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Abstract

Guided by baryon chiral perturbation theory, the effective field theory for pions and baryons
in QCD, we construct the leading orders of a low-energy effective field theory for magnons
and holes in an antiferromagnet on the honeycomb lattice. Based on a careful symmetry
analysis of the underlying microscopic Hubbard Hamiltonian and the fact that doped holes
reside in pockets centered around lattice momenta (0, +-47/(3v/3a)), we systematically derive
the low-energy degrees of freedom and their transformation behaviour under the symmetries
of the Hubbard model. In order to couple the magnons to the holes in the effective field
theory, we use a non-linear realisation of the global spin symmetry. The leading order effec-
tive Lagrangian is then constructed by demanding that it must have the same symmetries
as the Hubbard model. As an application of the effective field theory, we afterwards discuss
possible spiral phases of the staggered magnetisation in an antiferromagnet on the honeycomb
lattice containing a homogeneously distributed, small amount of doped holes. The effective
field theory reveals that, depending on the values of the low-energy constants, the staggered
magnetisation is either in a homogeneous or in a spiral phase where the spiral has no preferred
spatial propagation direction.

As an intermediate step, we diagonalise the Hubbard Hamiltonian in the zero-coupling limit
to derive the dispersion relation of free, massless Dirac fermions. Expanding the dispersion
relation for small momenta allows us to determine an exact expression for the fermion velocity.
The construction of the leading order effective Lagrangian for free fermions concludes this
excursion.
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Chapter 1

Introduction

The phenomenon of low-temperature superconductivity was discovered in the year 1911 by
Heike Kammerlingh Onnes and Gilles Holst. While studying the resistance of solid mercury
at low temperatures, Onnes and Holst observed that resistance suddenly disappears when
the probe is cooled below 4.2 K. In 1957, John Bardeen, Leon N. Cooper, and John R.
Schrieffer (BCS) proposed the microscopic theory of low-temperature superconductivity. Ac-
cording to BCS, superconductivity at low temperatures emerges from two-electron bound
states in which the electron pairs feature opposite momenta close to the Fermi surface and
zero total spin. These so-called Cooper pairs are bound by a long-ranged attractive force
mediated by phonons which overcomes the short-ranged screened Coulomb repulsion. Low-
temperature superconductors exhibit a critical temperature of a few Kelvin below which
the Cooper pair formation is possible. Johannes G. Bednorz and Karl A. Miiller, however,
observed in 1986 that Lanthanum-Barium-Copperoxid (La; g5Bag 15CuO4) turns into the su-
perconducting phase above 30 K [1]. This was the starting point for the still very rich research
field of high-temperature superconductivity. Because it is assumed that the coupling due to
phonons is too weak to completely explain bound fermion pairs in high-temperature super-
conductors (HTSC), the BCS theory can not be used to describe materials with a high critical
temperature.

Most HTSC are hole- or electron-doped ceramic materials with layers of CuQOs spaced by
insulating layers of other atoms serving as a charge reservoir. Doping can be obtained by
substituting ions in these insulating layers with the effect that the number of electrons in the
copper-oxide layers changes. In an undoped system, a CuQO» layer has on average one valence-
electron per lattice site (half-filling). A material is called electron-doped when additional
electrons enter the half-filled copper-oxide layers through doping. On the other hand, the
charge reservoir in the insulating layers can pick up electrons from the crystal such that there
is an electron vacancy or, equivalently, a hole in the CuQOs plane. At zero or at least very
low doping, the copper-oxide layers show, in a certain temperature range, the characteristic
long-range order structure of an antiferromagnet. In real materials, these layers are weakly
coupled. Therefore, the correlation length remains infinite also for non-zero temperature 7’
and thus the antiferromagnetic phase is realised for T' > 0. Fig. 1.1 shows a schematic phase
diagram for Nds_,Ce,CuOy4 and Las_,Sr,CuQOy4, which both represents HTSC on a square
lattice. However, as first suggested by Philip W. Anderson in [2], due to the weak coupling
of the CuOs layers, the relevant physics of HTSC is reduced to a two-dimensional single
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copper-oxide plane. It is thus legitimate to completely neglect the inter-layer coupling for a
theoretical treatment of HT'SC. However, one should keep in mind that Fig. 1.1 then no longer
applies, since the correlation length of an exactly two-dimensional antiferromagnet gets finite
as soon as T > 0, i.e. the antiferromagnetic phase exists only for T' = 0. An antiferromagnet
turns into the superconducting phase as soon as the doping concentration is high enough. The
newest generation of HT'SC are iron-based. Instead of the CuOs planes, these materials are
based on layers consisting of iron and arsenic [3]. Although this thesis is ultimately motivated
by high-temperature superconductivity, we assume that only a fundamental understanding of
HTSC in the antiferromagnetic phase can be the key to access a correct theoretical description
of high-temperature superconductivity.

300 Nd, Ce CuO, La, Sr CuO,
)
o 200f “Normal”’
E Metal
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Figure 1.1:  Schematic phase diagram of electron- (Ndy—,Ce,CuQOy) and hole-doped
(Lag— St CuQOy) cuprates illustrating the antiferromagnetic (AF) and superconducting (SC)
phase in dependence of temperature and doping concentration [4).

In this thesis we focus on high-temperature superconductors with a honeycomb lattice in
the antiferromagnetic phase. A HTSC on the honeycomb lattice is the dehydrated variant
of Na,CoO2-yHo0O at = 1/3. The relevant layers now consist of CoOg instead of CuOs.
Nevertheless, it is assumed that the underlying physics is similar to the copper oxides [5].
The structure of this material is depicted in Fig. 1.2. A further antiferromagnetic material on
a honeycomb lattice is InCuy/3Vy/303. Because it seems that the important honeycomb lat-
tice materials are hole-doped, we restrict all investigations in this thesis to lightly hole-doped
antiferromagnets.

Appropriate models describing antiferromagnetism are the Hubbard or the ¢-J model. They
are considered to be minimal models which contain the physics of itinerant spin-1/2 fermions
on a two-dimensional lattice. These models further include on-site Coulomb repulsion (Hub-
bard model) and a nearest-neighbour spin-coupling (¢-J model). Both of these models can
be doped with fermions, but the t-J model allows only hole doping. However, because of
their simplicity, the Hubbard as well as the ¢-J Hamiltonian neglect some physical aspects of
real materials. Since the formation of a crystal lattice is not included in these microscopic
descriptions, the phonons, as the Goldstone bosons of the spontaneously broken translation
invariance, are not included in the Hubbard and the t-J model. Moreover, impurities due to
doping and the already mentioned interlayer interaction are not captured by the two Hamil-
tonians. However, despite their various simplifications, these models are perfectly suited to
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Figure 1.2: Structural views of Nay7CoOsy (left) and Na, CoOs-yHs O (right), where Na and
H O sites are partially occupied [5].

describe a doped antiferromagnet in two dimensions. The main problem is that both models
in general can not be solved analytically and numerical simulations, as soon as more than one
doped hole or electron is included, suffer from a very severe fermion sign problem. Further,
the exact antiferromagnetic ground state of these Hamiltonians is not known. This motivates
the construction of a low-energy effective field theory for magnons and holes in an antiferro-
magnet on the honeycomb lattice. With this tool in our hand, we are then able to describe
the low-energy physics of the Hubbard and the ¢-J model including a small amount of doped
holes in a very efficient manner.

Let us first review some general facts about low-energy effective field theories. The basis of a
low-energy effective field theory is a microscopic model (fundamental theory) describing the
physics of a given system over a wide range in energy. In the majority of cases, these models
are thus not solvable analytically. However, as long as one is interested only in the physics
at low energies, there is a loophole. In this case one must identify all relevant degrees of
freedom dominating the physics at low energies, i.e. low temperatures. Only these degrees
of freedom are then used to construct a low-energy effective field theory (or simply effective
field theory). As a consequence, the effective field theory describes the low-energy physics
of the system in a much more economic or, in accordance with its name, effective manner
than the fundamental theory, which at low energies also incorporates the degrees of freedom
relevant for the high-energy regime. Let us now explain in detail how an effective field theory
is constructed by considering the statement of Weinberg in [6] that once the effective degrees
of freedom are identified, the most general effective Lagrangian, satisfying all fundamental
principles of quantum field theory, has to be invariant under all symmetries of the underlying
microscopic model. If one intends to construct an effective Lagrangian, one therefore first
determines all the symmetries of the fundamental microscopic theory. As a second step, the
low-energy degrees of freedom and their transformation behaviour under the symmetries of
the underlying Hamiltonian are worked out. Finally, the low-energy effective Lagrangian is
constructed as a systematic derivative expansion containing all terms of a certain order, ex-
pressed in the relevant effective degrees of freedom, which are invariant under all symmetries of
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the microscopic model. Since derivatives in position space correspond to momenta in Fourier
space, the low-energy behaviour of a system is suitably described by the leading order terms
in the effective Lagrangian involving as few derivatives as possible. In the end, the (leading
order) effective Lagrangian enters the path integral through a Euclidean action. It should be
emphasised that the effective field theory is completely equivalent to the microscopic theory
at low temperatures. Information about the high-energy regime of the fundamental theory is
incorporated in the effective field theory through so-called low-energy constants. Each term
in the effective Lagrangian is multiplied with a low-energy constant, which determines the
coupling strength of the corresponding low-energy interaction process. However, within the
scope of the effective field theory it is not possible to determine the numerical values of these
constants. The values of the low-energy constants can be fixed by the use of a matching
calculation. Such a procedure is realised by calculating a certain process, which includes the
low-energy constant to be determined, in the framework of the effective field theory. On
the other hand, the same process is investigated within the microscopic theory, e.g. with a
Monte Carlo simulation. By comparing both predictions, one is then able to fix the value of
the low-energy constant which itself depends on a parameter of the microscopic Hamiltonian.
The effective field theory is insensitive to the details of the microscopic model and there-
fore is able to represent a whole class of microscopic theories as long as they share the same
symmetries. However, the numerical values of the low-energy constants are model-dependent.

It is possible that a system at low temperature exhibits a spontaneously broken global sym-
metry. In this case, Goldstone’s theorem predicts the existence of spin- and massless particles
known as Goldstone bosons. Since these particles are massless, they govern the low-energy
physics of the system and must therefore be considered a relevant low-energy degree of freedom
although they do not appear as fundamental degrees of freedom in the microscopic model.
The effective Lagrangian must thus include the description of the Goldstone bosons.

The most prominent example of a strongly coupled and thus hardly solvable fundamental
theory is quantum chromodynamics (QCD), which describes the strong interaction between
quarks and gluons. Assuming the quarks to be massless, QCD shows a spontaneous symmetry
breakdown of the global SU(2);, ® SU(2) g chiral symmetry to the isospin subgroup SU(2)r=r
at low energies. The corresponding Goldstone bosons are the three pions 7+, 7¥, and 7,
which are dominating the low-energy physics of QCD. ! Chiral perturbation theory (xPT), a
systematic low-energy effective field theory for the pionic sector of QCD, was formulated in [7]
by Jiirg Gasser and Heiri Leutwyler after preparatory work in [6,8]. However, in addition to
the pions, the particle spectrum of QCD also contains massive baryons. Baryon chiral pertur-
bation theory (BxPT) is the corresponding low-energy effective field theory which describes
pions as well as baryons [9-13]. Due to baryon number (B) conservation one can investigate
the pion sector B = 0 and the baryon sector B # 0 independently. By the use of BYPT, the
low-energy physics of QCD is by far more easily accessible than by solving the underlying
strongly coupled microscopic theory.

Quantum antiferromagnets are systems in which the global SU(2), spin symmetry is spon-

'To be exact: In reality the quarks are not exactly massless and therefore the pions pick up a small mass.
However, since the pions are still the lightest particles in the spectrum, they dominate the low-energy physics
anyhow.



taneously broken down to U(1);. The resulting Goldstone bosons are the magnons, which
thus dominate the low-energy physics of an undoped antiferromagnet. In analogy to xPT,
we formulate in this thesis a low-energy effective field theory for magnons in an antiferromag-
net on the honeycomb lattice based on symmetry considerations. The leading order effective
Lagrangian is constructed with the magnon field as the relevant degree of freedom and is
completely defined by the two low-energy constants ps (spin stiffness) and ¢ (magnon veloc-
ity). However, since we are finally interested in the low-energy dynamics of a hole-doped
antiferromagnet, the pure magnon theory must be extended by also including holes in the
effective description. The guideline for this extension is given by BxPT, particularly with
regard to the non-linear realisation of the global SU(2)s; symmetry as a local symmetry in
the unbroken subgroup U(1)s; which allows us to couple the magnons to the holes in the ef-
fective Lagrangain. As baryon number is a conserved quantity in QCD, the fermion number
Q is also conserved in the antiferromagnetic phase. We are therefore led to investigate the
low-energy physics in each fermion number sector independently. The pure magnon sector
(Q = 0) then corresponds to the pure pion sector in the QCD framework and, as soon as one
hole is included (@ = —1), we enter the analogue of the baryon sector of QCD. An effective
field theory for magnons and doped holes (electrons) in an antiferromagnet on the square
lattice has been worked out in [14] ([15]).

The microscopic starting point for the effective field theory including magnons and doped
holes is the strongly coupled Hubbard model, which we assume to be a valid model describ-
ing antiferromagnetism. By the use of numerical simulations it has been shown that the
Hubbard Hamiltonian indeed reveals spontaneous SU(2); — U(1)s breaking. The Hubbard
model is invariant under the discrete symmetries of the honeycomb lattice as well as under the
global spin symmetry SU(2)s and the fermion number symmetry U(1)q. As the construction
of a low-energy effective field theory demands, the final effective Lagrangian for magnons
and holes is invariant under all symmetries of the Hubbard model. The transformation be-
haviour of the effective fields under the various symmetries, and thus the final form of the
effective Lagrangian, depends on where in momentum space doped holes occur. Numerical
simulations in [16] have shown that holes reside in pockets centered around lattice momenta
(0, +47/(3v/3a)) where a denotes a lattice spacing. In fact, the locations of the pockets must
be taken into account while identifying the effective degrees of freedom for holes. The energy
scale of the Hubbard model is determined by the parameters ¢t and U. The energy scale of
the effective field theory, however, is set by the low-energy constants, which itself depend on
the parameters of the Hubbard model. Therefore, the effective field theory is only valid for
energies which are small compared to a low-energy constant like ps.

It is an interesting question to ask whether the low-energy effective field theory for magnons
and holes can also be used to describe materials in the high-temperature superconducting
phase. In this phase, antiferromagnetism ceases to exist and thus SU(2)s is no longer spon-
taneously broken. The SU(2)s — U(1)s breakdown, however, is a key ingredient for the
construction of the effective field theory. Therefore, a systematic construction according to
this thesis is no longer possible. On the other hand, as long as the magnons, now with a finite
correlation length, and the holes, with the index structure of the antiferromagnetic phase,
still remain the relevant degrees of freedom, the effective field theory can be applied to the
high-temperature superconducting phase.
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Once the effective field theory is constructed, it is applicable to various low-energy phenomena
hardly accessible in the framework of the microscopic theory. In this thesis, as an example, we
investigate possible spiral phases of the staggered magnetisation in an antiferromagnet on the
honeycomb lattice with a small amount of homogeneously doped holes. The corresponding
results are obtained by the use of a variational calculation and are published in [17]. Shraiman
and Siggia first introduced the idea that a spiral phase can be a potential ground state of
a doped antiferromagnet even at arbitrarily small doping [18]. There are various theoretical
descriptions showing that the spiral phase is indeed a stable configuration for low-doped anti-
ferromagnets [19-35]. Spiral phases for doped antiferromagnets on the square lattice were first
investigated within the framework of an effective field theory in [36,37]. In [38], the influence
of a periodic and piecewise constant potential on possible spiral configurations was worked out.

This thesis emerged from a close collaboration with Marcel Wirz. Besides the same construc-
tion of the effective field theory for magnons and holes, the thesis of Marcel Wirz contains,
as a further application of the effective field theory, a detailed discussion of magnon induced
two-hole bound states [39]. Two-hole bound states from an effective field theory for magnons
and holes in an antiferromagnet on the square lattice have been investigated in [14,40].
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Chapter 2

Properties of the honeycomb lattice

Before discussing concrete microscopic models for antiferromagnetism, we first of all will
present the symmetry properties of the underlying lattice. On this level of investigation we
consider the honeycomb lattice as an infinite extended empty lattice without any physical
objects on its sites. In chapter 3 we will then show that the microscopic models are indeed
invariant under the discrete symmetries of the honeycomb lattice.

2.1 A bipartite non-Bravais lattice

To show that the honeycomb lattice features a two-dimensional non-Bravais lattice structure,
let us first review a definition of a Bravais lattice. According to [41] a Bravais lattice is an
infinite array of discrete points with an arrangement and orientation that appears exactly the
same, from whichever of the points the array is viewed. This is not the case for the adjacent
points A and B in Fig. 2.1. The orientation of the nearest neighbour sites from point B
with respect to the nearest neighbour sites of point A is rotated by 180 degrees. In fact, the
honeycomb lattice is a superposition of two triangular Bravais sub-lattices A and B, where
we choose the primitive lattice vectors

a; = (%a, @a) , as = (0, \/§a> , (2.1)

with a denoting the distance between two neighbouring sites, as basis vectors of sub-lattice
A and B. Since the honeycomb lattice can be decomposed into a disjoint union of two sub-
lattices A and B, where each lattice site on A has only nearest neighbours on sublattice B and
vice versa, it belongs to the class of bipartite lattices. Obviously, the coordination number z
of the honeycomb lattice is three.!

Since the honeycomb lattice itself is not a Bravais lattice, we are led to derive its Brillouin
zone by constructing the Brillouin zones of the underlying triangular sublattices A and B.
These two Brillouin zones are identical since the sublattices are spanned by the same primitive
vectors of Eq. (2.1). We calculate the basis vectors g; of the reciprocal lattice by means of
Eq. (2.1) and the Laue condition

'Due to the fact that on the honeycomb lattice z is smaller than the coordination number on the square
lattice (z = 4), deviations in numerical results for various low-energy constants between these two lattices can
be explained. This will be discussed in section 5.1.
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Figure 2.1: The honeycomb lattice with its two sublattices A (o), B (o), and the corresponding
primitive lattice vectors aq, as.

a;-g; = 271'52']', 1,] € {1, 2}. (2.2)
This implies
_ (4r _ 2r 2w
g1 = (%7 ) ) g2 = <_%7 E) : (23)

Fig. 2.2 shows that the first Brillouin zone of the honeycomb lattice is again a hexagon, how-
ever, rotated by an angle of 30 degrees with respect to the hexagon in coordinate space. Note,
that the resulting Brillouin zone is a superposition of the Brillouin zones of sublattice A and
sublattice B and is therefore doubly covered. A state in the Brillouin zone can therefore be
occupied by two fermions with the same spin direction under the constraint that one of the
two fermions is located on A and the other fermion on B. Thus, beside spin orientation and
momentum, the sublattice indices A and B become additional quantum numbers.

An electron or a hole with a certain momentum k behaves exactly like an electron (hole) with
momentum &’ as long as the difference between k£ and %’ is equal to a reciprocal lattice vector.
For all momentum dependent quantities it is therefore sufficient to consider only the momenta
in the first Brillouin zone. The six corners of the first Brillouin zone from the honeycomb
lattice are given by the coordinates
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07)

01

Figure 2.2: The reciprocal lattice of the honeycomb lattice and the corresponding first Brillouin
zone.

From these six corners, only two points form a set of inequivalent points (Fig. 2.3). All the
other sites of the reciprocal lattice are then periodic copies of these two inequivalent points.
The area of the first Brillouin zone is given by

8372

- (2.5)

Apz =

Ko

Ks

Figure 2.3: The siz corners of the first Brillouin zone. Fach pair of {e,o} represents a set of
inequivalent points.

2.2 Symmetries of the honeycomb lattice

To cover all symmetries of the honeycomb lattice we need a minimal set of symmetry transfor-
mations, which generates all transformations leaving the lattice invariant. Such a set consists
of a shift symmetry and the generating elements of the dihedral group Dg, which are a ro-
tation of 60 degrees and a reflexion at the xi-axis. For further investigations, it will turn
out to be essential to distinguish between symmetry transformations under which the two
sublattices map onto themselves (A — A, B — B), respectively sublattice A is mapped on B
and vice versa (A < B).
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2.2.0.1 Shift symmetry D;

The honeycomb lattice remains invariant under a displacement along the two primitive lattice
vectors introduced in Eq. (2.1). Such a shift maps A — A and B — B.

2.2.0.2 Rotation symmetry O

Dg predicts a symmetry under a 60 degrees spatial rotation around an axis located in the
center of a hexagon. This leads to A «» B and O turns a lattice point z = (x1,22) into

1 3 3 1
Ox = (301 — %(L’g, %xl + 522).

We will now emphasise a characteristic difference between the honeycomb lattice and a square
lattice with primitive vectors e; = (a,0), ea = (0, a). For the square lattice, the rotation center
is conventionally located at a certain lattice point. Compared to the honeycomb lattice, a
shift along one of the vectors e; now maps A «» B. On the other hand, a rotation around 90
degrees maps A — A and B — B.

2.2.0.3 Reflexion symmetry R

The honeycomb lattice exhibits in total six reflexion symmetry axes. Three of them are
perpendicular to the sides of the hexagon and the remaining three symmetry axes run through
its edges. We only consider reflexions with respect to the zq-axis (Fig. 2.1). Reflexions with
respect to an arbitrary symmetry axis can then be obtained by first rotating the hexagon
and then performing the reflexion at the xi-axis. The reflexion symmetry maps A — A and
B — B. R acts on x as Rr = (1, —x2).



Chapter 3

Microscopic models for quantum
antiferromagnets and their
symmetries

QCD is the underlying theory of ByPT. We assume that the Hubbard model is a reliable
model describing, in general, a doped quantum antiferromagnet, and therefore is valid as a
concrete microscopic model for the low-energy effective field theory for magnons and holes to
be constructed in this thesis. After introducing the Hamiltonian, we investigate the strong
coupling regime of the Hubbard model to discuss briefly its two limiting cases namely the ¢-J
model and the Heisenberg model. Furthermore, due to the fact that the effective Lagrangian
must inherit all symmetries of the underlying microscopic system, a careful symmetry analysis
of the Hubbard model is presented. Note, that whenever we speak about up (1) or down ()
spins in the framework of the microscopic theory, we mean the projection of the spin onto a
global quantisation axis in the 3-direction.

3.1 The Hubbard model

Let CLS denote the operator which creates a fermion with spin s € {1,|} on a lattice site
x = (x1,22). The corresponding annihilation operator is ¢,s. These fermion operators obey
the canonical anticommutation relations

{CﬂcsTa Cys’} = 5£Ey588/7 (3.1)

and

{CacSa Cys’} = {C:rvsv CLS/} =0. (3'2)

By successively acting with the creation operator chs onto the vacuum state |0) for various
x and s (czs|0) = 0), one creates the Hilbert space of the model. Since we are considering
fermions, the Pauli principle must be respected and therefore the anticommutation relations
of Eq. (3.2) imply (CLS)2 = 0. Thus, each lattice site can either be vacant, occupied by an T
spin or | spin fermion, or occupied by two fermions with opposite spin.

13
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According to [42], the Hubbard model is a minimal model, which takes into account quantum
mechanical motion of electrons on a lattice and a short-ranged repulsive interaction between
two electrons on the same lattice site. It was first introduced by Hubbard, Gutzwiler and
Kanamori in [43]. The Hubbard model is simplified such that the inner structure of the atom
is neglected and only electrons, hopping from site to site, are considered. This corresponds to
the tight-binding picture of a solid. The second quantized Hubbard Hamiltonian is defined
by

H=—t Z (chycys + CLsCms )+ UZchchcxlcxl — Z el sers, (3.3)
(z,y)
s=1,1 s=1.1

where (z,y) indicates summation over nearest neighbours. The parameter ¢ is the probability
amplitude for a fermion to tunnel from site x to site y. Remember, that in the case of the
honeycomb lattice, the Hubbard model is formulated on a bipartite lattice. Therefore, only
hopping between different sublattices is allowed. The parameter U > 0 fixes the strength
of the Coulomb repulsion between two fermions located on the same lattice site. Note that,
unlike in real materials, the Coulomb interaction in the framework of the Hubbard model is
considered to be only short-ranged. In the terms proportional to U and i’ one can identify
the fermion number-density operator n,; = ciscxs. The parameter ' denotes the chemi-
cal potential and controls a possible doping. The corresponding term counts the additional
fermions relative to an empty lattice. For u/ = 0, the system is said to be half-filled, which
means that the number of fermions is equal to the number of lattice sites, i.e. on average the
system has one fermion per lattice site.

The fermion creation and annihilation operators can be used to define the following SU(2),
(s for spin), Pauli spinor

C
d= (). = ( o ) | (3.4)

To display the various symmetries of the Hubbard model in a manifest way, it is convenient
to reformulate Eq. (3.3) in terms of ¢k and ¢,. This leads to

:—tz Cy—i—CCx +%Z( C:(:_l MZ Cx—l (35)

The parameter p = p' — % controls a possible doping where the fermions, due to the subtrac-
tion of the constant 1, are now counted with respect to half-filling.

3.1.1 The strong coupling regime (U > t) of the Hubbard model

By investigating the strong coupling limit U > t of the Hubbard model one finds two limiting
cases depending on the doping parameter .

3.1.1.1 U >t and p # 0: The t-J model

Away from half-filling and for U > ¢, second order perturbation theory applied to the Hub-
bard model leads to the t-J model, which in terms of Eq. (3.4) is described by
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H= 73{ —t Z(clcy + chm) +J Z S, - §y - ,uZ(clcm - 1)}73. (3.6)

(z,y) (z,y) r
Also the t-J model is supposed to describe the dynamics of mobile and interacting fermions
in an antiferromagnet. The exchange coupling J is related to the parameters of Eq. (3.3) by
J = % > (0. Again, t is the hopping amplitude and the chemical potential p controlls the
doping with respect to a half-filled system. The SU(2)s spin operator on a site x is given by

—

Sy =cl,

N | Qy

Ca, (3.7)

where & are the Pauli matrices.! The components of Eq. (3.7) obey [SL, Syl = 162yl S

Since for U > t doubly occupied sites are energetically unfavourable, such states are projected
out of the Hilbert space by the operator P. We are then left with a restricted configuration
space, only allowing empty and singly occupied lattice sites. Therefore, the t-J model can
solely describe hole-doped systems. In [16], the single-hole sector of the ¢-J model was simu-
lated on the honeycomb lattice by using an efficient loop-cluster algorithm.

Due to their strong coupling, the Hubbard model as well as the ¢-J model are inaccessible to
a systematic analytic treatment. Moreover, numerical simulations for p # 0 are afflicted by
a severe fermion sign problem.

3.1.1.2 U > t and pu = 0: The antiferromagnetic spin % quantum Heisenberg
model

As already mentioned, for U > t doubly occupied sites are energetically very unfavorable
and therefore, in a system at half-filling, each lattice site is occupied either by an T or |
spin. Every such configuration is then a ground state of the interaction term in the Hubbard
Hamiltonian with eigenvalue £ = 0. Hence, we are left with an infinite degeneracy. Note, that
this situation corresponds to ¢ = 0 and thus represents the leading order in a perturbation
theory in % The first order in % corresponds to a single hop of a fermion. However, there
can be no correction at first order because one hop of a spin cannot again lead to a ground
state of the Hubbard U-term. First corrections to the ground state occur at second order
perturbation theory, i.e. % Now a spin can virtually hop to a neighbouring site, occupied
with a fermion of opposite spin, and then hop back or it can stay on the new site, while the
other spin hops back to the empty site. In this case the new state differs from the old one
by the exchange of two spins. Of course, the Pauli principle must always be respected and
therefore a fermion cannot hop to a neighbouring site with an identically oriented spin on it.
In the end, these virtual hopping processes then favour antiparallel spin alignment. Formally,
this procedure results in the use of Brillouin-Wigner perturbation theory, where the Coulomb
part of the Hubbard Hamiltonian is the unperturbed system and the kinetic part represents

We use the standard representation

(1) e F) (A h) e

of the Pauli matrices. Throughout this thesis we set i = 1.
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the perturbation. According to [44], the Hubbard Hamiltonian for U > ¢ and g = 0 can then
be approximated by the spin % quantum Heisenberg Hamiltonian

H=J> 58, (3.9)
(z.y)

The exchange coupling constant J is related the Hubbard model parameters by J = % > 0.
S, is the spin operator on lattice site x given by

= 1

Note, that the Heisenberg model includes no fermion hopping. It only describes localised
spins, interacting among nearest neighbours with coupling strength .J. For J < 0, Eq. (3.9)
describes ferromagnetism and the corresponding ground state can be derived analytically.
This is not the case for the antiferromagnetic ground state of the Heisenberg model with
J > 0. Intuitively it seems to be natural to assume the classical Néel state

Ny =TT el [T hlo) (3.11)

€A z€eB

to be the ground state of Eq. (3.9). Its characteristic antiparallel alignment of spins emanates
from the bipartite structure of the honeycomb lattice.? A short calculation, however, shows
that the state of Eq. (3.11) is not an eigenstate of Eq. (3.9). Moreover, Marshall’s theorem
in [45] states that the antiferromagnetic ground state of the Heisenberg Hamiltonian is a
singlet, which the classical Néel state is not. Actually, the ground state of the Heisenberg
Hamiltonian consists of Eq. (3.11) and additional spin fluctuations. Nevertheless, the classical
Néel state induces an order parameter - the staggered magnetisation vector defined as®

M, =) (-1)"S,. (3.12)

We define (—1)* = 1 for all x € A and (—1)* = —1 for all x € B, where A and B are
the triangular sublattices of the honeycomb lattice introduced in section 2.1. The staggered
magnetisation, as a Hermitean operator, shows a non-vanishing vacuum expectation value in
the antiferromagnetic phase, which is maximised for the classical Néel state. In contrast to a
ferromagnet, the total uniform magnetisation M = dow S, vanishes for an antiferromagnet.

3.2 Symmetries of the Hubbard model

Since all terms in the effective Lagrangian must be invariant under all symmetries of the
Hubbard model, a careful symmetry analysis of Eq. (3.5) is needed. Investigating symmetries
will now essentially be reduced to determining the transformation properties of the Pauli
spinor ¢,. Let us divide the symmetries of the Hubbard model into two categories: Continuous
symmetries (SU(2)s, U(1)g and SU(2)g), which are implicit symmetries of Eq. (3.5), and
discrete symmetries (D;, O and R), which are symmetry transformations of the underlying

2A non-bipartite lattice, e.g. a triangular lattice, cannot induce perfect antiparallel alignment of spins.
3The existence of a non-vanishing order parameter, i.e. (0|M|0) # 0, indicates a spontaneously breakdown
of a continuous, global symmetry. This will be discussed in section 5.1.
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honeycomb lattice. There is also time reversal implemented by an anti-unitary operator T
This symmetry, however, will be discussed only in the framework of the effective field theory
for magnons (section 5.1). Let us begin with the two basic continuous symmetries of the
Hubbard model, namely the SU(2); spin rotation symmetry and the U(1)g charge (fermion
number) symmetry. A detailed analysis of these two symmetries can be found in [46].

3.2.1 SU(2)s spin rotation symmetry

In order to construct the appropriate unitary transformation representing a global SU(2)
spin rotation, we first define the total SU(2)s spin operator by

§=>"8=>d g Ca. (3.13)

The three generators of SU(2)s are then given by

1 l 1
S1 = 9 Z(Clwmﬁrcllcﬂ), S2 = 2 Z(Clicﬂ —Cchwl)v S3 = ) Z(CIETC%T _Cllcml)' (3.14)

T x T

An SU(2)s symmetry is now implemented by the unitary operator

V = exp(iff - §), (3.15)
which acts on ¢, as
. =Vie,V =exp <zﬁ %) Cr = §Cz, g € SU(2)s. (3.16)

Due to the fact that [H, S | = 0, the total spin is conserved and by means of Eq. (3.16) it
is straightforward to show that the Hubbard Hamiltonian is indeed invariant under global
SU(2)s spin rotations.

3.2.2 U(1l)g charge symmetry

For the purpose of constructing the appropriate unitary transformation of a U(1)g symmetry,
we proceed in full analogy to the SU(2), case by first defining the U(1)q charge operator

Q= Q=) (hea—1)=> (et + ¢l o) — 1), (3.17)

€T €T
which counts the fermion number with respect to half-filling. The corresponding U(1)q
unitary operator is given by

W = exp(iw@®), (3.18)
and the fermion operators transform as
Qe, = Wie,W = exp(iw)cy, exp(iw) € U(1)q. (3.19)

[H,Q] = 0 and therefore charge is a conserved quantity of the Hubbard model. Instead of
saying charge is conserved, it is equivalent to speak about fermion number conservation. It
is easy to see that the Hubbard Hamiltonian is invariant under the U(1)g fermion number
Symimetry.
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3.2.3 Shift symmetry D,

The Hubbard model shows invariance under shifts along the two primitive lattice vectors aq
and ao. These transformations are generated by the unitary operators D;, which act on the
spinor c, as

Die, = D}chDi = Cyta;- (3.20)

By applying Eq. (3.20) on the Hubbard Hamiltonian of Eq. (3.5) and redefining the sum over
lattice sites x, one can see that indeed [H, D;] = 0. Since the shift symmetry maps A — A
and B — B, this transformation does not affect the order parameter M.

3.2.4 Rotation symmetry O

A spatial rotation of 60 degrees leaves Eq. (3.5) invariant. Since spin-orbit coupling is ne-
glected in the Hubbard model, and therefore spin and angular momentum are separately
conserved, spin becomes an internal quantum number. A global SU(2)s spin rotation can
thus be performed independent of a rotation in coordinate space and vice versa. The rotation
symmetry is implemented by the use of a unitary operator O, which acts on the fermion
operators as

9¢, = 0'¢,0 = co,. (3.21)

Rotation symmetry on the honeycomb lattice is spontaneously broken because O maps sub-
lattice A «» B and therefore the staggered magnetisation M, gets flipped. This is, however,
just the same as redefining the sign of (—1)* and should therefore not change the physics.
In the construction of the effective field theory for magnons and holes, it will turn out to
be useful to incorporate the combined symmetry O’ consisting of a spatial rotation O and a
global SU(2), spin rotation g = ios. O transforms ¢, as

O/cm = O,TCmO, = (’iO'Q)OCx = (io2)coy- (3.22)

The specific SU(2), element g corresponds to a global spin rotation of 180 degrees and thus
flips back Ms, such that, in fact, at the end the order parameter is not affected by O’. As
opposed to the honeycomb lattice, M, changes sign under the shift symmetry D; on a bipartite
square lattice. In this case, a combined shift symmetry D) is needed. Since on the square
lattice O maps sublattice A — A and B — B, the staggered magnetisation is not affected by
under rotation by an angle of 90 degrees.

3.2.5 Reflexion symmetry R

The Hubbard Hamiltonian is invariant under reflexion of the lattice points x. Under this
transformation, the fermion operators transform as

Be. = Rlc,R = cpy. (3.23)

Since R maps the two sublattices onto themselves, Ms remains invariant.
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3.2.6 SU(2)p - A non-Abelian extension of the U(1)y charge symmetry

In [47,48], Yang and Zhang proved the existence of a non-Abelian extension for the U(1)q
fermion number symmetry in the half-filled Hubbard model. They call this symmetry a
pseudospin symmetry, which contains U(1)q as a subgroup. SU(2)q is realised on the square
as well as on the honeycomb lattice and is generated by the three operators

Q+ = Z(_l)xCLTCLV Q = Z(_l)mcxlcha

xT xT

1 1
3 _ 2: T T —

The factor (—1)* again distinguishes between the two sublattices A and B of the honeycomb
lattice. Defining Q* = Q' 4 iQ?, we can work out

1 1 t

Q' =) 5Dl Hemen), Q=3 () (el —carea),  (3:25)

x xT

to show that the SU(2)g Lie-algebra [Q!,Q™] = ie™"Q", with I,m € {1,2,3}, indeed is
satisfied. Moreover, it is straightforward to calculate [H, Q] =0 with Q = (Q', Q% Q3) for
the Hubbard H with p = 0.

The Hubbard Hamiltonian in the form of Eq. (3.3) or Eq. (3.5) is not manifestly invariant
under SU(2); ® SU(2)g. In order to find a manifestly SU(2)s ® SU(2)¢q invariant represen-
tation, we arrange the fermion operators in a 2 x 2 matrix-valued operator. How this is done
in detail can be found in [46]. Here we simply state the new fermion representation by

c —1)% ¢
(2 %)

The SU(2)q transformation behaviour of Eq. (3.26

—

unitary operator W = exp(iJ - Q). One then finds

~

can now be worked out by applying the

Ao, = wie,w = ¢,07, (3.27)
with
Q = exp <zu7 : %) € SU(2)o. (3.28)

The Pauli matrices now belong to the SU(2)g space. Under an SU(2), spin rotation, Cy
transforms exactly like ¢, i.e.

C! = gCq, g € SU(2)s. (3.29)
Applying an SU(2), ® SU(2)q transformation to Eq. (3.26) then leads to

—

Qe = gC,0T. (3.30)
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Since the SU(2), spin symmetry acts from the left and the SU(2)q pseudospin symmetry
acts from the right onto the fermion operator, it is now obvious that these two non-Abelian
symmetries do commute. Under the discrete symmetries of the Hubbard model, C, has the
following transformation properties

D;: PiC, =Cpiq,,

O0: ©C, =Coyos,

O : 9'C, = (iog) Couos,

R: fC,=Cg,, (3.31)

which can be worked out by using the already elaborated transformation laws of ¢;. In terms
of Eq. (3.26), we are now able to write down the Hubbard Hamiltonian in a manifestly SU(2),,
U(1l)q, D;, O, O" and R invariant form

t U I
H=—3 (Z> Tr[CICy + CJCa] + 3 > mCiC,CiC,] - o) > Tr[ClC,o3). (3.32)
T,y x xT

Obviously, the o3 Pauli matrix in the chemical potential term prevents the Hubbard Hamil-
tonian from being invariant under SU(2)q away from half-filling. For p # 0, SU(2)¢q breaks
down to its subgroup U(1)g. In addition, the pseudospin symmetry is realised in Eq. (3.32)
only if nearest neighbour-hopping is included. As soon as the Hubbard model is modified such
that it describes next-to-nearest-neighbour tunneling, the SU(2)q invariance gets lost even
for 4 = 0. SU(2)¢g contains a particle-hole symmetry which physically implies a symmetry
between the positive energy spectrum of a particle and the negative energy spectrum of a
hole. Although this pseudospin symmetry is not present in real materials, it will play an
important role in the construction of the effective field theory. The identification of the final
effective fields for holes then leads us to explicitly break the SU(2)g symmetry (section 6.5).

3.3 Symmetries of the ¢-J model

The symmetries of the the t-J model are identical to the ones of the Hubbard model up to
the SU(2)qg symmetry. Remember, that the t-J model can only describe hole-doped sys-
tems. Since SU(2)q relates the electron- and the hole-doped sectors in a symmetric way, this
symmetry is not present in the ¢t-J model. However, during the construction of the effective
degrees of freedom for holes we will break SU(2)g anyway and hence the ¢-J Hamiltonian as
an underlying microscopic model for the effective theory is as reliable as the Hubbard model.
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Low-energy effective field theory for
free fermions

A system on the honeycomb lattice, that is under thorough investigation, is graphene (see
e.g. [49-51]). Neutral graphene is a two-dimensional graphite monolayer consisting of carbon
atoms arranged on a honeycomb lattice, which shows semi-metallic behaviour. A peculiar
interesting feature of graphene is that its low-energy excitations are free, massless and rela-
tivistic Dirac fermions moving with a speed vp. Undoped graphene is well described by the
Hubbard model at half-filling in the weak coupling limit (U < t). Monte Carlo simulations of
the half-filled Hubbard model in [52] have shown that for sufficiently large repulsion U there
exists a phase transition leading graphene from its weakly correlated unbroken phase into a
strongly coupled antiferromagnetic phase, which is governed by a spontaneous breakdown of
SU(2)s to U(1)s. This kind of a phase transition does not occur on a square lattice since
such a system already exhibits antiferromagnetic behaviour for arbitrarily small U and ¢’ = 0.

In general, spontaneous symmetry breaking is not a necessary condition for the existence of
an effective field theory. As long as the low-energy degrees of freedom are describing the
lightest particles in the spectrum, the effective theory approach is valid. Therefore, one is
allowed to describe the massless Dirac excitations of semi-metallic graphene by an effective
Lagrangian since these particles are the only relevant low-energy degrees of freedom.

In this section, we first confirm the existence of massless Dirac fermions by diagonalising the
Hubbard Hamiltonian in the weak coupling limit. Furthermore, this procedure allows us to
determine an analytic expression for the fermion velocity vr. Once the microscopic model is
solved, we establish the correct degrees of freedom to construct an effective field theory for free
Dirac fermions with zero mass only based on the symmetries of the underlying microscopic
model. Note, that this theory is not yet a correct description of graphene’s low energy
excitations, since spin and contact interaction between fermions are not included. However,
the corresponding Lagrangian Egree will indeed reveal the form of a Dirac Lagrangian without
a mass term what proves the equivalence between our effective field theory approach and the
corresponding microscopic model in the low-energy regime.

21
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4.1 Massless, free Dirac fermions in the framework of the
Hubbard model

In the weak coupling limit of the Hubbard model (U < t) the Coulomb interaction U can be
treated as a small perturbation. In [44] it is assumed that states of weakly coupled fermions
are equivalent to states of free fermions and therefore we completely neglect the interaction
term in the Hubbard Hamiltonian. An undoped system (u = 0), consisting of weakly coupled
fermions, is then described by

H="H;+ Hy :—tz cy—l—c cz) —t Z (chy—l—czcw), (4.1)
(@)

where ' now allows next-to-nearest neighbour hopping with the corresponding summation
indicated by ((z,y)). Remember, that ¢ = 0 leads to a manifestly SU(2)q variant Hubbard
Hamiltonian. The U = 0 limit now allows us to derive the energy-momentum relation for
free fermions by transforming Eq. (4.1) into momentum space. As a first step, we expand the
Pauli spinor ¢, on a 2-dimensional, infinite extended honeycomb lattice as

X = . d*k exp(ikz)cp X € {A, B}, (4.2)
Apz
Apz

where ¢4 (¢2) creates (annihilates) fermions on sublattice A and &' (¢B) creates (annihilates)
fermions on sublattice B. A detailled derivation of Eq. (4.2) can be found in [44]. Note, that
ci(T and cﬁ still obey canonical anticommutation relations. To capture all nearest and next-
to-nearest neighbours we introduce the vectors {j;, ji} with ¢ = 1,2,3. Then Eq. (4.1) takes
the form

= _tzz (cxedj, + el e

1=1 z€A
3
At A B
_tlz [ (cAte H],—Fc ,c Y+ (BT fﬂ,—kcmi] f)], (4.3)
i=1 z€A xEB
where
jl = (CL,O), j2 = (—%CL, @(I) ) j3 = <_%a7 _ga) ) (44)
connect each x € A with its nearest neighbours on B, and
jfi=(3a%a),  jp=(0.v3a), = (30 %), (4.5)

connect each x € A (z € B) with its next-to-nearest neighbours which are located on the
same sublattice A (B). Plugging Eq. (4.2) in Eq. (4.3) and using

1

Zexp (k—K)x) = 6@ (k — k),
ABZ BZ

/ d*k exp(ik(z —2')) = 840,  (4.6)

ABz
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one obtains

M= —ALBZ / 4k (cﬁf,cff) H(k) ( ‘;é ) : (4.7)

with
- (240 49) »

and

f(k) = 4cos <gk‘1a> Cos <§k‘2&) + 2cos <\/§k¢2a> , (4.9)
1 1
g(k) = cos (k1a) + isin (k1a) + 2 cos <§k‘2a> [cos <§k:1a> —isin <§k1a>} . (4.10)
The diagonalisation of the Hamiltonian in Eq. (4.8) yields the energy eigenvalues

Be(k) = ¢f(k)%tg(k) (4.11)

= (k) £t/3+ f(k)
= [4 cos <gk1a> cos <§k2&) + 2 cos (\/§k2a>]

+t, |3+ 4cos <gk:1a> cos <§k‘2a> + 2 cos (\/gkg(I),

where the the plus sign applies to the upper (conduction) and the minus sign applies to the
lower (valence) band. In the half-filled ground state, i.e. T'= 0, all states with E_ are occu-
pied, while the conduction band is completely empty. Let us first investigate the case t' = 0.
As one can see in Fig. 4.1 (a), the Fermi energy lies at the common points of the two bands
with Er = 0. The Fermi surface therefore consists of the six points at the six Brillouin zone
corners where the two bands are degenerated. These points are known as Dirac points. The
contact of the valence and the conduction band indicates the semi-metallic phase of graphene.
For ¢ = 0 the two bands are completely symmetric around zero energy, which illustrates the
particle-hole symmetry of SU(2)g. The value of the energy for an electron occupying a state
in the conduction band is equal to the absolute value of the energy from its corresponding hole
in the valence band. Increasing (decreasing) the value of ¢ raises (lowers) the energy scale but
does not affect Er or the topology of the two bands. The situation changes when we allow
t" # 0 (Fig. 4.1 (b)). As we already discussed, SU(2)¢ is now broken down to U(1)g and
therefore the valence and the conduction band become asymmetric. The presence of ¢’ now
shifts Er and for some values of ¢ and t' the two bands even cover the same energy region. In
this case, the Fermi surface is no longer at the Dirac points (Fig. 4.1 (c)). However, we have
calculated that the two bands touch each other at the Dirac points for all values of ¢ and ¢'.
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Figure 4.1: E(k) for a free fermion.

How can we now see that the low-energy physics of graphene is governed by massless rela-
tivistic Dirac fermions? Let us expand Ei(k) in a Taylor series in k = (k1, k2) at all the six
Dirac points up to first order. This leads to

3ta
Ey(p) = =3¢+ =/t +p3 + O(p?), (4.12)

and

3ta
E_(p) = —3t' — 7\/;;% +p3+ 0>, (4.13)

with momentum p=(p1, p2) now defined relative to the appropriate Dirac point. Neglecting
the energy shift proportional to ¢, one indeed can recognise the relativistic energy-momentum
relation for a massless, free particle with momentum p

E+(p) = *c|p| = £ey/p} + v}, (4.14)

and c in this case being the fermion velocity

vp = 3% (4.15)

It is interesting to see that the fermion velocity vgp shows no momentum dependence and
moreover solely depends on the hopping parameter ¢ and the lattice spacing a.! Since the

'The value of the fermion velocity vr ~ 1 x 10m/s was obtained by P. R. Wallace in [53].
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dispersion relation E4(p) becomes isotropic and linear in the vicinity of Er, so called Dirac
cones arise. According to the above expansion such cones occur in every Dirac Point. Al-
though we allow ¢’ # 0, the Dirac fermions remain massless since for all ¢ and ¢’ the two bands
are connected at the six Brillouin zone corners. Let us briefly summarize our findings. In the
weak coupling limit we are able to diagonalise the Hubbard Hamiltonian for U = 0, including
next-to-nearest neighbour hopping, analytically. Expanding the resulting dispersion relation
around the six Dirac points indeed shows that the low-energy excitations are free, relativistic
fermions with zero mass. By means of the lattice specific vectors {j;, j/}, we incorporated
the geometry of the honeycomb lattice to derive the dispersion relation of Eq. (4.11). We
therefore conclude, that massless Dirac excitations are generated by the geometry of the un-
derlying honeycomb lattice.

Free, relativistic fermions with zero mass in two space dimensions are described by the Dirac
Hamiltonian

Hp(p) = apc = (—o2p1 + o1p2)c, (4.16)

where a; = vpy;. We choose the corresponding v* to be

Yo = 03, Y1 = iUl, Y2 = iUg, (4.17)
satisfying
1 0 0
{fY/ufYV} = 2guu]]-2><27 w,v € {07 L, 2}7 with Juv = 0 -1 0 . (418)
0o 0 -1

Again, ¢ denotes the fermion velocity and not the speed of light. To show that the Hamil-
tonian H (k) of Eq. (4.8) is equivalent to Hp(p) in the low-energy regime, we expand H(k),
incorporating only g(k) and ¢g*(k) (we set ¢’ = 0), for small momenta at the six Dirac points.
The resulting Hamiltonians can then be decomposed according to Eq. (4.16). However, now
the o-matrices appear in a specific representation for each Dirac point, which may differ from
the standard representation used in Eq. (4.17). To prove the equivalence of H(k) and Hp(p),
it is sufficiently to show that for each Dirac point there exist some specific matrices U € U(2)
such that the standard representation of the o-matrices can be obtained by a unitary trans-
formation. We have shown that indeed such matrices exist for each corner of the Brillouin
zone and therefore H(k) is equal to Hp(p) near Ep.

It is an interesting question to ask whether a low-energy effective field theory for free fermions
on the honeycomb lattice, only based on symmetry considerations, also prohibits mass terms.

4.2 Effective degrees of freedom for free fermions

Before we are able to construct the effective field theory for free fermions, we first have to
identify the correct low-energy degrees of freedom and their transformation behaviour under
all symmetries of the Hubbard Hamiltonian. In the following considerations we only allow
nearest neighbour hopping, i.e. ' = 0, and we do not yet consider spin. To include spin would
be a trivial step. One just has to add a corresponding spin index to the fermion fields.
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4.2.1 Momentum space pockets for free fermions

Exact diagonalisation of the half-filled Hubbard Hamiltonian for U = 0 has revealed free,
massless fermions occurring in the vicinity of the six Dirac points. A small, circular shaped
neighbourhood of any of these points we define as a pocket. According to section 2.1, among
these six points only two points form a set of inequivalent points. The transformation be-
haviour of the final fermion fields turns out to be remarkably simple when we choose

Re= k= (0,50 ) ks =k = (0,52 ), (4.19)
to be the inequivalent points. Then « and [ denote the corresponding pockets. All the
other points of the reciprocal lattice are in fact periodic copies of k* and k. Moreover,
I' = (0,0) must be included since it can be reached by adding k% and k°. In section 2.1 we
emphasized that the Brillouin zone of a honeycomb lattice is doubly covered, dual to the two
triangular sublattices A and B. Therefore, in coordinate space the {I", k%, k®} structure of the
Brillouin zone induces a three sublattice structure for A and B. The resulting six sublattices
{A1, Ay, A3} and { By, Bs, B3} are then superimposed on the antiferromagnetic A-B bipartite
lattice structure (Fig. 4.2).

Xo A
AL+ B
/ \
/ \ / \
A, — B, A, + B A, — By
/ \ / \ / \
B A1 —B; A1 —B; Aq
\ / \ / \ /
/ \ /A \ / \
—Bs A, — B, — Ay =By, =— A, —
\ / \ / \ /X
A —B; A +B; A1 —B;
/ \ / \ / \
\ / \ / \ /
A, —B; A, + B A, —B;
\ / \ /
A —B; A1 —B;
\ /

Figure 4.2: {A1, As, A3} and { By, B2, Bs} sublattice structure and the corresponding primitive
lattice vectors.

4.2.2 Free fermion fields with a sublattice and a momentum index

Since at the end, the low-energy effective Lagrangian for free fermions is constructed in a Eu-
clidean path integral formalism, the appropriate fermion fields are represented by Grassmann
numbers 1 (x). Representing the fermion degrees of freedom by anticommuting numbers
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on the level of the effective field theory, they inherit the anticommuting behaviour of the
microscopic lattice operators. However, in contrast to these operators, the fermion fields
are now defined in a space-time continuum. In coordinate space a fermion at space-time
point x = (z1,x2,t) is represented by the Grassmann field ~i(z), with i € {1,2,3}, and
X € {A, B}, where X; denotes the corresponding sublattice introduced in section 4.2.1. It
is important to point out that, opposed to the microscopic operators, the conjugated Grass-
mann fields 1/X¢f(2) are independent of ¥~ ().

We now want to directly relate the fermion fields to the lattice momenta &k and k%, i.e. to the
fermion pockets @ and 3. This can be achieved by introducing an additional index f € {«, 8},
which indicates where in the Brillouin zone the Grassmann fields are located. The new degrees
of freedom describing free fermions are then labelled with a sublattice index X € {A, B} and
a "flavour” index f € {a, 3} addressing the corresponding lattice momenta in the Brillouin
zone. These fields are derived through the following discrete Fourier transformations

3 3
1 1
P (@) = —= ) exp(—ik/ v (2), and P (z) = =) exp(—iklw, )P (2),
() \/37; ( ) (x) () ﬁ; ( )7 ()
(4.20)
where
v = <_%a’ _§a> ’ V2 = (a>0) ) V3 = <_%a> §a> >
wy = (%a, —@a) , wy = (—a,0), w3 = (%C% @a) : (4.21)

The above vectors connect the discrete three-sublattice structure of A and B in position space
with lattice momenta &/ in momentum space (Fig. 4.3).

Figure 4.3: Sublattice vectors from Eq. (4.21).
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We find
vo@) = = [enliF)0t @)+ @) + e ).
@) = et @) + @) + e @),
vPew) = = [expliF)0 (@) + v (a) + exp(—i)u )|
V@) = =[exn(-iFN @)+ 0 @) Fen(F @] @42)
and the independent conjugate fields
wrel@) = Z[exp (%) (@) + 0 (@) + e () v ()]
) = e (13) 0T (a) + 0 @) +exp (<i) 04T @)],
wPel@) = —=[exp (<i%) ¥ @) + 02 @) + exp (1) 00T,
WP (z) = %:exp(i%”)T,Z)B”L(x)+¢BQT(x)+exp(—z'%”)1/)BST(x):. (4.23)

Since we are solely interested in fermion fields located in the pockets a and (3, we do not list
the linear combinations of fields corresponding to I" = (0, 0).

4.2.3 Transformation behaviour of free fermion fields with a sublattice and
a momentum index

Within the scope of the effective theory for free fermions, we simply replace the microscopic
operators cfi, now defined on the six sublattices and without a spin index, by the Grassmann-
valued fields 1Xi(z). The transformation properties under the different continuous and dis-
crete symmetries of the microscopic operators were already worked out in section 3.2. We
now just have to take into account how the additional sublattices X; map onto each other
under the various symmetries. It is then straightforward to determine the transformation
properties of the linearly combined operators

3 3
1 1
Af o f A, B,f _ o f B
c.l = E exp(—tk’ vy,)cm, and c = E exp(—tk’ wy,)c,™, 4.24
x \/gn_l p( n) € x \/gn_l p( n) x ( )

where we perform a discrete Fourier transform analogue to Eq. (4.20) with z = (z1,x2)
now being a discrete lattice point. To evaluate the transformation laws of the fermion fields
e (x), we now postulate that these fields transform exactly like their microscopic counter-
parts in Eq. (4.24). With this postulate, we establish a connection between the microscopic
and the effective theory. However, it is not possible to connect the microscopic and the effec-
tive theory in a mathematically more rigorous sense.
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Since we do not yet consider spin, it is not possible to define the generators {Q1,Q2,Qs}
of SU(2)g. However, the Hubbard Hamiltonian of Eq. (4.1) with ¢ = 0 is still invariant
under the discrete subgroup Z(2) C SU(2)g, where 2 symbolically indicates the fact that
applying Z(2) twice, we end up with the original object. Z(2) is the particle-hole symmetry,
which interchanges holes and electrons. The microscopic operators transform under Z(2),
with ¢ € {1,2,3}, as

7(2) A
LD cBi = —cBit, (4.25)

With Eq. (4.25), Eq. (4.24) and the above postulate, we can then derive the transformation
behaviour of the fermion fields under Z(2).

Under the various symmetries the fermionic Grassmann fields ¢~/ (x) finally transform as

9] O¢A,a T
0B (1) — exp(iZ)(Ox),
OYBP(z) = exp —z’%’r)wA’a(Oa;),
R:  BypX(@) =N (Ra),
T Tyl (m I (Ta),

= 5 (T2), (4.26)

with O, R, and T now acting on a space-time point = as

Oz = (311— @iﬂz, @ilh + $39,1),
Rx = (z1,—x2,t),
Tx = (x1,z2,—t). (4.27)

Here, f’ indicates the other pocket than f. Since the fields are now defined in a space-time
continuum, the arguments do not change from z to x + a; under the shift symmetry D;.
Moreover, applying D; on a fermion field with a certain ”flavour” index f leads to a phase
factor indicating the corresponding lattice momentum %/ in the Brillouin zone. The transfor-
mation properties of the conjugated fields *X-/T(z) can be obtained by applying a t-operation
on the transformed fields in Eq. (4.26). However, one should keep in mind that these con-
jugated counterparts are independent fields. The time-reversal symmetry 7T is implemented
on the fields in the standard way. We now have completed the necessary preparatory work
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for the construction of the low-energy effective field theory for free relativistic fermions. We
have identified the relevant degrees of freedom describing fermions without spin and we have
determined their transformation properties under all symmetries of the underlying Hubbard
Hamiltonian of Eq. (4.1) with ¢/ = 0.

4.3 Effective field theory for free fermions

A low-energy effective Lagrangian is constructed as a derivative expansion, consisting of
all terms, up to a certain order, that are invariant under all symmetries of the underlying
microscopic Hamiltonian. We classify the terms in a Lagrangian £, according to the number
of fermion fields n,, and derivatives they include. Because the number of fields and derivatives
are unaffected by symmetry transformations, we can investigate each class of terms separately.
Since we are interested in the low-energy physics regime of a given system, the effective
Lagrangian should contain as few derivatives as possible. We have shown for ¢ = 0 and
= 0 that massless Dirac fermions have a relativistic dispersion relation, i.e. E o p, for
small energy values. Thus, when acting on a fermion field, a time derivative counts like a
spatial derivative. In the leading order effective Lagrangian we therefore allow only one time
and one spatial derivative. By considering the U(1)g fermion number symmetry, it becomes
obvious, that the terms must be combined with the same number of X/T(z) and X/ (z)
fields. Otherwise, after applying a U(1)g symmetry transformation, uncompensated phase
factors exp(+iw) remain. Hence, n, must be always even. Furthermore, terms of the form
oIt ()Xo () or 9T (2)pX/ () can be partially integrated (assuming the fields to be
zero at infinity) and are thus, up to an absorbable minus sign, equal to 17 (2)9;4*f () and
X1 (2)0;90% 7 (z). One therefore has to be careful including only one of these expressions
in the Lagrangian. The leading order Lagrangian with two fermion fields and up to one
derivative is of order O(p) and describes the kinetic energy of a free, massless fermion

Liree = > [¢X,ffat¢X,f +op(oxpX o f +io fl/,X,fTaZwX’,f)]’ (4.28)
faie
with
ox = , and of = J=a . (4.29)
-1 X=8B -1 f=p8

Here, X’ denotes the other sublattice than X and the fermion velocity v in the framework of
the effective field theory now plays the role of a low-energy constant. The above Lagrangian
is valid only in an infinitesimal vicinity of the Dirac points and therefore describes electrons
and holes simultaneously. Egree demonstrates the strength of the effective field theory ap-
proach: Just applying symmetry constraints, one concludes that the Lagrangian in Eq. (4.28)
does not contain mass terms. This is in full agreement with the predictions from the exact
diagonalisation procedure of the Hubbard model in the weak coupling limit.

At the beginning of section 4.1, we have assumed that weakly coupled fermions are similar to
free fermions and thus completely neglected the Coulomb part of the Hubbard Hamiltonian.
In real, semi-metallic graphene, however, the fermions are not free but weakly coupled. Thus,
besides including spin, the leading order of a realistic description of graphene’s low-energy
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excitations additionally must contain contact interaction terms consisting of more than two
fermion fields, e.g. 4-Fermi terms.

The Dirac Lagrangian in (2 + 1)-dimensions for a free and massless particle with Euclidean
metric is given by

Lp = c¥,0,7, with U = Wlg, (4.30)

and the ~-matrices are represented by

Y= iaja VES {17 273}7 (431)
such that

{ s} = 26 (4.32)

Again, c is considered to be a parameter for the fermion velocity. After some modifications,
Egree has the same form as Lp in Eq. (4.30). As a first step, the fermion fields are combined
to the spinors

o (). wo-(). e

Furthermore, we multiply £§T€e and Lp with 1/vp and 1/c, respectively. This allows the
existence of a unitary transformation for the v; such that Egree takes the form of Lp under
the condition ¢ = —vp. One should bear in mind, that the fermion velocity depends on the
hopping parameter ¢ through vy = ?’tT“ Therefore, ¢ = —vp implies ¢ — —t in the Hubbard
Hamiltonian. This only interchanges particles and holes but does not affect the physics of
the model. After these arrangements, the Lagrangian of Eq. (4.30) consists of two identically

structured terms which are both indeed equivalent to Lp

47 = vp (199,0,9° + B7,0,0°%) (4.34)






Chapter 5

Low-energy effective field theory for
magnons

In this section we investigate the low-energy physics of an undoped quantum antiferromagnet.
1

On the microscopic level such a system is described by the spin 5 Heisenberg Hamiltonian
with exchange coupling J > 0. We will first argue that quantum antiferromagnets are systems
featuring a spontaneous SU(2)s — U(1)s symmetry breakdown, which induces two massless
Goldstone bosons - the magnons. Since magnons are the lightest particles in the spectrum,
one may describe their low-energy physics by an effective field theory. We therefore present
the leading order effective action for the pure magnon sector of an antiferromagnet on the
honeycomb lattice. In the framework of QCD this corresponds to xPT, the low-energy effec-
tive field theory for pions. Afterwards, as in BxPT, a non-linear realisation of the SU(2)
spin symmetry is constructed, disguising the global SU(2)s group to a local symmetry in
the unbroken subgroup U(1)s. It will later become clear that the procedure of a non-linear
realisation is an unavoidable step to couple the magnons to the holes in the final effective

theory.

5.1 Spontaneous symmetry breaking and the corresponding
effective theory for magnons

Spontaneous symmetry breaking occurs if the Hamiltonian features a continuous global sym-
metry, which is not shared by the ground state of the system. We have derived the quantum
Heisenberg model in Eq. (3.9) by investigating the U > ¢ limit of the Hubbard model. The
corresponding Hamiltonian exhibits a global SU(2), symmetry, which can be proved by eval-
uating the commutator of § = % >, 0z and H. This leads to

H,5]=0. (5.1)

To illustrate the phenomenon of a spontaneous symmetry breakdown, let us naively assume
the specific Néel state of Eq. (3.11), with its corresponding direction of M s, to be a ground
state of the Heisenberg Hamiltonian. The system has spontaneously selected this state from
the set of infinitely many ground states all related by an SU(2)s transformation. This spe-
cific Néel state, however, is not SU(2), invariant. It only exhibits a U(1)s symmetry around
the accidental direction of M,. We therefore conclude that quantum antiferromagnets are

33
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systems in which the global SU(2), spin symmetry is spontaneously broken down to U(1)s
by the formation of a staggered magnetisation, i.e. (0|Ms|0> # 0. As already mentioned in
section 3.1.1.2, we do not know the analytic ground state of the antiferromagnetic Heisen-
berg Hamiltonian in Eq. (3.9) and hence the existence of a spontaneously broken symmetry
is not evident. Numerical simulations, however, revealed the spontaneous SU(2)s — U(1)s
breakdown. Because the Hubbard model leads to the Heisenberg model in the strong cou-
pling limit, and thus features a spontaneous breakdown of a continuous global symmetry,
we are allowed to describe the low-energy sector of the Hubbard Hamiltonian by the use of
BxPT. On the other hand, the U(1)g fermion number symmetry remains unbroken. This is
also the case in real materials until the antiferromagnet turns into the superconducting phase.

Goldstone’s theorem predicts for every spontaneously broken global and continuous symmetry
G a number of particles with zero mass and spin known as Goldstone bosons [54]. Goldstone
bosons are described by fields, which are elements of the coset space G/H. The number of
Goldstone boson fields is given by the dimension of G/H, which corresponds to the number
of generators of G that are not also generators of the unbroken subgroup H. In the case of a
spontaneously G = SU(2)s — H = U(1)s symmetry breakdown, the coset space is given by
the two-sphere

SU(2),/U(1)s = S2. (5.2)

There are

dim(SU(2),) — dim(U(1),) =3 — 1 =2 (5.3)

massless Goldstone bosons known as antiferromagnetic spin waves or magnons described by
the unit-vector field

é(x) = (e1(x), e2(x), e3(x)) € S2, éxz)? =1, (5.4)

where © = (z1,22,t) denotes a point in Euclidean space-time. The two magnon degrees
of freedom can be interpreted as two linearly independent spin wave fluctuation directions.
Since short distances correspond to high momenta, the effective field theory is a theory for a
macroscopic length scale and therefore does not account for behaviour at the lattice spacing
scale. Hence, the representation of the local M, through é(z) within the scope of the field
theory only makes sense if M, includes a large region of lattice sites x, e.g. at least 100 sites.

A global SU(2)s spin rotation is realised on the vector field €(x) by an ordinary R € SO(3)s
rotation?

&z) = Ré(x). (5.5)

Since we consider spin as an internal quantum number, a global spin rotation does not affect
a space-time point x. The staggered magnetisation changes sign under a rotation O of 60
degrees. Since €(x) is the field theory representation of My, we therefore have

'Note that in general SO(3) = SU(2)/Z(2) with SU(2) being the universal covering group of SO(3).
Moreover, there exists a mapping between an element g of SU(2) and a 3 x 3 matrix R € SO(3) given by
Riw = 3Tr[g'orgoi] with k,1 € {1,2,3} and oy,01 being Pauli matrices.
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Og(x) = —&(0x), (5.6)

and thus O as a discrete symmetry is also spontaneously broken. Under shift D; and reflexion
symmetry R, the é(z) field transforms as

Piga) = éa),

Rg(z) = &Ra). (5.7)

A space-time point © = (x1,x2,t) transforms under time-reversal T to Tx = (x1,x2,—t). On
the level of the microscopic theory, T' acts as an anti-unitary operator. How 1" transforms the
microscopic fermion operators is investigated in [55]. In the framework of an Euclidean path
integral, the staggered magnetisation vector é(z) represents the microscopic spin operators
S, as a classical field. Since spin obeys the same commutation relations as a classical angular
momentum L = 7 X P, one is led to investigate how time-reversal acts on L and then deduce
the correct transformation behaviour of €(z). Under T' the momentum p’ changes sign and
therefore TL = —L. As a consequence, the staggered magnetisation behaves under time-
reversal as

Te(x) = —&(Tx). (5.8)

Note, that also T is a spontaneously broken symmetry. Since the é(x) field describes bosons,
it stays invariant under the fermion number symmetry SU(2)g and its subgroup U(1)q. This
holds for all magnon field representations in this chapter.

According to xPT we can write down an effective Lagrangian Lg for magnons, containing
as few derivatives acting on the é(z) fields as possible. At low energy, the antiferromagnetic
magnons show a relativistic dispersion relation (E oc p).2 Therefore, temporal and spatial
derivatives are counted on an equal footing in the derivative expansion. Since é(x) - é(x) =1
and €(x) - 9 €(x) = 0, the leading order terms of the pure magnon Lagrangian contain either
two temporal or two spatial derivatives. Using the above transformation laws of é€(x), we
have constructed the leading order effective Euclidean action in the magnon sector for an
antiferromagnet on the honeycomb lattice. It is given by

S[e] = /dzx dt Lo = /d2x dt % <8¢€~ 0;€ + c%@e“- c%e“) ; (5.9)

where we leave out the space-time argument z for notational simplification. The index
i € {1,2} indicates the two spatial directions. The Euclidean time direction is compacti-
fied to a circle S! of circumference 3 = 1/7'. For a square lattice, the leading order effective
Euclidean action was first derived in [56,57] and is completely identical to Eq. (5.9). The
above action is fully determined by the two low-energy constants ps, standing for the spin
stiffness, and ¢, denoting the spin wave (magnon) velocity. In fact, these two low-energy
constants depend on the properties of a specific material. Moreover, the energy scale, below
which the low-energy expansion is valid, is fixed by the spin stiffness. Since ps; and ¢ contain
information from the high-energy regime of the underlying theory, they can not be deter-
mined within the framework of the effective field theory. Rather experiments or numerical

2In the low-energy regime, the ferromagnetic magnons are non-relativistic.
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simulations are used to fix p; and ¢. Both low-energy constants are determined with high
precision for the square lattice [58], as well as for the honecomb lattice [16] by fitting Monte
Carlo data to the predictions of the effective theory.

Lattice ‘ Ps c
Square 0.1808(4)J  1.6585(10)Ja
Honeycomb | 0.102(2)J  1.297(16)Ja

Table 5.1: Summary of the numerical results for ps and ¢. J is the exchange coupling constant
of the Heisenberg Model and a denotes the lattice spacing.

The reduction of ps and ¢ on the honeycomb lattice, compared to the square lattice, are due to
larger spin fluctuations on the honeycomb lattice. This can be explained by the coordination
number z, which is smaller for the honeycomb than for the square lattice. The numerical
values for ps and ¢ are summarised in Tab. 5.1.

As a short interlude, let us briefly discuss the statement of Mermin, Wagner [59], Hohen-
berg [60], and Coleman [61] that there can be no spontaneous symmetry breaking for systems
in less than three dimensions. Prima facie, this seems to refuse the existence of magnons on
a two-space-dimensional lattice. At exactly zero temperature, however, Euclidean time, with
an extent inversely proportional to the temperature 7', serves as a third dimension. There-
fore in fact, we deal with a (2 4 1)-dimensional system, in which spontaneously symmetry
breaking is allowed. For T' > 0, the extent of the time dimension is finite and the magnons
pick up a mass, which is exponentially small in the inverse temperature [56]. The effective
field theory approach is then still valid as long as the magnons are the lightest particles in
the spectrum.

Once doped holes are included, instead of using the vector field €(x), it is more convenient to
represent the magnon field by a 2 x 2 matrix defined by

1 o) - & 1 1+ es(x) e1(x) — ieg(x)
P(z) = 5(1 + &) - &) = 3 ( er() +ies(z)  1-es(x) ) (5.10)

where P(z) € CP(1) = S? has the properties

P(x)l = P(x), TrP(z) =1, P(x)? = P(x), (5.11)

and therefore is a Hermitean projection matrix. In terms of P(x) the lowest order action for
magnons is formulated as

In contrast to the vector field €(z), a global SU(2)s spin rotation is realised on a CP(1)
magnon field by a unitary transformation with a 2 x 2 matrix g € SU(2),

P(z) = gP(x)g'. (5.13)
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Under an SU(2), transformation, P(z) maintains its Hermitean projection properties P(x) F=
P(z), TrP(z) =1 and P(z)? = P(z)'. Using the cyclicity of the trace, Eq. (5.12) is obvi-
ously invariant under a global SU(2)s spin rotation.

We have already worked out how the magnon field €(x) transforms under the discrete sym-
metries D;, O, R, and T. These findings can then be used to determine the transformation
behaviour of the CP(1) magnon representation under these symmetries. A shift D; leaves the
magnon field P(z) invariant, i.e.

Dip(z) = P(x). (5.14)
Under a rotation of 60 degrees the staggered magnetisation M, changes sign and therefore

Op(z) = %(1 _&02)-5) = 1 - P(Ox). (5.15)

To ensure that P(x) € CP(1) is a valid representation of &(z), © P(x) must be an element of
CP(1) as well. This is obviously the case in an SU(2) model where Trl = 2. The transfor-
mation property of Eq. (5.15) simplifies under the composed symmetry O’.The magnon field
then transforms under the unbroken symmetry O’ as

O'P(x) = (i02)° P(z)(ios)| = P(Oxz)*. (5.16)

Since on a square lattice a shift D; along one lattice axis is a spontaneously broken symmetry,
the combined symmetry D) is considered. Reflexion symmetry R solely acts on the argument
of P(x)

Rp(z) = P(Rx). (5.17)

We have already legitimised the transformation behaviour of e(x) under time-reversal T
Except the change of the argument, €(z) shows exactly the same behaviour under 7" as under
rotation O. Consequently, under time-reversal 7' the CP(1) magnon field representation
transforms as

TP(x)=1-P(Tz)= °P(O~'Txz). (5.18)

Since also T is a spontaneously broken symmetry, we will again encounter a composed trans-
formation, consisting of a regular time-reversal symmetry 7" and the specific spin rotation
g =0y € SU(2)s. This yields the unbroken, combined symmetry 7”. Under 7" the magnon
field P(z) transforms as

T'P(z)= PO~ 'Tx). (5.19)
As the construction of an effective action demands, Eq. (5.15) is invariant under all these
symmetries.

5.2 Non-linear realisation of SU(2);

How a general compact, connected, and semi-simple Lie group G is restricted by a non-linear
realisation to a continuous subgroup H, is investigated in [8,62]. For the purpose of coupling
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magnons to holes, one must construct a non-linear realisation of the spontaneously broken
G = SU(2)s spin symmetry, which then manifests itself as a local symmetry in the unbroken
subgroup H = U(1)s. To construct this local U(1)s transformation, which will finally act
on the hole fields, one first defines a local unitary transformation u(z) € SU(2)s, which
diagonalises the CP(1) magnon field by a unitary transformation

w(@)P(z)u(z)! = %(n bog) = ( o > C un(@) >0, (5.20)

Eq. (5.20) demands that the local field u(x) rotates an arbitrary magnon field configuration
P(z) into the specific configuration P = diag(1,0). Using Eq. (5.10), it becomes clear that
P = diag(1,0) corresponds to a constant vacuum field configuration é(x) = (0,0, 1). To ensure
that u(z) is uniquely defined, we demand

ull(x) >0, ull(a:) € R. (5.21)

Without this restriction, u(x) is only defined up to a U(1)s phase. Since for every space-time
point x, u(z) turns €(x) into its vacuum field configuration, u(x) can be considered as a new,
unique matrix-valued representation of the magnon vector field é(x). A detailed construction
of u(z) can be found in [46,63]. Here we simply state the corresponding result, which makes
use of the magnon vector field €(x) in spherical coordinates

é(z) = (sin(z) cos (z),sin O(z) sin p(z), cos §(z)). (5.22)
The field u(z) then takes the form

1 1+ es(x) e1(z) —iea(x)
< —ep(x) — ieg(x) 1+ esg(x) )

o) (5.23)

_ ( COS(@) sin(@)exp(—%@(m)) > '
— sin(T)) exp(ip(z)) cos(=5~)

We demand that under SU(2), the magnon field u(x) obeys

u(z) P(z) u(z)'" = u(z)P(z)u(z)! = %(]1 + 03). (5.24)
Although u(x) in the form of Eq. (5.23) is now uniquely defined, it is not yet guaranteed
that after a global spin rotation u(x)’ is still unique. If one assumes u(x)’ = u(x)g’ with
g € SU(2)s to be the correct transformation, it is then possible that ui1(z) ¢ Rxo because
of picking up a possible U(1)s phase. To eliminate such a possible phase and therefore to
guarantee uniqueness, i.e. Eq. (5.21), we define the non-linear, local transformation h(z),
which takes the form

hx) = exp (ia(x)os) ( exp(i(()l(ﬂi)) exp(_g,a () ) e U(1)s. (5.25)

To get the correct SU(2)s transformation behaviour of the diagonalising field, we now have
to multiply the assumed transformation law suitably with h(x) to get
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u(x) = h(:n)u(:r)gT, uq1(z) >0, (5.26)

where g € SU(2), defines h(x) uniquely. With Eq. (5.26) and the fact that diagonal-matrices
commute, Eq. (5.24) is satisfied. Due to a non-linear realisation, the global SU(2)s symmetry
g now appears as a local transformation h(z) € U(1)s® except the following case. If the
global spin rotation g itself is an element of the unbroken subgroup U(1)s, that is to say
g = diag(exp(iB),exp(—if)) € U(1)s, the local transformation h(z) reduces to h(z) = g
and thus becomes linearly and globally realised. Note that the space-time dependence of
h(z) originates from the space-time dependence of the magnon field P(x). This magnon field
dependence is the characteristic property of the non-linear realisation.

We will now prove that the group structure of the global symmetry group SU(2)s is correctly
transfered to the unbroken subgroup U(1)s by the corresponding non-linear realisation. This
is the case when a composite transformation g = gag1 € SU(2)s leads to a composite trans-
formation h(z) = ho(x)hi(x) € U(1)s, which then represents the SU(2)s group structure in a
local manner in the unbroken subgroup. Let us first perform the global SU(2), transformation
g1, i.e.

P(z) = ¢iP(z)gl,  u(z) = hi(z)u(z)g], (5.27)

which defines the non-linear transformation hj(x). Now we perform the second global trans-
formation go, which defines the non-linear transformation ho(x). That is

P(z)" = g2 P(2)' 6} = 3201 P(2)(9201)" = gP(2)g",
u(z)’ = hg(m)u(x)'gg = ho(x)hy (:E)U(ZE)(QQQl)T = h(:n)u(:n)gT. (5.28)

We identify h(x) = ho(x)hi(x) € U(1)s and thus conclude that indeed the group structure of
SU(2) is properly inherited to U(1)s by the non-linear realisation.

As discussed, the rotation symmetry O changes the sign of the e(xz) field and is therefore a
spontaneously broken discrete symmetry. Under O the diagonalising field u(z) transforms as

Ou(z) = 1 < 1—e3(02)  —e1(Ox) + ieg(Ox) )
2(1 — e3(0Ox)) \ €1(0z) + ie2(Ox) 1 —e3(Oz)

Q

( sin (%07 — cos(52) exp(—ip(Ox)) )
008(@) exp(ip(Ox)) Sin(e(gx))

7(Oz)u(Ow), (5.29)

3Formally this will become explicit when we consider the explicit transformation behaviour of a hole field
under a global spin rotation in section 6.2.
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with

7()

_ 1 < 0 —e1(z) + iea(z) )
Ver (@) + ex(x)? \ er(x) +iex(x) 0

_ 0 — exp(—ip(x))
(epiioen "0 ): o0

Since the transformation matrix 7(x) depends on a specific configuration of u(z), which itself
depends on P(z) (remember u(z) diagonalises P(x)), it becomes clear, that also the rotation
symmetry O is realised in a non-linear manner and 7(x) plays the same role as h(z). Under
the combined symmetry O’ one finds @ u(z) = h(Oz)%u(x)g’ with g = ioy. The local
transformation h(x) then takes the form h(Oz) = (iog)7(Ox) such that

Ou(z) = (i02)7(0x) 7(02)u(0z) (ioy)t = (io9)u(Ox)(ios)t = u(Ox)*. (5.31)

The combined symmetry O’ is not spontaneously broken and therefore magnon-field-independ-
ent or, equivalently, linearly realised. Comparing Eq. (5.31) with Eq. (5.29) again clarifies
why we introduced O’: The composed transformation O’ is easier to handle than the pure
rotation symmetry O.

Since time-reversal T' is a spontaneously broken discrete symmetry in an antiferromagnet,
independent of any specific lattice structure, u(z) again transforms non-linearly under 7'
One finds
T _ 0 -1 _

u(z) = Yuw(O  Tx) =7(Tz)u(Tx). (5.32)
On the other hand, the combined time-reversal T’ is unbroken and therefore realised in a
linear manner, i.e.

Tu(z) = Qw0 ' Tz) = u(Tz)*. (5.33)

It remains to list the transformation behaviour of u(x) under the shift symmetry D; and the
reflexion symmetry R which leads to

u(z) = u(Rzx). (5.34)
In an antiferromagnet on a square lattice the shift symmetry D; instead of O is spontaneously
broken and hence non-linearly realised.

5.2.1 Composite magnon field v,(z)

In this section we introduce a matrix-valued SU(2), vector field v, whose components couple
the magnon to the hole fields in the low-energy effective field theory. As a composite anti-
Hermitean field, v, consists of the diagonalising field u(z) and therefore contains the necessary
information for a further representation of the magnon field. The vector field v, is given by

v, () = u(2)d,u(z)’, (5.35)
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and transforms under a global SU(2)s spin rotation as

vu(@)' = h(@)u(2)g' dulgu(x) h(2)T] = h(2) v (@) + Ou]h(2)!. (5.36)

The transformation properties of all the other symmetries of the Hubbard model can be

worked out by making use of the already elaborated transformation behaviour of u(x). One
finds

D; Divu(x) = vu(z),

O: Ovi(z) =7(02)} (v1(0x) + 91 + V3v2(0z) + V30:)7(O)T,
Qvy(z) = 7(02) 3 ( — V301 (0z) — V301 + 12(0z) + 92)7(O2)T,
Ouy(x) = 7(0x)(v:(Ox) 4+ 8;)7(0x)T,

O vi(z) = L(v1(02)* + V3us(02)*),

Pva(x) = L (= V3u1(02)* + v2(0x)*),
O/vt(a:) = v (0Ox)*,
R Byi(x) = vi (Rx),
Ryg(x) = —vp(Rx),
Ryi(x) = vy(Rx),
T Tvi(z) = 7(Tx) (v;(Tx) + ) 7(Tx)T,
Toi(z) = —7(Tx) (v, (Tx) + 8,)7(Tx)T,
T : T/vi(a;) =v(Tx)",
Tvy(x) = —vp(T)*. (5.37)

The composite magnon field v, is a 2 x 2 traceless and anti-Hermitean matrix and can thus
be expressed as a linear combination of Pauli matrices o,

'U3 X v X
vu(z) = v (2)00 = z< uf((a;)) _53((2) > . ac{1,2,3}, )eR, (5.38)

where the factor i makes v, (z) anti-Hermitean. The components v, (x) of the above decom-
position are given by

1
vy () = %Tr [V (x)oq] - (5.39)
Note, that the components vfj(x) are not independent degrees of freedom since they are

composed of magnon fields. Additionally, we define the fields

vf(a:) = fui(a:) ¥ zvi(a:) (5.40)

Let us now investigate how the third component vi(a:) and the vector fields v/]—L(a:) transform
under a global SU(2)s spin rotation. By means of Eq. (5.25) and Eq. (5.36) one obtains

4The Pauli matrices form a basis in the space of traceless and Hermitean 2 x 2 matrices.
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vi(x)' = vi(:n)—ﬁua(x)
vi(m)' = exp(:l:2z'a(x))vf(:n). (5.41)

The above transformation laws reveal the ”gauge” character under U(1)s, leading to an
Abelian U(1)s gauge field behaviour of vz(:n) Due to an appropriate phase, the vff(:z:) behave
as vector fields charged under U(1)s. However, it should be pointed out, that SU(2)s is not
gauged in the standard way. In fact, the "gauge” field behaviour of vi(x) stems from the
non-linear realisation of SU(2)s.

The transformation properties of vz(az) and fui () under the discrete symmetries of the Hub-
bard model are worked out with the aid of Eq. (5.37) and Eq. (5.38). We obtain

D; : Dlvi(az) = vi(m),
O:  %i(x) = 1(—v}(0x) + 81p(0x) — V303 (Ox) + V302p(Ox)),
Ov3(x) = (V303 (0x) — V391p(Ox) — v3(0x) + B2p(Ox)),
Ovd(x) = —v3(0x) + dyp(Ox),
o : Olvif(a;) = —%(U%(Ol’) + \/gvg’(Oa;)),
i (2) = 3(V30}(Oz) — v(Ox)),
Vv () = —v} (Ow),
R: Tvi(z) =vi(Ra),
fo3(z) = —v3(Rz),
fo}(x) = v} (Rx),
T: To(x) = —v}(Tx) + dip(Tx),
Tv)(2) = v} (Tx) — Opp(T),
T Tl (z) = —v3(Ta),
T,vf(:n) = vf(Tx) (5.42)

and
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D; : Dlvf(x) ( ),
O: vac(m) — exp(F2ip(Ox)) %(v (Ox) + \/_02 (Oaz))
Py () = exp(F2ip(0x)) 3 (V3vf (O) — vf (Ox)),
vt (a) = —exp(¢21¢(0x)) ; (),
o : Yvi(x) = —1 (v (O2) + V303 (Ox)),
vy (@) = 3 (V30T (02) — v (Om)),
v (2) = —vf (O),
R: "wi(z) = v (Ra),
R’U;E(x) —V3 > (Rx),
o (2) = v (Ra),
T: ToF(z) = —exp(F2ip(Tz))vf (Tx),
"o (2) = exp(F2ip(Tx))of (T),
T Tof(z) = —ij(T:L")
T/vfc(x) = (Tx). (5.43)

The lowest order magnon action of Eq. (5.9) can now be reformulated in terms of the composite
magnon field v, (x). It is given by

S[vf] = /d2x dt 2ps <v v; + = Ut v, > (5.44)

At first sight, U:U; looks like a mass term of a charged vector field. In fact, containing
derivatives acting on u(z), it is the kinetic term of a massless Goldstone boson. The magnon
action in Eq. (5.9) and Eq. (5.44) are equivalent, i.e. S[€] = S[v,]. Using Eq. (5.39) and

Eq. (5.23) one can work out

17 . .
U}L(m) = 3 [sm(@(m)) cos(p(x)) + 0,6(x) sm(cp(a:))},
1. .
Ui(m) = 5 [sm(@(m)) sin(¢(x)) — 0u0(x) cos(cp(a:))}. (5.45)
Plugging Eq. (5.45) into
v:[v; = (v}l)2 + (vﬁ)2 (5.46)
and use Eq. (5.22) one gets
1 1, . R
:[ v, = Z(ﬁuelauel + 0,e20,e2 + Ope30,e3) = Za“e - 0y€ (5.47)
and therefore indeed
S[e] = Slvu). (5.48)






Chapter 6

Identification of effective fields for
doped holes

In chapter 5 we have discussed the low-energy physics of a pure, i.e. undoped, quantum
antiferromagnet. A pure antiferromagnet corresponds to the vacuum or ground state in the
framework of the effective field theory. On the level of the Hubbard model, this charge
neutral state is realised through a half-filled system. The half-filled state of the Hubbard
model is the microscopic analogue of the Dirac sea in a relativistic quantum field theory. An
additional fermion in the state with p = 0 is then denoted as an electron, while a fermion
removed from such a state represents a hole. Finally, we are interested in antiferromagnets
with a small amount of doped holes or, in correspondence to the above picture, removed
electrons. The low-energy effective action under construction, until now, consists of the pure
magnon sector and is thus an effective field theory for an undoped antiferromagnet. To include
the dynamics of holes and, in particular, their interaction through magnon exchange in the
effective description, we now derive the correct degrees of freedom for holes. This procedure
parallels the derivation of the fields for free Dirac fermions. Additionally, we now include
spin and, as an important intermediate step between microscopic and effective theory, we
couple the diagonalising magnon field u(x) to the fermion operator C, of the Hubbard model.
It should be emphasised that the operators and fields introduced in the subsequent sections
describe combinations of electrons and holes. Therefore we generically denote these objects
by fermion operators or fields until we finally extract the effective hole fields by analysing
mass terms in section 6.5.

6.1 Momentum space pockets for doped holes

The transformation properties of the fields and therefore the final form of the effective La-
grangian depends on where in momentum space low-energy excitations are located. It is
therefore indispensable to know where in the Brillouin zone doped fermions occur. Because
we intend to construct an effective theory for holes, we focus on the question at which momenta
k in the Brillouin zone a single hole has its energy minima. The dispersion relation E(k) for
a single hole was simulated using a loop-cluster algorithm for the t-J model in [16]. Fig. 6.1

: 2w 2 4m :
reveals that the circular shaped hole pockets are located at (+37, £ \/§a) and (0, £ \/§a) in

the first Brillouin zone.

45
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Figure 6.1: The dispersion relation E(k)/t for a single hole in an antiferromagnet on the
honeycomb lattice simulated in the t-J model for J/t = 2. [16]

The position of the hole pockets is thus identical to the position of the Dirac cones in the
framework of the effective theory for free fermions discussed in chapter 4. Therefore, doped
holes occupy the same pockets o and [ as the Dirac fermions do and the corresponding lattice

momenta are again given by

K = k% = (0, %), (6.1)

with their periodic copies in the Brillouin zone. To formally address the final hole fields to
k® and k°, we superimpose the same {41, As, A3} and {By, B, B3} sublattice structure on
the bipartite honeycomb lattice as discussed in section 4.2.1.

6.2 Discrete fermionic lattice operators with sublattice index

To establish an interface between microscopic operators and the final effective fermion fields,
we define appropriate fermionic lattice operators by coupling the diagonalising magnon field
u(z) of Eq. (5.20) to the 2 x 2 matrix-valued fermion operator C, of Eq. ((3.26). Hence, we

introduce
X = u(z)Cy, (6.2)

with x € X, X € {A;, Ay, A3, B1, B2, Bs}. For fermion operators on even sublattices one
then obtains

X = ar oy | (Vi ¥ X, X € {A;, Ay, A 6.3
T _u(‘r) Cal _CTT - wX_ _le y T E A, G{ 1,2, 3}7 ()

while on odd sublattices Eq. (6.2) is given by
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_at X Xt
\I’xX = u(ac) (ZSL’T C?xl) — <Z:§é+ 1;@?’]5_> , reX,X¢e {Bl,BQ,Bg}. (6.4)
T | x] ,— z,+

In the framework of the microscopic theory we have chosen the zz-axis to be a global spin
quantisation axis with 7 and | denoting the corresponding projection of S3. In a system
with a spontaneously broken SU(2)s spin symmetry, however, it is natural to introduce the
staggered magnetisation as a new, local quantisation axis. The +(—) notation then indicates
parallel (anti-parallel) spin alignment with respect to the direction of €(x). The operators
T/Jde: still obey canonical anticommutator relations. One should keep in mind, that u(z) in
this context is evaluated on discrete lattice sites. The above operators WX not only address
the six sublattices in coordinate space but also inherit the transformation properties from
the underlying microscopic operators of the Hubbard model. Eq. (6.2) then ensures, that the
non-linearly realised SU(2)s symmetry is implemented on the fermionic lattice operators as
a local transformation in the unbroken subgroup U(1)s. This will become clear by means of
Eq. (3.29), Eq. (5.26), and Eq. (6.2). We find

U = u(2)C; = hx)u()g' gCx = h(x)¥, (6.5)
with h(x) € U(1)s. Under SU(2)g, Eq. (6.2) transforms as

QX = ()90, = u(x)C,0" = vFal. (6.6)

xT

Also the discrete symmetries of the Hubbard model are implemented on the above fermionic
lattice operators by using the transformation properties of C, and u(x) derived in section
3.2.6 and 5.2. One finds

. DigX _ gDiX
D;: TG =W,

0: 90X =7(02)¥9% 03,
O : 90X = (igy) U9 ¥ o3,

R: RuX = ghx (6.7)

The sublattices D; X, OX, and RX are obtained by shifting, rotating and reflecting sublattice
X. Since time-reversal acts as an anti-unitary operator in the microscopic framework, it is not
ensured to be correctly inherited by using Eq. (6.2). Thus, we do not yet list 7" and T'. We
will afterwards use well defined time-reversal transformations 7' and 7" on the final effective
fermion fields. On the level of the fermionic lattice operators WX, it is not yet necessary

to investigate the transformation properties of the components T,Z):i{i. We will do this in the
following chapter, when WX will be treated as a matrix-valued field.

6.3 Fermion fields with a sublattice index

In the final effective theory, doped holes will be described by anticommuting fields, i.e. Grass-
mann fields, in a Euclidean action. In the context of the effective theory for free fermions,
having no SU(2); — U(1)s symmetry breaking and thus no non-linear realisation, we derived
the final fields by replacing the microscopic operators c.¢ by the continuum Grassmann fields
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¢%i(z). No interface like Eq. (6.2) was needed. Now, however, we substitute the fermionic
lattice operators of Eq. (6.3) and Eq. (6.4) by the matrix-valued continuum fields

X X Xt x
X (z) = ( Z%Ex; _%fg(;) ) . X € {4y, Ay, A},
Xt
(@) = ( R ) L X e{BuBuBsh (63

consisting of Grassmann fields ¥ (z) instead of lattice operators T/’éi- Again, the conjugated

fields wiﬁ(a:) have to be treated as independent of 1% (x). To avoid confusion with relativistic
theories, the conjugated fields are not denoted by % (). For notational convenience we also
introduce

Xt Xt
Xt () — (z) P='(x)
o= (0 G0 ) et
Xty [ VF @) (@)

consisting of the same Grassmann fields as U (x). Therefore, ¥*T(z) depends on U (z).

In analogy to section 4.2.3, we postulate, that the matrix-valued fields UX(z) transform
exactly like their operator counterparts WX. This is the most rigorous connection we can
establish between the effective and the microscopic theory. This procedure leads to

SU(2)s : X (2) = h(x)TX(z),
SU@2)g: Q0¥ (z) = 0¥ ()07,
D;: PiwX(z) = wPiX(z),
O: °9v¥z)=7(02)¥°%(0z)o3,
O : 9UX(z) = (i) ¥°¥(Ox)os3,
R: BuX(z) = vEX(Ry),
T ToX(2) = 7(Tx) (ioy) [\IJXT(T:E)T] o3,
TyXT(2) = —o3 [\I’X(T:E)T] (iog) T (Tx)T,
T TeX(x) [xIIXT(Tx)T} o3
T9Xt (2) = oy [0X (T2)T]. (6.10)

One recognises the SU(2), ® SU(2)q symmetry behaviour of the matrix-valued fermion fields.
Now, the transformation behaviour under time-reversal 7' and 7" are listed. The form of the
time-reversal symmetry T for an effective field theory with a non-linearly realised SU(2),
symmetry can be deduced from the canonical form of time-reversal in the path integral of a
non-relativistic theory with a linearly realised spin symmetry. The fermion fields in the two



6.4. Fermion fields with a sublattice and a momentum index 49

formulations just differ by a factor u(x). Note, that an upper index T' on the left denotes
time-reversal, while on the right it denotes transpose. By means of the transformation laws
from (6.10) one can now evaluate the transformation properties of the Grassmann-valued
components. They transform as

SU@2)s:  vi(x) = eXP(iia(ﬂf))”L/Ji( (),
Ul)g: “yi(z

Di: Pypf(a wi’X@:),
O: 993 (z) = Fexp(Fip(Oz))pL¥ (Ox)
0 : 9yf)==+ OX(Oa;)

(z) =
(z) =
(z) =
(z) =
R:  Tyf(x) = ¢ (Ra),
(z) = xp(ﬂFw(Tw))wi (Tz),
(z)
(z) =
()

T: Tyf(ax
Tyt (x) = — exp(Eip(Ta))p (Tz),
T - lex T XT(T&:)
) = ¥ (Tx). (6.11)

It should be emphasised, that SU(2)q is displayed only on the matrix-valued fermion fields
WX (z). Since the spin as well as the staggered magnetisation gets flipped under time-reversal,
the projection of one onto the other remains invariant. It follows that + and — are not
interchanged under T and T".

6.4 Fermion fields with a sublattice and a momentum index

The effective degrees of freedom shall describe fermions located at the o or the § pocket in
momentum space. To impose this property on the fermion fields, they need an additional
momentum index f € {a,3}. We achieve this by accomplishing again the discrete Fourier
transformation of Eq. (4.20) now with the matrix-valued fields from Eq. (6.8). This leads to
the same linear combinations of fields we already derived in the framework of free fermions
in section 4.2.2, i.e.

o) = = [explF) @) + 1) + e U @),
V) = (iU @)+ (@) + exp(i5) 10 )]
Vo) = [T (@) + V@) + exp(—i) T @),
WP A () %_exp( 2001 (2) + 0P () + exp(iZ) 0P (x)| (6.12)

The conjugated matrix-valued field combinations can be deduced by applying a f-operation
on Eq. (6.12). However, as already argued, these fields do not represent independent degrees
of freedom. Therefore, we do not list them explicitly. Formally, the Fourier transformed
matrix-valued fields of Eq. (6.12) can be written as
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A
U (z) = —= " exp(—ikfv,) U (z) = ( 1/111

B BT
WB () = %Zexp(—ik‘fwn)\I’B”(x): ( zgf( S C) ) (6.13)

with their conjugated counterparts

Aty AT (g Bty By
- (G 5 ) vea- (2 ) we

The transformation properties of Eq. (6.12) are

SU(2)s : T (2) = h(z) 0™ (2),
SU(2)q - QuXd (z) = \IJX’f(:E)QT,
D;: PiwNi(x
O: Oypde 3
= exp(i2)7 0P 0ol
) (Ox) U4 (0x)o3,
7(02) ¥ (Ox)os,

o : 9yl :eXp(—z'z— (io9) U PP (Ox)0s3,
OB (z) = exp(i%F) (io2) U (02)03,
O'yB.b (g :exp(—i%’r)(iag)\IIA’a(Ox)ag,

R:  BuXS(z) = 0¥ (Ra),

7. TUN (1) = 7(Ta)(ios) [\Ivaf’T(Tx)T} 3

()
()
()
()
()
()
() 5
Cw (@) = exp(i3f) (io2) U (Ox) o,
() (i
()
()
()
()
T Tud(e) = -
()

— o [\I/X’f ’ (Tg;)T} . (6.15)

For the Grassmann-valued components we read off
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SU@)s: ¢ (2) = exp(ia(x))yi (z),
Ul)g: “yi (z) = expliw)yi (x),
(

()

D;: Pyt (2) = exp(ik/ ai)pi ! (w),

0 Ol (@) = Fexp(~i%) exp(Fig(0x))2” (Oa),
Oy’ (z) = F exp(iZ) exp(Fip(0x))p2* (O),
Oy (x) = F exp(i%) exp(Fip(Ox))p " (Ox),
O’ (z) = F exp(—i %) eXP(W‘P(O”?))"‘/’i *(Ox),

0': Ol (e) = texp(—iF ) (On),

OB (z) = :I:exp(i%ﬂ)w?a(ox)v
OBy = :I:exp(z'%ﬂ)T,Z)Aﬂ(Ox)a
OB (z) = j:exp(—i%w)l/}?a(ox)v

Ri Ryl (n) = 9 (Ra),

i TyE @) = (i)l (1)
Tyl (2) = — exp(ip(Tz)) ! (Tx),

T T’w*"f (2) = o3 (T),

(z) =

o (). (6.16)

6.5 Identifying the final fields for holes

In this section, we construct the final effective fields, which describe a doped hole in an an-
tiferromagnet. So far, the matrix-valued fermion fields have a well defined transformation
property under SU(2)qg. Therefore, up to now, these fields may represent a combination of
electrons and holes. To impose this symmetry on the effective Lagrangian would result in a
theory containing electrons and holes at the same time. However, such an effective theory
is only valid for the Hubbard model at half-filling, where holes and electrons are present si-
multaneously.! On the other hand, in real materials, as well as in the t-J model, either holes
or electrons do exist. From this it follows, that also our effective Lagrangian must describe
either doped holes or doped electrons. Such a Lagrangian, however, cannot maintain the
particle-hole symmetry of SU(2)g. Only the U(1)g fermion number symmetry remains. We
decided to construct a low-energy effective field theory for a hole doped antiferromagnet.

To determine the correct low-energy effective degrees of freedom for holes, we first have to
construct all possible mass terms invariant under the given symmetries. This procedure can
be performed in two different notations: The trace notation, using the matrix-valued fields
WX/ (z), or the component notation, using the Grassmann-valued fields wi(’f (). Let us
briefly discuss the assets and drawbacks of these two methods.? The trace notation allows

'Remember: For y # 0 the Hubbard Hamiltonian is SU(2)q variant.
2The pros and cons of the trace- and the component notation are detailed discussed in [64].
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us to easily find expressions invariant under SU(2)¢, since this symmetry is only defined
on the matrix-valued fermion fields. The main difficulty of the trace notation is, however,
to eliminate all linear dependencies in a given class of terms, e.g. mass terms, arising from
the fact, that these notation is not unique. The main advantage of the component notation,
though, is its uniqueness. After the construction of all invariant expressions in a certain class
of terms, no linear dependencies remain. Thus, we first construct all mass terms in component
notation to evaluate how many independent expressions must remain using afterwards the
trace notation. We found that the class of mass terms consists of two linear independent
terms in which the fields are diagonal in all indices. With this knowledge, we then switched
to the trace notation, allowing us to implement the SU(2)g symmetry. Of course, one still
has to ensure that all the found trace terms are linearly independent. The most general mass
terms then read

1
Z 5 Tr [M(\I/A’fTag\I/A’f _ \I/B’fTag\I/B’f) + m(\I/A’fT\I/A’fag + \I/B’fT\I/B’fag)]
f:a76

Z Aft A, Aft A, B,ft B, B,ft B,
— [M(w_l_fTw_l_f_w_fTw_f_i_w_fTw_f_1/}+fTw+f)
f:avﬁ
A A A A B B B B
Af
+

_ Ast gBty( Mmoo 0
_fzzmﬁ[(m LUy )< 0 —M+m><¢f’f>

_ At
b (@ ¢§JT)< M0+m Mim >< B >] (6.17)

The term proportional to M is invariant under SU(2)g. The expression proportional to m,
however, is only invariant under the U(1)q fermion number symmetry and therefore breaks
SU(2)q. To identify the correct fields for holes, we have to diagonalise the mass matrices.
However, since these matrices are already diagonal, we can directly read off the eigenvalues
+M + m. For m = 0 we have a particle-hole symmetric situation. The eigenvalue M
corresponds to the rest mass of the particles, while the rest mass of the holes corresponds
to the eigenvalue —M. The masses are shifted to £M + m when we allow the SU(2)q
breaking term (m # 0) and the particle-hole symmetry is currently destroyed. Hole fields
now correspond to the lower eigenvalue —M + m and are identified by the corresponding
eigenvectors

o0 @),  PP@), @), ().

One can show that indeed the hole fields of Eq. (6.18) and their conjugated counterparts do
form a closed set under the various symmetry transformations. We thus simplify the notation
since a hole with spin + (—) is always located on sublattice B (A). To avoid redundancy, we
therefore drop the sublattice index. The full set of independent low-energy degrees of freedom
describing a doped hole in an antiferromagnet on the honeycomb lattice then reads

U(z) =), i) =vP0@),  v() =yv2),  vl(x) =y (),
P (x) = (@), (@) = 2PN @), (@) = ¢ (@), i(e) = 2PT(@). (6.18)
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Under the symmetries of the Hubbard model these fields transform as

SU(2), : wi@c)’: tia(z))yl(z),

p(
Ul)g: Ql(z)=exp(iw)vl (),

Di: Pipl(x) = exp(ik! ai)wl (@),

O: 9Yt(r) = erXp(iZ2”$w(0$))¢ (Ox),
Opfl (x) = F exp(Fi2E F ip(0x))p% (Ox),

0 ¢ (x) = texp(xiZ)yl (Ox),
O/wi(x) = :I:exp(:Fz—“)w¢(Oa;),

R:  Ppl(w) =] (Ra),

T Tyl(x) = exp(Fip(Ta)wl (T2),
Typlf(2) = — exp(xip(T2))e] (Tz),

T Tyl(x) =~ (Ta),
Tyl (@) = oL (T2). (6.19)

In analogy to BxPT, the SU(2)s; symmetry is realised as a local transformation in the sub-
group U(1)s.

In order to extract the final hole fields, we have eliminated the electrons from the theory
and at the same time broken the particle-hole symmetry of SU(2)q. Thus, the effective La-
grangian will solely be invariant under the U(1)g fermion number symmetry. Since SU(2)q
is then no longer a symmetry of our Lagrangian, we need not search for terms in trace nota-
tion. To extract low energy degrees of freedom describing doped electrons demands the same
procedure as we now applied for the holes. One first has to determine where in the Bril-
louin zone doped electrons occur. Afterwards, one performs the appropriate discrete Fourier
transformation to end up with matrix-valued fermion fields with sublattice and momentum
indices now addressing the electron pockets. The final electron fields are then identified by
the eigenvectors corresponding to the upper eigenvalue + M + m.

Even though SU(2)¢ is now no longer a symmetry of the effective theory to be constructed,
the current chapter has shown that this symmetry is of central importance to identify the
correct fields for doped holes.






Chapter 7

Low-energy effective field theory for
magnons and holes

In analogy to xyPT, we have constructed the leading order effective action for magnons in
section 5.1. After constructing the relevant degrees of freedom and their transformation
laws under the various symmetries of the microscopic models, we now additionally present
the leading order terms of a systematic low-energy effective field theory for doped holes.
Including holes in our effective description now corresponds to BxyPT in QCD. The effective
Euclidean action in Eq. (5.9) is then extended to

s [vlf vl.e] = /dzx dt S Lo, (7.1)
ny
The theory is now completely well-defined by the partition function

zZ= /waipé exp (-5 [ f,wid) . (7.2)

Remember, that n, denotes the number of hole fields a given term in the Lagrangian Ly,
contains. In section 5.1, we have already argued that in an antiferromagnet at low energy
E  p for magnons. It follows from the ¢-J model simulation in [16] that holes have a
non-relativistic dispersion relation, i.e. E o p?, close to the energy minimum. Therefore one
temporal derivative counts as two spatial derivatives. Up to O(p?) in the derivative expan-
sion, we thus only allow terms including at most one temporal or two spatial derivatives. Due
to the non-linear realisation of the SU(2)s spin symmetry, the magnon fields are coupled to
the hole fields through v} (x) and vf(m) Since vy, (z) = u(x)d,u(z)’, both components vl ()
and vff (x) contain a 0, derivative which must be counted too.

If one intends to do loop-calculations within the effective Lagrangian framework, a reliable
power counting scheme is needed. This would guarantee a finite number of terms contributing
to each order in perturbation theory. A power counting scheme becomes essential as soon as
the magnon and the hole sector are mixed, i.e. hole fields are coupled to magnon fields. Due
to the different dispersion relations of magnons and holes, it is then not a priori determined
to which order in the derivative expansion a mixed term with v or v} belongs to. Consider
e.g. the expression 8t¢fvf¢i. At first sight, this term is of O(p?) in the derivative expansion.
The time derivative acting on the hole field is of O(p?) and the time derivative acting on the
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magnon field in v} is of O(p). However, we are free to let the time derivative from v} act

on ¢i by partial integration. In this case, 8&!)52}?1/@ suddenly is of O(p*). To determine
the order of a certain term, we conventionally act with all derivatives on the hole fields.
The power counting scheme in ByPT for B = 1, the analogue of doping one hole into the
antiferromagnet, has been developed in [65]. In the pure magnon (pion) sector (B = 0) a
reliable power counting was developed by J. Gasser and H. Leutwyler in [66]. For B > 2 a
general power counting scheme is still missing. Recent developments can be found in [67].
The absence of a correct power counting method in the effective field theory for magnons and
holes, however, does not affect the calculations for the spiral phases.

7.1 Effective action for magnons and holes

In Eq. (5.9) we established the leading order effective Lagrangian in the pure magnon sector

s S
Lo = % (&-e - 0;€ + 6—2@6 . E?te) . (7.3)

We are now using the final hole fields and their conjugated counterparts of Eq. (6.18) to
construct the hole sector (n, > 2) of the above effective action. As discussed in section 4.3,

each terms consists of as many T/Ji( o T($) as T/Ji( 2 (x) fields. Otherwise, uncompensated phase
factors would remain after applying a U(1)q transformation. The Lagrangian with two hole
fields up to O(p?) in the derivative expansion takes the form

1
2=y |[Mol'o] + ol D + s Divl D!

f=a,p
s=4,—

+ AL (isvs + apus)l + iK[(Dy + isopDa)!t(vf + isopus)?
— (0§ +isov3)!T (D1 +isor Do)yl ]
+opLapfles; fiol + Nopltojosw!
+isoy Ny (vfToier*v! —wlfopreul)|. (7.4)

We have introduced the field strength tensor of the composite Abelian ”gauge” field which is
defined by

3(3:) = &-v;’(x) — @vf’(aj). (7.5)
Again
B 1 f=«

and the covariant derivatives in Eq. (7.4) are given by
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Dyl (z) = [0 £ v} (z) — p] ¥L(2),

Dyl (x) = [0 + v} (2)] L (x)

Dﬂ/’f(x) = [at + W?@) — U ¢f($),

Dipli(x) = [0 F ivd ()] w1 (). (7.7)

The chemical potential u enters the covariant time-derivative like an imaginary constant vec-
tor potential for the fermion number symmetry U(1)q. It should be pointed out, that these
covariant derivatives are introduced due to the non-linear realisation of the SU(2), spin sym-
metry. They are not there as a result of a canonical SU(2) gauge procedure. Being low-energy
constants, M and M’ denote the rest and the kinetic mass of a hole. Since our effective theory
is a non-relativistic theory, in general, M and M’ are not equal. In [16], a simulation on the
honeycomb lattice with 3456 spins and J/t = 2.0 results in M’ = 4.1(1)/ta® for the kinetic
mass. The term proportional to 1/2M’ describes the propagation of a free hole with lattice
momenta in the « or § pocket as well as magnon exchange processes between two holes.
In section 6.1 of [55] it is shown that vff contributes to a single magnon exchange between
two holes while vi contributes to a two-magnon exchange. The expressions proportional to
the low-energy coupling constants A and K both describe magnon exchange interactions but
are not of the same order in the derivative expansion. Since v;t contributes only one spa-
tial derivative, the A-term is the leading hole-one-magnon exchange contribution to L5. The
K-term contains two spatial derivatives and is therefore of O(p?). The parameters L, N;
and Ny are low-energy couplings for hole-two-magnon exchanges. The appropriate terms are
of O(p?). All low-energy constants in Eq. (7.4) are real-valued and, due to the factor i in
front of K and N, Lo leads to a Hermitean Hamiltonian. It is straightforward to show that
terms of the form zbf Dﬂ/)i add up to zero under O’. Also the effective Lagrangian containing
magnons and holes is only valid for energy values small compared to p;.

There exists no L-term in the effective Lo for holes on the square lattice. Using the symmetry
transformations of the hole fields on the square lattice, we have proved that such a term is
forbidden by D}, R, and T".

The dispersion relation for a single free hole up to O(p?) can be derived from £y and is given
by

2

Bl (p) = M+ 552+ O(p"), (7.8)

which is the canonical dispersion relation for a free, non-relativistic particle.! Note that
p = (p1,p2) is defined relative to the center of the hole pockets. Eq. (7.8) confirms that the
two pockets a and 3 indeed show up circular shape which is in agreement with the simulation
of the ¢t-J model discussed in section 6.1.

Furthermore, we constructed the leading order of £4. This contribution to the Lagrangian
consists of terms describing short-ranged contact interactions between holes. Since we are

LA derivation of the dispersion relation in the framework of the spiral phases can be found in appendix A.
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more interested in the long-range interaction physics, we restrict ourselves to terms with four
hole fields and no derivatives. The leading order of £4 is then given by

G
o= 3 {Shustusetive, + utusefil )

s=+,—
+ Gougugufte? + GaysTusyiu? ). (7.9)

The low-energy fermion coupling constants G, Go, and G3 again are real-valued. As a con-
sequence of the Pauli principle, all terms with two identical hole fields vanish. Therefore an

expression like oc )~ o (1/1? ng‘wf Tl/J? + 1/1? ng 1/1? ng ), although invariant under all sym-
metries, does not enter the Lagrangian. Furthermore, the Pauli principle sets an upper bound
to the value of n,. Since there are eight different hole fields, n, < 8 in terms without deriva-
tives, otherwise these terms are zero.

7.2 Accidental symmetries

Accidental symmetries are symmetries only present in some order of the effective Lagrangian
because these symmetries are not shared by the underlying microscopic models. The following
two accidental global symmetries are present just in some leading order terms of the effective
action and are thus broken explicitly at higher orders in the derivative expansion.

7.2.1 Galilean boost symmetry

Real materials emerge from a dynamical formation of their crystal lattice. Due to this process,
translation and Galilean invariance are spontaneously broken. The corresponding Goldstone
bosons are known as phonons. It is expected that the formation of Cooper pairs in the HT'SC
regime can not be understood by taking into account only phonons. Therefore, these Gold-
stone bosons are not included in our effective field theory. In fact, the underlying Hubbard
and t-J model do not describe phonons since they are based on a rigid lattice structure im-
posed by hand. This leads to an explicitly broken Galilean symmetry on the level of the
microscopic models. Nevertheless, for ¢ — oo and without the term proportional to iK in
Lo, Eq. (7.3), Eq. (7.4), and Eq. (7.9) feature an accidental Galilean boost symmetry. This
symmetry acts on the magnon and hole fields as

G: YP(x)=P(Gz), Gz = (x1 — v1t,x9 — vat,t),

= exp(—p! z; + wt)p] (Gu),

Goplf(z) = exp(pz; — Wty (Gu),

“v; P (G),

Gud(x) = v} (Gx) — vivd(Gr),

“v(2) = v (G),

G (z) = vf (Gr) — vvi (Gx). (7.10)

The invariance only holds under the conditions
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pl =M pl = Mvy, and o = @ (7.11)
1 1, 2 2 oM’ . .
The Galilean boost velocity v can be derived alternatively by means of the hole dispersion
relation in Eq. (7.8) and v; = dE// dplf . Although the Galilean boost symmetry is explicitly
broken at higher orders of the derivative expansion, this symmetry has physical implications.
Without a loss of generality, the leading one-magnon exchange between two holes can be
investigated in their rest frame.?

7.2.2 Continuous O(7) rotation symmetry

Except the term proportional to iK, Lo of Eq. (7.4) as well as £4 of Eq. (7.9) are invariant
under a continuous spatial rotation by an angle v. We denote this accidental symmetry by
O(7y). The involved fields transform under O(v) as

Oyl (z) = exp(iso; 3w (O(y)x),
Oy, (z) = cosy v1(O()z) + siny va(O(y)z),
0(“/)1)2(;1;) = —siny v1(O(y)z) + cosy v2(O(7)x) (7.12)

with

O(y)x = O(y)(x1,x2,t) = (cosy 1 — siny zg,sin~y 1 + cosvy a,t). (7.13)

Here, v; denotes the composite magnon field. This symmetry is not present in the A-term
of the square lattice. The O(7y) invariance has some interesting implications for the spiral
phases we will discuss in chapter 8.

?Magnon induced two-hole bound states are discussed in [39)].
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Chapter 8

Spiral phases of a lightly
hole-doped antiferromagnet on the
honeycomb lattice

In this chapter we consider an antiferromagnet with a homogeneously distributed, small
amount of doped holes. A homogeneous hole density can be achieved, when the compos-
ite magnon vector field v;(x) constitutes a constant magnon background field for the doped
fermions. For simplicity, we restrict ourselves to time-independent variations, i.e. vi(z) = 0.
Such a uniform background field, however, does not restrict the local staggered magnetisa-
tion €(x) to a constant configuration. Moreover, it has been proven in [36,37] that the most
general configuration of €(x) in a homogeneously doped antiferromagnet is a spiral. A spiral
is characterised as a helical spin state with the staggered magnetisation vector rotating in the
(z1,x2)-plane. With the same methods as for the square lattice, we now investigate spiral
phases in a hole-doped antiferromagnet on the honeycomb lattice, however, we will not include
4-fermion terms in our discussions. In addition to the following calculations, the influence
of the 4-fermion contact interaction terms onto spiral phases has been considered in [17] by
using first order perturbation theory. It will be interesting to see that possible spirals do
not have a preferred spatial propagation direction. This feature stems from the accidental
continuous O(7) symmetry in the leading order of the corresponding effective Lagrangian for
the honeycomb lattice and is therefore not present in the square lattice case.

We start by introducing a composite magnon vector field which is constant up to a local
U(1)s "gauge” transformation. We will then show that an undoped antiferromagnet leads to
a homogeneous phase of the staggered magnetisation. This proves that doping is indeed a
necessary ingredient for a possible spiral configuration. Afterwards, the energy of a single hole
in an antiferromagnet is derived from the appropriate fermionic Hamiltonian. A variational
calculation then allows us to investigate potential spiral phases depending on the low-energy
constants of the effective field theory.
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8.1 Spirals within a constant composite magnon vector field
vi()’

Let us first specify what we mean by a constant magnon background field. Due to the
non-linear realisation of SU(2)s, the effective Lagrangian for magnons and holes exhibits in-
variance under a local U(1)s ”gauge” transformation. We therefore make use of this ”gauge”
freedom by setting the v;(x) to constants up to a "gauge” transformation «(z). Using
Eq. (5.23), Eq. (5.39), and the transformation laws of vg(aj) and vff(:z:) in Eq. (5.41) we
thus have

0
v x) = v}(x) - da(zr) = sin’ <%> dip(x) — dya(z) = ¢,
v () exp(+2ia(x))
1
3 [sin0(2) () £ i0;0(x)] exp(Fi(p(x) — 2a())) = cF, (8.1)
with ¢} and cli indicating the constant magnon background field. The quantities ¢ and cfc are

also denoted as spiral parameters. We now restrict our further investigations to a particular
class of spiral configurations parameterised by

0(z) = 6o, ¢(x) = kizi. (82)
From Eq. (8.1) we thus identify
3 o (o + ki . :
v(z) =0, wv(x)=k;sin 5 ) Y (x) = - sin 0o exp(Fik;x;). (8.3)
To achieve
i =c; =c¢ €R, (8.4)

we choose the gauge transformation «(z) to be

p(z) = lk‘zlﬂz (8.5)

a(r) = 5

1
2
By the use of Eq. (8.5) one then obtains

v(e) =0, v}(x) =vi(z) - dha(r) = ki(sin® <9—2°) —h=d
v (x) = v (z) exp(+2ia(z)) = %Sin 0o = ¢, (8.6)

and therefore the condition of Eq. (8.4) is satisfied. Remember that &(x) € S? and hence the
direction of the staggered magnetisation vector is determined by the two angles 8(x) and ¢(x).
The above choice of a constant f(x) ensures a spiral plane always parallel to the equatorial
plane of S2. The vector k = (k1, ko) defines the direction along which the spiral is oriented.
According to [36,37], the wave-number or spiral pitch is given by
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2 .
k| =2¢/cc + cic; = Tﬂ, with % =a, a€cR. (8.7)
(2

Eq. (8.7) determines the velocity of the spiral and the wavelength \ of a spiral is given by the
spatial distance between two equally oriented staggered magnetisation vectors €(x). A system
is said to be in a homogeneous phase when k; = ¢; = 0. The above constraint ¢;/ cg’ = a then
implies c? = 0 and therefore the spiral pitch vanishes.

8.2 Homogeneous phase in the undoped antiferromagnet

Since we do not allow any variation in time, the leading order in the energy density of the
pure magnon sector €,, is given by the first term of Ly in Eq. (5.9). Including the above
treatments, €, takes the form

€m = %Gié’(ac) - 0i(x) = 2psv;t ()0 () = 2ps(ct + c3) = %(k‘% + k2) sin” 6. (8.8)
A minimisation of €,, with respect to the spiral parameters ¢; leads to ¢; = 0 and therefore
to a vanishing spiral pitch k, i.e. p(z) = 0. The staggered magnetisation vector €(x) thus
points homogeneously in one direction in S? determined by the angle #y. This result implies
that a spiral phase of €(z) indeed must be induced by doping. A homogeneous magnon field
configuration in coordinate space is depicted in Fig. 8.1.

— - —— —— P —— P ——
— P —— —— —— P ——
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— P —— —— P —— P ——
— P —— P —— P ——
— - —— —— —— P ——
—— e
——
—
—

Figure 8.1: The homogeneous phase with a constant €(x) in coordinate space.
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8.3 Homogeneous versus spiral phase in a hole-doped antifer-
romagnet

In order to investigate homogeneous or spiral phases of é€(x) in an antiferromagnet with
uniformly doped holes, we proceed according to the subsequent variational calculation scheme:

1. We calculate the energy of a single doped hole.

2. The energy density of all the holes doped into the system ¢, is minimised, while the
total density of holes n is kept fixed. Hence, we have to solve a variational problem with
constraints. As usual, this will be done by means of a Lagrange multiplier. During this
procedure the spiral parameters remain unaffected.

3. The total energy density of the system € is then minimised by a variation with respect
to |c| = v/cf + 3.

Even though the most general configuration of the staggered magnetisation é€(x), assuming
a constant magnon background field, is proven to be a spiral, it is energetically not always
the most favorable. Moreover, the values of the low-energy constants ps, M’, and A will
determine whether €(z) will be in a homogeneous or a spiral phase.

8.3.1 Fermionic contribution to the energy

In order to compute the energy of a single hole, we have to derive the fermionic Hamiltonian
H, acting as an operator in a Hilbert space, from the classical Lagrangian £o. In this thesis
we neglect the 4-fermion couplings and we only involve the hole-one-magnon exchange term
proportional to A which is of O(p) in the derivative expansion. The terms proportional to
K, L, Ny, and Ny are of O(p?) and thus negligible. To derive the fermionic Hamiltonian
from the leading order of L5, we disregard all terms with a time-derivative, and we replace
the Grassmann fields by the creation and annihilation operators \I'f:f and \I/f; with flavour
f €{a,B} and spin s € {4+, —}. These fermion operators obey standard anticommutation
relations. The appropriate Hamiltonian is then given by

1 - S S
H = /d% > [M\I/ﬁ\ngrWD,-\I/g”TDi\I/5+Aw§T(zsu1+afv2)x11{3], (8.9)
f=a,B

s=+,—

with the spatial covariant derivatives

DVl (z) = [0; % iv}(2)] VL (a),
Dl (z) = [0 F iv} (x)] ©{ (x). (8.10)

Again, 0, = 1 and 0g = —1. The Hamiltonian of Eq. (8.9) and therefore the energy of a
doped hole is invariant under time-independent, local U (1), ”gauge” transformations

vl(z) = exp(+ia(n)¥h(z),
vi@) = v)(x) - dia(),
v (z) = vf(x)exp(+2ia(z)). (8.11)

)
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We are thus allowed to choose a(z) according to Eq. (8.5) obtaining a constant magnon
background field for the doped holes, i.e.

v (z) = ¢, v (z) = ¢, e €R. (8.12)

It is important to state once again that the local U(1), symmetry is not a regular gauge trans-
formation. In fact, the non-linear realisation of the global SU(2), symmetry leads to the local
gauge behaviour of U(1)s. In general, it is therefore not true that every local transformation
a(z) corresponds to a global spin rotation of SU(2)s. However, since the energy of a hole is
a physical quantity, and therefore a gauge invariant quantity, we are in this case completely
free in our choice of a(x) even though the corresponding choice may not represent an SU(2)
spin rotation. We make use of this freedom in Eq. (8.5). The gauge freedom, however, is
restricted as soon as we consider gauge variant quantities. In this case, a(z) must correspond
to a global SU(2)s spin rotation.

In appendix A we diagonalise the Hamiltonian by transforming Eq. (8.9) into momentum
space. The transformed Hamiltonian can afterwards be considered separately for f = o and
f = B since the A-term does not mix the flavours. On the other hand, the direction of the spin
s gets flipped under magnon exchange. The Hamiltonian for a single hole with momentum

p = (p1,p2) is given by

(pi—c3)? .
M + 2 Alic; +o¢c
HY (p) = Coa (iex o0 J;s)%) . (8.13)
A(—Z01 + O'fCQ) M + oM

Diagonalising H7(p) leads to the energy eigenvalues

2 312 3\ 2
“+ (¢ -
El(p) =M+ T2 2]\(/) * \/(?ﬁ) + A2|c]2. (8.14)

In contrast to the energy eigenvalues derived in the square lattice case, the above Ei relation
is independent of the flavour index f. Nevertheless, we keep f as an index to be aware of
involving two flavours in our calculations. Note, that the indices 4+ of Ei no longer indicate
the projection of the spin onto the staggered magnetisation vector because the eigenvectors
corresponding to Ei are linear combinations of hole fields with different spin orientations.
The index +(—) now refers to a state with higher(lower) energy. Eq. (8.14) has a minimum
at p = (0,0) for which

(1)’
2M’
Because €, is independent of ¢}, we determine ¢ and ¢3 by minimising Ef (0). This leads to
cif = c% = 0. By investigating the corresponding Hesse-matrix and M’ > 0, we showed that
Eq. (8.14) indeed has a local minimum at (p1, p2,c;) = (0,0,0). Eq. (8.14) then simplifies to

EL(0)= M + + [Ae]. (8.15)

2
p.
EL(p) = M + 535 * [Allc]- (8.16)

By a possible field redefinition one can always achieve A > 0 and therefore |A| = A. Eq. (8.6)
with ¢ = 0 leads to sinz(%‘)) = % This implies 0y = -5 and therefore it is energetically most
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favoured that €(x) rotates in the equatorial plane of S2.

Let us now point out an essential difference regarding possible spiral phases between the
honeycomb and the square lattice. The above energy eigenvalues depend on |c|. The wave
number of the spiral with ¢} = 0 is given by |k| = 2|c|. Thus, potential spiral configurations
of €(x) will solely depend on the norm of k£ and therefore do not prefer any particular spatial
direction. This effect stems from the accidental continuous O(v) symmetry of the A-term
discussed in section 7.2.2. One should bear in mind that this symmetry is only a feature of
the leading terms in the effective action for holes and is explicitly broken at higher orders in
the derivative expansion. It is therefore expected that a spiral gets a preferred propagation
direction once one includes higher order terms. The A-term in the leading order effective
Lagrangian for holes on the square lattice does not exhibit the O(y) symmetry. Hence, the
energy eigenvalues do not just depend on |c| but on ¢; and ¢;. From this it follows that in
the case of a square lattice a spiral is oriented along a specific direction.

It follows from Eq. (8.16) that filled hole pockets Pic are circles defined by
P} /
where Ti denotes the kinetic energy of a hole in the pocket Pj{ at the Fermi surface. The

Fermi radius is then given by
lp| = \/2M'TY. (8.18)

In the first Brillouin zone, the circular shape of a hole pocket results from collecting the three
pieces of a circular area at each equivalent point together. The hole density in a certain
pocket ni is given by the corresponding occupied area in momentum space

o L[ - Lt 8.19
ny 2n)? /Pi p o + (8.19)
and the kinetic energy density of a filled pocket is determined by
2
f 1 2 D Y
ty = d =—MTL . 8.20
=7 2n)? /Pi Povr = a1 (8:20)

The total density of holes including all pockets reads

1
n=n+n*+n +n’ = %M’(Tf—ka—i—Tf—i—Tf), (8.21)
and the total energy density of the holes is

€p = €5 + e + eﬁ +é7, (8.22)
with

f_ 2 f _ f f
L= 5 /P , 40 ELp) = 01 £ Al + 1. (8.23)
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The kinetic energy of a hole, i.e. the parameter Ti, determines the filling of the various
pockets. According to step two in the variational calculation scheme we now minimise €5, by
varying T i, while we keep n fix. We therefore introduce

S =€, — un, (8.24)
with p being a Lagrange multiplier which fixes the density of the holes. The variation demands

O f B

8—T£ = %M (M £ Ale] +T{ —pn) =0. (8.25)
The constraint of a fixed hole density will be incorporated as a further equation. Together
with the system of equations in Eq. (8.25), the parameters Ti and p can then be related to
the low-energy constants M, M’, and A as well as |c| and n. Afterwards, the relations for
Tj: are plugged into the expression for the total energy density of the system e. According to
step three in our scheme, we then minimise the total energy density by varying with respect
to |c|. Once the minimum is found, we are left with an expression which depends only on the
fermion density and the low-energy constants. It is then determined by the values of pg, M’,
and A which configuration of the staggered magnetisation é(z) is energetically favourable and
how many pockets are filled. Remember, that we always consider a small amount of doped
holes. Let us now populate the different pockets with holes.

8.3.2 Four populated hole pockets

In this subsection we populate all four hole pockets Pj;. Eq. (8.25) and the constraint of a
fixed n then leads to

B ™ f_ T

n=Mtom = o

In that case the total energy density of the system is given by

+ Alel. (8.26)

€ = € +€nte€y

— o+ 2P e+ e+
2

™ 1
= e+ 2ps|c|* + Mn + Vi ;M/A%y?
1 ™m?
- <2ps — ;M’A2> le|? + €g + Mn + 0F (8.27)

Here ¢y denotes the energy density of an undoped antiferromagnet. Under the restriction
2mps > M'A?, the parabola of Eq. (8.27) has a minimum for |¢/ = 0 . The energy density is
bounded from below and the configuration of the staggered magnetisation is homogeneous.
Therefore, in the (x1,2z2)-plane, we have a constant unit-vector field for &(z), which corre-
sponds to the situation in Fig. 8.1. Each of these vectors points in the same direction in the
equatorial plane of S2. The minimised energy density with four populated hole pockets then
takes the form

2

™
€4 = €g+ Mn +

o (8.28)
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With the constraint 2mps < M’A?, however, the parabola of the energy density has a max-
imum for |c¢| = 0 and is therefore not bounded from below. Since the energy density in this
case has no minimum, |c| seems to grow to infinity. According to Eq. (8.26), this would lead
to the physically meaningless situation of a negative kinetic energy Tf: < 0, i.e. a negatively
filled fi- pocket. Moreover, a continuously growing |c| would induce an arbitrarily small A
and thus the €(x) vector becomes a fast rotating object. However, once the wavelength en-
ters the range of a few lattice spacings, the effective field theory approach is not valid any
more because short distances are associated with high energies. What actually happens for
21ps < M'A? is that the system empties both hole pockets with energy index 4. Nevertheless,
for completeness, we will now discuss the case where three hole pockets are occupied.

8.3.3 Three populated hole pockets

In this subsection we discuss the case of three filled hole pockets. In addition to the pockets
with E2 and E” , the pocket with the higher energy E¢ is populated. Since Ei is in fact
independent of f, one could also choose to fill the 3;-pocket. The total density of holes is
then given by

1
n o= n%+n®+n” = o M(T§ + T2 + ), (8.29)
and the contribution of the holes to € reads
€p = €5 + €% + & (8.30)

According to Eq. (8.25), the variation yields

2 A _ 2mn 4A 2mn  2A

=M - TS = - = T =T° = — 8.31
H + 3M/ 3 |C|7 + 3M/ 3 |C|7 — — 3M/ + 3 |C|7 ( )
and the total energy density can be derived as
€ = eo—l—em+eh:eo+2ps|c|2+ei+e‘f+e€
A n? 2
_ 2 21 12
= €+ 2ps| —|—<M—§|c|>n—|—3M/— 3—7TM’A ||
2 9 9 An mn?
= <2p8— aM”A)\c\ —?\c\—keo—l—Mn—l—:;M,. (8.32)

Under the constraint 3mps > M’A?, the parabola of € is bounded from below and the energy
density is minimised for

7T An
= 8.33
A r— (8.33)
Hence, the staggered magnetisation é€(x) picks up a spiral phase with wave number
T An
kl =2 =————. 8.34
k] = 24l = G (334
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A spiral phase of é€(x) is depicted in Fig. 8.2. The minimised energy density with three
populated hole pockets then reads

s 1 M'A?
—e+Mn+— [1--c—— | p2 .

Gt ”+mm< SMm—AﬂM>n (8.35)
Because

n?m(A2M' — 2mp,)

== ranr s ” (8.36)

under the condition 27p, > M’A?, the spiraling phase of &(z) in the three pocket case is
energetically less favourable than the homogeneous phase due to four filled hole pockets. For
21ps < M'A?, however, T% < 0 which again represents an unphysical situation. In reality,
the ay-pocket gets completely emptied.
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Figure 8.2: The staggered magnetisation €(x) in a spiral phase with helical structure.

8.3.4 Two populated hole pockets

Under the condition 2mps < M’A? the system completely empties both pockets with higher
energies. Therefore, we now investigate the case when the two pockets with E% and E° are
filled with holes. The corresponding hole density reads

1
n:nf+n€:§ﬂfaf+T6, (8.37)
i
and the contribution to the total energy takes the form

en =€+ (8.38)

Varying with respect to T’ 7 and including the constraint of a fixed n leads to
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™ ™
=M+ 55— Aldl, Tf:Tf:M. (8.39)
The total energy density then reads
€ = 60+em+eh:eo+2p5\c\2+eﬁ+e€
2
™
= e+ 2ps|c]* + (M — Ale|)n + YV
2
— 2 m
= 2pslc|* — An|c| 4+ €o + Mn + ST (8.40)

Since ps > 0, the parabola of € is bounded from below without any restriction on the low-
energy constants. Eq. (8.40) is minimised at

A
cl = n. 8.41
lel = o (8.41)
Again, the staggered magnetisation is in a spiral phase with spiral pitch
A
|k| = 2|c| = n. (8.42)
2p4
Using Eq. (8.41), the minimised total energy takes the form
T A? 9
62:60+Mn+<2M’_8p3>n . (8.43)

For 27ps > M'A?, four filled pockets lead to a homogeneous phase of &(z). This phase is more
stable than the spiral phase from the two-pocket case since

n2
8M'ps
with 27ps > M'A?. In contrast to the three- and the four-pocket situations, which become

physically meaningless for 2mp, < M’A?, the spiral phase of the two-pocket case still makes
sense under this condition.

(2mps — A*M") > 0, (8.44)

€2 — €4 =

8.3.5 One populated hole pocket
Finally, we consider the case where the pocket with energy states E% is filled with holes.
Alternatively one could also populate the S_-pocket. The density is given by
1
=n® = _—M'T* A4
n=n=__MTS, (8.45)

and the contribution to € simply reduces to

€ = €. (8.46)
The variation leads to

2m™n 2m™n
T A, 1o =

w=M+ =

(8.47)
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The total energy density then takes the form

€ = eo—l—em+eh:eo+2ps|c|2+eg

7Tn2

M/

7T7’L2

M

= €0+ 2pslc|* + (M — Ale|)n +

= 2p,|c|* — Anle| + e + Mn + (8.48)

Like in the two-pocket case, the parabola is bounded from below because ps; > 0. The total
energy density € is minimised at

A

cl = n. 8.49
=1 (3.49)
Thus, the staggered magnetisation picks up a spiral phase with wave number
A
|k| = 2|c| = =—n. (8.50)
2p
The minimised energy is given by
T A? 9
61260+M7’L+<M—8p8>n . (851)
Since
™ (8.52)
€1 — €3 = .
1 2 oM’ )

the spiral due to one filled pocket is always energetically less favourable than the spiral in the
two-pocket case.






Chapter 9

Conclusions and outlook

In close analogy to baryon chiral perturbation theory, we have constructed a systematic low-
energy effective field theory for magnons and holes in an antiferromagnet on the honeycomb
lattice. Apart from basic properties of field theories such as locality, unitarity and causality,
the key ingredients of an effective field theory are symmetries. Therefore, we have started this
thesis by investigating the symmetry properties of the underlying honeycomb lattice which,
in contrast to the square lattice, belongs to the family of non-Bravais lattices. In general,
an effective field theory describes the low-energy physics of an underlying microscopic model.
In this thesis, it is assumed that the Hubbard model serves as a reliable microscopic theory
describing antiferromagnetism. Because the final effective Lagrangian for magnons and holes
must inherit the symmetries of the Hubbard Hamiltonian, a symmetry analysis, now incorpo-
rating the microscopic model, has been worked out in chapter 3. A symmetry of the Hubbard
model at half-filling, which plays a particular role in the identification of the final effective
hole fields, is the so-called pseudo-spin symmetry SU(2)q. This symmetry is a non-Abelian
extension of the U(1)q fermion number symmetry and relates the particle and the hole sector
in a symmetric way. The SU(2)g symmetry, however, is in fact not present in real materials.
Before discussing the particular role of SU(2)q in the context of the identification procedure
of the final hole fields, we will first review the investigation of the weakly coupled Hubbard
model.

Motivated by graphene, a two-dimensional, semi-metallic graphite monolayer consisting of
carbon atoms on a honeycomb lattice, we have investigated the weak coupling limit of the
Hubbard model at half-filling by additionally allowing a next-to-nearest neighbour hopping
parameter t’ # 0. For a Coulomb repulsion U = 0, the corresponding Hamiltonian has been
diagonalised analytically. By expanding the corresponding dispersion relations, we have con-
firmed that the low-energy excitations of graphene are indeed free, massless relativistic Dirac
fermions occurring in the vicinity of the six Dirac points in the Brillouin zone. Interest-
ingly, although breaking the particle-hole symmetry of SU(2)¢, non-zero values of ¢’ did not
destroy the Dirac cones and, as a conclusion, the Dirac fermions remain massless for all ¢
and t'. The fermion velocity vp = ?’tT“ has been derived and with the aid of some specific
unitary transformations, we have shown the equivalence between the quantum mechanical
Dirac Hamiltonian for a massless particle and the half-filled Hubbard Hamiltonian for ¢ = 0
and U = 0 at low energies. By addressing effective fields to the same pockets as in the
theory for magnons and holes, we have identified the correct low-energy degrees of freedom
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and their symmetry behaviour to construct an effective field theory for free Dirac fermions.
According to the prediction of the microscopic theory, the resulting leading order effective
Lagrangian indeed contains no mass terms. Once again, the effective field theory approach
has thus demonstrated its power. However, to bring our low-energy description closer to real
graphene, one additionally has to include spin and contact interaction terms including more
than two fermion fields. To conclude, we have shown that the effective Lagrangian Egree is
equal to the Euclidean metric Dirac Lagrangian in (2 4 1)-dimensions for a free and massless
particle.

Quantum antiferromagnets exhibit a spontaneous SU(2)s — U(1)s symmetry breakdown.
In the case of an undoped antiferromagnet, the low-energy physics is therefore dominated
by magnons, two linearly independent massless Goldstone boson excitations resulting from
spontaneous symmetry breaking. We have constructed the leading order effective action for
magnons in an antiferromagnet on the honeycomb lattice, which is fully determined by the
two low-energy constants ¢ and ps. It turned out, that the corresponding Lagrangian is equal
to the effective Lagrangian in the pure magnon sector derived for the square lattice. In order
to couple doped holes to the magnons, the global SU(2)s spin symmetry is afterwards realised
non-linearly as a local symmetry in the unbroken subgroup U(1)s. A non-trivial step is the
identification of the low-energy degrees of freedom that describe doped holes. We have estab-
lished an interface between microscopic and effective field theory by introducing a discrete
fermionic lattice operator with sublattice index WX = u(x)C,. This step guarantees that the
non-linearly realised SU(2)s symmetry is implemented on the effective hole fields as a local
U(1)s symmetry. Moreover, UX is able to address the new sublattice structure which has
been imposed on the honeycomb lattice to properly address the fermion fields to the hole
pockets at lattice momenta k® = —k” = (0, £47/(3v/3a)) in the first Brillouin zone. Until
now, the fermion fields may consist of a combination of electrons and holes. As a next step,
in order to describe doped holes with the effective Lagrangian, we therefore have broken the
SU(2)q symmetry by the identification of the final hole fields. This has been done by di-
agonalising mass matrices containing SU(2)q-variant and SU (2)g-invariant terms. The hole
fields have then been identified as the eigenvectors corresponding to the lower eigenvalue.
Once the symmetry properties of the final hole fields are worked out, it is straightforward to
construct the leading order effective Lagrangian. In chapter 7 we have presented the effective
Lagrangian with two hole fields up to O(p?) in the derivative expansion as well as the leading
order effective Lagrangian containing four hole fields and no derivatives. The latter describes
short-ranged contact interactions between holes. Each term in the Lagrangian is multiplied
with a low-energy constant, which depends on material properties. The leading order effective
action then enters the corresponding Euclidean path-integral.

In the second part of this thesis, the low-energy effective field theory for magnons and holes has
served as an instrument to investigate possible spiral phases of the staggered magnetisation
é(z) in an antiferromagnet on the honeycomb lattice with a small amount of homogeneously
doped holes. To achieve a constant magnon background field, and hence a homogeneous hole
density, we have restricted ourselves to a composite magnon vector field v;(x), which is con-
stant up to a local U(1)s "gauge” transformation. Under this condition, the proof in [36,37]
predicts a spiral to be the most general configuration of €(z). A minimisation of the magnonic
contribution to the total energy density has revealed that doping is a necessary condition for
a potential spiral phase of €(x). To derive the dispersion relation of a single hole Ei in the
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pocket Pj; (f € {a,B}), we have diagonalised the U(1)s transformed fermionic Hamiltonian
neglecting the vertices K, L, N1, and Ny. By means of a variational calculation with con-
straints, we have afterwards calculated an expression for the total energy density of a doped
antiferromagnet which depends on the low-energy constants ps, M’, and A. The values of
these constants then determine whether a homogeneous or a spiral phase of é(z) is energeti-
cally favoured, and which pockets are filled with holes. We have found that for 27p, > M’'A?
the staggered magnetisation é(z) is in a homogeneous phase and all four pockets are filled. On
the other hand, for 2mps < M'A?, the staggered magnetisation €(x) is in a spiral phase and
the two pockets with lower energy values £ and EP are filled with holes. We have seen that
possible spiral phases only depend on the wave number |k| and are therefore independent of
any particular spatial direction. This is due to the accidental O(+) symmetry of the involved
A-term from L5. The O(y) symmetry is not present in the A-term of Ly for holes on the
square lattice. As a result, spiral configurations of &(x) show a preferred spatial propagation
direction. However, higher order terms in the effective Lagrangian explicitly break the O(7)
Symmetry.

To conclude this thesis, let us outline two possible future projects in the framework of
low-energy effective field theories for doped antiferromagnets:

Real antiferromagnets are in general not clean systems. They may contain irregularities, e.g.
missing sites, in their lattice structure. In addition, also doped holes or electrons can be the
source of such impurities. The doped entities then locate themselves on the impurities, which
may be the origin for a phase separation between antiferromagnetism and superconductivity.
To bring the effective description closer to reality, one therefore could additionally incorporate
impurities in an effective field theory for holes and electrons. It will then be interesting to
investigate interaction processes between impurities and electrons or holes.

Another future task could be the construction of a systematic low-energy effective field theory
for antiferromagnets with an underlying geometrically frustrated lattice, e.g. the triangular
or the kagome lattice. The fact that these materials are frustrated, leads to a lack of unbiased
numerical results in the single-fermion sector. Even at half-filling, simulations of microscopic
models on such lattice structures are afflicted by a severe sign-problem. It is therefore difficult
to determine the exact position of the fermion pockets in momentum space by simulating the
microscopic Hamiltonian. Eventually, in addition, experimental results must be considered
too in order to find out where in momentum space doped electrons or holes have their energy
minima. After the pockets are located, the necessary effective degrees of freedom and their
symmetry properties can be worked out to finally construct the effective action in the same
manner as for the square and the honeycomb lattice.

In this thesis we have layed the groundwork for potential future studies in these directions.
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Appendix A

Construction of the fermionic
Hamiltonian in momentum space

In this appendix, a detailed construction of the single hole Hamiltonian H/ (p) in Eq. (8.13)
is presented. Throughout the following calculation, we use the notation

l':(f,t) :($1,$2,t), p= (ﬁE(ﬁ)) = (p17p27E(ﬁ)) (Al)
We start with the fermionic Hamiltonian H of Eq. (8.9)
1
H = /d% > [M\pgwg+ WD&;‘*D,-@&A@;‘*(%@ +opus) 0l |, (A.2)
f=op
In order to get
v (z) = ¢, v (z) = ¢, &, €R, (A.3)

we now perform a time-independent, local U(1)s gauge transformation on H leading to

! ! 1 I ! ! . !
H’:/d% > [M\IJ{T o/ +WDi\II§T Dyl + AU (ise) + ope) 0 |, (A4)

f=a,B
s=—4,—

with the covariant derivatives

D;v! ()
R ZANEY

For notational convenience, we neglect

= [0 +isc}) 9! (x),
[0; — isc}] oit (z).

(A.5)

the primes in the subsequent considerations. The

Fourier decomposition of the fermion operators ¥{(z) and U{'(2) is defined as

1 ~ 1 ~
f — 2 Iy iz 7)) = d2p vl v T
() (%)z/dp\l’s(p,t)exp( ip - ) (%)2/ p Vi exp(—ip- I),
1 e T o 1 = o
wliz) = 2n)? /dzp Ui (P, t) exp(ip - T) = )2 /d2p Ut exp(ip - ). (A.6)
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The covariant derivative acts on the operator \Ilg as

D! = 90! 4 iscdw!
1 ~ 1 ~
= 07— [ d’p U exp(—ip- &) +isc} /d2 Ul exp(—ip- 7
on)? / p Uy exp(—ip’- &) +isc; o) p Wy exp(—ip’- ¥)
1 N~ T 1 ~ I
= on)? /d2p (—ip;) W] exp(—ip - Z) + isc} e /d2p U/ exp(—ip - 7)
1

_ 20 (—ins 4 iec3) S —in. 7
(27T)2/dp( ipi +isc;)W! exp(—ip - T). (A.7)

Performing a similar calculation for \Iff: f yields

[\

1 -
D ulT = =5 /d2p (ip; — isc3) U exp(ip - 7). (A.8)

(2m)

Because we do not include 4-fermion contact interaction terms, H is diagonal in the flavour
index f. The above Hamiltonian can therefore be separated for each flavour o and 3. By
means of the Egs. (A.6), (A.7), and (A.8) the Hamiltonian for a flavour f then reads

1 = (271)4 [ [ [ S etit-5m

s=+,—

e~ 1 ~ ~
y { [MELR] + 0 iy — isc) (—ip) + sl B
+ A\T/f:f(iscl + O'fCQ)\AI}is:| } (A.9)

After using

o [ ewlit— 59 = 60 5 5), (A10)

we perform the integration over p’ to obtain

1 e 1 - B o B
Hf = e /d2p Z [M\Ing\I’f:—|——2M/\II£T(]9@'—SC?)2\I;£_|_A\I,£T(ZSCI +Ufc2)\1,i5}
S§=+4,—
1 ~ i ~ - e .
= Gy /d2p [Mxlzfj\pi - 2M/\IJ{_T(pZ. ~ 32T AV iy + open) T
~ ~ 1 " . " B
+ MU, 4 Wy 20+ A iy + o) WL ] (A1)

We now rewrite H/ in spinor notation to identify H7 (). One gets

oy~ O/
gt o 90y ()

, (A.12)

with
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(pi—c$)? ~

. M+ =’ A(ic; +o¢c

H () = oM licy s +£?)22) : (A.13)
A(—ici +ofco) M+ I

Up to notational conventions in the argument, H/ (p) is equal to the Hamiltonian in Eq. (8.13).
One should keep in mind, that vl = ! (p,t) is still a U(1)s gauge transformed field. A di-
agonalisation of H/ leads to the energy eigenvalues of Eq. (8.14)

2 312 3\ 2
- p; +(c7) DiC;
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