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Abstract

Quantum spin liquids, which are quantum ground states of interacting spin systems
that break no symmetries, have long been a fascination among the theoretical con-
densed matter community. After years of experimental searches, several promising
candidates finally emerged, including herbertsmithite ZnCuz(OH)gCly, which can be
modeled as a spin-1/2 kagome lattice. Theoretically, the U(1) Dirac spin liquid (U (1)
DSL) state is shown to be a plausible description of the system, and previous works
have indicate that this particular quantum spin liquid state may enjoy a host of inter-
esting properties, such as the power-law decay of correlation functions, the existence
of spin-1/2 excitations known as the spinon, and the existence of an emergent U(1)
gauge field.

In this thesis, after the relevant motivation and background information are dis-
cussed, I shall present my work on the spin-1/2 kagome lattice that built upon the
U(1) DSL state. First, I shall present the theoretical study of Raman scattering in
the U(1) DSL state, which shows that in all symmetry channels the Raman intensity
profiles contain broad continua that display power-law behaviors at low energy, which
can be attributed to the excitations of spinon-antispinon pairs. In-addition, for the
A,, channel, the Raman profile also contains a characteristic 1/w singularity, which
arise from an excitation of the emergent U(1) gauge field. The possibility of more
clearly observing the signature of this U(1) emergent gauge field in resonant inelastic
X-ray scattering (RIXS) is also discussed. Next, I shall consider the case when the
spin-1/2 kagome lattice is subjected to an external magnetic field, in which a state
with an additional uniform amount of gauge flux of top of the U(1) DSL ansatz,
which results in the formation of Landau levels in the spinon spectrum, is shown
to be energetically favorable. Unlike the usual quantum Hall system, the Landau
level state is shown to contain a gapless S, density mode, which in turns indicate
that system is XY ordered in the plane perpendicular to the applied magnetic field.
Third, I shall consider the case in which the spin-1/2 kagome lattice is hole-doped.
Similar to the B-field case, a Landau-level state is shown to be energetically favor-
able, in which a gapless charge density mode is shown to exists, and which through
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the Anderson-Higgs mechanism causes the system to become a superconductor. This
resulting superconductor is then shown to be exotic, in the sense that it contains
minimal vortices having a flux of he/4e, as well as bosonic quasiparticles that have
semionic mutual statistics. The thesis concludes with a short summary and outlook.

Thesis Supervisor: Patrick A. Lee
Title: William and Emma Rogers Professor



Acknowledgments

While a doctoral thesis is really just a tiny drop in the sea of human knowledge, the
task of producing one has always looked formidable to its author. Indeed, such a task
would have never been attempted or completed without the encouragement, help,
and support of many other people. And it is to these people that I now express my

gratitudes.

First and foremost I would like to thank my thesis adviser, Prof. Patrick A. Lee,
for his excellent mentorship in the past five years. Patrick has always been friendly,
caring, and approachable to students, and has given me plenty of freedom in how I
approach our research (which I, regrettably, abused occasionally). His broad knowl-
edge about the field and his intuitive approach to physics problems have helped me

a lot in developing my own skills in theoretical condensed matter physics.

Next I would like to thank Prof. Xiao-Gang Wen and Prof. Senthil Todadri, for
their helpful and inspiring discussions, physics or otherwise, in both appointments
and in casual chats. 1 have chosen MIT for my graduate studies partly because
of the strong sense of community shared among faculty members in the theoretical
condensed matter division, and my experience in the past five years suggest that I

have made the right choice.

I have also enjoyed discussions and interactions with other graduate students and
postdocs at MIT. These include Michael Hermele, Cody Nave, Ying Ran, Zheng-
Cheng Gu, Kam-Tuen Law, Saeed Saremi, Maissam Barkeshli, Nan Gu, Jamal Rahi,
Brian Swingle, Tarun Grover, Fa Wang, Tim Chen, Abolhassan Vaezi, Rahul Nand-
kishore, Juven Wang, Alejandro Rodriguez, Anjan Soumyanarayanan, and others. I
would especially thank Saeed and Tim, whom I shared office with, and also Tarun,
who have been a great companion to me in the past few years. It is my hope that I

would continue to hear and learn from them in future.

I have enjoyed and greatly benefited from my collaborations with Cody, Ying and
Xiao-Gang. I have also enjoyed and benefited from the somewhat unexpected and

yet fruitful collaborations with Prof. Tai Kai Ng and his student Zheng-Xin Liu from

5



the Hong Kong University of Science and Technology.

I have learned a great deal from the classes I took here at MIT. For this I would
like to thank Patrick, Senthil, Xiao-Gang, Prof. Robert Jaffe, Prof. Mehran Kardar,
Prof. Wolfgang Ketterle, Prof. Issac Chuang, Prof. Leonid Levitov, Prof. Washington
Taylor, Prof. Iain Stewart, Prof. John McGreevy, Prof. Edward Farhi, Prof. James
Munkres, and Dr. Sanjoy Mahajan for their wonderful lectures.

In addition, I would like to thank Prof. John Joannopoulos for being my academic
adviser in the past five years. I would also like to thank Senthil and Prof. Young Lee
for sitting in my thesis committee.

I have benefited from many caring and inspiring teachers in my life, without whom
I probably would not be able to land on MIT. From my primary education at the
CCC Kei Wan Primary School (AM) I would like to especially thank Ms. Kong, whom
helped me to launch from a rough start, and Ms. Lai, who have encouraged me to
actively participate in class and pursue my own quest for knowledge. I am sure that
Ms. Lai would be happy to learn that the boy who was nicknamed “Dr. Ko” has
indeed made the title legitimate after fifteen years.

From my secondary education at the Diocesan Boys’ School 1 would like to es-
pecially thank Mr. P. Y. Lam, whom taught me physics and advised the astronomy
club that I chaired in Form six, and Ms. M. C. Tso, whom despite the somewhat
authoritative style had been an excellent mathematics teacher and careers mistress.

From my undergraduate education at the University of Illinois at Urbana—Champaign
I would like to thank Prof. Kevin Pitts, Prof. James Wiss, Prof. David Herzog, Prof.
Michael Stone, and Ms. Celia Elliott in the physics department for their enthusiastic
and inspiring lectures. I would especially thank my undergraduate research adviser,
Prof. Richard Martin, for giving me a taste of what physics research is like. I would
also thank Prof. Charles Henson and Prof. Bruce Reznick in the mathematics depart-
ment, whom have forever raise my appreciation and appetite for higher mathematics.
It is regretful that a choice have to be made between physics and mathematics when
I decided to pursue a Ph. D.

On a more personal side, I would like to thank my friends in the Boston—Cambridge

6



area, especially Karen Lee, Amos Tai, Clement Chan, Chester Chu, James Lee, Albert
Chow Jr., Danielle Chu, and Lawson Wong, whom have kept my life outside of the
academia fulfilling and entertaining (perhaps too much so!) in the past five years.

In addition, I would like to thank my friends from Hong Kong whom have sup-
ported me at various points in my life. These include, among others, Matthew Chan,
Raphael Hui, Edward Choi, and Henry Ng, all of whom I first met in secondary
school. And I would especially thank Peter Chau, whom I have known for more than
half of my (still young) life, and who have been a great companion to me for all these
years. I wish him the best of luck in his own pursue of Ph. D. in philosophy.

No acknowledgment in a doctoral thesis is complete without mentioning one’s
parents. I would like to express my deepest gratitudes to my father and mother.
Their hard efforts at work have afforded me the opportunity to pursue a career in
physics, and they have been very supportive regarding my choice of career, despite
the social pressure in Hong Kong for academically competent students to study in
more conventional subjects such as medicine and civil engineering. My appetite for
reading is also likely to be inherited from my father. I hope they would be vhappy
about their son’s achievement and would forgive him for his constant absence while

studying abroad.






A great discovery solves a great problem but there is a grain
of discovery in the solution of any problem.

George Pélya



10



Contents

1 Introduction

1.1 Anti-ferromagnetic Heisenberg model and the quantum spin liquid . .
1.1.1 Factors that favor spin liquid state . . . . . .. ... ... ..

1.2 The Schwinger fermion and slave boson formulation of spin liquid
1.2.1 Gauge field and deconfinement . . . . . . . ... ...
1.2.2  Projected wavefunction . . . . . . .. ...
1.2.3 Extension to the dopedcase . . . . . .. .. ... ... ....

1.3 The spin-1/2 kagome lattice . . . . . ... ... ...
1.3.1 Material realization of the spin-1/2 kagome lattice . . . . . . .
1.3.2  Theoretical studies of the spin-1/2 kagome lattice . . . . . . .
1.3.3 The U(1) Dirac spin liquid state . . . . . . . ... .. .. ...

2 Raman signature of the U(1) DSL state

2.1 Shastry-Shraiman formulation of Raman scattering in Mott system .
2.1.1 Derivation of the Raman transition in the Ay, channel
2.1.2  Derivation of Oa,, and O, to the ¢*/(w; — U)® order. . . . . .

2.2 Results for the U(1) DSL state . . . . ... .. ... ... ......
221 Egchanmel. . .. .. .. ... ... ...
222 Aygchannel . ... ..o
223 Aggchannel . .. ..o o
224 Discussions . . . ... L

2.3 Extension to RIXS . . . . . . . .

17
19
22
24
26
28
28
30
31
32
33



3 The U(1) DSL state in B-field

3.1 Landau level state vs.Fermi pocket state . . . . . ... ... ... ..

3.2 Chern—-Simons theory, gapless mode, and XY order . . .. . ... ..

3.3 Discussions

4 Doping the U(1) DSL state

4.1 Landau-level picture of the doped state . . . . . . . .. ... .. ...

4.2 Chern—Simons theory of the doped state . . . . . . . .. ... ... .

4.3 Superconductivity and physical vortices . . . . . . . ... ...

4.4 Quasiparticles—Statistics . . . . . ... .. ... L.

4.5 Quasiparticles—Quantum Numbers . . . . . . . .. .. ... ... ..

4.6 An alternative derivation by eliminating the auxiliary field . . . . . .

4.7 Discussions

5 Conclusions

12

79
79
32
87

91
92
93
97
100
106
112
116

119



List of Figures

1-1 Spin-charge separation in one dimension . . . . .. .. ... .. ... 18
1-2 Néel orders and geometric frustration . . . . . . .. .. ... .. ... 22
1-3 Néel state and singlet state . . . . . . .. ... ... ... 23
1-4 The kagome lattice. . . . . . . .. .. ..o L L 30
1-5 Crystal structure of herbertsmithite . . . . . . . . ... ... .. ... 31
1-6 Tight-binding model for the U(1) DSL ansatz . . . . .. .. ... .. 34
1-7 Band structuree of the U(1) DSL ansatz . . . . ... ... ... ... 35
2-1 Two-internal-hop pathways in the square lattice . . . . . .. ... .. 45
2-2 The two types of one-internal-hop pathways . . . . .. ... ... .. 47
2-3 Mapping between the square and the triangular lattice . . . . . . .. 50
2-4 The honeycomb lattice . . . . . . . ... ... ... ... .. .. ... 50
2-5 Two-internal-hop pathways in the honeycomb lattice . . . ... . .. 51
2-6 The kagome lattice . . . .. . . ... .. oL 52
2-7 Two-internal-hop pathways in the kagome lattice . . . ... ... .. 53
2-8 More two-internal-hop pathways in the kagome lattice . . . . . . . .. 55
2-9 Raman intensity in the Fy channel . . .. . ... ... ... .. ... 59
2-10 DOS and E, Raman intensity from two-pair states . . . . .. .. .. 60
2-11 DOS and E, Raman intensity from one-pair states . . . . . . . .. .. 61
2-12 DOS and E, Raman intensity from two-pair states (log-log) . . . . . 62
2-13 DOS and E,; Raman intensity from one-pair states (log-log) . . . .. 63
2-14 Raman intensity in the Ay, channel . . . . . ... ..o 0L 64
2-15 Raman-intensity in the Ay, channel (log-log) . . . . .. ... .. ... 65

13



2-16 Raman intensity in the Ay, channel from spinon-antispinon pairs . . . 66

2-17 Orientation of 3d orbitals . . . . . . . . . ... ... ... ... .... 73
2-18 Pathways that contribute to RIXS to order (¢,5)*/€3. . . . . . . . .. 74
2-19 Pathways that contribute to the spin chirality term in RIXS. . . . . . 75
3-1 Formation of Landau levels in the B-field case . . . . . ... ... .. 80
3-2 Energy comparison between the FP state and the LL state . . . . . . 81
3-3 Physical picture of the breathing mode in the B-field case . . . . . . . 85
3-4 VMC results for the U(1) DSL state under external B-field . . . . . . 88
4-1 Physical picture of the breathing mode in the doped case . . . . . . . 98
4-2 Physical interpretation of é-vector . . . . . . .. ... 104
4-3 “Elementary” and “minimal” quasiparticles . . ... ... ... ... 105
4-4 Quantum numbers of the SQP . . . . . . . . ... ... L. 108
4-5 Quantum numbers of the MQP of the first type . . . . ... ... .. 110

14



List of Tables

4.1 Statistics of the “elementary” and “minimal” quasiparticles

15



16



Chapter 1

Introduction

Condensed matter physics concerns itself with the study of macroscopic properties
of ordinary matters made out of electrons and ions, at energy scales that are low
compared to the fundamental scale of its constituents. On the surface, the problem
that confront a condensed matter theorist is much simpler than that of a high-energy
theorist—there is no unknown particles to be discovered, no unidentified interactions
to be pondered about, and no extra dimensions to be unveiled. The interactions
between and among the electrons and ions are well-known and well-understood, and
an undergraduate in physics could have easily written down “the” equation that
governs all condensed matter systems. Thus, at first glance, there seems to be very
little to be done in condensed matter theory.

Fortunately (but also unfortunately) for those of us who aspired to have a career
in condensed matter theory, that deceptively simple-looking equation turns out to be
intractable as it stands. In the early days of condensed matter physics, much progress
has been made by treating the electron-electron interaction perturbatively (after mak-
ing the Born-Oppenheimer approximation of separating the slow ionic motion from
the fast electronic motion). Such “weak-coupling” approach has been successful in ex-
plaining the physical properties of simple metals and superconductors, and its modern
descendants, in the form of, e.g., density functional theory (1, 2, 3], have been ap-
plied to increasing sophisticated physical systems and still manage to produce decent

results.
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Od e,

Holon Spinon

Figure 1-1: Physical picture of spin-charge separation in a one-dimensional spin-1/2
chain. (a) A physical electron removed from the chain; (b) the resulting spin and
charge excitations. Taken from Ref. [4]

Nonetheless, there remains a large class of materials in which this perturbative ap-
proach fails. Such systems are generally referred to as being “strongly correlated.” A
particularly instructive class of examples are the one-dimensional systems [4]. Because
of the strong phase-space restriction, perturbation theory fails no matter how small
the interaction appears to be. To understand these one-dimensional systems, a host
of analytical and numerical techniques, e.g., bosonization [5, 6, 7] and density matrix
renormalization group (DMRG) [8, 9], have been developed. Using these techniques,
it has been shown that one-dimensional systems possess a variety of unusual behav-
iors. In particular, it has been shown that the spin and charge excitations in these
systems are completely decoupled and in general propagates at different velocities, a
phenomena known as “spin-charge separation.” Intuitively, one may understood such
behavior by visioning a physical electron splitting into a chargeless spin 1/2 excitation

(spinon) and a charge e spinless excitation (holon). See Fig. 1-1 for illustration.

Motivated by the one-dimensional cases, various proposals have been made in
higher dimensional systems in which a similarly exotic phase of matter may be re-
alized. One such proposal is the so-called quantum spin liquid (QSL) states, which
is a strongly correlated state of matter that is insulating but which has no spin or-
dering. More drastically, it contains fermionic spin-1/2 excitations as well as bosonic

excitations that resembles photons in certain ways. Recently, experiments have re-
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veal several materials in which the spin liquid states may be realized, among them
herbertsmithite ZnCus(OH)gCly, which can be modeled as a spin-1/2 kagome lattice.

In this thesis I will present my theoretical works on the spin-1/2 kagome system,
which are built upon the assumption that the system is well-described by a partic-
ular quantum spin liquid state called U(1) Dirac spin liquid (U(1) DSL) state. In
the first part I will discuss theoretical prediction on how the spin-liquid state will
response under Raman scattering and Resonant inelastic X-ray scattering (RIXS),
which may provides evidence for the existence of the fermionic spin-1/2 excitations
and the “fictitious” gauge boson excitation as mentioned above. In the second part
I will discuss what may happens to the system when an external magnetic field is
applied or when it is hole-doped, and show that an exotic superconducting phase, in

which fractionalized quasiparticles exists, may appear in the latter case.

1.1 Anti-ferromagnetic Heisenberg model and the
quantum spin liquid

As mentioned above, a quantum spin liquid is a strongly correlated insulator. Specif-
ically, it is a Mott insulator [10], in which charge fluctuation is suppressed because
the strong on-site Coulomb repulsion incur a large energy cost when extra electrons
occupy a lattice site. For most Mott insulator, effective spin-spin interaction be-
tween neighboring sites resulting from the virtual hopping of electrons leads to a
magnetic ordering when temperature is sufficiently low. The quantum spin liquid
thus represents an exceptional case in which no ordering exists despite the existence
of interactions.

To be more precise, consider for simplicity a system in which each lattice site
consists of a single orbital. In such case, the system can be described by the Hubbard

model:

HHb = Z Ztijc;{acjo —+ U Z ni‘[‘nii, s (11)
wj o i

! ) is the electron destruction (creation) operator, with ¢, j labeling lattice

where ¢;» (¢},
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sites and ¢ =t, | label spins, and which n;, = ngcw is the number operator for spin

o on site 1.

When U > t and when the average occupation on each lattice site is less than
or equal to one, the lowest-energy states of the systems are those in which none of
the site is doubly occupied. Using perturbation theory, the effective Hamiltonian

restricted to this nearly-degenerate ground-state manifold is found to be [11]:

HtJ = ZPS < (S S nln]) - Ztij (CIang + hC)) PS s (12)

where P is the projection operator onto the states with zero double occupancy, n; =
ni+niy, S=33, 3 ¢l Tapcig (With T being the usual Pauli matrices) is the spin-1/2
operators constructed from electron operators, and J;; = 4¢2, / U. Observe that J;; is
positive and hence corresponds to an antiferromagnetic (AF) interaction. The model

given by Eq. (1.2) is often referred to as the ¢-J model.

When the average occupation equals to one, the ¢-J model reduces to the Heisen-

berg model:
1
Hyg = 3 E JijSi+ S; (1.3)

)
where the constant term %ninj has been dropped. Note that in this case there is no
charge degree of freedom remaining, thus the system is an insulator as claimed. It
should also be remarked that while the derivation of the Heisenberg model sketched
above is specific to the one-band Hubbard model, similar derivation can also be
done in more complicated case, with the spin-1/2 operator S; by spin operators of
appropriate total spin S determined by a combination of Hund’s rule and crystal field

considerations, and the value of J;; determined according to the precise scenario [12].

For the nearest-neighbor AF Heisenberg model (which for the rest of this chapter
will be assumed to be the model under consideration, unless otherwise stated), the
classical ground state (commonly referred to as the Néel order) on a bipartite lattice
(i.e., a lattice that can be subdivided into two sublattices A and B, such that the

nearest neighbors of a site in sublattice A all belong to sublattice B, and vice versa)

20



is easily seen to be an alternating pattern of anti-parallel spins (c.f. Fig. 1-2(a)).
While such state cannot be the exact quantum ground state, quantum fluctuation in
general does not destroy this order, as can be checked from, e.g., a spin-wave expansion
(13]. Indeed, there have numerous observations of antiferromagnetic ordering in real

materials [14], using techniques such as neutron scattering [15].

However, the magnetically ordered Néel state is not the only plausible ground
state. An ecarly example is the spin-Peierl state [16, 17], in which spin-lattice cou-
pling causes the lattice spins on quasi-one-dimensional spin chains to spontaneously
dimerize and deform the lattice. More generally, a spin system may form what is
known as the valence bond solid (VBS) state. In a VBS state, lattice spins form
singlet pairs in which certain singlet bonds are preferred to others, thus breaking the

translation and/or the rotation symmetry of the lattice.

Perhaps more interesting is Anderson’s proposal [18] in 1973 of a new possible
ground state for the S = 1/2 triangular lattice. The state, which he termed the
resonating-valence-bond (RVB) state, can be visualized as a linear superposition of
configurations each formed by pairing spins into singlets. The RVB state has no static
magnetic ordering and breaks no spin or lattice symmetry. Moreover, elementary
excitations in this state will be spin-1/2 quasiparticles obtained from breaking a
bond [19], which are now referred to as spinons. The RVB state is thus a quantum

spin liquid, and a first proposal of such beyond one dimension.

While numerical evidence now suggests that the ground state of the nearest-
neighbor AF Heisenberg model on the triangular lattice is ordered [20], the quan-
tum spin liquid state may still be realized in other situations. One influential pro-
posal, for example, is that the pseudo-gap phase in the cuprates superconductor is
well-described as a quantum spin liquid [21]. Moreover, recent experiments have
found several materials (whose effective interactions may be more complicated than
being merely nearest-neighbor AF Heisenberg) in which the quantum spin liquid
state may be realized. These include: (1) the organic salts x-(ET).X [22, 23] and
EtMe;Sb[Pd(dmit)s], [24], whose spins form triangular lattices; (2) the spinel re-

lated oxide Na4IrzOg [25], whose spins form the so-called “hyper-kagome” lattice;
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(a)

Figure 1-2: (a) Néel order on the square lattice; (b) Geometric frustration in the
triangular lattice; (¢) compromised Néel state on the triangular lattice.

and (3) herbertsmithite ZnCuz(OH)sCl, [26, 27] and Vesignieite BaCuzV,0g(OH),

[28], whose spins form kagome lattices.

1.1.1 Factors that favor spin liquid state

Under what circumstances will the spin liquid state be favorable? Anderson’s pro-
posal of the RVB state in the triangular lattice is partly motivated by the geometric
frustration that is present in the triangular lattice. In general, geometric frustra-
tion occurs when the geometry of the lattice make it impossible for a classical spin
configuration to simultaneously minimize the energy of all interactions. In the case
of the triangular lattice, once two sites on a triangular plaquette is chosen to be
anti-parallel, there is no way for the third spin in the plaquette to be simultaneously
anti-parallel to these two spins (c.f. Fig. 1-2(b)). Hence the lattice is geometrically
frustrated. Because of this geometric frustration, the Néel order in the triangular
lattice is one in which each spin is at an angle of 120° with its neighboring spins, such
that >, S; = 0 on each triangle (Fig. 1-2(c)) [18]. Compared with the Néel order
on a bipartite lattice, the Néel order on the triangular lattice is less energetically
favorable, thus making the spin-liquid state a more attractive alternative.

It should be noted that frustration can also arise when additional interactions
between the lattice spins, such as next-nearest neighbor Heisenberg interactions, are
taken into account. For example, a square lattice can become frustrated when .J;;
is antiferromagnetic for both nearest and next-nearest neighbors. Frustration intro-

duced by additional interactions are particularly relevant for the so-called weak Mott

22



Figure 1-3: Néel state vs. singlet state on d-dimensional square lattices.

insulator, in which strong virtual charge fluctuations requires the inclusion of addi-
tional ring-exchange terms in the effective spin Hamiltonian[29]. Indeed, while the
nearest-neighbor AF Heisenberg model on the triangular lattice is likely to be or-
dered, there are numerical evidence that the inclusion of ring-exchange interactions
may favor spin liquid states [30, 31], which may explain the spin-liquid behavior in
the organic salts organic salts x-(ET),X mentioned above.

In addition to frustration. low dimensionality and small total spin on each site
also play important roles. For an intuitive picture, it suffices to consider a simple
energy comparison between a classical Néel state and a singlet-pairing state of spin-S
in a d-dimensions square lattice (Fig. 1-3), treating both as trial wavefunction to the
nearest-neighbor Heisenberg Hamiltonian Eq. (1.3) (with J;; = J if i,j are nearest
neighbor and 0 otherwise). The per-site energy expectation for the Néel state and

the singlet-pairing state are, respectively:

(Engel) = —dJS? | (1.4)
(Esinglet> - _%S(S‘f‘ ]-) . (15)

From this we see that as the singlet state becomes less and less energetically favorable
when d and S increases.

The above criteria still leave us plenty of choices, since there are plenty of two-
dimensional lattices that are geometrically frustrated. Is there any way to see which

one may be more favorable to the quantum spin liquid state? Intuitively, we can
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think of the quantum spin liquid as a state in which the classical ground states are
mixed because of quantum fluctuation. With this picture in mind, one loose way
to judge whether a lattice is more favorable to the quantum spin liquid state than
the other is to compare the number of classical ground states that the system has.
For example, while the triangular lattice is frustrated, once the orientation of two
adjacent spins are determined, the Néel ordering pattern is uniquely specified. In
contrast, in the kagome lattice the ground state cannot be uniquely specified by a

local spin configuration, as will be discussed below.

1.2 The Schwinger fermion and slave boson for-

mulation of spin liquid

While Anderson’s picture of the quantum spin liquid state as a superposition of singlet
pairs an inspiring one, it is not very convenient for analytic treatments of the theory.
It would be desirable to have a mean-field theory for spin liquid, so that different types
of spin liquid can be specified by choosing different mean-field parameters, and such
that elementary excitations can be expressed in terms of the appropriate operators

in the theory.

For the Heisenberg model, an obvious choice for mean-field parameter is the spin
operator S. However, this choice does not work for a spin liquid, in which (S) = 0.
One way to circumvent this difficulty is to employ a slave-particle formulation, in
which the spin operator is re-expressed in terms of fermion or boson operators. A
famous example for this is the Schwinger boson decomposition [32], in which the spin-
S operator S is expressed in terms of two species of bosons a and b, subjected to the
constraint a'a + b'b = 25 (the constraint ensures that all states are in the physical
spin-S sector).

For a spin liquid state on a spin-1/2 lattice, it is useful to adopt instead a fermionic

representation of the spin operators, in which two species of fermions f; and f| are
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introduced, such that:

St=8"+iS =flf,, (1.6)

S™=S8"+iS¥ = flf;, (1.7)
1

= 5(HA =111 (18)

Note that the above equations can be more compactly expressed as § = % frasfs,
where 7 are the usual Pauli matrices. From this we see that f; and f; together form
a spin doublet. As in the Schwinger boson case, the Hilbert space is enlarged. Of the
four possible states, only | 1) = f; 10y and | |) = fII@) are physical. The appropriate

constraint in this case reads:

e+ fin=1. (1.9)

In this representation, the Heisenberg Hamiltonian can be rewritten as [33]:

Hug, = Z (f f]afjﬁf1ﬂ> ) (1.10)
ij
where an inconsequential constant has been dropped.

Observe that Eq. (1.10) resembles the Hamiltonians that arise from two-body
interactions. As in that case, we can introduce mean-field parameters to decouple
the four-fermion terms. Furthermore, at the mean-field level the constraint Eq. (1.9)
can be imposed on average by adding a Lagrange multiplier A;(}", fiL fia — 1) to the
Hamiltonian. In particular, letting x;; to be our mean-field parameter, determined

self-consistently through x;; = (32, f1, fia)» Eq. (1.10) becomes:
Jij t
Hur = =3 G (s fhafia + he) = bxil?) + Z)\ (> thfa—1) . @1
ij

Intuitively, x;; can be thought of as parameterizing the bond strength of the singlet
bond that connects site ¢ and 7. Moreover, we see that f, plays the role of elementary
excitation in Eq. (1.11). We can thus identify f, as the spinons as discussed above.

In this way, different spin liquid ansatzes can be specified by different choices of x;;.

25



Note however that not all choices of x;; give rises to a legitimate spin liquid state,
since a spin liquid must by definition be invariant under lattice symmetries, which
imposes additional requirements on X;;. In particular, an ansatz in which |x;;| varies
among different bonds that are related by lattice symmetry cannot be describe a spin
liquid state, but will instead describe what called a valence bond solid (VBS) state.
Intuitively, in a valence bond solid state the lattice spins also form singlet pairs,
but unlike a quantum spin liquid, certain singlet bonds are preferred to others, thus
breaking the translation and/or the rotation symmetry of the lattice.

Since Eq. (1.11) is a quadratic Hamiltonian of fermionic variables, at the mean-
field level the ground state can be understood as spinons filling up the respective
band structure. Different ansatzes will result in different band structures, which in

turn dictates the physical properties of the resulting state.

1.2.1 Gauge field and deconfinement

The simple mean-field theory presented above missed a crucial feature of the spin
liquid, namely the existence of an emergent gauge field [34]. To uncover this emergent
gauge field, it is advantageous to adopt a path integral formulation. In the path
integral formulation, both a? and x;; are to be treated as auxiliary variables, each to
be integrated over in the respective functional integral. The full partition function

thus reads [33]:
Zz/Da?/Dxij/Dfe‘fdw, (1.12)

where the Lagrangian £ is given by:

L= flofu+ :]él ((Xz'jfiyfja +h.c) - IXUP) iy A (Za fiafia = 1) :
. ? 2 (1.13)

It should be remarked that while the constraint Eq. (1.9) is enforced only on
average in the mean-field Hamiltonian, it is enforced exactly in the path integral
formulation Egs. (1.12)—(1.13), as long as the fluctuations of A; are included. Similarly,

the decoupling of four-fermion terms are exact as long as the the fluctuations of x;;
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are included (in this context the x;; is often referred to as a Hubbard-Stratonovich
variable, and the transformation that decouples the four-operator terms is referred to
as the Hubbard-Stratonovich transformation). The mean-field Hamiltonian can thus
be thought of as being derived from the path integral formulation by neglecting the

fluctuations of x;; and A;.

Because of the |x;;|? term in Eq. (1.11), the magnitude fluctuation of x;; is in
general gapped and thus it is legitimate to ignore it. The same cannot be said about
A; and the phase of x;;. Letting x;; = |xi;|€’*7 and rewriting X; as of, with the

understanding that these are fluctuating quantities, Eq. (1.11) becomes:

Har = = 3220 (bl flyfya + i) — Ixl?) + >0t (X, st =1)
7 (1.14)
from which we see that o? and the phase of x;; naturally form the components of a
U(1) lattice gauge field. Indeed, this gauge field is associated with the gauge redun-
dancy in the definition of f,,, since the Lagrangian is invariant under the following

set of transformation:

fiw > €7 fir : Qi+ 0, — 05 a? ol +%07j (1.15)

Observe that the gauge field thus defined is a compact gauge field, since a;; is
identified modulo 27. Consequently, monopoles of this gauge fields are allowed, and
from the argument by Polyakov [35], the existence of monopole will lead to the con-
fined phase, in which the gauge field forces the spinons to bind together into an object
neutral with respect to the gauge charge (this is analogous to the case in QCD, in
which quarks are forced to bind into gauge-neutral baryons). In such case, the ele-

mentary excitations of the system will no longer be spin-1/2 spinons but rather spin-1

magnons.

Fortunately, Hermele et. al.[36] have shown that when the low-energy spinon spec-
trum consists of N Dirac cones and when N is sufficiently large, the system will low

to the deconfined phase under renormalization group flow, under which the monopole
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becomes irrelevant. While the spinons will still be interacting strongly with the gauge
field, it is at least sensible to talk about these spin-1/2 excitations as separate entity

in the system.

1.2.2 Projected wavefunction

While mean-field theory is a convenient way to parameterize different spin liquid
(and VBS) ansatzes and a useful way to consider their low-energy excitations, it
often fails to give accurate estimate as to which mean-field state is most energetically
favorable. One way to think about this issue is to realize that an mean-field ansatz
can be thought of as defining a mean-field trial-wavefunction |¢mean), which has the
problem of including configurations that are unphysical, i.e., configurations for which
the constraint Eq. (1.9) is not satisfied. Then, a natural way to circumvent this
difficulty would be to instead identify the mean-field ansatz with a projected trial
wavefunction, in which the unphysical states are removed. More precisely, given a
mean-field ansatz that corresponds to the mean-field trial wavefunction |Ymean), We
identify:

%) = P|tmean) (1.16)

as the projected trial wavefunction that represent the ansatz, in which P = [[,(1 —
nsn,y) is the projection operator. The idea of incorporating projection in evaluating
the energy of mean-field states is pioneered by Gutzwiller [37], and its application to
the RVB state has been pointed out by Anderson [21]. Once the above identification
is made, numerical techniques, such as the variational Monte Carlo (VMC) method

[38], can be applied to compare the energetics of different mean-field states.

1.2.3 Extension to the doped case

The forgoing discussion can be readily extended to the hole-doped case, described by
the t-J model Eq. (1.2), and for brevity I shall only list the major results here.
In the doped case, the projected electron operator Pc'P can be expressed as a

composite of a spinless charge-e bosonic particle h (called holon) and a chargeless
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spin-1/2 fermionic spinon f [39]:
Pcl,P = flhi. (1.17)
The constraint that need to be enforced is now:

fiTTfiT_"foi,L‘f‘h;rhi =1, (1.18)

which intuitively corresponds to the statement that each site is either empty, or is
occupied by an up-spin or a down-spin. Because a bosonic particle is introduced to
keep track of the charge degree of freedom, the transformation Eq. (eq:c=fh) (and by

extension Eqs. (1.6)—(1.8)) is often termed the slave-boson transformation.

Substituting Eq. (1.17) into the ¢-J model Eq. (1.2) will again lead to four-
operators interactions, which can again be decoupled by introducing Hubbard-Stratonovich

variables. This yields the mean-field Hamiltonian [40}:

Hyr= Z fE (0 — up) fir —Z Ixi;(Ji;€"* fio fio+h.c.)

(if)o

+ Zh}(ag — up)h; — Z Xij| (ti;€ % hihy + h.c.) | 9
i (¢7)

where x;; = |x:;|€**" is the Hubbard-Stratonovich variable to be determined at mean-

field by the self-consistency condition x;; = (3°, fI. fia), and that of arises from en-

forcing the constraint Eq. (1.18). Observe that the spinons and holons are decoupled

and interact only through a common gauge field. Note also that the spinons and

holons are governed to the same band structure.

As before, oy and e together form a compact U(1) gauge field and should
be treated as fluctuating quantities. This gauge field is associated with a gauge

redundancy:

10 . 17 . . 0 0 891
fwl—)ezfig, hﬂ—)(izhi, ainaij-t-Oi—Gj, ai»—éai—}—aT

. (1.20)

29



Figure 1-4: The kagome lattice.

It should be noted that the slave-boson formulation is among one of the favorite

tools for understanding the microscopic physics of the cuprates [40].

1.3 The spin-1/2 kagome lattice

The name kagome comes from a Japanese word meaning “eye of cage.” Geometrically,
it can be described as a lattice of corner-sharing triangles (Fig. 1-4). As in the
triangular lattice, the classical ground states of the lattice is characterized by the
condition that ). S; = 0 on each triangle. However, unlike the triangular lattice, the
spin configuration on one triangle does not uniquely determine the spin configuration
of the other triangles. In fact, for planar spins, the problem of enumerating all
classical ground states can be mapped to the problem of enumerating the ways to
color a honeycomb lattice with three colors, such that no adjacent sites share the same
color [41], which yields an extensive entropy of approximately 0.126 kp per site [42].
Moreover, ground states whose spins are non-planar can be obtained from planar ones
by continuously rotating all spins on a closed path in which all their adjacent spins
are of the same orientation [43] (However, this degeneracy in the classical case may be
lifted by the order-by-disorder mechanism [44], which picks out in a particular planar
configuration known as the v/3 x v/3 order[45, 46]). From the forgoing discussions,
the kagome lattice is thus an attractive candidate on which the quantum spin liquid

state may be realized.
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Figure 1-5: Crystal structure of herbertsmithite in (a) three-dimension; and (b) when
projected onto the kagome plane. Adopted from Ref. [26].

1.3.1 Material realization of the spin-1/2 kagome lattice

Previously, kagome lattices of antiferromagnetically interacting magnetic ions have
been realized in the garnet compound SrCrg ,Gaz, ;019 [47, 48] and the jarosite
materials KFe3(OH)g(SOy)2 [49, 50, 51] and KCr3(OH)s(SO4)s [51, 52]. However, in
these cases the magnetic ions are either spin-3/2 (for chromium ion Cr*") or spin-5/2
(for iron ion Fe**), and the materials are found to possess spin-glass or Néel ordering
behavior at low temperatures.

The first material realization of spin-1/2 kagome lattice comes in the form of
Volborthite CuzV,07(0H), - 2H,0 [53, 54, 55], in which the Cu®* serve as the mag-
netic ions. Unfortunately, the AF interaction in Volborthite is latter shown to be
anisotropic, and the material is found to have a transition to a (weakly) ordered
phase at low temperature.

Finally, in 2005, reliable method was found to synthesize herbertsmithite [26]
ZnCuz(OH)eClz, which appears to be a “perfect” spin-1/2 kagome system with isotropic
AF Heisenberg interaction (however, Dzyaloshinskii-Moriya (DM) interactions may
not be negligible in the material [56], and defects on the copper sites resulting from
zinc and copper ions interchanging may be as high as 5% [57]). So far, experimen-
tal data are consistent with the picture that the material is magnetically disordered:

while fitting the high-temperature susceptibility indicates that the nearest-neighbor
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AF interaction is about 190 K, neutron scattering suggests that the material is dis-
ordered down to the lowest measured temperature of 1.8 K [27]; and xSR shows no
signature of spin freezing down to the lowest measured temperature of 50 mK [58, 59].
Moreover, thermodynamic measurements also show interesting behaviors of the ma-
terial: the heat capacity follows a power law behavior for a wide intermediate range of
temperature (approximately from 0.5 to 25 K) [27]; and while the spin susceptibility
increases as temperature decreases towards zero [27, 60], NMR study [61] suggests
that the susceptibility increase is caused by impurities, and that intrinsic susceptibil-
ity actually follow a power law. Taken together, the thermodynamic measurements
seem to favor a state with gapless excitations, even though the evidences are far from
conclusive.

It should be remarked that spin-liquid behavior has also been reported in an-
other material that realizes the spin-1/2 kagome system, namely the Vesignieite
BaCu3V,0s(OH),. Existing data suggests that it also shows lack any magnetic or-
dering or spin freezing [28]. However, given the rarity of data on this material, it has

vet to provide as much insight into the spin-1/2 kagome lattice as herbertsmithite.

1.3.2 Theoretical studies of the spin-1/2 kagome lattice

Partly motivated by the experimental results, and partly motivated numerical evi-
dences from spin-wave theory [62], series expansion [63], and exact diagonalization
[64] from early theoretical studies, the (nearest-neighbor AF Heisenberg) spin-1/2
kagome lattice is widely believed to be magnetically disordered. However, the nature
of ground state is still under active debate. Specifically, the 36-site valence bond solid
(VBS) state, first proposed by Marston and Zeng [65] and later by Nikolic and Senthil
[66], have shown itself to be a resilient alternative to the spin liquid proposals. Among
recent numerical studies, entanglement renormalization [67] and series expansion [68]
found the VBS state more favorable than spin liquid state, while DMRG [69] found
the spin liquid state more favorable.

An important aspect of this debate is the question of whether a singlet-triplet gap

exists. In general, because a VBS state breaks the rotation and translation symmetry

32



of the lattice, an excitation from a VBS state is in general gapped. In contrast,
depending on the details of the spinon band structure, a spin liquid may be gapped or
gapless. In an exact diagonalization study by Waldtmann et. al.[70], it was suggested
that a small gap of J/20 exists, thus supporting a gapped scenario. However, a more
recent study from the same group [71] now suggests that this small gap is consistent
with the finite size effect of other known gapless systems, thus suggesting that the
state may be a gapless spin liquid.

Part of the debate also concerns the question of which particular spin liquid state
among the various proposals will be most energetically favorable (many of these pro-
posed state states can be constructed from a common parent state by perturbing the
parameters [72]). In a projected wavefunction study Ran et. al.[73] shows that the
U(1) Dirac spin liquid state, so named because the low-energy spinon excitation of the
system are described by Dirac nodes, stands out in energetics when compared with
other plausible spin liquid candidates, and that the state is locally stable. Moreover,
the energy estimate for the U(1) DSL state is very close to the ground state energy
estimate from exact diagonalization, despite the lack of any tunable variational pa-
rameters. Taken together, this make the U(1) DSL state an attractive proposal for
the spin-1/2 kagome lattice.

1.3.3 The U(1) Dirac spin liquid state

Recall that a spin liquid state is uniquely specified once the set of mean-field pa-
rameters {x;;} are specified. Since our underlying model is the nearest-neighbor
Heisenberg model, it suffices to specify x;; for all nearest-neighbor bonds. Moreover,
since we are considering a spin liquid state, all x;; must have the same magnitude,
so we may set x;; = xe'®3. A spin liquid state is then uniquely determined once the
phases €'®i are specified.

Moreover, since the slave-boson representation has gauge redundancy as described
by Eq. (1.15), configurations of a;; that are related to each other by Eq. (1.15) must
be physically equivalent, and it is desirable to describe the mean-field ansatzes in a

more gauge invariant way, which can be achieved by specifying the amount of flux
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Figure 1-6: (a) The kagome lattice with the U(1) DSL ansatz. The (red) dashed
lines correspond to bonds with effective hopping # = —xJ while the (blue) unbroken
lines correspond to bonds with effective hopping £ = xJ. a} and a, are the primitive
vectors of the doubled unit cell. (b) The original Brillouin zone (bounded by unbroken
lines) and the reduced Brillouin zone (bounded by broken lines) of the U(1) DSL
ansatz. The dots indicate locations of the Dirac nodes at half-filling, the crosses
indicate locations of the Dirac nodes crossing the second and the third band, and the
thin (gray) lines indicate saddle regions at which the band energies are the same as
that at k = 0.

through each other triangular and hexagonal plaquettes of kagome lattice (the flux
through an oriented plaquette P is defined by the product Hije p %),

With this prerequisite the U(1) DSL state can be concisely described as the mean-
field ansatz with a 7 flux through every hexagon and 0 flux through every triangle.
(72, 73, 74]. Note that since the 7 and —7 are identified, the U(1) DSL state is
symmetric under time-reversal symmetry, which invert the signs of fluxes.

In order to compute the spinon band structure a particular gauge must be chosen.
Moreover, observe that the total amount of gauge flux through a unit cell of the
kagome lattice is m. Consequently, let T,, and 7T,, be the translation operators that
corresponds to translation along lattice vectors a; and as, respectively (the convention

for lattice vector and unit cell is shown in Fig. 1-4), it follows that:
T\ T T, T, = -1 (1.21)

on the single spinon sector. Consequently, it is not possible to simultaneously diago-
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Figure 1-7: The band structure of the kagome lattice with the U(1) DSL ansatz
plotted along (a) k, = 0 and (b) k, = 0, with (c) a magnification of the bottom band
in (b). Note that the top band is twofold degenerate.

nalize the Hamiltonian Eq. (1.11) and the two translation operators Ty, , T,,. Because
of this, the unit cell must necessarily be doubled when a gauge is fixed. The gauge
convention that will be taken for the rest of this thesis is shown on Fig. 1-6(a), in
which the blue unbroken bond corresponds to a;; = 0 while the red broken bond
corresponds to a;; = 7.

It may appears that the rotation and translation symmetry of the system is broken
by this gauge choice. This, however, is purely an artifact of our description. Specif-
ically, the bond pattern shown in Fig. 1-6(a) is invariant under all lattice symmetry
as long as one follows the physical transformation by an appropriate gauge transfor-
mation. Formally speaking, the symmetry of the U(1) DSL state is manifested in the
so-called projective symmetry group [75].

It is easy to check that, in units where xJ = 1, this effective tight-binding Hamil-

tonian produces the following bands:

FEiop =2 (doubly degenerate) , (1.22)

Eir= —1:{:\/342\/5\/3—005121%+2(:oskxcosx/§ky ) (1.23)

At any k-point, E_ . < E__ < FE, < E, < Ey,. For plots of this band structure,

see Fig. 1-7.
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At low energy, the spinon spectrum is well-described by four (two spins times two
k-points) Dirac nodes, located at momentum +Q = +7/v/3% [c.f. Figs. 1-6(b) and
1-7(a)]. More specifically, at low-energy we may expand the mean-field Hamiltonian

Eq. (1.11) around the Dirac points, which result in the Dirac Hamiltonian:

Hpirae = V5 3 _ W} o 0(@Ts + 07 Vo0 - (1.24)

g0.q
where o =1, | index spins, @ = * index the location of the Dirac node, and g denotes
the momentum as measured from the Dirac node (note that the component index
of they, ¢" and the Pauli matrices 7; have been omitted for brevity). The relation
between the two-component fermionic operators 1, %" and the spinon operators f,f*

defined on the lattice sites can be found in [74].

At low temperature and at the mean-field level the thermodynamics of the U(1)
DSL state will be dominated by the spinon Dirac node. Specifically, it magnetic sus-
ceptibility is predicted to be linear in temperature while the heat capacity is predicted

to be quadratic in temperature [73].

Recall that the spinons are interacting with a U(1) gauge field (which we shall
taken as being non-compact, following the argument given in Sec. 1.2.1). Conse-
quently, the low-energy effective theory of the U(1) DSL state is essentially the same
as the theory quantum electrodynamics in (2+1) dimensions (often abbreviated as
QED3). Specifically, in the continuum limit, the low-energy physics of the U(1) DSL
state can be described by the following action [73]:

1 .
S = /dtd2:c (;(6)\#,,8#0(,,)2 + 21/):‘,,&(6# - za#)ruwma-{—) cee (1.25)

here g is the effective coupling constant of the U(1) gauge field, which is renormalized
from infinity via renormalization. Using this mapping from the U(1) DSL to QEDs3,
many correlations in the U(1) DSL state can be inferred, and are shown to be obeying
power laws [74]. Moreover, as the low-energy action Eq. (1.25) possess an emergent

SU(4) symmetry under which the four species of Dirac fermions are rotated into each
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other, many different correlation functions turn out to have the same scaling behavior
and are thus “competing” with each other. Because of this, the U(1) DSL state is
said to be a quantum critical phase.

As we have already seen, the Dirac node structure and the emergent gauge field
have far reaching consequences on the properties on the U(1) DSL state, many of
which are novel and interesting. In the remainder of the thesis I will present my own
study on the U(1) DSL state, and we shall again see these features of the U(1) DSL

state playing prominent roles.
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Chapter 2

Raman signature of the U(1) DSL

state

Raman spectroscopy is a “photon-in, photon-out” experimental technique in which
photons at optical frequencies are scattered from a target material. While most of
the incident photons are scattered elastically, some interact with the target material,
resulting in frequency shifts in the scattered photons. By plotting the intensity of
the scattered light as a function of frequency shift, various excitations of the target
material can be probed [76]. Compared to other spectroscopic method such as angle-
resolved photoemission spectroscopy (ARPES), Raman spectroscopy is particularly
useful in probing the collective excitations of the target material. Moreover, since
interaction between the photons and the target material can be affected by the photon
polarization, additional information about the excitations can be inferred from the
polarization mode of the incident and scattered photon.

Because the momentum of an optical photon is in general much smaller than the
inverse lattice scale of the target material, Raman spectroscopy has the disadvantage
that only excitations with small momenta can be detected. This problem can be
resolved by replacing optical light by x-ray, and the resulting technique is referred to
as the resonant inelastic x-ray scattering (RIXS) [77]. |

Recently, Cepas et. al.[78] considered Raman scattering on the spin-1/2 kagome

system and concluded that a generic spin-liquid state can be distinguished from a
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generic valence-bond-solid state by the polarization dependence of the signal. They
also obtained a more detailed prediction of the Raman intensity using a random
phase approximation, which may be too crude given the subtle orders[74] that may
be present in the system.

In this chapter, I will discuss my work on deriving the Raman signature of the
U(1) DSL state, which shows that spinons will produce a broad continuum with
power-law behavior at low energy, while the emergent gauge field will produce a 1/w
singularity near k£ = 0. The possibility and challenges of obtaining finite-momentum

characteristic of this emergent gauge boson in RIXS will also be discussed.

2.1 Shastry—Shraiman formulation of Raman scat-

tering in Mott system

A formulation of Raman scattering in a Mott insulator can be made starting with the
Hubbard Hamiltonian Eq. (1.1). While Eq. (1.1) does not include coupling to external
photon, it can be incorporated by the replacement c}acja — cz,cja exp(i f; A - dx).
Expanding this exponential and including also the free photon Hamiltonian H,, the

Hamiltonian now reads:

H=HHb+ny+Hc , (2.1)

where Hpyy, denotes the original Hubbard Hamiltonian as written in Eq. (1.1), and:

e T;+x; e? T;+x; 2
He = —th‘jczacja(gc‘A(—Q—J) (@i m) ~ 1 (A( 5 )" (:ci—a:j)) +>
ij,0
(2.2)
H, = weallag, (2.3)
q

in which ag" (ag) denotes the photon creation (annihilation) operator at momentum
q and polarization «, and A(x) denotes the photon operator in real space. The - -

are terms at higher order in A.
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By treating Hc as a time-dependent perturbation, the transition rate from an

initial state |7) to a final state |f) is given by:
Ly = 2n|(fIT1D)[*6(€; = &) (2.4)

where &; (&) is the energy of the initial (final) state and 7' = H¢ + Ho(€; — Hup —
H,+in)"'Hg + -+ is the T-matrix.

Since the fine-structure constant e? /fic &~ 1/137 is small and since we are interested
in Raman processes (one photon in, one photon out), only terms second order in A

need to be retained. At this order, the T-matrix reads:

1

HY = Twg + Tz, 2.5
&~ (Hm+ Hy)tap ¢~ NRTIR (25)

T=HP +HY

where H, (Cn ) denotes the part of H¢ that is n-th order in A. The subscript R and NR

on the last equality stands for resonant and non-resonant, respectively.

We are interested in a half-filled system ((3__ni,) = 1) in the localized regime
(U > t), in which both the initial and the final state belongs to the near-degenerate

ground-state manifold n;n;, = 0. In such case, Txg has no matrix element that‘

directly connects between the initial and the final states. Hence, only Ty is relevant

for our purpose.

Let w; (wy), k; (kf), and e; (e;) be the frequency, momentum, and polarization of
the incoming (outgoing) photon, respectively. Then, & = w; + Si(Hb) =w; +O(t?/U),
where Hppli) = £7)i); and A(z) — gieiag €T + gféfaZ"fTe‘i’“f'w, where g; =
\/W and gy = 4/hc?/wi,Q, with Q being the appropriate volume determined
by the size of the sample and/or the size of the laser spot. In much of the following I
will assume as typical that the momenta carried by the photons are much smaller than
the inverse lattice spacing, and hence e %% ~ ¢~%*s® ~ 1. I will also assume that
the system is near resonance, so that U > |w; — U| 2 |¢|. Consequently, henceforth I

will keep only terms that are zeroth order in ¢/U and expand in powers of t/(w; — U).

Since the initial and final states both belong to the near-degenerate ground-state
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manifold, it should be possible to re-express Ty in terms of spin operators. A proce-
dure for doing so was developed by Shastry and Shraiman.[79, 80] A first step in the

derivation is to expand the denominator of Ty:

) 1 o
TR = H H,
R ¢ Si—(HHb+H7)+in ¢ 26)
2.

1 = 1
- Hg)& —Hy — H, +in ; (Htgi — Hy — H7+i77> HE .

Next, a spin quantization axis is fixed and the initial states |i) = [{o}) ® |k;, e;)
and final states |f) = [{0'}) ® |ky, ef) are taken to be a direct product of a definite
spin state in position basis with a photon energy eigenstate.! Then, a complete
set of states is inserted in between the operators in Eq. (2.6). By the assumption
U > |w; — Ul 2 [t], the intermediate states are dominated by those having no
photons and exactly one holon and one doublon. Thus, they take the generic form
ra;mh; {7}) ® |0), where |rg;ra; {T}) = (3, ¢l ,¢r,0)|{T}) is obtained from the spin
state |{7}) by removing an electron at r, and putting it at r4, and |@) denotes the

photon vacuum state. Henceforth I will adopt the abbreviation that spins are summed

implicitly within pairs of electron operators enclosed by parentheses, so that, e.g.,

(CZCJ) = o CzTaCja-

Under this insertion, (&; — Hy — H,)™! = (w; — U)~! becomes a c-number. More-
over, recall that H; and (neglecting the photon part) H¢ are sums of operators of the
form (cjcj). Once a particular term is picked for each of these sums, and given an
initial spin state [{c}), the resulting chain of operators automatically and uniquely
determines the intermediate states (which may be 0). Thus the intermediate states

can be trivially re-summed, and Eq. (2.6) becomes, in schematic form:

1 This introduces a small nuance that & can no-longer be treated as a scaler but must be considered
as a matrix that depends on the initial and final spin states (but independent of the intermediate
states). However, the off-diagonal terms of this matrix is of order ¢ /U and hence negligible.
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<{U/}‘TR|{U}> = Z (Ciljhizjz,{a} <{UI}|(szcj2)(C;le)l{o-}>
1171,8272,.-2 (27)

+ Cipjyoiniogor ({0 H ek i) (el i) (el e ) oy + ... )

The sum in Eq. (2.7) is formidable. However, if Hc and H; connects only between
sites that are a few lattice constants away, then at low order in ¢/(w; — U), except for
the choice of the initial site (j; in Eq. (2.7)) the number of non-zero terms is finite
and does not scale with the lattice size. Thus, Eq. (2.7) provides a systematic way of
analyzing the contributions to the Raman intensity.

The final step in the Shastry-Shraiman formulation is to convert the chain of

T

electron operators (cincjn) e (c;-r1 ¢j,) into spin operators using the anti-commutation

relation and the following spin identities:

1
CLC‘TI = )20’0 - 55‘7/’3 + 8- To'o
T 2 (2.8)
CoCyr = Xoo' = E(Sa,a’ -8 Ty )

where S = ¢! (T,5//2)cy is the spin operator for spin-1/2 and T is the usual Pauli
matrices.
To the lowest non-vanishing order in ¢/(w; —U), the Shastry—Shraiman formulation

reproduces the Fleury—London Hamiltonian,[81] i.e.:

t3
(FITrli) = (o'} He{o}) + O (#) |
(wi — U)2
(2.9)

2 _ 1
Hpp, = U—wi(ei ‘p)(Ef - p) <Z - Sy Sr’) )

where p = 7' — r is the vector that connects lattice site r to lattice site 7.

For theoretical calculations, it is convenient to decompose the polarization de-
pendence of the Raman intensity into the irreducible representations (irreps) of the
lattice point group, since operators belonging to different irreps do not interfere with

each other (note however that subtractions between various experimental setups are
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often required to extract the signal that corresponds to a particular channel[80]).
It is known[61] that herbertsmithite belongs to the space group R3m and hence

to the point group Ds,;. In Dsg, the polarization tensor > C, 5efe in the

a,B=xz,y
kagome plane decomposes into two one-dimensional irreps Ay and Ay, and one two-

dimensional irrep E,:
Arg @ Efef + e%el
Agg efe - efe , (2.10)

B et — elel

’ E® . eje + eyel
To the lowest non-vanishing order in ¢/(w; — U), the A, and the E, component of
the T-matrix are derived from the Fleury—London Hamiltonian Eq. (2.9). However,
the resulting expression for the A, channel is the sum of a constant and a term
proportional to the Heisenberg Hamiltonian and thus at zeroth order in t/U does
not induce any inelastic transitions. For inelastic transitions in the Ayg channel, the
leading-order contribution appears at the t*/(w; — U)? order instead. The leading-
order contribution to the Ay, channel also appears at the ¢*/(w; — U)® order. The
detailed calculations will be present in the next two subsections, but I will collect the
final results here. To leading order and neglecting the elastic part, the operators that

corresponds to the different channels are, for the kagome lattice:

4t?

Opm = G Z ( Sr3 (Sr1+ SRtaz1 +Sr2 + Sktas—ai2)
- 5512,2 (Sra+ SR+a1,1)) ; (2.11)
4 V3

Opey = T2 e (SR,3 (Sr1+ SRtas1) — Srs- (Sr2+ SR+a2~a1,2)) ;

(2.12)

—t4
Oayy = —53 Z (2SR,1 “(SR+a1,1 + Srias1) +28k2 - (Sk-a,2 + Sk+az—ar2)
(wi = U)? =

+ 2SR,3 : (SR—G2,3 + SR—a2+a1,3) + SR,I : (SR+a2—a1,2 + SR+a1—a2,3)
+ Sr2 (SR-as3+ Sktas1) + Sr3* (Skiap + SR—al,Q)) , (2.13)
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E (3 Sr1:R2:r3 T 3SR 1,R—a12.R—as,3

R

(wi —_ U)J
+ SR 1R 3Rtaz—a1,2 +~ SRtas;R3R2 + SR3R2Ra1,1

+ SkR-as+a1,3:R2R1 + SR2R1;R—a2,3 T SR—a1,2R,1;R 3)

_ j‘/_gzg)gz(A+SV+;}+<:+\;_'
+-—<—b\.+')[—;—‘+»tf>’ (2.14)

where S;.;.x denotes S; - (S; x Sj), and which a graphical representation has been

adopted on the final line.

2.1.1 Derivation of the Raman transition in the A,, channel

In this subsection I shall consider the derivation of Raman transition rate in the & fe —
éi{ef channel. For completeness, I will present derivations not only for the kagome
lattice, but also for the square, the triangular, and the honeycomb ones. Although
the irreducible representation that corresponds to the polarization efe — € fe may
be named differently in these lattices, I shall abuse notation and continue to refer to
them as the “Ay,” channel.

For the square lattice with only nearest-neighbor hopping, Shastry and Shraiman
claimed that spin-chirality term S;-(S; X Sy) appears in this channel at the ¢*/(w; —
U)3 order. However, our re-derivation does not confirm this result and instead con-

cludes that the spin-chirality term vanishes to this order. While it is hard to pin down

gl g gy g 1 3 '
; A
v 'ﬁ i ] i A
| . ... i
' — 5 1 1 9 1 —_— 2 1 T 2
(@ () © N

Figure 2-1: Pathways with two internal hops in a square lattice, with the initial holon
fixed at site 1 and initial doublon fixed at site 2.
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the source of this discrepancy, two possibilities are plausible. First, the pathways that
contribute to the spin-chirality term includes not only those in which a doublon or
holon hops through a loop [Figs. 2-1(a) and 2-1(b)], but also those in which a holon
“chases” a doublon or vice versa without involving a fourth site [Figs. 2-1(c) and
2-1(d)]. These chasing pathways are non-intuitive and could be easily missed. Sec-
ond, observe that for ¢! c,/, the spin indices are flipped in Eq. (2.8) when going from
electron operators to spin operators. This, together with the applications of the

anti-commutation relation, can easily produce minus sign errors.

Our conclusion that the spin-chirality term vanishes to the t*/(w;—U)?3 order in the
one-band Hubbard model need not contradict with the experimental claim that the
spin-chirality term has been observed in the cuprates,[82] for in the cuprates—with
the holon being delocalized as Zhang-Rice singlet while the doublon being localized
at the copper site—the holon and doublon hopping magnitude need not be equal. In
that case, the crucial cancellation between the four pathways in Fig. 2-1 no longer
occurs. Furthermore, in the Shastry—Shraiman formalism the spin-chirality term may
also be present at higher order in ¢/(w; — U) and/or when further neighbor hoppings
are included. Since the ratio ¢/(w; — U) need not be small near resonance, these

higher-order effects can manifest in experiments.

To extract the Ay, channel from the general polarization matrix, note that given
any particular hopping pathway, a “reversed pathway” can be constructed, in which
all electron operators are conjugated and their order reversed [for example, ((;102)
(ches) (cher) is the reversed pathway of (cles) (ches) (cher)]. Then, efef — &tef and
the order the spin operators thus obtained are inverted. Hence, to the ¢*/(w; — U)?
order, which corresponds to at most four spin operators, the only terms that survive in
the Ay, channel are the spin-chirality operators S;-(S; x Sx). Thus, in our derivation
it suffices to extract the spin-chirality contributions from pathways whose initial and

final currents are not co-linear.

To depict the hopping pathways efficiently, the following abbreviations are intro-
duced in the diagrams. A thick (blue) arrow is used to indicate the initial or the final

hop in which a holon—doublon pair is created or destroyed. For the internal hops,
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i
(a)

Figure 2-2: Two types of one-internal-hop pathways. Thick (blue) arrows denote
initial or final hops in which a holon—doublon pair is created or destroyed, thin (ma-
genta) unbroken arrows denote the movement of doublons, and thin (magenta) broken
arrows denote the movement of holons. Lower case roman letters are used to indicate
the order of hops. In (a) the internal hop is performed by the doublon while in (b)
the internal hop is performed by the holon.

the movement of a doublon is indicated by a thin (magenta) unbroken arrow and
the movement of a holon is indicated by a thin (magenta) broken arrow. Lower case
roman letters are used to indicate the ordering of hops. Note that in this scheme, a
solid magenta arrow from i to j corresponds to the electron operators (c;fci), while a

broken magenta arrow from i to j corresponds to the electron operators (c}tcj).

The lowest order at which the spin-chirality term can show up is 3/(w; — U)?,

which corresponds to pathways with one internal hop. Such pathway can be found in
the triangular or the kagome lattice, or when next-nearest hopping is included. I will
show that the contributions to the A, channel by these pathways cancel in pairs at

this order.

It is easy to see that there are two types one-internal-hop pathways in general,
both involving three lattice sites. In a pathway of the first type, a holon-doublon pair
is created across a bond by an incident photon. Then, the doublon moves to a third
site before recombining with the holon to emit a Raman-shifted photon [Fig. 2-2(a)].
A pathway of the second type is similar, except that it is the holon that moves to a

third site before recombining [Fig. 2-2(b)].

Applying the procedures as explained in Sec. 2.1, the operator that corresponds
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to the pathway in Fig. 2-2(a) is given by:

Tie = (&5 - @13)(€; - X21) (_itlg’(z‘fi—_tgé))(;it2l) (cles)(chea)(cher)

t13t3at -
= (&7 - x13)(ei - $21)< 222t {xsX2X1} (2.15)

wi—U)2

C - t13ts2l )
= (ef . w13)(ei . w21)(w1—‘,3_$_2?2;—222 S3 . SZ X Sl ,

where x;; = x; — x; is the vector from site j to site 4, and “=" denotes equality upon

neglecting terms that do not contribute to the Ay, channel.

Similarly, the operator that corresponds to the pathway in Fig. 2-2(b) is given by:

it31)(—tas)(—it12)
(wz' - U)2

Tip = (&) - war)(es - 212) (cher) (ches) (clen)

t31t23t12

= (&7 - xz1)(ei - w12)m(—1) tr {x1X2X3} (2.16)

.o t31tost .
= (ef . .’.C31)(€z' . m12)(—w:%3—(]1—§—222 Sl . S2 X S3

= _Tl,e )

where ¢;; are assumed to be real in the last step.

Since the two pathways depicted in Fig. 2-2 always come in pair, the contribution
to the A,y channel by one-internal-hop pathways vanishes upon summing as claimed.

Now consider pathways that involve two internal hops, starting with the square
lattice. Henceforth I shall assume that hopping is between nearest neighbors only,
uniform, and real. The abbreviations Cy = t*/(w; — U)® and S;;jx = Si - (S; X Sk)
will also be used.

To count the two-internal-hop pathways in the square lattice systemically, first fix
the initial holon at site 1 and the initial doublon at site 2, and align the coordinates
so that y = 0 for site 1 and 2 and that x5; = Z. All other pathways are clearly related
to the ones satisfying the above conditions via symmetries. For the final hop and the
initial hop to be non-collinear, a third site not collinear with site 1 and 2 must be
involved, and we may further restrict our attention to pathways in which the third

site lies in the y > 0 half-plane, since the remaining pathways are related to these via
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the mirror reflection y — —y.

There are four pathways that satisfy the above restrictions, which are precisely
the ones depicted in in Fig. 2-1. Applying the procedures as explained Sec. 2.1, the

contributions by these pathways are given by:

T, = Coef (—&%)(cles)(chea) (chen) (cher)
= —Crefes tr{xaxaxaXa} (2.17)
= —iCae€(S3ia1 + Sz + Sz — Ssua)

Top = Ca€f ef(c402)(c3c4 (C1C3)(C261)
= Chefer tr{xaXiXsXa} (2.18)
= 1026784 (S13:0 — Saiza — Sazn — Sa3)

Tye = Caef(—&%)(che) (o) (chea) (cher)

= —Chef ef( cac)(cler) (ey) + (qcl)(cicz)(c;cl))

(2.19)
= ~Caef? (tr{(~Uxaxaa} + trixa} trixata})
= —22'022.6?5?84;2;1 5
Ty = Coetel(cher)(clea) (cles) (cher)
= Coe7((dea)(eles)(cher) + (ces)(elea)(cfen)) 20)
2.20

= Coefdy(tr{(-Dfsxaa} + tr{Rs} et}

= ZiCQiefégszg;Q;l .

Summing all four terms, it is found that T, + Typ +Toe+ Toq = 0. Hence, for
the square lattice with only nearest-neighbor hopping, the operator that corresponds

to the Raman transition in the Ay, channel, Og4,,, vanishes to the #*/(w; — U)? order.

Notice that the orthogonality between the # and ¢ has not been invoked in the
above derivation. Consequently, the above derivation carries to the triangular lattice
upon mapping = and ¢ in the square lattice to any two of bond directions in the

triangular lattice. See Fig. 2-3 for illustration. It can be checked that all two-internal-
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Figure 2-3: Mapping between the pathways in the square lattice and the pathways
in the triangular lattice.

Figure 2-4: The honeycomb lattice (thin gray lines), wherein the site label 4, j, the
unit vectors &, ¥, W (thin black arrows), and the primitive lattice vector (thick black
arrows), are defined.

hop pathways with non-collinear initial and final hops in the triangular lattice can be
obtained from such mappings and that there is no issue of double-counting. Hence,
it can be concluded that Og,, vanishes up to the ¢*/(w; — U)? order in the triangular

lattice also.

Evidently, the criterion that any three non-collinear nearest-neighbor sites belong
to a four-site loop is a crucial ingredient for the cancellations of the two-internal-hop
contributions as seen above. This criterion is not met in the honeycomb lattice or in
the kagome lattice. Hence, O4,, may not vanish in these lattices at the t*/(w; — U)?

order.

First consider the honeycomb lattice, which is shown in Fig. 2-4, wherein the
site labels 4, j, the unit vectors %, ¢, w along bond directions, and the primitive

lattice vectors a, aq, are defined. For an initial holon at 7 and an initial doublon
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Figure 2-5: Pathways with two internal hops that contribute to the Aj; channel in
the honeycomb lattice, with the initial holon fixed at site ¢ and initial doublon fixed
at site 7.

at j, there are four two-internal-hop pathways, listed in Fig. 2-5. Summing up their

contributions, we get:

Ty = 2ng( - efé?8i+a1;j;i + efé?sj—az;j;i - 6fé;8i+a2;j;i + efé?Sj—al;J’;i) :
(2.21)

If the initial doublon is fixed at j — a2 or j — a; instead, the contributions are,

respectively,

T2,i,j—a2 =210, (eyéﬁ(sj;j—az;i - Si—az;j*a%i) + 635}0(‘%—&1#—@;1‘ - Si+a1—a2;j—a2;i)) >
(2.22)

T2,i,j-a1 = 2iC2 (e;véq))‘(sj—az;j-aui - Si-i-az—al;j—a:l;i) + 6;0635(8]';3’—«11;1' - Si—a1;j—a1;i)> :
(2.23)

And the analog of Egs. 2.21-2.23, when the holon is fixed at j, are given by:

o = = T v
Ty i = 210y (ei € (Sivarsi — Si—arii) + € €1 {(Sitanysi — Sj—a2;j;i)) : (2.24)
oy V=T v sw
T2,j,i+a2 = 2iCy (ei €y (Si;i+a2;j - Sj+a2;i+a2;j) t e €y (Si+al;i+a2;j - Sj+a2—a1;i+a2;j)) )
(2.25)
- - W =v w =T
Ty jitay = 2002 (ei €4 (Sitagitary — Sjtar—azitari) t € €4(Siitary — Sitarsitas ;j)) -

(2.26)

Summing Egs. 2.21-2.26 over all lattice vectors { R}, and reorganize slightly, we
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Figure 2-6: The kagome lattice (thin gray lines), wherein the site label ¢, j, the
unit vectors Z, 0, W (thin black arrows), and the primitive lattice vector (thick black
arrows), are defined.

finally obtain:

Tonex = 4iC2 » ((Sj;z';z'—al + Sigii+ar ) (€7 €7 — €'€F)
R

+ (Si—agsi + Si+a2;j;i)(e;}é§ - eféqf}) + (Sj-arsizi—as + Si+a1;j;i+a2)(e;'ﬂé? - 62’5’}’))

:41'02%:((}:“ i)ty - o)

(2.27)
where graphical symbols are introduced on the second equality to denote the spin-
chirality operators. Note that even though the site labels are omitted in the symbols,
upon the summation over lattice vectors { R} there is no ambiguity as to which spin-
chirality operator a particular symbol is referring to.

Using €’ = —1¢® + @ey and e¥ = —Le” — @ey, Eq. (2.27) can be converted back

to the Cartesian coordinates, which yields:
T2,hex = 2\/§i02 6 ef — e“’e?) Z (> < &(vt ...... + ‘*_\“ + )2 ,,,,,, x” 4+ Lk f > )

Finally consider the kagome lattice, which is shown in Fig. 2-6, wherein the site
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(a) (b) (c) o | (d)

Figure 2-7: Pathways with two internal hops that contribute to the Agg channel in
the kagome lattice, with the initial holon fixed at site 4 and initial doublon fixed at
site j.

labels ¢, j, £, unit vectors Z, 9, @, and primitive lattice vectors a1, @, are defined.
Fixing the initial holon at site ¢ and the initial doublon at site 7, four two-internal-hop

pathways contribute to the Ay channel (Fig. 2-7). The sum of their contributions is:

Ty = 2i02( + €84S0 — €787 St — €1€4Sttar—agyii efé}use—az;jn)
(2.29)

where graphical symbols are again introduced on the second equality. Note again
that upon summing over all lattice vectors {R} there is no ambiguity as to which

spin-chirality operator a particular symbol refers to.

By changing the site where the initial doublon is located, we get, upon summation,
the following contribution to Oy,, by two-internal-hop pathways whose initial holon

is located at site 1:

T2,iﬁ2i02<e§“é?(A+v+§;>+<§)‘efé?(A+v+m+M>

(2.30)

Obtaining the contributions to O A, Dy two-internal-hop pathways whose initial

holon is located at site j or £ in an analogous manner, we finally get, upon summing
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over all lattice vectors and basis sites,

szkagﬁ4z‘c2z<(eef—e ef(&ﬁLv-i-ﬁ ._f_f)

R

+
+ (ej€F — efef)< & + v + H_X + '\:_H) (2.31)
+ (ei'e}f — ejey) (& + v

Or, converting back to the Cartesian coordinates:

Thsag = 2V3iCs (€185 — etel) S (3 AR AV

which is what being quoted in Eq. (2.14).

In summary, it is found that, with only nearest-neighbor hopping, the A, channel
Raman 7T-matrix does not vanish in the honeycomb lattice or the kagome lattice at
the t*/(U —w;)? order, but does so to this order in the square lattice and the triangular

lattice.

2.1.2 Derivation of Oy,, and Og, to the t*/(w; — U)* order.

In this subsection I shall derive O4,, and Og, to the t*/(w; —U)? order for the kagome
lattice. As already noted in Sec. 2.1, at the t?/(w; — U) order the Shastry—Shraiman
formulation reproduces the Fleury-London Hamiltonian. In the A;, channel this
gives rise to an operator proportional to the Heisenberg Hamiltonian, and in the E,

channel it gives rise to the operators O ) and O as shown in Eqgs. 2.11-2.12.

EM

At the t3/(w; — U)? order, it can be checked that the two types of pathways
depicted in Fig. 2-2 cancel each other not only in the Ay, channel but also in the E,
and A;, channels. Thus, it remains to consider pathways having two internal hops,

which contributes at the t*/(w; — U)? order.

By considering pathways and their “reserved” counterparts, in which all electron
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Figure 2-8: Pathways with two internal hops in a kagome lattice, with the initial
holon fixed at site ¢ and initial doublon fixed at site j.

operators are conjugated and their order inverted, it is shown in subsection 2.1.1
that only spin-chirality operators contribute to the Ay, channel. From the same
construction, it can be seen that the spin-chirality operators do not contribute to
the E, and A;, channels. Moreover, we are interested in the inelastic, and hence
non-constant, part of the Raman transition operators. Therefore, to determine the
t*/(w; — U)® order terms in Og, and Oag,,, it suffices to extract the spin dot product

terms for each process.

Fixing the initial holon at site ¢ and the initial doublon at site j, there are eight
more two-internal-hop pathways that contribute to the A;, and E, channels in addi-

tion to the four depicted in Fig. 2-7. These are listed in Fig. 2-8.

Applying the procedures as explained in Sec. 2.1, the spin dot products resulting
from Figs. 2-7(a), 2-7(b), 2-8(c), and 2-8(d) are, respectively:

Tiaga = Coej(—e%) (tf{(“l)Xerf(i} + tr{xe} tr{Xjf(i})

= CQ@?(_(;I})(S[ . Sl - Sz . Sj — Sj . Se) s

(2.33)

Thagp = Coej (—€%) (tf{(—l)Xerii} + tr{xe} tf{ini]’)
(2.34)
= Coej (—€¥)(S; - S¢e— 8- 8;—8¢-84)
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Tiage = Caef (—8%)(clej)(cher)(cle;) (cle) = Caef(—&%) tr{Re} tr{x; %}

(2.35)
= — 2026?(-6?)5’2' . Sj y
Tiaga = Coef (—8%)(cle;) (chei)(clee) (cfes) = CoeZ(—e%) tr{xe} tr{x;Xi} (2.36)

= — 2026?(—é§)si . Sj y

where = denotes equality upon neglecting additive constants and spin-chirality terms.
The contributions of other pathways in Figs. 2-7 and 2-8 can be obtained by relabeling
sites and vectors that appear in Egs. 2.33-2.36.

The sum over all pathways in Figs. 2-7 and 2-8 gives:

Tagi; = Co (6?6_3?(51 “8Sj_a, +8;-Sita, +1485;-8; - 8- Sita, — ;- Sj—al)
+ efé?(S, : S€+a1—a2 + Sj . Sg — Sl : Sg — Sj . Se+alfa2)

+e7e%(S; Sioay+8i-Sp—8;-Se— S, se_,n)) .
(2.37)

The contributions when the initial holon and/or the initial doublon are located at
other sites can be obtained by relabeling. The sum over the locations of the initial

holon and the initial doublon yields:

Tiag = 2C2 Y _ <e§é§(16si -8, +168; - Sita; —25i - Sitar —25; - Sj_a)
(R}

+€/e4(16S; - S¢+16S; - Sjraz-a; — 25; - Sjias-ar — 2S¢ Stvas-a;)
+ey'e}(168; - S;+16S¢ - Siya, — 28i - Sita, —25¢- Stvay)

+ (efe} +€/'e5)(S; - Se—ay + Se-Sjay — S-St — Se—ay - Sj—ar)

+ (efe} +€7e5)(Si - Stras—as + Se - Sjrar — Si- St — Strar-as - Sjtar)
+ (e €7 + 62“6?)(& - Sitar-ar + 8 Sita — S+ Sj — Sjtaz—ar - Sitas)

(2.38)

Projecting onto the A;, channel and neglecting a piece proportional to the Heisen-

berg Hamiltonian yields Eq. (2.13), while projecting into the E, channels yields the
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following contributions to O ) and O at the t*/(w; — U)? order, respectively:
g9

E{?

6050 = C3((~S; Si-as = S+ Siar = S Stvar-az — St Ssa,
28; - S;rar-as + 25, - Siva) — (25 - Sivay +28; - Sjay
— 8 Sita, =S¢ Stra; =S Sjtras—ar — St Stvaz—ar)
+7(28;-8;+25; Siya,—Si S¢St Sita, —S;- S — Se- sjm_al)) ,

(2.39)
60, = ﬂoz((sj  Stay+Se-Sa; — S Straray — St Sira)
— (8- Sita, +8¢-Stra, — S5 Sjtaz—ar — St Stvar—ay)
+7(S;- S¢+ S+ Siva,— S, Se— Sy sj+a2_a1)) . (2.40)

2.2 Results for the U(1) DSL state

Under the U(1) DSL ansatz, we may take |i) = [iT?) @ |k;, e;) and |f) = |fTP) @
|k;,e;) in the transition rate Eq. (2.4), where [i(#®)) and | fHP) are states obtained
from filling the spinon bands. In particular, at zero temperature (which will be
assumed henceforth), |i(#?)) is simply a state with spinons filled up to the Dirac
nodes at the top of E, _, and |f®P) are states with a few spinon-antispinon pairs
excited from |i(P)).

Moreover, the spin operators that appear in Eqs. 2.11-2.14 can be converted to
spinon operators using Eqs. (1.6)—(1.8), which allows the matrix elements between
{2y and | f3P)) to be calculated at mean field using Wick’s theorem.

At zero temperature, to obtain the overall Raman intensity I, for channel a at a
given Raman shift Aw = w; — wy, all final states that satisfies the energy constraint
S}Hb) — €i(Hb) = Aw must be summed over. Strictly enforcing this constraint is
difficult in a numerical computation. Instead, the final states are sampled |f{®)
without imposing the energy constraint, but sort them into bins of energy. The

overall intensity is then obtained by summing all states whose energy fall within the

same bin. The summation is performed numerically using a simple Monte Carlo
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sampling of the momenta and band indices of the spinon and antispinon excitations
in [ f2)).
Some calculations are also performed in a slightly different way, by first converting

the summed squared amplitude into a correlation function:

2
I (Aw) = z ‘<f(Hb)|Oa|i(Hb)> 5(8}Hb) _ M) A
f (2.41)
— /dt eiAwt<Z'(Hb)lOa(t)Oa(O)h'(Hb)) _

To calculate this correlation function, the spinon operators that appears in O, (c.f.
Egs. 2.11-2.14) are converted from real space to momentum space, which introduces
sums over momenta and band indices. Such sums are again computed by simple
Monte Carlo samplings in the manner explained above.

To simplify notations, in the following I shall abuse notation and write i) in place

of [i#P)) and similarly write | f) for | f*®)) whenever the context is clear.

2.2.1 E, channel

First consider the Raman intensity in the E, channel, Ig, = I o) + 1 By com-
g

E E®"
puting the correlation function Eq. (2.41) (with o = ESY and Ey)), we obtain the
Raman intensity profile as shown in Fig. 2-9.

From Fig. 2-9, it can be seen that the Raman response take the form of a broad
continuum ranging from approximately 1.5xJ to approximately 11xJ, with occasional
sharp spikes. The existence of a continuum is not a surprise, since the operators O B
and O E® in Eqs. 2.11-2.12 corresponds to two-spinon-two-antispinon operators in the
U(1) DSL ansatz, and hence the final states |f) are spinon-antispinon pairs and thus
there is a continuum of phase space for excitations. The cutoff near 11yJ is also
natural, since the total band-width in the U(1) DSL ansatz is approximately 6 x.J,
and hence with two spinons and two antispinons the excitation energy is at most

12 xJ. The sharp peaks and the low-energy suppression, however, require further

investigations.
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Figure 2-9: Raman intensity in the E, channel, computed using the correlation
Eq. (2.41), with a bin size of 0.05xJ in energy.

To gain more insight into how the various features in Fig. 2-9 comes about, it is
useful to consider the sum over final states explicitly. Given the form of O B and
OEéz) in Egs. 2.11-2.12, there are two types of final states: the first consists of two
spinon-antispinon pairs excited from the ground state |i) while the second consists of

one spinon-antispinon pair excited from |i). Schematically, these take the form:

| fapairs) = fhy s o Framao fy mg.or framac|8) (2.42)

| Fipair) = fu o fhzmaol) - (2.43)

In both cases the momentum conservation Y, . ki = k; holds, and that the

1 even
band index n; denotes one of the top three (empty) bands when ¢ is odd and one of
the bottom three (occupied) bands when i is even.

For the one-pair final state to have a non-zero matrix element with the initial

state, a pair of spinon-antispinon operator must self-contract within O a) and O g0,
g g

e.g.,

Y Fio Bl Fior = AFh Fio) Flos fir + o iol Fl fior) = (S Fior) Lt Fio = (i Fio) £l fiot

= XiijTafia + ij'fityfja - ';'(fityfia + f;afja) ,
(2.44)
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Figure 2-10: Plots of density of states (thin red curve) and E; Raman intensity (thick
blue curve) contributed by final states having two spinon-antispinon pairs, together
with the overall £, Raman intensity (broken gray curve), all computed with a bin
size of 0.05x.J in energy. Note that the relative scale between the intensity plots and
the DOS plot is arbitrary and is set here such that both curves are visible.

where the spin indices o, ¢’ are summed in the above. The mean-field parameter x;;

here is the same as the one introduced in Sec. 1.2.

However, one should be mindful that while the constraint > _ f;o fjo = 1is strictly
enforced in the exact spin-liquid state, it is enforced only on average in the mean-
field representation. Therefore, while operators of the form f;a fjo should induce no
transition between |i) and |f), the matriz element (f[f;af]ah) may be non-zero at
mean-field. To avoid such problem, the f;a fijo terms in Eq. (2.44) are thrown away
by hand.

With this precaution, Ig, is recalculated by numerically sampling the final states,
and is done so for the one-pair and two-pair contributions separately. The results are
shown on Figs. 2-10 and 2-11. It has been verified that the sum of Raman intensities
from the two figures (with the relative ratio determined by the details of the numerical

calculations) produces an overall intensity profile that matches Fig. 2-9.

The density of states (DOS) for two-pair and one-pair excitations having zero
total momenta have been plotted alongside with the respective Raman intensities in

Figs. 2-10 and 2-11. From the figures, it can be seen that the DOS matches the Raman
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Figure 2-11: Plots of density of states (thin red curve) and E; Raman intensity (thick
blue curve) contributed by final states having one spinon-antispinon pair, together
with the overall E, Raman intensity (broken gray curve), all computed with a bin
size of 0.05xJ in energy. Note that the relative scale between the intensity plots and
the DOS plot is arbitrary.

intensity profile very well for two-pair excitations, and less so (but still reasonably
well) for one-pair excitations. This can be understood by rewriting the first line of
Eq. (2.41) as Io(Aw) = [{f|04]1) |2D(Aw), in which D(&) denotes the density of state
at energy £ and |( f ]Oa}z‘)l2 denotes the average matrix element squared at the same
energy. From this, the DOS is expected to match the Raman intensity well as long as
the average matrix element does not change drastically with energy—an assumption
more valid for two-pair states as opposed to one-pair ones, because of the larger phase

space available in the former case.

Moreover, the sharp peak appearing near 5.5xJ in Fig. 2-9 can now be attributed
to one-pair excitations, which can in turn be attributed to a peak in the one-pair DOS.
From the band structure (Fig. 1-7), it can be checked that Aw = 5.41xJ corresponds
to the energy difference between the top flat band and the saddle point k = 0 at the
bottom band. The enhanced phase space near this energy is thus the likely cause of

this peak-like feature.
Next I shall consider the low-energy (Aw < 2xJ) part the of Raman intensity

more carefully, checking if the intensity profile is an exponential or a power law, and
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Figure 2-12: Log-log plot of the DOS (red x symbols) and Raman intensity in the £,
channel (blue + symbols) for two-pair excitations. Simple linear fits (straight lines in
pink and cyan) give a slope of 5.1 for the DOS data and 4.9 for the Raman intensity
data.

determining the exponent if the latter case holds. To enhance the quality of the data,
and since only the low-energy behavior concerns us, the final states are resampled
by restricting the antispinon to the highest occupied band E, _ and the spinon to
the lowest unoccupied band E . (despite this, the two-pair data is consistently non-
zero only above Aw = 0.4xJ). The resulting data are shown in the log-log plots in
Figs. 2-12 and 2-13. Since the smaller exponent dominates as Aw — 0, the overall

Raman intensity in the E; channel scales roughly as Ig, x (Aw)® at low energy.

From the plots, it is clear that the DOS and the Raman intensity both follow
a power law, with a higher exponent for the two-pair excitations as compared to
the one-pair ones. Analytically, it is easy to check that Dipair < Aw for the Dirac
Hamiltonian Eq. (1.24), since the integral involves four components of momenta sub-
jected to three constraints (energy and momentum conservation), and that |g| scales
as energy. Similarly, it is easy to check that Dapayr x (Aw)® in the Dirac Hamilto-
nian. Furthermore, since the eigenstates of the Dirac Hamiltonian depend only on
0 = tan™'(gy/q,) but not on |q|, the average matriz element squared |{f|Oali) |2 must
be constant in energy. However, to the t2/(w; —U) order in the E; channel (Egs. 2.11-
2.12), the matrix element turns out to be exactly zero for all one-pair excitations in

the Dirac Hamiltonian. Hence, at low energy, we expect Iapair X Dapair ¢ (Aw)® and
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Figure 2-13: Log-log plot of the DOS (red x symbols) and Raman intensity in the E,
channel (blue + symbols) for one-pair excitations. Simple linear fits (straight lines in
pink and cyan) give a slope of 1.0 for the DOS data and 2.8 for the Raman intensity
data.

Ipair  (Aw)* with o > 1, consistent with the numerical results in Figs. 2-12 and

2-13.

Since Dipair X Aw, it leaves open the possibility that /g, o Aw at higher order
in t/(w; — U). While this possibility cannot be ruled out in the present work, it is
found that the vanishing of matriz elements in the Dirac Hamiltonian for all one-pair
excitations persist to the t*/(w; —U)? order.? Hence, even if I, o< Aw at some higher

order, its effect will not be prominent unless the system is sufficiently near resonance.

In the data presented above the contributions arising from OEE) and O 5P have
been summed. By computing the two contributions separately, it can be checked that
each contribute equally. In fact, it has been checked that the intensity profiles are
essentially identical upon an arbitrary rotation in the kagome plane for the one-pair

and two-pair excitations separately. In other words, the quantity Ig, (Aw,6), defined

2To perform the analytic calculations, the expectation (f] f;) for next- and next-next-nearest
neighbors are needed. From the U(1) DSL ansatz these must be real, equal in magnitude, but vary
in signs. As a shortcut, the signs are determined from numerical calculations. It turns out that the
cancellation holds separately for next-nearest neighbor terms and next-next-nearest ones. Thus the
determination of signs is adequate for reaching the present conclusion.
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by:

o Hb Hb
I, (Aw,0) = >~ {1050 cos 0 + O o sin 6]i)* x SEM — £ — Aw),  (2.45)
f
is found to be independent of €, and remain so even if the sum is restricted to one-
pair or two-pair states. Our numerical results are thus consistent with the analytical

arguments given by Cepas et. al.[7§]

2.2.2 A, channel

Using O4,, in Eg. 2.13 in place of O B and O B2 the calculation of the Raman inten-
sity profile can be repeated for the A;, channel. The results are shown in Fig. 2-14.
From the figure, we see that the Raman intensity profile of the A;, channel also has
a broad continuum up to a cutoff near 11xJ. However, the sharp peak near 5.5xJ

that appears in the £, channel is markedly missing.

Intensity (arb. units)
A

e < A L Il
I I I

0 2 4 6 8 10
Energy shift (xJ/)

\ 4

Figure 2-14: Plots of the overall Raman intensity (thick and blue) and its contribution
by one-pair states (thin and red) in the A;, channel, both with the same vertical scale
and computed with a bin size of 0.05xJ in energy.

Decomposing the Raman intensity into one-pair and two-pair contributions as in
Sec. 2.2.1, it can be seen that the overall Raman intensity profile in the A4 channel

is dominated by the two-pair states. Since the sharp peak near 5.5xJ is originated
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Figure 2-15: Log-log plot of the Raman intensity (blue 4+ symbols) and its contribu-
tion by one-pair states (red x symbols) in the A;, channel. Simple linear fit (straight
line in cyan) for the one-pair data up to Aw = xJ gives a slope of 3.1.

from the one-pair contribution, this explains the absence of sharp peak in the Ay,
channel.

However, at low energy (Aw < 1.5xJ) the Raman intensity profile is still domi-
nated by the one-pair contribution. And by plotting the Raman intensity profile in
a log-log scale (Fig. 2-15), we sce that the low-energy behavior is characterized by
a power law with exponent o = 3, similar to the value obtained in the E, channel.
Again, it can be checked on analytical ground? that the matrix element vanishes for

all one-pair state in the Dirac Hamiltonian, consistent with the numerical results.

2.2.3 Ay, channel

For the Ay, channel, to the leading order in ¢/(w;—U), the Raman process receives con-
tributions from excited states having one, two, and three pairs of spinon-antispinon.
The overall Raman intensity coming from these spinon-antispinon pairs are plotted
in Fig. 2-16. It can be seen that the continuum also appears in this channel, now
ranging from OxJ up to approximately 16x.J, which corresponds to approximately
three times the total spinon bandwidth. Moreover, sharp peaks not unlike the one
in the E, channel are observed at various energies. Again, it can be checked that
these sharp peaks can be attributed to the various features of the U(1) DSL bands,
particularly to the flat-band-to-saddle and saddle-to-saddle transitions.
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Figure 2-16: Raman intensity in the Aa, channel arising from spinon-antispinon pairs
(thick and blue), and its contribution from two-pair (thin and red) and three-pair
(thin and green) states. All computed with a bin size of 0.05x/ in energy.

Note that the low-energy Raman transition is much more prominent in the Asg
channel than that in the E, and A4 channels. In particular, the Raman intensity
in this channel has a broad peak near Aw = 1.5xJ, below which it is visibly linear.
From Fig. 2-16, the prominence of low-energy Raman transition trace back to the
relatively large average matrix elements in the one-pair transitions. Moreover, the
linear behavior suggests that [( f10al7) |2 no longer vanishes in the Dirac Hamiltonian,

so that Iipair X Dipair X Aw at low energy.

The forgoing discussion neglected an important contribution to the As; Raman in-
tensity. Recall that in computing the one-pair contribution, a mean-field factorization
is performed (Eq. (2.44)), in which the Hubbard-Stratonovich variable x;; is treated as
a constant. However, because of the emergent gauge structure in the U(1) spin-liquid
theory, the dynamics of the phase of x;; cannot really be neglected. Fortunately, since
the projection of the T-matrix onto the E, and A;, channel Egs. 2.11-2.13 involves
no non-trivial closed path, the results presented above should still be qualitatively
correctly, even though quantitative corrections to the detailed predictions (such as

the exponents of the power laws at low-energy) may be present.

The situation for the Ay, channel is different, as can be seen by considering the
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full contraction of the spin-chirality term S, - (S2 x S3) into xi;:

. 1
iS1- (82 x 83) = 1 (L)) 1) —he)
1 . ) )
= (x§°3) e'amxéoz) e“"”xgi) e — h.c.) +... (2.46)

— (C etlanstasetant) h.C.) +...,

where XE?) denotes the part of x;; that can be treated as constant, and C' = xﬁ?:,) Xé%) Xgi) /4.

For convenience I shall denote (C ei{@ik+ak+ais) —h.c.) as Qyjx henceforth.

Note that ei(®13t@s2+e21) ig the emergent gauge flux enclosed by the loop 1 — 3 —
2 — 1. Since the emergent gauge field is fluctuating, this gauge fluzr can lead to an
excitation of the kagome system. Physically, the excitations generated by @) can be
thought of as a collective excitation in the system, which exists on top of the individual
spinon-antispinon excitations. This is analogous to the situation in an ordinary Fermi

liquid, where plasmon mode exists on top of the electron-hole continuum.

Since the fluctuation of a;; can be considered as a collective excitation in the
system, as an approximation the final states | fzauge) connected to the ground state by
Q can be assumed to be lying in a separate sector than the spinon-antispinon pairs
previously considered. Then, the total Raman intensity in the Aj; channel can be
obtained by adding the contributions by these collective states to the contributions

by the spinon-antispinon pair states.

The contribution to the Raman intensity by |fgauge) can be computed from the
QQ correlator. To do so, we start with Eq. (2.46), take the continuum limit, and

Taylor expand the exponential. Then, a3+ ag +am = ¢ a-dx = [[, bd’x,

132
where 6 = 9, — Oy0, is the emergent “magnetic” field. Here @13, denotes the
closed loop 1 —+ 3 — 2 — 1 and (3, denotes the area enclosed by this path. Thus,
Qi = 2i|C] (sin(qbg) + cos(¢ho) foijkbde) ~ 2i|C| (sin(¢o) + cos(do) e b(rize)),

where C' = |C|e* and r;;; denotes the position of the three-site loop. * The QQ

3Since the photon momentum is small, we can ignore distances at the lattice scale. Thus, the
precise definition of r;;; do not concern us.
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chrelator is thus converted into a 66 correlator. Hence:

[E ) ' dt 21| (ZR > b(rijk,t)e‘iq'”f’“)t(ZR > b(rijk,O)e—iq"‘wk) 3)

(2.47)
where C' is a numerical constant, and will not be kept track of below. Note that
the photon momentum has been restored, which introduce the factor e *a7isk, with
q = k; — ks the momentum transferred to the lattice. The }_,. is a shorthand for
summing over the different three-site geometries on a unit cell with the appropriate
coefficients, as is shown in Eq. (2.14).

Since 6 = D0y, — Oyaz, b(x) = 3., (ik X €x)are™™ — (ik x €})age =, where €,
is the polarization of the emergent gauge field at momentum k. Moreover, ai|i) =0
and (i\az = 0. Hence, upon Fourier transform,

L5 o (i(iq - €q)arq(Aw)af (0) (—ig - €)]i) - (2.48)

The correlator that we need to compute is thus one of a gauge field in 2+1 dimen-
sions coupled to relativistic fermions (i.e., fermions described by the Dirac Hamilto-
nian Eq. (1.24)). This situation has been considered by Ioffe and Larkin[83] under
the context of high-T, superconductivity, who found that:

1 whas + V7q*0ap — VEals

Mas(q,we) = ¢ O , (2.49)

where I1,5(q,wg) is the polarization function of the gauge field in Euclidean space-

time, and vy = xJa/+/2h is the Fermi velocity at the Dirac node. Hence,

(gauge) 2 8

7°O(Aw — vpq) .
(At =gz T

(2.50)

For herbertsmithite, vz is estimated[74] to be 5.0 x 10® m/s. Hence, even at back
scattering and with optical light at wavelength A ~ 500 nm, vpq corresponds to a

frequency shift of approximately 4.0 cm~! only, which is too small to be resolved by

68



current instruments. Therefore, the collective excitation associated with the gauge
flux will appear as a characteristic 1/w singularity in experiments.

Physically, if the gauge boson is non-dissipative, the Green’s function would have
a simple pole, corresponding to a sharp delta-function-like signal. That we have a
1/w singularity in place of a delta function tells us that the gauge photon mode
is strongly dissipative and is in fact overdamped. Following the analogy with the
ordinary plasmon mode as stated above, this dissipative behavior of the emergent

gauge boson can be thought of as the analog of the Landau damping.

2.2.4 Discussions

In this chapter I have presented calculations of Raman intensity profile based on
the Shastry-Shraiman formalism, assuming the validity of the U(1) Dirac spin-liquid
state. The results show a broad continuum in the Raman intensity profile in all
symmetry channels, each displays a power-law behavior at low energy. Moreover,
the profiles are found to be invariant under arbitrary rotations in the kagome plane.
For the E, and the Ay, channels, the continuum is accompanied by occasional sharp
peaks that can be attributed to the various features of the U(1) DSL bands. In
addition, the Raman intensity profile in the A,, channel also contains a characteristic
1/w singularity, which arose in our model from an excitation of the emergent U(1)
gauge field.

However, several caveats in our theoretical predictions should be noted. First, in
order to compare with experimental data, xJ must be converted to physical units. In
Ref. [74], Hermele et. al. estimated x by fitting the spectrum of projected one-particle
excitations to the mean-field band structure, and found that x ~ 0.40. Together with
J =~ 190K, this gives xJ ~ 56 cm~!. However, there is considerable uncertainty in
this estimation, and so it may be a good idea to take x as a fitting parameter when
comparisons with experiments are made.

Second, when the contribution to the Raman intensity profile by spinon-antispinon
pairs are calculated, the excited spinons and antispinons have essentially been treated

as free fermions. However, they should really be regarded as complicated composite
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fermions, which interact with each other through an effective gauge field. Conse-
quently, the actual excitation spectrum of the quasiparticles will almost certainly
look quantitatively different from the ones presented here. Specifically, there may be
finite lifetime effects, particularly prominent at high-energy, that causes the Raman
intensity profile to be “washed out” compared with the ones presented here. Because
of this, the sharp peaks that appear in Figs. 2-9 and 2-16 may not be present in the
actual data. Furthermore, while the low-energy power-law structure of the Raman
intensity profile is expected to survive, the detailed exponent is almost certainly mod-
ified from their mean-field values. Similarly, the contribution of Raman intensity in
the Ay, channel by the emergent gauge boson may scale as Iﬁf;“ge) x (Aw)®, with a

modified from —1.

Third, in the derivation of the operators that correspond to the Raman transitions
in the different channels, Eqs. 2.11-2.14, we stopped at the zeroth order in t/U and
the leading order in t/(w; — U). While terms higher order in ¢/U can be safely
neglected, the same cannot be said for ¢/(w; — U), particularly near resonance (w; =~
U). Therefore, these higher-order contributions, which modify the Raman intensity
profile from those presented in the previous sections, may show up in actual data.
In particular, the Raman intensity profile may not exhibit the abrupt drops as in
Figs. 2-9 and 2-14. Furthermore, since Dipayr < Aw, a power-law with exponent

much closer to 1 may be found in the E; and A4 channels at low energy.

Fourth, while it is argued that a 1/w singularity should be present in the Ay,
channel, we have lost track of the ratio between its contribution and that by the
spinon-antispinon pairs. Since the intensity of this singularity is proportional lg|?,
it may be difficult to detect in optical Raman spectroscopy, in which the momentum

transfer g is much smaller than the inverse of lattice constant.

In the beginning of this chapter I have mentioned the proposal by Cepas et. al. to
distinguish between the spin-liquid state and the VBS state by the angular dependence
of the Raman intensity profile. In light of the results presented in this chapter, there
is another feature in the Raman spectrum that can be used to distinguish between

the two states. For in general, in a VBS state the spin excitations is gapped, while
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in a spin-liquid state it is gapless. Consequently, the Raman intensity profile should
show an exponential dependence in the former case, and a power-law dependence in
the latter case.

Recently, Wulferding et. al.[84] have obtained Raman intensity data for herbert-
smithite. Their data, extending from 30 to 1500 cm ™', shows a broad background that
persists beyond 500 cm™!, in addition to a quasielastic line and several sharp peaks at
finite frequency shifts. Furthermore, at low temperature (5 K) the quasielastic line is
suppressed and the low-energy portion of their data shows a linear dependence with
respect to the Raman shift. While their data are quantitatively different from the
results of our theoretical calculations presented in Secs. 2.2.1-2.2.3, the existence of
a broad continuum can be seen as consistent with the U(1) Dirac spin-liquid model,
even though the appearances of the other features would require the consideration of
extra contributions (e.g., from the Zn impurities[57, 61]) that are not present in our

model.

2.3 Extension to RIXS

In the previous section I have discussed the possibility of detecting the emergent gauge
boson in Raman scattering. From Eq. (2.50), it can be seen that the resulting signal
will be suppressed by a factor of g%. Moreover, since the threshold for the signal, vgg,
is expected to be small, one has to look at the scaling behavior of the signal at low
frequency shifts, which may not produce as clear a signature as a well-defined peak at
finite frequency shifts. Given that RIXS can in principle probe excitations that are
at finite momenta, one may wonder if RIXS offers a better opportunity for detecting
this emergent gauge boson.

Because of the exponential decay of atomic orbital wavefunction, and because the
electromagnetic fields of the photons may complete many cycles of oscillation across
the distance between two atomic sites, in most RIXS experiments the transitions
that accompany the absorption or emission of photons are dominated by virtual

states in which the core hole and the extra valence electron are located on the same
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site [85, 86, 87]. Compared to the inter-site transitions in the Raman case, the
polarizations of the incident and scattered photons in such intra-site transitions are
not coupled to the chirality of the hopping pathways. Consequently, the spin-chirality

terms from hopping pathways that carry opposite chiralities will cancel out each other.

However, intra-site transitions can in principle be suppressed if the photon fre-
quency is tuned to a forbidden atomic transition (e.g., an 1s-3d transition in Cu?*).
Moreover, the issues of reduced wavefunction overlap for inter-site transition and
rapid electromagnetic field oscillation can be partially alleviated by tuning to transi-
tions to and from core electrons of higher principal quantum numbers, and the issue
of rapid electromagnetic field oscillation can be further alleviated by arranging the
photon momenta to be at large angle relative to the direction of the site-to-site bond.
Unless the inter-site transitions are forbidden by symmetry reason, such setup offers
a possibility in which effects of spin-chirality terms can be observed in polarization

filtered signals.

In the specific case of herbertsmithite, the half-filled 3d orbital in Cu®T are oriented
such that the electron lopes are pointing roughly at the direction of the oxygen,
which is tilted away from the kagome plane by an angle of approximately 30° and
is making an angle with the Cu—Cu bond by approximately 15° (see Fig. 2-17(a)).
While the orientation of the half-filled 3d orbital may not be optimal in maximizing
the matrix element of the transition, there is no general symmetry reason for it to
vanish either. Moreover, from the available data in cuprates, the transition energy
of the 1s-3d (pre K-edge), 2s-3d (pre L-edge), and 3s-3d (pre M-edge) in Cu®" are
of the order of 10 keV, 1 keV, and 100 eV respectively [85, 88, 89]. Compared with
the Coulomb repulsion U of the top 3d orbital in Cu?*, which is less than 10 eV,
the enhancement to the Raman signature of the emergent gauge boson from the g?
factor in these transitions can be substantial. Furthermore, since the nearest-neighbor
Cu-Cu distance in herbertsmithite is approximately 3.5 A [26], in both the 2s-3d
(wavenumber ~ 0.5 A) and 3s-3d (wavenumber ~ 0.05 A) transitions the photon
electromagnetic field will be relatively in-phase across the Cu—Cu bond even without

arranging photon momenta to be at large angle relative to the kagome plane. Thus,
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(a) (b)

Figure 2-17: The orientation of the half-filled 3d orbitals of Cu®* in (a) herbert-
smithite and (b) cuprates. The Red and blue shading of the orbital indicates relative
signs. For simplicity the tilt of the orbitals from the kagome plane in herbertsmithite
is omitted.

even after the reduced matrix element in the photon-induced transitions are taken
into account, the 2s-3d and 3s-3d may still be promising for detecting the emergent

gauge boson of the U(1) DSL state.

Focusing on RIXS processes that involves inter-site photon induced transitions,
one can modify the Shastry—Shraiman formulation to obtain an effective T-matrix in
terms of spin operators. The major changes are: First, the electron-photon coupling
H¢ now corresponds to photon-induced hopping in which a core hole and a valence
3d electron are created or annihilated. To describe such process, one of the valence
electron operator in Eq. (2.2) should be replace by the respective operator for the
core electron, and the constants ¢;; in Eq. (2.2) must be replaced by the appropriate
constant that take into account of the matrix element of the core-to-valence transition,
whose magnitude I shall denote by j. Observe that from symmetry consideration
the sign of j now depends whether the hop is clockwise or anticlockwise relative to
the center of the triangle, as evident from Fig. 2-17(a). Similarly, for the case of
cuprates, the sign of j depends on whether which crystal axes the hop is aligned to
(c.f. Fig. 2-17(b)). Second, while both the doublon and holon can hop around in the

Raman case, in RIXS it is more appropriate to assume that the core-hole is immobile.
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Figure 2-18: Pathways that contribute to RIXS to order (¢, 7)*/&?.

Third, the energy denominator U —w; that appears in the original Shastry—Shraiman
formulation must be replaced by the appropriate energy difference between the initial
and virtual state, which I shall call £&. Note that the finite lifetime of the core
hole can be incorporated in this formulation by adding an imaginary part iI' to ;.
Finally, in the RIXS case the core hole and the valence doublon can co-exist on the
same site. However, since the two interact with each other via (possibly screened)
Coulomb interaction, the energy denominator must be modified from &; to & — U,
when they reside on the same site (numerically, U, is estimated to be approximately
7 eV for cuprates, which is about 0.8 of U that appears in Hubbard model in that
case [86]). Since it is assumed that we are near resonance (¢t < & < U) and that
t < U, pathways that contains intermediate states in which core hole and valence
doublons reside on the same site should be considered as contributions first order in

the expansion in t/U.

With the above changes, one can repeat the derivation of transition matrix in the
Shastry-Shraiman formulation. Up to the choice of the initial site and initial current,
pathways that contribute up to the order O(t252/&}) are listed Fig. 2-18. Note that
the contributions from the pathways in Fig. 2-18(d) and Fig. 2-18(e) are identical to
that from Fig. 2-18(c) upon relabeling the third lattice site. The contributions from
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Figure 2-19: Pathways that contribute to the spin chirality term in RIXS.

the pathways in Fig. 2-18(a) — Fig. 2-18(c) are (recall that our convention of unit
vectors have been defined in Fig. 2-6):

7, = (e 2D ey ey = Lt irtad = ~(1epL . @30
73 = et(ep) LD eyl = - petey )
= (e (5+25:54) -
7, = es(-2 D e e e ) = = petey el ia)
e
(2.53)

where c. (c!) denotes the electron annihilation (creation) operator associated with

the core hole.

Unfortunately, none of these pathways give rise to a spin-chirality term. In fact,
it can be checked that the lowest-order terms that contribute to the spin-chirality

terms are the ones in which the doublon hops through a hexagon, as depicted in
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Fig. 2-19(a), which is of order t*;2/£7:

(i) i)
5 :

|
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t4j2
= ——geféif tr{XeXsXaX3X2} (2.54)

- (a:—w)it4j2 S S S
= —(eie}) 5z3 Z o (SpxS.),

1 9<a<bc<t

where I retain only the spin-chirality contributions on the third line. As in the Raman
case, one can then sum over all possible initial current and initial site to obtain a non-
zero overall contribution to the spin-chirality term in the Ay, channel.
Alternatively, if one counts also the pathways that are first order in the expansion
in t/U, the process in which the doublon hops through the core-hole site to the third
site of the triangle (Fig. 2-19(b)) also contribute to the spin chirality term:
. 9y - 2.9
1y, = et (ep) "YU e eledched) = gy gy eFey sl
2it2 52

= (61' 6f)——512(51 — UC)S;g . (Sl X SQ) s

(2.55)
If we assume that & in RIXS and (w; — U) in Raman spectroscopy are of the
same order, we see that the coefficients of spin-chirality term in the RIXS T-matrix
is down by a factor of j2/(t?U) or j2/€? when compared to the Raman case. While
this counts as a disadvantage to RIXS, one should also remember that the coupling
between the emergent gauge boson and the spin-chirality term is enhanced by a
factor of . Thus, when both effects is accounted for, RIXS may still holds hopes for
observing the emergent gauge boson in the U (1) DSL state. In addition, because of
the finite momentum transfer in RIXS, the signal from the emergent gauge boson will
now have a threshold at Aw = vgg in addition to the 1/(Aw? — v}q?)'/? decay, which
may help to distinguish the emergent gauge boson from other signals.
It is also interesting to remark that the dichotomy of the square lattice versus
kagome lattice is essentially reversed here: While contribution to the spin-chirality

term vanishes at the t252/E? order in the kagome lattice, it is non-vanishing for the
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square lattice at this order. Specifically, the only legitimate pathway that remains

from Fig. 2-1 is the one in Fig. 2-1(a), which contributes:

ij)(—=t)*(=ij t%5°
7 = e LT (o) (den) (ea)ehed) = = Frrereh o)
1 1
) oy 208252
= —(eiey) & S5+ (84 % 82) .

(2.56)

It can then be easily check that sum over different directions of initial current produces
a non-vanishing contribution to the spin-chirality term. Consequently, the effect of
spin-chirality term in RIXS may be much more prominent in the cuprates as compared

to herbertsmithite.
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Chapter 3

The U(1) DSL state in B-field

In this chapter I shall consider the effect of weak magnetic field on the U (1) DSL state.
As explained in the introduction, the U(1) DSL state can be considered as a quantum
critical phase with many competing orders. The application of an external magnetic
field as a perturbation is thus likely to tilt the delicate balance between the various
orders and thus lead to new behaviors of the system. What I will show is that at the
mean-field level, the Landau level (LL) state obtained by adding a uniform emergent
gauge flux on top of the U(1) DSL ansatz will produce a lower energy than the Fermi
pocket state in which the background emergent gauge flux pattern is unmodified.
Unlike in the familiar case of quantum Hall systems, the LL state obtained this way
contains a gapless mode, which turns out to carry S, = 1. Importantly, the existence
of this gapless S, fluctuation implies that the XY-symmetry is broken in the system.
In other words, in addition to the tilting of spins along the direction of the applied B-
field, the component of spins perpendicular to the applied B-field will also be ordered
in this phase.

3.1 Landau level state vs. Fermi pocket state

Recall that the charge degree of freedom is frozen in a Mott insulator. Conse-
quently, the only effect of an external magnetic field is to add a Zeeman term

AHy = —gugpY_; B - S; to the Heisenberg Hamiltonian Eq. (1.3). For convenience
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Figure 3-1: The formation of Landau levels in the spin-1/2 kagome system when an
external B-field is applied.

we shall choose our spin quantization axis such that the B-field is along the +2 di-
rection (note that the spin quantization axis and the axes of the kagome lattice need
not be related). Then, if we assume that the mean-field state is still described by
the U(1) DSL ansatz of having 0 flux through the triangles and 7 flux through the
hexagons, then in the mean-field picture the only change from the zero-field case is
that the filling fraction of the up and down spins are modified, which results in spinon
Fermi pockets for the up-spins antispinon Fermi pocket in the down-spins. For future
reference, such state will be referred to as the “Fermi pocket” (FP) state.

However, it is possible that other mean-field ansatzes will produce lower ener-
gies. Recall that in the zero-field case the U(1) DSL has been argued to be a global
minimum in energy. Thus, if the external B-field is sufficiently small, the new global
minimum should be related to the U(1) DSL state by small perturbation in the mean-
field parameters.

In particular, one can imagine perturbing the U(1) DSL ansatz such that an
additional amount of uniform background emergent gauge flux is introduced. In such
case, from the Dirac node structure of the spinon bands at low energies and from
elementary quantum mechanics, it is easy to see that the spinon energy spectrum
will then be described by Landau levels (LLs) having energy &, = 4vv/2né and
degeneracy N, = 6A/2m, where 6 = 0, — 9y, is the “magnetic field” associated
with the emergent gauge field a and A is the area of the lattice, both taken in an
appropriate continuum limit.

Observe that the Landau level spectrum has zero energy states, in which there
is no energy cost to occupy a spinon. As a result, in the spinon sector it would be

energetically favorable to have Landau levels opened. To be precise, if we set aside
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Figure 3-2: Energy difference between the FP state and the LL state for a single
direct cone when An is held fixed while & varies.

the Zeeman energy (which is common to both the FP state and the LL state) and
define the Dirac cone filled to the Dirac point as the zero-energy reference point, then
for a single Dirac cone, the energy density of the FP state with excess spinon density

of An > 0 is given by:

2 VarAn 1.2
Tk F/ E 2ﬁ(A”)3/2 ; (3.1)

A = k _—
€FP v/|k‘§kp UFI I (27T)2 27!‘ 3

while under a uniform emergent “magnetic” field 6, the energy of the corresponding

LL state is given by:

IA-1/2] 0 12
bvp 17 1 k*dk
AELL = —2-;‘ n;w sgn(n) 2|’I’l|b + [[/\ - §I| 26 ‘V)\ - 5_] - /_Oo o y
(3.2)
where A\ = 27An/b, and which sgn(z), |z, [z], and [z] denotes the sign, floor,

ceiling, and fractional part of z, respectively. Note that the lower limit of the sum
and the integral in Eq. (3.2) has to be taken together in a consistent manner, since

each expression is by itself divergent.

In Fig. 3-2 the energy difference between the FP state and the LL state is plotted
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as a function of the emergent “magnetic” field & at a fixed An (note that by particle-
hole symmetry of the Dirac cone the energy difference between the FP state and the
LL state is independent of the sign of An). From the plot, it is clear that the spinon
energy is minimized for a LL state in which there are two flux quanta of the emergent
gauge flux per Dirac cone spinon, which corresponds to the case where the zeroth LL
is exactly filled (or, when An < 0, exactly emptied). In such case the energy of the

LL state is known to have the closed form expression [90, 91]:

. _ C(3/2)(An)*?

LL — \/-2—71' ) (3'3)

where ((z) is the Riemann zeta function.

Since at the mean-field level the fluctuation of the emergent gauge field costs no
additional energy, from the above argument we see that if (Ny — N,)/A = z, then the
ansatz in which 6 = z/2 uniformly on top of the U(1) DSL flux pattern will be the
most energetically favorable state at the mean-field level. In the following we shall

focus on the physical property of this particular LL state.

3.2 Chern—Simons theory, gapless mode, and XY

order

To describe the low-energy properties of this LL state, it is useful to adopt a hy-
drodynamic approach well-known in the quantum Hall literature[92, 93, 94]. In this
approach, a duality transformation is applied, in which a gauge field is introduced to

describe the current associated with a matter field, and which the two are related by:

JH = %e“”‘aja,\ , (3.4)

where J# is the current of the matter field and ay is the associated gauge field.
Here u, v, and X are spacetime indices that run from 0 to 2, and e" is the totally

antisymmetric Levi-Civita symbol.
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In this formalism, a single-layer quantum Hall system of filling fraction (a.k.a.

Hall number) v = 1/m is described by the following effective Lagrangian:

3

where A* is the external electromagnetic field and “...” represents terms with higher
derivatives, and hence unimportant at low energies. In particular, at the lowest order

in derivatives among the terms dropped is the “Maxwell term”:
1 BV Gt
LMaxwell = ——2?(8,@,, — dya,)(0*a” — 0"a"). (3.6)

The effective Lagrangian Eq. (3.5) can be understood by considering the equation
of motion (EOM) with respect to the dual gauge field a#, which in the time-component
gives v = 21J°/(—eB), in agreement with the LL picture and the interpretation of v

as the filling fraction.

For an N-layer quantum Hall system, Eq. (3.5) generalizes to:

1 e
L= ——E/WACL[MK[J&,(IJ,\ — ——6‘“’)‘an1“8,,14,\ -+ ...
AT 27

1 LU € BUA (37)
=€ a,Ko,a — 3¢ (g-a,)0,A\+ ...

here a¥ is the dual gauge field that corresponds to the matter field in the I-th layer,
a, = (a4,...,d%)" and ¢ = (qu,...,qn)T are N-by-1 vectors, and K = [Ky,] is an
N-by-N real symmetric matrix.

Except that external EM field A* is replace by an emergent gauge field o here
(recall that the external electro-magnetic field appears only in the Zeeman term, and
has no implication on orbital motion), the LL state discussed in the previous section
is completely analogous to a multi-layer quantum Hall system. In particular, recall
there there is one flux quanta of emergent gauge field per excess up-spin (and for each
excess up-spin there is one deficient down-spin). Thus, if we treat the up-spin and
down-spin as separate species, then the up-spin has Hall conductance +1 while the

down-spin has Hall conductance —1. The low-energy effective theory that describes
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the LL state is thus given by the following Chern—Simons theory:!

1 v 1 VA 1 A
L= —21—7;6” am&,aT,\ + EEM aw&,ap\ =+ _ﬂepu (aw + aw) ooy + ...

2
1 (3.8)
= _EGW c,Kden+...
where the K-matrix is given by:

0 -1 -1
K=| -1 1 0 : (3.9)

-1 0 -1
As before, the “...” denotes terms higher in derivatives, including first and foremost

the Maxwell term analogous to Eq. (3.6). In the second line, we have combined the
three gauge fields internal to the system into a column vector ¢* = (a*; af, af)". For
brevity, henceforth we shall omit spacetime indices that are internally contracted,
e.g., writing adb instead of €¢***a,d,by and (eda)* instead of ¢#*d,ax. In a similar
spirit, we shall write dada instead of (d,a, — 0,a,)(0ua, — O,a,) for the Maxwell
term.

Note that unlike Eq. (3.7), we have included the emergent gauge field o in c*.
This is because o is internal to the system and can be spontaneously generated while
the EM field in the usual quantum Hall case is external and fixed. This distinction
is crucial when considering the compressibility of the system. Usually, the formation
of LLs implies that all excitations (single-particle or collective) are gapped, which in
turn implies that the state is incompressible. However, this is true only if the gauge
field that couples to the matter fields is external. Since the « field is internal to the
system, it can fluctuate smoothly in space while keeping the LL structure intact and
the overall spin imbalance unchanged. Intuitively, if the « field varies across space
at a sufficiently long wavelength, then the spinons in each local spatial region can

still be described by the LL picture, but the LLs will have a larger (smaller) spacing

In a more detailed treatment each Dirac nodes can be treated as a separate species. This,
however, will introduce an unnecessary complication for the present purpose. For more details, sce
Sec. 4.2
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Figure 3-3: The physical picture of the breathing mode when external magnetic field
is applied. The filled LL states are indicated by thick horizontal lines while the
unfilled LL states are indicated by the thin (black) horizontal lines. The original
band structure for spinon when no additional « flux is introduced is also indicated in
the background (gray).

in regions where the o field is stronger (weaker). Since the LL structure is intact
and the wavelength of this variation can be made arbitrarily long, the energy cost of
such “breathing mode” can be made arbitrarily small. This breathing mode is thus a
gapless density mode of the system. See Fig. 3-3 for illustration. Note that all species

of spinons co-fluctuate with the « field in this density mode.

The other excitations of the system can be grouped into two general types. The
first type consists of smooth density fluctuations in which the fluctuations of spinons,
and o field are mismatched. The second type consists of quasiparticle excitations
that involve spinons excited from one LL to another. Both types of excitations are
gapped.

In terms of the Chern—Simons formulation, it is easy to check that the K-matrix in
Eq. (3.9) contains ezactly one zero eigenvalue, with eigenvector py = (1;1-1)T. Let \;
be the eigenvalues of K, with p; the corresponding eigenvectors, let P = [py, Py, Ps] be
the orthogonal matrix form by the eigenvectors of K, and let d = (d), ), &y)T = Ple.

Then, Eq. (3.8) can be rewritten in terms of ¢’ as:

1
L= e Z \jec;ac; + g0cdcy + . .. (3.10)
>0
The Maxwell term gdc,d¢), for ¢, in Eq. (3.10) originates from the terms in “...” of
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Eq. (3.8), which is ordinarily suppressed by the Chern-Simons terms. However, since
the Chern-Simons term ecdc vanishes for ¢f,, the Mazwell terms term becomes the
dominant term for cj at low-energy. Note that although at the mean-field level the
a field itself does not have a Maxwell term, the zero-mode ¢y does have a Maxwell

term originated from the matter-field components.

The existence of this gapless mode is in fact a rather general consequence of zero
total Hall number (i.e., ", secies ¥ = 0)- See Ref. [93]. Since the Maxwell term has
a gapless linearly-dispersing spectrum, we see that the ¢ indeed corresponds to a
gapless excitation. Moreover, since all other gauge-field components have non-zero
Chern—Simons terms, excitations in these gauge-field components are gapped (these
excitations corresponds to the “mismatched” density ﬂuctﬁation mentioned earlier),

verifying the earlier assertion that there is only one gapless density mode.

From the physical picture depicted in Fig. 3-3, it is evident that the fluctuation
of the gapless mode is tied (via the variation of LL degeneracy across space) to the
fluctuation in S,. More specifically, since each quanta of o flux is tied to one excess
up-spin and one deficient down-spin in the gapless mode, and since the two spin
species carry S, = £1/2 quantum numbers, it follows that each flux quanta of the
gauge field cj* that corresponds to the gapless mode carries S, = 1 quantum number.
In the Chern-Simons formulation this is manifested by the fact that s - p, = 1, in
which s = (0;1/2,—1/2)7 is the “spin vector” that marked the S, quantum number

carried by the different matter field species.

Recall that the S, quantum number of the system is conserved at a fixed external
magnetic field B. The existence of a linearly-dispersing gapless mode of this conserved
density as the only gapless excitation of the system is, amazingly, an indication that
corresponding symmetry is spontaneously broken in the ground state [95, 96]. The
more familiar example is that of superfluidity, where the phonon mode is the signature
of Bose condensation. The argument relies on the duality between the compact
U(1) gauge theory £ = 55(e’ —b?) and the XY model £ = >, (0,0)? in 2 +1
dimensions (35, 97], in which the magnetic field b corresponds to § and the electric

field e corresponds to a vector normal to V8 (to be precise, e; = €;;0;6). The latter
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relation implies that electric charge which is the source of 1/r electric field in the
gauge theory corresponds to a vortex in the XY ordered phase. In the deconfined
(Coulomb) phase, the photon is the only gapless excitation. It corresponds to the
Goldstone mode of the ordered XY model.

By definition the insertion of a monopole at time 7 creates an additional flux
quanta, which in our case is tied to the addition of S, = 1. Since the total spin is
conserved, the appearance of free monopoles and anti-monopoles is strictly forbidden
and we are in the Coulomb phase. On the other hand we can insert by hand a
monopole at position i and remove it at position j. The action of the monopole—anti-
monopole pair in 2+ 1 dimensions is the same as the Coulomb energy between charges
in 3 spatial dimensions and goes as 1/r. Hence (V(r)!V (r')) ~ exp(—|r — r/|7!) has
long range correlation. Since the slowly varying field operator VT increases S, by
1, it is related to the lattice-scale spin operator S;, but with a possible staggering
pattern. i.e., we may write VI ~ Y e S}, where the sum is restricted to the lattice
sites in the vicinity of where the flux is inserted. The above reasoning thus indicates
that the spin is ordered in the XY plane (i.e., the plane perpendicular to the applied
field).

Note from the above argument that the monopole operator V1 in the effective
QED; description of the U(1) DSL state is essentially the staggered magnetization
operator of the XY order. Moreover, since the B-field is coupled to conserved quanti-
ties, it has scaling dimension 1 in the QED; description. From these, it follows that
the staggered magnetization M in the XY plane must scale as M ~ B?, where z is

scaling dimension of the monopole operator in the U(1) DSL state.

3.3 Discussions

While the mean-field arguments given in the above sections suggest that an XY order
will develop when the spin-1/2 kagome system is subjected to an external magnetic
field, there are some loose ends that need to be addressed. First, since the above

arguments are made at the mean-field level, one may doubt if the preference of the
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Figure 3-4: VMC results for the U(1) DSL state under external B-field: (a) Energy
density Ae of the LL state and the FP state as a function of spin imbalance density
An. The solid and dotted lines are obtained by fitting the data to the scaling form
Ae = aAn®? + bAn2. (b) The XY spin order in the LL state, in which the number
besides each spin is the relative phase of S;” operator computed by projected LL state
in units of m Note that the relative phase of the spin at the left-bottom corner is set
as zero. Both figures are taken from Ref. [98]

LL state over the FP state will remain unchanged when the fluctuation of the emergent
gauge field is taken into account. Second, while the above argument suggests that
the system will be XY ordered, the precise ordering pattern has not been determined.
Since the ordering pattern of a spin system can be measured in neutron scattering, it
is particularly desirable to obtain this information for the LL state.

Fortunately, the two issues mentioned above can be resolved by preforming varia-
tional Monte Carlo calculations on the projected wavefunction (c.f. Sec. 1.2.2), which
has been carried out by Ying Ran in the paper that we published on this subject [98].
From the results, it is indeed confirmed that the projected LL state has a lower energy
than the projected FP state (Fig. 3-4(a)). Moreover, the ordering pattern is found to
be the ¢ = 0 state in the literature of classical kagome spin system (Fig. 3-4(b)).

In addition, one may also wonder how the picture may have changed if further
interactions, in particular the Dzyaloshinskii-Moriya term, is added to the system.
Interestingly, it turns out that if the DM is treated as a perturbation to the U(1)
DSL state, then the effect it has in the low-energy effective theory is completely
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analogous to the effect of the Zeeman term [74]. Thus the presence of the DM term
is likely to enhance the XY order that have appeared in this chapter.

As mentioned in Sec. 1.3.2, the question of whether the ground state of the spin-
1/2 kagome system is a valence bond solid or a spin liquid has not be settled conclu-
sively. If the spin-1/2 kagome system is a VBS, it will surely not break S, symmetry
in a small magnetic field because the VBS phases are fully gapped. The S, symmetry
can be broken at an external magnetic field larger than the spin gap due to the triplon
condensation. However the XY magnetic order generated in this fashion is unlikely to
be the ¢ = 0 pattern because the VBS orders itself breaks translation symmetries and
thus the corresponding XY orders are also likely to break translation symmetries and
result in a large unit cell. Therefore the spontaneous spin ordering presented in this
chapter can be used to differentiate the U(1) DSL from VBS states experimentally.

Furthermore, since the LL state breaks the parity and S, rotation symmetry, it
is separated from the high temperature paramagnetic phase by at least one finite
temperature phase transition. This transition can be first order or continuous. If
the transition is a continuous one that restores the S,-U(1) symmetry, it is expected
to be in the Kosterlitz-Thouless universality, and the transition temperature can be
estimated as T, ~ "—,fBE when ppB < xJ. This is because the external magnetic field
B is the only energy scale if it is much smaller than the spinon bandwidth. Since
these are intrinsic ﬁroperties of the U(1) DSL state in magnetic field, they can be
used to experimentally detect the possible DSL ground state in Herbertsmithite and

other materials where a U(1) DSL state may be realized.
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Chapter 4

Doping the U(1) DSL state

So far much of the theoretical and experimental efforts of the kagome system has been
focused in the half-filled (i.e., spin-1/2) case, including the works I presented in the two
previous chapters. However, given Anderson’s proposal that the pscudo-gap phase of
the cuprates can be considered as a spin liquid [21], it would be interesting to consider
what may happen to the spin-liquid state when the system is doped. Experimentally,
doping in herbertsmithite can be achieved by substituting the chlorine with sulfur
in herbertsmithite. And as explained in the Sec. 1.2.3, a theoretical description of
the doped case can be obtained by extending the Schwinger fermion representation

Egs. (1.6)—(1.8) to the slave-boson representation Eq. (1.17).

In this chapter I shall present my work on the theoretical study of doping the
U(1) DSL state. In light of Anderson’s proposal [21] and the phase diagram of
the cuprate, one may expect that the system becomes superconducting once it has
been doped. This is indeed what we shall find. However, the superconducting state
thus obtained turns out to be more interesting than usual. In particular, I shall
argue that the superconductor contains minimal vortices of flux hc/4e, and may
contain fractionalized quasiparticles having semionic mutual statistics. As the the
case of external magnetic field studied in Chapter 3, the emergent gauge field and the
possibility of a Landau level structure will play important roles in producing these

properties of the doped system.
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4.1 Landau-level picture of the doped state

If we assume that the doped kagomé system is described by the U(1) DSL ansatz as
in the undoped case, and that the doping is z per site, then each doubled unit cell will
contain 6z holons and 3 — 3z spinons per spin. By Fermi statistics, the spinons will
fill the lowest 3 — 3z bands and thus can be described by anti-spinon pockets at each
Dirac node. Similarly, by Bose statistics the holons will condense at each quadratic
band bottom. As in Chapter 3, such state shall be referred to as the Fermi-pocket
(FP) state.

However, as in Chapter 3, one may consider an ansatz in which an additional
amount of uniform « flux is included, whose effect would be to produce Landau levels
(LLs) in both the holon and spinon sector. As before, such state shall be referred
to as the LL state. Recall that in the absence of holons, both mean-field calculation
and projection wavefunction study indicate that the LL state is energetically favored
over the FP state. Since the spinon bands are linear near half-filling while the lowest
holon band is quadratic near its bottoms, at the mean-field level the energy gain from
the spinon sector (which scales as 3/2 power of the 6 field) will be larger than the
energy cost in the holon sector (which scales as square of the & field) at low doping.
Therefore, even after the holons are taken into account, the LL state is expected to

have a lower energy than the FP state.

Furthermore, from mean-field it can be seen that the energy gain will be maximal
when the « field is adjusted such that the zeroth spinon LLs are exactly empty. Since
each flux quanta of the « field corresponds to one state in each LL, and that each
anti-spinon pocket contains 3z/2 states for a doping of x per site, the flux must be

3z flux quanta per doubled unit cell for this to happen.

As for the holon sector, there are 6z holons per doubled unit cell or equivalently
3z /2 holons per band bottom. Since the holon carries the electric charge and are
hence are mutually repulsive, one may expect them to fill the four band bottoms
symmetrically. In such case the first LL of each of the holon band bottom would be

exactly half-filled, which implies that the holons would form four Laughlin v = 1/2
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quantum Hall states. Since the Laughlin v = 1/2 state is gapped and incompressible,

this symmetric scenario should be energetically favorable.!

4.2 Chern—Simons theory of the doped state

From the physical arguments given above, it can be seen that the effective description
of the doped system is again analogous to that of a mulit-layered quantum Hall
system, and thus may contain non-trivial topological orders, manifesting in, e.g.,
fractional quasiparticles with non-trivial statistics. As in Chapter 3, a hydrodynamic
approach, in which a gauge field is introduced to describe the current associated with
a matter field as in Eq. (3.4), will be adopted to describe the system.

For the holon sector, we can represent the holons at each of the four band bottoms
by a dual gauge field b, (J = 1,2,3,4). Since the holons at each band bottom form
a Laughlin v = 1/2 state, the total Hall number for the holon sector is > ;v; = 2.
For the spinon sector the situation is more subtle. Since the zeroth LL is empty and
all the LLs below it are fully filled at each Dirac node, we may represent the spinons
near each of the four Dirac nodes by a dual gauge field o/ (I = 1,2,3,4) having Hall
number ¥ = —1. However, since « is internal to the system, the combined system of

holons and spinons must be a neutral, which requires ) | v = 0 and hence in the

all species
spinon sector ), vy = —2. To circumvent this problem, we introduce two additional
dual gauge fields af and af, each having Hall number v = +1. The two fields af and
af can be thought of as arising from the physics of spinons near the band bottoms
of the two spin species. In this setting, af,...,a} are expected to carry good spin
and k quantum numbers,? while a§ and a are expected to carry good spin quantum

number only. Note also that af, ..., a} possess an emergent SU(4) symmetry of spin

and pseudo-spin (i.e., k-points).

1The stability of the Laughlin v = 1/2 state of boson can be seen by flux attachment argument.
Since there are two flux quanta per boson, attaching one flux quanta to each boson maps the
Laughlin v = 1/2 state of boson to an integer quantum Hall state of fermion, which is gapped and
incompressible. In contrast, a ¥ = 1 quantum Hall state for boson is mapped to a free fermion gas
upon attaching one flux quanta to each boson, and hence is unstable.

2The k quantum numbers should be regarded as center-of-mass crystal momentum of the Hall
condensate.
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In the present case we will be interested in the vortices and the quasiparticles
in the system, which can be included in the Chern-Simons formulation by adding a
“charge” term to the Chern-Simons Lagrangian. In particular, for a single vortex or
quasiparticle, the Lagrangian of the single-layer quantum Hall system, Eq. (3.5), is
modified to:

L= "%6‘“’*@&% - Q-iT‘E”VAauavAA + laygy + .. (4.1)

where j{, is the current density associated with vortices or quasiparticles. Note that
from the duality transformation Eq. (3.4), the charge term AL = fa,ji; in the dual
Lagrangian Eq. (4.1) can alternatively be viewed as a source of vortex in the matter
field current J*, in agreement with the interpretation of this term as a physical
vortex. To see that the charge term can also be interpreted as a quasiparticle, one
can consider the equation of motion with respect to the dual gauge fields. With a
stationary quasiparticle at xo such that j§, = (6(z — 20),0,0), the EOM reads, in the
time-component:

JO = —%B 4wz — o) + .. (4.2)

which confirms that j = (§(z — 2o),0,0) is a source term for a quasiparticle having
charge fv. In particular, a physical electron at zo can be associated with =

(6(z — x0),0,0) and £ =v~1.

The statistics of the quasiparticles can be deduced by integrating out the dual
gauge field a* in Eq. (4.1), from which we obtained the well-known Hopf term:

~ uaV ~
L =ty (%)j)‘ﬁ—..., (4.3)

where j# = —(e/2m)e" 3 A* + £;, is the sum of terms that couple linearly to a*.

The statistical phase # when one quasiparticle described by ¢ = ¢; winds around
another with ¢ = ¢, can then be computed by evaluating the quantum phase e =
el £ with j# = £1j1, +£,j%, being the total current produced by both quasiparticles.

Performing the calculation, this yields [94] § = 2mv £14;.
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In particular, for the statistical phase accumulated when an electron winds around
a quasiparticle of charge £ = v~! to be a multiple of 27, £ must be an integer. This

provides a quantization condition for the possible values of 4. .

In the multi-layer case, vortices and quasiparticles can similarly be included by

adding a charge term:

AL = (3, tran) it = (- @)t (44

where £ = (f1,...,€y)T is an N-by-1 integer vector.

Assuming that det K # 0, the procedure for integrating out the dual gauge fields

can similarly be carried out, which yields:

~ v 0" it
L= W(jT)NK_l (6“5‘2 ) g/\ +.... (4.5)

where j = —q(e/2m)e" 8" A* + £jt. The statistical phase § when one quasiparticle
described by £ = ¢, winds around another with £ = £, can then be computed in a
similar way as in the single-layer case, which yields § = 27 £7 K ~1¢,. The information

of quasiparticle statistics is thus contained entirely in K L.

Assembling dual gauge fields of the different species of holons and spinons as
described above, the low-energy effective theory for the doped kagomé system is thus

given by the following Chern—Simons theory:

4 6
1 v 1 v 2 v
L= E Z et ’\ama,,ap\ — E ZE# ’\am&,af,\ — E Z et /\b,jua,,b‘p\
I=1 I=5 J
L € VA
+ -2—7_‘_6” (2}: ap, + ; bjp) 0,00 + % EJ: e* b]lual,A)\
- (z bra + Zem) . (46)
I J

1
= ——Ee“"’\cgf(a,,c,\ + %e’“”\(q ce )0 AN+ (e )+ (4.7)

As before, the “...” denotes terms higher in derivatives, including first and foremost
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the Maxwell term analogous to Eq. (3.6). Similar to the previous chapter, the eleven
gauge fields internal to the system, including the emergent gauge field o*, are com-
bined into a column vector c* = (a#;a, ..., ak; ¥, ..., by)T in the second line. The
“charge vector” q in this case is ¢ = (0;0,0,0,0,0,0;1,1,1,1)7, and the K-matrix K
takes the block form:

“1 -1

[0 |-1 -1 -1 -1

I
—

|
—_

-1

I
—

(4.8)
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o o o O —_ o |l o o o O
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o O N O O OO o o O
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N O O O o o |l o o O

Note that the three terms in Eq. (4.7) can be understood as follows: the first
term describes smooth internal dynamics of the system; the second term describes
its response under an external EM field; and the third term describes the topological
excitations of the system, which can be thought of as combinations of vortices in
various matter-field components. As explained above, £ must be an integer vector.
Furthermore, since the « field is not a dual gauge field and contains no topological ex-
citation (otherwise the local constraint Eq. (1.18) will be violated), the a-component

of £ for a physical topological excitation must be zero.

As in the original quantum Hall case, The coefficients that appear in K and g

can be understood by considering the EOMs resulting from it. Upon variations with
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respect to af, b}, and o, we get:

1
JHh = —é;e‘“”\&,a)\ 1=1,2,34), (4.9)
1
Sy =0 (1=56), (4.10)
JH = L ie“”)‘ﬁ ay + £ A9, A (4.11)
bJ 2 27T v 27T vy .

0= _JH+> T (4.12)
1 J

The first three equations are in agreement with the picture that spinons form integer
quantum Hall states while holons form Laughlin v = 1/2 states under the presence of
a flux, and that spinons carry no EM charge while holons carry EM charge e. More-
over, the fourth equation can be seen as a restatement of the occupation constraint
Eq. (1.18).

As in the previous chapter I shall omit spacetime indices that are internally con-
tracted for brevity. In addition, I shall write vectors and matrices in block form
whenever appropriate, which will be abbreviated by using I, to denote an n-by-n
identity matrix, Q,,, to denote an m-by-n zero matrix, and E, , to denote an m-by-
n matrix with all entries equal to 1 (such that cE,, , denotes an m-by-n matrix with
all entries equal to ¢). In this notation, the g-vector becomes g = (0; 01 4, 01 2, Ey4)7

and the K-matrix in Eq. (4.8) becomes:

0 K4 —Eip —Eig
—-E —I O @)
P 4,1 4 4,2 s | (4.13)
—Ez1 Oy Do (O

—Esq1 Osq Qg 24

4.3 Superconductivity and physical vortices

Neglecting the external electromagnetic field for the moment, it can be seen that the
quantum Hall system described by Eq. (4.6) is again compressible, i.e., the system

contains a gapless lincarly-dispersing density mode, in which the fluctuation of the «
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Figure 4-1: The physical picture of the breathing mode in the doped case. The
filled LL states arce indicated by thick horizontal lines while the unfilled LL states are
indicated by the thin (black) horizontal lines. The original band structure for spinon
and holon when no additional a flux is also indicated in the background (gray).

field, the spinon densities, and the holon densities are tied together, keeping the local
constraint Eq. (1.18) and the LL structure intact. See Fig. 4-1 for illustration. Since
the holon carries charge +e, the gapless mode in this case is a charge-density mode.

As before, the other excitations of the system can be grouped into two general
types. The first type consists of smooth density fluctuations in which the fluctuations
of holons, spinons, and « field are mismatched. The second type consists of quasipar-
ticle excitations that involve holons or spinons excited from one LL to another. Both
types of excitations are gapped. Since the breathing mode is the only gapless mode,
it is non-dissipative, and hence the system is a superfluid when the coupling to EM
fields are absent. Moreover, since the breathing mode is charged under the EM field,
the system will be a superconductor when the coupling to EM field are included. Alter-
natively, as in the previous chapter we can treat the gapless mode as the Goldstone
mode associated with a spontaneous symmetry broken ground state. With this asso-
ciation, the superconductivity can be seen as arising from the usual Anderson-Higgs
mechanism in which this Goldstone mode is “eaten up” by the electromagnetic field.
It should be noted that a similar superconducting mechanism has been proposed in
the context of cuprates [99].

Note that this superconductor described above spontaneously breaks the time-
reversal symmetry, since the sign of the additional amount of « flux is flipped under

time reversal. Furthermore, since all four species of holons are binded together in the
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breathing mode, each carrying charge +e, a minimal vortex in this superconductor is
expected to carry a flux of hc/4e. We shall now show these claims more vigorously

from the Chern—Simons theory Lagrangian we derived in Eq. (4.7).

It is easy to check that the K-matrix K in Eq. (4.8) contains ezactly one zero
eigenvalue, with eigenvector py = (2; —2Eq 4, 2E; 9; Ey4)T. Let A; be the eigenvalues of
K, with p; the corresponding eigenvectors, let P = [py, p;, - . -, P1o] be the orthogonal
matrix form by the eigenvectors of K, and let ¢’ = (c),...,c,)T = Ple. Then,

Eq. (4.7) can be rewritten in terms of ¢’ as:

1 e , .
L=- > Njecjdc; + o€l PoA+ (L Pc) gt
7>0
+ gdcydcy + . .. (4.14)

e ‘
= g(q - Po)ecyOA + (£ - po)cé,uj"} + gOcydcy + . ..

+ (terms without ¢) ,

where, as in the previous chapter, the Maxwell term gdcdc; for ¢j in Eq. (4.14)

originates from the terms in “.

.." of Eq. (4.7), which is ordinarily suppressed by the
Chern-Simons terms. Since the Maxwell term has a gapless spectrum, we see that
the zero-mode ¢ indeed corresponds to a gapless excitation. Again, the existence of

the zero-mode can be seen as a rather general consequence of zero total Hall number

[03].

Note that the eigenvector p; can be interpreted as the ratio of density fluctuations
between the different field components in the mode ¢. Thus the zero-mode indeed
involves the fluctuations of all species of spinons and holons, tied together by the

internal o field.

Moreover, since all other gauge-field components have non-zero Chern—Simons
terms, excitations in these gauge-field components are gapped (these excitations cor-
responds to the “mismatched” density fluctuation mentioned earlier), verifying the
earlier assertion that there is only one gapless density mode. Moreover, since q-p, # 0,

we see that the zero-mode is indeed charged under the external EM field. Hence, as
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argued above, the doped system is a superconductor.

Since the system is a superconductor, when a sufficiently large external B field is
applied, physical vortices, with the amount of flux through each vortex quantized, are
expected to form. In the Chern-Simons formulation, these physical vortices manifest
in the topological term (€-¢,)ji; in Eq. (4.6). Taking an isolated topological excitation
with (j%, 5L, 72) = (6(z—x0), 0, 0), considering the EOM associated with c; as resulted
from Eq. (4.14), and remembering that (¢dA)° = **9,A, = B is the physical

magnetic field, we obtain (in units which i =c = 1):

B:_g{e‘Po

€ q- Py

8z —xmo) +.... (4.15)

This is the Meissner effect, which again confirms that the system is a superconductor.
Moreover, it is easy to check that non-zero |(€ - py)/(q - Py)| has a minimum of 1/4
(attained by, e.g., an £-vector having a single “+1” in one of its b; components and “0”
in all its other components). From this we conclude that the magnetic flux through

a minimal vortex is hc/4e, justifying the intuitive claim given above.

4.4 Quasiparticles—Statistics

It is important to note that not all topological excitations are EM-charged. The struc-
ture of these EM-neutral topological excitations highlights the differences between this
system and a conventional superconductor, and hence qualify the-adjective “exotic.”
We shall call these EM-neutral topological excitations “quasiparticles,” to distinguish
them from the EM-charged “physical vortices” considered in the previous section.
From Eq. (4.15), a topological excitation carries a non-zero magnetic flux if and
only if £-p, # 0. In other words, a topological excitation is EM-neutral if and only if
it does not couple to the zero-mode. Note that the quantity € - p, can be regarded as
the zero-mode “charge” carried by the topological excitation. A topological excitation
with £-p, # 0 couples to the zero-mode and carries its “charge,” which induces an 1/r

“electric” field of the zero-mode and gives rise to a diverging energy gap A ~ InL,
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where L is the system size. In comparison, a topological excitation that satisfies
£-p, = 0 is decoupled from the zero-mode and hence has a finite energy gap and short
ranged interactions. These EM-neutral topological excitations are thus analogous to
the (possibly fractionalized) quasiparticles in quantum Hall systems, and it is sensible

to consider the (mutual) statistics between them.

Recall that the set of £-vectors (which may have non-zero a-component) form an
eleven dimensional vector space. The set of £-vectors satisfying £ - p, = 0 forms a ten
dimensional subspace of this eleven dimensional space. The K-matrix restricted to
this subspace,y K., is invertible. Hence we can integrate out the gauge fields associated
with this subspace (i.e., the gauge fields ¢, ..., ], in Eq. (4.14)). This will convert

the terms we omitted in Eq. (4.14) under the texts “terms without ¢” into a Hopf

term. Explicitly, upon integrating out ¢, ..., c}, the Lagrangian takes the form:
" %(q * Po)echOA + (€ po)c,jyy + g0chOch + . ..
+ F(;T)”Kr_l (fﬂgﬁi) ;A +... (4.16)
= (terms with cj) + 7r(3T)“K,T1 (eu—'g\ga—u> ;/\ +o,

(c.f. Eq. (4.5)), where j = ji€ + (e/27)(c0A) q.

As in the quantum Hall case, from Eq. (4.16) the statistical phase § when one
quasiparticle described by ji,¢ winds around another described by ji,*¢' can be read
off as § = 2r €T K¢'. For identical quasiparticles, /2 gives the statistical phase

when two such quasiparticles are exchanged.

For explicit computation a basis for £-vectors for this ten-dimensional subspace
must be specified. Naively one may simply choose this basis to be the set of eigen-
vectors of K having non-zero eigenvalues. This choice turns out to be inconvenient
as some of the eigenvectors of K are non-integer while the quantization condition

requires all £ to be integer vectors. Hence, instead we shall use the following basis:
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Zl = (O, _1a 1’ 07 07 @1,2; @1,4)T P

62 - (07 —17 O’ 17 0) @1,2; ©1,4)T 3

4 = (0; -1,0,0,1, ®1,2; @1,4)T 5

£, =(0;01,4,0,;0,0,1, -1 s

)
85 = (07 @1,4)@)1,2;0)1707 _1)T7
)

£6 = (0’ ©1,4a@1,2; 1a07 07 -1 T

e7 = (07 07 17 Oa 0’ @1,2; 07 1; 1; O)T 9

88 = (01 17 07 0’ Oa 1> 07 ®1,4)T )

39 = (0§E1,4,]E1,2;]E1,4)T,

€10 = (=1;014,0,1;014)7.

(4.17)

It can be shown that all integer £-vectors satisfying £ - p, = 0 can be written

as integer combinations of the above basis vectors. It should be remarked that £,

through £ are indeed eigenvectors of K, with £; through £; having eigenvalue —1 and

£, through £ having eigenvalue 2. However, £; through ¢;4 are not eigenvectors of K.

In this basis, K! takes the form:

K '=

[ 2 -1 -1 “11
-1 -2 -1 Os3 0 [1 O3,
-1 -1 -2 0 11
1 12 1/2 1/2]0
Oss  1/2 1 1/2 1/2]0 O,
12 12 1 0|0
10 0 1/212 0 0000
1 1 1 0 0 0 0|0 0O
0 (0 01
023 023 olo 11

(4.18)

Note that €1 contains a non-zero a-component and is thus unphysical. Moreover,
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from our interpretation of as and ag as arising from the physics of band bottoms, we
expect a topological excitation in these two components to be much more energetically
costly than those of the other matter fields. Hence we can also neglect £g and £q.
Thus only the top-left block of K, ! is relevant for the statistics of low-lying physical
quasiparticle excitations. Henceforth we shall restrict the meaning “quasiparticle” to

those whose ¢-vector is an integer combination of €; through £;.

From K it can be seen that the system contains quasiparticles with non-trivial
mutual statistics. In particular, there there are fermions having semionic mutual
statistics (i.e., a phase factor of 7 when one quasiparticle winds around another),

manifesting in, e.g., quasiparticles described by £4 and £s.

The self-statistics and mutual statistics of different quasiparticles can be under-
stood intuitively. Recall that our system is constructed by coupling integer and
fractional quantum Hall states via a common constraint gauge field a. If we assume
that the different quantum Hall states are independent of each other, i.e., a “charge”
in one matter-field component has trivial bosonic statistics with a “charge” in a dif-
ferent matter-field component, then the statistics of these quasiparticles can be read
off by considering their underlying constituents. For example, since £4 and £5 over-
laps in one v = 1/2 component, their mutual statistics is semionic. Similarly, since
¢, overlaps with itself in two » = 1/2 components, its self-statistics is fermionic.?
From this intuitive picture, it is evident that a “4+1” in a spinon component in the
£-vector should be identified with a spinon excitation on top of the integer quantum
Hall state that formed near the corresponding Dirac node, while a “+1” in a holon
component in the £-vector should be identified with half-holon excitation on top of
the v = 1/2 quantum Hall state that formed near the corresponding band bottom.
Similarly, a “—1” in a spinon (holon) component in the £-vector should be identified

as an anti-spinon (anti-half-holon). See Fig. 4-2 for illustration.

To discuss these quasiparticles further, it is useful to divide them into three classes.

The first class consists of quasiparticles with spinon components only and will be re-

3For this intuitive picture to be accurate, the sign of the component must also be taken into
account.
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Figure 4-2: Physical interpretation of ¢-vector: (a) a single “+1” in a spinon com-
ponent identified as spinon; (b) a single “—1” in a spinon component identified as
anti-spinon; (c) a single “+1” (“+2”) in a holon component identified as half-holon
(holon); and (d) a single “—1" (“—~2”) in a holon component identified as anti-half-
holon (anti-holon). The thick (red) horizontal lines indicate filled LLs that forms the
ground state of the system, while the thin (black) horizontal lines indicate unfilled
LLs.

ferred to as “spinon quasiparticles” (SQP). The second class consists of quasiparticles
with holon components only and will be referred to as “holon quasiparticles” (HQP).
The remaining class consists of quasiparticles that have both spinon and holon compo-
nents, and will be referred to as “mixed quasiparticles” (MQP). The first two classes
can be constructed by compounding “elementary” quasiparticles of the same type.
For SQP, the “elementary” quasiparticles are described by £-vectors having exactly
one “4+1” component and one “—1” component in the spinon sector (e.g., the £;,£,
and ¢3 in Eq. (4.17)). For HQP, the “elementary” quasiparticles are described by
£-vectors having exactly one “+1” component and one “—1” component in the holon
sector (e.g., the €4,85, and £ in Eq. (4.17)). As for the MQP, one can start with
“minimal” quasiparticles with exactly one “4+1” component in the spinon sector and
one “+2” components in the holon sector, and build all MQP by compounding at
least one such “minimal” quasiparticles together with zero or more “elementary” SQP
and HQP. Alternatively, one may start with a second type of “minimal” quasiparti-
cle in the MQP sector, which has exactly one “+1” component in the spinon sector
and two “+1” components in the holon sector, and build all MQP by compounding
at least one such “minimal” quasiparticles together with zero or more “elementary”

SQP and HQP (note that the second-type of “minimal” MQP is simply a “minimal”
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Figure 4-3: Visualization of the (a) “elementary” SQP; (b) “elementary” HQP; (c)
“minimal” MQP of the first type; and (d) “minimal” MQP of the second type.

MQP of the first type compounded with an “elementary” HQP. The introduction of
two different types of “minimal” MQP will be clear in the following).

These “elementary” and “minimal” quasiparticle excitations can be visualized
in the following way: The “elementary” SQP can be visualized as a particle-hole
excitation in the spinon quantum Hall levels, in which a spinon is removed from
one Dirac node and added in another. The elementary HQP can be visualized as a
particle-hole excitation in the holon quantum Hall levels, in which a half holon is
transferred from one band bottom to another. The minimal MQP can be visualized
as adding both spinon and (half) holons into the original system. See Fig. 4-3 for

illustrations.

With this classification, the information on the self- and mutual- statistics of the
quasiparticles contained in K ! can be summarized more transparently in terms of
the self- and mutual- statistics of the “elementary” SQP, “elementary” HQP, and
“minimal” MQP. The result is presented in Table 4.1.
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Table 4.1: Self- and mutual- statistics of the “elementary” and “minimal” quasi-
particles in the doped kagomé system. The adjective “elementary” or “minimal”
are omitted but assumed in the table entries. The subscript I and II indicates the
type of “minimal” MQP considered (see the main text for their definitions). When
an entry contain multiple cases, both cases are possible but are realized by different
quasiparticles in the respective sectors.

Mutual Statistical Phase?

- . . 1
Type Self-Statistics SPH PH NQP; MQP;,

SQP b 27 27 27 2m
HQP f 2T T or 2w 27 T or 27
MQP; f 2r 2T 21 2w
MQP; b 27 T or 2w 27 T or 2w

1 h=bosonic, f=fermionic, s=semionic
2 Phase angle accumulated when one quasiparticle winds around another, modulo
2.

4.5 Quasiparticles—Quantum Numbers

Since the quasiparticles have finite energy gaps and short-ranged interactions, they
may carry well-defined quantum numbers. In particular, it is sensible to consider the
k quantum numbers for these quasiparticles, since they arise from LLs that form near
Dirac points or band bottoms with well-defined crystal momentum k. Similarly, it
is sensible to consider the S, quantum numbers for quasiparticles with spinon com-
ponents. We shall see that this program can be carried out for “elementary” spinon
quasiparticles and for the “minimal” mixed quasiparticles of first type, but not easily
for the “elementary” holon quasiparticles and the “minimal” mixed quasiparticles of

the second type.

Recall from Sec. 1.3.3 that the unit cell is doubled in the tight-binding model
of the U(1) DSL state, because a flux of 7 is enclosed within the original unit cell,
which causes the translation operators that correspond to different lattice vectors fail
to commute (c.f. Eq. (1.21)). Consequently, let T,, and T,, to be the translation
operator that corresponds to the lattice vectors a; and as as defined in Fig. 1-4, the
single-spinon and single-holon states in the U(1) DSL ansatz generally form multi-

dimensional irreducible representations under the joint action of T, and T, (ie.,
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T,, and T,, manifest as multi-dimensional matrices that cannot be simultaneously
diagonalized when acting on these states), and cannot be labeled simply by a pair
of numbers (c;,c;) as in the ordinary case*. Furthermore, the matrices for T,, and
T,, will in general be a-gauge-dependent. However, when an even number of spinon
and holon excitations are considered as a whole, the total phase accumulated when
the particles circle around the original unit cell becomes a multiple of 27, and thus
[T.,, Ta,] = 0 in such subspace. Hence it is possible to reconstruct the crystal mo-
mentum in the original Brillouin zone via projective symmetry group if our attention
is restricted to such states. Physically, the gauge dependence of single-spinon and

single-holon states indicate that they cannot be created alone.

It can be checked that all SQP are composed of an even number of spinons and
anti-spinons. The above discussion then implies that they carry well-defined k quan-
tum numbers in the original Brillouin zone. To derive the transformational properties
under T,, and T,,, we compute the transformation properties of the original spinon
matter fields. The procedures for doing so have been described in details in Ref. [74],

here we shall just state the results.

Let 1, . ..,ns denote the topological excitations near the four (two k-vectors and
two spins) Dirac nodes as indicated in Fig. 4-4(a). Then, assuming that they have the
same transformational properties as the underlying spinon fields at the same Dirac

nodes,
T lm] = €20y, Toylm] = €™?ny,

Ta [772] _ elliﬂ/lan’ Ta [n2] — 6—ir/2n2,
' ’ (4.19)

in/12 ir/2

na, Tu,lnsl =e

1lim/12

Tal [773] =€ s,

Tal [774] =€ s, Ta2 [774} = e_ir/2774 .
Furthermore, we assume that T,, and T,, satisfy the generic conjugation and compo-

sition laws:

T =(TW)", T ¢]1=TK TH]. (4.20)

4In the ordinary case, (c1,c2) are simply eigenvalues of Ty, and T,,, respectively, and are related
to the crystal momentum k in the original Brillouin zone via exp(ik - £) = c¢; and exp(ik - r2) = cp.
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S:=1,-1,0,0 S=10

(b)

(d)

Figure 4-4: (a) The labels for the four spinon topological excitations. (b) Physical
interpretation of the “missing states” in the fixed S, quantization and doubled unit
cell Chern-Simons formulation. (c) Spectrum of “elementary” SQP, with k and S,
quantum number indicated, before restoring full symmetry. (d) Spectrum of “elemen-
tary” SQP after restoring the SU(2) symmetry by adding extra quasiparticles. The
dotted arrows indicate equivalent k-point upon translation by the original reciprocal
lattice vectors (spanned by 2k; and k, in Fig. 1-6(b)). For dimension of the Brillouin
zone, c.f. Fig. 1-6(b).

where 1, ¢ denotes generic quasiparticle states, ¢* denotes an anti-particle of v, and

1 - 1" denotes a bound state composed of 9 and '.

A general basis for “elementary” SQP is spanned by 7;n; with ¢ # j. There are
twelve distinct “elementary” SQP,‘ which form six reducible representations under 7,
and T,,. Upon diagonalization, the resulting “elementary” SQP in the new basis each
carry distinct S, and k (in the original Brillouin zone) quantum numbers. These are
summarized in Fig. 4-4(c).

Notice that Fig. 4-4(c) is somewhat unsettling. First, even though we have
not performed a PSG study on rotation operators, intuition on rotation symme-
try suggests that there should be four states (with S, = 1,-1,0,and 0) located at
k = (x,—7n/V/3). Second, although our Chern-Simons theory is formulated with a
fixed quantization axis for spin, the SU(2) spin-rotation symmetry should remain un-
broken. Therefore, the S, eigenvalues should organize into SU(2) representations for
cach k value. While this is true for k = (w, 7/+/3) and k = (0, 27/+/3), where the “ele-
mentary” SQP form 10 representations, the same does not hold for k = (7, —m/ V3)
and k = (0,0).

The two issues mentioned above indicate that some topological excitations are
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lost in our formulation. In other words, there are topological excitations that have
trivial S, quantum numbers but non-trivial S quantum numbers. Similarly, there are
topological excitations that have trivial k quantum numbers in the reduced Brillouin
zone but non-trivial k quantum numbers in the original Brillouin zone. Physically,
the original of these missing excitations can be understood as follows: in the hydro-
dynamic approach, an £-vector with a single “4+1” in a spinon component represent

a spinon at a Dirac node, while ¢-vector with a single °

‘~1” in a spinon component
represent an anti-spinon at a Dirac node. The previously defined set of £-vectors that
characterized the “elementary” SQP fail to captured an excitonic state in which a
spinon is excited from a filled LL to an empty LL, thus leaving an anti-spinon behind
(see Fig. 4-4(b) for an illustration), which precisely carry trivial S; quantum numbers
and transform trivially under 7}; and T,,. Note that there are four possible excitonic
states of this form, hence we expect four states to be added. In our Chern-Simons
formulation, these excitations may be disguised as combinations of density operators
(~ 0c).

From Fig. 4-4(c) and the forgoing discussions, it is evident that extra states should
be added at k = (m,7/v3) and k = (0,0), so that the states at k = (0,0) and
k = (m,m//3) each form a 1 & 0 representation of SU(2). The final result after
making this reparation is shown in Fig. 4-4(c). Formally, the same result can be

reached if we allow objects of the form 7,1 to be counted as elementary SQP, then

apply Eq. (4.19) and the procedure of diagonalization as before in this extended basis.

Observe that the “elementary” spinon SQP (and hence the entire SQP sector)
all carry integer spins. However, we also know that a conventional superconductor
contains spin-1/2 fermionic excitations (i.e., the Bogoliubov quasiparticles). From
our assignment of S, quantum number and from the table of quasiparticle statistics
Table 4.1, it is evident that the “minimal” MQP of the first type play the role the
these Bogoliubov quasiparticles in the doped kagomé system. In contrast, minimal
MQP of the second type are spin-1/2 quasiparticles that carry bosonic statistics and

hence is another distinctive signatures of this exotic superconductor.

Since a “minimal” MQP of the first type can be treated as a bound state of a
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(a)

Figure 4-5: (a) The labels for the four holon excitations. (b) Spectrum of “elemen-
tary” MQP of the first type, with £ quantum number indicated. Each point in k
space forms a S = 1/2 representation in spin. The dotted arrows indicate equivalent
k-point upon translation by the original reciprocal lattice vectors.

spinon and a holon (c.f. Fig. 4-3(c)), the k quantum number in the original Brillouin
zone are again well-defined for them. To construct their quantum numbers, we need to
know how holons transform under T, and T,,. Let ¢1, ..., @4 denotes the half-holon
excitations near the four holon band bottom as indicated in Fig. 4-4(a), such that
@2, ..., % denotes the corresponding holon excitations (c.f. Fig. 4-2(c)). Following

the same procedure that produces Eq. (4.19), we obtain the transformation laws:

T [3] = ¥4, T.. 03] = e™/5¢7,

T..[¢3] = #3, T,, 03 = e /%3, (4.21)
—in/3, 2 '

T, [@3) = e ™33, To,[03] = e¥7/%p3,

To[9f] = €0}, Tuy[0d] = e 5%

A general basis for “minimal” MQP of the first type is spanned by mcp?. There
are sixteen distinct first-type “minimal” MQP, which form eight reducible represen-
tations under T,, and T,,. Upon diagonalization, the resulting first-type “minimal”
MQP in the new basis each carry distinct S, and k (in the original Brillouin zone)
quantum numbers, and the full SU(2) representation in spin can be recovered triv-
ially by combining spin-up and spin-down states. The final results are summarized
in Fig. 4-5(b).

Having considered the SQP sector and the “minimal” MQP of the first type, one
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may attempt to carry out similar analysis for the HQP sector and for the “minimal”
MQP of the second type. However, in doing so, issues arise from the fractionalization
of holons into half-holons. Recall that in deriving the transformational rules of the
quasiparticles, we identify the components of £ as being spinon and holon excitations,
and assume that these excitations carry the same quantum numbers as the underlying
spinons and holons that form the LLs in the first place. However, the HQP sector
and the “minimal” MQP of the second type are bound states that involve half-holons,
whose quantum numbers cannot be directly inferred from the underlying spinons and
holons. More concretely, we need to know the transformation laws T'[p;}] for half-
holon—anti-half-holon pairs ;e in order to construct their quantum numbers, but

we only have information about transformation laws T[?] of holon excitation ¢?.

It is far from clear how T[g;p}] can be related to T[p3]. The answer for such
question may even be non-unique. We have already seen an analogous situation in
the forgoing discussion: while the spinon-anti-spinon pairs 7;7; have well-defined
gauge-invariant k quantum numbers in the original Brillouin zone, the single spinons

n; form gauge-dependent two-dimensional representations under Ty, .

The possible ambiguity in the transformation law T'[;¢}] of half-holon—anti-half-
holon pairs ;; signifies that it may not be possible to produce these quasiparticles
alone. Although a half-holon—anti-half-holon pair can be thought of as resulted from
removing a half-holon from one band bottom and adding one in another, it is not clear
that the process can be done in via single half-holon tunneling. This is analogous to
the case when two fractional quantum Hall system are separated by a constriction,

where it is only possible to tunnel physical electrons.[100]

Combining the results from Sect. 4.4 and 4.5, we see that there are two very
different class of quasiparticle excitations in the doped kagome system—which can
be termed as “conventional” and “exotic,” respectively. The “conventional” class
consists of quasiparticles that can be created alone, which carry well-defined crystal
momentum k in the original Brillouin zone and possess conventional (fermionic or
bosonic) statistics. These include the spinon particle-holes, the holon (but not half-

holon) particle-holes, the “minimal” mixed quasiparticles of the first type (a.k.a. the
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“Bogoliubov quasiparticles”), and their composites. It should be noted that these
“conventional” quasiparticles can all be considered as descendants of the “Bogoli-
ubov quasiparticles.” Indeed, it can be checked that the spinon particle-holes shown
in Fig. 4-4(d) can be obtained by compounding the appropriate “Bogoliubov quasi-
particles” (and their antiparticles) that appears in Fig. 4-5(b).

In contrast, the “exotic” class consists of quasiparticle that cannot be created
alone, whose crystal momentum may not be well-defined, and whose statistics may
be fractional. These include the half-holon particle-holes and the “minimal” mixed
quasiparticles of the second type (which are “Bogoliubov quasiparticles” dressed with
a half-holon particle-hole). In terms of the underlying electronic system, the former
class are excitations that are local in terms of the underlying electron operators ¢ and

¢t, while the latter class are excitations that are non-local in terms of ¢ and cf.

It should be warned that questions regarding the energetics (and hence stability)
of the quasiparticles have not been touched in Sect. 4.4 and 4.5. In particular, it is
not clear whether the bosonic or the fermionic spin-1/2 excitation has a lower energy.
Though this information is in principle contained in the Maxwell term Eq. (3.6), to
obtain it requires a detailed consideration of the short-distance physics in the ¢-J

model, and is beyond the scope of this thesis.

4.6 An alternative derivation by eliminating the

auxiliary field

It is a curious result that in Eq. (4.18), once the unphysical £14 is removed from the
spectrum, the quasiparticle represented by £y becomes purely bosonic (i.e., having
trivial bosonic mutual statistics with all other quasiparticles and trivial bosonic self-
statistics). This suggests that £y corresponds to some local density excitation of the
system and thus should not be regarded as topological. Moreover, the procedure of
first treating £1o as part of the spectrum in computing K, ! and then removing this

degree of freedom at the very end of the calculation seems somewhat dubious. Recall
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that the gauge field o# is introduced to enforce the occupation constraint Eq. (1.18).
This gauge field is thus an auziliary field that is void of self-dynamics (i.e., the term
eada vanishes) and topologically trivial (i.e., the a-component of £ must be zero).
Therefore, one may attempt to re-derive the previous results by eliminating this o
field right at the beginning by enforcing the constraint directly. This can indeed be

done, as we shall show in the following.

Recall that the EOM with respect to o leads to the constraint equation Eq. (4.12)
in the Chern-Simons formulation. From this, one may argue that the effect of intro-
ducing the « field can alternatively be produced by setting Y, af +>_ by = 0 directly.
To do so, we perform a two-step transformation on the Lagrangian Eq. (4.7). First,

we set:
ag’ = Za’; and ay =af for I #6; (4.22)
I
b= d and b H =" for J #1. (4.23)
J
Then the constraint becomes ag” + b}* = 0, which we enforce directly by setting:
Pt = —ag” =b", (4.24)

thus eliminating one variable.

Note that since the « field appears in Eq. (4.7) only through the term €(}; ar +
3=, bs)da;, it got dropped out of the transformed Chern-Simons Lagrangian. Letting
¢ = (pdy,... a5 b, ..., b), which is a column vector of only nine (as opposed to

eleven) gauge fields, Eq. (4.7) becomes:
1 .. e ,_ . = .
L= EGCTKGC — Zr-e(q ce)0A+ (L-e) g+ ..., (4.25)

where g = (1;0; 5; 013)7 is the transformed charge vector, and K is the transformed
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K-matrix:

[(3]1111 1]-2 -2 -2
101111
1/10111
1{1101 1 Os3
K=| 1]/11101 (4.26)
111112
—2 4 2 2
—2 O35 2 4 2
-2 2 2 4

As for topological excitations, from the transformation between ¢ and ¢, it can be
seen that the correspondence between £ and ? reads:

. . T
l= (07 Naly .« Na6s Tob1,5 - - 'nb4)

)

) (4.27)
l= (nbl —Na6s Nal — Nabs - - - » a5 —Tab;

T
T2 — 11, - - - »nb4_nb1)

Hence, £ is an integer vector if and only if ¢ is also an integer vector. Moreover, from
Eq. (4.27) it can be seen that £y is mapped to ¢ = 0, which is consistent with our
previous argument that the quasiparticle corresponding to £y is purely bosonic and
hence should be considered as non-topological.®

Although K and K look rather different superficially, all the major conclusions
from Sect. 4.3-4.5 can be reproduced with K. In particular, we shall check that the
existence of a single gapless mode, the hc/4e flux through a minimal vortex, and the
semionic quasiparticle statistics can all be obtained from K.

It is easy to check that K has exactly one zero eigenvalue, with py = (4; —2E; 4, 2; E; 3)7

its eigenvector. Using the transformation equations Eqgs. (4.22)—(4.24), we see that

5More generally, given ¢ in the transformed basis, the corresponding £ is determined up to mul-
tiples of £y.

6Tt can even be checked that K contains irrational eigenvalues that are not eigenvalues of K.
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this eigenvector corresponds precisely to the eigenvector p, we found in Sect. 4.3.
Thus, again we conclude that the system contains a gapless mode associated with su-
perconductivity, and that this gapless mode can be interpreted as fluctuations of all
spinons and holons species whose ratio is matched (through their common coupling

to the gauge field o).

Moreover, the amount of magnetic flux that passes through a physical vortex is still
described by Eq. (4.15) upon the obvious modifications. Since q - p, = 4, we recover
the conclusion that a minimal physical vortex carries a flux of hc/4e. Furthermore,
it can be checked that £ - p, = ¢ p, for ¢, ¢ satisfying the correspondence Eq. (4.27).
Hence the flux carried by a vortex calculated from K agrees with the value calculated

from K.

As before, the quasiparticle excitations (which are EM-neutral, short-ranged inter-
acting, and have finite energy gaps) are characterized by the condition that Z-f)o =0,
which defines an eight-dimensional subspace of the nine-dimensional space in this
case. The K-matrix restricted to this subspace, K,, is invertible. We may choose a
basis for this subspace that corresponds to the basis choice Eq. (4.17) in the original

representation. Explicitly,

£, = (0;0,—1,1,0,0;0, 3)7

0, = (0;0,-1,0,1,0;0,3)"

£5 = (0;0,-1,0,0,1;0,3)7

0, =(0;0,0.40,1,-1)7

i (4.28)
€5 = (0;0,0,4;1,0,—1)T

b= (1;0,0,4,-1,-1,-2)7

¢, =(0;0,0,1,0,0;1,1,0)7

s = (0;1,1,0,0,0; O 3)"
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Then, it can be checked that:

(2 -1 -1 101

-1 -2 -1 O35 0 1

-1 -1 -2 0 1

Fas 1 1/2 1/2 1/2 0 (w9

O35 12 1 1/2 1/2 0

12 1/2 1 0 0

1 0 0 1/2 12 0 0 0

\1 1 1 0 0 0 00

in agreement with the results in Sect. 4.4.

4.7 Discussions

In this chapter we have considered the theory of a doped spin-1/2 kagomé lattice
described by the t—J model. We start with the slave-boson theory and the assumption
that the undoped system is described by the U(1) Dirac spin liquid, from which we
argued that the doped system is analogous to a coupled quantum Hall system, with
the role of the external magnetic field in the usual case taken up by an emergent
gauge field o. The analogy with quantum Hall systems compels us to introduce
the Chern—Simons theory as an effective description of the low-energy physics of the
system. This allows us to describe the superconductivity, the physical vortices, and
the electromagnetically neutral quasiparticles in a unified mathematical framework.
We show that there are two alternative Chern—Simons theories that produce identical
results—one with the auxiliary field o kept until the end, and the other with the
auxiliary field and a redundant dual matter field eliminated at the beginning.

In our scenario, the coupled quantum Hall system consists of four species of spinons
and four species of holons at low energy. We show that such system exhibit supercon-
ductivity and that the flux carried by a minimal vortex is hc/4e. The system also con-

tains fermionic quasiparticles with semionic mutual statistics, and bosonic spin-1/2
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quasiparticle. As for the quantum numbers carried by the quasiparticles, we analyzed
the spinon sector in details and found that it is possible to recover the full SU(2)
and (un-enlarged) lattice symmetry of the “elementary” quasiparticles in this sector,
upon the inclusion of quasiparticles that are not easily represented in the original
fixed-spin-quantization-axis, enlarged-unit-cell description. The same classification
of quantum numbers are also carried out for the spin-1/2 fermionic quasiparticles,
which are the analog of Bogoliubov quasiparticles in our exotic superconductor.

In this chapter we have argued that the doped spin-1/2 kagomé system may ex-
hibit exotic superconductivity that is higher unconventional. However, it should be
remarked we have presented only one possible scenario for the doped kagomé system.
For example, it is possible that the ground state of the undoped system is a valence
bond solid and hence invalidate our analysis. Furthermore, experimentally realizing
the idealized system considered considered in this chapter may involve considerable
difficulties. For instance, in the case of Herbertsmithite, it is known that the sub-
stitution between Cu and Zn atoms can be as big as 5%. It is our hope that this
chapter will generate further interests in the doped spin-1/2 kagomé system, as well as
other systems that may exhibit analogous exotic superconducting mechanisms, both

experimentally and theoretically.
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Chapter 5

Conclusions

While the works presented in this thesis focus specifically on the U(1) Dirac spin
liquid state in the spin-1/2 kagome lattice and its descendants, they do illustrate
the great potential offered by geometrically frustrated low-dimensional systems in
realizing exotic phases of condensed matter that are accessible to experimental studies.

It is important to note that much of the unusual properties of the U(1) DSL state
arise from the exotic elementary excitations that it carries—these include the spinons,
the holons, and most important the emergent gauge field. In Raman scattering, the
spinons (and their antiparticles) are responsible for the broad continua that vanish
as power laws at low energies, while the emergent gauge field is responsible for a
characteristic 1/w singularity. In the cases where an external magnetic field is ap-
plied or where the system is doped, the emergent gauge field causes Landau levels
to open up in the spinon spectrum, and lead to an XY-ordered state and an exotic
superconductor, respectively.

Given the interesting physics that may manifest in the U(1) DSL state, it may be
a worthwhile pursue to consider other situations in which the emergent gauge field
may play a predominant role. And as my works on the effects of external magnetic
field and doping on the U(1) DSL state illustrates, the emergent gauge field may
continue to dictate the physical behavior of the system even if it is perturbed away
from a spin liquid state. Consequently, it may be fruitful to extend our investigation

to phases that are derived from the spin liquid state. As in the case where the
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U(1) DSL state is doped, such phases can exhibit exotic behaviors (e.g., semionic
quasiparticles) that are hidden under conventional ones (e.g., superconductivity). It
is the hope of the author of the present thesis that such investigations will eventually
lead to the discovery of other theoretical models with interesting physical properties
that would, with the increasing sophistication of experimental techniques, be realized

in actual materials.
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