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Introduction

The superconducting condensate might be the most fascinating state of matter and the
investigation of superconducting materials has given important insights into the quantum
nature of condensed matter systems. When cooling a superconductor below its transition
temperature T, it shows two unique properties. Firstly, superconductors are capable of
carrying a dissipationless current, which was first discovered by Kamerlingh Onnes in 1911 [1,
2]. Secondly, a superconductor expels any magnetic field from its interior. This perfect
diamagnetism! is known as the Meissner-Ochsenfeld effect [3]. The possible applications
of superconductors are diverse: lossless electrical networks for energy transportation [4],
high magnetic field coils for particle accelerators, materials research and medical uses,
etc. Although experimental verification for superconductivity has been found for various
different materials, a coherent theoretical description has been lacking for almost half a
century. Early phenomenological approaches by the London brothers [5], W. Ginsburg and
L Landau [6] could successfully describe the macroscopic properties of superconductors.
However, a rigorous microscopic description known as the famous BCS theory [7, 8] has
finally been developed by J. Bardeen, R. Schrieffer and L. Cooper in 1957. They realized
that the interaction of the electrons with phonons, that describe the collective oscillations
of the positively charged atomic lattice, can lead to an effective attraction between the
otherwise repulsive electrons. This leads to a bound state of two electrons with opposite
momenta and spin called a Cooper pair. The Cooper pairs then condense to the BSC
ground state, where the bounded electrons open a gap at the Fermi surface and give rise to
long-range phase coherence, that naturally explains the observed phenomena.

Soon, extensions of the BCS theory like the Eliashberg-Migdal theory [9, 10] have been
formulated, which added realistic electron-phonon interaction and phonon dispersions to
the BCS theory. This particular theory is also capable of describing systems with strong-
coupling between the electrons and the lattice vibrations such as Pb. For conventional
superconductors, which are defined in the following as materials where the superconductivity
is mediated by electron-phonon interaction (e.g. Al, Pb and MgBs), such an extended BCS
theory was extremely successful in describing a large variety of experimental observations.
These include specific heat experiments, transition temperatures, critical magnetic fields,
optical conductivity measurements, etc [11, 12]. A huge contribution to the quantitative
understanding of conventional superconductivity have been the intensive studies of su-
perconducting tunneling junctions starting in the early 1960s. The underlying concept is
called Elastic Electron Tunneling Spectroscopy (EETS). Applying a finite bias between the

! Actually, a superconductor is not just a perfect diamagnet, because the superconducting state is ther-
modynamic. Therefore, a static magnetic field is also expelled when starting in the normal state and
cooling below T-.



two electrodes of a tunneling junction allows to extract important information about the
electronic spectrum of the materials. Effectively, one probes the number of electrons at the
Fermi surface that can tunnel elastically to the opposite electrode. For a Superconductor-
Isolator-Normalconductor (SIN) junction the conductance o(V') = dI(V)/dV of such a
device is, under some assumptions, proportional to the electronic density of states (DOS)
of the superconductor [13, 14]. In the pioneering work of Rowell and McMillan detailed
information about the electron-phonon interaction and phonon spectrum in Pb could
be gained from the fine structure of the tunneling conductance [15]. The quantitative
agreement between the experimental tunneling data and the predictions of the Eliashberg
theory in this particular case as well as for various other conventional superconductors [16]
counts as a hallmark of condensed matter physics.

However, the elastic tunneling picture is incomplete as additional inelastic tunneling
processes alter the interpretation of the tunneling conductance as the DOS of the investigated
metal. Inelastic transitions in tunneling junctions, where an electron emits a bosonic
excitation during the tunneling process, has been observed first by Lambe and Jaklevic [17,
18]. The so-called Inelastic Electron Tunneling Spectroscopy (IETS) can be used as an
alternative way to determine phonon [19, 20] and magnon spectra [21-23]. Usually, the
IETS experiments are performed in the normal state and the second derivative d2I(V')/dV*>
of the tunneling current with respect to the bias voltage is, within some rather general
assumptions, proportional to the bosonic spectrum of the material. This is a more direct
way to extract the dynamics of the relevant bosonic excitations of a system than the
comparison of the tunneling conductance with the predictions of the Eliashberg theory. In
Ref. [19] it has been shown that using a Scanning Tunneling Microscope (STM) instead of a
planar junction, inelastic processes may be enhanced by one order of magnitude. In the case
of Pb tunneling, the inelastic features in the conductance are then of the same order as the
strong-coupling features predicted by the Eliashberg theory. This implies, that the inclusion
of inelastic events for the interpretation of tunneling data in conventional(phonon-mediated)
superconductors is essential and one has to use a generalized analysis combining elastic
and inelastic tunneling processes. The feasibility of such an analysis has been explicitly
shown in Ref. [24] for STM on Pb.

This poses the question if one also has to use such a combined tunneling theory including
elastic and inelastic processes for the accurate interpretation of tunneling data in uncon-
ventional superconductors. In unconventional superconductors, such as the cuprates and
iron-pnictides, the Cooper pairing is believed to be mediated by an electronic pairing glue
made of collective particle-hole spin fluctuations. Importantly, due to the electronic origin
of the collective spin fluctuations, the bosonic spectrum undergoes a significant change
when entering the superconducting state. In contrast to conventional superconductors,
where the inelastic conductance is only slightly changed below T, the inelastic spectrum
for unconventional superconductors is expected to differ strongly between the normal and
superconducting state. On the one hand, this complicates the analysis, because one first has
to separate elastic from inelastic contributions as the measured conductance is the sum of
both channels. On the other hand, this opens up the possibility for a direct determination
of the spectrum of the superconducting pairing glue in the high-T, materials using IETS.
Thus, such a combined analysis can be used to verify the nature of the superconducting
pairing in the unconventional superconductors, a question that remains open at least for
many of the more recently discovered iron-based superconductors.

This main part of this thesis captures the theoretical description of tunneling and its



application to both conventional and unconventional superconductors. Besides the formal
derivation of the elastic and inelastic tunneling currents, it is shown that the inelastic
transitions come from processes that are not captured in the low-energy description of the
BCS theory of superconductivity. Another focus of this work is the actual interpretation of
real tunneling data, which is performed explicitly for the example of the phonon-mediated
superconductor Pb. For unconventional superconductors the attention is concentrated on
materials that show a pronounced V-shaped background conductance up to high energies,
which is demonstrated to originate from inelastic tunneling events involving spin fluctuations
and not from the electronic DOS.

Furthermore, a closely related topic is covered. Inelastic optical transitions in a semi-
conducting p-n junction that is coupled to superconducting leads are studied. Such a
Superconducting Light Emitting Diode (SLED) can be described by a theoretical model
very similar to that of inelastic tunneling. The main motivation for the investigation of
superconductor-semiconductor heterostructures is to combine the unique properties of
the two kinds of materials: (i) The capabilities of semiconductors to serve as elements
for electrical circuits, e.g. as diodes and transistors, (ii) The phase coherence of the su-
perconducting condensate and the quantum-entanglement of the Cooper pairs. The light
of such an SLED may show promising properties such as an squeezing and an enhanced
luminescence.

The dissertation is structured in the following way:

The first two chapters introduce the fundamentals for the remainder of the thesis. In Chap-
ter 1 the basic concept of tunneling is introduced as well as the distinction between elastic
and inelastic tunneling processes. The main focus of this chapter lies on superconductor
tunneling. Important tunneling experiments in both conventional and unconventional
superconductors on planar junctions and STM are presented. In Chapter 2 the BCS
theory is summarized. Furthermore, an overview over important extensions of the BCS
theory is presented. The Eliashberg-Migdal theory of strong-coupling superconductivity is
derived in detail from a microscopic model involving general electron-phonon interactions.
It is then applied to a simple model of a single phonon mode to understand the features in
the electronic DOS expected for more realistic phonon spectra. Hereafter, the Eliashberg
theory is generalized to systems with electronic pairing glues, e.g. spin fluctuations, and the
spin-fermion model is introduced as a phenomenological theory for unconventional super-
conductors. Finally, motivated by the cuprates the special case of strong-coupling d-wave
superconductivity is discussed. In Chapter 3 a tunneling Hamiltonian that involves both
elastic and inelastic tunneling processes is explicitly derived. It is shown that inelastic pro-
cesses naturally occur for the low-energy theory when integrating out high-energy electronic
states far away from the Fermi surface of the superconductor. Thus, when also considering
inelastic tunneling processes the low-energy Eliashberg theory can still be used to calculate
the electronic DOS for superconducting tunneling. The effective low-energy Hamiltonian is
then used to determine explicit expressions for the elastic and inelastic tunneling current,
followed by a normal state analysis of the theory of IETS. Subsequently, Chapter 4 and
5 are dedicated to the experimental interpretation of tunneling data in conventional and
unconventional superconductors. In Chapter 4 it is shown that the inelastic tunneling
theory is capable of explaining the phonon spectra seen in the d?I(V)/dV? spectra of
planar junction and STM experiments of conventional superconductors in the normal state.
Based on the example of a single phonon mode, typical features that arise from elastic and
inelastic tunneling in the spectra of conventional superconductors are discussed. Finally, a



combined analysis of elastic and inelastic tunneling is applied to recent data from STM
experiments on Pb [24]. The agreement between theory and experiment demonstrates
the potential of the tunneling formalism developed in Chapter 3 for the investigation
of experimental tunneling data. The application of the extended tunneling theory to
unconventional superconductors is then presented in Chapter 5. The striking similarities
between the theoretical predictions of the spin-fermion model [25] and spectra of various
different cuprate and iron-pnictide superconductors motivate for a common physical pairing
mechanism via spin fluctuations. In particular, the occurring peak-dip-hump features
in the tunneling spectra for YBayCuszO7_s5 (YBCO) and LiFeAs are traced back to the
change of the spin excitation spectrum when entering the superconducting state. The
position of this mode is consistent with the spin fluctuation model of superconductivity,
indicating a non-conventional pairing state in this material. The final Chapter 6 covers
the theoretical analysis of the SLED. In particular, the feedback on the emitted light
from the superconducting quasiparticles is calculated for the SLED in the steady state.
The differences in the electro luminescence in the normal and superconducting state are
considered, as well as the squeezing and entanglement character of the emitted photons.

Basic information about the used notation and acronyms are given on page 113 and 115.
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1. Fundamentals I: History of electronic
tunneling into superconductors

In this chapter we introduce the concept of electron tunneling into superconductors, which
serves as a starting point for the theoretical analysis in the subsequent chapters. We begin
with the early experiments in the 1960’s into conventional superconductors and end with
the modern Scanning Tunneling Microscopy (STM) experiments on correlated materials,
such as the high-temperature superconductors. We discuss the theoretical interpretation
based on elastic tunneling processes from one electrode to the other, which can be captured
by the concept of the transfer or tunneling Hamiltonian. Consequently, we present a
short discussion about the groundbreaking work by Rowell and McMillan, which used the
fine structure in superconductor tunneling data to extract detailed information about the
spectrum of the bosonic pairing glue of the investigated superconductors. After giving a
short description of STM, we will consider the possibility of inelastic tunneling including
the emission of a collective boson and discuss the current experimental situation. Finally,
a short summary of the unconventional cuprate and iron pnictide superconductors is given
followed by an experimental survey of tunneling data in these systems.

1.1. Elastic Electron Tunneling Spectroscopy

The success of the BCS theory!, which explains most
of the thermodynamic and macroscopic properties of
weakly coupled superconductors (e.g. specific heat,
Meissner effect, zero resistance), was followed in 1960
by a striking experiment by Giaever [26]. He showed
that the derivative of the current-voltage charac-
teristic of an SIN junction reflects the BCS DOS,
see Figure 1.1. In this way, planar junction exper-
iments were discovered as a tool to directly probe
the electronic excitation spectra of materials. Soon WILLIVOLTS POTENTIAL DIFFERENCE
thfaoretical. models were found that could explain Figure 1.1.: Conductance df/dV for
this behavior by Bardeen [13] and Cohen et al. [14], |} b Aly05-Al junction (SIN) for T =
who introduced the so-called transfer Hamiltonian | gz < T. a1 normalized to the conduc-
approach for electron tunneling, see the following tance measured for normal conducting
discussion below. Let us start by giving a short Pb. Taken from [26].
phenomenological approach to Elastic Electron Tun-

RELATIVE SLOPE dI/dV

'For a brief introduction see Section 2.1.



2 Inelastic Tunneling in Superconducting Junctions

neling Spectroscopy (EETS) into solids. Consider the elastic tunneling from electronic
states | [) of a left electrode to states | r) in a right electrode with applied bias voltage V.
One can use Fermi’s Golden Rule to write down the expected tunneling current from the
left to the right electrode as [27]

(V) = 2620 " [(1] 7 1) 2 b(ep — eV er){np(el)[l —np(e)] = [1— nF(q)]nF(eT)}

Lr
= 4r |t°)? e/de vi(e)vy(e — V){np(e) —np(e— eV)} . (1.1)

Here, T is the Hamiltonian describing the isolator /tunneling region, ¢; /r are the quasiparticle
energies of the states | [/r) and v/, the DOS in the left and right electrodes. One has
to multiply the result with 2e because of the charge and spin of the electrons and also
that all matrix elements are equal. We note that the time interval between two tunneling
events has to be much smaller than the typical relaxation times in the materials, such
that the electronic distributions of the electrodes stay unaffected by the tunneling current.
Let us now consider the case where the left electrode is superconducting and the right
electrode a normal conductor with a flat DOS v,.(¢) = ¥ around the Fermi surface. The
(differential) conductance o(V') = dI/dV is for the low temperature limit then proportional
to the superconducting DOS:

o°(V) = —4m0 |t¢|? €2 / de vi()nn(e — eV) =0 dm0 |t €2y (eV) . (1.2)

In Figure 1.2 a sketch of the elastic tunneling is shown including the expected I-V and
conductance curves. The net current comes from occupied right states that can tunnel
through the barrier to the left electrode and find an empty state with equal energy there.
If the electronic spectra of the electrodes are flat for the applied bias, the current is
expected to behave ohmic I ~ V. Deviations from this behavior are expected if e.g. the
electronic DOS of the left electrode has some structure, as is indicated in Figure 1.2. If
we increase the voltage from V' — V + dV the change dI of the current is proportional
to the additional empty states dN; in the left electrode, thus the conductance is given
by dI/dV ~ dN;/d(eV) = v(eV). The SIN planar junction experiment in Figure 1.1 is
exactly such a system since the Al-electrode has a constant DOS for the small applied bias
range eV ~ A.

1.1.1. Transfer Hamiltonian

After Bardeen [13] introduced the transfer Hamiltonian to describe tunneling phenomena
in (interacting) many-body systems, Cohen et al. [14] used a second-quantized version to
derive the formula (1.1). The starting point for the derivation of the transfer Hamiltonian
is the independent electron assumption where one separates the initial system into three
regions: The left electrode (H; for z < —a), the barrier (Hp for —a < z < a) and the right
electrode (H, for x > a). Thus, the total system is described by H = H; + Hp + H,. The

corresponding wavefunctions are defined as wfl " for the left and right subsystem 2 as the
eigenstates

(Hupe + M) | 04") = el | lfr). (1.3)
_—
Hiyy

?Note that the two electrodes do form two sets of non-orthogonal states and are therefore not independent.
However, it was shown by Prange [28] that the assumptions made in the derivation of the transfer
Hamiltonian are controlled when performing a perturbation theory in the tunneling amplitude.
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<o

0
\Y

Figure 1.2.: Sketch of elastic tunneling and the expected current and conductance if the
spectrum of the right electrode is flat. The conductance is a measure of the additional
empty states dIV; in which the electrons of the right electrode can tunnel to if we increase
the voltage by d(eV), thus o ~ dN;/d(eV) = v (eV).

Here, n are the quantum numbers of the left and right systems. Let us now look at the
influence of the right Hamiltonian ,. for the left states | 1! ). The corresponding matrix
element for the transition | 1% ) —| 7 ) is given by

= (0 | He |60 = [ de @) o @) = [ de @) [~ )b (o).
’H*ﬁl

In order to bring this to a more convenient form, we add a zero via

0=— / da () H [, ()] / da !, (@) (H — H,) [, (@)
— [T ds @ / da v, (Y M, (2)]"

where we used the fact that H; is restricted to the region x < —a. If we consider only
elastic transitions with ¢/, = ¢ | the matrix element reads

o= [ Az @ = ] uh(e) — [ do k@M @)
~[Ca ([wm]*%w;(m)—wm)%[w:ﬂ(mn*). (14

Using the usual form H = $?/2m + U(2) for the Hamiltonian and Green’s theorem one
can link this expression to the current density operator. The inverse process where an
electron tunnels from the right to the left electrode corresponds to the complex conjugate
of this expression. There are several different approaches to calculate the tunneling matrix
element for realistic systems, for example using the Wentzel-Kramers-Brillouin (WKB)
approximation or boundary conditions, which can be found in the rich literature [27, 29].
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experimental data

Eliashberg theory

update
aan — aan+1

> compare v,
andv, S ——_

{ convergence

y
2
a FMcMiIIan
1.0
0'OO 2 4 6 8 10
meV

Figure 1.3.: Scheme of the iterative steps of the McMillan gap inversion algo-
rithm for the determination of the Eliashberg function a?F(w): Shown are the
experimental data for the tunneling DOS (left) from Giaever et al. [30] and the Eliashberg
function (bottom) obtained from Rowell and McMillan for Pb [11, 15].

To leading order in the tunneling element ¢7, , the Hamiltonian can be written in second
quantized form as the transfer Hamiltonian

WY eiil, + > e il im + > [t s + hc.]
n m n,m
=H +H, +H . (1.5)

Here, Z,f are the annihilation operators of the left and right states defined above. In
Chapter 3 we show that a perturbative calculation of this transfer Hamiltonian yields the
expression (1.1) originally derived from the phenomenological approach.

1.1.2. Rowell-McMillan Inversion and phonon spectrum

Many important conventional superconductors, e.g. lead and niobium, have strong electron-
phonon couplings and show strong deviations from the predictions of the weak-coupling
BCS theory. The first sign of this strong-coupling nature in superconductor tunneling
experiments was seen by Giaever et al. [30] in 1962 as peak-dip features in the tunneling
DOS of Pb. Later, Rowell and Anderson [31] showed that these features occur at the typical
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transversal and longitudinal phonon frequencies w;/; shifted by the superconducting gap
Ag. The experimental data were taken at low temperatures 7' = 1K and are shown in the
left frame of Figure 1.3. The theory that describes strong-coupling superconductors is the
Eliashberg theory [9, 10] that was developed in 1960 as an extension of the BCS theory to
realistic phonon spectra. In Chapter 2 we present both the BCS theory and the Eliashberg
theory in detail. The Eliashberg theory requires only two dimensionless quantities for the
calculation the superconducting spectra and properties: The Eliashberg function a?F(w)
describing an effective, weighted phonon DOS to which the electrons at the Fermi surface
couple to and the Coulomb pseudopotential p* taking care of the repulsive interaction
between the electrons. Typically, a?F(w) turns out to be very similar to the phonon DOS
and p* has a rather universal value for most of the simple metals and alloys [16].

In the beautiful work of Rowell and McMillan [15] it was shown how to extract both
a?F and p* from tunneling experiments for a Pb-I-Pb junction (Superconductor-Isolator-
Superconductor/SIS). The principle idea of the so-called McMillan gap inversion algorithm
is shown in Figure 1.3. One starts from a guessed o?Fy(w) function, which is normally
based on the phonon DOS from calculations or neutron-scattering experiments. The value
of the Coulomb pseudopotential is then chosen in such a way that the Eliashberg theory
gives the correct gap value Ag [11]. Using the obtained DOS and the formula (1.1) one can
now compute the expected tunneling spectrum and compare it to the experimental data.
With a functional derivative method ov = %(5 (a®F) the necessary change §(a?F) for
the Eliashberg function to improve the agreement between theory and experiment can be
calculated in linear response. Next, one uses the updated a?Fy = a?Fy+ 6(a?F) and solves
the Eliashberg theory again and repeats this steps iteratively until the algorithm converges.
For the Pb junction the calculated DOS agrees within £0.001 with the measured DOS.
The obtained a?F for Pb is shown in the bottom picture and agrees qualitatively well
with the measured and calculated phonon spectrum in Pb [32-34]. Similarly, many other
conventional superconductors show such a remarkable agreement [16], indicating that the
BCS ground state indeed gives the correct predictions for strong-coupling superconductors.

1.1.3. Scanning Tunneling Microscopy

After the success of tunneling experiments for the determi-
nation of the electronic an bosonic spectra of materials, a

huge step forward was achieved by Binnig and Rohrer [35] = ’
with the invention of the Scanning Tunneling Microscope _@_ M
(STM). In STM one uses a thin metallic tip that is attached I,

to a piezoelectric element which allows to move the tip 7 ' tip

with sub-A precision in all three dimensions over a surface.

Following the Tersoff-Hamann theory [36], the tunneling

current [ is given by /M /

I~ e 2rd , with kK = v/2mé/n. (1.6) | sample

Figure 1.4.: Schematics of an

Here, d is the tip-sample distance, m the free electron mass STM

and ¢ the average of the work functions (typically several
eV) of the tip and sample. In Section 5.3.3 we discuss this model in more detail. From
expression (1.6) it follows that the current decreases by one order of magnitude if the
tip-sample distance is increased by only 1A. This allows for sub-A height resolution of
the surface topography when using the topographic mode, where the tip-sample distance
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is varied and I,V are fixed while scanning the probe in x, y-direction. Alternatively, one
can probe the electronic structure® of the sample by fixing d and recording the I — V
characteristics similar to the planar junction experiments.

A major advantages of the STM is the high spatial resolution that allows the characterization
of nanomaterials. Another improvement is the lack of the insulating barrier of planar
junctions, as the vacuum barrier does not influence the behavior of the investigated sample
on the surface. Furthermore, the technique of quasiparticle interference (QPI), where a
real-space STM picture is recorded in an area around impurities, allows one to obtain
detailed momentum-space information of the electronic spectrum, especially in correlated
materials [37-39].

1.2. Inelastic Electron Tunneling Spectroscopy

Inelastic Electron Tunneling Spectroscopy (IETS) is for example well known from molecular
junction experiment, where a molecule (or a molecular adsorbate in the insulating metal
oxides) connects the left and right electrodes of the tunneling junction. When an electron
tunnels through the junction it can also excite or absorb a phonon or other collective bosonic
mode with energy 2. This opens up a new inelastic tunneling channel, see Figure 1.5, and
increases the current.
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Figure 1.5.: Sketch of inelastic tunneling processes: (left) An electron tunnels
between two normal metals through an insulating barrier via the emission of an Einstein
phonon with frequency Q. (right) Also shown are the expected current I, conductance
dI/dV and d?I/dV?. The latter is for small temperature proportional to the phonon
spectrum.

Let us now discuss the expected tunneling spectrum if we include such inelastic events.
We consider a simple model consisting of two electrodes with constant DOS and a single
bosonic mode with frequency 2 at zero temperature, as shown in Figure 1.5. Following
Section 1.1 the elastic current is I° = ¢° - V at voltages eV < Q. At voltages eV > Q,

3 Also the bosonic spectrum can be proves by inelastic tunneling as we will see in the following section.
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also the tunneling of an electron with the emission of a boson can occur, which opens the
inelastic channel with I¢ = o' - (V — Q/e)O(eV — ). The expected total current and
its derivatives are shown in Figure 1.5. The opening of the inelastic tunneling channel
appears as a step-like increase of the conductance at eV = £}, resulting in a valley-like
shape of the conductance. Furthermore, a sharp d-like peak in the second derivative at
the boson energy () arises. Thus, the second derivative gives some indication about the
bosonic spectrum and using IETS the vibrational spectra of various molecules have been
intensively studied in planar junctions [40] and using STM [41-44].

The concept of inelastic tunneling also was not new in the 1960’s. In indirect semiconducting
p-n junctions it was known that the transition of electrons from the conduction to the
valence band was accompanied by the emission of a phonon to account for momentum
conservation. It was shown that in such indirect diodes the phonon spectrum is clearly
visible [45-48] in the I-V characteristics. Later, Lambe and Jaklevic [17, 18] showed that
such inelastic tunneling can also occur between the interfaces of two metallic contacts.
They could resolve the vibrational spectra of molecules contained in the barrier region, see
Figure 1.6. In 1969, Leger and Klein [49] saw first signs of inelastic tunneling of Al-bulk
phonons in the current characteristics of Al-Al-junctions. They showed that above T,
the second derivative d?I/dV? shows a good agreement with the phonon DOS obtained
in neutron scattering experiment [33]. In another experiment [50], the normal-state I-V
characteristics of several Pb, Al, In and Sn junctions were investigated, see right picture in
Figure 1.6. The authors concluded that the second derivative is “a crude measurement of
the phonon density on the normal metal”. This is not very surprising as for these tunneling
events there exists not only a coupling of electrons to the phonons in the barrier (which
consists of the isolating oxide) but also to vibrational modes in the surface regions of the
normal metals. Therefore, it is possible to excite/absorb bulk phonons during the tunneling
process which adds a second, inelastic contribution to the elastic tunneling current given in
Eq. (1.1). The actual physical process will be discussed in detail in Chapter 3, where we show
how to derive an inelastic transfer Hamiltonian that yields the result d?I/dV? ~ o?F(w)
in the normal state.
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Figure 1.6.: Normal state data of d?I/dV? for: (left) three Al-Al oxide-Pb junctions
taken at 4.2K. The two lower curves show junctions exposed to CHs(CH2)COOH and
CH3COOH with characteristic vibration frequencies of the acid molecules [17]. (right)
a Pb-PbO-Pb junction that shows the phonon spectrum of Pb (< 10meV) and of the
Pb-oxide interface (> 10meV) [50].

For planar junctions experiments on conventional superconductors these inelastic contribu-
tions are weak. The increase of the conductance, hence the depth of the “valley” in the
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conductance of Figure 1.5, from 0 to eV = wp is only about 1% for the Pb junction [50].
Thus, the superconducting strong-coupling features are at least one order of magnitude
larger in Pb. In Ref. [51], Rowell discusses this issue and shows that inelastic effects can
be significantly absorbed by normalizing the superconducting spectrum by the one in the
normal state onorm (V) = 0se(V)/onc(V), see also Section 4.2.2. Using such a normalization
procedure the elastic electron tunneling theory is able to explain the SIN and SIS spectra
for these junctions. However, as we will see in Chapter 4 and 5, this normalization method
will not work for strong inelastic tunneling contributions and for systems in which the
superconducting pairing glue is of electronic nature.

In a more recent work, Schackert et al. [19] demonstrated that they could gain direct
access to the Eliashberg function/phonon spectrum of Pb thin films using IETS with a
Scanning Tunneling Microscope (STM). Interestingly, for a tungsten tip on Pb the inelastic
contributions were about one order of magnitude larger compared to the spectra seen in
the planar junction experiments of Ref. [50]. This is of particular interest since now the
strong-coupling features calculated from the Eliashberg theory are of the same amplitude
as the inelastic features in the normal state. Since one expects the inelastic contributions to
be of the same order also in the superconducting state, the question arises if it is required
to incorporate inelastic tunneling processes for the interpretation of the observed tunneling
spectra [24]. In Chapter 4 this issue will be discussed in detail for Pb and we show that
one can explain the observed STM data in the superconducting state consistently by using
the phonon spectrum observed in IETS in the normal state.

For completeness, we also remark that inelastic tunneling is of course not only restricted to
phonons and photons, but can also occur for other collective excitations as magnons [21-23]
or spin fluctuations (see Chapter 5). Another method to measure the phonon spectrum in
metals is point-contact spectroscopy [52, 53], which uses metallic contacts and is therefore
not in the tunneling limit discussed in the following.

1.3. Experiments in unconventional superconductors

In this section we give a short overview of experiments in unconventional superconductors.
We start with the phenomenology of unconventional superconductors motivated by a
common phase diagram upon charge doping and mention several additional phases realized
in the cuprate and iron pnictide systems. The focus will lie on the dynamics of the collective
spin fluctuations in this system, which are likely responsible for the Cooper pairing in these
compounds. Finally, we present an overview of experimental tunneling spectra seen on
unconventional superconductors.

1.3.1. Properties of unconventional superconductors

The discovery of superconductivity in the cuprates [54] was not only surprising because of
their exceptionally high transition temperatures (up to 7, = 133K in a HBCCO system [55]),
but also because the parent compound has an antiferromagnetic ground state. As can be
seen in Figure 1.7(a), the superconducting dome emerges from this antiferromagnetic phase
with antiferromagnetic ordering vector (AFV) @ when doping the system inducing holes or
electrons. For a long time superconductivity and magnetic order have been thought to be
antagonistic since scattering off magnetic moments breaks up the singlet Cooper pairs [56].
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Figure 1.7.: (a) Generic phase diagram for high-temperature superconductors with the
antiferromagnetic parent compound and the superconducting dome that appear upon
doping z. (b) Spin spectrum from neutron scattering experiments in the normal and
superconducting state for optimally doped BaFe; g5Cog.15As2 clearly showing the neutron
resonance below T, (adapted from [59]).

However, in 2008 a second group of high-temperature superconductors was discovered: The
iron pnictides. In these compounds the magnetic iron atoms are combined with elements
from the pnictogen group. The first iron pnictide superconductor was LaO;_,F,FeAs [57],
which has transition temperatures up to 7, = 55K when substituting La with rare earth
elements [58]. In both groups of high-temperature superconductors the superconducting
dome is, apart from some rare exceptions, accompanied by an antiferromagnetic dome?.
This indicates that spin-fluctuations could serve as the “pairing glue” for the Cooper pairs

in these materials.

The spin excitation spectrum can be experimentally accessed by inelastic neutron scattering
experiments. Early measurements for YBaaCuzO7_5 (YBCO) [60] showed that when enter-
ing the superconducting state, the spin spectrum undergoes a drastic change. First, a spin
gap develops as the spin fluctuations are collective modes made of fermionic quasiparticles
that are gapped by the superconducting gap A (which is momentum-dependent such that
the spin gap also depends on the position in the reciprocal space). The more surprising
finding was a sharp peak in the spectrum around the antiferromagnetic vector @ , but at
an energy wyes clearly below 2A. Such a feature was seen in many cuprate [60-62] and iron
pnictide systems [59, 63-65] as well as heavy fermion superconductors as CeCols [66, 67]
and is usually referred to as the neutron resonance mode. Such a spin resonance mode
is expected if the superconducting gap obeys an unconventional gap symmetry (as d- or
sy-wave) where the the order parameter changes sign for the electronic states that are
connected by the AFV Q [68]. This issue is related to the coherence factors occurring in
the calculation of the particle-hole polarization operator and will be discussed in more
detail in Section 2.3.

The temperature evolution of the neutron resonance mode is not the only hint of uncon-
ventional pairing (symmetries) in the high-7, compounds. Angle-Resolved Photoemission
Spectroscopy (ARPES) [69, 70] and interference experiments [71, 72] demonstrated the
d-wave nature of the ordering parameter in the cuprates. However, there is still an ongoing
debate about the pairing symmetry in the iron pnictide superconductors for the different

“In these strongly correlated materials a diverse phase diagram appears for many systems including charge-
and spin-order, structural transitions (e.g. nematic/orthorhombic), pseudogap states, strange-metal
behavior and more. For a detailed discussion of these issue we refer to the rich literature.
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compounds. The most prominent candidates vary from conventional s- to gapped or nodal
s+-wave. Tunneling experiments into these materials can give a detailed insight into the
nature of the superconducting state as will be shown in Chapter 5.

1.3.2. Tunneling spectra of unconventional superconductors

Due to the success of tunneling experiments in the determination of the phononic pairing
glue in conventional superconductors, EETS experiments were performed soon after the
discovery of superconductivity in the cuprate superconductors in the hope to unravel the
underlying physics. However, obtaining reproducible tunneling spectra in these doped
systems has been challenging for a long time. A novel feature in many spectra was the
V-shaped background conductance present in both the normal and the superconducting
spectra, first seen in YBCO and in bismuth oxide superconductors [73-75]. Here and in
the following, the V-shape refers to the linear background conductance in the normal state
(and in the superconducting state for higher biases) and not to the typical V-shaped form
between the superconducting coherence peaks as seen in the cuprates, which originates
from the d-wave symmetry of the superconducting gap, see also Sec. 2.3.2. In Ref. [73] it
was pointed out that the linear background in the bismuth superconductors scales with
T., thus the origin of the superconducting pairing seems to be related to the background
conductance seen in these strongly-correlated systems. In Figure 1.8 experimental spec-
tra displaying such a clear V-shape for YBCO and bismuth oxide superconductors are
shown, as well as similar curves that were observed for various other CuOs compounds,
e.g. NdBayCuzO7_5 (NBCO) [76], electron-doped Pr;_,LaCe,CuO4 (PLCCO) [77], opti-
mally doped Lag_,Sr,CuO4 (LSCO) [78], Cag_,Na,CuOyCly [79] and SrggLag1CuOy [80].
Further, in a recent work superconducting features on top of a V-shaped background have
been found in K-doped SraIrO4 [81], a compound isostructural to LagCuQOy.

However, there are different high-T, materials that show no clear V-shapes spectrum for
high-energies, e.g. BiaSroCaCuz0g,5(BSCCO) [82, 83] shown in Figure 1.9(a),(d). The
conductance here only shows a d-wave DOS and a dip feature above the coherence peaks.
On the other side, other tunneling experiments as shown in Figure 1.9(b) still show a
clear sign of a V-shaped linear background. Further, STM spectra for BSCCO can differ
for different conductances (which means tip-sample distance) [83], probably due to the
different distance dependences of the tunneling matrix elements to the orbitals of the BiO
and CuOs planes. An explanation for the observed diversity of the spectra could be given
by Misra et al. [84], who showed in a STM experiment that the differential conductance
measured on the BiO layer differs significantly from the spectra obtained on the CuO;
planes, see Figure 1.9(c). The conductance in the superconducting CuO4 sheet again shows
a clear background conductance that is absent for the BiO layer spectrum.

Also for the iron pnictide superconductors a variety of different spectra have been reported.
The electronic spectrum for the different iron compounds can be quite diverse as the mixing
of the five 3d orbitals in general leads to several (hole and electron) bands crossing the
Fermi energy. In contrast, the cuprate superconductors usually only have one band at the
Fermi edge. In many iron pnictides one observes I'-centered hole pockets and M-centered
electron pockets and also here spin flip quasiparticle excitations between these pockets are
believed to cause superconductivity with the possibility of multiple gaps on the different
Fermi sheets. Also for the iron pnictide superconductors there exists a variety of different
observed spectra, sometimes even for the same compound. In the case of BaFe; gCogoAso
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there is data showing a flat background and clear strong-coupling or double-gap features
(Figure 1.10(b)) as well as spectra with a clear background conductance (see Figure 1.10(d)).
As can be seen in Figure 1.10 many of the observed spectra have strong similarities with
the ones seen in the cuprate superconductors, indicating a common underlying pairing
mechanism.

In Chapter 5 we will discuss the state-of-the-art theoretical interpretation of tunneling
spectra in unconventional superconductors in detail. We will focus on the question how
the inclusion of inelastic tunneling changes the picture drawn in many publications so far.
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Figure 1.8.: Cuprate tunneling spectroscopy experiments showing V-shape background:
(a) Measured differential conductance dI/dV for YBCO planar junction experiment [73],
(b) Normalized conductance (0s./0n.) for YBCO planar junction [74], (¢) YBCO con-
ductance for STM experiment [85] , (d) normal state conductance for various bismuth
oxide superconductors [73], (¢) STM on electron-doped PLCCO [77], (f) Conductance
spectra for NCBO [76], (g) STM on optimally doped LSCO for different positions on
the surface [78], (h) Conductance for Cag_,Na,CuO2Cly [79], (i) STM conductance on
Srg.9Lag.1 CuO2 [80], (j) spatially averaged dI/dV for K-doped SroIrO,4 (isostructural to
the cuprate superconductor LagsCuQOy) [81].
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Figure 1.10.: Differential conductance for experiments on iron-based superconductors:
(a) STM on single crystalline Fe(Se,Te) [87], (b) Conductance and normalized Conduc-
tance (0s¢/omne) for Bag 6Ko.4 FeaAsy from Ref. [88], (¢) Conductance forBaFe; gCog 2Asy
[89] (d) Different spectra for Bag K4 FeaAse showing a V-shape background conduc-
tance for higher energies [90], (e¢) STM on LifeAs [91], (f) Differential conductance for
varying with distance to a Cu-impurity in Na(Feg.96Cog.03Cug.01)As [92],(g) dI/dV for
Na(Feg.975Cog.025)As [90],(h) Conductance and normalized conductance from STM for

SmFeAsO;_,F, [93].






2. Fundamentals II: Theory of
strong-coupling superconductivity

In this chapter a summary of different models for the theoretical description of superconduct-
ing systems is presented. We start with some basics about the theoretical understanding
of superconductivity introducing the well-known Bardeen-Cooper-Schrieffer (BCS) theory.
Then, we discuss the Eliashberg-Migdal theory of strong-coupling, phonon-mediated su-
perconductivity in conventional superconductors as well as extended models for studying
superconductivity where the pairing glue is of electronic nature.

2.1. The Theory of Bardeen, Cooper and Schrieffer

Superconductivity is without debate one of the most fascinating manifestations of quantum
mechanics in our macroscopic world. In 1911, Heike Kammerlingh Onnes [1, 2] studied the
low-temperature resistance of mercury and surprisingly found a sudden drop of the electrical
resistance at a critical temperature T, = 4.2 K. It soon became clear that the resistance in
this new state was absolute zero, thus the system is able to carry a dissipationless current.
Another extraordinary property is the Meissner-Ochsenfeld effect [3], which describes the
expulsion of the magnetic field smaller than the critical field H. from a superconductor
and which can be used to levitate a superconductor in a magnetic field!.

Even though the experimental detection of superconductivity is fairly simple it took nearly
50 years for a microscopic theoretical explanation?, which was given by Bardeen, Cooper
and Schrieffer in their famous papers “(Microscopic) Theory of Superconductivity” [7, 8].
Their theory had been preceded by three major insights:

1. The discovery of the isotope effect which showed a suppression of T, for mercury
isotopes with increasing masses in 1950 in two independent experimental groups [94,
95].

2. In 1950 Frohlich showed that the scattering between two electrons with (quasi)momenta
k and k + g via the exchange of a virtual phonon with momentum g, whose energy
difference |e+q — €| < wq is smaller than the corresponding phonon energy wq, is
attractive [96]. The physical origin behind this effect is as follows: Consider a Bloch

'For a detailed discussion about the difference between type-I and type-II superconductors we refer to the
literature.

2Here, we do not want to discuss other phenomenological approaches to the topic, e.g. the London
equations [5] or the Ginzburg-Landau theory [6].
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electron propagating through a static lattice potential of a crystal. When it comes by
a positively charged ion, this ion will be displaced towards the path of the electron
and will locally create a positively charged potential at the former position of the
electron. Since the electron is much faster than the ion (since M > m and therefore
vp/e> 1), it will rapidly move away from the atomic position, whereas the ion only
slowly relaxes to its equilibrium position. During the relaxation time another electron
can be attracted by the positive charge of the displaced ion and is thereby effectively
attracted to the initial electron. Thus, we are dealing with a retarded interaction
mechanism in phonon-mediated superconductors. Later, Bardeen and Pines could
demonstrate that this attractive interaction can also survive near the Fermi surface
of a metal if one includes the Coulomb repulsion® between the electrons [97].

3. Cooper demonstrated that an attractive interaction between the quasiparticles near
the Fermi surface of an electron gas could cause electrons with opposite momentum
and spin | k,1)® | —k,] ) to form stable pairs [98]. The new ground state of the
system has a lower energy than the Fermi surface below a critical temperature T,
which is known as the Cooper instability.

The so-called BCS Hamiltonian is obtained by only keeping the interactions between Cooper
pairs with opposite momentum and spin, and by replacing the in general momentum (and
energy) dependent phonon-induced interaction by a constant

Vi k' = =N veO(wp — |k |)O(wp — lex/|) .

Here, we introduced the dimensionless electron-phonon coupling constant A and vg is the
normal state electron DOS at the Fermi surface. The positive interaction is only present
for electrons that have energies within the range of the Debye frequency wp of the phonons
and the BCS Hamiltonian reads

7:[]3(}3 = Z €k CL oCk o + Z Vi ,k’CL ,TCT—k,\LC*k',ick',T . (2.1)
k.o k ok’

Within the BCS theory the interaction is decoupled using a mean-field theory. Therefore,
we introduce the superconducting mean-field parameter Ay, = —> 3/ Vi kr(c_pr cr 1)
describing the condensation of two electrons into a Cooper pair and write down the BCS
mean-field Hamiltonian as*

7:l]1\3/[gs = Z €k c;fc oCko — Z Ap c}; ,TCT—k,i — Z ApC_k | Ch 1 - (2.2)
k.o k k

This quadratic mean-field theory can easily be diagonalized via a unitary Bogoliubov
transformation mixing particle and hole states with opposite momenta and spin orientation

Ak M _ Up Vk Cl 7 (2 3)
aly —vk ug ) \Cok, )’

3When we discuss the strong coupling theory, we will discuss this issue in more detail.
“Here, we absorbed the constant term arising in the mean-field approach in the chemical potential.
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Figure 2.1.: (a) Superconducting coherence factors uj ,vi of the BCS theory, (b) Super-
conducting dispersion Fj (black curve) of the Bogoliubov quasiparticles in comparison
to the normal conducting dispersion €, (blue curve) near the Fermi surface for an s-wave
superconductor Ag = A = const.. The intensity of the black curve indicates the spectral
weight of the quasiparticle dispersion given by the coherence factors ui (vﬁ) for the
particle (hole) band.

with the superconducting dispersion and coherence factors

By =& + A7,
1 €
2 _ Sk
up, = 2<1+Ek), (2.4)

1 €
2 k
=-(1-=).
Uk 2( Ek)

These coherence factors describe the particle and hole contribution of an excitation in the
superconductor, see also Figure 2.1, which becomes clear when one calculates the particle
Green’s function in a superconductor on the imaginary axis

a®) (0 L arme el (0,0) )eionik T e i
P00 =~ g [ (e D00 = e

(2.5)

Here, we defined V' as the volume of the solid, (¢, éT) are the electronic field operators of
the system in the Heisenberg picture and 7 is the time-ordering operator in Matsubara
imaginary time. The diagonalized mean-field Hamiltonian can be written as

7:111\3458 = Z Ex a;rc k.o - (2.6)
k,o

Obviously, the superconducting system acquires an excitation gap of |Ag | that covers the
whole Fermi surface, which can be calculated using the relation (2.4) between the electronic
and Bogoliubov quasiparticles. This leads to the BCS-self-consistency equation

Ak’ Ek
Ak = — ZVk 7]§:/72-Ek/ tanh<2T> 5 (27)
k/

which will be derived later as the BCS limit of the Eliashberg equations. For the BCS
model the leading instability is the s-wave state with isotopic superconducting gap Ap =
A = const. and we only want to list the most important conclusions that can be made from
the weak-coupling result (2.7):
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Figure 2.2.: Left: Temperature dependence of the superconducting gap A(T') in the
BCS theory as calculated from relation (2.7). Right: Superconducting (red) and normal
conducting (blue) density of states close to the Fermi surface.

At T = 0 the superconducting gap is given by |A(T =0)| = 2wpe™* and is thus
exponentially small in the electron-phonon coupling A. Note: The non-analytic structure
~ 1/X of the result in the interaction strength does not allow for the usual perturbative
approach via a Taylor expansion starting from a non-interacting Fermi gas.

The ratio between the transition temperature T, and the zero temperature gap is given
by 2AT=0)| _
y == = 3.53.

Close to the transition temperature the superconducting gap vanishes as |A(T" — T¢)| =

3.2T.,/1 — % as can be seen in Figure 2.2(a) indicating a second order phase transition
also seen as a jump in the specific heat.

The DOS of the fermionic quasiparticles in the BCS state can be calculated to be

vecs(e) = é;auer ~ B = vr [ dodlle - ViR = 57 = Re [
(2.8)

It shows the characteristic van-Hove square-root singularity at the superconducting
band edges € = £A and the gapped region without fermionic states for € € [-A, A],
see Figure 2.2(b). For energies above the gap € > A the DOS approaches quickly the
normal state value indicating its low-energy character.

2. Migdal-Eliashberg theory of superconductivity

The BCS theory presented in the previous section is a weak-coupling theory only valid

for

small electron-phonon interactions® \. Its simplifications, e.g. the constant phonon-

induced interaction between the electron within the Debye energy range, works well for
weak-coupling materials like aluminum or tin, but fails for other materials as lead or
niobium with strong electron-phonon interaction. Based on the work of Migdal [99] about
the electron-phonon interaction in normal metals, Eliashberg [9, 10] successfully extended
the BCS theory to the strong-coupling regime using the Green’s function technique. In
this section, we will first discuss the role of the Migdal theorem in the normal state and

5We will later see about how exactly the electron-phonon coupling constant A can be related to the

microscopic details of the electronic and phononic systems.
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then give a derivation of the strong-coupling Eliashberg equations including a discussion
about the superconducting properties of system with a single phonon mode.

2.2.1. Electron-phonon interaction and Migdal theorem

The Migdal theorem [99] is an alternative way of expressing the Born-Oppenheimer theorem
in the Green’s function framework. Thus, to first order the electrons can be approximated
to see only the static ion potential and one can separate the electronic and ionic system.
Corrections come from the interaction of collective lattice vibrations (phonons) with the
electrons that can be described via the Frohlich Hamiltonian [100]

N 1 R . ~ ~
Hel—ph = W Z aé‘cLJrq Ck,cr(bq)\ + biq,/\) , (29)
k.q

oA

where the lA)q Ao Z)Z , are the creation/annihilation operators of a phonon with momentum g
and of the branch A with the electron-phonon coupling element a{}. Applying perturbation
theory the original vertex ozz k' 18 renormalized and can be described by the infinite series

Let us quickly recast Migdal’s argument: As the electron in the first vertex correction
is scattered from k to k + q, the corresponding time scale on which the phonon can
interact with the electron to scatter it is ¢ ~ Tq Since the phonons respond on the typical
frequency wp, the corresponding displacement of the lattice due to the interaction with
the electrons is proportional to ZJF—% ~ ‘E—? if we take the typical values |q| =~ kp for the
electron scattering near the Fermi surface. Only for very small momentum transfers g
vertex corrections can be of order unity, but these contributions usually have a highly
restricted phase space. Let us also sketch the diagrammatic argumentation: Consider the
leading order vertex correction seen in Eq. (2.10) in the normal state for zero temperature
on the imaginary axis

2
Olkq = aq X /, lag| Dq’Gko+q{)Gko+qo+qg ) (2.11)
q

2wq
iq0)%—
and we neglected spin and phonon degrees of freedom to simplify the expressions. Since

wg < wp we have the Debye frequency as a natural frequency cutoff for the integration.
Furthermore both the bosonic spectrum wq and the coupling a4 are only slowly momentum

where D, = 0 —z is the phonon propagator, Gj, = ﬁ the electron propagator
q

dependent, such that we can replace |aq: | Dy |a |@(wD — |qo]) by an effective average’,
yielding
o? “p d*q’ 1 1
6qu~aq><||></ & q3. — . . — .
wp —wp 2w ) (27m)3iko + iq( — €k +q’ tko +iq0 + 19, — €k tq+q’
(2.12)
lolve

5This average will later be introduced as the dimensionless coupling constant \ ~ s
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Since g ~ k g is typically of order of the Fermi momentum, one can separate the two
347
integrations [ éTq)g, ~ PE [ dey yq' [ deg +q'- The remaining integrations then yield
F

2
0Tk g ~ 0g X ‘:jD' X vp o [ (2.13)

Thus, vertex corrections always come with a factor wp/EFp ~ /7, where m is the electron

effective mass and M is the ion mass of the system. Note, that there is no Migdal theorem
for the interaction induced by spin-fluctuations, nevertheless using a hot spot theory one
can still neglect vertex corrections for the important contributions around the AFV @ [101].

In what follows, we will proceed in the language of path integral methods on the imaginary
axis or on the Keldysh contour, such that we switch to an action-based description of
the many-body system [102, 103]. When integrating out the phonons, see also picture
below, an effective phonon-induced electron-electron interaction appears for the fermionic
Grassmann fields 1, ¢

h-ind. A2 n n
Sé)l_e;n - /k:k;/ Z |aq| Dq,/\zpk +q ,ka’—q,o’wk’,cr’wk e (214)
R,q o,0!
A

For frequencies w < wq ~ wp this interaction becomes
attractive, as was already pointed out in Section 2.1. ktq K—a
On the other hand one could ask why one should bother |

with a rather small phonon-induced attraction if there also

exists a strong Coulomb repulsion in metals. The answer to *

this questions shows in a beautiful way how renormalization k+q k' —q
group (RG) arguments enter in the properties of real mate-
rials. As was initially derived by Morel and Anderson [104]
using an RG approach, the dimensionless Coulomb inter-
action pu = U - vp becomes renormalized in the low-energy
theory of the electrons near the Fermi surface in such a way that the effective, dressed
interaction p* on energy scales below the Debye frequency wp behaves as

i
1+ plog(Ep/wp)

In the limit wp/Fr < 1 and for p of order unity it then follows that the effective Coulomb
interaction is given by

K

W =Ueg vp = (2.15)

ot < (2.16)
w= log(Er/wp) p- )

Hence, the Coulomb interaction is reduced for processes as slow as 1/wp typical for ionic
relaxations. Physically, this reduction is associated with the fact that scatterings far from
the Fermi surface lead to a smaller probability for two electrons being within the range of
the screened Coulomb potential. Therefore, for electrons close to the Fermi surface, the
matrix elements p* are much smaller than the usual screened Coulomb interaction of the
plane-wave quasiparticles. Since the ratio of the Debye frequency and the Fermi energy in
most metals is pretty much universal, one expects that the effective Coulomb interaction is
small and comparable in most of the conventional superconducting systems. Indeed it was
found that for most materials the so-called Coulomb pseudopotential has values of order
p* ~0.1-0.2 [16].
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2.2.2. Eliashberg equations

In this section, we will derive the Eliashberg equations [9, 10, 105] describing strong-coupling
superconductivity starting from the pure electronic action

= =3 [ it — et
1 2
w32 [ Vit Sy Dy
2 o.0’ 7k/7q A

Vg

Uk +q,00k'—q 0"kt 01Uk o (2.17)

Here, V.C oo and \aq\ D, » are the screened (by particle-hole excitations) and renormalized
(by hlgh energy fluctuations) Coulomb repulsion and phonon-induced interactions [100].
As we wish to describe the superconducting properties including its transition into the
condensed state, we will use the Gor’kov-Nambu spinors [106]

T (2.18)
Yk,|
in order to describe both the information about the particle-hole as well as the particle-

particle fluctuations of the system. In this basis, the free propagator of the system can be
conveniently written as G,;é = iQ, 70 — €x 7». The action (2.17) becomes

/\I/ ehy xpk+ B Vo (Of, 7 00) (9], _ 7 00) . (2.19)
K g

The action has the usual form of an effective electron-electron interaction V, with the vertex
7, in the Gor’kov-Nambu space, such that we can directly write down the corresponding
Dyson equation

N

G = Cro+ Crol— / Vet Grog72) G + O(/m /M),
q

_ n ‘SM@ +O(\/m/M), (2.20)

where we neglected vertex corrections due to Migdal’s theorem” and we introduced Gy, as
the dressed matrix Green’s function including normal G and anomalous Fj propagators

A ety [ (eater) (Ykptry) N (G B
G =T 0l) = <<¢—k,¢¢kﬁ> W—k,wﬁ—k,w)' <Fk —Gk>' (2.21)

The anomalous propagators Fj, describe the condensation of two electrons into a Cooper pair
as well as the possible break-up of a Cooper pair into two quasiparticles with momentum
and spin | k,T)® | —k,|) in the superconducting state. The interaction with the
phonons results in two self-energies ¥, and ®;, involving the normal and anomalous electron
propagators, which contain the information about the attraction between the electrons
resulting in the superconducting transition at T.. In what follows we use the electromagnetic

"In Ref. [107] it was explicitly shown for the example of Pb that vertex corrections only lead to corrections
to the superconducting DOS of the order of 1%.
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gauge freedom to choose Fy, = F}, (and thus ®; = ®;). The self-energy in Eq. (2.20) can
be written conveniently as a matrix

™M
Il
|
—
=

. Y., @
7.G e = ("‘ k ) , (2.22)

with the entries

q
(2.23)
q

that renormalize the Green’s function to G’;l = @;é — f)k = ZpiwnTg — € T, — Pr7,. Here,
we defined Z, = 1 — Zx—X-k/2iw, as the renormalization factor and & = € + Zx+%-x/2 as
the dispersion change of the electronic quasiparticles due to the coupling to the phonons.
In particle-hole symmetric systems also the self-energy i = —3_ obeys this symmetry,
thus the change of the dispersion can be neglected and Z = 1 — Zx/iw,. For the electronic
propagator follows

G = Zyiwnfo + e Ty + duTe 1 dwnTo + /2,7, + /217,
[Zklwnf — [ek + ¢k] Z (iwn)? — [(r/2)? + (#4/2,)?]

(2.24)

From this representation we can directly read off the spectrum from the poles of the
Green’s function at iw, = /(¢ /2;)2 + (¢x/2,)? and we find a frequency (and in general
also momentum dependent) superconducting gap Ay = @ /7y as well as a renormalized
dispersion €, /Zj. Inserting equation (2.24) into the expression for the self-energy in (2.22)
results in

Ly twmTo + €1 Ty — Ppi Ty
[Zk/iwm]Q — [Gi/ + @i/]

ik (iwn) ==y Z Vie —k 7 (iwn, — iwp,) - (2.25)

For isotropic s-wave superconductors the wave vector dependence is unimportant for the
self-energy, because superconductivity is a low-energy phenomenon and everything occurs
at the Fermi surface |k | ~ kr. Thus, one averages the slowly varying functions on the
Fermi surface via

S(iwy) = pe V 26 ex )5k (iwn)

T . Z (twnm )iwmTo + €172 — Piwm, )T
— d(er )V Wy — Wy - .
Voo =, O Vb =) g P = [+ )]

(2.26)

The next step is to split up the momentum integration
in k' near the Fermi surface into components £’ and

k’H that are perpendicular and parallel to the Fermi sur-
face: kl

iZ~/ PR
T om0 (273 T (2m)3

/
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del ]. dSk/
der.
/Sk/|dek AR /vk/ / k

% Zk 6(exr)

1
= V;é(ek/)/dtfk/.

The dominant contributions for the perpendicular integration comes from the electronic
dispersion €/ ~ vp - k| in the fermionic propagator since the bosonic part from Vi, _j has
the typical slow momentum dependence of the phonon spectrum wq ~ ¢- k. The errors

that we make are therefore again of the order of ¢/vy ~ \/m/M < 1 and can be neglected
like the vertex corrections. In the end, we can write down the self-consistent equations
Z (1w )iwmTo — P (iwm )T
Wiy )iwm |2 — (€2, 4+ @(iwnm,)?]
o 2w - OKQF(LU) Z(iwm)iw'rn'f-o - (b(zw’m)ﬁL
=-T — d deg
Z[ /o } J 1 i it [+ ®(iwn)?]”

(2.27)

with the following definitions of the Coulomb pseudopotential and Eliashberg function

2(5 (er )0 (€xr) qeﬁ,

Z/Fkk/

1 ~Im Dy}, (w)O(w) '

s

(2.28)

Note that for unperturbed phonons in a single-particle picture Wk—k’ A
we have —Im D,If_k,7)\(w)/7r = d(w—wgk —k,»). The Eliashberg €k’ g
function o® F(w) can be seen as an effective, weighted phonon

DOS for the electrons that scatter inelastically between differ- €k

ent states on the Fermi surface via the emission/absorption

of a phonon, see figure on the right. Since both ® and Z are

even functions on the imaginary axis and the self-energy can

be written as 3 (iwp ) = iwn[1 — Z(iwn)]Fo + ®(iwn )7, we can

separate Eq. (2.27) to

2w - ?F (w /dek/ Z (1wm)wm
wWim)? —|—w2 [Z (iwm) - wm? —|—ei,—|—<1)(iwm)2

(2.29)
2% - a?F(w) \ D (iwm)
Bliwn) = [/ L oo S 7 e s e e T

Z (iwn,) 71_‘_7/ dw

Eliashberg equations on imaginary axis

These are the famous Eliashberg equations that have been used to study conventional
superconductivity with strong electron-phonon interaction, see also Chapter 1. The
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enormous success of the Rowell-McMillan inversion algorithm® for Pb [15] and other strong-
coupling materials [16] is a hallmark of how the theoretical interpretation of experimental
data can lead to a quantitative understanding of solid state systems. To end our discussion
of the Eliashberg equations on the imaginary axis, let us consider the BCS approximation
of (2.29). This is the weak-coupling and static limit without Coulomb repulsion:

o Z(iwp) =1

o O(iwy,) ~ P

w-a2 w [e.@] a2 w
Jo deo e i = 2 J dw () o= A

] IL[/*:O

Here, \ is the dimensionless electron-phonon coupling constant (also called the mass
enhancement parameter), which gives the correction of the electrons effective mass m*/m =
1 4 X in the normal state. For strong coupling superconductors A is typically of order
unity, which is the reason that BCS theory does not work for these materials and strong
deviations from the conclusions made in Section 2.1 occur. In the BCS limit A < 1, we
find the usual self-consistency equation for the superconducting gap

A A Ej
A=d =T . —_— = h(=—). 2.
wzmjx /dek e )\/dekQEk tanh (x) (2.30)

Thus, one can directly link the electron-phonon coupling constant A to the phenomenological
parameter introduced in the BCS theory.

2.2.3. Strong-coupling superconductivity for single phonon mode

In order to investigate further the implications of the Eliashberg theory, let us give the
corresponding equations for Z(w) = Z(w+i0) and Af(w) = A(w+i0) = ®(w+i0)/Z(w+i0)
on the real axis after the usual analytical continuation iw, — w + 0 [12]

Ry=1-= . w1Re wil w,w w, —w
ZMw)=1 ; duiR {\/MQ_[AR(QH)P Ki(w,wr)+ K4 (w, 1)}7
(2.31)
ZR (W) AR (w) = i dwlRe[ Afw) HK_(w,wl) K_(w,—wl)—u*[1—2np(w1)]}.

Eliashberg equations on real axis

8see Section 1.1.2
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Here, the integral kernel is defined as

A 1 1
Ki(w,w) = [ dwyd®F — ( + )
£, 1) /0 w0 Flwa)Ins(w) + e o)\ G S — v

(2.32)

It contains the information about the spectrum o?F(w) and the thermal occupation of the
phonons. Importantly, the (formally divergent) integrals are cutoff not by the Fermi energy
Er or some fermionic band edge, but by a low-energy cutoff A ~ wp that is typically
chosen as a multiple of the Debye frequency. This is why we use the effective low-energy
parameters o> F and ¥, see the discussion in the previous Section 2.2.1. We have to consider
the Eliashberg equations on the real axis, because most of the experimentally accessible
observables are related to the real-frequency functions. For example, the superconducting
DOS (per spin degree of freedom) can be computed via

ImG ZR( )6+6k
vie) = — = Im de
=g R [t =g - foreT

VF||

e - [AR(@JJ |

= Re [ (2.33)

Note that the expression is similar to Eq. (2.8) of the BCS theory, apart from the energy-
dependent gap function A (w) which mirrors the dynamical and retarded nature of the
electron-phonon interaction and of the phonon spectrum. We also want to emphasize that
even for the case of strong electron-phonon coupling, where a significant renormalization
of the bare electronic mass and dispersion takes place, the electronic DOS in the normal
state stays unaffected. This can be seen directly by considering Eq. (2.33) in the limit

Al (w) ~ oF(w) = 0.

To get a feeling for the impact of the phonon spec-
trum on the fermionic spectra, we follow Scalapino

et al. [11] and discuss the strong-coupling features of — Yewpl5
a single phonon mode. The phonon spectral function —_ *° — y=wpr/10
is shown on the right and characterized by & 15
(,U2 "}/ s 1.0
2
a’F(w) = Ay - . 2.34
( ) 0 2 +w(2) (UJ — wph)2 _1_72 ( ) 0.5
Here, Ay is a normalization factor which will be * Wn

fixed by our choice of A, wyp), is the characteristic

phonon energy, wyp < wpp is some low-energy cutoff Figure 2.3.: Eliashberg function
for small phonon energies and ~ is the half-width at for single phonon mode at fre-
half-maximum (HWHM) of the phonon mode. The dUency “ph and with different half-
dimensionless electron-phonon coupling constant is width .

chosen to be A = 1.5 and the Coulomb pseudopo-

tential as p* = 0.1. These parameters are close to the values in Pb [11] and are in
the strong-coupling regime. Note that for our calculations of the spin-fermion model
we do not solve the Eliashberg equations (2.31) directly, but we follow Ref. [108] and
perform the analytical continuation in a different manner using the properties of Laplace
transformations.

In Figure 2.4 we show the computed gap function A®(w) and the electron DOS v(w)
calculated from Eq. (2.33) in the zero temperature limit. The gap value Ay is defined
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Figure 2.4.: Real (solid lines) and imaginary parts (dashed lines) of the superconducting
gap function A (w), corresponding electronic DOS (and derivative) compared to the BCS
DOS (black) for T'= 0.

as the point where the van-Hove singularity of (2.33) occurs, which yields the condition
Ao = Re[AR(Ap)]. From Figure 2.4 we see that the real part of the gap function is
positive and has its maximum at wp, + Ay, followed by a strong decrease and a sign change.
Thus, Re Af{(w) follows the effective phonon-induced electron-electron interaction as for
energies? w < wph + Ap the electron interacts with the cores at energies smaller than their
characteristic oscillation frequency wpn and creates an in-phase response of the positive
background. This creates the attractive interaction discussed earlier in Section 2.2.1,
followed by a net repulsive interaction for w > wp, + Ag as the ions now oscillate out-
of-phase. The imaginary part of the gap gives the information about the possible decay
mechanisms in the system. It is therefore zero for energies smaller than wy, + Ag, which is
the minimal energy where a Bogoliubov quasiparticle can emit a phonon and still ends up
in an allowed electronic state with energy larger than Ag. Due to the van-Hove singularity
in the electronic spectrum there are peaks present at w = wpn + Ap and w = 2wy + A,
the latter coming from higher order processes where two phonons are involved. For very
small phonon line-widths ~ the peaks and features become more prominent and even third
order features at w = 3wpn + Ag are present. The structures visible in the gap function
transfer to the electronic DOS (also often called tunneling DOS due to the elastic tunneling

9Note that the energy that can be emitted by a fermionic quasiparticle with energy w in the superconductor
is w — Ag since there are no states inside the gap.
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picture described in Chapter 1). The Van-Hove singularity at w = A follows the typical
square-root behavior and dominates the BCS DOS, but for frequencies comparable to
wph + Ap deviations are clearly visible. Below w < wpn + Ag the strong-coupling DOS
becomes larger than the BCS DOS as the attractive interaction between the electrons for
energies smaller than the phonon frequency increases the pairing amplitude, whereas the
repulsive interaction and the possible decay of quasiparticles via phonon-scattering reduced
the DOS for energies higher than wpy,. The result is a characteristic peak-dip feature around
wph + A in the tunneling DOS. Further, in the derivative of the DOS a pronounced dip
occurs at w = Ag + wpp. The effect of changing the Coulomb pseudopotential is not shown
in Figure 2.4, but is obvious if one looks at the the real part of the gap which becomes
negative for higher energies w > wpy, due to the repulsive nature of the Coulomb interaction
between the electrons. Further, increasing p* leads to a reduction of Ag and T, as one
would naturally expect.

2.3. Superconductivity from electronic pairing

In this section, we present analytical models that extend the BCS theory to non-phononic
pairing mechanisms. A prominent example is the spin-fermion model, where spin fluctu-
ations are responsible for the Cooper pairing. Such an electronic pairing can also lead
to non-isotropic gap symmetries and we explicitly discuss an extension of the Eliashberg
theory to interactions with d-wave form factors.

2.3.1. Spin-fermion model

Let us introduce the spin-fermion model as a minimal low-energy theory describing the
antiferromagnetic and superconducting phase in unconventional superconductors. It is
motivated by the closeness of superconducting phase to the antiferromagnetic quantum
critical point in the phase diagrams of many cuprate and iron pnictide superconductors,
see Figure 1.7. The microscopic justification of the spin-fermion model starts with the
Hubbard-model including on-site interactions [109]. When integrating out the high-energies
degrees of freedom it is assumed that the spin-spin channel of the fermion-fermion inter-
action dominates and a collective spin mode is introduced via a Hubbard—Stratonovich
transformation. The bare spin susceptibility is assumed to be of the regular Ornstein-Zernike
form centered around the antiferromagnetic ordering vector Q

X0
R i e

(2.35)

Here, ¢ is the spin correlation length (note that we are in the non-magnetically ordered
state), vs ~ vp the spin velocity and the term quadratic in energy comes from the dynamics
of the high-energy fermions. It is purely real as damping in the low-energy theory can
only come from fermions near the Fermi edge. This dynamic part is then neglected as the
frequency-dependent part that originates from the interaction with the low-energy fermions
will dominate this expression (due to the separation of energy scales). This results in the
approximation X;,lo =17+ cs(q — Q)? and the effective action

_ . 1 - _
S = [ S bralivn =)o +3 /q SuS-ah+9 [ Y biruolTow S ko

kzq /
(2.36)
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Here, S is the collective spin mode, g the spin-fermion coupling constant of the theory
and the momentum sums are restricted to the two-dimensional Brillouin zone that model
the superconducting planes. Starting from this model one can derive the self-consistent
coupled integral equations (see Appendix A) as

Ep = 392/XqG1()p,)q,
q

d, = 3¢ / XoFp—q s (2.37)
q

1, = 2¢° /k (GG + FuFisg) -

The dressed propagators read (Z = 1 — X /iwy,):

G}(?p) — .Zpi;”n +2€p -
[Zpiwn)? — € — @2
)
F, = .
P [Zpiwn]? — e%, — @% ’ (2.38)
1
Xe = T+ -
Xq,O - Hq

In the derivation of these equations vertex-corrections have been neglected following
Ref. [110], where it was shown that the spin fluctuations for ¢ ~ @ are slow modes
compared to the fermionic quasiparticles such that we can apply the Migdal theorem.
There are two main differences compared to the conventional Eliashberg theory for phonon-
mediated superconductivity:

1. In the definition of ®, there is a relative + sign compared to ¥, in contrast to the
conventional Eliashberg theory. Thus, the points connected by the interaction x, need
to have a relative sign-change for the order parameter, giving rise to unconventional
pairing symmetries.

2. The renormalization of the bosonic spin spectrum via the self-energy II, is important
for the spin-fermion theory. In contrast to phonons, whose dynamics can to first order
be treated as independent degrees of freedom (Born-Oppenheimer approximation),
the dynamics of the collective spin degrees of freedom is determined by the coupling
to the low-energy fermions. The reason is that this collective mode is made out of
fermions and therefore must be considered in a self-consistent way together with the
fermionic quasiparticles, as described by Egs. (2.37,2.38).

Solving the set of coupled equations in (2.37) for a general fermionic dispersion is an
expensive computational task, see e.g. Ref.[108]. Instead, we follow Ref. [110] and employ a
hot spot approximation to get a principle idea of the underlying physics of the problem. The
main motivation behind the hot-spot theory is the fact that the spin-fermion model is only
valid for quasiparticles close to the Fermi edge and the interaction is peaked around @ , such
that the most interesting parts of the fermionic Brillouin zone are the so called “hot-spots”.
These are defined as regions on the Fermi surface that are connected by the AFV @Q, see
Figure 2.5. Thus, to make the problem analytically treatable it makes sense to restrict
oneself to these regions and to expand the above equations around the hot-spots k. The
general procedure of this expansion is described in detail in Appendix A. In the following
we define II,,, = Ilg (iQp,), Xp = 3k, (iwn) = Xk 1@ (iwn), Zn = Zi,, (iwn) = Zk,,+q (iwn)
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Figure 2.5.: Generic (unfolded) Fermi surface of the cuprate and iron pnictide super-
conductors including their antiferromagnetic ordering vectors Q. The hot spots are the
points/regions on the Fermi surface that are connected by Q .

and ®,, = Py, (iw,) = — Pk, 1+ (iwp). The sign-change in the latter is necessary to find an
attractive pairing channel for the spin-mediated superconductivity as was already mentioned
earlier. The resulting equations are summarized as

- 39 Z / /d Zn—m(iwn —iQm)
= N e — T, cqu M ) 20 (i — i) = (vpg1 )2 — @2,
@TL m
o, = d ’
271‘ Z/ W e — Ty T+ CSqH / QL Zn—m (iwn, — 82 )] (UFQJ—)2 B Q%_m
Z.7 iy, (1 Q) — 0, P
I, 2 2,2 TZ/dEde . n+mzwn(zwn L) e ’
g ([an'wn]2 —e2 - q),%) ([Zn+m(z'wn +1iQm)]? — <I>%+m>

where vg is the Fermi velocity of the N hot-spots of the Fermi surface. The parameters
o 2
contained in this equations can be reduced to a dimensionless coupling constant A = ﬁg\/ﬁ

2
and a characteristic bosonic energy scale wg = r/7v, where we defined v = 29m])\2] . The

self-consistency equations can then be written in the compact form "
Z/ /d Zn— m(iwn - ZQm)
T+ 1‘2 m/wsf Zn—m(iwn — Q)2 — €2 —®2_
Dy
de ; 2.39
27;/ 1+ a2 — m/wsf/ Zp—m(iwn — Q)2 — 2 —®2_ (2.39)
] ZnZntm n Q) — ©,D,
I, =1Ly /v = — Z/dede' ntmiWn (1w, + ) n®rim
T ] . -
wn, ([anwn]Q — 2 @%) ([Zm_m(zwn + sz)] (I)121+m)

Before solving these equations in the superconducting state, let us quickly recast the prop-
erties of the spin-fermion model in the normal state following the conventions of Ref. [111].
The bosonic self-energy can be calculated as IT,,, = 7y |2, |, which translates to a pure Landau
damping term IT%(Q) = i4Q on the real axis. Thus, the spin mode is overdamped in the nor-
mal state, which originates from the gapless fermionic quasiparticles at the hot-spots. This

overdamped boson gives rise to a a self-energy X, = —i X \/wgrsign(w) [v/wst + [wn| — /wst]
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Figure 2.6.: Electron and spin spectrum for the hot-spot theory of the spin-
fermion model for different values of the dimensionless coupling parameter
A in the superconducting (red curves) and in the normal state (blue curve):
(a) Fermionic DOS including the coherence peak and the strong-coupling features at
A+wyes, (b) Fermionic DOS convoluted with Gaussian distribution with standard deviation
o = 0.2wgt to simulate broadening effects, (c) Effective Eliashberg function for the spin-
fermion model that changes significantly when entering the superconducting state, (d)
Spin spectrum at the antiferromagnetic ordering vector @ showing a clear resonance
peak.

which displays a Fermi-liquid behavior for |wy,| < wsf, whereas for w >> wgr it possesses an
unusual self-energy ¥,, = iAsign(w)+/|wy| that exhibits a non-Fermi liquid behavior with
Im % (w) ~ /|w| on the real axis. Nevertheless, the normal state electron DOS remains
constant also with the inclusion of the self-energy term due to the same arguments as in
Eq. (2.33). Only if one allows for a momentum-dependence of the fermion self-energy, the
normal state electronic spectrum shows a weak renormalization.

Next, we solve equations (2.39) numerically in the superconducting state for low tempera-
tures T' = 0.1lwgr using the method of Laplace transformations described in Ref. [108]. The
calculated electronic and bosonic spectra are shown in Figure 2.6. Below the transition
temperature T, a spin gap evolves in the bosonic spectrum as the energy of 2A is needed
to break up a Cooper pair and to create a particle-hole excitation, where A := [A, |
is the absolute value of the superconducting gap at the hot spot. Thus, spin spectral
weight is shifted to higher energies due to the opening of the superconducting gap A
for the fermionic quasiparticles. For a sign-changing gap symmetry Ay, = —Ag, 10
a sharp resonance peak occurs near the AFV @ and the energy wyes < 2A [112] , as
can be seen in Figure 2.6(d)). This peak can explain the resonance mode seen in the
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neutron scattering experiments discussed in Section 1.3.1. Note that for an s-wave gap

symmetry the spin spectrum would be fully gapped by 2A, which comes from the different

coherence factors ®,®,4+, — —P, P4, in the expression for the bosonic self-energy

II,,,. The effective Eliashberg function for the spin-fermion model is obviously given by
2 _ 1 . 1 . . .

9°x(w) =Im [dzx T TR oy Im =Ty and is shown in Figure 2.6(d). Also

g*x(w) displays a sharp feature at wyes, which in turn affects the superconducting spectrum
of the fermions. For the fermionic degrees of freedom a superconducting gap A appears and
a sharp strong-coupling feature in the fermionic DOS v(w) evolves at A + wyes due to the
coupling to the spin resonance mode, see red curves of Figure 2.6(a). When convoluted with
a Gaussian distribution to simulate the effect of disorder or experimental broadening, typical
peak-dip strong-coupling features as known from conventional Eliashberg theory arise as
can be seen in Figure 2.6(b). We note that this theory is only valid for the regions around
the hot-spots and can therefore not capture the correct physics of the whole Brillouin zone
and features arising from angular dependencies of the gap function. It is therefore mainly
suitable for explaining the resonance mode occurring in the unconventional superconductors
(for which only the hot-spot regions are important) and for the iron pnictide compounds
with nodeless s+ pairing symmetry.

2.3.2. Eliashberg formalism for d-wave superconductivity

When dealing with true d-wave superconductivity, the hot-spot theory obviously fails to
describe the nodal parts of the Fermi surface. Before proceeding with a strong-coupling
analysis of a d-wave superconductor, let us quickly consider the mean-field DOS of a
superconductor with pairing gap Ar = Agcos(2¢) and isotropic dispersion €. Here,
¢ = arctan(ky/k;) is the angle relative to the positive k, direction. The corresponding
electronic mean-field spectrum per spin can be calculated as

1 2 d
= V;é(ku] ek —|—A2 = VF/dE/ 9 (Jw| — \/€2 + A2 cos(2¢)?)

- m dg jwl
— upRe /O N e (2.40)

The plot of the mean-field d-wave DOS is shown on the

right side. For energies w < Ap much smaller than the |
maximum gap on the Fermi surface, the DOS scales d-wave
linear and displays a logarithmic divergence at w = Ag. N s-wave
Therefore, there is still a clear superconducting coher- vr
ence peak for a d-wave superconductor besides the fact
that it has nodal contributions. However, the nature of

the singularity at the coherence peak is strongly sup- Ao
pressed compared to the s-wave case.

wllg

The extension of the Eliashberg framework described in

Section 2.2 to more general pairing symmetries can be done in the following way. Let us
again consider a two dimensional Fermi-liquid and a pairing interaction o2 F that cannot be
treated as isotropic. Instead, we assume that the interaction possesses both s- and d-wave
contributions. Thus, when performing the momentum-average over the Fermi surface as in
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Eq. (2.28) this results in the angle-dependent Eliashberg function

’Fw, ¢ — ¢') = > F(w) |cs + cq - cos[2(¢p — ¢)] | - (2.41)

Here, ¢ and ¢’ are the angles of the two interacting electrons as defined above. Further,
¢s/q are the amplitudes of the s- and d-wave pairing channels, respectively. Due to
this non-isotropic form of the interaction both the renormalization function Z%(w, ¢) =
ZB(w) + ZI(w) cos(2¢) and the gap function Af'(w, ¢) = Al (w) + AF(w) cos(2¢4) obtain
an s- and d-wave part. However, the authors of Ref. [113] showed that the d-wave part of
the renormalization function Zf(€) is rather exotic and small. When assuming a purely
isotropic Zf(w, ¢) = Z%(w) and a pure d-wave gap Af(w, ¢) = Af(w) cos(2¢) the coupled
Eliashberg equations have the form [114]:

2wy =14 [ 58 [ dinme |k )+ K )]

ORI oy N S

(2.42)

with the same kernels defined in Eq.(2.32). The Coulomb pseudopotential is not included
here as we assume that the pairing interaction originates from the electronic interactions
between the particles as described in the previous section. The above equations were used
by Refs. [114, 115] to explain the strong dip feature seen on the BiO layers of BSCCO. Let
us quickly point out the important differences between the s-wave and d-wave equations by
comparing the results for a single boson mode. We use a Lorentzian with characteristic
energy wo =~ 36.5meV and full width at half maximum (FWHM) I' = 8meV, which was found
in Ref. [115] as best fit'? of the bosonic spectral function for the tunneling spectra in BSCCO,
see inset in Figure 2.7. As can be seen in the blue curve of Figure 2.7, the superconducting
(maximum) d-wave gap A resulting from the fit is given by A = 32meV. The coherence peak
follows the mean-field log-behavior as was described above and additional strong-coupling
features arise for higher energies. Also for the d-wave case, typical peak-dip strong-coupling
features arise, but the dip is much stronger pronounced due to the logarithmic nature of the
coherence peak. Additionally, at the energy Ag + wp a strong dip occurs, which is followed
by a weak hump feature. Such characteristic have also been seen in momentum-resolved
Eliashberg calculations [108, 116].

In Figure 2.7 we also show the curve of the corresponding s-wave DOS with the same
gap amplitude Ag'! in red. In contrast to the d-wave case, for the s-wave superconductor
Ao + wo is the position of the maximal slope of the strong-coupling features. In comparison
with the s-wave plots in Section 2.2.3, we here considered a bosonic mode with characteristic
energy wo ~ A comparable to the superconducting gap. Therefore, the peak position of
the strong-coupling peak-dip feature is very close to the coherence peak such that the
additional electronic spectral weight from to the peak at w ~ Ag + wg has to be equated
by a strong dip that occurs for energies w > Ag + wy.

%The authors of Ref. [115] only considered the fit to a Lorentzian function.

"Note, that we needed to increase the amplitude of the Eliashberg function for the s-wave case to obtain
the same gap value Ao = 32meV as for the d-wave solutions. The reason for this is, that the average gap
value (A) = f07/4 7100 c0s(2¢) = 2/ - Ag for the d-wave case is of course smaller than the maximum
gap Ap.
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Figure 2.7.: Comparison of strong-coupling DOS for an s-wave and d-wave supercon-
ductor with gap Ay = 32meV for single boson mode with wg = 36.5meV and FWHM
I' = 8meV (see inset).






3. Theoretical description of elastic &
inelastic electron tunneling

In this chapter the theoretical framework for inelastic tunneling is presented. It is shown that
the effective low-energy theory of a tunneling junction naturally possesses two contributions:
(i) An elastic transition where the initial and final energy of the electron on the left and
on the right electrode is conserved, and (ii) the inelastic tunneling process involving
the emission/absorption of a collective bosonic mode. We derive this effective theory
by integrating out high-energy fermions and show that this inelastic tunneling events
correspond to transitions involving a virtual off-shell state far away from the Fermi surface
of the investigated material. Employing the Keldysh perturbation theory, we derive the
explicit forms for the elastic and inelastic tunneling currents, which will then be interpreted
in terms of distinct physical tunneling processes. Finally, we discuss the implications of
inelastic tunneling processes for normal-state measurements and how temperature and
experimental recording techniques set limits for the resolution of IETS.

3.1. Derivation of the effective tunneling Hamiltonian

In Chapter 1 we already discussed the transfer Hamiltonian approach that describes the
elastic transition of an electron from one electrode to the other assuming two initially
separated electrodes. We now want to start with a purely elastic high-energy tunnel model
and derive the corresponding low-energy theory by integrating out high-energy degrees of
freedom [25]. The high-energy Hamiltonian has the form

A

~ ~ S ~ ~ ~ S
H= Z[ei SL o5k T €, tL ,atk] +Ho + Z ZO‘Z,U,k’,a’SITc oS ot Py g

k.o kk/ n
o,0!
+ Z [tz,k’§L 7UtAk/’o_/ + (tZ/JC )* ﬁl;;,agk/ﬁ] . (31)
Kok ——
7 Y

T

Here, 5; , and f}; . are the creation operator! of an electron in the sample s and tip ¢,
respectively, and the momentum sums cover the whole Brillouin zone. The electrons in the
sample s interact with the collective bosonic degree of freedom ®g, where n numerates the

1We restrict ourselves to the case of one band in both electrodes here to simplify the derivation, however
the implementation of multiple bands is straightforward and can be done later in the effective action. If
one wishes, we can see o not only as spin index, but as a multitude of other possible quantum numbers
as band indices. Also, we omit the normalization of the momentum sums with the volume V;, of the
tip and superconductor in the following, which is implicitly incorporated.

35
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different branches of the boson and Qg ok o Stands for the corresponding electron-boson

coupling. The unperturbed dynamics of the boson is described by the part ?:[%. The elastic
tunneling amplitude is defined as tj ,,. We note that we do not consider the Coulomb
interaction between the electrons as they will not give rise to inelastic tunneling events. We
will however include the electronic repulsion later in the effective action via the Coulomb
pseudopotential. Deriving the low-energy action is most transparent in the path integral
formalism, thus we write down the action of the Hamiltonian (3.1)

S =— /k y ‘i/L [G;})(Shk/ + Ak,k’ \i/k/ + S, (3.2)

where we defined the spinor \Tl{ = (8, tx) and combined energy, momentum and spin in
the index k. In this basis, the bare electronic propagator and the vertex can be written

down as
A1 G’;i 0 0 . 1 . s/t
Gk70 = 0 ' G}?%o with Gk,s/t,o =Wy — €,
" (3.3)
~ Z Oén /@TL / te ’ .
Ak,k’ = ( n f%lz:, k.k k(’)k with tz’k/ = tz,k’éko,ké .

We now divide the fermionic fields into low-energy modes and high-energy modes with
respect to the momentum cutoff kgy; of the low-energy Eliashberg theory,

Ny -
¥, = {\I’k for [k —kF| <kem, (3.4)

s for |k —k | > ke

Note, that here we assume the momentum cutoff for the tip and sample to be the same. We
could easily assume different momentum cutoffs, but as we will see later the high-energy
states of the tip will have no influence on the low-energy theory. The action (3.2) can be

rewritten as
A t oA B A R
< G<< , 1 As <,
5:—/ vE) (temlT V3 + 86, (3.5)
Rk \WE Aew (G Vi

where the bare dynamics of the low-energy and high-energy sectors are governed by the
propagators

[éfé/»]_l = [é;6>]_15k,k/ + Ay (3.6)
with the free low- and high-energy propagators

Giol = Grh - Olkem — [k —Krl), o
[G7ol =Gl Ok — kp| — kpy) -

The formal solution of the propagators of Eq. (3.6) is for the high-energy field
G = CRobew — [ GRohrnGi (3.8)
p

and similarly for the low-energy sector. The non-diagonal elements /A\k’k/ couple the high-
and low-energy sector and will give rise to additional inelastic vertices for the tunneling.
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We are now in the position to integrate out the high-energy fields 1ﬂ> and using the
identity [102] for Grassmann fields 1,7

() G 90)
/ D, w)e \1) \b dJ\N) _ qop (a)e-nd-ba bm (3.9)

we end up with the effective low-energy action

¢~ Serr = /D(@>,[¢>]T)e—5

Seft = Sp — trIn[G™] — / [@;]T<[é,§<k,]—1 - / Ak,péfp,ﬁp,,k/)@,j,. (3.10)
%/_/ k7k, ’ p’p/ ’
seft

Let us now interpret the resulting action. The first two terms summarized in S(%ff describe
the renormalization of the boson mode and of the electron-boson coupling due to the
coupling to the high-energetic particle-hole excitations of the system, see Figure 3.1(e).
Thus, the bosonic spectra that have to be considered in the following represent the effective
low-energy collective modes. Importantly, the polarization operator does not depend on
the elastic tunneling elements ¢°, which only occur in higher-order terms. Therefore, the
screening to leading order is not affected by the presence of the tunneling term in the
Hamiltonian. The second part involving the @fk, propagator describes the low-energy
theory of the uncoupled t and s fermions as well as the coupling of the s electrons to the
boson as becomes apparent when inserting expressions (3.3) and (3.6). The last term of
(3.10) gives rise to additional interaction vertices in the effective low-energy theory. This
becomes apparent when we write down all terms via

n n e ss 1> st 1> m m e
A G Ay = 2on YUp=kp kp [G] (G] m O Py by
kpSpp 3p'k e 0 Gts 1> (Gt 1> e 0
Dp’ k.p [ p,p’] [ p,p’] by iy

_ (S PG PP T al PG Loy, ()
e [Gss ]>> am pm 0 . .
k,pl~"p,p/ m =p' k' T p' K

Here, we used the fact that G, G* ~ t® which can be directly read off from Eq. (3.8).
Terms of higher order than ¢ in the tunneling action can be neglected as they will appear
in the tunneling action only in higher order. The additional vertices are presented in
Figure 3.1(a)-(c). The (1,1) component of (3.11) described the scattering of a low-energy
electron to an off-shell state via the scattering off a boson followed by another boson-
scattering back to a state near the Fermi surface. These vertices will give rise to new
contributions to the self-energy such as

> é,%_,_ (3.12)
Nt

000000 = v v
AVAVAVAVAVAV (3.13)

and

)
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Figure 3.1.: Interaction vertices generated by integrating out the high-energy
fermions for the effective low-energy theory: Solid lines represent the low-energy
fermions and dashed lines the high-energy fermions that were integrated out. The Feynman
diagram shown in (a) show the two-boson scattering vertex involving an off-shell state.
The diagrams (b) and (c) describe the additional inelastic tunneling matrix element
that emerge in the low-energy theory. The graph (d) represents the dressed high-energy
electron propagators and (e) the renormalization of the bosons in the superconductor due
to the high-energy fermionic quasiparticles. Taken from Ref. [25].

where the solid lines represent the low-energy electrons, the dashed lines the high-energy
electrons, the wavy lines the bosonic propagator y, and the curly lines a composite bosonic
propagator y consisting of two bosonic interactions with an intermediate high-energy off-
shell electronic state G [117]. Since the off-shell state is far away from the Fermi surface,
we can neglect the dynamics of the propagator and approximate G ~ 1/FEyg, where Eug is
the characteristic energy scale of the electronic off-shell states. Therefore, the self-energy in
(3.12) has no dynamics and can be absorbed into the chemical potential to give rise to the
effective low-energy dispersion of the electronic quasiparticles. In contrast, the composite
propagator in (3.13) gives rise to a dynamical self-energy. The corresponding imaginary
part (and thus the effective spectral weight) of the retarded composite propagator at 7' = 0
is given by [117]

i 11 [de
Tm 7 (w) = E2ﬁv§:/  lag/ PTm (@) lag g P Tmxf (0 - 9)
o q’

1 ot V(Vpa2

Vngf wo wo

2
) wONV-)\Q-wo. (3.14)
Here, we considered for simplicity only one bosonic mode, approximated the bosonic
propagator to be inversely proportional to the characteristic bosonic energy scale wy (in
the case of phonons this would correspond to the Debye frequency) as well as Eog ~ Ep ~
(Vvp)~t. We also introduced the dimensionless coupling constant A ~ a?vp/wy similar to
Section 2.2. In comparison to the bare bosonic interaction between the fermions that is
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governed by

9 o? o?
a:Imyg,(w)~—=V|—=—+—|Erp~V -\ Ep. 3.15

Im g () ~ & = V(55 ) B r (315)
We see that the composite propagator is suppressed by a small fraction wy/FEr < 1. Thus,
we can neglect the (1,1) part of the matrix in Eq. (3.11) as it will only give rise to interactions
that are small compared to the bare electron-boson interaction of the low-energy theory.
Furthermore, if the above estimate were not valid (e.g. for wy ~ Er) one would formally
combine the phonon and composite propagator to a new effective phonon propagator that
describes the coupling of the low-energy electrons to the phonons.

Let us now have a closer look at the off-diagonal parts of the matrix in Eq. (3.11). These
give rise to new inelastic tunneling channels that are sketched in Figure 3.1(b) and (c).
Since we are only interested in tunnel vertices of order ¢° it is sufficient to expand the
off-shell propagator (3.8) to zeroth order in ¢°:

[GEw]” = GF s 00k — /Gksozakp WG] +O(t°)

= Gia00kk — Giap Z @Gl g0
+/Gk502akp k,p psOZapk’(I)pk’Gk’50+ (316)

Inserting this into Eq. (3.11) we find a new kind of vertex that appears in the low-energy
action of the form

>
/ akp GSS ]>>t§/7k/t]§/ (317)
p
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/
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The physical processes behind these terms are the following: (i) We start with a state k' in

the tip and tunnel elastically to an off-shell state p far away from the Fermi surface (with
the probability t;k), which is then scattered inelastically via the excitation/absorption
of a boson ® to a state k which again lies close to the Fermi surface?, see Figure 3.2.
(ii) The same process as (i), but after the tunneling process the off-shell electron is first
scattered inelastically via a boson to another high-energy state and then again scattered
to the low-energy state k. There are also inelastic tunneling processes that involve three
or more inelastic scatterings, but let us first focus on the leading-order term (i). Similar
to the estimate above, we approximate the off-shell propagator as non-dynamical object
G; s0 = (iw— ef,)*1 ~ —1/E.g, where E.g is the typical energy scale of the high-energy
electrons. In this case, the vertex reads

. < > Z Oé (I)n /
554 z/ 5< (/ kpPhplpi )t s 3.18
eff e k! k » _Eoff k ( )

2A similar inelastic tunneling process involving an intermediate high-energy state has been described in
Ref. [118], where IETS was used to detect phonon-modes in graphene sheets on Si-oxide.
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h{2

4

Figure 3.2.: Sketch of elastic and inelastic tunneling: The elastic tunneling process
describes a tip electron that tunnels directly to a state near the Fermi surface of the
superconductor. In contrast, inelastic tunneling involves the tunneling to an intermediate
off-shell state followed by the emission/absorption of a boson that scatters the electron to
a state near the Fermi surface. Taken from Ref. [25].

where the k, k' momenta are restricted to low-energy states and the p momentum to high
energies. In general, the momenta ¢ = p — k that connect the low- and high-energy states
cover most of the Brillouin zone, so we approximate the corresponding integrals as

n

N andnes
55 %/ 5c (/ qq—"“*"’“)t,j (3.19)
kK’ q — Loff

We are now in the position to rewrite the resulting low-energy action to an effective transfer
Hamiltonian

ﬁeﬁ' = /};\[OEM + ?:[tun (320)

where HFM described the dynamics of uncoupled low-energy systems of the tip and
the superconductor (via the Eliashberg-Migdal theory) and the tunneling part of the
Hamiltonian®

Hom = 3 [tk oo+ D20t o0 0005k ot 8] + e (3.23)

k.k’ Q7n70l
o

now consists of an elastic and an inelastic part. The inelastic tunneling amplitude reads

€ n
_ by +q.k'% 0,0

ti(k ,0),(k’,0'),q.n — — (324)
off

Such an inelastic tunneling term has been phenomenologically proposed in the litera-
ture [119] to explain phonon signatures seen in tunneling spectra through barriers, see also
Section 1.2. Our theory would also work for such a case, see discussion below, however

3Higher-order inelastic contributions involving the interaction with j bosons have the structure:
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with inelastic tunneling matrix element

e ni g
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(3.22)
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our results imply an even more interesting aspect: STM into metals in general consists of
elastic contributions that describe the electronic DOS, but also of inelastic contributions
which can give direct informations about the bosonic spectrum in the metal!

In the next section, we will calculate the corresponding tunneling currents that can be
derived from the effective tunneling Hamiltonian (3.20), but before let us briefly summarize
the main conclusion of this section:

1. When using an effective low-energy theory for describing the properties of a solid state
system (e.g. the BCS or Eliashberg-Migdal theory for describing superconductivity),
there will be both elastic and inelastic contributions to the electron tunneling process.
The elastic tunneling process describes the transition of an electron from the tip to
a state near the Fermi surface, whereas for the inelastic process the electron first
tunnels to an off-shell high-energy state followed by the inelastic scattering to a state
near the Fermi surface via the excitation or absorption of a boson, see Figure 3.2.

2. The tunneling amplitude of the inelastic process is linked to the one of the elastic
process. For the elastic tunneling amplitude °, the inelastic process has the amplitude
t®a/ Eo, where « is the electron-boson coupling and E.g is the typical energy scale
of the off-shell electrons.

3. The presence of tunneling does not affect the dynamics of neither the electronic nor
the bosonic particles for the current in leading order to the tunneling amplitude ¢°.

Let us conclude this section by remarking that the presented inelastic transfer Hamiltonian
is not only valid for STM junctions. Our derivation was based on the assumption that
the elastic electron tunneling occurs directly from the tip ¢ to the sample s. However,
we could also consider the case that there is an intermediate oxide junction or surface
impurity atoms [120], which naturally contain high-energy electronic states and low-energy
bosonic excitations like phonons. When integrating out the high-energy degrees of freedom
there can now also be transitions where the oxide off-shell states serve as the intermediate
virtual states for the inelastic tunneling process as is depicted in Figure 3.3. This opens an
additional inelastic channel, which can easily be captured in our theory by adding another
barrier boson spectrum in the inelastic tunneling expression that is derived in the next
section.

[ )
left insulating right
electrode barrier electrode

Figure 3.3.: Sketch of inelastic tunneling in the barrier: The inelastic transition
is mediated by an intermediate high-energy state of the insulator, from where it can
inelastically scatter to the right electrode.



42 Inelastic Tunneling in Superconducting Junctions

3.2. Elastic and inelastic tunneling currents

In this section we will summarize the important steps in the derivation of the elastic and
inelastic currents from the effective low-energy tunneling Hamiltonian (3.21) of the previous
section and discuss the physical elastic and inelastic tunneling processes that can occur for
an STM setup. We will perform a perturbation theory in the tunneling amplitude ¢°, based
on Ref. [24], using the Keldysh technique, which is briefly summarized in Appendix C. For
a STM setup, the tunneling current* is given by the elementary charge times the change of
the number of electrons fg = >y , 8y, o3k ,o In the superconductor

I(t)ze%Ms(t)) _ c(lit tzl(f(s(zﬁ)) S;W_eitr(p(tms), (3.25)

where p(t) = U(t, —00)poUT (t, —o0) is the time-dependent density matrix in the Heisenberg
picture with the time-evolution operator U and the (normalized) density matrix gy =
e M Jtr(e=PM) of the system in thermal equilibrium. Here, we assume that the tunneling
current is sufficiently small such that the steady state of the connected system does not
affect the thermal equilibrium of the tip and sample subsystems and therefore the tunneling
current is not time-dependent I(¢) = I(0). Using the Heisenberg equation of motion it is
possible to express the current I = (f (0) ) as the expectation value of the current operator

~ e R ~ P R
I(t) = - Z |:T(k ,G),(k’,a’)(t)SL 70-(t)tk:’,o"(t) — [T(k,cr),(k’,a’)(t)] tL/ﬂ/(t)Sk 7g('lf) s (326)
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with T(x o) (k.0 (1) =t k1000’ +2Xg.m l(k ko), ncbq( ). In Appendix B, the detailed
calculation of this expectation value using the Keldysh formalism is shown. When applying
a voltage V between the tip and the sample, we can separate the elastic and inelastic
contribution to the tunneling current as

I°(V) = 27re/ de Z \ti7k,|2 Ask o(€) Ak o(e—€V) [nF(e —eV) — nF(e)} (3.27)
—®  kklo
= 27T€/ dedw Z |t(k o.) (k’ /) q’n| X (328)
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- Aq ,n(w)As,k,o’(e)At,k’,a’(E —Ww— GV) nF(E) []. + TLB((A})} [1 — ’I’LF(G — W — GV)]
+ Ag n(W)Ask o (€A o (e+w—eV)np(e+w—eV) [1 +ng (w)] [1 - nF(e)]

—Ag (W) Ask o)At o (e +w—eV)np(e)np(w) [1 —npletw— eV)]) i

Here, the spectral weight functions are defined in the usual way via

1
As/t,k ,U(w) = _;Im Gs/tk: a( )7

! (3.29)
AQJL(U‘)) = _%Im Dt?,n(w) : @(w) )

*as measured from the tip to the superconductor
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with the electronic and bosonic retarded Green’s functions

Gy (1) = —i([81 0 (7), 8}, ,(0)])O(7)

N 3.30
Dg' (1) = —i{[@q (1), D-g.n(0)])O(7) . (530

Note that the bosonic spectral function is confined to positive energies as the information
of the negative energies is redundant for the boson spectrum. Such negative energies
correspond to the absorption of a boson that is automatically captured by the Bose
functions in the expression (3.28) of the inelastic tunneling current. Before we discuss the
different physical processes described by (3.27,3.28), we apply the usual approximation
that the elastic tunneling amplitude is basically constant ¢y ,, ~ t°. In general the
tunneling amplitude depends on both the energy and the wavevector of the tunneling
quasiparticle [121, 122]. However, as the the applied biases (of the order of the Debye
frequency for conventional superconductors) are usually small compared to the band width
and work function of the system, the approximation that there is no energy dependence
for the tunneling matrix element holds well. Furthermore, for the case of an STM there is
no quasimomentum conservation (see also Section 4.1.1) and since the wave-vectors are
mostly of the order of the Fermi momentum, also the dependency on the in- and outgoing
momenta may be insignificant. We can also reformulate this approximation: We assume
that the energy and momentum dependencies of the corresponding spectral functions A(w)
defined in (3.29) are much stronger than the variations of the tunneling matrix elements in
the energy range of interest. Within this picture, the inelastic tunneling element becomes
ti(k o)k o )am = —t%a?  1/E.s and we define the spin-resolved density of states of the
sample/tip and weighted bosonic spectrum

Vs/t,o(w) = Z As/t,k,a(w) s
k

(3.31)
Boot(w) = D g 0|* Agn(w).
q’n

The corresponding elastic and inelastic currents can then be conveniently expressed as

I¢(V) = 2rme |t°]? /_Oo deZys’g(e)Vt,g(e —eV) (nF(e —eV)[l —np(e)] = [1 —npe— eV)}nF(e)>
IN(V) = 2mete]? /Oo dedw " x (3.32)

(BU,U/ (W o()Vt o (€ —w—eV)np(e —w —eV)ng(w) [1 - np(e)]
— By o (W)Vs o (€)1 o1 (€ —w — V) np(e) [1 + nB(w)] [1 —nple—w— eV)]
+ Bo,o/ (W)Vs o (€)1 o1 (€ +w —€eV)np(e+w —eV) [1 + nB(w)} [1 — np(e)]

— By o (W)Vs o (€)1 o (€ + w — V) np(e)np(w) [1 —np(etw— eV)]) .

This is the most general formula for the expression of the elastic and inelastic tunneling
current and is also valid for systems with broken time-reversal symmetry where the spin-
degeneracy is broken. However, in what follows, we will only consider the case where the
fermionic spectra v/, 5(w) = vg4(w) have no spin dependency and define the normalized
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electronic DOS 7/, and the dimensionless bosonic tunnel spectrum® o Fyup
Vs/t (OJ)
vt

US
azF‘nun(w) = 7}7 Z ’aZ,o,a'"2 Aq,n(w) )
q,n

’

ﬁs/t<w) =

(3.33)

0,0

where 1/;/ " is the normal state sample/tip DOS at the Fermi surface. The corresponding

currents are given by

I¢(V) = % /_OO de vg(€)ip(e — €V) (np(e —eV)[l—np(e)] = [1 —np(e— eV)]nF(e))
i 00 1 *°
B =2 /_ dedox (3.34)
<a2Ftun(w)f/S(e)Dt(e —w—eV)nple—w—eV)ng(w) [1 — nF(e)] (i)

— & Fun (W) s(€) (e —w — eV) np(e) [l + np(w)][1 — np(e —w — eV)] (
+ & Foun ()75 () (e + w — eV) np(e +w — eV) [L + np(w)] [1 — np(e)] (iii)
(

— & Fun (W) s(€) (e + w — eV) np(e)np(w)[1 — np(e+w — eV)]) .

Here, we defined the conductance constant og = 4mwe?vv/? ]te]2, which is the purely elastic
conductance for a flat sample and tip DOS. Expressions very similar to (3.34) have
been derived for (barrier-)phonon IETS [119, 123, 124] and for normal-state cuprate
tunneling [125] of planar junction. The result also agrees well with studies on inelastic
tunneling in Josephson-contacts consisting of an SIS junctions [126], but we will only focus
on SIN junctions in the following. Since the expressions in Eq. (3.34) for the elastic and
inelastic current are one of the main results of this thesis, let us take a deep breath and

investigate the contributions for the elastic and inelastic currents in more detail.

3.2.1. Elastic tunneling

The term for the elastic tunneling in Eq. (3.34)
is of the usual form (1.1) that could be derived superconductor
using Fermi’s Golden Rule. It simply counts the

tip
number of occupied states in the tip electrode ’_ /
[eV

whose energies lie above the chemical potential
1 of the sample and multiplies this with the
quantized conductance e?/h, see also Figure 1.2.
When we assume the tip DOS 74(w) = 1 to be
constant in the energy range of interest, we can

In Section 4.1.2 we discuss the relation between the Eliashberg function o?F(w) and the tunneling
spectrum o Fyun(w) and show for a specific example that they coincide qualitatively.
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easily calculate the corresponding differential conductance

o®(V) = dI;(/V) = —0y /o:o de Us(€)n'z(e — V)
T=0

= 50 - eV, (3.35)

The elastic conductance is therefore proportional to the thermally smeared DOSS of the
sample, see also the introductory Chapter 1. In the case of conventional elastic SIN
tunneling the BSC DOS is measured by the conductance, see picture above.

3.2.2. Inelastic tunneling

The inelastic contribution to the tunneling current in (3.34) have been written down in such
a way that the different physical processes are separated. In Figure 3.4 the four different
inelastic transitions are depicted”:

(i) An electron tunnels from the tip to the sample via the absorption of a boson in the
sample.

(ii) An electron tunnels from the sample to the tip via the (spontaneous and stimulated)
emission of a boson in the sample.

(iii) An electron tunnels from the tip to the sample via the (spontaneous and stimulated)
emission of a boson in the sample .

(iv) An electron tunnels from the sample to the tip via the absorption of a boson in the
sample.

We emphasize that one could of course also imagine the same inelastic process with the
absorption/emission of a boson in the tip. In order to prevent this from happening, in IETS
one usually uses a very simple metal such as tin or gold that has no significant coupling
to any collective bosonic mode as phonons, magnons, spin excitations, etc.. In the zero
temperature limit only the spontaneous emission of a boson via the process (2) or (3) is
allowed because there are no excited bosons.

3.3. IETS in the normal state

Before proceeding with the general consequences of inelastic processes for tunneling experi-
ments into superconducting samples, let us first consider STM tunneling in the normal-state
of an investigated metal with the assumption that the normal-state DOS 7, /y(w) = 1 of the
sample and the tip are flat. In the 7" = 0 case the inelastic tunneling current in Eq. (3.34)
can then be simplified to

V) = ?E%lfz/f; /_00 de dw o Fyyy (W) (np(e +w—eV) [1 — nF(e)] —np(e) [1 —nple—w— eV)])
(3.36)

and the corresponding second derivative is

5The FWHM of the thermal smearing function n/x(x) is given by 3.5T.
"We remind the reader that the bosonic spectrum o Fiun(w) ~ ©(w) is defined only on the positive branch.
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Figure 3.4.: Basic inelastic tunneling processes involving the excitation and the absorp-
tion of a collective bosonic excitation, e.g. a phonon in the investigated substrate. Taken
from Ref. [24].

PI(V) e
dV?2 EZvs.

oosign(V)a? Fn(e |V]) . (3.37)

Since the second derivative of the elastic tunneling current d?I1°¢(V)/dV? ~ v.(eV) = 0
vanishes above T, as is apparent from Eq. (3.35), the total d2I(V)/dV? = d?I'(V')/dV?
spectrum that is seen in the normal state consists only of the inelastic contribution. It
is directly proportional to the bosonic tunnel spectrum a?F},, , thus normal-state STM
tunneling can be used to directly access the DOS of the dominant bosonic degrees of
freedom of a system. We emphasize, that for the case of phonons the tunnel spectrum
a?Fiun # o?F does not coincide with the Eliashberg function, as defined in (2.28), due
to a different kind of momentum average. However, in general, it should capture the
main features of the Eliashberg functions and we will discuss this issue later for the case
of a realistic phonon spectrum in Section 4.1.2, which has also been confirmed by the
experimental STM spectra seen on Pb [19, 20, 24]. Furthermore, the bosonic spectra
of molecules and barrier phonons seen in planar junctions of metals [17, 18, 49, 50] can
be understood from Eq. (3.37) because, as explained earlier, our inelastic theory is also
applicable to tunnel junctions with an insulating barrier, where the intermediate off-shell
state sits in the barrier.

Let us proceed our investigation of the normal-state properties of IETS by having a closer
look at the temperature dependence of the inelastic tunneling current. When allowing for
finite temperatures T' ~ wq of the order of the characteristic bosonic energy, not only the
spontaneous emission of bosons, but also the absorption and stimulated emission is an
allowed process during the tunneling transition. Also for finite temperatures, the elastic
conductance o°(V') = o0 is constant in the normal state (for flat electronic DOSs), thus
any variations of the differential conductance originates from inelastic tunneling processes.
Using the inherent symmetry properties ng(€) + np(—e) = 1 of the Fermi function, we can
derive the following expression for inelastic tunneling conductance

Ay = —T0_ / dw 02 Fyun () K (w, V) (3.38)
Eoffyi_‘ 0
with the integral kernel
Ki(w,V) = / de [p(e — w — V) + (e — w + eV)] - [n5(w) + nr()]
w+eV

=np(w) —nplw+eV)+

+{V = -V} (3.39)

4T sinh? ( %)
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Figure 3.5.: Convolution kernels for inelastic tunneling spectrum d*I'(V')/dV? due to
temperature (left) and the lock-in technique (right).

As we have seen in Eq. (3.37), the most convenient quantity to look at for IETS is the
second derivative of the tunneling current, which is then given by

d*I(V) eoo

_ dK (w0, V)
dv?2 Egﬁyf;

av

/OOO dw a*Fiun(w) (3.40)

In comparison with Eq. (3.37) we see that for finite temperatures the bosonic tunneling
spectrum has to be convoluted with the kernel dK (w, V)/dV, which is shown in Figure 3.5.
This kernel is the generalization of the kernel defined in Ref. [123] for the case where the
temperature 1" is not small compared to the bosonic frequencies wg and the occupation of
bosonic quasiparticles is allowed. The function is linear for energies w < T and for applied
voltages eV > T it corresponds to a thermal function with FWHM= 5.4T. In the limit
T — 0, the kernel becomes a d-function and we recover the expression (3.37). Therefore,
the temperature gives an upper limit for the energy resolution of IETS.

However, this is not the only reason for a finite experimental resolution. Another con-
tribution to the broadening of the inelastic tunneling spectra is the lock-in technique
often used in tunneling experiments. For obtaining the d?I(V)/dV? curve one can in
principle record the I-V curve and from this calculate the second derivative numerically.
In reality the experimental data is noisy, which can lead to large errors when performing
the numerical derivative. Alternatively, one usually uses a lock-in technique to gain direct
access to the d?I(V)/dV? spectrum, which works as following: Mixing a small AC modu-
lation voltage V,, cos(wt) to the constant tunneling voltage Vp, the experimental current
I(V) = I(Vy + V, cos(wt)) is recorded. Using a lock-in amplifier, the second harmonic of
the signal is recorded

2 To/2 2
Iy (Vo) = T /0 dt I(Vo + V,, cos(wt)) cos(2wt) Ty = o
Vo 21 2[1 — (¢/V,,)2]*?
—V, dVe ly_yte 3w

which is obviously a convolution of the second derivative d?I(V)/dV? of the tunneling
current and an instrumental function, which is shown normalized in Figure 3.5 on the
right. The instrumental function has a typical FWHM= 1.22¢V,, and one could come to
the conclusion that in order to maximize the experimental resolution, one should choose
the modulation voltage to be very small, but then one has the complication that due to
the V,, factor in front of the integral the recorded signal will also be reduced. Therefore, in
experiments one has to carefully fine-tune the modulation voltage to get a signal that is
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sufficiently pronounced, but also small enough that the desired experimental resolution
of the measurement is maintained. ® Hereafter, we will model the broadening due to
the lock-in technique by a Gaussian distribution with FWHM= 1.22¢V,,. This will be of
importance for the IETS of phonons in conventional superconductors in the next chapter,
where we exploit our formalism for elastic and inelastic tunneling and find an excellent
agreement between theory and experiment for STM on Pb thin films.

8Since this work is focused on the theoretical understanding of experimental tunneling spectra of conven-
tional and especially unconventional superconductors, we do not wish to go into greater detail about the
difficulties of recording techniques of tunneling experiments such as phase shifts between the current
and the modulation voltage due to capacitive and inductive elements in the circuit.



4. Inelastic tunneling in conventional
superconductors

In this chapter, we will discuss the consequences of inelastic tunneling processes for STM
measurements of conventional, phonon-mediated superconductors. As was discussed in
Chapter 1, the elastic picture of tunneling (conductance is proportional to the DOS of the
investigated superconductor) was extremely insightful for planar tunnel junctions, where
inelastic tunneling is significantly suppressed compared to STM experiments. Here, we will
use our extended tunneling formalism developed in the previous chapter, which combines
EETS and IETS on the same footing, to get a coherent picture of the STM spectra on
conventional superconductors in both the normal- and the superconducting state.

We start with interpretations of normal-state IETS experiments on conventional supercon-
ductors as lead and niobium and show that the observed magnitude of the inelastic current
is consistent with the predictions of our theory. Hereafter, the toy model of a conventional
superconductor coupled to a single phonon mode with energy wy), is discussed and we
show how inelastic tunneling changes the picture drawn by the purely elastic tunneling
interpretation. Finally, we apply our tunneling theory to experimental STM data on thin
Pb films [24], which shows excellent agreement of theory and experiment and serves as a
proof of principle for our formalism.

4.1. Normal-state IETS with phonons

In the introductory Chapter 1 we already presented several early tunneling experiments on
metals which saw phonon signatures of barrier oxides [49, 50] or molecules absorbed into
the oxide interfaces of tunnel junctions [17, 18] in d?I(V)/dV?, see also Figure 1.5. Also
in STM on graphene clear phonon features have been seen [118]. As shown in Chapter 3,
inelastic tunneling processes can be understood in the following way: An electron tunnels
from the left electrode to some intermediate high-energy off-shell state (which can lie either
in the insulating barrier region, e.g. in oxide junctions, or in the right electrode) and from
here it scatters inelastically to a state near the Fermi surface of the right electrode. Our
theory predicts that for low-temperature tunneling the d21(V)/dV? curve in the normal
state is proportional to the (thermally smeared) bosonic excitation spectrum o Fyy,. As we
will see in the following section 4.2, such inelastic processes involving phonons will typically
lead to a valley-like structure of the conductance around zero bias. In case of junction
tunneling on Pb-PbO-Pb junctions both the Pb-oxide barrier and the Pb phonons were
observed in agreement with our inelastic theory [11, 50]. However, for such planar junctions
the inelastic signal has been reported to be very weak: The increase of the conductance due
to Pb and Pb-oxide phonons in the whole energy range from 0 to 70meV was only about

49
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Figure 4.1.: Comparison of normal-state Pb tunneling data of planar junctions
and STM showing valley-like structure coming from inelastic transitions: (left)
Tunneling conductance measured on Pb-PbO-Pb planar junctions showing only weak
inelastic features within +70meV coming from Pb and Pb-oxide phonons [50], (right)
Symmetrized conductance for STM experiment with tungsten tip on Pb thin films showing
a much stronger inelastic signal from the Pb-phonons (data from Ref. [24]).

10%. In contrast, more recent STM experiments on Pb thin films [19, 24, 127] showed an
increase of 10% solely due to the Pb phonons in the energy window [0,410meV] as can be
seen in Figure 4.1. In Section 4.2 we will show for the simple example of a single phonon
mode, that for such strong inelastic features as seen in the STM experiments, the inelastic
tunneling features are of the same order as the strong-coupling Eliashberg features that
arise in the elastic conductance below T.. Hence, we conclude that a combined analysis
has to be performed, which is presented in Section 4.3.

Since the thermal smearing o = 5.47 increases with temperature leading to a decrease in
energy resolution, the usual method of choice for forcing the metals to the normal state is
applying a strong magnetic field. However, in Type-II superconductors and especially the
unconventional superconductors the critical magnetic fields often exceed the experimental
capabilities and one can only use STM of vortices' to gain information about the normal
state inelastic spectrum [85, 89, 128].

4.1.1. Estimate of the inelastic contribution for phonons

Let us start our quantitative investigations of the elastic and inelastic tunnel equations (3.34)
by estimating the typical inelastic contribution that we expect for the inelastic STM in
a usual metal with electron-phonon coupling. For a regular metal we expect the DOS at
the Fermi edge to be of order vp ~ 1/Ex, where Ef is the Fermi energy of the material?.
The Debye frequency of a metal is typically wp = Er/100 and the low-energy cutoff of the
Eliashberg theory is usually chosen to be Aeg = Swp. The typical inverse energy scale
1/E.g introduced in the previous section can be estimated via the average over the off-shell

'We note that vortex tunneling has the additional difficulty that the pair potential A(r) inside the vortex
can lead to bound states similar to a 2d potential well [85].

%In the following we will use vz instead of v as the normal-state Fermi edge DOS of the superconductor
since the information about the trivial tip spectrum is not important for our analysis. Also, we will
denote ¢ as the normal-state spectrum of the superconductor.
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energies from Aeg up to the band width D ~ Ep

1 1 /EF de  log(Er/Acx)

~ — e 4.1
Eot  Ep —Aeg Jag € Er (41)

Following Eq. (3.37) the change of the conductance due to inelastic tunneling from zero
bias to eV = wp at zero temperature in a normal conductor with constant DOS can be
calculated as

do' 1 wp wp log?(Er/Acg) [P 202 Fyun(w)
e dw o?F, A / dw ——22
oo E%wr Jo wa” Foun(w) 2Er 0 “ wp
log? (Er/Ags) A
wplog (Br/Au)\ o 045 (4.2)

We used [° dw 20 Fyyn(w)/wp =~ [5° dw20*F (w)/wp ~ A
since the Eliashberg function and the tunnel spectrum are
expected to be very similar, see the discussion in Section 4.1.2.
For weak-coupling materials like aluminum inelastic contri-
butions are therefore expected to very small, whereas for the
case of Pb with A = 1.5 we would expect an increase of the
conductance of 99'/oy &~ 7% from 0 to 10meV, which comes
close to the value of 10-12% determined in recent STM experi-
ments [19, 24]. Similar results have been reported for Niobium,
where the increase is about 4% [129], which is exactly the ¢
value we would expect from our estimation.

We note, that this estimate is only valid for STM geometries.

For planar junctions the momentum conservation for the wave-

vectors parallel to the junction surface restricts the phase space

for the inelastic events drastically. In order to see that, let X,
us follow Ref. [130] and consider the form of the tunneling

amplitude in real space. For an STM tip at the position

R; the amplitude for a quasiparticle at r; tunneling to the left position r, has a form
tr,r, = t(ry)-0r,r,, where t(r,) is a rapidly decaying function around the position
r» = 0 of the right electrode directly opposite the STM tip. In what follows we assume
this “tunneling cone” [36] to be so thin, that ¢(r,) ~ d(r,). In contrast, for a perfect
planar junction the transition can only occur when the electron tunnels from one surface
to the nearest point on the opposite surface. Therefore, the tunnel matrix elements reads
ey, = t0(z; — X)0(2r — Xi)0(r ) — 7)), Wwhere 7,y | give the position of the particle
in the yz-direction. Fourier transforming these expressions one arrives at

A

5“

t for STM junction

4.3
t 0y, 1k for planar junction (43)

lk k' =

This is of course just a mathematical formulation for the fact that while the planar junction
conserves the translational symmetry and therefore also the momentum parallel to the
surface, the STM breaks translational symmetry in all direction and has therefore no
momentum restrictions for the transition.

This momentum restrictions for the planar junction will reduce the allowed inelastic
tunneling processes considerably. To see this, let us first consider the case of an inelastic
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tunneling event for the STM junction with applied bias V: We start with an arbitrary
state at the Fermi surface (low-energy momentum (k;)<) in the STM tip and tunnel
to an high-energy off-shell state with energy-momentum [eV, (k,)”] in the metal under
consideration. The electron is now scattered via the emission of a boson with [eV, g] to
a low-energy state [0,(k" — q)<]. As there is no momentum restriction for the boson
and the high-energy momentum (k,)” there are plenty of possible inelastic processes
allowed. Now, let us have a look at the same situation in the planar junction: Again
we start with a state at the Fermi surface in the left electrode [0, (k;)<] and tunnel to

the right in a state [eV, (k- + kzy)ﬂ with the same momentum parallel to the junction
surface. From there we scatter with a boson with energy-momentum [eV, g ]| and have

to end up in a state [0, (k- + k y — q)<] at the Fermi surface of the right electrode. In
contrast to the STM there is a strong restriction in the phase space of the off-shell state
(ki +k }|)> with only one free momentum direction k ;- and therefore also for the boson
momentum q (with corresponding energy eV') as we have to end up in a state near the right
electrodes Fermi surface. From this phase-space arguments we can understand the observed
reduction of inelastic contributions in the Pb-junctions for planar junctions compared
to STM experiments. However, the exact ratio of elastic and inelastic events depends
strongly on the topology of the two Fermi surfaces of the electrodes and the bosonic
dispersion as well as on the junctions geometry. Further, there can also be deviations for
systems containing several bands crossing the Fermi surface, as the overlap of the different
wavefunctions of the tip and superconductor bands may be different. Note that due to the
orbital character of bands, states from different parts of the Brillouin zone will in general
have a different tip-sample distance dependence [83] which can lead to varying elastic and
inelastic contributions when changing the average conductance/distance is experiments.
As before, we will restrict ourselves to the case of a constant tunneling amplitude ¢ p/ =¢
in the following, which is most suitable for the STM geometry.

4.1.2. Comparison of o?Fi,, and o?F

For systems where the electron-phonon interaction is the dominant interaction of the
electrons with collective bosonic modes, e.g. in many regular metals, the IETS signal
d*I(V)/dV? is not directly proportional to the Eliashberg function o?F given in Eq. (2.28),
as was discussed in Chapter 3. Instead, the normal state IETS spectrum gives direct access
to the bosonic tunneling spectrum a?Fiun, which is defined in Eq. (3.33). For a better
comparison, let us present both of the two definitions side by side

1 2
o’Flw)=— Y 6lex)d(en) |on prl Ak—kra(w),
VF 5 A

2
042Ftun(w) =VF Z |042| Aq,)\(w) :
q,A

(4.4)

Here, Ag z(w) = —Im Df’A(w)G(w)/w is the spectral weight function of a phonon with
momentum q of the phonon branch A. The obvious difference lies in the way the momentum
average is performed. Let us now consider the example of perfect phonon quasiparticles
Ag x = 0(w—wq ») with realistic phonon dispersions in a cubic material that has a spherical
Fermi surface, which should serve as a simple model for Pb phonons. As usual, we start
from the ansatz Mpif, = —3; , 3 @f‘nﬁ jmufm of coupled harmonic oscillators in order to
describe the collective dynamics of the phonons. Here, a and 8 enumerate Cartesian axes,
i and j enumerate the positions r; of the Bravais lattice of the system, n and m indicate
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the atoms of the basis of the crystal, ® is the second derivative of the potential energy

f‘f 5 556 i M, is the mass and uj, the displacement of the n-th atom of the basis at
» u

the position 1 in the Bravais lattlce If we assume a harmonic movement of the atoms we
can use the ansatz ug, (t) = \/F expli(g r; — wt)] for solving the equation of motion

oo
VALt = Y S et
Js m,ﬁ
0= Z[w Smnda.p Z ’"’Jm el “j"i)]vﬁl. (4.5)
m7/3 m
Because of translational invariance of the crystal, @f‘nﬁ jm CIJ;’{En(ri — 7 ;) can only depend

on the relative distance between the Bravais lattice points r ;. Therefore, we can write

OB (ry—1ry) _.
0= 3" |2y — 3 rom i) zq(rir]v)} 5
Z 6[“’ BT 2 \/Man ‘ fmo

OZmZﬁ[w Om,n0a Z _iq”]vfn. (4.6)

If we define the matrix M (g ) with coefficients
na m,B Z _quj (47)

the dispersions w)(q ) of the phonons can be derived by solving
det[w?1 — M(q)] =0. (4.8)

In the case of Pb, the crystal has an fcc(face centered cubic)-structure with a single-atomic
basis, such that we can write

M(q) = Mxy(q) Myy(Q) Myz( )| (4.9)
sz(Q) Myz(Q) MZZ( )

to obtain the two transversal modes and the one longitudinal mode. In the next-nearest
neighbor approximation with spring constant k; between nearest neighbors and ko between
next-nearest neighbors one finds with the lattice spacing a (the other matrix elements are
symmetry related)

M,.(q) = % (2k1 [1 — cos(gza)] + 2ka[2 — cos(gya) — cos(qza)]> , (4.10)

M,y(q) = 2—]\122 sin(gza) sin(gya) . (4.11)

This spring model is of course far to simple to capture the detailed DOS of Pb. Nevertheless,
there are prominent features arising from the transversal and longitudinal modes similar to
the known Pb phonon spectra, as can be seen in Figure 4.2 with parameters ko = k1 /2. In
order to compare the Eliashberg function and the phonon tunneling spectrum we assume
that the electron-phonon coupling a;‘ ~ « is constant in the energy range of interest,
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Figure 4.2.: Comparison of o> F(w) and a? Fy,,(w) for phonons in a simple cubic
crystal.

see also the extensive discussion of Scalapino [11]. Thus, the dynamics of the spectrum
is determined by the bosonic dispersion and not by the momentum dependence of the
electron-phonon matrix element. For the calculation of the Eliashberg-function we assume

2 1.2
a simple quadratic dispersion relation ¢ = k kaF with kp = 7.2 This model yields the
normal state DOS

dkdQ k? _ kp krm
VFzzk:Cs(Ek):/(%)‘S( (k—kr)) = 21;2 ; (4.12)

and we are able to rewrite the momentum integral in (4.4) as

vr o’

@2F(w) = L1 Z/deQ’AkF NS

QQFtun( = VF|a| Z/dquq,

The numerical results are shown in Figure 4.2: Obviously, both spectra show striking
similarities and they only differ slightly in the fine-structure of the spectrum. This confirms
our conclusion, that the different momentum averages are rather unimportant and that
both a?F(w) and a?Fyu,(w) are mostly determined by the phonon dispersion, i.e. the
Van-Hove singularities at the border of the Brillouin zone. We note that our simple model
probably overestimates the contributions from very low energies as the electron-phonon
coupling vanishes in the limit of small momenta g for acoustic phonons. Furthermore,
depending on the actual band structure of the metal the momentum sum in aQFtun(w) is
constrained in such a way that g are restricted to momenta that connect high-energy and
low-energy electronic states and we also approximated the electronic off-shell energy to be
constant in the whole Brillouin zone. Nevertheless, we just have shown that the bosonic
dispersion gives the dominant contribution to the bosonic tunneling spectrum and that we
can safely set o Fiun(w) ~ o?F(w) for phonon-mediated systems in the remainder of this
chapter.

(4.13)

3We set the interatomic distance to a = 1 such that the momenta are restricted to g,y . € [—7, ).
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4.2. Elastic and inelastic STM for single phonon mode

In order to understand the implication of the inelastic channel for the interpretation of
tunneling data in the superconducting state, we here discuss the expected features that arise
in the tunneling current for a conventional, phonon-mediated superconductor with a single
phonon mode with energy wp, = 5meV in the zero temperature limit. The corresponding
phonon-spectrum is modeled similar to Section 2.2.3 via

2
2 2 _ W ) Y
o Fin(w) ~ a“F(w) = Ao o2 4 wg (o= th)2 n 72@(&)) (4.14)

where v = wpp /10 is the phonon half-width and the func-
tion in front of the Lorentzian ensures the proper low-
frequency behavior of the acoustic phonon branch that
rapidly approaches unity for w ~ wp = ImeV < wpy. The
normalization factor Ag is chosen such that A\ = 1.5 lies
in the strong coupling regime of Pb and we use a charac-
teristic pseudopotential p* = 0.1 that yields a gap value 0.0

25

2.0

aPF(w)

of A ~ ImeV. Furthermore, the inelastic tunneling magni- wph:(f)mev
tude is chosen to be of the same order as seen in the lead
experiments [19, 24], meaning that
b0 = o(wp) —0(0) = — dw o Fyun(w) = 10%00 , (4.15)
EOHVF 0

where we chose wp = 2wy, as the Debye frequency of the phonon. This will fix the prefactor
and the yet unknown off-shell energy E.g. When the sample s is in the superconducting
state at zero temperature, the inelastic contribution can be written as

(V) = E;’;VF /_ O:O de v, () {&an(e — eV)O(—¢€) + a2F(—¢ + eV)O(e)]

p.h. 0

sym. (s} 2

R A d F Vv 4.16
2 . der (0 Funle + e V1) (4.16)

which is just a convolution of the electronic and bosonic spectrum of the superconductor [123].

In Figure 4.3 the elastic, inelastic and total conductance o (V') = dI(V')/dV and its derivative

do(V)/dV = d*I(V)/dV? are shown for the normal- and superconducting state. In the

following paragraph we will discuss them in detail.

Normal state

Let us start our investigation with the normal state tunneling spectra that are shown as
the blue curves in Figure 4.3. The elastic conductance is proportional to the electron DOS,
which is constant and therefore o¢(V') = 0 and do®(V)/dV = 0 as shown in Figure 4.3(a)
and (b). The IETS spectrum d2I'(V)/dV? shown in Figure 4.3(d) is proportional to
the phonon spectrum «?F,,, as becomes apparent from Eq. (3.37). For the inelastic
conductance o°(V') plotted in Figure 4.3(c) this results in a valley-like structure with
maximum increase at eV = twp, and a saturation at wp with o'(wp) = 0.10¢. The total
conductance (Figure 4.3(e)) therefore also increases when moving away from zero bias due
to the possibility of inelastic tunneling processes and saturates at 1.10g for the voltage
eV = wp where all inelastic tunneling channels are open. The total second derivative
d?I(V)/dV? of the tunneling current, as shown in Figure 4.3(f), is exactly the same as the
pure inelastic contribution since in the normal state the elastic conductance is trivial.



56 Inelastic Tunneling in Superconducting Junctions

a
15 @ 0.02 (b)
S 10 S| 000 g
ES ol -002
05
-0.04
0.0 ~wpn—A -A A Won+A A wWon+A
eV eV
~Wph Woh w
0.030 o
0.14
© 0.025 @
0.12 .
=
= 0.10! § 0.020
S >
= 0.08 S 0015
> —
< S
< 0.06 =] 0010
© < 3
0.04 S| o0.005
0.02 0.000
0.00 —wpn—A -A A wWop+A A Won+A
eV eV
" - 0.03 il
e
15 (e) 0.02 ()
£ oo
- 3
510 S 0.00
S ~
2 -0.01
S Sl \/
0.5 O D _0.02
©
-0.03
0.0 -0.04
~wph=A -A A Wen+A A Won+A
eV eV

Figure 4.3.: Elastic, inelastic and total tunneling spectra for single-phonon
mode. Shown in blue (normal state) and red (superconducting state) are the (V) =
dI(V)/dV and do(V)/dV = d?I(V)/dV? curves that are calculated for a single-phonon
mode with characteristic energy wpn. The inelastic tunneling amplitude was chosen such
that in the normal state the increase of the conductance from the inelastic contributions
is 0 = 0.10¢g, where g is the purely elastic conductance above T,.

Superconducting state

In the superconducting state the picture changes and not only the inelastic processes
but also the elastic processes give dynamical contributions for the conductance, see the
red curves in Figure 4.3(a) and (b). The elastic conductance in Figure 4.3(a) shows the
typical strong-coupling DOS of the Eliashberg theory, see also Section 2.2.3, with the main
fine-structure around eV = A +wpy, where d*I¢(V)/dV? has a clear dip (see Figure 4.4(b)).
Interestingly, the inelastic conductance o'(V') now shows a peak close above eV = A + wpy,
and then decreases to the normal state value for higher voltages. In the d?I'(V)/dV?
spectrum (Figure 4.3(d)) this manifests as a pronounced peak just below A + wp, with a
following small dip feature. Such features have been seen in IETS spectroscopy of molecules,
which we will discuss in Section 4.2.1. In Figure 4.3(e) the total conductance o(V') in the
superconducting state has changed significantly compared to the pure elastic tunneling
conductance o®(V') in Figure 4.3(a). The peak-dip feature of the strong-coupling theory at
eV = A + wph has become a more pronounced peak-feature and o (V') is larger than o for
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Figure 4.4.: Tunneling d?I(V)/dV? spectrum for single-phonon mode and dif-
ferent inelastic tunneling amplitudes: (blue) o'(wp) = 0, (orange) o'(wp) = 0.10¢,
(green) oi(wp) = 0.300.

biases eV > A + wph. In do(V)/dV the clear dip of the elastic tunneling (Figure 4.3(b)) is
replaced by a pronounced antisymmetric peak-dip feature relative to the zero-axis centered
around A+wpp. In Ref. [24] such antisymmetric peak-dip features in the IETS spectrum for
STM tunneling into Pb thin films have been observed and we will discuss this experiment
in great detail in Section 4.3.

Note that the exact shape of the IETS spectrum can differ depending on the parameters of
the system. For large inelastic contributions or when the phonon energy is much larger than
the superconducting gap wpn > A the peak will be more pronounced and vice versa. This
is illustrated in Figure 4.4, where we vary the inelastic tunneling amplitude. Thus, the nice
antisymmetry of the peak-dip feature in Figure 4.3(f) is actually a result of a certain ratio
of the input parameters similar to the ones observed in the Pb STM experiment [19, 24].

4.2.1. IETS of barrier molecules for superconducting junctions

The first phonon signatures, seen in IETS experiments on planar junction, originated
from molecules that contaminated the barrier oxide during the fabrication process [17, 18].
These molecules typically contained hydrogen such that OH or CH bending and stretching
modes could be detected via IETS with typical frequencies of wp, ~100meV far larger
than the superconducting gap A ~ 1meV of conventional superconductors. One could
think that the phonon line-shapes in the IETS spectra should not change when entering
the superconducting state due to this separation of energy scales. As was first pointed
out by Klein [123] there are small but clear changes of the inelastic signal below T, see
Figure 4.5, similar to the changes seen in Figure 4.3(d). In contrast to the previous section,
where we assumed a phonon mode with frequency comparable to the superconducting gap,
we can here neglect the elastic contribution to d?I/dV? as we are interested in energies
eV ~ wpn > A where the electronic DOS is constant again. Therefore, we find for zero
temperature

LI(V) 2LV
vz~ dv?

0
VD [ fesiga(V (o (e + eV, (017
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Figure 4.5.: IETS of oxygen-deuterium stretching mode on Mg-MgO-Pb junc-
tions taken from Ref. [123]: (a) Data with Pb forced to normal state via magnetic
field, (b) IETS with superconducting Pb electrode, (¢) Comparison of normal state (black)
and superconducting (blue) IETS spectra calculated using Eq. (4.17).

The peak of the IETS curve occurs for voltages V', where the overlap of the electronic
and bosonic DOS in the convolution is maximized. For a very sharp phonon mode, this
happens for the conditions? € + e |V| = wpp and € = —A, yielding that the IETS phonon
peak is shifted to higher energies at e |V| = A + wpy, in the superconducting state. We
emphasize that for the inelastic spectrum in Eq. (4.17) it is sufficient to consider only a
simple mean-field BCS DOS since the important contributions of the integral come from
the coherence peak and not from the Eliashberg features. In Section 4.3 we will show how
this can be used to unravel the elastic and inelastic contributions of the measured STM
spectra.

In Figure 4.5 the experimental d?I(V)/dV? spectrum in the normal and superconducting
state for a Mg-MgO-Pb planar junction is shown [123]. When forcing the Pb to the normal
state by applying a magnetic field, the IETS curve displays the oxygen-deuterium (OD)
stretching mode, see Figure 4.5(a). For the spectrum with the superconducting Pb in
Figure 4.5(b) small changes of the line-shape are clearly visible: The maximum is enhanced
and shifted to higher energies and a small dip occurs at the tail of the OD mode. These
three features can be captured very well by using Eq. (4.17) with a BCS DOS of gap
magnitude A = 1.3meV as is shown in Figure 4.5(c), which serves as a strong argument
that the derived tunneling theory works for both the normal as well as the superconducting
state.

4.2.2. Normalization procedure of Rowell and McMillan

Tunneling experiments on conventional superconductors in the normal state often show
deviations from a flat tunnel spectrum, two examples are shown in Figure 4.1. As is
pointed out in the review of McMillan and Rowell in Ref. [11] one usually normalizes the
superconducting conductance by the normal state conductance at each voltage

osc(V)

Onorm (V) = (V)

(4.18)

4Note, that in Eq. (4.17) the derivative of the bosonic tunnel spectrum has to be convoluted. Thus for
broader phonon modes, the maximum in o?F},, will occur just below wph. The phonon peak in the
IETS spectrum will therefore occur below e |V]| = A + wph.
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Figure 4.6.: Conventional normalization of superconducting tunneling spectra:
Shown are the total tunneling spectrum (red) in the superconducting state, the normalized
conductance oyorm (V) (black) and the purely elastic conductance (green) that represents
the electronic DOS.

This normalization procedure is expected to work well in the case where the non-constant
DOS originates from a varying normal state electron DOS, i.e. for purely elastic tunneling.
However, when inelastic tunneling is present the above normalization will not cause the
inelastic conductance to vanish, because the inelastic tunneling spectrum changes when
entering the superconducting state, see Figure 4.3. Let us apply the normalization (4.18)
for our single-phonon model and compare the obtained spectrum with the actual electronic
DOS. This is shown in Figure 4.6, where the total superconducting tunneling conductance
is plotted in red and the normalized conductance is plotted in black. For small inelastic
contributions o'(wp) = 0.020¢, typical for the planar tunneling junctions [11, 50], the
normalization works well and we see that the deviations of the normalized conductance
and the actual electronic DOS (green) are very small compared to the magnitude of the
strong-coupling features. For strong inelastic amplitudes, e.g. o'(wp) = 0.10¢ as in the Pb
STM experiment [19, 24], the deviations of the normalized conductance and the electronic
DOS are strong as seen in the right plot of Figure 4.6. In the normalized curve the
peak-feature is significantly more pronounced and the following dip feature is reduced
compared to the pure electronic spectrum.

Hence, we conclude that for conventional superconductors the normalization procedure (4.18)
only works for small inelastic tunneling contributions, e.g. for the planar junction experi-
ments on Pb [50]. When dealing with stronger inelastic tunneling amplitudes however, e.g.
in the case of STM tunneling [19, 24], the conventional normalization will not lead to a
spectrum that can be directly compared to the electronic DOS. In the next section, we will
explicitly show that using the tunneling formalism presented in Section 3.2 it is still possible
to separate the elastic and inelastic contributions of the measured conductance, which will
give direct access to both the electronic and the bosonic spectrum of the investigated metal.

4.3. STM on normal- and superconducting Pb films

In the past, fine structure of the tunneling spectra of superconductors have been widely used
to identify fingerprints of the mechanism responsible for Cooper pairing. In this section,
we show that for STM experiments on Pb thin films the inclusion of inelastic tunneling
processes as described in the previous Chapter 3 is essential for the proper interpretation
of these fine structures. Hence, we demonstrate that the McMillan inversion algorithm can
be an incomplete description and has, in general, to be modified to account for additional
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inelastic tunneling processes. We have chosen Pb films as a perfect trial candidate for
studying the role of elastic and inelastic tunneling for STM of superconductors, since the
electron and phonon spectra are known from various experiments [15, 32-34, 131] and
we can thus easily compare the STM spectra to the calculated curves of our theory. The
following analysis is based on Ref. [24] and the STM experiments were performed by Jasmin
Jandke and Wulf Wulfhekel at the KIT.

4.3.1. Normal state

Let us start by describing the experimental setup of the Pb STM tunneling experiment.
The measurements were performed with a home-build Joule-Thomson low-temperature
STM [132] at a temperature of about T' = 0.8K. The Joule-Thomson cryostat is accompanied
by a coil made of superconducting NbTi that is able to produce magnetic fields up to 5T
that can be used to force the Pb film to the normal state [133]. A tungsten tip, known to
have a very weak electron-phonon coupling [16], is used to avoid inelastic contributions
from tip phonons. The Pb film was grown in-situ on top of a highly n-doped Si(111)
crystal and immediately transferred to the cryogenic STM. In Figure 4.7 the topography
of the surface is shown with large extended 3D islands® of about 30 Pb monolayers (with
their (111) axis perpendicular to the substrate) on top of the wetting layer, as previously
reported by Refs. [134-138]. The measurements of the first and second derivative of the
tunneling current (V') have been performed using a lock-in amplifier with modulation
voltage V,, = 621VS. The modulation voltage leads to an experimental broadening
with FWHM= 1.2eV,, = 745ueV, see Section 3.3. As the temperature is much smaller
than the typical phonon frequencies, we can use the zero temperature expressions for the
tunneling currents and model the combined experimental broadening due to temperature
and lock-in by a convolution of the theoretical spectra with a Gaussian distribution of
FWHM= /(5.4T)% + (1.2¢V,,)? = 832ueV [123], which corresponds to a standard deviation
o =FWHM/v8In2 = 353ueV.
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Figure 4.7.: STM topography of Pb/Si(111) recorded with 1V, 1nA: On top of
the wetting layer (WL) extended Pb islands of typically = 30 monolayers (ML) appear.
Taken from Ref. [24].

Due to the finite number (~ 30) of monolayers, the bosonic and electronic states have
quantized momenta k. in z-direction perpendicular to the surface. Nevertheless, first
principle calculations [139, 140] show that in a 4 monolayer system the phonon spectrum
displays a clear resemblance to the bulk spectrum and that for a 10 monolayer system
it is already very close to the bulk spectrum. The experiments were performed for 30

®The extension of the islands are larger than 400 nm in diameter excluding Coulomb blockage physics.
5The modulation voltage V,, = 439uV given in Ref. [24] is defined as the root mean square value of the
AC voltage, however we wish to work with the maximum voltage similar to Ref. [123].
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monolayers and we expect that differences between this system and the bulk are therefore
negligible. As a more quantitative analysis let us consider the phonon model for cubic
systems of Section 4.1.2 and compare the bulk phonon spectrum and the thin film spectrum
(N monolayers) with quantized ¢, = " (—N, N], where a is the lattice spacing. In
Figure 4.8 we see that the 5 monolayer spectrum has additional peaks that come from
the strong quantization of the z-direction, but the 30 monolayer phonon DOS is basically
indistinguishable from the bulk phonon spectrum. This behavior originates from the fact,
that the phonon peaks in the DOS are caused by van Hove singularities at the Brillouin zone
boundary with characteristic wave length A ~ a < 30a. Therefore, the relevant wavelength
of the phonons is small compared to the system size. Further, the high energy phonons of
the lead film have a substantially different dispersion than those of the Si substrate, such
that phonons in the Pb films are expected to be reflected at the interface, i.e. they are
basically localized in the film and do not couple to the Si phonons.

Fouik
FsuL FsomL
0.0 0.5 1.0 15 2.0 2.5 3.0
Wik I M]

Figure 4.8.: Phonon spectrum for cubic systems as defined in Section 4.1.2:
(green) Thin film phonon spectrum with 5 ML, (red) thin film phonon spectrum with 30
ML, (blue) bulk phonon spectrum.

Hence, when performing STM IETS on the 30 monolayer Pb thin films in the normal state
we expect to see the bosonic tunneling spectrum athun(w) of the bulk phonons. Since
the electron spectrum of Pb is known to be flat for energies comparable to the Debye
frequency wp = 10meV of Pb7, only inelastic contributions will lead to variations in the
normal state conductance o (V) = o®(V) + o'(V) = oo + 0®(V). In Figure 4.9 the first
and second symmetrized derivative of the tunneling current is shown. The first derivative
shows a valley-like structure with an increase of about 12% from OmV to 10mV as expected
from the inelastic tunneling theory just like in Figure 4.3(e) for a single phonon mode.
This behavior originates from more and more inelastic tunnel channels that open when
increasing the bias voltage up to the Debye frequency wp ~ 10meV of Pb. The maximum
slope of the conductance occurs at the positions of the Van-Hove singularities of the phonon
spectrum. The phonon features can be seen more clearly when looking at the measured
second derivative, shown as the blue curve in Figure 4.9(b). Features well known from
complementary experiments like tunneling inversion [11, 15] and neutron scattering [32-34]
can be identified in the IETS spectrum, i.e. the typical peaks of the transversal and
longitudinal phonon modes at wy = 4.4meV and w; = 8.5meV. A zero bias anomaly, maybe
due to a quantum well state close to the Fermi surface [19], leads to a clear deviation of

"Renormalization effects by virtual phonons will not affect the electronic DOS in the normal state as
explained in Section 2.2.3.
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d*I(V)/dV? from the Eliashberg function for very small biases. Earlier STM experiment
on 13 monolayer Pb films [19] have shown similar results, see the green curve in Figure 4.9,
but they were able to better reproduce a?F(w) in the region between the phonon peaks
that is significantly reduced for the bosonic tunneling spectrum of this experiment. The
rapid fluctuations on top of the measured spectrum come from small mechanical vibrations
of the STM apparatus. Additionally, a clear third peak at eV = w; + w; is seen in the
d?I/dV? spectrum that coincides with the sum of the transversal and longitudinal phonon
frequencies, which suggests to interpret this feature with two-phonon inelastic tunneling.
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Figure 4.9.: Normal state STM on thin Pb films: (a) Eliashberg function deter-
mined via tunneling inversion from Ref. [11], (b) Conductance o (V) for Pb STM in normal
state at T = 0.8K [24], (¢) IETS spectrum from: (blue) 30 monolayer Pb thin film from
Ref. [24], (green) 13 monolayer Pb thin film from Ref. [19], (orange) theoretical d*I/dV?>
curve including multiple-phonon excitations.

In the following paragraph, we will interpret the normal state IETS data in more detail.
Let us first consider the one-phonon inelastic contributions in the normal state. The actual
amplitude seen in the experiment can be used to determine the value of the typical off-shell

energy states via the observed increase of the conductance due to inelastic processes®
4.16 10meV
o(10meV) — (0meV) (416) ;’0 / dw & Foyn(w) =~ 0.1209 . (4.19)
EoffVF 0

When approximating the tunnel spectrum by the Eliashberg function o?Fiu, ~ o F, see

8We can use the zero temperature limit here as the typical phonon frequencies are much higher than
the experimental temperature 7' = 0.8K. In the end, we will include the experimental broadening by
convoluting the spectrum with a Gaussian distribution of FWHM=5.4T" as described in Section 3.3.
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also the discussion in Section 4.1.2, this yields

Jo"" dw 0 F (w)
~ =31 4.
Eog \/ 01207 313meV (4.20)

where we used the Eliashberg function for Pb from Ref. [11] and the Pb DOS vg ~ 0.3/eV
determined from de Haas-van Alphen [131] and specific heat measurements [141]. This
is a reasonable value, as averaging over all inverse energies from the low-energy cutoff
we ~ 10wp ~ 100meV up to Er = 1leV agrees well with the above estimate from the
experiment

1 1 Er 1 1
~ / de— =~ (4.21)
Eog  Er —we Ju, e 400meV

We can also use Eq. (4.19) to directly determine the prefactor E2zvr = 29.5meV. Let us
now consider the two-phonon inelastic events that are included in the inelastic transfer
Hamiltonian derived in Section 3.1. It is straightforward to write down the corresponding
tunneling current and conductance in the zero temperature limit for the STM setup similar
to Eq. (3.34)

rew) = UO(

EQHVF> / de dw dw' o Fyun (w)a® Frun (W) D5 (€)

nple+w+w —eV)[1—np(e)] —np(e)[l —nple —w—w' —eV)]

. 1 \? /=
Ul’(2)(V):UO(E25> / devs(e)a' Fip(e +e|V]),
offVF —00
(4.22)

where we assumed particle-hole symmetry and defined the convolution of two tunneling
spectra as

4Ft:2un / dya Ftun(m - )a Ftun( ) . (4.23)

Note the striking similarity between the relation for one- and two-phonon inelastic tunneling
in Egs. (4.16) and (4.22). Generalizing these expressions we can write down the IETS
spectrum including multiple-phonon inelastic processes

il UDP%%AMVD+ o Fau(e|V]) | a®Fiu(e|V])

= sign(V) - +... (4.24)
EXqvt (Egqry)? (Egqry)?®

dv? e

where o?"F_ is the convolution over n bosonic tunneling spectra similar to (4.23). The
total contribution of the n-th order for the IETS spectrum can be calculated by integrating

Q”Fﬁfm( e|V]) _ (J25 dwa? F(w)\" (4.19)
/ V) g _< o ) (0.12)" (4.25)

Therefore, each n 4+ 1-phonon tunneling process is roughly suppresses by n orders of magni-
tude compared to the leading one-phonon tunneling process®. In Figure 4.9 we compare the
measured d?1(V)/dV? with the theoretical spectrum (orange curve) of Eq. (4.24). Shown in

9This smallness of higher-order inelastic processes serves retrospectively as a justification for the use of
the leading order when normalizing the spectra in (4.19), as two-phonon processes can already take
place at voltages eV = 2w; ~ 8 smaller than the Debye frequency.
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Figure 4.10.: Evolution of coherence peaks for thin Pb films: STM tunneling
data for the investigation of the coherence peak on Pb nanoparticles of different heights,
taken from Ref. [142].

blue (30 monolayers) are the normal state IETS data from Ref. [24] and in green the older
data (13 monolayers) from Ref. [19]. Both spectra show similar features'? with the typical
phonon peaks at wy, of the theoretical curve. However, the 13 monolayer data shows a
better agreement with the model of Eq. (4.24), especially the amplitude of the two-phonon
process at wy + wi. Nevertheless, the similarities between the Eliashberg function and
the IETS spectrum are apparent for both experiments, supporting the inelastic tunneling
formalism presented in Chapter 3.

4.3.2. Superconducting state

When turning off the magnetic field, the Pb sample is superconducting. The diameter
(~ 400nm) of the Pb island is far greater than the bulk coherence length ({§y = 83nm) of
Pb [143], but the thickness of the Pb films is only about 30 monolayer ~ 10nm, which
is significantly smaller than the latter. Therefore, the gap cannot fully develop and the
spectral weight of the coherence peaks is reduced, see Figure 4.10. This issue has been
intensively investigated in Refs [127, 134, 135, 142, 144, 145].

In Figure 4.12(a) the measured conductance in the superconducting state is plotted together
with a Dynes-fit [146]

w + I

(w+iD)Z2 - AZ]’ (4.26)

VDynes (w) =

that yields the parameters I' = 0.61meV for the quasiparticle broadening and A = 1.05
for the gap value'!. This is significantly smaller than the bulk value A = 1.36meV [143].
In contrast, the maximum of the coherence peaks is at ~ 1.65meV. The confinement of

ONote that the STM spectra seen on the same Pb films already show some variation when moving the
STM tip. This may come due to local impurities or vacancies, that can also be located below the surface
and may therefore not be visible directly in the STM topography image. Also, comparing STM data
from different experiments can be difficult, because usually the tip geometry and therefore the tunneling
matrix element may be totally different enhancing the contributions of certain areas of the Brillouin
zone of the superconductor.

"For the Dynes-fit we only used the region around the superconducting coherence peak, because for higher
biases inelastic tunneling occurs and the Dynes model is based on the purely elastic picture. We also do
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Figure 4.11.: Inelastic Pb spectra calculated for the superconducting state.
Inelastic conductance (a) and its derivative (b) for the normal (gray) and superconducting
state (red) using the normal state phononic tunneling spectrum and a Dynes-fit for the
electron DOS.

the electrons in the z-direction and our energy resolution make it impossible to resolve the
two-gap feature reported in Ref. [149]. The observed shape in the gap and coherence peak
region of the conductance is in good agreement with other experiments [127, 134, 135, 144]
on Pb thin films. However, when looking at energies comparable to A + wy ~ 5.5meV a
clear increase of conductance takes place because now inelastic tunneling via the emission
of a transversal phonon is allowed. Exactly such features have also been seen in tunneling
experiments on Niobium [129]. Obviously, such a behavior cannot be described by the
purely elastic theory and we have to include inelastic tunneling processes to understand
the experimental data.

In the following, we will present a quantitative analysis of the superconducting tunneling
spectra using our extended tunneling formalism. For calculating the inelastic contributions
in the superconducting state, we will use Eq. (4.16) and the following electronic and bosonic
spectrum:

o The electronic spectrum v(w) will be modeled by the Dynes-fit given in Eq. (4.26).
Strong-coupling features on top of this broadened BSC DOS can be safely neglected,
as they are suppressed due to the finite film size and furthermore give no significant
contributions to the calculated d2I/dV? spectrum as was discussed in Section 4.2.1.

« The phonon tunneling spectrum a? Fyyy, (w) is chosen as the bosonic tunneling spectrum
d?I/dV? ~ a?Fyu,(eV) from the normal state measurements. However, we will cut-off
the negative contributions of the zero-bias anomaly as this feature cannot arise from
inelastic tunneling. We emphasize that the use of the measured phonon spectrum
naturally includes higher-order inelastic processes described by Eq. (4.24) for the
calculated superconducting tunneling spectra. Further, we should not broaden the
calculated inelastic curves as such a broadening is already included using the measured
bosonic spectrum [24].

In Figure 4.11 the calculated inelastic conductance and its derivative are plotted together
with the curves in the normal state. In a fully gapped superconductor with gap A, inelastic
tunneling processes can only occur for biases eV > A + wyy,, however for the thin film

not wish to discuss extensively the question about the validity of the Dynes formula in this work [147].
As pointed out by Ref. [148] the strong superconducting fluctuations around the mean-field gap in
superconducting thin films can often be conveniently modeled via the proposed Dynes-fit.
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there is a significant electronic spectral weight below the coherence peak as can be seen in
Figure 4.12(a). Therefore, the sharp IETS spectrum calculated in the previous Section 4.2
will be less pronounced in the experiment here. The inelastic conductance dI'(V')/dV
shows a clear valley-like structure similar to the normal state curve, but slightly shifted
to higher biases. The same is also visible in the d?I'(V)/dV? curve'?, which bears a clear
resemblance to the bosonic tunneling spectrum of the normal state shifted to some higher
energies. This originates from shifted electronic spectral weight from the gap region to
higher energies when entering the superconducting state as becomes apparent from the
Dynes-fitted electron DOS, see Figure 4.12(a).

The calculated inelastic curves can now be used to divide the experimental spectra in
the superconducting state into elastic and inelastic contributions. In Figure 4.12(b) we
plot the pure elastic conductance o°(V) = o(V) — o'(V) by subtracting the inelastic
contribution shown in Figure 4.11(a) from the measured total conductance. Suddenly, clear
strong-coupling features become visible with inflection points at the positions A + wy ),
with the gap A = 1.05meV determined in the Dynes-fit. In Figure 4.12(b) we also plotted
a strong-coupling Dynes-fit, which we define in the following way

strong-coupling —R w il 4.27
Dynes () =Re Viw+i0)? = [FAW)2] 20

with the gap function A(w) calculated from the self-consistent solution of the Eliashberg
equation with the known Eliashberg function and pseudopotential for Pb from Ref. [11].
We choose 8 = 0.79 which yields a gap value of A = 1.05 and I' = 0.61 as used in the
conventional Dynes-fit (4.26). This phenomenological strong-coupling DOS displays the
same peak-dip features as the measured elastic conductance'?, in the experiment however
there is an additional suppression of electronic spectral weight above the coherence peak
which is shifted into the gap region.

Let us now compare the measured second derivative of the current, which is shown as the red
curve in Figure 4.12(c), with the calculated total spectrum shown in black. For the elastic
contributions we are using the strong-coupling Dynes-fit and for the inelastic contributions
the spectra shown in Figure 4.11. Both the experimental and the theoretical IETS curve
show two clear symmetric peak-dip features around the zero-axis at eV ~ A + wy, which
is exactly what we found for the single phonon mode of Section 4.2. This is not surprising
since for the single phonon model we used parameters that were chosen to be similar to
Pb. The agreement between the experiment and theory is good, especially the positions of
the peak and dip positions are captured well and only the magnitude is reduced, probably
due to the decoherence physics of the thin film confinement. Similar to the conductance
we can also calculate the pure elastic d?I¢(V)/dV? curve by subtracting the inelastic
contributions from the experimental data, which is shown as the red curve in Figure 4.12(d).
The elastic second derivative shows two clear dip features at A + wy /) as expected from
Eliashberg-theory, see e.g. Figure 4.3(f). For comparison, we also plotted in black the bulk

12Here, we applied a small Gaussian filter to the inelastic curve in the superconducting state to get rid of
the mechanical oscillations of the experimental phonon tunneling spectrum in the normal state.

13Note that the strong-coupling features are shifted to slightly higher energies since the Eliashberg solution
of A(w) was solved using the original bulk gap value Ag = 1.37meV. However, there is no clear theory
how to describe the electronic spectrum of a superconductor for films much thinner than the coherence
length and we will use our strong-coupling Dynes-fit in the following for the electron DOS. Actually, an
STM experiment with bulk Pb would be preferable for more quantitative interpretation of the elastic
and inelastic contributions.
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Figure 4.12.: STM on thin Pb films in the superconducting state: (a) Shown are
the measured conductance (red) and a Dynes fit (black) with the parameter I' = 0.61meV
and A = 1.05meV, (b) Pure elastic conductance (red), that is proportional to the electron
DOS, obtained by subtracting the calculated inelastic conductance from the experimental
data 0¢(V) = 0P(V) — ¢'(V). Comparison with BCS Dynes fit (black) and strong-
coupling Dynes-fit (gray) using the Eliashberg function by Rowell and McMillan [11]
shows strong-coupling features at characteristic energies A + wy,; with gap value of
Dynes-fit A = 1.05meV, (c) d?I(V)/dV? from experiment (red) compared to calculated
spectrum (black) using the strong-coupling Dynes-fit for the electronic spectrum (gray),
(d) Purely elastic IETS spectrum calculated by subtracting the inelastic contribution
from the measured d?I(V)/dV?. Shown in black is the curve for a bulk Pb electron DOS
using the parameters of Rowell and McMillan [11].

Pb DOS calculated using the Eliashberg function determined by Rowell and McMillan [11],
which shows a larger superconducting gap as was already discussed earlier.

In summary, we demonstrated that one can only understand Pb thin film STM data in both
the normal- and superconducting state by considering the possibility of both elastic and
inelastic tunneling paths as described by the tunneling theory presented in Chapter 3. The
normal state d2I (V') /dV? spectrum is indeed proportional to the bosonic tunneling spectrum
a?Fiyn(w) that is very similar to the Eliashberg function determined in earlier tunneling
experiments [11, 15]. Thus, IETS in the normal state can serve as a complementary tool for
the determination of the phononic pairing glue in conventional superconductors 4. In the
superconducting state there is a clear deviation from the conventional elastic picture that
the conductance is proportional to the superconducting DOS o (V) ~ v(eV) as inelastic
contributions lead to an increase of the conductance when eV ~ A + wp. When including
those inelastic contributions we can understand the observed spectra and are even able to
separate elastic and inelastic contributions to get access to the pure elastic conductance

1At this point, we also wish to refer to the great work of Ref. [150], which gives another alternative for
detecting the Eliashberg function. The authors could resolve the dispersion in the normal state and
thereby got direct access to the real part of the self-energy Re X% (w), which was then used to determine
2
a“F(w).
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and thereby the electronic spectrum. Therefore, the neglect of inelastic processes in the
interpretation of STM data is in general not justified and one has to carefully subtract
the inelastic spectrum before analyzing the tunnel conductance via the Rowell-McMillan
inversion algorithm!?.

The experience gained from the STM experiment into the conventional superconductor Pb
can now be used to reinterpret tunneling data of unconventional superconductors to gain
insights into the pairing mechanisms in the cuprate and iron-based systems, which will be
discussed in the following Chapter 5.

gee Section 1.1.2



5. Tunneling in unconventional
superconductors

In this chapter the extended tunneling formalism combining elastic and inelastic transitions
that was developed in Chapter 3 is applied to the cuprate and iron-based superconductors. In
contrast to tunneling into conventional superconductors, where the Cooper-pairs binding is
supported by phonons that are only slightly affected by the occurrence of superconductivity,
the electronic pairing glue in high-T, superconductors is changed significantly and obtains
a spin gap below T.. We demonstrate that this leads to a drastic change in the inelastic
tunneling spectrum when entering the superconducting state and show that we can explain
the experimental tunneling spectra of various unconventional superconductors. Explicitly
we show that the extended tunneling formalism developed in the previous chapters can
be used to understand the tunneling conductances of YBCO and LiFeAs naturally by the
coupling to collective spin fluctuations. The majority of this Chapter is based on Ref. [25].

5.1. Nature of the background conductance in the normal
state

In Section 1.3.2 a short review about the variety of tunneling spectra into the cuprate
and iron pnictide superconductors has been given. A feature constantly reappearing
is a pronounced V-shaped background conductance in the normal state leading to a
minimum in the dI(V)/dV curve at zero bias, see Figs. 1.8 and 1.10. Such background
conductances have been observed also in the normal state for tunneling spectra of various
superconductors, see Figure 5.1, and have been proposed to originate from inelastic tunneling
processes [125, 151, 152].

When following the conventional elastic tunneling theory such a symmetric increase around
V' = 0 in the tunneling spectra would correspond to a minimum in the electronic DOS
at the Fermi energy, which is not expected in most of these systems, especially not in
the “one-band” cuprate systems. In case of the iron pnictide materials [153-155], the
superposition of the hole and electron bands (with band-edges close to the Fermi energy)
can in principle lead to a local minimum, but even then fine-tuning is needed to fix the
position of this minimum to the Fermi edge. The reduction of electron spectral weight at
the Fermi surface above T, could also originate from additional gaps, e.g. from charge or
spin order. Indeed, for the cuprate superconductors there is more and more evidence that
spin and/or charge order occurs in the pseudogap region above T of the phase diagram [156—
162]. For BSCCO [128, 163] a clear evolution of the superconducting gap to a pseudogap
that persists up to the pseudogap temperature 7™ seen in ARPES [69, 164-166] has been
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Figure 5.1.: Background conductance in the normal state for a variety of
systems taken from Ref. [73, 125].

observed, supporting the picture that the pseudogap comes from preformed Cooper pairs.
Also in Ref. [167, 168] clear gap-features have been seen in tunneling data above T, at
similar energies on different sheets of BSCCO. Besides the ARPES experiments also
optical conductivity measurements [169-171] indicate that the amplitude of the pseudogap,
i.e. the region where the depletion of electronic states occurs, is of the order of the
superconducting gap. If however the quasilinear background conductance persists far above
the superconducting coherence peaks, as shown for the spectra in Figure 1.8, originated
from pseudogap physics, the corresponding pseudogap would have to be much bigger than
the superconducting gap. Therefore, we believe that the pseudogap is not responsible for
the linear background conductance seen in the unconventional superconductors. Another
proposed origin is the marginal Fermi liquid state of cuprate superconductors [172], however
to explain the linear conductance one has to assume a special tunnel matrix element that
serves as a band-filter for high-energy states.

Here, we instead want to propose that the background conductance in high-7,. supercon-
ductors emerges from inelastic tunneling processes involving collective spin fluctuations
as pointed out in Refs. [25, 125]. Similar to the tunneling analysis in Pb of the previous
Chapter 4, we show that the inclusion of inelastic processes is not only necessary for the
theoretical interpretation of tunneling data, but it also allows for a direct investigation of
the collective bosonic degrees of freedom beyond the indirect strong-coupling signatures in
the electronic spectrum. As pointed out first by Kirtley and Scalapino [125] the coupling to
an overdamped particle-hole spectrum, i.e. spin fluctuations, leads to a V-shaped inelastic
conductance in the normal state. This can be seen easily by assuming a Ornstein-Zernike
form centered around the AFV @ with Landau-damping due to the coupling to ungapped
quasiparticles at the Fermi surface [109, 111] for the spin susceptibility

_ £ x0
14+8%(q — Q)% —iw/wyg

x(q,w) (5.1)

Here wg is the typical energy scale! and ¢ the correlation length of the overdamped
spin fluctuations as introduced in the spin-fermion model, see also Section 2.3.1 and
Figure 5.2(a). When integrating over the whole two-dimensional Brillouin zone of the

Lwhich is in general temperature dependent
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layered superconducting plane, the bosonic tunneling spectrum is given by

Im "(q,w v |gl?
g2Xtun(w) =VF Z ’9’2 X»f-‘-q ) = |297|r X0 arctan(w/wsf) s (52)
q

which is a linear spectrum for low energies w < wgs and saturates for higher energies
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Figure 5.2.: Normal state spin spectrum in unconventional superconductors:
(a) Spin spectrum at the antiferromagnetic wave vector @, (b) Bosonic tunneling spectrum
given by the momentum summation of the spin fluctuation spectrum weighted by the
electron-spin coupling g.

to a constant value, see Figure 5.2(b). At T'= 0 and in the normal state the inelastic
conductance is just given by the integral over the bosonic tunneling spectrum ¢2xiun, see
Eq. (3.37), yielding

dIi(V)
v

eV i v S 9
/ dw g*Xpun (W) ~ v arctan(eV/wer) — n[l + (eV/wy)’]
0 Wsf 9

N {(eV)2 for eV < wgt (5.3)

eV for eV > wy

For energies smaller than wy we have a parabolic conductance which evolves into a linear
background conductance for w > wgs coming from the emission of spin fluctuations in the
tunneling process. Thus, the so-called V-shaped background conductance is actually an U-
shape for small energies. When increasing the temperature also the absorption of bosons is
allowed? leading to an increase of inelastic tunneling for all energies, especially also for zero
bias. This can be seen in the right picture of Figure 5.3. Such a model has successfully been
used to fit tunneling data® of optimally doped LSCO (Laj g5Sr0.15CuOy)-In junctions [125]
quantitatively, see Figure 5.3. The slight tilting of the experimental spectra can be easily
modeled by assuming a non-constant DOS, see the later discussion in Section 5.3.1. Hence,
inelastic tunneling gives a natural explanation for the background conductance in these
systems, since strong spin-fluctuations are known to be present in most of the unconventional
superconductors [173-178]. Furthermore, it has been shown that in the unconventional
bismuth-oxide superconductors the slope of the background conductance and therefore the
electron-boson coupling g increases with the transition temperature T, [179], which is a
strong argument for an electronic pairing by spin fluctuations in these systems. Depending

2Note that in the normal state the overdamped spectrum has no gap and therefore allows for low-energy
excitations.

3Note that the presented data shows no sign of superconductivity, probably because of a non-
superconducting surface layer. However, using transport measurements bulk superconductivity up
to T, = 36K has been observed in the sample.
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on the actual system the amplitude of inelastic tunneling can further be very different, e.g.
due to tunneling matrix elements selecting certain bands or from isolating barriers/surface
impurities with high-energy excitations that can serve as virtual intermediate states for
the tunneling process.
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Figure 5.3.: Comparison of experimental and theoretical background conduc-
tance: (left) Experimental data for Laj g55rg.15CuO4-In junctions taken from Ref. [125]
for various temperatures (7. = 36K) on a nonsuperconducting surface layer, (right) Theo-
retical conductance with strong inelastic background calculated from the overdamped
spin spectrum in Eq. (5.2).

5.2. Tunneling spectra in the spin-fermion model

So far, we considered the effect of inelastic tunneling via overdamped spin fluctuations in the
normal state [125]. In the following section, we will consider the effect of the combination
of elastic and inelastic processes for tunneling spectroscopy in the superconducting state of
unconventional superconductors based on the description of the spin-fermion model* and
compare it to the normal state tunneling spectra based on Ref. [25].

5.2.1. Inelastic tunneling as the origin of the peak-dip-hump feature in
unconventional superconductors

As discussed in Section 2.3.1, a spin gap evolves for the originally overdamped spin
fluctuations below the superconducting transition temperature 1" < T, since the electronic
quasiparticles are gapped and we therefore need a finite energy to create a particle-hole
excitation. This is in contrast to conventional superconductors, where the phonon modes
are only slightly renormalized when entering the superconducting state [180]. Thus, for an
electronic pairing glue like spin fluctuations it is essential to solve the Eliashberg equations
for the electrons and bosons self-consistently, e.g. using the coupled integral Egs. (2.39). As
was pointed out in Section 2.3.1, a spin resonance develops below T, at energies wyes < 2A
at the AFV @ for a sign-changing superconducting gap, see red curve in Figure 5.4(b).
The coupling of this resonance mode to the electrons gives rise to moderate strong-coupling
features at A + wres in the electronic DOS shown in red in Figure 5.4(a). The total
integrated bosonic tunnel spectrum ¢?xtun(w) in the superconducting state is presented
in Figure 5.4(c) and deviates strongly from the spectrum in the normal state. In general,
the characteristic energy scale wg of the antiferromagnetic fluctuations is temperature

4see Section 2.3.1
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dependent and thus the integrated spectra will differ from the ones calculated here, where it
holds that the integrated susceptibility [ dwd?qIm x%(q,w) is the same for the considered
energy range w = [0, 5A] in the normal- and superconducting state. However, the important
feature that is captured well by our spin spectrum is that spin spectral weight is shifted
from low energies w < wres towards higher energies leading to a spin gap Ag = wyes as has
been seen in neutron scattering experiments [59, 60, 181-184]. Note that the presented
hot-spot theory is not capable of describing the linear behavior of the electronic DOS in
the gap region for nodal superconductors like the cuprates, however in this section we will
focus on tunneling features above the superconducting coherence peak or on fully gapped
systems like some iron-pnictide compounds.

(a)

9*x(w) [arb. units]

A A+ Wres A Wes 20 3A A Wes 2A 3A
w w w

Figure 5.4.: Calculated spectra for the spin-fermion model in the normal
(blue) and superconducting state (red): (a) Electronic density of states, (b) Spin
spectrum Im XS (w) at the antiferromagnetic ordering vector @ with the resonance mode
occurring at wyes below Tp, (c) spin spectrum g2y integrated over the 2-dimensional
Brillouin zone.

In the following analysis, we have chosen our input parameter A and wgs of the theory in
such a way that the observed gap amplitude® A and spin spectrum including the spin
resonance at wyes agrees well with the experimental observations wgr ~ A [59, 181, 183] and
wres/2A & 0.7 [62]. The calculated spectra presented in Figure 5.4 are now used to calculate
the elastic and inelastic conductance using Eqs. (3.34), where we choose T' = 0.1A for the
superconducting and T' = 0.5A for the normal state spectra. The corresponding tunneling
spectra are shown in Figure 5.5.

Let us start with the elastic conductance in Figure 5.5(a): In the normal state the elastic
conductance o°(V) = oq is just constant as we assume a constant electron DOS. The
elastic conductance in the superconducting state reflects the BCS DOS including the
strong-coupling features at A + wyes, which is thermally smeared due to the small but finite
temperature. Note that the strong-coupling features do not display a pronounced dip, but
a rather moderate peak-dip feature. The reason for the weakness of the strong-coupling
features is that the contribution of the resonance mode to the actual pairing glue is in
general small [101, 185], i.e. small compared to the overdamped spin fluctuations at higher
energies w > 2A. Also, the resonance mode itself cannot be the origin of the high T since
it only develops deep inside the superconducting state T' < T, and is therefore not present
when the superconducting transition occurs.

The inelastic conductance ¢'(V) is shown in Figure 5.5(b). In the normal state it is the
same as the spectra presented in the previous Section 5.1, meaning that a pronounced
V-shape with parabolic behavior at low biases eV < wg appears on top of the constant
elastic conductance. We emphasize that the inelastic conductance shows no interesting
fine-structure due to the overdamped nature of the normal-state spin fluctuations and is

®Here, A = |Ag, | is the gap magnitude at the hot-spots of the Fermi surface.
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finite at zero bias because of to the finite temperature T = 0.5A. This has already been
seen in the previous Section 5.1 and a proper normalization procedure has to be developed
when comparing theory and experiment, which will be discussed in the following paragraph.
In the superconducting state the inelastic conductance changes drastically: Due to the gap
in both the electronic (superconducting gap A) and the bosonic spectrum (spin gap wres)
the inelastic conductance vanishes up to A + wyes, Where it shows a sharp increase. However,
it does not approach the normal state value due to the lower temperature assumed in
the calculation. Importantly, the spin gap and the shift of spin spectral weight to higher
energies that occurs below 7T, can be directly seen by the suppression of inelastic tunneling
contributions for the red curve of Figure 5.5(b) in the energy range from A to A + wres.
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Figure 5.5.: Calculated conductance spectra for the spin-fermion model in the
normal (cyan/blue) and superconducting state (yellow/orange/red): (a) Elastic
conductance ¢¢(V') displaying the smeared electronic DOS, (b) Inelastic conductance
a'(V) showing a V-shaped background conductance for large biases eV and a suppression
for eV < A + wyes below T, (c) Total conductance o(V) = a°(V) + oi(V) for different
inelastic tunneling amplitudes (increasing cutoff energy Fog lowers inelastic contributions),
(d) Tunneling spectrum for YBCO planar junctions normalized to the conductance at
100meV [73], (e) Conductance for STM on LiFeAs with normalization to I(50meV) [91].



Chapter 5. Tunneling in unconventional superconductors 75

Naturally, only the sum o (V) = 0°(V) + o'(V) of the elastic and inelastic processes can be
directly observed by tunneling experiments, which is shown in Figure 5.5(c) for different
inelastic tunneling amplitudes. In contrast to the Pb experiments of Section 4.3, where the
normal state could be accessed at the same low-temperature T' < A, wp via the application
of an external magnetic field, the information about the normal state in unconventional
superconductor tunneling is usually determined for high temperatures T' > T, as the
critical magnetic fields are generally very high. This poses a normalization issue for the
STM experiments since the usual way of normalizing STM data for different temperatures
is by adjusting the tip-sample distance such that the current-voltage curves I(V') or the
conductance curves o(V') coincide at high bias voltages. This way of fixing the tip-sample
distance (and therefore the elastic tunneling amplitude ¢¢) is necessary, because the sample
and tip materials thermally expand when increasing the temperature and thereby enhance
the tunneling rate significantly (remember that the STM current typically increases by
one order of magnitude when lowering the distance by only 1A). Interestingly, the same
normalization procedure is usually applied to planar-junction experiments, where the
thermal expansion of the barrier thickness is not expected to have a reasonable effect
on the tunneling spectrum. Here, the most probable reason why the curves for different
temperatures do not meet for high biases is the increase of inelastic contributions for
higher energies as can clearly be seen in Figure 5.3. In what follows, we normalized the
total conductances such that the current I at eV = 10A is the same in the normal and
superconducting state similar to Ref. [91].

Let us now discuss the changes in the expected conductance when increasing the inelastic
tunneling amplitude ¢t®/E.g in Eq. (3.34). Without inelastic tunneling we just see a
constant conductance c¢(V) = o0p in the normal state and the electronic DOS with
Eliashberg features at A 4 wyes in the superconducting state as shown in the yellow curve of
Figure 5.5(c). When increasing the inelastic tunneling a pronounced V-shaped background
conductance develops in the normal state and the Eliashberg features below T, are washed
out by the sharp increase of the inelastic conductance as seen in the second curve from
below. For a strong inelastic contribution, see the upper two curves in Figure 5.5(c),
the Eliashberg features from the elastic transitions are completely overshadowed by the
strong increase in the inelastic conductance leading to an effective peak-dip-hump feature
in the superconducting state. Interestingly, the superconducting curve has a significant
dip below the normal state curve around eV = 2A, which originates from the spin gap
below T.. We emphasize that the dip of the peak-dip-hump feature does not originate from
Eliashberg-like strong-coupling physics, therefore not from a renormalization of electronic
quasiparticles due to the coupling to virtual bosons, but from inelastic events via the
emission® of spin fluctuations. Exactly such peak-dip-hump characteristics have been
seen in many unconventional superconductors showing a background conductance as was
discussed in Section 1.3.2. In Figure 5.5(d) and (e) experimental tunneling conductances
for YBCO planar junctions [73] and STM on LiFeAs [91] are shown in comparison to
our calculated tunneling spectrum o(V) and striking similarities can be observed. In
both experiments one can observe a general background conductance and also a clear dip
below the the normal state above the coherence peak of the tunneling conductance in the
superconducting state, leading to the peak-dip-hump feature discussed in the literature.
We also note that as we normalized our tunneling spectra with the current-voltage I(V')
characteristics, the superconducting curve exceeds the normal state conductance for higher
biases as was seen in the LiFeAs data, which used the same way of normalization for

5Tn the superconducting state, there are basically no excited spin fluctuations as T' < wres and therefore
absorption processes are suppressed.
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their experiments. In contrast to the nodeless superconducting pairing state in LiFeAs,
where we expect the hot-spot theory to work well, its validity to give quantitatively correct
strong-coupling features for d-wave superconductors like the cuprates is questionable.
Obviously, we cannot reproduce the linear gap-region in Figure 5.5(d) typical for nodal
superconductors. Also, it was shown by Zasadinski [114, 115] that a peaked mode at wyes
can give rise to a single pronounced dip feature in the electron DOS at A + wyes, see also the
discussion in Section 2.3.2. Nevertheless, the d-wave physics is not capable of explaining
the background conductance and the additional dip in the electron DOS would only lead
to a more pronounced dip feature in Figure 5.5(c).

5.2.2. Normalized conductance

Of course, in many unconventional superconductors the electronic DOS in the normal state is
already non-flat. Therefore, already the normal-state elastic spectra shows a clear deviation
from a constant conductance o¢(V') # og and is energy-dependent. We can include this in
two ways: (i) We can use a non-flat normal-state DOS for the calculation of the tunneling
spectra, which will be done in the following Section 5.3 for a more quantitative interpretation
of the STM data in LiFeAs. (ii) We normalize our superconducting conductance by the
one in the normal-state. In this paragraph, we will employ the second option and use the
normalized conductance proposed in Refs. [91, 186]

osc(V)
One(v/ V2 — A2/e2)’

which is very similar to the normalized conductance by Rowell and McMillan in Eq. (4.18)
and reduces the effect of a non-flat electron DOS significantly.

Unorm(V) = (54)

The normalized conductance oyorm (V) and its derivative for the spin-fermion model are
shown and compared to LiFeAs data from Ref. [91] in Figure 5.6. Our model and the
experiment show an excellent agreement assuming strong inelastic tunneling. Let us start
with the normalized conductance: Inside the gap region there are clear deviations between
the two curves since LifeAs is a multiband superconductor with three hole-like bands
centered around the I'-point and two electron-like bands centered around the M-point of
the Brillouin zone [187-189], which show two distinct superconducting gaps. However, the
dominant gap is the larger gap A := Ay and we will neglect the second gap Ay < A1 in our
ongoing analysis. Above the coherence peak at A the experimental and theoretical curves
both show a clear dip visible around eV &~ 2A in oyorm, followed by a strong increase with
a small peak that saturates above 1 due to the normalization procedure explained above.

Also for the derivative oporm(V')/dV of the normalized conductance, shown in the lower
pictures of Figure 5.6, the experimental and theoretical spectra share the same features for
eV > A when assuming a strong inelastic tunneling contribution. The most important fine-
structure is the clear peak that occurs at energies between 2A and 3A in the experimental
curve, which has been seen in many unconventional superconductors [74, 77, 91, 190].
Such a clear peak is only expected when the inelastic contributions dominate and occurs
at A + wyes (red curve), while the pure elastic curve would have a dip at this position
(yellow curve). Therefore, when the conductance shows a clear V-shaped background
conductance and inelastic tunneling is important, the peak in dopom(V)/dV can be used
to deduce a spin gap and therefore a possible resonance mode” in the spin spectrum of

“In Ref. [77] even a second smaller peak was found at eV ~ A + 2wres that probably originates from
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Figure 5.6.: Comparison of theoretical and experimental normalized tunneling
conductances: Normalized conductance oyorm (V) and doporm (V) /dV calculated from
the spin-fermion model (left) and comparison with normalized data from LiFeAs (right)
adapted from Ref. [91].

unconventional superconductors. Let us remark at this point that this shift of spin spectral
weight, which leads to the features explained above in the tunneling spectra, has been seen
also in inelastic neutron scattering of LiFeAs [184, 191]. However, LiFeAs is a rather unique
iron-pnictide because the stoichiometric parent compound is already superconducting and
not magnetically ordered [192]. This poses the question if spin fluctuations are responsible
for the moderate T, ~ 18K and what the underlying superconducting pairing state looks
like. The excellent agreement of the tunneling data with the presented theory leads us
to the conclusion that the spin fluctuations are the dominant interaction channel, which
gives evidence for an electronic pairing with an unconventional s+ gap symmetry in LiFeAs.
Further support for this picture comes from recent QPI studies [193] that could determine
the real part of the self-energy that is consistent with the coupling to a collective spin mode
at energy ~ 6 — TmeV.

Further, we conclude that the interpretation of earlier publications [77, 86, 91, 190], who
used the peak in the second derivative to deduce the resonance energy in cuprate and iron-

two-boson inelastic tunneling that has been neglected here as it will not be of importance for the bias
ranges discussed here.
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based superconductors, is indeed correct. Also the d2I/dV? curves of Na(Feg.g75Cog.025)As
from Ref. [90] look very similar to the calculated curve in Figure 5.6 and a clear peak
feature is seen around 2.3A, however the authors followed the conventional elastic picture
and searched for a dip in the d?I(V)/dV? spectrum. Since there is no dip present, they
misinterpret the right tail of the peak feature as the dip and thereby overestimate the
energy of the resonance mode. Obviously, the similarity of the presented tunneling spectra
in the normal and superconducting state with many curves in the cuprate and iron-based
superconductors showing background conductances is remarkable, which becomes apparent
in the comparison of the theoretical predictions in Figure 5.5 with the experimental curves
presented in Figs. 1.8 and 1.10. In the following, we will use the lessons learned from the
calculation of the tunneling spectra in the spin-fermion model to improve the theoretical
interpretation of tunneling data for selected high-T, superconductors.

5.3. Revisiting tunnel experiments in unconventional super-
conductors

In this section, we will show for how to quantitatively interpret tunneling experiments
in unconventional superconductors which show a pronounced background conductance
using our extended tunneling formalism. We will explicitly revisit experiments performed
on LiFeAs as well as YBCO and show that we can naturally reproduce the observed
experimental conductances combining EETS and IETS.

5.3.1. LiFeAs: A particle-hole asymmetric superconductor

In Figure 5.5(e) the experimental tunneling data of Ref. [91] for STM on LiFeAs single
crystals is shown. The spectrum is obviously not symmetric, calling for a non-constant
normal-state electron DOS. Indeed, ARPES measurements [187-189] and Density Func-
tional Theory (DFT) calculations [154, 194] indicate that the upper edge of a hole-band lies
very close to the Fermi energy, giving rise to a clear energy-dependency for the electronic
spectrum that breaks particle-hole symmetry on the energy scale of the superconducting
order parameter. However, the normalized conductance and its derivative showed striking
similarities to the tunneling spectra calculated using the rather simplistic spectra from the
spin-fermion model. This gives us confidence that the main ingredients for understanding
the tunneling spectra are the opening of a gap in the electronic and bosonic spectrum,
which is well captured by the spin-fermion model. Details about actual electronic band
structure and more realistic spin spectra can then be used to make a more quantitative
fit to the experiments. In the case of LiFeAs, the spectrum shows a clear tilting and in
the following we will show that this is consistent with a linear electronic DOS around the
Fermi energy.

The typical tunneling spectrum for a linear electron spectrum (see Figure 5.7(a)) interacting
with collective spin fluctuations is presented in Figure 5.7(c). The electronic spectrum in
the superconducting state is modeled by a Dynes-fit with gap A = 5.5meV and quasiparticle
broadening of I' = 0.25meV [91]. For the spin spectrum we use a form similar to the one of
the spin-fermion model in Section 5.2, with overdamped fluctuations in the normal state
and a gapped spectrum with spin gap wyes = 1.3A [62] in the superconducting state as
shown in Figure 5.7(b). The total conductance below T, shows the typical features seen in
the previous Section 5.2 with a V-shaped background conductance and a clear dip below
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the normal state curve around eV = 2A, followed by a sharp increase around A + wyes-
This curve agrees well with the conductance spectra in the normal and superconducting
state of LiFeAs shown in Figure 5.5(e), but the dip for negative biases is less pronounced in
experiments. This has been seen also in other experiments on iron-based superconductors,
see e.g. Figure 1.10, and cannot be captured by our model. The origin of this effect may
lie in a bias dependence of the inelastic tunneling matrix element, which will be discussed
later in Section 5.3.3. We also neglected possible strong-coupling features here, because for
a fully gapped system like LiFeAs they are not expected to give rise to such a pronounced
dip and there is no sign of the typical peak-dip features of Eliashberg theory.

-A A A Wres

v(€)IvE

-20 -10 0 10 20
meV

Figure 5.7.: Tunneling for broken particle-hole symmetry in the normal- (blue)
and superconducting state (red):(a) Electronic spectrum with significant linear
increase around the Fermi-surface, (b) Overdamped bosonic tunneling spectrum in the
normal state and corresponding gapped spectrum below T, (¢) Typical total tunneling
spectrum including elastic and inelastic processes for unconventional superconductors
with broken particle-hole symmetry.

5.3.2. YBCO

The tunneling data in YBCO already show an astonishing agreement with the calculated
spectra from the spin-fermion model for the region outside the gap. This is particularly
interesting because YBCO is established to be a d-wave superconductor and the features
above the gap, especially the clear dip (see Figure 5.8(d) have been frequently interpreted
as strong-coupling feature that arise from the coupling to virtual spin fluctuations similar
to the strong-coupling features in conventional superconductors [9, 10, 15]. In Figure 5.8 we
improved our model for YBCO by assuming a d-wave electronic DOS shown in Figure 5.8(a),
which is substantially broadened similar to the experiments. Assuming a reasonable spin
spectrum for the normal- and superconducting state [182], see Figure 5.8(b), we again find a
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striking similarity of the tunneling conductance and the normalized tunneling conductance
when comparing the calculated spectra with the experiment.
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Figure 5.8.: Spectra for YBCO tunneling in the normal- (blue, 7' = 100K) and
superconducting state (red, 7' = 10K):(a) d-wave superconducting DOS with maxi-
mum gap A = 30meV including quasiparticle broadening of I' = 7.5meV , (b) Overdamped
bosonic tunneling spectrum in the normal state and gapped spectrum below T, motivated
by neutron scattering experiments [182], (c) Calculated tunneling conductance normalized
to 0(100meV) using an inelastic tunneling amplitude to fit the experimental data in the
normal state, (d) Experimental conductance for an YBayCuyO7/Pb junction normalized
to o(100meV) [73], (e) Calculated normalized conductance using Formula (4.18), (f)
Experimental normalized conductance for YBasCuysO7/Pb junction [74].

Let us quickly discuss the possibility of other mechanisms which could generate such features
that have been observed in the YBCO tunneling conductance and why we think that they
can be excluded here. In Section 2.3.2 we have presented an extended Eliashberg formalism
for d-wave superconductors [113], which is capable of explaining a clear dip in the electronic
spectrum at A +wg when assuming a sharply peaked bosonic mode at wy in the pairing glue.
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The authors of Refs. [114, 115] were able to explain tunneling data in BSCCO qualitatively
by such a sharp mode with an energy® close to the spin resonance frequency seen in neutron
scattering. Note that for BSCCO inelastic tunneling seems to be mostly absent as there
is no clear background conductance visible in the majority of the experiments, see also
Figure 1.9. Nevertheless, depending on the the surface sheets and tunneling direction also
spectra showing a clear background conductance and/or pseudogaps have been observed
above T, [167, 168], and even a phonon mode has been detected using IETS [86, 198, 199].
The reason for the absence of a background conductance for many BSCCO spectra could
originate from the different shape of the Fermi surface or from enhanced tunneling through
an insulating oxide in YBCO. The explanation of the dip due to a sharp resonance mode in
YBCO is however unlikely, because the position of the dip relative to the superconducting
coherence peak is significantly below the value of the resonance mode as seen in neutron
scattering experiments [60, 181]. Furthermore, the strong broadening seen for the coherence
peak should also reduce the magnitude of possible strong coupling effects significantly.
Therefore, the clear background conductance and the nice agreement of the dip position
below A + wyes is a strong argument for the inelastic tunneling theory in YBCO. Also the
pseudogap in the cuprates can be ruled out as the origin of the background conductance,
because the magnitude of the pseudogap is of the order of the superconducting gap as has
been seen by ARPES and tunneling experiments, see also Section 5.1.

5.3.3. Asymmetric matrix element for inelastic tunneling

One feature that is seen in various experiments, e.g. in LiFeAs or FeSe/STO, is that
the inelastic features seem to be weaker on the negative bias side. In Ref. [200] such an
asymmetry has been explained by a voltage dependence of the tunneling matrix elements.
Let us quickly sketch the main idea to show that this mechanism is probably not sufficient
to explain the observed magnitude of the suppression of the inelastic tunneling. Following
Wolf [29] we approximate the elastic amplitude for the tunneling of an electron through a
barrier by the WKB expression

t°(E,eV) ~ exp [— /Od dx\/m[U(:EQ’;) — F] , (5.5)

where U(x, V) is the barrier potential. In the case of vacuum tunneling like STM the
barrier potential is essentially the work function of the materials”, see also Figure 5.9 where
the corresponding energy band structure is shown. In the following we denote with ¢; and
¢m the work functions of the tip and the metal, which are extrapolated linearly in between
because the vacuum is an insulator. Consequently, a linear barrier potential between the
tip and the metal develops. In the following, we always measure the particle energy F with
respect to the Fermi energy of the metal. When applying a finite voltage V', the barrier
potential reads

U(x):eV+¢t+¢m ((f;%—eV) T (5.6)
8Other attempts to explain the tunneling data in BSCCO involves Van-Hove singularities and the not
self-consistent coupling to a bosonic mode in the superconductors [116, 195, 196]. Similar to Ref. [197]
we think that their analysis lacks of a self-consistent evaluation of the corresponding self-energies and is
therefore not capable of explaining the dip feature in these systems.
9The work function for tunnel barrier should in general be larger than 1eV for good tunneling junctions,
otherwise one already expects a U-shaped background conductance from the tunnel matrix element [27].
For STM experiments one therefore should use a metal with a high work functions, e.g. tungsten as in
the Pb experiments of Refs. [19, 24].
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Figure 5.9.: Barrier potential U(z,V) in a vacuum tunneling junction for dif-
ferent applied voltages V.

Here, z = 0 corresponds to the tip position and x = d is the surface of the probe. The
average potential of the barrier is then

:¢t+¢m

eV
2 2

_ 1 rd vV o -
U:E/OdasU(x) +S =6+, (5.7)

where we defined ¢ = % as the mean work function of the two electrodes. Using this

average barrier height, we can approximate

t°(E,eV) ~ exp [— /Od dx\/m[U(xZ’;;) — E]} A2 exp [— M ) d}

2h?
B

For the inelastic tunneling channel this bias dependency of the tunneling amplitude gives rise
to different inelastic tunneling probability for the tip-to-metal and metal-to-tip transitions.
Let us first consider the tip-to-metal tunneling process for a bosonic mode with energy
Obos, where we need the threshold voltage eV = Q.5 for inelastic processes. The tunneling
occurs first elastically with energy E = (.5, followed by an inelastic boson-scattering to a
state near the Fermi surface of the metal. Thus, the typical inelastic tunneling amplitude
of Eq. (3.24) for the tip-to-metal transition reads

i - te(Qb057 Qbos) e’

In contrast, for the reverse process an electron near the Fermi surface of the metal first
scatters inelastically and thereby loses energy. With the energy E ~ —{),s it occupies the
off-shell state and can then tunnel elastically for voltages eV =~ —(,os, see Figure 5.10.
Hence, for the metal-to-tip tunneling the inelastic amplitude reads

i ~ te(_Qbom _Qbos) e’
tt—)m ~ E F .
o

(5.9)

For typical values d ~ 6A, ¢ = 4eV (e.g. the tungsten tip) and Qp,s = 10meV (spin mode
in iron pnictides), we get that

st
mot o~ 1.02. (5.10)

i 2
[t
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Figure 5.10.: Sketch of inelastic tunneling processes in different directions.

We therefore can conclude that the energy and bias dependency of the matrix element is
probably not the origin of the observed asymmetry of the inelastic contributions in the
tunneling spectra. However we emphasize, that the WKB expression for the tunneling
matrix element is just a rough estimate of the electron tunnel probability, such that final
conclusions cannot be drawn from this simple picture.

5.4. Conclusion of Chapter 5

In this chapter we have successfully applied our extended tunneling formalism that combines
EETS and IETS to understand various tunneling spectra of unconventional superconductors
showing a background conductance. In the normal state we can explain the V-shaped
background conductance by inelastic scattering off overdamped spin-fluctuations during the
tunneling process [125]. In the superconducting state the phenomenological spin-fermion
model already gives the key ingredients to capture the important features seen in the
experimental tunneling conductances: A gap in both the electronic and the bosonic spin
spectrum below T.. The peak-dip-hump feature could be traced back to the shift of
inelastic tunneling contributions to higher energies when entering the superconducting
state, which overshadows the strong-coupling Eliashberg features that occur at exactly
the same position in energy. Indeed, when looking at iron-pnictide tunneling experiments
without background conductance, where we expect the fine-structure to originate from the
coupling to virtual bosons, the features in the electronic spectrum are often very weak
(see e.g. Figure 1.10(a),(b)). Future works with the extended tunneling theory should also
involve a more detailed modeling of the pure electronic spectrum, including possible effects
from multiband physics [201].

The agreement of our theoretical conductances and tunneling spectra seen in LiFeAs and
YBCO is excellent and we could even improve the fitting by assuming a non-constant normal
state DOS and a d-wave superconducting spectrum, respectively. This demonstrates the
capability of IETS as an experimental tool for accessing the bosonic spectrum of correlated
materials in the superconducting state. Of course, IETS is only present in unconventional
superconductors when a clear background conductance can be seen in the normal and
superconducting state and one has to be sure that the minimum of the conductance at
zero bias does not originate from additional gaps, e.g. from charge- or spin-density waves.
Additionally, the different inelastic tunneling amplitudes seen in various experiments, which



84 Inelastic Tunneling in Superconducting Junctions

could originate from momentum-selective matrix-elements or oxide-layer/impurity-assisted
tunneling, have to be further investigated. Also the reduction of inelastic tunneling on the
negative bias side seen in some materials is an issue that has to be further investigated,
possible origins might be band-structure or matrix-element physics.



6. Superconducting Light Emitting Diode

In this chapter we investigate theoretically the properties of the emitted light of a semicon-
ducting p — n junction with proximity-effect-induced superconducting order. The following
analysis is based on Ref. [202] and we call this setup a superconducting light emitting diode
(SLED). We show that the presence of a superconducting gap A in the particle and hole
bands can lead to an increase of the electro-luminescence in a sharp frequency window and
that an additional luminescence peak from Cooper pair tunneling occurs on resonance. We
also demonstrate that the emitted light can be squeezed and that the squeezing amplitude
can be controlled by changing the relative phase of the superconducting order parameter
between the junction, revealing how the macroscopic coherence of a superconductor can be
used to produce non-classical light.

6.1. Modeling the SLED

The main motivation for investigating the SLED is the question: “Is it possible to transfer
the macroscopic quantum coherence of Cooper pairs to light?” A simple solid state device
that efficiently produces entangled and/or squeezed photon pairs [203] is desired in many
research fields, e.g. for the quantum information processing and communication [204-206].
Such an on-demand production of entangled photon pairs due to the recombination of
Cooper pairs has been investigated theoretically [202, 207-213] for various different setups.
The fabrication of superconductor-semiconductor hybrid nanostructures has turned out
to be challenging and some promising candidates are quantum dots [214], semiconducting
quantum wells [215-218] and self-organizing semiconductor-superconductor-heterostructures
of unconventional superconductors [219]. In the p-n junctions [215, 218, 220] as well as
for InAs quantum dots [217], where the semiconducting heterostructure is combined with
a superconducting Niobium lead on the n side of the junction, a strong increase of the
electro-luminescence has been observed below the superconducting transition temperature
T.. Thus, the n-side of the junction has been superconducting, whereas the p-side is the
normal state.

6.1.1. SLED Hamiltonian

Here, we consider a semiconducting p-n junction sandwiched between two superconducting
leads! as first proposed in Ref. [211], which is also sketched in Figure 6.1. The system

1 So far, the realization of such a system has not been achieved, because the superconducting materials
that can be grown on the p-side have a lattice mismatch and have to be hole superconductors. However,
this is just an engineering issue and not a fundamental problem of the proposed setup.

85
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Figure 6.1.: Schematic setup of superconducting light emitting diode with p-n junction
coupled to superconducting (sc) leads operated under forward bias voltage V. Basic recom-
bination processes at low temperature T' < |A.|,|A,|: (i) recombination of conduction par-
ticle and valence hole upon radiation of a photon (red) with energy wq < eVp—|Ac|—|A,|,
(ii) absorption of a photon (blue) with energy wq > eV + |A | 4 |A,| upon transfer of an
electron from valence to conduction band, and (iii) Cooper pair tunneling upon emission
or absorption of two photons (green) with energy wq = eVp. The superconducting gaps
are denoted A, (A.) for valence (conduction) band. Taken from Ref. [202].

will be biased by a voltage eV = . — p1y, where p./, are the chemical potential of the
conduction/valence bands on the n/p-side of the junction. Due to the proximity effect [221]
Cooper pairs can tunnel into the active region of the light emitting diode (LED), where the
recombination of the particle and holes occur. The Hamiltonian of the entire system reads

H = Ho+ Hy + Hpy + Hepn + HE™ . (6.1)

Let us describe the different parts of the Hamiltonian in detail: H./, depict the isolated
physics of the conduction and valence bands and takes the form

Ho—ptaNo = Y (ca(k) = pta)af 0o + Y (Aadfal +he),  (62)
k,o=t1 k

where d;fc . is the creation operator for an electron in the conduction/valence band (o = (¢, v))

with momentum k and spin ¢. The band dispersion is assumed as a simple quadratic
dispersion e, (k) = k?2/2m, with the effective masses m, > 0 and m, < 0 describing
electron- and hole-like quasiparticles centered around the I'-point, supporting direct radiative



Chapter 6. Superconducting Light Emitting Diode 87

electron-hole-recombinations . The proximity-induced superconducting gaps are denoted
by A,. So far, we have not applied the bias V' to the system, which will be done later when
switching to an action-based description of the model. The next part of the Hamiltonian
describes the bare photonic system via

Hyp =Y wqblbg (6.3)
q

with linear photon-dispersion wq = c-|q | and photon creation operator 132; . We only consider
one photon polarization here and restrict ourselves to spin-conserving recombinations,
however the extension of our model to circularly polarized photons in straightforward
and does not alter the conclusions drawn in the remainder of the chapter. The radiative
recombination of electrons and holes is described by

Heph =~ > (g0bx e o0k o +hic), (6.4)
kKo

where gg is the electron-photon coupling constant between the valence and conductance
electrons, which is assumed to be momentum independent for the electrons and holes at the
Fermi edges. When operating the junction under forward bias, photons will be constantly
produced by the LED and the need for an external absorption mechanism becomes apparent.
Hence, we add a bath Hamiltonian [222, 223]

HYEM =N "vpalag — Y (Agqrblag +he.). (6.5)
q

q,q9’

The photon operator &:r] creates a bath photon with frequency g and the coupling between

the external bath and the photon system in the LED is denoted by A4 4/. The bath can
effectively absorb generated photons and thus effectively models the emission of light of
the LED.

Let us note the close relationship between the Hamiltonian (6.1) and the inelastic tunneling
Hamiltonian for superconducting tunneling. Besides the external bath, the main difference
lies in the energy scale of the applied bias V' and therefore of the bosons that are involved
in the inelastic tunneling process. For superconductor tunneling experiments on metals the
applied bias is usually of order 10 — 100mV (e.g. phonons, magnons, spin fluctuations),
whereas in semiconductors the forward bias usually operates at ~ 1V (optical photons).

6.1.2. Energy scales of the system

Before proceeding with the calculations, let us quickly summarize the important energy scales
of the system. For the following estimates we use realistic values of GaAs semiconductors.
There are five important energy scales in the system:

(1) The applied voltage V that is of the order of the semiconducting band gap D 1leV,
which is by far the largest energy scale of the system. The energy wy ~ eV as well as
the photon momentum |q | = eV/c of the emitted photons is set by the applied voltage
or the band gap respectively.
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(2) The semiconducting Fermi-energy Fr, measured relative to the band-edges of the
conduction and valence bands, which is typically of the order Er ~ 1072 eV—10"" eV.
With the typical effective masses m,/, ~ 0.05m, — 0.1 m, the Fermi velocity can be

estimated to be vy = \/2Ep/m ~ 107 3¢.

(3) The proximity induced gap A./,, which will be assumed to be |A,/,| = 1meV typical
for conventional superconductors.

(4) The electron-photon coupling energy |gg|2 vp ~ 1075 eV—1075 eV [211], where v is
the DOS of the fermionic quasiparticles.

(5) The coupling to the external bath, which will give rise to a bath decay rate 7, see
Section 6.2.3. The steady-state condition implies that the bath decay rate n has to be
larger than the photon production rate.

6.2. Effective photon action
6.2.1. Derivation of effective photon action

Since we are interested in the feedback of the superconducting electrons and holes on the
emitted photons, we will employ a Keldysh path-integral formalism to integrate out the
electronic quasiparticles that leads to an effective action for the photons. This effective
action contain detailed information about the electro-luminescence and squeezing properties
of the emitted light. The small parameter that controls our perturbative approach is the
electron-photon coupling energy | 90\2 vr < |A|, EF for the superconducting and normal
state. We also require the system to be in a steady state and will discuss the lasing
conditions later in Section 6.4.

The Keldysh action? of the Hamiltonian (6.1) reads

S = /C dt|>" (ek oi0ick o + Ok oi0hvr o) + > (bgiibg + aqidhag) — H|.  (6.6)
k.o q

Here, the ¢ o,V » are Grassmann fields and a4 ,bq are complex fields that arise when
using the path-integral formalism. It is convenient to apply the bias eV = pu. — p, at this
stage, which can be done by performing the gauge transformation oy , — ettty o See
also Appendix B. After this transformation the dispersions €, (k) — &n(k) = €a(k) — o
are measured relative to the respective chemical potential and the electron-photon coupling
acquires a time-dependent phase gy — ¢g(t) = goe'®Vt. However, we can reabsorb this phase
by introducing the new photon fields By = bqe’V? with dispersion &, = w, — eV and

Agq = aq eVt with dispersion Vg = vq — €eV. Let us now introduce the following electronic
and photonic spinors
¢
U'f A :
A c o B
¢ | "kt ¢ _ q
Ui = ¢ 0y = (c ) (6.7)
Uk | B4
—k 7\1/

2See also the introduction to Keldysh theory in Appendix C.
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with ¢ = cl,q for the fermionic and { = 1,2 for the bosonic case. We also defined the
corresponding Keldysh vectors

. \%cl . (I)cl
b, = A’; o, = <I>q (6.8)
Uy

where the A-superscript denotes the Keldysh-space, the A-superscript the extended
conductance-valence Nambu-spinor and the o-superscript the particle-hole photon space.
In terms of the defined spinors, the Keldysh action can be written in a compact form

S = / dtdt{Z‘I/k Lt )b () + 5 Zfb t,1)d g (t)

S e (Vi (8 ()57 — t’)} | ghaih (6.9)
k .k’

The factor 1/2 in front of the bosonic propagators comes from the “real” choice of the
photon spinor ®. The bare electronic propagator is given by

~ ~ ~ AR tt/ AK ttl
G (#) = —i{ B (O] (£) )o = (GO*'“(’ ) Goul 7) (6.10)

0 GOk(t7t)

G(()pl)c ]E/A ( ?R/A F(fliﬁ) lg/A

AR/A / S B1/2 R/t 0 Gok e 0 Fok e

Gog (t=1) = —i{W (O )] o= 1| —r/a o h),R/A .

FO,Ii,v 71({)/14 G((),IS: ,v/ (h)OR/A
0 FU,k ,C 0 GO ke tt!

where ( )o is the average with respect to the free, uncoupled action S(go = 0). The
particle and hole propagators of the conduction/valence band are denoted by a® o™

c/vefv
and the anomalous propagators that arise in the superconducting state by F' and F'. The
energy-momentum representation, as derived via a Fourier-transformation, takes the usual

form for the retarded and advanced propagators

(p) R/A ; *
Goo Foa C (wHi0) L+ (k) 0. —Ag-0p — AL -0 (6.11)
Foa GG s (£ 0)? —&a(k)? ~ AaP | |
where oy = (0, £ ioy). We assume the electrons to be in thermal equilibrium, therefore

their equilibration time is much shorter than the typical recombination rate of the LED
and we can express the Keldysh component of the Green’s function as

Gl (@) = F)[CF (0)— G )] (6.12)

with the fermionic distribution function F(w) = 1 — 2np(w) = tanh(w/2TF) and the
fermionic temperature Tr. For the photonic system, the propagator is given by

~ N R / AR /
Dog (4,1) = —i( b ()BT, (¢'))o = (gg Eji ; Dhalt? )> . (6.13)
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with the retarded and advanced blocks
s R/A - ° q/cl T
Dyt — ) = —i( @1 [ ()] o

B 0 iyt —t)
(nt, ) o

Here, the bare photon propagator reads [d(]f [/IA(w)}_l = w—wg £10. Similar to the fermionic

system, the photon system is for the uncoupled case in thermal equilibrium and thus the
Keldysh component reads

DE, (w) = Bo(w)[Df, (w) — D¢, (w)] (6.15)

with the bosonic distribution function By(w) = 1+ 2np(w) with the initial photon temper-
ature Tg. However, as we will see soon this initial bosonic distribution function will not be
of importance for the following analysis in the steady-state. The actual photon distribution
function will rather be determined by the interplay between the photon distribution of the
bath and the radiative processes of the LED.

The electron-photon part of the action can be written down as

Ve = S0 3 4% 935 ()]s (6.16)

a=cl,q1=1,2

with the vertex matrices 4% = 1 and 47 = 6, in Keldysh space and the coupling matrices

000 0
A _ g [1 00 0
V2 000 —1f°
0000 (6.17)
01 0 0
A _ G |00 0 0
V2|00 0 0
00 -10

Finally, let us also give the part of the action that describes the photon bath and its
coupling to the LED

spt = [ at [Z AL (10— 7g)Ag + 3 (Agg Bl Agr + )| (6.15)
q

q.,9’

Let us now derive the effective action for the SLED photons by integrating over the
fermionic degrees of freedom and the external bath photons. As explained in Appendix D
such an integration gives rise to two contributions for the photon propagators in terms of
the self-energies f[fll(t, t') from the electron-hole recombinations and lglgath(t, t') from the
absorption of photons into the bath, yielding an action of the form

e 1 o F
Sel = 5 > /_ dtdt’ ®T (t)
q oo

ﬁ(;; (t,t) =TI (¢, ¢') — T2 (¢, ) | g (¢). (6.19)
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The bath self-energy can be treated exactly, whereas the electron-induced self-energy has to
be handled within some approximations. We will continue by first calculating the flgl(t, t')
self-energy within the random-phase approximation (RPA) and show how the presence of
superconductivity gives rise to correlated photon pairs. Hereafter, we discuss the role of
the photon bath for the evolution of a steady-state of the SLED.

6.2.2. Electronic feedback

The effect of radiative electron-hole recombination can be described in our theory by the
self-energy lglgl(t, t'), which contains the information about photon absorption and emission
processes that involve transitions of electrons between the conduction and valence band.
Our gauge for the photon fields is chosen such that the structure of the self-energy

. eI (t—t) TS (t—t)
Hel N — 12 q D)
q (t> t ) ( H21 a (t . t/) ﬂ(boH (t _ t/) > (6 0)

is time-translational invariant, which is in contrast to the definition in Ref. [202]. This
choice has the advantage, that the inversion of the Dyson equation is trivial, because the
convolutions that occur can be easily Fourier-transformed and there is no need for a Wigner
transformation. The phase ¢g = ¢y — ¢c + 2¢, is dependent on the phase ¢/, = arg(A./,)
of the superconducting order parameters and of the coupling constant ¢, = arg(go). We
treat this self-energies in the RPA-approximation, which means that we take into account
only the leading order one-loop diagrams shown in Figure 6.1, and can write them down
explicitly as

1ol (¢, 1) ZZtr 7. Gog (t,1)3° @0k+q (1) (6.21)

In the following, we will summarize the resulting self-energies in the normal- and super-
conducting state and interpret the physical processes behind the observed features. The
actual calculations of the self-energies are performed in the 7' = 0 limit and are given in
detail in Appendix D.

6.2.2.1. Normal conducting leads

Let us start by assuming that the external superconducting leads are forced to the normal
state, e.g. by an external magnetic field or by increasing the temperature above T,.. In
this case the superconducting order parameters A, = A, = 0 vanish and also the diagonal
elements of the self-energy matrix in Eq. (6.20) are zero. For an analytic evaluation of the
occurring momentum sums we make additional assumptions about the band-structure: We
demand symmetric but mirrored dispersions with m, = —m,, (and equal gap amplitudes
|A:] = |A,| = A later in the superconducting state) for the conduction and valence
bands. As a result, the electronic dispersions fulfill {.(k) = —&,(k ). The electronic DOS
is furthermore only weakly energy-depend in an energy range |w| < Er with v.(w) =
vy(—w) = v(w), with v(0) = vp. In Figure 6.3 the situation is sketched and we emphasize
that assuming more general dispersion do not alter the main conclusions drawn in the
following analysis and can in principle be included via numerical integrations. The retarded
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Figure 6.2.: Feynman graphs of the one-loop bosonic self-energy H;?;q due to the

coupling to conduction (c¢) and valence (v) electrons, see Eq. (6.21). External photon
propagators (wiggly lines) are not part of the self-energy. Each vertex is associated
with a coupling constant |go|. Wiggly lines denote photons, solid (dashed) lines denote
conduction (valence) electron propagators. The anomalous contributions IS}, TS, appear
only for superconducting leads A., A, # 0. Adapted from Ref. [202].

self-energies in the normal state can be easily calculated for 77 = 0 and are given by

= for |w| <o
Hglf}z (w) = —im \90\2 V(w) vrlq] || rla|
| 2/ | sign(w) for|w| > vr|q|

LR 1,A
H’iQ,q (w) = H?Z,q (_w) ’ (622)

and are shown in Figure 6.4(a). We neglected the real part, because it only depends weakly
on frequency and because we are in the weak-coupling limit the renormalization of the
photon dispersion can be neglected in the normal state. Since the fermions are assumed to
be in thermal equilibrium, the Keldysh components of the self-energies just reads

el, K w el,R el, A
e (w) = coth(ﬁ) [nijvq (w) — 15 (w)] . (6.23)

The imaginary part of the self-energy describes the production and decay rate of the
photons from the recombination and creation of particle-hole excitations. In Figure 6.3 we
see that for Tp = 0 there are only two possible transitions: (i) the emission of photons with
energy wq < eV via the recombination of an electron from the valence band and a hole in
the conduction band, (ii) the absorption of photons, which creates a particle-hole excitation
for photon energies wgy > eV. Note that due to our chosen gauge of the photon fields
By =4 eVt the I1;5 self-energy defined here is measured with respect to the applied bias
voltage eV. Thus, the absorption/emission of photons is associated with a negative/positive
imaginary part in the retarded photonic self-energy H;ll’z (w) as can be seen from the blue
curve in Figure 6.4(a). The linear region for |w| < vpq originates from a restricted phase
space and the saturation to a constant value comes from the linearization around the Fermi
energies.
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lg| < kp

Figure 6.3.: Schematic of the symmetric electronic band dispersion model for normal
conducting leads. Conduction and valence band dispersion obey &.(k) = —&,(k), vp
denotes the Fermi velocity, kr the Fermi momentum, Er is the Fermi energy and
thus the filling factor of the bands and eV is the applied bias voltage. Electronic
transitions involving photon emission (absorption) are possible at photon energies wq < eV’
(wg > €V). Photon momentum q < k r is properly taken into account and results
in electronic transitions that are not vertical. In the presence of superconductivity the
electrons at the Fermi edges are gapped out by the superconducting gap A, resulting in
allowed transitions only for |wq — eV| > 2A. Taken from Ref. [202].

Note, that the production of photons is described by a positive imaginary part in the Hglllz (w)

self-energy that occurs at frequencies w < 0. If there were no additional contributions
to the photon self-energy, this positive imaginary part would lead to a violation of the
analytic structure of the theory, because the retarded self-energy has to have a negative
imaginary part for all energies w > —eV for bosonic particles®. Physically, this indicates
an instability of the system and tells us that a steady state cannot evolve if there is no
absorption mechanism for the produced photons of the LED. Hence, the photon number
would grow without bound, resulting in a LASER state (Light Amplification by Stimulated
Emission of Radiation). For this reason, we had to include the coupling to the external
bath that leads in total to a negative imaginary part for all energies. Later, we will also
discuss the LASER conditions for our model.

6.2.2.2. Superconducting leads

When the system is in the superconducting state, there exist non-zero anomalous fermionic
Green’s functions F, F. These lead to the anomalous terms in the diagonal of the bosonic self-
energy f[gl(t, '), which induce anomalous photon expectation values such as (b} (t)bT_q (t)).
As we will see later, this can lead to non-classical, squeezed states of the emitted light.
As shown in Appendix D the one-loop self-energies in the energy representation can be
written down as

Tl R () = 2|2 ‘Z[ Ug, v’Uk WUk +q Uk +q.c B Uk v Vk v Uk +q ,cVk +q ¢ ]
g 0 (k)—E.(k +q)+i0 w+E,(k)+E.(k +q)+10
elR —9 |g |Z[ Uk: vuk+q c _ u%,vvlzc-f—q,c ]
Mg ( 0 Ek +q)+i0 w+E,(k)+E.(k +q)+i0]"

3Remember that we measure our bosonic energy relative to eV > 0. Usually, the imaginary part of the
bosonic self-energy has a sign-change from positive to negative at w = 0, hence for our self-energy this
should occur at w = —eV.
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Figure 6.4.: Self-energies in the normal (blue=ImII°#) and superconducting
(red=ImII°"%, gray=Rell®"T) state: (a) Particle self-energy H;ll’f] (w) at fixed mo-
mentum q as function of frequency w. Positive/negative sign of the imaginary parts
corresponds to photon emission and absorption, (b) Anomalous self-energy Hill”]; (w) in

the superconducting state showing similar structures as the particle self-energy. Adapted
from Ref. [202].

LR 1,A
H§2,q (w) = Hgl,q (_w) ’

rrel, R e, R
1133 ¢ (W) = 17 q (w).- (6.24)

Here, ug, o = /3 (1 + ng(;;)) and vy o = 4/3(1 — ng(,j)) are the superconducting coherence

factors and Eo(k) = /£a(k )2 + |Asl? the superconducting quasiparticle dispersion of
the conduction and valence band. The corresponding Keldysh propagators are related by
Eq. (6.23). The explicit form of the retarded normal and anomalous self-energies in the
superconducting state in Eq. (6.24) are given in Appendix D for the realistic parameter
choice vr |q| < 2A and symmetric bands. In Figure 6.4 they are shown for the important
region w ~ 0, which corresponds to wgq ~ eV, and obviously both the normal and anomalous
self-energy show a very similar behavior. Their imaginary part vanishes for |w| < 2A. At
the border of these regions the functions exhibit a jump in the imaginary part of size

2
. el,R — T anl?
51—1>%1+ Im Ly (eVo +2A +6)| = 5 lg0|” vr

, 6.25
orld] (6.25)

then they remain constant over a frequency window of the order of v%|q|?/A. This plateau
comes from the finite momentum g # 0 that cuts off the squareroot divergence® that
would occur for zero momentum [211]. The imaginary part finally decays towards the result
for normal conducting leads, see Eq. (6.22), further away from the gapped region. The
Kramers-Kronig-relations [224] directly tell us that a jump in the imaginary part is related
to a logarithmic divergence in the real part. Since the electron-photon coupling v | 90\2 <A
is the smallest energy scale of the system, see also Section 6.1.2, this logarithmic divergence
is only of importance very close to |w| = 2A.

“Note, that it is absolutely essential to take into account a finite momentum, since otherwise we could
never realize a steady-state in our model as we will see later.
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As in the normal state, the imaginary part is proportional to the absorption/emission rate
of the LED. Thus, the vanishing of the imaginary part for |w| < 2A can be understood since
there can be no photons absorbed or emitted for photons with energy wq € [eV —2A, eV +2A]
for zero temperature, which is easily seen in Figure 6.3. However, the coherence peaks
in the fermionic DOS at £A lead to an enhanced emission and absorption of photons
for photon energies that couple the quasiparticles at the superconducting band edges,
which explains the enhancement of the imaginary part in comparison to the normal state
at energies |w| > 2A. For these energies the divergence of the real part indicates the
strong renormalization of the photon dispersion due to the coupling to the Bogoliubov
quasiparticles at the coherence peaks.

6.2.3. Role of the photon bath

In Section 6.2.2.1 the issue of a LASER instability has been mentioned and here we will
show how the external bath can serve as an absorption reservoir for achieving a steady
state for our model. The coupling to the bath system gives rise to the self-energy [Ibath
with the retarded component

. 0 IR (4 eV)
[Tbath.R _ q 6.26
q (w) Hgath,R(w +eV) 0 ( )
and
Ty F(w) = —im (@)1 poatn(w) (6.27)

For the derivation we used the usual assumptions [222, 223] that the coupling A\, ,» = A(wp )
is only depending on the photon energy and defined ppatn(w) as the bath photon DOS.
Since the microscopic details of the external bath are in general unknown, we assume an
Ohmic bath

w2

Y (6.28)

T IA@)[* poash (w) = n6(w)

with low-energy cutoff A < eV that quickly saturates at the constant absorption rate’
n for w > A. We neglect any real part, which is assumed to be basically featureless and
unimportant for our following analysis. The vanishing of the imaginary part of the retarded
self-energy in Eq. (6.27) for w — 0 is of crucial importance for the proper structure of the
Keldysh self-energy®

bath, K
3 0 ;" (—w+eV)
[IbathK (o T = a 6.29
q (w ) Hgath,K(w —|—6V) 0 ( )
with component
e ) = coth (7 ) [T (w) — T4 )] (6.30)

that would otherwise diverge for particle propagator for w — —eV.

5The bath self-energy corresponds to a absorption channel for the photons, because the imaginary part is
negative.

5We assume the external bath to be at thermal equilibrium with temperature Ty, however general
distribution functions can be easily incorporated.
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6.2.4. Photon propagators

The photon propagators can be easily calculated by solving

A

(Do — M) Dy =1, (6.31)

where we Fourier-transformed our effective action (6.19) and use the usual convention
g = (w, q). Note that in contrast to Ref. [202] we do not have to perform a more complicated
Wigner-transformation to obtain the photon propagator due to the gauge transformation
of our photon fields. We can separate the Keldysh and retarded/advanced component of
Eq. (6.31) as

oR A _ o o
([Dgy 17t = A DA =1, (6.32)
R R ek erea
(D) —1F)DEF =115 Dy (6.33)

Solving these equations for the dressed retarded and Keldysh photon propagators yields

o) — f[ﬁyq (w) - [cos(qSO) - isin(¢o) -&Z] + [w +wg + H%’q (w)} “O4 — [w —Wg — HQRLq (w)] S6_
[w— g —IE ()] [w+@q + 15, ()] + [IF , )]

)

(6.34)

By inverting the Dyson equation we have summed up the complete RPA series of bubble
diagrams from the electronic particle-hole processes and the absorption contributions of the
bath. The imaginary part of the retarded propagator determines the excitation spectrum
of the photon. When looking at energies |w| 2 2A, which corresponds to photons with
frequency ~ eV + 2A, one can observe an enhanced spectral weight for these energies.
This corresponds to photon-exciton bound states or polaritons, where a photon creates
a particle-hole pair that decays into a photon that creates a particle-hole pair and so on.
Since the DOS of the two superconducting bands diverge at +|A| (measured from the the
Fermi energy), only scattering processes with a photon matching the energy difference
~ eV £ 2A give rise to a large effective coupling between photons and electrons and to the
formation of polaritons.

6.3. Luminescence and Squeezing of the SLED

In this section, we discuss the properties of the light that is emitted by the SLED, both
in the normal and superconducting state. Therefore, we use the photon propagators that
contain all the information about the luminescence and squeezing properties.

6.3.1. Luminescence

We define the luminescence as the expectation value of the number of photons in a state
with momentum q

® dw .

£luq) = (B (0 (1)) = (BY(O1B, ) =1 [~ F2D5, @) (6.:35)
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with the lesser propagator Dy, , (t,t") = —i(bf (t)bg (') ), that can be expressed via a linear
combination DY, , = %(D{;q - Df‘zq + Dﬁyq) of retarded, advanced and Keldysh Green’s
functions. For the numerical evaluation of the luminescence we used parameters that are
consistent with our discussion in Section 6.1.2. The superconducting gap, which is of the
order A ~ 1meV, is used to express all other parameters in the following. We explicitly
set [go|? vr = A/50, vp/c = 1072 and eV = 1000A. Further, we assume an electronic
normal state DOS v(e) = vpy/1 + ¢/Er of a three dimensional electron gas with Fermi
energy Er = V/10 = 100A. The bath decay rate n has to be chosen in such a way that
the analytic structure of our theory remains intact, therefore it has to be larger than the
maximum of Im Hgll’fl (w), see Section 6.4. This corresponds to a minimum

s lg0]” vPA

Tlmin = Q(UF/C)wq (6.36)

We choose 1 = 1.5min here since even larger decay rates will result in a larger linewidth
for the photons, which will smear out the features of the SLED with the energy scale ~ A.
For smaller n < nmin our steady state is unstable and the system exhibits lasing.

2.0
1.5}¢ (a) superconductor TB=O (b) superconductor TB=eV/2
1.0t normal normal 0.15 Q-&
ductor
£ w conductor £ w 10 con
(wa) (q) eV ev+2n
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0.5
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0.0 0.0
eV-2A eV eV+2A eV-2A eV eV+2A
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Figure 6.5.: Luminescence L(wg) = <b,§ bg ) in the superconducting (red) and
normal conducting state (blue) as a function of photon frequency wg, = c|q]|:
(a) Bath temperature 75 = 0. In the superconducting state an enhanced luminescence
around wg = eVp — 2|A| is found due to quasi-particle transitions from the band-edges of
the superconducting dispersion. In the inset also shows an additional peak at resonance
wq = eVp from Cooper pair tunneling. (b) High bath temperature Tp = V/2 which
induces thermal photons in the LED. These thermal photons can now also be absorbed
via the creation of particle-hole pairs for wq > eV (normal state) or wg > eV + 2A
(superconductor), which can be clearly seen in the inset. Adapted from Ref. [202].

In Figure 6.5 we present the luminescence for different external bath temperatures, which
models different initial distribution functions when the LED is turned off (V = 0). Let us
first consider the case Tp = 0 in Figure 6.5(a), where no background photons are present.
When biasing the LED in the normal state (blue curve) we see that it only produces
photons with energy wqy < eV, which becomes clear because electronic transitions from the
conduction to the valence band are only allowed for this energy at T = 0, see Figure 6.3.
Similar to the normal state self-energy (6.22) the frequency scale of the increase of the
luminescence seen is given by vr |q| here, where |q | = eV/c is a small momentum. When
the external leads are superconducting a clear peak in the luminescence at wg = eV — 2A
is observed, which comes from the large number of electrons and holes that are pushed out
of the gap region to the superconducting band edges and recombine via the emission of a



98 Inelastic Tunneling in Superconducting Junctions

Figure 6.6.: Contribution to the luminescence in the superconducting state in
next-to-leading order g3: (a) Normal contribution from the Bogoliubov quasi-particle
contributing to the peak at wg = eV —2A, (b) Anomalous contribution giving rise to the
Cooper pair peak in the luminescence. Taken from Ref. [202].

photon, see red transitions in Figure 6.1. An enhancement of the photon excitations for
this energy has been seen in the experiments of Ref. [214], however they looked at a system
where only the n-doped side was coupled to a superconducting lead”. A second interesting
feature in the superconducting state is the occurrence of a Cooper pair peak at resonance wg ,
which stems from the recombination of electronic Cooper pairs with hole Cooper pairs as
shown as the green transitions in Figure 6.1. This peaks comes from second order processes
shown in Figure 6.6(b) involving the anomalous self-energies II;1, ITo2. These contributions
of higher order are taken into account automatically in our calculation via the self-consistent
RPA summation and is a feature the leading order analysis of Ref. [211] misses. The peaks
in the luminescence are characterized by a linewidth dw = max|n, (Ug—X")Q|A|].

We also considered the possibility of thermal photons in the LED, which can be incorporated
easily by the assumption of a finite bath temperature Tp = eV//2. In the normal state,
photons can not only be created by the LED for photon frequencies wgy < eV, but
also the possible absorption of the thermal photons for wg > eV can be seen clearly in
Figure 6.5(b) when comparing the normal state photon distribution with the vacuum. In
the superconducting state, this absorption is forbidden up to frequencies wg > eV + 2A
because of the superconducting order parameters in the conduction and valence bands. In
addition, one can clearly observe an additional absorption dip at wg = eV + 2A in the
presence of superconductivity.

6.3.2. Photon squeezing

One of the main motivations for the SLED setup discussed in this chapter has been the
question if it is possible to transfer the coherence and entanglement of Cooper pairs to the
emitted light. In this section, we will investigate the statistical properties of the photons
and show that the SLED can in principle produces two-mode squeezed light. This can be
traced back to the occurrence of anomalous photon expectation values <bi, bT_q ) induced by
the superconducting state of the electrons, which can push the uncertainty of one two-mode
quadrature operator® below the value of coherent light. In contrast to Ref. [211], where
the light-squeezing at resonance wq = eV was only determined in leading order (where the
photon number vanishes), we here also incorporate self-consistently a finite photon number

"We also performed some calculations based on our formalism with only one superconducting lead. Here,
we could only observe such an enhancement at wg = eV’ — A when one of the two bands is significantly
heavier than the other band.

8For a detailed introduction into quantum optics see e.g. the book by Scully [225].
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(b:rl bq ) for the squeezed photon modes. This allows for a quantitative description of the
squeezing properties for our theoretical model.

Since the recombination of Cooper pairs with net momentum zero can only lead to the
emission of two entangled photons with momenta ¢ and —q, the interesting two-mode
quadrature operator is

~ 1 - ~
+ _ T
Aq = Z?)W [bz —+ b_q + hC] s
A (6.37)
Ag = S B + 8L, — ],

where we defined the photon operators in the rotating frame 5q = IA)q e™at. The fluctuations
of the operators can be easily calculated for our model as
1+ 2(bhbg ) +2Re (byb_q)

(AAD)? = ((AA))?) = (A7 — (A7))%) = 1 - (6:38)

The Heisenberg uncertainty principle tells us that (Afl:{)(AA;) > 2| [/All‘;, AN =1
The state is then called squeezed if for one of the quadrature operators the fluctuations fall
below i. From Eq. (6.40) we can see that squeezing can only occur if the luminescence
L(wg) = <l~):f1 by ) is smaller than the magnitude of the anomalous luminescence, which we
define as

La(wg) = eV =alle®0 (b (t)bq (1)) = €% Bq () B—q (1))

, % dw
— P

Therefore, we restrict ourselves to small bath temperatures to reduce the number of thermal
photons in the SLED. For the photons on resonance wq = eV the electro-luminescence is
of order gé, whereas the anomalous luminescence is already of order g%. When separating
the amplitude and the phase of the anomalous luminescence we can express the quadrature
amplitude as

_ I+ 2L(wq) £ 2 |La(wg)|cos[2(wg — eV )t — ¢ + arg[L a(wq)]]
I :

(6.40)

From this expression it becomes clear that squeezing can only occur if |£4(wq )| > L(wgq),
which is the case for the photons on resonance that show a peak at wgy = eV in the
anomalous luminescence, see Figure 6.7(a). The origin of the strong squeezing and therefore
entanglement of the photon pairs on resonance comes from the coherent recombination
of Cooper electron pairs of the conduction band with Cooper hole pairs of the valence
band, as is depicted in Figure 6.1. We emphasize, that it is not necessary that the two
photons emerge from a single cooper pair since different pairs are phase coherent. Thus,
even photons that emerge from two different cooper pairs will be entangled (for momenta
g and —q), because the emission is from a condensate of Cooper pairs and not due to
isolated Cooper pairs as it would be in a small quantum dot. There is also a second
strong peak in the anomalous luminescence at wg = eV — 2A coming from the Bogoliubov
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Figure 6.7.: Squeezing properties of the SLED for superconducting leads: (a)
Normal and anomalous luminescence for the parameters defined in Section 6.3.1, (b)
Quadrature amplitude AAqi for photons on resonance wg = eV showing a squeezed light
state that can fall below the symmetric Heisenberg uncertainty limit 1/4. The inset shows
how the (initial) squeezing angle can be tuned by changing the relative phase ¢. — ¢,
between the two superconducting leads. Adapted from Ref. [202].

quasiparticle recombination®, however for these photons there is no squeezing because the
normal luminescence dominates for these energies.

In Figure 6.7(b) the fluctuation of the quadrature amplitudes AAf are plotted over the
difference of the phases of the superconducting order parameters in the conduction and
valence band. For our realistic choice of parameters one of the two fluctuations fall below
the Heisenberg uncertainty limit for a broad range of relative phases. In an experiment
we can control the relative phase ¢. — ¢, by inducing a magnetic flux into a parallel
configuration of SLED, which is effectively a Superconducting Quantum Interference Device

(SQUID). Therefore, the squeezing properties of the SLED can be conveniently controlled
by an external magnetic field.

6.4. Steady state and LASER condition

In Section 6.2.2 and 6.3.1 we already discussed shortly the possibility of our setup to
generate a lasing state if the external absorption mechanism of the bath is to small to
absorb the number of photons emitted by the SLED. Here, we will discuss this issue in

more detail for our model and show two distinct ways to understand the steady state
conditions for our parameters.

6.4.1. Lasing condition from effective action

Let us follow Ref. [226] and derive the lasing condition from the properties of our non-
equilibrium Green’s functions. We discuss first the normal state and can generalize the
result to the case of superconducting leads. As stated before the luminescence can be
expressed in terms of the retarded, advanced and Keldysh propagators. Their inverse can

9The third peak at wqy = eV + 2A is really small and is only due to the finite photon lifetime, because for
Tr =T = 0 there are never any photons or fermions present at this energy.
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be conveniently parametrized via

(DY (w)] ™t = Ag (w) 1By ()

. (6.41)
[D12q(w)] =iCq (W),

where Aq (w), Bq (w) and Cg (w) are defined as real functions. Aq (w) is the real part of
the inverse retarded propagator and describes the excitation spectrum of the photons,
whereas the imaginary part Bg (w) contains the information about the decay/emission of
the LED photons and the Keldysh component knows the details about the occupation of
the mode. It is necessary that if the real part has a resonance at wy, thus 44 (w:;) =0,
the corresponding imaginary part Bg(wy) > 0 has to be positive to ensure the proper
analytical structure of the retarded propagator with the poles lying in the lower complex
plane.

Inverting the Keldysh matrix in Eq. (6.13) we obtain the usual results for the Green’s
functions
R/A 1
D12/,q( )= [A (w) £iBgq W)]
[Dff g (@)™ (6.42)
(D g @)D g (W)

D127q( ):

In the normal state, we can explicitly write down

Agw)=w—wg =w —wg +eV

e,R bath,R (643)
Bg (w) = —ImIIy; q (w) —Im H21,tq (w),

where we neglected the real parts of the self-energies because they only give an unimportant
shift for the photon dispersion. We can also express the lesser propagator

i Cq(w)— 2B, (w)

P ) =5 o) (Bt

- (6.44)

and thereby the luminescence via the above defined functions. We can explicity calculate
the luminescence for a given q and wg under the assumption that the change in the
imaginary part is sub-dominant compared to the real part

dw C ) ) q 7q)*23q(a)q)
“o 2/ ]2+[ qw)Z 2/ 27r [w—a ]2+[Bq(‘bq)]2
_ Gy (@g) = 2Bq (wq) _ Gy (©Wq) sign[Bg (g )]
4[Bg (@q)] 4[Bg (@q)] 2

(6.45)

We can directly see that a zero in the imaginary part By (g ) leads to a diverging photon
number for a certain mode if the Keldysh component Cy(wq) is not able to compen-
sate for this. For us, the imaginary part Bg(w) consists of two contributions as can be

seen in Eq. (6.43): The electronic feedback Im H21 q( w) and the photon bath self-energy

Im Hg’ft; R(w). In the interesting region wg ~ eV and thus Wy ~ 0 the bath decay rate is



102 Inelastic Tunneling in Superconducting Junctions

constant Im Hg?ff; ’R(O) = —n < 0, see Section 6.2.3. The electron-induced self-energy has

a sign-change for w = 0, such that the imaginary part reads for w ~ 0

By (w) = 7 |go|? v sign(w) min[ﬂ, 1] +n (6.46)
vrlq|
and the Keldysh component is for Tp < eV given by
o |w
Cy (w) = 7 |go|* vp min] ] A+, (6.47)
vrlq |

Obviously, the Keldysh component will not be zero. Therefore, if

190/ vp = Nmin > 7 (6.48)

we expect a diverging photon number for photons with energy
Wg
vrlq|

nurlq|
77\90\2 VR

7 |go|* v +n7<0 — wg < eV — (6.49)

Thus, whenever we have simultaneous zero of A4 (w*) and By (w*) the mode with the
momentum q will be macroscopically occupied, which characterizes the lasing regime for
the system. A similar approach also works in the superconducting state, where the lasing
threshold reads

= 72 | |2 (6.50)
o= v . .
Thmin 9 g0 FU |q ’

for the photons at wy ~ eV — 2A. This implies, that in the superconducting state the
SLED it is easier to get a LASER due to the increased photon emission for these energies.
Let us also note that the sign-change in the imaginary part can also be understood as a
shift of the “chemical potential” for the photons to higher energies. The divergence of the
luminescence then appears at this position of the new chemical potential.

6.4.2. Rate equation approach

An alternative way to obtain the lasing conditions is to derive the rate equations for
the photon occupation number. Thus, we look at the change of the photon number
fiph = D4 bl} bq , that is given using the Heisenberg equation of motion

o = < (gn(t)) = —i{ [ (1), H(0)]). (6.51)

The calculation of the expectation value can be done in analogy to the derivation of the
elastic and inelastic tunneling currents in Chapter 3 using the Keldysh technique. The
corresponding diagrams that occur in leading order of the electron-photon coupling go are
shown in Figure 6.8(a) and (d). The (a) diagram describes the emission/absorption of
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Figure 6.8.: Feynman graphs of the rate equation: Solid (dashed) lines denote conduction
(valence) electron propagators, solid wiggly lines denote the free photon propagators and
the curly lines denote bath photon propagators. The first three diagrams represent the
contribution to the rate from emission and absorption of photons involving electronic
transitions in the superconducting LED. The fourth graph describes the photon exchange
with the external bath. Adapted from Ref. [202].

photons due to the recombination of electron-hole excitations of the Bogoliubov quasiparti-
cles. Diagram (d) describes the exchange of photons of the SLED with the external bath.
Further, the additional contributions (b) and (¢) can occur in the superconducting state.
Since they involve anomalous electronic and photonic propagators, thus they describe the
decay and absorptions of Cooper pairs along the junction. The diagrams can be compactly
written down using the propagators and self-energies evaluated in the previous parts of
this chapter as I' = I'patn + I'sLep with

dw
Thath = —2 / —ImIL " w — eV)Im Dy o (@ — V) [ () —ng ()] (6:52)
q
F o 2 dw CI,R A
SLED =2 —Im I (0 — eV)Im Diy ; (w0 — eV) X
q

[1+ng(w)]0(eV —w) +ng (w)f(w — eV)
( )

X [ FRelf n, ), (6.53)

where ng (w) and n"2"(w) are the occupation function for the SLED photons and the

bath photons respectively. The bath contribution to the rate equation I'y,¢, drives the
SLED occupation number towards the bath photon distribution n, (w) — nP*(w). The
electronic contributions I'stgp produces photons via spontaneous and stimulated emission
for energies w < eV and absorbs photons for w > eV, which is apparent from Figure 6.3.
The last contribution mainly contributes to the tunneling of the Cooper pairs on resonance,
which is a process of order gg.

Let us continue by analyzing the leading order contribution in gg. Here, it is sufficient to
use the bare photon propagators Im Dﬁq (w) = —7m0(w + eV —w) and Im qu (w) = 0,
because the occurring self-energies are already of order g2. As a result, we obtain the
leading order rate equation

__zgj m I (g — V) [P () — n(wy )]

P g — ) ([ g OV )+ (g 0t — V)]

=Y Tq, (6.54)

q
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Figure 6.9.: Photon occupation for the SLED in leading order gy in the normal
(blue), superconducting (red) and vacuum state (green): (a) Photon number for
7 > Nmin in the steady state without thermal photons in the system, (b) SLED with
1 < Nmin, Where a lasing instability occurs for the frequencies in the grey shaded area,
(¢) Photon number for 7 > 9min, but with thermal photons, which can be absorbed for
wg > €V in the normal and wq > eV + 2A in the superconducting state.

where the SLED photon number now only depends on the photon energy wq. In the regime

of interest wg ~ eV the bath self-energy Im H;Tf; ’R(wq —eV) >~ —n < 0 is constant and

positive and the electron-induced self-energy has a sign change like sign[Im H;ll’fl (w)] =
—sign(w). In the steady state, the photon emission and absorptions rates I'q for each mode
g have to be balanced. Therefore we can demand I'; = 0 in the steady state, resulting in
the SLED occupation factor

B [Im Hgll’fl (wg —eV)[0(eVh — wq) + |[Im HBath’R(wq —eV)| nbath(wq)

nw, =
() ~Im I (wy — eV) — Im I3 (wg — eV)

(6.55)

For wq > eV the distribution function is always positive and finite, whereas for wg < eV
the denominator with the imaginary part of the total photon self-energy HQRLq (w) =

Hgath’R(w) - Hgll’fl (w) may become zero. At this point the photon number diverges, which
indicates the lasing instability of the system and is similar to the conditions 1 < Mpin
derived in the previous section 6.4.1. The advantage of the rate approach is its physical
transparency as we can see that the lasing frequency is the one where the photon production
of the LED and the photon absorption of the bath are equal.

In Figure 6.9 we plotted the photon occupation number, which is proportional to the
luminescence in leading order in gg. In Figure 6.9(a) and (c) we can clearly see again
the enhanced luminescence in the superconducting state for photon with wy ~ eV as
well as the possible absorption of thermal photons for energies wqy > eV for the steady
state. In Figure 6.9(b) the bath absorption rate is chosen as 7 < 7min, such that a lasing

instability occurs at energies wg < wy < eV. At this point the photon number diverges
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as n(wg) ~ (wg — wy )~1, indicating the lasing instability. For the grey shaded area the
photon number is negative, however the above rate equations do only hold for the steady
state and therefore the curves are unphysical for this frequencies. Instead, one would have
to use a coherent LASER state to investigate the physics of these modes [226], which is an
interesting open question for the future.

6.5. Conclusion of Chapter 6

We have shown that the proposed SLED setup, with a semiconducting p-n-junction coupled
to superconducting leads, is capable of transferring the superconducting coherence to
the emitted photons. The recombination of Cooper pairs from the conduction to the
valence bands lead to entangled photon pairs on resonance wg = eV with net momentum
zero, whose squeezing properties can be controlled by changing the relative phase between
the superconducting order parameters. For realistic parameters the emitted light can be
truly squeezed, thus the fluctuations of one of the two-mode quadrature operators falls
below the Heisenberg uncertainty limit. Further, the photons emitted via the particle-hole
recombination of Bogoliubov quasiparticles leads to an enhanced luminescence in a frequency
window of the order of the superconducting order parameter A for photons with energy
wg = eV —2A. Such an effect has also been observed in superconductor-semiconductor
experiments with only one superconducting lead, however our setup does not describe
exactly this setup. This demonstrates that the SLED would be an ideal device for the
on-demand of non-classical light and entangled photon pairs motivating the ongoing search
for its experimental realization.

For the future two main questions remain open: (i) Can we invert the ideas, thus is it
possible to induce or enhance superconductivity via squeezed light? Similar ideas for
squeezed phonons [227] could then be generalized to squeezed microwaves. (ii) Is the model
realistic enough to describe the strongly enhanced luminescence seen in p-semiconductor-
n-superconductor junctions [215, 218, 220] and quantum dots [217] or do we have to
incorporate more details like indirect transitions via phonons here?






Conclusion

In this thesis we have investigated the role of inelastic tunneling transitions in supercon-
ducting junctions. The main focus of the work concentrated on SIN junctions for both
planar and STM setups in conventional superconductors and unconventional superconduc-
tors. An additional project covered the entanglement and luminescence properties of a
Superconducting Light Emitting Diode (SLED). Here, we wish to summarize the main
results and conclusions of the dissertation.

In Chapter 3 it has been demonstrated that inelastic tunneling naturally occurs when
describing superconductivity in a low-energy model like the BCS or Eliashberg theory.
Besides the elastic tunneling processes, where an electron travels from one electrode to
the other without energy loss, also inelastic tunneling events can happen. Here, the
electron excites or absorbs a collective boson (e.g. phonon, magnon, spin fluctuation)
during the transition. The actual process behind these inelastic transitions has been
demonstrated to be as follows: An electron first tunnels elastically from the left electrode
to an high-energy state of the right electrode. From this virtual off-shell state, the electron
then scatters inelastically via the excitation/absorption of a boson and finally ends up in
a final low-energy state near the Fermi surface of the right electrode. Explicit forms for
the elastic and inelastic tunneling current have been derived from an effective low-energy
transfer Hamiltonian and the occurring terms have been traced back to different physical
tunneling processes. The main results of this analysis are the following: In the normal state,
the TETS spectrum d2I(V)/dV? ~ a?Fyy(eV) is proportional to the (coupling-element
weighted) boson DOS, which naturally explains the phonon spectra seen in normal state
planar junctions [17, 18, 50] and STM experiments [19, 20]. For an SIN experiment this
picture changes and the bias dependence of the conductance has to be determined using the
developed extended tunneling theory that combines both elastic and inelastic contributions.
The elastic conductance is given by a thermally smeared electron DOS, whereas the inelastic
conductance can be calculated by a convolution of both the electronic and bosonic spectrum.

The explicit application of the developed extended tunneling theory to conventional super-
conductors, where the dominant interaction'? is the one between electrons and phonons, has
been demonstrated in Chapter 4. The approximate equivalence of the phonon tunneling
spectrum and the Eliashberg function has been explicitly proven for a realistic phonon
spectrum of a cubic system. Furthermore, it has been shown that for a phonon mode with
energy wpp, in the superconducting state, inelastic processes lead to pronounced peaks in
d?I(V)/dV? just below eV = A + wpy. In contrast, the elastic contributions create a dip
at this position. For STM experiments on Pb [24], this leads to antisymmetric peak-dip

%hesides the Coulomb interaction
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features around the zero-axis in the d?I(V)/dV? spectra at energies'! eV = A + w, /-
The agreement between the theoretical prediction and the experimental tunneling data
demonstrates the potential of the extended tunneling theory for describing both elastic
and inelastic tunneling on equal footing.

The implications of the presented tunneling theory for the interpretation of unconventional
superconductors, where the superconducting pairing glue is presumably of electronic nature,
is an even more interesting question. It is covered in Chapter 5 based on the spin-
fermion model. The importance of inelastic processes in tunneling experiments becomes
apparent from the pronounced background conductance seen in various different high-T,
compounds. The extended tunneling theory can naturally explain the linear increase of
the conductance by inelastic scattering off overdamped spin fluctuations for the tunneling
electrons [125]. When entering the superconducting state, the inelastic tunneling spectrum
changes significantly since both the electronic and the bosonic spin spectra are now gapped
by A and wyes, respectively. This results in a threshold for the inelastic conductance of
eV = A+ wies, followed by a strong increase for higher biases. The total tunneling spectrum,
consisting of the elastic and inelastic conductance, shows a peak-dip-hump feature for biases
eV ~ A as well as a linear background conductance for higher-biases in the superconducting
state. We emphasize that the dip does not originate from strong-coupling physics, but from
the additional inelastic contributions to the tunneling current. The similarities between
our theory and the experimental data of many cuprate and iron pnictide superconductors
indicate that the spin-fermion model and the extended tunneling theory already contain the
essential physics necessary for the interpretation of the tunneling spectra in unconventional
superconductors [25].

In addition, a more quantitative analysis of tunneling data has been explicitly performed
for the high-temperature superconductors YBCO and LiFeAs. It could be shown that using
more realistic inputs for the electronic and bosonic spectrum, we can understand additional
aspects of tunneling spectra like particle-hole asymmetry, d-wave gap structures, and
additional isolated peaks'? far above the superconducting coherence peaks. The analysis of
Chapter 5 explicitly demonstrates the need of the extended tunneling theory when dealing
with tunneling spectra that show a clear valley-like background conductance.

In the final Chapter 6, the light properties of the SLED have been investigated on the
basis of an optical transfer Hamiltonian [202]. The SLED consists of a semiconducting
p — n junction, where the gap A in the conduction and valence band is proximity-induced
by externally coupled superconducting leads. Under forward bias V > 0, an enhanced
luminescence for photons with energy wy, = eV — 2A is predicted below T.. These
photons are emitted from particle-hole recombinations of Bogoliubov quasiparticles at the
superconducting band-edges. An additional suppressed luminescence peak appears on
resonance wq = eV due to the recombination of Cooper pairs of the conduction and valence
band. The photon pairs emitted via the latter transitions show a strong entanglement,
which can result in a squeezed light state. When arranging two SLEDs in a SQUID setup,
the squeezing angle of the quadrature ellipse can be conveniently controlled by an external
magnetic field. This proves that one may transfer the macroscopic coherence of an electronic
superconducting condensate to photon pairs in the proposed SLED setup.

"'With the energies of the van-Hove singularities wy /51 of the transversal and longitudinal phonon branch
and the superconducting gap A.
2without a following dip
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In conclusion, we showed that the inclusion of elastic and inelastic processes is essential for
the correct interpretation of tunneling experiments in both conventional and unconventional
superconductors. The feasibility and applicability of the developed extended tunneling
theory has been explicitly demonstrated for various systems. The analysis of tunneling
data could be further improved by including more realistic theoretical models for the
electronic and bosonic excitations of the system, e.g. by using ab-initio or multiband
calculations, which is however beyond the scope of this thesis. Another interesting proposal
for future work is the development of inelastic QPI, where the elastic QPI theory is
extended using the inelastic tunneling Hamiltonian of Chapter 3. Inelastic QPI is a
promising candidate for the energy- and momentum-resolved determination of bosonic
excitations in condensed matter systems. The ultimate goal is to use the insights gained
from tunneling data and complementary experiments to better understand the underlying
physics of the unconventional superconductors. This might finally unravel the origin of the
high transition temperatures and the other interesting properties of the cuprate and iron
pnictide superconductors.
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Notation

In this thesis, we are working with the following definitions and notations:
e We use h = kg = 1 unless stated otherwise.
o If not stated otherwise we are using the Einstein summation notation.

o We define = 1/T as the inverse of the physical temperature T in the investigated
system.

o We will fluently switch between the 4-vector notation and the energy-momentum
notation k = (iwp, k).

o Capital ©,,, = 2rmT indicate bosonic and small w,, = (2n+1)7T fermionic Matsubara
frequencies.

« We abbreviate £ 3 o, = [i.-

e §; and 7; both describe the usual Pauli matrices:

(o1 (o —i . (1 0
Ux—<1 O) O'y—<l, 0) O'Z—<O _1> (6.56)

Also, we define 69 = 12 and o4 = 0, +i0y.

» np/p(x) = [exp(—fz) F 1] ! denotes the Bose-Einstein and Fermi-Dirac distribution.

1 , >0 .. .
e Ox) = denotes the Heaviside function.
0 ,x <0

e The Fourier-transform connecting the time-space representation and the energy-
momentum representation is defined via

flt,z) = /k fw, k)eltk@—wt)

(6.57)
flw k) = /dm dt f(t,x)e k@ —wt)

« A ® B denotes the Kronecker product of two matrices or operators.
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o List of physical constants:

Boltzmann constant kg

Free electron mass me
— Reduced Planck constant A
— Electron charge e

— Vacuum speed of light ¢



Acronyms

AC Alternating Current

AFV Antiferromagnetic Ordering Vector

ARPES Angle-Resolved Photoemission Spectroscopy
BCS Bardeen-Cooper-Schrieffer

BSCCO BiySr2CaCu0s44

DFT Density Functional Theory

DOS Density of States

EETS Elastic Electron Tunneling Spectroscopy

fcc face centered cubic

FWHM full-width at half-maximum

HBCCO Hg-Ba-Ca-Cu-O

HWHM half-width at half-maximum

IETS Inelastic Electron Tunneling Spectroscopy
KIT Karlsruhe Institute of Technology

LASER Light Amplification by Stimulated Emission of Radiation
LED Light Emitting Diode

LSCO Las_,Sr,CuOy

NBCO NdBayCuzOr7_s

OD oxygen-deuterium
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PLCCO Pri_;LaCe,CuQOy4

QPI Quasiparticle Interference

RG Renormalization Group

RPA Random-Phase Approximation

SIN Superconductor-Isolator-Normalconductor

SIS Superconductor-Isolator-Superconductor

SLED Superconducting Light Emitting Diode

spEELS spin-polarized Electron Energy Loss Spectroscopy
SQUID Superconducting Quantum Interference Device
STM Scanning Tunneling Microscopy

STO SrTiO3

UHV Ultra High Vacuum

WKB Wentzel-Kramers-Brillouin

YBCO YBaQCu307_5



Appendix

A. Hot-spot theory

A.1. Derivation of Eliashberg equations for spin-mediated superconduc-
tivity

Here, we derive the Eliashberg equations for the spin-fermion model starting with the
introduction of the extended Nambu spinor

(e

Uy, = X?T ; ‘Ifk:Z(l/_Jk,T Vit Yokp wfm)- (A1)

Yok,

We are now able to rewrite the spin-fermion action (2.36) in this new basis
S=—2 [0+t (18,8 4+ 2 [ (Braw)s A2
2k g TR Ty . Xq,0° ¢° —q 9 k,q( ka0 ¥i)S g, (A.2)

where we defined the free fermion propagator matrix @1@0 and the o matrices as

. [oz O
G 0 0 0 Qo = (o —a$>
. oGP o0 0 oy 0
Gro = k0 by = |7 : A3
k,0 0 0 G](C}B 0 Y 0 oy ( )
o o o &P 4, = (oz 0 )
0 —o,
Here, the electron and hole propagators is defined in the usual way as G,(f ())/ (h) _ iwy F

€. The spin-fermion coupling gives rise to an effective attractive spin-spin interaction
between the quasiparticles, thereby the fermions can form Cooper pairs and we expect a
superconducting phase transition below a critical temperature T,.. Thus, we introduce the
dressed propagator matrix for the extended spinor via

G» 0o 0 F
0o &GP —Rm 0
o -rr G o
FFoo0o o oW

(0 T) = G = —
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with the anomalous Green’s functions Fy, I}’ that appear only in the superconducting
phase. Performing a perturbation theory (neglecting vertex corrections [110]) we find the
coupled integral equations

A

Gp = ép,O + 92 / Z ép,Odi(Xqépfq)@iépa
4

2
g A Az A A
Xq = Xq,0 + b} / Z Xq,Otr(Gp,OaZGp,Oaz)Xq )
L

s,

— = +

AVAVAV. AVAVAVAR™

Note that in contrast to the conventional Eliashberg theory, we here also have to consider
the renormalization of the bosonic spectrum as the dynamics of the spin spectrum is
generated by the coupling to the fermionic quasiparticles. Using a real choice F' = F™* of the
gap and reducing the above matrix equations we end up with a set of scalar self-consistent
equations
_
G =Gl 1+ ®pFr +%,GP),
_
F, =G ((S_,F, — ®,G¥)), (A.6)
Xq = Xq,0 T Xq,OHqu s

We introduced the self-energies:

342 a®)

P g q Xq p—q>
®) = 39° / XaFp—q (A7)
q

11, = 2¢° /k (GG + FFrig) -
Note the different definition of ®, compared to the phonon-mediated pairing in (2.22),
which has a relative + sign compared to the normal self-energy. This will give rise to
unconventional pairing, because the order parameter must have a sign change between

different states on the Fermi surface connected by the interaction potential x,. If we again
assume particle-hole symmetry we find the same expressions as in (2.24).

ngp) _ ZpZ;ﬂn +2€p -
[Zpiwn]? — € — @2
()
F, = P
P Zyiwn)? — EIQJ — @12, ’ (A-8)
1
Xq = —7 = -
Xq,g) - Hq

with the usual definition of the renormalization factor Z, =1 — ETIZ
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A.2. Linearization at the hot-spots

In order to calculate the momentum sum over particles which are connected by the AVF
Q@ we consider in general a term of the form

1 d?k
ﬁZf(ekaEk—i-Q,Ak»Ak—&-Q) = /Wf(eka€k+QaAkaAk+Q)- (A.9)
k

Since  only connects the hot spots and no other points on the
Fermi surface, the important contributions will come from k .
The dispersion on the Fermi surface is assumed to be described
as a free fermion with effective mass m. We let Q show in the
y-direction and thus can parameterize:

0 6
wn () e =i ()

where kr is the Fermi momentum. Now we expand k =k, +q
with |g | < kr and obtain for the dispersions

2

kn-q _kp
€k:€kh+q%ﬁ— —’—7:

kp .
—costlq) + —sinfq =v1q +v)q,
m m

(A.10)

€k+Q = V1qL — Vg,

where g is the projection of g on the direction of @ and ¢, the perpendicular component.
A rotation in the momentum space

(- ) (&) o

J

yields the Jacobian determinant |J| = 2v v). We further assume that the parallel and
perpendicular Fermi velocities relative to Q are equal v, = v = vr/v2 (as seen e.g. in
BSCCO) in order to simplify the occurring terms. We note that we do not need to use this
assumptions about v, and v and that this scheme works as long as the Fermi velocities at

connected hot-spots are not parallel to each other. We are now able to write the integral
(A.9) as

1 N
ﬁZf(5k7€k+QaAkaAk+Q) = W/dﬁdGIf(6,€/7A7iA)~ (A.12)
K

Here, we used a sign-changing gap symmetry for the hot spots Ag, 1o = £A,, = £A
connected by the AFV. Finally the factor N appears, because we have the contributions of
the N hot spots on the Fermi surface, which are the same due to the tetragonal symmetry
of the system.

For a sum of the form

1 1
ﬁZqu(ekh—q) = ﬁZXQ—&-(Sqf(Ekh—Q—éq) (A.13)
q oq

it is clear that the contributions will come from momenta q ~ @), such that we expand
g ~ Q + d0q. Next, the integration is split in a component dq | parallel and dq |
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perpendicular to the Fermi surface at the hot spot kj, = kj — Q. With the assumption of
slow bosonic modes we can then separate the two integrations similar to the approach in
Section 2.2 and get

1 1
ﬁijxqf(%rq) ~ (27T)2/dq” XQ+éq /dQJ_f(EkthféqH)- (A.14)
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B. Derivation of elastic and inelastic tunneling currents

In this chapter, we present the detailed derivation of the elastic and inelastic tunnel-
ing currents from Section 3.2. We will start from the effective low-energy tunneling
Hamiltonian (3.21) that was derived in Section 3.1. For an STM setup the tunneling
current!? is given by the elementary charge times the change of the number of electrons
s =2k o §J,rc ,o'§k o in the superconductor

_d,, _dtr(p(t)ns)  dtr(pns(t)  d
I(t) = ea<ns(t)> =er w(l) e (o) eatr(pns(t)). (B.1)

Here, p(t) = U(t, —00)poUT(t, —0) is the time-dependent density matrix in the Heisenberg
picture with the time-evolution operator U and po = e #% /tr(e #%) the (normalized)
density matrix of the system in thermal equilibrium'®. Using the invariance under cyclic
permutation of the trace and the Heisenberg equation of motion dA(t)/ar = —i[A(t), H(t)],
we can express the tunneling current as

d, .. . . . ra e
I(t) = e%tr(pons(t)) = —ietr(po[ns(t), H(t)]) = —ie( [ns(t), H(t)] ). (B.2)
We denote (...) = tr(po - ...) as the expectation value in thermal equilibrium. Using
the transfer Hamiltonian (3.23) as well as the usual fermionic anticommutator relations
{3k os §L/ o) = {t, 7g,tAL/ o} = Ok k050 (all other anticommutators of fermionic field
operators vanish), the commutator in (B.2) can easily be calculated as

[75(£), H(D)] = [75(2), Houn (2)] (B.3)

{T(k o0 (D3] o Ok 00(8) — [T er o (O T 0 (8)50 ,U(t)] .

(]

!
!

q =
q >

Here, we defined T(x o),(k,0)(t) =t} 1000 + Xgn ti(k o) (k"0 )a nti)Z (t). When using the
Keldysh technique we can calculate the expectation value (B.2) for the current as

1(t) = —ie{ 3 {T(k ooy (D3] o Ok 07(8) = T er O] T (8)50 ,c,(t)] >

k.k'

o0’

= el X | Ty O o O (0) = [T g ) (O i (O, 0]

k,k/’
__ 1 — 4
: Sk (t) 0 T(k o),(k’,0") (t) Sp 1 /<t)
- e " * R 7 B.4
< I;k’ <tk 7o‘(t)> <_[T(—£’,O'/)7(k o) (t)] 0 t’i_,’o_, (t) > ( )
| Atk 0),067,0 (1) vr @

. o + i =+,
with the redefinition T{y ’J)’(k,’a,)(t) =1y k000’ + gtk o)k 0r).q.n 20 "(t). Note that
we switched our notation from the operator basis to the Keldysh-path integral formalism
(for a short introduction to the Keldysh formalism see Appendix C), which is indicated by
the fact that the electronic operators 8,7 — sT,t* have to be replaced by Grassmann fields

13as measured from the tip to the superconductor

14%We assume that the tunneling current is so small that the steady state of the connected system does not
affect the thermal equilibrium of the tip and sample subsystems.
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that lie on the upper or lower Keldysh contour and similarly for the complex bosonic field
d — ®*. In order to conserve the correct ordering we had to pin the annihilation operators
on the upper and the creation operators on the lower Keldysh contour. This formal way to
deal with the ordering of operators can also be understood in a more physical picture: Of
course an electron first has to be “destroyed” on the one electrode before it can be “created”
on the other electrode during this transition. Moreover, the bosonic field ® has to lie at
the same contour as the s fields, because the scattering will only take place in the sample
and not in the tip. When using the Keldysh technique we can calculate an expectation
value like in Eq. (B.2) via

= /D[q/,\i] e (B.5)

where S is the corresponding action of the fields ¥ = (s, t, ®) that occur in the theory. For
us, the Keldysh action reads S = Sy 4+ Stun with the uncoupled action So = Sy + S that
describes the electrons in the tip and the electronic and bosonic degrees of freedom in the
investigated sample. The tunneling action is then given by

Stun = /dt Z (k,o),(k’,0’ ( )Sk ,J(t)tk:’,a"(t) + [T(k ,U),(k’,U’)(t)]*t_k’,cr’(t)sk ,U(tﬂ

kk/
o!

= —/ dt Z Z ko) (5% o Otk o0 (8) + [T o), (k.00 (D] T o0 ()5 o (2)]

= T
o0 s¢ (t) 0 T ! o (t) s /(t)
= — dt E (67 E —k: 4 N (k 7U)>(k e ) k Noa .
/—00 o=t ew (t%,o(t)> <[T&/,U/),(k ()] 0 thr o (t)

/

B?k ,U),(k/,a/)(t)
(B.6)

The introduction of a finite voltage between the tip and the sample is done by performing
two different gauge transformations sgs o (t) — Skr o (t)e ™t tyr 51 (1) — tgr o (L)1t
with the condition eV = pup — pg for the tunneling term in the Hamiltonian'®. This
transforms the tunnel matrix element to

Tk ok 0n () = [tk k00,00 + Zt(k o (ko n®q " () [e TV (B.7)

A closer look at Eq. (B.4) shows that the tunneling current in leading order of the tunneling
matrix element t° vanishes, because for the uncoupled system with expectation value
(...Yo = [ D[¥,¥]...e"° it holds (st)|op = (t5)g. Therefore, we perform a perturbative
expansion in leading order t® of the tunneling action via

I(t) = —ie( > [Ty (O] A o), 0 T (8))
k,k’

o0’

= —ie( > [Up o O A o), (r0n) () TL o ()50 )

kk/

= e{ D [0 o1 Ak 0), o700 (DT (D) Stan o + O([t]*)

k.,k/

o,

15We should not do this for the Sp part of the action since this would change our chemical potentials in the
bands (so the dispersion for the tip and sample), which will not be the case as both are assumed to be
metals and the total voltage will drop in the insulating vacuum region between the tip and the sample.
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([ O] Ak o), 007,00y (VT (DT A(EVTBE, 5y (pran ()T () )0 (B.S)

Since the expectation value is evaluated under the uncoupled system and only the sample
s can be superconducting (the tip ¢ is always in the trivial normal conducting state), there
is only one way to contract the occuring electronic and bosonic fields via

. . GP (t—t) 0
‘lja t \I’a/ / t/ T — Z s,k,cr (5 /5 -
(85 (1830 ()] o ( A A L
N (B.9)
Gk,o(t_t,)
(@ (L (X))o = (257 (1)@ ()] o = iDGR(t ~ 1)g q/0mn
where G4 1, »(t —t') are the equilibrium particle Green’s functions (¢ = 0) of the sample
and tip electrons and Dy ,,(t — t') the bosonic propagator of the real field [@g™"]* = %' .

Performing the above contraction yields'®

I= —e/ ' > Z tr(G“ (' = ) Ak o), (k7,01 (1) Grai % (t = 1)) By, ,)’(kﬁa)(t’)) Yo

kk/ =+
o/

:—e/_ dtzz

k.o Ok o), 1,07 (E NGy .t = )Gtk’ ot —1) )0

K, k// a==%
AT O T ()G = OGTE it~ )0
= —e/ dt’ Z Z a X
k.k’ a=+

Uol

[e—iev(t—t G (=G (=) <|t7; w00

+ Z/ ti(k ,0),(k’,0),q 7n[ti(k: 7J),(k’,o"),q/,m]* < @;,n (t) {(bz’/m (t,)]* >0>

n,m

— zeV(t t )G?;c a(t/ _ t)G:;ga/7o—/ (t _ t/) (’te 'k ’2 50701

+ Z (k',0") ),q n]*ti(k’,a/),(k 7o‘),q’,rn< [q>¢—;7n(t)]*q)g”m(t,) >0):|

:—e/ dt Zax

k:’ a=+

— , +, 2 i 2.
[e eV (it )ij L =0G (=t (!ti o'l G0t + D [t o), 0m.q.ml PDg (= t/)>

q7n

— eieV(t—t’)sz—’U(t/ — t)G;:}CO[/7 /( - )(|te 4 k:| 500/ + Z |t k'), (k,0),q, n| ZDa +(t - t)>:|

%The current I(t) = I is of course not time-dependent as we assume our system to be in a steady state.
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k.k! a=%
’

_ —e/ e VTS S [\tk 600 ( O (—TGHE (T) — G (—1)Ge ,(T))
i 2 [ _ _ _
+ Z |t1(k 70’),(’{3/70'/)7(] 771’ l(Dq ’73(T)G?y7]€ 70(_T)G:,_’7€Of70" (T) - ( )G:k}ao'( )szlﬁ" (T)> *
q7n
(B.10)
We can now explicitly perform the sum over « for the elastic

> aGe(-nGH ) - G -6 ()

- gsaf - alay - (GTGy - asal)

= GS(GF + G — (G5 +GMGF - (GF - GG + G (GF - G

= GI(GF -G - (GF - ahGr

= —Z(Im GSImGE — Im GfIme) (B.11)

and inelastic contributions

S| D RGE(1G ) - DG ()G ()]

= D>GSGT - DTGTGE - [DTGTGE — D*GSGT)

= D>G5 (G + G = DT(GS + GG = DT(GS - GGF + D> G5 (GF - G

= (2D> — Qf/ - Qf/ )GSGE + D”GE(GE -G - Q/{ ctar + Qf/ GAGY
D>+DA D>_DR D<4+DR D<—_DA

= (D" = DYGSGy + D7 G5 (G = GfY) = DS (G — GHGF

= —2i {Im DRIm GSIm G — Im D<Im GFIm Gf + Im D”Im GSIm GE| . (B.12)

Here, we only used the information about the causal structure of the occurring Green’s

functions G4 (1), DP/A(1) ~ ©(%£7). Let us now use the following identities to switch to
energy representation

[ dre G nGin) = [T SEGuG e - ev),

LT . (B.13)
[ " dre VTD(EG(-TIGHT) = [ - (dQ;;D(w)Gs(e)Gt(e Cw—eV).

For the fermionic propagators we have the following relations in energy representation (see
e.g. Eq. (C.20))

Im Gs/t k a(w) - _WAs/t,k 70‘(w) ) (B 14)
Im GS/M ,U(w) = 27mp(w)As/t7k o(w),

and for the bosonic propagators

ImDJ () = —m[Ag n(w) = A—g n(-w)],
Im D;n(w) = —2mnp(w)[Ag n(w) — A_g n(—w)], (B.15)
Im D () = ~25[1 4 15 )] [Ag n() — A _g.n(~)].
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The spectral weight functions are defined in the usual way as

As/t,k ,U(w) = _lIm th,k ,a(w) )

1 (B.16)

Aqm(w) = _;Iszlf,n(w) : @(w) )

where we confined the bosonic spectral function to positive energies!”. When we insert

the expressions (B.13)-(B.4) in our expression (B.12) for the current we find the following
expression for the elastic current

o
I°(V) = 27re/ de Z |tz7k/|2 Ask o(€)Ar s or(e —€V) (np(e—eV)—np(e)]. (B.17)
> kk'o
For the inelastic current the expression is given by

Ii(V):Qwe/ dedw Y \ti(k,(,)’(k,,g)’q,n|2>< (B.18)

— 00 k,k/,q

o0’ n

|:Aq m(w)A&k 16(6)At1k/1gl (6 — W — EV)
(np(e —w—eV)ng(w)[l —np(e)] —np(e)[1+npw)][1 —nple—w— 6V)]>
+ Aq ,n(W)As,k ,a(E)At,k/,a’ (6 +w— BV)

(np(e +w— eV)[l + nB(w)] [1 — np(e)] —npr(e)npg(w) [1 —np(et+w— eV)])] .

1"Negative energies correspond to the absorption of a boson that is captured by the antisymmetric definition
of the retarded, lesser and greater boson propagator in Eq. (B.15).
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C. Keldysh perturbation theory

In the following paragraph, we wish to give a short introduction to the Keldysh perturbation
theory. For further insights in the Keldysh theory we refer to the literature [102, 103], which
deals e.g. with other non-equilibrium aspects of the perturbation theory (dynamical external
fields, evolution of squeezed systems, Boltzmann transport theory/kinetic equation). Also,
in Chapter 6 the effect of the interactions of fermions with photons in a superconducting
light emitting diode setup is presented for a steady state, which gives insight into the
general structure of calculations using the Keldysh formalism.

C.1. Closed time contour

We consider a quantum system with time-dependent Hamiltonian #(t). For ¢ = —oo the
system is assumed to be described by a density matrix p(—oo), which is associated with
the Hamiltonian #(—oc). We shall also assume a non-interacting system for ¢ = —oo, and

the interactions are then switched on adiabatically to reach their actual physical strength
prior the observation time t. The “true” time dependence of the Hamiltonian (e.g. external
fields or boundary conditions) can drive the density matrix away from equilibrium. Let us
write the normalized density matrix for t = —oo as

= paln)nl, (C.1)

where | n) are the many-body eigenstates of H(—oc) and p,, the probability to find the
system in the corresponding state, e.g. in thermal equilibrium p, = e~ #(nH(=c0)ln) /Z with
the partition function Z = tr(e #*(=>°)). The time evolution of the density matrix is
described by the Von-Neumann equation

Aup(t) = —i[H(8), p(2)] (C2)

which can be verified using the time evolution of the states in (C.1) described by the time
dependent Schrédinger equation. Using the time evolution operator that fulfills

i@tfft,t/ == H(t)Utﬂy (CB)
we can formally write
ﬁ(t) = th,—ooﬁ(_oo)(/]—oo,t . (04)

Since the Hamiltonian is time-dependent, it holds in general that [H(t), H(t')] # 0 and the
time evolution operator is given by

t
Uy = Teexp[—i [ H(r)dT] (C.5)
t/

with the time-ordering operator 7;. We are now interested in the time-evolution of the
observable O for time ¢ and therefore

A . [O ( )] tI‘[OUt ( )[7—oo,t] . tr[U_oo7tOA(7t7_ooﬁ(—oo)}
OO =001 ~ tellhaop(—o0)0mt] [P(—o0)]
=tr[U_ 00t OUs, 0o p(—00)] . (C.6)
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Figure C.1.: Keldysh-contour with observable on the forward branch.

The expression in the trace described (read from right to left) an evolution from the initial
density matrix from —oo to t, then the observable is calculated, and then back to —oco.
Therefore, in order to calculate the time evolution of O we have to evolve the initial state
“backward and forward”.

In equilibrium physics for 7" = 0 one uses a trick to get rid of the backward evolution. Here,
we search for the expectation value (GS | O | GS), where | GSS') is the many-body ground
state of the interacting Hamiltonian H = Hg + V. Since we have adiabatically switched on
and off the interaction in the distant past and future, we get

(GS10|GS)=(0]U]_ 00, _« | 0), (C.7)

with | 0) is the simple many-body ground state of the non-interacting Hamiltonian (in
case of fermions for 7' = 0 the filled Fermi sea). Now comes the trick: One argues that
Uso—oo | 0) = € | 0) with ¢ € R. Therefore, the time evolution from —oco to oo of | 0)
only gives us a phase, because for { = +0o the system has to be in the non-interacting
ground state again, which are connected due to the adiabatic change of the Hamiltonian.
Because of the normalization we can only get a phase and we are able to write

(GS 10| GS) = (0] U_00tOU; 00 | 0) = (0] U—o,00Un0tOUt oo | 0)
(0| Uso tOU; oo | 0)
(0] Uso,—o0 | 0)

=700 | Uso tOU; oo | 0) = (C.8)
We have now the evolution from —oco to ¢, where the observable O is evaluated, and finally
the evolution from ¢ to co. Therefore, we have only “forward evolution”. A similar strategy
works also for finite temperatures 7' in equilibrium, where the Boltzmann factor e ##
works as an evolution operator in imaginary time 7 € [0, 3). Nevertheless, the elimination
of the backward evolution comes with a price: The normalization denominator in Eq. (C.8).
In a diagrammatic language it will cancel the disconnected vacuum diagrams.

In non-equilibrium physics the above trick does not work. The non-adiabatic change of H(t)
due to external fields or boundary conditions can drive the system away from equilibrium
and instead of remaining in the ground state during the evolution we might end up with a
superposition of excited states. Even if in the distant future all fields are switched off, the
system can’t relax in the ground state and the “backward evolution” can’t be eliminated,
because in time-dependent problems the energy of processes is not necessarily conserved.
Nevertheless, it is still convenient to extend the evolution of Eq. (C.6) toward ¢t = co and
then back to t using UA'tyooUA'oo’t = 1. We can write'®

<O(t) > = tr[(A]_ooJOAUt,_ooﬁ(—oo)] = tI‘[U_oo7ooUoo7tOUt7_ooﬁ(—OO)]

18Note that one could equally well put the observable O on the backward branch of the contour. The most
convenient choice is to take a half sum of these two equivalent representations.
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= tr[TUCO|,p(—0)], (C.9)
where we defined the closed contour evolution operator Uc = ,ooyooﬁooﬁoo. This evolution

from —oo to oo and backwards in known as the so-called Keldysh contour and is shown in
Figure C.1.

C.2. Keldysh path integral formalism

Let us start by considering the expectation value for a bosonic system that has at t = —oo
the equilibrium density matrix

po = p(—oc) = e M /7 with Z = tr(e ™ #*). (C.10)
The bosons are assumed to be described by the Hamiltonian

H=> wq ol dg +Hi, (C.11)
q

Ho

where the interaction as well as external influences such as external fields are described by
‘Hi. Employing the usual discretization via infinitesimal time steps and inserting coherent
bosonic states ¢ | ¢) = ¢ | ¢), see e.g. Refs. [102, 103], the expectation value of two
bosonic fields can be expressed in terms of the path integral

A~ A~

(Bq(Déar(t)) = [ DIG.Gley (D58, (C12)

Here, the ¢* fields are located on the upper/lower Keldysh contour ensuring the correct
order of the bosonic field operators. The non-interacting Keldysh action is given by'?

Sp = /C 0t bq (8)(i6h — wq )6q (1)

So

- /O:O dt Y [bg (£)(i0 —wq)dg (t) — &g (t)(i0h — wq )y (t)] (C.13)

In the continuum representation it looks as if the two Keldysh branches were uncoupled,
however at ¢t = oo there is a finite matrix element that connects the + and the — contour.
This coupling leads to the following four Green’s functions for the non-interacting case [103]

G;(t,t') = —Z<¢;r(t)q_5;(t/) Vo = _ZvnB(wq)efiwq (tft’)y
G;(t,t/) — —2<¢;(t)(2);;(t’) >0 — —i[nB(wq) + 1]€—iwq (t—t’)7
T N s+ o+ 4 > / / < ’ ’ (C14)
Gq(t,t") = —i{dg ()g (t') )o = G7(t,t")Oo(t — ') + G=(t,1)O(t' — 1),
GL(t,¢) = —i( ¢ ()b (') )o = G (t,¢)Op(t' — ) + G=(t,)O(t — t'),

where the bare expectation value is defined as(...)o = [ D[¢, ] ... /0. This non-trivial
coupling of the upper and lower Keldysh contour is hard to formulate for the continuous

YTnteractions are translated straightforward from the Hamiltonian to the action by converting the operators
¢ by fields ¢ and an additional minus sign.
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time-notation in the basis of the ¢ and ¢~ fields. The task is facilitated by the observation
that not all four Green’s functions defined in (C.14) are independent

T T
Gy (t, 1)+ Gy (t,t") — G (t,t') — G5 (t, 1) =0. (C.15)

Thus, we can perform a rotation to simplify the relations between the fields by introducing
the new fields (classical and quantum)

o3\ _ (04 o~ 1 (11
@)-o(5)  mo=L( 1) e

The correlators of these new fields are

o) (62" A, (65 @) (65N i 4 (IGEEE) G -
<<d>§(t)> <¢§(t’)> > U<< >< ) >UT_U<<' q( ') 'GZ(t t’)) v

bq (1)) \ g (1) iGF (4, 1) Gy (t,
(C.17)
which can be rewritten as
K / YR /
QrTB (NN Bl qu(t,t) qu(t,t)

with the corresponding retarded, advanced and Keldysh propagators?
GE(t ) =Gt t) = %[G?f +ar v+ a5 =6 +ax,
GR(t,1) =Gt t) = [GE —GY v+ a7 — a5 = (G —Gne—1),  (C.19)
Gt 1) = G¥Nt,t) = [GE —GY — a7 + ag] = (G5 — GOt —t).

The new basis is often also referred to as the RAK-basis in contrast to the £-basis. The
inverse relations read:

i 1
Gy (1) = GE(1.t) = S1GF - G + G,
i 1
Gy (tt) =Gt (1) = 3 GE+af -Gy, 20)
| :
Gq (1) =Gy (1,1) = S [Gg +Gq + Gyl = G + G = GF + Gy,

i . 1
Gq () =Gy (t.t) = 5[Gq — G = Gg] = GF = G =G — Gy’

For our free bosons the propagators in the RAK-basis are given by

GE(t,¢) = —i[2np(wo) + Le ™01

GR(t,t) = —iO(t — t')e~ ™ol (C.21)
A . —iwop (t—t/

GA(t,t') = iO(t' — t)e ™ ol=1),

and performing the Fourier-transform of these quantities we find the usual form of the
RAK-propagators in energy-representation

1

C.19)
€ —wq + i0’

Gf(e) (L i/d(t —t')e ™ (tft’)@(t _ t/)ei(e+i0)(t7t’) _

20These Green’s functions indeed correspond with to the usual definition of the retarded, advanced and
Keldysh propagators in the operator language.
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. o RO 1
GA(E) i Z/d(t N t/)e—zwq (t—t )@(t/ - t)ez(e—zo)(t—t ) — _— (C22)
€ —wg — 10

Gi¥(0) DY i [t~ e g (g) + 1 = —il2np(uy) + 12m8(e - wy).
In the fermionic case, there are only a few minor changes:

1. Instead of complex fields ¢ one has to use Grassmann fields to account for the
anticommuting nature of the fermions.

2. The Bose-Funktion np has to be replaced by the Fermi function ng.
3. Instead of quantum and classic fields ¢4 one introduced the /2 fermionic fields via
(1/}1 B L 1 1 w—l— B U w—&-
W) v2\l 1) \w ) T\ )’
_ V2 _ (C.23)
O L (1 1) (1) g (o
P> v\l 1 J\¥~ v )
This leads to a different structure of the RAK-basis GF = G, G4 = G?? and

G = G'2. However, the relations between the RAK and the +-basis is still the same
as for the bosonic case, see Egs. (C.19,C.20).
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D. SLED calculations

The calculations in this appendix are based on Ref. [202].

D.1. Integrating out the electrons and bath

Let us start by integrating out the electronic degrees of freedom of the action (6.9), which
can be achieved using the usual rules of Gaussian integration

j , [ dtay' Ui (¢ <é1 48, 1V L ()8 (t—t >\I/ ¢/
/D[‘II, @]ei[SC_FSV_'—SiUt] g /D[\Ij, i’]ele’k fioo k() O’k( ) o o () ( ) k( )

— etrln[1+éo\7} . (D].)

We can then expand the trace-log term in our perturbative parameter g and perform the
trace in the time and momentum space

A A ey n+1 A A A A
trin[l + GoV] = Z r[(GoV)"] = —%tr[(GOV)z] +...
z_,/dtdt 3 tr[Gou (/s Vi o (8 G (1) Vi (2)
k .k’
A A
= —/dtdt’Ztr[GOk 0D A" 9:25 ;)] Gog—q &) D 47 gjqﬁq,j(t’)]}
Pty s
A A A A
= —7/dtdt Z PR (Z tr[Go (', )7 9:Gok _q (t,1)3? gj]> @éqd(t’)
Ry k
=il 28 (t1)
- / dtdt’ 3" ST (Tt )b g (1) (D.2)
q
With the definition
I8 (4, t) = —i > tr[5° 7, Gog (,1)3° ngo kgt 1)] (D.3)
k

the occurring photon self-energies that arise from the interaction with the electronic
quasiparticles can be conveniently summarized as

Sl 0 I (¢, ')
H‘;(t,t')—<o ey ,

e (e, ¢y TEE (8, 1)
174;¢l 174;¢l
ey _ (I3 (600 (105 .0)
o gy, () [5 () )
1 C17q 1 Cl7q
ﬁel,A(t t/) _ [He ]11,11 (t’ t/) [He ]12,11 (t’ t/)
q ) elcha / el1cla / )
[ ,) (1) [, (4, ¢)
17¢lcl 17¢lcl
ﬁel,A(t t/) _ [He]lll, (t7t/) [He]112, (t’t/)
) clc cl,c .
1 [Hel]zl’q (t’ t/) [Hel] 22,q (t’ t/)
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In a similar way, the bath photons A4 can be integrated out. First, we define the spinors

—-q
A e (D.4)
Tg=1{cd ]
Tyq
The interaction between the path and the LED photons can then be written as
Sppth / dtdt’ [ ZT hg T g () + > 6(t —t)DF (1) Ag ¢ Tgr(t)] -
q,q’
(D.5)
with
Mg =(62®62) Agqr- (D.6)

Using the usual identities for Gaussian integration the following bath self-energies occur

bath, A
ﬁbath(t t/) — (. 0 H at (t t,)
q ) Hgath,R(t7 t/) Hgath K(t, t/) )

A/R/K
Hbath RIAJK (4 1) — Z I p| » ?{ dba/th,/p (t',t)
v dbath/p (') 0
with
R/A 1
ba/th .q ( ) =

S wteV -y, £i0’
dE ino (W) = Bo(w + eV)[dE o, o (W) — dir i o (W)]
bath,q 0 bath,q bath,q )
The assumption of a momentum-independent coupling A, ,/ = A(wp/) and an Ohmic bath

leads to the simple expressions for the bath self-energies in Eqs. (6.26)-(6.30).

D.2. Calculation of the II° self-energies

Let us now perform the traces over the Keldysh space for the electron-induced self-energy
in Eq. (D.3)

e e cl o A N
)5 (t8) = [Hl]zq( Z—ZZU ngok(tt)’Y 9;Gr1q(t'1)]
0 1\ a (GE (t,t) CK (t,t")
= _iztrAtr/\ gi 0,k \" 0,k ™ X
10 A4 '
k 0 G(J}k' (tvt)

AR / AK /
(1 O) GO,k +q (t ,t) Go,k +q (t 7t) :|
A
01 0 GOA,k +q (tlvt)
A A A A A A A A
=—i Y tral0: Giy (tt) 95 G g (U 0+ 95 GEL (6.1) 95 Gilge 1 (F1)]
k

[Hel]qu(tt *—zZtrA glGOk(tt)gJ G0k+q(t t)+g Gorc(tt)gj G0k+q(t ],
k
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I (60 = i tra [g G (1) 0, Gl g (1) (D7)
k

A A A A A A
~ 9i[Gek (1)~ Goe (t,1)] 95[Gilk1q (')~ Goikiq (t',1)]

As next step, we extract the phase of the superconducting order parameters A, /. =
A, /C] ¢'®v/e from the anomalous propagators F., /v and F. /v by defining the new propagators

‘Ac/v|
(w + i0)2 - gv/c(k: )2 - ’Ac/v’2 ’

P(fk ,v/c(w) = eii(ﬁu/cF(ka 7U/c((")) - = (D8)

and similarly for the advanced and Keldysh component. After Fourier-transforming and
performing the remaining trace over the extended Nambu-space, we end up with the
expressions

1,R/A dwl R/A A/R

5y 4 (w) = ilgi| Z / [|P|0£,v (1) [Pl 4q.c (@1 = @)+ [Plgy , (1) [Plokg o (@1 —w>]
oL R/A dwi R/A K A/R

5w —z|go|2 / [Gép,i VA )G (wr = w) + GV (W) GEL ] (wn —w>]
[TeLR/A dw1 R),R/A B),K B),K R),A/R

gy o/ (w) = —i g Z / [Gé VA )GIYE (w1 = w) + G ()G R (wr — w)]

el R/A dwi R/A K K A/R

M55 " (w) = ilg3| Z / [|P|0£,v (@1) [Pl 1q.c (@1 = @)+ [Plgy , (1) [Plokg o (@1 —w)]

(D.9)

for the retarded self-energies. Not that we extracted the superconducting phases in the

anomalous self-energies by the definition of the II;; and Iy self-energies as in Eq. (6.20).
The inherent symmetries of the propagators can then be used to relate the self-energies as
shown in Eq. (6.24).

D.2.1. Normal conductor

In the normal state the superconducting gaps vanish as well as the P, P propagators and
the anomalous self-energies I} = I15, = 0. The remaining particle self-energy is just given
by

SLR/A np fv —nplé(k +q)]
IT =2|g . D.10
We now choose our particle and hole bands £.(k) = —&,(k ) as well as the superconducting
gaps |Ay| = |A:] = A to be symmetric. We can then linearize our dispersions around the
Fermi surface
(k)= k|—kr),
§e(k) =vp(lk] - kr) (D.11)

ék +q) = vp(k| — k) + v - q = &lk) + vpqeos(d)

where ¢ = |q | and 6 is the angle between the momentum k || v p and the small photon
momentum q . This allows us to execute the momentum summation via the integrals

1 dcos@

S sletk) ik +a)] = [ S5 [ den(6)s e+ oracos(o)]




134 Inelastic Tunneling in Superconducting Junctions

e o [y D.12

o |, dEvOS & € al. (D.12)
Here, E'r is the Fermi energy as measured from the band-edge of the conductance band. One
can omit the real part of the self-energy in the weak-coupling limit, because it is featureless
and only gives an negligible correction to the photonic dispersion. The imaginary part can
under the assumption of a only weakly energy-dependent DOS in the zero temperature
limit be calculated as

Imﬂgll’f/A(w) _ —or ‘g(%' vFq  do /:; dév(€) <nF[—§] —npl€+ a]>5[w — 2 —q]

ol 2/UFq
2| rvrq — —
7 |g5l dau(w a)<nF[ w—i—a]_nF[w—i—a])
20rq J—vpq 2 2 2
~v(w/2)
2 vFq
190l /9) / do [G(w C ) = O(—w— a)]
2vpq —vRq
|w]

= (D.13)

= ¥7|g3| v(w/2) sign(w) min|1,
VFrq

D.2.2. Superconductor

In the superconducting state, it is convenient to use the following parametrization of the
normal and anomalous electronic Green’s functions (7' = 0)

Bak v
AR/A _ QALK v/c RL,v/C
0k/el®) = 7 Eye(k)£i0  w—FE,/(k)+i0’

A ye) = (1= 200()] (Al o) = Al 11e0) )

(D.14)

= —2mi (aA,k ,v/cé [w - Ev/c(k )] + /BA,k:,v/c(S [W + Ev/c(k )}) .

Here, E,/.(k) = \/év/c(k: )2+ \A,U/C|2 is the superconducting dispersion and we defined the
coherence factors in the usual way

Y DENEQ) iz B oy k)
I s s [POP Y ory
QALK w/c uk,c/v vk,c/v —Uk c/vVk c/v ) (D15)
Bakwle || Voo | Yoo | Uk c/oUk cfo Uk c/v = \/ (1 B Cc//vv(m)

Putting this parametrization into Eqgs. (D.9) we arrive at the following expressions

1:Iel,R/A —9 ’g |Z[ Uk vvk WUk 4+q,cVk +q ,c _ Uk vVk vUk +q,cVk +q ,c ]
q 0 (k) —E.(k +q)+i0 w+ E,(k)+E.(k +q)=+i0
U U2 U2 '02
Hel,R/A W) = 2 2 [ k., v%k+q,c . k., vk +q,c ] )
2lq (@) ’90‘; w—FE,(k)—E.k +q)+i0 w+E,(k)+ E.(k +q) %10
(D.16)

Let us start by calculating the anomalous self-energy. Using the linearization technique of
Eq. (D.12) and defining the dimensionless frequency @ = w/A we can express it as

vrq/A
|90\ vrA 1

T2 () = / da / da - D.17
g (@) = dupq V2 + 1/(z + a)? (D-17)
—vpq/A —Er/A
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1 1
O—Vr2+1—/(z+a)2+1+i0 o+vVa2+1+/(z+a)2+1+1i0
where we approximated the DOS as v because the self-energy rapidly decays to zero
for w > A. The real part of the self-energy is symmetric and the imaginary part is

antisymmetric in frequency. We can thus restrict ourselves to positive w > 0. Let us first
calculate the real part given by

| 2| A UFQ/A [e%) 1
Re Il () = HIYF2p / do / d X D.18
ll,q( ) 4,UFq \/$2+1\/("E+a)2+1 ( )
—vpq/A  —Ep/A

1 1
[w—\/x2+1—\/(x+a)2+1 o+ V214wt a)Z+1
We see that the integrand will have a singularity if
p= Ve 1@t a2 +1>2/1+(a/22 =00 for tmn = —a/2. (D.19)

Thus, the interesting physics seems to occur at @ = 2 (note that o € [—vpq,vrq]). Let us
therefore focus on the region w =~ 2A, where it is convenient to separate the singular region
ZTmin &~ —a/2 of the integrand

vrq/A —a/2+0x
ol R Blvrd
Rell;y, (w=2A) = gq(w) + qup / da / dx x
—vpq/A —a/2—6z
1 1
Vez+ 1/ (z+a)2+1o—Va2+1—(z+a)?+1
/2 | 2‘ A vrq/A —a/2+86x—00 A .
a;%;a go l/F
¥ 0t g T [ s o swra?
—vpq/A —a/2—6r——00 ¢ @ w}
/A
) TlaBlven 7 )
_ 2ol ¥FE= e )
ga V2vprq VoW — @
2 vrq
~ — ———In|4|1+ — + . D.20
gq( ) Vg 2 — o] 2 -0l ( )

Here, gq (w) stands for some non-singular parts of the integral, which will be neglected
because |go|? vp < A, Ep, eV is the smallest parameter of the theory and therefore gq (w)
only gives negligible contributions to the photonic dispersion. Hence, we will neglect this

part in the following. Also the imaginary parts can be calculated using the same methods
for w ~ 2A.

vpq/A
- A _ 2 1— 2 1
i (o) = T [, Ve
Fq Va2 +1/(z + )2 + 1
—vpq/A
vrq/A
WA A 2)2
%gA |gO|7wF / da/dx [ M 0w —2)
dvpq o
—vpq/A
| 2‘ A vrq/A
_ _lglmvea / d/d o — 1210(@ — 2
2\/§qu @ 4 GJ y] (w )

—vpq/A
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(@—2) (D.21)

As can be seen from this expression, the imaginary part Im 1‘[11 q (w) LZN % decays

rapidly for higher energies. It is therefore not of importance for energies |w| > A and
we can approximate the Im H%IZ( ) by the expression derived for w =~ 2A for the whole

energy range.

Using the approximations performed in the just presented calculations, it is easy to show
that near w ~ 2A the normal self-energies look exactly like the anomalous ones. However,
for energies w > A much larger than the superconducting gap their behavior is like the
normal conducting self-energies. In between, we may interpolate between these two limits
and can thus write down the two self-energies as

ny ! r;w vl (D-22)

@37 < n[53 V1G] - ]>.

rel, R ~ ‘go| F
H?l,q (w) ~ qu

arcsin

2(33)

LR () T loBlvr (), %
5% (W) ~ ——=2 T n [y |1+ — + } (D.23)
2 (221 2—fal T VT
2 Vrq /7 72
—zmaxpg(étzqyf alrcsm(mm[2 i| ‘U;| }>,7r|g0|2 V(w/Q)}sign(w)G(kD]—Q).
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