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Zusammenfassung

Innerhalb des weiten Feldes der Festkorperphysik beschéftigt sich diese Arbeit mit

dem Gebiet der sogenannten korrelierten Elektronensysteme. Um diesen Begriff genau-
er zu verstehen, starten wir von der empirischen Beobachtung, dass die Elemente einer
groflen Gruppe von Materialien bei hinreichend tiefen Temperaturen in Form von Kri-
stallen auftreten. Diese periodische Anordnung von ladungsneutralen Elementarzellen
findet auf einer Groflenskala statt, welche die elektrostatische Wechselwirkung als ein-
zig dominante Wechselwirkung auszeichnet. Aulerdem folgert man aus dem Vergleich
der auftretenden Langen- und Energieskalen, dass eine genaue Beschreibung des Sy-
stems im Rahmen der Quantenmechanik erfolgen muss. Bei einem Kristall handelt es
sich offensichtlich um ein Vielteilchensystem, in dem Elektronen und Atomriimpfe {iber
die langreichweitige Coulomb-Wechselwirkung miteinander wechselwirken. Ein solches
System, das typischerweise eine Teilchenzahl von der Gréfenordnung 10%2 pro Quadrat-
zentimeter aufweist, kann mit keiner bekannten numerischen oder analytischen Methode
exakt beschrieben werden. Doch selbst wenn es méglich wére das Energiespektrum des
Hamiltonoperators des Kristalls zu bestimmen, wiirde die riesige Datenmenge zunéchst
wenig Aufschluss iiber die darin enthaltene Physik preisgeben.
Es ist daher ein zentrales Problem der theoretischen Festkorperphysik effektive Modelle
herzuleiten, die einfach genug sind, um eine analytische oder numerische Losung zuzu-
lassen, aber gleichzeitig so komplex sind, dass die wesentliche Physik darin enthalten
bleibt.

Eine fundamentale Nidherung, auf die wir in dieser Arbeit zuriickgreifen, ist die so-
genannte Born-Oppenheimer-Approximation. Diese macht sich den groflien Massenun-
terschied zwischen Elektronen und Atomriimpfen zunutze, um die elektronischen Frei-
heitsgrade von denen der schweren Atomriimpfe zu entkoppeln. Da wir uns in dieser
Arbeit ausschliellich mit elektronischen Eigenschaften von Kristallen bei tiefen Tempe-
raturen beschiftigen, wollen wir weiterhin annehmen, dass die Atomriimpfe auf ihren
Gleichgewichtspositionen festgefroren sind.

Doch auch die drastische Vereinfachung, die uns die Born-Oppenheimer-Approximation
ermoglicht, ist leider immer noch nicht ausreichend, um das verbleibende elektronische
Vielteilchenproblem zu 16sen. Um das Modell noch weiter zu vereinfachen, betrachten
wir den thermodynamischen Grenzfall, indem das System als unendlich ausgeht ange-
nommen wird, wihrend die Teilchendichte konstant bleibt. Aulerdem beschrinken wir
uns zunéchst auf Grundzustandseigenschaften.

In dieser Situation stellt die Dichtefunktionaltheorie (DFT) einen prominenten und
erfolgreichen Zugang zum elektronischen Vielteilchenproblem dar. Aufbauend auf den
fundamentalen Theoremen von Hohenberg und Kohn erlaubt DFT Erwartungswerte
von Observablen nicht nur iiber 3/N-Raumintegrale auszuriicken, sondern auch als Funk-
tionale der Grundzustandsdichte. Obwohl diese Umformulierung des Problems bereits
eine elegante Vereinfachung darstellt, erlaubt erst die Kohn-Sham Formulierung von



DFT die physikalischen Eigenschaften von Kristallen explizit zu berechnen. Der Kohn-
Sham Ansatz postuliert, dass sich das elektronische Vielteilchensystem auch als effekti-
ves nicht-wechselwirkendes Elektronengas beschreiben lasst, das sich in einem effektiven
externen Potential, erzeugt durch die Atomriimpfe und elektronische Austausch- und
Korrelationseffekte, befindet.

Diese Reduktion des urspriinglichen Viel-Elektronensystems auf ein effektives nicht-
wechselwirkendes System in einem externen Potential fithrt zu dem sogenannten Kohn-
Sham Hamiltonoperator. Bei diesem Operator handelt es sich um einen Einteilchen-
Hamiltonoperator, in einem externen periodischen Potential, sodass das Energiespek-
trum — vermoge des Bloch-Theorems — eine Bandstruktur aufweist, in der der Gitte-
rimpuls k£ eine gute Quantenzahl ist. Die fiir DF'T fundamentale Grundzustandsdichte
erhélt man als Summe von Betragsquadraten der Kohn-Sham Energieeigenzusténde,
nachdem man das Austausch- und Korrelationspotential beispielsweise mittels der lo-
kalen Dichteapproximation festgelegt (LDA) hat.

Es ist unbestreitbar, dass die Kohn-Sham DFT in den Bereichen der Chemie und
der Festkorperphysik besonders aufgrund der stetigen Verbesserung der Austausch-
und Korrelationspotentiale grofle Erfolge gefeiert hat und auch aktuell ein aktives und
grundlegendes Forschungsgebiet darstellt. In der Praxis interpretiert man das Spektrum
des Kohn-Sham Hamiltonoperators als Ndherung zum Energiespektrum des wechsel-
wirkenden Elektronensystems.

Als Ma# aller Dinge gilt hier das Experiment, wobei besonders die winkelaufgeloste Pho-
toemissionsspektroskopie (ARPES) und die de-Haas-van-Alphen Spektroskopie (dHvA)
Riickschliisse auf bestimmte Teile des elektronischen Energiespektrums erlauben.
Jedoch trifft man auch auf Materialien, wo die Bandstruktur von DFT stark von der
Gemessenen abweicht. So werden beispielsweise viele Ubergangsmetalloxide im Rah-
men von LDA als Metalle charakterisiert, wihrend das Experiment klar einen Isolator
vorfindet. Weitere typische Effekte betreffen die unterschétzte effektive Masse der Elek-
tronen und fehlende inkohérente Zusténde bei tieferen Bindungsenergien.

Diese Effekte sind charakteristisch fiir korrelierte Elektronensysteme, wobei sich der Be-
griff korreliert darauf bezieht, dass das Verhalten der Elektronen kollektiv beschrieben
werden muss und die unabhéngige Teilchenannahme, die in den Kohn-Sham Ansatz
eingeht, nicht mehr gerechtfertigt ist.

In Kapitel [1] gechen wir genauer auf die Phidnomenologie korrelierter Elektronensyste-
me ein und prisentieren zwei Materialklassen von unkonventionellen Supraleitern, deren
Vielteilcheneigenschaften wir spater genauer untersuchen wollen. Hierbei handelt es sich
um die organischen k-(ET)2X Ladungstransfersalze und den Eisenpniktid-Supraleiter
LiFeAs.

Bei den organischen Supraleitern stellt man eine verbliiffende Ahnlichkeit zwischen
dem Phasendiagramm dieser Systeme und dem der Kupratsupraleiter fest, weshalb der
Schluss nahe liegt, dass trotz der strukturellen und chemischen Verschiedenheit bei-
der Systeme ein dhnlicher Mechanismus die Supraleitung steuert. Aus diesem Grund
geht man davon aus, dass Spin-Fluktuationen sowohl bei den Kupraten als auch bei
den organischen k-(ET)sX-Supraleitern zur Bildung von Cooper-Paaren fithren. Da die
Einheitszelle in organischen Supraleitern typischerweise hunderte Atome beinhaltet, ist
es fiir die géngigen Vielteilchenmethoden unmoglich die Korrelationseffekte aller Elek-
tronen zu beschreiben. Aus diesem Grund bedient man sich effektiver Modelle, welche
die langkettigen organischen Bestandteile auf verschiedene Weise beschreiben. Wir be-
handeln das Molekiil-Modell und das sich daraus ergebende Dimer-Modell.

In &hnlicher Weise stellt man in den Phasendiagrammen der Eisenpnitkid-Supraleiter
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fest, dass die supraleitende Phase oft an eine Phase mit magnetischer Ordnung an-
grenzt, weshalb auch fiir LiFeAs vermutet wird, dass die Tieftemperatur-Eigenschaften
durch Spinfluktuationen bestimmt werden.

Da das Kohn-Sham Energiespektrum in DFT trotz des fehlenden kollektiven Aspekts
der Elektronendynamik in vielerlei Hinsicht einen guten nicht-wechselwirkenden Start-
punkt fiir Vielteilchen-Rechnungen darstellt, befassen wir uns nach einer ausfiihrlichen
Behandlung der Dichtefunktionaltheorie in Kapitel [2| mit der projektiven Wannier-
funktionsmethode. Ein besonderes Merkmal von DFT ist ihr sogenannter ab-initio-
Charakter, was bedeutet, dass DFT nur die chemische Zusammensetzung und Kristall-
struktur zu Beginn benttigt und auf keine zusétzlichen physikalischen Parameter aufler
Naturkonstanten angewiesen ist.

Man stellt nun im Vergleich mit dem Experiment fest, dass die Vielteilchennatur nicht
bei allen Elektronen eines Systems gleichermaflen auftreten, sondern auf bestimmte
Orbitale beschrinkt ist. So sind es bei Verbindungen, die Ubergangsmetalle beinhal-
ten, oft die partiell gefiillten stark lokalisierten d-Orbitale, welche Korrelationseffekte
aufweisen, wihrend die Elektronen in anderen Orbitalen hinreichend genau mittels des
Kohn-Sham Energiespektrums in DFT beschrieben werden.

Die projektive Wannierfunktionen-Methode erlaubt nun einen Basiswechsel derart durch-
zufiithren, dass die Elektronen der lokalisierten und korrelierten Orbitale separat in ei-
nem effektiven Niedrig-Energie-Modell beschrieben werden kénnen.

Nachdem wir diejenigen Orbitale aus DFT extrahiert haben, die durch Vielteilchen-
effekte korrigiert werden miissen, folgt nun der n&chste Schritt der Modellierung in
Kapitel [3] Hierbei erfolgen zwei drastische Approximationen, die zu dem berithmten
Hubbard-Modell fithren.

Zum einen Vernachldssigen wir das Kontinuum, indem wir nur die Matrixelemente
des Niedrig-Energie Modells in der Wannierbasis betrachten und die explizite Form
der Wannierfunktionen nicht beriicksichtigen und somit zu einem reinen Gittermo-
dell gelangen. Zum anderen behalten wir nur den Anteil der Coulomb-Wechselwirkung
zwischen Elektronen auf dem gleichen Gitterplatz, sodass Elektronen auf unterschiedli-
chen Gitterplédtzen keine Abstofung spiiren. Dieses Vorgehen wirkt zunéchst iiberméflig
vereinfachend, aber wihrend die Information zu der Form der Orbitale in den effek-
tiven Parametern des Hubbard-Modells eingebaut sind, ldsst sich die Einschrénkung
der Coulomb-Abstoflung auf gleiche Gitterpliatze durch starke Abschirmungseffekte be-
griinden.

Letztlich ist es jedoch die grofle Vielfalt, die im einfach anmutenden Hubbard-Modell
enthalten ist, und der Erfolg, der in realistischen Materialrechnungen erlangt werden
konnte, welche das Hubbard-Modell so populidr machen.

Um die ab-initio-Eigenschaft unserer Modellierung zu wahren, stellen wir in demselben
Kapitel die eingeschrankte Random-Phase-Approximation vor, welche erlaubt, genéhrte
effektive Coulomb-Wechselwirkungsparameter fiir das Hubbard-Modell zu einem jewei-
ligen Material zu bestimmen.

Bis zu diesem Punkt haben wir also ein effektives Gittermodel mit lokaler effektiver
Coulomb-Wechselwirkung konstruiert, welches die Korrelationsphéinomene der Elektro-
nen in den lokalisierten Orbitalen nahe der Fermi-Kante beschreiben soll. Leider gibt es
fiir das Hubbard-Modell nur in bestimmten Grenzfillen exakte Losungen und so ist man
darauf angewiesen, gendhrte Vielteilchen-Loésungen zu konstruieren. Eine géngige und
elegante Methodologie, die sich in diesem Rahmen anbietet und in Kapitel [4] vorgestellt
wird, ist die Verwendungen von Greenschen Funktionen. Diese Objekte erlauben es den
Effekt von Elektron-Elektron-Wechselwirkung in Form der sogenannten Selbstenergie
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zu bestimmen, welche die Einteilchen-Eigenschaften der nicht-wechselwirkenden Teil-
chen renormiert.

In den Fillen, in denen die Fermi-Fliissigkeitstheorie anwendbar ist, kann man aus der
Selbstenergie beispielsweise die Lebenszeit oder effektive Masse der Quasiteilchen ex-
trahieren.

Kapitel[f]bildet dann das Zentrum dieser Arbeit. In diesem Kapitel leiten wir ausfiihrlich
die sogenannte Two-Particle Self-Consistent Methode (TPSC) her, welche urspriinglich
von Y.M. Vilk und A.-M.S. Tremblay fiir das Einband-Hubbard Modell entwickelt wur-
de.

Diese lasst sich in der Sprache von funktionalen Ableitungen nach Kadanoff-Baym her-
leiten und wir geben eine explizite Erweiterung fiir Viel-Orbital-Systeme an, in denen
neben der Coulomb-Abstofiung auch die Hunds-Wechselwirkung Eingang findet.

Im Gegensatz zu der Einband-Formulierung treten hierbei einige Hindernisse auf, die
entsprechend mit weiteren Approximationen umgangen werden konnen. Der funda-
mentale Gedanke der Methode ist jedoch der folgende und in allen TPSC-Varianten
gleich: Der effektive Wechselwirkungsvertex wird als Impuls- und Energie-unabhéngig
angenommen, sodass sich die Gleichungen zur Bestimmung der Selbstenergie enorm
vereinfachen. Weiterhin wird der Wert des effektiven Wechselwirkungsvertex durch Er-
zwingung des Pauli-Prinzips in Form sogenannter lokaler Summenregeln festgelegt. Die
Selbstenergieeffekte, welche durch diese Art der Approximation behandelt werden, sind
Spin- und Ladungsfluktuationen aus dem paramagnetischen Grundzustand, welche an
die elektronischen Zusténde koppeln.

Wir wenden in demselben Kapitel TPSC dann auch auf die organischen x-(ET)2X
Supraleiter an und studieren die supraleitenden Eigenschaften im Rahmen der lineari-
sierten Eliashberg-Gleichung. Hierbei vergleichen wir das eingangs vorgestellte Molekiil-
und Dimer-Modell beziiglich supraleitender kritischer Temperaturen und der Symme-
trie der supraleitenden Liickenfunktion. Dabei stellen wir fest, dass das komplexere Mo-
lekiil-Modell eine exotische s+d,2_,2 Liickenfunktion stabilisiert, wihrend das Dimer-
Modell nur dg,-Losungen zulésst. Dariiber hinaus finden wir im Dimer-Modell einen
direkten Zusammenhang zwischen der supraleitenden kritischen Temperatur und dem
Mafl an geometrischer Frustration, welcher sich nicht mit den experimentell bestimmten
kritischen Temperaturen deckt. Aus diesem Grund schlieflen wir, dass das Dimer-Modell
zur Beschreibung der Supraleitung unzureichend ist und man auf komplexere Systeme
wie das Molekiil-Modell mit eventuell Nichster-Nachbar-Wechselwirkung angewiesen
ist.

Die Erweiterung von TPSC auf Viel-Orbital-Systeme fand zum ersten Mal im Jah-
re 2013 statt und die Formulierung, die wir in dieser Arbeit vorstellen, basiert auf einer
neu hergeleiteten Version aus dem letzten Jahr.

Aus diesem Grund ist Kapitel [6] dem Test dieser Methode und dem Vergleich mit der
etablierten Dynamischen Molekularfeldndhrung (DMFT) gewidmet. In dieser weit ver-
breiteten Approximation wird die Selbstenergie als lokale Gréfle approximiert und die
daraus gewonnene Losung entspricht der exakten Losung im unendlich-dimensionalen
Grenzfall.

Bei diesem Vergleich der beiden Methoden, den wir fiir ein einfaches Zwei-Orbital Mo-
dell durchfiithren, stellen wir zunéchst fest, dass die Viel-Orbital-Version von TPSC
einige Probleme mit der Bestimmung des effektiven Wechselwirkungsvertex aufweist,
da die gefundenen Lésungen zu unphysikalischen Signaturen in der Greenschen Funk-
tion fithren. Um solche Effekte zu verhindern, ist es notwendig die Erzwingung des
Pauli-Prinzips auf physikalische Losungen einzuschrinken, was mit der Annahme eines
konstanten effektiven Wechselwirkungsvertex nicht vereinbar ist, sodass wir statt einer
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exakten Losung nach einer optimalen Losung suchen, die die lokalen Summenregeln
unter Einhaltung der Physikalitdt moglichst genau erfiillt.

Im direkten Vergleich von TPSC und DMFT stellen wir weiterhin fest, dass beide Me-
thoden die Renormierung der Quasiteilchen qualitativ sehr dhnlich beschreiben und
auch quantitativ in einigen Bereichen grofe Ubereinstimmung aufweisen. Nichtsdesto-
trotz sehen wir aber auch, dass bestimmte Effekte der Hunds-Wechselwirkung innerhalb
von TPSC nicht wiedergegeben werden. Wir fithren dies auf einen bestimmten An-
satz fiir den effektiven Wechselwirkungsvertex zuriick, der zumindest fiir die Einband-
Formulierung von TPSC sehr erfolgreich eingesetzt werden konnte.

Nachdem in Kapitel [6] die Viel-Orbital TPSC-Variante getestet wurde, wenden wir
sie in Kapitel [7] auf den zu Beginn eingefiihrten eisenbasierten Supraleiter LiFeAs an.
Wir sind hierbei an den elektronischen Eigenschaften in der normalleitenden parama-
gnetischen Phase interessiert. Dabei spielen zwei Aspekte eine besondere Rolle:

Zum einen wollen wir die Diskrepanz beziiglich der Gréfie der Elektronen- und Lochta-
schen auf der Fermioberfliche im Vergleich von Experiment und der Kohn-Sham DFT-
Bandstruktur auflésen. In der Literatur wird dieser Umstand bei den eisenbasierten
Supraleitern als Rot-Blau-Verschiebung bezeichnet. Zum anderen wollen wir versuchen
die energieabhéngigen Quasiteilchen-Lebenszeiten aus Experimenten zu reproduzieren.
Tatséchlich realisiert TPSC die Rot-Blau-Verschiebung in ausreichendem Mafe, so-
dass die Ubereinstimmung mit dem Experiment sichtlich zunimmt. Zusétzlich stellen
wir fest, dass Elektron-Elektron-Wechselwirkung dazu fiihrt, dass die elektronischen
Zusténde nahe des Ursprungs des reziproken Gitters inkohérent werden und eine blu-
menartige Form annehmen, was ebenfalls vom Experiment beobachtet wird.

Um zu unterstreichen, dass diese beiden Eigenschaften aus der Impulsabhingigkeit der
Selbstenergie stammen, zeigen wir zudem Rechnungen, in denen die TPSC-Selbstenergie
durch ihren Impulsmittelwert ersetzt wurde. In dieser lokalen Néiherung verschwinden
sowohl die blumenformigen Zusténde als auch die Rot-Blau-Verschiebung. Erstaunli-
cherweise stimmt dann aber die daraus resultierende Fermioberfliche in hohem Ma-
e mit der aus DMFT-Rechnungen iiberein. Dies zeigt, dass die Impulsabhéngigkeit
in diesem System nicht zu vernachldssigen ist und eventuell auf Spinfluktuationen
zuriickgefiihrt werden kann.

Beziiglich der energieabhingigen Quasiteilchen-Lebenszeiten finden wir, dass diese eben-
falls starke impulsabhingigkeit aufweisen und qualitativ mit den experimentellen Be-
funden einer Forschungsgruppe iibereinstimmen. Seitens der Experimentatoren gibt es
keine endgiiltig iibereinstimmenden Resultate diesbeziiglich.

Im letzten Kapitel fassen wir die gesamte Arbeit zusammen und geben einen Aus-
blick fiir moégliche zukiinftige Aktivitaten auf diesem Gebiet.

Im Vordergrund stehen hierbei potentielle Verbesserung der Viel-Orbital TPSC-Methode.
Dazu bietet sich zunéchst die Kombination mit anderen Methoden wie DMFT an, da
diese viele préazise Bestandteile zur Gesamtlosung beitragen kann. Dies hitte den wei-
teren Vorteil, dass TPSC ohne einen Ansatz fiir den effektiven Wechselwirkungsvertex
auskommt und somit die damit einhergehenden Probleme eventuell behoben wiren.
Weitere Verbesserungen der Methode kénnten darin bestehen die kiirzlich publizierte
“TPSC+"-Erweiterung auch auf die Viel-Orbital-Variante anzuwenden. Andererseits
konnte man aber auch versuchen TPSC dahingehend zu erweitern, dass auch dynami-
sche Abschirmeffekte eingebaut werden koénnen.

Eine weitere mogliche Baustelle ist die Einbindung des sogenannten transversalen Teilchen-
Loch-Kanals. Dieser kann in der hier vorgestellten Viel-Orbital-TPSC-Variante nicht
eingebaut werden, da nicht geniigend lokale Summenregeln existieren. Die Kombinati-
on von TPSC mit DMFT oder anderen Vielteilchenmethoden kénnte dieses Problem
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ebenfalls 16sen.

Im Wesentlichen stellen wir also fest, dass TPSC durchaus das Potential hat nicht-
lokale Selbstenergieeffekte aus Spinfluktuationen prézise zu beschreiben und dass die
genannten Kinderkrankheiten im Laufe weiterer Forschung behoben werden kénnen.
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Notation
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imaginary time ordering operator T
space-imaginary time pair (1) = (r1,m1)
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Boltzmann constant kg
inverse temperature B = k;T
Matsubara frequency wp = (2";)”

overline summation/integration convention
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foz(Dgaz1) = Of AT 32 fao(rT)ga,e(r,T)

0,0

self energy

by
spin/charge two-particle irreducible vertex [sp/ch
spin/charge susceptibility xP/eh

particle-hole bubble

XO



Hamiltonian
chemical potential
particle number operator
Fermi-Dirac distribution function

Spin Pauli matrices



CHAPTER 1

Introduction

Condensed matter physics reveals a plethora of phases of matter and phenomena
as a consequence of the large particle number in the systems studied. In order to
understand the mechanisms that drive the rich physics of solids it is important to
identify the energy scales and degrees of freedom that play a role.

In this thesis we want to concentrate on the special case where the electron-electron
interaction plays an important role for describing the electronic properties of the ma-
terial. It is common to call such systems correlated electronic systems because the
expectation value of an operator A(1)B(2), where A acts on particle 1 and B acts on
particle 2, does not decompose into a product of expectation values of A(1) and B(2).
From a physical point of view this concept can be seen as a fingerprint of collective
emergent behavior of electrons.

1.1. Non-interacting vs. interacting electrons in a solid

We know from elementary quantum mechanics that the energy spectrum of a free
electron in space is given by all non-negative numbers and that the eigenfunctions are
given by plane waves {e?**} rern Where k is the wave vector quantum number.

As a consequence we see that the eigen states describe a particle delocalized in space.
Keeping this in mind we start now to move closer to our actual goal of describing
electrons in a solid.

Experience tells us that many materials tend to form crystalline structures at suffi-

ciently low temperaturesﬂ Furthermore, a comparison of length and energy scales tells
us that the Coulomb interaction will be the only dominant interaction to consider in
this quantum mechanical system.
Within a crystal we find positively charged atomic cores and electrons which together
constitute the atomic ingredients of the crystal. In order to decouple the electronic
from the core degrees of freedom one traditionally makes use of the Born-Oppenheimer
approximation. Still, we are left with a large number of the order 1023 electrons that
are coupled to each other by the long-range Coulomb repulsion.

A central topic in theoretical solid state theory is therefore the derivation of effec-

tive models that are simple enough to be treated analytically or numerically while at
the same time containing the essential physics of the material.
In chap. [2| we present the famous Density Function Theory (DFT) which is in principle
exact for ground state properties, where the electron equations of motion are decoupled
from each other and replaced by free electrons in an effective self-consistent potential
that is created from the atomic cores and all other electrons. The Bloch theorem gives
us consequently a band structure of the energy spectrum, where the crystal momentum
k is a good quantum number and the eigen states are so-called Bloch waves. A common
point with the example of the free particle is that the electrons are again delocalized
in space but there are many differences regarding the detailed form of the eigen states
and the energy spectrum.

1A rigorous understanding of this observation is still not known and a famous problem in mathe-
matical physics [1].



1.1. NON-INTERACTING VS. INTERACTING

In many case studies of real materials DFT has proven to be very successful in the
description of material properties which supports the idea that in such materials the
many-body character of the electrons is subdued because of efficient screening effects.
Most importantly, those properties are calculated from ab-initio which signifies that
the theory is based on fundamental principles, it has no adjustable parameters and
takes only the crystal structure and chemical composition as input.

On the other hand, we find materials where the Kohn-Sham electronic structure in
DFT is not able to properly describe the observed electronic structure. Among the
class of such materials we find certain transition metal oxides which are predicted to
be metals while experimental studies find them to be insulators. This is a very dis-
tinct discrepancy between DFT and experiment but one also finds examples where the
predicted effective electron mass is underestimated or certain electronic states at lower
binding energies are not resolved by the theory.

The previously mentioned features can be directly connected to electronic correlation
effects where f.i. the enhanced effective electron mass is due to electron-electron scat-
tering processes.

In order to take those many-body effects into account we restrict the Hilbert space
to the orbital manifold where the electronic correlation effects are strongest. In the
case of the previously mentioned transition metal oxides we are referring to the local-
ized transition metal d-orbitals.

The famous Hubbard model that is described in chap. [3| will serve us as the effec-
tive model for describing electronic correlation effects. This lattice model where the
Coulomb repulsion is approximated to be an effective local repulsive term can be moti-
vated from the strong localization of the orbitals and the effective electronic screening.
By means of the projective Wannier function method and the constrained Random
Phase Approximation (cRPA) we are able to retain the ab-initio character of our ma-
terial study. Both methods are introduced in chap. and take the DFT result as
input to construct the Hubbard model for the correlated electronic states.

Albeit its simple shape in the single-band case a general solution of the Hubbard model
is still unknown except for some limiting cases. For this reason we have to rely on
approximative many-body schemes that are at the core of this thesis.

Those methods are often formulated in terms of Green’s functions that are introduced
in chap. 4l This formulation allows to express the effect of electron-electron interaction
in terms of the so-called self-energy which is responsible for the effective mass increase
and the finite quasi-particle lifetime of Bloch wave excitations. In the limit of very
strong electron-electron coupling the Hubbard model predicts a transition from the
delocalized Bloch wave picture to the multiplet atomic orbitals picture.

Chapter is devoted to the explicit derivation and discussion of the Two-Particle
Self-Consistent approach (TPSC) which is the many-body approximation that we are
using throughout this work.

This method was originally developed by Y.M. Vilk and A.-M.S. Tremblay for the
single-band Hubbard model. The derivation is expressed in the language of functional
derivatives and follows the Kadanoff-Baym approach for deriving so-called conserving
approxrimations.

We discuss all those concepts in detail and present a multi-site and multi-orbital version
of TPSC, where in the latter additional interaction terms such as the Hund’s coupling
enter the Hamiltonian.

In contrast to the single-band TPSC we will encounter some pitfalls in the multi-orbital
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CHAPTER 1. INTRODUCTION

version that we can circumvent by applying additional approximations.

The fundamental idea of all TPSC schemes is to approximate the interaction vertex to
be an effective momentum- and frequency independent vertex function. By enforcing
the Pauli principle one is able to determine the effective vertex function from so-called
local spin and charge sum rules. This leads to a self-energy that is both frequency-
and momentum-dependent due to the coupling of spin and charge fluctuations to the
electronic propagator.

In order to benchmark this novel approach we devote chap. [f] to an extensive com-
parison of TPSC and the established dynamical mean field theory (DMFT). DMFT
approximates the self-energy to be local but dynamical, which becomes exact for infi-
nite lattice connectivity.

In chap. [7] we present a real material study of LiFeAs and compare the results also
to DMFT while the last chapter [§| is devoted to a summary and an outlook regarding
possible future extensions of the multi-orbital TPSC method.

1.2. Two classes of unconventional superconductors

In this thesis we are studying representatives of two classes of unconventional super-
conductors, namely the organic charge transfer salts x-(ET)2X (chap. |5]) and ironpnic-
tide superconductors, more specifically LiFeAs (chap. .

Although those materials have not much in common when it comes to chemical com-
position or crystal structure one finds an interesting similarity in the phase diagrams
(see fig. . Most notably, there is a proximity between a spin ordered phase and

temperature

chemical doping

Ficure 1.1. Schematic phase diagram of Cuprate, organic and
ironpnictide superconductors . The common point of all three ma-
terial classes is the vicinity of the superconducting phase (SC) to some
kind of spin ordered phase (SO). Notice that the gray shaded region
is different for all three material families, f.i. in the cuprate super-
conductors there is no overlap of superconductivity and spin order [3].
Moreover, there are additional features that appear in different classes
like Pseudogap phases or structural transitions.

the superconducting phase in organic x-(ET)2X, ironpnictide and cuprate supercon-
ductors [2H5]. Since TPSC takes low energy spin and charge fluctuations into account
we assume that it is a suitable method to treat the low temperature physics of all those
three materials to some extent as will be discussed in chap. 5] and [7]

3



1.2. TWO CLASSES OF UNCONVENTIONAL SUPERCONDUCTORS

In LiFeAs we want to study the discrepancy between the energy spectrum obtained
from Kohn-Sham DFT and the one measured in experiment and we want to find out
in how far TPSC can reconcile those by means of non-local self-energy effects. The key
features that discriminate the energy spectrum of DFT from experiment are the sizes
of the electron and hole pockets on the Fermi surface and the incoherent flower-like
spectral weight around I'. The first feature cannot be explained in terms of a local
self-energy because in order to reconcile DFT with experiment one needs a shrinking of
both the electron and the hole pockets which means that the self-energy shifts have to
be different at the different positions in the Brillouin zone, i.e. momentum-dependent.
Indeed, published DMFT results [6-8] were not able to reproduce the two above men-
tioned experimental features and more advanced non-local many-body techniques such
as GW+DMFT were suggested as possible resort [9/10]. The advantage of TPSC in
comparison to GW+DMEFT consists of its cheap numerical implementation and the
inclusion of spin fluctuations while it has the disadvantage of neglecting high-energy
charge fluctuations and the exact summation of local diagrams that is included in
DMFT.

Furthermore, we want to compute quasi-particle lifetimes and compare to the ones ob-
tained from experiment. This is especially useful since there is a debate on whether
those lifetimes are non-local or orbital-dependent objects [11,12].

Our objective in the study of the x-(ET)2X superconductors is twofold: There are
two prominent models for these materials, namely the molecule model and the simpler
dimer model. We want to study in how far those models are appropriate to obtain
superconducting critical temperatures and what kind of superconducting gap symme-
tries are stabilized. While the first point is of general interest regarding material design
and understanding the superconducting pairing mechanism, the second point is impor-
tant to resolve the ongoing controversy on which superconducting symmetry is actually
realized in those materials.



CHAPTER 2

Density Functional Theory

This chapter is based on the presentation of Density Functional Theory in Ref. [13-16].
Structural and electronic properties of crystalline materials are a key interest not only
in many fields of solid state physics but also in quantum chemistry and material sci-
ences in general. From a comparison of the energy scales and range of the fundamental
interactions we can clearly state that the electrodynamic interaction between the con-
stituent electrons and nuclei govern the physics of such quantum systemﬂ Thus, we
can immediately write down the Hamiltonian of the system which is given by the sum
of the respective kinetic energy and Coulomb interaction terms,

N,
H=) L+ Z +Z (X, - X;)

i,j=1 1,j=1

i#] i#]

. -

(2.1) +ZZ e ton (@i = X,
i=1 j=1
:He,l

where N, is the number of electrons with mass m and N; the number of ions with
masses M; in the system. The momentum operator p; acts on the i-th electron while
V. e describes the Coulomb repulsion between electrons 4, j at position z; and T; re-
spectively. Similarly, the momentum operator P; acts on the i-th nucleus while V; .
describes the nucleus-nucleus interaction between ions ¢, j at position X; and X, re-
spectively. Finally, the potential V, JTon, CONtains the electron-nucleus interaction at
electron position x; and nucleus pos1t10n X;withi=1,...,Noand j=1,...,N.
The corresponding Schrodinger equation to the Hamilton operator H is a coupled par-
tial differential equation in ~ 10?3 coordinates due to the large particle number in
macroscopic crystals. For this reason there is no way so far to solve this problem ana-
lytically or numerically exact in the general case. Obviously, the numerical treatment
would be of limited use due to the memory constraints that arise from calculations in
such large Hilbert spaces.

Therefore, the only way to obtain properties from the fundamental laws of quantum
mechanics without adjustable parameters is by means of approximations.
One of the most famous and successful method that is able to obtain such ab-initio
computed material properties is the combination of the Born-Oppenheimer approx-
imation [17] and Density Functional Theory (DFT) which is based on the seminal
theorems by Hohenberg and Kohn [18].
While this methodology is related to the Thomas-Fermi theory [19}20] the DFT frame-
work possesses much stronger predictive power [19,21].
During the last decades a lot of effort has been spent to further improve on the method

e also neglect relativistic effects since we are dealing with crystals composed of light atoms but
we will discuss possible effects of spin-orbit coupling later for the specific materials.
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2.1. FUNDAMENTALS OF DENSITY FUNCTIONAL THEORY

by developing new energy functionals |[22-25], inclusion of Hubbard correlations [26]
or by extending to time-dependent DFT [27]. Note that this short list by far to short
to comprise the plethora of developments on this vast field of theoretical physics and
chemistry. For more detailed information on the history and recent progressions of
DFT we refer to Ref. [13,14,16] and the references therein.

In this chapter we will only outline the principle of the DFT scheme that we will
use for our real materials calculations in sec. and chap.

2.1. Fundamentals of Density Functional Theory

The first approximation that we apply to simplify the many-body problem with
Hamiltonian H given in eq. is the so-called Born-Oppenheimer approximation. It
states that due to large difference between electron mass m and ion masses M; one can
decouple the electron dynamics from the nuclei dynamics, i.e. from the electron point
of view the nuclei move so slow that they assume fixed positions in real space. Thus,
the full Hamiltonian splits into two parts where the electronic part is given by

Ne 2 Ne Nk
3
(22) He = % + Z ‘/e,e( + ZZ Ion i R]) + Z ‘/Ion(Ri - Rj)>
=1 3,j=1 i=1 j=1 1,j=1
i#j i#j

where R; is the equilibrium position of the nucleus j. Note that the nucleus position
operator X is reduced to a mere parameter R; and thus the overall effect from the
ions is condensed into an effective local external potential

Nk

(23) ext ZZ Icm i j) + Z Vlon(Ri - Rj)
=1 j=1 i,j=1
G|

In our case the positions of the nuclei are given from experimental measurements but
in principle one could also obtain those positions by minimizing the total energy of the
system with the atomic positions as variational parameters.

We present now the two fundamental theorems by Hohenberg and Kohn which are
needed for the next step in DFT.

THEOREM 2.1.1. Given two external potentials V1, Voo (see eq. ([2.3)) that
enter the electronic Hamiltonian H, in eq. (2.2)) and produce different ground states
V., WU, respectively. Then the densities ny(x), ny(z) that correspond to those ground
states are also different, where the single-particle densities ny(x), ny(x) are defined by

(24) n12 N Z/\IJ12 X 1'2’...7.%'NE)\I/172((E,$2,...,xNe)de2'"dee.

In the case of non-generate ground state one can establish a bijection between external
potentials and the corresponding ground state of the electronic Hamiltonian.

PROOF. For a rigorous and formal proof of this result we refer to Ref. [28§]. 0

Note that this theorem proves only the ezistence of a bijective map — every one-to-
one map can be made bijective by restricting the codomain to the image of the map
— between a not specified set of external potentials and a corresponding set of ground
state densities but this is already enough to conclude that the ground state expectation
value (U] - |W¥) of any observable O is a unique functional of the ground state density
n(x), i.e.

(2.5) (¥]|0|¥) = O[n(x)].
6



CHAPTER 2. DFT

The second important theorem that is known as the Hohenberg-Kohn variational prin-
ciple tells us how to determine the ground state energy.

THEOREM 2.1.2. For a given external potential V., one determines the ground state
energy of the Hamiltonian H, by

(2:6) ElWew] = it { Frrcla)] + [ n(o)Ver(o)ie .

where Fy - [n(x)] is the universal(!) so-called Hohenberg-Kohn functional.
PROOF. See [15] Thm. 37.4. O

There are a few mathematical issues about this theorem which have their roots in
the problems that we already discussed in the context of the existence theorem [2.1.1}
Neither the set of ground state densities nor the corresponding set of external potentials
are known explicitly and therefore we have no explicit form of the Hohenberg-Kohn
functional.

The importance and beauty of the theorems is less the usefulness in practical cal-
culations but more the conceptual value they have. Namely, the theorems imply that
ground state expectation values of the many-electron system can be calculated from
the single-particle density n(x) instead of the direct computation by means of integrals
over ~ 10?3-dimensional coordinate space.

Moreover, it is the universality of the Hohenberg-Kohn functional Fyp[n(x)] which is
the same for all many-electron system. The two theorems also provide a foundation for
approximations that do not aim at approximating the wave functions, e.g. variational
Monte Carlo methods (see [29] for a general review), or the Hamilton operator itself,
e.g. perturbation theory (see f.i. |[30]), but on approximating the density functionals
such as in Thomas-Fermi theory [19].

Finally, we point out that equation also tells us that the ground state density is
the minimum of the total energy functional

27) BV o= Frpicln()] + [ o)V (o),

which leads to an Euler-Lagrange equationE] where the chemical potential appears as a
Lagrange multiplier to ensure the right particle number.

Notice that all the above stated relations of observables and the ground state density
are only valid for the ground state. This means that we can only rewrite ground
state expectation values as density functionals but the theorem makes no statement
on excited states. In order to access the excitation spectrum within DFT one can
use an analogue of the Hohenberg-Kohn theorem which is the so-called Runge-Gross
theorem [31] in combination with the scheme presented in [27].

From the conceptual foundations of DF'T we move now to a formulation that allows
for real material calculations.

2.2. Kohn-Sham Density Functional Theory

The following DFT scheme is due to the work of Kohn and Sham [32]. The univer-
sality of the Hohenberg-Kohn functional F, ;- [n(x)] also applies in the limit of vanishing
interactiorﬁ and yields the functional Fi . [n(z)] — Tj[n], where Tjj[n] denotes the non-
interacting limit of the Hohenberg-Kohn functional.

The idea of Kohn and Sham was to reformulate the problem of interacting electrons by

2At this stage one needs to assume further regularity properties of the functionals.
3This is the limit of a non-interacting electron gas.
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2.2. KOHN-SHAM DENSITY FUNCTIONAL THEORY

separating the Hohenberg-Kohn functional into kinetic energy, Hartree and correlation
and exchange functionals,

(2.8) Fyg[n(z)] =Tn(z)] + V, [n(z)]

(2.9) = Tp[n(z)] + Vg [n(z)] + Tn(z)] — Ty[n(z)] + V, [n(z)] — Vi [n(z)]
=Vyln(@) —Vy ()]

(2.10) =: Ty[n(z)] + Vg [n(z)] + Vxcln(z)],

where T'[n(x)], V, .[n(z)] are the exact kinetic and electron-electron interaction energy

functionals respectively and V; is the Hartree functional given by

e? n(z n(z
(2.11) Vln(@)] = g / / |(:Uz x(/|)dx’d:n.

The functional Vi [n(z)] is called correlation functional and Vy[n(z)] is the exchange
functional. More details on those two potentials will be provided in the next sections.
The total energy functional E[V,,,n| (see eq. (2.7))) takes the form

(212)  EVann) = Toln(@) + Vigln(@)] + Vyoln(z)] + / (), g0 ().

So far, the previously described steps merely allowed us to separate the complicated
total energy functional into tractable parts and an unknown exchange-correlation func-
tional which accounts for the complicated many-body effects which go beyond the
Hartree description.

The Kohn-Sham ansatz which results in an enormous simplification is the idea
to assume that the total energy functional E[V,,,,n] in eq. describes a non-
interacting electron gas in an external potential that is due to exchange-correlation
functional for the same density and the surrounding nucleﬁ
This interpretation allows us write down the corresponding Hamiltonian of the electron
gas,

(2.13) Hpg =Ty + Vi + Ve + Vi

N, o
_ D;

2.14
( ) L~ 2m
=1

2
e n(z) -
+ de +Vyxc+V
dmeg / |z — 2| EETVXCT Veat:

that is coined the Kohn-Sham Hamiltonian. The exchange-correlation potential is
obtained by functional diﬂ"eremtiatiorﬂ7

(2.15) Vo = W?gs([?;;:”)].

Thus, the Kohn-Sham ansatz reduces the second Hohenberg-Kohn theorem to the de-
termination of the lowest N, eigenfunctions {¢,};. of the Kohn-Sham Hamiltonian
Hyg. From the eigenfunctions ¢;,...,¢, we can determine the ground state density

4This assumption leads to the question whether and how one can find such a suitable non-
interacting system with the same ground state density as the ground state density of any interacting
system. There are only a few rigorous statements on this question but due to the large success of
Kohn-Sham DFT we assume that such a connection between the two systems is given. For a more
detailed discussion we refer to [13] and the references therein.

5Diﬁerentiability of the exchange-correlation functional is assumed to be given at least for our
practical purposes. A more detailed discussion of this and related mathematical issues can be found
in [13}/15] and the references within.
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n(x) via
Ne

(2.16) n(x) = 6 () (x)
i=1

because we have a system of non-interacting electrons in an effective potential.
This reduction of the coupled many-body differential equations to an effective single-
particle Schrédinger-like equation

(2.17) Hisd; = €i;

that is called Kohn-Sham equation is a enormous simplification but one has to be cau-
tious about the following point.

The Kohn-Sham eigenenergies and eigenfunctions allow a priori no physical interpreta-
tion as electron wave functions and single-particle energies. The only formally correct
information that one can deduce from them is the ground state density and ground
state energy.

Nevertheless, one can use the Slater determinant ® constructed from the first IV, eigen
functions ¢, ..., ¢, of the Kohn-Sham Hamiltonian as an approximation to the true
ground state wave functions W. The justification of this approach is due to the fact
that in the limit of no electron-electron interaction both many-body wave functions ®
and ¥ will coincide.

Moreover, one can also use the Kohn-Sham eigenenergies as approximations to the true
ionization potentials which is motivated in Ref. [33-35]|.

We further notice that the Kohn-Sham equation is a self-consistency equation since
the external potential VH + VXC + V_,; that appears in the Kohn-Sham Hamiltonian
(see eq. (2.14)) is a functional of the electron density n(z) which itself directly depends
on the Kohn-Sham eigenfunctions ¢,,...,¢ N,

2.3. Exchange-correlation potential

We focus now our attention on the Kohn-Sham Hamiltonian and observe that all
terms are known except for the exchange-correlation potential. This is the next step
where approximations are needed in order to solve the many-body problem within the
Kohn-Sham DFT framework.

The possibly simplest non-trivial ansatz that one can think of is

(2.18) Ve = / n(@)exo(n(@))dz,

which means that the exchange correlation potential is assumed to depend only on
the local electron density [18]. Therefore, such approximations are called local density
approximations (LDA).

More often, the LDAs are used synonymous with the specific LDA, where the
exchange-correlation energy density €y (n(z)) = elI&™(n(z)) is the one of the homo-
geneous electron gas with electron density n(x).

The exchange energy density ey for the homogenous electron gas in a cubic box of

volume V' can be calculated analytically [36] and is given by

2 & ¢} (x)0;(x)95 () ()
(2.19) ex(n)=— o ”22:1 O(ep —€;)0(ep — €;) // J J q dz'dx

8 |lx — x

3(371'2)1/362 A
2.20 =0T pAs
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2.4. MANY-BODY EXTENSIONS TO DFT

where €. is the Fermi energy.
Combining the LDA ansatz equation (2.18]) with the exchange energy density result for
the homogeneous electron gas we arrive at the exchange energy

_ 3(37T2)1/3€2 4/3

The physical interpretation to this reduction of the total energy is the following: If we
neglect the quantum statistics of the electrons the interaction energy of the electron
gas would be given by the Hartree term in eq. . But due to the Pauli principle we
get an additional term in the two-body operator expectation value (®[V, .[®) that has
a minus sign due to the anti-symmetry of the electron wave function |®). Thus, the
electrons feel a kind of “Pauli repulsion” which screens the Coulomb repulsive potential.

In contrast, there is no analytic expression for the correlation potential V-, but only
approximate formulas in special density limits (see discussion in [13]).

On the other hand, one can revert to numerically exact Quantum Monte Carlo data [37]
and interpolation schemes that respects the above described limiting cases formulae (see
discussion in [13]).

One can expect the LDA approximation to give accurate ground state properties
if the system considered is close to a homogeneous electron gas such as simple metals.
The electrons in many classes of materials cannot be regarded as close relatives of
the homogeneous electron gas, where the electronic density varies only slowly as a
function of position, and for this reason further improvements on top of the LDA were
developed, e.g. the Generalized Gradient Approximation (GGA) [38-40]. Nevertheless,
LDA and GGA can yield sufficiently accurate results in the case of crystals due to error
cancellation effects between the long-range underestimated exchange and overestimated
correlation potentials [13].

2.4. Many-body extensions to DFT

The Kohn-Sham DFT is obviously a mean-field-like theory where the full many-

body system with electron-electron interaction V, . is mapped onto an effective single-
particle problem with self-consistently determined exchange-correlation potential Vy
(see fig. . This description allows for the application of the Bloch theorem which
roughly speaking states that electrons are delocalized over the whole crystal and that
the energy spectrum of the Kohn-Sham Hamiltonian H ¢ consists of energybands €; (k),
where j is a band label and k is the crystal momentum. Thus, the original many-body
interacting electron system is mapped onto an effective single-electron system with good
quantum numbers n, k.
For practical reasons one expands the eigenfunctions {¢, },cy of the Kohn-Sham Hamil-
tonian H ¢ in terms of spherical harmonics and radial functions at positions close to
a nucleus while the eigenfunctions are expanded in terms of plane waves at positions
away from the nuclei. Such a position dependent expansion is more efficient since one
can expect from a semi-classical picture that an electron close to a nucleus will feel a
central-potential-like attraction while electrons further away will be quasi-free due to
screening effects from the other electrons.

In this thesis we are mainly interested in low temperature properties and excitations
of many-electron systems and therefore we focus on the energy spectrum in a small
energy window around the Fermi energy €,. Many classes of materials exhibit valence
states that have mostly s- and p-orbital character. Those orbitals are more extended
in space than d- and f-orbitals which results in efficient screening of the electron-
electron interaction (compare to [41},42]). Such systems are perfect candidates for an
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FIGURE 2.1. Figurative representation of the mean-field idea. Starting
point is an interacting system of particles (red circles on the left-hand
side) which are described by a many-body state |¥). The mean-field
approach describes the effect of the many-body interaction in terms
of an effective single-particle potential (blurred red circle on the right-
hand side) acting on each particle. The resulting many-body state |®) is
constructed as a Slater determinant formed by the single-particle states.
In Kohn-Sham DFT the effective non-interacting particles are not the
same electrons as from the interacting problem.

independent-particle treatment and this partly explains the large successes of Kohn-
Sham DFT or mean-field theories. In those cases one can even take the Kohn-Sham
energy spectrum and eigen states as good approximations.

On the other hand, we often encounter systems with partially filled d- and f-

orbitals where the Kohn-Sham DFT energy spectrum is not even qualitatively close
to the experimental observations, e.g. Mott insulators in the family of transition
metal oxides [43]/44] or heavy-fermion materials in the family of Lanthanides and
Actinides [45,/46).
Those examples are by definition [43,47] true many-body effects that go beyond an
independent particle description. Nevertheless, attempts to remedy this deficiency of
the single-particle picture consist of introducing a local repulsion on those localized d-
or f-orbitals. A common method is the so-called LDA+U approach [26], where U is
the on-site Coulomb repulsion. Despite the fact that the U-term in the total energy
functional can open a band gap in the Kohn-Sham energy spectrum that is of the order
of U and gives rise to spin and orbital order as in the Mott insulating state, there are
important differences on the mechanism of the gap opening [44,47]; more specifically,
the LDA+U approach remains in the single-particle picture while the Mott insulating
state cannot be described therein.

For this reason we will need a many-body method on top of DFT that can account
for the electron-electron interaction effects that go beyond the single-particle pictureﬂ
We will call those electronic correlation effects which should not be confused with the
notion of correlation within the DFT framework. We use the expression of correlations
in the broad sense that the behavior of the electrons is not independent of each other

GObviously, this is not the only possible approach to tackle the many-body problem but in case
where we see from experiment that the DFT predicted results are close to the measured results it can
be a promising approach to correct the DFT results by including electron-electron interaction effects
on top of DFT. This can be especially helpful when we observe that the difference between observed
and calculated properties are “typical” many-body effects (see sec. and not due to other sources
such as couplings to the lattice, relativistic effects etc. Nevertheless, there are many different other
approaches possible that do not rely on combining two methods but they also have their weak points.
An interesting and extended discussion of those points can be found in Ref. [48]|
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2.5. MAXIMALLY LOCALIZED WANNIER FUNCTIONS

but they influence each other. For example, two-body expectation values of operators
A, B,, where A, acts on particle 1 and B, acts on particle 2 will not factorize, i.e.

(2.22) (A1By) = (A1)(Bs) # 0.

Since many-body approximations rely on mathematical tools that are very involved
one is usually forced to solve the interacting electron problem in terms of a model
system instead of solving the Schrodinger equation of the full electronic Hamiltonian in
eq. directly. This step is called downfolding since the all-electron system is mapped
down onto a specific low-energy Hamiltonian of correlated electrons [49-52]. Formally,
downfolding is based on the idea of the renormalization group approach [53-55] where
high-energy degrees of freedom are successively integrated out.

2.5. Maximally localized Wannier functions

As discussed in the previous section we need to construct a simple model for the
correlated valence states of the Kohn-Sham DFT. A simple and successful model that is
assumed to capture important effects of correlated electrons in partially filled d- and f-
orbitals is the so-called Hubbard model that is described in more detail in chap. 3} This
model is a lattice model where electrons are not moving in continuous space anymore
but are constrained to localized orbitals that are centered at discrete lattice sites, where
they can “hop” to different sites and feel a local repulsion when they happen to be on
the same position.

In order to map the Kohn-Sham states ¢, to electronic states on the lattice we
need a new localized basis representation. A possible candidate is the representation
in terms of so-called mazimally localized Wannier functions

229 v = ol [ S bt
BZ @

where r is a unit cell position and U B<k) is a unitary transformation in the restricted
orbital space that is chosen such that spread of the Wannier functions

(2.24) S (wg e lwg,) — (wg |zl )
B8

is minimal. Notice that the sum in eq. only runs over the bands that belong
to the correlated orbitals. The details on how to determine the momentum-dependent
transformations U, ;(k) are explained in Refs. [56/59].

We consider the Hamiltonian H (k) expressed in the basis of Kohn-Sham orbitals,

(2.25) H, (k) = €,(k)d, 5

«

where «, (3 are the indices of the bands close to the Fermi energy that have the most
overlap with the localized orbitals that we consider as correlated. By means of the
transformation U, 5(k) we express H (k) in the basis of the maximally localized Wannier
functions,

(2.26) H(k) = UY(K)H(K)U(k),

and a simple Fourier transformation gives us the real space representation
1 —tk-(r.—7r.) 17

(2.27) H(r =) =+ Y e ) H(k),

where N is the number of unit cells. The real space Hamiltonian operator H (r) leads
to the full lattice Hamiltonian of the correlated electrons H that is written in second

12
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quantization as

(I
(2.28) H = Z to s Tel o (ri)cg o (),

a7ﬁ7i7j70—
where the matrix elements of H(r) are denoted by the hopping term ¢ in order to
emphasize that the contribution has the shape of a single-particle term such as the
kinetic energy. The operator c, ,(r;) destroys an electron with spin o at unit cell

position r; and Wannier orbital o while the adjoint operator CL,U (r;) creates an electron
with spin ¢ at unit cell position r; and Wannier orbital c.

The lattice model contains no explicit information on the shape of the Wannier orbitals
but only implicitly via the hopping term ¢ which is an enormous simplification for many-
body techniques.

Notice that the Wannier projected operator H in eq. still incorporates some
part of the full electron-electron interaction, namely in terms of a homogeneous elec-
tron gas (LDA) or beyond (GGA etc.). In that regard we have to keep in mind
that the additional interaction correction that we are introducing to the correlated
orbitals should not contain the contributions that are already present in DFT. Oth-
erwise we are committing the so-called double-counting error. There is no general
solution to the double counting problem due to the non-linear nature of the commonly
used exchange-correlation potentials, the non-diagrammatic formulation of DFT and
the self-consistency which makes it hard to assess the portion and orbital origin of
exchange and correlation effects that entered the correlated orbitals [60] even though
many different schemes — based on different assumptions or physical intuition — were
proposed (see discussion and references in [52]).

For the moment we will assume that the Hamiltonian H in eq. describes the non-
interacting electrons in an effective potential as generated by the downfolding procedure
and later come back to the double-counting problem.

Thus, the Hamiltonian H in eq. constitutes the starting point of our treat-
ment of correlations that is further discussed in the next chapter.
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CHAPTER 3

The Hubbard model

The following presentation is based on |[60-63].

One of the most famous and successful models that is assumed to capture correlation
effects in many classes of materials is the Hubbard model [64-66]. In the following sec-
tions we will introduce the model in its original formulation and discuss the correlation
phenomena that it hosts. Moreover, we will relate it to realistic material calculations
via the low-energy model that we constructed in the previous chapter and present a
scheme, called the constrained Random Phase Approximation (cRPA) [52,57,67-71],
which can be used to calculate interaction parameters from ab-initio.

Since a detailed discussion of the Hubbard model and reported results on it are
beyond the scope of this thesis we refer to Ref. [61,/62] for further reading.

3.1. Introduction

The Hubbard model — in the simplest form — is a single-orbital lattice model de-
scribed by the Hamiltonian

o 1

(3.1) H = 300 (ri)eg () + 5 30 Unglra)n_o (i),
’i,j,O’ i,U

where t"©7"7 are hopping elements between unit cell positions r; and r;. The on-site

Hubbard interaction U is an effective local electron-electron repulsion. The operator

¢, (r;) destroys an electron with spin o at unit cell position r; while the adjoint operator

cj,(ri) creates an electron with spin o at unit cell position r;. The density operator

ng(ri) == cj,(ri)ca(ri) measures the occupation of particles at r; with spin o.
Thus, the Hubbard model contains only two ingredients, where the first is the kinetic
part which favors delocalized electronic states while the second repulsive part penalizes
double occupation and thus favors localized electrons.

This model can be interpreted as a further reduction of the downfolded Hamiltonian
in eq. to a single-orbital model and the additional approximation of the electron-
electron interaction amplitude

(32) U({Tiv al}) = <wa1,7‘1wa2,r2‘Vve,e|wa3,7‘3wa4,r4>
to a single-orbital local interaction, i.e. «; = «; and 7; = r; , where the Wannier
functions w,, .. were defined in sec.

The model was originally conceived in order to study the low electric conductivity
in transition metal oxides and indeed even early approximate solutionsE] of the Hubbard
model were able to observe the Mott-metal insulator transition [61,/65]. Notice that
under the assumption of non-vanishing hopping ¢ we can have a true insulating state
only in the special case of half-filling, i.e. the number of electrons coincides with the
number of lattice sites. The reason is that otherwise there are always empty or double
occupied sites that can serve to minimize the total energy by hopping.

Before we give an overview on the properties of the Hubbard model we mention
important perturbative limits of the Hubbard model, namely the ¢ — J model (see

1The approximation we are referring to is the so-called Hubbard-I approximation [61L65].
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CHAPTER 3. HUBBARD MODEL

e.g. |72,73|),

(33)  H=P|—t Y dr)e,lry)+T> (sm) - S(r;) - W) p
(4.9),0 (i,5)
that is derived from perturbation in t/U and where J = 4¢?/U is the exchange param-
eter, P is the projector on states where at most one electron is located at each site
and S(r;) is the spin operator acting on site ;. The idea behind this approximation is
to shrink the configuration space at each site by excluding doubly occupied sites due
to their large energy cost. Inside the Mott insulating regime, where the electrons are
localized to their respective sites one can further reduce the ¢ — J model to the famous

antiferromagnetic Heisenberg model,

(3.4) H=17Y S(r;)-S(r;),
(i)

where the electrons can only interact via spin exchange.
Only recently a connection between the Hubbard model and the lattice Kondo model
was established in the strong coupling limit [74].

It is important to note that the restriction to on-site interaction may be to restric-
tive for some materials and thus the inclusion of further neighbor interaction becomes
relevant. For example, nearest neighbor repulsion can create charge density instabili-
ties |75, 76| but we will not consider such eztended Hubbard models assuming that those
are negligible due to efficient screening.

In the next section we will consider the limiting cases where the model is solvable
and use those to get an intuition about what can be expected to happen in between.

3.2. Exactly solvable limits

So far, there is no analytical solution of the Hubbard model except for a few cases.
Apart for the trivial cases, where U = 0 and the system is perfectly described in terms
of band theory (see eq. ) we also have the trivial case of ¢ = 0. In this case one
can easily diagonalize the Hamiltonian in real space since the problem reduces to a sum
of single site with their specific multiplet energy spectrum (see fig. . For this reason
one calls the ¢ = 0 case the atomic limat.

When starting from the non-interacting U = 0 limit and adiabatically turning on the
on-site interaction we observe the so-called Brinkman-Rice effect |77] which describes
the shrinking bandwidth due to interactions. This phenomenon can be understood
as the suppression of hopping processes due to energy cost U for double occupation.
Alternatively, one can also stay in the quasi-particle picture and explain the effect as
an enhancement of the effectice mass m* due to the electron-electron interaction. The
spectral weight that is subtracted due to the band narrowing is shifted to the higher
energy multiplet excitations that have some resemblance with the atomic limilﬂ Those
emerging excitations are called Hubbard excitations/bands while the narrowing low-
energy part of the spectrum consists of quasi-particle excitations. Those low energy
excitations will have a finite lifetime since the momentum k£ is not a good quantum
number anymore.

All the above mentioned concepts will be discussed in more rigor at the end of chap.
where the Green’s function formalism allows for a precise definition.

The ground state of the Hubbard model in one dimension can be constructed from
a generalized Bethe ansatz [78] and also the excitation spectrum [79-82]. For more

2Those higher energy excitations are different to the atomic multiplet spectrum due to the under-
lying lattice structure which results in a finite lifetime of those excitations in contrast to the atomic
limit, where the corresponding excitations are true eigenstates.
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Band limit (U=0) Atomic limit (t=0)

e(k) €

- ﬁ
L

FIGURE 3.1. Sketch of the two extremes in the single-orbital Hubbard
model. On the left-hand side we see the band limit, where the Hubbard
interaction U = 0 and k is a good quantum number. In this case the
electrons are delocalized over the whole crystal. On the right-hand side
we depict the atomic limit, where ¢t = 0 and every single site of the
lattice behaves like an atom with multiplet states with four different
configurations, namely the site is unoccupied, the site is occupied with
one electron (either spin up or down) or the site is doubly occupied.

details and further results we refer to [83],|84] since we will be mainly interested in
quasi two-dimensional materials and those behave indeed very different since in one
dimension the ground state is insulating for any U > 0 and therefore no Mott-metal
insulator transition occurs |78].

But not only the one-dimensional limit is solvable but also the infinite dimension/lattice-
connectivity limit [85-87]. The solution is then given by the dynamical mean field
theory (DMFT) result [85],[87,/88], where the Mott-metal insulator transition is also
part of the phase diagram. For this reason and due to the large successes of DMFT
in applications to real materials, we will later use this method as a benchmark for the
many-body approach studied in this thesis.

3.3. Rigorous results for the Hubbard model

Since the first appearance of the Hubbard model in 1963 a lot of research was done
in order to obtain rigorous results. We will not be able to give an adequate overview
on this field and can only refer to |61,83]89].

Under certain assumptions regarding the hopping elements one can proof the non-
existence of ferromagnetic order for the ground state in the half-filled Hubbard model [89)
90|. This theorem by Lieb is important for assessing the quality of approximate meth-
ods when approaching zero temperature.

From the seminal Mermin-Wagner-Hohenberg theorem — that can be applied due to
the continuous SU(2) spin rotation symmetry in the Hubbard model — we can deduce
that in two dimensions and at finite temperature 7' > 0 there is no superconductivity or
spin long-range order [91-95| while Kosterlitz-Thoughless phase transitionsﬂ [96-98]|
are not excluded [99].

3Such phase transitions are of topological nature and not accompanied by a spontaneous symmetry
breaking. They are characterized by a change in the response to an external perturbation of the
system, more specifically a divergence in the correlation length at the critical temperature which would
correspond to an infinite order Ehrenfest phase transition.
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CHAPTER 3. HUBBARD MODEL

3.4. Multi-orbital Coulomb interaction

In order to extend the Hubbard model to more orbitals we need to reconsider the
general interaction term

(35) U({rh ai}7 g, OJ) = <wa1,a,7‘1wa2,o’,r2 |‘/;i,€

where — in contrast to eq. — we have written the spin dependence explicitly and
took advantage of spin conservation.

From those matrix elements we can construct the on-site interaction part of the Hamil-
tonian in terms of

(3.6)
1
He = 5 Z <wa1,o,rwa2,a’,r|‘/e,e

!
Q;,0,0

wa3 ,0,T wa4 0!y > )

Sy ooyt ) o (1)eh, (e, (M, o (1)

An important difference that arises between orbitals of a single atoms and orbitals in
a crystal is the crystal field splitting which occurs due to the static electric field of the
surrounding ions.

In the application that we will be dealing with in chap. [7] the correlated electrons
occcupy Fe 3d orbitals in a tetrahedral environment. Thus, the five 3d orbitals will
split into three ¢y, and two e, states, where the ¢,  are energetically lower. The shape
of the three ¢y, orbitals calls for a multi-orbital Hubbard model where this symmetry
is respected. By further ignoring matrix elements that involve more than two different
interacting orbitals and assume same orbital overlap for all interacting orbitals we
can simplify the general on-site interaction Hamiltonian in eq. to the following
rotational invariant Kanamori-Hubbard Hamiltonian |66,

He 5 05+ E 3 Unsnaatins o)

7B’ 7‘7 o ,,8,7,,0'
1
+ 5 Z (Uaﬁ - Jaﬁ)na,a(ri)nﬁ,o‘(ri)
a,B,i,0
o B
5 S Tus (chuolridea ol (ri)es ()
a,f,i,0
op
(3.7) b o (1), (ri)eh o (ri)es o (1) )
where the coupling constants are given by
U pu—
(3.8) Uys = =0 and Jy=T(1-4,,).
U-2J a#p '

Apart from the orbital rotational invariance, Hund’s first rule is also taken account oiﬁ
and the remaining orbital independent constants can be calculated via

(39) U= <wo,rwfo,r|‘/e,e’wa rW—o r> ’
(310) J = <wa7a,rw6,a,r“/e,e|wﬁ,o',rwo¢,a,r> y @ 7é 57

where we dropped the orbital indices in the expression for U due to orbital symmetry.
Apart from the density-density interaction we encounter the so-called spin-flip term
which flips the spin of two electrons in different orbitals and the pair-hopping term

4In the case of density-density interactions in eq. we observe for unequal orbitals that the
equal spin state comes along with U, 5 —J,z while the opposrce spin state is scaled with U, 4. Therefore,
the high spin state is favored which reﬂectb Hund’s first rule.
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which describes the process of annihilating two electrons in one orbital and creating
them in a different one.

In the case where the full d-shell is part of the correlated subspace, one can rely on
so-called Slater-Koster integrals (see Ref. [26}/62] for more details) in order to restore
rotational invariance.

For the real material calculation that we are going to perform in chap. [7] we will make
use of the constrained Random Phase Approximation [67-H69] that allows to calculate
the interaction values U B’ J B from ab-initio.

3.5. Constrained Random Phase Approximation

Before we present the constrained Random Phase Approximation (cRPA) we men-
tion a different approach to calculate the interaction values U B’ Jaﬁ from ab-initio,
namely the constrained LDA (cLDA) [69,(100-105|. In this approach the effective
interaction is determined by total energy variations as functionals of the correlated
electron densities in order to find the cost of double occupation at a specific siteﬂ
We employ the cRPA scheme since it includes dynamical screening effects [69], i.e.
frequency-dependent interaction values. We will explain this phenomenon in the fol-
lowing.

If we calculated the interaction values U, J directly from , we would get
typically values of the order of 15eV [100]. Such large Coulomb strengths are closer
to the interaction values of isolated atoms/ions rather than expected from electrons
in a solid. The important feature that a “direct” calculation is missing are screening
effects: If electrons feel the Coulomb repulsion of a specific electron they get repelled
by it and effectively a screening hole is created around that electron which reduces
the repulsion to an effective/screened Coulomb interaction. An important feature of
that phenomenon is the dynamical aspect, namely the screening is less efficient at large
energy scales, where the creation of an screening hole is energetically less favorable and
the “bare” interaction is recovered [68,/69,106].

The formal description of the dynamical screening can be expressed in the language
of functional derivatives (see sec. where the dynamical density fluctuation to an
artificial external perturbation can be expressed in terms of functional derivatives [107),
108].

Within the Random Phase Approximation one restricts the response of the system
to fluctuations in the Hartree potential. By this means one can express the density
fluctuations én due to the external field ¢ as

on

~1

3.12 —=(1-PV, P.

( ) 5¢ ( e,e) ’
where P is the polarization bubble (compare to eq. (5.92))),

P(x, 2" w)
=— li{% Z Z Gt (T) O 1 (&), 1 () By o ()
¢ k,n occ k’;m unocc
(3.13) ! L
' w—e€,(K)+e,(k)+ie we,(k)—e,(k)—ie)’

5The very first cLDA formula that was applied to determine the Hubbard interaction U was given
by

(3.11) E[n] :co—i—cln—i—%n(n—l),

where ¢y, ¢; are parameters to describe the minimum of the total energy functional |100|.
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From the polarization P one can calculate the screened electron-electron interaction
W, . via

e,e

(3.14) W,.=(1-V, P)'V,

e,e ee’
The contributions to the polarization P (see eq. (3.13])) can be decomposedlﬂ into con-

tributions that stem from the correlated states P, and the remaining contributions P,,
ie. P= P, + P,. This allows to rewrite the screened interaction W, , as

(3.15) W,.=(1-W,P) "W,

T
where we defined a screened interaction that includes all screening contributions except
for the ones of the correlated subspace (see fig. |3.2)), i.e.

(3.16) W, =(1-V..P) 'V

T eelr ee*

The screened interaction W, inherits its frequency-dependence from the polarization P,

A £(K)

i

I

(]
[}
]
(]
(]
[}
[}
U
(]
W

)

FIGURE 3.2. Schematic representation of the decomposition in corre-
lated and rest subspace. While the correlated subspace consists of all
states within the red box, all other states above and below this region
belong to the high energy rest space. For the calculation of the polariza-
tion contribution P, that is needed for the screened interaction W, (see
eq. ) one considers excitations that are not completely contained
within the red box, i.e. within the low-energy subspace.

and — in analogy to eqs. (3.9)), (3.10) — we can calculate the screened effective interaction
values

(3.17) Uaﬁ = Uaﬁ(w =0) = <wa,a,rwﬁ,—a,r Wr|wa,a,rwﬁ,—a,r> )

(318) Jaﬁ = Jaﬁ(w = O) = <wo¢,a,rwﬂ,o,r Wr’wﬁ,o,'rwa,a,r> Q@ 7é /8

Notice that the frequency-dependent interaction cannot be included into the standard
Hamiltonian formalism and requires the functional-integral formalism [68]. As a first
step we will therefore only take the static limit w = 0 values of the effective screened
interaction values but one has to keep in mind that dynamical screening can lead to
additional features that effect the spectral properties over the whole energy range of

the low-energy subspace [52,68/106).
A simple way to approximate the dynamical interaction in terms of an effective static

6The decomposition is done by simply restricting the sums in eq. (3.13) to bands n, m that belong
to the correlated subspace in order to obtain P,.
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Hubbard repulsion is by means of the Lang-Firsov transformation [106}109], where
apart from the renormalization of U, J a rescaling of the hopping parameters takes
place.

In the end, we also mention that the cRPA computed values have their limitations
since they depend directly on the accuracy of the DFT result and the RPA approxi-
mation that is built in. This might cause problems in the case of strongly correlated
systems, where the correlation effects on the electronic structure outside of the corre-
lated energy window are large and would also need to be included in the determination
scheme of U, J. For a more detailed discussion of this issue and other ab-initio methods
for calculation of screened interaction parameters we refer to Ref. [52].
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CHAPTER 4

Green’s functions

In this section we lay the foundation for the Two-Particle Self-Consistent approach
(TPSC) following the many-body physics script of A.-M. Tremblay [110] and the text-
book of A. L. Fetter and J. D. Walecka [30] while the mathematical motivation for
Green’s function follows Ref. [15].

Apart from the basic notion of many-body theory where the Green’s function formal-
ism and linear response theory are important tools to describe single- and two-particle
properties [30,111-113] we will need to introduce the language of functional deriva-
tives [114] to find approximate expressions for those two objects.

TPSC is derived within the framework of the so-called conserving approximations that
are based on the Kadanoff-Baym scheme [113}[115|,116] and the Luttinger-Ward func-
tional [117,118].

We will present the derivation of the many-body equations for a multi-site system in
order to use the expressions for both the single-band and multi-site TPSC later. In
the case of multi-orbital systems we will get many different additional terms and —for
clarity— present that case separately. All expressions are given in Planck units where
h=kp=1.

4.1. Mathematical motivation

The concept of Green’s functions has its roots in the question of whether a linear
partial differential equation with constant coefficients and inhomogeneity g,

[0}

(4.1) Af = Z aaM f=9, a,€C, meN,
a=(aq,...,aq)EN? 1 d

|or |+ +|ag|<m
has solutions f and if so, what kind of regularity properties do those solutions possess
(see f.i. Refs. [15,119]). This question crucially depends on the inhomogeneity term g
and on what kind of properties of the solutions f are desired.
Obviously, in physics many equations of motion or equations of state fall into this
category of partial differential equations, e.g. the Laplace equation, the Heat equation
and the wave equation but also the Schrodinger equation for many different systems.
Central to the question mentioned above is the notion of distributions or generalized
functions since — by duality (see Ref. [15]) — one can translate the original linear
partial differential operator A (eq. ) into a linear and continuous operator acting
on distributions. This allows to search for solutions in a larger space, namely for
distributional solutions.
An important property of the distributional formulation of the problem in eq. is
that it always has a fundamental solution G that satisfies

(4.2) AG =,

where § is the Dirac distribution (see [15] Thm. 8.2). Once a fundamental solution G
is found one can compute a special solution f of the distributional problem in eq. (4.1
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via the convolution f = G * gﬂ

Moreover, we note that the same concept can be also used for discrete lattice problems
where the domain is a lattice and the differential operators are discrete differential
operators. The physical pictures that one can draw from this abstract mathematical
concept of fundamental solutions are various and we will develop those from the point
of view of theory and experiment in the following sections.

4.2. Single-particle Green’s functions and propagators

We consider a single particle with mass m in a time-independent potential V' that
moves in space. Therefore, the Hamiltonian H is given by

1
4. H=—-——A
(4.3) 5 AV
and the time-dependent Schrédinger equation is given by
0
4.4 — — H =
(4.4 (i) v =0,

where 1 is a wave function solution. Assuming that the particle is prepared in some
state |¢(to)) at t = to we can calculate the state of the particle at time ¢ > ¢y via the
unitary time evolution operator

(4.5) U(t, to) = e *H=10)
(4.6) [9(1)) = U(t,t0) [¢(t0)) -

In position space we can use the closure relation

(4.7) 1= /dx 1) (]

to obtain

(48) wlayt) =i [ doo (<1 (o Ult.to) [20)) (i to)
=:G(z,t;zg,to)

from eq. (4.6)).

We call the object G defined in eq. propagator since it propagates the wave
function of the particle from the wave function 1 (z,ty) to the state ¢)(z,t) by means
of a convolution.

To emphasize the time ordering ¢ > t( (causality) we define

(4.9) GT (2, t; 20, t0) = O(t — t0)G(, t; 20, to),
where 6 is the Heaviside function

(4.10) o(t) = {(1) Zzg

The superscript in G stands for retarded which expresses the causality that is built
into the propagator, where the effect follows the cause and not the other way round.
The convolution in eq. already suggests that G is indeed a Green’s functionﬂ of
the linear operator A = i0; — H and one can easily verify that G fulfills

(4.11) (id; — H) GR(z,t; 29, t0) = 6(t — to)d(z — xp).
1Strict1y speaking one would have to check that the pair (G, g) fulfills the so-called support con-

dition in order for the convolution to be well-defined.
2In this case the Green’s function is a fundamental solution that also fulfills the initial condition

lim Gz, 70, o) = —id(x — z0) (see eq. (EF)).
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CHAPTER 4. GREEN’S FUNCTIONS

So far, it seems that the retarded Green’s function G is merely a solution of the time-
dependent Schrodinger equation with a singular source term at space-time (), to) that
can also serve as propagator between wave functions.

In the following we will cast a glance at the large amount of information that is con-
tained in those elegant objects. It is already worthwhile to emphasize that the time
evolution via the retarded Green’s function G is in general simpler than time evolution
with the unitary operator U since the convolution in eq. is easier to perform than
the operator action in eq. . Moreover, the time evolution via the Green’s function
G® does not depend on the initial state [1(xz,0)).

4.3. Single-particle Green’s function and density of states

To be able to relate the retarded Green’s function G (eqs. (4.8)) and ([4.9)) to the
density of states one takes advantage of the time-translational invariance of G¥ (see
eq. (4.8))) and performs a Fourier transform F to obtain

(4.12) GR(z,xq,w) == [FGR(z,- ;24,0))(w) = l{% (x| (w— H +ie) " |zo)

which is the resolvent operator in position representation and where lim is the weak
limit, namely
(@13) (o) = (@) gg%/ o)1, (x)ds = / e

for all test functions ¢ € C°(R) from the space of smooth test functions with compact
support. We are left to prove the second equality in eq. (4.12)).

PROOF OF (4.12). We exploit the two identities of Fourier transforms of tempered
distributions,

(4.14) o)) = -+ mo(w)
(4.15) [Fe™™ f)(w) = [Ff(w — wo),

and calculate via the spectral decomposition of the Hamiltonian, H = ) E,, |n) (n|,
n
where E,, are the energy eigenvalues and |n) are the corresponding energy eigenstates,

(4.16) [FGE(x, - ;20,0)](w) = F[=ib(-) ([ U(-, 0) |zg)](w)
(4.17) = F[=i6() ) _ {aln) e " (nfay)] ()

(4.18) = Z (z|n) (n - i (w — En)> (n]a,) .

At this stage we make use of the weak approximation of the J-Distribution in terms of
the heat kernel

1 €
(419) 77(6,.%) = ;m,
which leads to the weak limit
4.20 li = 4(x).
(4.20) lim n(e,z) = o(z)

This yields the final expression

(421) Gz, zp,w) =) (zn) <

n

w—FE,

. w-—FE, . €
(1.22) -6 (G gpre i mTe)



4.4. MANY-BODY GREEN’S FUNCTION

1
4.23 =li _
(4.23) g D Gole) [, (ko)
(4.24) = lim (z| (Wl — H + iel) " |z,),
e\ 0
where I is the identity operator. ]

We already see that the retarded Green’s function in frequency space G(x, Ty, w)
has poles at the eigenenergies of the Hamiltonian H.
If we consider the spectral decomposition of the single-particle Hamiltonian

(4.25) H =) E,|n)(nl

we can deduce from eq. (4.21]) the expression
(4.26) ImGH (2, 2,w) = -7 Y 6(w — Ey)|(n|z)|*.
n

This result can be used to express the single-particle density of states p(w) in terms of
the retarded Green’s function G, namely

(4.27) plw) = Z&(w —E, = —% /ImGR(x,x,w)d:U.

In the following sections we will encounter a similar relation between Green’s functions
and spectral properties in the many-body context.

4.4. Many-body Green’s function

So far, we introduced the Green’s function as a mathematical object and showed its
usefulness in the context of single-particle physics. In order to describe realistic models
of materials we have to extend the previous definition to include finite temperature and
many-body effects.

We start with the many-body extension at zero temperature and denote the expressions
in second quantization. Motivated from the single-particle retarded Green’s function

G® (eqs. (#.8) and ([#.9)) we define the object
(4.28) Gl(x,t; 3y, t0) := —i0(t — to) (0] U(z)e HE—) W (2,)]0),

where |0) is the many-body ground state wave function and ¥(z) is the field operator
that destroys a particle at position z while \I/T(xo) creates a particle at position x,,.
In the case where we choose an energy scale where the ground state energy is zeroﬁ
work in the Heisenberg picture and further simplify the expression:

we

(4.29) GT(x,t; 20, t0) = —if(t — to) (0] 1 (2)e AW ()T |0)
( ) = —if(t — o) (0| eftheth\IJ(I)efiH(tfto)\I}T(xo)efthoethg 10)
(4.31) — —if(t — to) (0] e W (x, )W (g, t)e? 10 |0)

(4.32) = —if(t — to) (0] e MW (z, )T (2, t0)e™ |0)

(4.33) —if(t — to) (0] U (z, t)UT (20, 20) |0).

Although it is very tempting to use G in eq. (4.33) as a definition for the zero temper-

ature many-body retarded Green’s function we have to reconsider eq. (4.8]) in the limit

t \ to, i.e. li\r‘n G(z,t; g, t0) = —id(x — ). This boundary condition was important
Nt

for the interpretation of the Green’s function as a propagator and we want to retain this

3This can be always done by defining an energy unit that is shifted with respect to the ground
state energy.
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property in the many-body case. In order to do so we can do a minimal modification
to eq. (4.33)) and define the zero-temperature many-body retarded Green’s function

(4.34) GF(w,t5 g, t0) = =iB(t — to) (0] { W(w, 1), W (g, o) } 0),

where the anticommutator {-,-} enforces the equal time boundary condition.
The object Gf(z,t; xy,to) can be interpreted as a measure for the time and position
correlation of exmtatlonsﬁ of the ground state. Additionally, we retain the meaning of
G" as a propagator but in the many-body context it is not only the particles that can
propagate but also the holes due to the anti-commutator in the definition.

Finally, we can extend the definition of the many-body retarded Green’s function
to finite temperatures by taking account of the finite-temperature statistics of the
particles. This is done by replacing the ground state average by a thermodynamic

average in eq. (4.34).

Thus, we obtain the finite temperature many-body retarded Green’s function

(4.35) G (2,100, to) 1= —iB(t — to) { { W(w, ), W' (zg, ) } )

where we have chosen to work in the grand canonical ensemble, i.e.
tr (e*BHO> .

(4.36) (0)i=———=, Z:i=tr (efﬁH ) ,

where £ is the inverse temperature and H is the grand canonical Hamiltonian, i.e. it
contains an additional term ,uN where p is the chemical potential and N is the par-
ticle number operator.

The definition of the retarded Green’s function in eq. is given in position represen-
tation which is due to the mathematical motivation that we started with. Nevertheless,
one is free to define G in different representations which leads to

(4.37) G0t B, 10) = —i6(t — to) ({calt). ch(to) } ).

where «, f are quantum numbers from a complete set of quantum numbers and ¢, ()
destroys a particle in the state o at time ¢t while c}; (to) creates a particle in the state
at time .

4.5. Imaginary time Green’s function

So far, we have only considered “physical times” ¢ as arguments for the retarded
many-body Green’s function G%, i.e. t € R, but in principle there is no problem to
extend the definition to imaginary time. Like in classical electrodynamics we will see
that this generalization from real to imaginary arguments can simplify many mathe-
matical expressions as one can use the tools of complex analysis.

A simple example where the notion of complex time can be helpful is the evaluation
of thermal averages like in equation for the finite temperature retarded many-
body Green’s function G®. In this equation we encounter the operator exponential
exp(—BH) = exp(—i(—i)H) where we interpret —if3 as some imaginary time point.
From classical many-body theory we know that if we evaluate the time evolution in
eq. (4.35)) perturbatively in the Dirac picture we encounter time ordered contour inte-
grals on the real line. In interpreting —if3 as some imaginary time we can reformulate

(4.38) e PH — U(—iB,0) = e PHOU(—i,0),

41t is both particle and hole excitations that are being probed in the retarded Green’s function
since we introduced the anti-commutator.
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4.5. IMAGINARY TIME GREEN’S FUNCTION

(a) (b) convention -it—T
Im(®) Im(t)
tip=%B L tip=%B N
______ T,=1p Y St
i i
(R,) O X > Re(t) (R,2) 5 tl‘A’ " Re(t)
Th=-if =B

FIGURE 4.1.  Definition of the imaginary time order. (a) Given the
two exemplary imaginary times t, = B and ty = — B we calculate T =
i and Ty = —if. We define the time order on the imaginary axis
by first rotating the points by 90° counter clockwise in the complex
plane and apply the canonical order on R, denoted by (R, <), to those
rotated points. For example, 7, /2 is mapped to t, N respectively and
since t, < t; we conclude 7; < 7,. (b) If we work in the convention
where imaginary times 7 are denoted as their negative real counterparts
—t = i7 the previously defined order in (a) comes out naturally since in
this convention 7, = —f < f = 7.

where Hj is the unperturbed grand canonical Hamiltonian and Uy is the time evolution
operator in the Dirac picture. Thus, one can incorporate the contour from the imaginary
time contour integral of Ur(—i3,0) into the real time contour of the other operator in
eq. (4.35)) which leads to the so-called Kadanoff-Baym contour.

After this short motivation we formulate the transition to imaginary time formally: A
complex time ¢ € C is decomposed as t = Re(t) + iIm(¢) and we define 7 := it. In the
case of eq. we see that for ¢ = —f + 4 - 0 the object 7 appears naturally in the
time evolution operator

(4.39) e P —U(r,0) = e T,

Another important object that we will need in the following is the time ordering with
respect to purely imaginary times 7 € {it | t € R}. For this reason we define the
fermionic imaginary time ordering operator

A(r)B(12) T > To

(4.40) TrA(m)B(r) = {—B(TQ)A(TI) <7

where we defined a total order ({it | ¢ € R}, <) by applying the canonical total order
(R, <) to the imaginary part of the numbers in {it | ¢t € R} (see fig. [£.1). Finally, we
define the imaginary time Green’s function G as

(4.41) Gla, 7330, 70) = — (T ¥(2,7) ¥ (g, 7))

where the time evolution of the field operators ¥, Ut is given by the imaginary time
Heisenberg equation of motion
d d

(4.42) ZA=iHA & —A=[HA

which leads to
(4.43) U(z,7) = e HW(z)e ™
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(4.44) Ul (z,7) = ™ (2)e ™H,

where a field operator without time argument is defined to be the corresponding field
operator in the Schrodinger picture. Note that the time evolution in egs. and
(4.44) seems inconsistent with eq. (4.39) which suggests —i7 as imaginary time argu-
ment for the left-hand sides of equations (4.43) and (4.44]). This abuse of notation in
eq. (4.39) is a widely used convention to avoid the lengthy —i7 imaginary time argu-
ment by replacing it with 7, i.e. for a imaginary time function f we denote f(—i7) by
f(7). In this convention and for ¢+ € R we see that ¥T is not the adjoint of ¥ since
7 € R but if we reinsert 7 = it we see that Ui(z,7) = Ui(x,1).

Since we are dealing later with lattice models we choose a representation of the imagi-
nary time Green’s function, where the unit cell position is denoted separately from the
other quantum numbers (like orbital and spin quantum numbers). This leads to the
representation

(4.45) Gop o750, 7o) 1= — <TTca70(r, T)CTB’U(TO,TO)>

where ¢, ,(r,7) destroys a particle with quantum number o and spin o at unit cell

position r while CL’J(TO,TO) creates a particle with quantum number § and spin o at
unit cell position r,. We denote the quantum numbers o and 3 separated from o by
a comma to emphasize that the object G, (r,T;ry,7,) is a complex valued matrix in
CMXM where M is the dimension of the vector space spanned from the quantum num-
bers c. We restrict the imaginary time domain of the Green’s function G to (—B, B)
because we see in egs. (4.38) and (4.39) that only those imaginary times are needed to
evaluate thermodynamic expectation values.

We summarize a few properties of the imaginary time Green’s function G, .0 (r, 7570, Tp)-

PROPOSITION 4.5.1. (i) The imaginary time Green’s function of a time-independent
Hamiltonian is time translational invariant, i.e.
(4.46) Gopo(rs T30, T0) = GQBJ(T‘,T — T3 79, 0) =: Ga@p(?“, To, T — Tp)-

(ii) If the system is space translational invariant, then so is the imaginary time
Green’s function,

(4.47) Gopo(s10,T) = Gop o (1 —10,0,7) = Gopg (1 — 10, T)

and we can identify the Fourier transformed Green’s function with

(4.48) Gl (ky7) = — <TTc(M(k, T)cg’g(k>> .
(iii) The adjoint of the Green’s function is directly related to the Green’s function

via

(4.49) 2570(7", T) = Gﬁaya(T,T) and Gzﬁp(k,r) = Gﬁap(kﬂ‘).

w e 1maginary time Green’s function G 1s anti-periodic in time in the case o

Th a G s fi G d h f
T€(0,8):

(450) Gaﬂ,a(r7 7_) = _Ga,ﬁ,a(rv T+ B)?

(4.51) Gopoll,7) = —Gop ok, T+ B), 7€ (—B,0).

Those relations tell us that it is sufficient to know the imaginary time Green’s
function G on the interval [0,[) instead of (—B,5). The value at 7 = 0
(where the imaginary time Green’s function coincides with the retarded Green’s

function up to a factor i) is considered separately.
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4.5. IMAGINARY TIME GREEN’S FUNCTION

(v) The imaginary time Green’s function is discontinuous at 7 = 0 and shows a
Jump that is minus the Kronecker symbol,

(452) 71_1{(% (Gaﬁ,a(k’ T) - Gaﬁ,a(k> _7—)) = 71_1\‘1% (Gaﬁ,a(r’ 7-) - Gaﬁ,a(rv _7-)) = —504,5'

PROOF. (i) We make use of the time-independence of the grand-canonical
Hamiltonian H and evaluate the time ordering operator in the definition of
the Green’s function which leads to

1 -
(4.53) Gopo(r,T57m0,79) = — Etr e_BHTTeTHcaJ(r)e_THeTOHc}; Cr(?"o)e_TOH]
1 L
=— Etr _e_ﬁHeTHcaJ(r)e_(T_TO)HCTB’U(TO)G_TOH] 0(t — 1)
1 r -
(4.54) + Etr _e_ﬁHeTOchg’a(ro)e_(TO_T)HcaJ(r)e_TH] O(ry — 7).

Now, one has to use the cyclic property of the trace and commute the operator
exponentials (H is time independent) to get

1 ~
Gaﬁ,o(r7 770, TO) = Etr [e_ﬁHe(T_TO)HC (r)e_(T_TO)HCTﬁ,U(TO)} 9(7— - 7_0)

1 ~
(4.55) + Etr [e_ﬁHe(TO_T)HcEJ(ro)e_(TO_T)Hcava(r)} O(tg — 7).
1 ~
(4.56) —— _tr [e—ﬁHTT_TOe“—To)HcM(r)e—“—fo)Hcg U(ro)}
(4.57) = Gop o (1,7 = 70;70,0).

(ii) We present the proof for discrete lattice systems but the same steps can be
easily generalized for continuous systems. The periodicity of the system im-
plies space translation invariance of the grand-canonical Hamiltonian H which
is mathematically expressed as

(4.58) [T,, H] =0,
where TS is the space translation operator that shifts a state by some lattice

vector s € S and S is a set of lattice vectors. The commutation relation in
eq. (4.58)) also applies to any power series of H. Therefore, we have

(4.59) [T,,ePH] =0
and
L (Bl 7 7 L
(4.60) Gopo(ryro,T) = —Etr [e T.TT s, (r, T)TST_SC/B’U(TO)]
1 ~
(4.61) = —tr [e_BHTTca,U(T +s,7)el, (g + 5)}
(4.62) = Gopo(r+s,m9+8,7).
For the special choice of s = —r, we see that the Green’s function only depends
on the relative position coordinate r — r, and we define
(4.63) Gop.o(Ts To,T) = Gopo(r — 19,70 — 70, T) =: Gaﬁﬁ(r — 7o, T).
=0

This result will be needed later but now one has to change from the real
space to the reciprocal space representation of the creation and annihilation

operators that appear in the Green’s function G aﬂﬂ(r, 9, T) which leads to

1 . 1 27
(4'64) Gaﬁ,a(r’ T, T) - <TT Z 7eizk.rca,a(k7 T) —e'" .TOCL a(k/)>
—~ VN — VN
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(4.65)

(4.66)

(4.67)

(4.68)

(4.69)
(4.70)

(4.71)

1 —i[(k=k")- "0 4 (r—r, Btk
-—= <Zcha,g<km>e (o=t Z]c}g,g<k’>>,

k&

where N is the number of unit cells in the system. Using the independence
of the Green’s function on the center of position coordinate (eq. (4.63)) we
derive

1 1 —i(k—k')- T2 kR g
:_N<ZTTC%U(]€’T)N Z o Uk—K") =52 o=i%5( O)CE’U(/?/)>
kK (r+rq)/2
1 —iRLE (o
)
kK’
1 —ik-(r—mn
= N <ZTTCa,U(va)e o O)Cg,o(k)>
k

—ik-(r—rg) [_ <T7—ca70'(k’ T)CE’U(]C)>1|

I
2l 2=
L

(iii) We show the proof for the momentum space Green’s function but the proof

(4.72)
(4.73)
(4.74)

(4.75)
(4.76)

for the real space Green’s function works analogously.
Gl (ks ) = — <ca,(,(k,7)cgya(/¢>>

= ——tr :TTcm,(k)e_THcJr (k)eTHe_BH}

a,o

— e [Tre e ey (ke el , (k)]

= ——tr :TTe_BHCIBp'(k? T)CL,O'(]C):|
= Gpo ok, 7).

(iv) Again, we present the proof only for the momentum space Green’s function

(4.77)

(4.78)
(4.79)
(4.80)

(4.81)
(4.82)

for the same reason as in the previous point.
We start with exploiting the condition 7 € (—f3,0) and find

Note that it was necessary to demand 7 > — 3 because otherwise we would
not have been able to reintroduce the time ordering operator 7, in eq. (4.82).
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(v) The proof is independent of the basis choice and we use the momentum basis

(4.83) i (G (k. 7) = Gl o (b, 7))

(4.84) = lim, (= (cao (k7)eh 1 (k) = (e, (F)eao (b —7) )
(4.85) = ({eac®)ch, () })

(4.86) S

0

In order to underline the difference between real and imaginary time Green’s func-
tion we present the example of non-interacting particles.

EXAMPLE 4.5.2 (Non-interacting electrons). Consider electrons in a periodic lattice
that are described by the Hamiltonian

(4.87) H =Y (c(k) = p) el (k)e(k),
T

where p is the chemical potential and e is the dispersion relation. We find c(k, ) by
solving the imaginary time Heisenberg equation of motion

(k, ) = [H,e(R)] = S €0k [ (F)ek), clk)] = = 3 &(K)8, poeh)
k' k'
(4.89) = —¢(k)e(k).

This differential equation can be easily solved considering the initial condition ¢(k,0) =
¢(k). The solution is given by

(4.90) c(k, 1) = e S0 ¢(k).

Inserting this equation into the definition of the imaginary time Green’s function

(eq. (4.48)) gives

(4.88)

—C
T

(4.91) Gk, 7) = — <TTc(k, T)CT(k)>

(4.92) = — e BT — frp(E(R)]O(T) = Frp(£(k)O(—T)},
where we used the Fermi-Dirac distribution function

(4.93) Fr(€(h) = (el (R)elh)) =

For the real time retarded Green’s function (eq. (4.37)) we can calculate c(k,t) in a
similar fashion as the imaginary time counter part previously (eq. (4.89)). We find

(4.94) c(k,t) = e EFte(k)

and inserting this result into the definition of the retarded Green’s function G¥ gives
(4.95) GE(k,t) = —if(t) <{c(k:,t), cT(k)}>

(4.96) = —ie~ €kt (1) <{c(k:),cT(k:)}>
(4.97) = —ie E0Y(t).

We plot the imaginary time Green’s functions G' and the real-time Green’s function
GT for this non-interacting system in fig. For simplicity we assume flat bands,
ie. &(k) = ¢ and consider the case of an unoccupied band (§£ = 1 > 0), a band at
the Fermi energy (£ = 0) and an occupied band (§ = —1 < 0). The definition of the
real-time Green’s function in equation allows us to interpret G¥(t) as a measure
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(@ £=-1[eV] ®) £=0 [eV] © £=1[eV]
1 IRe(GR) - Re(GY) - Re(GY) -
%1 Im(GY) - P Im@Gh) - P ImGh) -
=0 0 0
m\-/
01 -1 -1
10 5 0 5 10 10 5 0 5 10 10 5 0 5 10
t[1/eV] t[1/eV] t[1/eV]
@ (e) ~ () ~
=3 [1/eV], &=-1[eV] B=3 [1/eV], £=0 [eV] =3 [1/eV], E=1 [eV]
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> [ \
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=0 0 0

O | Re(G) - 1| Re@G) - 1| Re@ -

Im(G) - Im(G) - Im(G) -
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T [1/eV] T [1/eV] T [1/eV]

FIGURE 4.2. Real time retarded Green’s function G and imaginary
time Green’s function G for non-interacting particle described by the
grand canonical Hamiltonian H in eq. (£.87). (a)-(c) show G(t) in the
case where £(k) is a constant £ = —1,0, 1eV respectively. We see that
the retarded Green’s function is basically given by an oscillating phase
factor for ¢t > 0if £ £ 0. This is the manifestation of the Green’s function
as a correlation function that measures how large the overlap between an
excitation bz |0) at t = 0 and the time-propagated excitation e_thb}; |0)
for ¢ > 0 is (see main text). (d)-(f) show the imaginary time Green’s
function for inverse temperature 5 = 3(eV)~L. In contrast to the real-
time Green’s function we see that G shows exponential growth/decay
and is indeed anti-symmetric in (=3, 8). Finally, all Green’s function
exhibit a discontinuity at ¢ = 0 which has width 1. This is due to the
fermionic anti-commutation relation.

for the overlap between an excitation b,t |0) to the ground stat at t = 0 and the time-
propagated excitation e_thbL |0) for ¢ > 0. In the case of non-interacting electrons
the time-propagation reduces to a simple phase factor (see eq. ) which leads in
(a),(c) to an oscillation in the cases £ # 0 and else (b) to a constant prefactor for £ = 0.
In (d)-(f) we present the imaginary time Green’s function G at inverse temperature
B =3(eV)~. Apart from the exponential growth/decay from eq. we observe the
anti-periodicity (see eq.) that will serve later to expand G in a Fourier series.
Note that all Green’s function in (a)-(f) show a characteristic jump of height 1 that is
due to the fermionic commutation relation.

4.6. Lehman representation and spectral weight

The retarded Green’s function carries not only information on how to propagate
some state in time but also information about the energy spectrum. In this section we

5We use the letter b instead of ¢ because the anti-commutator in the definition of G takes care
of both particle (£ > 0) and hole excitations (£ < 0).

31



4.6. LEHMAN REPRESENTATION AND SPECTRAL WEIGHT

study this relation. We start by performing a Fourier transform to bring the retarded
Green’s function from time space to frequency space but first one needs to manipulate
the anti-commutator expectation value by the resolution of the identity

(4.98) 1= |n) (nl,

where {|n)} is the set of (many-body) eigenstates of H with corresponding eigenenergies

where we explicitly wrote the energy contribution from —,uN , namely —upN,,, in the
grand canonical Hamiltonian H. Thus, we can evaluate

({Cao (ks1), €l (R)})

1 —BH _i —i
:EZ [(n!e BH g Htcaya(k)e Ht]m>(m]cgg(k)\n)+
(4.100) + (e cl, () lm) (mlei Tty , (K)e ™11 |n)]
= X [e7 D OB e, () e 09

(4.101) e BNt (B N0 () |m) (ml e () ) )]

This expression can be used to evaluate the Fourier transform of the retarded Green’s
function following the same steps as in eq. (4.14]) to eq. (4.24). The result is the so-called
Lehmann representation of the retarded Green’s function

Gaﬁg(kz w)
(4.102) _}'[Gaﬁa(k )] (W)

.1 1
“li > (i e k) () +

1 T 7B(En7 Nn)
(4.103) + i — (B Fu =) <n\cﬂU(k)]m>(m]cao(k:)\n)> e " )
Next, we can interchange the summation indices in the second line to obtain
Ga,B a(k w)

1 ~ 5 <n|cj (k:)\m) <m|CT (k:)|n>

m,n

If we make use of the weak approximation for the Dirac distribution in eq. (4.20) we
can identify the imaginary part of the retarded Green’s function as

Im(Gaﬁg(k w))

B B _ T
(4.105) :lim% (e—ﬁ(En—uNn>+e—6(Em—uNm)>( f<”|ca,a("?)m><m‘cﬂ,a(’“>’”>>

07 L (@ (B — By — )2+ &
= — ;; [(e*B(Enﬂ“Nn) + e*B(Em*NNM)) X
(4.106) X (1l o () m) (mlch , (R)|)3(w — (B — En — )]

The matrix elements in eq. (4.106|) tell us that
(4.107) Ny =N, +1
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while the Dirac distribution enforces
(4.108) w=FE,—E, —
Together, those two conservation laws can be used to simplify

Im(Ggﬁ,a(kaw))

m,n

(4.109) x (e, (k)[m){mlch , (k)[n)d(w = (Em — En — )| -

At this point we are ready to define the spectral function

Ay ok w)
(4.110) = QZW (1+ e 3)e PEmND (e, (k) m) | 6(w — (Em — En — 1))
(4.111)  =— 2Im(G§a o(k,w)).

In sec.[4.9 we will discuss the physical meaning and importance of this object but first we
derive a relation between the spectral function in time space A, ,(k,t) and the retarded

Green’s function GR (k,t). This relation is established via Fourier transformation,

Ano(k,t)
N 21
4 113 E e—z(Em Enp—p)t |: B(En—pNy) + e_ﬁ(Em_NNm):| |<n|ca70-(k)|m>}2

1 . |
(4114) =23 [e‘ﬁ(E”‘“N“ + e Em=plNm) } (nfe"c, ,(k)e™ ™ m)(mlcl, , (k)In)

m,n

(4.115) Z%ZWG (Fn= “N"){ca,a(k,t),CL,a(k)}lm

(4.116) :<{ca’g(k:,t),c2’a(k)}>.

Therefore, we can write

(4.117) Gl

oo,

(k,t) = —iA, ,(k, )6(t).

Again, by the same steps as between eq. (4.14) and (4.24]) we can relate the retarded
Green’s function G¥ to the spectral function A(k,w) via

(4.118) GE, ,(kw) =F[GE, (k)] (w)

(4.119) = —iF [Aq o (k,)0()] (w)

(4.120) _ —z/ An ok, F [0 (w)%‘;
(4.121) e

N0 S oo wt i€ —w 27

° Im Gaaa k,w")) dw
(4.122) = —lim ( ( ))—,
NO S o wHie—w T
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which is the so-called spectral representation of the retarded Green’s function. Finally,
we show that the spectral function A(k,w) is normalized:

/ oy olkw)

2

(4.123) Zz( AEn=Ne) =P =Ne) ) (], o () m) (]l o (k) )

ZZ PE=IND (e, (k)el, o (k) )
(4.124) +— LN BBl ef, (K)o (8)|m)

(4125)  =({ecanb) el 0)})
(4.126) =1.
We will come back to the implications of this property.
4.6.1. Matsubara Green’s function. Expanding periodic or anti-periodic func-
tions in a Fourier series can be a useful tool to rewrite information about a function in

terms of Fourier coefficients.
The definition of the Fourier series for the imaginary time Green’s function G aB.o de-

fined on the domain (—B, B) is

.~ 1 b WWn T
(4127) Gaﬁ,a(kﬂzwn) = 2/56 " Gaﬁﬂ.(k,T)dT
(4.128) Gopolk.7) Z e TG g o (K, i),
~ . 21n
where @, := 25

The next step is simply imposing the anti-periodicity in imaginary time (eq. (4.51))) to
obtain

.~ 1 e iWn T B WO T
(4.129) Gaﬁp(k,zwn) =3 /Be n Gaﬁ,U(k’T)dT+/o ei®n Gaﬁyo(k‘,T)dT]
1 0 WOn T 2 g onT
(4.130) - —/Be " Gaﬁv(,(/@,wﬁ)dﬁt/o TGy (k)T
N R ‘.
(4.131) =3 / e”“’"TeW"ﬂGaﬁ,U(k,T)dTJr/ " G g o (K, T)dT
0 0

o
(4.132) S [ /O ewmcaﬁﬁ(k,r)dT] .

The prefactor of the integral is 1 if n is odd and 0 if n is even.
Skipping all even contributions is equivalent to restricting the frequency summations
over &, to a summation over the so-called Matsubara frequencies
2n+1)m
B

Thus, the final formulas for the Fourier series read

(4.133) Wy, 1=

B
(4.134) Gaﬂ,a(k’iwn) ::/0 elwnTGa57U(k,T)dT,
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1 — —iWn T .
(4.135) Gopolk,m) == > 7G5 (k,iwy),

n=—oo

where the Fourier coefficient G aﬁ,a(k’ iwy) is called Matsubara Green’s function.
Note that we write iw,, for the Matsubara frequencies which seems inconsistent to the
imaginary time convention where the —i7 is denoted by 7 in function arguments. This
convention for the frequency domain is widely used and we also make us of it to make
this thesis better comparable to the literature.

From the properties of the imaginary time Green’s function G(7) we can easily
deduce important properties of the Matsubara Green’s function G (iwy,).

PROPOSITION 4.6.1. (i) The Matsubara Green’s function G(iwy,) is related to
its adjoint via
(4.136) G ook iwn) = Gh, o (K, —iwn).
(ii) The high-frequency behavior of the Matsubara Green’s function G(iwy,) is given
by
) 1 \?2
41 wy) =~ —) .
PROOF. (i) Since eq. (4.49) already shows the property in imaginary time 7
we only have to calculate
B
(4.138) Gopo(k,iwn) = /0 e T GLg o (k, T)dT
B
(4.139) = /0 ¢ Gy o (k)T
(4.140) = G0k, —iwy)-

(ii) To be able to expand G 4, (k,iwy) in powers of wy, one has to start with the
Fourier transformation to imaginary time and integrate by parts, i.e.

Gaﬂ,a(k7 an)
B+0~ ‘
(4.141) :/ Gop ok, T)e“Tdr
o+ ’
-G k,+07) -G k, 0" B+0~ iwnT
(4.142) _ aﬂ,a( B . ) aﬁ,o( ) _ / /a/gg(k,T)e, dr.
Wr o+ ’ Twn,

Iterating the integration by parts and taking advantage of the anti-periodicity
of the Matsubara Green’s function G (see eq. [4.51]) gives

D) (k01 = GY) (k07)
. j+1 " af,o\™ af,o\""
(4.143) Gop ok, iwn) = j§>0(—1) (o .

In the case of v = 3 the first term in this series is merely - since {ch Coot =
0,5 and hence

4.144 Gopo(kyi % o (LY
(4.144) aBo a@wn>—m+ <wn> :
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ExAMPLE 4.6.2 (Non-interacting particles). We consider again the example m
where we study non-interacting electrons on a lattice that are described by the Hamil-
tonian

(4.145) H =Y (e(k) — ) cl(k)e(k),
A

where  is the chemical potential and e is the dispersion relation. From the Heisenberg
equation of motion we were able to find the time evolution of the annihilation operator

(4.146) ek, 1) = e SR e(k)
and the imaginary time Green’s function
(4.147) G(k,7) = —e "W {1 = frp(E(k))]6(7) — frp(£(k)O(—T)},
where we denote the Fermi-Dirac distribution function by
1
4.148 k)= ——.
(4148) Fenl€R) = e
In order to obtain the Matsubara Green’s function we apply eq. (4.134)) which yields
B
(4.149) Gk, iwy) = / T Gk, 7)dr
0

(4.150) = - /0 ? gion <TT(C(/€, T)cf(k))> dr

(4.151) . /OB glonT <c(k, T)cT(k:)> dr

(4.152) =— /ﬁ etwnT <e_§(k)70(k')cT(k:)> dr

0
1 =
(4.153) e [—e Be(k) _ 1} <c(k)d(k=)>
1 _
(4.154) -o—tm [~ P8 1] [1 = frp(&(k))]

L eFE® (e—és(m n 1)
™ iwn — (k) 1+ oBek)
1
iwy, — (k)
Similarly, we obtain the retarded Green’s function G*(w) by Fourier transformation of
the real-time Green’s function

(4.157) Gk, t) = —ie € W1g (1)
from eq. (4.97). Using the same manipulations as in eqs. (4.14) to (4.24]) we obtain

. 1 1
(4.158) Gl (k,w) = —imolw —&(k) = o e

(4.155)

(4.156) =

1

w — &(k)
via Fourier transformation.

We show a comparison of the real-frequency and imaginary frequency Green’s function
in fig. For the purpose of illustration we choose dispersionless energies (k) =
£ =-1,0,1eV. Moreover, we need to smooth the divergence of the Dirac distribution
in eq. (4.158) and fix € = 0.1 eV. This results in a broadening of the features in (a)-
(c) but we can still recognize the peak of the imaginary part of the retarded Green’s
function at the energy eigenvalues. Moreover, we observe that the real part of G is
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FIGURE 4.3. Real-frequency and imaginary frequency Green’s func-
tion for the non-interacting system described by eq. (4.145) with con-
stant energies {(k) = & (a)-(c) show the retarded Green’s function
GR(w) for £ = —1,0, 1eV respectively, where we introduce a smoothing
term € = 0.1eV (see eq. (4.158)) to soften the divergence of the Dirac
distribution 4. Apart from the divergence of the imaginary part at the
energy eigenvalues we see the symmetry/anti-symmetry of the imagi-
nary/real part of Gf(w). In (d)-(f) we present the retarded Green’s
function G(iw,) at inverse temperature § = 3(eV) Hor £ = —1,0,1eV
respectively. In contrast to the real-frequency Green’s function we see
that the real part is symmetric while the imaginary part is anti-
symmetric.

anti-symmetric while the imaginary part is symmetric around the energy eigenvalue.
This is a special property of this simple model and not a general feature of the retarded
Green’s function.

For the Matsubara Green’s function we have no divergences but we need to choose
a temperature to evaluate the Matsubara frequencies. In (d)-(f) we show G(iw,) at
inverse temperature 5 = 3(eV)~! for the same energies as in (a)-(c). In contrast to the
retarded Green’s function, the symmetry properties of the Matsubara Green’s function
are always with respect to the origin and opposite to the ones of G: The imaginary part
is anti-symmetric while the real part of G(iwy,) is symmetric. Finally, we observe that
the imaginary part of the retarded Green’s is directly connected to spectral properties
of the system while those properties are hidden within the Matsubara Green’s function.
For this reason we will describe next the relation between those two Green’s functions
and why it makes sense to take the detour on the imaginary axis and calculate the
spectral properties (on the real axis) afterwards.
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4.7. Relation between retarded Green’s function and Matsubara Green’s
function

The central topic of this section is how to get from the Matsubara Green’s function
on the imaginary axis to the retarded Green’s function on the real axis.
For an arbitrary function f this question has infinitely many answers since one can
define any function piecewise and pick arbitrary functions for each axis. For example,

(4.159) f(z) = 49 ZeR ,

film(z)) =z € iR\ {0}
where f is a function with domain R U iR and f., f; are arbitrary function on R.
At this point it seems like there is no way to find the “right way” back to the real
frequency axis but we have to remember how this whole idea of imaginary times and
frequencies started. The first step was to extend the definition of the retarded Green’s
function to complex time arguments and this is where complex analysis is able to help
resolve the problem of continuation from iR to R.
A fundamental theorem in complex analysis states that if we have an analytic/holomorphic
function f defined on an open domain () ## U C C and if we have another analytic func-
tion g defined on a larger open connected domain V' O U such that

(4.160) g(z) = f(z) YzeU

then we know that g is uniquely determined by f.

Central to the whole argumentation is the property of analyticity and although Green’s
functions do not fall into the easy case of the above mentioned uniqueness theoremﬂ we
will still need the condition of analyticity. Starting point of this derivation is eq. (4.134])
which relates the Matsubara Green’s function with the imaginary time Green’s function
via

i
(4.161) G (ks i) = /0 TG (k)

(4.162) = - /0 7 gn <cw(k, T)cgyg(k)> dr

1 [P 5
(4.163) = _Z/o e"“nTtr (e(T_B)HcOM(k:)e*THcL’U(kD dr,

where we have used the explicit form of the Green’s function (eq. ), the imaginary
time evolution in eq. and the thermal expectation value in eq. .

At this point we make use of the analyticity of the Green’s function which is true as
long as we stay away from the real axis. We rewrite the imaginary time integral as a
contour integral in the complex time plane via 7 = ¢¢t. This results in

(4.164) Gopo(kyiwn) = —% / e “nltr (e(it—B)H Co o (k)e 1 cga(k)> dt,
Y0

where the contour 7y is shown in fig. In the case where the Matsubara frequencies
are larger than zero, w, > 0, we can deform ~q all over the lower complex half-plane with
non-negative real part H := {t € C | Im(¢) < 0, Re(t) > 0} —due to the exponentially
decaying factors in eq. — as long as we keep the end points of ~q ﬁxedﬂ We
deform the contour 7y into 7 (see fig. that is 0 — r —i0 — r—i3 — —if3 and where
we take the limit » — oco. Thus,

Gaﬁ,0<k7 zwn)

6This is because of the discontinuity of the Green’s function on the real line (see prop. |)
"This is a special case of Cauchy’s integral theorem.
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FIGURE 4.4. Integration contours g and ~ in the complex time plane
that are considered in the evaluation of the Matsubara Green’s function.

(4.165) =— % e “nltr (e(itfg)Hch(k)e_”HcL o(k)) dt
Y0
(4.166) =— i/e‘”"t <eitHcaya(k)e*’tHch g(k)> dt
g
_ S 1: " —wnz [ drH —ixH T

(4.167) =—ilim [ e <e Coo(R)e ﬁa(k)> dz

B , .
(4.168) — 4 lim e~wn(r=w) <ez(r_zy)Hca S (k)e™ = ’y)Hcg U(k:)> d(—iy)

r—0 [ ’

0 Py . - A . s

(4.169) - zrlggo ’ e~wn(@=18) <ez(x_zf6)Hca,a(k)e_’(”_lﬁ)HcgU(k)> dx.

While the term in line (4.168) vanishes because of the exponentially decaying term
e~ “n" we can use the definition of the Matsubara frequencies (see eq. (4.133))) and swap
the integral boundaries to further simplify

Gopolkyiwn) = — z'/o e “nt <eichayg(k)e*”H L (k:)> dx

(4.170) + z/ e~wn @iZntl)m <ei(x_iB)Hcajg(k) —iz— lﬁ)Hc}; (k)> dx.
0 ’
=21

At this point we use the expression for the thermal average in the grand canonical
ensemble (eq.(4.36))) and the cyclic property of the trace to get

Gopo(kyiwn) = — z'/o e “n® <eicha7U(k)e_chg U(k)> dx

1 oo - =
(4.171) —i/ e~wny (e P (|)e i@ iBH f (k))dx
Z 0 ( ’ ﬁ’ )
_ / e~ WnT <eizHCa’U(kj)e—sz L’a(kj)>d‘r
(4.172) il / errtr (e el (K)o e, (k)) dr
_ / o Wn <eixHCaya(k)efzmH gg(k)> dx
(4.173) z/ ””m cﬂa k)echavg(k) *”H> dz
0

(4.174) i /0 h *W o (k1) (k)> + <c}3,0(k)cm(k t)>) dt
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oo e
(4.175) :/_ ez(zwn)tG(}jﬁﬂ(k’t)dt
(4.176) = Ggﬂ,a(k’w)‘wﬁ\iwn ’

This results tells us that we can obtain the Matsubara Green’s function G(iw,) from
the retarded Green’s function G¥(w) via analytic continuation.
In applications we are usually interested in the opposite direction: Is it possible to
construct the retarded Green’s function from the Matsubara Green’s function?
A simple example seems to provide a negative answer since given a Matsubara Green’s
function G(iw,) we can multiply it by one in the form 1 = 1 +0 = 1 4+ @8 4 1.
Therefore, G(iw,) and G(iw,)(1 + ¢ + 1) are identical but they are not equal if
interpret the functions as functions of complex numbers G(z) and G(2)(1 +e%* +1) in
the case z # iwy,.
Fortunately, one can use a result from mathematical physics [120] which states that
if (a) G(z) is analytic in the upper half—planeﬁ and if (b) G(z) equals the Matsubara
Green’s function at z = iwy, and if (c) G(z) decays like
(4.177) lim  G(z(t)) =0,
|2()[ =00

where z(t) is the parameterization of a general straight line in the complex plane, then
the analytic continuation in H is unique and we have
(4.178) Gfﬁg(k,w) = lm  G.g,(k,iwn).

’ iwyp — w10t ’
We are left to prove that the last condition (c) applies to the Green’s function G(z):
First, we make use of the analyticity of G in the upper complex plane H which allows
us to make use of Cauchy’s integral formula,

G k,z
(4.179) Gopo(ky20) = 1%“5"’()6&«,
ol

211 zZ— 20

where v is a counterclockwise oriented closed path and zy € H is in the interior of ~.
We choose the contour as depicted in fig. where v follows a semicircle of radius r
in the upper complex half-plane H that encloses the imaginary time point zy. In order

\ Im(z)

> Re(z)

FIGURE 4.5. Integration contours < in the complex frequency plane
that is used in the calculation of Cauchy’s integral formula (eq. (4.179)).

to stay in the analytic domain of G we shift the semicircle slightly above the real axis
which leads to the expression

Gaﬂ,a(k7 ZO)

8We have already seen from eq. (4.164) and eq. (4.52)) that the Green’s function G(z) is anywhere
analytic except for the real axis where it is discontinuous.
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1 " Gop ok, o +ice ™G, Uk,rew—i—z'e .
(4.180) =5 lim (/ s )dx—i—/ BT( )ire’¢d¢ .
0

2mi N0\ J_,  x+ie— z rel? + ie — z

From eq. we see that G(z) decays like O (%) which allows us to neglect the
second term in equation in the limit r» — oo.

Thus, we can evaluate the weak limit and identify the retarded Green’s function in the
integral kernel,

1 GE B, o (k,w)
4.181 G k,z9) = — ———dw.
(1181) wpolbizo) = 5 [ 2o
This expression already reminds us of the spectral representation of the retarded
Green’s function in eq. (4.122). The remaining step to obtain the analogous repre-
sentation for the Green’s function G is to use the Kramers-Kronig relations

(e'e] / :N+
i) RelGlwrion)] = by [T IRICL O
™ oo w—w
1 o0 ' 150t
(4.183) Im [G(w +i0")] = p.v./ Re [Gu()w :/zo )]dw,,
T —00 —

where p.v. is Cauchy’s principle value. The shift into the upper complex plane H with
+i07 is necessary to guarantee the analyticity of G. This leads to

1 G(Ijﬁo—<k7w)
4.184 - — | Zebe
(180 Ggplhiza) = 5 [~ 2200
. 1 o Re [G (kw kw)]d
(L159) _27ri/ w = 20 "o /OO w— 20 “

,w')
/ / Capak }d 'duwt
T 22 (W —w w—zo)

1 /oo Im {Gaﬁa(kz w)} ;

(4.186) + w.
2T

W — 20

Now, we use contour integrals to obtain
o 1
V. d

o /_oo (W —w)w—20)"

(4.187) = lim </we ! dw + /oo ! dw)
' N0\ Jooo (W —w)(w— 20) we (W —w)(w = 20)

(4.188) = lim </ f(w) dw +/ f(w)/dw>

e\0 oo W — W w+6

(4.189) = lim f ?) NG
NO Sy 2 — e\o eeld

’L ce’®do,

where we defined the function f(z) = Zol_z and the contour 7, . is shown in fig.

The equality in line (4.189) holds because the half-circle segment of radius r does not
contribute in the limit r — oco. By means of the residue theorem we obtain

(4.190) p.v. /_ Z = w;(w — e =2miRes (fozl, , Zo) +inf(w)

1
(4.191) —im + 2mi
w
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\ Im(z)

Re(z)

FIGURE 4.6. Contour that is needed to evaluate eq. (4.189).

T

4.192 = :
(4.192) pE—

With this result we can go back to eq. (4.186)) and further calculate
1 [ Im|[GE, (ko' 1 [ Im[GE, (kw
21 J_ o w' — 29 21 J_ o w — 29
L[ Ay, (kW)

21 J_o W — 2o

(4.193) Guao(k, 20) = w

/
W )

(4.194) =
where we expressed the imaginary part of the retarded Green’s function G by the
spectral function A(k,w) (see eq. (4.111)).

Finally, we can deduce the limit behavior of G(z) from the generalized spectral repre-
sentation in eq. since the spectral function A(k,w) is normalized (see eq. (4.126))
and therefore

- =

(4.195) G(2) ~ -

In summary, we find a unique analytic continuation that relates the Matsubara Green’s
function G(iw,) on the imaginary frequency axis to the retarded Green’s function
G (w) on the real frequency axis. This allows us to work in the Green’s function
representation on the imaginary axis and afterwards analytically continue onto the real
axis via eq. to obtain information about spectral properties.

In practice, we get the Matsubara Green’s function only for a finite number of frequen-
cies and we do not know the explicit dependence G = G(iw,,). For this reason one has
to make use of approximations that we explain in sec.

4.8. Non-interacting lattice Green’s function

Before we tackle the problem of calculating the Green’s function for interacting
electrons we consider the important case of non-interacting electrons on a lattice in a
paramagnetic state with time reversal and spin rotational symmetry. Such a system is
described by the Hamiltonian

(4.196)  HMr = % (t;ig Y- u%,rﬁaﬁ) el o (ri)es o (rj)

a,B,0,ri,r;

1 Ti—Tj ik-r; —ik!-r;
(4.197) =~ > (157 = 8, 0as) €Tk ()T iy (R,

’ .
kK 7057/370'77"177"3

where t;g "7 are all hoppings concerning the orbitals o and /8 that are connected by
lattice vectors r; — ;.
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Now, we rewrite the expression in terms of center of position and relative position
coordinates (r;,rj) — (ri — 5, (ri +1)/2) =: (Trel, Tcen) and get

Hk’in

1 s ) .,
(4'198) :N Z (tZB Y- /’[/51”7;,7"]' 5&,6) elk‘mcl,a(k)eilk ‘erB’U(/{:/)
k},k}l,(X,/B,U,TiJ‘j

1 i kR i (! —
(1199) = 30 (8 = afa) € ST I L (R)e o )

k' o,3,0, el Tcen
re irrel (K+E
(4200) = S (tm = b, 000) Sraee 2L L (R)es ()
k,aavﬁva’r'r‘el
(4.201) = Z (t;%el—uérmh&m@ eiT“l'kcLJ(k)cﬂp(k).
a?ﬁzavr'rel

We identify

(4.202) HER (k) = (Z thge” M%ﬁ) ¢g.0()-

=:hEin (k)

Since the Hamiltonian is hermitian one finds a set of eigenvectors {a, (k) };<p<n , and
corresponding eigenvalues {&,(k)};<p<n R where b is the so-called band index and N,

is the number of orbitals (or sites), that serve as a new basis, i.e.
| &,(h)
(4203) hﬁln(k) = [al(k)7 ) aNorb(k)] ’ . T4y (k)v AN
én,,, (k)

orb
Therefore, the eigenvectors {ay(k)}1<p<n,,, are the ingredients for the transformation
matrix from orbital- (or site-) to band-space and back.
We see an important property under inversion that is due to time-reversal symmetry,
namely

(4.204) ap(—k) = a3 (k),

which can be seen from eq. for the Hamiltonian since h*#(—k) = h];fg(k)*
Taking this together with the eigenspace decomposition (eq. ) we see that the
eigenvectors {ay(k)}}1<p<n.,, get complex conjugated while the energy eigenvalues stay
the same since they are real.

A similar calculation to the one performed in example provides

(4.205) Cpo(kT) = "5 W7e, (k)

which can be used to determine c,, ,(k, ) via
(4.206) Do (k,7) = [H (1), 0 0 (k)]

(4.207) = 3 &) [ 8 Py o (], 7)€ (0 7)]

kYo

= 3 &) [eh o W) (7). 0 7))

k'Y o!
(4.208) Al o (K, 7), oo () ey (K, 7)|
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(4209) = — Z é-b’ {Cb/ k T Zab Cba' k T }Cb/ (k/,T)
kb0
(1210) =~ 3 & (kg (k)ey o (k. )
b

(4.211) = ¢y (k) = Ze‘éb(’“”a?(k)cb,g(k)
(4.212) = Z ap (k)cy o (K, 7)

where we used the time-independence of the Hamiltonian H = H(7). Now, we use this
result (eq. (4.211))) and obtain the Matsubara Green’s function

B
4.213) G k,iwp) = e k,T)dt
af,o af,o

0
g
(4.214) =— /0 e'en” <TTca,g(k, T)C,E,a(k‘)> dr
N
(4.215) = —/0 eton” <ca,a(kﬁ)cgg(k)> dr
(4.216) = —/ onT <Ze o (B)T g Zab, cb, >d7‘
al a ,(k)* _5
(4.217) =— % ZlZdn = b & ) [—e B (k) _ 1] <Cb7a(k)clt’,a(k)>
al(k)a’ (k)* 5
(4.218) = - bzbj m [_e—ﬁfb(k:) - 1] [1 = frp(K)] 0y

k)* B, (k) (e—ngw) i 1)

ay (k
(4.219) = Z o §b AT
N9 <k>a§3<k>*
(4.220) = zb: o — €, (1)

Clearly, we also see the property from the transformation of the set of eigenvectors
{as(k) }1<b<n,,, (eq. (4.203))) under the constraint of time-reversal symmetry and para-
magnetism, i.e.

(4221) Gaﬁﬁ(—k,iwn) = Gﬁap(k,iwn).

For completeness we present a different approach to determine the Matsubara Green’s
function by means of the equation of motion.
We start by explicit calculation the imaginary time derivative

- iGaﬁU(k )
(4:222) =— [<cw Lo (R))0(r) = (b ,(K)cq o (k. 7)) 0(=7)]
<cw (k,7)el, (k) + cgp(k)ca,g(k,rw
(1.223)  + K;i (k)>0(r) - <c}370(k) L ol T)>0( T)]
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(4.224) =0()0, 5+ [([Hy ok, 7)] ¢, (8)) 6(7) = (e, (0) [H. 0 g (k. 7)] ) 6(=7)]
(4.225) :5(7)5a,5+<TT([H,cM( Ik, k)

This time we express the time evolution of the annihilation operator in terms of the
Hamiltonian matrix elements hfféz (eq. (4.201))) in orbital (site) space. Namely,

(4.226) [Hcou(k,m)] = 3 (850" = 10,5) [l 0o (K, T o (O, 7), 0 (8, 7)]

k' v,B,r,o’

(4227) = Z < ﬂe b /,Léy B) (—Cﬁ(k/, T)(Sk,k’éa I/(SO'O' )
k' v,B,r,0’

(4.228) Ztaﬁe T — 16y | (k. T)

(4.229) =— Zh’“" )ep.o (k7).

Now, we use the equation of motion for the Green’s function (eq. (4.225))) and calculate

(4.230) —%G (k,7) = aﬂ—Zh'ﬂm <T o)k (R) )

d m
(4.231) —EGQBJ(& T) =06(7)0q5 + Z hew, (k)G o (K, 7).

Wn T

Multiplying both sides with e and integrating afterwards over 7 in the interval (0, )
— which amounts to calculating the respective Fourier coefficients — yields

_0+

B
_ [ W"TGoz,Ba(k 7‘)] o+ —l—’iwn/o ezwnTGa,B,a(kaT)

(4.232) =05+ thm G 5.0 (k. iwn),

where we used partial integration on the left-hand side. While the anti-periodicity of
the imaginary time Green’s function and the definition of the Matsubara frequencies
are sufficient to treat the first term on the left-hand side, we identify the Matsubara
Green’s function in the remaining integral. Therefore, we obtain the final result

(4.233)  iwnGlp o (kyiwn) = Y hEM (k)G 5 (K, iwn) = 6,

v

(4.234) (mnﬂ - h’“’”(k;)) G (k, iwp) = I

(4.235) G oy (i) = [(z’wn]l (k) 1] o

)

4.9. Green’s functions and observables

In this section we show how to deduce physical observables from the Green’s func-
tions. While in some cases it is more convenient to express the observable in terms of
the Matsubara Green’s function, we will see cases where the retarded Green’s function
is more handy to use.
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4.9.1. Single-particle properties. The easiest object that one can extract from
the Green’s function is the number of electrons per unit cell und orbital (n) (filling) in
the system and the respective spin-resolved orbital occupations (n

(4.236) (o) = 3 3o (R}
k

a,a>7

(4.237) = 23 (o Bea )
k

1
(4.238) =— lim <> <T76a70(k‘, T)CL,a(k)>
k
1
(4.239) = lim =% Gaao(k,7)
k

1 —
4.240 = i “EnT G o (i),
(4.240) 5NT_1’I€;”:Z_00€ ok, iw,)

Note that the order of summation and limit are crucial here due to the O(1/w,,) slow
decay of the Matsubara Green’s function (see appendix B.1.1). From the orbital occu-
pations one obtains the filling (n) via

(4241) 1) = 5 Y

where Ny, is the number of orbitals.

In sec. we defined the spectral weight Aaﬂ(k:,w), which was directly related to

the imaginary part of the Green’s function G*.

A very successful and widely used technique that probes the electronic structure of a
solid and more explicitly the spectral weight is the angle-resolved photo-emission spec-
troscopy (ARPES); for introductory literature see Refs. [121H125]. We remind here
the basic principles following the previously cited references. Fundamental to ARPES
measurements is the photoelectric effect that describes the emission of electrons due
to absorption of photons by a crystal (see fig. . Measuring the momentum and

S

FIiGURE 4.7. Basic setup of ARPES. Monochromatic light is emitted
from a source S and hits the surface of a sample (purple). A photo-
electron (orange) is emitted due to the photoelectric effect. By measur-
ing the energy and momentum of the electron in the detector D one can
reconstruct the spectral function A(k,w) of the sample.

energy of the free emitted photo-electrons and combining this with the photon wave-
length of the light irradiating the sample one probes the spectral function A(k,w) (see
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eq. (4.111))) which is the probability that excitations with momentum % and energy w
are connected to eigenstates of the many-body system:

By taking advantage of momentum conservatiorﬂ and energy conservation in this pro-
cess one can use Fermi’s golden rule among other approximationﬂ to derive the photo-
current

k+dk
(4.242) (k) = C, / / A, ) frp (@) R(w — o)Ak o + B,
k—d6k

where C) is an intensity factor that is related to the dipole matrix element, R is a
Gaussian energy resolution function of the photon monochromator and the electron
detector. The small width §k accounts for the resolution in k-space and B is the
so-called background which is due to extrinsic effects and deviations to the applied
approximations. Thus, the measurement of the photo-current in eq. allowslﬂ to
extract the spectral function A(k,w).

From the theoretical side one accesses the spectral function via the imaginary part
of the retarded Green’s function G% (see eq. (4.111))). In numerical implementations of
many-body methods it can be helpful to work on the Matsubara axis since a countable
set of Matsubara Green’s functions that decay as 1/iw,, are easier to store and to sum
than the continuous real axis Green’s function. But working with Matsubara Green’s
function eventually necessitates analytic continuation to obtain the real axis Green’s
function G (see sec. and analytic continuation .

In the case of independent electrons we already identified the spectral function A(w)
with the density of states (see sec. [4.3)). Introducing the Hubbard interaction between
electrons the system cannot be diagonalized in terms Bloch waves anymore — k is not a
good quantum number — and the lifetime of Bloch states becomes finite due to scatter-
ing processes between the electrons. This leads to the notion of quasi-particles where
the original eigenstates represent renormalized (“interaction-weighted”) single-particle
excitations with finite lifetime. Such quasi-particles have properties such as lifetimes,
amplitudes and effective masses in addition to their unchanged spin, charge and mo-
mentum that appear naturally in the description of Fermi-liquid theory.

Note that the quasi-particle scattering rate close to the Fermi surface increases O(7?)
(see f.i. |126)), i.e. Fermi liquid theory is only applicable at sufficiently low temper-
atures because else it will impossible to identify quasi-particle states in the spectral
function due to those thermal broadening effects.

All the above mentioned properties of quasi-particles are encoded in the spectral func-
tion A(k,w).

The effect of the quasi-particle renormalization enters the Green’s function in terms
of the so-called self-energy ¥. Within sec. [5.I] we will formally introduce the self-energy
and discuss its properties but for the moment will treat it as a complex (!) energy
function that appears in the expression of the real axis Green’s function as

(4.243) (k) = [ — W (k) = (k)]

which is why the self-energy can be interpreted as a correction to the kinetic part of
the Hamiltonian h*".
For simplicity we will first restrict ourselves to the single-orbital case, where the matrix

9Only the momentum projection parallel to the sample surface is conserved because there is no
translation invariance otherwise.

10F i. the “sudden” approximation neglects interactions between the photo-hole and the emitted
photo-electron, the independent particle-picture and the three-step model, where one assumes that the
excitation of the photo-electron, its travel through the sample and the transmission into the vacuum
are independent steps.

HFor the details of this procedure we refer to literature cited at the beginning of this section.
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4.9. GREEN’S FUNCTIONS AND OBSERVABLES

inversion in eq. (4.243)) reduces to a multiplicative inversion.
Thus, we can express the spectral function as

(4.244) A(k,w) = —2ImGT (k,w)

—2Im¥(k, w)
(w — &(k) — ReX(k,w))* + (ImX(k,w))*
Comparing this expression to the non-interacting result (momentum space version of
eq. (4.24)),
(4.246) A(k,w) =6 (&(k) —w),
we observe that the self-energy introduces a broadening to the §-peak via the imaginary
part of the self-energy Im>(k,w) and additional shifts to the Bloch eigenvalues (k)
via the real part of the self-energy ReX(k,w).

The maxima/ peakslﬂ of the spectral function at fixed k are determined by solutions of
the equation

(4.247) flk,w) :=w—&(k) — ReX(k,w) =0,

where the so-called quasi-particle energies Z(k) are the corresponding extremal points
and thus fulfill the equation

(4.248) E(k) = £(k) + ReS(k, Z(k)).

The quasi-particle weight Z(k) is then defined as the inverse of the linear coefficient in
the expansion of eq. [4.247| around Z(k),

w—E&(k) — ReX(k,w)

(4.245) =

(219)  =f(Ek) + ) PR ORICRE DS
(4.250) =0+ (1 — aR%:W _:(k)> (w—Z2(k)) + O ((w— E(k))?)
=:2(k)1

Inserting this expansion into the expression for the spectral weight A(k,w) from eq. (4.245))
we obtain
—2Im¥(k, w)
Z (k)2 (w — E(k))* + (Im3(k,w))
— Z(k)?ImY. ‘
(4.252) N S §k> m2(k, w) S+ Ak w),
(w—=E2(k))" + (Z(k)ImX(k, w))

where we absorb all contributions that go beyond the expansion around the quasi-
particle peak into the term A(k,w). Before we discuss the meaning of each individual
term we introduce the quasi-particle scattering mtﬂ

(4.253) [(k,w) := —Z(k)ImX(k,w),

(4.251) A(k,w) = 5+ A"k, w)

which allows to rewrite the spectral function as

(4.254) Ak, w) = 21 Z(k) 1 I'(k,w)

Ak, w).
w2+ Cwyy) T

12\e assumed here that such a solution exists and that the imaginary part is a smooth function
of w and not too large.

13Within the real time Green’s function G (k,t) the scattering rate appears as the factor in the
exponential damping of the quasi-particle excitations, exp(—I'(k, ¢;)t); see [30].
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FIGURE 4.8. Spectral function A(ko,w) at a fixed value of k = kg. In
the non-interacting case (a) we observe a true eigenstate at w = —3eV
that is indicated by the §-peak at this energy. By turning on the inter-
action U the quasi-particle peak gets a finite height and broadens and
a small amount of spectral weight is shifted to larger binding energies
(w < —5eV). At very large interaction strength (c) one observes the dis-
appearance of the quasi-particle peak and all spectral weight is shifted
into the satellite at w < —8eV.

We notice that the term in square brackets can be identified with the heat kernel
(eq. (4.19)) if one assumes I'(k,w) = I'(k) and uses the facﬁ that the imaginary part
of the self-energy is negative definite, Im¥(k,w) < 0. This peak is centered around the
quasi-particle energy Z(k) with a width of I'(k,w) and a height of 2Z(k)['(k,w) .
This motivates the naming incoherent spectral weight A™° since the contributions can
not be attributed to quasi-particle peak coherent excitations.

Due to the positivity and normalization of the heat kernel and the spectral weight
(eq. (4.126)) to One and 27 respectively we conclude

(4.255) 0<Z(k)<1.

In fig. we show schematically how the quasi-particle peak evolves with increasing
Hubbard interaction U. In (a) we present the case where U = 0 and the quasi-particle
excitation corresponds to a true eigenstate of the system. Thus, we observe a J-peak
at a given k-point. With increasing U we observe in (b) that the quasi-particle peak
shrinks in height and gets broader while some spectral weight is shifted into a satellite
feature at larger binding energies. Finally, at very large U (c) the quasi-particle peak
disappears completely and the spectral weight is shifted into the incoherent spectral
weight. Alternatively, one can interpret the diminishing quasi-particle weight Z(k) as
a divergence of the so-called effective mass

(4.256) m* == m°Z (k)"

where m? is the particle-mass in the non-interacting system.

We generalize the above results to multi-site/multi-orbital systems by restricting
ourselves to low temperatures where we are basically interested in quasi-particle features
on the Fermi surface. Under this assumption we define the quasi-particle energies Z (k)
as solutions of

(4.257) w — W (k) — ReX(k,w)| = 0,

MThis can be derived from the Lehmann representation of GF and the Dyson equation by means
of a linear algebra (see f.i. [110] Chap. 24.2). In the single-orbital case this is a consequence of the
positivity of the spectral function A(k,w) (see eq. (4.245))).
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where h*" is the kinetic part of the Hamiltonian (see eq. (4.202])). Moreover, we define
the quasi-particle weight

OReY, (k,w -1
(4.258) Z, (k) = (1 — 5‘:‘;() wo) ,
the quasi-particle scattering rate
(4.259) L, (kw):=-2Z,(k)ImX,,(k,w)
and the quasi-particle effective mass (renormalization)
(4.260) Zg =1- 8Rezgz(k’”> B

Since we are interested in evaluating derivatives of holomorphic functions (in the upper
complex plane) we can make use of the Cauchy-Riemann differential equations

ORef  Olmf and ORef Olm f
= —_— 11 —
Oox oy oy ox '’
where f is a holomorphic function in z = x + iy € H.
-1
iwn=0+> ’

Thus, we can approximate
(k) = (1 B Olm¥,,, (k,iw,,)
ow,,
(4.263) r,(k,0)=—-Z2,(k)ImX%,,(k, iw, — 0),
where the limit iw,, — 0 corresponds to the limit of zero temperature. Note that
the above appearing limits allow us to avoid analytic continuation of the Matsubara

functions by means of extrapolation procedures. Those extrapolations in terms of
polynomial fits to the Matsubara functions are discussed in the appendix

(4.261)

(4.262) Z

«

4.10. Analytic continuation

Working in Matsubara space due to the numerical efficiency we are faced with the
problem of analytic continuation to obtain the retarded Green’s function from which
we can extract physical observables (see sec. and . Only a few properties can be
directly accessed from the Matsubara Green’s function if certain conditions are fulfilled
(see appendix. .

In sec. we found out that we can uniquely and analytically continue the Mat-
subara Green’s function from upper complex half-plane H onto the real axis via
(4.264) Gl o(kw) = lim G,k iwy).

’ iwn — w10t ’

A simple example for the non-interacting Green’s function was provided in where
the analytic continuation is indeed the simple expression in eq. .

We remind ourselves of two important issues regarding the Green’s function as function
in the complex plane: First, the Green’s function is analytic in the complex upper half-
plane H but discontinuous at the real axis. Second, by Cauchy’s integral formula we
were able to find a relation between the spectral function A, ,(k,w) and the Green’s
function on H,

1 o Aa,a(k? w/)

2 J_ o W' — 20

/

(4.265) G k,z9) = w'.

aa,o(
The problem that we are facing in numerical analytic continuation consists of two

issues.

The first and more severe problem is that our numerical procedure does not yield a

closed analytic expression of the Green’s function G4 ,(k,iw,) but a finite amount
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of data points, namely the Matsubara Green’s function for the first N, ,,, Matsub-
ara frequencies. Thus, we cannot use the simple analytic continuation expression of
eq. but have to find approximate analytic continuation schemes.
The other issue that we are facing is the underlying numerical error in our data. In
many applications one cannot guarantee full convergence of the calculations due to
memory or computation time limitations. For this reason one needs an approximate
analytic continuation methods that is stable against small errors in the input data.
Over the last decades a large set of tools was developed to deal with this prob-
lem, among which we find the Padé approximation [127},128], the maximum entropy
method [129-133], deconvolution procedures [134], singular value decomposition based
algorithms [135], machine learning methods [136], sparse modeling approaches [137],
and stochastic sampling techniques [138-143|.
All the above methods have their advantages and drawbacks but in this section we
will concentrate only on the Padé approximation because we expect the noise in our
data to be negligible since the only constraint we have is sufficient resolution of the
numerical objects which we can assure by increasing the number of k-points N and
Matsubara frequencies N, Therefore we can assume that the Padé approximation

mats*
yields sufficiently accurate results.

4.10.1. Padé approximation. The fundamental idea of the Padé approximation
is to approximate the complex analytic Green’s function in terms of a finite continued
fraction

~ a
4.266 G(z) = 1 ,
( ) ( ) 1+ a2(z—iw1)
1+.“+aNmats (Z_inmatsil)
where the coefficients a;,...,ay € C are determined such that G(iw,) = G(iw,,)

mats

foralln e {1,..., N s}

The coefficients can be computed recursively [144] which makes this analytic continu-
ation technique very efficient.

On the other hand we have no way to control positivity of the imaginary part of the
Green’s function on the real axis and there is also no possibility to enforce normaliza-
tion of the imaginary part of the Green’s function.

In fig. we show an example to demonstrate typical features that occur from Padé an-
alytic continuation. While the qualitative agreement with the exact result (red curve) is
convincing for both choices of numbers of Matsubara frequencies we observe that in the
case where the number of Matsubara frequencies is large that not only the particle-hole
symmetry is broken but also unphysical peaks appear at w ~ £3eV (see (a)). Those
features which remind us of typical overfitting errors disappear at a smaller number of
Matsubara frequencies but the small wiggles around in the range 1 < |w| < 3 remain
(see (b)).

In summary, we see that one has to be careful in interpreting peak structures in Padé
data but the overall shape of the data can be reliable if the input data is not subject
to large error sources.
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FIGURE 4.9. Analytical continuation of a Green’s function via Padé
approximation. We only present the spectral function obtained from
the analytically continued Green’s function. The red line represents the
exact spectral function in this example. (a) When using a large number
of Matsubara frequencies such as N,,,;s = 1000 we observe peaks at
+3eV which are unphysical. (b) Such effects are not observed if one
takes a smaller number of Matsubara frequencies, NV, ;s = 300, but the
additional wiggles which are not present in the exact solution remain.
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CHAPTER 5

Two-Particle Self-Consistent approach

In this chapter we develop a multi-orbital many-body approach for the Hubbard
lattice model that we introduced earlier in chap. The formalism is applied in the
thermodynamic limit and to finite temperatures 7T'.

The energy spectrum of the Hubbard model [64-66,145] cannot be determined
exactly in the general case. Therefore, a lot of effort has been invested to obtain good
approximate solutions and many different approaches have been developed in the last
six decades [88,111}/112,(146/148|.

The first approximate solutions of the Hubbard model were obtained from the Hartree-
Fock approximation, the Hubbard-I approximation and the Gutzwiller variational wave-
function ansatz [64,65,[149-151]. The Hartree-Fock approximation applied to the
Hubbard model cannot account for non—loca][] and dynamical many-body effects such
as finite quasi-particle lifetimes and mass renormalizations and provides accurate re-
sults only in the weak coupling limit (see Refs. |[62] and [30]). The main issue is that
the Hartree-Fock approximation for the Hubbard model is a static and local mean-field
approximation. Therefore, its effect on the electronic band structure are restricted to
orbital-dependent rigid shifts and it cannot account for electronic screening effects and
non-local dynamical fluctuations that arise from electron-electron scattering processes
(see also sec. [3.5)).

It is obvious that for a good description of correlated materials within the Hubbard
model the coupling between electrons and collective excitations — that is neglected both
in the Hubbard-I and the Gutzwiller approach (see Ref. [61]) — must be taken account
of.

In the following we will present an approach to the Hubbard model that takes both
non-local and dynamical fluctuations into account while enforcing physical constraints
such as the Mermin-Wagner theorem (see sec. and certain local spin and charge sum
rules. After introducing the Kadanoff-Baym formalism which is the framework of the
Two-Particle Self-Consistent method (TPSC) we give an overview on related methods
(sec. and point out similarities and differences to TPSC. Finally, we present TPSC
for the single-band (sec. , multi-site (sec. and multi-orbital Hubbard model
(sec. . In the case of the multi-site TPSC we present an application to organic
superconductors in sec. while the multi-orbital TPSC is studied in more detail

chap. [6] and

5.1. The Kadanoff-Baym formalism

This section is based on the script of A.-M. Tremblay |[110] while we generalize the
notation to multi-site problems similar to Ref. [152].

Starting point of our considerations is a lattice Hubbard model with multiple sites
in the unit cell,

(5.1) H= Z <t;i’grf wo, B(SZJ) aa(rl g (15) Z o (Ti)na,—o(13),

a,B,i,3,0 a,z,a

IThis statement is only true for local interactions on a lattice but otherwise the Hartree-Fock
approximation is indeed a non-local approach.
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where tgFTj are the hopping amplitudes from site « in the unit at position r; and site

0 at uniﬁ cell 7;. Since we are interested in paramagnetic states only, we drop the spin
index in the hopping elements tzg” due to time reversal and spin rotational invariance.
The on-site Hubbard interaction is site-dependent and denoted by U,. The operator
Ca,o (i) destroys an electron with spin o at unit cell position r; and site a while the
adjoint operator cljg(n) creates an electron with spin ¢ at unit cell position r; and
site a. The density operator n,, ,(r;) := cL,U(ri)caﬁ(ri) measures the occupation of
electrons at r; and site a with spin ¢. We drop the implicit time-dependence of the
Hamiltonian H in the notation.

As we discussed in sec. the spectrum of this operator is known only in a few
special cases and there is no general method that can be successfully applied over all
temperature, filling, and interaction scales simultaneously. For this reason it is impor-
tant to develop approximate methods which give accurate results in specific regions of
the phase space.

In this thesis we are interested in approximate expressions for the Green’s functions
since we can deduce spectral properties (see sec. from them and approximation
schemes are easy to develop as we will see in this section.

5.1.1. Motivation from statistical mechanics. The Kadanoff-Baym approach |[107,
113,/115,/116] that we are going to use in order to derive the Two-Particle Self-
Consistent approach can be motivated from quantum statistical mechanics; more specif-
ically, we consider the prototypical example from quantum statistical mechanics, where
the magnetization in a system is determined in the presence of an external magnetic
field.

We start from the grand canonical partition function

(5.2) Z(h) = tr <eBH*hM) ,

where H is the grand canonical Hamiltonian of the system and h is an external magnetic
field that couples to the magnetization M.

The standard trick to obtain the thermal expectation value (M)(h) as a function of the
magnetic field h is via partial differentiation,

10 1
B Oh (h) Z(h)
One can even calculate higher order correlation function by taking higher order deriva-
tives of the free energy, e.g.
(5.4 L0 Iz = (M) () — (1))

. ———=1In = — .

(32 Oh?

The above reminders on statistical mechanics suggest a similar approach to obtain the
Green’s function and higher order correlation functions because the Green’s function is
a thermal average of a special combination of a creation and an annihilation operator.
The only difference that we will need to consider is that the magnetic field has to be
replaced by some artificial field that couples to creation and annihilation operators.

(5.3) tr (e_B(H —hM >M) = (M)(h).

5.1.2. The functional derivative approach. We introduce an artificial field
gbaﬁp(l, 2) that depends on the sites «, 3, the coordinates 1 := (r1,71) and 2 := (12, 72),
and the spin o.

This field is supposed to couple to the field operators and describes a perturbation to
the Hamiltonian H in eq. (5.1]).

We first consider the so-called longitudinal particle-hole channel where ¢ couples equal
spin creation and annihilation operators. Later, we will discuss the meaning of the
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different channels in more detail and also include contributions from the transversal
particle-hole channel where ¢ couples opposite spin creation and annihilation operators
(see sec. . In principle, there are also the so-called particle-particle channel and the
fully two-particle irreducible channel but the fluctuations that are generated in those
channel are usually negligible compared to the ones from the particle-hole channels
except in the case where the Hubbard interaction U is attractive [1531155]. Thus, we
will restrict ourselves to the particle-hole channels and start in the following with the
longitudinal particle-hole channel.

The generalized partition function takes the form

= ) [ o (D, (125, (2)
(5.5) Z[¢] = tr |e PHT ¢ o'Fo po ]
(5.6) = tr [e=PH TTe*’%ﬂnd’aﬁ(ﬁ)%@}
(5.7) —tr [T, S[g)] |

where we have introduced a short-hand notation for integrations and summation, i.e.
bared symbols are summed or integrated over. Moreover, we defined the action

— Db (A 3)es (3
(58) S[¢] =e %73(1)(1)5@73(172)%’5(2)7
that stems from the artificial field ¢.
Obviously, one can recover the physics of the original system by setting the field ¢ to
zero but the advantages of such an artificial field become visible in the following steps.
Within a time-ordered product of operators we can neglect possible d-functions from

fermionic commutation relations. This helps us to evaluate the functional derivative of
the form

5 (e y@e (1.2e, @) I

T (e M;j;(g#j’“ ) =Tyl 1 (3)en o () (ch o (D65, (Des (D)
(5.9) + T, (ke (M5, (e (D) ¢h () o0 (4)
(5.10) =27, (e (M5, Dz (D)) ch 1 (3)c.0r(4)

because we are always moving a pair of a creation and an annihilation operators which
cancels the two appearing minus signs from the commutation relations. By induction
we can generalize the above argument to arbitrary powers and get

35[¢]
76050 0r(3,4)
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From this small exercise we can first define a generalized Green’s function G(1,2; [¢]) =:
G(1,2), that appears naturally by functional derivation of In(Z) with respect to ¢,

ozl _ 1 524
(515) 5¢ﬁa,0(2’ ]_) o Z[¢] 5¢ﬂa,o‘(27 1)
ek _(12)c; (2

e )

(5.16) - (T75[¢l)
(TS16lek 5 (D05 85, 5,001 = 232~ Ve (2))

(5.17) = (T;S[¢])
<TTS[¢]C}§7U(2)CQ,0(1)>

(5.18) - (T S[¢])

<TTS[¢]ca,a(1)CE,a(2)>
(5.19) - (T-S[¢])
(5.20) = Gapoll:2)y,

where the Dirac delta function § (T — 2) is defined as § (77 — r2) 0 (71 — 72) which is
consistent with the above described notation.
Later, we will also need higher order correlation functions like

oy CarlDs_ s (T, S0lca 0 (1)ch ,(2))
0030 06,34 (LS0)
(rsio et 1yl ()
- (T, S[é])
(1,861 )6, @) {8101 22 aa®)
022 - TIEE
(TS[0ca 0 (1), (el (B)e, o (4))
)
(T.S[6)ca o (Db, (2)) (T:Slle], (3)e o (4))
529 i TSl
(5.24) = (Cao()eh o (D] (B)ec(8)), + Capr(1,2)6C e 00(4:3)s,

where the subscript (- --)4 reminds us that the thermal average is taken with respect
to the perturbed system.

5.1.3. The Dyson equation. To derive the Dyson equation which relates the
Green’s function of the non-interacting system G° with the Green’s function of the full
interacting system G one has to start with the equation of motion for the annihilation
operator ¢, (1, 7), i.e.

de, , (ri,T)

(5.25) o

= [H, clw(ri, 7)].
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Inserting the Hubbard Hamiltonian (eq. (5.1))) we get

aCyo-(Tk, T)
5.26 —
(5.26) or

= 3 (57 is8) el s e )
a?ﬁ7i7j7al
1
(5.27) +5Ua00,30% 0,00 (75 TV, 1 (75 T), €y (11, 7)
(5.28) - Z <t£:€[;” - Mék,j‘suﬂ> a0 (15, T) = Uyt o (Th, T)Cy o (T8, T),
B.J

where we have used the fermionic commutation relations, H = H(7) and the identity

—

(529) [na,o (Ti)v Cuo (Tj)] = CL,U (Ti)ca,o (Ti)v Cuo! (Tj)}

(530) - CL,U(W) {Ca,a(ri)7 Cuo (rj)} - {CLJ(H), Cuo (rj)} Ca,a(ri)
(531) - cjx,a(ri) -0 — 5a,uda,a’5ri,7"jco¢7a<ri)
(532) = oz,u(sa,o’(sri,rjca,a(”)'

The calculation of the time evolution of the Green’s function is a bit more complicated
but relies on equation ((5.28)) and %Z [p] = 8%5’ [¢] = 0 — as expected — since we have
no imaginary time dependence. Therefore, we can calculate

0G,, (1,2)4
vé,o
(5.33) et

1 0

= Zulo [<TTS[¢]CV7U(1)C;J(2)> O(r — 72)

(5.34) — (L8181, ()0 ,(1)) O(r2 = 71)|

a,ﬁ,7;(3’71)%,?(1)
@(7’2 — 7'1)

(5.35) = o (T (e (D)l ,(2) + e, (2)e,0(1)) S[6] ) 6(m1 — 72),

=5, (6(1-2)
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5.1. THE KADANOFF-BAYM FORMALISM

where we have used the product rule and the fact that Trede? = T eAT5 that is valid
only in special cases like

(5.36) =-> / drscl 503 Des (),

(5.37) B = —Z/d’ré&/p/(?)’)¢ i (3, 4/) (4/)

because A commutes with B.

The time ordering in the last equation (eq. ) is still not complete since we have
not ordered with respect to 74, 7 and for that reason we also keep the time ordering
operator in the expectation values.

The reason why we performed this partial time ordering is that we can now commute 7’
with 57 since the expected ordering from 74 will have the same effect when commuted
Wlth ¢, (1) as if commuting without the time ordering operator because all operators
that depend on 74 are also annihilation operators. Moreover, the time ordering with
respect to 7o will obviously not effect the partial derivative 8%1‘ Thus, we further

evaluate

8GV§U( 2) 1 o -2 fdm&a(, 3)6 5 5345 _(4)
_ i T3 7] e o, ,(1) x
or Al or ’
1
=3 [ drgels 3 (3 F ), o (7)
0 al,o @ N .'.
X e '3 e ,(2) ) O(T1 — 72)
5 [ drach ()6, _(30e; (@)
i o @ [ BT Anea @6 60,
<TTc§7Cf(2)87_1 e 3T X
T1
_Z f d7§%7(3/)¢ /5/7(3/’4/)% /(4/)
rL 0 a0 el e
e, q(1)e 73 O(r2 — 1)
(5.38) —6,¢0(1—2).
Within each of the two expectation values in the above equation that contain a partial
time derivative ain we will get three contributions, namely two from the exponential
functions and one from @ (see eq. - We evaluate the partial derivatives of the

exponential functions in the following way:

5 -5 [dnd o Gde, @

T R T37T1

T oT, ¢

<1 9 B o\
(5.39) =T~ Z;) 53771 - Z i dTSCa,E(?’)(Iﬁagﬁ(?’u 4)0375(4)

n—= T3 1

=3 [ drsck z(3)0 5 (3A)e; (4)

=T,e ™7 ' X

(540) X %7? (rga Tl) (ZS "B o7 (T377—17 4//) 5// —r (4”)
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and analogously

1 t — S
=3 [ dricl; (3065 (3 F g (%)

0
Tr—e ™3
Tor,
1 — .
-2 f dTé&/ 7(3/)(]5 737 */(3/’4l)(‘5ﬁ/ 7/(4l)
o0 a’ o o Nea Nea
=—Tre '3 X
(5.41) X %7? (@7 Tl) W,? (7’3’, 7—17@) 6@7? (F) .
Putting all terms together we get
8GV§,U(1, 2)
on,
=3 [ drsck z(3)b 5 (3 A)e; ()
= — 71 TTe r3 T et o CE’G X
Z[¢]
% [%,ﬁ <7’g, Tl) "B o (rg’Tl’F) Cgn g7 (F) ’CV70(1>:| X
1 — —
-2 f dTé(‘JL/ 7(3l)¢ 87 7(3/’4,)% 7/(4l)
o0 a’,o o Nea Nea T @
X e '3 ¢ ,(2) ) O(m1 —72)—
B _ _

; =3 [ drscl 2300 5 (3. 0)e; (@)

Trce ,(2)e ™7 X

X [61777 (Tg, Tl) W’F <Tg7 T17F> C@7F (F) ’CV’U(l)i| X

T1 _ _
- Z/ Of d‘ré%’?@l)d)a/ﬁ/7?(3/’4/)%’?(4/)
"3 @(TQ — 71)

1 ] [<T7803:1(1)c§,a(2)5[¢]> O(m — )

_ <TTCLU(2) 863;’_1(1) 5[¢]> Ors — n)]

(5.42)  —6,0(1—2)

afB, o

T.e 7 " b, (L) ez (A7) X

B
1 -3 [ drscl (3)¢_
Z[¢]

B _
=X [ drscl ;365 _(3D)c;

_ <T7020(2)e T3 71 e S5 (1,47) G, (47) x
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acu,o(l) T
- < on 65’0(2)>¢
(5.43)  —6,0(1—2),

where we have used the commutation relation in equation (5.32)). Recombining the
exponential functions and inserting the equation of motion of the annihilation operator

¢,0(1) (eq. (5.28)) gives the final result
G ¢ ,(1,2)4 _
e = 0,5, (19 6.2

+ Z <t7“1 T3 _ M(;Tp@(sl’ﬂ) d(m — T73)GB§7U(§, 2)¢

+ U, (Trel, o (1%)e, (D, (1), (2))
(5.44) —6(1—2)5,,.

Rewriting the equation of motion for the Green’s function (eq. ([5.44])) such that the
kinetic term and partial time derivative are on one side we get

[—5/(71 O (tfﬁ - ﬁ> 5(ry — ?3)} G, (3.2)5
U, (T.e} (1), o (1)e, 0 (1)el,(2))
(545) - 6( - )61/,5 - ¢V370(1a§)GB£70(§7 2)45

In the limit of no interaction and no external field ¢ we can identify the inverse non-
interacting Green’s function

(546) [(GO)_ ] % (1 2) - 5,<7_1 - 7_2)57” 7’2611,,8 + ( " — :U'(Srl,TQ(Su,B) 6<7—1 - 7_2)7

where the spin index naturally disappears due to our assumption of spin rotational
invariance and the system being in a paramagnetic state. This step allows us now to
write the equation of motion for the Green’s function as

(5.47) {[(GO)‘l]yg (1,3) — 6,5,(1,3) - zygygu,ﬁ)qﬁ} Ge ,(3.2)5 = 6(1 - 2)0,.¢,

where we have implicitly defined the so-called self-energy
(548) El,gﬁ(l’g)(ﬁGﬁg’o—(g? 2)(25 = _U <T’7'Cl/ a(1+)CV,—U(1)CV,O'(1)C;¢7(2)>¢7

which absorbs all interaction effects that make the difference between the non-interacting
Green’s function G° and the interacting Green’s function G.

In the end, this allows as to rewrite the equation of motion in the form of the Dyson
equation

(5.49) (G e 0 (1,2) = [(G) 7] ¢ (1,2) = dreo(1,2) — Bugo(1,2)5,

which can be obtained by multiplying eq. with [G_l]gé o
integration of all internal degrees of freedom by the overline convention.

From now on, we are interested in finding an accurate approximation for the self-energy
since by the Dyson equation we can obtain the full Green’s function from this object.

(2,2)4 that involves an

5.1.4. A self-consistent equation for the generalized susceptibility. So far,
we only have an implicit equation for the self-energy (eq. ) but the right-hand
side of the equation is already known from the higher order derivative (eq. (5.24))) and
therefore we can rewrite

S 5, (116G (3,2),
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CHAPTER 5. TPSC DERIVATION

(5.50) = U (Tl o (1) e (Deao (el o ()
0G oy 5(1,2)
_5¢aa,—a(1+7 1)

The functional derivative that appears on the right-hand side of eq. (5.51)) is a so-called
generalized susceptibility

(5.51) —U

07

+ Gaa,—o(17 1+>¢Ga'y,a(17 2)¢> .

0G
(5.52) X = 7
and we will see later how it connects to ordinary spin and charge susceptibilities.
Before we do that we derive the Bethe-Salpeter equation which is a self-consistent
equation for generalized susceptibilities. The Bethe-Salpeter equation allows later us
to determine the generalized susceptibility and thus to evaluate the self-energy by means
of the implicit equation .

We start with the identity

(5.53) 5(1=2)6,, = Gam(lj)(z,ngp(ﬁ, 2)4
and perform a functional differentiation with respect to ¢ on both sides which yields
(5.54) ozw 1 (3,2)y+ G (13)5G_1(32)

| 00, 0o (4.5) P 0 T Bt GG, (4,5)
Multiplying by G'YC »(2,6) and integrating over the internal degrees of freedom gives
(5.55) AL 53 —6)=—G . (1,3) wc& (2,6)

' 06,000 (4,5) P B 50, (4,5) TN

Now, we use the Dyson equation (eq.[5.49)) to simplify the functional derivative on the
right-hand to obtain

0G o ,(1,6) _ 6 [(GO)—l]B,U (3,2)
(

e T T G- (1 ik -
56y o1 (4,5) Go5.q(1:3)s 5¢V€’U, 4,5) e

(2,6)

_ 0xg
(5.56) +G35,(1,3) ”’7(;7

+G o, (1,3)60(2 — 5)0(3 — 4)35 0. 70,,, G

_ 6%y (3.2)
5.57 +G -+ (1,3 ’7
( ) aﬁ,cr( )¢ 6¢uea ( )

where we used the fact that the non-interacting Green’s function G° does not depend
on the artificial field ¢ (see eq. (5.46))). Next, we make use of the chain rule and apply
it to Gy which is a functional of ¢. This leads to the Bethe-Salpeter equation

5G0¢<70'(17 6)¢)
56y o1 (4,5)

+(2,6)

G .0(2,6),

Gal/a(l 4)¢>G5C ( )500

0%, (3.2) 0G5 (T.8)s -
o ) Ge0(2,6).

¢ —
5G7XW(7 8)¢ 5¢I/EU (

(5.58) +G - (1,3)

aﬁ,a(
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5.1. THE KADANOFF-BAYM FORMALISM

In fig. we show a diagrammatic representation of the Bethe-Salpeter equation (5.58)).
Note that the formulation of the Bethe-Salpeter equation (5.58)) relies on the transition

' g > —_— > ' g
oG — ox oG
5 = + 5 5

& &
<« <«

A
A

FIGURE 5.1. Diagrammatic representation of the Bethe-Salpeter equa-
tion . The double lines represent the full propagator G while single
lines only encode the functional dependence of the respective object. We
see that the Bethe-Salpeter equation is a self-consistent equation for %—g
which again is directly related to the spin and charge susceptibilities as

we show later.

from a functional dependence of the artificial source ¢ to a functional dependence of
the interacting Green’s function G. Formally, this procedure is done by a Legendre
transformation that we will discuss in the next section. In addition, the next section
will also be important since it presents a generating functional for the Green’s function
that is crucial for the so-called conserving approximations.

5.1.5. Luttinger-Ward functional. We remind ourselves (see egs. (5.7), (5.20]))
that the free energy in the presence of the source field ¢ is given by

1 1 o ek Mo _(IDe_@
(5.59) Flg = ~5InZl¢] = -z Intr e PHT o Car(V0555(12)% ()

and that we obtain the Green’s function G via functional differentiation
_S(Zle) _ 5 6F(g)
5(/56040(2’ 1) 6(%(170(2, 1)

The two above equations ([5.59)), (5.60) are sufficient to define the Legendre transform
for the free energy F' via

(5.60) Gopo(1,2)p =

(5.61) QG = Flg) - ;tr (6G).

where 2 is coined the Kadanoff-Baym functionalﬂ A common property of Legendre
transformations is

5 5Q[G]
0G04(2,1)

At Str (¢@G)
(5:62) =056 1) aa,, ,@1)

_n 5F[¢] 5¢%,E(§7 Z) _ 5¢%,E(§7 Z)Gﬁ,5(17 g)
(5:63) =5 062 5(3,4) 0G4, ,(2,1) 0G 400 (2,1)

B 2 005(3,4)  065(3,4) o 0G5(4,3) -
(5.64) =Gz5(4,3) 3Gy (1) 3Gy (2 1) a,5(4,3)—75Gﬁa’g(271)¢%5(3,4)
(565) == ¢aﬁ,a(17 2)

2Note that the definition of the Legendre transformation necessitates certain regularity properties
that we assume to be fulfilled without proof. Moreover, depending on the different common conventions
one might find the definition with an overall minus sign.
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We notice that the above property in eq. (5.65)) and the Dyson equation ((5.49) help to
deduce

e

(5.66) B = ~Papo(1,2)

6Gﬂa70(27 1) o

-1 -1
(5.67) = (G p0 (1.2) = (Go ) o (1.2) + B0 (1, 2),
which reduces to the Dyson equation of our original system in the case where
= 0Q[G]
(5.68) ——— = —¢,5,(1,2) = 0.
5G6a70(2, 1) 04570

With this set of equations at hand we can guessﬂ the Kadanoff-Baym functional explic-
itly,

(5.69) Q[G] = ®[G] — Ttr [G (Gy' — G| = Ttr In|-GJ],

where ®[G] is the so-called Luttinger-Ward functional which is defined as the sum
of all closed two-particle irreducible skeleton diagrams that can be constructed from
G and the Hubbard interaction U. The term two-particle irreducible means that by
cutting two Green’s function lines the resulting diagram does not decompose into two
disconnected diagrams while the term skeleton diagram signifies the absence of explicit
self-energy lines in the diagrams.

Since the self-energy ¥ is the sum of all one-particle irreducible skeleton diagrams (this
is discussed in sec. we find

(5.70) - G‘S@[G]

(2,1)

/Ba’o-

- Eaﬁ,o(L 2)

The importance of the Luttinger-Ward functional for constructing so-called conserving
approximations is discussed in sec. [5.2

For the moment we use the construction of the Luttinger-Ward functional only to see
that we can define a Legendre transformation that allows us to express the functional
dependence in terms of the Green’s function G instead of the artificial source field ¢.

5.1.6. Susceptibilities. To be able to further evaluate the generalized suscepti-
bility % we have to treat the terms in the Bethe-Salpeter equation (5.58)) separately.
The first term corresponds to the irreducible susceptibility

(571) X?{W](L 2) - _GCn,a(la 2>Gu)\,o(27 1)7

which is a 4-tensor, where we have dropped the spin index due to spin-rotational in-
variance and the restriction to paramagnetic states.
First, we transform both time and space arguments to Fourier space and get

. 1. i . .
(5'72) XRCW?<q’ qu) = ~]\7 71_1}% € MnTGuA,a(kv an)GCTY,U(k +4q, aner)v
B k,iw,,
where we defined the bosonic Matsubara frequencies
9
(5.73) iq, = ”ﬁm nez.

PROOF OF (5.72)). By exploiting the translational invariances in space and imagi-
nary time we find

(5.74) X())\Cun(rl —T9, Ty — Ty) = —Gu,\,a(—(ﬁ — 1), — (1 — 7'2))G<n,a(7°1 —T9, Ty — To).

3Luttinger and Ward derive this expression in [118| by the technique of coupling constant inte-
gration. A more extensive derivation can be found in Ref. |[156].
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We can now perform a Fourier transform in both space and imaginary time argument
to obtain

ﬂ"'_

X(/{Cun(Qa qu) = / d(Tl - 7—2) Z eiqm(Tl_Tz)eiq'(Tl_TZ) X
0+
17T
(5.75) X Gu,\a( (ry —ra), — (1 — 72))G<n,a(7"1 —T9, Ty — To)
5-
(5.76) __ / ) dTZequT WGy (1 —7)G oy o (1)
0
1 Z / —i(—wptw ,—q,)T —z( k+k'—q)-r
= — —= n'! m X
’BQNZ kK iw,, iw T ot
(5.77) X G o (kyiwn)Gep o (K iw,,)]
1 : —iw,, T : .
(578) == 37]\[ 71_1}% Z e 6k’,k+q5wn,,wn+qm GU)\,O(kv an)GC’I],O'(k/ﬂ an’)
k,E jiw,, ,iwn,
1 —iw, T - -
(5'79) = ﬁN 7 0 Z e Guk,a(k‘ia an)GCn,U(k: + Q72wn+m)'

k,iw,
u

In the special case where G is the non-interacting Green’s function (eq. (4.220))
one can perform the Matsubara sum explicitly. We derive an explicit expression in the
following because the non-interacting case is needed later.

The Matsubara sum that arises is of the form

1 eiwne
5.80 lim = - .
( ) e\O 3 ; twn — &
This sum is included in the contour integral
e” 1 dz

(5:81) 11\1}1] oB,(0) 2 —&§ef? 41 2’

where 0B (0) C C is the circle centered around the origin of the complex plane with
radius R. Obviously, the integral kernel goes to zero in all limits Re(z), Im(z) — oo
except along the imaginary axis due to the strong decay of the denominator and reduces
thus to the divergences at the Matsubara frequencies that are treated in terms of the
residual theorem. Thus, we find

€2 1
(5.82) I:= lim lim © dz
R—00eN0 Jop (0) — € bz 4 12mi
dz
5.83 = lim lim (2)=—
( ) R—00 e\ 0 8BR(O)g( )27T’L
(5.84) =0,
where we defined
e* 1
5.85 g.(z) = = .
(5.85) &)=

On the other hand, the integral can be evaluated via the residue theorem with residues
at z = 1wy, &

(5.86) 0=1= hmZRes 9.(2),iwn) + Res(g.(2), &)

iwn,

64



CHAPTER 5. TPSC DERIVATION

eiwne ege
(5.87) = lim = + — ,
N0 —Bliw, — &) e 41

which can be rearranged into

1 eiwne 1
5.88 lim = ) - = — = .
(5.88) fi Z o ey~ r®

With those preparations done we can proceed with the Matsubara sum that appears
in the definition of the non-interacting irreducible susceptibility x° (eq. (5.72)) which
relies on the form of the non-interacting Green’s function G in eq. (4.220). Combining
both equations yields

Xowex (@5 G,) = Zab k+q)ay (k+ q)al(k)al* (k)
kbc
1
(559 " Z (RN ) [ X))

A closer look at the Matsubara sum reveals

1
Z (iwn—‘rm - éb(k + Q))(iwn - gc(k))

1 1 1
(5.90) = % <iwn+m —&(k+q)  iw, — gc(k:)> —iqy, — &(k) + & (k+q)

2
The denominator in eq. ((5.90) is O <<l£n> > and therefore the sum converges. Nev-
ertheless, the additional factor lim €€ will not change the result but allows us to use

e\ 0
eq. (5.88]) which leads to

G IS (e ) = o6l o) Frof& W)L

Reinserting this result into eq. (5.89) gives the final result

ngg(q, i)

(5.92) = Z ay(k +q)ap” (k + q)a$(k)al (k)
k ,b,e

frp(&(k +q) — frp(Ee(k))
—iGy, + &k +q) — (k)

At this stage, we also derive important properties of the irreducible susceptibility x°
which follow directly from the properties of the Green’s functions G (see prop. [4.6.1)):

(593) X?yug)\(% _qu) = (XO)Z/\WV((L ZQWL)

PRrROOF OF ([5.93). We simply calculate the left-hand side and use prop. to
obtain

X%z/(A(‘L _qu)

Lo —iw,, T : .
(5.94) = BN 0 e " GuA,o(k +4q, an—m)GCn,o(k7 iwn)
k,iw,,
1 —iw,, T * ,
(5.95) =gy Z eTNT G o (k + 4,10 (1 my—1) Grpe o (b i 1),

Z
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We can now change the summation order —n — 1 — n which leads to

0 U T o , . :
(5.96) Xower (@5 —iGm) BN 11}% 2 TGy o (k + ¢, 1wnym) Grc o (K, iwy)
(5.97) = (X")erg (a5 igm).
]
Similarly, one finds
(5.98) X on (=@ 10m) = Xomac (¢ 1Gm)-

Proor oF (5.98). To prove the claim it is sufficient to change the order of k-
summation, namely

1 .
(5.99) XX (=@, iqm) = —=— lim e TGy o (=k,iwn)Gep o (—k — q, iwntm)
Gun BN 7,0 _%;un ; <,
1 .
5.100 = ——— lim e TGy, (K iwn)Gpe o (k + g, twngm
( ) 5N7f0k%: ,\,( ) ng,( q +m)
(5.101) = Xooac (@, Gm)-

The last useful relation regarding the irreducible susceptibility x° is
(5.102) X (=@ =im) = Xoper (@, d,)-

PRroOF OF (5.102). We obtain the desired result by simply shifting the summation
indices, k — k 4+ q and n — n + m,

. .. _i . .

(5.103) X(;\CVTI(_q’ —im) = _BN .}l/xn% e TG ) o (kyiwn)Gey o (K = qyiwn—m)

k,iw,

L. —i . .

(5.104) =~ D TG 0t )G )

k,iw,
(5.105) = Xowex (€ iGm)-

O
Finally, we notice that the vector space isomorphism

(5.106) Cr@C"~C"
can be generalized to
(5.107) C'eCt'eCteC*~C" @C"™.

Therefore, we can interpret the 4-tensor x° as a matrix

0 _ .0
(5.108) Xowex = X(nw),(CA)-

Next, we define the charge susceptibility as the charge density correlation function
that appears in linear response theory by means of the fluctuation-dissipation theorenﬁ,

(5109) Xi%un(va) = <TTnC)\(1)nVn(2)> - <n§)\(1)><nun(2)>7

4Note that linear response theory is traditionally formulated with density fluctuations for real
times while we use an extended definition to complex times. Nevertheless, very similar steps as the
ones that we presented for the Green’s function are sufficient to relate this generalized object to the
original charge susceptibility on the real axis (see [110]).
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where we have defined a generalized density

(5.110) Nago(1) =l (1)cy (1),
(5.111) Nao(1) = el o (1)eq 0 (1),
(5.112) Nog(1) = Ny, (1),
(5113) <naﬁ,a(1)> = Gaﬁ,a(L 1+)

One obtains the so-called local charge sum rule by application of the local Pauli principle
to the equal time and equal position charge susceptibility x"

(5114) XICIZVV(O O+) = <(n1/T + nu¢)2> - <nu>2
(5115) N Z ezq 0X1c/’l7;1/u Q? ) < UT + 2nuTnul, + ny J,> 2
(5116) quo XVVI/V q, an) - < I%,T> + <n12/,¢> + 2 <nl/,TnV,~L> - <nu>2

q ZQ'm

(5117) qu - < 1/> + 2<nu,Tnu,J,> - <ny>27

q,qu

where we dropped the space-time dependence on the right-hand side due to translation
invariance.

Taking a closer look at the second functional derivative of G in eq - we can
relate the charge susceptibility x" to the generalized susceptibility —% via

_ C)\ 0' )
Z 4251,77 o 2 ,2)
¢=0

(5.118) =-Y [<T ol c)\70(1+)c;a,(2+)cnp,(2)> + Gero(1,11) Gy (2, 2+)]

o,0’

(5119) = Z <TTnC)\,U(1)nnu,a’<2)> - <n§>\,0(1)> <nny,o"(2)>

o,0’

(5.120)  =x5t,,(1,2)

and we define a generalized three-point charge susceptibility

6Gere(1,3)g
(5.121) XSt(1,3:2) Z 5¢5C o 2)
l/?]CT

¢=0

that reproduces the previously defined charge susceptibility (eq. (5.109)) in the limit
3 — 1*. The meaning of the local charge sum rule and the three-point charge suscep-
tibility will be discussed later when we derive an explicit expression for the seif—energy
Similar to the self-consistent equation for the generalized susceptibility —5Z (eq. -
and fig.[5.1]) we can find a self-consistent equation for the generalized three pomt charge
susceptibility x°"(1,3;2). Key ingredient is equation which enters the definition
of x*"(1,3;2) (eq. (5.121])). We start by combining both equations which gives

Gy ,(1,3)4
/ vn,o’ ’ $=0

- Z (G o (1,27)G 5 £(2,3)8, 4

oo’

o0
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6% (3,2)5 0G

(5.123) + G (1,3) 222

( ) P)\ //(7 8)
Bt 5G

(7 g)¢ 6¢1/77,o’(2 72) $=0

Gﬁ)\,a(z 3)¢

o'l

- GQV,E(172+)G17)\E( 73)
09 _(3,2) 0G5 (7.8)
(5.124) — Gy (1,3) =7 PA,o

0G 1 #(7:8)5 09, -(2%.2) -

2,3).

F\,T

Due to spin rotational invariance and paramagnetism we can assume G, = G_, =G
which allows us to care only for the relative spin alignment in functional derivatives ,
ie.

0%, 0%, 6%, 6%,
(5-125) 5G. 3G, 7 3G, ~ oG
1 ! ' 1
and similarly for gg
X)\Cm/(lv?);z)
=—2G,(1,27)G,\(2,3)
55— (3.2), 3G~ —(7,8)4
5.126 —G (1,3 e A0 G-, (2,3
( ) CIB( Y )Z 5G77ﬁ(778)¢ Z (5¢y7]0—(2+ 2) 'y)\( Y )
o DA, ¢=0 o’ $=0
—2G,(1,27)G,,(2,3)
_ (3,2), 3G~ (7.8)
— 13770 p)\,O// —
12 1 _ (2
6120) =G w5 X Saeery| @Y
o BT $=00".0" $=0
=—2G.,(1,27)G,,(2,3)
0% (3,2) o _
By,0 h
(5.128) +G<B(1,3)Z G- (7. 5)s o (7:8:2)G5,(2,3)
o AT ¢=0
(5.129)  =—2G,(1,2%)G,5(2,3) + G 5(1, 3)1“5’;3A (3, 5-7,§)X§’%W(7,§; 2)G5,(2,3),

where we have defined the irreducible charge vertex

52,37,0’(3’ 2)¢

(5.130) ek, (3,2;7,8):= ) L%
VB ; 3G 5 4(7,8)

¢=0
Equation (5.129)) is the famous Bethe-Salpeter equation for the charge susceptibility
and will be of great value in the next sections.

We turn now our attention to the spin susceptibility x°P that is defined analogously
to the charge susceptibility (eq. (5.109))),

(5.131) Xoen(1,2) =4(T 3 (1)85,(2)) — 4(S5(1))(S5,(2)),
where we defined the generalized spin matrices

T
(5.132) Sas(1) = (cim(l) ciw(l)) G <cm(1) cm(n)
and ¢ is the three-dimensional vector consisting of the Pauli spin matrices

(5.133) &= (04, 0y, 02)7

1/0 1 1/0 —i 1/1 0

68



CHAPTER 5. TPSC DERIVATION

Thus, we can express the spin susceptibility in terms of generalized densities,

X (1,2
4 <TT [(C;ﬁ(l) C§,¢(1)> SOy (Cm ce (1 >T}

"0z (Cn,T

(5.135) ><<(cj¢(1) ciﬁi(l))'oz (m ) e T
= (T e 1 (Dees (1) = e (Dee ()] [el 1 (Deg(1) = ¢, (De, ()]
(5.136) — (el 1Dz (1) = e, (De, 1 )>< (e (1) = el (e, (1)
= (T, [nex1 (1) =1y (D] [, nw@)D
(5.137) — (neap(1) = neay ( )><nnu,T ) T 1(2))
=2 (Tl 1 (Dees (el (2)ey4(2) = 2 (Treh (Ve y(D)el, (e 4(2))
(5.138) — (nexp(1) = ney (1)) (n qm(?) N1 (2)) -

Similar to the derivation of the local charge sum rule (eq. (5.117)) we can derive the
so-called local spin sum rule

(5.139) XP0(0,0%) = ((n, 4 — n, )*) = (n, 4 —n, )
(5.140) Zem‘inﬁW (0.0%) = {5 — my.1)?) 02
(5141) ano Xlll/lll/ q? qu) - < 12/,T> + <n12/,¢> - 2<nl/,TnV7¢>
(I/LQm
(5142) lQm - < 1/> - 2<nV7Tny,J/>’
q?zqm

where we took advantage of paramagnetism in eq. and the local Pauli principle
in eq. . Again, we dropped the lattice position and imaginary time dependence
on the right-hand side due to translation invariance. We define the generalized three-
point spin susceptibility x°P(1,3;2) in analogy to the three-point charge susceptibility

x"(1,3;2) (see egs. (5.120), (5.121)) via

(5.143) X (1,3:2) = —ZO‘O’

oo’

/5GQ’U(1,3)¢
56 ,(2+,2 ’
Do ( )¢

where we introduce the convention 1= 1 and |= —1 which allows us to account for
sign changes in the definition of x*P(1, 3;2). Analogous to the charge susceptibility we
can reproduce the spin susceptibility x* in the limit 3 — 17 as can be seen from the
following simple calculation via eq. ,

72 5GQ\U (1,17),
oo’
2+,2)
=0

(5.144) Zo—a KT Ceo )6170(1+)clp,(2+)cn7g/(2)> + Gero(1, 1) Gy (2, 2+)}

W)o(
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(5145) = Z oo’ <T‘rnC)\,cf(1)nnu,o"(2)> - <nCA,U(1)> <nnu,a’(2)>

= (T; [near (1) = nex (D] [1,4(2) = 1, (2)])
(5.146)  — (s (1) = nexy (1) (g (2) =y (2))
(5.147) =x3,,(1,2).

From eq. (5.58) we can also define a self-consistent equation for the three-point spin
susceptibility which is called the Bethe-Salpeter equation for the spin susceptibility,

Xipgny(:L? 37 2)
——Y o0’ (GW(L 2y 0 (2,3)0,.00

oo’

(3:2)¢ 6G 15 77(7,8)s
7,8)p 00, ,1(27,2)

= 2G(V(17 2+)¢Gr])\(27 3)

0%

9 Bﬁ:a
5.148 G (1,3

Gﬁ/\,a (2a 3)
¢=0

5277 (§7 §)¢ 5G*7 //(77 g)¢'
5.149 -G -(1.3 1o N2 prot 7 P\,o
( ) 3(1,3) Z oo'(a") 3G (7,8)5 00y (27, 2)

0,0 0! A

G-, (2,3),

where we again dropped the spin index in the Green’s function G due to time-reversal
symmetry and spin rotation invariance. By the same argument we can again use
eq. (5.125) which states the functional derivatives only depend on the relative spin
alignment of the functional and the function it is differentiated by. This leads to

Xizny(]" 37 2)
= QGCZ/(]‘7 2+)G77)\(2a 3)

5.150 6 (13 om0 oo O
(' ) + CB(7 )ZO’(Sfo (77g¢ ZU 5¢ /(2 ’2) 7)\(7 )
o P)\yi $=0 0./7011 vn,o (j):(]
== 2GCV(17 2+)G77)\(2a 3)
_ 52570(37 §)¢ [
o pAL ¢=0
(5.152) = —2G,(1,27)G,,(2,3) G5(1,3) ;%Ap(ﬁ,i, 7,§)X§’%W(7, 8;2)G5,(2,3),

where we have defined the irreducible spin vertex

(5.153) T P02
0G )\ | (7,8)¢

’yﬁ)\p(37 2,7, 8) = Z o

$=0

5.1.7. Self-energy equation of motion. We are now prepared to relate the spin
and charge susceptibilities y*?/" to the self-energy X.
Starting point is the implicit self-energy equation ((5.51),

EQB,U ( 1, Z)(bGB’Y,O' (Z, 2)¢)

5Ga -(1,2
< L ( )) +Goaoc,—a(L1+)¢Ga’y,a(172)¢> .

(5.154) =U b D)
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We can first decompose the generalized susceptibility —% into spin and charge channel

via eqgs. (b.121]), (5.143)),

0G 1 060G 1 G G
5.155 _ %o _ 1,0 _ 1 oot 0Go ”
179 00 glyo 4 00 olymg 4 ; 09,1 ;5%/ so
1
_ _ = sp __ . ch
(5.156) = 4(>< X )

where we made use of spin-rotational invariance and time-reversal symmetry.
Thus, we can identify in the limit ¢ = 0

%5,(1LHG (32)

1 c s
(5157) :Ua |:4 (X'y]&aa(la 2; 1) - X'ylr)xaa(lv 2; 1)) + na,fcr(l)Ga'y,o(lv 2):| :

Tterating once the Bethe-Salpeter equation for the spin and charge susceptibility y*?/<"

(egs. (5.129), (5.152)) we get

_ _ 1 S = = = = ¢ _ _
o1 0G5, (1.2) U, [ (6,500 9T, BT B, (78 )G, (L2)+
G, 5(LITE BET I, (781G, A,2)
(5.158) + oo (1)Gan o (1,2)].

Multiplying with G-, _(2,5) and integrating over the internal degrees of freedom we

yv,o
obtain the equation of motion for the self-energy

Eau,o‘(L 5) =U,n (1)5a,u5(1 - 5)+

a'la,—o

Ua [peh (3 5.7 g)¢h (7 5. 2 (357 (7.8 3
(5:159) +=2 [Ty (3.5 7.9, (T8 1) + T2 (3,5 T8, (7.8:1)| G, 5(1.3).

A diagrammatic representation of the equation of motion for the self-energy is shown
in fig. . We can interpret the self-energy equation (5.159)) as the Hartree contri-

r

< <
< <

FIGURE 5.2. Diagrammatic representation of the self-energy equation
of motion . The double lines represent interacting Green’s func-
tions while the wiggled single lines are Hubbard interactions U. For
simplicity we dropped the spin and charge decomposition here.

butionf] and an additional contribution that contains collective excitations from the
paramagnetic state via susceptibilities x*?/¢" and effective interaction vertices I'sP/<h,
In summary, we have an equation that relates the self-energy to the spin and charge
susceptibility and those susceptibilities themselves are determined by self-consistent
equations, namely the Bethe-Salpeter equations. The remaining parts that enter both

5In the single-orbital case the Fock contribution cancels with the same spin-part of the Hartree
term.
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(a)

> »> N
X — - - F
« « —_—

(b)

> = +
F

> >
> >

FiGUurE 5.3. Diagrammatic representation of the equation of motion
for (a) the generalized susceptibility x and (b) the self-energy ¥. Double
lines represent the interacting Green’s function G while F' is the full
vertex function. Although the diagram shows some similarity to fig.
and they do not represent a particular choice of channel.

)

above mentioned equations are the irreducible vertices that are only given as functional
derivatives % so far. This will be discussed in more details in sec.

5.1.8. Diagrammatics and channel decomposition. Before we continue the
derivation of the Bethe-Salpeter equations for the different susceptibilities and the
equation of motion for the self-energy in the transversal particle-hole channel we go
into more detail regarding the channel decomposition. We follow here the presentation
in [110}/155/157-160].

Similar to the derivations in the previous sections one can derive an equation of
motion for the self-energy 3 and the generalized susceptibility x without any particu-
lar choice of channel. The resulting equations are shown diagrammatically in fig.
In contrast to the equations that we derived previously for y and ¥ (egs. and
(5.159)) we observe that the collective mode contribution x and the respective irre-
ducible vertex I' are replaced by the so-called full vertex F and interacting Green’s
function lines G. To see the connection between both formulations we repeat impor-
tant aspects of diagrammatic quantum field theory.

The concept of one-particle irreducibilityﬁ is crucial in the diagrammatic description of
the self-energy as a sum of all connected topologically distinct one-particle irreducible
non-interacting Green’s function diagrams where the external legs are amputated.

Such a diagrammatic series in terms of the non-interacting Green’s function can be
reformulated in terms of the full Green’s function when restricting the diagrams to so-
called skeleton diagrams, i.e. diagrams without the appearance of explicit self-energy
lines. This restriction of diagrams is important to avoid double-counting since the full
Green’s function already contains all many-body corrections from the self-energy.

Similarly, one obtains for the generalized susceptibility the expression in fig. (a)
where the full two-particle vertex F' contains information about to quasi-particle scat-
tering processesﬂ Due to particle number conservation one can prove that all contri-
butions to F' are one-particle irreducible.

For this reason one needs a different classification of the diagrams that enter F' and
here we introduce the notion of two-particle irreducibility. The basic idea is to distin-
guish between diagrams by cutting two internal Green’s function lines. If the diagram

6This means that a Feynman diagram for the Green’s function cannot be divided into two subdi-
agrams by cutting one internal non-interacting Green’s function line.
7Obviously, this interpretation is only valid in the Fermi liquid regime.
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A 4
A 4
A 4
A 4
A 4
A 4
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I, + . F

& & & &
< < < <

A

7 N

FIGURE 5.4. Diagrammatic representation of the Bethe-Salpeter equa-
tion that decomposes the full two-particle vertex F' into the three dif-
ferent two-particle reducible channels ¢ € {pp, ph,ph}, where T is the
two-particle irreducible vertex in the channel ¢ and double solid lines
are full Green’s functions.

decomposes into two subdiagrams we call the diagram two-particle reducible and else
two-particle irreducible. A finer classification can be made in the case of two-particle
reducible diagrams, namely in terms of channels: Assume that a two-particle reducible
diagram has four outer legs labeled with 1,2,3 and 4, where 1 and 3 label outgoing
particles while 2 and 4 denote incoming particles.

The case where 1 and 3 are separated from 2 and 4 are called particle-particle (pp)
reducible . If 1 and 2 are separated from 3 and 4 we call the diagram longitudinal
particle-hole (ph) reducible. The last remaining case is if one can separate 1 and 4 from
2 and 3, where such a diagram is called transversal particle-hole (ph) reducible.

Note that a connected two-particle diagram in F' is either irreducible or reducible in
exactly one of the three above mentioned channels. Thus, one can decompose the full
two-particle vertex

(5.160) F=A,+T,,

where ¢ € {pp, ph,ph} and T, contains all diagrams of F that are irreducible in the
chancel ¢ while A, contains the ones that are reducible in the channel ¢. Moreover,
one can decompose F' in each of the three channels via the Bethe-Salpeter equation in
fig. Combining the Bethe-Salpeter equation for F' (fig. with the equations for
the generalized susceptibility x and the self-energy ¥ we find a decomposition of the
self-energy

(5.161) 5= 4 By + X + X

where 3, = contains the contributions from fully two-particle irreducible diagrams while
the other three terms correspond to the three above mentioned channels pp, ph and ph.
In the same spirit one defines generalized susceptibilities for each channel as in fig.
where the two-particle irreducible vertex has to be replaced with the one from the
respective channel. Furthermore, the particle-hole channels allow to make use of the
spin-rotational invariance and time-reversal symmetry and to further decompose the
generalized susceptibilities x and the vertices I' into spin and charge components which
finally leads to the representation in fig. for each channel.

After this small journey into the diagrammatic formulation of quantum field theory
we need to make a connection to our formulation in term of artificial source fields ¢
and functional derivatives.

When reconsidering the equation that implicitly defines the self-energy (eq. ),

(5162) 5,5, (18605, 3.2 = U, (Trel o (16 (Ve (e, ()

we recall that we introduced the artificial field ¢ to express the right-hand side in terms
of a functional derivative % (eq. (5.51)),

ZVEU(L g)(lﬁGBg’J (ga 2)(;5
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G, (1,2)
6¢m/,—a(1+7 1)

which means that we defined ¢ such that the functional derivative generates the ther-
modynamic average of

(5.163) =U,

v

+ GVV,—O'(L 1+)¢GV5,0(17 2)¢>> )

¢l o(17)e, (1) (ph)
in the right-hand side of eq. but one could also think of defining ¢ such that it
generates the average of

¢l o (17)¢, (1) (pP)
or other combinations.
In choosing a specific form for ¢ we determine in the Bethe-Salpeter equation (eq. (5.58)))
a specific channel and thus a specific self-energy contribution (see eq. d
(5.163])).

As mentioned previously, we will constrain ourselves to the particle-hole channels
since those will have the largest contributions to the self-energy in the repulsive Hub-
bard model [153}155].

Apart from the weight that both particle-hole channels contribute to the self-energy

there is another important reason why we treat both and not only the longitudinal
particle-hole channel.
By the Pauli principle — that is implemented in the imaginary time ordering operator
— we know that by interchanging the two annihilation operators or the two creation
operators in eq. we collect a minus sign in front of the thermal average. As
discussed earlier such an exchange of operators corresponds to a change in the particle-
hole channel, i.e. one moves from the transversal to the longitudinal particle-hole
channel and vice versa. This transition between the two channels has its manifestation
in the relations

(5.164) Tpn(1,2;3,4) = —T(1,4;3,2),
(5.165) F(1,2:3,4) = —F(1,4;3,2),

which is the crossing symmetr@,ﬁ of the full vertex F' and the irreducible particle-hole
vertices Fp}%ﬁ.
We can enforce crossing symmetry on the self-energy from the longitudinal particle hole
channel (see eq. (5.159))) by averaging with the self-energy from the transversal particle-
hole channel (see sec. [5.4.2]) because then we have only those two channel contributions
in equal parts.

5.1.9. Transversal particle-hole channel. The derivation follows [154} /161
162 but we extend the notation to multi-site problems.

To access fluctuations in the transversal particle-hole channel we define the artificial
field

— 0 ¢;ﬂ(17 2)
(5.166) ®,5(1,2) = ( +(1,2) :
that couples to different spins in the grand canonical partition function
(5.167) Z[|®) = <TT6%,T(1>¢;B(1,2)%(2>@;,¢(1)¢Zﬁ(1,2)cﬁ’T(2)>
_tMe® _(13)e (T
(5.168) _ <TTe LDe_(13) 5(2)>'

8The terms crossing stems from the fact that the interchange of creation and annihilation operators
within eq. (5.162) is visualized diagrammatically by swapping the opposite corners of the four-point
diagram.
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where we defined (spin-vector-valued) fields
— (Car(D) Foy e [ f
(5.169) c, (1) : (Ca,i(l) , b (Qm(l) cw(l)).

Analogously to the steps in the longitudinal channel (sec. [5.1.2]), we define the gener-
alized spin-space Green’s function

(5.170) 72 (1,2)g = — <TTCQVU(1)CL’U,(2)>@ :
3 <TTca, (1)ch, (2)> <cha7 (1)l (2)>
(A7) Gapll:Da = <TTcai(1)cg;(2)>z <TTca’I(1)cgi(2)>Z

Notice that we can only generate off-diagonal Green’s function elements via functional
differentiation

InZ[® 0 G(1,2
(5.172) _ O Zl®] " il 2e )
6i’ﬁa(2, 1) Gaﬁ(l,Q)q) 0
where we defined the functional derivative)
)
0 0 563.(4,5
(5.173) —_— = < 5 dre(d5) |
6¢V€ (47 5) 5¢;€ (4,5) 0

Following the same steps as in Section we find the matrix Dyson equation
(5.174) G (1,2)p = (G°) 7 (1,2) — 2(1,2)p — ¥,

where the inverse is taken in the orbital-spin space with the implicitly defined self-
energy equation

(5.175) _ <T7na7¢(1>ca¢(1)c§,¢(2)>@ <T7na¢(1)ca¢(1)c;¢(2)>
T\

Tl 0@, (Ene e 002

As before we derive the Bethe-Salpeter equation for the generalized susceptibility
from the matrix equation

(5.176) G 5(1,3)s (G‘l)% (3,2)p =I5(1 — 2)8

o4

Lod

ayy?

where I is the identity matrix in spin space. By taking the functional derivative with
respect to ® of eq. (5.176)) we obtain the expression

(5.177) 0 :5<1>,j@4,5) [Gaﬁ(lj)q, (), G 2)¢]

(5.178) = [(8 (1)> &z);;zw + ((1) 8) 5@{24’5)} [Gaﬁ(17§)<1> (Gﬂ)f7 3, 2)4
:(M (G™)3,3.2)e + <8 é) G, ;(1.3)s 6¢+Z7

_ (G4 (3,2)
(5.179) +((1) 8) Go(l3)e ( 6¢§):Zjl75) i

90ne can easily check I6(1 — 3)6(2 — 4) = gzg’i;.
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Multiplying both sides by GWC (2, 6) while integration over all internal degrees of freedom
we obtain

5Go¢ (1,6) _ 5( ) 7 § i) B
:W * (8 (1)> G, 5(1.3)s ;5(4 - 2 G- (2,6)
00 o 0G5 B2s
(5.180) + (1 0) G 5(1,3)s 6¢>,,f(4,5) G-.(2,6).

We can now use the Dyson equation ([5.174]) to further simplify

0Gac(1,6)a| (0 1 0 0
(¢ ema(; auss

6Pyc(4,5)
8) Gau(1,4) <8 é) G (5,6)

+

(
i}
(

_= O

o o
S =
~_
Q
I
—~
=
w
SN—
>,
-
+
—
w~
(@)}
N~—

(5.181)

= O
(e}
~
>,
[\
=l
2
—~~ ~~
o |
o

+
_(G&(1,49G](5,6) GE(1
—\alla, 4)@#% 6) GiL(1,

0 1 _ 632-(3,2)s 0GZZ (7,8)a _
+ ( )Gaﬂ(l,?)) 4k 2 s G~¢(2,6)

0 0

0 0 _ 0%5.(3,2)s 0G% (7,8)® _
(5.182) +<1 0) G,5(1,3) —=Z p i G~((2,6).

b=0

Things become much easier when we consider that the Hamiltonian without external
field ® preserves the spin. Therefore, in the limit ® = 0 that we are considering in
eq. (5.182)) we can neglect all terms that involve surplus or deficiency of spin in the
thermal expectation values, namely

0G7? SGT SGHT
5¢ﬁ: F=0 - 5¢+ S+ - 5¢_

This simplifies eq. (5.182]) and we end up with

¢£=0

(5.183) G 7 =

3G (1,6)a 0
505 (45) | 1 _q
0 JGIjC(l,ﬁ)q,
Soued5) |, _
_ Gau(174)Ge§(576) O
o 0 Ga,,(l,4)G€C(5,6)
. (o G 5(1,3)G (2, 6)) 685 (3,2)2 6GL(T.8)a
0 0 M7 ) e Odie(4,5
SGA (T )e d0i(45) |
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_ <Gau(1a4)G€C(5,6) 0 )
- 0 G (1,4)G(5,6)
+<0 Gaa(1’3>G»y<<2,6>> (0 0> 524 (3,2)0 9GHL (T, 8)a
’ 0 L 0) 5GH7 R 0045 |
(5.185) +<G ” 3;)(; 26 8) (8 (1]> <$z:%%l(3,2)q>6(?{%(7,8)(I> |
o1 3)G5¢ (2, SGIL(T e Soud5) |

where we identified G := G, = G = G* due to paramagnetism and spin rotational
invariance. Therefore, the only non-vanishing matrix elements are

5GEL(1,6)0 T 02 (3.2)2 6GHL(7,8)e .
= av ’ € ) + af ) — =, 5
060e(4,5) |4, ‘ TG T e 00k(45) | T
(5.186) = —(Tocl 4 (6)cq (Dl (Aecs(5))
(SGTiC(]., 6)@ 52“%(?%5)(1) 5G;§(77 g)i’ _
e T =G, (1,4)G . (5,6) + 1,3 — A G- (2,6
Sone5) |, GO CE1I) e ) ) . w0
(5.187) = —(Trcl  (B)co s (D)l (e, ,(5))

where the second equality comes from performing the functional derivative on the
Green’s function directly (eq. (5.168) and (5.171)). Finally, we arrive at the Bethe-
Salpeter equations for the generalized susceptibilities in the transversal particle-hole
channel. Notice that both expressions are closely related due to spin rotational invari-
ance.

Before we continue with the derivation of the equation of motion for the self-energy
in the transversal particle-hole channel we present again a few arguments why it is
possible to go from functional derivatives with respect to ® to derivatives with respect
to G. Starting point is again the free energy F' in the presence of the source field ®

(see eqgs. (5.168)), (5.172))) that is given by

1 1 5 e (19 (D
(5.188) F[® =-—=InZ[®] = —=Intr (eﬁHTTe w(1)®5(1,2) 6(2)> ,
B p
We obtain the off-diagonal Green’s function G°~7¢ via functional differentiation
- OF[®] 0 GlL(1,2)5) -
(5.189) B = of =: Gup(1,2).
024,(2,1)  \Goh(1,2)g 0

The two above equations ([5.188]), (5.189)) are sufficient to define the Legendre transform
for the free energy F' via

(5.190) Q[G] = F[®] - étr (Ga).

where 2 is coined the Kadanoff-Baym functional for the off-diagonal Green’s function.
We find the property

_ . 0 A
(5191) - Q[G]:= 3 5 PGhae B ) Q@)
6G,8a,0'(2’ 1) 6Ggiﬁ(2,1)
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otr (G®
sao(21) 0G4, (2,1)
:"5 %,0(771) 5F[(I’]
0G 50 5(2,1) 0P (3,4)
5103 6 (GH,(1,3)6%,3.0) + GE,(1,3)07,,(3.1))
' 0G 40.5(2,1)
b _(3,4) ~ __ 0P34 -~ __  6G--(43 _
(5.194) :#()Gaﬁ(&?))— ves )Gaﬁ(zl,g)— f”"’( )Q%E(?)A)
oo (2,1) 0G4, ,(2,1) 0G4, ,(2,1)

(5.195) = —®,5,(1,2).
Again, the above property (5.195)) and the Dyson equation (5.174]) help to deduce

1 QG
(5.196) —# =—-®,5,(1,2)
T 6Gyg, ,(2,1) ’
(5.197) - (G_l)aﬁo (1,2) — [(GO)—l} ; (1,2) + Zop,,(1,2),
which reduces to the Dyson equation of our original system in the case where
1 6Q[G
(5.198) # =-®,5,(1,2) =0.
T 6Gﬂa ,(2,1)

In contrast to the longitudinal particle-hole channel we will stop at this point since
the construction of a Luttinger-Ward functional for the off-diagonal Green’s function is
not very useful to us. The only important point that we wanted to stress in this small
excursion was the transition from the functional dependence of ® to G that we used
earlier to derive the Bethe-Salpeter equations , .

At this point we will relate the generalized susceptibilities to the spin susceptibility.
This can be done via spin ladder operators

SEy(1) :=825(1) £iSY4(1)
:% (ch 1 (Des (1) + €l (D (1) % (4 (D (1) = e (e (1))

T
e e,y
(>199) ‘{cL,&ncZiu) -

where we used the definition of the spin vector in eq. (5.132)). As we did for the spin
fluctuations in z-direction we can define the linear response to spin perturbations with
respect to the S* operators. We define

(5.200) X% (1,2) =4 <TTSjC(1)S;V(2)> =4 <TTc;7T(1)c<7 L()e ¢(2)%(2)>

=4(T,S5:(1)8%,(2)) + <T S (D)5, (2 )>

(5.201) — 4i (T.85:(1)83,(2) — $Y:(1)55,(2))

—(T,55:(1)85,(2)) + 4 (T84 (1)53,(2))
(5.202) —(Tyed s (Dee (el (2)e,(2) = e}, (Deer (Ve 1 (2)e,,, (2))
(5.203) =8 (T,85:(1)55,(2)) = 230, (1,2) + 8 (S5 (1)) (55,(2))
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where we used spin rotational invariance and the definition of the spin susceptibility
X°P (eq. (5.131))) in the last equation.

We draw now the connection between the susceptibility x*”»* and the self-energy.
Similar to the longitudinal particle-hole channel we start from the implicit equation for

the self-energy (eq. (5.51))),
2 5(1.3)8G5 (3.2)s
520 - (Tong (Weap Vel 1(2)) - (Tomg (e, (Del ()
. - Ya

(Trna s (Ve (el 1)) (Trng s (e (D] (2))

Since the Hamiltonian is spin conserving, we obtain in the limit ® = 0 the equation
S 5(1.9G;, (3.2)
(Trngy (e (1)el 4(2) 0
0 (Trnos(Veq (el 4 (2))

Multiplying with the inverse Green’s function G, (2, 4) and integrating over all internal
degrees of freedom yields

(5.205) =—U,

3GIL(13)e 0
5¢;zx(1+71) _ —1 9
(5206) EOU/(]" 4) = Ua 0 ®=0 5GI¢%(17§)4’ (G )71/ (37 4)
60aa 17D |4,

Next, one can use the Bethe-Salpeter equations for the generalized susceptibilities
(eq. (5.187)) to further evaluate

2,&1(17 2) =UaGyq(1, 1+)Goﬁ(lv g)G%/l (3,4)
YO e
5%4(5,5)a 6GL(78)a

5.207 UG -(1,9 G- (5,3)G=1(3,4
pA D=0
N 52? 9,48 5Gg(7, 8
5.208 =UsGpo(1,17)6,,6(1 —4) + UG =(1,9 A :
( ) (117000, ) w319 G (7,8) 0dda(1T,1) -
Eii(lv2) :UaGaa(lv 1+)Goﬁ(l g)G%Vl(gvzl)
- 52%%(9, 5)e mg(?, 8 o
5.209 UG =(1,9 RN aa G-(5,3)G=} (3,4
(6209 +UCF(L9) ferm ey | GG Be )
p P=0
N B 52% 9,48 5@%(7,%
5.210 =UsGpo(1,17)6,,6(1 —4) + UG ~(1,9 AN N
( ) ( ) , ( ) a,B( )5GZ\)L\(7,8)<I> 5¢aa(1+71) ot

We see now that the equation can be related to the spin susceptibilities via eq. ((5.203])
and we get

Yave(1,4)

Ua A\TSPLET 1R = O\..S = O
(5:211)  =Uang,o(1)3,,0(1=4) + G 5(LOTEL O, 478X (7.8:1),
where we defined the irreducible spin vertex in the transversal channel
- 0B (9.4)8 . 0259, 4)
IGI(7.8)s  0GL(7.8)0
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5.2. CONSERVING APPROXIMATIONS

As expected we recover the Hartree-Fock term as in the longitudinal particle-hole chan-
nel but a different fluctuations part with transverse spin fluctuations only. Neverthe-
less, the diagrammatic representation follows the one from the longitudinal particle-hole

channel (see fig. [5.2)).

5.2. Conserving approximations

This short overview is based on Refs. [163,164].
At the core of the Kadanoff-Baym conserving approrimations we find the so-called
Luttinger-Ward functional ®[G] [117,/118] that we introduced earlier in sec. We
repeat the basic facts that we introduced before: First, the Luttinger-Ward functional
is defined as the sum of all closed two-particle irreducible skeleton diagrams that can
be constructed from the full Green’s function G and the Hubbard interaction U (see
fig. . We also found that ®[G] is the generating functional for the self-energy

®[G] = + @ +o

FIGURE 5.5. The exact Luttinger-Ward functional ®[G] is the sum
of all closed two-particle irreducible skeleton diagrams constructed from
the full Green’s function G (lines with arrows) and the bare interaction
vertex U (single-wiggled lines). Adapted from [164].

IP[G]
5.213 by 1,2) = ———
( ) aﬁ,a( ) ) 5G5a’0(2’ 1)
and on the two-particle level it also generates the particle-hole irreducible vertex
/ 0P[G]
(5.214) Ce(1,2:3,4) =
By 6Ga,870(2, 1)6GE%U,(3, 4)

from which the spin and charge irreducible vertices I'*?/¢" can be derived by spin and

charge channel decomposition (see egs. ((5.130)), 5.153)@
(5.215) I =T777 477,
(5.216) R i

Working with the Luttinger-Ward functional can bear some dangers due to the infi-
nite sum of diagrams: It was shown that even at small interaction strengths U/W, W
being the bandwidth of the Hubbard model, one encounters divergences in the charge
vertex I'" which lead to a branching of the self-energy ¥ into a physical and a un-
physical branch [165],166] or just lead to worse results than second order perturbation
theory [167].

The important advantage —avoiding the unphysical branches of solutions— of de-
riving approximations to the Hubbard model within the Luttinger-Ward framework
consists of conservation laws that are fulfilled automatically. Notably, such approxima-
tions are thermodynamically consistent, which means that thermodynamic expectation

10We defined those expressions as they appeared naturally in the Bethe-Salpeter equa-
tions , but one can motivate the spin and charge channel decomposition more formally
by taking advantage of the spin rotation invariance and the crossing symmetry of the two-particle irre-
ducible vertices [158}|159]. The final result are four independent irreducible vertices rsp/eh and 15/,
where the singlet and triplet vertex '/t stem from the particle-particle irreducible channel.
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values can be expressed as derivatives of the free energy. Additionally, they preserve im-
portant physical constraints like the Ward identities for fluctuations and single-particle
conservation laws [115,117].

The simplest conserving approximation that can be thought of is the self-consistent
Hartree-Fock approximation. In this approach, one assumes the Luttinger-Ward func-
tional ®[G] to consist only of the first order terms which are the ones shown in fig.
Performing the functional derivatives in eqgs. and eq. one obtains for
local Hubbard interaction U,

(5.217) Sapo(1,2) = Uyn

sp
(5.218) I

a,foéa,ﬂ(s(l - 2)7

(1,2;3,4) =T¢4..(1,2;3,4) = U,0(3 — 4)6(2 — 3)6(1 — 3%)d,, 565 6., .
Inserting those expressions into the Bethe-Salpeter equations ([5.129)), (5.152]) we obtain
the random phase approximation result

(5.219) X = [T—x0T7] ' 2x0,
—1
(5.220) X = []I v Xorch} 2",

where X" is the irreducible susceptibility (see eq. (6.71))).

Among the class of more advanced techniques we find the ones that sum infinitely

many diagrams of a certain topology. For example, in the fluctuation-exchange approx-
imation (FLEX) one sums only bubble and ladder diagrams that can be rearranged in
terms of geometric series [168-173|. This yields a self-energy that is frequency- and
momentum dependent in contrast to the Hartree-Fock result for the Hubbard model.
Another prominent conserving approximation is the GW approximation where only
so-called ring diagrams appear in the Luttinger-Ward functional |[108,174H176]. This
method can be also understood in terms of a perturbation theory in the screened in-
teraction W.
The dynamical mean field theory (DMFT) can be formulated with a Luttinger-Ward
functional that only contains diagrams from local propagators [85}/87,/88,(177,(178].
This approach is exact in the limit of infinite dimensions/ lattice connectivity, where
the self-energy is local but dynamic, i.e. ¥ = 3(w). For real material applica-
tions it is also possible to formulate a conserving approximation where the start-
ing point is a density functional theory calculation and where correlation effects are
treated within DMFT; this approach is coined DFT+DMFT [179-181]. Similarly,
one can also combine GW and DMFT to treat non-local correlation effects within
GW and local ones within DMFT [182,/183]. Moreover, the diagrammatic and clus-
ter extensions to DMFT also fall into the category of conserving approximations,
e.g. the cluster DMFT method (CDMFT) [61,88,184-187], the dynamical clus-
ter approximation (DCA) [185,/186, 188193, the dynamical vertex approximation
(DI'A) [147,]194.195], TRILEX [196/,197], QUADRILEX [198], dual boson [199]
and dual fermion techniques [200].

In summary, conserving approximations play a prominent role in modern develop-
ments of many-body methods due to their inherent enforcement of physical constraints.
Although TPSC is not a conserving approximation we will see in section in how far
both many-body approaches are closely related.

5.2.1. Two-particle properties. Since the functional derivative formalism also
determines two-particle objects it is also possible to access higher order correlation
functions. In this work we will mainly focus on single-particle properties which is why
we only mention a few observables that can be extracted.
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5.3. SINGLE-BAND TPSC

Most prominently, one obtains spin and charge susceptibilities which reveal impor-
tant insights into charge and spin order instabilities. Moreover, they allow to under-
stand how nesting properties change due to interaction and temperature. For a more
detailed listing and explicit examples that were calculated within the Two-Particle
Self-Consistent approach we refer to Refs. [155.(163].

5.3. Single-band TPSC

In this section we sketch the Two-Particle Self-Consistent approach in its original
formulation for the single-band repulsive Hubbard model 155,163,186, 201-204].

In chapter [3| we have constructed a lattice model for our material where the original
long-range Coulomb interaction is reduced to closest neighbor interactions V;; or even
to local interactions U, J only.

The simplest non-trivial representative of this class of lattice models is the single-band
Hubbard model [64-66l/145| and is described by the Hubbard Hamiltonian

U
(5.221) H =30l (r)e, (1) + 5 Y mp(rin_ (1)
%,J,0 1,0

where t"7"J are the hopping amplitudes between lattice sites 7; and r;. Since we are
interested in paramagnetic states, spin rotational invariant and time-reversal symmet-
ric systems only, we drop the spin index in the hopping elements t"*~"7. The on-site
Hubbard interaction is denoted by U. The operator c,(r;) destroys an electron with
spin o at lattice site r; while the adjoint operator cj,(ri) creates an electron with spin o
at lattice site r;. The density operator n(r;) := ch (ri)c,(r;) measures the occupation
of particles at r; with spin o. Although the operators are time-dependent we did not
denote the time dependence explicitly in the Hamiltonian H because H itself is not
explicitly time-dependent.

The Two-Particle Self-Consistent approach (TPSC) is a many-body method that was
originally formulated to find approximate expression for the spin and charge fluctuations
and the renormalization of single-particle properties within the repulsive single-band
Hubbard model [155,/163]. Although TPSC itself is not a conserving approxima-
tionm in the sense of Kadanoff and Baym [113}/115.{116] it can be derived within this
framework. The starting point of this class of methods is an approximation of the
Luttinger-Ward functional ®[G] [117,[118]. In the case of TPSC one approximates the
Luttinger-Ward functional as

1 i ] - —
(5.222) D[G] ~ iGE(l’ 1+H)ree G(1,1%),
where T'79" is a local and static effective two-particle irreducible vertex that is assumed
to contain the contribution of all diagrams in ®[G]. This assumption can be expected
to give accurate results in the regions of weak and intermediate interaction strength
where the four-point vertex I“’"I(l,2;3,4) is not singular. However, recent studies
have shown that the two-particle irreducible vertex I'” C”(1,2; 3,4) has non-trivial or
even diverging momentum and frequency dependence in the regime of intermediate
and strong coupling [158,160,165,205/,206|. The diagrammatic representation of the
Luttinger-Ward functional ®[G] in the TPSC approximation is shown in fig.

As discussed for the Hartree-Fock approximation (see sec. this kind of Luttinger-

Ward functional leads to a static and local self-energy ¥ = F‘”"nF in the single-band
case that can be absorbed into the chemical potential to ensure conservation of the
particle number. At this step TPSC is still a conserving approximation but it recovers
effectively the non-interacting Green’s function in the paramagnetic case. As a result

Hrhis is argued in the following derivation.
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) e

P[G]

Q

FIGURE 5.6. The exact Luttinger-Ward functional ®[G] is the sum
of all closed two-particle irreducible skeleton diagrams constructed from
the dressed Green’s function G (lines with arrows) and the bare interac-
tion vertex U (single-wiggled lines). Within TPSC one assumes that the
sum of all diagrams can be condensed into a single diagram of first or-
der where the bare interaction vertex becomes an effective two-particle
irreducible vertex 7%’ (double-wiggled line). Figure reprinted from
Ref. [164].

there is no single-particle renormalization at this first step of TPSC. We will consider
now two-particle functions and come back to the effect on single-particle functions
afterwards.

The next step in TPSC is to determine the value of the effective four-point vertex
7%’ or more specifically its value in the spin and charge channel, namely I'? and I'¢".
But how does one determine the effective value of a complicated two-particle func-
tion at minimal computational cost, i.e. without solving complicated parquet equa-
tions [147]? In TPSC one considers equations of I'*P/¢" that encode the local Pauli

principle ({(n2(r;)) = (n,(r;))) by means of the local spin and charge sum rule (see

eq. (5.117) and (5.142)),

(5.223) XP(r=0,t=0)=n—2(nm),

(5.224) XM =0,t=0)=n+ 2(ngny) — n?,

where we dropped the dependence on the site position on the right-hand side due to
the lattice periodicity. Those equation are the so-called local spin and charge sum

rules that are direct results of the fluctuation-dissipation theorem and the local Pauli
principle [163]. The Bethe-Salpeter equations for the spin and charge susceptibilities

xoP/ch ((5.129)), (5.152))) reduce within TPSC to the following simple expressions:

2)(0

Sp __

(5.225) P = 10T 0T
2XO

5.226 ., T—

(5.226) XU = o

where x? is the particle-hole bubble diagram —G°xG® computed from the bare Green’s

function G° (see eq. (5.71))).
Note that we have only two sum rules (eqgs. (5.223)), (5.224)) but three unknowns:
P, T and (nTnO. One way of dealing with this set of under-determined equa-

tions is to take the double occupation (n4n|) as an input from a different many-body
method [207]. Another way to complete the set of equations for calculating T'*P, T'°?
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and (nyn) is to make an ansatz for I'*? that is motivated from the local field approxi-
mation [202}208,209], namely

<nTni>
<nT> <n¢> '

This ansatz gives accurate results when spin fluctuations are small and —albeit its simple
form— is able to capture the physics of Kanamori-Brueckner screening [163}202,[207]
which describes the reduction of the bare interaction in the spin channel [66.[210].
Obviously, this ansatz breaks particle-hole symmetry which is a problem if the system
considered exhibits particle-hole symmetry and the expression in eq. breaks it
artificially. To avoid such kind of effect one usually performs a particle-hole transfor-
mation when crossing the boundary of equal particle and hole concentration,

(5.227) P =U

Smgm) n<l

(5.228) psr = Tt -
o) o
=, ){n,)

The first approach that takes the double occupation (nTn ¢> as an input from a different
many-body method and does not need eq. should be considered when the inter-
action strength is large enough to cause diverging antiferromagnetic fluctuations in the
system since in this regime the TPSC-internal ansatz fails (see fig. [146,211-213]:
While TPSC predicts a decreasing double occupation over the whole temperature range
in the two-dimensional Hubbard model on a square lattice at half filling and for weak
to intermediate coupling strengths, it is well known that there exists a crossover tem-
perature TXE] where antiferromagnetic fluctuations grow exponentially and Pseudogap
physics can set in [146,[211-213]. If U/t is not too large —otherwise the Mott scale
would dominate and the effect of increasing double occupation would disappear— one
can understand the counter-intuitive increase of the double occupancy at T' < Tx
from quantum fluctuations in the Fermi liquid phase where particle localization is
reduced [177,1214}1216]. On the other hand, at large temperatures where thermal
fluctuations dominate in the system the double occupation tends to increase to the
non-interacting value (nyn ) — (ny)(n;) = 1/4 at half-filling.

Now that the spin and charge collective modes are calculated one can use the
equation of motion for the self-energy in the longitudinal particle-hole channel (see
eq. (5.159)) to feed those fluctuation effects back to the single-particle properties [113,
163]. Note that this gives an improved self-energy formula that goes beyond the pre-
viously mentioned Hartree-Fock like expression,

U
(5.229) 2 =Un_,+ 7 [FSPXSP + Ty ]« GO

The drawback of this procedure is that TPSC is not a conserving approximation in
the Kadanoff-Baym sense anymore because the self-energy is not calculated from the
functional derivative of the approximate Luttinger-Ward functional 6?5 L. Nevertheless,
many properties of conserving approximations and physical constraints are still obeyed
to a high degree if not fulfilled exactly in the regime of weak to intermediate coupling
strength [163], e.g. particle numbeI{T_gI and spin conservation, Luttinger’s theorem, the

Mermin-Wagner theorem, Ward identities, the f-sum rule and the consistency relation

1211) this case of a two-dimensional Hubbard model the Mermin-Wagner theorem states that ther-
mal fluctuations destroy a finite-temperature phase transition to the antiferromagnetic ground state
which breaks SU(2) symmetry.

1311 order to keep the number of particles one has to adjust the chemical potential according to
the improved self-energy.
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FIGURE 5.7.  The double occupation (nyn ) calculated from the TPSC
ansatz eq. for the nearest neighbor hopping Hubbard model on a
square lattice at U/t = 8 and half filling. While the double occupation is
in good agreement with various many-body methods |146,211-213] at
temperatures above the crossover temperature T'x /t ~ 0.3 |211] (gray
shaded area) it starts a steep decrease at T' < T'x where the above cited
many-body methods see a small increase (see main text).

between one- and two-particle properties
(5.230) 2, (L,D)G,(1,1%) = Ulngny).

This stands in contrast to many approaches like the Random Phase Approximation,
the Fluctuation Exchange Approximation [168[169] and the Pseudopotential Parquet
Approach [170,171] where some of the above mentioned constraints are significantly
violated [163].

Finally, one can improve on the self-energy formula (5.229: by considering also
the transversal particle-hole channel (see sec. and eq. (5.211))) and thus enforcing
crossing symmetry of the two-particle irreducible vertex [112,153,/158]. The final
formula for the TPSC self-energy is then an average of the self-energy expressions in
the longitudinal and transversal particle-hole channel,

U
(5.231) 2, =Un_,++ [3FSPXSP v Fchxch} GO,
Application of the Schwinger-Dyson equation
(5.232) G'=GY" +p-3%

yields to the full TPSC Green’s function G and the renormalized quasi-particle proper-
ties, where the chemical potential u has to be adjusted such that the particle number
is conserved.

5.3.1. Flowchart of the single-band TPSC. For a better overview on the
single-band TPSC approach we show a flowchart of the method in fig.

85



5.3. SINGLE-BAND TPSC

non-interacting Green's function
G"=(iwp-Hy)!

irreducible susceptibility
x'=-G%+G°

initial guess for
<ngn_,>

. No, new <n,n_;> e.g.
Spin vertex ansatz ; Newton iterati
[ = U <ngn_>/(<n><n_>) rom Newton iteration
) ) local spin sum rule
Spin Bethe-Salpeter equation 27(0,0) = <n> - 2<n_n_>

S| 0 Or—s
X p:2X /(I'X r p) \/ Converged?

Yes

initial guess for
Fch

4 N\

Charge Bethe-Salpeter equation
2" =20 I 4+x TRy

local charge sum rule
%(0,0) = <n> + 2<n,n > - <n>
converged?

2

No, new " e.g.
Yes from Newton iteration

Equation of motion for the self-energy
T, = U<n> + (U/8)[3rP P+ "]+G

Dyson equation
G = (iw,-Hy+p-2)!

FIGURE 5.8. Single-band TPSC flow chart as described in sec. Af-
ter calculating the non-interacting Green’s function and the irreducible
susceptibility one has to converge the spin and charge with respect to
the local spin and charge sum rule and the Bethe-Salpeter equations.
From those one is able to evaluate the self-energy and thus interacting
Green’s function via the Dyson equation. Figure adapted from [164].
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5.3.2. Short summary on the applications of single-band TPSC. Before
we continue with the extensions of TPSC it is worthwhile to mention to which classes
of materials and models this method was successfully applied.

A large amount of studies with single-band TPSC were performed for the Hubbard
model on the square latticeEI to analyze spin and charge fluctuations [201},202}/217,
218|, single-particle properties [163}204}219-221], universal critical behavior [222}224],
the optical and dc conductivity [225] and unconventional superconductivity [207,
226-228]. Moreover, TPSC was also applied to analyze magnetic properties of the
three-dimensional Hubbard model [229]. In order to classify TPSC among differ-
ent many-body approaches detailed comparisons were performed in Ref. [148.(163,
230-232|. A slight modification of the above described single-band TPSC was de-
veloped to study the attractive Hubbard model, where the derivation is performed in
the particle-particle channel [112,(161,233235|. But TPSC is not only restricted
to on-site interaction U only and can also be extended to deal with nearest-neighbor
repulsion V' [236-238|.

5.4. Multi-site TPSC

The presentation of this section is based on [154,161,164].

Going from single-band TPSC to a multi-site formulation is basically a change in
the notation without additional new terms [152}239/[240|. Nevertheless, we present the
important equations and steps with all details since we presented only the basic ideas
in the single-band case in sec. We consider the multi—site{f] Hubbard Hamiltonian

H (eq. (5.1)) given by
(5.233) H= > 7 (r)eg,(r) Z o (Ti)-

a,B,i,4,0 a,t,0

Similar, to the single-band case the multi-site TPSC Luttinger-Ward functional is given
by

1 =7 —
(5.234) OG] ~ §Gm,5(1a 1H)ree GCm = S(1,11),

where the effective two-particle irreducible vertex Fg" carries now a single site index
« since the Hamiltonian H has no inter-site interaction. Again, from functional differ-
entiation this ansatz for the Luttinger-Ward functional ®[G] gives a static, local and
diagonal self-energy

5O[G]
5.235) X,5,(1,2) =
( ) B, ( ) 6G18a7g(2’ 1)
=22 [0 Gl o (1,17)8(1 = 2) + G o (1, 1T B(1L — 2)
(5.236) +0777G, ,(1,17)6(1 - 2) + G, _,(1,1%)6(1 — 2)T 7]
(5.237) = (0207 1,5(1) + T8 714 4 (1)) 84,50(1 — 2)
(5.238) =Ty o0,50(1—2),

where we again took advantage of paramagnetism and the channel decomposition in
eq. (5.216)).

In case of unequally filled lattice sites, i.e. there are two distinct lattice indices
a, 8 where n, # ng, one has to be careful about this first-step TPSC self-energy.

14The mentioned studies were often model calculations for Cuprate superconductors.
15By multi-site we mean multiple sites in the unit cell, where the interaction is still restricted to
on-site repulsion.
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Fortunately, the study of organic superconductors that is presented in sec. does
not fall into this category and we have equally occupied lattice sites. Therefore, the
first-step TPSC self-energy can be absorbed into the chemical potential as was done in
the single-band case. In the general case one would have to argue in how far those site-
dependent energy shifts are already included in the kinetic term of the Hamiltonian H
(see DFT+TPSC in chap. 7)) or proceed in the following with a non-interacting Green’s
function G° modified by those shifts. Alternatively, one can ignore the first-step TPSC
self-energy as an additional approximation. In the following derivation we will assume
that those self-energy shifts are accounted for either by the chemical potential or by
the kinetic term in the Hamiltonian H.

5[]

The second functional derivative 557 leads again to site-dependent spin and charge
vertices ng/Ch (egs. (5.130), (5.153))) that are constants,

F'y,B/\p(la 2;3, 4)

655, (1,2)4
(5.239) =Y —Lro170?
2 0G 713,40
50[G]
(5.240) =
'yB 0(2 1)5Gp>\ T( )
1 5
-2 ZU: 0G5 ,(2,1)
5G@,E(Tv F) FﬁG (T T) + G (T T)FﬁdGm,E(Tv F)
5Gp)\7'r(374 a aa,o\ " aq,o\ ) o 6Gp,\,T(374)
(5.241)  + 711 )FE:’G —(1,17) + Gos (1 T)FET"(S ma L )
. (5Gp>\T(3 4) ao,—o ao,o\ ) (e} 5Gp)\,T(374)
5
(5.242) Z TG Gons(3, 30153 — 4) + TG, (3, 3+)5(3—4)]

(5.243) :5P7A5A,55%A507 ¢5(3 — 452 - 3)5(1 - 3%) [} + 1]
(5.244) =6, 05 56, 10,,0(3 — 4)5(2 — 3)5(1 — 3)I'§
and

T ,(1,2:3,4)

5Zﬁ'y a'( 2)¢
0G5 1(7,8)¢

- 5D[G)
(5.246) _Z%GV (2.1)6C,, ,(3,4)

(5.245) = Z

(I,17) _ G

%Fgf M,E(lal )‘f‘Gm’g(l,l )Pga aaa( )

Y ¢ G, (3:4)
(5.247)  + I (L, 1) T2 Gy =5(1, 1) + G (1, 19T 509G = (1 17)
. 5Gp)\7¢(3, 4) ] aa,—o aa,o 5Gp)\’¢(3’ 4)
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0 SR} 10
(5.248) = EU: U%Am Gy (3,303 —4) + T3 G +(3,37)3(3 - 4)}

(5.249) =3, 0 50, 10,,8(3 — 4)6(2 — 3)5(1 — 3%) [FQ - rﬂ
(5.250) =6, 05 50, 20, 0(3 — 4)5(2 — 3)5(1 — 3")T'Y.
We remind of the local spin and charge sum rules (egs. (5.117)), (5.142)),

(5251) S el = (1) ~ 200070,
q
(5252) %ZXE@)O{&(Q) = <na> + 2<na,Tna,¢> - <na>2‘

5.4.1. Ansatz for the irreducible spin vertex. As in the single-band case one
can use the derivation in Ref. [163] to get an ansatz equation for the spin vertex T'z.
We start with the implicit definition of the self-energy in eq. (5.48)),

(5:253) X5 (1L3)Gy (3.,2) = Uy (Trch o (17)cao(Dao(1)e,(2),

)

A simple ansatz can be obtained by performing a Hartree-Fock decoupling for the
right-hand side of the equation and to write a prefactor A in front of the decoupled
expectation values in order to restore the result for equal time/position evaluation, i.e.
2 — 1. This yields

(5.254) 250 (18G5, ,(3,2) = = Uy (no s (11)ea s (1) 4(2))

(5255) %Aa <na,—J>G L, 2)7

oz’y,a(

where we took advantage of imaginary time and space translational invariance of the
system. To recover now the result for equal imaginary time and position we determine
(5.256) A, =, \eolao)

(a0 (e, —o)
In principle, one would have to determine the occupations (n, ) from the interacting
system but we use the occupations of the non-interacting system and assume that those
are close to the occupations of the interacting system after determining the chemical
potential such that the particle number is conserved. In the case of the organic super-
conductors (see sec. we know that this is indeed true and not an approximation.
In the general case one can expect that this is a rather good approximation because
single-particle renormalizations have usually smaller effect on the two-particle objects
that the other way round: This scheme is consistent with the idea of single-band TPSC
that spin and charge fluctuations are effectively calculated from the bare Green’s func-
tion [163].
It was shown in the original single-band TPSC that such an ansatz can be also motivated
from the local-field approach for the electron gas and reproduces Kanamori-Brueckner
screening [201].
Substituting A back into the ansatz equation (eq. (5.253)) and multiplying with (G~')
where we again integrate over all internal degrees of freedom we find

L (2.2)

(5257) Zau,U(L 2) ~ Aa<na,—a(1)>5a,u5(l - 2)

To obtain the renormalized vertex I'*P? we perform the functional derivatives from
eq. (5.153) with the approximated self-energy expression from eq. ((5.257). This leads
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to the ansatz

6%, (1,2)
(5.258) T2, (1,2:3,4) =Y P07 "~
YBAp Z 5Gp/\¢(3’4)
ng_ _(2)
(5.259) =65 oty (2)+ Ay
5% Z 0G (3 4) 5 765G, (3,4)
(5.260) =Agds paméma(z - 3)5(2+ —4)6(1 —2),

where the contribution of % in eq. (5.259) cancels due to spin rotational invariance.
Thus, equation (5.260) together with the local spin sum rules (eq. (5.142)) give us a
set of equations to uniquely determine the irreducible spin vertex

n_ AN
(5.261) [P = A, = UQM.
<na7”]*> (na’\])

5.4.2. TPSC self-energy and susceptibilities. Inserting the spin and charge

vertices I'“"/$P obtained from the sum rules (egs. (5.251)),(5.252))) and the ansatz eq. ((5.260)
(cq. (B-159))

into the equation of motion for the self-energy (eq. (5. gives

Sopa(1,2)

af,o
U

(5262) :Ua <na,f¢7>6o¢,66(1 - 2) + TaGgﬁ(la 2) [Fspxzpﬁaa(Q 1) + FB X,Bﬁocoz(Q 1):|

where the spin susceptibility x*P can be calculated via the Bethe-Salpeter eq. (5.152]),

(5.263) VP e (1:2) =238, (1,2) — G (1,3)G0 (B, DIAL, (3. 2)

(5264) :2Xg'y£1/(17 2) + ngm(la g)rspxzpafu(?’: 2)

From this expression one can read that if we are interested in matrix elements Sfaa
(left-hand side) we only need to know matrix elements of the same form (right-hand
side), namely aaaa. This observation allows us to save memory and numerical cal-

culations by restricting all susceptibility calculations to matrix elements Xg/a 3 ésP The
same idea enables us to rewrite eq. (5.264]) in terms of a matrix multiplication,

(5265) 2X3a65(17 2) = (Ha,aé(l - g) - Xgaoza(l 3) ) Xaaﬁﬁ(g 2)

where I denotes the identity in the matrix site-space RNorb*Norb,

Analogously, one can derive from the Bethe-Salpeter equation (eq. (5.129))) for the
charge susceptibility " the expression

(5.266) 200aga(1,2) = (Tagd(1 = 3) + Xaaa(1, BITS) x4 (3, 2)

Note that the spin and charge fluctuation assume the same shape as in RPA (see
eqs. , ) Nevertheless, the important difference between RPA and TPSC
is the vertex that is used in the expressions. While RPA takes no vertex corrections
into account and the irreducible vertices I'®*/*P equal the bare interaction U, TPSC
considers such effects that enter via the local spin and charge sum rules.

The above expressions for the self-energy > and the spin and charge susceptibil-
ity x*P/°"(eqs. (5.262), (5.265) and (5.266)) are functions in real space and imaginary
time. Due to efficient implementation schemes (see app. for reciprocal space and
Matsubara functions we Fourier transform the above expressions and get

s , ) ap1—1 )

(5267) X p(q, qu) = [H - XO(Q> ZQm)F p] QXO(Q7 qu))
-1

(5.268) X(q,1q,,) = [H +x°(g, iqm)FCh} 2x"(¢ i¢,n)
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and

. U B o
E‘)‘ng(k’ an) =U, <na,—a>5a,ﬁ + Ta 2/0 el

(5.269) [T a1 =)+ T (7 =) Gt )
- k k + Wp—w /+ m)T
_Ua<na’7‘7> B T N2B2 Z Z Z/ Ve T IT
Q,iq,y, k' iw T
(5.270) [r;px;f;wm, i) + T X0 (@ 10.)| Gos(k i, )dr
U, T
= Oa,
(5271) X Z |: prz%aa q, qu) + F,B Xﬂﬁaa(q7ZQm):| G[c)xﬂ(k + Q7iwn+m)'
@G,

Alternatively, one can use the inversion property of the susceptibilities (see eq. (5.102)
to obtain

U, T
Eaﬂkv‘n: a aa(s
sk i) = Uplng, ) o
(5.272) x 3 [xaaw(q,z'qm)rﬂ x50 10,) T G0k = g0, ).

9%,

Next, we include the effects from the transversal particle-hole channel (see sec.|5.1.9)).
Similarly to the longitudinal channel one start with eq. (5.204)),

2015(17 g)@Gf (§7 2)<I>

N <T7na’¢(1)caﬁ(1)6%(2)> <T7na,¢(1)ca,¢(1)6h(2)>
(5.273) =-U, <T7”a¢(1) ¢(1)CL,T(2)>Z <T7na,T(1)Ca,¢(1)CTY,l(2)>z

and factorizes this expression in a similar way as in eq. (5.255) which results in the
ansatz

_ B Gii (1 1+) _GTi (1 1+)
5274) X -(1,3)G5 (3,2) = A T e gevh e G (1,2),
where A, is chosen such that the equal time and position limit is fulfilled, i.e. find
again

(5.275) A, =U, {MagTao)
(Ma.0) (0,0 )

because the spin off-diagonal Green’s function elements will vanish due to spin conser-
vation.

To obtain an expression for the irreducible transversal spin vertex I'*?'" (eq. (5.212))
we multiply eq. (5.274)) with the inverse Green’s function (G_l)?6 (2,4) from the right

and integrate out all internal degrees of freedom which yields

GiL(1,17),  —GLA(, 1%) 5(1— 4)6

5.276 2 (1,4)g = A
( ) oze( )<I> a <_G;§1(1a 1+)<I> Gg&(l, 1+)<1>

Thus, we obtain the space irreducible spin vertex

SEE(1,4)e

P (1,4;7,8) =
0GI(T.8)s

ealp
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(5 277) :U <na,ana,—a>

“ <na,a'> <na,—a>
as in the longitudinal channel and therefore we will have the same spin susceptibility
X°P (see eq. (5.203) and (5.187))). Finally, we can simplify the transversal self-energy
expression (eq. (5.211))) and obtain

Sa,p0e00,0(1 —4)0(1 = T)0(4 — 8)

Ua
(5278) EOIV,O'(L 4) = Uana,—a(l)éa,yé(l - 4) + FSPXVaa(4 1)Ga1/(1’ 4)

As discussed in sec. we average over the transversal and longitudinal self-energy
expressions (eq. (5.271) and (5.278))) to obtain the final result

T
Eaﬁ,a(k7iwn> = Ua<no¢ 0'>5 U8N
(5.279) x> [Srstﬁﬁaa q,iqy) + Ffahxfa%aa(q,iqm)} Gos(k + q,iw, y ).

@i
In the end one obtains the single-particle properties via the full Green’s function G
from the multi-site version of the Dyson equation

(5.280) G=[G) " ' +u-%]"",

where the chemical potential y is used to fix the number of particles after introducing
the improved self-energy expression from eq. ([5.279)).

5.4.3. Internal accuracy check. We remind ourselves of the identity
(5:281) 25 (135 ,(3:2) = ~Us (Tyng o (1")cao (1)l 4(2))

that we derived both in the longitudinal particle-hole channel (see eq. (5.48])) and the
transversal particle-hole channel (see eq. (5.205)). Evaluating this equation at equal
space-time variable and site index, 2 — 17 and v — «, gives

(5.282) 2,5, 1:3)G5, (3.17) = Uy (g —oMa0) »

which can be Fourier transformed into

(5.283) 71_1}% — kz e n TE ,(kyiw )Gﬁa’a(k,iwn) = U, (N — oMo -
w

Note that the limit cannot be exchange with the infinite sum due to the constant
Hartree-Fock term in the self-energy ¥ (see eq. (5.279))) and the O (ZJ )—high fre-
quency behavior of the Green’s function G.

Inserting the explicit expression for the self-energy ¥ (eq. (5.279) into the above equa-
tion with G replaced with the non-interacting Green’s function G gives

lim — Z e Ty, B (k,iw )G%aa(k,iwn)

T/O k,iw,
:Ua< a o‘><na0'>+
5P 5P . ch., ch -
8N ' [ 7 X53aa (@ 1m) + U5 X55,4(0 10m)
9,%qm
(5.284) X li;% > TGOSk 4 ¢, iy )G (R iwy,),
k,iw,,

where we used that the off-diagonal of the non-interacting Green’s function G° decays
faster then n +— 1/(iw,,) (see eq. (4.235])) whence only the diagonal elements ¥, and
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GY ., contribute to the first term on the right-hand side of eq. (5.284). Moreover, we

can identify the irreducible susceptibility x" (eq. (5.72))

lim — Z e n TE (ks iw )Gga (k,iw,,)

kiw,,

(5.285)

U,T . . .
o [3F;px;’;3 (@ im) + TF X500 (4 zqm)] Xoa53(4 1m)-

@im
We can now use the Bethe-Salpeter equations (5.129) and ((5.264) to identify

lim — Z e WnTy] ﬁa(k iw,)GY (k. iw,)

T/O k,iw, foe
(5.286)
v, T . . .
:Ua<na,fcr>2 - 83(\7 |:3Xiypaaa(q’ ZQm) - 4X8¢aaa(q’ ZQm) - Xg;aa(% ZQm):| :
9,1

From the local spin and charge sum rules (egs. (5.251)), (5.252))) for the spin and charge
susceptibilities y*?/¢" and the same ones in the limit U = 0 — this gives us a sum rule
for Y — we obtain

lim — Z e n TE (K, iw )G%ao(k,iwn)

k,iw,,
U (-0 = 2 [3 (1) = 2070 ) — 2 (10) = 2 Y0 ) ~

(5.287) = ((na) + 2(ng ng3) = (n0)?)]
(5.288)  =U, (Mg _oNo) -

We conclude that the sum rule

A i . .
(5.289) 71_1;% N Z e W”TZQB’U(k:,zwn)G%a,o(k,zwn) = U, (Mo, oM o)
k,iw,
is indeed fulfilled for the TPSC self-energy. For this reason we can use this sum rule as
a benchmark for numerical convergence and more importantly the deviation between
eq. [5.289| and the same equation with G° replace by the full Green’s function G gives

us a measure for the applicability of the TPSC approximation.

5.4.4. Flowchart of the multi-site TPSC. For a better overview on the multi-
site TPSC approach we give a flowchart of the method in fig.
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non-interacting Green's function
G’=(iwpid-H,)!

irreducible susceptibility
0
Xouxﬁﬁ :'G%ﬁ *G%a

initial guess for
<Ny Ny 6>

spin vertex ansatz fNo, H;W <tn°"°,r:°""’? &
rom Newton iteration
I'Y = U, <ng Ny o>/(<nyo><ny_o>)

local spin sum rule

Spin Bethe-Salpeter equation Yo (0,0) = <n> - 2<n, .n, >
Yes

initial guess for

A~ E
ch local charge sum rule ,  Charge Bethe-Salpeter equation
Yoo (0,0) = <n,> + 2<na,6na,_c> - <n,> Xch:(1+XOFch)_12XO

converged? \/

No, new I'" e.g.
Yes from Newton iteration

Equation of motion for the self-energy
Tapo = U<ty o>8,5 + (UBBLF A+ xpal*GYy

Dyson equation
G = (in,id-Hy+p-X)

FIGURE 5.9. Multi-site TPSC flow chart as described in sec. 5.4l After
calculating the non-interacting Green’s function in site-space and the
irreducible susceptibility components a3 one has to converge the spin
and charge with respect to the local spin and charge sum rule and the
Bethe-Salpeter equations. From those one is able to evaluate the self-
energy and thus interacting Green’s function via the Dyson equation.
Note that id is the identity map in site-space which is equivalent to I.
Figure adapted from Ref. [164].
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5.4.5. Short summary on the applications of multi-site TPSC. The multi-
site version of TPSC was applied to the Hubbard model on a honeycomb lattice where
antiferromagnetic instabilities were studied . Further investigations dealt not only
with superconductivity in organic superconductors and Cuprate super-
conductors[240},/243|[244] but also with correlation effects in layered transition metal
dichalcogenides . The approach was also used to define a measure for the strength
of k-dependence of the self-energy [246].

5.5. Multi-site TPSC application: Organic superconductors

K. Zantout, M. Altmeyer, S. Backes, R. Valenti

Superconductivity in correlated BEDT-TTF molecular conductors: Critical
temperatures and gap symmetries,

Phys. Rev. B 97, 014530 (2018)

1241

In this section we study the superconducting properties of a class of quasi two-dimensional
organic charge transfer salts, the so-called k-(BEDT-TTF)sX compounds, where BEDT-
TTF stands for the organic molecule bis(ethylenedithio)tetrathiafulvalene and & refers
to a specific alignment of those molecules (see fig. and X is a molecule complex
that we will specify later. Those materials are also abbreviated x-ETX.

The research interest for this family of superconductors is due to the rich phase diagram
of these crystals that contain anti-ferromagnetic Mott insulating, superconducting and
possibly spin liquid phases [247-249]. More specifically, it is possible to move these
systems to different phases by means of chemical substitution of the anion X, physical

pressure or the so-called endgroup disorder freezing [2}[249{252].

© TME v Q0

—

A T —
B t3 ! Pp—

FIGURE 5.10. Model systems for x-(BEDT-TTF)2X superconductors.
(a) The ellipses represent the (BEDT-TTF) molecule, where A, A’, B
and B’ represent the four molecules within one unit cell. The parameters
t1,...,t4 denote the major hopping matrix elements while the thickness
of the corresponding line encodes the size of the hopping. The dimer
model in (b) is obtained by integrating out the ¢; hopping and averaging
between t9 and t4 which results in the hopping ¢ whereas t’ is equal to
|ts]/2. Figure reprinted from Ref. [241].

Those materials consist of anionic layers X~ that separate the extended organic
(BEDT-TTF); molecules from each other (see fig. . Due to the insulating an-
ion layers the electronic structure is highly anisotropic and quasi two-dimensional. At
low temperatures of ~ 10K many representatives of this material class become super-
conducting [253-256]. Although many different experiments have been conducted to
determine the symmetry of the superconducting gap function there is no final answer
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%ﬁ"ﬁ m %RXO
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O o-@ O-4 O-4 014

‘P-f) ‘P—O ‘P-O ‘?'

FIGURE 5.11.  Schematic unit cell (back rectangle) of a x-(BEDT-
TTF)9X crystal. We recognize the two important constituents of those
crystals, namely the extended organic molecules (BEDT-TTF); (tilted
aromatic compound) and the flat anion layers X~ separating them. The
organic compound consists of carbon (brown), sulfur (yellow) and hy-
drogen (pink).

and published proposals range from s-wave [257-259] to d-wave [260-268| symmetry

but even within the party that agrees on d-wave symmetry there are different claims
regarding the local of the superconducting nodal lines [261},/266.269,270|.

Due to the similarity of the organics phase diagram with the one of Cuprate su-
perconductors one can assume that the same underlying pairing mechanism based
on anti-ferromagnetic spin fluctuations drives superconductivity in xk-(BEDT-TTF)sX
materials with the additional degree of freedom that comes from geometrical frustra-
tion . For this reason we will start with the DFT based kinetic Hamiltonian
where we include an additional local Hubbard interaction for the correlated electronic
states at the Fermi energy.

Ab-initio bandstructure calculations suggest two different effective low-energy Hubbard
models for these materials . The first model, that is coined molecule model in this
section, is based on the four BEDT-TTF molecules that appear in one layer of the
unit cell (see fig. [5.10(a)). This four-band model can be further simplified by taking
advantage of the large hopping t1 (see figure) that is due to strong dimerization of two
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parallel aligned BEDT-TTF molecules. Thus, one can integrate out the ¢; degree of
freedom, average between to and t4 and divide t3 by two in order to obtain the dimer
model (see fig. [5.10[(b)).

Studies that compared both models to each other found out that the averaging of the
internal degrees of freedom within the dimer model can lead to qualitatively differ-
ent results due to the neglect of the high in-plane anisotropy observed in x-(BEDT-
TTF)2X organic superconductors [269,[273|]. More specifically, the mentioned calcu-
lations on the more accurate molecule model that takes account of these anisotropies
predict an eight-node s+d,2_,2 superconducting gap symmetry while the calculations
for the dimer model lead to a d;, superconducting gap symmetry. The exotic eight-
node superconducting gap function seems more promising in view of scanning tunneling
spectroscopy measurements performed for k-(BEDT-TTF),Cu[N(CN)|Br that are less
compatible with the simple d, solution [269]. One should however note that those
measurements are not phase sensitive and thus the issue is not settled from the exper-
imental side although those results are already indications for the inadequacy of the
dimer model to describe the superconductivity in x-(BEDT-TTF)2Cu[N(CN);|Br.

In contrast to the mentioned studies in Refs. [269}273]| which are based on weak-
coupling random phase approximation calculations without finite-temperature effects
we study here the dimer and molecule model within TPSC where we expect additional
effects due to vertex renormalizations and finite-temperature effects. The supercon-
ducting critical temperature and gap symmetry is obtained by means of the linearized
Eliashberg equation [274-276|

AA (K, iwn,)

T . . . ¥ .
(5290) = > Vilk =K ignn) D> Gua(k,iwn) Dap(kiwn )G g (K, i),

e
K jiw,,r a,fB

where the superconducting gap A, (k,iwy) is restricted to singlet states and even-
frequency and -orbital solutions, i.e.

(5.291) Ayu(kyiwn) = Ap(kyiwn) = A (=K, iwn) = A (b, —iwny),

by symmetrizing
(5.202) (GAG) (b, icon) — % (GAG)u (ki) + (GAG)u(—k, —icon)]

The largest positive eigenvalue of the linearized Eliashberg equation (5.290)) is numeri-
cally obtained by the power method [277] and determines the superconducting critical
temperature when it becomes unity. We use the pairing vertex

. 3 S S . 1 C. C. . 1
V(g igm) = = UPXP (¢, igm)U + JUX™ (q,igm)U — 5U

that is based on the random phase approximation in the particle-particle channel [168,
278|.

As described previously the dimer model consists of a lattice model where the
lattice sites are constructed from averaging between two parallel oriented BEDT-TTF
molecules. This construction results in a half-filled anisotropic triangular lattice, where
two dimers are located within the crystallographic unit cell [273] because we know that
one electron is transfered from the (ET)2 layer to the X layer. In the molecule model
one takes each molecule as a lattice site which leads to a three-quarter filled four-band
model [273]. The hopping parameters that are calculated from the projective Wannier
function method are here restricted to four largest hopping amplitudes t1,...,t4 (see
fig. [.10(a)). We take the hopping parameters from [273] which lead in the molecule
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model to the kinetic Hamiltonian

(5.293a) (0| Hign 1) (k) = t1 + t3 e*=,
(5.293b) (01 Hign[2) (k) = t4 (14 ¢700),
(5.293¢) (01 Hign3) () = 5 (1 4+ =) |
(5.293d) (1 Hign|2) () = ta ™08 (14 7k
(5.203¢) (1 Hign3) (k) = ta = (14 7ot
(5.293f) (2| Hyin|3) (k) = t1 + tg e Foa,

(5.293g) (o Hign| o) (k) = —p,

where a and b are the lattice constants of the two-dimensional ET plane, |a) is the
Wannier state localized at the molecule position . The remaining matrix elements are
obtained from H = HT. Note that the chemical potential was determined numerically
to ensure the correct particle number in both models.

The hopping elements of the dimer model are obtained via

(5.294) t = (2] + [ta])/2,

(5.295) t'=|ts|/2

and lead to the kinetic Hamiltonian

(5.296a) (0 Hiin[0) (k) =(1|Hiin|1) (k) = 2¢'cos(kga) —
(0] Hign|1) (k) =t (eikza/2+ik:yb/2 + e~ ikaa/2+ikyb/2 |

(5.296Db) +ethea/2—ikyb/2 4 e*ikza/2fikyb/2)
(5.296¢) =(1|Hn|0)* (k),

where |o) denotes the Wannier state localized at the dimer position . Note that

the on-site Hubbard interaction in the dimer model Uy, can be approximated by
Ugim ~ 2t; [248/279], while we denote the Coulomb interaction in the molecule by
Umol‘

5.5.1. Computational details. The non-interacting susceptibility x° was calcu-
lated by means of the adaptive cubature method (see appendix based on a three-
point formula for triangles with an integration tolerance of 107°. All susceptibilities
were stored on 200 x 200 k-grids at ig, = 0 for the molecule model and else we employed
an adaptive grid (see appendix . In the case of the dimer model we used a 300 x 300
k-grid. All other quantities are well-converged on 70 x 70 k-grids. The summation
over Matsubara frequencies was performed for Nyjats = 40 - (0.025/T") frequencies and
we included high-frequency corrections up to the order of 1/w? by extrapolation (see

appendix .

5.5.2. Dimer model results. In fig.[5.12] we show the superconducting gap func-
tion that we observed for all dimer model calculations of the organic superconductors
in [273]. We observe a d;, gap symmetry for both bands, where additional nodes
occur at the boundary of the first Brillouin zone due to 27 periodicity of the gap
functions. Those additional nodes that are also relevant on the Fermi surface (black
lines in fig. have been already observed in previous calculations and attributed
to strong inter-band coupling |[280]. The d,, symmetry itself can be understood from
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the Hubbard model on a square latticﬂ where we know that antiferromagnetic spin
fluctuations yield a pairing vertex that is peaked at (m,7) due to the perfect nesting
condition in the Hubbard square lattice at half-filling. Such a pairing favors d,2_,2
gap solutions which has to be translated into the two-site Brillouin zone of the
organic dimer model by rotation of 45° and additional folding of the corners of the
Brillouin zone to the center. This transforms the original d,2_,2 gap solution of the

T m 1 o m 1
K, |05 k 405
0 - 0 0 - 0

= -0.5 = -0.5
_n—n 0 T 3 i 3
k

X

FIGURE 5.12. Superconducting gap A(fé, iwp) of the dimer model in the
first physical Brillouin zone (see main text). The dominant d,, character
shows nodes along the boundaries, since it has to be 27 periodic, and a
sign change between (a) the first band and (b) the second band that has
been previously assigned to strong inter-band coupling . Figure
reprinted from Ref. [241].

single-site unit cell into a dg, solution of the dimer unit cell and we can understand
the anisotropic hopping t’' as a small perturbation that introduces geometric frustration
(see fig. and thus reduces spin fluctuations without changing the gap symmetry.

In order to understand the effect of ¢/t in more detail we plot the largest eigenvalue
of the linearized Eliashberg equation for T=0.003 eV as a function of the Hubbard in-
teraction Ugiy, /t and the frustration ¢/t in fig. [5.13
First, we remind that a large eigenvalue implies close proximity to the superconducting
phase and A = 1 signifies the superconducting transition temperature 7.
We observe that too large geometric frustration '/t suppresses superconductivity since
the key ingredient to the pairing vertex are antiferromagnetic fluctuations. Those
fluctuations can be induced by the local on-site repulsion Ugiy,/t which leads to an
enhancement of the largest Eliashberg eigenvalue as long as this value is not too large.
In the case where Ugiy, /t 2 1.5 and low geometric frustration we find that supercon-
ductivity is also suppressed. The reason here is that the strong interaction leads to
pseudogap physics where sections of the Fermi surface states are gapped out and thus
one reduces the essential states that are needed for forming Cooper pairs.
To avoid those antiferromagnetic ordering tendencies from strong interactions one can
introduce geometric frustration ¢/t which yields a good balance between strong pair-
ing interaction and sufficient electronic states at the Fermi energy. For this reason we
observe a maximum of the largest Eliashberg eigenvalue around the values t'/t ~ 0.25
and Ugyy, /t > 3.4.

After having understood qualitatively the pairing mechanism in the dimer Hubbard
model we move to the eight representative materials that were studied in Ref. .

16This corresponds to the limit of ¢ = 0.
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We take the hopping amplitudes given in the reference and fix the Hubbard interaction
to Ugim =~ 2t as mentioned earlier. With those parameters fixed we reduce the temper-
ature until the largest eigenvalue of the linearized Eliashberg equation reaches unity.
The results of this analysis are shown in table Most remarkably, we find that the
superconducting critical temperatures are not only far away from the experimentally
measured but also they do not follow the same trend. If we want to understand

1.0

04 +

02

0.0 ‘

FiGURE 5.13. Largest positive eigenvalue of the linearized Eliashberg
equation at fixed temperature T=0.003 eV within the dimer model.
While moderate on-site interactions Ugiy,/t are crucial to obtain su-
perconductivity, we see that too strong correlations (Ugim/t 2 1.5) re-
sult in the opening of a pseudogap and thus a suppression of quasi-
particle states at the Fermi surface that are needed to form Cooper
pairs. Too large antiferromagnetic fluctuations that lead to Mott insu-
lating tendencies can be reduced by anisotropic next nearest neighbor
hoppings and the implied geometric frustration. A combination of both
(t'/t = 0.25 and Ugim/t > 3.4) is most favorable for superconductivity.
Figure reprinted from Ref. [241].

those results by means of the analysis shown in fig. [5.13] we plot the calculated critical
temperatures of the eight organic superconductors in dependence of their respective
frustration t//t in fig.

In agreement to the analysis that we performed for fig. [5.13| we find that the critical
temperatures T, decreases quasi-linearly with frustration ¢'/¢. This means that the
critical temperatures of the organic superconductors are not determined by the interplay
of the dimer Hubbard interaction Uiy, and the geometric frustration ¢'/t but we need
to consider more degrees of freedom within the materials. This leads us to the molecule
model where each ET molecule is treated as a single site.

5.5.3. Molecule model results. We consider now the 4-band Hamiltonian from
eq. (5.293)), where each site corresponds to the center of one ET molecule (see fig. b))
Due to the charge transfer of one electron from (ET), to the anion layer X we have a
filling of 3/4.
For this more elaborate model of k-(ET)2X superconductors the spin-fluctuation ran-
dom phase approximation study showed that an exotic s+d,2_,2 superconducting gap
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FIGURE 5.14. Critical temperature T, calculated within the combined
multi-site TPSC + linearized Eliashberg equation as a function of frus-
tration t'/t for the eight x-(ET)2X materials listed in table We
observe a quasi-linear drop of T, as a function of increasing ¢’/t which
can be understood from the analysis we performed for fig. where
too strong frustration reduces the pairing interaction due to suppres-
sion of antiferromagnetic fluctuations. As a guide to the eye we show
the linear fit to the data points. Figure reprinted from Ref. [241].

symmetry (see fig. is realized in the eight materials studied and that a small change

in the hopping parameters can push the system into a d,, gap symmetric state [273].

In contrast to this study we find that only two out of the eight compounds exhibit
s+d,2_,2 gap symmetry while the others converge to a d, gap solution. The two mate-

rials that show the exotic gap symmetry are k-(ET)2Cu(NCS)2 and x-(ET)2Cu[N(CN)2](CN)
which are the ones that have the largest in-plane anisotropy ta/t4.

material | '/t ta/ts | Uaim [eV] | TIPSC K] T, K]
#-(ET)2Ag(CF3)4(ICE) 0.449  0.362 | 0.336 32.5 2.6
k-(ET)s 13 0.346  0.266 | 0.36 44.1 3.6
k-(ET)2Ag(CN)o1-HyO 0.473  0.305 | 0.37 31.3 5.0
k-0~ (ET)2Ag(CF3)4(TCE) | 0.495 0362 | 0.332 27.1 9.5
k-(ET)2Cu(NCS)» 0.69  0.171 | 0.38 15 10.4
k-oh-(ET)2Ag(CF3)o(TCE) | 0.495 0.369 | 0.33 26.2 11.1
k-(ET)2Cu[N(CN)s] (CN) 0.669 0.172 | 0.3 13.9 11.2
k-(ET)3Cu[N(CN)5]Br 0.455  0.379 | 0.354 32.5 11.6

TABLE 5.1. Comparison of the superconducting critical temperatures
T. from TPSC and experiment for several organic charge transfer salts
(see [273]). We find that the calculations within the dimer model do
not reproduce the general trend of the experimental results but can
be understood by means of geometric frustration (see fig. . The
experimental critical temperatures are taken from [253-256]. Table
reprinted from Ref. [241].
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Nevertheless, it is important to note that this gap symmetry is only stable at low
temperatures and large values of on-site interaction Uy or else the systems converge
towards the d;, gap symmetry solution. In order to estimate the value of Uy such
that all eight organic superconductors show s+d,2_,» gap symmetry we average the
t1, to and t3 and study the dependence of the largest Eliashberg eigenvalue as a function
of Upel and the in-plane anisotropy t4/t2. The results of this analysis are shown in

FIGURE 5.15. st+d,2_,» superconducting gap A(E, iwp) as obtained in
the four band molecule model at low temperatures. This kind of symme-
try was already observed in [273] where the calculations are performed
in the framework of the spin fluctuation random phase approximation.
The Fermi surface is again shown as black line. Figure reprinted
from [241].

fig. Thus, only if we choose Unol 2 0.7eV we can stabilize the s+d,2_,2 solution
for all eight compounds and we find that in-plane anisotropy t4/ts is a good way to
further stabilize this solution.

Note that it is not possible to extract critical temperatures for the eight compounds
since for reasonable values of Uy, we cannot access sufficiently low temperatures due
to strong divergences in the spin susceptibility which make an accurate calculation

impossible [241].

5.5.4. Summary and Outlook. As an application of the multi-site TPSC we
studied superconducting critical temperatures of eight x-(BEDT-TTF),X organic su-
perconductors by means of the linearized Eliashberg equation. Those complex materials
can be modeled by the simple dimer model and a more complex molecule model.

We find that the dimer model cannot reproduce the right trends in the experimen-
tally measured critical temperatures but only reflects the interplay between geometric
frustration and enhanced spin fluctuations due to strong on-site repulsion.

Thus, we investigated the molecule model, where additional degrees of freedom such
as the in-plane anisotropy are active. This model indeed exhibits the exotic s+d 2_,2
superconducting gap structure as already predicted in Ref. but this solution is
only stable for the two compounds with the largest in-plane anisotropy. Nevertheless,
our calculations show that this solution can be stabilized for all eight materials if the
on-site interaction Uy, is sufficiently large.

Moreover, our calculations support the idea that small variations of the crystal pa-
rameters by means of pressure, strain or endgroup disorder may allow for dynamical
switching between the s+d,2_,2 and the d;y gap symmetry.
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FIGURE 5.16. Largest eigenvalue of the linearized Eliashberg equation
A for Uyl = 0.55,0.6,0.65 and 0.7 eV, where t1,t2 and t3 averaged over
the respective hoppings of the eight materials studied in Ref. [273]).
We see an overall increase in A by going to larger values of Uy and
an inset of extended s + d,2_,2> gap symmetry (orange background) at
large in-plane anisotropy ts4/tp while d, symmetry (blue background)
is dominant otherwise. Figure reprinted form Ref. .

Finally, we remark that this study does not include effects from inter-site Coulomb
repulsion. Extended model calculations that introduce this nearest neighbor Hub-
bard repulsion are able to see charge density wave phases close to the superconducting
instabilities which means that this terms might be important to understand the exper-
imental critical temperatures and give a more precise superconducting gap symmetry

prediction 283|.
5.6. Multi-orbital TPSC

K. Zantout, S. Backes, R. Valenti

Two-Particle Self-Consistent method for the multi-orbital Hubbard model
arXiv: 2008.08098 (2020)

[164]

The first extension of TPSC to multi-orbital problems was performed by Miyahara

et al. in Ref. [284]. The approach developed in 285| differs to the previously
mentioned one in some details that will be commented on later. In the following

derivation we follow the scheme presented in Refs. [164,285] and supply additional
steps and comments.
We assume a multi-orbital system that is described by the Hamiltonian

H= 3 (t:;jﬂ_rj - M5i,j5a,ﬁ> cho(1i)Cs,q (5)

a?ﬁ’i%j?a

1
+§ Z Uaﬁna,a(ri)nﬁ,—a(ri)

a?IB7i7o-
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1
+ 5 Z (Uaﬁ - Joaﬁ)na,cr(’ri)nﬁ,o‘(’ri)

a?ﬁ7i7o-
aFB
1
=5 2 Jas (o lri)eao (i)l (ri)eaq ()
a367i7g
aFfB
(5.297) b o (1), (ri)eh o (ri)es o () )

where t;g "I are all hopping matrix elements connecting orbitals a and § that are
related by lattice vectors r; — r;. We drop the spin index in the kinetic part of the
Hamiltonian because we assume a paramagnetic state without breaking of time-reversal
symmetry and spin rotational invariance. The matrix element U, 4 denotes the onsite
orbital-dependent Hubbard interaction while J, 4 are the onsite inter-orbital Hund’s
couplings. An extensive discussion on the determination of the values of t, U and J
can be found in chap. [2and [3} The operator ¢, ,(r;,7) destroys an electron with spin

o in the c-orbital at unit cell position r; and imaginary time 7 and cTﬁ’o(rj, 7') creates
an electron with spin o in the [-orbital at unit cell position 7; and imaginary time
7/. The density operator is defined as in eq. . Note that we dropped the time
dependence of the Hamilton operator since it is not explicitly time dependent.
An alternative formulation of the Hamiltonian in terms of spin matrices can be found
in appendix

Since many steps in the multi-orbital TPSC derivation are the same as in the
multi-site derivation that we presented in detail in sec. and we only give the
final results if both can formally be deduced in the same way.
The strategy of both TPSC versions is exactly the same, i.e. first derive the Dyson
equation by means of the equation of motion for the interaction Green’s function. Then,
express the implicitly defined self-energy in terms of generalized susceptibilities and
derive the self-consistent Bethe-Salpeter equation for those susceptibilities. Finally,
assume that the four-point interaction vertex is local and static in order to obtain
approximate expressions for the susceptibilities and the self-energy equation of motion.
By enforcing local spin and charge sum rules on can determine the four-point interaction
vertex.

First, we work with the same longitudinal channel generalized partition function as

in eq. (5.7),
Z[p] =tr [e_ﬁHTTef 2opo fd(l)fd(2)ciw(1)%13,0(1’2)0/3,0(1’2)}

. <T e—%,g(lwaﬁyo(l,z)%(z)>
(5.298) = (1;5[4]) ,

from which we can deduce the Green’s function

sinzlg)  (TSlleaq(Del,(2))

C00p,(21) T (TSl

via functional differentiation (see eq. ) and the generalized susceptibility
0G o5.,(1,2)¢

_ 06,cq(3,4)
(5.300) =~ (Cao()eh(2)e]  Becor(4)) | = Caso(1,2)6C e 00(4:3)s

(5.299) Gopo(1,2)g =
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from functional differentiation of the Green’s function G (see eq. (5.24).

5.6.1. Dyson equation. In order to derive the Dyson equation (see eq. ([5.49)))
we need to evaluate

9c,, o (T, T)
(5‘301) i or [H7 Cuo (rkv T)] = [H(T)a Cy,o’(Tka 7—)]
— Z (tgi[_;rj _ M5i,j5a,6) [cLyU(ri, T)CB,U(TJ', T), cl,p,(rk, 7')]
7/B7i7j (e}
+ - Z Uap o(Tiy T)ng o (13, 7), CV7O./(T]€,T)]
a,B,i,0
1
+ 5 Z (Uaﬁ - Jaﬁ) [na,a(ri? T)n,B,a(riv 7-)7 Cuo (rka T)]
a7ﬁ7i7o-
a#p
_ Z J, [( o (i T)Co o (T T)cg’_g(ri, T)Cs.o (T, T)+
7/8’7/70.
aFp
(5.302) + CL’U(Ti,T)Cﬁ _J(Ti,T)cL_U(Ti,T)cﬁ7g(ri,7)) ,CV,U/(Tk,T)]
- Z (tz K /,L5 7]604 ) ( TZ’ {CBO' rj, T )701/,0"(74’%7-)} -
a7/37i7j7a.
- {CTCX,O' (Ti’ T)7 Cy.o! (Tkv 7—)} 8.0 (Tj7 T))
+ 5 Z U Tlv ) [n@,a.(?“i, 7_)7 Cl/,o"(r]ﬁ 7—)]
7/8’7/70-
+ [na,a (ri> T)a Cu.o! (’l“k, 7_)] ng o (Tia 7_))
1
+ 5 Z (Uaﬁ - Jaﬁ) (nap(ri’ 7_) [nﬂ,a(r% 7_)7 Cuo! (’l“k;, 7_)] +
a7ﬁ7i7o-
a#p
+ [na,a (ria 7—)7 Cu,o’ (Tka 7-)] n,B,a (Ti, 7—))
-3 Z Jy < |: Tza )Ca’—a' (74, T)C}j,_o— (7i T)Cﬁ,a (ris7), Cu,o’(r/ﬂ T)} +
757270’
a#p
(5.303) + [CLJ(T,-, T)Cs.—o(Ti, T)CL’_U(TZ‘, 7)C3,5(Tis T)s €y oo (ks T)} )
=" Z (t;iﬁ_rj - 'u(si,j(saﬁ) 604 V(Sa a/éri,rkcﬁ,a(rﬁ T)_
’/B7i7j g
T 9 Z U o (s )61’,550’,—0(5%%05,*0(ri7 )+
7/3’7/70.

+ 604 1/50’ 057"1 71 Ca O’(Ti’ T)nﬂ,fa(ria T))

1
_5 Z (Ua,b’ - Ja,@) (na,a(”’ 7—)51/,560’ 067‘1 chﬁ,a(riv T)+
a’ﬁ7i7g

ok
+ 504 l/50‘/ 0'57‘1 ri Ca U(T’i’ T)nﬂ,o'(rh T))

) Z J ( T“ ) Ca, a(ri,T) [C,g,fo-(riﬂ_)c,@,a(riaT)acy,g/(rva):| +
B?Z7O.
Oé#ﬁ
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+ [c&a(ri, T)Co—o(Tis T);s €y oo (ks 7‘):| 62770(7“@', T)Cs.6 (T, T)+

el (rinT)es o (i) [eh o1, T)es o1 7) 0y o (1, 7)] +

(5.304) + [CL’J(TZ‘,T)C/B’_U(’I"Z‘,T),CV7U/(’I"]€,7'):| 627,U(r¢,7)cﬁ70(ri,7)>
= Z ( Tk " /j’(;k jéy,ﬁ> CB,U’ (ij T)
= Z Upns (Ths T)Cy oo (They T) + €y (They TN — o (T 7))

- 5 Z(Uau - Jal/) (na,a’ (rkv T)Cu,a’ (Tkv T) + Cu,o’(rlﬁ T)na,a’ (rka 7—))
o
aFv

+7 Z ‘] ( T’H )Oc U(ri?T)(Sﬁl/(SO'/ 7057" rkC,B,a(ri’T)—i_

7&7270
a#f

+ 80051 50r i Co o (Ti T)EG o (11, T)eg o (i T)+
+ C}; J(riv T)C,B,fo (rlv )504 1/60’ fodn 7B, (Tia T)+
+ (5a 1/50’ 057" 7:CB,—0o (Ti7 T)CL,—O' (ri7 T)Cﬁ,o (Tiﬂ T))

== Z ( Ly “5k,j5u76) Cg,00(15:7)
_ZU rkv ) /(TkivT)
- Z av ocl/ na,o" (Tk, T)Cu,a’ (rk’ T)
a;y

Z ( (Ths T)Co o0 (Ths T)Cyy— g (Thes )+
a;éy
+ ¢y o (Tk; T)eC

+Cl/ o'( ) a,a’ rk‘? ) (Tk77)+
(5.305) t o (i), <w>ca,a,<w>)

=- Z ( ty Nék,jéy,6> €307 (rj,7)
- Z Uap (T T)Cy o (Th, T)
- Z av — Jaw) (Tk’ T)Cz/,a’ (Tk, 7)

astv
2 o (6o e (s )
astv

(5.306) +C:r/770, (Ths T)Coror (Ths T)Cop— 0 (T T)) ,

where we have used the identities

(5.307) [A, BC] =ABC — BCA = ABC + BAC — BAC — BCA
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(5.308) —{A, B}C — B{A,C}

(5.309) [AB,C] =ABC — CAB = ABC — ACB + ACB — CAB
(5.310) —A[B,C] +[A,C|B

(5.311) [AB,C] =ABC — CAB = ABC + ACB — ACB — CAB
(5.312) —A{B,C} — {A,C}B

and the fermionic commutation relations

[na,cr (Ti)7 €807 (T])]

(5.313) = |eh o (ri)eag (1), c5.0:(ry)]
(5.314) =cl, (1) {Ca o (1i), cp00(rj) } — {cL,a(m),CB,gf(rj)} Cao(Ti)
(5.315) =l (1) + 0 = 0, 505 510 1 Cor (1)
(5.316) =~ 04,805,0/0r, 1, Cao(Ti),
[cLya(ri)cﬁp, (r:), Coy o (rj)}
(5.317) =cho (1) {C5.00(ri)s 64,00 (1)} = { ek o (1), € (r3) } 5,00 (70)
(5.318) cL’U(n) N T P ()
(5.319) ~ OO 0 1,51 (1)

In the same fashion as for the multi-site case (see sec. we obtain the imaginary-
time derivative of the Green’s function G but with the only difference that addi-
tional terms appear due to time-evolution of the annihilation operator ¢, (ri, T) (see
eq. (5.306])). Thus, we obtain the similar result

aGl/ O'( ) r1—73 . _
S = S (T 5B) 61— )Gl (3.2)s
! 8

+ 3V (ma-o)ero (Ve ),

+> (Mo (10 (el ,(2))
cx?éu
Z <<c L(1M)ean (e, "(1)62"’(2)>¢
a;éz/

—0(1—=2)d,¢
(5.320) - ¢VB,U(17§)GBE,U(§7 2)g-
Again, we identify the non-interacting Green’s function G in terms of its inverse
(5.321)  [(G")7],5(1,2) =0 (m = 72)d, ;. 0,5+ (t%’"? - u(srmayﬂ) 5(m, — 7y)

in the limit of no interactions and no external field.
Thus, we are able to rewrite the equation of motion (5.320)) as

(5:322)  {[(G)7Y],5(1.3) ~ 6,5(1,3) = T,5,(1,3)5 } G5 ,(5,2)5 = 01 = 2)d,,
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where we implicitly defined the multi-orbital self-energy

501 D605, (3:2) == 3 Vo < +>cy,a<1>c§,c,<2>>

astv
(5.323) + <CJ,L’U(1++)ca,a(1+)ca7_0_(1)020(2)>¢> .
Rearranging equation we obtain the Dyson equation
(5.324) (G e (120 = [(CO)] ¢ (1,2) — b0 (1,2) — By (1,2,

5.6.2. A self-consistency equation for the generalized susceptibility. To
obtain the Bethe-Salpeter equation as in sec. [5.1.4] we identify the four-point correla-
tion functions on the right-hand side of eq. (5.323)) with the higher-order functional
derivatives of the generalized partition function Z[¢] (see eq. (5.300])). This yields

Y = (1,§)¢G— (5,2)¢,

af,o
oG (1,2)
=— § 4 — 1,1t 1,2
> Uﬁa (5¢ﬁﬁ70(1++’1+) Gﬁ/i—a( ) )Ga%o( ) )>

0Goy0(1,2)
- Z(Uﬂa - Jﬂa) <6¢6,8,g’21++’ 1+) - Gﬁﬂ,a(lﬂ 1+)Ga’y,a(1’ 2))

g
B#a
G, (1,2)
By,o\ +
(o )
p#a
0G4, (172)
Bv,0 ) +
5.325 -G 1,2)G 1,1 .
( ) + <5¢aﬂ7_0(1++71) ﬁ’y,cr( ) ) ,Ba,fa( ) ))]
In contrast to the multi-site expression (see eq. (5.51))) we deal here with more index

combinations in %. Nevertheless, all those information are contained in the Bethe-

Salpeter equation (see eq. (5.58]) and fig. that we derived in the multi-site case and
which is derived analogously in the multi-orbital case.

5Ga§ o'( )¢

= 1 4 )
6¢V&,o-’ (4a 5) Gaug( )¢G€< 0'( )50',o'

0¥ (3,2)p 0G_+—(7,8)4
5.326 G, 5,13 e e
( ) + aﬁ,U( )¢ (5G,)\ //(7’ 8)¢ (5(;§V670_,(4, 5)

GWC,U(Q’ 6)g.

5.6.3. Susceptibilities and sum rules. While in the multi-site version of TPSC
we only needed local spin and charge sum rules where all indices are the same (see
eq. (5.251)) and ((5.252))) we will need more sum rules in the multi-orbital case because
the interaction matrix elements are now also orbital dependent and contain additional
terms like Hund’s coupling.
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In summary, we need the local spin sum rules

(5.327) N Z Xaaaa q, qu _2 <na,T> —2 <na,Tna,¢> ’
4,19,
T .
(5.328) T D Xoaps (@ i) =2 (nagng ) = 2(nagng,)
i,
(5329) Z Xa,é’a,@ q, Z('Jm <na,T> + <n,37T> -2 <na»Tn57l«> .
q 1y,

Proor or (5.327), (5.328) AND (5.329]). While the first sum rule for all equal or-
bital indices can be derived in the same fashion as the multi-site version (see eq. (5.251]))
.93

the aaBB-sum rule follows analogously. To obtain the last sum rule we use eqgs. (5.93

, m, and m This leads to

)

1T s s
(5.330) Z RN E5(2) 5N (x,fgag + Xg’;ga> (2)
q i, 45iqm,
1
(5.331) +2 <T7c5 ¢(1+)cm(1 ¢ (Deg, (1 >)
1
(5.332) =5 (2{nar) = 2(nanat) +2(nag) = 2(nagns,))
(5.333) = (o) + (na1) = 2(nagmg,) -
O
The local charge sum rules are
(5334) AT Z Xaaaa Q7qu - <na> +2 <na,Tna,¢> - <na>2 ’
q’lqm
T .
(5.335) N Z Xg&ﬁﬁ(% i) =2 <na,TnB,T> +2 <”a,¢nﬁ,¢> — (1) <n5> 5
414,
and
T ch .
N Z §RX(;vﬁozﬁ(%lqrrL)
quq'm
1
(5:336) =5 (na+ng) —4(nagngs) +2(nagng) = (Nga) (Map)» @7 B

PROOF OF ([5.334)-(5.336)). The first sum rule (eq. (5.334)) is derived in the same
way as the multi-site version (see eq. (5.117))) and similarly one can derive the second
p.330))

sum rule. The third sum rule (eq. (5. is shown in a similar way like for the spin
channel. One obtains

T .
¥ 2 WXhas (4 i)

951qm,
=5 (01 + 150) (P + 7102
(5.337) +{(agt T ag) (Mgag + 18a1))] = (Pa) (Map)
:% [< (CL,TCB,T - Ciwcm) (ancan + CE,¢Ca,¢)>
(5.338) +((chyar + chycas) (chacor +chieas) )] = (Ma) (Pap)
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:% (g1 (L =ng4)) + (ngy (L=ng,))

+ (s (1=104)) + (ng (1= nq,))]
(5.339) +2 < CoutCB, TCL J,Ca¢> — <n5a> <Tla5>

1
(5:340) =3 (na +ng) = 2(nasngs) =2 (el seatchacas) = (ga) (Mas)

Here, we use our knowledge of the local spin sum rule (eq. ((5.203) and (5.328)) to
obtain

T .

9, m,

(5.311) 4 5) 2 ()~ X 0.0 — () )
(5.342) =5 (70 +15) ~ 4 (nym5) +2(magn ) — (ma) (nap)

0

5.6.4. Self-energy in the longitudinal channel. We start off with the implicit
definition of the self-energy in eq. (5.325]) and evaluate at ¢ = 0,

2.5, (1L,2)G5 (2.2)

:_ZUB 6Go¢70( )
B

_Gﬂﬂ,—(r(171+)G (172)

$=0

055, (11F,17) e

- G,BB,U(L 1+)Ga7,0(17 2))

n Ba = ¥ fa T 1T

BF#

- Gﬁfy,a(la Q)Gaﬁ,fa'(l—‘r? 1)
¢=0

_ Z Bvcr )
Ba 5¢B ’_U (1+,1++)

oG +,
(5.343) ( . ;v: = )1)

Gﬂ’y,o‘(]‘72)G6a,—o‘(17 1+) ’
¢=0

and multiply with Gﬁu -
EOU/ 0'(1 5)

:—2%4 (a1 1) = X (1.2 1)) G52 B.5) — (s (100,500 5)

) and integrate over the internal degrees of freedom gives

—Z%Q%J (6 (1.21) X5 (131)) Ly (25) = (s (D}, 801 5)
,37&&
—Z%J—@mm2nXWN2M@memmummm—a

gika
(5.344)

= (hsaL 1) = (12 1) G5, Bo5) — (g, o (D}3,0(1 =5
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where we expressed the functional derivatives & 5 é in terms of spin and charge suscepti-

bilities (see eq. (5.121)) and ([5.143))).
Next, we use the Bethe-Salpeter equation for the spin and charge susceptibility (eq. (5.129)

and (5.152))) to expand

S,0(1,5)

Oél/O'(

T ch 9 0.7 Q\..ch = Q. D)
_Z Use [ ( LB (3,978 (7.8, 1)G(9,2)

16, 51,3 (3.9:7
5

B
B#a
+ Gap(LITL B.HTINE, (7.5 1)G5(0,9) G5, (2.5)
+<naﬁ —0(1)>5,3 1/6(1 - 5)
1 o _ _
+3 (G SB35 T8, (7.81)G(0,2)
+ G GO, (7,8 1)GH0O, 5)) G-, (2,5)
(5.345) <nga,_a( ))35,0(1 = 5)] .

We can now get some ¢ distributions from the product of the Green’s functions with
its inverse and reduce the expression to

Eau,a(L 5)

1 5} h 5} 2 h = Q
-3 0. 1 (GBI 3557 By (55D

B
B#a
-G B( ) ) i%ﬁ(§,5,7,g)Xi]%ﬁﬁ(7,g, 1)) + (<nﬁ 0(1)>5a,u <naua( )>5,8 1/)5(1 - 5)
=3 s B (G (1 B (357,80, (7.8:1)
sk
+ G (13)T] W( 5T, (T8 1)) + (s o (1)95,0(1 = 5)]
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(5.346)

sp Q .7 Q)+ 5P 7 Q.
+ T G5 INE, (T8 1)) + (Nga_o (1)), 5(1 - 5)} .

Reordering the equation and defining non-interacting vertices I'*”0 and T'“*0 leads to

S,0(1,5)

oa/,a(

Z Uﬁa<n6,fo(1)>5a,y + Z(Uﬁa - Jﬁa) (<nﬁ,o(1>>5a,u - <no¢1/,a(1>>5ﬁ,u)
B

B#a

+ Jya (<na1/,—0'(1)>(1 - 6a7y) + <nl/o¢,—0'(1)>(1 - 504#)) ] 6(1 - 5)

+
AT
Q
/N
=
a
>
—
“OJ
9‘!
=~
0]
S~—
=
o
>
—~
=~
ol
—_
SN—
+
r1
wn
s
—
=
&
=~
0]
S~—
=
wn
S
—~
=~
&
-
S~—
~_
—_
|
[«
o
Q
SN—
Q
o)

(5.347)
1 _ — _ _ _
+ -G 5(1,3) (Fch(?», 5,7,8)x™(7,8 )T 4-1°P(3, 5;7,8)x (7, §; I)FSP’O) o
4 7B VB

where we have defined

Upo a=p=v=9¢
0 2Ua'y_‘]oz7 a=pF#Fy=9¢
(5.348) Lo = 3 Jas a=y#p=19
Jus a=5+5=7
\0 else
and
(U,, a=B8=y=46
0 ‘]ory a=pFy=9
(5.349) Tois =\ Jag @=7#B=09.
Jag a:&;ﬁﬁ:’y
0 else
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5.6.5. Interaction vertices in RPA. Comparing the interaction vertices ['*P/¢h0
with the respective random phase approximation (RPA) expressions [286] (compare
sec. |5.2)) we see a difference in some matrix elements; namely,

(

Uaa a=p=y=9
2Ua 7‘]a 01:575725
(5.350) rerea _ ) gl g =y #£B=06
: apys af ap ¥=7 =
Ja,@ a:57é5:7
\0 else
and
Uaa a:B:7:5
o RPA Ja'y O‘:B#’Y:é
(5351) Fa%’y& = Uaﬁ a:fy;&ﬂ:&
Jaﬁ a=0#p =7y
0 else

The origin of this difference is the fact that the RPA vertices are derived from eq. ({5.347)
by neglecting the spin and charge fluctuation contributions in terms of TSP/ ch sp/chsp/ch0,
This results in the approximate expression

Z Usans, o (1) 3 Use = ga) (130 (1)0as = (o (1))35,)
pFa
(5352) + Jl/a(<nau,fo(1)>(1 - 504,1/) + <n1/a,fo(1)>(1 - 604,1/))] (5(1 - 5)’

which corresponds to the Hartree-Fock result.
Thus, we can calculate from eq. ((5.153)) the RPA two-particle irreducible spin vertex
5Zau a(1> 5)¢

(5.353) TPEPA(Y 5:7,8) = N AL
Ap 5GM 1(7:8)g o

0
ng __(1)
=5(1-5) 6, U 57"+
Z oo Gy (7:8)
[nﬁg )5041/_ al/o‘( )5@ i|
57’504
Moy, —c ) TNy 70(1)]
5.354 —|— :
( ) Z p)\ J,(7a 8)
=0(1=5)6(1 = T)5(1 = 8) [ 00 D UpaOs 051+
B
+ Z(Uﬁa - Jﬁa) (_5B,p5ﬂ,)\5a,u + 5a,p5y,)\55,y)
B
B#a
(5355) + (1 - 504,1/) Jua (5a,p51/,)\ + 5u,p6a,)\)) ’

which corresponds to the previously mentioned vertex in eq. (5.351)). One reproduces
the RPA charge vertex in the same manner as presented for the spin vertex.
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In summary, we see that although TPSC is similar in its functional form to the RPA
expressions there are differences that stem from the quantum fluctuation contributions.

5.6.6. TPSC approximation. In the same fashion as we proceeded in the multi-
site TPSC (see sec. [5.4) we approximate the Luttinger-Ward functional ®[G] in the
multi-orbital case by

1,107 G-,

al/O’(

(5.356) B[G] =0.5 [G

where ngg\ and I'77 awEx are local and static constants that will be determined via the
local spin and charge sum rules (see sec. E Analogously to the multi-site calculation
we find that &?—g} = ¥ leads to a static and local self-energy which we assume to be
already absorbed in to the kinetic part of the Hamiltonian (see discussion in sec. [5.4).
This ansatz for the Luttinger-Ward functional leads to static and local irreducible

interaction vertices (by means of eq. ((5.130]))
I,(1,2;3,4)

0%6+.0(1, 2)¢‘
5.357 PO TP
( ) 5Gp>\ T(3 4)
_ IP[G]
(5.358) Z 5Gwa Ry
6Garz(1,17) 5 R
FCTO' G 1 1
Z 5G'yﬁa ) 6Gp)\77~( , ) IZPN A, o'( )
T 1+ *(Ta 17—’—)
+ Gau o 1, 1+ FE Ao
) ( ) avé 6GP>\,T(374)
5Go¢u,E(T, 17—’—) o—0 - o
5GP)\,T(37 4 avéx A —0(17 1 )
(5.359) Gan (1, TF)72 0Gye =(1,17)
. + av,o AL B
aV&A 5Gp>‘7T(37 4)
_ + 1t
Z 5G'yﬂo 2 1 G>\§ T(g 3n)r /\@\5(3 4)
+ Gap (3,371, 6(3 - 4)
+ FTié)\GTg ¢(3a 3+)5(3 — 4)
(5360) + PauApG@&(z%, 3+)5(3 _ 4)
Z [FZW 2)6(3% —1)3(3 — 4)do 1 +
+8(2-3)8(1 =301 5(3 — 4)6,4
+ 05, 0,,00(3 — 4)5(2 - 3)8(1 — 37)+
(5.361) + 8(3 —2)5(1 —3%)5(3 — 4)6, ’¢FTB>\p
1 g—0 oo
(5.362) ) Z 0(3 —4)8(2 - 3)d(1 — 3+)(F%3/\p Y8a0)
(5.363) =5(3—4)0(2 —3)6(1 — 3+)F"//3)\p’
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where we have used the crossing symmetry I'o g5 = I'sy5q (see sec. [5.1.8) and similarly
we obtain from eq. ((5.153)),

6% 2)
5.364 TP (1,2:3,4) 5 0oL, ¢’
( ) i Z 5GP/\ 13 )¢ ¢=0
1 g—0 oo
(5.365) =5 D 6(1—4)5(2—3)5(3" —4)(T755, — T8,
_ + sp
(5.366) = 0(1—4)8(2 - 3)6(3" —4)I, .

As presented in the multi-site TPSC section we can now improve on the self-
energy by inserting the non-interacting Green’s function G° and the local and static
TPSC vertices I'*?/¢" from eq. (5.363)) and (5.366) into the equation of motion of the self-
energy (eq. (5.347)). This corresponds to the original TPSC idea where the fluctuations
feed back into the single-particle properties while one has to use the non-interacting
Green’s function G in order to be consistent with the assumption of static and non-
local irreducible vertices I'*P/¢" [163].

We end up with

ocVJ Z U,Ba n,B 0' 1 oc,l/ + Z(U,Ba - J,Ba) ((nﬂ,a(1)>5a,u - <now,a(1)>5,8,z/)
Bra

+ ‘]Va(<na1/,—cr(1)>(1 - 60{,1/) + <nua,—cr(1)>(1 - 60{,1/))] 5(1 - 5)

1
(5.367)  +-G°.(1,5) (rchxch(f), 1)Den0 | pspyeh (s, 1)F5p70) o
4770 vBay

which leads to

an/,a(k7 an) = Z Uﬁa <n5,70>6a,u + Z(Uﬁa - Jﬁa) (<nﬁ,a>6a,1/ - <no¢l/,a>5ﬁ,u)
B B#a
+ Jua(<noz1/,fo>(1 - 604,1/) + <n1/a,fo>(1 - 504,1/))
(5.368)

T , , .
TN Z [FChXCh(q, i, )T+ TP X P (g, qu)l“s”’o} Vs G5k + g, 1wy 4 n)-
q4,9m

It is not a surprise that the TPSC vertices lead again to RPA-like spin and charge
susceptibilities via the Bethe-Salpeter equations ([5.129)) and (|5.152]):

Xphon(1:2) = = 2G5, (1,2)G),(2,1)

(5.369) - G§§(1,2)F§£ Bxi%un(1’2)Ggp(2’ 1)

(5.370) =2xpry(1,2) = T2 ﬁxj’ﬁy (1,2)G3(1, 2)09 (2,1)
(5.371) =2X 05 (1, 2)¢+P5 aﬂxaﬁm(lﬂ) o35o(1:2)
(5.372) 201520 = (300, 5~ Xz (12065 ) X5, (1,2)

and by taking advantage of the usual tensor isomorphism (eq. - ) we get
(5.373) Xon(@10) = [1= X010,V sp) o5 2X25,, (@ 16)-
Analogously, we determine the charge susceptibility
) . -1 .
(5.374) Xoron(@10) = [T+ X°(@: i) Ten] o5 2X05,, (4 1)
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5.6.7. Ansatz equation for the spin vertex. As was the case for the single-
band and the multi-site TPSC we lack local spin sum rules to determine the spin vertex
I'*P) namely:

We have N, , many aaaa-local spin sum rules (eq. (5.327)), N2, — N, , many aaf3j3-

local spin sum rules (eq. (5.328))) and the same number for the afa/5-case (eq. (5.329)).This
gives in total 2N? op — IV, equations, while those sum rules come along with equal spin
and unequal spin double occupations, i.e. 2N3Tb — N, unknowns, where we subtracted

or
N, components due to the Pauli principle
On top of that we have the 1rredu01ble spin vertex I'*P with its N ', independent

component
On taking stock we see that the set of equations is underdetermined with
(5376) (2NO27‘b - Norb) + N027"b - (2N3rb - Norb) = Nc?rb
missing equations.

In order to supply those equations we proceed in the same way as in sec. and
start with the implicit equation for the self-energy (eq. (5.323))),

,50(15)C5e,(3:2) = = U (no (1) (el ,(2))
72 ozyi av <na,o(1+)cu,o(1)cgg(2>>
a;éy

+ 3w (o ) (Ve (1)L, 2))
sty
(5.377) (o100 (1) o (1DL,2)))

and do a Hartree-Fock factorization for the right-hand side while writing prefactors
A, B in front of each term to recover the limit of equal imaginary time, orbital and
position:

8,5, (18G5, (3.2) & A%(n,_,(1))Gye,(1,2)
+ Y B (nap(1) Greo(1,2)
oS
+ 2 o (o) eap (Der o (1 ,(2)
asty
(5.378) + <cl,_(,(1++)ca,g(1+)ca,fa(1)62,(,(2)>) :
where we defined
(5.379) a7 =y, woTo)
Y, ), )
na O'nVO'
(5.350) B = (Uny — Ju) W atv,
(Moo, 0)
(5.381) B = me .

1TWe assume that T'*? follows the same symmetry as I'*7*°. According to eq. (5.349) we need only
to consider the elements aaf since the other elements are either zero or renormalized in the same
way as one of the aafS-components.
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Now we neglecﬂ the off-diagonal orbital occupations (n,,, ,) which means that a
Hartree-Fock factorization of the equal imaginary time, position and orbital evalua-
tion of the two remaining two-point functions in eq. (5.378)) will vanish.

Multiplying eq. with GE_VIJ(Z 4) and integrating over all internal degrees of

freedom leaves us with

(5382) T,0,(L4) = AZ(n, ()51 —4)5,,+ 3. B (ne (1)1
a;uval

From the definition of the spin vertex I'*P in eq. ((5.153) we can calculate

pr(1 4:7,8)
6%, (1,4)4
5.383 = vyl 0 e
( ) Z 5Gp,\¢< ) _

547 (o (1) 85 (o))
(5.384) W/ZU —78)+ QZ, 6G ,,(7,8)

A
p i 0o
By the same steps as in eq. (5.260) we obtain
Fw)\p(l 4;7,8)
(5.385)  =3(1—4)5(1—T)5(1* —8)3,.0,. {Aléw +(1-56,,) (Bgi _ BZZ)} ,

where in the case of a # [ we set the values of Faﬂaﬁ, Faﬁﬂa equal to I", p 5 as described
previously in this section, which results in

AZ[ a=pf=v=9
Biy—Biy a=B#7=56

(5.386) Tos6 =\ Do a=y#B=9.
Loss a=0#pF=1v
0 else

\

The ansatz —like in the multi-site case— is not particle-hole symmetric and thus
artificially breaks particle-hole symmetry if applied to a system that has this symmetry.
In order to make our ansatz equations particle-hole symmetric we average between the
ansatz in eq. and the particle-hole transformed one. This yields

o 1) (1= =n, )
BT A =g << N T nua>x<1—-nm_g>>)

JU cx;éu 1 Na,o 1/(7 <(1 - na,o—)(l - nu,a))
Gass) B = o =)y ( <<1—-naﬂ>x<1—-nyp>>>

seze 1 agn o) (1 =ng)1=n, )
(5359) BW“%%<mmnya+m—%awvmkm>'

Alternatively, one can also keep the ansatz in eq. (5.381]) and perform a particle-hole
transformation when electron-doping a half-filled system as suggested in Ref. [163].
Nevertheless, we stick to the presented symmetric equations (5.387))-(5.389)).

18We find for all cases studied in this thesis that this a justified approximation since the correspond-
ing on-site unequal orbital hopping matrix elements are much smaller than the diagonal components.
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Note that the described ansatz does not work in the case where J = 0 and U,g # 0
because in this case we have only density-density interactions stemming from U, 5 which
means that

J=0
(5.390) (nasngr) = (natng,)
and therefore T reduces to the element I'ghaa (see eq. (5.386)). Thus, the local
spin sum rules for the afaf-component (eq. (5.329)) which determine the value of

<na¢n57 ¢> can be evaluated by means of the Bethe-Salpeter equation (5.152)) and

result in

T .
N Z Xipﬁaﬁ(qvubn)

4,
T
(5.391) =25 Z X050 (@ 10m) + X0 (@ 10, Dok Xor o 5(0, i) |

which reduces to the local spin sum rule of the non-interacting spin susceptibility due
to the negligible equal-site unequal-orbital hopping elements and therefore we end up
with

(5.392) (Papnpy) = (Map) (g1) = (Masngy)

which makes no sense if U, 5 is very large. In summary, we see that the ansatz for the
spin vertex I'*P cannot be used in the case where J = 0 since it produces non-interacting
off-diagonal double occupations independent of the value of U af

5.6.8. Numerical calculation of the irreducible vertices. In the last section
we have determined additional ansatz equations for I'? in order to have enough equa-

tions to solve for I'*? and <nayanﬁ U/> by using the local spin sum rules ([5.327]),(5.328|)

and . Numerically, we use the multi root solvers from the GNU Scientific Library
and in the case of the spin vertex and double occupations it is usually no problem to
find a unique physical solution if one converges slowly from the limit of high tempera-
tures and weak interaction strength.
On the other hand, we will see that the charge vertex component I'¢ ch opp tends to neg-
ative values (see chap. |§| for more details) which on the other hand leads to positive
contribution in the high-frequency behavior of Im¥(k,iw,,) (see eq. (5.368)) and this
finally leads to negative spectral weight in A(k,w) (see eq. (4.245))). Those unphysi-
cal terms have to be avoided and this done by restricting the root search for I'" to
non-negative values. More details on this issue are postponed to chap [6]

With the spin and charge vertices at hand we can now proceed to the self-energy
calculation and afterwards determine the full Green’s function via the Dyson equation.

5.6.9. Internal accuracy check. In the same way that we derived an internal
accuracy check for the multi-site TPSC in sec. we derive here a similar expression
for the multi-orbital TPSC.

By taking the equal imaginary time, position and orbital limit of eq.[5.323| we obtain

%,5,(1,3)Gs, , (3,17) Z o (11)n,,5(1))

+Z o = Jaw) (Moo (1)1, (1))
astv
2 T (o 1) (Der o (el (1))
astv
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(5.393) (o (170 (1) (el (1)) ).

Via Fourier transformation and the definition of the spin susceptibility x*P'* in eq. (5.203))
we identify

11})%— Z e n TE 7, (ks iw )GBV,a(k7iwn)

kiw,,

Z av a O'nl/70'> + Z(Uau - Jau) <na,anu,a>
oty

q,zqm (TR

1 T . .
(5394) - 5 ; Jau Z onocw/ q, ZQm ﬁ Z R (Xsp - XC )l/aal/ (q? qu)
aFv

This equation is fulfilled in the case where the full Green’s function G is replaced by
the non-interacting Green’s function G° as one can see from the proof in

Thus, we can use the sum rule for tr (ZGO) in eq. (5.394)) to check the internal
numerical accuracy in the program and the deviation to tr (XG) gives us a measure
in how for the TPSC self-energy respects the consistency between the one- and two-
particle level.

5.6.10. Transversal particle-hole channel. There is no easy way to include the
transversal particle-hole channel as we did in the multi-site TPSC in sec. [5.1.9, The
reason is that in the longitudinal particle-hole channel we are able to make use of the
symmetry in [P0 (see eq. (5.349)), namely

0 ) 0
(5.395) rP0 =0 T8 0 £8,

and state that the spin vertex I'*P retains this symmetry.
On the other hand, we find a more complex relation of the matrix elements of I'*?¥ in
the transversal channel (see appendix and since we do not have enough local spin
sum rules to determine the vertices in eq. independent from each other we need
to find a different solution. There are three options of how one can proceed. First, one
can construct a relation between the matrix elements similar to the one in eq.
but this makes the numerical search for I'*? harder due to the mixing of the different
matrix components (see eq. (A.20)).
Second, one can also use double occupations from different methods as an external in-
put which allows us to have enough local spin sum rules to determine the components
Fil;ﬁﬁ’ Faﬁaﬁ and Faﬁﬁa independent of each other.
Third, in order to avoid additional complications from a first option and the possi-
ble error sources from the second one can also just ignore the contribution from the
transversal particle-hole channel. This approach has the drawback that possible dom-
inant contributions to the self-energy are neglected and that the crossing symmetry
is not respected. On the other hand, we keep the simple form of the equations and
keep many important mechanisms from the single-band TPSC such as the Kanamori-
Brueckner screening.

For those reasons we present in this work only results where the transversal particle-
hole channel is ignored but we underline once more that extensions are in principle
possible and could result in further improvements on the method.

5.6.11. Short summary on the applications of multi-orbital TPSC. The
first multi-orbital formulation of TPSC was provided by Miyahara et al. in 2013 [284]
and was used to study unconventional superconductivity mediated by spin fluctuations.
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Our multi-orbital TPSC scheme differs from this original one in the following as-
pects:

It restricts the charge vertex I'?? to non-negative values to ensure positivity of the spec-
tral weight while in the original work in Ref. |[284] one sets the negative contribution
to the charge vertex I'“" to zero by hand.

Furthermore, we choose a symmetrized ansatz for T'*P (see eq. (5.386)), (5.387)), (5.388])
and ([5.389)) in contrast to the immediate result in eq. (5.381) that is used in Ref. [284].
Moreover, we derive a different set of local spin and charge sum rules and determine
the bare vertices I'“"/sP0 from the Bethe-Salpeter equation (see eq. (b.348]) and )
while in Ref. [284] the RPA result is used (see eq. (5.351)).

The TPSC scheme presented in this thesis was used to explain non-local correlation
effects in iron-based superconductors [285,287]. We discuss those results in more detail
in chap.

Later, a review article appeared as a pre-print where the important features of the
method are presented [164]. In the same work TPSC and DMFT are applied to a toy
model and compared to each other. This study is further extended in chap.

5.7. Double counting

If we use TPSC on top of DFT, i.e. we take the localized Wannier states from
DFT and put Hubbard interaction on those by means of TPSC, we need to correct
for possible double counting errors as mentioned in chap. In the same referenced
chapter we pointed out that double counting schemes are always approximate or valid
only in special limits.

Since we are mostly interested in non-local and dynamical correlation effects that
go beyond DFT and we know that Hartree-Fock self-energy contributions are at least
partly included in the low-energy model that we construct from DFT, we will subtract
the Hartree-Fock contribution in all real materials calculations that are based on DFT.
This leads to the self-energy

1

(5.396) Save = 1 [rchxchrch:OJrrspxsprsva e

vBay 8
This double counting was first suggested in Ref. [284].

5.7.1. Flowchart of the multi-orbital TPSC. For a better overview on the
multi-orbital TPSC approach we give a flowchart of the method in fig.
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CHAPTER 5. TPSC DERIVATION

non-interacting Green's function
G’=(iwpid-H,)™!

irreducible non-interacting susceptibility
0
XO‘[}YS =_G(\)(a *G%S

initial guess for
<n“’0nﬁ’d>

No, new <n, ;ng ;> e.g.

spin vertex ansatz f N ] .
eq. (5.390)-(5.393) with rom Newton 1teration
<N, ,> approx. by <n?w >

local spin sum rules

Spin Bethe-Salpeter equation eqs. (5.326)-(5.328) converged?

Xsp:( 1 'XOFSP)_QXO \/

Yes
initial guess for
r\ r
local charge sum rule Charge Bethe-Salpeter equation
eqs. (5.332)-(5.335) converged? 2 =1+x°rehy 12

~—7

No, new I'"e.g.
Yes from Newton iteration

Equation of motion for the self-energy
20{6,0 — (1/4) [Fsp XSP FSP’0+FChXCh l—xch,O]SBm_I *G%B

Dyson equation
G = (iw,id-Hy+p-X) !

FIGURE 5.17. Multi-orbital TPSC flow diagram as described in
sec. After calculating the non-interacting Green’s function in
orbital-space and the irreducible susceptibility x° one has to converge
the spin and charge with respect to the local spin and charge sum rule
and the Bethe-Salpeter equations. From those one is able to evalu-
ate the self-energy and thus interacting Green’s function via the Dyson
equation. Note that ¢d is the identity map in orbital-space which is
equivalent to I. Figure adapted from Ref. [164].
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CHAPTER 6

Bechmarking the multi-orbital TPSC

K. Zantout, S. Backes, R. Valenti

Two-Particle Self-Consistent method for the multi-orbital Hubbard model

arXiv: 2008.08098 (2020)

[164]

The multi-orbital TPSC that we introduced in sec. [5.6]is different to the multi-site

TPSC due to the effect of the inter-orbital interactions U, 4, J,4. For this reason it is

important to study TPSC applied to a simple toy model and benchmark with different
methods.

6.1. Model Hamiltonian

In this chapter we will consider a simple two-orbital Hubbard model on a square
lattice with nearest neighbor hopping ¢ only and Kanamori-Brueckner interaction |66,
ie.

U a=0
6.1 U, - )
(6.1) of {U —2J else

where U, J are the bare interaction values and 0, 1 label the two orbitals (see fig. .
We assume a temperature 7'/t = 0.5 and a half-filled lattice if not stated differently.

FIGURE 6.1. Simple toy model that is used to benchmark the multi-
orbital TPSC approach. The red spheres represent electrons that can
hop to neighboring sites with hopping amplitude ¢. In the case where two
electrons are on the same site they feel orbital dependent interactions
U, J.

6.2. Double occupations and spin vertex

The first step within the TPSC routine consists of calculating the spin vertex I'*P
and the double occupations (nmgnﬂ o). In order to improve the assessment of the
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CHAPTER 6. BECHMARKING THE MULTI-ORBITAL TPSC

TPSC results we also compare to DMFT results which represent the exact solution
in infinite dimensions. Note that the DMFT calculations were carried out by Steffen
Backes.

The double occupations for the simple toy model are show in fig. DMFT and

(a) (b) 0.25 (c) 0.31

0.24 TPSC U/J=3 —*-
DMFT U/J=3 -~
0.24 0.3 |TPSC UW=5 —*
0.22 DMFT U/J=5 -e-
f 0.29
0.2 0.23
L & & 0.28 3
o — i, .
s 0.18 S 022 £
o o o
¢ 016 g e 027
TPSC U/J=3 —* 0.21 [TPSC U/J=3 0.26
0.14 IDMFT U/J=3 —e- . DMFT U/J=3 —e- : . 1
TPSC U/J=5 —*- X TPSC U/J=5 —*-
0.12 IDMFT U/J=5 - . 0.2 DMFT U/J=5 -e- 0.25 3
0.1 0.19 0.24
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Un un un

FIGURE 6.2. Double occupations (n, ,n4,.) calculated from TPSC
and DMFT. (a) The equal orbital double occupations from DMFT and
TPSC agree well for all interaction strengths considered and show both a
decay with increasing on-site interaction U/t while this effect is enhanced
with increasing Hund’s coupling J. (b) A similar behavior can be also
seen for <”0,Tn1, i> while TPSC results exhibit a stronger dependence on
U/J than DMFT. Moreover, TPSC predicts smaller double occupations
<n07Tn17 ¢> with increasing U/J ratio while DMFT predicts the opposite.
Finally, in (c) we show the double occupation (ng,n, ). For those
double occupations DMFT and TPSC follow the same trends except for
small values of U/J where the DMFT double occupations make a small
dip below the non-interacting value of 0.25. Fig. adapted from
Ref. [164].

TPSC are in good agreement regarding the double occupations <n0,Tn0, i> for all values
U/t =0,...,4 and both ratios U/J = 3 and U/J =5 (see (a)). Both methods predict
a decay with increasing on-site interaction U/t and an enhancement of this effect with
increasing Hund’s coupling J. This behavior can be understood physically from the
generic effect of the interactions U and J to energetically favor localized states over
delocalized ones.

In (b) we observe a similar behavior of both methods for the double occupation (ng 1n, |),
namely functions that increase with U/t due to the inter-orbital repulsion Uy, = U—2J.
But in contrast to (a) we find that TPSC results exhibit a stronger dependence on the
U/J ratio; namely, TPSC predicts an inverse proportional dependence between the
double occupation (nj,n, ) and the U/J ratio while DMFT predicts both object to be
proportional to each other. We assume that TPSC possibly overestimates the effects
at low interaction strengths due to the Hartree-Fock decoupling that we performed to
obtain an ansatz equation for the spin vertex I'*P (see sec. .

Finally, in (c) we present the double occupation (n,,n, ;) as a function of U/t. For
those double occupations and for a large Hund’s coupling U/J = 3, DMFT and TPSC
predict increasing functions in dependence of the interaction strength U/t which we
can understand from the Hund’s coupling property to energetically favor high-spin
states in different orbitals. On the contrary, DMFT exhibits a different behavior at
small Hund’s coupling U/J = 5 and weak interaction U/t < 3: The double occupation
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6.2. DOUBLE OCCUPATIONS AND SPIN VERTEX

<n0¢n17T) drops below the non-interacting value of 0.25. We interpret this behavior to
be due to the dominating inter-orbital repulsion Uy, at low Hund’s coupling J/U = 1/5
which dominates over the effect of the Hund’s coupling J to form a high-spin state.
Only at larger interaction strengths U/t and therefore also at larger Hund’s couplings
J we see that the formation of high-spin states dominates over the mere repulsive effect
of the inter-orbital repulsion Uj;. Thus, we see similar trends for the double occupa-
tion (ng4n; 1) in (c) between DMEFT and TPSC but with essential differences when
it comes to additional effects at low interaction strength which might be due to the
overestimation of correlation effects from the decoupling that we performed in sec.

We draw now our attention to the spin vertex I'*P that is determined self-consistently
from the local spin sum rules. The results are shown in fig. 6.3} First, we remark that

e
U/J=3 U/nJ=4 e
2 = ot
ol |
S
I‘O‘())O()/t
1.5 ¢
3
—~
1t )
T'o01 I/t
o< oo
05 | s
o8 ?/ijt oo o oeooO ]
0 =2 ‘ — |

0 05 1 15 2 25 3 35 4
U/t

FIGURE 6.3. Matrix elements of the spin vertex I'*P as a function of
U/t. We only show non-zero matrix elements and do not show I'j,; =
B0 = TBo1 = Lo because they are equal to '], = gy Similar
to the single-band TPSC we observe Kanamori-Brueckner screening for
larger values of U/t, i.e. the spin vertex converges toward as saturation
value with increasing U /t. This behavior is observed for all values of U/.J
considered. Moreover, we see how larger Hund’s couplings suppress the
matrix elements I'};; = by, while it enhances the values of I'},, =
I'obiq- Fig. reprinted from Ref. [164].

in the range of weak to intermediate coupling strength it is always possible to solve the
local spin sum rules (see eq. (5.327), (5.328) and ((5.329)) for the double occupations
(n a g, ¢) and the spin vertex I'*P. Nevertheless, it is important to slowly converge the
results from weak interaction strength and high temperatures.

Similar to the results from the single-orbital TPSC, we observe in fig. Kanamori-
Brueckner screening which means that the spin vertex does not increase boundlessly
but reaches a saturation value as a function of U/t. The screening of the matrix ele-
ment I'jh,, = ']}, is more pronounced in the case where the Hund’s coupling is larger
while the opposite effect is be observed for I'gh;; = I'}y,- This phenomenon can be
traced back to the fact that larger Hund’s couplings J/U favor states where the double
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CHAPTER 6. BECHMARKING THE MULTI-ORBITAL TPSC

occupation of equal spins in different orbitals <n0¢n1 T> while it suppresses double oc-
cupation of opposite spins in the same orbital (n, Mg ¢> (see fig. . From this we can
understand differently effective screenings via the ansatz equation for the spin vertex

(see eqgs. ([5.386)), (5.387)), (5.388) and (5.389)),

(AIC a=pf=v=9
Bl — Bl a=8#7=0

(6.3) L6 = 4 Tonss a=y#p=9,
szagg a=0#B=r
0 else

where we defined

o 1 <nl/0'nl/ O‘> <(1 )( _nu,—a)>
(6.4) A% =U << — = )

Vo2 o) (g

E <<1—Aa,a><g—n,,,a>>>,

oo Otfl/ 1
(6.5) By, = (U, )5 T 0 a1 = o))
o—o QFV 1 <na,anu,—o> <(1 - na,a)(l B nl/7—0')>
(6.6) Ba™ = Vavg <<nmgxnmU>*'«1——nag>x<1—-nu<ﬂ>>‘

Thus, the reduction/enhancement of the double occupations directly translates into an
suppression /raise of the respective spin vertex matrix element.

6.3. Charge vertex

Next, we consider the charge vertex I'“* which is determined from the local charge

sum rules (egs. (5.334)), (5.335) and (5.336))) and the double occupations <na,anﬁ o)

In contrast to the spin vertex I'*?, it is much harder to determine the charge vertex I'®"
due to the following reasons.

First, we consider the numerically unconstrained search for the charge vertex I'®* by
finding a root of the local charge sum rules within the domain of real numbers for ',
The obtained results of this unrestricted search are the open symbols in fig. Note
that the open symbols are mostly overlapped by the same filled symbol that we will
explain later. We observe that in the case large Hund’s coupling J/U (see (a),(b)) the
matrix elements T'&h,, = Tk, diverge as a function of U/t which makes the numerical
treatment of the charge channel possibly unstableﬂ For such values of J/U one has to
pay special attention to numerical errors and convergence issues.

If we take a look at lower J/U values (see (b)-(d)) we find that charge vertex compo-
nent ¢k, = I'$%,, assumes negative values which contributes negative spectral weight
to the spectral function A(k,w). In order to avoid those unphysical contributions to
the spectral function we numerically restrict I'*" to non-negative values and determine
I'*" as the matrix that minimizes the difference between the right-hand side and the
left-hand side of the local charge sum rule equations (egs. (5.334)), (5.335) and ([5.336])).
The optimized values of this restricted charge vertex calculations are shown as filled
symbols in fig. [6.4]

Throughout all calculations in fig. we observe that this numerical restriction ef-
fects the charge vertex I'®" only if the interaction strength U/t is large and the Hund’s
coupling ratio J/U is small. In the other cases the unconstrained calculation of T'°"
gives the same results as the constrained calculationﬂ Furthermore, we find that the

Un this particular case the numbers blow up to values of the order of 10°.
2The only exception to this statement is the point at U/¢ = 3.8, 4.0 in fig. a). But in this case
the negative value is due to the divergence of T'¢%y;.
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HARGE VERTEX
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FIGURE 6.4. We present the components of the charge vertex I'™" as a
function of U/t for different ratios of U/J. We do not show components
that can be deduced by the ones shown in the figure, e.g. Tho, = ',
and T8, = Tk, . In (a) to (d) we show " for U/J = 3, 4,5, 6 respec-
tively. The open symbols that are mostly overlapping with their filled
counterparts represent the solution for the charge vertex I'* without
numerical restriction of the values of I'®* while the filled symbols show
the result when the matrix elements of I'*" are restricted to non-negative
numbers. In (a) and (b) wee see that in the case of large Hund’s cou-
pling J/U the matrix elements T'$%,; diverge. In (b)-(d) we see that for
small Hund’s coupling the matrix element T'SE ; assumes negative val-
ues. The general tendency of the charge vertex is similar to the results
from the single-orbital TPSC with a diverging behavior as a function of
U/t which leads to an overall suppression of charge fluctuations. Figure
adapted from Ref. [164].
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CHAPTER 6. BECHMARKING THE MULTI-ORBITAL TPSC

restriction mainly effects the value of I'§};; = I'{?,, while minimally changing the other
components of the charge vertex, namely T'§%,; and T'{,,. Note that the authors in
Ref. [284] also find that in the cases of small Hund’s coupling ratio J/U the matrix
element 'k, is small compared to the other matrix elements which was their motiva-
tion to set this matrix element to zero.

Finally, we notice that the general trend of the charge vertex components is to diverge
as a function of interaction strength U/t. The interpretation of this behavior can be
adapted from the single-orbital case where this divergence leads to the destruction of
charge fluctuations.

As we have seen previously the numerical restriction to non-negative matrix ele-
ments in the charge vertex I leads necessarily to deviations in the local charge sum
rules (see eqs. (5.334)), (5.335)), (5.336])). To quantify this source of error we take a look
at the relative error of the local charge sum rules and compare this error from TPSC to
the error from RPA since both methods treat fluctuation in a similar functional form

(see egs. (5.219), (5.220)) and (5.267)), (5.268)).

The relative error of the local charge sum rule is defined as the sum of differences be-
tween right-hand side and left-hand side of the equations , and
divided by the respective right-hand sides. The result of this comparison between RPA
and TPSC is shown in fig.

In (a) we first present the scale of the charge sum rule error within TPSC. We ob-
serve no error for small interaction strengths U/t since the restricted and unconstrained
calculation of the charge vertex I'*" arrive at the same (non-negative) result that obeys
the local charge sum rules exactly.

On the one hand, we already see in fig. that the charge vertex FS’&H converges to
negative values if the onsite-repulsion U is large compared to the Hund’s coupling J.
Thus, we observe a jump in the charge sum rule error occurring at U/t < 2.5 which
goes to a value of up to 35% (red, orange and green curve). Moreover, we can recog-
nize a different kind of error in the black curve which is due to the divergence of I'§%,,
(see fig. (a)). As mentioned previously this blow up in numbers leads to numerical
instabilities that cause a deviation in the local charge sum rules. For the toy model
considered those error grow up to 50%.

A more detailed analysis of the local charge sum rule error reveals that the source is
mainly the 0011-sum rule since the numerical restriction has its largest effect on the
charge vertex component Fgﬁll (see also fig. . From this we can also understand
why the jump in fig. (a) happens at U/t < 2.5 which is the region where the un-
restricted calculation of T leads to a sign change in I'§h;; and restricted calculation
will necessarily lead to a deviation in the local charge sum rule.

In addition to the above described error source we find a strong increase in the relative
charge sum rule error for U/J = 3 at U/t =2 3.8 (see fig. (a) black curve) which
appears even in the unrestricted determination of " (open symbols). The reason for
those deviations is the diverging charge vertex component I'§%,, (see fig. (a)) which
causes numerical instabilities that hinder an exact fulfillment of all local charge sum
rules.

Note that those errors have to be interpreted in the right context: First, they only occur
at small interaction strength U/t if U/J is large or at larger interaction strengths U/t
if U/J is small. The typical case in realistic studies is the second case where additional
hopping elements dampen the divergence of F8f1L01- Second, we remind ourselves that
in the self-energy expression (eq. ((5.368))),

Eau,o(k7 an) = Z Uﬁa <n,8,—o'>5a,u + Z(U,Ba - J,Ba) (<n5,a>5a,u - <nall,a>5ﬁ,u)
B B#a

+ Jr/a(<nau,fo'>(1 - 504,1/) + <n1/o¢,7¢7><1 - 504,1/))
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FIGURE 6.5. (a) The relative error in the charge sum rules for a re-
stricted calculation of T°" (filled symbols) is shown as function of the
interaction strength U/t. For small values U/t < 2 we observe that
I'*" can be determined such that the local charge sum rules are fulfilled
exactly. But when we have large onsite-repulsion U/t and small Hund’s
coupling ratio J/U we see that the error in the charge sum rules can
grow up to 50%. On the other hand, we can also see a jump to an error
of approximately 35% in the case where I'§k; changes sign (see fig.
which takes place at U/t < 2.5. (b) The value of the equal orbital sum
rule (eq. (6.8)) is presented in dependence of U/t for different values of
U/J and for RPA (open symbols) and TPSC (filled symbols). TPSC
fulfills the equal orbital sum rule exactly except in the range of large
interaction strength U/t where the numerical restriction of the charge
vertex I'“" to non-negative values leads to small deviations of around 2%.
The unrenormalized spin and charge vertices from RPA lead to violation
the equal orbital sum rule already at small interaction values U/t. The
quadratic increase in the error stops at the magnetic instability which
occurs at U/t ~ 2.2. Figure adapted from Ref. [164].

T _ _ .
(6.7) N 2 [FChXCh(q, iy )T 4+ TPy (g, zqm)F"’p’o} e Gk @5 i)
4,29,

it is the spin channel with the diverging spin susceptibility that gives the dominant
contribution to the self-energy while the charge fluctuation play a secondary role. Thus,
one can expect to obtain a self-energy that is still qualitatively and even quantitatively
accurate even in the presence of those errors in the charge channeﬁ as long as the
original assumption of TPSC, namely that the spin and charge vertices I'*P/¢" are
constant, is still a good approximation.

In fig. (b) we compare RPA and TPSC sum rule violations since both are func-
tionally very similar but TPSC incorporates important vertex renormalizations that are
not present in RPA (see eq. Notice that all local sum rules (egs. , ,
(5.336)), (5.327), (5.328) and ([5.329))) contain double occupations that are — in general
— different in TPSC and RPA. In order to compare both methods on equal footing we
consider the sum of the local spin and charge sum rules in the case where all orbital

3We checked for instance the self-energy changes in LiFeAs (see chap. E) are marginal if one removes
the charge contribution in eq. (6.7).
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indices are equal, i.e.

T

(6.8) 72 (Tt (gviag) = 20n0) — (n)? = 1.
0,iq,

where we have used that the toy model is at half filling and that both orbitals are
degenerate, namely (ny) = (n;) = 1. We will call this sum rule the equal orbital sum
rule.
While TPSC fulfills the equal orbital sum rule by construction up to the largest values
of U/t considered if U/J = 3 because in this domain we only have errors in the 0011-
charge sum rule (see fig. |6.5| (b) black line). For interaction strengths U/t > 2.6 and
U/J > 3 (see red, orange and green line) we observe a deviation of at most 2% which is
due to the numerical restriction of I'“" to non-negative values. This leads to deviations
not only in the 0011-local charge sum rule but also in the 0000-local charge sum ruleﬁ
and therefore also in the equal orbital sum rule.
If we compare this small deviation of 2% to the deviations that grow up to 50% in
the charge channel (see fig. [6.5] (a)), we realize once more that the largest source of
errors is the numerical constraint on T4, that we need to ensure a physical spectral
function A(k,w). More importantly, we see that no renormalization of the spin and
charge vertices I'*P/" as in RPA leads to stronger violations of the orbital sum rule (see
open symbols in fig. (b)). The calculations in the figure were carried out until a
maximum value of U/t ~ 2.2 where one reaches the magnetic instability in RPA which
does not occur in TPSC due to the renormalization of the spin vertex and in agreement
with the Mermin-Wagner theorem. Moreover, one can deduce the quadratic deviation
of RPA at low interaction strength U/t in the same fashion as for the single-orbital
case (see Ref. |163]).

6.4. Self-energy and quasi-particle properties

Finally, we take a look at the TPSC self-energy 3 and the quasi-particle properties
that one can extract from it (see sec. [£.9).
In order to avoid additional sources of error we study here our model system at T/t =
0.03 and slightly away from half filling, namely at n = 0.8. We checked that the two-
particle consistency relation (see eq. (5.394])) is violated by at most 2.5% in the following
calculations. The low temperature choice allows us to use the extrapolation formulas
from appendix which are only valid at low temperatures while the small hole
doping away from half filling helps us to avoid the strong anti-ferromagnetic fluctuations
which cause the spin susceptibility to diverge at already small interaction strengths U/t.
Thus, the combination of both parameter choices allows us obtain TPSC results at low
temperatures for a interaction values that range from weak to intermediate coupling.

Before we show the TPSC results we introduce the local TPSC limit, where we
replace the full momentum-dependent TPSC self-energy 3(k,w) with its momentum
average

(6.9) S (k, iw,) — ;f%ﬁ(k,iwn).

This construction will be needed later when we compare TPSC results to local DMFT
results, where the DMF'T calculation were all carried out by Steffen Backes.

In fig. we present the TPSC self-energy ¥ for U/t = 2.87 and U/J = 4 at the
lowest Matsubara frequency iw,. We observe in both the real and imaginary part of the
self-energy a non-negligible momentum dependence that results in a variable effective

4Due to the matrix inversion in the TPSC expression for x*?/°" (see eq. (5.268))) we have a contri-
bution of the T'§%, and T'gh;; matrix element to both the 0011- and 0000-local charge sum rule.

129



6.4. SELF-ENERGY AND QUASI-PARTICLE PROPERTIES

Re[ZOO G] k |0)0 [eV] Im[ZOO G] k |C\)0 [eV]
]'32 -0.025
0.8 - 0.8 _
1.94 0.03
5 o 192 % g -0.035
e 19 & -0.04
M 188 < -0.045
> 0.4 > 0.4
= 186 < -0.05
1.84
0.2 182 0.2 -0.055
1.8 -0.06
0 1.78 0 -0.065
02 04 06 08 1 02 04 06 08 1
k, [2n/a] k. [2n/a]

FIGURE 6.6. Momentum-dependent TPSC self-energy ¥ for U/t =
2.87 and U/J = 4 at the lowest Matsubara frequency iw, filling n = 0.8
and temperature 7/t = 0.03. The black line in the lower quadrant is
the Fermi surface which we only plot in this quadrant in order to make
the full momentum dependence of the self-energy still visible. A strong
momentum dependence is observed in both the real part and imaginary
part.

mass renormalization and quasi-particle weight on the Fermi surface (black line right-
hand side figure). For example, the renormalization effects close to the border k, = 0
and k, = 0 are smaller than the ones for states on the Fermi surface that are located
at k, = k,. We will encounter the same momentum dependent effects later for LiFeAs
(see chap. [7)).

The DMFT self-energy is compared to TPSC by means of the local self-energy (see
eq. ) and the resulting self-energies 3 ,(iw,,) are shown in fig. We observe
a qualitative agreement of both methods, especially considering the low-frequency be-
havior of the imaginary part of the self-energy. Notice that the last agreement is of
special value since the low-frequency behavior of the self-energy is directly related to
the quasi-particle weights and lifetimes (see eq. (4.262) and (4.263)). Thus, we can
expect a similar description of low-energy quasi-particle properties from both the lo-
cal TPSC and DMFT approximation (see also fig. . Nevertheless, we already see
an important difference between both methods, namely the high-frequency tail of the
imaginary part of the self-energy. While in DMFT the high-frequency tail is correctly
captured we already know from the single-band version that TPSC is not
able to produce the correct high-frequency behavior . The reason of the inade-
quate description within TPSC stems from the fundamental approximation that the
spin and charge vertices I'*P/¢" are frequency-independent. The local spin and charge
sum rules that we used to determine those two vertices account for the fulfillment of
the Pauli principle but in order to obtain the correct imaginary part of the self-energy
for high frequency one needs a further frequency-dependent renormalization of the spin
and charge vertices; namely, the vertices have to renormalize to the original bare ver-
tices I'sp/ch:0 . This drawback from TPSC is also responsible why Hubbard bands
cannot be obtained from TPSC .

Regarding the real part of the self-energy it is important to note that the dominant
contribution in both DMFT and TPSC stems from the Hartree-Fock term which also
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FIGURE 6.7. DMFT and local TPSC self-energy %, ,(iw,,) for U/t =
2.5 and U/J = 4, filling n = 0.8 and temperature 7'/t = 0.03. Note
that we subtracted the static Hartree-Fock term from both self-energies.
We observe very good agreement in the low frequency behavior of the
imaginary part while the high-frequency tail of TPSC is inadequate due
to missing frequency-dependence of the spin and charge vertices ['P/¢h.
The real part, that is mostly dominated by the Hartree-Fock term, does
not have the problem of missing frequency renormalizations since the
Hartree-Fock term is included in TPSC. Figure adapted from Ref. [164].

determines the high-frequency behavior. Comparing to this energy scale we also find a
good agreement between the real parts of the self-energy in both methods.

Next, we compare the quasi-particle weight from DMFT and the local TPSC limit
in fig. As already visible from fig. the quasi-particle weight Z takes similar
values in DMFT and the local limit of TPSC. Both approximations predict a decay of
quasi-particle weight Z as a function of increasing interaction strength U/t and Hund’s
coupling J/U.

In order to estimate the spin and charge channel contributions to the self-energy 3
we show in fig. the spin and charge susceptibility components ngé(c)h (¢,0) which are
the dominant termsﬂ in the self-energy equation . From the functional point of
view both the spin and the charge susceptibility have a similar dependence on the mo-
mentum ¢. On the other hand, the spin susceptibility (a) is three orders of magnitude
larger than the charge susceptibility which is a manifestation of the anti-ferromagnetic
instability of the system. At the same time the strong suppression of the charge sus-
ceptibility (b) is directly related to the diminishing itinerant character of the charges.
The large difference in the order of magnitude of both objects underlines again the
importance of spin fluctuation for the low energy physics and thus the dominant con-
tribution to the self-energy.

In principle the 0011-component is also very large but since the g-dependence and the order of
magnitude is very similar to the 0000-component we do not show this additional data.
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DMEFT and local TPSC quasi-particle weight Z as a

function of the interaction strength U/t. The filling is again n = 0.8 and
the temperature 7'/t = 0.03. Both methods describe a similar reduction
of Z with increasing interaction strength U/t and Hund’s coupling J/U.
Figure reprinted from Ref. [164].
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(a) Spin and (b) charge susceptibility components

Xg%gh(q, 0) for U/t = 2.87 and U/J = 4, filling n = 0.8 and temperature
T/t = 0.03. While both functions show a similar g-dependence in terms
of peak position we see a large difference regarding the order of magni-
tude. The large spin susceptibility reveals large anti-ferromagnetic in-
stabilities while the charge susceptibility reveals the tendency of charge

localization.
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CHAPTER 7

Nonlocal correlation effects in LiFeAs

K. Zantout, S. Backes, R. Valenti

Effect of non-local correlations on the electronic structure of LiFeAs
Phys. Rev. Lett. 123, 256401 (2019)

[285]

In chap. [6] we studied multi-orbital TPSC results for a toy model and compared it to
the local DMFT approximation. Among the different results we highlighted the signif-
icant non-locality of the self-energy (see fig. which leads to momentum-dependent
shifts of spectral weight and decrease of quasi-particle-lifetime.

In this chapter we are going back to real materials and study this effect of non-locality
on the electronic structure of LiFeAs.

7.1. Introduction

Since the discovery of iron-based superconductors in 2008 [290},291] a lot of effort
has been spent to investigate their electronic structure in the normal phase in order to
understand the pairing mechanism in the superconducting phase [292-295].

The first attempts to describe the energy spectrum of iron-based superconductors in
terms of ab-initio DFT calculations were successful regarding the qualitative shape of
energy bands and Fermi surface [296-298| but for a more quantitative description of
those materials it is important to incorporate the strong electron-electron interaction
of the partially filled iron 3d-states at the Fermi level. Those can lead to correlation
effects such as large effective masses m*/m, Fermi surface renormalization, finite quasi-
particle lifetimes and precursor Hubbard satellites that are observed experimentally in
some classes of iron-based superconductors [6,299-311].

For this reason a combination of DFT and DMFT was applied to those materials, where
DMFT was used to treat the local and orbital dependent correlation effects of the low-
energy subspace. In many cases this framework was successfully applied and able to find
many of the observations, such as orbital-dependent correlations, incoherent spectral
weight distributions and Fermi surface renormalization [6)8],303-309/,311./312|.
While DMFT was successful in capturing important local correlation effects, it is —
by construction — not able to resolve momentum-dependent correlation effects such as
relative band shifts in opposite directions of, respectively, hole bands of the same orbital
character centered at I" and electron bands centered at the Brillouin zone edge M (the
so-called “blue/red shift”) that is observed in many iron-based superconductors |7,
11,/313-315|. Moreover, there is also the possibility of momentum-dependent quasi-
particle scattering rates [11}12] that were observed in ARPES measurements of LiFeAs.
Depending on the precise low energy spectrum of the iron-based superconductors one
can construct different superconducting pairing scenarios [314}316/-318] which is an
important motivation for better understanding the correlation effects in the family of
iron-based superconductors.

Indeed, one finds many new developments that incorporate momentum-dependence
in the self-energy for calculations of real materials [9,10,/147,148.(182,183,319-323|,
where the additional momentum-dependence can lead to bandwidth widening and
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momentum-dependent shifts of energybands ﬂ§|,,. The cited approaches differ
from each other in the way of how and which non-local contributions they take into ac-
count. For example, the GW+DMEFT approach obtains the non-local self-energy effects
mainly from charge fluctuations over the complete energy spectrum while
the DI'A method contains specific topologies of non-local diagrams in the self-energy
expression [148|.

Within the multi-orbital TPSC we can assess the contribution to local and non-
local correlation effects that stem from the low-energy spin- and charge- fluctuations.
This calculation helps to better estimate the different sources of non-locality in LiFeAs.

7.2. Experiment and Density Functional Theory

LiFeAs is an intrinsicH iron-based superconductor that does not develop a spin-
density phase but a superconducting phase at 7, = 18K and ambient pressure .
Recent measurements and calculations also suggest LiFeAs as a candidate for quantum
computing implementations due to its homogeneous stoichiometric composition and
the charge neutral cleavage surface .

The crystal structure as obtained from X-ray diffraction is shown in fig. It consists

FIGURE 7.1. Crystal structure of LiFeAs according to Ref. [326].
We observe iron layers in a tetrahedral environment of arsenic. Those
planes that are extended in the a-b plane are intercalated with a layer of
Lithium. The unit cell is marked out by the transparent cuboid. Figure

created with VESTA [327].

of iron-planes that are embedded in a tetrahedral As-environment with intercalated Li
atoms that separate the FeAs-layers. LiFeAs belongs to the tetragonal P4/nmm space
group and the precise structure data from Ref. [326] is shown in table and

space group a Al | c[A]
P4/nmm (129) | 3.7678 | 6.3151

TABLE 7.1. Lattice parameters of LiFeAs at 100K determined via Single
Crytsal X-Ray Diffractometry by Morozov et al. [326]. (see also fig.

The ARPES measured electronic structure consists of two crossed quasi-circular
electron pockets around M and a single hole-pocket centered at I'. In addition one

LThis means that undoped LiFeAs becomes superconducting at sufficiently low temperatures with-
out the need of doping in contrast to many other FeAs-based superconductors \, .
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atom | Wyckoff position b y Z
Li 2c 0.250 | 0.250 | 0.655
Fe 2a -0.250 | 0.250 | 0.000
As 2c 0.250 | 0.250 | 0.23626

TABLE 7.2. Internal positions of the atoms in LiFeAs according to the
measured data of Morozov et al. [326] (see also fig. [7.1))

observes a flower-like shape of spectral weight directly around I' which is assumed to
play an important role for the superconductivity in this material [314}326].

We start off with DFT, specifically the WIEN2k [328] implementation version 19.1,

supplied by experimental structure data from Ref. [326]. The lattice parameters and
atom positions for LiFeAs in the normal phase at 100K are given in table and
respectively.
In order to assess the dependence of the electronic structure on the exchange correlation
potential we apply here the LDA with WIEN2k convergence parameter RKmazxr = 9
which is a measure for the size of the basis set [328] and 2000 k-points. Those results
can be directly compared to the GGA data that was used in [285] and where the
calculations were converged with RKmax = 7 and 1000 k-points. We checked that
both DFT settings yield the same low-energy spectrum apart from negligible differences
of the order of at most ~ 10meV.

First, we take a look at the density of states from LDA (see fig. . It is obvious

(@6 total (b) 5 m Fe total

5 Li — | Fes

Fe 4 ‘\\ Fep

_ As . [\ Fe d
s 4 S I Fef —
o o 3 Il
z 0 - i
o) e 2 N \\“ | %
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1 | W - \f

oleV] o [eV]

FIGURE 7.2. Density of states of LiFeAs from DFT. (a) DFT predicts
dominant Fe contribution at Fermi level with small mixing of As states.
Missing spectral weight is located in the interstitial region between the
atoms. (b) The nature of the iron states close to the Fermi energy is
mostly d-wave.

from (a) that the low energy spectrum is dominated by Fe states with small mixing of
As. This is important for motivating a pure iron model as we will do in the course of
this analysis. A closer inspection of the orbital character of those localized iron states
(b) reveals a dominant d-wave nature. For this reason, we will aim at constructing
a pure iron d-states low-energy model for LiFeAs. Note that those observation were
already made and used to construct many different models also for other iron-based
superconductors [295[329).

Now, we consider the electronic bandstructure from DFT (see fig. |7.3). The spec-
trum is presented along the high-symmetry pathI'—= X —M —T'— Z — R— A — Z which
corresponds to the relative coordinates (0,0,0) — (1/2,0,0) — (1/2,1/2,0) — (0,0,0) —
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FiGurE 7.3. LDA bandstructure close to the Fermi energy along high-
symmetry k-path. Three hole pockets are located around I' with domi-
nant dg,- and d,, /,.-character and two electron pockets around M with
the same major band character. The similarity between the k, = 0-
dispersion (I'= X — M —T') and the k, = 7/c-bands (Z —R—A—Z2) is
spoiled by one topological difference, namely the missing innermost hole
pocket at k, = 7/c. Another difference in the bandstructure of those
two planes is the strong widening of the outer electron pocket (see also

fig. [7.4).

(0,0,1/2) — (1/2,0,1/2) — (1/2,1/2,1/2) — (0,0,1/2) which corresponds effectively to
the same high symmetry path in k, = 0 and k, = 7/c. From the tetrahedral crystal
field splitting we expect three t,, states, d,,,d,, and d, ., that are energetically higher
than the corresponding e, states, d , and dxz_yQ. This picture is also observed to high
degree in the bandstructure of LiFeAs and can be used to construct further simplified
models [295]. While the topology of the bands is very similar in both planes, namely we
have hole pockets around I' and two electron pockets around M with the same orbital
character, the number of hole pockets is different. In the k£, = 0-plane we have three
hole pockets while in the k, = 7/c we find only two and the innermost hole pocket
is not present. Moreover, we see that the outer electron pocket is larger in size at
k, = m/c in comparison to the electron pocket at k, = 0.

The two previously mentioned points suggest a three-dimensional modeling of LiFeAs
but we will consider a two-dimensional model for the following reasons. First, the in-
nermost hole pocket that disappears between k, = 0 and k, = 7 /c is tiny and thus
will carry only little weight in the electronic scattering processes that we will examine
within TPSC. Second, the exact shape of the outer electron pocket might be important
within TPSC since the change in size will lead to a shift of nesting vectors. Neverthe-
less, we expect only a small impact on the qualitative result of TPSC due to the similar
topology. This assumption is supported by the toy model calculations performed in
Ref. |287], where it was shown that a paramagnon-like self-energy like in TPSC and
parabolic electron and hole pockets around M and I' respectively are sufficient to pre-
dict the qualitative form of the self-energy ¥ (k,0).

Notice that DFT predicts a band crossing between I' and Z which is itself a discussed
issue and object of current research [10]. We will not discuss this topic and restrict our
calculations to the k, = O-plane.
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FIGURE 7.4. LDA Fermi surface of LiFeAs. (a) The electronic struc-
ture is quasi-two dimensional except for two features: The disappearance
of the innermost hole pocket along I' — Z and the increase in volume of
the outer electron pocket at M. (b) In addition to the increase of size
the outer electron pocket also deforms from a circular shape into a star
shape. Figures created with xcrysden .

Before we move on and construct an effective Fe d—d-model for LiFeAs we show the
DFT Fermi surface in fig. as obtained from xcrysden [330]. As mentioned during
the discussion of the bandstructure, the system is quasi two-dimensional except for the
two features stemming from the outer electron and innermost hole pocket. In addition
we observe in (b) that the outer electron pocket not only increases in size but also
changes its shape from a circular form into a flower-like forrrﬂ

To obtain a low-energy iron d — d-model we use the Wannier projection implemen-
tation from Wien2Wannier . We pick a k-resolution of 15 x 15 x 4, where
the low number of k_-points is necessary to obtain a good agreement with the DFT
bandstructure since in z-direction we find some hybridization of As p-orbitals with the
Fe d-orbitals. Therefore, a low k,-resolution can compensate for the exclusion of As
states from the low-energy model and we still obtain an accurate model system for
LiFeAs. The result of the Wannier projection is shown in fig. and we find a precise
description of the energy spectrum from —2eV to 3eV in terms of a iron 3d states.
Notice that in the figure the blue data corresponding to the Wannier energy spectrum
is mostly superimposed by red and green data that are described now.

A closer look at the structure of LiFeAs in fig. reveals the existence of a glide
plane in the FeAs layer, where the corresponding symmetry transformation consists of
a translation of iron by (—1/2,1/2,0) and a successive reflection with respect to the
a-b-plane. Since we are restricting our calculations to inversion-symmetric structures
without spin-orbit coupling we take advantage of this symmetry and unfold the two-
iron Brillouin zone into a one-iron Brillouin zone. We follow here the scheme presented

in Refs. ,.

2Interes‘cingly7 the outer electron pocket assumes the same flower-like shape as observed for the

spectral weight around T in ARPES .
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The unitary transformation that represents the glide symmetry is given by

1 0 0 0 0 -2 0 0 0 O
01 0 0 0 0 =z 0 0 0
o0 1 0 0 0 0 2z 00
o0 0 1 0 0 0 0 z 0
1 fo 0o o 0o 1 0 0 0 0 z
(7.1) U(k)_ﬁ zz 0 0 0 0O 1 0 0 0 0]
0z 0 0 0 0 1 0 0 0
0 0 -z 0 0 0 0 1 0 0
00 0 —z 0 0 0 0 1 0
00 0 0 -z 0 0 0 0 1

where z, = e 2™ is a complex phase, r = (0.25,0.75,0)7 — (0.75,0.25,0)7 is the
connection vector in relative coordinates between the two iron atoms within a unit cell

and the orbital order is (d,,, d,,, d,., Aoz, ds).
In the ideal case of no hybridization between Fe and As states this transformation yields

a block diagonal Hamiltonian

(7.2) H(k)=UHk)U' = (HFel(k) Osc5 ) :

O5><5 HFeQ(k)
where the subscripts Fel and Fe2 denote the unfolding onto either of the two iron
atoms in the unit cell. Notice that the unfolding is exact only in the k£, = O-plane
and else an approximation. The results of the Wannier projection and subsequent
unfolding procedure are shown in fig. We note that the unfolding reproduces the

Wannier —e— Fel —eo— Fe2 —o LDA —o

e(k)-E [eV]

F1GURE 7.5. Wannier projection of the LDA bandstructure onto the
Fe 3d-states. The obtained tight-binding model (blue) overlaps with the
LDA calculation (gray). The unfolding procedure which takes advantage
of a glide symmetry in the system allows to reduce the two-iron unit cell
to two equivalent one-iron systems, namely Fel (red) and Fe2 (green).
The folding is only approximate if k, # 0 which can be seen in the
sections ' — Z — Rand A — Z.

LDA bandstructure k£, = 0-plane but shows some deviations at different £, -values.
Those differences appear for example in the sections I' — Z — R and A — Z, where the
unfolding is not exact.
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FIGURE 7.6. Change between two-iron unit cell (solid line) to one-iron
unit cell (dotted lines) on the left. In reciprocal space this translates
into the transformation on the right, namely also a rotation by 45° and
scaling by a factor of v/2.

In the following we will work within the Fel-unfolded unit cell (see fig.[7.6). Thus,
we need to rotate the k-points by 45° and scale the vectors be a factor of v/2 in order
to relate back to the k-vectors of the two-iron Brillouin zone, i.e.

)= G ) ()

The transformation between the one-iron and two-iron unit cell is shown in fig. [7.6
Thus, one has to revert the rotation by 45° and scaling by /2 to obtain the corre-
sponding objects in the two-iron Brillouin zone. Additionally, the remaining parts that
are not in the cut of the one-iron and two-iron Brillouin zone are folded back into the
two-iron Brillouin zone. The electron occupation in the two-dimensional Fel-model is
Six.

Next, we compute the interaction values U, J from cRPA by means of the FHI-gap
code [333]. Those calculations were carried out by Steffen Backes and the k-integration
was converged on a 8 X 8 x 5 mesh [285].

The interaction parameters for the iron d-d-model are given as

(7.3)

3.40
1.94
2.03
2.39
2.39

(7.4)

and

0
0.49
0.51
0.34
0.34

(7.5)

1.94
2.54
2.13
1.89
1.89

0.49
0
0.23
0.39
0.39

2.03
2.13
2.66
1.98
1.98

2.39
1.89
1.98
2.75
2.02

0.51 0.34
0.23 0.39
0 041
041 O
0.41 0.41

2.39
1.89
1.98
2.02
2.75

0.34
0.39
0.41
0.41
0

eV

eV,

where the orbital basis is ordered as (dzg, de_y2, dyys dysy d Notice that those
values differ from the results in Ref. [71] which might be the result of a smaller k-mesh
applied (4 x 4 x 4) and the difference in the DFT basis choice. For more details on this
issue we refer to the Supplemental Material in Ref. [285].
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7.3. TPSC results

7.3.1. Computational details. Before we present the TPSC results for the elec-
tronic structure of LiFeAs, we mention the numerical parameters that were used to
converge the calculations. For more details we refer to appendix

The momentum-space integration of the non-interacting susceptibility x"(q, iq,,)
(see eq. ) was performed by means of the adaptive cubature method with a three-
point formula for triangles and an integration tolerance of 107%. All other quantities
and integrations are based on a 100 x 100 k-mesh.

We picked Nyjats = 416 fermionic Matsubara frequencies and 277 bosonic Matsubara
frequencies since all bosonic functions that we deal with decay faster than the fermionic
ones. In both the fermionic and bosonic case we employed high-frequency corrections
for ﬁ-taﬂs that we obtained via fitting to the high-frequency tail. The temperature
was slowly converged down to T" = 0.015eV & 174K which corresponds to the lowest
temperature before the development of peaks in the spin susceptibility is too far ad-
vanced to guarantee well-converged k-integration.

Steffen Backes employed the maximum entropy code from Ref. [334] to perform an-
alytic continuation to obtain the spectral function A(k,w). The Padé approximation
was used for analytic continuation of the imaginary part of the self-energy 3" (k,w) and
the quasi-particle weight Z(k) was computed via linear extrapolation.

The charge sum rule violation was at most 6% but as discussed in chap. [6] this
will only lead to a marginal influence on the self-energy since the spin-fluctuation are
dominating for the set of parameters considered.

7.3.2. Spectral function and Fermi surface. We present the spectral function

A(k,w) for LiFeAs along I'-X-M-I" in the two-iron Brillouin zone in fig. As expected
from the effect of self-energies on a bandstructure we observe an overall decrease of the
bandwidth. To accentuate the effect of the TPSC self-energy on the electronic structure
which goes beyond this overall bandwidth renormalization, we overlay the data with
the DFT bandstructure, that is scaled by a factor of two. This factor corresponds to the
quasi-particle weight averaged over all momenta k£ and all orbitals. The introduction
of correlation effects has two significant features. First, we find a downshift of the
hole bands around the Fermi energy at I', whereas the electron pockets at M are
slightly shifted up in energy. This effect is named the “red-blue shift” and is a common
observation in iron-based superconductors where DFT predicts too large electron and
hole pockets that need to be shifted into opposite directions (“red” and “blue”) in order
to reconcile with experiment [7,[11,313-315].
Notice that the shift of the outer electron pocket is also strongly k-dependent: While
the shift of the electron pocket section crossing X-M is around 0.05eV we find that
the section crossing M-I" is barely shifted. This behavior is more drastic for the hole
pockets. For example, along I'-X the middle hole pocket experiences a large energy
shift which results in a shrinking to approximately 20% of its size compared to the
renormalized DFT bandstructure. On the other hand, all other parts of the middle
hole pocket on the Fermi surface shrink to 80-90% of their original size (compare I'-M)
which is about a factor of four smaller.

The inner hole pockets at I' that are mainly composed d,,/d,, orbital character
(see fig. (a)), become very incoherent at the Fermi level due to scattering processes
and thus leading to a significant reduction of quasi-particle lifetime. Combination of
this incoherence and the previously mentioned momentum dependent shrinking of the
hole pocket leads to incoherent spectral weight in a flower-like shape around I' that is
also observed in ARPES measurements [11,(12,(191,/314,[317]. Further, we see that
the crest of the inner hole bands at I' are shifted on top of the Fermi level and therefore
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FIGURE 7.7. Spectral function A(k,w) of LiFeAs calculated from TPSC
in the two-iron Brillouin zone at T' = 0.015eV. In order to highlight the
self-energy effects we also show the DFT bandstructure (GGA) rescaled
by an average quasi-particle weight enhancement of approximately 2
(dotted lines). We observe an overall shrinking of the hole and electron
pockets at I' and M respectively originating from non-locality of the self-
energy, the so-called “red-blue shift”. In addition we find that the two
innermost hole pockets at I' become incoherent due to finite lifetime
effects stemming from the imaginary part of the self-energy. Figure

reprinted from Ref. [285].

we assume that the inclusion of spin-orbit coupling, which is beyond the present multi-
orbital TPSC approach, will lead to a splitting of the d,,,.-degenerate states around
I', such that only one hole pocket consisting of incoherent spectral weight remains at
I'. This additional effect would further reconcile the DFT data with published ARPES
measurements as well as de Haas-van Alphen (dHvA) experiments [336].

In order to understand why the TPSC self-energy is able to account for the “red-
blue shift” we sketch the arguments developed in [287,[313]. Key ingredient is the
inter-orbital repulsion that contributes to the real part of the self-energy via V =
[FSPXSPFSP’O] abap 11 €4- (0.368)). The vertex V' is peaked at the anti-ferromagnetic in-
stability vector k = {(+7/a,0), (0,47/a)} which corresponds to inter-band scattering
processes related to this momentum-transfer at low energies. In the limit of zero tem-
perature and by approximating the electronic structure to be composed only of a single
hole band around I' and a single electron band around M one can derive the opposite
sign in the self-energy for hole and electron band . Thus, we find that spin
fluctuations can indeed be an explanation for the observed “red-blue” shift. This result
is further supported by similar findings from the fluctuation-exchange approximation
and the RPA-self-energy formalism [287].

Now, we take a look at the Fermi surface properties in LiFeAs. We start off with the
orbital-resolved Fermi surface obtained from DFT (GGA) (fig. (a)) and distinguish
three quasi-circular hole pockets around I', where the inner pockets have dominantly
d,, and d,, orbital character (green and blue respectively), while the outer hole pocket
is mainly composed of d,,, spectral weight (red). Moreover, we find two electron pockets
with elliptical shape centered around M with dominantly d,, orbital character on the
outer orbit and d,, and d,, orbital character for the interior parts.
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FIGURE 7.8. (a) Orbital-resolved Fermi surface obtained from DFT
(GGA), where the dominant orbital characters are d,, (red), d,,, (blue)
and d,, (green). We find three circular hole pockets centered around I'
and two electron pockets around M that resemble two ellipses. (b) Fermi
surface from DFT+TPSC. Strong scattering processes lead to incoher-
ence effects on the inner hole and electron pockets. Especially the two
inner hole pockets become very incoherent and change from the circu-
lar form into a flower-like shaped region of incoherent spectral weight.
(c¢) Fermi surface from DFT+ “local TPSC”. In this local approxima-
tion of the TPSC self-energy we reproduce published DFT+DMFT re-
sult [6,191] to a high degree. (d) DEFT+DMFT Fermi surface for the
same Fe d-d model. We see a strong similarity to the DFT+ “local
TPSC” result in (c). Figure adapted from Ref. [285].

As we have already argued from the spectral function A(k,w) in fig. we observe
a shrinkage of all electron and hole pockets on the Fermi surface in DFT4+TPSC (see
fig. [7.8) (b)). Further, we find that the d,,-components of the Fermi surface suffer
less from scattering effects than the d .- and d,.-components which results in sharper
features. We will come back to this observation later.

Moreover, we find the flower-shaped incoherent spectral weight around I' in agreement
with experimental observations [11,314,336|. Those observations are in stark contrast
to DFT+DMFT [6,/7] and GW [9] results. We ascribe those differences to the low-
energy non-local spin fluctuations that are not included in DMFT and GW. In order
to confirm this claim we have to relate the local DMFT to the non-local TPSC.

An interesting connection between TPSC and DMFT can be drawn if we consider
the local limit of TPSC, where the momentum dependent TPSC self-energy X(k,w)
is replaced by by its local component %Zk Y(k,w). By this procedure we get a
local self-energy which corresponds to a DMFT-like form. We call this approxima-
tion DFT+“local TPSC” and present the resulting Fermi surface in fig. (c). The
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DFT+“local TPSC” Fermi surface is indeed very close to the DFT+DMFT results
in Ref. [6]/7] but those publications are based on a different double counting scheme,
different interaction parameters and take the full LDA spectrum into account and are
not projected onto an iron d-d-model. Thus, Steffen Backes performed a DFT+DMFT
calculation that incorporates exactly the same parameters and model assumptions as
presented here, where the impurity model was solved by the continuous-time Quantum
Monte-Carlo Solver in the segment picture as implemented in the ALPSCore pack-
agel331,337].

The Fermi surface from this DET+DMFT scheme is shown in fig. [7.8| (d) and the agree-
ment to DFT+“local TPSC” becomes even better. Even the coherence of the inner
hole states are restored in comparison to the DFT+TPSC results (see (b)) which shows
that the momentum-dependence of the self-energy is not restricted to the real-part of
the self-energy which causes the “red-blue shift” but extends also to the imaginary
part. Another important aspect is that those Fermi surfaces are very close to initial
DFT Fermi surface except for the non-trivial flower-like deformation of the middle
hole pocket. We note that DFT+DMFT calculations with a different double counting
scheme [8] are able to see a flower-like shape of spectral weight around I" but the feature
is not incoherent and there is also no “red-blue shift”.

In conclusion our results emphasize the importance of non-local correlation effects
that stem from local Hubbard interaction in LiFeAs. Coming to our observation of
a momentum- and orbital-dependent imaginary part of the self-energy, we notice that
this behavior has been observed in recent ARPES experiments [11,/12], where the inner
d,. and d,, derived hole Fermi surface has been found to be incoherent while the outer
d, hole pocket shows Fermi liquid behavior.

7.3.3. Quasi-particle scattering rate. In this context we can analyze the energy
dependence of the quasi-particle scattering rates, which contains information about
Fermi liquid and non-Fermi liquid behavior.

We remind of the zero-temperature Fermi liquid result [30,338| which states that close
to the Fermi energy the quasi-particle scattering rate is given by

(7.6) — Z(k)ImX(k, w) = cow?.
One can extend [110,126] this argument to finite temperatures and obtains
(7.7) — Z(k)ImX (k,w) ~ cgw? + ¢, T

In the original formulation of the Fermi Liquid result one has ¢; = ¢, + 72 but we will
use a more general coefficient ¢, since the multi-band structure might induce additional
effects.

The TPSC quasi-particle scattering rates along the path I'-M are shown in fig. at
the four points (see labels 1-4 in fig. b)), where the spectral weight is maximal. The
main orbital character on each point is: (1) d,,, (2) dy, (3) d, and (4) d,, (compare
to fig. (a)). In contrast to the quadratic energy dependence of the quasi-particle
scattering rates with dominant d,, -character, we find that the d_, Jy.-States exhibit
linear quasi-particle scattering rates (red symbols). Comparing the actual values of
the d_, /yz—dominated states to measured data [11] we find that the TPSC numbers are
even quantitatively in good agreement with experiment. Those curves are very flat and
can be fitted to a linear function as shown in the fig. [7.9] where the fit is given by

(7.8) (1): 7(w) = 25meV — 0.09w,
(7.9) (4): 7(w) = 24meV — 0.091w.
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FIGURE 7.9. Quasi-particle scattering rate —Z(k)X"(k,w) along I'-M
as a function of the binding energy w. The k-points correspond to the
maximal value of spectral weight and are label by 1-4 (see respective
position in fig. (b)) We find that the quasi-particles with d, _, = char-
acter have scattering rates that are linear in energy while the electron
pocket states exhibit a Fermi liquid behavior with quadratic scattering
rates. Figure reprinted from Ref. [285].

On the other hand, we find that the d,, -dominated quasi-particle scattering rates de-
pend quadratically on the binding energy (blue symbols in fig. , which is a fin-
gerprint of Fermi-liquid behavior and in agreement with ARPES measurements in
Ref. [11]. The fitting curves applied in fig. are

(7.10) (2): 7(w) = 4.5meV + %uﬂ,
(7.11) (3): 7(w) = 6.5meV + %w?

The quantitative match with the experimental data from Ref. |[11] is not given for the
d,,~states— the measured values are a factor of 2-3 larger—, which can perhaps be attrib-
uted to impurity scattering from the cleavage [11] or to the difference in temperature:
The experiments were carried out at 25K while we performed the calculations at 174K.
We expect that the lower temperatures enhance spin fluctuations and thus increase the
overall value of scattering rates. Further, we expect that this effect is only restricted to
d,,~dominated orbitals as supported by measurements on Ba(Fep.92Cog.08)2As2, where
the temperature dependence is only significant for the d,, -dominated orbitals.

This comparison of scattering rates to experimental data suffers from another impor-
tant issue regarding the different extraction schemes from ARPES, which lead to incom-
mensurate experimental data [11,12]. While both cited publications follow the same
extraction scheme based on the energy- and momentum distribution curves, which di-
rectly connects to the imaginary part of the self-energy (see eq. (4.254)), they apply
different models to obtain the scattering rates as fitting parameters to those models.
We will not go into details about the different procedures but refer to Refs. [11,/12]
and point out that this difficult technicality can yield significant results as is the case
here.
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o d d d d d_,

Ty Tz Yz z2—9y2 z
nkPA 1 1.11[1.06 | 1.06 | 1.17 | 1.54
nIPSC 1 111]1.09[1.09| 1.19 |1.46

TABLE 7.3. Orbital-resolved occupations from DFT and DFT+TPSC.
Notice that the LDA filling do not perfectly add up to 6 due to the
finite temperature that is not included within LDA. We observe that
the fillings barely change except for the d ,-filling which reduces due to
the purely positive shift of the real part of the self-energy (see fig. 5(b)
in |287]).

The data in fig. suggests that the Fermi-/non-Fermi liquid distinction in LiFeAs
can be based on the orbital character. To test this idea we also checked how the energy
dependence changes with different k-points for the electron and hole pockets. We found
that small translations along the tip of electron pocket (3) yields quasi-particle scat-
tering rates that depend linearly on the binding energy, which could have been already
expected from the incoherence of the quasi-particle weight away from the point (3) (see
fig. [7.8(b)).

In conclusion we find that the quasi-particle scattering rates show an intricate momentum-
and orbital-dependence containing both Fermi liquid and non-Fermi liquid features.

7.3.4. Orbital fillings. In this section we compare the DFT orbital fillings with
the interacting fillings since this was an important approximation in the determination
of T'*P (see sec. [5.6.7). There, we argued that we can approximate n, by its non-
interacting value n DA in the local spin and charge sum rules (see eqs. (5.327)-(5.329),
(5-334), and ([5.336))) and the ansatz equation for I'*? (see eq. (5.386)) in order to
avoid additional self-consistencies that would only introduce marginal effects but lead
to additional iterations of the self-energy evaluations of eq. . The comparison is
shown in table We find that the fillings are indeed very close to the original non-
interacting orbital occupations. The largest difference is in the d_,-component that
is due to the strict positivity of the real part of self-energy over all k-points (comp.
fig. 5(b) in Ref. [287]).

7.4. Comparison of “local TPSC” and DMFT

Here, we resume our comparison of the “local TPSC” and DMFT that we started
in the previous sections in terms Fermi surfaces (see fig. . For a more detailed esti-
mation of both methods away from the Fermi energy we show in fig. the spectral
function obtained from “local TPSC”, DMFT and a renormalized DFT bandstructure.
In contrast to the full TPSC results we observe that the “local TPSC” and DMFT
spectral functions are very close to the renormalized DFT result, where the renormal-
ization in DMFT (factor 2.1) is slightly larger that in “local TPSC” (factor 2). Only at
larger binding energies we see that the imaginary part introduces additional features,
where again the imaginary part of the self-energy is larger in DMFT than in “local
TPSC”. Most importantly, both methods do not exhibit the “red-blue shift” that is
needed to improve the agreement with experimental results.

Since the above presented comparisons rely on analytic continuation and are thus
susceptible to the errors that come along with it, we will compare now the raw self-
energies from both methods in fig. Due to the constant spin and charge vertices
in TPSC we cannot obtain the right self-energy high-frequency behavior in contrast
to DMFT (see chap. [6] and [163]). This explains the larger deviations in fig. [7.11
at large Matsubara frequencies. The opposite is true for the low-frequency section of
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FI1GURE 7.10. LiFeAs spectral functions for LiFeAs obtained from “local
TPSC” (left) and DMFT (right). For comparison we also show the
renormalized DFT bandstructure in both plots. The agreement of both
methods is not only limited to the Fermi surface but also to the low-
energy spectrum. Figure reprinted from Ref. [285].
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FIGURE 7.11. Imaginary part of the “local TPSC” (red) and DMFT
(blue) self-energy. We observe a good agreement at small Matsubara fre-
quencies (except for the dmg_y2 orbital). Since the low-frequency parts
of the d,, - and d_, Jy2-COmponents of the self-energy are the largest con-
tributors to the low-energy features of the spectrum, we can assume
similar results from both methods. Figure reprinted from Ref. .

the self-energy, where large deviations only occur for the dwziyz—orbital. A remarkable
difference in all orbital channels is the stronger quasi-particle renormalization in DMFT
that can be seen from the steeper slope at low Matsubara frequencies. We have already
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noticed this small difference in terms of the larger average effective mass (see fig.[7.10)).
Nevertheless, the overall similarity between both approaches suggests that some of the
low-energy physics in LiFeAs are captured in a close way.

7.5. Conclusions

We applied the multi-orbital TPSC method to the correlated metal LiFeAs and
found that non-local correlation effects are crucial for describing the low-energy spec-
tral features.

While the local part of TPSC introduces an overall renormalization of a factor of two
to the bandstructure, we find that the non-local part adds additional features such as
momentum-dependent incoherence and momentum-dependent spectral weight shifts.
Those effects result in the flower-like shape of incoherent spectral weight around I" that
is observed in ARPES experiments and a “red-blue shift” of the bandstructure that
leads to an overall shrinking of all electron and hole pockets in agreement with ARPES
and dHvA measurements |7,[11,313-315|.

Moreover, we found that the local TPSC limit exhibits strong similarity to DMFT
results when it comes to spectral function and Fermi surface data in the low-energy
region. It is important to notice that those local approaches are not able to capture the
“red-blue shift” since one needs shifts in the positive energy direction at the M point
and negative self-energy shifts at I.

This result is not only restricted to LiFeAs but can be extended to more representa-
tives of iron-based superconductors which underlines the importance of non-local elec-
tronic correlation effects in this family of materials [287]. Similar studies on LiFeAs
already suggested the importance of non-local correlations although they expect the
non-locality to be originating from high-energy charge fluctuations [9,[10]. Neverthe-
less, our calculations and closely related approaches [287] suggest that the low-energy
spin-fluctuations are at least an additional important ingredient. Moreover, our results
predict the same Fermi-/non-Fermi liquid behavior of the Fermi surface states along
I-M as extracted from ARPES by Brouet et al. [11].

In summary, our calculations underline the importance of non-local self-energy ef-
fects in LiFeAs that go beyond the DET+DMFT description and show that the TPSC
scheme is indeed able to improve the agreement between theory and experiment.
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Summary and Outlook

In this thesis, we presented the Two-Particle Self-Consistent approach as a method
for describing moderately correlated electronic systems. Many phenomena such as un-
conventional superconductivity, the Mott metal-to-insulator transition or Pseudogap
physics can be related to the emergent physics of interacting electrons.

In order to calculate properties of real materials we determine the electronic struc-
ture of those systems from ab-initio DFT as described in chap. 2l This method has
proven several successes over the last decades and serves as a sensible starting point
for many-body techniques that account for additional electronic effects beyond the in-
dependent electron picture.

Due to the intricate nature of many-body studies it is often impossible to work on
the original system, where electrons are considered in continuum and interacting by
means of the long-range Coulomb repulsion. In chap. [3| we presented the famous Hub-
bard model which is assumed to be a fundamental lattice model that incorporates the
essential physics of interacting electrons. Moreover, we presented the cRPA scheme
which allows to determine the effective Coulomb interaction parameters that enter the
Hubbard model.

In chap. [4] we introduced the concept of Green’s functions that stand in the center of
the TPSC approximation. We not only summarized the different types of Green’s func-
tions but also explained how one can deduce physical observables from those abstract
objects.

Next, we presented in chap. [5| the TPSC approach by first introducing the Kadanoft-
Baym scheme upon which TPSC is based. An application of the multi-site TPSC was
presented in terms of a study of superconducting properties of organic superconductors,
where we were able to understand the superconducting critical temperatures obtained
from the dimer model by means of a competition between geometric frustration and
interaction induced spin fluctuations. Since the resulting critical temperatures did not
follow the experimentally measured values or even trends we moved on to the more
elaborate molecule model which in contrast also showed the exotic s+d 2_,2 gap sym-
metry as solution. Moreover, our study underlined the proximity of s+d,2_,2 and dgy
symmetry in the eight organic superconductors studied. Unfortunately, it was not pos-
sible to reach low enough temperatures in order to determine superconducting critical
temperatures of those organic superconductors within the molecule model because of
diverging antiferromagnetic correlation length which introduces numerical errors to our
calculations.

Due to the novelty of the multi-orbital TPSC approach we dedicated chap. [6] to a thor-
ough benchmark of the method and a detailed comparison to DMFT which represents
the exact solution of the Hubbard in infinite dimensions. The major observations from
this comparison are that TPSC and DMFT seem to produce the same local physics in
the region of intermediate coupling but the TPSC ansatz for the irreducible spin vertex
seems insufficient to capture certain aspects of multi-orbital interaction. This becomes
obvious in the TPSC double occupations but possibly also in the tendency of negative
charge vertices. Fortunately, those undesired features from TPSC can be circumvented
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to some extent and there are promising improvements that have to be tested in future
work.

After this toy model study we turned to a real material calculation in chap. [7} namely
LiFeAs. This iron-based superconductor served as a perfect testing ground for the
non-local dynamical multi-orbital TPSC approach since ARPES measurements suggest
momentum-dependent correlation effects that cannot be reproduced within DFT+DMFT.
Indeed, our DET+TPSC study was able to produce the so-called “red-blue shift” which
described the overestimation of the size of electron and hole pockets from DFT in many
classes of iron-based superconductors. Additionally, we were able to reproduce the
DMEFT Fermi surface result by taking the local limit of TPSC and also certain aspects
of quasi-particle lifetime measurements. The flower-like shape of spectral weight around
the I' point that is both observed in TPSC and ARPES measurements is crucial for
certain strong coupling superconducting pairing mechanisms and thus TPSC supports
the idea that momentum-dependent spin fluctuations might be important for fully un-
derstanding the low temperature physics of iron-based superconductors.

This last real material study demonstrates the non-trivial effects that can be generated
by treating non-local and dynamical self-energy effects on equal footing. Nevertheless,
we have to keep in mind that our toy model study revealed some non-negligible error
sources within the method.

While the spin vertex ansatz in the single-band TPSC starts to fail only when antiferro-
magnetic correlations are too large we see that the multi-orbital ansatz ignores aspects
of the Hund’s coupling for all interaction strengths. For this reason we plan to replace
the TPSC spin vertex ansatz by directly taking double occupations from different meth-
ods such as DMFT. A similar procedure was already suggested in Ref. [207]. It is also
interesting to check whether such an improved scheme could also fix the problem of
negative charge vertices that appear in some interaction parameter regions.

Since TPSC is only valid in the weak to intermediate coupling regime one needs
further extensions to incorporate the physics of strong coupling. The key for resolving
Hubbard band features calls for dynamical and thus frequency-dependent spin and
charge vertices [163].

Possible extensions are for example the TPSC+ approach that was recently developed
for the single-band case [148|. This ansatz is capable of introducing dynamical vertex
corrections that are not present in the original TPSC formulation. Another way to
access the realm of intermediate-to-strong coupling is by combining TPSC and DMFT
in a similar fashion as already suggested for GW+DMFT [182]183], namely by taking
the non-local self-energy from TPSC and the local part from DMFT. This new scheme
would treat low-energy spin fluctuations that are not incorporated in the GW+DMEFET
approach.

Other combinations such as GW+TPSC are also interesting when high-energy charge
fluctuations and low-energy spin fluctuations have to be taken account of.

Another yet open field of study is the inclusion of the transversal particle-hole
channel that was left aside in this thesis due to the insufficient number of sum rules.
This problem would be also solved if one takes the double occupations from a different
many-body method.

So far, we only considered static screening of the Coulomb repulsion but as reported
in [52//68,106| the inclusion of dynamical screening effects can lead to further important
features of the spectral function.

Regarding the specific case of LiFeAs it would be also interesting to see how a
three-dimensional calculation would influence the results in how far the TPSC could
resolve the open problems that appear within DFT away from the k, = 0-plane [10].
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In conclusion, we have presented studies with the TPSC method which revealed
that this many-body approach contains promising features regarding the description
of interacting electrons in correlated materials. It is thus an auspicious path to follow
in the future of method development; especially due to its efficient implementation
possibilities.
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APPENDIX A

Transversal particle-hole channel for multi-orbital TPSC

While we presented a detailed derivation of multi-orbital TPSC in the longitudinal
particle-hole channel in sec. [5.6] we show in this appendix the TPSC equations in the
transversal particle-hole channel.

The procedure is similar to the one presented for the multi-site case in sec. [5.1.9] and
we introduce artificial fields

_ 0 ¢~ (1,2)
(A1) Pop = <¢+(172) 0 )
that appear in the grand canonical partition function
t Me— (13 5_t (Tt (T3 5
(A.2) Z[0] = <TTe_cavT(l)d’aB(1’2)%,¢(2)_%v¢(1)¢aﬁ(1’2)%,T(2)>.

We define the spin-space Green’s function

(A.3) 75 (1.2)a = —(Tyca,(1)ch 1 (2))a-
which is generated via functional differentiation,
(Ad) ~ dnZ(®] _ “0 Glh(1,2)4 |
6@/3&(2, 1) G 5(1,2)g 0
with the previously defined matrix-valued derivative
)
0 0 Spite(4,5
(A.5) = ( 5 dre(d5) |
5¢V€(47 5) 6¢;€ (4’5) 0

One derives the matrix Dyson equation

(A.6) G (1,2)s = (G°) ' (1,2) — £(1,2)s — ®,

in the same manner as in sec. [5.1.9| and finds the self-energy equation
2a(13)eGy,(3,2)e

— Y0, (&nmS;CQVTEBC}’T@))@ (T30, ()C) i(2)>QI>>
B T84 Gy y

n C CT n C CT
= 2_Usa = Jg0) (T (e () :ﬁT(2)> (e (1) y(1) ¥¢(2>>¢
7 <T7n57¢(1)ca7¢(1)cw(2)>(I) <TTnBV¢(1)cai(l)cv’¢(2)>¢
T cf c c c T ¢ c c ol
+ZJ5a < T ﬁ,i(l) ﬁ,T(l) a,i(l) %T(2)>q> < . f}i(l) B,T(l) a,i(l) z7¢(2)>¢
g (ehs(Wesy(Meqs (el 1)) (Trch (Ve (Weg (Ve ()
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(A7)
Sy <T7_c:;7¢(1++)cﬁT(1+)06¢(1)CL7T(2)>(} <TTCLV¢(1++)cﬁT(1+)06¢(1)CL7¢(2)>(}
r <TTCLVT(1++)CB¢(1+)cm(1)c%(2)>q> <TTCLVT(1++)CB¢(1+)cm(1)c;¢(2)>q>

B#Y
From the matrix equation
(A.8) Gag(lﬁ) (G*l)ﬁy (3,2) =I6(1 — 2)4,,,

we derive via functional differentiation in the same way as in sec. the two non-
vanishing generalized susceptibilities

0GIL(1,6)

+
605:(4,5) |4,
53 (3,2) 5 6GE(7,8)4
A9 —GH(1,4)GM(5,6) + GH(1,3) T __ PA G (2,6
e avll )Gec(3,6) + G5, )5(;%1(7,8)@ 0se(4,5) (%0
PA ®=0
(A10) == (Trel (6)ca, (Ve (4)ces(5))
0GIL(1,6)g
06me(4,5) |4
53 (3,2) 5 0GTH(7,8) 4
A11) =GN (1,4)G*(5,6)+ G (1,3) T PA GH (2,6
(A.11) v (1, )G (5,6) + G (L, >5GE§(7 8)p Odue(4,5) (%.6)

(A12) == (Tyel (6)car(1)e], 1 (4)eey (5))

A.1. Self-energy and susceptibilities: Transverse channel

Starting from the implicit equation for the self-energy 3 (eq. (A.7)) we can see that
the Hamiltonian is spin conserving and obtain in the limit ® = 0 the expression

=,5(1,3)G5,(3,2)

<TTn (e (1)cJr (2)> 0
—— U N B a,t vt
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_ Us, — J g0 :
EQ:( o~ Jpa) 0 <Tr”6,¢(1)Ca,¢(1)0i,¢(2)>
N Z S <TTC;,¢(1)Cﬁ,T(1>ca,i(1)ciﬁ(2>> 0
o ! ! (Tch 1 (0)eg y (Deq s (D)el, ()
(A.13)
<T7-CT (Deg(D)ey (1)e! (2)> 0
el al\egp(b)eg ((Dey,
% f 0 (T, 1 (1)ey (Ve 4 (el ()
BF#a

From this we immediately see that the self-energy ¥ and Green’s function G is diagonal
in spin space. We use now our knowledge from the longitudinal channel to express the
four-point expectation value that is scaled by Ug, — J4, in eq. (A.13) in terms of the
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spin and charge susceptibilities (see eq. (5.344])). Thus, by multiplying eq. (A.13]) with
(G_l)m (3,2) and integrating over all internal degrees of freedom we find

S (1.2)
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which can represented in terms of generalized susceptibilities as
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Next, one can use the Bethe-Salpeter equations (eq. (A.9) and (A.11)) to further eval-
uate
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We can now evaluate the matrix product with the inverse spin Green’s function and
get
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+ZJWG”11+)5 L6(1—2)

n#a
§3279(9,2) 4 6G27(7,8)g

—0—0 ) B
D IG5 7(1,9) 5

ko
+ZJWG 777(1,17)6, ,0(1 — 2)
n#a

_62277(9,2) 4 0G 27 (7,8)
(A17) + Z Jr]aG_g_g(L 9) [jfyaa 7 Q p‘i\
W;Za nBs 5G5X (7, 8)@ 5¢a7}<1+71) H=0
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CHAPTER A. TRANSVERSAL PARTICLE-HOLE CHANNEL FOR
MULTI-ORBITAL TPSC

We see now that the equation can be related to the spin susceptibilities via eq. ((5.203))
and we get

0y (1,2) ZU oG 77 (1,115, ,0(1 — 2)

U _ _ __
ne ~—o—o sp . sp .

+ En G TN (9,257,825 (7.8:1)
U, —J,

no no

+ Z 4

n
n#a

ZJG""11+)6 L6(1—2)
n#a

+ @G*E*C’(l NI*L__(9,2;7,8)2xF (7,8;1)
T] 4 aﬁ ) ,YIBAp ) ) ) b )
nFo

ZJ G,277(1,17)5, ,6(1 — 2)

n#a

(A.18) —I—Z 77o‘G 7= 9,2:7,8)2xF (7,8;1).

2h vﬁﬁ(

As expected we recover the same Hatree-Fock term as in the longitudinal channel (see
eq. (5.347) but a different second order part that can be regrouped to

>29(1,2) Z o {ny _o(1))8,,6(1—2)
+ Z(Una - Jna) (<nn,a(1)> 504,7 - <no¢'y,0'(1)> 57],’7) 5(1 - 2)

nF#a
+ Z JUOC na,fa 1)> + <nar],70'(1)>) 517,75(1 - 2)
n#a
1 sp o) = Q) 5P = Q sp, oo
+ erﬁp(ga 27 75 8)XXp77'y(7’ 8 ) nyaeG (1 9)
1 ch a 9.7 a\..ch = Q chO oo
(Alg) + ermﬁ(ga 27 77 8)XXW(7’ 8 ) n'yaeG (1 9)
where we have defined unperturbed vertices
2Uqp a=v,=90
a0 rply = {Ym ~ Uy @ =070 =0,
2Jap a=0#p=7y
0 else
—=ch,0 Uopy — Ja a=pB#v=9
A.21 Toos= 7 7 .
( ) afrs {() else
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A.1. SELF-ENERGY AND SUSCEPTIBILITIES: TRANSVERSE CHANNEL

Wee see that the components of T'™" ¥ are not as easily related to each other as was
the case for the longitudinal counterpart T'*P (see eq. (5.349)). For this reason it is
not possible to calculate the spin vertex as in the longitudinal channel (see also the
discussion in sec. from the local spin sum rules and the ansatz equation ([5.386).
Nevertheless, it is possible to construct the components of the spin vertex I'? in the
transversal channel from the bare spin vertex T " . For example, under the assumption
of Kanamori-Hubbard interaction interaction values U o’ J op We observe

. 4 6
(A.22) Tor s = —2 (3 = U) + 35 (20)
_ 4_ 61— -
Sp sp Sp sp
(A.23) = Lagap = —zlaaps T 755 (Lacaa T Tasss);
. 2 1
(A.24) T e = (6 = U) +£(2U)

2—sp 11 =SD =Sp

(A.25> = lepﬁﬁa = graaﬁﬁ + gi(raaaa + Fﬁﬁﬁﬁ)'
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APPENDIX B

Computational details

B.1. Matsubara functions

B.1.1. Numerical implementation of the Matsubara sums. In practical cal-
culations one is limited to finite sums over Matsubara frequencies; let us assume that
the number is N,,q:s. Nevertheless, it is possible to perform the sums with a small error
by analytically calculating the tail contributions from the high frequency expansion:

Goaolk,T)
1 — ,
(B1) == Y Guuplkyiw,)e 7
B n=—00
1 N’mats
(B.2) =3 Y Gaaglkiw,)e T + > Gooo(kyiw,)enT
n:_Nmats ng[_Nmatmeats}
@E1a3) 1 Nmats , .
~ E Z Gaa,a(k7zwn)e "
_nz*Nmats

L ok) | ak) k)
(BB) * — + '2 + .3 + .4 e WnT )
”ﬁ[—Nmz:N (an (iwy)? (i) (zwn)4)

ats’ mats}

where ¢, (k), .., ¢, (k) are real numbers that can be obtained by fitting the Green’s func-
tion to the high frequency tail. The sum of those coefficients can be completed to
n € (00, 00),

mats

- %l o) — 1 cy (k) (k) cy(k) o~ iwnT
Ganallor) % 5| 3, (Gamliion) = (4 2+ T+ )

mats

(o]
L k) | (k) | ek) )
(B.4) + < + 2 + = + = e WnT| .
n;oo iy (iwy)?  (iw,)?  (iw,)*
Analytical solutions for the infinite sums are available in terms of Euler polynomials that

are implemented in symbolic manipulation programs such as Wolfram Mathematica or
Maple. Those give in the limit of lim

T—0~

n2 mats
(B.5) %% _ 02(5)5 4 04(525 i ; _XN: (Gaa,o(kviwn) 4 cy(k) _ 04(;:5)) '

mats

This result can now be inserted in the equation for the filling (eq. (4.241))).

The same strategy can be also used for calculating Matsubara sums of the local spin
and charge sum rules. We first notice that symmetries of the irreducible susceptibility
x° (eq. (5.93) and ) allow us to rephrase the following expression for real-values
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B.1. MATSUBARA FUNCTIONS

susceptibilities x:

> x(q,igm)

@i,
(B6) = x(gig)+ Y x(@igm)+ > x(q igm)
q q,m>0 q,m<0
_.Xloc
B.7) ="+ > xl(gigm)+ Y 2[1£xq,iq,)T] x°(q,igm)
q,m>0 q,m<0
(B8) ="+ > x(gigm)+ Y 2[1Ex"(q,—ig,,)T] " x°(q, —igm)
q,m>0 g,m>0
- -1
(B9) ="+ > x(gigm)+ > 2 Hi(XO)T(q,iqm)F} ()" (. iam)
q,m>0 g,m>0
- -1
(B.10)  =x"°+ > x(gigm)+ Y 2 Hi(XO)T(—q,iqm)T] ()" (~qigm)
Q7m>0 q7m>0 )
I * . -1 * .
(B11)  =xX""+ > x(g.igm)+ Y_ 2|1+ (x) (q,zqm)l“} ()" (. iqm)
q7m>0 q,m>0 )
(B12)  =x"°+2 > Rex(qigm).

q,m>0

Notice that we dropped the superscript for the susceptibilities since the procedure works
for both the spin and the charge susceptibility.

Moreover, from the explicit form of irreducible susceptibility x° with non-interacting
Green’s functions (see eq. (5.92)) we observe the high-frequency behavior

d d
(B.13) Y Rex(qyign) ~ —25 + —1
7 (1gn)"  (idp,)
where we obtain the parameters do, d4 by fitting to the tail of the momentum summed
susceptibilities. By the same steps as performed for the Green’s function G we obtain
the formula

, dy(k)B* | dy(k)B*
~u~loc 2 4
q%: X (g, igm) ~x +2< eyl

+ +...,

Nmat.s

(B.14) + Z <Z Rex(q,ign,) — (.d2 ol (ij4)4> :

Im)

In contrast to the Green’s function summation where the analytic correction of % is

crucial to take into account since it stems from the limit lim that cannot be taken
T—0~

account of numerically, the approximative formula for the susceptibility is only a way to
save memory since the storage of the susceptibility scales like N - N;lrb for each bosonic
Matsubara frequency.

B.1.2. Matsubara sums of the form F(m) = > f(n)g(n +m). Many expres-

n
sions that we use in this work to study the physics of correlated materials are convo-
lutions in Matsubara frequency space (e.g. (5.396) and (5.290))). For this reason we
consider here possible sources of error for sums of the form

(B.15) Zf g(n +m),
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CHAPTER B. COMPUTATIONAL DETAILS

where n, m € Z are either fermionic or bosonic Matsubara indices. We start with a
similar procedure as in the previous section by restricting the Matsubara sum to
a finite number of frequencies,

N

mats

(B.16) Fm)~ > f(n)g(n+m).

n=—N,

mats

Note that for our applications there is no need for analytical correction of the high-
frequency tail since the convolutions considered are decaying fast enough to ensure
convergence by a sufficient number of Matsubara frequencies. This is different if one
considers to perform the Matsubara sum for x° (eq. ) numerically [339] because

the leading order O (w wl ) that appears in the sum decays too slowly.

n=n+m

We demonstrate that the shift in the factor g(n + m) leads to a problem if one
carries the sum out in the interval [—N, N,,,ats) for a particular choice of f, g shown

mats’ ' mats
in fig.

Assume we want to calculate F'(0) by restricting the Matsubara sum to [— N, N,

mats? mats]‘
In that case the sum is symmetric with respect to n = 0 and one neglects only the fast

decaying high-frequency parts of both f and g (see fig. [B.1))(a).

(@) f(n) —e—  g@+Ny.) —— (b) adaptive o
g(n) non-adaptive —e—
1 0.8
0.7
0.5
0.6
L‘lilg 0 ) ol 0.5
04
-0.5
0.3 ‘ o
-1 0.2
'ZNmats 'Nmats 0 Nmats 0 NmatS
n n

FiGure B.1. Ilustration of the Matsubara summation error that ap-
pears with rigid summation intervals. (a) In the convolution F' = f * g
we see that while f remains at a fixed position the key features of g
are shifted out of the summation interval with increasing Matsubara
index of F'. The gray shaded are does not appear in the sum. (b) The
effect of this incomplete summation becomes visible at large indices of
n (empty symbols). An adaptive summation, i.e. summing over the
interval [—N, — m, N, 5], where m is the index of F, can fix the

mats

bending of the high-frequency tail of F (filled symbols).

On the other hand if one calculated F'(N,,,;,) we neglect the addends that would arise
from the gray shaded area in fig. [B.Ia) which results in the function F' shown (b) with

empty symbols. This effect can be compensated by summing over [—N,, ;s — M, N, ats)s

i.e. depending on the Matsubara index of F' we shift the lower bound in order to capture
the tail in the shaded area of fig. [B.1|(a). The formula for F' reads then

N,

mats

(B.17) F(m) =~ Z f(n)g(n + m).

n=—N,

mats
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B.1. MATSUBARA FUNCTIONS

The result of this adaptive summation is shown in (b) where the bending of the tail is
compensated. This effect is especially important if one needs high-frequency extrapo-
lation of F' which necessitates precise values of the high-frequency values of F'.

B.1.3. Matsubara extrapolation. In this section we present the numerical im-
plementation for the quasi-particle weight (eq. (4.262))

-1
wn0+>

(B.19) T, (k,w) ~ —Z,(k)ImS,,, (k, iw, — 0).

From the Dyson equation (5.49) and the behavior of the Green’s function under fre-
4.136]))

quency inversion (eq. (4. we can conclude that ¥ (k,iw,) is anti-symmetric in
Matsubara frequencies. Thus, we can use

OIm,, (K, iw,)
ow,,

(B.18) Z,,(k) ~ (1

and the quasi-particle scattering rate (eq. (4.263))

(B.20) Im3, (k,iw, — 0) 2290

and a linear extrapolation to approximate

OlmY_ (k. iw ImY_  (k, iw,) —ImX_  (k, iw, — 0"
(B21) ao n ~ ao 1 oo n
ow,, iws, =0+ w; —0
(B.22) _ IS, (ki)
Wy

A more elaborate approximation can be found by polynomial extrapolation that we
explain in the following.
Consider the vectors

(B.23) z = (wg, - ,ws),
(B24) Y= (Imzaa(k> in)a s aImZaa(kv iw5))T

and the non-square matrix

(B.25) Aiji=a), 1<i<6 and 1<j<5.
Next, we solve the linear equations

(B.26) Az =y

that represent a polynomial fit of the real and imaginary part of the self-energy to the
Matsubara frequenciesﬂ Therefore, we get the improved approximations

(B.27) Fo ~ ImX,, (k,iw, — 01),

_ 0ImX,, (k,iw,)
B.28 ~ qol D :
(B.28) T D, ot

IThere are many numerical implementations for solving this. We made use of the householder QR
decomposition as implemented in the eigen library.
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CHAPTER B. COMPUTATIONAL DETAILS

B.2. Non-convolutional k-integration

We describe here the numerical two-dimensional k-space integration that we also
implemented in [339]. For more details we refer to the mentioned reference whereupon
this section is based.

Some of the TPSC internal k-summations (see e.g. eq. (4.240))) are not of convo-
lutional type and are treated here separately. For the convolutional k-summation we
refer to sec. where one takes advantage of Fast Fourier transformations.

Thus we restrict ourselves to summations of the type

(8.29) F= 3 fk)
k

in two dimensions.
We distinguish between three cases that are treated separately in the following three
sections.

B.2.1. Adaptive cubature. First, we assume that f is given in a closed form
which means that we have an analytic expression for the function f that we can evaluate
f at arbitrary k-points. This allows us to make use of the adaptive cubature procedure
following the description in [340,341] and go into the limit of infinitely many unit cells,
ie.

(B.30) F=x > fh) — A; /. st
k BZ

where A, is the area of the first Brillouin zone.

This method is especially valuable if f exhibits rather flat behavior in many areas
of k-space and strong k dependence in some regions; e.g. the non-interacting Green’s
function at low temperatures G° changes drastically close to the Fermi energy (see
eq. (4.235))) and is else flat as a function of k.

Note that since we work in relative coordinates k, the first Brillouin zone is always a
square.

The adaptive cubature algorithm is given by the following steps:

a) Divide Ap, into n, triangles and perform the following steps for each of the
triangles A;, ¢ = 1,...n,. In the calculations presented in this work we pick

ng = 17.
b) Uose the seven-point formulaﬂ to evaluate the integral over each triangle A\;
with i =1,...,n,, i.e.
7
(B.31) [ )k~ 180 Y ),
i j=1
where the nodes (z;,y;) and the respective weights w, are shown in table
and fig.

c) Divide each triangle /\; into four triangles (see fig. |B.2)) and integrate again
over each new triangular region by means of eq. (B.31)).
d) Check convergence via

(B32) ‘Inew - Iold|/3' < €|Inew + 1‘|>

where I, is the sum of the integrals over the four new triangles described in
the previous step [c) and I ;; is the integral of the respective triangle A;. We
take the convergence threshold e to be 1075,

2Note that we used a less precise three-point formula in |245.246/,285//287.(339] due to the large
numerical effort in multi-site and multi-orbital systems. The three-point formula takes only the blue
nodes in fig. and with a weight of 1/3 for each node.
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B.2. NON-CONVOLUTIONAL K-INTEGRATION

If the convergence condition in eq. (B.32) is fulfilled return the value I,,.,, and
add it to the final result and else start from step Eﬂ with all four new triangles.

Note that one could use higher order integration formulas to improve the above men-
tioned algorithm but we checked that in all applications of this thesis the seven-point
formula is sufficient. Finally, we want to point out that a precise calculation of y°
is important since the divergences in x*P can be only described properly if x* was
determined with small numerical error (see eq. (5.267)).

1| x, Y; w,
1] 0 0 3/60
21 0 1

3| 1 0

41051] 0 8/60
5| 0 | 0.5
605105
711/311/31]27/60

TABLE B.1. Weights w; and nodes (z;,y;) that are needed to evaluate
the seven-point formula for integration over a triangular domain (see
eq. ) The coordinates are given in so-called natural coordinates
of the triangle (see fig. |B.2))

(0,1)

(0,0.5) @ W (0.5.0.5)
o
L 1BAR)
o o
0.0 0500  (1,0)

FIGURE B.2. Natural coordinates for a triangle that are used to desig-
nate the position of the nodes in the seven-point formula (eq. )
while the colors encode the respective weights as shown in tab. The
dashed lines indicate the division of the triangle into four new triangles
as needed in step [c)| of the adaptive cubature algorithm.

B.2.2. Trapezoidal rule. Here we assume that f is given only for finitely many

k-points which in our case means that f is a function that was calculated numerically
and we have no easy analytical expression that allows us to produce function values for
arbitrary k-points.
This case covers summations where f is given for exactly N = N2 k—point There-
fore, we make use of the two-dimensional trapezoidal rule which corresponds to linear
interpolation between the given N function value points of f. Obviously, one can think
of more precise implementations such as spline interpolation or higher order integration
formulas.

3Note that we assumed here that N is square which is true in all applications of this thesis since
the number of unit cells in z-direction are assumed to be the same as in y-direction.
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CHAPTER B. COMPUTATIONAL DETAILS

We assume that f is known on the nodes (z;,y,) Vi,j € {1,..,N} and that those
points are homogeneously distributed over the first Brillouin zone in relative coordi-
nates [0,1] x [0, 1].

The two-dimensional trapezoidal rule can be understood as iterative application of the
one-dimensional version. This yields

1
—_— k)dk
i /ABZﬂ )
1

=

(B.33) ve— [T @+ Y f) + i) | d
. NN(yN—yl) " 9 1Y g Y 9 N’y Y
1 (1
%ﬁ [4 (f(xlvyl) + f(z1,y5) + f(@5,91) +f(33]§py]v)>
1N—1
550 (P ) + Fag,u) + o) + fleg)
=2

V—1
(B.34) £ Sy

1,j=2

B.3. The cross correlation theorem

In many equations that we encounter within TPSC (see eq. (5.396]) and (5.290))) we

have to evaluate expressions of the type
1
(B.35) F(k) =+ > f(k)g(k —q),
q

which represents a multi-dimensional convolution. Numerically one can perform this
summation very efficiently by taking advantage of the circular convolution theorem,

L
(B.36) F=-3 (18] > [Sgll,
where § denotes the discrete Fourier transform and x is the array product of the vectors
in k-space. To perform the discrete Fourier transformation —here exemplified for two

dimensional functions— we interpret the functions f as array

£ =1£(0,0), f(0,1/N),..., f(0,1 — 1/N), f(1/N,0), ..., f(1/N,1 — 1/N),...
(B.37)  ...,f(1—1/N,1—1/N)]

and similar for g and F. This represents all three functions as periodic discrete two-
dimensional lattice functions.

By performing the discrete Fourier transforms in terms of fast Fourier transforms
one can achieve a run time O (N log N) that scales much better that the brute force
0 (NQ) version.

Similarly, the equations of type

(B.38) F(k)=—=> f(k)g(k+q)

can be dealt with in terms of the cross correlation theorem:

(B.39) F= L5V (B x [3d]].

NQ
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B.4. NUMERICAL INSTABILITIES AT LOW TEMPERATURES

B.4. Numerical instabilities at low temperatures

In this section we show why TPSC gets numerically unstable at low temperatures
and in how far one can circumvent those restrictions.

B.4.1. Adaptive k-meshes. First, one has to deal with the divergence of the spin
susceptibility x*? (see fig. . This is due to the fact that at low temperatures the anti-
ferromagnetic fluctuations will start to diverge at g-points where the nesting condition
is fulfilled. Thus, one has to take care that enough g-points are used numerically to
resolve the peak in the spin susceptibility.

In order to save memory we use an adaptive g-grid that is fine at low Matsubara
frequencieeﬁ Since the same argument applies to all Matsubara functions that we
study, we apply the adaptive mesh to all Matsubara functions within TPSC.

The number of k,- and k,-points N, (n), Nky(n) for a given Matsubara index n > 0

is given by
Nimaz n <6

(B.40) Ny, (n) = Ny (1) = q Ninaz/1.1"7% " Nipaz /11770 > N,
Npin else

and analogously for a negative Matsubara index nﬂ Note, that we keep a constant
fine k-mesh of N,z X Npmae points for the first six Matsubara frequencies due to the
extrapolation procedure described in sec. B.1.3] Otherwise, the number of k-points
are slowly exponentially decreasing with Matsubara index n down to a minimal value
Nmin-

B.4.2. Adaptive Matsubara frequencies. The distance between Matsubara
frequencies decreases with smaller temperature since

(B.41) w, =2r(n+1)T and ¢, =27nT.

This means that a constant number of Matsubara frequencies cannot resolve the same
imaginary frequency window with decreasing temperatures.

This effect can be compensated by increasing the number of Matsubara frequencies
N, inverse proportional to the temperature,

mats
N I,/T N,T,/T > 50
(B42) Nmats(T) = 070 070 )
50 else
where N is the number of Matsubara frequencies at 7' = T}, chosen such that the
energy window sampled by the Matsubara frequencies [wy, ... ,w No] equals roughly the

bandwidth of the non-interacting system.
In the case of bosonic Matsubara frequency functions we use only

(B.43) (2/3)N,

mats

(T)

Matsubara frequencies since within TPSC those functions are faster decaying than the
fermionic ones.

“Due to the 1/ig,, decay of the susceptibilities (see eq. (5.92)) and (5-267)) we know that the peak
will be softened at larger Matsubara frequencies ig,, .

5In the case of bosonic frequencies one replaces n by —n and uses eq. while in the fermionic
case one has to replace n by —n — 1 because —iw,, = iw_,,_1.
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B.4.3. Non-interacting susceptibility x°. Note that the calculation of the non-
interacting susceptibility x" given by eq. (5.92)),

0 .
Xnue (q’ ZQm)

(Bat) = ab(h+)ad (k+ q)ad(k)al* (R
k,b,c

fFD(éb(k' +q)) — fFD(gc(k))
~iGy, + &k +q) = &(k)

bears two numerical problems.
First, in the case where m = 0 and energy degeneracy, i.e.

(B.45) &k +q) = (k)
one has to apply L’Hoépital’s rule and finds

(B.46) p fepGk ) — fp(6k) |1 BT

&, (k+a)— (k) &k +q) — & (k) T (1+ eseR)/T)2
Second, in the realm of very low temperatures the fraction on the right-hand side
of eq. will be a division of very large numbers which might result in an overflow
error. In this cases it useful to check whether the exponential £.(k)/T is larger than
~ 20 and set the right-hand side to zero which is the limit of this expressions for very
low temperatures.
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APPENDIX C

Formal results

In this chapter we present some formal results that were used in the main text.

C.1. Proof of internal accuracy check

We start the proof of the internal multi-orbital accuracy check by evaluating the

left-hand side of eq. (5.394)).
PROOF OF ([5.394]).

T —iw, T ; 0 ;
}_l}% N kz e Eyﬁ,g(kv an)GBy,a(k7 iw,)
=1 I —iwnT U )
= Tl}% N kz e Z v <nn’,o-> VvB—’_
Jiwy, n
+ Uy = T0) ()8, 5= (5,6, )
n#v
+J5,((n,5 )+ (ng, N(1—=0,3)
T
4 FCh ch ,i - FCh’O 4 5Py 5P ,i - Fsp,O B %
4Nqiq[ X (a: iqy,) X (q,1,,) }ﬁm
(C.1) x Goo(k + q, z’wn+m)}GgV7U(l~c, iw,,)
= Z Uny<nn,—o><ny,a> + Z(Uny - Jny) (<nn,a><nu,a> - <nun,a><nnv,a>)
n n#v
+ Jg,,(<nl,g,_a><ngy,g> + <ngy7_g><”gyvg>)(1 - 51,73)
T
9 T OFch chFch,O Orsp spl-\sp,O .
(C.2) N2 [x X +x TP Lw(q,lqm)
= Z Unu<n7],—o><nu,a> + Z(Unl/ - Jny) (<n7]7a><ny,0'> - <nl/77,a><nnu,0'>)
n n#v
+ Jg,,(<nyg,_(,><ngyva> + <ngy7_g><”gug>)(1 - 5,,73)
T
C.3 T 9 0 __ .ch Fch,O p_ 9 0 I-\sp,O .
(C.3) iV 2 [( X' =X ) +(x? - 2x") Lw(q,zqm),

where we have used the definition of the non-interacting susceptibility x° (eq. (5.72))
and the Bethe-Salpeter equation ([5.372)).

Following the definition of T'*?/¢"0 (eqs. (5.348)) and (5.349)) we will have three terms
in each channel, namely

(C4) Xmglamr = Xomalvma(1 = 005) + Xomm L 53(1 = 005) + Xowaz T smums
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where we dropped the superscript for simplicity.

Using the local spin and charge sum rules (egs. ((5.327

, (5.328), (5.329), (5.334), (5.335)

and (5.336])) we can evaluate the ¢, ig,,-sum in eq.

C.3)) and find

T
_ ) 0 ch) Fch,O P _ 9 0 Fsp,o} .
AN q% (2 -x (T =20) TP (40 id)
T 0 h ch,0 0 sp,0 .
4N q%: [<2X X )wf Y (XSP —2x )wﬂ vy (¢,iG,) (1 — 0, 5)+
_|_1 -(2 0 ch) Fch(] +( P _ 9 0) sp,0 ( i )(1—57)
AN @id - X vye VT X X ) vt vy | (D Ym vy
_|_£ -(2 0 _ ch) Fch,O +( P _ 9 0) sp,0 ( i )(1 _5 7)
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Notice that the additional contribution in the v4v7% contribution comes from the com-

mutator when swapping v and v to use the derived sum rules. Inserting this expression
back into eq. (C.3) we obtain
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where we marked the terms that cancel each other with different underline styles. Notice
that the dashed underlined terms are zero for the reason that we have no inter-orbital
on-site hopping terms. By grouping together the different double occupations we arrive
at

lim — Z e n TE 3, (ks iw )Gg,,a(k%iwn)

T/‘O kiw,,
Jow
= Z Uazx a,—0 I/O’ + Z av az/ Ny onu,o> + ? (<nV,T> - <na,¢>)
@ a;éu
1 T sp ch ;
(Cg) - 5 Z Jau Z Xaauz/ q, ZQm ﬁ Z (X - X )zxaau(% ZQm)
g q i, 45t
a#v

C.2. Multi-orbital Hamiltonian representation

In the literature one can find a different representation of the multi-orbital Hamil-
tonian H in eq. that we use for the multi-orbital TPSC approach. In this
appendix we prove that the Hamiltonian H used in the main part is equivalent to the
Hamiltonian

H= 3" (57 = 10500,5) cholrides (1)

@ B Z‘?.j?

Z ol (Ti)Ma,y (i)
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(C.10) + 3 Tagel ari)el (ri)eg  (ri)eg 1 (ri),
a757i
a#B
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where we define the spin matrices
(C.11) S,(1):==85,,(1)

according to the multi-site definition in eq. ((5.132)).
In order to express the Hamiltonian only in terms of creation and annihilation
operators we do the following exercise.
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which leads to the following representation of the Hamilton operator
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