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Abstract

In this Master’s thesis, I investigate the possibility to build a Dirac superconductor under
supervision of Prof. Dr. Cristiane Morais Smith and Dr. Vladimir Juri¢ié¢. By arranging
nanocrystals that are known to be superconducting in honeycomb superlattices, we combine
the physics of graphene with that of superconductivity. In this research, the focus is on CdSe
nanocrystals in a honeycomb configuration. It is assumed there is one effective phonon per
site that couples to on-site and nearest-neighbor electrons. Using a path-integral approach, the
phonons are integrated out such that effective Hubbard U and V terms are derived. Order
parameters for the on-site Cooper pairs and Cooper pairs of nearest-neighbor electrons were
defined. For the latter, the competition between the hidden order, which renormalizes Fermi
velocity instead of opening a gap, and the Kekule order, which opens a gap, is considered.
Using the order parameters, the electron densities in the Hubbard terms are decoupled via
mean-field theory. BCS theory is used to recover the gap equations and critical temperature. [
find that the Kekule order is preferred over the hidden order provided nearest-neighbor coupling
is favored over on-site coupling.
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Chapter 1

Introduction

Since its isolation, graphene has enjoyed much attention from the scientific world [1]. The
monolayer of carbon atoms arranged in a honeycomb configuration is light, transparent, flexible,
strong and conductive. This combination of properties is extraordinary and has attracted much
interest from both within and outside the scientific community. However, besides the numerous
industrial applications that are envisioned for this wondrous material, it also possesses some
features that are of interest purely from a scientific point of view. The low-energy excitations in
the system are massless Dirac fermions, which were believed to only be realizable in accelerators.
The existence of these particles in a condensed matter system is of fundamental importance
because phenomena that were predicted to occur in high-energy systems, such as the Klein
paradox and Zitterbewegung [2|, can now be measured.

Superconductivity is not a property that occurs naturally in graphene. This is unfortunate
because the relativistic quantum mechanics that govern the system have interesting conse-
quences for the physics of superconductivity that are worthwhile investigating. A clear exam-
ple in this regard is how Andreev reflection! is manifested in graphene as compared to normal
metals: instead of the expected retroreflection, graphene exhibits specular reflection [3]. This
shows that exploring the interplay between superconductivity and relativistic quantum dynam-
ics leads to novel insights. To that end, the superconducting properties of graphene have been
studied on a theoretical basis. This resulted in researching the possibilities of plasmon-mediated
superconductivity [4], the Kekule superconductor [5], the effect of a repulsive Hubbard model on
an anisotropic honeycomb lattice [6], chiral superconductivity due to repulsive interactions |7/,
d + id superconductivity near the Van Hove singularity due to the competition between many-
body instabilities [8], chiral d-wave superconductivity [9], quantum critical behavior at the
semimetal superconductor quantum phase transition [10], and the effect of straining, which re-
sults in a superconductor with a time-reversal symmetry breaking f + is order parameter [11].
Superconductivity in Dirac-like systems was also investigated in ultracold atoms with a stag-
gered flux in square lattices [12,13].

Not only theorists are interested in studying superconductivity in graphene. Experimen-
talists have devised set-ups in which they can probe a superconducting state in the material.
Their endeavors have proved to be fruitful and superconductivity was induced via the proximity
effect as well as via doping. It was shown that building a Josephson junction [14], which is

I Andreev reflection is a scattering process that occurs at interfaces between a superconducting and a normal
metal, and facilitates the conversion from an electron into a hole induced by the superconducting pair potential.



based on the proximity effect, out of graphene led to the observation of a supercurrent [15],
which shows that Cooper pairs can propagate through the material coherently [4]. In another,
more recent experiment based on the proximity effect, graphene was grown on rhenium and
superconductivity was successfully induced [16]. Another way of inducing superconductivity
is by doping the surface with atoms. Phonon-mediated superconductivity was observed for
graphene sheets doped with calcium and lithium [17].

The fact that superconductivity is not an intrinsic property of graphene has led to the
idea to look for the Dirac superconductor in materials with graphene-like properties. This has
inspired the investigation of superconductivity in artificial graphene samples. These samples
are made of nanocrystals with a truncated cubic shape that self-assemble into a honeycomb
superlattice. The motivation to build these materials was to study the electronic bandstruc-
tures that emerge when gapped, semi-conducting systems are combined with the physics of
graphene, which is strictly a gapless system, by arranging the nanocrystals in a honeycomb
structure. These materials have been experimentally realized for lead selenide (PbSe) and
cadmium selenide (CdSe) nanocrystals [18]. The electronic band structure has been described
theoretically for PbSe, CdSe, and mercury telluride (HgTe) semiconducting nanocrystals in a
honeycomb superlattice [19,20]. It has been predicted that they exhibit properties from both
the gapped system and graphene: at high energy there are Dirac cones in the energy spectrum
but at zero energy the spectrum is gapped [19].

In this Master’s thesis, I have investigated superconductivity in artificial graphene samples
made of CdSe nanocrystals. The same model can be used for studying superconductivity in
materials composed of PbSe nanocrystals. The system is described through an effective model
where one nanocrystal is modeled as a superatom. The effective phonon of a single CdSe
nanocrystal is the longitudinal optical one [21], and therefore, it is assumed that there is one
Einstein phonon per superatom site. Only the effective s-like electrons close to the lowest Dirac
point are considered and they are described by a tight-binding Hamiltonian, which includes the
chemical potential, nearest-neighbor hopping, and Hubbard terms for electron-pairing on-site
and between nearest neighbors. A path-integral approach is used to integrate out the phonons
to obtain the effective interaction. An estimate for this effective interaction was obtained based
on the numerical analysis performed in the group of Prof. C. Delerue (Lille, France). Order
parameters for the on-site Cooper pairs and Cooper pairs between nearest-neighbor sites were
defined. For the latter, the competition between the hidden order [4], which renormalizes the
Fermi velocity instead of opening a gap, and the Kekule order [5], which opens a gap, was
considered. Then, by employing a mean-field approximation, the ground-state energy, gap
equations at zero and finite temperature, and the critical temperature were obtained. As a
result from this analysis, the phase diagrams were compiled. It is found that the Kekule order
is preferred over the hidden order, provided that nearest-neighbor coupling is favored over
on-site coupling.

This thesis is organized as follows. To give a brief survey of the phenomenon of supercon-
ductivity, Chapter 2 is devoted to BCS theory, which is named after its discoverers Bardeen,
Cooper and Schrieffer. The theory describes conventional superconductivity in which the pair
formation is driven by electron-phonon interaction. Some techniques introduced in this Chap-
ter will be used later when considering superconductivity in artificial graphene samples. In the
following Chapter, graphene is discussed. Among other subjects, the lattice structure, tight-
binding model and effective Dirac Hamiltonian are addressed. In Chapter 4, superconductivity



in artificial graphene is analyzed. The effective electron-electron interaction is derived and the
aforementioned competition between the Kekule and hidden order is studied extensively. This
will be followed by the conclusion in Chapter 5.



Chapter 2

BCS Theory

Superconductivity was discovered in 1911 by the Dutch physicist Kamerlingh Onnes. He found
that some metals have the peculiar feature of a complete absence of electric resistance when
the material is cooled below a certain temperature, the so-called critical temperature 7T,.. Such
materials are called superconductors. More research into superconducting materials revealed
that they are also perfectly diamagnetic, which means that any magnetic field is expelled from
the superconductor when the material is in the superconducting state. This phenomenon is
known as the Meissner effect, and was discovered by Meissner and Ochsenfeld in 1933. The
way in which superconductors behave when they are subjected to an external magnetic field
can be divided into two categories. When the magnetic field increases, there is a point at
which the superconductor is no longer able to produce a counteracting magnetic field and the
external field will penetrate the superconductor. A type I superconductor experiences an abrupt
penetration of the external magnetic field. In type II superconductors, on the other hand, there
is an intermediary state in which the external field penetrates the superconductor in the shape
of vortices, which form a lattice. Inside the vortex there is no superconducting state, whereas
outside the vortex there is. Upon increasing the external magnetic field even more, the vortex
lattice melts and the material becomes normal.

Theoretically, superconductivity is understood to result from electron pair creation. As the
critical temperature is reached, it is energetically favorable for the superconductor to support
attractive phonon-mediated electron-electron interaction leading to the creation of pairs. The
idea is then that the electron pairs do not experience any resistivity from other electrons when
they travel through the superconductor, and thus form a supercurrent without any decay in
strength. These electron pairs are called Cooper pairs, named after their discoverer.

In 1957, Bardeen, Cooper and Schrieffer (BCS) proposed a theory, afterwards called BCS
theory, that describes conventional superconductivity [22]. Due to their important work,
Bardeen, Cooper and Schrieffer got awarded the Nobel Prize in Physics in 1972. BCS theory
was revolutionary in its time because it uses a microscopic approach to describe supercon-
ductivity unlike all other theories proposed before that revolved around superfluidity. In the
theory, a superconducting state is treated as a condensate of electron pairs. The existence of
such pairs was discovered by Cooper a year earlier in 1956 [23]. A Cooper pair exists out of two
electrons that are connected via time-reversal symmetry, which means that they have opposite
momentum and opposite spin. The phase transition of a Fermi liquid to the superconducting
phase can be interpreted as a condensation due to weak attraction between electrons. This phe-



nomenon can be seen in metals when the motion of the ions around their equilibrium positions
is taken into account. The transition of the Fermi liquid to the superconducting states carries
similarities with Bose-Einstein condensation. For an ideal Bose gas, it is energetically favorable
for all bosons to occupy the lowest quantum state when the temperature is lowered below the
transition temperature 7T.. The transition of the Fermi liquid to the superconducting state
undergoes a similar process. However, there is a fundamental difference between how bosons
and fermions condense. Bosons obey Bose-Einstein statistics whereas fermions satisfy the more
restrictive Fermi-Dirac statistics. The latter impose the Pauli exclusion principle on fermions,
which dictates that two fermions identical to each other cannot occupy the same quantum state.
This has a fundamental impact on how the electrons condense into the superconducting phase.
BCS theory shows that for this process to take place, pair formation is crucial. It turns out that
below a critical temperature T, it is energetically favorable for such Cooper pairs to exist. The
formation of these pairs gives rise to a new ground state when many electrons are considered.
One of the most important features of BCS theory is that it allows for the determination of
the energy gap that characterizes a superconductor. The energy gap equation can be found by
evaluating the thermodynamic properties of the system.

The discovery of superconductors and the Meissner effect are discussed in Section 2.1.
Section 2.2 provides a physical picture of attractive electron-electron interaction, and it is
shown with the help of the effective action that the interaction can indeed be attractive. The
Cooper problem is discussed in Section 2.3, and the BCS wavefunction in Section 2.4. Lastly,
in Section 2.5 the gap equation is derived.

2.1 The Phenomenon of Superconductivity

Kamerlingh Onnes was led to the discovery of superconductivity by the observation that some
metals, such as Hg and Pb, have a completely vanishing electrical resistance below a critical
temperature T,.. Experiments have shown that currents running through such materials below
T, do not decrease in strength. In fact, a change in the field or current is not expected to be seen
for at least 101°" years [24]. Therefore, one of the fundamental properties of a superconducting
material is the absence of electrical resistivity.

In 1933, Meissner and Ochsenfeld found that superconducting materials are also perfectly
diamagnetic [25]; when an external magnetic field is present, the superconductor will produce
a magnetic field counteracting this external field. Effectively this means that a magnetic field
cannot enter a superconductor and that any magnetic field present in the original sample is
expelled when the sample is cooled below T,. This is known as the Meissner effect. Physically,
this effect can be explained by realizing that in the presence of a magnetic field the Cooper
pair! amplitude becomes an incoherent phase-dependent object such that in the absence of any
disturbance, the Cooper pair amplitude at position r looks like

(r,rlk 1,k |) ~ e"*Te™ T = constant,
as opposed to the shape of the amplitude in the presence of a magnetic field

<I', rlk Ta . \L) ~ e—ifdr(k—eA)e—ifdr(—k—eA) -~ e2ieA.r

)

1 As mentioned before, the Cooper pair exists of two electrons with opposite momentum and opposite spin,
ie. (k,T) and (=k,|). This configuration is explained elaborately in Section 2.3.
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where A is the vector potential which is related to the magnetic field B = rot(A) and is
assumed to vary slowly [14]. The magnetic field creates an instability in the amplitude which
makes its presence undesirable, and the superconductor will attempt to expel it. However,
if the magnetic field is strong enough, it will be able to penetrate the superconductor. This
works as follows. When there is a magnetic field present, there is a competition between
superconductive ordering and the magnetic field energy. This can be explained by considering
the phenomenological Ginzburg-Landau action

S [AA] ~ [alr[F1AF+ 5|V~ 2i4) AF +glaJ]. (21)

where A is the aforementioned vector potential, r ~ (T — T.), ¢ ~ (vp/T)? with the Fermi
velocity vp and A is the superconducting order parameter, which is non-zero when the system
is in the superconducting phase (see Section 2.5) [26]. Minimizing this action with respect to
A* yields

[r+c(=iV = 2A) + 4g|A] A =0. (2.2)

It is assumed that the temperature is below T, such that r is smaller than zero and A is
a constant. The last term in Eq. (2.2) is positive, which means that in order to solve this
equation, the first two terms must add up to a net negative contribution [14]. Due to these
requirements, a finite pairing amplitude can only be found if

If the magnetic field exceeds this value, the energy that is needed to expel the magnetic field
is larger than the energy gained by condensating into a superconducting state and the latter
state will break down [14]. Superconductors that exhibit diamagnetic behavior for B < By and
that are penetrated for values of the magnetic field greater than this critical field are called
type I superconductors.

However, not all superconductors behave in this manner. There exist superconductors that
show an intermediate state between complete expulsion of, and penetration by the magnetic
field. They are called type II superconductors. In this case, A is assumed to be spatially
dependent. What happens is that when By, < B < B, where Bj is the critical field strength,
the magnetic field penetrates the superconducting state in the form of vortex tubes of quantized
flux [14]. These vortices are named after Abrikosov, who discovered them in 1957. Inside a
vortex the superconducting state no longer exists, whereas outside the vortex it does.

The difference between the type I and type II superconductors can be described in terms of
the so-called Ginzburg-Landau parameter

K=, (2.4)

3
named after Ginzburg and Landau who realized that the value of this parameter determines the
type of superconductor.? In this relation, £ is the correlation length characterizing the distance
over which the wavefunction of the condensate can vary without increasing the energy, and A
is the magnetic penetration depth. For type I superconductors, A\ < £ such that k < 1 and

2This paragraph is based on Ref. [24].



the magnetic field is expelled as long as B < B,. For type Il superconductors, £ < A, implying
that k is large and the magnetic field penetrates the superconductor in the form of vortices,
when By < B < By. When B exceeds the critical field By, the magnetic field will penetrate
the type II material completely.

2.2 Electron-Electron Attraction

The mechanism behind superconductivity is electron pair formation. Below T,, it is ener-
getically favorable for electrons to condense into so-called Cooper pairs that are related via
time-reversal symmetry. Electrons are usually repulsive so it is interesting to understand how
an attractive interaction between two electrons can arise in a many electron system. Such an ef-
fective interaction is a consequence of phonon exchange. To yield an attractive net interaction,
the phonon-mediated interaction should be stronger than the Coulomb interaction [27]. The
latter can be calculated. The assumption is made that the N-electron system has a two-body
potential V' (q)

Vig) =V (k—K) = é/d%eiq-r V(r),

where V(r) is the Coulomb interaction e®/|r|, and € is the volume taken to be unity [24].
Computing the integral yields
dme?  4me?

Qq2 q*
One can see immediately that V' (q) is always positive and as such yields repulsive behavior.

The motion of ions plays an important role in generating an attractive potential. The phys-
ical picture which considers the interaction between the electrons and the lattice is as follows:
when an electron moves through a metal, it yields a dynamical distortion in the ionic crys-
tal.®> An electron needs a time ~ E3' to navigate close to a lattice ion and disturb this ion’s
equilibrium position into a new state which is energetically favorable for both the particles.
By doing this, the electron polarizes the medium [24]. The excited ion lives on another time
scale. It needs a time of order (hwp)™! > E,' to decay back to its equilibrium, where wp is
the Debye frequency, which characterizes phonon excitations. This time difference allows for
another electron to be attracted by the excited ion before it decays. Therefore, there is a net
attractive interaction between the two electrons and pair creation occurs [24]. When the attrac-
tive potential between electrons is stronger than the repulsive Coulomb interaction, the Fermi
liquid will experience a phase transition to the superconducting state. This physical picture
is confirmed by the existence of the isotope effect, which says that the critical temperature T,
and the critical field H, are proportional to A~'/? where A is the atomic number, i.e. the ionic
mass [27]. This means that in the presence of different isotopes in the same superconductor, the
energy scales of the superconducting system described by the critical temperature 7, and the
critical field H,. vary with the isotope mass in the same fashion as phonon frequencies [27]. The
maximum energy scale of ionic excitation is of the range hwp. Therefore, for the interaction
between two electrons to be attractive, the energy difference may not exceed this value; if the
difference is larger, the interaction becomes repulsive [24]. This can be shown explicitly.

V(q)

3The description in this paragraph is based on p. 266 in Ref. [14] unless indicated otherwise.



Consider the phonon Hamiltonian

H,, = Z ch&jcq’j + const.,

a,J

where w, is the phonon dispersion, CLJ (cq,j) the boson creation (annihilation) operators of a
phonon with momentum q on site 7, and the index j = 1,2, 3 accounts for the three dimensions
in space in which the phonon can oscillate. The electron-phonon Hamiltonian is derived in
App. 6.1.1 and reads

_ Wi (o
Hoopn =y 30— i (el o+ cay)
o (2Mw,)"

where g = 3, al 1O is the electron density with a). (ax) the fermion creation (annihilation)
operator of an electron with momentum k, and spin is neglected for simplicity. To be able to
show that there is an attractive electron-electron interaction, one should derive the effective

action of this system. To find the corresponding actions, the operators need to be replaced by
fields

aq — wq qu” _anTa

Caj — Paj(T \/—Z@wn R

Wn

where w, = (2n 4+ 1)n/(hB) and @, = 2n7w/(hB) for n € 7Z are the Matsubara frequen-
cies for fermions and bosons, respectively, and ¢! (¥7) and ¢ (¥) obey the boson (fermion)
(anti)commutation relations. In App. 6.1.2, it is shown how this leads to the actions S, and
Sel—ph- The result reads

ph CbT Z Cb — 1y, + We) Pg 4,

Sel—ph [¢T7¢7¢Ta¢ \/— Z Z (2M )1/21/)k+q7 ,lvz)kn <¢_q] n'— + QSOIJ" ”> :

k,q,j n,n’

Using the partition function

/ D [¢f,4 / D[4, ¢ — (St 0] +Spn[61.¢]+Se—pn v 0,01 0]) /1

Y

the effective action Seg can be obtained by integrating out the phonon fields. This derivation
can be found in App. 6.1.3 and the result reads

2

2
Ser [ 0] = S [01,0] = 512 D7 5 pup-a. (2.5)
a " q

where ¢ = (n,q) and p, = pqn = (1/Vh5) ka¢lt+q mUkmtn- For there to be an attractive
interaction, the relative sign between the first and second term should be a minus. As all terms

in the second term are positive, this is indeed the case and there is an attractive electron-electron
interaction.

10



2.3 The Cooper Problem

Cooper showed in 1956 how attractive interaction between electrons can give rise to electron
pair formation using the Pauli exclusion principle [23]. He proved that in the presence of this
interaction between two electrons, it is energetically favorable for the Fermi liquid that these
two electrons form a pair, the so-called Cooper pair. He even alluded to how this can be related
to the emerging superconducting properties of metals at low temperatures. To see how this
works, an interacting pair of electrons that occupy the states above the Fermi level, or in other
words above a filled Fermi sea, will be considered. These electrons can form a bound pair if there
is a net attraction. Cooper simplified the problem of describing such an interaction by realizing
that the superconducting transition is comparable in different metals and that it is therefore
reasonable to assume that the structure of these metals does not affect the superconducting
state. The band and lattice structure of the metals is thus neglected. Instead, an electron is
considered as moving freely in a box of volume Q. Tt is assumed that the electrons are only
subjected to Coulomb repulsions or lattice vibrations (phonons) [23].

The first step is to write down a two-particle wavefunction. The lowest-energy state has
zero total momentum which means that the two electrons must have opposite momenta [24].
Furthermore, the electron pair is assumed to be in a spin-singlet state yielding a rotationally
symmetric wavefunction. Considering the Pauli exclusion principle, the wavefunction will be
constructed from the states above the Fermi level [27]. The wavefuntion has the following form

[ (r1,72) = (1)1 [ = [y 11)y) D ge™ ™), (2.6)

[k|>kp

where the index on the arrows refers to either electron 1 or 2 and, gy can be determined by
requiring that this wavefunction is a solution to the Schrédinger equation [27], such that

Hly) = E[¢),

where FE is the energy of the pair and H is the Hamiltonian

H=2Y a+» V(ri—ra),

|k|>kFp 1#2

with the electron dispersion €, = A%k?/2m and where the factor of two for the electron dispersion
relation comes from the fact that there are two electrons. The Schrédinger equation reads

Z gee T2y (r1 —ry) = Z (E — 2e) e’k Fir2)

k|>kp k|>kp

The following operator will be applied to both sides of the Schrédinger equation

1 .

which leads to ]
3 > aiVieq = (B = 2€q) g,

|k|>kr

11



where ) is the volume of the system [27]. The potential is assumed to be constant and attractive
in the phonon-energy range in accordance with what was found in the previous Section,

o -V for |’£k‘ S th,
Vig) = { 0 otherwise,

with & = e — u where ¢, = h’k?/2m, such that
Vv
a Z 9 = (2¢q — E) gq,
|k|>kr

where the sum on the left hand side is restricted to states only within the interval of energy
equal to hwp around the Fermi level, which is a consequence of plugging in the approximation
for the potential V(q) [27]. Rewriting the solution

1 EEith 1 1
= 2¢ —FE V
and replacing the sum with an integral, results in

/EF—I-ﬁwD p _ Bln |:2(EF + th) —F 1
2

d
. “2%—E 2E; — E v

with p the density of states [27]. The weak-coupling approximation, valid for pV < 1, can be
used to find a solution for E at the Fermi level [24|. This method is justified because for most
classical superconductors p V' < 0.3 [24]. The binding energy £’ is

E' =2Ep — E ~ 2hwpe”2*V. (2.7)

This solution shows that there exists a bound state with negative energy with respect to the
Fermi surface which consists solely of two electrons with £ > kr meaning that there is an excess
of kinetic energy with respect to the Fermi energy [24|. However, the energy of the attractive
potential contributes more than the surplus of kinetic energy, such that binding occurs for
any strength of V| or similarly, regardless of how weak the interaction is [24]. Note that the
solution cannot be expanded in powers of V' meaning that it could not have been found using
perturbation theory.

2.4 The BCS Wavefunction

In the previous Sections, it was discussed that the formation of a Cooper pair creates instability
in the Fermi liquid and that it is favorable for the formed pairs to condense into a new ground
state, which represents the superconducting state. This process will take place until it reaches
an equilibrium point. At this point, the system has changed so much from the initial Fermi
sea that the binding energy for additional pairs has gone to zero [24]. The complexity of this
system makes it difficult to work with were it not for the introduction of the BCS wavefunction.

Upon constructing this wavefunction, it is important to realize that when one wants to write
down a wavefunction for more than two electrons, it is troublesome to write it in the form of

12



Eq. (2.6) due to the difficulty that is involved when one wants to include the anti-symmetry in
a similar fashion [24]. Instead, it is more convenient to use the N x N Slater determinants.?
In the language of second quantization, the Slater determinants can be written in terms of
creation operators aLT which create an electron of momentum k and spin up. The annihilation
operators ayxy annihilate the corresponding electron. The spin-singlet wavefunction is

o) = Z fka;r@aiu F)

k>kp

where |F) is the Fermi sea with all states filled up to kg [24]. From this equation, it is
immediatly clear that pairs of time-reversed states are always occupied simultaneously because
when time is reversed, i.e. t — —t, the sign of the momentum changes k — —k and the spin
flips. Electrons must obey Fermi-Dirac statistics, so the creation and annihilation operators
must satisfy the following anti-commutation relations

{akm CLL/J/} = Ok 000, {akoa Gk'a/} = {GLJ, CLLU/} =0,

where o is the spin index.
A general expression for the BCS wavefunction for an N-electron system is

[on) =Y f ki k) afpaly ooaf paly 10),

where |0) is the vacuum state, k; and k; are the first and last of the k values in the band,
which are occupied in a given term in the sum, and f is the weight with which the product
of the N/2 pairs of creation operators appears [24]. The sum runs over all k values in the
band leading to an incredibly large number of possibilities to choose the N/2 states for pair
occupancy. Therefore, Bardeen, Cooper and Schrieffer decided to use a Hartree self-consistent
field or mean-field approach, where the occupancy of each state k is taken to depend only on
the average occupancy of other states [24|. This relieves the constraint on the total number of
particles being N because now the occupancies are treated only statistically. This is analogous
to statistical mechanics when going from the canonical to the grand canonical distributions [27].

Taking all of the previous into consideration, the BCS wavefunction acquirs the following
form

[Wses) = [ [ (uk + vkabaiki) 0), (2.8)
k

where |ux|” + |vx|> = 1 and the probability of the pair (k 1, —k |) being occupied is |vy|* such
that the probability that it is not occupied is |ug|® = 1 — |vie|* [24].

Depending on the choice of vy, a variety of states can be described by a wavefunction of
the form of Eq. (2.8). For a filled Fermi sea, v, = 1 for k inside the Fermi surface and vy = 0
outside. In a state with many Cooper pairs, it is expected that vy varies smoothly between 1
and 0 across the range of hwp around the Fermi energy [27]. vy can be found using a variational
approach or a mean-field treatment of the Hamiltonian.

4Slater determinants describe the wavefunction of a multi-fermionic system and are particularly useful be-
cause they satisfy the Pauli exclusion principle by including anti-symmetry requirements.
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2.5 The Gap Equation

So far it was assumed that the attractive interaction between two electrons leads to the creation
of a pair. However, the interaction is not strong enough for the formation of a true local pair.
In fact, the distance between two electrons that are coupled is larger than the average distance
between pairs. This means that a theory describing such interactions should take both pairing
and condensation into account. Moreover, the electron pairs also interact with all other pairs,
which makes mean-field theory suitable for treating this problem.

BCS theory uses a microscopic approach by considering a system of N electrons. This
N-electron system has a two-body interaction described by the following Hamiltonian

n -
H: —%ZV?—FﬁZV(I‘i—I‘j).
J=1 i#]
The first term is the kinetic term and the second is the present Coulomb repulsion between two
electrons. k is the wave vector and o = :l:% are the spin states.

From the previous sections, it has become clear that BCS based their theory on two as-
sumptions. Firstly, there are only single-particle states arranged in pairs, namely (k,1) and
(—k,!), which are simultaneously occupied or empty such that they form a spin singlet. As
the phenomenon of superconductivity originates from the interaction between electrons medi-
ated by phonons, the energy is restricted to |{x| < fwp, where wp is the maximal frequency
of a phonon.” The second assumption is that the electron-phonon interaction is constant in
this energy range, i.e. V(q) = —V, and zero otherwise as defined in Section 2.3. Using these
assumptions, second quantization can be used to rewrite the Hamiltonian

V
H— /LN = kaaloakg — ﬁ Z (ILTCL]L_k\L(I,k/J,CLk/T, (29)
ko

kk’

with & = € — p where €, = h*k?/2m [28]. The parameter p is called the chemical potential
and can be found through minimizing the free energy. For a Fermi liquid at zero temperature,
the chemical potential is equal to the Fermi energy Er. In fact, if the kinetic energy of
a superconducting state is small enough, the chemical potential can be approximated to be
equal to the Fermi energy. Therefore, in the first approximation p is equal to Er |28]. This
Hamiltonian explains the physics of a thin shell of states of width of the order Awp around the
Fermi surface shown in Fig. 2.1.

To find the gap equation, the thermodynamic properties should be evaluated.® The free
energy is defined as .

Q= —%log(Z ),

with 8 = 1/kgT and the partition function

Z ="1r [e_w(H_“N)} )

5This can be recognized as the quantized energy of the electron that goes with n Awp. This energy is restricted
to the limit where n = —1,0, 1 because if the energy were higher, the system can no longer be considered as a
lattice.

6This entire derivation is based on Ref. [28] unless indicated otherwise.
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Wp/ Vg

Figure 2.1: A thin shell of width ~ wp around the Fermi surface. Figure from Ref. [14].

Unfortunately, the Hamiltonian is not exactly solvable, which necessitates the use of the Bo-
goliubov inequality, which introduces the molecular field Hamiltonian H,, and its free energy
Q,

Q<+ (H-H,), =Q. (2.10)

The new quantity € can be calculated exactly. To determine H,,, it is convenient to use a
mean-field approximation

(e it = (014 0it) + 0 (s ticr) = A+ 0 (ak k) -

This transformation makes the Hamiltonian bilinear in the electron operators by eliminating
the interacting term and in return introduces a new auxiliary field, A = (a_x jax+). A is chosen
to be real, i.e. A* = A. The excitation spectrum is the part of interest such that the term
quadratic in A is neglected here because it only contributes to the energy of the condensate.
Applying the mean-field approximation to Eq. (2.9) yields

Hm — ,U,N = Z |:§k <CLLT6LkT + 1-— a_kwT_ki) - A (aI{TaT—ki —+ a_kiakTﬂ . (211)
k

The first term is diagonal, but the second term is not. It is diagonalized using the canonical
Bogoliubov transformation

axr = cos(by)ouer + sin(@k)atkw aiu = —sin(fx)our + cos(@k)oziki.

Using the anti-commutation relations for fermions defined in the previous Section leads to

{Ozka, O./;r(,o,} = 6kk/§ag,, {Ozkg, ak/(,/} = {CYLU, OéL,U,} =0.
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Plugging in this transformation, the Hamiltonian reads

H, —uN = Z {fk [Excos(26) + Asin(26y)] (akTakT —a_ kiaT_M)
K

+ [€xsin (26 ) — Acos(26y)] <akTa K, T a- kﬂm)}

By choosing

tan26 A
Ny = —,
3"

the last term in the Hamiltonian vanishes and the entire expression is rendered diagonal. The
tangent is 7/2-periodic, so 6y has the range —7/4 < 6 < /4. This leads to

L s
V1+tan220, /& + A?
A

Using these relations, the Hamiltonian can be written more compactly

cos20, =

sin26, = tan26ycos26y, = sgn (&)

H, —pN =) [(gk —E)+ Y Ekozlaa;w] : (2.12)
k o

Ey = sgn (&) 1/& + A2 (2.13)

Here, A represents the superconducting gap and describes the energy gap between the lowest
and first excited energy states. The gap is E, = 2|A|. This gap prevents elementary excitations
at low temperature making the ground state rigid [14]. Using these equations, the partition
partition function Z,, and the free energy €, can be computed. (H — H,,),, needs to be
determined to obtain Q. Substituting all results in Eq. (2.10) yields

where

2
« 2 A? BE VIl A BEy
Q= — Ej, — Zlog (1 + e PF¢ anh——| — — |- ) —tanh——
;{fk K ﬁog( +e )+Ek 2] 73 2;Ekan 5
(2.14)
Minimizing this equation with respect to A leads to
o 1% .
T A spar@)| @ ara) o
with tanh(3E, /2)
an k
A) = _
(&) ; R
such that the gap equation reads
BEk
=575 Z Ekt nh==, (2.15)
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where A is assumed to be constant. This non-linear equation can be solved numerically. A
solution is A = 0 which corresponds to normal metal. For A # 0 the solutions can be found
by dividing out A on both sides of Eq. (2.15) such that one finds

__/ &k 1 BB

e F tanh =5 (2.16)

Substituting the solution for Fy in Eq. (2.13) and rewriting the integral in terms of the density

of states leads to ,
2~V / [ — nh( \/§2+A2) 2.17
a GEWY (2.17)

where the density of states is taken to be constant in the energy range £ < hwp

1 dk
=K —| . 2.1
p om2 d¢ o (2.18)

The term on the right hand side of Eq. (2.17) decreases in function of the temperature and the
superconducting gap such that the gap becomes smaller for increasing temperature until the
critical temperature is reached at which the superconducting gap vanishes as shown in Fig. 2.2.
This property of A makes its value a defining measure for the phase of the material. Therefore,
A is called the order parameter of the superconducting transition.

1
A(T)
A(0) | A(0) = 1.76kT,
] | | ]
0 0.2 0.4 0.6 0.8 1.0
T
T.

Figure 2.2: The relation between temperature and the energy gap in BCS theory. Figure from Ref. [24].

Sending £ to infinity in Eq. (2.17), allows one to consider the superconducting gap at zero
temperature. This yields
hwp 1
22 Vp [ de
0 VE + A?
such that a solution for A(0) can be found upon solving the integral

hwp

A0 = G
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In the weak-coupling limit, Vp < 1, the zero-temperature gap reads
A(0) = 2hwpe™ V7, (2.19)

which coincides with the binding energy in Eq. (2.7).
The superconducting gap vanishes at the critical temperature. This yields the following for

Eq. (2.17)
hwp
2= V) /0 dgw,

This integral can be solved using integration by parts

9 . oo
o log(y) tanh(y)|; — / dy log(y) sech®(y),
P 0

with z = hwpf./2. Taking the limit z — oo results in

2 FLCUD e’
— =1 —— 1 4— 1,
Vip Og<6 2 )+Og( 7?)

where v = 0.577 is the Euler constant. Rearranging the right hand side leads to the following
result
e
kT, ~ 2—hwpe 2/, (2.20)
T

which can be rewritten in terms of the earlier result for zero-temperature superconducting gap
A(0) as

e’y
kT, ~ A0) (2.21)

T
Plugging in the values for v and 7 leads to the universal result

= 3.53, (2.22)

which agrees with experiment.
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Chapter 3

Graphene

Ever since its isolation in 2004, graphene and graphene-related topics have been the main object
of research for many scientists. Being only one-atom thick, it is considered to be the thinnest
material ever produced. It is light, transparent, flexible, strong, conducts electricity, and it is
made out of the main ingredient of life itself, carbon. This collection of characteristics has not
only spurred the interest of the scientific world, but also of the industry where applications are
envisioned, such as for instance using graphene to make smartphones [30]. The existence of
graphene was postulated in the late 1800s when it was realized to be the fundamental building
block of graphite. Graphite is made of stacked layers of graphene and has been a well-known
material since the 1500s because it makes up the core of a pencil. The theory of graphene was
first written down by Wallace in 1947 [31], the results of which are still quoted today. Even
though the existence of graphene was known for a long time, futile attempts to isolate it led to
the believe that it could not exist as a free state. However, in 2003, Andre Geim and Kostya
Novoselov developed a method to isolate the material by the use of Scotch tape. Sticking a
piece of tape on graphite and pealing it off leaves a residue on the tape, which consists of some
layers of graphene. Upon repeating this procedure, more and more layers of graphene will
be peeled off, until one layer is left. This is exactly what Geim and Novoselov did and they
published their results in 2004 [1]. For this simple and yet groundbreaking discovery, they won
the Noble Prize for Physics in 2010.

Graphene consists of carbon atoms arranged in a honeycomb structure, which can be in-
terpreted as a configuration of benzene rings without hydrogen atoms connected in a lattice.
Graphene is one-atom thick, and as such is treated as a two-dimensional object. The honey-
comb lattice is not translationally invariant because it consists of two inequivalent atom sites.
Its structure is described as two interpenetrating triangular lattices, hence the basis of a unit
cell is formed by two atoms.

Carbon contains four valence electrons described by s, p,, p,, and p, orbital functions. One
carbon atom is connected with three other carbon atoms in the honeycomb-lattice structure
forming a two-dimensional object in the 2 and y direction.! The s, p, and p, orbitals are invari-
ant under reflection over the z-axis. Together they hybridize to form an sp? bond, also called &
bond, that binds the carbon atoms together. ¢ bonds are the strongest type of covalent bonds
because they are formed by direct overlap between the orbitals. These bonds are responsible
for the robustness of the lattice [32]. The remaining p, orbital is perpendicular to the plane

IThe plane can be chosen in any direction without changing the physics.
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and antisymmetric under reflection over the z-axis. It can form m-bonds through covalent bind-
ing with neighboring atoms. The overlap between the p, orbitals facilitates electron hopping
between carbon sites.

The hopping of electrons between carbon atoms is described using a tight-binding model. In
this chapter, only nearest-neighbor and next-nearest-neighbor hopping is included. Hopping to
more remote sites is not considered because the overlap between the orbitals is negligible. Upon
calculating the energy bands of the model, a linear dispersion relation is found at zero energy
near the K and K’ points of the Brillouin zone. This means that there are Dirac cones located
at these points and the conductance of electricity is possible. Moreover, from the linearity of
the dispersion it can be concluded that the low-energy excitations in the system are massless
Dirac fermions described by the two-dimensional Dirac equation. This means that phenomena
such as the Klein paradox? and Zitterbewegung® that only occur for Dirac fermions and were
only known to exist in high-energy systems, can now be measured.

This chapter is set up as follows. In the first Section, the lattice structure of graphene
will be discussed. The next Section will briefly recapture orbitals and explain their relevance
to graphene. This will be followed by a description of the tight-binding model used to study
graphene and a derivation of the linear-dispersion relation around the K (K’) points in Sec-
tion 3.3. In Section 3.4, the cyclotron mass will be introduced, which is a measurable quantity
that can be used to derive other quantities. The density of states is derived in Section 3.5, and
Section 3.6 contains a discussion about the effective Dirac Hamiltonian.

3.1 Lattice Structure

Graphene is build up from carbon atoms arranged in a honeycomb lattice, as shown in Fig. 3.1(a),
where the carbon sites are represented by blue and yellow dots. The color difference indicates
the geometrical inequivalence between sites A (blue) and sites B (yellow); all A sites have a
bond north-west, south-west and east, whereas all B sites have a bond north-east, south-east
and west. This inequivalence between neighboring sites means that the honeycomb lattice is
not a Bravais lattice. A reciprocal lattice vector (indicated in Fig. 3.1(b) by b;) can connect
all sites A and all sites B together forming two triangular Bravais lattices with a basis formed
by two atoms, sites A and B.

The lattice vectors a;, indicated in Fig. 3.1(a), span the triangular Bravais lattice. They

w a; — % (3, \/5) ap— % (3, —\/5) , (3.1)

with the spacing between the atoms A and B in the unit cell, called lattice spacing, a ~ 1.42 A.
The spacing between the atoms in the triangular lattice is equal to the modulus of the lattice
vectors |a;| = |as| = v/3a ~ 2.4 A. The area of the unit cell is A = 3v/3a%/2 = 0.051 nm? [35].
There are two atoms in the unit cell, hence the density of carbon atoms is ne = 2/A =
39nm—2 = 3.9 x 105 cm~2. Per carbon atom, there is one 7 electron, therefore, the density of
valence electrons equals the density of carbon atoms n, = ng = 3.9 x 10 cm=2. The three

2The Klein paradox is the phenomenon where regardless of the height of the potential barrier, this barrier
will always be transparent for Dirac fermions coming in with normal incidence.
3When confining Dirac fermions, these fermions exhibit jittery motion, also called Zitterbewegung.
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Figure 3.1: Graphene honeycomb lattice and its Brillouin zone. (a) Lattice of graphene with a; and as denoting
lattice vectors, and d1, d2 and d3 the nearest-neighbor vectors. (b) Brillouin zone of graphene, with the
reciprocal-lattice vectors by and by and the high-symmetry points K and K’ where the dispersion is Dirac-like.
Figure from Ref. [32].

nearest-neighbor vectors are
a
61:§<17\/§>7 62:
and the next-nearest neighbors are

5/1 = j:al, 6/2 = :l:ag, (5é ==+ (a2 — al) . (33)

(1, —ﬂ) 8y =—a(1,0), (3.2)

a
2

Performing a Fourier transform allows one to define reciprocal-lattice vectors that span
the reciprocal space. The primitive cell in this space is called the Brillouin zone, shown in
Fig. 3.1(b). The reciprocal-lattice vectors b; are related to the lattice vectors a; via a; - b; =
2m0;;. They are given by

by — :23_2 (1, \/5) by = ?)—Z (1, —\/§> . (3.4)

The K and K’ points in Fig. 3.1(b) are the corners of the Brillouin zone, called Dirac points.?
In momentum space, they are located at

2r 2w 27 27
K=(— —), K=(=— —"T—]). 3.5
<36L 3\/§a> <3a 3\/§a) (8:5)

All K and K’ points can be connected via the reciprocal-lattice vectors. The low-energy
excitations in graphene are located around these two points, as will be discussed in Section 3.3.
It is important to realize at this point that the inequivalence between the K and K’ points
is unrelated to the inequivalence between the A and B lattice sites [35]. The Bravais lattice
determines the form of the Brillouin zone, irrespective of whether there is more than one atom
present in the unit cell.

3.2 Orbitals

In the introduction, it was mentioned that the four valence electrons in carbon correspond to s,
Dz, Dy and p, orbital functions. In this Section, this nomenclature will be made more explicit.

4The reason for this name will be explained soon.
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Figure 3.2: s, py, py and p, orbitals. Figure from Ref. [34].

Electrons in an atom are bound to shells denoted by n, where n = 1 is the first shell around
the nucleus, n = 2 the second, and so on. With a higher shell number n, the electron is further
away from the nucleus. The number of electrons in a shell is dictated by the Pauli principle.
The degrees of freedom increase upon increasing shell-number, so that the number of electrons
increases with increasing shell-number. Away from the nucleus, the wavefunctions describing
these electrons look like plane waves [33]. However, upon closer inspection, they are described
by atomic orbitals. The shape of the orbital of an electron depends on the angular momentum
quantum number [ according to 0 <[ < n — 1, where [ is an integer. These orbitals are called
s, p, d and so on, corresponding to [ = 0,1,2..., respectively. The number [ corresponds to
the number of nodes of the orbital. The magnetic quantum number determines the number
of orbitals according to —l < m < [ with m an integer. For example, the p orbital has three
different magnetic moment quantum numbers, m = —1,0,1. The three orbitals, p_1, pg, and
P41 can be combined to p,, p, and p.. The s and p orbitals are shown in Fig. 3.2.

(a) (b)
ground state excited state
(~4eV)
) - 4+ ~4ev s{ 74747
5 H 2p, 2p, 2p, ! ~— 2p 2y, 2p,
2 2s 2s
L

H H

1s 1s

Figure 3.3: Configurations of electrons in a carbon atom. (a) Electrons in the ground state. (b) One electron
excited from the 2s orbital to the available 2p orbitals. Figure from Ref. [35].

Carbon contains six electrons; two are in the first orbit (n = 1) around the nucleus and four
are in the second (n = 2). These four are the valence electrons which means that one carbon
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atom can form four bands with other atoms. The core electrons are so close to the nucleus
of the atom that they are deemed irrelevant for the chemical reactions and they are neglected
when developing the theory of graphene [35]. In carbon, the groundstate configuration of the
electrons is 152 252 2p%. This configuration is energetically most favorable because the 2p orbitals
are 4 eV higher in energy than the 2s orbitals [35]. However, in graphene this configuration of
electrons is not the preferred state. In the presence of other carbon atoms, it is energetically
most favorable to excite one electron from the 2s orbital into the third available 2p orbital, as
shown in Fig. 3.3, so that covalent bonds between carbon atoms can be formed [35]. Now, the
electron configuration is 152 2s! 2p3.

Graphene is two dimensional in the x and y direction. The plane is invariant under reflection
over the z-axis, a symmetry also exhibited by the s, p, and p, orbitals. A superposition of these
states |2s), |2p,) and |2p,) is called sp? hybridization [35]. The three sp® orbitals are oriented
in the z and y direction with an angle 27/3 between them, as shown in Fig. 3.4. The sp?
bond, also called ¢ bond, binds the carbon atoms together in the honeycomb lattice. ¢ bonds
are formed by direct overlap of the orbitals, which makes them the strongest among different
types of covalent bonds. Therefore, they are responsible for making the lattice robust [32].
The remaining orbital p, is perpendicular to the plane and can form m-bonds through covalent
binding with neighboring atoms. It is this orbital that is responsible for the electronic properties
of graphene.

Figure 3.4: sp? hybridized orbitals at an angle 27/3 apart. Figure from Ref. [35].

3.3 Tight-Binding Model

The energy bands of a crystal contain information about the electrons in the system. In the
case of graphene, the linear behavior of the dispersion reveals that the electronic excitations
are Dirac fermions. A convenient way to retrieve the energy bands is by using a tight-binding
model. In this Section, the model will be briefly sketched and it will be justified why this
approximation can be used to find the energy bands of graphene. After a short introduction,
the model will be applied to graphene.

3.3.1 A Brief Introduction

By assuming that atoms in a solid are far apart from each other, the solid can be described by
treating these atoms as if they are isolated. Upon decreasing the spacing, the atoms will be
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brought closer to each other and the orbital functions of the electrons of the different atoms
will start to overlap. The tight-binding model is capable of describing the corrections provided
by this overlap to the picture of isolated orbitals.

In this model, it is assumed that near the lattice point the Hamiltonian can be approximated
by the Hamiltonian H,; of the single atom at that lattice point [36]. It is also assumed that the
bound levels of the Hamiltonian are well localized, which means that if ¢, is a bound level of
H, then 1, (r) is very small when r exceeds a distance of the order of the lattice spacing [36].
Such a bound level satisfies the atomic Schrodinger equation

Hatd}n - Enwn

The Hamiltonian of the entire crystal H can be written as
H=H, + AU (r),

where AU (r) is a correction to the atomic potential that matches the periodic potential of
the crystal [36]. v, (r) then also satisfies the crystal Schrodinger equation as long as AU (r)
vanishes where 1), (r) does not. If this condition holds, then for each of the N sites R in the
lattice, each atomic level v, (r) yields N levels in the periodic potential with wavefunctions
Y (r —R) [36]. One may now write a wavefunction that is a linear combination of these N
atomic orbitals

1 k-1
U (1) = 21: ey, (r—1), (3.6)

where k ranges through the N values of the first Brillouin zone and 1, are the atomic orbital
functions [36]. This wavefunction satisfies Bloch’s theorem® and contains the atomic character
of the levels. The energy bands in this description correspond to the energy of the atomic level
E,, regardless of the value of k [36]. Therefore, the wavefunction in Eq. (3.6) does not contain
any specific information about the system in combination with the initial assumptions.

One way to fix this problem is by modifying the initial assumption. It is more realistic to
assume that 1, (r) becomes very small but non-zero when AU (r) comes into play [36]. One
wants to find a solution to the full crystal Schrédinger equation in the form of Eq. (3.6). Now
the Bloch function is

Y (1) = ™, (- 1), (3.7)

where ¢, (r —1) is not an orbital function but a Wannier function [36]. Wannier functions
describe the motion of the electrons as a function of position and they are independent of
k [33|. For each electron band, there is a different Wannier function [33]. As ¢, (r) describe
a basis, ¢, (r —1) also describe a basis. The orthogonality of the Bloch functions 4, and
(o (where n and n’ belong to different bands) means that the Wannier functions should also
form an orthogonal basis. Moreover, Wannier functions on different sites should always be
orthogonal to each other, even when they belong to the same energy band [33|. This means the
following: if Wpg is a Wannier function, the orthogonality condition states that (Wg|Wj) = 0
should hold, i.e. .

/ drWi(r)Wr(r)=6(R—R'). (3.8)

oo

SRemember that Bloch’s theorem states that one can always write a wavefunction as 1y (r) = exp(ik-r)uy (r),
where wuy (r) is periodic under lattice translation, i.e. ¥y (r + R) = exp(ik - R)¢x (r) should hold.
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This equation imposes a condition on when one can safely use the tight-binding approximation,
namely for the integral to yield zero, the functions must have nodes. When the Wannier
functions overlap with each other, electrons can hop. It is important to note at this point that
Wannier functions are not eigenfunctions of the Hamiltonian and do not form an eigenbasis for
the system. However, because the functions are so localized, they form a good basis to work
with.

As discussed previously, three of the four valence electrons of carbon form o bonds that
bind the carbon atoms together in the honeycomb lattice. They do not play a role in the
electronic properties exhibited by graphene. The 7 electrons are responsible for the low-energy
excitations, whereas the o electrons form bonds far away from the Fermi energy. This is why
only the 7 electrons are included in the calculation to find the energy bands of graphene,
following the example of Wallace. As explained before, p. orbitals can be described perfectly
using the tight-binding approximation. Therefore, tight-binding is a suitable model for finding
the energy bands in graphene.

3.3.2 Tight-Binding Applied to Graphene in Second Quantized Lan-
guage

In the tight-binding model described in this Section, it is assumed that electrons can hop to
their nearest neighbor (between different sublattices) and next-nearest neighbor (within the
same sublattice). The hopping is facilitated by overlapping orbital functions. Possible hopping
to sites further away is not taken into account because the overlap between the orbitals is
negligible. The Hamiltonian (with A = 1) reads

H=—tY <a;ibg,j + h.c.) -y (a;ia(,,j + 0] by + h.c.) (3.9)

(i,4),0 (@3)),0

where a;, (b;,) annihilates an electron with spin projection o =1, ], and aza (bzg) creates
the corresponding electron on site R; on sublattice A (B) [32]. The sum in the first term
runs over all nearest-neighbor sites (i, j), whereas the sum in the second term is over all next-
nearest-neighbor sites ((i,7)). The corresponding hopping parameters are t ~ 2.8 eV and t/,
respectively. The value of ¢ is not well-known. Calculations have shown it to be between
0.02¢ and 0.2¢ [32]. However, the sign of ¢’ relative to t is debated. This issue is addressed in
App. 6.2.1.

The energy bands describing the electron state in the system can be derived from this
Hamiltonian. To find the bands, it is easier to treat the nearest-neighbor and next-nearest-
neighbor terms in the Hamiltonian separately. First, the operators are Fourier transformed
according to

0 — \/LN S e R g(k), by, = \/LN 3 e iR k), (3.10)

where N is the number of atoms in each sublattice. Diagonalizing the Fourier transformed
Hamiltonian and solving the Schrédinger equation then allows one to find the energy bands.
They are

Ei(k) = +ty/3+ f(k) —t'f(k), (3.11)
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with

f(k) = 2cos (ky\/§a> + 4 cos (kx?)?a) cos <ky \/2§a> _ (3.12)

The derivation of these bands can be found in App. 6.2.2. The plus corresponds to the upper ()
band, the electron band, and the minus to the lower (7*) band, the hole band [32]. Eq. (3.12)
is symmetric such that, if ¢ = 0, the energy in Eq. (3.11) is symmetric around zero. However,
if ¢ is finite, the electron-hole symmetry is broken and as a result the 7 and 7* bands will
become asymmetric.

Figure 3.5: The energy-band structure of graphene with E in units of ¢, for # = —0.2¢ and the lattice spacing
a=1.

In Fig. 3.5, the full band structure of graphene with ¢ and ' is shown.® The bands touch
at the K and K’ points forming Dirac cones, hence the name Dirac points. There are six
Dirac cones, but only two of them are inequivalent, because vectors of the reciprocal lattice can
connect the others. One Dirac cone is divided over three Brillouin zones, so there are exactly
two inequivalent Dirac cones in one Brillouin zone.

The dispersion at the Dirac point can be found by expanding the band structure close to
the K (or K') vector as k = K + q with |q| < |K|. Putting ¢ = 0 yields

E+(K +q) = +vrla| + O [(a/K)?] . (3.13)

The dispersion is derived in App. 6.2.3. The momentum q is measured relatively to the Dirac
points and vp is the Fermi velocity, vr = 3at/2 &~ 1 x 10° m/s. This is a remarkable outcome.
Normally, one finds €(q) = q*/2m where m is the mass of the electron such that the velocity
is v =Fk/m = /E/m [32]. However, in the result obtained in Eq. (3.13) the Fermi velocity
depends on neither the energy nor the momentum. Expanding the spectrum up to second order
in (q/K) and including ¢ yields

9t'a®?  3ta?

1 s | lat - O [@/K)] (314

6Note here the discrepancy with the statement made before where t’ was attributed a positive sign with
respect to t, whereas now ¢ has a negative sign in terms of ¢ to find the energy bands.
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with
0, = arctan (q—z> (3.15)
Qy
the angle in momentum space. The derivation of this dispersion relation can be found in
App. 6.2.4. The dispersion in Eq. (3.14) depends on the direction of the momentum and is
threefold symmetric [32].
The energy dispersion in Eq. (3.13) has the form of the energy of ultrarelativistic particles,
E = ¢p. Quantum-mechanically such particles are described by the massless Dirac equation.
Therefore, it can be concluded from Eq. (3.13) that the low-energy excitations in graphene are
massless Dirac fermions.

3.4 Cyclotron Mass

In the previous Section, it was derived from theory that the dispersion relation of graphene
is linear, which means that the excitations in the system are massless Dirac fermions. In this
Section, support for this conclusion will be given by studying the cyclotron mass. This quantity
can be measured experimentally and used to calculate other physical quantities, such as the
Fermi velocity. The specific shape of the dispersion relation found in Eq. (3.13) should lead
to a cyclotron mass which depends on the square root of the electronic density [32]. In the
semiclassical approximation, the cyclotron mass is defined as

1 {aA(E)] |

:27'['

oF

where A(F) is the area in k space given by A(FE) = 7q(F)? ¢(F) can be found by rewriting
Eq. (3.13), so that the area is

E2
Ur
The cyclotron mass is then
. Er kr
m'=— = —.
Ur Vr

This can be expressed in terms of the electronic density n using that k% /7 = n

m* = YT (3.16)
UF

Hence, the cyclotron mass indeed depends on the square root of the electronic density. Eq. (3.16)
can be fitted to experimental data to find an approximation of the Fermi velocity vy ~ 10° m/s
and the hopping energy t ~ 3 €V [32]. The experimental confirmation of the dependence of the
cyclotron mass on y/n can be seen as evidence for the existence of massless Dirac quasiparticles
in graphene, as opposed to the common parabolic Schrédinger dispersion which produces a
constant cyclotron mass.
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Figure 3.6: The density of states of graphene per unit cell given as function of energy in units of ¢t. (a) and (b)
t' =0.2¢. (c) and (d) ' =0. (b) and (d) show a zoom-in on the density of states near the neutrality point of

one electron per site. At ¢’ = 0, the electron-hole symmetry is clearly visible. Figure from Ref. [32].

3.5 Density of States

The density of states is derived from the Hamiltonian in Eq. (3.9) and shown in Fig. 3.6. In
both cases, for ' = 0 and for ¢ # 0, the density of states shows semimetallic behavior [32].
Considering only nearest-neighbor hopping, i.e. ' = 0, allows for the derivation of an analytical
expression of the density of states per unit cell [32|. Using the energy dispersion in Eq. (3.11),
one can compute the retarded Green’s function, Gy = E — H(K) + id (with 6 > 0 to make
sure the Green’s function is retarded), and use this to find the density of states according to

P(E) = —Tm Tr (Gre) ™.

™

Computing the trace leads to the following result

sE 1 (n [Z
g Qi e B - N |
"E) = 5% 7 (2’ Zo>

with 2 E/t)2—1]2
g § (U [B) - LB my <,
4‘%, t <|E| < 3t,
and
e Bl <t,
ZIZ t 2 2_1)2
e I
where

T /2 do
P [
<2 ) 0o 1 — k2sin%0

(3.17)

(3.18)



is the complete elliptical integral of the first kind. The density of states per unit cell near
the Dirac point can be found using the dispersion in Eq. (3.13) and leads to a much simpler
expression

_ 2A|E|

2
T VR

p(E) (3.19)

where A is the area of the unit cell A = 3v/3a%/2. The derivation for both, the density of states
in the system and the density of states near the Dirac points can be found in App. 6.2.5.

3.6 Effective Dirac Hamiltonian

Considering only nearest-neighbor hopping (¢ = 0), the Hamiltonian for graphene can be
written as an effective Hamiltonian resembling the massless Dirac-like Hamiltonian. Rewriting
the Hamiltonian in Eq. (3.9) in terms of the Fourier transform of the operators as in Eq. (3.10),
and expanding around the K and K’ points as before, i.e. k = K + q, leads to the following
effective Hamiltonian

H~
_i/dxdy {‘H [(—3@ (10+ iv/3) " (162\/5)) Ot (—Sa (—0\/§+z‘) . (_\g__ i)) 84 .

+] [(_3a (10_ Ne) 3“ (13N§)) O+ (—3a (—0\/3— i) . (_ggﬂ)) ay} %}

= —ivF/d:cdy [ﬂ(r)a’ - Vi (r) 4 i(r)o™ - V&Q(I‘)] ; (3.20)

w

with the Pauli matrices & = (0,,0,), 6 = (04, —0,), and ¢} = (al,b]) with i = 1,2 where

i =1 (i = 2) refers to the K (K') point. The first (second) part of Eq. (3.20) represents the
massless Dirac Hamiltonian around the K (K”) point. Close to the K point, the two-component
electron wavefunction ¥ (r) obeys the two-dimensional Dirac equation

—ivpo - Vi(r) = E(r).

This wavefunction in momentum representation around K is

1 e—iek/2
¢ﬁ:,K(k) = E (iewk/2)
for Hx = vro - k, where the £+ correspond to the eigenenergies £ = twvgpk, and 0y given by
Eq. (3.15) [32]. Similarly, around the K’ point the wavefunction is

1 eiek/Q
%[,K' (k) = E (:l:eiek/2>

for Hxs = vpo™ - k. These two wavefunctions are connected through time-reversal symmetry.
Taking point M in Fig. 3.1 as the origin of coordinates in momentum space, this symmetry is
realized as a reflection over the z-axis, i.e. (ky, ky) — (ks, —k,). Rotating the phase 6 by 2w
changes the sign of the wavefunction. This means there is a phase of 7 which is called a Berry’s

29



phase. This phase is topologically protected.” The sign change under rotation by 7 is typical
for spinors.

The wavefunctions are the eigenfunctions of the helicity operator, which by definition is the
projection of the momentum operator in the (pseudo)spin direction. The helicity operator is

N 1 19)
h=-0-—. 3.21
2% Tp| 321
Yk and Yk are eigenstates of iL,
- 1
hipx (r) = i§¢K<r)7 (3.22)

and the same for 1x/(r) with reversed sign. The plus sign corresponds to electrons and the
minus sign to holes. The eigenvalue equation also shows that the eigenvalues of o are either
in the direction of the momentum (1) or in the opposite direction ({). This means that the
states of the system have a well-defined chirality or helicity. The values of the helicity are
good quantum numbers as long as Eq. (3.20) holds [32]. Consequently, the helicity is a good
quantum number near the K and K’ points. It loses this status when one moves away from
these points or when ¢’ becomes finite.

"The topological protection is a consequence of the specific shape of the Hamiltonian near the Dirac point.
The Hamiltonian near K can be written as Hx = o - k and describes a vortex. The wavefunction picks up a
phase m when going around the vortex once.
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Chapter 4

Superconductivity in Artificial Graphene

Superconductivity does not occur naturally in graphene. This is unfortunate because the
relativistic quantum mechanics that govern the carbon system have interesting consequences for
the physics of superconductivity that are worthwhile investigating, such as Andreev reflection
[3]. Experiments using the proximity effect |[15,16] or doping [17] have shown that graphene
is well-suited to support a supercurrent. Due to the ease with which the electronic properties
of graphene can be altered, there is hope that the material may be tailored in such a way
that it can be made intrinsically superconducting. However, such a discovery has not yet
been made. Therefore, the realization of a Dirac superconductor has to come about using
a different material with similar properties to graphene. This has led to the idea to study
superconductivity in artificial graphene samples. The type of samples studied here are systems
where nanocrystals with a truncated cubic shape are synthesized in honeycomb superlattices
via self-assembly, as shown in Fig. 4.1 [18]. Boneschanscher et al. have experimentally realized
these systems for rock-salt PbSe nanocrystals, which form honeycomb superlattices via the
attachment of the {100} facet of the nanocrystal as shown in Fig. 4.2 with a lattice parameter
of 6 nm [18]. This honeycomb superlattice has an octahedral symmetry that is buckled, which
means that the nanocrystals occupy two parallel planes. Therefore, the superlattice resembles
proposed atomic silicene honeycomb structures. Via cation exchange, the PbSe honeycomb
superlattice was successfully transformed into a honeycomb superlattice composed of zinc-
blende CdSe nanocrystals with a lattice parameter of 6 nm. This preservation of the lattice
structure during this transformation is a sign of the robustness of the honeycomb geometry. The
sheets produced have a size of over a hundred unit cells, which suggests that the nanocrystals
attach from a preordered state. What drives the attachment into this specific geometry is
not known, especially because more often than not the nanocrsytals self-assemble into square
superlattices [37]. The energy spectrum of PbSe and CdSe honeycomb superlattices as well as of
HgTe nanocrystals assembled in a honeycomb superlattice has been described theoretically and
the presence of Dirac cones therein reflects the graphene-like nature of these materials [19,20].
In this Chapter, the possibility of phonon-mediated superconductivity in a system of CdSe
nanocrystals posited in a graphene-like structure is investigated.

To be able to find the energy bands of this specific system, Kalesaki et al. used an atomistic
tight-binding method, where each atom in the lattice is described by a double set of sp3d°s*
atomic orbitals including the spin degree of freedom [19]. The system was made of up to 6 x 10
atoms and 1.2 x 10° atomic orbitals. They used these results to compute the energy bands for
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the graphene-like system. Just as in graphene, they find that there are Dirac cones at the K
and K’ points shown in Fig. 4.3. In the Figure, there are two well-separated sets of two and six
bands. The lowest two bands correspond to the 7 and 7* bands in actual graphene and they
are s-wave like [19]. The second set of bands are p-wave like and the Dirac cone is in fact made
up of a superposition of p, and p,-bands. Each band is spin degenerate, hence actually there
are 4 and 12 bands.

In Section 4.1, it will be explained that the system is described through an effective model
where one nanocrystal is modeled as a superatom. The effective phonon of a single CdSe
nanocrystal is the longitudinal optical one [21]|. Optical phonons are gapped and for simplicity,
it is assumed that there is one Einstein phonon per superatom site. Only the effective s-
like electrons close to the lowest Dirac point shown in Fig. 4.3 are considered. It is assumed
that a phonon can couple to electrons on-site and at nearest-neighbor sites. The system is
described by a tight-binding Hamiltonian, which includes the chemical potential, electron-
phonon coupling, nearest-neighbor hopping, and Hubbard terms for electron-pairing on-site
and between nearest neighbors. In Section 4.2, a path-integral approach will be employed to
integrate out the phonons to obtain the effective interaction. In case of a negative value for
this interaction, the electrons will repell each other and the system is not superconducting.
If this interaction is positive, the electrons will attract each other. A numerical analysis by
the group of Prof. C. Delerue (Lille, France) allows for the determination of a value for this
effective interaction. Order parameters for the on-site Cooper pairs and Cooper pairs between
nearest-neighbor sites will be defined in Section 4.3 to be able to decouple the electron fields.
For the nearest-neighbor interaction, the competition between the hidden order [4] and the
Kekule order [5] will be studied extensively. Next, in Section 4.4, the Hamiltonians will be
expanded around the Dirac points and written in Dirac-Nambu representation. To ensure that
the Dirac description is valid, the Fermi level cannot move away too far from the Dirac points.
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Then, by employing a mean-field approximation, the ground-state energy, gap equations at zero
and finite temperature, and the critical temperatures will be obtained in Section 4.5.

4.1 Model

To describe superconductivity in this system, a model is used in which one nanocrystal is
described as one superatom. Only the effective s-like electrons are considered such that there
is no orbital degree of freedom. This results in a system that can be described using the same
tight-binding approach as in graphene. It is known from the literature that in CdSe quantum
dots the longitudinal optical phonon is dominant and it is assumed that this is also the case for
its nanocrystals [21]. Therefore, only this phonon is considered and treated as local. Moreover,
an optical phonon has a constant frequency, and it can thus be described by an Einstein mode
wg. The phonon couples to the effective s-like electrons on the nanocrystals, which is justified
by Schluter et al. [38]. Within BCS theory, phonons only couple to electrons at the Fermi level.
Therefore, to build a Dirac superconductor, the Fermi level should remain sufficiently close to
the Dirac points to ensure the validity of the linear description of the fermions. This means
that the chemical potential, which raises and lowers the Fermi level in the system, cannot be
larger than half of the nearest-neighbor hopping parameter t according to u < 0.5¢, where
t ~ —11meV in the CdSe honeycomb superlattice [19]. The complete system can now be
referred to as a graphene superstructure build up of superatoms with one phonon living on
each site coupling to effective s-like electrons.

The system is described using a tight-binding Hamiltonian, which consists of a Hubbard
Hamiltonian including nearest-neighbor hopping and on-site and nearest-neighbor site electron-
electron interactions, a Hamiltonian for the chemical potential and an electron-phonon Hamil-
tonian, which couples the phonons to on-site and nearest-neighbor site electrons. The following
Hubbard Hamiltonian Hyy,y, is considered

HHub = —t Z (a;«[pbjﬁ + b;(,a,»ﬂ) + UZ <CL;-F7TCL;¢CLZ"\L(IZ'7T + b;'[,Tbl'L,ibiyibiﬁ)
(3,5),0 7
+V > alaiebl b, (4.1)

(i,4);0,0"

where > ii.jy indicates that the sum in the first and last term runs over nearest-neighbor sites,

ala (a;,) is a creation (annihilation) operator of an electron on sublattice A at site ¢ with

spin o, t & —11meV is the nearest-neighbor hopping parameter, and U and V' are the on-site
and the nearest-neighbor Coulomb interactions, respectively. The Hamiltonian for the chemical
potential H,, reads

HM = _'LLZ (a;gai’g -+ b;gbi,a) . (42)

The electron-phonon Hamiltonian He_pp is defined using that the phonon couples to electrons
on-site and between nearest-neighbor sites. This means that a phonon on sublattice A couples
to electrons on sublattices A and B, and likewise for a phonon on sublattice B. The phonon
frequency for phonons on sublattices A and B is equal and given by the einstein mode wg. This
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yields the following for the electron-phonon Hamiltonian Hej_py

Hy pn = hwg Z chicai+ Z [ —1j)a T olr o+ Vv (r; —r;) blwbrm] (cL’r]_ + cAﬁrJ)

7]0-

+A < B, (4.3)

where Ciu (ca,) creates (annihilates) a phonon on sublattice A at site ¢ and where

V(r;—r;) = Vo br,p,, and V —r;) =V 25%% Sus

with V5 and f/o some constants.

4.2 Effective Electron-Electron Interaction

To be able to determine whether the system can enter a superconducting phase, the effective
interaction between electrons needs to be calculated. If this effective interaction is attractive,
Cooper pairs can form and the system is superconducting. If the interaction is repulsive,
superconductivity is not possible. To determine this effective interaction, the phonons need to
be integrated out from Eq. (4.3) after which the Coulomb terms U and V' in Eq. (4.1) can be
renormalized. To integrate out the phonons, one uses a path-integral formalism

_ /D [Q/JT,Q/}} /D [¢T7¢] e—%sw,w;w@], (4.4)

where 1) is an electron field and ¢ a boson field and the action S [W, v; T, gb] is defined as

8
S [¥h v e, ¢] :/0 dr [¥1(1) () + ¢'(7)0,0(7) + H (¥, 4:0",9)] . (4.5)

To be able to rewrite a Hamiltonian into an action, the operators need to be replaced by fields.
The following transformations are used

wn T

ax,o — ¢Aka szAkane )
CAq — ¢Aq Z¢A,qn anT?

where w, = (2n + 1)7/(hf) and @, = 2n7w/(hB) for n € Z are the Matsubara frequencies
for fermions and bosons, respectively, and ¢ (1) obey the boson (fermion) (anti)commutation
relations.

To use this procedure, the electron-phonon Hamiltonian He_pp first has to be written in
reciprocal space. The following transformation is used

) 1 )
ik-r; ik-r;
§ ak,o€ ", bi,o’ = E bk,cre 4

iq- rl iq- rl

CA,i \/— Z CA qe CB,i \/— Z CB,qe
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where aLU (ak,) creates (annihilates) an electron on sublattice A with momentum k and spin

g, ckq (caq) creates (annihilates) a phonon with momentum q on sublattice A, r; is the real
space vector connecting sites and it is assumed that there are 2V atoms in the system. This
yields the following

Hoph = hop ) chgcaa+ Y [Uo U g0 thcr + 0(0) qu,abk,a} (Cix,—q T CA,q)

q k,q,0
+A & B, (4.6)
where ~
Vo Vo
Uy = ——, v(q) = —="q, 4.7
with

=y e (4.8)

where 4, is the real-space vector connecting nearest-neighbor sites. Eq. (4.7) shows that the
on-site coupling ug is independent of the phonon momentum q, whereas the coupling between
nearest-neighbor sites v(q) is dependent on the momentum. Replacing the operators in Eq. (4.6)
with fields leads to the electron-phonon Hamiltonian

Hel—ph (¢T7 ¢7 ¢T7 Qb) = hwE Z gbjrél,q(T)gbAﬂl(T)
q

37 [0 ¥ s qor (Mo (1) + 0(0) ¥ ses (M1 (7)] [ 8 _o(7) + G0(7)

k,q,0

+A & B. (4.9)

Plugging this into Eq. (4.5), expanding in terms of the Matsubara frequencies and solving the
integral over 7 leads to the electron-phonon action

Sel—ph [¢T7 (08 ¢Ta Qﬂ = Z ¢j[4,q,n (_Zd}n + h’wE) QbA,q,n

q7n

1
+_,—hﬁ Z [(UO PA,q,0n + U(Q) pB,q,a,n) ¢f4,_q7_n + (UQ PA,q,0,n + v(q) pB7q7J7n> ¢A,q,n

q,o,n

+A ¢ B, (4.10)

where the following definition for the density of electrons on sublattice A is used

pA,q,o,n = Z ¢L7k+q7g7m+n¢A,k,0’,m‘ (4.11)

k,m

The explicit derivation of the electron-phonon action can be found in App. 6.3.1. To be able
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to integrate out the phonons, the square needs to be completed. This yields

S vl v ¢t 9]
1 1
= Z (_Zd}n + hwE) [ngA,qm + m i, + hwg Z (UO PA,q,0n + U(Q) pB,q,U,n)]
q,n " o

1 1
X n .~ —q,0’',—n - —-q,0',—n
[QﬁA’q’ " VhB —iw, + hwg Z (o pa-act—n + (=) PB—a, >]

1
5 Z m(uoﬂAqanJrv(Q)Pqu) (1o pa~q.o',—n +0(=q) PB,~q.0',—n)

+A & B. (4.12)

Now, the phonons can be eliminated by integrating them out. The result reads

— /D [f, 4] /D (67, ¢] o r (Sat[¢T @]+ Sa—pu[vf st 6]) _ /D (61, ] efﬁseﬁwyw]’

where

Ser [, 4] = Sa [v1, ¥ Z = HM (Sewa [07, 4] + A e B),

with
Set.a [, 0] = (w0 paqen + v(q) pB.gom) (U0 Pa—qor—n + V(=Q) PB.—qo’—n) -
The elimination of the phonons is done explicitly in App. 6.3.1. Rewriting according to

where 1w, disappears in the numerator because the function is symmetric in n, leads to the
final result

Sett [T, 0] = Sa [¢7, 2 Z 22+ (hwn)? ( ot a (Y1, 0] + A+ B), (4.13)
q o,0'n
with
Seff,A [¢T7 @D} = (U() pA,qp,n + U(Q) pB7q,a,n) (UO pA,—q,a’,—n + U(_Q) pB,—q,a’,—n) . (414)

To be able to renormalize the Coulomb interactions U and V', their respective Hamiltonians
need to be written into an action. Transforming the U and V' terms in Eq. (4.1) to reciprocal
space leads to

U
= f | i t
HHUb7U,V — N Z (akiq’Tak/_’_q’\Lak/,iak,T ‘l‘ bqu,Tbk’—&-q,\Lbk/,ibk,T)
kk'.q
4 T i
+N Z Z ’ank+q70'akvabk’fq,cr’bk’ﬁ'/a (4 ]_5)
k>k/7q 0-70-/
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where 7y is given by Eq. (4.8). Replacing the operators by fields then yields the following action
for the Hubbard U term

SHub,U [IDLMPAJ/UTB%DB] = N/ dr Z ¢Ak q,t )Q/}Akurqi( )¢Ak’ ( )1/’A,k¢ (T)+A—>B

kk/,.q

1 U
- hﬁNZ PAabnPA-at—n + PBatnPB—at-n) (4.16)

and for the Hubbard V term one finds

SHub,V wlawAuwTBuwB] = N/ dr Z nyquk—i-qa( )wAkU( )ka’ q,0’ ( )ka’ ’( )

kk',q 0,0’

1V
= %N Z YaPA,q,0nPB,—q,0',—n- (417)

!
q,0,0°,n

The details of this derivation can be found in App. 6.3.2.
Upon realizing that the electron dependence of Eqgs. (4.13) and (4.14) corresponds to that
of Egs. (4.16) and (4.17), an effective electron-electron interaction term can be derived,

Sy [OF, 9] = —ZU (PAatnPA-at—n + PBalnPB—at—n)
- Z V q PAq,onPB,—q,0',—n» (418)
q;o,0';n
where
- 1 (U hwp
Ulg) = -2 ~v 257w - 4.19
0 hﬂ{N e [+ ol q>]}, (4.19)
. 1 (V P
V) = a5 {3 - 25 s ln(-a) + unnla)] (120)

The effective interactions U(g) and V(q) are defined with a minus sign, which means that for
the electron interaction to be attractive these interactions must acquire a positive value.

The values for hwg, U, V, Vi and V; have been calculated by Prof. C. Delerue (Lille,
France), a collaborator of Prof. C. Morais Smith, using a static model. The following values
were obtained

hwg =26meV, U =469meV, V =262meV,
Vo = 31meV, f/o = 8.5meV.

Writing Eq. (4.19) in terms of these parameters and plugging in their values yields

~ 11 11

where it was assumed that at finite temperature the zero mode of the Matsubara frequency is
dominant and that

el 5 1, such that Vq = Z el o 3,
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For Eq. (4.20) the following is found

- 11 8 - 11
Vig) = =32+ (SV - —VoVo> ~ —%N6G4me\/ (4.22)

where the same approximation was used. Unfortunately, both values for U (q) and V(q) are neg-
ative, which means that the effective electron interaction for both on-site pairing and nearest-
neighbor pairing is repulsive and no superconducting state in either can exist. However, the
model introduced in this Chapter could also be used for other materials where the effective
interaction could be positive. A good candidate is PbSe for which nanocrystals have also been
synthesized in honeycomb superlattices and also there Dirac cones were discovered in the energy
spectrum [19]. Moreover, the effective phonon here also is most like the longitudinal optical
phonon. A numerical analysis by the group of Prof. C. Delerue will show whether a system
PbSe nanocrystals in a honeycomb superstructure can indeed be superconducting.

4.3 Order Parameters and Mean Field Approximation

In this Section, order parameters are defined such that a mean-field approximation can be
performed to decouple the electron-electron interaction in the effective action in Eq. (4.18).
To be able to perform this procedure, the action will first be written back to a real-space
Hamiltonian. Moreover, from now on it will be assumed that U(g) and V(q) have positive
values such that they generate an attractive interaction between the electrons. Transforming
back to real space, they are constants such that U (q) = U and f/(q) = V. This yields

Hog s = —UZ( | saisal a4+ 0 bbbt - VZZ af B bt (4.23)

(i,4) 0.0

The following order parameters are defined for on-site pairing and nearest-neighbor pairing,
respectively,

Ao = (aiya;r) = (bibiy), (4.24)
AU’J (ri7 rj) = <bj,a’ai,a> 5 (425)

where a very general form for the nearest-neighbor order parameter A, , (r;,r;) is assumed,
which allows for different values of this order parameter depending on the spin of the electrons
that are coupled.

To decouple the electron densities in the U term in Eq. (4.23) the following mean-field
approximation is used

ai,iam = <CL¢7¢CL1"T> + (5 (aiyiam) = Ao + (5 (aiyiam) y (426)

and the same for the b-operators. Plugging this into the first part of Eq. (4.23) and neglecting
the term quadratic in fluctuations O (6?) leads to

HefLHub’U = —UZ [—2 |A0|2 + A (OJZ ial'f + bz J,bl T) + Ao < zTa’zi + bz sz i)] (427)
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For the V term in Eq. (4.23), the mean-field approximation reads
bj,,,/ai,g = <bjyg/ai7(,> + ) (bjﬁ/aw) = Aa/,o’ (I’j, I’i) + ) (bj’glai’g) . (428)

Plugging this into the second part of Eq. (4.23) and again neglecting the term quadratic in
fluctuations O (6%) yields

Heﬁ‘ Hub,V = —V Z ( |Ag/ - I‘]7 I‘Z')|2 + ALU/ (I'i, I'j) bjp/aw + Agl’g (I‘j, I‘Z‘) jgb;ra > . (429)

Therefore, after successfully decoupling the electron operators, the total real-space Hamil-
tonian describing the system reads

Htot = — Z ( ]o + b-l"’o'ai,0'> 2 Z (CL aza + bT bz 0')
_U Z [—2 |A0|2 + Ag (ak7¢a_k7T + bk,ib—k,ﬁ + Ag (aikﬁai’i + bik,TbL,J,)]

—VZ ( 1Ay 5 (r,r) [ + A o (Tis 1) bj i + Ny o (T, 1) awbja) :
(i.4)

(4.30)

4.4 Dirac-Nambu Representation

Now, the Hamiltonian in Eq. (4.30) will be transformed to reciprocal space, expanded around
the Dirac points K and K’, where K’ = —K, and then, following the example of Ref. [5],
compactified using

Zw* ) + Eq, (4.31)

where FEj is the energy of the Condensate the 16-component Dirac-Nambu spinors ¥ =

(W;, \IID, with \IIIT) = (\IJLT’ ) and \I’,T1 = (WL, —\IJLT) are given by

W, (@ = (tkiqr Phiar @lxcrar icrar): (4.32)
\Il;rl,a (q) - (bK—q,a UK —q,0 b—K—q,a a—K—q,U) 9 (433>

and the matrix M is written in the following form
Lijk = 7i ® 05 @ Vg, (4.34)

where 4,7 =1,2,3, k=0,1,2,3,5, 7; and o; are Pauli matrices

o 0 1 o 0 —i o 1 0
1 — 1 0 ) 2 — i 0 ) 3 — 0 —1 )
which act in the particle-hole space and spin space, respectively, and v are the Dirac matrices
given by
Yo =00X03, Y1 =03Q02, Y2=0001,
V3 =01® 02, 75 =02 0,

acting in the sublattice ® valley space.
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4.4.1 Dirac Hamiltonian

Transforming the Hamiltonian for the hopping parameter ¢ to reciprocal space yields

Ht = —t Z (’}/kCLLka’J + Vltblt,aak,cr> )
k,o

where 7y is given by Eq. (4.8). Expanding around the Dirac point using k = K + q, where
q is small and making the particle and hole explicit leads to the following

_ T * T T
Hy = —t § <7K+an+q,obK+q,U T YK+ aPK+qolKtao T V-K+al K iqol-Kiqo
q.0

* T
+’V—K+qb—K+q,Ua’—K+q,U>
Up

. et st -
5 (Zq g pq VK tat = 14" Uiy q 10K rar T 100" a1k qsb-Kiqr — i0blg g 0-Kiat
q

+iq g q bra — 10" i g Oxcral 070l g g DoKrql — g bT_K+q,¢a—K+q,¢)
Up . - - .
+7 Z (zq a}L{fq,TbK—qu — g bI(fq,TaK—q,T +1q ainq,Tb—K—Cl,T — g binq,Ta—K—CLT
q
+igal_ b —ig* bl a +igtal b —igb! a
qak_q9K—ql — %9 Og_q0K-q| T A g 4 |9-K-ql ~WGI_K ¢ |0-K—-q, ]

where v = 3at/2 and it is used that Y e =0, 3 ™% ~ 1 and

Zei(K+q)~6 = 3;” <1 + z\/_) Saz <—1 +2Z\/§> = %q elm/3 ?q,

where ¢ is rotated such that ge'™? — ¢ and ¢ = g + iqy. This also implies that

~ 3@2 3ai 3ai
i(—K+q)-da * i(K+q)-6 * —i(—-K+q)-8 .
e =, e = ——q", E e = —i—0q.
za: q Z q 5 q

Writing H; in Dirac-Nambu representation neatly compactifies the expression
1 ; : .
=5 Z UMWV,  where M; =vp7) ® 00 ® (1771¢y — 1Y07V2¢x) - (4.35)
q
This Hamiltonian is linear in momentum q and is referred to as the Dirac Hamiltonian.

4.4.2 Chemical Potential Hamiltonian

The Hamiltonian for chemical potential H,, in reciprocal space reads

H, = —HZ (aLUak,a + bLUka) .

k,o
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Expanding around the Dirac points yields

(i i t t
H, = -5 (aK+q7TaK+Q»T + bicrqpPkrar T 0k iq0-Krat T 0k g rb-Krat

1 T i T
Ok g 0K +q L T bk q 0Kl T 0 K g 0-Kial Tk g 0-Kiql
T T T T
Tag_q10K-qt T 0k _qi0K-qt T 0k q10-K-qr TV Kk _q10-K-at
T T T T
tag_q 0K—q T bK—q,¢bK—q,¢ tTO_g_10-K—qi T b—K—q,¢b—K—q,¢) )

such that in Dirac-Nambu representation this Hamiltonian reads

1
H, = 3 Z UM, U, where M, = —urs ® 09 @ iy (4.36)
q

4.4.3 On-Site Pairing Hamiltonian

Transforming the term with the on-site order parameter Aq to reciprocal space leads to

Hay = =03 [ <2180 + Al (aiy0 10 + bigboier) + B (alygpal, + 00,8 )| (437)
Kk
Next, the momentum k is expanded around the Dirac point such that

U 2
Hay=—5 >, [—4 [Aof* + Ajaxc+aa-K-qr + Aba-kraax—ar + Doafe, gral g,
q

+A0a] g qrtf_qy + Aok -qL0-K+qr + Afa-k-qiaKrqr + Dotk _ga g g

T T
Writing this in Dirac-Nambu representation leads to

" 1
Ha, = ANU |Ag* + 5 > UTMa, W, where
q

Mp, = U [Re(Ag)m — Im(Ag) 7] ® 00 @ iv073, (4.38)

and it was used in the first term that >° = 2N and A¢ = Re(Ap) + iIm(Ag). From this
expression, it can be seen that A, indeed pairs on-site particles in opposite valleys and with
opposite spin, as it should per definition.

4.4.4 Nearest-Neighbor Pairing Hamiltonian

For the nearest-neighbor pairing A,/ , (r;,r;), a slightly different route is taken. For the order
parameter, the Kekule ansatz, as defined in Ref. [5], is applied. This ansatz transforms the
real-space order parameter A, , (r;,r;) into a reciprocal-space order parameter close to the
Dirac points. The ansatz is defined as

ANy oo (Ti,15) = Ay cos (K- (v, +15) +7), (4.39)
1

5 (Al o (T, 1) + Ap o (ri5 1)) = Acos (K- (15 +15) +7), (4.40)
1 !

5 (Ao (ri,15) = Ap o (Tis15)) = A (4.41)
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where 7 is a parameterization angle, which contains information about the spatial patterns
of the order parameter. Eqgs. (4.39) and (4.40) form a spin triplet and are the Kekule order,
whereas Eq. (4.41) represents a spin singlet and is called the hidden order. This nomenclature
will become clearer later. The unit cell of the Kekule latice is shown in Fig. 4.4. It can be seen
that the Kekule unit cell looks like benzene, the electronic structure of which was discovered
by the German chemist Kekule, hence the name of the ansatz.

Figure 4.4: The unit cell of the Kekule lattice. A, and A are related to each other via an angle 6. By setting
this angle such that A, = 0 and subsequently mapping the superconducting problem onto the hopping problem,
the unit cell looks like this. The hopping parameter is renormalized on the bold lines by A cos (v + 27/3), on
the thin lines by A cos (v — 27/3) and on the red lines by A cos (y). Figure from Ref. [5].

Making the sum over spin explicit and then plugging in the Kekule ansatz leads to the
following for Ha ,

Hn, = —VZ At (0, 10) [P = Ay (r, ) [P = 1Ay 4 (g, m) [ = AL (r), 1)

+A4 (r), 1) @ Tbn + Ay (r),1i) a ¢b] L+ Ay (rg, 1) aubj ++ Ay (1) a; Tb; ¢]

:—VZ[— A 4 1A+ 2]AP) cos? (K - (x4 1) +7) — 2|A]

<ATCLZ Tbj +t Ai“:&h + Aahb}LT + AaITb; i) cos (K- (r;+r;)+7)

+A (af bf, —al )] (4.42)

Focusing first on the term proportional to A’ and transforming to reciprocal space yields
Har =6V 3 |AP = VST A (af by, = af by ) e,
q k,a

where the factor of 6 in front of the first term comes from >~ » = 3. Expanding around the
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Dirac points leads to
Ha = 12NV |A']

Bai \y (i i P . i . i
9 Z {7A (q (g K-qi ~ 10K+q b K-qt T ¢ CKiqrlr-qi — 4 a—K+q,¢bK—q,T>
q

3ai

5 AM(¢" b kqtkrat = 0D Koq10Kq )+ O0K g 0 Kat G0k a0 Ktq)
ai i Pt . i . i

-4 ( 00k gtV Krq) — 10k q P kgt T 0 0Lk qPkiq — a—K—q,ibKJrom)
3 )

5 N (4" b-K+qi0K-qt — 4 D-K+q,10K—q4 + ¢ Ok +qi0-K—qt — 4 bK+q,TaKq,¢>] -

Compactifying then yields the following

~ 1
HA’ = 12NV |A/|2 -+ 5 Z¢TMA’¢7 where
q

3ai ~ . . .
My = —V [Re (A") 75 4+ Im (A") 11] ® 00 @ i7073 (iY0712y — 17072x) -

Comparing this result to the Dirac Hamiltonian in Eq. (4.35), one can see that it is proportional
to the latter and one can write

2 -
My = ?Zv [Re (A) 75 + Im (A') 71] © 06 @ 075 M. (4.43)

This dependence is an indication that instead of opening a superconducting gap the order
parameter A’ renormalizes the Fermi velocity vg. Therefore, this order parameter is referred
to as the hidden-order parameter, a term first coined by Ref. [4]. From this equation, it can be
seen that A’ is indeed a spin-singlet state.

Next, the remaining terms in Eq. (4.42) are considered. Transforming the operators to
reciprocal space and writing the cosine in terms of exponentials yields

Hana, = if/ Z Z (1AL + AL + 2 |A]?) (eXBritmeiy 4 o= 2iK(ritry) o207 . 9)

Z Z [ (ATakT Wt T Ajal ibk’ Lt Aa) ¢bk’ s+ Aal Tb;r{, ) —illet k2K o~ —K)-da oy

i, kK’

1 _—
T T —i(k+k'+2K)-r; K'+K —i
+5 (ATaLTbLT + Ayaf bl + Aal bl s +AaLTbk,7¢> e kAR H2K)w o —i(lHK) Sa =iy | gy c}

— 6NT [ (A2 +1A,%) + N]

v .
P P P P
D) Z [(ATGKJrq,TbK—q,T + ALk qibk—q T Dkig bk—gr T A@K+q,¢bK—q,¢> e”

i f : i i :

+ (AT“K quK+qT + Ay g bkiar T Atk g bkrqr + Atk q1bkiq, ¢) e
: t i i
+<AT“ KratP k-t T A0 kg D kg T A0l q i gy + Dalg g bk q,¢> B

+<ATCL K-a b crar T A ke q b kg Aal g o By qq+ Aal g 10 K+q¢> e‘”+h.c.]
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Two values for the parameterization angle « are considered: v = 0,7/2. The first is referred to
as the s-Kekule order and the second as the p-Kekule order, following Ref. [5]. This nomencla-
ture will become clear later on. For v = 0, the following result is found

~ 1
HAvATvALﬁ:O =6NVm® + 9 Z ¢TMA7AT,A¢,7:01/), where
q
Ma ay A =0 = -V (X1 —Y7n)®os+ (I —R_71) Q01+ (I,71 + Rima) ® 03] @ Yo,
(4.44)

with
m*=X*+Y?*+ R+ 17+ R+ 12, X =Re(A), Y =Im(A),
1 1
Ry =5 [Re(Ar) £Re(A))], I =5 [Im(Ay) £Im (A)].

From now on, m will be referred to as the Kekule order. Later on, it will be shown that it opens
a superconducting gap. In accordance with the definition of A and A,, it can be seen from
the Hamiltonian that the order parameter A facilitates nearest-neighbor pairing of particles
coming from the same valley and with opposite spin and that the order parameters Ay and
A, also pair particles that are on nearest-neighbor sites with no valley mixing and equal spin.
For v = 7/2 a similar expression is found, however, the dependence on the Dirac matrices is
different

~ 1
HAvAT’Aiﬁzﬂ-/g = 6NVm2 -+ 5 Z¢TMA,AT7A¢,V:O¢7 where
q

MA’AmAwV:ﬂ-/Q = —V [— (YTl + XTQ) X 03 + (1_7'1 + R_TQ) X o1 + (R+7’1 — I+7'2) X 0'2] X i’yl’yg.

(4.45)
4.4.5 Total Hamiltonian
Changing the basis to absorb the particle-hole doubling according to
1
— T T
: S UM Y UMD
q q
leads to the following total Hamiltonian
Hioty = Eotot + Z O Mot 49, (4.46)
q
where the energy of the condensate is
Foor = ANU |Ao|* + 6NV <m2 42 m’ﬁ) . (4.47)
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For v = 0, Mo, reads

Migty—0 = VrTo ® 00 @ (1Y0N1qy — 10V2qz) — 4T3 @ 0o @ Lyxa
—U [RG(AQ)Tl — Im(Ao)TQ] &X (o)) X i’70’73
21 ~ )
+71v [Re (A) 75 + Im (A') 7] ® 00 & 075 Ms
_‘N/ [(XTl - YTQ) & 03 + ([_TQ — R_Tl) & o1+ <I+7'1 + R+T2) & 0'2] ®’}/0,
(4.48)
and for v = /2

Miotp=rj2 = VFTo ® 00 @ (i7071qy — 170V2Gz) — HT3 @ 0o @ Lyxs
-U [Re(Ao)Tl - Im(A())TQ] X o9 X Z"}/O’}/3

21 ~
+7"v [Re (A") 7 + Im (A) 1] @ 00 @ 7073 M,

—‘N/ [— (YT1 -+ XTQ) &® o3 + ([,7'1 + R7T2> X oy + (R+T1 — [+7'2) X 0'2] X i’)/l’YQ.
(4.49)

4.4.6 Symmetries

In this representation, some generators can be defined such that the symmetries of the Hamil-
tonians can be determined. The number operator N is equal to plus the identity in the upper
quadrant and minus the identity in the lower quadrant, such that there is a plus sign for the
particles and a minus sign for the holes. Therefore,

A~

N:7'3®O'0®I[.

The generator for translations P equals

A

P =138 00®17375.
The generator that exchanges the two Dirac points Iy reads
I =70 ® 09 @ im7ys.

Upon writing it out in full, one can check that it exchanges the Dirac points when the axis is
inversed according to ¢, — —¢,. The generator for sublattice exchange I, is

A

Iy = 70 ® 09 ® V2.

Upon writing this generator out in full, one finds that it exchanges sublattices when the axis
is inversed according to ¢, — —q,. Lastly, the three generators of rotations of electron spin S
reads

A

S = To® o X I.
All these generators are defined in Ref. [5].
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It is reviewed whether the Dirac Hamiltonian M; commutes with the generators, as it should.
It clearly commutes with the number operator, i.e. [N , Mt] = 0. Next, for M; to commute

with P, the following must hold
(7375, 190719y — 17072¢0) = 0,

indeed 375771 = 70717375 and Y3Y5%0 Y2 = YoY27)37s5, such that [}37 Mt} = 0. Then, for M; to

commute with I, the following must hold

[iv175, 101Gy — i70Y2G:) = 0.

Using the requirement g, — —¢, and that v1957%071 = —7%717175 and 1175772 = V0727175, one
finds that [fK, Mt} = 0. Next, M; commutes with fab if

(V25 190710y — 1Y0Y2¢x) = 0
holds when accompanied by ¢, — —¢,. This holds because 127071 = Yv172 and Y2Yy2 =
—Y07Y272, such that [fab, Mt] = 0. Lastly, one can immediately see that [S, Mt] — 0. There-

fore, M; commutes with all generators, and it preserves particle-number, translation and spin-
rotational symmetry. Moreover, M; is even under exchange of the Dirac points as well as under
sublattice exchange.

One can clearly see that M, commutes with all these generators, such that all symmetries
are preserved, as is expected.

Next, using the same technique, it can easily be seen that My does not commute with N
and P, which means that My breaks particle-number and translation symmetry. The matrix,
however, does commute with I K I, and I which means that M, is even under Dirac point and
sublattice exchange, and that it preserves spin-rotational symmetry. Therefore, M represents
a spatially uniform s-wave singlet superconducting state.

Then, My A equals a factor times M;, where this factor by itself would actually be a singlet
s-wave order parameter. This factor anticommutes with M;, which means that M‘T/ A= My
My ar represents the superconducting hidden order [4]. Roy and Herbut explain that the
opening of the order parameter A’ to lower the energy of the Dirac-Fermi sea is energetically
not favorable because My A/ vanishes at the Dirac points [5]. It will be seen in the next Section
that the Kekule order is indeed preferred over this order.

Lastly, My, A;.A, r=0 does not commute with N , ]5, and fab and breaks two generators of S.
It does, however, commute with ;. Therefore, Mvya,a.A, ~=0 is & spatially non-uniform super-
conductor, which is odd under sublattice exchange, but even under the exchange of Dirac points.
It is called the s-Kekule superconducting state. As it violates the spin-rotational symmetry,
My A A..A, ~=0 Tepresents a triplet superconducting state. On the other hand, My A n A, y=n/2
does not commute with any of the generators, such that this state is called the p-Kekule su-
perconducting state [5].

4.5 Competition Between Kekule and Hidden Order

In this Section, the competition between the Kekule order m and the hidden order A’ will be
investigated for both v = 0 and v = 7/2. It is more interesting to study the competition between
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the Kekule and hidden order because when all order parameters are non-zero, the s-wave order
parameter wins. To show this, the s-wave superconductor is reviewed in Appendix 6.3.8.
Therefore, the s-wave order parameter A is set to zero in this Section, i.e. Ay = 0. When the
on-site attraction is turned off and only nearest-neighbor attraction is taken into account, it is
not a priori clear which superconducting order is preferred. In Ref. [5], Roy and Herbut use a
similar model to the one used in this Chapter to show that the Kekule order dominates over
the hidden order when considering graphene. They determine the ground-state energy, gap
equation at zero temperature and critical couplings in the absence of chemical potential. In
this Chapter, their research is expanded by including chemical potential and calculating gaps
at zero temperature, gap equations at finite temperature and critical temperatures. The work
in Ref. [5] was preceded by work done by Uchoa and Castro Neto [4], where they investigate
the competition between on-site and nearest-neighbor coupling. For nearest-neighbor coupling
they only consider the hidden order.

In the following Subsections, the ground-state energy, gap equations at zero and finite tem-
perature, critical couplings, zero-temperature gaps and critical temperature will be calculated
first for the s-Kekule order and then for the p-Kekule order. It will become clear that in the
approximation used in this Chapter, the results will be the same for both cases. Only upon
inclusion of higher-energy particles, it can be determined that the p-Kekule order is preferred
over the s-Kekule order [5]. However, such calculations are outside the scope of this Thesis
and the reader is referred to Ref. [5] for details. Lastly, in Subsection 4.5.3, the competition
between the Kekule and hidden order is reviewed.

4.5.1 s-Kekule Order

In this Subsection, the ground-state energy is calculated for the s-Kekule order, for which v = 0.
This is followed by the computation of the gap equation at zero temperature and the critical
couplings. The gap equation will be solved analytically in the strong- and weak-coupling limit
to find the zero-temperature gap. Next, the gap equations at finite temperature are computed,
which is then followed by the determination of the critical temperatures.

Ground-State Energy

The ground-state energy will first be calculated by diagonalizing Eqs. (4.46)-(4.48) for A" = 0.
Initially, the hidden order is turned off because by minimizing the resulting ground-state energy,
a condition on the components of the Kekule order can be derived, which simplifies the ground-
state energy. This will be followed by including the hidden order in the ground-state energy.

Ground-State Energy for A’ =0
To find the energy, the following expression is used

Z (E(),m + Mt + MH + Mm,’y:()) \II - E’m,’y:O\Il‘
q

This yields

Eom = 6NVm?>.
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M, + M,, + M,, ,—o is first squared and then diagonalized,
2
) _
(My+ M, + My, 4=0)” = <Mt + My + May=0 + MXT,A¢77:0 + MATAuw:O)
2
+ <MKT,A¢,W=O)
+ {Mt s My + Maqmo + M A, o + MET,AW:O}
+ {MM 5 MA,’y:O + MIT,Ai,'y:O + MET,AJ,,'Y:O}

+ - + -
+ {MA,'y:Ov MX. A, =0+ MAT,AM:o} + {MAT,Amzm MAT,Ai,W:O} ;

where M, and M, are given by Eqs.(4.35) and (4.36), respectively, and

2
= M7+ M2+ M3 .+ (MXT,Am:o)

Mpro = =V (X7 = Y1) ® 03 @70, ML,AMZO = -V (I,71+ Rym) ® 09 ® Yo,

MET,A‘L,’YZO ==V (]—7_2 - R—Tl) &® 01 X Yo-

Before computing (M; + M, + MmNZQ)Q, the anticommutation relations will be reviewed. Using
the anticommutation rules for the Pauli and Dirac matrices

{7, 75} = 26i, TiTj = 1€k Tk, {vis vt = 204,

where the same anticommutation relations hold for the o-matrices as for the 7-matrices and
€k 1s the Levi-Civita symbol with €193 = 1, one can observe that

{M,u y MA,fy:O + M_AFT,A‘L,’Y:O + MgTvAiv’YZO} - 07

{MA:’Y:O ) MXT,AJ/,’YZO + MgmAi,’y:O} ;é 07 {MXT,Ai,’}/ZO ) MET,Ai,’y:O} 7& O

Therefore, one needs to compute

2 2
2 _
(My 4+ My + My p—o)” = M7 + M2+ MZ o+ (M A Aw:0> + (M A AM:O)

+2MtM,u + {MA77:07 MZT,A‘L,’)/:O} + {MAv'Y:O’ M;T7Ai7’y:0} + {MXT,A‘L,’}/:O7 MET,Ai,’y:O} :
For the first six terms this yields

M} =vplg? (ro®oo®1),  M,=p*(ro®0oo®1), MR, o=V (X*+Y?)(ro®0o®]I),

2 2

(MXTAM:()) — VR 4 12) (e @ oo ® ) | (M;m%,y:o) — V2R +12) (y @ 0p ® 1),

2M M, = —2pvp 13 ® 09 ® (1%71qy — 1Y0Y24) »
where 75 and o are 2 x 2 identity matrices. The first anticomutation relation leads to

{MM:O , MXTAM:O} = V2[(XRy +YI)7—i(XI, —YR) 7] ® 0y @1
V2 [(XRy +YI) s +i(XI, YR 7] ®@ 0 @1
= 2V (XR, +YI ) @0, @1,
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where it is used that {7, 71} = {1, 2} =70, {11, 2} = i1 = —{m,n} and {03,002} = —ioy =
—{03,02}. In a similar fashion, the other two anticommutation relations can be computed

{MA77:0 ) MgTvA,L"V:O} - 2‘72 (YRf - XI*) T3 ® 02 ® ]L

{MXT,AM:O ; MET,AM:O} =2V*(R{R + 1] )r3@0301L.

Therefore, the result is
(My + My, + My y0)” = (U%lql2 +u® 4 VW) (@@ +2V? @ (n-0) @1
—20vp T3 ® 09 @ (i%710y — 17%0V24x) » (4.50)

where
n=(XR,+YI ) YR —XI R, R +1,1). (4.51)
Diagonalizing this term leads to the dispersion
(Wimy—oiss)? = (vplg| + sp)” + V2m? + 25’ |n]|
where s, s’ = +. Now the energy is given by
Em,'y:O - EO,m + Z \/ (wm,'y:O;s,s’>2 - EO,m + Z W, y=0;s,s 5
q;s,s'==+ q;s,s'==+
such that the ground-state energy reads
Eg.s.,m,'y:O = EO,m - Z Wm,y=0;s,s’

q;s,s’'==+

~ dq 5 -
= 6NVm?—-2N E /— v + spu)” 4+ V2m?2 4 25 |n|,
il (277')2 \/( F’q| lu) ’ ’

where . — 2N [dq/(27)? and s and s’ represent the particle-hole and spin degree of freedom,
respectively. This leads to the final result for the ground state per honeycomb lattice site

Eg.s,,m,'y:O 3‘7m2 1 dq \/ 2 ~
AN 232 z_:i/W (vrlg] +sp)” 4 VEm? + 25/ n] (4.52)

which, in the limit ¢ = 0, corresponds to the result found in Ref. [5].

Minimum of the Ground-State Energy
Differentiating Eq. (4.52) with respect to |n| to find the minimum of the ground-state energy
leads to a condition for |n|. Minimizing this yields

d E —0 d 3Vm?2 1 dq P—
0 = g.8.,m,y _ 1 V2 . o
dfnf 4N d’“’{ 2 QSSZZ:i/(27r)2\/(UF|Q|+S“) +V?m? + 24 [n|
S/

:_%Z

/ =
2 s
5,8'==% (27) \/(UF|q\ + sp)” + V2m?2 + 25 |n|

1 dq 1 B 1
- _22/(27)2 \/( ’

vrlal + s+ V2m2 4 2|n] 3/ (orla] + sp)* + V22 — 2|
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which is only zero if [n| = 0 for any m. Using > __,_, = 2, the ground-state energy now reads

Eysmn—o  3Vm? Z dq 2 L 722
) 9 — — N + + 4.
AN 2 s=+ / (271')2 \/(UF‘Q| SIU) " ( 53)

The condition |n| = 0 implies n; = ny = n3 = 0. However, the conditions n; = 0 and
ny = 0 in fact imply the condition nz = 0, i.e.
YI
n=0=XR, +Y, =0=X=—-—"+
Ry
nn=0=YR_—XI_=0

YR,&L
+

:O:>R+R7+[+[, :0:713.
Therefore, the condition |n| = 0 yields only two independent equations and not three. The
condition n3 = 0 implies

AP —|AP =0, suchthat  |Ay=|Ay.

Using that A, = |A,|e'? and A = |A|e, the condition n; = 0 implies

1
5 [A[1At][cos(¢) (cos(dr) + cos(dy)) + sin(@) (sin(¢r) + sin(gy))] = 0.
This leads to the following two conditions

0 = cos(9) (cos(¢y) +cos(@y)), 0 =sin(g) (sin(ey) + sin(gy).

Evaluating the first yields
1
0 = 5 [cos (&1 — &) +cos (61 + 0) + cos (&, — 8) + cos (6, + 9)],
such that

cos (¢pr — ¢) =0 = ¢y — ¢ = n,
cos (¢, — ¢) =0= ¢, — ¢ =nm,
¢¢+¢¢—2¢:n7r:>¢¢+¢¢:2¢+n7r,

where n € Z. Therefore, the condition |n| = 0 yields two instead of three independent equations,
and leads to two constraints

Al =1[Ay],  and ¢+ ¢, =20 +nm, (4.54)

which corresponds to what is found in Ref. [5].

Using the condition |n| = 0 together with A, = |A,| e and A = |A] e and the conditions
in Eq. (4.54) leads to the following simplification for Mx o, MXT,va:O and M4, A, =0
(MA"Y:O * MXTAMV:O T METAwV:O) ‘

[n|=0

= —V [cos(¢)m1 — sin(@) 2] & [0 |A] + 01 |A4| cos (¢ — @) + 02 | Ay| sin (¢ — ¢)] @ 0.
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Writing |A| = mgcos () and |A+| = mgsin (6), where m = my at the minimum of the energy,
leads to

J’_ —
(MA"Y:O +Maa0=0t MAT’Aiv'Y:[)) ‘|n:0

= —Vmg [cos(¢) T — sin(¢) 1] @ [cos(#) o5 + sin(f) (o1 cos (¢ — @) + o2sin (¢ — ¢))] @ Yo.
(4.55)

Ground-State Energy for A" # 0
Now, the ground-state energy can be calculated including both the Kekule and hidden order
using the condition |n| = 0. The same relation as before is used to determine the energy

Z (Eom,ar + My + My, + My y—0 + Mar) W = Ep,ny=oV.

q

This yields
Eomar = 6NV (m? +2|AF).

Squaring M; + M,, + M, =0 + Mas leads to
(My + My, + My —o + Ma)? = (My + M, + My 1—o)® + M3,
+ {Mt + M+ Mayo+ ML A o+ Mx Ao MA/} .

One can compute that
{M;, Ma'} =0, {M,, Ma} =0.

The following is imposed

{MMZO + M, a0+ M, Ao MA,} —0.

For this to hold, a condition needs to be derived for the relative phase between the Kekule
and hidden order. To do this, one looks at Eq. (4.55), which describes the Kekule order at
minimal energy. One can see immediately that the terms for the spin and sublattice-valley
space anticommute. Therefore, this condition is computed in the particle-hole space. For all
the components of the Kekule order, the dependence in the particle-hole space is the same.
This yields the following

{cos(¢) 1 — sin(d) 72, Re(A") o + Im(A")7 } = 2 cos(¢p) Im(A") — 2sin(¢) Re(A)
— 2| feos()sin(p) — sin(g) cos(p)] = 2] sim (6 — ),

where A’ = |A’| ¢?. Therefore, for the anticommutation relation to be zero the relative phase
between the Kekule and hidden-order parameters should be zero. This leads to the following

(M + My, + My —g + Ma))* = (My + M, + My, —0)* + M3,

The first part was already calculated before and the last term leads to
2 Uk | 952 Arp2
MA/:t—z‘(]’V |A’ (7’0@00@]1).
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Therefore, the result is

~ V2 ~
(O My Mot M = (oblal 4 4+ P2+ PV AT ) (0 on oD
—2pvp [13 ® 09 @ (IY0110y — 7072¢2)] »

where the condition |n| = 0 was applied. Diagonalizing this term leads to the dispersion

(wm,A’,W:O;S)Q = <UF|Q| + S:u) + V2m + F |Q| V2 |A/|
where s = +. Now the energy is given by

Em,A’,'y:O = EO,m,A’ + Z Wm, A/ y=0;s5
q;s==+
such that the ground-state energy reads

Eg.s.,m,A’,'y:O = EO,m,A’ - E Wm, A" v=0;s
q;s==+

— 6NV (m? +2|A) — 4NZ/ (qu)Q
s==+

where > — 4N [ dq/(27)* with the extra factor of 2 coming from the spin degree of freedom
and s representing the particle-hole degree of freedom, respectively. This leads to the final
result for the ground state per honeycomb lattice site

Eg.s.,m,A’,'y= 3V (m + 2 ‘A/ Z/

AN

2
- R
\/(”F|61| )’ VA2 4 g2V AP,

2
~ v ~
\/ (vrlgl + sp)” + V2m? + —Zlg?V2 | AT,

(4.56)
which in the limit g = 0 corresponds to the result found in Ref. [5]. One can clearly see how
the Kekule order m acts as a mass term opening up a gap in the energy spectrum, as shown in
Fig. 4.5. The hidden order, on the other hand, is linear in ¢ and upon sending y to zero it can
be seen that it renormalizes the Fermi velocity vg as shown in Fig. 4.6.
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Figure 4.5: Schematic plot of how the Kekule zero chemical potential, the hidden order
A’ renormalizes vp according to Up/t =

order m opens a gap in the energy spectrum
according to E = vk? + m?2. E/ 1+ |A’|? /2, where O is the renormalized
erm velocity

Zero Temperature

Now, the zero-temperature gap equation, critical couplings and zero-temperature gaps will be
computed.

Zero-Temperature Gap FEquation
To find the zero-temperature gap equations for the Kekule and hidden order, one needs to min-
imize the ground-state energy in Eq. (4.56) with respect to the corresponding order parameter.
For the Kekule order, this yields

OBV V2Z/ ~1 : : ’

velal + sn)? + V2m2(0) + FlaP V2 [A0)

such that the zero-temperature gap equation for the Kekule order reads

:%§/<dq2 ! — . (4.57)

200" (wilal + su)* + V2m2(0) + %E1ql272 |A(0)

In Fig. 4.7 one can find the solution for this equation. Performing the same procedure for the
hidden order leads to the zero-temperature gap equation for the hidden order

V 2
== 1;52/ | S— . (4538)

vrlgl + sp)” + V2m2(0) + Fq2V2 |A(0)

In Fig. 4.8, the solution to this equation is shown.

Critical Couplings

At half-filling, i.e. u = 0, the Fermi energy is exactly at the Dirac points, at which the density
of states p is zero, as was shown in Fig. 3.6. This means that the system is in a quantum
critical regime. In this regime, there is a critical interaction at which the superconducting
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Figure 4.7: Solutions of the zero-temperature Figure 4.8: Solutions of the zero-temperature
gap equation for the Kekule order with vg/t = gap equation for the hidden order with vp/t =
A=1, A" =0 and p/t = 0.25. A=1,m=0and u/t =0.25.

order appears. The value of the critical couplings can be calculated for both orders using
Egs. (4.57) and (4.58) and using that the gap is closed at the critical coupling. For the Kekule
order this leads to

2v dg 1 2V/2’r /Adq ¢ _ W
(2 )UF\q| Zoplq]  3mup

where A is the high-energy cut-off that goes with 1/a. Therefore, the critical coupling V. for

the Kekule order reads 3
vV, = TF (4.59)

Similarly, for the hidden order one finds

_‘Z’U%/ dq |q* Vg %de Mdg o, Vi 1A3_17C'UFA3
"3 ) enfurld 32 )y Ty @t Terer 30 T 18me

such that critical coupling ffc’ for the hidden order reads

~ 187t?
Vie ——. 4.60
= (4.60)
Setting vp/t = A = 1 yields V,/t = 37 and f/c’/t = 18 for the critical couplings for the
Kekule and hidden order, respectively. Clearly, in this limit V./t < V!/t, which means that a
much smaller interaction strength is needed to enter the Kekule order than the hidden order.
This is the first evidence that the Kekule order is preferred over the hidden order.*

Zero-Temperature Gap for Kekule Order

As mentioned before, Egs. (4.57) and (4.58) can be solved analytically in the strong- and weak-
coupling limit with [V| > |V.| and |V| < |V.|, respectively. The zero-temperature gap will be
calculated at zero and finite chemical potential. First the Kekule gap and then the hidden
order gap is determined.

'Roy and Herbut rightfully point out that this conclusion might become invalid upon including particles
further away from the Fermi energy.
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To find the zero-temperature gap m(0), Eq. (4.57) is solved for finite y and A’ = 0. This

yields
B 2 dq 1
L= 3;/(2@2 \/(

vrlal + sp)* + V2m?(0)

‘7 /27r /A dq q
= — dé

B J(wrlal + sn)? + V2m2(0)

y - p 12+ V2m2(0)
S 2 (UFA —\/ 2+ V2m2(0)) + pln . (4.61)

2 ~
bmur 2+ V2m2(0)
The integral is solved explicitly in Appendix 6.3.3.

First, this equation is solved for the zero-temperature gap at © = 0, m(0, x = 0). This leads

to -
=5 [UFA—Vm(o,MZO)},
such that B
37TUF ch
mO,pu=0=——1[1——=1. 4.62
(0,10=0) W( V) (4.62)

Next, Eq. (4.61) is solved for the zero-temperature gap m(0) in the strong-coupling limit,
V| > |V,| and m(0)/p > 1. Note that the last condition implies that p < 1, which means that
the Fermi energy is very close to the Dirac points and the density of states p is nearly negligible.
Therefore, in this limit the system is far away from the BCS limit, which requires a finite p,
and the resulting zero-temperature gap is expected to have power-law behavior. Rewriting
Eq. (4.61) yields

- ~ro m2(0)
7 200 141720 g
1= —— [2upA — 2 [1+ v2m—<2> +puln " . (4.63)
67TUF o’ /1 + VQWL;gU) -1

Now, the limit m(0)/u — oo is taken. This leads to

; i 14 12m0 4
1 = V2 2up\ — QMVM + pln v
6rvs I /1 4+ 72m20 g
L H m(0)/u—o0
Vo ~ e }
= vpA — Vm(0) + = ,
3 | r (0) Vm(0)

where the derivation of the limit of the natural logarithm can be found in Appendix 6.3.4. This
leads to the following quadratic equation

V2m2(0) — V2m(0, u = 0)m(0) — 2 = 0.
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Using the limit |V| > |V,| leads to the final answer

412
1+ \/1+ P 0, u—O)‘ (4.64)

Indeed, as predicted, there is power-law behavior.

Lastly, Eq. (4.61) is evaluated the weak-coupling limit, |V| < |V,| and m(0)/p < 1. Note
that in this case the last condition implies that x> 1, which means that the Fermi energy is
far away from the Dirac points and the density of states p is large. Therefore, in this limit the
system is in the BCS limit and BCS-like behavior is expected for the resulting zero-temperature
gap. In the weak-coupling limit, Eq. (4.63) can be written as

L 1+ 720

20pA —2p+ pln

- 6mod 1 £ 72m20
. m(0)/p—0

The limit in the natural logarithm is straightforwardly solved using

\/14—:1:24—1 Vit +1 2—0 2 4 2
~ In 5 In{—|=h|—=)=2n{-]).
Vita?—1 1+2+0(2%) -1 = a? x

This yields

m (0, u = 0)

1_

[%FA — 24+ 2uln (ijz()))} .

2 0
m(0) — %eﬁm(o’“—(’“. (4.65)

6TV i

Solving for m(0) leads to

and

(Ou 0) —' ~ ~
(0, 1) [1 + \/1 T T m0u=0) J ; |‘~/‘ > |‘?:|, m(0)/u > 1,
T/Eeﬁm(w 0)— 17 \V\ < |Vc|, m(())/lu <1,

where now it is written explicitly that m(0) = m (0, 1) depends on a finite chemical potential.
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Zero-Temperature Gap for Hidden Order
Next, the zero-temperature gap equation for the hidden order in Eq. (4.58) is evaluated in the
strong- and weak-coupling limit for finite u and m = 0. This yields

VUF gl
6 t2 Z/

(vrlg] + s1)* + V2m2(0) + % [q[2V2 |A(0)

Vg A dq lq|®
T 6 Zi/ / -

(vrlg] + sp)* + V2m2(0) + & |g[2772 |AY(0)
%
_ Vel ],
6 t2 27

_;E_+£ _d-at
3VI+a?  vh\ (1+a2)%?

402 — 11 V1 241 2 —3a?
M_?) —a 3 + In rat a7/2 ) (466>
7 [ 9(1+ a?) a (14 a?)
where a = M. This integral is explicitly derived in Appendix 6.3.5.

In the limit g — 0, the following is found

Vv A
18 7t2 1+ Oé(/L = 0)2

(4.67)

_ Next, Eq. (4.66) is solved for the zero-temperature gap A’(0) in the strong-coupling limit,
V| > |V!| and |A’(0)|/t > 1. This yields

Vop 1 A2 pu? (—a? w [4a? ay\ [ —3a? \7 vp A3
e | () | S m (B M
6 2 27r{ {304 - vh \ b * v | 9ab i o a’ Y18 o

V Vrp

1872
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such that |A’(0)| reads
t
/
INGIE

C

(4.68)

Lastly, Eq. (4.66) is evaluated in the weak-coupling limit, |V| < |[V/| and |A/(0)]/t < 1.

This leads to

Vop 1 A2 2 1 2 11
1 = Jop (S 3B )y o (2) - =
6t227r{ (3+ Z) e PG T3

where the second term can be neglected because A > 11 /vp, such that

% 3 3
PR N S i PO A
6t22r | 3 ¥ a 9
11 127t%0%  2A%0%
R —
9 V3 3u?
(A?’v% 6rt?vs 11 >

O
=3
A/~
el
~
Q

3P Vup 18

Q
¢
DO
@
>
o]

and - -
& V> |Vel, [A(0)]/t > 1,

ENTCYRESS SO Y S
2t Ve V) V| < |V, |A'(0)|/t < 1,

(4.69)

where now it is written explicitly that |A’(0)] = |A’ (0, )| depends on a finite chemical poten-

tial.

Finite-Temperature Gap Equations

Next, the gap equations for m and A’ are computed at finite temperature. These equations
can be found by minimizing the thermodynamical potential €2, o-. Therefore, first the thermo-
dynamical potential will be derived followed by the computation of the finite-temperature gap
equations for the Kekule and hidden order. Lastly, it is evaluated how the critical couplings in

Egs. (4.59) and (4.60) behave when the temperature is non-zero.

Thermodynamical Potential

To find a general expression for the thermodynamical potential €2, one needs to start from the

partition function
Z =P =Tr (efﬁH)

Y
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where 8 = 1/(kgT). Plugging in a general form of the Hamiltonian H = Ey+3 \Ilflw\Ifq leads
to

7 — Tr (efﬂH) Ty |:e—5(Eo+Zq \ygwwq)} _ BBy [e*BZq qjgw\pq] .

The dispersion relation can be written as

Y Wl = WU = dig,
q q

q

where w are the eigenvalues of the equation, and ng = \I/L\I/q is the number operator. This
yields the following for the partition function

Z = e PEOTY [e_ﬁ 2q “ha) = e PFo H Z (ngle P |ng) .
a q

Nq is the number operator for fermions, and can therefore only have the values zero or one.
This leads to

Z = e T ((01e°0) + (1] e ™ 1)) = e J] (14 e7)

a q
— FEo Heln(lJre“m) — o BB q In(1+e=7) _ e PY
q

I

such that the thermodynamic potential reads
1 -
O = EO — E Zln (1 -+ efﬁw) . (470)
a

Plugging in the energy for the condensate Ej,, - and the dispersion relation wy, a».s & for the
Kekule and hidden order yields the following for the thermodynamical potential €2,,, s

Qpnr = 6NV2 <m2+2|A’|2>

—%Zln

q;s,s'=+%

~ U2 ~
14 exp (—BS\/ (velal + /p)? + Vem2 + L |gp2i2 |A'|2)

(4.71)

In Figs. 4.9 and 4.10, it is shown how the thermodynamical potential behaves with increasing
order parameter. When the system enters the superconducting phase, a second-order phase
transition takes place, which is clearly visible in the Figures.
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Figure 4.10: The evolution of the thermodynam-

Figure 4.9: The evolution of the thermodynam-
ical potential for the hidden order with vp/t =

ical potential for the Kekule order with vp/t =

A =1, p/t =0and A’/t = 0 for different cou- A =1, p/t =0 and m/t = 0 for different cou-
plings: V/t = 21 (solid), V/t = 31 (green), plings: V/t = 157 (solid), V/t = 187 (green),
V/t = 57 (large dashed), V/t = 107 (small V/t = 217 (large dashed), V/t = 307 (small
dashed) and V' /t = 257 (dotted). dashed) and V' /t = 507 (dotted).

Kekule Order
Minimizing Eq. (4.71) with respect to the Kekule gap m leads to

d
- - _me /is,8!
0=12NVm g e me o (dme a ) , (4.72)

qss/ +

where

2
~ v N
Wm,Als,s! = 8\/<Up|q‘ + 3’/02 + V2m?2 + t_g‘q|2v2 ‘A’|2.

The derivative in the second term yields

d d N 02 ~
qme e = =0 (@3\/ (vrlal + ')* + V2m? 4 Elq?V? |A'\2> e e
- -
- _BSV m eiﬁwm,A’;s,s’ — _W—mefﬂwnhA/;s’s/.
¥ vz (7 m,A’;s,s’
\/(’UF|CI| +S'M)2+V2m2+ t—g]q|2V2|A’|2 Wm,Ass,

Plugging this result back into Eq. (4.72) leads to

RIS S o prsr)

Wm,A’;s,s!

q;s,s'==%

where Npp (Wm,arss) 18 the Fermi-Dirac distribution Npp (wmarss) = (eﬁwmﬂ;s»s’ + 1)_1.
Making the sum over s explicit in the last term leads to

1 11 1 1
Z 6swm Al:s! 1 Sw - w me Al:s! 1 - —me Al:s! 1
—t € e m,A’;s’ m,A’;s’ \ € At € Al

_B B
B 1 e 2%Wm,Als! e2wm7A’;S/ . 1 tanh me,A’;S/
Wm,A;s! egwqu’;S’ —+ e_gwm,A’;s’ e_gwm,A’;s’ + egwm,A’;s’ Wi, A’ 2
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such that

12NVm = V?m Z tanh (M)
Q5=+ Wm,A’;s 2

_ f/ 1 ﬁwm,A’;s
1 = ON Z tanh (T)

wm Alss

Writing the sum over q as an integral according to ) — 4N [dq/(27)? leads to the gap
equation for the Kekule order

dq 1 me Alss
h|{———— 4.73
st (2252, (4.73)
where
~ 2 ~
Wi, Als = \/(vp|q| +sp)’ + V2m2 + Z—§|q|2v2 1A%, (4.74)

In the limit 7" — 0, the tangent hyperbolic goes to one and this gap equation corresponds to
the zero-temperature gap equation in Eq. (4.57), as it should.

Hidden Order
Minimizing Eq. (4.71) with respect to the hidden gap |A’| leads to

~ 1 1 d
0=24NV|A'| - = TP, At st 4.75
35 3 e (ame ) )
q;s,8 =%
where Wi, Ars s = SWim e, With wp, arg given by Eq. (4.74). Solving the derivative in the

second term in the same manner as before leads to

d w d () Uz 7 —Bw ’
NG “Pematiast = —f3 ( S \/(UFM +5'u)? + V2m2 + t—§|q|2V2 ]A’|2) e Pm atis.s
_ 2772 A/ 21,12 1/2A/
— /BS |q| V A e—ﬁwnb,A/;S,S/ — _B,UF |2q| V A e_'me»A/;S,S/ )
Viwrldl + 50 + Vome + Fgl2v2 | AP # matin

Plugging this result back into Eq. (4.75) leads to

~ 2 2 ~ N /. / 2 2 ~ 1 /.
ANV |A'| = ﬂFJf' Ay 2 (Cmassr) “Ft|,f| N tanh <—/B ”’;’A ) :
Q;s,8' =+ Wm,A’;s,s a:s iwmA’

where the sum over s was made explicit to obtain the last term in a similar fashion as before.
Writing the sum over q as an integral leads to the following gap equation for the hidden order

V 2 m,A\’;s
= < 1;5 Z/ I (—Bw ZVA’ ) , (4.76)

Wm Ass
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where wy, a5 1s given by Eq. (4.74). In the limit 7" — 0, this gap equation corresponds to the
zero-temperature gap equation in Eq. (4.58), as desired.

Critical Couplings for Finite Temperature

In Subsection 4.5.1, the critical couplings V, for the Kekule in Eq. (4.59) and f/é for the hidden
order in Eq. (4.60) were calculated for zero temperature. With the gap equations in Eqs. (4.73)
and (4.76), it is now possible to evaluate these critical couplings for non-zero temperature by
requiring that the chemical potential is zero and the gaps are closed. In Fig. 4.11 it is shown
that the critical couplings in fact increase with increasing temperature. From this figure it can
be concluded that indeed the Kekule order is preferred over the hidden order.
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Figure 4.11: Solutions of the finite-temperature gap equation for the Kekule order (blue) and hidden order (red)
with vp/t = A =1, u/t =0 and m/t = A’/t = 0. The critical coupling increases with increasing temperature.

Critical Temperature

The next step is the determination of the critical temperatures for the Kekule and hidden order.
When a superconductor is cooled and the critical temperature is reached, it enters the super-
conducting phase and a superconducting gap opens. Therefore, this critical temperature can
be found by requiring that the gap is zero at this temperature. First, the critical temperature
for the Kekule order will be calculated followed by that of the hidden order. The critical tem-
perature can be found analytically in the strong- and weak-coupling limit. Lastly, the critical
temperatures for both superconducting states is reviewed to see how it behaves with increasing
chemical potential and coupling.

62



Kekule Order
To find the critical temperature for the Kekule order, Eq. (4.73) is solved imposing that m(7.) =
0 and A’ = 0. This yields

_ v w>
- SZi/ e “h( 2
Be fe
_ 1% {Bél 1 lcosh( S url\) N Zf /O p » tanil(u) } . (4.77)

6mvp Cosh(7 )
The integral is solved explicitly in Appendix. 6.3.6. In Fig. 4.12 the behavior of the gap with
increasing temperature that follows from this equation is shown. It can clearly be seen there
that with increasing temperature the gap decreases. The gap closes at the critical temperature.
It can also be seen that with increasing chemical potential the gap is larger and the critical
temperature is also larger. An explicit expression for the critical temperature can be derived
in the strong- and weak-coupling limit.
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Figure 4.12: Solutions of the finite-temperature gap equation for the Kekule order with vp/t = A =1, A" =0
and V /t = 4 for different values of the chemical potential: 1/t = 0 (solid), p/t = 0.1 (large dashed), u/t = 0.25
(small dashed) and p/t = 0.5 (dotted).

In the strong-coupling limit, the critical temperature is much larger than the chemical
potential, i.e. S.u < 1. This leads to the following for Eq. (4.77)

Thgo T 141
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The integral leads to

B

=" tanh 2
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where it is used that tanh(z)/z ~ 1 —2?/3+O(z?). Therefore, in the limit S.u < 1, Eq. (4.77)

yields . 3
Vv 4[5 24 Vv 4n(2) | 2u
= —vpA —In(2 — = 2A — — .
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Using that 5, = (kgT, c)f1 and rewriting leads to the following expression for 7, in the limit
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Plugging in Eq. (4.62), then yields the final result
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(4.78)

V2m (0, p)?
m(0, 1) ol
o+ V2m(0, p)

where Eq. (4.64) was used in the last expression. As mentioned before, in the strong-coupling
limit the system is not in the BCS-like regime and indeed the resulting critical temperature
shows power law behavior in .

In the weak-coupling limit, the critical temperature is much smaller than the chemical
potential, i.e. fS.u > 1. This leads to the following for Eq. (4.77)

Bc eFl e Tl s 1 Bey,
cosh = —e2 M,
2 2 2

Be
/ o » tanh(u) Ber>1, 4i76¢,u I 2ﬁc o
0 u ’ T 2 T '

where v = 0.577 is Euler’s constant. Noticing that A is taken to be extremely large, such that

c l g
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and secondly,

leads to

Such that the critical temperature in the limit S.u > 1 reads
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where Eq. (4.65) was used. As mentioned before, in the weak-coupling limit the system is in
the BCS regime and indeed the critical temperature behaves like in the BCS model.
Therefore, the final result is

~2m , 2 ~ ~
T. — { 21n(1)k3 [u‘iwg(&) +M] ) V> |Ve|, Bepr < 1,
m(0, ), V| < [Vel, Bepn > 1.

kB

Hidden Order
To find the critical temperature for the hidden order, Eq. (4.76) is solved imposing that A'(T,.) =
0 and m = 0. This yields the following

_ Vi dg lq|® B (vrlq| + sp)
U= o tanh | =5

m)2vp|q| 4 sp

ﬁCUFA Be

11 "d
i [2/ dv (40* 4 3824%) tanh (v) + Bcu/ i : (120% + 32%) tanh (v)
m c am 0

(4.80)

The integral is solved explicitly in Appendix 6.3.7. In Fig. 4.13 the behavior of the gap with
increasing temperature that follows from this equation is shown. It can clearly be seen there
that with increasing temperature the gap decreases. As is the case for the Kekule order, the
gap closes at critical temperature. It can also be seen that with increasing chemical potential
the gap is larger and the critical temperature is also larger. One cannot see from this figure
that the hidden order is not actually a superconducting gap but instead renormalizes the Fermi
velocity vp. An explicit expression for the critical temperature can be derived in the strong
and weak coupling limit.

In the strong-coupling limit, S.u < 1, the following is found for the first integral in Eq. (4.80)
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The second integral in Eq. (4.80) yields
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Figure 4.13: Solutions of the finite-temperature gap equation for the hidden order with vg J/t=A=1 A"=0
and V /t = 4 for different values of the chemical potential: 1/t = 0 (solid), ./t = 0.1 (large dashed), u/t = 0.25
(small dashed) and p/t = 0.5 (dotted).

Using tanh(z) =~ z — 2°/3 + O(2”) leads to the following
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This yields the following for Eq. (4.80)

~, 3 3
1 = %Ll 1 [(&vgm _<@c;> — 2 (Bep)” In|2] — 3B — 3¢(3)

+3 (BC,U)Q BevpA — 61n(2) (6&“)2 +4 (5CN)3]
B P

6 202 33

C

3
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In the weak-coupling limit, S.u > 1, the first integral in Eq. (4.80) leads to
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where Eq. (4.69) was used.
Therefore, the final result is
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4.5.2 p-Kekule Order

In this Subsection, the p-Kekule order will be reviewed for which v = 7/2. It will be shown that
the ground-state energy and the thermodynamical potential are equal to that of the s-Kekule
order, such that the gap equations and critical temperatures are also equal.

Ground-State Energy

The ground-state energy will be calculated by diagonalizing Eqs. (4.46)-(4.49) for A’ = 0.
As in the previous Subsection, the hidden order is turned off initially because by minimizing
the resulting ground-state energy, a condition on the components of the Kekule order can be
derived, which simplifies the ground-state energy. This will be followed by including the hidden
order in the ground-state energy. It will be shown that the ground-state energy found here is
equal to Eq. (4.52).

Ground-State Energy for A’ =
To find the energy, the following is used

Z (EO,m + Mt + Mp, + Mm,’y:ﬂ/Z) = Em,’y:ﬂ/Qwu
q

where 3
EO,m = 6NVm2

Squaring M; + M, + M,, y— /> leads to
2 _ 2
(Mt + M/J‘ + Mm7’7:7r/2) - (Mt + Mtu‘ + MAv’Y:ﬂ-/Q + MXT,Ai(‘/:T(/Q + MAT,Ai;y:T(/Q)
2 2
2 2 2 —

- Mt + MM + MA,’Y:W/Z + <MXT,A¢,7:W/2> + <MAT,A¢,7:7r/2) + 2MtMM

+ {Mt ? MA)’V:W/Q + MIT,A$,'7:7T/2 + M;T,A$,’y:7r/2}

+ {M:u' Y MAv’Y:ﬂ-/Q + M-AFT,AJ/,’)/:W/Q + MXT,AJ/,’)/:TK‘/Q}

+ - + -
+ {MA7’7:7T/2 ) MAT,Aw'y:ﬂ'/Q + MAT,A¢,7:w/2} + {MA¢,A¢,7:7T/2 ) MAT,A\L,’YZW/Q} ’

where M; and M, are given by Eqs.(4.35) and (4.36), respectively, and it was used that
{M,, M,} = 2M,;M,,. Moreover,

MA,'y:fr/2 - ‘7 (YTl -+ XTQ) X o3 X i'71'72;
MgTvAw’Y:W/Q = _f/ (]—7_1 + R_TQ) X o1 X i’71’72.
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One can compute that

{MM ? MA:’Y:ﬂ-/2 _|_ MX¢,A¢,’7=7T/2 _|_ M£T7A¢77:7r/2} - 0

Therefore, the following needs to be computed

) 2 B 2
(Mt + M, + MmFY:ﬂ'/Q) = ]\41t2 + Mi + Min:ﬁﬂ - (MIT,A¢»7=7T/2> + (MATAMﬂr/?)
+2M; M, + {MAWZW/Z , MZT,A¢,7=W/2} - {MAW:’T/Q ’ M;TvAuW:ﬂ'/Q}

Jr —
+ {MAT,AL,’}/:W/Z ? MAT,AL,’}/:TK'/Q} .

M2, M, and 2M; M,, where computed before. Moreover, it can be seen that Mi,fy:w/Q = Mi,'y:O

because the 7 and o-dependence is the same and (iy,72) = I = 2. The same holds for squaring

MXT’ Ay v=n/2 and Mgm N Therefore, only the anticommutation relations need to be

computed here. This leads to

{MAw:w/% ML,Aw:w/z} = V(YR = XI )7+ (XRy + Y1l ®o01 @1

1V i (YRy — XI) 70+ (XRy + Y )1 @0y @1
=2V (XR, + Y1) (3@ 01 ®1)

_ +
g {MA,’Y:07 MA'PAJJ’YZO} .

Likewise,

{MA,w:w/z ) MKT,A¢,7=W/2} =2V YR -XI)130001= {MAN=O ) MKT,Aw/:o}
{ML,AM:W jor My a s /2} — OV (R.R 4+ LI )@@l = { M a0 MKT,AW:O} .

Therefore,
2
(Mt + M‘u + Mmﬁzw/g) - (Mt + MH + Mmﬂ:())2 y
which means that the ground-state energy Fyq my—r/2 is equal to Ey g my—o in Eq. (4.52).
Minimum of the Ground-State Energy

Minimizing the ground-state energy yields the same conditions as were obtained in the previous
Subsection, i.e.

In| =0, such that A4 = |A], and o1+ ¢, = 2¢ + n.

Using these conditions together with A, = |A,|e!? and A = |A|e' leads to the following
. . . + — .
simplification for Ma y—r/2, M N and M Ar Ay —r)2"

" _
(MAW:WQ + MAmAw’Y:W/Q - MAT’AJJY:W/Q) [n|=0

=V [sin(¢)71 + cos(¢)7] @ [o5 |A] + 01| Aq| cos(dy — §) + 02 | Aq|sin(ey — ¢)] @ ime.
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Writing |A| = mgcos () and |A+| = mgsin (6), where m = my at the minimum of the energy,
leads to

(MA77:7T/2 + MXT,AJ',’)/:W/2 + MXT,AJ',’)/:TK'/2>

= Vimy [sin(¢)71 + cos(¢)72] @ [cos(0) o5 + sin(0) (o1 cos (¢} — ¢) + o2 sin (¢) — ¢))] ® i17e.
(4.83)

In|=0

Ground-State Energy for A" # 0
Now, the ground-state energy can be calculated including both the Kekule and hidden order
using the condition [n| = 0. The same relation as before is used to determine the energy

Z (EO,m,A/ + Mt + Mu + Mm,'y:w/2 + MA’) U = Em,A’*y:Tr/Q\pa
q

where

EO,m,A’ = 6N‘~/ <m2 + 2 ‘A/‘z) .
Squaring My + M, 4 M, y—r /2 + Mas yields
(My + My + Miyyy—pz + Mar)” = (My + My, + My y—rya)” + M3,
+ {MA”Y:T‘-/2 + MXT,AJ,,’YZTF/Q + M;T,A¢,’y:ﬂ'/2 ) MAI} )

where it was used that {M; + M, , Ma/} = 0. Again, the following condition will be imposed

{MA,'YZW/Q + MXT,Aw'Y:TF/Q + MET,AL"Y:W/2 ) MA/} = 0.

For this to hold, a condition needs to be derived for the relative phase between the Kekule
and hidden order. To do this, one considers Eq. (4.83), which describes the Kekule order at
minimal energy. One can see immediately that the terms for the spin and sublattice-valley
space anticommute. Therefore, this condition is computed in the particle-hole space. For all
the components of the Kekule order, the dependence in the particle-hole space is the same.
This yields

{sin(¢) 11 + cos(¢)72, Re(A ) + Im(A") 71} = 2sin(¢) Im(A") + 2 cos(¢p) Re(A")

= 2|A'| [sin(¢) sin(p) + cos(¢) cos(p)] = 2|A'[cos (¢ — ),
where A’ = |A’| €. Therefore, for the anticommutation relation to be zero the relative phase
between the Kekule and hidden order parameters should be 7 /2. This leads to

(My+ My, + My s+ Ma)? = (My+ My, + My o)’ + M3,
- (Mt+Mu+Mm,'y:0+MA’)2,

which means that the ground-state energy is equal to Egg m ar~=0 in Eq. (4.56).
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Figure 4.14: Solutions of the finite-temperature gap equation for the Kekule and hidden order at critical
temperature with vp/t = A = 1, m(T.) = A'(T/) = 0. For the Kekule order the coupling is V' /t = 37 and for
the hidden order V /t = 18w. The critical temperature increases with increasing .

Comparison between s-Kekule Order and p-Kekule Order

The fact that the ground-state energies for the s and p-Kekule order are identical means that
also their thermodynamical potential must be the same. Therefore, as mentioned before, the
zero- and finite-temperature gap equations, critical couplings, zero-temperature gaps and crit-
ical temperatures for the p-Kekule order correspond to those for the s-Kekule order in this
approximation. However, Roy and Herbut show that when electrons away from the Fermi level
are taken into account, the p-Kekule is preferred over the s-Kekule order, which implies that
the results for the critical couplings and critical temperatures will be different for the s and
p-Kekule order in that approximation [5].

4.5.3 Competition Between Kekule and Hidden Order Reviewed

In the previous Subsections, it was already mentioned that the Kekule order is preferred over
the hidden order. In this Subsection, the behavior of both orders, as well as the competition
between them is reviewed. In Fig. 4.11, it was already shown that the critical coupling for the
Kekule order is smaller than that for the hidden order, which is a first indication that the first
is preferred over the second. Then, in Fig. 4.14 the behavior of the critical temperature with
respect to chemical potential is reviewed. One can see that the critical temperature increases
with increasing chemical potential, which was already shown in Figs. 4.12 and 4.13. As different
couplings are taken to solve the finite-temperature gap equations for the Kekule and hidden
order, the critical temperature values cannot be compared in this Figure. Next, in Fiigs. 4.15 and
4.16 the behavior of the coupling with respect to increasing critical temperature is shown. One
can see that for increasing chemical potential the coupling decreases. Moreover, with increasing
interaction strength, the critical temperature also increases. Lastly, the finite-temperature gap
equations in Eqgs. (4.73) and (4.76) have been solved self-consistently, the result of which can
be found in Fig. 4.17. There, it can be seen that the Kekule gap opens at a higher temperature
than the hidden order gap. Therefore, the critical temperature of the Kekule order is higher
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Figure 4.15: Solutions of the finite-temperature

gap equation for the Kekule order at critical tem-
perature with vp/t = A = 1, m(T.) = 0 and
A’ = 0 for different values of the chemical poten-
tial: pu/t = 0 (solid), u/t = 0.1 (large dashed),
p/t = 0.25 (small dashed) and p/t = 0.5 (dot-
ted). With increasing interaction the critical tem-
perature also increases. For increasing chemical
potential the critical coupling is smaller.
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Figure 4.16: Solutions of the finite-temperature
gap equation for the hidden order at critical tem-
perature with vp/t = A = 1, A'/(T)) = 0 and
m = 0 for different values of the chemical poten-
tial: p/t = 0 (solid), p/t = 0.1 (large dashed),
wu/t = 0.25 (small dashed) and p/t = 0.5 (dot-
ted). With increasing interaction the critical tem-
perature also increases. For increasing chemical
potential the critical coupling is smaller.

than that of the hidden order. Seeing that the critical coupling for the Kekule order is lower
than that for the hidden order and the critical temperature is higher, it can be concluded that
the Kekule order is preferred over the hidden order when only electrons at Fermi level are
considered.
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Figure 4.17: Finite-temperature gap equations solved self-consistently for vp/t = A = 1, pu/t = 0.25 and
V' /t = 58. The Kekule gap opens at higher temperature than the hidden order gap and remains larger for any
temperature.
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Chapter 5

Conclusion

In this Master’s Thesis, superconductivity in artificial graphene samples has been investigated.
To that end, first BCS theory was studied in Chapter 2 to provide a theoretical basis for
treating superconductivity. Considering a system with a square lattice, it was shown how an
attractive potential between electrons can be generated and how a superconducting gap can
be opened in the energy spectrum. In the following Chapter, graphene was reviewed. Due to
the geometrical similarity between graphene and artificial graphene, studying graphene pro-
vides the basis of the understanding of artificial-graphene systems. The tight-binding model
for graphene was explained extensively and it was shown that the low-energy excitations in the
system are massless Dirac fermions. Combining the knowledge from Chapters 2 and 3 then
allowed for the investigation of how superconductivity is manifested in graphene-like systems.
A honeycomb superlattice made of CdSe nanocrystals was considered with a longitudinal op-
tical phonon coupling to effective s-like electrons on the same site and on nearest-neighbor
sites. Superconducting order parameters were defined for on-site and nearest-neighbor electron
coupling. The latter resulted in a competition between the Kekule and hidden order.

Two main results were obtained in this Thesis. Firstly, an expression for the effective on-site
electron-electron interaction and nearest-neighbor electron-electron interaction was derived. A
numerical analysis by the group of Prof. C. Delerue (Lille, France) shows that the effective
interactions for both cases remains repulsive. This means that the honeycomb superstructure
of CdSe nanocrystals may not be superconductive. The model studied in this Thesis can also
be used for other materials, such as for instance PbSe nanocrystals assembled in a honeycomb
geometry. An analysis of the numerical values there will show whether superconductivity is
possible. Secondly, the competition between the Kekule and hidden order was investigated and
the results show that the first is preferred over the second. The critical coupling for the Kekule
order is lower, whereas the critical temperature for the Kekule order is higher than those for
the hidden order, which proves that indeed the Kekule order is preferred over the hidden order.
For both the s and p-Kekule order, the same results were obtained. Upon including electrons
further away from the Fermi level, this will be overturned, as shown by Ref. [5], and one will
find that the p-Kekule is preferred over the s-Kekule order. It was also found that the system
behaves BCS-like in the weak-coupling limit.

In the future, the research in this Thesis could be expanded in several directions. First
of all, the research in this Thesis could be expanded by including electrons that are further
away from the Fermi level as is done in Ref. [5] to show that the p-Kekule is preferred over
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the s-Kekule order. Secondly, orbital degree of freedom could be included in the model. The
conduction bands of CdSe nanocrystals arranged in a honeycomb superlattice reveal a Dirac-
like manifold for the s-like electrons as well as the p-like electrons, of which only the first were
considered in this research. Experimentally, the nanocrystals can be doped with electrons such
that p-like states can be filled. Theoretically, however, it is not clear yet how the p-like electrons
can be included in the tight-binding description. Including these electrons would increase the
theoretical understanding of tight-binding models, as well as lead to the formation of exotic
superconducting states. Thirdly, following the example of Ref. [11], the effect of straining on the
system could be studied, as it leads to exotic electron pairings. Lastly, in the conduction bands
of Hg'Te nanocrystals arranged in a honeycomb configuration topologically non-trivial gaps were
found [20]. One could study what happens when superconductivity is induced in this system.
The topological nature of the gaps will lead to non-trivial results for the superconducting states.
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Chapter 6

Appendix

6.1 Appendix to Chapter 2

6.1.1 Derivation of Hg_py

The electron-phonon Hamiltonian is derived in second quantized language.® A simple model for
a metal is considered, where conduction electrons interact with ions of a crystal. It is assumed
that there is one ion per unit cell at a position R;. The ions are arranged in a square lattice
with N lattice sites.

In first quantization, the electron-ion Hamiltonian of the system is

He = Z‘/ei (I'z' - Rj) )
i.J

where i,j7 = 1,..., N, and V,; (r; — R;) is the interaction energy between electrons at position
r; and ions at positions R;.
The ion coordinates R; have small fluctuations around their equilibrium position

R, = R + 6R;.

Therefore, the electron-ion interaction can be expanded as

D Vilri—Ry)=> Vu(r;—R)) + ) 6R; VVi (r; — R)). (6.1)
i,J .3 1,J
All higher order terms are neglected. The first term is an external potential for the electron
coming from the periodicity of the crystalline lattice and contributes to the electron Hamilto-
nian. Therefore, this term is neglected here. The second term describes the interaction of the
electrons with lattice deformations to the lowest order.
The potential term can be diagonalized by introducing normal modes

1 RO

R, = Ex (q) e’ R 6.2
/—NMng,A x(a) (6.2)
M |

Pi =y 2 (@, (63)

!This derivation is based on Section 2.6 in Ref. [29].
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where &) (q), A = 1,2,3 are the polarization vectors. The commutation relation between R;
and P; is well-known
[Rf, P]V} = ihéi,j@hl,.

This relation can be used to derive the commutation relation between Qg and Ilq »

OR, P7] = \/—\/ ZZ [Qa Mg ] E () £ (o) € Be RS = ihg; 6,

aX g’ N
only if
[Qqr, g x| = thdqqrdan- (6.4)
Moreover, [R;,R;] = 0 = [P;, P, imply
[Qq)ﬂ Qq/,k’] = [Hq)w Hq/,A’] =0. (6.5)

The explicit form of the functions Qg and Ilg \ can be derived using the ladder operators for
bosons

Waq, A
bf—;,x = q (Q ——HTqA>
q,/\

[ Wq,\
bq,)\ = 2qh <Qq>\ —|— :H_q A)

and the conditions ()_q = QT and II_q = HT For (Qq,» this leads to

1 2w A
bq,A—l-bT_qu \/ 2h (Qq,\—i-—ﬂ ar+Q° “qn EHL’A> = 7; Qqs

such that

Qqx = (bq,A + b*_q,A) . (6.6)

2w

A

Next, IIq » is retrieved

Wy 7 1 2
b =2 (of 0t O - — T, ==, ——1I
QA QA 2% <Qq/\ QA —q,\ Q@ QA Wan QA . Qs
such that

[
Mg = iy =2 (P = ban) (6.7)

The ladder operators b' and b obey Bose-Einstein statistics and their commutation relations
are

B U] = Saatr: s bax] = [bhblin] =0

Inserting Eq. (6.2) into the second term in Eq. (6.1) yields

> R, VV.i (r— R

J

) eiq'R?VVei (r — R?) .
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Denoting with aL » and ay , the creation and annihilation operators of electrons in the basis of

Bloch functions yj (r), this expression can be written as

)TV, (x - RY)
J QA

- \/— Z Z Raq éx (a /dI'Xk( )VVei (r — RY) xie (1) aLgak/,a

Ak o

= \/_ Z Z Qq AgA zq R? /dI‘Xk (I‘ + ]R,?)VV;z (r) XK/ ( + R ) ak SOK o

q,\kk',o

Using Bloch’s theorem ‘
Xi (r+R) = ey (1),

where R is a lattice vector, leads to the following

(6.8)

\/— Z Z Q& (q) e’ RY /erk (I“ + R(J)‘)v‘/ei (r) xw (1" + R?) aLo—ak',g

jarkk o

- ¢— Y > Qaaba(@)e ™ / dry (r)e ™V, (1) ye (r) e Ml aw

jarkk .o

= S 2 Q@ s G e () sacs

q,A\k ko

\/ Z Z Qq,\& 5k/ k+q,G (k| VVei ’k>akaak’aa

q,\ kk' G0

where G is a vector of the dual lattice, i.e. 'S’ =1 and

[ EREIVV ) e (1) = (0 TV K.

Therefore, the electron-phonon Hamiltonian in terms of normal modes is

=3 2 S (K OV ) €4 (@) Bk 6 Qanth ot
a\ kK,G,o
Eq. (6.9) can be expressed in terms of boson operators using Eq. (6.6)

Hcl—ph = \/ Z Z k|v‘/ez|k/ 5,\( )5k' k+qGQq)\akJak’

a) kk.G,o

= 2 Z 2@ M (K VVei &) €1 (a) b rcsae (ban + b g0 ) g

a) kk.,G

= Z Z xx () Ow—k+q.G (bq,)\ + bT_q,A) CZLU(Ik',m

q,\ kk/' G0
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where g 1 (q) describes the electron-phonon coupling

hN

iy (K VY ) 8 (@) (6.11)
q,

Ik k! (q) =

This expression can be simplified by setting G =0

Hapn = Y > Qw AM (K| VVei [K) Ex (@) o (ban + b0 ) o ptieo

a) kk o
k.,q,\,0

-V m (@) (bas +1Lq) s
a\o a

q,

q)\a

where g = >, aLJrq’Uak,U and 7 = VANE) (q).

2% AM (k + q| VVii ) & (q) (bq,A b qvA) A4 ool

(6.12)

6.1.2 Derivation of Sy, and Se_pn

To find the action, the following definition is used

hp
ot ] = /0 dr [} (1)00(r) + H (47,9)] (6.13)

where the first term contributes to the kinetic term in H. To write the Hamiltonians in terms
of the fields, the operators are transformed to ﬁelds using the following

g — wq \/— qu neiwnﬁra
Cqj = Gqy(T \/— Z¢qyne @t

where w, = (2n + 1)x/(hf) and @, = 2nw/(hP) for n € Z are the Matsubara frequen-
cies for fermions and bosons, respectively, and ¢! (¥7) and ¢ () obey the boson (fermion)
(anti)commutation relations.

For the phonon action Sy [qﬁT, ¢] this yields

Son [61.9] = / i dTZ [¢L,j<7>87¢q,j (7) + bl (7) s (7)]

q.j n,n

5 z S~ hBE(n— ) [%n (<o) b +@eh; o Pain |

Q.j n,n

_quan —iWy + Wy) Pqjn = Z¢ — i + Wq) Pg.j,

Q.J;n
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where ¢ = (n,q), and the following identity was used

hB 2n7r 2n'm
dr '@ =9 = 276 (w,, — 2710
/0 ( wnt) = ( hf3 hj )

- (hﬁ(n - n)> — 2m5-d(n — ') = B6(n — ).

%

Next, the electron-phonon action Se_pn [¢T,¢,¢T, gzﬂ is determined. This term does not
contain any terms contributing to the kinetic term, so the first term in Eq. (6.13) is not
included in this calculation. The following is found

elph V1,0, 07, 0] = 7/0 dr Z W¢k+q(7)¢k(7) <¢_qj( ) + ¢q,j(7)>
k,q,7 q

hg
hﬂ\/_/ Z Z 2qu 1/2

k,q,j n,n' ,n’"

i(wn—w, 1 4@ 11T T i(wn—w, 1 —6 )T T
X (e( n =Wy, 0, r) wk—i-q nwk n,¢ Q' _|_e( n =W, — @, r) ¢k+q7nwk’n/¢q,j’n//>

- s Z 1 bl (50— 0+ ") g 0+ 0(n = 1 = "))

k,q,j7 n,n’,n’
Z Z wk wkn ¢_ + ¢ n—nm’ | -
/ 1/2 +q,n q,j,n'—n .7,
kq] n,n’ ( )
Therefore, Sy, [ng, gb] and Sei_ph [Q,DT,Q/), o, gb] read
Son [0, 0] = Z¢> — il + We) g, (6.14)
Sel—ph [77Z)T71/J7¢T \/—ZZ 1/2¢k+qn¢kn (stan n+¢qyn n) .
k,q,j n,n’
(6.15)
6.1.3 Derivation of Effective Action
Using the definition for p,, the solution for Se_pn [W, V), ¢, gb} can be rewritten as
Sel—ph [¢T7 1/}7 qu \/— Z Z 1/2 7\pk-i—q n¢k n’ ((é,q] n'—n + ¢q3 n—n' >
k.,q,j n,n’
Z Z ¢k wkm n ¢7 + ¢ —n
/ 1/2 +aq,m qa,Jn .5,
kqj n,m ( >
i
_PYZ 1/2pq—n (¢ qQ,J, n+¢an> _’}/Z )1/2pq—n <¢7q]+¢q]>
Q.J,n q,j,n
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Using the solution for the phonon action Sy [ng, gb] yields the following coherent state integral

/D [WL,@D] /D [¢Ta¢] exp{— [ el WL Z 925 (—iwn + wy) Gq,j

q,J,wn
+vz 1/2pq n(<b_w+¢q,>] /h}.
a.jn
To be able to integrate out the phonon fields, the square needs to be completed. This yields

_ng); — iy, + W) Pg,j — WZ w>1/2pq—n(¢Tq]+¢q1>

ClJn

:—Z (=i, + wy) ¢qj¢q] +VZ 1/2p QN¢qJ VZ

n 174 1
= =D (i +wq) | 045 = S pa
o (2mw,)

¢ Wy, + Wy

1/2 pq —n¢q j

(2mw, )

17; 1 7°q 1
X ] + —q.n A + A —nmM—q,n-
<¢‘“ (Qqu>1/2p T i, + wq> ; 2mwg —iw, + Wy Pa,—nP-a,

Plugging this into partition function yields a Gaussian integral. Integrating out the phonon
field leads to the desired result

Z:/D v, ¥] /D (0", 6] exp [=Sa [v1,¢] /R
1

1 . to_ 1Y 1
h ' ( an + wq) (¢q,‘7 (2qu>1/2 pq,—n —Z(Z}n + wq

q?]

1Yq; 1 1 v4q 1
X j —q,n .~ e . ~ —nF—-q,n
<¢q’9 + (Qqu>1/2p T i, + wq> T i 2wy —iloy, + wqpq’ P-a,

2 2
_ f _ f A o S S
~ [Dwiv exp[ Su ool i g S G +wqpq,npq,n] -

Using that @, = —w_,, sending n — —n yields
Z=/D[ww]exp_ Sa [, ] S
’ ¢ T Wy —1W0_y, + Wy nim
t _ t R e .
— [ Dl e]ew | -Sa[ohu] et 51 > Tt
such that
t t S e
Sett [¥1, 0] = Sa [W1, ¢] — o Z w—qmpqp_q.

q
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This result can be rewritten

— 1y, + Wy

1
Seff |:¢T7¢j| = el [77/} ¢ __quzwn+wq N PqP—q

— Wy, + Wy

2
q* —i, + Wq

= Sa [w Tﬂ -5 _—wgpqp q- (6.16)

2
2m Wy Wyt

1w, in the numerator will drop out because the function is symmetric. This leads to the desired

result 9

2
Seff [¢T7¢} - el [¢T ¢} fY Zﬁpqp—Q‘ (617)
g " d

2m

6.2 Appendix to Chapter 3

6.2.1 Derivation of Energy Bands in First Quantized Language

In the tight-binding model discussed in this Chapter, the energy bands produced by the ¢ bonds
are neglected, and only the energy bands of the 7 electrons are taken into consideration. The
body of this Chapter employs second quantization techniques to find these bands. However,
as mentioned in the text, the relative sign between ¢ (the nearest-neighbor hopping parameter)
and ¢’ (the next-nearest neighbor hopping parameter) does not follow from the second quantized
approach. That is why, in this Appendix, the energy bands for the 7 electrons will be derived in
the first quantized language to show that the relative sign between the two parameters should
be negative when both parameters are defined with equal sign in the Hamiltonian.
Graphene has two atoms per unit cell, this means that one can write a trial wavefunction

i (r) = arcdh” (r) + B (1),

where oy and [y are complex functions of the quasimomentum k. 1/11((‘4) (r) and wl({B) (r) are
Bloch functions

) r) = Zeik~Rz¢(j) (r+r;—R;), with j=ARB (6.18)

where r; connects the sites of the underlying Bravais lattice of the j atom with the unit cell [35].
The functions ¢V (r + r; — R;) are the atomic orbitals for electrons in the vicinity of atom j
located at a position R; — r; at the Bravais lattice site Ry [35].

Assuming that this trial wavefunction is correct, it can be used to find solutions to the
Schrodinger equation Hyx = ext). Multiplying with vy from the left gives ¥y Hiy = extpt)x.
The left hand side is

VicH i = (a;;w;‘;“’ + B ) H (el + ﬁkwff))
= a* iV Hayp(M + a*w;i‘A)Hﬁwli + 8P HapM + g ® H P

o (A H¢ oD g o
Sl (w:i(B ! wE(B)HZEB)> () = s (). o
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where

*(A *(A
H H
Hy = ( «(B) HZt *(B Hzt ) (6.20)

This matrix is Hermitian
* * t (A) *(A A * *
Hio = ¢kE2;H¢%:; o Hw =, ,® Iwk(A; IE‘B;H%EZ
e T Hy % H@Dk Uy THY T Hapy

(e Hn @z};(;‘)ﬂwﬁj i
T

where in the first step the transpose was taken of the matrix, and in the second the complex
conjugate. The right hand side of the Schrodinger equation gives

it = ac (0l + B ) (v + B

#(A), ) (A) - *(A) (B)
o (aik( ﬁlﬁ) (zE(B)¢EA) Zk wk ) (gk> e (ai’; ﬁi) S <%11:> 7 (6:21)

where

(e Awk 1), (B )
Sk k , 6.22
<¢ B),w ¢k(B) 1((B) ( )

called the overlap matrix. From the hermicity of Hy it is clear that Sy is also hermitian Sy = SIT(.
This leads to the following relation

(o Br) Hac (g:) = ac (o Bi) Sk (;‘;) . (6.23)

The energy bands of the 7w electrons correspond to the eigenvalues of €y

(i) = s (3)
(Hkak) - <€k5k06k)
Hi P 1Sk Pk
(Hk@k — EkSkOék)
HiPx — €xSkPx

det (Hk — 61)281() = 0.

= 0

The solution to the last equation yields the energy bands. The index A\ on the energy indicates
that there is more than one solution, in this case two, because there are two atoms in one unit
cell [35].

To solve this equation, it can be written in terms of the orbital functions using Eq. (6.18).
The Hamiltonian H is split into a part for the atomic orbital H* = —(h?/2p)A+V (r+4d;, —R))
and a part AV, which is a perturbation that corrects the atomic potential so that the potential
of the Hamiltonian corresponds to the potential of the crystal (just like was done in Section 3.2).
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H satisfies the eigenvalue equation H%¢W (r+8;—R;) = ¢V ¢l (r+68; —Ry) [35]. As all atoms
in the system are the same, they yield the same on-site energy. This means that this energy
only shifts the energy bands, and can therefore be omitted from the calculation by setting it to
zero, i.e. H¢Y) = 0. The Bravais lattice vectors correspond to those of the A sublattice, such
that r4 = 0, and the equivalent site on sublattice B is found by the displacement rg = &3 [35].2
The orbital wavefunctions are normalized such that [ d?r¢*V) (r) ¢\ (r) = 1. Lastly, overlap
by orbitals that are not nearest-neighbor are neglected.

The four matrix elements of Hy — Sk will be treated seperately. First, the off-diagonal
elements will be evaluated. Hi? = (HEZ4)* yields a hopping term. The nearest-neighbor
hopping amplitude is defined as

NN = —/d27" o*@ (r) AVP) (r + 85) (6.24)

An atom at site A has three nearest-neighbors. In Eq. (6.24), the hopping is defined as going
from site A to site B with a vector d3. Therefore, to cover the other two possibilities, Eq. (6.24)
needs to be shifted with a phase factor as appears in Eq. (6.18). To go to the nearest-neighbor
at r + 01, Eq. (6.24) needs to be multiplied by exp(ik - a;). To go to r + 5, Eq. (6.24) needs
to be multiplied by exp(ik - a5). This leads to the following off-diagonal term

’HﬁB — iy (1 4 oikaz | eik-as) = —tNN Yk (6.25)

where ‘ '
Y = 14 eaz peikas, (6.26)

Next, —exS{P = (—rSP4)* yields a correction to the overlap of atomic orbitals. It is assumed
that only orbitals on nearest-neighbor sites overlap. The overlap correction is defined as

5= / A%r " (1) o) (r + 83) . (6.27)
Using the same reasoning as before, the result is
—6SAP = —6's (1 + etkan 4 eik'a2) = —6 5
So the off-diagonal terms are
HP — g SPP = — (tnn + €xs) i HEA — @ SPP = — (tvn + €xs) T (6.28)

Next, the diagonal terms will be evaluated. H{#4 = HPP yields a hopping term between
next-nearest neighbor sites separated from each other by the lattice vectors in Eq. (3.1). The
following is found

Hit = Y HYY = / d2r " (r) AV [ 2@ (r — a;) + e 2 6W (r 4 a))

+eik-a2¢(A) (I‘ . a2) + efik-ag(b(A) (I‘ + a2) + eik.a3¢(A) (I‘ _ ag) + efik-a3¢(A) (I‘ + ag)} _

2One can choose any of the other vectors §; without changing the physics.
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All sites A are equivalent to each other, i.e.
o (r—ar) = oW (r+ar) = oW (r —ag) = oV (r + a3) = 6 (r — a3) = ¢ (r + a3).

Defining the next-nearest hopping amplitude as

tNNN = — / A% ¢*@ (r) AV (r + a3) (6.29)
the following is retrieved
HﬁA — _tNNN (eik~a1 + e—ik-a1 + eik~ag + e—ik-a2 + eik~ag + e—ik~a3)
= —QtNNNZCOS (kaz) = _tNNN (|’Yk|2 —3) . (630)

That this last equality holds can be easily checked
”}/k‘2 . 3 — (1 + e*ik'a2 + efik-ag> (1 + eik-aQ + eik-ag) _ 3

-1 + 1 + 1 + eik~ag + e—ik-ag + eik-a3 + e—ik-a3 + eik-(ag—a3) + e—ik~(a2—a3) . 3
= 2cos (k- a;) + 2cos (k - ag) + 2cos (k - ag) = 2 Z cos (k- a;). (6.31)

The second part of this equation yields
QU = —q) [ 3 RGO (- Ry o (r - R
R R/,

Any overlap of orbitals that are not nearest neighbor is neglected, hence this equation yields
zero unless r—R; = r—R/;, because then the renormalization condition can be used. Therefore,
the solution to this equation is

*(A A
—qn o =~
So the diagonal terms are
HﬁA - EﬁSI?A == HEB - EQSEB = _tNNN (h/kﬁ — 3) — 61);. (632)

These considerations lead to the following equation
—tINNN (|'7k’2 -3) — & — (twn + &) 7 —0

A

det
¢ — (tNN + EﬁS) "}/lt _tNNN ("7k’2 — 3) — €k

Solving yields

[tnnw (”Yk|2 —3) + Eﬁ]z = (twn+ GﬁS)Q el
INNN (|71<|2 —3) +ex = £ (tvv+s) il
(1 Fs|nl) = Ftww |l — town (Il = 3)
INNN (Wk|2 —3) £ tnn |

6 =

1F s |
P INNN (|71<|2 —3) 4+ Atan |l (6.33)
« 1= As |l 7
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where A = +. This equation can be expanded using that s < 1 and tyyy < tyny. The orbital
wavefunctions are defined to be localized, so their overlap is assumed to be extremely small,
hence the first assumption. The second assumption rests on the same argument and implies
that the overlap between orbital functions of next-nearest neighbors is much smaller than the
overlap of nearest-neighbor orbitals. The following is found

G ~ [tawn (nl” = 3) + Aww [ nel] [T+ As [ nel]
= INNN (|7k|2 —3) + Mwn || + Avwws [l (|7k\2 —3) +tns el
= (tawy +tuns) l” = Stvww + Maw [l + Mawws [l ([l” = 3)
= thyw l® = 3twww + My [yl + Mawws [yl (Il® = 3)
where tyyny = tynny + tnns is the effective next-nearest neighbor parameter. The last term
in this equation can be neglected because it is extremely small compared to the other terms.

Moreover, the term —3tyyn is just a constant that shifts the energy bands and can be left out.
Using Eq. (6.31) leads to the following

A gt
€x = NN

3+QZcos(k-ai)

+ )\tNN\/3 +2) cos(k-a;). (6.34)

Using Eq. (3.1), the energy bands can be computed explicitly. The cosine leads to the following
QZCOSG{-ai) =2cos(k-a;)+2cos (k-ag)+2cos (k- a3)

7

= 2cos [kx(a1)x + ky(a1)y] + 2 cos [kx(az)x + ky(az)y] + 2 cos [kx(a1 — a2)x + ky (a1 — az)y]

= 2cos <kx37a + /@@) + 2 cos (kx?;—a — /@@) + 2 cos (ky\/ga)

= 2cos <kx3—a> CoS (ky \/§a> — 2sin (kXS_a> sin (/fy \/§a> + 2 cos (kx3—a> CoS (k;y \/§a>
2 2 2 2 2 2

+2sin <k:x37a) sin (l@@) + 2 cos (ky\/§a>

= 2co8 (ky\/§a> + 4 cos <k:x3?a) cos (/@@)

The energy bands are

f (k).

A /
€ = UInnn

3+ 2cos </€y\/§a> + 4 cos (kxE;—a) cos (k‘y@)]

+XNNA| 3+ 2cos (ky\/§a> + 4 cos (kx%) CoS <I<;y_

= MynvV3+ f(k)+tyyn B+ f (k). (6.35)
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The values of the hopping parameters can be found by fitting the energy dispersion to the
energy dispersion calculated numerically in more rigourous band-structure calculations. The
value of the nearest-neighbor hopping parameter is tyy ~ —3 eV [35]. For the next-nearest
neighbor hopping ¢y vy ~ 0.1tyn, so indeed tyyny < tyn. This shows that in this case, where
tyny and tyyy are defined with equal sign, also have an equal sign in their value. Comparing
to the second quantized case shows that there ¢ and ¢’ show up in the dispersion relation with
opposite sign. Therefore, their values fitted to first principle calculations, should be opposite.

6.2.2 Derivation of Energy Bands in Second Quantized Language

To find the energy bands from the Hamiltonian in Eq. (3.9), it is easiest to treat the nearest-
neighbor (nn) and next-nearest neighbor (nnn) parts separately. The nn part of the Hamiltonian

1S
_ T T
Hy=—1Y (ambg,j + b(,,jag,i> .
(i,4),0

The nn of position r; is r; = r; + §, with o = 1,2,3 where §, is defined in Eq. (3.2). The
Fourier transform of the operators a and b is
a :Lza keik'ri b :Lzb kez’k«'i
T, \/N a, 9 o, \/N - g, Y

k

where N is the number of atoms in each sublattice. Plugging the Fourier transform into H,,
leads to the following

" o o
I E:E:}: t —ileritiqr; —iqrjtiker;
nno _N (aa,kba,qe senA 4 bz,qaa,ke rgTeeE )

o rir; k,q

_ YT (aT (Doge TS g ke—iq.(ri—&-(sa)—&—ik-ri)
N o, ) o, )

o 1,00 k,q

— _% Z Z Z (ai7kba7qe_i(k_Q)'ri+iQ‘5a + b;qamke—i(q—k)n—iq‘éa) )

o r;,0. k,q
The following relation is used
Yt = N,
to find

t iq-8a —iq-0a
H,, = N Z Z <a;kbaqu5k7qe Voo b;qaa,kN(Sk,qe 4 )

0,00 k,q

k-8 —ik-q
= —t E (a;kbg,kel —l—b;kaa,ke ! >
0,00,k

Defining the function

gk) = —t» e (6.36)
da
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allows H,,, to be written as

o,k

This leads to the following relation
O g(k) a’O',k — Ek ao‘,k
g (k) O box "\ Dok
g(k)bo,k — Ek,nnaa,k
g* (k)ad,k Ek,nnba,k ‘
There are two equations that need to be satisfied

g(k)bo,k = Ek,nnao,ky
g*(k)ao,k = Ek,nnba,k-

Rewriting
Ek,nna'a,k - g(k)bgk =0
_g*<k)aok + Ek,nnbo,k -
leads to
Ek nn _g(k) O
_g* (k) Ek,nn ’

Such that the energy band for nn is

Efn = 19

Next, Ey ,, will be computed explicitly. Starting with

95

*

s
—

2 —ik- —ik- —ik- k- k- k-
6151_+_ Z52+ 153)(Z61_’_e152+ez53)

=t
=12 (14 e H(B2-00) 4 ooike(83-01) 4 oike(61-02) | | | o=ke(83=62) | =ik (81-65) 4 o
=t

_53))

2 3+ezk (61— 52)+ —ik- (81— 52)+elk-(61—53)+e—2k~(51—53)+eik~(52

=1?[3 4 2cos(k(8; — 62)) + 2cos(k(8; — 83)) + 2 cos(k(dy — 83))],

which can be evaluated explicitly using Eq. (3.2). The cosines are

2cos k(61 — 82)] = 2cos [kx(01 — 2)x + ky(d1 — 52)y]

2 2 2

-3 (e ) (o ) (57)

—53) + e—ik~(52

= 2¢oS [kx (g — —> + ky <@+Q>] = 2cos (ky\/§a> ,

38

(6.37)

(6.38)

ik-(62—83) 4 1)

(6.39)



2cos k(01 — 83)] = 2cos [kx(01 — 03)x + ky (01 — 03)y]
oo (3| a0 )

= 2¢0S (kxg—a) CoS (ky@> — 2sin (kXB_a) sin (k:y@> ,
2 2 2 2
2cos [k(d2 — 03)] = 2cos [kx (02 — 03)x + ky (02 — 03)y]
a V3a 3a \/_a
= 2 cos [k‘x <§~|—a> + ky (—T+O> = 2cos (kx7 5 )

— 2cos (kx%a) (k f%) + 2sin (kx%“) sin (kzy@> .

Plugging these results back into Eq. (6.39) leads to

3+2008<k \/_a>+2cos k— < L)

and

7 (K)g(k) = ¢ .

) () ) () ) 2]

=12 |3+ 2cos (ky\/ga) + 4 cos <kx3—a> Cos ( \/_CL)] )
2 2
such that
Ex nn = £tv/3+ f(k), (6.40)
with
f(k) =2cos </€y\/§a> + 4 cos (kx?%a) Cos < \/;a) ) (6.41)
as desired.

Next, the nnn hopping will be included. The nnn-part of the Hamiltonian is

. T T T
nnn = —t Z <CLU ilo,j + ba,ibUJ + a07ja‘77i + vajb‘T”L) ’

The nnn of position r; is r; = r; + 8, — 65 with o, 8 =1,2,3 and a # 3 where 8, 4 is defined
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in Eq. (3.2). Transforming to reciprocal space following the same procedure as before leads to

nnn = Uyq + b ba _Zk Titiqr; + aa k + b b —iq-r;+ik-r;
Z Z Z cr k »ad o,k”0,4 ( )

o r;r; kq

Z Z Z [( gka0q+bgkbaq> —ikeri+iq-(ri+80—85)

o ri,6a,03 k,q
aF#f

)

Z Z Z [( Uka0q+bakbgq) _Z(k—q)'ri-i-iq(éa—éﬂ)

g Iy, 6(1 65 kq
a#B

+ (aT Ao g + UF oboic) e*“qfk)'rﬁik-(‘sr%)]

Z Z Z [( Ay 1 oq bl xkbo q> N6 g€ a(8a=05) | (a;qaavk + b;quk) Néiq€' k-(8a—5)

o d6a,03 k,q
a#f

-3 Z ) [( bkl + By be, k) e(e=0s) 4 (a:r;,kaa,k + bf,,kba,k> eik'“““”ﬂ 7

ok 64,08
okt

where the following relation was used

((5.3)) ri,rj

to prevent double counting. Defining the following

=t ) &* (8a=05) (6.42)
80,05
a#p
allows for H,,, to be rewritten according to
1 h(k) + h*(k) 0 Qg k
_ - T T o,
Hnnn - 9 Z (aa,k ba,k) ( 0 h(k) + h*(k) ba,k : (643)

ok

This leads to the following relation
1 h(k) + h*(k) 0 Qg k — F Aok
2 0 hk)+h (k) ) \boxc ) 7" \ o

> (G i) = (B

[h(k) + h* (k)] . (6.44)

Hence,



The next step is to explicitly compute h(k)

hi) =1 3 Mt o gy B () l0a0n) g g (0000
5ardm0t 85,078
=t (T O102) 4 (18 | ik (82-01) | oike(8a-81) | (ike(Ba=81) y oikc(a=2))

— _t/ (eik-(él—ég) + e—ik~(51—52) + eik~(51—53) + e—ik~(51—53) + eik~(§2—53) + e—ik~(52—53)) .

Comparing this result to Eq. (6.39) immediately yields the solution

h(k) = —t' (2 cos (ky\/§a> + 4 cos (k:x:%a) cos (k&@)) .

Moreover, from Eq. (?77?) it is clear that h(k) = h*(k), such that the energy bands for nnn are

FEypnn = —t' <2 cos (ky\/§a> + 4 cos <kx37a) coS (k;y \/2§a>) . (6.45)

Therefore, the energy bands derived from the Hamiltonian in Eq. (3.9) have the form

Ex = +t/3 + f(k) — ' f(k), (6.46)
with

f(k) = 2cos (ky\/§a) + 4 cos (/{x?)?a) Cos <ky \/2§a> : (6.47)

6.2.3 Expansion of Energy Bands around Dirac Points for Nearest-
Neighbor Hopping up to O (q/K)

The full band structure close to the K point is determined by expanding as k = K 4+ q with
la] < |K|, where K is defined in Eq. (3.5). Only nn-hopping is considered. At k = K,
FEx nn = 0. This can be shown explicitly,

Exnn = £t\/3+ f(K) =0, such that 3+ f(K)=0.
So f(K) = —3. To see whether this holds, Eqgs. (3.5) and (3.12) are used to obtain the following

f(K) = 2cos (Ky\/§a> + 4 cos (Kx:%a> Cos (Ky@> = -3

2
2 cos (g) + 4 cos <%> cos(m) = —3
2 X ! +4 x ! x—-1 = =3
2 2 B
-3 = -3,

such that indeed Fk ,, = 0. Now k will be expanded around K using Egs. (6.36) and (6.38).
This leads to the following

9K +a) = 9(K) + ¢:0,glx = 9(K) + ¢xO9lx + @y, 9| -
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From the fact that Ex ,, = 0, ¢(K) should be zero,

— ¢ E :ezK da . ezK-él + eiK-52 + eiK-63)

2r a 2 V3a
{eXp (a'——l—?)\/_a 2)
—t (e

2T
28 4] 4 e ZQ’T/?’): t[?cos(3)—l—1] —t(—1+1) =

The other two functions in the expansion are

akxg|K =—1 Z (iéa,xeiklaa)
da

=it S (a0
(sa

K

and likewise

Ok, 9k = —itz (5a7yeiK'5°‘) .
da
This leads to

gK+q)= Qz@kig‘K = —it Z (Qx5a,x 4 Qy5a,y) oiK-0a
da

This equation can be computed explicitly using Eqs. (3.2) and (3.5)

9K +q) = =it > (Gxbox + Gybay) €™
30

= —it [(QX(SI X + Qy 1, ) K0 + Qx52 X + Qy52 y) K0, + <QX53 x + Qy(SS y) ZK'JS}
(Kbt Kyduy) 4 (qxa a\/_) (K2t Kyb2y) _ o g @i(FxsxtKybs.y)

o a. a3
= —it X dy 2 qy2

o)
= —it ( XG yaT\/g) ( xa dy G\Q/_) (% )—qxae ?,Z ]

:—it{<qx +qy 5 ) +ZSln(2§)]+QXg_Qy%§
() ()}

:—z’t[(qxz—i—qya\;_) (——+ \/_)Jrqx — gy %—qw(—%—%\@)l
= —it [qx34 <1+l\/_>+qy4 ( fﬂ)].

Such that

w\ﬁ

(K+q)—zt{ 34 (1—zf)+qy4 (—\/5—2')}
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This leads to

9" (K+q)g(K+q) = gt [(qx - \/§qy> +i (\/§QX - Qy>] [(qx — \/§qy> —1i <\/§QX + qy>]

16
9a?t? 2 2 90242
= 26 |:(QX - \/§Qy> + (\/§QX + Qy> :| = —?6 [qi + 3(])2, — 2\/§Qqu + 3(],2( + q}% + 2\/§qqu}
9a*t* . ) 9a%t* .,
= 75 Mg = —— [+ o] (6.48)
Such that the final result reads
9a?t? 3at
Enn(K+q) = \/ %+ ¢] = £=-lal = £vrlal, (6.49)

with the Fermi velocity vp = 3at/2.

6.2.4 Expansion of Energy Bands around Dirac Points Including Next-
Nearest Neighbor Hopping up to O (¢?/K?)

A similar procedure as in App. 6.2.3 can be followed to find the expansion of the energy bands
around the Dirac points including nnn-hopping up O (q?/K?). First nn is considered followed
by nnn.

Expansion of Energy Bands around Dirac Points for Nearest-Neighbor Hopping up
to O (q*/K?)

To find the energy bands up to O (q?/K?), the same procedure as in the previous Appendices
is used, except that now g(q + K) needs to be expanded up to the third order in q. To see
why, one should consider the following expansion

g(K+q) = g(K) + ¢i0kg

1 1
KT E%Qjakiakjf , + Q%qukﬁkiakj@kkg

= A(d’) + B(q") + C(q®) + D(q*),

K

where
A(q°) = g(K), B(q') = ¢:i0g

1 1
C(q*) = = 4iq;0r0k,9| D(q%) = — 44410, 0k, 01,9
2! « 3!

K>

K

In App. 6.2.3, it was found that g(K) = 0, such that g(q + K) only needs to be expanded up
to third order in q. Therefore, computing E,,(q) up to O (q?/K?) yields

Em(K+q) = +|g(K+q)| = V¢ (K+q)g(K +q)

= V[B*(d") + C*(a?) + D*(a*)] [B(q") + C(q?) + D(q?)]

= {B*(a")B(q") + B*(d")C(q*) + B*(qa")D(q’) + C*(q*) B(q")

+CH (@) C(a?) + D (@) B(a)} ' + O /K?) (6.50)
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The result for the first term, B*(q')B(q'), was calculated in App. 6.2.3 and reads

9a>t?

B*(q")B(q') = 1

g%+ a5] -

Next, the terms B(q'), C(q?), D(q*) and their complex conjugates need to be found. The
terms B(q') and B*(q') were calculated in App. 6.2.3. They are

B(q') = g Kzt{qxg—a<\/§ >+qy4 (14—@\/_)}

4
and B*(q') the complex conjugate of this equation. Next, C(q?) needs to be computed

1
—,Qinakiakjg

2\ 7122
C(q*) = 51 = 2qx0kg

X

qialzyg‘ + QXankxakyg|K = IC + IIC + Illc,
K K

where

Ic = —q282 , e = —q282

K

, Il = qquakxakyglK )

The first term leads to the following

_ 202 ik-0q
AW

= 0 (BT 3
t 5 (a>2 27 a+ 2 \/ga n <a>2 | 27 a+ 27 \/ga
= = ) expli|— =+ —  —— ) expli|— =+ —r —r
2B\ \2) P 1"\ 30 2 "5 /3. 2 2) “PI"\ 3¢ 2 380 2
2 t 1 .. 1 A
+ (—a)2 exp {Z (% ] —a)} } _ EquQ {Zemw/:s + I + e—217r/3:|
_! 242 L cos 2n + 7sin 27 + L + cos 2m 7 8in 2m
L W 3 3 4 3 3

t o o[5 2\ 3 . 27\ 1] t ., [ 5 3V3 1 3t22< )
o Bxt {4‘305 ( 3 I A it R T vai

X

1
Ic = 5%2(813 g

t o 2 iK-6a
= qu ; 5a7xe

K
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The second term leads to

1
e = éqf,@,fyg‘ = —qy < tZe““s >

éqf, [(5%7),6 Ko 4 (5%7ye Koz 4 5§7ye K ‘53]

2
t o, 3a A 27 a+ 2 \/_a
= = — | exp|i| — =
oty 2 P 34 330 2
3 ’ 2 2 3 3t
_V3a (2 oa 2 VBa\ | LBt g s
+< 5 ) exp[z(ga 2+3\/§a 5 )] 8qya [e +]

3t22 2m .. (27 3t 5 o1 i 3t
S il )i =2 RV (1 )
8qy [ s<3)~|—zsm<3)+ ] 8qya 2~|—2\/_ 16 +V/3i

The third term yields

L9 2 iK-8a
- §qy Z 5a7ye
oo

K

= tx0y Y Jaxlaye ™"

K 0

Ile = qquakxakyg‘K = Qxy Ok Oky (-tZeik'5Q)
= lGxQy [01,x01,y€™ %" + 02x 025" %2 + G5 563, €™ %]

a \/ga i a \/ga \/_t 3t .
=ty [5'762 ”"5'7] |5+ v3 1| = o (5-1).

C(qg?) then reads

C(f)z—f—é(qi—qﬁ) <1+f1>— qqu2<\/§—i),

and C*(q?) the complex conjugate of this equation. Lastly, D(q?®) is evaluated

1 1 1 1 1
D(q®) = 319000k Ok, O 9| = (Eqié‘i’x + 6Q38;3y + §Q,2(C_Iy(9;§x@k + quyak 5ky)
: K

K
= Ip + IIp + IIIp + IVp,

where

1
g9 I = =430, 9
K

1
, IVp = =xqy 0k 05,9

_ 1 2 2
IIID = iqquakxﬁkyg « 5

K
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The first term leads to

1 ik
A
do

it e e . zt
_ _q)S( [5%xezK 51 + 5§’XezK 5o + 5§’erK 53 _ 3 |:

1

Ip = gq,ﬁk g

>,
6 S
3
227r/3 3 ,—2iw/3
: (§) e+ (§) o]
_E:ss 1cos 2—7T + 7 sin 2—7 +——cos 2—7T + 7 s8in 2m
6"\ 8 3 3 3 3
it 5 5[ T 27\ 1 9. /27m\] it 5 49  9V3) 3t 4, _
_6qxa|:SCOS(3>+8+SSIH(3>:|_6QXG 16+Z 6 |~ 32qxa (\/§ z).

The second term reads

K

1 303 K-8, it g 3 K-8,
Iy 6qy8kyg = éqyaky (—t g e = qu E 0oy
K 6a K 5(1
it 3\ V3a\’
_ 3 oiKS 3 K-8 3 iKé3] _ o3 a 2im/3 a
—qy [67 €01 405 ™02 4 65 e8] = 54 (T) /0 4 (— 5 )

- %qgcﬁ { [cos (%ﬂ) + i sin (%ﬂ)} — 1} = %qi’,ag <—g + %\/§> = g’; ( —H\/_) .

The third term yields

it )
- _qiqy Z 50{ xYa yelK oo

1
IIIp = §qiqy8,fxakyg

K

1 e
= §qiqy@§x3ky (426“‘ 5"‘)
5o
it

- Eqiqy [5% Xél,yeiKﬁ1 + 63 x52:yeiK762 + 6§,x53,yeiK.63]

st () G ()| -t e (5) ()

= \/gitqiqya?’( -+ \/_) qqu (1+i\/§>.

16 32

The last term leads to

__Qquzéax i O

1
IVp = xly 2 O 8ky

K

1 k-
qquak 5, (—t Z oik m)
da
1t

_ 2 2 K41 2 K-8z 2 iK-03
- quqy [61,x517ye + 527;(527),6 + (537,(537),6 ]

2 2
it o lraN [(V3a\ g.s  (a V3a 3it 4 4 o\ . (2«
= quqy <§> (T) e2im/ + <§> —T = 1—6qqua coSs ? + 7s8In ? +1

?thqu ( + \/_> qqu (\/§—z>
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D(q?) then reads

D(q’) = —g; ’ [(qx + Gx43) (\/5 —~ 2) + (& + d2ay) (1 + @\/gﬂ :

and D*(q*) the complex conjugate of this equation. Now, the remaining terms in Eq. (6.50)
can be computed explicitly. First, B*(q')C(qg?) is computed

B*(q")C(q?) = {t { (‘[“) oy 4 <1 - Z\[)”
X {—f—é (ax —g5) a® (1 + Ng) - §q"qy“2 <\/§ - Z>}

~ 5 [ (Vi) (1) [ =) (1495) + 20 (V3]

2203 .
=— liq} — Bigq} + 3dZay — 4] ,

3
and B(q')C*(g?) the complex conjugate of this equation, such that B*(q')C(q?)+C*(q*)B(q})
reads
. 2 s 2 1 2%° 1 5, 2 3
B*(a")C(a") + C" (@) B(a') = ——— [idx — 3igxgy + 3axdy — dy]
2t%a3 48203 , .
— [—iq} + 3igxq; + 3d2qy — ¢}] = 2 (¢ — 3d2ay) -

3
Next, B*(q')D(q?) is computed

BlaDa) = {t o (VB i)+ (1-1v8)]}
gt [ o) (V=) + @+ ) (1+0V3)]§

32
9t2a* . . , , | . 2 |
= o 0 (V3+i) + o (1= 0V8) | (6 aap) (V= 1) + gy + k) (140V3))
9t2a* 9t2a4 L e
32 (qx _'_ 2qqu + Qy) - 32 ( % + qy) s

where its complex conjugate B(q')D*(

q®) is the same, such that

w1 3 x( 3 1 9t%a* 2 2\2
B*(a')D(a") + D*(a")B(a') = == (s +gy)"-

Lastly, C*(q*)C(q?) is computed

C (@)@t = {1 (12~ ) ( - iv3) - el (Vi) }
X{_ﬁ(qi_qg) <1+Z\/_> qqu <\/§—Z>}

16
91244 [(q — ) <1 _ z\/_> + 2¢xqy <\/_+ Zﬂ

256
9t2a4 212

« [(qi—qi) <1+i\/§>+2qqu (ﬁ—z)} = = (@+a)".
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Combining these results leads to a solution for the energy bands near the Dirac point for
nearest-neighbor hopping expanded up to O (q*/K?)

9a’t? 9t2a* 2 9t%a* o 4At?a? 1/2
Bl ta) = M55 (@ @)+ g () - T )+ T (- )
9a2t2 27t2 4 4243 12
[Pl - T a1 (6 - k)
3ta
= +=-ld’ \/ - | | 5 (@3 — 3¢2ay)
= toplal 5 2 sin(38,)laf + O [(a/K)]. (6.51)
with
6y = arctan (qx> (6.52)
Qy

the angle in momentum space.
Expansion of Energy Bands around Dirac Points for Next-Nearest Neighbor Hop-
ping up to O (q*/K?)

Now, the same procedure will be followed for nnn. This procedure is much more straightforward
because for nnn the Hamiltonian is diagonal. Using Eq. (6.44) it is evident that to find E,,,(q)
up to second order in (q/K), h(q + K) needs to be expanded up to O (q?/K?)

WK +q) = h(K) + g0l

1
+ 44Ok, O;h
2! K

Upon explicit computation, one finds

K)= ¢ Z oK(8a=85) _ _y Z (zK (61-65) ezK.(52—5ﬁ) +ez‘K.(53—5ﬂ))
80,08 83,040
a#p
_ (eiK~(61—52) | oIK(81-85) | (iKA(82-81) 4 oK-(82-65) | (iK-(85-61) | eiK~(63—62))
_ (eiK-(mfaQ) 1 o iK(81-82) | iK(81-83) 4 o—iK-(81-85) | oiK:(82-83) efiK-(Jgfég))

= —2t' {cos [K (81 — 82)] + cos [K (§; — 83)] + cos [K (82 — d3)]}
— o {cos [Kx (61 — o), + Ky (5, — 52)y] + cos [Kx (61 — 63),

Ky (81— 8s), | + cos [ K (0 — b, + Ky (0 — 33), |}
= -2t {cos [?’)_Z (g _ g) i 3\2/7%a (CL a;/g) cos {:2))_7; (g —|—a>

. 2 av'3
3v/3a 2

b
_l’_




The second term in the expansion leads to

%akzh — —t/ qxakx Z eik-(éa—é,g) _ t/ anky Z eik.((;a_(;ﬁ)
80,03 8005
7B K a#p K
= —i Ox Z (5o¢ . 56),( eiK-(éa—BB) — it dy Z (504 . 55)}’ eiK-(éaféﬁ)
Sa,85 ENT
a#B a#£B

= —it/ qx Ih — it/ Qy IIh,

where

L= 3 (= 0), O8I = 37 (6 — 6, o)

(Sa,(sg 504766
a#f a#f

The first part yields

I= Z (5a N 5,3)x eiK-(Ja—Jg)

80,05
o

= Z |:(51 — 55))( eiK'(51—5l3) + (52 _ 55))( eiK.(62—5ﬁ) 4 (53 . 6ﬂ)x eiK.(53_56)i|
0,078

= (51 _ 52) [eiK~(51—52) _ e—iK~(51—52)i| + (51 _ 53)x [eiK.(él—&s) _ e—’iK'(51—53):|

+ (62 — 53)x [eiK'(‘sg_‘sS) — e_iK'(‘s?_‘sS)}

= 22’{(% — g) sin[K- (07 — d2)] + <%+a> sin[K - (6; — d3)] + (g +a> sin [K - (82 —(53)]}

= 3ia [sin (%ﬂ) + sin (%)] = 3ia (—%\/g‘l' %ﬂ) =0.

The second part leads to

=Y (8. — 05), ™ (%-02)

50,05
a#fB
(51 . (5 )y [ iK-(61—02) fzK (61— ] + 51 . (5 [ iK-(61—03) efiK-(élfég)]
( ) [elK (52 53) _ —ZK 52 53)j|
— 9 {(51 — 8y), sin[K - (81 — 82)] + (81 — 0s), sin [K - (81 — 85)] + (5, — b), sin [K.(52—53>]}

(01
=2i [<\/2§a + \/2§a> sin (2%) + \/Easin (%T) \/;asin < 3 )]
:\/gia [2sin (%T) + sin <4§) —sin< 3 )} \/_m (%\/_—%\/5) =

Such that
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The third and last term in the expansion h (K + q)

1

57440k, 0k; I

1
5 = éqif)ﬁx ' + qyak ‘ + qquakx(“)kyh]K = III, + IVy + Vy,

K

where .
I, = §q§a,§xh

1
s IVh = §qf,8,fyh‘ s Vh = qquékxé)kyh]K .
K K

The first term in the expansion yields

_122 _122 / ik-(6a—0
11, = §qx8kxh’K = S0k, | 1 e (6a—85)

80,08
a#p K
/
_ t_qi [(51 . 52)2 (eiK-(51—52) 4 e—iK.(51—52)) + ((51 . 63)2 (eiK.(Jl—lsg) T e—iK~(§1—53))

2
(8 — 8g)2 (62785) 4 02 6))

= t’qi{(g — %)2008 K- (8; — d2)] + (% +a)2(:0s K- (6; — d3)] + (g +a>

9t’22 4m 2m 9 4 , 1\ 9,
—4qx [ s<3)+cos<3)}—4qx 575 ——4qxa.

IV, leads to

2

cos [K - (8 — 53)]}

1 202 1 292 / k(6
IV, = quﬁkyh‘ = 5a0%, | D e (
K 80,05
a#f K

t , A ‘ .
§qy [(51 — 52) ( iK-(81-02) | e—zK.(61—62)) + (6, — 53)3 (ezK-(ﬁl—ag) + e_ZK.(51_53))

+(0y — 83)2 (K020 4 e—iK-wz—és))}
y

2
3 2 3 4 3 2

+ (—%) cos [K- (62 — d03)] p = t'qf, 2 |:3COS (?ﬂ) + 7608 (?ﬂ) + 7608 <§)}
ot/

BT D% _ 2V 2.2

Iy ( 2 8 8) g b
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Lastly,

Vh = qquakxakyh“K — qquakxaky —t, Z elk(aa—ég)
LI
o K

=t xQy |:(51 - 62>x ((51 ) ( iK-(61—02) + e—iK.(51_52))
(51 —03), (61 — 53)y (e’K'(‘Sl— 3) 4 e—’iK~(51—53))
3)X 09 — 53)y (ezK.(52—53) + e—iK.(52_53)>]

() () o () + (5) (-45) o (5]
-t (23, 348)

This leads to the following

(
(

9t/ 2
= lqf*.
K

Therefore, h(K + q) has the following solution

1
EQinakiakjh

/ 9t, ? 2 *
WK +q) =3t — ——ld]" = V(K +q),
such that
1 . , 9t’ 2
5 MK +a) + 1" (K+q)] =3t — ——[q|". (6.53)
Combining the results leads to the final answer for E(q + K) to O(q?/K?)
, 9t'a®  3ta® ) 5
E(q+K) =3t + vp|q| — T+ ?sm(% )| lal* + O [(a/K)?] . (6.54)

6.2.5 Density of States

For ¢ = 0, it is possible to derive an analytical expression for the density of states near the
Dirac point K. First, the Hamiltonian will be written in terms of o and g(k) as defined in
Eq. (6.36)

3 ) ) (52) S i (32).

o,k

where H (k) = o-d(k) where o; are the Pauli matrices, d(k) = [d(x), d(y)] with d(x) = Re[g(k)]
and d(y) = —Im|g(k)]. To verify the validity this relation, H (k) will be computed. This leads

to
k)] =—tY cos(k-8a), Imlg(k)]=—t) sin(k-da),
da da
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yielding
09 = 0 ) = () + ly) = (| é) Refg9] - (') imlgt)
_ ( 0 Relg(k) —HIm )

Relg(k)] — i Im[g(k)]

== Z(Cos k-0 )_Ozsm(k da) COS( ) e )> B (9*(()k) g(()k))

Such that indeed H (k) = o - d(k).
The density of states p is defined as
—1

o(E) = —%Im Tr (E ~H(Kk) + ¢5> ,

where 9 > 0 to make sure the Green’s function is retarded. Absorbing ¢ in the energy as
E' = FE + 6 leads to
. -1 1 E' + o -d(k)
E' — H(k = =
< ( )> E' — o -d(k) E”? —d(k)?
 E +o-dk) 1 N 1
B 28" E'—dk) FE'+dk)/)’

The first term of this equation is the interesting part because d(k) > 0 and E > 0 is the energy
band considered here. This leads to the following relation for the density of states

pLE) = ‘lImTr {El +2C;3;d(k) B —1d(k)} - _%ImTr {2}? (f*b;;) fgf)) E’—;d(k)}

N, 2E’ 1 N, 1
B 2E’/dk1m [E'—d(k)] - _?/d“m {E—d(k)%—ié} :

where dk = d?k/(27)?. The following identity is used

o (:p i @5) = ()
N,

p(E) = dk - —76(E — d(k)) = N, / dk §(E — d(k)).

(e

to find

So far the derivation of the density of states has been general. Now, the expansion around
the K point will be used. First of all, this means that N, = 4 with a factor of 2 coming from the
spin degree of freedom and the another factor of 2 coming from the valley degree of freedom.
Next, d(k) needs to be computed

d(k) = \/d(x)2 + d(y)2. (6.55)

In App. 6.2.3 the following was obtained

9K +k) = — 32“[ (V3ke+ky) +i (ke — V3ky )]
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such that
Ax) = Relg(K +10] = 22 (VBhy 1 y)
d(y) = —Im[g(K +k)]= % (k:x _ \/§ky) .

This then yields

3at
Ak) = VAR + d(y) = 2532 + k2 + 2V Bhecky + K2+ B2 — 2V Bhicky
_ i% 1k2 + 4K2 = FopK|

which coincides exactly with the result for £,,(q+K) up to O(q/K) in Eq. (6.49) as it should.
Remembering that E > 0 such that d(k) = vpk, the density of states is

p(E) = (;)2 /ko 3(E — vpk) = %/0 Wd&/dkké(E—vpk).

Substituting according to x = vpk leads to the final result

d 2 F
e
27r VF UR TV

The same result would have been found in the case of E' < 0, therefore

pm) = 21

5 -
T Vp

(6.56)

Next, the same procedure will be followed to find the density of states per unit cell for any
momentum k. As for the previous case, d(k) coincides with the energy bands

dk) = j:tJ 3+ 2cos (ky\/§&> + 4 cos (kx37a> cos ( y\/2_a> = +tv/3+ f(k).

The density of states is

() = LV /d2k:5(E /3 f(K) =

o / ey dky 5(h(K)),

N
(2m)?
where h(k) = E — t1/3 + f(k). The following identity will be used to simplify the integral

/ dzo(f Z f’ where f(z;) =0.

This leads to

Y

k

N, 1
PE) = e [ a ()
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where k% is the value for which h(k) = 0. The derivative reads

Oy f (K)

2¢/3+ f(k)’

O h(K) = O, (E /3 f(k)) —

where

Ok, f(k) = Ok, [2 Ccos (ky\/§a> + 4 cos <kx37a) cos <ky%>] = —6asin (kxg—;) cos (ky \/Sa

such that

sin (kx32) cos (@@)
2\/3+ f(k)

Using the delta function to rewrite this derivative yields

Ok h(k) = 6at

I(E —ty/3+ f(k)) #0, such that \/3—|—f(k):€

t )
3at? 3a 3a
Ok, h(k) = Tsm <k:x?) cos (k:y 5 ) )

Plugging this back into the density of states yields

N, E 3 Vaa\]"
s . £ 0a a
p(E) = e /dky 3 o <kx7) Ccos (k:y 5 )] .

Next, sin (k%3%) needs to be determined. The variable &, is defined such that h(k)|,. =0

which leads to

E-t3+fk)| =0

*
X

ty|3 4 2cos (kyv/3a) + 4cos k:j;B—a cos k@ = F
Y 2 Y2

f—Q — 3 —2cos (/{;y\/ga) Cos ( 3_a> '
4 cos (l@@)

Using the identity sin(xz) = /1 — cos?(x)
N, E 3 1EY 9 1
p(E) = /dky [cos2 (@%) ——————— cos” (\/gaky)

(27)2 3at?
B2 1R e
+§— + —— cos (\/gak’y> — gcos (\/gakyﬂ .
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This can be rewritten to find

p(E) = %%\/LZ—OF (g \/§;> : (6.58)

with at -t < EF <t

Zy = <1+‘E>2—w, (6.59)

7y = ’— (6.60)
and at -t < E< —tVt< E<3t

Zy = 4 ‘% , (6.61)

7y = <1+‘§)2—w, (6.62)
where F <g, g—;) is the complete elliptical integral of the first kind.

6.3 Appendix to Chapter 4

6.3.1 Integrating out Phonons

As mentioned in Section. 4.2, the operators are replaced by fields using the following transfor-
mations

—iwn T

057 — ¢Ako‘ FZ¢Akone )

Wi T

bk,a — kao' szBkane )

CAq — ¢Aq Z¢Aqne zwn'r’

—anT

CB,q — ¢Bq \/—Z¢Bqn )

where w,, = (2n + 1)7/(hp) and @, = 2n7/(hB) for n € Z are the Matsubara frequencies
for fermions and bosons, respectively, and ¢ (1) obey the boson (fermion) (anti)commutation
relations. The following definition is used to determine the action

hp
S 6t 0] = / dr [¢1()0-(r) + H (01, 0)]

0
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The phonon action for the phonon on sublattice A is

Sph,A [Qﬂ;, ¢A} = /Ohﬁ dr Z [cbl,q(r)@stA,q(T) + hwg ¢T47q(T)¢A,q<T)i|

hﬂ/ dTZZ |:¢Aqn ont TgbAqn'eim T + hwE ¢Aqn MHT¢ qn,e*M /Ti|

hﬁ/ dT;;elwn @ )T |:¢Aqn( an>¢Aqn’+hwE¢Aqn¢Aqn]
ZZ(M o) ZZ (%J_%_W) ]

27r 1 Zza n-n)[]=Y [¢A,q7n(—mn+m£) Gaan|-
76 q nn/ q,n

The phonon action for the phonon on sublattice B is the same upon applying A — B. The
electron-phonon action S4 e1—ph [@bip Va, ng, VB, ¢f4, 10) A] for the phonon on sublattice A is

SA,el—ph |:¢j-47 w/h %27 ¢B> ijfél? ¢A]
hp
- / a7 37 [ (408 h s (M1 () + 0@ o (810 (7)) (01 o(7) + 64a(n)) ]

k,q,0

d [ei(wn—wn/—i—wn//)T (u t ot
—m [ Y S gttt

/ 4
k,q,0 n,n',n

+U(q)wB k+q g an,k,O',TL/> ¢A ,—q, n'!

_|_el(w"_w 1= @) (gowA k+q,0, n¢A k,o,n’ + h( )¢TB,k+q,U7an’k’o’n,> QbA,q,n”]

hﬁ\/_ Z Z {6 (wn — wpr + @) [] + 6 (wn, — Wiy — @) [0] }

k,q,0 n,n’ n"

hﬁ\/_ 303 { ( 2n + 1) (2n’h;1)7r . 2;;) 2

k,q,0 n,n’ n’

s ((Qn;;;l) B (Zn% L 2;;77) [...]}

hﬁ\/_ﬂ = kgq:n; {6(n—n"+n")[.]+6(n—n"—n")[..]}

\/— ZZ [(u0¢Ak+q0mwAk0m n—l-’U( )¢Bk+qam¢3k0m n> (bA —q,—n

k,q,0 m,n

+ <u0¢A7k+q,U,m¢A7k’U»m_n + U(q)wTB,k—kq,O,mwB,kyfﬂm—”) ¢A,q,”i| :
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Using the following definition for the density of electrons on sublattice A

pA,q,a,n = Z¢L7k+q,o,m+n¢fl,kvavm - Z¢L7k+q,a,m¢A:kﬂm—n
k,m

k,m

yields
SA ,el—ph [wla 7%47 wTBa wBa (biréh ¢A:|

\/— Z [quAqon+U(q)quan) ¢A —q, n+(quAqUn+U(Q)quUn) ¢Aqn] .

q,0,n

The total action Sy [qﬂl, VA, w;, Vg, gbi‘, gbA] for the phonon on sublattice A reads

SA |:77b:|.47 ¢A7 ¢TBa ¢Ba ¢TA7 ¢Ai|
N 1
= Z [¢1L47q7n (_Zf—dn + hCL)E‘) ¢A,q,n + \/_h_ﬁ <u0pA,q,a,n + U(Q)pBﬂl,UﬂJ ¢TA,7q,fn

q70—7n

1
+ﬁ (quA,q,o,n + U(Q)ﬂB,q,a,n) ¢A,q,n:|

. 1
= Z |:¢TA,q7n (_an + hwE) ¢A,q,n + ﬁ (UOPA,—q,U,—n + U(_Q)pB,—q,a,—n) ¢j47q7n

q,o,n
1
+\/—h_ﬁ (uopA,q,cr,n + U(Q)pB,q,cr,n> ¢A,q,n:| .
To be able to integrate out the phonons, the square needs to be completed. This yields
SA |:¢,T47 wAa 1”3» wBa ¢jr47 ¢A]

1 1
J— A -l-
- q;n (_an i th’E) |:¢A,q,n * \V/ hﬁ _Z(IJn + FLOJE (quA,q,o,n + U(q)pB,q,o,n):|
1 1
. ¢A’q’” * VRB —id, + hwg (uo0pA~qo',—n + V(—=0)PB,~q0',—n)

1
5 Z m (wopa,qomn + 0(9)PBaon) (UopA—qo,—n + V(=4)PB 0", —n) -

The action for the phonon on sublattice B can be found by applying A <> B to this last result
and reads

Ss [0k ¥, 0, ¥, 6, 08

1 1
- A T
= E (=1, + hwp E) {(ﬁB,qﬂ + VRS —iw, + hwg (Woppacn + U(q)pA7q707n)}

!
q,0,0°,n

1 1
X n N -q,0',—n - —q,0',—n
|:¢B,q, + m _an + hCL)E (quB, q,0', + U( q)pA, q,0°, ):|

1
hﬁ Z m (u0pB.qom + 0(0)Paqon) (W0PB~q0—n + V(=0)PA—qo'—n) -
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Next, the phonons are integrated out to obtain the effective action. For that purpose, the
partition function is used. This yields

= [ 2 [shva] [ D [vhva] [P [oh0a] [P [ohon] exp |~z (Sa [vhova b
S [, 04, 0], 0, 011, 64 + S5 [0l 0a v vm, 0, 08] )|

— [D[shva] [D[eha] [D[dhoa] [P [oheon] exw {5 (5a[eho v vhevi]

. 1 1
b 3 (it o) D+ i (e + 0P

/
q,0,0°,1

1 1
X n N —-q,0',—n - —-q,0',—n
|:¢A,q, + 7B it + g (u0pa,—qo,—n +V(=q)PB,—q.0, )}

1
6 Z —zw + hwg (UOPAqJn +U< )qu0n> (quA —q,0',—n —|—fU< )pB,—q,U’,—n)
+ > (i + hwp) [$ g0 + Lo (U0pB.qom + 0(Q)PAqon)
q,0,0',n @ Vhﬁ_zan—i_mE e T

X | + ! !
Ban T BB i, + hwg

1
5 Z m (w0pB.qon T V(@)PAqen) (U0PB -q0,—n + V(= Q),OA,q,a/,n)> }

(UOPB,fq,U’,fn + U<_q)pA,q,a",n):|

/ D [whoa] [ D [uhva] exp[ 75 (S |V va vh v

1
6 Z m (uopAqan + U(Q)pB qan) (UOpA —q,0’,—n + U( Q)PB,—q,a’,—n)

1
5 Z m(quBqan+v( 4)paqon) (U0PB,—qo',—n + V(= )pA,—q,o',—n)>]-

This leads to

Ser [wL,wA,wL,wB] = Sa [uh, ¥4, 0h, 0
1
ﬂ Z _an+hw (UOPAQUH_I_U(C])quUn) (UOPA —q,0”, —n‘l"U( q)ij_q,Uz_n)

1

hﬁ Z m(uoquan+U(Q)PAqon) (40pB,~q.0',—n + V(=) PA~qo",—n) -

108



6.3.2 Deriving the Hubbard Action
Replacing the operators in Eq. (4.15) by fields leads to the following

e
SHuva[¢A>¢A,¢B,¢B = N/ dr Z 1/1,41( at (T )¢Ak/+q¢< T)Vax ) (T) Yaxs (T) + A — B

kK q
N/ dTZ Z%lwAkJrqa( )wAka( )ka/ —q,0’ ( )ka, /( )
kX ,q 0,0’

Expanding in terms of the Matsubara frequencies w,, yields the following for the Hubbard U
action for the electrons on sublattice A

S [wL, ]

s
eilwntw —w,n—w, )T T T .
hﬁ / Combinr == [l s P TAN LV |

"1

kk’qnn n''n

= 27T v Z Z 6 (Wn + Wny — Wy — W) [...]

1"

kk’ an,n’,n'n
B 27r U Cn+Dr '+ D)1 @'+ 17 (20" + 1)«
kzk’:q n an: n!! ( * h’ﬁ h’ﬁ hﬂ [ . ]

= 27122# Z Z d(n+n" —n"—=n")[.]

kk’qnn n'’ n'"

hﬁN Z Y YhkcatmnPhisapmen YAk Lm VA sm = hﬁNZpA‘””pA ~atns

kk’',q n,m,m’
where the density of electrons p4 qo.n is defined in Eq. (4.11). The action for the Hubbard U
on sublattice B can be found by applying A — B. Replacing the operators by fields for the
Hubbard V term leads to the following action Lastly, Sy [w;, ba, Uk, ¢B] vields

Sv [wz,m,w;,%}

zw —W, Fw,n—w,, ///
N/ E : E : E : " |:/VQ¢Ak+qan¢Ak0n¢Bk’ q,0”’ n”ka’o’n”’]

k.k/,q 0,0’ n,n'n'’ n'"

— 27T V Z Z Z 5 n — Wy T Wy —u}nw) []

kk’qao’ n,n’ n'" n'"

_ 2”2% 33 Z S(n—n'+n" —n"[.]

kk’qaa n,n’ n’ n'"

kk’qcrcr n,m,m/’

1V
:%N Z YaPA,qonPB,—q,0',—n-

!
q,0,0°,n
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6.3.3 Solving the Zero-Temperature Gap Equation for the Kekule
Order

The zero-temperature gap equation for the Kekule order yields the following

B E dq 1
b= 3;/(27r)2

vFIQI +sp)* + V2m?(0)

__Z/ d@/Adq d

velal + sp)* + V2m?(0)

- qu—l—s,u—s,u
N 67TUFZ/ \/

(velg| + sp)? + V2m?2(0)

1% / Vrpq + Si Si
67T'UF ; 0 ¥

V@rlal + s+ V2m2(0)  \/(opla] + sp)? + V2m2(0)

""/
= L,+11,],
67rvp[ * )
where
A
I — dg URq + Sp i ’
S0 Jwelal + sp)? + V2m2(0)
A
_[Im = —_ / dq SM = .
S0 Jwelal + s + V2m3(0)

I,,, can be solved by substituting u = vpq + s such that

’UFA d 1 -
D N =t DI WS ]
— Jsp  UF 2 1 /202 Ur =

s=+ u? + V2m?2(0) s=+

1 / 2 Z
= — Z <UFA — M + V2m2 ) — ( FA — M2 + V2m2(0)) s
Vr — v

F

vpA

sp
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where it is used that A > m(0). To solve I1,,, the substitution v = (vpq + sp) /Vm(0) is used

vpA ~ vpA
s [ Tm© Vm(0) Sp Z90)
11, = — — du—= = — — 1n‘u+\/u2+1
2 vr /mif(o) Vm(0)vu? +1 2 vF [ } T o)
— _ZS_” In _orh + (f)FA >2+1 B Y (Jw >2+1
—vr V'm(0) V'm(0) V'm(0) Vm(0)
A = 1 -
= — Z hlas {ln e \/U%AQ + VQmQ(O)‘ | 4 pr+ V2m2(0)H
—r Vm(0)  Vm(0) Vm(0)  Vm(0)
= —Uﬁ [ln vpA + \/UQFA2 + VzmQ(O)' —In {4/ p® + ‘72m2(O)H
F
—|rvﬁ [ln v\ + \/U%A2 + ‘72m2(0)‘ —In|—p+/ 12+ ‘72m2(0)H
F

i (A4 /2 + V2m2(0)
—In
UE | =g\ 2 4 V2m2(0)

Therefore, the following result is obtained

- 1+ A/ 12 + V2m?(0)
2 (va — A\ 2+ V2m2(0)> + puln = ,
—p /2 + V2m2(0)

1%

- 2
6oy

1

which corresponds to the result in Ref. [40].

6.3.4 Strong-Coupling Limit in Natural Logarithm

The following limit has to be solved

1 V1i+a2+1
n —_—

To be able to take the limit, the natural logarithm is rewritten according to

1 1
R ES AN vz tlts (VAL
Vita? -1 NE— Prl-y)

where y = 1/x such that in the limit x — oo, y — 0. This leads to

1n(“y2+1+y> v=0 ln(—‘ y2+1+y) +y iln(—" y2+1+y>
2 _ 2 _ 2 _
+1—y vl-y/| dy yHL=y/ |, .

The first term is clearly zero, i.e.

71
n <—\/z/2++y> n G) _0
y + 1 B y y—0
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The derivative in the second term yields

iha(\/ﬁ+y> _VErloyd (\/ery)

dy Prl-y) Verltydy\ VP r1—y
y+1l-y 1 y
= +1 <\/y2 1—y)
/y2+1+y(\/m_y>2 /y2 4+ 1
-(VeF1+y) (=1
VRt
1 v’ N v’
= Y+ VPl —— -y -yt VY +1l - ————=+y
(/y2+1+y></y2+1_y> y2+1 y2+1

1 2y I 2
= s (2R | =2 (LY ) = ,
v+ 1—y Vy2+1 Vi +1 Vi +1

such that the following is obtained

1 VI2+1+y\ yoo 2 _ o 2
n Ty =y 1 y=_
y—0
Therefore, the result is
1 + .]72 -1 T—00 l‘. .

6.3.5 Solving the Zero-Temperature Gap Equation for the Kekule
Order

To be able to solve the zero-temperature gap equation for the hidden order, the denominator
is rewritten according to

V2 |A(0)[ V2 |A(0)
(wrlal + s)? + oplaP AL = g2 jgp (1+—' SO 4 25 wopg] + 2
_ 2 (1IN | 25 1 -
= Vg 1+t—2 ’CJ| + ‘72\A'(0)|2 ’q‘—i_ 9 f/QlA/(O)‘?
o (e TR (1 B
( 2
V2 |A(0)) 5 ? ’
= v} (H ’tZ( )‘ ) d+ éﬁmw + 2 MMA’(O)F B €2Afo 2\ 2
VR (1 +— ) Up (1 + t—2) v <1 + %)
\
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where 1 + W\At—;(o)ﬁ = 0. This yields the following for Eq. (4.58)

2

Vg q
16t22/27r2\/ 5 }

2 2
5| (t+ 35)"+ 855 - o

vpd v46 0262

_ Vod o1 A dq 7
B fz/ [ . o
\/!|+5—“) + -4

Substituting with u = |g| + ;% leads to

3
"6 tZ\/_Qﬂ' \/uz &; %)
Expanding (u — %) yields

3 2 2
sp 2 M sp sp 5 o SH 1
/I o L/ R B L AR
(“ UF5> (“ T g Ws“) (“ Ws) Rt T

such that

‘N/ v 1 /A (US +31%—%u> — _I% <3'U/ + 252)
>/

1 =
6 42y/5 27

where

I —Z/Ad i
& o u\/u2+ﬁ(l_L)’

s==+ Vo U%‘ K 52
) 2
A S/ 3u + —L/U%JQ
Iy = =) [ du : : :
s==+ vs:é vr \/U,2 + 5_% (% - 5%)
Solving Ia/ leads to
A u3+3v252u A w43 bl
In / du - £ du -
11 11
v et E G- o (et (G- f)
Writing
A “ A
o
/ du :/ du+/ du,
T “ops o

SH

353"
03



leads to

The second integral equals zero because an odd function is 1ntegrated over a symmetric limit.
Therefore,

A u® + 31)2“—2u
In =2 / du 194+ 12,
s Je s (G- #)

where

3

I(Al,) = / du “ ,
JerEG-h

[(AQ,) = / du 1;
N

A v? — & (1 -4) A 2
1 _ vp \o 82/ s po (1 1
IA/ — 2/# dUU FU —2/# dU|:U —E<g—§>:|
UF\/g UF\/g
1 271 1\ 1%
- o[- G5)
UF vl
2 2(5-1), 4 3
3 () 31}%5\/5 0%62\/3
Solving I(AQ,) leads to
2 2 A 2 2 2
61 pw* (11 64 Ju ws (1 1
7% — 2 7 N — A — 2 (Z2__—
¥ D \/“ Tz (5 52)] T uge [ \/ 22 Tz 5T ¢
vEo
_ 6 (A_ I )_ 64° 6
V30 vV o? 62/6
Therefore,
2 =1, 4 " 6° 6
Inv = A2 0 g2 ) A
A 3 U%62 + BU%(g\/_ /U%(SQ\/S - U%52 0%52\/3
2 2p 8u? 4 b 8u?
S e sy (.
3% T T ue 31}%(5\/_ EYENG
2 2 —4 —
_ 2 u(252 ) o4 0 6)
3 VR0 31}%52\/3
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Solving I+ leads to

A 3U2+UMT22 A 3u2+v"T22
Il = —/ du-t i +/ du-t U0
o 0 G- d) s 0y (G-
o 2 ,UI_Q A 2 |2
A 1 w

5 3u? + 22
[IA’—2/ du 'ué 3 F62 —I[(Al/)‘i‘I[(AQ/)?
C e G
where
U3 [vps 1
11g) = 2= / . I = 3“53 " du :
i e D N
I I(Al,) is solved using the substitution u = £- + — s»sinh(v). This leads to

sinh =1 (/35— -t ﬁ — 2
[[(All) = 6_,u UV )dvﬂwl lc sh(v (6 62)Smh( )
vrd Jo vr V0 ,/% %\/Sth

o6t 1 /Sinh1( o-1 )d cosh(v)sinh?(v)
d\o 02 ! cosh(v)

sinh_l( 5—171) 3 sinh_l(m )
_ 6 (5 _i) / du sinh?(v) = 220 o / dv [cosh(2v) — 1]
0

v3o\ 62 &2 v,
3¢ sinh*:l( 5—171) 3¢
= SL(; ! {—smh (2v) } = 3@ g 31 [sinh(v)cosh(v) — v],
U 0 v 0
. 3,[1/35—]_ 1 —1 . 1 -1
= {\/5_1cosh smh ( 0—1 )}—smh ( 0—1 )}
3ud o —1 1 1 >2 2
- 1+ ) -1 +1
vh 0% |Vo—1 \/5—1 !
Cods—1] 1 f-1 1 Lo [T
Coovp 8B |Ve—1Vé-1 0-1 5—1 §—1 6—1
_owto-1| Ve (Vo4 gt | 1 o-1 (Vi1
vk 8 -1 s—1)| o3 |s2s o8 6—1
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I [(A,) is solved using the substitution u = ‘- + — ssinh(w). This leads to

. _ —1
11(2) B 2M3 /Slnh 1( -1 )d " Cosh )
A/ - 3 $3 <2
TEN) \/ 5 2
F 0 UF\/ 7 \/smh

2[u3 /Sinhl( 6—1_1) dw COSh(w) 2,M /mnh (\/ﬁ ) dw

V303 cosh(w) 3.0

o 2,u3 sinh71<\/ﬁ_l) - 2,&3 L1 —1
= 3—53 [IU]O = U%(S?’Slnh ( 0—1 )
203 —1 24 Vo +1
- 3531 ( d—1 +4/(0—-1)" +1) 3(531 ( 5_1> (6.64)
Therefore,
38 | 1 §—1. (Vo+1 24 Vo +1
[[A/ = —3 — In 3 In
vp | 6E 6 5—1 v}03 5—1
3
= éb i +In Vot 5_ 3.
v30% [ V6 5—1)\0
Therefore,

Vo 102, 220-4) L w06 3P
6 t2\/5 2 V7,02 303620 03620

1
+3 W (YOELY) (2,
702 5—1)\¢
Voot [an G, w85 (V1) (5
6 12 21 3\/5 2}%52\/5 31}%53 352\/_ \/— 5 .
Pluggingézl—i—M—l—i—a where a = V‘At(oﬂ back in leads to the final result
1 = EU_FL oA A? ,u2 4—1-a?
6122 3«/1+a2 (1+a2)5/2
4(1+a2)—15+ln Vi+a?+1 5—3(1+a?)
9(1+a2)’ Vit+a? -1 (1+a2)"?
. VUF 1 2A A2 Iu2 3—042
6227 3«/1+a2 (1+a2)5/2
402 — 11 . Vit+a?2+1 2 —3a?
T T 0 '
9(1+a2)3 o (1~|—a2)7/2
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6.3.6 Solving the Finite-Temperature Gap Equation for the Kekule

Order at Critical Temperature

Solving Eq. (4.73) at the critical temperature leads to the following

7 B (vrla] + 51)

b= Z/ vF|q\+suta“h( 2 >
_ A dg B. (vrlq| + sp)
- ‘Z/ @ [ o vF|q|+suta“h( 2 )

_ Z/ d@/ dg vrq+su—su o (Be(vrla +sp)
3ur )2 vrlgl + sp 2

- 3UFZ [0 [ fuan (L) g, (el

vp|q| + sp

1%
= I + 11
67T/UF|: m+ m]7

where

A
I, = Z/ dg tanh (ﬁc (UF‘(;H_SH)),
Be (vrlq| + sp)
_Z/ T orld] +8utanh( 2 ) '

Solving I/, using the substitution u = £ (vg|q| + su) leads to

r,

, 2 oA 2 Beuph
- 3 / dutanh(u) = ——— >~ [In (cosh())] £ "

/BCUF s=+ —csp, /BCUF s—+
_ 2 Zln [cosh( vFA)]
Bevp =~ cosh(Zesp)

Using that cosh(—x) = cosh(x) then yields

I =

4 cosh(ZvpA)
n
Bevr cosh(Ze 510

Rewriting /1] leads to

Be (vrlg| + sp)
I = —  tanh
" Zsﬂ/ vF!q|+su o ( 2

b 2 ﬁc<vFrqr+su>)
- 23”2/0dqﬁc<mq|+su>tanh( 2 |
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Again substituting with u = 2 (vp|q| + su) leads to

yurA 9 —UFA t h
II;,L——ZS,M% /c du tanh Zs,u/ an )

o= S S /BCUF

Performing the sum over s and realizing that tanh(u)/u is an even function yields

Be A Bey A
2 VF tanh 2 UF tanh
I, = ~ 2 du 22 () —i—ﬁ/ du =2 (v)
VF %M u Vrp —%M u
1 G tanh(u) p Gurd tanh(u)
= — du—+—/ du
Vrp %’UFA u VF —%M u
Be Be
21 tanh(u 2 21 tanh(u
Vrp —%lt u Vr Jo u

Therefore, the following is obtained

] 1% { 4 1 lcosh(%vFA)

6rvr | Boor cosh(%u)

G
N 2u / " tanh(u) } '
Vr Jo u

6.3.7 Solving the Finite-Temperature Gap Equation for the Hidden
Order at Critical Temperature

Solving Eq. (4.76) at the critical temperature leads to the following

2
1 = VUFZ/ da g . (Bvrlal +sp)
6 t2 2m)2 vp|q| + sp 2

VUF /27r /A dg (ﬁc (vr|q| —i—su))
= dé tanh
c Z vF!q| +Su) o 2

Vi 1 Be (vrlgl + sp)
= ————tanh :
6 12 27 Z/ vplq] —|—su) o ( 2

Substituting according to u = vpq + su leads to

Vo ”FAdu u—su) 1 Beu
o= Vel Lo (2
t227r2/ tan (2)
U—SM) Beu
= — —tanh :
6t2 271'2/ o (2)

Expanding (u — su)® yields

(u—sp)® = (u® + p® — 2spu) (uw— sp) = u® — 3spu® + 3p’u — sy,
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such that

vV 1
6t

[\3|>—t

/WA du (v + 3p*u) — s (3pu® + p*)] tanh (Bgu)
/ { o+ 3p%) ML:MW tanh (52“)

1 1
- - _I// [I,/
tU%27T[A+ Al

where

;o Beu
Iy = g /s duu+3ﬂ)tanh(2),

r j : du Beu
I]A’ = — e /;M ?8/1/ (3U2 —+ ,LL2) tanh (7) .

Solving Iy, leads to

v vpA
Iy = / du (u” + 3p°) tanh (%) + / du (u® + 3p*) tanh (ﬁ;u) .
” —p
vpA o vpA
/ du = / du + /
—u L P

vp A "
Iy = 2/ du (u? + 3%) tanh (%) +/ du (u® + 3p*) tanh (B;u> .
» —p

The second integral equals zero because an odd function is integrated over a symmetric limit.

Therefore,
UFA /B U
]'A,:Q/ du(u2+3,u2)tanh( ; )
n

Substituting v = (B.u)/2 leads to

BeyypA 2
2d 2
Iy = 2/5 BU ((B—U) +3,u2> tanh (v)

BC’UFA

4
= — / dv (4v* + 38214°) tanh (v) .
Be
oH

Writing

leads to

33
Solving Iy, leads to

v du ; v\ d ;
I, = —/ —H (3u” + /) tanh <52u) +/ ;uu (3u® + 4/*) tanh (ﬁ;)
m

—p

" d ’UFA d
— / _u'u (3u® + p*) tanh <5cu> +/ _uu (3u” + p*) tanh (Bcu)
vpA U 2 U 2

o
= / d_uu (3u2 + ,u2) tanh (Bcu) .
U 2
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Substituting v = (B.u)/2 leads to

, z*Lde;% w\* |
Iy, = / 5. 2 (3(@:) —i—u)tanh(v)

= 612/;“@#(121) + B2p?) tanh (v).

Realizing that the integrant is an even function finally leads to

2 #d
II/A/_@/OZ —Uu(121} + B247) tanh (v) .

Therefore,

Be

/1 11 B " d
%—;ﬁ— [ / dv (40* 4 35824%) tanh (v) + Bcu/ i UU (12v® + B214%) tanh (v)
0

1 =

6.3.8 s-Wave Superconductor

In this Appendix, s-wave superconducting state is reviewed to show that it is preferred over the
Kekule order, as one would expect. It will be seen that the s-wave order behaves in a similar
fashion as the Kekule order, which makes sense because they both open a superconducting
gap in the system. This means that the results such as the gap equations for the s-wave will
correspond to those of the Kekule order up to a prefactor. It will be shown that the s-wave
is preferred over the Kekule and hidden order. First, the ground-state energy is computed.
This will be followed by deriving the zero-temperature gap equation, critical coupling, zero-
temperature gap, finite-temperature gap and the critical temperature for the s-wave from the
results found for the s-Kekule order.

Ground-State Energy
To find the energy, the following is used

Z (EO,AO =+ Mt + M,u, + MAQ) w - EAowa

q

where

EO,AO - 4NU ’A0|2 .
Squaring M; 4+ M, + Mx, leads to

(M, + My, + Ma,)* = M7 + M, + M3, +2M;M,,

where it is used that {M;, M, } = 2M,M, and {M; + M,,, Mx,} = 0, and where M?, M? and
2M;M,, were computed before and

Mio = 02 ‘A0‘2 (7'0 & 09 ®H> .
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Therefore, the result is

(M4 M+ Mo )P = (24 02lal? + 02 Af) (m® 0 © 1)

—2p10F 73 ® 00 ® (i70714y — 170724x) -
Diagonalizing this term leads to the dispersion
(Waos)® = (vplgl + sp)* + U | Ao,
where s = +. Now the energy is given by
En, = Eon, + Z V (Wags)’ = Eoae £ Z WAg,ss
Q5=+ Q5=+

such that the ground-state energy reads

Eg&Ao = EO,AO_ E :WAO,S

q,s=%

= 4NU|A0|2—4NZ/
s==+

where > — 4N [ dq/(27)* with the extra factor of 2 coming from the spin degree of freedom
and where s represents the particle-hole degree of freedom. This leads to the final result for
the ground-state energy per site of honeycomb lattice

dq ~
eV (elal + su)” + 02 P

Eg.s.,Ao 77 2 / dq 2 79 2
= U1 = [ e el + s+ 02 P (6.65)

Zero Temperature

Minimizing the ground-state energy over the s-wave order parameter leads to the zero-temperature

gap equation 3
U dq 1
1= EZ/ ) — - (6.66)
V(wrlal + s0)° + 0?2 20(0)|

One can see immediatly that this gap equation looks the same as the one for the Kekule order
in Eq. (4.57) up to a prefactor. Therefore, the critical coupling and the zero-temperature gap
derived from this equation will also be the same up to a prefactor. This leads to the following
results for the critical coupling

~ 2mUp
c= ) 6.67
N (6.67
and for the zero-temperature gap at zero chemical potential
27?2 U
N (0, p=0)="58L1-=, 6.68
180 (0,0 =0)] = T < U) (6.68)
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and at finite chemical potential in the weak and strong-coupling limit, respectively,

[20(01=0) [1 /1t gr | (01> (O [20(0)] /n> 1,

180(0.0)] - B
?JMW“”l 0] < 100, [80(0)] /1 < 1.

The critical coupling for the s-wave order parameter U, is smaller than the critical coupling for
the Kekule order parameter V., which means that as predicted the s-wave order is preferred
over the Kekule order and subsequently, also over the hidden order.

Finite-Temperature Gap Equation

The thermodynamical potential for this system reads

- 1 ~
Qp, =4NU ]A0\2 — B Z In [1 + exp (—58\/(UF|Q‘ + 8’,u)2 + U? \Ao|2)1 )

q;s,s'=+

Minimizing with respect to the s-wave gap A following the same steps as for the Kekule order
leads to the following finite-temperature gap equation

- —/ tanh <%> , (6.69)
WAO, 2

Dags = \/(vF\qI + )" + U2 A, (6.70)

The finite-temperature gap equation corresponds to the one for the Kekule order up to a
prefactor.

where

Critical Temperature

The critical temperature for the s-wave order parameter is found in a similar fashion as for the
Kekule order. The result reads for the strong and weak-coupling limit, respectively,

1 02|80 (0,0)[* J 7
Tc” N { 21n(2)k3 [M+UQ|A0(0M)\ +,u ) |({| > |(~]c|7 /861u < 17
U 200, )] U] < |Tl, Bopr > 1.
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