5: Conductivity og(w) for noninteracting electrons in the tight-binding approximation
1¢?

with only nearest-neighbor interaction. For small frequencies, the Dirac approximation oo(0) = ;%

is valid, whereas it breaks down at the van Hove singularity at w = 2t¢.

in the experimental data of the light transmissivity of graphene, which decreases for increasing light
frequency.

We want to emphasize that our results differ from previously reported ones [22, 101]. This is of
tremendous importance for the prediction of the light transmissivity which differs more strongly from
the non-interacting Dirac limit than previously reported. The transmissivity will decrease faster for
decreasing wavelength as was predicted by Stauber et al. [101]. The detailed calculation of the non-
interacting optical conductivity can be found in App. A.2.1.

Interaction corrections to the optical conductivity

The correction coefficient C, is determined by three diagrams: the two self-energy diagrams (diagram
(b) and (c) in Fig. 5.3) and the vertex correction (diagram (d) shown in Fig. 5.3). The corresponding
current-current correlation functions are

o) d*q v v
Xgl’b )(zw) =_7? Z / e V(q)Tr(Jk Gki(wre) Tk gk,iEngk'Fq,ie’M*qgkviE) (5.45)

kee'v

Ay T2 d*q v b
Xfll )(W) = 9 Z /WV(Q)TT (jk gk,i(w+e)ngk+q,i(w+e')~7k gk+q7ie’M—qgk,ie) : (546)
kee'v

In order to evaluate these expressions, we will implement a crucial simplification: we rewrite these
integrals in such a way that the q integral can be done analytically. Therefore, we will evaluate the
diagrams by going to real-space and re-express them as sums over Bravais lattice vectors.

In the following, we roughly sketch how the diagrams are evaluated. For a detailed version of the
calculation, we refer to App. A.2.2.

Let us start with the two self-energy diagrams. After the frequency integration, the self-energy

60




5.3 The tight-binding approach to the optical conductivity

diagrams can be cast into the form

, (5.47)

(1,be) ;. 1 D1 (k) A hg|* —
Xy (1) = - Z 2 [ > g T D2(k) 2
: Alhgl? | 4he]? + © <4Vlk|2 +QQ>

where D1 (k) and D2 (k) are functions of combinations of hg, ¥12(k) and j. The explicit expression can
be found in App. A.2.2. The analytical continuation i{2 — w + id can be performed, using Eq. (5.40)
for the term proportional to D (p), and

4| hgl? — Q2 d 1 1
o d [ ] (5.48)

7w _ .
(4|hk|2+92)2 dw4’hk‘ 2|hk|—|—w+15 2|hk|_w—1(5

for the term proportional to Da(k). After taking the imaginary part of the current-current correlation
function and assuming w > 0, it holds

(1,bc) /. _ 1 - B i w B
Im x, (i) = wzk:16|hk|4D1(k:)5(w 2|hg|) dezk:lmhkPDg(k)&(w 2hk|).  (5.49)

To evaluate this term, we determine ¥19(k) for k within the first Brillouin zone by evaluating the sum
over 4.6 x 10* Bravais lattice vectors. What then remains to be done is to perform the k integration,
which is pinned to equal energy contours around the Dirac points, due to the d-functions.

Now let us turn our attention to the vertex correction. The current-current correlation function can
be written even more compactly by introducing the quantity

. dw 1
I}L(kv i) = %gk,iwj]ggk,i(w—fl) = ‘hk‘(4‘hk’2 i QZ) V,u(k7 Q), (5.50)

where V), (k,w) is a matrix whose matrix elements depend on the functions hg, and jj. (For the exact
definitions, we again refer to the App. A.2.2.) Hence, after performing the frequency integration, the
correlation function is given by the expression

(Ld) _ 1
= L

T [Vu(k, 0)Q,(k, Q) (5.51)

with
M_qV,(k+ q,—Q)Mg

|Piet-q| (4] hitql? + Q)

Quik, —) = / Vi(q) (5.52)
q

Analogous to the self-energy, we rewrite Q,(k, —2) as a sum over Bravais lattice vectors by applying
the Fourier transform, i.e., Q,(k, —Q) = AY g Qu(R;, —Q)el*Fi Here again, the matrix M, ensures
the convergence for the g-integration. After analytical continuation, we find for the retarded correlator:

1,d i(k—k')R; ox * . o * .
XS )(W) = —¢’A Z ZZG (k=i R [hkjmk - thM,k][hk'JM,k' - hk/Ju,k']
w=zy R; k,k’'
y w? AW hchy*
2|R;|  |Ri—aj|  |Ri+ajl

(5.53)
5w — 2he]) o PV
2w Ul el A2 — w2
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Figure 5.6: In panel (a), the self-energy o159 and vertex-correction o(1:% contribution to the
frequency-dependent conductivity, normalized to opa.

In panel (b), the red dots depict our results for the interaction coefficient as a function of the
frequency w/D, where D = 6t is the bandwidth of graphene. They are clearly in agreement with
the analytical prediction C, = 19;26”. The inset shows the dependence of the correction coefficient
on the size of the Wannier orbitals for w/D = 0.015. The correction coefficient is independent of

A and thus universal.

To evaluate this expression, we numerically evaluate the integrations over the first Brillouin zone and
sum over all Bravais lattice vector R;. The above formula is cjeduced from point-like Wannier orbitals.
|R14 /\gyl
and m, Eq. (5.53) can be extended to Wannier orbitals with finite size .

Both contributions, the two self-energy diagrams and the vertex diagram, diverge logarithmically in
the low-frequency limit w/D — 0, where D = 6t is the bandwidth of graphene. This can be seen in
Fig. 5.6 (a), where the different contributions to the conductivity (normalized to opcr) are depicted as
a function of the frequency. Upon adding up the self-energy and the vertex contribution, the value of
the correction coefficient is determined by

Upon substituting the expression m by \/g %Io( )e"Ri_a?ﬂQ/ 4\ and analogously for R%

o) = o(Lbe) 4 ;(1d) — oo (Cabc + Cad) = 09l . (5.54)
In Fig. 5.6 (b), the correction coefficients determined by our tight-binging calculation (red dots) are
shown as a function of the frequency of the incoming light. Our numerical values of the correction
coefficient are in very good agreement with the analytical value C, = 191_26” and clearly rules out
Cy = 221_26”. Furthermore, we are able to study the possible dependence of the correction coefficient on
the size of the Wannier orbitals A\. The inset in Fig. 5.6(b) shows the calculated values of the correction
coefficient for different sizes of the Wannier orbitals at w/D = 0.015. No dependence of the correction

coefficient on the size of the Wannier orbitals can be observed. Hence, the correction coefficient

_19—-6rm

Co
22

(5.55)

is universal, i. e., it neither depends on the frequency nor on the size of the Wannier orbitals.
Now let us compare the results of our tight-binding calculation to the experimental data of the
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Figure 5.7: Optical transmission through graphene as a function of the wavelength A, .
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light transmissivity through graphene T'(\,), which were measured by Nair et al. [22]. Upon relating
our frequency-dependent result of the non-interacting optical conductivity to the wavelength of the
incoming light by A, = 2m¢/w, we find different theoretical predictions for the transmissivity. These
predictions are shown as different curves in Fig. 5.7. As we have already seen at the beginning of
this section, the prediction obtained using free Dirac fermions og(Dirac) (green, dashed line) does
not capture the decrease of the transmissivity for smaller wavelengths. However, already the non-
interacting conductivity of the tight-binding model o¢(TB) (red, dashed curve) describes this decrease
quite well, since it takes into account the nonlinearity of the energy spectrum and the resulting parabolic
increase of the conductivity with increasing frequency.

Finally, we want to answer the question “what role plays the Coulomb interaction in graphene”.
Therefore, we include the corrections to the non-interacting part of the optical conductivity which
are proportional to oo(TB)a(A\,)C,. The incorrect value of the correction coefficient C, strongly
decreases the transmissivity (blue, dashed line) and is not in agreement with the experimental data.
However, our value of the correction coefficient C, only introduces a small shift of the non-interacting
optical conductivity in the tight-binding description (red, full line) which is in full agreement with the
experimental data. In conclusion, we do not see any big influence of the Coulomb interaction on the
optical conductivity, since the correction coefficient is small by chance.

5.4 Field theoretical approach in the Dirac limit

In this section, we reconcile the result C, = 22-0T obtained by Juricic, Vafek and Herbut (JVH) from

the dimensional regularization (DR) scheme [10] combined with the Wilson-renormalization group
(RG) analysis with our result C, = 19;;” obtained in the tight-binding calculation.

To this end, we first present a DR scheme combined with the modified minimal subtraction MS
scheme (a continuum RG) as was published by Teber and Kotikov (TK) in Ref. 15. Determining the
two self-energy diagrams and the vertex correction in the DR scheme, TK also find C, which was
previously obtained by JHV. However, upon combining this result of the DR with the MS scheme,
counter terms canceling the divergences are introduced which lead to a renormalization of the bare
bubble diagram. This renormalization will fix the value of the correction coefficient to C,. In the first
part of the section, we elaborate this calculation in detail and confirm the TK results.

In the second part of the section, we present how the DR scheme is correctly implemented in the
context of Wilson-momentum RG analysis. We show that upon calculating the correction coefficient
in d = 2 — e with an ultraviolet momentum cut-off A, a UV quirk arises, i.e., the limits of A — oo
and € — 0 do not commute. By describing Mishchenko’s approach, where he used the density-density
correlator x, to calculate the correction coefficient [8], we will locate the origin of the UV quirk at the
self-energy of the Dirac model.

This section is based again on my work in collaboration with Peter P. Orth, Daniel E. Sheehy and
Jorg Schmalian published in Ref. 16.

5.4.1 Continuum renormalization group and modified minimal subtraction MS
scheme

Here, we demonstrate how the DR scheme produces the correct value of the correction coefficient by
combining it with a continuum-field RG. Thereby, we follow closely Teber and Kotikov [15] and give a
more detailed presentation of the calculation. The difference between Wilson RG and the modified min-
imal subtraction scheme MS is emphasized. In contrast to the Wilson RG, no UV momentum cut-off
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A is introduced in the MS scheme. Here, a physical energy scale u renders the in 1/¢ diverging observ-
ables finite, where € is the parameter of the DR. As shown by JVH and TK, the self-energy diagram
and the vertex correction yield C, = 22;26” in the dimensional-regularization scheme. However, TK
realized that the theory is divergent and needs to be be regularized by the continuum-renormalization

group analysis. This is done by introducing counter terms, which remove the divergences. After the

regularization procedure, we obtain the correction value C, = 191_26”.
Let us start with the action of graphene
S = /dT/ddmﬂg (37 +ieg AY 4 vpo(—iV - 0')) Yo + /dT/ddWx(ﬁxAg)Q, (5.56)

where d = 2 — € is the spatial dimension of the electronic degrees of freedom while for the gauge fields
Al = Ap with v € {7,z,y} it is d, = 3. The subscript “0” denotes the bare physical quantities, such
as the bare fermionic fields i) and the gauge fields Ay which mediate the Coulomb potential

2me? ro w2 T (%)

lal 1 (%)

where the length scale rq is introduced in such a way that the Coulomb potential has the correct units
in d = 2 — e dimensions. This action yields physical observables which are divergent in the limit ¢ — 0.
One of these quantities is the self energy

Vig) = (5.57)

X(p) = ¢(p) vpp -0 = a022€_31‘<§)
r ( _ g)

(rop) “ vrp-o. (5.58)

The self-energy is divergent in the limit € — 0, since it is proportional to 1/e, as can be seen explicitly
by expanding the function ¢(p)

o(p) ~ % + % (log(4) —log(pro) —7) - (5.59)

In order to render the theory finite, we introduce renormalized quantities, i.e., Yo = \/Zy¥r, Ao =
VZAAR, vrg = Zyvrgp and eg = Zeeg, which leads to the following renormalized Lagrangian density

~ “ “ N N N 2
Lr = Zy hdrr +ieo/ZaZy VhANDR + ZyZy vr gty (—iV - 0)R + Za (axA%> . (5.60)

Next, counter terms are introduced by parameterizing the scaling factors with Z; — 14 9;. The counter
terms §; are chosen in such a way that they cancel the divergences of the system. In the renormalized
self-energy, the following counter terms occur

S(P)r ~ ¢r(P) vrpp - 0 + 0y vEgP - 0 + 0y (1Q 4 vrppo) (5.61)

Due to the self-energy being frequency independent, the counter term of the fermionic fields is zero,
0y = 0, which leads to the scaling factor Z; = 1. However, the velocity counter term must cancel the
divergence of the self-energy, which yields

1
5= —YRL g (1_0‘3) , (5.62)
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To obtain a finite physical quantity, we the modified minimal subtraction MS scheme to the self-
energy. In the MS scheme, a physical energy scale y is introduced in such a way that the physical
observable becomes dimensionless and the divergence is removed [41]. Hence, the divergence 1/e will
be substituted by a logarithm depending on the physical scale

1
- = log (p/w) . (5.63)
€

Thus upon applying the MS scheme to the self-energy, we find

arpl ap

o(p) = =t~ + = (log(4) — log(pro) —7) — — = log < 5/w) (5.64)

with i = 4e™ 7. Here, let us stress the difference of this continuum-field RG to the Wilson momentum
RG: In the Wilson RG, due to the UV momentum cut-off A, the self-energy does not diverge but
depends logarithmically on A. In the DR scheme, the self-energy is divergent, as seen above, and only
introducing the physical scale p (using a continuum RG) renders the quantity finite.

Now, let us focus again on the remaining physical observables, the Fermi velocity and the coupling
constant, and see how these quantities are rendered finite. Firstly, the dependence of the electrical
charge on the physical scale is studied. The electrical charge stays unrenormalized in graphene, i.e.,
Z. = 1. The dimensionality of the electrical charge is [e] = ¢, which can be deduced from the fact that
the action is a dimensionless quantity and the dimension of the fermionic fields are [¢)g] = d/2 and the
bosonic fields are [Af] =1 — €. Thus, in order to have a dimensionless electrical charge, we introduce
again the physical scale p and obtain for the electrical charge the following dependence on p

6(2) — (7 2_62(M) 2ve ~ 2€ 2 — 24C—20e—2¢ 565
M%—e(u) e® ey = — L & et (n) = epdteT AT (5.65)

For the Fermi velocity, vpg = Z,vr g, we find the following renormalization using the counter term J,
defined in Eq. (5.62)

a(p) devrg
— 1= = =9 .
(% 20) [ de ] ’UF(/L) ~ ’UF(,LL) de — Oé(IU) (5 66)
Upon combining the Eq. (5.65) and Eq. (5.66), the coupling constant can be rewritten as
62 L 050466_275[1_26 ap
o) = 1) a(w) , (5.67

vp(p) 14212 14 %log (g)
where in the last step, we again applied the MS scheme, substituting 1/e by log (,u/w), and took the
limit € — 0. Analogously, we find for the velocity

1 1 € _—2v€e~—2¢ 62

vro = vp(p) — —e?(p) & vp(p) = vpg + —edde 72 — vp(u) = vrg + 2 log Y (5.68)
4e 4e 4 w

Now, we are able to study the noninteracting conductivity of Dirac fermions in d = 2 — e dimensions.

The unrenormalized optical conductivity is given by

00,0(w) = e%NstE

€
Vo
=2 5.69
~l (5.69)
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with )
A, = yrvepez (L2 (5.70)
r(i-4)

In order to obtain a theory which does not have any divergences, we have to express the above
expression by the renormalized physical quantities. This procedure gives us the following expression

) ey, |
UO,R(W) = ‘ 4(;“) 6276/’:['26]\]81)"46 ( : ) (5'71)

Since there exists a regime where the coupling constant is small, as can be seen in Eq. (5.67), we can
expand the following expression in small a(p) and obtain

(1 - O‘(“)> ~1— O‘(f) . (5.72)

After inserting this approximation into Eq. (5.71) and taking the limit ¢ — 0, the noninteracting

conductivity is given by
N. 2
oo(w) = ~2 0 (1 - OM) : (5.73)

16 h 4
2
where oy(Dirac) = 1\17%“ %0 is the universal value of the optical conductivity for noninteracting Dirac
fermions. Upon combining this frequency dependence of oy (w) with the value of the correction coeffi-
cient C, obtained in DR, we find

o(w) = o¢(Dirac) (1 - 0[(4@ +Cy a(w)) = oo(Dirac) (1+C, a(w)) . (5.74)
Thus, at the end of the continuum RG procedure, the correction coefficient is C, = 191_26“. The addi-

tional term associated with (—#) in the noninteracting conductivity arising due to the continuum

RG, corrects the value C, of the dimensional regularization scheme. Hence, if no UV cut-off A is intro-
duced to the system and the diagrams are regularized only by DR, one has to combine this DR-scheme
with a continuum-field RG and not with a Wilson RG. Only by applying the continuum RG, divergent
physical observables will become finite.

5.4.2 Wilson momentum-shell RG combined with dimensional regularization

In this section, we combine the Wilson RG and the DR scheme and demonstrate how the correct value
of the correction coefficient C, is obtained in the combination of DR and Wilson RG. To this end, the
optical conductivity is calculated in d = 2 — ¢ dimensions and an ultraviolet momentum cut-off A is
introduced. In d = 2 — € dimensions, the flow equation of the Wilson RG for the coupling constant «
and the scaling factor Zr will become e-dependent and we find

4eab® de + o (b6 — 1)

b= —ro ———— d Zr((b) =
o(b) de + o (bE — 1) an r(b) 4eb ’

(5.75)
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with b = € and [ > 0. Furthermore, we will identify which integral is responsible for obtaining the
different values of the interaction coefficient via the Mishchenko’s approach, where the conductivity is
determined by the density-density correlator. With the help of this integral, we can demonstrate how
the DR obtains C,, where on the first glance only log A is substituted by 1/e. Finally, we show that
the limits A — oo and € — 0 do not commute, a phenomenon which we call the UV quirk. Only when
the UV cut-off is send to infinity at the very last step of the calculation, we obtain C,. Hence, we find
for the conductivity

o(w,a) = lim limbo(Z w, a(b),A). (5.76)

A— o0 e—0

Conductivity via Mishchenko’s approach

Let us now identify the origin of the different values of the interaction coefficient by studying the
optical conductivity in the Mishchenko approach. The optical conductivity is determined by the
density-density correlation function x, via

o(w) = lim —Imxp(q, w). (5.77)

q—0 q

The bare bubble diagram, describing the noninteracting contribution to the optical conductivity, yields

XE,O) (q,w) = N w? < which simplifies to the well known oy(Dirac) = ]\17—96“% in the limit ¢ — 0.

16 wZ—|q|2 h
The self energy is given, as already seen in Eq. (5.19), by

S(k) = // 2’7m g-+hjic = %bg <4Ak\/é> k-o, (5.78)

where A is the UV cut-off which restricts the g-momentum of the Coulomb interaction to a finite value.
The density-density correlator describing the correction due to the self-energy is

(1 bc q,w TZ/TI‘ Gk e Gk,ieGk+q,i(e+w):| . (5.79)

After performing the Matsubara sum and expanding the correlation function for small q, we find

1 @1 [ _ vpAy/e | m2(4p? — 1)
1,b _ 2
( C)(qa ) - —iNsve a87T3W/0 pdplog ( ﬁw ]5(4]52 T 1)2 (580)
2
q Ny
= ) 5.81
64w ( )

where p is a dimensionless variable. Let us note here that the integral over p is consisting of the sum
of two integrands, since the logarithm can be rewritten as

log <UF$W\/E> = log (vFi\u\/E> — log (]3) . (5.82)

The first integrand depending on the cut-off will vanish upon performing the p-integral. Only the
integrand proportional to log (;5) will yield a finite result. Thus, the contribution to the correction
coefficient due to the divergent self-energy will be finite and cut-off independent. This integral will
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play an important role in our further discussion of the origin of the different values of C,.
Now let us turn back to the leading-order corrections in «. After evaluating the density correlation

function Xg’bc), we find the following contribution to the conductivity

a(w)

o199 () = =5y (Dirac) (5.83)
which agrees with Eq. (13) of Ref. 8. The advantage of determining the conductivity via the density-
density correlation function is that the vertex correction diagram has no logarithmic dependence on
the cut-off A and yields the finite result

8 — 31

oD (W) = s

a(w)op(Dirac) , (5.84)

which finally leads to

o(w) = o¢(Dirac) (1 + a(w) 19 1_267T> : (5.85)

19—6m

o~ which is in agreement with our tight-binding calculation.

Hence, the correction coefficient is C, =

Dimensional regularization

How can the dimensional regularization (DR) produce a different result for the correction coefficient?
In order to answer this question, we first study the self-energy in d = 2 — ¢ dimensions. It is

1—e 3—¢ €
() o il 2;;2[_26};[2},

(5.86)

~ %—%’y—i—logél—logp. (5.87)
Upon comparing this expression of the self-energy in d = 2 — ¢ to the one obtained in d = 2 with an
ultraviolet cut-off, Eq. (5.78), we see that the cut-off-dependent term log(A) is replaced by 1/e. But
both expressions of the self-energy are proportional to log(p). As we have seen before, only this term
contributes to the finite value of the self-energy diagram and naively one would expect the same result,
oLbe) 9, as in the previous section. Thus, in strictly two dimensions we find for Xg’bc) with an
self-energy evaluated in d = 2 — ¢ and the cut-off A set to infinity

1673
Id:2,/\:oo = Xp ¢ Nsv€2aq2

/Ood[1 1 l 4} 4p* —1 /Oodl 1 4p?—1 7r

= —_—— = n—-|——m——— = n--———— —— 5
o PPLe T2 T w2 T g PP pp(ap? 1 1)? 4

which would be lead to C,. However, in d = 2 — € dimensions, the measure of the p-momentum integral
changes and it is

(5.88)

o0 1 1 47 4p® -1 T
Tjeo e Amoo = I=<q [f—f 1 ,}7:_7 5.89
d=2—¢,A=c0 /0 L P T p(4p? + 1) 2’ 59

where we took the limit ¢ — 0 at the end of the calculation. Now, the momentum-independent
terms in Eq. (5.89) do not vanish anymore. They are proportional to € and yield a finite contribution
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5 The conductivity in graphene

when multiplied by 1/e. This small difference is seen to double the size of the Xﬁ,l’bc) diagrams.
Since the vertex diagram Xg)l’d) is convergent and thus has the same value regardless of whether it is
calculated in d = 2 or d = 2 — ¢, one finds for the correction coefficient C, = 22;26” using dimensional

regularization. However, as we have seen previously, dimensional regularization has to be combined
with the modified subtraction scheme in order to obtain the correct value. But if one wants to use
dimensional regularization in combination with Wilson RG, the momentum cut-off A must be kept
finite and only at the end of the calculation, it can be send to infinity. The reason for this is that
the Wilson RG implicitly requires a momentum cut-off which divides the fermionic fields into fast and
slow modes. In the following section, we will see explicitly that the two limits ¢ — 0 and A — oo do
not commute, which we call UV quirk.

Spatial dimension d = 2 — ¢ but sharp cut-off

Now let us assume that we evaluate the diagrams in d = 2 — ¢ dimensions but maintain the momentum
cut-off A, since as above mentioned the Wilson RG implicitly requires the cut-off A around which the
momentum shells are integrated out. The self-energy is then given by

A dfld 1 3 3
Z(p)oc/ 1 2q=<p€—AE>. (5.90)
P q €

Upon inserting this expression into Eq. (5.80), we find

o0 1/ _ _ 4(vpp)? — w? w 72T lox) — 3
b= [Tt an) oy i) E
0

4(vrp)? +w?)?  \op

which leads to the following form of the correction coefficient

92 — 67 — 3 ( w )
w ’UFA
c, <e, A) _ = . (5.92)

Here we see the UV quirk clearly: The order of limits of the UV cut-off A and the dimensional
parameter ¢ do not commute. If we first take the limit of ¢ — 0 before subsequently taking the limit
A — 00, we obtain C,. However, if we instead take A — oo first before subsequently taking e — 0, we
obtain C,:

oy 2-6r-3(%) )
lim | i =)= = G, .
iy | g | () 12 ‘ (>:99)
22— 673 (%)
w vA
lim | 1i =) = = C,. 94
i |ty (5 12 ¢ 9

The same UV quirk is also found when the dimensional regularization scheme is combined with a
smooth cut-off on the Coulomb potential which is implemented by

2T

Vig) = Vy(q) = e (5.95)
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5.5 Summary

After some tedious calculation (the details can be found in the App. A.2.3) and combining the DR
with the smooth cutoff on the Coulomb potential, we obtain for the correction coefficient

Come) = . ((16—677)(77—!-6)—#37]4-66). (5.96)

n+e€ 12

Here again, we only find the correct value of the correction coefficient, if we take the limit  — 0 at
the very end of the calculation.

In conclusion, we showed that it is crucial, if one wants to combine DR with Wilson RG, the UV
cut-off A (or in the case of the smooth cut-off n) must be kept till the very end of the calculation and
should be the last limit being performed.

5.5 Summary

In this chapter, we investigated as important transport property of graphene at the charge neutrality
point the electrical conductivity in linear response.
In the hydrodynamic regime, due to the diverging scattering time in the collinear scattering regime,

the conductivity is proportional to the square of the inverse coupling constant, i.e., o(7T") = 3'(7Tﬁ)% %

[19]. It converges for increasing temperatures to the universal conductivity value of low frequencies
JO(DiraC)disorder = %% [95]

Now, in the the optical regime, we determined the noninteracting optical conductivity and its leading
order correction in a(w) in the tight-binding description. We could correct the expression for the non-
interacting optical conductivity obtained by Stauber et al. in Ref. 101 and found that the non-linearity
of the full energy spectrum leads to the following correction

o0 (w) = oy (Dirac) (1 + %wQ + (’)(w3)> : (5.97)

Furthermore, we determined the value of the correction coefficient in the tight-binding model to be

_ 19 — 67

Co 12

(5.98)
We showed that C, is universal and does neither depend on the frequency of the incoming light nor
on the size of the Wannier orbitals of the carbon atoms. Hence, we could settle the debate over
the correct value of C,, since the tight-binding description yields no diverging quantity having as
natural cut-off the inverse lattice constant A ~ a~'. Moreover, we demonstrated the many subtleties
which needed to be taken care of, if the correction coefficient is evaluated in the Dirac model via
dimensional regularization (DR). We come to the conclusion that it is crucial to combine the DR with
a continuum-renormalization group analysis, namely the minimal subtraction scheme, if no UV cut-off
is being introduced to the system. However, if the DR is combined with the Wilson RG which has an
implicit UV cut-off, the UV momentum cut-off has to be kept finite till the very end of the calculation
in order to avoid the UV quirk.
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Chapter 6

The viscosity in Graphene

So far, we have studied the conductivity of graphene which describes the response of the quasiparticles
to an electrical field and thus represents an important transport quantity. However, the electrons and
holes in graphene can also be described as a quasiparticle fluid. This fluid is a non-ideal fluid and
its characteristics is determined by the shear viscosity, where the viscosity describes the resistance
of the fluid to a hydrodynamic flow and connects the gradient of the drift velocity dug/dz, to the
dissipative part of the energy-stress tensor Ti,3. For a two-dimensional, rotational invariant system,
such as graphene, the energy-stress tensor is connected to the drift velocity via

Ouq  Oug
T.z = — + 5 - . 0, . 1
aBf =1 (axﬁ + Dz aﬁV u) + ¢ agv u, (6 )

where 7 is the shear viscosity and ¢ the bulk viscosity which vanishes for graphene. In this chapter,
we investigate the shear viscosity of graphene at the charge neutrality point in the hydrodynamic and
in the collisionless regime.

In Sec. 6.1 we start with the study of the viscosity in the hydrodynamic regime (w < 77!) and
show that graphene is a nearly perfect fluid [20] which leads to highly turbulent flow behavior of the
quasiparticles [31] and a highly non-linear Navier-Stokes equation [21].

The shear viscosity in the collisionless regime (w > 77!) is investigated in Sec. 6.2. Here, we
demonstrate that the pseudospin of graphene has an important influence on the shear viscosity and
leads, if it is not taken into account, to a shear viscosity tensor which does not fulfill the symmetry
property (3.6) introduced in Sec. 3.1.

Furthermore, we consider the question, how the Coulomb interaction influences this important trans-
port property. To this end, we apply again the renormalization group (RG) analysis, go to the regime
with the small renormalized coupling constant and perform a perturbation theory. The correction coef-
ficient C,, defines the correction due to the Coulomb potential in the first order of perturbation theory.
This coefficient is given by individually divergent diagrams, i.e., the self-energy diagram, the vertex
diagram and the honey diagram. In order to cancel the individually divergences of the self-energy and
the vertex diagram, an additional diagram needs to be introduced, the honey diagram. This diagram
describes the interacting part of the energy-stress tensor and is derived in Sec. 6.2.2. We will regularize
all these diagrams with a soft cut-off acting on the Coulomb potential which is a regularization scheme
that avoids the UV quirk, as we have demonstrated in the previous chapter. At last we will determine
the Hall viscosity of graphene in the collisionless regime.
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6 The viscosity in Graphene

Sec. 6.2 is based on my work in collaboration with Daniel E. Sheehy, Boris N. Narozhny and Jorg
Schmalian which is going to be published in [46].

6.1 ...in the hydrodynamic regime

In this section, we present the properties of the shear viscosity of graphene at the charge neutrality
point in the hydrodynamic regime which were obtained by Miiller et al. in Ref. 20. The calculation
of the shear viscosity is analogous to the determination of the conductivity in the hydrodynamic
regime, described in Sec. 5.1. Again the quantum Boltzmann equation is used in order to obtain the
distribution function of the quasiparticles fy, = f/(\(,)c) + df\r, where f)(\[,)g) is the equilibrium Fermi-
Dirac distribution and 6 fyg describes the out-off equilibrium contribution to the total distribution
function. This time, dfar = D, fk f,(\?c)(l — f/(\?c))fagg%igfk with Ing = AM(v$ks — dap€rk/2) is chosen
as ansatz for the out-off equilibrium correction as described in Sec. 3.5. The three modes defining
gfk =Y . Unon(k,\) are a constant ¢y = 1), the band index ¢; = A, and the energy of the system
¢2 = Aéxg, which describe respectively the conservation of the total charge, of the total number
of particles and holes, and of the energy. The corresponding coefficients 1, are determined by the
inversion of the linearized quantum Boltzmann equation and at last the shear viscosity can be evaluated

by Nagys = Y [ AvS ks <v}kk5 — 575@\;@/2) gf\gkf)(\?g)(l - f/g(,?)/T. Hence, the smallest eigenvalue of the
Xk

collision integral determines the shear viscosity 17 = 7zyey = Myayz = ---. Again, in the collinear
scattering regime the scattering time diverges logarithmically which leads to the fact that the shear
viscosity is (similar to the conductivity) proportional to «(7)~2 and higher order corrections will be
of order 1/log a(T"). The shear viscosity is thus given by [20]

2
UT) 1+(9< ! ) : (6.2)

(vr(T)e(T))? log o

N,
n(T) = 0.449—"

St —

where Ny, = 4 because of the spin degree of freedom and the additional degree of freedom due to the
two Dirac points in the first Brillouin zone. Now as in Sec. 3.6, we want to compare the shear viscosity
to the entropy of graphene. The entropy is

LK@, 7)o
s=="kp e (T)alT) (T)2. (6.3)

Hence, the ratio of viscosity over entropy can be written as

2
h0.4997 1 Ty
_ ~0.00815- log 22| . 6.4
NS = 1 93) alT ) (Og T> (64)

The ratio 7/s decreases logarithmically with increasing temperature as shown in Fig. 6.1. Due to
the small numerical prefactor, the ratio approaches the famous lower bound 7n/s > 475"{3 [18], see
Eq. (3.56) and Sec. 3.6 for a more detailed discussion, which makes graphene a nearly perfect fluid.
Its ratio is even smaller than the ratio of ultra cold atoms with diverging scattering length [102, 103]
and of Helium at the A-point [20]. The small viscosity will lead to highly turbulent flow dynamics.
The flow dynamics are governed by the Navier-Stokes equation which will be derived for graphene in

the following subsection.
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[Reprinted figure with permission from Markus Miiller, Jérg Schmalian, and Lars Fritz,
Phys. Rev. Lett. 103, 025301 (2009). Copyright 2009 by the American Physical Society.]

Figure 6.1: Graphene is a nearly perfect liquid. The ratio viscosity over entropy approaches for
increasing temperature the famous lower bound of this ratio [18] which is indicated by the green
dashed line. The figure is taken from [20].

6.1.1 Navier-Stokes

In this section, we sketch the derivation of the Navier-Stokes equation. Thereby, we follow closely the
derivation presented by Briskot et al. in Ref. 21. The following three continuity equations can be
derived from the quantum Boltzmann equation

dn +Ve-j =0 (6.5)
omr +Ve-3;r =0
8,5715 +V7-'j€ :eEg

The first one, Eq. (6.5), describes the continuity equation for the total charge carrier density n =
ny—n_, where n_ is the number of charge carriers in the upper energy band and n_ in the lower one. It
relates the time derivative of the total charge carrier density to the electrical current 5 = nu-+9j, where
67 is the dissipative part of the current arising due to the viscosity of the system. The hydrodynamic
(or “drift”) velocity is denoted by u. The second equation, Eq. (6.6), is the continuity equation of
the imbalance density, i.e., the total quasiparticle density n;y = n4 + n_, with the imbalance current
Jjr = nru+97;. While the last of the three continuity equations, Eq. (6.7), connects the time derivative
of the energy density n. to the divergence of the energy current j, = UFQTLk +9j,. = 237277& +9d7,.
Here, we see a special feature of graphene. Due to its linear energy spectrum, the energy current j, is
equal to the momentum density n, whose continuity equation is given by
«
g + VA, — enE™ + ¢ [ xB]" = —n—k,
c Tdis

(6.8)

where II,5 is the energy-stress tensor and 74is is the scattering time due to disorder. In the case of
graphene, the energy-stress tensor depends on the energy density and the hydrodynamic velocity and
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6 The viscosity in Graphene

is

2

Ne U uqug

yg=——— 190 1—-— — . 6.9
op 2 + UQ/UF2 af < UF2> + UF2 + Top ( )

where 7,43 describes the dissipative part proportional to the shear viscosity, see Eq. (6.1). Now, ac-

cording to Eq. (3.31), we can relate the elements of the energy-stress tensor to the pressure of the

system, which is

1 — (u/vr)?

P =n, .
"9+ (ufup)?

(6.10)
Already here, it can be seen that the Navier-Stokes equation will be highly nonlinear due to the
quadratic dependence of the pressure on uw. However, for small velocity w, the standard value of a
scale-invariant gas Py = n./2 is recovered. The enthalpy of the system is

(6.11)

Upon inserting these definitions into Eq. (6.8) and applying the continuity equations Eq. (6.5) to
Eq. (6.7), we find the Navier-Stokes equation

Wou+W (u-V)u+ VP +udP+u(fj-E)=en [E—u(uE)} +nViu. (6.12)

This Navier-Stokes equation differs from the one of a Galilean invariant system by the additional term
udy P. This term arises due to the linear energy spectrum and describes the relativistic nature of the
quasiparticles in graphene. This equation governs the flow dynamics of the liquid. If the viscosity is
very small, as in the case of graphene, the nonlinearities will be the dominant process which will lead
to a highly turbulent flow. An example for the viscous flow pattern was given for graphene with a finite
chemical potential by Levitov and Falkovich in Ref. 31. Vortices appear in the viscous flow pattern as
can be seen in Fig. 6.2.

Further investigations of the hydrodynamics in graphene for all regimes, both the degenerate regime
1> T and the charge neutrality point, can be found in Ref. 81.

6.2 The viscosity in the collisionless regime

Now, the shear viscosity of graphene is determined in the collisionless regime. In the collisionless
regime, the excitation frequency sets the dominant energy scale compared to the inverse scattering
time, i.e., w > 77!, The time scale on which collisions occur is much larger than the time scale set by
the frequency and thus the collisions can be neglected and the only relevant interaction is the Coulomb
potential. In the second part of this section, we are going to determine the influence of the Coulomb
interaction on the shear viscosity by calculating the corresponding correction coefficient C,, in the Dirac
model. Thereby, we use a smooth cut-off on the Coulomb interaction, V(q) — V;(q) = 2ra/|g|*™,
which is a regularization scheme that avoids the previously mentioned UV quirk and yields the correct
result for the correction coefficient of the conductivity C,, see Sec. 5.4. But before the correction
coefficient C,; is determined, the non-interacting contribution to the shear viscosity at finite frequencies
is investigated and in Sec. 6.2.3, the Hall viscosity 724y for graphene is studied.
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[Reprinted by permission from Springer Nature,
Electron viscosity, current vortices and negative nonlocal resistance in graphene,
Leonid Levitov and Gregory Falkovich, Nature Physics 12, 672-676 (2016),
Copyright 2016.]
Figure 6.2: Viscous flow of graphene. The viscosity generates vorticity. The figure is taken from

[31].

6.2.1 The viscosity of non-interacting free Dirac fermions in the optical regime

In order to study the shear viscosity of graphene in the collisionless regime, the Kubo-formula for the
viscosity coefficient 7,35 defined in Sec. 3.3 is being used. The expression is given by

XTQBT,Y(S

Magns = —Im == (6.13)

where xr,,7,, is the correlation function between two energy-stress tensors having the form

XTaBTmS _//kT‘r[Gk,inaﬁ(k)Gk,i(w+Q)T’y5(k) . (614)

The Green’s function Gy i, = —(iwog+vpk-0)/(w?+ (vpk)?) is defined in Sec. 4.2. Hence, to calculate
this correlation function, we need to determine the energy-stress tensor T,5(k) of graphene. Thereby,
we follow the procedure introduced in Sec. 3.2, where we showed that the energy-stress tensor is related
to the time derivative of the strain generators. These strain generators describe the transformation of
the system due to external strain. Let us first determine the part of the energy-stress tensor due to
the strain generator acting on the spatial coordinates of the system L,5 = —{z«,pg}. We find for the
energy-stress tensor

Taﬁﬁ(k) — _i[HDiraca £a6]

6.15
= O‘ak‘ﬁ. ( )

This energy-stress tensor is not symmetric and upon determining the different viscosity coefficients we

find

N N N
Nezawe(W) = 2;gw2 Nyyyy (W) = 25‘*%09 Neayy (W) = _Q;gWQ
Nsv o Nsy Nov o
Neyyz (W) = — Q;gw Neyay (W) = 325sgw Nyayz (W) = 325Sgw ) (6.16)
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6 The viscosity in Graphene

where Ny, = 4. These evaluated viscosity coefficients do not fulfill the symmetry properties of a
rotational invariant system [44]

Napys(w) = N(w)[0ay0ss + 6as08y — dapdys] - (6.17)

However, graphene is a rotational invariant system and should fulfill this symmetry property. The
reason for this peculiar behavior is that we have not taken the pseudospin of graphene into account.
The pseudospin describes the two sub-lattices of graphene and it behaves as a real angular momentum
[47]. The strain generator acting on the pseudospin space S,z = i[Sa,Sp]/4 yields the following
contribution to the energy-stress tensor of graphene

T&S/B(k) = _i[HDiraC,‘Socﬁ]
1 (6.18)
= §(ngza —oakg),

which leads when all contributions are added up to the symmetrized energy-stress tensor
T (k) = T (k) = ~(05ka + ouks) (6.19)
oslk) =T.4 = 5(0pka +oaks). .

The viscosity coefficients determined with this symmetrized energy-stress tensor fulfill the symmetry
property (6.17) of a rotational invariant system and yields after inserting i and vp

— W= ——w’.
v}% 256 64 v}%

mo(w) = (6.20)

The shear viscosity of graphene is not universal but depends on the square of the frequency and has a
small prefactor.

6.2.2 The correction coefficient of the viscosity in the optical regime

It is again natural to ask the question, how the Coulomb interaction influences the transport quantity.
In order to answer this question, we apply a RG analysis analogous to the previous chapter and go to
the regime where the coupling constant is small and perform a perturbation theory in a(b*) for the
shear viscosity. Hence, the frequency-dependent shear viscosity is given by

n(w) =mo (14 Cra(b) + O(alb)?) | (6.21)

where the non-interacting shear viscosity of graphene 7y was calculated in the previous section. Here,
we want to determine the value of the correction coefficient C,, in first order of perturbation theory
and want to find out, if this value is small as it is in the case of the optical conductivity in graphene or
if the influence of the Coulomb interaction on the shear viscosity is large. The value of the correction
coefficient C,; is determined by four different contributions, the self-energy diagram, the vertex diagram
and the honey diagram. The corresponding Feynman diagrams are depicted in Fig. 6.3 (b)-(d). We
are going to find again that each of these diagrams is individually logarithmically divergent but when
they are summed up the divergences cancel each other and we obtain a finite correction coeflicient.

Upon comparing these diagrams with the diagrams contributing to the correction coefficient C, of
the optical conductivity, we see that an additional Feynman diagram needs to be calculated. This
diagram is the honey diagram which is going to be derived in this section.
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Figure 6.3: The Feynman diagrams defining the shear viscosity in graphene up to the first order
in perturbation theory in «(w). Panel (a) illustrates the bare bubble diagram describing the
non-interacting shear viscosity. The diagrams (b) to (e) depict the different contributions to the
correction coefficient C,. Diagrams (b) and (c) are the self-energy diagrams, diagram (d) is the
vertex diagram, and diagram (e) represents the honey diagram.

By the way, the great viscosity of honey is caused by the great interaction between the honey
molecules. Thus by analogy, we call this additional diagram honey diagram, since it is the diagram
which takes the interacting part of the energy-stress tensor into account.

But, let us now start with the calculation of the different Feynman diagrams contributing to the
correction coefficient.

Self-energy diagram

The self-energy diagram is defined via the correlation function

,be .
60 = =2 [ [ 1[G T 012Gt @) . (622)
wy Loy pJw

where the self-energy for a Coulomb potential with a soft cut-off V;, = 2ra/|g|'™ is given by ¥(p) =

¢(p)p - o with
n
o(p) = ary ’782;?5;]))17” ; (6.23)

where 7 is an additional length scale introduced in such a way that the Coulomb potential still has
the correct dimension. In order to calculate the diagram, we proceed the following way. First the
frequency integral is evaluated. After the integration, we subtract twice the zero-frequency part of the
above correlation function. Now, why do we subtract the zero-frequency part here? We know that the
imaginary part of the correlation function of two non-interacting enery-stress tensors is proportional
to w3. With the help of the Kramer-Kronig relation [24], the form of the correlation function X7(0) 7(0)

zy Lzy
can be deduced, ie., X..©),© (w) o< aA® + bAw? + ciw?, where A is the UV cut-off and a, b, and c are

zy Lxy
constants. In the complex plane this expression is related to X)) (i€2) o aA3+bAQ%+c|Q)3. In order
zy Lay

(i2) —

to obtain the coefficient ¢, which we are interested in, first the difference f;g)my (iQ) = (XT(O)T(O)
zy Lzy
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6 The viscosity in Graphene

X707 (0))/92 = bA +¢|Q]| is to be taken and than we have to calculate (fggg)xy(iﬁ) — fég)my(O))/Q =c.
The same procedure is applied in order to evaluate the self-energy diagram and is also going to be
applied in the case of the vertex diagram.

We find for the self-energy diagram

n+1
(1,bc) 1,bc n—6(y _ 1) 2 7 1
fzyxy (i2) — ogywy)(o) :_4 (n—4)0 (92) Sec( 2 >P<2)
Q r (2 - g) (6.24)
Ngy —41 Q)—4 1+4log(4
~ Nne |y TAlos(ro®) —dy 1+ 4log(d) | )

5127 2048

which is divergent in the parameter 1/n and has a finite value.

Vertex diagram

Next, we evaluate the vertex diagram. This vertex diagram is defined by the correlation function

1,d . «
X(T<o>)T(o>( = all n/ /k p— k[1+77 [ piiw ()(P)Gp, (w49 Gk +0) éy)(k)ka],

(6.25)
with oy = ary"27T (14 1n)/2) /T ((1 —n)/2). Again, after the two frequency integrations are per-
formed, we subtract twice the zero-frequency part of the correlation function and obtain

1,d) . d
Lm0) — L 0)
Q

=Q1+ Q2+ Q3, (6.26)

which consists of three different integrals @)1, @2, and @)3. The first two integrals are convergent for
n = 0 and are given by

(o] (o] s
01 syan /dp/dq Q/dcp Pq 4pq cos(2¢) + 16p>q* cos(¢p) cos(2¢)
= iy
2 2 2 5
0 32p°q <4p *’1) (4q *‘1) (pQ%—qZ——qu008(¢)) ’
_ Ngpay
960
(6.27)
and
(e.0) [o.¢] s ( )
p°qcos(2¢p
@ = p(4p? +1) +1 / q(4¢2 +1) +1 / L L
s plp s alie (p? + q* — 2pg cos(p))
Ngpory, Q71 4 ™ (6.28)
- 2= Z(11-3
FRCRE T sec 6( )

s (1L
2 768 256 ) °
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6.2 The viscosity in the collisionless regime

where the detailed calculation can be found in the App. A.3. The last integral )3 diverges when n
goes to zero. It reads

o) 0o 2
Ngor, 1 Q71 P / q / cos(p) cos(2¢p)
- _ d d d
s 8 (2m)? 32 /)pwom2+1> REICTEE D T
0 0 0 <p2 +¢* — 2pq COS(‘P))

x {4p®(4p* + 1) + 4¢*(4¢*> + 1)}

T (6.29)
Novoy Q7" 5y, 5 7”) m(n+2)r (% - g) r (g)
== T
L S B o)
Nga  aNg (4log(roQ) + 4y — 5 — 8log(2
_ _ (4log(rof?) + @) op.
10247 4096

The vertex diagram is also divergent in the parameter 1/7. However, when the self-energy diagram and
the vertex diagram are summed up, the two divergences do not cancel each other. A third diagram,
namely the honey diagram, has to be introduced that all divergences cancel each other.

The honey diagram

So far we only took the non-interacting part of the energy-stress tensor into account. In order to
calculate the energy-stress tensor we determined the time derivative of the strain generator J,z, i.e.,

To(é%) (p) = —i[HDirac; Jag]. However, graphene is described by the non-interacting Hamiltonian Hpirac

and the Coulomb interaction He = frﬂ“’ Q,ZA)I«@@I,V(T, ’r’)qﬁTwZ)T with V(r, ") = = ,rl -. Hence, there ex-
ists also a contribution of the energy-stress tensor ng which represents the Coulomb interaction in the
system. This contribution is again determined by calculating the commutator of the Coulomb Hamil-
tonian and the total strain generator J,3. The part of the strain generator acting in the pseudospin
space commute with the interaction Hamiltonian and we only have to determine

Tolz%t( ) _i[IHC?‘Caﬁ] = %(1 - 77)7’0—77 / wllwizwrzwrl (rl ’rizza,,(n;li?)—nrz)ﬁ : (6'30)
71,72
This result is in agreement with the expression of the interacting energy-stress tensor which was ob-
tained in the derivation by Martin and Schwinger in Ref. 49, where the authors derived the interacting
part of the energy-stress tensor using the continuity equation of the momentum density (3.24). The
Fourier transform of the interacting energy-stress tensor is

T 3+n R R
Ti(a = 0,7) =5 (1~ n)rg"2 (%) s LI a7

<3Tn> kit (6.31)
Loy Sl %F(Bgn)/ lalg n(l, T)n(~1,7)
: () et

with
n(l,7) = / DL () (7). (6.32)
P
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6 The viscosity in Graphene

This interacting part of the energy-stress tensor contributes to the correction coefficient of the shear
viscosity due to the Coulomb interaction, when the correlation function of an interacting energy-stress
tensor T ;’g with a non-interacting part of the energy-stress tensor To(é%)
Feynman diagram depicted in Fig. 6.3 (d) as the honey diagram.

The honey diagram is defined as

is calculated. We refer to this

()
. 1 _ 2 l lﬁ
XTé%t,Tf{g) (IVT) = —5(1—77)7"0 7721+777rr<3_7]> / |l|3+77 Tr |:Gk+l,iwsGk,i(wm+ur) <k705 + k507> Gk,iwm] .
2 k,l,m,s
(6.33)
After performing the two frequency integrations, we find
T (34‘777)
1 2 1
— —TNol+
) 0
(6.34)
00 2w
/dk/dl/da/dﬁ 3sin(2a) cos(28)1 " sin(a — B) .
4k2 + Q?) VFZ+ 2kl cos(a — B) + 12
This expression can be analytically continued (iQ — w + 10), using the relation
1 im im w
g PV - = — — .
4k2+92_> V4k2— +4w5<k 2>+4w5<k‘+2>, (6.35)

with P.V. denoting the principal value integral, which yields after taking the imaginary part of the
above expression
T (%)

W3 —4w?log(rg) — 4yw? — w? + 8w3log(2) — 2w? log (w2>
2048n 8192

_n

92111 _ 1)uP (w2> 2

I X o) () = (1)
2

(6.36)

+0O(n).

This expression also diverges in 1/n and has a finite part. An important fact is that we have to multiply
the above expression by the factor 2, since both correlation functions <Té%)Té%t> and <Tg%tTé%)> give

the same result.
Hence, upon combining the self-energy diagram, the vertex-diagram and the honey-diagram, the
logarithmic divergences cancel and the following value of the correction coefficient is found

-2
c, = % ~0.65. (6.37)

We find that the additional diagram which describes the interacting part of the energy-stress tensor
reduces the shear viscosity, since it makes a before diverging quantity (the sum of the self-energy
diagram and the vertex diagram) finite. Furthermore, we see that the value of the correction coefficient
is quite large and thus found a transport quantity in graphene, which shows a big influence of the
Coulomb interaction. The frequency dependence of the non-interacting shear viscosity and the influence
of the Coulomb interaction is shown in Fig. 6.4.
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n w?
(h/v2) (a) (Zé—v%) (b)
0.03
n(w)/w?
0.025
0.02
1o (w) /w?
0.015
0 05 1 15 2 25 3 0 05 1 15 2 25 3
wleV] wleV]

Figure 6.4: The frequency dependence of the shear viscosity of graphene in the collisionless regime.
The frequency ranges up to the optical regime. The blue curve depicts the non-interacting part
of the viscosity, while the red curve shows the the viscosity modified by the Coulomb interaction.
In panel (a) the parabolic frequency dependence of the shear viscosity is presented, while in panel
(b), where n(w)/w? is depicted, we see clearly that the Coulomb interaction enhances the viscosity
of graphene logarithmically.

6.2.3 Hall viscosity

As last topic in this chapter, we study the Hall viscosity 7zzzy and 7yyy. of a single Dirac cone in
graphene. In order to render the integrals to be calculated analytically, we introduce a mass term m
to the system. The Green’s functions are than modified the following way

iw+vpk o +mo,

G iw — — )
ki w? + (vpk)? 4+ m?

(6.38)

with the dispersion relation €y = A/ (vrk)? + m?2, where the introduced mass opens a gap in the
energy spectrum of graphene. Next, the imaginary part of the correction function

X0 () = v /k / TTO (k) G T (k) G )] (6.39)

is determined. Thereby, we find that the evaluation of the trace over the pseudospin yields an additional
imaginary unit i in comparison to the shear viscosity 7.y = 7. Hence, the on-shell processes of the
correlation function are now entering the real part of the correlator, while the imaginary part of
the correlator is governed by off-shell excitations. After evaluating the corresponding integrals and
introducing an UV cut-off, we find for the Hall viscosities

1
txxy — T 1L 9 A —si ——w?
Measy = =g,z MA — sien(m) g g w (6.40)

LA+ sign(m) ——— o
=4+——m sign(m w” .
Tovvr = T 1602 S o6z
The Hall viscosities are not universal, since they depend on the UV cut-off A. Furthermore, similar
to the Hall conductivity of graphene with o, = —sign(m)/(87), the Hall viscosities also consist of a
term proportional to the sign of the mass m.
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6 The viscosity in Graphene

6.3 Summary

In the first part of this chapter, we presented calculations of the shear viscosity of graphene in the
hydrodynamic regime [20] and showed that graphene is a nearly perfect liquid [20], i.e., its ratio of
shear viscosity over entropy approaches the famous lower bound of this physical quantity [18]. Further,
the derivation of the Navier-Stokes equation [21] was shown, since the Navier-Stokes equation gives
experimental access to the shear viscosity.

In the second part of this chapter, we presented our calculation of the shear viscosity in the col-
lisionless regime. Thereby, we demonstrated that the pseudospin of graphene has to be taken into
account in order to obtain a viscosity tensor with the symmetry properties of a two-dimensional, rota-
tional invariant system. Furthermore, we determined the influence of the Coulomb interaction on the
shear viscosity upon calculating the corresponding correction coefficient C,, using a soft cut-off on the
Coulomb interaction. We find

1h

89 — 207
= ——uw —_—
64 vl%

n(w) 1+ = —aw)], (6.41)

with a(w) = a/(1+a/4log(A/w)). The shear viscosity is not universal, but proportional to the square
of the frequency. The correction coefficient is with C, ~ 0.65 large and thus we find a transport
quantity of graphene which is greatly influenced by the Coulomb interaction. Furthermore, we found

the Hall viscosity of graphene, which is given by 7yyyz zzey = iﬁm/& + sign(m) sz w?.
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Anisotropic Dirac Systems
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Chapter 7

Field-theoretical description and Coulomb
interaction

In the previous part, we have studied the conductivity and viscosity of graphene and the influence
of the Coulomb interaction on these transport properties. We found that in the collisionless regime
the conductivity is universal and the Coulomb interaction has no large impact on it [1, 16]. In the
hydrodynamic regime the temperature dependence of the conductivity only enters via the renormalized
coupling constant [19]. Furthermore, we have seen that in the collisionless regime graphene behaves
as a nearly perfect fluid [20], i.e., the ratio of shear viscosity over entropy decreases with increasing
temperature and approaches the lower bound [18]. In the course of this, it was important that graphene
is invariant under spatial inversion and time reversal and that the energy dispersion relation is isotropic.

However, the reader may wonder what happens with these transport quantities in systems with
lower symmetry. Do the conductivity and the shear viscosity show a different characteristic behavior
or do they stay unchanged? And we can ask ourself one more time the question, how the Coulomb
interaction influences the transport properties of a system with lower symmetry. These questions are
going to be answered in the following three chapters.

In this chapter, we want to introduce two dimensional systems which have a lower symmetry than
graphene. These systems are the anisotropic Dirac systems (ADSs). Their peculiarity is that their
energy spectrum is anisotropic at the Dirac point, i.e., in one direction the energy spectrum is linear,
as it is the case in graphene, whereas in the perpendicular direction we will find a parabolic energy dis-
persion [104-111]. The anisotropic energy dispersion will give rise to classical and relativistic behavior
depending on the chosen direction and leads to fascinating properties of the transport quantities. In
Chap. 8, we will demonstrate that both in the hydrodynamic and in the collisionless regime, the system
is either metallic or insulating depending on the direction of the applied electrical field. Furthermore,
the shear viscosity coefficients of an ADS exhibit fundamentally different scaling with temperature,
depending on the direction of the momentum flow, as is shown in Chap. 9. Even more drastically,
some of these viscosity coefficients will violate the famous lower bound of viscosity over entropy [18].
The origin of the violation lies in the emergence of two different length scales due to the anisotropy of
the energy spectrum which will lead to different scaling laws of the viscosity coefficients.

Now let us focus on the content of this chapter. In Sec. 7.1, as mentioned above, we will introduce
the ADSs and their Hamiltonian and the most important physical quantities. Also different materials
which exhibit an anisotropic energy spectrum are presented, such as the organic conductor a-(BEDT-
TTF)sI3 [112-115] and the heterostructure 5/3 TiO2/VOq [108, 109]. In Sec. 7.2 we will include the
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Coulomb interaction and study the influence of the Coulomb potential on the ADSs. For this purpose,
a large N renormalization group analysis of ADSs in the strong coupling limit [116] is presented in
Sec. 7.2.1. Also the collision integral of the quantum Boltzmann equation arising due to the Coulomb
interaction is derived in the last section.

7.1 The model and possible realizations

Anisotropic Dirac systems occur when two Dirac cones merge in momentum space [116]. There are
different materials which yield the anisotropic energy dispersion, where in one crystallographic direction
the energy dispersion is Newtonian-like and in the other Dirac-like [104—111]. One of these materials is
the organic charge transfer salt a-(BEDT-TTF )2l [105, 112-115]. Here, two Dirac cones merge under
the application of uniaxial pressure as is explicitly shown in Sec. 7.1.1. Another material yielding this
anisotropic energy dispersion is the heterostructure 5/3 TiO2/VO2 [108, 109]. This heterostructure has
four anisotropic Dirac cones in the first Brillouin zone, which are rotated by 45 degrees with respect
to each other, as can be seen in Sec. 7.1.2.

7.1.1 Mergence of two Dirac cones

Let us start our contemplation of the ADSs with the organic charge transfer salt a-(BEDT-TTF)sl;.
Here, we follow closely the Refs. 112, 113, and 114. The two dimensional organic conductor has a unit
cell which consists of four molecules on the sites A, A’, B, and C, where all molecules but the ones at
the sites A and A’ are inequivalent. This unit cell is shown in Fig. 7.1(¢). The organic conductor is
described by the following Hubbard-Hamiltonian:

Ho-(BEDT-TTF),I3,r = Z (tia:jﬁdjagfljﬁa + h.c.>

+ 3 Untlpytl tiaybior + Y Vapllnyllgoi0fias »

o (i0cjB),0,07

(7.1)

where the index i, j gives the site index of the unit cell, o, ¢’ denotes the spin index, and the index
a, 3 labels the position of the molecules with «, 8 € {A, A, B,C}. The hopping elements t;.j give
the energy needed for an electron to jump from the site (i, «) to the site (7, 8), while U, describes the
repulsive on-site interaction, and Vg the repulsive interaction between neighboring molecules. Upon
going into momentum space and taking only nearest neighbor hopping into account, we obtain for the
Hamiltonian

Ho-(BEDT-TTF), I3,k = Z Eaﬁ(k)dzagdkﬁa‘f‘ Z Ua&L_qQT&Lﬂaﬁk’aﬂkaT
k7a7a6 k:,k?/,q,Ol

(7.2)
+ Z VQ’B(q)aquagaL/_’_qﬁo-la’kjlﬁo'/ak()éo' 9
k.k',q,0,0' 0,8
with .
cap(k) =Y tae®® and  Vis(q) = 3 > Vge 90, (7.3)
1) 4

Here, & are the vectors connecting nearest-neighbor molecules while the subscript A denotes A =
c1,¢2,- -+ ,p4 and the subscript B is B = ¢,p which are being defined in Fig. 7.1 (c). The explicit
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(a) P=

€k

%-(BEDT-TTF),l,

t 150 | Anomalous metal
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Charge ordered Dirac fermion
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0 0.5 1.0 15 2.0 25
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Figure 7.1: In panel (a) the four energy bands of the organic charge transfer salt a-(BEDT-
TTF)oI3 for the uniaxial pressure P, = 30kbar is shown. Panel (b) focuses on the upper two
energy bands and shows the mergence of the two Dirac cones with increasing pressure. Panel
(c) (adapted from [113]) shows the unit cell of a-(BEDT-TTF),I3 salt which consists of four
molecules. Panel(d) shows the experimental data [115] for the critical temperature of the phase
transition between a charged ordered insulator and massless Dirac fermions. Panel (d) was taken
from [115].

expressions of the matrix elements e,3 and V,g are (with €50 = €ap and V3, = Vag)

e12(k) = to, + toye Via(q) = (1/2)(Ve + Vee'®)

e13(k) = tp, + tp,e™ Vis(q) = (1/2)(Vp + Vpe '4*)

e1a(k) = tp, + tp,e™ Via(q) = (1/2)(Vp + Ve %) (7.4)
eaz(k) = ty, e + tp, e tiky Vas(q) = (1/2)(Vpe 7% 4 Ve~ 9o ) ‘
e24(K) = tpy + tp,eite Vaa(q) = (1/2)(Vp + Vpe %)

eza(k) = tey + tee Y Vas(q) = (1/2)(Ve + Vee'®) .

The hopping elements increase or decrease respectively under the application of uniaxial pressure. For
a uniaxial pressure P, along the a-axis with the units [kbar], the modified matrix elements are

ta(Py) =ta(0)(1 4+ KaP,). (7.5)

Experimentally one finds the following values of the hopping elements: t,,(0) = 0.140, t,,(0) = 0.123,
t),(0) = —0.025, £,,(0) = —0.062, te,(0) = 0.048, tey(0) = —0.020, te,(0) = —0.028, t,(0) =
—0.028 [eV], and the following slopes K, = 0.011, K,, = 0, K, = 0, K, = 0.032, K., = 0.167,
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7 Field-theoretical description and Coulomb interaction

K., = —0.025, K., = 0.089, and K., = 0.89 [eV /kbar|. These values are taken from Refs. 113 and 114.

Let us now discuss the phase diagram and the energy dispersion of a-(BEDT-TTF)sl3. At small
pressure, there is a phase transition between a charged ordered insulator and massless Dirac fermions,
see Refs. 114 and 115. At zero temperature, this phase transition occurs at P, . ~ 12.5 kbar as can be
seen in the experimental data [115] shown in Fig. 7.1 (d). Hence, at zero temperature and for pressures
greater than the critical value, i.e., P, > P, ., the organic charge transfer salt is in the phase, where
the system has two Dirac cones. The energy dispersion for a-(BEDT-TTF),I3 at P, = 30 kbar is
shown in Fig. 7.1 (a). There are four energy bands, however, only the three lowest one are filled.
The Fermi energy lies between the two highest energy bands. Let us now focus on these two highest
energy bands. As can be seen in Fig. 7.1 (b), the two Dirac cones merge with increasing pressure. At
P, = 40 kbar the two Dirac cones have merged to one anisotropic Dirac cone. We can clearly see the
parabolic energy dispersion along the direction from which the two Dirac cones have moved to each
other. In the perpendicular direction, the energy dispersion is still linear. Upon increasing the pressure
further, a gap opens in the the energy spectrum.

7.1.2 The Heterostructure TiO,/VO,

Another material having anisotropic Dirac cones is the heterostructure 5/3 TiO3/VOsy. An image of
the real-space representation of the heterostructure is depicted in Fig. 7.2 (a), where we see the VOq
trilayer which is enclosed by 5 layers of TiOs. This heterostructure has four Dirac cones in the first
Brillouin zone as can be seen in Fig. 7.2 (b). The energy spectrum around these Dirac cones shows
again Newtonian-like behavior along one direction and Dirac-like along the perpendicular one. But
these main axis are rotated by 45 degrees with respect to each other for the different Dirac cones. This
was first demonstrated by Pardo and Pickett in Ref. 108 where they calculated the energy dispersion
of TiO2/VO; via a first-principles density functional method. A few months later a tight-binding
calculation of the dispersion relation of TiO2/VOs by Banerjee et al. published in Ref. 109 followed.
In this section, we will shortly present this tight-binding calculation. The Hamiltonian describes a
three band model of spinless fermions and is given by

3

H1i0, /v, = Z Z €aNija + Z ta (CI’aijl + h.c.>
(i3)

asb | i j (7.6)

+ A1 Z (Cz,lciiiﬁ — C}L’lcz‘i@g + hC) + A Z (C}L’ch‘ig@g — C;QCl’iy’g + hC) ,
(i) i)+
where « is the band index and ¢, describes intraband hopping processes. Furthermore, we assume that
the third energy band is far away from the Fermi energy, which we thus assume being dispersionless,
and it does not overlap with the energy bands €1 and €2 ,i.e., €3 > €1,€62. The two lower bands
only couple to the third energy band by an interaction which changes its sign under a rotation by
90 degrees. This interaction is modeled by the A; and Ay terms. Next, for simplicity, we choose the

hopping parameters as t| = —ty =t and \; = Ay = ¢ and obtain in momentum space the Hamiltonian
e 0 Vg

HTi0,/VOs k. = Z ‘I’L 0 ér Vil Yk, (7.7)
k Vk Vk €3
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[Reprinted figure with permission from Victor Pardo and Warren E. Pickett,
Phys. Rev. Lett. 102, 166803 (2009). Copyright 2009 by the American Physical Society.]

Figure 7.2: Panel (a) shows the heterostructure 5/3 TiO3/VOs2 where V2, V3, and V1 label
the V ion sites. (This figure was taken from [108]). In panel (b), the energy dispersion of the
heterostructure TiO2/VO2 can be seen. There are four anisotropic Dirac cones in the first Brillouin
zone which are rotated by 45 degrees with respect to each other.

where Wy, is a three component fermionic field and

€1k = €+2t (cos(kxa) + cos(l@a)) (7.8)
€o = € —2t (cos(k:ma) + cos(kya)) (7.9)
Vie = 2t (cos(kxa) — Cos(kya)> , (7.10)

with a being the lattice constant. Since the third energy band is energetic far off, the above Hamiltonian
can be downfolded to a renormalized two orbital problem with

- V2
[ ee =) 4
Hrri0s/VOs ke = O Uk v O Yk (7.11)
k e €2k

The energy dispersion of TiO2/VOs in the tight-binding model is thus

2
ik tér 1 |/ _\2 V2

which is shown in Fig. 7.2 (b). There are four anisotropic Dirac points located at K4 1+ = 5-(£1,£1).
As already mentioned before, the energy dispersion is linear along one axis and parabolic along the
perpendicular one. However, these main axis are rotated by 45 degrees to each other for the four
different Dirac cones. Next, the energy dispersions are Taylor expanded around the four Dirac points
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and we obtain the following Hamiltonian:

ey (ky + k)t Aky — k)22 -
HTiOz/VOz,Ki,i+k - Z wK+,++k: <4 x B k:y§;2t’2 _2(1% _|_yky)t 1/1K+$++k
k
ot 2ky + k)t A(ky — ky)?t? -
+ Zd}K_,_-i-k <4 _ ky)Qt/Z 2(1% + ky)t ¢K,,,+k
k
- (7.13)
o (ko — k)t 4(ky + k)22 -
+ ZwK.h_ﬁ*k! (4 a; y 2t/2 _2(]{:1; _yk,y)t ¢K+,_+k
k

ot 2ky — k)t A(ky + ky)2t? ) -
+ Zk:wK,++k ( (k 4+ k )QtIQ Q(k’x o ky)t ¢K7,++k .

Due to the four rotated anisotropic Dirac cones, the above energy dispersion of the TiO2/VOqy will
lead to a superposition of effects arising because of the relativistic energy dispersion and of the ones
arising due to the classical part of the energy spectrum. In order to distinguish clearly which physics
occur because of the linear part of the energy spectrum and which due to the parabolic part, we will
focus for the remainder of this thesis on systems with only one anisotropic Dirac cone per Brillouin
zone. This system will be described by the Hamiltonian introduced in the next subsection.

7.1.3 The Hamiltonian

All four terms of the Hamiltonian in Eq. (7.13) can be cast into the form

- 1 . .
HO,ADS = /d27"¢l. <—27nV§0m — IUVyO'y) 1/}7’ . (714)
Here, m is the effective mass along the z-direction and v the velocity along the y-direction. The Pauli
matrices o, and o, describe the pseudo-spin space and denote the valence and conductance band.
Furthermore, we introduce the momentum scale kg = 2mwv. The energy spectrum originating from this

2
k2 2
E Nk = A (27’)’L> + (’Uk’y) s (715)

with the velocity of the quasiparticles vy = Jdexg/Ok. In Fig. 7.3, the energy spectrum is shown over
the equal energy contour plot. We clearly see the parabolic energy dispersion in the k. -direction and
the linear behavior along the ky-direction. The density of states is proportional to the square root of
r(5/2) /o

4r3/2T(3/4)v

Next, we are going to define the Matsubara Green’s function

Hamiltonian is

the frequency, i.e., p(w) =

. k2
Wwog + 5,50 + Voy

Grjw = (iwgo - HO,ADS>_1 = - (7.16)

2 2
w* + €3

The last quantity, we will introduce here, is the current operator. The current operator is derived by
substituting k — k — eA in the Hamiltonian Eq. (7.14) and taking the derivative with respect to the
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€k

Figure 7.3: The energy dispersion of a single anisotropic Dirac cone is depicted over an equal
energy contour. In the k,-direction, the energy spectrum is parabolic, whereas in the k,-direction
the energy spectrum shows linear behavior with the velocity v.

vector potential A which yields
, ke - ‘ ot .
Jz = wkagaﬂpk and Jy = ¢kvay1/1k- (7.17)
k k

After having defined the non-interacting Hamiltonian of ADSs, we are now going to include the
Coulomb interaction between the quasiparticles

/ / B (7.18)

elr — /|

and implement this interaction via a renormalization group (RG) analysis in the next section.

7.2 Coulomb interaction in ADS

Again we pose the question how the Coulomb interaction between the quasiparticles in ADSs influences
the different transport properties. For an ADS described by the Hamiltonian Hg aps + H¢ a renormal-
ization group (RG) analysis in the large N limit is introduced in Sec. 7.2.1. In the same section, we
will see how physical observables such as the compressibility, the heat capacity and the entropy behave
upon combining scaling arguments and RG. This RG analysis will be applied both in the collisionless
and in the hydrodynamic regime. However, in the hydrodynamic regime the Coulomb interaction
enters the calculation one more time in form of the collision integral. Since the coupling constant
of ADSs decreases under growing RG-flow, the collision integral can be obtained using perturbation
theory in 1/N. The derivation of the collision integral is elaborated in Sec. 7.2.2.

7.2.1 Large N Renormalization group analysis in the strong coupling limit

As in the previous part treating the transport properties of graphene, we want to study the influence of
the Coulomb interaction on the transport properties of ADSs. Therefore, we will apply a RG analysis
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in the large N-limit, where N is the number of fermionic flavors. We find for the organic conductor a-
(BEDT-TTF)2l3 N = 2 because of its spin degrees of freedom while for the heterostructure TiO2/VOq
we find N = 8 because of the four Dirac cones and the spin of the fermions. The RG analysis in
the large N-limit is a powerful method as was previous shown for isotropic systems such as graphene
in Refs. 117 and 118. The RG analysis for ADSs presented here, was published by Isobe et al. in
Ref. 116 and we will follow closely their derivation.

Let us start with the action of ADSs treating the Coulomb interaction with the help of a Hubbard-
Stratonovich field ¢g with @) being the relativistic four-component momentum @ = (€2, q). It is

~ . ~ . N A A 1 ~
S = —/PU)L <1w — Ho,ADs) ¥p +iV2me /P,Q 1/J}L:+Q¢P¢Q + 2/Q \q|Ppodq - (7.19)

Next, let us take a closer at the self-energy corrections of the bosonic fields gZ;Q and the fermionic fields
1p in first-order of the coupling constant ajp. The coupling constant of the system is

e? e?

= — =N— 2
a= and an o (7.20)

where ay is finite for large N. In the following, we set again A = 1 and restore it where needed. The
self-energy of the Hubbard-Stratonovich fields is given by the polarization operator

(q,w) = 62//T1“ (Gk—{—q,i(w-',-Q)Gk:,iQ)
Ok

7.21
o [em e d w2 2
T T A T Awgt |
2 4
where A<w,q>:w2+c<5,a> ot and dy = 20O g, = T ang o= (210

(see Ref. 116). Thus, the full boson propagator is defined by the expression D(q,Q)~! = |q| —II(q, Q).
Now, we can evaluate the self-energy of the ADSs at the charge neutrality point. Thereby we use the
full bosonic operator and obtain

Vo d? ds2
oty [ 5P 06k i (7.22)

This fermionic self-energy can be parametrized in the following way
k‘2
Y(kw)=(1-2,)iw+v(Z, — 1)k—xox +v(Zy — 1)kyoy, (7.23)
0
with
Cy 9
Z,=1+ Wlog (vA/k) + O(N7?)
Cy
Z, =1+ log (vA/k) + O(N~?) (7.24)

Z, =1+ % log (vA/k) + O(N?),
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where k£ = max (kg /Ko, ky, w), A is the UV cut-off, and C,, ;, are numerical constants. The electron-

plasmon vertex is again determined using the Ward-identity Eq. (4.29), i.e., 'y =€ (1 — az{g&m) =

eZ.. Thus, we obtain for the action of ADS at the charge neutrality point

~t (. - . “ A 1 Ao
S = —/ w;r:, <1w — Ho,ADS — Z(k:,w)) Uvp + 1\/27re/ 0 qujDJrleP(ZsQ + 5 /Q (|q| - H(k:,w)) $Q0Q -
P P,
(7.25)
which can be cast into the form Eq. (7.19) by introducing the renormalized quantities VR = &Zi,/ 2,
VR = U%, ko.r = kog—z, and ep =T'Z; 1 — ¢, where we obtained the last relation using the Ward-
identity. Now we find for the renormalized coupling constant and the momentum scale

2 z -
ap = - az—w =« <1+ C’Cylog(A/k:)>

VR y N
(7.26)
Zy C,—Cy
= k=¥ = 1+ L —Z1log(A
ko,r kOZm ko ( t—x og( /k’)> ;
which can be cast into the following flow equations

d C, —C,

e B — VX = a(b) =ab™ "

dl N 7.27

a TN T ko RO 0 = Ro .

The numerical values of the coefficients C,,, C;, and C, are obtained in the strong coupling limit
and yield v, = 0.3625/N and -y, = 0.2364/N [116]. With increasing RG flow, the coupling constant
decreases while the momentum scale increases. What consequence does this behavior under growing
RG flow have on the energy spectrum of the ADSs? To answer this question, we consider how the
mass and the velocity flow under growing RG flow parameter [, i.e., b = ¢!. In the strong coupling
limit, their flow equations are

dm 0.1261 dv  0.3625
— m=—"n, m and q- N v (7.28)

dl - N

The anisotropy of the energy spectrum increases with increasing RG flow, since both the velocity v
and the inverse mass m ! will grow under the RG flow, but the velocity will increase much faster than
the inverse mass. This is depicted in Fig. 7.4.

The RG in the strong coupling regime will give rise to power laws in the observables. However, in
the weak coupling limit these power laws are substituted by logarithmic factors, see Ref. 116.

Physical Observables

In the following, we will combine the RG analysis in the large N-limit and in the strong coupling
regime and the physical scaling arguments to determine different observables. The physical observable
O is connected to their renormalized value by

O(kg, by w, @) = ZoO(Zs(1)kg, bliy, Zo (D), (1)), (7.29)
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€k €k

Figure 7.4: The renormalized energy spectrum (transparent one) and the unrenormalized energy
spectrum are shown. Panel (a) shows the parabolic part of the energy spectrum, which is less
strongly renormalized than the linear one which is shown in panel (b).

where Zp is the scaling factor. Furthermore the momentum £k, is rescaled by k, — bk, with b = el.
The frequency and temperature are renormalized by the scaling factor Z,, and the z-component of the
momentum by Z,. We find for these scaling factors the following RG flow equations

dZw _ Cw - Cy _ 17,)/1}
= Zw (1 + N) = Zy, = b
(7.30)
de . 1 Cg; - Cy o %(1_')%0)
= Zx2<1+N> = Zy= b .

As an example let us study again, as in the case of graphene in Sec. 4.3.2, the compressibility of ADSs
which is defined as the derivative of the charge carrier density with respect to the chemical potential,
ie, k= 8—2. Here, the particle density n has the scaling factor Z, = b~'Z_ ! and thus we find for the

compressibility Z, = Z,,/(bZ;). These scaling arguments imply

H(T) = b2 (1) (Bl o TP | (7.31)

— %(fyko —3y) = 2 + 0%\2,55. The compressibility vanishes less slowly with decreasing

with @, = 1
temperature than in the case of free anisotropic Dirac fermions rg o« T/2. The next two physical
quantities being studied are the heat capacity and the entropy of the ADSs. Therefore, we first take
a closer look at the free energy density with f(T,u) = b~'Z1Z, f(Z,T, Z,u) which reproduces the

scaling dimensions of the particle density via n = g—i. Thus, it follows for the heat capacity

C(T) = b*lzflzﬂc(zw:r) = b 2B m) (B T) o TP (7.32)

with ¢g = % — %('Yko —Y) =3 3 4 04255 4255 The heat capacity is connected to the entropy of the system
via C' = Tg—% and we obtain for the entropy

0.4255
+=5 N

s(T) oc T o T2 (7.33)
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The entropy of free anisotropic Dirac fermions is proportional to 7°/2 and due to the renormalization
arising from the Coulomb interaction it also vanishes less slowly with decreasing temperature to the
power T04255/N

As we have seen above due to the anisotropy of the energy spectrum, the two momentum components
k. and k, scale differently. The anisotropy generates two different length scales in our system which
are given in the hydrodynamic regime by

é‘ T~ 2(1_~_012(31)
z

0.3625 (7'34)
&y T-0+758)

and for the collisionless regime the temperature is substituted by frequency. The occurrence of the two
different length scales will become very important in our analysis of the transport properties of ADS.
They will be the reason for the beautiful and fascinating characteristics of the electrical conductivity
and for the violation of the lower bound which occurs for one of the viscosity coefficients.

7.2.2 The collision integral in the hydrodynamic regime

In the hydrodynamic regime, the interaction between the electrons due to the Coulomb potential is
implemented in the quantum Boltzmann equation via the collision integral I{°. In this section we
are going to derive the collision integral for ADSs which is based on my work in collaboration with
Boris N. Narozhny and Jorg Schmalian pulished in Ref. 119. Due to the previous RG analysis, we
can evaluate the collision integral using perturbation theory where the small parameter is 1/N. The
collision integral due to Coulomb interaction is defined by [36]

I (k,w) = 33 (k, )G — 5 (k,w)G3p, (7.35)

where E§’>(k,w) and Gf\,’; are the lesser and greater self-energies and Green’s functions. The lesser
and greater Green’s functions are defined as

Gk = hwA(k,w)dyy (7.36)
Givkw = il = fae]A(k,w)dn, (7.37)
where fyg is the distribution function of the quasiparticles/quasiholes and A(k,w) is the spectral

function of the Green’s function, which we approximate here for simplicity as A(k,w) = 270(w —

Aeg). This simplification has the same temperature dependence as the general form of A(k,w) =
—2Im SR (kw)
(w—Cp—Re SR (k,w))2+(Im =R)2

Y5 (k,w) = 622// ") Im D(q,w")G5y o Nar (k. k — q) | (7.38)

. The lesser self-energy in first order of % is given by

where Ny (k1, k2) is

Nl ko) = = [14 — k”k“+k k (7.39)
aX k1, R2) = 5 Codor ExFon k(g) Lyh2,y J :

and Im D(q,w’) = Im(q — II(w',¢))~! is the spectral function for the bosons which in the strong
coupling limit has the form Im TI(q,w’)™!, see Eq. (7.21) for the explicit expression. The form of
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7 Field-theoretical description and Coulomb interaction

the greater self energy is analogous to the one of the lesser self energy. Hence, the collision integral
describing the Coulomb interaction can be written as

I)e\e(kvw) = _/Im H(qaw - Eak—q)_l Na)\(kak - q)A)\(kaw)
q
x { (1= fap—a] Fro + 1 = €anq) [ Fro = fap—d] } , (7.40)

where n°(w) is the bosonic distribution function in equilibrium and we sum over equal indices. Every-
thing is known in the above equation but the distribution functions of the quasiparticles/holes fyg. In
the linear response regime we can expand the fermionic distribution function up to first order of the
source term responsible for the motion of the quasiparticles, i.e. in the case of the electrical transport
the electrical field E and in the case in the hydrodynamic transport the external velocity gradient
Ouq/0xg. Thus, we choose for the distribution function the ansatz

1
= 10+ 1R (1= 78 ) e (7.41)

The function hyg is proportional to the source term of the perturbation and to the function gyx =
Y on Un E\n,)c The function gy is expanded into a set of basis functions gbg\n,)c and the corresponding

coefficients 1,,. For ADS the basis functions qbg\n,)c which are the different modes of the system are

given by the energy ¢g\OL = Xe)g and the band index qbg\l;c = A. For the electrical transport and for the
transport due to a velocity gradient, it is respectively [43, 46]

h)\k:E = )\’U)\k'Eg/\Ek (7.42)

€ ou
Pakus,., = A(“?kkﬁ—%ﬁ;k) N (7.43)

0xq

Upon inserting the linearized distribution function into the collision term and integrating over the
frequency with the spectral function A(k,w) = 276 (w — e,\k), we obtain

T
q

x 1O (exr — exr_gq) [1 - fi(,?] fﬁ(;?_q [h/\k - hAk—q}

1
+T /Imﬂ (q, Exk + GAk—q)
q

x 1 (exr + ext—gq) [1 - fA((,?] fﬁoik_q {h)\k - hf)\qui| :

1 -1
I (k) = /ImH (q, Exk — EAk—q) Ny(k, k —q)

(7.44)

1
Ny_x(k,k —q)

The first term describes intra-band scattering and the second term inter-band scattering processes
mediated by the Coulomb interaction.

Now after setting the stage, we can begin to study the transport properties of ADSs. Let us start
with the conductivity in the following chapter.
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Chapter 8

The conductivity...

In Chap. 5, we discussed the conductivity of graphene in the hydrodynamic and collisionless regime.

We found that in the high-frequency limit the conductivity is universal and depends neither on
2

frequency nor on temperature with og(Dirac) = ¢ [1]. However, in the hydrodynamic regime, a

logarithmic temperature dependence enters via the renormalized coupling constant «(7) = a/(1 +

alog(Ar/T)/4), i.e., og(Dirac) = 0.0193% [19] and the conductivity approaches for increasing

temperatures the value og = %% [95].

In this chapter, we study the conductivity of anisotropic Dirac systems (ADSs) which have with
respect to the energy dispersion a lower symmetry than graphene. Thus, a natural question to ask
is how does the conductivity change for systems with lower symmetry and how does the Coulomb
interaction influence this transport quantity? These questions are answered in Sec. 8.1 where the con-
ductivity is studied using the quantum Boltzmann equation in the hydrodynamic regime (w < 771).
We find fascinating transport properties, since the ADSs show insulating and metallic temperature
behavior depending on the direction of the applied electrical field. Using the occurrence of the two
length scales, mentioned in Sec. 7.2.1, we will explain this impressive behavior of the conductivity and
show the breakdown of single parameter scaling. In Sec. 8.3, the characteristics of the conductivity
are studied in the collisionless regime (w > 77 !) where we find the same beautiful transport properties
as in the hydrodynamic regime.

This chapter is based on my work in collaboration with Boris N. Narozhny and Joérg Schmalian
which is published in Ref. 119.

8.1 ...in the hydrodynamic regime

Now, let us start our investigation of the conductivity in the hydrodynamic regime at the charge
neutrality point, i.e., u = 0. As we have seen in Sec. 1.2 and Sec. 5.1, the quantum Boltzmann
equation is used to determine the conductivity. The Boltzmann equation is given by

O fak Ofxe 0/
at +F 81{7 - Tdis

+ I5°(k), (8.1)

where F = ¢ (E + vy X B/ c) is the Lorentz force with the electrical field £ and the magnetic field
B and 7y;5 is the relaxation time due to impurity scattering. The derivation of the collision integral
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describing the scattering processes due to the Coulomb potential between the electrons can be found in

Sec. 7.2.2, while the explicit expression is given in Eq. (7.44). The distribution function fyg is assumed
-1

to be the sum of the Fermi-Dirac distribution f)(\(,? = (1 + e€xk/ T) describing the equilibrium part

and the out-off equilibrium correction 6 fyi. We perform our analysis in the linear response regime
where the out-off equilibrium correction is proportional to the source of the perturbation. Thus, the
distribution function is given by

Ik = fi(;)c) +0f e

1 (8.2)
= fun + 7w (= F)ha

Thereby, we choose as ansatz for the non-equilibrium correction of the distribution function [43, 120]
he® =My - E g5y, (8.3)

where gfk is an unknown function which is going to be determined by solving the Boltzmann equation.
In order to determine the function g)\k, g/\k is expanded in a set of basis functions gzbgf}c) with the

unknown coefficients ¥ i.e. g/\k =>. zb gzﬁ)\k In general, these basis functions can be given by
Chebyshev polynomials. Here however we implemented a two-mode approximation, i.e., we describe
the system only using two different basis functions. These two dominant modes are the eigenenergy of

the system <Z>/\k = ek and the band index denoting the conductance or valence band qﬁ)\k = A. Upon
inserting these definitions in the Boltzmann equation Eq. (8.1), multiplying the Boltzmann equation

from the left with the basis function gbggc), and after integrating and summing over the momentum k
and the band index A respectively, the Boltzmann equation can be cast into the following matrix form

Meyf =G, (8.4)

where the matrix

M = — Z/Imﬂ q, €xk — Exto— q>_ Nk, k —q)

A kg

x nl0) (exk — Exk—q) [1 - f)(\(l?:| f)\k q [¢A )¢Ak ¢Ak q‘ﬁxk ]

TZ/IIHH g, exk + Exk— q) Ny-x(k,k — q)
A kyq

X n(o) (6)\k + E)Jc—q) [1 - f)(\(])c):| fﬁOA)k_q [tﬁ(ﬁg(ﬁ&k ¢( \e— q(ﬁ)\k :|
arises due to the collision integral and the vector
1 m) (0 0
=7 Z/k Ao\ Fan [1 - f)(\k):| (8.5)
A

consists of the terms proportional to the electrical field. Here, we assumed that no magnetic field is
applied and no impurity scattering occurs. Next, the explicit expressions are given and furthermore,
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8.1 ...in the hydrodynamic regime

upon introducing dimensionless variables, Q = w/T, x = \/1/(Tko)k,, and y = k, /T, the temperature
dependence of the different terms is determined. Thereby, attention should be drawn to the fact
that due to the anisotropy of the system the two components of the momentum scale differently with
temperature. For the y-component, we find k, oc T" while for the z-component it is k, o VT. The
matrices are given by the expressions

M, = T2 kg [\0)[6\0] €8, (8.6)
and
G, = T2[61CL, 5, (8.7)

where C.7, p and Cgl g are numerical coefficients and the modes have the dimensionality [qbggc)] =

[Aexx] = T. Now, we can invert the matrix equation Eq. (8.4) to obtain the coefficients ¥£. These
coefficients determine the electrical current

. € 0 0 n
Jj= Z/'U)\k(sf)\k =7 Z/A'U)\k:f)(\k) (1 - ik)> (vx - E) %Z)fébgk), (8.8)
A % An A
or written in components as
Ja = ZAAfik) (1 - )(\k:)> (v5k) wfqﬁf\k)Ea’ (8.9)
An

where we used the fact that the integral of the two different velocity components over the momentum
is zero, i.e., fk ’uf\“"kvg,k = 0. Now, the conductivity tensor can be defined since, as we have seen in
Chap. 2, the conductivity tensor connects the electrical current to the electrical field via

jo =) 0asEs. (8.10)
B
Hence, the conductivity tensor is given at the charge neutrality point by

P (v5%)?
=% / o

92667k/T I

271
1+ eﬁ)\k/T)

(8.11)

. Cf Cﬁc 0 .
with wﬂ = ko LE00.E __ where we used the fact that the mode ¢( ) = Xexx, does not contribute
T 56 g Cit—Ct.E Ak

to the current. Only the mode qﬁE\lk) = X determines the electrical current. Thus we find for the

conductivity tensor
T +(3+%0)
Owa,yy(T) o< N () ) (8.12)
Q}ko

with ¢ = (79 + 7k)/2 = 0.299/N. The off-diagonal elements of the conductivity tensor oy, and
oye are zero, since as mentioned above the integral of two different velocity components over the
momentum is zero. The temperature dependence of the diagonal elements of the conductivity tensor
is depicted in Fig. 8.1 (b). For decreasing temperature, o,, vanishes and we find insulating behavior,
if the electrical field is aligned along the x-axis which has the parabolic energy spectrum in momentum
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Figure 8.1: Panel (a) shows the spatial distribution of the electrical current for different temper-
atures. In panel (b) we see the temperature dependence of the conductivity tensor. It becomes
insulating in the direction with the parabolic energy dispersion and metallic in the linear one.

space. Whereas, the o, component of the conductivity tensor increases with decreasing temperature.
Thus, the ADSs are metallic, if the electrical field is aligned along the y-axis which corresponds to the
linear energy dispersion. The additional exponent ¢, is obtained using the renormalization group (RG)
analysis of Sec. 7.2.1 and combining it with the scaling arguments. A detailed derivation can be found
in App. B.1.1. In Fig. 8.1 (a), we see the spatial distribution of the electrical current depending on the
direction of the electrical field for different temperatures. For small temperatures, the j,-component
is the dominating current component as expected, while for large temperatures the j,-component
becomes more and more important and the j,-component decreases.

Hitherto, we studied pristine ADSs systems, i.e., system with no impurity scattering. The main
effect of impurities is on the oy, component of the conductivity tensor which would instead of diverging
at zero temperature have a finite value. Upon implementing the impurity scattering, a self-consistent
Born-approximation should be performed as in Refs. 121 and 95.

Furthermore, so far only systems with one anisotropic Dirac cone in the first Brillouin zone were
investigated, as it is the case for the organic charge transfer salt a-(BEDT-TTF)sI3. However, in the
case of the TiOy/VOq heterostructure there are 4 Dirac cones in the first Brillouin zone which are
rotated by 45 degrees with respect to each other. Here, the insulating behavior is not to be seen, since
the diagonal elements of the conductivity tensor are a superposition of our insulating component o,

and the metallic component o,,. It is
T —(3+00) N T +(5+60) 1)
’Uk‘o ’Uk() ' ’

The reason for this is simple. Due to the energy dispersion of the heterostructure, described by
Eq. (7.13) the velocity components of TiO2/VO; are a superposition of the velocity component v3,
and ng’ i.e., vf,s“' TiO2/VOs = vi’\k +v§,. This superposition of the two velocity components propagates

Taa,TiOs VO, = IV

to the conductivity tensor of TiO2/VOs and thus the metallic temperature behavior always dominates.
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8.2 Scaling Behavior

Now let us turn back to ADSs with only one anisotropic Dirac cone in the first Brillouin zone. Here,
a natural question to be asked is: how can a material be metallic and insulating depending on the
direction of the applied electrical field? In order to answer this question, the scaling behavior of
the conductivity for ADSs is investigated. Therefore, let us first remind ourselves of the physical
scaling of the conductivity for an isotropic system such as graphene. We have seen in Sec. 2.3 that
the conductivity is scale invariant under RG for an isotropic system in two dimensions. Hence, for
graphene it is

Oaa (T) = 000 (ZrT) . (8.14)

The temperature is rescaled by Zp which is defined in Eq. (4.31) and the two components of the
momentum are rescaled by the same length scale £&. However for ADSs, this single parameter scaling
breaks down. Due to the anisotropy of the energy dispersion, being Newtonian-like in the z-direction
and Dirac-like in the y-direction, two different length scales arise with

5:1; o T_%(H_%)

(8.15)
&y o T_(H%) ,

where the exponents proportional to 1/N originate from the RG analysis in the large N-limit and in the
strong coupling regime, see Sec. 7.2.1 for more details of the RG. These two length scales will rescale
the two components of the momentum. The k,-component is rescaled by &, which is proportional to
the inverse square root of the temperature and the k,-component by &, which is proportional to the
inverse temperature. The scale factor of the conductivity is the ratio of these two length scales and we
find for the conductivity tensor

1, 0.299
oa(T) = o (g;T) o T ()
€y
(1, 0.299
oyy(k,T) = 5—yam (f;T) xT <2+ N ) ,
€a
where 7T ~ const. and z = 1 — 7, is a dynamic scaling exponent. For oy, the scaling factor is
Zoy, = &2/&y, while for the oy, component of the conductivity tensor it is the inverse Z,,, = &,/

These two different scaling factors are the reason for the different temperature dependence and thus
are the reason for the metallic and insulating behavior with decreasing temperature in ADSs.

(8.16)

8.3 ...in the collisionless regime

Now, let us see how the conductivity of ADSs at the charge neutrality point behaves in the collision-
less regime. In the collisionless regime the frequency is the fastest time scale w > 7! opposed to the
hydrodynamic regime where the scattering time is the the fastest scale w < 7—!. For the conductiv-
ity tensor in the collisionless regime the same energy dependence as in the hydrodynamic regime is
expected. The only difference should be that the temperature is now substituted by the frequency.
Using the Kubo-formula, we are going to check if this expectation is justified. The Kubo-formula for
the conductivity is
Imx, 5

Oap = —— 2 (8.17)
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where xj,, is the correlation function between the a- and - component of the current operator. The
current operator and the Green’s function are defined in Sec. 7.1.3 in Eq. (7.17) and Eq. (7.16). The
conductivity of free anisotropic Dirac fermions is given by the bare bubble diagrams

XJzz = N TZ/Tr (‘}ﬁGk,iwnjﬁGk,i(UJn‘i‘Qm))
n
k

N (8.18)
=3 TZ/I@% Tr (Ug;Gk,iwnO'och,i(wn—i-Qm))
"k
and
XJyy = TZ/TI‘ (3ka,iwnijk,i(wn+Qm)>
"k (8.19)

= Nv? Z/TI“ (Uka,iwnUka,i(wnJer)) :
"k

Again the two off-diagonal components x,, and x,, are zero due to momentum integration. The

evaluation of the two remaining diagrams yields
kT
w
NC MBS sE
+ xx,2 < ’Uk() > (T)

Opz(w) =N (w> 1/2(2 £ <_w> — O (w>
T ’Uk‘o zx,l 9 B

~1/2 T ~1/2
o (2) e [ (3) 00 (32) 5

with Cpp1 = %, Crz2 = 0.931, Cyy1 = %K(—l) and Cyy 2 = 0.298 where K (m) is the complete

elliptical integral of the first kind.

(8.20)

Let us first consider the limit of zero-frequency which corresponds to the hydrodynamic regime. We
find the same temperature dependence of the conductivity as in the previous section. Hence, both
formalism, the Kubo-formula and the quantum Boltzmann approach, yield two consistent results.

Next, we study the conductivity tensor at finite frequencies and find that the conductivity tensor
shows the same fascinating transport properties as in the hydrodynamic regime. The o,,-component
of the conductivity tensor is proportional to w'/2 and shows insulating behavior with decreasing
frequency, while the oy,-component is proportional to w2 and thus shows metallic behavior with
decreasing frequency. Next, the Coulomb interaction is included into our considerations by applying our
RG analysis. The conductivity will gain again an additional power-law exponent which is proportional
to 1/N. This exponent has the same form in the collisionless regime as in the hydrodynamic. The
conductivity tensor can now be expressed by

, (8.21)

w \ TGHes)
vkg

Oy (W) o< N <

with ¢» = (Y + Y )/2 = 0.299/N. This calculation showed that our expectations were justified.
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8.4 Summary

For graphene, a system with isotropic energy dispersion, the conductivity is universal, i.e., it neither
depends on frequency nor on temperature. Only in the hydrodynamic regime a temperature dependence
enters via the renormalized coupling constant and both components of the conductivity tensor behave
on the same way.

In contrast to the isotropic systems, the conductivity tensor of ADSs is energy dependent. Even
more, both in the hydrodynamic and in the collisionless regime, the ADSs are either insulating or
metallic depending on the direction of the applied electrical field. The temperature dependence in the
hydrodynamic regime and the frequency dependence in the collisionless regime are

+(3+¢0)
“ > S (8.22)

T +(3+¢0)
Oxzyy(T) x N (vkg> and Oz yy(w) o< N <vko

with ¢5 = (70 + Yk )/2 = 0.299/N. These beautiful electrical transport properties occur due to the
breakdown of single parameter scaling. Two different length scales govern the physics of the system
and the conductivity scales as

é_ Pa
Uaa(w\T) = <;) Uaa(é.;w\ggT)a (823)
Yy

where ¢, =1 and ¢, = —1.
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Chapter 9

The viscosity...

In this chapter the viscosity of anisotropic Dirac systems (ADSs) at charge neutrality is investigated.
As can be seen in Chap. 3, the viscosity is a rank four tensor which connects the velocity gradient
Ous/0x~ of a fluid to its energy-stress tensor 7,5. In isotropic systems the energy-stress tensor is
determined by two viscosities, the bulk and the shear viscosity. In contrast to isotropic systems such
as graphene, the dissipative part of the energy-stress tensor is not determined by two viscosities but
by eight viscosity coefficients

Txx Nexxx 0 0 Nexyy 8u:p/ax

Txy _ 0 Neyyzr  Teyxy 0 3uz/3y (9 1)
Tya 0 Myayr Myzey O Ouy/0x |~ '
Tyy Nyyazx 0 0 nyyyy ) \ Ouy/0y

The viscosity coefficients are symmetric under a pairwise exchange of the indices, i.e., 748vs = 508
This is most easily seen upon studying the Kubo formula which connects the viscosity coefficients to
the correlation function of two energy-stress tensors, see Eq. (3.36). Applying this symmetry property
reduces the number of independent viscosity coefficients which are needed to be calculated to six.

In the course of this chapter, we will see that the six viscosity coefficients depend strongly on
the flow direction and show fundamentally different temperature dependence. At low temperatures,
the ratio 73,5/5 either diverges or stays constant for most viscosity coefficients. Most notably, one
viscosity coefficient 7;y., violates the famous lower bound of the ratio between viscosity and entropy
n/s [18]'. The ADSs are the first realization in condensed matter physics violating the lower bound.
Further systems violating the bound can be found in anisotropic versions of a super-Yang-Mills plasma
[52, 57, 67], and in ultra cold gases [59], see Sec. 3.6.2. Here, we will present a clear explanation for
the violation of the lower bound and show that again the breakdown of the single parameter scaling
yields this beautiful physics. A consequence of the extremely small shear viscosity can be electron
turbulence, nonlocal transport and extreme sensitivity to nanoelectronics settings.

Thus, we start the contemplation of the viscosity with the derivation of the energy-stress tensor
in Sec. 9.1. Thereby we use the procedure introduced in Sec. 3.2. In Sec. 9.2 the shear viscosity
and its scaling is investigated in the hydrodynamic regime followed by a study of the viscosity in the
collisionless regime in Sec. 9.3. In the last Sec. 9.4, the Navier-Stokes equation is going to be derived.
This extremely important equation governs the flow dynamics of our quasi-particle fluid. Due to the

!The derivation of the lower bound can be found in Sec. 3.6.
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9 The viscosity...

smallness of the viscosity coefficient violating the lower bound, turbulent flow is expected.

This chapter is again based on my work in collaboration with Boris N. Narozhny and Jérg Schmalian
published in Ref. 119.

9.1 The energy-stress tensor

Let us start with the derivation of the energy-stress tensor. Thereby, we follow the steps described
in Sec. 3.2 where the energy-stress tensor is derived from the strain generators. Let us shortly repeat
the most important equations. The total strain generator [J,s consists of a summand exhibiting the
transformation of the spatial coordinates L£,3 and the other summand generates the transformations
in the pseudospin space Sug, i.e., Jog = Lag + Sap- These strain generators have the explicit form
Log = —TaPg + %56,,3 and Spp = —27 ieaﬂvav‘ The total strain generator is connected to the
energy-stress tensor via the time derivative

Taﬁ = _8tn.7aﬁ- (92)

Next, we state the expression of the energy-stress tensor due to £,g which is

L . » QLU:vkm ko n
Tc(yﬂ) =—i [HO,ADS;Eaﬁ} = /1/1;2 < k%ay ) (ky> (U (9.3)
k a B

and the expression due to S,

NM_.I\D\H

S _ i | [k AN I
Taﬁ = —I[HO,ADS,SQB] = /wk 7;)ky 0g — 0q %gky ; Vg - (9.4)
k (0%

The different coefficients of the energy-stress tensor have thus the form:
~ v ~
T = [ O 2 Kow .
k 0
Ty = /k%i vayky U,
“ v 1 1w N
Txy = /’;’lﬂlt [O’x (2kokmky — 2'Uky> + 2]{;0]{730'31] "l/Jk,
. 1 1 .
Ty = / PL [ay (vkx - “kﬁ) + vkyam] Ui -
k 2 ko 2

Upon introducing the energy band representation (1/1;2 = W;LP,; Land ¢y, = Pyyy:) and using the following
transformation properties of the Pauli matrices

(9.5)

P lo.P. = — ke o, + @0 (9.6)
b ko€ e
_ k k3

Pk 1O'yPk = —?zaz - %O’y 5 (97)
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9.2 ...in the hydrodynamic regime

we obtain the energy-stress tensor due to intra-band scattering:
Moy = 3 [ ks Aluioe (9.5)
A

which has the same form as the one we obtained from the commutator of the momentum density with
the Hamiltonian and thus takes only the transformation of the spatial coordinates into account. In the
following, 17,3 will be used to determine the viscosity coefficients in the collisionless regime, whereas we
use Il,4 in the hydrodynamic regime. This is justified because of the low energies in the hydrodynamic
regime, interband processes are not significant. Only in the collisionless regime, the influence of the
pseudospin and the interband processes is seen.

9.2 ...in the hydrodynamic regime

Now, let us investigate the viscosity in the hydrodynamic regime. The viscosity tensor connects
the velocity gradient field to the dissipative part of the energy-stress tensor. Hence, we start our
examination of the viscosity by calculating the average of the energy-stress tensor Il,g. In linear
response, the averaged energy-stress tensor is the sum of the equilibrium part of the energy-stress
tensor 7,3 which is determined by the Euler equations and the dissipative part 7,5. Thus, it is

<Ha5> = Z/Ufkkﬁ <’?I\k’%\k> = Z/Ui‘kkﬁf,\k = Taf + TaB » (9.9)
Ak Ak

where fyg is the distribution function of the quasiparticles. The distribution function consists of
an equilibrium part described by the Fermi-Dirac function, f)(\(,)c) =1+ elexwtuk)/ T)*l, and a part

describing the out-off equilibrium corrections § fyg, i.e., far = f;\(,)c) + 0 frr. The dissipative part of the
energy-stress tensor is defined by this out-off equilibrium correction, i.e.,

Tap = Z/Ufkkﬁfm- (9.10)
Ak

In linear response, the out-off equilibrium correction to the distribution function can be expanded in
first order to the perturbation of the system, i.e., df \x = /5(,)2(1 - f)(\(,)c))h)\kuﬁa/T. In our case, the

perturbation is the gradient of the hydrodynamic velocity, g%f, and hence for h)\kuﬁ ., the following
ansatz is chosen

o Exk ou
kg, = Z A (U,\kk'ﬁ - 5a62) gfk%ﬁ : (9.11)
af «

A detailed derivation of this ansatz can be found in Sec. 3.5. The function gfk is expanded into a
set of basis functions weighted with coefficients 1#5, i.e., gfk =>. 1/)5(;55\7,2. These basis functions are
different modes of the system. In ADSs the dominant modes are given by the energy d)E\(Q = Xexk and
the band index <Z>E\1k) = A. What remains to be done is to identify the coefficients wfi . They pin down
the out-off equilibrium correction 0 fyx and thus fix the dissipative part of the energy-stress tensor. In
order to determine 9 fy, the above described ansatz of the distribution function is inserted into the
quantum Boltzmann equation
Ofxk Ok ree

W—F'U)\k Oz =1y . (912)
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9 The viscosity...

Upon multiplying the quantum Boltzmann equation with the mode gbf\? and integrating and summing
over the momentum and the band index respectively, the Boltzmann equation can be cast into a matrix

form
M 0 v\ (G,
( 0" Mgg) <wy> - <Gu> | (9.13)

where the matrix M¢° " corresponds to the collision integral due to the Coulomb potential between
the quasiparticles and the vector Gy, , corresponds to the term proportional to v)q in the Boltzmann
equation Eq. (9.12). The vector ¥® consists of the coefficients 1, and is given by ¥ = (¢, V7).
(For simplicity it was assumed that the distribution function is time independent. However, a time
dependence of the distribution function can easily be implemented in this procedure.) The explicit
expressions of these terms can be found in App. B.2. Upon introducing dimensionless variables, 2 =
w/T, z =+/1/(Tko) ks, and y = k, /T, the temperature dependence of the different terms are found

Mffm,y—T?[ H%k]cz;uw,

(9.14)
My, =5[] |62 €.
and
vaux,y =T [¢S\TZ)] gm,ux,y ’ (9 15)
Gm7uy,z = T2 [QSE\TZ)] gm,uy,z s
where Cif, . s Chinuy o0 Ymue > 80 G, are numerical coefficients. The modes have the following
temperature behavior [(b)\k)] = [Xexg] = T and [¢§\1k)] = [A] = 1. Upon inverting the matrix equation

Eq. (9.13), the coefficients z/;ff and their temperature dependence are determined. The components of
the shear viscosity tensor can now be calculated by

o Exk 0 0
Napys = Z/chkﬁ (Uzkké - 5752> Ik ,(\k)(1 -1 ))/T' (9.16)
A

The resulting shear viscosities at the charge neutrality point are given by

(z)aﬂ'yé
k(T

which are proportional to the fermionic flavor NV and the numerical constants C,gys of order unity.
The temperature of the viscosity coefficients 7;yzy and 7yzy. scale with the exponents

5 1 5 1.02445
¢xya:y =-+= (’Vko + 5’Yv> =-+ y

1 1 1 0.17335 ’
¢y:cyx—§_§<37ko_7v> :E_ N .

The remaining viscosity coefficients 7;;z; scale with the exponent

3 1 3 0.4255
b= () = 54 025 19)
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9.2 ...in the hydrodynamic regime
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Figure 9.1: The temperature dependence of the ratio of the viscosity coefficients over the entropy
is shown. The lower bound of this ratio [18] is given by the red dashed line. For most viscosity
coeflicients 7;;x; the ratio is proportional to N and thus constant, whereas for the coefficient 7.y,
the ratio diverges. For 1);y., the ratio violates the lower bound at Tjound-

which is the same exponent governing the entropy as is shown in the next section. Note that we
switched the notation from Greek to Roman letters. Every time this occurs, all viscosity coefficients
but 7zyyz and 7y.zy are meant. The factors proportional to N —1 arise due to the renormalization group
(RG) analysis. In order to characterize how perfect the fluid is, the viscosity coefficients are compared
to the entropy of the system.

9.2.1 The lower bound

As seen in Sec. 3.6, the ratio of the viscosity over the entropy of the system indicates how perfect a
fluid is. (A fluid whose viscosity is zero is referred to as a perfect fluid.) This ratio has an universal
lower bound 7/s > ﬁ which was derived by Kovtun, Son, and Starinets in Ref. 18 where they used
the correspondence between strongly coupled gauge theories and gravity. For ADSs the entropy is (see
Sec. 7.2.1)

42
+O 55

s(T) oc T% o T2 (9.20)

The ratio of the viscosity coefficients over the entropy is depicted in Fig. 9.1, where the red dashed
line indicates the value of the lower bound. For most viscosity coefficients the ratio is constant.
However, for the viscosity coefficient 7., the ratio diverges at low temperatures with T —(1+0.59895/N)
and even more fascinating, for the coefficient 7;y., the ratio violates the lower bound at Tiouna =
@] (1/(N1/(1+0'59895/N))> and vanishes for decreasing temperatures as T+H(1+0-59895/N) = Hence, the
ADSs are to our knowledge the first realization in condensed matter physics which violates the lower
bound.

How can in the same material some viscosity coefficients fulfill the lower bound, while for one
coefficient the ratio diverges and for another the lower bound is violated? To answer this question,
the flow of different momentum components is studied. The viscosity tensor connects the dissipative
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9 The viscosity...

part of the energy-stress tensor to the hydrodynamic velocity gradient, 7,5 = 275 NaBys0Us /0T, see
Eq. (3.4). This velocity gradient Ous/0x, is depicted in Fig. 9.2 (0) by the purple arrows. Because
of the gradient, the momentum component ks, which is parallel to ug, is transported with the velocity
component v}k into the y-direction. Simultaneously, the momentum component kg is transported with
the velocity component v$, into the a-direction. Due to the anisotropic energy dispersion shown by the
equal energy contourplots in Fig. 9.2 (a)-(d), the velocity component v¥, is larger than v}, for small
temperatures. Hence, for the components 7.4, the momentum k, flows with vgk in the y-direction
and the momentum k, with vf, in the z-direction and similar behavior we see for 7;y,,. So both
momentum components flow respectively with the smaller and the larger velocity component and thus
do not violate the lower bound. In contrast, we find for 7,;,, that the momentum component &, flows
twice with the larger velocity vY, and thus the ratio diverges. While for 73y, the momentum k,, flows
twice with the smaller velocity v, in the z-direction and thus violates the lower bound.

Another explanation can be given by studying the scaling of the viscosity, which is done in the next
section.

9.2.2 Scaling of the viscosity tensor

Before we explore the scaling behavior of the viscosity of ADSs, let us repeat how this transport
property behaves for isotropic systems as graphene. For graphene the viscosity and entropy scale as

n(T) = & *n(ZrT),

s(T) = £ 2s(Z7T). (6-21)

(see Sec. 3.4 for a detailed derivation of the viscosity’s scaling in isotropic systems.) Since there is
only one length scale £ = b = ¢! in the system, we find single-parameter scaling. The ratio 7/s is scale
invariant under a RG analysis because the two scaling factors Z, = €2 and Z, = 2 cancel each
other. However, for ADSs the situation is a different one. The single parameter scaling breaks down
due to the occurrence of the two different length scales arising from the anisotropic energy dispersion.
The scaling factors of the different viscosity coefficients are given by

Zns = é';lé'y_l ’
Z'r]yzyz = é-;gfy )

while we find for the entropy the scaling factor
Zg =&, (9.23)

The scaling factors Z,, are derived from the Kubo-formula for the viscosity coefficients, i.e., 14,5 =
wIm <[ja,3, ‘775]>. Thereby, the scaling factor of the total strain generator J,3 is equal to the particle
density times the scaling of the space coordinate x, and the momentum pg, since the total strain
generator only differs from the particle density by the product of x, and pg, i.e., T = fw &ixapmz)x.

The detailed derivation can be found in App. B.1.2. Hence, the ratio of the viscosity coefficient over
entropy for ADSs is determined by the following quotient of the two length scales

©
Tagys o 1 (@) , (9.24)

S kB fy
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9.2 ...in the hydrodynamic regime
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Figure 9.2: The momentum flow of the different viscosity coefficients is shown. Panel (0) shows
one part of the momentum flow due to the velocity gradient dus/0x. which is implicit assumed in
the panels (a) to (d), where the momentum ks flows with v}, in the v-direction. Simultaneously
the momentum kg (red arrows) flow with the velocity component v, (white, wiggled line) in the
a-direction. For the coefficient 7,,,, the ratio diverges, while 7., violates the lower bound. Note
that in panel (a) and (b) the velocity gradient du,/0x, is applied, while in the panels (c¢) and (d)
we find the velocity gradient du,/0x,.
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9 The viscosity...

where we find ¢ = 0, 2, and —2 depending on the values for «, 3, - € {z,y}. For ¢ = 0, the ratio is
constant, while we find ¢ = —2 for the diverging coefficient 1,,,, and ¢ = 2 for the coefficient violating
the lower bound.

9.3 ...in the collisionless regime

Let us now investigate the viscosity tensor at the charge neutrality point in the collisionless regime. In
the collisionless regime the excitation frequency is the fastest time scale, i.e., w > 77!, while in the
hydrodynamic regime it is the scattering time, i.e., 77! > w. We use the Kubo-formula to determine
the viscosity tensor which is given for finite frequencies by

Im
Napys X BXraprs (9.25)
w

where X7, ,r, is the correlation function between two energy-stress temsors. For non-interacting
anisotropic Dirac fermions the correlation function is given by the bare bubble diagram which is

Xraprys = NTZ/TI" (TaﬁGk,iwnT’dek,i(w7L+Qm)) ; (9.26)
n
k

with the Matsubara Green’s function given in Eq. (7.16) and the energy-stress tensor defined in
Eq. (9.5). Upon evaluating the correlation function by analytical continuation and taking the imagi-
nary part, we find for the different viscosity coefficients the following expressions

[ko LK(=1) 5/ [ .(F) ()]
rrrr - - ) 2
Ui + v 02120 w _f_w/g fw/g_ (9.27)
_ ko LK(=1) g0 [ .(F) )]
Nyyyy = T/ o vsavon _f_w/g - fw/Q_ ; (9.28)
_ ko LK(=1) g0 [ .(F) )]
Maayy = N\ G @ _f_w/g - fw/Q_ ; (9.29)

2
5

Tyry T3 W 5w - ,  (9.30
T (V ko v? 10241 (g) T (%) Vo v 167372 frwp = Jupz) » (930)

4

(32

Nywye = (ﬁ / @ko% w1/2 + /%1@2 w3/2> |:f£Fw)/2 _ f‘i}/;)] , (931)

v 1 vv 1

5

_ [ PTG () W32 [f(F) —f(F)} (9.32)

Nzyyx v v 3 —w/2 w/2| )
672v/27T (%)

where f)(\f) = (14 eM/(k8T))~1 ig the Fermi-Dirac function and K (z) is the complete elliptic integral
of the first kind. Let us first focus on the first three components of the viscosity tensor nzzzz, Nyyyy:
and 7)zgyy. These three coefficients determine the bulk viscosity ¢ of the system, since it is ( =

ko1l K(=1) 3/2

v v 843 at zero

Nezzx + Nyyyy + 2Nzayy- Hence, the ADSs have a finite bulk viscosity with ¢ = w

114




9.4 Navier-Stokes equation

temperature. This stands in contrast to graphene which has no bulk viscosity but only a shear viscosity.
Furthermore, the components 7y, and 7yzy., for which in the hydrodynamic regime the ratio of
n/s is either diverging or vanishing, have an additional factor proportional to w3/2. This additional
factor originates in interband processes which are not taken into account in the hydrodynamic regime.
However, the energy-stress tensor Ty, derived from the total strain generator, J.g = Lag + Sas,
includes both inter- and intraband processes. Upon applying the RG analysis of Sec. 7.2.1 to the
above viscosity coefficient, the same exponents are found as in the hydrodynamic regime. It is

¢_§ 1<3 - >_§+0.4255
s=5+5 (3w =) =3 ~

5 1 5 0.14455
ey = > + = (57 ):7 i 9.33
¢yy 2+2(7+’Yk0 2+ N ( )
" _14_1( _3 )_1_0.17335
yeyr = 5 Ty \Tv 7 9k ) T 5 N

For the viscosity coefficients with the exponent 3/2 and 5/2, the viscosity coefficients grow faster with
increasing frequencies due to the additional factor exhibited by the Coulomb interaction. Whereas,
the viscosity coefficient with the exponent 1/2 grows more slowly with increasing frequency due to the
Coulomb interaction.

9.4 Navier-Stokes equation

How can the viscosity coefficients be measured? What is the influence of the viscosity on the dynamics
of the fluid? To answer these questions, the quantum Boltzmann equation is used to set the particle
density n, the energy density n., and the momentum density n,, into relation to their respective current.
The continuity equation of the momentum density is known as Navier-Stokes equation. The Navier-
Stokes equation governs the flow dynamics of a fluid and determines if the flow is laminar or turbulent.
Thus, let us derive this important equation in this section. We start by defining the different densities.
The number of carriers in the upper and lower energy band is given by

ny =N | fix and n_=N [ [, (9.34)
[ [

with the total charge (or carrier) density n = ny —n_ and the “imbalace” density n; = ny +n_ which
corresponds to the total number of quasiparticles. The energy density n. and the momentum density
ny are

Ne = NZ/EAkak — Neo and ng = NZ/kf)\k (9.35)
Ak Ak

with neg = N fk €_ being the energy of a filled valence band. Upon multiplying the quantum Boltz-
mann equation by the momentum k and the energy ey and summing and integrating over the band
index and the momentum respectively, the following continuity equations for the different densities are
obtained

on+Vy.j=0, (9.36a)

one +Vy-j.=eE -3, (9.36b)
o « €r. o n%
oy, + Vfﬂga —enE* — - [7xB]" = e

(9.36¢)
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In the first continuity equation Eq. (9.36a) the total charge n of the system is conserved and the time
derivative of the total charge density is set equal to the divergence of the electrical current. The total
charge carrier density can only change, if the electrical current flows in or out of a certain volume.
The second continuity equation Eq. (9.36b) relates the energy density n. and the energy current j.
to the product of the electrical current j with the electrical field E. The last equation Eq. (9.36¢)
is the continuity equation of the a-component of momentum density n,. Here, the time derivative
of the momentum density is not only equal to the divergence of the energy-stress tensor Il,g, but
also depends on the product of the particle density with the a-component of the electrical field and
on the cross product of the electrical current with the magnetic field2. In the following, we want to
express the densities and currents by the hydrodynamic velocity w (which is also called drift velocity)
and the pressure P of the system. Therefore, for simplicity the magnetic field B is set to zero and
we assume that the ADSs are pristine, i.e., Tcﬁsl = 0. The drift velocity enters the calculation by the

local equilibrium distribution function which is given by f/g(,)c) (r) = (1 + exp [eAk_MT(T(Gi)_u(T).k}
In order to evaluate the different densities and currents, this local equilibrium distribution function is
expanded in a power series in u, where u is small compared to either v or the velocity of the parabolic

direction. It holds

ORE 1y 2 0

(0) (F)
Ake Ok 2 (u ) 86%16

~ )k o (9.37)

At the charge neutrality point we find for the imbalance density and the energy density

2vko 2V'ko

nr = N
203/2 m203/2

K(-1)X,p T%* and n.=N K(~1)X3/ T2, (9.38)

with X0 = 3 (1 — \/§C(3/2)), X5 = 32 (1 — ‘f) V7¢(5/2), and K being the complete elliptic

integral of the first kind. We see that the imbalance density is proportional to 7%/2, while the energy
density has a T°/2 temperature dependence. Now, for the momentum density of ADSs it is

9
g = Myng Uy and ny = —ne Uy, (9.39)

3v
with m, = 3[E(—-1) — K(—1)]/K(—1)m =~ 1.37m. The two components of the momentum density

have a different temperature behavior exhibited due to the anisotropy of the energy spectrum. Next,
we focus on the currents of the ADSs. They are given by the expression

5

j=nu+0dj and Je= §n€u+6j€, (9.40)
where §7 and 7, are the dissipative corrections to the (energy-) current defined by the out-of-
equilibrium distribution function §fyr. What still remains to be expressed by the densities and the
drift velocity is the energy-stress tensor of the ADSs which was defined in Eq. (9.9) with Il =

NY S (SQT’)“kaakﬁ k- This energy-stress tensor can be related to the pressure of the systems, as seen

2The minus sign before the terms proportional to the electrical and the magnetic field in Eq. (9.36¢) arises due to
integration-by-parts of the Boltzmann equation
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in Sec. 3.2, by P = %Tr II,g — n;, - u. Hence, under the assumption of local equilibrium, the energy-
stress tensor is given by

2 3
I 37% + 2m*n1u + 50 2neu + Tox = P—I—m*n[u + Tox
2 1 5 5
IT,, = 3n6+ m*nju + neu + Tyy = P+ 5 2n€u + Tyy (9.41)

II;y = munrugty + Try

ny = 5 NUFUy + Tyg ,

5
302
where 7,4 is the dissipative part of the energy-stress tensor which is proportional to the gradient of the
drift velocity and to the viscosity tensor. Upon inserting these definitions into the continuity equation
of the momentum density Eq. (9.36c) and applying the remaining continuity equations Eq. (9.36),
we find the Navier-Stokes equation. If the system flows with wu, along the parabolic dispersion, the
Navier-Stokes equation is

my ny | Oy + Z UyOyuy | + 0p P = Foz + eEgn + Z My N1 Op 0J (9.42)
¥ ¥

with Foo = 3 08TBa = 3, o 85775&75 5. Here, Fs , is the dissipative Stokes-force and it is defined
as the gradient of the dissipative part of 7he energy-stress tensor. This Navier-Stokes equation for the
velocity component u, has the same form as a Naiver-Stokes equation of a Galilean invariant system
[43]. The velocity terms are multiplied by the mass m, of the parabolic energy dispersion and the
imbalance density. However, the Navier-Stokes equation of u, shows relativistic characteristics with

w | Opuy + ZUV&YU@/ +0y P4+uyOoi P = Fsy+en | By — uy Z uy oy —Z uyE75j7+Z Uy Oz 0Je -
¥ v gl v

(9.43)
As in graphene [20, 21] which is, as previously shown, a relativistic system, the additional time deriva-
tive of the pressure appears. Furthermore, the velocity terms on the left-hand side of the equation
are now multiplied by the enthalpy density, w = n. + P, instead of m4n;. This enthalpy density can
be related by the Gibbs-Duhem relation to the entropy of the system at the charge neutrality point,
i.e., w = Ts. These two equations will rule the flow dynamics of our quasi-particle fluid. Due to the
smallness of the viscosity coefficient 7;,,, for small temperatures, turbulent flow dynamic is expected
as well as an extreme sensitivity to boundary conditions. A further analysis of the Navier-Stokes
equation will give access to experimentally measurable quantities which are sensitive to the different
viscosity coefficients and to the violation of the lower bound. One of these quantities are the shear
modes with the corresponding shear frequencies depicted in Fig. 9.3. If the incident momentum is
pointing along the “relativistic” y-direction, the two shear frequencies wy = igynNyzye/(msny) o< 1/T
and w_ = igv?nyyy,/(T's) o< 1/T are proportional to the inverse temperature. These viscosity coeffi-
cients do not violate the lower bound. However, for incident momenta pointing along the “parabolic”
z-direction the two shear frequencies wi = iq2Nyzze/(Many) and w_ = ig2v*1yyey/(T's) are constant.
Hence, the temperature independence of the shear frequency w_ is a consequence of the violation of
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—10+

-1 0 1

Figure 9.3: This figure shows the polar plot of the shear frequencies w; and w_ for different
temperatures and the absolute value of the momentum g = 1. The shear frequencies are constant
for incident g, momentum and are proportional to the inverse temperature if the momentum is
aligned along the y-direction.

the lower bound. The explicit formula of the shear frequencies for general incident momenta is

> U277:chxy Nrxzz .‘J; Uznyyyy Nyaxyz
w4 =12 + +1—= +

2 sT M 2 sT MEN T
i¥ 4(7795:1: +Nyza )(77 zx+ N z)m*nlq2q2v25T (9 44)
YmangsT yy T yzay ) \Tlyy vy =y .

1/2
2
+(Q§(77xmsT —nxyxyv%mz)+(J§(nyxyxsT—nyyyyUQW*n1)> ] :

Another way to measure the viscosity coefficients individually is to apply external pressure and use
the relation 0, P = ) 6 05MBa~ys0Us /0~ to analyze the anisotropic version of the Poiseuille flow.

9.5 Summary

In this chapter the viscosity tensor of ADSs was investigated both in the hydrodynamic and in the
collisionless regime. In the hydrodynamic regime the components of the viscosity tensor are given by

¢o¢ﬂﬂ/5
(T
0y = NCoprs—2 | — : 9.45
Napys 10 (Uk0> (9.45)

where C,gs are numerical coefficients and the exponents have the form

5 1 5 1.02445
¢myzy:§+§<7ko+57v> :§+ N ’
1 1 1 0.17335
¢yzy:p = 5 - 5 (3'}%0 - 'Yv) = § - N (9'46)
¢_§ 1( 3 >_§+0.4255
s = 9 9 Vo Yo ) = 9 N
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9.5 Summary

The viscosity coefficient 7)., violates the famous lower bound of /s > h/(47kg) [18] for low tempera-
tures due to the breakdown of the single parameter scaling. The actual bound for the matrix elements

should be o
Magys o N (& 4
s 4mkp (fy (9.47)

with ¢ = —2,0,2 depending on the values for a,--- € {x,y}. This is to our knowledge the first
condensed matter realization which violates the lower bound. Furthermore, the Navier-Stokes equation
was derived for ADSs. The anisotropy of the energy dispersion propagates to this equation, since the u,
component of the drift velocity obeys a Navier-Stokes equation of a Galilean invariant system whereas
the u, component has a relativistic Navier-Stokes equation. The smallness of the viscosity coefficient
will lead to extreme turbulent flow dynamics. The different components of the viscosity tensor will
become experimentally accessible by studying the shear frequencies of the system.

In the collisionless regime the temperature dependence of the viscosity tensor is replaced by a frequency
dependence. The components 7);y.y and 7y.y, gain an additional term proportional to w? due to
interband processes which are not taken into account in the hydrodynamic regime.
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Conclusions

This thesis is devoted to the Transport in isotropic and anisotropic Dirac systems where we
focused on the electrical conductivity o and the viscosity 1 in the collisionless (w > 771) and in the
hydrodynamic regime (w < 7 1) and determined the influence of the Coulomb interaction on them.

These transport properties behave very differently in the two regimes, since the physical processes
dominating the transport of the quasiparticles are quite distinct in the corresponding regimes. In
the hydrodynamic regime, w < 7', the relaxation time 7 due to collisions is the fastest time scale
and hence collision processes dominate the transport. On the other hand, in the collisionless regime,
w > 771 the excitation frequency sets the fastest time scale and collision processes can be neglected.
The two regimes are accessed by different methods: the hydrodynamic regime by the Boltzmann
equation, and the collisionless regime by the Kubo formalism.

However, the two different regimes are not the only aspect of transport between we want to distin-
guish. The nature of the transport described by the electrical conductivity and the viscosity is a very
different one and we elaborate this in more detail.

The electrical conductivity o describes how the quasiparticles in a material behave in the presence of
an applied electric field. It is a very important quantity which characterizes different materials, since
it can be used to distinguish between insulators, semi-conductors, and metals. We showed that the
electrical conductivity for a two dimensional (2D) system is scale invariant by using the Ward identity
which describes the charge conservation of the system. The consequence of this scale invariance is that
in a renormalization group (RG) analysis, the conductivity turns out to be independent of the rescaled
temperature and the rescaled frequency.

The other important transport quantity is the viscosity n. The viscosity of a fluid describes energy
dissipation due to internal friction between particles with different velocities. It plays an important
role in the dynamical behavior of a fluid. Since the quasiparticles in a material can be described
under certain conditions (very clean sample and no phonons in the material) as a fluid, the viscosity
determines the dynamics of the quasiparticle fluid. If the viscosity of a system is very small, the flow
dynamics become turbulent. The quantity which indicates whether the viscosity is large or not is
the ratio of viscosity over entropy. Kovtun et al. postulated that this ratio has a lower bound [18]
which can be understood as a lower bound to the validity of the quasiparticle picture. Up till now, all
condensed matter systems fulfilled the lower bound and only some systems in cosmology [52-57] and
ultra cold gases [58, 59] violated it. With the anisotropic Dirac system, we found the first condensed
matter realization which violates the lower bound.

Furthermore, the viscosity is a rank four tensor which relates the gradient of the drift velocity to
the energy-stress tensor T,. Bradlyn et al. [42] showed that this energy-stress tensor is equal to
the time derivative of the total strain generator J,g, i.e., T3 = —0;Jas. The strain generators are
the generators of the unitary transformation which describes the deformation of the fluid. Bradlyn et
al. showed that the strain generator acting on the spatial coordinates is given by Lo3 = {za,pg}/2.
In this work, we extended this description to lattices with a pseudospin which describes the multi-
atomic basis of a lattice. We show that the strain generator S, acting on the pseudospin space
is crucial in order to fulfill the symmetry properties of the viscosity tensor that are expected for a
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rotationally invariant system, as was demonstrated using graphene as an example. Hence, the total
strain generator consists of a contribution acting on the spatial coordinates, while the other acts in
the pseudospin space, i.e.,

Jap = Lap + Sap

= {Za,pp}/2 +i[Sa, 95]/2. (10.1)

After setting the stage, we now turned to the question why the electrical conductivity and the viscosity
are investigated in isotropic and anisotropic Dirac systems (ADSs). The special feature of the Dirac
systems is their energy spectrum. The energy dispersion is linear and gapless which leads to quasi-
relativistic behavior of these systems. The system is quasi-relativistic, since the particles move with
the Fermi velocity vp and not with the speed of light ¢. This leads to the fact that the Coulomb
interaction can be regarded as instantaneous. The effect of the linear energy dispersion relation is seen
in the transport properties and a summary of the results in the different regimes is shown in Fig. 10.1
where the transport properties colored in gray recapitulate results obtained by other authors, whereas
the results marked in black present my own work.

Graphene A very important example for an isotropic Dirac system is graphene whose transport
properties are studied in this thesis. Graphene is a fascinating material due to its many beautiful
properties. It is the thinnest material of the world consisting only of one layer of carbon atoms, has
a very high charge carrier density at room temperature, has a high transmissivity of light [22], and is
very strong and very flexible.

In the hydrodynamic regime, where the Coulomb interaction is responsible for the scattering pro-
cesses, Fritz et al. [120] found that the collinear scattering regime exhibits a logarithmic divergence
in the collision integral which leads to the fact that only a few modes, such as the energy and the
band index, are needed to describe the hydrodynamics in graphene. Furthermore, they find that the
conductivity depends on the inverse of the coupling squared constant and higher correction terms in
the coupling constant are of order O([log(T)]71), i.e.,

o(T) = —= < (10.2)

with the renormalized coupling constant a(7) = a/(1+ falog(A/T)). Furthermore, Miiller et al. [19]
showed that the quasiparticles in graphene behave as a nearly perfect fluid. The ratio of viscosity over

entropy

0.00815
n(T)/s(T) = Pl (10.3)
approaches the lower bound with increasing temperature. A consequence of this behavior is that the
flow dynamics are very sensitive to boundary conditions and that vortices for the viscous flow are to
be expected [31].

In this thesis, we complete the picture of transport in graphene by the calculation of the two transport
properties in the collisionless regime. In the collisionless regime, the electrical conductivity of graphene
behaves differently than in the hydrodynamic regime. Most notably, we resolve a long controversy about
the question how the Coulomb interaction influences the optical conductivity of graphene. Details on
our calculation can be found in Ref. 16. Different groups studied this question and found (at the end)
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two different answers to this question, namely two different values of the correction coefficient C, of
the optical conductivity to leading order in the coupling constant, i.e.,

o2
o(w) = o (1+ Cr a(w)), (10.4)

where a(w) = a/(1+ talog(A/w)) is the renormalized coupling constant. The origin of these different
values for the same physical quantity lies in the fact that the different Feynman diagrams contributing
to the correction coefficient —the self-energy diagram and the vertex diagram— are individually loga-
rithmically divergent upon evaluating them within the Dirac model and hence need to be regularized.
However, the different regularization schemes yield different results and it is by no means obvious
which regularization scheme is the correct one. In order to settle this question, we implemented a
tight-binding calculation of the correction coefficient, since in the tight-binding description the lattice
constant automatically regularizes the Feynman diagrams. Furthermore, we showed where some of the
regularization schemes used in the Dirac model went wrong and which subtleties needed to be taken
into account, where we proceeded as follows. First, we studied the non-interacting optical conductivity
in the tight-binding description and found that the conductivity has an additional frequency-dependent

correction ) )
Oy - [t
oOw) = = [1+ : <t> } , (10.5)

where t is the hopping constant. Here, we corrected the result for the optical conductivity obtained by
Stauber et al. [101], who predicted the prefactor of the frequency correction to be 1/36 instead of 1/9.
Then, we determined the self-energy diagram and the vertex diagram in the tight-binding description
and found that the value of the correction coefficient C,, is

19 — 67

Co = BT 0.01. (10.6)
Moreover, we showed that this value is universal and does not depend on microscopic quantities such
as the size of the Wannier orbitals of the carbon atoms. Furthermore, we demonstrated how the
dimensional regularization (DR) scheme is used correctly when the correction coefficient is calculated
in the Dirac model. Either the DR has to be combined with a continuum-renormalization scheme, the
minimal subtraction scheme, when no UV cut-off is introduced to the system. Alternatively, the DR
can be combined with the Wilson RG which has an implicit UV cut-off. If the latter is the case, the
UV cut-off has to be kept till the very end of the calculation in order to avoid the UV quirk.

Now let us return to the question how the Coulomb potential influences the optical conductivity. We
have evaluated that the correction coefficient has the value C, ~ 0.01 and thus is quite small. Hence,
the influence of the Coulomb interaction is relatively small besides the logarithmic correction of the
coupling constant.

But this is not the case for all transport quantities in graphene. Indeed, we found that the Coulomb
interaction has a big influence for the viscosity n in the collisionless regime. To demonstrate this, we
used that fact that the viscosity can be calculated as the correlation function between two energy-stress
tensors over the frequency. In the course of the calculation, it became clear that there has to be a
strain generator acting in the pseudospin space of graphene in order to obtain the correct symmetric
form of the energy-stress tensor and thus a viscosity tensor which has the symmetry properties of a
rotationally invariant system. We found that the viscosity of graphene described by non-interacting
Dirac fermions is proportional to the frequency squared,

w? h
¥ (w) =

= ——. 10.7
64 vp ( )
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In order to determine the influence of the Coulomb interaction, the correction coefficient C, is calculated
using the same approach as in the determination of C, of the optical conductivity in the Dirac model.
A special feature in the determination of the correction coefficient C, for the viscosity is that —in
addition to the self-energy diagram and the vertex diagram— a third diagram is needed to cancel the
logarithmic divergences of the individual diagrams. This third diagram is dubbed the honey diagram
and describes the interacting part of the energy-stress tensor. We find

w? h 89 — 207
=——([1+ —— 10.8
o) = o (145 ) ) (108)

where the correction coefficient has the value C, = (89 — 207)/40 ~ 0.65 and is thus quite large. In
conclusion, the viscosity is a transport quantity which is, in contrast to the optical conductivity, greatly
influenced by the Coulomb interaction. These results are to be published in Ref. 46.

Anisotropic Dirac systems Does the transport behavior of the electrical conductivity and the vis-
cosity change when we lower the symmetry of the systems? Indeed, in anisotropic Dirac systems
(ADSs), we find fascinating transport properties which differ strongly from the transport quantities of
graphene.

The ADSs have an anisotropic energy dispersion which arises when two Dirac cones merge. In the
direction where the fusion of the Dirac cones occurred, the energy dispersion is parabolic, whereas
in the perpendicular direction the energy dispersion is still linear. Two examples exhibiting such
an anisotropic energy dispersion are the organic charge transfer salt a-(BEDT-TTF)sI3 and the het-
erostructure 5/3 TiO2/VOsq. In the case of the organic charge transfer salt, two Dirac cones merge
under the application of uniaxial pressure and for P = 40kbar there exists one Dirac cone with the
anisotropic energy dispersion relation. In the case of the heterostructure TiO2/VOa, there are four
anisotropic Dirac cones in the first Brillouin zone which are rotated by 45 degrees with respect to each
other.?

Both in the hydrodynamic and in the collisionless regime, the conductivity tensor shows a very
interesting behavior. In the direction of the parabolic energy dispersion relation, we find insulating
behavior, while in the direction of the linear energy dispersion, we find metallic behavior, i.e.,

T

Oz yy(T) X N (

3 in the hydrodynamic regime, and
VKo

>i<;+0-§;~’9>

(10.9)
w \EGHERD)
Oz yy(w) < N <vk0> in the collisionless regime .
Hence, we find in the same material insulating or metallic behavior depending on the direction of the
electrical field. Fascinatingly, the Coulomb interaction even enhances this behavior. The influence
of the Coulomb potential is taken into account by an RG analysis in the large-N limit and in the
strong-coupling regime. It gives rise to the additional exponents proportional to 1/N, where N is the
fermionic flavor. In the case of the organic charge transfer salt, N = 2 because of the two spin degrees
of freedom, while for the heterostructure TiO2/VOgy we have N = 8, since there are four Dirac cones

in the first Brillouin zone with two spin degrees of freedom each.

3For the purpose of this thesis, we focused on just one anisotropic Dirac cone in the first Brillouin zone. Due to the
rotation of the Dirac cones, we find a superposition of the transport properties arising due to the linear and due to
the parabolic energy dispersion in the heterostructure TiO2/VOs,.
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The wviscosity tensor of an ADS differs from the viscosity of graphene even more strongly and has
some fascinating properties. Due to the anisotropy of the energy spectrum, the system is not described
by the shear viscosity n anymore, but by a viscosity tensor consisting of eight independent viscosity
coefficients. The functional temperature (frequency) dependence of these viscosity coefficients in the
hydrodynamic (collisionless) regime depends on the momentum flow and reads for the different viscosity
coefficients as

k2 T ¢o¢ﬁ’y5
Napys(T) = N COCB,W;%O (vlco) in the hydrodynamic regime, and

kg
naﬁ’yé(w) = NCl,a,B'yéf

w ¢a,8'y§ k2 w ¢s
> + N 0270[575—0 () in the collisionless regime,

vko h \ vk

(10.10)

where N is the fermionic flavor, and Cygys5, C1,a8+s5, and Ca o5+ are numerical constants with a.---6 €
{z,y}. (In our notation, the parabolic energy dispersion is aligned along the z-axis and the linear one
along the y-axis.) In the collisionless regime, the additional term proportional to C3 o6 arises due to
interband processes. These interband processes do not occur in the hydrodynamic regime where only
intraband processes dominate and thus there is no such term.

But now let us focus on the exponents of the viscosity coefficients. The exponents of 7y, and 1nyzya
are given by

5 1.02445
¢:vy;ty = 5 + T ;
(10.11)
1 0.17335
¢ymyw = 5 - T ’
while the exponent of the remaining viscosity coefficient 7;;x; is
3 04255
Pijht = @5 = 5+~ - (10.12)

Again, the Coulomb potential enhances the temperature dependence for all viscosity coefficients but
for the viscosity coefficient 7,,y, where the Coulomb potential reduces the exponent.

In order to see, whether the viscosity coefficients are large or not, we compare these coefficients
with the entropy of the system whose exponent is proportional to ¢s;. We find that all viscosity
coefficients 7,1, fulfill the lower bound to the ratio of viscosity over entropy and we further find that
for the viscosity coefficient 1.y, the ratio diverges with decreasing temperature. However, the viscosity
coeflicient 7,44, violates the lower bound. This violation of the lower bound in ADSs is, up to our
knowledge, the first condensed-matter realization of the violation. The physical interpretation of the
lower bound to the ratio 7/s can be given by the Heisenberg uncertainty principle. But now that this
lower bound is violated, does this mean that the Heisenberg uncertainty principle is not valid anymore?
The answer to this question is no. The reason for the violation of the lower bound is the following:
due to the anisotropy of the system, two different length scales &, and &, arise which rescale the -
and y-component of the momentum differently. Hence, we introduced a version of the lower bound
applicable to anisotropic systems which depends on these length scales and is

©
faprs o R (& 10.13
s  A4mkp (fy ’ (10.13)
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with ¢ = 0,2, —2 depending on the values for a, 3, --- € {z,y}.

Nevertheless, the extreme smallness of the viscosity coefficient will lead to extreme flow behavior.
Experimentally measurable quantities which give access to these viscosity coefficients can be obtained
using the Navier-Stokes equation. The Navier-Stokes equation for the velocity component in the di-
rection of the parabolic energy dispersion is the Navier-Stokes equation of a Galilean invariant system,
while for the velocity component in the direction with the linear energy dispersion, we find the Navier-
Stokes equation of a relativistic system. This set of equations governs the flow dynamics and the
extremely small viscosity coefficient leads to extremely turbulent flow. We also presented other exper-
imental quantities showing signs of the violation of the lower bound: the shear frequencies and shear
modes of the system.

All these fascinating transport properties of ADSs are to be published in Ref. 119.

As can be seen in Fig. 10.1, this thesis gives a complete picture of the electrical conductivity o and
the viscosity 1 in the collisionless and hydrodynamic regime of isotropic and anisotropic Dirac systems.
As a common theme, we investigated the influence of the Coulomb interaction on the two transport
properties in the two different regimes.

This does by no way mean that it is an exhaustive picture of the transport in graphene and ADSs.
There exist different effects which lead to possible corrections of these transport properties. One
example is an applied magnetic field which modifies the electrical conductivity and the viscosity. While
there have already been works on the magnetotransport in graphene [81], the effect on the conductivity
of ADS is an interesting aspect that remains to be studied. Another example are impurities in the
system. In order to study the correction due to defects, a self-consistent Born approximation should
be performed. For the conductivity of an ADS, we expect that the metallic temperature dependence of
one contribution of the conductivity tensor becomes constant, while the insulating contribution stays
insulating.

However, all these additional effects will only lead to corrections of our results which are recovered
in the limit of zero magnetic field/clear system. Hence, with this thesis we lay a foundation for the
behavior of the different transport properties, o and 7, in the different regimes on which we can build
in the future.

—Frei nach meinem Opi:

Hatte ich mit dieser Seite angefangen zu schreiben,
wdre ich gleich fertig gewesen.
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Figure 10.1: Overview of the results. In this thesis, we determine the conductivity ¢ and the
viscosity 1 of graphene and ADSs as a function of frequency and temperature. Both materials are
studied at the charge neutrality point, i.e., their chemical potential u is zero. The red area indi-
cates the collisionless regime where the Kubo formalism is used, while the blue area indicates the
hydrodynamic regime where the transport quantities are calculated using the Boltzmann equation.
The equations colored in gray represent results obtained by other authors, while the equations in
black represent the results obtained by me and my collaborators.
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Appendix A

Graphene

A.1 Derivation of the Transmission coefficient

In this section we derive the formula which relates the transmission coefficient T'(w) of the incident
light to the optical conductivity o(w) of the system. This derivation follows the calculation of Stauber
et al. [101].

We will focus on a situation, where p-polarized light scatters between two media that are separated by
a graphene flake, see figure A.1. The graphene flake lays in the z-y-plane. It separates the two media
characterized by the electrical permittivity ;g with ¢ = 1,2, where ¢y is the vacuum permittivity,
and €; and ey are the relative permittivity of the two media. The incident electrical field given by
E = (Ex,O, EZ) propagates in the direction k = (km,O, kz) When the incident light scatters on the
graphene flake, it has to fulfill the electrical boundary conditions which are

(D2 —Dl)n = P, (Al)
n X (E2 — El) = 0. (A2)
Here, D; is the electrical displacement field in the medium ¢, and p is the charge density of graphene.

The vector n is perpendicular to the plane of the graphene flake. The electrical field in medium 1
consists of the incident electrical field E; and the reflected field E,. = rE;, i.e., E1 = E; + E,, while

Figure A.1: The incident p-polarized light E; scatters between two media which are separated
by a graphene flake. After scattering on the graphene flake, the light is either reflected E, or
transmitted F;.
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in the second medium the transmitted field F» = E;, = tE; is found. Using these definitions of the
electrical field, we can cast the electrical boundary conditions in the form

—€p€aFy sin 0o + €ger (E, + ET) sinf; = p (A.3)
(Ei — ET) costy = Ejcosby, (A.4)

where 6, and 6> are the incident and refracted angle respectively. Next, we use the continuity equation

dp .

which describes the charge conservation of the system. In the momentum space it has the form

o) = 2500, (A6)

where we used the fact that the incoming light is p-polarized with E = (E,,0, E,) inducing only a
current in the z-direction of the graphene flake. Furthermore, inserting Ohm’s law

Jz(w) = o(w)E; = o(w)E; cos by, (A.7)
and Snell’s law

Versinfy = /egsin Oy (A.8)

into the above electrical boundary equations (A.3) and (A.4) yields the following expression for the
transmission coefficient
2¢eg€q cos B

t(w) = ) A.
() €o€1 cos bz + (/e1€x cos by + \/e1o(w)/ccos By cos By (A.9)

This expression simplifies further for a normal incident of the light and we obtain the transmission

probability
2 kz [ €9 4 €1€0 2

P (\/@4-61)604-\/50(“)/6

If both media are vacuum, we find that the transmissivity is given by

T(w) = <1+ "(w)> , (A.11)

2 CeQ

which relates the transmission coefficient to the optical conductivity. Calculating the conductivity
of graphene at half filling using noninteracting Dirac fermions, the above expression simplifies even
further and we find

T(w) = (1 " ;TaQED> - (A12)

2
_ _e — 1
where aqep = dmegch — 137"
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A.2 The optical conductivity of graphene

In this part of the appendix, details of the calculation of the optical conductivity presented in Chap. 5
are given. In order to determine the optical conductivity, the Kubo formula (2.5) is used, o,s(w) =
TDapé(w) — Im xj,J5(w)/w. The current-current correlation function y; can be expanded in the
coupling constant a(w) after performing a renormalization group (RG) analysis, i.e., x;j = Xf]()) +

XSI) + «--. In the first part of this section, we demonstrate how the non-interacting part XSO) of the

correlation function is calculated in the Dirac model and in the tight-binding description, before we

(O

turn to the calculation of x;” in the tight-binding model, which determines the correction coefficient

Co.

A.2.1 The non-interacting part of the optical conductivity

Let us start determining the non-interaction part of the optical conductivity, where we first shortly
summarize the calculation in the Dirac model and than give the details for the tight-binding description.

The Dirac model

The current-current correlation function is given by the following expression

2
(0) AL Z/ / @k 5 Ir <]z+ka i(e+w)Jay G, 16) ; (A13)

where the Green’s function Gy ;¢ is defined in (4.19) and the current operator, j’xﬂ, = Ju +§'y, with the
x- and y- components of the current are defined in (4.20). Inserting these definitions, and performing
the angle integration yields

XSO Nay Z/ / ]x—l—kaz 1(e+w)]x+ka: 1e>

NSU d2k‘ de(e +w)
= (A.14)
ka + €2 ((UFk)2 + (e + w)2)
B NSU 4UFI<:
2 (2upk)? + w2’

After analytical continuation iw, — w + i, which is given by

1 1 im im
P' 7 1N\9 P 2 - —_— 2 A.l
Lork)? — (o) v4(ka>2 — + 502 = w) + 502+ w) (A.15)

and taking the imaginary part of the correlation function, we obtain

]\'fsvei2
16 b’

oy —

(A.16)

for the conductivity [1] with Ny, = 4.

131




A Graphene

The tight-binding description

The current-current correlation in the tight-binding description has the same structure as found in
(A.13). Only the expressions of the current operator and the Green’s function are replaced by the
corresponding expression in the tight-binding description. Setting p = v = y yields:

) =~ 3 T [T e T G
k.e,v
2
1 hi" vk — Dy g,
g o)

, (A.17)
e el (4112 + w2/22)

In the second line we evaluated the frequency integration and performed the trace in the pseudospin
space. Next, we rewrite the current-component j,(k), defined in Eq. (4.12a), as:

jyk) = _;m [hye — 3] (A.18)

ji(k) = %‘L[hk*f:ﬂ, (A.19)

and obtain for our retarded current correlator:

00 - m2/ 25 18Rl + 4kt = 120hg]? (he, + hi™) +9 (hi + h;ﬂ) 0
XTI gy n)? (B[ (4] i + Q2/12) ' '
Upon analytically continuing i — w + id,
PV T (W — 2fhk]) + i 6(w + 2/ (A.21)
Ahe 1+ Q2 A —w? g0\ T AR TG0 T SRk '

with P.V. denoting the principal value, assuming w > 0, and taking the imaginary part of the above
expression, we obtain for the retarded correlator:

a27r
A Pw) =3 <t32 )

- z:: (%ZT) g (hi) 6 <\hk| — ;) .

In this expression, we have kept the dimensionful quantities a and ¢, although henceforth we shall
set them to unity and measure the frequency relative to t. Due to the delta function constraint, we
can integrate the above expression analytically. Therefore, we split up the function g (hk) into two
functions and define:

[Re hk]2 — [Im hk]2

18 + 4|he|> 4 18 e
k

— 24[Re hg]

5 <\hk| - ;)
(A.22)

gi(lhl) = 18+ 4fh|” (A.23)

[Re hg* — [Im hy)?
92 (hw) = 18 | h|?

— 24[Re hy] . (A.24)

132




A.2 The optical conductivity of graphene

Firstly, we evaluate the expression:

W) = 16 D o (hi)3(2lhe] — w). (A.25)
k

To this end, we introduce the density of state per unit cell as

2
o) = | (C”Z&E— )

2m)
P2k o 1
= 8(ky — kayi), (A.26)
/(QW) Z|3k il Pk is ey )|
with the k;; being the solution to E = |hgl:
ki —ii arccos 1(—2cos 3ky iﬁ\/2E2— 1+ cos (Bkz )) (A.27)
o \/g 4 9 y s .
describing curves that encircle the Dirac points at kg = 4—”(%@ + %gj) and kj, = %(—ﬁi + %3})

when the y component is restricted to k, — <k, < ky , with

o  Arccos (1 — 2E2>

ky+(F)=—=+ A2
We can evaluate the density of states analytically and obtain:
39 B .1 [ 165 ]
1 (E=3)(I+E)3
p(E) = (A.29)

(27)2 3(3—E)(1+E)32 ’

where K[m] is the complete elliptic integral of the first kind. One part of the correlation function is
thus given by:

@) = 253 qu(hD)d(hel = w/2)
k

- (5)9()

T w
= —pl=)@ 2). A.
w0 (%) s+ (A.30)
In order to evaluate the expression:
0 s
(@) = 1537 ga(he)o(2lhi] =), (A.31)
k

we expand the above formula near the node, hgp 4, and write the deviation from the node in polar
coordinates k = (k,0),

Mg ptte| = @k(m 7k? + 16k cos 30 — k? cos 66), (A.32)
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valid to O(k3). The approximate solution to w = 2|hgptk| is:

1 1 1
ki1(0,w) = 3w %WQ cos 36 + m[? + 8 cos? 30 + cos 60]w? (A.33)

that is valid to O(w?). The factor go(hg) is, to the same order,
g2(kr+ k) ~ % [kg(— cos 116) + 3(5k? — 16)k cos 6 + (64 - 20k2> cos 20
+ 2k (2 <k2 . 16) cos 30 — 8(cos 50 + 3k) (A.34)
+ k(8 cos 40 + 8 cos 66 + 3k cos 56 + 2 cos 80(1 — 2k cos 0)))} .

From the delta function, we also need

%yhkﬁky = 634 (64 + 32k cos 30 — 21k — 3k2 cos 60) . (A.35)

Then, assuming the same contribution comes from each node (which we have verified), we’ll have:

21 [o%e)
T
W) = S/de/dk k go(R)3(2/hi| — w) (A.36)
0 0
21
T 1
_ 8/d9 (0, )———————ga(k + K1) (A.37)
) | 2oy 21 Pk etk ||

where we evaluated the radial £ integral. To evaluate the integral, we simply insert k;(f,w) into the
factors Eq. (A.35) and Eq. (A.36), insert them into the integrand and Taylor expand order by order
in w before evaluating the angle integrations. We obtain:

(()) w w2

XJ,Q(W) =336 (A.38)

Upon inserting the combined result into Eq. (5.38), we find the frequency-dependent conductivity
given by the formula:

T w w2
o(w) = T (2> (18 4+ w?) — é% (A.39)
X o9 <1 + %w + (’)(w3)) , (A.40)

with o the zero-frequency limit (reinserting correct factors of €2 and h, previously set to unity).

N e?
op = ——. A4l
=3 (A41)
In comparing to the known result for the conductivity of Ny, species of Dirac fermions, o9 = ]\17%“ e; )

recall that here we have N = 2, since we are considering the spinless case (but have summed over two
nodes).
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A.2.2 Correction coefficient in tight-binding description

After having calculated the non-interacting part of the optical conductivity in the tight-binding de-
scription, the influence of the Coulomb interaction is investigated. To this end, we evaluate the

(1)

Feynman diagrams contributing to x;’, namely the self-energy diagram and the vertex diagram, and
thus determine the value of the correction coefficient C,,.

Self-energy diagram

For the self-energy type diagrams contributing to order a(w), we obtain

dq

(l,bC)(

XJ V ) Tr (jk gk Ji(wte) jk: Ok 1eM gk+q 1e’M—qgk: 1€>

kee'v

(A.42)

d?
_T2 Z / q jk: gk: i( w+e)jk gk e ( )gk,ie> )

kee'v

where to get to the second line we identified the self energy subdiagram. Inserting the Green’s function
and evaluating the frequency summation at 7' = 0, we find

(1bc 1 Te |-G, «cuq .. A.43
X Z/ +|hp|2<w2+\hpr> T endeee ] (A49)

where in the following we proceed to evaluate the trace and sum over the xx and yy components which
yields

Tr[...jz...jx...}+Tr |:"'jy"'jy"'i| =T + wTy + 3Ty (A.44)

The trace is given by

v —i(w—Q) hy, 0 Jjp\ [—iw hy 0 o1\ (—iw hy 0 Jp
hyp —i(lw—=Q)) \jp O hp —iw] \¥12 0 hp —iw) \jp O

= (24 33 Baz + B2 4 ;)1 + 200 [ (jads + udy) Sus + hpliads + udy) Eo1 |
w? [212 (=2hpiads + dudg) = bl + 552)) + a1 (=2hplads + Juiy) — gl + jﬁ))]

=T + wls 4+ ?T3,
(A.45)

where we identify the following expressions for T, T, and T3
= h33(j2+ j2) 512 + hec.
T, =20 [h;(jxj; + jyj;)zu] + h.c. (A.46)

Ty = Y1 (—Qh;‘,(jmj; i) — b2 + jZQ)) +he..
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Thus, we have to calculate the following frequency integral:

dw 1 1
Is = / [T1 + wTh + w?T3
21 (w — )% + |hp[? (w2 + [hp[?)?

1
- Ahp[P(d]hp]? +Q2)2

(A.47)

|(12/Rp 2 + Q)T1 + (AhpPO)Ty + (4lhp|* + 31y 20T

The self-energy contribution to the current-current correlation function is (summing over zz and yy
terms and including the overall minus):

(L,bc) /s 1 1 2 2 2 2
=— 4 Q%D A hy|> — QD
) = = g s e |(lhpl? + 92 Di(p) + (4lhp]* — 02 Da(p)]
. (A.48)
Al |42+ 02 T T 4P+ 02)2 |
where
o(p* 2 (2 -2 2 (%2 o (5%)2
Di(p) = 2(h"%12 — hXg1) [(h ) (Jx +Jy) —h ((.7:1:) +(7y) )} : (A.49)
Dalip) = (02 +Zar) [ (07202 + 3) + 12 (2 + G57) =2 (i +03) W] . (50)
Next, we analytically continue i) — w + id to get:
1 1 1 1 1 1 1
- A.51
HRZ 2 4n] |2+ T2 =i | Ah] |2k +wris | 2k —w —15] o (A
and
41h)? — Q2 d Q d w 1 1
_ 4 L@ A.52
@HZ+ 22 dQaRZ+ 2 dwdh] |20 +w+is T 2h —w—id |’ (4.52)
which, after taking the imaginary part (and assuming w > 0), leads to:
(Lbe), N 1 B o d w B
Im X (w) = W;16’hp|4D1(p)5 (w 2|h,,\) " ;IG‘hPHDQ(p)d (w 2yhp|) . (A53)

The delta functions in each term will pin w = 2|hp|. Using the delta function which leads to (A.27)
and (A.28), we obtain

(1,bc) dpy 1 Dl(pac,iapy)
I =—7A
W) == mA ) [ @ A @y hpDlp !
- (A.54)
4 )
d dp 1 D2<pxi7p )
+7TA7 / Yy ’ Yy ,
dw ;py,_ (27)2 2(9p, | hp) |ps. | w?

where A is the area of a unit cell in real-space. This is the contribution of the self-energy diagram to
the correction coefficient C,. Now let us turn to the vertex diagram.
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Vertex-Diagram

To calculate the correction of the conductivity due to the vertex correction, we have to evaluate the
expression:

d) /. ?q - : .
ijl )(w) = Z/ L V(q) Tr [I#(p, i) Mgl,(p+ q,—1Q)M_q|, (A.55)
p
where I,(p,iQ2) is given by:

L(p,i) =T GpiwTf Op iw-9)

Yy 1 1 —iw B\ (0 g\ (—iw-92) B
B — (w =)+ [hp|* w? + |hp* \ hp —iw ] \Ju O hp —i(w—9Q)

1 1
_T {M M 2M}
2 A P T [y Mot Mt My

(A.56)
with
ih: 7, Q  hi?
My=| PF, NG I (A.57)
( hp I +ihyp I Q
—i |hEj, + hpjt J*0
M, = { S “] I (A.58)
Jufd —i [h;,]u + hp]ﬂ
0 —j*
My=1| " . A.59

Next, we take again the zero temperature limit 7" — 0, which means that the sum over the Matsubara
frequencies becomes an integral Ty — [ g—j:. Thus, we have to evaluate the following frequency
w

integrals:

+Ood 1 1 1 1

)

aw — A.60
&= = 2+ g P + g~ Ahp 2 [hp]” (4.60)
T 1 Q 1

) w

o — A.61
/ 21 (w — Q)2 + |hp|? w2 + |hp|?  4|hp|? + Q2 2|hp|’ ( )
+o0o
/ dw w? 1 2P+ 0% 1 (A.62)

21 (w — Q)2 + |hp|2 w2 + [hpl?  A]hp|? + Q2 2|hyp| '
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Using these frequency integrals, the matrix I,(p, ) has the form:

i) — L 191 P = iz (@)% = |l
)1 . + % *
|hp| 4]h |2 —I-QQ — |hpl? Ju lQ% [hpju - hp]ui| (A.63)
1
" Ihyl (4yhp|2+(22> Pt
Now, we can rewrite our expression for the vertex diagram in the following form:
(1,d) - 1
XJ (lw) = Z TI' V,U«(p7 Q)Qu(p7 _Q) I (A64)
v sl (41hp]? +22) | |
where )
d“q - MGV, (p+ q,—Q)M_
Qulp, —Q) :/WV q)— i 2) 2q . (A.65)
|hp+ql <4|hp+q‘ + € )
We now write Q, (R, —(2) as a Fourier series:
Quip,—Q) = A> e"PBQ,(R,-Q), (A.66)
=Y PR, (p, Q). (A.67)
p
Next, we simplify Q. (R, —):
: d?q -, MgV, —Q)M_
(R~ =3 e [ ¥ (@ e g (A.68)
@m* " (gl (4lhpql? + 92)
d q —z(p q)- RV Mqvﬂ(pa _Q)M—q (A69)

Il (41hpl? +92)

where in the second line we switched the order of integration and shifted p — p — q, using the pe-
riodicity of the integrand. As the next step, we introduce the Fourier transform of the Coulomb
potential

0o 2
d%q ot dq 27 1
iR dp 2T ptigReos(0) _ _© A.70
| o 0/ )2‘10/ R|’ (4.70)

in order to calculate the following expression

d? q ot iq-R / d2q ~ +ig-R Vi1 V 12€+iqya
RN Vu(p, —Q)M_g = V(g)e™ " .
/ (2,“_) ( ) q (27T)2 (q)e V#,Qlefzqya VH:22

1 R
Vi \112| V2 \R—ll—am
Virntreag Va2 my

(A.71)
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A.2 The optical conductivity of graphene

where we wrote out the explicit four components of V,,(p, —€2). The current-current correlation function
of the vertex-correction can now be written as:

(1 d) 1 1 . _+i(p—k)-R
(1) Azz|hpr<4|hp|2+92> el @+ 52 ©

(A.72)
Ty Vu,ll(l% Q) Vu,12(p7 Q) Vu,ll(k -5 |R| Vi, 12(k, =) |R+ay|
V,u,21(p7 Q) V,u,22(p7 Q) V,u,21(k Q) [R— ay\ V,u,22(k7 Q)| R|
Evaluating the trace gives:
(1d (iw _62A226+z(p k)-R 1 1
- = gl (AT P+ 922) [T (AT 2+ ©2)
" [Vu,ll(l)a DVu11(k, —Q) + Voo (p, Q) Vy20(k, —2) (A.73)
|R|
N V20, D)V, 21(k, =) V,21(p, Q) V,12(k, —Q)
R — aj| |R + af|

The matrix elements are given by:

V,u,ll(pa Q)Vu,ll(ka _Q) + V,u,22 (p7 Q)Vu,22(ka _Q) = 592 [hp]u,p - hp]u,p } |:hk: Ju,k — hk]u,k

]
_ %Qz |:hpjp,,p* _ h;,jﬂ,p} {hk]p,k* - hk*ju,k} )
A.74)

Vi12(p, Q) - Vior (k, —Q) R _1 aj| | R_l af ikt [h’“j:(k) - hk*j“’k} [h; e = hpj:’p] (A.75)
i ] i ]
V21 (p, )V 12(k, Q) |R—|1—ay| \Ri g/ e s = i BO] [ P) i (A.76)
= —m {hk:ju,k* - hk*ju,k} [hpju,p* - h;juap] '
Next, we define the function
—inu(p) = hpj,ip - h;jﬂ,p (A.77)
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and the coeflicients:

Ciu(R,w) = P.V. Z cos (p - R) (A.78)
I (41%\2 a?)

Cyu(R,w) = P.V. Z cos(p- R) €R, (A.79)
I (4|hp|2 ?)

Siu(Rw) = PVZ sin(p-R) =0, (A.80)
[ (4|hp\2 a?)

Sou(R,w) =P.V. Z sin (p - R) € iR, (A.81)

I (4|h,,|2 ?)

where P.V. indicates that the corresponding integrals are principal value integrals. The principal value
integrals are calculated by introducing the small parameter € the following way:

Cip(R,w)=PV.)

cos(p-R)ER
v Iy (4rhp|2 )

. . . (A.82)
= <2|hp| o T 2l +w> s (p- F)
We introduce the real functions
E; (R,w) =Cju(R,w) —iS;,(R,w) € R, (A.83)

which are explicitly given by Ey, = C1, and Es, = Re(Cy ;) + Im(S2,,). Using these definitions, we
can rewrite the current-current correlator as:

Im x " (w) = 2¢ — 2| hyp))
(A.84)
w 2By, (Rw)Re (e PPh
R) (R, _ - .
2’R| Cos (p ) 1:#( U‘)) |R _ al7| 2,,&( aw) € <€ P)
Defining now the functions:
I u(pw) = Z 2‘R|Cl»u(R ,w) cos(pR) (A.85)
Lou(pw) = — Z ’ R oz P2n(R.) Re (hpe 7). (A.86)
we can rewrite
d
Im " (w) = 2 — 2|hp )T 1u(p, w) + Ta(p,w)} (A.87)
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A.2 The optical conductivity of graphene

Evaluating the d—function gives

4 Py,+ T
Im XL(]Ld) (w) = 2¢%A Z/ = " (P) {T1u(p,w) + Tou(p,w)}

2
= S BT o0y, (||
=t (A.88)
Py,+ ”
—QZAZ/ ﬁ771—(p»{Fl,u(paw)‘i‘IﬂQ,u(paW)}-
4719, |h
i=1 Py ‘ Dz | p‘ ‘

Hence, to determine the contribution of the vertex diagram to the correction coefficient, the above
expression has been evaluated.

A.2.3 Correction coefficient in the Dirac model

Here, we present a calculation of the correction coefficient in the Dirac model by combining a soft
cut-off acting on the Coulomb interaction, V(r) — V;(r), and the dimensional regularization (DR),
d =2 — ¢, and demonstrate explicitly that the order of limits of the two parameters n and ¢ does not
commute. We refer to this non commuting of the order of limits as the UV quirk.

The Coulomb potential and the self-energy

The deformed Coulomb interaction is given by the potential

VW):i?(&)n<;)e. (A.89)

where we introduced the length scale 7y in such a way that the dimensionality of the Coulomb potential
stays unchanged. The Fourier transform of this potential in d = 2 — ¢ dimensions is

B 27?627”5(n+6)(775 2N r—€/2 (HT”>

Vig) = q1—+n with Cpe = . (1—n—e> (A.90)
2
Next, we define the parameter dependent coupling constant
Qpe = ar()_(n+e)§ne . (A.91)

As the next step, the self-energy is evaluated by using the Feynman parametrization! and a shift in
momentum g — q — yp which yields

Y(p) = ®(p)po

dw d%q 1
=2 | o oy g
D d+1 D—n-1
ra D132 R)T ()0 (257 oo
- d/2 1 1 2+n—d’
EERCPHONGrI

. . . . a 2 a—1 —q B—1
'Here, the Feynman parametrization is given by AalBB = FF(L;(%)) fol dy [yJAJr(l(iy)J])g]aw .

I'(n—d/2 d 2 I'(n—1—d/2
o7 = amirtoy s 24 [ G = Gt e e

(A.92)

Furthermore, in the following we

. d
use the Feynman integrals [ (Qdﬂld TH8)7 = am /30 a7
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with d = 2 — €. Thus, ®(p) is defined as
®(p) = Aye - p" 27" (A.93)
with

g () (42 ()
(4m)d/2 r (%) r (%) r (d _ g)

Now, we can start to evaluate the self-energy diagram and the vertex diagram. Let us start with the
self-energy diagram.

Ape = (A.94)

The self-energy diagram

In order to calculate the correction of the conductivity due to the self energy, we evaluate the corre-
sponding Feynman diagram. The diagram is thus given by the following expression:

,be .
XF]l )(Q) = —2NSU//Tr pl(w—i—Q)]qule( )Gp,iw],u)

d
2Nsv/ dpdo 20 1 (A.95)
2m) 21 p? + (w + Q) <p2+w2)

x Tr [(iw + op)(i(w + Q) + 20,p, — 0 - p)(iw + o - p)o - p| ,

where ®(p) is determined by the self-energy and is defined in equation (A.93). Next, we perform the
trace over the Pauli matrices. Thereby, it is important to take into account that the Pauli matrices
living in d dimensions are defined by the Clifford algebra {o4, 04} = 2d4. Using the Clifford algebra,
the following relations can be derived

Z 04004 = d 80,00 + (2 —d) Z 0adap

(A.96)
ZUCQL — dO'O , Tr(z 0'2 = d2) , TI'(O'Q) = d7 TI'(O'a) = 07

where Roman letters are spatial indices and Greek letters denote spacetime indices. Upon applying
these relations, we can perform the trace over the Pauli matrices which yields

d
(1bc) d’p dw ®(p) d . 2 _2 2 . 2\,2
2]\751,/ 27 27 2 (w0 1 )2 <p2+w2>2 2ww+Q)p*+ | 1 pi (w D )p .

(A.97)
Next, we integrate over the frequency and obtain

o). 1 dip ® 4p? — Q2
X{(]Lb )(IQ) = 2Nsvd <1 - d) / (QWZ)jd (ZLI;( f92)2 ) : (A'98)

Inserting ®(p) = A,ep? 7277 yields

d d—2— 2 2
(1,bc) . d’p Apep 7 p(4p* — Q)
Xy (i) = 2Nsd(1 1/d)/ (27r)d (4p? + Q2)2

71.d/2A776 /oo p2d—2—n(4p2 _ QQ)
(2m)4T (d/2) Jo (4p?2 +Q2)2

(A.99)
= AN, d(1 — 1/d)
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Since we want to calculate the imaginary part on the real axis, the zero frequency part is subtracted
and we find

1,bc) /. 1,bc
P9 02) — 9 0) = —

Nowd(1 — 1/d)r¥2 4, /OO p O (12p° + %) (A.100)
0

(2m)T(d/2) (4p® + 02)?
Substituting z = p/Q yields

c ¢ Noyd(1 — 1/d)n%2 A, QQ-4+2d=n oo (1952 4 1)z—4+2D—1
(i) — (1) 0) = - Ve L= LT [ a2
0

(27)90(d/2) (422 + 1)
Nd(1 —1/d)n%? A, QQ~4+2d=n T
=— ( /(23r)df(d?}2) 22=244N 7 (9d — 2 — ) sec <d7r - 7”)
(A.101)

In d = 2 dimensions the expression (Xsl’bc) (i) — Xgl’bc) (0))/€ is dimensionless. But if we goto d = 2—e¢
dimensions, the expression gains the dimension L€, where L is a length scale. Hence, before expanding
the expression, we have to multiply it with the factor r . Now, we set d = 2—e¢ in the above expression
and expand our result for small but finite € and 7. This yields

,be be
. X569 = x50 ~_ _Naa
0 Q 32(n +e)
Nao

A.102
+ 320ctn) [77{’7 — log(4/(rof2)) }+ ( )
+ {1+ 2y — 2log (4/(roQ)) + 1/2(2 — v — 1og(4ﬂ))}} .

The self-energy diagram is divergent in 1/(e + n) for n,e — 0. The vertex diagram cancels this
divergence.

The vertex diagram

The vertex diagram is defined as

d% dw diqg  du’ 2T Qte , ,
( Nsv/ / ! )Tr Gpdequ,i(erQ)Gq,i(w'+Q)Jqu,iw’] :

om)d or | (2m)d 2w |p — q|(Hn
(A.103)
Performing the trace over the Pauli matrices and the frequency integration yields
D d
LD (1)) — 27N o / d / d%q 1 d
XJ (1 ) TN s Olne (27.‘.)D (27T)d |p q’1+n pq(4p +92)(4q +QQ) (A104)

X [ (peqe — Q) + 4(pequpq + P*¢* — P° — p2d%)].

As for the self-energy diagram, we have to subtract the zero-frequency part of the correlation function
which results in

2
(Ld) i0y) o (1 N / / 2o dQ
0 =X * 2m) |p — ql”’7 4p q (4p + ) (A2 +2)

x {4p°¢*(pq — prm) + (pgqups + P°¢* — P26° — PP (Q® +4(p* + )},
(A.105)
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or equivalently
) /- d dip d Toped
X‘(Il ') - X‘(Il '0) = _NSU/ (2m)4 (2m)9 g,343 (2 . 2) (2 2
8p0 (12 + (2/2)2) (¢ + (©2/2)2)
P**(Pq — 42p2) + (@PGPe + P26 — P20* — PP (P* + ¢ + (2/2)?)
lp—q|'*

Next, we split up this integral in two separate integrals. (One integral contains the divergent part
while the other is convergent for n = 0 and € = 0.) These integrals are defined as

(A.106)

XSLd) (19) - X((]Ld) (0) _ _Nsvﬂ'aned Q / ddp ddq DPq — qzPx
Q 1 8 (2m)? (2m)4 pa(p? + (92/2)?)(¢* + (22/2)?)|p — g|* T’
A.107)
and
XL(]l’d)(iQ) - XSl,d) (O)‘ Y / dip diq Taped )
- Sv d d
Q 2 (2m)? (27) 8p3q3 <p2 + (9/2)2> (qz + (9/2)2> (A.108)
(gpep= + P°¢* — P26 — P°2) (0* + ¢ + (2/2)?)
lp—q|'*"

We split the last integral in three different parts by adding and subtracting (€2/2)2. By this procedure,
we separate the diverging part of the above integral from the convergent one. It reads

Xgl’d) (iQ) — Xsl’d) (0) _ / dip diq Tape d Q
Q 2,0 (2m)4 (2m)4 g)343 (p2 i (9/2)2> <q2 T (9/2)2>
(qpgape + P*¢° — P20° — P*@3) (0 + (2/2)° + ¢* + (2/2)*) (A.109)
lp — q|'
—mape d Q) / d'p d%q pqq.p. +p*¢® — p2q® — P*q’
Bl 4 (2m)d (2m)d p3q3(q® + (Q/2))|p — g7’
P a0) = x (0 ’ 4 Nymapd 93 / dlp diq 1
Q 2b 32 (2m)4 (2m)4 pa(p® + (2/2)%)(¢* + (2/2)?)|p — q|* 7’
(A.110)
and
d) /. d
XFP6) = x0) |+ Nawmag d 98 / d'p dq Papads — P2d° — PG
Q 2,0 32 (2m)4 (2m) pPg3(p? + (92/2)?)(¢? + (2/2)?)|p — q|*"
. +Nsv7705ne do? / ddp ddq P4pzqx — QPQQ%
a 32 (2m)d (2m) p3g3(p? + (92/2)?)(¢* + (2/2)?)|p — q|* ™17
(A.111)

where we used rotational symmetry. The integral [Xgl’d) (i) —ijl’d)(O)}/Qb,a is divergent for (n,e) — 0,

while the remaining integrals exhibit a finite value for eta,e = 0. This finite value is
,d) /. ,d ,d) /. ,d ,d) (- .d
W) GO ) G0 X xS P0)) _ Naa (W B 8)
2,c 32 3]

+ +
(A.112)

Q 1 Q 2,b Q
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Now let us calculate the divergent part, which corresponds to the integral (A.109). The Feynman
parametrization? and the shift in momentum is again used to solve this integral which leads to the
following expression

P 30) — 3 (0)
Q

_ —Ngmaye d Q / d'p d'q pagups +1°¢ — P2’ — P’}
2. 4 (2m)? (2m)? pPq®(q* + (2/2)%)|p — q|'+7

_ Nsvﬁaned92f3+77/2/ /1 I (1 -z — )1/2 —1/2+1/2

4 \FF 1+n
/ d'p d'l p*—p? 2*p* + (1 —1/d)l?
27)d (271)d 3 3+n/2
CLCAN [l2+p2x(1—w)+y(9/2)2]
=(1-1/d)}
_ _ moyeNgy 2272041024470 g (1 — 1/d) y
(amy/x

(A.113)
Next, we expand the dimensionless expression for small 7 and € and obtain

d
XG0 —xGPO)  Naa
0 0 2.4 32(n +¢)

Tt (=124 5 — o4/ (ro0)+

_|_

+ e{2v — 2log (4/(ro2)) + 1/2(2 — v — log(4m))}| .
(A.114)

Also the vertex diagram is divergent in 1/(n+€) for (1, ¢) — 0. This divergence cancels the divergence
of the self-energy diagram and we obtain a finite correction value.

The correction coefficient

Upon adding the vertex diagram and the self-energy, we find the following correction coefficient

Co(n,€) =

1 (16 — 67)(n + €) + 3n + 6¢
s ( = ) . (A.115)

Depending if we first set 7 — 0 and then e — 0 or vice versa, we either obtain C, or C,. Only when we
take the limit n — 0 at the very end of the calculation, the correct value C, = (19 — 67)/12 is found.

. . . . +8+ 1—x—1 a—1 Bfll'y—l
2The Feynman parametrization is given by AaBlﬂ o7 = T ?F[g FYW f dx f (1( zfy)2+zBin]1{1+/3+"r'
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A.3 Viscosity in the collisionless regime

In this section we give a detailed description of the calculation of the viscosity of graphene in the colli-
sionless regime. In order to determine the viscosity, the Kubo formula (3.36), nagys = Im X151, 5 /w, is
used. As for the optical conductivity, we expand the correlation function between the energy-stress ten-
sor T, to leading order in the renormalized coupling constant a(w), i.e., x1,,1,, = X(TO ) Toy T X% ')’uTxy'
First, we start with the calculation of the viscosity described by free Dirac fermions 770( ), before we
determine the Feynman diagrams in leading order of «(w) which contribute to the correction coefficient

Cy. This calculation is performed in the Dirac model.

A.3.1 Non-interacting part of the viscosity

In order to calculate the shear viscosity i of graphene, we have to use the symmetrized energy-stress

T (i%) (k), as we have seen in Sec. 6.2.1. The correlation function in zeroth order of the coupling constant
is given by

X0 T(U)(lw Nsv//Tr Gpl(w+ﬂ) 79 (p )GPMT( )(p )}

= Ng,
//42? + w+Q) P +w2 Tr [M]

/p/p T w_|_Q) » +w2 [PHPI( (w+9)—6p§>+p§<p2+w(w+9))} ,

(A.116)
where M is
Mo [ +9Q) pe—ipy 0 py—ip w e —ipy 0 py—ip
pr +ipy w4+ Q) ) \py +ipe 0 Dz +ipy iw Py +ipg 0
(A.117)
Performing the frequency and angle integration, yields
NS’U pz + py) + px - 6pxpy + py
X(0) T(o iw) /
P <4p2 + QQ)
(A.118)
_ Ny /
2 4p2 + Q2>
Now, we use the analytical continuation i{2 — w + id and obtain
1 im im
— 5 =P.V. | ——— —4(2 —0(2p —w) . A119
4p? + Q2 ol IS e R wlC (A-119)
Taking the imaginary part of the correlation function and choosing w > 0, gives
oo
N, dp s
Im X0 70 W) = 25@ o 45 (2p —w)
0 (A.120)
_ Nsvw3
256
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The shear viscosity for the non-interacting graphene is thus

w? h

Re 77(“)) = a¥7

(A.121)

where we reinstalled 7 and vp which were set to one during the calculation and we inserted that
Ny, = 4, since there are two spin degrees of freedom and two Dirac cones.
A.3.2 Correction coefficient of the viscosity in the collisionless regime

Now let us answer the question how the Coulomb interaction influences the viscosity. To this end,
we have (as shown in Sec. 6.2.2) to evaluate the self-energy diagram, the vertex diagram and the
honey diagram. In this section, we give a detailed presentation of the calculation of the different
diagrams. To evaluate the different diagrams, we introduce a soft cut-off to the Coulomb interaction
V,(q) = 2ma /@' " where the parameter 7 regularizes the integrals.

The self-energy diagram

We start with the evaluation of the self-energy diagram. The self-energy is given by
Y(k)=9¢k)k o (A.122)
with

o (1
d(k) = Ak = aronw(%w, (A.123)

where the parameter 7 regularizes the self energy. Now the correlation function of the self-energy
diagram is defined as

,be .
Xty (1€2) = =2 /P Tt |G i) T ()G i B(P)Gip, TS ()]

79T
) [EEy L
iy ] o | e

(A.124)

with
Tr(B)

=Tr [(i(w + Qoo + keoy + kyoy)(keoy + kyos)(iwog + kyop + kyoy) (kzoy + kyoy)
(A.125)

X (iwog + kyoz + kyoy)(kzoy + kyax)}
= 2y (ke + ) (K + K2 [w(w +20) — 10k§} + K [5 (K2 +w?) + szD .

After performing the frequency integral and the integration over the angle, we obtain

X o) (1) = ?dk 25T (3) K (40 - Q?
wv Ty b o (2-3) (w24 02)

(A.126)
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Next, we have to calculate the difference

i 0
(1,bc) (IQ) XTQSg)TQ(ﬂg)( )Q2 XT(O)TQS?/)( )

Sy
o gnsp (ﬂ) k2 (12k;2 n 92) (A.127)

I () ()

[\

and

F49 ) — 730 (0) 7°dk2n—109r (g) f (201@ + 3292)
& J AT (2- ) (402 + 2)
n+1

5 — )0 () sec (Z)1 () (A.128)

F(Q—g)

Ny, —41 Q) —4 1+ 4log(4
~ Nover LN 0g(roQ) v+ 1+ 4log(4)
5127 2048

+0(),

where we reinserted Ny, and the coupling constant « in the last step. The self-energy diagram diverges
when we take the limit  — 0. The other two Feynman diagrams are going to cancel this divergence.

The vertex diagram

In this section we focus on the vertex diagram. First we introduce a coupling constant which depends
on our regularization parameter n

an = ap ry ¢ (A.129)
with
n /)
() -
G = (A.130)

()

where we introduced the length scale g in such a way that the unit of Coulomb interaction remains
unchanged. Now, we can calculate the correlation function of the vertex correction. This function is
defined as

Nsva77

X( (0)) () (i) =

zy zy 4

27
/ /k , W [Gp,le( )( )Gp, (w+Q)Gk i(w'4+Q) ;gy) (k)Gk 1w’] .
(A.131)
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After inserting the corresponding expressions of the Green’s functions and the energy-stress tensor and
performing the two frequency integrals, we find

(1,d) (IQ) _ _NsvaT] / d2p / d2q 2 2
X7 1 (2m)2 ) (2m)%|p —al'*t7 (4p2 + Q2> (4q2 + 92)

x {p’ <pa:%c <q2 +q; - 3%3) + Dyay (q2 —3¢; + q§)>
+p2gs (q2 +q— 3q§) + 7l <92 (qz — qﬁ) — 3pyqy (q2 —3¢; + qi))

— 3PaDita <q2 +q - 3q§) +p) <pry <q2 —3¢; + qg) + Q% (qz — qy) (g + qy)> }-

(A.132)
Next, we subtract the zero-frequency part from the above expression to obtain
(Ld) : (1,d)
gy — rry 0 Xy ©)
sy (182) = o (A.133)

To finally determine the contribution to the correction coefficient, we have to (as explained in Sec. 6.2.2)
subtract again the zero-frequency part which yields

1,d) . 1,d

Ly (i9) — fiyy(0)
Q

where Q1 and @2 are convergent for n = 0, whereas the integral Q3 is divergent for n — 0. In the

following, we demonstrate how the different integrals are evaluated.

=01+ Q2+ Qs3, (A.134)

Calulation of (); First, we calculate the @)1 integral. The integral is given by

Ngypay

@ = -5 (2 /dp/dq/dw?apq (4p +1) <4q +1)

4pg cos(2¢) + 16p2q® cos(p) cos(2¢)
1

(p + ¢? — 2pq cos w))i
)

Ngpor, 1 / / / 4pqcos (2¢) + p?q? cos(yp) cos(2¢
= - Q" d d A.135
8 (2m)? 4p +1 q q(4¢2 _|_1 ¥ iy X )
0

0 0 (v + = 2pqc0s(p)) *

Next, we substitute the variable ¢ the following way: ¢ = xp and obtain:

o0 o0

Ngpyo, 1 _ 1 1 r 192 cos(2¢) 4 zp? cos(p) cos(2¢)
=— Q" [d d dp :
o | ( / x<4x2p2+1>/ v B

8 (2m)? 4p? +1
(2m) PP ) 0 pltn (1 + 22 -2z cos(go)) :
(A.136)
This integral is convergent for 7 = 0 and we thus have to evaluate the following integral:
Ngya, 1 T 1 Vi 1 Pl cos(2¢) + zp? cos() cos(2¢)
QL =- WQQ_"/dp 5 /dw 55 /dg04 .
8 (2m) J (4p* +1) J (42?p* + 1) / V14 22 — 2z cos(yp)

(A.137)
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The integration over p can be done and gives:

D
1 1 T
d - T A.138
/ P12 +1 ~ a(l+a) (A.138)
0
D T
d SR — A.139
/ P 14022 + 1 162(1 + 2) ( )
0

What remains to be evaluated is the following:

o
]\751,0477 T - / 1 /
= — — dp |cos(2¢) + cos(p) cos(2 .
@ 8 2 6O 1+x)\/1+x2—2xCOb 0 (P ®) (1) cos{ 90)]
(A.140)
Next we evaluate the z-integral and than the angular integral:
N, 1]
Q1 = — sgan (277:)2(2—771(3/(190 [cos(2¢) + cos(p) cos(2¢)] log (cot (j)) sec <(§>
0
N,
__ HVsuy . (A.141)
960
Calulation of )2 Next we evaluate the integral Q2. It is given by the expression:
Q2:_Nsva?7 /oo dp p /OO dq q /27rdg0 2 Q"
8 Jo (2m)?*Jo (2m)* Jo P — a7 39,22 <4p2 + 1) <4q2 - 1>
x {16p3q cos(2¢p) 4 16pg® cos(2¢)} (A.142)

o0 [o¢] s
Ngyan 2x2 Q71 1 1 p3qcos(2¢p
s 3 22/dp42 1/dq42 1/d‘p 0 ==
8 (2m) / p(4p® + )0 q(4¢® + )0 (p% + ¢% — 2pqcos(p)) 2

One additional factor of 2 arises because the expression is symmetric under exchange of p and q. The
other factor 2 arises because the cosine is symmetric in the interval [0, 27] and thus the angle integral

2 s
can be changed to [ dp =2 [ dyp. Next, we substitute the variable again ¢ = xp and obtain:
0 0

s

o0 [e.e]
Ngyoyy Q7" p2n 1 cos(2¢p)
Q2 = — /dp dx dyp
4 (2w 4p? + 1 4x2p? + 1 4
(2m)? 0 b P 0 (1 + 22— 2x cos(ap)) ’

Ngyo, Q71 ™ T o1t cos(2yp)
== n (271')2277 T sec <2> /dx:EQ 1 /dgo ) (A.143)
0 0

(1 + 2% -2z cos(cp)) ’
1 gl [ 2cos(p)? — 1
=a far T [ e

0 0 (1 + 2% — 2z cos(go))
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with
Ngyo, Q77 ™
= - 2" — | . A.144
K 1 @zt T\ 2 (A.144)
Again we split up the integral in two parts. The two integrals are defined as
[l Ok
1—2z cos
Q20 = / dr—5— / de ‘ T (A.145)
0 0 (1 + a2 -2z cos(gp)) ’
p— x -
Qap = —q/dx PR /dso T (A.146)
0 0 (1 + 22— 2x cos(go)) :

Now, we analyze the integral ()2 ,. This integral can be split in a singular and a

Analysis of ()2,
Q;a + Qg“;, where

non-singular contribution Q2 , =
1— gt

Q;,a = 2Q/d$2_:L/dQOCOS(QO)2
t (A.147)

0

Next, the non-singular contribution is analyzed, which is defined as

o0

1— ! 1
= /dxl/dgpcos(go)2< =
4 -t [1+ 22 — 2z cos(p)] 2

nfl = Q2,a - Q; ,a
- 1) (A.148)

Since this integral is convergent for n = 0, it can be evaluated in this limit. We find

00 g 1
=2q | dv——— /d cos(p -1
qo/ r(1+ ) 4 <\/1 + 22 — 2z cos(y) ) (A.149)
77

175 (11 — 67 + log (4096)) ,

|_|

where we performed first the z-integral and than the ¢-integral.

Analysis of ()2, Next, we analyze the Q2 integral analogous to the previous one. We can again
split it up into a singular and a non-singular contribution. The singular contribution is given by

o0

s 1—an ! [
Q2,b:—Q/dﬂfH/d<ﬁ 1
(A.150)

0 0
T ot [T

=—g—-cot|=-n|m.
a5 ol
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The non-singular part reads

20 = Q2 — @2y

oo

1 — g1 1 A.151

- /dxx /dg@ ity 1 : ( )

/ x? -1 J [1+ 22 —2xcos(p)] 2z
This integral can again be evaluated in the limit n = 0 and yields:
yi 1 7 1
Q"S:—q/da:/dgo -1
2 / z(1+ ) ) V14 22 — 2z cos(yp) (A.152)
= —i—qg (7 —2log(4)) .

Result of Q2 Thus, upon combining Q2 , and Q2 3, we obtain for the ()2 integral the following value:

Q2 = Q2,4+ Q2p

2 ™ T 7T2 T T
—gl= cot [ Zn) + T (11 = 67 + log (4096)) — = cot [ Zn) + T (x — 21log(4
q] 5 cot <2n> + 6( 67 + log (4096)) 5 cot (217) + 3 (m og(4))]

(A.153)

o Noa (1L T
2 768 256 )

Calulation of )3 In this section we analyze the divergent diagram 3. This integral is given by the

expression:
Npay 1 970 T 7 i (1) cos(2¢)
svQiy - cos(yp) cos(2¢
= d d d
Qs 8 (2r1)2 32/pp24p +1/q 2(4¢2 +1/90 . =
0 0 0 (p +q —QPQCOS(SD)>
x {4p*(4p® + 1) +4¢* (44> + 1)}
00 2m
Ngya, 1 Q77 8p3(4p? + 1) cos(p) cos(2¢
- _ svHn 5 /d /dq /d@ ( ) ( ) e
8 (2m)? 32 2(4p% + 1) 4q +1) 5
0 0 0 (p2 +q* —2pgq COS(‘P))

2T

stén cos(p) cos(2¢p)
= 2/dpp/alq 4q+1/d<p T -
0 0 0

(p2 +q% —2pq COS(@) ’

(A.154)
Next, we substitute the integration variable p by p = xzq and obtain:
co 27
Qs = ;U2a,7 Q" /dq4 o /dm/dgp x cos(p) cos(2¢p) . (A.155)

(1 + 22— 2z cos(cp)) ’
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A.3 Viscosity in the collisionless regime

In the following step we use the identity:

1+7n -1y e~k
k|~(F) =T (> /dzl_n, (A.156)
2 273
0
and obtain?
Ngyor, Q71 sec %) y Y T ( 2 ())
_ _tVsuOy 2_2+77 /d /d /d 9 — | 14+z“ -2z cos(p) |z
Q3 D 7(2@2 Wip (H'T”) O :L’O <p0 zZI_Tn cos(p) cos(2p)e
Ny Q77 oy, 5 %) [ [ (1+22) - 2, .2 ;- 2..2
- SU — n — o)z . . _ . .
35 (21)2 L /d:):/dz T 2me xz[1F1(2;2%;2%) — 1F1(3; 2% 2%)]
N=)s o #°
Ngpoyy Q1 5, 5 %) T 3/2 9 2 2
_Isvm Tt 9=24n. N7/ z _ z
2 (27r)22 WP(I;FW) /dz /e 222 zIy <2>+(z 2)[1( >
0
_ sec (T 1_n n
Ny 01, (3 mlre 20 (5 - 41 ()
32 (2m)? r (%) ar (3-3)
o' a(4log(roQ2) + 4y — 5 — 8log(2))
~_ _ O
10247 4096 +0m)
(A.157)
Result of the vertex diagram Combining all three integral gives
S 9) — 1 0) _ a(20nlog(Sro) + 40m) + 2077 — 1935 — 407 log(2) — 20) (A.158)

Q 20480 n

The vertex diagram is also divergent for n — 0, but does not fully cancel the divergence of the self-
energy diagram. A third Feynman diagram is needed to cancel all divergences.

The Honey diagram

The last diagram contributing to the correction coefficient C, is the honey diagram. It takes the
interacting part of the energy-stress tensor into account. This interacting part of the energy-stress
tensor is determined by calculating the commutator between the Coulomb potential and the strain
generator. We find for the interacting energy-stress tensor in real space

T3 (R, ) = [He, Lag]
0

R . R ) . A R R ,
— —w/r 1&;(7)@(7)%(7)%8—% (V(r, m))wm(r) — /, DL ()], (T)w,,./(’]‘)xaaixﬁ (V(:n, r )>¢w(7)
1 — 5 ; 5 - (r1 —r2)a(ry — r2)
= 5(1 - 77)7" ! / wi‘l (T)I/)I‘z (T)’(/]’I‘2 (T)¢7’1( ) ! |’)’°12— ')"2?3777 2 /8 ;

(A.159)

Swhere 1 F} (a; b;¢) is the regularized confluent hypergeometric function and I, (z) are the modified Bessel functions of
the first kind.
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—n
where we assumed the Coulomb potential to have the form V(r,r’) = I L This result is in agree-

0]
r—p/ ‘ 1—n-
ment with the expression of the interacting energy-stress tensor which we obtained in the derivation

analogous to the Martin and Schwinger calculation [49]. The Fourier transform is

347
in 1 (T) lolg - . . .
Ti(a = 0,7) =5 (1~ m)ry "2 Ter. / T LV (a7
k,p
P (A.160)
(3t
;(1— o2t (32 ) ll3lfn (€, m)n(=t, 1),
F(T") 1]
with
n(l,7) = / DI (T pa (1) - (A.161)

p

After having calculated the interacting part of the energy-stress tensor T;%t, the additional diagram
contributing to the correction coefficient is determined by the correlator between the non-interacting

and interacting energy-stress tensor <T ;%t,T( )>. Just to remind ourselves, T é%) is for graphene

Té%) =3 f 1[1,; (qaag + q50a> 1[;(1. Thus, the following four contractions have to been evaluated:
q

(Ci) | e .

4(1 n)rg "2 / (4405 + 4505) oy |l|3+’7wk“(T) pb(Tﬁ/Jp 1o (T)ktt,a(T )wf,,c(O)wq,d(O)
k,p,l,q

o) . , |

1 _ 1+ | AT | o N T ATl N

i(l_n)ro "2 / (q705+q507)(d |l|3+n¢k a( )wp’b(T)wp—l,b(T)q/}kﬁ-l,a(T)wq,c(o)wq,d(o)

(C) hpba (A.162)

o /3 A | AT,—A,—A‘ N | N |

1002 [ (0,054 050 T T 5] VBt )05 0 a0
k,p,l,q

d

" T ]

1= o 12 / (@405 + 4504) g mgﬂz/fka( Vs o (M) p—1.6(T)Vktt.a (7)) (0)10g.a(0)
k,p,l,q

Only these four contractions will result in connected diagrams. In principal, there are two more
contractions possible which lead to disconnected diagrams, which we do not take into account here. The
first two diagrams emerging from contractions (a) and (b) are both equal to zero. Let me demonstrate
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exemplary why they are zero at the contraction (a). We find for this contraction

(a) 1 14 r (3J2rn) lalg
— -1
XT;%‘,T@ = 1(1 —n)rg 2w . / T (qq,ats + Q50a>0d

~ ‘

3—
r ( )q,k,p,l

(Gp’())bb (G’““’*T)ac G, T>da S(k—q)(p—p+1)i(k+1-q)

X

3+

~ ‘
S

lal
) g Tr(Gp,O) Tr(Gk:—}-l,—i-T (k'yo'd + kdga) Gk,—'r)d(l)

1 ngl+ F(
— — N n
= (L= 27w ) 73+
k;pl

r(

w
=S

N ‘

=0.
(A.163)

Upon evaluating the I momentum integral, the correlation function vanishes. The contraction (b) has
an analogous expression which will be zero for the same reasons. Now, we turn to the contractions
(c) and (d) and the resulting diagrams. The correlation function resulting from the contraction (c) is
given by

n
¢ 1 2
X;z)%t T(o)( ) = _Z(l — 7“0 7721+777r En; / \l\3+77 (quO'(S + q50a> wd
2 7 7p7
X (Gp,0)ab(Gp—t1,7)bc(Gr,—7)dad(k — q)d(k +1—p)d (p— 1 — q)
+n
1 2 al
— _Z(l — 7721+777r E 277; ‘l|3-€77 Tr |:Gk3+l,0Gk:,T <I{j,},0'5 + k507) Gk7_7_:| .
2

(A.164)

Next, we will re-expresses the above expression by Matsubara frequencies. It holds

© 1 . (37)
_ -n
Xpint 7(0) (ivp) = ——(1 —n)ry "2 nﬂr (3577)

af T ap 4
l lﬁ i(Vr—wn+wm)T
’l‘3+n Tr Gk—}—l,iws Gk,iwn (kWO'(S + ké%) Gk,iwm e\ TnrEm

nms

w

3—

1 —ng91 I <%) lalp
_Z(l —n)ry 12 +777-‘-F<n) / e Tr |:Gk+l,iwsGk:,i(wm+VT) <k705 + k50~,> Gk,iwm] .
2

k,lm,s

(A.165)

The last contraction (d) yields exactly the same expression. Thus, the additional diagram to the
correction coefficient (the honey diagram) is twice the above expression and reads

3—n

+n

; 1 —nol+t ( 2 ) lals

XTC%,T;%) (iv,) = 2(1 nry 2 "WP( ) e Tr | Grtiiw, Gk i(wm+or) (k'yUzS + k(SU'y) Gliwpn | -
2

k,l,m,s

(A.166)
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Tint o Lol T o (kyoy + kyos)

Figure A.2: The honey diagram.

Let us now evaluate this Feynman diagram. It is depicted in Fig. A.2. Upon rewriting the above
expression explicitly with the corresponding expressions of the Green’s functions, we find

w
=S

Ly g
XTznt T(O) (ly’f‘) - 5(1 - n)ro 7]2 +nﬂ—7

) / lols Tr[A]

¥ ‘

o F(M) 137 (W2 + |1+ E|2) (k2 + w?) (k2 + (w + Q)2)
2 k,l,m,s
(A.167)
where the trace is given by
Tr[A]

Tr <[iw’ao + (kg + lp)oz + (ky + 1y)oyli(w + Q) oo + kpoz + kyoy]lkeoy + kyog]liwog + kyoz + k ay]>

<(/<:m + 1y )y (—3k§ +k+ww+ Q)) + (ky + 1)k (ki — 3k 4+ w(w + Q)) + 2k, Ky’ (2w + Q)) .

(A.168)

Next, we perform the two frequency integrations and find

w
+
N
N———

XT’L%t T(O) (ly’l“)
afl

%(1 —n)ry "2 ——L

[\ ‘ [\
=S

|
()

Y I 3 sin(2a) cos(28)1 " sin(a — ) )
Jufafor O/dﬁ

2 .02 P _ 7
4 4k2 + Q \/k + 2kl cos(a — B) + 1

Then the Matsubara frequency is analytically continued, i.e., {2 — w + id, which yields

1 1
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The imaginary part of the correlation function can now be cast into the form

1 r (3%77> 1
. o —Nol+
Im XT(i%taTé? (lVr) —5(1 - 77)7'0 2 nﬂ'F(35n> (271’)4

(A.171)

T 7w? sin(2ar) cos(28)1 " sin(a — f3)
/dl/ /dﬁ 16/412 + dlwcos(o — B) + w?

Next, we substitute the angle @« — ¢ + 8 and perform the 5 integration and obtain

(2 % 2 271-n o2

1 1 7

I X g o) (i) = =(1 = )y ’721+’77r(2) / dl / dp T LTS (9) COS(P) -y 79y
ap mab 2 r (T”) (2m)* 164/12 + lw cos(p) + w? /4

Upon using the relation

1 -1 < —k2z
- (5) " fas (179
272
0
we obtain
I‘<3+n>
1 2 1
ot —MNolt+n._\ = /
g ) 303 e

) (A.174)

oo 2m 00 —z(l2+lwcos(go)+‘*’7)
X /dl/dgp/dzﬂ3/2w2l1_" sin?(p) cos(gp)e
16/z
0 0 0

After performing the last angle-integration, it is

T <M> o e 5/9 —p —xz(4124w?
Im x o (ivr) :}(1 — g2 L 1 al [ a:" P2wl=me 4 ( >Ig(lzw)
TR 2 o r 3—77) (2m)4
0 0

[\

(A.175)

where I,,(z) is the modified Bessel function of the first kind. Next, we integrate over the momentum 1
and find

r (3+n>
7721+777r 2 1 )
r (T") (2m)

o0
3 +1_3 +3 1
75/2,,3 ny\ a n ,,_7( 2)
/dz 8 F<2 2>z2 21F1<2 ;35 1 2w ,
0

where 1 F(a,b, z) is the Kummer confluent hypergeometric function. Hence, the imaginary part of the
correlation function is given by

1 _
Im XT"[L;,T )(IV’I”) :Q(]‘ - T])TO

(A.176)

Im Xrine 7©) (i) = - (3 n) L (%> . (A.177)
T2
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When we expand the above expression for small 7, we find

W —4w3log(rg) — 4yw? — w3 + 8w log(2) — 2w3 log (wQ)
rg @) (W) = =508~ 8192

Im y +0O(n). (A.178)

We have to multiply the above expression by a factor of 2, since the correlation function <T(§;§t, Tv(g)>

af Ty
Thus, the final contribution to the correction coefficient due to the honey diagram is

and <T(0) Ti§t> give the same result and both combinations contribute to the correction coefficient.

1 —4dlog(rg) — 4log(f2) — 4y — 1 + 8log(2)
10247 4096

Im Xrint 70 (i) = (A.179)

The honey diagram is also divergent for n — 0. When all three diagrams are summed up, these
divergences cancel each other.

The correction coefficient
Upon combining all three Feynman diagrams, we find for the correction coefficient C,

89 —20m

Cy 40

~ 0.65. (A.180)

This is a relatively large correction coefficient and hence, the impact of the Coulomb interaction on
the shear viscosity of graphene in the collisionless regime is large.
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Appendix B

Anisotropic Dirac System (ADS)

B.1 Derivation of the Scaling behavior of the Conductivity and the
Viscosity tensor

In this section, we derive the scaling behavior of the conductivity and the viscosity tensor for an
anisotropic Dirac system (ADS). Thereby, we build on the foundation laid in Sec. 7.2.1 where we
introduced how physical observables behave under a Wilson renormalization group (RG) analysis.
The observable is related to their renormalized value by [116]

Ok, by, w, @) = ZoO(Zo (ke by, Zo(Dw, (1)) , (B.1)

where Zp is the scaling factor and the scaling factor Z, and Z,, are given by

Zy=b""" and  Z,= b2 (B.2)
with 0.3625 0.2364
Yo = .N and g, = .N . (B.3)

Now, let us see how the conductivity o5 and the viscosity 1,35 behave under an RG flow.

B.1.1 Derivation of the Scaling of the Conductivity

We want to determine the scaling dimension of the electrical conductivity oo with « € z,y. Therefore,
we consider the optical conductivity o4, in the collisionless regime. The same power laws are expected
for the temperature dependent conductivity in the collision dominated regime. We use the Kubo-
formula (2.8)

w
Oaa = gll)% %Xﬂ ((Lw) (B4>

with the charge susceptibility x,. The charge susceptibility is proportional to the compressibility in
the limit of zero momentum and frequency

Xp(q—>0,w:0):/<;. (B.5)

Hence, we can assume that the charge susceptibility has the same scaling dimension as the compress-
ibility, i.e., Zy, = Z, = Z,,/(bZ;) . This implies that we find for the conductivity the following scaling
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dimensions
Zy
Oxx — b Oxx (ZwT) (B.6)
b

T

Inserting (B.2) into the above scaling equations, we find for the conductivity in the collision dominated
regime the following temperature dependence

(B.8)

T +(5+¢0)
Uk() ’

N

with ¢, = %(% + Yk,) = 0.299/N. The Coulomb interaction enhances the metallic and insulating
temperature dependence.

B.1.2 Derivation of the Scaling of the Shear viscosity

Now, let us turn to the scaling behavior of the viscosity where we expect the same power laws for the
temperature dependent viscosity 7,86(T") as for 1,56(w). The shear viscosity 74845 is defined by the
Kubo-formula (3.36)

1
naﬁfyé X ; Im XTaBTwé ) (Bg)

where Im x7, 7, is the correlation function between the energy-stress tensors. However, in order to
derive the scaling behavior of the viscosity tensor, we are going to use a different version of the Kubo
formula for the viscosity. This is possible, as seen in Sec. 3.2, since the energy-stress tensor can also
be expressed by the time derivative of the strain generator J,.g = Log + Sag, where

i 1
Log = Taps + §5a5 and S,p = —Zeamaw. (B.10)
Using this fact, the Kubo formula, (3.37), for the viscosity is given by the following expression

Napys X W Im<[g7aﬁ7u7’y6]> . (Bll)

For further details of the derivation of this expression for the viscosity tensor, we refer to Sec. 3.3. Next,
we assume that the operator S, has the same dimensionality as the particle density, Zs,, = Z,. Upon
assuming for the operator £, the same dimensionality as the particle density times the momentum
and the corresponding spatial coordinate, which has the dimensionality of the inverse momentum, we
find

ZL s Zn (B.12)

Ze,, = Zn, (B.13)
Zy

Ztey = s (B.14)
b

2o = 7 on; (B.15)

Zs,, = Zn. (B.16)
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B.1 Derivation of the Scaling behavior of the Conductivity and the Viscosity tensor

These scaling factors are used to determine the scaling factors of the two point correlation function of

the strain generators. They are given by

Z<£zz£m_> = Z/f_bZwaa
Aepenw) = Zﬂ_bZZz’
Z(meyy) = Zﬁ_bZZu;’

2
Z<£Iy£zy> - Zﬁ% - b3Z;a, ’

2
Z<£yzcw> - ang bZ7w3’
Z<Lzy£yz> = Zli:bZZo;7

Z,

Z<8assw> = Z.= bZ“;.

(B.17)
(B.18)
(B.19)
(B.20)
(B.21)
(B.22)

(B.23)

We do not study the combination <£ab86d>, since these terms are always zero because of the momentum
integration. Now, all scaling factors needed to determine the scaling behavior of the viscosity are
known, and upon inserting them into the Kubo formula (3.37), we find the following scaling factors of

the viscosity coefficients

Zy = Zp... =207,

m Nzyyx

Z,b% for the (L,yL0,) -part

Zn = npyay =
’ o Z- b1 for the <Sxy8$y> -part
Z;3b for the <£wy£xy> -part
Zns = Znyaye =

Zx_lb_1 for the <Sxy51y> -part

The scaling implies for the temperature dependence of the viscosity coefficients

Neyay(T) = b7373%0 1y p(B1PT) 4 b= 342000 o g (61774,

nyxyx(T) = b_%-i'%’ﬂco 773,5(1)1_%”1—') + b—%"r%’)/ko 773,S(b1_7“T) 7
841 ~

Navea(T) = b7272M0 1y £ (b1 T),

(B.24)

(B.25)

(B.26)

(B.27)
(B.28)
(B.29)

where 1,404 are all possible combinations of a,b, ¢, d € {x,y} but the coefficients 1y, and 1ygq,. Also,
we exclude the coefficients Nqaap, Maaba, - - - » since these are the Hall viscosity coefficients which are zero
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due to the momentum integration. The explicit temperature dependence for the coefficients are thus

o o (Z)TTT s (1 R, (B.30)
Nabed = ’U]f(] 7 1= ’Uk() 7 1, .
5/241/2v,,+5/2v 3 /24 0:4255
T = (L e Mkoc (L s L
Neyry - U]CQ A 2.L k() A 2,8
P\ P\
— vk L b 5 Cas (B.31)
- 1/2-3/2v+1/270 12 - 3/2—1/27k0+3/270 2
TYT T - - -0 —_— —
Nyaya (1) (vko> 5 Csc+ (vko> = 0 Css
1 270.17335 3/9 0.4255
()T e ()T B2)
vk h vko noS :

The Coulomb interaction enhances exponent of the temperature and only for 7., it becomes reduced.

B.2 The viscosity derived by the Boltzmann equation

In this section, we give the explicit form of the matrix M7, and the vector G, v, ,, Which were

introduced in Sec. 9.2. ThlS matrix and Vector appear when we multiply the Boltzmann equation which

depends on the modes ¢)\k with the mode qﬁ)\k and integrate and sum over the respective quantum

numbers. The matrix M7, . = describes the scattering processes due to Coulomb interaction, while

the vector G, , arises from the term in the Boltzmann equation which is proportional to the spatial
derivative of the distribution function and thus proportional to the gradient of the drift velocity ug q.
The matrix is given by the expression

—1
M us = Z/ E ZITHH (q, €k — Exk— q) No(k. ke — q)n© (e — exi—q) [ ] fi(;? 4
« n m % 1 n m
X [A (wkkﬁ—25aﬂ%) oS — A (U/\kq(k —q)s — 25a65/\kq> ¢§k)_q¢§k)]
N A2k
+ TZ/(%)? > ImTI(g, exk + exk—q)  Naoa(k, k — @)n'@ (exr + xr—q) [1 - ka} I
A q
o 1 (n) , (m) o 1 (n) (m)
X | A UAkk@*§5a56Ak Orie P — A Vik—q(k —a@)p — §5aﬁ€Ak—q O Sk—qPik | >

(B.33)
and the vector G, , by

A’k 1
Gm,ug o = Z/ 2¢Ak [ f)\k:| (“?kkﬁ - 25a66Ak) : (B.34)

The temperature dependence of these quantities determines at the end the temperature dependence
of the conductivity, as we have shown in the corresponding Sec. 9.2.
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