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Abstract

Effective theories of the underdoped 2D Mott Insulator
by Shashank Anand

The introduction of holes in a Mott insulator has shown to induce novel quantum
states of matter in a 2D cuprate lattice which manifest at specific hole densities and
temperatures. While it is clear that at large-hole densities, the system behaves as a
Fermi liquid phase, the low hole-density regime characterized by a strong compe-
tition between the kinetic and interacting energies of the electrons is still not well
understood.

It is seen that the Z; fractional Fermi liquid permeated by spinon-hole bound-
state excitations has shown considerable success in explaining the features of the
pseudogap metal - a phase of matter that is prominent at low doping densities. In the
first part of the thesis, we use a mean-field theory of the Z; fractional Fermi liquid
using the slave boson formalism to derive spin-spin-hole correlation functions of a
Mott insulator at low doping and compare it to data seen in Quantum-gas microscopy
experiments. The predictions of the model are further extended to lower temperatures
where a distinctive sign-reversal of the correlation function is observed.

In the second part of the thesis, we use the slave boson picture of the {-] model
to study the different phases that arise in a system which contains both free spinon
and holon excitations and spinon-holon bound-state excitations. The free energy
of such a system is minimized and predictions of the spinon-pairing field and the
spinon-hopping field at zero temperature is obtained as a function of hole density.
The results are then interpreted and possible extensions of this work are discussed.
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Chapter 1

Introduction

One of the major milestones in condensed matter theory in the latter half of the
twentieth century is the successful formulation of a mathematical theory of super-
conductivity put forward by Bardeen, Cooper and Schrieffer, and came to be known
as the BCS theory of superconductivity [1]. The paper was not only an important step
closer towards our dream of achieving room temperature superconductors, it also ce-
mented the theoretical foundations to study a whole plethora of phenomena relating
to strongly correlated electron systems. However, it was soon realized that certain
materials exhibited superconductivity at higher temperatures. While most metals
exhibit superconductivity at ~ 10K, it was seen that a certain class of cuprates ex-
hibited superconductivity at ~ 100K, an entire order of magnitude higher! A species
of cuprate doped with mercury, barium and calcium, has been observed to have a
record-high critical temperature of 140 K [2]. The BCS theory does not provide a
mechanism to explain this phenomenon.

It soon came to be realized that cuprates played host to a multitude of other exotic
phenomena that could not be understood within the scope of existing theories. The
cuprates comprise of two-dimensional CuO, planes stacked on top of each other.
Each plane consists of a square lattice with one Copper ion placed on each lattice
site where each ion contains one electron in the conduction band. Despite this, the
half-filled cuprate does not conduct electricity. The repulsion between electrons is so
great that the motion of electrons is completely arrested. The movement of electron
may, however, be restored by doppping the cuprate with holes. At large doping
densities, electronic repulsion becomes small enough that the cuprates show normal
metallic behaviour. A rich phase diagram of different quantum states is observed
for intermediate doping densities where there is competition between the kinetic and
the interaction energies of the electron. The complete phase diagram for hole doped
cuprates is displayed in Figure 1.1.

Phases like the pseudogap phase and the strange metal phase have peculiar prop-
erties that have not been understood well so far [25]. However, a good starting place
to understand many aspects of this system is the -] model - a close cousin of the
Hubbard model, the -] model is attained at the limit of strong repulsive interaction
between electrons [32]. In this thesis, we would like to explore the properties of the
system strictly in the low hole-doping limit. In particular, we are interested in the
pseudogap phase and the transitions around it.

We shall be making an important modification to the electronic operator used
in the -] model that makes it easier to study our regime of interest. Keeping in
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FIGURE 1.1: The phases shown here are the antiferromagnet, the
pseudogap metal, the superconductor, the strange metal and the Fermi
liquid. Image from [3]
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mind that the half-filled lattice is treated as a lattice with no hole-doping, we write
our electronic operator in a form that only counts the fluctuations about this state
rather than counting a whole sea of redundant particles. By keeping track of spin and
charge fluctuations below the half-filled state, this picture significantly simplifies the
t-] Hamiltonian. Consider a cuprate lattice with one electron on each site and doubly
occupied sites forbidden due to repulsion. Here, any given valence electron has no
relative charge with respect to its environment. The only quantity of significance to
our problem is its spin. In contrast, an empty lattice site introduced in the half-filled
state carries a relative positive charge which needs to be tracked. Finally, there is
another form of fluctuation that can traverse through the lattice and is treated as a
distinct quasiparticle in this regime. It is referred to as the spinon and is character-
ized by the delocalization of the spin quantum number. This framework of treating
the electron as a convolution of different fluctuations in the lattice was invented by
Piers Coleman in the year 1983 [9] and is referred to as the slave-boson picture. It
is an important concept for the purposes of our thesis and will be discussed in fair
detail here.

It is often the case that one comes across two-body interaction terms in the ac-
tion of strongly correlated electron systems. These terms cannot be neglected as they
have a nontrivial role to play in the final predictions of the different phases of matter
exhibited by the particular model. Yet, more often than not, the partition function of
two-body terms cannot be evaluated, and one must resort to constructing mean-field
theoretic descriptions that capture the essential features of the system by modifying
the action with suitable approximations.

In our system of the underdoped Mott insulator, one conceivable approach to
modify the action is to treat spinons and holons as free particles [4]. While this
approach highlights many key features we expect to see in a hole-doped cuprate,
it certainly has its limitations. For instance, it fails to account for at least some of
the features of the pseudogap phase, namely its broken Luttinger relation and the
appearance of Fermi arcs. Multiple experiments have demonstrated this in various
contexts [10,11]. This thesis specifically concerns itself with the exploration of a
few of the different aspects of a particular model referred to as the quantum dimer
model where one assumes that the low energy excitations of the Fermi surface are
permeated by spinon-holon bound states. This model is of special importance to
the pseudogap phase in 2D underdoped cuprates and is discussed in Chapter 2. It
has shown promise as a successful description of this phase as it is able to describe
some of the key features that distinguish this phase from the others [8]. It explains
the formation of Fermi-arcs which are routinely observed for this phase of matter.
It also reproduces the broken Luttinger relation for the pseudogap phase. However,
there are other successful models that also use a bound-state treatment of spinons
and holons to describe the same phase of matter [12,13]. So, it is in our interest to
look more closely at the predictions that the quantum dimer model makes. We are
interested in two specific problems that give this model an opportunity to be tested.
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The first problem we wish to address is that of comparing this model to the ex-
perimental data obtained by Immanuel Bloch’s group. They use quantum-gas mi-
croscopy techniques on an ultracold-atom optical lattice to simulate the square-lattice
Hubbard model and measure lattice correlations around an introduced dopant as a
function of distance and hole density. [6,7]. The details of this experiment are dis-
cussed in Chapter 3. Quantum-gas microscopy has enabled the direct, real-space
characterization of strongly correlated electron systems. In cold-atom lattice simu-
lators [33], this technique has allowed tests to be performed on the Fermi-Hubbard
model which includes the detection of long-range spin correlations [34], charge and
spin-transport in two dimensions [35,36], as well as incommensurate magnetism in
one dimension[37]. In the experiments described here, this technique is utilized by
Bloch’s group to characterize the nature of electronic correlations that arise around a
dopant. These experiments are performed at a temperature scale of T ~ 1.4] where
J is the antiferromagnetic coupling observed at half-filling. In cuprates, this quan-
tity is estimated at | ~ 100meV ~ 1100K. Since no existing model successfully
explains Bloch’s data at low doping densities, this is a good opportunity to use the
dimer model to obtain these correlation functions and compare them with these ex-
periments. We calculate an effective mean-field Hamiltonian of the Z, fractional
Fermi liquid. USing this, spin-spin-hole correlators are evaluated and compared to
the quantum-gas microscopy experiments. This is discussed in Chapter 4.

The next problem we explore involves predicting the phases that arise when one
writes out the f-] action with spinon-hole bound-state excitations and free spinon-
holon fluctuations. First, we follow the discussion in Kotliar and LIu [4] to under-
stand the different phases of matter that arise in a system with only spinon/holon
fluctuations. This is discussed in Chapter 5. Next, we follow a similar procedure
to obtain the phase diagram of a system with both kinds of fluctuations in Chapter
6. The free energy of such a system is obtained by integrating out all the fermionic
degrees of freedom in the problem. The resulting free energy is then minimized with
respect to the different order parameters in the problem. Thus, at different tempera-
tures and hole densities, we find that different phases manifest when the free energy
is minimized. In this thesis, due to time constraints, we only study the zero temper-
ature behaviour of the order parameters. Finally, we discuss possible implications of
our results and conceivable extensions of our work in Chapter 7.



Chapter 2

Quantum Dimer Model

Soon after the discovery of cuprates, it was realized that there was a distinct quan-
tum phase of matter that sets in at low doping densities and that this phase of matter
was robust even at temperatures significantly higher than the critical temperature of
the superconducting phase. This phase of matter came to be known as the pseudo-
gap metal. The pseudogap metal has two important features that serve to distinguish
it from the other phases. Firstly, they appear to violate Luttinger’s relation (which
states that the area of the Fermi surface must be proportional to the charge-carrier
density in the conduction band). In cuprates, it is conventional to define the hole
density with reference to the Mott-insulating state at half filling. So, with respect to
a fully filled lattice where each lattice site has two electrons of opposite spins, the
hole density in the system is 1 + 6 (where ¢ is the density of hole-dopants introduced
beyond half-filling). Thus, following Luttinger’s relation, we expect that the area of
the Fermi surface grows as 1 4 4. This is, in fact, seen at high percentages of doping.
However, at low 0, it is seen that the system behaves as a Fermi liquid with a Fermi
surface whose area is proportional to 6. Secondly, a curious feature of the pseudogap
metal is that experiments have consistently shown the presence of gaps in the Fermi
surface [17,18,19]. This seemingly broken surface came to be known as Fermi arcs.
These arcs appear around the nodal points (£7t/2, +7t/2) on the Brillouin zone.
They are presented in Figure 2.1.

An early study [4] proposed that the pseudogap phase can be characterized by
a doped Mott insulator that undergoes spin-charge separation. However, this can
never account for the broken Fermi surface as a convolution of free spinons and
holon-spectral functions always posses a smooth closed Fermi surface and cannot
produce a sharp Fermi surface. Despite the broken Fermi surface, there is good
reason to suppose that these are metals as they appear to obey Fermi liquid theory.
Firstly, optical conductivity experiments [14] reveal that the quasiparticle lifetime
of this phase of matter displays a dependence identical to that of the Fermi liquid
1/t o« ((hw)? + (crtkgT)?)with ¢ an order unity constant. Also, the in-plane
magnetoresistance of the pseudogap is proportional to 7_1(1 + bH?T? + ...) Where
T ~ T~2 and b is a T-independent constant and H is the applied magnetic field. This
is true for Fermi liquids as well. In fact, this is Kohler’s rule for a Fermi liquid [15].

A simple model of a fractional Fermi liquid which is referred to as the quantum
dimer model, was developed in [8]. The Hilbert space of the dimer model is spanned
by two species of dimers. The first is a boson with no spin and charge relative to the
Mott insulator at half-filling. The second is a fermion with both spin and charge +e.
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FIGURE 2.1: The top image depicts the Fermi arcs while the bottom

image depicts a complete Fermi surface for a Fermi liquid. The blue

dots in both images represents a nodal point (7t /2, 71/2) whereas the
green dots represent an antinodal point (77, 0) . Figure from [16].

These dimers satisfy the ‘hard-core’ constraint which states that no two dimers can
overlap with each other. (From this, it follows, for instance, that you cannot have a
hole entangled simultaneously with two electrons that are on one lattice site.) They
are represented in terms of electron operators in the following manner:

D}, = %(C{chﬂ, L+ et l0), B, = ’Y—\/l%(c;,x et 0), @)
where 7, is a phase factor that can be suitably adjusted. The first term is a spin sin-
glet containing two electrons of opposite spins mutually entangled with each other
and is chargeless relative to the half-filled state. In contrast, the fermion defined on
the right of equation 2.1 represents a bound state formed between a hole and an elec-
tron from their short-range mutual attraction.

The picture in Figure 2.2 suggests that the dimers live on the bonds between lat-
tice sites as one can associate a characteristic directional orientation for particles that
arises from these bonds. They impart a nontrivial exponential factor when we write
the creation operator of the electron-hole bound states in momentum space. This
term plays a central role in the success of this model in explaining all the unique
features of the pseudogap metal.

We present the quantum-dimer Hamiltonian that acts on the Hilbert space de-
scribed containing the bosonic and fermionic dimers discussed above. A detailed
discussion on motivating this Hamiltonian can be found in [8]. The Hamiltonian is
written as a sum of two parts. The first part is the Rokhsar Kivelson Hamiltonian [38]
Hrk that describes hopping and interactions of the bosonic dimers alone. The sec-
ond part, represented by the Hamiltonian H characterizes the interaction between
bosonic and fermionic dimers and contains single fermionic hopping terms. Slightly
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FIGURE 2.2: The figure shows a pictorial representation of elec-

trons on a square lattice below half filling arranged in a Z; fractional

Fermi liquid formation. The quasiparticles with spins are electron-

hole bound states whereas the other quasiparticles are two-electron
bound states. Figure from [8].

below half-filling, the number of fermionic dimers is low enough to ignore two-body

fermionic interaction and so, such interactions are neglected here. The Hamiltonian
is given by:

<~ =
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FIGURE 2.3: Interactions coupled by J and V come from dimer hop-
ping. The parameters that couple with t1,#; and t3 describe single
fermionic hopping. Image from [8].
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H = Hrx + Hiq,

Hri =) { - ]D;'I-xDL—]},xDini—q-ﬁly + 1 term,
i

+ VD?xDLryA,xDixDi—H),x + 1 term

Hi = Z [ — 14 D;xFitkyA,xaFixtXDi-ﬁ-yA,x + 3 terms — tzDL—f,yFlLaFiani-l—]},x —+ 7 terms

i
— t3Df F! FiystgxaDiy +7terms — t3D5 50 \F Fii9g 0Dy + 7 terms
3Yita+y,xtiyati+ 2+, xa iy 3Yit2g,xtiyati+2g,xa iy ’
(2.2)

where the terms that are not displayed are generated by symmetry operations that are
valid for the square lattice. The specific operations of each term in the Hamiltonian
can be understood by looking at Figure 2.3. This model is used to construct an ef-
fective tight-binding Hamiltonian for the Z; fractional Fermi liquid (Z, FL*, which
will be discussed in subsequent sections. We aim to compare the Z; fractional Fermi
liquid with experiments performed on the underdoped Mott insulator using quantum-
gas microscopy techniques. In the next chapter, we shall discuss in detail the results
obtained in the quantum-gas microscopy experiments. It is seen here that a magnetic
polaron forms around a given dopant at low doping densities. It is hoped that the Z,
fractional Fermi liquid also reproduces the same correlation structures as well.



Chapter 3

Quantum gas microscopy
experiments

Polarons are charge carriers that are wrapped by a local polarization that distin-
guishes them from their background environment. They are among the most fun-
damental quasiparticles in interacting many-body systems and emerge even at the
level of a single dopant. A series of experiments [7] performed by Immanuel Bloch’s
group demystified the real-space structure of magnetic polarons that can form when
a Mott insulator is doped with a small population of holes. In the phase diagram
for cuprates in Figure 1.1, we see that hole doping can take the system from the an-
tiferromagnetic regime to the pseudogap regime if the temperature is high enough.
The antiferromagnetic correlations between the valence electrons on the lattice sites
are disrupted with the introduction of holes. We see in Figure 3.1 that polarons are
indeed formed around the doped sites as the correlations switch their sign abruptly
as one moves away from the dopant. This is a signature of the magnetic polaron.
Bloch’s group successfully managed to obtain a real-space image of this quasiparti-
cle.

Consider the following correlation function:

C(ro;r,d) :=4 <Sfo+r—d/25io+r+d/2> (3.1)

o, ro+r—d/2,rg+r+d/2 '

The above 3-point correlation is interesting to us as this can be employed to quan-
tify the nature of correlations between electrons in the presence of dopants. Here,
|11+ 12

d=|rp—rl|r= and rg is the position of the dopant, 7; and r, refer to

the positions of electrons between which the correlation is calculated.

In this setup in Figure 3.1, we see a lattice with one valence electron on each
lattice site. At the origin , we have a dopant that gives rise to a doublon which is a
quasiparticle with two electrons having opposite spins residing on the same lattice
site. Strictly speaking, electron doping is not equivalent to hole doping as the phases
observed for the overdoped and underdoped Mott-insulator are structurally different.
However, it is seen that for systems which only allow nearest neighbour hopping,
particle-hole asymmetry completely disappears and the overdoped and underdoped
Mott insulator have identical phases. [25,27]. An optical lattice with cold atoms
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FIGURE 3.1: Figure shows the different correlations that were mea-

sured with respect to the doublon site displayed in black. The red

bonds are positive diagonal correlation whereas the blue line signifies
a negative diagonal correlation. Figure from 7

is such a system as the next-to-nearest-neighbour hopping amplitude is almost non-
existent. Thus, what is observed in Figure 3.1 is equally applicable if the dopant were
a hole instead.

It is seen from Figure 3.1 that the nearest neighbour electrons around the dopant
correlate with each other negatively while all other diagonal correlations are positive.
There is an abrupt sign reversal observed when one measures diagonal correlations
with the innermost electrons and contrasts it with diagonal correlations elsewhere on
the lattice. It is seen in Figure 3.1 that the central bubble inside is reminiscent of a
polaron, as the doublon reverses the sign of the correlations of the electrons around
it thereby distorting the antiferromagnetic correlations of the Mott-insulating phase.
But the doublon and the cloud of sign-reversed correlations may be thought of as a
single unit moving through a sea of antiferromagnetic bonds. This single unit is the
magnetic polaron.

We see from the phase diagram of 2D cuprates that hole-doping allows the system
to transition out of the antiferromagnetic regime into a new phase of matter that is
distinct from the Fermi liquid. Our current understanding of cuprates does not allow
us to predict the doping densities and temperatures at which this transition happens,
but we recognize that one possible state is the pseudogap metal. Since the dimer
model has shown to be a simple yet effective description of the pseudogap metal [8],
one ought to check if the dimer model shows any success when one compares its
prediction of the spin-spin-hole correlator at the appropriate hole-density and tem-
perature, to the data obtained by Bloch’s group. Here the spin-spin-hole correlator
works just like a spin-spin-doublon correlator as this system is expected to uphold
particle-hole symmetry.
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In the phase diagram of 2D cuprates below half-filling seen in Figure 1.1, the
system begins at the Mott-insulating state at half filling (zero doping) and ultimately
reaches the Fermi liquid regime at high doping densities. As it does this, it encoun-
ters phases that are dominated by non-Fermi interactions. The transition of a system
through different phases can be realized through experiment by measuring the elec-
tronic correlations around dopants as a function of hole density. Performing these
measurements at increasing levels of hole-doping allows us to infer the different
regimes which manifest. So, this is a strong motivation to experimentally study spin-
spin-hole correlators for 2D cuprates as a function of hole density, as was done in [6].

When the system is in the antiferromagnetic regime, the correlations between
nearest neighbour electrons are strictly negative, while diagonal correlations are pos-
itive. In the Fermi-liquid regime which is seen at high doping densities, we may
employ a tight-binding model for electrons with no other interaction terms to calcu-
late the required correlations. It is seen that in this regime, Pauli exclusion principle
disfavours the presence of multiple electrons of the same spin close to each other.
So a negative correlation between nearest neighbours is observed. For non-Fermi
liquids that manifest at intermediate doping densities, we are still in need of a theo-
retical model that explains the electronic correlations seen here.

This sets the stage to test various interacting toy-models to explain phases seen at
intermediate doping regimes. The Z; fractional Fermi liquid has shown reasonable
success at describing the pseudogap phase [8,24]. If the pseudogap phase is indeed
an intermediate phase through which the system traverses, then it is reasonable to
suppose that this model holds potential to explain the correlations in the appropriate
hole density range.

First, the two-point connected-correlation function is measured for different con-
figurations. The fact that it is connected helps us filter out background signals that
come from the non-interacting terms in the correlation function. The two-point cor-
relation function for this system is given by:

A

C(C)(d) = C(C)(rllr2) =N (<§F1572> - <§1’1><§7’2>) ’ (3.2)
where 7 = 1/(0(S;,)0(Sy,)) is the normalization, ry, 7, represent the positions of
the electrons between which we are measuring the correlations.

As shown in Figure 3.2, for different configurations, we see a sign reversal of the
curve somewhere at & ~ 20% — 40% hole doping density. At low doping densities,
the hole perturbs all the bonds in its vicinity such that the nearest neighbours have a
positive correlation with each other and the next to nearest neighbours are negatively
correlated. They are reminiscent of magnetic polarons moving through the system
with an antiferromagnetic environment. A given hole and all the electrons immedi-
ately surrounding it constitute a polaron. At § ~ 20%, there is one hole for every
four electrons. This suggests that neighbouring polarons overlap to such an extent
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that all bonds throughout the lattice are uncorrelated as they belong to two different
polarons at the same time. This scaling argument is confirmed in Figure 3.2 as the
curve crosses the x-axis at roughly this doping density. At high percentages of dop-
ing, it is important to take Pauli’s exclusion principle into account, as they disfavour
fermions of the same spin from occupying a small area, and so, one expects weak
negative correlations between all lattice sites at higher doping densities.

While looking at the two-point correlation function is certainly instructive, our
main quantity of interest is the spin-spin-hole three-point correlation. This quantity
is important because it describes how the dopant affects two-point correlation func-
tions at different distances. This also provides a good testing ground for different
theories as different toy models tend to differ in their predictions of this function.
This is apparent in Figure 3.3 where it is seen that the predictions made by different
theories deviate significantly from each other.
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FIGURE 3.3: Figure shows the two configurations for which the cor-
relations are plotted against hole density é. Predictions of the theories

mentioned in the legend are also plotted along with the data points.
Figure from [6].

The three-point correlation function looks like the following:

Co(r,d) =Cy(r3;11,12) = nC5(r3;11,72),
n((h3SF85) — (h3)(S5S3) — (S%) (hs55) (3.3)
— (S5) (hsST) + (3) (SF) (S7)).

For spin-balanced systems (i.e. (S*) = 0):

C(r,d) = n((hsS5555) — (ha)(5757)), 3:4)
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where 7 is the length of the bond between the fermions, d is the distance of the
bond from the dopant under consideration, and # is the normalization factor given by

[6]:

1 =1/ ({ha)o($)o(8)). (3.5)

An important feature of this graph is that the diagonal correlations are always
negative, but for nearest neighbour correlations, there is a crossover at around 6 ~
20%. In the left hand side graph of figure 3.3, we see that most existing theories do
reasonably at higher doping but fail to at low hole densities. Other than performing
a rigorous exact diagonalization of the f-] model, which is cumbersome, there exists
no approximate theory that predicts the crossover that is seen here. This allows us to
test the Z, fractional Fermi liquid, which is described in the next chapter.
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Chapter 4

Z» fractional-Fermi-liquid correlator

4.1 Slave Boson description of the -] Model

The t-] model, which is the strong-interaction limit of the Hubbard model, is be-
lieved to offer accurate insights into the workings of cuprates [25]. So, we shall turn
our attention to this model in order to understand the emergence of the pseudogap
phase. To do this, we start off with the -] model and introduce spinon-hole bound
state operators through a Hubbard Stratonovich (H.S.) transformation. Once that is
done, we construct a tight-binding Hamiltonian that describes the hopping of the
bound-state particles. This is equivalent to finding an effective free particle descrip-
tion of spinon-hole bound states which comes in handy as we evaluate expectation
values and correlation functions later. But, in order to build this Hamiltonian from
the -] model, we resort to writing a Ginzburg-Landau free energy description of
the low energy excitations of the system and understand the role of each coupling
term in enabling different dimer hopping modes to persist. Finally, we make use of
this Hamiltonian to obtain an electronic spectral function that provides a bridge be-
tween the quantum dimer model and measurable quantities like electronic correlation
functions and the electronic momentum distribution. This enables us to derive spin-
spin-hole correlations and compare the predictions of the quantum dimer model with
data that is obtained by Bloch’s group. We start this process by stating the Hamilto-
nian in the f-] model [28].

1
H = 2](515] — Zi’l,’i’lj) — Ztij(cerng + h.c.), 4.1)
(ij) ij,o

where tl-j = t,t/,t” for the nearest, second nearest, and third nearest neighbour-
pairs respectively. We have the additional constraint that double occupation is for-
bidden. This constraint is hard to impose in practise. So, we use the slave boson
description of the electron as this incorporates this constraint into the operators itself.
The electronic creation operator can thus be broken down into fluctuations about the
half-filled Mott insulator and is represented by [25]:

Cz1'-<7 = fzjz-rbi + eaa’fiv’d;/ 4.2)



16 Chapter 4. Z fractional-Fermi-liquid correlator

where i‘; is the spinon creation operator, b; is the holon term and d:.r is the dou-
blon creation operator. But we want to exclude double occupancy as it constitutes a
higher order effect and we are only interested in the low energy excitations of the ¢-]
model. Thus, we are finally left with:

t _ ot
Cia_fiablf

fifir + f fiy + bk = 1.

Using the spin representation as given in [29]:

4.3)

5i:5) = _};ﬁ&ﬁ'aﬂ%fﬁﬁ - }L(ffrfﬁ — D Fitfir = finfi) + }Lfilfja- (4.4)

Finally, we write

ninj :(1 — b;l-bl)(l — b;b]),

4.5
~1—bib; — b}bj. ()

Plugging equations 4.3, 4.4 into 4.1 in the Hamiltonian [25] then gives:

S il ifufhfin = U~ S Fufin = Fnfi) + 3kl
ij

1 -
— (1= b/br) (1= byby) | — £} (fiobibj fio + hc.).
1jo

(4.6)

4.2 Electron spectral function for the Z, fractional
Fermi liquid

In many-body physics, one often encounters quartic terms whenever there is a non-
trivial two-body interaction term involved in the Hamiltonian. The expectation val-
ues of these quartic terms are hard to evaluate exactly. But the H.S. transforma-
tion is a systematic framework in which one can reduce the expectation operator
of a quartic term to an effective quadratic term by decoupling the terms along var-
ious channels pertinent to the problem. In this particular problem, having an ef-
fective spinon-hopping term x;; = ( f;]r-g fijo) and an effective spinon-pairing term
Nij = (firfi, — fiLfir) are relevant. So, we perform a H.S. transformation along
these two channels to obtain an effective quadratic Hamiltonian that is easily solv-
able. This is equivalent in spirit to performing a mean-field decoupling of a system
with two-particle interactions to reduce it to a one-particle system responding to an
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effective potential that mimics the ensemble averaged behaviour of the entire system.

s tntite) == 3 [(fe) (Fafis) + (ffin) (fin — (Ffin))]
— 2 ) Ffis — (Ffi))
= ((Sifie) (Flofin) = (Fafie) Fofip = (Flfin) Fufi).

1

4

1 o 1w,

Z|Xij| ~ 1 Y (Xiifio fio + hoc.).

i,j,0

4.7)

—}1 (A= A Bufin = Fnfin) ) = j;(f}ﬂmm + fifinfifl = ff finfu
— fufn L),
~ 3 (FR A o + i) P+ LA o
+fnfid fL = FAfiD finfus = i fid Fif
— (A ficfin = LA i) + UEAD Ui fir)
+ (A Uinfin) = FRAD Ui fir) = LA Ui fir)),
%(%Aﬁ(ﬁmg —FLER) e+ |8
2

(4.8)

The action can then be obtained from the Hamiltonian [25]:

L= Z]Ei(f(ar —iAj) fio + ZEi(aT —iAj — up)b; — ]_Z(Xijfi(ffja +h.c. — ‘Xij‘z)
i, i (i.j)
+ 1Y (Aii(firfir — firfit) + e+ A7) = Y tii ficbibjfio-
(i) i

(4.9)

The introduction of spinon-hole bound-state particles is achieved by decoupling the
last term in the above action using the fermionic H.S. bond fields Fijy, Fi]'a- This is
equivalent to making the assumption that the low energy excitations of the Fermi
surface of the doped Mott insulator are dimers. These quantities carry both spin and
charge and they live on the bonds between neighboring lattice sites. They are defined
as:
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Fijo := (fiebj + fiebi) / V2. (4.10)

This gives us the following action with the dimer terms [24]:

L= Zﬁg(ar —iAi) fie + Y bi(9r — iAi — up)bi — T Y (Xij fio fiw + . — |xii]%)
i i (i,j)
+] Z i (firfiy — fufip) + e+ 185) + Z FijoFijo

—I—Z io(fiocbj + fiobi) + h.c.).
(4.11)

Integrating out the fermionic and bosonic degrees of freedom gives us an effec-
tive free energy term that can be written in terms of the order parameters X, A and
Fijy, along with their Hermitian conjugates. Alternatively, one can use the symme-
tries in the problem to construct a phenomenological description of the free energy
[24]. We get:

'Ceff [Xij/ Al]/ 1]0 Zle —Ai+Aj )XZ] + a)1C|X1]|2 + a%‘?ﬁ] )+ aé( %Xij?(jk%kl?(li
1
+ ZAU =i+ M)A+ af |A 1+ af |A]Y) + a8 Y AyAp Ay
ijkl
+ZF1]¢T )‘ +)‘))F1]0+51F1]0F1]0

FXp - AX &
+Z al Fijo Fixo XxX1i + 5" Fijo X ik Fio Xii + a1 DijAjixia Xii
ijkl
AR AFioFiroDu Dy + a5 FijpAijAy F
+ﬂ2 iiXixDuxi) + Y. aj ijcTjke Bk Bl + 82 Lije Bij Bkl brlo + -
i,jk,1
4.12)

Here, terms of particular importance for our purposes are the dimer-hopping
terms. These terms have coefficients af A ag A afx, aZX .. and so on. While imposing
the saddle point approximation for the Z, fractional Fermi liquid, it is seen that the
free energy admits different translationally invariant groundstates. However, we only
consider those with s-wave symmetry. It follows that (x;,) = x and (A;,) = A. As
we are working in a phase where spinon-pair condensation is present, we set A # 0.
We are interested in constructing an effective mean-field Hamiltonian where higher
order fluctuations of x and A are neglected. The Hamiltonian can then be read out
from the effective free-energy and appears to take a form that is reminiscent of the

simple tight-binding Hamiltonian. As in [8], we restrict ourselves to three hopping
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terms. The Hamiltonian is given by:

HZZFL* =—1h Z +y,xa ix,0 —t Z iy ],x ot

(4.13)
t3 Z i+iy.0 ],x ot

where the dots denote hermitian conjugates, symmetry related, as well as possi-
ble longer range hopping terms. The corresponding hopping amplitudes are given by
t = —ab® A2 — §X|7(|2 and t, = —al®|A|? — afx|x|2 and t3, where t3 follows
from a higher order loop term involving two elementary plaquettes.

fo 0 0 ¢ 0 0 o fo 0 . L] 0 0 o fo . ——— 0 Gl
. . | I | . . . . - I - . . . — — .
- . . o - . - . . . - — — .

(A) t1 hopping (B) tp hopping (C) t3 hopping

FIGURE 4.1: Figure illustrates all the different possible hopping con-

figurations that can be achieved by a dimer term that begins in the red

configuration and obeys the tight binding Hamiltonian for a Z,-FL*

system. The hopping configurations shown in blue, orange and purple

represent the possible configurations that have hopping amplitudes ¢4,
t» and t3 respectively.

We now wish to extract the electronic features of the system from the tight-
binding Hamiltonian for the Z, fractional Fermi liquid. To start off, we diagonalize
this Hamiltonian in momentum space and calculate the electronic spectral function
of the system.

The tight-binding Hamiltonian of the dimers is written in momentum space in the
following manner:

H=— Z (2t1 cos (kx)F x o Fx x o — 211 COS (ky)Fk,y,ng,y,U —t(1+ e el e_i(xJ’y))Fk,xlaFk,xlg
k,o

— t3(e™ + e 4 XY oW L 22 4D cos (x + ) + ei(_HZy))Fk,ka,W + h.c.).
(4.14)

Diagonalizing the Hamiltonian gives the following two dispersion bands [24]:
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Er = —tisp = /B2 +16f2 (b + t3(sc — 1)) (4.15)

where s = cosky + cosky, di = cosky — cosky and f; = cosky/2cosk,/2.
The corresponding eigenstates are:

(Pk,x,a) _ (v+x(k) v_x<k>) (Pk,+,a) (4.16)
Foyo)  \vtylk) v—y(k)) \F—v/)’ '

where the columns of the matrix form the normalized eigenvectors of the Hamil-
tonian and can be used to rotate the system from eigenspace to coordinate space.
This comes in handy when we want to perform real measurements of the system. Ul-
timately, we are interested in the electronic properties of the system and would like
to have a transformation that takes us from the dimer representation to the electronic
representation. This relation is seen in the saddle approximation for y;; of the gauge
invariant electronic field c;,, where it can be uniquely expressed in terms of the bond
fields A;j and Fijy as:

Cig ™~ Z _ijO'Aij- (4.17)
j

In momentum space, when A # 0, this looks like:

o~ D Y Fop, o (1+en). (4.18)
m=xy

FIGURE 4.2: Electron field c;, in terms of Aij and Fij(—f. Figure from
[24].

We can now obtain an expression for the electronic spectral function. The general
form of the electronic spectral function [30] is given by :
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Alk,w) = Z “PE— ZePEm)(nleg|m) |*6(w + En — Em),

27
Z )
2 o o (4.19)
Z L) ),

n,m

where Z is the partition function of the system. First, we compute |{n|¢x,|m)|?.
This is done by replacing the electronic operators with their corresponding represen-
tation in dimer space given in equation 4.17. This is then followed by rotating from
coordinate space to the eigenspace which diagonalizes the tight binding Hamiltonian
of the system. The rotaion matrix is obtained from our calculation in equation 4.16
and leads us to the following result:

[(nléxolm) [ = B2 Y (0] (0sy Fpio + 0y P [m) (] (04 g0+ 0y ) 1)
.1

(14 ek (14 e ™),
= DY (G0 (| F o |m) (ml Py o) +0—yo_y (n|Fy_g|m) (m|F_y_s|n))
'
s (14 %) (14 %),
(4.20)

Using the definition of a weighted average at finite temperatures, we see that:

Z Ze PEn (n|F_tioF_jio|n) = np(BE<(=k))d(w — E<(—k)).  (4.21)

Plugging this into our expression for the electronic spectral function, we get:

Ak, w) = 2(77+;70+77/(5(w — B (=k)) +0_y0_pd(w — E—(=K))) (1 +®1) (14 )
" (4.22)

The electron spectral function gives the probability density of having an electron
with momentum k and energy w. This quantity may be used to explain why Fermi
arcs occur. Let us take a system with dimer hopping amplitudes given by t; = —1,
tp = 2 and t3 = —0.6 as estimated in [8]. We now look at the spectral function near
and far away from the nodal point k= (7t/2,7t/2). Figure 4.3 shows the spectral
function that follows after computing equation 4.22.
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ky=m-06 ky=m-16

FIGURE 4.3: Plot of the electron spectral function in the Z, fractional

Fermi liquid phase as a function of momentum ky for k, = 7w — 0.6

and k, = 71 —1.6. The J function in the calculation of the spec-

tral function is replaced by a Lorentzian which broadens the peak for
illustration.

Here, we see that when the electron is close to the nodal point k = (1t/2,7/2),
the electronic spectral function predicts that the energy closes above the Fermi en-
ergy thus making room for a closed Fermi surface around the nodal points. But mov-
ing away from the nodal points results in the spectral function closing from below
the Fermi energy thereby leaving no acceptable energy level at the Fermi momen-
tum. This leaves a gap at the Fermi surface which appears as the pseudogap. Having
found the electronic spectral function, we can evaluate the electronic momentum dis-
tribution through the following relation:

ng = d—‘;np(w)A(E,w). (4.23)

4.3 Evaluating correlation functions

In the interest of obtaining correlation functions, what remains for us to do is to
choose the dimer resonant amplitudes in equation 4.13 such that they match the con-
ditions set up in the experiment. This can be imposed by considering an effective
electronic tight-binding Hamiltonian:

Ho=—t) (cheiw+he).—t Y (chejw+he)—t" Y (chejn+hec).
{if) (7)) (G0
(4.24)

In [7], it is seen that the system has been set up at U /¢t = 7.48 where U is the re-
pulsion between electrons on the same lattice and £ is the nearest neighbour hopping
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amplitude of electrons (this uses the standard notation used to describe the Hubbard
model [30]). We, however, drop the second-nearest-neighbour and third-nearest-
neighbour electron hopping term by setting ¢ and t” to 0. This is done because the
experimental setup is that of an optical lattice with cold atoms where only nearest
neighbour hopping i present. The nearest neighbour tight-binding term £ is set to 1.
This assumption reduces the Hamiltonian to:

Ho=—Y (chcja +hc). (4.25)

(ij)
While this is a simple expression for electron-hopping, we are interested in work-
ing in dimer space, and so, we require a dimer resonance amplitude term for a dimer
tight-binding Hamiltonian of the form in equation 4.13. Following the reasoning pre-

sented in [8], it is possible to represent the dimer resonance terms in the following
manner:

t = — <0!FinDi+ae,y\HO!D;yFL??/yT‘@ ’
b <0|Fi+£’yTDi/y 7—[0|D+ FTxT|O> , (426)

i+7,x" i
t ot
ts = = (O[Fiyt Dy .e| Hol DY E g4 g,0110)

where DZU is the creation operator for the spin-singlet term whereas P;,rﬁ is the
dimer term with a net up-spin magnetization. These terms are defined in terms of
electron creation-annihilation operators as given below and can be used to evaluate
the matrix elements for the dimer resonance terms. Note that FJUT has already been
defined before in equation 4.10 in terms of spinons and holons but we recast the

equation in terms of electrons here.

.‘.

1 t 1 + T T 1 T +
Di,ij = %(Ciﬁci""ﬂ/i + Ci-‘y—l],TCi,J, O>, F. = _(Ci,ﬂé + Ci-H’],lX) |O> (427)

inu \/i

Evaluating the matrix elements in equation 4.26 gives the dimer resonance am-
plitudes t; = —0.5, t, = 0.5 and t3 = —0.25. These amplitudes will be utilized
for calculating correlations for fractional-Fermi-liquid systems. Using these parame-
ters, the electronic momentum distribution plotted for the fractional Fermi liquid for
B = 2 as a function of the chemical potential y is shown in Figure 4.4.
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n_ {electron}

N 0.8}
06

041

FIGURE 4.4: Electronic momentum distribution for Z,-FL* as a
function of u with hopping parameter values t; = —0.5, t, = 0.5
and t3 = —0.25and p = 2

Now that we have the electronic momentum distribution, we wish to be able to
write our correlation function in terms of the electron momentum distribution, so
that we may utilize some of the machinery developed earlier. We are interested in

3 zZQz
evaluating (S; S h).

1
We know that 57 = E(niT — n;) is the net magnetization in the system. The

hole operator can be evaluated from the constraint that i = 1 — 1y — ng|. Here,
we make the simplifying assumption that the contribution to these correlators from
doublons is negligible. This assumption was also made earlier in equation 4.3 when
the slave-boson formalism was adapted for our particular setup. We need to evaluate
the following correlator:

ZQz 1
<Si S]I’lk> = Z<(1’IZT — niJ,)(an — lei)(l — nkT — nk¢)>,

1

- Z<”i¢”j¢ T MigTj| = M gy = g Ty (4.28)

T Rt ey 1 Rjp ey — My 1y Mgy — Ripjp T + Ry )
+ny gty — niw;‘wk¢>~

We evaluate each term separately. We shall do this more efficiently by evaluat-
ing the general form of the quadratic and cubic density terms, and plugging in the
parameters to obtain an expression for each of the above terms. We first look at the
general form of the two-body terms alone. While it is not possible to evaluate such
an expectation value exactly, we perform a H.S. transformation to get a mean-field
description of the required terms. This leads to the following result:
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L/ t i((ky—k
o _ . 1—k2)ri+(q1—4q2)7})
<nwln]02> —ka: V2 <cklUlck2‘71€’11(710’72‘71 e Y]
1,42

lhzqz
1

=Y. (<Cilalckzal><C§101Cqm>5(k1 —ka)o (g1 — q2),
k1/k2
q1,92

- <Cltla1ckzt71 > <C2]-101CQ2(71 >(S(k1 - q2)5(q1 - k2)5(71172)

« ol ((i=k2)ri (g1=42)r))

n\2 _
= <§> —_— 1’12(1’1']')5‘71(72,
(4.29)
where 7 is the number density of electrons, and
. L/ 4 ik(r—r:)
n(ri]-) = Z v CroCho ye V1T, (4.30)
k

Similarly, the three-body terms are also evaluated. The general Fourier Transform
of such a term is:

L/ 4 + + i((ky—k
. _ - 1=ko)ri+(q1—q2)ri+(p1—p2)7%)
<n1¢71n]02nk173> - . Z V3 Chyo1 Cho01 €102, €0202€ pro3 Cpaos )€ ' ! .
1.91,P1
ka,q2,p2

(4.31)
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1 /1 1 i((ky—k n\3
il 1=k)ri+ (g1 —q2)rj+(p1—p2)re) — (2
° Z 3\ Ckio1 Cko01 Cg10,C0202Cpy 05 Cpacs )€ 1 ! —\2/
klﬂlzpl
242,02
L o —ky) n
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¢ Z 3 Cklalckztﬁ qlachszz p103CP2f73 e ' J - 2
kl/‘h/Pl
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i Z V3 Cklalckztﬁ qmchztfz p1¢73CP2(73 e ' J
klﬂlzpl
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= n(rl])ﬁ( ]k)ﬁ(rik)‘sﬂlﬂzﬂa'

1 ;] :
e ¥ i< >el((k1—kz)ri+(41—qz)rj+(i71—Pz)rk)
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Cky0y k201 €105 €9202 € py05 C 2

kl/qlrpl
k2ﬂ2rP2
= 71(rij) (1) (it ) Or0005
(4.32)
Thus, the general Wick’s contracted expression for the 3-body term is:
n\3 ny (.2 =2 =2
Nioy Njoy Mkoy ) = (E) - (E) (n (1’1‘]‘)(5(7102 +n (r]'k)é(fztfs +n (Vik)(stﬁ%)
+ Zﬁ(rl-]-)ﬁ(rjk)ﬁ(rik)(5010203.
(4.33)

The unconnected correlation function is obtained by combining all the terms to get :

(stSih) = 500 - V() ~ A i(ra(ra). @39

It is helpful to first perform these calculations for the simple case of a Fermi liquid.
This not only allows us to check the veracity of the expressions we have obtained,
but also helps us distinguish those aspects of our results that exhibit non-Fermi be-
haviour. However, in the case of Fermi liquids, we cannot make the assumption that
the effects of having doublons in the system can be ignored. In a half-filled inter-
acting electron system following the ¢-] model, we have an RVB ground state which
admits no naturally occurring doublons. Thus, close to the half-filled state, the effects
of doublon interactions are minimal. However, the ground state of a Fermi liquid has
a roughly equal probability of having a spin up, spin down, holon, or a doublon, at
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any given lattice site if the system is predisposed with zero net-magnetization. So,
the doublon density in the system is around 25%. Thus, the effects of doublons in the
system cannot be ignored. This is further highlighted by the fact that negative-hole
density solutions occur if we naively use the old expression for the hole density, i.e.
hk =1 — Mg — Ny

To remedy this, we see that the electron number density at lattice site k can be
viewed as the probability of having one electron on that lattice site. Thus, the hole
density at lattice site k is equal to the probability of not having a spin up or a spin
down electron at k. by = (1 —nyy)(1 —ng)) = 1 — ngy — ngy + nyyny. This is
referred to as the Gutzwiller projector.

1
<SfS;hk> = Zl<(niT — nu)(nﬁ — nN)(l — N — Mgy + ”kT”k¢)>' (4.35)

In a method analogous to the previous case, albeit more cumbersome, we evalu-
ate the spin-spin-hole correlators. The terms that need to be evaluated are:

1
<5f5]27hk> = ;L<(”i¢ —ny) (i —nj ) (1 —ngg —ng + ”kT”k¢)>r
1
= g\ttt = Mg = Mgy A igTj, = RigTjp iy
T iy ey + Ry Rty — 14 1) iy — RipTjg) + Migh 1|
Mg R — My G ) 1 G ey e, — T TP

= Mgt gy Ty o+ ”iT”jT”kT”k¢>~
(4.36)

The quadratic and cubic density terms can be evaluated in a manner that is iden-
tical in form to the expression calculated before. The only additional term of interest
is the the quartic term that is evaluated for a general case and is found to be the fol-
lowing:
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Ly + + +
<ni(71”j(72nkT”k¢> = Z W<Ck1(71Ckztflquazclhtfchlag,CP203C51(73C52173>
kl/q1/P1/51
k2,92,p2,52

% ei((krkz)fﬁ(lh*liz)fﬁ(iﬂrpﬁslfsz)rk),
~2 =2
= Ny (ngznﬂfli — 50-21\11]-”7% - (5(72(7271]-“711\)
+ Ouptijoy (—Thijoy 111, — o1kt Tiji 1) + Oy | ey M jic 11)
+ Out ks (%Tﬁmﬁjmm — fligyngh) + %ﬁimnfu)
+ 50@171,']@ <§Uzlﬁij$ﬁ]'klnT — ﬁikinﬁm + (sngflikin]sz) .
(4.37)

Plugging this into our final expression for the correlator and simplifying gives the
following result.

o 1 o 1 5
<555;’hk> = (n = D)yt — 5 (n — 1) — Enl?knf.k. (4.38)

4.4 Comparing with Quantum-microscopy experiments

We are now in a position to plot correlation functions for different lattice points
around a given dopant and compare the results with experimental data. In order to
do this, we are required to fix the temperature of the system and the doping density
to match the conditions in which Bloch’s experiments [7] were performed. So, we
operate at § = 2 and a hole density § = 5%.

Free Fermi Liquid Dimer
. . ° L) . L) o o . . ° . . ]
* * * * * *
L] . . .
’ |
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o o . . . . .
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o o L] . . . . L]

FIGURE 4.5: The figures are the correlation plots around the doped

hole in the center of the lattice. The figure on the left is for a free

Fermi liquid. The figure on the right is for the Z; fractional Fermi
liquid. The temperature is set to f = 2.

There is a clear qualitative difference in the plots that our models give when com-
pared to the plot that is obtained through experiment. The discrepancy seen away
from the dopant is particularly striking. While the experiment suggests that there is
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FIGURE 4.6: This figure represents the experimentally observed val-
ues obtained by Bloch’s group for the spin-spin-hole correlator. Fig-
ure from [7].

antiferromagnetic correlation between electrons away from the dopant, this feature is
not visible in our models. This is because the fractional-Fermi-liquid model admits
an RVB ground-state that does not allow for antiferromagnetic correlations.

We would like to proceed by checking if the polaronic signals grow stronger when
one lowers the temperature. = 2 is high enough to majorly scramble the Fermi
surface of fractional Fermi-liquids. But, extending this evaluation for a smaller tem-
perature may allow us to see if there are greater qualitative similarities to what is
seen in Figure 4.6 . Figure 4.7 shows the lattice correlations for f = 20.
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FIGURE 4.7: The figure shows the correlations throughout the lattice
predicted by the effective Z, fractional Fermi liquid at f = 20.

The positive correlation for the innermost electrons is unexpected. They appear
for temperatures lower than f = 11 as shown in Figure 4.8. We see a feature that
not only shows strong deviations from Fermi behaviour, it is a bold prediction made
by the Z, fractional Fermi liquid model. Further calculations of these correlators
using different models and experimental measurements of this function at temper-
atures indicated on the graph in Figure 4.8 will certainly lead us to deepening our
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understanding of the pseudogap phase.

Corr ({1, 0}, {0, 1)

FIGURE 4.8: The correlation between the innermost electrons as
a function of inverse temperature for the Z,FL*(black) and the
FL(blue) for different inverse temperatures

We hope to gain a little more insight on how differently our model works by com-
paring it with a few more results obtained by Bloch’s group. Bloch’s group studied
the transition of spin-spin-hole correlators measured on a particular lattice site for
different levels of hole-doping [6]. This allows us to test our model with a broad
range of hole doping densities.

Before comparing the correlator results to the experiment, we calculate the con-
nected correlator and normalize it in accordance with the paper [6]. The connected
correlator is defined in equation 3.4. The normalization is calculated for the cases
with and without the Gutzwiller projector. The hole operators are given:

()
()

The variance of the magnetization can be written as:

(1 —n) — w/o Gutzwiller projection,

n? ‘ ‘ o (4.39)
(1—n+ Z) — with Gutzwiller projection.

A A Ay A 1
*(57) = (57) = (5.57) = 7{(nt —ny)(np —my)),
1 (4.40)

= Z<”T”T +nyng —npny —ngny).

Let us first evaluate the general expression (Mg, 1, )
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E _1 t T i((k1—kp)r
. . — — (g1 —a5)7;
<n1(71n1(72> = V2 <Ck1(71Ckzalcqla,chza2 * e ((k1—k2)ri+(q1—q2)1:)
k11q1/k2/q2

= Z ((Cltlalck1tf1> <C:]r](fzcﬂl1(72>
kl’qllkZIqZ

T t i((k1—kp)ri+(q1—q2)7;
+ <Ck1¢71 (5q1,k25(71(72 - quazck201)cq2<72)e (s ~ka)rict(m=g2)rs)

n\? t t t
= (E) +§<Ck10'1ck10'2>5(710'2 - Z <Ck10’1ck1(72><C6]1(71Cq1(72>’

/)2 n n\ 2 o
=(3) +(§—(§> )‘5

(4.41)

2 am 1 noo/n\2 n_n
o (S)—Z(Z (§_<§> )5(,102) - (4.42)

Now, we can plug this into our expression for the normalization constant 7 and
get the following:

2
n=1/(1—-n) <g - %) — w/o Gutzwiller projection,
(4.43)

n?\ (n n?
n=1/ (1 —n—+ Z) (Z — g) — with Gutzwiller projection.

Thus, our connected correlators for the case with and without Gutzwiller projec-
tion is found to be given by:

n(r;;)a(ri)n(r;
Cgﬂ* = — ( J )7 ]k) (ric) > w/o Gutzwiller projection,

o5

C5 1= > with Gutzwiller projection.

R

The results in Figure 4.9 provide a platform for many theories to be compared for
their relative merits in this particular context, and so, provide an ideal testing ground
for the Z; fractional Fermi liquid model as well.

(4.44)
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as the pink curve in both plots. Figure from [6]

FIGURE 4.9: The correlation functions for the two configurations
shown in the image inside the graphs. These are represented by blue
points. The diagram also contains different theoretical predictions
that one may obtain using the theories mentioned in the color scheme
above. In specific, the prediction made by Fermi liquid theory is seen

The curve in the figure was obtained through Monte Carlo simulations [6]. These

curves can be compared to the correlators we have constructed for the Fermi-liquid
case. We start with a tight-binding Hamiltonian for electrons where the jumping pa-
rameter is = 1. The Hamiltonian has the following form:

R
Hp = — ) _ &, Cia + hoc.

(ij)

This gives us the following dispersion relation.

€ = —2(cosky + cosky).

(4.45)

(4.46)

With the energy levels at hand, we can obtain the electron-momentum distribution,
which is simply the Fermi-Dirac distribution

Ny

1

T 1 eBlen)

(4.47)

Integrating across the entire Brillouin zone reproduces the number-density of the

system. The Fourier transformed momentum distribution is obtained by transforming
the above expression to real space. Substituting them in our correlators, we can then
evaluate equation 4.44 for different hole densities .
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C’ (v1.25,1) (10?)

FIGURE 4.10: The top two figures are obtained from the analytical
expression of the spin-spin-hole correlator for the Fermi liquid case
(yellow) and the Z,FL* case (blue). The bottom figures are exper-
imental data from reference [6] along with simulations of different
models which includes the Monte Carlo simulation of the free Fermi
liquid in pink that we are interested in.
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Many interesting features are observed in the graphs in Figure 4.10. As far as we
can tell by looking at the graphs, the yellow curves (our prediction of the Fermi liquid
theory) and the pink curves in Bloch’s groups’s graphs match reasonably well. This
1s an encouraging sign as this assures us that the correlators that were constructed are
close to what is expected. But we see a huge discrepancy between the Z, fractional
Fermi liquid correlators and the experimental data. Consider the bottom left graph.
For small hole densities, it is seen that the experimental data points show positive
correlations for nearest neighbour electrons - A clear break in the antiferromagnetic
background of which the system’s ground state is a part. The Z, fractional Fermi
liquid, on the other hand, show strong negative correlations that quite possibly arise
out of RVB-ground-state correlations persisting at low doping. This suggests that at
this particular regime, the experiment does not admit RVB state correlations that are
assumed to exist in the Z; frational liquid. The graph on the bottom right shows
a qualitatively better match to the blue curves that correspond to the same config-
uration. However, the Fermi liquid fits the experimental data better here. So we
conclude that the correlation signals we expect for a Z, fractional Fermi liquid are
too strong in comparison to what is actually being seen.

It is not immediately possible to rule out the dimer model as the right model to
describe this system. It is conceivable that the Fermi surface is scrambled because
of the high temperatures utilized in the experiment. The spinon-hole bound states
have a bound-state energy ~ | whereas the Quantum gas microscopy experiments
are performed at ~ 1.4]. At this temperature, spinon-holon bound-states dissociate
to free spinons and holons. In fact, it is even possible that the temperature is too high
for the pseudogap phase to manifest. But what kind of features do we observe if the
correlations are evaluated at a lower temperature? Even if our results get no closer to
what Bloch observes, it is possible that later experiments at lower temperatures could
validate the dimer model. And so, we explore the behaviour of these correlators at
lower temperatures. We have chosen g = 20 and B = 200.

It is seen in Figure 4.11 that in all the four blue curves that a positive correla-
tion. This is interesting because this suggests that the Z; fractional Fermi liquid has
a strong predisposition to align neighbouring spins along the same direction in the
vicinity of a hole at low hole doping densities. The small positive correlation that ap-
pears at lower temperatures suggest that the Z; fractional Fermi liquid is capable of
exhibiting a sign-flip if the temperatures are low enough. While this may not repre-
sent the same sign-flip that Bloch’s group observes, it may be a verifiable prediction
if the experiment was performed at lower temperatures. On the other hand, it may
turn out that the regimes are entirely different, and what we are seeing may not be
realizable on an optical lattice with cold atoms.

The disparity between the experimental data and our results can be accounted for
by the fact that next to nearest neighbour hopping of electrons plays a crucial role
in explaining pseudogap phenomena. One reason why this interaction is important
for pseudogap phenomena is that the next to nearest neighbour hopping imparts a
dispersion to the doped holes and this subtly alters the energetics of the system [31].
However, since the experimental setup is built on an optical lattice with cold atoms,
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(A) The two figures represent correlations evalueted at B = 20. The figure on the left measures innermost
diagonal correlation of electrons while the figure on the right represents nearest neighbour correlations for the
innermost electrons
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(B) The two figures represent correlations evalueted at § = 200. The figure on the left measures innermost
diagonal correlation of electrons while the figure on the right represents nearest neighbour correlations for the
innermost electrons.

FIGURE 4.11: The yellow curve is our prediction of the Fermi liquid
while the blue curve gives our prediction for the Z, fractional Fermi
liquid.

any hopping beyond nearest neighbours is negligible. So, it might very well be that
the pseudogap regime is not realizable in this set-up. But these results are useful
because they predict that a sign flip in the innermost correlations is observed at tem-
peratures lower than B = 11. Future experiments performed at lower temperatures
that allow for next-to-nearest hopping will be able to directly test this prediction.
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Chapter 5

Slave boson mean field theory with
spinon/holon excitations

In this chapter, we move on to our next problem of interest. Our goal is to under-
stand the different phases of matter that arise if the low energy excitations of the -]
model were a mixture of free spinons/ holons and spinon-holon bound-state excita-
tions. We hope to study such a system by obtaining its free energy and minimizing it
with respect to the order parameters present in the system. This provides us with self-
consistent equations which we can solve to obtain the exact dependence of the order
parameters as a function of hole-density. Before looking at the general case with
multiple low energy excitations, it is instructive to initially study the simple case of
having just the free spinon/holon excitations. We dedicate this chapter to study the
phases of the t-] model with spin-charge separation (free spinon/ holon excitations).

As a first step, it is instructive to understand the role of the spinon-pair conden-
sate in the Hamiltonian of our mixed system. It is also relevant to acquaint ourselves
with the concept of Bogoliubov quasiparticles. So, we look at the derivation of the
BCS mean-field theory.

5.1 BCS mean field theory

When an electron moves through a lattice, it distorts the cations on the lattice sites
around it creating quantized lattice oscillations known as phonons which pass through
the lattice and interact with other electrons. One can demonstrate that an effective
long-range attractive interaction can develop between electrons of opposite spins me-
diated by phonons [20]. This long-range interaction creates a bound-state of two
electrons with opposite spins that are referred to as a Cooper pair. In order to study
them, we we construct an attractive pseuduopotential between such electrons that
models the phonon mediated attraction. Let us assume an interacting Hamiltonian
of the form H;,;; = — g(§ (x). Converting to momentum space and writing in second
quantized formalism, the Hamiltonian becomes:

_ g _ _
H =) Colek = Wckr = 37 D CQ+q18—q 0~k 1CQ+k 1/ (5.1)
k,(T k/q/Q
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where c,‘: - 18 the electronic creation operator, € is the free particle dispersion, y is the
chemical potential and g is the interaction strength. We want to perform a mean-field
decoupling of the action that has terms that have been decoupled along the Cooper-
pairing channel. In order to do so, let us define a Cooper pair creation operator [30]:

AQ = %;Ek—FQ,TC_—k,J,‘ (52)

Below a critical temperature, Ag condenses such that all the Cooper pairs set-
tle at the zero-momentum state. Performing a mean-field decoupling of the quartic
spinon-operator reduces the interacting Hamiltonian to an effective quadratic opera-
tor given by:

Hint = =5 ¥ 201018 g1 k1o rnt
kqQ

— %(AQ@Q) +(Ag)Ag — (Ag)(Ag))

Q

v A
= — ) (AT + hc) + §|A|2, (using the ansatz (Ag) = Adg ).
k
(5.3)

The entire matrix can then be written in Nambu spinor notation in the following man-
ner:

* ~ o \%
A) =) ckolex — p)ckr — Y (DrCrrCog) + hoc.) + §|A|2/
P
H

re — A \ c %4
=Y (G c_ky (kAy .”_e—k) (—kT)+Z(€k—V)+§|A|2-

X C—k| T
5.4

We diagonalize the above matrix through a Bogoliubov transformation which
‘rotates’ the coordinate system to a frame of reference that diagonalizes the Hamil-
tonian. This constitutes defining a new set of creation-annihilation operators that
are written as a linear combination of the electronic operators and obey fermionic-
anticommutation relations. The constituent quasiparticles are referred to as the Bo-
goliubov quasiparticles. They are written as:

(- ) w() o
Tk, —sinb cosb) \C_g C—k|-

where 0 is an angle that is chosen so as to diagonalize the Hamiltonain. Setting
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A € R, the Hamiltonian can be written as:

v
M=) (T 7v-x)MHM (:m ) +Y (ex—w)+=IA% (5.6)
ko ,Y—ki k 8

We now find an appropriate 0 that diagonalizes the Hamiltonian. We see that:

MEM — (ex — u) cos 20 — Asin26, —(ex — p) sin 26, — A cos 26, |
—(ex — ) sin 26, — A cos 20, —(ex — u) cos 26, + A sin 26y
5.7
A
This gives tan 260, — — .
. ¢ € — H
— €0s20;, = %k —H and sin260;, = A
Ve —pr Y SN/ Ly e
(5.8)
The final BCS mean-field Hamiltonian reads:
_ 14 2
Hur = Y ExTkoYio + Y _(€x — 1) + §|A| , (5.9)
k,o k

where Ex = +/(ex — #)2 + A? is the quasiparticle dispersion with an energy gap of
A.

For the purposes of this thesis, we are interested in the zero-temperature momen-
tum distribution of the electrons. This is found to be:

nr(k) = (cliexr),
= ((cos Qk'YIJch — sin Oy _g ) (cos vk — sin 9k71k¢)>, (5.10)
= sin? 6 + cos 20k('yZT'ykT),
where np (k) is the momentum distribution of the electron. From the trigonometric

relations derived in equation 5.8, we set the temperature of the system to zero and
obtain:

ng (k) :%(1—6"_”). (5.11)
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5.2 Free energy derivation

Consider the t-] model with spin-charge separation, that is, a model where the spinons
and holons have free particle dispersions. Such a system has sufficient information
to capture many properties exhibited by the doped Mott insulator, while at the same
time being simple enough to work with. For this calculation, we closely follow the
discussion presented in Koliar and Liu (1989) [4]. First, we explore the zero temper-
ature behaviour of the order parameters. This gives a qualitative idea as to where the
critical temperatures are located. Consider the spinon-pairing field A which couples
free spinons of opposite spin. But , due to thermal fluctuations, there is a tendency
for singlet pairs to dissociate back into free spinons. There is a tug-of-war between
entropy and the phonon-mediated attractive interaction set up in the system. So, the
critical temperature for spinon-pairs to dissociate can be expected to have the same
order of magnitude as the spinon-pairing strength at zero temperature.

To start off, we perform a mean-field analysis of the {-] model in the slave boson
formalism introduced in equation 4.6 . Here, in the interest of comparing our results

with Kotliar and Liu [4], we employ the same definitions for the pertinent fields in
the problem. The new order parameters we choose are defined as:

<f1 ofitxo)
(flofiryo)
itfirzy = fitfivsr),
(fitfirgr — firfivor)-

IENL

(5.12)

NIUJI\JIUJN

It was discussed in the derivation of equation 4.6 that the ¢-] Hamiltonian in the
slave-boson formalism is written as :

W= 1= nfififi = gUnfu = Fafi) Uafis = fnfi) + s
ij
- }1(1 ~Bb) (1~ Bty | — £ Y (Furbibific + ).
ijo

(5.13)

Performing the H.S. transformation in a manner similar to equations 4.7 and 4.8, we
get the following result:
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1, . 1 1
4 <fi06fjrxfjﬁfiﬁ> ~ Wl?(zﬂ 6] Z;T(quwf]a +h.c.)
_% (Firfin = fufin) (finfir = finfin) ) ZAU Fafi— Fufin) +he) + }2 A

(5.14)

The spinon-holon-interaction term cannot be transformed using a fermionic H.S.
transformation. Here, we make the simplifying assumption that the holons are all
condensed in the zero momentum state. A condensate of holons has an extensive
number of holons in a single particle state that leads to the result described below.

b n) = Vn+1n+1) =~ Vn|n),
— (n|b|n) =~ V/n.
Here |n) refers to the Fock-state with 7 bosons in the ground state and none in

the higher energy states. The operator b’ represents any bosonic creation operator.
The spinon-holon-interaction term then gives:

—t ) (fiobibjfjo + h.c) = =t} fiofiod (5.16)

ijo ijo

(5.15)

where 0, which counts the holons in the zero momentum state is given by V6 ~
<bl+> Another modification made to the Hamiltonian is that we multiply it by a factor
of 6. The spinon-holon interaction term ¢ and the Matsubara frequency terms that
come when writing the action are transformed such that the entire action scales by a
constant factor. This does not affect the subsequent minimization of the free energy
as the location of its local extrema are still preserved. This reduces the Hamiltonian
to [4]:

Ho = Z[Xxfz afl+x o+ nyz afl+y,c7 +h. C + Z[A+ fleH—m - flifH—xT) + h.c. ]

+ Z s (fitficgr — fitfivgt) +hec] =6t Y (fi fio +hc.) 2 3 & (|A 12+ xiil?)-
{ij)o
(5.17)
It follows that the partition function before integration takes the form:
Z = /D[f,f]e_ foﬂdT(ZiAilf_z'(T)arfi(T)JrHo[f,ﬂ—HN[ﬁf]), (5.18)

where we have defined D[f, f] = limp_o0 [TM o d[f, f]. Now, we perform the
above functional integral and deduce the corresponding free energy of the system
from the standard thermodynamic relation 7 = —(1/B)log Z. The free energy is
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found to be [4]:

2N
F = —2T) logcosh(BEx/2) — uN + 3—](|Xx|2 + |y > + 182+ 1Ay ?)
k
(5.19)

where xx = |xx|€®, xy = |xyle™, Ay = |AclePr, A, = |AylePy, and 0 :=
By — Bx-

Here «;, B; represent angles that we obtain when we parametrize the orderparam-
eters in polar coordinates.

We also have Ex, = \/(ex — )% + 4|A¢|?), where € = —6tKy — 2(| xx| cos (kxa — ax) +
|xy| cos (kya —ay), Ay = 2(Axcoskya + Ay coskya) and Ky = 2(xx coskya +
Xy coskya).

Particle conservation imposes:

1-6=) (firfi): (5.20)

g

5.3 Phase diagram for spinon/holon excitations

The different phases of matter exhibited by the system can be inferred by solving the
equations that result from minimizing the free energy given in equation 5.19. As a
first step, the number of variables in equation 5.19 is reduced by noticing that the
following constraints minimize the free energy [4]:

ay =ay =0,

XX - X]/ = X/

|Ax| = —|Ay| := £[A|,
0 = .

(5.21)

We can now minimize the free energy with respect to the order parameters A and §
and obtain the following self-consistent equations at zero temperature.

3] (7 d*k (e —p)
8N J .4n?2 E
3] (7 d% 2I%

T8N ) .4 E

Ky, (5.22)

1 (5.23)
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where T, = A(cosky — cos ky). A third equation is obtained from evaluating the
RHS of equation 5.20 at zero temperature. The exact expression is derived here:

5 T d’k
= — (1 —2np(Ey)), 5.24
0= [ 50-2np(E) (524
where 71 ¢(Ey) is the momentum distribution of the electron as calculated in equation
5.11 (Note that this is not the Fermi-Dirac distribution). Using this, we calculate the
hole density distribution to be:

T d’k (e —
5= / i . 5.25
—n 41 ( Ex ) (:2)
This forms the third self-consistent equation that needs to be solved. Now that

we have three equations and three variables, we can solve the equations to find out
how the coupling strength of the spinon pairs changes with hole density.

Setting N,J] = 1 and t = 10 [4], the self-consistent equations are solved by
a fixed point iteration scheme. Here, guess values for X, and A are plugged into
equations 5.22, 5.23 and 5.25 and and their values are iteratively updated until they
converge. This calculation is then repeated by changing the chemical potential until
we have sufficient data points to plot a A(6) curve and x(d) curve. The following
curves in Figure 5.1 are obtained at the end of this procedure.

X (9), A(6)
e
-

FIGURE 5.1: Figure illustrates two different curves, x and A as a
function of hole density J at zero temperature. The dashed line is
X (6) while the dotted line is A(d). Figure from [4]

It is seen from this curve that X is nearly independent of the hole density as it
consistently hovers above 0.5. A(J), however, decays with hole doping. It is seen
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that spinon-pairing disappears at around 35% hole doping. As argued before, we ex-
pect a very similar trend when looking at the critical temperature for the spinon-pair
condensate.

We are now in a position to calculate the critical temperature for the spinon-pairs
to condense as a function of J. It is our goal to obtain the phase diagram of the 2D
t-] model in the slave-boson representation that are permeated by spinons and holons.

For this problem, however, the unknowns are T, d and x. A is, by definition, zero
at the critical temperature. As A is zero, there are no off-diagonal elements in the
Nambu matrix and we are free to use the Fermi-Dirac distribution for the momentum
density of electrons. Our self-consistent equations then read:

3] 7 odk € —H
X = _8_N . HK]{ tanh < ZTC 7 (5'26)
3] (7 &k 212 e — 1
1= sN /| a2 - tanh T, ) (5.27)
1 T de € — U
0= ﬁ . _471'2 tanh ( ZTC ) . (528)

Solving these equations through fixed-point iteration, one obtains Figure 5.2 :

X (9), Te(6)

0.2fF ! -

I | 1
0.1 0.2 0.3 0.4
&

OfF ==

FIGURE 5.2: Figure illustrates two different curves, x and T, as a

function of hole density ¢ at the temperature. T; is the critical tem-

pearture for the spinon-pair condensate to form. The dashed line is
x(8) while the dotted line is T (). Figure from [4].

We can see a qualitative similarity between Figure 5.1 and 5.2. While the critical
temperature was larger than the anticipated at 6 = 0, it decays to zero at around the
same hole-density. The graph is steeper, but the initial guess retains all the essential
features of the actual curve.
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Finally, all that remains is to calculate the holon condensation temperature as a
function of a hole doping for which the results obtained in [4] are displayed. It is
seen that holon condensation, like any bosonic condensation, does not occur at finite
temperatures in 2D systems. But, even the introduction of a tiny interlayer hop-
ping in the holon dispersion relation gives a non-zero holon-condensation tempera-
ture. The holonic tight binding dispersion looks like €y = —t;(2cosky +2cosk, +
r, cosk;). This temperature is not very sensitive to the choice of 7 as it only scales
logarithmically [21,22], and even a choice of r, ~ 0.1, is sufficient to give the
desired results.

T T T T T T
1.0 -
0.8 |- -
= Py
= 0.6 L -
E y
= P
= 0.4 R
0.2} -
of i
1 1 A 1 1 1
0 0.02 0.04 0.06 0.08 0.10

FIGURE 5.3: Figure illustrates two different curves, T, and Tj, as a

function of hole density d. T, T}, are the spinon-pairing and holon

condensation temperatures respectively. The dashed line is Tj,(6)
while the dotted line is T, () Figure from [4].

As the dashed line and dotted lines cross each other, one sees four different phases
of matter manifesting in Figure 5.3. A fifth phase is also seen in Figure 5.2 where
one observes the x = 0 phase above the dashed line. So, combining all the features
that this system is showing, we have the following diagram that catpures the different
phases of matter:
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&

-

X

FIGURE 5.4: Figure illustrates the different phases of matter that our

system exhibits. The curve on the top demarcates the xy = 0 phase.

The dashed line with a positive slope corresponds to the critical tem-

perature for holon condensation whereas the dashed line with the neg-

ative slope corresponds to the critical temperature of the spinon-pair-
condensates (A = 0). Figure from [25].

As seen in Figure 5.4, the incoherent phase x = 0 is seen at high temperatures
when there is no spinon hopping and all order parameters are zero. In the uniform
RVB state (IV in Figure 5.4), only x is nonzero, while A, § = 0, while in the spin-gap
state (I), 6 = 0. This corresponds to a state where none of the holes are condensed
which gives rise to incoherent charge-dynamics. The superconducting state cannot
occur in these conditions as it requires the holons to condense as well. This can be
interpreted as the pseudogap phase, a state that is a precursor to the superconductor
[23]. (D) is characterized by free spinons and holons none of which condense. This
gives rise to classic Fermi-liquid behaviour as there are no off-diagonal terms in the
Hamiltonian in this regime. It is in regime (I1I) that superconductivity is exhibited
as there is both spinon pairing and holon condensation. One can understand this by
looking at electrons through the slave-boson formalism. The physical electron is rep-
resented by the operator fi‘;bi, and the Cooper condensate of entangled electrons is
then given by (b; f;rTbj ].T 1)~ (bibj)( i} ]T 1) This works under the assumption that
there is vanishingly small interaction between holons and spinons which is why one
can decouple them. Under this assumption, in order to have a Cooper condensate of
electrons, we require a spinon-pair condensate as well as a holon condensate.
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Chapter 6

Slave-boson mean-field theory with
spinon-holon bound states

Kotliar and Liu [4] treated the underdoped Mott insulator as a system of spinons and
holon fluctuations. While this captures many interesting and relevant phenomena,
one cannot ignore its limitations. As discussed before, in the pseudogap phase of
cuprates, we have reason to believe that the area of the Fermi surface, in accordance
with Luttinger’s theorem, goes as ~ ¢ and not ~ 1 + ¢ (which is expected if the
charge carrier is a hole). We have also seen evidence of Fermi arcs that cannot be
realized in a free system of spinons and holons. But the dimer model in the Z, frac-
tional Fermi liquid regime provides a satisfactory explanation to the appearance of
Fermi arcs at low doping densities and gives the correct charge relation that enables
Luttinger theorem to hold. It is worth exploring the different phases of matter one
expects if the low-energy excitations of the system’s Fermi surface are dominated by
spinon-holon dimers rather than free spinons and holons.

As shown in equation 4.12, we have a Lagrangian in terms of F, A and ) and
their complex conjugates. By allowing (x) # 0, we access RVB ground states
in the system at zero doping.This is seen in the following term of the Lagrangian.
~ a5 Lija DijA DAy

Such a system exhibits four possible phases of matter. They are presented in Fig-
ure 6.1



48 Chapter 6. Slave-boson mean-field theory with spinon-holon bound states

A<b>

FL SC
A0 | B #0
(A) =0 (AY # 0

U(1)-FL*|  Z,FL*

(b) =0 (b) =0
(Ay =0 (AY #0

-
(8)

FIGURE 6.1: The schematic phase diagram represents the phases of
matter that can exist for the Lagrangian given in equation 4.12 for
x # 0. FL and SC denote the Fermi liquid and the superconducting
state respectively whereas the states for which (b) = 0 represent the
two kinds of fractional Fermi liquids possible. Figure from 24.

Since <c,‘:Tctk 1)~ (bb){ f,:rT A 1)» we need both spin-pair condensation and
holon condensation for the superconducting state to arise. When spinon-pair con-
densates do not form, then we have a Fermi liquid state. The state with no holon
condensation or pair condensation only has the nonzero spinon hopping term, mak-
ing it a strange metal. Finally, the phase having only spinon-pair condensation is
seen to be the pseudogap phase from the Feynman diagram given in Figure 4.2.

Let us look at the pseudogap phase in particular. From Figure 4.2, we infer
the following relation between the electronic and dimeric creation operators. ¢j, ~
Y FijoAij = A Fijp for (A) # 0, just as in equation 4.17. Through this relation,
one see that the area of the Fermi surface of electrons scales as the number density
of dimers, which is equal to the number of holes counted from the half-filling state.
This accounts for the discrepancy noted in experiments with respect to Luttinger’s
relation, and as expected in the pseudogap phase, the area of the Fermi surface scales
with 6.

However, it is important to realize that the boundaries between phases given in
Figure 6.1 may not lie exactly as depicted. We need to understand the exact form of
these boundaries so that we may be able to quantitatively predict the critical temper-
atures and hole densities for which phase-transitions happen.

6.1 Free energy derivation

So, following a similar methodology as discussed when we studied the free spinon
system, we shall explore the exact form of the phase diagram of cuprates if it were
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dominated by bound-state excitations. We first attempt to figure out the critical tem-
peratures at which spinon-pair condensates form. This is calculated as a function of
hole-density. The action of the system was already worked out in equation 4.9. In
order to make it compatible with the results obtained in [4], we redefine the order
parameters in a manner similar to 5.12 and rescale the coupling parameter | as was
done in 5.17. The action then takes the form:

S :Zﬁa — HF fza ]ZXZ]fZUf]U—i_hC - thzab b]f](T
ijo
+2_TA(fitfyy = fufir) + e +Zb (9 _VF+VB)b

(@) ©.D

2
+3—] (Ixiil* + A1)
(i)

We first explore the possibility of having a mixed system with both spinon/holon
bound states and free spinon/holons. The reason for doing this twofold. One, we
construct it in such a way that we can continuously tune the system to move from
the pure spinon/holon case to the pure fermionic bound-state case. This allows us to
check our results by using the former case as an anchor. Two, it is conceivable that
both excitations may be present in a real system and so, it is important that we study
the mixed system. The mixed terms are simultaneously introduced in the following
manner:

—t ZﬁUbiE]'f]'U = —t(l - DC) Zﬁa’bil;jfja' — ta Zﬁgbﬂ;]’fjg . (62)
(i) (i) {ij)

A ~~ > N
H.S. Transf. for spinon/holon excitations ~ H.S. Transf. for dimers

where « is a tunable parameter that allows us to move from the pure-spinon case
(« = 0) to the pure dimer case (x = 1). Performing the H.S transformations similar
to equation (refer), we arrive at the following action:

5= wa — HF flU Z(]Xq"’t( ®)d )flgf]g—i—hc
1,],0
+§]Al] fle]i fzif]T)‘i‘hC +Zb (0r — up + up)b;
ij

(6.3)
(|X1]’2 + ‘Aq’ )+ +|Az]| + Zathan]cr

i

+Z io(fiebj + fiobi) + h.c.).

3]

We now Fourier transform the action. Note that the volume terms (1/V) are ab-
sorbed into the momentum sums. First consider the ~ F fb terms.
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atij
Z —=Fijo(fiobj + fiobi) + h.c.,
(ij) V2

at . o A
= —=Fi i1y (fiobivy + fiyobi) +hec., with 7 € [£&y, £&]
Lo \/E
t _ . .
=> “_2 By o (frobpy @ Crimaripitm) o g b oilkrimprimatritn)y 4 p e,
in,o
k.q.p

1:"k,17,c7ﬁ]/t7bk—q(371’(kﬂn'77 + e ") 4 h.c..

I
g
ap

(6.4)

We assume that all the holons are present in the zero-momentum state. This is an
approximation at temperatures higher than the holon-condensation temperature but
works well at the temperature scale pertinent to our problem. This entails the follow-
ing constraint:

by—g ~ V35 (k — 7). (6.5)
So, we get the following expression.
w?t25 w225

Z TPk,U,qu/U(l + eiqu) + h.C. — Z qu/g’/_\k,nlo— + h.C., (66)
n,0

/U/k/
kg 1n,9,K.4

where we have defined [\kﬂw = Fyo(1+ e~™7). Next, we consider:

2 2
> |8q|" = 2N[AJ%, (6.7)
(i)
where we have used the fact that all bonds measure to be A and there are 2N bonds
in total. A similar calculation for );; gives

Y Ixijl* = 2N|x % (6.8)
(i)
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The next term:

L ilfirfir = fufin) e = 3 28iiy (fifiey = fiegfi) + e,

(if) (ii+m)

— 2 Aqufp k.(ri+x)+q.ri—p.(ri+x)) _ ok (rity)+q.ri— p.(ri+y))) the,

ik,q,p

=) (Bp—afafy =1 prfq)( (p=q)x=px) _ oi((p=0)y=P¥)) 4 hc,
kaq.p

=Y 2Afife(2cos(kyx) —2cos(ky))  using the ansatz A,_g = AS(P —
k

The next term:

Z at; Fz]oFlj(r Z wt; F ii+1, oFi Jit1,07
<ij>/0 17] g
= Y atFyy o Fp yoc’ BUitD=ia i),

in,0
kq

= i(k.p—k.
— Z “tFk,n,oFk,n,vel( 1 77),
ky,o

= 2 “tFk,ry,UFk,iy,a-
kn,o

The final action is given by:

S = ka,a(—iwk + Ur + \(]X +(1— "‘)t‘S)Kk)Jfk,a
ko e

Ck

ocztz
1,0k,q

+Z2]Ak (2cosky —2cosk )(fk,Tf—k,¢)+h-C-

rk

X+ 1AP) + T atFiy o Fiy e
k

q)-
6.9)

(6.10)

6.11)
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We can then write the action in Nambu spinor notation as follows:

M
. i+ 2JATk ([ for
5 —;(fm f-rl) ( 2JATy  —iwr — k) \foky
oct\/SA
- kit (6.12)
+ 2 e fr) | 0075
o —kni
t6 - aty/6 > (fkT) 4] 2
+Y (4 Hvo ST+ S (xP A
;( VR MY ) (1)) + 3 xP +18P)
oct\/__
We define the following f; := (—kT and Ay, = 2 At Conse-
«-— fﬁk n «-— (xt\/g .
' — Nyl

quently, the partition function is written as:

7 — /D[fik/ fidle L freM fi+ Sy (FuArey +Ay fie) =t Ty Fego- Fiepr —2NT |2 —2NJ| AP
(6.13)

Integrating out the spinon degrees of freedom leaves behind the following F depen-
dent terms:

£6% /- _ Ak / _
Spp=— 27 (Ak,ﬁ A*k’N) M1 ([\_UT ) + Y atFyoFiye.  (6.14)
ki kn'|. kno

In order to simplify calculations, this is cast into a 4X4 matrix where the varaibles
are the two real-space coordinates and the two Nambu-spinor indices (The matrix is
diagonal in momentum space).

_ E.
Ser = Z Byt Fetops) Argy <‘k;7T ) ’

ot Foapy
(—iw — Ck) ((Oéztz(S/Z)gk,M/) tS 2Ark(‘x2t25/2)gkim’
. —W? = 7 —4[A P " —w? — 2 — 4|
with Ak 5= < 2,2 . 242 K
) 2ATy (62126 /2) gy (—iw + 0) (26 /2) gy )
_ > 5 2 > 5 > — D(témq/
—w? — G — 4| A —w? — G — 4 Ay
(6.15)

where gy, = (1 + e~ku)(1+ ¢™1'). Thus, the total free energy is:
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1 AN 4N
S=—(TriInM;, —TrinAy,,/) + —J x> + —|A|?, (6.16)

where the trace in the first term is over momentum, k, and Nambu space. The
trace for the second term is over k, 77,7 and Nambu space.

6.2 Zero temperature behaviour of x and A

We minimize the free energy with respect to the parameters A and ¥, we then derive
self-consistent equations, which when solved, allows us to extract the behaviour of
our system at different temperatures and hole density. In this thesis, we shall focus
on the zero temperature results of such a minimization.

oA oA 3]

Similarly, we minimize the free energy with respect to x and get:

a_g — _Tr (M—la_]\_/f) Tr (A 18A) +ﬂA =0. (6.17)

aS -1 aM 1 aA 4N !
—=-Tr (M — Tr( A~ —x =0. 6.18
o r( ax) ( ) Tt O
These two equations reduce to the following:

3] 7 d’k2r; BE

“N a2 g @) (19
3] 7 d*k [ 2adt 4 xx + owtKy/2 BEx

= = . 2
N 47_[2( Z tanh > K (6.20)

To calculate the hole density, we use the same expression derived in the free-
spinon system (equation 5.11) for the zero-temperature case. The reason that the
same expression works is that the zero-temperature momentum distribution for an
electron is independent of the nature of the quasiparticles in the systems, as quasi-
particles arise only in finite temperatures. Following a similar argument as in the free
spinon calculation (equation5.24), the hole density is given by the following:

(6.21)

5= /” Xk
/X AIAPTE
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where the following symbols are used:

[y =2(cosky — cosky),
Ky =2(cos ky + cosky),
Xk =pr — (Jx +t6(1 — o)) K,
1
& =(58%2t> + ATZ|A > + 4datyy + x7 + zéat(ézxt cos 2k + 4(26at + xi) cos 2ky),

+4cosky +4cosky(20at + xi + dat cosky) + dat cos 2ky)1/2.

(6.22)

The three self-consistent equations can be solved using a fixed-point iteration. Set-
ting N, ] = 1and t = 10 [4], we solve these equations separately for different values
of alpha at zero temperature. As discussed in the free spinon case, the zero temper-
ature behaviour of the spinon-pairing field is similar to the critical temperature for
the formation of the spinon-pair condensate. We expect a similar qualitative trend to
hold in this calculation as well. Due to time constraints, we are unable to perform
the finite temperature calculations here to compare.

At zero temperature, the three self-consistent equations reduce to:

L3 d%k 2173

= —— Tk 6.23

8N J_r4m? &’ 6.23)
3] (7 d%k (2a6t+ xi + SatKy /2

= = K 24

8N o 471_2 ( gk ks (6 )

(6.25)

5= / § Xk
T X+ 4|APTR
We compute the zero-temperature value of A and ) as a function of J. These are
plotted for different values of a as shown in figure 6.2.
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FIGURE 6.2: The two figures represent the A vs J and x vs § curves
respectively, for different values of a.

Many noteworthy features are observed in Figure 6.2. Firstly, it is noted that the
at « = 0, both graphs match the free spinon calculation in Figure 5.1. This is encour-
aging because this tells us that the remainder of the calculation for all other values
of alpha are likely to contain the correct constants of proportionality. Second, we
see that in the first plot, for & > 0.5, that A does not smoothly fall to zero. Beyond
6 ~ 5%, the only solution for the self-consistent equations is A = 0. This suggests
that a system with a strong preference towards forming dimers over free spinons/
holons displays superconductivity or the pseudogap state at extremely low hole dop-
ing. Finally, it is also seen that for & < 0.5, the form of the A curves is qualitatively
similar to what is seen in the & = 0 case. The only difference is that A decays to zero
faster for higher values of J.

Looking at the x plots, it is immediately obvious that while free spinons and
holons give rise to a spinon hopping amplitude that is independent of hole density,
the spinon hopping amplitude here rises steeply with the introduction of dimer states
in the lattice. Another curious point worth noting is the fact that « = 1 does not
allow for spinon hopping at higher percentages of hole doping. The reason for this is
that hole-doping makes the energy bands in the system more energetic until a point
is reached where the lowest energy band of the system is more energetic than the
chemical potential. Here, it is energetically favourable for all the electrons to leave
the Fermi surface, the holon density is reported to be 6 ~ 100%. This observation
is however, not carried forward at &« = 0.75, where we see that there is a peak in the
hopping amplitude beyond which the curve stabilizes at around x ~ 0.3. However,
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an intuitive understanding of these findings is still lacking.
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Chapter 7

Conclusion

In this thesis, all our efforts are focused on developing testable predictions of the
quantum dimer model which is derived using a slave-boson description of the the
t-] model. We derive spin-spin-hole correlations for the Z, fractional Fermi liquid
in which we assume that low energy excitations of the Fermi surface manifest as
dimers. The correlation function is then plotted at different lattice points (Figure 4.5)
for all relevant configurations and is compared to a similar plot displayed in Figure
4.6 from experiment [7]. The experiment observes a strong magnetic polaron sig-
nal that is seen from the inner electrons being negatively correlated while all other
electrons being positively correlated along the diagonals. This is in direct conflict
with what was predicted by the Z; fractional Fermi liquid. It is seen here that the
correlations are strictly negative and the innermost electrons have correlations that
are two orders of magnitude larger than the outer electrons. The same calculations
are also performed for the Fermi liquid case where a correlation signal that is consis-
tently stronger by an order of magnitude compared to the FL* case is seen. So, it is
clear that for this particular experimental setup, our theory does not match the data
observed.

These calculations are repeated for lower temperatures to see if similar qualitative
features persist. Figure 4.8 shows that when one goes below f = 11, the innermost
electrons correlate positively with each other while the outer electrons have nega-
tive diagonal correlations. The latter is expected for any theory that admits an RVB
ground state and hence, is not very surprising. But the correlations of the innermost
electrons was unexpected. This is clearly a bold prediction that the quantum dimer
model makes, paving the way for future experiments and simulations to test this the-
ory.

We then look at normalized and connected spin-spin-hole correlations for spe-
cific configurations as a function of hole density for both the quantum dimer model
and the Fermi liquid. These are compared to the experimental data [6] displayed in
Figure 4.9. It is seen in Figure 4.10 that the Fermi curve predicted by Wick’s theo-
rem through theory matches with the Fermi curve obtained in reference [6] through
Monte Carlo simulations. But when we compare the quantum dimer model’s pre-
dictions to the data points given (Figure 4.10), stark deviations are observed in the
low doping regime. One of the key features of Bloch’s data is the sign-reversal of
the correlation functions observed on the left in Figure 4.9 . Our calculations, on the
other hand, predict a strictly negative correlation function for all hole densities.
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The same calculations are then repeated at much lower temperatures and shown
in Figure 4.11. It is seen that a small crossover is indeed observed within the frame-
work of quantum dimer model itself. While these results are inconclusive at this
stage, it seems plausible that the Fermi surface of the Z; fractional Fermi liquid is
scrambled at the temperatures at which the experiment was performed and that lower
temperatures show some distinct features of this phase of matter.

The apparent disparity between the experiments discussed and the predictions
made by the quantum dimer model certainly does not entail that we dismiss the quan-
tum dimer model. There are many reasons why the set-up used by Bloch’s group
may not match the kind of system for which the quantum dimer model is designed to
work. It is possible that Bloch’s group is operating at a temperature scale that is too
high for the quantum dimer model to be relevant. Bloch’s group’s experiment was
setup at T ~ 1.4] where as the spinon-holon bound states have a binding energy
~ J. So, it is likely that the bound-state description is not valid at the temperature
scale being considered in this experiment. Also, it is often the case that in an optical
lattice with ultra-cold atoms, the next-to-nearest hopping of electrons is negligible.
However, this hopping term is of primary importance for the pseudogap phase to
manifest and the creation of the Z; fractional Fermi liquid model. So, if the setup in
the experiment does not allow for this phase of matter, the mismatch seen with this
model is understandable.

Another aspect of the quantum dimer model we study is the phases that can arise
when the underdoped Mott insulator allows for spinon and dimer excitations. Having
constructed the ¢-] model for such a system, we minimize the free energy and derive
the the self-consistent equations which, when solved, allow us to predict the different
phases that arise at zero temperature. It is encouraging to see that our calculation for
the free spinon/holon (« = 0 case seen in Figure 6.2) case matches with the expected
curves predicted for the free spinon case in Figure 5.1.

It is seen in Figure 6.2 that for a system dominated by electron-hole bound-state
excitations, the spinon pairing strength goes discontinuously to zero beyond 6 ~ 5%.
This suggests that any sign of superconductivity in such a system will not manifest
at larger doping densities. Another curious feature that is seen is that systems which
favour bound-state excitations (¢« > 0.5) have spinon-pairing terms that fall to zero
discontinuously beyond a critical hole density. Only further investigation will tell us
what exactly is happening here.

We also see in Figure 6.2 that the introduction of dimer excitations in a sea of
spinon/holon excitations gives rise to a spinon-hopping amplitude that increases with
increasing hole density. This is different from what is predicted for the free spinon
case where the spinon hopping amplitude shows no strong response to changes in
hole density. Another curious feature that was observed for systems with & > 0.5
was that the X((S) curve is nonlinear. This is, however, not seen for the case where
there are no free spinon excitations, where we see that no more data points are gen-
erated for densities higher than a critical hole density. This suggests the existence of
a discontinuous phase transition which leads to a sudden change in particle number,
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but it is not clear why this might be happening. Further investigations are required to
completely understand all the features that we see in our plots.

7.1 Outlook

There are many interesting problems worth exploring at this stage. We still do not
have a clear understanding of why there happens to be a critical hole density beyond
which all the order parameters of the spinon-hole bound-state dominated system dis-
continuously fall to zero. We also wish to solve for the critical temperature required
for the spinon-pair condensates to form as a function of hole density. While this
is something we can estimate qualitatively from the results we have, a quantitative
plot is required in order to make precise predictions. Another problem we could not
address in this thesis was that of finding the holon-condensation temperature. Knowl-
edge of this is vital for us to be able to create a complete map of all the phases of the
system we expect to see. Finally, it is crucial to understand the relative stability of
the bound state excitation with respect to the free spinon/holon excitations in order
to be able to make any testable predictions. To do this, we may treat the quantity « as
an order parameter of the system and minimize the free energy with respect to it. By
simultaneously solving the resulting four self-consistent equations, we may obtain
« as a function of hole density. This in turn may give rise to more complex phases
that show different behaviours based on the fundamental excitations that permeate
the Fermi sea.
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