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Chapter 1

Introduction

The fractionalization of quantum numbers, where the excitations of a strongly-
correlated system carry only a fraction of the quantum numbers of the con-
stituents, is currently of great interest in condensed matter physics. In partic-
ular, as it is hard to address this physics by mean field theories, a significant
body of recent work has focused on finding solvable theoretical models in
which this phenomenon occurs [10,93,94,96,97]. In addition to its intrin-
sic interest, the phenomenon of fractionalization may well have a bearing
on one of the most vexing problems in condensed matter theory, should the
long-standing suggestion of a link between fractionalization and high-T¢ su-
perconductivity [4,83] be established. In particular, it has been shown [65]
that the topological degeneracy in these systems might be used to protect
quantum bits and be applicable to the emerging field of quantum computing.

Fractional statistics, as a generalization of the idea of quantum statistics
based on Berry’s phase [130], is a sensible idea only in one or two dimensions,
where one can define a winding number. In one dimension, the behavior is
known to occur in spin-1/2 antiferromagnets [58], where exactly solvable
models exhibiting this behavior exist [57,59,60,114]. One milestone towards
the understanding of fractional quantization in one dimension is the 1/r?
model independently introduced by Haldane [57] and Shastry [114] in 1988.
The model describes a spin 1/2 chain with a Heisenberg interaction which
falls off as one over the square of the distance between the sites. The exact
ground state is provided by a trial wave function proposed by Gutzwiller [51]
as early as in 1963. The Haldane-Shastry Model (HSM) offers the opportu-
nity of studying spinons, i.e., the elementary excitations of one-dimensional
spin chains, on the level of explicit and analytical expressions for one and
two-spinon wave functions [14], which are at least at present not available
for any other model. Kuramoto and Yokoyama [87] generalized the model to
allow for mobile holes (i.e., empty lattice sites) with a hopping parameter
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that also falls off with 1/7? as a function of the distance. The Kuramoto—
Yokoyama Model (KYM) hence contains spin and charge degrees of freedom,
and accordingly supports spinon and holon excitations, which carry spin %
but no charge and charge +e¢e but no spin, respectively. It allows for the exact
study of the decoupling of a fermionic (hole) degree of freedom into a spinon
and a holon, i.e., spin charge separation. This is also a key feature of the
Luttinger liquid, which is the effective low energy model of one-dimensional
spin chains [55].

Fractionalization of statistics is also known to occur in two dimensions,
in the presence of a magnetic field that violates the discrete symmetries of
parity (P) and time-reversal (T); this situation is realized in the fractional
quantum Hall effect [7,22,23,63,88,117] (FQHE). The field started about a
quarter of a century ago with the discovery of the fractional quantum Hall
effect, which was explained by Laughlin [88] in terms of an incompressible
quantum liquid supporting fractionally charged (vortex or) quasiparticle ex-
citations. When formulating a hierarchy of quantized Hall states [44,56,63]
to explain the observation of quantized Hall states at other filling fractions,
Halperin [63] noted that these excitations obey fractional statistics [130], and
are hence conceptually similar to the charge-flux tube composites introduced
by Wilczek two years earlier [129].

The interest was renewed a few years later, when Anderson [4] proposed
that hole-doped Mott insulators, and in particular those described by the t—J
model universally believed to describe the CuO planes in high 7. supercon-
ductors, can be described in terms of a spin liquid (i.e., a state with strong,
local antiferromagnetic correlations but without long range order), which
would likewise support fractionally quantized excitations. In this proposal,
the excitations are spinons and holons, which carry spin 1/2 and no charge
or no spin and charge +e, respectively. The fractional quantum number of
the spinon is the spin, which is half integer while the Hilbert space (for the
undoped system) is built up of spin flips, which carry spin one.

One of the earliest proposals for a spin liquid supporting deconfined
spinon and holon excitations is the (abelian) chiral spin liquid (CSL). Follow-
ing up on an idea by D.H. Lee, Kalmeyer and Laughlin [70] proposed in 1987
that a quantized Hall wave function for bosons could be used to describe
the amplitudes for spin-flips on a lattice. The excitations of the liquid—
spinons, which carry spin 1/2 but no charge, and holons, which carry charge
but no spin—obey fractional statistics. Again, the spinons exhibit quantum-
number fractionalization and carry only half the spin of the excitations in
conventional magnetically-ordered systems, which carry spin 1. Whereas
the spinon is supposed to be the fundamental field describing excitations in
two-dimensional antiferromagnetic S = 1/2 systems in general, the spinon
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substructure of the magnons carrying spin 1 is generally suppressed, which
makes it a less established concept of description for two dimensions than for
one dimension. This can be seen in analogy to quantum chromodynamics,
where the quarks constitute the substructure of the nucleons, but cannot be
observed as free particles.

In the chiral spin liquid, however, the spinons are deconfined, which thus
represents a suitable trial state to study fractional quantization of spinons
in two dimensions. Unfortunately, for nearly two decades since its emer-
gence, the chiral spin liquid lacked a microscopic model where it is real-
ized. From today’s point of view, the CSL state did not turn out to be
relevant to CuO superconductivity, but remains one of very few examples
of two-dimensional spin liquids with fractional quantization. The other es-
tablished examples are the resonating valance bond (RVB) phases of the
Rokhsar-Kivelson model [83] on the triangular lattice identified by Moessner
and Sondhi [94] and of the Kitaev model [81]. While the explicit detection
of spinons in two dimensions still remains an unsolved experimental task,
the fractional statistics of the quasiparticle excitations in the FQHE has
been observed experimentally very recently [22,23]. In contrast to the one-
dimensional case, however, there has been no definite evidence as to whether
fractional statistics occurs in the absence of an external field breaking these
symmetries explicitly, which would dictate a path to endeavor fractional ex-
citations in generic spin models where the symmetry is generally preserved.

The present renaissance of interest in fractional quantization is also due
to possible applications of states supporting excitations with non-abelian
statistics to the rapidly evolving field of quantum computation and cryptog-
raphy [82]. The paradigm for this universality class is the Pfaffian state intro-
duced by Moore and Read [95] in 1991. The state was proposed to be realized
at the experimentally observed fraction v = 5/2 [131] (i.e., at v = 1/2 in the
second Landau level), a proposal which recently received strong experimen-
tal support through the direct measurement of the quasiparticle charge [29].
Remarkable subsequent works further explored the underlying nature of the
Pfaffian state and non-Abelian statistics by using exact eigenstates of model
Hamiltonians [49] as well as by the study of effective Chern-Simons field
theories [35] and the deduction of the concise braiding properties of the Pfaf-
fian state [98]. It turned out that (effective) three-body interaction terms
appear to be essential to stabilize the Pfaffian state. A further step in un-
derstanding the Pfaffian state was done by Read and Green observing that
a p-wave BCS superconductor can be described by it where the excitations
are the half quantum vortices and their non-Abelian statistics results from a
zero-energy mode in the vortex core [103]. Therein, the non-abelian statis-
tics manifests itself in Majorana modes of zero energy in the vortex core.
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Effectively, two Majorana modes form one fermionic degree of freedom. The
internal Hilbert space whose configuration is changed upon braiding of the
half quantum vortices is given by the occupation numbers of these zero mode
fermions, which gives rise to a non-commutativity of the braiding and hence
to non-abelian statistics. This was made precise by Ivanov [67] in terms of
concrete unitary non-Abelian transformations governing the braiding of the
half quantum vortices and was further refined later by Stern, von Oppen,
and Mariani [116].

Quantum states with non-Abelian excitations (nonabelions) are of great
fundamental and potential practical interest. Non-Abelian statistics can be
viewed as a generalization of abelian anyonic statistics. For the latter, the
many-particle state acquires a non-trivial fractional phase as two anyonic
excitations (anyons) wind around each other. This realization of abelian
anyonic statistics can be interpreted as a one-dimensional representation of
the braid group [77,130], which we also encounter for the spinons in the
CSL, thus being abelian anyonic excitations. Opposed to this, nonabelions
possess internal state degrees of freedom whose configuration is changed as
the nonabelions wind around each other, thus being a higher dimensional
representation of the braid group [33]. Concerning its potential application
to topological quantum computing [26, 82|, a non-Abelian phase is highly
advocated compared to an anyonic phase. This is due to the fact that
whereas in the abelian anyonic phase one can only alter the phase of the
state by braiding quasiparticles, exchanging particles can also change the
internal space configurations of the particles for the non-Abelian case. This
gives such a huge variety of protected topological manipulations of the sys-
tem that any desired unitary transformation can be realized with arbitrary
accuracy [36]. Most importantly, however, the internal state vector is insen-
sitive to local perturbations—it can only be manipulated through braiding of
the non-abelian excitations. These properties together render non-abelions
preeminently suited for applications as protected qubits in quantum compu-
tation [26].

In this thesis, we start to approach the field of fractional excitations
by discussing the spinon and holon excitations of the Kuramoto—Yokoyama
model in Chapter 2. The Haldane-Shastry Model, i.e., the KYM at half
filling, offers the opportunity of studying spinons, i.e., the elementary exci-
tations of one-dimensional spin chains, on the level of explicit and analytical
expressions for one and two-spinon wave functions [14]. In similar ways, we
set up the technical apparatus for the discussion of holon excitations at the
same level of explicit wave functions. As the first main result of this thesis,
considering the two-holon eigenstates, we find that the holons obey half-
Fermi statistics, which manifests itself in fractional momentum shifts of the
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single holon momenta. Half-Fermi statistics in one dimenssion corresponds to
a statistical parameter of 1/2 in terms of the Haldane state counting princi-
ple [58]. In general, the statistical parameter for a certain type of excitations
is defined as g = p/q, where ¢ denotes the number of excitations added to
the system and p the number of orbitals fully occupied due to this addition.
Accordingly, bosons have a statistical parameter gg = 0, since any orbital
can contain arbitrarily many bosons, whereas fermions have gp = 1, since one
orbital can only be occupied by one fermion due to Pauli principle. While
the half-Fermi statistics of spinons can be easily seen from the above reason-
ing [58], the situation is more subtle for the holons, which thus renders our
finding important to establish the view of holons being half-fermions.

This discussion is generalized to general SU(n) spin symmetry in Chap-
ter 3. We use a similar analytical approach which was set up in the previous
Chapter 2. Again, the technical problems associated with the treatment of
the holon states are the operators by which the Hilbert space of the fractional
excitations is constructed — whereas one makes use of bosonic spin flip opera-
tors for the spinons, one needs fermionic creation and annihilation operators
for the holons. The question how the statement on the fractional statistics
of the holons now generalizes for the KYM with enlarged spin symmetry
group to SU(n) [76] is answered in this chapter. We start from the SU(3)
KYM chain and develop the exact one-holon and two-holon wave functions.
We again find a manifestation of fractional statistics in the fractional shifts
of the single holon momenta, and observe that the SU(3) holons obey third
Fermi statistics. In particular, we explicitly show that the general SU(n)
holon excitations obey a statistical parameter of gy, = 1/n, as it was shown
in previous works that the SU(n) spinons obey a statistical parameter of
gsp = 1 — 1/n in terms of the Haldane state counting principle [58]. This
provides an interesting view on spin charge separation in SU(n) spin chains,
which is the next major result of the thesis. We see that the decay of a
fermionic excitation into a holon and spinon emerges as a conservation of
statistical parameters: The sum of the spinon and holon parameter yields 1,
i.e., the fermionic parameter, for general SU(n) spin symmetry.

In Chapter 4, we extend our discussion to spinon excitations in two dimen-
sions, and start by considering the Chiral Spin Liquid (CSL) state. We first
discuss the general properties of this paradigmatic state for two-dimensional
spinons and, as a main result of the thesis, develop a microscopic model
whose unique and exact ground state is the CSL. This demands a rather
technical analytical approach involving tensor decompositions of operators
and a development of a numerical method to treat many-body spin Hamilto-
nians efficiently with exact diagonalization methods, which we call the Kernel
sweeping method. We finally discuss the spectrum of the model and find that
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this model is highly suited for the first rigorous study of two-dimensional
spinons in order to achieve a similar level of understanding for spinons in
two dimensions as it is the case in one dimension for the spinons in the
Haldane—Shastry model.

For Chapter 5, the preceeding chapter can be viewed as a prelude for
the results described therein. As probably the major result of our work on
low-dimensional spin liquids, we propose a novel chiral spin liquid state for
an S = 1 antiferromagnet. Most importantly, the spinon and holon excita-
tions of this state are deconfined, possess fractionalized quantum numbers
(i.e., spin 1/2 for the spinons), and obey non-abelian statistics, with the
braiding governed by Majorana fermion states. This new kind of excitations,
non-Abelian spinons, will be discussed in further detail. The non-Abelian
chiral spin liquid state violates time reversal (T) and parity (P), is a spin
singlet, can be formulated on any lattice type, and fully respects all the lat-
tice symmetries. The state possesses a 3-fold topological degeneracy on the
torus geometry. We provide numerical evidence that the state can be sta-
bilized on the triangular lattice by a local Hamiltonian involving three-spin
interactions. This demands a development of a new numerical method to
find an optimized Hamiltonian which stabilizes a given wave function as its
ground state, which we call Hamiltonian Finder. Finally, we hypothesize that
spinons in spin liquids with spin larger than 1/2 generically obey non-abelian
statistics, but are only deconfined in the chiral spin liquids we introduce and
study here.

In Chapter 6, we provide a short survey of developments in experimental
realizations of fractional excitations in general, commenting on spinons and
holons in one-dimensional spin chains, abelian and non-abelian excitations
in the Quantum Hall effect and the Kitaev model, and recent work on two-
dimensional spinons in S = 1/2 lattice materials. In particular, we try to
point out directions of experiments which may promise observation of the
analytical findings we present in this thesis.

Finally, we finish the thesis with a conclusion. The main theoretical
results are, firstly, a general understanding of fractional statistics of holon
excitations in spin chains, secondly, the development of an exact model for
the two-dimensional chiral spin liquid, and thirdly, the introduction of a spin
liquid with non-Abelian spinon excitations. The main technical accomplish-
ments are a Tensor decomposition scheme to construct exact Hamiltonians,
the development of the Kernel sweeping method, and the Hamiltonian Finder
method. Beyond ongoing projects, we have also omitted the presentation of
our work on orbital currents in cuprate superconductors [48,122] as well as
entanglement entropy of critical SU(n) spin chains [38], in order to focus the
thesis on our results for low-dimensional spin liquids.



Chapter 2

Holon excitations in
antiferromagnetic spin chains

2.1 Introduction

In this chapter, we study the fractional character of holon excitations in an-
tiferromagnetic spin chains. To address this issue at the level of explicit wave
functions, we constrain our attention to the Kuramoto—Yokoyama model [87],
which is a generalization of the Haldane-Shastry model [57,114] to allow for
mobile holes, i.e., empty lattice sites, with a hopping parameter that also
falls off with 1/r% as a function of the distance. The Kuramoto—Yokoyama
Model (KYM) hence contains spin and charge degrees of freedom, and ac-
cordingly supports spinon and holon excitations, which carry spin 1/2 but
no charge and charge +1 but no spin, respectively. In principle, the KYM
allows for a similarly explicit construction of holon wave functions, which so
far have only been obtained for states involving a single holon. The reason
for this deficit has been of technical nature, related to the commutation re-
lations of the operators used to build the Hilbert space of these fractionally
quantized excitations. Whereas for the spinons one can use bosonic spin-flip
operators, one needs fermionic creation and annihilation operators for the
holons. We address and overcome this technical problem as we construct the
explicit wave functions for two-holon excitations of the KYM. In Section 2.2
we review the KYM and its properties. In Section 2.3 and 2.4, we briefly
discuss the ground state at half filling and the spinon excitations. We further
review the analytic results so far known for the one-holon excitations in Sec-
tion 2.5 as a preliminary for the construction of the explicit two-holon wave
functions to be done in Section 2.6. Therein we derive the exact energies
and individual holon momenta, which turn out to be quantized according to
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Figure 2.1: Lattice of the Kuramoto—Yokoyama model.

half-Fermi statistics of the holons. The main body of work presented in this
chapter is published in

R. Thomale, D. Schuricht, and M. Greiter, Ezact two-holon wave func-
tions in the Kuramoto—Yokoyama model. Phys. Rev. B 74, 024423 (2006).

2.2 Kuramoto—Yokoyama model

The Kuramoto—Yokoyama model [87] is most conveniently formulated by
embedding the one-dimensional chain with periodic boundary conditions into
the complex plane by mapping it onto the unit circle with the sites located
at complex positions 7, = exp (i%’ra), where N denotes the number of sites
and a = 1,..., N (see Fig. 2.1). The sites can be either singly occupied by
an up or down-spin electron or empty. The Hamiltonian is given by

277'2 N Paﬁ
Hyy = —=— N 2.1
N? aﬁzzl M0 — 1g? 1)
o

where P, exchanges the configurations on the sites 7, and 7z including a
minus sign if both are fermionic. Rewriting (2.1) in terms of spin and electron
creation and annihilation operators yields

27 1
Hyvy
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\
| W) filled with t ands

Figure 2.2: N-electron Slater determinant state.

(2.2)

where the Gutzwiller projector Pg =[], (1 — CLTCL |Ca|Car) enforces at most
single occupancy on all sites. The charge occupation and spin operators
are given by n, = cLTcaT + cLlcal and S% = 5>, ch, T copr, Where 7%,
a = x,vy, z, denote the Pauli matrices.
The interaction strength in (2.1) is an analytic function of the lattice sites
by use of
1 I
|77a _776|2 (7704 _775)2‘

The KYM is supersymmetric, i.e., the Hamiltonian (2.1) commutes with
the operators J* = >~ _al a_,, where a,, denotes the annihilation operator
of a particle of species a (a runs over up- and down-spin as well as empty site)
at site 1,. The traceless parts of the operators J generate the Lie superal—
gebra su(1|2), which includes in particular the total spin S = Y2V | S, In
addition, the KYM possesses a super-Yangian symmetry [54], Whlch causes

its amenability to rather explicit solution.

(2.3)

2.3 Vacuum state

We first review the ground state at half filling, which is the state contain-
ing no excitations (neither spinons nor holons). For N even, this vacuum
state is constructed by the Gutzwiller projection of a filled band (or Slater
determinant (SD) state) containing a total of IV electrons (see Fig. 2.2):

Wo) = P [] cieh) 10) = P o4 . (2.4)

lgl<qr
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Taking the fully polarized state [0;) = [], cLl |0) as reference state, we
can rewrite the vacuum state as

[Wo) =Y Wo(z1,...,2m) S5 ... 85, 10)), (2.5)
{zi}

where M = N/2 and the z;’s denote the up-spin coordinates. The sum in
(2.5) extends over all possible ways to distribute the coordinates z;’s over the
lattice sites 7n,. The wave function is given by [57,114]

M M
Uo(z1,. . 2m) = [ (2 — ) [ =00 (2.6)
i<j i=1
its energy is
2
Ey=——. 2.7
o= (27)
The total momentum of a state is eval- .
uated by considering the operator T, which o e
translates all arguments of the wave function / ‘\ T
counterclockwise by one site. T is related to ° °
the momentum operator P via \ /‘
[ J [ J
T = exp(iP). (2.8) e

This yields the momentum of |¥y) to equal zero if N is divisible by four
and 7 otherwise. Note that (2.6) represents the ground state of (2.1) only at
half filling, i.e., when all sites are occupied. As was shown by Kuramoto and
Yokoyama [87], the ground state away from half-filling can be constructed
by Gutzwiller projection similar to (2.4).

2.4 Spinon excitations

Let N be odd and M = (N — 1)/2. A localized spinon at site "n,” is
constructed by the Gutzwiller projection of an electron inserted in a Slater
determinant state of N + 1 electrons:

\W§P> = Pocy | U5 (2.9)

The annihilation of the electron causes an inhomogeneity in the spin and
charge degree of freedom. After the projection, however, only the inhomo-
geneity in the spin survives. The spinon hence possesses spin one-half but
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allowed momenta for M even

e(p)

s s
2 2

Figure 2.3: One-spinon dispersion relation. The allowed momenta fill the
interval [—m/2,7/2] for M = (N —1)/2 even and [r/2,37/2] for M odd.

no charge. The wave function of a localized spinon is given by [59]

M

Uz, zr) = [ [0y — 20) ol 2a), (2.10)
i=1

where Wy is defined in (2.5). Fourier transformation yields the momentum

eigenstates
N

(UiR) =D ()" [P (2.11)
a=1
which vanish identically unless 0 < m < M. In particular, this implies
that the localized one-spinon states (2.9) form an overcomplete set. It is
hence not possible to interpret the “coordinate” 7, literally as the position of
the spinon. The momentum eigenstates (2.11) are found to be exact energy
eigenstates of the KYM, with its energies given by [59]

212 (N — 1
gr="" <7 —m) m. (2.12)

From there, we can define the one-spinon dispersion relation (see Fig. 2.3)

1 (7? 9 2
5 <Z —p ) + S for M even,
e(p) = 2 2 (2.13)
! 7T——( —7)? + " for M odd
o\ 1 V¥ SN2’ ’

which is linear in p at low energies with velocity v = m/2. The allowed
momenta fill only the inner or outer half of the Brillouin zone, depending on
whether N —1 is divisible by four or not. This loss of states is reflected in the
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dynamical spin correlations obtained exactly by Haldane and Zirnbauer [62]
and measured in inelastic neutron scattering experiments [27,119,120]. The
spinons obey half-Fermi statistics, which was first found by the investigation
of their state counting rules [58]. The exclusion statistics of spin-polarized
spinons can be read off as follows. Consider a chain with N = 2M + 1 sites
and a single down-spin spinon. If we create the spinon by annihilation of an
up-spin electron from a Slater determinant state containing N + 1 electrons
(2.9), there are according to (2.12) as many single-particle orbitals available
to the spinon as there are up-spin electrons in the Slater determinant state,
that is, M + 1. If we now were to create two additional down-spin spinons,
the Slater determinant state would have to contain two more electrons, one of
each spin. This implies that there would be one additional orbital, while the
two additional spinons would occupy two orbitals, meaning that the number
of orbitals available for our original spinon would be reduced by one. The
statistical parameter is hence given by g = 1/2 [58]. The fractional statistics
manifests itself also in the spinon-spinon scattering matrix calculated with
the asymptotic Bethe Ansatz. Later it became apparent that the fractional
statistics of the spinons manifests itself in the quantization rules for the
individual spinon momenta as well [46].

2.5 One-Holon excitations

The charged elementary excitations of the model are holons, the concept of
which must be invoked whenever holes and thereby charge carries are doped
into the chain. A localized holon at lattice site 7. is constructed as

|WE) = ¢ Pocl W55 (2.14)

(Alternatively we could use the operators Cep and CET.) Compared to the
spinon we eliminate the inhomogeneity in spin while creating an inhomogene-
ity in the charge distribution after Gutzwiller projection. Thus the holon has
no spin but charge e > 0 (as the electron charge at site 7, is removed). Note
that the holon is strictly localized at the holon coordinate &, as holon states
on neighboring coordinates are orthogonal. In total, there are NV independent
one-holon states (2.14).

Momentum eigenstates are constructed from (2.14) by Fourier transfor-
mation. It turns out that only (N +3)/2 of them are energy eigenstates [15].
We will restrict ourselves to this subset in the following. These states are
readily described in terms of their wave functions. We take |0}) as reference
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state, and write the one-holon energy eigenstates as [15]

(Wi = " Wz, .,z h) ¢y ST ST 10) (2.15)
{zish}

where the sum extends over all possible ways to distribute the up-spin co-
ordinates z; and the holon coordinate h over the lattice sites 7, subject to
the restriction z; # h. The integer m is restricted to 0 < m < M + 1, where
M = (N —1)/2 is the number of up-spin coordinates. The one-holon wave
function is given by

M
\I]}rlr(b)(zlv <oy RM; h) =h" H(h - Zi) \110(217 - '7ZM>7 (216)
=1

where W, is given by (2.6). Note that as a sum over the coordinates h is
included in (2.15), no such sum is required in (2.16). It can be shown that the
wave function (2.16) represents an exact energy eigenstate with energy [15]

o2 N+1
B, = % (m - T+) m. (2.17)

The one-holon momentum is derived in analogy to the vacuum state to be

2 1
pho = gN + Nﬂ (m — 1) mod 27. (2.18)

If we introduce the one-holon dispersion

o 1 /72 2 s

bo | )

we can rewrite (2.17) with the vacuum energy (2.7) as
E,. = Ey+ €™ (pk). (2.20)

Opposed to the spinon case, it is less for obvious that the holons obey frac-
tional statistics. While the state counting argument still applies since the
Brillouin zone of allowed holon momenta is halved similar to the spinon case,
there is no intuitive plausibilization as for the spinon, which was given pre-
viously. It is thus even more important to study the fractional character
directly by consideration of many-holon states, which we do in the following.
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2.6 Two-Holon excitations

2.6.1 Momentum eigenstates

Let N be even and M = (N—2)/2. The two-holon state with holons localized
at ne, and ng, is constructed in analogy to (2.14) as

ho \ _ Pt g N=2
[Tete,) = ey e Pa iy el 807 - (2.21)

In analogy to (2.16), a momentum basis for the two-holon eigenstates is
provided by the wave functions

\Il?r?n(zh < RM; hh h’2) = (hl - h2)(h€nh§ + h?h;n)
M
H(hl — 2zi)(ha — z)Wo(21, - . ., 2m), (2.22)

i=1

where U is again given by (2.6), hy o denote the holon coordinates, and the
integers m and n satisfy

0<n<m<M+1. (2.23)

The corresponding state is then given by

(who )= > W (a1 anihaha) ey e, SE S0, (2:24)
{zish1,ha}

where the sum extends over all possible ways to distribute the up-spin coor-
dinates z; and the holon coordinates h; o over the lattice sites 7, subject to
the restriction z; # hy # hy. The momentum of the states (2.24) is easily

found to be 5
pro = g]\f + Nﬁ(m +n) mod 2r. (2.25)

It can further be shown that the states (2.24) are spin singlets, i.e., they are
annihilated by S* as well as S

2.6.2 Energy eigenstates

Due to the trigonal structure of the Hamiltonian when acting on the Whe ’s
we can derive the energy eigenstates using the Ansatz

(5]

O =D a0 (2.26)
=0
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which yields the recursion relation

-1
1
== m o —n — 2k ot =1. 2.27
al 2l(l o % _'_n . m) ;ak) (m n )7 a’O ( )

This defines the two-holon energy eigenstates (2.26). The energies are given
by

272 N N m—n
ho __
where the momentum quantum numbers satisfy
N
0<n<m<, (2.29)

and the total momentum is given by (2.25).

For the lowest energy state, (2.28) simplifies (up to an additive constant
72 /12N) to the ground-state energy of the chain doped with two holes, which
is a special case of the result by Kuramoto and Yokoyama [87] for the ground
state at general filling fraction.

2.7 Statistical parameter

Fractional statistics in one-dimensional systems was originally introduced by
Haldane [58] in the context of non-trivial state counting rules. Recently, it
was realized by Greiter and Schuricht [46] that the fractional statistics of
spinons in the HSM manifests itself also in specific quantization rules for the
individual spinon momenta. We will now apply this line of argument to the
holon excitations in the KYM.

In this context, we rewrite the two-holon energy (2.28) as

Ep = Eo+ € (pm) + € (pn), (2.30)

where we have used the one-holon dispersion (2.19) and introduced the single-
holon momenta in (2.30) according to

T 27T 1 T 27T 1
pm——§+ﬁ<m+z)7 pn—__+_<n__)- (231>

The difference in the individual holon momenta is hence given by

2 1
Pm = Pn = WW (5 + integer) . (2.32)
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This result is a direct manifestation of the half-Fermi statistics of the holons,
as (2.32) is the obvious generalization of the familiar cases of bosons and
fermions. Indications of the half-Fermi statistics of the holons have previously
been observed in thermodynamic quantities [73,86] of the KYM as well as
the electron addition spectrum [5,6].

Let us now elaborate on the general implications of this result for holons
excitations in antiferromagnetic spin chains. The wave functions we have ob-
tained above are of course eigenstates of the KYM only, which is as idealized
as integrable and exactly soluble models tend to be. The quantization rules
for the single particle momenta we have obtained for this model, however,
have a much broader validity. As mentioned above, the unique feature of
the KYM is that the holons are free in the sense that they only interact
through their fractional statistics. The single particle momenta of the holons
are hence good quantum numbers, which assume fractionally spaced values.
For two holons, these are given by (2.29). The crucial observation in this
context is that the statistics of the holons is a quantum invariant and as
such independent of the details of the model. This implies directly that the
fractional spacings are of universal validity as well. If we were to supplement
the model we have studied by a potential interaction between the holons,
say a Coulomb potential, this interaction would introduce scattering matrix
elements between the exact eigenstates we obtained and labeled according
to their fractionally spaced single particle momenta. These momenta would
hence no longer constitute good quantum numbers. The new eigenstates
would be superpositions of states with different single particle momenta,
which individually, however, would still possess the fractionally shifted val-
ues. In other words, looking at the quantization condition (2.32), the “1/2”
on the left of the equation will still be a good quantum number, while the
“integer” will turn into a “superposition of integers” in the presence of an
interaction between the holons. This line of argument only applies if the
quantum numbers describing the holon excitations remain the same, which
is why we constrain this argument to antiferromagnetic spin chains [43]. For
the XX chain, for example, which can be directly mapped to a free fermion
model, no fractionalization occurs and the elementary excitation quantum
numbers are fermionic.

2.8 Summary and Outlook
In this chapter, we have studied the two-holon states of the Kuramoto—

Yokoyama model. We constructed the explicit two-holon wave functions
and derived their momenta and energies. The results display the half-Fermi
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statistics of the holons, which manifests itself in a shift of %% in the differ-
ence of the individual holon momenta, which appears to be valid beyond the
KYM point, given that the quantum numbers of the excitations remain the
same in the sense of spin charge separation into spinon and holon degrees
of freedom. The crucial task is to provide a measure to observe these state-
ments in experiments, which will be further elaborated on in the following
chapters. Additionally, two directions appear promising to us. The first is
to use the Kuramoto—Yokoyama model to study the real time evolution of
spin charge separation on an analytical footing. In principle, one can start
off with the matrix elements of a fermionic annihilation operator acting on
the ground state to the one-spinon one-holon eigenstates, and compute local
time-dependent quantities like S7 or 1 — n;, which would relate to a recent
approach recently used for describing a sudden change of interaction param-
eters for the Falicov-Kimball model [32]. A second direction of consideration
of us is the explicit computation of a momentum distribution function for
fractional excitations. From this perspective, the Haldane—Shastry model,
i.e., the KYM at half filling, can be viewed as the free spinon gas, where the
spinon only interact through their statistics. By computing this distribution
function, it may be possible to constitute a path for identifying experimen-
tally accessible evidence of non-fermionic deviations that can be traced back
to the fractional character of the excitations. There, we can make use of a
previous work by Greiter and Schuricht [47], where they introduced a Young
Tableaux basis of the HSM in terms of many spinon states.






Chapter 3

Holon excitations in SU(n) spin
chains

3.1 Introduction

In the previous chapter, we set up an analytical approach for the Haldane—
Shastry chain doped with holes, i.e., the Kuramoto—Yokoyama model [87],
which also allowed to treat the two-holon excitations, i.e., the elementary
charge excitations of a one-dimensional spin chain, at the level of explicit
wave functions, which leads to a new understanding of fractional statis-
tics in one dimension in terms of the momentum difference of the frac-
tional excitations extending beyond the exact model where it is solved. The
technical problems associated with the treatment of the two-holon states
are the operators by which the Hilbert space of the fractional excitations
is constructed — whereas one makes use of bosonic spin flip operators for
the spinons, one needs fermionic creation and annihilation operators for
the holons [123]. Subsequently after the discovery of the HSM in 1988,
Kawakami [74] generalized it from SU(2) spins to SU(n), a model in which
the spinon excitations obey fractional statistics with statistical parameter
(1—-1/n) [19,73,86,108,112,132,133]. The question how this statement for
the holons now generalizes for the KYM with enlarged spin symmetry group
SU(n) [76] is answered in this chapter. For this, however, no previous work
exist on any treatment of holon excitations on an analytical footing.

We analyze the one-holon and two-holon excitations of the SU(n) KYM
at the level of explicit wave functions. In Section 3.2 we discuss the SU(3)
KYM. We first present the basic properties of the model and review its ground
state at half filling where it maps on to the SU(3) HSM, as well as the spinon
excitations (colorons). Then we derive the one-holon and two-holon wave
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functions as well as its exact energies and individual holon momenta. In
Section 3.3 we generalize the results to the case of SU(n) and, after review-
ing basic properties of the ground state and the SU(n) spinon excitations,
derive the one-holon and two-holon wave functions including its energies and
holon momenta. This analytical work all condenses into the statements in
Section 3.4 where we prove that the holons in the SU(n) KYM obey frac-
tional statistics with statistical parameter g = 1/n, which is associated with
the non-fermionic spacing difference of the individual holon momenta for the
two-holon state. In Section 3.5 we finally discuss the holon excitations and
its statistics in the framework of spin-charge separation. The main body of
work presented in this chapter is published in

R. Thomale, D. Schuricht, and M. Greiter, Charge excitations in SU(n)
spin chains: Eract results for the 1/r? model. Phys. Rev. B 75, 024405
(2007).

3.2 SU(3) Kuramoto—Yokoyama model

As before, the Kuramoto—Yokoyama model (KYM) [87] is most conveniently
formulated by embedding the one-dimensional chain with periodic boundary
conditions into the complex plane by mapping it onto the unit circle with
the sites located at the complex positions 1, = exp (i%a), where N denotes
the number of sites and aw = 1,..., N. For the SU(3) case, the sites can be
either singly occupied by an SU(3) fermion or empty.

The SU(3) particles transform according to the representation 3 (see
Fig. 3.1), in analogy to the familiar color SU(3) from quantum chromody-
namics we label the particle types by the colors blue (b), red (r), and green
(g). In Sec. 3.2.2 we will see that the elementary spin excitations of the
model called colorons transform according to the non-equivalent representa-
tion 3, i.e., they possess the complementary colors yellow (y), cyan (c), and
magenta (m).

The SU(3) generators at each lattice site are

3
1
a __ — T a _
J =3 g cl A\ ¢ a=1,...,8, (3.1)

[e% oo’ 'oT TaT)

o,r=1

where the A\ are the Gell-Mann matrices. The operator c!_ (c,,) creates
(annihilates) a fermion with color o at lattice site 7,. The operators (3.1)
satisfy the commutation relations

[J2, J5) = 0ap fT5, abe=1,...,8, (3.2)



3.2 SU(3) Kuramoto—Yokoyama model 33
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Figure 3.1: Weight diagrams of the three-dimensional representations of
SU(3). J? and J® are the diagonal generators.

(we use the Einstein summation convention) with f%¢ the structure constants
of SU(3), i.e., spin operators on different sites commute.
The Hamiltonian is given by

27’(‘2 N P 3
Hyy = —— = (3.3)
N 2 T il
a0

where P, exchanges the configurations on the sites 7, and 7z including a
minus sign if both are fermionic. Rewriting (3.3) in terms of spin and fermion
creation and annihilation operators yields

2m 1
Hey = S —7m
N2 1o — 115
Po| 5 3 (hosy t chtar) + Tu- Ty =" s, — 2| P
—— cl e ChoC o Jg— Ng — = ,
G 20:brg ao ™~ Bo Bo~ao &) 3 9 G
(3.4)

where we for convenience label the SU(3) spin or color index ¢ to be either
blue (b), red (r), or green (g). The Gutzwiller projector which enforces at
most single occupancy on all sites is given by

N
PG - H (na - 2) (na - 3)7 Na = CLbCozb + Cizrcar + Clgcay (35)
a=1

where n, denotes the charge occupation operator. J, = %ZUT el Agrc,. is
the eight-dimensional SU(3) spin vector, A a vector consisting of the eight
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Gell-Mann matrices, and o and 7 are again SU(3) color indices. For all
practical purposes, it is convenient to express the spin operator part of (3.4)
in terms of color flip operators e?” = ¢l _c

[e7ea Cl{’T

o2 1
Hyy = —g _—
N2 = [ — ns|?
1 1 Nan 1
t T oT _TO alts
P —3 EU (caacﬁo+cﬁocag) +§ UET €a €3 ~ 5 +na—§ Fq,

where the color double sum includes terms with o = 7.

The KYM is supersymmetric, i.e., the Hamiltonian (3.3) commutes with
the operators J* = >"_al a,,, where a,, denotes the annihilation operator
of a particle of species a (a runs over color indices as well as empty site) at site
Na. The traceless parts of the operators J% generate the Lie super-algebra
su(1]3), which includes in particular the total spin operators J = ZaNzl J
In addition, the KYM possesses a super-Yangian symmetry [53,54], which

causes its amenability to rather explicit solution.

3.2.1 Vacuum state

We first review the state containing no excitations, i.e., neither spinons nor
holons, which is the ground state at half filling where the SU(3) Kuramoto—
Yokoyama model reduces to the SU(3) Haldane-Shastry model [111]. The
ground state of Hiy for N = 3M (M integer) is most easily formulated
by Gutzwiller projection of a filled band (or Slater determinant (SD) state)
containing a total of N SU(3) particles obeying Fermi statistics

Wo) = Pa ] eyl chy 10) = Pa |W4,). (3.7)

lg|<qr

As |Wd],) is an SU(3) singlet by construction and Pg commutes with SU(3)
rotations, |Wo) is an SU(3) singlet as well.

If one interprets the state [0,) = [T, ¢l |0) as a reference state and the
color flip operators e”® and e'® as “particle creation operators”, the ground

state (3.7) can be rewritten as [52, 75]

Wo) = 3 Wolewy] 5. e X L eB,0,), (3.8)

{zi,wi,}
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a) b)

_’n/

\
|Weo) filled with b,r, andg

Figure 3.2: a) Total antisymmetric N-particle state. b) Typical configuration
in ‘\I]0>

where the sum extends over all possible ways to distribute the positions of
the blue particles 2, ..., 2y, and red particles wy, ..., wy;, over the N sites.
The ground state wave function is given by

My Mo My Mo My Mo
W[z wy] = H(ZZ — z;)? H(wk —wy)? H H(ZZ — wg) H 2; Hwk (3.9)
i<j k<l i=1 k=1 i=1 k=1
with M} = My = M. The ground state energy is
2 15
Ey=——|N+—|. 3.10
o= (v ) (3.10)

The total momentum, as defined through e = Wo[n; 2;, mwg]/Vo[z;, wi] with
m = exp(i%”), is p = 0 regardless of M. For further purposes, it is important
to note that the ground state wave function can be equally expressed by any
two sets of color variables, as shown in Appendix A.5.

3.2.2 Coloron excitations

Assume N = 3M+1. It is shown in [111] that the elementary spin excitations
called colorons obey the adjoint representation of the SU(3) lattice spins.
Accordingly, a localized coloron at site "7,” is constructed by Gutzwiller
projection of a fermion annihilation operator of color ¢ acting on a Slater
determinant state of N + 1 fermions:

|U,) = Pacyo |WEG) (3.11)

where & shall denote the adjoint or complementary color of the excitation.
The annihilation of the electron causes an inhomogeneity in the spin and
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allowed momenta

Figure 3.3: One-coloron dispersion relation. The colorons are constrained to
one third of the Brillouin zone.

charge degree of freedom. After the projection, however, only the inhomo-
geneity in the spin survives, the coloron thus possesses a (complementary)
color but no charge. The wave function of a localized, e.g. anti-blue or
yellow, coloron is given by [111]

My

WS [z we] = [ [y — 20) Wolzi wy (3.12)

i=1

with g given by (3.9). Fourier transformation yields the momentum eigen-
states

c . ]' l
|0e) NZ (3.13)

v=1

which identically vanish unless 0 < n < M;. The momentum of (3.13) is

4T 27

1
pn:§_ﬁ<n+§),0§n§%. (3.14)

It thus yields that the localized one-coloron states (3.11) form an over-
complete set, by which it follows that the interpretation of "n,” as the po-
sition of the coloron does not exactly fit. The momentum eigenstates (3.13)
are found to be exact energy eigenstates of the KYM, its energies are given
by [111]

2

27
E° = E,
otoNe T

where the coloron dispersion is given by

€ (pn), (3.15)

€“(pn) = 2 (%2 — (P — w)z) : (3.16)
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The colorons obey fractional statistics with the statistical parameter 2/3,
which from the first view is obvious from state counting rules originally for-
mulated for the SU(2) case [58]. Furthermore, the fractional statistics of
the colorons show up in the quantization rules for the individual coloron
momenta [46].

As stated before, the elementary coloron excitations are constructed by
annihilation of a particle of color ¢ from an overall color singlet }\IféVDJF 1> be-
fore Gutzwiller projection. Hence (as hole-like excitations) they transform
according to the representation 3 conjugate to the fundamental representa-
tion 3 of the original particles on the sites of the chain. This can also be seen
by acting with the total SU(3) spin generators on the wave function (3.12).
This is consistent with results on the spectrum of the SU(3); Wess—Zumino—
Witten model obtained by Bouwknegt and Schoutens [18,108].

It is straightforward to read off the exclusion statistics [58] of color-
polarized colorons. Consider a chain with N = 3M — 1 sites and a single
yellow coloron. According to (3.11) and (3.13) there are as many single-
particle orbitals available to the coloron as there are blue particles in the
Slater determinant state, that is, M. If we now were to create three addi-
tional yellow colorons, the Slater determinant state would have to contain
three more particles, one of each color. This implies that there would be one
additional orbital, while the three additional colorons would occupy three
orbitals, meaning that the number of orbitals available for our original col-
oron would be reduced by two. The statistical parameter is hence given by
g = 2/3. The fractional statistics manifests itself further in the exponents
of the algebraic decay of the dynamical structure factor [132,133], in the
thermodynamics of the model [73,86], as well as the coloron-coloron scat-
tering matrix calculated with the asymptotic Bethe Ansatz [118]. A similar
exclusion statistics exists in the conformal field theory spectrum of Wess—
Zumino—Witten models [19, 108].

3.2.3 One-Holon excitations

Let N be N = 3M +1. Doping the SU(3) fermion chain with holes causes the
appearance of holons, i.e., the elementary charge excitations of the system.
Opposed to the case of the spinons, setting up the construction scheme for the
SU(3) chain is unambiguous and built up in a straight forward way starting
from the case of SU(2) [123]. A localized holon state at lattice site "n,” is
constructed as

|UE°) = ¢, Pocl, |U55 ) . (3.17)
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where the color index ¢ can be chosen arbitrarily. Opposed to the coloron we
eliminate the inhomogeneity in color, which exists after Gutzwiller projec-
tion, but instead create an inhomogeneity in the charge distribution. There-
fore, the state has no color but charge e > 0, as the electron charge at site
"n¢” is annihilated. It should be stressed that there is a difference between
the quantum-like ” quasi”-coordinate v of the localized one-coloron wave func-
tions (3.12) and the holon coordinate £ being a real coordinate of the system.
In particular, there exist NV independent states (3.17) in total.

Momentum eigenstates are constructed from (3.17) by Fourier transfor-
mation. It will be shown in the following that only a subset of them are
energy eigenstates, thus being holon excitations, which are most easily de-
scribed in terms of their wave functions. As for the ground state, we again
take |0,) =[], cag |0) as a reference state and the color flip operators e

a=1
and e™ as "particle creation operators”

}\If},;‘;> = Z \If};f[z“ Wy h]chgeflg .. .e];’]gwl CH A e{,}g% 10g) (3.18)

Zi,wi;h

where the sum extends over all possible ways to distribute the positions of
the blue particles zy,..., 2y, the red particles wy, ..., wys,, and the holon
coordinate h over the N sites under the restriction h # z;, wy. The one-holon
wave function is given by

M1 M2
Uhe [z wi ) = B [ [ (0 = 20) T](h = wi) Wolzi; wi, (3.19)
=1 k=1

where M, denotes the number of blue and M5 the number of red fermions as
above (to increase clarity of the terms appearing the upcoming calculations,
we at most stages of the paper keep this difference, though we always set
My, My and Ms, i.e., the number of green fermions to be equal to M at the
end since any excitation which we discuss contains equally many blue, red,
and green particles). The integer m is restricted to

0<m<M+1, (3.20)

as will be verified. Note that the localized states (3.17) taken as a basis
of (3.18) yield holon excitations only when energy eigenstates are constructed
and cannot strictly be interpreted as space-localized holon states. When we
take a Fourier transform of the energy eigenstates to localize the holons,
the fact there are only M+2 allowed momentum values while there are N
sites implies that we will not be able to localize the holons such that they
reside exactly on lattice sites, and hence that the true holon states are non-
orthogonal in position space.
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The momentum of (3.18) is

2 27 1
ho
Tl 3.21
with m restricted to (3.20). The energy yields
E1® = By + o(ple), (3.22)

with the SU(3) chain holon dispersion given by
3 [ 2 72 2 4
ho/_ ho —_ _ - ° ho 2 e 2T <« ho iy 323

The SU(3) holons thus occupy one third of the Brioullin zone. We now prove
that the states (3.18) restricted to (3.20) are the energy eigenstates of the
SU(3) Kuramoto—Yokoyama Hamiltonian (3.4) with the energy (3.22).

3.2.4 Two-Holon excitations
Momentum eigenstates

Let N be N = 3M + 2 and M again denote the number of variables of one
spin color. In analogy to (3.17), the two-holon state localized at 7e, and 7,
is constructed as
ho o T + N-—2
|Were,) = Ce, 061 Pace, ) [WaD ) - (3.24)

The momentum eigenstates which are subject to our further consideration
are most easily described by their wave functions. Related to (3.19), the
two-holon momentum eigenstates are represented by

Woon [z wi by ha) = (o — ha) (R + hihy')

H(h1 - Zi)(h2 - Zi) H(h1 - wk)(hZ - wk)‘l’o[zi; wk],

(3.25)

where Wy is given by (3.9), h; 2 denote the holon coordinates, and the integers
m and n satisfy
0<n<m<M+1, (3.26)

as will be shown in the following. The state which is represented by (3.25)
is given by

ho \ __ ho [, . . bg bg _rg rg
‘\Ifmn> = E WO 1255 wg; ha, h2]0h1g0h2g621 € Cuy e 0g) ,

zi,wishi,ho

(3.27)
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where the sum extends over all possible ways to distribute the positions of
the blue particles zy,..., 2y, the red particles wy, ..., wys, and the holon
coordinates hj o over the NN sites under the restriction hyo # 2, w,. Again
note that the states (3.24) taken as a basis of (3.27) cannot be interpret
as true localized two-holon excitations. As we only get (M + 1)? distinct
momentum eigenstates which are associated with energy eigenstates thus
being interpreted as true holon states, we cannot define true two-holon states
which are strictly localized in position, as already explained for the one-holon
case.
The total momentum of the states (3.27) is found to be
ho At 21

= 4 +n—21) mod 2r (3.28)
— — - — . .
Dpoom, = 5 N m-4+n 3 0

Furthermore, as the Gutzwiller projector commutes with all generators of

SU(3), it can be shown that the states (3.27) are spin singlets, i.e., they are

annihilated by all components of the SU(3) vector operator J =) _ J,.
We thus obtain

HKY\I] [ZZ7 W, h17 h’2]

372 N+1 N+1 m—n

|_77L57L J 9

272 o 3 4
where in (3.29) we used ;—J_rz(xmy" —gmy™) = 23 Tyt — (amyn 4

2"y™) and | | denotes the floor functlon i.e., |x] is the largest integer
[ < x. First, note that the action of the Hamﬂtoman on Whe is trigonal, i.e.,

the “scattering” in the last line is only to lower values of m — n. Second,
(3.29) shows that the states Wh° form a non-orthogonal set out of which we
construct an orthogonal basis of eigenfunctions as it is shown in the following.

Energy eigenstates

As the Hamiltonian matrix is trigonal, it is easy to diagonalize. Using the
Ansatz

[252 ]
‘(bmn = Z ‘\Ij ln+l> (330)
1=0
we obtain the recursion relation
p—1

a" = — —2k)al"™, ag™ =1, 3.31
3p(p+m—n—— k:O 0 (3:31)




3.3 Generalization to SU(n) 41

which defines the two-holon energy eigenstates (3.30). The corresponding
energies are given by

2 3 4
Eho — _7T_ N -~ T
mn 36( +N+N2)

3 N +1 N +1 -
+% {(m—T)m(n—T)nijg n},(3.32)

where the momentum quantum numbers satisfy

N+1
OSngmgTJr, (3.33)

in correspondence to (3.20), and the total momentum is given by (3.28).

3.3 Generalization to SU(n)

The expressions derived for the SU(3) model directly generalize to the SU(n)
case. Beyond the bare results, only some short remarks about the calculation
are made since the decisive methods were already discussed for the SU(3)
case.

3.3.1 Hamiltonian

Consider an under-doped chain with at most one particle per lattice site
carrying an internal SU(n) quantum number which transforms according
to the fundamental representation n of SU(n). Starting from (3.3), the
Hamiltonian can be rewritten by

— npl?
1 —1 1
PG{JZ JE— 3 Z (C];O.Cﬁo— + cggcaa> — n2n Nang + Ny — §}Pg,

(3.34)

where the summation index o runs over all spin indices and J denotes the
(n? — 1)-dimensional SU(n) spin vector. (3.34) commutes with the operators
J® =% _al,a,,, where a,, denotes the annihilation operator of a particle of
species a (a takes values 0,1,...,n, i.e., it runs over the hole and all n spin
indices) at site 7,, the traceless parts of the operators J% generate the Lie

super-algebra su(1|n), and still possesses a super-Yangian symmetry [54].
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3.3.2 Vacuum state

Consider the state containing no excitations. If we use a polarized state of
particles of flavor n as reference state and label the coordinates of the particles
of flavor 0,1 <o <n—1, by 27,1 <i < M,, the wave functions [75]

n—1 My, n—1 My, M- n—1 Mg
Wolef] = [T TG =2 [TTT LTI = =) TT 1]+ (3.35)
o=11i<j o<t i=1 j=1 o=11i=1

constitute exact eigenstates [52] of the Hamiltonian (3.34). For N = nM,
M, = M, (3.35) is the ground state of (3.34) with energy

2 (-2 o1
Er = ”(” N+ ) (3.36)

12 n N

The total momentum of this ground state is p = (n — 1)7M mod 27. Note
that p = 0 only for n odd, otherwise p = 0 or .

3.3.3 Spinon excitations

Localized SU(n) spinons are given by [111]

My
W, [27] = [ [(ny — 21) Wol27] (3.37)
i=1
for N=nM —1, My =M — 1, and My = ... = M,,_1 = M, out of which

the momentum eigenstates are constructed via Fourier transformation. They
transform according to the representation . The spinon momenta are given

by

n—1 2m n—1
- N-T 2 .
P T N (m+ o ) mod 2, (3.38)
which fill the interval [—Z, %] for n even and M odd, or the interval [ —

n’n

=7+ =] otherwise (either n odd or M even or both). The energy spectrum
is given by

n?—1 72
Sp _ n - Sp
with
2
% (12 — 2), if n even and M odd,
n
& (p) = (3.40)
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3.3.4 One-Holon excitations

For all practical purposes in order to generalize the approach for the SU(3)
presented previously, we again rewrite (3.34) in terms of spin flip operators,
eliminate the spin diagonal contribution of one spin index and thus get

2 N n n—1 n—1
SU(”) o 27T ]‘ T oo oo
RN CD T DI S o

a<f o=1 o=1 o=1

n—1 n—1 n
+ Z e’ eq” + Z eq’es + Z € €5 + % - ha}PG , (341)
o=1

o<T o<T

where the h’s again denote hole operators. It yields that the one-holon mo-
mentum eigenstates are represented by the wave function

n—1 My,

Ul h) = B ] TT(h = 20)Wol7), (3.42)

o=1k=1

with Wq given by (3.35) and the restriction of the momentum integer quantum

number [ to be
N4+n—-—1

0<i< (3.43)
n
For momentum eigenvalues p'® of (3.42), it yields
o Jn—1 2_7r<_n—1>
pC = { - TN + N [ o mod 27, (3.44)

which fill the interval [—7, 7] for n even and M odd, or the interval [7 — T, 7+
7] otherwise (either n odd or M even or both), see Fig. 3.4. The energy is

o o n 'n,2 — 1 7T2 o o
with
n (m ho\2
- ( = — (p°) ), if n even and M odd,
n
Ego(p?o) — (3.46)
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a) n even b) n odd

Figure 3.4: SU(n) holon dispersion relations. a) n even. The allowed mo-
menta fill the interval [x — Z, 7 + Z] for M even and [~Z, Z] for M odd. b)

‘n

n odd. The allowed momenta fill the interval [r — = 7 + Z].

3.3.5 Two-Holon excitations

The two-holon momentum eigenstates are represented by the wave function

n—1 My
Wi lzos h, o] = (hy = ho) (A5 + B hy) [T T (b — 22) (he = 27) Woleis wil,
o=1k=1
(3.47)
where the momentum quantum numbers [ and m are restricted to
N -2
O<m<l< ¥z (3.48)
n
The momentum is given by
. 1 2 92—
qlsgl( ) = {n AN+ =2 (l +m+ n) } mod 27. (3.49)
’ n N n

The momentum eigenstates build an over-complete set out which one con-
structs the energy eigenstates by the Ansatz

15
Ui = > @)W, s (3.50)

p=1
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where the recursion relation for the aém’s is found to be

1 Pl

alm = al™(l—m —2k), al™ =1. 3.51

The energy spectrum in terms of the momentum quantum numbers [ and m
yields

m™2n—2 7r22712—13n+24jL w2
12 n 12 Nn 3nN?2

2 N+n—2 N+n-—2 l—m
n— |l — ——— | +m|m— + )
N2 n n n

(3.52)

EP° (n* — 6n + 8)

3.4 Fractional Statistics of holons in SU(n)
spin chains

We have seen previously that the fractional statistics of spinons in the Hal-
dane Shastry model manifests itself in specific quantization rules for the
individual spinon momenta and was generalized to the statement that SU(n)
spinons have a statistical parameter g = (n—1)/n, i.e., obey (n—1)/n-fermi
statistics [112]. Furthermore, we used this line of argument to show the half-
fermi statistics of the holon excitations in the SU(2) Kuramoto—Yokoyama
model [123], which motivates a general formulation of fractional statistics in
one dimension in terms of the differences of the individual particle momenta.
In the following we apply this interpretation to the holon excitations of the
SU(n) KYM [124].
First, consider the case of SU(3). For that we rewrite the energy (3.32)
in the form
B, = Eo+ € (pm) + € (pn), (3.53)

where we have used the one-holon dispersion (3.22), and we have introduced
the single-holon momenta in (3.53) according to

2r 2w 2r 2w 1
m = — + —m, y = — + — —— . 3.54
p +—=m Pn=g (n 3> (3.54)

Hence, the difference in the individual holon momenta reads

2 (1
Pm — Pn = WW <§ + integer) . (3.55)
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Accordingly, we interpret this result as a manifestation of the 1/3-Fermi
statistics of the holons, as seen in (3.55). This result is similar to the mo-
mentum shifts for the spinon excitations in the HSM [112] as well as the holon
excitations in the SU(2) KYM [123], as shown in Chapter 2. The fractional
statistics of the holons have also been observed in thermodynamic quanti-
ties [73,86] of the KYM as well as exact results for the electron addition
spectrum [5,6].

Finally, consider the case of SU(n). All statements identically generalize:
Using the one-holon dispersion (3.46), we can rewrite the SU(n) two-holon
energy (3.52) as

Ep = Ey+ e(p) + 62 (pm), (3.56)

where the relative momentum yields

DI — Pm = %T <% + integer) . (3.57)
It thus follows that holons in the SU(n) KYM obey 1/n-fermi statistics, i.e.,
have a statistical parameter of g = 1/n.

Let us sum up the properties for the KYM approaching the limit n — oo.
As the model is exactly solvable, no aspect of calculation simplifies as we
approach the Large-n limit. Second, according to the spinon case, the interval
of allowed holon momenta shrinks to zero. Still, this does not mean that the
number of holon orbitals vanishes, as in the Large-n limit the number of
lattice sites has to grow and hence the momentum spacing tends to zero as
well. Third, we find ¢ — 0 as n — oo, meaning that the holon statistics
becomes bosonic in this limit. However, as the holon momenta fill only a
small interval and retain the fermionic on-site character, holons still cannot
be interpreted as bosons in this limit.

3.5 Spin-charge Separation of SU(n) Fermions

From the considerations of the statistical parameters of spinons and holons
for an SU(n) spin symmetry, it emerges the important observation that the
sum of both yields the fermionic parameter one

Gp+ gho=(n—1)/n+1/n=1 (3.58)

This result is very intuitive from the viewpoint of spin-charge separation
which is responsible for the emergence of spinons and holons. Since we create
a one-spinon one-holon state by taking out one fermion of parameter g = 1,
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this just means that within the process of spin-charge separation, the statis-
tical parameter of the fermion excitation is conserved and just distributed
over the spinon and the holon. Compared to general creation and annihila-
tion processes or decays of excitations, this is a peculiar conservation law. It
stresses the difference between a decay of particles and a decoupling process
as observed for spin-charge separation in one-dimensional fermion chains.
Imagine we take out one fermion at site a and one at site b. Interchanging a
and b should thus yield a phase of w. As the fermion excitation decouples to
a spinon and a holon, this relation should still hold once one interchanges the
spinon-holon pairs which originated from the respective fermions, which thus
yields that the statistics of spinons and holon should in total be fermionic,
i.€., gsp + Gho = 1.

A further interesting perspective is the phase space of the fermion chain.
Let us compare the hypothetical phase space of a fermion excitation opposed
to holon excitations. For the first, the allowed fermion momenta would cover
the complete Brillouin zone and the momentum spacings are at least 27/ L.
For the SU(n) chain, the spinons and holons fill only one nth of the Brillouin,
i.e., in this analogy, the quasi-fermi momentum p"°_also shrinks to one nth of
the fermi momentum pg for the fermion excitation. However, as the process
from the fermion to the holon and spinon is just a separation of different
degrees of freedom, the number of states realized in the phase space should
be conserved. It is thus clear that interpreting spin charge separation as
a decoupling of degrees of freedom, it is plausible that the number of spin
and charge associated orbitals remains the same. From this perspective,
this is captured by the reduction of the momentum spacing between holons
to be at least 2w /nL, i.e., as the momentum space volume is decreased by
1/n, the momentum density is increased by n. This once more stresses the
fundamental characteristic of the spacing shifts of the fractional excitations
alluded to above.

3.6 Summary and Outlook

In conclusion, we have derived the wave functions of the one-holon and two-
holon excitations of the SU(n) KYM and derived its energies and momenta.
We have shown by explicit calculation that the holon excitations of the SU(n)
KYM obey 1/n-fermi statistics, which manifests itself in the difference of the
individual holon momenta as p; — p,, = % (% + integer). We further set it
into context of spin-charge separation. As it was the case for SU(2) spin
chains, one crucial line of investigation is to realize SU(3) systems experi-

mentally. There are already promising attempts for the realization of SU(3)
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spin chains in systems of ultra cold atoms [1,105], and hence a possibility
of observing SU(3) holon excitations. Additionally, it appears worthwhile to
take the SU(3) KYM as a starting point to study spin-charge separation in
SU(3) spin chains in more detail, for which the exact findings in the SU(3)
KYM serve as a complementary result for numerical approaches, such as
density matrix renormalization group (DMRG) studies. For example, one
can discuss the notion of SU(3) color charge separation numerically for the
generic SU(3) Hubbard model (repulsive U) and unify it with the above ana-
lytical description for the SU(3) KYM being a special ¢-J model descendant
of it.



Chapter 4

Microscopic model for the
Chiral Spin Liquid

4.1 Introduction

Fractionalization of statistics is known to occur in two dimensions, in general
in the presence of a magnetic field that violates the discrete symmetries of
parity (P) and time-reversal (T); this situation is realized in the fractional
quantum Hall effect [7,22,23,63,88,117] (FQHE). In contrast to the one-
dimensional case, however, there has been no definite evidence as to whether
fractional statistics occurs in the absence of an external field breaking these
symmetries. The paradigmatic state for a spin liquid is the chiral spin liquid
introduced by Kalmeyer and Laughlin [70,71], which is constructed to sponta-
neously violate the symmetries P and T; this violation is generally associated
with fractional statistics. The excitations of the liquid—spinons, which carry
spin 1/2 but no charge, and holons, which carry charge but no spin—obey
fractional statistics. In addition, the spinons exhibit quantum-number frac-
tionalization and carry only half the spin of the excitations in conventional
magnetically-ordered systems, which are spin-1. Whereas the spinon may
be the fundamental field describing excitations in two-dimensional S = 1/2
systems in general, the confinement force is generically so strong that the
spinon substructure is often suppressed, in some analogy to quantum chro-
modynamics where the quark substructure of the nucleons is suppressed at
low energy scales. In the chiral spin liquid, however, the spinons are de-
confined, which thus represents a suitable spin model to study fractional
quantization of spinons in two dimensions. For nearly two decades, however,
the chiral spin liquid lacked a microscopic model where it is realized.

In this chapter, we present a spin Hamiltonian for which the chiral spin lig-



50 Chapter 4 Microscopic model of the Chiral Spin Liquid

uid (CSL) is the exact ground state [109]. In many respects, the Hamiltonian
is a generalization of the Haldane-Shastry model [57,114] (HSM) to two di-
mensions, and provides an exact spin model in which fractional quantization
can be studied. We show that the model has an exact two-fold topologically
degenerate CSL ground state for any number of lattice sites IV, which is an
important difference to systems like the Rokhsar-Kivelson model [83], where
the degeneracy is only obtained in the thermodynamic limit [66]. We develop
an analytical method to construct a parent Hamiltonian for the CSL in ex-
plicit detail. Therein, the singlet property of the CSL is used as a key feature,
which allows for a spherical Tensor decomposition of the destruction operator
we introduce. From there, we construct two different parent Hamiltonians.
Both contain 6-body spin operator terms. The next key issue is whether the
CSL is the only ground state of the models. To address this question we per-
form exact diagonalization studies of both models for a 16 site square lattice.
We introduce an adapted Kernel sweeping method to implement these many
body Hamiltonians efficiently. We find that one model has the CSL as its
unique ground state, whereas finite size studies indicate that the CSL is not
the unique ground state for the other. After providing a construction scheme
starting from the one-dimensional Haldane-Shastry model in Section 4.2.1,
we continue in Section 4.2 by introducing the chiral spin liquid ground state
and the basic properties of spinon and holon excitations. After outlining the
general construction of CSL Hamiltonians in Section 4.3, we compose a de-
struction operator for the CSL state in Section 4.4, where we exploit the spin
rotational invariance of the CSL state to decompose the destruction opera-
tor into different spherical tensor components which annihilate the CSL state
individually. While we previously started with an asserted property of the
destruction operator, this assertion is proven in Section 4.5. In Section 4.6,
we introduce a Kernel sweeping method to compute the CSL Hamiltonians,
where the data is shown and discussed in Section 4.7. The main body of this
work is presented in

D. F. Schroeter, E. Kapit, R. Thomale, and M. Greiter, Spin Hamiltonian
for which the Chiral Spin Liquid is the Exact Ground state. Phys. Rev. Lett.
99, 097202 (2007).

E. Kapit, R. Thomale, D. F. Schroeter, and M. Greiter, Parent Hamilto-
nians for the Chiral Spin Ligquid. Submitted to Phys. Rev. B.
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4.2 Chiral Spin Liquid state

4.2.1 From the Haldane—Shastry chain to the Chiral
Spin Liquid

The chiral spin liquid [70, 71,90, 126, 137] may be viewed as a brute-force
generalization of the Haldane-Shastry wave function to two space dimen-
sions, though the idea for the Chiral Spin Liquid was first composed in 1986
by Dung-Hai Lee, i.e., before the discovery of the Haldane Shastry model
in 1988. Consider a periodic one-dimensional lattice on the real axis of a
complex plane, with lattice points at integer values:

o -o—
°
q
¢
=

Filled and empty circles represent even and odd integers, with gauge factors
G(z) = —1 and G(z) = +1, respectively. The Haldane-Shastry wave func-
tions is already known from previous Chapter 2 as the Kuramoto—Yokoyama
vacuum state at half filling in (2.6), and takes the form

(21 ey 2m) = ﬁ G(z) ﬁ sin(%(zj - zk))z’ (4.1)

j<k

where we took advantage of the fact that now the coordinates z; are real
opposed to the previous implementation.

The chiral spin liquid is obtained by extending the lattice from a circle to
a cylinder, or from a segment of the real axis to a strip in the two-dimensional
complex plane [45]:

where G(z) = (—1)@+DE+D for lattice site 2 = z + iy. The wave function
for a chiral spin liquid on this cylinder is given by (4.1) multiplied by an
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exponential factor, which effects that the density of spin flips is % for —L, /2 <
y < L,/2, i.e., up to the boundaries of the liquid:

VS (2, o) = [ G T sin(%(zj - zk)> [[e" @2

j=1 j<k J=1

4.2.2 Chiral spin liquid wave function on the torus

The chiral spin liquid takes a more familiar form if we consider open boundary
conditions. The wave function for a circular droplet of fluid is simply given
by [70,71]

M M

(oreee ) = [ (25— 20)? T Glzy)e80. (4.3)

j<k j=1

The z’s in the above expression are the complex positions of the up-spins on
the lattice: z = x+iy, with  and y integer. G(z) = (—1)@+*D+) is a gauge
factor, which ensures that (4.3) is a spin singlet. Lattice sites not occupied
by 2’s correspond to down-spins. Note that the exponential in (4.2) or (4.3)
corresponds to a (fictitious) magnetic field of strength 27 /plaquet.

e—O0—0 O
L

Figure 4.1: The model is defined on a square lattice, length L on a side,
with a number of sites N = L2. The image shows the lattice for N' = 16.
The shaded circles (including the origin) indicate those lattice sites for which
G(z) = —1 and the open circles those sites for which G(z) = +1. The sites on
which G(z) = —1 define a sub-lattice with twice the original lattice spacing;
the doubled unit-cell is shown as the shaded region in the figure surrounding
the origin.

For our purposes, it is propitious to choose periodic boundary conditions
(PBCs) with equal periods L; = Ly = L, L even, and with N = L? sites.
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Following Haldane and Rezayi [61], the wave function for the CSL then takes
the form

(21 zalth) = f[ﬁl(% 12 - Zy]) ﬁ%(% 2 — Zk])?

j<k

7\'

HG 31zl (4.4)

where M = N/2 and ¥ (w) = =1 (—w) = ¥1(w|e™™) is the odd Jacobi theta
function [2], which is also defined in Appendix B.6. The zeros for the center-
of-mass coordinate Z = ) . z; must lie in the principal region 0 < Re(Z;) <
L, 0 < Im(Z;) < L and satisfy Z; + Z, = L + iL; the freedom to choose
71 reflects the topological degeneracy and yields two linearly independent
ground states for the CSL. These states are spin singlets, are invariant under
lattice translations, and are strictly periodic with regard to the PBCs.

4.2.3 Spinon wave functions

It is rather easy to formulate spinon excitations for the chiral spin liquid. In
analogy to both the quasiholes in fractionally quantized Hall liquids and the
previously discussed spinons (2.10) for the Haldane-Shastry model, we write
the wave function for a spinon localized at 7 is given by

M M
o (21 2) = H H G(z5) H — z1.)? H e 3151 (4.5)
Jj=1 j<k Jj=1

The spinons obey half-fermi statistics, both in the sense of Haldane’s exclu-
sion principle as well as in the sense of the Berry’s phases where we adia-
batically exchange particles by moving them counterclockwise around each
other [130]. This phase is given by ¢, where 6 is the statistical parameter.

U\

For § = m we have fermions, for # = 0 bosons, and for both § = 7 and
¢ = —3% half-fermions. The choice of sign for ¢ is physically meanlngful as
the allowed values for the relative angular momentum [ depend on it:

6
l =—+2n where n integer. (4.6)
T
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Clearly either choice of sign for half-fermions violates parity (P) and time
reversal (T). For the spinons in the chiral spin liquid, this result can be found
using the adiabatic transport argument of Arovas, Schrieffer, and Wilczek [7].
We obtain 7/2 for (4.5) and —7 /2 for its complex conjugate.

4.2.4 Generation from filled Landau levels

The chiral spin liquid can be generated through projection from the wave
functions of a filled lowest Landau level (LLL). If we choose an auxiliary
magnetic field with a strength of one half of a Dirac flux quanta per lattice
site, the wave function for a circular droplet of M = % fermions filling the
LLL is given by

cb[zz-]:H - H Flail (4.7)

The chiral spin liquid state corresponding to (4.3), where the “particles” z;
describe spin flips S acting on a “vacuum” state with all the spins |, and
G (1) is as above, can be generated by Gutzwiller projection of the LLL (4.7)
filled once with T and once with | spin fermions [45,90]:

ot ol
CSL Z ¢ Z’ wJ ZlT Canrt Cwrl - Cungl | 0> ’ (4'8)
{zw}
where the sum extends over all partitions of the lattice sites into z’s and w’s
and the c’s are fermion creation operators. This functional equivalence is
shown in Appendix B.9. It is often convenient to write (4.8) as

%) = Paw [¢8) (4.9)

where the Gutzwiller projector

N
w= H ZTCZT CZJ,CZL) (4.10)
i=1

eliminates doubly occupied sites and WSD> is the Slater determinant wave
function for the lowest Landau level filled once with M = N T-spin and once
with M |-spin electrons. The construction is now evidently analogous to
the Haldane-Shastry chain in one dimension, which again stresses the strong
relation between these states in different dimensions.

The spin singlet property of the chiral spin liquid mentioned above is
now evident. Clearly the Slater determinant ‘¢é¥,> is a singlet. Since the
Gutzwiller projector commutes with the spin operator on each site,

[Paw, Si] =0, (4.11)
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|1)“5") must be a singlet as well. The chiral spin liquid, when formulated as a
Gutzwiller projection of filled Landau levels, is directly seen to be invariant
under lattice transformations. This allows us to define the chiral spin liquid
for any lattice of interest like square, but also triangular lattices.

4.2.5 Holon excitations

The Gutzwiller form (4.9) also allows a rather elegant formulation of the
spinon excitations. For example, a state with L |-spin spinons at sites
M,...,N is given by

} 7C7}1Sf---77Ll = PGW Cyt -+ Cnpt ‘wé\é>+L> s (4.12)

where N + L = 2M must be an even integer. This form nicely illustrates
the (fractional) spin % of the spinon. The electron annihilation operators
create inhomogeneities in spin and charge before projection. The projector
enforces one particle per site and hence restores the homogeneity in the charge
distribution, but commutes with spin. We are left with a neutral object of
spin % .

Holon excitations, which carry a positive unit charge and no spin, are
constructed from spinon excitations by annihilation of an electron at the
spinon site, which must now coincide with a lattice point. For example, a
chiral spin liquid with L holons at sites 7, ...,nz is given by

‘w%sgm0> = Cp|---Cyp| PGW Cp1 - - Cnrt ‘wé\];—i-L> ) (4'13>

where N + L = 2M must again be an even integer. In the following sections
when we develop a microscopic model for the chiral spin liquid, we constrain
our attention to half filling and do not consider the holon excitations any
further. Still, however, there is much reason to suppose that the functional
structure will probably resemble the excitations of the Kuramoto—Yokoyama
model which we encountered for the one-dimensional case.

4.3 Construction of a Parent Hamiltonian

In order to construct a parent Hamiltonian for the chiral spin liquid, one first
derives the destruction operators for the ground state. In our formulation,
the destruction operators are constructed from a set of operators w; where
j =1,...,N indexes the lattice sites. The operators w;, to be introduced
in Section 4.4 below, are not themselves destruction operators but have the
property that, acting on the ground state, they produce a result independent
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of the site index j: w; [¢) = w; [¢). Therefore, once the above result is
established in Section 4.5, it follows that the difference of any two of the
operators is a destruction operator for the ground state: d;; = w; — wj.

In order to construct a sensible parent Hamiltonian, one must minimally
demand that it be a translationally-invariant scalar operator. In order to put
the Hamiltonian in this form, it is shown in Appendix B.2 that the operators
may be written as w; = Qf + U) where £; and U; are vector and third-rank
spherical tensor operators respectively and where the 0 superscript indicates
the component in spherical notation. The operators €2; and U; are given
explicitly in terms of spin operators in Sections 4.4.1 and 4.4.2.

As is discussed in detail in Section 4.4, the Wigner-Eckhart theorem
guarantees that all components of the operators D;; = Q; — ; as well
as D;; = U; — U; are destruction operators for the chiral spin liquid ground
state so long as the reducible tensor operator d;; is. One can then construct
Hamiltonians based on either set of operators:

H=> Dl Dy (4.14)
(i7)
for the vector destruction operators or

H= i (py)' DY) (4.15)

(ij) v=—3

for the rank-3 spherical tensor operators. FKEither Hamiltonian is a scalar
and is translationally invariant, both of these properties guaranteed by the
construction. Additionally, since the Hamiltonians are positive semi-definite,
the chiral spin liquid is a ground state of the model. It should be noted that
these models are not themselves unique as one could include any coefficients
J;j into the sums of Eqs. 4.14 and 4.15 and remove the restriction that only
nearest-neighbor sites are summed over. These two models do, however,
represent the simplest models from each class.

In Section 4.6, a numerical method is developed for performing the exact
diagonalization of these Hamiltonians that can handle the large number of
interactions efficiently. This method is used in Section 4.7 to show that the
model given by (4.14) has exactly two ground states, as expected due to the
topological degeneracy of the chiral spin liquid on a torus, and that these
states are precisely the chiral spin liquid ground states given in Section 4.2
above. Adopting the same procedure, the Hamiltonian given in (4.15) is
shown to have a larger ground-state manifold which is not exhausted by the
chiral spin liquid ground states.
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4.4 Destruction operators

The Hamiltonian which stabilizes the chiral spin liquid is generated by first
finding a set of operators w;, where i is a site index. These operators are not
themselves destruction operators, but the bond operators w; — w;, where 7
and j are any two distinct sites, will be shown to destroy the CSL ground
state. The operators may be written as w; = w+ — w; where w =T, +V;
and

T, = —ZKWS Sy ( +SZ) (4.16)

ik#j

v, = ZUU( +S") (%JFSJ?). (4.17)

i#j

The two sets of coefficients U;; and K,j; are defined in Section 4.4.3 below
and the prime on the sum indicates that one must exclude the coincidences
of ¢ and k.

The operator w; is related to w;-’ by a 7/2 rotation about the z-axis that
maps S, and S, into =S, and —S,. This means that the entire operator w;
is given by

Z Kiji { (S; x Sk)* +(S; - 8;) S — 5, 8, S,j] +) U, S
i k#j i#]
(4.18)

In writing down (4.18), the fact that .. U;; = 0, has been employed.
This will be demonstrated in Section 4.4.3 below. While the operators w;
are not themselves destruction operators for the CSL ground state, it will
be shown in Section 4.5 that d;; = w; — w; is a destruction operator for the
ground state for any choice of 7 and j.

The operators w; are reducible and can be decomposed into irreducible
tensor operators, in this case of ranks 1 and 3. From (4.18) it is clear that
every term except for the S7 57 S} term is the 0 (or z) component of a rank-1
(vector) operator. This final term can be decomposed into rank-3 and vector
components.

It is straightforward to show that if an operator d is a destruction operator
for the CSL ground state, then each of its irreducible components are as well.
This is because the Wigner-Eckhart theorem tells us that acting with an
operator Tnjl on a state |n ¢ m,) with angular momentum ¢ and z-component
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mg gives

T3 Ingmg) =Y _ Cmmam ' §' ) (4.19)

Jja j

grm/
where n and n’ are any quantum numbers other than angular momentum.
Since the CSL is a spin singlet: ¢ = m, = 0, it follows that there is only a
single non-zero term in the above sum corresponding to j' = j and m’ = m.
This means that by decomposing the destruction operator for the ground
state d into its tensor components, which may be written d = Zj a; Tg ,
acting on the ground state to obtain

0=d V)= a;In'j0), (4.20)

and noting that states with different values of j are necessarily orthogonal,
it immediately follows that each of the states in the sum are themselves zero
and hence the operators 77 are destruction operators for the ground state.
In Sections 4.4.1 and 4.4.2 we give two classes of operators that are obtained
from the reducible tensor operator w; in (4.18).

4.4.1 Vector destruction operator

As shown in Appendix B.2, the operator S7 S7 Sp may be written as the
sum of the 0-components of a vector and a third-rank tensor. The vector
component is given by

é (S.-5,) §:+(S;-Sy) S; +(S¢- S) S7] (4.21)

J

and, working from (4.18), the vector operator £2; is given by

1 4 1
Q = Y K [2_1 (8j % Sk) + ¢ (5 - 8k) Si = ¢ (Sk-5i) 5

-z (8i-5)) Sk] + Z Uij S . (4.22)

Since €2;—€2; is a destruction operator for the ground state, it immediately
follows that one may construct a Hamiltonian for which the chiral spin liquid
is the exact ground state as

H=3 (2 -9) (-9, (4.23)
(i5)
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where the sum runs over all nearest-neighbors on the lattice. By construction,
the Hamiltonian is a scalar operator and translationally invariant.

However, note that there is nothing restricting possible models to run
only over next-nearest neighbors. Rather one can consider any combination
of bond-operators (including arbitrary coefficients so long as one maintains
positive semi-definiteness in H) in constructing a parent Hamiltonian for the

CSL.

4.4.2 Tensor destruction operator

It is also possible to create a set of third-rank tensor destruction operators.
As shown in Appendix B.2, the operator 57 S7 Sf may be fully decomposed
into the 0-components of a vector operator (given in (4.21)) and a third-rank
tensor operator, which is necessarily just the difference between S7 .57 Si and
the operator in (4.21). This gives a destruction operator whose 0-component
is

1 /
0o _ L .. §.) g% .. z .S 5%
v = m;k#j_ Kijk [(SZ S;) Sg+(S;-Sk) S +(Sk-S;) S;
—587 57 S,j} . (4.24)

The other components are straightforward to obtain (see Appendix B.2)
and one may again use these operators to form a Hamiltonian for the chiral
spin liquid according to

H=>"% (v -uv)) (v -uy). (4.25)

{ij) v=—3

The Hamiltonian in (4.25) has two significant advantages over the model in
(4.23): it depends only on one set of coeflicients (K;;; but not U;;) and,
because the operator in the sum in (4.24) is symmetric under interchange
of i and k, one may replace K, by Aiji = (Kiji + Kjji) /2 where the new
coefficients are manifestly symmetric in interchange of the first and third
indices. From a general perspective, this model has additional features which
make it both more and less attractive for further study, as will be discussed
in detail in Section 4.7.
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4.4.3 Coefficients

The coefficients appearing in (4.18) are functions of the distance between the
sites of the form K;j;, = K (2, — 2j, 2; — ;) where

1 : P(ZII’ — 20 y)
K =—1 —_— 4.2
20>

and the sum over 2 is a sum over all lattice translations: zop =(m +in) L for
m and n integer. This sum guarantees that the function K(z,y) is periodic
in its first argument.

The coefficients U;; = nU(w [z; — 2] /L) L are given by

T0(5) =T w(fe) + s [ re )|

. P(Z()a _Z)

+lim > T} (4.27)
0<|z0|<R

where W (z) is the periodic extension of 1/z to the torus [89] and also

related to the logarithmic derivatives of the theta functions:
s s d s mz—2"

The function P(x,y) is given by

. ol lo—sl)
Pl = i, OSZOZ—?JISR Co(5% e —(y—2)l) nly) 2

where Co(x) = cosx + coshz and where n(y) is a normalization factor
chosen such that P(0,y) = 1 which entails the choice
n(z) = 9y ( T Rel]

: z) 193(% Tm|z] z) . (4.30)

While the form of the coefficients as given by Eqs. 4.26-4.28 are essential for
forming a Hamiltonian that stabilizes the CSL, there is significant freedom
in how one chooses the function P(z,y). The only requirements are that it
be a periodic function of y, fall off faster than 1/ with increasing z, and be
analytic apart from 1% order poles that occur at the coincidence of the two
arguments: x = y. It is straightforward to show that U(z) is an odd function;
this in turn guarantees that ), U;; = 0 and lets this sum be dropped, as was
done in writing down (4.18).
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4.5 Proof

In order to prove that either of the Hamiltonians given in Eqs. 4.14 and 4.15
are true parent Hamiltonians for the chiral spin liquid, we must demonstrate
that w; |¢) = w; 1) which we will demonstrate by first showing that

(21 2m|wj [¥) = F(2) (21 2m) ¥, (4.31)

where f(Z) is a function only of the center of mass: Z = S2M 2. This
identity in turn follows from the fact that

(21 zm| W] [¥) :{ f(2) ze{xn - 2u}

(21 zp) W 0 otherwise,

and the result that the function f(Z) is both odd and periodic. To see this,
recall that one can write w; = U w;f UT where U performs the 7/2 rotation
about the z-axis as discussed in Section 4.4 above. The CSL ground state is
invariant under such a rotation so that

(21 amlwf ) = (22| Ulwy U )
= (wr - wulwy [¥), (4.33)

where {w;}, the locations of the down spins on the lattice, is the complement
of {z}. It then follows from (4.32) that

(4.32)

(212l Wi [¥) :{ 0 zj € {21 2} (4.34)

(21 2p) fW) otherwise.

Assuming that the origin of the lattice is chosen such that the sites occupy
positions z; = (¢ 4 im) for £ and m integer, it is straightforward to show that

L(L—1)
2

and since L is even it follows that the sum of Z and WV is equivalent to a
translation of the lattice z;. Because the function f(Z) is periodic and odd,
both properties will be shown below, it immediately follows that f(W) =
f(z0 — Z) = —f(Z). Combining this fact with (4.34) completes the proof
that (4.32) entails (4.31).

Z4+W= (1+1) L, (4.35)

4.6 Kernel Sweeping Method

To implement the Hamiltonians given in (4.23) and (4.25), one has to take
into account that 6-body terms appear in the Hamiltonians. If a Hamiltonian
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of that kind is taken as a whole to act on a basis for a given spin lattice,
this turn out to be technically impracticable. Instead, we apply an adapted
form of a Kernel sweeping method. Consider for simplicity translationally
invariant Hamiltonians of the form

H=> M. (4.36)

with periodic boundary conditions (PBC’s) and H; being the contribution
acting on lattice site 7. As an example, we consider some two-body interaction

N
Hi=> a;J", (4.37)
J#i

where J% be a quadratic operator term and a;; is its amplitude (or weight).
For the translational invariant system we may rewrite a;; as a;_;.

The main idea of the kernel sweeping method is that the Hamiltonian
kernel (e.g. J% in (4.37)) is the same for all possible configurations {,;}
and therefore should only be stored once and be applied to all lattice config-
urations by sweeping with the kernel over the whole lattice basis. The kernel
is a matrix of dimension p" for a system with a p-dimensional local basis and
n—body interaction. In general, we thus consider an n-site Hamiltonian ver-
sion of (4.37), where as before J7172/3n denotes the n-site operator acting
on the sites j1j2j3 - - jn and @, j,j,..5, 18 the associated weight.

For demonstration, we constrain our attention to the vector Hamilton
operator (4.23). Setting €;; = €; — ;, we split up the Hamiltonian into

Z'I' z —‘,—,"‘ —7‘|’ —
H= ZQ Q: (Q] Qf +9,'9;), (4.38)

where the z-component as well as the ladder components of the vector
operators can be written out in terms of spin operators 5%, ST = 5% 4 §SY,
and ST = S* —iS5Y. As the treatment is very similar, we constrain our
attention to the contribution Z QF TQ;;, where for clarity we again write
out the + ladder operator explimtly

S K [ s srs 208,80 57 - Lisesy s
i,k#]
1
-2 (8- 5) st + ; U, St (4.39)
]
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We apply the previously defined notation

QF =" | > K T+ Uy T (4.40)
i k
i#j  Lk#ij

where J7%" and J’* are the first and second line operators of (4.39),
respectively. We create one action list for each kernel, where the weights K,
and U;; are computed according to the formulae (4.26) and (4.27). Then for
each lattice basis state, the three-site and the one-site kernel sweep over the
lattice and generate the matrix element contributions. The implementation
of the Tensor Hamilton operator (4.25) is completely analogous.

4.7 Numerics

Figure 4.2: A plot of the symmetry points in the first Brillouin zone. The
arrows show the path taken in plotting the energy spectra in Figure 4.3,
starting from the origin at I' = (0, 0).

We discuss a 4 by 4 square lattice and PBCs. As the models (4.23)
and (4.25) conserve S¢,, the Hamiltonian matrix splits up into subspaces
for Sg, = 0,£1,£2, ..., where for ground state considerations the S¢, = 0
subspace is our predominant interest. The lattice basis thus corresponds
to S7, = 0 at half filling, 7.e., 8 up and 8 down spins, which can be further
reduced by a 4-fold translational symmetry in x and y direction. Accordingly
we can address a path of non-equivalent points in the Brillouin zone shown
in Fig. 4.2.

We start with the consideration of the Vector Hamiltonian (4.23). The
spectrum is depicted in Fig 4.3.
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Figure 4.3: Low energy spectrum of the Hamiltonian (4.23), scaled down to
order of unity. There are two FE = 0 eigenvalues at the I' point.

We find the spectrum to be positive semi-definite, with a doubly degener-
ate 0 eigenvalue at the I' point. The rest of the spectrum is well separated by
a gap, which is substantial and not due to finite size effects as it exceeds the
finite size level splitting of the spectrum by a factor of ~ 15. This fits well in
the interpretation of a Hamiltonian having the CSL as its ground state: The
elementary excitations should be spinons and as such should have an excita-
tion gap, in the case of the S* = 0 sub-block a gap between the ground state
and a two spinon excitation state. It is a promising task to explicitly discuss
the spinon excitations of this model, which is an important question that will
be addressed in future work. We now discuss the two orthogonal 0 eigenvalue
eigenstates which are supposed to be the CSL state of two-fold topological
degeneracy. For comparison, we construct the CSL state (4.4) explicitly. For
the torus geometry of PBCs, we indeed find a two-dimensional subspace of
functions with the center of mass variable being treated as an external pa-
rameter. We compute the overlap of the Hamiltonian ground state subspace
and the CSL subspace. We find that they match perfectly. This thus shows
that the doubly degenerate ground state of the Hamiltonian is indeed the
topologically two-fold degenerate CSL state. Additionally, we have only two
0 eigenvalues, by which follows that the CSL state is the only ground state of
the model, a statement which previously could not be achieved analytically.

For the Tensor Hamiltonian, however, we find that the 0 energy subspace
is largely degenerate, which of course contains the CSL, but also many ad-
ditional states. While the restriction to small system sizes prevents us from
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studying the thermodynamic limit precisely, our numerical findings indicate
that the Hamiltonian (4.25) does not stabilize the CSL state as the unique
ground state, which thus singles out the model (4.23) to be subject of further
study.

4.8 Summary and Outlook

In this work we have shown a method for constructing parent Hamiltonians
for the chiral spin liquid. We have computed the spectra of the Hamiltonians
by use of a Kernel sweeping method in exact diagonalization. There, for
the Hamiltonian operator composed of the spherical vector component of the
CSL destruction operator, we observe that the CSL states are the only ground
states of the model. We suggest that this model is a promising candidate to
also study the elementary excitations of the model, i.e., spinons, and many
other question in the field of two-dimensional fractionalization of quantum
numbers in spin systems. As a concrete perspective, it is important to discuss
the spinon excitations numerically, where there is some indication that the
elementary one-spinon or even two-spinon wave function correspond to exact
eigenstates of the model, which can be addressed by exact diagonalization.
As a further step, it is worthwhile studying systems away from half filling
where the holon excitations appear, for which the model described above
gives a promising starting point. Additionally, one may be interested in
making the relation to the Haldane—-Shastry model more explicit. This could
be accomplished by a thin torus expansion of the model described above,
which should yield the Haldane—Shastry Hamiltonian to leading order. This
approach has already been successfully applied to address various questions
in the Quantum Hall effect [13]. As in the one-dimensional case, it would
be desirable to use this potentially analytically accessible model to derive
statements on the spinon momentum distribution function, which may be
linked to experiments.






Chapter 5

Non-Abelian Chiral Spin Liquid

5.1 Introduction

Starting from the Chiral Spin Liquid discussed in the previous chapter, we
now introduce a new spin liquid state for a spin 1 and higher spin lattices.
So far, we have only dealt with spinons possessing abelian fractional statis-
tics in the sense that the wave function acquires a non-trivial phase when
spinons are braided around each other. The present renaissance of interest in
fractional quantization, however, is due to possible applications of states sup-
porting excitations with non-abelian statistics to the rapidly evolving field of
quantum computation and cryptography [82]. The paradigm for this univer-
sality class is the Pfaffian state introduced by Moore and Read [95] in 1991.
The state was proposed to be realized at the experimentally observed frac-
tion v = 5/2 [131] (i.e., at v = 1/2 in the second Landau level) by Greiter,
Wen, and Wilczek [49], a proposal which recently received strong experimen-
tal support through the direct measurement of the quasiparticle charge [29].
Pfaffian-type states are further conjectured to be realized for one-dimensional
bosons with three-body hard core interactions in general [100]. The Moore-
Read state possesses p+ip wave pairing correlations. The flux quantum of the
vortices is one half of the Dirac quantum, which implies a quasiparticle charge
of e/4. Like the vortices in a p-wave superfluid, these quasiparticles possess
Majorana-fermion states [103] at zero energy (i.e., one fermion state per pair
of vortices, which can be occupied or unoccupied). A Pfaffian state with 2L
spatially separated quasiparticle excitations is hence 2% fold degenerate, in
accordance with the dimension of the internal space spanned by the zero en-
ergy states. While adiabatic interchanges of quasiparticles yield only overall
phases in abelian quantized Hall states, braiding of half vortices of the Pfaf-
fian state will in general yield non-trivial changes in the occupations of the



68 Chapter 5 Non-Abelian Chiral Spin Liquid

zero energy states [67,116], which render the interchanges non-commutative
or non-abelian. Most importantly, however, the internal state vector is insen-
sitive to local perturbations—it can only be manipulated through braiding
of the vortices. These properties together render non-abelions preeminently
suited for applications as protected qubits in quantum computation [26].
Non-abelian anyons further appear in certain other quantum Hall states de-
scribed by Jack polynomials [16,115] including the Read-Rezayi states [104],
in the non-abelian phase of the Kitaev model [81], and in the Yao-Kivelson
model [30,107,134].

In this chapter, we propose a novel chiral spin liquid state for an S = 1 an-
tiferromagnet. The spinon and holon excitations of this state are deconfined
and obey non-abelian statistics, with the braiding governed by Majorana
fermion states. The state violates time reversal (T) and parity (P), is a spin
singlet, can be formulated on any lattice type, and fully respects all the lat-
tice symmetries. The state possesses a 3-fold topological degeneracy on the
torus geometry. We provide numerical evidence that the state can be sta-
bilized on the triangular lattice by a local Hamiltonian involving three-spin
interactions. Finally, we hypothesize that spinons in spin liquids with spin
larger than 1/2 generically obey mon-abelian statistics, but are only decon-
fined in the chiral spin liquids we introduce and study here. The main body
of this work is presented in a further upcoming publication and

M. Greiter and R. Thomale, Non-Abelian Statistics in a Quantum Anti-
ferromagnet, submitted to Phys. Rev. Lett.

5.2 Non-abelian chiral spin liquid state
The state we propose is most easily written down for a circular droplet with

open boundary conditions occupying N sites of a triangular or square lattice
S =1 antiferromagnet. The wave function for re-normalized spin flips,

olzi] = Pf( ! ) H(zl — zj) H G(z) e 25l (5.1)

2 — 2
VA i=1

is simply given by a bosonic Pfaffian state in the complex coordinates z =
x + iy supplemented by a gauge phase G(7,). The Pfaffian is given by the
fully antisymmetrized sum over all possible pairings of the N coordinates,

Pf( ! )EA{ ! é} (5.2)
Zi — Zj 21 — %9 ZN—1 — ZN
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The “particles” z; represent re-normalized spin flips acting on a vacuum with
all spins in the S” = —1 state,

o) = > wolz1,...,2n) SE.SE =1y (5.3)

{Zlv"sz}

where the sum extends over all possibilities of distributing the N “particles”
over the N lattice sites allowing for double occupation, and

. SL+1

9 S;r? ‘_1>NE®(]XV:1‘17_1>0[' (54)

The lattice may be anisotropic; we have chosen the lattice constants such
that the area of the unit cell spanned by the primitive lattice vectors is set
to unity. For a triangular or square lattice with lattice positions given by
Nn,m = na+mb, where a and b are the primitive lattice vectors in the complex
plane, G (1) = (—1)+FD0m+D 170,137]. In comparison to the chiral spin
liquid state discussed in Chapter 4, some similarities are observed. The first
is the general functional form of the wave function, being a Jastrow factor
to second power for the CSL and a single power Pfaffian and Jastrow form
for the non-abelian CSL. However, as seen from (5.4), the construction of
the Hilbert space already contains subtleties not present for the spin 1/2
CSL. We will encounter further similarities, but also strong differences in the
following.

5.2.1 Singlet property

While the topological properties, and in particular the non-abelian statis-
tics of the fractionalized excitations of (5.2), are highly suggestive to those
familiar with Pfaffian states, the invariance under spin rotation and lattice
symmetries is less so. We content ourselves here with a direct proof of the
singlet property, which at the same time serves to motivate the necessity for
the re-normalization of the spin-flip operators (5.4).

Since SZ, |to) = 0 by construction, it is sufficient to show Sg, [1)) = 0.
Note first that when we substitute (5.1) with (5.2) into (5.3), we may omit
the antisymmetrization A in (5.2), as it is taken care automatically by the
commutativity of the bosonic operators S, (Throughout this chapter, we
do not keep track of overall normalization factors.) Let o be 1o without
the operator A in (5.2). Since 1g[z;] is still symmetric under interchange of
pairs, we may assume that a spin flip operator S; acting on |¢) will act on
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the pair (21, 22):
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where we have used
S (82)" 1L =1, = n (S |1, ~1),.

This implies Sgg, [¢0) = S0, S5 |the) = 0 if and only if

N
Zw(na7z27z37’--):0 VZQ,Zg,...ZN.
a=1

This, however, is just a special case of the Perelomov identity [101], which
holds for lattice sums of e~ 3"/’ G (1) times any analytic function of 7,. An
insightful proof of this sum rule is given in terms of Jacobi theta functions
in Appendix B.3.

5.2.2 Generation from filled Landau levels

We saw in the previous chapter that the spin 1/2 chiral spin liquid can be
written as

CSL Z (b zl w] ZlT 1MT jﬂ1l ;rUMl | 0> ) (55)
{zw}

where the sum extends over all partitions of the lattice sites into z’s and w’s,
the c!’s are fermion creation operators, and ¢ denote a Landau level filled
with one certain species of spins. Trivially, we can rewrite the CSL state
vector in terms of Schwinger bosons a and b (see Appendix B.8),

[05%) = Ut [e], ] 10) = v [al, 01 0), (5.6)
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Figure 5.1: Schematic construction of the Pfaffian Liquid. Starting with two
CSL lattices (depicted CSL; and CSLy above), a spin 1 wave function is
constructed by symmetrization over the sites.

provided we define W§s" [CJ{, CH such that the operators are ordered according
to a fixed labeling of the lattice sites. The non-abelian CSL state (5.1) is
then given by

) = (0%’ 51]) ] 0) (5.7)
To verify (5.7), use %(aT)"(bT)@_”) 10) = (S*)*]0) and

Sﬁ(zi ) ﬁ (2 — 2;)2 = Pt (Zi ! zj) iy[(zi _z), (58

i<j,1 i<j,M+1 i<j

where S indicates symmetrization and (5.8) holds due to the Frobenius iden-
tity going back to 1882 [37]. Since the LLL states (4.7) are (on compact
surfaces) translationally and rotationally invariant modulo gauge transforma-
tions in the auxiliary magnetic field, and (4.8) is manifestly gauge covariant,
both the CSL states (4.3) from the previous chapter and (5.1) are invariant
under lattice transformations. Note that this projective construction also
implies the singlet property of the CSL states. It can be used to formulate
the CSL states on any lattice, and to generalize them to arbitrary spin:

‘wﬁpin S> _ (q]CSL [aT, bTDzS | ()) ) (5'9)

Written in terms of (then differently) re-normalized spin flip “particles”, the
wave function generalizes from a bosonic Pfaffian state for S = 1 to bosonic
Read-Rezayi states [104] for S > 1. This is a very important result, which,
however, we do not elaborate on here in detail. It means that we can generate
not only Pfaffian-like non-abelian spinons, but spinons of any non-abelian
statistics type so far known in the Quantum Hall effect. Rephrased in other
words, we hence provide a representation of the complete Jack polynomial
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series on spin lattices recently developed by Bernevig and Haldane [16]. It is
important to observe that the single site dimensionality on the spin lattice
has to increase with higher Jack series terms, which supports the view that
the internal Hilbert space structure gets more complicated.

5.3 Non-abelian spinon and holon excitations

The spinon excitations of (5.1) are completely analogous to the half vortex
quasiparticles of the Moore-Read quantum Hall state [95]. For example, to
create 4 | spin spinons at locations 1y, 19,13, and 7y, we simply insert half
quantum vortices inside the Pfaffian (5.2), which then becomes

Pt (< — )z = m) (= — ) (2 — ) + (i = j>) _

ZZ‘—Zj

(5.10)

The braiding properties of the spinons are insensitive to the spinon spin, and
exactly those of the Moore-Read quasiparticles, which has been discussed in
explicit detail in the literature [67,103,116]. The proof of the singlet property
given above can be extended to show that a pair of | spin spinons transforms
as an S = 1 triplet excitation, which implies that each spinon carries spin
S = % With the implicit assumption that the S = 1 spins on each lattice
site consist of two electrons in triplet configurations, we can create holon
excitations by annihilating | spin electrons on sites with | spin spinons. The
braiding properties of the holons are equivalent to those of the spinons. The
braiding analogy to half quantum vortices, however, only accounts for the
subspace of spin polarized spinons. For the general case, however, we find
no analogous state in the FQHE, since the chirality of the vortices is fixed
therein due to the external magnetic field, which is not necessarily the case
for the spinons of the non abelian CSL state.

5.4 Microscopic model - Hamiltonian Finder
method

The first question with regard to possible applications of our state to quantum
computation is whether a state belonging to the universality class described
by (5.1) can be stabilized through a local Hamiltonian. While we are short of
a definite answer, we have done our best to address the question numerically.
To begin with, we have written out the state (5.1) for an isotropic, triangular
lattice with 16 sites and periodic boundary conditions, which imply a three-
fold topological degeneracy [50]. For given translational symmetries, the CSL



5.4 Microscopic model - Hamiltonian Finder method 73

operator configurations coefficients
1,931
5;5;
0,079
S:(S; x Sk) 0,970
T k 0,344

-0,513

(5:5;)? A Z M 0,241

-0,086

-0,137

S AN ZVAVAN VAN libee

-0,017

Figure 5.2: The eleven interaction terms included in our trial Hamiltonian
with the numerically optimized coefficients (see text). Note that the coeffi-
cients fall off rapidly with the distance.

states are situated at the I' point. Additionally, we have a two-fold spin reflec-
tion symmetry for the system, where the CSL states acquire no phase under
the symmetry operation. We then numerically optimized the coefficients of a
set of local spin interaction terms (see Fig. 5.2) such that the ground state of
our trial Hamiltonian is energetically closest to a suitable linear combination
of the three (in the thermodynamic limit degenerate) Pfaffian states, which
we then compare to the exact eigenstates. This is the key step performed by
the Hamiltonian Finder method. To outline the principal structure, it starts
with an overlap optimization of a collection of Hamiltonian terms without
any further constraint with respect to a given input state, which in our case
is the non-abelian CSL state. This problem can be solved by computation
of the scattering overlap of the states resulting from different Hamiltonian
terms acting on the input state. However, this just optimizes the overlap and
there is no control which spectral state is optimized a priori. Instead, what
we want to have in our problem is no adjustment to maximize some excited
state overlap with the input state, but exclusively the ground state, i.e., we
want the lowest energy state of the resulting spectrum to have the maxi-
mum overlap with the input state. What we do numerically is that for each
Hamiltonian term entering the optimization, we first identify where the input
state is situated in the spectrum of solely this term and how strongly it is
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Figure 5.3: (Color online) Spectral plot of our trial Hamiltonian in compari-
son with the energy expectations values for the three (in the infinite system
topologically degenerate) Pfaffian ground states states at the I' point. The
inset shows the overlap of the Pfaffian states with the three lowest states of
our Hamiltonian.

scattered upon action of term, i.e., what is the self overlap of the input state
with respect to this Hamiltonian term. From there, we compute optimization
precondition weights to enter the overlap optimization commented on previ-
ously. In doing so, we can incorporate the information into the optimization
that is needed to push the input state down in the resulting spectrum, and,
upon iteration, finally to become ground state. Of course, one must keep
in mind that the Hamiltonian terms entering the optimization are educates
guesses from the structure of the input state, and the input for Hamiltonian
Finder method has to be chosen carefully for different input states. As shown
in Fig. 5.3, the three lowest energy eigenstates of our trial Hamiltonian have
a significant overlap with the Pfaffian states (i.e., 0.959, 0.964, and 0.934 in a
Hilbert space which contains 227,475 singlets), which suggests that the exact
states belong to the same universality class. (Our evidence is unfortunately
not conclusive as the three states are not separated by a large gap from the
remainder of the spectrum, which indicates that the system we can access
numerically is too small to settle the question unambiguously.)
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5.5 General scope of non-Abelian spinons

Efforts to understand high 7. superconductivity in terms of an RVB spin
liquid have revealed a general connection between d-wave superconductors
and S = £ spin liquids on the square lattice [3,68]. In particular, a wide
class of (undoped) S = % spin liquids can be obtained by Gutzwiller projec-
tion from the wave function of a d-wave superconductor with suitably chosen
parameters. This suggests a general connection between the (abelian) vor-
tices of the superconductor and the (abelian) spinons in the spin liquid. If
one Gutzwiller projects a d + i¢d wave superconductor with suitably chosen
parameter on a square lattice, one obtains exactly the CSL state (4.3).

The p + ip pairing correlations in the non-abelian CSL state (5.1) in-
troduced above suggest a similar correspondence between the non-abelian
vortices of the superconductor and the non-abelian spinon excitations (5.10).
As in the abelian case S = %, the P and T violation of the state appears
to be necessary for the spinon to be deconfined, but does not seem essential
to the topological properties. We are hence led to conjecture that there is a
general connection between p-wave superfluids and S = 1 spin liquids, in that
the non-abelian braiding properties of the vortices of the superfluid are also
general properties of the spinons in S = 1 (and higher spin) antiferromag-
nets. True, the spinons will only be free under very special circumstances,
and the propensity to be confined will only increase with the spin S. Even
in an ordered antiferromagnet, however, spinons (and holons) are the fields
appropriate for describing the physics at sufficiently high energy scales, i.e.,
energies above the ordering temperature.

5.6 Summary and Outlook

In this chapter, we have constructed an S =1 CSL and demonstrated that
its spinon and holon excitations obey non-abelian statistics. Our analysis
suggests that spinons in spin liquids with Spin S > 1 obey non-abelian
statistics in general. Of course, we have to multiply validate this statement
in the future. As an additional direction of research, it is obvious that we
have to analyze this new kind of excitations in more detail, which could first
be addressed again by exact diagonalization methods. Additionally, it may
be possible to consider further types of spin liquids that can be constructed
by the symmetrization procedure outline above. Already at this stage, we
can apply the Hamiltonian Finder method to deduce a microscopic model for
the Spin 1 chirality liquid introduced by Greiter in 2002 [45]. Finally, one can
go one step back and retell the whole construction scheme for one dimension,
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yielding a wave function in one dimension that has a Pfaffian structure.
Introducing already many directions of further research by itself, it has been
additionally recently accomplished by Greiter in a current ongoing work to
establish a class of Hamiltonians on Spin S chains for which the Spin S
chain states are the ezact ground states [42], which we have already analyzed
numerically and will further investigate in the future.



Chapter 6

Experimental observation of
fractional excitations

6.1 Introduction

Experimental observation and analysis of fractional excitations has been the
main predominantly unresolved part of the field since its discovery in the
early 80’s [88,128,129]. Apparently many systems in which fractional exci-
tations could be studied analytically and in explicit detail were impossible
to realize experimentally, and for a long time it remained elusive to close
this gap. In the 90’s, significant progress was made in both the regime of
the quantum Hall effect [41] and of one-dimensional spin chains [79], which
will be further commented on below. In contrast, two-dimensional fractional
excitations in spin models could not be studied yet, whereas the theoretical
picture of anyons in two dimensions is generally much clearer than for one-
dimension [77,130]. Only very recently, since the rise of ultra-cold atoms in
optical lattices [34] and new materials [20], it has become possible to study
anyonic spin excitations in more detail, and the field is evolving rapidly.
From this perspective, this chapter only intends to shortly comment on re-
cent developments in the field. Rather, the main intention is to support the
view that many questions associated with fractional excitations in one and
two dimensions may be possible to address experimentally in the very near
future.
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Figure 6.1: Two-spinon continuum, schematic plot taken from [40]. As
before, the individual spinons only occupy one half of the Brillouin zone.

6.2 Spinons and Holons in one dimension

6.2.1 State of the field

Very important measurements of the spinon-excitation continuum were first
performed using neutron scattering in KCuF3 [119]. KCuF3 provides a good
example of a quasi one-dimensional antiferromagnet. It is nearly tetragonal
and due to Jahn-Teller distortion, the fluorines are displaced such that it
effectively yields quasi-1D strongly coupled chains. The observations can be
explained up to a high precision by the exactly known spin structure factor in
the Haldane Shastry model [62], and can thus be explained as an excitation
continuum composed of two-spinon excitations (see Fig. 6.1). Beyond ob-
serving the spinon substructure yielding an excitation continuum, the results
also confirm that the spinon dispersion only occupies half of the Brillouin
zone. Concerning the exactly solvable model of spinons discussed previously,
this leads to the important observation that the elementary properties of
spinons found therein directly relate to generic and experimentally realized
S = 1/2 Heisenberg chains. Further detailed neutron scattering experiments
have been performed on quasi-1D Csy,CuCly [25]. In particular, the square
root singularity of the spin structure factor could be observed, which can
be attributed to the half-Fermi statistics of the spinons. A further semi-
nal step was taken by performing angel-resolved photoemission spectroscopy
(ARPES) on SrCuO, [79]. In principle, SrCuO; is a 1D antiferromagnetic
(Mott) insulator, being modelled by chains of atoms with one electron per
site, and doubly occupied sites are suppressed due to strong on-site Coulomb
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Figure 6.2: Analysis of the spectral function, plot taken from [78]. The raw
data (big dots) are fitted with two Gaussian peaks relating to spinon and
holon, respectively. The upper left inset shows the expected Bethe-Ansatz
result for the Hubbard model with infinite Coulomb interaction. The peaks
for the two separate holon and spinon excitations are thus observed explicitly.

repulsion. In ARPES, the electrons are excited above the vacuum level by
incident (monochromatic) photons, followed by the measurement of the en-
ergy and the emission angle of the emitted electrons by an analyzer. For
the one-dimensional structures given here, it is especially easy to deduce the
electron momentum inside the material from the emission angle, which al-
lows a detailed resolution of energy E versus quasi-momentum k& along the
chain. By ARPES, it is thus explicitly studied how spin-charge separation
emerges: The photon takes out one fermionic degree of freedom, thus creat-
ing a spinon holon pair. The spectral results directly relate to this finding. It
is observed that the spectrum contains a region where a continuum is found,
which can only be explained in terms of a spinon-holon continuum. Sub-
sequent works also studied the temperature dependence of the spinon and
holon excitations [91]. The explicit two-peak structure, one corresponding
to the holon and one corresponding to the spinon peak, has been observed
recently by more refined ARPES measurements [78,84] (see Fig. 6.2). A
third range of experiments concentrates on so-called ”particle-hole” probes,
such as optical spectroscopy, resonant inelastic x-ray scattering (RIXS), and
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electron energy-loss spectroscopy (EELS). In these experiments, no charge is
removed from the system. Instead, the scattering yields a move of an electron
to another site, inducing a doubly occupied site and an empty site. This, by
contrast to ARPES, decays into a spinon and an antiholon, which has been
studied in detail and set into theoretical context by analytical and numerical
analysis [12,64,80]. Recently, spin-charge separation has also been studied
by tunneling experiments between two wires in the ballistic regime [9].

6.2.2 Influence of fractional statistics

From the viewpoint of the theoretical results pointed out in Chapter 2, the
comments above show that certain properties of fractional spinon and holon
excitations have been measured experimentally, such as the spinon-spinon
and spinon-holon continuum, as well as the halfed Brillouin zone for the
spinons and holons and the square root divergency in the spin structure
factor. However, the direct testing of individual fractional excitations of spin
chains remains an open problem. In particular, it is unclear whether the
fractional half-fermionic spacing which we find for spinons and holons in the
Haldane-Shastry and Kuramoto—Yokoyama model leads to an effect which
can be observed experimentally. The first step to address this problem may
be a thermodynamic description of the Haldane—Shastry model in terms of
multiple spinon states, which is one of our ongoing considerations.

6.3 Fractional excitations in the Quantum Hall
effect

6.3.1 State of the field
Abelian excitations

The fractional quantum Hall effect is the first system where fractional excita-
tions emerged. Initiated by the fundamental work of Laughlin in 1983 [88], it
was soon realized that the phenomenology of certain Quantum Hall plateaus
at fractional filling can be suitably captured in the language of fractional
excitations, the Laughlin quasiholes and quasielectrons. Again, however, the
concise experimental measurement of the fractional quantum numbers and
fractional statistics remained an unsolved problem for more than a decade.
In 1995, Goldman and Su measured the fractional charge e/3 of the m = 3
Lauglin state at v = 1/3 filling in resonant tunneling experiments in the
Quantum Hall regime [41]. However, the charges still could not be addressed
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individually, which was finally accomplished by shot noise experiments per-
formed by De-Picciotto et al. [102]. Still, there was a remaining ambiguity
whether the shot noise experiments at v = 1/3 filling really measured the
charges themselves relating to e/3 or just the conductance relating to the
filling factor. This could be checked by performing the same shot noise
measurement for the Quantum Hall plateau at filling v = 2/5, where the
fractional charge is supposed to be e/5. Reznikov et al. [106] showed that
it is indeed the charge which is measured. The subsequent question to be
addressed is how the fractional statistics of the excitations can be measured
explicitly. Opposed to one-dimension elaborated on previously, the winding
operation yielding non-fermionic phases upon interchange of abelian frac-
tional excitations can be unambiguously defined, suggesting quantum in-
teference measurements to dectect the effect of fractional statistics. Beyond
other proposals like combining the Aharonov Bohm effect with noise measur-
ments raised by Kane [72], Camino, Zhou, and Goldman recently suggested
a laughlin quasiparticle interferometer, which should enable the acquired
winding phase to be studied explicitly [22,24] (see Fig. 6.3). They realized
an interferometer where an e/3 Laughlin quasiparticle executes a closed path
around an island of the 2/5 fractional quantum Hall fluid, from which they
can deduce the acquired phases.

Non-Abelian excitations: Pfaffian state

While many other proposals for non-Abelian fractional quantum Hall states
exist in theory, experimental efforts have nearly exclusively concentrated on
the Pfaffian state at v = 5/2 filling, i.e., with the lowest Landau level filled
and the next level half filled. This is mainly due to the experimental ac-
cessibility, as it is by far the most clearly detectable and accessible state.
For this state, it is predicted by theory that the elementary excitations are
half quantum vortices of charge e/4, which obey non-trivial winding rules.
In particular, the winding of the vortices does not only induce a non-trivial
winding phase as is the case for abelian excitations, but changes the topology
of state, which render the winding non-commutative or non-abelian. The in-
terest in this state even increased further when Das Sarma, Freedman, and
Nayak supposed that a topologically protected qubit can be formed from
it [26]. Omne milestone has been achieved recently by Dolev et al. [29], by
considering statistical current fluctuations (shot noise) in the v = 5/2 state,
as similar theoretical proposals existed before [11]. This gives a very strong
indication of non-Abelian statistics being realized in this state, since this
perspective correctly predicts the e/4 quasiparticle charge of the half quan-
tum vortices. In analogy to the evolution of experiments for the Abelian
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Figure 6.3: Laughlin quasiparticle interferometer, plot taken from [136]. Four
Au/Ti front gates define the central island in a) and b) separated from the
2D bulk by two wide constrictions. The electrons constrained to 2D are
depleted near the gates. a) shows the scenario for quantum Hall filling f = 1,
where the chiral edge channels follow equipotential lines. b) is the important
setting, which illustrates the f = 2/5 island surrounded by an f = 1/3
fractional quantum Hall fluid.

states, however, this is only a first step. In particular, explicitly measuring
the non-Abelian statistics of the quasiparticles will be a complicated task,
since a simple measurement of a winding phase will not be sufficient. This
is indicated in a recent theoretical proposal using interferometry [17].

6.4 Spinons in two dimensions

6.4.1 State of the field

Whereas we have seen above that the experimental progress in detecting frac-
tional excitations already started in the 90’s in the fractional quantum hall
effect, it took more time for the field to detect fractional spin excitations in
two dimensions by similar means. Several conceptual problems arise. Firstly,
until today, the basic notion of spinons in two-dimensional antiferromagnets
is a very contentious issue, and even for the Chiral Spin Liquid, the paradig-
matic state of spinons in two dimensions, a microscopic model was not found
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until recently by us, which would have allowed to endeavor the physical prop-
erties of spinons. Secondly, even for models like the Rokhsar-Kivelson dimer
model where the excitations can be interpreted as being half-fermionic spinon
excitations as well, the Hamiltonians did not allow for experimental realiza-
tion. In contrast, generic antiferromagnetic models like the two-dimensional
Heisenberg model, appear to be efficiently described by magnon excitations
carrying spin 1, meaning that opposed to the one-dimensional case, the con-
finement of the spinons too strong for the substructure to be resolved. In
analogy, for scattering energies lower than the quark confinement, it is impos-
sible to resolve the quark substructure of the nucleons in high energy physics.
Thirdly, no spin model in which non-Abelian excitations are supposed to
appear was known, not to speak of the non-Abelian spinons which are intro-
duced by us in the preceding Chapter 5. The cure for the first and partly the
third point was given by the seminal work of Kitaev in 2006 [81]. Therein,
he introduced a model which allows anyonic excitations to be established in
a very accessible manner. Experimentally, the important progress made by
Micheli et al. [92] establishes a way to engineer arbitary Hamiltonians by
use of polar molecules in optical lattices. The combination of microwave ex-
citations with dipole-dipole interactions and spin-rotation coupling enables
the construction of a complete toolbox for effective two-spin interactions, in
particular with designable range, spatial anisotropy, and coupling strengths
significantly larger than relevant decoherence rates. Additionally, Biichler et
al. have shown that polar molecules in optical lattices driven by microwave
fields naturally give rise to models with nearest-neighbor three body interac-
tions [21], which appears to be generally essential for non-Abelian statistics
to emerge, as cofirmed by our microscopic model for non-Abelian chiral spin
liquid involving three-spin interaction terms, as well as for the v = 5/2
fractional quantum hall state. It is important to note that in the systems
considered by Biichler et al., the two-body interactions can still be tuned in-
dependently of the three-body interactions by use of external fields, which in
total makes it a formidable experimental ground to endeavor anyonic phases.

One recent development related to point two, which can be interpreted in
close analogy to the one-dimensional spinon case we have considered previ-
ously, is given by high-precision neutron scattering experiments on CsCoBrs
by Braun et al. [20]. The material CsCoBrs can be interpreted as an an-
tiferromagnetic anisotropic spin 1/2 chain, being close to the Ising limit.
Along the dominant spin direction, the lowest excitations can be interpreted
as domain walls separating between regions of the two (different) degenerate
ground states. Quantum fluctuations due to the transverse coupling destroys
the high dengeneracy of the solitons which form a band, with two degenerate
soliton minima carrying different chirality quantum numbers, as left-right
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Figure 6.4: A piece of the triangle-honeycomb lattice taken from [31]. A unit
cell with lattice vector denoted by n; and ny contains 6 sites. The different
types of links are distinguished by light and dark shading.

symmetry (P) is still preserved by the system. Although the phenomenology
is slightly different to the spinons we have encountered in the Chiral spin lig-
uid, one may equally call these soliton excitations spinons in the sense that
they both carry fractional quantum numbers. Neutron scattering can only
induce the creation of pairs of solitons, which leads to a soliton excitation
continuum. Remarkably, Braun et al. managed to lift the P symmetry of
the model and detect the chirality quantum number of the solitons explicitly.
Analogously, the spinons in the Chiral Spin Liquid carry a chirality quantum
number. This work dictates the path to discuss spinons in two-dimensional
antiferromagnets in more detail.

6.4.2 Half-Fermi Excitations in the Kitaev model

Beyond other versions of topological models in [81], Kitaev proposed a two-
dimensional spin 1/2 system defined on a triangle-Honeycomb lattice, de-

scribed by
H= —Z[ N Jaotot+ Y J(’lafaﬂ, (6.1)

« a—links o’ —links
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where the of*’s are the usual Pauli matrices at site ¢ and o take on values z,
y, or z. Links of type z, y, z or 2, /, 2’ are illustrated in Fig. 6.4. The model
contains anyonic excitations with both abelian and non-abelian excitations,
depending on the parameter regime of the J,’s. While the lattice is hard
to realize in natural magnetic materials, it is techniqually easily achievable
in optical lattices. Most importantly, the Hamiltonian terms themselves are
only of nearest neighbor two-body form, and thus again easy to engineer
experimentally in optical lattices. There are two experimental groups associ-
ated with Zoller and Das Sarma who have recently reported on fundamental
progress in establishing the Kitaev model in optical lattices [69, 135]. The
possible detection of anyons in the Kitaev model has been recently proposed
by Dusuel et al. [30] by explicit braiding of the vortices. The crucial bot-
tleneck for this operation is the potential creation of further uncontrolled
vortices while performing the braiding operation. Considering state of the
art technique in optical lattices [34,125], a sufficient experimental scenario
may be created in the near future.

6.5 Summary and Outlook

We could only shortly discuss a small selection of recent developments in
the field of experimental observation of fractional excitations. To mention
some very recent proposals, there may also be a way to engineer quantum
entangled states out of equilibrium, which is proposed in the yet unpublished
works by Diehl et al. [28] and Kraus et al. [85] . In addition there is even a
recent proposal by Norman and Micklitz to detect spinon Fermi surfaces in
spin liquids by looking for oscillatory couplings between two ferromagnets via
a spin liquid spacer [99]. In the very near future, we expect that the strongest
progress in the field of experimental measurement of anyonic excitations in
spin models will be done for the Kitaev model, where many aspects have
already been accomplished. However, as fruitful as the discussion of anyons
in the Kitaev model may be, it does not bring us further to discuss abelian
and non-abelian spinons in spin 1/2 and spin 1 lattices experimentally. It
has to be investigated whether the microscopic models for these states shown
in the preceding chapters can be engineered in optical lattices, for example.
Additionally, it also of interest to think about quantities measurable by scat-
tering experiments that may enable us to detect the spinon substructure in
generic spin 1/2. Most importantly, the potentially present substructure of
spin 1 materials, as indicated by our results presented in Chapter 5, must be
addressed experimentally by deep inelastic neutron scattering, for example.






Chapter 7

Conclusion

In this thesis, we have discussed various new aspects of fractional quantiza-
tion and fractional statistics in one and two-dimensional spin systems.

In Chapter 2 we have studied the holon excitations of the Kuramoto—
Yokoyama model. For the standard case of SU(2) spin symmetry, we con-
structed the explicit two-holon wave functions not known previously and de-
rived their momenta and energies. The results display the half-Fermi statis-
tics of the holons, which manifests itself in a shift of %%’T in the difference of
the individual holon momenta. It is a main task to (if possible) discuss the
implications for experimental observations.

In Chapter 3, we generalize this view to spin chains of general SU(n)
symmetry and have derived the wave functions of the one-holon and two-
holon excitations of the SU(n) KYM as well as its energies and momenta.
We have shown by explicit calculation that the holon excitations of the SU(n)
KYM obey 1/n-fermi statistics, which manifests itself in the difference of the
individual holon momenta as p; — p,, = %” (% + integer). We further set it
into the context of spin-charge separation. This result supports the view
that fractional statistics in one dimension manifests itself not only through
a fractional exclusion principle [58], but decisively in a fractional shift of the
individual holon momenta. This can be set into the general context of color
charge separation for SU(3) spin chains, which promises significance in future
experiments of ultra cold atoms in chains of optical lattices.

In Chapter 4, we turned to fractional spin excitations in two dimensions
and have shown a method for constructing parent Hamiltonians for the chiral
spin liquid. We have computed the spectra of the Hamiltonians by use of
a novel Kernel method in exact diagonalization, and applied a Tensor de-
composition technique to find the Hamiltonian. There, for the Hamiltonian
operator composed of the spherical vector component of the CSL destruction

operator, we observe that the CSL states are the only ground states of the
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model. We conclude that this model is a promising candidate to also study
the elementary excitations of the model, i.e., spinons, and many other ques-
tion in the field of two-dimensional fractionalization of quantum numbers in
spin systems.

In Chapter 5, we have constructed an S = 1 non-abelian chiral spin liquid
and demonstrated that its spinon and holon excitations obey non-abelian
statistics. Our analysis suggests that spinons in spin liquids with Spin S > 1
obey non-abelian statistics in general, which is a fundamental statement
that possibly can and must be considered experimentally and by further
theoretical study.

Finally, in Chapter 6, we review recent progress to detect aspects of frac-
tional quantization in various experimental systems, and outline certain di-
rections that may lead to a detection of theoretical findings presented in this
thesis.

In conclusion, we believe that the field of fractional excitations is on the
rise. Recent developments like quantum cryptography, quantum computa-
tion, topological phases and many other aspects from the theoretical side as
well as tremendous progress on the experimental side will render fractional
quantization as one of the most important fields in condensed matter physics
of strongly correlated systems in the very soon future.



Appendix A

Holons in the
Kuramoto—Yokoyama model

A.1 Two-Holon excitations in the SU(2) KYM

In the following we will construct the two-holon energy eigenstates starting
from (2.22). First, we introduce the auxiliary wave functions

M
P (21, - 2ars b, ho) = BB [ [ (R = i) (ha — 2) Wo (21, .., 2ar). (A1)

1=1

The action of the Hamiltonian on the states (2.22) will be obtained later via

\Illrjrfn = Pm+1n + Pn+1,m — Pmn+1 — Pnm+1- (AQ)
Second, we rewrite the Hamiltonian (2.2) in analogy to [15] as

272
N2
where we separate the spin-exchange, spin-Ising, potential, T-charge kinetic
term, and |-charge kinetic terms. In the following we treat each term sepa-
rately. For the spin-exchange term we begin by observing that

[St+S 5 Onml (21, - - 25 ha, he) 1s identically zero unless one of the arguments
21, ..., 201 €quals n,. We have

Hicy = <H 4 HY + Hy + HL + Hé) , (A.3)
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|7a 776|

>

oa#f

[Hg’xgpmn] (z1, ...y 205 ha, ho) =
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ZZ U] wnm(zl,---7Zj—17776>2j+1>---,ZM;hl,h2)
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L ( oh, 8h1) T
“h, 0l (WTR ‘
where we have introduced the coefficients 4; = — >>" "2 (n, —1)"-2. Evalu-

ation of the latter yields Ay = (N —1)(N —5)/12, Ay = —(N —3)/2, Ay = 1,
and A, =0for 2 <l <N —1[14].
For the spin-Ising term we obtain
PeSES5Pg

Zma mfF 7
1/2
{le—m? Z|z—hl|2+z|z—hz|2 o~ P

1=

[Hés%nn} (215 2m3 b he) = (Z15 -+, 205 s ho)

N2 —1

The potential term yields

[Hvapmn} (21, ..., 23 ha, ho)

ZPG( —nan5+na—%)PG

= — 5 Pmn (Zla--'azM;hbh?)
1 1 N?2—-1 NN?-1
- - a o A6
{ 2P 12 4 12 }SO (A.6)

The charge kinetic terms deserve particular care as new techniques are
required. For the T-charge kinetic term, we first observe that
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[cmcLT<pmn](zl, oy 2015 hay ) is identically zero unless one of the arguments
21, ..., Zp equals 7,. We thus find

[H(T?(pmn} (Zla"-azM;hbh?) = |77 |2 Pmn

(Zla"'aZM;hlahQ)

a#f

- Z Zma |2‘pm"
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where we have introduced the coefficients B' = Zé\;h (g —h)' /1 h—ng?,
which are evaluated in Appendix A.7. (A.7) is valid if and only if 0 < n,m <
(N + 2)/2, which finally leads to the restriction (2.23) for the actual ¥ ’s.
For the treatment of the |-charge kinetic term we avail ourselves of the
fact that ¢,,, can be equally expressed by the up-spin or down-spin variables,
as we show in Appendix A.2. If we denote the down-spin coordinates by wj,

we obtain
i\f: PGCmCLlPG o
_ 2 mn

{ <N26— L, m(m2— N) | nln . N)) -

[Hé(pmn} (z1,. ., 2m5 b, ho) = (21, .-+, 2m; ha, he)
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N — 1 m+1gn a N -1 mn+l a
( g (g
82 1 02 (2 ('LUl o, W, hl hg)

m+21n ~pmpn+2 mn ) ) ) )
h "2 o oh? g 8h§} hhy '

(A.8)

Using identities verified in Appendix A.2.1 for the derivatives with respect
to the z;’s and hy5’s, the total charge-kinetic term becomes

o, + Hf
[Z |770 nﬁ|2¢mn] (21, .., 205 hay he)

- {[Nzg_l+m(m—N)+n(n—N)—Cz—012+m(Cl‘%>
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h2 h2+h2 (2 (Zl ZM'hl hg)
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(A.9)

with the constants C; = SN ' 1/(1—n4) = (N=1)/2and C, = SV 1/(1—
Na)? = (6N — 5 — N?)/12 introduced and evaluated in [14]. Summing up all

terms, we finally obtain the action of the Hamiltonian (2.2) on the auxiliary
wave functions ¢,

212 (8 — 9N N —2 N -2
Hyy mn W{ g +m(m—N)+n(n—N)+m 5 +n 5
1 hy+ hy h? + h3
- — 12 L, Al
Sh —h, T Tn =Tt ) ? (A.10)

With (A.2) this implies

272 8+ N N N
ho ho
Hyy V0 = N [(—78 —|—1+<m——2)m+<n——2)n>\llmn

m-—n hy 4+ ho
hi —h
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Figure A.1: The scattering of W, to lower energy states

2 [ N n N n N n Mmoo
N Y A A A mn
972 R

+W(m —n) Z UL (A.11)

=1

where we have used i—ir??j(xmy" —ay™) =23 eyt — (g y 4 2y™).
The symbol | | denotes the floor function, i.e., | x| is the largest integer [ < z.
First, note that the action of the Hamiltonian on the ¥ ’s is trigonal, i.e.,
the “scattering” in the last line is only to lower values of m —n (see Fig. A.1).

Second, (A.11) shows that the states U1° form a non-orthogonal set.

A.2 SU(2) Wave function in 7T- and |-spin co-
ordinates

The wave functions W2 can be equally expressed either in up-spin (z) or

down-spin coordinates (w):

\If%)n(zl, ey M s hl; hg)
hi*hi (hy — hs)
(—1)3M@+1) H;-w(hl — zj)(ha — 25)2; Hz]'\jéj(zi — 2j) H%(wz —2)

M
Hl,j (wi — 2)

\Il};r‘;n(wl, ey Wiy hl, hg)

A.12
Ry (hy — ho) ( )
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This identity applies to the auxiliary wave functions ¢,,,, as the prepolyno-
mial contains only the coordinates h; 5.

A.2.1 SU(2) derivative identity

The necessary relation for the |-charge kinetic term is

h3
Z (w; — ha)(w; — hy)

i

h2
_ 249 +2—2
GO+ Z -—h2 +Zzz—hgz]—h2 (hy — hs)?

h hg h h2
+zclzzl—h2+201h1—h2+2h1 hQZzi_hQ, (A.13)

with C} and Cy defined as above. (A.13) is also valid for hy < ha.

A.3 One-holon excitations in the SU(3) KYM

To evaluate the action of Hxy on ‘\Ifh°> we first replace egge by (1 —he —

el —el’)(1—hg — e —e’), where h, denotes the hole occupatlon operator

ho = 1 — n,, and rewrite the Hamiltonian in a way to easily treat terms
separately in the following:

27 1 bg gb T br rb
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1
+ §(cab02b + cagc%g)] : (A.14)
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The first term [egge%b\lfgf] [2i; wg; h], which vanishes unless one of the z;’s is
equal to 7,, yields through Taylor expansion
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My Mo 22
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where we have used degZi\DB;)[Zi; wi;h) =N —1and A, = — gz_ll Mo (e —

1)™=2. The evaluation of the latter yields Ay = (N — 1)(N —5)/12, A; =
—(N —=3)/2, As =1, and A,, =0 for 2 <m < N — 1, as previously used in
Sec. A.1. Furthermore, we have used

1'2 y2 2’2

G-9e-2 G-0w-2 C-nE-y

The second term [ef£ef W)][z;; wy] can be treated in the same way. It gener-
ates terms which together with the first term in (A.16) yield

=1, =z,y,2z€C. (A.21)
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and with one part of (A.17) and (A.18)

i2< z—wkﬁ%(. R ):%Ml(Ml_l)M%

i,j=1 k=1 Z’_wk)(zj_wk)
i#]

as well as similar expressions for z; < wy.
For the third term of (A.14) we obtain
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{aj Hoik
where {a;} ({0/}) is a set of integers between 1 and M; (M;). The summa-
tions run over all possible ways to distribute the z,, (wy,) over the blue (red)

coordinates, where z; (wy) is excluded. The two terms (A.24) and (A.25)
vanish due to

Theorem A.1 Let M >3, z € C, and zy, ..., zy € C distinct. Then,
M-3

3 Al =27 A27
ZHM (A.27)

i=1 j;éz’(zj )



A.3 One-holon excitations in the SU(3) KYM 97

A proof of Theorem A.1 is given in [111]. The last term (A.26) can be
simplified using a theorem due to Ha and Haldane [52]:

Theorem A.2 Let {a;} be a set of distinct integers between 1 and M, and
{bi} a set of distinct integers between 1 and Msy. Then,

My Mz Mi—1Ms—1 m+n—2

Yy Y sl i

zZ
i=1 k=1 m=1 n=1 {a;}{b;} (%a,
min(My,M2)

= Z (M7 — m)(My —m).

m=1

- (wy,, — wy,)

Furthermore, the two terms in line (A.23), together with the remainder of
(A.17) and the corresponding expression from the second term of the Hamil-
tonian, can be simplified to yield M; My(M; + My — 2)¥he /2. The diagonal
contributions, i.e., the 2nd and 3rd line of (A.14), yield
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by which the remainder of (A.16) as well as (A.22) are cancelled. The re-
maining spin terms yield

i (eg + egb)(l —ng)

07521 |770£ - 776‘2
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My 1 Mo 1
—_ — | Who, A2
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We now turn to the treatment of the remaining charge kinetic term con-
tributions which are technically new compared to the calculation methods

\Ifhmo[zi; wg; h]
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introduced in previous works for the colorons in the SU(3) HSM [111] and
holons in the SU(2) KYM [123].

Again we use a Taylor expansion technique in the way that derivative
operators act on the analytic extension of the wave function. In this case,
it is crucial that the fermion creation and annihilation operators appearing
in the expansion match with the variables of the holon wave function which
is analytically extended. As it is the case for the ground state, the one-
holon wave function (3.19) can be equally expressed by an arbitrary pair of
sets of color variables. In (A.14) we have thus written the charge terms in
a symmetric way that respectively puts two pairs of fermion creation and
annihilation operators together. For the first term we get

N i T
lc..cqp +c, C
E —Zob7fb | or fr WOz wy; A

— 12
502 e =gl
04755
c..ch
_ Z _TavBuv \Ifho[’Ul,...,’UM M. ,h]
‘n 77 ‘2 m 1 2
as«éﬁ o B
— Z [U17"'7UM1+M2;775]
|h— 776\2 4
ﬁ?ﬁh
_ M§42 n,B n,@_ al \I/gf[’ljl,...,UM1+M2;7]g] | X
< Ullh — 775|2 s g L
ﬁ?ﬁh
_ Mifb@ﬁ Whots oz Wi, - Wi B
Il Oht hn
1=0
N?2—1 mn(n—N) N -1 0
— hn_( - )hn—l—l_
{( 2 2 ) 2 ") o
+1hn+2 82 \II?LO[ZM'"7ZM1;W17”’7(“)M2;h]
2 oh? hn
(N—l )[Ml h Moh ] o
= —(———n
2 — h — z; h—wpl ™
1= k=1
My My Mo
1 h? h h
= 2
+2 ;J:(h—z)(h—z)jL ;;h—zzh—wk




A.3 One-holon excitations in the SU(3) KYM 99

M
- h? N?2—1 n(n—N)
@ho @ho
+;(h—wk)(h—wl) W (Gt )
k£l
(A.30)

where we introduced B/" = h"t! Zg_l 15" (ng—1)""2. The evaluation of the
latter is shown in Appendix A.7 and yields BJ* = (N?—1)/124+m(m—N)/2,
B"=m—(N—-1)/2,Bf*=1,and B,=0for3<land 0 <m < (N+2)/3,
by which (3.20) follows.

For the other charge term contributions we expound the fact that the
holon wave function can be expressed by either pairs of sets of color vari-
ables as shown in Appendix A.5 and the same formalism is used as before.
The appearing terms involving the green color variables are rewritten in
terms of the blue and red variables, i.e., 2’s and w’s, by identities given in
Appendix A.5.1. It thus yields
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My h2 .
yho A.32
P3N e (A.32)
i#]

where we have defined the constants C; = fov_l 1/(1=mn,) = (N —1)/2 and
Cy=S""11/(1 = ny)? = (6N — 5 — N?)/12 as was derived in [14]. Due to

My 2
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which gives My(M; — 1) for the analogous contributions z; < wy, and
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oyt T h = MiM, (A.34)

i=1 k=1

the remainders (A.19) and (A.20) are cancelled. Finally, (A.29) cancels the
last non-diagonal terms of (A.31) and (A.32), and summing up all terms, we

finally get
Hyy |V = E,, [W)9) (A.35)

272 3 4 3
) I S N M1 A.
Nz |l TNt tamim - )} (A.36)

by which the one-holon energy (3.22) follows.

b, =

A.4 Two Holon excitations in the SU(3) KYM

Now we will construct the two-holon energy eigenstates starting from (3.24).
The strategy is similar to the construction of the two-holon states in the
SU(2) model as presented in [123]. We define the auxiliary wave functions

My
Pmnlziswii hy ha] = hPRy T[(h = i) (ha — 2)

Mo

[T (hs = wi) (ha — wi) Wo[z:; wy]

k=1
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The action of the Hamiltonian (3.4) on the states (3.27) will be later obtained
by
\Ijgfn = Om+1in T Pntim = Pmntl — Pnmtl- (A'38)
We rewrite the Hamiltonian as for the one-holon case (A.14) and treat each
term separately. As some terms of (A.14) only generate contributions familiar
from the one-holon calculation, we concentrate on the others. In all cases,
the basic Taylor expansion technique is applied identically.
The contributions of [ebge%bcpzfn] [2i; wg; by, ho split up into contributions
of the ground state polynomial which we are already familiar with from the
one-holon calculation and terms generated by the action on the prepolyno-

mial ¢h1 ho-
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which identically holds for the term [e#e5 o] |[2i; wy; by, ho) by interchanging
wy and z;.

The spin term [l e} b ][zi; wy; hi, ho] yields the same contributions as
for the one-holon case and thus cancels the same non-diagonal terms as pre-
viously mentioned, so do the trivial spin-diagonal terms. Furthermore, we
have
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For the charge kinetic terms of the two-holon states, we combine the tech-
nique previously explained for the SU(3) one-holon with the calculation for
the SU(2) two-holon states:
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k;él
where we again introduced B" = h™*! ZN Pt (g — 1)'72, which we

already used for the one-holon case. The evaluatlon of the latter again is
discussed in Appendix A.7 and, for the case of the two-holon states, yields
By' = (N?*-1)/12+m(m—N)/2, B =m— (N —1)/2, By* =1, and B; = 0
for 3<land 0 <m < (N +4)/3, by which (3.26) follows.

For the other charge term contributions, we expound the fact that the
two-holon wave function can be expressed by either pairs of sets of color
variables as shown in Appendix A.5. The appearing terms which involve the
green color variables are rewritten in terms of the blue and red variables, i.e.,
z’s and w’s, by identities given in Appendix A.5.1. Adding all three charge
kinetic terms, it finally yields

>0 Coaly
o (oo fcpf;‘fn (243 wi; b, B
570 e =gl

aF#f

2 _
— {N2 1+§n<n—N)+gm(m—N>+<n+m>(zv—2>—2012—202

hl + hg hl
(m )hl hg (Z hl—zl+zh1—wk>
+> L > ! +Z
(h1 - wk)2 hy — hy p hy — hl — Wk

k
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i n h3

P S S )

Zz‘: (hy — z)? ; (h1 — 2)(h1 — z;) %: (hy — 2)(hy — wy,)
h? h? )

" " +[h1 = ha] pion, A.44

; (A1 — wie) (7 — wi) (h1 — hg)? i 2]}()0 ( )

with definitions as introduced before.

Most non-diagonal terms cancel by direct observation. Summing up all
contributions, we finally derive the action of Hgky on the auxiliary wave
functions ¢° to be

N2 |72 2

m — )t 2 }g)ho (A.45)

o2 [ 1 3 3
H® pho =T {—(—40 +33N — N?) + §n(n — N)+ Zm(m — N)

h? + h3

+(n+m)(N—2)+2m—(

hl _ h2 mn*
Using (A.38) we thus obtain
HKY\PE;)H [2i5 wis b, hol
B +3_7r2 o Ny N+ py M
N2 3 3 3
757 9

+W(m B n) Z \Ijm—l,n—i-l - % (N + N + ﬁ) s (A46)

=1

where in (A.46) we again used i—fz(xmy” — zty™) = 23 " am Tyt —
(x™y™ + a2™y™) and | | denotes the floor function, i.e., |z] is the largest
integer [ < x. First, note that the action of the Hamiltonian on Wh° is
trigonal, i.e., the “scattering” in the last line is only to lower values of m —n.
Second, (A.46) shows that the states W1° form a non-orthogonal set out of

which we construct an orthogonal basis of eigenfunctions as it is shown in
Chapter 3.

A.5 SU(3) wave function transformations

It is used that the wave functions appearing in the calculation can, beyond an
irrelevant minus sign, be equally expressed by any two sets of color variables.
For the ground state wave function, this is proved by

\I/()[Zl, . .,le;wl, e ,WMQ]
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My Mo M1 Mo My Mo
My Mizt 9

= (=" G =2 [ [ —w* [T [] (2 — H%H%

i k.l i=1 k=1 =1 k=1

i k<l

M: M
. e Hz 1 % H ywr [T (wi — wp)? [T Zﬂl
@ -1 M M2 — )M M k<l
= (-1 (—1) N s
[Lo G2 (um — 2:)
M- M-
.- [Tz wn [Tk (wr — wi)®> N

— ( 1)M T(_l)MlMQ k<l

Hi\ill Hi\fil(um - Zz) 7
(A.47)

where (i) follows by (A.62). Accordingly, we find for the ground state wave
function, being expressed by the green (u) and red (w) variables:

Wolty, ooy Upgg; Wy - - -y Wiy
Ma—1 Ms Mo Ms Mo Ms Mo
= (=07 T (un =) [ J(wr = w)* TT T ] (= HunHWk
n,m k,l n=1k=1 n=1
n#m k<l
M: M- M- M:
B Hn:31 Unp Hk221 Wk H k,zl (wk - u)l)2 Hn:31 %
g (_1)M3M3'2 1(_1)M3M2 k<l
T2 T (i — )
Mg—1 YT ML 2/[:21 Wk H:Igj,zll(wk - Wl)2NM3
e T I )
i=1 m=1\"m ?
(&) (—1)M2\I/§U(3)[zl, e EML W - WAL,

(A.48)

where (i) again follows by (A.62) and (ii) sets M; = My = M3 = M, which
is the case for the ground state.

Using (A.62) yields the same line of argument for the one-holon and two-
holon wave functions. For the first, we have

M1 M2
W[z wy; h] = A" H(h — %) H(h — wi) Wolzi; wy]
i=1 k=1

12 (h — wi) T2, wi T (wi — wy) 2N
(_1)M1M2hn k<l

My 7M.
Lz ITn 2 (um = 20)

My —1
2

= (-

Y
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(A.49)

whereas starting in the [u; w] representation, i.e., the green and red variables,
leads to

M3 Mo M3 Ma

W[ wy] = R [ [ (b = wa) [T = wi) T] (un = 1)® [ [(wic = w1)?
n=1 k=1 1:2% kk%ll

Ms Mo M3 Mo

[LTTCun =) TT e [Tk

n=1 k=1 n=1 k=1

2 (h—wp) TTe2, we [T5%5 (wi — wi)? N

— (_1)M3 M3271+M3M2+M1M3hn — — k<l
Hi:ll Hmil(um - Zz)
= (=DM, 2w, wan B, (A.50)

by comparing the result with (A.49). The same argument applies for the
two-holon case yielding

ho Lo we by, ha] = (—1)M7 WM Tugs wy: by, o). (A.51)

n n

Thus the appearing holon wave functions can be equally re-expressed by two
sets of arbitrary color indices up to an irrelevant global minus sign if M is
odd. All statements trivially generalize to SU(n).

A.5.1 SU(3) derivative identities

We mention some identities to rewrite expressions in terms of the blue and
red spin variables used for the evaluation of the charge kinetic terms. Using

N-1 &1 L h A h Ak
2 :az::ll—na:;h—zi+;h—wk+;h—un’ (A-52)

for the one-holon case, one gets

M3 h2 Ms h2 Ms h2
mzm (h—um)(h —uy) ; (h—um)(h —uy) 2 (h — U )?

n#m n#m
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M1 h, M2
— 012—02+2Z(h_z )2+2Z(h_wk)2
i=1 ! k=1
M,y Mo My Mo
h h h h
—2C —2C 2
1; — 2z 1; —wk_l— Zh—zlkzh—wk
Mo B2 M B2
-+ -+ s A53
2 a2 B 5) A
k£l i#]

with definitions of C 5 as mentioned before. For the two-holon case, we apply
the identity

h? B h? h?
Z (hl — Ul>(h1 — um) Z (hl — Ul)(hl — um ; hl — Um)

l#m
hi hi hi
_ —C2+; s +; o )
hl hl hl
C, — _ _
+<1 Zi:hl—z,- zk:hl—wk hl—h2>
hq hq hy
.(Cl_;hl—zj_;hl—wl_hl—f@)

03 Wy
= —G+ 01+ ) (hn = zi)(h1 = 2;) > (A1 — wi)(hn — )

i neqj k#l

h? h? hq
+2 M +2 L 2 —2C
Z hl — Z' 2 ; (h,l — U)k)z (h,l hg) lhl h2

hy
+2Z (b1 — hl_zz) 201%:;”_“%_2012;”_22
hy
hl hg (Z hl — Zj + Zk: hl — wk> ' (A54)

For the case of SU(n), the above derivation easily generalizes. Starting with
the generalized formula of (A.52) for n spin indices, the identities follow by
straight forward calculation.
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A.6 Gell-Mann matrices

The Gell-Mann matrices are given by [39]

010 0 —i 0 1 0 0
M=l100] XN=|i 0 0] X=[0-10]
000 0 0 0 0 0 0
001 00 —i 000
M=l o000, X=]l00 0] X=[o00T1]
100 i 0 0 010
00 0 L, (100
N=100 —i |, ¥X=—/[01 0

0 i 0 V3\o 0 -2

They are normalized as tr ()\")\b) = 20, and satisfy the commutation rela-
tions [X’, )\b} = 2f% )¢, The structure constants f® are totally antisym-
metric and obey Jacobi’s identity

fabCfcde + fbdc]ccae + fdaCfcbe =0.

Explicitly, the non-vanishing structure constants are given by 123 =i, f147 =
FAO = fAT _ 35 156 _ 36T _ /o A58 — f67T8 — ;i /3/9 and 45
others obtained by permutations of the indices. The SU(3) spin operators
are expressed in terms of the color-flip operators by

8 3
a a 1 oT TO ]' 1
Jodg =Y JiJs =32 eley — 5t é(ha + hg — hohg),

a=1 oT

where h, denotes the hole occupation operator h, = 1 — n,.

A.7 B-series

Evaluation of the series

1, N _
= kY ot s - )", (A.55)
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with [ restricted to 0 <1 < M = (N —2)/2 yields

NZ -1 - N
B = D R (A.56)
12 2
n—% for 0<n<N,
Bl = N_1 (A.57)
- for n=N,
2
n )1 for 0<n<N-2 n=N,
B _{ 1-N for n=N—1, (A.58)
N +2
0 for 1>3,0<n< ;L,
Bl' = (A.59)

[—2 N +2
> < N.
N(N—n—l) for 1 >3, 5 <n<N

Proof: B, Bf, and B} are found by straight forward evaluation of the
respective sums. For (A.59) consider

Bln _ Zlnz-l-lz( ) l k— 2771;

a=1
-2

S (oS

k=

)=

(Z)(—l)”_k =0 for 3<1,0<n<(N+2)/2

o

k=
l

[\

kZ:O (l i 2) NopN—1-n = N(N l_ n2_ 1) otherwise.
For the last steps note that the the binomial coefficients of even and odd
sites equal each other. The B series appearing in the charge kinetic terms
is thus the point in the calculation which yields the restriction of the holon
momentum quantum number to one half (third) of the Brillouin zone for the
case of SU(2) (SU(3)). The above presentation can be easily generalized to
SU(n) yielding that the holon momenta occupy only one nth of the Brillouin
zone.

A.8 Useful formulas

Some of the results presented in this appendix can be found in [14] as well
as proven in [110,112,121].
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1. N N
=1 Y 0l =Néom, [[n.=D"" (A.60)
a=1 a=1
2.
N
H(z — 1) =2V — 1. (A.61)
a=1

[1"a = ns) = lim o1l N (A.62)

S o N (A.63)

N N-1
3 L M (A.64)

6.
N-1
m N +1
Tl _ DN F L 1<m<A. (A.65)
— Mo — 1 2
7.
N-1 5
nw N*—=1 m(N-1) m(m-—1)
a _ _ 0< < N.
2 Tn-TF B > Tz TS
(A.66)
8. For
N-1
Am ==Y malna =177 (A.67)
a=1

we have: Ay = (N —1)(N —5)/12 by (A.66), Ay =—(N —3)/2 by
(A.65), and Ay =1 by SNy = N6,,. Furthermore,

A = - 2m_2 m—2 1ym—k—2k
v (M)

k=0
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N

3

|
(]

> (") in)

- (Z)<—1)”—k:0, 2<m<N-1
k=0

0

Sl

as the sums of the binomial coefficients of even sites and odd sites equal
each other.






Appendix B
Chiral Spin Liquid

B.1 Operator action the Spin 1/2 CSL state

B.1.1 Action of T}

In order to prove (4.32), we first consider the off-diagonal terms in the opera-
tor w;” which come from T defined in (4.16). We consider a general element

of the vector T |¢):
|57 S; (% + Sf) ' ¢>  (B1)

The element is clearly zero unless z; € {21 ---zy}. When this is satisfied,
acting onto the bra on the right-hand side of the equation with the spin
operators wipes out the matrix element unless z; € {27 --- 2y} and replaces
z; with z:

< ZM| T |¢ Z Kzgk <Z1

i,k#j

(21 2| T |0) = ZZKW czjazkzipcan Y. (B2)
2753 k#j

The upper limit of M (rather than N') on the sum on i indicates that z;
must be a member of the up-spins. Rewriting K, = K (2, — 25, 2, — 2;) and
defining z = 2, — z;, this may be rewritten as

(21 2pg| Ty W) = ZZKzzl Dz 2oy, (B3)

2753 2#0

Using the definition of the coefficient K from (4.26), this can be rewritten as
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1 U . P(z — 20,z — 2;)
(21 2m| Ty ) = mzz }%EEO Z z— 2z

i#j 240 0<z0<R

(z1-zj+zz2m) . (B.4)

Since the wave function itself is periodic, the two sums over z and over z
may be combined into a single sum that runs over the entire infinite lattice
for which we use the variable x = z — 2. However, since the point z = 0 is
missing from the original sum, all of its images in the infinite lattice will be
missing from the second sum and this must be subtracted off, giving

(21 2m| T5 )
M
1 P(z,z; — z))
S v\ X T s s
1#£] 0<|z|<R
j— P(—z0,2i — 2j)
—20,% — %
N -2 ; > o (21 20) ). (B.5)
7 20

Dividing both sides of the equation by (z; - - - zp/) ¥ and rewriting the ratio
of elements in terms of the analytic function of z, A(x) given in Appendix B.4
gives

(21 2| Ty [2) _ _Nl 5 }%im Z MA({E) G(x) e~ 5l
(21 2m) ¥ T2 T 0djel<R .
M
1 P20, zi — 2j)
- e A B.
N -2 ;; 20 Bo

Note that A(z) is an analytic function only of z, and not of the remaining
{z;} on which it also depends.

The first sum in (B.6) may be evaluated with the corollary to the Singlet
Sum Rule, Eq. B.36. A derivation of the sum rule and the necessary corollary
is given in Appendix B.3. The function P(z,y) falls off exponentially with
increasing z while the quantity A(z) G(z) e %" is essentially constant due
to the periodicity of the wave function. This guarantees that the sum is
absolutely convergent and the sum rule may be applied. Additionally, the
product P(x,z; — z;) A(z) is itself an analytic function of z. As a function
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of z, the function P(z,z; — z;) necessarily has poles. However, these occur
when when z = z; — z; and the function A(z) has second-order zeroes at
these locations since this corresponds to a coincidence of up-spins. Since the
product is analytic and the sum is absolutely convergent, the Singlet Sum
Rule may be applied to give

M

R - fz £ e e

ZZ Plao,2i = %) (B.7)

#J 20

Usmg the fact that A(0) = P(0, z; — z;) = 1 and the relation for dA/dx given
in (B.45), this becomes

(71 2m| Ty [9)
G 2a) O

bRt e e fiGi
0} ZZ L) (B.8)

z;éj k zo0

d
+ %P(SL’,ZZ' — Zj

The sum on ¢ may be completed for the terms containing the W functions
(picking up a factor of M = N/2 — 1) and this gives, renaming ¢ as i,

(Zl"'ZM|Tj|¢>_ T T
ERRERY —f<Z>—;zW(z[%“Zi])
1 X P(z9,2i — zj) d
Nl X gl ) ] B9

where

:_%i% (F12-2)) . (B.10)

The fact that f(Z) is both odd and periodic, required for the proof of (4.31)
above, follows from these same properties of the W function. Comparison
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with (4.27) shows that

(o T ) o N~y
<Zl"'ZM>Q/) —f(Z) ;U,] (B.ll)

if z; is an element of the up-spins and zero otherwise.

B.1.2 Action of V;

The action of the operator V; on the CSL ground state is straightforward to
compute. Proceeding in an analogous manner we have

N
(1| Vi [0y =3 Uy (1 2| (% +Sf) (% +Sj) W) . (B.12)
i#]

The matrix element vanishes unless both z; and z; are elements of {z; - - - 2p/ }.
Therefore, the diagonal contribution to the operator w; gives

M

(z1-2m| Vi oY) B
<Z1"'ZM>¢ _;Uw (B-13)

if z; € {#z1-- 2y} and 0 otherwise. Combining Eqs. B.13 and B.11 proves
(4.32) and therefore proves that the chiral spin liquid is an exact ground state
of either of the Hamiltonians in Eqs. 4.23 or 4.25.

B.2 Tensor decomposition

The operators w; introduced in Section 4.4 may be decomposed into irre-
ducible spherical tensors of ranks 1 and 3. We write these irreducible opera-
tors as T)7; ¢ and m correspond to angular momentum and its z component
respectively. We wish to write w = ¢, 7%, where T is the collection of
all operators which transform as a spherical tensor of rank ¢q. Here we have
suppressed the site index on the operator w.

The operator in (4.18) that is not manifestly the component of a vector
is 57 S7 S, which is a component of a third-rank Cartesian tensor. In order
to keep the notation manageable, we start by considering the direct product
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of two operators U and V with angular momentum j; and js respectively.
An element in the direct product space of these operators may be written as

Jitj2 J12

UL ViE= > ) Cpmerme T (B.14)

J1r J2 Ji12 mi2
Ji2=l|je—ji| mi2=—ji2

in terms of irreducible spherical tensors Tg;é carrying angular momentum 7o
with z-component mis = m; + mo. Eq. B.14 may be inverted to give

J1
j12 m1mami2 J1 Jz
Tm12_ Z Z CJl J2 J12 Un, Ving - (B’15)
mi=—j1 ma=—j2

Using these equations, one may construct corresponding expressions for
the product of three vector operators by applying (B.14) twice:

Jiti2 J12
J1 Y/ J2 Jj3 E E mi1memiz ji2 ]3
Uml sz Wms - C1]1 J2 Ji2 Tm12 W
J12=—|j1—J2| mi2=—J12
Jit+je J12 J12-+73
o mi1mami2 mizmam 7 (j12)
- Z Z Ch J2 J12 Z Z C]12 J3 J Tm )
Jr2=—|j1—j2| mi2=—J12 J=lj12—js| m=-J

(B.16)

The second superscript on the tensor 7" in the last line distinguishes between
the different tensors of the same rank that appear when combining three
vector operators; since 1 ® 1®1=3®0202010 164160, there are two
rank-2 spherical tensors and three vector operators that can be formed. For
the case of interest m; = my = m3 = 0 and j; = jo = j3 = 1, the expression
reduces to

Ji2+1

U VEW? — Z Z (/000 0 ooTy(le)

11512 J121]
J12=0 j=[j12—1|

1 10 2 @ 2

which shows that the operator contains only vector and rank-3 tensor com-
ponents, but no scalar or rank-2 tensor components. Note that the second
index on the rank-3 tensor has been suppressed since the construction of this
object is unambiguous.
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Applying (B.15) twice, the rank-3 tensor component is

2

1
3 mi2m30 2 1
TO - E § : 02 1 3 Tm12 Wm3

miz=—2ms3=—1
1

S Y CrpoppUL W,
mi,ma,m3=—1
SUSVEWE —(U - V) W —(V - W) Us —(W -U) V*
V10 ’
(B.18)

where we have used the fact that the dot productis U-V =Y (=1)" U} V!,
in the spherical representation. A similar construction can be used to find
the vector operator or, one may note from Eqs. B.17 and B.18 that the vector
component is equivalent to

2 Uu.-v FH(V-WHYU*+(W -U) V>

as used in writing down (4.22).

Construction of the remaining (x and y) components of the vector oper-
ator in (B.19) is straightforward since one merely replaces z with either x or
y. In order to construct the remaining six components of the rank-3 tensor
operator one simply applies (B.15) twice without specifying m = 0:

1

Th= ) CyTTsR TRy U, Vi, Wi (B.20)

m
mi,mg,mg=—1

The explicit form of these components are

1

T3 = ——— |BVW =V -W) U +BU W —U-W) V't

P = ) U+ )
+BUIVE—U-V) W (B.21)

1

TP = — [UTVIW U VW U VW B.22

? 2\/5[ ) (B.22)

T3 = —LU+V+W+, (B.23)

22

with the remaining three components obtained from 79, = (—1)" (T2)'.
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B.3 Sum Rule

The sum rule used in Section 4.5, on which the proof that w destroys the
ground state hinges, is given by
: n—Tl? _
Jim. Y Glz) ezl =0, (B.24)
0<|z|<R
The sum rule has been previously obtained by Laughlin [89]; in this appendix
we show how to obtain the sum rule by application of Liouville’s theorem.
We first consider the related sum

T 1 T | 12
F(e) = 11%13%)0<Z<RG(2) exp {5 cz—g |2| } , (B.25)

In order to prove the sum rule in (B.24), we will first show that F'(c¢) = 0
for any value of the parameter ¢ and then use this to prove (B.24) by taking
derivatives of the function F(c).

In order to show that F'(c) = 0, we use the gauge function G(z) to write
(B.25) as two sums, one over the entire lattice and one over the points 2z’ on
the lattice for which G(z') = —1. As shown in Figure 4.1, these sites defines
a sublattice with twice the original lattice spacing.

Flc) = Zeém-g =7 _ 9o Zeécz’—% #” (B.26)
Setting 2z’ = 2z we can write this as

F(c) = Z ezl 9 Z eez2mlal (B.27)

where both sums now run over the entire lattice. Writing z = x + ¢y this
function can be factored into four sums over the integers x and y:

F() = (Zeé<w—m2>) (Zegocma)
- (Z em_m2> (Z 6”‘”‘”‘“) : (B.28)

In terms of the third Jacobi theta function [2]

[e.e]

O3(zlr) = Y eimmiTering, (B.29)

n=—0oo
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this function may be recast as

c|i cl|i
Fe) = 193(‘@1) 5) 193(1\ 5)
. C . C .
24, (—15‘20 193<§‘ 21> . (B.30)
The fact that the two terms in this expression precisely cancel is a result

of Liouville’s theorem [2,127],

1

—1T

- 1) , (B.31)

z

622/1'7”— 193 (:l:—

O3(2|7) =

T T

and the fact that the third Jacobi theta function is even. Application of this
identity to either product of theta functions in (B.30) shows that the two
terms precisely cancel, proving that F(¢) = 0. This in turn proves the n =0
case of (B.24) by simply setting ¢ = 0. The other instances of the sum rule
are obtained by noting that

1 dm ™ 2

- BT m cz —Z|z]

— oo Fe) = Jim. > Glz) el (B.32)
0<|z|<R

Since F'(c) is 0 for all values of ¢ (within the radius of convergence), setting

¢ =0 in the above expression gives the desired result in (B.24).

B.3.1 Corollary to Sum Rule

We now consider the case where we wish to evaluate a sum of the form

1 s 2
- ! ~5 14
Jim. > CA(2) Gz) ek (B.33)
0<|z|<R
where A(z) is an analytic function of z. Since it is analytic, we can expand

the function A(z) in a Taylor series:

00 ¢
Ay S L dA

=0

0

and, so long as the sum in (B.33) is absolutely convergent, we can interchange
the order of the two infinite sums to obtain
1 dZA /—1 ™ 2
il ] - —% Izl
XZ: i lim Z 2T G(z) e 2 . (B.35)

0 R—o0
0<|z|[<R
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All terms for which ¢ > 2 immediately vanish from the interior sum due to
the sum rule in (B.24). The term with ¢ = 0 also vanishes because in that
case the summand is an odd function summed over the entire lattice. Finally
the term with ¢ = 1 can be evaluated using the sum rule and is simply the
negative of the value of the summand at z = 0 (which is not included in this
sum but is included in (B.24)). Therefore, so long as A(z) is chosen so that
the sum itself is absolutely convergent,

1 e dA
I - B .
Jim. > ~A(2) G(z) e | (B.36)
0<|z|<R
B.4 The function A(z)
The ratio of wave function coefficients appearing in (B.5),
<Zl...zj+x...ZM>¢ (BS?)

(212 2a) U

can be written in terms of the Gauge function G(z), the Gaussian e~ 2 Jal”,
and an analytic function of z, A(z). To see this we note that this ratio may
be written explicitly as

20(E [Z242-2)) 3 P2(Z [z5+2—2)]) Gz +x)
1 I(F (2 - 2)) [1

(zj+2)°~|z;+al?]

v=1
es |

¢ [F-12l] o3 [0 1af?]

G(x) e (=* =) (B.38)

This simplifies by noting that the exponential terms obey an addition
formula

_ ¢35 [@=a) z+a(z-2)] (B.39)

and the Gauge function obeys an addition formula given by

G(Zj + [L’) _ —6%(2; T —z; x)
Gls) Gl . (B.40)

Since the terms involving x* cancel on multiplying the two expressions in
Egs. B.39 and B.40, the ratio of coefficients is

<21"'Zj+l'"‘ZM>¢

= —A(z) G(z) e 5" .
s s CUSIC) (B41)
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where A(z) is an analytic function of x:

2 Z—l—l'— M ZZ]—I—I’ T 24 a(z—2*
U 1;[ 2[ ])62[ (J J)]

The derivative of this function is given by

{Zﬁlnﬁ( Z4+2—-Z )—}—QZ%IHﬁ( ['_Zz+x]>
+g (22 + 2 —zj) }A(x) : (B.43)

Evaluating this at x = 0 and noting that A(0) = 1 from (B.42) gives

dA 2. d
| = d—Zlnﬁ<L[ )+22d—%1m9( )
T 2 — 2
7 92L9. (B.44)

In terms of the function W(z) introduced in (4.28) this may be written as

->7 W(% 2 - 21)) +2 EM: %W(% 2 —=]) . (BA3)
i

0 v=1

The final expression follows from the fact that the center of mass zeroes are
constrained to satisfy ) Z, = 0 as pointed out in Section 4.2.

B.5 Pfaffian function

Given an antisymmetric matrix M;; the Pfaffian of M is defined to be

= > = [] Mw (B.46)

pairings  pairs (ab)

where the sign associated with each term is positive if the permutation needed
to bring the indices back to their original order is even, and negative if the
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required permutation is odd. Thus for example the Pfaffian of a 4x4 matrix

is
Mo Mszy — MizMog + MygMas.

The most important fact about the Pfaffian used in our calculations is that
its square is equal to the determinant,

Pf(M)? = det(M). (B.47)

B.6 Theta functions

The ¢ functions are used to rephrase the plane boundary wave functions to
the torus geometry of the PBCs. They are defined by

+o0o
Vi(z,7) = Z emilnt )T 2milnt3)(=+3) (B.48)

n=—0oo

where the other theta function follow out of (B.48) by

1
Vo2, 7) = V(2 + 5,7')

Da(er) = Moy(z+ LT 4
Dalz,7) = MWH;T), (B.49)

where M = /¢, For our purposes the most important properties of
the ¥ functions are the periodicities

Vi(z+1) = —0(2)
Yoz +1) = —a(2)
U3(z+1) = +93(2)
Uz +1) = +U4(2), (B.50)
Di(z+7) = —e e Y (2)
Vo(z4+7) = He e 2EY,(2)
Ua(z47) = +e e PY,(2)
Ip(z+7) = —e e P, (2) (B.51)

the reflection relations

’191(—2’) = —’191 (Z)
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’193(—2’) = ’193(2)
Da(—2) = a(2) | (B.52)

and the fact that 9, is a holomorphic function whose only zeroes are simple
ones occurring at the lattice points m + n7, where m, n are integers.

B.7 Octopuzz theorem

B.7.1 Plane geometry

We start with the case of open boundaries. For the S = 1/2 lattice setup for
the CSL with z1, ...z denoting the positions of the up spins and M = N/2
with N being the number of sites, the following theorem holds asymptotically
for large N [71]:

N N
H (2j — Na) = CJ(zj)eg'Zj‘2 H el . const., (B.53)
0‘777&7523' a=1

where the first sum runs over all lattice sites except z;. This can be shown
by defining
()= ] €—na) (B.54)
QNaF2j
with ¢ being a continuous variable. Now, one considers the limit ¢ — z; for

N
Inh;(¢) =Y In[¢ = nal — | — 2] + i arg[h; ()], (B.55)
a=1

which can be interpreted as a two-dimensional Coulomb gas energy problem
with a lattice of unit charges and a test charge approaching the lattice point
zj. 'The singularities of the first and second term as ¢ — z; cancel each
other, where to leading order the energy contribution from the test charge
with the average charge density background as well as sub-leading self energy
corrections of the lattice charges remain:

Zlnlé na|—ln|<’—zg|~—|<’|2+z [1a|* + const. (B.56)

As generating an additional phase 7 by propagating from one site to a near-
est neighbor position in the average charge density background [71], the
third term of (B.55) can be shown to essentially give an alternating sign
by exponentiation, which is just the gauge factor G(z;). In total, it thus
yields (B.53).
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B.7.2 Torus geometry

For PBCs, one can find a theorem similar to (B.53). For simplicity, consider
a standard torus surface supercell with principal region given by unit length
1 and 7, where N denotes the number of sites and the site coordinates 7,
are parameterized by

Na = laa + maba (B57)

with ally, = 1, bLy = 7, and L1L, = N. In analogy to the Jastrow factors
in (B.53), we consider the function

Plyl= ] 9100 —z.7), (B.58)

where we use the first theta function from (B.48) and from now on omit the
index one in this paragraph. We will now show that the following relation
holds:

P(lja+ m;b) Lolstm, mirLim;(1— 971
— s = ()T B.59
P(0) (=1) ¢ 2 (B.59)
For this, we first consider

P(lja+mb)  Py0)...Pa(l; — 1)

(B.60)

P(m]b) N PQ(Ll)...PQ(Ll_'_lj_l)’

where Py (1) is defined as the [th line contribution in 7 direction to P(l;a +
mjb):
Lo—1
Pa(l) = [[ 0(1 = 1)a+ (m —my)b, 7). (B.61)

m=0

Due to the periodicity of the first theta function (B.48), we obtain

Po(l)/Pa(Ly + 1) = (—1)™, (B.62)
and thus find : )
P leL + mjb o Lol;
by~ D (B.63)

Similarly, we consider a shift in 7 direction

P(m]b) . 731(0)731(mj —1)
P(O) N Pl(LQ) PQ(LQ —l—mj - 1)’

(B.64)
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where P;(m) is defined as the mth line contribution in 1 direction to P(m;b),
i.e., Pr(m) = [12 " 9((la + (m — m;)b, 7). Recalling the quasi-periodicity
relation (B.48) of J(n, 7) in 7 direction yields

Pl (m) iTL 27ri7ﬂ(m—m )
)yt g2mir g (m—m) B.65
Pl 1) (=1)e™ e T (B.65)

so that for (B.64) it holds
P(mjb) i
P(O) H Pl L2 +m
_ (—1)maemiThami T (mitmg (B.66)

Combining (B.63) and (B.66) thus yields (B.59).

B.8 Schwinger Bosons

Schwinger bosons [8,113] constitute a way to formulate spin-S representations
of an SU(2) algebra. The spin operators

Sx+lsy — S+ — aTb
ST —iSy = S~ = bla (B.67)
S5* = L(aTa—b'b)

are given in terms of boson creation and annihilation operators which obey
the usual commutation relations

[a aw [b bw =1

0,8 = [a,b] = [af,8] = [af,b] = 0. (B.68)
It is readily verified with (B.68) that
[Si, Sj} =ik S*  where 1,4,k =x,y,or 2. (B.69)
The spin quantum number S is given by half the number of bosons,
25 = a'a + b'b, (B.70)

and the usual spin states (simultaneous eigenstates of S? and S?) are given
by
(ah)tn (@)

[s,m) = \/(s+m)!\/(s—m)!

10). (B.71)
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In particular, the spin—% states are given by
1) =al[0)=cl]0)  [1)=0bT]0)=c]0), (B.72)

i.e., a' and b act just like the fermion creation operators 4 and CI in this
case. The difference shows up only when two (or more) creation operators act
on the same site or orbital. The fermion operators create an antisymmetric
or singlet configuration (in accordance with the Pauli principle),

0,0) = cle} 10), (B.73)

while the Schwinger bosons create a totally symmetric or triplet (or higher
spin if we create more than two bosons) configuration,

1.1) = L(ah?|o)
11,0) = a'db'|0) (B.74)

L-1) = L(h2]0).

B.9 Z-W symmetry for Chiral Spin Liquid

B.9.1 Plane geometry
To begin with, we use M = N/2 to rewrite the CSL wave function as

WO (2, ) = ﬁ (G(zj) e WAl ﬁ (2 — zk)) (B.75)

=1 k=1

’ (k£9)
Let w; with [ = 1,2,..., N — M be the lattice sites not occupied by the
z;’s. The arguments (zq,...,zy) and (wy, ..., wy) are from now on abbre-

viated by {z} and {w} in this paragraph. The previously derived octopuzz
theorem (B.53) implies

M
CSL +(N A{)w
e ({2)) E(H%_W>IF
M
x [ e 5. (B.76)
=1
Let
Slz,w] = (0] ey - Copl Cunl - Coyprt| L1 oot 1), (B.77)

all N spins |
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be the sign associated with ordering the z’s and w’s according to their lattice
positions. Then we can use

H 2 — %) H 1:[ zj —wy) 1:[ (w; — wyy,)
X He 3lel? H e~5ll® = Sz, w] - const. (B.78)
=1
to rewrite (B.76) as
P ({z}) = Slzw] o({2}) o({w}) (B.79)
where u u
o({z}) = [[(z — =) H Il (B.80)
j<k j=1

is simply the wave function for a filled Landau level in a (fictitious) magnetic
field with flux 2 /plaquet. If we rewrite (B.75) in terms of (B.80) and
compare it to (B.79), we obtain the lattice particle-hole symmetry

HG z) ¢({z}) = S[z,w] ¢({w}) - const., (B.81)

which holds for any M. The chiral spin liquid ground state, where M = N/2,
is according to (B.79) simply given by

) = S () S, wn)
{Zl 7777 ZM W1 5e-es w]Vf}
XCLT“‘CiMTCLu"'CLM1|0>7 (B.82)

where the sum extends over all possible ways to distribute the coordinates
z; and w; on mutually distinct lattice sites.

B.9.2 Torus geometry

A similar particle-hole separation can be equivalently shown for the CSL wave
function with PBCs on the torus geometry. For simplicity consider again the
standard supercell primary region on the torus as in (B.57) with one lattice
point in the center. We reparametrize the lattice point in a symmetric form
as

Ly —1 Ly—1
5 +la)a+ (— 5

Mo = (— + ma)b, (B.83)
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with aly =1, bLy = 7, and (I/m), =0,..., L1/ — 1. In its most convenient
form for our purposes, the CSL wave function on the torus is given by

VS ({2}) = (2 - Z0)00(Z + Z0) [] 01z — 2)?

i7j

M
T T
< [T GG (=51l + 522), (B.84)

where G is the gauge factor, M = N/2, Z is the center of mass Z = Zf‘il Zi,
and z denotes the position of the up spins as before. Again the index one at
the theta functions will be omitted in the following. There are two choices
of the parameter Z; that give orthogonal wave functions so that the ground
state is doubly degenerate, i.e., the topological degeneracy of the CSL on the
torus. We define

M

o({z}) =9(Z — 2) [[ 9z — =) H ~ (al? (B.85)

1<J

with its complementary counterpart

o({w}) = 9W — 20) [T 9wy — w) [Je 550l =d - (B.36)

k<l k

which is the wave function for a Landau band in symmetric gauge and a
magnetic field of 27 /plaquet. We now rewrite (B.86) in terms of up spin
variables z. First note that as one lattice site is a the origin, Z=—W and
thus

W = Zy) = —NZ + Zy). (B.87)

M (|na)?—n2)) =

Furthermore we rewrite the normalization by H 1 eXp(
const. to get

7r(N M) 2 _A_ 2 _
I 0l _ const. He U2 (2222 He 22

k )
M

= const. H ”’“ H oo (=mi(L2=1)+m7)

=1

x He—%ﬂmlz—sz (B.88)
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As the next step, we use the previously defined Octopuzz theorem to rewrite
the theta functions. Using HfL 5 V(1 —1p) = const. we get (where ¢ denotes
a constant)

[0 —w) = MS[Z’w]C 11

k<t [lic; (2 = 2) i3 k5 i — w)

M Mo N 1
= Slwle[[v =) [T1] 02— 11a)

i<j i=1 a=1

M
= S[z,w]CHﬁ(zi — 2j)
i<j
M
H e—ﬂ%(—mi(Lg—l)—i—mf)(_l)li-l—mi-‘rl’ (B89)
i=1

where the second line above cancels the last term in (B.88). Putting all
together, the particle hole symmetry for the CSL on the torus becomes man-

ifest:
U ({z}) = Slz, wlp({z})o({w}). (B.90)
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