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Abstract

In this thesis we study the full relativistic and dynamical interaction in (2+41)D
Dirac systems. First, we briefly introduce condensed-matter realizations of such
systems and discuss some of their key properties. After this, following work by
Marino, we project Quantum Electrodynamics (QED) onto a plane, and show
that the (24+1)D Pseudo-QED Lagrangian is equivalent to this projection. The
properties of this Lagrangian are discussed, and it is shown that it describes
unscreened Coulomb interaction in the static limit. A review is made of results of
Pseudo-QED in the literature, focusing on obtaining the transverse conductivity.
We reproduce results in the literature showing that a quantum valley Hall current
may be generated by dynamical interactions for both the massive and massless
case, and a quantum Hall current in the massive case. We then couple massive
Pseudo-QED to a massive scalar field via a quartic interaction to study the effect
on the generated transverse currents. We find that the quantum valley Hall current
obtains a non-universal correction dependent on the ratio of the fermionic and
scalar field masses. We also consider massless Pseudo-QED coupled to a scalar
field and calculate the divergent Feynman diagrams involving the scalar field.
These could be used for a renormalization group (RG) analysis of the system to
investigate how the RG-flow of massless Pseudo-QED changes under the influence
of a scalar field. We end by briefly considering other applications of Pseudo-QED
and other projections of QED in the outlook.
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Introduction

The synthesis of graphene, by Geim and Novoselov in 2005 [1], has brought about a new
paradigm in condensed-matter physics. Consisting of a honeycomb lattice of carbon
atoms, just one atom thick, graphene possesses some remarkable properties: it is the
strongest material ever to be discovered, it is very flexible, light, transparent and is an
extremely good conductor. These properties, together with the abundance of carbon,
hold great promise for the applications of graphene in a wide range of industries.

The electrons in graphene have a linear dispersion relation, and are massless Dirac
fermions that move at a Fermi velocity vg = ¢/300 [2] that plays the role of the speed
of light. They are thus quasi-relativistic particles, and this makes graphene the first
relativistic system that can be observed in a tabletop experiment, and where some
predictions of relativistic quantum field theories can be tested. Klein tunneling for
example, a paradoxical prediction from relativistic quantum field theory which predicts
electrons can tunnel through arbitrarily high potential barriers, has been observed in
graphene [3] and zitterbewegung, another relativistic effect that causes Dirac electrons
to oscillate very rapidly, has also been predicted for graphene [4].

Initially, it was believed that the electrons in graphene were very weakly interact-
ing. However, the measurement of the fractional Quantum Hall Effect [5] and of the
renormalization of the Fermi velocity [6, 7| have proven that interactions are indeed
important at low temperatures in sufficiently clean samples.

Because of the relativistic nature of graphene, we can treat electron-electron inter-
actions using tools from relativistic quantum field theory, as being mediated by a U(1)
gauge field. Standard Quantum Electrodynamics (QED) in (2+1)D does not suffice,
however, because in graphene the electromagnetic interaction is unscreened, meaning
the electromagnetic gauge field is (341)D, while the electrons are confined to a plane.

There is thus a dimensional mismatch, and the (2+1)D effective theory describing

this situation is called Pseudo-QED, because of a pseudo-differential operator appearing
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in the Lagrangian, and it was first described by Marino already in 1993 [8]. With the
discovery of graphene and other two-dimensional materials, there has been renewed
interest in this theory, and its application to condensed-matter systems. Using Pseudo-
QED the longitudinal 7" = 0 DC-conductivity has been calculated, and an interaction-
induced valley Hall effect has been predicted |9]. The valley g-factor was also calculated

and found to be in agreement with experiments [10].

After the discovery of graphene, many similar two-dimensional materials were pro-
posed and synthesized with atoms different from carbon. Silicene and phosphorene,
for example, also consist of honeycomb lattices, but made of silicon and phosphorus
atoms respectively. The larger ionic radius of these atoms causes the lattice to deform,
which makes it possible to open a gap by applying a perpendicular electric field [11].
Another class of materials that has massive (24-1)D Dirac electrons is Transition Metal
Dichalcogenide Monolayers (TMDM). These materials have an intrinsic gap, and no
inversion symmetry of the lattice, and this makes them particularly suited to observe
the so-called valley degree of freedom in the system. By considering massive electrons,

Pseudo-QED can also describe these massive (2+1)D Dirac systems.

While the full dynamical interactions in these systems is often neglected in favour
of a static Coulomb interaction, recently it has been shown that the full dynamical
description also captures effects that are non-perturbative in vg, and that are thus
missed by a static approximation. More specifically an interaction-induced quantum
valley Hall effect has been predicted in graphene [9], and also in silicene, where a
spontaneous quantum Hall effect is also found [12].

In this thesis we will introduce Dirac materials, derive Pseudo-QED and make a
brief review of the literature on the subject. We then study massive Pseudo-QED
coupled to a massive scalar field, and calculate corrections to the conductivities from
the literature. We also couple massless Pseudo-QED to a scalar field and calculate the
divergent Feynman diagrams resulting from this coupling.

The structure of this thesis is as follows: in Chapter 1 we will briefly introduce
graphene and other two dimensional Dirac systems found in condensed matter. In
Chapter 2 Pseudo-QED is introduced, the formalism to describe relativistic dynamical
interactions in these 2D Dirac systems. In Chapter 3 we review Kubo’s formula, and
reproduce some results from the literature where Kubo’s formula is used together with
Pseudo-QED to calculate conductivities. In chapter 4 we couple Pseudo-QED to a scalar

field and we calculate the Feynman diagrams and conductivity using Kubo’s formula.
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We end with a conclusion and outlook, in which we consider other applications of

Pseudo-QED and different projections of QED.






Chapter 1

Graphene and 2D massive Dirac

systems

Massless Dirac electrons were found for the first time in condensed matter in graphene
in 2005 by Geim and Novoselov [1], for which they received the Nobel prize in 2010.
While a tight-binding description of graphene was already studied in 1947 [13], it was
long believed that a single layer of graphene was unstable. The isolation of graphene
has opened up many new doors in material science, and it is a remarkable material in
itself. It is the best known conductor, the strongest known material and still extremely
flexible. The electrons in graphene are, as we will see, quasi-relativistic. They obey the
Dirac equation, but with a Fermi velocity vgp ~ ¢/300 replacing the speed of light [2].
This makes it possible to probe relativistic electrons in a tabletop experiment.

After the discovery of graphene, attention quickly turned toward the possibility of
creating monolayers of different materials. Graphene has no gap, and it is difficult to
one. Hence it is perhaps not very well suited to creating field effect transistors, one
of the main components of computers today. Since graphene, many other monolayers
have been theoretically studied and experimentally realized, many of which do feature
a gap.

In this chapter we will first briefly introduce graphene, its tight-binding model and
dispersion relation. We then explain how introducing a sub-lattice potential opens a
gap in the system. This is hard to do in graphene, but possible in silicene, phosphorene
and transition metal dichalcogenides, which have honeycomb lattices that are deformed
in different ways. We will briefly describe these materials and see how a gap can be

opened here.

11
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[
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Figure 1.1.1: Schematic drawing of the honeycomb lattice of graphene. The A sub-
lattice is denoted by blue dots, the B sublattice by red dots. The vectors ajand as
denote the primitive lattice vectors, d1, d2 and d3 denote the nearest neighbour vectors
of the A sublattice.

1.1 Graphene

In this section, we will briefly review the basic properties of graphene, and in particular
its band structure and electronic properties. Graphene consists of a honeycomb lattice
of carbon atoms (see Fig. (1.1.1)). An isolated carbon atom has 2 s electrons and 4 p
electrons. In graphene, each carbon atom forms a sp? bond with its three neighbours,
leaving one free p electron, out of the plane. This free p electron is responsible for the

electronic properties of graphene.

1.1.1 Tight-binding model

To obtain the dispersion relation of graphene we consider a tight-binding model of the
free p electrons with nearest-neighbour hopping, we follow Ref. [2]. The honeycomb
lattice has two primitive lattice vectors (along which there is translation symmetry),
a a
a = ¢ (3, \/§> , az = 5 (3, —\/3) , (1.1)
and, by the relation a; - b; = 279;;, the reciprocal lattice vectors

by = ?),_Z (1, \/5) , by — ?),_Z (1, —\/5) : (1.2)



1.1. Graphene

13

There are two inequivalent sub-lattices which we will call A and B, that is the unit cell
contains two lattice points. The first Brillouin zone is again a hexagon, and has two

inequivalent points at the edge, which we can take to be

K — 2—7; (1, 1/\/§) , K = z—z (1, —1/\/3) . (1.3)

These K and K’ points are related by time-reversal symmetry, and are also called Dirac
points, for reasons which will become clear shortly.

To set up our tight-binding model we find the nearest neighbour vectors

6 = +5 (1. v3) 62 = +5 (1.-v3) ds = +a(—1,0), (1.4)

with the plus for the A sub-lattice, and the minus for the B sub-lattice, and a =
1.42A  the lattice spacing. The tight-binding Hamiltonian takes the form

Bt S (ol by Hnrs). ws)
(6.9),0

where a and b are the annihilation operators of electrons on the A and B sub-lattices
respectively, ¢ &~ 2.8¢V [2] is the hopping amplitude, o denotes the sum over the spins
and (i, j) denotes the sum over the nearest neighbours. Ignoring spin for now, we obtain

by Fourier transforming the annihilation and creation operators
1
H=—t Z N /dzk / d*K (azbk/ exp (i(k — X') - x;) exp (—ik - §;) + h.c.)
4,3

— —tZ/ko (a,tbk exp (—ik - §;) + h.c.) ) (1.6)

Denoting ¢! = (al, b;), we have

H = /d%w ( N(Zk) Aék) >¢, (1.7)

with A(k) = —t >, exp (—ik - §;). The eigen-energies are therefore

By =+t|) exp(—ik-d;)|. (1.8)

J
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Figure 1.1.2: The valence (blue) and conduction (orange) bands of graphene considering
only nearest-neighbour hopping. There are six Dirac cones in a hexagonal configuration.

Substituting Eq. (1.4) into Eq. (1.8), we obtain

Ei(k) =+t ‘exp [—z’ (kz + \/gk:y)} + exp [—z’g (kz - \/5/@)] + exp (iak,)

a
2

=+t

.G CL\/§ .
exp (_251%) 2 cos (Tk’y> + exp (iak,)

1/2
=+t {4 cos? (GT\/gky> + 1+ 2cos (aT\/gk:y> {exp (—ig—;kx) + exp (zggkx)] }

= j:t\l 1+ 4 cos? (%@@) + 4 cos (aT\/gkzy> Ccos (32—ak;w> (1.9)

The dispersion relation is plotted in Fig. (1.1.2). Note that we have particle-hole

symmetry; if we include next-nearest neighbour hopping this symmetry will be broken.
At the Dirac points, we have Ey(K) = E.(K') = 0, hence the upper and lower bands
are touching. To find the low-energy behaviour of the system, let us expand A(k)
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around the K point by writing k = K + q with q < K,
:—tZexp i(K+q)-6;)

= —t Zexp (—iK - 6;) exp (—iq - §;)

J

—t {exp (—22%) (1 —iq-0;) + (1 —iq-6y) + exp ( 23 ) (1—iq- 53)}

Q

o)) ()
— it} {qx [exp (@2%) 2o ( 2;)}; o [eXp (_Z_> \/— \/_] }
:itg iqx [(—%—%> tl=2 <_§+T> i <_%_%> \/3—\/5”

q [\/——FZ}—F% [1—1\/_}} (1.10)

Substituting Eq. (1.10) into Eq. (1.7) , we obtain

V3+i) :
o
e e I FOR (R
T (¢ + qu) 0
Performing a unitary transformation of the fields
1 — ey, — €Ty,
and defining vp = 3ta/2, we find
2 4 0 qx — UGy
Hx(q) = [ d°q¢'vp . (G
Gz + 14y 0
~ [ @avt e (@o)v. (112)

where o = (0,,0,) are the Pauli matrices acting in the sub-lattice space (not spin

space). Expanding the full Hamiltonian around K’, we find by a similar calculation
o 0 Gz +1qy
Hy/(q) = [ d°q¢'op . Y.
Gz — 14y 0
~ [ @qvier @o)v. (113)
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*

where o* = (0,,—0,). We see that the valleys are described by the massless 2-

component Dirac equation. The dispersion relation around the Dirac points is

The full low-energy Hamiltonian consists of the sum of the two valleys.

1.2 Massive Dirac systems

A peculiar property of graphene is the absence of a band-gap. While this is one of the
reasons why the carrier mobility in graphene is so high, a band-gap can be desirable,
for example to create a field-effect transistor. We are thus led to ask: can we open
up a band-gap in graphene, and are there other materials similar to graphene with
a band-gap? It turns out that the answer to both questions is yes. In this section
we will first demonstrate how breaking the sub-lattice symmetry leads to a gap in
graphene. After this, we will introduce other materials that share the honeycomb
structure with graphene, but are made of different atoms; namely silicene, phosphorene

and dichalcogenides.

1.2.1 Breaking sub-lattice symmetry

Let us return to the tight-binding model of the previous section, but now introduce an

on-site potential V' with a different sign for each of the sub-lattices (we follow Ref. [14]),
Hoo =~ / &k (af jag; — b;ibm) . (1.14)
Combining this with Eq. (1.7), we find the Hamiltonian to be

H = /d%w < Af(k) A_(? )w, (1.15)

2

and the dispersion relation changes to

\/—+A Al (k). (1.16)

We know that A(K) = A(K') = 0, and hence

Eu(K) = +— (1.17)
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Figure 1.2.1: The buckled honeycomb structure of silicene. Figure extracted from
Ref. [15].

By breaking the sub-lattice symmetry we have thus opened up a band-gap of V' between
the valence and conduction band. We can again expand around the Dirac points to

obtain the low-energy Hamiltonian

Z s
HK(Q) — /dQC]QNUF < 2 Gz V“]y > w

Gz + iQy 9
= /dZQwT [vp (q-0) + o, V] 1. (1.18)

1.2.2 Silicene

While we have seen that applying a different on-site potential for each of the two sub-
lattices opens up a gap in graphene, it is not clear how to achieve this in an experimental
setup. Silicene, a honeycomb lattice of silicon atoms, provides an easier way of opening
up a gap. Because of the larger ionic radius of silicon compared to carbon, the lattice
of silicene is buckled (see Fig. 1.2.1)[16]. By applying an out-of-plane electric field we
can introduce a different potential for each of the two sub-lattices, and thus open up a
tunable gap in the spectrum [17]. Another way to achieve the same result is by growing
silicene on a substrate [18|. In the case of applying an electric field we need to add a
term [19]

Hp- piaa = / Pyt (~1E.0,) ¥, (1.19)

where | = 0.23A is half the separation between the sub-lattices due to the buckling
of the lattice, E, the strength of the perpendicular electric field and o, is the z Pauli
matrix acting in sub-lattice space. Notice that Eq. (1.19) has the same structure as

Eq. (1.14), and we thus immediately see that a band-gap proportional to E, will be
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Figure 1.2.2: a) Schematic side-view of three layers of phosphorene. b) Schematic of
the lattice of phosphorene, top view. Figure extracted from Ref. [23].

opened. Silicene also has a larger spin-orbit coupling that opens an intrinsic gap,
although it is for most purposes still negligible (about 1.55 meV [20]).

Looking at the periodic table of elements, one might wonder what other monolayers
would be possible to create, and which ones are Dirac systems? A first guess would be
elements similar to carbon and silicon. If we look at the same column in the periodic
table, we find: germanium, tin and lead. These elements will have an even larger ionic
radius, and thus even more buckling (and more spin-orbit coupling). Germanene (a
monolayer of germanium) has already been grown on a substrate [21], and tinene (a
monolayer of tin) has been theoretically investigated and is predicted to be a Dirac

system with a buckling of 0.7A[22], much larger than in silicene.

1.2.3 Phosphorene

A monolayer of phosphor, phosphorene, has also been experimentally realized recently
[24]. In contrast to the previous materials discussed, however, it is not a Dirac system
but has a gap even in the absence of spin-orbit coupling. The reason is that phosphor
has five valence electrons instead of four, and this causes the hexagonal lattice to deform
in a different way. The lattice is not buckled (as it is for silicene and germanene), but

puckered. This means that of a hexagon the leftmost three phosphor atoms lie in a
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different plane than the rightmost three atoms, as can be seen in Fig. (5.1.2). This
breaks inversion times time-reversal symmetry, which is a condition to have a massive

Dirac system.

1.2.4 Transition metal dichalcogenide monolayers

An interesting property of the 2D materials we have discussed so far is that they posses
a valley degree of freedom. This valley degree of freedom behaves similar to spin and
because of this there is the possibility to manipulate this degree of freedom, and thus
analogous to spintronics, to build ’valleytronic devices’. A major challenge is of course
to access this degree of freedom, and it is a topic of ongoing research.

One class of materials that seems to be particularly suited to valley manipulation
is transition metal dichalcogenide monolayers (TMDM). TMDM'’s consist of a lattice
of MX, atoms where M is a transition metal atom (most commonly Mo), and X is
a chalcogen atom (S, Se or Te). The lattice of MoS, is depicted in Fig. 1.2.3. The
transition metal atom is sandwiched between two layers of the chalcogen atom, and they
form a hexagonal structure when seen from the top. Fig. 1.2.3¢ shows the dispersion
relation of MoS,, and we see that the low-energy excitations are massive Dirac fermions.

Unlike in graphene, there is no center of inversion in the lattice, which makes access-
ing the valleys of the system possible. In a recent experiment, researchers probed the
valley degree of freedom by circularly polarized photoluminescence [25]. They radiated
a sample of MoS, monolayer with circularly polarized light, and measured the degree

of circular polarization

P - [P k)
P (k) + [P ()

}2

n(k) (1.20)

where P{” is the absorption of left-handed light, and P that of right-handed light.
n (k) is thus the difference between the absorption of left and right handed light, divided
by the total absorption. The theoretical prediction of 7(k) over the Brillouin zone can
be found in Fig. 1.2.3c. One can see a clear valley polarization, that was also measured
[25].
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Figure 1.2.3: a) The surroundings of the Mo atoms (blue) in a MoS; monolayer. b) The
structure of a MoSs monolayer as seen from the top. ¢) The conductance (purple) and
valence (blue) band, and in the middle the degree of circular polarization n(k). Figures
extracted from Ref. [25]



Chapter 2

Pseudo-QED

In the previous chapter we have explored some 2D materials that give rise to massless
and massive Dirac systems. The Dirac electrons in these systems also interact with each
other via the electromagnetic force. In this chapter we will investigate the electron-
electron interactions in these Dirac systems. It was long thought that the electrons in
graphene were very weakly interacting, but the observation of the fractional quantum
Hall effect [5], and the renormalization of the Fermi velocity |7, 6], have shown that in
clean samples and low temperatures, interactions play a crucial role. Electromagnetic
interactions in Dirac systems are usually studied in the static approximation, that is,
an instantaneous Coulomb force between the electrons is considered.

In this chapter, we aim to introduce another formalism, called Pseudo-QED, that
captures the full, relativistic interactions between the electrons. This theory was first
written down by E.C. Marino in 1993 [8], but has attracted renewed attention with
the rise of 2D Dirac systems in condensed matter. The idea is that, since in graphene
and similar materials there is no screening of the electromagnetic field, the photons
mediating the interactions are free to move out of the plane, while the electrons are
confined to the plane. In other words, there is a dimensional mismatch. The electrons
are (2+1)D (they are confined to the plane), and their interactions are mediated by
a U(1) gauge field that is (3+1)D. The way to treat this dimensional mismatch is to
start with QED in (3+1)D, confine the matter current to a plane, and then integrate
out the extra dimension of the gauge field. The effective theory that we obtain by this
procedure is called Pseudo-QED, since the Lagrangian contains a pseudo-differential
operator. It is sometimes also called reduced QED in the literature [26, 27, 28].

In Section 2.1, we will project QED in (3+1)D onto a plane, and obtain the effective

21
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electron-electron interaction in this plane. In Section 2.2, we will show that in the static
limit the effective interaction reduces to the Coulomb interaction, and in Section 2.3
we will derive the effective (2+1)D Lagrangian and show that it captures the same
information as the projection of QED onto the plane. We give the Feynman rules of
this Lagrangian in Section 2.4, and calculate two 1-loop Feynman diagrams to illustrate

how calculations proceed.

2.1 Projecting QED onto a plane

In this section, we will first obtain the effective interaction of electrons for QED in
(3+1)D. We then confine the electrons to a plane and integrate out the extra dimension
of the gauge field. We will see that, contrary to QED in (2+1)D, we are able to describe
the correct unscreened electromagnetic interaction in this way.

The standard QED-Lagrangian in (3+1)D is

1 —. .
Lorp = —ZFWFW + (i — m)Y — eAu " + Lar, (2.1)

where F'* is the electromagnetic tensor, ¢ is the electron field, m is the bare electron
mass, e the electron charge, A, the electromagnetic 4-potential, Lor is a gauge-fixing

term and j* is the conserved matter current

3" =Py, (2.2)
Let us now obtain the effective current-current interaction by integrating out the A,

field. The generating functional is given by (we follow Ref. [8])
Zogoly") = [ DEDODAESTA (2.3)

We proceed by completing the square and using the result for a Gaussian integral.

First, we write
0 4 1 127 e 0 1 H 2
S, b, A = [ d*z —F" s+ Y(id — m)y — eA, 5" — 5A(a A,)
= /d4z {—%(@A,,@“A” — 6MAV8”A“) — %A@“AM(?VAV —eA, "

+E(¢a+m)w}, (2.4)
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where —%(A@“AM)Z is the gauge-fixing term. We now partially integrate the first two

terms to obtain an expression quadratic in A,
_ 1 _
S, ¢, A = /d4z {iAH(E)a@an’“’ — (1= X)0"0")A, — eA,j" + (i — m)¢}
1 _
= /d4z {éAMGWAV —eA, " +(id — m)¢} : (2.5)

where G = (9,0“n"” — (1 — X\)0*0") is the inverse photon propagator. The first two
terms, which are quadratic and linear in A, respectively, can be rewritten by completing

the square

[t {5, - e}
= / d%{%ﬁﬂ(z)(ew)1(2)Ay(z)+z / d4z’%2j“(z)GW(Z—Z/)jy(zl)}7 (2.6)

where we used G4 (2)G(2') = i0#6(2 — 2') and made a redefinition A,(2) = A,(z) +
i [d*2'ej*G.,,, which shifts the field by a constant. Finally, we substitute this result
back into Eq. (2.3) to obtain

2

_ i 1 - _
Zowol'| = [ DIDDA e {i [ 0| 33,(Gu) A [0Sl - 5

} (2.7)

This expression is quadratic in flu, and it is thus a Gaussian integral which can be

+ (@ + m)p

promptly solved. The result of this Gaussian integral is a constant proportional to
[det(GW)]fl, which we can absorb into the measure of the path integral. The kinetic
term of the 1 field does not contribute to the effective current-current interaction, since

it does not contain the current so we ignore it. The generating functional then becomes
. - e? . v
ZQJED = /Dwa exp{—E/d%dA‘z’ 7"(2)Gu(z — 2')j (z’)]}
_ /DzZDz/; exp —f/d‘*zd‘*z' ) | =T + (1= 28,0, | —=— (=)
2 w AR (=0O) ’
(2.8)

where we used that G, = [~Onu + (1 — $)9,0,] ﬁ, with O the d’Alembertian

operator, is the photon propagator. Remembering that 0*j,, = 0, since it is a conserved
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current, we see that only the first term in Eq. (2.8) contributes and we thus find

Zfng = /D¢D¢ exp [—?/d“zd“z’j“(z) (TE) j”(z’)} . (2.9)

To see what the effective interaction of (241)D electrons coupled to a (3+1)D U(1)

gauge field looks like, we now confine the matter current to a plane by writing 8|

Jy(a® 2t 2?)d(2%) p=0,1,2
0 Ww=3

o ,1 .2 3):

e G (2.10)

Substituting this into Eq. (2.9) we find (note that from now on ©=0,1,2)

e A 62 . 77 v v
ZPgED = /Dwa exp {—E/d‘gzd?’z/ [J5+1(Z)_—E ]QH(z’)] } . (2.11)
23=24=0

The current-current interaction (the term quadratic in the current) is thus proportional

to the inverse d’Alembertian. We consider its Fourier transform

1 d'k .1
_D:/(%)4e ( ﬁ. (2.12)

Since z3 = 25 = 0, we can calculate the integral over k3 as follows

1

dgk dk}3 eii[ko(z()*z(/))fkl(217211)*162(227,25)]
e R

/ d3k. i e_i[ko(zo_z(,))_kl(zl_zi)—k?Q(Zz—Zé)]
@n)* (2m) R
ki e kE=y)
B / @2r)pP2 Vi2 (2.13)
The effective current-current interaction thus has the form

3 - —ik(z—y)
62/ ik ie (2.14)
(2m)32 k2

2.2 The static limit

To gain some insight into the effective interaction Eq. (2.14), it is helpful to calculate
the static limit, which is obtained by setting j = 0. The continuity equation
0

0j .
- i = 2.1
: +V-j=0, ( 5)
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then tells us that j° is time-independent. Using this, Eq. (2.11) simplifies to (i = {1,2})

eff 7 [ o0 Sk o e TN
Zpopp = | DYDyexp —i7 d“zd*z'j"(2") (27r>3d2’ dz W 7 (2")

[ piy Bt [aepe ([ ok e o
= ex —1— za-z z Z
Pl ’ e JRre-r )’

3 ) A2k e2 —ik(z—2") )
_ /D¢D¢exp _—%/dzzdgz’jo(z’) (/ (2@2%6 o= )jo(z”)} . (2.16)

where in the last line & = (kj, ko) is now a 2-component vector. Now the j° — j°

interaction is in this limit nothing but the static potential V' between two electrons.

We can thus calculate

Vo 62/ A2k le—ik(z—z’)
N (2m)? 2 k2

= / = / ] e Hll—<10o0)
(2m)% Jo 2 V2
27
= ¢? / _dk_ / 1oL o-illEll|z—=|Cos(6)
@232 )y 2

:é/%hﬂ\kunz—z’u)

B 1 e?
CAdn |z -

(2.17)

In the static limit we thus recover the Coulomb interaction between the electrons, as
expected. If we would consider QED in (2+1)D, we would not find this result, but rather
a static potential depending on the logarithm the separation between the electrons [29].
Pseudo-QED is thus the correct description of unscreened electron-electron interactions

in the plane.

2.3 The Pseudo-QED Lagrangian

To facilitate calculations, it would be nice to have an effective Lagrangian that is (241)D

from the start that gives us the same correlation functions. This Lagrangian was found
by Marino in 1993 [8], and has the form

1
Lpoep = —5 "

1
2 (-O):

E,, + (i@ —m)y — ej”A,. (2.18)
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Eq. (2.18) is completely (241)D, and all indices run from 0 to 2. The difference with
QEDg, is the (—D)_l/ % in the first term. This is a pseudo-differential operator, and
makes the electromagnetic interactions in the theory non-local. The theory has nev-
ertheless been proven to be causal [30], and unitary [31]. The fact that the theory is
non-local is not a disaster, as it is an effective theory. In the Caldeira-Leggett model, de-
scribing dissipative quantum systems, one also obtains a non-local theory by integrating

out certain degrees of freedom [32].

2.3.1 The equations of motion and symmetries
The electrons in Pseudo-QED satisfy the (2+1)D Dirac equation
(D, —m)y =0, (2.19)

where D,, = 0, + A, is the covariant derivative, as one can find by varying Eq. 2.18
with respect to +. This is of course the same as for QED in (241)D. For the gauge
field, things are different. Let us vary the Pseudo-QED Lagrangian with respect to A,,,
we find

1 1 1o
— 3 _ - _ |22 n) 2% o gV
55 / d x{ 3 OubAy = 08 A) o P = S (B4, = bAy) = 6A,,}
_ / &z {MV%@FW PN ey ej”éAl,}, (2.20)
O E=E

where we partially integrated in the second line. Now because the inverse d’Alembertian

is a pseudo-differential operator, we can generically write it in terms of its kernel
1
/d% G(z) mH(m) = /dgy/dgx G(z)K(x —y)H(y)
= /d?’y/d?’rcﬂ(x)K(x—y)G(y),

where K (x —y) is the kernel of the operator. Using this, we see that the first two terms

in Eq. (2.20) are equivalent, and we find

2
§S = / d*r{ 0A,———0,F" —ej"SA, 3 . (2.21)
(D)}
Hence the equation of motion is
Fr
28“— =ej”. (2.22)
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The Pseudo-QED Lagrangian is still gauge-invariant since F'* by itself is already
gauge-invariant and thus the introduction of the pseudo-differential operator does not

break it. If we take the fermions to be massless, the theory also has conformal symmetry.

2.3.2 Equivalence of Pseudo-QED and QED projected onto a

plane

To see that Pseudo-QED is equivalent to QED projected onto a plane (as considered
in the previous section), we will prove that the correlation functions of the two theo-
ries coincide. The correlation functions of a quantum field theory can be obtained in
the path integral formalism by coupling each field to a source and taking functional
derivatives with respect to the sources. Let us briefly review this procedure, and then

compare QED projected onto a plane and Pseudo-QED.

We take our generating functional for QED

Zopp = / DyYDyYDA, exp {z {Sﬁee + Sint + / dz* (JRA, + Ty + J@)] } , (2.23)
where we have split our action into a free action and the interacting action

Sint = —/dz4ej“Au,

1 — .
Sfree = /dZ4 {_ZFHVF#V + 1/}(2@ - m)¢} .
Note that we have introduced a source term for each field. We can now Taylor expand

exp (i.S:,¢) and replace the fields by functional derivatives with respect to the sources.

This means we can pull this term outside of the integral (we exchange the order of
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functional integration and differentiation). We obtain

ZQED = /DwD¢DAu exp {iSint [AM7 Y]} exp {Z {Sfree + /dz4 (‘]ZAM + Jy + jwa)] }

— /szDz/;DAu (1 + iSinet [A, Y] + ...) exp {z [Sfree + /dz4 (JHA, + Ty + JM)} }
- . )

= /DwaDAH <1 + iSins [mm} + >

X exp {z {Sfm - /dz4 (JHA, + v + J@)] }
, ) -

= (1 + 1Sint [m7 m] + ) /D¢D¢DAu

X eXp {Z |:Sfree + /dZ4 (J,IZAH _'_ wa + J¢E):| }
, o 0 -

= exXp {ZSint |:m, E] } /Dl/)D'(ﬁDA#

X exp {z [Sfm + / dz* (JHA, + Tyt + J@)} } : (2.24)

Note that Sy is quadratic in the fields. We can thus consider S, together with
the source terms, which are linear, and complete the square. In this way we obtain
(following the same steps as in Eq. (2.6))

Sfree + JZA# + J@[ﬂ/f + JE@

1 1— —
= /d4z (iAﬂGlX’AV + 577/)G¢¢ + JI‘ZA‘L + Jyp + Jwiﬂ) (2.25)

= /d4z’/d4z (Au — z'/d4z' foGApu) G (Al, — z'/d4z' GAVan)
_ — B , 1 , 1
+ (@D - Z/d42’/ J¢G¢) Gwl (ﬂ]u - ’l/d42/ G¢J¢) - §JZGA,U,VJA - EJJGIpr
= [ataera, e - L, - Lo 2.26
= z Z§MAV+§¢1/;¢_§AAHVA_§¢¢T/J (2.26)
where G 4., and G, are the Green’s functions of the A, and v fields respectively and we
have absorbed ¢ into the Green’s functions. Also, we have made the shifts A, — A, +
i [d JH(Z)Gapu(2), 0 — P+i [d2 Ty (2)Gy(2') and o — +i [ d2 Gy(2)Jp(2').

Since we have pulled the interaction terms out of the integration, our integrals are now

Gaussian integrals, which will give us constants that we can absorb into the measure.
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We thus find
ZoEp = €xp {z’Smt {i, i] } exp {—lJﬁGA v — 1JGipr} ) (2.27)
§J4 6Ty 2 g 2°Y

Calculating correlation functions amounts to taking functional derivatives of Eq. (2.27)
with respect to the sources. Thus, if the free Green’s functions and interaction terms
of two theories are equivalent, then their correlation functions are equivalent and the
theories themselves are equivalent.

We now compare QED projected onto a plane to Pseudo-QED. The first thing we
note is that the kinetic part of the fermions is the same. Both theories simply contain
the Dirac Lagrangian in (2+1)D, hence the fermion propagator will be the same. The
second thing we note is that the interaction terms in both theories are also equivalent,
and are simply

—ejtA,,
where = 0,1,2. The final thing we need to show is that the free Green’s functions of
the gauge fields are the same. In the case of QED projected onto a plane, we couple

the Au field to a source term J*. We thus add a source term of the form
A, JE.

But since the source also couples linearly to the gauge field, like the matter current j*,
we can follow the exact same steps as in Egs. (2.4)-(2.8) to find that the quadratic term

in J% in the action becomes

Stree = /d4z’/d4z{—%Jj {—anﬂr ( A) %) a] C 15) JA} (2.28)

We now also need to confine this source current to the plane, since the electrons source

the gauge field. We thus write

JH (20, 2t 22)6 (2 =0,1,2
P R I 20
0 w=3

Let us for simplicity set A = 1, we can then follow the steps in Eqs. (2.11)-(2.14) to

Stree = /d4 ’/d4 { Ly (/ (Z;’;Q%e_%Z,)) Jz}
/d4 '/d4 {——J“ (%\/”i_m) J;;}. (2.30)

conclude
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Starting from the Pseudo-QED Lagrangian, and coupling the gauge field to a source
term J', we find (ignoring terms involving the fermions and introducing a gauge-fixing
term with A\ = 1)

_lFIW 1

= | &
SPQED / z B (—D)%

_ /442’/d4z{—%J§ (%;i_m) Jg}, (2.31)

where we have completed the square and not written down the term quadratic in A,,.

1

(-0)2

1
Fuy + 4,5 = SO A, 0" A,

We see that the free photon propagators in the two theories also coincide, and we
thus conclude that QED and projected onto a plane is equivalent to the Pseudo-QED

Lagrangian.

2.3.3 Dimensional analysis

Let us briefly examine the mass dimensions of the fields and coupling constants of
Pseudo-QED. We are working in units where [m| = 1 and [dz] = —1. Since in the gen-

erating function the action appears in the exponent, the action must be a dimensionless

S = /d3x£,

and thus for the action to be dimensionless we require

quantity. The action has the form

(L] = 3.
By looking at Eq. (2.18), we deduce from the fermion term

[W]m][y] =3
Y] =1

For the kinetic term of the electromagnetic field we have

[0u][A]IO2)[0,]1A,]
[AJO72][A,
[A]

3
1
L,
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where we have used that [0,] = 1 and [J7'/?] = —1. We can now deduce the dimension

of the coupling constant e by considering the coupling term

We see that the electric charge e is a dimensionless quantity in Pseudo-QED. This means
that the theory is strictly re-normalizable, it can be re-normalized order-by-order. For
QED in (2+1)D the electric charge has dimension one, and this theory is thus super
re-normalizable, requiring only a finite amount of counter-terms to make the theory
finite. QED in (3+1)D also has a dimensionless electric charge, and by projecting the
theory onto a plane we see that the dimension of the coupling constant remains the
same. As we will see in the outlook, this is a general feature of projecting out one

dimension.

2.3.4 The anisotropic case

In the previous sections, we have derived Pseudo-QED for fully relativistic fermions. As
we have seen in Chapter 1, however, the Dirac fermions in condensed-matter systems
are quasi-relativistic. This means that they have a Fermi velocity vg that plays the role

of the speed of light ¢. The kinetic term of the fermions will thus become
P (moao + vpiy'0; — m) . (2.32)

To couple the fermions to the gauge field, we replace the partial derivatives by covariant

derivatives

D, =0, —ieA,, (2.33)

which ensures a local U(1) gauge symmetry. Inserting the covariant derivatives and
adding the kinetic term of the A, field, we obtain the Lagrangian for anisotropic Pseudo-
QED

1 1 — , — _
L=— iFuyﬁFw + (i7080 + vpiy'0; — m) Y — e)py'P Ay — evphy'p A;. (2.34)
— 2
Since we are concerned with applications to condensed-matter systems, we will mainly

use anisotropic Pseudo-QED in the rest of this thesis. The isotropic case can easily be
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obtained by setting vp = 1. If we take vp < ¢ we obtain the static case again, since the

interaction term of Eq. (2.34) becomes
_ Vp — _ )
—ein Ay — e~y YA & —eln Ay = —ef° Ay, (2.35)

where we restored c¢. Thus we see there is only a jo interaction left, which is exactly
the case we investigated in Sec. (2.2). The value of the Fermi velocity in graphene is
vp ~ ¢/300, and therefore it is tempting to consider only the static case since vp is still
quite small compared to c. As we will see however, there are effects which we can only
find by taking into account the full interaction, and they may even become independent
of vg in certain limits. If we consider renormalization group flow, one can find that for

the Fermi velocity, there is one stable point which is vp = ¢ [10].

2.4 1-loop diagrams

The Feynman rules of anisotropic Pseudo-QED, corresponding to the Lagrangian in
Eq. (2.34), can be found in Table 2.1. The difference with regular QED lies in the
photon propagator. In Pseudo-QED, the photon propagator is proportional to ~ |p|_1,
while in regular QED the photon propagator is proportional to ~ p~2.

In this section, we will compute the polarization tensor and electron self-energy to
one-loop order. As we will see, the polarization tensor one-loop diagram is equivalent
to that of anisotropic QED, because there are no internal photon propagators. We
will use dimensional regularization to regularize the diagrams, and this has the nice
property that in odd dimensions it may make the diagrams finite. For the polarization
tensor, there is a big difference between choosing two-component and four-component
spinors. As we have seen in Chapter 1, the most natural choice for graphene is the
two-component representation. To illustrate the calculational techniques involved, we
will use the four-component representation in this chapter, and in the next chapter we

will examine the consequence of choosing the two-component representation.
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i(v"po + vey'p;)
P — vip?
“““ 7
2 —m?
AN _ig;w

N

)\ 7 {_imo .
eyt = , , ,
—ievpYy' p=1

FAN i

Table 2.1: Feynman rules corresponding to the Pseudo-QED Lagrangian Eq. (2.34)

Figure 2.4.1: 1-loop electron self-energy diagram
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2.4.1 Electron self-energy

The one-loop diagram contributing to the electron self-energy is depicted in Fig. 2.4.1,

the full expression is

, , Bg =i
—iY = (@6)2/ D51 Sp(p — q)7" —2

()’ Vé

_ e [P [ (P —7)] 1
= (ie) /(Qﬂ)gv (o= o — 2 (a—p)] u\/— (2.36)

First, we need to calculate the product of the gamma matrices, we rewrite

T9°%, = 77" + vEv" "y

=" — v}y

=" (1 - 2}), (2.37)

YT =70 + Ui
= ="+ v (2077 — ')
= 7 02 (29— 29)
— (2.38)

where we repeatedly used the anti-commutation relation
{7 = 29" (2.39)

Substituting Eqgs. (2.37) and (2.38) into Eq. (2.36), we obtain

. o f BPq [ (1 —208) (po— q0) — Yok (pi — q;)] 1
—12 = (ze . .
(te) / (2m)® [(q0 — po)” — v} (q — P)Q] V@ (240)

The next step is to combine the denominators using the Feynman trick

=

(2.41)

M\w

L1 (1—2)
ABé_20/ Az + B(1—2)]?
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The denominator becomes

Az +B(l—x) = (g0 —po)* —vi (@—p)° + [¢) — a” — (90 — po)” + v} (q — )]
= qg + Py — 2poo — vy [d° + P° — 2pq]
+z [—q® (1 = v§) — p§ + 2pogo + vp (P° + 2pQq) |
=q — 2poqo (1 — ) + [—:c —v3(1 — :1:)] q’ +2vipq (1 — )
( — VEp ) (1—x)
= [go+po(1—2)* —pi (1 —2)° + [~z —vi(1 —2)] q

-~
=«

2

+20ipq (1 — z) + (p§ — vip?) (1 — 2)

~ -l =P - (1 -0 +aa+pE-0)

4
oV

—p' (1 —2)"+ (pf — vep?) (1 — )
~ - m(1 =0 +aa+p -] + et

— (1 - ) {1+ a _@%}

=20 —po(1 = 2)]" +a [qﬂtp%(l—x)] — Ay, (2.42)

where

2
Ay = —piz(l —z) +vpp?(1 — z) {1 +(1- x)%} :

We now substitute Eq. (2.42) into Eq. (2.40) to find

1

1 3 0 1 _ 2 2 —_ _ i s — (]
—i% = (ie)’ —/dx (1—2)2 / T 7 (1= 20%) (po — 4o) — 7'vr (P — 4)
2 (27) 2 3/2
0 |:[QO_p0(1_37)] +Oz[q+p (1—96)] _Al]
1
| L1 g 1" (U= 208 apo — yvrp: [14+ (1 - o)
_ (ie)z—/da:(l— >—z/ a > |
2 0 (27T) [qO + aq — Al]
(2.43)
where the terms odd in ¢ do not contribute. The ¢y integral has the form
doo 1 -2 1 (2.44)

%(qg _ M)3/2 —M 27’
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using this we find

2= (ie) /Id a >1/ dq 0= 2) Wﬂ—’”wl[“fl‘”}
—1 = (1e)” — r(l—x) 2
o (27)° (aq® — Ay)
1 2
) 2 V(1 — 20d) xpy — yivep; 1—|—§1—x
= 5 [ar—ayt [0 " [ |
J (27) o (a2

(2.45)

The remaining integral over q is linearly divergent, and we employ dimensional regu-
larization to extract the divergence. For details on this procedure see Appendix A. The

diverging part of the integral is

g L _ 2w
/d q(qQ—A) = (2.46)

Substituting Eq. (2.46) into Eq. (2.45), we obtain

211 / _17 (1 —2v3) xpo — ¥'vepi [1—1— E(1—x)
(ie) /d:c(l—x) 2 _
0

iy = -
! € (2m)? a
(2.47)
All that is left to do now is the parametric integral. We compute
; (1— x)fé " 1 vi arctan (x/v% — 1)
/dm 2 =2 | + 3/2
J —z —vp(l —x) vp — 1 (vE —1)
= P, (2.48)

1 2_9 21
vp — 1 vE—1 VR

— F,. (2.49)

Using these integrals, the final result is

1 1
i = 22
! e (2m)?

[ (1 = 2vz) Fipo — +' Favep;] - (2.50)
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Figure 2.4.2: 1-loop diagram contributing to the polarization tensor

2.4.2 Polarization tensor

The 1-loop diagram contributing to the polarization tensor is shown in Fig. 2.4.2. The

full expression is

I = —(ie)? / (;ZTQ)?,Tr 7Sk (p + )7 Sr(9)

_ (26)2/ d3q Tr [7“7“7”7’8} G5 (@+D)g
(2m)? [(po + q0)* — vE (g + P)Q} (g3 —viq)

(2.51)

Because the Lorentz symmetry is broken by the Fermi velocity, it is most convenient
to consider the components of the polarization tensor separately. We will compute the

spatial component here, where 1 = ¢, v = j. The trace then becomes
Tr [v'*/7] = 4 (99" — 979" + g7 ¢%) . (2.52)

Using this we find

i1 = (ie)? 024/ Bq (99" — g79°° + ¢ ¢'*) G5 (T + D),
- F
2m)* [(po + 0)2 — v% (p + @)?] (¢ — via?)

2 o [ d% [v% (a+p)' ¢ — 973" (@+D), + i (g +p) ¢
= (ie) vF4/ 3 R T 53 (2.53)
(2m) [(Po + 00)* — vi (P +a)”] (g — via?)
We now again combine the denominators using the Feynman trick in the form
1 1
— = dz . 2.54
AB /0 [Az 4+ B(1 — z)]? (2:54)
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The denominator becomes

Az +B(1—2) = ¢} —via® + 2 [(po + 00)* — v (P +q)* — ¢§ + vid’]
= q; — vpq” + 2 [p§ + 2pogo — vEP® — 205 Pq]
= (qo +apo)’ — v (a+ap)’ + (1 — ) [ph — vip*] . (2.55)

Substituting Eq. (2.55) into Eq. (2.53) we find

vF (¢+p)' ¢ — g9 (@+D), +vE(g+p) ql}
i1 = / dx/ 5 5
QO + l’po) - U% (q + fL’P) +x (1 - 95) (P(QJ - U%pQ)}
(2.56)

We shift ¢g — qo — xpp and q — q — zp, the terms odd in ¢ do not contribute and we
find

T — / dm/ d*q [2vg (¢'q’ —x(1 = 2)p'p’) = g + ¢"x(1 — z) (5 — vip?)]
@@ —via? +x (1 — ) (p — vip?)]’
(2.57)
We can use Lorentz invariance to find
q'q 97 [ 5 4
d*q =—=— [ dq , 2.58
/ F(q?) 2 F(q?) (2:58)

where F'(p?) is any (nice enough) denominator. Using this identity two terms cancel in
Eq. (2.57), and we obtain

I — V24 / dx / Pq [—20pz(1 — 2)p'p’ — 9" q5 + g7 x(1 — x) (P — vED?)]
@@ — viq? + 2 (1 —z) (B} — vEp?)]
(2.59)

We now compute the gy integral using

/@ 1 B VT
2m (2 — A 2(A)PY

dg ¢ i
dao __im 2.60
= @—D0F 2/ (260)
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We obtain

19 = (ie)? o2 / e / {2va< D'y + gVl ~ 2) (f — vip?)

[v2q? — 2 (1 — ) (p — v2p?)*/?

_gU
+
g2 —x (1 — ) (93 — v2p?)]"” }

_iozazi [y [ ][220kl —2)p'p + gYa(1 — @) (9 — vip?)]
= (ie) F/Od/(w{

v a2 — AP

R } , (2.61)

v [q? — &)1

where we defined a )
z(l—=x
A = — 5 (p(Q) - U%PQ) .
Up

The q integrals we can calculate using dimensional regularization, and we obtain

1
/quW = 2m (-A0)'2,
!

1 _
[0 =,
- 1

Evaluating the q integrals the polarization tensor becomes

il = (ie)? v%Z/l drt {x(l — ) [9” (5 — v¢p?®) — 2vip'p’]
0

2r | o[- (1 - a) (R - vp?)]"?

—l—_qj; (—z(1—=) (p; — v%pZ))l/Q} : (2.62)

The parametric integrals have the form

[ arvi=a -

so the result for the polarization tensor is

T — o2 { l9” (p§ — vip?) — 2vip'pY]

€71

16 (v2p? — p3)'?
ii 1/2
— (U%p po) / }
5 1) gY (p§ — vpp?) — vEp'p
= —e’ig ; 72 : (2.63)
(vEp? — pd)

The other components of the polarization tensor follow by a similar calculation.






Chapter 3

Calculating transport properties using
Pseudo-QED

Now that we have derived the Feynman rules of Pseudo-QED and examined how calcu-
lations can be done within this formalism, we are ready to turn to actually calculating
physical observables. In this Chapter we will focus on transport properties of Pseudo-
QED. First, we will briefly review the theory of linear response theory and in particular
Kubo’s formula for conductivity. After this, we will apply linear response theory to
Pseudo-QED and introduce the notion of valley conductivity, which arises due to the
valley degree of freedom in graphene-like systems. We will then review the results of
Ref. [9], where an interaction-driven quantum valley Hall effect is found in massless
Dirac systems, and those of Ref. [12], where the authors found an interaction-driven
quantum Hall effect in massive Dirac systems, in addition to a quantum valley Hall
effect.

3.1 Kubo’s formula

In this section we will derive Kubo’s formula for the electrical conductivity, following
Refs. [33, 34|. Kubo’s formula gives us the response function of a perturbation to
a given system. The idea is that we consider a system in equilibrium, and then at
a certain time turn on the perturbation. We are then interested in the response of
this system to the perturbation. For example, if we apply a potential to a system
in equilibrium, a current may flow through this system as a response. The response

functions characterize the transport properties of a system, and are thus important

41
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quantities to calculate. In general it is very hard to predict how a system will respond
to a perturbation, but making the assumption that the perturbation is small, and thus
linearly coupled to the response, simplifies the problem a lot. In the case of QED (and
Pseudo-QED), the electrons are coupled linearly to the A, field, and linear-response

theory is thus enough to calculate the conductivity.

Let us assume that we have a linear perturbation of our Hamiltonian of the form
(again we follow Ref. [34])

Hin(t) = /dd_lx ¢j(x,t)0;(x, 1), (3.1)
where ¢ is the source term and O is the observable being perturbed. The question is

now, how does the expectation value of the observable change under the perturbation?

This can be expressed as
5 (0 (2, 1)) = / 4N dt s (2 — 2t — ) 65 (2, ), (3.2)

where x;; is the response function, and where we have assumed space- and time-
translational invariance. To identify x;;, we compute the expectation value of the

operator defined as
(O; (1)) = Tr [p(z, 1) Oi(x, )], (3.3)

where p is the density matrix. If we work in the interaction picture (see Ref. [35]), the

time-evolution operator is given by
t
U(t,tg) =T |exp —z'/Hmt(t’)dt’ , (3.4)
to

where T is the time-ordering operator. If we let py(z) denote the density matrix at

time t = —oo, and define U(t) = U(t, —00), we can write

pz.t) = Ut)po(x)U (). (3.5)
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Substituting Eq. (3.5) into Eq. (3.3), we obtain

(O; (2, 1)) = Tr [po(x) U (t) Oy(, t)U(t)]

t

=Tr | po() Oi(x,t)—i—i/dt’ [Hini ('), Os(z,8)] + . ..

—0o0
t

~(Os(a ) oo +1 [ (Hunl®). O1fa.8)

—0o0

= (0 (,1)) [¢9=0 + 0 (O; (x,1)), (3.6)

where we expanded the exponential in the time-evolution operator up to first order. We
thus see that turning on the source term gives the following change in the expectation

value of the operator

t

5m@mﬂ/MWMWWWW

00
t

=i [ [ a0, ). 0 ) 6,0 )

o)

400
:i/dt'/dd_le(t—t’)([Oj(x’,t'),(’)i(x,t)bqu(x’,t’), (3.7)

where 6 is the Heaviside step function. Comparing Eq. (3.7) to Eq. (3.2), we find that

the response function is
Xij (x — a2/t —t') = —i0(t — ') ([Oy(z,t), O; (', t)]) . (3.8)

This is the Kubo formula in its general form.

3.1.1 Conductivity

Let us now apply the Kubo formula of Eq. (3.8) to the specific case of electrical con-

ductivity. The perturbation term of the Hamiltonian is in this case

Hing(t) = / 41z A (3.9)
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We can write the response of the system to the perturbation as
5 <jZ (k, w)) = O'ij(k7 W)Ej(k,W), (310)

where 0;; is the conductivity and Ej; is the electric field. Eq. (3.10) is Ohm’s law restated
in the language of quantum field theory. Let us pick the gauge Ay = 0 for simplicity.

In this case E; = —JyA;, or in Fourier space
Ez(k, Cd)
Aik,w) = ———=. 3.11
(1) = 2 (3.11)
Combining Egs. (3.11) and (3.10) with (3.2) we obtain
i k7
5 i ey = X0 e ) (3.12)
and we thus read off
(k _ 2 Xij (K, . 3.13
7yl ) = 2N (3.13)
Considering the Kubo formula in momentum space now yields
olkw) = =i [ dodte“ R0 (2. 1), ,0,0).
= (jijj) " (k, w), (3.14)

which is the retarded Green’s function of the current. At "= 0 and w = 0, which are
the cases we will consider here, this Green’s function coincides with time-ordered (Feyn-
man) Green’s function, which is the quantity we compute in a quantum field theory.
Substituting Eq. (3.14) into Eq. (3.13), we obtain the expression for the conductivity
oii(k,w) = —BQM, (3.15)
w
where (j;7;) is now the time-ordered correlation function.

The current-current correlation function is defined in the path-integral formalism as
{Jijy) = N / DYDYDA, jijse' | ¢ Streemehud®, (3.16)

where NV is the proper normalization factor and S, is the quadratic part of the Pseudo-
QED Lagrangian. We can now replace the currents in this expression with functional
derivatives with respect to A,to find

- 1 — 5 5 4 SI —e 7
(gigj) = —G—QN/D¢D¢DAHJ =0 SA li=o € [ & Spree—edui, (3.17)
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but this is the 2-point function of the A, field, or in other words the polarization tensor
II;;. We can thus rewrite the Kubo formula as
oij(k,w) = —62% = — (3.18)
where II;; is the polarization tensor. We will be interested in the zero frequency and
momentum limit (the DC-conductivity), which we denote
i1

i :w—}(l)gl—m w (3.19)

3.2 Conductivity in Dirac systems

In graphene-like systems we a have a valley degree of freedom. This arises because of
the lattice structure, and, as we have seen in Chapter 1, it can be seen as a 'pseudo-spin’
degree of freedom. The two valleys in the system are related by time-reversal symmetry,

and there are two valley currents. This allows us to define the total conductivity

g JEE) G s e
op, = lim + = 0,07 + o€, (3.20)
w—0,p—0 w w
which is the sum of the two valley currents, and the valley conductivity,
. 2 (7%97 7 {q%97 .. .
ol = lim { ') — ') } = UZZZCW + Jzzle”, (3.21)
w—0,p—0 w w

which is the difference of the two valley currents, where €% is the Levi-Civita symbol
and we have split the conductivities into a longitudinal and a transverse part. The
valley conductivity is analogous to the spin conductivity, which is a measure of the spin
current. One key difference to keep in mind between spin and valley, is that valley is
a degree of freedom coming from the geometry of the lattice, and thus does not exist
outside of the lattice (unlike spin).

In this section we will calculate the longitudinal and transverse conductivities of
graphene (following Ref. [9]), and calculate the transverse conductivity of massive Dirac
systems (following Ref. [12]), all at T'= 0 and using Pseudo-QED.

3.2.1 Conductivity in graphene

We now apply the Kubo formula for conductivity, Eq. (3.19), to massless electrons
to study the conductivity of graphene using the Pseudo-QED formalism. We follow
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Ref. [9] in this section. As we have seen in Sec. 3.1.1, to obtain the conductivity, we

need to compute the polarization tensor of the theory.

The one-loop diagram of the polarization tensor is shown in Fig.2.4.2, and it is in fact
equal to the result from QED in (2+1)D. This is because there are no internal photon
lines, and the fermion propagators of the two theories coincide. We can thus use the
result from QED in (2+41)D for the 1-loop diagram. We will use the 2-component spinor
representation, as this arises naturally out of the tight-binding description in graphene
(see Chapter 1). In this representation the result for the polarization tensor is different
from the one that we have calculated in Chapter 2. The 2-component diagram has

already been calculated a while ago by Coste and Liischer [36], and the result is
ngl_)@) = —ie’A(p) Pij — e*iBeijop”, (3.22)

where A(p) = \/pg — v2p%/16, B = (1/27)(n + 1/2) with n integer and P,, = 7,, —
VEDLDY/ \/m, which is the transverse projection operator. The second term in
Eq. (3.22) is a topological term (it does not depend on the specifics of our metric), and
gives a topological mass to the photon. This effect is specific to QED in (241)D and
only arises when choosing a two-component spinor representation, and it is referred
to in the literature as a Chern-Simons term, or a ’toplogical mass’ term. Coste and
Liischer found this result using lattice regularization, and found the integer n to be the
winding number of the free fermion propagator. Using other regularization methods
produces the expression only for a specific n, and Eq. (3.22) is thus the most general

result.

The 2-loop result is specific to Pseudo-QED, as the diagrams include internal photon
lines. It was calculated in Ref. [37], and found to be

2 2.9
2V Py — VFP

e (p) = —ie T

iJ CaagP;w; (323)
with C, = (92 — 97?) /187 and «, ~ 300/137. The topological term does not receive
any corrections from the 2-loop diagrams, and in fact does not receive any corrections
at all according to the Coleman-Hill theorem [38]. We now have the polarization tensor
up to 2-loop order, and we can thus calculate the total and valley DC-conductivities

using Egs. (3.20) and (3.21).
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3.2.1.1 Longitudinal conductivity

Let us start with the longitudinal component of the total conductivity. We combine
the longitudinal parts of Eq. (3.23) and (3.22) to find

Z.Hl.qngitudinal — {62 p% — U%‘pQPij 1+ Mag} } . (324)

4 16w 187

We now have to take the zero momentum and frequency limit, and the order is quite
important [39] (the momentum limit should be taken first). We note that in the zero
momentum limit P;; — n;;. Under time reversal (i — —i, po — po, P = —p), Eq. (3.24)
does not change and thus the two valleys contribute evenly. Taking also into account
a factor of two for the spins, and restoring factors of A, we find by replacing Eq. (3.24)
into Eq. (3.20)

4 2 2 .2 ZPZ,, 92 -9 2

w—0,p—0 hl6w 187
NI 2 — 9r2
i {200y (g (922970
w—0 hl6w 187
2¢? (92 — 97%)

Thus the longitudinal total conductivity is

2¢? (92 — 97%)
tot _ [ 2 1
Tae ( mh ) [ * 187 ag}

2

(&
~ 1.76—. 3.26
- (3.26)

tot __
Txr

2.16e*/h. This indicates that there are other factors not included in this model, that

also contribute to conductivity. A big assumption in the model here is that it is a

The experimental result for the conductivity, extrapolated to zero temperature is o

perfect lattice, and perhaps including disorder would improve the result [9].

Looking at the definition of the valley conductivity Eq. (3.21) and the result Eq. (3.24),
we can immediately see that the longitudinal valley conductivity vanishes, since the lon-
gitudinal part of the polarization tensor is invariant under time-reversal, and thus the

contributions from the two valleys will cancel each other.
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3.2.1.2 Transverse conductivity

As we can read off from Egs. (3.20) and (3.21), the transverse conductivity will be
proportional the Levi-Civita symbol €. We have already seen that such a term can
only come from the 1-loop diagram, and its expression is

Htransverse _ _Ze_z(n 4 1)6 0 (3 27)

i — i\t g)cop '

This expression is not invariant under time reversal symmetry, but changes sign. We
can thus conclude that there is no total transverse conductivity, since the contributions
from the two valleys will cancel each other out. There is, however, a transverse wvalley
conductivity. Substituting Eq. (3.27) into Eq. (3.21), taking into account a factor of

two for the spins and restoring A, we obtain

- 2¢2 1. ..
ol = lim {i(nﬂL 5)6”@}
w

Yy w—0,p—0 hm

4?1
- %(n+ 2)ed (3.28)

Hence one obtains a universal, quantized, transverse valley current. This is thus a

quantum valley Hall effect, induced by the electromagnetic interactions in graphene.

3.2.2 Conductivity in massive Dirac systems

Let us now turn to massive Dirac systems. This section follows Ref. [12]. We now add

a mass term to the electrons such that the Lagrangian becomes

1 1 —
L=—=F" rFuy + i — my)y — ej* Ay, (3.29)
2 (—0)2
we define my = {mgy, with my > 0 and £ = £1 depending on the valley we are

considering.

Our goal is now to apply the analysis from the previous section to massive Dirac
systems. For this we need the result for the 1-loop polarization tensor diagram at finite

mass, this was also calculated by Coste and Liischer and reads

I;; = e*A(p,w) Py — ¢*iB(p,w)e;p’, (3.30)
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where now

1

1 t(1 —t) (pt — vip?
A(pﬂ'd?A):%/‘dt 2( )( i 2F )2 5 )
) fmd =t = 1) (v — vip?)
1

n 1
B A)=—+—[dt|1
(p,w,A) 2ﬂ+4ﬁ/ +\/m2_t(1_t)(2_02 5
0 v Do FP

Since the valleys are related by time-reversal symmetry, the way we introduced the mass

my

(3.31)

in Eq. (3.29) make it so that the mass flips sign under this transformation. We see that
A(p,w) is invariant under time-reversal, while B(p,w) is not, due to the presence of
the m,. We now compute the parametric integrals to find

lim OA(p7w7m¢) =0,

w—0,p—

E(n+1) my>0
lim B(p,w,my) = 2 ( ) (3.32)

w—0,p—0 1

5N my <0

Since A(p,w) is zero, the longitudinal conductivity will be zero. To find the transverse
conductivity we follow the same procedure as for the massless case. The transverse part

of the polarization tensor is

II5emsverse — —ie;;p° B(my), (3.33)
and its time-reversal is
(Hgansverse) T — iGijpoB<_m1p)-

Substituting this into Egs. (3.20) and (3.21), taking into account a factor of two for the

spins and reintroducing A, we obtain

o Ame?
o = T [Blmy) — B(-my)
2
e
=2— 3.34
h ? ( )
and
val  AmE?

4e? 1
2 mtd) (3.5)
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We thus find the same quantum valley Hall effect as in the massless case, but now there
is also a quantum Hall effect. This quantum Hall effect is again universal, and is found

in the absence of any magnetic field whatsoever.



Chapter 4

Coupling massive Pseudo-QED to a

scalar field

In this chapter, we investigate the change of the QHE and QVHE in massive Dirac
systems described in the previous chapter, in the presence of a massive scalar field o,
which we couple to the fermions via a quartic interaction. The Lagrangian takes the

form

+ (i 0y + ivpy' 0y — my )1 + %auaaua - %miaz — ety P A, + gihipo?,

(4.1)
where F'* is the electromagnetic tensor, v is the electron field, o the scalar field, m,,
the electron mass, m, the scalar field mass, g the new coupling between electrons and

the scalar field, e the electron charge and A, the electromagnetic 4-potential.

In addition to standard anisotropic Pseudo-QED, as considered in the previous
chapters, there are now two extra Feynman rules, depicted in Table 4.1. We now
have two dimensionless coupling constants, the electric charge e and the new coupling
constant ¢ governing the interaction between the electrons and the new scalar field.
Since [g] = [e] = 0, i.e. the coupling constants are dimensionless, our theory is still

renormalizable.

o1
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p2_m2

//\ ig

Table 4.1: Feynman rules involving the scalar field corresponding to Lagrangian
Eq. (4.1)

Figure 4.1.1: Two loop diagram involving the scalar field contributing to the polarization
tensor

4.1 Transverse conductivity

We calculate the contribution to the transverse current to lowest order in g. There is one

Feynman diagram contributing, which is depicted in Fig. (4.1.1). The full expression is

i = —2(ie)*(ig)vi / (gjr];B <;ljrq>3{ i

where we put a minus sign for the fermion loop and a symmetry factor of 2. Since the

k2 — mg2 Tr [/YiSF(Q)Q’YjSF(Q - p)} } . (4.2)

momentum of the bosonic loop does not mix with anything else, we can immediately

calculate the integral

TP k2 —m?  (dm)2
= e (4.3)

C4r’

/ Bk N
(
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using dimensional regularization. Substituting Eq. (4.3) into Eq. (4.41) we find

inij=—2<ze>2<z‘g>v%(_4?)/ <d AT [V Se(@* Y Sela—p)]}. (44)

We again consider the two-component representation of the spinors, in which we take

the gamma matrices to equal the Pauli matrices. We then have
Tr [y#~Y~P] = 2ietP. (4.5)

Our full expression is thus (we use the notation gp = gopo — vaégp and ¢ = (qo, vrq)

again),

-m 3 r [~ (~va m..) 2~ (~B(a — m
iHij=—2(i€)2(ig)U%( U) (—Z)/(dq {T [7 (7 ds + iﬁ) Y (7 (q p)ﬁ+ 7/))]}

47 2m)3 (@2 _ m12p>2 [(G —p)2— m?p]

(4.6)

Now the transverse conductivity will be proportional to €7%py, terms like this will in

our case only arise from terms with 3 or 5 gamma matrices. We only consider these
terms, since we are interested in the transverse conductivity. The terms with 3 gamma

matrices are

2m2 Tr [v'7"7] qo +mTr [v'477°] (90 — po)
:2miTr [7i707 ] qo — mwTr [7 gl } (g0 — po)
=myTr [v'9"9’] (90 + po)
:2m12pi€i0j (90 + po) - (4.7)

The term with 5 gamma matrices is

Tr [v'7*7"77°] Qa5 (T — D)5
= — Tr [V 7Y%’} 0,85 (@ — D)5 + 29°Tr ['Y'7°] 0,357 — D)s
= —Tr [v'7*Y"Y7°] Quls (T — D)5 + 4i€7°* (90 — po)- (4.8)

Here we have used the fact that § commutes with itself and renamed the dummy indices.

It follows that

Tr [VIVQVEV Y } Qg (@—D); = 2ie7'g? (g0 — po) (4.9)
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So our complete expression, keeping only the terms contributing to the transverse con-

ductivity, becomes

19 = —2(ie)2(ig)u2 (_ma> (_Z.)/ (d3q {Qiem [@*(q0 — po) — mi(q0 + po)] } .

— 21— _
An 27 (@ -my)" [@-p? - my]
(4.10)
The next step is to combine the denominators, we use the Feynman trick
1 rey [y )
Y — T =Y
= dyde———=
A2B - T 0/ Y A 2By
/ 1
:2/d9§ (1—2) . (4.11)
/ (1 —-2)A+ 2B]

The denominator then becomes

(1-2)A+2B=(1-=2) g —vig® —m}] + 2 [(90—po)” — vr (a — p)* — m}]
= g5 — viq® — m3, + x [p§ — 2pogo — viP® + 20ipq]
= q5 — 2xpoqo — vpq® — mi, + x [py — vpp® + 2vppq]
= (g0 — zpo)” + x(1 — )pj — viq® — m, + = [—vpp” + 2vjpq]
=q — Ay, (4.12)

where Ay = —z(1 — 2)p§ + vpq® + mJ, + x [vEp® — 2vfpq]. We have made a shift
o — Qo + xpo, we also have to do this in the numerator. Substituting everything our

full expression is then

. {22'6”'0 [7*(g0 — po) — mi(qo + po)] (1 — ) } (4.13)

[(QO - JUPO)Q - A1]3
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We now have to make the shift ¢y — go + xpy. This makes the denominator even in g,

hence odd terms in gy in the numerator do not contribute. The numerator becomes

7 (q0 — po) — m3(qo + po) = [(qo + p0)® — v3a®] (g0 + (z — 1)po) — m3, [qo + (1 + )po]
= q3(x — 1)po + 2xpoqs + 2% (x — 1)py — vaq®(z — 1)po
— mi(l + )po
= g3 [(x = Vpo + 2zpo] + 2°(x — 1)p} — vpa®(x — )py
— mfp(l + x)po
=¢;C + D, (4.14)

where

C'= (z — 1)po + 2zpo
D = z*(z — 1)py — vpq(z — 1)pg — m3,(1 + x)po. (4.15)

Using this notation our full expression becomes

o~ s () o o (2 =)

(4.16)

We can now calculate the ¢ integrals using

/ dao a5 _ =i, -sp
@2m) (2 —A)° 161 7

dqo 1 3 52
=1—A . 4.17
/ (271_) (q(Q) . A1)3 216 1 ( )

Substituting the integrals into Eq. (4.16) leads to

1

i N2y —Myg . d*q | —2ie9C(1 —x) ¢
il = —2(ie)*(ig)vi <—) (—Z)Q/dx/ { —
4 / (27)? N 16

2i¢10D(1 — z) 3i }
A?/Q 16

(4.18)
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We proceed by rewriting

—x(1 — z)py +vpq® + m¢ +x [UFP - QU%F’Q]

2 m2 1
=02 |q* — 2vpq + zp? —|—v——x(1—x)p0
F F

(

ol |

{ —ap)* +z(1 —z)p* + T%J} — (1l — x)pg%]
[(a

F Up
=2 [(q — 2p)? — Ay, (4.19)
where
m?2 1
Ay =—z(1 — av)p2 — —2¢ + (1 — x)pg—Q.
U Up

We now have to shift q — q + xp. This also affects the numerator. Note that C is

independent of q. D becomes

D — 2*(x — 1)py — vpa®p*(z — 1)po — mi, (1 + z)po — vpq*(z — 1)po,
= E —viq*(z — 1)po (4.20)

where E = 2*(x — 1)pj — vpa®p®(z — 1)po — m3,(1 + 2)po, and where the terms odd in

q do not contribute. Our full expression after the shift is

) oon fa | 2o L

21 (B — viq?*(x — 1)po) (1 — z) 3i
T 5(q2 — A,)%/2 16 (-
vp (% = Ag)

i = ~2(ieig)ei ( o

(4.21)

The q integrals are

/ d? 1 .
(2m)% (q2 - Ag)"7 21 VA

/ d*q q? -2l 1
(2m)2 (g2 — A,)*? 27 3V,

d*q 1 11
- . (4.22)
/ (271')2 (q2 . A2)5/2 27'(' 3 (A2)3/2
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Substituting Eq. (4.22) into Eq. (4.21), we obtain

1
— 0 [ — — —
mg) ) 1 1 /dm 21 [—C' — 2(x 1/12)]90](1 )
"o 16 vp (Az)

. J/
-~

I

2¢O E(1 — x)

(4.23)
R (Ag)*?
I
Let us first compute integral I,
1 30 [_ O
217 [-C' = 2(x — 1 1— 1 [(1— 2(1 — 1—
[ C =2l o8 _pin / 0.2 30) 20 =) (1= o
) vp (Ag) Up , 1:(1 ) (p3 — vip?) — w]

1 20 [my| . (20m} — 7p%)
Iy = 2ii0p,— 4 —i =Ml [1(2— )1(2— )}
1 e pv%{ g 2 e n My, — 1P n My, +1p
ey, L[ 200mel _ (20m} —TF) (2rm¢| )
| 8 P 8p’ 2[my| +p
o 1
= € JOpO,U_QFl (mw,p), (425)
F

with

20 |my| ,(QOmi — 7]_92) <2 |my| — ﬁ)
F(M,p)=—i——— —1 — In — . 4.26
i ) D> 8p? 2|my| +D (4.26)
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The second integral becomes

1
2i¢VE(1 — x
IZZ/dI 5 (3/2)
2 vp (Ag)

1
s L [y [P B e (0 ]
- 0o AL)3/2
¥ (A)
_ 27:€ij0i/ 1 . ZL‘ ‘T - 1)]70 U%$2p2($ - 1)]70 - szp(l + 95)]90}
Ui / [ z(1 - z)p?vg —m? +2(1 - x)p0]3/2
i QZEUOL/d.’E [ (1 - I) (pg - U%p2)p0 - m12¢<1 - .’132)])0}
= 2 3/2
Ly, [2(1 - 2) (5 — p?0E) — m?]
. —2%(1 — 2)*p*po — mfp(l — %) po
|
= 210 — / dx : (4.27)
2 _ 3/2
R [2(1 — 2)p* — m?]
Doing the two terms Io4 and Iyg separately, we find
' 2 2-2
—22(1 — 2)?p
S P
/ [ (1—z)p? mw}
~1 _ . 2|my| —p
_ 92 BOm2 L B2 2 (4m2 — p2)1] (g =2
4%?3_%]35{ i |my| P(2my, + D7) + imy(4my, —p°) In 27 J P
= Foa(my, p)D° 1o, (4.28)

and

—1
8PP (—4m?,

2|mw|—ﬁ 2
Xln|—————=|m
{2|mw!+z_? wPo

= FQB(mw,p)mfppg, (4.29)

+]_)2>{4i\m¢|p( 12mw +7D ) — 1 (48mw — Smwp —p )
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where
—1 . _ 2 |, -2 .9 2 -2 2my| —p
Fya(my, p) = Il —mip {22 [my| p(2my, +p°) + imy (4my, — p°) In W ;
-1 . _ 9 . — _
Fop(my,p) = 81_95(—4mfb s 4i |my| p (—12m¢ +D ) —1 (48m¢ — 8m¢p —D )

9 =
« In {M} . (4.30)
2|my| +p
Putting everything together we find
.. 62
T —
' 3272
mae g.
(4m)?

In order to calculate the contribution to the transverse conductivity of this diagram we

J sme2i€7py [Fy(my, p) + Faa(my, p)p° + Fap(my, p)m3]

i€%po [Fi(my, p) + Foa(my, p)p* + Fap(my, pym3] . (4.31)

apply the Kubo formula, for which we have to calculate

1 e? mge’y
: — : Mo ’L]O =2 2
o 80y o~ e < P00 2) + Faain P+ Pa(onas )

i €0 [Fi(my, p) + Foa(my, p)b* + Fap(my, p)my]

It turns out that the limit p — 0 is finite for each term separately, so we can calculate
the limit term by term. To correctly take the limit, we have to Taylor expand the
logarithm around pg = 0 . This will provide terms that cancel the divergences. A
Taylor expansion gives

2 |my| —ﬁ} Do 1 p 1 pg 6
In == S —— +0 (p8). 4.32
|:2 |m¢| —|—p |m¢| 12 |m¢|3 80 |m¢]5 ( 0> ( )

Using this we can now calculate the limit py — 0. The first term becomes
;20 |mw| (20m3, — 7p%) (2 M| — 13>
—1

lim Fy(my,po) = lim —

po—0 po—0 8 po 8ﬁ3 2 |m¢| +ﬁ
.20 20m2, — 7p* 1 p;
= lim — |mw| il L V(o S0 | + 0w
po—0 8 po 3p [my| 12 |1
200l 20 my| T
o0 8 PR 5 % 24 Imy| 8 |my ()
16 ¢
= lim ——
po—0 24 |m¢|
2 1

__=_° 4.33
3 [my| (4.33)
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The second term gives

, -1 . . 2| my| —p
2 _ = 2 | =2 2 2 =2 Y
i Fy4(my, po)po = i iy {21 my| p(2my, +P7) + imy, (4my, —p7) In {2 ] H_J }
2 _
—Po . 3 ; 3 2 2 -2 2|my| —p
= lim 41 |mu|” po + 2t |muy| py + imi,(4dmy, — p~) In [—_
iy L el o2 el a7 |2
—4i |m 2ip? 1 P
e P ——(— )+ 0
po—0 (4m¢ po) |mw| (4m¢ - po) Po |m¢’
_ —4i|my| i
4m, |my|
= 0. (4.34)

The final term yields

o {2|mw| H
2|my| +p

— [4i|my| (3 — 12m3)]m2, i (48my, — 8m2pd — pg) m3,  [2|my| — P
= lim + R o) ) —
Po—0 8p5( 4m¢ +15) 8pg(—4mi, + pg) 2|my| +p

{42 |m¢]p( 12mw +p ) —1 (48mfp — Sm?pﬁQ — 1_94)

—4zm¢ 6zmw [ iGm?p @'mi

= lim
po(pg —4m3)  pi(pg —4m3)

+
po—0 8p3(p§ — 4m3)  py(pg — 4my,)

im? 1 3 1 2
b Po Po Po
X - — — — — + O Yy
8po(p§ — 4mi>] < [l 12 fmy [ 80 fmy | )

—4im3} 6imfb i6m3j i6mf’/,
= lim p) + 4/ 9 2\ L 4[.2 2y 2 (2 2
ro—0 8pg(pg — 4m¢) Po(Ps — 4m¢) Po(Ps — 4m¢) 12p5(p5 — 4mw)
i6 [my | imy, i[my| i[my|
- - - - +O(po)
80(pg —4m3) — py(pg —4m3)  12(p5 —4m3)  8(pg — 4m3) 0
. i|my| i|my| i6 [my|
=1 + — + 0
pos0 12(py —4m3)  8(pg —4m2)  80(pg — 4m3) (po)
=lim —————— 4+ 0
po30 15(p§ — 4m?) + Olpo)
1

- _ 4.35
30 fmy) (4.35)
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Adding up all of the contributions we obtain

1 ) mye?q

. _ _Mmse™g 50 2 2
T L
Mme€*g o [ 2 i 1 i
= — 6 —_—— —_—
(4m)? 3myl 30 |my|
€0 T my
=f—— . 4.36
R 10]m, ] (4:36)

Under time-reversal in silicene, the mass we have introduced transforms as m,, — —my,
and the frequency (pg) as iw — —iw. Using Kubo’s formula, we obtain a non-universal

correction to the transverse valley conductivity,

ij . i3’ i) e T m, 2
Tval =, 50p0 { w w (47)2 10 |my| €9 (4.37)

where we have picked up a factor of 2 for the spins. Restoring the dimensionality, we
find

(4.38)

for the valley Hall current. Combining this with the result from Ref. [12], we obtain

2 1 7 m
gral — 9% (2n 11— L g e ) . 4.39

For the Hall current, we find no correction since

S0 —  lim {i<jijf>_z’<jijﬂ'>T}

val — w—0,p—0 w w

I e 7 Mo +2eijo 7 Mo o
T @210 0my“ T @2 10 my Y

= 0. (4.40)
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4.1.1 Massless fermions case

If we have no fermion mass (my = 0), we find starting from Eq. (4.6)

e ( ma) {Tr [+ (%) (°(a = P)s)] }

Am @)"[(@—p)*

) ( mg) { Tr [vg* (v*(@ — D)s)] }
Am 27? @) [(@—D)

_ ( ma) &g {qur 777" (g —p>o}
A 27T)3 @) [(@—p)
My 2i€1(q — p)o

- ( Ar ) 2733 { 7 [(a(q— 23;)] } ' )

=g — Ar (4.42)

Where we have shifted ¢y — ¢ + xpy and q — q + xp. We also have to do this in the

numerator. Performing the shifts, the full expression becomes

Yoo foof )

il = —2(ie)?(ig)va (
We now use

dp 1 1 1
/%(qg —A1)2 - 4(_A1)3/2’ (444)



4.1. Transverse conductivity

63

which gives us

i = ~2(ieig)ek ( o

Yool 2255

) / / { - 226;2%__1)2)3/2}, (4.45)

Ay = p—g:c(l —z)—p°r(l —x).
U

where

We now calculate the q integral

d*q 1 1 q
/(QW)Q (qg 3/2 - / 32 3/2
0
1

Our complete expression becomes

ot () ooz [ ()
=t () g s ()
mye’g

_ g (4.47)

16w \/p} — vip?

We obtain the same result starting from Eq. (4.23) and setting m, = 0. Note that

applying the Kubo formula, and taking the limit p — 0 now gives a divergence. This is
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not unexpected because the mass dimension of the diagram will be 1. Due to the boson
loop, we already have a m, in front of the expression, and the part contributing to the
transverse conductivity will be proportional to py. On these grounds, our expression will
be proportional to ~ pym, and thus we need to divide by a term with mass dimension
1. The only quantities available in the massless case are py and vgp, but dividing by
these will cause a divergence when taking the limits in the Kubo formula. If we have a
fermion mass, we could also divide by m,, to get something finite in the limit p — 0,
and indeed this is exactly what happens when we introduce a fermion mass, as we can
see from the result in Eq. (4.36).



Chapter 5

Coupling massless Pseudo-QED to a

scalar field

In this chapter we will examine massless Pseudo-QED coupled to a massive scalar field

o, with mass m,. The Lagrangian is equivalent to Eq. (4.1) with my = 0, we have

_ . 1 1 _ _
(7 Do+ 1067 O + 50" 00,0 — Smia® — ey YA+ giio?, (5.1)

Our goal is to examine the renormalization group flow of this theory, and to compare
it with Pseudo-QED without a scalar field. To this end we compute the divergences in
the Feynman diagrams up to two loop order involving the scalar field for the electron
self-energy and the electron-photon vertex. We have calculated the divergent part of

these diagrams using dimensional regularization, the RG-analysis remains to be done.

5.1 Electron self-energy

There are two diagrams contributing to the electron self-energy at two-loop order in-

volving the scalar field. We calculate the divergent parts of these diagrams.

65
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q
- RN
— l// . \‘l .
AN kojop
-ptk+q

Figure 5.1.1: 2-loop contribution involving to the electron self-energy involving the
scalar field.
5.1.1 First diagram

The first diagram is depicted in Figure 5.1.1. The complete expression of the diagram

18

s _92/ Bk dPq i(key +opy'k;) i i
(2m)® (2m)® kG —vik® @ -mZ(k+q—p)?P—m3
_ _H,gg/ dk dBq (koy° +ovpy'k;) 1 1 ' (5.2)
(2m)3 (2m)3 k3 —vEk? @2 —m? (k+q—p)? —m?

Our next step is to combine the two scalar propagators using the Feynman trick. We
first want to calculate the ¢ integral, to do this we combine the denominators involving

q using the Feynman trick

1

1 1
—=[d . 5.3
AB / “TAz + (1—2)B]2 (5:3)
0
In this way we can combine
1
1 1 B /da: 1
P—mi it a—pP—mz ) Vg pre—miet (1)@ - )P
/ 1
= /dm 5 S5
) [la+alk—p)” —m2+a(l—2)(k—p)]
(5.4)

where we have completed the square and rearranged some terms. We can now make a
shift ¢ — ¢ — x (k — p)? to simplify the expression even further. Looking at Eq. (5.2)

we see that there are no factors of ¢ in the numerator. Hence, by substituting Eq. (5.4)
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into Eq. (5.2) we obtain

—i% = +ig? / &k dq (ko + vey'ki) 1
(2m)* (2m)* kG —vik? (g2 —m2 + 2(1 —x)(k - p)?)*
_ig? / Bk g (ko +opyik) 1
(2m)% (2m)* kG —vik® g2 — AP

, (5.5)

where we have defined A = m? — x(1 —z)(k — p)®. We can now compute the ¢ integral.

The result of the integral is

/ (;:;3 (¢ - NG (4;)3/2\/%

v 1
= —— 5.6
Substituting Eq. (5.6) into Eq. (5.5), we obtain
/ / B ( lm +vp'yk) 1
_ZE g = 2 1
—vik? Az
k(K 'k 1
— ig —/ / w - UF; 2 - (5.7)
EE mg —a(1—2)(k - p)?)?

Next, we want to calculate the k integral. Since the Lorentz symmetry is broken by
the Fermi velocity vg, we have to treat the ky and k integrals separately; we will do the
ko integral first. As before, we combine the denominators using the Feynman trick. In

this case, it looks like

1

llzé/dy( L=y (5.8)

ABS Ay + B(1—y))3
Let us first calculate the denominator

Ay + B(1 —y) = yki — yopk® + (1 —y)m) — (1 = y)z(1 — 2)(k — p)?
= yki — yupk® + (1 —y)mZ — x(1 —z) [(ko — po)* — ¢*(k — p)?]
+yz(l—2) [(ko — po)? — ¢ (k — p)?]
= ki ly — (1 — (1 — )] + 2kopo [(1 — y)x(1 — )]

—yvpk® + (1 = y)a(l — 2)c®(k — p)?> + (1 — y)m? — (1 — y)a(1 — 2)p;,
(5.9)
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and introduce the shorter notation

a=y—(1-yz(l-2)
d=(1—-y)z(l—2). (5.10)

Using this notation we find

Ay + B(1 — y) = kja + 2koped — yvpk? + (k — p)*0 + (1 — y)m3 — dp;,
- {ké T 2o — Lo2k? + P — p)?2 + k) 2O
(8% (8% (0%

2
=a (k()‘l'poé) —é(Hé)pﬁ—gvﬁk%c"’(k—m?é
(04 67 o 07 (0%

+ (1 _y)m2]

, (5.11)

where we defined

J

Agza(l—i—g)po—i— Zvpk? — *(k — p)? é_(l—?ﬁmz

Therefore, the combined denominators become

1

1 1 (1—y) 2
=—[d - (512
(k8 — 32 [y — (1= )k = p)’ 20/ ST

[SIE

Substituting this into Eq. (5.7), we obtain

Zg__/ / /d3k (1 —y)~2 (koY + vpv'k:)

% k0+ Do ) _A2:|
1
il o o it
167 J J (27)3 as (k2 — A2]2
1 1 L '
_ _Q_Z/dy/dx/ &k dko (1=y)"2 (=pox” + vey'ks) (5.13)
7| (2 (27) ok k2 — A ’
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where we have made a shift kg — kg — pog and noticed that the terms odd in ky do not

contribute. The ky integral, which is finite, now reads

/ o 12
@2m) (k2 — A,)? (2m)Ay

Substituting this result into Eq. (5.13) yields

_1 5.0 i
2(_pw“7‘+UF7k0
S=—2 (=) [dy[d a
167r< )/y/ w/ A,

Before we calculate the k integral let us rewrite A, as

A2:g(1+g)p0+ ka2—c(k p)(s (1_y)m§

«

«

50 ) ) 1— ) )
= k? (gvé —c —) + 2c’kp— + ¢*p*— — Mmi <1 + ) Do
(0] « « (0] « (0]

Defining

we can further simplify

i 5 5 5
By = p K +2°kp— 4+ pP—— — (H—)pﬁ}
ap po Jole’ po «

25 2
=p <k+pc—) — A3

We now plug Eq. (5.17) into Eq. (5.15) and perform the shift

02
k> k—p—,
ap

(5.14)

(5.15)

(5.16)

25\ 2 25 2§ 1— 5 5
=p <k+p2—p) +p20—(1+c—)—( y>m3+—(1+—)ﬁ34] (5.17)



70 Coupling massless Pseudo-QED to a scalar field

to obtain

[ o e (r2)

“it [0
1672 / / (2m)2 a3 p (k2 —Aj)
1 1 i, C?
_ g° /d /dm d’k (1 — y)—% é <—p070 — UpY pi;) (5.19)
1672 / Y / 27)2 a4z o« p (k2 — Aj) ’ '

where we have eliminated the term odd in k;. We can now perform the k integral using

dimensional regularization. The result is as before

d’k 1 11 .
/ n)? (2 — Ay) =5 + finiteterms, (5.20)

where we keep only the divergent term. If we substitute Eq. (5.20) result in Eq. (5.19)
we find

1 1
2 2
. g 11 10 0 . C
) ——2) | dy [ dz(1 - —po” — vpy'pi—
’ 167T2< 2“)/ y/ z(1—y) 2@3[)( PoY — Uy P
0

1 1
2 -3 9
g- 1 11 / / . 5 . S c
1672 ( 2w €> v | = -\ T
0 0

(5.21)

Next, we compute the parametric integrals over z and y that were introduced by the

Feynman trick. Let us compute the py term first. This integral reads

1 1
! )
Il = —/dy/dfﬂ(l—y)Q 3 5 5 pof}/o
a2 (yop — ¢*0)
0 0
1 1

(1 —y)*i(

I
I
o\
QU
<
o\
S
S
<
|
—~
—_
|
s
=
—
|
=
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We will compute the y integral first, and write for notational convenience 3 = vz /c?

and A = z(1 — x). Continuing with the integral we find

= —F(8)por°. (5.23)
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The other integral proceeds in the same way. We find here

1 1
) -2

—/dy/dx(l—y) 3 VpY'Pi—
) / a? (yvi — c20) p

l\J‘H

[ (1—y)bz(1 - 2) 1
=—[d dx 3 VR Di~

O/yo/ - () -2 g5~ (L ypa(l—x)) P

L[ (1— y)bx(l —x) -
- d dx T UpY'pi

020/ yo/ [y — (1 =yl —2))2 [yB — (1 - y)a(l — )]’ o

o (1—y)lA :
= —— | d dx VR Pi

620/ yo/ v — (1= A2 [yB — (1 — y)N? i
o 1 s-1]1,
s/ A{5—1+\/3(6 e [ ”W’
:_g{ﬁiﬁ\/ﬁ(ﬁl— T [Vﬂ ”mpl o
= —F(B)ve'ps

Substituting I; and I, into Eq. (5.21), we finally find

—in =" (—il) [=p07 " F1(B) — vpy'piF(B)]

1672 2T €
g1 .
= —355 [Por Fa(B) + vy piFa(B)] (5.25)

Note that this is only the divergent part of diagram.

5.1.2 Second diagram

The second diagram is shown in Fig. 5.1.2. The complete expression becomes

3 3 Iz ; 0 PYAY:
—i¥ = (ie)*(ig)i* Pk d'q  (Zig") i % (V9 + vRra')”
P2 /g —p)P kK —mZ (2 —viq?)’

— ¢ / I’k i / d’q 1 7. (3% + vpgin’) 4" (5.26)
@) k2 —m2 ) @23\ /(¢g—p)? (@ —viq?)’
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Figure 5.1.2: The second 2-loop diagram contributing to the electron self-energy in-
volving the scalar field

The k integral we have done before, and we immediately find

Mo d’q L (00 + orain)* 7"
—22—eg< 4 )/ 3 2M 2 2 .2)2 ' (5.27)
m (2m) (¢ —p) (% — vra?)
Turning to the gamma matrices we find
)2 ind
Yo (Va0 + vraiy’)” V= v (4§ + vEaig;Y' Y ) A
1 i g i i
= ngg + vpv5 495 (V7 +77) 7"
= nqy + vy 0:4;9”
=n (¢ + viq®) . (5.28)

Where we have used the anti-commutation relation of the gamma matrices and n =
1 — 2v3. Substituting Eq. (5.28) into Eq. (5.27) we obtain

My d3q 1 qg + U%q2
—i% = e (- 47r)"/(27r)3 L s (5.29)
(q p) (QO Vrq )

Our next step is again to combine the denominators using the Feynman trick

1

1 ['(5/2) /d yx 251—x—y)
A3 D(2)T(Y) (yA +2B)?

0

_3 / . (1—a)z 2
4 O/d [(1-2)A+2B)? (5:30)
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The denominator becomes

(1—2)A+aB = (1-2) (g — vid®) +a (@0 —po)* — ¢ (a —p)’]
= (J(Q) - U%QQ + [(pg - QPOQO) - q2 (02 — U%) — czpzx + 2x02pq}
= ¢ — 2zpogo — q° [vf + z (* —v)] + 2zc°pq + xp] — 2’p”
= (g0 — JL"PU)2 - q° [UF +z (c — ’UF)] + 2z¢’pq + x(1 — 2)py — wc*p?

= (a0 — 7po)’ — Ay, (5.31)
with A} = q? [vE + 2 (2 — vE)]|—2zc*pq—x(1—2)pi+rxc?p?. Now we shift ¢o — qo+2po,

which for the full expression yields

1

—i% = e? g —— /daz (1—x)z é/ d*q (g0 + xpo)” + viq?
4 (@m) (g — A
20 (_Ma 3 o [ P g+ 27+ v
—¢9 <_E> nZ/dx(l — )z / (2m)3 9 5/2 (5.32)
(g5 — A1)

0

where the terms odd in ¢y do not contribute. Now we can calculate the gp-integrals

dgo 1 21

27 (g2 — A1)5/2 3T A2

dqo a 11

Mo - (5.33)
/ 27 (g2 — A1)5/2 3m Ay

The complete expression then becomes

1

Me\ 3 1 d’q 1 ?pt + viq? 1
—iY = €?g (_E) nzl/dx(l —z)x 2 / 2r)23n [2 A2 — A—ll . (5.34)
0

We proceed by rewriting A; as

A = ¢ [?JF+ZL“<C2 —’UF)] — 2xc*pq — 2(1 — 2)pi + xc*p?

= aq’® — 22¢°pq — 2(1 — 2)pi + 2c*p?

[ 1 z(1l—=2 x*p?
=« q2—2x02pqa_%pg+_p]

[ A2\ z(l-z z(1 — x)c?p?
=a (q—x5p> = >p3+ 1-2)

(0% (6]

, (5.35)
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where we defined o = v + z (¢ — v%). Now we shift @ — q + zpc?/a. Substituting
this into Eq. (5.34), we obtain

4
T°pg + vk <q2 + 562%1)2)

3 1 d2q 1
i3 — 2 (_%) _/ 1— —/ —9
i c9\~3 )" dr(l —z)x ™2 or)23n

J a2 (q2 _ A2)2
B 1
a(q? — Ay)
1 ) 22p2 + 02 <q2 i xZip2>
= ¢’y (—&> néi/dx(l — x)x_é/ &g 2 - o
i) "1 ) (27)>2 a2 (g2 — Ay)*
1
a(q? — Ay)

m 31 y d*q r’pf + v <$22_‘;pz> vaq?
= e?g (——J) nZ_/d‘T(l —x)r 2 / ( 2 +2 o

4w 3m 27)? a2 (q% — Ay)° a2 (q — Ay)°
0 ~ vV Vv
I1 12
1
5.36
o (@~ A) (5:36)
—_——

So we see we have three distinct integrals to solve. Note that integral I; is finite, while
I and I3 are log divergent. We are interested in the diverging part of the diagram,

hence we drop the I; term. We compute /3 again using dimensional regularization

I 1/ d?q 1
a) @n)?(a?—Ay)
111

= ———— + finiteterms
Q2T e
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where we have used dimensional regularization as before, and omitted the limit notation

and the finite part. Now the integral I,

YN
T ] @2m)2(q2— Ay

B 21)%1 / d2q q2 — AQ + AQ

= a2 (27'(')2 (q2 . AQ)Q

. 21}}27 d2q { 1 i AQ }
= 042 (27T)2 (q2 _ A2) (q2 . A2)2

where again we have only kept the divergent terms and omitted the limit notation.

Substituting everything into Eq. (5.36), we find

m 1 1 1 1203 111
I\ 4 ) "a3n (1 =)z 2mr€e o>  2mea
0
moy 31 11 [ (1—a)z2 202
2 o - F
= ——n-——[de——m™— [ 1 — —|. 5.37
€g< 47r>n437r27re/ . « ~ o' ( )
0 I =~
Now we compute the z-integrals. We have
1 . n
[4:/d$< —m)x 2
«
0
:% s (1—a)z 2
2
e
0 vE
1 Qarctan( C7—1)
F

2 v
= |4 , (5.38)
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and

T3
c? c2
9 1 (—% — 2) arctan ( —12? — ].)
- (_2 - ) PR (5.39)
(F-Y
Substituting this into Eq. (5.37), we find
me\ 31 114 afCtan(vi—i—l) 1
—i% = g (——0) n—o—r—— - - —
dm /43721 e vg 2 3/2 < —
(F-)
tan < —1
) Mg oy 11 [ ( vz ) 1
= —e?g—2 (1 —22) == — = . (5.40)
873 ( r) € vi <% B 1)3/2 é _
U

Again this is only the divergent part of the diagram.

5.2 Vertex correction

The lowest order correction to the electron-photon vertex is of order eg? and is depicted
in Fig. (5.2.1). To simplify the calculation, we break the Lorentz invariance of the scalar
field in the same way as for the electrons. That is, we replace ¢ by vp. The full expression

becomes

, , Bk dq
ZFHZQZQQQ/WW

() l

Se(p+q—k)7Sr(d +q¢—k)= , (5.41)

-2 2
k —mgq me

where we picked up a symmetry factor of 2. Since we are interested only in the divergent

part, and since this will come from the loop integrals, we can set p = p’ = 0 to simplify
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Figure 5.2.1: Correction to the electron-photon vertex due to the scalar field

the calculation. In this way

Bk dq | 1 1
iF“:2i62/—— S — k)7*S —k
g (27‘(’)3 (27’(’)3 - F(q )7 F(q )EQ —mEGQ _m?,]
S L T O L e P Y
(2m)* (2m)° | (@0 — ko)* — w2 (a — k)] &K —m2@ —m5
(5.42)

We can write the product of the three gamma matrices as
VA =% (=7 + 29701) (5.43)

where ©° = 1 and ©' = vr otherwise. Substituting Eq. (5.43) into Eq. (5.42) we find

T — 21'692/ Bk Bq [~ @-k) +22 @G-k, @G-k"er 1 1
(2r)? (27)? [(q0 — ko)? — v2 (q — k)] E—m2d —m:
(5.44)

We combine the denominators using

1 T
Yo 2/dw et (1= x)B]3' (5.45)
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We have

Az +(1—2)B=¢ —m?2 —i—w[qo—l—kO—Qquo—qu — vEk? + 2viqk — ¢¢ + vEq® +m]

=7 —m2 +x [k — 2q0ko — vEK® + 2vfgk + m?]

= — 2agk —m2(1— )+ 2 [F + m?]

:(G—xﬁ) —mi(l—x)—i—%x(l—x)

— (g—=k)" =4y, (5.46)

with
2

Sp=m2(1—z)— (1l —2)k .

Substituting Egs. (5.45) and (5.46) into Eq. (5.45) we obtain

/ e dBg [— (G—F) 2 (G—F) (G—F)"er
iF”zQiegQQ/dxx/ ¢k _dq 7@k +2 _(q2 )a (@=k)"® = !
(2n)° (2n)° (@— k) — 4, -

d3k d3
= 226g22/d:c:1:/ !
5 —m?2

—AH (q—k(l—x)) + 29 (q—k‘(l—x))a (Q—E(l—x))“@“]
(@ -6’

1

d3k d3q 1
— 22'eg22/d / 27T> {EQ ;
—m2

7" ¢t +F(1 - ) } + 297 [, + R (1 - 2)?] "
- !

X

X (5.47)

Using

d3 i B o d3 B .
/ Qquﬁzi—/ el (5.48)



80 Coupling massless Pseudo-QED to a scalar field

where G(g°) is the denominator (the identity follows from Lorentz invariance), we find

—u |2 | T2 2 2=y |=2 2
dSki d3 - q2+/€ (1 —l’) + 27 —|—l€ (1—1‘)
it = 2zeg22/dxx/ { [ } ’ [

@ - &)’
X =
B - m2 }

1

T R e A (O B
= 2ieg?2 / da / Ik A ) | - - . (5.49)
/] ey 2 @)

k™ —m?2
The result for the ¢ integral is

/ d3q 1 _ i1
(2m)° (7 — 61)°

'UF 327?(53/ 2’

/dSq ¢ i 3
()’ (@ —6)° v

i 32m60/%

Using this we obtain
B 3 F(-2?] 1
i = /dxx/ { [ 12 532 =
1
d3k:
“zeg /dx:c/
5 m2

k™ —m?
3

5+ k(o) — } (5.50)
o (F-m2)" i - (R - )

Next, we combine the remaining denominators using

T /d y " (5.51)
= — y 5 .
AVRB 2 T Ay + B(1L -y

A32B

1 3
2

! y1/2

dy ) 5.52
0/ [Ay + B(1 - y)" o)
The denominator becomes

+ m,

2
Ay+B(1—y)—E2—m3+y{—% 2}
:E2—m3<1—y+g>.
xr

(5.53)
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The full expression becomes

1

1
i 3k y—1/2
T = —— i“ieQQ/dy/dxx/ 5 5
_ /2
vpl6m A @)™ | ; z(l — x) [k2 -m2(l—y+ %)}

1/2%2(1 . )1/2

Y x

- (- (5.54)
ix3/? [k -m2(1-y+ %)]

+

The divergent part of the first k£ integral

Bk 1 1 D=5 i anT 5
/ (2m)’ [E2 —m2(1—-y+ %)}3/2 TR T(3/2) (-2 : [m (1 Ty %ﬂ

D -0 )

X

v2(27)? 2
2 1 -
= Zarfe + finiteterms. (5.55)

The second k£ integral has the same divergent part, to see this we write

2

/ &k k :/ Bk B —m(1—y+4) +m?(1—y+Y)
(2n) B —m?(1-y+ ﬂ)rﬂ (2m)° B —m2(1-y+ %)]5/2

x

B / &k 1
(27)’ F—m2(1-y+1)] "

X &k m® (1-y+1%)
+/ (27T)3 [EQ o (1 e %)]5/2. (5.56)

The second integral in the last line of Eq. (5.56) is finite, hence all diverging terms will

come from the first integral, but this integral is exactly Eq. (5.55). Hence we have

A3k 72 2 1
= — + finiteterms. 5.57
/ (271')3 [E2 — m?2 (1 —y+ E)F/Q v%@ﬂ)g € ( )
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Using these results for the k integrals, Eq. (5.54) becomes

1 1
) 2 . 1 1 y—l/z (1— x>1/2
' = — ~Miea® | d d - 12\ — &) "
! v%167r7 e 0/ yb/ xxv%(%r)? € { z(l — ) A 23/2
1

2 , 11 1 2 (1 —x)Y/?
= — Fieg® | d =32 >
"UI2;167T7 9 0/ x$v%(27r)2 € { r(1 — ) * 3 a3/

= (5.58)



Chapter 6

Conclusions and Outlook

In this thesis we have examined dynamical interactions in (2+1)D Dirac systems. In
Chapter 1, we have briefly explored condensed-matter systems where Dirac fermions
occur, such as graphene and silicene. In Chapter 2, we examined dynamical interactions
in such (2+1)D systems. Starting from QED in (341)D, we confined the matter current
to a plane, and proved that the (2+1)D Pseudo-QED formalism is equivalent to this,
and that it reproduces a Coulomb interaction in the static limit. We briefly analyzed
the Pseudo-QED Lagrangian: it has non-local interactions, is strictly renormalizable
and is unitary and causal. We stated the Feynman rules and to illustrate calculations
calculated two one-loop diagrams.

In Chapter 3, we introduced the Kubo formalism to obtain the conductivity using
Feynman diagrams, and reviewed two articles that employ Pseudo-QED to obtain con-
ductivities in both massless and massive Dirac systems. We reproduced their results
and found the longitudinal conductivity and a quantum valley Hall effect in graphene.
In massive Dirac systems, we reproduced the same quantum valley Hall effect, and also
a spontaneous total Hall effect.

In Chapter 4, we coupled massive Pseudo-QED to a scalar field to study how the
transverse conductivities, reproduced in Chapter 3, changed under the influence of a
new interaction. We found a non-universal correction, depending on the ratio of the
scalar-field and fermion masses, to the quantum valley Hall effect. The total Hall
conductivity remained unchanged, and in the massless case the limit p — 0 was not
well-defined.

In Chapter 5, we examined massless Pseudo-QED coupled to a scalar field, and

calculated the divergent parts of three 2-loop Feynman diagrams containing this newly
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introduced scalar field. Using these diverging parts, together with the 1-loop diagrams,

we can analyze the RG-flow of this system, although this was not completed.

We have seen that Pseudo-QED describes relativistic, dynamical interactions in
(2+1)D Dirac systems, that are possible to create in condensed-matter. Using this de-
scription we are able to capture anomalies, particle hole symmetry, and it is possible to
obtain effects non-perturbative in vg. It is thus a more complete description of interac-
tions in (241)D Dirac systems, and although not always computationally convenient,

it could improve our understanding of (2+1)D Dirac systems.

Outlook

We briefly discuss some other possible applications of Pseudo-QED, and other possible
projections of QED that might be considered in the future.

Projection of QED onto two planes

One may think of having two sheets of electrons, separation of d. We follow the same
steps as in the derivation of Pseudo-QED in Chapter 2, but now we use the following

matter current:

a0 2 2 1) G0 2t 2?) 6 (2% — &) + (20, 2t 2?) (2P + 4) p=0,1,2 |
0 w=3

(6.1)
where jT denotes the matter current in the top plane, and j~ the matter current in
the bottom plane. We have to insert this current into Eq. (2.11). We then obtain four
terms, one for j© — 57,57 —j7,j7 — 77 and j© — j© current-current interactions. As
expected, the j© — 57 and 7~ — j~ interactions, that is the interactions in the planes
amongst the electrons, yield the same expressions as found for Pseudo-QED. In other
words, the in-plane interactions remain the same. The difference lies thus in the 77—~
and j~ — j* terms. This is the interaction between the two planes. Since they will
be equivalent (as also expected), we will consider only the j© — j~term. This term

describes the interaction between electrons in different planes

To find the current-current interaction, we have to evaluate Eq. (2.12) not at z3 =
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2, =0, as in Chapter 2, but for z3 = —z§ = d/2. This yields (in Euclidean space)

1
—Og

Ak dks e” i[ko(z0—2p)+h1 (2121 ) k2 (22— Zz)]e*idks
sg=—z=d / (2m)* (2) k3 + k3 + k3 + k2

Bk 7 e—i[ko(zo—zé)+k1(Zl—zi)Jrkz(Zz—Zé)]e—dllkll
_/(27T)3% VR + kK2

Bk 1 e—ik(z—z’)e—deH
= / 35 ; (6.2)
(2m)3 2 V2

where now k is a three-component vector. Compared to Pseudo-QED, there is now an
d|| k||

extra factor e "I, We can follow the same steps to find the static interaction and we

find (the k¢ integral now vanishes since the currents do not depend on it)

Vo2 A2k 1 e tk(z=2") g—2d]|kl

27 —i|[k||[lz2—2"||Cos(8) o —|2d[|| k|l
:ez/ dk / d9||k||e e
(27T)2 0 2 \/ﬁ

2
_ ¢ / (dk‘)Q / 30 L e illElllz—='Cos(®) o~ P2l ]
2 2

dk
= [ e LI (k] = 21

1 2
_ - € ’ (6.3)
Ar \/(z — 2)* + &

which shows that we recover a Coulomb interaction between two electrons in different
planes in the static limit.

The next step is to find an effective (2+1)D Lagrangian that is equivalent to this
projection. Here there still lie some difficulties. There are now two different interactions
in the system, those between electrons in the plane, and those between electrons from
different planes. It is not clear if these should be mediated by the same gauge field,
with an extra structure accounting for these two interactions, or that there perhaps
should be two gauge fields in the system. Secondly, the kinetic term for the gauge field
mediating the interactions between the planes would take the following form in the

effective Lagrangian
FredV=EE,,

/=] ’
but it is not clear that this is unitary. Perhaps one could justify an expansion in

the separation d as a small parameter, and in this way obtain a simpler form of the
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Lagrangian. The first term of such an expansion would correspond to Pseudo-QED,

the second one to normal QED.

Projecting (3+1)D QED onto a wire

Instead of projecting QED onto a plane, one could also consider projecting down QED

onto a wire. We would then try to confine the matter current to (14-1)D by writing

i (@, 21)d(2%)d(2%) p=0,1

j*(x) = :
0 [=2,3

(6.4)
It turns out there are some bad divergences if we proceed in this way. In Ref. [40] the

regularized the d-functions by replacing them with

This reduces to the d-function in the limit a — co. In this way we are considering the
gauge field to propagate in a wire of finite width, and they found the effective gauge
field propagator to be (in the Feynman-'t Hooft gauge) [40]

e? k2 ) k2
D#V(k) = —5“VE exp (%) El <—Z> s

where Ei(z) is the integral exponential function. This propagator does not have a nice
form, but perhaps other regulators, or certain limits of a or introducing a cut-off will
improve the situation. Here it would be interesting to check what the RG-flow of such

a theory would be, and find its fixed points.

Projecting (2+1)D QED onto a wire

We can also think about projecting (2+1)D QED onto a wire. Perhaps this could
describe a situation where the electromagnetic field is strongly screened, such that it
is confined to a plane, and if we then have a conducting wire lying in this plane. We
can follow essentially the same steps as with the projection of (3+1)-dimensional QED
onto a plane. We start from the generating functional with the A, field integrated out.
We find (in Euclidean space)

Zggng = exp [62/(132(132’]'“(2) ( O )j”(z’)} : (6.5)
g
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The only difference is that there is one spatial dimension less. Continuing in the same

fashion, we confine the matter current to a wire by writing

Jia (@, 2)o(a?) p=0,1
0 w=2

0 ,.1

(2, at 2?) = (6.6)

Substituting Eq. (6.6) into Eq. (6.5), and noting that from now on all indices are either

0 or 1, we find
eff 2 2 2 ! o 6'[“/ . /
ZQED ==eXp4qe d°zd*z j1+1(2)3 ]1+1(Z) .
E 23=24=0
We rewrite the inverse d’Alembertian as
/ ko_ de e—i[k‘o(ZQ—z(l))-i-kl(zl—zi)]
A

2m)2 (27) k% + k3 + k2

1
—Op

z9=25=0

Bk 1 e ilko(zo—zh)thi(a1-2)]
_/(27r)2 (27) \/m

d2k3 1 efi[ko(Zsz(/))+k1(z1fzi)]
/ @m22 JRTk

This has the exact same form as the one we have found before when projecting from

QED in (3+1)-dimensions onto the plane. We can immediately infer, following the

same reasoning, that the Lagrangian

L= —EFW%FMV + —p(J — my)Y + ej* A, (6.7)
2 (—0)2
is the effective (1-+1)-dimensional Lagrangian. Our arguments for showing that the
correlation functions are equivalent can all still be applied. The essential difference is
of course, that Eq. (6.7) is (1+1)-dimensional.
The first thing we want to check in this theory, is the dimension of the fields and
the coupling constants. Starting from the kinetic term of the fermions, and working in

mass dimensions, we find

[Wllm][] = 2.
Thus [¢)] = 5. From the kinetic part of the A, field we conclude
1
O [AS =] = 2.

NEw
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We know [0] = 1 and thus [\/%] = —1. We then find [A,] = 5. Using this we can
infer from the interaction term that in this theory [e| = % Since our coupling constant
is positive, we are dealing with a super-renormalizable theory.

QED in (1+1)D is quite different from QED in higher dimensions. The photon
has not propagating degrees of freedom in this theory (since there are no transverse
modes in 1D), and thus Maxwell theory in (1+1)D is a topological theory. It would be
interesting to consider instead of Maxwell theory, the first term of Eq. (6.7), and see

how the non-locality changes this analysis.



Appendix

In this Appendix we briefly review the concept of dimensional regularization. The
divergences encountered in quantum field theories can be systematically extracted by
computing the integrals in n dimensions, and taking the limit of n to the dimension in
which we are interested. We follow Ref. [41] in this appendix.

Let us see how dimensional regularization works by calculating the integral

" 1
| "ig—a o

where we will be interested in the case n = 2. Note that this is a spatial vector, and
thus we are already in Euclidean space. The first step is to go to spherical coordinates

in n dimension. The result is

2m ™ T
1 o0 qn—l ‘ o
d"¢——ca = dg—2— [ dh, | dbysinb,... | df,_,sin" 20, .
/ NCENG /0 q(QQ—A)ao/ 10/ 2502 O/ 18" 0,

To calculate the angular integrals, we need the result

I(1+3k)

0

Using this result we find
1 00 n—1 F 1 n—2
/d"q—2 5 = / dg—— 2 (f)
(@=2)" Jo (A=A T(1+5(n-2))

_ /oo dq qnfl 27'('”/2 .
0 (= AT (%)

To compute the ¢ integral, we need the integral

7’@, N ()N e B
(22 + a?)” ['(«) 2(a2)*?’

0
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which is valid for o > § > 0. We can however use the analytic continuation of the

Gamma function to extend the range in which it is valid. In our case we have

[e.9]

/dq g PG (e —3) 1
(¢ —A)* T(@)  2(=A)*"*

0
The complete integral then becomes

/d"q 1 _IEra-3 1 /2
(@-2)7" Tl (-ayr(3)

At this point we take n = 2+ ¢, where € is a small parameter which take to 0 in order to
obtain the result for 2 dimensions. Note that because the result is expressed in Gamma
functions, by using the analytic continuation of this function, we can make the result

well-defined for non-integer values of n. Let us find the compute the integral for « = 1,
[ 4 = (=5 (A
—— =7l(—=) (—Am)“".
a2 =4 2

The divergence if we take € — 0 is now contained in the Gamma function, which has a

pole at 0. We expand the expression in € using

D(-5) ==~ +0(0)

(—Am)7* = exp (% ln(—Aﬂ)) =1+ eln(—Am),

where —A must be positive (which is indeed the case for the cases we encounter in this

thesis) and 7g is Euler’s constant. Substituting these expansion into the integral, we

find

/ qu(qQ—iA) - E + %VE + %m(—M) + 0(6)} |

This expression is, however, not dimensionally correct. We can introduce an arbitrary

reference mass ji, to solve this problem. The full expression then becomes

1 1 1 1. —Ar
2 [E—— € J— J— J—
/d ey 27 i L + 57+ 5 In " )+O(e)] .

In the main text we will only focus on the divergent term of the diagram, and omit the

€

.
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