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1. Introduction



1. Introduction

Quantum physics is one of the most fascinating research topics that mankind ever initi-
ated. We not only know that its implications define a large part of nature, e.g., how matter,
chemistry, and biology emerge from elementary particles, but we also utilise it every day
in (classical) computers for instance which rely on thousands of field effect transistors.
Despite that, we only have very little intuition for the variety of quantum phenomena
such as superposition and quantum entanglement since they are not directly observable
in everyday life. It seems as if there is still an entire universe filled with open questions
and sometimes the answer to just one of them can yield an incredible improvement for
society. For example, the discovery of superconductivity by Heike Kamerlingh Onnes in
1911 [43| provides us with the capability to save lives worldwide everyday using magnetic
resonance imaging. The applicability of a superconducting state lies in the fact that it
is a macroscopic quantum state which is robust in a sense and can therefore be used to
construct actual devices.

The key to the quantum world is that classical variables such as position and momentum
can fluctuate on small scales and can hence not be determined with arbitrary precision.
This effect is suppressed in our classical experience by too large thermal fluctuations on one
hand which render the quantum fluctuations irrelevant and by permanent measurement on
the other hand which naturally occurs if multiple interactions are present. In order to find
novel quantum phenomena with possible applications, many physicists thus investigate
systems at low temperatures, typically solid states. If most of their atomic constituents
are then somehow confined into a crystalline structure, an effective model of only a few
interacting quantum particles may accurately describe the system and one might have a
chance of finding the desired macroscopic quantum states.

One natural candidate for such quantum systems are Mott insulators [17, [131]. At low
temperatures, their nuclei and most of their electrons are bound in some atomic lattice
which acts as an effective potential for the remaining unbound valence electrons. Mott
insulators have exactly one valence electron per lattice site and are hence no band insula-
tors. Instead, the electronic orbitals between adjacent lattice sites have little overlap and
the valence electrons are unlikely to tunnel from one atom to a different one. The effec-
tive model which reliably characterises the properties of Mott insulators is the Hubbard
model [77-82]. It incorporates a hopping ¢ of the valence electrons between different atoms
and a Coulomb repulsion U that energetically penalises two electrons at the same site. This
model shows a transition from a conducting phase for small U to an insulating Mott phase
if U > t. In the latter scenario, the valence electrons are very unlikely to tunnel through
their potential barriers from the beginning and the large repulsion term then drastically
suppresses electronic transport. At half filling which is accurate for Mott insulators, the
Hubbard model for the localised valence electrons in the large-U limit effectively turns via
direct exchanges and superexchanges into the Heisenberg model which is described by the
Hamiltonian

H=> J;5-8;. (1.1)
(4,3)




Here, the brackets (7, j) denote that the sum runs over pairs of lattice sites and the coupling
2

constant is given by Ji; = 2.

Even though the Heisenberg model only deals with a small percentage of the underlying
system’s intrinsic degrees of freedom, finding a solution for it is, especially in the quan-
tum spin—% limit, a notoriously difficult task because there are merely interaction terms
present. For a lattice of N spins, the required diagonalisation of a 2 x 2V matrix is
feasible for the best computers currently available only up to N = 40 depending on the
concrete symmetries. Since macroscopic systems contain a number of atoms that is to the
order of N ~ 10?3, these computational limitations seem quite unfortunate. Nevertheless,
already in 1973 Philip Warren Anderson proposed the so-called resonating valence bond
(RVB) state as a possible ground state for the antiferromagnetic (J;; > 0) spin-% Heisen-
berg model on the triangular lattice [6]. Anderson realised that there might be a dense
manifold of states which cover a frustrated lattice with spin singlets on short-ranged bonds
in different ways. Instead of selecting one of these energetically very similar states, the
system could then fluctuate between different singlet covers in the presence of thermal or
quantum fluctuations. This behaviour inspired the name of the RVB state. Meanwhile, it
is believed that RVB states are closely related to the formation of cooper pairs in high-T¢
superconductors. The prime examples for such materials like the copper oxide LaoCuQOy
are doped Mott insulators and it has been proposed that the superconductivity at high
temperatures is strongly connected to a RVB state in the parent Heisenberg model [7].

In the same context, it was realised that a resonating cover of the lattice with spin
singlets does neither break any symmetry of the underlying Heisenberg Hamiltonian, nor
does it exhibit magnetic long-range order. Hence, the RVB state matches two of the three
possible definitions of a quantum spin liquid (QSL). The third potential definition demands
the existence of fractionalised excitations in the considered spin model [126|. Since spin
singlets are S = 0 states, the fundamental excitations in the RVB picture are spin triplets
which carry the spin quantum number S = 1. Due to the degenerate and fluctuating
nature of the RVB state though, these spin-1 excitations can fractionalise in some cases
into a pair of deconfined spin—% excitations called spinons |51}, 65-67]. If those spinons
are spatially separated, they leave a trace of rearranged spin singlets behind. By mapping
a RVB ground state of a two-dimensional spin system onto a torus, one can show that
the process of creating two spinons, propagating them around the torus’ circumference,
and recombining them afterwards into a S = 0 singlet will transform the RVB ground
state into yet another RVB ground state. The initial and the final state can then not
be discriminated in terms of local observables because all spin expectation values vanish.
The only distinction between the states before and after spinon creation, propagation, and
recombination is the arrangement of spin singlets along the path that the spinons took
around the torus. This singlet structure is a non-local observable. As a result, one calls
initial and final state topologically degenerate 181, 183, 184} |187] which is a necessary
condition for the existence of fractional excitations such as spinons [136].




1. Introduction

In addition to being excellent models for understanding the principles behind high-T
superconductivity, quantum spin liquids might also be utilised in the aspiring field of
quantum computation. In 2006, Alexei Kitaev proposed a spin—% model with Ising-like
interactions coupling the three spin components Sm, S'y, and S, separately along the three
different nearest-neighbour bonds of a honeycomb lattice. Due to its somewhat artificial
construction, this model is exactly solvable and features a spin liquid ground state with
non-Abelian quasiparticles called anyons as excitations [101]. Though it is challenging to
realise this model in a laboratory and one already knows that the spin liquid phase is quite
unstable with respect to perturbations in the Hamiltonian, Kitaev’s idea for making use
of these anyons as decoherence-protected quantum memory has attracted a large interest
in spin liquids also for feasible applications in quantum information technology.

One of the fundamental ingredients in order to observe a QSL as the true ground state
of a Heisenberg model is the frustration of spins, i.e., there are different terms in the
Hamiltonian which cannot be minimised simultaneously. This can, for instance, occur
if there are finite antiferromagnetic Heisenberg interactions on different types of bonds
or if the lattice consists of corner-sharing triangles. Furthermore, quantum fluctuations
which are largest if S = % are a necessity as well since they can prevent the emergence of
magnetic long-range order. Due to the complexity of the consequential models, there are
still very few techniques available for their unbiased analysis. As explained above, exact
diagonalisation suffers from finite size effects which prohibits a true investigation of the
thermodynamic limit. The same statement holds for the density-matrix renormalisation
group (DMRG) method in two dimensions because it has to map the system onto a torus
with finite circumference.

For example, the J1-J2 Heisenberg model on the square lattice is highly debated to this
day. Here, J1 (J2) denotes the Heisenberg coupling on the nearest-neighbour (second-
neighbour) bonds. In the classical limit, this model exhibits a phase transition from an
antiferromagnetic Néel state into a collinearly ordered state at a coupling ratio of Jo/J; =
0.5 [144]. However, for the quantum spin—% model, the situation is not that clear. From
early quantum Monte Carlo studies, it is known that the magnetisation of the Néel or the
collinear state in the respective non-frustrated limit (J; = 0 or Jy = 0) is diminished by
roughly 40% from the saturation value due to quantum fluctuations [142]. In addition,
these fluctuations lift the collinear state’s classical continuous degeneracy into a two-fold
degeneracy [|31] by means of a process which is often referred to as order by disorder |74].
There is a more or less general agreement between various studies that the Néel-ordered
phase persists up to a coupling ratio of Jo/J; < 0.4 and that the collinear phase appears
at around Jo/J; 2 0.6 in the quantum model [42, |48} (61} 64} 91} 96, 161} 167, 172, 180].
The concrete values of the phase boundaries depend slightly on the specific method or the
implemented cluster sizes. Also, it is known from spin-wave theory for almost precisely
thirty years now that the intermediate coupling regime houses a paramagnetic phase around
Ja2/Ji ~ 0.5 |32, |46] which immediately triggered a debate about whether that phase was
rather characterised by a valence bond crystal (VBS) [41, [141] or a QSL [32]. Since then,




this topic has been addressed in numerous works including exact diagonalisation |21} [25] 48],
114} 161], field theories [141, |171], coupled cluster methods |16, 42|, series expansions [59,
167, 1169, [172], quantum Monte Carlo approaches [25| 26|, and DMRG |61} 64, 96 |180],
but there is hitherto no consensus amongst them. The system might realise a VBS, a QSL,
or in fact both [61, [180] and there are different predictions for the type of QSL as well. It
could be gapped, gapless, or even topological.

A new method which was shown to being capable of describing the thermodynamic limit
of a spin system is the functional renormalisation group (FRG). Since its first application by
Johannes Reuther to the spin—% square lattice Heisenberg model in 2010 [147|, it was used to
accurately map out magnetic phase diagrams for various types of spin couplings in two and
three dimensions. As confirmed by FRG, the J;-J2 square lattice model around Jo/J; = 0.5
and the nearest-neighbour kagome lattice model are promising candidates for finding a QSL
due to their lack of magnetic long-range order. However, this method can only cope with
diagonal spin interactions so far and it provides the system’s spin susceptibility as a result.
This spin-spin correlator is related to the experimentally measurable spin structure factor
and thereby to the spinon dispersion, and it gives information about whether a certain
system tends to order magnetically or not. Nevertheless, until now the FRG does neither
provide any knowledge about the precise nature of a model’s excitations, nor can it deal
with off-diagonal spin interactions. This is why, in this thesis, we not only show the path
how to extend this powerful method to more realistic models by implementing it including
the Dzyaloshinsky-Moriya interaction, but we also develop a method that can characterise
the effective low-energy spinon theories for quantum spin models from the results of a FRG
analysis.

During the entire thesis, we represent the spin—% operators in a pseudo-fermion rep-
resentation developed in 1965 by Alexei Alexeyevich Abrikosov in order to describe the
resistivity of a metal with paramagnetic impurities and the Kondo effect |1, [2]. If fi(})

annihilates (creates) a spin-up fermion at lattice site ¢ and fi(l) does precisely the same
with a spin-down fermion, a spin operator at site ¢ can be expressed as

n 1 N "
=52 flaotsfis, (12)
o.f

where pu € {z,y, z}, and 0%, 0¥, 0% are the three standard Pauli matrices. This representa-
tion enables us to utilise standard Feynman diagrammatic techniques (invented by Richard
Phillips Feynman [53H55]) which is very convenient for large quantum-many-body systems.
Unfortunately, every coin has two sides and the decomposition into pseudo fermions yields
a Heisenberg Hamiltonian that is purely quartic in the fermionic operators, i.e.,

~ J N . N R
H=3> > Hactafisfi dishis. (13)
(i) K B8

As we shall notice soon, such a Hamiltonian is very hard to investigate due to its lack
of quadratic terms and the fact that the Hilbert space of a system containing N spin—%
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particles is enlarged by a factor of 2V is also not beneficial. Because we are going to extend
the existing method in a rather elaborate fashion, we want to dedicate the first part of this
work to the mathematical framework on which the PFFRG is built.

This thesis is structured as follows. In the next chapter, we properly introduce all entities
that are necessary for the further investigation of quantum spin models. After a brief sum-
mary of the results needed from statistical physics, we show how experimental observables
are related to Green’s functions and how to efficiently calculate them using the so-called
functional integral formalism. The FRG method is then developed in Chap. [3] where we
derive flow equations for bosonic or fermionic one- and two-particle vertex functions in
phases with particle-number conservation. This technique is applied to two different spin
models afterwards. We study the spin—% kagome model with nearest-neighbour Heisen-
berg and Dzyaloshinsky-Moriya, and second-nearest-neighbour Heisenberg interactions in
Chap.[d Here, we extend the existing PFFRG to spin systems with off-diagonal spin inter-
actions for the first time. The investigated model is motivated by the recently synthesised
mineral herbertsmithite which shows no magnetic order down to lowest temperatures and
therefore seems to be an ideal candidate for finding a QSL in reality [68, |69]. Chap.
focuses on another probable QSL material which is the spin-1 A-site spinel NiRhoOy4 [30].
For this nickel compound, we utilise the arbitrary-S generalisation of the PFFRG devel-
oped by Maria Laura Baez in 2017 [9]. The flow equations for the relevant X XZ model
directly follow from those in the chapter before and only need to be implemented for the
diamond lattice that A-site spinels form. For both models considered in Chaps. [] and
Bl we map out phase diagrams of their magnetic ordering tendencies depending on the
involved coupling strengths. This is achieved by examining the spin-spin susceptibility
which can be computed from the PFFRG vertex functions. In Chap. [], we change per-
spective and ask ourselves how to gain even more insight on quantum spin models from
the method employed so far. For that purpose, we use a classification scheme for QSLs
invented by Xiao-Gang Wen which is called the projective symmetry group (PSG) and
which determines all possible effective free spinon models that are consistent with a cer-
tain spin Hamiltonian [182]. The different conceivable spinon hopping and pairing ansitze
that follow from this classification are then probed by investigating the systems propen-
sity to develop them with a newly designed self-consistent Fock-like mean-field method
including FRG vertex functions.

Before turning to spin models though, we introduce the Green’s and vertex functions
which are later frequently used and derive relations for them in a bosonic and a fermionic
language, respectively. Readers who are familiar with Green’s functions and the functional
integral formalism may skip Chap. [2| Also the third chapter is redundant for readers who
know the FRG procedure by heart. Therefore, the well-experienced audience is referred
to Chap. (4] as a good point to continue reading this thesis and to perhaps consult the
definitions in Chaps. 2] and [3] once in a while if necessary. A reader who does not yet have
this kind of background in theoretical physics and perhaps even wants to use and extend
the described methods is sincerely invited to peruse the entire work from cover to cover.




Especially in the next sections, we try to provide a brief but complete overview of the
motivations and techniques behind all following analyses.
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2. Theoretical concepts

2.1. Reminders on quantum-many-body theory

Since we want to derive general formalisms for spin systems, it will be of great benefit for
readers who try to reproduce or extend our calculations to know the precise nature of all
utilised symbols and approaches. We will therefore start in this chapter with some general
reminders on quantum physics.

2.1.1. Thermodynamic ensembles, partition function, and grand-canonical
potential

There are three very important thermodynamic ensembles used in quantum physics, .e.,
the micro-canonical, the canonical, and the grand-canonical ensemble. The former de-
scribes an isolated system which can neither exchange energy nor particles with its sur-
rounding. If a system is at energy E and there are n(FE) possible states at this energy,
the probability to find the system in a particular state of energy E’ in the micro-canonical
ensemble is
: /
() {0 ?f E +E, 1)
1/n(E") it E'=F.

In the canonical ensemble, the system is allowed to exchange energy with a heat bath
that is kept at a constant temperature T'. Now, if considered by itself, the system does not
have a fixed but only an average energy which is controlled by T'. The probability to find
it at energy E is now

pe(E) = e_kBLT ) (2.2)
where kp is the Boltzmann constant.

If we also want to allow the system to exchange particles with its environment, we have
to utilise the grand-canonical ensemble in which, in addition to the heat bath from before,
the average particle number of the system is controlled by the chemical potential p of a
particle reservoir connected to it. In this ensemble, the probability to find the system at
energy F and particle number N is

_E—uN

Pec(E,N)=e FBT | (2.3)

Usually, we are interested in properties for the thermodynamic limit. This is obtained
by simultaneously sending the system’s volume V' and particle number N to infinity while
keeping the particle density p = N/V constant. In this limit, the particular choice of the
thermodynamic ensemble does not make a difference for most systems and it will often be
convenient to use the grand-canonical ensemble. However, in a Bose Einstein condensate
for instance, the particle number in the grand-canonical ensemble diverges and one needs
to employ the canonical ensemble instead. For our convenience, we will use the grand-
canonical ensemble from now on if we do not note otherwise. The expectation value of a

10
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quantum many-body operator O is then given by

> (ale PH=N) Ol

(0)= 5 e Py 20

07

where 8 = (kgT) ™" and {|74)} is an orthonormal basis of the fermionic (bosonic) Fock
space F (B) |confer Sec.[2.2.1].

Since the above sums only run over diagonal elements of our operators, we use the short-
hand notation of the trace of an operator tr (O) = (7a|Ola) together with the density
matrix p and the partition function Z to derive the well-known result

<O> - %tr <ﬁ@> : (2.5)

p = e BlH-uN) (2.6
Z=tr(p). (2.7)

In order to calculate the expectation value of the operator O, we therefore need to compute
the partition function Z. This entity also defines the thermodynamic grand-canonical
potential Q(u, V,T') via the relation

Z=eP —= Q= —;m (2). (2.8)

Hence, if we know the precise form of the partition function Z, we also know the grand-
canonical potential which in turn directly yields the thermodynamic quantities pressure P,
entropy S, particle number N, and the internal energy U via

o0
P= A (2.9a)
o
o0
= o0’ (2.9¢)
U=TS—- PV + uN. (2.9d)

Of course, using an appropriate Lengendre transform, 2 will yield any desired thermo-
dynamic potential and we will derive a formalism to efficiently compute Z and € for a

quantum many-body systems in the next section.

2.1.2. Green'’s functions

Theoretical physics aims at describing systems based on their most fundamental con-
stituents and interactions. However, if a theory wants to relate to questions from realistic
experiments, it needs to make predictions about actually measurable quantities. In an ex-
periment, one usually measures the response of a system due to an external excitation and

11



2. Theoretical concepts

the theoretical description of such a process is based on the respective response function
or Green’s function.

Let us consider a system that is prepared in an eigenstate |y,(t;)) of the Hamiltonian H
at time ¢;. It then evolves in the Schrédinger picture under a new Hamiltonian

Hyx(t) = H+ X101, (2.10)

where an external field X (¢) couples to the system via an operator O, which has to be
hermitian. The time-evolution operator U (t,t;) for which |v4(t)) = U(t,t;)|va(t;)) then
needs to satisfy

z‘haatff(t,tn = Hx()U(t, 1), (2.11a)
Ultit;) = 1. (2.11b)
This directly implies
A~ it ! T /
Ut t;) =T [e i Ji, 4 Hx (¢ )} : (2.12)

where the time-ordering operator 7} is defined via

T, Ol(tl)OQ(tQ)...On(tn)] = (P0pa)y (tp()) Ope) (tr) - --Op@m) (tppy) »  (2.13a)

‘= {+1 for bosons, (2.13b)

—1 for fermions.

Here, P denotes a permutation arranging the operators such that tp) > tpe) > ... >
tp(n) and ensuring that creation operators are on the left side of annihilation operators
at identical times. ¢ will from now on denote the sign of the permutation, i.e., ¢ =1
(¢P = ¢) if an even (odd) number of permutations was performed. The time-ordered
exponential can be interpreted in two analogous ways, i.e., its Taylor series

n=0

ty
t N X _1qn . R R
Tt{eftfdm(ﬂ] -y /dtldtg...dtnTt At)A(t) ... Alt) (2.14)
.
ti

or the m — oo limit of an m-step time discretisation

E I:e ftt,b-f th(t):| — lim efAA(tm)efAA(tm_l) o e*AA(tl)e*AA(tO) ’ (215&)
m—o00
ty —t;
A= L0 (2.15b)
m
tn=t; +nA. (2.15¢)

12
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The response of a state |v4(t)) that is caused by an infinitesimal perturbation due to the
external field U(t1) acting at ¢; € (¢;,¢) is hence given by a functional derivative

t ~

ti U=0

t
=~ [ a0 U O ) ). (2.16)

t;

Ve (£:))

Here, we considered the discrete version of the time-ordered exponential in order to derive
that

U (t,t;) —i [t at Ax(t) i A —i [ ae Hx(t)
=T t ——01 | T, ti X 2.17
3U (1) t [6 ! ] T t|€ ) ( )
and, for short-hand notation, used the Heisenberg picture [denoted with superscript (H)]
O (1) = eilt Q=71 (2.18a)
) = ety (1)) (2.18b)

We now want to determine that part of the expectation value of another operator O, at
time ty in state |y4(t2)) that is induced due to external field X (¢) and find

8 (Ya(t2)|O2[7a(t2)) = (§(va(t2)]) O2|7a(t2)) + (va(t2)|O2 (817a(t2)))

i

to
— [ () / dty 5U (t1)O1 ™ ()12 | Oyl (ts))
t;

~h
. t2
] A it A
~ 1 0alt(02 | [t sU(Ee HEOM (0 ()
t;
. t2
=+ | G701 [t 60 @)O] ) (0)er ™ | e i 5(D)
t;
. t2
— = ((Mei ) 0, / dt1 8U (tr)e 1 720(™ (t1) 1)
t;
. t2
1 A ~
—— 4 [ UG [0 (w). 0 )] _peM). (219)
t;

where we utilised the hermiticity of Oy in the last line and the brackets [121, B} — AB—BA

denote a commutator. This equation can now be weighted with the appropriate prefactor
of % and then summed over a. Also, sending the initial time ¢; to minus infinity and

13



2. Theoretical concepts

including the upper bound of the integral into a Heaviside function, we can extend the
integral to ffooo dt; yielding

6(0a(t2)) A :

STy = —%9(1&2 —t) < [0§H>(t2),o§m(tl)]> . (2.20)
Hence, the desired response function is characterised by expectation values of time-ordered
products of operators like —if(to —t1) <O£H) (t2)O§H) (t1)>. This is precisely the definition
of a retarded Green’s function. From the previously derived result one can relate dissipation
in the investigated system describing with the fluctuations of the corresponding operators
which are represented in form of the Green’s functions here. This concept is also known
as the fluctuation-dissipation theorem. The two examples to be named here are, on one
hand, spins coupling to a magnetic field whose behaviour can be expressed in terms of the
spin-spin correlation function (magnetic susceptibility) and, on the other hand, charged
particles coupling to an electric field which is described by the current-current correlator
(conductivity).

As it turns out, the precise evaluation of a retarded Green’s function is rather unfeasible.
A common way of circumventing this problem is to compute the imaginary-time ordered
Green’s function instead which is crucially easier to obtain. The remaining challenge
lies then in an analytic continuation back to real times which, unfortunately, will not be
performed during this thesis. For the majority of the following chapters, we investigate
the imaginary-time ordered spin susceptibility

W (7) = <TTS;‘(T)S;(0)> . with 7 >0, (2.21)
where T acts on imaginary-time operators as T} acts on real-time operators, see Eq. (2.13]).
Using the Abrikosov decomposition into fermionic operators (denoted by f (1) for the mo-
ment) from Eq. (1.2]), the susceptibility is given by

Xy = O-Zﬁo-lw/é<T7fiT,a(T)ﬁ,B(T)f;‘r;y(O)fj,é(O)>~ (2.22)

a,B,7,6

Hence, we are looking for a systematic approach to determine imaginary-time ordered ex-
pectation values of fermionic and (in general) bosonic creation and annihilation operators.

So far, we can only deal with small perturbations in H (linear response). However, also
for strong perturbations, the concept of Green’s functions is often employed and can be
very meaningful as we shall see later on. Let us provide the generic definition of a real-time
ordered n-particle Green’s function here, i.e.,

GM(1,2,...,n1, 2, n)) = G (a, .. amity, . taloas, st )

= (=) (T [, (1) aaa(t2) .- aa, (ta)al, , (tr) - al, (t2)al, (00)] ), (228)

14



2.1. Reminders on quantum-many-body theory

where the combined indices 1,2,...,n = {ay,t1},{ag, t2}, ..., {an, tnt and 1,2’ ... n' =
{ayr, ty}, {ag, tar}, ..., {au, ty} now label quantum numbers and real times. The opera-
tors aq, (t;) and al, (t;) denote fermionic or bosonic annihilation and creation operators of
a particle in state «; at time ¢; in the Heisenberg picture. We omitted the superscript (H)
and will always use the Heisenberg picture in the following [see Egs. ] if operators
depend on time and we do not note otherwise. Please note that the above definition does
not include an additional factor of (" which is commonly used in a different convention for
the n-particle Green’s function.

As already mentioned, instead of the above real-time function, we rather investigate the
imaginary-time Green’s function

G(”)(l, 2,...,n1", 2 ....n) = G(”)(oq, e O Ty ey TR Qe Qs TL ey Tt
- <TT [aal (71)aay (2) - - @, (Ta)al, , () ... al, (ra)al,, (n,)} > . (2.24)

It is easier to compute since the imaginary time and energy are treated on equal footings,
but one has to be aware of the fact that a:&i (7:) is not the hermitian conjugate of aq, (7).
With this definition, we can recast Eq. in terms of the imaginary-time ordered
Green’s functions. The desired spin susceptibility can be obtained from

X (1) = > ohs0tsG® ({4,6%, {6, 830, 71{4, v}, {i, a};0,7) (2.25)
a,B,7,0

where the complete sets of quantum numbers are characterised by a lattice site and a spin
index per fermionic operator.

2.1.3. Feynman path integrals

As we already know, the time-evolution operator plays an important role in the calculation
of response functions. The Feynman path integral is simply defined as its matrix element
of some particle governed by the Hamiltonian H (p, j:)lﬂ in an initial position at x; at time
t; and a final position xy at time ty, i.e.,

Uz, trleiti) = <xf]e*%H(ﬁ’j)(tf*ti)\mi) . (2.26)

Due to the, in general, cumbersome evaluation of the occurring exponential, this entity
can only be computed for infinitesimally small time differences at arbitrary precision. We
therefore rewrite

i A A M
Ul tylziti) = (ol (770D 7 )

M i PPN
(dz) TT (Coxle™ #7000z, ) (2.27)

\
<
Il
—
B
Il
—

!We consider the Hamiltonian to be a function of single-particle position and momentum operators for
now.
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2. Theoretical concepts

where we renamed z; = xg and xy = x)/, discretised our real time according to

oty =1

tn, = t; + ne € IV

(2.28)

and utilised the completeness relation of the position eigenstates (M — 1) times.

We now need to find a credible approximation for the infinitesimal evolution-operator
matrix element (x,|e”#7®®)¢|z, 1) The two criteria that this approximation needs to
fulfill are that, in the limit € — 0, the correct time evolution of the wave function as well as
the proper action on position and momentum eigenstates |z) and |p) need to be guaranteed.
Without giving a detailed proof (the interested reader is, for instance, encouraged to go
through the according paragraphs in reference |135]), this can be achieved using normal-
ordered operators. The normal order of some function of operators O(p, ) is denoted as
: O(p,z): and simply sorts all momentum operators on the left-hand side of all position
operators. For instance, any Hamiltonian consisting of a kinetic term and a potential that
is only a function of the position operator is automatically normal ordered

~2
Hy(p, ) = 53—+ U(&) =: Hy(p,2): - (2.29)

Using the normal order for the exponential of the desired matrix element yields

o0

(wp|: et HOD |3 ) = /dpn (@nlpn) (s e 0 HPD g, )
—o0
7 d
= [ Sh im0y
—00
7 d
_ Pn ip,(zn—2n-1),—LH(pn,@n—1)e
= " eon n . 2.30
/ 27rhe ¢ ( )

—00

The key benefit of using the normal ordered approximation of our exponential is that it
yields convergent momentum integrals in real time as well as in imaginary time due to an
2

. 2
overall factor of e~ % zm or e~ 2m from the kinetic part of the Hamiltonian which guarantees
convergence for physical systems. We evaluate the infinitesimal evolution operator using
the identity

a2
/ dp e~ tP" = \\/fie% . (2.31)
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2.1. Reminders on quantum-many-body theory

This yields that

. . 2
i . d pn(fﬂn—l'nfl)—l(h“l‘U(mnfl))E
_if aPn & n\ 2m
(p]: e #HUBDE 0 1) =

27Th
_ VT %me%m 1) U 1)e
21h
\/m e%(%(in—zn—l)Q—U(zn—l)e)‘ (232)

- vV 2mhie

It is important to note that Eq. mathematically only holds if Re[b] > 0 which is
technically not the case in the current real-time formalism. Nevertheless, we are able to use
the resulting expressions as a formal result. The reason behind this is that the momentum
integrals are limited in actual physical systems due to, for instance, relativistic effects. A
similar argument would also hold for real-space integrals due to the limitation of space.
In the end, such an integration cutoff has the same effect as a finite positive Re[b] and we
will not need to revisit this issue because of the prospective imaginary-time formalism.

Inserting Eq. into Eq. and taking the limit ¢ — 0 or M — o0, correspond-
ingly, we find for the Feynman path integral

0 M-1 Mo & ( 2

: mo\Y RS (5 () —U(%fl))

Ulzs, bz ti) = 1 (7) i @

(g, tylati) = lim H (dzj) (5 7-) " ¢ (2.33)
o =1

This result is holds for a single particle in one dimension. The extension to three dimensions

is trivial and produces

i€

M S5 (m (Tnzrn=1)? Tn—
Ulrg,telrit) = hm H (27Tm€)32Meh”Z—:1(2< ‘ 1> v 1)), (2.34)

where we defined the volume element as d3'rj = dz; dy; dz;.

The set of points {zg,z1,...,2p} marks a trajectory z(t) with discrete time steps
x(tn) = x, which does neither need to be continuous nor differentiable, not even in the
limit € — 0. Nevertheless, we formally rewrite for this limit

Ty — Tp_1 ox
M i 9
m [Ty — Tp_1 T
S () fan (2 30
n=1 ti
M Pi
€Y V(xn1) — / dt Vz(t)] . (2.35¢)
n=1 ti
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2. Theoretical concepts

It is crucial to remember that this is only a formal representation in which the rectangular
brackets denote that V' is now a functional depending on the possible trajectories z(t).
Any calculation now needs to be performed on the basis of discrete time steps, taking their
number to infinity afterwards. Using this short-hand notation, we find for the Feynman
path integral in one dimension

Tf,tf
Uleytylot) = [ Dlate)) b0, (2:36)

Tyt
where the action is defined as the time integral of the Lagrangian L [x(¢)]

t t

S[x(t)] = /fdtL[x(t)] - /dt (’; (gj)z - vmm) (2.37)

and the functional integral needs to be understood as its discrete version that integrates

over all possible trajectories starting at (x;,?;) and ceasing at (zy,ty)

xr,t
fotf M

0 M-
o
/ Dlal _]\/}gnoo 1;[ 27rhze) ' (2.38)

Zi,ti

The three-dimensional expression is completely analogue. Only the exponent (M/2) —
(3M/2) changes and the integrations run over entire real spaces R3. For completeness, we
also write down the corresponding equations

Tty
U(rg,telri ti) = / D [r(t)] erSr®)] (2.39a)
. .
Sr(t)] = / dt (”2”‘ <a§> —V[T(m) , (2.39b)
'rf,tf 0 ar_1 sur
/ Dr(t) = lim_ / (@) (5o) (2.39¢)
(SR o J=1

In this form, the Feynman path integral representation of the time-evolution operator
has a clear physical interpretation, i.e., the sum running over all paths p starting from
(4,t;) ending at (zy,ts) of the corresponding e# Pl where S[p] is the action acquired
along the path p. This explicit notation called the Lagrangian form of the path integral,
however, is only valid if the Hamiltonian is of the type Hy(p,z) = % + U(z). For a
general Hamiltonian H (p, ), we are not able to perform the momentum integration from
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2.1. Reminders on quantum-many-body theory

Eq. (2.30). In this case, we have to evaluate the Hamiltonian form of the path integral
which is more general but also requires greater care handling the integrations. It reads

xs,t
i 5T ae [p(o) 220~ Hip(e) (1)
Uuﬂwwum=:/apu@npwane—w o (2400)

Tt

Trty d
_ dpi

/ DLa(t)) Dlp(t) = lim_ / H (dz)) <2ﬂh) (2.40D)
Zi,ti

where the real-space coordinates fulfill the same boundary conditions as before and the
moment coordinates have none thereof. This, again, is only a formal expression and the
M — oo limit of the discretised-time version needs to be considered for a concrete evalua-
tion.

In both forms, Lagrangian and Hamiltonian, the path integral representation of the evo-
lution operator includes the two fundamental phenomena of quantum mechanics. Interfer-
ence is already included due to the summation over all possible paths and the superposition
principle directly follows from the mathematical identity

Uz, teleit) = /da: Uz, tela, t)U(x, t|x;, t;) (2.41)

at any time ¢ € (¢;,t7). One natural approximation of the path integral is the so-called
stationary phase approximation. Here, the limit in which % is very small is considered
and it turns out that only paths surrounding the classical trajectory will contribute to the
transmission amplitude.

The great benefit of the path integral formalism is that it automatically generates time-
ordered products. In the Hamiltonian form, for instance, it turns out that for any two
operators O1(Z,t1) and Oz(Z,t2) acting at times t; > t9, the expectation value

t
-i ffdtH(t) B
(2f|T,01(2,11)O2(2, ta)e " |zi) = /D[w(t)] D[p(t)] O1(x(t1))O2(x(t2))
Tt
£ T at [p) 250~ Hip(t).a(0)
X e =5 y ] (2.42)
or equivalently, in the Lagrangian form
ty N Tg,ty )
A A —i [dtH(t) 7 J dtLlx(t)]
(@10 (@) 0uldt)e "% ) = [ Dalt)] Os(a(t)Oula(ta))e”
Tt

(2.43)

Note that, on the right-hand-side of both equations, there is no time-ordering operator
anymore since the discretised time in the path integrals and the normal order of our
Hamiltonian automatically guarantee the correct time order.
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2. Theoretical concepts

So far, we know how to compute time-ordered products of operators using Feynman’s
path integral for the evolution operator. As we saw in the previous section, for any kind
of statistical analysis of a quantum mechanical system, we have to calculate its partition
function. This will be possible in an imaginary-time version of the path integral.

2.1.4. Imaginary-time path integral

Let us at this point consider the single-particle partition function
Z=tre PH = /dm <:E|e_ﬂﬁ\x> , (2.44)

which can trivially be rewritten using the imaginary-time evolution operator

Z:/dw Uz mfla; ), (2.45a)
(mi7y)
Ulasylesm) = (rle 10y = [ Dla(r)] e K HEOL 2.450)

(w573)

where we defined 7; — 7; = Bh. This, as indicated by the integration variables, is the
imaginary-time equivalent of the Lagrangian path integral. The appearance of the Hamil-
tonian in this form is caused by the Wick rotation

t = —ir, (2.46a)
?;; _ gf, (2.46D)

, :
o (5 () vem) - for (5 (5) vern)

The integration measure appearing is also mathematically rigorous in imaginary time [135]
and follows from identical considerations as for real times. This enables us to find a
surprisingly compact way of writing down the partition function

z(Bh)= Bh

- / de / D[m(T)]eiﬁof Aol (2.47)
z(0)=

Finally, we should also denote the partition function of an N-particle system at this point.
Using a many-body Hamiltonian of the type

N

ﬁ:;;) + = ZV — (2.48)

J#k
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2.2. Functional integral

we find that

N
. .
N = N!ZCP/H(dxj) (@payp@) - wpole” oy as, o)
P j=1

1 N - ,l}th {% i<8xjm)2+l % V(w;(r)—zi (7))
h £~ 2m ot 2 - J
o DU B | (I i
P z1(hB) = zp(1)(0) k=1
z N (hpB) :'CL'P(N)(())
(2.49)
where {|z1,22,...,2n)} is an orthonormal basis of the N-particle Hilbert space and the

prefactor > (P guarantees their correct symmetrisation for bosons (( = 1) or anti sym-
P

metrisation for fermions (¢ = —1).

This concludes our preliminaries and we continue in the next section with developing
an efficient technique of calculating Green’s functions based on the functional integral
formalism. There are different ways that could be chosen this point. The functional
integral, however, is closely related to the functional renormalisation group upon which we
will build our theory later on.

2.2. Functional integral

Up to now, we calculated a quantum many-body system’s partition function in the Feyn-
man path integral representation of the imaginary-time evolution operator using real-space
and momentum eigenstates. However, often it is desired to write the Hamiltonian of a
many-body problem in terms of creation and annihilation operators as we shall see later
on for our spin systems. In this case, it is convenient to rewrite the theory in the basis of
coherent states. The path integral then turns into what is called a functional integral. In
order to provide the largest amount of clarity for the following chapters of this thesis, we
start this section by presenting the general properties of this special representation.

2.2.1. Coherent states

The coherent states are a non-orthonormal basis of the fermionic or bosonic Fock space.
They are eigenstates of all single-particle annihilation operators which, in contrast to eigen-
states of creation operators, is a meaningful concept because any state in Fock space has a
contribution with a minimal but not necessarily with a maximal occupation number. Since
a creation operator always increases the minimal occupation number by one, it cannot have
eigenstates. For the annihilation operators, this is not the case.

Let us consider a general vector in Fock space denoted by

[e.9]

M =" > Taranlor. o), (2.50)

n=0a1,...,0n
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2. Theoretical concepts

where {|a;...a,)} is an orthonormal set of eigenstates of the anti symmetrised (sym-
metrised) n-particle Hilbert space F,, = AH,, (B, = SH,). Here, A (S) projects onto the
fully anti symmetric (symmetric) subspace of H,,, and

|0), forn=0,

Hn = H7 for n = 17 (251)
QR H, forn>2,
k=1

where H is the single-particle Hilbert space. The fermionic (bosonic) Fock space F (B) is
defined as the direct sum of all anti-symmetrised (symmetrised) n-particle Hilbert space

F=EF., (2.52a)
n=0

B=(PB,. (2.52b)
n=0

Now, we require for the state |y) to be an eigenstate of the annihilation operator a,;

Gy |7) = Yoy 7) (2.53)

which automatically implies that due to the commutation relation of the bosonic and the
anti-commutation relation of the fermionic operators

[’Yajﬁ’yak] — = ’YOtj’YCMk - C’Yak'}/a]- = 07 (254)
i.e., the coefficients v,, are complex numbers for a bosonic theory and Graffmann numbers
for a fermionic theory. Even though, up to keeping track of (, the final results of this
section do not differ for both cases, it is still useful to separate them in the beginning.

Bosonic coherent states

The bosonic coherent state from above can be written down in an easy fashion

Z Ozaa
)= e ™0, = agh) =), abh =g, (255)
J
oy % 0
Ol= "%, =l =GhE,, e, =501 (255)
Qg

where all the 7,; denote complex numbers. From these expressions, it is easy to derive
PVE Ve

that the overlap between two coherent states is (y|y') = e " which means that they

are not orthonormal. Despite this, they form an over-complete basis of the Fock space

which is denoted in the closure relation

d’YaJ gvéjvaj
/ H Y gl =1, (2.56)
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2.2. Functional integral

where 1 denotes the unit operator in Fock space and the integral measure extends over all
values for the real and imaginary part of the complex 7y,
dva]_d.%éj _ dRe(7a,) dIm(7a;) ‘ (2.57)

21 T

Let us now consider our system to be in some state |¢). The coefficient to find it in the
coherent state |y) upon measurement is then given by (v|¢) = ¢(7*) which is by definition
of the bra (y| from Eq. a function of the complex conjugated parameters v*. It is
then clear from the previous considerations that

0
) = * 2.58
(vlaa, |¢) a%aﬁ(v ) (2.58a)
(Vlal, |6) = v 0(v"). (2.58b)
Therefore, we formally rewrite aq; = ava*. and aLj = 723_ with the corresponding commu-
tation relations ’
o 0 B
[ ) ] = |37 A =0 (2.59a)
a%“j Moy J _87041' 870% _
Mg ten) = [apva] =0, (2.50)
d B
[877] = mV] e (2.59)

Finally, we provide a formula for calculating the trace of an operator in the basis of bosonic
coherent states, i.e.,

) Ayt dye, ~ e
_ J J g
tr<A>_/||2m, e (yIA]) . (2.60)
a;

Coherent states have a true physical correspondence in the bosonic scenario. They
naturally occur when we take the classical limit of a field theory, so if the commutators
of the field operators Y'(z) = 3 (aj|z) aL]. and x(z) = > (v|a;)as; are sent to zero.

o o
Then, the definition of a classical field v.(z) is identical to considering the coherent state
) = e dw7e@X(@)|0).

Fermionic coherent states

Let us now repeat the thoughts from the previous section for fermions. For this, we
need to define a Grafmann algebra using the set of its generators denoted by {vq,}, for
j=1,2,...,n and n not being further specified at the moment. The generators fulfill the

anti-commutation relation

[Vajavak]_’_ = Yo; Yoy, + Yoy Ya; = 0. (261)
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2. Theoretical concepts

This automatically implies that ygj = 0 and all Grafmann numbers of this algebra are
now defined as the possible linear combinations from the set of all distinct products of the
generators {1, Yoy, Yo Yags - - - s Yoy Yag - - - Yo, § With complex coefficients.

If we have an algebra at hand with an even number of generators, e.g., n = 2p, p € N,
we can associate p of them as the complex conjugate of the remaining p and one has to
note that the complex conjugation acts on any product of Grafimann generators as

(YarYaz - - Yan)" = Yo -+ Yoz Your > (2.62)

whereas (cyaj)* = c*’y;j, c € C. Since now any conjugate pair 7,; and fy;j fulfills
Eq. (2.61)), it directly follows that %aj (’Yéﬂaj) = —7a,- Hence, also the partial deriva-

tives anti commute

870@' ’ 8’7;]

0 a] =0. (2.63)
N

Because there is no analogue of Riemann’s integral for Grafmann generators, we have
to define a meaningful Graftmann integral. This is provided by

/d’yaj 1= /d’y;j 1 =0, (2.64a)
[0, = [0, =1, (2.64D)

which implies that the Graftmann integration is identical to the Grafsmann differentiation.

Also, one should note that the differentials appearing in the integrals are no Grafmann
2

numbers, and that, according to ('yé?) = 0, any function A depending only on a particular

Ya, Or any function B depending on both, v, and ~;  for a fixed z, can be written as

A(Ya,) = Ao+ A17a, (2.65a)
B(Yau: Ya,) = Boo + Bo17a, + B10Va, + Bi17a, You - (2.65b)

In order to construct fermionic coherent states, we now need to define a generalised
Fock space containing any linear combination of states from the fermionic Fock space
with coefficients from a Grakmann algebra generated by {7V, Va1, Vags Yazs -+ > Vans Yan b
so one generator each for all creation and annihilation operators aLj and a,; from the
fermion system. We require that the Grafimann generators and the fermionic operators
anti commute amongst each other

W*)’ a(T)} =0, (2.66)

a; g
and that the hermitian conjugation therefore acts on their products according to

(Yo, 0a) " = al, 72, (2.67)
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2.2. Functional integral

Then we are able to give an expression for the fermionic coherent states

-3 ajafa.
aj’y J‘O> :H(l—’)’ajallj) ‘O>, (268)

Aj

lv)=e

2
where the second identity holds because of (’yaj ag j) = 0. The adjoint equation is

- Zaa]-%*;j
(] = (0]e (2.69)

and the Graffmann derivatives can be expressed via

0

f -
al, |v) =— ) 2.70a
J 7) e, 17) ( )
0
a; = . 2.
(7laa, oz, (vl (2.70b)

This, again, encourages us to formally recast the operators according to their action in the

coherent state basis for fermions

0
_ T K
Ao; = 7 5 =4, (2.71)
@ 67% o o
with the corresponding anti-commutation relations
o 0 G
[7 ] =57 2 =0 (2.72a)
Moy Ml [ 076, 075, |,
) ] .
7 Ya = 7*,7* , = 50(-7& . (2.72(})
I:a,yaj k N _8’704]» Ozk] N 7Yk

One of the great benefits when coherent states are used is that formally very identical

equations arise for fermions and bosons. For instance, the overlap of two coherent states

again is
2Va, Y
(Y1) = e : (2.73)
Due to the coherent state’s over completeness in the fermionic (not the generalised!) Fock
space
. ~ 2%y
/Hdvajdvaj e Ml =1, (2.74)

@
we are able to expand every physical fermionic state in terms of the coherent states as well.
The trace in the fermionic Fock space can be evaluated as

_Z'Y;j'}/aj .

e (4) = [Tl v, e 7 (ald) (2.75)
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2. Theoretical concepts

Despite the fact that every physical fermionic state can be expressed in terms of the
coherent states, unlike in the bosonic case, there are no physical fermionic coherent states
since they are not part of the physical Fock space. Since we already saw that coherent
states emerge by taking the classical limit, this can be well understood by considering that
there are indeed no classical fermions.

Due to the similar expressions for fermions and bosons, we are now able to write down
the path integral from Sec. [2.1.3 in the basis of coherent states. This expression is then
known as the functional integral.

2.2.2. Coherent state path integral

Let us consider our system to be in the initial coherent state |y;) with components v, ;
and we are again interested in its transition amplitude with some final state (ys| with

components 7;],’ f after evolving in time under some Hamiltonian H ((IL j,aaj) which has
normal form, i.e., all creation operators occur on the left side of all annihilation operators
in the second quantisation language. The coherent states can now be fermionic or bosonic,
and the coefficients are Gralmann or complex numbers, respectively. We utilise the same
time discretisation as before and denote

Yo ,0 = Yaji s 7;]-7M - ’Y&,f ) (276)

ty —1;
=4 = 2.
€ 7 (2.77)

The matrix element of the evolution operator is then given by

x —+H(al, a0, ) (tr—t;
U(ryaj7f7tf|’7aj,iati) :<’Yf|€ 2 (a 510 J>( f )|’71>

X e i , (2.78)
where we now defined

N {QM', for bosons (2.79)

1, for fermions,

in order to arrive at the same formula for both types of fundamental quantum particles.
Continuing in the usual fashion of introducing the trajectory 74, (t) which is described by

the time-discretised set {7Va;,0,%a;,15- - -»Ya;,M}, We are again able to formally rewrite for
the limit M — oo
« ajk = Yoy k-1 v 07, (t)
Yok = Yo, () (2.80a)
i (72j7k»%j7k—1) — H [’VZZJ. (1), Yo, (1)] - (2.80D)
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2.2. Functional integral

Once more, the rectangular brackets denote the functional dependence on 77 (t) and ya, (£).

Introducing the Schrodinger-Lagrange operator L = ih% — H, we reformulate the above

result as
Yoy (05)=72,, i
) A 5 (38, ()0, ) +3 J L[5, (0170, 0)]
Uk, potshasat) = [ Db, (7, 0] : (2812)

’Yozj (ti):'Yaj,i

L {%’ij (t); Yo, (t)} =3 (ihvi;j (t) afygf”) - H [VZZJ. (1), Ya, (t)} : (2.81D)

@

d’}/a ,kd’V

k=1 o

where the boundaries are now defined by the values of 7; y and 7, ;. All remaining
variables are integrated over including 7, r and 7 . The left over term in the exponent,

i€,y (%é]_ (ts)Va, (tf)>, is caused by the deﬁnltlon of the time derivatives. One could also
aj

derive an alternative form with a dependence on <’y;j (ti)Va, (tz)) If this causes any
a;

issues during a specific calculation, an average of both expressions should be considered.

As we briefly mentioned in Sec. the Feynman path integral provides the classical
limit if A — 0. Due to its dependence via an overall prefactor A~! in the exponent as
well as in the Schrédinger Lagrange operator, the i — 0 limit of the functional integral,
however, is not the classical one.

2.2.3. Functional integral form of partition function

Let us now compute a quantum many-body system’s partition function for the grand-
canonical ensemble in the coherent-state functional-integral formalism. For both, fermions
and bosons, it can formally be written as

N N _Z’Y;-'\f&j s N
Z =tr (e*B(H*“N)> = /dey;jd’ya]. e 7 (Cryle PHE=EN Y (2.82)
aj

Inserting the evolution operator’s matrix element from Eqs. (2.81)) and using the trajectory
notation of the imaginary-time discretisation, we find that

B
~ [dr {z(v:;j (D) (= =1) 705 (7)) +H 75, (7) 70 ()] }
Z= / Dlya, (T)va (T)]e * 1% . (2.83)

Ya; (8)=CYa, (0)

T

where we rescaled 7 — 7, and the trace imposes periodic boundary conditions on the

complex variables for bosons and anti-periodic boundary conditions on the Grafmann
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2. Theoretical concepts

variables for fermions [135]. Of course, an analytic evaluation of this functional integral
is usually not possible. One, for instance, has to expand it in a small parameter which
is typically the interaction between particles. Nevertheless, the imaginary-time-ordered
Green’s functions can be represented in a convenient form using the functional integral
language. If we remind ourselves of the fact that we replaced the creation and annihilation
operators by the coherent state variables, we can simply write down that

G(1,2,...,n|1"2",...,n)

B
B . fdr{g[w;jm(aiu)wajm]w[vz;j(T>,waj<f>]}
—z [ Dl el [e b

Yo, (8)=CYa, (0)

X You (7—1)'7042 (7'2) - Yo (Tn)’YZn, (Tn’) ce 7;2/ (7'2’)7;1/ (Tl’)] : (2'84)

Before explaining how to proceed for a general Hamiltonian, we show how to compute the
partition function and the imaginary-time-ordered Green’s function in this representation

for the simplest possible example, i.e., a non-interacting Hamiltonian.

2.2.4. Partition function and Green’s function for non-interacting
Hamiltonian

Let us consider a non-interacting Hamiltonian which, in general, is diagonal in some basis

Hy = Zsajaléjaaj . (2.85)

&g

Plugging this Hamiltonian as a functional of the coherent state variables into Eq. (2.83)
for the partition function yields

~Jar {Z[véj (7) (g7 +ea; =)V, (T)]}
2= / Dl (e, (r)]e O 17

; (2.86)
Ve (B):C'Vaj 0)

This can now be computed using the time-discretised version of our variables. For the
detailed calculation, we refer the reader to Ref. [135] and simply provide its result here.

One finds .
2 =] (1 e Plen; ‘“>> : (2.87)

@
In a similar fashion, we can now also determine the non-interacting single-particle Green’s
function in imaginary time. Using the short-hand notation

Na, = (eﬁ(saﬂ'_”) - C)il (2.88)

J
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2.3. Perturbation theory

for the Fermi (( = —1) and Bose (¢ = 1) distribution, it is straightforward to derive that

Y (11) = (Trag, (r)al,,, (1))

= 5a1,a1/ga1/ (7-1 - 7_1/) (289&)
gOéll(T]. — 7'1,) = 6_(€a11_ﬂ)(T1—71/) [0(7-1 — Ty — 77)(1 + Cnall) + 9(7’1/ — 71+ n)cnal,] s
(2.80b)

where the infinitesimal 7 > 0 ensures the correct behaviour at equal times. Again, please
note that an additional factor of { can occur if a different convention for the single-particle
Green’s function is used (confer Sec. . With the non-interacting partition and Green’s
functions from above, we are able to perturbatively include the interacting part of the
Hamiltonian into the theory.

2.3. Perturbation theory

While treating non-interacting quantum systems might be helpful to understand the un-
derlying theory’s fundamental mathematical properties, the physically interesting, though
mathematlcally challenging phenomena arise due to interactions. We can write a general
Hamiltonian H into a sum of its non- interacting part Hy and an interacting part V which
can contain any number of n-particle interactions, but has to be normal ordered for our

purposes.

H=Hy+V = Z (eajagjan +V (ajlj,aaj> (2.90)
@

The concept behind perturbation theory is to at least pretend that the interacting part is
small compared to Hy. Therefore, one might first solve the non-interacting part separately
and then investigate the small corrections to this solution arising from interactions. If
interactions in the corresponding physical system are indeed (coincidentally) small, that
might already suffice. If not, one might still be lucky in finding an infinite, but converging
series that accounts for all relevant effects of V.

Later, it will turn out that in quantum spin models we are not that fortunate. How-
ever, this common technique of perturbation theory can familiarise us with some essential
ingredients for the subsequent functional renormalisation group method.

In the functional integral language, we can rewrite the partition function as

B
() —Ofdf{z[wzzjm(Bi+aaj—u)vaj<f>]+v[v;j(r>,vaj<f>]}
Z = /DijTvajTe i ,

Ve (5):@% (0)

B
= Zo<e_({dTV[Mj 720, >0, (2.91)
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2. Theoretical concepts

where the non-interacting partition function was already calculated in Eq. (2.87)) and the
non-interacting expectation value (...)q of any functional of the coherent state variables

F [7;], (7)s Yoy (7‘)} is given by

(F |38, ()7, (0] )

O A

Ya; (B)=CYa, (0)

X F [33,(7),70,(7)] (2:92)

Note again that, in the functional integral language, the correct time order of the coherent
state variables is automatically guaranteed.

We now want to expand the exponent from Eq. (2.91) in thermal averages with respect
to f{()

2 _ ni;o (‘nll)n /dﬁ ...dm, <V [7;]- (7)s Yo (7)} LV ['y;j (7)s Yoy (7')} >0' (2.93)

For that purpose, we need to employ Wick’s theorem.

2.3.1. Wick’s theorem

Wick’s theorem corresponds to the following integral identity for polynomial times Gaus-
sian functions of complex or Grakmann numbers

fD[ - i . *%’YﬁMkm
Ve VUYL Yy - VPE€ . Pas—1 _1
ST =2 " Mpgy, - Mpfyy (2.94)
I Dhvimle * P

where M is an invertible matrix and k, [ denote now both time label and quantum number.
Therefore, the sum > = >_ foﬁ d7i, needs to be interpreted as a sum over the quantum
k

number oy, and an integral over 7y, and Dly;vi] = D[V}, (Tk)7a, (71)] is the measure corre-
sponding to our variables. This identity is proven in the same way as the single-particle
Green’s function from Eq. was calculated an we, again, refer the reader to Ref. |135]
for more details. We will, however, encounter this technique later in Sec. 2.4.1] One
needs to utilise the (2n)-th partial derivative of a generating functional with respect to its
included so-called source terms.

If we replace the matrix My from Eq. (2.94) with the operator (37- + Hy — ,u) in the

basis of the coherent state variables, an element of M ~! can be identified with a non-
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2.3. Perturbation theory

interacting single-particle Green’s function.

5
= [ dr 23 () (0rtea; —p)re; (7)
T DI, (1) Ve (7)) Y (1175, (T17)e i
5
- de Z’ygz] (T)(87+5aj 7“)’Yaj (T)
I DI, (T)va; ()] e @ %

= (87' t€a; — :UJ)_l‘( (2.952)

13T |aqrsTyr)

Gylan) =

= bay,ay oy, (T1 — T17) (2.95b)

The precise form of g, (71 — 71/) is given in Eq. (2.89b)). In this particular setup, Wick’s
theorem corresponds to the statement that an n-particle non-interacting Green’s function
is comprised of all possible permutations of products of n single-particle Green’s functions

Ge (L, ) =3¢ H () 1K) (2.96a)
P

- Z H ap oy Jay (TP(k) — Th') - (2.96Db)
P k=1

Sometimes, one refers to the right-hand side of this equation as the sum over all complete
sets of contractions, where a contraction corresponds to taking the expectation value of a
product of two operators or the corresponding coherent state variable.

Any product of two creation operators (aL ’ a:&k)o or annihilation operators (aa;aq,)o as
well as the expectation values of their corresponding coherent state variables <”y;j Ve )0 and
<’yaj Yoy )0 vanish in phases with conserved particle numbers. This implies that the number
of possible contractions in such a phase reduces to only those where a creation operator is
combined with an annihilation operator or every ’y;j is contracted with a 7, . Furthermore,
this also suggests that any Green’s function including n annihilation operators and m # n
creation operators has to vanish as well.

Even though Eqs suffice for our purposes, one important remark is that Wick’s
theorem also holds for a basis in which Hj is not diagonal. Finally, using Wick’s theorem,
we are now able to resolve the power series of Z% in terms of all possible ways to connect
products of interactions V with single-particle Green’s functions.

2.3.2. Labeled Feynman diagrams

Since we are now ready to explore the effects of interactions using the functional integral
form of the many-particle partition function, we want to develop a technique to keep track
of all possible contractions of Green’s functions in connection to the interaction potentials.
For simplicity, let us consider a general type of an instantaneous two-body interaction
1 .
V@@ =5 3 (@abilViersi) v, (0ri (078, (D (1), (2.97)

0617517061’761/
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o1 ays

ar B

Figure 2.1.: Definitions of the two constituents for the labeled Feynman diagrams: The
directed and dashed line represents a bare single-particle Green’s function Gél)(l\l’ ). The
dashed index at its starting point labels the coherent state variable for the fermionic or
bosonic creation operator whereas the non-dashed index at its end is associated with an
annihilation operator. The undirected wiggly line stands for an interaction vertex where
now the ingoing legs with dashed indices represent annihilation processes and the outgoing
legs with non-dashed indices denote creation processes. Note that the bare interaction ver-
tex carries only one imaginary-time argument being valid for all four connected operators.

where (o 51|V\a11 B1/) denotes a matrix element of the interaction potential in the consid-
ered basis. Using this simple type of interaction, we are immediately able to write down
the term proportional to the nth power of V in our expansion for 2%, i.e.,

B

zZ (_1)71 n )
- 0

k=1 Oékvﬁkyoékhﬁk’

X (Vi (T (T8, (T Ve (1) -+ Y (7)Y, (T) V8, (T) Ve, (Tn) )+ (2:98)

where the time ordering is again automatically provided by the thermal average in the
functional integral formalism.

Now, we need to perform any contraction of all v* with all the «. Every bare Green’s
function G(()l)(lll’) = 0ay,ay/9a,, (T1 — T17), also called bare propagator, is for that reason
represented by a solid, directed line starting from 721,(7’1/) and terminating at 4, (71).
Any interaction potential, often referred to as a vertex function, is denoted by a dashed
and undirected line with two ingoing legs that correspond to ya,, (1j) and V8,1 (17) and
two outgoing legs representing 7z, (1j) and ng (15). The constriction that all legs of the
vertex must have identical time arguments can also be incorporated into a concrete time
dependence proportional to a ¢ distributions of the vertex function itself.

The definitions of the two types of constituents for the labeled Feynman diagrams are
shown in Fig. and the two distinct diagrams contributing to first order in V to the
expansion of Z% can be seen in Fig. Those diagrams are the direct diagram and the
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2.3. Perturbation theory
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Figure 2.2.: The two distinct diagrams for the expansion of Z% to first order in V: To first
order in the interaction, there are only two possible ways of contracting coherent state

variables, i.e., the upper exchange diagram D! which connects both sides of the

exchange
vertex functlon with each other via propagators, and the lower direct diagram Dcllirect which
contracts them separately. Where Déirect features two closed loops yielding a prefactor of

=1, D;xchange consists only of one loop and one has to keep track of the arising (.

exchange diagram

Z
(Z) = Déirect + Dgxchange ’ (2993)
0/ (1)
) B
Dtliirect = 2<2/d Z gal gﬁl <04151‘V‘06161> ) (299b)
0 ai,B1
B
Dexchange = 2C/d Z goz1 951 <ﬁ1a1]V]a1ﬁ1> : (299C)
0 a1,f1

Due to the fact that the formation of a single closed loop of propagators involves precisely
one permutation of coherent state variables in Eq. , any diagram which includes n
closed loops acquires a prefactor of {". We also have to integrate over one imaginary-time
variable and sum over four quantum number indices for each interaction vertex. The bare
propagator though is chosen diagonal in the quantum numbers rendering 2n summations
in an nth-order diagram trivial. This is why, in the above equation, only 2 summations
appear in the first-order diagrams. Plugging in the previously derived result for the non-
interacting Green’s function, we find for our partition-function expansion up to first order
inV

Z

Z ~1-—= Z Ny NGy {<041/31\V\04151> +¢ <510¢1\V\04151>} ; (2.100)

01,31

where n,, is the Fermi or Bose distribution from Eq. (2.88]).
This summarises the Feynman rules for labeling and computing diagrams. Continuing
like this, we would encounter a vastly increasing number of diagrams for higher orders in
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Figure 2.3.: Hugenholtz diagrams for two-body interaction: The Hugenholtz diagram is
the sum of two vertex functions, namely, the direct and the exchange vertex. With its

definition given in Eq. (2.103), it is invariant under the exchange of the two incoming or
outgoing legs which might be convenient during calculations.

the interaction, namely (2n)! diagrams for the nth order in V. Hence, there is still some
work to be done.

2.3.3. Unlabeled Feynman diagrams

So far, we are still concerned with calculating the ratio Z% As mentioned before, for
that we need to contract 2n coherent state variables representing creation operators with
2n variables associated with annihilation operators yielding (2n)! diagrams to compute.
However, since

(a1p1|V]aw i) = (Braa|V|Braw) (2.101)

for both fermions and bosons, there are 2" diagrams contributing the same value due to
two-particle exchange. Also, any permutation of imaginary-time variables over which we
integrate yields identical results leading to another factor of n! diagrams equaling each
other. Those two different transformations which leave a labeled Feynman diagram invari-
ant, mathematically speaking, amount to the exchange of two internal integration variables
or summation indices. Sometimes, they yield an identical diagram and sometimes a distinct
one and the task of this section is to determine the correct number of distinct diagrams
with the same value.

All transformations together build a group G with 2"n! elements and we are looking for
that particular subgroup Gp which map a labeled Feynman diagram D onto itself. We
denote the number of elements of Gp with Sp and refer to it as the symmetry factor of

the diagram D. If now a distinct diagram D’ is generated from D through an element of
27n!
S
groups of Sp diagrams diagrams yielding the same result. Hence, there actually are also

% distinct diagrams to nth order in the interaction with equal contributions. In the end,

G, all elements of Gp also leave D’ invariant. This implies that there must be exactly

it therefore suffices to calculate one of the distinct diagrams and multiply its result with

the factor of 2;”!.
D

Unlabeled Feynman diagrams D are now obtained by omitting all quantum numbers

and time labels of the labeled diagrams. Accordingly, only the diagram’s topology and the
directions of the bare propagators matter. The contribution of all distinct labeled diagrams
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2.3. Perturbation theory

now equals the value of all distinct unlabeled diagrams times %g!. Therefore, we need to

calculate one distinct unlabeled Feynman diagram each an determine its symmetry factor.
For instance, to first order in V, the symmetry factor is Sp = 2. To second order and
depending on the diagram D, it can be Sp =€ {4,2,1}. In general, determining Sp of
all unlabeled Feynman diagram can be quite challenging. However, since we know that we

must arrive at a total number of diagrams (2n)! = > 2;3!, we find that

ZSID =(2n-1)'=(2n—-1)(2n - 3)(2n —5)...5-3-1. (2.102)
b

This provides an easy check whether the determined symmetry factors can be correct or
not.

We would like to spend one last comment on the so-called Hugenholtz diagrams. They
are the sum of the direct and the exchange interaction

V 52, (1), 7, (7)]

:% Y (abilViarBi) va, (s, (M6, (7)7a, (1)

041»517041/7/81/

1 - .
=1 > [@BlViause) + c@asilViBran)]| v, (5 ()78, (e, (7).
a1,B1,0q7,8¢

(2.103)

If we regroup the interactions like this and treat the two terms in brackets in the second
line as one vertex function (confer Fig. , this vertex function is invariant under the
exchange of two incoming and outgoing legs separately.

In principle, this theory can be extended to more general types of interactions like
single-body or m-body interactions. During this thesis though, we do not encounter such
phenomena and continue without providing details on them.

2.3.4. Frequency and momentum space representations

One of the most powerful tools to analytically treat interacting systems is the Fourier
transform (FT). Mathematically speaking, it amounts to a basis transform in completely
periodic or anti-periodic functions, i.e., sine and cosine, and it is always helpful if the
investigated system has some intrinsic translation invariance.

Let us briefly consider a one-dimensional system of length L with a translation invariance
along the sole spatial = axis and periodic boundary conditions. This implies that any
function depending on two coordinates can in fact only depend on their difference

f(x1,22) = f(z1 — 22,0), (2.104a)
f(.’L‘l,{L‘z) = f(:L’l + L, 132) = f(fEl,ZEQ + L) = f(:l,‘l + L,x9 + L) . (2.104b)
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As we saw already for the Feynman diagrams, including interactions requires the summa-
tion or integration over internal indices which can, for instance, be of a spatial type

L
f(z1,x2) /dxg r1,x)h(x, 22), (2.105)
0

where the functions f, g, and k could be Green’s functions for example. We can properlyﬂ
define a Fourier transform with respect to the two (coherent state) variables z; and o
according to

L
k1,k2 /dxl dl‘ze ik — kza@)f(xl,l‘g), (2.106&)
0
1 = —i(k1x1—koz2) F
floae) =45 D e BT iy k). (2.106D)
k1,ko=—00

Due to the periodic boundary conditionaﬂ from Eq. ( m the values of k1 and ks in the
second line now become discretised via the condition that k1 = MT” and kg = 2an7r where
ni,ng € Z. This implies a summation rather than an integration over k. The normalisation
constant L~! per k summation is obtained by computing the Fourier transform of 1

L
; 0, else

= L0, (2.107a)

1 o0
= 7 > Légo=1. (2.107b)

ki=—0o0

For periodic functions, this basis transformation is an expansion in cos(k), whereas, for anti-
periodic functions, the expansion is in sin(k). One often refers to the spatial representation
f(x) as the function in real space and the k-space representation f(k) as the function in
momentum space.

The translation invariance [cf. Eq. (2.104al)| can now be used to simplify convolution

2The different signs in the exponent for the two different spatial variables ensure that the coherent state
variables of a Green’s function are still the correct adjoints of each other after the Fourier transform.
3 Anti-periodic boundary conditions would simply imply that k; = w
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integrals. Since we can write for the functions f, g, and h that

L
/{1, k‘Q /dl‘l dl’g ei(k1x1—k2x2)f(x1 — X2, 0)
0

dxl dflfz ei(kl(Ilfmg)f(kQ*kl)mz)f(xl _ 1;2, 0)

I
o —

L

= Lk, ko /da: ek f(2.0)
0
= L Ok, ko f (K1) (2.108)

we find for Eq. (2.105))

L6y gy fk1) =

T —

L
day dag efFzi—kew2) [ gy g o h(zx, xo
g )
0

dzy deo dz L2 Z Uk =ks)ar+(ko—ka)ea+(ka—ks)2) g (ks o)) h(ks, ko)
k3 ke ks kg ——00

o\h

oo
=L > Oky ks Ok ks O, Oks s Ok ko §(k3)R(K5)
k3,ka,ks,ke=—00

= Lékl,kQ g(kl)h(kl) : (2'109)

Hence, convolutions of translation invariant entities Fourier transform as

L
1‘1,1'2 /dajg I1,T 33‘ 1’2) (& f(k‘l) = g(kl)h(kl) (2.110)
0

which can save a tremendous amount of computational time. It should be obvious that the
functions f(z) and f(k) do not have identical dependences on z and k. However, we do
not want to litter this script with tilde symbols, but rather clearly separate both pictures
such that the correct functions can always be identified in the following.

In practice, if our system is translation invariant, we need to perform a FT with respect
to its spatial coordinates. Each vertex and each propagator then conserves momentum,
meaning that, if the momenta k1, ko, ..., k, go into a diagrammatic constituent with the
outgoing momenta ky/, ko, . .., k,, we find that

Zk = Z ks (2.111)

/ 1/
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There is a very important observation to make here. Let us consider taking the continuum
limit where the system’s volume V' = L,L,L. — oo and the discrete points in momentum
space become dense. Therefore, we have to rewrite

T

Z _ Z V—o0 (2‘;)3 /dk‘x dky dk, = (2‘;)3/dk (2.112)

kg koy kiz=—00 k

—T

Any two-particle interaction’s matrix element in momentum space has to be calculated
using two somehow normalised states which have to be oc V=1 each. Therefore, the matrix
element becomes oc V=2 but due the translation invariance there is an additional factor of
V yielding an overall matrix element of the interaction being oc V=1 [confer Eq. ]
Thus, any diagram to nth order in the two-particle interaction is o« V=" which brings the
concept of diagrammatic connectedness in our focus. A Feynman diagram is called con-
nected if and only if a continuous sequence of propagators connects all vertices contributing
to the diagram. Of course, every Feynman diagram can be viewed as the product of some
number of connected diagrams. Every diagram to nth order in V involves 2n propagators
providing us with 2n momentum variables to be integrated over. If a diagram is connected,
the momentum conservation at each vertex provides us with n — 1 constraints on the mo-
mentum integrations. Therefore, we have n + 1 independent momenta to integrate over
yielding another factor of V"*!. Combined with the factor of V=" from the interaction’s
matrix elements, we find that every connected diagram is oc V. So if an nth-order diagram
is composed of m connected parts, it contributes with a factor V. Hence, only the fully
connected diagrams with m = 1 contribute extensively to Zéo

Besides a translation invariance in real space, our system is also invariant under shifts of
the imaginary time. Because of their mathematical properties, it is highly recommendable
to perform an additional Fourier transform of the utilised Green’s functions with respect
to 7 into what is called the Matsubara space. The bare propagator transforms according

to
B B
Gél)(al;wﬂal/;wl/) = /dﬁ /dTll ei(“’lTl_“’l’Tl’)G(()l)(al;7'1|al/;7'1/), (2.113a)
0 0
1 1 = ,
GV (ansmilaas ) = = = emimn=nmI G (ay, oy, wy),  (2113b)
/6 l1=—00 ﬁ 1/'=—c0
and takes the form
W 1117 — g _ 1
GO (1|1 ) = BGO (1)5a17a1,(5(w1 - wlz) = ,8(50[17@1,5((,01 - wll), (2.114)

(5011 - M) —wi

where 1 = {a1,w1} and 1" = {ay/,wy/} again are combined labels for quantum numbers
and now Matsubara frequencies. In imaginary time, every bosonic (fermionic) Green’s
function is (anti)symmetric and (anti)periodic with period Af. Therefore, they are only
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computed in the interval —hf5 < 7 < Af and the Matsubara frequencies are discretised
with n € Z according to

2nnl - for hosons, (2.115)
Wy, = ' .
n M, for fermions.

One significant remark on the Green’s functions in Matsubara space is that, in order to
obey imaginary-time ordering, we have to replace

G(()l)(l) _ ez’me(()l)(l) : n>0, (2.116)

if the propagator starts and ends at the same vertex.
Similar to the aforementioned momentum conservation, if the system is time-translation
invariant, we find that the vertices and Green’s functions do now conserve frequency, e.g.,

zn:wi = i: Wi’ . (2117)
=1

=1/

Now, the 2n propagators contribute 372" to any nth order diagram, but every interaction
vertex comes with an extra factor of 3 yielding a net result oc S~ for every diagram involv-
ing n interaction lines. If applied to the right system, the transformations into momentum
and Matsubara space are highly beneficial when it comes to the computational effort. Also,
the connectedness of our diagrams tells us whether they are extensive quantities or not.
We shall turn to that during the next section.

2.3.5. Linked cluster theorem

We now know that the interaction corrections to the partition function Z contain all powers
of the system’s volume V. However, in our introduction to thermodynamics, we saw that
it is related to the grand potential which is an extensive quantity

Q- ; In(Z) = —PV, (2.118)
confer Egs. (2.8) and . This shows that In(Z) must be oc V and is therefore extensive
as well.

The linked cluster theorem now states that In (Z%) is precisely comprised as the sum
over all fully connected diagrams. It is usually proven using the replica trick which takes
m identical copies of our system and computes

(ZZO)mzemln(é)) —1+mln (2>+§[mln <§O>r (2.119)

Evaluating the path integral on the left-hand side, one quickly finds that each connected
diagram is then < m and every disconnected diagram being a product of p connected ones
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are hence o< mP. This shows that indeed

1 .
Q—-Qp= 3 E all connected diagrams, (2.120a)
_S (O
%= §aj In (1 e Plee ) , (2.120b)

where the grand potential of the non-interacting system € was calculated from Eq. (2.87)).

2.4. Observables and Green’s functions

Let us consider any n-body operator O of which we desire its expectation value with respect
to some Hamiltonian H. For that purpose, we start by replacing

H— HN=H+MO0. (2.121)

The operator’s expectation value is now computed from the respective grand potential
Q(N) as

()= o0

A=0

-2 (ﬁmz@))

Alternatively, we could again employ the replica trick which would show us that only the

A=0

(2.122)

A=0

fully connected diagrams contribute to the expectation value (O) (see Ref. [135] for more
details).

For a two-particle operator, this implies that the diagrammatic symmetry factors Sp are
reduced to values of 1 or 2. There are no more possible time permutations within closed
loops and only if on the sub diagrams on the two sides of the operator are identical, we
can make a deformation of the diagram onto itself by exchanging all time labels and all
extremities of the vertex functions yielding Sp = 2. In general, the symmetry factor is
maximally n! for an n-body operator. If one calculates Green’s functions, the symmetry
factor is even further reduced to Sp = 1 for all diagrams since now all external legs are
already determined by the Green’s function and therefore, in turn, are fixing the internal
labels. Now, we only need to evaluate each distinct diagram’s prefactor.

40



2.4. Observables and Green’s functions
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Figure 2.4.: Relation between connected (solid) and disconnected (dashed) Green’s func-
tions up to two-particle propagators: For the single-particle propagators, the connected
Green’s function equals the disconnected one [see Eq. ] The two-particle connected
Green’s function involves both, the single-body and the two-body disconnected propaga-
tors [confer Eq. (2.127Db)]. To avoid confusion between two-particle Green’s function and
two crossed single-particle propagators, we use bent and straight lines respectively as in
the first and the last diagram of the second equation.

2.4.1. Generating functionals for Green’s functions

In complete analogy to the trick using the grand potential for calculating the expectation
value of an operator, we define the generating functional for the Green’s functions as

0[¢:,(0&, (M) =27 [ Db, (), (0]
’Yozj (B)ZC’Yozj (0)

B
~[ar {z (72, (M) (=) vy (T)+€8, (D)7 (1475, (7)o (7)) +H [, () 7 (7)] }

X e J )

(2.123)

where H [fy;j (7)s Vo, (T)} is not further specified at the moment, and the partition function
Z is found in Eq. such that G(0,0) = 1.

Using the expression for the expectation value in the functional integral representation
[see Eq. (2.92))], but this time with respect to the full interacting Hamiltonian, we can
rewrite this generating functional as

]
) — [ a7 (€8, (e (493, (D, (1)
g [gaj (T),gaj(r)} - <e ) > (2.124)
The newly introduced £* and & are the so-called source terms which have to be complex or
Grafsmann variables in accordance to the bosonic or fermionic coherent state variables v*
and . With this definition, we are ready to calculate the n-particle Green’s function as

(n) / G [5&(7)75%(7)}
G ol ) = € 0 . 6666 .. 0ky : (2.125)
£*=£=0

where we made again use of the combined quantum-number and imaginary-time labels and

6/66™) now denotes a functional derivative.
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2. Theoretical concepts

The Green’s functions that are obtained like this consist of connected and disconnected
parts. If we are only concerned about the connected diagrams, which, as explained before,
is the case for the calculation of expectation values of operators, we have to utilise the
generating functional for the connected n-particle Green’s functions ng). It is obtained
by employing the replica trick one last time yielding

W[, (1), (1) =In [ [, (7). 60, (7] - (2.126a)

W &8, (7). a, (7))
OET . 0Er0E, . 0k

Gme, ... nlt!,...n)=¢ (2.126b)

£*=¢£=0
Evaluating this expression in the language of Eq. (2.124]) is straightforward. In a phase
with fixed particle number, i.e., all expectation values with unequal numbers of creation

and annihilation processes are zero, we find the following relations between connected and
disconnected Green'’s functions (up to n = 2)

Gy =aWap), (2.127a)
GPe1,2)1,2) = @ (1,211, 2) — W anH)aW(2]2) — ¢caM(112)GM (2]1') . (2.127D)

The diagrammatic representation of these equations is shown in Fig. [2.4]

2.4.2. Effective potential

Even though we proved that we can compute every physical property of interest using
Green’s functions, in practice, this might be mathematically challenging since the Green’s
functions can be hard to approximate, for instance, for our spin systems. A common tool
in physics and mathematics to circumvent this issue is a Lengendre transform.

We start by realising that, once the sources £ (7),€a; (T) # 0 are included, the operators
T

ao;(7) and aq,(7) develop non-zero expectation values which we denote with

iy (1) = {00, (e = o (e = gy [ (€ 0)] L 21280
U2, () = {al, (e g = (03, (M)e ¢ = —c(%jmw |6, (M):60, (D] . (2128b)

A Legendre transform of the generating functional for the connected Green’s functions
W (T), &a, (7)} with respect to the new fields ¢ () and ¢q,(7) then provides us with
the so-called effective potential or effective action

B
T 02, (7): v, ()] = =W [88, (7,60, (0] = [ @77 37 (0, (7)o () + €6, ()
0

€75

(2.129)
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2.4. Observables and Green’s functions

Now, we can use the above definitions to reobtain the sources from W as

éo‘j (T) = _(ng(ﬂr [w;j (T)vwaj (T):| s (21303,)
€o, () = —C&p;mf [1/}2]- (7), a, (T)} - (2.130b)

This expresses the old sources and hence also W in terms of the new variables w;j (1) and

Ve, (7). Taking 2n partial derivatives with respect to the new variables of I [@Z)Zj (1), Yoy (7’)}
provides us with the n-particle vertex function

8T 3, (7), (7))

TS OO . oy 7
£r=€=0

r™a,...,n|l',....n) (2.131)

where setting the sources £* = £ = 0 amounts to an evaluation with respect to stationary
U (7). e 80 T [45, (7). oy ()] = 0

Vertex functions are one-particle irreducible. This means that all contributing diagrams
cannot be cut in two parts by removing a single propagator. Connected Green’s functions
are built from vertex functions with a tree expansion, which means that those expansions
do strictly not contain loops anymore. This simultaneously implies that all the contributing
loops must be contained in the vertices. The great benefit of using them is caused by the
fact that diagrammatic divergences usually arise in loops. Therefore, the vertex functions
now contain all divergences and are extremely useful for building up a renormalisation
theory which tries to sum up diagrams in a non-diverging way yielding (hopefully) correct
physical results. This work is essential for us. If we are not capable of reformulating our
quantum theory in terms of analytically somehow controllable entities, we are left clueless
about its predictions. Using vertex functions and functional renormalisation group methods
in the next chapter is one of only a few possibilities enabling us to investigate the desired
spin models.

2.4.3. Self energy and Dyson equation

Let us study the single-particle vertex T (1]1’). Using the chain rule for functional deriva-
tives, we find that

522?; 4562?5 5 625F 5 625F 031 0
50¢ 963 $5001 SP30PT | _ :
/d2 < ¢ T ) ( frer! ) = ( 0 > (2.132)

363062 0€3065 B S T 03,1

where again combined indices 1 = {ag;7} and 1" = {ay/; 7/} are used, and therefore
the delta function 031 = day,0,0(73 — 71) as well as the integral [d2 = foﬁ dr 32, If we
consider the above equation as a matrix multiplication in the space of all possible quantum
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2. Theoretical concepts

Figure 2.5.: Diagrammatic representation of Dyson’s equation [Eq. ]: While a single
directed line stands for the bare connected single-particle propagator, a double directed line
represents the full Green’s function calculated with respect to the interacting Hamiltonian.
The self energy X(1|1'), defined in Eq. (2.134)), is denoted by a circle.

numbers and imaginary times, we straightforwardly write down the famous Dyson equation
in its most abstract way

o ok v )
TRUNURIT Y B A L . (2.133)
3005  SudyT v )

After setting the source fields £*) to zero, this means that the matrix which is comprised
of our vertex functions is the inverse of the matrix of connected? Green’s functions.

If we are again in a phase with conserved particle number, the expectation values (y7y) =
(v*v*) = 0. Then, we define the self energy according to

¢Sy =TO )y =P ), (2.134)

where the bare vertex I‘(()l)(1|1' ) is computed with respect to the non-interacting Hamilto-
nian Hy. Using this definition yields the probably more familiar form of the Dyson equation

-1 —1
(G(l)c> — (Gél)c> +3 , (2135&)
. e — gV _ glesgie (2.135D)

where the propagators and the self energy should be understood as being matrices in their
former indices. A diagrammatic representation of this equation can be seen in Fig. 2.5
In addition to connectedness and one-particle irreducibility, we need to define one further
property for Feynman diagrams: A diagram is called amputated, if all external legs do not
carry any propagators. This means that every external point is directly connected to a
vertex function. From how we regrouped our expansion into connected Green’s functions
and vertices, it should be clear that —3(1|1’) therefore consists of the sum over all distinct

“For the single-body propagator, connected and disconnected Green’s function are the same (confer

Eq. (2.127a)).
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2.4. Observables and Green’s functions

D
- e
3

Figure 2.6.: Particle-number conserving diagrams for the derivation of the higher-order

propagators [confer Egs. (2.137)) and (2.139)]: The diagrammatic expressions for the higher-

order Dyson equations are given up to third order. Only vertices and propagators with
equal numbers of incoming and outgoing legs are considered.

unlabeled Feynman diagrams connecting state 1 with 1/, which are one-particle irreducible
and amputated.

The reason why one calls ¥ the self energy to begin with can be well understood by
considering the fact that the inverse single-particle Green’s function can be written as

()™ = <6 (;n — )+ <a1|ﬁ0|a1/>> S(ri—m)+ (AN, (2136)
which means that it plays the role of an effective single-particle potential due to virtual
interaction processes with itself. To first order in the interaction, we immediately obtain
the Hartree-Fock mean field equations which will become important in Chap. [6] when
we turn to the projective symmetry group. We end this chapter though specifying the
diagrammatic rules for arbitrary numbers of particles.

2.4.4. Higher-order vertices and propagators

We can continue the scheme that we previously employed for the self energy: We regroup
the diagrams into n-particle vertices which contain all the amputated loop diagrams and
obtain the connected n-particle propagators from tree expansions as in the Dyson equation.
We constrict ourselves, however, to phases with conserved particle number, e.g., only to
vertices with equal number of incoming and outgoing legs.
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-

Figure 2.7.: Tree expansion for the n-particle Green’s function up to n = 3: Each propa-

gator consists of all possible combinations of vertices of order up to n connected by prop-
agators of order up to n — 1. Again, we only consider diagrams which conserve particle
number within each constituent.

By differentiation of the generating functionals W (I") with respect to the sources &*
and £ (the fields * and 1), we increase the number of incoming and outgoing legs of the
generated connected Green’s function (vertex function) by one. Utilising the chain rule for
functional derivatives and Eqgs. , we find that

5 s o6 ST § 8T 6

50 T SpoE T o0 oe | GuouroE  “ogeyoe (2457
R R R 2 A R -
P Mo T Ve T S MY TR ey N (2.1370)

Diagrammatically, this implies that if we take the *) derivative of the n-particle propa-
gator, we have to increase the numbers of its incoming or outgoing legs by one and attach
an appropriate two-particle vertex at each added leg. One has to be aware though that
each derivative of the propagator now contributes two terms, one with a particle-number
conserving vertex and an anomalous one [confer last terms in Egs. ] This is very
practical and we utilised this trick already once when deriving the previous Dyson equation,
which in quantum-label matrix language is simply

oW 1 52T 82w Lo R AR Y

o* OY*o1p 0E*OE Sp*dp* 0E5E

If we are interested in phases with particle number conservation only, the second term

(2.138)

vanishes yielding 1 = TWGEMe. Applying ¢ and ¢* derivatives to all four terms from
Eq. (2.138)) then gives us the defining relations between two-particle Green’s functions and
vertices

0

s §*r °W 8’ §*w
500y [w*aw SE0E T duroyT 6555]

s <52F>62W+ L A S A (521/\/)
5w \ 5o ) SEGE | Gurow bupow o EOE \ GEOE )

(2.139)
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Here, we should still be aware of the structure of incoming and outgoing legs, but in
principle this procedure can be used to relate all orders of vertices and Green’s functions.
We obtain the n-particle connected propagator by multiplying the corresponding equation
with 2n — 1 inverse single-particle vertices which are, of course, the dressed and connected
single-particle propagators (F(l))_l = GWe. Up to n = 3, the resulting diagrammatic
expressions are summarised in Fig. 2.7 as well as the ones corresponding to the above
equations in Fig. 2.6l Note that we only show the contributions from particle-number
conserving vertices and propagators in both figures. For the correct derivation of higher-
order equations, also the anomalous diagrams have to be considered up to a certain point.
Fig. shows that the two-particle vertex I'® has to be the sum over all one-particle
irreducible, amputated diagrams with two incoming and two outgoing legs, and plays the
role of an effective two-particle interaction due to the virtual processes in the quantum
many-body system. From it, we find G()¢ via a simple tree expansion using all I'™ with
m < 2, where the self energy is contained in the full propagator. The same statement is
true for all n-particle Green’s functions and m-particle vertices with m < n.

Finally, we are able to determine the imaginary-time ordered Green’s functions which are
required for the computation of the spin susceptibility from Sec. In the last section
of this introduction, we present how to obtain it from the basic diagrammatic building
blocks that were already defined.

2.4.5. Spin susceptibility from Green’s and vertex functions

In Chaps. {4 and , we investigate the spin susceptibility xj;'(7) which is defined in
Eq. . As shown in Eq. , this response function is related to the disconnected
fermionic two-particle Green’s functions and we now want to express it in terms of the two
particle vertex and single-particle connected Green’s functions since these are the objects

of our further analysis. For this purpose, we first plug Eqgs. (2.127)) into Eq. (2.25) yielding

v 1 y crps , : :
) =7 D ohsote{ G ({5,340, 10,7115, ), 1,0 0,7)
a7ﬁ7fy76

+ G0 ({4,63;01{j,7};0) GV ({7, BY; T{i, a}s 7)
+CGOE ({7, 01{i, ai 1) GO ({3, B 71,71 0) | (2140)

The connected two-particle Green’s function can be calculated from the two-particle vertex
and the connected single-particle Green’s function, confer Eq. (2.139)). Using this result,

47



2. Theoretical concepts

Figure 2.8.: Diagrammatic representation for the spin susceptibility: Black circles denote
Pauli matrices %0“ and 1 0¥, respectively. Closed loops contribute a factor of ( and one
needs to sum or mtegrate over all internal indices. For corresponding equations, confer

Eqgs. (2.146) and (2.142)).

we find for the susceptibility that

= 1 20 asots GO (.10 73 0) GO (40, )i 7l ki)

a»ﬁa’Y’a

+ GO ({56} 013 a}im) GV ({6, BTl 1:0) }
—= Z ohsots Y T, 2)1,2)GWe ({5,6};011) GD* ({i, B}; 7|2)

a,B8,7,8 17,2/.1,2
x GV (11{j,v};0) GV (2{i, a};7) (2.141)

where 1, 1/, 2, and 2’ are combined indices of lattice site, spin index, and imaginary time.
The according sums have to be understood as a combination of the appropriate sums and
a time integration. The Green’s functions only depend on the imaginary time differences
since we always perform our calculations in thermal equilibrium. Without spoiling too
many upcoming results, we also note at this point that the propagators are entirely local
and diagonal in spin space except for the mean-field analysis in Chap. [6] where we do not
compute the susceptibility any longer. Hence, we can employ the diagonal structure of
G(e yielding

1 v
Xz] Z Ua1012 012011 (1) (_T) nglg) (T) 5ij - Z Z UglallaagaQ/F(2)<llv 2/’17 2)
Oél,a2 17,2/1,2
x GSI), (T —7) G(al), (—72) GSQ) (12) G&ll) (m—71). (2.142)

The first term in Eq. vanishes due to its special spin structure. We also utilised that
G = GMe is independent of its real space coordinates for the subsequently investigated
systems of equivalent lattice sites. This enabled us to carry out the real-space sums yielding
that i1 = iv = ¢ and 75 = iy = j for the vertex function. Furthermore, the Green’s
functions now only depend on a single imaginary-time and a spin index and the sums over
the combined indices represent spin sums and time integrations accordingly.

Since we are going to deal with Green’s and vertex functions in Matsubara space in
the following FRG analysis (confer Sec. , let us already calculate the Matsubara
transformed spin susceptibility here. It is defined as

¥ = [ ar e (1.50)87(0) (2143
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The Matsubara Green’s function in thermal equilibrium are given by
/ 1
GO (wy) = / drer@i(m), G0 =5 e W), (2149)
0 wn

see Egs. (2.113). In complete analogy, the transformed two-particle vertex should be
computed via

o
re (w17, worjwi,wa) = / dry dror dy dro i@ Ty Wy Ty —w1 T —waT2) (2) (117, Tor|T1, T2)
0

(2.145a)
1 .
T (ry,mylm,m) == ) e vmrtesmmam=eam)nC) (), wylwr, ws) .
W17 ,Wor ,W1,wW2
(2.145b)

Plugging Eqs. (2.142)), (2.144), and (2.145)) into Eq. (2.143)), one can ultimately relate the

desired susceptibility to the diagrammatic constituents of the next chapters. It reads

Vi 1 v C
XA =7 D ey Oaay { 5 2 Gl (1) GG (@1 + ©)bayyaadayandy
w1

Q7,097,001 ,002

1
-5 ST, 211,2)GY) (w1 + Q) G (w2) G (wa + Q) G (wn) } :
wi,w?2

(2.146)

where the combined indices are 1’ = {i, a1/, w1 + Q}, 2/ = {j, aor,wa}, 1 = {i, a1, w1 }, and
2 = {j,as,ws + Q} for the two-particle vertex. A diagrammatic illustration for the spin
susceptibility is shown in Fig. 2.8

2.5. Summary

So far, we motivated that the so-called Green’s functions or response functions provide
answers to most of the physically relevant questions one can ask about a given quantum
many-body system. Because Green’s functions are in general not easy to obtain, we dedi-
cated most of this chapter to show how all of their contributions that exist on a quantum
level, e.g., interference, superposition, virtual paths, etc., are generically incorporated in
the functional integral formalism. We now have a powerful scheme at our disposal which
enables us to investigate arbitrary quantum systems and to gain insights on their proper-
ties. Depending on the precise nature of the considered model, one might already be able
to make rather accurate predictions about experimental outcomes with the methods intro-
duced until now. This is achieved by calculating self-energy and all necessary m-particle
vertices up to a given order in the interacting part of the Hamiltonian. As it turns out

49



2. Theoretical concepts

however, such a perturbation series always yields an uncontrolled approximation in the
sense that one has a priori no knowledge about up to which order and up to which inter-
action strength the results are trustworthy, unless of course an exact solution is already
known.

For quantum spin models, we derived how to relate the spin susceptibility to Green’s
functions which in turn can efficiently be computed from one-particle-irreducible vertices.
In addition to its common difficulties, perturbation theory is unable to accurately de-
scribe the corresponding physics of such systems due to the absence of kinetic terms in
the Hamiltonian, as briefly mentioned in the introduction. Fortunately though, the func-
tional integral language remains valid for such models which is why we introduced it quite
thoroughly. Within this formalism, we want to apply a method that goes beyond pertur-
bation theory instead and thereby circumvents the mentioned issues. A prime candidate
for this objective is the so-called functional renormalisation group analysis. It caught large
attraction in the quantum spin physics community in recent years since it has shown to
provide reliable results for Heisenberg models |11, |18| [87, 147, |168|, [173]| and anisotropic,
but diagonal spin interactions [146| 168| regardless of their underlying lattices in two and
three dimensions. Furthermore, unlike other currently available methods, e.g., exact diag-
onalisation and density matrix renormalisation group [21, 25, 48, 61, 96, 114, 161} 180],
this approach does not suffer from finite size effects. Later on, we will extend the existing
method for diagonal spin interactions in order to investigate the effects of Dzyaloshinsky-
Moriya interactions (Chap. as well as different spin anisotropies (Chap. and will
eventually utilise the resulting vertex functions in order to self-consistently determine ef-
fective low-energy theories for the considered spin models (Chap. @ Before doing so, we
properly introduce the functional renormalisation group method in the following.
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3. Functional renormalization group

As we know from the previous chapter, the standard procedure to obtain response func-
tions like the spin susceptibility of a quantum many-body system is based on the com-
putation of Feynman diagrams for the vertex functions. The Feynman diagrams consist
of interaction vertices and Green’s functions whose internal indices such as spin, time or
frequency are summed up or integrated over, respectively. In a Heisenberg model however
[see Eq. ], this yields non-converging results for our purposes. The reason behind
this is that only spin-spin interactions are present in such a Hamiltonian which completely
lacks any kind of terms being quadratic in the fermionic operators. This implies that all
single-particle energies vanish yielding for the bare Matsubara Green’s function

GSY (1) = BGEY (100 0, 0(w1 — wrr) = ;mm(wl —wp) (3.1)
in the canonical ensemble (confer Eq. and Sec. . In this fermionic model,
our Green’s function acquires an extra minus sign if compared to a different convention
that is used frequently by other authors. Nevertheless, we retain the definition given in
Sec. because the resulting equations are often more compact. Since we try to identify
quantum spin liquids that show no sign of magnetic order down to lowest temperatures, we
are interested in the 7' — 0 limit where Matsubara frequencies become dense. Hence, the
appropriate integral over an internal Matsubara frequency of a given Feynman diagram
can easily diverge around w ~ 0. For instance, the first term in Eq. for the
spin susceptibility contributes to zeroth order in the interaction via a product of two bare
propagators |Eq. ] In this case as well as for any other Feynman diagram that consists
of a loop with two bare propagators, we are not able to perform the frequency integration
in the T" — 0 limit.

Of course, the systems that we are investigating are typically Mott insulators at very
low temperatures and do not tend to diverge in any observable way. The fact that per-
turbation theory breaks down in our case is related to the fact that we are only dealing
with interactions which completely determine the relevant energy scale. Thus, there is no
small parameter which one could meaningfully treat as a perturbation. Instead one would
literally perturb the system around nothing.

The mathematical difficulties for quantum spin models arise at low frequencies as dis-
cussed above. Traditionally such challenges frequently occur in high-energy physics and,
despite the difference in the responsible phenomena, one approach that was originally de-
veloped to study high-temperature phase transitions in particle physics [186] has proven
itself to be a powerful tool for the investigation of low-energy spin systems as well. This is
why we want to introduce this so-called functional renormalisation group (FRG) formal-
ism in the current chapter which is based on a script by Volker Meden [117]. The FRG
was mainly developed in Refs. |50, |72} 125, [155| |186] and has ever since been successfully
applied to Luttinger liquids |4} |5, |124], the Anderson-Holstein model [105|, correlated quan-
tum dots [97, 98|, and the Kondo dot model [39, 40, |159| for instance. In 2010, the method
was then applied to the spin—% square lattice Heisenberg model for the first time [147]
which inspired a plethora of works on related systems.
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3.1. Introducing an infrared cutoff

3.1. Introducing an infrared cutoff

The functional renormalisation group uses four main ingredients in order to prevent the
breakdown of an effective theory at low energies. They are:

1. replace the single-particle propagatorE]

Go(w) = ;1 — Gé\(w) = M

3.2
iw iw ’ (3:2)

2. redefine the generating functional for the vertex functions from Eq. to be
P} ()] = WA HED Al - (078 — (€ 0) — (v, [G8] ' w) . (33)

3. derive integro-differential equations for the vertex functions with respect to the in-
frared cutoff A,

4. choose proper initial values for the vertices for an infinite cutoff A — oo.

Note that we do not display the superscript (1) for the single-particle Green’s function any
longer since only this propagator is used from now on. Further, the short-hand notation
with scalar and matrix products should be understood as

(%€ =D > i (wi)bay (w)) (3.4a)

wj  Qj

(", Ap) = Z Z d];{j(wj)Aajak(wj’wk)¢ak(wk)' (3.4b)

Wi, ,Wg O,

Using these constituents, one has to solve the resulting initial value problem for A — 0.
If everything could be carried out correctly, one would obtain the correct vertex functions
of the original system since G® — G in this limit. As it turns out, however, this is an
impossible task. The integro-differential equations couple all orders of vertices with each
other, resulting in a stew of infinitely many coupled terms to keep track of. There is no
known way for analysing such systems of equations exactly and all solutions that we present
in the following chapters will thus be obtained in an appropriate approximation. Before
discussing how to delicately carve a finite number of coupled equations off the infinite set
(see in Sec. [4.2.1]), we derive the so-called flow equations for the vertex functions in the

remainder of this chapter.

3.2. Derivation of FRG flow equations

Next to the replacement of our bare single-particle Green’s function with its regularised
version from Eq. (3.2)), we have to acknowledge how this change in the propagator translates

1We note at this point that the regularisation procedure can also be performed with functions other than
the Heaviside function [125].
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3. Functional renormalization group

to the generating functionals for the connected Green’s functions and the vertices. Let

us start by realising that, using Eq. (2.123]), Eq. (2.126a)), and the short-hand notations
from above, we can rewrite the generating functional for the connected Matsubara Green’s

functions W in the following way
WAE} (€1 = n [0 [{€"} (€}

1 % _ *,GA71 —(&* )= (v )=V 1,
o LZA/D[{V L gy (HIaT )~ -ro-vie | g
0

where we utilised that (iwj — €, —i—u) = — [Go]_l (confer Eq. (2.114)), but this time
inserted the renormalised propagator Gf}, and replaced Z by Zé\ in the denominator. In

this case, GO = WA [{e"} €|,
higher-order vertices and Green’s functions, this redefinition of the generating functional

— Z | ;
=In [Z—O} is no longer zero. However, for any

has no effect. Note that when rewriting the generating functionals in Matsubara space,
the general structure of the equations is held up and the boundary conditions for the path
integral are automatically fulfilled. We only have to consider the correct prefactors of 3
and the diagonal structure in frequencies for our diagrammatic constituents.

We stop denoting the arguments of our functionals from now on for brevity and proceed
in the derivation of the flow equations by taking their scale derivatives with respect to A.
For W, we find

1 . d [ 1 —(4[eM! P R
WA — gA/D[{V b 0 [ZAG (7 [Go] 7)] e~ (&)= O-VI{v h{}] (3.6)
0

Denoting the full A derivative with a dot, we find for the left-over term from above

ax |z ) 23 (3, 6] ) e O711) +{ (Z) e trien™)

Zh° zh z
< [ DU} 43) <7 [Gé]la) e@*:[G@W}
zzler—(v*v[Gsrlﬂ {gTr [[G{){]_IG{}} _ (ﬁ, [Gé}_17>} ,
(3.7)

where we employed integration by parts in the last line. Inserting this result into the
original equation, making use of the definition of G including its sources and that W = ég ,
one can show that

G = cv | [63)7'64] 0 - ¢ (e, 6] o) 07 3.9

This is the differential equation for the generating functional of the disconnected Green’s
functions. If we want to derive such an equation for the connected Green’s functions, we
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3.2. Derivation of FRG flow equations

have to use

" (e [68) 0 ) @ = { (a6 o)

e <5§WA, [Gé‘]_lég*WA> B

e {(55, [G§]15§*> WA} e
_ <5§WA, [Gg']la@wA> + <55, [G(}]lag*) WA, (3.9)

where the derivatives only act within curly brackets in this notation. The term including
second derivatives yet can be reformulated.

<55, [Gé]_16§*> Wh — <[GA] >T ff??] (T [‘;?‘;2 [Gg}‘l] (3.10)

Plugging these results into Eq. (3.6) and using the invariance of the trace under cyclic
permutations, we finally arrive at the differential equation for the generating functional of
connected Green’s functions

WA = ¢ Tr [[Gé]lG{}] —¢ <5§WA7 [05]15£*WA> {[GA]NSQWA]

0E*OE

Our goal is to start the flow of the differential equations at A — oo. From thereon,

(3.11)

we want to integrate out the high-energy degrees of freedom by successively lowering the
cutoff. However, we do not develop the FRG with respect to Green’s functions because
it turns out that the method is ill-defined with the initial conditions that G}~ = 0
(see [117] for more details). Fortunately, this issue is circumvented by employing Eq.
because it turns out that the flow equations for the vertex functions ultimately are well
defined. Before being able to calculate the A derivative of the generating functional T,
we have to consider that since we are introducing new fundamental variables ¢ and ¥* the
old variables ¢ and £* still being defined via Egs. now become cutoff dependent
due to the additional term in Eq. . Also, the Dyson equation [Eq. ] changes
for the same reason.
Computing ¢ and £* from the new generating functional T'* yields that

5
€ (w)) = —51/}*.(%)FA [w (@), P, wj} ZZ J o, (@35 k)t (k) (3.12a)

N 0
ffx\j (wj) = —CWFA [7%] (wj), Yoy, (w; } ZZ% W) Go akla (wk, wj) -

W Qg

(3.12b)

For modifying the Dyson equation, we need to include those parts of §¢t*)4 / o™ that
occur due to the second terms in the equations above. A straightforward calculation shows
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3. Functional renormalization group

that our new relation between I' and W reads in the former matrix language

82r A1 82r 290A 29 1A
soe55 T ¢ [Go] AT P ngl/‘% (10
52r 82r GA -7 C52WA - 0 1 '
3000 soopr + [GF] 5E5E 5555*
(3.13)

After setting the source fields to zero on both sides, this result can be compared to the
Dyson equation [GA]_I = [G{)\]_l + A (confer Eq. 2.135ab yielding that

= (rWA (3.14)
in a phase with particle-number conservation.

Using these considerations, we compute the scale derivative of I'* from Eq. yielding
(7)) == g (6 A - (9.60) = (6hw) - (w7 6870
- (sA*,a@*wA) — (M samt) - [{gh ) {)]
— (v h) - (ehnw) - (w*, [Gé]%)
= - WA [{eM) {eM] —¢ <5§AWA, [ng 155A*WA> : (3.15)

where we employed the definitions of our fields ¢/® from Eq. (2.128) in the last line.
Inserting Eq. (3.11)), we find that

) ) = - ol e |+ el |

(1 —1 1 —1
_ m [[G{}] G{J\} Ty [[GOA] XA, 1,1] o (3.16)
where X qu\* ¥l1s is defined according to Eq. (3.13)) as the top left element of the matrix
821 A1 821 -1
A _ [ e +¢[Gp] SO ou 17
(AN 52T 521 oA 11T . (3.17)
5057 5o + | (GO

Now, we want to expand X 1//}*’1/"1 . in the full propagator G and therefore rewrite

52rA Lo [GA]_l —TWA L Ay +¢ [GA]_l
S0 0 P* 0

— (2D 4 Ay + C[GY] -1

—C[GM T Ay, (3.18)
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3.2. Derivation of FRG flow equations

confer Eq. (3.14). Here, we defined

52
A (1)A
52FA 52FA

(3.19)

R e 1] P

Plugging Egs. (3.18]) and (3.19) into Eq. (3.17) provides us with the relation

([ cleM ! 0 ( A, 0T
XA* _ T + LA Y Ve
o NICAN s P

(o), (et 0 R S D
"\t 0 [ 2L AL, 0 [¢M" )

(3.20)

This enables us to give the desired expansion for the upper left element of this matrix, i.e.,

X$*7w1171 ~ (GP — GPA Y yGN + CGPA e G Ay, GD
52T T 82T

A A
55U (G WG - (3.21)

According to the definition of the vertex functions from Eq. (2.131]), we can expand their
generating functional as follows

+GA

0 k
FA[{w*}7{w}]:Z(k€|)2 Z ZF(k)A(]-/a“'uk/“-a”'ak)Xw;""wz’wk'-'wl‘
k=0 1K1,k

EARR)

(3.22)
This expansion can now be plugged into both sides of Eq. which, after a comparison
of powers in the fields ¢*), provides us with a hierarchy of coupled equations for the
A-derivatives of our vertex functions on the left-hand and with products of vertices and
Green’s functions on the right-hand side. Here, one should note that Ay« , is at least
quadratic in ().

For the zeroth-order term, we hence find that
0OA _ _ AT—1AA AfAT—1
rOA = CTr[[GO] G0]+§Tr [G (GH] } , (3.23)

which couples T'OA to TMA yia GA the Dyson equation. Therefore, we also need to
determine the single-particle vertex for which we need to compute the part of Ay« that
is quadratic in the fields zp(*). From Eq. , we see that only the second derivative of
the generating functional but not the single-particle vertex contributes to this via the term
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3. Functional renormalization group

o '@ A in the expansion of Eq. (3.22).

52
o0ty (21)2

ZZF DA, 21,2) x Yhabhdath

17,2/
2. ong ZZ [ MK Y|LE) x by + COOMNL KL, E) x ¢y
+TOMNY Kk, 1) x by + CTOAME 1V ]k, 1) x e

=¢> D TOMU KL E) x iy (3.24)
17 1

Using this result, we can compare the coefficients of the quadratic terms from left and
right-hand side of Eq. (3.16)) yielding that

Fd)A(l’]l) - Ty {SAI‘@)A(l”l”Lk)] , (3.25)

where now the matrix product and the trace act on the labels I’ and k from the two-particle
vertex. Here, we already introduced the single-scale propagator

S4 = GA[GA] TGh (3.26)

Egs. (3.25) and (3.26) show that the single-particle vertex now couples to I'?A and to
itself due to the full propagator G.

For the two-particle vertex, we need to be aware of the fact that there are contributions
due to the second and the third term in Eq. (3.21) which are proportional to T'®4 and
'@ A respectively. Thus, we still need to compute

52
* Z ZF (1,2,3'[1,2,3) x ¢1ip3psiborhy
0o ( 3' (312 11,23/ 1,2,3
31 (302 ZZF (1,211, 2, k) x 7434 . (3.27)
1.2/

An additional contribution due to the fourth term in Eq. (3.21]) arises from the anomalous
derivatives

52 , ,
&pk,&pl, 2! (2n2 I,ZQ,ZF(Q)A (U, 2|1, 2) x i3 poipn = ZF (K", U1, 2) X 1oy,
(3.28)
6 C 2)A (1! - P
5%5%2)%2? (U, 2|1, 2) x i3 poypn = %P (1, 2|k, 1) x s .
(3.29)
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3.2. Derivation of FRG flow equations

Combining all considerations finally yields the flow equation for the two-particle vertex

F(Q)A(:l/’ 2/‘1, 2) —_ _ TI‘ |:SAF(3)A(1/7 2l’ l/’1, 27 k):|

T

+CTr [SAF@)A(Z’, K1,2) [GA]T TOAN 2k, l)]

+CTr [sAr@)A(y, U1, k)GAT@ N2 1|2, 1)}
+CTr [sAr@)A(z/, U2, K)GATOA (1 1|1, Z)}
Ty [sAr@)A(y, U2, K)GAT@ A2 K1, l)}

+Tr [SAP@A(z’, U1, k)GATDA (1 |2, 1)} (3.30)

Again, we see that the two-particle vertex couples to all T"™ 4 with m < 3. This leads
to an infinite hierarchy of coupled equations that we are not able to solve. Therefore we
need to truncate the system at a certain point. Within this thesis, we do not compute the
three-particle vertex directly and therefore stop at this point.

The last step now is to derive the initial conditions for A — oo of our generating func-
tional T, Considering that G{)\ = 0 in this case, one can realise that the sole remaining
diagrammatic constituent of our vertex functions is the bare interaction from the Hamil-
tonian, z.e.,

DAY= ({9} el =V I{v*} {o)] - (3.31)

Here, V is the interacting part of the Hamiltonian H = Hgy 4+ V which is not already
incorporated in the non-interacting single-particle eigenenergies e, [see Egs. and
]. This important initial condition can also be derived in a mathematically rigorous
fashion. We refer the interested reader again to Ref. [117] for more details. For our spin
Hamiltonian in terms of Abrikosov fermions, this means that only the two-particle vertex
has a non-vanishing initial value

V(U,2]1,2), ifn=2,

3.32
0, else. ( )

A=y of L n|1,2,...,n) = {

For this notation, we defined V' (1’,2|1,2) according to the Hugenholtz diagram from

Eq. (2.103)

V(ll, 2,|1, 2) = (<a1/a2/|V|a1a2) + C <a1/a2/|V|a2a1>) ) (’7’1/ — 7’2/) 1) (7'2/ — Tl) ) (Tl - ’7'2) 5
(3.33)
such that the original interaction term in the coherent-state picture can be parameterised
as 1
* — ! ol * %
14 [{¢ }7{w}] - 4 Z Z V<1 72 ‘17 2) X ¢1'¢2'¢2¢1 . (334)
1,2 1,2
This concludes the derivation of the flow equations for single and two-particle vertex
functions of bosonic or fermionic quantum-many-body systems. We truncate the infinite
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3. Functional renormalization group

hierarchy of coupled integro-differential equations after I’(Q){\ for two main reasons. Firstly,
as one can extrapolate from the equations for I'(1)A and (@A respectively, the mere com-
plexity of all contributing terms that will occur for I®)4 is so vast that it, unfortunately,
is beyond the scope of this thesis. Secondly, the increasing numerical effort would prob-
ably require a reduction of frequency-mesh points and real-space cluster sizes. Since the
results that we obtain for the considered models crucially rely on a sufficient numerical res-
olution, this still seems unfeasible with the currently available computing resources. The
three-particle vertex characterises interactions which involve three spins simultaneously.
One physical reason why its contributions might actually be negligible for our considered
systems is that there are no terms in the Hamiltonian containing products of three spin
operators. For example, in models with a finite chiral spin interaction oc S; - (S; x Sy)
where i # j # k are different lattice sites, a flow without I'® 4 does not capture the effects
of the chiral interaction and is thus also not justified.

Despite all this, certain corrections from the flow of T3 A

will have to be incorporated
into the theory. In the following chapters, this will be achieved by employing the so-called
Katanin truncation scheme [99, |156]. The scheme replaces the single-scale propagator by

the full derivative of the dressed propagator
SA s _GA = 5M 4 GhsAgh (3.35)

in the flow equation for the two-particle vertex. Due to the A derivative of the self energy
which is effectively given by Eq. , this substitution for S* yields additional terms in
Eq. . They appear due to the insertion of a two-particle vertex which is connected to
Green’s functions on two of its legs and contracted on the other two legs via a single-scale
propagator. The resulting diagrams in the flow of T®4 then involve products of three
two-particle vertices. Such terms would otherwise only occur if contributions from the
three-particle vertex were included explicitly. In this way, we consider those contributions
from T®)A that are needed for a complete feedback of ¥4 into T2 A [147].

If applied to Heisenberg models, the FRG amounts to a mean-field analysis which treats
the channels responsible for long-range order and spin fluctuations on equal footings and
therefore was already proven to be exact in the large-S (spin length) and the large-N
(symmetry group) limit [9, (19} |150]. Using the resulting vertices, we are able to compute
the spin susceptibility as seen in Sec. 2.4.5] We continue in the next chapter with the
first implementation of this method for spin systems with anisotropic and off-diagonal spin
interactions, i.e., the spin—% kagome lattice model with Heisenberg and Dzyaloshinsky-
Moriya interactions.

60



4. Functional-renormalization-group
analysis of Dzyaloshinsky-Moriya and
Heisenberg spin interactions on the
kagome lattice

61



4. Functional-renormalization-group analysis of Dzyaloshinsky-Moriya and Heisenberg
spin interactions on the kagome lattice

In this chapter, we apply the previously derived functional renormalization group method
to our prime system of interest, i.e., the highly frustrated, interacting spin—% model on the
kagome lattice. The main reason why this model caught huge attraction among physicists
in the past years is that already on a nearest-neighbour Heisenberg interaction level it
realises a paramagnetic phase with a possible spin-liquid state [83] 88, 95, [103} 109, 111,
118 120} (140L (152, 173, [190]. Spin liquids are strongly correlated on short range but
lack any kind of magnetic long-range order. They are proposed states for finding high-T
superconductors [6H8] and decoherence-protected quantum memory [101]. The necessary
spin frustrations can arise due to a strong competition between interactions (.J;-J2 models),
the lattice geometry (corner sharing triangles), and quantum fluctuations (spin—%).

So far, the FRG has been successfully applied to various spin systems with Heisenberg
interactions |11, |18} [87} {147, 168, 173| and anisotropic, but diagonal spin interactions [146),
168]. A large benefit of this method is that, if applied sensibly, it treats the diagrammatic
channels responsible for long-range correlations as well as quantum fluctuations on equal
footings enabling it to reliably identify magnetically ordered as well as disordered phases
on arbitrary lattice geometries in 2D and 3D. However, novel materials are often found to
be influenced or even dominated by rather exotic and anisotropic spin interactions. For
instance, rare-earth iridates like NasIrOs and LisIrOs as well as a-RuCls show signifi-
cant anisotropic and diagonal Kitaev interactions on the honeycomb lattice |28, 92, 138,
189] whereas the mineral herbertsmithite (ZnCuz(OH)gCls) is influenced by a reasonably-
sized Dzyaloshinsky-Moriya (DM) interaction on nearest-neighbour bonds of the underlying
kagome lattice [149, |166} |192]. The reason for this is that these materials exhibit relatively
large spin-orbit couplings (SOC) which can lead to Kitaev-like interactions if the magnetic
ions are heavy (high atomic number Z) [58, 100, (137], or to DM interactions if the center
of a bond is not an inversion center of the lattice [47, 129]. The effects of a sizable SOC
can hence have quite drastic effects. The analytically solvable Kitaev honeycomb model,
for instance, features a paramagnetic spin liquid phase with non-Abelian Majorana exci-
tations [101]. In contrast, the DM interaction favours non-collinear magnetic order and
possibly selects spiral order or skyrmions 132} [133].

While an extension of the spin FRG towards diagonal anisotropies like XXZ or Kitaev
interactions is relatively straightforward |20, 146|, implementing more general and off-
diagonal terms like the DM interaction is mathematically and numerically much more
involved. Therefore, we show, on one hand, that it is possible to go towards the most
general spin interactions using FRG and, on the other hand, how finite DM terms affect
the so far well studied Heisenberg model on the kagome lattice. Since unlike in the Kitaev
model the DM interaction favours magnetic order of non-collinear types, studies have so
far predicted that the paramagnetic phase is driven into a ¢ = 0 Néel state [27, 151}
162|. This state is conventionally ordered with a spin alignment that can be seen in
Fig. (b) We want to investigate how the full Ji-Js kagome phase diagram is changed
by a nearest-neighbour DM interaction and compare our findings to the previous studies
and experimental data for herbertsmithite |68 |69] which is one of the most promising
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(a) (b) 5
yA /\ o

Figure 4.1.: (a) Kagome lattice and sign structure of DM interaction: The arrows on the
bonds show the orientation of the DM term D;; - (S; x S;) starting at site ¢ and ending
at site j. The DM vector D;; is pointing out of (into) the z-y plane for up (down)
triangles, respectively. (b) Classical phase diagram of the J;-J; Heisenberg kagome model:
There are four different magnetically ordered phases, i.e., the g = 0 Néel, the cuboc, the
ferromagnetic, and the v/3 x v/3 Néel phase. All transitions between these phases coincide
with the J; or Jo axes, except for the one from the cuboc ordered into the ferromagnetic
phase occurring at Jo = —J;/3 with J; < 0 [45].

candidates for finding a spin liquid at the moment |73, 119} 165, [177].

4.1. Phenomenological model

During the entire chapter, we investigate the Ji-J2-D model on the kagome lattice. The
Hamiltonian is

H:JIZSi'Sj+J2Zsi'sj+ZDij'(SiXSj)a (4.1)
(4,3) ({2,5)) (4.9)

where (i, j) denotes that the sum is carried out over nearest-neighbour lattice sites and
((i,7)) is the equivalent for second neighbours. Further, we omit the hat notation for
operators from now on for a better readability. The Heisenberg terms in this model are
due to the scalar product of spins invariant under global spin rotations (see App.
for details) and exchanges of the two spins rendering them the most general bilinear and
symmetric spin interactions. On the other hand, the DM term D;; - (S; x S;) is the
most general antisymmetric bilinear spin interaction. If the center of the bond linking the
two involved spins is not an inversion center of the lattice, a non-magnetic ion can for
instance be the cause for this type of interaction via an anisotropic superexchange [129].
Nevertheless, the combined Heisenberg and DM interactions are still not the most general
bilinear spin interaction, e.g., the quite important off-diagonal T' term o S S7+ 57 Sf is
not accounted for in our model.
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AN P SF
VN
(a) ferromagnetic order = 0 Néel order c) v/3 x v/3 Néel order ) cuboc order

Figure 4.2.: Real space representations for the four types of magnetic order which occur
on the kagome lattice in the classical J;-J2 phase diagram [see Fig. 4 ( )]: The top row
indicates the colour-coded spin directions whereas the bottom row shows their distribution
on the lattice. The respective unit cell boundaries are depicted by a green rhombus. (a)
The ferromagnetic order features spins which are aligned parallelly. (b) g = 0 Néel order
is characterised by three different spin orientations within one plane and an angle of 120°
between them. (c) The v/3 x v/3 Néel state has a spin alignment similar to the g = 0 state.
However, the unit cell is now increased from 3 to 9 lattice sites. (d) A spin arrangement
in cuboc order needs the largest unit cell which contains 12 sites. The spins are aligned
as if they would point from the center of a cuboctahedron into its corners. The k-space
positions of the dominant susceptibility components for all four types of order can be seen

in Fig. 4.5(a). Figure adapted from Ref. :

According to the Moriya’s rules, the vector D;; has to be aligned perpendicularly to
the system’s mirror plane which in our case requires that D;; = +De.. This assumption
implies a global U (1) spin-rotation symmetry around the z axis as compared to the SU(2)
symmetry of a pure Heisenberg system which yields a much higher numerical effort for
the model at hand, confer App. Furthermore, Djj|le, is a good approximation for
herbertsmithite in which D;; is only slightly tilted towards the kagome plane . Due to
the antisymmetry of the DM interaction, the relation D;; = —Dj; must hold and one needs
to take care of the correct sign structure for those terms on the entire lattice. Changing the
signs of all DM terms simultaneously only amounts to a global spin rotation by an angle
of m in the x-z plane. This leaves all those physical quantities invariant which, like the
susceptibility, depend on an even number of spin operators. However, the chirality of a spin
pattern for example switches sign after such a transformation because it involves three spin
operators. For a detailed discussion on spin rotations please also confer App. [E:2] In the
following, we restrict ourselves to a single convention with D > 0 as shown in Fig. a).

Previous studies have shown that the classical Ji-Jy Heisenberg model on the kagome
lattice features four different magnetically ordered phases, namely, the ¢ = 0 and the
V'3 x /3 Néel phases, a cuboc ordered, and a ferromagnetic phase. Here, all phases except
for the ferromagnetic one show a non-collinear spin alignment. Their spin structures in real
space are illustrated in Fig. [£.2] and the corresponding momentum space positions where
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4.2. Functional renormalization group for spin systems

the maximal susceptibility for each type of order is expected can be seen in Fig. (a).
Fig. [4.1(b) provides the classical phase diagram which is already known from Ref. [45].

In the quantum spin—% limit, paramagnetic phases around the points (Ji,J2) = (1,0)
and (Jy,J2) = (0,1) appear |18, 60, 90 (103, 173]. Especially the paramagnetic phase
around (Ji,J2) = (1,0) has gathered a lot of attention in recent years for the sake of
(hopefully) finding a quantum spin liquid (QSL) in this regime. The J;-D model has so
far been studied by Cépas et al. [27] using exact diagonalisation. They have shown that the
magnetically disordered phase of the nearest-neighbour model is driven into a magnetically
ordered phase at a critical DM interaction strength of D/J; 2 0.1. This was afterwards
confirmed by a study of Seman et al. |162] investigating the antiferromagnetic Ji-Ja-D
model with Jo < Jj. In its paramagnetic regime, they predict a gapped (gapless) QSL
for a modest Jy (D) coupling. We are now going to enhance these preceding works by

studying the full model also allowing for ferromagnetic interactions.

4.2. Functional renormalization group for spin systems

The pseudo-fermion functional-renormalisation group (PFFRG) method [125, |147] has so
far been successfully applied to various Heisenberg and diagonal anisotropic models in dif-
ferent 2D and 3D lattices |11, 18, 20} |89, 145, |146| [173]. Also, the J;-.Jo Heisenberg kagome
model has been investigated using PEFFRG [18, 90, [173|. One of the FRG’s strengths lies in
the fact that it can describe magnetically ordered as well as disordered phases independent
of the number of competing interactions, the lattice geometry, and dimensionality. In this
section, we lay the foundation of all later work by deriving the PFFRG flow equations
for spin—% systems with interactions of Heisenberg and DM type. Throughout this thesis,
we frequently utilise the numerically resulting vertex functions as the main subject for
all the following physical interpretations, regardless of the actual model. Hence, we start
by introducing the general details on how to implement the method that was derived in
Chap. [3] for spin systems before turning to the concrete examples of Heisenberg and DM
interactions.

4.2.1. General PFFRG approach

As already mentioned in the introduction to this thesis, the starting point of our deriva-
tions and what makes this FRG approach being called pseudo-fermion is the Abrikosov

decomposition of our local spin operators into

1
St =352 Hahslis. (4.2)
0675
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Figure 4.3.: Diagrammatic representation of FRG flow equations: Circles, squares, and
hexagons represent 1-, 2-, and 3-particle vertices, respectively. Regular (slashed) arrows

denote the fully dressed Green’s function G* (single-scale propagator S* = GA [G{}] 71GA).
Again, it shows that all m-particle vertices couple to all n-particle vertices with n < m+1
leading to an infinite hierarchy of equations. Note that we do not display the flow equations
for m-particle vertices with m > 2. The order of terms corresponds to Eqgs. and
(13.30)).

Here, the second quantisation operators fia ( fw) create (annihilate) a spin-% fermion
at lattice site ¢ and the index a € {f,]} labels the orientation of their spin. o* with
w € {x,y,z} are the standard Pauli matrices. If written like this, we are able to employ
the standard fermionic Feynman diagram techniques from the previous chapters for our
spin Hamiltonian. One issue though arises from representing the spins with Abrikosov
fermions, namely, where our physical model has a single spin—% degree of freedom (with its
only choice being whether to point up or down) we now have four possible states per site
with the possible occupations

i 4,m4)) =

Obviously, the S = 0 states span an unphysical sector of our artificially enlarged Hilbert
space. Technically speaking, we would have to enforce the occupation number constraint

Qi=flfir+ 1l fiy =1 (4.4)

on every lattice site independently and simultaneously increasing the numerical effort sig-
nificantly. In the following, we only enforce the average constraint (@);) = 1 which in our
particle-hole symmetric and translation invariant models is equivalent to half filling or to

!Note that, in contrast to the bosonic or fermionic operators a and a of Chap. [2| we now use f and f7
to explicitly note the fermionic structure.
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setting the chemical potential g = 0. This method has been shown to be a suitable ap-
proximation at 7' = 0 due to a strong suppression of the unphysical occupation numbers
Qi =0,2[9].

The decomposition of one spin into two fermions yields a Hamiltonian that is purely
quartic in the fermionic operators [cf. Eq. ] Due to the lack of kinetic terms, per-
turbation theory breaks down and we have to employ the FRG method in order to obtain
faithful results. According to Chap. [3] the bare Green’s function for this system is

Golw) = . (4.5)
w
We note again that this definition of the propagator differs by a factor of —1 in comparison
to an alternative convention that is frequently used, confer Sec. Gy is regularised
using a Heaviside function

Gp (W) = 0 (Jw| = M) Go(w) (4.6)

confer Eq. . Here, w denotes a fermionic Matsubara frequency and the cutoff or RG
scale A determines those low-energy degrees of freedom that are neglected (GOA(w) =0
if lw| < A). Furthermore, the bare Green’s function [Eq. (3.1))] is local in real space
and diagonal in spin space because of the special type of purely interacting Hamiltonian.
These properties remain intact during the entire flow due to a strictly local and diagonal
self energy (see next section).

The flow Egs. (3.25) and from the previous chapter together with their initial
conditions |Egs. and ] and the regularised bare propagator are the starting
point, for the FRG procedure. A diagrammatic expression of these equations can be seen
in Fig. 4.3l Here, we represent the single-scale propagator S* from Eq. with a
slashed arrow while G is denoted by a regular arrow. For the correct signs in the second
equation, we utilised that [GA]T = G" and the antisymmetry of the two-particle vertex
with respect to an exchange of its two incoming or two outgoing arguments. Let us briefly
consider the real-space structure of @A, Because of the propagators’ locality during the
flow, the vertex function effectively only depends on two lattice sites, confer next section.

Its antisymmetry upon a single fermionic exchange implies that it can be parameterised

as
2) A 2) A
PN (1, 2[1,2) = TEN (1,211,2) 830,015, — TEL, (12211,2) 8101 (4.70)
2) A 2)A
r@A (1 211,2) = TN (1, 2]2,1) (4.7b)

2)

where T@* and I‘(XQ)A depend on four combined spin and frequency arguments as well as
two real-space indices. With this notation, we are able to provide a physical interpretation

for the diagrammatic representation of our FRG equations in Fig.[4.3] In the flow equation

&7 (o P

for the self energy, the term oc I’ ) corresponds to Hartree-like (Fock-like)

diagrams. For the flow of the two-particle vertex, we can split the contributions into

(2)A

one equation for I'’" and one for F(XQ) A, respectively. Both equations contain the same
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information due to Eq. . Considering the flow of r? A, the first term in the lower line
of Fig. represents corrections from the three-particle vertex. The second term in this
line contributes the particle-particle channel with ladder diagrams containing propagators
pointing in the same direction. Third and fourth (fifth and sixth) term amount to the direct
(crossed) particle-hole channel. The crossed particle-hole channel features ladder diagrams
with propagators pointing in opposite directions. Very important contributions from the
direct particle-hole channel are RPA-like diagrams. Only these diagrams comprise internal
fermionic loops where a summation over internal lattice sites is required. In this way,
only the RPA-like diagrams can induce long-range correlations and are thereby responsible
for magnetic order. All other diagrams couple a vertex with given real-space coordinates
to itself and to the onsite vertex. Hence, they are unable to characterise magnetic long-
range order. For the flow of F(XQ)A, the diagrammatic representations of direct and crossed
particle-hole channels are simply exchanged.

The FRG builds up an infinite hierarchy of coupled differential-integro equations which,
in order to be exact, would have to be solved as a complete set. However, that seems to be
quite an impossible task and there is the need for a clever truncation scheme allowing us to
solve the flow equations approximately. For the entire thesis, this is achieved by truncating
the set of equations after the two-particle vertex and employing the Katanin scheme from
Eq. . This is, in a sense, a minimalistic approach since only the two-particle vertex
contributes to the initial conditions [cf. Eq. ] and a truncation already on this level
would imply vanishing vertex functions throughout the entire flow. Nevertheless, if one
solves the flow equations without the Katanin scheme and thereby neglects all contributions
from the flow of the three-particle vertex, one always finds magnetic order as it has been
shown in Ref. [147] which is the fundamental article for this quantum-many-body method.
Hence, the Katanin truncation is necessary in order to identify paramagnetic phases.

4.2.2. PFFRG for Heisenberg systems

We now summarise the already known implications for the FRG of Heisenberg systems.
Due to the high degree of symmetry in this model, the self energy can be parameterised as

SAN) = —TWA 1) = —ind (w1)8i i1 g0 O (w1 — wi) (4.8)

where the numbers 1 = {1, a1,w;} label complete sets of quantum numbers with a real-
space coordinate, a spin index and a Matsubara frequency each. The diagonal structure
in Matsubara (spin) space is caused by the energy (spin) conservation in the language of
Feynman diagrams (cf. Sec. and the locality of propagators induces the proportion-
ality to d;,i,. Because of the SU(2) rotation invariance of our Heisenberg model, the self
energy cannot depend on the spin value and it is purely imaginary (Imfyé\(w) = 0) and
antisymmetric in its frequency argument [y} (w) = —y}(—w)]. 7} can therefore be inter-
preted as a finite lifetime of our pseudo fermions. For lattices consisting only of equivalent
sites, X2(1/|1) does also not depend on its real space coordinates. The Dyson equation
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[Eq. (2.135a)] yields for the dressed Green’s function that

—0 —A
G w) = A=) (4.9)

iw + iy5 (W)
To evaluate the single-scale propagator, we have to consider that its definition in Eq. (3.26))
includes a A derivative of [Gé\] ~! Which needs to be treated with caution. Employing the

_ -1 . .
Dyson equation G* = [(Gé\) Ly ZA} and that (A1) = —A~'AA~! for an arbitrary
invertible matrix A, we can derive the general relation

st = [@) s e e [ )

——[1+Aad e 1+ apsr T (4.10)

Here, we used the matrix language from the previous chapter. Inserting the regularised
bare and dressed Green’s functions from Egs. and , a product of Heaviside and
Dirac delta distributions occurs due to the A derivative. Mathematically, this is not well
defined. We resolve the issue by using the identity

1

lim 5.(2)f (0 (2)) = 5(z) / dt £(t) (4.11)

e—0
0

for broadened distributions d, #. and an arbitrary continuous function f [130]. With this
equation, we arrive at the final expression

SYPISIEELY PY Oh )

w w
0

_ 2wl =A) - A) (4.12)
iw + iyg (w)
for the single-scale propagator. The delta distribution turns out to be very convenient
for us because it renders one frequency integral trivial in each flow equation and thereby
decreases the numerical effort considerably.
Turning to the interaction vertex, we can deduce from the SU(2) symmetry that there
are exactly two terms that are allowed to contribute, i.e., a spin channel Fé\ and a density
channel I‘é\

A (1,2]1,2) =T3A (1,21, 2)
= Fé\iﬂé (wi?w/2|w17 WQ) Z Ugl/alo-gyaz + Fé\ilig (wiv wé‘wlvc‘)?) 60!1/011 5042“12

I
X 5(OJ1 + wo —wyr — wQ/)éil,iléiQ,iz — (w1 — W, (1 <> (2, 11 & ig) R (4.13)
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where the second term ensures the vertex’ antisymmetry with respect to an exchange of
two fermions, confer also Eqs. (4.7). The locality of the propagators again implies the
special real space structure and energy conservation makes it sufficient to only consider
the transfer frequencies s = wyr + wyr, t = wyr — wy, and v = wyr — wo such that we only
consider

Féx/dim (w], whwr, wa) —> Fé\/dim (s,t,u) . (4.14)

One can show that the two remaining functions Fé\/ g fulfill the following (anti)symmetries
in Matsubara space [147]

Fé\/dmz (s,t,u) = Fé\/dizil (=s,t,u) , (4.15a)
Tainis (5:t1) = Tiya g, (5, =) (4.15b)
Toair, (5,8:0) = T, (5, —u) | (4.15¢)
Fé\/dim (s,t,u) = lLF?/dilz‘g (u,t,8) , (4.15d)

where the (anti)symmetry holds for the (density) spin channel in the last line. Hence, we
only need to determine the positive frequency sectors of our vertex functions [Eqgs. (4.15a
[4.15d)] with u < s [Eq. (4.15d))| what reduces our numerical effort by a factor of 16.

Inserting our parameterisations for ¥4 and I'* into the FRG flow Eqs. and ,
we can derive a set of coupled integro-differential equations for 'yé\, ' and I‘é}. They are
provided in App.[A] and solved using the initial conditions

Y47 (W) =0, (4.16a)

FQZ’LOQO (57 t, u) =0 ) (416b)
J. .

Fies (s, tow) = =32, (4.16¢)

where the factor of i in the last line remains from Abrikosov decomposition of the spins
(confer Eq. ) For the numerical evaluation, we discretise the three Matsubara fre-
quencies s, t, and u which, in the 7" — 0 limit, are continuous using 50 discrete points in
a combined linear and logarithmic mesh in order to resolve low frequencies appropriately
and to enable a sufficiently high initial cutoff value. With the computational power cur-
rently available to us, a much higher number of frequency points can be realised if only
Heisenberg interactions |18, [173| or anisotropic but diagonal [20] couplings are considered,
see also Chaps. [f] and [6] However, due to the much higher complexity of the following
equations including DM interactions, we have to limit ourselves to 50 frequency points for
comparability also in this section. Even though the FRG, in principle, deals with an infinite
and translation invariant lattice, we can only account for correlations of finite cluster sizes.
Therefore, we restrict ourselves to a hexagonal plaquette of the kagome lattice reaching
7 nearest-neighbour distances into all high-symmetry directions, e.g., it consists of 125
lattice sites. Since we expect the QSL phases that we are interested in to lack any kind of
long-range correlations, this approach seems to be justified. The resulting set of equations
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for the real-space-truncated and frequency-discretised vertices is then numerically solved
using the FEuler method.

We evaluate our vertex functions by computing the Matsubara transformed imaginary-
time spin susceptibility x*! ”(ZQ) as defined in Eq. . This quantity is related to our
vertex and Green’s functions via

A 11 v
ijy (162) = 427 / deon Z G (w1+Q) TarasTasar 0ij
ajog
27T /dWl /d(-UZ F (1/ 2/i1 2) 041041/0—(,;42042/

a1,0q7,02,09/

x Ga, (w1 + m% (w2)GE (w1)GE, (w2 + Q) (4.17)

confer Eq. . For the above representation, we already took the T — 0 limit in
which %’r Zwm — ffooo dv. We also accounted for the possible spin dependencﬂ of the
propagators which occurs in the next section and the combined indices are 1/ = {i, ay/, w1 +
0}, 2 = {j, a0, wa}, 1 = {i,a1,w1}, and 2 = {j, a2, ws + Q}. The static component of
the Fourier-transformed susceptibility y*** (k) = x**(k,iQ = 0) as a function of the
cutoff A is the key quantity for our further investigation. Inserting the defined indices and

the parameterisations from Eqgs. , and ( into Eq. (4.17)), we find that the

diagonal static spin susceptibility With sz A = Xi’]y’ = ij’.z7A is given by

- 17 0(|wr| — A
XM = 0) :4/dw1 { ”A ) 5,
7100 (w1 + 73 (wl))

Olwi| —A)  B(jwa| — A) A (g
dw dw QFS” 707("-)
! / wl + 74 (wl))2 (wQ +7£(w2)) { ( )

[qu(w w™,0) = T (w*,w7,0)] 05 } (4.18)

where w*

= wy £ wy. All details concerning the Fourier transform of this quantity on the
kagome lattice are provided in App. D]

As mentioned before, we are mainly interested in finding paramagnetic spin liquids. Since
they do not show any magnetic order and therefore also no spontaneous symmetry breaking
down to lowest temperatures, such states obey all symmetries of the initial Hamiltonian.
In the case of a Heisenberg Hamiltonian (D = 0), the parameterisation of self energy and
two-particle vertex from above stays accurate as the FRG flow smoothly reaches the limit
A — 0. If this is the case, the points in momentum space with the largest susceptibility
denote those wave vectors at which dominant short-range spin-spin correlations are found.

In contrast, if our system exhibits magnetic order, the spin-rotation symmetry of the initial

2In a bare Heisenberg model, the propagators are proportional to unity in spin space.
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Hamiltonian is broken spontaneously and, for instance, a certain spin direction is preferred.
In that scenario, the SU(2) invariant parameterisations from Egs. and become
inaccurate and we cannot draw any conclusions for the magnetically ordered state because
the flow of the vertex functions breaks down at a finite cutoff A.x > 0. However, before
this breakdown, we can see signs of a diverging susceptibility that is regularised due to
finite correlation lengths and the frequency discretisation. This behaviour manifests itself
as a kink at A.; of the susceptibility at the dominant wave vectors indicating the type of

magnetic order.

4.2.3. Modifications of the PFFRG for finite DM interactions

In this paragraph, we summarise the main part of our original work which is the generali-
sation of the flow equations from App. |A| that were already derived in Ref. [147] towards
systems with finite DM interactions. We still limit ourselves to Eq. with a DM term
D;; = +De, and the given sign structure from Fig. m(a). As already pointed out, the
global SU(2) spin rotation symmetry of the bare Heisenberg model is then broken down
to U(1) rotations around the z axis which has severe consequences.

Let us start by re-parameterising the self energy. Our previous considerations regarding
real and Matsubara spaces (locality and energy conservation) remain correct. The only
changes occur in spin space where ¥ (1’|1) before had to be invariant under all spin
rotations yielding a proportionality to 6a,,q, [cf. Eq. ] Now, only rotations around
the z axis have to leave the self energy invariant such that it can also depend on the z
component of the spin. Hence, we need to account for a spin channel ’}/é/\‘ and find

S = (=ivd @)dayar + @10 0, ) indlor —wr),  (419)

where in addition to the previous considerations for Vé\ also the spin channel is real
(Imy2(w) = 0) and antisymmetric in its frequency argument [y} (w) = —v2(~w)]. There-
fore, the extra term does not break the time-reversal symmetry of our system unlike, for
instance, a magnetic field. It is also directly related to the DM interaction and cannot
be generated by diagonal couplings like in the XXZ model, see Chap. Due to 'ySA, our
Green’s function now acquires a spin sector in addition to its regular density sector

GA(w) = GY(w) + GMw)a?, (4.20a)
iw + iv4 (W)
(A (@) + (w+ 74 )

GMw) = 0(|w| — A) e (@) . (4.20¢)
() + (w+ 1 w))”

G (w) = 0(|lw| — A) (4.20b)

2
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The same also holds for the single-scale propagator
Sa(w) = 5§ (W) + S (w)oza (4.21a)
iw + iv4 (W)
PR
R @)* + (W +7E W)

SN w) = 6(|w| — A) A0 , (4.21c)
(Y2 @) + (w + 74 (@)

where we again employed Eq. ([{.11)) for the derivation of SX(w).
For the two-particle vertex, the situation is even more complex since we are now dealing

SHw) = 6(Jw| — A) (4.21b)

with simultaneous rotations of two spins around the z axis. There are six out of the
possible sixteen spin-spin interaction channels which are invariant under such rotations.
As discussed in the next chapter for the XXZ model, the spin channel Fé\ splits up into
a contribution along the z axis FQZ and an in-plane component with FQX = Fg}y. Of
course, the density channel Fé\ as well as the DM term F%M with its spin-space structure
being o Odas — O @104, a, T€Main invariant under the appropriate rotations as well.
Furthermore, two new terms denoted by F;\d and Fé\z which couple the z component of one
particle’s spin with the spin density of another particle are now allowed and induced by
the DM interaction. At this point, we again refer the reader to App. [E.2] for a detailed
discussion on global spin rotations and their consequences. Combining all of these results,
our updated vertex parameterisation reads

' (1,2]1,2) =

A T T Yy Yy
FXXiliQ (87 t’ U’) (UallalaaQ/ag + Uallt)q Ua2/a2

A z z A
+FZZ 1112 (87 t’ u) Ga1/a10a2/a2 + Fdilig (87 t? U) 6a1/a16a2/a2

A x y y x
+FDMi1i2 (Sv t’ U) (Uallalo-aQ/CZQ - Ua1/a10a2/a2

A z A z

+Pzdi1i2 (87 t’ u) 0a1/a15a2/a2 + szilig (87 t’ u) 5041/0410-622/042]

XO(w1 +we — Wi — war)04 iy 0iyiy — (W1 > wa, a1 <> g, i1 > d2) .
(4.22)

The new FRG flow equations couple these six interaction channels with the four dif-
ferent sectors from the propagators and are thus much more complex as compared to the
Heisenberg or the XXZ model. We display them in App. [B] Additionally, the frequency
symmetries of the vertices from Egs. are reduced by the DM interaction such that
now only

FQX/ZZ/diIQ (8’ t, 'LL) = F)/(\X/Zz/d i1 (_37 t, U) ) (423&)
DMy (8:8:0) = —Thatii, (—5,t,u) (4.23b)
L /dzisiy (85 6:10) = Tl qing, (—8,,0) (4.23¢)
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and the two-particle exchange

FQX/ZZ/diliQ (S’ t, u) = F)lcxx/zz/dz‘zil (Sa —t, _U) 5 (424&)
A A
IDMiyiy (8:8u) = —TDariys, (8, =t —u) (4.24b)
A A
Do/dninia (8:6:1) = Tq, 1nd iy (85—t —0) (4.24c)

can be utilised for minimising the numerical effort. In Eqgs. (4.23c]) and (4.24c) one needs
to pay attention that the spin-density vertices Fé\z and F;\d interchange their roles if the
respective symmetry is applied. The two-particle exchange simply amounts to an exchange
of the two incoming and the two outgoing indices simultaneously which leaves the entire
vertex T (1/,2/|1, 2) from Eq. invariant. Finally, the initial conditions for our vertex
functions in the Ji-J2-D model are (cf. Sec

147 (W) =987 (w) =0, (4.25a)

DR (s, tyu) = Thgron (s, t,u) = TR0 (s,t,u) = 0, (4.25b)
J. .

TR (s, w) = TR (s tu) = 52, (4.25¢)
D. .

B (51 u) = =2 (4.25d)

Using this as an input, we solve the flow equations from App. [B] as explained in Sec. [£:2.2]
The diagonal static spin susceptibility again has to be extracted from the vertex functions.
Due to the more complex vertex and self-energy structures as compared to the Heisenberg
scenario, it splits into an in-plane and into an out-of-plane component in accordance with
our physical system. The biggest impact of the DM interaction is however expected for the
in-plane susceptibility because it energetically favours an in-plane alignment of the spins.
We therefore only consider the quantity

e}

xx, A 1 9(‘WI| _A)
0 0) =— w
i 0 =5 / " (R @) + (@1 7 wn)?

S

17T 0(wr| — A) 0(|eon] — A)
o dw dw
WZ 4 " (M @)+ (w1 + A wn)? (0 @2))? + (ws + 7 (w2))

X {2r§xij (w,0,w7) = [T (W w™,0) = T2 (wF,w™,0)] 52-]-}, (4.26)

with w® = w; + ws. Note that the formula for ij’A is much more complex than the above
due to a split-up of the Green’s functions’ different spin sectors.

This completes the derivation of our new method. We are now ready to investigate the
resulting spin susceptibilities for various couplings on the kagome lattice.
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Figure 4.4.: RPA susceptibilities for the J1-D model at different wave vectors: Blue circles
(green squares) represent the susceptibilities for v/3 x /3 order (g = 0 order). Upper
panel: In a pure Heisenberg antiferromagnet (D = 0), the maximal susceptibility is found
at the v/3 x v/3 wave vector. Lower panel: For D = 0.01.J;, ¢ = 0 order is preferred
which indicates a phase transition for infinitesimal DM interactions within the accuracy
of our FRG procedure. Dashed red lines show the cutoff value at which the flow breaks

down. The momentum space coordinates of the corresponding wave vectors are shown in

Fig. (a).

4.3. Ji-D model on the kagome lattice

In this section, we discuss our findings for the nearest-neighbour spin—% model with antifer-
romagnetic Heisenberg and DM interactions. This Ji-D model featuring the Hamiltonian
from Eq. with J;1 > 0, Jo = 0, and D > 0 was already studied by Cépas et al.
using exact diagonalisation [27|. Therefore, it seems to be the perfect starting point to
benchmark the validity of our method.

4.3.1. PFFRG in the RPA channel

Before we turn to the results of the full PFFRG, we discuss an approximative scheme
which treats our vertex functions solely in the direct particle-hole or RPA channel, i.e.,
only the terms with internal fermionic loops contribute, confer discussion in Sec. [4.2.1]
Within this scheme, we neglect all contributions to the flow arising from the self energy
which remains zero in the course of this section. Furthermore, all frequency components
of the two-particle vertices decouple and we hence only focus on the static vertices at
s=t=u=0.

Due to its special structure, the RPA channel is the only term responsible for long-range
correlations between spins. In this way, the current approximation amounts to a classical
treatment of the system. During the flow, the classical approach manifests itself because of
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the vanishing self-energy which amounts to an infinite pseudo-fermion lifetime. Similar to a
truncation scheme without the Katanin corrections (cf. Sec. , this always implies the
formation of magnetic order in our simulations. However, due to the quite basic structure
of the resulting equations, we are capable of finding an analytic solution for them.

Using the initial conditions from Eq. , one eagsily verifies that all density-related
vertices sz iy = F;‘dim = Fé‘zim = 0 vanish during the flow (cf. App. . The flow
equations for the remaining static spin and DM channels simplify to

d a

ﬂrxxhiz = 7TA2 Z XX 11J xxjm FDMlljFDM]zQ) » (427&)
d
diAF%MhiQ = 7TA2 Z I_‘Dlej XX ji2 + F)/(\XllerM]ZQ) ) (4-27b)
d A
dAFZle’LQ = ﬂ_AQ Zrzzzlj 77 j12 * (427C)

This immediately shows that the DM interaction only affects the in-plane spin vertex
whereas the out-of-plane vertex behaves identically to the Heisenberg scenario. In general,
we find a larger in-plane vertex for any finite DM interaction. We proceed by decoupling
the upper equations using a Fourier transform with respect to the triangular Bravais lattice
while keeping the sublattice space encoded in a 3 x 3 matrix structure.

FQX/ZZ/DMa(i)b(j) (k) = Z e_ik(Ri—R )Fxx/zz/Dsz (428)
AR=R;—R;

Here, a(i) = A, B,C (R;) labels the sublattice (unit cell) of site ¢ and the same holds for
b(j) (R;) and site j. For details on our lattice geometry conventions, please confer App. @

The additional transformation
I (k) = T (k) £ iTDy (k) (4.29)

further decouples the two flow equations for the (in-plane) spin and DM vertices such that
a remarkably simple set of equations can be obtained, i.e.,

d A A A
deFi(k) Wr + (k)L (k) (4.30)
were the vertex functions are now 3 x 3 matrices in sublattice space and the product on
the right-hand side denotes a standard matrix product. A plain separation of variables
straightforwardly yields

Ph(k) = 7A 2+ A (D)) ] (4.31)
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We transform back to the spin and DM vertices which ultimately yield our desired suscep-
tibility.

A (k) — 1 [ A A ]
XX( ) B 5 A—o00 TVA—00 -1 t A—o0 _ sTA—o00 -1
|2+ 7A (T (k) + Ty (k) 2+ A (DA (k) — iTA (k) |

(4.32a)

FA k) — 1 [ 7TA 7TA ]
pm(k) = 5 —— Ao T Ao (k) — 7Aoo (L)) L
|24+ mA (T (k) + Ty (k) 2+ A (DA (k) — iTA (k) |

(4.32b)

I, (k) A (4.32c)

T 24 mA (TAooo (k)

For the frequency integrals in Eq. , we replace the finite-frequency components
of our vertex functions by their static values at s = ¢t = u = 0. Since our self energies
vanish and the propagators hence only acquire finite density sectors, our static in-plane
susceptibility simplifies to

1
2 (mwA)?

TT . 1
Xij’A(ZQZO) = (Sij—

=51 [2r4.. —T5

XX 1] zzii(sij] . (433)
We are only interested in the behaviour of the momentum resolved susceptibility. For this,
the local terms (o< d;5) do not play an important role because they only yield a constant
contribution in k space. This is why we can safely neglect the out-of-plane vertex and
therefore find x** (k) from the different matrix elements of T2 (k) multiplied by phase
factors which correspond to their sublattice vectors.

Plotting the susceptibility as a function of the cutoff shows that it always diverges at
finite A indicating a magnetically ordered system as expected. However, the wave vector
for which this occurs at the highest A value changes for different initial couplings as shown
in Fig. At vanishing DM coupling, the v/3 x v/3 Néel order is dominant which coincides
with the findings of the semi-classical large-S studies in Refs. [36-38]. For any small but
finite D 2 0, the 120° antiferromagnetic ¢ = 0 Néel order is preferred and prevails up to
D — oo. That matches precisely the classical result of Elhajal et al. [49).

Even though the RPA approach has been used in the context of our PFFRG before, the
solution in Egs. was missing so far. Since its discovery, it was already proven to
be very useful for the interpretation and further extension of our method. As Baez et al.
show [9], the large-S limit of the PFFRG is dominated by the RPA channel. The fact that
only magnetic order can be found with this method is directly related to our spin system
effectively being classical, although this correspondence is not exact due to the breakdown
of the flow at A > 0. The dominant wave vectors that are derived from our analytical
solutions are identical to those selected as so-called eigenmodes by the Luttinger-Tisza
method [9]. This approach minimises the classical spin system’s energy with respect to a
weak constraint SN | [S;]2 = NS? [112,113]. A superposition of the obtained eigenmodes
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Figure 4.5.: (a) Peak positions for classical types of order in the Jj-Jo model: v/3 x /3
(blue circles), g = 0 (green squares), and cuboc order (orange crosses) |ferromagnetic order
(purple triangle)| show susceptibility maxima residing within the extended |[first| Brillouin
zone marked by a black |grey| hexagon. (b) Competing susceptibilities at ¢ = 0 (green
squares) and v/3 x /3 (blue circles) wave vectors as function of D at finite A ~ 0.19: Small
icons denote that the values were obtained after the critical flow breakdown and hence only
provide a guide to the eye. (c)-(f) Static spin susceptibility x*®* (k) for different values
of D: The extended Brillouin zone (cf. App. @ is again marked by a black hexagon. In
(c), the susceptibility is obtained for the cutoff-free theory at A = 0. Otherwise, the plots
are shown for a cutoff value just before the breakdown of the flow (see arrows in Fig. .

can then yield a classically exact result if it also fulfills the strong constraint |S;|? = S?, Vi
which is always possible for Bravais lattices. Therefore, we now know that the PFFRG
yields quite reliable results in the large-S limit.

With this simplified version of our method, we showed that the ¢ = 0 Néel phase is
correctly determined for finite DM interactions. Its appearance for already infinitesimally
small values of D as well as the lack of any paramagnetic phase is an artefact of this
classical approximation. Hence, we will investigate the effects of quantum fluctuations
using our full PFFRG in the next section.

4.3.2. Full PFFRG calculation

Our next benchmark is the critical DM interaction strength at which the ¢ = 0 Néel
order occurs in a nearest-neighbour spin—% J1-D model. Cépas et al. determined a value
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Figure 4.6.: Plot of the k-space-resolved maximal susceptibilities as functions of A for the
nearest-neighbour J;-D model: Crosses (circles) denote that the maximal value was found
at the v/3 x v/3 (g = 0) wave vectors. If the flow enters a symmetry-broken phase at a
critical A, our formalism cannot access the underlying physics which is indicated by dashed
lines. The critical cutoff values are indicated by arrows.

of D = 0.1J; using exact diagonalisation [27]. We now employ the full FRG equations
from App. |B| and solve them with the initial conditions J; > 0, Jo = 0, and D > 0 |cf.
Eq. ] Again, the DM interaction favours a spin orientation in the z-y plane and we
therefore study the momentum space resolved in-plane susceptibility x** A(kz) for different
values of D.

For the bare Heisenberg antiferromagnet (D = 0), we reproduce the data that was
previously obtained via PFFRG in Ref. |[173]. The susceptibility flows smoothly down
to the lowest A values (see Fig. indicating a magnetically disordered phase and the
strongest short-range correlations are almost homogeneously spread along the edges of
the extended Brillouin zone, see Fig. (c). Small maxima are found at the V3 x /3
wave vectors which is in agreement with recent DMRG studies [44]. Exact diagonalisation
methods on small cluster sizes agree with the homogeneously spread susceptibility profile,
but find dominant g = 0 correlations at T' = 0 [106} |164] in contrast to our findings.

Turning on the DM interaction, the wave vectors with maximal susceptibility shift to-
wards the ¢ = 0 points. At D = 0.2 J;, a strong signal along the edges of the extended
Brillouin zone remains [Fig. (d)] and the g = 0 peaks become only more prominent
and separated if the DM coupling is further increased, i.e., if D 2 0.4.J; [see Figs.
(e),(f)]. The corresponding flow of the largest susceptibility as function of A can be seen in
Fig. [£.6] For interaction strengths D > 0.2 Jy, a kink being marked by an arrow is clearly
visible indicating the breakdown of our SU(2) spin-rotation invariant flow equations and
therefore the onset of magnetic order (see discussion in Sec. .

To further resolve the transition from the paramagnetic phase with dominant V3 x 3
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Figure 4.7.: (Color online) (a) Approximation scheme for the A-dependent susceptibility:
We divide a certain interval into two sectors, I and II, which lie between two adjacent
pairs of susceptibility peaks (or susceptibility upturns). Within each sector, x*»* (k) is
approximated by a tangent connecting neighboring peaks. While the angle between both
tangents is negligible for D/J; = 0, we find a finite value for D/J; = 0.2 indicating that
both curves belong to different phases. A more quantitative measure for the size of the
kink is obtained by considering tangents between additional pairs of adjacent peaks in a
fixed A interval and calculating the average angle €. (b) Averaged angle € as a function
of D/Jy. While € is almost constant for D/J; < 0.1, there is a pronounced increase for
higher values. Based on this behavior, we estimate the phase transition of the Ji-D model
to be at D = (0.12 £ 0.02) J; (blue shaded area).

correlations and the 120° antiferromagnetically ordered ¢ = 0 Néel phase, we show the
values of their respective susceptibility at fixed A ~ 0.19 as a function of D in Fig. 4.5 (b).
It can be seen that the coupling from which on the maximal susceptibility is found at the
q = 0 positions is given by D = 0.11 J;. In this plot, one has to be aware of the fact that
some of the values provided in this plot are obtained in a symmetry-broken phase.

The shift of the peak positions in momentum space is one effect of the DM interaction
but not a clear signature for the onset of magnetic order as explained in Sec. [£.2.2] For
this subject, we have to resolve a breakdown of the susceptibility flow. Because of the
relatively rough discretisation of Matsubara frequencies and small cluster sizes caused by
the complexity of our FRG equations, this is a delicate task if some precision is required.
For that reason, we developed a method dealing with the issue systematically in the next
section.

4.3.3. Detection of magnetic instabilities

This is where we present our method of detecting a magnetic instability in the RG flow. The
expected diverging susceptibility signaling the onset of spontaneous symmetry breaking at
a critical scale A is regularised by two numerical approximations of the PFFRG method,
i.e., the finite lattice size and the discretised frequencies. Both approximations reduce the

80



4.4. J1-Jo-D model on the kagome lattice

divergence to a finite maximum or to a kink-like feature. Furthermore, the discretisation
of the frequencies induces oscillations in the susceptibility. Here, we propose a scheme to
detect instabilities in the RG flow even in the presence of pronounced frequency oscillations
and when the magnetisation is small. As an example, we focus on the phase transition
from the paramagnetic into the ¢ = 0 Néel-ordered phase of the J;-D model (see Sec.
. The same procedure can also be applied to other phase boundaries.

A regularised divergence generally manifests as a change of the slope of the flowing
susceptibility if A is decreased. A difficulty in defining the slope arises because, as a
result of the frequency discretisation, the RG-flow is overlaid by oscillations. We therefore
measure the slope in a way that averages out these oscillations. Each discrete frequency
grid point leads to a small peak or upturn of the susceptibility. We connect two adjacent
peaks by a straight line which represents a tangent of the susceptibility and approximates
x** M (k) between the peaks. A kink during the RG-flow now appears as an angle (i.e., a
change of the slope) between two neighboring tangents, as illustrated in Fig. (a). To
find a magnetic instability at an unknown value of A, we take the average € of the absolute
values of such angles within a certain A interval. The angle € then serves as a measure
of how much the slope changes within this interval, e.g., how pronounced the kink is. To
locate the phase transition, we plot € as a function of the interaction strength D/.J;, see
Fig. [4.7(b). For D/J; < 0.1, we observe a small and constant value of € ~ 5°, followed
by a sudden increase at D/J; = 0.11 indicating a phase transition. Note that the critical
A slightly changes as a function of D/J;. If it coincides with a discrete frequency grid
point, this can cause an anomaly in € such as the dip in Fig. [4.7(b) at D/J; ~ 0.16.
Taking into account possible errors due to suchlike effects, a conservative estimate for the
critical interaction strength at which the transition from the paramagnetic phase with
dominant v/3 x v/3 short-range correlations into the ¢ = 0 Néel-ordered phase occurs is
D = (0.12+0.02) J; |blue shaded area in Fig. [4.7(b)]. This is in good agreement with the
result from Ref. [27].

We conclude that, besides the correct selection of the g = 0 order for finite DM interac-
tions, our method also provides results that are quantitatively reliable. Thus, we continue
by investigating the full J;-J2-D model which could not yet be accessed via other methods.

4.4. J-Jo-D model on the kagome lattice

4.4.1. Phase diagram

In this section, we study the entire spin—% model on the kagome lattice governed by the
Hamiltonian in Eq. with both ferromagnetic and antiferromagnetic couplings J; and
Jo as well as D > 0. This model is motivated by the promising spin liquid candidate
herbertsmithite for which J; > D > Jy > 0. For a clear parameterisation across the whole
interaction range, we express our Heisenberg couplings using an overall strength J and an
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Figure 4.8.: J1-J2-D phase diagrams using the angular parameterisation from Egs.
and various values of D: The magnetically ordered phases are represented by the colours
of their classical analogues from Fig. b). White areas indicate a paramagnetic flow
behaviour and the numerical uncertainties regarding the boundaries between ordered and
disordered phases are indicated by light colours. The precise positions of the phase bound-

aries are presented in Table .

angle # ranging from 0° to 360°.

Ji1 = Jcosb (4.34a)
Jo = Jsind (4.34b)

For D = 0, our model has already been studied in Refs. using the FRG for-
malism. In agreement with these studies, we can identify the four types of classical order
along with additional coupling regimes around (Ji,J2) = (1,0) and (0,1) in which the
maximal susceptibility flows smoothly towards the limit A — 0 signaling a paramagnetic
phase. Our findings also admit the existence of a small third paramagnetic phase between
the cuboc and the ferromagnetic order. However, due to the relatively small clusters of
considered spin correlations and the coarse frequency grid, our numerical implementation
might underestimate magnetically ordered phases since magnetic instabilities are less pro-
nounced as compared to the previous study in Ref. . The full phase diagram is depicted
in Fig. [4.8(a).

As one would expect through the preceding sections, a finite DM coupling has its largest
effect on the g = 0 Néel phase which is strongly enlarged as D increases. While this type
of order only occurred for both finite and antiferromagnetic Jq, Jo > 0 at D = 0, it already
touches the positive J; axis at D = 0.2J [see Fig. [4.8(b)]. Increasing the DM interaction
even further eventually leads to a ¢ = 0 phase which even allows for either a slightly
ferromagnetic nearest-neighbour (J; 2 0) or next-nearest-neighbour (J2 2 0) Heisenberg
interaction. Also, the other two types of non-collinearly ordered phases, i.e., the cuboc and
the v/3 x v/3 phase, are augmented by a finite D > 0. As a consequence, the non-magnetic
phase around (J1,J2) = (1,0) in which also herbertsmithite resides has vanished entirely

82



4.4. J1-Jo-D model on the kagome lattice

order type q =20 cuboc ferro V3 x 3
D =0.0 [27,59] [122,153] [171,270] [270,347]
D =0.2 [0,81] [122,158] [171,270] [270,347]
D=04 [-6,95] [117,162] [171,270] [270,353]

Table 4.1.: Phase boundaries of the differently ordered phases in the Ji-Jo-D model: The
Heisenberg interactions can be derived from Eqgs. (4.34]) and the corresponding 6 intervals
are given in angular degrees with an accuracy of about £5°.

for D = 0.4.J, confer Fig. [4.8(c). The only phase transition retaining its D = 0 position
in the entire parameter range studied here is the one between the ferromagnetic and the
V3 x v/3 Néel phase at the negative .Jo axis (6 = 270°). The precise values for the phase
boundaries of the magnetically ordered phases are summarised in Tab. [4.1]

In general, a finite DM interaction leads to a shift of the phase boundaries between
paramagnetic and non-collinearly ordered phases in favour of the magnetic phases. This
tendency can be understood from the fact that a system of three spins on a triangle
with only Heisenberg interactions is more frustrated than its analogue containing only
DM couplings, e.g., the differences between the energy levels of this three-site model are
larger for the DM interaction. Further, at finite D, a spin system can gain energy for
an alignment of two adjacent spins with an angle that is (close to) 7. This maximises
the magnitude of the cross product in the DM interaction and a proper orientation of the
(almost) perpendicular spins then lowers the system’s energy. A parallel spin arrangement,
on the other hand, is not affected by the DM coupling since the cross product and thereby
the DM term itself vanish in this case. Hence, the three magnetic types of order with
non-collinear spin patterns, i.e., the g = 0, the v/3 x /3, and the cuboc order, are found in
enlarged parameter spaces for D > 0 while the ferromagnetic order remains uninfluenced.
Our results also suggest that magnetically disordered phases might disappear entirely in

the Ji-Jo-D model for large enough DM terms.

4.4.2. Implications for herbertsmithite

One of the primary motivations for our study of the spin—% kagome Ji-J-D model is
to explore its predictions for the mineral herbertsmithite (ZnCuz(OH)gClz). Experimen-
tally, it exhibits no sign of magnetic long-range order down to very low temperatures until
50mK |73, |119, [165] and a broad, featureless spin structure factor with its strongest sig-
nal along the edges of the extended Brillouin zone [69] and small maxima at the ¢ = 0
positions [68|. Considering these finding, herbertsmithite appears to be one of the most
promising candidates for a QSL with possible spinon excitations, confer Chap. The
neutron-scattering data shows a strong correspondence to the momentum-resolved suscep-
tibility profiles for the paramagnetic phase that was earlier found in the antiferromagnetic
nearest-neighbour Heisenberg model, confer Fig. (c) In fact, this seems to be the rel-
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Figure 4.9.: (a) Phase diagram in the parameter range for herbertsmithite: The momentum-
space position of the maximal susceptibility is denoted by green squares (blue circles) for the
q = 0 (v/3 x /3) wave vectors. Red triangles show that incommensurate spin correlations,
which do not correspond to any of the classical ordering types, are dominant. Large icons
indicate that the system magnetically orders. On the other hand, small icons show a
possible spin liquid behaviour. For the parameters with black circles, we cannot reliably
determine the magnetic characteristics due to numerical imprecisions. (b) Susceptibility
flow for (Ji,J2, D) = (1,0.02,0.1) [see red circle in (a)]: Circles and crosses denote that
the largest spin correlations are found at the ¢ = 0 and /3 x /3 positions, respectively.
The arrow marks a breakdown of the flow signaling the onset of magnetic order. The inset
provides the susceptibility profile at the corresponding A value with maxima at the g = 0
positions (highlighted by white crosses) in agreement with Ref. [68].

evant model for herbertsmithite and subleading terms were already estimated by DFT
simulations yielding an also antiferromagnetic second-neighbour Heisenberg interaction
with Jo/J1 = 0.019 [93]. ESR measurements, susceptibility fittings, and the difference
in entropy as compared to a bare Heisenberg model determine a nearest-neighbour DM
coupling reaching from D/J; ~ 0.08 to 0.1 [149} |166| 192].

We apply our PFFRG method in a parameter range surrounding those predicted interac-
tion strengths and investigate the resulting susceptibility flows as well as the momentum-
space profiles, see Fig. a). As one can see, there is a strong competition between a
magnetically ordered g = 0 Néel phase (large icons) and paramagnetic phase (small icons)
with different types of dominant spin correlations (g = 0, v/3 x /3, incommensurate).
Due to the challenging numerical implementation, the phase boundary is hard to identify
exactly and therefore estimated by the area of numerical uncertainty which is marked by
black circles. For our considered couplings, the phase boundary is approximately given
by the straight line connecting the points (D/Jy, Jo/J1) = (0.04,0.08) and (0.12,0). It
therefore lies in close proximity to the predicted values for herbertsmithite. At the point
(D/J1,J2/J1) = (0.1,0.02), which presumably seems to be the experimentally relevant
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situation, we find a susceptibility profile showing a strong resemblance to the neutron-
scattering data of Ref. [68| with the strongest signal almost continuously spread over the
edges of the extended Brillouin zone and small maxima at the g = 0 positions, see inset
of Fig. (b) However, as the major plot shows, the FRG flow features a small magnetic
instability suggesting the onset of magnetic order, in contrast to the experimental find-
ings. Increasing the number of discrete Matsubara frequencies or enlarging the considered
spin-correlation cluster size would expectably amplify the instability feature.

Therefore, we conclude that the Ji-Jo-D model is yet insufficient to completely charac-
terise the magnetic properties of herbertsmithite. If the so far predicted values for D/J; are
too large and D < 0.1 Jp, we find paramagnetic behaviour but we also sacrifice the g =0
maxima for a dominant v/3 x /3 response in that case. This would require additional
spin interactions shifting the peaks in order to reproduce the experimental data. Also, if
(D/J1,J2/J1) = (0.1,0.02) accurately describes the investigated mineral, further sources
of frustration are needed to suppress its ordering tendencies. In fact, ab-initio calculations
predict a plethora of further inter-layer Heisenberg couplings with a magnitude of up to
0.035 J; |93]. Together with magnetic impurities which are caused by copper ions at zinc
lattice sites in the actual material, this might easily increase in-plane fluctuations and
thereby destroy the magnetic long-range order.

4.5. Summary, conclusion, and outlook

In this chapter, we extended the well-known PFFRG method in order to investigate spin—%
models with Heisenberg and DM interactions. The main modifications caused by the ad-
ditional off-diagonal and anisotropic DM coupling were summarised in Sec. Refs. |27,
162] already studied our model of interest and we could benchmark the utilised procedure
by confirming their results, i.e., a destabilisation of the paramagnetic phase in the anti-
ferromagnetic Ji-J2-D model and transition into the ¢ = 0 order at D > (0.12 +0.02) J;
for the nearest-neighbour model. In Sec. we applied our numerical simulations to
the full model also allowing for ferromagnetic nearest and second-neighbour Heisenberg
interactions. As the phase diagrams in Fig. show, a finite DM interaction enlarges all
non-collinearly ordered phases (g = 0, V3 x v/3, and cuboc orders) while, simultaneously,
all surrounding non-magnetic phases are diminished. In particular, the very important
paramagnetic phase around (Jp,J2) = (1,0) in which the spin-liquid candidate herbert-
smithite resides completely disappears for a sufficiently strong D = 0.4.J. We also find
that this mineral lies in the vicinity of a quantum critical point where we are able to obtain
susceptibilities that strongly resemble the experimental spin structure factors from Ref. [68|
for certain parameter regions. Nevertheless, we argue that, due to signs of weak magnetic
order in our simulations, the Ji-Jo-D model is probably insufficient to accurately charac-
terise the magnetic properties of herbertsmithite and additional sources of frustration like
inter-layer couplings and magnetic impurities might be important for a QSL behaviour.
To conclude, we have shown that the PFFRG for spin systems can be applied to models
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with finite DM interactions. The anisotropic and off-diagonal structure of this particu-
lar spin coupling with its intrinsically lower degree of symmetry as compared to a bare
Heisenberg model complicates the analysis by a non-negligible amount. Considering the
complexity of the resulting flow equations, we certainly demonstrated how important it is
in theoretical physics to utilise all symmetries that are available. Nevertheless, we could
also confirm that an implementation of the PFFRG for systems with reduced symmetries
is in general possible.

The anisotropic nature of the DM interaction is caused by spin-orbit coupling which
becomes the more important the heavier the magnetic ions are. In addition to the DM
interaction which can only occur for lattices with broken inversion symmetry at the center
of a bond, Kitaev and X X Z models are also possible consequences of this effect. For many
of the currently investigated magnetic materials, these effects are quite sizable and therefore
a large number of future applications for even more generalised or stripped-down versions
of the PFFRG are conceivable. We will not derive flow equations that are more complex
than the ones shown in App. B Instead, we continue by simply changing their initial
conditions in the next chapter. In this way, we can apply our PFFRG implementation to
arbitrary X X Z models with a considerable numerical speed-up.
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Figure 5.1.: Diamond lattice with tetragonal distortion: The diamond lattice is bipartite
and consists of two face-centered cubic lattices stacked into another. Spin frustrations
arise due to a combination of nearest (J;) and next-nearest (J2) neighbour interactions,
the latter of which get split up into eight J5- and four J, contributions by a tetragonal
distortion as in the case of NiRhoO,4. Cartesian unit vectors are depicted green. Figure
adapted from Ref. [20)].

Now that we proved ourselves being able to investigate frustrated quantum spin models
with anisotropic types of interactions, we want to study the just recently synthesised spin-
1 A-site spinel NiRhoO4 which has experimentally shown to exhibit no signs of magnetic
order down to T' = 0.1 K [30] making it another promising candidate for finding a quantum
spin liquid. The chemical formula for spinels AB2X, distinguishes between the real space
coordination of three kinds of ions. In general, chalcogens like oxygen, sulfur, and selenium
are found at the X positions and the remaining ions characterise the two distinct types of
spinels.

The so-called B-site spinels are characterised by magnetic ions that reside on the B
sites of the crystal, such as, for instance, ACro04 and AV20O4. Here, the non-magnetic
ions are found at the A sites (A = Mg, Zn, Cd) and the magnetic ones form a pyrochlore
lattice with antiferromagnetic Heisenberg interactions. Depending on the spin length of
the magnetic ions, these materials are well known to establish spin liquid behaviour [10,
157] in the classical (S — oco) [127, [128] as well as in the quantum (S = 3) |22, 23]
limits and are thus prime examples for finding these desired states in three dimensions.
On the other hand, if the positions of magnetic and non-magnetic ions are swapped, one
faces A-site spinels with an effective diamond lattice structure for the magnetic moments.
For example, the materials MnSceSy [56], FeScaSs [56], and CoAlaOy4 [174) |175] caught
large attraction since, despite the non-frustrated nature of the diamond lattice, they also
show a strong suppression of their ordering temperature as compared to the Curie-Weiss
temperature. This counterintuitive phenomenon was understood shortly after by realising
that the frustrations necessary for such a behaviour can be induced by finite second-
neighbour interactions [13].
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A good starting point for the investigation of our A-site nickel spinel is therefore the

Hamiltonian

HZleSi'Sj—FJQZSi‘Sj, (5.1)

(,3) ((i,g))

on the diamond lattice from Fig.[5.1} In the classical limit, this model shows the formation
of spin-spiral surfaces in the momentum-resolved susceptibilities if Jo > |J1]/8 [13]. The
largest spin correlations are found at degenerate sets of incommensurate wave vectors
forming a surface in the three-dimensional Brillouin zone. If there is no ordering mechanism
present, the system can vary continuously between the energetically most favourable spin
spirals with different wave vectors. Such a phase is often denoted as a spiral spin liquid.
However, spin-spiral surfaces are unlike Fermi surfaces highly unstable with respect to small
perturbations to the Hamiltonian and thermal or quantum fluctuations drive them into an
order-by-disorder transition selecting finite sets of ordering wave vectors in k space |13,
14].

While a classical treatment of the model has proven to be sufficient for understanding the
magnetic properties of large-S A-site spinels with magnetic Mn (S = g) and Co (S = %)
ions [57, 108, [158|, the behaviour of FeScaSy is dominated by spin-orbit coupling effects [34,
35| which are not captured in Eq. . Furthermore, the absence of any type of magnetic
order in the compound NiRhoO4 down to lowest temperatures is also not captured by the
classical model (confer discussion in previous chapter). This motivated our collaborators
from Cologne to study the Ji-J2 model on the diamond lattice using a generalised version
of the FRG flow equations in App. [A] for arbitrary spin lengths S. It has been shown in
Ref. [9] that an extension of the previously derived equations for spin—% particles, in essence,
amounts to multiplying all diagrams where a sum over real-space coordinates appears with
the factor M = 25. Employing these remarkably elegant modifications to the equations
for the self energy and the two-particle vertex, a phase diagram for different coupling ratios
Ja/J1 and spin lengths was mapped out which is not part of the original work from this
thesis. Its main result is that, beyond an ordered Néel state at J; =1 and 0 < Jo < 1/8
for all spin lengths, a sequence of dominant susceptibility wave vectors is found depending
on the precise value of J3/J; where magnetic order occurs for S > 2 and a paramagnetic
state (possibly a quantum spiral liquid) is found if S = %, 1 ]20]. A classical to quantum
transition occurs precisely at S = 3 where for 0.2 < Jo/J1 < 0.4 the system still resides
in the fluctuation dominated quantum regime with no onset of magnetic order during the
flow, and with classical magnetic order for larger J, as well as in the Néel phase.

However, the recently synthesised spin liquid candidate NiRhoO4 undergoes a struc-
tural transition at 7' = 440 K [30] which induces a tetragonal distortion on the dia-
mond lattice such that the second-neighbour couplings are split up into eight out-of-plane
contributions JQl and four in-plane contributions J, , see Fig. An arziv preprint
version of a manuscript by Chamorro et al. presents a DFT study yielding the values
(J1,J5, J3) = (1,0.73,—0.91) [29]. We therefore consider antiferromagnetic J; = 1 and
Jy = 0.73 with a tetragonal distortion determined by the parameter JQL /Jy . Using
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Luttinger-Tisza and PFFRG methods with these values, our collaborators found that al-
ready for very small second-neighbour splittings the spin liquid phase vanishes giving way
to a magnetically ordered Néel phase for all spin lengths S. Since a recent study proposed
that an additional single-ion anisotropy drives the system into a trivial quantum paramag-
net 33|, our goal is now to include this term in the PFFRG framework and to investigate
its effects on the modified spin-1 diamond lattice model.

5.1. XXZ model on spin-1 diamond lattice

According to Refs [29] and [33], we investigate the spin-1 Heisenberg model with tetragonal
distortion and local single-ion anisotropy. It is governed by the Hamiltonian

H=7Y 8;-8;+J5 Si-Sj+Jy Y. 8i-8S;+DY SiSF-A) SiSi. (5.2)
(i.4) ((i.3)) 1 {(i.4)) - i i

For our purposes of a spin length S = 1, it is shown in Ref. |9] that we have to encode our
spin operators by

25
k=1

where now there are two different spin-1 flavours (S;1 and S;2) residing at site i which
are in turn expressed with the help of the auxiliary fermions from Eq. . As already
mentioned above, in our diagrammatic language that is dealing with vertex functions, this
modification of the spins amounts to additional factors of M = 25 for every real-space sum
carried-out in the flow equations for A and T'*. Furthermore, the anisotropy term oc D
causes a splitting of the spin-spin interaction channel such that our two-particle vertex
function is parameterised by

A (s, t,u) =|TA (s,t,u) (O'I Oproy 0% 0,08 ) +T2 . . (s, t,u)o? , 0F

XX 11192 apral agra2 apralt agraz 771112 apralt agraz

-+ FdAiliQ (87 t’ U) (504110115&2/042] 5(0}1 + W2 — Wy — w2l)5i1/i16i2/i2

— (w1  Wwo, 0] <> (9, 11 &> iQ) . (5.4)

Similar to the scenario with Dzyaloshinsky-Moriya interactions from the previous chap-
ter, a global U(1) spin-rotation symmetry around the z axis is present in this model (cf.
App.[E.2)). Since no off-diagonal interactions are present, the self energy remains finite only
in the density channel and the propagators are identical to those from the bare Heisenberg
case, confer Sec. The last term « A in Eq. is an artificially included level
repulsion term. This ensures that the S = 0, % sectors of our now drastically enlarged
Hilbert space are energetically penalised and therefore suppressed during the FRG flow.
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5.2. Spin anisotropy versus level repulsion

The single-ion anisotropy would favour these unphysical spin lengths and the value of A
has to be determined empirically, depending on D.
The initial conditions from the Hamiltonian characterising our A-site spinel are hence

given by
747 (w) =0, (5.5a)
Py (s,t,u) =0, (5.5b)
J; Ay
oo (s tu) = =52 — =02 (5.5¢)
Fé\z_;lc'z(; (87 t’ u) = ZiZ2 + e 4 e Y (55d)

where D;,;, = Ddj,, and A;;, = Ad;i,. The flow equations for this X XZ model with
arbitrary spin length (represented by the factor M = 25) are given in App. Due to
the broken SU(2) spin-rotation symmetry, we distinguish the in-plane and out-of-plane
susceptibilities

o, 17 O(|wi| — A
Xij A(O)_W/dwlM( (o ) 20

O(Jwi] —A)  O(|wa| — A)
dw dw
8772 ! / 2 (w1 + 72 (w1))? (w2 +7é\(w2))2{

—M[Fdii(w Lw,0) = T2 (wh,w,0)] 51-]-}, (5.68)

. 17 O(|wr| — A
XU’A(O) _ = / dW1M (| 1’ ) 251]
dm (w1 + v} (w1))

—00

87‘&'2 dw; /dWQ ‘W1|_ ) 9(|WQ|A_A) 2{2M2Fé\m]( +707w7)
wl—i-’yd w1>> (wQ—i-’yd (wg))

—M[FZAW(w,w—,o) 2 (wF,w7,0) + Ty (wF,07,0)] 05}, (5.6D)

where we defined that w® = w; + wy and the additional prefactors of M and M? arise due
to one or two spin flavour summations within the loop diagrams that contribute to the
susceptibilities.

5.2. Spin anisotropy versus level repulsion

The spin anisotropy term oc D in the Hamiltonian from Eq. suppresses the out-
of-plane susceptibility ijx’A because it favours a spin alignment within the x-y plane.
Nevertheless, we cannot exclude the occupation of unphysical spin sectors with S < 1
which is why we also include the level-repulsion term o< A. In essence, we now need
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Figure 5.2.: Susceptibility components for different values of A/D in the effective single-
ion model: For this decoupled spin-1 system, the vertices show a smooth flow down to
zero cutoff at which we calculate the maximal in-plane and out-of-plane susceptibility
components in momentum space. As expected, the out-of-plane component XZZ’A(k) is
strongly suppresses as compared to X”’A(k) but remains finite for all values of A/D
because of quantum fluctuations. A flat plateau for both curves appears if 3 < A/D < 10
indicating an occupation of the physical sector of the Hilbert space within that range.
Figure adapted from Ref. [20)].

to balance three independent effects. The antiferromagnetic Heisenberg interaction should
favour antiparallel spin alignments with maximal and thus physical spin lengths S = 1, but
due to its sometimes frustrated nature it could locally support an unphysical occupation
as well. In addition, the single-ion anisotropy wants to minimise S* which can also lead
to reduced spin lengths. The level-repulsion term, on the other hand, raises the energy
of unphysical states and therefore acts as a counterweight for the anisotropy in particular
since there are reasons to believe that the PFFRG for bare Heisenberg models already
selects the correct spin sectors without the level repulsion [9]. Because the repulsion term
is an artificial parameter that is needed in order to overcome certain difficulties of our
method, we have to analyse its effect in detail. We want to determine a reliable value for
the ratio A/D at which a physical occupation of our augmented Hilbert space is realised.
This is, for instance, achieved if the results obtained from PFFRG do not change upon
further increasing A. If this is the case, the maximal spin length is already enforced on
each site and only the total energy of the systems is lowered if A becomes even larger.

Let us investigate the effectively decoupled single-ion model where J; = J2L =Jy, =0
in this section. Considering the initial conditions in Egs. (5.5)), it should be clear that at
least for values A/D > 1 a suppression of the unphysical spin sector sets in because the
isolated ion minimises its energy by maximising all of its spin components. If A/D < 1, the
in-plane spin component is maximised whereas the out-of-plane component is minimised.
Depending on the precise ratio, this might or might not lead to an unphysical occupa-
tion. However, the numerical implementation of our flow equations has to utilise a finite
frequency mesh and is hence limited to a finite resolution with respect to the initial condi-
tions of the vertices. If we set D = 1, this implies that we are not able to gain insights for
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A > D since the flow breaks down in this case due to an insufficient amount of considered
large frequencies. In contrast, by setting A = 1 and sending D — 0 in order to investigate
the same limit, we are not able to observe the anisotropy’s effects any longer because the
low frequencies in our numerics have a finite spacing. Hence, we keep D = 1 and look for
an intermediate range with A/D 2 1 where unphysical occupations are avoided and the
effects of the single-ion anisotropy are still noticeable.

We compare the values of Xm’A(k:) and XZZ’A(k) in the decoupled single-ion model as
a function of A/D, see Fig. The different spin sites are independent of each other
and therefore add up to a trivial paramagnet with a susceptibility that is completely
constant within the Brillouin zone. We directly investigate the results for A — 0 and
see that in a certain parameter range, i.e., 3 < A/D < 10, our results are independent
of the precise value of A/D. Any different behaviour suggests that unphysical states are
occupied for smaller values and that the numerical PFFRG implementation breaks down
for even higher values. We thus determine an intermediate value of A/D = 4 for our
further calculations. The behaviour of both susceptibility components during the flow for
this choice of parameters can be seen in the right-most panel of Fig.

5.3. Antiferromagnetic X X7 model without tetragonal
splitting

We first investigate the effect of the single-ion anisotropy on the antiferromagnetic X X Z
model from Eq. without the tetragonal distortion, i.e., J5- = J3- = 0.73.J;. The
flow of the maximal susceptibility values in k space can be seen in Fig Without the
X X Z splitting due to the anisotropy (D = 0), the remaining bare Heisenberg system
does not discriminate the susceptibility components x** (k) and x*** (k). In this case,
the functions flow smoothly towards A = 0 showing no signs of long-range order and a
formation of spiral surfaces in momentum space can be observed for this quantum spiral
liquid regime (confer introduction to this chapter). Contrarily, in the D — oo limit, our
spin system effectively decouples into isolated spins with a favoured orientation in the z-y
plane. This implies a maximal suppression of XZZ’A(k) which is as well as the in-plane
response x** (k) constant inside the entire Brillouin zone. Interestingly, the out-of-plane
susceptibility does not vanish completely, implying a finite expectation value of (S7? )2 due
to quantum fluctuations. The ratio between both susceptibility components is given by
X
the pronounced increase of the in-plane susceptibility for low A values are upheld within

4 for the trivial paramagnet in the A — oo limit. We expect that both this ratio and

that phase, confer right-most panel of Fig. From our plots, we estimate that the
crossover between trivial and quantum paramagnet occurs around D/J; ~ 2 (see middle
panel of Fig. which is in good agreement with the mean-field result from Ref. [33].
At this point, the RG flows of x**% and x**? are qualitatively similar to the ones in
the D — oo limit and their ratio has the same maximal value for A — oo as the trivial
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Figure 5.3.: Spin susceptibilities for X X Z model on the diamond lattice without tetragonal
distortion (J3- = J3- = 0.73 J;) and different values of D: Without the anisotropy (D = 0),
both components are identical [x*®* (k) = x***(k)]. The trivial paramagnet is found in
the D — oo limit where now the out-of-plane component x*** (k) is maximally suppressed,
but not zero. In all plots, the level repulsion is kept at A/D = 4. Figure adapted from

Ref. [20].

paramagnet. For the quantum spiral liquid, we show the momentum resolved susceptibility
for the high-symmetry (h,1,0) and (h, h,l) planes in the top panel of Fig. The spiral
surfaces are found in the (h,1,0) and (0, h,l) planes which are identical through lattice
symmetries. The spin correlations are almost constant on these surfaces indicating a strong
competition between different possible spin arrangements suppressing magnetic long-range
order up to the smallest numerically achieved cutoff values. In the other limit of D — oo,
the susceptibility is constant in k space signaling nothing but effectively decoupled lattice
sites. We do not plot the susceptibility for this scenario.

5.4. Antiferromagnetic X X7 model with tetragonal splitting

Let us finally turn to the effects of the tetragonal distortion which occurs for NiRhoOy4 at
T = 440 K |30]. As explained in the introduction, the suggested coupling ratios from DFT
being (J1, 5, J5) = (1,0.73,—0.91) [29] lead to a formation of a Néel antiferromagnet in
our PFFRG simulations. If we include these coupling parameters together with a single-
ion anisotropy while keeping the level repulsion term such that A/D = 4 (confer Sec. ,
the out-of-plane spin correlations are again suppressed as in the previous chapter, see
Fig.[5.4 However, we rigorously find Néel order state for all considered values of D < 8,
see bottom panel of Fig. for an exemplary illustration. Only in the D — oo limit,
the trivial paramagnet is recovered (right-most panel in Fig.|5.3). The trivial paramagnet
of decoupled spins though is of no great interest for finding novel physical phenomena
and we are also not seduced to believe that our nickel spinel is entirely dominated by the
anisotropy term.

The arziv preprint manuscript Ref. [29] is the only available source for possible cou-
pling strengths in NiRhoO4 obtained from ab-initio calculations. Because we do not find
any paramagnetic behaviour with these values, not even with an additional single-ion
anisotropy, we now map out a phase diagram where we take the Hamiltonian from Eq.
and vary the distortion JQL /J5 as well as the anisotropy D. As before, we fix the level
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Figure 5.4.: Effects of tetragonal splitting: Shown are identical calculations as in Fig. [5.3
but now with the tetragonal splitting (J1,J5 ,J3") = (1,0.73,—0.91) from Ref. [29]. We
observe the onset of magnetic order for all values of the single-ion anisotropy up to D = 8
in contrast to the experimental findings for NiRhyO4. Only in the D — oo limit, the plot
from the right-most panel in Fig. is reobtained. Figure adapted from Ref. [20)].

repulsion to A/D = 4. Since different ordered and disordered states can manifest them-
selves in this model, our main focus is on whether or not the system shows magnetic order.
For that reason, in Fig. [5.6] we only show the critical cutoff value A, for which magnetic
long-range order is found to set in. If Ac = 0 (white panels in Fig. , the susceptibility
grows smoothly until the end of the flow signaling a paramagnetic and hence possible spin
liquid phase. Indeed, we find an extended regime without magnetic long-range order which
spans over finite tetragonal distortions JZL /Jy from —0.5 to 1.25 at an anisotropy value
of D/Jy = 5. The susceptibility flows along horizontal cuts can be seen for J5-/J, = 1
and JQL/JQ = —1.25 in Fig and Fig respectively. These results are published in
Ref. |20] and interpreted therein in the way that some reduction of the tetragonal splitting
in combination with a reasonably sized single-ion anisotropy could well explain the experi-
mental observations for NiRhoOy4. A more detailed DFT analysis including the anisotropy
term would shine more light onto this situation.

Meanwhile, we take notice though that, in the published version of the aforementioned
online preprint, the DFT analysis is completely replaced by a different model where the
coupling parameters are determined by fitting linear spin-wave simulations to inelastic
neutron-scattering data [30]. This seems to be a bit ambiguous because the spin-wave
theory is based on an ordered state and cannot access the presumed spin liquid phase. The
reason for this modification in the publication is not known to us. Since our previous anal-
ysis is based on the work of this group, we also analyse the Hamiltonian that is estimated
in the published article, i.e.,

H=7] Z (Jf—”(ff + 0’?0’? + Aaizajz-) + J5 Z S-S+ Jy Z S;-S;. (5.7)
(i.3) ((id)) 1 {(ig))~

This is also an effective X X Z model which, due to the lack of the single-ion anisotropy,
does not necessarily require the involvement of a level repulsion term because the PFFRG
has shown to automatically select the correct sector of the Hilbert space in related Heisen-
berg models [9]. Despite the conceptual issues of linear spin-wave theory for our spinel
material, the neutron-scattering data can allegedly be relatively well reconstructed from
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Figure 5.5.: Comparison between X X Z models with and without tetragonal splitting: In
the top (J3-/J; = 1) and bottom (J5/J; = —1.37) panels, we compare susceptibility
flow and cuts through the Brillouin zone (black lines) from PFFRG calculations for the
Hamiltonian in Eq. with D = A = 0. Without the splitting, we find a quantum spiral
liquid whereas the tetragonal distortion from Ref. induces long-range Néel order. Slight
differences to the left panels in Figs.[5.3]and [5.4] are caused by a coarser frequency resolution
and different splitting sizes (only bottom panel).

the Hamiltonian in Eq. (5.7)) if (Jl,JQ_,Jj) = (1,-0.3,0.12) and A = 1.1 what consid-
erably differs from the previous analysis. These couplings are easily implemented via the
initial conditions

14T w) =0, (5.82)
DA5ee (s, tu) =0, (5.8b)
J. .
A—o00 Q11
PX):L')liQ (S7t7 u) = 2:2 9 (58C)
N
A 4199 Y4114
T (5t u) = =221 (5.8d)

Unfortunately, we still find a conventionally ordered Néel state for this model. The resulting
susceptibility flow and k-space plots do not differ substantially from those of the previous
one, confer bottom panel of Fig.[5.5

5.5. Summary and conclusion

In this chapter, we employed PFFRG formalism with anisotropic, but diagonal spin inter-
actions for the X X Z model with arbitrary spin length S. For the first time, we included
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Figure 5.6.: Phase diagram for tetragonal splitting J5-/ J5 and single-ion anisotropy D/Ji:
The colour scale represents the critical cutoff value A.. Orange, beige, and brown shades
indicate the RG scale for the onset of magnetic order. White panels represent a smooth
flow with A, = 0 denoting a paramagnetic regime. The in-plane second-neighbour coupling
is kept constant at J, = 0.73J; for this plot. Figure adapted from Ref. ,@/

a single-ion anisotropy in such a calculation and investigated how to add a level repulsion
term in order to avoid the occupation of unphysical spin sectors. The motivation behind
all this is that the previously suggested Heisenberg model with tetragonal distortion [29]
for the spin-1 A-site spinel NiRhoOy4 failed to explain the experimental observation of no
magnetic long-range order in this material down to lowest temperatures. Therefore, we
also added a single-ion anisotropy as supposed in Ref. , which can drive the system
into a trivial paramagnet, and the hence required level-repulsion term to that model, see
Eq. .

Even though we are able to confirm the existence of an extended paramagnetic regime
once a finite-sized anisotropy is present, we can only identify magnetic order at splitting
values as high as JQL /Jy = —1.25 for all considered anisotropy strengths. Unfortunately,
also the second considered model from Ref. is unable to describe the physics of NiRhyOy
[confer Eq. ] For all coupling parameters that do not reside within the white area
of Fig. 5.6, the PFFRG detects conventional antiferromagnetic Néel order as depicted in
the bottom panel of Fig. This is in strong contrast with the experimental findings for
NiRhyO4 and we therefore conclude once more that precise ab-initio calculations which
include all symmetry-allowed spin interactions are needed for a further analysis of this
remarkable material.

This ends the part of this thesis where we derive new results following solely from the
PFFRG. One of the fundamental observations which should be repeated once more at this
point is that an efficient evaluation of the flow equations is only possible if certain symme-
tries remain, especially in three dimensional systems. Otherwise there are trade-offs in the
achievable frequency resolution and cluster size. Additionally, it seems rather impossible
to us to manually implement the most generally conceivable spin-spin interaction. In such
a scenario, some automated script should translate the flow equations into code in order
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to avoid mistakes and to save a tremendous amount of time. In the following Chap. [6] we
develop a method that uses the vertex functions from a PFFRG analysis for the computa-
tion of effective free spinon models for the considered systems. This method is based on a
FRG enhanced Fock mean-field equation and self-consistently determines spinon hopping
and pairing amplitudes which follow from Xiao-Gang Wen’s projective symmetry group
considerations [182]. In this way, we hope to acquire fundamental knowledge about the
properties of the possibly realised spin liquid states such as their spinon band structure
and their stability against the in a PSG classification neglected gauge fluctuations.
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6. Characterisation of quantum spin liquids and their spinon band structure via
functional renormalisation

In the previous chapters, we have developed methods of implementing the PFFRG for-
malism for various types of spin interactions on different lattices. The key motivation
to this was always the identification of possible spin liquid phases which were recognised
by their lack of long-range order. Even though this particular method has proven itself
to be an in general well-behaved tool for identifying the phase boundaries between dif-
ferent magnetically ordered and paramagnetic systems for plenty of Hamiltonians, this
method is not capable of providing insight into some of physically most relevant properties
like excitation spectra, exchange statistics, and topology of the realised state. Instead,
it yields imaginary-timed static spin susceptibilities which show resemblance of experi-
mentally obtained neutron-scattering structure factors which are per se real-timed entities
corresponding to, e.q., the excitation of two spinons at finite frequency.

On the other hand, there is a classification scheme for spin liquids called the projective
symmetry group (PSG) developed by X. G. Wen, see Ref. |182]. This method is based on
the same Abrikosov decomposition of spin operators into fermions as the PFFRG and iden-
tifies the possible spin liquid states that obey all symmetries of lattice and Hamiltonian.
The PSG yields effective low-energy theories by providing certain hopping and pairing pat-
terns for spinons on the corresponding lattice which can then be, for instance, compared
by a mean-field self-consistency analysis. One downside of a bare mean-field treatment
though is that it neglects most contributions from quantum fluctuations and might there-
fore miss important details of the considered model like spinon-spinon interactions and
vison excitations, see Sec. for details.

In this chapter, we develop a technique connecting these two pseudo-fermion perspec-
tives by including quantum fluctuations into a PSG mean-field analysis via an insertion
of renormalised vertex functions into the self-consistency equations. Such an approach of
coalesced FRG mean-field study has so far only been considered for the two-dimensional
Hubbard model [143, 179] which is why we try to be thorough in this part of the thesis
for the sake of reproducibility. We do not perform any spin liquid classification using the
PSG but instead take their results for the considered Ji-Ja square lattice |182] and the
nearest-neighbour kagome lattice |111] Heisenberg models from the existing literature. But
before we explain the details of our new method and, at least, introduce the concept of the
PSG, we start with laying a solid mathematical foundation for all further considerations.

6.1. Preliminaries

This section is dedicated to the derivation of a mean-field decoupling for Heisenberg Hamil-
tonians. KEven though the finial results can be found in many standard textbooks and
well-known publications, we want to extend this theory in Sec. by incorporating renor-
malised Green’s and vertex functions. Since the two-particle vertices that follow from a
PFFRG analysis are more spread-out in real space as compared to the bare Heisenberg
interactions and they additionally are also depending on frequency, our main focus lies on
obtaining the correct structures in real space and imaginary time for our self-consistency
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equations. Initially, this might appear somewhat unnecessary to the more advanced reader.
Some aspects of the basic computations become quite relevant though in the following and,
since they are often elegantly neglected, this seems like an appropriate place to define and
derive all constituents of our further investigations properly.

6.1.1. Preface to non-interacting fermionic system

We shall start with a non-interacting Hamiltonian Hy that is diagonal in some fermionic
creation and annihilation operators f;r and f; with a set of quantum numbers denoted by [

Ho=> wfif, (6.1)
.

where the single-particle energy is w;. In the imaginary-time Heisenberg picture, the time
evolution of our operators is determined by the Heisenberg differential equation

;Tfl(T) = [Ho,fl}_
{wr Lt = on Rt i}

I
-1 -]

{wk Ffifi— wr (5k1 - f;ifl) fk} = —wif, (6.2a)

2 st = [Ho.5]

{wn fLpes] = s 110}

-1 -]

{wn flpes] + o gl (0= fes]) } = +as] (6.2b)

where the brackets [A, B] - = AB— BA denote a standard commutator. Note that different
signs appear for creation and annihilation operator. This is the reason why the well-known
time evolution

filr) =e " and flr) = e ff (6.3)

should be used which implies that flT (r) £ [0

Let us now trace the effect of this different time evolutions during the calculation of a
normal Green’s function, i.e., the expectation value of equal numbers of fermionic creation
and annihilation operators (cf. Sec. . Even though one can employ standard notations
for them, a clear definition is imperative for extending our language towards so-called
anomalous Green’s functions which do not conserve particle number in the following.

6.1.2. Normal Green’s function

Here, we provide the known facts about the non-interacting system for Hy = 0. In our
systems of interest, as in the previous chapters, the full set of quantum numbers for any
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fermionic operator is labeled by a lattice site i, a spin index o € {f, |}, and an imaginary
time 7. The bare, imaginary-time-ordered Green’s function from Eq. (2.24)) is then given
by

G671, 7") = (Trfalis LG T)), (6.4)

where (...)o denotes that the average is taken with respect to Hy. Please note once more
that our convention for the fermionic single-particle propagators differs by a factor of —1
from another possible definition which is also frequently used, see Sec.[2.1.2] As explained
above, if Hy # 0, one obtains a time evolution of the fermionic creation and annihilation
operators fo(i,7) = e"¥uoT f,(i,0) = e”“eT f; o and f;ré(i,T) = ewi’an;E(i,O) = e‘*’i’”f;[a.
For our scenario with no single-particle energies, we have to send w; o — 0 for all ¢ and
«. This step will be performed in the end of our calculation in order to keep track of the
correct frequency structure. For the regular Green’s function, we thus find

G400, 713.7) = (TSl )G ),
=60 = T){(£ali. D F}G ), — 00 = DG falisT)),

=0(r — 7./)<€wj,BT’*w¢,ani7af;‘rﬁ>0 —o(r' — T)< w;, 8T —wi, anT/gfz a> )
(6.5)

Considering the fact that all the frequencies vanish and that, in the non-interacting sce-
nario, the system is in a product state of the decoupled states on all individual lattice sites
i, e.g.,10,0),,10,1),, |1,0),, and |1,1), [see Eq. (4.3)], we easily verify that

GOl lic") = 0(r =) frafls), = 0 =D (Flshia),
= 0(r = ){fiatla) asdis = 007" =) FloFia) dasi

1
*504/35” — 0(7” — 7’)

1
9 7504551']' : (66)

=0(r—7") 5

This proves that G° only depends on the difference of the two imaginary-time arguments
7 — 7/ as it is required for a time-translation invariant system.

Now, we want to transform this result into the fermionic Matsubara space with w, =
(2n+1)m
B

B
4 T
GOy (i fliwn) = [ dr TGO (i, 1j,0) = / dr €7 5asy
0

- O\Q

1

_ im0y = ..

- () Bty
1

S .
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We utilised this result already plenty of times before. It should, however, be noted that
the Fourier transform was effectively performed with respect to the time argument of f; ..
Going back to the description with two time arguments, we have to define that

B

f(l(i’iwn) = /dT 6iwana(i’T)7 fa(iaT) = ;Ze_iwanOé(i’iwn)’ (688‘)
5

(1, iwn,) O/dTe ZW"TfT (i,7), fT (i,7) 5 Ze“"”ﬂ i,iwn) , (6.8b)

where again the phase factors for creation and annihilation operators have opposite signs.
For our normal propagator, this implies

dr’ eiwnT o= iwmT’ Ggﬁ(i, 7 —17'14,0)

—

8
G5 (i, iwnlj, iwm) = /dT
0

B 8
. . 1 . /
/dT /dT' eWnTeTWmT 5 Ze_w”(T_T)Ggg(i,ﬂwl)
0

l

0
/BGgﬁ(iajﬁwn)énm ’ (69)

where Gg 3 (4, j|iwy,) is given in Eq. . This summarises the known properties of our nor-
mal Green’s functions. We can hence continue by applying the same thoughts to anomalous
propagators which do not preserve our system’s particle number.

6.1.3. Propagators in Nambu space

Not only in solid-state physics, there is a strong correspondence between particles and
holes which can often be considered as dual perspectives for describing the same concepts.
In phases with particle-number conservation, it is sufficient to consider only one of these
two possible points of view. Both of them yield identical results. However, we try to
characterise quantum spin liquids (QSLs) which might be related to superconductors as
argued in Chap. [I] For these systems, particle number is in general not conserved due
to the creation of spinon pairs or Cooper pairs, respectively. This requires an analysis in
a combined representation of particle and hole channels coupling via pairing terms. In
the language of propagators, this can be achieved by introducing the so-called Nambu
space [134]. The Nambu spinors are defined as

fir(7)
ai(T) = ( fi(T) ) s aZ(T) = ( ij(T) ) fii(T) ) . (6'10)
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They are used to construct a matrix Green’s function via their imaginary-time-ordered
expectation value

T fir () (7)) (T fir(7) Fiu(7)

6.11
T (D)) (Tt () fiu () (o140

Gi, 71j,7') = (Trai(r)al(7)) =

In this representation, the propagators for particles (ffT) and holes (fTf) couple to each
other via the pairing amplitudes (ff) and (fffT) which vanish in phases with conserved
particle number. We can identify the above matrix elements in accordance to the last
section as

GyrliyTlj, ™) = (Tefir (M) ) (6.12a)

Fuy(i,7lj, ™) = (To fi(r) fu (7)) (6.12b)

Here, G is the normal Green’s function whereas F' is named anomalous Green’s function or

propagator. We will now derive some important relations for the anomalous off-diagonal
elements of G and define their appropriate Matsubara transforms for completeness.

The following calculations are performed in equilibrium. Hence, all functions only depend

on the differences of the appearing imaginary-time arguments. In the Heisenberg and the
interaction picture (Hy = 0), operators evolve in time as

D7) = gt (6.13)

which directly implies that
(fia())' = fL(=7). (6.14)
Using Eq. , we can derive for the second off-diagonal term in Eq. that
(Tl () = 06 = (L L)) = 06 = 1) (T £ )
T T
= 0(r = ) Fir (=) fu(=7)) = 0" = ) fa (=T fi1(=T))
T T

= (TSt (=i (=7)) = ~(Tefiu (=) (=)

= —Fl(i, =7lj, =) = F{ (i, —7]j,—")

= Fl (i,7']j,7), (6.15)

where we utilised the appropriate spin-rotation (around the x or y axis) in the second
to last line (see App. [E.2)) and time-translation invariance in the last one. For the other
normal Green’s function, we find

(T f () fiu)) = ~(Te Fu) (7))
= _Gii(ja 7J|i77—) = _GTT(jvT/HaT) . (6'16)
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Again, a proper spin rotation was used. In this way, we showed that

G(i,|j, ™) = ( ii((:,’;)) 1;2(?';'1) ) . (6.17)

We dropped the spin index since it should be clear from the respective definitions.
In Matsubara space, the previously derived relations still hold for the normal Green’s
functions and especially also Eq. translates to

for the full propagator. However, for the anomalous Green’s function, the situation is quite
different. Similar thoughts to the previous ones imply for them that

dr’ efiwnrefiwmr’ﬂj (7_|7_/)

dr’ e=wn(T=T) gmiwmtwn)T p (- 77)0)

0
= ﬁ Fij (iwn)5n_m s (619&)

B
= /dT /dT/ eiw"(T_T,)ei(w”+“’")T,Fi§(T—T'|0)

0

This sets the framework for everything forthcoming. In the next section, we will show how
to decouple our Hamiltonian in a mean-field manner for further evaluation.

6.1.4. Mean-field Hamiltonian

A mean-field decoupling of an interacting Hamiltonian amounts to the neglection of certain
quantum fluctuations. For spin systems, such an approximation is typically justified if the
spins interact with many of their neighbours in which case the fluctuating fields of all
individual neighbouring spins can be averaged to their combined mean field. In this way,
the spin degrees of freedom decouple and a solution can usually be obtained from a self-
consistency equation. The mean-field approach of our following analysis yields effectively
free and spinful particles with finite hopping and pairing amplitudes on particular bonds,
i.€., spinon hoppings and pairings.
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Even though the results of this section are well known [12], we want to explicitly present
the derivation of the mean-field Hamiltonian being utilised by Xiao-Gang Wen [182| and
Yuan-Ming Lu [111] for a PSG analysis of possible spin liquid states on the square and the
kagome lattice, respectively. Since our new theory is based on the same decoupling scheme
and we have to include the additional density-density interaction channel from FRG later
on, a solid foundation is indispensable in this regard.

We again replace the spin operators with the usual Abrikosov fermions [see Eq. or
] which goes hand in hand with an enlargement of the Hilbert space into a physical
and an unphysical sector (confer Sec. . It is worth mentioning at this point that the
Abrikosov decomposition of a single spin operator into two fermionic operators directly
corresponds to the fractionalisation of spin-1 excitations into spin—% spinons, see Chap.
for details. Indeed, one could actually refer to the new operators as spinon operators
because they create or annihilate spinons. A Heisenberg Hamiltonian can be rewritten in
terms of the spinon operators as

H= ZJZJS -5 _Z Z Z ijm aﬁflﬂfﬂawfﬂ‘;

(4,3) 1,7 o,B3,77,0 M

B Z Z Zj f flﬁf]»yfjé (250455/37 (5015575)
i,J aﬁ'y&

_ ZZ ( fmf gfig + fmfzocf ijg> + const. , (6.20)
h,J B

where the sum over site pairs (i,j) was transformed into a sum over lattice sites i and
j yielding a factor of % The constant term in the last line is purely quadratic in the
fermionic operators and only amounts to a shift of the considered system’s zero energy at
least in the physical Hilbert space. Hence, this term has no physical consequences and we
neglect it in the following. We now perform our mean-field decoupling according to

Nij€aB = *2<fmfj5> ; Nij = Nji » (6.21a)
Ugjﬁaﬂ = _2<f f > ) 7733‘ = 77;-2-, (6.21Db)
Xijdas = <fmfm> Xii = X (6.21c)
X{;0ap = <f}ﬁfm> : X = i (6.21d)

The completely antisymmetric tensor is defined via €4 = —€j4 = 1 and ey = ¢ = 0.
Keeping in mind that Fj(;r) (r'|7) = Fl(;r) (r]7) = Fl(;r) (1—7'|0) and GL(T’T/) = G;i(_7/| —T)
= Gi;(7|7") = Gij(t — 7'|0), for our later derivations, we already note here that this

substitution can be rewritten as
nij = = lim 2F3;(0[2), ;= - lim 2F](0]\) (6.22a)

Xij = = lim 2G5 (0] ), X =- lim 2G5;(0]2). (6.22b)
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Now, we replace the Hamiltonian with its mean-field version by contracting all four possible
non-local amplitudes of each of the two terms in Eq. ((6.20)).

Jig (L gt L 1 LI
Huyp=> Y — 1 (2Xijfj5fi65aa + SXiifiafiadss + SNjifiatisesa + Snjifiafjpcas
hJ op

1 1 1 1
+1Xijfiaf;,35aﬁ + Zinfjﬁfjadaﬁ + En}ifiafjﬁeﬂa =+ 477ijf;raf}56aﬁ>

Jiq 1 1
= Z Z —% (Xijf;afia + ijfilfja + ZXijfiaf]Ta + ZX;rjfjaf;a

3
= § § 167 Xii Flafio + X5 fia + Y €as {n;rjfiﬁfja + Wijszaf;Lﬁ}
— 5

- Z 16 zg <lef szT +XZ]foJT+X2]f J,fzJ, +ijfz¢f]¢
7j

ol Sy i+ mig Pl i+ ) (6.23)

In the second and in the last step, we used that J;; = Jj; which always holds for Heisenberg
interactions. In order to rewrite Hyp in terms of the Nambu spinors a; and a;r from

Eq. (6.10]), we note that

Ul1 Ul2
> dl ( vh E:lﬂl Fhfir A UR LS + UR fufr + UZFuf], . (6.24)
2,] 1]

Comparing the coefficients of the last two equations, we derive the final form of our Hamil-
tonian

t
Hyp = Z_Tﬁjij [aj ( X? " ) ; +“} ( X? mjf ) ai] ’ (6.25)

i Mij  —Xig M —Xij

which is hermitian as expected. Employing the so-called Fock approximation, we are
ready to explore its implications for the Dyson-Schwinger equations of the matrix Green’s
function. Before further pursuing this issue in Sec. [6.3] we introduce the concept behind
Xiao-Gang Wen’s projective symmetry group in the following. This classification scheme
for spin liquids provides the necessary mean-field ansétze for the real-space patterns of the
Xi; and 7;; in Nambu space which are the basis of our upcoming investigations.
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6.2. Gauge fluctuations and projective symmetries

Most of the following work relies on the fundamental articles by Xiao-Gang Wen [182] for
the square lattice and by Yuan-Ming Lu [111] for the kagome lattice. Even though there
are no novel results derived from the projective symmetry group scheme in this thesis,
we at least present a brief introduction for the reader to be able to grasp the important
concepts behind this method. Furthermore, we also provide a coherent characterisation of
all gauge-inequivalent nearest-neighbour Zs spin liquids on the square and kagome lattices
with great help from Yasir Igbal and Jonas Sonnenschein.

In the decoupled form of Eq. , the mean-field Hamiltonian denotes an effective
low-energy theory for our system with hopping and pairing amplitudes between spins at
different sites, e.g., xi; (1) is a so-called spinon hopping (spinon singlet-pairing) term.
The Abrikosov representation from Fgs. or expresses the local spin operators in
terms of pseudo fermions. These fermions can be associated with creation and annihilation
operators for spinons as explained in the previous section. We have already notoriously
repeated that this decomposition augments the Hilbert space by two unphysical states per
site (cf. Sec. . At this point, the Nambu space comes in quite handy because here
any type of time-dependent and local SU(2) rotation

a;(1) — Wi(T)ai(r), al(r) — al (1)W] (7) (6.26)

leaves the physical subspace invariant. Such transformations correspond to local gauge de-
grees of freedom and can have no effect on physical observables as long as the computation
is carried out correctly, see App. for details. Here, all W;(7) are SU(2) matrices with

Wi(T) = aio(7)1 + i [tz (T)0" + iy (T)0Y + 04 .(T)07] , (6.27a)

1= \/(%‘O(T))Q + (ai2(7))” + (@iy(1))* + (24 2(7))?, (6.27b)

where 1 denotes a 2 x 2 unit matrix, the o with u € {x, y, z} are the standard Pauli
matrices, and the prefactors a; € R such that

W] (r)Wi(r)
det WZ' (T) =

1, (6.284)
1. (6.28D)

For compatibility to the notation used in the standard literature of the topic, we rewrite

Eq. (6.25) once more into

HMF = Z a;-ruijaj N (6.29&)
(4.9)
3 XZTj Nij
%] )
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where we utilised the symmetry relations X}Lj = xj; and 7;; = 1n;; as well as the common
notation of a sum over pairs of sites [denoted by (7,j)| in order to obtain the correct
prefactor for the matrix w;;.

Unlike the original Heisenberg Hamiltonian of our model from Eq. , this non-
interacting mean-field Hamiltonian is not invariant under local SU(2) transformations if
the amplitudes x and 7 are treated as constants (confer App. . In comparison to the
mean-field approach from Egs. , a Hubbard-Stratonovich transformation would treat
the hopping and pairing amplitudes as locally and temporally fluctuating quantities. In
this case, the matrix from Eq. would transform under Eqgs. as ui; (1) —
Wi(T) wij (T)W]T(T). This implies that the Hamiltonian in Eq. (6.29a)) would, like the
original spin Hamiltonian, not depend on the specific choice of local gauges. Therefore,
the Hubbard-Stratonovich transform is mathematically exact and also as challenging as
solving the precise interacting model from the start. Nevertheless, we proceed with the
initially quite ambiguous assumption of constant w;;. If the solutions obtained from our
simplified approach are then robust with respect to local gauge fluctuations, they are
expected to describe the effective low-energy theory of the considered system well. We will
discuss when this is the case in Sec. [6.2.21

6.2.1. Projective Symmetry Group

In the current mean-field representation, the physical properties of our system are only
characterised by the hopping and pairing amplitudes x;; and 7;;. Our effective low-energy
Hamiltonian [Eq. ] transforms under local, but now time-independent gauge trans-
formations as

Hyr — Y al W] iy Wja; . (6.30)

(4,5)

Hence, every transformation of the type u;; — W;u;; Wj that is acting on a considered
mean-field state should leave the physical state of our original quantum spin model invari-
ant after a so-called Gutzwiller projection |62} 63| onto the appropriate one-particle-per-site
subspace.

Apart from local gauge transformations, there are of course other invariances which a
projected state has to obey, namely, the system’s physical (anti)symmetries (denoted by
S), e.g., lattice translations, rotations, mirror symmetries, and time reversal. If we would
operate within the physical sector of the Hilbert space only, each of these transformations
would have to leave the matrices S(u;;) = wi; unaltered. In our case however, every real
symmetry can only be defined up to a local gauge transformation S(u;;) = Wiu,;jW;.
Therefore, one defines a projective symmetry as the composition of a physical symmetry
and its associated local gauge transformation that leaves all matrices u;; unchanged. Since
S and the set of all local gauge transformations are groups, the projective symmetries
likewise form a group. At a first glance, this seems to aggravate calculations even further,
but one can classify all possible Gutzwiller-projected states that can result from our mean-
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field treatment of a system with given symmetry operations by determining all its distinct
groups of allowed projective symmetries. A projective symmetry group (PSG) classification
is then based on two important concepts which are the invariant gauge group (IGG) and
symmetry relations.

The IGG consists of those (global) gauge transformations being associated with the
identity operation which is also a legitimate symmetry in S. Hence, the IGG is given by
a group of matrices G that fulfills I/Vz-ul-jW;r =wu;; YV i, 7 with W; € G. If one denotes a
PSG with P and its respective symmetry group (IGG) by S (G), the symmetry group can
formally be expressed as the quotient of PSG with IGG

S=P/G. (6.31)

In practice, the W; € G can depend on the site index but once one of them is fixed, the
others follow automatically from WiuijoT = u;j. Depending on the precise structure of
the u;;, the IGG can either be {—1,1} for Zs spin liquids, €% with n being a fixed
but possibly site-dependent unit vector, o = (0%, 0¥,0%)" and 0 € [0,27) for U(1) spin
liquids, or an arbitrary SU(2) matrix as defined in Eqs. for SU(2) spin liquids. Once
the IGG is fixed, one can constrain the effects that two symmetry operations S1, Sy € S
have on the u matrices if there is a sequence of them that should map all amplitudes back
onto themselves. In the PSG scheme, this sequence then has to be an element of the IGG.
Let, for instance, S7 and Sz be the mirror symmetries with respect to the coordinate axes
on the square lattice. In this case, their symmetry relation could formally be denoted by
Sy 1Sf 16,8, € G. A PSG classification is finally based on the constraints from all possible
relations within the system’s symmetry group.

6.2.2. IGG and stability of mean-field ansatz

The IGG is peculiarly important within the PSG classification. The reason for this is its
close connection to the aforementioned gauge fluctuations. Without providing rigorous
proofs, we try to summarise the general arguments for the IGG’s importance along the
lines of Ref. [126].

Our bare mean-field Hamiltonian neglects the effects of gauge fluctuations as explained
in Sec. In this way, the previously interacting Hamiltonian is decoupled and now only
consists of free spinons that can propagate throughout the considered lattice. Quite ob-
viously, such a decoupling neglects potentially attractive spinon-spinon interactions which
could confine the spinons and thereby render our theory invalid a posteriori. In terms of a
mathematically exact Hubbard-Stratonovich transformation, those interactions are a part
of the gauge fluctuations which are acquired by ton| spinons along the path of their spatial
separation. In addition to the mediated spinon interactions, also flux excitations, the so-
called visons |163| are neglected in a model without gauge fluctuations. Visons correspond

!Spinons have to be created in pairs in the physical system due to the one-particle-per-site constraint.
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in our formalism to a local excitation that sends u;; — —wu;; on some bond in the case of
Z.o spin liquids.

There are basically only two possible scenarios now, namely that a mean-field state
determined from Egs. (6.29) with a certain set of matrices wu;; is or is not stable upon
introducing the neglected gauge fluctuations. It can, however, be shown that particular
spin liquid states are stable with respect to gauge fluctuations [126] and the IGG is very
important for that purpose. A Zo spin liquid has gapped gauge fluctuations which, in
principle, can be seen by formally integrating out the spinon degrees of freedom to arrive
at an effective theory for the gauge modes [102]. The more hand-waving argument which
can also be used is that, if the gauge modes would not be gapped, they would most probably
obey a higher degree of symmetry like, e.g., Dirac cones obey Lorentz invariance. So if the
gauge fluctuations would not be gapped, and a Zs IGG would not be possible any longer
because the entire spin system would have to be in a larger symmetry group. If all gauge
modes are gapped though, the low-energy effective theory for the spinons is unaffected
by them since to some point they occur within that gap. Results being derived from the
mean-field Hamiltonian can be interpreted with some confidence in this case. A similar
statement also holds for chiral spin liquids which break time-reversal symmetry and can
therefore be protected by the now allowed Chern-Simons terms which are also able to
gap the gauge fluctuations [185]. On the other hand, stability with respect to the gauge
fluctuations seems rather to be an exception for U(1) and SU(2) spin liquids, see Ref. [126]
for a discussion.

We therefore focus on Zso and chiral spin liquids in our following investigations, but
might still detect U(1) or SU(2) states, for instance, if allowed hopping or pairing terms
vanish or are equal in size. On the other hand, a spin liquid might appear to have a U(1)
or SU(2) IGG on nearest-neighbour bonds, but a Zy structure is realised on longer-ranged
bonds due to, e.g., the presence of a finite-sized pairing term.

In general, we note that the IGG of a certain mean-field ansatz can be determined from
computing all different products of u matrices along the possible closed loops C of a chosen
lattice. The resulting so-called plaquette operators

Pc = UijUjk - - - Ugi (632)

by definition then have to commute with all elements of the IGG. If they are proportional
to 1, the IGG is SU(2). If, for instance, only one of the Pauli matrices appears, a U(1)
spin liquid is found. For arbitrary terms that only commute with the unit matrix, the IGG
is Zso. In this way, it is not difficult to realise that a bare hopping ansatz (the matrices
u;; are all diagonal) will always describe a spin liquid with U(1) or even SU(2) gauge
structure. Solely, the appearance of an additional pairing term can change this gauge
structure. Therefore, Zs spin liquids can only occur if both finite hoppings and finite
pairings exist in the mean-field ansatz.
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6.2.3. Classification scheme

As already mentioned, once the IGG is defined, one needs to constrain the effects that
two symmetry operations from S have on the hopping and pairing terms if a sequence of
these symmetries maps, up to elements of the IGG, all matrices u;; back onto themselves.
Gathering the constraints from all possible symmetry relations, one can then classify the
different possible projective symmetry operations and their according action on the wu;;.
Once these representations are known, one simply fixes the local gauge freedom by defining
one of the u;; from which all remaining hopping and pairing amplitudes can be calculated
in the respective PSG.

Unfortunately, we have to refer the interested reader to Refs. [182], [111], and |170] for
the precise details of this method. Instead, we state one of its most important results which
can already be concluded with our current knowledge. The precise pattern of hoppings
and pairings in real space is not well defined in the PSG classification scheme due to
their local gauge freedom. Therefore, some apparently very different ansétze turn out to
yield the same state after projection. However, the traces of the plaquette operators from
Eq. remain invariant under any local gauge transformation due to VV;r W; =1 and
the invariance of the trace under cyclic permutations

tr P — tr (Wi W) Wyup Wl oo Wou W) =t Pe. (6.33)

We now summarise the results of a PSG classification on the square and the kagome
lattice for Zo spin liquids on a nearest-neighbour level. For the subsequent investigation
of certain models, we also take on-site and longer-ranged terms into account. If not stated
otherwise, they are either not generated within our formalism or their influence is marginal.
We therefore do not provide a complete classification of them.

6.2.4. PSG on the square lattice

Let us consider the Hamiltonian from Eq. (6.29a]) on a square lattice with w;; # 0 only for
nearest-neighbour sites ¢ and j. In that case, the plaquette operators are solely non-zero
for an even number of u matrices. They always take the form

P(j = UjjUjk - - . UpqUgi = ( _¢¢* Z ) (634)

and their trace is hence given by
tr Po = ¢* + ¢ = 2Re[¢] , (6.35)

where ¢ is in general a non-vanishing complex number. We only consider time-reversal
symmetric spin liquids that also obey all projective lattice symmetries, i.e., the magnitudes
of all nearest-neighbour hopping amplitudes x are identical independent of the connected
lattice sites and the same statement holds for the pairings n separately. In this instance,
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Figure 6.1.: Ansétze for the four time-reversal symmetric, nearest-neighbour Zs spin liquids

on the kagome lattice: We choose a gauge in which all hopping (pairing) amplitudes x ()
are real and have the same magnitude on each bond. A black line indicates both positive x
and positive 1 on a particular bond, whereas red lines or blue dots represent a negative y
or a negative 7, respectively. The unit cell of an ansatz is circumscribed by a grey dashed
line and a label m denotes a non-vanishing flux through the respective plaquette in the
parent U(1) state (confer main text). Figure created by Johannes Reuther.

there are only two distinct Zs spin liquids, dubbed Z2Azz13 and Z2Bzz13, with the trace
of a plaquette operator Pg(m) around an elementary square loop taking the value

2(x2—n2) —8x2n%,  7Z2Az213,
trPC(D):{ O =) —8xn (6.36)

—2 (X2 — 772)2 +8x?n?, 7Z2Bzz13.

The nomenclature of these cases is taken from Ref. |182] and their real space representations
for a particular gauge can be seen in the inset of Fig. The ratio n/x is very important
since both spin liquids yield the same trace if (x,n) = (¢,0) or (0, ¢) for the Z2Bzz13 state
and if x = n = ¢/V/2 for the Z2A2213 state. In that scenario, both of these states are
gauge equivalent to the so-called SU(2) m-flux state introduced in Refs. |3} |115], i.e., they
are identical to it after some local gauge transformation. The 7-flux state only consists of
equal spinon hopping terms with an enlarged unit cell of two sites. Here, Eq. yields
the value —2¢* denoting that a spinon picks up a minus sign which is tantamount to a
phase of m upon propagating around the elementary square loop. Hence the state’s name.

On the nearest-neighbour level for Zs spin liquids, this exhausts all possibilities on the
square lattice. Since we are now familiar with the PSG concept, we can turn to the more
interesting case of the kagome lattice.

6.2.5. PSG on the kagome lattice

For the kagome lattice, there are four distinct Zs QSLs on a nearest-neighbour level which
are derived in Ref. [111]. Since there are now two distinct elementary triangle loops (up
and down triangles) and one elementary hexagonal loop, we do not display all of their
plaquette operator traces here. Instead, we provide the corresponding real space patterns
of all gauge-inequivalent hopping and pairing amplitudes in Fig. [6.1} The Zs[0, 7]a and
the Za[m, 0]A states feature an increased unit cell including six lattice sites, whereas the
Z5]0,0]B and the Zsa[m, | A states have the same three-atomic basis as the kagome lattice
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Chiral- [i ) O} Chiral- [%, ]

Figure 6.2.: Three selected chiral spin liquids on the kagome lattice: All nearest-neighbour
bonds only include hopping terms which can be real (black lines) or imaginary. In the latter
case, a red arrow from site j to site ¢ denotes a hopping term ZXZ]L]CL)“"]T with x > 0. The
hermitian conjugate of this term now acquires a minus sign and the direction matters. Asin
Fig. the labels &7 and 7 denote all non-zero fluxes that are acquired upon propagation
around the elementary loops and grey dashed lines show the respective ansatz’ unit cells.
Figure created by Johannes Reuther.

itself. The names of these different spin liquids arise from their parent U(1) states that
are obtained by setting all pairing amplitudes to zero. Then, the IGG is trivially given
by a complex exponent rather then just £1. For these U(1) hopping models, the flux of
an elementary loop is defined as the sign of the product of hopping amplitudes along that
loop. If the product is positive, the spinons do not pick up additional minus signs after a
propagation around the loop and its flux is 0. If the product is negative though as for the
m-flux state on the square lattice, a minus sign occurs which is identical to a flux of 7. The
first (second) number in the square brackets of the above nomenclature identifies the flux
through down triangles (hexagons) for the respective U(1) parent states, confer Fig. (6.1

In addition to the time-reversal symmetric spin liquids considered so far, we are also
interested in chiral states on the kagome lattice. As predicted by variational Monte Carlo
(VMC) studies, some of these chiral states are energetically very compatible to the most
promising Zy candidates [140]. They break time-reversal symmetry which, in our language,
is denoted by plaquette fluxes that are fractions of m implying the pick-up of a complex
phase upon propagation around elementary loops. In Sec. we investigate those three
chiral spin liquids that posses the lowest variational energies in VMC calculations. In
correspondence to the Zs states, they are called Chiral-[7,0], Chiral-[+7,0], and Chiral-
[5, 7] respectively and are shown together with their flux patterns in Fig. [6.2

This concludes our section about the PSG. Again, for more important details on the
precise computations, the reader is referred to the essential articles in this topic |111}
182|. We now continue by deriving a method that aims at self-consistently calculating the
low-energy effective theory in Eqs. from FRG vertex functions.
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IK2 T

Giylrlr) = (Tfa(Mfh(r)) = —Jme——=—
i T3
Fz-];-(7'/|7') = <TTfL(T)f}T(T/)> = tﬁ,
T L
Fy(rlr) = (T fa(fu(r) = —m=——
T T
1 1j
i) = (L) = —————

Figure 6.3.: Diagrammatic representation of the normal and the anomalous Green’s func-
tions G and F' in imaginary time and real space: Ingoing arrows represent annihilation
operators, whereas outgoing ones denote creation operators.

6.3. Dyson-Schwinger equations in Fock approximation

Our entire approach for this chapter is based on the self-consistent Dyson-Schwinger equa-
tion which is deduced from an approximation of the propagators to first order in the
Hamiltonian. This approximation corresponds to a self-consistent mean-field scheme in
order to determine the hopping and pairing amplitudes of Eq. . We compute the
Dyson-Schwinger equations for the normal and the anomalous Green’s functions in the so

far utilised imaginary-time and real-space formalism first.

6.3.1. Imaginary-time and real-space formalism

Let us start by reminding ourselves how to actually compute an imaginary-time ordered
Green’s function. In the interaction picture where operators evolve with respect to the
non-interacting Hamiltonian, it is given by

Gap(ni|m) = (TrA(r)B(7) )
(Tre 1410 A(m) B(m) ).
<TTe_ J8ar H(7)>
1

- §<TT6* I} dTH(T)A(Tl)B(T2)>O. (6.37)

0

The operators A and B do not need to be specified here and 2~ = 1. For our mean-field
Hamiltonian from Eq. , we expand e~ Jo AT H(T) o q foﬁ dr H(7) in numerator and
denominator separately. This first-order perturbation amounts to a Fock approximation of
the self energy. Higher-order terms are later included by replacing bare propagators with
dressed ones in the final set of equations. This will also render our scheme self-consistent
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in the end. For the partition function, we hence find

2= (1. Bie )
0

B
~ <T71>0 - /dT <TTHMF(T)>O
0

—ﬂ+2/&% (s £ () ir (1) + X ) £ 7)

+mmmmm+Mmumm+@mmmm
+%MUf<H%mumm>+%@(mg0%

3
=1-3 Z/dT Jij (XijG?j(7_7 7) 4 X G T) + i (rT) + ijjTiO(T,T)) :

(6.38)
It should be clear that FO = FT0 = 0. We keep those terms for now in order to derive

the correct Dyson equation. In the next steps, we have to proceed analogously for the
numerators of the different propagators while utilising Wick’s theorem. We begin with the
normal Green’s function.

ZGij(m1|m2) = <TT€_ & dTHMF(T)fiT(Tl)fJTT(T2)>o

8
~ <TT 1—/dTHMF(T) fiT(7—1>ijT(7—2)>0
0

B
=Gl + 15 3 [ ar a7 (st () r(0) + Xy (i 5)
0

k
+ Xkt () Frs(7) + XL () F (7) + il fun (7) fin (7)
+ i (P L)+l (7) fir(r) + Uszl]}(T)f;l(TD fiT(Tl)f;T(7'2)>0

B
3
= 7'1|7'2 IGZ/dTJkl
0

(CuGRa(rIr) + Gl I7)
k,l

O (TIT) + UklﬂEO(T’T)) (—2)Gy;(71lm2) + (G (T1|7)GRy (7]72)

0
+ XL G (1T G (7172) + il FR(r1|7) G (7I2) + i GOy (1| 7) 0 (2l 7)
-l FR ()G (7l72) + Gl (ri ) FLY (72l7))

— X B (ral ) F (1 |7) — X[y FL (7ol ) Cnh4 (6.39)
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Using that 1/(1 + z) ~ 1 — x, we see that dividing by the partition function precisely
cancels the disconnected diagrams. Hence, we find up to first order in our interaction that

8
3
Gij(rilm2) ~ GYi(m1|m2) + MZ/dT Tt | X G9 (1] 7) Gy (T172) + Xhy GO (711 T) G (7| 72)

0
+ 0 FY(r1|) G (772) + G (m|m) FLL (2 7) + nfy FS (| m) Gl (77m2)
+ GO (T EL (ol ) — X B (ol ) E(m|7) — X B (ol m) ES (71 |7)
(6.40)

Together with the previously derived symmetries for x and n [Egs. (6.21))], and the fact
that Jp; = Jji for the considered Heisenberg system, we can finally show that

Giy(milra) = GO () + / dr Jia (XL O G (717) + nly Fy(ma| )Gy (7172)

+ anikmmﬂE (r217) = X F (|7 E (2 ])) (6.41)

Concerning the matrix Green’s function, this already suffices in order to calculate the
diagonal elements. For the off-diagonals, we now continue by deriving the Dyson-Schwinger
equations for both anomalous Green’s function.

(euGl(rlr) + X Ghi(rIr)

B
3
~ FZ%(T1|7'2) + 6 /dT Jki
0

Fnly F(rI7) + i ELY(r17) ) (—2) FS (ilm2) + xua G (| 7) By (7lm)
+ X[ G ) F (7lm2) + iy FS (R Im) FS (rl72) = maGo(m |7 GOy )
+nl F: (1|7 (TI71) — mua Gy (11| 7) Gy (72 7)

+ XuGY (12l ) F (11 |7) + X[, G (el F (11, )] (6.42)

Again, our partition function cancels the disconnected diagrams and employing the usual
symmetries yields that

8
3
Fij(ni|r2) ~ Fjj(n1|m2) + /dTsz XE G () F (rlm2) + 0l FS (| m) F (7] m2)

— MG IT) G (72l7) + X P (1 |7) Gy (ralT) ) (6.43)
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For the other off-diagonal element, we find

ZFQ;» (7’2‘7'1) <Te fo A thaetr f’ <T1)f (m )>0

B
3
:F;g (11|m2) + mZ/dT‘]kl
Kl

(Xlegl(T\T) + XITch?k(T|7—)

0l R (rI7) + i FL (1)) (=2) B (o) + X F (7 1m) Gy (7 72)
+ XL R (Pl G (rlm2) — i GR () G (rIm2) + i Y (7)) FL (7] 7)
— G (r )G (7Im2) + nu F° (r|m) B (ol 7)

+ XuF (12l )G (71m1) + XL FL (7l ) G, (T|Tl)] . (6.44)

Inserting Eqgs. (6.21]) and Eq. (6.38)), the last missing equation reads

Fl(malm) = F(mlm) + Z / ar Jua (X EL2 rlr) Gy (i) =y Gu(rim) Gy (7 172)

i E () B () + xu Gl (71 L (r2l) ) (6.45)

It is straightforward to derive the last missing, however symmetry-related Green’s function

from Eq. (6.41)).

B
3
—Gji(Tngl):—G i(T2|T1) — 3 /dTsz szG (12| T)GY, (T|71)+77;11 0 (72|7) G (7]71)
kol

0
+ GOy (2| T) L (1] 7) = X3, F) (TﬂT)FtO(Tl\T))
B
—~Gh(rlm) = 5 3 [ dr DGR rIm) Gy (ralr) + nl G el r )
kil o

R F (7)) Go(malr) = X R (rm) B (7lm2) ) (6.46)

In the second line, we employed that F](ZT) ('|7) = FZ(JT) (t]7).
This finally enables us to write down all approximations for our propagators in the single
matrix equation

B
3 T
Gij(1i|m2) = Gy;(71|m2) + 3 /dr T GO (11 |7) l 11t Gli(r]m2)  (6.47a)
kil nkl — Xkl
B
= Gy;(n|m2) — /d o (T117) u Gy (7]72) (6.47b)
( 7l) 0
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6.3. Dyson-Schwinger equations in Fock approximation

where we have inserted the definition from Eq. (6.29b)) and made use of the sum notation
for pairs of sites (k,1) in the second line. The last remaining step is to plug in the original
Green’s function representation of our hopping and pairing amplitudes from Eqs. (6.22))

into Eq. (6.47al).

.3 A
Gz‘j(ﬁfﬁ) = G?j(ﬁ’ﬁ) - ,{1—%1 ;/0 dr Ju G?k(ﬁ‘T)GQZ(T‘T)G%<T‘TQ> (6.48a)

@ ey = [ Culrlr+2) Fylrlr +2) ) st
i) (Fﬁjwm ~Gyi(rir+ A (6.480)

Here, the infinitesimal imaginary time A\ has to be inserted for the correct order of spinon
operators in the equal-time Green’s functions of Eqs. . The according Dyson-Schwinger
equation can now be generated by omitting the zero superscript of the right-most propa-
gator and thereby replacing it with the dressed propagator G.

.3 B
Gij(11]m2) = GYj(71|m2) —;13%4;/0 dr Ji Gy (11| 7) Gy (7]7) Gy (7] 72) (6.49)

Diagrammatically, we represent our propagators according to Fig. [6.3] The Dyson-
Schwinger equation can be visualised for each component individually (see Fig. [6.4)).

Due to its special real-space structure, this self-consistency equation has a very important
property. The matrix ug; in Eq. transforms under local and time-independent
gauge transformations as ugp; — Wi uy VVZT. Therefore, to first order in wu, the dressed
propagator transforms as

B
Gz‘j<7'1’7'2) — G?j(Tl’TQ) — Z/dTG?k(TI‘T) Wi ugg I/VIT G?j(’r"rg)
(kvl)O

B
=W; | GYj(ri|m2) — Z/dT G (11|7) upy Gy (r|m) | W]
(k’l) 0
=W, Gij(T1|m2) VV]-T : (6.50)

In the second line, we employed that G?j x 0;; and that W; W; = 1. Considering the
self-consistency Eq. (6.49)), one can now verify that also in general

G,;j — Wz’ Gij VV;r (6.51)

must hold. To first order in u, this is shown in Eq. . To second order in u, we
have to insert the first-order result into the right-hand side of Eq. and repeat the
same calculation as in Eq. once more. In this way, Eq. can be proven via
mathematical induction. For Eq. , it implies that both left-hand and right-hand
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Figure 6.4.: Dyson equations for G and F' in imaginary time and real space: The double line
corresponds to a dressed Green’s function and a single line denotes the bare propagator.
All minus signs are correctly incorporated in the definitions of our propagators. A sum
or, respectively, an integral needs to be performed over all internal times and lattice sites.
Note that the crossed-out terms equal zero because the bare anomalous Green’s functions
vanishes.
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6.3. Dyson-Schwinger equations in Fock approximation

side transform under local and time-independent gauge transformations as demanded by
Eq. (6.51)).

W; Gij(r|m2) W)

.3 B A
= G?j(7'1|7'2) )1\13(1)4;/0 d7 Ji GO (11| 7) Wi Gy (7]7) W/ZTI/VlGlj(ﬂTg)W;

.3 p
=vme%wmww§§%4§jé A7 Jiy Wi Gy (i 7) G(|7) Gy (7]72) W]
k.l

.3 A A
= Wi | Gj(rilm) — ;1%4; /0 A1 Jiy GO (11| T) Gy (1) Gy (r]m) | W (6.52)

This form invariance of the defining equation implies that a specific choice of local gauges
is preserved within our mean-field approach. All gauge-invariant and therefore physical
quantities of a particular PSG are computed irrespective of the chosen hopping and pairing
pattern which is not uniquely defined, confer Sec. [6.2.1]

6.3.2. Transforming into Matsubara space

Due to the internal sums and the convolution integral, the different channels of our matrix
propagator in Eq. can be decoupled by means of Fourier transforms for temporally
and spatially translation invariant systems. For the models considered during this chapter,
these symmetry assumptions (mostly) hold and we discuss the necessary modifications to
our equations once they are needed.

There is no meaningful way of defining the Fourier transforms identically for all entries
of G. The reason for this is that a true constituent of a diagrammatic expansion should
conserve energy and later also momentum. Furthermore, our matrices should all obey the
same hermitian structure as their original definitions. With the definitions from Secs. [6.1.2]
and one can, however, transform the four components of Eq. separately into
Matsubara space. In so doing, one recognises that a new matrix structure can be realised
by rewriting the resulting equations in terms of Gy;(wn), —Gji(—wn), Fij(wy), and FZT] (wn)-
A rather elaborate but otherwise elementary calculation then shows that

_ [ Gijlwn)  Fij(wn)
Gijlwn) = ( Ffi(wn) —Gji(—wn) )

.3
= Gijlwon) = lim 2 > > Gl (wn) Gly(wm) G (@), (6.53)
k,l wm
where we defined
le (wm)ei“’m)‘ Fkl (wm)ei""m)‘

Gy (wm) = < ) = A Gy (W) - (6.54)

F,Il (wWm)e @mA  —Gry(—wp, e mA

An analogous transformation has now to be performed for the real-space coordinates.
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Tk Tk Tk -k
Grlwn) = =3 Fr(wn) = 3= —
Wn, Wn Wn —Wn
i -k Tk 1—k I—k
Fly(wn) = —=C— 23— —G_g(~wn) = ——=—
—Wn Wn —Wn —Wn

Figure 6.5.: Normal and anomalous Green’s functions in Matsubara and momentum space:
The diagrammatic representation corresponds to the one in Fig. Please note, however,
the different indices that are involved for the two spinon operators of each propagator.

6.3.3. Fourier transform of real space

Let us, at the moment, consider a spin system on a two-dimensional Bravais lattice and
extend the derived theory later in Sec. for lattices with poly-atomic unit cells. In
a translational invariant Bravais lattice, all entities can only depend on coordinate differ-
ences. In analogy to the Matsubara transform, we define

a(ri) = VZ e T falk). Flro) VZe”“’sz (6.55a)
falk) =) e falr), k) =" e7*riflr) . (6.55b)

The according diagrammatic building blocks in Matsubara and momentum space are shown
in Fig. With them, we find for the Green’s functions

G(k|k') = Z ei(kri—k’m)G(mTj) - Z ei(k("’i—""j)_(k’—k)"“j)G(ri —7;]0)

ro rir
= VG(K) Sk » (6.56a)
Flk|k') = Z e—i(kri+k'1'j)FT(,’,,i|rj) _ Z e~ i(k(ri=r )+ (K +k)r) pt (., —r;]0)
ror rors
=VE (k) s, (6.56b)
F(k'|k) = Z 6i(k1‘i+k:’r]-)F(,,,i|rj) _ Z i ri=ry)+ (K +R)T) (e, r5]0)
Sy P
=VF (k) 1, (6.56¢)

where we explicitly kept the spatial coordinates as an argument and not as an index for
clarity. The interaction J;; transforms like G;;. In complete analogy to the Matsubara
transform from before, Eq. (6.53) can be rewritten as

. Gk(wn) Fk(wn)
) = ( Flyen) —Go(sn) )

= G (wn) — lim ﬂVZZJk q G (wn) Gy (win) G (w) - (6.57)

q WwWm
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4
—k 1 i—q —q N -k —k

—Wn —Wn  —Wm Wm  Wn —Wn —Wn —Wn  —Wn —Wm  —Wn —Wn

Figure 6.6.: Dyson equations for G and F' in Matsubara and momentum space: The dia-
grammatic conventions are identical to those in Fig.[6.4] Again, the crossed-out diagrams
vanish due to F(1) = 0.

123



6. Characterisation of quantum spin liquids and their spinon band structure via
functional renormalisation

One should be aware at this point that, due to Fp(w,) = Flio(wn) = 0, the bare matrix
Green’s function is given by

G (wp) = —,i]l. (6.58)

Wy,

Using this last piece of information, we are able to derive our final self-consistent mean-field
equation

Gr(wn) = — (iwn 1 +5%) ", (6.59)
S . 3 N
2=~ 0 1y 2(,: wz Jk—qGg(wm) , (6.59b)
Gé(wm) = elmAo” Gq(wm) - (6.59c¢)

We note for the last time that the equations presented here can be rewritten for an alter-
native definition of the fermionic single-particle propagators by sending G — —@G, confer
Sec. 2.1.2] A diagrammatic representation of all four equations can be seen in Fig.
Half of the diagrams do not contribute due to the vanishing bare anomalous Green’s func-
tions. The occurring Matsubara sum for the matrix self energy ¥, can be evaluate for bare
Heisenberg couplings using the residue theorem. Later on in Sec. for the renormalised
vertices, we have to perform a continuous integral for T — 0 as we do it anyway for the
momentum space limit V=1 — 0.

6.3.4. Extensions for non-Bravais lattices or translation invariance breaking
amplitudes

So far, we assumed that our Heisenberg Hamiltonian from Eq. sums over Bravais-
lattice sites and that the mean-field ansatz from the considered PSG does not break any
translation invariance of this model. Even if the assumption that all considered entities only
depend on coordinate differences is broken by the fact that we are no longer dealing with a
Bravais lattice or by the fact that our hopping and pairing amplitudes are not necessarily
translation invariant |111} [182]|, we can solve the resulting self-consistency equation by
employing an extended matrix structure. There are no changes in our previous Dyson
equation for real and Matsubara space [see Eq. ] The only remaining challenge is
the Fourier transform into k space which is a bit more cumbersome due to the (presumably)
lost symmetry. However, Egs. can be formally restored by defining a more complex
matrix structure for our Green’s function which also incorporates a sublattice index.

Conceptually, we assume that our system can be understood as a problem on a Bravais
lattice by introducing the distinct sublattices A, B, C, ... (for the kagome lattice, please
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also confer Sec. and App. @[) We rewrite our matrix Green’s function as

Gaalily) Gas(ilj) - Faalils)  Fas(ilj)
Gpalilj) Gss(ilj) ---  Fpalils)  Fps(ilj)

GO = | i al) Pl - —GaaGl) —Goalli) - | 60
FiaGl))  Flglli) -+ —Gag(jli) —Gps(jli)

and the matrix self energy

Xoaalild) XhsGli) - maalily)  nas(ily)
Xba(ili) xhs(ls) - nsali)  nss(l))

BAD =t ) wle@l) o —xanly) —xas@ly) - |0 6
mealild)  mslli) - —xsalili)  —xssl)

where the indices ¢ and j each now only label a unit cell of the system. One has to
pay attention at this point to the exchanged sublattice indices in the lower-right sector
of G(i|j). Green’s function and self energy are again translation invariant, meaning that
they only depend on the coordinate differences between the unit cells labeled by ¢ and j.
Using these definitions, one derives completely identical equations as compared to Eqgs.
. Only the matrix structure of self energy and Green’s function has changed from
2 X 2 to 2n x 2n if n is the number of atoms within one unit cell. This has the effect that
the necessary matrix inversion increases our numerical effort by a factor of ~ n3. On the
other hand, the Brillouin zone is diminished in its size by a factor of n which also reduces
the number of discrete k-space points for the momentum integral in the self-consistency
equation yielding a total increase of computational time by a factor of ~ n?.

All statements from this section are also valid if the FRG vertex functions are incor-
porated into our theory, see Sec. In the next section, we describe how to solve the
self-consistency equations analytically for spin systems on a Bravais lattice without renor-
malisation effects.

6.3.5. Mean-field solution for bare interaction

We now present the analytical solution for a minimal example of Fgs. , meaning that
we consider a spin—% Heisenberg Bravais-lattice model with translation invariant pairing
and hopping amplitudes. This has the effect that our equations keep their 2 x 2 matrix
structure and can therefore still be inverted in a decently visualisable way. Furthermore, we
suppose that the hoppings and pairings are instantaneous in imaginary time, i.e., x;j, 7;;
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d(r — 7'). This renders the self energy, which is the key quantity of our investigation,
constant in Matsubara space and we rely on that assumption for the rest of this chapter.
The set of equations from above is self-consistent in the self energy. It can be computed
via
ST TWmAT? 1
Sk = lim 74BV D) Jkqe (iwml + Sq)~ (6.62)

q Wm

and carries the units of J. We therefore replace the propagator’s hopping and pairing
amplitudes as J;jx;; — Xi; and Ji;n;; — 1;;. Then we can rewrite the self energy in terms
of the different mean-field ansétze which are provided by X.-G. Wen [182] via

| o T .
iij _ Jz]X?j Jijnij . X%j Thij ) (6.63)
Jigni;  —JijXij Mij  —Xij
Substituting this into Eq. (6.62)), inverting the matrix structure and taking the limit
T3 = f 27r)2, we find that

q
X;rc Nk — lim / q Z J ezwm)\cr 1w + le Nq -
k— .
e Xk A—0 167T25 £ Ny iwm—X—g
1
= lim —— / dq Ji_
2 q7
A—0 167r ﬂB.z. %1: (zwm)2 _ XI1X—q _ 77T_q77q
x eiwmAo® [ 1m _TX_q . e i ] (6.64)
_n—q Wm + Xq

where we already used that XL = x_g holds due to XL = Xji and, in the same way, also

n(T) = 77( ). The denominator in this equation has iw,, poles at +A44 = j:\/qu qt nT qla

and we are thus able to rewrite the Matsubara sum according to

; 3 Flim) = Y- Res [FGI*()] | (6.652)
fE(z) = ieiﬁjH . (6.65b)

Here, Res [g(z)] denotes the residue of the complex function g(z) at its pole z, and
2=2zn

21,9 = Aq, —Aq in our case. For the evaluation of the residue, the function f*(z) (f~(2))
has to be used when the ¢* term yields +1 (—1) in the exponent of Eq. (6.64). The only
remaining step is to rewrite the denominator from above as

1 1 ( 1 B 1 > (6.66)
(iwm)? — (Aq)®  24q \(iwm — Aq)  (iwm + Ag) ) '

126



6.4. Including renormalised vertex functions from FRG

Combining all this, we are able to write down a formal expression for our self energy,

i.e.,

Xe e\ _3 / dg Ji—q | [ fH(Ag) O Aq—X-q g
n. —x-x | 8. (@m)?F A 0 f(Ag) e Ag+xg

B.Z.
I fH(=Aq) 0 Ag + X—q Mg
0 f7(=Aq) niq Ag — X:rz ’

(6.67)

where we already performed the limit A — 0. Technically, one should be careful about
the fact that, if 7 = 0, the pole structure is slightly different. It turns out, however, that
the terms which should vanish due to this circumstance also vanish in the final result in
Eq. . Because of the Fermi function, the k-space integral depends not only on the
chosen PSG but also on temperature. It should be evaluated numerically and features
all necessary momentum-space and gauge symmetries. The results for different mean-field
ansatze on the square lattice are provided in Sec. 6.5

6.4. Including renormalised vertex functions from FRG

The previous pure mean-field description is known for more than three decades and has
been applied to several related systems in the past |3} |12} |104) |176| 181} |182], even though
it is usually not formulated in a diagrammatic way like presented above. As we explained
in Sec. this approach neglects the important effects of gauge fluctuations which are
responsible for spinon-spinon interactions as well as vison excitations. We will now incorpo-
rate these effects implicitly by inserting the renormalised Green’s and vertex functions from
a PFFRG analysis into the self-consistency equations. In this way, we go beyond mean-
field theory because consider additional Feynman diagrams as summarised in Sec.

In the current equations, we can replace the former coupling constant J;;/4 with its FRG
A

analogue I'; i This is, however, a frequency-dependent entity and we need to select the
correct modes for our calculations which is one of the reasons for the extensive previous
considerations. Additionally, in the FRG scheme, there is an effective density-density in-
teraction I‘é\ij appearing during the flow (confer Sec. for which we do not yet know
how it contributes to the self-consistency equations. To that end, we consider the Feynman

diagrams for the self energy once more, see Fig.

6.4.1. Mean-field decoupled density-density interaction

Using the Abrikosov fermions from before, we should rewrite a spin-density operator as

1 t 1 ;
ni = Zﬁj fiobapfis = 5 Z fiofia- (6.68)
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It yields the same absolute value as an S, operator but with a positive sign regardless of
the spin’s orientation for any physical state. A (fictitious) density-density Hamiltonian can

then be represented by

i’j

- Z Z l)gij szainéf]J‘rﬁfjﬁ : (6.69)

i, o,p

D.A
Hd = ZDZ-jnmj = Z %nmj
(4,9)

How such a term decouples in a mean-field treatment is already known from Sec.
We proceed by contracting all four possible non-local amplitudes of this Hamiltonian.

=Y

hJ B

1 1 1 1
<2Xijfiaf;’r55aﬁ + §infjﬁf;a5aﬁ + 5?7Lfmfjﬁ€5a + 2?7@,}%,}%60(5)

D;;
:ZZ 3
i,j «

1 1 1 1
§Xz‘jfiaf}a + §X;rjfjafga +) eap [277@]'Ljfi6fja + 277ijf§af;5:|
B

1
= Z Z _TGDU Xijf}afia + X;‘[jf;fafja - Z €af [njjfiﬁfja + nijf;faf;‘fﬁ}
ij o B

1 ;
= >~ 15 Pu (et + Xyl + it w4 X8
Z’J
—ﬁjjfjifn - Uijf;rTfL - n;rjfufﬁ - Uijf%fil) (6.70)

In the second and in the last step, we used that D;; = Dj;. Rewriting this in the known
matrix form [cf. Eq. (6.25)], we find that

T
1 T .. ;.
H&F:_EZDU [d( XZJT ij )aj+a;r-< XZJT 773(] )ai
i,

—Mij  —Xij T T X

(6.71)

This Hamiltonian is hermitian. In comparison to the one presented in Eq. , an
additional minus sign appears in its off-diagonal elements. Soon, we will see that this
is in fact not a mistake but a rather important result. It actually enables us to include
the density vertex from PFFRG into our self-consistency equations without losing the
necessary property that these equations preserve a specific choice of gauge as discussed in
the end of Sec. [6.3.11

6.4.2. Incorporating the FRG vertices

We now want to insert the renormalised Green’s function as well as the spin and density
vertex resulting from a PFFRG analysis of our Heisenberg system (confer Sec. 4.2.2)) into
Egs. (6.59). Therefor, we replace the bare propagator Gy by its regularised version Gé\
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Figure 6.7.: Replacement scheme for the Fock self-energy diagram to obtain correct fre-
quency structure of the FRG renormalised vertex functions: The first frequency argument
s of T'M is the out-going frequency on the left side plus the out-going one on the right.
Out-going on the left minus in-going on the left frequency equals the second argument ¢.
The third frequency w is the out-going frequency on the left minus the in-going one on the
right side. A white box corresponds to the spin-spin interaction channel, whereas a grey
box complies with the density-density interaction.

from Eq. , add the pseudo-fermion lifetime *yé\ from Eq. to the self energy,
and substitute the bare Heisenberg interaction in the self-consistency equations with the
frequency-dependent vertices FQ and Fé\. The FRG formalism implies that we are now
investigating the 7" — 0 limit and that our equations have to be formulated in terms of
the RG scale A which can be seen as an effective temperature.

Let us start by considering the replacement scheme for the Heisenberg interaction. As
seen in the previous section, we not only have to replace %Jij by 3I‘é\ij, but we must also add
an additional density term il“gij. The + (—) sign has to be used for the (off-)diagonal
elements of the self energy. In order to identify the correct real-space and frequency
structures of the renormalised vertex functions, it is now sufficient to read off the respective
entries from the propagators being connected to the Fock-like self-energy diagrams (see Fig.
6.7). This is only possible due to the preliminary work in this chapter. In Fig. one
immediately realises that spin and momentum-space are unaffected by this procedure. On
the other hand, summarising the diagrammatically achieved frequency structures, we spot
seemingly different contributions to the four self-energy components. These components
can, however, be rewritten for a Heisenberg system using the symmetries for the transfer
frequencies s, t, and u from Egs. . In real space, these symmetries include exchanges
of the two real-space coordinates ¢ <+ j which, in momentum space, corresponds to the
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inversion k < —k. Nevertheless, for the Bravais lattices considered exclusively so far,
the entire system has to be symmetric with respect to this transformation and therefore
Fs/ k= Fé\/ d_k- We are thus able to rewrite the vertex contributions from the replacement
scheme in Fig. as follows.

Fbk q(Wm + Wn, W — Wy, 0) = Fé\k_q(wm + Wn, Wy — wp, 0) (6.72a)

A q(0s Wi — Wn, Wi+ wp) = Fé\qu(wm + Wr,, W, — Wy, 0) (6.72b)

Fsk q(0, W — Wn, =W — wn) = Fé\k_q(wm + Wp, Wi — wp, 0) (6.72¢)
A, q(—Wm — Wy, W — wp, 0) = Fé\k_q(wm + Wr,, Wy, — Wy, 0) (6.72d)
T35 q(Wim + W, wim = Wn, 0) = Tidg g (Wi + wWny Wi — Wi, 0) (6.73a)
—Th, q(0; Wi — Wn, Wi + wy) = I‘gqu(w + Wp, Wi — Wy, 0) (6.73b)
—de_q(O,wm — Wpy, —Wy — Wy) = I’é‘k_q(wm + Wn, Wy — wp, 0) (6.73c)
Fé\k,q(—wm — Wry Wiy, — W, 0) = I‘ﬁ}k,q( + W, Wiy, — Wn, 0) (6.73d)

Now, we can see how important the minus signs in the off-diagonal elements from Eq.
are. They precisely cancel the signs that appear because of the density vertices’ antisym-
metry with respect to the frequency exchange s <> u, see Eq. . Therefore, we do not
obtain an extra matrix structure from including the renormalised vertices and can simply

replace
3
TIha — 3T _ g (Wi + W, Wi — wn, 0) + T4 o (Wi + W, Wiy — Wi, 0) (6.74)

in Egs. .

To also account for the finite lifetime Pyé\ of our pseudo fermions from Sec. , we
have to add it to the self energy contributions for the normal Green’s functions. This
finally enables us to provide a set of self-consistent equations for the self-energy which
incorporates all considered FRG vertices, i.e.,

. = -1
() == ] =) (sl + )+ Baon) (6.750)
S wy) = — v zq:wz: 3rd, q(Wm + wn, W — wn, 0)
+ T4 q(Wm + Wy Wi — W, 0))Gg(wm) . (6.75b)

Our last step for solving the above equation is to require again that all hoppings and
pairings are instantaneous in imaginary time which results in a self energy being constant in
Matsubara space (4 (w,) = £2). Employing this assumption, we can rearrange Eqs. (6.75)
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Figure 6.8.: Dependence of (a) critical temperature and (b) maximal amplitude for isotropic
nearest (second-nearest) neighbour hopping on J; (J2): On the square lattice, the results
for an isotropic nearest-neighbour hopping and second-neighbour hopping model are identi-
cal if considered as functions of J; and Jo, respectively. The temperature at which the first
non-vanishing amplitude is found T as well as the amplitude in the zero-temperature
limit €779 depend linearly on the coupling strength, see Eqs. .

as
GR(v) = =0(lv| = A) (i(v + 45 ()1 +5) (6.76a)
o = —8% / dv / dg (3T2_q(v,,0) + THp_q(v,1,0)) GH (), (6.76b)
—00 B.Z.

where we already performed the T — 0, (25” DD dl/) and the V — oo,

<4";2 Zq = |5z dq) limits in accordance to the FRG formalism.
The most general definitions from Egs. and (6.61]) together with Eqgs. (6.59) or

(6.76) now define our new functional-renormalisation and projective-symmetry-group Fock-
like self-consistency scheme. In principle, we only need to plug in the appropriate mean-field
ansétze, investigate and interpret the obtained results. This will be performed in the next

sections.

6.5. Ji-Jo> Heisenberg model on the square lattice

We now turn to the results for the J;-Jo Heisenberg model on the square lattice. In order to
get an intuition for the mathematical details of our method and to verify its applicability,
we first investigate the system with bare couplings in which case our results should agree
with the mean-field treatment from Ref. [182]. As explained for this scenario in Sec. [6.3.5)
we need to solve Eq. for a given mean-field ansatz with a numerical evaluation of
the occurring k-space integral.
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Before we discuss the results for those Zo spin liquids, let us acquire some fundamental
understanding by examining the model for real isotropic hopping amplitudes on either
nearest or second-neighbour bonds. If treated separately, they are gauge equivalent to
isotropic pairings and we hence only consider the gauge-invariant quantity

&ij =/ i * =+ |mig? (6.77)

as a measure of the combined hopping and pairing strength on a considered bond type in
the following.

6.5.1. Results for isotropic hoppings or pairings

The two simplest mean-field ansétze on a square lattice are a real and isotropic hopping
u;; = Xij0° on all nearest or all second-nearest neighbour bonds. The according functions
that have to be plugged into Eq. (6.67)) for those ansétze are

(Xlk, 771k) = (251 (cos(ky) + cos(ky)) ,0) , (6.78a)
(XQk,T]Qk) = (4{2 cos(ky) cos(ky), 0) , (6.78b)
where we set the lattice constant ¢ = 1. After solving the self-consistency equations

for those ansitze, we determine how the critical temperature T at which a non-zero
amplitude occurs first and the maximal amplitude in the 7' — 0 limit £€77° depend on the
coupling strengths J; and J3. An immediate observation is that the plots for £ and & are
identical if treated as a function of J; and Jo, respectively. The opposite coupling does not
affect these quantities on the other hand, see Fig.[6.8 Such results are not surprising if one
considers that the self-energy %;; o< J;; [cf. Eqgs. ] and that a bare second-neighbour
model decouples into two identical nearest-neighbour square lattice models. We fit the
plots from above with linear functions and find for isotropic hoppings on the square lattice

Terit = 0.1875 (6.79a)
170 =0.1520 7, (6.79D)

independent of the specific bond type. Note again that A =1 and kg = 1.

The ansétze from above both have a SU(2) gauge structure because they are bare hop-
ping models and all constructible plaquette operators contain even numbers of u matrices,
confer Eq. and the discussion in Sec. This is why they are unlikely to be stable
upon introducing gauge fluctuations. However, these simple first observations can guide us
throughout the following sections. In whichever considered model, we start with the spin
system at a finite temperature above all existing Teix and ask ourselves what happens to it
if we cool it down. At the largest Ti.it, the system develops a finite corresponding hopping
or pairing amplitude and thereby lower its own energy. In the typical mean-field procedure,
this amplitude then only increases if one further lowers the temperature. Any additional

132



6.5. Ji-Jo Heisenberg model on the square lattice
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Figure 6.9.: Results for nearest-neighbour Zs spin liquids on the square lattice from bare
mean-field approach [Egs. ]: The coupling ratio Jo/J; = 0.55 ensures maximal frus-
tration and we plot the overall amplitude &;; from Eq. for the Z2Azz13 and the
72Bzz13 state [182|. Additionally, we plot the time-reversal-breaking second-neighbour
pairing that is found for the Z2A 2213 state (see Sec. [6.5.3). The inset shows ansétze for
both spin liquids in a certain gauge. Here, black lines denote both positive x and 7, whereas
red lines (blue) dots illustrate negative hoppings (pairings). Figure created by Johannes
Reuther.

amplitudes are then generated on top of the first one and we present an according hierarchy
of critical temperatures if necessary. The system’s PSG and band structure can then be
extracted from the corresponding x;; and 7;; in the 7' — 0 limit. In addition, we are only
interested in phases without the occurrence of magnetic order because the concept of de-
confined spinons is not suitable otherwise. For the spin—% Heisenberg square-lattice model,
a paramagnetic phase exists around Jo/J; =~ 0.5 implying that the amplitude occurring
at the highest temperature is of nearest-neighbour type. A similar statement is true for
the kagome lattice at Jo/J1 ~ 0. Hence, we always initiate our analysis by discussing the
different scenarios for nearest-neighbour Zs spin liquids.

6.5.2. Nearest-neighbour amplitudes

Let us proceed with nearest-neighbour hopping and pairing amplitudes on the square
lattice that follow from a bare mean-field treatment [Egs. (6.59)]. The objective now
is to determine which of the gauge-inequivalent Zo ansétze is preferably realised by the
system. The two possible Zs states found by Ref. [182] are characterised in Sec.
and shown in the inset of Fig. [6.9] Here, the Z2Az213 state features a real and isotropic
(s-wave) hopping and real d-wave pairing on nearest-neighbour bonds. For the Z2Bzz13
state on the other hand, translation invariance is broken in terms of one lattice (not the
projective) symmetry and we have to extend the unit cell as described in Sec. m Their
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momentum-space representations are given by

(XAIm TIAk) = (2XA (cos(ky) + cos(ky)) , 2na (cos(kz) — cos(ky)) ) (6.80)

for the Z2A 2213 state, and by

(XB k- k) = (2xB (cos(ky) — cos(ky)) , 2np (cos(k) + cos(ky)) ) (6.81a)
(ng, ngk) = (2XB (cos(ky) + cos(ky)) , 2nB (cos(k,) — cos(ky)) ) (6.81b)

for the Z2Bzz13 state where the square lattice is now split into two sublattices A and B
due to the staggered nature of this mean-field ansatz.

Our results for the maximally frustrated regime at Jo/J; = 0.55 are shown in Fig.
where we again plot the overall amplitude £ as defined in Eq. for the nearest-
neighbour bonds as a function of temperature T. We find that for both states non-vanishing
amplitudes solve Egs. if T < 0.1875J; as it is the case for an isotropic hopping
ansatz. Quite remarkably, this result is independent of the considered state and therefore
the critical temperature Tyt is not sufficient in order to characterise the preferred state of
the system. Also, hopping and pairing amplitudes are equal in size x = 1 = £/v/2 for both
cases. Fortunately though, this is where the similarities between the Z2Azz13 and the
72Bzz13 state end. For temperatures below Ty, the Z2A2213 state (€779 ~ 0.18 J;) is
clearly dominant and develops a significantly higher amplitude & compared to the Z2Bzz13
state (€770 ~ 0.15.J7) as can be seen in Fig. .

Therefore, we conclude that on a bare mean-field level the system prefers the formation
of an effective low-energy theory with spinon hopping and pairing terms characterised by
Eq. where xa = na. However, since nearest-neighbour hopping and pairing are equal
in size, the Z2Azz13 is in fact gauge equivalent to the aforementioned SU(2) m-flux state
which is labeled SU2Bn0 in Ref. [182] (also confer Sec. [6.2.4). A similar statement holds
for the Z2Bzz13 state and the isotropic hopping model from Eq. . As discussed
in the previous section, these results do not depend on the value of the second-neighbour
Heisenberg coupling Jo. Even though we identify a possibly unstable SU(2) spin liquid in
this simple nearest-neighbour model, it has been argued that the predicted m-flux state can
withstand gauge fluctuations, at least in the large-N limit for SU(N) spins [75|. Hence,
we continue by analysing all possible second-neighbour hopping and pairing terms that can
coexist with the Z2Azz13 state in a PSG classification.

6.5.3. Including second-neighbour amplitudes

As previously seen, finite next-nearest-neighbour mean-field amplitudes occur at temper-
atures 7' < 0.19 Js if treated solitarily. Again, the critical temperature and the maximal
amplitude in the T — 0 limit €770 ~ 0.15.J, are independent of the real space patterns
for non-staggered ansétze, i.e., those that do not break the translation invariance of the
lattice. There are only two possible second-neighbour terms that are allowed by the PSG
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square Jo/J; = 0.55

Figure 6.10.: Band structure of the chiral spin liquid [Eq. ] found for J/J; = 0.55 in
the T' — 0 limit: There are two spinon bands, one below and one above zero energy. These
bands are completely gapped due to the finite second-neighbour pairing. The respective
mean-field amplitudes correspond to those in Fig.

of the state Z2Azz13. For our nearest-neighbour ansatz from Eq. (6.80)), they are either
given by real s-wave or by p-wave hoppings

(XAsk:TMAk) = (Xak + 4x2 cos(ky) cos(ky), nak) (6.82a)
(XApk>MAk) = (Xak + 4x2sin(k,) sin(ky), nak) - (6.82b)

At Jo/J; = 0.55 however, both of them are not induced within the mean-field formalism
down to zero temperature in the presence of nearest-neighbour amplitudes with higher
Terit- This difference to the results from Sec. shows that they must be suppressed by
the existence of the shorter-ranged amplitudes.

In fact only because xa = 1na = £a/V/2, the sole PSG-allowed second-neighbour ampli-
tude that we can find to coexist with the state from Eq. is an imaginary p-wave
pairing, yielding a total state of

(XA ks TMAck) = (XA ks WAk + 41 sin(k;) sin(ky)) - (6.83)

This ansatz breaks time-reversal invariance and therefore represents a chiral spin liquid.
We show the corresponding amplitudes for Jy/J; = 0.55 in Fig and the corresponding
zero-temperature band structure in Fig. In contrast to the band structure of the
m-flux state [see Fig. |6.12(a)|, all spinons of the chiral spin liquid are gapped due to the
finite second-neighbour pairing term. Unlike ya and 7a, the magnitude of 7. strongly
depends on Jo. It vanishes if Jo < 0.45J; and then only increases within the regime that
is believed by most theories to house a paramagnetic phase, e.g., 0.4 < Jy/J1 < 0.65

114} [147, [160}, [161).
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Figure 6.11.: Overall amplitudes &; = /|xi;[? + ;] from FRG [see Egs. (6.76)] for Zs

spin liquids on the square lattice with J3/J; = 0.55: The system favours the Z2A 2213 state
in comparison to the Z2Bzz13 state which is expressed by a larger £ during the A flow.
How the maximal amplitudes £ in the A — 0 limit change as a function of the coupling
ratio Jo/J; is presented in the inset (confer main text for interpretations). Figure created
by Johannes Reuther.

The gapped chiral spin liquid is the same state that is found by Xiao-Gang Wen for
coupling ratios Jo/J; =~ 0.5... 1.0 whereas for lower values the gapless m-flux state is
supposedly realised [182]. This exactlyﬂ coincides with our findings and we can therefore
apply our method with some confidence since it yields identical results as a plain mean-field
analysis if bare Heisenberg couplings are used. We continue with the incorporation of the
renormalised vertex functions in the next section.

6.5.4. Results from FRG vertices

So far, we treated our square lattice Heisenberg spin system on the basis of instantaneous
interactions and bare propagators. This technique has shown to agree with the results of
Xiao-Gang Wen who compares the mean-field energies of the respective states but makes
no statement about the magnitudes of hoppings and pairings which we determine self-
consistently. As shown in Sec. we are also capable of incorporating the frequency-
renormalised vertex functions (including a density-density vertex) and pseudo-fermion life-
time from a FRG formalism into our theory. This effectively adds more diagrams to the
self-consistency scheme the lower the cutoff value A is set. We already saw in Chap. [ that
those diagrams are required for finding magnetically disordered phases at zero temperature
and hence should be accounted for in an effective low-energy theory for QSLs. Since most
of these contributions were neglected in the previous section, they now account for the

2Ref. [182] does not provide tabulated values of the phase boundaries and the ones given here were
extracted from a plotted phase diagram.
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missing gauge fluctuations up to some point and the effects of spinon-spinon interactions
and vison excitations are implicitly incorporated in our study. Due to the frequency cutoff,
A takes in addition the role of an effective temperature and we therefore now look for those
amplitudes first that are induced at the highest A values. Despite this, the results for the
physical system should be derived from the cutoff-free theory in the A — 0 limit.

We perform pseudo-fermion FRG calculations on the Ji-Jo Heisenberg square lattice
model using clusters of 441 lattice sites and 120 points for the discretisation of the Mat-
subara frequencies. In comparison to the Dzyaloshinsky-Moriya Heisenberg model from
Chap. [ or the 3D material from Chap. [5 this model is numerically far less challenging
and a higher precision in spatial and frequency resolution can thus be achieved. Using the
obtained, frequency-dependent vertex functions, we are able to solve Eq. by means
of a numerical momentum and Matsubara space integration.

In a regime around Jo/J; = 0.55, the first important result is that only nearest-neighbour
amplitudes can exist by themselves. This is in strong contrast to the results obtained with
bare couplings (see Sec. and indicates that one effect of the FRG procedure is a
reduction of the effective second-neighbour interaction strength. From Sec. [6.5.3 we know
that the induced nearest-neighbour amplitudes suppress the possibility for existence of
second-neighbour hoppings and pairings even further. Hence, there is no evidence for
second-neighbour terms in a FRG analysis of the relevant coupling range.

Comparing the two different Zs spin liquids from Egs. (6.80]) and (6.81]), we observe once

more a self-consistent solution with equal-sized hopping and pairing for both states. This
is a fundamental property of our approach which cannot distinguish between two states
that have identical flux patterns and are therefore gauge-equivalent. If treated solitarily,
the hopping and the pairing patterns from each of the states Z2Az2z13 or Z2Bzz13 have the
same PSG and therefore must yield identical results. If considered together, the method
still does not discriminate them and returns identical magnitudes as a consequence. In
Fig. we show the according self-consistent solutions for the overall amplitudes ¢ [see
Eq. ] as a function of A for Jy/J; = 0.55. Comparing the A dependence to the
one on temperature in Fig. [6.9) we see that the curves appear qualitatively similar if
A 2 0.06 J; and T 2 0.1 J;. Only for smaller A, we observe a pronounced increase of both
overall amplitudes obtained from the renormalised vertices. This increase is not present
at low temperatures in the mean-field treatment. Again, the Z2Az213 state is found to
be dominant due to its larger amplitude in the entire investigated parameter range. We
show how the maximal amplitudes in the limit A — 0 of both considered states depend
on Jy/Jp in the inset of Fig. In addition to the system’s preference of the Z2Azz13
state, one verifies that both states remain stable throughout the paramagnetic regime, i.e.,
04 < Jo/J; < 0.6. Outside this range, the maximal amplitudes start to become more
and more suppressed until they vanish if Jo/J; < 0.2 or if Jy/J; > 0.7 which shows that
their existence has to be directly connected to the presence of strong quantum fluctuations
within our approach.

Due to the absence of the time-reversal symmetry breaking second neighbour pairing
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square Jo/J; = 0.55

Figure 6.12.: Band structures from self-consistent Fock equations with FRG vertices in the
limit A — 0 for (a) Ji-J2 Heisenberg model on the square lattice with Jo/J; = 0.55 and
(b) nearest-neighbour Heisenberg model on the kagome lattice: We show the states dubbed
Z2Azz13 for the square lattice and Zs[0, 7]« for the kagome lattice which are preferred by
our analysis. Both spectra are by definition particle-hole symmetric. In (b), we only show
the six bands with negative energies to avoid confusion. Here, the first Brillouin zone (of
an ansatz with a six-atomic unit cell) is indicated by a grey area on top of which black

rings mark two small circular Fermi surfaces. Figure created by Johannes Reuther.

from Sec. [6.5.3] we conclude that the prediction of a chiral spin liquid is an artefact of
the previous bare mean-field study. The FRG method yields the familiar SU(2) w-flux
state with four Dirac cones in the spinon dispersion at the wave vectors k = (£7/2, £7/2)
indicating that the opening of a gap is suppressed by gauge fluctuations, see Fig. [6.12(a)
for the corresponding band structure. A comparison to variational Monte Carlo studies
shows a very good agreement on the nearest-neighbour level where the Z2A 2213 state also
yields the best variational energies. On the other hand, for longer-ranged terms differences
arise and VMC does predict an additional d-wave pairing term on fifth-neighbour bonds
where our FRG procedure does not 7 . In a very recent spin cluster perturbation
and VMC study by Yu et al., this result is confirmed in terms of the additional pairings.
The paper however also indicates that nearest-neighbour hoppings and pairings differ in
magnitude . Despite these facts, all approaches so far verified the existence and the
aforementioned positions of four Dirac cones in the frustrated Ji-Jo Heisenberg model on
the square lattice.
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6.6. Nearest-neighbour Heisenberg model on the kagome
lattice

Let us conclude this chapter by applying the newly developed FRG plus Fock mean-field
method on the currently intensively discussed nearest-neighbour Heisenberg antiferromag-
net on the kagome lattice which for spin—% particles lies in a magnetically disordered phase,
confer Fig. (a). While the existence of a paramagnetic phase is widely agreed on for
more than three decades [107) [153] [173|, the precise nature of its emergent spinon ex-
citations as well as their associated gauge structure is a topic of ongoing debates until
today. For instance, first DMRG studies predicted a gapped Zso spin liquid |44, |94, (190,
but rather recently the same method identified a gapless U(1) Dirac spin liquid to be the
realised state [71]. Similarly, tensor network studies do not yield conclusive results [110,
118|. From a third perspective, VMC simulations seem to agree that indeed the U(1) Dirac
spin liquid is realised [83] 85, |86}, [140]. However, a strong energetic competition with the
gapped Zg spin liquid from DMRG is confirmed by this method as well [88].

In Sec. we have already summarised the four Zs and the three chiral states that
on one hand can be stable against gauge fluctuations and on the other hand show compat-
ible variational energies |83, 84, |140]. They were previously dubbed Z32[0,0]B, Zs[r,0]A,
Z»|0,mcv, Za[m, A, Chiral-[F,0], Chiral-[£7,0], and Chiral-[5, 7] and their real-space
representations for specific gauges are shown in Figs. and respectively. In order
to gain more knowledge about the effects of quantum fluctuations which are captured by
the frequency renormalisation of the FRG vertex functions, we start our analysis of the
kagome Heisenberg antiferromagnet with a stripped-down self-consistency method which
still incorporates the bare interactions.

6.6.1. Bare vertex approximation

Due to the large unit cell of up to six atoms for the Zs[m, 0]A, Z3]0, w|a, and the Chiral-
[5,0] ansitze with a resulting 12 x 12 matrix structure in Nambu space, an analytic treat-
ment of the Matsubara sums as in the bare mean-field description of the square-lattice
Heisenberg model in Sec. is neither feasible nor would it provide any physical in-
tuition for the system. Instead, we apply a reduced version of the final FRG mean-field
formalism from Egs. in which the vertex functions are replaced with their parent
expressions from a bare Heisenberg theory, e.g., the expression SFQS + F,’gd is set to %
in all frequency modes and the single-particle vertex yé\ (w) = 0 for the Green’s function.
This amounts to a plain mean-field analysis in the T" — 0 limit where an artificial effective
temperature A is generated via the propagator’s Heaviside function.

The results of the bare vertex approximation can be seen in Fig. (a), where the
overall nearest-neighbour amplitudes for the seven Zs and chiral spin liquids are plotted
as a function of A in the top panel. Our first and most important observation which
also holds during the next sections is that, apart from the Zs[0, w|a state, all Zy ansdtze

139



6. Characterisation of quantum spin liquids and their spinon band structure via
functional renormalisation

do not develop a finite nearest-neighbour pairing 7 such that their gauge structure is in
fact U(1). For the Zs|0,7|a state, the ratio of nearest-neighbour hopping and pairing
is % ~ 2.13 in the A — 0 limit. Since a plethora of methods identify that state’s U(1)
parent state denoted by U(1)[0, 7] as the preferred state for our model, we also compute
the corresponding amplitude by setting n = 0 in the Zs[0, 7] ansatz. The result is also
shown in Fig. [6.13] For a better visibility, we plot the differences in amplitude to the
lowest one found, i.e., the Zs[m, 7] A amplitude, in the lower panel of the figure. Here, we
determine the Zs[0, w]a as the preferred state due to its largest amplitude. It is followed by
the Chiral-[7, 0] ansatz which interestingly shows a crossover with the U(1)[0, 7] and the
Z(0,0]B state at finite A. However, since A is not a temperature, we can only interpret
our results in the A — 0 limit for the physical system. They agree with the findings of
Refs. [70,/116] which suggest lower mean-field energies for the Chiral-[7, 0] state than for the
U(1)[0, ] state. The sequence of remaining ansétze with descending amplitude is Chiral-
[+7,0], Chiral-[F, 7], Zsa[m,0]A, and Zs[r, 7] A where the last three lie close together in the
bottom range. How these observations are influenced by the effects of quantum fluctuations
is investigated in the following section.

6.6.2. Results from FRG

We finally apply the PFFRG method on a hexagonal kagome lattice segment containing 251
lattice sites for finding the renormalised and frequency-resolved vertex functions I‘é\ and I‘é\.
We use 120 discrete points for modeling the continuous Matsubara frequencies and set the
initial conditions of the vertex functions to (I‘é\ﬁoo, Fé\%“’) = (%, O) for nearest neighbours
and (DA% A=) = (0,0) otherwise as described in Sec. Note that again the
resolution of the FRG numerics can be chosen much higher than in Chap. [d] because of the
pure Heisenberg interaction and the resulting frequency symmetries as well as the reduced
number of vertex functions. We then apply Egs. to the four Zs, the three chiral, and
the sole parent U(1) mean-field ansitze that were previously considered within the bare
vertex approximation. The resulting nearest-neighbour amplitudes (amplitude differences
with respect to Zs[m, 7]A) can be seen in the top (bottom) panel of Fig. [6.13|b). A first
comparison to the results from the previous section shows that the amplitudes now lie closer
together indicating that quantum fluctuations lead to an increased competition between
the different possible mean-field states. This is in good agreement with the observation of
a plethora of competing low-energy states in Ref. [139).

Again, only the Z5[0, 7]« state develops a finite nearest-neighbour pairing term with a
similar ratio % ~ 2.48 as before. This ansatz also develops the largest amplitude within
our method such that we identify it as the preferred state of the spin—% kagome Heisenberg
antiferromagnet. Its band structure can be seen in Fig.[6.12|(b) where we only plot that part
of the spectrum which has a negative energy in order to avoid confusion. Most remarkably,
the Zo[0, 7] state with the suggested ratio of nearest-neighbour hopping and pairing is
gapless but not Dirac like. Instead, the spectrum shows approximate Dirac cones with
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Figure 6.13.: Self-consistent results for chiral and non-chiral ansétze on the kagome lattice
for (a) the bare vertex approximation and (b) the full FRG Fock mean-field treatment:
In the top panel, we show the overall nearest-neighbour amplitude £ as a function of A.
Due to the very similar magnitudes, we plot the differences to the smallest £ found for
PSG Zs[m, 7] A in the lower panel. The corresponding gauge structures are discussed in
Sec. The inset shows the variational energies determined by VMCI33, [34] [140]. In
this analysis, the Zs[0, 7] state is absent, confer main text. Inset created by Johannes
Reuther.
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method | BVA [£ 7} | FRG |£7] | vMC |5
Z5[0, a 0.169 0.312 i
U(1)[0, 7] 0.167 0.310 0.428
Z[0,0]B 0.165 0.308 0.412
Chiral-[Z, 0] 0.168 0.307 0.401
Chiral-[+%,0] | 0.162 0.301 0.391
Chiral-[%, 7] 0.150 0.203 0.382
Zo[r, 0]A 0.149 0.292 0.384
Zs[r, 7] A 0.148 0.289 0.383

Table 6.1.: Overall amplitudes in the A — 0 limit and variational energies for the eight
considered nearest-neighbour PSGs on the kagome lattice: The results are obtained via
the bare vertex approximation (BVA), the full FRG plus Fock mean-field analysis (FRG),
and VMC simulations from Refs. [83] |84, [140], respectively. A very good agreement is
especially found between the FRG and VMC methods. Note that the best variational
energy for the Zs[0, w|a state is achieved if n = 0, i.e., for the U(1)[0, 7] state.

rounded tips for energies E < 0.2J;. Unlike in the 7-flux state in Fig. [6.12|(a), these
cones do not touch at the Fermi level but rather intersect with it. As a result, we find
two small circular Fermi surfaces within the appropriately reduced Brillouin zone at zero
energy which were not predicted so far by any other method.

The remaining states have a chiral or a U(1) gauge structure and the sequence of de-
scending overall amplitudes remains relatively unchanged as compared to the previous
section. Only the crossover at finite A for the Chiral-[F,0] amplitude is now absent and
seems to be an artefact of the bare vertex approximation. This state is now slightly less
favourable than the Z5[0, 0] B state in agreement with VMC results |83 84, [140|. In fact,
the similarities between the magnitudes of our amplitudes and the variational energies
from VMC are impressive and not expected a priori due to the quite distinct philosophies
behind both methods (see Sec. for a detailed discussion). Both methods identify almost
the same hierarchy of states. One minor discrepancy is that VMC identifies the Chiral-
|5, 7] ansatz as the least probable one. Within our approach, it resides above the two
Z.5 ansétze in its close proximity though. More importantly, the PFFRG plus mean-field
analysis determines a finite nearest-neighbour pairing term on top of the U(1)[0, 7] Dirac
spin liquid which VMC does not find. This pairing not only yields an increased overall
amplitude in our formalism, but it also limits possible gauge fluctuations to a Zs type
which might stabilise the according spin liquid (confer Sec. [6.2.2)). The overall amplitudes
at A =~ 0 from this and the previous section as well as the according variational energies
per lattice site are summarised in Tab.
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6.6.3. Long-range terms on the kagome Heisenberg antiferromagnet

For the PSGs on the kagome lattice considered so far, there are plenty of allowed long-range
and onsite terms [111] which, in principle, can follow from our self-consistency analysis.
Due to the real-space structure of our Fock equations, they all vanish in the bare Heisenberg
model since the J;; are zero on the according lattice bonds. Despite the more spread-out
structure of our FRG vertices, long-range and onsite terms are also not generated once the
renormalised interactions are utilised because of a rapid decay in the interaction strength on
longer-ranged bonds within the FRG. However, finite hoppings are found to be generated
on such bonds in the presence of a finite nearest-neighbour hopping. The same statement
holds separately for pairings as well. Considering our different PSGs, this implies that the
gauge structure cannot be altered by onsite or longer-ranged terms within our approach
since this would require finite pairing terms in a pure hopping model or vice versa. In
addition, the new terms are two orders of magnitude smaller than the nearest-neighbour
amplitudes and their effect on the spinon band structure can therefore be safely neglected.
For completeness, we note that also onsite hoppings (pairings) are found with our method
if allowed by the PSG. In complete analogy to the long-range terms, they are induced by
finite nearest-neighbour hoppings (pairings), cannot alter the gauge structure of an ansatz,
and their impact on the band structure is negligible.

6.7. Summary, discussion, and outlook

In this chapter, we unified two approaches for the investigation of frustrated quantum mag-
nets which are both based on the Abrikosov decomposition of spin operators into pseudo
fermions (spinons). Different Zs and chiral spin liquid ansétze were obtained from a PSG
classification [111} |182] and we compared their hopping and pairing amplitudes deter-
mined from a Fock-like self-consistency approach based on renormalised Green’s functions
and vertices. The defining Eq. is form invariant under local gauge transformations
[cf. Eq. (6.52)] such that all possible anséitze within one PSG yield identical physical re-
sults. This proves that our combined FRG plus Fock mean-field scheme is consistent with
both utilised methods. In contrast to a plain mean-field analysis, the newly developed
technique incorporates the effects of gauge fluctuations implicitly due to certain sets of
Feynman diagrams that are additionally generated during the RG flow, see Sec. [£.2.1]
Therefore, even though we are not directly computing the spinon-spinon interactions or
the vison spectra of our models, these effects may still have an influence on the acquired
results due to the incorporation of the frequency-resolved vertex functions I'* and £ in
the defining equations.

For the Ji-J> model on the square lattice, we identified the SU(2) -flux state [Fig.[6.12|(a)]
to be preferred over the chiral spin liquid found by the mean-field treatment of Ref. [182].
Therefore, we can conclude that the time-symmetry-breaking pairing term responsible for
the finite spinon gap in Fig. is an artefact arising from the negligence of gauge fluctu-
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ations in the bare mean-field approach. Our numerics show that the m-flux state is realised
in the entire paramagnetic regime of the spin-% Heisenberg square lattice model whereas no
finite hopping or pairing terms are found deep in the magnetically ordered phases. Hence,
there seems to be a strong connection between magnetic frustration and quantum fluctu-
ations on one side and effective free spinon models on the other side. A comparison with
VMC studies shows good agreement on the nearest-neighbour level where VMC also finds
the m-flux state to be preferred |76]. However, on longer-ranged bonds, we do strictly not
observe finite amplitudes whereas VMC finds additional pairing terms on fifth-neighbour
bonds [52, |76, [191].

On the kagome lattice, the Zs[0, w|a state with a ratio of % ~ 2.48 between nearest-
neighbour hopping and pairing is found to be most likely realised. In the considered model,
we also identify finite, but small additional terms on other bonds. Their influence on the
spinon dispersion can be safely neglected though because they are two orders of magnitude
smaller than the nearest-neighbour terms and they are also not capable of altering the IGG
of the respective state. The band structure of the identified Z[0, 7]a state [Fig. [6.12|(b)]
features two small circular Fermi surfaces within the Brillouin zone which have not been
reported by any other method so far. A comparison to VMC results shows strong similar-
ities between the hierarchy of variational energies and the sequence of overall amplitudes
derived from our method, confer lower panel of Fig. b). This agreement is a priori
unexpected since both methods explore rather distinct quantities. The combined PFFRG
plus mean-field analysis calculates the spinon hoppings and pairings self consistently. This
conceptually amounts to integrating out high-energy degrees of freedom in the FRG fash-
ion and a subsequent determination of a matching low-energy theory for the renormalised
vertex functions. On the other hand, VMC considers all distinct Hamiltonians which arise
from a PSG classification. It then compares the respective ground-state energies after a
Gutzwiller projection whilst optimising them with respect to the ratios of considered am-
plitudes. We do not compute spinon interactions and vison excitations explicitly which is
why the results that are obtained with the new FRG mean-field scheme do not necessar-
ily have competitive variational energies. The overall good agreement with VMC methods
may therefore hint at possibly small corrections induced by gauge fluctuations as one would
expect for Zs and chiral spin liquids, see Sec. [6.2.2]

Overall, we have shown that the method developed in this chapter is generally a powerful
tool for the characterisation of spinon band structures in magnetically disordered phases.
Due to the fact that the FRG can access a large class of spin models, an extension to
other lattices and interaction types is not only feasible but also desirable. For instance,
a recent mean-field study by Laura Messio et al. suggests the realisation of a gapped
chiral spin liquid in the Heisenberg-DM model on the kagome lattice (cf. Chap. 4] [123].
This work claims to reproduce the spin-structure factor by Han et al. |[69] and it would
be interesting to observe if and how this result is modified once renormalised vertices are
included. Furthermore, the Ji-J2-J3 model on the square lattice is known to house a large
paramagnetic and thus possible spin liquid phase |148] and there is evidence that a Z,
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spin liquid might be realised for finite J3/J; |24, 141} |154] instead of the m-flux state that
we identified for the J1-Js model. Remarkably, also the spin—% J1-Jo-J3 Heisenberg model
on the triangular lattice has attracted renewed interest in the seemingly unrelated context
of twisted bilayer graphene |188|. In these systems, there seems to be a strong connection
between spin liquids and superconductivity, and both phenomena might descend from the
same physical principles at different filling factors. There are hence excellent perspectives
for future applications of the combined PFFRG plus mean-field method, especially since
PSG classifications of Zso and chiral spin liquids already exist for the square, triangular,
and kagome lattices |15, 122, 178, |182|. For frustrated three-dimensional lattices such as
the pyrochlore or the hyper—hypelﬂkagome lattice, an extension of the FRG has yet been
accomplished. Unfortunately however, there are currently no PSG analyses available for
these constructs and they might as well be very cumbersome due to the complexity of the
involved loop structures in real space. Nevertheless, the newly derived method therefore
provides us with a large class of interesting and explorable research topics for the near and
also the distant future.

31t is astonishing how far people have made it with these two words in the past.
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We extended the existing PFFRG framework [144, [147| for frustrated quantum spin
systems in two important aspects during this thesis. After an introduction in Chap. [2] to
all theoretical concepts relevant for our purposes, we derived the FRG flow equations for one
and two-particle vertex functions in Chap. [3] which, in combination with a representation
of spin operators in terms of Abrikosov pseudo fermions, are essential for the presented
studies.

The first main part of our original work is the implementation of DM interactions within
PFFRG, see Chap. @] For the first time, we were able to incorporate off-diagonal spin
couplings into the theory and showed that an extension of this method towards more
realistic spin models is indeed possible. Apart from the resulting flow equations in App.
one of the main results from this chapter is that a sizable DM coupling enlarges non-
collinearly ordered phases [in particular the ¢ = 0 phase, cf. Fig. [4.2(b)| while shirking
the paramagnetic phases of the underlying spin—% Ji-J2 Heisenberg model on the kagome
lattice, see Fig. . Especially, the possible quantum spin liquid (QSL) phase of the
nearest-neighbour antiferromagnet vanishes and ¢ = 0 Néel order is found for DM couplings
D 2 0.1J;. On one hand, this study is a proof of principle for the PFFRG’s applicability
to systems with arbitrary spin-spin interactions. On the other hand, the experimental
motivation for this work is the investigation of the mineral herbertsmithite for which we
obtain qualitatively good results by comparing the computed static spin susceptibility
with the experimentally observed spin structure factor. Quantitatively, we find that the
minimal model from Eq. is insufficient to accurately describe this material due to the
presence of magnetic impurities and inter-layer couplings. Our simulations suggest that
herbertsmithite is, in fact, in close proximity to a quantum critical point. Furthermore,
the analytic RPA solution from Sec. has meanwhile provided more insight into the
PFFRG procedure itself. It was shown by Laura Baez et al. that this solution corresponds
to the large-S limit of our theory and that it yields the same results as the Luttinger-Tisza
method which is exact in that limit for Bravais lattices. Together with the observation that
the PFFRG for spin systems is also accurate in the large-N limit |19} [150], there is now
much more evidence for the reliability of this method and also a clearer understanding
of its working principle. Namely, it is based on a simultaneous and relatively unbiased
incorporation of those sets of Feynman diagrams that are mainly responsible for magnetic
long-range correlations and quantum fluctuations.

In Chap. we used a combination of the PFFRG’s arbitrary-S generalisation from
Ref. |9] together with a simplified version of the aforementioned flow equations (confer
App. in order to study the spin-1 X X7 model which is relevant for the A-site spinel
NiRh2Oy4. Similar to herbertsmithite |73, 119, [165], also this substance shows no sign of
magnetic long-range order down to lowest temperatures [30]. Hence, both materials are
amongst the most promising candidates for finding a realistic QSL at the moment. Because
the currently proposed spin couplings for NiRhsO,4 are not yet reliably determined, we
investigated two different model Hamiltonians [see Egs. and ] on the diamond
lattice in order to characterise the paramagnetic phase which is the reason for the above
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mentioned experimental observations. Both considered Hamiltonians amount to effective
X X7 models with tetragonally split-up second-neighbour Heisenberg couplings which are
required due to a lattice distortion at 7' = 440 K [30]. The Hamiltonian in Eq.
features an antiferromagnetic nearest-neighbour Heisenberg interaction and a single-ion
anisotropy which has been implemented in this context for the first within PFFRG. For
this model which was inspired by an online preprint of Ref. [30], we do observe an extended
paramagnetic regime for finite, albeit small tetragonal splittings if a significant single-ion
anisotropy is present, see Fig. [5.6] However, for strong splittings such as suggested by the
motivating DFT analysis [29], we can only identify a conventionally Néel ordered state
in the presence of reasonably-sized anisotropies. The same holds for the Hamiltonian
in Eq. which does not include single-ion terms and instead has an anisotropic X X Z
interaction on first-neighbour bonds. Here, we did not map out an entire phase diagram and
only considered the coupling strengths from Ref. [30]. Even though, our study confirmed
the existence of a possible QSL phase within a wide parameter range of the spin-1 X X7
diamond lattice model with tetragonal splitting and single-ion anisotropy, we could not
observe such a behaviour for the couplings that were estimated by the DFT and spin-wave
analyses available momentarily. Therefore, we conclude that a more detailed analysis from
first principles is desired in order to gain more knowledge about the promising properties
of NiRh204.

The second main part of this thesis is contained in Chap.[6] Here, we utilised the impor-
tant vertex functions which arise from a PFFRG analysis in order to determine the effective
low-energy theory for the considered quantum spin models. This work is motivated by one
of the most significant articles in the field by Xiao-Gang Wen [182]. Wen’s PSG classifica-
tion scheme which has been summarised in Sec. provides different gauge-inequivalent
free spinon models whose so-called IGGs are critical. As explained in Sec. [6.2.2] some of
these effective models can be destabilised by gauge fluctuations which are neglected within
the PSG approach. Only for Zs and chiral spin liquids that follow from PSG considera-
tions, there seems to be a general consensus about the fact that they are, at low energies,
stable against such gauge fluctuations which are gapped for these models. Therefore, we
developed a Fock-like mean-field method based on renormalised vertices that is capable of
self-consistently computing spinon hopping and pairing amplitudes. Our approach is form
invariant under time-independent local gauge transformations and therefore yields faithful
physical results. The final set of equations can be seen in Egs. . It was applied to all
distinguishable Zs spin liquids and a selection of relevant chiral spin liquids in the Ji-Jo
Heisenberg model on the square lattice and the nearest-neighbour Heisenberg model on the
kagome lattice. In a simplified version of our method [Egs. ], we were able to repro-
duce the results from a bare mean-field study in Ref. |182] for the square lattice model, see
Fig. The identified chiral spin liquid is fully gapped (Fig. , breaks time-reversal
symmetry, and prevails if the antiferromagnetic second-neighbour Heisenberg interaction
Jo > 0.45 J1. The spinon gap and the chirality of this spin liquid are induced by a finite
imaginary second-neighbour pairing. This term is absent in our simulations once the effects
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of gauge fluctuations are implicitly included by considering the renormalised Green’s and
vertex functions. In this case, the SU(2) w-flux state is preferred for all coupling ratios
and the development of finite spinon hoppings is observed for Jo/J; € (0.2,0.7). Because
the mean-field amplitudes vanish deep inside the magnetically ordered phases, we are able
to confirm that the existence of finite hoppings and pairings is related to the strong quan-
tum fluctuations in magnetically frustrated systems. However, for a direct investigation
of a confinement-deconfinement transition, spinon-spinon interactions and vison excita-
tions should be considered explicitly. In the nearest-neighbour kagome lattice model, we
found that most likely the Z3[0, w|a state accurately describes the system’s low-energy
properties since it develops the largest overall amplitudes. This state has two Dirac-like
cones in its reduced Brillouin zone at energies F < 0.2J;. In this range, the dispersion
is almost linear, but the cones do not touch and rather intersect at zero energy which
results in small circular Fermi surfaces at half filling, see Fig. [6.12[b). This has not yet
been reported before. For the kagome lattice model, we observe a certain hierarchy of
the overall amplitudes for different PSGs. Quite interestingly, this hierarchy agrees very
well with the sequence of variational energies determined via VMC, confer bottom panel
of Fig. [6.13[(b). In fact, there are apparently only two important differences in the results
obtained from both methods. The first one is that the Chiral-[7, 7] state, which has the
largest variational energy, occurs as the third-most unlikely state in our approach. The
second significant difference between the PFFRG plus mean-field scheme and VMC lies
in the results for the Zs[0, | state. Where our new analysis clearly favours this state
with finite nearest-neighbour hoppings and pairings, VMC finds that its lowest variational
energy is obtained for vanishing pairings in which case the parent state called U(1)[0, 7] is
realised. A detailed discussion on the differences of the two methods is given in Sec.
Even though the Zs[0, 7] spin liquid has already been classified by Lu et al. [111], we
report, for the first time, that this state with a given ratio between nearest-neighbour hop-
ping and pairing of % ~ 2.48 and the resulting band structure in Fig. (b) is found for
the still debated kagome antiferromagnet. According to its IGG, this particular spin liquid
should be more robust against gauge fluctuations than the U(1)[0, 7] spin liquid identified
by VMC or the SU(2) m-flux state of the square lattice model. Thus, we can infer that
the frustrated spin—% kagome antiferromagnet is, to this day, one of the most promising
systems in which a QSL might actually be realised. An extension of the theory to other
lattices as well as to finite DM interactions should be pursued in the near future in order to
characterise even more spin liquids in a, for the moment, fairly unbiased way. Additionally,
one also should investigate how to experimentally verify or falsify the existence of small
(circular) Fermi surfaces in an effective free spinon model and thereby check the validity
of our method.

In total, we have shown that the PFFRG is a very flexible tool for the investigation of
frustrated spin systems and that it also offers plenty of possibilities for further extensions
and applications. With our studies of the spin models which approximately describe the
materials herbertsmithite and NiRhoO,4, we hopefully provided a small contribution to
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the understanding of those phenomena that are responsible for a QSL behaviour. In
future, this might be helpful to design more efficient high-T, superconductors |6, 7] and
quantum memory with higher fidelity |[101]. Especially due to our implementation of more
general spin interactions and the formulation of the self-consistency scheme for spinon band
structures, we have given a novel perspective to prospectively seek and identify even more
new states of matter in strongly frustrated quantum magnets.
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A. Flow equations for Heisenberg vertices

Here, we summarise the PFFRG flow equations for the vertex functions of a bare spin—%
Heisenberg Hamiltonian [Eq. ] The flow equations are obtained by inserting the pa-
rameterisations from Eqs. and into Egs. and , and by subsequently
performing all Matsubara integrals that are trivial due to the proportionality of S* to the
Dirac delta distribution, see Eq. .

Let us start by providing the flow equation for the pseudo-fermion lifetime which deter-
mines the self energy [cf. Eq. ] and hence the single-particle propagators. It reads

(%%jfil(wl) = —% > {Z [2Fé\i1j(wlaw2§wl>w2) <1>]

A
we=£A L j wy + g ;(w2)

1
— (T4 . W1, W25 W, W +3r) W1, W25 W, W _ .
(i (w00 + 3 (o, waiwn )] | G

(A1)

Note that 7(/1\ does not depend on its real-space index because we only consider a lattice of
equivalent sites and i; can thus be chosen arbitrarily, confer Sec.

For the flow of the two-particle vertex [Eq. ], we divide the contributions into spin
and density channel. The following flow equations are more complex than the previous
one, but in principle can still be presented in a rather compact form. For a compatibility
with the equations for Heisenberg and DM interactions in App. [B] which involve a drasti-
cally increased number of vertex functions, we present a notation that groups all vertices
with identical frequencies and indices into square brackets. The right-hand sides of these
brackets then carry real-space and frequency arguments which are valid for all parenthe-
sised vertex functions Fé\/ q- Please note, that the order of arguments does matter. The

exchanges, e.g., [wg & wy + w3 — wg], only act on the frequencies of the vertices, not on
those of the propagators.
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For the flow of the two-particle vertex’ spin channel, we find that

d s 1 [~
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The flow equation of the corresponding density channel reads

21 J oo

d 1 o0
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These equations are already known since 2010 |144]}, [147]. Their extension to systems with
Heisenberg and DM interactions is given in App. [B]
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B. Flow equations for Heisenberg and DM vertices

In this appendix, we provide the flow equations for the two different self energy channels
and the six vertex functions from the parameterisations in Egs. ) and ( - ) for a
sp1n—§ model with Heisenberg and DM interactions. These equatlons are derived in the
same way as the ones in App. [A]and we stick to the notation that is introduced there. The
FRG equations for the self energy contributions are given by

d 1 wa + 4, (w2)
a%ﬁl(wl) =5 > {Z [_2F/d\i1j(w17w2;w17w2) ( A s

wa==%A j (’ys j(wQ))Q + (WQ + ’Ydj(WZ))Z

A
Vs '(w2)
+2iFAZZ‘ '(wla w2; Wi, WQ) 2
e (98 (w2))? + (w2 + 73 (w2))?

dzm (w1, wa; w2, wi) + 2T o (Wi, waswa,wi) + Tiy; . (w1, was w, wl)}

CUQ + Pyd ’Ll (UJQ)
’7s i1 w2 (‘*)2 + Vd i (WQ))Q

[Zdezlzl w1, W23 W2, wl) + ZFdelzl (wla Ww2; W2, wl) + 2Fs><21i (wh w2; W2, wl):|

PYS i1 (w2)
< (i, (@2))? + (w2 + vﬁil(wg)y) } ’ (B.1a)

d 1 wa + 74 5(wa)
dAVsA“( 1) = 9r Z {Z [2zl“zdm(w1,w2,w1,w2) ( Y

i (8 (@2) 2 + (w2 + 73, (@2))?

A
Vs '(WQ)
+2TA (w1, wa; w1, w2) J
g (v (w2))? + (w2 + 77 (w2))?

. A . A .
- [Zdezlzl (wb w2; W2, wl) + Zrdzilil (Wh W2; W2, wl) - 2F8Xi1i1 (le w2; w2, w1)1|

« wa + Y i1 (WQ)
(Y5, (W2))? + (w2 + 7, (w2))?

A . A . A .
- [Fd 1191 (wh w2; W2, wl) - 2Fxxi1i1 (("')17 w23 W2, wl) + Fzzilil (WI, w23 W2, wl)}

’Yé\il(ﬁ%)
) <(’YsAil(w2))2 + (w2 + ’yé\il(wg)ﬁ) } ’ (B.1b)

As for a Heisenberg system, q/d and fy do not depend on the specific choice of ¢; for the

considered lattices of equivalent sites.

Due to the two self-energy sectors, the propagators G* and S™ acquire a spin and a
density channel, confer Eqs. (4.20a)) and (4.21a)). Therefore, the frequency arguments of
the propagators are now gathered on the left-hand side of each square bracket. Here, we
denote the frequencies of Sﬁ/s and G2 d/s in that order. As in App. , the right-hand side
denotes the arguments for the different vertices. Again, one should pay attention to the
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fact that the order matters. The exchanges |:(,U3 > Wy +ws —wg} only act on the frequencies
of the vertices and have no effect on the propagators.
The FRG analysis yields for the different vertex functions from (4.22) the following

results (turn page).
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B. Flow equations for Heisenberg and DM vertices

d 1 [
ax T8, (W1, wowi, we) = 27T/ de{(wl +wg — w3)(w3)[

S(‘}Gd (rgrd + T T0 + 4,14, + TATS + oTA T2 + 2T, Ty )
AMrhrd + Fd TS, + TA,TD, — 2008 T + 2iTA TSy)

SAGA (rdzr + 4TS, + TATM + TMDS + 20T D T8, — 2iTATH )
A TATA +TATS, + FQZFQ +TATS, — 2T T8 — 2rf i)

XX XX

} o (W1’7W2’5w37wl + wo — w3) (w3, w1 + w2 — w3; w1, W)
(i1,42)(41,22)

(wt + w2 — wg)(ws) |
sS4 Gd (TATS + DA + T4, T8, + TATS + 2DA A + 2Ty TRw)
+S3G (rdzr + 4TS, + TATA + DD + 200D T8, — 2iTATHy)
+SAGd (Tt + FQF +TOTA, + TA,TD — 2008, + 2iTA TS y)
+SAGH (T4, 10 + TS, +TATE + TATS —orA T8 — 2T\ T8 y)

} (W, weswr wy — w3, ws) (w1 + we — w3, w3 wi, w2)
(1,92) (41,i2)

2 ) + wg — wn) (ws) |
J
A (GdA (TATA + TATA) + GM (TATY, +TATY) )
+5A (GA (PATA, + TATA) + GM (TATS + T4 TA) )

} o (wrr,wy F ws — waswi, w3) (W3, wars war + w3 — wa, Wa)
(11,5)(4si2)

— [W3 Wy + wy — wg}
(o + wg — w) (ws) |
SQGQ (THTL + 5, +2T8) + T4, (L5 + T4, + 208,
+SEGN (T4,(PY + T4, +2T8) + T[Ty + T4, + 2iTBy)
SAGd (T4,(T4 + T +2T2) + TH(TA + T4, + 208,
+SAGH (TR (T) + T4 + 218 + T4, (U0 + T4, + 2iTBy)

} NN (wl/,WQ/+UJ3—WQ;OJl,WB)(UJg,WQ/;UJQ,WQI+OJ3—CL)Q)
(41,32) (i2,i2)

+[W3 Wy + w3 — W2:|
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+(w2/ + w3 — WQ)(W;;)

SAGE (T +T5 + 208 )% + (I + T4, — 2i05,)T5)
+SAGY (Th + T4 + 202 )Ty + (T + Fdz — 2T \)TH)
+SAGE (T4 + 18 + 202 )Ty + (T8 + 14, — 2iT8,)T))
+SAGE (T4 + T, + 2T )T + (T4 + rdz — 2iT8 )FA )

] (W, wy F ws — wasws, wi ) (W3, wr s war + w3 — wa, wa)
(41,41) (41,%2)

+[w3 < Wy + w3 — w2:|

Hwy + ws — ws) (ws) [

SAGE (TATY + TTh + TATA, + TATS 4+ 208 T8 + 205 THy)
+SAGY (T TY + TATo + TATE, + T4, TS — 2i08\ T8, + 2iT4 T8 y)
+SAGY (T4,T) +TATY, + TA T + DDA — 20T T8, + 2004 D)
+SAGN (T4, 10 + Ty, + TATE + TATS, + oTA T2 + 2T Thy)

XX XX

] C (wy,wyr F ws — wasws, wi ) (W3, wirs wa, Wi + w3 — wa)
(i2,41)(42,%1)

—l—(wlr + w3 — WQ)<CU3)
SQGA(FAF + TN + T4, TS, + TATS + 28 T4 + 208 y)

+S3GY (D4,T) +TATA, + TN + TATS, — 208\ T4, + 2iT5T8y)
+SAGA (TOTS + TATS + T TS, + TL, T2, — 2T T4 + 2005 D)
+SAGH (14, MDA, +TATY +TATS + 2T T8 + 2 Ty)

]  (wy,wgywr 4wy — wa,wr) (W F w3 — wa, wr; w2, w3) (B.2)
(i2,41)(42,%1)
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B. Flow equations for Heisenberg and DM vertices

d 1 [
diAFQdiliQ (wll,w2/; w1, WQ) = % / dW3{(w1 + wg — CL)3)((.U3> |:

—0o0

SyGh (rhrd + Fd '+ TATS, + DL, + 2008, — 2iTA D)
+S3GY (TATY + TATo + T4, TS, + TATS —oTA TR — 2T TRy)
+SAah (rdzr Fdz + T4 + DATS, + 2r8 T + 218 i)
+SAGH (T4, T) + TATY, + TS + TD), — 2005, + 2iTA T Sy)

} o (wrr,wasws, w4 wa — ws) (w3, w1+ we — w3 wi, w2)
(i1,42)(41,12)

Fwi + ws — ws)(ws) [
sS4 Gd (T} + rdr +TOTA, + TA,T5, + 2005, — 2iTATSy)

+SGN (TA,TH + Fdz + T4 + DATS, + 2rd T + 218 T8y)
+SAGd (TATS + AT + T4, T8, + TATS —orA T8 — 2Ty Thy)
+SAGH (T4, T4 + FAF L+ DO T0 + TNTD — 28T, + 2iTA T8

} (W, weswr w — w3, ws) (Wi + we — w3, w3 wi, w2)
(1,92) (41,i2)

23w+ w — wn) (ws) |
j
S (GA (Could +Tlm) + G2 (Tl + T ld) )
+5A (GdA (PATA 4 TATA) + G (TATA + AT )

} o (wr,wy F ws — waswi, w3) (W3, wars war + w3 — wa, Wa)
(11,5)(4si2)

- [W3 Wy + Wy — W2:|

+(CU2/ + w3 — w2)(W3) [

SYGH (DT +T5, +2r8) + FA (@A + T4 + 2008
Lo (Th
(T

)
)
)

) M)

+SEGN (T (PY + 1), + 218 + A+ T4, + 2008

SAGd (TS, + T, +2r8) + L+ Fdz + 2i08)
+SAGH (T2(T) + T4, + 218 + FA (T2 + T4, + 2iTDy))

}. . (Wl/,ww+w3—wz;wlawa)(w:s,wz/;wmw+W3—w2)
(41,32) (i2,i2)

+[W3 Wy + wy — W2:|
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+(w2/ + w3 — WQ)(W;;)

SAGE ((Th +T5, — 202 )Thy + (T2 + T4, + 2i05,)T4

( ) )
+SGH (D) +T), — 2D2)T) + (Thy + T, + 200Hy)Thy)
+5Aah ((rd +T5 — 2024 + (DA + T4, + 2i05,)T5)
+SAGE (rh + FZAZ — TR )T 0 + (Thy + T4, +2i08,0r)

] (W wy F ws — wasws, wi ) (W3, wr s war + w3 — wa, wa)
(41,41) (41,%2)

+ [wg < Wy + w3 — w2:|
+(w1/ + w3 — WQ)(W;;) [
siGh (FA +FAF + T T4 + TATS + 20T T8, — 2iTA TRy

+S3G (T, MDA, + AT +14Ts — oA T4 — 28\ IS y)
A A A pA A 1A A A

+Ss G(d (F F + I‘sz + FZZFZZ - 2I‘xxex 2FDMFDM)

+SSAGA ( Fd + I‘d + FA Fdz + FdZFAZ + ZZFDMFXX - 27“]'—‘5(\)(:[‘/I\)M)

] o (wy,wyr F wy — wasws, wi ) (W3, wirs wa, Wi + w3 — wa)
(i2,41)(42,%1)

—l—(wlr + w3 — WQ)<CU3)
Sé\GA (T4,T4 +FAF +TOT0 + TMD, + 2008 T, — 2iTA TS )

(FAF M ATATE, +TATS —oTA TS — 2T, Thy)
+SAGA (T4, MDA, +TATY + TATS, — oTA T8, — 2T Thy)
+SAGH (T, PAP + T T4, + T4 TS + 2ir T8, — 2iTA TRy

]  (wy,wgywr 4wy — wa,wi) (w1 F w3 — wa, wr; w2, w3)
(i2,41)(42,%1)

(B.3)
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B. Flow equations for Heisenberg and DM vertices

d 1 &
diAFdAZ'hiQ (Wi, wars Wi, wa) = / dw3{(w1 + w2 — ws)(w3)[

2 J_
SiGh (rdzrd + Fd T4, +TOTA + TATS — 2T T4 + 2004 TS )
+S3GM (T rdz +TATA + TATS 4 2rd T4 + 2T i)

+SAah (rdArd+r A TATA, +TATS —oTA TS — 2T T8y)

+SAGH (TA) + DA + TA T, + TA,TD, + 2005 T, — 2iTATSy)

} o (W1’7W2’5w37wl + wo — w3) (w3, w1 + w2 — w3; w1, wWa)
(i1,42)(41,12)

(wt + w2 — wg)(ws) |
SYGH (15 rd+rdrdz+r/‘r + TS, — 20D\ + 2iT8 TS y)

+S3G (rgrd + T T0 + T4, T4, +TATS —oTA T2 — oI\ T8y)
+SAGd (T4, Fdz + LTS + TATS, + 2T T8 + 208\ Tdy)
+SAGM (T4 FAF + T T4, + T4 TS + 2 T4, — 2iTATH)

} o (W1/7w2';w1 + wy — w3, ws) (w1 + wo — w3, w3; w1, ws)
(1,92) (41,i2)

2 Y +w — wn) (ws) |
J
s (G (PATS, + T4,TS) + G2 (P4, +TATS,) )
+52 (G4 (P4, +TATS,) + G2 (rdArdZ +TAI) )

} o (wr,wy F ws — waswi, w3) (W3, wars war + w3 — wa, Wa)
(11,5)(4si2)

— [W3 Wy + wy — W2:|
+(CU2/ + w3 — w2)(W3) [
SQGQ (T4,(T4 + T —2rd) + TH(TN + T8, — 2iT8y))
+SEGM (Y] + T8, — o8 ) + T4, (U0 + T4, — 20THy))
SAGd (TH@L + 15, — o) + 14,5 + T4, — 2it8y))
+SAGH (T4,(P) + T8, — 2T ) + T (T + T4, — 2iTHy)

)

} NN (wl/,WQ/+UJ3—WQ;OJl,WB)(Wg,WQ/;UJQ,WQI+OJ3—CL)Q)
(41,32) (i2,i2)

+[W3 Wy + w3 — W2:|
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+(w2/ + w3 — WQ)(W;;)

SAGE (T4 +T5 + 204 )rdz (TA — 2T8\)T'5)
+SAGY (Th + T4, +2r2 )T, (rzd + rdz 2T 3\)TL,)
+SAGY (Ph + T8, +or2)r), + (12 — 2T8)T4,)
+SAGE (T4 + T4, + 20214 ( S+ Fdz 2T \)T2)

] o (w1/,w2'+w3—w2;w3,w1)(w3,w2';w2/+w3—w2,w2)
(41,41)(41,%2)

+[w3 < Wy + w3 — w2:|

+(w1/ + w3 — WQ)(W;;) [
siGh (I‘A FAF + FA rl + i + QiFAMFA — 2T8T8\)

s (
+SSAGd (T4, r , + DAL + TATS — oA T — 218\ i)
(

+sAhgh FdZFd + rg‘rdz + T T8 + TATS, + 20T T4, — 2004 D)

] o (wy,wyr F wy — wasws, wi ) (W3, wirs wa, Wi + w3 — wa)
(42,41)(42,%1)

—l—(wlr + w3 — WQ)<CU3)
Sé\GA (FA Q+ TATS + DA, + T4, 00 + 2i08\ T8, — 2i045 T y)

+SLGH (T4, ATA + FAF + 4TS — 28 T8 — 208, TBw)
+SAGA (FAF M TA,TY, +TATS —oTA TS — 2T Thy)
+SAGH (14, PAP , + DATN + DTS + 28T — 20TA T8 )

]  (wy,wgywr 4wy — wa,wi) (W F w3 — wa, wr; w2, w3)
(i2,41)(42,%1)

(B.4)
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B. Flow equations for Heisenberg and DM vertices

d 1 [
dAFQleZQ(w117CU2/;W1,WQ) = 27[_/ dW3{(w1 +WQ — (.U3)(W3)|:

S3G4 (Fsz Dald, + T ld + T4Ts, — 205 T8 — 205 D)
+S3GH (T, rd +TATA, + DTS + TATS, + 208 T4, — 2004 y)
+SAGh (T2 I‘AF + T4 T4, + T4, 08 — 2, T4 + 2iTATHy)
+Sigh (rArd + TN + T4, TS, + TATS +2rA T4 + 208 TBy)

} o (W1’7W2’5w37wl + wo — w3) (w3, w1 + w2 — w3; w1, W)
(i1,42)(41,22)

(wt + w2 — wg)(ws) |
Sé\Gé‘ (FA + Lo, + T4 + TATS, — 2rA T8 — 2Ty Thw)
+S3GY (DT + TATSy + TL T4, + TA,T0 — 2iTf T4, + 2i04 T )
+SAGd (T4 Fd + Fgrdz F TN + TMD, + 2008, — 2iTA TS y)
+SAGH (TATY + T + T4 ), + r;\ZrZAZ + 204 T8+ 2T8 i)

} o (W1/7w2';w1 + wy — w3, ws) (w1 + wo — w3, w3; w1, ws)
(41,92) (41,i2)

2 (o o — ) ws)
s (G (ThaTh, + TATS) + G2 (AT, + Thrs,) )

+5A (GA (PATA + TATA) 4+ GN (TATA, +TATA) )
} o (wr,wy F ws — waswi, w3) (W3, wars war + w3 — wa, Wa)
(11,1)(3712)

—[W3 Wy + w3 —W2:|

(o + wg — ) (ws) |
SGH (T (Th +T5, — 2T +
+S3GY (o (U] + Ty — 2T5%0) +
SAGd (IO (T4 + 1T —2rd) +

+SAGH (T0 (Th + 1), — 218 +

7z

I0y(Thy + T4, — 2i0y)
PA \(TA + 14, — 2i08,)
A (A + FdZ 2B0)

(T — 2iT'Ry)

)
)
)
)

} o (Wl/,ww+w3—wz;wlawa)(w:s,wz/;wmw+W3—w2)
(11,82) (32,i2)

+[W3 Wy + wy — W2:|
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+(w2/ + w3 — WQ)(W;;)

SYGH (T} + 18, — 202018 + (T8 + 14, + 2ir8,)T))
+S4GE ((Fd +T5, —2rd)r) ( a+ Fdz + QY’FDM)FQZ)
+SAGH (Ph + T8, — 212, )rdz (TA 8, + 20802
+SAGE (T4 + T4, —2r2)Th, + (Thy + Fdz + 2iTP\)TE,)

] o (w1/,w2'+w3—w2;w3,w1)(w3,w2';w2/+w3—w2,w2)
(41,41) (41,%2)

+[w3 > Wy + w3 — w2:|

Hwy + ws — wa) (ws) [

SAGE (DA, TSy + TMTE, + TATY + TATS + 208 T8 + 205y TH )
+54GA (FdZFd +TATY, + TATA 4+ TATS —2iTf T4 + 2iTA TR
+SAGH (TS + rAr + T T4, + T4, T8 — 2iT T4, + 2iTA TRy
+SAGY (TATY + T2 + T4, 1), + TATS + oTA T2 + 2T Thy)

77 77 XX XX

] o (w2/,w1'+w3—w2;w3,w1)(w3,w1';w27wl'+w3—w2)
(i2,41)(42,%1)

+(wy + w3 — wa)(ws)

SQGA (FA + TS, + TATY + 4TS + 24 T4 + 28T y)
+SLGY (TS + AT, +FAF L+ TATS — 2T T8, + 2004 TR )
+SAGA (FAF FAF y + Do 4+ ToTh, — 2T Th, + 205 T By

+SAGH (AT + T + T4 TS, +TATA +oTA T2 + 2D, T8 y)

XX XX

]  (wy,wgywr 4wy — wa,wi) (W F w3 — wa, wr; w2, w3) (B.5)
(i2,41)(42,%1)
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B. Flow equations for Heisenberg and DM vertices

1 00
7FA (wll wor; wl,(,L)z) 27T / dwg{(wl + wo — OJ3)((.U3)[

SYGH (PA(TY —T4) + (T4 = TL)TE +ilDu(Th, — Thy) +i(Tdy — T3,)THy)
+93GY (Mo — T,) + (T — TR + iTDp (T, — T) + (T — T T
+90 G (TR (T, — i) + (T, — Ta)T + ilpy (T4 — Th,) + z(FA THTBu)
+SRGY (TR(T), —Th) + (TS, = THTR + il (T — T4,) + (T8, — TA)THw)

}(ihig)(ihb)(wy,wz/;w3,w1 + wo — w3) (w3, w1 + wa — w33 Wi, w2)
+(wr +wp — ws) (ws) [

SHGY (T (U] = Th) + () — TA)TR + il By (T, — Thy) + (T — T4,)THu)
+SEGY (PR(TY, — Thy) + (T4, =TT + ISy (T4 — T5) +i(T, — THIHy)
+82GY (T > (D0 = TAOTA + DB (T, = T8) +4(Th = T5)THy)
+S0 G (FQX(FZ + (0, =TT + il (T — TF,) + (T8, — To)Thm)

L“ o)) (w1/ wor; w1 + wo — w3, w3 ) (W) + wa — w3, w3; Wi, ws)

-2 Z w2/ + w3 — w2)(w3) [
J
St (Gd (FQXFQX F%MF%M) +iGY (Tl + FQXF%M) )
} o (W17, war + w3 — was w1, w3) (W3, Wy war + W3 — wa, wa)
(41,7)(4,32)
23wy +ws — wa)(ws) [
J
sS4 <Gd (TAT5 — THuTDy) — iGL (F%MFQX + FQXFBM) )
+5 (iGé\ (BT + T D) + G2 (ThuT D — Tias) )
} o (wr waiwr, wor + ws — wa) (W + w3 — wa, wars w3, W)
(11,5)(4,i2)
—i—(ng + w3 — w2)(w3) [

SYGE (FQX(Fd —TL) + TPl Fdz))
+93GY (Ta(Toy — T4,) + T )
+SAGY (TA(T, — Thy) — Ty )
+SSAG§\ (FQX(FZ Fd) - ZFDM Fdz))
} o (W1'7w2’ + w3 — w2;w17w3)(w3,w2';w2,w2' + w3 — w2)
(i1,12)(i2,i2)
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+(w2/ + w3 — o.)z)(wg) [

Gy (T (Td = T3) + iy 8))

+S§1\GA (Fﬁx(Fdz zd) ZFDM Fd )

+SAGY (PA(TDy —Th,) +iTBy r2))

+SAGA (FQX(FZ FA — iy i)
}(11’12)(12’12 (w17, w35 w1, war + w3 — wz)(w2/ + w3 — wa, War; wa, W3)

H(wy + ws — wg)(%)[
%%«mwaAﬂm%m@%m
+S5G (T FA +i(T) = T)THy)
+SAGd ((Fdz —i(Ty —T))T'Hy)
+SAG2 ((rh, PA FA — (T — T4 )T8)

} o (wrwy w3 — ws w3, wr ) (w3, wars war + w3 — wa, wa)
(41,381)(41,i2)

+(war + w3 — wa)(ws) [

SQGA ((r} rA)rA +i(T —TA)TEw)
+54G ((Fdz T — (Fd — T )THu)
+SAGA (T2 rdz FA +i(T) = TH)THy)
+S2 G (T, — (T Fdz>F%M>

(w1',w3;w2/ + w3 — w27w1)(w2/ + w3 — wo;, Wy W3, wo)

i|(i1,i1)(i1,i2)
+(wy + w3 — wa)(ws) [

SQGQ (T (Fd +T2) + (A +T2)TA —iDd (T, +T4) +4(T2, + T )TA
+84G (F (D0 +Th,) + (Thg + Ta)T — Ty (TF +T5,) + (T4 +To)Th
SAGd (T2.(T4 + rdz) (TA + DA — DA (T +T2) + i) + 218,

(T )T'p
(

X

S KRS KRS K>

+SAGA (T2 (M4 +TA) + (@4 + A — T (A +T4) +i(0A + 1Ay

bl

X

} o war, Wy + w3 — wg,wg,wl)(W3,w1/;w2,w1/ + w3 — wz)
(42,31) (42,i1)

+[W3Hw11 +W3—w2]}
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B. Flow equations for Heisenberg and DM vertices

d (w17, worswi, wy) = 1 /00 dwg{(wl + wy — wg)(wg)[

} o (wrwawr +wr — w3, w3) (Wi + we — w3, w3 wi, wa)
(11,32)(41,i2)

-2 Z(WQ/ -+ w3 — (A.)Q)(wg) |:
;
SH(GH (TBuT + TATy) + G2 (ThyThy — TATS) )
+52 (iGd (Pl — TBMTDu) — G2 (TBm T3 + Tl By )
:|(i1 o Z,2)(0«11/,602' + w3 — wos w1, w3) (W3, wars Wy + W3 — wa, wa)
23wy +ws — wa)(ws) [
j
s (Gé\ (DAY, + TATS) +iGY (TATA, — TA\TAN) )
XX XX

+8A (iGé\ (DA\TBy — TATA) — GA (DAMTA, + TATA) )

}  (wr w3 wi, wy + w3 — we) (W + wy — wa, war; w3, wa)
(11,5)(4,i2)

—i—(ng + w3 — w2)(w3) [

SQGQ(' A(FQZ—FZAHF )
+S3GY (T (T5, —T) + Ty Fdz))
SAGA (iT% (r My 4y )
+S2GY (TN (Thy — T4,) + THy )

} . (W1'7w2’+w3—w2;w17w3)(w3,w2';w2,w2'+w3—w2)
(41,i2)(i2,i2)

dA Fhutisi or ) o
S i (T (T —Th) — (T — TH)TA + Tim(Ta —Th) + (T — Th)THy)
G2 (T (Th = T5) —i(T) =TT + Tom(Toy — T,) + (Do — TE)THu)
+SAGA (iCe(T5, FA) +i(T) =TT + Tom (T, — To) + (T, — Ta)THu)
+SAGE (T8 (T, — TR +i(Thy — TA )T + T (TS, —TH + (T4, - THISw)
} (i1,i2)(i1,i2)(w1l’ wor; w3, w1 + wo — w3)(ws, w1 + we — w3; w1, ws)
(w1 +w — ws)(ws) |
S3GY (T (FA —T4) + (T8, =TT + Tom(Th — o) + (T = Th)TH)
+SEGE (TR (T, = T8) + (0§ — To) TR + Tm (T, — Tow) + (T, — To)THu)
+82Gh (zFQX< FA> +i(I), — THTA + T (T — T4 + (Do — T4)THu)
+90 G (T (T8, — Tog) + (T — L) T + Tin(Td — Tp,) + (T, — THTH)
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+(w2/ + w3 — o.)z)(wg) [

S GA( QX(FdZ_FA)—i_F ))
+SCZI\GA ( Qx(rd - FA) + F Fdz ))
+50 G (P17, FA> + (T — Td,))
+SAGE (iTh(Thy — T4,) + TSy ry))

} (1,82) (42,i2)

(w7, w35 w1, war + w3 — w2)(w2/ + w3 — wo, wor; wa, w3)

+(WQ/ + w3 — wg)(W3) [

SYGh ('(Fé\z — To)Ta + (Fd - )F%M)
+SEG (i(Th, — THTE + (T — T )TEw)
+SAGd (z(rd —FA FA + (Fdz To)THy)
+SAGE (4T + (T, —THTEW)

} o (wluwy+w3—w2;w3,w1)(W3,wzf;w2/+w3—w2,wz)
(41,81) (41,i2)

+(war + w3 — wa)(ws) [

Sé\GA (i(T8, — To)T + (T — T2,)T'p)
+93G (Z(Fd - FA FA (Fdz T TB)
+SAGA (i(T, + (T, Fdz)F%M)
+S G (T — Fdz ( THTBu)

(w1',w3;w2/ + w3 — w27w1)(w2/ + w3 — W, Wy W3, wo)

} (31,81) (41,i2)
+(wy + w3 — wa)(ws) [
sgeg (i(Thy + TH,)T8 — DA (Thy +T4,) — (0 + o) T8y - T
+SEG (i) = TA)TE + T8 (T4 +T8) — (DN + DA )Ty — Doy + T4,
SAGd (z(rd + A —rA (P4 +T8) — (P2, + T4 )Ty — DA (TA, + 14,
+SAGE (T2 + AT, — DA (T4 +T4,) — (T4 + T8y — TAM (TS + T4

DM
(3 M —
DM —

(w2',w1' + w3 — wg;wg,wl)(W3,w1/;w2,w1/ + w3 — wz)

} (i2+i1)(42,i1)
+ |:W3 Wy + w3y — WQ] } (B7)
These equations are significantly more complex than those of a bare Heisenberg model. For

the utilised numerical solving method, this yields a computational effort that is increased
by a factor of about 80.
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C. Flow equations for X X 7 vertices

The last set of employed FRG equations is the one for the arbitrary-S X X Z model from
Chap. Due to the similar vertex structures as for the Heisenberg scenario, we stick to
the notations introduced in App. [A]l Only the factor of M = 25 has to be included in
comparison to a spin—% model |9] and the spin channel of the two-particle vertex splits up
into an in-plane and an out-of-plane component. For the pseudo-fermion lifetime, we find
that

d 1 A . 1
a’ydil(w) o Z {Z!_QMFdilj(wlv“‘)?vwl’w?) (th(jfj(wz)”

wo==%A 7

|:Fd 0141 wla w2; W2, wl) + QFX)(““ (wlv w2 W2, WI) + Fzzzlzl (wlv w2; W2, W1):|

X <w2 n ’Yé\il(wz)> } . (C.1)
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The flow equation for the density component of the two-particle vertex is given by

4
dA

_|_

_|_

_l’_

+

_.I_

_l’_

21 J oo

1 o
A
L4, (W17, wors w1, we) = dws

SA (wy + wa — w3)GA (ws) [rgrg +TATA 4+ orA 1A

727 77 XX XX

] o (wrwysws,wr Fwe — ws)(ws,wr + we — w3 wr,wa)
(%1,32) (41,i2)

[wg w1+ wy — wg}
2M 3" M wy + ws — w2) GA (ws) [rgrg
J

 (wrr, w4 w3 — waswi, wy) (w3, wer war + w3 — wa, wa)
- (117.7)(]77/2)

w3 4 war —f—wg _w2i|

SN wor 4w — w2)GM ws) [rg (T4 +TA 4212

(W, wy + wg — waswi, wa) (W3, W W, Wy + W3 — wa)
4 (i1,12)(i2,i2)

_CU3 > Wy + W3 — CU2:|
S (war + wy — w2) G (wg) [ (T} + T, + 20 T

o (wr,wy w3 — wasws, wi) (w3, wars war + w3 — wa, W)
1 (41,81) (41,i2)

w3 < Wy + w3z — CL)2:|
72" 72 XX XX

SMwr + w3 — wa) G ws) [FdAFdA 4+ TATA | opA pA

o (w,wr +wg — was w3, wr) (w3, Wi wa, Wi + w3 — wa)
4 (42,31) (42,31)

ngW1/+WSWQ:|}.

(C.2)
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C. Flow equations for X X 7 vertices

The out-of-plane spin vertex can be determined from

d

dA

_|_

_|_

_l’_

+

_.I_

_l’_

21 J o

1 (e.9]
A . .
FZZiliQ ((,‘,)1/7 wars Wi, ("-)2) - d(JJ3

SA (wy + wa — w3)GA (ws) [FZAZFQ +DATA _orA A

XX XX

] o (wrwysws,wr Fwe — ws)(ws,wr + we — w3 wr,wa)
(41,32) (41,i2)

[wg w1+ wo —wg}

2M " S (wy + wy — we)GMwy) [FA TA

77" 77
J

o (wrr w4 w3 — waswi, wy) (w3, wer war + w3 — wa, wa)
- (117.7)(]77/2)

w3 > Wy + w3 — WQ}
5+ — G [E (1 + T — 21

(W, wy - wg — waswi, wa) (W3, W wa, Wy + w3 — wa)
4 (i1,12) (i2,i2)

_CU3 > Wy + W3 — CU2:|
SMwy + w3 — w2) G (ws) [ (T4 +T5, —2T%) Ty,

o (wr,wy +ws — wasws, wi) (w3, wars war + w3 — wa, wa)
1 (41,81) (41,i2)

w3 > Wy + w3 — CL)2:|
XX XX

SA (wyr + wy — we) G ws) [F;\ZFQ +TADA 4 opA 1A

o (wer,wr + wg — was w3, wr) (w3, Wi wa, Wi + w3 — wa)
4 (42,31) (42,i1)

ngW1/+WSWQ:|},
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whereas the in-plane component has to fulfill that

A ra ( ) L /OO d
XXiqig \ W17, W2 W1, W2 ) = w3
dA - xxiniz o |
S (wn + wp — wy) G (wg) [DA(T = T) + (T — TH)T,
] o (wr,waws, W+ wr — ws) (w3, wr + we — w3 Wi, wa)
(41,32) (41,i2)

+[W3<—>W1+OJ2—W3}

—200 S SN (war + ws — w) G (ws) [FA TA

XX XX
J

o (wr,wy F ws — waswi, ws) (W3, wars war + w3 — wa, Wa)
- (117.7)(]77/2)

+ w3 <7 Wyr —f—wg _w2i|

5™ (wy + wy — w2) G (ws) [Tl (T4 — TH,)

(W, wy - wg — waswi, wa) (w3, W wa, Wy + W3 — wa)
4 (i1,12)(i2,i2)

+ (w3 < Wor + W3 —CU2:|
+SA(W2/ + w3 — WQ)GA(Wg) |: (Fé\ — Fé\z) FQX

o (wr,wy w3 — wasws, wi) (w3, wars war + w3 — wa, W)
1 (41,81) (41,i2)

+ w3 > wy + w3 —(.UQ:|
7z

5™ Wy + w — w) G (ws) [TA(TR + ) + (T + T T,

o (w,wr + wg — was w3, wr) (w3, Wi wa, Wi + W3 — wa)
1 (42,31) (42,i1)

+ ngW1/+WSWQ:|}.

(C.4)

In comparison to a bare Heisenberg model, the numerical effort is only marginally increased

for XX Z couplings.
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D. Kagome lattice and Fourier transforms

\/ \/ \/

a2a1 /\
AN

Figure D.1.: Kagome lattice as triangular ~ Figure D.2.: Reciprocal lattice: Due to the

/
v
/

Bravais lattice with three-atomic basis: The  triangular Bravais lattice in real space, the
primitive lattice vectors a1 and as are given  reciprocal lattice is also triangular. Its lat-
in the main text. Atoms of the different tice vectors by and by can be seen in Eq.
sublattices A, B, and C are colored green, (D.10)). The first, second, and third Bril-
red, and blue, respectively. They are trans-  louin zones are indicated in dashed blue,
lation invariant if considered separately. dashed red, and solid green.

In this appendix, we want to summarise the properties of the Kagome lattice and its
Fourier transformed entities such that one can compare our results to the outcomes of
actual experiments.

The Kagome lattice itself is not translation invariant. It can be easiest understood as
a triangular Bravais lattice with a three-atomic basis (confer Fig. [D.I). We can label the
three emerging sublattices A, B, and C and denote the nearest-neighbor distance by a.
The primitive lattice vectors are hence given by

2 1
a1:a<0>, a2:a<\/§>. (D.1)

The sublattices B and C are shifted with respect to sublattice A by the vectors ¢; =
a(1/2,v/3/2)T and co = a(—1/2,v/3/2)T, respectively. They are, if considered for them-
selves, translation invariant and can be mapped onto another with % in-plane rotations.
Therefore, every observable that depends on a single point in real space A(r) is the same
for all points in the Kagome lattice and r; can be set to zero, accordingly.

We are, however, rather interested in correlation functions (like the spin susceptibility)
which depend on two real-space coordinates B(r;,7;). Each real-space coordinate can be

written as:

ri =R, +b,, b, € {0, c, CQ}, (D.Qa)
R, =k-a1+1-as, kleZ. (D.Qb)

180



We consider three-atomic unit cells (one atom each out of sublattice A, B, and C) and label
them by the corresponding position R; of the atom in sublattice .A. Each lattice point is
then identified by the position of its unit cell and the sublattice it is a part of. For our
correlation function B(r;,r;), this implies that we can store its information in a matrix
that only depends on the lattice vectors R; and R;, e.g.,

Baa(Ri, R;) Bap(Ri,Rj) Bac(Ri, Rj) )
B(ri,r;) — | Bpa(Ri,R;) Bpgp(Ri,R;) Bpc¢(Ri,R;) | =B(R;,R;). (D.3)
Be a(Ri, Rj) Bep(Ri,Rj) Bee(Ri, Rj)

This matrix is now defined on a translation-invariant, triangular Bravais lattice and there-
fore can only depend on the difference R; — R;. Hence, we can set one of the coordinates
to zero and let the unit cell at the origin be the reference site for our convenience. Further,
the mappings of the sublattices onto another by % in-plane rotations yield the following
relations, i.e.,

By A(R;) = Bgp(R.(R;,—7/3)) = Bece(R.(R;i,m/3)), (D.4a)
BA,B(Ri) = BB,C(RZ(Ria _7r/3)) = BC,A(RZ(Ria 7T/3)) ; (D'4b)
Bac(R;) = B a(R.(R;i,—7/3)) = Be g(R.(R;, 7/3)) . (D.4c)

Finally, it is worth mentioning that the DM interaction (confer Sec. breaks the lattice’s
mirror symmetries with respect to the x and y axes. Only the mirror symmetry in the
origin B(R;) = B(—R,) is upheld.

All these symmetries and the translation invariance have consequences in momentum
space. Let us first define the standard transform of the original function B(r;,7;). It is
given by

B(k, k') = Z e~ HTie= kT B(p,. ;). (D.5)
0.
Making use of Eq. and the matrix representation from Eq. , and rewriting the

difference coordinate R; — R; = d, we can derive that
B(k,k') = 6(k + K')B(k), (D.6a)
B(k) = Z e tkd {BA,A(d) + etk BA,B(d) + eik'CQBAjc(d)
d
+ e tker [BB,A(d) + etk-er B&B(d) + eik'CQBB@(d)]

+ B_ik'cz |:BC7.,4(d) + eik'cl Balg(d) + eik'CQBC,C(d):| } . (D'Gb)
Defining the quantity

Balk) = 3" ¢4 [Bya(d) + ¢ Bag(d) + 52 Bac(d)] =3 e B(0,r),

d )
(D.7)
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D. Kagome lattice and Fourier transforms

one verifies easily verifies
B(k) = Ba(k) + Ba(R.(k, 7/3)) + Ba(Ru(k, —7/3)). (D)

Here, we have used Eq. (D.4) and that the scalar product k - d is invariant under simul-
taneous rotation of both vectors. Finally, we employ the mirror symmetry with respect to
the coordinate origin in order to find

Ba(k) =) e Famithoni) By y;)

Ti,Yi
= B(0,0) + Z 2 cos(kyx;)B(x;,0) + Z 2 cos(kyyi)B(0,y;)
x; >0 yi>0
+ Z {2 cos(kyxi + kyyi) B(zi,yi) + 2 cos(kzxi — kyyi) B(—i,vi)} (D.9)
aci,yi>0

where we have omitted all zeros for the first real-space coordinate in B(0,r;) and wrote
explicitly r; = (x;,y;). This proves that BA(kz) = B’A(—k). Together with Eq. , we
obtain a k-space-resolved function B (k) which has the typical six-fold rotation symmetry.

In order to derive the correct periodicities in k space, we have a look at the reciprocal
lattice itself. It is also a triangular lattice and its lattice vectors are in correspondence to
the real-space lattice vectors a1 and as given by

T 1 s 0
wet( 0) mer(%). ow

However, the smallest real-space distance that occurs in our correlation functions is pre-
cisely half of the distance which is set by the primitive lattice vectors. All functions in
momentum space hence have to be periodic for any combination of the doubled reciprocal
lattice vectors

B(k)=B(k+n-2bj +m-2by), VYnmeZ, (D.11)

and are, due to the fact that B(k) = B(—k), symmetric around the edges of the third
Brillouin zone (confer Fig. |D.2)).

This discussion seems a bit tedious, but in order to understand the outcomes of our
calculations and recent experiments clearly, we consider it to be worth the effort.
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E. Symmetry transformations for Abrikosov fermions

Here, we summarise the frequently utilised properties of local gauge transformations and
global spin rotations in the language of Abrikosov fermions, see Eq. (4.2]). Since we write
our spin operators in a second quantisation representation of the spin’s z component, the

relevant terms in the following analysis are

5t =5 (Al + S f) (B.10)

Szy = % < sz ¢fz¢) (Elb)
1

St =5 (Fhta = flf) - (E.1c)

Di =3 (i + £l fu) (B1d)

Sf = ST +iS! = fl i, (E.le)

Sy =S¢ —iSY = fl fir- (E.1f)

In the following, we determine the effect of the possible symmetry transformations on these
operators.
E.1. Local gauge transformations

The Nambu space from Chap. [0] is defined in terms of the pseudo-fermion creation and

annihilation operators as

%:<ﬁ>, al=(fl f ) (E.2)

A local gauge transformation acts on these spinors via
a; — Wia;, a;f — a;rVV;r, (E.3)

where W is an arbitrary SU(2) matrix which we subsequently express as

*

. ‘
W,; = Z* Yi , det W; = \$1|2 + |yi|2 =1. (E.4)
—Y T

This implies that the four constituents of the operators from Egs. (E.1)) transform according
to

it — @il fa = Wl £ f + 2w £l AL + @i fifir + 1wl (E.5a)
Ffi — il fo = [l £ fir + 2w £l AL + @i fifir + 1wl (E.5b)
f 1w il — ff wfiss (E.5¢)
i — fwfm (E.5d)
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E.2. Global spin rotations

where we employed standard anticommutation relations, the relation |x;|? + |y;|> = 1, and
the fact that every squared fermionic operator equals zero. Using these relations, one can
verify that all spin operators, i.e., S¥, SY, S7, S%, and S% are trivially unaffected by a
global gauge transformation. For the spin density D;, this is formally not the case. The
reason behind this is that the gauge transformations only act on the unphysical sector of
the Hilbert space. Hence, only the spin density can be altered. If only physically allowed
states can contribute, e.g., the products f fL and f; fi+ are identical to zero and D; = 2,
then also the spin density is invariant under local gauge transformations.

This shows that any type of spin Hamiltonian which, in general, can be a function of all
spin and density operators on the entire lattice is unaltered by transformations as defined
in Eq. . Unless spontaneous symmetry breaking occurs or unphysical states become
occupied, all results obtained by an analysis of such a Hamiltonian via the Abrikosov
decomposition therefore have to be independent of the locally chosen gauges.

E.2. Global spin rotations

According to the more traditional representation of spins via spinors and Pauli matrices, a
spin rotation by an angle § around the unit vector d = (d, dy, dZ)T is for spin—% particles
generated by the SU(2) matrix

[ 0
W:eigd"’:< cos 3 — id, sin 5 (zd +d, )sme ):( x* y* ) 7 (E.6)

—(idy —dy)sing cos g 9 +id, sin 5 —y* oz

|

where o = (0%,0Y,0%)T. In terms of Abrikosov fermions, this can be expressed for the

regular spinors

b; = ( ?} ) ; bl = ( fir s fiy ) (E.7)

in a similar way as the gauge transformations from above. Let the matrix W again be
given by Eq. (E.4]), but now it does not depend on a real space coordinate. Then, a global
spin rotation acts on the spinors as

by — Wby, bl —s bW, (E.8)

Considering the same four products as before, this transformation is characterised by

fhti — 1Pl fir + WP EL i+ 2yl fir oy £ fiy (E.9a)
ity — [P rl f + WP A fr — 2y ff fir — 2y £l fy (E.9b)
fhti — Pt = fl fa — oyl i + 2y sl £y (E.9¢)
it — @l fr = @2 Flifi — 2"y Fl S + 2y FL fy (E.9d)
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E. Symmetry transformations for Abrikosov fermions

The situation is now reversed in comparison to the previous section. A global spin rotation
formally only does not affect the spin density operator whereas all spin-dependent terms

are changed. We span the influenced subspace by using the operators S’i"r , S, , and S7 in
the following. Under a global spin rotation they are sent to
S;' z? —y? —2xy Sf
S| —| @) @) -2y Sio | (E.10)
S; vyt 2ty (|2~ y?) Si

where we chose a standard vector and matrix notation for convenience.

One might now believe that only Hamiltonians involving spin-density operators are in-
variant under global spin rotations. However, there is one symmetry-allowed term which is
bilinear in spins, namely the scalar product of two spins. This should only depend on the
length of the involved spins and their relative angle to each other. Therefore, a Heisenberg
Hamiltonian is invariant under the transformation in Eqs. as we shall see.

E.2.1. Heisenberg Hamiltonian

Any Heisenberg interaction is a linear combination of scalar products between two spins
S; and S; where 7 and j can be arbitrary sites. Since the involved lattice sites do not have
to be identical, it should also be clear why we are considering global and not local spin
rotations at this point. The scalar product is given by

Si- ;= SISt + SVSY 4 5757
:i@f+$j($44§>—%@T—&j(@ﬁdg
_ %(5j5; + S;Sf) + 5252 (E.11)

>+$$

Employing Egs. (E.10), we find that it transforms under an arbitrary global spin rotation
as

1+* —Q+ 2 Q% 2 22_
sls,—3<@53+sw%%a&sﬁ(my+m) =S;-S;. (E.12)

This proves that any scalar product of two spins is invariant under all transformations
that can be represented by Eq. . This property is hence passed onto Heisenberg
Hamiltonians which are as well as spin-density-dependent Hamiltonians symmetric under
global SU(2) rotations of the spin system.
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E.2. Global spin rotations

E.2.2. Dzyaloshinsky-Moriya interactions

The DM interaction from Chap. [4is due to the cross product also bilinear in the considered
spin operators. In our chosen basis of ST, S~, and S?, it is given by

(sj _ 5;)5; e (S;F _ Sj—)
s:(sf+s7) = (st+s7)ss] | (E-13)

L [S;Sj+ - Sjsﬂ

1
2i
) R 1
S; x 8§ = 3

where the vector notation on the right-hand side represents Cartesian coordinates. Ac-
cording to Egs. (E.§), this transforms under global spin rotations as

(st = avs7)s5 - 57 (as7 - a's;) = 5577 - 575;)
S (v #7087 ) = (087 +87 )87 +8(8; 87 - 5787
L (5 - es7) s - si(es7 - 87 (5787 - 575

DOl EE}‘H

SZ'XSJ‘—>

[\
By

(E.14)
The coefficients are defined as o = (($*)2 — y2>, 8= (m*y* + xy), v = <(x*)2 + y2>,

6= (az*y* — xy), e = 2%y, and ¢ = 2|z|2> — 1. For a global invariance of the DM term
under a global spin rotation, it is hence required that

a=a"=1, B8=0, for the = component, (E.15a)
y=~v"=1, 0=0, for the y component , (E.15b)
e=¢ =0, (=1, for the z component . (E.15c¢)

These conditions can all be fulfilled simultaneously if and only if x = +1, y = 0. Using
Eq. , one verifies that this holds for arbitrary d if € = 2wn with n € Z. Therefore, the
cross product in Eq. is only invariant under 27 spin rotations which also must be
true by the definition of spin operators which transform under such rotations as S — —S.

However, the vector D;; selects certain components of the cross product with corre-
sponding weights which then appear in the Hamiltonian [cf. Eq. ] Because of that,
the DM interaction can be invariant under the transformation in Eq. for arbitrary
6 if only one component of the cross product contributes. Due to the global SU(2) spin-
rotation invariance of the scalar product, any Hamiltonian as defined in Eq. is then
invariant under those U(1) spin rotations which result from Eq. with

(1,0,0)7, if D;; = (Dy;,0,0)" Vi, j,
d=14(0,1,00", if Dy = (0,D4,0)" Vi, j, (E.16)
(0,0,1)", if D;; = (0,0, D))" Vi, j.

Thus, the model considered in Chap. {4]is invariant under global U (1) spin rotations around
the z axis since the Moriya selection rules require that D;;||e, for the kagome lattice [129).
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E. Symmetry transformations for Abrikosov fermions

It should be noted that also .S7 and SZ?”S}"—}—S%SJZ/ are invariant under these rotations (y = 0,
|z|? = 1) which directly implies the vertex parameterisation from Egs. (4.19) and (4.22).

Nevertheless, if the vector D;; has two non-vanishing components on a single bond, only
the Zs invariance with respect to the spin transformation S — —S remains. In such a
case, the FRG equations necessary for describing the system would probably involve all
16 possible spin-spin interaction channels. For our capability to present results as in the
main chapters of this thesis, the remaining U(1) symmetry of the Hamiltonian is vital.
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Abstract

We enhance the pseudo-fermion functional-renormalisation-group (PFFRG) method for
the investigation of highly frustrated quantum spin systems in two significant ways. On
one hand, we generalise the method towards off-diagonal Dzyaloshinsky-Moriya (DM) in-
teractions and single-ion anisotropies. On the other hand, we develop a self-consistent
Fock-like mean-field technique which is based on vertex functions from a PFFRG analysis
and calculates effective free spinon models for the considered systems at low energies.

In Chap. [I} we introduce the fundamental mathematical concepts on which our stud-
ies rely. The so-called flow equations for the PFFRG are then derived in Chap. The
first part of our original work is presented in Chap. [f] where we, for the first time, extend
the PFFRG scheme towards off-diagonal spin interactions and therefore confirm the quite
general applicability of this method. There are two important results from our investiga-
tions of the spin—% Heisenberg-DM model on the kagome lattice in this chapter. One is
that a finite DM interaction enlarges magnetically ordered phases and thereby shrinks the
paramagnetic phases which possibly house spin liquid states. The other important result
is that the mineral herbertsmithite which inspired this project lies in close proximity to a
quantum critical point. We obtain a phase diagram for the considered Hamiltonian and
qualitatively good results in comparison to experimental data for herbertsmithite |68, 69].

Our collaboration with a research group from Cologne is summarised in Chap. |5} Here,
we investigate two different X X Z models with tetragonally split-up second-neighbour
Heisenberg interactions and single-ion anisotropies on the diamond lattice in order to study
the spin-1 A-site spinel NiRhoO4. We are able to confirm the existence of a paramagnetic
phase for one of the considered models. However, such a paramagnetic behaviour cannot
be verified for the Hamiltonians suggested in Refs. [29] and [30].

The second main part of this thesis is contained in Chap.[6] The developed PFFRG plus
mean-field method enables us to characterise the effective low-energy spinon band structure
of the spin-1 Ji-J5 (nearest-neighbour) Heisenberg model on the square (kagome) lattice.
This is achieved by comparing self-consistently determined overall amplitudes for different
mean-field ansétze which are taken from corresponding PSG classifications in Refs. [182]
and [111]. Our studies imply that the square lattice model realises a SU(2) spin liquid
with 7m-fluxes through elementary plaquettes and that the spin—% kagome antiferromagnet
is most likely described by a Zs spin liquid called Zs2[0, 7]c.

We argue that our analysed models have current experimental relevance and that the de-
veloped techniques show plenty of possibilities for future applications. A detailed summary
and discussion of all methods and results is provided in Chap. [7}
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Kurzfassung

Wir verbessern die Methode der Pseudofermion funktionalen Renormierungsgruppe (PF-
FRG) fir die Untersuchung stark frustrierter Quantenspinsysteme auf zwei signifikante
Weisen. Einerseits erweitern wir die Methode auf Dzyaloshinsky-Moriya (DM) Wech-
selwirkungen und Einzelionenanisotropien. Andererseits entwickeln wir eine Fock-artige
mean-field Technik, die auf Vertices von einer PFFRG Analyse beruht und effektive Spinon-
bandstrukturen der betrachteten Systeme berechnet.

In Kap. [I] fithren wir die mathematischen Konzepte ein, auf denen unsere Studien
basieren. Die Flussgleichungen der PFFRG werden in Kap. [3] hergeleitet. Der erste Teil
unseres Originalwerks wird in Kap. [4] prasentiert, wo wir erstmals das PFFRG Schema auf
nebendiagonale Spinwechselwirkungen erweitern und damit die sehr breite Anwendbarkeit
dieser Methode bestétigen. Unsere Untersuchung des Spin—% Heisenberg-DM Modells auf
dem Kagomegitter zeigt, dass eine finite DM Wechselwirkung magnetisch geordnete Phasen
vergrofert und somit die paramagnetischen (PM) Phasen verkleinert, welche moglicher-
weise Spinfliissigkeiten beherbergen. Zudem zeigen wir, dass sich das Mineral herbert-
smithite, welches dieses Projekt inspirierte, in der Nahe zu einem quantenkritischen Punkt
befindet. Wir erhalten ein Phasendiagramm des betrachteten Hamiltonians und qualitativ
gute Ergebnisse im Vergleich zu den experimentellen Daten fiir herbertsmithite |68, |69)].

Unsere Kollaboration mit Forschern aus Koln ist in Kap. 5| zusammengefasst. Hier un-
tersuchen wir zwei verschieden X XZ Modelle mit tetragonal aufgespaltenen Heisenberg
Wechselwirkungen und Einzelionenanisotropien auf dem Diamantgitter, um das Spinel
NiRhyO4 zu studieren. Wir bestétigen die Existenz einer PM Phase in einem unserer
Modelle. Allerdings verifizieren wir solch ein PM Verhalten nicht fiir die in den Referen-
zen [29] und [30] vorgeschlagenen Hamiltonians.

Der zweite Hauptteil dieser Dissertation ist in Kap. [f] enthalten. Die dort entwickelte
PFFRG plus mean-field Methode ermdglicht es uns, die effektive Spinonenbandstruktur
des Spin-3 Ji-Jo (nichste-Nachbar) Heisenberg Modells auf dem Quadratgitter (Kagome-
gitter) zu charakterisieren. Dies wird durch einen Vergleich der Gesamtamplituden fiir
verschiedene mean-field Ansétze erreicht, welche den PSG Klassifizierungen der Referen-
zen [182] und |111] entstammen. Unsere Studien implizieren, dass das Quadratgitter-
modell eine SU(2) Spinfliissigkeit realisiert, wiahrend der Spin—% Kagome-Antiferromagnet
wahrscheinlich durch eine Zo Spinfliissigkeit beschrieben wird.

Wir argumentieren, dass unsere Modelle aktuelle Relevanz besitzen und die entwickelten
Techniken vielerlei Moglichkeiten fiir zukiinftige Anwendungen bieten. Eine detaillierte
Zusammenfassung und Diskussion aller Methoden und Resultate ist in Kap.[7]bereitgestellt.
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