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Introduction

Carbon-based systems are of great interest in physics, because of the possi-
bility of having a huge number of different structures with a large variety of
physical properties. These properties are often linked to the dimensionality of
the structures. Among the systems composed only by carbon atoms, graphene
is one of the most studied.

Graphene is a two-dimensional material where carbon atoms are arranged in
a honeycomb lattice. Experimentally graphene can be isolated starting from
the graphite, a three-dimensional carbon allotrope. Graphite is composed by
stacked graphene layers kept together by van der Waals forces. Although
graphite has been known since about 1564, only recently graphene has been
isolated out of the graphite stacking. In 2004 Novoselov, Geim et al. [1],
managed to do that and for that reason and for their studies on monolayer
graphene they were awarded the Nobel prize in 2010. Since then, graphene has
been the topic of many experimental and theoretical studies on its mechanical
and transport properties.

Some peculiar properties are its high electron mobility, and its high conductiv-
ity, together with its gapless band structure and its mechanical strength and
flexibility. The latter property is due to the fact that the sp? hybridization
between one s orbital and two p orbitals leads to a trigonal planar structure
with the formation of a ¢ bond between carbon atoms, which is responsible for
the robustness of the lattice structure in all carbon allotropes. The theoretical
interest on graphene is motivated by the peculiar low energy limit of the sys-
tem, described by a Dirac hamiltonian, namely, the low energy excitations are
massless Dirac fermions. This fact is of great importance because the physics
emerging from that is the same of that for relativistic massless fermions, with
the only difference that, in graphene, Dirac fermions move with a velocity that
is lower than the speed of light (about 300 times lower than c).

Relativistic fermions have different properties with respect to those of non-



CHAPTER 1. INTRODUCTION

relativistic ones, which can now be experimentally verified in a condensed
matter setting provided by graphene structures. An example is the so-called
Klein paradozx 2], that is related to the difficulty in confining Dirac fermions by
an external potential, getting even perfect transmission across potential bar-
riers. Another peculiar effect is the anomalous integer quantum Hall effect,
measured experimentally [3], which is the characteristic feature of a mono-
layer graphene. In addition to this theoretical and experimental studies on
the single layer graphene, in the last few years, attention is growing on the
so called van der Waals heterostructures, which consist of vertically stacked
two-dimensional layers held together by the van Der Waals forces. This in-
terest regards also graphene, with the study and realization of multilayered
structured.

In this thesis we will focus on the study of a two-layer graphene system,
where a small relative rotation is applied. This system is called twisted bi-
layer graphene, tBLG. In the last ten years many experimental works have
shown that by twisting two layers of graphene by small angles, one can en-
hance the conducting properties of the system. Moreover at some specific
angles, called magic angles, the lowest energy band turns to be very close to
the Fermi level and becomes extremely flat. This is of particular interest in the
presence of ordered phases of matter like superconductivity. The densities of
charge carriers is orders of magnitude lower than the typical two-dimensional
superconductors and the measured critical temperature is however relatively
high. This makes tBLG a strong coupling superconductor. The great advan-
tage in tBLG with respect to other systems is the simple and fine tunability
of carrier densities, magnetic field and temperature, that enables a complete
and fine investigation of the rich phase diagram of such a strongly correlated
system. Also the interlayer interactions can be fine-tuned by the modulation
of the twist angle and/or the application of perpendicular electric fields and
of uniaxial strain induced by non hydrostatic pressure [9].

In this work we study the tight binding model for the tBLG, which, in the
continuum limit, correctly predicts the presence of angles at which the Fermi
velocity vanishes, and, therefore, the presence of flat bands near these magic
angles. In particular, we show how, in the low energy limit, one gets an ana-
lytical expression for the first magic angle, rederiving the effective model and
providing all the details useful for the calculation skipped in literature. More-
over we perform the numerical calculation in order to obtain the full spectrum
and the bandwidth for the lowest energy band. The latter result is useful for us
when considering the interacting system. In the presence of electron-electron
attractive interaction mediated by the phonons the system seems to sustain
a superconducting phase. By means of a path integral approach we finally
derive the corresponding critical temperature.



Tight Binding model

2.1 First Quantization formulation

To study many body problems one should write the N-body general wavefunc-
tion and solve the Schrédinger equation for it. However this is not a directly
affordable approach neither analytically nor numerically due to the dimension
of the many body wavefunction. In fact, if we think of its generic form, the
state of the system can be written as

) = Z Coryon |15 - ON) (2.1)

O1ysON

where |0, ...0n) is a generic base vector of the Hilbert space H? ® ... ® H?,
where ¥ live, with H? space of single particle. The coefficients ¢,, .. 5, can be
represented as a N-rank tensor, and its dimension grows exponentially with
the increasing number of particle in the system. This lead to the impossibility
of using such a description to attack a many body problem. In the contest of
solid state physics there are different approaches that can be used to simplify
the discussion and make the problem treatable. Since our aim is to describe
electrons in a solid, we will focus on the band structure theory, in particular
on the tight binding method.

An ideal solid is characterized by perfect translational symmetry and infinite
size. So for our discussion we think to solids as perfect infinite crystals. In
a crystal atoms are disposed on a lattice. The lattice is characterized by a
translational symmetry which can be exploited in our description introducing
the lattice vector, which is a linear combination of the basis vector of the
crystal and describe the infinite translational invariance. To the lattice vector
is associated a counterpart in the momentum space, the reciprocal lattice
vector, which describes the periodicity of the crystal in the momentum space.

3



2.1. FIRST QUANTIZATION FORMULATION CHAPTER 2. TIGHT BINDING MODEL

Since our aim is to describe real solids, that have a finite extension, one can
overcome this problem introducing the periodic boundary condition, that let
us describe finite size crystal and bring a discretization in the momentum
space. To continue with our aim of finding a model for describing electron
in crystals, one has to introduce some approximation. The most important
approximation that we introduce is the Born-Oppenheimer approximation.
This is based on the idea that the motion of the atoms can be decoupled
from the one of the electrons, and this because the electrons are much faster
than the atoms, and basically see the atoms in the lattice as frozen, in first
approximation (this approximation can be improved in a second moment by
adding to the description the scattering of the electrons with the phonons).

With this approximation one describes the motion of the lattice with the
harmonic theory, i.e. the lattice can be described as decoupled harmonic os-
cillators, and its excitations are the so called phonons. For accounting the
electrons motion and their excitations instead one can use the band theory,
which is based on two important ingredients: the Bloch theorem that is linked
to the fact that the electronic wavefunction reflects in a sense the same period-
icity of the lattice; and the description of the medium in which the electrons are
immersed by the use of a background periodic potential, so that the electronic
Hamiltonian of the system can be written as

H=H,+V (2.2)

with V' = V(r) = V(r+R) that has the same periodicity of the lattice.
In this hamiltonian we see that no interacting potential between electrons is
added, because in first approximation we neglect it. This might appear as a
strong assumption, but can be justified by the effect of screening of the positive
charge surroundings the electrons. In fact the effect of the surrounding positive
charge is that of changing the potential generated from the negative charge
reducing it to a short-range Yukawa potential, negligible at length larger than
the lattice constant, so basically each electron does not feel the presence of
other electrons. This is the general hamiltonian and approach of the band
theory, but we are interested in a system with a strong binding between atoms
and their electrons. This means that we think to a problem in which for each
site of the lattice the electron feels basically the potential of the single atom
in which is located, and the difference caused by the presence of the other
surrounding atoms can be described as a small perturbation. So we use a
potential of the form

V(r) = Vatomic(r) + AU(r), (2.3)

decomposed in Vgiomic(r), i.e. the potential describing the system as isolated
atom in the lattice, and AU(r) the term that describes the differences in

4
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energy due of the presence of the other atoms. To give a reason why we are
writing the potential in this way one can think at the two opposite situation:
if we think to a system made of separated atoms, every atoms has its own
electrons localized around its position. If now we think to the atoms in a
solid the electrons feels the potential of their atom, but now the presence
of the other atoms in the lattice perturbs the potential in which they are
immersed. Since we are thinking to a tight-binding model, we can think that
each electron is described by a wavefunction that is strongly localized around
its own atom, and this means that wavefunction tails go rapidly to zero in a
distance of the order of the lattice constant. This is the reason why we think
to this perturbation as a small term AU, which contains all the corrections
to the atomic potential to represent the full periodic lattice potential. For
this reason it also makes sense to think at the electrons wavefunction as still
localized around its atom also in this case, but the perturbation modifies
the system in a way that the wavefunction of the system is not anymore the
eigenstate of the single atom hamiltonian, so we can think to the wavefunction
as a linear combination of the form

() = 3 crd(r — R) (2.4)

R

where ¢~>(r) not necessarily an exact atomic stationary-state wavefunction.
Given now ¢, (r)

ﬁat ’¢n> = En |¢n> (25)

eigenstate of the single atom problem, if we think that AU, (r) is small, as
we suppose in our model, we might expect that gg(r) is not too far form the
solution of 2.5, for this reason we think that it might be a combination of a
small number of atomic orbitals

6(r) =Y butn(r) (2:6)
So the general state of the system can be written as

B(r)=> by Y crén(r—R). (2.7)
n R

We note that our state must be periodic, with the same periodicity of the
lattice, so it has to satisfy the Bloch theorem, and imposing this requirement
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we find the form for cgr

IJZ)(I' + R,) = Gik'RIT,[}(I') Bloch theorem

= Z e"k‘R'chE(r +R — R) (2.8)
R

and since for R’ = 0 = cg = 1 to satisfy the general form of ¢ (r) and the
Bloch theorem we must have ég = ¢’*R® and so we can write our states as

¢(r) = Z bn Z eik.Ran(r - R) (29)

n R’

Using this state we can write the Schrodinger equation for our system

(Bt +A0) |0) = =icle) (2.10)

Now multiplying this equation by the atomic eigenstate ¢, both side and
integrating, we obtain

/drgb:‘n(r)Hatw(r) —|—/drd>fn(r)AUw(r) = /drgb;‘n(r)z—:kw(r). (2.11)

Noting that
[ s, ) o) = B [ drs 0t (2.12)

we arrive to
(ex — Em) / dr s, (1) (r) = / dr g, (1) AU(r). (2.13)

Using now 2.9 in the last equation,and exploiting the orthonormality of the
eigenstates of Hy, i.e.

/drqﬁn(r)gbn(r) = 6mn (2.14)

6



CHAPTER 2. TIGHT BINDING MODEL 2.1. FIRST QUANTIZATION FORMULATION

we arrive finally to an eigenvalue equation that determine the coefficients b,
and the Bloch energies €y

(ek — Em)bm = — (e — Em) Y (Z ek R / dr¢?, (r)n(r — R)) b+

n \R#0

(1)

iy < / dr¢;<r>AU<r>¢n<r>>bn+

(2)

+ <Z et / dr g}, (r) AU (r) g (r — R)) b

n \R#0

3)
(2.15)

and to simplify the notation we can define some quantities starting from

(1), (2),3)

(1) / 085, (0)n(r — R) = i n(R)
() / dr g, (1) AU (1) bn () = o (2.16)
() [ o, mAT@0x— R) = ()

and so we can rewrite our eigenvalues problem for the tight-binding model as

n R#0

(1= En)bm = Y {@k — Eu) D (€ Ramu(R) +%mn(R)) + B | bn (2.17)

2.1.1 Comment on the result

If the problem can be described with the use of only the s-wave contribution of
the atomic orbital, Eq. (2.17) becames a single equation, which can be recasted
in the form

B+ YR (R)

=F .
B T T R Ra(®R)

(2.18)

7
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with
5= [ drlo.wPAU)
a(R) = [ droj(x)ox(r ~ R) (2.19)
Y(R) = [ o) AU mon(r - R).

If instead one is interested in bands generated from degenerate atomic or-
bitals, for example p-wave that are triple degenerate, Eq. (2.17) would give
a set of three homogeneous equation, whose eigenvalues are the ey for the
three degenerate p-bands, and with the correct coefficients b,, that give the
appropriate linear combination. So in the general case one have to solve a
N x N secular problem with N the degeneracy of the considered orbitals. In
the case of hybridization, i.e. when one considers a wavefunction composed
by mixed orbitals, the dimension of the secular equation becomes the sum of
the number of considered states multiplied by their degeneracy.

2.2 Second Quantization formulation

In the second quantization formalism any fermionic single particle operators
can be written as

A=Y (il Alj)le; (2.20)
i,J

where 4, j are quantum numbers of the studied system and ¢', ¢ are the fermionic
creation and annihilation operators, i.e. they anticommute {¢;, c;} = 0, and
|i/j) are the generic states of the system describing the state labeled by the
i/j quantum number.

If we consider the hamiltonian of our system of non interacting electrons in a
crystal we can write it as

H =" (i| H|j)cle; (2.21)
1,7

using the same hamiltonian seen in (2.2) with potential (2.3) we can rewrite
it as

H =3 (i Ha i) Ni+ Y (| AU ) el + 3 (G1 AU iy clei (2.22)
i i#j i#j
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with N the number operator, and if we consider [i,j) to be the electronic
states of the system, the Wannier functions. Calling now (i| Hy |i) = €4+ and
— (1| AU |j) = t, we write

H=1¢e, — tz cZch - tz c}ci (2.23)
i#£] i#]

where the second term and the third terms are called hopping terms Without
loss of generality we can put the first term to zero so that all the bands are
computed choosing as the zero level the Fermi energy of the system. Our tight-
binding hamiltonian in second quantization, adopting also the approximation
of keeping only the nearest neighbor hopping terms, can be written as

H=—tY <c}cj + c}ci). (2.24)

(1,3
where (i, j) refers to i, j nearest-neighbors. To adapt this description to sys-
tems with more than one atoms in their unitary cell, as in the case of graphene,
we can introduce different names for the fermionic operators of different sub-
lattices. For example in a bipartite system with sublattices of type A and B
we can call fermionic operator for sites A with a, and for sites B with b, so

that
H=—tY" (ajbj + b}ai> (2.25)
(@)

since nearest neighbor of a site A belongs to the sublattice B and viceversa.
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Graphene

3.1 Description and main features

We start now our work by first introducing the general features of a graphene
monolayer. In graphene, due to the s — p? hybridization, the carbon atoms
arrange themselves in a honeycomb structure, with an inter atomic distance of
ap ~ 1.42A. This lattice is not strictly a Bravais lattice, but it can be thought
as an hexagonal Bravais lattice, with lattice constant a = v/3ag ~ 2.46A, with
a two-atom basis. So for our description we will think at graphene as formed
by two sublattices, one for each atom in the basis, that we call sublattice A
and sublattice B. In figure 5.1(a) we show the lattice and we highlight the
different sublattices by coloring them with different colors. We report the
primitive vectors and the basis vectors, showing that for our description we
choose to put the origin centered on an atom of type A

=33 1) e menll)

From this definition of the primitive vectors, we can define the primitive vec-
tors of the reciprocal lattice using

a; bj = 27‘(’51‘0' (32)

and so the primitive vectors of the reciprocal lattice are

b2 () 2 (1) 5

From all the points in the first Brillouin zone, graphene have two high sym-
metry points, called Dirac points for reasons that will be explained in the

11



3.1. DESCRIPTION AND MAIN FEATURES CHAPTER 3. GRAPHENE

following chapters, that have a correspondence with their symmetric counter-
part with respect to the I' point. Since their coordinates are needed we will

report them here
K- 2T (ﬁ) K= (\/g) . (3.4)
3\/§CLO 1 3\/?:@0 -1

The first Brillouin zone with its primitive vectors and Dirac points are repre-
sented in Fig. 5.1(b).

Real Space representation First Brillouin Zone
o «  Sublattice B
03

) e Sublattice A
T e T /

10 K

o
-

-10

04 02 0.0 02 0.4 20 10 0 10 20
x (nm) ky(nm~1)

(a) (b)

Figure 3.1: Real Space (a) and First Brillouin zone (b) representations

12



CHAPTER 3. GRAPHENE 3.2. TIGHT-BINDING APPROACH

3.2 Tight-Binding approach

To study the graphene properties, a low energy model can be derived for the
generic tight binding approach. So we start writing the Hamiltonian in second
quantization in the case of a tight binding contribution

H=-t Z (ajj"o-bj,a' + b}’gai,o) —t Z (a;(,aj,g + bgyabj,(,) (3.5)
(3.3).0 ((.49)),0

where we denote with a(R;) = a; the field operator for an electron in a sub-
lattice of type A in position R;, and the same for b but for B sublattice. With
(1, 7) we refer to first nearest neighbors and ({4, 7)) to second nearest neighbors.
As we see in the general description of the previous chapter, if we consider a
site of type A, the first n.n. are the B atoms surrounding it, as can be seen
from figure 3.2, and have coordinates denoted by the vectors d;, ¢ = 1,2, 3.
We write the field operators in a momentum basis

1 R,
a; = 626 kRZ(Z(k)
k

: | (3.6)
b] — 5 Z e*lk-(Rj+‘r)b(k)
k

using this representation in hamiltonian (3.5) we can write

t . s k! 3
He oo 33 [ il (g B (i) 4 e B (K)o a (i) +
(i,4),0 kK

t/ . o - )
_ @ Z Z |:6’Lk-R7‘,aT (k)e—zk ‘R»ja(k/) + 61k -(R71+‘r)b1' (k/)e—lk-(R_j+T)b(k):|
((6,4)),0 kK
(3.7)

To proceed we have to specify (i, j) and ((i,j)), i.e. the nearest neighbor and
next nearest neighbor coordinates. If we are centered in a sublattice A the
n.n. are all the adjacent B sites, and vice versa. So by writing explicitly é;,
(see Fig. 3.2), the sum over j becomes a sum over §. The second n.n. are the
sublattice of the same type, and they differs by a lattice vector, so the sum

13
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Nearest Neighbor
Sublattice B

0.3/ Sublattice A
. o O v
0.1 . . 5 . 5 ag ( 1 >
— 1= =
. , 3
@ ® 2 \V5

"o ® @ w=F(vs) ©9

w

0.2
' 1
® ® 53_%(
0.3 0
04 0.2 00 02 04
X (nm)

Figure 3.2

over the ((i, 7)) gives a delta function. So Eq. (3.7) becomes

= 03T [ I gl b)Y k)| +

KK 08,0
o 3 [a19ati) + b )b(x)| =

k,o
i(k—k')-R;
l o T i) C=0 K

==t Y [ al(k)b(k) + ™0 (K)a(k)| - ¥ Z[ k) + b (k)b (k)|
k,0,0
(3.9)

where in the last step we sum over k’ exploiting the i xs. Introducing the
spinor Wy = <Z§ll:)) >We can write (3.9) in the following matrix form
H =YW hk)¥ (3.10)
k
/
where h(k) = — t . tA,k and Ay = 5 ek?
ALt

Since we are interested in the low energy limit and ¢’ < ¢ !, we can neglect

!We refer to the result of [13] where they show using ab initio calculation that 0.02¢ <
t'<0.2t

14
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for our purposes the second n.n. contribution, and this leads to
_ 0 tAg
h(k) = — (tAl*( 0 ) . (3.11)

The hamiltonian found in this way can also be expressed in a more compact
way using the Pauli matrices. This can be done by writing the complex number
¢’®% ysing the Euler’s formula, %% = cos (k - §) + isin (k - §), so that we can
write

_ 0 cos(k-6)+isin(k-0)\
h(k)__tz(s:(cos(k‘é)—isin(k-é) 0 >_

(3.12)
= —thos (k-0)o, — sin(k-d)oy,.
5

3.2.1 Hamiltonian in proximity of the Dirac Points

If we now focus our attention near the K-points, we find a Dirac like equation.
To see this we first change notation in order to express all the momenta with
respect to these Dirac points whose coordinates are reminded here

K= Sjgao <\{§> K= 3\%@0 (§> (3.13)

We will use in the derivation only one of these two points, since the same result
could be obtain using the other one. We express the momenta introducing
qgq=k—-K,soour Ay = Agik =) 5 e(atK)d - Qubstituting the coordinates
of 4 and of K we can rewrite Aq i as follows

Ag+k = Z cHatK) s _
)

— eiGTO(QI+KI)+i§aO(Qy+Ky) + eiQTO(‘Iz+Kz)*i§aO(Qy+Ky) +

efi(QI +Kz)a0 —

}:

— ¢~ gzt Kz)ao {1 4 Qeigao(qﬁ’(ﬂ”) Cos [\ggao (Qy + Ky)

_ efi(quer)ao [1 . QCi%aoqz cos (ﬁaoqy + 7'(')
2 3

l expanding around q~0

3 )
~ _iaOH (Qx + ZQy)
(3.14)

15



3.3. ENERGY BANDS CHAPTER 3. GRAPHENE

where we called § = ie~*%%_ Since 6 is only a phase it can be incorporated
in the spinors and can be omitted since the phase of the wavefunctions does
not change the physics. Finally we have

N 0 Gz +1iqy\ .
h(K) ~ v (fh g, 0 ) =wvso -k (3.15)

where vy = 3apt/2, and o = (0,,0,)T. In the case of momenta in proximity
of the K’ point, the hamiltonian is almost the same h(K') = vyo™ - k, with
o* = (04, —0y)T. This is clearly a Dirac like hamiltonian (in momentum
space). This shows that near the Dirac points the dispersion relation becomes

linear in |K|.

3.3 Energy bands

We can compute the eigenvalues of the hamiltonian (3.10) with only n.n.
contributions, that are ;. = +t,/AxAf. Expressing explicitly the Ay, using
(3.14) (and expanding near K), we obtain

FEy=4t,|1+4cos (2&014:3;) cos <\£§a0k¢y> + 4 cos? (?aoky) (3.16)

Graphene Band Structure
K-Path in the Graphene 1% Brillouin zone

E(k)(eV)
° ~
> &
Ky (nm~)
° «
=

M G
k-path ke (om)

(a) (b)
Figure 3.3: Graphene energy bands: (a) E(k) along the path highlighted in (b)

As one can see from figure 3.3, the Dirac points are the points where the energy
becomes null. The bands structure is highly symmetric and the low energy

16



CHAPTER 3. GRAPHENE 3.3. ENERGY BANDS

Graphene Band Structure Graphene first electron band

Figure 3.4: A 3D-plot for graphene low energy spectrum.

spectrum is gapless and has linear behavior near the Dirac points, forming
Dirac cones as shown in Fig. 3.4. We finally remind that we have also a spin
symmetry to be considered in the model.

17



3.3. ENERGY BANDS CHAPTER 3. GRAPHENE

18



Double Layer Graphene

We now extend the description to the double layer. This structure can be
obtained experimentally and the typical interlayer distance is equal to d; =
3.35A. When stacking two single layers, it is important to specify in which
way the atoms of the first layer are arranged with respect to the other. There
can be several kinds of stacking but we mention the two main ones: 1) the
AA stacking, that consists in putting the atoms of one layer exactly above
the atoms of the second layer; 2) the AB stacking, or Bernal stacking, which
consists in putting the atoms of sublattice A of the first layer aligned with
the carbon atoms of the sublattice B in the second layer, while the B atoms
remain over the center of the hexagon. Experimentally [18] it is found that the
AA stacking is metastable while the Bernal-stacked bilayer is stable. We now
proceed in studying the electron properties of the Bernal-stacked bilayers.

4.1 Hamiltonian generalization to Bilayer

To construct the model we will use the single layer hamiltonian found in the
previous section, and we add the interlayer hopping, using a nearest-neighbor
approximation also for this term. The hamiltonian can be written as

H=H +Hy,+H, (4.1)

where H;,i = 1,2 are the hamiltonian respectively of the first and second layer
and the last term the interlayer hopping. We can write also this term in the
second quantization formalism

Hi=t: Y alBM)b(R® +72) + bR + r9)ay(RY)  (4.2)
R(1) R(®2)

19



4.2. BAND STRUCTURE CHAPTER 4. DOUBLE LAYER GRAPHENE

where we call
RO HL R +7?) = RO + 7@ B RM) =t (43)

We can move to the momentum space, by introducing

I 1 ik (RO 4y O
|‘I’1(<,)a> =N > ek RO+ O) RO 4 7,0 (4.4)
RO 47,

where [ = 1,2 is the layer index and @ = A, B the sublattice index. Using
the lattice convention adopted for the single layer graphene we have that
T4 = (0,0)T and 75 = (0, —ap)?. By expressing also the fermionic creation
and annihilation operators in the momentum space

1 Z —ik (RO 47 D
Oél(R(l)) — N e k (R l)—i- ~ l )al(k)
- (4.5)
1 ik (RO 47, D '
alT(R(l)) — Nze k(RO +7, )alT(k)
Kk

with the same indices convention of before, we can write the total hamiltonian
of the system in the momentum space as

H=> U'(k)HK)T(K) (4.6)
k

where we introduced the spinor ¥f(k) = (aJ{ (k) bJ{(k) ag(k) b;(k)) and

0 —tAx O t
0

| —tAR 0 0
H(k) = 0 0 0 A | (4.7)
t 0 —tAi 0

4.2 Band Structure

By solving the eigenvalue problem for the hamiltonian H (k), we obtain

2
t t
By (k) =+t <l> +ARAL+ = =
, 2 2
2
B ty 3 V3 , (V3 t
= it\l (21&) + 1+ 4cos (Qak'z> cos <2aky> +4cos TQky + 5

(4.8)
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BLG Band Structure
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Figure 4.1: BLG band structure

and evaluating along the same path shown in Fig. 3.3 we obtain the band
structure depicted in Fig. 4.1. The presence of the hopping term between
layers breaks the double degeneracy of the hamiltonian of the two decoupled
layers, splitting the top and bottom band in two different bands. Also in this
case, the highest hole band and the lowest electron band become gapless in
proximity of the Dirac points, as was shown for the single layer graphene.
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Twisted Bilayer Graphene

5.1 Moiré Superlattice

The system analyzed is an AB stacking of two graphene layers, to which is
applied a small translation vector d and a small rotation 6. We will proceed
now in introducing the continuum model, introduced by R. Bistritzer and A.
H. MacDonald, [5], to describe the problem and we will refer to this model
as BM model. Before we start, we remember what is a Moiré pattern which,
being the key of the regained periodicity, is of foundamental importance for
a tight-binding description. A Moiré pattern is formed when two copies of
a periodic structure are overlaid with a relative small twist. This results in
a new periodic superlattice, as can be seen from figure 5.1. Is important to
notice that in general the commensurability of the two layers is dependent
on the value of the rotation angle. This observation is important because in
general a relative twist of the two layers in a commensurate structure leads
to the same crystalline structure (with eventually a rescaling of the unit cell).
One has to notice that only a small set of discrete values of the twist angle
leads to commensurate structures, in all the other cases of general rotations,
greater than few degrees, the periodicity of the crystal is destroyed, resulting
in the complete electronic isolation of the two layers. Mathematically this has,
as main consequence, the non-applicability of the Bloch’s theorem. Instead
if the rotation is small, i.e. < 10°, a Moiré pattern is formed and this is
the key of the BM model for the tBLG, and leads to the so called Moiré
Bloch bands. The differences in the patterns obtained by different rotations
are shown in figure 5.1: panels a),b),c) show how, for small angles, we obtain
commensurate structures, instead as shown by panel d), a large twist angle
leads to the destruction of the periodicity.

In the following sections we will see how the superlattice and its Brillouin
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(a) (b) () (d)

Figure 5.1: Dependence of Moiré pattern on the twist angle. From left to right: 1.5°,
2.0°, 5.0°, 20.0°

zone, called Moiré Brillouin zone, is introduced and characterized. Let us first
introduce the real space and the Moiré Brillouin zone primitive vectors

SR NERRTEONE

m_ 21 (V3 m_ 21 (V3
a = , Ay =
3y \ —1 3y \ 1

(5.1)

with kg = (87sin(6/2))/(3v/3ag). In the next section, starting from the tight-
binding approach we will derive the continuum model for the tBLG.

5.2 Continuum model for the tBLG

Before we introduce the model let us start defining some quantities. We will
call a = 2.46A the lattice constant and ag = a/,/(3) the carbon-carbon distance.
We denote the twist angle with #. We account the lattice vectors' of the
two layers as all,aé, where [ = (1,2) denote the layer index. To these will
corresponds two reciprocal lattice vectors bll,bé, and this satisfy the usual
relation for the reciprocal lattice vectors, i.e. bfl . af) = 27 p-

To insert the dependence on the twist angle we split the rotation in half
rotation for a layer and half for the other, symmetrizing the notation, and
this lead to

We notice that for this section we express the primitive cell basis in a different refer-
ence system, with respect to the one used in previous chapters. In this way the computed
quantities are easier to express
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V3 -1 V3 ~1
all = 7(10Rl9/2 (\/g), alz = 7(L0Ré/2 (_\/g)

0 0
’Tll4 = (O), TlB = aoRle/Q (1) (52)
2m -3 27 -3
bﬁ:?m)Rlem( 1 ), blzlea/Q( . )

3(10

with [ = 1,2 layer index, as can be seen in figure 5.2 and with

1 [cos(68/2) —sin(6/2) o [ cos(6/2) sin(6/2)
R9/2—<sin(9/2) cos(9/2)>7 R9/2—<_Sin(9/2) Cos(0/2)> (5.3)

the rotation matrices of angle +6/2 for the two different layers. We will refer
to the i-th position on layer [ as R() and to it we associate a reciprocal lattice
vector GO, so that all the position of the atom of a layer can be described in
real space by R() = mall—knal2 and in the reciprocal space as G() = kbll+wbl2,
with m,n, k, w in”Z.

Primitive vectors of the layers First Brillouin Zone

y (nm)

----- 15t BZ Layer 1

——Layer 2 e Sublattice B, e Sublattice A, o
—VLayer 1 e Sublattice B; e SublatticeA, § 7T 1% BZ Layer 2
-20 -10 0 10 20
x (nm) ky(nm=1)
(a) (b)

Figure 5.2: tBLG Real Space and Brillouin Zone representation

The model consist of two single-layer Dirac-Hamiltonian terms derived by
the tight-binding approach described in section 1.2 and of a tunneling term,
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that describes the inter layers hopping energy contributions. Starting from the
single layer energy terms we can adapt the Dirac hamiltonian of the monolayer
graphene to our system. After a rotation with respect to a fixed coordinate
system we have the Hamiltonian

i(0x—0)
0 e ) (5.4)

hi(0) = —v|k| <ei(0k9) 0

with hg(0) the Dirac hamiltonian of a single layer, v the Fermi velocity, k
the momentum measured from the layer’s Dirac point, 6 the momentum
orientation relative to the x axis. If we consider our symmetric description
we can write the hamiltonian of the decoupled two layers as |1) h(6/2) (1| +
|2) h(—6/2) (2|, considering the |I) (I| the projectors on layer [. For accounting
the interlayer hopping, we consider that in general the hopping t(r) is in
general a function of the position r. We will assume in Eq. (5.5) the two-
center approximation, i.e. that the interlayer hopping is only a function of
the two positions. We want to move to the representation in the momentum
space, so starting from the tunneling interlayer hamiltonian written in second
quantization in real space, we have

Vii= > al,RM) (R<m>+T§m>—R<l>—Tgl>)ﬁl(R<l>) (5.5)
R(™) o, RO 3

where «/f are the fermionic operators for the sublattice A or B, m/[ layer
indices, and we define ¢ (R +7,— R — Té) as

(R+7o|Hr [R'+74) =t (R+ 74 — R — 73) (5.6)

where |R + 7,) are Wannier functions. For simplicity we fix the indices of the
layer, and switching to the momentum space we can write

Via= Y ol 6(p) (5.7)
k,a,p’,8
with
T = (W Hr 0)) (68)
and

1 . (1)
W) = 2 D RO (1)
R1)

Z eip/'(R(Q)"'Té) |R(2) + Té2)>
R®

1 (5.9)
P ,/6’> - ﬁ
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and we use «, 3 as sublattice indices, k, p’ respectively momentum for the first
and the second layer.

We derive the general form in the reciprocal lattice space of the TS ’pB,

1

, - @)
Tféfl _ -+ Z " (R(l) n T‘gl) _R® _ TB(Q) + d) eﬂk.(Ru)Jrrél))Hp (R +7{P)+a

RO RO
(5.10)

but since t(R(® + VRO Tﬁ@) + d) is periodic with respect to R(}) and

R® we can express it as a series in the reciprocal lattice space, i.e.

t(R(l) _’_7_0(41) . R(Q) . 7-5(2) —I—d) _ Z t(;(l)’_(;@) ei(;(l).R(l)ei(;(Q).R@)
Gc.G®
(5.11)
inserting this relation in the previous equation and expressing R® =R 4
RPC) 4+ d —r, we obtain
« [-} 9

L cH.RD ;g3 (1) (1) (2)

B iGL.R iGEL(RW 1y -7 +d—r)

Tk,p’ N Z E , tc;<1),_c;(2> e e o B .
r, RO GL),G®2)

. eiipl'rei(P/*k)-(R(1)+Tc(xl))
(5.12)

and recognizing the two delta functions when summing over r, R, we arrive
to

T8 = 3 lg@4p 5(GO + kGO 4 p) GG -(r ) =i Y
7p ’

G1) G2
(5.13)

where 2 is the area of the graphene unit cell.

Now as shown in [5] the hopping ¢ decays exponentially for momenta far from
the Dirac point of the graphene Brillouin Zone, i.e. K%) = —(bgl) + bgl))/3
and Kg) = —(ng) + b§2))/3, so a good approximation is to consider only
the leading nearest hopping term, evaluated at the Dirac point, tg) ., with
IGD) + k| ~ |K%)|, SO tq( 1k =~ tKg)' This is related to the fact that the
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separation of the two layers d exceeds the separation of the carbon atom
of more than a factor 2 and this is relevant in the two centers integral for
computing t(r).

To understand which the leading terms in equation (5.13) are, we introduce
three vectors, as can be seen in figure 5.3 , and this constitutes the edges of
the first Moiré Brillouin Zone, i.e. the Brillouin Zone of the superlattice, and
they are related to the possible momentum transfer for the hopping term. In
particular defining

2 1
@ =Kp - K}

@ =K? +p? kM _pl (5.14)
a; = K% + b — K — M

and remembering that K%) = —(bgl) + bg))/3

4 1
K'Y — RY ) 5.15
D 3y/3ay 92 \0 ( )

we can write the components of q; using Eq. (5.14)

) ) (e2m) - ()

R®) 3\ _2m Ly (—V3) _
+3a 9/2( ) %R9/2< 1 -

0 V3 cos (0/2) +sin (6/2) —+v/3cos (0/2) —sin (0/2)\ | _
=R 1) T 3a0 [( V3sin (0/2) + cos (0/2) ) (f\/gsin (0/2) + cos (9/2))]

%)
( )
(5)-3 *
()]
=0 () + gy () — i () -
( > ( 3cos(9/2)—sm(9/2)> (‘ﬁifife@//§§+§;‘;§3ﬁ§>]‘
- (4)

V/3sin (0/2) — cos (0/2)

0 V3
+k9 ( ) _ke( 12 )
1 1
2

where kg = |q;| = (87/3v/3ag) sin(6/2). The above approximation it is trans-
lated to the fact that an electron state with momentum p’ in the second

(5.16)
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First Brillouin Zone

207
101
T
¥>-
-10¢
————— 15t BZ Layer 1
20t 15 BZ Layer 2
20 10 0 10 20
ke(nm™1)

Figure 5.3: q; and Gi(l/z), 1 =1,2,3 vectors

layer can hop to an electron state with momentum k in the first layer only if
p’ —k = q;. Under this assumption we can rewrite the tunneling term con-
sidering only the three main contributions, where the only G(/2) remaining
are only the reciprocal lattice vectors which connect the Dirac points to theirs
equivalent counterpart is shown in figure (5.3), so Gg-l) = mjbgl) + njbg), with
j=1,2,3, and (m1,n1) = (0,0), (m2,n2) = (1,0), (ms3,n3) = (0,1). This, by
using the definition of the qj, leads to

3
TP (r) =w) e WMo (5.17)
=1

where w = tk,/Q. We underline again that this sum is reduced to only the
first MBZ, and so contain only the first three main terms. In the following
section, when we will look at the band structure, and we will keep more terms
going further in the truncation, but for the study of the low energy limit we
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can use only the previous terms from the expansion of the hopping term. To
obtain the explicit form for the qu,ﬁ we have to use equation (5.13), and this
give us

. 2 2 . 1 1 . 2 5 ) 1 L

T iG?P.d BZGE )'7',5; )_ZGE )'Tﬁx) eZGg )'7‘1<3 >—ZG§ ).7'51)
_ G

1 SCE P GO D LGP D i D)

0 0
_ in) dfe e _ 1 1
€ el e 1 1

G P LGM 2D LGP 2D gD

) -G = ob{" + ob

0 (0 ()
—+ G5’ =1b;” +0b
iY@ g+ eicg2>.fg>iegl>.fg>> 2 1 2

iGé2) -‘rf) fiGél) -TS) eiGgQ) -‘r]<32) 71'(}%1) .7_121)

0 _ an® ©)
eiGgQ)ff)—iGgl)fg) eiG§2)~T§)—iG§1)~T]<31)> — Gy’ =0b;” + 1b,

(5.18)

(2)

where ¢ = 27/3 and we have to keep in mind that every time we have 7, we

have to use instead T]g) because of the stacking AB. With this we can write

explicitly the hopping term from layer 1 to layer 2 in 5.17 as follows

11 c@®q (€ 1
Tk,p’_‘*’(1 1> Ok—p/\—qy +we™2 (6—z¢ git | Ok—p/,—axt

a®.q (e 1
+we'™s <ei¢> o—i¢ ) Ok—p’,—as

and, for accounting instead the hopping from layer 2 to layer 1, one has only
to take the adjoint.

Now that we have written the explicit expression of the hopping terms, we can
take the limit of # — 0 and d — 0 and verify that in this way our description
returns to the one saw in section Double Layer Graphene, i.e. to the AB
stacking bilayer description. So

) 1 1 e 1 e 1 0 1
pe= (1 oo 1) oo () s oo
—
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obtaining again the same form seen before

0 tAx O t]

[ T\ _[tAr 0 0 0
H‘(TT h2>_ 0 0 0 tAx (5:21)
ti 0 tAL 0

where 5 stand for the single layer hamiltonian for layer 1/2. This hamilto-
nian has the same form as long as we consider ¢; = 3w. So this give us also
the relation between the hopping coefficients of BLG and tBLG.

Now going back to our description, since we are near the Dirac point, we will
measure momenta from the Dirac point K (or K’ since they are related by
symmetry), and the single layer effective hamiltonian, as seen in chapter 1,
can be written in the form of A% (k) = hv(kyo, — kyoy) = hwo™* - k near K
point, %' (k) = hv(ky0, —kyo,) = hvo -k near K’ point. By limiting ourselves
to the first honeycomb shell, we can write the total hamiltonian as

hé(/Q(k) wTy wTh wT3
T
KK leT Wy ok — ai) 0 0
wT, 0 hlfe/Q(k —q2) 0

(5.22)
where K, is the Dirac point in the superlattice reciprocal space, which corre-
sponds by symmetry to the K point in the graphene reciprocal lattice. In this
notation k is in the Moiré Brillouin Zone, so measured from the Dirac points.
This hamiltonian acts on four two-components spinors ¥ = (g, ¥1, Y2, 13),
1o is at momentum k near the Dirac point in one layer and the other three
1; are at momenta near q; in the other layer. To simplify the calculations,
since h£</2 (k) depends little on 6 which is supposed to be small (as shown by
numerical simulations in [5]), we can neglect this dependence, and we will use
this simplification in the following sections.

5.3 Low energy limit

We are now interested in calculating the low energy limit, so by focusing on the
description near the Dirac points. If we consider the case k = 0, so exactly at
the Dirac point, we expect zero energy eigenstate, and this condition becames

%ﬂ(gKM v — op©® (5.23)
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and this leads to the conditions on the spinor components

hE (k) + wTﬂ[}l + wTypl” + wTypl” =

(
W (k — qm +wTiy” =0
K (0) PO _ (5.24)
h™ (k — a2)hy " + wlyeh 0
W (k — az)y” + wIjy

We note that since we are at k ~ 0, h(k — q;) ~ h'(—q;). This lead to the
condition that ¢ = —wh; Tl (j = 1,2,3) and

-1
Tih;'T) =0 (5.25)
to prove this we explicit the calculations

. _ 1
hy = lwo* - (—q1) = —hwkgo, — hi'= o

_ 0 = 1 1
= AT oc< >< o)( 1>:0
5 -5
0 e ‘s 1 0 e '™
hy = hvo™ = hok — hyl= 4
2 ve ( q2) v <eg > 2 hukg (ezgﬂ 0 )
_ 0 e tem 1 e
= DT o <62 0 ) <e—i¢ 1 > >
ezgw Te zgw ei1637r 4 e—zgw 0
X 671137r +elgﬂ elgﬂ' +e i%ﬂ' -
1 0 e_i%
hs = hvo™ - (—qs) = hwk — hil= T
3 =hvo - (—a) ”"( 0) 3 rwk9<elﬁ 0)
i —ig
1t e” 0 1 e
s —ily s
~ <e72 +et 27r e .7,6 +€.:> _0 (5.26)
+e '

—1
where hj_l = h71(—q;). This can be proved also in a more elegant way by
recognizing that the T} matrices can be rewritten as a combination of Pauli
matrices

: 1 3 ; 1 3
T =140y, Ty =e? (1 30~ {(@) T3 =e (1 — 30 + \2[0?;>

(5.27)

.
o @

e

s

2 +e 'z
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so using the property of the Pauli matrices we can obtain the same result

TlhflTlJr X (14 03)(—0y)(1+03) = —0y — 0y0z — 030y — 050405
1 {oaiopr=26,4 41
= —0y + 040,04
b o2=o2—02-2

=o0y—0y,=0

1 3 3 1 1 3
T2h2—1T2T x (1 — 50~ \goy> < \2[095 + 20y> <1 50~ \{07!) =

3 1 3 1 3 3
_igx —+ —Oy —+ —|—%()'maJc — Zaxcry + Z(Iyax — {o'yay> .

2 2

13
) T

i, {(Ta’Ub}:25LL,b]l7 6320:012/:‘72:1

V3 1 1 V3

/N

f V3 3 1 1 V3
= 2 Oy + 1 — 0,0, + 4CTTO'y + 20'y Zo'yo'm — TUyUyJF (528)
— 00y + iazayaaj + Tngygy =
\l/ {oa,0p}=254 p1, U§=0§=03=]1

=0

1 3 3 1 1 3
Tshngg x (1 — iaw + \gay> ({al. + 2ay> (1 - §Uw + \2[0'y> =

i, {oa,0p}=28,4 p1, 0‘2.:012/:0'2:11

1
( or + O'y — Uxay> (1 — §am + \gggy> =
_ V3

2
3 3
23 Ox — {UTUT+ 4O'T0'y+

Oy — —0y0g — 0z0y+

2 4

+ iamayam7 Ty
1 toaiopy=25, 1, 02=02=02=1

=0

OpOyOy =

This proves also, substituting in the first equation of 5.24, that the equation
for g is hotyg = 0, i.e. g is one of the two zero energy states of the isolated

layer, 1/181) or wéQ)
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From this we see that we can express 1); as function of v, so the hamiltonian,
using a perturbative approach, can be folded in an effective hamiltonian for
the low energy state on the vy space with 1;x ~ —whj_lT]Twoyk (j =1,2,3)
(these terms comes from the system 5.24):

KK, IRVIE s
00 = (5.29)

and substituting we have that

%o
—wh T
@9) = (o] (cuh Tt (-uhy T (—uny Te)) | oLt | =
—why T
—||wo\|2+w22 h Tl o)t (=hi T o) =
= [[¢ho* + w? ZwéTx—hﬁ)*(—h:l)Ton
- (5.30)
we compute (—h; 1) (—h;t) fori =1,2,3
1 1
W1y = Ty — =
( hl )( hl ) (hvk,g)?UyUy (hvk(;)zﬂ
.|.
1 V3 1
_p Ny - (V2
( h2 )( h2 ) (hva)Q( 9 Ox 2Jy> ( ) h’l)kg
_ _ 1 V3 1 \/§ 1
_p- W _p1y Ve
(=hg ) (=h3") (fwk‘e)2< 5 T 20y> < 997y y) (hvkg) (kg2 "
(5.31)

where we use the hermitianity of the Pauli matrices and {o4,0p} = 2d41.
Equation (5.30) becomes

2 3
(¥ %) = [lol + (&) Sl v (532
i=1

If we consider that the phase factor of T, T5 when multiplied with its adjoint
give 1, the T; are combination of hermitian matrices so they are also hermitian,
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and what is left to compute is 77

T? =14 0,)(1+0.) =2(1+0y)

1 V3 1 V3 1 V3

1 3 1 3 1 3
T = (1 — 50 + \2[0'y> (1 — 30 + \gay> =2 (1 — 30 + \gay>

(5.33)
and finally we have
2
w 1 V3 1 V3
W) = [Jol >+ | | 20|31+ 00 — s00 — -0y — S0n + - =
(W[W) = [[¢ol| +<hvk9) Yo |3l+0 50 5 Oy~ 0T ay]ﬂ}g
2
w
=1+6 =1+6a?
+ (hvk(;) + b«
(5.34)
KK
where o = w/(hvkg). We can now evaluate Heff (’{f) (k)
Yo T
L —wh'T,
= T (W (Cub T (cuny T (—wng T ) | T |
—whg T 4o

3 3
1 - - -
= T gaz | ohK)vo —w oy Toh Tl o +w” 3 JGiTi(=h ) Tivo +
i=1 =1
1) (2)

3
+w? Y Wi (—hy )T (=h(k — qi)h; 1T o)
=1

®)
(5.35)

where we omitted the indices K, K, to simplify the notation. The summa-
tions (1) and (2), using the hermitianity of the matrices and remembering
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equation (5.25), are equal to 0, leaving only

3
Yih)po +w? Y Tk Y Ak — qi) b T v | =

i=1

KK}, B 1
Heff,(l)(k) T 14602

4 hik—a)=h00—n;

3
! {wéh(kwo +w? >
=1

- T Y h(k) R T
1+ 602 <(1)()%Z+
— | T ") i T

——

in} -

1
0
I W ok + w? iT(h._l)Ta* kh T | g
1 + 60[2 0 — w\"% 7 7
(5.36)
we evaluate separately the three contributions of the summation
_ " _ 1
Ti(hyY)fo* kb T = Tty (0w = 0v0a)kaoa = kyo) (=0 + 0y00) =
= —=2(14 0y)ks

vk 1 V3 1
Ty (hs I)TO' - kh; 1T2T = L (Uyaac 5 0 + 20y> (kzmax — kyay)-

V3 1
| —0y0z — 7055 + 5gy =
1 [ 1 3 V3

(hka)Q —EUIkz + §Uyk'y + TU:Cky—i_

V3
— 70'yk1~ + kx - \/gky
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1 3 1
Tg(hgl)Ta* . kh;lT:;f = (okg)? (oyax + \2[090 + 2ay> <kxax — kyay)

3 1
. (—ayax + \2[096 + 20y> =

1 1 V3 3
V3

(5.37)
and summing this terms all together we obtain
S hw .k —3a%0* -k h -k
eff(l)( ) T 6o QQJZ)(] o* alo* o = U 6 27/)00' Yo =
= hv*zboa* - kg
(5.38)

with v* = v i +6 =. S0 we can notice that the system has the same hamiltonian

of the monolayer graphene but with a rescaled Fermi velocity.

It is important to remember that the hamiltonian in (5.38) is characterized
by the K, K, labels. This means that the hamiltonian is calculated in the
proximity of the K point of layer 1 and in the corresponding K, point in the
Moiré Brillouin zone. In general considering the symmetries of our problem, we
have in total eight Dirac fermions labeled by the graphene monolayer valleys,
K and K’', Moiré valleys, Kj; and K}, and spins, T and | indices. So in
general a state of the system must be labeled by three indices that we will call
n = %1 for the valley, £ = £1 for the Moiré valley and s = £1 for the spin.
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5.4 Results

In general to inspect the band structure of tBLG we cannot use the simplifica-
tion of equation (5.22) because, as said previously, that was the Hamiltonian
after a truncation to the first Moiré Brillouin zone (MBZ), retaining only the
main contributions. For our aim one has to consider higher terms, i.e. trun-
cating the hamiltonian after retaining contributions coming from successive
Brillouin zones, using the reciprocal Moiré lattice vectors. If we call the Moiré
reciprocal lattice vectors as b, béw the general transferred momenta allowed,
that in equation (5.14) was written only for the first MBZ, can be written as

@ =Kp - K})
@ =KP K 1 b} (5.39)
a5 = K@ - K b

For this reason we write a generic state of the system in the Moiré Brillouin
zone as
'y = > ul |l ok, (m1,my)) (5.40)
l,a,m1,mo

where we introduce the basis
1, k, (m1,mg)) = |, KY + k +mib) +mybd! a).

Let us generalize eq. (5.22): by truncating the basis after retaining higher
orders, one can refine the previous result. To be more precise we can show
the form of the matrix if we take, for example, a basis in which also other
contributions are retained:

‘17070> ) |2707 O> ) |2707 1) ) |27 _170> ) ‘1707 _1> ) |17 170> ) |17071> ’ |17 17 1> ) ‘17_150> ) |17_17_1>

where we drop for simplicity the sublattice index and the momentum. With
the choice of this basis the tight binding hamiltonian becomes

RE Wy Wl wlz 0 0 0 0 0 0
WwIl KK 0 0 Wl wIj 0 0 0 0
wIj 0 KX 0 0 0 wIl wIi 0 0
wIi 0 0 hAY 0 0 0 0 Il Wl
KKy | 0wl 0 0 A 0 0 0 0 0

0 wIlzy 0 0 o0 A 0o 0 0 0
0 0 whh 0 0 0 RE 0 o0 0
0 0 wlz 0 0 0 0 R 0 0
0 0 0 wly O 0 0 0 &E 0
0 0 0 wlh 0 0 0 0 0 hi

5.41)
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where ¥ = hff(k + m1bM + mybd!) single layer hamiltonian of layer 1,
and ¥ = hi(k + q1 + mib} + mabd!) single layer hamiltonian of layer
2. So by computing the eigenvalues of the previous hamiltonian, one obtains
an approximation for the tBLG band structure, which can be improved by
considering more and more reciprocal lattice vectors.

5.4.1 Study on the truncation

In this section we study how the calculation for the energy bands depends on
the truncation of the general Hamiltonian. An accurate this calculation either
for the energy bands and for the density of states is important also when we will
consider the interacting case for a reasonable estimate of the superconducting
critical temperature that we will do in the last section. We, therefore, solve
numerically the eigenvalue problem for an increasing value of the cut, i.e. a
higher cut keeps more Moiré Brillouin zones (MBZ) in consideration, so the
dimension of the hamiltonian matrix grows as the cut increases. We then
calculate the relative error of the obtained results with respect the highest cut
we could use, and this value was fixed, due to our available computation power,
to a cut at the 8" MBZ. The first consideration we can do is that the relative
error depends on the value of the angle considered. The explanation to this
lies in the band structure itself: starting from small angles, around the first
magic angle, the band are more concentrated around the Fermi energy with
respect to the higher angle case. This means that more MBZ are needed to
evaluate correctly the correction to the energy. This can be seen in particular
comparing the different plots in figure 5.4, in fact although the angle variation
is small one can observe that the relative error is much higher for smaller angles
2 ~ 1079 while riches the computational limit, around ~ 10~ increasing the
value of the angle. The fluctuations that we can see around the relative error
~ 10~ have not a physical meaning but are numerical fluctuations, because
we reach the numerical limit. The estimate of the band energy around the
first magic angle (6 = 1.05) reaches the error limit with a truncation to the
6! MBZ, while for § = 5° are enough 4 MBZs. We will use a truncation up to
the 8" MBZ, to be sure of working with great accuracy for any value of the
twist angle. We notice also that the errors are greater in the proximity of the
borders of the MBZ, because they are points of high symmetry so more MBZ
are needed for the correct evaluation of the energy bands.

2The relative error is calculated on a scale between 0 and 1
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Relative errors in the energy bands truncating at different MBZ (angle = 0.5°)
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Figure 5.4: Relative errors in the estimation of the energy bands, for different values
of the angle (from top to bottom) 0.5°, 1.05°, 5°. The relative errors are calculated
with respect to the highest cut we can set (cut up to the 8* Moiré Brillouin Zone)
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5.4.2 Band structure

We use an approximation up to the 8th Moiré Brillouin zone and study the
differences between the band structure for different values of the twist angle.
Since the Moiré BZ is 2D, the band structure is a 3D plot, but to make
the comparison easier we choose the path in figure 5.5 to evaluate the band
structure. We solve the eigenvalues problem finding the band structure of
figure 5.6.

Moiré 15t Brillouin zone (6 =5°)

15 KM

K, (nm~%)

KM

_1'90.5 0.0 0.5 1.0 15 2.0 25 3.0

Ky (nm=1)

Figure 5.5: K-path in the Moiré BZ used for computing the band structure

From the band structure and density of states we can see how the energies
change when we are near and far from the first magic angle. In all the angles
studied the bands structure is gapless in proximity of the Dirac points, so the
bands meet in the proximity of the Fermi level, and, as we said previously,
this is linked to the presence of the massless excitations in proximity of these
points.

It is important to underline that in the left plot of Fig. 5.6 the center (0,0) is
one of the Moiré Dirac point. To understand better the picture we highlight
in Fig. 5.7 the points of interest and the boundaries of the first Moiré Brillouin
zone, so basically we superimpose figure 5.5 on the right pictures of figure 5.6.

Looking at Fig. 5.7 we remember that the zero of our momenta is the first
Dirac point K.

Although the bands are quite thin also for very small angle, the flat bands
only appears in the proximity of the magic angle, and as we move a bit from
that, conduction and valence bands become wider and wider, as can be seen
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Figure 5.6: tBLG band structure: along the path of fig.5.5 (right), and the first band in 2D
(left) for different angles form top to bottom: 0.5°, 1.05°, 1.5°, 5.0°
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Figure 5.7

comparing figure 5.6 (b) and (c): moving from 6 ~ 1.05° — 1.5° the bandwidth
increases from 0.6 meV to 64 meV, so a growth of two orders of magnitude.
We can notice also how the periodicity is preserved for all the small angles
studied, the pattern of maxima and minima does not change, except for the
magic angle in which other three minima appears. One can also compute the
rescaled Fermi velocity of the system in proximity of the Moiré Dirac point,
and this can be done using the same Hamiltonian used for the Moiré bands
calculation. This is done by using the general relation between the energy
spectrum and the band velocity, i.e.

1

Uy KM = i—_lesn(k)‘KM (5.42)

and since we are interested in the lowest electron state we search for vy ga. In
particular we are interested in the relation between the rescaled velocity and
the parameter a2, that is the one appearing in the folded hamiltonian (5.38),
since the zeros of o are linked to the ones of the rescaled Fermi velocity.

Figure 5.8 on one hand shows us the appearance of the magic angles, the
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le—5 Fermi velocity as function of a?

1.75 —— Hamiltonian truncated to the 8th MBZ
g —— Folded Hamiltonian

1.25

1.00
N
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0.25

0.00

aZ

Figure 5.8: Band velocity in proximity of the Dirac point KM as function of o (we
set for simplicity i = 1). The points where the velocity becomes null are called magic
angles. In the inset we make a comparison with the estimation of the first magic angle
using the effective hamiltonian (5.38)

points in which the rescaled Fermi velocity vanishes, and on the other hand
gives us an hint on the behavior of the bands as function of the angles. In
fact, looking at its definition, the band velocity is linked to the gradient of the
energy spectrum, so angles in which the velocity has an high value corresponds
to angles in which the bands are wider than the ones with low velocity values.

Instead if one is interested in the low energy property one can use hamiltonian
(5.38) and study how the bands look near the Dirac points. In particular this
is useful if one is interested in studying what causes the flattening of the band
near the first magic angle. So we study how the Dirac velocity v* depends on
the angle in our low energy approximation. Using the explicit form for the
Fermi velocity obtained in eq. (5.38), one can clearly see that it vanishes when
2

*:hgﬁ:Qv:O—)aQ:; (5.43)
this corresponds, by expressing it as function of the twisted angle 6, to 8 =
1.05°, and this can be computed by remembering the relation a = w/(hvky).
This result predicts with a good accordance with experiments, the first magic
angle, as can be seen from fig. 5.8. It is important to notice that the folding
of the hamiltonian can be used correctly up to the first magic angle, since we
are folding onto the lowest energy band. To describe higher energy bands and
higher energy scales one cannot use the hamiltonian (5.38) anymore.
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5.5 BCS theory applied to tBLG

We are now interested in studying the superconducting properties of the tBLG.
We will use the BCS theory, i.e. we introduce to our model an interaction
between fermions which is mediated by the coupling with phonons. We will
use for our calculation the folded hamiltonian, since we are interested in the
low energy limit, and we will look at the results in the proximity of the magic
angle, where the band is quite flat and very near to the Fermi energy. For
this purpose we rewrite the Hamiltonian in second quantization, with all the
indices

Hg;&s(k) = —hv*wgg* ~kpg = _EkCngSCk,n,g,s (5.44)

1—302
1+6a2

the Fermi surface and we use 4* (k) = ¢ (k)cl**, with ¢ (k) the lowest
energy eigenfunction of the Hamiltonian.

To proceed with our analysis we have to take into account the electron-phonon
interaction.

where e = hv (k — kp) are the single-particle energies measured from

5.5.1 Phononic hamiltonian

In this section we introduce the bosonic hamiltonian for tBLG. We summarize
the general approach to introduce the harmonic model for a crystal. In the
introduction to the tight-binding model we introduced the Born-Oppenheimer
approximation, and this allow us to decouple the motion of electrons from that
of the bosons, and the lattice potential can be seen ”frozen”, from the point of
view of the electrons, because their motion is faster than that of the bosons.
But this is true only at first approximation, because if we want to describe the
lattice in a proper way we have to consider that lattice sites are the equilibrium
positions of the atoms, but they are free to vibrate around these positions. So
the first thing to do is to describe the position for an atom at time ¢ as the
lattice vector pointing at that site, R, which fixes the equilibrium position
inside the lattice, plus a small displacement, that will depend on time and on
the considered site

r(R,t) = R+ du(R,t). (5.45)

The system of atoms confined on a lattice, can be described by a potential
energy U, that is a function of the positions of all the atoms in the crystal,
U(ri,...,ry) (if we think to a system made of N atoms). The first approxima-
tion we introduce to simplify the problem is the pair approximation, i.e. we
assume that this potential can be written as a sum over pair interactions, that
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depends only on the distance between the two atoms, so we write

U(ry,...ry) = 3 Z P (r — I‘/)

[ o )

1
P (R ~ R/ +6u(R) - 6u’(R’)>.
LR M)

where we hide the dependence on time to simplify the notation. To proceed
now we think at the displacement: we said that this displacement represent
the vibration of the atom around its equilibrium position, so it is a small
deviation from it with respect to the typical size of the lattice, so the lattice
constant a. This means that if the we assume true the considerations on
du(R), also (1) must be small, i.e. [du(R)— du'(R))| << a. With this in
mind one make a Taylor expansion of the potential energy, truncating it to
the harmonic contribution (second order derivatives), obtaining

1 1
Ulrtry) =5 Y @ (R—R) +5 > (5u(R) . au(R'))w\éu,éu,:OjL
R,R/ R,R/
1
1 Z [(u(R) - du(R)) - V}Z (I)‘Eu,du':()
R,R/

(5.47)

where for simplicity we hide the dependence on the ®(R — R’ + du(R) —
ou'(R’)) term, and we call du(R’) = du’. Now focusing on the second term
of eq, 5.47, we can rewrite it as:

1
5 Z 5u(R) - 5u(R’/>vq)‘5u,6u’:0 -
R,R/

= % D SuR)) Vg s =Y Su®)d V[ (5.48)
R R/ R/ R

1) 2)

Focusing on (1) and (2) they represent the force of all the other atoms on the
one fixed by the first summation. But since we said that the site of the lattice
are the equilibrium position for the atoms, this means that the sum of all the
forces on an atom, fixed in its lattice site, is zero. For this reason the second
term is zero and thus we can rewrite eq. (5.47) as follows

1
U(ry,.otn) =Up + 5 RE;{ ; du,(R)D,, (R — R)Ju,(R')  (5.49)
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where we use the equal symbol thinking that the higher order contributions in
the Taylor expansion can be neglected since they become smaller and smaller
at higher orders; and where we introduce Uy representing the potential energy
of the system without any deviation from the equilibrium, and

82
5 - R") - d(R-R)|. 5.50
R.R’ Z [81"”87“1, ) or,or, ( ) ( )
Using this, one can write the generic hamiltonian of the system as

Hpp =Y g (‘M‘(;ER)> +Up+ = Z > 6u,(R)D, (R — R)ou, (R')
R R R’ pv
(5.51)
One than can proceed by introducing the conjugate momentum to du that we
will call dp and rewrite the previous equation as

Hpy, =

Z su D(R — R/)éu(R/) (5.52)
R R/

where we rewrite the harmonic potential term in matrix form D. What we
have done since this moment is done with a classical approach. To quantized
this hamiltonian one can do in a very straightforward way by introducing the
normal mode expansion of the displacement. This can be done by thinking at
the general solution of the equation of motion, that can be written starting
from hamiltonian (5.52)

@au =Y D(R-R/)su(R)). (5.53)
R

The general solution can be written as a combination of plane waves that,
using the periodic boundary condition, takes the form

Sy =Y Chmeme’™ o= i (5.54)
k,m

where one imposing the periodic boundary condition has that the summation
over the k point is finite and is equal to the number of atoms in the system.
By calling

Qi (t) = Cpmeme” “Wemty/N (5.55)

one obtain the expansion in normal modes for the displacement

Su, (t) Z Qo (t)e™®Ba, (5.56)
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Using this expression in (5.52) one obtain an equation equal in form to that
of a set of decoupled harmonic oscillators

M ) 2
Hpp =)~ (!Qk,m\ +wi, \QmF) (5.57)
k

)

where @ stands for @ time derivative, and this can be easily quantized as a
quantum harmonic oscillators introducing a pair of bosonic operators, the cre-
ation and annihilation bosonic operators a, al, which satisfy the commutation
relation [a; ,, a;n] = 0; j0m,n, leading to

. 1
Hyp = 3 oo (aL,mak,m + 2) (5.58)
km

where m is the mode of the oscillations.

5.5.2 Phononic hamiltonian for tBLG

In the last section we introduce the general procedure to obtain the quantized
phononic hamiltonian. In this section we will apply what seen to the specific
case of the tBLG. We start by introducing the general form of the hamiltonian
for the atoms in the tBLG system, having in mind the considerations done for
the generic case of the previos section, so we write as shown in [40]

th:T—l-UE—l-UB (559)
where )
M .q
=% 71@3 (5.60)
I=1 R
is the kinetic contribution of the atoms,
2
U — LI 0 o ,0) O _ ) 1 4(y®)2
E — Z Z 2 ( + /’L) Ugpy + uyy + 2 Uz uyy + (uxy)
=1 R
(5.61)

is the elastic energy of strained, where A\ ~ 3.256VQ/A2 and p o~ 9.576VQ/A2
(Q is the area of the tBLG 15 Moiré BZ) are the Lamé factors for graphene

[41,42], and ug) = (aiug-l) + 8ju§l))/2 is the strain tensor; and Upg has the form

3
Us =YY 2Vycos [bj” ‘R+b; () —rlD)y (5.62)
j=1 R
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and is the inter-layer binding energy, where Vj is the strength of the potential,
bM ,J = 1,2 are the Moiré BZ primitive vectors and bM —bM b b, i =

1, 2 are the unrotated graphene Moiré BZ primitive vectors and bs = —b1 —bg;
and we use the same notation for r as in (5.45). This hamiltonian can be
separated in a symmetric and asymmetric part, i.e. splitted in r™ = rg) :I:rg).

This can be seen by the usual technique of dealing with two body terms, and
consist of splitting the position in a term for the position of the center of mass
and a relative position term. Since the Up terms depends directly only from
r~ we will consider only the asymmetric part of the hamiltonian, since is the
most relevant for the electron-phonon coupling. We are saying in other word
that the major contribution to the electron-phonon coupling is coming from
the relative displacement between the atoms [10]. Now we proceed with the
splitting of r~ as done in (5.45) so introducing the displacement

r (R7) =R~ +dug_. (5.63)

So we can write the general bosonic hamiltonian with the dependence on the
displacement in the same form obtained in (5.52), this time for convenience
expressing it in the momentum space, by writing the representation in the
Moiré momentum space of the displacement

= dug(t)e'rR” (5.64)

and remembering that this time due to the change of coordinate ~(Symmet—
ric/asymmetric) the conjugate momentum is dpq = M(Su_q, with M = M/2.
Finally we can write the phononic hamiltonian for the tBLG as

Hyy= Y Z2M5pq+g5pq+G+ Y du iD(G,G)oug,
aq€eMBZ |GM GM G/JW

(5.65)
where * is the complex conjugate and Dq(G, G’) is the matrix D of equation
(5.52), in the momentum representation, coming from the asymmetric part of
the harmonic approximation of the potential U+ Ug and has the form [10,40]

1
Dq(G, G/) = §Kq+G5G’,G +Va_a (5.66)

where

K. — ((A +20)@; +ugy (N 1)aagy )
a A+ w)azay (N +20)q5 + pgs
(5.67)

3
KG — _2‘/’0 h] < Jrryx Jr Jy)
jzl G \bjybja biybjy
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where bj,, is the ;1 component of the b; as defined before, and hé’ can be found
solving

cos (b} -R—b; - R7| =) hie'S -R. (5.68)

By expanding then the displacement and its conjugate momentum in normal
modes, and then by quantizing it, we obtain the general form of H,,;, for the
phononic hamiltonian

. 1
= Y hwn (qmaq,m+2) (5.69)

m,qE M BZ

where we write H to remember that after the quantization the hamiltonian is
an operator. To find the frequencies for each modes, so the eigenfrequencies,
one has to solve the equation of motion, that can be written as

Y D4(G,G)Qqm(G) = Muw? ,,Qqm(G) (5.70)
G/

5.5.3 Electron-electron interaction

Since the greatest contribution to the electron-phonon coupling is given by
the relative displacement, by considering only this terms one can write the
phonon hamiltonian, in the second quantization formalism, as

1
Hypp =Y Hom (aLmak,m + 2) (5.71)

m,k

where we remember k € M BZ, and the relative displacement in second quan-

duR = Ukmy | == (aT +a_ ) kR 5.72
R — Z k,m 2Mwm N k,m km ( )

Since the system under studying is the tBLG we can express directly V(r) as

=Y V(r-R)= ZVO(r—R(l)) +ZVb(r—R(2)) (5.73)
R

R R(®2

tization is

but since if we center our system of reference on one layer, say the one labeled
with 1, we can express R® as function R™M by R® =R® -+ 4+ d. Now
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we notice that the relative displacement influences the inter plane distance so
we have d’ = d + du. so we can rewrite eq. 5.73 as

V=3 [ -R)+ 1o (r-R+7® —d)| =

R
_ _ (2) _ =
%[Vo(r R)+%<r R+7%+d 5uR>}

Vo (r—R+‘r(2) +d—5uR):VO (r—R+‘r(2) +d) —Sug - VVg+h.o.

~ _RM _R® (2) _ . =
_;[Vo<r R )—l—%(r RYW + 1 —i—d) dugr VVO}

—

~ l%:) Vo (r _ R<1>) + > Vo <r . R<2>) ~Sur - VV,

(5.74)

The term which give the coupling between phonons and the electrons is the last
term of the previous equation, since the first part is the unperturbed poten-
tial considered in the tight-binding approach. Using the second quantization
expression of the relative displacement (5.72) we obtain the electron-phonon
coupling, remembering the general dependence of the fermionic operators on
the indeces n = +1 for the valley, £ = £1 for the Moiré valley and s = +1 for
the spin, as

Hsgim’,f’,s’(k) = —1 Z gm,q,kcL—i-q,n,ﬁ,s (aILm + a—q,m) Ce,n &' s (5.75)

q?m

5.5.4 BCS hamiltonian

To simplify the problem we can assume that the two contributions coming from
the different modes are equal, so we can redefine the factor gq x incorporating
the factor two in it. In the spirit of the BCS approach we introduce the BCS
hamiltonian in the form of

Hpcs = Z/dr {50}01/ — igc} (aT + a) 01/} (5.76)
I

where the indices I, I’ refer to all the possible quantum numbers I = (1,&, s).
Expressing the partition function in a path integral form, using the coherent
states for bosons and fermions one has

o / D 6,6 / D [, *] =Sl =Sl ]-Spesa™ 06l (577
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where ¢ are complex numbers associated to bosons and v are Grassmann
variables associated to fermions. The free actions for bosons is in a gaussian
form therefore we can integrate over the complex fields, obtaining an effective
interactions among the fermions

_ i d
Hut= Y>>, — O Q. £,5 Ok 5 O s Clen £s (5:T8)
k7k/7q n?nl g’fl 878/

where we suppose that this is an attractive interaction. Putting this term in
the action and writing it in momentum space, we have

SHls = D 3 3> | (miwn + ) UL ¢ Wiy er st

k7k/7q ”777]/ 57&-/ 878/

- gk7k/7q1/}11—(/+q,777§,5w-r—k/,77/,§/78/ ¢k+q,77/,£,,8/ lp—kﬂ%f»s

(5.79)

5.5.5 Comment on the interaction

In the BCS hamiltonian (5.79), we had simply assume an attractive interaction
among fermions mediated by phonons. This cannot be done in principle,
because of the large number of couplings, so that some coupling channels
could be attractive while others could be repulsive. What we are going to
show is that the main component is an effective attractive interaction, and
that only one pairing channel can be considered because it is dominant with
respect to the others. A generic state of coupled fermions can be written as

[Yrr) = Z Al’kcltm,&scikm’,f’,S’ 10) (5.80)
IeZ .k

where I = 7, £, s is the set of quantum indices. The possible states, considering
for example just the valley index, can be an inter-valley or an intra-valley
pairing, i.e.
[Vt £9),+85) 2 [V(—£.9),(~ &) Intra-valley
(5.81)
[V (4.,5),(—,5)) Inter-valley

To evaluate if the interaction mediated by the phonon with this state is at-
tractive or repulsive one have to evaluate

By = (Ut e0),(+,6,9) | Hint [V(4.£.6),(+.6.5))
E_ = e, (—es)| Hint [V g,),(—e.5)) (5.82)
By~ = (U1 e8),(— 6,9 Hint [V(4£,6),(—.5)) -
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We refer to the result of B. Liau, Z. Wang and B.A. Bernevig [10], who calcu-
lated this expectation values and see that the pairing that gives an attractive
interaction is the inter-valley pairing. One has in general to study also the
pairing using the other two indices, £ and s. However since in general a time-
reversal invariant interaction is more robust than a violating time-reversal
one in the presence of disorder [43], one can fix the relation between the two
remaining indices imposing the time-reversal invariant relation. Since under
time-reversal symmetry K — K/, KM — K’ M and s — —s, for the property
of the Dirac hamiltonian, we will have

|QZ)(7],§,S),(—T],—£,—S)> (583)

as the strongest channel bringing attractive interaction between fermions.

5.5.6 Gap equation and critical temperature

Using this assumption for the pairing we can rewrite eq. (5.79) as follows

ngéfs = Z Z (7/Lwn + E:k) ¢L7n7£75¢k’n’§78+
kk',qn¢,s

T T
- gkvklqujk’+q,n,§,s¢7k’,777,75,7511Z)k+q7—777—fa—5¢—k7777515
(5.84)
In addition as a further approximation we will consider the strength of the cou-

pling as constant. To decouple the interaction term one performs an Hubbard-
Stratonovich transformation, introducing the field A

Z=A / DA, A] / D[, ] e Sidsthv" AR (5.85)
with
E * A ; |A &,s\d 2
SPdsl 0" AV A = 30 3 | o + o) U e Wremes — 7769()‘4—
kk',qné,s

+ An7§78(q)/llz)k7_n7_£7_s/¢)k7nufvs + An7§75 (q)¢k1n7§7swk7_n7_§7_5

(5.86)
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Since we are interested in the low energy limit , at the mean field level, we
can consider only the term q = (¢,w;) = (0,0) getting

SergS[¢7w*a Av A] = Z Z

kK’ n,€,s

|An,€,s|2
g

(Zw'n + 6k) wltm,{,sq’/)kﬂ%f:s - +

+ Anzgvswkz7”7775775wk777»£75 + An7§75¢k7n7§:5¢k7ﬁ7575]

(5.87)
By using this approach one think of A as a physical field described as

A?],E,S - <¢]1;;7777£75¢T_k7_777_£7_5> (588)

where its value is different from 0 below the critical temperature, where the su-
perconducting properties appears, and so where the Cooper pairs are present.
By using this assumption for A one is treating the problem with a mean field
calculation, in fact we are attributing a physical interpretation to the field
introduced mathematically using the H-S transformation, as shown below

DR RTINS L SR AT
k Kk’

q.k K

alA + (Zk 'd)ir(wT_kfaA)
l Mean Field " (5.89)

- (Z Plpty - aA) - (Z Uit — aA>] =
k Kk’

= a?|A]2 + aAYTYT + aAip 4 small fluctuations

Introducing the Nambu spinor ¥ = (¢7,1_;)7 we can write eq. (5.87)

_ZZ[ Anesl” + UG 1\1/] (5.90)

n&,s k

with

g1 o (wntex Angs (5.91)
Apes  wn — ek

From this, using the gaussian integral in the Grassmann variables, supposing
that the interaction is equal for the interchange of the quantum numbers, one
obtains

SYISIA, A = 8{ |g’2 —In [det (G~ )]} (5.92)
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and by minimizing the functional, if we suppose that A is independent from
k (since we are supposing that the interacting potential is independent from
it), one finds the gap equation as

995ds _
0A
L s -
51/5 = 8—ATT In(57Y)] =TrSqey (5.93)
A 1 A
T m

where we have defined Epge (k) = e2 +]Al%. We can simplify the last equation
and integrating in the Matsubara frequencies we have

tgh (6EB§G(E))

1 1
g v 2 2Epac (k) o

Now looking at the density of states and band structure at the first magic
angle, i.e. 6 = 1.05°, and at figure 5.6 (second picture from the top), we can
notice that since the band is extremely flat and squashed on the Fermi level,
we can approximate it with a small constant value. Is important to notice
that below the T, this means that since the unperturbed energy gap is ~ 0 all
the excitation spectrum Epgg is dominated by the phonon induced excitation.
Since our aim is to find an analytical expression for the critical temperature,
we can proceed by noticing that T, is defined by the transition of the order
parameter A: A, the mean number of Cooper pairs, is different from zero
only in the region below T, so as T' — T,., A — 0. With this consideration
we rewrite eq. (5.94) as follows

/-2 |A|2
1 1 2kpTe. 1 1 9N\ 25T
- ) P i (5.95)

9 VT 2/ +lap 9 VT %

and by switching to the integral form to take the thermodynamic limit we

have
1 dk t9h s
:/<2k3ﬂ“> (5.96)

g 472 2exk

now introducing the density of energy states defined as

U(e) == /[R K 5(e — B(1)) (5.97)

2 472
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we can write

, / dente) L\ (i) (5.98)

g 2e

now since we are only interested in the integral over the lowest band we set
an energy cutoff to the integral: we know from experimental evidence, and
as shown in our numerical calculation reported in figure 5.6, that the band is
really flat so we could think to an energy interval [—d,J] where & represents
the energy bandwidth. We write, approximating the density of states as a
constant value inside this interval,

) €
1 toh  sm,
:VO/ d€<%'J) (5.99)
0

g £

The main contribution to the integral comes from large energies for which the
hyperbolic tangent ~ 1, and solving in terms of 7, one gets

0 __L
T.~—e 990 ~ 137K (5.100)
2kp

where we used some real values taken from Ref. [10], g ~ 1meV, vy > 1meV !,
and taking as band width § ~ 0.64meV, obtained from our calculations. This
result is in a good agreement with the experimental result reported in Ref. [9]
and very close to the result obtained in [10], T, ~ 0.9K, where the authors
just used the McMillan formula [14,15]. The discrepancy, therefore, might
come from the fact that the authors of [10] claim to go beyond the mean
field approximation, taking into account also the screening effect. However
our result shows that the mean field level is sufficient to provide a fairly good
estimate for the critical temperature in this system.
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Conclusions

In this work we reviewed the general approach useful to describe graphene, de-
riving the tight-binding description and its low energy limit. We showed how
this model can be generalized to a system made of two layers of graphene,
focusing in particular to the case of two layers disposed in a Bernal stacking
(AB configuration). Then we studied the twisted bilayer graphene, i.e. a sys-
tem of two graphene layers stacked in AB configuration, shifted by a small
vector d and twisted with a relative angle 8. The system is particularly in-
teresting because its properties can be modified upon varying the parameter
0, exhibiting a transition from an highly conducting state to an insulator.
This behavior is related to the commensurability of the structure obtained by
twisting the layers. For small twist angles the layers are in a commensurate
state and this results in the appearance of a periodic pattern, the Moiré lat-
tice. Indeed, one can verify that the physical properties of the twisted bilayer
graphene are linked to the Moiré lattice constant and to the superposition be-
tween the atoms of the two layers. Studying the band structure and analyzing
the density of states, that shows the presence of a Van Hove singularity in
correspondence of the Fermi energy, one observes, for some specific values of
0, the appearance of flat bands.

After rederiving the tight-binding model for the tBLG, making explicit the
dependence on the tunable parameter, we calculated the band structure nu-
merically. We analyzed how the truncation in the Hamiltonian to a finite
number of Moiré Brillouin zones influences the estimation of the energies. We
then analyzed how the Fermi velocity, computed numerically, depends on the
values of the angle finding those at which the velocity almost vanishes, the so-
called magic angles. The value of the first magic angle obtained numerically
is in perfect agreement with the analytical result obtained in the low energy
limit.

In the last part of the thesis we focused on the first magic angle, consider-
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CHAPTER 6. CONCLUSIONS

ing the folded Hamiltonian valid in the low energy limit to study the form
of the interaction. We rederived the phononic Hamiltonian, and use it to
study the electron-electron interaction mediated by phonons. We showed how
this interaction is particularly strong due to the presence of different coupling
channels. We studied how the strength depends on different couplings. After
verifying that this interaction is effectively an attraction, like in a BCS hamil-
tonian, by means of a path integral approach we derived the gap equation and
obtained an estimate for the critical superconducting temperature, finding a
good agreement with the experimental result [9].
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