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Tiivistelma

Parhaiten tunnettu suprajohtavuuden syntymekanismi perustuu fononien véalittdmaén ve-
tovoimaan elektronien valilld. Téssé tutkielmassa tutkin fononien vélittdméa suprajohta-
vuutta systeemeissé, jossa elektronivyot ovat tasomaisia. Tasovyolla elektronien dispersio
on erittain heikko, jolloin tilatiheys on tavanomaista suurempi. Taman takia suprajohta-
vuus tasovyolld on tavanomaista voimakkaampi silloin kun elektronien vélinen vetovoima
on heikko.

Eliashbergin teoria on elektroni—fononi-suprajohtavuuden teoria, joka ottaa luonnol-
lisella tavalla fononien aérellisen nopeuden huomioon elektronien vélisessa vuorovaiku-
tuksessa. Pohjustuksena tasovyosuprajohtavuuteen perehdyn Eliashbergin teoriaan ensin
Fermi-pinnalla. Tarkastelen myos Coulombin vuorovaikutuksen seka fononispektrin vai-
kutusta Fermi-pinnan suprajohtavuuteen. Ratkon Eliashbergin teorian integraaliyhtélo-
ryhméa eri tapauksissa numeerisesti.

Tutkielmassa sovellan Eliashbergin teoriaa tasovyomallille ja johdan uusia tuloksia téas-
sé mallissa. Redusoimalla Eliashbergin teorian staattisen vuorovaikutuksen rajalle saan
selville tasovyon BCS-vuorovaikutusparametrin mikroskooppisten suureiden avulla ilmais-
tuna. Huomaan kriittisen lampotilan olevan heikolla kytkennalla kytkinvakion suhteen li-
neaarinen, miké vastaa aiempaa BCS-teorian ennustetta. Téma lineaarisuus séilyy myos
aarellisen litteilla dispersioilla. Tarkastelen myos tasovyolld fononispektrin ja Coulombin
vuorovaikutuksen vaikutusta suprajohtavuuteen.

Konkreettisena esimerkkiné tasovyosysteemista tutkin romboedrisen grafiitin pintati-
loja. Romboedrisen grafiitin elektronista rakennetta tarkastelen matalan energian rajalla
ja esittelen pintatilojen matemaattisen johdon. Muotoilen Eliashbergin teorian itsekonsis-
tenssiyhtédlot romboedriselle grafiitille matriisimuodossa, mika on myo6s uusi tulos.

Avainsanat: suprajohtavuus, elektroni-fononi-vuorovaikutus, Eliashbergin teoria, tasovyo,
romboedrinen grafiitti, pintatilat
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Abstract

The best-known mechanism for superconductivity is the phonon-mediated attractive in-
teraction between electrons. In this thesis, I study phonon-mediated superconductivity in
systems containing flat electronic bands. In the flat band, the electronic dispersion is very
weak, which corresponds to a high density of states. For this reason, superconductivity
in the flat band is stronger than in the Fermi surface when the attractive interaction is
weak.

The Eliashberg theory is a rigorous theoretical framework of electron-phonon super-
conductivity, which takes naturally into account the finite speed of the phonons in the
interaction between the electrons. As a preparation for the study of the flat band su-
perconductivity, I review the Eliashberg theory for the Fermi surface. I also consider
the effects of the Coulomb interaction and of different phonon spectra to superconductiv-
ity in the Fermi surface. I solve the self-consistency equations of the Eliashberg theory
numerically.

I apply the Eliashberg theory to a flat band model, in which I obtain novel results.
By reducing the Eliashberg theory to a limit of a static interaction, I find the flat-band
BCS interaction constant in terms of microscopic parameters. I also find the critical
temperature to be linear with respect to the interaction constant, which agrees with the
earlier results based on the BCS theory. I examine the effects of the different phonon
spectra and the Coulomb interaction on superconductivity also in the flat band.

As a concrete example of a flat band system I study the surface states of rhombohedral
graphite. I present the electronic structure of rhombohedral graphite within the low-
energy approximation and contruct the surface states. I obtain some new results by
formulating the self-consistency equations of the Eliashberg theory for the rhombohedral
graphite in an matrix form.

Keywords: superconductivity, electron-phonon interaction, Eliashberg theory, flat band,
rombohedral graphite, surface states
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1 Introduction

In this thesis, I study superconductivity in condensed matter systems with the flat-band
electronic dispersion. Specifically, I consider the electron-phonon interaction in these
systems.

Superconductivity is a state of matter in which the electronic resistance is exactly
zero. Superconductivity was discovered experimentally in 1911, but it took more than
forty years before its microscopic origin was understood. A clue to understanding super-
conductivity was found in 1950, when two separate experiments with isotopes of mercury
provided evidence that the temperature above which superconductivity vanishes depends
on the choice of the isotope[l, 2]. This was taken to imply that lattice vibrations, or more
formally, phonons, are involved in superconductivity[3]. It was then shown by Fréhlich[4]
and Pines[5] that an exchange of a virtual phonon may cause an attractive force between
two electrons. Finally, in 1957 John Bardeen, Leon Cooper and Robert Schrieffer pub-
lished a theory which showed that such an attractive interaction makes pairs of electrons
form bound states and condense into a superconducting state[6]. This theory is commonly
known as the BCS theory, and for it, Bardeen, Cooper and Schrieffer received the 1972
Nobel prize in physics.

In the BCS theory, the precise form of the interaction between electrons and phonons
is not utilized. The BCS theory is more focused on the consequences of the attractive
interaction than the details of the interaction mechanism itself. After the publication of
the BCS theory, the details of the interaction were worked out by a number of people,
and the electron-phonon superconductivity theory was laid on a rigourous foundation. In
1958 Migdal developed the perturbation theory to handle the electron-phonon interac-
tions in the normal state[7] and in 1960 Eliashberg[8] and Nambu[9] extended it to the
superconducting state. The Coulomb interaction was included by Bogoliubov et al.[10]
and Morel and Anderson[11]. This whole theoretical framework of the electron-phonon
superconductivity is referred in this thesis as the Eliashberg theory.

Based on the BCS theory, we can examine which properties of the material determine
if it is a good superconductor, with a high critical temperature. In particular, we learn
that the strength of the superconductivity in metals depends on the electronic density of
states at the Fermi level. The density of states is determined by the shape of the electronic
dispersion. The flatter the dispersion, the higher the density of states. The extreme case
is when the dispersion vanishes completely and a flat-band spectrum is obtained. The
BCS theory on flat bands has been recently studied and it indeed was found that the
superconductivity is enhanced on them compared to the case with an ordinary Fermi
surface[12].

The purpose of this thesis is to study the flat-band superconductivity from the point



of view of the Eliashberg theory; to see if the enhanced superconductivity is present also
in this formulation and if it depends on the specific form of the interactions. To my
knowledge, this has not been done analytically before, so I obtain some novel results.
I begin by reviewing the Eliashberg theory first in the metallic systems with the Fermi
surface. After that, I apply the theory to the flat band. I find that the BCS results for
the flat band are replicated in the Eliashberg theory when the interactions are weak and
that the BCS interaction parameter can be obtained by reducing the theory to the BCS
limit. I also take into account the Coulomb interaction and find that it can be included
in the flat band by using a pseudopotential in a same way as for the Fermi surface. The
Coulomb interaction opposes superconductivity, but I find that its effect is reduced with
the increasing size of the flat band.

The flat-band spectrum is obtained on many graphene-based systems. In this the-
sis, we choose to study surface states of rhombohedral graphite as an example. This is
partly motivated by the experimental signs of high-temperature superconductivity found
in graphite[13, 14] and partly by the interesting topological properties of the rhombohe-
dral graphite[15]. In this case the Eliashberg theory cannot be reduced into a simple set
of equations, but I present a numerical scheme for the solution.

In nature, graphite occurs in a somewhat disorganized state and its electronical prop-
erties do not usually match the pure rhombohedral graphite studied in this thesis. One
can then ask how relevant the study of the electronic properties arising from such specific
arrangement is. The answer is that with the rapidly developing microfabrication tech-
niques, graphite with purely rhombohedral stacking can be artificially made[16] and thus
the possible advantages of the flat-band dispersion are becoming realizable.



2 Superconductivity in the BCS theory

As I study Eliashberg theory as a way of going beyond and clarifying the approximations
of BCS theory, it is natural to first describe the basic structure of the simpler BCS
theory. However, before doing even that, a brief introduction to the physics of electrons
and phonons is given.

2.1 Electrons and phonons

In the energy scales typically studied in solid state physics, matter is composed of atomic
nuclei and electrons, the number of which are fixed. In this situation, the only interaction
of importance is the Coulomb interaction. Schematically, we can then take as our start-
ing point the Hamiltonian which describes the Coulomb interaction between these basic

constituents,[17]
H=H,+H,+H,,+ H, o+ Heo, (2.1)

where H, and H, are the kinetic energy operators of the nuclei and the electrons. H..,
f[n_n and H, n-e describe the electron—electron, nucleus—nucleus and nucleus—electron Coulomb
interactions, respectively.

In this work, the Planck and Boltzmann constants are set to unity,

h=kp=1, (2.2)

so that both frequency and temperature have the unit of energy. In some equations the
Boltzmann constant kg is written to make a connection with the conventional form of the
equation.

To separate the Hamiltonian (2.1) into bite-size components, we notice that the proton
mass is 1800 times larger than the electron mass and consequently, that the nuclei move
much slower than electrons. For this reason we can use the Born-Oppenheimer approxi-
mation, according to which the electrons react instantly to the changes in the potential
caused by the nuclei. In other words, the potential created by the nuclei changes adia-
batically with respect to the electronic system. With the nuclei effectively stationary, the
Schrodinger equation can be solved independently for the electrons and the electronic en-
ergy of the system can be calculated for the nuclei in different positions. The equilibrium
positions of the nuclei can then be found by minimizing the total energy. In this thesis,
the equilibrium positions of the nuclei are assumed to form a periodic lattice.

With the nuclei at their equilibrium positions, the electrons see them as a periodic
potential, and the electronic band structure can be calculated with help of Bloch’s the-
orem[18]. Assuming only one band with dispersion ¢, the grand canonical Hamiltonian



for the electrons is
He=73 (ep— M)CI)UCPOW (2.3)
po

where ¢p, and cf,, are the annihilation and creation operators for electrons with momen-
tum p and spin o, respectively. As electrons are fermions, they obey the anticommutation
relation:

{Cpm CI:)’J’} - 5(p_p,)5o—o" (24)

The chemical potential ;1 determines the electron number, which is fixed. As the electron
dispersion will always appear together with p, we also define a shifted dispersion

gp =&p — MU (2.5)

Allowing the nuclei to move, the total energy of the nuclei-electron system can calcu-
lated with the nuclei slightly shifted from their equilibrium positions. The total energy
can then be expanded up to a harmonic approximation with respect to the positions of of
the nuclei. The nuclei thus become a set of coupled harmonic oscillators. The correspond-
ing system of equations can be diagonalized as a set of independent harmonic oscillators.
These independent oscillators represent the lattice vibrations with well-defined (crystal)
momentum and are known as phonons. The Hamiltonian for them is

Hon =Y wqbl bq, (2.6)
q

where wq is the phonon dispersion and the sum is cut off at some maximum frequency
gm- Annihilation and creation operator for a phonon with (crystal) momentum q are by
and bg. There is also an implicit summation over the different branches of the phonon
dispersion. Phonons are bosonic and obey the commutation relation,

[bq,bu =0(q—4q). (2.7)

The branches of the phonon dispersion can be divided into two categories, optical and
acoustic. The energy of the optical phonons doesn’t depend much on their momentum and
can be represented by the Einstein model, w, = wg, in which the energy of the phonon
wg is completely independent of its momentum. For the acoustic phonons the energy
depends linearly on ¢ with small q. In this thesis, acoustic phonons are represented by
the Debye model wq = cq, with ¢ the speed of sound in the material. The cutoff energy
in the Debye model is wp.

If the Born-Oppenheimer approximation is relaxed, so that the electrons do not re-
spond instantly to the movements of the ions, we must add a coupling between electrons
and phonons described by the term

Hep = gq (bq + biq> CI,Jrqgch, (2.8)

poq



where gq is electron-phonon coupling constant. This term accounts for the fact that when a
phonon is introduced into the system, the periodic potential seen by the electrons changes,
and the electrons originally on their eigenstates have a finite propability of scattering to
a different state. The energy difference between the incoming and outgoing electrons is
released into or absorbed from the phonon system, depending on the sign. Because this
coupling only arises as a correction to the adiabatic approximation, it is usually small
enough to be treated as a perturbation.
Combining the above terms, we arrive at the Hamiltonian

H=H,+ Hy, + Hepp + He, (2.9)

which should be contrasted with the Hamiltonian we began with. The ions are not
present in this Hamiltonian anymore, but their properties are reflected in the phononic and
electronic dispersion relations. There is also the average Coulomb attraction between the
electrons and positively charged nuclei, which is not described by the above Hamiltonian.
However, the system is assumed to be electronically neutral, so the attraction between ions
and the electrons will balance with the average repulsion between the electrons. Thus this
term can be included by modifying the repulsive term H,.. This problem is considered
briefly in Sec. 5.4.

2.2 Interactions in BCS theory

Superconductivity is a state of the electronic system, so we are interested in interactions
between two electrons, not with one electron and a phonon as in (2.8). We would like to
obtain the form of an effective interaction between the electrons, mediated by phonons. It
is possible to work within the second quantization formalism to obtain this interaction in
the lowest order by doing a Schrieffer-Wolff transformation. In the Schrieff-Wolff transfor-
mation, the system is rotated in a such a way that in the first order in coupling g, electrons
and phonons become non-interacting with each other[19]. After this transformation, the
interaction between an electron and a phonon gets translated as an interaction between
two electrons:
9 2wq

Hi = el e e, 2.10
int pagqumfﬂ (gk—l-q — 5p)2 — W(21 p’'—qo’“p+qo~po~p’c’ ( )

The denominator of the potential is negative if
lep — epr| < Wy, (2.11)

meaning that the phonons create an attraction between the electrons with similar energies
and the attractive region is determined by the Debye frequency wp.

The details of the attractive interaction are not used in the BCS theory. Furthermore,
we are only interested in the effects near the Fermi surface, and for that purpose we can



approximate the interaction with a double step potential of the form
Vopr = =V O(lep — er| — wp) O(lep — er| — wp), (2.12)

where © is the Heaviside step function, and the interaction strength is determined by a
parameter V' > 0. This simple form still manages to capture the most important details
of the interaction; it is attractive between electrons of similar energies and has a cutoff
at Debye energy. It is also confined to act only near the Fermi surface. The repulsive
part of the phonon-mediated interaction is omitted, as it doesn’t change the qualitative
situation.

If we add the Coulomb interaction to Eq.(2.10), the attraction is weakened a bit,
but the total interaction still remains attractive when the inequality (2.11) is satisfied.
Coulomb interaction is difficult to handle in a satisfactory way within the BCS theory,
but it will be considered in more detail with the Eliashberg theory. For now the Coulomb
interaction can be considered just to reduce the strength of the effective interaction V/,
and thus be included in the effective BCS interaction.

2.3 Superconducting mean field

With the simplified interaction model Eq. (2.12), the electronic Hamiltonian can be writ-
ten as

H=Y epclcoo+ > Vpp/c;_qa,c;rqgcpgcp,g,. (2.13)

p,o p,p’,q,0,0’

The task now would be to obtain the ground state wavefunction and the excitation spec-
trum. The difficulty is that the interaction is quartic in field operators. Usually the only
Hamiltonians that can be diagonalized in system with many particles are the ones with
quadratic (one-particle) interactions. Therefore, we need to do a mean field approximation
and decompose the quartic term into a sum of quadratic terms.

In the mean field approximation, we also choose which combinations of the operators
obtain a non-vanishing expectation value. Therefore, the form of our ansatz determines
the for example the ensuing symmetry of the superconducting order parameter. For s-
wave (isotropic) superconductivity, the order parameter connects the states with opposite
momenta and spin, and the approximate interaction Hamiltonian is

Hiw = 3 Vopr { (eorotpa) € pahy = (CoraC prs) ConCopi} (2.14)

p;p’,0

where a constant (non-operator) term has been omitted, as it is usually relevant only in
comparing the total energy of the superconducting state to other phases.
The gap function is then defined as

Ak == Z ka/ <Cp/TC_p/¢> . (215)

k/



The pair amplitude A is the order parameter in the superconducting state. It is zero
above the critical temperature. The interaction part of the Hamiltonian can be written
with A as

Hipe =) {Ach—pEICLo— - A*pcpgc,p(—,} , (2.16)

po

where the strength of the mean-field interaction now depends on A.

2.4 Solving the mean-field Hamiltonian

To diagonalize the Hamiltonian with the interaction (2.16), it is useful to group operators
with opposite spin and momentum in a pseudospinor structure

c

U, = ( il ) , Ul = (cLT c,m), (2.17)
C—kJ,

known as the Nambu spinor. With this notation, the Hamiltonian can be written as

p _Ap
H = §p: wl (_i* _§p> V. (2.18)

1

The Hamiltonian is almost diagonal, as the Nambu spinors with different momenta do
not mix. We can then diagonalize these 2x2-blocks quite independent from each other.
Diagonalizing the Hamiltonian with Bogoliubon ~-operators means that it can be written
as

H = Z Ep’Y;r)aPYpm (2'19)
po

with some yet undetermined dispersion F,. The y-operators obey the anticommutation
relation

{%VT} = Opp/; (2.20)

and they can be written as a linear mix of two time-reversed electron operators,
<VI;T> - <“§ _“f> (CTPT) _ (2.21)
ol Up Up C-pl
The coefficients u and v can be determined by solving the Bogoliubov—de Gennes-

o Ap) (up) _ Up
(A; _§p> (UP> = (Up> ’ (2:22)

which has the structure of an eigenvalue equation. The dispersion can then be read from
(2.22) as the determinant:

equation

Ep = %/(ep — )2 + A2, (2.23)



where the positive-energy solution corresponds to the states 7, |G) and the negative-
energy solution corresponds to the states 7 |G), where |G) is the ground state of the
superconducting phase.

Coefficients u and v can also be solved from the Bogoliubov-de Gennes equation. For
the positive energy Ep, > 0, the solution is

£p _ Ll g
Up = \/_ 1+ , and vp—ﬂ 1 Ey (2.24)

When A < &, the magnitude of u is close to 1 and the magnitude of v is of the order
of A,/E,. For the negative-energy solution the roles of u and v are switched and their
complex phases are different.

2.5 Self-consistency equation

In doing the mean field approximation we define A in Eq.(2.16) as a sum of some ex-
pectation values. Having diagonalized the Hamiltonian, we are now ready to evaluate
them.

The expectation value written in the Bogoliubon operators is

<cp¢c_m> = UpUp [2 <n§])> — 1} : (2.25)

where the y-superscript signifies that we are considering the number operator which is
composed with v’s and not with the electron number operator. Because the Hamiltonian
is diagonal in ~’s, the expectation value of their number operator is the Fermi-Dirac
distribution. For negative energies the occupation is close to 1 and for positive energies

05¢

(e—p)/p

0.5 1 p/pr

-0.5¢

Figure 1. Two branches of the superconducting dispersion (2.23). Also pictured
is the normal state electron dispersion (green line) and normal state hole dispersion
(purple line). In the superconducting state, these two dispersions have hybridized and
formed an avoided crossing of the width 2A, at the Fermi surface.
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Figure 2. Magnitude of the order parameter A at zero temperature in the BCS the-
ory. For small coupling A superconductivity is exponentially suppressed, as expressed
n (2.30). For A > 0.5 the dependence on A is linear.

it is close to O:

1
M\ —
<np7 > = EE L (2.26)

By plugging in the Fermi-Dirac distribution to Eq.(2.25), we get a hyperbolic tangent
function. The product uwv is

A
+, £
up/Up = iﬁ (227)
In total, we have
Vi Apr BE
A, =— P tanh P, 2.28
() )

At zero temperature tanh(SE/2) = sgn(F). By using the approximate interaction (2.12)
and assuming a constant density of states at the Fermi surface, the order parameter is
constant for |{x| < wp and the self-consistency simplifies at 7' = 0 to

+wD
s o

where A = N(0)V is a dimensionless parameter which describes the total strength of the
interaction. N(0) is the density of electron states at the Fermi level, which we get by
changing the integration variable from momentum to energy in Eq. (2.28).

This can be solved as

wp ~ {ZwD exp(—1/)), for A <1 (2.30)

~sinh (1/X) \wp, for A > 1.

The function A()\) is plotted in Fig. 2.
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2.6 Transition temperature

The order parameter goes to zero at the transition temperature 7.. Just below the
transition temperature, the self-consistency equation (2.28) is still valid, but A ~ 0 and

o [erdg §
1= )\/0 ftanh<2kBTC>. (2.31)

1 iore do x
5 _/0 = anh<2> (2.32)

Because tanh x =~ 1 for large x, we can choose some large number M as a cutoff and

it can be written as

This can be written as

approximate the integral above this number. This can be done, because kgT, is of the
same order as /A, which we assume to be much smaller than wp.

1 M dx i dx
i 7t h /Bci
A / an (2) M T

= /M dﬁ tanh( > —log(M) + log(kj;c) (2.33)

~ 0.126 + log<kwT )
Bic

where, in the last step, M was taken to infinity. Exponentiating this, we find the critical
temperature in the weak-coupling limit

1
kgT.=1.13wp exp(—)\), (2.34)
which in terms of the zero temperature gap A is
1.76k5T, = A. (2.35)

In the case of very strong coupling A > 1, the left hand side of Eq.(2.32) is small.
Hence the upper limit of the integral also has to be small. We can then approximate
tanh(z/2) ~ x/2 and solve for T,. We find

QkBTC = )\wD = Ag (236)

This is however a dubious result, as we would expect the approximations made in the
BCS theory not to be valid in the strong-coupling regime. Eliashberg theory provides
corrections to this result, but we also expect that it should reduce to BCS limit in the
weak-coupling regime.
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3 Electron and phonon fields

To describe the phonon-mediated interaction in more detail than what is possible in
the BCS theory, we consider the electron-phonon interaction from the field theoretical
perspective. The Hamiltonian is the same as above, but for now the electron—electron
Coulomb interaction is not considered,

H = He + th + Hefph

=>. é’chUch +> wqbgbq +>_ 94 (bq + biq) CJrr>+q,on0.
po q

pqo

(3.1)

The electron-phonon interaction is formulated in terms of electron and phonon fields.
The central concepts are Green’s functions and self-energies. After we have formulated
the electron-phonon interaction in normal state, the theory is generalized to the super-
conducting state. The field theoretical derivations are done with the equation-of-motion
method, which allows for the self-consistency necessary to treat superconductivity. The
derivation is done in a similar fashion as in the original paper by Eliashberg[8], but with
some differences. For example, we use Matsubara formalism instead of the real-time
formalism.

The central objects of interest in field theory are Green’s functions. Green’s functions
originate from the theory of differential equations, where they are used to solve inhomoge-
nous differential equations. Let us suppose we have a linear differential operator D, with
some boundary conditions. Green’s function G for D, then satisfies the equation

where §(z) is the Dirac delta function. Green’s functions encountered in physics are
Green’s functions in this mathematical sense only in the case of non-interacting systems.

Even though the Green’s functions can be treated as a purely mathematical tool, we
can also attach physical meaning to them. As an example, consider the system at absolute
zero on its ground state and the single-particle Green’s function

Gy, ) = =i (0T (1) (22)[0) , (3.2)

where = contains both space and time coordinates: x; = (r;,t;). If t; > t5, then this
Green’s function can be interpreted as the propability amplitude for the state to evolve
during time t; — t5 from state 1@(1"2) |0) to state zﬂ(rl) |0). At this point, there doesn’t
seem to be much of a connection between the mathematical and physical defitions of
Green’s function, but in the text below, we find that there is a common ground in which
the two definitions coincide.
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3.1 Matsubara formalism

Many-body perturbation theory comes in a few different flavours. The choice of formalism
depends on what kind of observables one wants to calculate. In this thesis, we work with
the Matsubara formalism, which allows us to calculate averages in thermal equilibrium.
Dynamical processes are ruled out, as Matsubara formalism does not include time evolu-
tion in its contour[20]. To calculate time-dependent processes, a more versatile Keldysh
formalism should be adopted. Here are mostly concerned about the phase transition from
the normal to the superconducting state, so equilibrium considerations are sufficient and
Matsubara formalism serves the purpose nicely.

Matsubara formalism is developed by utilizing the formal similarity between the uni-
tary time-evolution operator U = e'** and the thermal density operator p = e*# /Z, where
Z = TrePH. Using the similarity between p and U, we can define a time evolution’ for
the imaginary time

A(r) = ef'm Ae~ 1. (3.3)

The usual Heisenberg picture is obtained by setting 7=it. For this reason Matsubara
formalism is also known as imaginary-time formalism. We refer to parameter 7 as time,
even though it does not correspond to actual physical time.

Time-evolved annihilation and creation operators are

Cpo(T) = eHTcpge_

c (1) = eHTcLUe’HT

Hrt

(3.4)

Because this time-evolution is not unitary, ¢l (1) # [cpe(7)]T, except on the imaginary
axis T=it.

Expectation values are calculated according to the usual rules of statistical mechanics,

(A) = Tr pA, (3.5)

where A is some operator. Usually we do not have to resort to this definition and explicitly
calculate expectation values based on the density matrix, but it serves to motivate the
definitions and boundary conditions for Green’s functions.

Single-particle Green’s operator is then defined as

G,(p,7,7") = — <Tcpg(7')c;rm(7")> : (3.6)

The sign of GG is arbitrary, but here the normalization used corresponds to that used in
Fetter and Walecka[21]. T is the time-ordering operator. It orders the operators in an
increasing order from left to right with respect to 7. For two operators, this means that

(3.7)

{A(T)B(T’), T<T
B(THYA(T), m>1
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Usually, hamiltonian H is time-independent, and G only depends on the difference
7 — 7/, and not on the separate values of 7 and 7/. We can then drop one time variable
from G.

By using the cyclic property of the trace and the definition of the thermal density
operator p, it can be shown that the fermionic propagator as defined in (3.6) is antiperiodic
with the period . This is known as Kubo-Martin-Schwinger (KMS) boundary condition,

G(r) = —G(r + B). (3.8)

We can define Matsubara frequencies w,, corresponding to time 7 through Fourier trans-
form. Because GG is an antiperiodic function, the frequencies are discrete:
1 [e.9]

G(r) = 3 ; G(wp)e ™™, with w, = (2n+ 1)7/8. (3.9)

In the inverse transformation the interval can be restricted to one period [0, 5] as implied
by the KMS boundary condition:

Glwn) = /0 ? dr G(r)ein (3.10)

A bosonic propagator, defined analogously to (3.6), but with operators obeying com-
mutation instead of anticommutation rules, is a periodic function with period 5:

D(r) = D(r + B). (3.11)

This can be expressed in frequency space as

D(r) :; i D(wyp)e™™ 7, with v, = 2n71/B. (3.12)

n=—oo

The important difference between the fermionic (3.9) and bosonic propagators (3.12) is
that the fermionic propagator is defined at odd Matsubara frequencies w, and bosonic
propagator at even Matsubara frequencies v,.

At zero temperature § — oo and w is a continuous variable. The frequency summa-
tions at the finite temperature can then be translated to zero temperature integrals by

the substitution | 4
o dw
5.2 )

n=—oo

s (3.13)

Matsubara formalism simplifies many derivations by avoiding singularities on the real
axis. This is especially handy when calculating solutions numerically, as we do not need to
identify poles and do principal value integrations around them. However, the price to be
paid is that the solutions we find are defined on the imaginary times and frequencies, when
most of the physically meaningful information is on the real axis. Real and imaginary
axes do intersect at 7 = 0 = ¢, so we can get static information directly from Matsubara
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representation.

Translation from the imaginary propagator to the real-time retarded propagator can
be obtained by finding an analytical function G(z, p) which coincides with the Matsubara
propagator at points z = iw, and which has no singularities at the upper half-plane
Imz > 0. This function is unique if we also require G(w,p) — 0, as |w| — 00.[22] If we
already have an analytical expression for the imaginary-time Green’s function, translation
to the real time can be as simple as

Wy, — w + i,

where 7 is a positive infinitesimal.

In the interacting case, analytical expression is usually not be available, and we only
know the Green’s function in its discretized, numerical form. In such a case, the analytical
continuation is a non-trivial task and there is no general method. In the Eliashberg
case, this can be done either by Padé approximants[23], or by Marsiglio’s method, which
amounts to solving a set of non-linear integral equations|24].

3.2 Electron propagator in the normal state

I first demostrate the properties of Green’s functions in the normal state. The generaliza-
tion to the superconducting state is straightforward and the similarities and differences
between the two states clearly stated.

Normal-state Green’s function is already defined in (3.6), but I repeat the definition
here.

G(p,7) = — ( Tepr(7)efy(0),) (3.14)

where, for definiteness, we have chosen the spin-up state. We are concerned with isotropic
systems without magnetization, so spin-up and spin-down states are symmetric, G4 = G|
and we do not need the label for spin. The time invariance of the Hamiltonian has also
been used in eliminating the other time index 7’ from the original definition.

Expanding the time-ordering operator with the Heaviside step function 6, we can write
Green’s function as

G(p,) = —0(7) (cpr(7)ch(0)) + 0(=7) (e (0)epr(7) ) - (3.15)

By taking a time derivative of the above expression and reconstructing the time-ordering
operator from the diffent step function parts, we get an equation of motion for the single-
particle Green’s function,

 6(p, 1) =3(r) + <T {icmmc&(m» 7 (3.16)

where we use the anticommutation relation and the facts that the derivative of the 6-
function is a Dirac delta function and (1) = 1.
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Derivative only acts on the first operator, since it is the only one with time dependence.
Derivative of an operator A is given by the Heisenberg equation of motion

dAg

dAn 9Au
dr

:[H7 AH] + or >

(3.17)
which is a consequence of the definition (3.3). The second term with a partial derivative
would take into account explicit time dependence of the Hamiltonian, if we had any. To
calculate the commutator in Eq. (3.17), the following identities are often useful:

[af,ar, ax] = =bppa, (3.18)
[af a1, a}] = dpaf, (3.19)

where a’s and a'’s can be either bosonic or fermionic annihilation and creation operators.
In our case, for electrons with Hamiltonian (3.1), we have

(i_CpT(T) = ngpT(T) + Z 9qPa(T)Cp—q (7). (3.20)

The first term is due to commutation with H, and the second with H,.,. Let us forget
the electron-phonon interactions for a moment and determine Green’s function Gy which
we would have if there were no interaction.

Substituting the relevant part from (3.20) to (3.16), we get

d
- Go(p,7) =3(7) ~ & ( Tept(T)ch (0)), (3.21)
where the last term can be identified as the electron propagator. Moving that term to

the left hand side, we get

(ddT - €p> Go(p,7) = d(7), (3.22)

from which we see that the non-interacting propagator Gy is indeed a Green’s function
in a mathematical sense for the differential operator in parentheses. This fact does not
extend to the interacting Green’s functions.

This equation of motion can be solved algebraically in frequency space. Fourier trans-
forming Eq. (3.22), we get .

Go(p, iwn) = T, — fp’

where the denominator is never zero, as £ and w,, are always real, and w,, # 0.

In the presence of interaction, Green’s function becomes

(3.23)

(-6 6.0 =50) = oo (Tealhp-ar(ife®)) G20
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From this equation we see how the interactions are introduced to the system. To actually
introduce them into our equations, we turn to the techniques of field theory and Feynman
diagrams.

Much of the field theory is based on the classification of the Feynman diagrams into
suitable classes which can then summed all at once. This is especially true in a self-
consistent approach like the equation of motion method.

To get a perturbation expansion for GG, it is useful to define a self-energy function X,
which obeys the following equation in momentum-time space:

G(p,7) = Golp,7) + / dr dry Go(p, 1) 5 (p, Ta—11)G(p, T—72) (3.25)

Applying the differential operator from (3.22) to this, we get

(4~ &) 6o =00 + [ a0 2(p. )67 (3.20)

Fourier transforming to frequency space, the differential operator becomes the inverse of
the non-interacting propagator and we can solve for the interacting Green’s function. The
solution is

G(p,iw,) ' = Gyl (p,iw,) — 2(p, iw,) (3.27)

Which also tells us that the self-energy is the difference between the interacting and non-
interacting Green’s function, and as such represents the contribution from the interactions.

So far we have introduced the general framework in which we can incorporate the
interactions, but the above text does not discuss the actual phonon-mediated interaction
between electrons. It is introduced in the next section by formulating a specific form for
the self-energy which can be inserted in Eq. (3.27).

3.3 Phonon-mediated interaction

We now formulate the phonon-mediated interaction between electrons in terms of the
phonon field. At this point, the derivation is done quite formally. In Sec.5, in order
to justify some approximations, we take a more careful look into the properties of the
interaction.

To describe the phonon-mediated interaction between electrons, we first need to find
the propagator for the non-interacting phonons. To simplify the derivation of the phonon
propagator, we define a phonon field operator

Pq = bq + b4 (3.28)
for which ¢! = ¢_q. These operators commute with each other:

[©q, Pqr] = 0.
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(a) Tadpole diagram (b) Bare vertex

Figure 3. Diagrams mentioned in the text

Thermal propagator for phonons is usually denoted by D and is defined similarly to (3.2)

D(q,7) = = ( Tipq(r)}(0)). (3.29)

Using the propagator defined with ¢’s instead of b’s makes the Feynman rules for the
theory somewhat simpler. If we would use the propagator <qubil>, we would have to
consider separately incoming and outgoing phonons. With D defined as above, only the
transmitted four-momentum counts.

In this thesis, we do not consider phonon self-energy, but use the non-interacting prop-
agator for phonons and only consider the interaction effects on electrons. The rationale
behind this is that for real materials the phonon dispersion would usually be obtained
from spectroscopic data, and if we use such an experimental dispersion, it already contains
the contribution from the self-energy. We would be double-counting the diagrams if we
would include it again.

For the non-interacting Hamiltonian, we notice that

d? Paq
dr?

S (3.30)

so in order to close the equations of motion, we have to take the second derivative:

d2
<d7'2 - wé) D(q,T) = 2wad(T). (3.31)
The frequency form of the propagator is

(3.32)

where v, are now bosonic (even) Matsubara frequencies.

In terms of Feynman diagrams, electron self-energy can be defined as the sum of all
the amputated diagrams in which one electron enters and one exits. Here ’amputated’
means that we do not count diagrams in which the first or the last node is connected
to a single propagator. We also only consider connected diagrams. Further, irreducible
self-energy is defined as the sum of self-energy diagrams which cannot be cut into two by
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removing one propagator. This is actually the self-energy that was defined in (3.25).

We also need to define a dressed vertex. A bare vertex of the electron-phonon in-
teraction can be read from the Hamiltonian (3.1) and it gives a contribution of g to
the diagrams. The bare vertex is shown in Fig.3b. In the bare vertex, there are three
branches: an incoming electron, an outgoing electron and a phonon. Dressed vertex I is
then defined as the sum of all the (connected) diagrams which have one incoming elec-
tron, one outgoing electron and one entering phonon line. Its value I'(p, ¢) depends on
the four-momentum p of the incoming electron and the four-momentum ¢ of the phonon.

Because there is no zero-momentum phonon (it would amount to the translation of
the whole crystal) there is also no tadpole diagram (fig. 3a) for phonons. It can then be
seen that the complete electron self-energy can be expressed in one diagram:

in which the thick lines denote dressed electron and phonon propagators and the crossed
dot denotes the dressed vertex. This is known as the Dyson equation, and it can be
written also as [25]

Y (p, iwy) TZ/ 3gDp P’y iwn—iw, )G (P, iw,) T(P, iwn; P—1, iwn—iwy,). (3.33)

As mentioned above, we use the phonon propagator obtained in the previous section
in place of the dressed propagator. Still, the relative simplicity of Dyson’s equation
is deceiving, as the vertex function is actually a very complex object. Luckily, in the
electron-phonon case, it can be approximated with good accuracy by the bare vertex.
The justification for this comes from Migdal’s theorem|[7] which is discussed in the next
section. After that approximation, Dyson’s equation is

d3/

X (p, iwy) TZ/ D(p—p', iw,—iw,)G(P', iw,). (3.34)
From the point of view of electrons, phonons act as mediators of an effective force.
The ’potential” associated with this force is

29%wq

¢*D(q,w) = , (3.35)

T2 2
wg —w
and we can see that the interaction is attractive (has a negative sign) for frequencies
|w| < wq. Of course this is not an ordinary potential, because it depends on the frequency

w, which has a meaning only in the context of Green’s functions.
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\
\

(a) (b)
Figure 4. Ladder diagrams

3.4 Migdal’s adiabatic theorem

There is a theorem by Migdal[7] according to which we can with good a accuracy replace
the dressed vertex I' by the bare ¢ in the usual metallic systems where the phonon and
electron energy scales are separate: wp < ep. The justification is based on the argument
that the most important class of diagrams contributing to the vertex are so-called ladder
diagrams, which are pictured in Fig.4. By calculating the relative contribution to the
dressed vertex from the first ladder diagram, it can be seen that it is usually of the order

Wp
O(A\—),
(2)
where A is the dimensionless coupling parameter corresponding to the BCS interaction
strength,
_ 2¢9°N(0)
==

A\ (3.36)

Ladder diagrams can be defined recursively, so the contribution from the second order

ladder is )
o((r22)),

EF

and so on for the following orders. This means that the expansion parameter in our field
theory is not A, but A times the ratio between typical phonon and electron energies, which
is typically of the order ~ 1/100. This ratio is also often written as /m /M, where m and
M are the mass of the electron and the nucleus, respectively. Migdal’s theorem can thus
be considered as a many-body perturbation theory analogue to the Born-Oppenheimer
approximation.

Migdal’s theorem is valid in metals, but in flat-band systems the validity has to be
verified separately, as the energy scales of phonons and electrons might be of the same
order or ordered differently with respect to each other.
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4 Eliashberg theory for electron-phonon interaction

We are now ready to move on to discuss superconductivity. In the normal state, normal
propagator (3.2) is all we need to describe electrons. This is because other expectation
values of combinations of annihilation and creation operators vanish. But as we learn from
the BCS model, in the superconducting phase we also have the non-vanishing anomalous
expectation value. In field theory, the non-vanishing expectation value corresponds to a
non-vanishing propagator. We can define two anomalous propagators

F(p,7) = = Tepy(r)c_p, (0)) (4.1)
F(p,7) = —(Tcl, (7)ch:(0)). (4.2)

These function are even in time,

F(p,7) = F(p,—7) and F(p,7)= F(p,—1), (4.3)

which means that they are also even in frequency,

F(p,iw,) = F(p,—iw,) and F(p,iw,) = F(p, —iw,). (4.4)

If F(p,iw,) is chosen to be real (in isolated superconductor this is possible by gauge
freedom), then it can also be shown by taking a complex conjugate of Eq. (4.1) that F'
and F coincide,

F(p,iw,) = F(p,iw,). (4.5)

The equation of motion for F is

(f - ép) F(p,1) = = 3 ga (Toa(T)epat(1)epi(0)) (16)

In this case, the annihilation operators always anti-commute, so there is no delta function
in the equation of motion, and the non-interacting F' vanishes. As it should, because
there is no superconductivity without interactions.

We also need the time-reversed propagator

G(p,iwn) = = (Tcl () p,(0)) (4.7)
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Go F
F

Figure 5. Diagram which contributes to G and modifies the Dyson equation. With
equal number of F’s and F’s the electron number is conserved.

As the name suggests, G(7) = G(—7). For the frequency representation this implies

G(p,iw,) = / dr e G(— / dr e “m"G(1)

:/ dre ™ "G(t + B) = / dre ™ G(71) (4.8)

= _G<p7 _an)a

where the last step follows from the KMS boundary condition (3.8).

In the presence of the anomalous propagator, Dyson’s equation (3.34) ceases to be
valid. The reason for this is that if we define G to include all the diagrams in which
one electron enters and one exits, then we get contributions from F' as well, for exam-
ple the diagram shown in Fig.5. The easiest way to generalize Dyson’s equation for a
superconductor is to write everything in the Nambu basis.

4.1 Collecting time-reversed states in a Nambu spinor

In the above derivation of the BCS theory the Nambu trick helps us to diagonalize the
Hamiltonian. Here it is useful because in the Nambu basis the Feynman rules for the
normal metal can be translated into Feynman rules for the superconductor with minor
modifications. In particular, the similarity between the Feynman rules means that the
Dyson equation also has a form analogous to (3.34).

The Nambu spinors are defined as above,

c
U, = (chZ) , U= (cLT c,m) . (4.9)
-p

Pauli matrices in Nambu space are written with 7 to distinguish them from Pauli
matrices operating in spin space commonly denoted with ¢’s. They are

10 01 0 —i 1 0
12(0 1)’ Tl:(l 0)’ TQ:(z‘ o)’ T3:<0 —1)' (4.10)
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Hamiltonian (3.1) can be written in terms of diagonal Pauli matrices 1 and 73:

H, = ng\lﬂrg Z\IN (5" %)wp
—sp

Hep = qu@q p+q73\1/pv
Pq

(4.11)

and the non-interacting phonon part is unmodified.
We can then define a matrix propagator, which collects in one matrix both the normal
and anomalous propagators as defined in the previous section,

(4.12)
o <<Tc*_p¢<7>c;<o>> (Tl (T)e_py (0 >> ‘

In frequency space, this is

_(Cpw)  F(p.w
S0 = (i) i) 1

where we take the symmetries (4.5) and (4.8) into account.

4.2 Nambu equation of motion and Dyson’s equation

The non-interacting propagator can be determined with the equation of motion method
from the Hamiltonian (4.11)

Go(p,w) = [wl — SpTg]_l. (4.14)

For the interacting propagator, we just add the self-energy,

-1

G(p.w) = [Gy'(p.w) — S(p.w)| (4.15)
The irreducible self-energy X is defined through the Dyson’s equation [9]

d3/

3(p,iwy,) TZ/ D(p — P, iw, — wn)3G(P', iwn )73, (4.16)
where we again use Migdal’s theorem and approximate the vertex with its bare value as
in the normal state. The effect of sandwiching 73GT3 is just to switch the signs on the
off-diagonal terms.

There is a small difference between the phonon propagator in the normal state and in
the phonon propagator in the superconducting state, which comes from contribution of the
anomalous propagator to the phonon self-energy. This contribution only affects phonons
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with energy comparable to A. In particular, in the superconducting state, phonons with
energy less than 2A are unable to decay into electron-hole pair so that their lifetime
becomes infinite. For phonons with energies just above 2A, the decay rate is enhanced
and the lifetime diminished.[26] Because only a small fraction of the phonons is affected by
this effect, with little weight in the integral of Eq. (4.16), the effective interaction between
the electrons is not significantly altered, and we can use the same phonon propagator D
in the superconducting state as in the normal state.

The equations above have simple forms in Nambu space. However, to obtain expres-
sions for the separate components, we write them in a matrix form. First we divide the
self-energy into diagonal (normal) and off-diagonal (anomalous) components:

S (p.it,) = (2(p,w) ¢(p,w) > |

*(p,w) X(p, —w) (4.17)

With this notation, we can calculate the inverse matrix in (4.15). Suppressing the mo-
mentum index, the result is

o) = b (G (i) + B(—iwn) —¢(iw,)
G (iwy,) Q(p, iw,) ( — " (iwy) Ggl(iwn) +E(iwn)>’ (4.18)

where (2 is the determinant of the inverted matrix:
Qiwn) = [iwn — & — D(iwn)] x [iwn + & + S(—iwn)| — | (iwn) . (4.19)
Note that €2 is an even function of frequency,
Qiwy,) = Q(—iwy,). (4.20)

From Dyson’s equation (4.16) we have an equation for ¥ in terms of G, and from
the equation of motion (4.18) we have an equation for G in terms of ¥. The loop can
be closed by substituting G from the latter equation into the former equation. We thus
obtain a self-consistency equation for the self-energy. Before writing down that equation,
it is useful to divide the self-energy a bit further into different components in Nambu
basis. This is done in the next section.

4.3 Eliashberg equations

Divide the diagonal part of the self-energy into odd and even frequency components,

Y(iwn) — X(—iwy,) =11 — Z(iwy,)]wn, (4.21)
(—iwy,) = x(iwy). (4.22)

e
g.
<
_|_
Ny

Defined this way, both Z and y are even functions in frequency. Note that with no
interactions and no self-energy, Z=1. Also, because of the symmetries in Green’s function
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described in Eq. (4.8), we can associate Z with the matrix 1 and y with 73. ¢ can also
be divided into a real and complex parts ¢; and ¢9, corresponding to matrices 7, and 7o,
respectively. The self-energy can then be written as

h :z'[l—Z]wn]l+¢17'1+gb272+x7'3. (423)

Pauli matrices and 1 form a complete basis for these hermitian 2 x 2 matrices, so the
expression above is completely general in a spin-symmetric Nambu space. We already
chose ¢ to be real, so ¢ = 0 and we do not have to consider the 75 component.

The Nambu propagator is then

ZWnZ(p, an>]l + [gp + X(p7 an)] T3 + ¢(p7 iwn>7—1
Q(p,iw,) ’

G(p,iw,) = — (4.24)

where
Q(p, iwn) = [Z(p, iwn>wn]2 + [ép + x(P, iwn)]Q + [¢(p, iwn)]Q- (4.25)

Substituting now the G to Dyson’s equation (4.16), we obtain the Eliashberg equations
for the different self-energy components, [26]

. d°p’ 1 P(p', iwm)
o(p,iw,) = / )’ ﬁ ng »D(P—p ,an—wm)m (4.26)
, d’p’ 1 W Z(P',iwm)
Z(piwn) = 1— / \D(P—p, it —ico) T 2P 1m) 4.2
(p,iwy) @2n)? ng »D(p— p’, iw, —iw )w O i) (4.27)
d3p' 1 Epr + X (P, iwin)
X(p, iwy) +/ ng o D(P—P', iwp —iwy,) pQ(p’,iwm) (4.28)

These different components only couple through the common denominator €2. The equa-
tion for ¢ always has a trivial solution ¢ = 0, which corresponds to the normal state. Z
and y are generally also present in the normal state, and are only slightly altered by the
transition to the superconducting state.

The connection between the BCS energy gap A and the anomalous self-energy ¢ can
be established by considering the quasiparticle spectrum from the poles of the propagator
for which 2 = 0. This can be naturally done in real frequencies, not in the Matsubara
formalism. Define A as the energy gap, so that it corresponds to the the lowest energy
excitation. This excitation occurs at the fermi surface |p| = pr. A satisfies the equation

_ o(pr, A) - é(pr,0)
Z(pr, D) Z(pr,0)’

(4.29)

where the approximation is valid if A < wp, because then Z(pr,A) ~ Z(pr,0) and
¢(pr, A) = ¢(pr,0).

Z-component of the self-energy can be interpreted in metals as the relative change in
the Fermi velocity due to electron—phonon interaction. This can be seen by considering
the normal state, and an electron on its mass shell with energy FE,, so that w = E,
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(assuming spherically symmetric Fermi surface). Then the dispersion relation modified
by the interactions can be determined self-consistently from[27]

E,=e,+X(p Ey) =6+ (1 - Z(p, E)) E,, (4.30)

where Y is neglected, as in metals it is usually small compared to other energies. Taking
the derivative with respect to p at the Fermi momentum pr on both sides gives

dE, 07 07| OF, dE
— = E 1—-7 — 4.31
dp lp 7 (3 +8Ww08p> T (pr,0)) dp ¢’ (4.31)

where the derivative of Z was decomposed into a sum of partial derivatives. As the
momentum dependence of the electron-phonon interaction is usually weak, the partial
derivative of Z with respect to p is small. Also, the partial derivative with respect to w
vanishes at the Fermi level (w = 0), because Z is even in frequency. Thus, we have

dEp VF

vp = = , 4.32

which can be interpreted as the effective Fermi velocity in the presence of electron—phonon
coupling. By reducing the Eliashberg equations to the BCS limit, it is seen below that
the presence of Z reduces the strength of the effective interaction and opposes supercon-
ductivity.

4.4 Equation for the chemical potential

We get the electron density from the diagonal component of Nambu Green’s function,[26]

npr —1=— <CPTCLT> = G(p,7=0)
_ Wi T
- Tli%lJr r Z G (P iwn)e
The total number density is fixed, so this creates an equation for the chemical potential

15
_M+Xn

P_N+Xn]2+¢%.

This equation would also be present even if there were no interactions. At a finite tem-

n=1- 2TZ Tl [ (4.33)

perature, the occupation of states is described by the Fermi-Dirac distribution, and if the
density of states is unequally distributed below and above u(7=0), the potential has to
be shifted to keep the electron number fixed as the temperature is raised. The appearance
of the self-energy functions in this relation just reflects the fact that they alter the density
of states.

If the density of states can be considered symmetric above and below p(7'=0), then
the equation is trivially satisfied, and the potential is constant in temperature. Most of
the models considered in this thesis are symmetric this way, the sole exception being the
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w/wg

interaction strength ()

Figure 6. Effective interaction strength for Einstein spectrum (red) and the BCS
step function approximation (blue). A small positive imaginary part has been added
to the denominator of the propagator to round the divergence at w = wg.

dispersion defined before Eq. (5.14).

4.5 BCS limit

BCS theory can be obtained from the Eliashberg equations (4.26-4.28) by approximating
the phonon propagator with its static value up to the cutoff wg. In real frequencies, the
propagator for Einstein phonons is

—2&)}3

D pr—
(a,) W% — (w +i0)2’

(4.34)

where 0 is an infinitesimal quantity. The propagator has a negative sign for w < wg as
shown in Fig.6. Taking this as the most important feature of the interaction, it can be
approximated by

D(q,w) = D(q,0) O(|w| — wg)
~ D(q,0) O(lexiq — ex| — wr) (4.35)

= —2OJeictq — il — wp).

With the cutoff moved from the frequency to the momentum space, the Matsubara sums
can be done with the identity

1 1 1 BE

For weak coupling Z(w =0) ~ 1+ X and ¢ =~ A/(1+ \), so after approximating the
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density of states with a constant N(0), the Eliashberg equation for ¢ becomes

Ae) = AN(O) /+wE de’ AlE) tanh (W), (4.37)

1+ A Jowp 2,/ + A(e')? 2T

This has the same form as the finite-temperature BCS equation (2.28), with a slight

reduction to A coming from the self-energy function Z =1+ \.
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5 Eliashberg equations in metals

By using géD(q, v,) as the interaction kernel in Eqgs. (4.26-4.28), we are considering scat-
terings from momentum state p to another momentum state p’. In this work we limit
the discussion on isotropic superconductivity, and therefore it is enough to express our
integrals as scatterings between different energies &, and &y .

To achieve this, we first write the 3D momentum integral that appears in Eqs. (4.26-4.28)
as an integral over energy £ and transferred momentum ¢. In spherical coordinates, the
original integral over p’ is

d3 9
/(27r)3p _47r2/ dp’ ’/ du, with wu=cosb, (5.1)

and z-axis from which the angles are measured is chosen along p.
Let’s change ¢ = |p — p’| as the integration variable instead of u. The Jacobian is

simply
7 du|  q
aq|  pp’
and the integral becomes
d3p/ 1 p+p’

The g¢-integration limits are complicated. However, because the integral appears in the
context of electron-phonon interactions, we can do some approximations.

First of all, we choose p from the Fermi surface. We then notice that the largest
contribution to Egs. (4.26-4.28) comes from the region near the Fermi surface. For this
reason p ~ pr and p’ &~ pr and we can simplify the g-integral limits:[28]

d3p/ 1 ) 2pp
~ d / // d
/ (2m)?  Am?pp /o e, 4
2pF
:N@/%/ d
0

The integrals in Eqs. (4.26-4.28) which we are considering have a common part with

(5.3)

a phonon propagator, which can be written as

[ 52D = [ [T an sl [ar D50 —u )

(2m)3 V2 + 22

where the approximation was to confine the p and p’ to the Fermi surface. We also wrote




29

the phonon spectrum in terms of energies. Next we average the interaction over ¢’s by
replacing 6(w, — v) with the F(v), which is the phonon density of states at energy v.
It is then conventional to define the Eliashberg function[29]

o?F(v) = N(0)g*F (v), (5.5)

where the combination a?F is understood as one symbol. The average interaction at the
Fermi surface is then described by the interaction kernel

Ao = [T vaF(v) (5.6)

22 12 ’

which depends only on Matsubara indices, not on the momenta. This function replaces
the propagator ¢g°>D in the Eliashberg equations, as we see in the next section. Writing the
interaction with the Eliashberg function is also useful because it connects the electron-
phonon interaction to density of phonon states, which can be experimentally determined.

5.1 Interaction kernels for Einstein and Debye phonons

For the Einstein phonons, all the phonons have the same energy and the density of states
is a Dirac delta function at energy wg. The interaction kernel is

29°N (0)wg Aw? , 29°N(0)
)\E(Z) = 22 — w% = ZQ — w%, with A\ = T (57)

In this simple case, A(z) corresponds exactly to ¢?D(z)N(0). A, defined as above is
dimensionless, and is the natural choice to describe the strength of the effective interaction.

Debye phonons have the dispersion wq = cq for ¢ < gar, where c is the speed of sound
in the material and ¢, is a momentum cutoff defined by wp = cqp;, where wp is the
Debye energy of the material. Density of states is defined through the relation between
energy and momentum integrals:

0o d3q 1 am 1 wp
dv F(v) = / S / AP = —— [ dv?, 5.8
/0 vEw) (2m)3 272 Jo 19 = 9m2 Jy Y (5:8)

from which we find the density of states

1/2

2723

Fv)

O(v — wp). (5.9)

For Debye phonons in a simple electron gas model, after taking screening into account,
the electron-phonon coupling is[30]

Zet ¢ N
— 5.10
Ja € ¢+ k2\ 2Mw,’ (5.10)
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Figure 7. Strength of the electron-phonon interaction in the two phonon models.
Parameters have been chosen so that the interactions match in the static limit and
that the coefficients of w™? in the asymptotic expansion at w — oo are the same. For
the intermediate energies the interaction mediated by Einstein phonons is stronger.

where +Ze is the ionic charge, ¢y is the vacuum permittivity, ks is the Thomas-Fermi
screening length, M is the ionic mass, and N is the number of ions in the system. The
takeaway from this equation is that for Debye phonons in the long wavelength limit ¢ — 0,
the square of the electron-phonon coupling is linearly proportional to the momentum
transfer,

gé =aq="bv, for q—0, (5.11)

with proportionality factors a = (Ze?/egk?)>?N/2Mc and b = a/c. Using this, I obtain the
interaction kernel for the Debye spectrum,

Ap(w) = _bj:g(cg) /OWD w;f i A (1 -3 <:}D>2 {1 — iarctan(?) }) . (5.12)

where A = ON (0)w?, /3723,
The interaction kernel for the Debye spectrum might at first sight look different from

the Einstein kernel, but they actually have quite the same behaviour, as both are based
on the phonon propagator, which is weighted with the Eliashberg function. Concentrat-
ing on imaginary frequencies z=iw, both kernels have a peak at w=0 and asymptotic
behaviour A(iw) ~ 1/w?, when w — oco. Like the Einstein model, the Debye model has
two independent parameters in the interaction kernel: A\ determines the strength of the
interaction in the static limit w = 0 and wp determines the scaling of the interaction as a
function of frequency. Debye and Einstein interaction kernels with matching asymptotic
behaviour and A\ are compared in Fig.7. The interaction kernel for the Einstein model
has a simple analytical form, so below, if not stated otherwise, we use it to derive the
results.
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5.2 Eliashberg equations for a metal with finite bandwidth

If the interaction is taken to be of the form (5.6), which has no momentum dependence,
the right-hand sides of the Eliashberg equations (4.26-4.28) do not depend on momentum.
We can then drop the momentum indices from all the self-energy functions. The equation
for y, for example, reads

§+ Xm
Zmwm)? + (§ 4+ Xm)? + ¢%n’

Xo = =TS Aitw, — itw,) /dg (5.13)
m (
where n and m refer to Matsubara frequencies.

Before integrating over energy, the electron dispersion needs to be specified. Based
on Bloch’s theorem, electrons in a periodic lattice form bands, and these bands will have
some width D = €, — €min- In metals the chemical potential p is in the middle of the
band. We can choose to measure our energies relative to the middle of the band, and
then u determines the deviation from that midpoint. We have already approximated the
density of states as being constant. This is usually not a good approximation if we are
taking into account the whole band, but it gives us some idea about the dependence of
the different self-energy terms on the electronic structure.

With constant density of states, the self-consistency equation for y is [31]

. . +D/2 E— U+ Xm
Xn = =T A Wn — Wy, / de
; ( ) —D/2 (mem)Q + (5 —p+ Xm)z + ¢%Vl (514)

= T3 M(iwy — itwn) A1 (m),

where A; is

1 l(mem)2 + G+ (D/2 = it Xm)? (5.15)

A =318 (Zw, 7+ 6+ D2+ n =P
The magnitude of A; depends on the inbalance in the density of states below and above
the chemical potential. If =0, then y,=0 and A;(m) = 0 is a solution for this equation.
If 4 # 0, then x tends to oppose u and effectively decrease its magnitude. Because of the
properties of the interaction kernel A, x,, — 0 as |w,| > wp.
Doing the same for ¢ and Z, we get [31]

: : P
¢Op = 7T %: A(iwn,—iWy,) \/[memP ey Ap(m), (5.16)
W Zm
Zn=1+ Wsz: /\(@wn—iwm)w—n \/[mem]Q N gb%nAO(m)’ (5.17)

1 D/2 — u+ Xm D/2+ pu— xm
Ap(m) = — { arctan arctan ) )
. { t(ﬂ%wwwg+ t(w%%wwﬁ} o
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Figure 8. Shapes of ¢(iw,) (left) and Z(iw,) (right) for A = 0.4 at "= 0.1lwg. For
weak or intermediate -strength coupling the width of the peaks is independent of A
and cutoff can usually be chosen to be 10—20wg. Lines are drawn only to guide the
eye, as the functions are defined at discrete points. The discretization is determined
by the temperature.

In the infinite-bandwidth approximation D — oo, Ag(m) = 1 and A;(m) = 0. In this
approximation Y,, vanishes and there is also no shift in the chemical potential. We are
then left with the two equations (5.16) and (5.17) in a simplified form. Even they can be
condensed into one by defining A, = ¢,,/Z,. When D — oo, we have

Am

Substituting the equation for Z in this, we are left with the equation [32]

ZpyAn = 7T Y Miwy—iw,,) (5.19)

Ay — A,
A, =7T Z /\(iwn—iwm)¢ (5.20)

which now only depends on A, and not on any other function. Example solutions of ¢
and Z are shown in Fig.8. If we removed the —w,,A,,/w, -term, which comes from the
Z-function, we would obtain a BCS-like self-consistency equation.
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5.3 Transition temperature

Near the transition temperature 7T,, we can neglect the A,, in Eq. (5.20) in the denomi-
nator. The self-consistency equation (5.20) at the transition temperature can be written
explicitly as

Aw? A 2m+1 A
A, = 2 e = 5.21
2 w? + 4m2T2(m — )2<|2m+1| |2m+1\2n+1> (5:21)

m=—0o0

In this equation we have two dimensionless parameters, A and 7. /wg, which are usually
not independent of each other, as they depend on the same material parameters.

5.3.1 Strong coupling

To study the difference between Eliashberg theory and BCS theory, we first choose the
limit in which T./wg > 1, which can be realized by either keeping A fixed and taking
wgr — 0 or keeping wg fixed and taking ¢ — co. By noting that m=n term in the sum
(5.21) is zero, and restricting the sum to m##n, we can neglect the constant term in the
interaction kernel[32]:

A, 2m+1 A, ) (5.22)

Aw

Bn 4w2T37§n n)? <|2m—|—1| C2m+12n+1
The above equation can be written as an eigenvalue equation with eigenvalues a@ =
A/4m?T?. Value of o does not depend on any material parameters, so it is possible
to first solve a numerically, and then T, from «.

In the numerics we must choose some cutoff N for the summation. Then the equation
will have 2N eigenvalues and we are faced with the question: which one of them corre-
sponds to the physically relevant 7.7 Near the transition temperature Z,, can be solved
independently of ¢, and can be regarded as a fixed function in the ¢-equation (5.16).
Taking the strong-coupling limit of that equation, one can then use the Perron-Frobenius
theorem, which states that for strictly positive matrices the eigenvector corresponding to
the largest eigenvalue is real and positive[33]. The other eigenvectors are oscillatory. It
is then natural to choose the largest eigenvalue as the one corresponding to the critical
temperature.

The critical temperature can then be calculated from (5.22) by the power iteration
algorithm, which means that we solve A by iteration

z+1 f(Az)
A= TRaT (5.23)

where f(A") corresponds to the rhs of (5.22) without the unknown constant in front of
the summation, and with A replaced with the ith iteration A’. Here A is understood as
a vector with the components A,. In (5.23) A’ is also normalized at every iteration. A
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Figure 9. Critical temperature in BCS and Eliashberg models. In the weak effective
interaction regime, superconductivity is exponentially suppressed in both models. In
the strong coupling regime, the results diverge, with Eliashberg theory predicting
smaller T¢.

is then obtained as the limit of this sequence and T, can be calculated from

Aws A,
T () for any n. (5.24)

The result for the critical temperature in this limit is[32]
T, ~ 0.258wg V. (5.25)

This result should be contrasted with the BCS strong coupling limit 7. = Awp, which is
linear in A.

5.3.2 Weak coupling

When the interaction kernel cannot be simplified as in (5.22), the problem of finding the
critical temperature does not quite turn into an eigenvalue problem as the interaction
kernel depends on T, in a non-linear way. The equation is still linear in A, and the
power iteration algorithm can be modified to find an approximate solution for T,.. T,
can be solved iteratively by starting from some initial guess 7y and approximating the
interaction kernel at every iteration by

Aw? i 1
wh + 42 T2(m —n)? ~ 4Am?TR, (we/4n?Ty)? + (m — n)?’

(5.26)

so that we can take Ty out of the sum. Ty, can then be solved as in (5.24), but now the
solution depends on an earlier value T},. This approximation is bad if T}, is far from T,
but gets exact as the iteration in k& converges. In practice the iteration seems to converge
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Figure 10. Transition temperature in the Einstein and Debye phonon models. In
the y-axis scale, wy stands for wg or wp, depending on the model. The curve is very
similar for both model dispersions.

well regardless of the initial guess.

The results for T, with fixed wg are shown in Fig.9. For large A, the square root
behaviour is clearly seen and for the weak coupling, the behaviour is exponentially sup-
pressed, as in the BCS case. If we choose the BCS interaction parameter as the A used
here, then the BCS and Eliashberg results coincide in the weak coupling limit. The ex-
ponential behaviour is difficult to calculate numerically, because the number of relevant
Matsubara points is inversely proportional to the critical temperature. To put it the other
way, the number of points increases exponentially as A decreases.

When the interaction is strong, the Eliashberg theory predicts a smaller 7> than the
BCS theory. In small part this is because of the renormalization function Z which in-
creases the denominator in the Eliashberg equations, effectively decreasing the interaction
constant as in Eq. (4.37). The more important factor is the frequency dependence of the
interaction kernel A(z) and ¢, both of which are approximated constant (except for the
cutoff) in frequency in the BCS model.

Let us then compare the Debye and the Einstein models. By again fixing the asymp-
totic and static limits to be same in both models, we can compare them. There is not
much of a difference in the transition temperature between the two models as shown in
the Fig. 10.
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Figure 11. Hartree and Fock self-energy from Coulomb interaction. In the jellium
model, the Hartree term on the left is cancelled by the contribution from the positive
background charge.

5.4 Coulomb interaction

Superconductivity is caused by an attractive interaction. In a lattice the electrons also
interact via Coulomb interaction, which is repulsive. Intuitively it is clear that this repul-
sion weakens the superconducting state and lowers the transition temperature. We would
like to know the exact effect of this repulsion, so let us consider the Coulomb interaction
in more detail.

If we think of the possible Feynman diagrams, then the contributions to the irreducible
electron self-energy from Coulomb interaction can be collected into the two categories
shown in Fig. 11, the Hartree and Fock terms. The propagators and vertices shown in
the figure are bare, but the general diagrams can be obtained from these two by dressing
them in a suitable way.

If we would try to calculate the Hartree term, we would notice that it is divergent.
This is because we are only considering neutral phonons and negatively charged electrons
explicitly, even though the complete system is neutral. To remove the divergence, we
must add a positive background charge. The jellium model assumes that the background
charge is spread out uniformly and because the ions are heavy, the background stays fixed.
In the jellium model it can then be shown that the Hartree term and the term from the
ionic background cancel exactly.[34]

Without the Hartree term, the only contribution to the self-energy comes from the
self-consistent Fock diagram as in the phonon case. Writing the total self-energy as a sum
¥ = YPh + ¥¢ and also by dividing each Nambu space component, we get

. &*p/ c(p— pf) L)
o) =~ [ GraT SV - (5.27)
. d3 ! Z(p  1Wm )W,
1= 20)) 0 = [ T SV - p) g (5.28)
c_ d3 ' c o+ X (P, iwn,)

where, on the right hand side, we have the total self-energy components, which include
both Coulomb and electron-phonon contributions. On the left hand side we only have the
Coulomb parts. Because we consider the Coulomb interaction instantanious i.e., assume
¢ > vp, where c is the speed of light, there is no frequency dependence in the Coulomb
interaction. The summand in (5.28) is then odd in Matsubara frequencies and the sum
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vanishes. For this reason there is no Coulomb contribution to Z.

Coulomb contribution to x does not vanish, and can be quite large. The difference
between the normal state x4 and the superconducting state xg. on the other hand,
is small (in metals of order A/ep[28]), and the explicit mention of x can be removed by
including it in the dispersion by redefining {,+x(p) — &p. The effect of x§-—x% would be
to change the effective electron mass and shift the chemical potential[34], the magnitude of
the shift being in metals of the order of A?/ep. The main effects in superconductivity are
created by the electron-phonon interaction and we are considering Coulomb interaction
only as an modifier to those effects. The normal contributions to the Coulomb self-energy
are then removed and the only significant part is the anomalous part ¢..

5.5 Anderson-Morel pseudopotential

Examining the two components of ¢ corresponding to the Coulomb and the electron-
phonon interactions, we notice that the electron-phonon part has a frequency dependence
but no momentum dependence, and for the Coulomb part the reverse is true:

O(p,iwy) = OB + ¢°(p). (5.30)

The lack of frequency dependence in the Coulomb kernel causes practical problems be-
cause the energy scale that should be considered in the numerics gets large. For phonon
interaction the summation can be typically cut off at 10wp because of the frequency
dependent kernel, but for Coulomb interaction, energies of the order of the electronic
bandwidth w ~ e should be taken into account. To solve this problem, the method
of Morel and Anderson[11] can be used. In this method, the Coulomb interaction with
infinite range in frequency space is replaced by a pseudopotential with a small cutoff. The
presentation given here follows the article by Schrieffer et al.[28], but I reformulate it in
Matsubara frequencies.

When compressing the Coulomb interaction into a pseudopotential, the strength of the
interaction is also reduced. So, while pseudopotential is basically a calculational trick,
it also reveals that the larger the electronic energies are in comparison to the phonon
energies, the weaker the effect Coulomb interaction has on the order parameter A. This
is at least part of the reason why Coulomb interaction is relatively insignificant with
respect to superconductivity.

The summation over frequencies includes both positive and negative frequencies, but
it can be folded over and expressed as a summation over the positive frequencies. All
the self-energy functions are even in w,,, so only the interaction kernel is affected. We
can also add a cutoff N, chosen so that ¢P! is effectively zero for |w,| > wy. As stated
above, wy = 10wp is typically enough. After these manipulations, we have for the
electron—phonon part

d3p/

o = =T 3 [ (s A=)+ A0 )] Pn(P)

[Zmwm]? + &5 + 0 (D)

(5.31)
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For ¢°¢ the self-consistency equation can be divided into two parts at the cutoff N.
Above the cutoff, Z ~ 1 and ¢P" ~ 0 and the only self-energy part which survives is ¢°.
The frequencies are large above the cutoff, so ¢ can also be neglected in the denominator
above the cutoff. The self-consistency equation is

- N ¢m(P') e /)
=2 e p){mzzl (e e AT R 52}’ (582

In the isotropic case, the interaction can be averaged over the angles,

al P (P') = ¢°(p')
2T/ 27T2 {Z [Zmwm]? + € + 02, > w2, + 52 } ' (5.33)

m=1 m=N-+1

We describe the screened Coulomb interaction between the electrons by a Thomas-Fermi

potential[35]

62

Veq) = ——=, 5.34

W= i (534
where e is the elementary charge, €, is the vacuum permittivity and k, is the Thomas-Fermi
wavevector. The screening length is inversely proportional to k5. With this potential, the

angle-averaged Coulomb interaction is

E/if:\/c(p—p’) _ ,1n<(p_p/)z+k3>. (5.35)

deopp’  \(p+ ') + k2

Eq. (5.33) can be formally written as a matrix equation,[28]
¢ =VF —Q¢°, (5.36)

with p and p’ viewed as matrix indices and the summation over the index represented by
the integral. Here, I is a vector containing the contribution to ¢. below the cutoff

- ivj P (P) (5.37)

[Zimwm)? + &2 + ¢2,(p)’

and () is a matrix containing the contribution above the cutoff, multiplied with the
Coulomb interaction matrix V/,

> 1

Qp,p) =2V, T Y., ——F- (5.38)
m=N+1 szn + 53/
In this context, ¢, is a vector and it can be solved from Eq. (5.36) as
¢ =(1+Q)'VF=UF, (5.39)

where the matrix inverse in U*=(1 + Q)~'V exists because the Coulomb interaction is
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repulsive, and therefore Q(p,p’) > 0 for all p and p’. U* is the Anderson-Morel pseudopo-
tential, and it can be calculated from the integral equation

OO U* (p// p/)

/! Y
PP ), 5.40
m= N+1 ( ) Cd?n + 612’” ( )

. dp//
U (p,p") =Vi(p,p —2T/

from which we can see that the Coulomb interactions above the cutoff are taken into
account, by reducing the effective potential U* below the cutoff. After U* has been solved,
the equation for ¢. becomes

ooy _ (A : P (P)
¢ (p) - 0 27T2 (pap)j—;wm%:wjv [mem]z +£Z2)/ + (2572717 (541)

which can be included in the Eliashberg equations.

5.6 Pseudopotential in metals

Above, the treatment of the Coulomb interaction is quite general, as we have not even
specified the dispersion relation. In metals, the Thomas-Fermi wavevector k; is of the same
order of magnitude as the Fermi momentum pg. In Eq.(5.40) most of the contribution
comes from the region near the Fermi surface and we can thus approximate U*(p,p’) ~
U*(p, pr) and similarly for V. If we are also only interested in ¢.(p) near the Fermi surface,
we can also set p = ppp in U*(p,pr). Thus, in this approximation, the angle-averaged
potentials V' and U* are constant in the regions of interest,

p=V(pr,pr) and p*=U"(pr,pr). (5.42)
p* can be now solved from Eq. (5.40),

w= K . (5.43)
1+2u/2 .

Here 1 should not be confused with the chemical potential. It is the magnitude of the

T2 2
m=N+1 %“m +§

angle-averaged Coulomb interaction and p* is the strength of the corresponding pseu-
dopotential. The Coulomb contribution to ¢ is

IR ) S o
—H /(27‘()3Tmzzl [mem]Q +§§/ +¢3n’ (5.44)

and the Eliashberg equation for the total ¢ is

o(iwy) TZ (twn—iwm) — N(0)p] (5.45)
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Figure 12. Effect of Coulomb interaction on T¢.

Within this approximation, the interaction is only modified by an addition of a constant,
but only for ¢, as the Coulomb potential is not added to the self-consistency equations
for the other self-energy components.

For a Fermi-surface with finite bandwidth D and constant density of states, we can
also do the momentum integration of (5.43). We get [31]

* H
1+ 2uN(0)rT m:zN:H o arctan(zwn>

The arctangent-function serves as a soft cutoff, and is needed for the Matsubara summa-
tion to converge. For infinite bandwidth, an artificial cutoff would have to be introduced.
The above Matsubara summation is a little more involved, but the asymptotical result is

x H
N = T uN(0)log(D/2w.) (5.47)
The bandwidth is of the order of Fermi energy and the cutoff of the order of Debye energy.
From this expression we can see that the larger the discrepancy between the two scales,
the more the pseudopotential is reduced and with it, the Coulomb effects.

Numerical results from the linearized equations for the transition temperature are
shown in Fig. 12. For small U the reduction is linear. Superconductivity does not seem to
disappear even when U > A, but at large U the algorithm based on fixed-point iteration
starts to oscillate, and a damping factor has to be used to converge the solution. The
iteration is then modified to the form

Ay = (1 =€) f(A;) + €Ay, (5.48)

where € € [0,1] is the damping. € = 0 is the original iteration algorithm. At U = 2, the
damping as strong as € = 0.99 had to be used. Based on the instability in the numerics,
it is possible that the superconducting phase is physically unstable in such a case.
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Figure 13. Flat band with the dispersion £(p) = +eo(p/prg)°®. The chemical poten-
tial is at € = 0.

6 Superconductivity in ideal flat band

So far, I have only considered superconductivity in metals, in which the electronic band-
width is large compared to the Debye energy. This is natural, in the sense that the
most conventional superconductors are metals and the BCS and Eliashberg theories were
originally developed to explain the superconductivity in metals.

There is, however, no real reason why the Eliashberg theory would not apply to other
kinds of systems also, provided the approximations of the theory are critically evaluated.
Based on the BCS expression for the effective interaction strength which is proportional
to the density of electron states, one possible criterion for the choice of the system is a
high density of states.

Density of states is inversely proportional to the derivative of the dispersion relation,
N(0) ~ [de(p)/dp] ™!, so the density of states is high when the energy varies as little as
possible near the chemical potential. A prototypical dispersion to achieve this is

e(p) = <o <p>N, (6.1)

PrB

where N is some large integer, and ¢y and ppp are the energy and momentum scales,
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respectively, of the system. When p < prp, the dispersion is very flat, so that £(p) < &o.
N = 5is already large enough to achieve quite a flat dispersion when p < 0.5 prp (Fig. 13).

We also include a second band with an inverse dispersion £(p) = —¢g (ﬁ)N as shown in
the figure. The existence of this second band creates a symmetry between the unoccupied
and occupied states, which removes the need for equations of y and p.

This kind of flat band dispersion is obtained in many places, most notably in graphite
at interfaces, surfaces and lateral edges and also in periodically strained graphene[12, 36].
In these cases the momentum is restricted to two dimensions, and in the following, I only
consider 2D momentum.

In the limit N — oo, the dispersion becomes a completely flat infinite well:

0 <
R S (62
oo |p[ > prs

As this is the simplest case, I first consider the effect of different factors to superconduc-
tivity with this model dispersion. In Sec. 6.4 I consider finitely flat dispersions.

The BCS self-consistency equation for flat band is achieved by replacing the usual
dispersion in (2.28) with the dispersion (6.2) and by limiting the momentum to two
dimensions. At zero temperature, we get [12]

d’p V. Vp?
Ay = / L _'Prp 6.3
0 Ipl<prp (27)% 2 8T (6.3)

where V' is the strength of the interaction. In contrast to exponentially suppressed A in
metals, in a flat band the strength of superconductivity grows linearly with respect to the
flat band area mp%p and interaction strength V. Also, this expression does not depend
on phonon energies, except for the possible dependence hidden in V. The transition
temperature is To = 24,.

6.1 Eliashberg theory

We can also do Eliashberg theory simply by inserting the dispersion (6.2) into the Eliash-
berg equations (4.26-4.28) and again limiting the momentum integration to 2D. This is a
very simple way of projecting the high-energy states out from the Green’s functions and
the validity of this projection should be checked in any real system.

The existence of two bands can be included in the Eliashberg equations by adding
a summation over bands to the momentum integration. With the two bands symmetric
around the chemical potential, the self-consistency equations for y and p vanish because
there is no imbalance between the occupied and unoccupied states. The other two Eliash-
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berg equations obtain an extra factor of 2 from the summation over bands, and are

2

pFB 2 . . Qsm
, = —LBT E D i — W, 6.4
¢ o 2 9" D (iw,—iw )[mem]Q ¥ o2 (6.4)

2
pFB T 2 . . mem

Zp=1+—"2— E D ' — W, , 6.5
For by & Prllom )7 P, 65)

where Einstein spectrum was chosen for analytical convenience. Writing the equation for
¢ in terms of the interaction kernel
AW,

Aiwy, — iwy) = ST (o — o) (6.6)

we find the dimensionless interaction constant

2,.2
A=, (6.7)

TWg

and the equation itself becomes

O = TZ)\(iwm—iwn) Z fm]u;i R

(6.8)

Although the loose wg in the numerator might seem weird, in this way a dimensionless
interaction constant is obtained. That this is the natural choice can be seen by writing
the linearized equations at the transition temperature and pairing each wg with T,

. WE 2 2 Tc 2™ ¢n
O = )\?C ; [1 + 47 (m — n) (WE> ] —Z,?,L(Qm NS (6.9)
L we 1 ) . (TN 1
Zn=1+ /\?ci@n g %: ll + 47°(m — n) <WE> 1 Zoom 1) (6.10)

from which we can read the relevant dimensionless parameters as being To /wp and A as
defined above.

In this case, Z,, cannot be removed from the equations as easily as in (5.20), so the
asymptotic behaviour is harder to calculate. From numerical calculations, it is seen that
the results coincide in the weak coupling limit with the BCS results (Fig.14a). In the
strong-coupling limit the transition temperature grows very slowly as compared to the
Fermi-surface result. At Fermi-surface T ~ A2 and for the flat band T ~ \%2 based
on numerical calculations. The temperature dependence of the gap A has the usual form
as shown in the Fig. 14b.

The BCS limit can also be obtained analytically by taking the static limit, A\(z) ~ A,
in which ¢ and Z also have no frequency dependence. When A\ < 1, Z ~ 1 and the
equation for ¢ is

¢ = TZAwfiEqsz - g’ij tanh<$>. (6.11)
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Figure 14. Left: Transition temperature in with fixed wg and variable A\. The
solution coincides with BCS result at weak coupling A — 0. Right: Temperature
dependence of the superconducting gap in flat band with A = 0.5.

At zero temperature, the superconducting gap is

© dw Apwg A
A0z¢0:/w%w2+¢2 = Swp. (6.12)

The transition temperature is obtained by expanding the inverse hyperbolic tangent at
6 =0.
A
TC = ZwE or 2TC = Ao, (613)

as obtained from the BCS theory [Eq. (6.3)] with interaction strength V = ¢*/2wp.

6.2 Debye phonon model

In the Debye phonon model, the phonons have a maximum momentum g¢,;, which is
detemined by the condition cqy; = wp. In a flat band, the maximum phonon momentum
is not restricted by the requirement cq < wp, but by the flat band diameter 2prg. The
order of magnitude of the Debye phonon energy in a flat band is

Wy = CPFp = prF—B < wp, (6.14)
qnm
if v > pra.
What is the effect of this restriction on the interaction strength? We can estimate it
by neglecting the momentum dependence in the self-energy, so that the interaction can
be averaged over the flat band. Assuming that gg = aq and w,; = cq, the average is
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Figure 15. Effect of the Coulomb interaction on Ty in a flat band for A = 1. T

decreases almost linearly in U. Approximation (6.19) was not used, but the Matsubara
sum was calculated numerically.

calculated as

1 d?p’ .
/ d2p/p s oD —p i)

D) g
TPrpB /p<prB '<prB (27T)2
3

a /pPF d /PPF 4 p+p’ d q (6 15)
~2n2ptpe Jo p 0 b lo—p'| qq2—i-(y/c)2 ’

3 1 1 z+y 3
:apI;B / dx/ dy du — Y 5
2m2¢ Jo 0 e~y u?+ (v/cprB)

Here it can already be seen that the relevant scale for energy v is wy as defined in (6.14).

By taking the zero frequency limit v = 0 of the above expression we get the dimensionless
interaction parameter

3
aPrp

A= 6.16
212w’ (6.16)

where the factor of 2 coming from the summation over the bands is included.

With a small flat band momentum as compared to gy, wp is small compared to wp.
Then at low energies the effective interaction is stronger than what would be obtained if
we had wp instead of wy. The tradeoff is that it dies off faster at large frequencies. These
two behaviours oppose each other.

6.3 Coulomb pseudopotential in flat band

It is also possible to take the Coulomb interaction into account in the flat band, using the
pseudopotential as in a metal. Again we use the Thomas-Fermi potential of Eq. (5.34) as
a model for the Coulomb interaction. We assume that the screening length is very small,
ks > prpg, so that the interaction is effectively constant on the flat band. The strength
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of the interaction is

U~U(0,0) =—s. 6.17
0.0) = (6.17)
For a flat band, Eq. (5.43) gives
U
Ur = (6.18)
pFB YEB Z
m= N+l

The summation can be expanded asymptotically in the cutoff NV:

> 1 1 1
m:ZNH G - O (6.19)

so instead of a logaritmic dependence on er/w,. as in metals, we have a linear dependence
on p%z/w. in the denominator:

U
1+ PrB
42w,

In comparison to the Fermi surface case (5.47) the denominator of (6.20) depends linearly
on the ratio of electron and phonon energies, and not logaritmically as for the Fermi
surface. This means that for flat bands with a large area, the reduction of Coulomb
effects is strong.

Numerical results for the effect on T, are shown in Fig.15. The effect seems to be
similar to the Fermi surface case: superconductivity is suppressed by the Coulomb in-
teraction, but because of the pseudopotential effect, the interaction effects are reduced
somewhat and we can have superconductivity when U/ > 1. It is not clear what happens
after U > 1.2 as the numerics become difficult to do with low T and with ¢¢ and qbgh
having similar magnitudes.

6.4 Finite N

Let us examine the Eliashberg equations for an approximate flat band with 2D dispersion
e(p) = co(p/prp)", where g defines the energy scale of the flat band and N > 2 is an
integer. It is possible to integrate out the momentum dependence by using the integral

o0 x 1 7 1
f A = SN A (6.21)

identity
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Figure 16. Critical temperature for a finitely flat band with dispersion (p/prs)"
with x,, = 0. The coupling constant is A as defined below Eq.(6.24). For N = 2
superconductivity is exponentially suppressed within the shown range of \.

For ¢,, we can write

292wE d2p ¢m
=T
¢ ; wE + (Wi — wn)? / (27 (Z,0m)2 + €2 (L)2 + o7, (6.22)

PFB

gQP%BTZ 1+<wm—wn)2 -1 2¢m /ood X
= - -z x
2nwg 4 WEg e Jo 22N + (Zwm/€0)? + (dm/€0)?

Wi — W \2] " b {(Zintwm /20)? m/e0)2 Y
- e (5| e

where \ = ¢?p% 5 /mw% and a = 7/(N sin(n/N)). The equation for Z, is

-1

LW {(mem/EO)Q 4 (¢m/€0)2}1/N
o Zntom [wp)? + (m/wp)

(6.23)

WE w

T _ 2
Zn:1+a>\2[1+<%” w”)]
E

There are now two energy scales, which the temperature is being compared to: phonon
energy wgr and the flat band energy 5. The flat band energy scale only appears inside
the curly brackets under the Nth root and its importance is marginal when N is large.
For N — oo, equations (6.4) and (6.5) are obtained as a — 1 and {z}'/" — 1.

What is the effect on superconductivity for finite N of these two different energy
scales? We notice that € can be taken out of the Nth root and included in the coupling.
The equation for ¢, becomes

-1

Pn = Xj; %j ll i (wmw; wnﬂ e ffz¢m/wE)2}1_1/N» (6.24)

with the coupling A = a\ (wg/20)”". The equation for Z, can also be transformed into
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a similar form. Critical temperature can now be written in terms of A and wg as
T, = fn(Nwg, (6.25)

where fy is some function whose shape depends on N.

The dependence of T on A for finite N is shown in Fig. 16 for different N. When
N = 2 is the self-consistency equations have by coincidence the same form as in the usual
metallic system, but with the interaction constant defined with different parameters. With
N > 2 the number of layers seems to mostly affect the derivative of T(A) at A — 0. For
N — oo the ideal flat band behaviour of Fig. 14a is regained.

6.5 Validity of the perturbation expansion

Migdal’s theorem is used in Sec. 3.3 to approximate the full electron-phonon vertex I' by
its bare value g. The theorem says that in the perturbation theory, we can take Awp/ep
instead of just A as the small expansion parameter, provided that wp < ep. In a flat band
er = 0, so the assumptions of Migdal’s theorem are not met. How do the conclusions
change in the flat band, and when can the vertex corrections be neglected?

Using the Ward identity, Engelsberg and Schrieffer [37] have shown that Migdal’s
theorem actually also fails in metals in case of optical (Einstein) phonons with long
wavelengths and that the correction to the vertex is of the order of A\ as defined in
Eq. (3.36), without the extra factor of wp/ep. In metals, the relative contribution of those
phonons to the self-energy is small and in general Migdal’s theorem stays valid[29]. In a
flat band, the long-wavelength phonons are more important, and it is possible to modify
the argument of Engelsberg and Schrieffer to get an estimate for the vertex corrections in
this case.

The Ward identity is a self-consistency equation for the full vertex I'(p,q), where
p=(w,p) is the four-momentum of the incoming electron and ¢=(v,q) is the four-
momentum of the phonon. To illustrate the limits, we begin with a generalization of
the Ward identity which is valid for q — 0, [37]

v (w, p; v, 0)

g =G ' w+v,p) -G ' (w,p). (6.26)
At v — 0 we get
P(w,p;0,0) _ . Gl w+wp) -G (wp) 9G (wp)
9 v v O (6.27)
Gy (w.p) 05w) 95
B Ow ow Ow

To approximate the size of the vertex corrections with this, we first analytically eval-
uate the self-energy to the lowest order using the Einstein model for phonons. At zero
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temperature it is

d? dw’
Y(iw) ~ /7p » 9*Dg(iw — iw")Go(iw")

2m)2J 2
JW> o (6.28)
_ 9°DFB P/+OO dw —2wg 1
 4rw o 2T Wh 4 (w— w')%iw

Because at a finite temperature the Matsubara summation does not include zero fre-
quencies, the integral over frequency is evaluated as a principal value integral. After the
integration, the self-energy is found to be

A whiw

2 = s+

(6.29)
with A = ¢?ppp/2nw%. This matches with the numerically obtained shape for 1 — Z(iw),
which at low temperatures looks like a Lorentzian.
The self-energy can now be analytically continued to real frequencies on the upper
half-plane by substitution iw — w + 9, with 6 — 0+. Taking the derivative, we have
OB(w) A whw?+wh)

0w 2((wtid) —ui) (630)

which means that at low energies w < wg, we find at ¢ — 0 and v — 0 from the Ward
identity a vertex correction

Fwpi0.0) A (6.31)
g 2
where we did not take into account the fact that the vertex correction should be self-
consistently included on the self-energy, so it would also appear on the rhs of the above
equation. Thus, in order to accurately approximate the full vertex with the bare vertex,
we must have A < 1, and it would seem that there is no equivalent of the Migdal’s
theorem in a flat band.

For Debye phonons the calculation can be done in a similar fashion as in (6.15) and
again the significant difference is the change of the phonon energy scale from wg to
wo = wppre/qu- At w — 0 exactly the same result as with the Einstein phonons is
obtained, but with A as defined in Eq. (6.16).
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Figure 17. Left: Graphene lattice. Carbon atoms belonging to sublattices A and
B have been colored blue and yellow, respectively. a;,2 are the lattice vectors and
0123 are the nearest neighbour vector relating the sublattices to each other. Right:
1st Brilloun zone of graphene. Dirac cones are at K and K’. by are the reciprocal
lattice vectors. The figure is from [39].

7 Superconductivity on rhombohedral graphite

In this section, we show that the surface states of rhombohedral graphite realize the flat
band dispersion described in the previous chapter. The presentation is based on the
textbook by Heikkila[38]. After this, I present the form the Eliashberg theory takes in
the rhombohedral graphite and discuss how to solve it numerically. Before discussing
rhombohedral graphite, I start from a single graphene layer and its Hamiltonian.

7.1 Electronic structure of a single graphene layer

In graphene carbon atoms are arranged in a two dimensional honeycomb lattice, which
is a Bravais lattice with a two-point basis (Fig.17). The basis defines two sublattices A
and B, which can be described with two lattice vectors

aio = ;(:F\/§7 3)& (71)

Above, a is the lattice spacing, for graphene a = 1.42. The nearest neighbours of an
A-atom are three B-atoms and the nearest neighbours of a B-atom are three A-atoms.
Nearest-neighbour vectors from an A-atom to a B-atom are

0, = —;(\/g, a, 8, = ;(\/g, —1)a, 83 =(0,1)a. (7.2)
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Figure 18. Dispersion of graphite. The Dirac cones are at points K and K’. the
figure is taken from [40].

Using a tight-binding model, the coupling between the states localized at each lattice
point can be described with a nearest-neighbour hopping energy ~y. The tight-binding
Hamiltonian for graphene, written in real space, is [38]

Hy = 0 Y O(R) [W(R +81) + ¥(R + 8) + (R + 63)] + hc., (73)
R

where 1)(R) creates an electron in the state centered at position R. The momentum-space
representation is defined through Fourier transform:

CaAp = \/1N %: eiP'Rw(R)7 CBp = \/1N %: eip'Rw(R + 63) (74)

In momentum space the Hamiltonian is diagonal except for the mixing between the sub-
lattices,

Hy =~ pChpcap + hoc., (7.5)
P

where 7, = 1+ ¢®P 4 ¢P32 Collecting the operators from the two sublattices into 1 x 2
vectors, the Hamiltonian can be written as

Hy=—%Y (0 7@") (7.6)

*
p \p

Writing the eigenvalue equation for the above Hamiltonian, the dispersion of graphene
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can be solved to be

3p,a V3p.a 12
e(pP) = £ = 70 (3 + 2008(\/5}%@) + 4cos< 2y )cos( 2r )) : (7.7)

The dispersion is plotted in Fig. 18. The notable characteristic of graphene is the double-
cone dispersion around certain points in momentum space, known as Dirac points. There
are only two non-equivalent Dirac points, denoted with K and K’. These momenta are
typically referred as valleys. The rest of the cones can be translated to those two with an
addition of a reciprocal lattice vector.

A low-energy Hamiltonian is obtained from (7.6) by linearizing around the Dirac

0 +p. —ip
H, ~ Y 7.8
g (% (ﬂ:px + ipy 0 >7 ( )

points:

where vp = 379a/2 is the Fermi velocity near the Dirac point. Here, momentum is
measured relative to point K /K’. The sign of p, depends on the choice of the valley.
Above, the coordinate system is chosen so that the positive sign corresponds to K and
negative sign to K’. With Pauli matrices o,, acting on sublattice indices, the above
expression can be further condensed to

Hy = vp(£p,0, + pyoy). (7.9)

This is the same form as the relativistic Hamiltonian for two-dimensional massless Dirac
fermions, with + standing for the choice of chirality, and the speed of light replaced with
the Fermi velocity.

The cones in the graphene dispersion were already noticed in 1947 by P.R Wallace
in a theoretical study of the electronic structure of graphene[41]. Wallace was mostly
interested in studying graphene as part of graphite, and before 2004 it was generally
believed that an isolated graphene layer would not be stable. However, in 2003 Andre
Geim and Konstantin Novoselov succeeded in extracting single graphene layers from bulk
graphite[42]. In 2005 they also managed to connect the graphene samples to electrodes
and measure the Hall conductivity, which was found to be anomalous, suggesting that
graphene has unique electrical properties[43]. Geim and Novoselov were awarded the 2010
Nobel prize in physics for their work on graphene.
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Figure 19. Parameters of the tight-binding model in thombohedral graphite. 7, and
v2 describe the hoppings inside a single graphene layer, whereas v, 3 and 74 describe
the hoppings between different layers. In this work, we only take into account 7y and
71, the effect of the other terms has been considered in [15] and the do not change
the situation qualitatively, provided A > 2y17v4/7.

7.2 Electronic structure of rhombohedral graphite

Graphite is an allotrope of carbon composed from multiple graphene layers. There are
two forms of ordered graphite, Bernal and rhombohedral graphite. Bernal is the most
common form, but rhombohedral graphite also occurs in a metastable form. In these two
forms the layers are arranged in different stackings, with different points of the subsequent
layers being on top of each other.[38]

In the following, I concentrate on rhombohedral stacking with the stacking order ABC..
This means that the upper layer is always shifted with a vector d3 with respect to the
lower layer. The arrangement repeats itself every three layers because 303 = a; + a
is a lattice vector. The reason we are interested in this specific arrangement of layers
is because it has low-energy surface states with an approximate flat band. Henni et al.
have experimentally verified that a rhombohedral graphite sample with 17 layers contains
electronic bands with a flat dispersion[16].

Near the K point, the low energy Hamiltonian of rhombohedral graphite is[15]

vp(p-o) Moy
no-  vp(p-o) moy
HRHG(D) = Y10 — , (710)
' V10 +

1o- vp(p-o)

which is a N x N-matrix in terms of layer indices. In each layer, there is additionally the



54
0.5 05 \/ w

1 05 0 0.5 1 1 05 0 05 1
p/prs PP g

E/m
o
Elv
o

(a) N=5 (b) N =10

Figure 20. Low-energy dispersions for rhombohedral graphite with N layers with
different N. The dispersion is very flat already for N = 5.

sublattice structure. Coupling between the layers is described by the ladder operators o4
and the strength of the coupling is v;. Inside the planes, carbon atoms are covalently
bonded, but different layers are only held together with van der Waals bonds. Thus,
v < 7. We take the values of the parameters to be 79 = 3.2eV and v, = 0.39¢eV|[39],
keeping in mind that these the values obtained for v, in a seven-parameter model, and
might not be accurate for our two-parameter model.

The Schrodinger equation for rhombohedral graphite is

(HRHG — 6]1) |'¢> = O, (711)

where ¢ is the eigenenergy of the eigenvector |¢). Components at each layer are denoted
by 1 x 2 vectors ’an, where the check-sign is used to remind the reader of the sublattice
structure. Numerically solved dispersion relations are shown in Fig.20. The prominent
feature of the dispersion is the low-energy states with weak dispersion. These correspond
to surface states.

To study the Hamiltonian (7.10) analytically, we can write the solution as an recursion
relation between the different layers:

N0y 1+ [p(p - o) — 1]y + Mo Ppyr =0, for n#1,N (7.12)

As described in [44], the solutions for this kind of recurrence relation can be expressed in

the form
Un = Airidn + Aorydn, (7.13)

where A; are constants to be determined from the boundary conditions. In this case, the
equations for the surfaces determine them. r; and ¢; are the eigenvalues and eigenvectors
of the characteristic equation

(716+ +rvp(p-&)—el] + 7"2716_) a =0, (7.14)
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Inspecting the general form of the solution (7.13), it can be seen that if |r| = 1, the
amplitude of the solution is the same on all layers. In that case, the state is delocalized
over the whole crystal, and the solution describes a bulk solution. We can then choose
ry = €% and ry = ¢, with d being the distance between the layers and ¢ the out-of-
plane momentum. The solution has the familiar plane wave form.

On the other hand, if |r| < 1, the state decays when proceeding from the surface to
the bulk. If we insist on writing the solution in terms of out-of-plane momentum ¢, we
will have to generalize it to complex values: ¢ = ¢’ + i¢”, where ¢’ and ¢” are real and
q¢" > 0. Now the amplitude of the solution on each layer is determined by

| = e 7", (7.15)

which means that the state decays exponentially into the bulk. Had we chosen |r| > 1
(¢" < 0), the solution would be localized on the opposite surface.

Returning to the specific case of rhombohedral graphite, by defining p = p/prg,
pre = M1/, ¢ = —arg(p, +ip,) and € = ¢/, Eq. (7.14) can be written as

& =0, (7.16)

We can restrict the study to surface states by approximating € ~ 0 in (7.16). Taking
the determinant of the matrix in (7.16), the roots are then seen to be r; ~ pe’® and
ry = € /p. The solution is localized to the surfaces if p < prp. When p ~ ppp, the state
is spread over the whole crystal.

The vectors o corresponding to r; and ry are

« 1 . ¢ . DE
" L“e"ﬁ]’ " M M i
so that the solution in each layer is
U = A1 p Ly Ay pN—m Al (7.18)
gewﬁ el

The equations for the surfaces couple A; and As:

[vp(p - o) — 1]y + ot =0, (7.19)
[vp(p- o) — 1]ty + o4y =0, (7.20)

Substituting the solution (7.18) into these, we can solve the constants A; and the energy
e. The first component of Eq. (7.19) and the second component of (7.20) equation reduce,
respectively, to .
€ 4 AN € 4 AN

Al]_—ﬁz —Agp and A21—ﬁ2 —Alp . (721)
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Solving £ from this pair of equations, the dispersion relation is found be

2

N
ep = +&, <1 - 7;) . with & = <p> . (7.22)

PrB PFB

The surface states of rhombohedral graphite thus realize the flat band dispersion discussed
in the previous chapter. The superficial difference to an ideal flat band system is the
factor of (1 — p?/p%p), which flattens the flat band even more at its boundaries. The
more important difference is the fact the surface states are not localized to the surface
and that the electron—phonon interaction couples them to other energy eigenstates. We
must also keep in mind that the above is obtained near K valley and that there is there
is a similar dispersion at K’ valley. The two electrons bound to a Cooper pair occupy
different valleys.

7.3 Surface superconductivity in the BCS model

The above derivation for the surface state spectrum can be extended for superconducting
state within the BCS theory by replacing the Schrodinger equation with the Bogoliubov—
de Gennes equations. This has been done by Heikkild and Kopnin[15], and is not be
presented here in detail. Some points of the derivation are presented, as they are im-
portant also for the Eliashberg derivation, and give some intuition about the possible
superconductivity in rhombohedral graphite.

To write the Bogoliubov—de Gennes equations, we need the Hamiltonian for the time-
reversed states (holes). The corresponding hole for the particle at valley K is situated in
the valley K’. In spite of this, the hole Hamiltonian can be shown to coincide with the
particle Hamiltonian, [15]

Hy(K, p) = H'(~K, —p) = H(K,p). (7.23)

The Bogoliubov—de Gennes equations are

v

S 7@ Ho (K, p)V,, + A0, = £V, (7.24)

The above equation has a similar structure as the Schrodinger equation for the normal
state, and the same method as used for Eq.(7.11) can be used to solve it, the only
difference being the extra Nambu dimension in the matrices and vectors.

What is the form of the order parameter in the sublattice space? In both valleys, the
surface states of sublattices A and B are localized at surfaces n = 1 and n = N, respec-
tively. As the graphene layers are weakly coupled as compared to the coupling inside the
layer, the phonon-mediated interaction mainly happens between the electronic states lo-
calized in the same plane. The attractive interaction leading to surface superconductivity
thus happens between the surface states at the opposite valleys. Because in the sublattice
A the surface states are localized at the surface n=1 in both valleys (for sublattice B, at
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the surface n=N), the order parameter A is diagonal in sublattice space.
Assuming that A is non-zero only at the surfaces, and N — oo so that the two surfaces
decouple, a self-consistency equation for A can be obtained, [15]

2 27,2 \2 27,2
W d*p (1 —p*/pep)’A Xtanh|Al(1 P’/pEp)

A _ Y
d pP<pPFrB (27T>2 \/|A‘2(1 - p2/p2FB>2 2t

(7.25)

where W is the 3D coupling potential and d is the distance between the layers. This
equation differs from the self-consistency equation for metals by the presence of the nor-
malization factors (1 — p?/p% ) connected to the delocalization of the surface states. At
zero temperature, Eq. (7.25) reduces to

Ay =L (7.26)

with the coupling energy g = Wp2;/d. As in the case of the flat band, the above Ay is
linear in g. The critical temperature is determined from Eq. (7.25) by taking A — 0. The
result is Ag = 3kpT [15]. Here it should be noted that in this result the normalization
factor plays a role: for an ideal flat band we would have Ay = 2kgT. Neglecting the
details of the rhombohedral graphite and idealizing it as a simple flat band dispersion
thus gives qualitatively similar, but not exactly correct results.

7.4 Eliashberg theory for rhombohedral graphite

To my knowledge, Eliashberg theory has not been done before for rhombohedral graphite,
so the derivations in this section are new. To write the Eliashberg equations for rhombohe-
dral graphite, we first consider the normal state and then generalize to the superconduct-
ing state. The phonon-mediated interaction couples the valleys, so we need to consider
both of them. To express the Hamiltonian in valley K’ in terms of the Hamiltonian in
the valley K, we use the symmetry [39]

Hgne(—K,p) = Hruc(K, p), (7.27)

where p = (—p,,p,) and o, act on the sublattice space. We need the “non-interacting”
propagators in the valleys,

Gy (K, p,iw,) = iw,1 — Hrpe(K, p), (7.28)
Gal(_Kv P, an) = iw, 1 — HRHG(_K; 15) (729)

The above propagators are non-interacting in the sense that even though they contain
the hopping interactions, electron—phonon interaction is not included. Using Eq. (7.27)
we have

Gy (=K, p,iw,) = Gy (K, p, iw,). (7.30)
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The above propagators are 2N x2N matrices with N the number of graphene layers and
2 coming from the sublattice structure. They are diagonal in the in-plane momentum
and have a non-diagonal layer and sublattice structure. This structure can be written
explicitly as

Gy (K, p,iwy)ij = iw,16;; — vp(p - 0)0i; — 11040i j41 — 110-6;j-1. (7.31)

Interacting propagators are obtained by adding the self-energy from the electron—
phonon interaction,

YK, p,iw,) — 2(K, p,iw,), (7.32)

G YK, p,iw,) = Gy
Gy (-K, p,iw,) — S(—K, P, itw,). (7.33)

G -K,p,iw,) =

Graphene layers are weakly coupled together, so as an approximation we can limit the
phonons to only propagate within the layers, and not across them. With this kind of
interaction, the Hamiltonian and the self-energy cannot be diagonalized at the same time,
because the electronic states are not localized within a certain layer. Electron—phonon
interaction tends to mix the electronic eigenstates. This mixing becomes weak for N — oo
and p < prp.

The in-plane propagation of phonons is enforced by adding a d;;-term in the phonon
propagator. In Dyson’s equation [Eq. (3.33)] the 3D integration over momentum is re-
placed by an integration over in-plane 2D momentum and a sum over the planes. We
get

2(p7 an i TZ Z / p p 72Wn Zwm)ész(p ) ZWm)k
m k=l d2 / (7.34)
Z/ p p ,an iwm>G(p/a 7;Wm)ija
BZ

where ¢ and j are the layer indices. In this equation, the integral is over the whole Brilloun
zone, and correspondingly, the self-energy and the propagator are not the ones defined
only in the valleys.

To use the low-energy expansion, we break up the integration into two parts corre-
sponding to the two valleys. This is possible because G(p, iw,) # 0 only when p ~ K, K'.
For valley K, we get

d2 /
S(K.poiwn) =TS [ B D(pp i i) G, P )
w Jp<pe (2m)° (7.35)

+92D(K_K,+p_p,7 an_zwm)G(_Ka p,7 Zwm):| ’

where the momentum p is now measured relative to the K. The above expression is valid
for p < |[K — K'|. A cutoff p. needs to be specified in this case. The self-energy in valley
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K’ is

2./
Z(—K,f),z'wn):TZ/ d’p

p<pe (27)2 {QQD(K,_K‘FI_)—D/, iwn—iwn, )G (K, p', iw,)

(7.36)
+ ¢*D(p—p, iwn—iw,)G(—K, P, iwm) |,

where the facts that |p—p’|=|p—p’| and that the phonon propagator only depends on the
magnitude of the momentum were used. Because

K-K+p-p|=|K-K+p-p (7.37)
we can write Eq. (7.35) as

d2p/
(2m)?
+ DK~ K4, iton—iwom)G(—K, P, mm)] |

S (K, p, i) :TZ/<
P<Pc

m

[QQD(p—p’, iwn—1w,)G (K, p’, iwn,)
(7.38)

We now assume the symmetry of the solution as the symmetry of the Hamiltonian,
Y(-K,p) = X(K,p), and G(—K,p) = G(K,p). This choice corresponds to s-wave
superconductivity. We see that in this case Eqgs. (7.38) and (7.36) are equivalent and
reduce to

. d’p’ S
Z(Kv P, an) :TZ /p<p (27T)2 |:92D(p_p/7 an_lwm)

(7.39)
+ ¢*D(K'~K+p—p/, iwn—iwm)] G(K, p,iwn)-

In the Einstein phonon model, the propagator has no momentum dependence, and we

can add the phonon propagators together,

d2p/
(2m)?

S(K, iwy) = TS 202D (it — iy, / ) G(K, p, iw). (7.40)
m P<Pc

With the Einstein model, the existence of the valleys shows up only as a factor of 2. Thus,

the valley structure of rhombohedral graphite flat bands does not change the form of the

equations as compared to the one flat-band case we study in Sec. 6.

In the Debye phonon model, we can remove the momentum dependence from the
intervalley propagator. The distance between K and K’, reduced to the first Brilloun
zone, is |K — K'| = 47/3v/3a. Because the size of the flat band is much smaller than the
distance between the valleys,

DFB Yo V3
—_— = —— ~0.03 7.41
K—-K'| 27 ’ (7.41)

the interaction strength does not depend much on the exact momenta p and p’ within the
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Figure 21. Left: Dependence of the bulk Z on the momentum cutoff p. with A = 0.5
and 5 layers. The scale is logarithmic. Right: Z(iwp) on different layers with A = 0.5,
pe = prp and 20 graphene layers. The blue and the red curves are the magnitude of
Z in the sublattices A and B, respectively.

flat band. We can then approximate the phonon momentum with the distance between
the valleys,
G D(K—K'+p4p’, iw,—iwn) ~ ¢* D(K—K', iw, —iwn,). (7.42)

In the intravalley term, the momentum dependence is more important. Based on the
approximations of Sec. 6.2, the effective coupling inside the valley is stronger than the
coupling between the valleys, but the range of the interaction in frequency space is also
smaller.

Assuming a momentum-independent interaction kernel, either from the Einstein model,
or as some approximation of the Debye spectrum, we replace ¢?D’s with A\. Then the mo-
mentum dependence of the self-energy disappears. To see how the layers mix up with
each other in the above equation, we write GG in terms of the self-energy,

S(iwn) =T Miw,—iwy,) /p . ((Qijrl; [G(;l(K,p,mm) - E(@'wm)}‘l, (7.43)

When p/prp < 1, the surface states are well localized and the inverted matrix is almost
diagonal. When p/prp ~ 1, the surface states delocalize across the layers and the inverted
matrix is dense.

The above equation can now be solved numerically with the fixed-point iteration. In
the normal state, we can begin with the ansatz > = 0. Then, to calculate the lhs of
Eq. (7.43), the 2D momentum integral has to be first calculated for different w,,. Every
function evaluation in the integral involves calculating a matrix inverse of a 2N x2N
matrix, so with increasing N, or with decreasing temperatures and many Matsubara
frequencies, this soon becomes numerically expensive. After the integration, the sum over
m with the interaction kernel X is calculated.
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Results from the numerics for the normal state are shown in Fig. 21. Below, with a
bulk value, we mean the value of Z in the middle layer. We have not projected out the
high-energy bulk states from the Hamiltonian, and propably for this reason, the bulk self-
energy seems to diverge logarithmically with the momentum cutoff p.. The value obtained
for Z at surfaces differs from the bulk value. The even component of the self-energy, ¥,
seems to vanish in the numerical results. This is consistent with the analytical results
from the ideal flat band.

Again, the transition to superconductivity is achieved by doubling the size of the
matrices with Nambu structure. The non-interacting propagator becomes

G, (K, p,iw,) = iw,1 — 3Hruc (K, p), (7.44)

where the same Hamiltonian can be used for the particles and holes because of the relation
(7.23). The interacting Hamiltonian is

G (K, p,iw,) = Gy (K, p, iw,) — B(iw,)

K ‘ (7.45)
= Z(iwp)iw, 1 — ¢ (iw,) — TsHruc (K, p),

where the y-component is assumed to vanish. In the numerics, there is no need to do this
assumption. Again, Z and ¢ are 2N x2N matrices, so G(p, iw,) is now 4N x4N. Finally,
the self-energy is calculated as

d’p

<pec (27'(')2

1

S(iwn) = TS Mitw, — i) / 7 [Go (K, pyiwn) — S(iwn)] 75, (7.46)
m p

with the only difference to Eq. (7.43) being the presence of the 73’s, the effect of which is

to flip the signs of the off-diagonal Nambu elements.

Eq. (7.46) is the Eliashberg equation for rhombohedral graphite and it can be solved
numerically with minor modifications to the procedure described above for the normal
state. A non-zero initial value for ¢ has to be assumed.

We can find an approximate solution to Eq. (7.46) by projecting out the high-energy
bulk states (see Fig.20). We are then left with one flat band state on either surface.
Assuming that the number of layers is large, so that the surface states are not coupled,
we get two decoupled equations for the two surfaces. In this case the sublattice structure
is not important any more, and we can use the results for the ideal flat bands from the
Sec. 6. The weak point of this argument is the delocalization of the surface states, which
makes also the BCS results for rhombohedral graphite to differ from the results obtained
in the ideal flat band.

In Fig. 21 the magnitude of the normal state self-energy seems to very large as com-
pared to the values obtained for Z in the Fermi surface or the ideal flat band. The high
cost of the numerics in terms of CPU time also forces us to solve the equations in rel-
atively high temperatures. Within the temperatures available to us, I could not find a
combination of parameters which would support superconductivity. In the other mod-
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Figure 22. Magnitude of ¢ at different layers, with Z set to 1 and the parameters
A=0.2, wg =0.17, T = 0.0lwg and p. = prr. The number of graphene layers was
5. ¢ is supported by the surface states and varies the same way as Z from layer to
layer.

els considered in this thesis, superconductivity could be found at high temperatures by
increasing the coupling. However, in rhombohedral graphite, Z seems to grow very fast
with increasing A and this may suppress superconductivity in the model.

To test the assumption that Z suppresses ¢, I solved the Eliashberg equation (7.46)
by setting Z = 1 at each iteration. In this case superconductivity appeared within
accessible temperatures with any combination of parameters tested. The magnitude of ¢
varies from layer to layer the same way as Z (Fig.22). Therefore, in this case Z seems
to be more important than usual and in future work, it should be checked whether the
Z obtained from the low-energy Hamiltonian agrees with the one found from a more
complete Hamiltonian. The calculation of the transition temperature in rhombohedral
graphite is also left for future work.
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8 Conclusion

In this work, I study electron-phonon superconductivity in the Eliashberg theory. I review
the Eliashberg theory for the Fermi surface and apply it to the flat band. I show that
the flat band supports a parametrically enhanced superconductivity also in the Eliash-
berg theory and not only in the BCS theory. Because of this enhancement, materials
with flat bands are promising candidates for high-temperature (even room-temperature)
superconductivity. It is this prospect which makes their study worthwhile. The possi-
ble material with high-temperature surface superconductivity could be used to build new
kinds of electrical components with much improved energy efficiency.

We study surface states of rhombohedral graphite as an example of a flat band system.
This is motivated by the high temperature superconducting regions observed in a highly-
ordered graphite samples with internal interfaces[14]. We write the Eliashberg equation
for the rhombohedral graphite. The study is not finished as the superconducting gap
and the transition temperature are still to be calculated. The role of the normal state
self-energy from the phonon-mediated interaction in rhombohedral graphite also needs to
be clarified.

Rhombohedral graphite is not the only possible system in which flat bands are ob-
tained, as they have been predicted also in strained Dirac materials, heavy fermion com-
pounds, transition metal oxides and anti-perovskites[45]. BCS superconductivity has been
predicted to occur at least in a strained graphene[46]. The Eliashberg theory could be
used to elucidate this prediction also.

In this thesis we have not considered the possibility of a magnetic order, but have
concentrated only on superconductivity. A magnetic order is at odds with the super-
conducting s-wave order, so this possibility should be examined in detail. For example,
rhombohedral graphite has recently been proposed to exhibit magnetic order[47]. Which
one of these competing orderings is realized depends on the parameters describing the
electron-phonon interaction and the Coulomb interaction. Therefore, the parameter space
of the flat-band model should be charted to produce a complete phase diagram. This as-
pect is important as we search for the most promising candidates for high-temperature
superconductivity.



64

References

[1]

2]

[10]

[11]

[12]

[13]

E. Maxwell. “Isotope effect in the superconductivity of mercury”. Physical Review
78 (1950), p. 477.

C. Reynolds et al. “Superconductivity of isotopes of mercury”. Physical Review 78
(1950), p. 487.

H. Frohlich. “Isotope effect in superconductivity”. Proceedings of the Physical Soci-
ety. Section A 63 (1950), p. 778.

H. Frohlich. “Theory of the superconducting state. I. The ground state at the ab-
solute zero of temperature”. Physical Review 79 (1950), p. 845.

J. Bardeen and D. Pines. “Electron-phonon interaction in metals”. Physical Review
99 (1955), p. 1140.

J. Bardeen, L. N. Cooper, and J. R. Schrieffer. “Theory of superconductivity”. Phys-
ical Review 108 (1957), p. 1175.

A. Migdal. “Interaction between electrons and lattice vibrations in a normal metal”.
Soviet Physics, JETP 7 (1958), pp. 996-1001.

G. Eliashberg. “Interactions between electrons and lattice vibrations in a supercon-
ductor”. Soviet Physics, JETP 11 (1960), pp. 696-702.

Y. Nambu. “Quasi-particles and gauge invariance in the theory of superconductiv-
ity”. Physical Review 117 (1960), p. 648.

N. N. Bogoliubov, V. V. Tolmachev, and D. V. Shirkov. A new method in the theory
of superconductivity. Consultants Bureau, New York, London, Chapman and Hall,
1959.

P. Morel and P. Anderson. “Calculation of the superconducting state parameters
with retarded electron-phonon interaction”. Physical Review 125 (1962), p. 1263.

T. T. Heikkil&, N. B. Kopnin, and G. E. Volovik. “Flat bands in topological media”.
JETP letters 94 (2011), pp. 233-239.

T. Scheike et al. “Can doping graphite trigger room temperature superconductivity?
Evidence for granular high-temperature superconductivity in water-treated graphite
powder”. Advanced Materials 24 (2012), pp. 5826-5831.

A. Ballestar et al. “Josephson-coupled superconducting regions embedded at the
interfaces of highly oriented pyrolytic graphite”. New Journal of Physics 15 (2013),
p. 023024.



65

[15] N. B. Kopnin and T. T. Heikkild. “Surface superconductivity in rhombohedral
graphite”. In: Carbon-based Superconductors: Towards High-Tc Superconductivity.
Ed. by J. Haruyama. Pan Stanford, 2014, pp. 231-263.

[16] Y. Henni et al. “Rhombohedral multilayer graphene: A magneto-Raman scattering
study”. Nano Letters 16 (2016), pp. 3710-3716.

[17] R. van Leeuwen. “First-principles approach to the electron-phonon interaction”.
Physical Review B 69 (2004), p. 115110.

[18] N. W. Ashcroft and N. D. Mermin. Solid state physics. New York: Holt, Rinehart
and Winston, 1976.

[19] R. Ojajarvi. “Elektroni—fononi-vuorovaikutuksesta, suprajohtavuudesta ja grafeenista”.
Undergraduate research training assingment. 2016.

[20] G. Stefanucci and R. Van Leeuwen. Nonequilibrium many-body theory of quantum
systems: a modern introduction. Cambridge University Press, 2013.

[21] A. Fetter and J. Walecka. Quantum theory of many-particle systems. New York:
McGraw-Hill, 1971.

[22] L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskij. Statistical Physics. Part 2, Theory
of the Condensed State. 2nd ed. Course of Theoretical Physics. Oxford: Pergamon
Press, 1980.

[23] H. Vidberg and J. Serene. “Solving the Eliashberg equations by means of N-point
Padé approximants”. Journal of Low Temperature Physics 29 (1977), pp. 179-192.

[24] F. Marsiglio, M. Schossmann, and J. Carbotte. “Iterative analytic continuation of
the electron self-energy to the real axis”. Physical Review B 37 (1988), p. 4965.

[25] A. Abrikosov, L. P. Gor’kov, and I. Y. Dzyaloshnskii. Quantum field theoretical
methods in statistical physics. 2nd ed. Oxford: Pergamon Press, 1965.

[26] F. Marsiglio and J. Carbotte. “Electron-phonon superconductivity”. In: Supercon-
ductivity. Springer, 2008, pp. 73-162.

[27] L. Hedin and S. Lundqvist. “Effects of electron-electron and electron-phonon inter-
actions on the one-electron states of solids”. Solid state physics 23 (1970), pp. 1-
181.

[28] D. Scalapino, J. Schrieffer, and J. Wilkins. “Strong-coupling superconductivity. I”.
Physical Review 148 (1966), p. 263.

[29] G. Grimvall. The electron-phonon interaction in metals. Series of monographs on
selected topics in solid state physics. Amsterdam: North-Holland Publishing Com-
pany, 1981.

[30] H. Bruus and K. Flensberg. Many-Body quantum theory in condensed matter physics:
An introduction. Oxford University Press, 2004.



32]

[33]

[34]

[35]

[36]

[40]

[41]
[42]

66

F. Marsiglio. “Eliashberg theory of the critical temperature and isotope effect. De-
pendence on bandwidth, band-filling, and direct Coulomb repulsion”. Journal of
Low Temperature Physics 87 (1992), pp. 659-682.

J. Carbotte. “Properties of boson-exchange superconductors”. Reviews of Modern
Physics 62 (1990), p. 1027.

M. S. Scheurer. “Mechanism, time-reversal symmetry, and topology of superconduc-
tivity in noncentrosymmetric systems”. Physical Review B 93 (2016), p. 174500.

J. R. Schrieffer. Theory of superconductivity. 3rd pr., rev. Reading, Massachusetts:
Perseus Books, 1983.

Y. V. Nazarov and J. Danon. Advanced Quantum Mechanics. Cambridge University
Press, 2013.

R. Drost et al. “Topological states in engineered atomic lattices”. Nature Physics
(2017).

S. Engelsberg and J. R. Schrieffer. “Coupled Electron-Phonon System”. Physical
Review 131 (3 1963), pp. 993-1008.
T. T. Heikkila. The Physics of Nanoelectronics. Oxford University Press, 2013.

A. C. Neto et al. “The electronic properties of graphene”. Reviews of Modern Physics
81 (2009), p. 109.

T. Moisala. “Topological properties of mono-and multilayer graphene, flat bands
and surface superconductivity”. Master’s thesis. 2015.

P. R. Wallace. “The band theory of graphite”. Physical Review 71 (1947), p. 622.

K. S. Novoselov et al. “Electric field effect in atomically thin carbon films”. Science
306 (2004), pp. 666—669.

K. S. Novoselov et al. “Two-dimensional gas of massless Dirac fermions in graphene”.
Nature 438 (2005), pp. 197-200.

A.-B. Chen, Y.-M. Lai-Hsu, and W. Chen. “Difference-equation approach to the
electronic structures of surfaces, interfaces, and superlattices”. Phys. Rev. B 39 (2
1989), pp. 923-929.

E. Tang and L. Fu. “Strain-induced partially flat band, helical snake states and
interface superconductivity in topological crystalline insulators”. Nature Physics 10
(2014), pp. 964-969.

V. Kauppila, F. Aikebaier, and T. Heikkila. “Flat-band superconductivity in strained
Dirac materials”. Physical Review B 93 (2016), p. 214505.

B. Pamuk et al. “Magnetic gap opening in rhombohedral-stacked multilayer graphene
from first principles”. Physical Review B 95 (2017), p. 075422.



	Tiivistelmä
	Abstract
	Introduction
	Superconductivity in the BCS theory
	Electrons and phonons
	Interactions in BCS theory
	Superconducting mean field
	Solving the mean-field Hamiltonian
	Self-consistency equation
	Transition temperature

	Electron and phonon fields
	Matsubara formalism
	Electron propagator in the normal state
	Phonon-mediated interaction
	Migdal's adiabatic theorem

	Eliashberg theory for electron-phonon interaction
	Collecting time-reversed states in a Nambu spinor
	Nambu equation of motion and Dyson's equation
	Eliashberg equations
	Equation for the chemical potential
	BCS limit

	Eliashberg equations in metals
	Interaction kernels for Einstein and Debye phonons
	Eliashberg equations for a metal with finite bandwidth
	Transition temperature
	Strong coupling
	Weak coupling

	Coulomb interaction
	Anderson-Morel pseudopotential
	Pseudopotential in metals

	Superconductivity in ideal flat band
	Eliashberg theory
	Debye phonon model
	Coulomb pseudopotential in flat band
	Finite N
	Validity of the perturbation expansion

	Superconductivity on rhombohedral graphite
	Electronic structure of a single graphene layer
	Electronic structure of rhombohedral graphite
	Surface superconductivity in the BCS model
	Eliashberg theory for rhombohedral graphite

	Conclusion

