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1. Introduction

Most of the works regarding superconductivity start their introduction with the first observation of
superconductivity in mercury in the year 1911 by H. Kamerling-Onnes [1]|. It then took over 40 years,
until Bardeen, Cooper and Schrieffer (BCS) proposed their “Theory of Superconductivity” [2]. The
theory is based on an attractive interaction between electrons, which is created by phonons. The
pairing provided by the interaction leads to an instability of the normal state to the BCS state and to
the formation of superconductivity.

However, for this work the discovery of superconductivity (SC)! in the copper oxide family (“cuprates”)
in 1986 marks the important date [3]. The critical temperature (7;) in this class of materials is re-
markable, and today’s absolute record holder for T, with 134 K at ambient pressure is (still) a cuprate
[4]. Such high critical temperatures had never been measured before in any material. In the sixties
and seventies the record for 7. was increasing very slowly and stagnated around 25 K [5]. This lead
to the assumption that there is a fundamental limit for 7. around 30 K well captured by a phononic
pairing mechanism?.

This assumption was proven wrong by the high critical temperature of the cuprates. The term “high
temperature superconductivity” became common for materials above the former fundamental limit of
25 K. Quite quickly after the discovery of the cuprates, it became clear that the existing microscopic
theory is not able to describe the newly discovered materials. Calculations of the phonon coupling
strength showed [7] that the coupling is too weak to explain the high critical temperatures in the
cuprates, implying that an alternative mechanism has to be present.

After decades of intense research on the cuprates, the question about the underlying mechanism
remains unanswered and under strong debate. Since the critical temperature in the cuprates is out-
standing, many researchers focused their theories on the unique features of the cuprates compared to
the conventional SC. This changed twenty years after the discovery of the cuprates because a second
class of high temperature superconductors was found in 2008: The “pnictides” [8]. The name pnictides
was coined in the first months after the discovery, where all compounds contained iron and pnictides
(mostly arsenic). However, later also compounds containing chalcogens instead of pnictides were found,
so the name iron based superconductors (FeSC) seems more appropriate [9]. The FeSC proved that
high temperature superconductivity is not unique to the cuprates. Ideally, a microscopic theory should
work for both known classes and for all classes discovered in the future.

For the phonon based superconductors described by the conventional BCS theory, the isotope effect
was an early experimental hint for the connection between phonons and superconductivity [10]. Un-
fortunately, there is no such clear experimental hint for the mechanism in the cuprates or pnictides.
Especially, the cuprates are very “difficult” materials, due to the strongly localized d electrons of the
copper atoms resulting in an insulating ground state [11]. The FeSC are less strongly correlated and
are metallic. The fact that the cuprates and FeSC are very different, is advantageous on one hand
because it shows that high temperature superconductivity is not limited to very specific conditions.
On the other hand, the big difference between the two groups complicates the derivation of a unified
theory. The review articles of I. Mazin provide a much more detailed discussion of the arguments given
in this introduction and are highly recommended [12, 13].

Despite all differences between the cuprates and FeSC there are also similarities. In order to find a
unified theory for the high temperature superconductors, one should focus on the similarities:

e The compounds show an anti ferro magnetic (AFM) phase.

!The acronym SC is used flexibly also for superconducting, superconductor, etc.
2Note that BCS theory is derived for a weak electron-phonon coupling, but has been extended to the strong coupling
regime by the Eliashberg theory [6].



e Magnetic fluctuations (paramagnons) are measured in the superconducting and non-superconducting

phase [14, 15].

e Before superconductivity appears, the magnetic ordering is suppressed and the critical temper-
ature often follows a dome-like structure as a function of a control parameter (doping,pressure)
[12].

These similarities point in the direction that high temperature superconductivity is connected to a
magnetic phase. A pairing mediated by magnetic fluctuations became a widely used theory in the
cuprates and there are entire books summarizing model calculations using this approach [16], but also
other model theories like polarons and orbital fluctuations have been proposed for the unconventional
superconductors [17, 18]. Note that the relevance of magnetism in the context of superconductivity
was recognized already in 1966, when the effect of spin-fluctuations (SF) on conventional systems
like palladium was discussed [19, 20|. For the FeSC additional experimental results have been found,
supporting the idea of a connection between the suppressed magnetic phase and unconventional SC:

e The resonance frequency wyes of the magnetic excitations is related to the critical temperature
for a wide range of materials ﬁ ~ 5. An overview of the experimental results is given in Table
1.1.

e In FeSe it has been observed that pressure enhances the magnetic fluctuations as well as the
critical temperature [21].

Due to the experimental results, the following scenario is more or less well established within the
scientific community: The AFM long range order has been suppressed as a function of a control
parameter. The control parameter may be (hole, electron, isovalent) doping or pressure (see Tab. 1.1).
Due to the proximity to a magnetic phase, strong magnetic fluctuations (paramagnons) are present in
the material. The fluctuations have finite momentum because they correspond to an AFM order and
allow for electron scattering between different regions of the Brillouin zone (BZ). These fluctuations
may provide the glue for the formation of superconductivity. Note that the paramagnons are collective
electronic excitations created by multiple Coulomb scattering: So the glue is repulsive, in contrast to
the attractive phonon coupling [22, 2|. This may sound odd at first, but the next sections will explain
and clarify this concept.

The present work is devoted to the inclusion of the paramagnon mediated pairing in the framework of
superconducting density functional theory (SCDFT). SCDFT is the extension of the standard density
functional theory (DFT) to superconducting systems and a brief introduction is given in chapter 3.
The theory was proposed by Olivera, Gross and Kohn in 1988 and is based on the total electronic
density and an additional density characterizing the SC state [23]. The additional density is called
anomalous density and is the order parameter of the SC phase. The theory contains no adjustable
parameters and is a formally exact theory for SC. The theory is only in principle exact because the
functional for the exchange-correlation (XC)-energy is only known in some approximation.

The successful functionals in SCDFT are constructed using many-body-perturbation theory (MBPT).
MBPT provides a perturbative expansion of the full electronic Green’s function (GF) in orders of the
Coulomb interaction and the phonon propagator. In chapter 2 an introduction to the GF technique
at finite temperatures is given. Like DFT also the Green’s function approach can be extended to
superconducting systems, by the introduction of an anomalous GF[24]. This anomalous GF is closely
related to the anomalous density in the SCDFT treatment. This extension is presented in chapter 4,
in the context of the SC version of the famous Hedin equations.

The equations have been derived first by Hedin and are a set of five coupled equations [25]. A fully
self-consistent treatment would lead the exact normal and anomalous electronic GF. In particular,
it also leads the exact electronic self-energy. The self-energy provides a connection between SCDFT
and MBPT. The connection has been found by Sham and Schliiter and the central integral equation
is named Sham-Schliiter equation (SSEq) [26]. This equation relates a given approximation for the
self-energy to an xc-potential. In their work Marques et. al. truncate the expansion of the self-energy
after the first order in the screened Coulomb interaction and the phonon propagator and use the SSEq
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’ Material ‘AFM GS‘ SF measured ‘ T ‘ T. Doping ‘ T. Pressure ‘

FeSe 1no yes?(6meV) 88 [ 10"(80% Te) | 378(P=7)
FeTe yes yesd(6meV) 0.0! 9'(15% S) 0.0
LiFeAs no yes'(8-17meV) | 18 negative 18 (P=0)
Na;_sFeAs yes 1o 212 | 331(20% P) | 319(P=3)
CaFeaAsg yes yes<(25 meV) | 0.0 | 38%(50% Ni) | 102(P=0.5)
BaFepAsy yes yes®(1.5-6meV) | 0.0 | 38°(40% K) | 292(P=4)
SrFegAsy yes no 0.0* | 38°(20% K) 27%(P=3)
LaFePO no indication" 3.2% | 6"(6% F) |88 (P=0.8)
LaOFeAs yes yes(9-15meV) | 0.0' | 25%(10% F) 43" (P=3)
CeOFeAs yes yesP(1meV) | 0.0™ | 35™(10% F) | 12°(P=0.4)

Table 1.1.: Overview of the critical temperatures as a function of doping and pressure for various FeSC.
The column “AFM GS” indicates whether the undoped ground state at ambient pressure is magnetic.
*[29],*[30,°[31],4[32],°[33],"[34] B[21]*[35],'[36] ) [37],%[38],'[39],™ [40],*[41],°[42] P[43],2[44],"[45],
S[46],%[47),%48],¥[49],¥[50].

to derive an XC-potential [27]. This approximation leads to satisfying results for the conventional
superconductors, but fails for the unconventional superconductors.

This is not surprising since the paramagnons are not included in the expansion for the self-energy.
By using only the first order in the screened Coulomb interaction i.e. the Gw approximation|28|,
all the vertex corrections in the self-energy have been neglected. In chapter 5 the vertex corrections
are investigated and the relevant contributions representing the magnetic fluctuations or paramagnons
are selected. The magnetic fluctuations are related to very complicated four point functions and a
simpler local form is suggested. In this local form the magnetic fluctuations appear within an effective
interaction and the corresponding self-energy contribution is reminiscent to the Gw contribution.

In the expression for the self-energy, the Coulomb, paramagnon and phonon contributions enter on
an equal footing. In chapter 6 the XC-potential using the SSEq is derived. The derivation is in analogy
to the derivation done by Marques et. al. and leads a universal XC-functional containing an extra
contribution related to the magnetic excitations. The new term is strictly repulsive which, requires
a sign change of the XC-potential in order to find a SC state. The conditions for a SC solution and
applications of the new functional to model systems are presented at the end of chapter 6.

In chapter 7 the field of model calculations is left and the functional is applied to FeSe and LiFeAs,
which are two representatives of the FeSC. The calculation of the correct magnetic ground state in
these material turns out to be difficult and one parameter is necessary to enforce the experimentally
observed non-magnetic ground state. With this one parameter the framework is not fully ab-initio
anymore. The critical temperature is investigated as a function of pressure and the new contribution
related to the magnetic fluctuations is the key ingredient to explain the high critical temperatures in
this class of materials.

This work features an extended appendix. For a better reading flow, all extensive algebraic trans-
formations have been shifted to the appendix and interested readers may look up details there.






2. Introduction to Green’s Functions

In this chapter the GF method is introduced. The formalism is presented for a non-superconducting
state, but in chapter 4 an extension to superconducting systems is presented. The section gives only a
brief overview of the GF formalism and many-body perturbation theory. A more detailed and didactic
introduction may be found in standard text books like Nolting 7 or the Fetter Walecka [51, 52].
Essentially, two functions are introduced in this chapter:

1. The single particle GF which contains an expectation value of two Fermionic operators. It is
possible to define four different versions of this function: The retarded, advanced, time ordered
and Matsubara GF. Among the four, the

e Matsubara single particle GF G [Eq. (2.11)]
is the relevant one in this work.

2. The response function which contains an expectation value of two observables A and B. Also for
the response function the four different versions exist, but only the

e retarded response function x%, [Eq. (2.21)] and the
e Matsubara response function x, [Eq. (2.22)]

are used in the derivations.

Why is it necessary to define so many functions? The different functions provide different information
about a system:

e The Matsubara GF is a time ordered quantity. It provides expectation values of single particle
operators and the total energy of the interacting many-body system [Egs. (2.12) and (2.13)]. G
is the most convenient choice for calculations at finite temperature. Since a treatment of systems
at finite temperature is essential in the context of SC, the Matsubara GF is mainly used in this
work.

e The linear response of the observable A, due to a probing field coupling to the internal quantity
B of the system, is described by the retarded response function (see Sec. 2.2). The singularities or
peaks of this function describe phase transitions or excitations of the system due to the external
field. Since the response is a measurable quantity, the retarded response function is a real and
causal quantity.

e The advanced response function is the “anti-causal” analogous to the retarded one. It is mainly re-
quired for mathematical completeness and has no simple physical interpretation like the retarded
counterpart.

e The Matsubara response function is the time ordered variant of the response function.

After G and x%, have been introduced in Sec. 2.1 and 2.2, a perturbation expansion for the time
ordered objects is formulated in Sec. 2.3. A very efficient and descriptive way to present the different
orders in this expansion are the so called Feynman diagrams which are introduced in Sec. 2.4. All the
different Green’s and response functions are connected to each other via the spectral representations
(Appendix B.1.4) which simplifies the work essentially.



2.1. THE MATSUBARA GREEN’S FUNCTION

2.1. The Matsubara Green’s Function

The final goal of this work is the description of superconducting systems and the most convenient
ensemble for this purpose should be chosen. A superconductor will be cooled down by a large cryostat,
so the temperature T is a variable of the thermodynamical potential. The BCS wave function describing
superconducting systems has no fixed particle number i.e. the corresponding Hamiltonian does not
commute with the electron number operator N. Hence, the grand canonical potential is the most
convenient choice:

QuTV)=U—-TS — uN = <ﬁ1—;1n[ﬁﬁ] —MN>, (2.1)

where p is the chemical potential, N the particle number, S the entropy, 8 the inverse temperature

8= @%’ ksthe Boltzmann constant and pg the statistical operator. The Hamiltonian H contains the

following contributions:

H=Hy+W=T+Vo+W (2.2)
2
T=— ZU: Adr¥} (r) %\110 (r)
VO = Z A dT\ifl (I‘) V0 (I‘) Ooo’ + Z O'(i;g/@i (r) \ila, (I‘) (23)
A~ 1 A~ /\.|_ A~ A~
W = 5 Z AdPrd3r'y (rr') ¥l (r) Ul (r) U (x)) Wg (r). (2.4)

oo’

The kinetic energy operator is labeled with T and W is the Coulomb interaction between electrons.
The ¥, (r) and ol (r) are the usual annihilation and creation operators of an electron at point r and
spin o. The single particle potential V{ consists of the spin independent, background potential created
by the nuclei vy and some external contribution Y, 0% ,¢; (r). Throughout the whole thesis atomic
units e = h = m, = 1 are used. The thermal average of an operator Ais given by:

<A> = tr [,sg;q - Z <n )ﬁﬁfl n>. (2.5)

The trace runs over a complete basis of the Fock space. The statistical operator in the equilibrium

gg; = 0. This condition determines the form of the

minimizes the grand canonical potential i.e.

statistical operator: pg o ¢=PK The normalization condition (1) = 1 leads:

1 R R
pg = Z—e_’BK with Zg := tr [6_5K} , (2.6)

G

where the operator K is given by H— ,uN . For a non-interacting system® the eigenstates are known
and the grand canonical potential reads:

Qo (uTV) = <I§{0 — kpln [p] — ”N>o — tr [ﬁg (ﬁo —kpln [p9] — MN)}
ﬁ% = %675[&0 with Z0 := tr [e*ﬂk‘)} = tr [e‘B(HO_MN)} . (2.7)
G

The grand canonical potential of the interacting system is connected to the non-interacting one by a
coupling constant integration (Sec. B.2):

QUTV) = Qo (WTV) + AL dX <W>A . (2.8)

3Non interacting systems are labeled with a subscript 0.
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The expectation value on the right hand side can be expressed in terms of a single particle expectation
value. This is done using the equation of motion of the operator ¥, (r) in the Heisenberg picture. The
Heisenberg picture of an operator is defined as:

O(r), = KT Oge KT O (7’); = eKTO;e_KT, (2.9)

where 7 is a real time argument often called Matsubara time and Og is the operator in the “standard”

o t ~
picture in general referred to as Schrodinger picture. Note that (OL) is not equal to Og. For
convenience, combined variables for the electronic coordinates are introduced:

1:={ry,m,01} Adl = ZAd3r1 Adr (2.10)

o1

X1 = {I‘l,’i'l} A dxy :=ZAd3T’1.

o1

The equation of motion of the operator d;, ¥ (1), [Eq. (B.14)] leads naturally to an expression for the
expectation value <W>A [Eq. (B.15)] in terms of the Matsubara GF:

Oy (UTV) = Q (MTV)+ AO d>\rhn"i£1 lim ZAd3r1 dr, — Ko (r1)] G (12)
o2—0 T2

GY (12) = — <T [@AH (1) ¥, (2)} >A = —tr [ﬁgf [@AH (1) ¥, (2)” : (2.11)

This is an important result because once the Green’s function GY' is known (in some approximation),
this provides the grand canonical potential which contains the ground state (or at finite temperature
the equilibrium) information of the system. For the Matsubara Green’s function of the fully interacting
system (A = 1) the index A is left. The operator T is the time ordering operator defined in Eq. (B.16).
In addition, the Green’s function also provides any single particle ground state expectation value
directly:

<O> = Z A dPrid3ry <00102 (rirs) \f/:rn (r1) ‘i’ag (1‘2)>

o102

= Adr1d*ry00,0, (rirs) G (127) (2.12)

o102

and as a special case also the expectation value of (K) which contains two-particle operators:

0= (i) - (3) = (k) (1)

=S adtn it (Kotey) 50 + Kotral) 67 (12

G2l TN
1
_ 3 : : - _ M
=-> Ad’n i Tzh\nil 5 [0r, — Ko (r1)] GM (12), (2.13)
o1 go—r

This shows the importance of the Matsubara Green’s function with respect to ground state properties.
The information about excitation on top of a ground state are given by the response function. This
quantity is the central object in linear response theory introduced in Sec. 2.2.

2.2. The Response Function

The retarded response function is the central quantity in linear response (LR) theory. This theory
describes the response of a system related to a (small) perturbation or probing field called ®;. The
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perturbation is created by an external Field F (¢) which couples to an internal observable B of the
system. The Hamiltonian in the Schrédinger picture of such a system reads:

Hs(t) =K +®; = H— uN + Ad*F (x)-B(r). (2.14)
The statistical operator for a time dependent system and its time derivative are given by:

pe (1) = Yl )l )]s a0 =[5 (1), ()] (2.15)

The time dependence of the wave function |V, (t))s indicates that the system is not in an equilibrium
and the weights are not given by e %, The weights p, of the statistical operator are assumed to be

time independent. This assumption is valid for small perturbations which do not change the occupation
numbers. The statistical operator in the “unperturbed picture” (label U) is:*

pu () = Kl () 7K,

The equation of motion for py (t) leads with Eq. (2.15) to:

d ikt (4 e s —iKt [z A

S () = € (Zps (1) [Kops (0] ) 7R = =i [ @ ()0 (1)] -
The equation is integrated with respect to t:

= pu(t) = lim pu (¢) =i A dt! [y (1), (F)] (2.16)
t'——o0
The perturbation is switched on at a certain time. Hence, in the limit ¢ — —oo the statistical operator
p (t), becomes the one of the unperturbed non-time dependent system K = Ko+ W. Since the system
is in equilibrium at this time, the statistical operator has the form ps (t — —00) = ie*ﬁK = pg and
the time dependence vanishes in this limit:
lim py (t) = lim eif{t,ﬁs (t) e~ Kt = lim eiKte=PK ikt

t——o00 t——o0 t——o00

= ps.

The Dyson like equation for the statistical operator [Eq. (2.16)] is approximated by the first (linear)
order in the perturbation, i.e.:

() = pp — i AL dt! Dy (V) 8]
PER (1) = e iKUER (1) oKt — 5o G AL gemiKY [ét, (), ,;35} ek, (2.17)
Due to this truncation in the first order of the perturbation, the theory will only work for small

perturbing fields or “in the linear response regime”. The change of an observable 1215 created by the
perturbation is given by:

AAi (rt) = tr [ﬁs (t) AZ} —tr [ﬁﬂfv} = <Ai> (t) — <Ai>.

Using the statistical operator in the linear response approximation [Eq. (2.17)], the expression for AA!
reads:

3
AA (rt) = —i > AX dt! Ad*r'6 (t—t) < [A@ (vt), B, (r't')}
j=1

> Fi ().

4Often the term Dirac picture is used here [51], but this name should be reserved to a time propagation including no
interaction in my opinion.
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The change in the observable is only non-zero for times ¢ after the perturbation, i.e. t > t/, like it
should be in our causal picture of the world. The “unperturbed picture” is identical to the Heisenberg
picture introduced in Eq. (2.9). The expression of the right hand side leads to the definition of the
response function:

X}:iBJ‘ (x,x') = —if (t —t ) < {A’H (x) ;i (x')} > . (2.18)

The change in the observable A is determined by X}, B; (x,x’) of the unperturbed system:

3

AAY (x) = ZAd4x X B (x,x") FI (x').
7j=1

In other words, the important information about phase transitions (singularities in x% ) and excitations
(peaks in x% ;) are accessible via the ground state. The theory can only describe excitations related to
small external fields. All important excitations in a solid like the collective magnetic modes (magnons),
lattice vibrations (phonons) and charge density waves (plasmons) are in most cases well captured
within linear response theory. Thus, linear response theory has become a very important tool in the
investigation of excitations in solids [53, 54, 55|. If the following density operators

= ol Ul (1) Ug () =D olgias (r)
af af

are used for the operators A; and Bj, the x%:5; is called “density-density response” [0 is the Pauli
matrix vector given in Eq. (A.4)]. Alternatively, the names, response or susceptibility are common.
The standard label for the density-density response is Xf‘j. The quantity describes the change of the
charge /magnetic-moment densities due to an external coulomb potential /magnetic fields. The coupling
between the external fields and the densities is given by:

4
Z AdPrg (x Ua[g\iﬁ (r) \115 (r) = Z A dPry; (x) p; (r) (2.19)
i=1
et o
Q(X) = Bz{: (X) ﬁ(r) = my (I‘) ) (2'20)
B (%) m* (r)

where Beyt is the external magnetic field and veyxt the external Coulomb potential and & is the set of
Pauli matrices defined in Eq. (A.4). The 16 = 4 x 4 elements of the response function are given by:

X% (x,x') =10 (t — t') <[A[)Z (%), Apj (x')H]_> = XRApi(r)Apj(r’) (t, t') (2.21)

A7 (= 35 [ () 3 (), s )]

In section A.3 the transformation relation between the notation in spin and Pauli matrix components
are given. Depending on the magnetic ground state of the system, the 4 x 4 matrix can be very sparse
[Eq. (B.5)]. Note that before the X;j can be included a perturbative expansion, a change from the
retarded to the time ordered or Matsubara response function has to be performed using Eq. (B.11).
The details on the perturbative expansion are discussed in the next section (Sec. 2.3). The time
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ordered versions are also the reason why the Ap has been introduced to the expression for X?j' In the
commutator of the retarded function a scalar number does not matter. However, the natural definition
of the Matsubara response leads to the form with Ap [Eq. (B.18) |:

6pi (x1) P IAG 5
_W(Xlz) - <T [Api (x1)y Ap; (X2)H]>

= (s (xa) py (x2)]) = (T s ()] ) (7 [ (x2)]) (2:22)

Xij (X1%2) =

A

The second term <T [Di (xl)]> <T (D (XQ)]> removes all uncorrelated parts from x™. In the diagram-

matic language introduced in Sec. 2.4 this means that only connected contributions are present in the
expansion for M.

Finally the advanced response function is defined:

X, (6 X) = —i8 (¢ — 1) <[A; (). B} ()] > | (2.23)

This function is the anti-causal analogon of the retarded response function.

2.3. Perturbation Expansion

After the importance of the Matsubara GF and the response function have been shown, it would
be highly desirable to have a scheme to obtain approximations for these objects. In this section a
perturbation expansion for the Matsubara GF in terms of the interaction and the free propagator is
presented [52, 51].> This is an advantage compared to the DFT framework (presented in Sec. 3), where
no straightforward way for the construction of approximations is available.

The Schrodinger equation for a non-interacting system [drop W in Eq. (2.2)] is solvable on modern
computers [56]. Hence, the evaluation of the trace is not a problem and the non-interacting Green’s
function

GY(12) = e <T [@D (1)}, (2)} >0 —etr [ﬁof [@D 1) ¥}, (2)” (2.24)

is known. In this section always the Matsubara Green’s function is considered and the subscript M
is left out for simplicity. For an interacting system on the other hand, the differential equations are
coupled and the dimensionality of the problem increases exponentially with the number of electrons in
the system. This means a direct solution of the Schrodinger equation is not feasible for large systems
[57]. In order to overcome this problem, the interaction W is considered as a perturbation and the full
GF is expanded in orders of the interaction and the known Gy. The perturbation series is based on
the Matsubara time evolution operator:

U (1172) i= oKom1 ;=K (11-72) ,~ Ko (2.25)
This operator is not unitary, but has the same properties as the (unitary) time evolution operator:
U(r,m2)=U(n,7)U (7,72) U(r,7)=1.

The Dirac picture is introduced:

O(1), = Ko7 e Ko,
The equation of motion for the time evolution operator

dU (11, 72)

d =-W(n),U (r1,72) = U (11, 72) = e_Azf drWp (r)
71

leads to an expansion of U in orders of the interaction W

N 1 N A
U(3,0)=1-— Ag dtWy (1) + o1 Ag drdr' Wy (1) Wy (7) + ... . (2.26)

5An analogous expression could be derived for the response function which is not done here.

10
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The Heisenberg picture [Eq. (2.9)] is connected to the Dirac picture via the Matsubara time evolution
operator:
Ap (1) =U(0,7) AU (7,0). (2.27)

This connection is the essential point in the derivation of a perturbation expansion. The single particle
Matsubara GF is rewritten and the case 71 > 75 is considered. The real time arguments in Eq. (2.25)
allow for a connection between the statistical operator and the time propagation:%

G (12) = —Zitr e (8,7) & (1), U (71, 7) W1 (2),,U (72,0)]

G

In Sec. B.1.1 it is shown that the Green’s function depends only on 7 — 75 € [—f,]. Hence it is
sufficient to investigate the properties with respect to 71,72 € [0, 5]. This means that the operators in
the last equation are already time ordered and the operator T is added:

G (12) = —Zthr [ PRoR (U7 (8,m) 8 (1), U (r1,m2) ¥ (2), U (72,0)]].

Since the operator U always contains an even number of fermionic operators, the U’s are exchanged
within the time ordered product without picking up extra minus signs:
Z9 . - -
G(1,2) = =22 (T[U (8,0 ¥ (1), ¥ (2),])

G 0

The grand canonical partition function Zg is also related to the time evolution operator (see the
definition of the time evolution operator 2.25):

Zg =tr [e*ﬁf{] =tr [efﬂROU (B,O)} (2.28)
and the expression for the GF is cast to:

(T[U(8.0)¥ 1), ¥ (2),])

% }<T V.01, 2),]) =~ o

tr [e—ﬁk(JU (8,0)

G2 =- 0 T 5.0,

For 7 < m the same result is obtained. The expectation value has been changed from the interacting
to the non-interacting one and the time dependence of the operators is trivial, if eigenstates of the
non-interacting system are used in the trace. The operator U (f,0) now contains all the interaction
i.e. the difficulties. In terms of the series expansion for the time evolution operator Eq. (2.26) the
expression for the full GF reads:

U B,0% 1), ¥ 2),]),

G (12) = —< (2.29)

([0 gt . 00,8 ],

<T [1 - Ag drWy (1) + %Ag drdm' Wy, (1) Wy (7/) + .. .]>0.

If the expansion for U (8,0) is truncated after the first term, the GM (1,2) reduces to the non-
interacting GF. The evaluation of the perturbation series is done in a efficient way using Wick’s
Theorem and the linked cluster theorem. The proof for these theorems can be found in every many-
body theory text book [52, 51]:

5In the zero temperature limit the time evolution operator is given by ¢ Rot1o—iK(t1—t2) ;=iKot2 41 the thermal average
reduces to (¥q|...|Uo). In this case the adiabatic connection is used ¥y = U (t, —00) ®p[52].

11
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Wick’'s Theorem: The expectation value of a time ordered product of the operators

<T [A1(m)p

AN (Tv) D]>0 is equal to the sum of all possible totally contracted products.

A product of operators is fully contracted, if all operators in the product are contracted with one
another. A contraction between two operators A and B will be denoted by AB and is defined by:

AB = <T [AB} >0. (2.30)

Note that no normal ordered term is present in the definition of the contraction. This is only necessary
in the zero temperature case [52]. From the definition it is obvious that (1 )D\II( )p =¥i(1 )D\IIT( )D

0 and ¥(1 )D\IIT(Q)D = —G} (12). This changes in the superconducting state and an extension to
Wick’s theorem for the superconducting state is necessary. This point is discussed in more detail in
the Ph.D. of S. Kurth [58]. In order to illustrate the total contraction procedure, the first order term
in the numerator of Eq. (2.29)

G = Go (12) + A d3d4(Tv(34)¥T (3) U1 (4) ¥ (4) T (3) ¥ (1) ¥T (2)]) + O [v?] (2.31)

is fully contracted. The Coulomb interaction is spin-independent and static, but it is convenient to
introduce an interaction v (12) given by v (12) = 6, ,v (rira):

G(12) = Go(12) + A d3d4v(34)¥1(3) , U1 (4)

o)
=B
—~
~
N~—
o)
=
—~
Qo
S~—
o)
(=N
—
—_
S~—
o)
=B
i
—~
[\
S~—
o)

+ A d3d4v(30) 87 (3) T (4) ¥ (9) p B (3) p (1) 0 (2)
+ A d3d4v(34) 1 (3) , 0T (4) , U (4) , U (3) p U (1) p UF(2) p + O]

= Go(12) + A d3d4v(34)¥
+ A d3ddv(34) ¥ (1) , U 3)D o4

( Do ¥(4)p¥(3)p ¥ (2)5
+Ad3d4v(34) (4 )D‘i’T(3>D T(4)D¢J(DD¢’T(,2)D¢’(3)D+O[U2]
G(12) = Go(12) — A d3d4(p(3)p(4)v(34)Go(1,2)

+ A d3d4Go(13)v(34)p(4)Go(32)+
— A d3d4Go(14)v(34)Go(43)Go(32) + O[v?].
The factor 1 — A d3d4p(3)p(4)v(34) does not depend on the coordinates of the Green’s function (12).

Such contributions are called not linked and following theorem makes a statement with respect to these
constant terms [51, 52].

Linked Cluster Theorem: The non-linked contributions in the expansion of the numerator of Eq.
(2.29) cancel with the denominator.

Hence, the perturbation expansion in Eq. (2.29) simplifies to:

Linked

G (1,2) == (T [U (8,0 ¥ (1), ¥ (2),])

Note that also the difference between the grand canonical potential of the interacting and non-
interacting system is expandable in diagrams [Eq. (2.28)]:

1 1 A

tr [e_BﬁOU(ﬁ,O)} 1

1 inke
= _B In Zg = _B In <U (570»0 5 < (ﬁ? ))L k d (232)

0

AQ:Q—Qoz—;ln[Zg]Jr
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CHAPTER 2. INTRODUCTION TO GREEN’S FUNCTIONS

Already the first order contributions of G are quite complicated. However, all contributions contain
only the non-interacting Green’s function Gg and the bare Coulomb interaction v. Fortunately R.
Feynman invented a very effective way to illustrate the different contributions: The so called “Feynman
diagrams” which are beautifully discussed by R.D. Mattuck [59].

13



2.4. THE FEYNMAN DIAGRAMS

2.4. The Feynman Diagrams

The Feynman diagrams are a replacement of the more complicated perturbative equation by simple
images. There exists a set of translation rules for going from a picture to the corresponding equation
and wice versa:

1. Each non-interacting Green’s function Gy (12) is represented by a single line arrow pointing from
2 — 1. The full Green’s function is given by a double line.

2. Each interaction v is represented by a wiggled line. The screened interaction [Eq. (2.36)] is given
by a double wiggled line.

3. It is integrated over all internal coordinates, besides the two lose ends.
4. Only linked diagrams are considered, due to the linked cluster theorem.

5. For a contribution with n interaction lines, a factor (—1)" is introduced, related to the expansion
of the exponential function [Eq. (2.29)].”

6. For each Fermionic loop, a factor of (—1) is added. (Sec. D.2).

In Fig. 2.1 examples of diagrams and the corresponding representation in conventional equation form
are given. The not linked terms appearing in the contraction have been left due to rule number 4. The
green factors are related to the number of interaction lines (rule 5) and the blue ones to the number
of loops (rule 6). It becomes immediately clear that for higher order contribution the diagrammatic
representation is much easier to read. The full Green’s function G (12) is given by drawing all possible
connected diagrams with an arrow starting from the open coordinate 2 leading to the point 1 in spin
space time.

The same expansion rules apply also for the

(—1)1 ’
m (=D(-16a202) Matsubara response Xz’ ,,5,0, (X1X2) given in Eq.
) (2.22). Note that contributions like p (r1) p (r2)
- Ly . are linked in the sense of the linked cluster theo-
= bl (=1 d3w(13)Go(337) rem, but are removed by the definition of the Ap
! in Eq. (2.22).

(1A= [ [ d3dAG(34)Gy(43)0(24)0(13)G(12) At first sight the introduction of the diagram-
matic language is a totally equivalent reformation
of an existing problem, but the new formulation
starts to develop (like always) its own dynamic.
For example the term “linked” or “connected” is
very natural in the diagrammatic language. Also the group of diagrams containing “ladders”, “bubbles”
and “loops” makes only sense in the new language. For the classification of diagrams it is convenient
to define two new vocabularies:

Figure 2.1.: Example of the translation between di-
agrams and equations

Reducible Diagram: A diagram is called reducible with respect to something, if one can cut/remove
something in order to get two not linked diagrams. The term irreducible is used for diagrams which
are not reducible.

Proper Diagram: A diagram is called proper, if it is irreducible with respect to an interaction line.
The term improper is used for diagrams which are not proper.

These definitions are very useful in the expansion of quantities. For example is it possible to obtain
the full Green’s function, by the solution of the equation:

“From the expansion you would expect a factor of (—711!)"7 but for each connected diagram it is possible to create n!

equivalent contribution by permutation of internal coordinates and a diagram represents all these contribution [52].
An example of such a permutation is to interchange 3 <> 4 in the second order diagram in Fig. 2.1.

14



CHAPTER 2. INTRODUCTION TO GREEN’S FUNCTIONS

G _ Go G
G (12) = Go (12)+A d3d4Gy (13) M (34) G (42), (2.33
(12) 0(12) 0 (1) M(34) G (42), (2.33) Figure 2.2.: Dyson equation for G (12)

where M (12) is defined by all diagrams with an outgoing/incoming GF at 2/1 which are irreducible
with respect to Gg. The definition of M is chosen in such a way that all possible contributions to the
GF are created by iterating the Eq. (2.33):

G (12) = Gy (12) + A d3d4Gy (13) M (34) Gy (42)
+ Ad3...d6Gy (13) M (34) Gy (45) M (56) G (62) +

The function M describes the change from the known Gy to the fully interacting G. Since this
transition is extremely important, the object M is given a special name: self-energy. An equation of
the kind A = X + XY A is called a Dyson equation. Such an equation is solved either by iteration or
by a matrix inversion:

Go (12) = A d4 [641 — Ad3Gp (13) M (34)] G (42)
= G (12) = Ad4 614 — Ad3Go (13) M (34)] 7' Gp (42)

The two ways should lead to the same result. A finite order approximation for M leads to a summation
of an infinite number of contributions. This is a clear advantage of the Dyson equation compared to
truncating the expansion implied by Eq. (2.29). After a summation has been carried out, the resulting
set is often called renormalized or dressed [59].

The density response function x™ (12) is a very important quantity. In this section always the
Matsubara response function is used and the subscript M is left. The response function is the central
object in linear response theory which is discussed in more detail in section 2.2. The Dyson equation
for the response function reads:

12) = P (12) — A d3d4P (13) v (34) x (42) (2.34)
@ @ Flgure 2.3.: Dyson equation for x(12)

where P (12) contains all proper diagrams which can be connected at 1 and 2 to an interaction line
(Fig. 2.6). In Sec. 2.2 it is shown that the retarded version of this function describes the response
of the density to external fields. Like the self-energy, the set P receives its own name: Polarization
propagator. The simplest approximation to the polarization is the bubble:

@ ~ @3, P(12) ~ -G (12) G (21) (2.35)

and the corresponding approximation for x is called the random phase approximation (RPA).
Besides the sets M and P two more important sets are defined in general. The first one is the
screened Coulomb interaction given by

1%2: 1/\/\/2 + IN@WQ
—w(12) = —v(12) + Ad3ddv (13) P (34) w (42) (2.36) Figure 2.4.: Dyson Equation for w (12)

and represented by a double wiggle line. The screened Coulomb interaction takes multiple scatter-
ing processes of the electrons (screening) into account. The second one is the vertex function I' (123)
depicted by a triangle (Fig. 2.6). The vertex function appears naturally in the derivation of the Hedin
equations (Sec. 4) and determines the self-energy [Eq. (4.14)]:
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2.4. THE FEYNMAN DIAGRAMS

é\?} :Q 9 M (12) = Ad3d5w (31) G (15) T (523) + 615 A d3v (13) G (337) .
+
9 1 2

10,, Figure2.5.: Self-energy M (12)

Some authors call only the non-local part in the previous equation self-energy and the full object
is referred to as mass operator [60]. From the previous definitions of M and w, it can be concluded
that the vertex must contain only proper contributions and is irreducible with respect to Gp.

@i@(;m+2+%ﬁ +§§+§.. Al G
el 60800
IS8 Sormanm

Figure 2.6.: Expansion of the relevant objects appearing in MBPT. In the first line the self-energy is
expanded in terms of Gy and v like discussed in Eq. (2.29). In the next lines the first orders of the
Green’s function G, Response function y, screened Coulomb interaction w and vertex function I' are
shown.
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3. Introduction to Density Functional Theory
for Superconductors

Density functional theory (DFT) is an alternative ab-initio approach for treating interacting many-
body systems. A detailed overview of the concepts and ideas behind DFT is presented in the book by
Gross [61]. Instead of the electronic Green’s function (GF) in many-body-perturbation theory (MBPT),
the electronic density is the central object in DFT. The foundation of DFT was laid by Hohenberg and
Kohn, who showed that every ground state expectation value is a functional of the electronic density
p (r) [62]. In particular the total energy is also a functional of the electronic density. For this functional
a variational principle holds and the exact ground state density is found by minimizing the energy.
The theory proposed by Hohenberg and Kohn is exact only in principle because the exact form of the
total energy functional is unknown.

The DFT formalism is universal and may be applied to any electronic system: magnetic, supercon-
ducting, containing currents etc. . However, it is easier to construct concrete approximations for the
energy functional, if the relevant densities are explicitly included in the functional. A standard example
for this procedure is the inclusion of the spin magnetic density m (r) := p4 (r) — py (r) to the energy
functional [63, 64]. This theory is called spin DFT and all expectation values become functionals of
p and m and the energy is minimal for the ground state densities. The magnetic density is the order
parameter of the magnetic phase and couples to external magnetic fields.®

In the same spirit Oliveira, Gross and Kohn included an additional density for the treatment of
superconductivity (SC) [23]. For SC the relevant density is the so called anomalous density. In
analogy to the magnetic case, the anomalous density is the order parameter of the superconducting
phase. The anomalous density is defined by two annihilation operators with different spin:

X (vr') = g (1) ) (+') (3.1)

The anomalous density, should not be confused with the density-density response (Sec. 2.2). It couples
to an external pairing potential A% (rr’) and the term A YA®' + h.c. is added to the interacting
Hamiltonian in Eq. (2.2). If the anomalous density is non-zero i.e.:

(xX) #0

the system is considered superconducting at this temperature [23]. The contribution A YA + h.c.
describes only singlet pairing, where electrons with opposite spin are coupled by the pairing potential.
An extension to pairing of electrons with identical spin (triplet pairing) is not considered in this work
because the pairing in the cuprates and iron based superconductors (FeSC) takes place mainly in the
singlet channel [67, 13]. However, the ruthenates are an example of a system, where the triplet pairing
is important [68].

As discussed in the introduction, the magnetic phase is suppressed first and then superconductivity
appears. Hence, it is not necessary to include the magnetic density as an additional density in the
DFT framework of SC, if the goal is the description of the SC phase alone.

The additional densities are not limited to electronic contributions. In order to introduce the phonons
in a proper way, the diagonal part of the N-particle density matrix of the nuclei is included as a further
density. In this case the framework is called multi component DET [27]. This leads to a formally exact
description of the superconducting electronic-nuclear system. However, the focus of this work lies on
a purely electronic pairing mechanism and the nuclear degrees of freedom are left out for simplicity in
this chapter.

8 Note that non-uniqueness problems of spin DFT at zero temperature are fixed at finite temperature [65, 66].
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3.1. FOUNDATION OF DFT FOR SUPERCONDUCTORS

3.1. Foundation of DFT for Superconductors

Superconducting density functional theory (SCDFT) is based on three pillars [69]:

1. There is a 1:1 correspondence between the densities {p, x} and the corresponding potentials
{Uo + Vexts A‘S’Xt} [70].

2. The statistical operator ps [Eq. (2.6)] is fully determined by the external potentials and due to
the 1:1 correspondence every expectation value is a functional of the densities. In particular this
is true for the grand canonical potential [Eq. (2.1)]:

Q (:UH V, T) = (,ua V, T) [pv X] .
3. A variational principle for the grand canonical potential holds:

Q [pGS» XGS] <Q [;07 X] )
where pgs and xqg are the densities of the system in thermal equilibrium.

The grand canonical potential is formally rewritten:

1
Qlp,x] = To[p, X] + Ad®r (vo + vext — ) p+ Ad>rd>r’ A + Ey [p] + 550 [ps x| + Exc [p, X]
(3.2)

EH[] Ad3d3/10()p(,)

v — /|

So [p, x] = (In [A0]> = —;tr [pﬂ In [pﬁ]] remember that pg = pg[p, X]

1
E 2
<A Brof (r \iz(r)>
L " A
Buclpoxli= ((7) = Tolood) = (5 mlash) = § (m [38)), ) + (() - Bual).

where Ey. is the exchange-correlation (XC)-energy, Ey the Hartree energy, Sy the non-interacting
entropy, Tp the non-interacting kinetic energy and the statistical operators pg and ﬁ% are given in Egs.
(2.6) and (2.7), respectively. The electronic potentials vy + vexy and pairing potential A%t couple to
the electronic and anomalous density, respectively. The occurrence of an external pairing potential
may have two reasons: (1) The system is located near another SC material (proximity effect) or (2) an
infinitesimal external field is introduced as a mathematical trick to break the degeneracy in analogy
to an external B-field in magnetic calculations.

The XC-energy is the only unknown part and the main task in DFT is to construct good approxi-
mations to Fy.. For the exact functional a minimization would lead to the exact ground state densities
Pas and xqg for a given temperature T'. If xqg is zero at this temperature, the system is not supercon-
ducting.

The minimization of the grand canonical potential is done using a non-interacting auxiliary system
which has the same density as the interacting system. The idea to introduce such an auxiliary system
goes back to Kohn and Sham and therefore the system is called the Kohn-Sham (KS) system [71]. The
condition that the density of the KS and interacting system are equal, leads to the following expression
for the potential in the KS system:

p(r') 4 0 Exc [p, X

— /
ks [P X] () = 00 (¥) + Vext + A dr P 50 (0 (3.3)
=Uxc(r)

6 Exe [p, X
AKS N — Aext / ) 4
s [P X (I‘r) E (rr) + Sy (rr') (3.4)

N—_———

=Axc(rr’)
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CHAPTER 3. INTRODUCTION TO DENSITY FUNCTIONAL THEORY FOR SUPERCONDUCTORS

where the XC-potentials vy, and AX® are given by the functional derivative with respect to the corre-
sponding density. In the present work only singlet superconductivity is considered and the subscript s

at the pairing potential is dropped. Egs. (3.3) and (3.4) together with p (r) =3 <\il:r, (r) ¥, (r)> and

X (rr') = <¢'¢ (r) W, (¢ )> lead to a fix point iteration. For the exact XC-energy the fix point leads to

the exact ground state densities [72]. Note that the difference between the grand canonical potential
of the interacting and the KS system is given by the exchange-correlation energies:

Qs [p,x] = <HKs> — 1 <N> — TS [p, X]
=To[p. X] + Ad>r (v [p, x| — 1) p+ A dPrd®r’ A [p, x] x — T'So
Q[px] — Qs [ X] = Exc [p, X] — AdPrd®r A*x — AdPrv*p — Ey [p]. (3.5)

3.2. The Kohn-Sham Bogoliubov-de Gennes Equations

3.2.1. Real Space Form

The Kohn-Sham Hamiltonian for a non-magnetic (NM) electronic system with singlet pairing reads

[69]:

2
Kys = Z AdPr¥] (r) <_V2 + 0" (r) — ,u> U, (r)

+ Ad3rd®r’ [AKS(I', ')y (r) Uy (r') — A (r, r’)\iﬂ (r) \ifi (r’)} (3.6)
V™8 (r) = v (r) + A dPr |5(r’r)/| + 0™ (r) (3.7)
A (rr') = A (rr') + A (x1) . (3.8)

An elegant way to diagonalize a Hamilton operator containing \@T\if | contributions, is to introduce new
fermionic operators ~y; defined by [52]:

o (1) = 3 (w0 (1) 310 = 2007 (1)4], ) (3.9)

!
Ao = A d3r (u}‘ (£) Ty (r) — 2_ovf (r) B (r)) , (3.10)

where 24 = +1 and 2, = —1. In Sec. C.2.2 it is shown that the operators  are indeed fermionic, if the
transformation matrix is unitary. The u;,v; are chosen in such a way that the operator HXS becomes
diagonal in terms of the new operators 4:

5 ! IS N
Kis =Y B Ao (3.11)
ko

By evaluating the commutators [\ilg (r) ,IA(KS} once using Eq. (3.6) and once Eq. (3.11) an eigenvalue

equation for the functions v; (r) and v; (r) is obtained (Sec. C.2):

A (=% + 0 )~ ) b A (xr) (w <r'>> _ 5 <uf <§> L (312)

The set of these two coupled single particle equations is called Kohn-Sham Bogoliubov-de Gennes
(KS-BdG) equations [69]. The densities p and x in terms of the eigenvector (u; (r),v; (r)) are given
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3.2. THE KOHN-SHAM BOGOLIUBOV-DE GENNES EQUATIONS

p(x) =3 (o (1) h (1)) =2 [Jw (0 f (B) + [ (1) f (— )| (3.13)
l
x (rr') = <\i’¢ (r) ¥, (r’)> = Z [ug (v) vy (v') f3 (—E;) — v (v)w (v') f5 (E3)]. (3.14)
l

where fg (FE) is the Fermi function. Remember that the KS potentials are functionals of the densities
p and x and the equations have to be solved self-consistently to find the ground state or at finite
temperature the equilibrium densities.

3.2.2. Change to Bloch Representation

For an application in solid state physics, it is advantageous to rewrite the problem from real space to
a representation in terms of Bloch states. As a basis set for the Bloch space, the eigenstates of the
non-superconducting KS system at zero temperature are used:

Yy (r) = <r éL‘ Vac>
V2 _
e (1) = |~ 408 [0 = 0.7 0] (1) a0 (3.15

X T (x) = vo (x) + v (x) + 0" [] (r) + 0™ [pxT] (x) .

The index k is a combined index describing the band n and the momentum k of the Bloch electron
and —k denotes (n, —k). The functions u; (r),v; (r) and A (r,r’) are expanded in terms of the Bloch
basis functions:

) =) ugty (r) (3.16)
k
I') = Z Ulkwk (I‘) (317)
k
ok = Ad3r dST’/’(/};; (r) A" (rr') ¥y (1) (3.18)
ES AdPrd®r'ihy (r) AR (e') oy (v) (3.19)

Note that for a system without time reversal symmetry Eq. (3.17) changes to v; (r) = >, vp)™ (r).
Due to the symmetric singlet pairing and the time reversal symmetry the pairing potential in Bloch
space is invariant with respect to (k, k') — (—k', —k):

ok = = Adr d37"/w (r) A (rr') oy, (1)
= Ad*rd®*r'y_q (r) A (v'r) p*, (v) = A%, . (3.20)

y—4q
Using the definitions given in Egs. (3.16),(3.17),(3.18) and (3.19) the KS-BdG equations in real space
read

2

2[5

k

2
> [— <—V2 + 0 (r) - M) vty (r) + Ad?r A (rx') uey (r } b Zvlkwk

k

+ 0™ (r) — M> e (r) + AdP ' A (vr') vy, (r } Ey Z wpthy (r

The operator Ad?’rw;‘ (r) is applied from left. The Bloch states are orthogonal and a set of coupled
equations in Bloch space is found:
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(€ — 1) ug + Z A_q Uik = By (3.21)

ZA LUl — /L) Vg = Elvlq. (3.22)

The last step used the fact that 1)y is an eigenfunction of (—% + 0 (r) — u) with eigenvalue €;. This

is only true, if the functional v*® is evaluated for the zero temperature ground state density of the

non-superconducting system [Eq. (3.15)]. It is assumed that the effects induced by temperature and
superconductivity on the KS -potential are small [69]:

5 p.x, T (x) = 0" [pgsx = 0T = 0] (r).

In this approximation the same basis functions 1y and chemical potential 1 can be used in every step
of the iteration. Now the decoupling approximation is introduced. In the decoupling approximation it
is assumed that the relevant part of the pairing is created by states with identical quantum numbers?
and hence only the diagonal part of the pairing potential is considered [69]:

ASS ~ S AL (3.23)

This approximation breaks down if bands are crossing close to the Fermi level. In appendix C.2.3 it is
shown that the decoupling approximation leads to diagonal coefficients

Ulm — (5lmul and Vim = (5lmul. (3.24)

The coefficients are determined by a two-dimensional eigenvalue problem and the eigenvectors are
calculated in Sec. C.2.4 of the appendix:

g —p AT u u
(ot alo) (), -2 () 629
! ! l/ + L+

iAKS* |:1_|_8l ,U«i|%
— /(e — ) + AP = 2R, <W)::1 < Pl (3.26)
+ V2 [1 _ 5l‘ﬂj| 2
E

E

l

The function Aj*® determines the gap in the excitation spectrum associated with the 4 operators.
That is the reason why the pairing potential coupling to the anomalous density is also called gap
function. Note that A[® = A%} [Eq. (3.20)] and ¢ = e_; (time reversal symmetry) lead to:

El = E_l, Uy = uU—y and v = v_q. (3.27)

For each quantum number [ there is a positive and negative eigenvalue. In the equations for the densities
[Egs. (3.13) and (3.14)] a sum with respect to the quantum number [ appears and the question arises,
how these sums have to be evaluated. Obviously the summation over the positive and negative branch
e Y e PEL > (e‘BRl + e+6Rl) would lead to many contributions and would diverge.

For a lattice periodic system the gap is translation invariant A (rire) = A (r; + T,r2 + T) which leads in Bloch space
t0 Apkmg = 0kqQnm (k). So the decoupling approximation neglects pairing between different bands.
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E non SC system E, superconducting system
occupied occupied
phase
________ ' » o

transition :
I
occupied !
. Ke,

k k

Figure 3.1.: (left) For a non-superconducting system one eigenvalue branch is occupied. (right) In the
superconducting phase a gap opens and one branch is occupied above and the other one below

In the non-superconducting limit the equations should reduce to the non-superconducting expres-
sions: The eigenvalue problem is one dimensional, and only one branch is present with a ﬁnite number
of states below the chemical potential and an infinite number of states above. This welght 75¢ B(q 1)
leads to a finite number of particles per unit cell (left hand side of Fig. 3.1). Since the sign of € —
is lost in Eq. (3.26), it is enforced by evaluating the sums in the following way:

e<<u >

S A(EF) =S A(E) = ACR)+ Y AR,). (3.28)
l l l l

where p is the chemical potential of the non-superconducting system. On the right hand side of
Fig. 3.1 this occupation rule is shown. The convention fixes also the ground state energy Egs of the
superconducting KS system which has been undetermined due to the commutator in Eq. (3.11):

~ ep<p > €p<H >
S Bl =Y (RS A+ Y Ridly e = Y (<R (1= 43 ) + Z RiA} As
k k k k
€p<p €< € > €p<pt
=Y R+ D R+ > Ridf ks = Y (RO + > Ridher
k k k k k

GS energy excitations Ry >0

where the operators ¢; and éz are defined as:

At Cr if B, <0 o Cr if B, >0
TN el it B >0 e itE <o

Note that different rules for the evaluation of the sum only affect the ground state energy. If for
example the complete negative branch is chosen for each k, the ground state energy changes to:

(=) ep<p ER>U
Y B =D (R AL Ak + Z —Re) 44—
k k
€p<pt €p<p e<p € >
::2:(—304‘52(—Rw4‘§:(307/MYk+-§: (Ri) An—A1
k k k k
€< ep<p
=3 (=Rp)+ > (=Rp)+ Y Ritjén
k k k
GS energy excitations Ry >0
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tr [e’fBEGS e’BFIOO]

In the thermal average the explicit value of the ground state energy is irrelevant (<O> = A
tr [e"BEGS e*BHO]

and the same results are found, if for each k either the positive or the negative eigenvalue is used or
the rule given in Eq. (3.28).

3.3. Construction of A*¢ Including Spin-Fluctuation Effects — The
next Steps

A way to construct an approximation for A*¢ is provided by many-body perturbation theory. In the

previous section the diagram rules for a non-superconducting system with Coulomb interaction have

been presented. The phonons (Ph) have been left out for simplicity here, but the lattice dynamics
would show up as an additional interaction term in the Hamiltonian [69]:

bl () OF, (¢) U (x') By (1)

i 1 3,13 /\IIU T
W—22Adrdr R~ + Weph
Weph = 3 AdrgsP (2) §F () & (r) [iuq + BL_(J , (3.29)
Aq N——

=0 yq
where g/e\'é)h are the electron-phonon coupling matrix elements and b Aq and l;; q are the phonon operators.
The additional term leads in first non-vanishing order to an electron-electron interaction mediated by
phonons. This effective interaction is not instantaneous like the Coulomb interaction and may be
attractive. Two approaches are available for the construction of A*¢:

e In the Ph.D. thesis of Liiders, the difference 2 — Qs [Egs. (2.32) and (3.5)] is expanded and
functional derivatives are used to obtain A*¢ [69].

e In the work of Marques, the self-energy [Eq. (2.33)] is expanded and the Sham-Schliiter equation
(SSEq) is used to find A*¢ [73]. The SSEq connects an approximation of the self-energy to the
corresponding Kohn-Sham potential (see Sec. 4.4 for details).

If the expansion is done up to first order in the Coulomb interaction and the phonon propagator,
both ways lead to the same expression for A*. This approximation for A*® has been used so far
and leads to reasonable results for many materials, i.e. the predicted critical temperatures are close
to the measured ones [27]|. However, for materials like the iron based superconductors or cuprates
this approach fails [74]. As discussed in chapter 1, the magnetic fluctuations are most likely the glue
for pairing the electrons in these materials and an inclusion is essential for the correct description of
superconductivity in these materials [12, 13, 75]. The derivation of a functional containing dynamic
effects like fluctuations is not straight forward. In this work the inclusion is based on a diagrammatic
expansion of the self-energy and is split into two chapters:

1. In the next chapter (chapter 4) the Hedin equations for a superconducting system are derived.
A fully self-consistent treatment of these equations would lead to the exact electronic self-energy
which contains all many-body effects including the low lying collective excitations (paramagnons).
However, a fully self-consistent treatment of the Hedin equations is computationally not feasible.

2. Hence, in chapter 5 the relevant diagrams in the self-energy containing the magnetic fluctuations
are selected. After various transformations the contribution in the self-energy related to the
magnetic fluctuations are transformed to an effective interaction which is used along with the
phonon and Coulomb interaction to construct a functional.

The functional construction and application to two representatives are done in chapter 6 and 7, re-
spectively.
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4. Hedin Equations for Superconductors

In this chapter the Hedin equations for superconducting systems are derived. The Hedin equations were
first obtained by Lars Hedin in the sixties [25], for electrons interacting via the Coulomb interaction.
To this day various extensions of the original Hedin equations have been derived. In the original work,
the nuclei are frozen and create only a static background potential. A proper treatment of the nuclei
was proposed by R. Leeuwen et. al. [76]. Recently the Hedin equations have been extended to spin
dependent interactions [60].

The focus of this work lies on the inclusion of the magnetic fluctuations i.e. a purely electronic pairing
mechanism in a DFT functional and the excitations of the nuclear lattice (phonons) are neglected. As
in the previous section, only singlet pairing is considered. In contrast to the previous section, an
external magnetic field B®*' along the z—axis is considered in order to allow for the description of
collinear magnetism and superconductivity. The Hamiltonian for such a system reads:

K:I:I—MN:ﬁo+ﬁsc+ﬁ—MN

Hy = Z AdrUl (r) H—V; + v (r)] Sop — 2P B (r } (4.1)
af
e = AdPrd®s! | A (ex') Wy (0) Wy () + A% (xr') O] (/) 0] (x )} (4.2)
W= % > Addrd®v (ex') U (r) U, (2) U0 (1) Ty (r). (4.3)
af

Here a short remark on the sign convention for the magnetic field is made. The energy term in
the Hamiltonian is written as ,B®' and the magnetic density m, is given by —ﬁqu/ﬁa?ﬁ . In
this convention the moments will align anti-parallel to the external magnetic field which is a bit

counterintuitive, but the XC-fields g—i = B*¢ are defined without any extra minus signs.

4.1. The Equation of Motion

The starting point for the derivation of the Hedin equations is the equation of motion of the Green’s
function. The definition of the GF given in Eq. (2.11) is extended in order to account for supercon-
ductivity. The scalar function G becomes a matrix object indicated as a G and is called Nambu GF
[24]:

Ft(12) Gf(12) 1o (x1%2) » (X1%2)

(T[W0, ) Wh 0)] ) (P[0, (1) 20, W, (32)])
<T [Zm qjll (x1) \1132 (X2)}> <T [zal \Ifil (X1) 2oy Vo, (X2)}>

The matrix 77 is identical to the Pauli matrix o* [Eq, (A.4)]. The new symbol is introduced to avoid
confusion between the spin and Nambu space and z, is the spin sign function: z; = 1 and 2z = —1.
The diagonal elements are referred to as normal parts of the Green’s function and the off-diagonal
parts are the anomalous Green’s function. The off diagonal terms determine the anomalous density
X |Eq. (3.1)] and are zero for a non-superconducting system. If in the thermal average [Eq. (2.5)] the
eigenstates correspond to a fixed particle number N, the off diagonal terms are strictly zero. If the
eigenstates in the trace have the form of a Bardeen, Cooper and Schrieffer (BCS) wave function one
gets a non-trivial result [2]. The definition including the 7% and the z, is a convenient choice:

G(12) =17 <G(12) F(12)) =77 <G"1"2 (x1%2) g 2 (X1 2))
L (x

(4.4)

= 7%
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4.1. THE EQUATION OF MOTION

e The 7% simplifies a relation between the two-particle contributions <\i/T\i/T\if\il> and the functional

derivative of G with respect to an external field ¢ (Sec. D.1.4)

e The z, cancels with the other z, in the definition of the operators (%,4) given in Eq. (3.9) which
leads to a KS Green’s functions of a NM system without any z,.

The equation of motion for the Nambu GF reads [Eq.(D.1)]:
—0,,G (12) := 6157+ (4.5)
(7[R0, (r)] (r) 00, (x2)) (T | K B, (10)] (71) 2020, (x2))

(TR 20, ¥k (0)| () 9, (x2)) (T | K 20,90, (00)] (1) 202 B, (x2))
All the necessary commutators are worked out in Sec. D.1.1 of the appendix. The single particle
contributions in H give rise to [Eq. (D.2)]:

—720,,G% (12) = 8127° + A d3h° (13) GY (32)
RO (12) 1= 017000109001 05T° [—V; + v (r1) — p + 2o B (rl)]

0 A (pir
+ 07,001~ ( AT (111) o( ' 2)>. (4.6)

This is the equation of motion for a non-interacting system. The interaction 144 gives rise to an extra
term which couples the 8,G to the two-particle propagator G2 <¢I¢I\TJT\TIT> [Eq. (D.4)]:

~770r,G (12) = d127° + A d3h° (13) G (32)
< [ } ) ¥ ( > < / {W, by, (1‘1)} (11) 20, ¥o, (X2)>
Al

(
<[ ¥ }(n xQ)> < [W,zm\ifi,l(rl)} (Tl)zg2\i102(x2)>

It is possible to connect the two-particle propagator with the single particle one, by using a functional

derivative with respect to an external probing field ¢ [Eq. (D.5)]:
2 ~ ~ 6G (12
— Ad3 [0, 013 + h° (13)] G (32) = d127° + A d’rv (r1r) [ (rm) G (12) — G()} .
dpo (rm1)

The Coulomb interaction is formally written as a time dependent interaction i.e. v (12) = v (rirs2).
This simplifies the expression for G to:

—Ad3 [0 013 + h (13)] G (32) = 6127° + A d3v (13) [p (3) G (12) — G (12)] .

0 (3)
where the total charge p(x1) is given by > p(1). Inserting a one 1 = G° (C_}O)_l between the G

and the operator on the left hand side and using the identity 0 = 6(?;50_1) G‘Sgool %G’*l for the

derivative on the right hand side leads to:

5G~ (56)
o (4)

The inverse G~1 denotes the inverse of the full Nambu matrix: G;; (12) where ij are the components

in Nambu space and 1,2 are the combined variables defined in Eq. (2.10). In analogy to the non-
superconducting GF in Eq. (2.33) one can define the self-energy M :

G (12) = G (12) + A d3d4G°(13)v (34) |p (4) G (32) + A d5d6G (35) & (62)} .

6G (52)
depo (4)
G (12) = GY (12) + A d3d4G° (13) M (34) G (42). (4.7)

M (12) = 6127° Ad3v (13) p (3) + A d4d5G (15) v (14)
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CHAPTER 4. HEDIN EQUATIONS FOR SUPERCONDUCTORS

The positive sign of the local contribution v (rir) p (rr) = v (rr) Ut (rr") U (r7y) is in line with the
diagrammatic rules for the Hartree diagram, requiring a (—1) for the first order in the interaction and
(—1) for each fermionic loop (see Sec. 2.4). This local contribution is called Hartree potential
v (1) = Ad2v (12) p(2) (4.8)
and is added to the single particle R operator:
AT (12) := hY (12) + 796100 (1). (4.9)
We define the Hartree Green’s function by:

— Ad3 [770-, 613 + h" (13)] G2, (32) = T0612.

In terms of the Hartree Green’s function G the Dyson equation for the full GF changes:

G (12) = G" (12) + A d3d4G™ (13) 2 (34) G (42) (4.10)
3 (12) := A d4d5G (15) v (14) 52018)2)' (4.11)
0

The Eqgs. (4.7) and (4.11) lead to the same full Green’s function G, but the underlying non-interacting
system is different: For M the non-interacting system is h° and for ¥ it is 2. The freedom of choosing
a single particle Hamiltonian as a reference system is discussed in more detail in Sec. D.3. The Egs.
(4.10) and (4.11) are a coupled set of equations leading to the exact self-energy and Green’s function.
However, the derivative %G_Ol is almost impossible to evaluate. Hence, the goal of the next sections is
to rewrite the equations to a form without difficult functional derivatives. The rewriting process leads

more or less naturally to the set of five Hedin equations.

4.2. Introduction of the Hedin Cycle

The first element in the set of Hedin equations has been derived already. It is simply the Dyson
equation for the full Green’s function:

G (12) = G™ (12) + A d3d4G"™ (13) X (34) G (42).
As a next step the total field is defined:
Do (1) := o (1) + 0" (1) = o (x1) + Ad2v (12) p(2) .
Using the chain rule, the self-energy is rewritten:

580 (3) 6G-1 (52)
5o (4) 0@ (3)

§G1(52)
dpo (4)

The new quantities: dielectric constant (e™'), vertex function (f) and screened Coulomb interaction
(w) are introduced and the self-energy is rewritten in term of these new quantities:

¥ (12) = A d4d5G (15) v (14) = [1d3d4d5v (14) G (15)

e (34) = (55(30)(()) Ei; = d34 + Adlv (31) 5(2)0((14)) (4.12)
[ (523) := ‘5?@(;8)2) w(31) := Adde " (34) v (41) (4.13)
3 (12) = — A d3d4G (14) w (13) T (423). (4.14)
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4.2. INTRODUCTION OF THE HEDIN CYCLE

Note that there is a certain degree of freedom in the distribution of the minus signs: The minus
sign in front of ¥ may be moved to the expression of the screened interaction. The next step is the
derivation of Dyson like equations for I' and w. The inverse of the Green’s function given in Eq. (4.10)
is inserted:

6G(12) 6 [770, + A" (12) + 7081200 (1) + = (12)]

[(123) = — -
N TE) 50 (3)
8 [T205, + ho (12) 4+ 79612%0 (1) + £ (12)] 6% (12)
= = 01202370 + —-<-
6P (3) 6% (3)
The chain rule and the relation (—;550—1 G = —% are used to obtain a Dyson equation for the vertex

function:
5% (12) 6G (45);;
6G (45);; 0%o (3)

r (123) = T0512(523 + Z A d4db
ij

62 (12) [ 4 G~ (67)
= 79519093 — d4d5d6d7T———" |G (46) ———2G (75
6% (12) .~ ~
= 79519093 — d4d5d6d7———"- [G (46)T 4.1
70812023 z]:r 5d6 756’(45)1-]- (G (46) T (673) G (75)] - (4.15)

The index 75 indicates a summation with respect to a Nambu matrix and should not be confused with
a spin summation. Note that the quantities are now matrices so G does in general not commute with
I'. The functional derivative in the equation for I' is the only one remaining in the set of Hedin’s

equations. For a given approximation of the self-energy in terms of the Green’s function and Coulomb
I%(12)
0G(34)
particle-hole propagator. Depending on the approximation for ¥, it may be advantageous to rewrite
the derivative in terms of the Hartree Green’s function |77]:

5 (12) OG" (45);;
6GM (45),; 0P (3)

is also referred to as irreducible

interaction the derivative can be done analytically. The object

T (123) = 7%312003 + Y A d4d5
ij

X (12) - SGHT(67) -
= 79519093 — d4d5d6d7 ———— |G (46) ———G" (75
8 (12) 4 ~
=70 § 4 ——— [G"(43) G" 4.1
79812023 + a Y d4d5d6d7 3G (15),, [G" (43) G (35)]74 (4.16)

In this form a Dyson equation is avoided, but the self-energy has to be reexpanded in terms of the
non-interacting Hartree Green’s function to calculate the interaction. In Fig. 4.1 it is shown that this
procedure mimics the Dyson equation in Eq. (4.15).

Dy son
for r
Figure 4.1.: The two possible ways to obtain the vertex function. (top line) The derivative is evaluated

with respect to G". In this case ¥ has to be expanded in terms of G". (bottom line) The derivative
is evaluated with respect to the full GF followed by the solution of a Dyson equation.
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CHAPTER 4. HEDIN EQUATIONS FOR SUPERCONDUCTORS

The derivative in the vertex is the key for the creation of all possible diagrams. The Dyson equation
for the screened Coulomb interaction is found by using the chain rule:

w(12) = Ad3e ' (13) v (32) = v (12) + A d3d4v (13) ;po(il))v (42)
= v (12) + 11 d3d4d5v (13) 6(;?0(2) gig ég v (52)
—w (12) = —v (12) + 11 d3d4d5v (13) P (34) w (:zfz)v:w (4.17)
P(34) = — 5‘250(2). (4.18)

The function P (12) is the polarization propagator, already introduced in Eq. (2.34). It can be written
in terms of known objects like the vertex and Green’s function:

sp(1)  6G(11T)  0G(11M),
C0D(2)  0®e(2) 0% (2)

G (34) ~
0% (2) 31 n

The index 11 denotes the element of the Nambu matrix. The definition of the vertex function is
inserted:

P(12) = = [A d3dAG (13)

P(12) = — [Ad3d4G (13)T (342) G (41)],, = — > _ Ad3d4G (13),, T (342),, G (41))1 (4.19)

=-G(12)G(21) + F(12) FT (21) +... .

Here the additional contributions compared to the normal state expression [Eq. (2.35)] due to SC are
clearly seen (terms like FFT, etc.).

4.3. Extension of the Diagrammatic Rules

The basic diagram rules have been introduced in Sec. 2.4. However, the quantities G, ¥ and I’ are now
2 x 2 matrices and the irreducible particle-hole propagator has even 16 elements. The elements of the
Nambu Green’s function and self-energy are represented by arrows with two pointers [69, 73|. In a
diagram a G (12),; and a G (21),, are indistinguishable which is unproblematic [Eq. (4.4)]:

G(12),, = — <T [\1: (1) ¥t (2)}> - <T [xiﬁ (2) ¥ (1)}> =G (21),,. (4.20)

The basic rules regarding the prefactor (—1)" related to the order of a diagram and the integration
with respect to internal coordinates remain unchanged in the superconducting formalism. Also the
full Nambu Green’s function is found by drawing all connected topological distinct diagrams with two
open ends at the coordinates 1 and 2. The conventions for in and outgoing Green’s function lines are
shown in Fig. 4.2. Remember that at each coordinate of the Coulomb interaction w (12) one line comes
in and one goes out.

Only the rule for the Fermionic loop has to be used carefully in the superconducting formalism.
Loops containing anomalous Green’s functions do not lead to a factor of (—1) (Sec. D.2).
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4.4, PERTURBATION THEORY <> DFT — THE SHAM-SCHLUTER EQUATION

1 1
511(12) 1 € 4
- i 2
2 2
i015(12) €
i i ooy <<

0%91(12 >
@? @ 1 Gy o le
. 0399(12 >
P, g ) =
2

0xq1(12
RN
1 6%11(12)
j>m3 :[>'\/ v(12) = 1>\/\/\<2 e al <
2
5511 (12)
}» :[>'\/ w(12) = 1 BAAAL2 sn(s) 2L Ln

Figure 4.2.: Extension of the diagrammatic rules in the superconducting case. The Green s function,
self-energy and vertex become 2 x 2 dimensional Nambu matrices. The derivative £ @ has sixteen
different elements in total, of which only a few are shown here. The polarization propagator couples
to the Coulomb interaction and stays a scalar object. However, within the polarization propagator,
anomalous terms appear [Eq. (4.19)]

[(123) =

;

[« le]]

Figure 4.3.: (left) Exact self-consistent cycle for solving the five Hedin equations. (right) If the vertex
corrections are neglected the pentagram becomes a square. This approximation is called the Gw
approximation [28|.

4.4. Perturbation Theory <+ DFT — The Sham-Schliiter Equation
After this preparation, the SSEq is introduced [26]. The fact that the KS Green’s function reproduces

the density of the exact system is also used in linear response DFT [Eq. (B.3.2)]. Now it is applied to
obtain a connection between MBPT and DFT. The normal and anomalous densities defined in Eqgs.
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CHAPTER 4. HEDIN EQUATIONS FOR SUPERCONDUCTORS

(3.13) and (3.14) are expressed using the Nambu GF [Eq. (4.4)]:

N
Z hm Gaa I‘TI‘T = lim lim e (=" o (rrwy)
7'\ T N—oo e
LT G
N

’T\(T TNT' N—oo &

X( ) lim Fy| (rTr’T’) = ; lim lim Z e*i“’"(T*TI)FN (rr’wn)
N
- ;Z ei“”wFN (rr’wn) .

The Dyson equation for the full GF using the KS system as a reference system reads [the U}, is given
in Eq. (D.9)]: ) ) ) ) )

G (12) = G*° (12) + A 34'G™® (13) [£ (34) — 07 (34)] G (42). (4.21)
By taking the limits as discussed above, G11 becomes the electronic density and G192 the anomalous
density. The density of the interacting system is reproduced by the KS system and the two terms cancel

out. This leads to the SSEq corresponding to the normal [Eq. (4.22)] and the anomalous density [Eqs
(4.23)]:

B Z [Z Z wwn0" A Brddr 'G5, (rirwy) Bk (rr'wy) G, (r'rlwn)] (4.22)

n oo 11
[Z Z twn 0T AdS dST/G (I‘ll‘wn) (I‘I‘,wn) GU/\L (r/I‘an)] (423)
n oo’ 12

2;102 (rlrgwn) = 20102 (I‘lI'QUJn) — Uolag (I'11‘2)

The SSEq has to be understood in the following way: Every given approximation for the self-energy

2P is associated with a Green’s function G via the solution of the Dyson equation:
Gere = (Gerp [Eapp] —_ C_:O_ )
1 — GoXerr

This approximated Green’s function implies a density and therefore also the density can be viewed as
a functional of the approximation to the self energy:

p(r1) =GP (117) = p = p [E*7]
X (rire) = G (vt i v L 1) = x = x [E*7] .

By solving the SSEq [Egs. (4.23) and (4.22)] the XC-potential, corresponding to this density p [£*°?]
and y [iapp] is found. If the approximation of the self-energy leads to a physical density!?, the 1:1
mapping between potentials and densities ensures a unique solution of the SSEq [70, 78|. The benefit
of the SSEq is based on the following assumption: If some processes are included in the self-energy,
they also enter the XC-potential by solving the SSEq. For corrections to the densities induced by %2PP
this is clear.

4.5. Summary

In this chapter the Hedin equations for a superconducting system have been presented. The contri-
bution related to the dynamics of the nuclei have been neglected. The derivation is based on the

10The density should be real, positive and integrate to a finite number.
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4.5. SUMMARY

equation of motion for the 2 x 2 Nambu Green’s function [Eq. (4.5)] and on Schwinger’s functional
derivative approach (Sec. D.1.4). The diagrammatic rules presented in chapter 2 have been extended
to the superconducting case (Fig. 4.2) and the SSEq has been introduced. The SSEq connects the
MBPT with the DFT world: Given an approximation to the self-energy (¥***) the SSEq leads the re-
lated XC-potential. In the next section (chapter 5) the diagrams describing the magnetic fluctuations
are located in the exact expression for the self-energy and an approximation >*** including them is
suggested.
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5. Finding the Spin-Fluctuations

In the last chapter the Hedin equations for a superconducting system have been derived. The Hedin
equations are an exact scheme: Starting with any approximation for ¥ from cycle to cycle all possi-
ble diagrams are appearing and if magnetic fluctuations are present in a material the corresponding
diagrammatic contributions should become large and dominate the self-energy.

However, a full self-consistent treatment is at the moment only realizable for simplified model systems
and not for a realistic materials [79]. With this in mind, the aim of this chapter can be formulated in
the following way:

1. Identify the set of diagrams representing the magnetic excitations and find Dyson equations to
compute them.

2. Construct an approximation for the self-energy including these contributions.

3. Simplify the self-energy to extract an effective interaction to be used in the SCDFT framework
along with the Coulomb and phonon contributions.

The exact equation of the self-energy is given in Eq. (4.14). Already in the original work of Hedin |25]
it is suggested to neglect the vertex contribution as an initial approximation for the self-energy:

¥ (12) = =G (12) w (12) with —w = —v + vxov, (5.1)

where xqo is the charge-charge response function introduced in Sec. 2.2. Today this approximation is
known as the Gw approximation [28|. In this simple approximation only the charge component of the
susceptibility (Sec. 2.2) enters explicitly, not its magnetic counterpart .. Therefore this approximation
is not likely to describe spin fluctuations. Since the Hedin equations are an exact self-consistent
scheme, the diagrams related to the magnetic response will appear in higher orders in the self-consistent
iteration. If in the functional derivative % appearing in the vertex equation [Eq. (4.15)] only the
explicit G in X°* is considered, the Dyson equation for the vertex leads to the set of ladder diagrams
shown in Fig. 5.1.

The ladder diagrams are the simplest ver-

tex correction and are used in calculations of )\/ y :g} >m + T
the magnetic response function since the sixties

[20, 80]. Many researchers refer to the set of lad-

der diagrams as the T-matrix. The diagrams cor-
responding to the T-matrix are shown in the sec- T
ond line of Fig. 5.1. )

In early calculations, the screened Coulomb

interaction in the ladder diagrams was approxi- Figure 5.1.: Vertex in the ladder approximation

mated by a local model parameter [20, 81]. Re- with G approximated by a non-interacting GF.
cently, the T-matrix has been calculated for ferro

magnets like iron, cobalt or nickel, from first principles without using model parameters|82, 83]. The
expression for the magnetic response function in terms of the T'—matrix reads:

Xij (12) = Z ThaGay (x1%2) G5 (x2%1) ]5 (5.2)
afvyd
— Y 0haTd3...d6GLs, (13) Gais (41) T (3456) G55, (26) s (52) 025
afyd
T (1234) = —613604w (12) — A d5d6w (12) G*S (15) GX3 (62) T (5634) . (5.3)
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5.1. SIMPLIFICATION OF THE HEDIN EQUATIONS

The agreement between the calculated response using the T-matrix approximation and experiment
is reasonable [82]. This observation indicates that magnetic fluctuations are represented by multiple
scattering between particle and hole pairs and contributions like this should appear explicitly in the
self-energy. The origin of these diagrams is the vertex function and to go beyond the well established
Gw approximation is essential to include the magnetic fluctuations in a proper way.

The chapter has the following outline: In the first section 5.1, the Hedin equations are simplified and
the expression of the self-energy is adjusted according to point 1. and 2. In Sec. 5.3 the complexity
of the self-energy containing the magnetic fluctuations is reduced. The resulting expression contains
an effective interaction related to magnetic fluctuations and is reminiscent of the Gw expression. The
derivation of this effective interaction and proper incorporation in a self-energy is an important result
of this work. The derived self-energy will be used in the next section to construct a functional for
SCDFT, but it could also be used within Eliashberg theory [6]. The applied approximations and
different effective interactions in the literature are discussed in Secs. 5.4.1 and 5.4.2, respectively.

5.1. Simplification of the Hedin Equations

5.1.1. Simplify the Vertex

The starting point is an investigation of the vertex function. The vertex is created by the functional
derivative of the self-energy [Eq. (4.13)]. In general the self-energy is a Nambu matrix and a functional
of the full Nambu Green’s function ¥V = XV [G] (the label £V is given to the self-energy used in the
construction of the vertex function). A self-energy of this form takes all effects related to SC into
account. The calculation of the vertex corrections is a computationally demanding task. In particular,
this calculation cannot be done in every iteration of the KS-BdG equations [Eq. (3.12)] and the vertex
function is approximated by an expression in the non-superconducting state:

— SV G
== (P o ) 2

This approximation neglects the effects of SC on the magnetic excitations and is in complete analogy
to the phonons, where the excitation are also calculated only once in the non-superconducting phase
and are kept fixed for the rest of the SCDFT calculation [84, 85, 86]. The approximation is discussed
in Sec. 5.4.1 and is shown diagrammatically in Fig. 5.13. Due to the symmetry between G' and GT [Eq.
(4.20)], every functional is expressible in either the 11 or 22 component of the Green’s function. The
vertex related to XV is diagonal in Nambu space

= N [ (125), 0 _
I' (125) & 61209570 + < 0 P (125),,) = 01209570

and the Dyson equations for the two components of the vertex are decoupled:

_ S04 A B ONN(12) < 1 3 B
Ty =14+ A%GuGyly with —=2-—= — A% (1234). 5.5 3 )\/ 0
+ A Wi 3Gy (34) ai ( ) (5.5) 5 }/\/ +; A >’\/

The vertex is created by multiple scattering between particle and
hole pairs and hence the object A?Z- is called irreducible particle-hole
propagator.

Figure 5.2.: Dyson equation for
the vertex

The symmetry between G1; and G [Eq. (4.20)] also connects the two contributions of the self-energy:
o1 (12) = 5, (21).

With the two symmetries for £ and G, the two components of the irreducible particle-hole propagator
are related:

5T, (12) _ 65y, (21)

s == A9, (1234) = AY, (2143
6G11(34)  6Gaa (43) — A ( ) 22 (2143)
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CHAPTER 5. FINDING THE SPIN-FLUCTUATIONS

which transfers via the Dyson Eq. (5.5) also to the vertex function:
PYERP D) (123) = Tap (213) (5.6)

Hence, it is sufficient to calculate only the 11 component and from now on only the 11 component is
considered and ¥Y;, T'1; and AY; are called XV, T and Ay, respectively.

5.1.2. Locate the Magnetic Fluctuations

At this point it is necessary to investigate Ag in more detail. A restriction to systems with collinear
magnetism is made, leading to Green’s functions which are diagonal in spin space. The four-point
function Ay contains two disjoint sets of diagrams [87]:

crossed:
e The crossed contributions Af which have a path connecting the coordinates 3
1+ 3 and 2 <> 4. The spin contributions in this set are
A(}
AG (1234) = 66,040090, A5 (1234) . (5.7) 0
2 4
Note, that the contributions to the T-matrix are of the crossed type.
direct:

e The direct contributions AS which have a path connecting the coordinates 1
1 <> 2 and 3 <> 4. The spin contributions in this set are

w

d
AL (1234) = 04,0y 0030, A (1234) (5.8) A
0 = Ugi02VY0304430 . .

2 4
The kernels Af and Ag are created by the functional derivative of the self-energy ¥V with respect to G.
By the functional derivative % one GF within the self-energy is removed and the open connections
get the indices 3 and 4 resulting in the four-point function Ag(1234). If the removed function was
part of a loop, the resulting contribution is direct and crossed otherwise (Fig. 5.3). Since a loop was
destroyed in the derivative, an extra minus sign is necessary to compensate for this:

crossed:
1 ¥(12) 1

XV (12) o
A§ (1234) = ———2 with G not in loop (5.9 0 PN _
0B =5 (s 59 GO A T AS = E: o
02V (12) . ’
A§ (1234) = —————= with G in loop  (5.10) 2 2 A m=n X4
oG (34) direct:
. . : ) 1 ¥(12) 1 3
The total irreducible particle-hole propagator is
given by the difference between the crossed and di- 3 G((s‘S i < = 7 Ad S n
rect contribution: N~ 2 (U
v (12) 2 2 4
oxV (12 d 4
Ao (1234) = 6G (34) = Ao~ Ap = A8 ) Figure 5.3.: Creation of the direct and crossed

contribution by the functional derivative.

The A§ and AS contain all four-point functions which are proper and irreducible with respect to
the particle-hole propagator. For the creation of the vertex function, larger sets are needed, namely
all proper four-point functions. Also within this large set all contributions are either crossed or direct.
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5.1. SIMPLIFICATION OF THE HEDIN EQUATIONS

This is seen by starting with an irreducible contribution and creating

direct + crossed —s direct the reducible contributions by a product consisting of: A, AS and

1 3 pairs of GFs GG connecting two irreducible parts. This procedure
M [ has been used already for the creation of the T-matrix in Eq. (5.3)
A8 i Ag | using the most simple irreducible part: Ag = Afj = —w. In the
: ) example shown in Fig. 5.4 it is started with a crossed contribution
2 o 4 represented by the gray box. If a direct contribution is multiplied
crossed + crossed — crossed to the crossed one, the whole product becomes direct and it stays
1 3 crossed otherwise. For each further step, the same argument is true
== —" always leading either to a crossed or to a direct contribution. If it
A8 A6 is started with a direct contribution the product will always stay
direct. The sets containing all crossed and direct terms are called

24 == -2 4 A°and A9, respectively.

Figure 5.4.: Each contribution — Having the previous arguments in mind, Dyson equations for the
to the particle-hole prop- direct and crossed part are derived. The situation for the crossed
agator is either direct or  contribution is simple because each single factor has to be crossed
crossed. leading to the following Dyson equation:

A = A§ + AGGGAC
Labeling the n-th order with respect to GG inside A° by A‘En), the Dyson equation may be written as:

A1) = AGGGAS,) and A° = " AG,, (5.11)
n=0

where the zero order ACO) is given by the irreducible part Af. This rewriting is necessary for the Dyson
equation of the direct contribution, where a A%n) will appear. This equation has to create all possible
products containing at least one direct term, but without creating multiple times the same contribution
(double counting). This is done by the following equation:

[0.9]

d d d d d d d
n

The last term ASGGA% alone would create a product of pure direct terms only. The minus sign in front

is due to a loop created by the connection of two direct terms. The first two other terms create mixed

products starting with a direct or crossed term, respectively. The series A? reads (the GG between

two irreducible contribution has been left for simplicity):

Ay = A5
Ay = AGAG + AGAG — AGAS
Ay = AGAGy) + AGAG — AAT,
= AGAAC + AGAGAG + AGAGAG — AGAGAT — AGAGAG — AGAGAG + AGATAS

In Fig. 5.5 some crossed and = aosed : sher
direct contributions are shown.
The two sets together contain AC | = + + Ad | = +
all four-point functions which
are proper and irreducible with
respect to a single GF.

2
b}

4 2 4

Figure 5.5.: Direct and crossed particle-hole propagators.

With these two sets it is possible to create the vertex function without using the Dyson Eq. (5.5).
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CHAPTER 5. FINDING THE SPIN-FLUCTUATIONS

crossed: direct:
1\ 1\ In the equation for the vertex function the direct and
. . ‘ crossed contribution enter with a different sign: For the
A€ Al 3 direct term a loop is created which is not present for
% 5 A the crossed contribution (Fig. 5.6). This leads to the

) . ) following expression for the vertex in terms of A® and
Figure 5.6.: Crossed and direct contribu- Ad .

tion in the vertex

T (123) =012093 + A d4d5 [A° (1245) — AY (1245)] G (43) G (35) . (5.13)

It is possible to derive a Dyson equation for A9 := A® — A9, by subtracting the Dyson equation of the
direct part [Eq. (5.12)] from the crossed one [Eq. (5.11)] :

c-d __AC c d c c d d d
AGL L) = ASGGAG,) — (AJGGAS, + AJGGAL,) — AJGGAY,))
_ acd c c-d d _ pcd c-d
= Ap GGA(n) —Ag GGA(n) =Aj GGA(n)
= A4 = AT 4 ASdGaAT (5.14)
The set A9 contains direct and crossed contributions. It is given by a Dyson Eq. (5.14) and leads to

the vertex functions Eq. (5.13). From now on this important set is called the particle-hole propagator
and labeled with:

AP (1234) := A9 (1234)  (5.15) 1 <«3 <« —< - <
oM APl = Aol T | Ao AP
A" = Ag + AgGGA® with Ag = STk 2> >4 > > > = -
(5.16)

Figure 5.7.: Dyson equation for A”

The set AP contains a huge number of diagrams. The T-matrix is only a small subset of crossed
contributions contained in AF. If in Eq. (5.2) the full AF is used instead of the T-matrix, the exact po-
larization is found. This means the particle-hole propagator contains the complete information about
the magnetic fluctuations in the system.

5.1.3. Rewrite the Self-Energy

The particle-hole propagator A” enters the Hedin equations in two places shown in Fig. 5.13a:

1. In the vertex function I' within the self-energy. @ 4 /@
=3

2. In the polarization propagator P within the screened
Coulomb interaction. AP

Remember, that the effects of superconductivity in the vertex have been neglected (Sec. 5.1.1) and
only the 11 element of the Green’s function appears in the vertex function. In order to reduce the
complexity of the figures only the 11 element of the self-energy is shown in most figures in the following
discussion. First, the contributions related to P are discussed. These contributions are coupled to the
equations via the Coulomb interaction which does not depend on spin. The summation of the spin
degrees of freedom leads to the charge-charge part of the proper polarization propagator [Eq. (4.17)]:

—w (x1X2) = —v (x1X2) + A dxzdx4v (x1x3) Poo (x3%4) w (X4X2) .

The calculation of Py is easier in the linear response density functional theory (LRDFT) formalism
compared to MBPT because the Dyson equation for the full response function (Sec. B.3.2):

Xij (X1%2) = xfjs (x1x2) — Z A dxdx' 55 (x1x) [5k0501U (xx”) + fi¥ (Xx”)] Xkj (X”XQ) ) (5.17)
Lk
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5.1. SIMPLIFICATION OF THE HEDIN EQUATIONS

contains only two-point objects: Namely the KS response x;;° (12), the XC-kernel f3° (12)

X (x1X2) Z 00 Gy (x1%2) Gy (xox) o’ ., (5.18)
afoo’
v [p] (x
i (xixg) 1= — -5 1) (5.19)

pk (x2)
and the bare Coulomb interaction v (12) d;06;0. The indices ¢ and j run over z, y, z and 0, corresponding
to the three directions of a magnetic field in real space and the electric field coupling to the charge.
The equation for the proper part of the charge-charge polarization reads:

POO = XOO ZXO’L ;;CX&S + Z XOZ ;;CX;(T% manO

igmn

The off diagonal elements of the XC-kernel w.e. f37, fg, and fg7 introduce the magnetic contributions
to the charge-charge part. If the size of f7, fg; and f37 is comparable to the size of the magnetic
terms f37, fa,, /2 ... the contribution of the magnetic response i.e. vertex corrections within the
screened Coulomb interaction become an important contribution and should be considered. However,
from experiments it is known, that usually the magnetic phase is suppressed before superconductivity
appears i.e., magnetism and superconductivity normally do not coexist (chapter 1). For a non-magnetic
system the 1 and | components are degenerate and all off diagonal terms in the kernel or response

vanish [Sec. A.3| (A;; represents x;;, x;;” or fi¥):

Aoz =Apppr + Apppr — Appyy — Ay =0
Azy = — i (Appry + Appy — Aprr — Apgg) = 0. (5.20)

Hence, the screened Coulomb interaction contains only multiples of X%){Osv v and f3§
—wW = —vV + VX0V
NM
Xo0 = X00 — Xoo (v + f50) 00 + X00 (v + foo) X00 (v + f60) Xno = -+ - (5.21)

This means for a non-magnetic ground state, the screened Coulomb interaction includes no magnetic
fluctuations in the self-energy.

From these arguments it is concluded that vertex corrections included in the screened Coulomb inter-
action are not sufficient to include the magnetic fluctuations in the self-energy.

The explicit vertex correction in the self-energy are the second place where the particle-hole propagator
enters the Hedin equations. Now these contributions are discussed. The exact expression for the self-
energy in terms of the vertex is given in Eq. (4.14). To go beyond the Gw approximation it would
be natural to iterate these equation as shown in Fig. 4.3. If this is done, all possible self-energy
contribution are created and the magnetic excitation are included in the self-energy.

However, a self-consistent iteration of the ex-

act equations is very demanding and is also not
h(12)= + S systematic in the sense that it is not obvious in

\\ F N which iteration the relevant diagrammatic contri-
bution are included and how fast the results will
Figure 5.8.: T-matrix self-energy contribution. improve compared to Gw. Hence, the field of ex-

act expressions is left and the self-energy is approximated by a manageable expression including some
vertex corrections. In the introduction of this section, it has been pointed out that the particle-hole
contributions are the relevant set of diagrams containing the magnetic contribution. The simplest
self-energy contributions related to the crossed particle-hole channel are shown in Fig. 5.8. In order
to include these and also direct contributions with respect to the particle-hole channel, the following
form of the self-energy is proposed:
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CHAPTER 5. FINDING THE SPIN-FLUCTUATIONS

Y~ —Guw+ GA? 5.22

Figure 5.9.: Approximation for the self-energy including magnetic fluctuations.

This is an ad-hoc approximation selecting only a subset of all possible self-energy contributions.
Admittedly, this approximation comes out of the sky, but this is a way many-body perturbation
theory has been applied successfully in the past: The relevant physical processes (in this case magnetic
fluctuations) are included by selecting a class of diagrams capturing these processes [59]. In Sec. 5.4.1
the double counting errors and the groups of neglected diagrams are discussed.

In the context of Hubbard models various approximations for ¥ containing terms like Gw, GwI' or
GT have been used in the past [88, 89, 90]. In the Hubbard model the GT approximation describes
the low density limit of particles or holes i.e. close to completely filled or empty bands, whereas the
Gw approximation works well at half filling. More recently, the approximation Gw + GT has been
applied to Pd, Ta and Al [91].

At this point the expression for the self-energy in Eq. (5.22) is worked out in more detail. For the
anomalous terms in Eq. (5.23) the loop rule (Sec. D.2) does not apply and the crossed and direct
contribution in the self-energy enter with the same sign:

0 F (34) AcHd (1342)) '

Ft(34) AT (3124) 0 (5.24)

¥ = A d3dar? (
For the normal contribution the situation is a bit more complicated because the loop rule has to be
considered. If a crossed contribution is inserted, a loop is created (Fig. 5.10) leading to a minus sign.
For the direct terms on the other hand no additional loops appear. Taking the signs related to the
loops into account, the equation for the normal contributions in ¥°% reads:

SF A gzadre (G B ATC(1324) 0 7N
¢« 0 GT (34) A% (3142) ) AC Ad
(5.25) L 1

Figure 5.10.: Direct and crossed contribution in the normal part of the self-energy.

Collecting the two parts related to the normal and anomalous Green’s function in ¥°* and adding
the 3¢7 leads to the detailed form of the self-energy containing charge and magnetic fluctuations:

¥ (12) = —w (12) G (12) + A d3d4r? < (5.26)

—G (34) A (1324)  F(34) A°T4 (1342)
FT(34)Act4(3124) —GT(34) Acd (3142)) '

In the discussion of the gap equation in Sec. 6.2, the different signs of A°*? on the diagonal and off
diagonal part turn out to be crucial in order to find a finite solution of the gap equation. Note that
the self-energy derived from the Berk-Schrieffer interaction has the same sign convention, like the A¢*d
presented here [19]. In case the vertex corrections are set to zero i.e. A = 0, the self-energy given
in Eq. (5.26) reduces to the Gw approximation, with a random phase approximation (RPA) for the
screening of the Coulomb interaction (Xx{5* = xo + Xovx(s™)-

This chapter concludes with an investigation, how the contribution contained in 5% are created

within the exact Hedin equations.!! Assume that £}, in Eq. (5.4) is approximated by Gv. In this case

HEor simplicity of the figures the non-superconducting diagrams are used here.

39



5.1. SIMPLIFICATION OF THE HEDIN EQUATIONS

the proper particle-hole propagator reduces to an unscreened (w = v) T-matrix [Eq. (5.3)]:

A =TPare Ad— (5.27)

exact expressions The ﬁrst orders Of 2?{ =
| N |@ | | AP| Y. Tbare  are shown on the

2 _@\ ‘4‘ = right hand side of Fig. 5.11.
Guw term vertex term In the exact Hedin Cycle

start Y Pkpﬂnd @ these orders are created in
eycle { L a . = >
/@ creened Conl. the following way:  One

starts with the simplest ap-
proximation to the self en-
ergy given by Gw and ex-
pands the screened Coulomb
interaction. This leads to
the first contribution shown

v‘ ‘
5 1 1 3 ¢ in the second line of Fig
G(34) _ phlp’ - 5.11. For the next orders,
. , vertex term the previous self-energy has

; Y Ahe Vi

to be differentiated. The
functional derivative 6G534)
means that one GF within
the self-energy is removed
and the open connections get
the indices 3 and 4. In Fig.
5.11 the removed Green’s function is colored in red. The resulting four-point function is inserted in
the vertex entering the self-energy. This process is repeated for the two next contributions of XT-bar

and all higher orders are created in an analogous way.

If the Hedin equa- exact: approximated:

tions are iterated all or- _
ders related to X T-bare Y= @+ /&("9 ¥~ @ +
will appear. However, | S |

already in the original
work of Hedin [25]

it
is pointed out that the @‘Jr@ +@ g + +
slow summation of a
set like XTPae in the
R

cycle does not seem

like “a systematic im-

provement of the self- Figure 5.12.: Comparison between the contribution in the self energy related

energy”. This problem to the simple particle-hole propagator TP [Eq. (5.27)]. One iteration
of the exact expression [Eq. (4.14)] does not lead the desired contribution

shown in Fig. 5.8, but the approximated form [Eq. (5.26)] does.

i Ll(lll ate \utcx related to Z

0 plug in
50(34 ]
ver It(\ term
1

calculate vertex related to 3

oteq— 1 K 0% UOLTIQLIUOD

Figure 5.11.: Creation of the self-energy contribution related to the 7T-
matrix in the iteration of the Hedin cycle. For simplicity only the
normal state Green’s function is considered in this and the next pic-
ture.

=]

], =

is not present in the ap-
proximate form of the
self-energy given in Eq.
(5.26) and all orders of X" appear within one iteration (Fig. 5.12). In Fig. 5.13 an overview of the
approximations applied so far to the exact Hedin equation is given.

40



CHAPTER 5. FINDING THE SPIN-FLUCTUATIONS

G = Gy = 2. Change expression
ﬁ or self-energy
equation — AX¢
1. Neglect the SC

charge contribution in here

fluctuations
= + Q R = | +

magnetic
fluctuations

(a) The two approximations in the Hedin cycle are indicated by the green boxes. As a first approximation,
the effect of superconductivity on the fluctuations is neglected by considering a vertex in the normal state
Eq. 5.4. The magnetic excitation have been located in the vertex correction as multiple scattering between
particles and holes (red box). The vertex enters the cycle in two places: In the polarization propagator
and the self-energy. The contribution in the polarization propagator contributes to the screening of the
bare Coulomb interaction (blue box). The contribution in the self-energy are the essential ones, leading an
interaction between electrons and (para)magnons. In order to avoid a full self consistent treatment of the
Hedin equation, and still get the diagrammatic contributions representing the electron-magnon interaction,
the exact expression for the self-energy is approximated. This is the second approximation and is shown in
more detail in the subfigure (b) below. In this form the self-energy may be used directly (without iterating)
in the SSEq for the construction of a pairing potential A*¢

2. Change expression
for self — energy

1. Vertex

in the normal phase ey 1

[ [\ [

| c+d |

— + = ! !
= I 1 o >

LY | ] |

| Ac+d Ad— |

I I

charge fluctuations L _magnetic fluctuations |

(b) The details on the two approximations of the self-energy. Like discussed above the magnetic fluctuations
represented by A" are calculated in the non-superconducting phase and only normal Green’s functions appear
in the expansion. The second approximation was to change the exact expression of the self-energy containing
a vertex function to the form GA". This step has to be done carefully considering the loops shown in Eq. 5.25
and 5.24. The resulting self-energy contains two terms: The Gw representing the interaction of an electron
with charge fluctuations and the new C_T’i]-Afj describing the interaction of electrons to magnetic fluctuations.
If the vertex corrections are neglected the AT becomes zero and the expression reduces to the well known
Gw approximation.

Figure 5.13.: Overview of the approximation applied to the Hedin equations: The top figure shows
the two approximation embedded in the Hedin equations. The lower figure gives the details of the
approximations applied to the self-energy.
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5.2. Reduction to an Effective Interaction

5.2.1. Preparation

In the last section the Hedin equations have been approximated. An overview of the two approximations
is presented in Fig. 5.13 and the final result for the self-energy reads [Eq. (5.26)]:

S (12) = —w (12) G (12) + A d3ddr” (—G (34) A (1324)  F (34) A7 (1342) > ‘

Ft (34) Actd (3124) el (34) Acd (3142) (5.28)

However, these simplifications are still not sufficient to do calculations for real materials. The dimen-
sionality of the four-point object A°*? and the resulting integrals in Eq. (5.28) are simply too difficult
to handle. A two-point form is necessary i.e.

S (12),; = G (12),; A% (12),; . (5.29)

The expression is reminiscent of the contribution related to the charge fluctuations (XF = —G (12) w (12)).
A definition is made to distinguish the two:

Effective interactions are all two-point functions with an incoming and outgoing GF line at 1 and
2, beyond the screened Coulomb interaction.

The equation for the self-energy [Eqgs. (5.26) and (5.29)] can be inverted for the effective interaction
containing the spin-fluctuations (SF):

(12),

, 5 (12).. 1
A (12); = = == A d3d4

1
(12);; G (12)

This relation is not useful in practice because one would need the four-point object A°*? in the first
place to construct the ASF. However, this trivial equation for ASF has dire consequences. It shows
that there is a unique way to go from the four-point object A°*9 to the effective interaction and the
two-point object ASF is defined rigorously.

In this work, simplifications to the self-energy XV creating the vertex correction |[Eq. (5.4)] are used
to construct an effective interaction. It is instructive to investigate local potentials as a contribution
to XV. An example of such a local contribution is the Hartree potential [Egs. (4.8) and (D.8)]:

1>/x/\,©
G" = Go + GoX"G" YV (12) = B" (12) := 019 Ad3r3M

[ry —r3| Figure 5.14.: Hartree potential

—G (34) A9 (1324)  F (34) A“T4 (1342)
—FT(34) A°t4(3124) GT(34) A~ (3142))2.]. '

The functional derivative of ¥V leads to a direct contribution because the Green’s function in %V
was part of a fermionic loop [Eq. (5.10)]:
0¥ (12)
AG(1234) = — 2 = —019034v (13).
0 ( ) 3G (34) 120340 (13)
The solution of the Dyson equation [Eq. (5.12)] creates an improper particle-hole propagator which is
equivalent to the screened Coulomb interaction in the RPA:

A4 (1234) = —619034 [v (12) + A d3d4v (13) G (34) G (43) v (42) +...] = —w™T* (12).

This term is already present in the expansion given in Eq. (5.26) and using A4 in Eq. (5.26) would lead
to double counting errors. This is not surprising because the Hartree system is the reference system
in the Hedin equations (Eq. (4.10) and Sec. D.3) and therefore the Hartree potential is not a correct
self-energy contribution.

However, the discussion leads to the insight that two-point irreducible particle-hole propagators are
related to local self-energies. This will be used to construct an effective interaction containing SF. The
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Kohn-Sham potential [Eq. (D.9)] is used as an approximation for the self-energy creating the vertex
correction i.e.:

YV (12) = ¥%(12).

This has been done by various other researchers in the context of band structure calculations [92, 93, 90].
The potential is local in space, but non-diagonal in spin:

i O
S (et i o)

0 o201 20, U {pj }] (x )) (5.30)

The XC-energy is defined as the difference between the exact expectation value <T + W> minus the

Hartree contributions T+ A 2 (Ir) §,| ) So by definition there is no overlap between the Hartree potential
and the XC-potential and double counting cannot occur. On the ground state level, the ¥*¢ usually
improves the Hartree results. This is seen for example by the fact that the KS Green’s function

(corresponding to the exact v°.)

GKS — GH + GHEXCGKS

reproduces the exact many-body density. Also the quasi particle energies of the KS system are in
general closer to the experimental quasi particle energies, than the Hartree results for metals [94, 95].
But not only the ground state properties are improved going from G* to G*°. Also the information of
the excitations are provided by ¥*¢ : Within time dependent density functional theory, it is possible
to obtain the exact (magnetic) response function [Eq. (5.17)]. Since the expression for the self-energy
is local in space and time, the irreducible particle-hole propagator becomes a two-point function:

oX* (1 ovi [{pH (x1)
Oxix ’—
3G (34) 34 Z 200 50 (34)
— E E i 51}?0 HIOJ}] (Xl) 026055G0506 (X5X;_)
- 5X1XQ ij 0506 & dX500102 5Pj (XS) oG (34)
= X1X2 E :0-0102 ij X1X3) 04035X3X4 - 45X1X25X3X4 ;(faza4ag (X1X3) (531)

and is given by the exchange-correlation kernel E The relation for the change between spin and Pauli
components is given in Sec. A.3. The only problematic point in choosing the ¥*¢ is the separation
in direct and crossed contributions. The separation in direct and crossed terms is necessary for the
construction of the self-energy in Eq. (5.26) because the two sets enter with different sign on the
diagonal and off diagonal part of the equation.

However, the successful XC-potentials like local density approximation (LDA) or generalized gradient
approximation (GGA) are explicit functionals of the densities p (r) and m (r) [96, 97] and are not
constructed by a perturbative expansion using MBPT. The functional derivative of ¥*¢ is evaluated
with the chain rule [Eq. (5.31)], but whether the resulting contribution is direct or crossed is not a

meaningful question for a non-perturbative expression like p% or Vp.

This problem is only relevant for the term AT in the self-energy expression. For the other contri-
bution A” = A4, the Dyson Eq. (5.16) exists which contains the full kernel (crossed and direct terms).
The problem of determining AT for a non-separable kernel is circumvented by the assumption that
the spin conditions based on the diagram expansion given in Egs. (5.7) and (5.8) also hold for the
XC-kernel:

X oo+ only crossed (5.32)
X oo & only direct (5.33)
oo - crossed and direct.
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5.2.2. Construction Effective Interaction

A separate calculation of A® and AY by the Dyson Eq. (5.11) or (5.12) is not possible because the
kernels A§ and A$ given in Egs. (5.10) and (5.9) are not known for the usual XC-potentials. However,
it is possible to solve the combined Dyson Eq. (5.16) containing direct and crossed terms:

6ZXC
0G

and use the assumption made in the previous section to construct the missing contribution. The kernel
is a two-point function in space time, but a four-point object in spin space i.e. Agl@ow4 (x1x3):

A? = Ay + AgGGA? with Ag = — 4f. (5.34)

0
A§1020304 (X1X3) = Aa1020304 (X1X3)

+ ) Adxg. . dxXsAS e (X1%6) Gogoq (%6X8) Gogor (X8X6) Ny oy0, (X8X3) -

05...08

For a collinear system the Green’s function is diagonal in spin: Gg,6, = 05,0,Go,. The kernel [Eq.
(5.31)] is inserted for Ag and the product —G,, (x3X6) G, (X6Xg) is approximated by x*° given in Eq.
(5.18). This means the full Green’s function is approximated by the KS one. Also this approximation
is discussed in Sec. 5.4.1. These steps lead to the following expression for the proper particle-hole
propagator:

AP — A fXC —16 Z KS AP

01020304 01020403 01020605Xcr5(760605 05060304 "
05...08

All quantities are functions of x; and xs. For simplicity, this dependence and the corresponding
integrals are left out in most places. By comparison with Eq. (5.17) it is seen that A9 contains parts
of the response function:

P — 4fxc _ 16fXCXKSfXC + 64fXCXKSfXCXKSfXC + . — 4fXC _ 16fxc XKS _ 4XKSfXCXKS + . fXC‘

=proper response function

The effective interaction contains only the proper parts of the response function [Eq. (B.20)| which are
identical to the polarization propagator P introduced in Eq. (4.18):

A§10'2030'4 _4 6)1'(50'20'403 ]‘6 Z 010'2060'5 0'6050'708 ;'(;:080'30'4 (535)
05...08
1 ; P
Papys = 7 Y ohgPijols with Py = xi° = " XI5 £ Py (5.36)

]
For the XC-kernel, adiabatic approximations (Sec. B.4) are used and therefore the object has no
structure in frequency space. The proper response function on the other hand has poles at the excitation

energies of the magnetic fluctuations. This is the relevant contribution in the scenario of pairing
mediated by fluctuations. The flat kernels are put to a separate self-energy term called G f*¢:

P _ XC § : XC
AO‘10’10’20’2 - 4 01010202 16 01010606 C766760707 o70702092 (537)
——

— o607
move to G fx¢

AS’ co—o — 4fxca' oo _16fxca o'o'PU o— UUf;(Co' oo (538)
——

move to Gfxc

which is discussed separately from now on. For a collinear system there are only six independent
contributions with respect to spin. In order to keep the equations simpler, the six terms receive a
shorter name:

foor i= ;gg/g’ Poor := Prooror (539)
fo' = a o—00 P(f = PU—U—UU'
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The equations for the effective interaction become more transparent if the response quantities are
rewritten in components of the Pauli matrix [Eq. (A.4)] because these are the response functions
corresponding to magnetic fields in z, y, or z direction. The change between the spin and ¢,;7 €
{z,y, 2,0} components is done via the following matrix transformation:

Ago 11 1 1\ [Ay Ay 1 1 1 1Y\ [Aw
Al |1 1 -1 1| Ay Ayl 11t 1 -1 1| AL
Aol |1 -1 -1 1| [Ay Ap | 4|1 -1 -1 1 || A
Ao, 1 -1 1 —1) \Ay Ay 1 -1 1 -1/ \Ao

For the xz and zy block the transformation matrix becomes block diagonal and the symmetry A,, =
Ayy and Azy = Ay, reduces the transformation relation to a two-dimensional matrix:

A _ (1 1) (A AT\ 1 /1 Apy
Ayy)  \—i i) \A] A7) 2\l —i) \Ay)"
The spin resolved quantities in the Eqgs. (5.37) and (5.38) are replaced:

A5102 = _16 Z 01010606 X1X6) P0'60'60'70'7 (X6X8) f;'(;:o’70'20’2 (X8X3)
o607

=16 mPﬁfm ot Pl le, + alTPufm + [ P fis,]
=4 [fX (Poo + Paz + Pao + Po2) f55, + £, (Poo + Paz — Poo — Po2) fS,
+ 13 (Poo — Pez + Poo — Poz) f15, + 3¢, (Poo — P — Poo + Foz)] fis,
A oo = —16fEPEfE = =2 (fon + 206 fay) (Poz + 201 Puy) (faz + 200 fry) -

The spin-flip contribution P! in the full response function contain no improper contribution [Eq. (5.17)]
and for this component the proper response function is equal to the full one:

Ag co—o —2 (fmx + Zaifxy) (sz + Zainy) (fx:]c + Zaif:py) .

The contributions of AF related to the charge-charge response would read:
Adior = =4 (S50 + 1570) Poo (553 + fo50) -
The screened Coulomb interaction in the Gw term of the self energy on the other hand is given by
w=v — vPyv + vPyvFPyv— ... .

From Eq. (5.17) it is seen that for a density of a non-interacting system, the fji [oxon 1] has to cancel
the Coulomb interaction in order to provide the non-interacting x**

XOO = XE)([:? - Z XO] (U(SO](SO]C + f]k [pNon Int]) X]O - XOO

J:kef0,2}

This indicates the presence of Coulomb contributions within the charge part of the XC-kernel. Hence,
in order to avoid double counting problems with the Gw term [Eq. (5.26)], the Pyy contributions in A"
are dropped:

Aovor = =4 [(f55 = 1500) Poz (35, — £15,) + (Foiy = £511) Peo (f5, + 1152)
+ ( oo+ 135)) Pos (f¢02 fwgﬂ
Ny goo = =2 (faz + 201 fry) (Xaw + 200Xay) (fro + 201 fuy) = —2fEXE fF.
The spin dependent combinations of the kernel are written in a compact form:
L= 2o fee + fo: =2 (5 — 1) fro =20 fzz + f20 =2 (fi5 — 15)
foo = foo + zo1 f20 = 2 (£S5 + £55) foo = foo + 2o fo- = 2 (fis + [15)
fE = foa + Z0ifay X5 = Xaw + Zo1Xay-
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For a non-magnetic system, the kernel and response function becomes diagonal and the expression
reduces to:

zj;zfzazzafzz fg;—:foa:foo

fét:f$$:fyy:fzz Xai:X:c$:ny:Xzz-

With these definitions the effective interaction for a collinear and NM system reads:

Collinear: A} ., =— Y 5 Pij(1=6i00j0) fjos  Nyvoo = =205 X2 [ (5.40)

ij€{0,2}

ASF
NM: Agm = _Zolfszzzfzzzcrz = _201%27 A(l;"—o'o'—g' = _2fszzzfzz = —A°". (541)

For the collinear system the spin diagonal term contains the magnetic response P., plus contributions
proportional to P,y and P,y describing the coupling between charge and magnetic degrees of freedom.

P

010, Shows a real dependence on

In contrast to the screened Coulomb interaction [Eq. (4.17)], the A
spin .e.:

Ajy # Aly and AYy 7 AT
The spin flip term AY_____ contains the transverse response function x* and is absent in the screened
Coulomb interaction. The physical interpretation of this term is an interaction mediated by a quasi-
particle (magnon) carrying one Bohr magneton: ey e+ hup.

For non-magnetic systems, the coupling between charge and magnetic degrees of freedom vanishes.
This is due to the degeneracy of the 1T and | spin [Eq. (5.20)]. The ratio of 1 : 2 for AL : AL__._,
and the sign change between the A%, and Aﬁf | is known, from effective interactions in the unpolarized
electron gas [87]. Remember that all quantities are functions of x; and x2 and the integrals in the
expressions

AT (x1%2) = 2 A dxzdxy fo. (X1X3) X2z (X3X4) faz (X4X2)

have been left for simplicity.

5.3. Self-Energy with Effective Interaction

What remains to be done is the evaluation of the self-energy given in Eq. (5.26) containing this
effective interaction. The space-time integrals in Eq. (5.26) are trivial for an effective interaction and

the summation with respect to spin is simplified by the collinearity of the Green’s function:
= —G (56) AT (1526)  F (56) At (1562)
SF _ Lz
27 (12) = 77 A d5d6 (FT (46) A°H4 (5126) —GT (46) AP (4162)

2> —Go (X1%2) AL 10yo (X1X2)  Fy (x1%2) AS/ S ) (X1%2)
FJ (X1X2) Ac+d (X1X2) —G:ry (X1X2) AP X2X1)

co102—0 oo1002 (

+d +d
— 7 —Goy (A§1U10'20'1 + A§1—J1U2—01) Foy (AZ'IC"I*U'IUQ + Agrdmmz)
- +d +d
Fl;':l (AglUlo'Q—O'l + AC—O’10’10’20’1> 7Gj;'1 (A0P'10'10'10'2 + Alio'la'l_a'la'Z)
The interaction contains two spin components A}, . and A} . . . [Eq. (5.40)]. This leads to a

diagonal spin contribution for the normal part of the self-energy and non-diagonal contribution (d4, 4, )
for the anomalous part:

d d
_50102G01 (Aglalalal + Agl—alal—al) 601*U2F01 (Azc;lralfcrlfcrl + Ag'irfolcrlfcn)
81— FL (Ac+d + At ) ~0310» G, (AR AP

0101—01—01 —0101—0101 01010101 _0'10'1_0'10'1)

¥ (12) = 77
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The solution of the Eq. (5.34) provides only A" = A®4. For the other term A°*9 one would in principle
need to solve one of the Dyson equations [Eq. 5.11 or 5.12]. Alternatively, one can use the relation
given in Eq. (5.32) and (5.33) and the self-energy becomes:

ESF:TZ< _50'10'2G (A0P'10‘10'10‘1+A0P'1 —0101— 0‘1) 50’1 0'2 ( A§'10'1 —01— 0‘1+A§'1 —0101— O’1)>
(5 )

.|.
01— 0'2 T ( Atlj'la'l 01—01 + Alialo'l 0'10'1) 60’10'2G (A51010101 + AOP'1 —0101— 01)
(5.42)
where the effective interaction is given in Eq. (5.40):
Z fza Xij — 106j0) ij Ag co—o T —2foj—EX?f;E'
ij={0,2}

In the context of superconductivity the case of a NM system is relevant. In this case the effective
interaction [Eq. (5.41)] becomes more simple and the self-energy reduces to:

o 37_ < (50102G (X1X2) ASF (X1X2) —(501_02F (X1X2) ASF (X1X2)> (543>

_601—&72}mL (X1X2) ASF (X1X2) 6(71(726;]L
ASF (X1X2) =2 A dX3dX4

(XIXS) Xzz (X3X4 (544)

For completeness, the self-energy contribution containing the screened Coulomb interaction is derived
[Eq. (5.26)]. Remember that in Eq. (5.37) and (5.38) a term containing the bare kernel was present
which is added to the 3°F:

SCF _ | 0010, G (x1%2) W (X1X2) oy -0 I (X1%2) W (X1X2)
2 (2) = (501_02}7T (x1x2) W' (X1X2) 00,0, G (X1%X2) W (X1X2) (5.45)

where the screened Coulomb interactions w, we and wy are defined as:

—w (12) = —v (12) + A d3d4v (13) Py (34) w (42)
w (x1%2) 1= w (x1%2) — 4 [f5 500 (X1X2) + f350s (X1X2)] (5.46)
w' (x1%2) 1= w (x1%2) — 4 [f50_50 (x1%2) + foo_o—s (X1X2)] - (5.47)
The charge-charge polarization propagator Py in terms of the local vertex correction is given in Eq.
(5.36)
Poo = X0 — Z X fi5 X560 + - (5.48)
ij={0,z}

and after slight rearrangement it is found:
—w (12) = —v (12) + A d3d4v (13) xo0 (34) v (42) ,

where X is the full charge-charge response function [Eq. (5.17)].
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5.4. Discussion of the Effective Interaction

5.4.1. The Approximations

In the derivation of the self-energy containing the magnetic fluctuations [Eq. (5.43)], several approx-
imations have been applied. In this section all of them are discussed in the order they appear in the
derivation. If there is no likelihood of confusion, the normal part of the Nambu Green’s function is
depicted with a single arrow in this section.

1.) Non-SC Vertex

As a first approximation, the effect of superconductivity on the vertex i.e. the spin fluctuation spectrum
was neglected. For conventional superconductors it is well known that the phonons are not strongly
influenced by the onset of superconductivity: The linewidth and excitation energy may vary, but the
structure of the spectrum stays the same [98]. For the charge and magnetic fluctuations the effect could
be larger. Static magnetic fields are expulsed completely from a SC below the critical temperature,
regardless of whether the material is first exposed to a magnetic field and then cooled down below
the critical temperature (7.) or vice versa'?. This phenomenon was first reported by Meissner and
Ochsenfeld in 1933 [99] and is described by the phenomenological and macroscopic London equations
[100]. The Meissner-Ochsenfeld effect distinguishes a superconducting system from a perfect conductor.

Not only the static, but also the dynamic response function shows changes induced by superconduc-
tivity. In nuclear magnetic resonance (NMR) experiments for the FeSC and cuprates two changes in
the dynamic response are observed [101, 44, 102]:

1. A resonance peak appears below T,. In the FeSC the position of the resonance is proportional
to the gap wyes (') ox A (T') and close to the critical temperature the rule 5kpT, ~ wyes is found.

2. A gap opens in the response function, meaning that x.. (w) drops to zero even for frequencies
above zero.

Model calculations of the RPA magnetic response done by P. Hirschfeld et. al. [103] indicate that the
resonance and gap in the response function are created by the FFT term in Eq. (4.18). Above the
critical temperature magnetic fluctuations are still present, but the resonance energies are higher and
the peaks are much broader. Since the effects induced by superconductivity to the response have been
neglected in the theory, it is not possible to obtain the resonance below T, and hence a valid self-energy
for this regime.

2.) Change of the Expression for the Self-Energy
; 3 T —matrix :

As a second approximation the self-energy was changed to a
form given in Eq. (5.26) and shown in Fig. 5.13. The reason
for changing the self-energy was to include all contributions
corresponding to the T-matrix (or more general the A®9)
directly in the self-energy. By this change an iteration of Guw +
the Hedin equations is avoided (Fig. 5.11). Hartree :

Since the Hedin equations are an exact scheme in the
first place, applying approximations may create some arti-
facts. This is seen by the presence of double counting (DC) Figure 5.15.: Double counting errors in-
problems using for example the T-matrix for A¢ and set the duced by the T-matrix self-energy.
direct contribution to zero: A4 = 0. The two problematic contributions are shown in the top row
of Fig. 5.15. The Hartree potential is included already in the reference system and the contribution
812 A d3w (13) G (33™) fully contains the Hartree contribution. Also the second order term in w is par-
tially contained in the Gw contribution shown in the second line of Fig. 5.15. Also for the anomalous

12Below T the system becomes a perfect diamagnet and the static volume response is —1.
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parts DC appears: The term w (12) F' (12) is created by the GT in first order and also by the Gw. All
these errors are compensated by following double counting correction:

. . (12 Ad3w (13) G (33F) —w (12) F (12)
Epe (12) =7 < o (12) Ft(12) 61 Ad3w (13) G (33+)>
; G (12) w (13) w (24) G (43) G (34) 0
—7 Ad3d4( 0 G (21)w (13) w (24) G (34) G (34)>‘

(5.49)

Note that the normal terms

shown in the top line of Fig.

5.15 are also intrinsically wrong. * * § +
twice twice
w2

This means each term itself con- B
tains multiple copies of the same
diagram and the double count- §+ § +
ing is not created in combi-
Figure 5.16.: Intrinsic double counting errors created by GT'.

nation with an other diagram

as discussed above. An ex-

ample is the Coulomb interac- 1 3

tion screened with bubbl.es. T}.le Ad— _ i reducible along $F _
bubbles are also contained in 0~ this line = Ad-90° (0)
the renormalized Green’s func- 9 4

>

tion |[Eq. (4.10)]. This is shown o N

on the left hand side of Fig. 5.16. TSP _ < 2 :)m\

Also the second order term in © + T 1 e

w has intrinsic double counting
problems: If the screened inter-
action is expanded in orders of
v, it leads for third and higher orders to multiple times the same contribution. As an example this is
shown for the third order term in Fig. 5.16.

But DC errors are not restricted to the crossed diagrams in the particle-hole propagator. Assume the
direct second order contribution for the proper particle-hole propagator Ag shown in Fig. 5.17. If this
term is used in the self-energy an DC error in combination with the Gw term is created. The double
counting error originates in direct contribution which are reducible with respect to the particle-hole
channel propagating along 1 — 2 and 3 — 4. This is indicated by the dashed red line in Fig. 5.17.
Such contribution are called Ag_goo and should be removed form ¥57:

Figure 5.17.: Double counting errors related to GA4

d—90°
4. (12) = 77 A d3d4 <G (56) Ag ™ (1324) 0 > .

0 GT(34) A9 (3142)

In higher orders of A4 created by the Dyson Eq. (5.12), no further DC errors appear. Fortunately, all
the double counting problems are not present for the effective interaction. The two-point form leads
to a lowest order contribution which is a “lying object”, of the form 12934 [fX5 X2 f25] (13) and not a
“standing” Coulomb interaction % = 0130240 (12) as in the diagrammatic expansion. This avoids
the double counting errors shown in Fig. 5.16. Also the double counting problems in the direct part
(Fig. 5.17) are not possible for a two-point function. The DC errors appearing in the anomalous part
of £T are avoided because the parts of the effective interaction which contains Coulomb contribution
(f3§Poof3S) have been neglected.

In the rewriting of the self-energy given in Eq. (5.26) only the particle-hole propagator is included.
The response functions introduced in Sec. 2.2 is based on the particle-hole contributions, so the exci-
tations due to external electric and magnetic fields are included. On the other hand, this means all
the particle-particle contributions are entirely neglected in the approximation. A detailed discussion
of the particle-particle and particle-hole contributions on the T-matrix level is given in Ref. [104].
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However, the fluctuations in the particle-particle channel 1
may become relevant for a pairing mechanism in some

systems. The particle-particle analogon to the T-matrix Tpp = + +
is given by:

w

2 4
Tpp (1234) = —512(53411) (13)

Figure 5.18.: Particle-particle variant of the 7-
— A dbdbw (12) G*° (15) G*° (26) T (5634) .

matrix.

It is possible to create two normal self-energy contribution ¥, and X5 by the particle-particle T-matrix
shown in Fig. 5.19. The first one contains a Fermionic loop leading to a minus sign:

Sa(12) S(12) | p.12) ,

Ya(12) = — Ad3d4T,, (3214) G (34
7, . (Tpp (12 op (3214) G (34)

2 L I Y5 (12) = A d3d3T;, (3241) G (34) .
Figure 5.19.: Self-energy corresponding to Tpp.

For both contributions, double counting errors of the type discussed in Fig. 5.16 appear. The anomalous
part of the self-energy related to T}, has only a single contribution given by:

S (12) = A d3dAT,, (3412) F (34) .

Note that a systematic inclusion of the particle-particle propagator beyond the T}, contribution is
not possible. The reason is the lack of an expression for the irreducible particle-particle propagator in
terms of ¥ which is present for the irreducible particle-hole propagator Ag = %. Only the screened
Coulomb interaction w and G within T},, could be updated in a self-consistent treatment, but this will
not create all possible particle-particle contributions.

3.) Reduction to Two-Point Function

Eventually, the particle-hole propagator is approximated by an effective interaction. This approxi-
mation seems very severe in the first place. However, the resulting effective interaction given in Eq.
(5.41) has a very physical or intuitive form: f*y f*¢. Like in the case of the screened Coulomb inter-
action (—w = —v + vxov) the fluctuations enter explicitly via the corresponding response function
|[Eq. (4.17)]. The coupling to the fluctuations is done by the XC-kernel which is the derivative of the
XC-magnetic field with respect to the magnetization [Eq. (5.19)].

This leads to the following coupling mechanism in complete analogy to the Coulomb screening: A
propagating electron creates a change in the magnetic density dm due to its spin. The change leads
to a change in the magnetic field via the kernel. The field creates large fluctuations, if the response
function is peaked for the corresponding field symmetry. These fluctuations then couple to another
propagating electron via the second kernel. This coupling becomes strong if the response function
features large excitations and the coupling to the electronic system given by the XC-kernel is large.

In the derivation of the effective interaction, the full GF has been approximated by the KS one,
i.e. G(12)G(21) =~ G*°(12) G*%(21). Nevertheless, the final effective interaction contains the full
response function. This is a feature of LRDFT which reproduces the exact response with an RPA like
equation starting form the KS response: x5 (12) = —G*¥(12) G*9 (21) [Eq. (5.17)]. So in the end
also response functions calculated using MBPT involving the full GF may be used in the construction
of the effective interaction [Egs. (B.19)].

5.4.2. Comparison with other Effective Interactions

The derivation of the effective interaction in this work is based on a local approximation of the self-
energy [Eq. 5.30] within the formally exact Hedin equations. In the literature, various ways of deriving
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effective interactions or two-point scattering amplitudes are found. The ancestor of all the interactions
is most likely the interaction proposed by Berk and Schrieffer [19]. In this interaction the charge
(bubble diagrams) and magnetic fluctuations (ladder diagrams) are merged to one interaction. It was
designed to treat systems close to a Stoner instability where Uxg ~ 1 and U is a local Hubbard like
Coulomb matrix element between electrons with opposite spin.

Effective interactions suited for a more general purpose are presented in [105, 106, 87]. Some of
the results are comparable (almost identical) to the one presented in Eqgs. (5.40) and (5.41). All the
different approaches have in common that:

e many-body effects are responsible for a spin dependence of the interaction and
e a local approximation is used.

In the end, all approaches also lead to a form like: couplingx Fluctuationxcoupling. The charge and
magnetic fluctuations are represented either by the response function or a bosonic propagator. For a
practical application, the response function is the more convenient object because the extraction of
quasi particle (QP) energies and lifetimes is not necessary. Although being very similar regarding the
from, the derivations of the effective interactions are very different. They follow physical intuition (1),
a reformulation of the initial problem (2) or a diagrammatic expansion in the homogenous electron gas
(HEG) (3).

1. In their work Kukkonen and Overhauser [105] derive an effective interaction between indistin-

guishable particles. The derivation is not based on diagrammatic techniques so the inclusion of
the presented effective interaction in the self-energy is not obvious. However, the physical picture
is very intuitive. If you bring two test charges e; and e, into the system, they will interact via
the bare Coulomb interaction v and via scattering processes in the medium. This processes are
given by vxoov, which is found by the following considerations: The charge e; is related to a
potential v; = ve] which creates a change in the density of the system given by dp = xopovi. The
change in the density is then seen by the other charge e, vép = e; [vxoov]e; (see top line of Fig
5.20). So the screened Coulomb interaction in the Hedin equation [Eq. (4.17)] is an interaction
between test particles.
This picture changes, if instead of test particles, indistinguishable particles are considered.
Around an electron with spin 1 at point (r,¢) the dp; and dp; are different due to correla-
tion effects'®. These many-body effects are taken into account by the so called “field factors”
in the effective interaction of Kukkonen and Overhauser. The field factors are spin dependent,
dynamic and local. They are the analogon to the XC-kernel in our approach. Kukkonen and
Overhauser do not consider transverse magnetic fluctuation which allow for a spin-flip and also
the inclusion of the effective interaction in the self-energy is not discussed.

2. Yarlagadda et al. derive an effective interaction following a different approach. The many-body

Hamiltonian [Eq. (4.3)] is rewritten by dividing the electrons into two sets: (1) The electrons
close to the Fermi surface and (2) the low-lying electrons creating macroscopic fluctuations in
the medium [106]. The electrons close to the Fermi energy couple to the electronic fluctua-
tions (bosons) in the medium. The coupling constants are defined ad-hoc. In analogy to the
electron-phonon coupling, a canonical transformation is used to transform the interaction be-
tween fermions and bosons to an effective electron-electron interaction between electrons close
to the Fermi energy.
This spin dependent effective interaction could be used in a perturbation expansion for the self-
energy. Note that only the first order diagrams in the interaction are allowed due to the minimal
coupling in the derivation. The final result is very similar to the effective interaction in this
section. Also here no higher order contributions in the A appear. However in the presented
derivation the coupling constants are defined much more rigorously and no separation in two sets
of electrons is necessary.

13Correlation in this context means that the charge density around e] is reduced due to Coulomb repulsion and the
Pauli principle. The Pauli principle introduces the spin dependence of the change density.
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3. Vignale and Singwi [87] use a diagrammatic approach to derive the scattering amplitude shown
in Egs. (5.11) and (5.12) for the non-magnetic HEG. The irreducible particle-hole propagator
contains direct and exchange crossed terms (Fig. 5.5). The two contributions do not mix and
hence the renormalization of % can be done for the two channels separately. Before the renor-
malization is done, the function (‘% is approximated by a function I related to the local field
factor or in our approach the XC-kernel.

The final result is equivalent to the effective interaction for a non-magnetic system presented in
Egs. (5.41). However, the inclusion of this interaction in the self-energy and the double counting

corrections/errors are not considered in their work.

@ Test Charge

AN =
Physical Electron
v(l+ Gy) - ~v(l1+G))
PNANANANANANAN

Figure 5.20.: Difference of an interaction between test particles and “physical electrons”. The function
G; (qw) is the local field factor taking care of the many-body effects. The label G is used for historical
reasons and the function has nothing to do with the electronic Green’s function.

5.5. The Question of Self-Consistency

Up to now, the Hedin equations have been investigated in order to find an approximation to the self-
energy containing SF. This self-energy will be used in the SSEq to construct an approximation for
the pairing potential Ay, (see Sec. 4.4). The initial Hedin equations are an exact self-consistent set of
equations. Exact means that a fully self-consistent solution converges to the exact Green’s function.
The question of convergence and uniqueness of the result is non-trivial and not considered here. At
least for limiting cases (weakly interacting limit in the Gw approximation) it can be shown that the
cycle converges (a fixpoint is present) and the result is unique (there is only one fixpoint) [79].

The change of the exact expression |Eq. (4.14)] to the expression displayed in Eq. (5.26) was mainly
done to avoid a self-consistent treatment of the Hedin equations and still get a self-energy which
contains the magnetic fluctuations. This “non-self-consistency” is indicated in Fig. 5.21 by the open
cycle ending at either the SSEq (SCDFT calculation) or the Dyson equation for the normal part of
the Green’s function (correction of single particle spectrum). However, one could ask the question to
what extent a self-consistent treatment is still possible with the approximated self-energy.

o A self-consistent treatment using “Guw” is feasible. Recently such calculations have been reported
for molecules and solids [107, 108]. The standard Gw approximation for the self-energy has
been extended by a term including magnetic excitations: ¥ = (w + A%F) G . The interactions

w = v+vXV = v%, ASF = —2f%x . 5 = —% and non-interacting response
XX are functionals of the density and it is possible to update them with new densities, related to
the G in each iteration process. However, the XC-functional remains the same in this approach
and the functional should describe the excitations (charge and spin) in the system properly. In
chapter 7 it is shown for the FeSC that already simple approximations like LDA lead to reasonable

results for the magnetic response function.

52



CHAPTER 5. FINDING THE SPIN-FLUCTUATIONS

e Updating the XC-kernel itself is more difficult. The updating must somehow recover the func-

tional derivative % in the vertex, where all diagrams are created from cycle to cycle. The SSEq
[Eq. (4.21)] can be used directly to construct an XC-potential related to a self-energy, i.e. update
the potential properly, not only evaluating at a changed density. However, the result of the SSEq
provides only the XC—potential and not the functional dependence v*¢ = v*¢ [p] which is needed
to calculate the XC-kernel. The calculation of the kernel would require a set of self-energies
{X1,%9,...}. This set corresponds to densities {p1, p2, ... }and with the SSEq the corresponding
potentials {v*¢ [p1],v*¢ [pa], ...} are found. With this information the derivative 52;; can be cal-
culated, but this is a very demanding task (see “difficult connection” in Fig. 5.21). Alternatively
a closed expression for f*¢ exists within the linearized Sham-Schliiter equation [109].
Note that even such a treatment would not lead to the exact XC—kernel. The reason for this
lies in the approximated self-energy: Only the exact expression will lead to the exact Green’s
function which leads to the exact density and due to the 1:1 correspondence (Sec. 3.1) to the
exact XC—potential and XC-kernel.

Sham — Schliither
equation = Ay,

SF __ . :
A =21X 12

2z

w = Voo + Voo X00V00

G XC
wr =w+ f
w' =w— %

start here

Gxs
+

X00 = XKS T Uxc, fxm

xks (o5 + voo) Xoo <

- in some approximation
Xzz = XKS T+ XKSf 2 X2z

like LDA, GGA...

Figure 5.21.: Approximated Hedin cycle for a NM system applying the approximation shown in Fig.
5.13. The self-energy contains the well known Gw term and an additional term representing the
magnetic fluctuations. The latter contribution originates from vertex corrections and contains the
effective interaction given in Eq. (5.44). The change of the exact self-energy containing the vertex
function was necessary in order to include the magnetic fluctuations within one cycle of the Hedin
equations. Due to this rewriting the loop may end after one iteration in the SSEq leading to an
approximation for A*¢.

5.6. Summary

In this chapter the exact expression for the electronic self-energy provided by the Hedin equations
for superconductors has been rewritten. This step was necessary because a treatment of the exact
equations is not feasible. The derivation is based on MBPT and involves several approximations (Sec.
5.4.1) of which the assumption in Eq. (5.22) is the least obvious one. The final result is a self-energy
containing two separate terms:
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1. The well known Gw contribution [Eq. (5.45)]. This term includes the charge fluctuations and
screened Coulomb interaction.

2. An additional term originating from vertex corrections [Eq. (5.43)]. This term contains the
magnetic response function and is of the same complexity like the Gw term. The (magnetic)
response function can be calculated very efficiently using LRDFT and it is possible to compute
the new self-energy contribution for real materials.

The equations have been derived allowing for a collinear magnetic state, but the special case of a
non-magnetic system will be the relevant one in the context of SC. In the next chapter the proposed
self-energy will be used to construct a SCDFT functional using the Sham-Schliiter connection.
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6. The SCDFT Functional Containing
Spin-Fluctuations

This chapter consists of two parts. In the first part (Sec. 6.1), the functional containing the SF is
constructed. The starting point for the derivation is the approximation to the self-energy (Fig. 6.1)
which contains the effective interaction mediated by paramagnons, the screened Coulomb interaction
and the phononic contribution [Egs. (5.41), (5.48) and (6.8) |. This self-energy is then used in the
SSEq discussed in Sec. 4.4 to construct a functional AX = A*¢[p, x]. One advantage of SCDFT is
that the involved Matsubara summation can be worked out analytically. The derivation is in analogy
to the previous derivations containing only the Coulomb and phonon term in the work of A. Sanna
[110]. The final result is a gap equation shown at the end of Sec. 6.1, where the magnetic fluctuations
simply appear as an extra term in the gap equation compared to the old framework [110].

In the second part of the chapter (from Sec. 6.2 on), numerical tests with the new functional are
performed. Since the interaction created by the magnetic fluctuations is strictly repulsive, a multi-
band system with changing sign of the gap function is necessary to find a superconducting solution.
The different form of the phonon, Coulomb and magnetic contribution in momentum space, lead to
interesting differences in how the three contributions affect the critical temperature and the shape of
the gap function. In the next chapter the functional is applied to the FeSC.

6.1. Construction of the Functional

The XC-potential is constructed starting from the SSEq [Egs. (4.21)]. The standard phonon terms are
left out in the discussion for simplicity and but will be put back in the end. Without the phonon part
the SSEq reads:

0= ;Z eiwn0+éKs [2—3 _ @xc] G = Zemnwéxs [(E_JSF + ECF) _ @xc] a.

Wn

For a NM system the contributions to the self-energy and XC-potential reduce to [Egs. (5.43) and
appendix DJ:
2 — T = * — 7 50102 [QDASF - wG] G*® _5—0102 [wF + aCASF] FXs
xc — 01y [WF A+ ac AST] st 8oy 0y [aDAST — wE] Gxst

- < (Salaz?ﬁxc (S—UlcrzAXC*) ' (61)

C C
O— iy A Oy 0y UF

The ac and ap are %, but it is easier to keep track of the various factors of %,7‘(‘, ect., if symbols
are used. In order to invert the SSEq for the XC-potential, two approximations are necessary: (1)
The full Green’s function on the right hand side is approximated with the non-interacting one and
(2) the contribution %5* — 9X° is neglected. The first approximation is known as linearization of the
Sham-Schliiter equation and is found by requiring a stationary Klein functional with respect to the
GF [109]. The second approximation is motivated by the fact that the Gw and XC-potential both
add correlation effects to the Hartree system. This argumentation has been suggested by A. Sanna
[110] and is much more transparent than the transformation given by M. Marques, in which a constant
v™ in Bloch representation is assumed [73]. Applying these approximations, the SSEq contains only
known quantities and can be inverted to obtain the A*¢. The 12 component of the equation related to
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the anomalous density [Eq. (4.23)] is used for this step:

1 . _ _ _
— Z Z iwn0* A d3rsd®ry [GIT((; (rirsw,) 7., (rargw,) G?i (r4r2wn)] o

Wn 0304

n0+ 11 21 X
,3 Z Z w GTU3EU3U4 U4$ + FT03 (20304 - 5‘73*04A C) F04i

Wp 0304

0304 0304~ 04l

GTog (212 o 503_04Ax0*) GKST FT03222 GKST]
1 iwn 0 sl ks s (221 x S s (12 xc* st S$22 yKSt
=5 e [GUSSHFRS 4 FRS (S3] - A%) P = G5 (S12 = 4%7) G151 — prosgerst]

As a further approximation all terms higher than linear order in the gap are neglected. At this point

only explicit orders of Ay are counted and the contribution related to Ef = +4/C + |AR? in Eq.

(C.22) are not considered. This approach is useful in the derivation of a partially linearized gap
equation. Since the anomalous Green’s function [Eq. (C.22)] contains only linear and higher orders in
A, all terms like F KSE%F KS are neglected:

1 iwn 0t KSs11 1oKS KS 22 ~KST KS$12 ~KST iwn 0t AKS A xc* ~KST
0=5¢ (GSSHFS - FOSBEst - rosBest| 4 ) e graas g,
Wn, Wn
For a solid state application a transformation to a representation in Bloch states is advantageous. As
discussed in Sec. 3.2.2 the equations are transformed using the orbitals of the non-superconducting

KS system as basis functions. The transformation rules given in Eq. (C.19) are used to transform the
Green’s functions:

1 iwn 01 sv11 KS KS$22 ~Kst 512 ~KSt
= B Ze“’" [GK ZTTF — F ZJ’\LGK — GK ETxLG

B Zzewno g, (r1) GXS (kywy,) kleGKST (kown ) Yr,™ (r2) .

ki1ko wn

The gap AjY,, is assumed to be diagonal with respect to k1 and k2 in the decoupling approximation
(chapter 3). Hence, it is sufficient to obtain the k; = ko contribution form the SSEq. The element is
selected by multiplying from left and right with the operators A d®r1 (r1) and A d3ry (r2), respec-
tively:

=3 0T GRSGISTAR (k) = 37 0" [ G (ko) S (eon) — G () S (ko) | F* (eon)

(6.2)
=37 e 0TGRS () S1F (kwn) GRS (kw,) -
Wn
The first two terms related to E%T and Zﬁ lead to identical contributions [see Eq. (E.10)]:

I e ol ]
—2 ) e GRS GRSTAR = 23 > e TGS (k) S (kwn) FS (kwp)

— l Z eiwnO"'GKS (kwn) i%i (k‘wn) GKST (k:wn) ]

56



CHAPTER 6. THE SCDFT FUNCTIONAL CONTAINING SPIN-FLUCTUATIONS

6.1.1. Evaluation of Matsubara Summation

The frequency sum %an ein0" QXS (k) GRST (kwy) on the left hand side, is evaluated in the Ap-
pendix [Eq. (E.3)]. The resulting hyperbolic tangent is brought to the right hand side of the equation:

* 4E =+
AF == 2N 0T G () S (hwn) F*S (kw,)
(05 5 2" #

2Ey

iwn 0t ~KS 12 Kst
PR 2 NT ien0T GRS (3o Y S12 (ko) GRST (k)
tanh (55%) B Z ™

This expression describes A*¢ in terms of interaction matrix elements (w, A°") and the KS Green’s
function. Since the GFis determined by the solution of the KS-BdG equation [Egs. (3.26) and (C.18)]
this expression is a functional:

= A)I;C [{ula vy, El}]

and can be used in a self-consistent calculation of the KS-BdG equation given in Eq. (3.25). This
functional is not an explicit functional of the electronic density like the LDA or GGA [96, 97]. However,
XC-functionals depending on orbitals are well known form the optimized effective potential (OEP)
approach [111].

In SCDFT the summation with respect to the Matsubara frequencies can be worked out analytically
using the residue theorem. This is one of the main advantages of SCDF'T as compared to the Eliashberg
theory. In exchange for the analytic evaluation of the double Matsubara sum a single frequency integral
on the real frequency axis appears. The appearing retarded quantity on the real axis will have some
features at finite energy and the frequency integrals will converge quickly (Fig. 7.12a). The details and
the lengthy algebra of this rewriting are shown in Sec. E.1. The final results for the term G*5%; F*S
and G*°%19G*S lead to [Egs. (E.11) and (E.15)]:

* AXC*
AN — _# Z AY dwIm [apALL, (w)] X
m tanh <Tk> &
Ck’ Ck/ y I (EkEk/(.U) -1 (Ek — Ek/W)

(ExEy I'(E, — Eyw) —

([ Ek’:| ) Epw) [ B (B — Epw) — G £?

N S A M b () o0 ]

m tanh (BE’“> & B
15 (BxByw) — I (B — Bpw)] A} (6.3)

The convenient result that the SF interaction A3Y enters with the same functions I as the phonons
is related to the adiabatic approximation to the XC-kernel which does not add extra residues in the
expression [Eq. (E.9)]. The functions I(EyEpw) and I’ (EyEpw) are defined as | Eq. (E.5)]:

Ek—Ek/—w Ek—Ek/—i-w ’

Ig (B, Eyw) := —f5 (Ek) f5 (Er) bg (w)

0
—— 15 (Ey, Epw). (6.5)

I, (Ey, Epw) ==

The expression can be written in the form of a BCS like gap equation:

* e, ()
A ==ZPA = K T b

kk'

The kernels ICf (D-term) and Kf, (C-term) are found by comparison with Eq. (6.3). The kernels are
linearized, i.e. Ep = (i, but the hyperbolic function in the gap equation is still evaluated at Fj. This
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6.1. CONSTRUCTION OF THE FUNCTIONAL

is the well known partial linearization of the gap equation |27, 110]|. This linearization ensures that the
relevant nonlinear contributions are those of BCS type. The linearization greatly simplifies the (D)
term:

tanh <@) o 66)

xc* xc* C

kk'

~ SF
Zy = A dw [apA% () > [21/ (CrCrrw) —
7 tanh (&> k!

20m [wiy, (w) + acAfy, (w)]
7 tanh (ﬁ—g’“) tanh <@>

o ( (CrCrw) — I (G — Crw))

s (Celrw) — 15 (G — Curw)] -

The kernels are real functions and the complex conjugation of the gap function is left out from now
on in the gap equation. Also in this form the equation can be understood as a functional because the
gap can be expressed in terms of the particle and hole amplitudes and the eigenvalues [Eq. (3.26)]:

%_ A B
A

uvy _sgn [E)] Af®
2F, E; |A}<S’

2
A
2
El

(e1 — M)2

1—
Ef

= AP 4 AFC (6.7)

However, one can directly iterate the gap equation for various temperatures. The phase transition is
found by the condition A (7¢) # 0 because all the anomalous terms are linear and higher order in the

gap.

6.1.2. Inclusion of Phonons

The difference in the gap equation compared to the work of A. Sanna [110], is the absence of the
phonon contributions and of course the new terms related to the SF. The phonons have been left out
for simplicity, but are easily added to the equation now. The frequency dependence of the free phonon
propagator is known (see Sec. 3.3):

D aireqs (wn) = <T [(i)hou (1) (i)AQQQ (72)] >wm - <(i)>\1q1> <(i)>\2(m>

2w
- _6>\1>\25Q1Q2 Ago dwﬁé (w - Q>\1Q1) = 6>\1>\25Q1Q2D>\1q1 (wn) .
wr +w

The term <<f' A1q1> <‘i>>\2q2> is useful in the equations of motion for the full phonon propagator [76].

The contraction of two electron-phonon coupling terms [Eq. (3.29)] leads to an effective interaction
mediated by the phonons:

Ph kk’
kb (Wn) E ‘9

Daq ) = - AF dog 3| [sw-o9  ©9

=APh (kk/w)

The gl/{g are the electron-phonon coupling matrix elements and the interaction related to the phonons

is attractive: AP® (kk'w) < 0. The interaction is identical for all components of the Green’s function
and it is simple to extend the self-energy given in Eq. (6.1) by a phonon term:

5010_2aDASFGKS _5_0102 [wF + acASF} XS

Y =77 _ AP
T <_5_0102 [wF + acASF] FKST 50_10_2CLDASFGKST ) G
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The analytic Matsubara summation leads also for the phonon contribution to the same function I [Eq.

(E.4)]:
tanh <@)
AJe = =N (k) 20 = ) Ky ——5p—— T
k/
am [apASh (w)] — A (@)
7 tanh (%)

ZP=> A dw
kl

[2% (Ges Crw) = Clk (Lg (Ck» Corw) — 13 (G — Ck/w))}
Jm [wi (w) + acAy ()] + AL (w)
7 tanh (%) tanh (@)

In the work of M. Marques [73], two changes of the D-term are suggested: (1) A particle-hole symmetric
form for 277 — Cik (I — Ig) is used (2) a factor of § is introduced. The first change is necessary due to a

}Clgk’ = 2A80 dw [IB (Ck) (k’w) - Iﬂ (Cka *Ck/W)] :

divergence of the k&’ summation in the anti-symmetric part. The divergence appears only if k averaged
interactions like an a?F [Eq. (6.15)] are used instead of the fully k& dependent matrix elements. The
second approximation is done because for the conventional superconductors the critical temperatures
are systematically underestimated by SCDFT.

6.1.3. Final Expression
Applying these approximations, the gap equation reads:

tanh (—’ng" )
XC

XC __ XC C
1 m [apAy, (w)] — AL} (w) d
Zy == Aydw —J T (G Gprw) (6.10)
Q ; 2 tanh (6%) dCx
2 /3' F , ASF, Aph/
KS, = . AZ dw m [wkk (w) + acAfy (W)] + Aby (w) T (G Corw) (6.11)

tanh (’8—5") tanh <%)

J5 (Crs Guw) = Ig (Ch, Grw) £ 15 (Gy —Crrw) -

The contributions in the kernels Z” and Kf)., represent different physical processes due to bosonic
QP in the system:

1. The A}}, (w) term describes pairing between electrons due to phonons. The interaction is attrac-
tive: A}}, (w) < 0.

2. The wy,, (w) term is the scattering of electrons due to Coulomb interaction. The bare Coulomb
interaction is reduced by intermediate scattering processes (screening) w = wve ' [Eq. (4.12)].
Plasmons may also enter via this term.

3. The last term A}, (w) contains basically the magnetic response function x.. and hence becomes
important, if the system is close to a magnetic phase transition. In such a case the response
function features sharp excitations which represent paramagnons.

The last two terms originate both from the bare Coulomb interaction and are repulsive'*

Jm[AZ) (w)] > 0 and Jm [wig (w)] > 0

MThis is not obvious and is a results for all k£ and k" in the calculation for the FeSC.
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for w > 0 [the spectral function swaps sign at w = 0, see Eq. (B.8)]. The final result is very intuitive and
includes the magnetic fluctuations with an explicit contribution on the same footing as the phonons
and charge fluctuations. In the next section the solutions of the gap equation are discussed. In Fig.
6.1 the three contribution in the self-energy used in the construction of the A¥¢ are shown.

Phonon COLIlOIIlb S])in — Fhl(ﬁtll&ti()lls

Pl SF
/\ l rlervwn rlerWWH /\ (r11r27wn)

Figure 6.1.: Final approximation to the self-energy containing the phonon, Coulomb and SF contri-
bution. The A™, w and A®" are given in Eq. (6.16), (5.48) and (5.44), respectively. The screened
Coulomb and effective interaction are renormalized quantities which is indicated by a double line.

6.2. Discussion of the Gap Equation for two Bands

Before turning to calculations, it is instructive to analyze the solutions of the gap equation [Eq.
(6.9)]. One possible solution is always the trivial solution (A; = 0) which means the system is not
superconducting. Any different solution will be highly peaked around the Fermi energy. The reasons
for this behavior are: (1) scattering elements are largest for k£ and &’ with similar band energies. Due
to the Pauli principle scattering is possible from full<»empty states leading for low temperature to

large scattering at the Fermi level and (2) the h[ ] becomes large for small x i.e. € — p close to zero.

Whether or not a non-trivial solution is found depends on the topology of the Fermi surface (entering
the function I in the gap equation) and the values of the interaction matrix elements.

In case a non-zero solution is found, two situations are possible: The gap Ay has the same symmetry
like the underlying Fermi surface or it has a lower symmetry. These two disjunct cases lead to the
most general definition of conventional and unconventional'® SC [16]:

Conventional SC are systems where the gap function at the Fermi level contains a global phase
which is set to one i.e.: Ap = ' |A| "= |Ag| with k = k.

Unconventional SC are systems where Ay at the Fermi level contains a k dependent phase: Ay =
k) |Ag| with k = k.

Note that these definitions do not imply any kind of pairing mechanism. However, in the literature
the terms conventional and unconventional are mostly used in a less strict way: In general all systems
which are well described by a phononic pairing mechanism and moderate T; are called conventional
and the rest unconventional. Before the two types of superconductivity are discussed, it is necessary
to investigate the signs of the functions appearing in the kernels Z,? and Z,gg,. For w > 0 and all E}
and [, the inequalities

Iﬁ (Ek,Ek/7LL)) —Iﬂ (Ek7—Ek/,W) > tanh(@) 0 Ié (ClﬁCk’aw) +Ié (Clﬁ_Ck”w)
tanh (@) tanh <6E’“/> B 2B B tanh (6—5’“) B

hold [see Eqgs. (6.4) and (6.5) for the definitions of I and I’]. Hence, the signs of the kernels are

determined by the sign of the interactions. The phonon contributions are attractive, whereas the

Coulomb and SF terms are repulsive. Strictly positive kernels D,lzh’SF’c and C,S;;SF’C are introduced for

5Tn this work a restriction to systems without currents is made. This implies Vi (k) = 0 and the phase ¢ (k) is either
0 or 7 leading to a real gap function with a sign change.
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CHAPTER 6. THE SCDFT FUNCTIONAL CONTAINING SPIN-FLUCTUATIONS

the different contributions in Ky, and Z;” [Egs. (6.11) and (6.10)| The label Ph indicates the phonon,
SF the spin-fluctuations and C the screened Coulomb contribution. The sign of the contributions
appears now explicitly in the gap equation:

K= = (D +DF) A (k) + ) (Ch — Chiv — i) AF
k,l

First, a conventional superconductor is considered. This means that the phase of the gap is the same
for all £ on the Fermi surface and without loss of generality it is set to +1. Such a symmetry of the gap
is called s-symmetry. Other possible symmetries are discussed in detail in section C.3 and the allowed
gap symmetries in a tetragonal structure are shown in Fig. 7.9. In order to find a non-trivial solution,
the left hand side of the gap equation has to be positive. The diagonal contributions, Coulomb and
SFE contributions are all negative pushing towards the trivial solution and the phonon term alone must
compensate all the negative contributions:

Xc Ph SF XC § : SF C XC 2 : Ph A XC
it k' k'
positive
negative positive

Note that the SF are reducing the critical temperature for a gap with s-symmetry. An example of a
system where the strong SF suppress SC is Palladium [19, 112]. This was already pointed out 1966 by
Berk and Schrieffer and in their paper they estimate the effect of a T-matrix self-energy on the critical
temperature [19]. Calculations in the cuprates or iron based superconductors using an s-symmetry for
the gap and neglecting the SF predict very small critical temperatures or no phase transition at all
[74, 7]. In other words, the phonon contributions are too small to explain the large critical temperature
in these compounds. Hence, the phonon contributions are left out for the further discussion and the
gap equation becomes more simple:

AR = ~DEA (R) — S (€ + Cii) AF
k/

positive

negative

It is obvious that this equation can only lead to the trivial solution, unless there is a sign change
of the gap on the Fermi surface. This means that superconductors based on a low energy repulsive
pairing are unconventional by definition. For the present analysis a very simple two-dimensional Fermi
surface with two well separated bands is considered:

1. One band around the I' point with a positive sign (+) of the gap function.

2. The other band around the M point [qy = (g, ~, 0)] with a negative sign (—).
This example is similar to the situation in the FeSC with their tetragonal unit cell and two groups of
bands at the Fermi level (the results for the FeSC are presented in Sec. 7). A principle picture of such
a Fermi surface is shown in Fig. 6.2 and Mazin proposed the name si for a symmetry like this [113].
For an analysis of the possible solutions to the gap equation it is sufficient to replace the k quantum
number with a (4) if k is close to I" and with a (—) if the k£ was close to qu:

N = DAY (O, 4 00,) AT 4 (O 40 ) A (6.12)
positive neg::tive po;igive

First, the contribution of the screened Coulomb interaction is analyzed in more detail. Assume the
magnetic fluctuations (y,, =~ 0) are weak in the system which leads to a negligible D" and C®" and
only Coulomb contributions are present in the gap equation:

xXc c xc c XC
AY = —C{LAY +CY|AY. (6.13)
—~—
positive negative positive
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Coulomb Spin-Fluc.

Figure 6.2.: Contribution to the gap equation due to the Coulomb interaction (left) and SF (right).
Red are contributions destroying superconductivity and green contributions pushing towards the
non-trivial solution of the gap equations.

The C$% corresponds to small momentum transfer and the C$° to large transfer around |qu|. The
adiabatic and local approximation for the XC-kernel does not depend on the momentum transfer (Sec.
B.4) and will cancel for a gap containing a sign change. Hence, the kernel in wy,, in Eq. (5.47) is
neglected from now on and wy,, is just the screened Coulomb interaction. The Coulomb interaction
is isotropic in k space and becomes weaker for larger momentum transfer. This can be seen, by
the Thomas Fermi interaction which is a simple and static approximation to the screened Coulomb
interaction [Eq. (E.12)]:

a7

k—-kK)~ — —
v ek~ L e,

(6.14)

Hence, the negative CETI is larger than the Cgi‘ﬂ and the trivial solution will be found (see left hand

side of Fig. 6.2). Due to its structure in momentum space, the Thomas-Fermi Coulomb contributions
cannot lead to superconductivity in the s+ symmetry. This may change close to an instability to a
charge density wave, where the full wyy (w) features peaks at low energy.

The situation changes, if the system features strong magnetic fluctuations. The fluctuations have to
be low lying in energy (the function Ig (Ej, Epw) goes to zero for w — oo) and strongly peaked for
specific momenta. To be more specific, the fluctuations must support a scattering between the parts
of the Fermi surface with different sign:

SF __
kk" —

large for kk’ =+ —  (interband)
small for kk’ =+ + (intraband).

If the fluctuations lead to such a form of the kernel, the positive contributions in Eq. (6.12) can overcome
the negative ones. Note once more that the sign change of the pairing potential is essential to get
a non-trivial solution of the gap equation. If the system is close to a magnetic phase transition, the
magnetic response function features precisely strong fluctuations for discrete momenta at low energies
which makes this scenario very plausible.

This section concludes with an introduction of an effective coupling related to the SF. The standard
Eliasberg function o F is the averaged phonon interaction at the Fermi level and the effective coupling
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is just the frequency integral of this quantity:

a’F (w) = Nl(u) % ; ‘g’jﬁ’f 5 (w—Qqr) 0 (e — 1) 8 (e — 1) (6.15)
AP =2 AS° de. (6.16)

The corresponding quantities for the SF are found by comparing Egs. (6.11), (6.15) and (6.16). In
analogy to the phonon case the equations read:

P (w) = Ntu)c;c Z Jm [A% (kK'w)] 6 (e — 1) 6 (ep — 1)
kk'
A — 2 Az dw (@), (6.17)

A dimensional analysis of the averaged isotropic interaction shows that the object is dimensionless:

My (B, E'\)] = [ngs)] ST [M (k)] 6 (B — )] [5 (' — a)]

kk’
1 1 1
tat
states " Ryd Ryd

and all effective coupling constants are positive real numbers.

6.3. Model Calculation

6.3.1. Comparison to Conventional Systems

For the conventional superconductors driven by an attractive phonon interaction, the critical tem-
perature is well captured by the McMillan formula [114]. The original expression is found by fitting
the critical temperature as a function of the phonon coupling strength AP, characteristic phonon fre-
quency and effective Coulomb repulsion p* [115, 116]. For the calculation of the critical temperature
the Eliashberg theory theory is used. Later, the fitting procedure was reanalyzed by Allen and Dynes
and a more sophisticated fitting function was proposed [117]. With the more sophisticated fitting func-
tion also the large coupling limit (A™* > 1.5) is well captured. For the characteristic phonon frequency
a logarithmic weight is introduced putting a larger weight to smaller frequencies:

2 a’F (w)

WLog = €XP (6.18)
From the analytic expression for the 7, the following limiting cases are found for the critical tempera-
ture:

1
e For small coupling the T, depends exponentially on A¥*: T, oc e 3PE,
e In the large coupling limit the critical temperature grows with v/ APh.
e The T¢ is linear in the average phonon frequency @y,.

The question now arises how the unconventional SC based on a repulsive interaction behaves as a
function of coupling strength and characteristic frequency. In Sec. (E.3.1) a fully linearized and isotropic
form of the gap equation is discussed. In this section this equation is solved. For a first investigation,
the Coulomb and phonon parts are neglected. This means only the repulsive interaction related to
magnetic excitations is present. For this purely repulsive interaction a sign change of the gap function
is mandatory to find a non-zero solution in the gap equation. For the calculation two bands labeled
with 4+ and — corresponding to the sign of the gap function are considered at the Fermi level.
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SF Interaction A, (w)
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-004  -0.02 0.02 0.04 0 0.0

Figure 6.3.: (left) Model isotropic interaction related to the SF given in Eq. (6.19) and model density
of states representing the two bands around the I' and M point. All energies are in Rydberg.
(right) SCDFT calculation of the critical temperature as a function of the coupling strength A" and
characteristic frequency w using the model interaction and density of states. The green lines are iso
lines for T, = 10 K and 50 K, the red dotes indicate calculated points and the surface is a fit using
the function given in Eq. (6.20). The blue dots are a guide for the eye sitting on top of the surface.

It is assumed that the system is close to an anti ferro magnetic (AFM) instability which leads to
strong fluctuations (paramagnons) for a finite momentum vector qc. It is assumed that the fluctuations
are weak for other vectors and that the two bands at the Fermi level are nested by q. (Fig. 6.2). In such
a situation the isotropic effective interaction is small for intraband scattering (A, ~ 0) and peaked
for interband scattering ( i&) This situation is modeled by a simple parabola centered around a
characteristic frequency @:

- c

2
N, (E') [1_ (w—wfg) ] if w—w|<cyandI#J

Cc2

A} (EE'w) = (6.19)

0 elsewhere.

The width ¢ is fixed to a value of 0.01 Ryd and the density of states (DOS) of the two sets NV, (E)
is modeled by two Gaussian peaks around the Fermi energy (left side of Fig. 6.3). The peak height
c1 is determined by requiring a value for the effective coupling strength A5F [Eq. (6.17)]. On the right
hand side of Fig. 6.3, the critical temperature as a function of @ and A" is shown. The red dots are
the solution of the fully linearized gap equation together with a fitting function f. The function f is
designed to reproduce the limits imposed by the fit to the conventional superconductors:

A
FOSD) =@ |© (NF — Ag) e 3F + 0 (A3 — A7) /BINF — By . (6.20)

The parameters B; and Bs are chosen to get a continuous and smooth function at the crossover
AF = A3. The remaining parameters {A;, Ay, A3} are found by fitting to the calculated points. For
large ASF the calculated T, shows a systematic deviation form the linear behavior in @. For smaller
coupling (below 1) this is not the case and it can be seen that the overall agreement between the fit and
the calculation is reasonable. This means that the two band system with a sign changing gap function
and a purely repulsive interaction behaves identical to the conventional case with a single band and
an attractive interaction created by phonons. This result is not accidental because the sign change of
the gap leads effectively to an attractive interaction between the two bands.

The Ajs gives the crossover between the square-root and exponential dependence i.e. between the
high and weak coupling limit. A value for A3 around 0.5 is found which is smaller then the value for
a single band conventional (i.e. phonon driven) superconductors.
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In the plot also two green iso lines are drawn which mark 7T, = 10 K and 50 K, respectively. The
critical temperature for the iron based superconductors lies in this regime. Experiments indicate (Tab.
1.1) that the paramagnon have a very low characteristic energies @ of ~ 10 meV = 7 -10~* Ryd.
The model calculations imply a effective couplings above 0.5 for this @ in order to reproduce the
experimental T,. In this regime the critical temperature depends exponentially on the coupling and
the critical temperature will depend strongly on the size of the effective interaction.

6.3.2. Interplay between Spin-Fluctuations, Phonons and Coulomb Contributions

In the previous section a model calculation containing two bands at the Fermi level and the SF in-
teraction has been presented. In this section the interplay between the Coulomb, spin and phonon
contributions in a two band system is investigated. Different shapes in frequency space are considered
for the phonon and spin interaction contribution (Fig. 6.4a). But the dependence on E and E’ is
neglected like in Eq. (6.19) which is a valid approximation due to the small characteristic magnon or
phonon frequencies. The function I (FE'w) given in Eq. (6.4) becomes small for £ > w and w is
limited by the QP energy. As in the previous section, it is assumed that the bands at the Fermi level
are separated by some finite vector q. and only off diagonal elements are considered for the SF term.

For the Coulomb contribution the situation is different. The characteristic frequencies are not small
and it is assumed that the Coulomb contribution is flat in frequency space and the dependence with
respect to w is neglected. Since the Coulomb interaction decays like é, the contribution for small
momentum transfer (intraband) are usually larger then the interband contribution corresponding to
k — k' &~ q.. For higher energies away from the Fermi level the contributions become equal. This
situation is modeled by the following expression:

N, (E") (Uo + Ule—“(E2+E'2)> if [ =J

(6.21)
N, (E") Uy if T J.

w;, (EE') = {

The N; (E) is the density of states of the band I and originates from the averaging process of the
interaction Eq. (E.19). In the beginning the Phonon contribution are neglected which implies a gap
with different sign on the two bands. Like in the previous section the gap function is labeled as A; (E)
and [ is either + or —. Note that the sign changing two band system is a special case: For a symmetric
DOS Ny (E) = N_ (F) and a symmetric gap function i.e. Ay (F) = —A_ (E) the constant Coulomb
term Uy cancels out completely in the C-term [Eq. (E.21)]:

UoN+ (E) UoN_(E)\ (As (E)) Ny (E)A, (E) + N_ (E)A_ (E)
Adk <UENI (E) UN_ (E)) <Af (E)) =UoAdb <NI (E)A, (E)+ N (E)A. (E)>

Uo AdE [Ny (E) A4 (E) + Ny (—E)A_(E)] = Uy AdE [Ny (E) Ay (E) — N+ (E) Ay (E)] =0
and the Coulomb interaction for a symmetric system reduces effectively to:

Ny (B Uye = (EFE?) jp 1= g

w;, (EE'") = {0 €10 (6.22)

The parameter space for a calculation containing three independent model calculation is very large.
For reasons of simplicity, in the beginning a flat DOS Ny (E) = N_ (F) = const. is assumed. The fully
linearized equation introduced in Sec. E.3.1 is solved. As discussed in the previous section, the critical
temperature is increasing with the characteristic frequency w of the SF and the effective coupling
strength AF. These trends are not reinvestigated here and A5 is fixed to 1.2. and @ to 0.01 Ryd. For
the Coulomb interaction N (€x) Uy a value of 0.2 is used and Uj is set to % The critical temperature
and gap structure is not influenced by different shapes of the SF interaction (left side of Fig. 6.4a).
The relevant quantity is the characteristic frequency w. With increasing w the critical temperature
becomes larger and the gap becomes broader.

65



6.3. MODEL CALCULATION
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Figure 6.4.: (left) Density of states considered in the model calculation. (right) Gap symmetry for a
flat DOS and different values for the parameter x determining the decay of the Coulomb interaction
in Eq. (6.22)

The parameter £ in Eq. (6.22) can be used to control the Coulomb interaction: If k is large the
Coulomb interaction decays very quickly. In Fig. 6.4a the gap as a function of x is plotted. Since the
gap is totally symmetric A; (E) = A; (—F) and Ay (E) = —A_ (E) only the positive branch Ay (E) is
shown. The gap shows the typical form being constant close to the Fermi level, followed by a extremum
and a decay for larger energies [110]. For large k the results are identical to a calculation neglecting
the Coulomb interaction completely. By decreasing the value of k the Coulomb contribution starts
to influence the results. The critical temperature goes down, due to repulsion within one band |[Eq.
(6.13)] and the gap starts to show dips. The dips indicate the regime, where the Coulomb interaction
competes with the SF. For x < 1 the Coulomb contribution are strong enough to flip the sign of the
gap function for certain energies. The sign change of the gap function at higher energies reduces the
effect related to the repulsive Coulomb term in the gap equation [Eq. (6.13)] . Effectively, the Coulomb
contribution on the full energy scale may be mapped to a reduced effective Coulomb term on a smaller
energy scale due to the sign change of the gap function. Hence, the sign change of the gap function is
referred to as Coulomb renormalization [86]. Note that the sign change of the gap happens far away
from the Fermi level and is compatible with conventional and unconventional SC defined in Sec. 6.2.

However, for k = 4 the Coulomb contribution still decays faster in energy, than the SF term which
leads to one more sign change in the large energy regime (magenta line in Fig. 6.4a). If the x is decreased
further the Coulomb contribution dominate also in the large energy range and the gap changes sign
only once. Note that the critical temperature converges quickly with respect to x. This indicates that
the Coulomb interaction influences the critical temperature only within a small energy window in the
symmetric two band system and the sign change of the gap does not affect the critical temperature.

In a real material, the density of states is of course not flat. In order to investigate the effect of
the DOS two things are there to be done: (1) The ratio of the DOS at the Fermi level is changed i.e.
% # 1 and (2) Non-flat functions are used. The results are shown in Fig. 6.5. The tested functions
are step and square root functions which represent a two and three dimensional system, respectively
and a Gaussian peak (left hand side of Fig. .6.4a). First, the ratio is set to one and different functions
are tried. The effect on the critical temperature with respect to the used function is very small for two
band system. The smooth functions used to model the DOS, start to differ beyond the maximum of
the gap (note the logarithmic energy scale). However, the symmetry Ay (E) = —A_ (E) is broken by
the unsymmetric DOS with respect to the Fermi level.

66



CHAPTER 6. THE SCDFT FUNCTIONAL CONTAINING SPIN-FLUCTUATIONS
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Figure 6.5.: (left) Calculations for a two band system with no phonons, A" = 1.2 and Uy = 0.3. The
Kk is set to 1 in both calculations. (right) Model calculation using a single band with an attractive
Phonon and a repulsive Coulomb interaction for various DOS. The A™ is set to 1.2 and Uy to 0.3.

What seems to matter in the two band case is only the value of the Coulomb interaction at the Fermi
level. Up to now, this value is identical for the two bands: wis = wo; and wi; = woe. By changing the
ratio %ﬁz; from one, the Coulomb interaction becomes different for the two sets. This has a strong

effect on the critical temperature (green line in Fig. 6.5b) compared to the changes in the shape of the
DOS. These findings are very different from a one band system with an attractive interaction (left side
of Fig. 6.5b). In such a system the Coulomb renormalization in the large energy regime is essential
for the critical temperature. If a Gaussian DOS is used to cut away the renormalization, the T is
reduced very strongly and the 7, becomes zero for functions with a smaller width (c¢f. the change in
T. in the one and two band case). In summary it can be said that in a two band system with a sign
changing gap function the ratio of the Coulomb interaction at the Fermi level is very important, but
not the large energy tails.

Finally, a comment on the phonon contribution is made. Adding the phonons introduces a repulsive
contribution in the D-term |Eq. (6.10)] and two contributions in the C term: C4_A_ and Cy 1Ay |Eq.
(6.11)]. If the gap changes sign i.e. A_A < 0 the contribution with respect to the C term cancel and
only the repulsive term is left. This means for a system in the sign changing state a band independent
phonon contribution will reduce the critical temperature. If the phonons are further increased and
dominate the gap equation, the symmetry of the gap changes. The si state favored by the repulsive
interactions is suppressed and an sy state with A_A, > 0 is found.

6.4. Summary

In this chapter a SCDFT functional containing magnetic fluctuations along with the Coulomb and
phononic contributions has been derived |[Eq. (6.9)]. The functional has been applied to a model
system with two bands at the Fermi level. The critical temperature is sensitive to the characteristic
frequency of the magnetic fluctuation and effective coupling strength provided by the paramagnons.
The T, follows the trends implied by Eliashberg theory (Fig. 6.3). In contrast to the one band system,
only a small energy range around the Fermi level of the Coulomb interaction is important for the
critical temperature (Fig. 6.5). However, the results are sensitive to the parameters of the model like
DOS at the Fermi level, Coulomb repulsion, A5F, A" ect.. In the next section all these parameters
will be calculated form first principles for two representatives of the iron based superconductors and a
SCDFT calculation will be performed for the two compounds.
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7. Results — Fe Bases Superconductors

In the previous chapters a functional containing SEF has been derived. The derivation was based on
MBPT Sec. 4 and 5. The MBPT is connected to the DFT framework using the SSEq. This procedure
leads to a universal functional in Sec. 6.1. The ground state properties enter the functional via the KS
energies (i and the excitations are included via the linear response function [Eq. (E.17)].

After the general derivation and model calculation it is essential to check the functional in real
materials. Like discussed in the introduction (chapter 1), the iron based superconductors are the
perfect candidate to test the functional for two reasons: (1) There is strong experimental evidence
for a connection between magnetic fluctuations and superconductivity [118] and (2) the ground state
does not involve complicated Mott physics as in the cuprates [11]. However, even in the FeSC the
determination of the correct electronic ground state is problematic (see Sec. 7.2).

122 Family — CaFe,As,

1111 Family — LaOFeAs

111 Family — LiFeAs
11 Family — FeSe

Figure 7.1.: Representatives of the four structural families of iron based superconductors. The unit
cell of CaFegAsy (122 family) is non-tetragonal indicated by the third unit cell vector point in the
(5,5, 5) direction.

The FeSC split into four main strcutural families, the so called 11, 111 122 and 1111 family |75].
The building blocks in all groups are layers composed of a Fe square lattice, where each Fe atom is
surrounded by a tetragonal of Se or As atoms (Fig. 7.1). The various families are created by putting
different spatial layers between the building blocks. The simplest family (11) is created by simply
using no spatial layer at all [9]. For the 111 family light alkali metals like lithium or sodium are used
as spatial layers [119, 120]. The unit cells become more and more complicated with increasing the
number of different layers. Also the 122 family has only one spatial layer for example Ca,Sr or Ba, but
the layer is rotated by 90° form one iron layer to the next one. In the last important group (1111) two
spatial layers are present consisting for example of lanthanum and oxygen. There are more complicated
structures like the 32522 family which are left here for simplicity [75].

The electronic structure close to the Fermi level is mainly given by the d states of the iron atoms

69



FeSe T, =8K LiFeAs T, = 18K

CaFesAs, T, = 10K

LaOFeAs T, = 26K

\ ‘
E '
a

02

2n
o]

IS
N

ol

>

x
c

ol

2
a

N

)
o

N

1N

1N

o 1N
o]

1N

N

0271

a

0

o[

0

o[
o

Figure 7.2.: Fermi surface of: FeSe , LiFeAs, CaFesAss and LaOFeAs representing the 11, 111, 122,
1111 family of the iron based superconductors, respectively. The Fermi surface has been calculated
in the non-magnetic phase with an all electron linear augmented plane wave code [125].

and hence the Fermi surface is rather similar in all the materials [13]: There are one or two electron
bands crossing the Fermi energy around the M-point (7,7, 0) and two or three hole bands crossing the
Fermi level near the I'-point. The Fermi surface corresponding to these bands is shown in Fig. 7.2. For
most materials the topology is two-dimensional with two “barrels” centered around the I' and M point.
In the Li compound small electron “pockets” around the I'-point are present. These theoretical results
are in reasonable agreement with angle resolved photon emission spectroscopy (ARPES) experiments

[121, 122, 123, 124].

P The chapter focuses on two representatives of the

o 9T FeSe iron based superconductors: FeSe (11 family) and

30 & o LiFeAs (111 family). FeSe and LiFeAs are both NM

_ ./' ® metals at room temperature |9, 121]. By reducing the
< 20 ../" 2\\9 temperature both materials become superconducting
= F ARl - ., o | With critical temperatures of 9 and 18 K, respectively.
10 o LiFe As: ~~~~~~~~ - . | However, the dependence on pressure is different in the

e T - ' two materials. In FeSe the critical temperature rises

with pressure and a maximum of T, = 36.7 K is found

%00 0.5 1.0 at 8.9 GPa. The increase of the critical temperature
P/Pax in FeSe is accompanied by enhanced SF [21]. This

points towards a connection between spin fluctuations
and the critical temperature. For larger pressures the
critical temperature starts to decrease up to a phase
transition to the hexagonal structure. At the struc-

Figure 7.3.: Experimental critical temperature
as a function of pressure [9, 126]. Ppax is

9 GPa for LiFeAs and 18 GPa for FeSe.

tural phase transition superconductivity vanishes [9].

In LiFeAs on the other hand, the critical temperature reduces with pressure. The decay in T, is

measured for pressures up to 2 GPa and a decay rate between —1.5 % and —2.0 % depending on
the sample quality is found [37, 127, 126]. The experimentalists explain the negative decay rate with
the small size of the lithium atom. This atom creates chemical pressure which results in the small
lattice parameters of LiFeAs compared to the 122 and 1111 compound. However, the 11 compounds
for example FeSe has an even smaller unit cell and show a different temperature behavior with respect
to pressure. A comparison of the critical temperature as a function of pressure is shown in Fig. 7.3. In
this figure the pressure is normalized by the maximum value investigated in this work which is 18 GPa
for FeSe and 9 GPa for LiFeAs.
This chapter features a complete study of the two compounds with respect to pressure and has the
following outline: First the ground state results are presented (Sec. 7.1). Unfortunately, the magnetic
ground state is not predicted correctly by the DFT calculation within all known functionals. In Sec.
7.2 this problem is discussed and a simple solution is suggested. In the last part of this chapter the
excitations and SCDFT calculations are presented and discussed (Secs. 7.3 and 7.4).
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P FeSe P LiFeAs
(GPa) a ‘ c ‘ ZFe-Se ‘ MFe (GPa) a ‘ c ‘ ZFe-As ‘ RFe-Li ‘ MFe
0 [7.09]10.37 [ 4.395 [ 2.20 0 [7.12]11.99 [ 4.475 [ 5.2855 | 1.89
6 |6.88 | 9.65 | 4.338 | 1.64 1 [ 7.00]11.91 | 4467 | 5.267 | 1.85
12 677 ] 952 | 4.318 | 1.45 3 [7.02]11.78 | 4.452 | 5.330 | 1.79
18®) 1 6.73 | 9.63 | 4.320 | 1.46 6 |6.94]11.59 | 4434 | 5.168 | 1.72
9 [6.87]11.44 | 4420 | 5.108 | 1.66

Table 7.1.: Results of the relaxation obtained with the experimental unit cell parameters a and c as a
function of pressure. The zpe.x is the relaxed distance between the Fe and X = {Se,As} atoms, mpe

is the magnetic moment per Fe atom and zl%gi_tX is the critical distance .

7.1. Non-Superconducting Ground State

The preliminary step before the investigation of SC is to 100

characterize and understand the non-SC ground state from N LiFeAs
which SC originates. For this purpose spin DFT calcula- .\ *"f: Lattice a Fese

tions of the electronic ground state of FeSe and LiFeAs as a s “ \\':fi';%:;;;:b.

function of pressure are performed. For FeSe pressures up to & % .‘o‘ u "”z%sg,ﬂ

18 GPa are considered and for LiFeAs the relevant pressure o \'\\_ - .
regime is smaller and a maximum value of 9 GPa is used in "‘ Lattic;c?‘k\ )
the calculation (Fig. 7.3). The effect of pressure is modeled 092 - Tl
in the ground state calculation via the edge length a and 0 6 12 18

the height of the unit cell c. The values are taken from the Pressure (GPa)

X-ray diffraction experiments performed under pressure. In
Fig. 7.4 the experimental lattice constants as a function of
pressure are shown, together with the interpolation leading
the values for a and ¢'%. In experiments no unified trends for the internal lattice parameters are found
(compare [129, 130] and [128]) and the crystal symmetry does also not require a specific value for the
distance of the Se or As atoms to the iron layer. Hence, the internal lattice positions are obtained by a
structural relaxation, and the distance between an atom X and the nearest Fe atom is labeled with
RZFe—X -

The relaxation is performed with a state of the art plane wave (PW) code [131]!7. In general the
relaxation in the magnetic cell leads to better agreement with experiment (this point is explained later).
Hence, the relaxation is done in the stripe magnetic phase. The stripe magnetic structure is shown in
Fig. 7.5 and the magnetic unit cell size is twice the chemical one. The results of the relaxation for the
two materials together with the magnetic properties are summarized in Tab. 7.1.

At all pressures for both materials a magnetic ground state is found. This is in contradiction with
the experimental results finding both materials to be NM [9, 121]. It also contradicts with the scenario
of the pairing induced by paramagnetic (PM) fluctuations related to a suppressed magnetic phase

Figure 7.4.: Unit cell parameter with re-
spect to pressure [128, 37].

16The test calculation indicate that the orthorhombic distortions do not effect the results significantly and the tetragonal
structure is used in the calculation. For FeSe at the highest pressure (18 GPa) no experimental data was available.
A calculation with a variable cell size and the minimization of the free enthalpy

OH (S, PV)

v =0

P =18 GPa
S = const.

under the pressure of 18 GPa leads the optimal unit cell volume in terms of a and c¢. The simulated points are shown
in light green in Fig. 7.4.

"The XC-potential is approximated by a norm conserving GGA functional [97] The cutoffs for the PWs and charge
density are set to 100 Ryd and 400 Ryd, respectively. Sixty bands are included per k point and a k point mesh
of 14 x 14 x 10 points is used. The calculation is stopped, if the forces acting on the atoms are below a cutoff of
5x 107° ?. It is very important to use always the same setup (like cutoffs, functional, basis set etc.) in the
calculation in order to achieve consistent results.
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discussed in the introduction (chapter 1). The magnetic ground state explains, why the relaxation in
the NM phase gives less good agreement with experiment than the relaxation considering the magnetic
state.

In principle, DFT is an exact scheme and should lead the correct ground state, so the mistake lies
(like always) in the approximation for the XC-potential. Many researchers believe [132, 133] that the
magnetic fluctuations are also essential for finding the correct ground state and the standard functionals
like LDA or GGA do not take AFM fluctuations into account [96, 97]. So one solution would be the
improvement of the existing XC—potentials in such a way that the ground state is correctly predicted.
However, the inclusion of dynamic effects in a static XC-potential is a highly non-trivial task and has
not been solved in general and is also not in this work. Simpler candidates to overcome this problem
are either dynamical mean field (DMF) or disordered local moments (DLM) [134]. The latter one has
been tried, but the energy of the DLM state does not lie below the stripe structure of all pressures.
The DMF enjoys great popularity nowadays in treating dynamical effects on a simple level [133], but
the common frameworks contain parameters and the derivation of an XC-kernel related to a DMF
ground state is not obvious [134].

In the present work a phenomenological approach is used to overcome the wrongly predicted ground
state. This approach is discussed in more detail in the next section (Sec. 7.2) and this section is closed
with a discussion of the energetic stability of the magnetic phase with respect to pressure.

Both LiFeAs and FeSe follow the general trend
that by reducing the unit cell size the tendency
for a magnetic phase is suppressed. This is seen

Checker Board Stripe
| | . | ] |

D /"v\\ by the reduction of the on site magnetic moment

I i \\I I// ‘ \\I for the two materials with respect to pressure.
) 1 y In order to investigate the stability of the stripe

v /// \\ | /,/ magnetic structure, also calculations in the NM

I ‘ I \\\ I//a and CB phase are performed (Fig. 7.5). The ener-
{ getic order of the three configurations is Egipe <

i ' V ' V FEcg < Exu. The energy difference between the

stripe and CB configuration increases in magni-
tude with pressure by %ﬁ%ﬁ? ~ —2 mRyd in

both materials. The starting value for ambient
pressure is —4.7 mRyd for FeSe and —11.0 mRyd for LiFeAs. The difference between the CB and NM
structure becomes smaller with pressure and reaches a minimum value of |Ecg — Exy| ~ 2.5 mRyd in
both materials. The change in the latter difference is stronger than the decrease between the Stripe
and CB structure which leads in total to a shirking | Fsuipe — Exu| for the two materials with respect to
pressure. The only exception from this trends is the highest pressure in FeSe, where the | Fsyipe — Ful
goes up a little bit by half a mRyd compared to 12 GPa which is also seen by a small increase in the
size of the magnetic moment. However, the energy difference for all pressures |Egipe — Enu| never
goes below ~ 9 mRyd which is quite a solid energy amount.

Figure 7.5.: The CB and stripe magnetic structure.
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7.2. A Phenomenological Connection

In order to include the effect of spin fluctuations into SCDFT we need a reliable estimation of the
magnetic response function x,,. Due to the ground state problem x,, cannot be computed straightfor-
wardly from the GGA or LDA ground state. As discussed in the previous section no proper ab-initio
tools to come across the obstacle have been developed. Therefore, a phenomenological method is used
in this work. The idea is to find an adjustable external control parameter £ to push the system in the
non-magnetic regime. Only in this phase it is possible to compute the x,, containing the paramagnons.
In Fig. 7.6 a generic cartoon of the phase space
is shown. The magnetic moment undergoes a
phase transition as a function of the control pa-
rameter. The magnetic response Y., is given
by the derivative 7% pext_o and diverges at
& = &qit- Some distance away from the transi-
tion |€ — &erit| > 0 the values are finite. The sign
of the response function is always negative, if
the KS Green’s function and density correspond- m
ing to the ground state at this £ is used in Eq.
(5.18). If not the ground state GF is used, the
static response becomes positive at the q corre-

Bext z

00

1.0

sponding to the magnetic ground state ordering ¢

vector qgg. For the stripe magnetic structure in -

the FeSC (Fig. 7.5) the qgs is qu = (=, =,0). S

The sign changes to a positive response function 20

leads to an energy gain, Figure 7.6.: Magnetic moment as a function of gg-t
and the external magnetic field.

AE =— lim lim B, (qw)-Jm[x.; (qQw)]-B; (qw) < 0

q—qags w—0

if the system is exposed to external magnetic fields matching the ground state symmetry. The energy
gain is indicating that the systems wants to go to the real ground state and static external perturbation
are sufficient to do this. Once more this is in total analogy to the phonons. The positive sign of the
response leads also to an attractive (positive) interaction related to the magnetic fluctuations [see
Eq. (5.41)]. An attractive interaction created by the Coulomb repulsion is highly unphysical and the
integral in Eq. (B.11) would diverge due to the finite value of y (w = 0).

This means a linear response calculation on top of non-ground state (for example NM state in the
FeSC) leads to wrong results. What one has to do is to adjust the external control parameter £ to
enforce the correct or desired ground state (NM) and perform a linear response calculation for this
value of &.

One candidate for the control parameter is the distance of the Se or As atom to the iron layer labeled
with zpe.se and zpe.as, respectively. The on site magnetic moment is strongly affected by the zpe.ge or
ZFe-As, @8 shown in Fig. 7.7. For sufficiently small distances the magnetic phase is suppressed for all
pressures in the considered regime and the phase transition is second order. The values for zpe.ge and
ZFe-As Obtained by the structural relaxation (dashed lines in Fig. 7.7) lie all above the critical point an
large shifts of ~ % ap from the relaxed position are necessary to obtain a non-magnetic state.
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Figure 7.7.: Magnetic moment as a function of the distance between the As or Se to the Fe atom for
the different pressures. The relaxed values are indicated as a dotted line.

But also doping, pressure or external magnetic fields are possible choices for £&. However, all these
control parameters strongly affect the underlying electronic and structural properties which will prove
to be a disadvantage in the further discussion. It is also possible to keep the ground state unchanged
and introduce the control parameter in the Dyson Eq. (5.17) for the response function:

XKS (qW)
1 —x* (qw) afX (qw)

Xzz (qw> =

The response function of LiFeAs for various «
is shown in Fig. 7.8. Due to the scaled kernel the
sign change of the response function is avoided
and y starts correctly at zero as it should in a non-
magnetic groundstate. The results are very sen-
sitive to the value of a which is well known from
early calculation of S. Doniach of the magnetic
response in the electron gas [135]. The use of the
parameter « has been suggested by 1. Mazin and
in Ref. [136, 132] arguments for the rescaling of
the kernel in a magnetic system are given. The
reduction of the XC-kernel and potential can be
connected to magnetic fluctuations. This is in
line with the picture that the absence of the fluc-
tuations in the used functionals leads to the over-
estimation of magnetism. Note that constrained
field calculations (often called fixed spin moment
calculation) enforce a vanishing moment, but the

Spectral Function

0. 0.005 0.01 0.015 0.02
w (Ryd)

Figure 7.8.: The spectral function [Eq. (B.13)| for
q = qu in LiFeAs. The dashed line indicates
20 meV which is roughly the energy of the fluc-
tuation in the non-SC phase[102]

response depends then on the external constraining field.

From the discussed control parameters, only the scaling of the kernel and the internal lattice position
ZFe-Se and zpe.As are undetermined by experiment and could be freely chosen in calculations. In this
work the scaling of the kernel is used as the control parameter in order to fix the problem of the wrongly
predicted ground state. There are two reasons for this choice: One is practical and the other one is
physical. The physical one is that the Fermi surface is in reasonable agreement with the observed
ARPES data (¢f. Fig. 7.2 and [121, 122, 123, 124]) and parameters like the zp..ge and zpe.as would
change the shape of the Fermi surface in an unphysical way. As the role of the Fermi surface is essential
in the context of superconductivity (Sec. 6.2) this should be avoided. The practical advantage is the
much lower computational work associated in a change of the parameter o compared to a change in
the internal lattice coordinates. The latter one would involve a recalculation of the ground state and
X¥%, where as a change in the scaling only requires to re-solve the Dyson equation [Eq. (5.17)].
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More important then the choice of the control parameter itself is the procedure how to fix the value
of the parameter. If one is very close to the critical value, the fluctuation strength becomes infinitely
strong, and the characteristic frequency of the fluctuations goes to zero (Fig. 7.6). In Sec. 6.3.1 an
exponential dependence of the critical temperature on the the coupling strength has been observed in
the weak coupling regime. This means that big changes in T; are created by small change in the value
of the control parameter. The dependence on the parameter means that the framework is not ab-initio
anymore. A principle solution to this problem would be a self-consistent feedback of the fluctuations,
converging to a non-magnetic ground state 5.5. Like the improvement of the ground state functional
itself, also the self-consistent treatment starting from a magnetic state and hopefully converging in a
non-magnetic state due to magnetic fluctuations is beyond the scope of this work.

The initial idea was to esti- [iFoAs
mate the value of o in order FeSe Prossire ‘ o [P] ‘ -
to reproduce the experimentally Pressure ‘ a|P] ‘ Qerit crit
observed critical temperature as 0 GPa | 0.668 | 0.686 0 GPa | 0.890 | 0.909
a first step. This leads to one 6 GPa | 0.737 | 0.755 1GPa | 0.890 | 0.924
scaling value « for each separate 12 GPa | 0.738 | 0.770 3GPa | 0.900 | 0.948
calculation i.e. 18 GPa | 0.720 | 0.765 ggiz 00'99015 ?'gil

a = « |[Material, Pressure] .
| ] Table 7.2.: Values for the rescaling of the kernel used in the calcula-

In Tab. 7.2 the value for the two tion for the effective interaction. The values are chosen to obtain
materials at each pressure are reasonable agreement with experiment.

shown. The values are all below

one, indicating that the ground state is magnetic except for LiFeAs at 9 GPa. At this point no down
scaling of the kernel is necessary to get a finite response. This seems strange because in Sec. 7.1 a
finite moment 7.e. a magnetic ground state was found. The reason for this inconsistency lies in the
usage of different codes. The response function and critical values are found using a multiple scattering
Korringa-Kohn-Rostoker (KKR)!'® code, whereas the results in the ground state section are obtained
using DF'T methods within a PW basis set. However, the tendency to magnetism is overestimated in
both approaches and the critical value for « is increasing with pressure. This implies that the magnetic
state is suppressed by pressure, with FeSe at 18 GPa being an exception of this trend. Precisely the
same results have been found with the DFT methods in the previous section.

Once the values of « are settled, it is tried to find an empirical formula to reproduce the estimated
values of . With this approach the theory would leave the field of first-principle calculations and
become semi-empirical. The information available for the empirical expression contain ground state
properties as the unit cell volume, the energy differences between the three magnetic structures, the
electronic structure in k space (DOS,nesting...), the coefficients {a;} of a fixed spin moment calculation
E = ag + aaM? + asM* + ... as well as response quantities like the aeri¢ or a fluctuation strength
A dwx,, (quwai) where the scaling value a1 < act is chosen to create an excitation energy of ~
20 meV found in experiment (Fig. 7.8).

All these quantities have been calculated and collected for the two compounds at each pressure.
Unfortunately it was not possible to find a simple correlation between some of the collected information
and the estimated values for a. The reason for this failure is most likely related to the fact that one
tries to correct the wrong ground state (no information about the fluctuations), with the information
provided by this wrong ground state. This means the scaling of the kernel stays a parameter, chosen
to reproduce the experimental results.

8Details on the KKR calculation are given in Sec. 7.3.2.
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7.3. Contributions to the SC Pairing

After the ground state results have been discussed in detail, it is time to investigate the excitations in
the system. In the gap equation [Egs. (6.11) and (6.10)] three different excitations are present:

1. The vibration modes of the nuclear lattice (Phonons.)
2. The collective excitation of the electronic spin (Paramagnons.)
3. The screening of the Coulomb interaction

All three terms are accessible via LRDFT. The results of the linear response calculation lead to fully
anisotropic interactions in k space: A (nkn'k’w). These high dimensional objects are very difficult
to investigate and the solution of the gap equation becomes very demanding. Fortunately, the Fermi
surface of the iron based superconductors is split into two sets: one group of bands around the I'-
point and the other one around the M-point (Figs. 7.2 and 7.11a). The bands around the I'-point are
merged in one band called {+} and the bands around the M-point go into the set {—}. This means
the interactions become:

A (nkn'k'w) — Ay (E,E’,w) with I,J € {+,-}.

In this approximation it is only possible to find isotropic gap structures like the sy or sy in the
irreducible representation A, (Fig. 7.9) and also the anisotropy of the gap with respect to the different
bands around I' or M is neglected [137]. Also d wave structures with nodes on the sheets of the Fermi
surface are excluded. To find such structures (like B4, Bag and Ajg4) or oscillations of the gap in k
space [138] one has to keep the isotropy in k space. However, as discussed in the Sec. C.3 there are
experimental hints in favor of a s+ symmetry and the missed d symmetries (due to the constrained
symmetry) are energetically close to the s state.

The DOS with respect to the bands is important for the averaging process and is shown in Fig. 7.10.
The region in k space close to the Fermi energy is the essential one for the averaging because this is
the region where the gap function is highly peaked and varies strongly. Since the electronic energies
change along the normal vector of the Fermi surface a very dense sampling along this direction is
necessary. The energy resolution € (k) — € (ko) should be in the regime of 1076 Ryd. This resolution
is achieved by a dense grid of random k points with uniform weights and a precise interpolation of the
electronic energies is used to obtain the € (k) at each random grid point. This integration technique
is called Metropolis algorithm [139]. It is not feasible to calculate the electronic or nuclei response on
such a dense grid and the functions are evaluated on a rougher regular q grid. In the summation of
the random grid points in the calculation of the isotropic interaction [Eq. E.19] always the closest g
is assigned to a pair of random points: ming [(k — k') — q]. In Fig. 7.11a the regular q grid and the
random grid used for the calculation of the electronic response function are shown.

7.3.1. Phonon Contributions

First the phonon contributions are discussed. For the calculation of the phononic contribution the
Sternheimer equation is solved which is the linear response equation for the nuclear degrees of freedom
[53]. The implementation within the PW code quantum espresso is used [131]. The phonons and
isotropic interaction have been calculated by A. Sanna. An ultra soft pseudo potential within the
GGA has been used [97]. For the PW a cutoff of 40 Ryd was sufficient and for the charge a ten times
larger value is used. The k and q grid for the calculation of the gl)’fg, and Qg [Eq. (6.8)] are set
to 8 x 8 x 6 and 6 X 6 x 4 in LiFeAs and to 10 x 10 x 6 and 6 x 6 x 4 in FeSe, respectively. The
averaging of the k resolved quantity involves a random grid integration and is discussed above. The
dependence with respect to E and E’ is neglected for the phonons and always the value at the Fermi
level E = E' = 0 is used in the gap equation. This is justified by the small energy w of the phononic
excitations which will induce a quick decay in the function I (E, E’,w) defined in Eq. (6.4) with respect
to larger F and FE’.
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Figure 7.9.: Possible gap symmetries for singlet pairing in the tetragonal lattice. A detailed derivation
of the groups is found in Sec. C.3. The red and blue areas indicate regions where the gap switches
sign if a symmetry operations is applied. The black lines indicate the two groups of bands at the
Fermi level.

As an example the AT} (w) at ambient pressure for FeSe and LiFeAs is shown in Fig. 7.10b. As
a function of pressure the phonon spectrum changes a little bit, but the overall structure stays the
same. The off diagonal contributions A+ (w) have almost the same form with respect to frequency
and differ only in magnitude due to a different DOS at the Fermi level. For the diagonal contribution
A4+ (w) this is not the case and the spectrum is different for the two bands. This difference is stronger
in LiFeAs, where already the Fermi surface indicates a stronger difference between the {+} and {—}
band, compared to FeSe (Fig. 7.2). The characteristic frequency wiog is larger for FeSe compared to
LiFeAs. Since the coupling strength is weighted with 1 [see Eq. (6.16)] the coupling becomes then
stronger in LiFeAs.

However, the general level of the phononic coupling is low and the average coupling strength is
around 0.1. This indicates that the phonons cannot be the essential contribution in the iron based
superconductors. Besides being too small, the phononic coupling also shows no dome like (FeSe) or
declining (LiFeAs) shape with respect to pressure which would be necessary to explain the experimental
trends in 7¢ (Fig. 7.3). This result is in line with the previous calculations of the phononic coupling in
the 1111 compound [74]. In these calculations a coupling of 0.2 was predicted, leading to a maximum
T¢ of less than one Kelvin using the Allen and Dynes Formula with p* =0 [117].

Assuming a sy symmetry in the gap equation the contribution C}" Ay pushes the system towards a
non-trivial solution, whereas the term C2% Ay fights superconductivity [Eq. (6.12)]. In order to give a
quick overview which terms enhance or destroys superconductivity the sign function sgn [A;]sgn [A ]
is added in the Fig. 7.10b to the effective interaction A}} (w). A positive value indicates a good
contribution for superconductivity and a negative value a destructive one. This convention will also
be used in all plots of all the other contribution to the gap. Note that this sign only is induced within
the gap equation and plots, but the phonon coupling is always attractive: AT% < 0 for all w,I and J.
Finally an average coupling is defined:

P > Ny (er) Arssgn [A]sgn [A]. (7.1)
1J

N (ex)

Also this quantity takes into account the sign convention discussed above. Since for the low pressure
in FeSe the average phonon coupling is stronger for interband scattering the average value becomes
negative. This is not the case for LiFeAs, where the the average value is constant at ~ +0.02 with
respect to pressure. Our results agree with the recent calculation for LiFeAs at ambient pressure done
by R.A. Jishi and D. Scalapino [140].
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(b) The effective interaction related to phonons ATH°" (w). The sign of the AY®™ (w) is given by sgn [A;]sgn [A].

FeSe LiFeAs

0 GPa | 6 GPa | 12 GPa | 18 GPa 0 GPa | 1 GPa | 3 GPa | 6 GPa | 9GPa
)\If; 0.020 | 0.081 0.059 0.054 0.081 | 0.079 | 0.081 0.083 | 0.089
Wlog | 2.367 | 1.257 2.383 2.578 1.447 | 1.474 1.508 1.593 | 1.595
)\lih_ 0.030 | 0.100 0.043 0.039 0.056 | 0.055 | 0.057 | 0.063 | 0.068
Wiog | 2.326 0.769 2.054 2.332 1.409 1.429 1.458 1.505 | 1.530
)\Ii}ﬂr 0.052 | 0.206 0.100 0.080 0.082 | 0.078 | 0.08 | 0.047 | 0.079
Wiog | 2.326 0.769 2.054 2.332 1.409 1.429 1.458 1.505 | 1.530
APE 10030 | 0.164 0.078 0.054 0.103 | 0.096 | 0.108 | 0.058 | 0.096
Wiog | 2.370 | 0.339 2.051 2.419 1.339 | 1.352 1.375 1.421 | 1.420
APD1-0.014 | -0.029 | 0.005 0.003 0.023 | 0.022 | 0.022 | 0.019 | 0.019

(c¢) Table showing the relevant effective coupling strength and logarithmic frequency defined in Eq. (6.18). The
Wiog is given in (mRyd) and A" is the average coupling value defined in Eq. (7.1).

Figure 7.10.: Overview of the phononic contribution in the FeSe and LiFeAs.
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7.3.2. Electronic Contributions

In the gap equation [Egs. (6.11) and (6.10)] a screened Coulomb term w and a SF term AS" are present.
The full density-density response function x;; is calculated with LRDFT [Eq. (5.17)]. The charge part
Xoo leads to the screening of the Coulomb interaction and the magnetic response .. the effective
interaction due to paramagnons [Egs. (4.17) and (5.41)]. The KS Green’s function is obtained using a
KKR multiple scattering code, implemented by P. Buczek, A. Ernst et. al. [56, 141] . The calculation
of the KS Green’s function G*® (r1r2kw) is done on a mesh of 20 x 20 x 20 k points and in the Atomic
Sphere Approximation (ASA) . The XC—energy is approximated by the local density approximation
[96]. The corresponding adiabatic XC-kernel is frequency-independent and local in space (Sec. B.4).
The computationally expensive part within the linear response calculation is the convolution of the
two G** in the non-interacting response. The convolution is calculated with the GF transformed to
frequency and inverse space:

X" (F1T2qw) = A dv Z G*® (Tok — qv — w) G*° (T1T2kvy) .
k

The Fourier transformation (FT) are given in Sec. B.1.2 and B.1.1 for the inverse space and time
independent Hamiltonian, respectively. The response function is evaluated on a q mesh of 20 x 20 x 1
points. The energy points on the nearly real axis are sampled by a logarithmic mesh with 25 energy
points ranging from an energy of 1075 Ryd to 0.05 Ryd. The distance to the real axis is set to
0.008 Ryd and a Padé polynom is used for the analytic continuation to the real axis. The dispersion
along the z direction has been neglected due to the two-dimensional structure of the Fermi surface and
additionally only q with |q — qr| < 7 and |q — qu| < 7 are considered because this is the area where
the bands close to the Fermi energy are located (Fig. 7.2). The radius r is shown in Fig. 7.11a as a
dashed line and in Fig. 7.12a for the path along the Brillouin zone (BZ).

In Fig. 7.11a the regular q grid and the random grid used in the calculation of the isotropic interaction
is shown. The bands around the T" point are larger in LiFeAs compared to FeSe, but all lie within
the considered radius r indicated by the dashed black line. For the figure only random grid points
with |e(k) — u| < 1073 Ryd are included and a broad set of points around one band indicates a
flat dispersion around the Fermi level. A thin line on the other hand indicates a strong dispersion.
Especially the center band around the I" point and the inner band around the M point in LiFeAs show
a flat dispersion which indicates a large effective mass. The smallest effective mass is found for the
inner band around I' in FeSe.

It is not expected that quasi particles corresponding to charge fluctuation (plasmons) are important
and provide a coupling. The theory for a plasmon coupling works in an analogous way like the
framework for the paramagnons. If the plasmonic excitations are strong for vectors connecting the two
parts with altering sign of the gap function this could lead to a coupling (see Sec. 6.2 for a discussion
on the paramagnon case). However, the excitation energies for 3D systems of the plasmons are very
high (eV range) and there is no experimental evidence for charge fluctuations at q ~ qy. Hence
the dependence with respect to w is neglected and the static RPA is used for the screened Coulomb
interaction [Eq. (E.13)].

Since, the Phonon contributions are small, the gap must involve a sign change. From the model
calculation in Sec. 6.3.2 it is known that the long Coulomb tail is not important for a two band system
with a sign changing gap. Relevant are only the Coulomb contribution at the Fermi level which are
given by the two bands {4} and {—} shown in Fig. 7.2. Hence, higher bands and k points outside
the random grid sets (Fig. 7.11a) are not considered for the Coulomb interaction and only a small
energy window given by the dispersion of the bands at the Fermi level is used. Remember that this is
only possible in a two band system with si+ symmetry, where the long isotropic Coulomb tail cancels
between the bands with different sign. The results for the Coulomb contribution are shown in Fig.
7.11. For an interaction limited to this small energy window it is reasonable to consider also an average
coupling at the Fermi level introduced for the phonon contribution in Eq. 7.1.

The Coulomb contribution are a bit larger, than the phononic ones. The values for scattering within
one band are larger compared to intraband scattering: w++ > w++. This difference is induced by
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(a) Grids for the calculation of the response function and averaging of the effective interaction. The left panel is FeSe
and the right LiFeAs at ambient pressure. The response is only calculated on a rough grid represented by the green
stars, but the summation with respect to k runs over the dense random grid (little dots for the two sets). In the
picture only random points within a small energy interval around the Fermi surface are shown.
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(b) Static screened Coulomb interaction wry (E, E’) for E = E’. Also here the same sign convention like in Fig. 7.10 is
made, but the screened Coulomb interaction is repulsive.

FeSe LiFeAs
0 GPa | 6 GPa | 12 GPa | 18 GPa 0 GPa | 1 GPa | 3 GPa | 6 GPa | 9GPa
wy4 | -0.182 | -0.175 | -0.177 -0.171 -0.162 | -0.155 | -0.138 | -0.116 | -0.110
wy_ | 0.077 | 0.069 0.068 0.076 0.093 | 0.094 | 0.086 | 0.090 | 0.097
w_y | 0.133 | 0.143 0.153 0.155 0.135 | 0.132 0.130 | 0.115 | 0.113
w__ | -0.108 | -0.093 | -0.122 -0.144 -0.138 | -0.144 | -0.130 | -0.144 | -0.161
w -0.048 | -0.036 | -0.038 | -0.032 -0.037 | -0.036 | -0.032 | -0.025 | -0.029

(¢) Table giving the value of wr; at the Fermi level and w is the average with respect to the bands.

Figure 7.11.: Overview of the grids in inverse space for the linear response calculation for the screened
Coulomb contributions.
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the larger momentum transfer necessary for scattering between the two bands [see Eq. (6.14)]. This
means the negative contribution induced by the Coulomb contribution (CEiUIA+) in the gap equation
are larger than the positive ones (C{_A_). The average Coulomb contribution taking the sign of
the bands into account becomes negative and a reduction of the critical temperature by the Coulomb
contribution is expected (Sec. 6.2). For both materials there is no strong change in the Coulomb term
with respect to pressure. Therefore, like the phonon contribution also the Coulomb terms cannot be
the reason for the experimentally observed trends of the critical temperature (Fig. 7.3).

From the three contributions only the SF remains to explain the high critical temperatures and the
dependence with respect to pressure found in the materials. The Phonon and Coulomb contributions
have been ruled out, due to the weak coupling strength and no dependence on pressure. Before the
isotropic interactions related to the magnetic fluctuations are presented and discussed an additional
approximation is made. In Fig. 7.12a the spectral function for FeSe and LiFeAs along a path in the BZ
is shown. The spectrum features strong low energy fluctuations for the vector qy. The fluctuations
are introduced by the stripe structure which is the ground state in these materials (see Sec. 7.1 for the
ground state results). Also for the other high symmetry points like qx = (%, 0, O) and qr = (0,0,0)
some (small) excitations are observed. The vector qr corresponds to a ferro magnetic structure and
2qx to the CB structure. The fluctuations at I' are stronger in FeSe compared to LiFeAs where
more excitations around the X point are found. For larger pressure the fluctuation for q # qum are
suppressed, and the qy dominates because the systems are closer to the critical point for higher
pressures.

The excitation with small momentum create the intraband (+ — %) coupling and the fluctuation
around qy are responsible for the interband scattering between the two bands(F — +). For the
Coulomb interaction the intraband contribution were larger than the interband one. This is not the
case for the SF: The intensity of the fluctuation is weaker for qr than for qy in LiFeAs and the energies
of the excitations for q # qu are much higher. Especially the high energies lead to an effective coupling
given in Eq. (6.17) which is more than 10 times larger for the interband scattering (q ~qy) than for
the intraband one(q ~qr). Hence, the diagonal elements of the effective interaction related to the SF
are neglected:

AL (EE'w) MY (EE'W) 0 A (EE'w)
IJ / _ 2z 2z ~ zZ
Az (BEw) = (A;; (EE'w) AL (EE'w)) ™ \AZ' (EEwW) 0 '

In Fig. 7.12a two ticks with a label r are shown. These indicate the range of possible vectors around
M for interband scattering, given by the two spherical sets indicated by the dashed line in Fig. 7.11a.
The radius 7 of the sets is large enough to include all the low lying excitations around the M point.
The averaging process for the isotropic interaction involves the same steps already discussed for the
Coulomb interaction and the same framework is used for the magnetic contributions. The results are
shown in Fig. 7.12b.

The shape of the interaction is different for the two materials. The difference between the considered
systems is created by the form of the magnetic response function. The adiabatic kernel is almost
constant and does not change the form of the effective interaction given by fXSx.,fXS [Eq. (5.41)]. As
in all the previous plots the terminus spectral function is used for the largest eigenvalue of the loss
tensor introduced in Eq. B.13. The spectral function at qy; is larger for LiFeAs than for FeSe and
shows a clear peak. This is also seen in the effective interaction: For LiFeAs a low energy peak is
present, whereas the contribution for FeSe is rather flat. This situation changes if pressure is applied.

The tendency to magnetism is suppressed by pressure and the critical value gt is rising. All the
values of the critical and used scaling values for each pressure and material are summarized in Tab.
7.2. For the LiFeAs compound the used values for the scaling are not increasing with pressure and are
almost constant (~ 0.9). This means the distance between the critical and the used value increases as
a function of pressure. This leads to a decay of the fluctuations with respect to pressure in LiFeAs
and only for ambient pressure a low energy peak is visible in the effective interaction due to strong
fluctuations at the M point. The characteristic frequency @ (neglecting the log weight in Eq. (6.18)]
is increasing with pressure because the main peak at qy is moving to larger values since |a — aepit| 18
increasing (Fig. 7.8)
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This is different in FeSe. In this material the scaling values are adjusted with pressure. In particular
the chosen values lead to a smaller difference | — ait| and stronger fluctuation for intermediate
pressures of 6 and 12 GPa. The enhanced fluctuations due to the smaller difference to the critical
value of the control parameter create a peak in the effective interaction. Since multiple q close to qur
are averaged in the isotropic interaction the peak is broad and at higher energy than the excitation
shown in Fig. 7.6b at precisely q = qum. A broad response function is also observed in experiment
in the non-superconducting regime [102|. For pressures above 12 GPa the scaling is not increased
anymore and as a consequence the fluctuations start to decrease due to a larger |a — arit| compared
to the intermediate pressures. This introduces the dome like structure in fluctuation strength with
respect to pressure. It should be emphasized again that the scaling function is chosen in such a way
to create the dome and decaying form of the response function in FeSe and LiFeAs, respectively.

In the Tab. 7.12¢ the effective coupling and logarithmic frequencies for the magnetic fluctuations
are presented. It becomes immediately clear, that the fluctuation are the key in the description of
the FeSC. The effective coupling strength A5 are ~ 10 times larger than the phonon contribution and
the Coulomb terms. Also the trends implied for the critical temperature can be captured by the SF
coupling. The strength is still in the weak coupling regime, but the characteristic frequencies are higher
then the phonon ones (like predicted by the model calculation in Sec. 6.3.1). The obtained effective
coupling and characteristic frequency, put the iron based superconductors in the central region (within
the green iso lines) of the T, (/_\SF ,o_J) plot derived for the model interaction (Fig. 6.3). Since the iso
lines indicate the experimentally observed critical temperatures, the coupling strength provided by the
paramagnons will be strong enough to explain the experimentally observed critical temperatures. In
the next section SCDFT calculations are performed to verify this statement.
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(a) spectral function for FeSe and LiFeAs at ambient pressure for a path along the BZ. A dominant peak at the M point
is present and some smaller fluctuation at higher energy around the I' point. In the plot a Gaussian smearing has

been used.
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(b) Isotropic interaction related to the SF in FeSe and LiFeAs as a function of pressure in GPa. Shown is always the
Az_z_ (E7 E/UJ) element for £ = El =0.

FeSe LiFeAs
0 GPa | 6 GPa | 12 GPa | 18 GPa 0 GPa | 1 GPa | 3 GPa | 6 GPa | 9GPa
AT -0.225 | -0.375 | -0.354 | -0.291 -0.323 | -0.294 | -0.242 | -0.224 | -0.209
Wreg | 12.35 9.18 9.87 11.20 10.79 | 12.31 14.38 15.38 | 15.51
A 1-0.401 | -0.785 | -0.818 -0.598 -0.473 | -0.423 | -0.370 | -0.289 | -0.251
Wreg | 12.39 9.20 9.89 11.23 10.87 | 12.34 14.44 1544 | 16.48
ASF10.289 | 0.509 0.494 0.392 0.384 | 0.348 0.293 0.253 | 0.228

(c) Table showing the relevant effective coupling strength and logarithmic frequency defined in Eq. (6.18). The
Wrog 18 given in (mRyd) and A5F is the arithmetic mean over the four sets.

Figure 7.12.: Overview of the SF contributions.
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7.4. SCDFT CALCULATION

7.4. SCDFT Calculation

Now that all necessary ingredients for a SCDFT calculation have been computed and discussed, it is
time to solve the gap equation and obtain critical temperatures. All contribution in the gap equation
(phonon, Coulomb, SF ) are just separate additive terms and it is trivial to include them in a calculation
or set them to zero [Eq. (6.9)]. As a first step, the spin contribution are set to zero and the fully
linearized gap equation given in Sec. E.3.2 is solved. There are now three possible combinations: Only
Coulomb, only phonon and both. All have in common that the T, is zero or to be more precise below
the threshold of 0.1 K where the iterations are stopped. This was already expected from the discussion
in the previous section, in which very small coupling strengths were found for the Coulomb and phonon
terms.

Now the SF are added and three combinations are considered: Only SF, SF and Coulomb and all

three contribution. The first setup is often used in model calculation, with the argument that the
phonon and Coulomb contribution cancel [16]. In Fig. 7.13 the results for the critical temperatures as
a function of pressure are shown together with the experimental data.
The coupling strength provided by
FeSe the SF' depends strongly on the rescal-
ing of the XC-kernel which was neces-
sary to overcome the problem of the
wrongly predicted ground state (Sec.
7.2). The values for the rescaling of
the kernel for each pressure are listed
in Tab. 7.2. The values have been cho-
sen in such a way to reproduce the ex-
perimental trends of the critical tem-
perature with respect to pressure:

m Only Spin

A Spin&Coul

30 & All

Te (K)

15

LiFeAs

0.0

e LiFeAs has a higher T¢. then FeSe

0.0 0.5 1.0 at ambient pressure

P/P,
max e The T, in FeSe shows a dome like
Figure 7.13.: T; as function of pressure together with the ex- dependence on pressure and a de-
perimental data [9, 126] as light green and red dots. caying one in LiFeAs.

The message of the calculation is, that it is possible to obtain the correct trends in the 7. and that the
trends are related to changes in the magnetic fluctuation with respect to pressure. However, it should
be emphasized once more, that the calculations contain the phenomenological scaling of the kernel,
and the trends in the T, are not a result of an ab-initio calculation.

But not only the trends in the critical temperature are well reproduced by the calculation. Also the
overall size of T, is in reasonable agreement with experiments, with a tendency of underestimating the
experimental values. However, since the materials are located in the weak coupling regime, where an
exponential dependence of the critical temperature on the coupling strength is found (Sec. 6.3.1), it is
possible to adjust the control parameter for each interaction in order to achieve perfect agreement with
experiment. However, it was not the aim of this work, to achieve perfect agreement with experiment
but to give a first estimation of the coupling strength related to SF in the FeSC.

The results for the critical temperature prove, that the pairing in the FeSe and LiFeAs is unconven-
tional and that magnetic fluctuations are capable of explaining the trends and the magnitude of the
critical temperature. The largest values for T; are found, if only the SF are considered and the smallest
if all contribution are included. The case where only repulsive electronic contribution are considered
(spin and Coulomb) lies in between the two limiting cases. The reduction of the critical temperature by
the phonon term is larger in FeSe compared to LiFeAs. The argument that the Coulomb and phonon
contribution cancel, is not supported by our calculation in a two band system. The reason for this lies
in the isotropy of the phonon terms with respect to the bands (Fig. 7.10c). For a compensation between
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Figure 7.14.: Gap function A (E) close to the phase transition T ~ T, for FeSe and LiFeAs.

the two, the A§"_ should be substantially larger than the off diagonal contribution S\fth; in order to
compensate the phononic D-term [Eq. (6.10)] and the overage of intraband Coulomb repulsion part.

The fact that the purely repulsive contribution (spin and Coulomb) lead to solid transition temper-
atures, makes a sign change of the gap function mandatory. In Fig. 7.14 the gap function Ay (F) is
shown for the calculation considering only the spin contribution. Since the fully linearized equation
is solved the function is normalized to one for each calculation. The form of the gap function is com-
parable to the results found for the model calculation in Sec. 6.3.2. The system is clearly in the si
symmetry. The maximum of the gap is related to the critical temperature. This is already known
from the model calculation (Sec. 6.3.2) and is now found for the two materials: For FeSe the maximum
position is increasing with pressure as 7T, and for LiFeAs it is the other way around. The ratio of the
gap % is ~ % for both materials which is given by the ratio of the DOS at the Fermi energy
(Fig. 7.10a). If the Coulomb contributions are added to the kernel [Eq. 6.11], the gap functions start
to show little dips. These dips are well known from the model calculation in Sec. 6.3.2 and indicate
the energy region where the Coulomb contributions start to compete with the SF ones. However, a
proper Coulomb renormalization with a sign change of the gap is not observed. This is related to the
small energy cutoff of the Coulomb contribution.

7.5. Summary

In this chapter a full SCDFT calculation for FeSe and LiFeAs has been presented. All contributions
to the gap equation: screened Coulomb, phonon and magnetic fluctuations have been calculated from
first principles and are discussed in Sec. 7.3. Due to the wrongly predicted magnetic ground state (7.2),
a scaling parameter of the XC-kernel has been introduced. The results show that the Coulomb and
phonon contribution are not able to explain the high 7¢ in this class of materials. The contribution
related to the magnetic fluctuations depends strongly on the value of the scaling parameter. It is
possible to choose a scaling for each material and at each pressure, such that the coupling provided by

the magnetic fluctuations is sufficient to explain the critical temperature in the two compounds (Fig.
7.13).
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8. Summary, Conclusion and Outlook

In the current work a theoretical method to include the effects of paramagnetic spin-fluctuations in an
ab-initio theory of superconductivity has been proposed. The three main results of this work may be
summarized as:

1. The construction of a simple expression for the electronic self-energy containing the spin-fluctuations
(chapter 5).

2. The inclusion of this self-energy in the existing SCDFT framework using the Sham-Schliiter
connection (chapter 6).

3. The application of the new functional containing phonon, Coulomb and magnetic contribution
to the FeSC (chapter 7).

The derivation of the self-energy in chapter 5 is the main theoretical result of this work. The starting
point for the derivation is the SC version of the Hedin equations (chapter 4). The construction involves
various steps, but in the end a term with the same form as the well established Gw approximation
related to the magnetic fluctuations is found (Fig. 6.1). Instead of the screened Coulomb interaction
an effective interaction appears which can be viewed as a two-point T-matrix or, more abstractly, a
correction due to the vertex function. This is not surprising since the vertex has been neglected in the
Gw approximation which was the only Coulomb contribution in the theory before.

Once the equation for the self-energy is fixed, the construction of a SCDFT functional follows the
same steps as in the existing approximation including the phonon and Coulomb contributions [110].
However, the use of the derived self-energy is not limited to SCDFT. It may be equally used in Green’s
function based methods for SC as Eliashberg theory or in the renormalization of quasi-particle energies
in a non-SC context. For the latter application it may be useful that the expression have been derived
not only for a non-magnetic state, but also for a collinear magnetic system.

The other main part of this work is numerical and evolves around the application of the new
functional. This is done on the level of model calculations but also for real materials in chapter 6.1
and 7, respectively. Trends with respect to the effective coupling and characteristic frequency imposed
by the Eliashberg theory are well reproduced by the new contribution related to spin fluctuations.
However, the model calculations reveal conceptional differences between the conventional phonon based
superconductors with one band and the unconventional case in which a purely electronic interaction
is responsible for the pairing. The repulsive nature of the interaction requires a sign change of the
gap function and a system with at least two bands or a highly anisotropic gap at the Fermi level. In
contrast to the one band case, the long range Coulomb contribution turns out to be not essential for
two bands and a sign changing gap.

In chapter 7 the field of model calculations is left and the universal functional is applied to FeSe
and LiFeAs which are representatives of the 11 and 111 family of the FeSC. The main results of
the calculation is that the new contribution related to the magnetic fluctuations are the essential
contribution in the gap equation. Without them the critical temperature is unavoidably zero. Also the
trends of the critical temperature with respect to pressure can be reproduced by the presented theory
and the calculations show that the trends are due to changes in the pairing strength of the magnetic
fluctuations. The pairing strength induced by the fluctuations lies in the weak coupling regime, but the
involved frequencies are higher than in the usual phonon case. From an application to two materials
it does not follow that every unconventional superconductor is captured by this theoretical approach.
However, all the iron based superconductors have a similar Fermi surface and magnetic fluctuations
nesting the two sheets of the Fermi surface are present in all of them (Tab. 1.1 and Fig. 7.2). Hence,
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it is fair to say that the pairing in the FeSC is well captured by the magnetic fluctuations and it
has been shown that this pairing can be included in the SCDFT framework.

The biggest obstacle for the systematic application of this work is the wrongly predicted ground state
in the investigated materials. A large part of the community is working on this problem. Hence, the
problem was circumvented by the inclusion of an empirical parameter «, which gives the rescaling of the
XC—kernel. The value has been chosen to get a reasonable agreement with the experimental situation
for each material at each pressure. This means the presented results are not ab-initio anymore. The
invention of a simple ground state functional that accounts for the fluctuations (and strong correlation
in the cuprates) would solve this problem. However, a functional like this would mark a milestone and
change the world of solid state physics in a way only the LDA did before. A more straight forward,
but less revolutionary road lies in the self-consistent feedback of the fluctuations to the ground-state
function. This could be a promising approach to fix the problem of the wrongly predicted ground state
and should be tried in the future.

Another project for the future are calculations using a fully k resolved gap equation. This would
allow to predict properly the gap symmetry as a function of pressure and doping. In this work only the
effects of pressure have been considered. However, the applied KKR method allows to model doping
in terms of the coherent potential approximation (CPA). This method is much more realistic than the
rigid band doping used in DFT codes. It would be nice to investigate the changes of the gap structure
and critical temperature including the effects of doping using the CPA properly. In the presented
calculation a NM ground state has been used as a starting point for the LRDFT calculations. Most
likely a DLM state gives a much more realistic description of the PM ground state in the materials.
To investigate the difference in the response function with respect to the two ground states (NM and
DLM) is also an interesting topic.

Finally, it can be said that there are many tasks left to do: Difficult ones like the solution of the
ground state problem and simpler ones like fully k resolved calculations. However, the first results re-
ported in this work are promising and hopefully they encourage other researchers to keep on developing
an ab-initio theory for the unconventional SC.
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A. Transformations

A.1. Fourier Transformation — No Boundary Conditions

A.1.1. Space

If the (infinite) real space is not limited by boundary conditions, the Fourier transformation (FT)
becomes continuous and the transformation relations between real and inverse space read:

fk)=Adrf (r)e ik f(r)= AdBkf (k)X (A1)

1
(2m)°

3
Mathematicians tend to distribute a factor of 1/ (27)2 on both sides of the transformation, but this
is a matter of taste. The only condition is that a double transformation must give back the initial
function. This is the case since the delta distribution in three dimensions is given by:

1
(2m)°

1
(2m)°

A d3re” ™ = § (k) Ad3ke™™ =5 (r).

A.1.2. Time

The FT with respect to time is the one dimensional variant of the transformation from real space to
inverse space introduced above:

F@) = AP (e ™ [1) = oo Adwf (@)e

A.2. Fourier Transformation — Boundary Conditions

A.2.1. Space

Boundary conditions in a solid state denote that after IV; lattice translations the system is repeated
(P (T)Ni = 1). Due to this condition the domain of the FT is finite!?

3 3
r=> Na; with \; € [0,1] k, = Z%bi with n; € {0,...,N; — 1}
i=1 i—1
3 3
T, =Y na; withn; € {0,...,N; — 1} Gn =) mb; withn €0,1,2,...
=1 =1

where a; are the primitive unit cell vectors describing the crystal structure and b, are the primitive
reciprocal lattice vectors. The Fourier components become discrete:

o 1 i(F
k+G) =Y Adre DO p (5 T F+T)= DS S (k+G),
FlerG) = adre L N I fk+@)

where the same convention as in the continuous case is used for the prefactor and Qs is the size of
the Wigner Seitz cell. Any vector r or q is given by the sum r = r 4+ T and q = k+ G. Note that the

¥ The index n is a collective index n = {n1,n2,n3} and n = 0 denotes n1 = ny = ng = 0. The total number of unit cells
N is given by N1N2Ns.



A.2. FOURIER TRANSFORMATION — BOUNDARY CONDITIONS

function f is invariant under f (r) — f (r + N;a;) due to the definition of the Fourier components. The
ekiTn is the n-th class of the j-th representation of the translation group. The orthogonality between
different representations, derived in group theory [142], leads to the following relations:

1 . 1 )
Ly bt g, Ly g,
T k
0 AdfeiG”f = 50n Z ein = 51-«().
WS G

If a function is invariant with respect to lattice translation i.e. f(¥F+ T) = f(T), it becomes very
simple in inverse space:

f(k+G) = Néb Ad’re TG f (7). (A.2)

The electronic density in a periodic crystal has this symmetry. The function depends only on one
vector G due to the translation symmetry. Let’s look at the F'T of a function of two spatial variables
with translational symmetry. This function depends only on the difference between the two translation
vectors (T12 =T — TQ):

f(ry,r) = f(r1+T,ro +T) = f(ry,r2) = f (1,72, T12).

An important example of such a function is the Green’s function introduced in chapter 2. Also here
the symmetry simplifies the dependence with respect to k; and ko:

1 . _ . o .
f (kl, G, ko, Gz) = 1 Z A dfldfge_z(kl—i_(;l)rlf (f‘l, ro, le) 6+Z(k2+G2)r26_2k1T1261(k2_k1)T2.
B
(A3)

The vector k; — ky is rewritten as qx,k, + Gk, k, where qy, k, lies in the first Brillouin zone (BZ). The

orthogonality requires a vanishing qi,k, €. Oqy,,,0- Note that for a difference of two k, the 0
T T [,

is equivalent to a d,k, because |ki — ko| < |G| due to ky . € [-Z, Z]:

a’a

Ak ko0

Né . - . .
[ (ki,G1, ko, Ga) = 7;;111(2 Z Adfldfgefl(lirGl)rlf (t1,T2, T12) eTik2+Go)Ts ,—iki T12
T2

1 ) '
f (f'la ro, T12) = /T E Z €+Z(k1+G1)r1f (kl, G1, ko, GZ) 6—%(k2+G2)1‘2'
kiks G1Go

The total norm is A; - Ay = (N Qws)f2 and it would be straight forward to transfer everything to the
real space side as in the previous cases. However, another choice is made here. For uniform systems
the function depends only on the difference between spatial arguments and becomes diagonal in inverse
space:

Nws
Aq

f(ri,re) = f(r1 —r2,0) = f (ki, Gy, ko, Go) = Okik0G,G. f (k1 +Gp).

The A; and As are chosen such that the uniform function becomes a diagonal matrix with no additional
prefactors:

Al :NQWS AQZNQ\)Vs.
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APPENDIX A. TRANSFORMATIONS

A.2.2. Time

For the time argument it seems odd to have periodic boundary conditions. However, in the context
of perturbation theory it is essential to introduce a complex time argument for the Green’s function
(GF) . In this formalism the GF becomes periodic with respect to time. This concept is explained in

more detail in Sec. B.3.

A.3. Spin Space Transformation

The set of Pauli matrices 6%.0¥.0% and ¢ is a basis for a four dimensional vector space:
) )

0 1 0 —i 1 0 10
r —= Y et z e 0 e
e U R U K (I VES (R
Each quantity in spin space, may also be written in components of the four Pauli matrices
1 : LI
Bga = 5 > olgBi Bi =3 030 5Bas > olgols = 200504,
i i=1

1 ) . , .
AO&/B’Y(S = Z Z O-EYBAUU?WS Aij = Zaﬁ’y& O-Zi’aAOC/B’YéU(]H.
ij

(A.4)
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B. Normal State Green's and Response
Functions

B.1. Properties of the Green’s Function and Response Function

The Green’s function becomes the central object for a perturbation expansion of an interacting system.
The symmetries implied by a Hamiltonian lead to simplifications in the corresponding Green’s function.
Also the response function is simplified by symmetries in the underlying system. The most common
symmetries are listed here. The relations are shown for a general function (R=retarded, A=advanced,
T=Time-ordered and M=Matsubara):

FR, (6,t) = —if (t — ¢ <[AH (t), B (t)] _> F7 (1,¢) = =i (T [Au (1), By (V)]
FA, (68) = —i6 (¢ — 1) <[AH ®).Bu ()] _> P (4¢) = — (7 [Au () Ba (7)])

which is either a single particle GF (A = ¥, (r) and B = \i/l, (r’)) defined in Sec. 2.1, or a response
function (A = Ap; (r) and B = Apy (r')) introduced in Sec. 2.2.
B.1.1. Time Independent System

For real times and time independent systems the Heisenberg picture reads:

On (1) = ei(A=1R)t g oiA-ur)t

)

where H is the Hamilton operator defined in Eq. (2.2) and H— N is called K. The simple exponential
form with respect to K leads to a function which depends only on the time difference:

N . e85
Fiy (1) o« <AH (t) By (t/)> — Z <n 7 eTgethAeﬂKeth BeKt] n>
n
76En R
— € iEn(t—t') <n T [/Ale_iK(t_t,)B} n> =F], (t — ¢, O) ’
Zg

where A and B are arbitrary operators. Also the retarded and advanced functions depends only on
the time difference

Fia (t,t’) x <[121H (t) ,BH (t’)} > = Z <n ‘[) [eiktfle_ikeimlée_m/ — eiktlée_kt/eimfle_ik} ‘ n>
n
Il

and the standard Fourier transformation for a continuous variable are applied [Eq. (A.1)]:

eiEn(t—t/)Ae—iK(t—t’)B _ e iBn(t=t") B K (t=t) 4

n> = 2 (t—1,0),

FEMT (W) = A% d (t—t) eI ERAT (£ — ) (B.1)

1 o
FRAT (1) = o A% dwte W ET) FRAT ()
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B.1. PROPERTIES OF THE GREEN’S FUNCTION AND RESPONSE FUNCTION

Also the Matsubara objects [Egs. (2.11) and (2.22)| are functions of the time difference i.e.

FY, (T, T/) == — Z <n ‘T [ﬁeHTAe_HTeHT,Be_ﬁT,}

n

n> = Fup (7‘—7",0).

If 7 — 7" € [0, 8] the relation:
FY, (7‘ — 7+ B, 0) = —tr [AH (7‘ — 7") e_ﬂﬁBH (0)} = —tr [e_BﬁBH (0) Ay (7‘ — 7")} =elF,p (7‘ -7, 0)

is obtained. The factor € is defined in Eq. (B.17). On the other hand for 7 — 7" € [—3, 0], the following
is found:

By 5.0) = et B, 0) (5] =P 7.0

So the knowledge of FY,, (7 — 7/,0) in the interval 7 — 7’ € [—f3, 8] determines the whole time depen-
dence?® i.e. the function is periodic with respect to 7 and the FT becomes discrete:

27

FY (wn,wpr) i= Atg deTleiw"Te_iw"'T/Fz/lB (7_’ 7_/) with w,, = %n
) , , ,
f— w;;n +B d ( ) eZUJ'n(T_T )F,Z/[B (7_ - 7',, O) = 5wnwn/ F}A\/IB (wn)
Bl (=70 = 3 SR ().
n=-—o00

The discrete frequencies wy, are called “Matsubara frequencies” [51]. The transformation to frequency
representation is further simplified (7 — 7/ = 7):

FXIB (Wny wp) = 5wnw / A+6 d (T - 7—,) eiwn(T_T,)F%B (T -7, 0) (B.2)
1
FY, (r—7,0) =3 Z e n (M= ENM ()
o (2’8 . if e =1 (bosons) (B.3)
=5t if €= —1 (fermions).

B.1.2. Periodic Hamiltonian

In a crystal the nuclear Coulomb potential and hence the whole Hamiltonian [Eq. (2.3)] is periodic
with respect to lattice translations T. This symmetry is transferred also to the Green’s function or
response function i.e.:

F(I‘l,rg) = F(I’1 + T, ro —I-T) = F(I‘l,rg) = F(f‘l,f'g,Tl —TQ),

where the vectors rq, o are within the unit cell Qws and the translation vector T connects two unit
cells. A transformation to reciprocal space is made which leads to a diagonal function with respect to
the long wavelength periodicity given by the k vector [Eq. (A.3]:

) . _ .
F(leleGg) 511{2 Ad3T1d3TQZF I’11‘2T12) z(k1+G1)r161(k2+G2)r2671k1T12 (B4)
WS
T2
F (¥179T1o) = Q Z Z (k1G1koGo) cik1+G1)F1 —i(ka+Gao)r2 ,iki Ty ,iko Ty
WS kiks G1G2

208imply use FY5 (r — 7' £n8,0) = "Fy%5 (r — 7/,0) with n € N.
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APPENDIX B. NORMAL STATE GREEN’S AND RESPONSE FUNCTIONS

B.1.3. Collinear Hamiltonian
If the Hamiltonian is collinear i.e. |:O'Z, H()} = 0, it is possible to create an electron with either spin

up or spin down: ¥, (x) = >k Pho (X) &L - In such a case also the Green’s function becomes diagonal
with respect to the spin coordinates:

G (12) = = (T [W, () Wh, (2] ) = = 3 ks (50) D, (52) (T [kl ] )

k1kz

=001090k ko

The full Green’s function also becomes diagonal in spin because all parts (Coulomb interaction and G)
in the expansion given in Eq. (2.29) are spin conserving. The diagonal GF leads to a sparse response:

Xz Xpgy 0 0
i 0 0 Xg/[z XI;/IO
00 XL X

(B.5)

In the next section connections between the retarded, advanced and Matsubara functions are derived.
The connections use the spectral representation and conserve the structure in spin space. This means

the retarded and advanced GF are also diagonal in spin space if [az, ﬁo} = 0 and the Xf‘j’A take the

same form as X;-\Aj given in Eq. (B.5).

B.1.4. The Spectral Representation
Matsubara Function

The spectral representations is derived in frequency space. The Matsubara Green’s function or response
function in frequency space reads [Eq. (B.2)]:

P (wy) == — AL? drei“nT [9 (r) </1 (r) B (0)> + e (—7) <B (0) A (7)>] .

The Fourier transformation ensures 7 > 0 and hence only the first term gives a contribution. The trace
in the thermal average [Eq. (2.5)] is evaluated with a set of eigenstates with respect to K = H — uN,
leading to:

B

= i eEn—Em)T <n ‘A) m> <m

n> = Z e PEmeEn—Em)T 4 B .
nm

A shorter name for the matrix elements A, := <n ‘fl‘ m> is used and some rearranging is done:

1 —eePE
A% dE Y " ApmBne PP 0 (B + (B — Ep)).

Wy, —

1

Fs (wn) = 7o

nm

The spectral function S, is defined by everything besides the energy denominator:
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B.1. PROPERTIES OF THE GREEN’S FUNCTION AND RESPONSE FUNCTION

Sup (E) : = ZlG "6 (B + (Bn — En)) A Bune ™ [1 — e 7| (B.6)

Sas (F)

Fiip (wn) = AN dE—2— (B.7)

The function has J-peaks at the excitation energy AE,,, = E,, — E,. Hence the spectral function
measures the excitations created in the system at energy E due to the operators A and B. For the
spectral function the following symmetry relations hold:

Sus (E) = 8%, (E) only for hermitian operators A and B (B.8)
SAB (E) = _ESBA (_E) .

Retarded and Advanced Function

The spectral representation of the Green’s or the response function is obtained in complete analogy to
the derivation of the Matsubara function:

Sap (E)
w—FE +i0*
where the spectral function S is defined in Eq. (B.6).

Sap (E)

R _ +o00
Fip (w) = ATZdE O E 0t

G4y (W) = AT dE (B.9)

Connection R+ M and A & M

By comparison of Egs. (B.7) and (B.9) connections between the three functions are found:

FYy (—iw+01) = Fi, (w) F3y (iwp, —i0%) = FY} (wy)
FYy (—iw—01) = F, (w) F3, (iwp +i0%) = FYy (wy) -

A general function with a complex frequency argument = € C is defined (w,w, € R):

v San (E) F}y (w) %f rT=w+ 2:0+
Fap (33) = A—ooﬁ = F:‘?B (w) if 2 =w—i0" (BlO)

FYo (wy)  if = dwy,.

This function determines the retarded, advanced and Matsubara version of the GF or response function,
depending where F, 5 () is evaluated. In general, the function is only known numerically on certain
frequency points, and it is not possible to evaluate the function at some frequencies in the complex
plane. An analytic continuation using a polynom is possible for short distances. In particular an
analytic continuation from the real frequencies (retarded) to the complex (Matsubara) axis or wice
versa is not working and a different connection is derived [54]. For this connection the Hermitian (Re)
and anti Hermitian (Jm) part are defined:

1

Re[Fap ()] = 5 [Fap (@) + Fia @) 90 [Fay (@)] 1= 52 [Fan () — Fi (@)].

For a diagonal function the definitions reduce to the real and imaginary part. The anti Hermitian part
of the retarded or advanced function is [Eq. (B.8)]:

1 S (E) St (E)
~ R,A — 400 E AB _ AtOo0 E BA
Im (Gl @ =5 [A—“d oo Bt A=t T rior

$us(B)  Sus(E)
w—E+i0t w—-FEFi0t]|’

1 +
= > JE
5; Do d [
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APPENDIX B. NORMAL STATE GREEN’S AND RESPONSE FUNCTIONS

An expression like m leads to following two contributions:
. 1 . w—F . n
lim ————— =lm ———— F lim ———5—— .
n—)OM-EZ‘:ZT] n—)D(w—E) _|_772 n—)O(w_E) _|_'r]2
L Lorenz peak with width
B .y for w—E#0 p n
{6” — 7id (w — E)
for w—E=0

The first terms together with the integral is the principle value denoted by P:

IMFRA (w) = % <7> {S:B_(?} —P {SAB(E)D — T ATRdES (w— E) Sy (E).

w—F
The principle value vanishes and the retarded or advanced function are directly related to the spectral
function: Jm [F}3" (w)] = F7S4ps (w) and the Matsubara in terms of the retarded function reads:

Sas (E) 1 Jm[FY, (E)] 2 Jm[FY, (E) E
FM n) = o e} dE _ _ - e] dE AB —— e ) dE AB
an (Wn) = A iw, — F T Ao iw, — F ™ Ao (w2 + E?)

(B.11)

As discussed above, the spectral function is peaked at the excitation energies of the system. In
particular Callen and Welton have shown [143] that the power absorbed by the system exposed to a
magnetic field of the form B (r) sin (wt) is given by

w
P= -3 Z AdPrid®ryB; (r) xi; (rr'w) Bj (r') . (B.12)

ij
This theorem is known as fluctuation dissipation theorem in literature and in Ph.D. thesis of P. Buczek

a longer derivation of the concepts is given [141]. The object x" is called loss tensor and is given by
the anti Hermitian part of the response function:

1
XiLj (rr'w) = —5 [Xij (rr'w) — Xji (r’rw)] = mS;; (rr’w) . (B.13)
Motivated by Eq. (B.12) the largest eigenvalue of the loss tensor or the spectral function largely
determines the absorption strength in the system. This is a very convenient result because a scalar
eigenvalue is much easier to analyze, then a complete matrix. Hence, unless mentioned otherwise the
largest eigenvalue of the matrix XiLj (rr’w) for each w is called spectral function of an response function.

B.2. Coupling Constant Integration
For the coupling constant integration the full Hamiltonian [Eq. (2.2)] is split in two parts:
fAI)\ = I:Io + AW,

The parameter A is zero for a non-interacting system and one for the fully interacting one. The partition
function [Eq. (2.6)] and hence also the grand canonical potential [Eq. (2.32)] depends on the parameter
A Q= —% In [Z5)]. The derivative with respect to A of the grand canonical potential reads:

. BK, | ) )
dc& = BZIGA di? = 521@;;” 7] = [eZG: W] =t || = <W>A‘

Integration with respect to A from 0 to 1 leads to the standard equation connecting the full grand
canonical potential with the non-interacting one|52]:

Qg = Qg + Abdr <W>A
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B.3. NON-SC RESPONSE FUNCTION

The expectation value on the right hand side may be connected to a one particle expectation value,
later identified as the Green’s function. The equation of motion for the electronic annihilation operator
in the Heisenberg picture using the operator Hy reads:

0n 0y (1) = [K @A(l)} - [KO,@A (1)} + [W, \ifm)} . (B.14)

The commutators are worked out and the operator —\iii (2) is multiplied to the equation:

—0, 0 (2) 0, (1) = ¥ (2) [Kg (r1) U (1) + A d3v (31) Wl (3) ¥, (3) ¥ (1)} .

The thermal average [Eq. (2.5)] of the equation is taken and the integral with respect to ry is performed
in order to obtain the expectation value of W

< > Z AdPr lim  lim [~8, — Ko (r1)]tr [ﬁgxﬁ; (2) ¥, (1)}. (B.15)

I'Q 4)1‘1 T \7—1

The function on the right hand side leads to the definition of the single particle Matsubara GFGM (12):

GY (12) = — <T [\IJA (1) ¥ (2)}> = —tr [ﬁgf [\iu (1) ¥ (2)” .

The operator T is the time ordering operator which acts on two operators in the Heisenberg picture
in the following way:

T A(n)B
T {A (1) B (7'2)} = A(Tl) A(T2) e (B.16)
eB(m)A(r) m>mn
I A and B contain both an odd numer of fermionic operators (B.17)
" ]+1 otherwise. |

The average of <W> in terms of the electronic Green’s function reads:

I‘2—>l‘1 T T
2y 2 \(T1

2 <W>)\ = ZAd3r1 lim lim [-0; — Ko (r1)] Gl/\\/l (12).
o1

B.3. Non-SC Response Function

The review article [144] by Onida et. al. gives a nice comparison between the GF and density functional
theory (DFT) approach for the response function.

B.3.1. x™ — Many-Body Approach

In Sec. D.1.4 only one external field ¢g coupling to the total charge density has been considered. In
order to access also the magnetic degrees of freedom three additional fields coupling to the magnetic
density are necessary:

3
™) =D Adirei(x) pi( ZAd?’wz oWl (r) B (1)
=0

The generalization of Eq. (D.5) for four fields reads:

5G (12)
dpi (x3)

= pi(r3) G (12) + Y b (T [ (x3) W (x3) Wo, (x1) W, (x2)] )
= i (3) G (12) = 3" ols (T [ W, (03) Wi (33) W, (3x2) W, (1)) )
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APPENDIX B. NORMAL STATE GREEN’S AND RESPONSE FUNCTIONS

By performing the equal time limit 79 — 75 and ro = ry the GF @0102 (x1x2) becomes the expectation
value <\ifj,2 (r) ¥y, (r1)> and the response function is defined in analogy to the proper part [Eq. (4.18)]

using a functional derivative

dpj (x1) _ 0G0, (Xle)

i (x3) 727 by (x3)

= (5 (1) i (x3)) + pj (1) i (x0) = (T [ (x1) = py (1)) i (x3) = pi (xa)] ) - (B.18)

Xji (x1%3) = —

Note that the expression is identical to the retarded response function given in Eq. (2.21) derived using
linear response (LR) theory, but the time ordered object is given here. Using the chain rule a Dyson
equation is found:

dpi
Xi-“j (x1x2) = —Lxl) = Pjj (x1x2) — A dxdx'Pjp (x1x) v (xx’) X0/ (X/XQ) ) (B.19)
dpj (x2)

B.3.2. Y™ — DFT Approach

An alternative way to calculate the response function is provided using the Kohn-Sham (KS) Green’s
function [Eq. (D.9)]. For the exact exchange-correlation (XC)-potential the exact density is reproduced
by the KS system. With this relation the Matsubara response function is expressed using the Gks:

5 (G55) " (xx!)
dpj (x2)

dpi (x1)

—— = A dxdx' ol GXS (x1x
I (x2) 2 poGas (x1%)

afoo’

Xi; (x1x2) = — Gog (x'x]).

The derivative of the inverse GX5 is [cf. Egs. (D.9) or (D.2)]:

-1 Xc
UL 2 ) I N ST et L LTRSS

d¢pj (X2) m Spr. (x") depj (X2)

s(axs)™!

The expression for 5 is plugged into the equation for the susceptibility:

! 5XX2 +

oo

Xij (X1X2) = Z A dxdx aﬁaGgi (X1X) Oxexr |07

afoo’

& [v™ (x) dgodor + v [p] (x)] dpx (x”)
l " l KS /ot
Z Tgor A dX Spr, (x) 55 (X2) o' (x'%])
——
M

Xij (X1%2) = Z AdxaﬁaGw (x1x2) 02, Gyig (x2x7) Z ZAdxdx"x

afoo’ afoo’ lk

aﬁaG (x1x) Gy (xxf) o [Okodorv (xx) + fiie (xx")] Xkj (x"x3) .

The definition of the KS response function X% and the XC-kernel f};¢ [145]:

Xi] X1X2 Z Jﬂa aa X1X2) G?’Sﬁ (X2x—1i_) Uga’
afoo’
ovre X1 5’E
5 (x13) = O [p] (x1) _ x

opr (x2)  Opy (x1) 6pk (x2)

lead to the “DFT Dyson equation” for the response function [145]:
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B.4. ADIABATIC LOCAL DENSITY APPROXIMATION

Xij (X1%2) = X35 (X1%2) —

Z A dxdx'\® (x1x) [6rodov (xx") + fii (xx")] Xkj (x"x2) .
lk

Note that at this point the XC-potential and density are time dependent. The reason for the time
dependence lies in the probing field. However, the derivative is evaluated in the end at ¢; = 0 (as
discussed in Sec. D.1.4) and the Hamiltonian becomes static and the response and kernel depend only
on time differences. For the analysis in Sec. 5 it is convenient to split the Dyson equation for x* in
two parts. Assume a general Dyson equation ¢ = ag + agCc¢ and split the operator C' = A + B in two

contributions:
ap

T 1-a(A+B)

It is possible to iterate two separate Dyson equations containing the operators A and B to obtain c:

c=ap+ay(A+ B)c

and ¢ =a + aBc =

aq a
p— A e E—
@ = ao +aosla 1—agd 1—aB’

which is seen by simply inserting the two equations in each other:

ag

= 1—agA _ ag
- B 1—ay(A+B)

For the response function a separation in the proper part containing no Coulomb contribution and the
rest is natural:
P =" — X f*P and x" = P — Pvx". (B.20)

B.4. Adiabatic Local Density Approximation

The XC-energy of the static, homogenous electron gas (HEG) is a functional of the constant density p
and magnetization |m|. The XC-kernel for the HEG reads:

§2E""C [p, m|]
dpidp;

FHBG

7

In the adiabatic local density approximation (ALDA) the functional for the HEG is evaluated at each
point in space-time with the varying density of the interacting system:

5E

. N _ 9% 5., fALDA
ij (XX) = 5/)1 (X) 5p] (X,) 6xx 1] (X)
52 pHEG [p ‘mH
ALDA HEG 7
e (X) = Ji; [P» |m|] i=p; T Spidp;
¥ J ‘pz—m(x) 0pidp; pi=pi(x)

For a lattice periodic and static density, the exact kernel depends only on the time difference ¢; — to,
the position within the unit cell {r1,T2} and the distance of the two unit cells Ty — To. In the ALDA
this symmetry leads to a static and local kernel i.e.:

fiX.C (f17 I_‘27 Tl - T27 tl - t2) ~ 675175261'11‘2 Lba (f‘l) .

A
]

and in reciprocal space the ALDA kernel depends only on a single G vector [Eq. (A.2)].
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C. DFT for Superconductors

C.1. The Pairing Potential

The pairing potential couples to the anomalous density x. The most general contribution in the
Hamiltonian corresponding to the anomalous density is:

Hye = Z A&Prd® ' AZS (vr') Uy (v) U, (2)) + hec. .

The sum over spin is rewritten in terms of the one singlet and three triplet channels [Eq. (A.5)]:

4
Hye = Z AdPrd®r AT (xr') x; (r') + hec. |
i=1

where the densities are given by:

By (1) By (1) — B, (1) By (1)
/ i 2 U, (r) ¥ (') — Uy (r) Uy (2
) =S 07 ) G ) ©
Wy (r) Wy (1) + 0y (r) Uy (1)
~As(r7 r EA?EEI" rlg — Ae"tEr, r’;;
Al(r, v = ém(r’r/) :1 Ai)f r,r’ _A?%t r,r’ 7 = (io¥ — 0%0%*
A( 9 ) éty(rvrg 2 (Ailt(r7r/) _‘_A%;(Tt(r’rl)) ( ) (C 2)
Ay, (r, 1) (A%’j(r, r') + Aj"T“(r, r'))

This notation is copied from the Ph.D. thesis of A. Linscheid, where an investigation of superconduc-
tivity beyond singlet pairing is given [146]. The o®¥%*9 are the usual Pauli matrices defined in Eq.
(A4). If AZY (r,1’) has a totally symmetric part it has to drop out of the Hamiltonian:

HY™ = AdPrd®r AZ™ (1, ) Uy (1) U (v) = AdPrd® ASE™™ (2, 1)U, (r) U, (v)
= — Ard®* AT (@ )V, (1) Uy (1) = — HO™, (C.3)

As a consequence A% (r,r') is taken to be antisymmetric under particle exchange (ro < r'o’). The
singlet part of the pairing potential is symmetric:

2A§Xt(r’, r) = A%’f(r’,r) — Ai’%(r', r)= —Ai’}t(r, r') + A?’f(r,r’) = 2A§Xt(r, ') (C4)
and the contribution in the Hamiltonian for the singlet pairing are:
Ad3rd3r Ay(r, v xs(r,v') = 2 A d3rd3r Ay(r, r')\iIT (r) ¥, (r').

The factor of 2 is included in the pairing potential and the tilde is left i.e. 2A%* = A®t The AS? is
the potential coupling to the anomalous density x := ¥4+W¥ which is the part included in the SCDFT
equations [Eq. (3.6)].
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C.2. KS-BOGOLIUBOV-DE GENNES TRANSFORMATION

C.2. KS-Bogoliubov-de Gennes Transformation

C.2.1. Introduction of the Bogoliubons

The Hamilton operator of the superconductivity (SC) Kohn-Sham system is given in Eq. (3.6):
Kis = S A (055 (xr) — ) U (v) W (x) + A drd® [A‘;S(r, )by (r) &, (v) — h.c.} .

An elegant way to diagonalize such a Hamiltonian is to use a Bogoliubov-Valatin transformation?®!.

Therefore new operators are defined:
o (1) = Y (0 @030 — 2001 (004 ,) A = Adr (uf (1) (1) — 2 o0 (1) 1, (1)),
1

The transformation matrix uy (r) and vy (r) are chosen in such a way that the initial Hamilton operator
becomes diagonal in terms of the 4 operators, i.e.: HXS = >k Ek%i%- An equation for determining
the transformation is found by calculating the anti-commutator A = [\i/gl (r1) ,IA(KS} starting form

the field operators on the one hand:

A= [, (1), Russ] = (085 000) = ) X (0 (00) At — 2005 (r0) 3],
l

ST AEAE (111) Y 60is (u}" ()45, — 2w (r) %U) . (C.5)
l o

and form the 4 operators on the other hand:

A= Z (Ul (1‘1) ;Ylal - ZUU; (rl) ’Ayltgl> 72 Ek’)/]ig'Yka]
l ko —
=3 B [ (01) Yoo + 2005 (1) 2], | (C.6)
k

By combining the two results an eigenvalue problem determining the transformation matrix uy (r) and
vg (r) is found

[—é + 0" (r) — u} Oryr AKXS* (rqr) ug (r) we (1)
Ad3r 2 ARS (pr) _ [_% +oKS (r) — /4 . ( k )> = By <v: (I'I)) :

C.2.2. Commutator Relations for the Bogoliubons

For the calculation of the Green’s functions corresponding to the operators 4 (Sec. C.4) it is essential
that the new operators 4 and 41 are Fermionic operators. The transformations given in Eq. (3.9) are
for a discrete basis:

A A A A x A x At
Cmoe = Zk UmkVko — Zav:lk’ﬁ;_g Ymo = Z Uk Cho — Z—0o E ViemCr—o
k k

é;fn—o- = Zk u;knk’?]ifg - z*UUmkﬁ/k:U '%J[nfo- = Z uk’mé};,(y — 2o Z Ukméka-
k k

With these definitions in hand it is straight forward to check the anti-commutator relations:

N N N NI * A x  Af * % ® ok
[’ylo.,"yllgl]+ = Z |:U/leko- — Z—O'Uklck—o'7 Upr 1 Cll ! — Z_O-/’Uk/llck/_o./:| n = —(50—_0—/ Z [zguklvkl/ + Z_kaluk.l,]
kK’ k
A ~F _ * A * Af AT ~ -5 * *
Yios Vprgr N = UpiCho — Z—aVURiCr_ s Wk Cpryy — Z—o UKV CK/ —o N = Og¢’ [uklukl/ —+ Uklvkl’] .
kk’ k

21'We denote the elementary excitations associated with the (Fermionic) 4 and ’yfas “Bogoliubons”.
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APPENDIX C. DFT FOR SUPERCONDUCTORS

The Bogoliubov-Valatin transformation have to be unitary i.e.:

Z (UmniUmk + Vi Vmk) = Otk Z (UmniUmk — UmiVmk) = 0 (C.7)

m m

in order to ensure the Fermionic anti-commutator relations for the 4 and 4.

C.2.3. Decoupling Approximation

Since the pairing potential is invariant under inversion |[Eq. (3.20)] the minus sign in the argument of
A5 can be dropped. The set of equations given in Eqgs. (3.21) and (3.22) are written in 2N x 2N
matrix form:

c—pn 0 AS_" AR
1—H 1-1 1-2 un up
c. S * S *
0 € — . Iig_l AEZ_Q s U2 w2
: : ' ~ E, (C.8)
i 1 H— €1 0 v1 U
KS KS U2 V12
21 22 0 n— €2

Within the decoupling approximation the off-diagonal parts of the pairing potential are assumed to be
diagonal which leads to [Egs. (3.23) and (3.20)]:

e1r—p 0 — AT 0 u
0 €2 — I 0 —AKS* U9
AIfS 0 n— €1 0 Vi1
0 AES 0 p— €2 vi2

Note that for a uniform system this approximation becomes exact.
column-row permutations to:

U1
ui2

(%A1
V2

The matrix is transformed by

€ —p AP 0 0 0
ASS e 0 0 0 un uin
0 0 e—p AF* 0 v v
0 0 AI2(S M — €9 0 U2 = El U2 <C9)
vi2 vi2
0 0 0 0 )
Mbl = Ejb;.

The Hamiltonian in Eq. (3.6) is diagonalized by the operators 4, if the vectors b; solve the eigen-
value problem in Eq. (C.9) for every [. Since the matrix M is block diagonal, the problem is split
in N decoupled two-dimensional eigenvalue problems with a different labeling of the eigenvalues
(EljE = {E",E; }) and eigenfunctions (u;, v) :

g —p AN (u) gt (W
AKS Hn— & Ul - (¥ '
l + +
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C.3. GROUP THEORY FOR THE GAP

In order to link the eigenvectors and values of the 2 x 2 equations with the initial problem, the vectors
{b;} are expressed in terms of the new eigenvectors (u;v;),:

0
<U1> 0
V1 (%) _
+ £ + + +1,£
{bi,b;,..} = 0 , <U2>i .... Mb}" =Eb}.
: 0

A comparison between bljE and the initial definition of the b; leads to diagonal eigenvectors with respect

to [ and m:
(ulm> Ulm) = Oim (u?:7 Ul:t)

C.2.4. Eigenvalues and Vectors of the KS-BdG Equations

The eigenvalue equations obtained after the Bogoliubov-Valatin transformation [Eq. (3.25)] read:

e —pu A A u;
(A;{S n—¢& (¥ 7El (¥ )

The energy difference ¢; — p is called (;. The eigenvalues of the 2 x 2 matrix are given by:

Eix = £/ + |AF)? = £R,.

€ — I A}(S*
Afs H—=¢

u (=GFR) _ (G=ERy)
< l) =al A&AF =a| &Y |.
vl 1 1

In order to make the 4’s Fermionic operators, the Bogoliubov-de Gennes (BdG) transformation has to
be unitary (see previous section). In the decoupling approximation unitarity is given by |u|>+|v|> = 1
and the factor « is fixed:

KS>i< Cl

C.3. Group Theory for the Gap

The eigenvectors are the kernel of the matrix ( ) — 1oxoFj4+ and are given up within a

scaling factor by:

In this section the gap function Ay is investigated with the tools provided by group theory. The gap
is found by solving an eigenvalue problem [Eq. (6.9]. The symmetry group of the matrix determines
also the symmetry of the eigenvector. To be more precise: The set of eigenfunction(s) corresponding
to one eigenvalue forms a basis of the irreducible representation of the underlying symmetry group
[147, 142]. With group theory:

e It is possible to predict the symmetry of these basis functions and hence the possible symmetries
of the gap function. This analysis is based on the point group of the system, and does not involve
an explicit knowledge of the interaction or Fermi surface.

e It is not possible to predict the values or energetic order of the eigenvalues. In general there will
be multiple representations and the one with the largest eigenvalue is the most stable solution
and gives the experimentally observed gap structure.
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The m basis functions ¢!, of a representation r are computed using a projection operator P; . :

P = Prim® = > T (T) P(T) & (C.10)
T

acting on a function ¢. I'] . is the mn element of the representation r and P (T') is the transformation
operator corresponding to the symmetry operation 7. In our case the symmetry operators are elements
of the point-group G of the crystal. A transformation T" corresponding to the crystal point group leads
to a change in the spatial and spin coordinate of the gap. The transformation to the new coordinates
is done in the following way:

v =T"®a | =T"(T)r,
P (T) Agyoy(r1,12) = Ay oy (r,1h) ZFSU(Q)AUIUQ (T% (T)r1, T (T) rQ)erf;. (C.11)

0102

Many of the iron based superconductors (FeSC) appear in the tetragonal crystal structure. From now
on this group will be investigated. In the tetragonal lattice 16 symmetry operators are present. The
nomenclature for the symmetry operation is as follows:

e Cp, are proper rotations with an angle <7 2T around the axis v.

27

e S,y are improper rotations with an angle <& around the axis v.

e 0, are reflections on the plane with an normal vector n.

e F is the identity operator and I the inversion.

The symmetry operations in real and spin space are shown in Tab. C.la. For a tetragonal lattice the
coordinate transformation in real space are identical to the transformations in inverse space. With the
explicit form of the symmetry operations, it is easy to work out the effect of a transformation operator
P (T) on an anti-symmetric function: ¢ = A, 4, (r1,r2) defined in Eq. (C.11).

However, for the construction of the projection operator P, given in Eq. (C.10) the irreducible
representations I'], = are needed. These are shown in Tab. C.1b and are either taken from any standard
group theory textbook or derived using orthogonality relations between the irreducible representa-
tions. Note that the three dimensional representation I'* is reducible. The number of times n;; a
representation I'V contains the irreducible representation I'? is given by the expression [142]:

”jiZ;ZXj(T)XZ‘(T),
T

where x denotes the trace of the representation i.e. x" (7)) = >, I, (T) and g is the number of
symmetry operations in our case 16. The T'* is decomposed in the following way:

*=1r9grd.

If the system would feature strong spin-orbit coupling, the transformation in real and spin space
would couple and the picture would become much more complicated. As a last step, the domain for
the operator P (T') has to be specified: The gap is an antisymmetric function, due to the Fermionic
commutation relations i.e. Ay, (r,r') = —Ay,(r',r) [Eq. (C.3)]. So any square integrable, anti-
symmetric function is allowed for ¢. For practical calculations the symmetry in inverse space is more
relevant and the gap in the decoupling approximation reads:

Ao (k) = Ad>rdr'yi (r) Agg, (rr') % (')

which leads to a totally anti-symmetric function also in inverse space:

?i’(_ >:Ad3 dgrlw* (I‘) 00’( )w k( )
— Adrd* 'y (v) A (v'r) v (v)
:Ad3rd3r’¢ (r) [-AZ (rr)] v () = —AZ (k).
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Note that for the tetragonal point group the representation in real and inverse space are identical and
the transformation P (T) acts on AL} as:

P (T) AKS (k) — A?/lsaé (k/) — Z I\SU(Q)AKS (FR (T) k) FSU(Z)

/ / .
0102 0101 0102 0502
0102

Now all the necessary ingredients are collected to start projecting test functions ¢ag (k). If the
k part of the basis function is even f(—k) = f (k) the spin part has to be anti-symmetric in other
words being proportional to o¥. If the k part is odd on the other hand the spin part has to be
even in spin (proportional to o, 0 or 7). The guessing is a non-unique process, as a first choice

}X 3 (k) =>_, kio? g is used. This function is odd with respect to k and even in spin space so that the
product is anti-symmetric. Very often a symmetry invariant function f (|k|) = e~®l is multiplied in
order to make the function ¢! square integrable which is left out here for simplicity. The projection
Pron bk 5 (k) is zero for most of the representation except for I'6 and I'0 :

Plidas (k) = oaghk:  Piiols (k) = olgke  Paidas (k) = ong (ke + ky) .

So the first basis functions are found. A second choice could be a function like: gz%ﬁ (k) =>_,; kikjo? 5
This one is even with respect to k and odd in spin space. The projection leads to:

Pl16as (k) =0l (k3 +ky +k2)  Plidgg (k) = ol (ke + ky) k.

After some attempts of guessing the first orders in k;, k, and k., the table C.1b is filled with basis
functions. Experimentally clear indications are found that the pairing takes place in the singlet channel
in the FeSC (67, 13, 12|. In order to have an anti-symmetric gap function for singlet pairing, the
behavior with respect to k has to be even and the five odd representation in k space are ruled out
as a possible pairing symmetry. The five remaining even representations are: A4, Bigy, Bag, Agg and
the two-dimensional E,. The symmetry of the basis functions corresponding to these representations
is illustrated in Fig. 7.9. The names s,d and g wave are related to the angular momentum quantum
number of the SO (3) group. For the thermodynamical properties like thermal conductivity it is
important, whether the gap has nodes or the excitation spectrum is fully gaped. The d wave symmetries
require nodes of the order parameter. However, nodes are not excluded for the s-wave state.

Accidental nodes are nodes that are not required by symmetry. For example the appearance of
nodes in an Ay, (s wave) would be accidental.

Note that the s and si symmetry discussed in Sec. 6.2 are identical from a group theoretical point
of view. For the pairing symmetry in k space, the experimental situation is less clear compared to
the spin part. There are experiments as angle resolved photon emission spectroscopy (ARPES) |
superconducting quantum interference device (SQUID) and tunneling in favor of an s wave symmetry
without nodes. However, the thermal conductivity experiments indicate a structure with nodes at least
for some materials in the 122 family. Whether this means a d wave or s wave with accidental nodes
only k resolved experiments could tell.

Model calculations using a “one iron atom five band” model predict a change from a si to a structure
with nodes as a function of doping [148]. Most likely, the energies corresponding to the different sym-
metries are very close together and the energetic order changes as a function of an external parameter
like doping or pressure. For a detailed discussion of the experimental and theoretical situation the
review article [13] is a very good starting point.

In some iron based superconductors, a distortion from the tetragonal symmetry (Dyp) to the or-
thorhombic symmetry (Dsy,) is found [9, 149, 150]. The change in symmetry is related to a reduction
of the possible basis functions: The two-dimensional irreducible representation E, disappears in the
lower Dgp, symmetry (red color in Tabs. C.la and C.1b). So the corresponding symmetries k,k, and
kyk. with nodes along the z direction are ruled out as a pairing symmetry because SC is observed also
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APPENDIX C. DFT FOR SUPERCONDUCTORS

’ Label ‘ Real Space I'® ‘ Spinor I'SY® H Label ‘ Real Space I'® ‘ Spinor I'SY® ‘

100 1 0 0
E 01 0 (é g) I 0 -1 0 <(1) ?)
00 1 0 0 -1
1 0 0 . 10 0 .
Co. 0 -1 0 (é _0> 7. 01 0 (8 _0>
0 0 1 ’ 00 -1 ‘
0 -1 0 0 -1 0
ol 1 0 0 w 0 Sy 1 0 0 w0
4z 0 w* 0 w
0 0 1 0 0 -1
0 1 0 ) 0 1 0
o 1.0 0 <“(’) 2) St ~1.0 0 <°(‘)’ f)
0 0 1 0 0 -1
1 0 0 ‘ “10 0 ‘
Ca 0 -1 0 (3 3) oy 0 10 <(3 é)
0 0 -1 0 0 1
10 0 1 0 0
1 1
Cay 0 1 0 ((1) 0) oy 0 -1 0 (2 0)
0 0 -1 0 0 1
01 0 ) 0 -1 0 .
Coa 10 0 (/0, _(°;> ooy | -1 0 0 (2 _6">
00 —1 - 0 0 -1
0 -1 0 010
Cop | [=1 0 0 (u? _0“’) oy 100 (f _0“>
0 0 -1 00 1

(a) Representation of the point group Da, where the axis a and b are in the xy plane and point in (1,1,0)
and (1, —1,0) direction, respectively. The w determines the rotation in spin space w = e'i. The symmetry
operations in red are removed in case of an orthorhombic distortion (Dg, symmetry).

‘ Name ‘ dim ‘ parity k | parity o ‘

Basis functions

! By 1 even odd o%kzky

I? | By, 1 even odd o” (k:% — k;)

s By, 1 odd even 0%ky — 100k,

4 By, 1 odd even iaok:y — 0%k,

I Agy, 1 odd even ok, — o*iky

6 A1y 1 odd even 0%k, 0%k, — ook,
7 | Ay 1 even odd oYk ky (k2 — kg)
I 1 even odd 0¥, oV (k2 + k:g) ,oVk?
I E, 2 even odd oVkyk, 0Ykyk,
rio FE, 2 odd even 0%k, 0%ky

(b) Basis function for the ten irreducible representations. Half of the representations are even and the other
half are odd with respect to k parity. For singlet pairing only the even functions are relevant. In the column
“Name” the common labels of the representation are given [142]. The representations in red become reducible

if the symmetry becomes lowered to orthorhombic.

Table C.1.: Representations and basis functions of the tetragonal point group.
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C.4. THE KOHN-SHAM GREEN’S FUNCTION

in the orthorhombic phase. The other irreducible symmetries A4, Byy, B2y and Asg remain in the
Dyp, symmetry.

However, this investigation shows that a reduction of symmetry will reduce the number of possi-
ble pairing symmetries. Only the trivial representation A;, will always remain even for additional
distortion and keep the channel for s superconductivity open.

C.4. The Kohn-Sham Green’s function

C.4.1. The Kohn-Sham Green'’s function — Real Space
The statistical operator corresponding to the KS system reads:

1 . ~
pE° = Z—Ge*'BKKS with Z5° = tr [eiﬁKKS] .

The 11 element of the Nambu Green’s function defined in Eq. (4.4) is evaluated:

N

Gy, (rirawn) = = AF A (1 = ) €0 | T |y, (1) B, (x0)| |

= <T {@Ul (x1) \i/:fm (X2)} >w"

KS

A

The definition of the field operators W (r) in terms of the 4’s is given in Eq. (3.9).

Wn

G (riean) 1= (T [, () W, (02)])
- Z <T [(Uk (r1) Ykoy (T1) = 20y v (r1) ;7’1701 (Tl)) %
kk’
(1t (207, (72) = 2250 (52) e (7)) | )
S o) (02) (7 [, ()3 ()]
kk’

o Z Zo1 20,V (£1) Vg (r2) <T [(f%i_al (T1) Y=o (TQ))} >

kE'

Wn

Wn,

KS

The terms A = <T [’yolkfy; k2}> and B = <T [’y;'_l k1&02k2}> appear also for the other elements of
the Nambu GF and are evaluated separately. In Sec. C.2.2 it has been shown that the 4 operators
are Fermionic operators and the trace is evaluated using N particle Slater determinants composed of
single particle states corresponding to the +’s. For such states the time dependence of the operators is
simple:

ok (1) |Q) = K174, KRST|Q) = K157 BT | Qnyy, = 0) = ¢ B4 |Qngy = 0) = e P4T4,4|Q)

A (0 1Q) = e P TA,4Q).
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APPENDIX C. DFT FOR SUPERCONDUCTORS

The Fourier transformation given in Eq. (B.2) ensures 71 — 72 > 0 and the time ordering is trivial:

A (T — T/) = <6/0'1k1 (7—1) fAYcTrzkz (T2)>KS - @_Ek(Tl_TQ) <&Ulklﬁ/22k2>f<s

= e_Ek(Tl_Tz) [1 - f,B (Ek1)] 5k1k260102 = e_Ek(Tl_Tz)f/J’ (_Ek1) 5k1k250102

—BEy
twn— T e +1
A (wn) = Ag dTe( n=E) f,B ( Ekl) 5k1k’2 o100 — fﬁ ( Ek’1) 5]{?1]6250'10'22.7

Wy — By
_ (Mf(%,: (C.12)
B (1 = 7') = OpykyOorin0 (11 — 2) €1 (M) £ (B )
B (wp) = Ag dr et ET 5 (Bry) OkakyOor0n = f3 (Biy) 5k1k2501”2m
Sk, (€13

Wy, + Ek: .
The expectation values in Egs. (C.12) and (C.13) are inserted in the 11 element of the GF:

ug, (r1) uj, (r2) n vy (r1) vk (r2)
iwn — Ep iwn + By |7

KS
G0'10’2 (rirown) = 0oy §
k

In an analogous way, the remaining normal and anomalous GF are found:

FXS (£1Towp) = 0o Z |:UZ (r1) ug (r2) _ uk‘(rl) vy, (r2):|

o192 p wwy, + E, wy, — E,

uy (r1)ug (r2) ok (r1) vy (r2)
| e

KS
Gala'g (r1rown) = o0y E

. iwn + Ek; iwn - Ek
x uy, (r1) vg (r2) v (r1) uf (r2)
FO'1SU2 (r1r2wn) = 50’1—0'2 Z |: zwn + Ek - lwn _ Ek .

k

C.4.2. The Kohn-Sham Green’s Function — Bloch Representation

First the spatial representation of the Green’s function is rewritten using the expansion of uyq (r) and
Upgq (r) in terms of the Bloch states with respect to the non-SC system defined in Egs. (3.16) and (3.17).
In the decoupling approximation the coefficients are diagonal and the invariance of Efﬂt with respect
to k — —k leads to |Egs. (3.24) and (3.27)]:

\k\ Joic|”
—EjE zum%—E,:CIE

G?fag (rlr?wn) = 50102Z¢k (rl) wlt ( 2
k

The Bloch representation is the k dependent part of the real space function. Using the orthogonality
of the non-superconducting Bloch states [Eq. (3.15)] the GF in Bloch representation is found:

= G55 (kk'wnE) = 00,000k Ad° rld?’rgzpk (r1) Gam (r1rown) ¥ (r2) (C.14)

= O 100 O
1020kk [ n_E,§+zwn+E,f
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C.4. THE KOHN-SHAM GREEN’S FUNCTION

Every sum with respect to the quantum number k, is evaluated with the rule presented in Eq. (3.28)
and for the other components of the GFit is found:

2 2
+ +
G (kkatwnt) = 691030 ‘u’“ ‘U’“ (C.15)
o102 \HIRER Pt o + B iwn — By '
+x 4+ +x  +
v u v u
FXS  (kikownt) = 6500 bk bk C.16
0102( 1h2Wn ) o1—02%1k2 n+E}:gt1 i E]:gtl ( )
4% + +x, +
u v u v
FXS) (kikawnE) = 8oy —oyOppy | —2 0 - B b C.17
0102(1271 ) o1—02Vk—k iwn+E;:€|:1 Z.wn_E]:ctl ( )

Note that some authors [69, 110] define the transformation of the anomalous terms via
A@Prid®ray, (r1) FiS, (rivawn) 97, (r2)

leading to a 0y, —, instead of the i, x,. The transformation for all components reads (the spin conditions
8010, for G and GT and 6,,_, for F' and FT are left for simplicity):

G (kK wpE) = Ad®rid’ranpy; (r1) G*5 (r1rowy,) Yy (T2)

Juic|” o W S
_ iwn—EfJ: iwn—i-E',g: iwn—Q—E,:: iwn—E]::
Okk/ T3 it ottt ’ukﬂz ]v?jf (C.18)
iwnJrE,j[ iwnfE,f iwn+E2[ iwnfE]C
G (rirown) = Y ¢ (r1) G*° (kk'wn) v (r2) . (C.19)

kK’

The transformation relation for the GF [Eq. (C.19)] together with the Dyson equation [Eq. (D.9)] lead
to the following relations for the self-energy and XC-potential:

i (kk‘lwn) = A d37"1d37“2¢z (I’l) i (rlrgwn) %' (I‘Q) (C.QO)
7 (kk') := A d®r1d®roy (1) 0°° (r1r2) e (r2) - (C.21)

Note that the definition given in Eq. (C.21) is in line with the definition used in the SCDFT introduction
[Eq. (3.19)]. In some situation it is advantageous to write the Green’s function in terms of the gap
A?S (k) and eigenvalue Fj. This is done by using the explicit equation for the eigenvectors given in

Eq. (3.26):

Sk Ck
14k 1k
+Ek Ej A?S* 1 1
GKS (1o 1) — Ok ion—BE T ot BE EE |iwn+BE  iwn—EE C99
(kK k) = 2 7, LB . ()
KS £ £
Ay 1 _ 1 E + B
EE |liwn+EE  iwn—EZ iwn+EL | dwn—EZ

In this form it is obvious that the G*® (kkw,+) is identical to the G*® (kkw,—) and hence it does
not matter which function is chosen in the evaluation of the sum with respect to k (Fig. 3.1). From
now on the index = is left out for simplicity. Using the expressions for G*® (kk'w,,), relations for the
substitution of the frequency w, — —w, are obtained:

Vil ViU Vil ViU
F*S (k —wy) = —= - —* =k ET Pk C.23
( wn) —iwy + B —iw, — iwy + B iw, — By ( wn) ( )
2 2 2 2
G (= o) = — 14 Pl Ol G (k). (C20)

—iwn — B —iwn + Ex  dwn+ Ey iwn — Eg
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D. Hedin Equations for Superconductors

D.1. Nambu Green’s Function

D.1.1. Equation of Motion
The equation of motion for the Nambu GF given in Eq. (4.4) reads:

, O, B0,
87'1G(12):_T ([ZUI\IIT() 2—’—]+ [ZUI\I/ )aZUQ ()] )

)
(
<T [K U, ()] (m) 0t (2 > K v, (rl)] (11) 20, ¥ (2)

(7 [& 2t ] (o ®) <T [K W ()] () 20aW ()

The commutator leads to the unity and the 77 is brought to the left hand side of the equation:
*TZ&,-IG (12) = 5127‘0+

(TR0, ()] ()91 (2)) (20T [K, 00, (01)] () ¥ (2))

(2, [R 00, ()] (r) 91 (2)) (20,20, [, 0, (00)] () W (2))

The Hamilton operator determining the time evolution contains single and two-particle contributions
which are defined in Egs. (4.1) and (4.3). The single-particle operator terms are unproblematic. The
complications are created by the two-particle operator W.

(D.1)

D.1.2. Single-Particle Contributions

For the single particle parts of the Hamiltonian the commutators give the following contribution:

[, 0, (1)) = ~ LA () 85 (1) [ 0l (00)] = = [, (01)]

[ﬁsc,\if,,l (rl)}_ :zglAd?’rAeXt (ryr) T (r) [Hsc,xp (rl)} — [ﬁsc,xifal (rl)} :

where K is given by Hy — MN . Inserting the single particle results in the equation of motion |Eq.
(D.1)] leads to:

~770r,G (12)1; = 127" + < = kD5 (01r) W (r71) 4 20, A% (141) UL (2my) | W, (X2)>
B
.z 3 ext* } T
T 871G(12 19 = kaﬁ (rir \Ifg (r71) + 25, Ad°rA (rir) il (I'Tl) 2y VUey (X2)

—7%05,G (12)y, = < (Z kY5 (rir) 2, U (rﬁ) — APrA™ (ryr) U, (I'Tl)) o, (X2)>

—7707, G (12) 99 = 612 + < Z ko g (r1r) P (1‘7'1) — ABrAT (r0) Uy, (r711) | 26, T, (x2)> .



D.1. NAMBU GREEN’S FUNCTION

The components of the Nambu Green’s function defined in Eq. (4.4) are identified

—7707,G (12), = 0127° + <Z k216 (r1r) Ggo, (r71%2) — A™Y (r17) F! (1‘7'1X2)>

—0102
B

—770,,G (12)1, = <Z k?nﬁ (r1r) Fao, (r71X2) — A d3rA™Y (rir) GT_(,1 oy (1‘7'1X2)>
B

_7—28‘&6Y (12)21 = <_ Z Za1 kg?ﬁ (rir) Z/BFTJQ (x1%2) + AdPrA™ (r1r) G50, (I‘7'1X2)>
8

—TZaTIG (12)22 = 5127‘0 + <— Z Za-lkg;k/j (rlr) ZﬁG,go'z (1‘7'1X2) + AeXt (I’ll‘) chrlag (I”7'1X2)>
B

and written in compact matrix notation:
—7707, G (12) = d127"+
ZAdI‘ < kgl” (rlr) AeXt* (rlr) 5010) ( GUUQ (1'7'1X2) Fooz (I‘7'1X2))> +0 [\1,4] ]

A (r11) 0y o kafa (rir) 25, 2oy —FJUZ (rm1x2) —GI-U2 (rmixo

(D.2)

The time dependent potentials are introduced to simplify the notation:

20, G (12) = 1970 + Ad3 < Aext(t ;) Akot (g’)> G (32)
() (T|W, ¥, (r1)| (m) ¥ (2)

T W, \Ifgl (1‘1) (T1
( \IJT (2) T W? ‘1121 (1‘1) (Tl) v (2)

)
T W,\I/Irl (1‘1) 7’1)

This part is done in the next section

ko (12) = 57172k2102 <r1r2)
AeXt (12) = (57—17—2 (501’_02 AeXt (1‘11‘2) .

In a non-magnetic (NM) Kohn-Sham system considered in the superconducting density functional
theory (SCDFT) chapter 3, the diagonal part A is given by the normal single particle contribution

plus the XC and Hartree potential: —5 + vo 4+ v +v*¢ and the A®* is replaced by the sum of external
pairing field A®*' and the XC part AXC

D.1.3. Two-Particle Contributions

The commutator for the two-particle term W is evaluated:

(W, (r1)] = —22Ad3 PGt (2) W (1) B, (1) W0, ()] = = W, (rl)]T.

Inserting this on the right hand side of the equation of motion [Eq. (D.1)] leads to:

o [@4} = Z A drv (rir) x (D.4)

~ A

—<T\iﬂ (r71) Uy (r71) Uy, (x1) B, (xz)> —<T¢/T (t71) U (£71) Uy (1) 20y Uory (XQ)>
(T2, 0L (r71) Wa (07) B, (x1) Wb, (x2)) (T2, Bl (0m0) W (670) B, (1) 20, B, (3x2))
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APPENDIX D. HEDIN EQUATIONS FOR SUPERCONDUCTORS

D.1.4. Schwinger’s Functional Derivative Approach

The two-particle expectation values are too difficult to evaluate, but it is possible to connect the
expectation value to a functional derivative with respect to an external probing field. This procedure
is called Schwinger’s functional derivative approach [83]. The probing field or perturbation ¢; is time
dependent and couples to the densities:

= X Adr (it

This field is used as a mathematical tool and it is set to zero after the derivative is calculated i.e.:

0A . 0A

: 1m
dpi im0 dip;

e,v,Hop

The limit guarantees that the considered Hamiltonian remains time independent and all quantities
depend only on the time difference. The new term in the Hamiltonian ® (1) = A d®re (x)p (r) is
considered as the interaction in the Dirac picture. Note that in this way the fully interacting system
takes the roles of the unperturbed system. In the standard definition of the Dirac picture the two-
particle interaction is the perturbation. In order to highlight this difference the label S is used for
the time propagation operator, instead of the usual U (8,0) [Eq. 2.25]. However, the perturbative
expression [Eq. (2.29)] holds also for the ® related to the probing field:

. <T |:Sqla'1 (x1)p \1132 (XQ)D}> <T {S\Pm (x1)p 20, Vo (XQ)D}>
<s> <T [S’zgllllll (x1)p Ul (XQ)D]> <T [Szgl Ul (%1) p 20y Uor, (XQ)DD

G (12) = —limg_.o

Fields coupling to the anomalous density are not needed because the Coulomb part creates no terms
like <\il\il\i/\if> or <\TIT@T\TJT¢IT>. Evaluating the functional derivative leads to:

g\i’L (x3)p ¥s (x3)p Vo, (1) T, (X2)D]> 0
Wh (x3)p W (x3) p 72y Wy (1) p W, (x2)p] ) 0

iG(12) _ ol
S0 (x3) = pi (X3)DG(12)+Z <§> <

The perturbation is set to zero after the derivative is performed. This means S =1 and the Dirac
picture of this section reduces to the normal Heisenberg picture. The steps in this section are in
complete analogy to the procedure in the LR theory in Sec. 2.2. The two-particle contributions are
given in terms of the functional derivative of G' with respect to the external probing field and a
comparison with Eq. (D.4) leads to:

5G ( 12]

zo; A d3rov (rir) [po (rr) G (12) — 50 (

<T [pr,, (r1)] (1) ¥, (x2)) < [ . }n)zag\iffz (x2))
<T {W, 2o, UL, (rl)} (m1) UL, (%2 > <T[ )} (71) 2oy Vory (X2)>
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D.2. THE LOOP RULE

D.2. The Loop Rule
Within the perturbation expansion of the GF, the interaction enters in multiples of [Eq. 2.29]:
—v (12) ¥l (1)@l (2) ¥, (2) ¥, (1).

Assume now a fully contracted contribution, in which the GF is separated into two parts (see left side
of Fig. D.1):

N A A

G(12) = < U, (1)...some contraction ... ¥l (2)> X
T (4)W, (4) 0 (5)F1 (6) ¥, (6)T, (5)... ¥ (N)V, (N)> v (34)v (56)...v (N —1N).

=Part A only connected via v to the other term

Within the separate Part A at least one Fermionic loop must appear. If there are multiple loops the
part A is split in Ay ... A; separate parts, where each A; contains only a single loop and from now on
only parts with a single loop are considered. Since the product of the various interactions is always
within the time ordering operator the terms are rearranged:

<...®L(3)¢;D(3)¢L(4)@D(2)...@L(N)¢D(N)...>0.

With the help of Wick’s theorem (Sec. 2.4), such expectation values are evaluated by the sum of all
possible totally contracted contributions. The contraction is defined in Eq. (2.30) and a contraction
with a single loop leads to:

(1) 0 (1) 01 (2) 0 (2) . T (V) p B (V)

UT(1)pGo(12)...Go(N — 1N)®(]Y)D = —Go(N1)Go(12)...Go(N — 1N).

For each Part A; containing a single loop of normal state Green’s functions a (—1) appears. Up to now
only loops with multiple Green’s functions have been considered, but the most simple form of a loop
is just the contraction between two operators with the same space-time argument:

lim ¥, (1) ¥,, (2) = lim <T [@L ONE (2)]>

lim lim = —lim Gy (21) = —Go (117)..

0 2 1

This means a factor of (—1)° is added, where s is the number of loops. Note that this rule is only
necessary for purely normal GF loops. If SC contributions are present in the loop, no minus signs
appear. For the anomalous Green’s function a single Green’s function loop like F' (117) is not possible
because the Coulomb interaction contains always an incoming and an outgoing GF line. Hence, the
first loops containing anomalous terms are

ol l)D‘i’T(Q)D‘i’ 2 D\il p= —‘i’(?)D‘iJT(,l)D‘if(,l)D@T(?)D = —G0(21)G0(12)

)p¥(1)
2)p¥(1)5 = Fj(12)Fo(21)
)o¥(3)p = —Go(13)Go(12)Go(23)
)p¥(3)

), (1) o0 (2),W(2), U1 (3), U (3), = Fi(12)Go(13)Fo(23)

and no minus sign appears for loops with an anomalous term.
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APPENDIX D. HEDIN EQUATIONS FOR SUPERCONDUCTORS

Contributions with loops Contributions with no loops

/ o \\ i )
\ [ /
N / E
1

S SRR

Figure D.1.: Contributions in the expansion of the Green’s function containing at least one loop (left)
and without loops (right).

D.3. Different Reference Systems

Two different reference systems have been used already in chapter 4: The Ao system related to a self-

energy with Hartree terms and A" where the Hartree contribution are removed from the self-energy
(Egs. (2.33) and Eq. (4.10). However, it is possible to add arbitrary single particle potentials v on
both sides of the equation of motion [Eq. (4.10)]:

— 7705 + Y AR (r1r) | Goo, (r7ixa) = 1o + Ad3 [S(13) — 0 (13)] G (32)

R s, (rirg) = hY 5, (£172) + Voo, (r1r2) .

By adding a o to the non-interacting system, the corresponding reference GF changes. The full G is
independent of the selected reference system because also the self-energy [Eq. (4.10)] in the Dyson
equation for GG is changed i.e.:

G =Gy GreISriG S S gand — [r0, + B G = 1.

All further steps in the Hedin cycle are independent of the reference system because the equations
depend only on the full Green’s function and . For practical applications some choices for the
reference system are a better starting point than others [151]. The standard reference systems in the
literature are:

1. The “free Green’s function™
_ 671 - An 0 GHEG -1 G — GHEG 4 GHEG [i Lot 4 UO] G (D.G)
0 —0r — Ay,

corresponding to the HEG and all system information must enter in the renormalization process.
2. The “non interacting Green’s function™
- [7'287—1 + Bo] GO =1 G = Go + Go [2 + ToUH] G (D?)

corresponding to non-interacting electrons in the background potential of the nuclei (Eq. (4.6)
for the definition of hg). This means the structural information of the system is added to the
reference system, but all interaction between the electrons enters in the Dyson equation.

3. The “Hartree Green’s function’:
o, ARG =1 =G+ ARG, (D.8)

where the Hartree potential is added to the reference system. In this form the self-energy contains
no local contributions [Eq. (4.9) for definition of h"|.
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D.3. DIFFERENT REFERENCE SYSTEMS

4. The “Kohn-Sham Green’s function”

—H ,UXC + BXC AXC* =KS _ =KS ~KS _ _
z —~XC
- |:T Or, + [h + ( Ax (UXCJ:B;FC)*)H G*=1 G=G+G¢[E-v°]G (D.9)
corresponding to the Hamiltonian given in Eq. (3.6). The KS system is obtained by adding the
XC-potential and Hartree potential (B$** — B&* + B¢ vy — vg + vl 4 0% and At — At 4
A%X°) to the non-interacting Hamiltonian [Eq. (4.6)]. The KS system has the special property
that it reproduces (for the exact 9*°) the density of the full system ie. Y A G&s (117); =
p(r1) and x(riry) = ZFTKf‘ (rlﬁrng'). In practice, the XC-potential is approximated by
one of the countless approximations (local density approximation (LDA), generalized gradient
approximation (GGA), ...) and the full GF will depend on the choice of the reference system
[151].

The functions G*5 or G are much closer to the full Green’s function than G™¢ and G because
many-body effects like exchange for G¥ and XC for G** are included. This is advantageous for a
perturbation expansion.
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E. Sham-Schliiter Equation

E.1. Frequency Sums — Residue Theorem

In the Sham-Schliiter equation (SSEq), summations with respect to the Matsubara frequencies are
involved. Any Matsubara summation can be rewritten using the residue theorem and the Fermi (f3)

or Bose (bg) distribution functions: The fg or bz have poles on the imaginary axis at either 2“7”1 or
Wi (Fig. E.1) and the residue at every pole is simply —%. From now on only the Fermionic case

is considered, but analogous equations hold also for bosonic Matsubara sums.

Re[z]

Figure E.1.: Absolute values of the Fermi function fz(z) = and bosonic distribution function

1
ePril
bs (2) = ﬁ in the complex plane. The red line is the function for z € R which is shown in every

many-body text book [52, 51].

Assume a function A(z) which is analytic (has no poles) in the complex frequency plane. By
multiplying this function with fg a function is created with poles at every w,. The Cauchy integral
formula or residue theorem connects such a sum to a contour integral:

Polesey

_%ﬂadm(z)fﬂ ()= 3 reslfs(2)A(2), 2] = ;ZA(M),

n

where res[f (z), zo] denotes the residue of the function f located at zy. Note that the residue theorem
is unique only in one direction. If a function f (z) is analytic on a region I' and the values of the
function are known on the contour v surrounding that region all function values zg € I" are determined

£, dzM = 2mif (20)

Z— 20

via:

and it is not possible to multiply an analytic function which is 1 on the contour and not identical
to 1 (=). However, in this section the summation with respect to discrete Matsubara frequencies is
rewritten. This means the function is known on only Matsubara points (29 = {w1,ws, ... }) and not on
a contour. In this case it is possible to add a function f which is 1 for z = zg and different elsewhere
i.e. the analytic continuation from points to the complex plane is in general not unique (£=). However,
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E.2. VARIOUS TERMS IN THE SHAM-SCHLUTER EQUATION

for the GF it can be shown that the continuation is unique because a non-trivial f breaks the limit
behavior: lim, | G (2) = 0 [52]. It is assumed that such a condition is also valid for the considered
functions A (z) which will be a product of Green’s functions and self-energy contributions. The contour
7 is transformed to 7' (Fig. E.2):

;;A (iwn) = — gty d2A (2) fi (2).

In order to close the contour with the infinite cycle the function A (z) must vanishes for |z| — oo faster
then ﬁ (Jordan’s lemma). The Fermi function has no poles besides the ones on the imaginary axis.
Hence, the contour integral with respect to 4/ is given by the residues of A (z) in the complex plane
(imaginary axis excluded):

Polese’

;zwwn)— > res[fs(2) A2) 2l (E.1)

n

17

Figure E.2.: Fermi function with poles on the imaginary axis and some example function A with two
poles in the complex plane. The initial contour v (left) is changed in two steps to the contour ~/
(right), where the poles of the function A lie inside the contour [Eq. (E.1)|. For closing the contour
with the infinite circle (dashed line) it is assumed that the function A (z) vanishes for |z| — oo faster
then

Elh

E.2. Various Terms in the Sham-Schliiter Equation

In this section the Matsubara summations appearing in the Sham-Schliiter equation [Eq. (6.2)] are
worked out analytically.

E.2.1. The GG' Term

The first rather simple contribution in Eq. (6.2) is: >, G*® (kw,,) G¥5T (kw,,). The explicit expression
for G*® given in Eq. (C.18) is inserted:

2 2 2 2
e L (O R 7Y I O
wy — Er  iw, + B i, + Er  dw, — By,

_ Jul* + [ox]* | og e [og
(iwn — Ey) (iwn + Ex)  (iwn — Ep)® (i + B)?

Note that |ug|? |vg|* contains only |A|? and higher orders in Ay, [Eq. (6.7)]. Since the equation is
linearized in A, the last two terms are neglected and 2 |ug|? |vg|* is added to the first term:

2
2 2
gt _ Ll ol 2o (fl o+ foel)

(iwn - Ek) (z’wn + Ek) (iwn - Ek) (iwn + Ek)
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APPENDIX E. SHAM-SCHLUTER EQUATION

The coeflicients are renormalized |uk|2 + |vk|2 =1 and the KS Green’s function reads:

iwn 0" 1 ; 1 1
ezwnO+GKSGKST € _ ewnO+ |: .
8 Z B Z (iwn, — Ey) (iwn, + Ex)  2Exf En: wy + Er  tw, — By
(E.2)
miw fo(z) e [ 1 1
= res — Zn| -
. 2E}, z+E, z—-E| ™"
The two poles of A(z) = - +1Ek — szEk are at +FE), and the residues are obviously ii‘;(i’“), since the
function fg has no poles in the contour +/(Fig. E.2). Inserting this in the Eq. (E.1) leads to:
1 iwn0F ~KS ~KST 1 tanh [ﬁ%}
- iwn 0T (IKS —_ = E.) — —F = E.3
52 7 s (B) = fa (~BW)] = —5 (E.3)

E.2.2. The I Term

In the contributions to the SSEq containing the self-energy i.e. GXS% 11 F¥S and GXSE,GXSt [Eq. (6.2)]
a function depending on Ej, Ey and w appears. The function contains all the Matsubara summations

and is defined by:

1 2wetwnd 1
Ig (B, Epw) := . E.4
8 (B, Bpw) Z iwn + Br w2 + (wn — wm)® Wm + B (E4)

The calculation of the residues is easier, if the fraction is split into two parts:

1 ein0” 1 1 eln0” 1
I5 (Ey, Eyyw)
(El, Bl B2Zzwn+Ekw+z(a}n W) W + Epr BQZW + Epw — i (wp — wm) wm + By
A(wwnwm EyE;r) B(wwnwmEREyr)

Mathematica helps with the determination of the residues. The final results from the term A and B,
using the relations discussed in Sec. E.1, are

Z A (wwpwm ExEyr) = f8 (Ei) f3 (Ex) b (w) [eEk _ eEk’+“’]

Ek —Ek/ —w
nm
fo (Bi) fo (Bw)bs (W) [ poyw B,
;B(wwnmekEk’): B Bpiw e

and the function I, after the Matsubara frequencies have been summed analytically, reads:

eﬁEk _ eB(Ek/-i-w) eBEk' _ C’B(Ek+w)

Ig (Bx, Epyw) = —f5 (Ex) f5 (Ex) bg (w) B Ev—w B Eoiw | (E.5)

Note that this function diverges for w — 0 as bg (w) ~ % This means the interaction has to behave
like aqw + %%ﬂ + ... for small frequencies in order to avoid divergences in the frequency integrals [Eq.
(6.6)]. On the other hand, the Bose function goes to zero for w — oo ensuring the convergence of the
frequency integrals even if the retarded response decays slowly.

E.2.3. Preparation for the Self-Energy Terms

The structure of the self-energy contribution, required in the SSEq in real space reads [Eq. (6.1)]:

E (rlrzwn = Z M r1r2wn - wm) G (rlrgwm) .

B8
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E.2. VARIOUS TERMS IN THE SHAM-SCHLUTER EQUATION

In principle, the interaction M varies for the different components of the GF [Eq. (6.1)], but for the
discussion at this point this is irrelevant. The self-energy in Bloch representation |[Eq. (C.20)] and the
transformation of the GF [Eq. (C.19)] are inserted:

Y (kwy) = 5 Z Ad3r1d3r2¢k (r1) Ypr (r1) M (r1r2w, — W) G (k’wm) i (r2) Yy (r2)

k’wm
Y (kwy) = Z Mg (wn, — wim) G (k'wm) (E.6)
k’wm
My (wn — win) = A dPrid3rapf (v1) pr (r1) M (v1T9w0, — W) 050 (t2) Y (T2) (E.7)

In the analytic evaluation of the Matsubara sums, the frequency dependence of the interaction is
crucial. The basic form of the interactions given in Eq. (5.41) is:

M (rirowy,) o< A d3rd3r £ (rirw,) xM (rr'wy) f35 (r'rown) .
A restriction to real, local and static kernels as the ALDA (Sec. B.4) is made:
M (riraw,) o< f25 (r1) X2z (r1rawn) f25 (r2).

The connection between the retarded and Matsubara functions [Eq. (B.11)] is used and the interaction
is transformed to Bloch representation:

Mg (wn)OCAd w%+w2 = Adw w%+w2

(E.8)

The adiabatic kernel leads to the convenient result that simply the anti-Hermitian part of the whole
interaction is used in the expression. For frequency dependent kernels the situation becomes more
complicated. The kernel is also defined implicitly by Eq. (5.17):

X (W) =X (W) X W),

where the ~! denotes a matrix inversion in space: .. (riraw). For the response functions the Eq.

(B.11) holds:

Im [\ (B) - X (B)| B
w2 + E?

A(E)

= AdE———=
Ak Tr g

2
xc n) = — 0o I
5 (wn) ﬂ_AO

and the matrix elements read:

A (rlrEl) E1 Jm [Xzz (I'I'/Eg)] E2 A (I'/I‘QEg) E3

M Brd®r' IdE; . ..dE
(rirzn) oc Adrd " TdEY ... dBs—= 57 s W2+ E] W2+ E]

(E.9)

Also for this expression it is possible to evaluate the Matsubara summation analytically, but the poles
have higher order compared to the adiabatic situation. This leads to more complicated expressions for
the residues compared to Eq. (E.5).

Before the contributions to the SSEq containing the self-energy are evaluated, a helpful observation
is made: The two contributions GX5%1; F¥5 and GX8T399 F¥ in Eq. (6.2) are identical. This is shown
by using the symmetry relations with respect to w,, — —w, given in Egs. (C.24) and (C.23):

ZGZHF"_’ ”522:2@ (k — wn) Mg (wn — wim) G (K — win) F (k — wy)

nm k'

=3 Z > G (kwn) My (wn — wim) G (Kwp) F (kwy) = —; Y G'EpF. (E.10)

nm k'

This reduces the work by 50% and only the ) G*5¥11F** term is evaluated in Sec. E.2.5. But first
the term containing the 12 elements of the self-energy i.e. G¥5%15G*5T is evaluated.

E-4



APPENDIX E. SHAM-SCHLUTER EQUATION

E.2.4. The G*Y,G*" Term

The Matsubara sums are evaluated first for the contribution with respect to the off diagonal element
of the self-energy in Eq. (6.2). The expression for the self-energy is given in Eq. (E.7):

1 1
3 Y GEm et = 5 D" G (kwn) Dia (kwn) G*T (kwy,)

::GXTQGJr
5zZZGKS (kwn) G*5T (kwn) Mg (wn — wim) F* (K'wp) -
nm k'’

As a first step the Green’s functions are inserted and the simplified form for GKSG*ST [Eq. (E.2)] is
used directly:

1 1 1
GopGh = My - U
12 32 Z Z (iwn — Ef) (iwn + Ek) kit (@n — wm) (z‘wm + By iwy, — Ek/> Uik

nm k’/

The anomalous Green’s function F*° is written in terms of the gap [Eq. (C.22)]:

1
GYpGl = My (wn, —
12 32 Z Z 2L <zw —E,  iwp + Ek> b (Wn = wm)

nm k'’

1 1 A7
wm + B Wy — By ) 2E) '
From Eq. (E.8) it is seen that the interaction M (kk'w,) is invariant with respect to {wpm,wn} —
— {wm,wn}. This symmetry is used to merge the different contributions:

Jm (M A7,
GEQGT = Z AO 2,:2,;E3€] k X

nm iwn, + g w? + (wn - CUm)Q W + By W — By ‘

The expression has been changed to a form, such that the function I given in Eq. (E.4) is found and
inserted in the equation:

Jm (M A7,
GZlQGT Z AO 2];71]';/(}?2] k [Iﬂ (EkEk/w) - Iﬁ (.E,I€ - Ek/w)] .

As a last step, the explicit contribution to the interaction My (w) for the off diagonal element of the
self-energy |Eq. (5.43)] is inserted:

1 1 o o dm | —wi (W) — acAfy, (w)| AL
BZGKSEHGKST = ;Z A dw [~k ;Ek/Ek ke ()] A4 [I5 (EyEpw) — 13 (Ex — Epw)].

(E.11)

At this point it was assumed that the XC-kernel also fulfills Eq. (E.8). The expression contains the spin
interaction Af}, (w) and the screened Coulomb interaction w. For the Coulomb contribution and XC-
kernel [Eq. (5.47)] the frequency dependence is neglected and a static approximation i.e. wy,, (w,) =~
wyy is used in the final calculations. This approximation simplifies the equation significantly:

1
E Z GK52?2GKST

IBQ Z Z GKS kwn wkk/FK ( ) GKST (kwn 52 Z GKS kwn) GKST (kwn wkk/ Z FK

p— k/ nk/ k’l
wh [25] tanh [95+] tants [ 25
=3 L L SR [ f (Bw) — f5 (—Ep)] = — ok A
& 2F} Wik Ey s (Biv) = fi (= Ew)] zk': AE By e
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E.2. VARIOUS TERMS IN THE SHAM-SCHLUTER EQUATION

A simple approximation for the static screened interaction is the Thomas Fermi screening:

Bare ( 1 Screening e~alrz|

v I'11'2)

r] — 1o lry —raf’

where « is a parameter describing the screening length. The translation invariance of the interaction
leads to a diagonal form with respect to G [Eq. (A.3)]:

4
GG') = + G) g +G)=—— E.12
v(aGG') =v(a+ G)dca v(a+G)= S iaiar (E.12)

An intermediate step between the phenomenological Thomas Fermi screening with a parameter o and
the full screened Coulomb interaction [Eq. (4.17)] is to use the statically screened Coulomb interaction
in the random phase approximation (RPA):

w*™ (qG1G2) = v (qG1G2) — Y Y v (qG1G) X510 (aGGw = 0) W™ (qG'Gy) .
GG’ oo’

It is convenient to write the equation for w®"* in terms of the dielectric constant:

W (qG1G2) = [0 q, + v (@ + G1) X6 (@G1G2)] v (q+ Ga) = ¢ 1 (qG1G2) v (q + Go2) .
(E.13)

E.2.5. The G*%,; F*S Term

Last but not least, the term containing the diagonal part of the self-energy in the SSEq is evaluated
[Eq. (6.2)]. Using again some generic interaction M to keep the expression shorter, the term reads:

ZGKSE FXs = 5QZZFKS (kwn) G™ (kwn) Mg (wn — wWin) G5 (K'wp,) . (E.14)

nm k'’

=GX1 F
Before the Matsubara summation is evaluated, some simple algebra is done for the part F** (kwy,,) G*° (kwy,):
Ck
1 1 1 1+g 11—
F* (kwp) G*° (kwy) = vj; - - k By
(hown) G (hwn) = i (iwn Y E,  iwn— Ek> <2iwn By 2w + By

Ay 2By (iwp, + )
2By (w2 + E2)?

The second order pole is rewritten by a derivative with respect to Ej:

Al d 1 AL [ diw 1
FKS L n KS k n) = k (- n _ k .
(heon) G (kwn) = 5 (on +6) G 3 B2 ~ 2B, dEkw2+E2 deE 24 B2

The simplified expression for F*° (kw,) G*® (kwy,) containing a first order pole and the derivative is
inserted in Eq. (E.14):

1 d w
GYX F = = i M (wy, — wm) G (Ewpm,

nm k’

k _ / - /

1 1 /
ZZ 2Ek dE}, < L’wn T E + i — EkD Mg (wn — wi) G (K'wp,) -

nm k’
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The invariance of the interaction M (kk'w, — wy,) with respect to {wp,wn} — — {wm,wn} is used
again to merge the to parts

11,
an+Ek iwn—Ek :

AtGod (1 1
Gl = ﬁ2 293 4kEk dEj, (Ekiwn + Ek> Mo (wn = wm) [G (Kwm) + G (K = wn)]

nm k'
1 / /
G Z; > AL, 4B} <iwn T Ek) Mie (on =) [G (Keom) =G (= o))
The G*8 (k' — wyy,) are rewritten using Eq. (C.24):
_ 1 Azgk d 1 1 . KS (1. kST (1
GY F = @ zm:Z 5 aE. <Ekm - Ek:) My (wn — wm) [G (Kwm) — G*T (k wm)}

! — KS (1./ KsT (1.
ZZ4Ek dE, (iwnJrEk) Mgk (wn — wm) [G (Kwm) + G (k wm)} '

nm k'’

The sum of the two Green’s functions is evaluated:

Ck’ _ Ck’ Ck’ _ i _ i CL’
92 <GKS + GKST) — 1 + + 1 By + 1 + + 1 Ey _ 2Ek’ + 2Ek’
— Ek/ Wy, + Epr — W — Ek/ —iwy, + Ep Wy, + Ey Wy, — By
C / C / C / C ’
2<GKS_GKST>_ 1+ By 4 1_EI;/ B 1+ : _ 1_EI;’ _ 2 + 2
N Wm — Ek/ Wy + By — Wy — Ek/ —iwWm + Er N Wy + By Wy — By '

The expression is further simplified and the interaction in terms of the retarded quantity given in Eq.
(E.8) is inserted:

1 AyGr d ( 1 1 > 2 wim [ My (w)] [ —1 1 ]
GEnF = —; k —- A dw= : + -
1 52 Zm: Z AE), dEy \ Ej iw, + E, 0 Tw? 4 (wy — wm)? Liwm + By iwm — Ep

ZC]C/ d 1 00 2 wim [Mkk’ (w)] 1 1
Z Z ; AO dw— 5|z + - .
4B Ey dE), \iw, + B T™w2 + (wn — wm) W + By Wy — By

nm k/

The function I [Eq. (E.4)] is used to express the Matsubara summations:

A* d 1 1
Gy F = k o dwdIm [ My — | =TI (ELEww) — —I(E) — E)
11 Zk,:MEk AG° dwIm [My (w)] dEk< (BrEpw) o (Ex kw)>

ANNEY,
+> DU g g M (@)

I (ELE} I (E, — By .
— 4r By By (I (ExEpw) + I (By — Epw))

dEj,

The derivatives are evaluated and M is replaced with the interaction on the diagonal part of the
self-energy |Eq. (5.43)]:

1
- GXSY, FXS — k
Z 1 An By,

’ I ’ _l ‘7 - !/
<|:C1; Cl;:| [/(EkElc’ ) |:<l; Cl;:| [/(Ek Ek’ ) Ck (EkEkw) ]%( k Ekw)).

0 dwIm [ap AT}, (w)] X

n

(E.15)

E.3. Approximations to the Gap Equation

E.3.1. The Fully Linearized Gap Equation and Isotropic Approximation

The gap equation given in Eq. (6.6) is a non-linear eigenvalue problem due to the factor tanh ( B

This non-linearity fixes the value of the gap and it is possible to obtain the gap as a function of
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temperature i.e. A = Ay (T). However, a self-consistent treatment of a non-linear eigenvalue problem
is computationally demanding and the interaction matrix element in the kernels are calculated in the

normal phase (Sec. 5.4.1). The equation is fully linearized (tanh (@) = tanh (%))

tanh (%)
A)k(c el Z Z’?(Skk/ —|— ICIS]C/T k/ .

k/

Since the gap equation has been fully linearized, the eigenvector (i.e. the gap function) is only deter-
mined up to a complex factor. This means the fully linearized gap equation determines 7, only and
the shape of the gap close to the phase transition i.e. %, not its magnitude. The temperature
where an eigenvalue A = 1 appears, marks the phase transition.

Now a second approximation reducing the computational effort is made. The summation with respect
to the momentum quantum number k in the gap equation may be demanding. However, in many cases
the gap depends only weakly on the vector k, but strongly on the band index n. Such a situation has
been assumed in the discussion of the gap equation in Sec. 6.2, where the gap was approximated by
a positive number for all k around the I'—point and negative value for the band around the corners
of the Brillouin zone (Fig. 6.2). In such a case it is possible to neglect the isotropy of the gap with
respect to k. Formally this is done by replacing the full k dependent gap by its average with respect
to k

~ A (E) = Zécnk E)ANC(k)  Nu(E)= 6w —E), (E.16)
k

where N, is the density of states (density of states (DOS)) of the n-th band. Note that the N, (E) is
the DOS per spin because in a non-magnetic system each eigenvalue is two-fold degenerate. Inserting
this average in the linearized gap equation and multiplying from the left with the averaging operator
Yk 0ni=B) Joads to the isotropic gap equation:

TNW(B)
D C / tanh (BTE/> * /
A (E) = —ZP(E) - ;AdEICm, (BE) —5 A% (E)
1
Z7(B) = 5 T D 6~ E) 2 KS, (BE') = Zé Coke — BE) K6 (G — E')
n k kk’

E.3.2. Alternative Gap Equation

Instead of using the Bardeen, Cooper and Schrieffer (BCS) like gap equation from the previous section,
it is also possible to go one step back and investigate the linearized SSEq directly. This is equivalent
to solving the gap equation, but the new equation is numerically easier to handle which was found by
A. Linscheid and is discussed in his Ph.D. thesis [146]. The SSEq is an implicit expression for the gap

[Eq. (6.2)]:
0=>" (GKSGKSTA’,;C* + 2G5 (kwn) S (kuy) F*S (k:wn))

Wn

= G (kwn) B (kwn) G (kwy) .

Wn,

The three different contributions are evaluated in Egs. (E.11),(E.15) and (E.3). The resulting equation
is also fully linearized with respect to Ay and the symmetric part with respect to I’ and the factor %
are used for the D-term [Eq. (6.9)]. Applying these steps lead to the following form of the SSEq :

k' /
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tanh ['82&]

DG = Ot —————
Jm [apARy, ()] — ARk, (W) d
kk’ = 5kk/ AO dw; 47T<k . dC Jﬁ (Ck? Ck’Q )
2
o , Jmwp, (W) +acA (w)] + A (w)
Cile = A dw L QFCkITZk Lo g (G Gt

Instead of having an eigenvalue with the value 1 in the spectrum (linearized gap equation), the matrix
Mk,ﬁk, becomes singular at the critical temperature. Like the fully linearized gap equation, also the
linearized SSEq determines only the critical temperature and not the value of the gap. If the value of
the gap is of interest, the non-linear eigenvalue problem has to be solved by rewriting the problem as
an iterative scheme:

0=MP[A]A = [Mﬁ[A]—A+A} A
AT A7t (M7 [AT] + A) AL

The matrix A is referred to as splitting matrix and should make the fix point problem contractive

tanh [B%]

[146]. In the standard gap equation the factor —p="is the splitting matrix [Eq. (E.3)]. Also
for this equation the full anisotropy in k space is hard to handle and an isotropic approximation of
Eq. (E 17) is introduced. The average value of the gap in Eq. (E.16) and the averaging operator

Yk 0nt—E) 1654 to:

Nu(E)
0= Z AdE'MP (EE") AX* (n'E') (E.18)
M}, (BE) = 25 (o — E) [DSS + Dy + Ciz ] 6 (G — EY)
kk’

The first diagonal term Dy depends only on energy and the average is simple:

tanh [BTE}
2F

tanh ['BTE]

DS (EE') = S e WA LR

5EE’ nn’

For the other contributions, the isotropy with respect to k is located in the interaction matrix elements
and an isotropic interaction is defined by:

A (EE'w) Za (G = E) Mgy () 6 (Gurier — E) - (E.19)
kk’

Using this definition in Dik, and C,i,%, leads to isotropic variants of the D and C term:

Jm [apASh,, (EE>w)| — AYh (EE>w) d
11 ANE , , o] nng nna
Dy (EE') = +6,005E Em AdE; AY dw T E i ——J5 (B, Ew)
(E.20)
Jm [wh, (EE'w) + acASF, (EE'w)| + APt (EE'w)
12 nn nn nn — /
Coor (EE") = A dw T J5 (E,E'w). (E.21)
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E.4. Details for the Implementation of the Matrix Elements

The matrix elements defined in Eq. (E.6) are calculated using the Bloch states of the non-superconducting
KS system. The eigenstates are calculated with a plane wave (PW) code [131]. For the implementation
it is useful to write the matrix elements in more detail. The eigenstates are expanded in terms of the

plane waves:
ez(k+G)f'

LT - 1 kT
r)= r)=
Pk (1) ~C Pk (T) s ET EG e ki
The matrix elements in terms of the Bloch states are given in Eq. (E.7):

Mygr (wWntn) = Adrid®ragpiy (v1) Yne (v1) M (2102005 — Vm) P (12) Ynie (r2) -
The plane wave expansion is inserted for the wave functions:

1 , , .
e 3, 73 *
Kkt (W) = V2 E Adr1d’rs (ya,) eta, (CﬁurG;;) kigy X
G1..Gy

e—i(k—k,-i-Gl—Gz)flM ( v ) ei(k—k,+G4—G3)f2ei(k/—k)(Tl—TQ).

rirownp — Vm

The FT given in Eq. (A.3) requires k; = ko within the first BZ zone. Hence the difference is rewritten
as k — k' = qu + Gy, where gy lies always in the BZ. With this rewriting the definition for the
double transformation in Eq. (A.3) leads to:

1

. n * n/ n' *n
Mkk/ (wnl/n) = V Z (Ck+G1) CkI+G2 (Ck'+G3) Ck+G4 X
Gi1..Gy

M (qkk’a G — G2+ Gkk’v Adkk’» Gy —G3+ Gkk’awn - Vm) .
With the substitutions
G: =G -Gy G =G, —G3

it is possible to separate two G loops. The notation for the matrix elements is also simplified
M (qa Gla q, GQ) =M (qa Gla GQ):

1 P / *
_ E E n n E n n
Mkki (ann> = 7NQ (Ck+G1) ck’+G1—G ck+G4 (Ck’+G4—G’> X
WS aa | Gy G,

M (G + G G' + Gaown — vin) -

An auxiliary function is defined:
e (G) =) (due) dira—c- (E.22)
G/

Inserting the auxiliary function, the expression for the matrix elements in Bloch representation be-
comes:

1 ’ / *
Mg (wnin) = NOws Z b (G) ( n, (G’)) M (quqe G + Gy G’ + Gigown — vm) . (E.23)
GG’

For the different parts of the interaction, different cutoffs in the PW expansion are needed:

e The wave function 1,y (r) needs a very high cutoff and a value around ~ 100 Ryd is used in the
ground state calculation.
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e The product of the two plane wave coeflicients converges faster and a value of ~ 40 Ryd is used
for the summation in b2, [Eq. (E.22)].

e The spin fluctuation interaction decays very fast with respect to G and small values of ~ 10 Ryd
are sufficient. In Fig. E.3 it is shown that only the first two or three plane wave coefficients give a
relevant contribution. Also for the Coulomb contribution only the first coefficients are important

due to the monotone decay in momentum space m.

zzZ

Im[A__(9,G,G’w)]

Figure E.3.: Anti-Hermitian part of the spin fluctuation interaction A,, [Eq. (5.41)] for FeSe in PW
representation. The vectors qu,qx and qr are the usual high symmetry points given in chapter 7
and the plane wave in units of 27“ is: Go = (0,0,0) and G; = (1,0,0)and G2 = (2,0,0).
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