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Abstract

Modern experimental methods have made it possible for physicists to investigate matter
in extreme conditions. Two of the most extreme conditions are low temperature and low
dimensionality. Fabricated semiconductor or metal nano-ring arrays and narrow quantum
wells in semiconductor heterostructures at low temperatures provide such an extreme envi-
ronments for electrons. I will explain these systems in this dissertation.

Quantum Wells: In a closely spaced double quantum well (DQW), electrons are thought
to form an interlayer coherent state when a perpendicular magnetic field is applied such that
the total Landau level filling factor v = 1. The low energy topological excitations of the
electron gas in these structures includes charged pseudo-spin vortices and anti-vortices. By
calculating the energy per electron and the electron densities in the Hartree-Fock approx-
imation, we show that there are new excited states with interwoven spin and pseudo-spin
and that their presence in the system can explain new experimental results. The excitations
of DQW’s (called merons) also have important effects on transport in these systems. These
objects carry charge, vorticity, and electric dipole moment. Disorder is likely to unbind
them and allow them to diffuse through the system independently. Due to their differ-
ent dipole moments, the various types of merons may then in principle be distinguished
in transport activation energies by an interlayer bias potential. We explore the dynamics
of merons using Chern-Simon theory for quantum Hall systems. We numerically estimate
their energies in various circumstances and compare them to the recent experiments.

Nano-rings: In this dissertation we also fully analyze the possible phases of a model
of singly charged one and two dimensional arrays of rings each having a diameter ~ 100
nm. Using the Hartree approximation and Monte-Carlo simulations we demonstrate that
the electrostatic polarization of these arrays undergoes a quantum phase transition due to
quantum mechanical fluctuations. Using a complete finite size scaling analysis for a one
dimensional array we show that this phase transition is in the universality class of the
transverse field Ising model. Also we will show that an external magnetic field changes
the polarization behavior from anti-ferroelectric to ferroelectric due to the Aharanov-Bohm

effect.
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Chapter 1

Introduction

One of the most beautiful aspects of physics is the collective phenomena that arise in
condensed matter. Systems containing many atoms, molecules or electrons can show
completely different behavior than systems containing few particles. For example,
interacting manybody systems can display superfluidity and superconductivity as
well as a variety of other phase transitions. At the same time, these many particle
systems are among the hardest systems to deal with. In classical physics (at high
temperatures) it is rarely possible to solve for observables analytically and one has to
approach the problem numerically or through simulations. In quantum mechanical
systems (low temperatures) the situation becomes even harder: not only we must
deal with interactions, but particle interference plays a very important role in the
behavior of the system as well. During the past few decades physicists have devised
various techniques for dealing with such problems. Although complicated, most of
these systems can be classified by two properties that play an essential role in their
behavior: their Symmetries and Dimensionality. Using these common properties
physicists are able to analyze manybody systems in various circumstances and make
predictions about their behavior or explain the observed phenomena.

Throughout this work the role of dimensionality is crucial. By changing the di-
mensionality of a system we have actually confined the particles in that system to
a different environment than the everyday three dimensional world. This changes
the range of quantum and classical fluctuations which in turn affects the collective
phenomena in systems leading to behaviors not seen in three dimensions. In par-
ticular in quantum mechanics, the solution to the Schrodinger’s equation changes.
These changes have dramatic effects on the observables of the system depending on

the environmental conditions.



But how can one control the dimensionality of a manybody system? Quantum
mechanics naturally provides us with an answer: The characteristic energy of fluctu-
ations of a quantum mechanical particle in a specific direction in its host structure,
like a crystal or a quantum dot, is nothing but the energy level separation between
the particle’s ground state and its excited state associated with that direction. To
reduce dimensionality we must change the host and environment so that the particle
can not access the excited level. This can be done for example, in narrow structures
like quantum rings and quantum wells. In these types of systems the energy level
separation is usually AE ~ h?/(2m*W?) in which W is a characteristic length of the
system (e.g. the width of the quantum well or the radius of the quantum ring) and
m™* is an effective mass of the particle. By reducing the temperature to lower than
this energy gap so that kgT < AE we can prevent the particle from being excited to
higher levels thus confining one of its degrees of freedom. As long as the inter-particle
interaction is smaller than this energy gap we can assume the particles are confined.

But what about interactions? The inter-particle interaction is usually Coulombic
depending on the inverse of the inter-particle separation E. = ¢*/r. The inter-
particle separation can be controlled by controlling the density, n. For example in
two dimensions r ~ 1/y/n. Thus by controlling the density we control the interactions
and can ensure that the system acts in a two (or one) dimensional fashion!

The main work in this dissertation is the study of charged topological excita-
tions of bilayer quantum Hall systems. With today’s advancement in semiconductor
technology physicists are able to grow almost perfect crystalline layers of semicon-
ductors. By varying the composition of these layers they produce heterostructures
(growth techniques will not be discussed in this text as it is out of the scope of the
dissertation and we refer the reader to the literature[2; 44]). Electrons in these het-
erostructures move to regions where they have lowest energy. If the bandgap of the
adjacent layers is chosen carefully, it is then possible to confine electrons in a plane
only a few atomic layers thick. Such a two dimensional electron gas is not only es-
sential to modern microelectronics, it has led to fundamental new physical systems.
For example, under a strong magnetic field (~ 10 T) a two dimensional electron gas’s
(2DEG) response to external drives is extremely unusual[51]. The longitudinal resis-
tivity of the 2DEG is zero and the transverse conductivity is an integer multiple of
an elementary constant. The discovery of this phenomena known as the Quantized
Hall Effect by Klaus von Klitzing was awarded the 1985 physics Nobel prize. The
physics of the 2DEG became the subject of intense research after this discovery. It



soon turned out that this system is more like a liquid than a gas. At low enough
densities the electrons are localized by the strong magnetic field and their kinetic
energy is frozen out at low enough temperatures ( < 100 Kelvin). This liquid can
become dissipationless and incompressible.

By varying the magnetic field and lowering the temperature, even more surprising
results were discovered. For example the system can, at certain field strengths, appear
perfectly metallic, as if no magnetic field were applied. At other field strengths still
more quantized levels were observed[51]. These highly non-linear results were later
explained by works of Robert B. Laughlin who along with Horst L. Stormer and
Daniel Tsui won Nobel prize for physics in 1998.

Rich new phases were discovered later when such quantum wells were grown close
together. In a typical double quantum well structure, two GaAs quantum wells are
separated by an AlAs barrier layer. The tunneling conductance between the two
layers can then be studied. The results of these studies strongly indicated that the
two electron gasses have become coherent and selected a new type of ground state[49].
This is now a well established description of the ground state of this system[27]. In
this state they behave as though they are together in a single layer. One is able
to change the tunneling strength between these two layers or change the separation
between them and study various responses of the system.

The most prominent property of a double well system is the existence of a new
degree of freedom for electrons. In a quantum mechanical picture each electron can be
in one layer or in a superposition of layer states. This degree of freedom is isomorphic
to spin. The spin of an electron can either be up or down or be in a superposition of
up and down so that it is pointing in a perpendicular direction. This new degree of
freedom, called pseudo-spin changes the spectrum of the excitations of the electron
gas in a bilayer system. However the nature of the excitations will still remain similar
to the spin excitations in single layers. A valid interpretation of the data from different
responses of the bilayer system is still not well known.

In this dissertation we will focus on nuclear magnetic relaxation time (NMR) and
activation energy measurement data. We will show that new types of excitations
exist in bilayer systems that include both spin and pseudo-spin. Some of these exci-
tations that are very important in explaining experimental results are topological. A
topological excitation is a particular kind of smoothly varying spatial (or sometimes
temporal) distribution in charge or spin density of electrons. This distribution can

not be deformed to a uniform distribution by a continuous set of transformations.



It will turn out that these excitations can be responsible for the unexpected NMR
results. We will also show how the topological pseudo-spin excitations of bilayer sys-
tem can dissipate energy in these systems and that the dissipation is activated, with
activation energy behavior consistent with experiments.

In the second chapter we will review physics of an electron gas in a two dimensional
quantum well under a strong magnetic field. We will explain how the integer quantum
Hall effect arises. However our emphasis will be on topological spin excitations, their
dynamics and the measurements by which we can detect them. This chapter is a
review of the works done in late 80’s and early 90’s to explain the integer quantum
Hall effect. For more detailed review we refer the reader to the literature[18; 22]. In
the third chapter we will review the physics of the coherent state of the electrons in
double quantum wells and try to explain how the same kind of excitations exists in
bilayer systems but this time of pseudo-spin nature. In this chapter the fundamental
theory was developed following references[24; 27]. In this chapter we will also explain
the microscopic Hartree-Fock approximation used to calculate the densities of the
bilayer system. The numerical results and all the plots presented are the works of
the author. We will then extend the theory presented in this chapter to include
the spin of electrons and explain the microscopic Hartree-Fock calculations with spin
and pseudo-spin and present our numerical results. In the fourth chapter we will
introduce two different theoretical approaches mainly to explain the results of an
activation energy measurement performed on double quantum wells[56].

In the fifth chapter we will introduce our model of interacting quantum ring ar-
rays. In this model, the Coulomb interaction between electrons confined in each ring
can induce a phase transition in the electrostatic polarization of the system. The po-
larization suddenly changes from zero to a finite value in this system as one changes
the inter-ring separation. The geometry in which the electrons are confined and the
Coulomb interaction are crucial for occurrence of this transition. In a true second
order phase transition the observables of the system diverge in the thermodynamic
limit when the system size diverges[1]. The first signal for this behavior is the increase
of the value of an observable of the system as the size of the system increases. This
signal is observed in Monte Carlo simulations as we will see in this chapter. We will
explain the approximate analytic calculations of the polarization in this system. Then
we will present our more precise numerical results that demonstrates novel quantum
phase transitions in their electrostatic polarization. These numerical results include

Hartree iterative calculation and Monte-Carlo simulation.



Finally in chapter six I will summarize my new results and discuss possible future

directions of this research.



Chapter 2

Two Dimensional Electron Gas Under Strong

Magnetic Field

In this section I will first discuss the physics of the integer quantum Hall effect.
I will then present a detailed discussion of the ferromagnetism and topological spin
excitations at a specific range of densities called filling factor v = 1 following references
[22; 27]. At the end following references [22; 48] I will discuss two very important

characteristics of these spin excitations that can be detected in experiments.

2.1 Overview of Integer Quantum Hall Effect

Transport in a two dimensional electron gas under strong magnetic field displays a
completely different behavior than many other two dimensional systems at low tem-
peratures. The basic experimental observation is that at sufficiently low temperatures
and high magnetic fields the system becomes dissipationless in the longitudinal di-
rection(Fig. 2.1):

Pzz — 0 (2.1)

and the conductance in the transverse direction, called the Hall conductance, becomes

quantized:

62

Oay = V- (2.2)

in which v is a constant integer called the filling factor and will be defined later. This
ratio depends on the density and magnetic field strength. Surprisingly this behavior
is material and geometry independent. This kind of transport does not happen at
higher temperatures (higher than few Kelvins depending on the host semiconductor).

How are electrons confined in two dimensions? There has been tremendous effort

during past few decades to fabricate layered semiconductor structures to host two



Magnetic field (T)

Figure 2.1: Integer and fractional quantum Hall effect: Hall(transverse) and longi-
tudinal resistance v.s. magnetic field. The numbers indicate the filling factor of the
Landau levels. After ref.[51]

dimensional electron gases. Progress in Molecular Beam Epitaxy (MBE) has allowed
for the possibility of growing epitaxial crystal structures that have high enough mo-
bility to show the quantum Hall effect.[18] Von Klitzing and collaborators did their
experiments on a silicon metal-oxide-semiconductor field effect transistor (MOSFET)
whereas Tsui, Stormer and Gossard did their experiment on a two dimensional elec-
tron gas (2DEG) formed at the interface of a GaAs/AlGaAs heterojunction for which
the mobility is much higher. GaAs/AlGaAs heterojunctions have since become the
standard system on which quantum Hall effect experiments are performed.

In GaAs the band gap is 1.5 eV and Al,Ga;_,As has a larger gap that de-
pends on the concentration, x, of aluminum. In a modulation-doped heterojunction
Al,Gay_,As is n-doped with silicon away from the interface to minimize the disor-
der potential caused by the donor ions. Because of the band mismatch electrons
move from the Al,Ga;_,As to the GaAs. Once in the GaAs, the electrons feel the
Coulomb attraction due to the positive ions left behind and as a consequence the
bands are bent near the interface as shown in Fig.2.2. Once equilibrium is reached
the electrons at the interface will occupy the narrow quantum well created by the
bent bands. Here they are free to move in the directions parallel to the junction but
see a random potential that has contributions from the remote ionized donors and
imperfections in the interface. If the subband spacing due to the confinement in the

direction perpendicular to the interface is much bigger than all relevant energy scales
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Figure 2.2: Schematic profile of band structure at the junction of GaAs-AlGaAs.

then the electron gas in the quantum well is, for all practical purposes, a 2DEG. In
simple words, electrons in these narrow structures move to the layer with the lowest
energy band gap. This way electrons are trapped in the lowest level of the quantum
well and at low enough temperatures their third spatial degree of freedom is frozen,
so that they are effectively living in two dimensions.

Since the presented work here is not an experimental research we will not go into
the experimental details of fabrication of these structures. The density of trapped
electrons in the GaAs host can be controlled by dopants like Si or Ge. The densities
of these gases are typically on the order of 10!° cm~=2 . Today samples are of very high
quality with very low disorder, with mobilities up to 600000 cm?/Vs. These samples
are cooled in dilution refrigerators usually down to around 30 mK .

We will first review the two dimensional transport of a non-interacting electron
gas in the classical regime. When a current flows into a thin conducting material
under a perpendicular magnetic field (Fig.2.3) a voltage drop develops perpendicular
to the direction of current flow due to the Lorentz force.

Consider a 2DEG, in the absence of any disorder. The electron gas is transla-
tionally invariant, and as a result we can make a Gallilean transformation to a frame
moving with velocity —v relative to the lab frame. In this frame the electron moves

at a velocity +v and carries a current density:

J = —nev (2.3)



Figure 2.3: Schematic picture of a Hall bar experiment. The magnetic field is per-

pendicular to the plane and the contacts are made to edges of the bar.

where n is the density of electrons. In the lab frame the electric field is zero, E = 0
and magnetic field B = BZ. In the moving frame to lowest order in v/c :

-1
E=—vxB
c

B = B2, (2.4)

The transformation above is nothing but the Lorentz force. We can then write the
electric field in eq.(4.30) as:
B
E=—JxB (2.5)

nec

The resistivity tensor is defined as:
Er =p,J" (2.6)

so we can identify the resistivity tensor for a disorder-free classical 2DEG as:

nec 0 -1
= —_— 2-7
rP="5 <+1 0 > (2.7)

The conductivity tensor is then:

gz/_71=£< 0 H) (2.8)

nec\ —1 0

Note that the above argument was purely based on Lorentz covariance so that the
same argument can be made for a quantum system. As we can see in two dimensional
translationally invariant systems no matter what kind the charge carrier is (since only
the density entered here) and whether it is classic or quantum there is no quantization
of the Hall effect and no dissipationless behavior. This result clearly shows that

the quantum Hall effect as seen in the transport data (Fig.2.1) does not occur in
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translationally invariant systems! and some level of disorder is needed to destroy this
invariance.

To analyze the quantum dynamics of 2DEG under strong magnetic field we have
to first choose a gauge. Because the experimental set up is a Hall bar (fig. 2.3) it is

more convenient to use the Landau gauge:
A =2DBy (2.9)
which obeys V x A = BZ. The Hamiltonian of an electron in two dimensions is then:
1 eB \2
H=—[p2+ (p,+ 2 |. 2.10
5 [Pet Py T (2.10)

Because of the translational invariance in the y direction we can write the eigenfunc-

tion of the above Hamiltonian as:

Uz, y) = eikyfk(x) (2.11)

in which fj is eigenfunction of the Hamiltonian:

1 B \2
hi = —p>+ (hk: + e—x)
2m &
1 1
= %pi + 5mwf(:c + k(%) (2.12)

which is the Hamiltonian of a one dimensional oscillator with frequency w, = eB/mc,

(called the cyclotron frequency) and central position X; = —k¢*. The parameter
(= \/eEB is called the magnetic length, and is the characteristic length for variation

of the electron’s wave function in the x-direction. The energy spectrum of the electron
then will be:

1
Ep = (n+ 5. (2.13)

Each of these levels n = 0,1,2,... is called a Landau level. As we can see, the
energy levels are independent of quantum number k£ and consequently each Landau
level is degenerate. Assuming periodic boundary conditions in the y direction in a
rectangular sample with dimensions L, and L,, the momentum quantum number £k
will be quantized as k, = 2wnf?>/L,. On the other hand each k, is associated with
the center of the wave function at X,, = —k,¢?>. This center can be anywhere on the

x axis. The degeneracy, N of a Landau level will then be:

20 _ oy Lely

NAX =N =
L, 2702

= No (2.14)

10



in which Ny = BL,L,/®; and ®, = hc/e is the flux quantum. The eigenfunction of

the Hamiltonian for the n-th Landau level is then

Ynx (r) = XY H (@ 4 X)em @076 (2.15)

1
Vi
where the guiding center parameter is X = —k¢? and H,, is the n-th Hermite poly-
nomial.

Consider the case where electrons fully occupy an integer number of Landau levels

at the ground state. We introduce the filling factor:
v = N/Ng (2.16)

in which N is the total number of electrons and Ng is the order of Landau level
degeneracy. In this case the filling factor v is an integer number. When the perpen-
dicular magnetic field is strong enough to make the degeneracy of the Landau levels
macroscopic and their spacing hw,. high enough so that their mixing due to disorder

or interaction can be seen as small perturbation, we are in the quantum Hall regime.

2.1.1 Integer Quantum Hall Edge States

Now we consider the problem of electrons in a Hall bar of finite width. Assuming
translational invariance in the y direction, the wavefunction of the states inside this
region still look like ¢ (x,y) = Liye““y fr(x) but the function fy(x) is the eigenfunction
of the Hamiltonian:

P

1
hi = - + Emwg(a: + Xp)? + V(z) (2.17)

in which V' (z) is the disorder potential confining the bulk extended states. Assum-
ing this confining potential is smooth enough (i.e. it varies on scales longer than a
magnetic length ¢) the peak of this wavefunction is still near the point X = —k(2.
The eigenvalues ¢, will no longer be exactly linear in k& but will still reflect the kinetic
energy of the cyclotron motion plus the local potential energy V(X;). We then see

that the group velocity:
1 (%k “

~hon!

has opposite signs on the two edges. This means in the ground state there are edge

Vi (2.18)

currents of opposite signs flowing in the sample. The semi-classical interpretations of
these currents is that they represent skipping orbits in which the circular cyclotron

motion is interrupted by collisions with the walls at the edges.

11



Figure 2.4: Illustration of a smooth confining potential varying in the = direction.
The horizontal dashed line indicates the equilibrium Fermi level. Electrons head into
the page on the left edge state and out of the page on the right. The magnetic field

is perpendicular to the lines.

Using an argument quite analogous to the Landauer picture of transport in narrow
wires [15; 16] we can calculate the Hall conductance in this Hall bar (Fig. 2.3). The
skipping orbits only travel in one direction to the left on the upper edge and to the
right on the lower edge. If the Fermi energy is the same on the two edges these currents
cancel out. To get a net current we need a difference in the chemical potential of the
two edges. The Hall voltage drop is basically this electrochemical potential difference
between the two edges. We will show later on that there are gapless excitations only
at the edges of the Hall bar (Fig. 2.4) and that means we can ignore any changes in
the electrostatic potential in the bulk and take the electrochemical potential difference
between the two edges in the form of a chemical potential difference. To calculate

the Hall current we have to add up the group velocities of the occupied states:

e [T
j—— A=y~ 2.1
L, /_OO ok ok (2.19)

in which we have assumed at the moment that only a single Landau level has been
occupied and ny is the probability of the state k of the Landau level being occupied.

At zero temperature we will have then:

I e #Ld e
- __ — 2.2
= h \/MR € h[ML ,U,R] ( O)

By definition the Hall voltage drop is:

—|—6VH = +€[VR — VL] = URr — ML- (221)
Hence:
62
I=—v—Vy (2.22)

where we have considered the possibility that v different Landau levels are occupied in
the bulk which means there are v separate edge channels contributing to the current.

So the final result is:

62

Oay =~V (2.23)
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For a single channel in a one dimensional wire in the Landauer picture a disordered

region will reduce the conductivity to:
o2
I= E\TF, (2.24)

where |T'|? is the probability for an electron to be transmitted through the disordered
region. The reduction in transmitted current is due to backscattering. However in our
quantum Hall problem in the Hall bar scattering into the backward moving states
is impossible because all the electrons in the channels of one edge move in the same
direction. This property is called chirality. As long as the disorder in the bulk
is smooth enough to preclude any charge transfer from one edge to the other the
backscattering does not occur in the edge states and therefore the edge currents are
dissipationless. Disorder might scatter an electron at one edge from one channel to
the other but still it will not reduce the current as long as they are moving in one
direction. This is why the chirality of the edge keeps the Hall conductance quantized
independent of disorder.

Disorder will broaden the Landau levels in the bulk and provides a reservoir of (lo-
calized) states which will allow the chemical potential to vary smoothly with density.
These localized states will not contribute to the transport and so the Hall conduc-
tance will be quantized over a plateau of finite width in density. However if all the
states in the bulk were localized then it would not be possible to have a transition
from one plateau to the other. This transition can be explained qualitatively using a

semiclassical percolation picture.

2.1.2 Percolation

Remote dopants like Si ions in donor layers along with other impurities make up
a spatially random but smoothly varying potential landscape. Because the kinetic
energy is quantized, the electron in a Landau level can not continuously increase its
kinetic energy, so energy conservation restricts its motion to regions of constant po-
tential. This argument means that the electronic wave functions in our landscape
potential will be localized on equipotential lines. At very low densities in the ground
state the electrons are living in deep valleys while at very high densities the elec-
trons are localized on mountain tops (Fig.2.5). From very low densities by increasing
density the valleys fill up gradually until when they can percolate and make up new
wider regions. This process continuous until a percolation transition reaches across

the system and electrons can travel from one end to the other, which means the Fermi
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Figure 2.5: Contour map of a smooth disorder landscape. close lines indicate valleys.
The yellow filled areas are the increasing sea level whole shore lines finally percolate

from one end of the system to the other end.

surface is now in a region extended states. This percolation transition corresponds
to the transition between quantized Hall plateaus (fig. 2.1). To see why note that
below the percolation point the electrons are localized in the valleys so the system is
insulating but above the percolation point the electrons have occupied some extended
states and they can carry a quantized Hall current. Another way to see this is that
above the transition the confining potential will make a shoreline along the edge of the

system and the edge states will carry current from one edge of the system to the other.

2.2 Quantum Hall Ferromagnets

For a 2DEG one might imagine that electrons in the quantum Hall regime have their
spin dynamics frozen out by the Zeeman splitting gupB. In free space with g = 2 the
Zeeman splitting is exactly equal to the cyclotron splitting hw,. ~ 100K as illustrated
in Fig.2.6(a). Thus at low temperatures we would expect for filling factors v < 1 all
the spins would be fully aligned. It turns out that this naive expectation is incorrect

in GaAs for two reasons. First, the small effective mass (m*=0.08) in the conduction
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Figure 2.6: Schematic diagram of Landau level splitting due to Zeeman coupling in
(a) vacuum (b) in GaAs host.

band of GaAs increases the cyclotron energy by a factor of m/m* ~14. Second,
spin-orbit scattering effects reduces the effective coupling to the external magnetic
field by a factor of -5 making the g factor -0.4. The Zeeman energy is thus some 70
times smaller than the cyclotron energy and typically has a value of about 2 Kelvin
as indicated in Fig.2.6(b).

This decoupling of the scales of the orbital and spin energies means that it is
possible to be in a regime in which the orbital motion is fully quantized (kT <
hw.) but the low-energy spin fluctuations are not completely frozen out (kg7 ~
g*1pB). The spin dynamics in this regime are unusual and interesting because the
system is an itinerant magnet with a quantized Hall coefficient. As we shall see, this
leads to some quite novel physical effects. The introduction of the spin degree of
freedom means that we are dealing with the QHE in multicomponent systems. This
subject has a long history going back to an early paper by Halperin [17] and has been
reviewed extensively [19; 18]. In addition to the spin degree of freedom there has
been considerable recent interest in other multicomponent systems in which spin is
replaced by a pseudospin representing the layer index in double well QHE systems
which will be the subject of next chapters in this dissertation. Experiments on these
systems are discussed by Shayegan and J. Eisenstein in [18]. Our discussion will focus

primarily on ferromagnetism near and at filling factor v = 1.

2.2.1 Coulomb Exchange

In the description of the integer quantum Hall effect in the previous sections the

Coulomb interaction was ignored because disorder plays a much more important
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role and the Coulomb force does not have any effect on the integer Hall plateaus
as a perturbation. However in analyzing the spin fluctuations of this system the
Coulomb interaction becomes important[20]. For the v = 1 system in its ground
state one can imagine that all the electrons are in the majority(up) spin subband
of the lowest Landau level and so the system is spin polarized. However it is the
Coulomb exchange force that prevents the fluctuations from destroying this order. In
other words, magnetism in a quantum Hall ferromagnet does not happen because of
direct magnetic forces, but rather because of a combination of electrostatic forces and
the Pauli principle.

In a fully ferromagnetic state all the spins are parallel and hence the spin part of

the wave function is exchange symmetric:

) = (21, ..., 2n)[ TTTT .. 1) (2.25)

The spatial part ® of the wave function must therefore be fully antisymmetric and
vanish when any two particles approach each other. This means that each particle is
surrounded by an exchange hole which thus lowers the Coulomb energy per particle.

For filling factor v = 1 this Coulomb exchange energy is:

Vea 2
<N> - _\/gi_e ~ 200K (2.26)

This energy scale is two orders of magnitude larger than the Zeeman splitting and

hence strongly stabilizes the ferromagnetic state. Indeed at v = 1 the ground state is
spontaneously fully polarized at zero temperature even in the absence of the Zeeman
term. Ordinary ferromagnets like iron are generally only partially polarized because
of the extra kinetic energy cost of raising the fermi level for the majority carriers.
Here however the kinetic energy has been quenched by the magnetic field and all
states in the lowest Landau level are degenerate. For v = 1 the large gap to the next
Landau level means that we know the spatial wave function ® essentially exactly. It is
simply the single Slater determinant, representing the fully filled Landau level. This

simple circumstance makes this perhaps the world’s best understood ferromagnet.

2.2.2 Charge-Spin Entanglement

As was mentioned in the previous chapter the exchange energy prevents the spin
fluctuations of electrons at v = 1 from destroying the ferromagnetic order. This high

exchange energy cost then must be included when one adds an electron to this system.
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Figure 2.7: Illustration of magnetic translation and phase factor. When an elec-
tron travels around a parallelogram (generated by 7,7,7_,7_x) perpendicular to the

magnetic field it picks up a phase ¢ = 27w¢/pg = q X k.

The extra electron has no choice but to be in the minority (down) spin level. In an
ordinary (B=0) 2D electron system just like 3D systems the charged excitations are
quasi-electrons according to Landau Fermi liquid theory[74], and the ground state is
not spin polarized. The spin excitations are single spin flips or spin waves. However
in quantum Hall ferromagnets the lowest Landau level dynamics of electrons changes
this scenario.

In order to understand how spin dynamics effects the orbital motion in the lowest
Landau level we start with understanding the dynamics of electrons confined in the
lowest Landau level at v = 1 [21]. For this purpose we introduce a new gauge to
represent the vector potential, called the symmetric gauge: A = B(—y,z,0). In
this gauge electrons are two dimensional symmetric oscillators with their frequency
equal to the cyclotron frequency. Using the symmetric gauge the eigenfunction of
the kinetic energy and angular momentum of a non-interacting electron in the lowest
Landau level is:

2]

1 m
(2m2mml)i2® P < N T) (2:27)

Cbm(z) =

in which m is the angular momentum quantum number and z = (x +1y)/¢. Any wave

function of an electron in the lowest Landau level (LLL) is then a linear superposition
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of powers of z multiplied by an exponential weight. This is nothing but the space of

all analytic functions:
v(z) = f)exp (- ) (2:28)

in which f is an analytic function of z. We define an inner product in this space

between two analytic function as

(f.9) = / dp(2) f*(2)9(2) (2.29)

where
du(z) = (27) ‘dadye 172, (2.30)

We can define bosonic ladder operators that connect ¢,, to ¢,,+1 (which acts on the

polynomial part of ¢, only):

P F 2.31
a 7 (2.31)
0

so that

@T¢m = vm+1¢n,

a¢m = \/mqu—l
(f.d'g) = (af,9)
(f,ag) = (a'f.9) (2.33)

All operators that have nonzero matrix elements only within the lowest Landau level
(LLL) can be expressed in terms of @ and af. It is essential to notice that the adjoint
of a' is not z*/\/§ but a = \/5%, because z* connects states in the LLL to higher
Landau levels. Actually a is the projection of z*/ v/2 onto the LLL as seen clearly in

the following expression:

(f, j§g> = (%f, 9)=(9'f,9) = (,ag). (2.34)
So we find: 5
7 =2 (2.35)

in which the overbar indicates projection onto the LLL. Since z* and z do not com-
mute, in order to project any function of z and z* we have to first normal order z*’s

to the left of 2z’s and then replace them with their corresponding LLL operators.
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Now we are equipped to understand the dynamics in the LLL. Let’s find out how
the density is written in the LLL. The Fourier transform of the density operator
plr) = X, 8(r —x,) is:

1 _, 1 i

eI = 39 g3 (2.36)

T VA Vi

where A is the area of the system and ¢ = ¢, + iq,. Hence:

Dq = Te 5317 = ﬁe_TTq (2.37)
where
Tq = e 5 (2.38)
is a unitary operator satisfying the closed Lie algebra
TqTk = TqtkSin (q - k) (2.39)
[Ta: ] = 2iTquicsin (q - k) (2.40)

where q x k = (?(q,k, — q,k.) is scalar. We also have 7q7kT_qTiT_k = €'P¥. These
relations are familiar features of the group of translations in a magnetic field, because
q x k is exactly the phase generated by the flux in the parallelogram generated by qf?
and k¢%. Hence the 7’s form a representation of a magnetic translation group (fig.2.7).
In fact 74 translates the particle a distance ¢22 x q. This means that different wave-
vector components of the charge density do not commute ! It is from here that the
nontrivial dynamics arises even though the kinetic energy is totally quenched in the
LLL subspace.

We can generalize this formalism for many electron systems

N N
1 4 1 2
7 = e~\ari — — efq /4 Z 241
Pq 1 ; A ; Tq( ) ( )

N N
— 1 S 1 )
SE = N edariGh — _— "m0 /A () GH 2.42
q \/Z;:l ; \/2;21 7q(1)5] (2.42)

Where p and S are Fourier transforms of total density and spin of the electrons

respectively. From the above we immediately see that

[pq; Sa] # 0 (2.43)

which means spin dynamics is entangled to the charge dynamics in the LLL. This is
the origin of the fact that spin excitations in the quantum Hall ferromagnet change

the charge density, which we will discuss more in the next sections.
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2.2.3 The Effective Action

For a smooth spin distribution it is very useful to construct an effective action for the
electron-electron interaction in the lowest Landau level. The technique of projection
to lowest Landau level in the section 2.2.2 can be used here as a tool to derive the
action directly from the microscopic Hamiltonian. Following previous works [27], the

projection of the Hamiltonian in the LLL looks like

252

ZV BaPa =45 (2.44)

in which Vg = [ d*V (r)e~*® 7. The ground state wave function of the v = 1 quantum

Hall ferromagnet is represented as follows:

=Wy 17717 1) (2.45)

in which Uy is a Vandermonde determinant wave function believed [26] to be the

exact orbital ground state wave function of the v = 1 electron system
Uy = (2 — 2) Iy exp(—|zx|?/40%) (2.46)

in which 2 = x + 4y is the coordinate of an electron. One can create any spin

distribution m(r) using the rotation operator

0=>"9(r) 8= T aus", (2.47)

where Q(r) = z x m(r) is the angle over which the spin is rotated. The rotated state

then is as follows
[¥[m(r)]) = e™*Jo) (2.48)
The change in expectation value of the energy of the rotated state will then be
SE = (e’ [V, e )
= —i(ol[V, O¢o) — —WOH [0, V][gbo) + (2.49)

in which we can keep the first few terms of the expansion if we assume that the spin
rotates smoothly in space on a scale longer than a magnetic length (in other words
Qg is negligible when ¢¢ > 1). Since Q* = 0, the first term of the expansion is zero

(because the ground state is fully polarized in z-direction) so we will have

5B = — (][0, [0.V] o)
- ——ka 1o|[O, [0, il [v0). (2.50)
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The commutator in the above equation can be evaluated using

— 1 &2 1
[P, O] = vl Zj:[Tk( 7); Zq:QﬁSq]
= % e’TQ“S“Tk (7)) sin (q >2< k). (2.51)

Jq

which can be used to calculate the energy as follows

§E = QAQZVkZ Qa0 + QU )4(qx k)*h(k)
= ‘;5 > i) (—ig)2q + (i) 2(—ig) 2 g

= & [ o) = [ erwm (2.52)

in the above the spin stiffness p? is implicitly defined as

0__ 1%
Ps = T30

/ dkk*Vi.h(k) (2.53)

and h(k) = — exp(—k?/2) is the pair correlation function. The physical origin of the
stiffness is the loss of exchange and correlation energy when the spin orientation varies
with position. For the Coulomb interaction, p? = €*/(16v/2mel) ~ (e?/el)2.49 x 102
at v = 1.

The above calculation of spin stiffness is from a first-principle calculation which
agrees with other types of numerical calculations [27]. The classical model defined by
the Eq.(2.52) is called the O(3) non-linear sigma model and has been studied in great
detail[25]. Tt is important to note that the quantum fluctuations will only correct the
higher gradient terms. It turns out [27] that the next non-zero correction is of the

fourth order and after a lengthy calculation [27] it has been shown that

5B ~ / rdr'V (v = v')3p(x)ap(x') (2.54)

in which ép = (v/8m)e,, (0,m x J,m) - m is the Pontryangin index of the spin field
[25]. We should emphasize that according to ref.[27] the above result is only true in
long length scales where the Coulomb interaction is small.

From the above we conclude that the static part of the effective action for the

v =1 quantum Hall ferromagnet is

Lo = 2 / #r(Vm)’ / PV (e — ¥))op(r)op(r)  (255)
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To find the dynamical part we write down the equation of motion for the spin. The
Fourier transform of the spin polarization density with the appropriate weight factor

18

dmht A 2 dSH Ami 7
= TSy - e s, V)
4 -
>~ —h_77j<¢0|[07 [O>V]]|w0>
At O
_ ﬁmE[m] (2.56)

in which we have used the equation 2.50 in the last line and used the approximate
series expansion for the exponential. Up to first order in m the above equation would
be

dm 47t p%q
i DM (2.57)
The above equation can be derived from a Lagrangian like
Ldynamical = L/dQT'A[In] - Oym (258>
Am
in which
Vimn X A=m (2.59)

This dynamical term is exactly the Berry phase for the spin [14]. So from the whole
discussion in this chapter the effective Lagrangian for the quantum Hall ferromagnet
is as follows

P

_ 2 . 2 2

1

— §/d2rd2r'V(|r r'|)op(r)o AZ/dZT m(r (2.60)

in which the last term is the Zeeman coupling.

2.2.4 Topological Spin Excitations

There are various types of low lying excitations in the quantum Hall ferromagnet in-
cluding collective mode charge density excitations just like in superfluid He. However
unlike in *He this magnetophonon is gapped|22] as observed in Raman scattering[23].
Another kind of excitation is spin waves which are also gapped with a minimum
energy gap equal to the Zeeman energy[22]. These excitations are neutral and do
not take part in transport. The main focus of this section is however the charged

excitations which will affect the transport experiments.
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Figure 2.8: The spin of electrons in a skyrmion gradually rotate from the minority
direction at the center to the majority direction at the boundaries. Unlike a U(1)
vortex, a skyrmion does not have any singularity at the center. Figure taken from
[22]

The lowest lying charged excitations of the QHF turns out to have an exotic

nature. The main features of these excitations are

o They are of a spin nature and can be expressed solely in terms of the electron
spin field.

o They are topological, which means they carry topological number, and they are

stable against normal perturbations.
o They are not localized but spread over a finite area.

We will explain all of these below. Before we start going into details about these
features we should realize a very important connection in two dimensional quantum
Hall systems|[22]:

Adiabatic insertion of a flur quantum changes the state of the system by pulling
in (or pushing out) a quantized amount of charge.

This statement is always true for a dissipationless system with quantized Hall con-
ductivity. To see why, imagine we insert a thin long solenoid that carries magnetic
flux into a QH system (fig. 2.9) and increase the magnetic flux in it slowly (adia-
batically) from 0 to ®,. This adiabatic process is possible and reversible because the

ground state is gapped so there is a time scale /i/A such that processes that take a
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Figure 2.9: Ilustration of insertion of an imaginary flux tube into QH state.

time longer than this can be considered adiabatic. Now according to Faraday’s law

the change of flux induces a rotating electric field in the 2DEG

1dd
f dr - E=——— (2.61)

C c dt
This electric field does not have Fourier component with frequencies hw < A so it
will not cause any dissipation which means p,, and p,, stay zero. This electric field

however induces a current density
E=p,Jxz2 (2.62)

so that 1o
1
» J-Zxr)=———. 2.63
poy § 3+ (2 x0) = =25 (2.63)
The integral on the left hand side represents the total current flowing into the region

enclosed by the contour C (fig. 2.9). Thus the charge inside this region obeys

dqQ 1dd
y—— = ————. 2.64
Poviar = " dt (2.64)
After one quantum of flux has been added the final charge is
1 h
Q = Eaa:y(I)O = gaxy- (265)
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Thus on the quantized Hall plateau at filling factor v where o,, = ve?/h we have the

result

Q = ve. (2.66)

Reversing the sign of the total flux would reverse the sign of the charge. Note that
addition of a quantum of flux does not have any effect on the wave function of the
electrons because the induced Aharanov-Bohm phase for a quantum of flux is unity.
So this shows that adding a quantum of flux to the QH system adiabatically means we
have added a charge of ve. This is also true for each of the electrons in a QH system
with filling factor v: Each electron is localized in an area of 27¢? which contains a
magnetic flux of ® = 272B = h/ec = ®y.

Now let’s examine the spin excitations. Let’s start with the Lagrangian of a free
electron traveling in the QHF. This electron has a velocity x#. If this electron is
moving adiabatically (in other words if it is staying in the ground state of the QHF)
then its spin should follow the local spin orientation m#(r) of the QHF. Consequently

omt
Ozv )’

of spin induces a Berry phase (see previous section). The Lagrangian of this electron

then would be

the rate of change of the electron spin orientation would be m# = a¥ this change

L= —ZWAM + hiSmir A, m] (2.67)

where A, is the usual electromagnetic vector potential and A, is the geometrical
vector potential defined in Eq. (2.59). There should be other terms included in this
Lagrangian, kinetic energy and Coulomb which we omit for now. Given m we can

write the Lagrangian as follows
L=—Sun(A, +a,) (2.68)
c

where:

a, = —9S5(9,m,)A". (2.69)

This new vector potential represents the Berry connection which reproduces the Berry

phase. This extra fake magnetic vector potential has a magnetic field b:

b = eaﬁaaa@
0A
_ ap v v =
= —®,Se¢ {(5aagm JA, + (0gm aamw)amv}
_ _(I)Oseaﬁ(aﬂmuaamv)%pw (2.70)

in which

04 DAY

T omr Oom
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and using the gauge F*7 = €**"m, we obtain
b= —dyp (2.72)

where

p= —Wea m - J,m X Jgm. (2.73)

The above is a topological density called Pontryagin density. This is equivalent
to the winding number of a vortex in a two dimensional field but here m is three
dimensional [22]. The charge density here is determined by the two dimensional
plane of the vector field m(r). Each point on the plane can also be mapped into a
three dimensional unit vector determined by its location in the plane. For example,
the point r = r(cos ¢ + sin ¢g) could correspond to the 3D vector v = sin 6 cos ¢z +

sin 6 sin ¢y + cos 02 where
r

0= .
1+7r

Then the function m(r) can be written as m(v), which is a map of a unit 3-vector into

(2.74)

a unit 3-vector. Such smooth mappings can be separated into different topological
classes[25] by their Pontryagin index, the integral of 2.73 over the plane. It can be
shown that for smooth maps this integral wit a uniform boundary conditions is an
integer.

So far we have found out that any spin distribution is equivalent to an additional
Berry phase or fake magnetic flux. According to our previous discussion, addition
of a magnetic flux is equivalent to addition of an electric charge so our additional

magnetic flux will be equivalent to an electrostatic charge density

op = Veb(T)A = —vep (2.75)
Dy

in other words a spin field distribution m(r) that has nonzero topological charge
density p carries an electrostatic charge density equal to —rep. This remarkable
result is telling us that in QHF the electrostatic potential can couple to the spin of
the electrons! The most elementary topological spin texture( n = 41 vorticity) is
a soliton called Skyrmion. At the center of a skyrmion (fig.2.8) spin of electron is
down (in minority band) and it gradually rotates toward the boundary where it is
pointing upward (majority direction). This smooth change of spin direction lowers
the energy of the system. In fact it is possible to calculate the energy of a Skyrmion
using an effective action for the quantum Hall ferromagnet. It is also possible to

use a microscopic Hamiltonian with the Hartree-Fock approximation to numerically
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Figure 2.10: Energy of a skyrmion and anti-skyrmion compared to single spin flip

energy v.s. g-factor (Zeeman coupling). After ref.[24].

estimate the energy of Skyrmions (Fig.2.10). The latter method is the main subject
of this dissertation for this and other quantum Hall system excitations. Figure (2.10)
shows the Hartree-Fock (HF) approximation for the energy of a skyrmion and an
anti-skyrmion compared to energy of a spin particle-hole excitation. At low Zeeman
energies it is seen that the cost of a spin flip is higher than (double) the skyrmion’s
cost [24]. This also has been confirmed by effective action calculations [20; 25].

A skyrmion in which the spin at the center is in minority direction has charge —e
while the spin at the center of an anti-skyrmion with charge +e is in the majority
direction. The number of flipped spins in a skyrmion is dependent on the size of
the skyrmion. The charge of the skyrmion is sharply quantized but the size of the
skyrmion depends on two parameters: the Coulomb interaction and the Zeeman
coupling, the last two terms in the Lagrangian in Eq.2.60. The Coulomb interaction
tries to make the spin distribution as smooth and uniform as possible and the Zeeman
term tries to shrink the size to lower the Zeeman cost. The competition between the

two terms determines the size of the skyrmion.
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2.2.5 Detecting Skyrmions

Direct evidence for the existence of skyrmions was first observed by Barret et. al.
[28] using a novel optically pumped NMR, technique. The Hamiltonian for spin of a

nucleus is [31]
Hy = —AnI, +QI-S (2.76)

where Ay is the nuclear Zeeman frequency about three orders of magnitude smaller
than the electron Zeeman frequency, € is the hyperfine coupling and S is the electron
spin density at the nuclear site. If, as a first (mean field) approximation we replace
S by its value

Hy = (—Anx + Q(S))I.. (2.77)

we can see that due to coupling with electron spins the precession frequency of the
nucleus will be shifted by an amount proportional to the magnetization of the electron
gas. The magnetization deduced using the so called Knight shift is shown in fig. 2.11.
The electron gas is 100% polarized at v = 1, but the polarization drops off sharply
(and symmetrically) as charge is added or subtracted. This is in sharp disagreement,
with the prediction of the free electron model as shown in the figure. The initial
steep slope of the data allows one to deduce that 3.5-4 spins reverse for each charge
added or removed. This is in excellent quantitative agreement with Hartree-Fock
calculations for the skyrmion model [24]. Other evidence for skyrmion comes from
the large change in Zeeman energy with field due to the large number of flipped spins.
This has been observed in transport [32] and in optical spectroscopy [33]. Spin-orbit
effects in GaAs make the electron g factor -0.4. Under hydrostatic pressure g can
be tuned towards zero which should greatly enhance the skyrmion size. Evidence for
this effect has been seen [34].

2.2.6 Skyrmion Dynamics

In the last section I briefly discussed how it is possible to find evidence for existence
of skyrmions. In this section we will discuss how the dynamics of skyrmions is in-
vestigated and related to another very important experimental signature for their
existence namely nuclear magnetic resonance (NMR). Figure 2.12 shows the relax-
ation rate of the average nuclear spins[30]. This rate greatly reduces as it approaches
the filling factor v = 1. This means that the nuclear spin relaxes more slowly: in
other words it is not coupled to any external force. However at v # 1 the rate in-

creases implying that the nuclear spin relaxes much faster (tens of minutes to many
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Figure 2.11: NMR Knight shift measurement of the electron spin polarization near
filling factor v = 1. Circles are data of Barret et. al.[28]. the dashed line is just con-

necting the circles. The solid line is the prediction for polarization of non-interacting

electron gas.
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Figure 2.12: NMR nuclear spin relaxation rate 1/7} v.s. filling factor. After Tyco et.

al. [30]
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hours depending on temperature). This suggests that at filling factors away from
v = 1 the nuclear spin is coupled to an external field that carries angular momentum
so it can randomize the nuclear spins. The lowest frequency spin wave excitations
of the quantum Hall ferromagnet lies above 20-50 GHz [22] while the nuclear spin
precession rate is at about 10-100 MHz [22]. On the other hand, based on a free
electron model, it is impossible for nuclear and electron spins to undergo a mutual
flip because the Zeeman energy would not be conserved. So spin wave excitations in
an electron gas unlikely to be responsible for the long nuclear relaxation time. Hence
one needs to look for another low energy mode (modes) to explain the data. One
candidate is disorder: As was discussed in the section 2.2.2 a spin flip excitation in a
QHF is always accompanied by a translation in space. This can provide a mechanism
in which a disorder induced spin flipped electron is translated to a region with lower
Zeeman and exchange energy cost, and this can be providing a mechanism for a low
energy spin mode. However it turns out that this analysis will not predict the sharp
feature in data [35].

Skyrmions have degenerate degrees of freedom that can provide low energy spin
modes. A skyrmion is symmetric with respect to a global rotation in two dimensional
space (U(1)) and also its energy is invariant with respect to translation of its center.

To investigate the dynamics of a single skyrmion [22] we will ignore the structural
excitations of a single skyrmion and treat it as one solid object ( this is approximately
correct since all the spin wave excitations are gapped). Now we can consider a static

distribution for the skyrmion, my(r). Then the spin configuration at time ¢ is:
m(r,t) = my(r — R(t)) (2.78)

in which R(#) is the position degree of freedom of the skyrmion. From Eq.2.58 we
find

Lo = —hS / d*m# A [m]n(r) (2.79)
where 5
mht = —R”arymg(r - R) (2.80)

and n(r) is the density of the electron gas in the presence of the skyrmion
n(r) =ng+ 8%6“”/111 - 0,m X J,m. (2.81)
The equation 2.79 then becomes
Lo = hR"a"(R) (2.82)
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where the vector potential

a’(R) = Sng / d*0,m* A" (2.83)
and represents a magnetic field
b, = e’\”%a” = —SnoeA”/d%@)\(&,m“)A’”
= —% d*re™ 0, m*o\mY F*
= —2m0Q1op (2.84)

in which we have taken the derivative inside the integral and changed variable to r#
and in the second line used the equations 2.71 and 2.59.

The Lagrangian in Eq.2.82 is then the kinetic part of the Lagrangian of a massless
particle of charge —e@);,, moving in uniform magnetic field of strength B = 2222 which
is the skyrmion! We have ignored other high energy excitations in this analysis which

lead to higher time derivatives because we are only interested in low frequency spin
modes for the NMR.

Following the above discussion we can now quantize this Lagrangian. By ignoring
the disorder and interaction with other skyrmions we can find the energy levels of the
skyrmions which turn out to be Landau levels [22]. Because the skyrmion is massless
it will be in the lowest Landau level with a large degeneracy and therefore capable of
having very low energy modes that relax the nuclei.

The other free degree of freedom of the skyrmion is its global rotation. The
standard analytic form for the skyrmion spin distribution that minimizes the gradient

energy [25] is
2\ cos(6 — ¢)

xT

o= A2 412
2Arsin(6 — ¢)
m’ = A2 412
B 7,2 _ )\2

in which (r,6) are the polar coordinates in the plane, A is a constant that controls
the size scale, and ¢ is a constant that controls the XY spin orientation for which
the energy is invariant. To find the dynamics of the skyrmion rotation one needs to
use the Skyrmion Lagrangian and integrate over quantum fluctuations of all the other
degrees of freedom of the skyrmion, which is a non-trivial task. Instead we can simply

use the symmetries and some valid approximation to avoid this calculation[22].
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The effective Lagrangian for the rotational degree of freedom of the skyrmion has

to be a function of ¢ The lowest order symmetry-allowed terms then would be
. OR2 .
Ly =hK¢+ ﬁqﬁ? 4+ (2.86)

The first order term is allowed because of the breaking of time reversal symmetry
by the magnetic field. We can identify K using the fact that the first term must
be coming from the Berry phase term. Under slow rotation of all the spins of the

skyrmion by 27 the equation 2.79 yields

/dQTn(r)(—QﬂS)[l —mg(r)] = %/0 Ly=21K. (2.87)

in which the second term has been dropped because it vanishes for T" — oo. The
left hand side of the above equation is the value of the in-plane spin polarization of
the skyrmion averaged which means the number of flipped spins in the skyrmion,
consequently K is the total number of flipped spins in a skyrmion. This number is a
classical estimate so it does not need to be integer. To understand more about the
dynamics of the skyrmion rotation it is helpfull to derive the Hamiltonian from the
Lagrangian Eq.2.86 and analyze the quantum fluctuations. It can be seen easily that

the Hamiltonian corresponding to this Lagrangian is

Uu, .o
Hy = EH% — K)*. (2.88)

The above is the Hamiltonian of a charged XY quantum rotor with moment of inertia
h?/U circling a solenoid containing K flux quanta. From this point of view the Berry

phase term is the Aharanov-Bohm term. The eigenfunctions of this Hamiltonian are

1

(@) = ——=e™? 2.89
Unld) = = (2.89)
and eigenvalues are U

€m = E(m - K)*. (2.90)

From the eigenfunction above we see that |¢,,|?> = 1/27 which means that the global
U(1) rotation symmetry broken in the classical solution is restored in the quantum
solution because of quantum fluctuations in the coordinate ¢. This analysis is con-
sistent with the microscopic calculations[36] of the excitation energies in which near
parabolic solutions with respect to K has been seen. The typical value is K ~ 4. Ex-
cept for half integer values of K the spectrum of these excitations is non-degenerate

and has an excitation gap of the order of U which is of the scale of Coulomb energy
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scale ~ 100K . In the absence of disorder even a gap of 1 K would make these excita-
tions irrelevant to NMR. However there are other cases where one can deduce lower

energy modes namely in the presence of many skyrmions.

2.2.7 Skyrme Lattice

At filling factors slightly away from v = 1 there will be a finite density of skyrmions or
antiskyrmions in the ground state. The skyrmions interact via the Coulomb potential
in Eq.(2.60) so one expects the lowest energy possible state to be a lattice. This lattice
state will be a state with broken translational and rotational symmetry and it turns
out that in the thermodynamic limit of an infinite number of skyrmions coupled
together, it is possible for the global U(1) rotational symmetry breaking to survive
quantum fluctuations [22]. If that is true then there would be gapless Goldstone
modes for each broken symmetry even in presence of Zeeman field[38]. The mode
associated with the broken translational symmetry is the ordinary magneto-phonon
of the Wigner crystal.

On the other hand we should be careful that disorder can play an important
role. The disorder potential is able to pin skyrmions or a finite density of skyrmions.
Also NMR experiments have been performed at temperatures likely above the lattice
melting point which suggests that the lattice may have been pinned by disorder and
still can support the existence of some form of overdamped diffusive modes derived
from Goldstone modes. In any case the essential physics is that the spin fluctuations
have strong spectral density at frequencies far below the Zeeman gap.

Ignoring the coupling between magneto-phonon modes and U(1) modes we can

capture the long wavelength physics of the Skyrmion lattice with a simple Hamiltonian[38]

J

H= % Y (K;—EK)?—T) cos(¢; — ;) (2.91)
(ig)

in which K ; = —1i0/0¢; for the jth skyrmion. In the microscopic Hartree-Fock cal-
culation that is one of the principal parts of this dissertation, we will see that the
ground state of the skyrmion lattice is the one in which one skyrmion is rotated by m
with respect to the neighboring one, consequently this antiferromagnetic order forces
the coupling to be negative so J in the above Hamiltonian is positive.

This Hamiltonian is very close to the quantum XY rotor model and boson Hubbard
model[11]. The angular momentum eigenvalue of the operator K represents the

number of bosons on site j and the U term describes the charging energy cost when
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this number deviates from the electrostatically optimal value of K. On the other
hand K is the average number of overturned spins so we can assume that K > 1
i.e. the negative angular momentum states are very high in energy. This makes
the boson number interpretation of m justified. A simple qualitative analysis of the
boson-Hubbard Hamiltonian in the above will be very useful in understanding the
skyrmion lattice dynamics [22]:

For U > J the system of bosons are not interacting and so it is insulating with

the wave function

Y1, 02) = [[ €™ (2.92)
J

where m is the nearest integer to K in the ground state. In this state every site has

a definite angular momentum and the energy of the system has a gap
A=U(l-2m—-K|) (2.93)

justifying the state being insulating. In this phase |1|> ~ 1 and therefore the phases
are spread which means the system is quantum disordered. On the other hand for
U < J the above wave function is no longer an eigenfunction. In this case a crude

variational guess can be[39]

¢(¢17 ¢27 T ng) - 6)\Z(U> cos(¢i—;) (294)

which is consistent with the invariance under ¢; — ¢; + 27 and A is a variational
parameter. In this phase all the phases on neighboring sites are coupled and the
system is superconductor. For A < 1 the wave function v is large when all the
phases are the same. Expanding around this state gives the Goldstone mode of the
superconductor phase. To find the frequency of this mode it is easier to write the

Lagrangian of this system
. h2 .
L= ;[hmj + 59 + J; cos(¢; — ¢;) (2.95)
ij

The first (Berry phase) term is a total time derivative and can be dropped. The

expansion of the above Lagrangian gives

h? - J
L= Z -5 %j(@ — &) (2.96)

which is the Lagrangian for the phonons with a linearly gapless spectrum
fw, = VU J(qa) (2.97)

34



where a is a lattice constant. By fitting this spectrum to results of a microscopic
calculation one can find the regime of filling factors and Zeeman energies in which
the U(1) symmetry is broken. This broken U(1) symmetry state is a new kind of spin
state in which the phase angle of the skyrmions is well defined but the number of their
over-turned spin is uncertain. Consequently a flipped spin arising from interaction
with a nuclear spin will be spread all over the system making the average Zeeman
energy cost almost zero. That is why gapless spin fluctuations are possible in this

electron gas. These low frequency spin fluctuations can couple to the nuclear spin.
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Chapter 3

Double Layer Quantum Hall Systems

In this chapter I will discuss the physics of coherent quantum state of the electron
gasses in double quantum well systems using a series of tunneling spectroscopy mea-
surement results (see below for references). I will then explain how one can write an
effective action for this system similar to a single layer system described in the previ-
ous chapter. Next, I will discuss the known topological excitations of bilayer systems
and explain my method of calculations of these excitations following reference [24]
and present the results. Finally I will present our theory for excitations that involve

spin of electrons and discuss the results.

3.1 Quantum Coherence in Bilayer Quantum Hall

Systems

Tunneling spectroscopy is one method of measuring the lifetime of electrons close to

the Fermi surface[43]. To study the lifetime of electrons in two dimensional quantum

\/ Si SIdoping

Figure 3.1: Schematic representation of the heterostructure containing the double

quantum well (DQW) where the electron bilayers are confined.
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wells, double quantum well heterostructures (DQW) have been used in which the
densities of each well can be adjusted using gate electrodes deposited on the top
and bottom of the sample[43] and each well is contacted separately (Fig. 3.1). In
most of the experiments the heterostructures are GaAs layers separated by undoped
Al,Ga,_,As barriers. The thickness of the wells are of the order of few hundreds
of angstroms. The top and bottom gates can deplete the electron gas in either the
nearest quantum well or in both the wells depending on the strength of the applied
negative voltage. In this way it is possible to cut off the current flow selectively in
each quantum well [44]. By cutting the current flow out of for example the upper
well one can measure the interlayer tunneling conductance G = dI/dV in terms of
interlayer voltage V. The tunneling conductance reveals the single-particle density of
states available for the addition of an electron from the other quantum well while the
transport measurements provide information about the density of states available for
excitation of an electron from the Fermi sea into a conducting state.

A qualitative understanding of some of the spectrums of the double quantum well
systems will help us understand the physical importance of the phenomena of double
layer quantum Hall systems. In strong perpendicular magnetic fields when all the
electrons are accommodated in the lowest Landau level in the ground state, there is
a Coulomb energy cost for addition of an extra tunneling electron into the electron
liquid: FE. = €*/{a) in which (a) is the mean inter-particle distance. The kinetic
energy of electrons in the lowest Landau level at high magnetic fields is quantized
and therefore it is almost impossible for the electrons to change their kinetic energy
at very low temperatures(~ 4K) compared to Landau level spacing(~ 100K). In this
situation the Coulomb interaction becomes very important and will make the ground
state a highly correlated state. In figure (3.2) the zero field differential tunneling
conductance are consistent with a simple single-particle picture [45] in which electrons
are non-interacting. In this situation, because of energy and momentum conservation,
the tunneling can only happen when eV = Ep — E% in which Er and E% are the
Fermi energy of each quantum well. Consequently there is only a conductance peak at
V' = 0 when the layer densities are equal. On the other hand the zero bias tunneling
conductance in the presence of a magnetic field , figure (3.3), is clearly suppressed
at zero bias revealing the existence of a Coulomb barrier for tunneling electrons. At
higher voltages however there is enough energy for the electron to go to the next

Landau level which is followed by another suppression signalling the gap above the
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Figure 3.2: Typical tunneling conductance observed in 2D-2D tunneling experiments
when quantum wells are balanced, at various temperatures and zero magnetic field.

The inset shows the quantum well band diagrams. After [43].

next Landau level[46]. For further analysis of different tunneling data we refer the
reader to the literature[45].

One parameter that will effect the I-V current is the interlayer separation d. For
large enough separation it is expected that no tunneling can happen. When compared
to the effective inter-particle separation in each well, the layer separation determines
the order of intra-layer interaction. On the other hand the effective inter-particle
distance in the presence of perpendicular magnetic field is the magnetic length ¢ =
\/W. Hence for d/¢ < 1 we expect no tunneling to happen, for d/¢ > 1 the
tunneling feature discussed in the figure (3.3) appears and it is expected that as d//¢
is further reduced barrier to injection will grow. Surprisingly this is not what happens
in experiment.

Figure (3.4) shows the tunneling conductance for different total densities[49] Ny =
2eBr/h, thus different magnetic field strengths in the double well system. Reduction
of density (from A to D) corresponds to a reduction of the magnetic field which
in turn means the reduction of d/¢. As d/{¢ decreases a peak at zero bias appears
and eventually dwarfs all the other features in the data. The occurrence of a zero
bias tunneling peak means that the electrons are finding a new lower energy state to

accommodate the incoming electron.
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Figure 3.3: Tunneling current v.s. interlayer voltage for three different samples with
three tunneling strengths at B=8 T and T=0.6 K. Zero bias suppression is due to
gapped excitations of the 2D electron fluid. After [46]
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Figure 3.4: Tunneling conductance v.s. interlayer voltage at vy = 1 at T=40 mK for
four different total densities Ny (in units of 10'0cm™2) and thus three different layer
separation d/¢. The first three in the left column show regular Coulomb gap behavior

while the one in the right column shows a zero bias resonance. After [49].
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Figure 3.5: A schematic diagram of an ideal double quantum well. The first two

eigenstates are symmetric and antisymmetric.

This remarkable feature can be explained by remembering the very important
quantum mechanical characteristic of electrons: electrons can have a finite probability
amplitude to be in both layers at the same time. The single particle wave function for
electrons in a double quantum well system in the ground state has two solutions: a
symmetric amplitude and an asymmetric amplitude.(Fig.3.5). The energy separation
between the two states (Agas) is nonzero for nonzero tunneling samples. In fact
Agsas = 2t where t is the tunneling amplitude through the barrier. By including this
new degree of freedom for each electron it is understandable that when all electrons
are in the symmetric state, the tunneling of an electron from one well to the other
does not make any change in the many-body state and thus leaves the ground state
unchanged. This explains why a peak appears at the zero bias.

Introducing this new degree of freedom of the electrons in double layer systems
opens a new path for investigating different properties and new ideas for the many-
body electronic states. We can create a group of rotations of the electron state
that rotates the electronic wave function from one particular state (like a symmetric
combination of the two wells) to another state (like antisymmetric one). This group
is mathematically isomorphic to the group of rotations in two dimensional complex
space, SU(2) equivalent to that of the spin of an electron. This new degree of freedom

therefore is called pseudo-spin:

S) = (V) +1L)

S
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in which the S(A) refers to symmetric(antisymmetric) combination and U(L) refers

4) (1U) = L)) (3.1)

to electron being in the upper(lower) layer. If we denote the direction of the state
|U) as +2 (or psudo-spin up) and |L) as —Z (or pseudo-spin down) the symmetric
state would be parallel to +% and antisymmetric state parallel to —Z. An electron
with pseudo-spin up means an electron is totally in the upper layer and an electron
with pseudo-spin in +2 direction means the electron is both in upper layer and lower
layer.

The real spin of electrons is another degree of freedom which was the subject of
discussion in the last chapter. In this section we first assume that the Zeeman energy
is higher than tunneling gap, Az < Agags so that in this situation the spins are frozen
and we only include the pseudo-spin fluctuations.

When the total filling factor vy = vy + vy = 1 all electrons occupy the symmetric
sub-band of the lowest Landau level (Fig.3.6), this will reduce the charging energy
cost from a capacitive point of view. A trial wave function exhibiting this interlayer

phase coherence can be written as follows[37]

[0) = [ [cos(6/2)c}y +sin(6/2)e ] ]|0) (3.2)
k

in which CLU creates an electron with guiding center momentum £ (eq. 2.15) in the
layer ¢ = U, L. The amplitude to find an electron in upper layer in this state is
cos(f/2) and in the lower layer it is sin(6/2)e™. This state can represent the ground
state of the bilayer system even if there is no tunneling between the layers. This is
possible from a quantum mechanical point of view where we can not say for certain
that the electron is in a given layer. In the above state 6 and ¢ are then the azimuthal

and polar angles of the pseudo-spin vector respectively.
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3.2 Bilayer Effective Action

A bilayer system in which the true electron spin is frozen is similar to a quantum Hall
ferromagnet in which spins are replaced by pseudo-spin. An important difference is
in Coulomb interaction. For non-zero d/¢ the inter-layer and intra-layer Coulomb
interactions are different and thus the Coulomb potential depends on the pseudo-spin
direction, unlike the quantum Hall ferromagnets where Coulomb potential is spin
independent. In order to correctly include the interactions in the effective action we
define[27]

1
V= 5(‘/1: + Vi) (3.3)
1 a e
VkA = §<Vk -V (3.4)
in which V}* = 2me?/k is the inter-layer Coulomb potential and V;¢ = exp(—kd)V is
the intra-layer Coulomb potential in Fourier space. The symmetric potential V° then

is pseudo-spin independent unlike the antisymmetric potential V4. We now define

the pseudo-spin dependent densities
pas(X, X') = el o (3.5)

in which o, = U, L and X, X’ are the guiding center indices. Throughout this
chapter we use the Landau gauge (eq. 2.9). We then define the pseudo-spin operators

PA(X) = puu(X, X) — pro(X, X)
PY(X) +iPY(X) = pur(X, X) (3.6)

Using the above we can write the antisymmetric part of the Coulomb potential in the

lowest Landau level as(see section 2.2.2)

Va=2) VPP, (3.7)
k

because the coefficients Vi are positive this term forces the pseudo-spins to lie in the
plane, so the bilayer system is an easy-plane pseudo-ferromagnet. This term breaks
the SU(2) invariance of the Hamiltonian to U(1). Excluding the antisymmetric part
of the Coulomb term the effective action of the bilayer system will be the same as
the quantum Hall ferromagnet. To add the antisymmetric part we use the same

technique of projection as in section (2.2.2)[27]. The energy change associated with
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small deviation of the pseudo-spin vector from & direction vanishes at the first order

of approximation (as seen in the section 2.2.2). The second order term is

0B = = Vil (wo|2(0, P][0, PLy]
+ PL[0,[0,P]] + [0, [0, P]IP[v) (3.8)

The first term on the right hand side for v = 1 yields

= 2 Vi {wol[0, Pylto) ol [0, P~y ko)

v _k2
= g VileTop,
v A Y, Y
= ﬁZVk e kam k
k
N? ~
= — | &rd'VAr — 1 Ym*(r)m* (), 3.9
2A2

~#/2This term is the Hartree-like charg-

in which V4(r) is Fourier transform of Ve
ing energy of the bilayer. In the limit of smooth texture of the pseudo-spin field we

can expand this term and obtain
15} / d*r(m?)? (3.10)

where

B = V—Q/erf/A(r). (3.11)

812
This term is a symmetry breaking term which will force the vector m to lie in the
plane in the ground state.
The second part of the energy in Eq.(3.8) requires a lengthy calculation so we just

quote the final result for the antisymmetric Coulomb term[27]
SEA = /er{ﬁm(mz)Q + C[m] + %(sz)2
pj z\2 Y\2
= L ((Ume) + (v} (3.12)

in which (3, is like a mass for out of plane fluctuations

B = 8_—7:2 Ooo dk[VA(k = 0) — VA(k) kh(k), (3.13)
and -
P = 3;; /O VA(R)h(k)k® (3.14)



and

e2d? d*q
- _ z z. 1
Cln] = =5 [ Glalm (3.15)

where h(k) = —e ¥/ . Including all the other terms in Eq.(2.60) we obtain[27]

Ebilayer[m] = /d2r{ﬁm(mz)2 + C[m] + p_A(VTnZ)2

2
+ %E(me)QHme)Q]}—ijﬁf / d*rm’(r)
- 3 / Prd®'V (|r — r|)5p(r)dp(x’). (3.16)
in which .
o4 = 3;2 /0 dkV (k) h(k)k? (3.17)
and o
g = 3;2 /0 dkVe(k)h(k)k>. (3.18)

The first term, as discussed before, is the inter-layer Hartree energy preferring m?* = 0.
The second term C' vanishes at d = 0, this term is an inter-layer exchange energy
which tries to align the pseudo-spins in the z-direction. The other two terms are
in-plane exchange energies. The next term is the tunneling term which is not derived
here but can be easily derived using the tunneling hamiltonian[27]

~

Hp = —tZ(cTLXcUX + CTUXCL)(). (3.19)
X

The tunneling term forces electrons to be in both layers which means it tries to line
their pseudo-spin in & direction. The last term is the interaction between pseudo-spin
textures. Pseudo-spin textures similar to skyrmions are present in the bilayer system
and because of their electrostatic charge can be detected. In the next section we will
explain the details of these objects.

We should note that this effective action can be used to explain the properties
of bilayer system at large wavelengths. The quantum fluctuations will redefine the
effective parameters and can have dramatic effects for d/¢ > 1 where a likely phase
transition happens into a decoupled system. This transition has indeed been observed

in experiment[47].

3.3 Pseudo-spin Topological Excitations

For very small tunneling (Agas < Az) the real spin of the electrons does not fluc-

tuate and the lowest energy excitations of the bilayer systems are in the pseudo-spin
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subband of the lowest Landau level. These excitations are of two types, the neutral
pseudo-spin waves and charged topological textures just like spin waves and skyrmions
in the quantum Hall ferromagnets. The neutral excitations and topological excita-
tions are gapped. Since only charged excitations can contribute to the conductivity
the low-temperature transport coefficients will be activated. We will address the
transport in bilayers and its theory in the following chapters.

A very important observation in bilayer systems at total filling factor vy = 1 is
that the bilayer system exhibits quantized Hall effect[47]. This is expected to be
true because from a coherence point of view the electrons in both layers have formed
a single coherent state just like when they are in a single layer. This expectation
is in fact confirmed by experiments[47]. We can use this fact to set up the same
argument as in section 2.2.4 that adiabatic insertion of a flux quantum to the system
is equivalent to addition of a quantized amount of charge. On the other hand a
pseudo-spin texture would induce a Berry phase in each electron, and this additional
Berry phase can be seen as coming from an additional fake magnetic flux which, as
we proved in section 2.2.4 is equivalent to an electrostatic charge density. In other

words any pseudo-spin texture will have a charge density associated with it :

—ve
op = geaﬁp - OaP X Ogp (3.20)

in which p is the pseudo-spin vector.

To go further in analogy with quantum Hall ferromagnets, we need to redefine
directions: Let’s define pseudospin in symmetric state as being in +2 direction and
pseudo-spin in antisymmetric state being in —Z direction. Using this convention the
ground state of the bilayer system is pseudo-spin polarized in the +Z direction just
like spin of quantum Hall ferromagnet. Therefore the topological spin texture will
have to be a pseudo-spin skyrmion. In a pseudo-spin skyrmion the pseudo-spin in
the center is in antisymmetric(—2) state and it smoothly changes its direction toward
the boundaries and finally turns into the symmetric(+2) direction which is the lower

energy region. In a more systematic way we can define

D> = PSS — PAA

]590 + i};y = PSA (3.21)

in which p.s = (clcg). The vector field p then has the distribution of a skyrmion.
On the other hand it will be more useful in the future to work in the (U,L) basis

ch=M-c (3.22)
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State Basis Vector Representation Topology

Bimeron \U),|L) | pe +ipy = purL, - = puv — prr | ZY-plane vorticity

Pseudo-spin Skyrmion | |S),|A) | Pz + Py = psa, D = pss — paa | XY-plane vorticity

Table 3.1: Comparison between two representations of a bimeron.

C]L L CJr
=17 | M= I =), (3.23)

The densities are defined as
c'-c (3.24)

in which

S-S

—

p

Now we can rotate the pseudo-spin vectors to the (U,L) basis by rotating the densities

p=M'.p M. (3.25)

Note that M is a unitary matrix. Using the fact that p,s = pj, and Eq.(3.6) we can
see that

b = ﬁm
Dz = }52
Py = —Dy (3.26)

This rotation of pseudo-spin vectors will change the field distribution to a new one
that does not have in-plane vortex symmetry (Fig.3.10) however it is still the same
state as pseudo-spin skyrmion and possesses the same vorticity number. Most of the
time this topological excitation is called a Bimeron. Only later on it will turn out
that this object can split up under special circumstances into two topological objects
called merons. In order to study merons it is necessary to use the (U,L) basis.

We can summarize the pseudo-spin skyrmion and bimeron representation of a

charged topological excitation of a bilayer system as in table 3.1.

3.4 Microscopic Calculation of Texture Lattices

Similar to quantum Hall ferromagnets for total filling factors slightly away from

vr = 1, the ground state of the bilayer system will have a finite density of charged
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topological objects. Because of the interaction between these objects the lowest en-
ergy configuration will be a square lattice[48]. To study the various properties of
these states including charge and spin density in each layer, it is necessary to per-
form microscopic calculations. Also, as we will see in the next sections, it will turn
out that a pure pseudo-spin analysis of the excitations of bilayer systems is not suf-
ficient to explain all the experimental observations and a full spin and pseudo-spin
analysis is needed for more investigation. Evidently such an analysis requires a more
microscopic calculation than just the effective action method. The most important
investigation performed in this dissertation is the numerical calculation of the energy
of the electrons and excitations and also the spin and charge density of the 2DEG in
the lattice states of bilayer systems slightly away from vy = 1 using the Hartree-Fock
approximation. In this section we will explain the method and the basic microscopic
theory for calculating the energy and charge density of electrons in pseudo-spin tex-
ture lattices. In the next section we will use the same technique to calculate the real
spin density of electron gas in other texture lattice states of bilayer system.

In the limit of clean bilayer system at total filling factors close but not equal to
vr = 1 we assume the lowest energy state of the bilayer system is a square lattice
of topological textures. It will turn out that there is more than one type of pseudo-
spin texture lattices depending on the number of extra electrons chosen per unit
cell(density) and depending on the important parameters of the system including
tunneling gap Agag, layer separation d/¢, interlayer bias A, and total filling factor.
Because of the interaction between these textures only one type of lattice has the
lowest energy per electron in various parts of parameter space.

Following previous works[24] we start by finding the equation of motion for the
Green’s function in Hartree-Fock approximation. Throughout this calculation we use
the Landau gauge A = (0, Bz, 0) for which the wave function of the free electron in

the lowest Landau level is

1 . 2 2
Px (1) = ——— XY/ e~ (@226 (3.27)

\/ Lylmt/?
The Green’s function is defined as

~

Gap(XX',7) = =T {Cax(7)cfx/(0)) (3.28)

in which CL + 1s the creation operator that creates an electron in the lowest Landau
level with guiding center X in the subband «, and 7 is the imaginary time. For pure

pseudo-spin excitations o = U, L for upper and lower layers.
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The equation of motion for the Green’s function is obtained using the Hamiltonian

of the interacting electron system in the lowest Landau level:

H o= 25 Z DD Vs (@M (X1 |Xa) MZ(Xa| Xs)el, ., el x, o xsorx,
q {X}o'p
A
— % Z(CJ{J,XCLX + cLXcU,X) (3.29)
X,o
in which
ME(X'|X) = =026 v e (3.30)
and the Coulomb interaction is represented by
2 2 292
Vas(q) = UL a, 3 = same layer
q
271'62 —gd— 252/2 .
= ——e 971 a, 3 = different layer
q
(3.31)
by finding the time derivative as follows
G, ~, 0
727 = =T cax(7)cx(0)) = dapdxx:0(). (3.32)
The Heisenberg equation of motion for the annihilation operator is
P . . . .
EcaX(T) - [H - ,MN CaX} - [H CaX:| - M[Na CozX} =
= 5 > Vas(@M (XXM (leXs)[ b, €l € XaCarxas CaX}
7,X,a’'8
Asas t t
- 5 Z |:CUX/CL x + CL7X/CU,X’: CaX:| + UCax
_ 25 > Ve @) My (X1 Xa) M2 (Xa|Xs) |l €y, o | e,
¢,X,a'8
A
- ZAS Z [ - {C(T]Xu CaX}CLX/ - {CTLX/, CaX}CUX/] + Ueax-
Xl
(3.33)
in which N = 3", ¢ ycax. Using the identities [AB,C] = A[B,C] + [A,C]B and
[AB,C] = A{B,C} — {C, A}B we can simplify the above
0
ECQX = ZS Z V. /6/ X1|X4) <X2|X3) X
q,X,a' 3’
X (CL/ X, 5ﬁ'a5XX2 - CE/ X26aa’5XX1)Cﬂ/cha’X4
A
+ ZAS Z(5U,aCLX +0Lacux) + HCax-
(3.34)

48



Inserting the above into Eq.(3.32) we obtain

0Gas(X X')

5 = —0apdxx/0(T Z Vi (@) Mg (X1|X4) M2 (X5] X3) x

S pxap
x [T<cLXl<T>cm<T>cafx4<T>cLX,<o>>aaﬁ,5XX2

- T<Cgfx2(T)Cﬁfxg(T)ca/x4(T)cEX,(O)>5aa/5XX1}

+ ASQAS | duaT{crxel(0)) = 01, T(cuxch(0))]

— T {caxcl(0)). (3.35)

We approximate the four point correlation functions above up to the tree diagram

level(Hartree-Fock approximation)

(el (Newxa(T)ar (e (0) = T{elx, (Pewxa (7)) (ewx, (7)o (0))
= (el (Mewxa (1)) eoxa ()b (0))
(el (Mewxa(Mewxs (Tl (0) = T{elyx, (Mewxa (1) Yewrss (7)o (0))
= T (el (Mewxa(7) Yew () (0)),
(3.36)
Single particle densities can be defined as
pas(XX') = (c xcoxr). (3.37)
Using the above definition and Eq.(3.36) in Eq.(3.35) we find
0G (X X'
% = _501,6(5XX’5 Z V. /5/ Xl‘X4) <X2‘X3) X

q X,a'p!

X {[pa’ﬁ’(X1X3)<_Ga’ﬂ(X4X/)) + P (X1 X4)Gpp( X3 X")]0apdx x, +

— [ppp (XoX3)(—Garp(Xs X)) + Pﬁ’a'(X2X4)G,6'ﬁ(X3X')]5aa'5xxl} +

A
+ 500G p(XX') + 01,0Gup(XX')| +
2
o uGas(XX). (3.38)

We can find the textured lattice solutions of the above equation using Fourier trans-
forms. Because we are in the Landau gauge, it is more convenient to define a special
Fourier transform in which only one direction is transformed

1 ) ,
Gop(a,7) = = Gop(XX',7)e X250, o e (3.39)

XX
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pap(q) = - Z pas(XX')e —ige (X+X)/25 Xiqy- (3.40)

9 xx
in which g = S/2m(? is the degeneracy of the Landau levels. Using this transformation
the equation of motion 3.38 will be

. g / ’ N iZkxq
—wGas(k) = —dkodas — G > Vap(k—d)ppp(k — ) Gup(@)e 2 d0n +

q',a B
+ Z Vg (@)™ &)y (k — g )Gap(d)e' plxd s,
o399

A
+ 20 600G () + 1,0 G ()| + pGas ().

(3.41)

in which w is a Matsubara frequency. The third term in the above equation has a

sum over q that is equivalent to the following function

1 .
= 5 > Vapl@)e €
q

d2q i0?
B /(—2Vaﬁ<9>€f e

2m)
2
- 26— /dqd&e_qw/geiﬂqume (o, B the same layer)
7r
2
= 26— / dqdfe 0" 219G sinb o —ad (o, G different layer).
7r
(3.42)

For the same layer the above function is

4(G) = ¢ /0 dg.Jo((2qGe /2

= ¢ /E\/glg(Gz JA?) e~ (3.43)

in which I is the modified Bessel function of the zeroth order and for different layers

we will have
[iﬁ(G) = 62/ dqJo((?qG)e 71 2e—ad
0
= 62/6/ dq' Jo(G'q e 9" 2=/t (3.44)
0

In which we have scaled the wavevectors with 1/¢. Finally the equation of motion for

the Green function becomes:

(—iw — H)Gaﬁ(k) = —0k00a8 — Uaoc (k, k/)Ga’ﬁ(k/) =
= —Oxolap—€'7 kxk’WM,(k —K)Gaps(K).  (3.45)
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in which there is summation over repeated indices and
Uper (K, K') = GTROK Y (k — k) (3.46)
where W is defined as follows:

Waa’(G) = 27T€2 Z Va,@ pﬁ’ﬁ’ ) - ]aa’<G)pa’cx(G) +

A
- SQAS 5(;’0(033)6!0/ (347)

in which o, is the Pauli spin matrix. In this equation the first term represents intra-
layer direct interactions while the second term represents the inter-layer (I = I¢) and
intra-layer (I = I°) exchange interaction between electrons. To avoid divergencies due
to the self-interaction of the electron gas we should have considered an interaction
term with a uniform density of positive ion background in the beginning. However we
can directly include that effect here by setting V,3(G = 0) = 0 for «, § representing
the same layer. This includes the effect of the positive background to each layer
separately. In addition each layer will interact with the electric field of the positive
uniform charge background of the other layer which is proportional to the interlayer
separation so we set V,3(G = 0) = —d/{ when a # 3.
Equation (3.45) can be solved for densities by diagonalizing the matrix U. Suppose
A% (k) is an eigenvector of U with eigenvalue €2
D Uas(k, K)AJ(K') = QA5 (k). (3.48)
B

We expand the Green’s function in the basis of these eigenvectors

Gaslk,iw) = 3 (W) A3 (K) (3.49)
A
with the coefficients being o
Al (k = 0)
8 _ A
o= PR (3.50)
which yields o
. Ak = 0)AS(k)
Gap(k,iw) =) Aw — § . (3.51)
3 H A

where in the above overbar means complex conjugate. Now we can find densities

using the fact that

pap(k) = Gﬁa(k7—>0‘)
_ 5(1{)
- Ty Ak a2

A

o1



in which the sum over Matsubara frequencies w will yield the Fermi function
pas(k) = D A (k = 0)A(K) fo (i — ) (3.53)
A

where fp(z) =
the fact that

ﬁ and $ = 1/kgT. The chemical potential y can be found using

> Paalk =0) =wv. (3.54)

At zero temperature the equation (3.53) will become

pap(k) = D Af(k = 0) A5 (k) (3.55)
Qr<p
in which only a finite set of eigenvalues of matrix U are being used.

To set up the bimeron lattice structure we assume that there is one extra electron
per unit cell of a square lattice so the lattice constant would be a = /272/[v — 1|.
The lattice vectors are then a; = af and a; = ay. Equation (3.45) has many solutions
for different ranges of parameters. To find each one of them in an iterative method we
start with a simple guess that obeys the desired symmetries of the solution. Usually,
for starting densities, only the first few shells in reciprocal lattice space are non-zero.

For a lattice of bimerons as was mentioned before we should note that the in-
plane component of bimeron pseudo-spin has vortex symmetry like skyrmions, which

imposes the following restriction on the space of solutions
psa(Ryr) = €¥psa(r). (3.56)

in which ¢ = +7/2 for a vortex(anti-vortex) with winding number n = +1. Note
that this symmetry is true only when densities are calculated in the S, A basis.
Using the densities one can calculate the energy per electron of the texture lattice

E = <7:£)/N in the Hartree-Fock approximation

(7:(> = 53 Z Z Z Vg (a X1|X4) (X2|X3)< o' X1 CE'X Cﬁ’Xsca/X4> +

q {X} o' B
Asas t t
. 2[<w>+<w>}
X
(3.57)
in Hartree-Fock approximation
- 25 Z Z Z Vo (a XI‘X4) (X2’X3) parp (X1X5)prar(X2Xs) +

a {X}do'p
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A
_ pa/a/(X1X4)pﬁrﬂ/(X2X3 ] — SAS Z [pUL X X +pL U(X X)]
X
(3.58)
in which the first term is the sum of inter-layer and intra-layer correlation energies

while the second term is the sum of inter-layer and intra-layer exchange energies. The

Fourier transform of the above is

(H) = 5 Z Lag(K)pas(k)pga(—Kk) — 5 Z Vas(@)paa(—a)pss(a)
k a,B
_ AZAS [pU7L(0) + pL,U(O)] (3.59)

Using the above we can also calculate the energy increase of a single excitation (Ee;)

like a bimeron from the uniform background when the density deviates from vy =1

vr
texture —

[E Eo(d)] (3.60)

|1 — l/T|

in which Fy(d) is the uniform background energy at vy = 1 calculated by minimizing
the energy (3.59)

A 1
Ete:cture - SAS [[s( = O) -+ Id( 0):|

_ ASAS 1 f f ©12 d/ﬁ)} (3.61)

in which Erf is the error function. In the limit of vanishing bimeron density (v — 1),

the quantity Fjeriure 1S the so-called neutral excitation energy, related to the chemical
potential u* at densities just above and below the critical density vy = 1, through
the relation

1 = 4 Epegture + Eo(d). (3.62)

In which plus and minus signs are for excitations above and below vy = 1. As a
consequence of particle-hole symmetry which applies in the thermodynamic limit,

the chemical potential satisfies the relation

(3.63)

ASAS] '

pt T = 2[E0(d) +—

It is therefore possible to extract the energy gap for a single charged excitation (the

charge gap) from the knowledge of Ejcypyre alone

A=pt — i = 2Esmmre + 2 [Eo(d) — Ey(d = 0)} . (3.64)
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3.5 Numerical Results

To numerically solve equation (3.45) for the densities p,3(G) we use a finite number
of reciprocal lattice vectors |G| < Gpae- Using the symmetries explained above we
guess an appropriate set of densities for the first few shells in reciprocal lattice vector
space to calculate the matrix U (Eq. 3.46). This matrix is then diagonalized. Using
the resulting eigenvectors the densities will be calculated (Eq. 3.55) to calculate U
again. This iteration over p’s continues until the solutions do not change. Figure
(3.7) illustrates convergence factors for a single run of iterations. The convergence

factors are defined as

o Tolas(G) - (G
o > 6 |pap(G)2
in which p’s are the solutions after p’s in the iterative process. The behavior of

(3.65)

0 factor is usually of three types: divergent, convergent and unstable. A divergent
0 usually increases with increasing iteration number. A convergent o decreases with
increasing the iteration number (figure 3.7) usually down to around 107 or lower. The
unstable § usually converges first and very quickly rises up with increasing iteration
number. We only accept the convergent solutions.

For very dilute lattices G,,., increases and usually the self-consistent iterative
method does not converge for filling factors |1 — vp| < 0.015. Figure 3.8 is a contour
plot of charge density of a bimeron in the center of a unit cell of a square lattice
at filling factor vy = 1.02 and layer separation d = 0 and at zero tunneling. In
this lattice there is one bimeron(one extra electron) per unit cell so the minimum
distance between two bimerons is of the order of 17.7¢. As we can see the charge
density has circular symmetry around the center. The figure 3.9(a),(b) show the XY
and Z-component of the pseudo-spin in the (S,A) basis respectively. In this picture
the pseudo-spin vector at the center is pointing out of the plane (—2) (note that P,
is negative at the center) representing electron being in the antisymmetric band and
gradually tilts away toward the boundary where it eventually points in the symmetric
(42) direction. Figure 3.10 represents the same texture. The pseudo-spin vectors are
now calculated in the (U,L) basis (see section 3.3). The upper figure represents the
XY components of the pseudo-spin vectors. The direction perpendicular to the page
(4+2) now represents pseudo-spin being up, in other words electron’s wave function
is localized in the upper layer. The vectors lying in the plane perpendicular to Z are
distributed in both layers. In this representation the bimeron consists of a vortex and

an anti-vortex that are connected by a string of over-turned pseudo-spins. They are
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Figure 3.9: (a) In-plane components of a bimeron in (S,A) basis at vr = 1.02 , zero
tunneling and zero layer separation. The length of the vectors is proportional to the
magnitude of |pga| at each point. (b)Z-component of the same bimeron in (S,A)

basis: pss — paa in units of 1/27¢%. The colors do not have a physical interpretation.

over-turned from the majority direction which is to the right (+2) representing equal
distribution in both upper layer and lower layer. The lower left of the picture shows
a profile of the z-component of the pseudo-spin (= py — pr). Each of the vortices in
the bimeron has a local charge imbalance at the center but in the opposite direction.

At d = 0 the bimeron texture is equivalent to a skyrmion texture because the
Hamiltonian has the full SU(2) symmetry. By increasing the separation between the
layers the bimeron is still a solution to the ground state at vy = 1.02. Figure 3.11
shows a contour plot of the charge density of a bimeron at d = 0.2¢ and zero tunneling.
The circular symmetry is clearly broken. Figure 3.12 shows the same texture again
in the (U,L) basis.

This change in shape of the bimeron charge density continues in higher separations
so that when we get to d = 0.8¢ the charge density clearly starts to split. Figure 3.13
shows the bimeron charge density at d = 0.8¢ and zero tunneling. The charge density
has split. This happens because at higher separations the inter-layer exchange is weak
and fails to keep the bimeron from spreading. On the other hand the interaction
between bimerons in the lattice prevents bimerons from expanding in a symmetric
way in order to keep each other from overlapping. Figure 3.14 shows a bimeron
pseudo-spin distribution at d/¢ = 0.8. As we can see the constituent vortices are

moved away from each other so that the z-component of their pseudo-spin at the
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Figure 3.10: (a)In-plane components of the pseudo-spin of a bimeron in (U,L) basis
at vy = 1.02 | zero tunneling and zero layer separation. The length of the vectors is
proportional to the magnitude of |py | at each point. The plot shows the two merons
bound together in this excitation. (b) The In-plane pseudo-spin field (vectors) and Z-
component of the same set of vectors(contour). (¢) Z-component of the same bimeron
in (U,L) basis: pyy — prr in units of 1/27¢%. (d) 3D plot of the excess density of the

bilayer system due to the same bimeron in units of 1/2mw¢2.
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(a) Contour plot of a bimeron charge density at interlayer separation
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1.02. The contour labels are values of density in units of 1/27¢2. (b) In-plane

d/¢ = 0.2(the SU(2) symmetry of the Coulomb potential is broken) and zero tunneling
components of the same bimeron. The length of the vectors is proportional to the

magnitude of |pga| at each point.

Figure 3.11:
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Figure 3.12: (a) In-plane components of the pseudo-spin of a bimeron in the (U,L)

basis at vy = 1.02 , zero tunneling and d/¢ = 0.2. The length of the vectors is

proportional to the magnitude of |py| at each point. (b) The In-plane pseudo-spin

field (vectors) and Z-component of the same set of vectors(contour). (c¢) Z-component
of the same bimeron in (U,L) basis: pyy — prr in units of 1/27¢2. (d) 3D plot of the

excess density of the bilayer system due to the same bimeron in units of 1/27¢%. The

colors do not have a physical interpretation.
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Figure 3.13: (a) Contour plot of a bimeron at interlayer separation d/¢ = 0.8 and
zero tunneling at vy = 1.02. The contour labels are values of density in units of
1/27¢2. (b) In-plane components of the same bimeron. The length of the vectors is

proportional to the magnitude of |pg4| at each point.

center are more pronounced. As we mentioned before each of the constituent vortices
of a bimeron are called a meron. Merons have vorticity and a strong imbalance at
their core. In a bimeron, just like a skyrmion, the pseudo-spin gradually rotates by
180 degrees from the center to boundary (as can be seen in S,A basis) while in a
meron the pseudo-spin rotates only 90 degrees from the center to boundary. Another
possible lattice solution for the Hartree-Fock equations is having two extra electrons
per unit cell in a square lattice of merons. In fact it turns out that at zero tunneling
and high density of bimerons this lattice is energetically favorable (Figure 3.15). A
meron lattice can be obtained by imposing vortex symmetry on pyp:

puL(Rzr) = ™2 py(r). (3.66)
Figure 3.16 shows a lattice of merons. The arrows are the XY components of the
merons in (U,L) basis:

P. = puu — PLL

Dz + 1Dy = 2pyr (3.67)

Each meron has half the total charge of a bimeron so it carries total of +e/2 charge.

Also clearly each meron is carrying a local charge imbalance (x p,) at its center which
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Figure 3.14: (a)In-plane components of the pseudo-spin of a bimeron in (U,L) basis at
vy = 1.02 , zero tunneling and layer separation d/¢ = 0.8. The length of the vectors
is proportional to the magnitude of |py | at each point. (b)The In-plane pseudo-spin
field (vectors) and Z-component of the same set of vectors(contour). (c¢) Z-component
of the same bimeron in (U,L) basis: pyy — prr in units of 1/27¢2. (d) 3D plot of the

excess density of the bilayer system due to the same bimeron in units of 1/2m(2.
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Figure 3.15: Hartree-Fock energy per electron for two different lattice states v.s. total

filling factor of the bilayer system at zero tunneling.

is an electric dipole moment called the meron’s polarity. Consequently merons are
of four types: V1,AT,V] and A|, in which V(A) represents vortex(anti-vortex) and
T(]) represents polarity up(down) toward upper(lower) layer. In a balanced bilayer
system the charge of a meron is ¢ = —no in which n is the vorticity and o is the
polarity [27]. It turns out later on that in the imbalanced case the charges are slightly
different.

3.6 Spin Investigations in Bilayers

3.6.1 NMR Experiment

As mentioned in the previous section, for very low tunneling Agas < Az, the lowest
energy charged excitations of the bilayer quantum Hall system are bimerons which
are of pseudo-spin nature. This result, however, assumes that the spin fluctuations
are frozen out and have no contribution to the ground state of the texture lattice,
an assumption that is only valid when ignoring many body effects. In an attempt to
investigate the spin structure of the electron system in bilayers two different exper-
iments have been performed separately, nuclear magnetic resonance experiments|50]
and tilting the sample in magnetic field. We will explain the latter in the next section.
Figure(3.17) shows the nuclear magnetic relaxation times of the bilayer system for
different filling factors away from vy = 1. This result is reminiscent of the data from
single layer quantum Hall ferromagnets discussed in section 2.2.6. The rapid reduc-

tion of the relaxation time of nuclear spins can be interpreted as coupling to a low
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frequency spin wave mode. Because the Coulomb interaction is not spin dependent it
is expected that in the coherent regime the spin wave excitations of the bilayer sys-
tem have the same properties as that of single layers, meaning that they are gapped
with a frequency much higher than the nuclear spin frequency, and consequently it
is not possible for the nuclear spins to come to equilibrium via this mode. The other
possibility would be the presence of a skyrmion lattice similar to single layers. This
interpretation of the experimental data suggests that the lowest energy excitations of
the bilayer system might have spin textures involved. We should note that the NMR,
data represented have been taken at relatively large layer separations d/¢ 2 1 where
many body effects are the most effective, as one expects for very large separations
where pseudo-spin excitations are destroyed by quantum fluctuations.

Based on these ideas it seems necessary to find microscopic solutions of the bilayer
texture that involves both spin and pseudo-spin. In fact at large separations, it may
be possible that some of the charging energy associated with the imbalance at the
center of merons is compensated by the lower energy cost of tilting the spin at those
regions. This will give us a motivation to investigate the pseudo-spin with interwoven

spin textures.
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Figure 3.18: The energy gap as a function of tilt angle in a weakly tunneling bilayer
sample Agas = 0.8K. The solid circles are for vy = 1. The triangles for vy = 2/3.

The dashed line is the predicted behavior of K‘(gig). After [47].

3.6.2 Parallel Magnetic Field

The longitudinal resistivity in bilayer systems is activated (i.e. has Arrhenius be-
havior) when the resistance is caused by thermally activated processes. The low
temperature activation energy of bilayer system is shown in the inset of the figure
3.18. This activation energy measured here is much larger than Agag. This alone can
be a signal of the fact that this gap is not a single particle gap. Also the Arrhenius
behavior is valid up to temperatures much lower than A (~ 0.05A) which means this
gap can not be a single particle gap. This destruction of the activated behavior at
low temperatures is because the order that had been produced by the collective gap
is destroyed.

One of the early experiments performed in order to investigate the coherence
between the quantum wells was the application of a relatively weak magnetic field
parallel to the plane of the 2D electron systems[47]. This task can be achieved by
tilting the sample in a magnetic field. In this situation the activation energy is
measured with respect to the tilt angle. The behavior of the bilayer activation energy
with respect to the tilt angle is seen in figure 3.18. This response is definitely not
consistent with the assumption that the tilting only changes the Zeeman coupling
because the activation energy is not sensitive to Zeeman coupling. In this sample,
in which tunneling is non-zero, the tunneling electrons will acquire an Aharanov-

Bohm phase as is illustrated in the figure (3.19). Consequently one can replace the
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Figure 3.19: Schematic diagram of two parallel 2DEG in presence of a parallel mag-

netic flux ®;. The arrows show the path of a typical tunneling electron.

tunneling amplitude ¢ by t¢9" in the Hamiltonian in which @ = 27/¢; and so the

effective energy becomes

1
_ [ o2t 2
E—/d r[2p5|V<p|

572 cos(p — Q)] (3.68)

where ¢ is the phase degree of freedom of the pseudo-spin[29]. At low By, @ is
small and the low energy state has ¢ ~ QQx in other words the local spin orientation
tumbles. On the other hand, at large B) the gradient cost is too large and we have
¢ ~ constant. This is a change in the ground state that can be seen in figure 3.18. In
other words, at small tilt angle the pseudo-spin activation rapidly changes but very
soon prefers to stay constant and remains so at large angles.

It is anticipated that by a continuous change of the layer charge densities the
system can go from a balanced coherent bilayer system to a single layer system where
all the charges are gathered in one layer. In this process how do the low energy exci-
tations of the system change? We already know that the excitations of the balanced
system have pseudo-spin nature while in the single layer it involves only real spin.
Measuring the behavior of the activation energy with respect to tilt angle for different
density imbalances can reveal what happens. Figure 3.20 shows the activation energy
with respect to tilt angle for imbalances equal to zero to nearly 100%. As we can
see the behavior changes continuously from non-monotonic to monotonic signalling

a continuous change of the activated state from pseudo-spin to spin. This is telling
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After [40].



us that a combination of spin and pseudo-spin texture state may be present in the
system. In the next section we will explain how we can numerically show that the
Hartree-Fock equations support the existence of a spin combined with pseudo-spin

texture lattice state.

3.7 CP3 Skyrmions

Including the spin of electrons in a bilayer system, the lowest Landau level subbands
would be o = (5, 71), (A, 1), (S, 1), (A, |). The group of rotations of the wave function
of electrons would be isomorphic to the SU(4) group. However the Hamiltonian of
the bilayer system has an extra U(1) gauge symmetry that reduces the SU(4) to the
CP(3) group [52]. A CP(3) transformation rotates the four-component spinor with a
common local phase

Bo(r) = E#IR portho (1) (3.69)

in which R is an SU(4) rotation matrix. The Hamiltonian for each of the layers
separately has a U(1) symmetry due to spin but for a bilayer system the inter-layer
exchange interaction requires that the phase of the two layers be the same to keep the
Hamiltonian invariant. This is a very important fact about the bilayer system, other-
wise one could argue that the spin-pseudo-spin textures are nothing but two separate
spin and pseudo-spin textures each with a separate topological winding number. In
the bilayer system this is not in fact true and the inter-layer interaction makes it
possible to have one spin-pseudo-spin texture with one topology, in other words this
texture has a single topological winding number. This CP(3) object is often called a
CP(3) Skyrmion or an interwined texture.

To find the equation of motion for the Green’s function of the bilayer system that
involves both spin of electrons and pseudo-spin we proceed exactly as in section 3.4.

The Hamiltonian now involves both the Zeeman term and tunneling term

1 «
H = ﬁZZZvaﬁ<q)Mq(Xl|X4)M€q<X2‘X?))CLXlCLXQCﬁXgCaXAL

q {X} op
Ay t t Agas t t
+ = D (e xeinx — el xeix) - 5 D (ehpxCrox + chyxcuox)
X,j=U,L X,o

(3.70)

in which M’s are defined in equation (3.30) and o, =U 1,L 1,U |, L | (Note that

we are using the (U,L) basis). Because the Coulomb potential is spin independent
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the matrix elements of the V' are exactly the same as ones in eq.(3.31). Following the
same line of derivation as in equations (3.33-3.38) we find

0Gas(XX')

87— = —5 55)()(/5 —_ = Z V’ﬁ’ X1|X4) (X2|X3)

q X,a'f

x {pg/g/(XQXg)Galg(X4X’) — P (X2X4)Gg/g(X3X')}(5aa/5XX1 +

[0 G X)]+ S (0 DG+ pGas(XX).

af «
(3.71)
In which :
01 00
1 0 1 0 0 O
0§X4 = , 0, Q1=
0 -1 00 01
0010
Guror Gurer Guio, Guing
G- Guor Goier Gouy Gronng
Guivr Guinr Guioy Guprl
Grior Grinr Gru, Gring
(3.72)

The projection of the Coulomb potential in the lowest Landau level will give the same
functions as before because the Coulomb term is spin independent. So finally after
Fourier transforming we will have
(—z’w - H)Gaﬁ(k) = _5k 05046 Uaa (k k/)Ga/ﬁ(k/) =
= —Oxolas— €7 ka’Waa/(k —K)GapsK).  (3.73)

in which
50(06
Weal @) = g0z 3 Ve (@099 (€) ~ Lo Dol @) +
A A
+ L0 awba0 — S22 0, @ Dawbao, (3.74)

In all the above there is a summation over repeated indices. The potentials I are de-
fined in equations (3.43,3.44). To understand the interplay between spin and pseudo-
spin we can calculate the energy of the system in the Hartree-Fock approximation

following the equations (3.57-3.59)

= _Z[aﬁ )pap(K)psal— ——Zvaﬁ A)Pac(—a)pss(q) +
k,a(
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+

A A
TZ [PJ'T,J'T(O) - le,jl(o)} - ZAS > {pUU,Lg(O) + chr,Ua<0)]
=U.L o=1.l

(3.75)

The first term in the above equation involves the inter-layer and intra-layer exchanges
including terms like Ity pripr; which are spin-pseudo-spin exchange terms. The sec-
ond term involves inter-layer and intra-layer direct Coulomb interactions.

Before starting the calculation we should note that the CP(3) skyrmion may not
exist in all parts of the phase diagram. The phase diagram of the spin-pseudo-spin
system includes interlayer bias, interlayer tunneling, Zeeman coupling and of course
layer separation and filling factor. In this five dimensional parameter space we have
been able to find only a few solutions of equation (3.73). As was mentioned before
it is expected that high Zeeman couplings (Az > Agas) destroy the spin textures.
We also argued that at the center of a CP(3) skyrmion texture a tilt of spin may
compensate for the charging energy associated with the local imbalance of the pseudo-
spin texture, in other words a spin flip at the center may be able to relax some of the
charging energy cost. This argument however would be true if we are at large inter-
layer separations (d/¢ > 1) where the pseudo-spin exchange energy is small enough
for spin to be able to compensate. Consequently the CP(3) skyrmion may not exist
at small layer separations (d/¢ < 1). In fact the spin transition in NMR experiments
have been observed close to the phase boundary. These experiments have been also
performed at vanishing tunneling samples. These analysis suggest we should start
to look for CP(3) solution in zero tunneling, low Zeeman gap and large separations.
On the other hand as was discussed in the previous section at low tunneling the
bimeron lattice prefers to transform to a meron lattice which is a vortex-antivortex
lattice. Consequently we start the iterative process with the spin and pseudo-spin
distribution following the idea of reference [52] in which we impose vortex symmetry
in spin of each layer and at the same time impose vortex symmetry in the pseudo-spin

in each spin band:

purLt(RepG) = €™ pyypy
puiL1(RepsG) = €™ py 1)
pu101(Ra2G) = €™ pyru,

—im/2

priL(Rrp2G) =e (3.76)

Usually the iterative procedure itself finds the solution imposing only three of the

above.
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3.7.1 Numerical Results

The Hartree-Fock approximation does not converge at separations larger than d/¢ ~
1.2 (due to lack of sufficient accuracy for correlations) so we limit our calculations for
separations 0 < d/¢ < 1.2. Experiments have been performed[50] at larger separations
(d/¢ ~ 1.92) but we should note that our calculations neglect layer thickness and
disorder. Figure (3.23) represents the core of our numerical results. This figure
shows the reduction of the charge density due to the presence of a vortex-antivortex
lattice of spin and pseudo-spin at total filling factor v = 0.97 at d/¢ = 1., zero
tunneling and Ay = 0.002(e?/¢). Because the total filling factor here is smaller
than vr = 1 the textures are equivalent to quasi-holes of an electron gas hence the
density difference plotted is negative. The lower plots are spin and pseudo-spin out
of plane distributions which show that neither spin nor pseudo-spin have complete
polarization. The vorticity of spin and pseudo-spin is shown in figure (3.22) as well.
The size of the vectors are relative to the projection of the pseudo-spin or spin into
the XY plane. As we can see each pseudo-spin vector is rotated by 7 /2 locally with

respect to the spin vector at the same position, in other words

put,r1(G) = €2 pyyp ) (G)
pu1L(G) = e™pry 1 (G).
(3.77)

Figure (3.23) shows the energy difference of CP(3) skyrmion lattice and meron lattice
(Ecps — Ebreron) per electron in terms of mK. The energies are with respect to layer
separation for three different Zeeman gaps. The experimentally relevant Zeeman gaps
are about Ay = 0.006(e?/£)[50]. As we can see in this picture the CP(3) skyrmion
lattice has lower energy at high layer separations. This figure also clearly shows
the spin polarization per electron for the CP(3) skyrmion lattice with respect to
layer separation is incomplete for three different Zeeman couplings. In figure (3.21)
although the density of excitations is low (vr = 0.97) the CP(3) skyrmions have
distributed their density much more uniformly than a bimeron lattice. In fact no
bimeron-skyrmion combination has been observed as solution. The CP(3) skyrmion
lattice stays the lowest energy state for the whole density interval of 0.8 < vy < 0.97.

The CP(3) skyrmion lattice is not the only result of the numerical investigation of
bilayer excited states. At different parts of the phase diagram of the spin-pseudo-spin
system we have found other states. A list of all these states plus the pure pseudo-spin

states follows:
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Figure 3.21: (a) Charge density p(r) — # of a CP3 skyrmion lattice at v = 0.97,
d/¢ = 1.0, zero tunneling and Ay = 0.002(e%/¢) in unit cell. (b) Energy per electron of
the same kind of lattice relative to that of a meron lattice at v = 0.8 at zero tunneling
v.s. layer separation. (c) Z-component of psudo-spin in units of 1/2m¢? of the same lattice
in (a). (d) Z-component of the real spin in the same state. Colors do not have a physical

interpretation.
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distributions are associated with one single quantum state of the bilayer system.
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Figure 3.22: In plane component of the (a) spin in upper layer (b) spin in lower layer
(¢) pseudo-spin in up spin band (d) pseudo-spin in lower spin band of CP3 skyrmion

lattice at d/¢ = 1.0, zero tunneling, Ay
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Figure 3.23: (a) Total spin polarization of a CP3 skyrmion lattice state of bilayer

system at v = 0.8 and zero tunneling v.s. layer separation for different Zeeman

couplings. (b) Energy per electron of the same state relative to the meron state.

e CP3 Skyrmion: a square lattice with four spin-pseudospin textures(each being

half a bimeron) of opposite phases per unit cell as was discussed earlier. This

state is represented in Figures 3.21 and 3.22 in the case of zero tunneling.

Symmetric Skyrmion Lattice (SS): this is a pseudospin- polarized square-lattice
state with two symmetric-band spin Skyrmions of opposite phases per unit cell.
In other words the skyrmions are formed in a superposition of the upper and

lower layer

ps151(Rap2G) = €™ pgy 5 (G) (3.78)

At the same time however in this state there is spin vortex and antivortex
state present in each layer separately. This state exists also at finite tunneling
strengths and low Zeeman couplings. Figure 3.24 shows the total excess density
of a SS lattice at Agag = 0.04(e?/(), Az = 0.003(e?/¢) and d/¢ = 0.8. The
vector field in this picture is the XY component of the real spin in symmetric
band. The same texture lattice is seen in each layer separately but no texture

is seen in spin band.

High tunneling CP3 (HCP3): a square lattice with two spin-pseudo-spin Skyrmions
of opposite phase per unit cell. The difference between this state and the CP3
state above is that here the spin texture exists in the symmetric and antisym-

metric bands while in the latter it exists separately in each quantum well. This
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state is the ground state only when the tunneling gap is higher than the Zee-
man gap. We note that the HCP3 state is an intermediate state between SS
and bimeron lattice states. The textures in the HCP3 state splits into two
vortices with charge /2 by reducing the Zeeman gap. Figure 3.25 shows the
total excess density of HCP3 lattice state at d/¢ = 0.1, Agas = 0.04(e?/()
and Ay = 0.002(e?/¢) at filling factor v = 1.2 which is a high density of
textures. In this density as we can see the textures have spread their charge
density much more uniformly than a usual bimeron lattice. Figure 3.26 shows
the XY component of real spin of this state in symmetric, antisymmetric band
and the pseudo-spin in up and down spin band. In all these cases we can see
the vorticity while separately in each layer no spin or pseudo-spin vorticity can

be seen:
P Y (RefnG) # €2 plf T3 (G) (3.79)

e Bimeron Lattice: Discussed in previous section.

e Meron Lattice: Discussed in previous section.

One expects that the SS state will not exist at high Zeeman couplings which is
true for all spin textures. One also expects that since the pseudo-spin is polarized,
this state should be stable only at high tunneling. However there is an asymmetry
between states with filling factor vy < 1 and v > 1 as the SS state is stable for
low and even zero tunneling at vy < 1 while unstable for low tunneling at vy > 1.
This issue of asymmetry between filling factor above and below v = 1 continues to
exist for other spin-pseudo-spin states like the CP(3) skyrmion state in which our
numerical routines do not converge for filling factors above vy = 1. This may seem to
be in contrast with the symmetry observed in the NMR experiments however there
are several possibilities that must be addressed:

First this is not surprising because in this four subband level there is no particle-
hole symmetry unlike the case of a pure skyrmion or bimeron. Also the stability of
these states greatly depends on the lattice structure. In all our numerical work we did
not try any other lattice basis such as the triangular basis. One explanation for the
existence of high tunneling states like HCP3 at low tunneling samples can be disorder
which can pin the lattices and locally stabilize them.

Figure 3.27 shows the difference in the energy of the HCP3 or SS and the bimeron
lattice. As we can see, by increasing Agas the ground state changes from bimeron

lattice to HCP3 and then to SS. Also in Fig.3.27 we can see the spin depolarization
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Figure 3.24: (a) Excess of total charge density of the symmetric skyrmion lattice state
at d/l = 0.8, Agas = 0.04(e*/¢) and Az = 0.003(e?/¢) at filling factor v = 1.04.(b)
The contour plot of the same state. (¢) In-plane component of the spin distribution
of the same state. The size of vectors are proportional to |pgist| at each point. (d)
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Figure 3.25: (a) 3D plot (b) contour plot of the excess of the total charge density of
a bilayer system in an HCP3 lattice state at vy = 1.2, d/f = 0.1, Agas = 0.04(e?/¢)
and Az = 0.002(e? /).

in HCP3 state as a function of Agas. The spin polarization of the HCP3 state is
more sensitive to Agag than the SS state. For vy > 1 the SS state also can be
the ground state. At vy = 1.04, we find that the SS state is the ground state for
d/l < 0.8, Agas > 0.03 and 0 < Az < 0.002(e*/¢). The spin polarization with
interlayer separation in the SS state is shown in Fig.3.27. The linear behavior is also
seen at vr < 1. This smooth response to layer separation is very different from the

response of CP(3) skyrmion state (Fig. 3.23).

3.7.2 Effect of interlayer bias

To conclude this section, we look at the effect of a potential bias on the spin polar-
ization. Intuitively we understand that a CP3 skyrmion involves a twist in some high
dimensional space that is difficult to plot in two-dimensions. That twist will occur
through degrees of freedom where it costs the least energy, and the texture will vary
less in sectors where the system is stiff. If we can change the stiffness of textures along
some direction of phase space, we can drive the texture into or out of that degree of
freedom. A simple analogy would be to drive an O(3) model into an XY model by
making excursions into the z direction too costly. The behavior of this system with
respect to bias illustrates this physics. We choose the parameters d/¢ = 1, vy = 0.8,
Agas = 0.0002(e*/¢) ~ 0.03K and Ay = 0.01(e?/¢) so that, at the balanced point,
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(c) pseudo-spin in the up spin band |pgr41| and (d)
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pseudo-spin in down spin band |pg;4;|. All these distributions are associated with a single

Figure 3.26: In-plane component of the (a) spin in the symmetric band |pstg)| and (b)

in the antisymmetric band [pata)].
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Figure 3.27: (a) Energy difference between the HCP3 crystal or SS crystals and the
meron state as a function of tunneling for v = 1.2,Az = 0.0015(¢?/¢) and d/¢ = 0.1.
(b) Spin and pseudo-spin polarization as a function of tunneling for the HCP3 and SS
states. (¢) Spin polarization as a function of interlayer separation in the SS state for
different values of the Zeeman coupling and filling factors. Here Agas = 0.04(e?/¢)
and vp = 1.04.
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Figure 3.28:
ence between the CP3 or SS
states and the SPB state. (b)

(a) Energy differ-

Spin polarization per electron as
a function of bias for vy =
0.8,As4s5 = 0.0002(e?/¢) and
Az = 0.01(e?/¢). (c) Filling fac-
tor in the right and left wells in
the CP3 state.



06

0.5 [ mrm e oo |

——=—— A,J(e°/kI)=0.002
——A—— AJI(e’/kl)=0.004
——e—— A,/(e’/kI)=0.006

8.00‘ L L ‘Q.IO5 L L L wO.IlO L L L wO.IlS L L L \0.20
A, J(e%/Kl)

Figure 3.29: Average in-plane spin polarization in the CP3 crystal state as a function
of applied bias for vy = 0.8,Agas = 0.0002(e?/¢) and d/¢ = 1.0.

the ground state is a spin-polarized bimeron crystal. Our numerical results, plotted
in Fig.3.28, show that there is a transition first into a CP3 crystal and then into the
SS state as the applied bias increases. The energy of the CP(3) skyrmion crystal
interpolates nicely between the bimeron and SS phases as can be seen in the figure.
The corresponding spin polarizations are shown in Fig.3.28(a,b). The bias induces a
linear spin depolarization of the 2DEG in the CP(3) skyrmion state. In effect, the
texture inducing the deviation of charge density from vy = 1 is being shifted from
the pseudo-spin degree of freedom to the spin degree of freedom in a continuous way.
Note that the spin polarization varies only slightly with d/¢ in the SS state. Figure
3.28(c) shows the filling factors v, and vy in the CP(3) state (the exact same curves
are obtained in the SS state). Above A, ~ 0.30(e?/{), all the charge is transferred
into the upper layer and the spin polarization is that appropriate for a monolayer
skyrmion crystal with filling factor v = 0.8 and Zeeman coupling Az = 0.01(e?//)
and is then independent of the interlayer separation. We expect the marked decrease
in the spin polarization with bias to translate into an increase of the NMR relaxation
rate with increasing bias.

Our numerical calculations show that crystals involving spin and/or pseudo-spin
textures are likely candidates for the ground state of the 2DEG in a bilayer quantum
Hall system around filling factor vz = 1. At small tunneling and for vy < 1, we find
intertwined spin and pseudo-spin textures (CP3 crystal) with a spin polarization that

is strongly interlayer dependent while at higher tunneling, a symmetric Skyrmion state
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with fully polarized pseudo-spins or another type of spin-pseudo-spin state minimizes
the energy. As was discussed in the previous section, a Skyrmion crystal has an extra
gapless spin mode in the crystal phase and possibly in some over-damped form in
a Skyrmion liquid state that is believed to be responsible for the rapid nuclear spin
relaxation observed in the experiments (Fig. 3.17). This extra Goldstone mode is
present both in the SS and CP3 crystal states that we studied in this section, but not
in the bimeron or meron lattice states. To make a direct comparison with the NMR,
experiments, it is necessary to compute the NMR relaxation rate.

Results of such calculations are presented in ref.[41]. The inverse relaxation
time Ty ~ [ dt(S_(t)S;)e ™~ where wy is the nuclear magnetic resonance
frequency.[42]. If the spin correlation function relaxes exponentially i.e., (S_(¢)S;) =
(S24S2)e ™ = <S|2|)e’t/7 then 7, ~)SiH{1/(1+w¥7?) is proportional to the in-plane
spin polarization so that the behavior of spin polarization S, should be an indication
of the behavior of the relaxation time T;. The rapid change in the spin polarization
that we found in the CP3 crystal state (very small Agag for filling factors around
vy = 1) may explain the rapid change in the NMR relaxation rate measured in the
experiment of [50] which was carried out at almost zero tunneling. Our Hartree-Fock
calculation indicates that the ground state at higher tunneling is a SS state instead
of a CP3 crystal. In this case, the spin polarization .S, varies much less rapidly with
filling factor than for CP3 crystal. Moreover, the spin polarization does not depend
much on the interlayer separation as can be seen, for example, in Fig. (3.27(b)).
These results as well as a strong dependence on the interlayer separation would be
more readily explained by a CP3 crystal state than by the SS state that we find. This
is also true for their measurement of the relaxation rate in the presence of an applied
bias. Figure (3.29) illustrates the in-plane component for various Zeeman couplings
as a function of bias, which we believe is a measure of the NMR relaxation rate,
for small Agag. The evident continuous behavior is reminiscent of the experimental
results in shown in figure (3.20). This remarkable diagram illustrates how in the
spin-pseudo-spin state one can manipulate the spin distribution using an interlayer

bias.
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Chapter 4

Activated Transport in Bilayer Systems

4.1 Introduction

In previous chapters we discussed the coherence of the electrons in a double quantum
well system under strong magnetic field at total filling factor vy = 1. We discussed
how this system selects a new type of ground state in which electrons have a new
degree of freedom, pseudo-spin. We also demonstrated how this system supports new
types of low energy excitations in the pseudo-spin and spin sector. Transport in this
system exhibits new features and challenging experimental results that need to be
addressed. At filling factor v = 1 a single quantum well under strong magnetic
field exhibits quantized Hall conductivity and zero longitudinal resistivity at low
temperatures as was reviewed in the chapter 2. For a bilayer system at total filling
factor v = 1, it is also expected the same features will be observed because the
system is in a quantum state equivalent to that of a single quantum well state. In
fact, it is now experimentally verified that the Hall conductivity in bilayer systems at
total filling factor vy = 1 is also quantized and the longitudinal resistivity vanishes
at low temperatures.(Fig. 4.4).

In a typical experimental set up, quantum wells are formed in a thin (~ 15-20
nm) GaAs layer sandwiched between two AlGaAs layers with typical thickness of
around 300 nm. The AlGaAs layers have different conduction band gaps causing
the conduction band electrons supplied from Si-doped regions to become trapped in
the quantum wells. The barrier (of thickness ~ 12 nm) is typically an AlAs/GaAs
layer in which the tunneling nearly vanishes. The intrinsic electron density trapped
in these quantum wells can be measured and it is usually around 4x10'° cm=2. All
these crystal structures are grown using MBE technique offering an advantage over

other crystal growth techniques which is growth in a controlled ultra high vacuum
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Figure 4.1: A schematic picture of a double quantum well heterostructure. The
metallic gates are used to deplete the electron gases in top and bottom wells (green).
The contacts are used to make electrical contact to each electron gas. The red layer

is the barrier layer.

environment. This provides samples with relatively low disorder in which the mobility
can exceed 400000 cm?/Vs at the required densities. The low disorder is crucial
because one needs to avoid localization before reaching the required magnetic fields.

In order to measure resistivity in different directions in each layer one has to be able
to make contact to each layer separately. In order to do that, electrical contacts to the
quantum wells are made by thermally evaporating Au/Ge on photolithographically
defined regions of the mesa and then annealing the metal. This allows it to diffuse
down into the crystal and through the quantum wells (see figure 4.1). Through such
contacts electrical access to both electron gases is possible at the same time. In order
to make contact to each quantum well separately, Eisenstein first realized [44] that it
is possible to block the electrical contact to an arbitrary well by depleting the electron
gas using another metallic (Cr/Au) gate that has been deposited on top or below the
bilayer structure. For full experimental details, complications and methods we refer
the reader to literature [44].

4.2 Excitonic Superfluid

At vy = 1 in the bilayer system the filling factor of the lowest Landau level in each

layer is smaller than one. Consequently each layer has a number of holes at the same
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Figure 4.2: A schematic picture of a counterflow in a double quantum well. Arrows
show the direction of electron (red) movement. The counterflow will move electron-

hole (red-white) pairs.

energy level. One expects the holes to be able to pair with the electrons in the other
layer to form a gas of excitons. The quantum state of an exciton formed by two
fermions is a boson, hence in principle this gas can bose condense and become an
excitonic condensate. This is equivalent to phase coherence in the bilayer system. To

see this note that the ground state wave function of the bilayer system is
) =T] [cgm + el l] 10) (4.1)
X

in which T(]) refers to electron being created in upper(lower) layer. This state can
be seen as a collection of paired electrons(]) and holes(]) with the same wave vector
(k = X/£?) or as a coherent state of two electron fluids which translates to all electrons
in the two well having the same pseudo-spin state (| —) =1 1) + | |)).

The superfluid aspect of the bilayer system has been subject of research in recent
years. In order to drive this excitonic state one needs to inject counterflow currents in
the bilayer system. In a counterflow distribution the current has the same magnitude
but with opposite direction in each layer (Fig. 4.2). If the ground state of the system
is an excitonic superfluid one expects the counterflow which drives neutral excitons to
be dissipationless and display vanishing Hall resistance. On the other hand a parallel
flow would derive the vy = 1 quantum Hall liquid state and must show quantized
Hall conductivity and zero longitudinal resistivity. Figure (4.3) shows the results
of measurement of counterflow and parallel flow Hall and longitudinal resistivity at
different filling factors at 30 mK. At vy = 1 the counterflow Hall resistivity has
clearly vanished signalling the fact that the current is carried by neutral particles.
The longitudinal resistivity on the other hand is nearly zero in both cases. In figure
(4.4) we see that as temperature decreases the longitudinal and Hall resistivity in

counterflow measurement decreases indicating a condensate state at zero temperature.
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Figure 4.3: Hall and longitudinal resistances (solid and dotted traces, respectively)
in a low density double-layer 2DES at T=50 mK. (a) Currents in parallel in the
two layers. (b) Currents in counterflow configuration. Resistances determined from

voltage measurements on one of the layers. After [53]
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Figure 4.4: Temperature dependencies of various resistances and conductivities at
vpr = 1 and d/¢ = 1.48. (a) Parallel current flow. Open dots: R).: closed squares:
Rl,. (b) Counterflow. Open dots RS} , closed squares RCF . (c) Parallel and

counterflow longitudinal conductivities, Rll, and REF | respectively. After [53]
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The fact that no superfluidity has been observed at any finite temperature needs to
be explained.

Another signal of superfluidity in this system was mentioned in the beginning of
the previous chapter: the interlayer tunneling peak at zero bias. This effect is simi-
lar to the tunneling peak observed in conductance between superconducting islands
known as DC Josephson effect [54]. However in the case of bilayer systems this peak
remains finite even at very low temperatures, contrary to superconductors where it
is infinite. There is still debate on what is the underlying explanation for this im-
perfect superfluidity. In this chapter we will only discuss the parallel and counterflow
dissipation and on the subject of tunneling refer the reader to literature[59; 58; 69].

At the moment there are very few theories trying to explain the finite temperature
dissipation of excitonic superflow. In this chapter we will develop two different theo-
ries both arguing that disorder and topological excitations (vortices) have an essential
role in dissipation of superflow.

In transport measurements each quantum well can be contacted separately. In a
so called drag geometry current is injected only into one layer and longitudinal and
Hall resistivities are measured in each layer separately. Because of the Coulomb in-
teraction between the electrons in different layers the moving electrons on the current
carrying layer(drive layer) induces a voltage drop in the other layer(drag layer) which
is called drag resistivity. Because electron gases in both layers together make one sin-
gle quantum state, one expects the Hall resistivity in the drag layer to be quantized as
well as in drive layer. This has been indeed observed as seen in figure 4.5. The main
motivation behind our theories however has been the measurement[56] of the temper-
ature dependent resistivity in drag geometry. This measurement has been performed
for various layer imbalances. Imbalance between two layers can be created using the
large metallic full front and back gates. By application of suitable voltages one can
tune the density of each layer separately using these gates. The activation energies as
a function of interlayer imbalance are shown in figure 4.6. The drive activation energy
is almost linear and antisymmetric with respect to interlayer imbalance. The other
linear plot is for when the drag and drive layers have been interchanged. In this plot,
the drag activation energy looks almost symmetric. The most naive interpretation
of this result would be that each layer has separate charged excitations, leading to
the different activation energies, and interlayer coherence essentially plays no role.
Yet such a picture is very difficult to reconcile with the experiments described above,

in which imperfect superfluidity is manifest. In other words it is expected that the
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Figure 4.5: Conventional and Coulomb drag resistances of a low density double layer
2DES. Trace A: Conventional longitudinal resistance R,, measured with current in
both layers. Trace B: Hall drag resistance R, p. Trace C: Longitudinal drag re-
sistance R, p; sign reversed for clarity. Trace D: Hall resistance R;y of the single
current-carrying layer (displaced vertically by 5 kV for clarity). Trace B reveals the
quantization of Hall drag in the vy = 1 excitonic QHE. Insets schematically illustrate
the measurement configurations: Current is injected and withdrawn at the open dots;
voltage differences between the solid dots are recorded. Traces A, B, and D obtained
at T = 20mK; trace C at 50 mK. Layer densities: N1 = N2 = 2.6x10'° cm~2, giving
d/l =1.6 at vp = 1. After [55].

excitations have the responsibility for dissipation in both layers and consequently the

activation energy for them should behave the same in either layer.

4.3 Role of Disorder

Although trapped electron gasses in today’s semiconductor quantum wells have mo-
bilities exceeding 400000 cm?/Vs we believe the remaining disorder can play an im-
portant role in dissipation. There are some theoretical works in support of this
suggestion[57]-[62]. The remote dopants such as Si atoms can form a slowly varying

random external potential for the electron fluid. Based on the Efrés model[70; 71],
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Figure 4.6: Activation energies of the vy = 1 state vs density imbalance. Squares
correspond to the activation energy determined from the longitudinal resistance in the
lower and upper layer, respectively. Triangles denotes the activation energy obtained
from the longitudinal drag. After [56].

these spatial fluctuations are screened nonlinearly by the incompressible vy = 1 elec-
tron fluid. This screening generates puddles or islands each one having density higher
or lower than average vy = 1 density4.7. Consequently these puddles must contain
a finite density of charged excitations of bilayers. At relatively large Zeeman ener-
gies we neglect any spin fluctuations and assume that these excitations are bimerons
(see previous chapter). Inside puddles with v > 1 there are bimerons (meron pairs)
and inside puddles with vy < 1 there are anti-bimerons (anti-meron pairs). Between
the puddles there are narrow regions that still have their total filling factor v = 1.
These strips have a width of approximately a magnetic length ¢. These incompress-
ible strips follow the equipotentials of the total effective potential and are the only
regions where there is still coherence left and there is a charge gap for excitations.
On the other hand the quantum coherence is locally lost inside puddles because of
the random motion of mobile bimerons. At the edges of the coherent strips merons
and anti-merons from two neighboring puddles are weakly paired (Fig. 4.7). These
pairs can not cross the incompressible links at zero temperature because they have
to overcome the charge gap inside the strips. At high enough temperatures however

this barrier can be overcome and a meron (anti-meron) can cross these strips.
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Figure 4.7: Schematic picture of two neighboring puddles inside a vy = 1 bilayer

@

system. Red objects are merons with vectors indicating their dipole moment direction
(which is perpendicular to the plane of puddles) and signs indicating their electric

charge. The white objects are anti-merons.

A meron is a vortex in pseudo-spin phase or equivalently in the phase of the exciton
condensate wave function in analogy to 2D superfluids. In this analogy a supercurrent
(in this case an exciton current) will apply a Magnus force[67] on vortices (merons)
transverse to the supercurrent direction. The appearance of Magnus force is very
general and has nothing to do with quantum mechanics (it was originally discovered

in classical fluids[67]). In a 2D neutral superfluid with the fixed boundary condition
h

m*

(uniform flow v = -2V at the boundaries or equivalently constant current at the
two ends of the Hall bar) a vortex placed in this fluid will feel a Magnus force of
magnitude

Fu = pv X f (4.2)

in which p is the density of the neutral fluid forming the vortex and n = 2 § v - dl
is perpendicular to the plane of the superflow. The motion of vortex perpendicular
to the flow (as in eq. 4.2) produces a voltage drop along the direction of the flow.
This occurs because the passage of a vortex across the flow produces a phase slip of
27 along the flow, and the rate of change of the phase is directly proportional to the
voltage. However this is not all that determines the dynamics of merons. In order to
completely understand the dynamics of merons in a bilayer quantum Hall system we
need to remember that these merons have electric charge and one needs to take this
into account in a systematic way. We will address this using Chern-Simon Theory in

the next section.

90



o/\o=/;\o=
N

N | —

N

Figure 4.8: Operation of exchange of two indistinguishable particles is equivalent to

half the rotation of one around the other.

4.4 Chern-Simon Theory for Quantum Hall Systems

In this section we are going to show how one can use boson statistics for fermions in
two dimensions and what is the consequences of this view in quantum Hall systems. A
detailed, mathematically rigorous Chern-Simon theory is unnecessary for our purposes
here and is out of the scope of this dissertation[72]. However we will try to lay out a
simplified view in order to be able to use it for our bilayer system.

Imagine two spinless fermions on a two dimensional surface. The wave function

of this two body system must be antisymmetric
\Il(rl, I'Q) = €i7r\I/(I'2, I'l) (43)

In two dimensions one can imagine this property of the wave function as arising from
the Aharanov-Bohm phase induced by an external magnetic vector potential. This
can be justified by noting that the operation of exchanging of two particles can be
regarded as half the operation of rotating one around the other (see figure 4.8). The
induced Aharanov-Bohm phase then will be

o
¢M=%fAm=% (4.4)

in which the integral is over the closed loop as seen in figure (4.8) and ® is the

magnetic flux. For this phase we should have ¢4 = 7™ which yields

O = . (4.5)

in which ¢g = h/e is a quantum of magnetic flux. In conclusion we see that in
two dimensions fermionic statistics can be constructed by using a charged boson
(with charge e) with a fake magnetic flux quantum. The important notion here is
that the exchange operation is merely statistical and only limits the properties of
the wave function independent of the Hamiltonian while the Aharanov-Bohm phase

interpretation automatically includes the Hamiltonian. This is basically telling us
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that converting fermions to bosons plus magnetic flux is Hamiltonian dependent and
so its process will be different for different many body systems. In fact there is a
method to include the many body effects into account in a more systematic way.
Below we will briefly explain such a method for the quantum Hall effect. Consider
N spinless electrons in a two dimensional layer under strong magnetic field. The

Hamiltonian of such a system is

N
ﬂ—Z%pl—i—eArl +ZeA0rZ+ZV ) (4.6)
i=1

1<j

One can show rigorously that this Hamiltonian operator can be rotated to a new

Hamiltonian for a bosonic system with an extra as yet undetermined gauge field a(r;)

_Z PH—GArZ)—I—eaI“z +Z€AOTZ+ZV i — Ti) (4.7)

1<j
in which we require
a(r;) = —— Z Viaij (4.8)
J#1
where ¢q is the quantum of flux and 6 will be determined later. The derivatives V;
are with respect to r; and angles are
Q5 = tan_l u (49)
l’j — I
The eigenfunctions of the fermionic Hamiltonian W(ry,re,...,ry) are antisymmetric
while the eigenfunctions of the bosonic Hamiltonian ®(ry,rs,...,ry) are symmetric.
The operator that rotates H to H' is
, 0
U =exp [z Z ;O{i]’]. (4.10)
<]
One can show that

H=UHU! (4.11)

which means that if one can solve the bosonic problem and find its eigenfunctions ®

with eigenvalues E then

U =Ud (4.12)

is an eigenfunction of H with the same eigenvalue as E. The parameter 6 will be
adjusted by imposing the correct statistics for ¥. To connect bosons to fermions we

require 6 to be an odd multiple of 7
0 = (2k + 1)m. (4.13)
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From the above discussion it is clear that the rotation operator in fact contributes a
phase e when two particles are exchanged. The vector potential a interacts with
the bosons and this phase transformation arises as the Aharanov-Bohm phase. From

equations (4.8) and (4.9) we can find the desired gauge field
— ;)
a(T; o 4.14
a(r:) 27T7T BZ |rz—rj|2 (4.14)

This vector potential can be interpreted as coming from the field A(r) created by a

particle at point r; acting on the particle at position r;.

_$b ( i ) bl (4.15)

©2nw \|r]2 |rf? 2r

is the vector potential with the strength gzﬁog at the origin with the associated magnetic
field ;
V x A= ¢g—0(r)z (4.16)
T

For an arbitrary closed path C around the origin we obtain
0
= cdl = pg— 4.1
A= on” (417)

which is the flux associated with this vector potential.

Equation (4.14) can be written as

= Alr;—1;). (4.18)

J#i
Consequently a particle at position r; can be regarded as the source of the magnetic
flux ¢o(6/7), creating a vector potential at r;. As was mentioned the exchange of two
particles is equal to half a rotation of one around the other and the Aharanov-Bohm

phase change of their wave function would be
0
A¢AB = —f .A I'Q — 1‘1 dI‘Q —FLQSO% =40 (419)

which means for fermions it should be § = m. However for more general discussions
we keep 6 unspecified.
In order to be able to use reliable approximations it is useful to express the bosonic

representation of the electronic system using second quantized formulation

" = /dzrdﬁ(r){% [ - %v +eA(r) + ea(r)]2 — o+ eAO(r)}¢(r)

1

+ 5/d2rd2r’p(r)V(r—r’)p(r/). (4.20)
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Here ¢(r) is the bosonic creation operator

[6(r), ()] = o(r — 1), (4.21)

and p(r) = ¢'(r)¢(r) is the particle density. The Chern-Simon gauge field then will

have the form
a(r) = /er'A(r —1')p(r'). (4.22)
which yields )
zb(r) =V xa(r) = ¢0;p(r),§. (4.23)

as the Chern-Simon magnetic field density proportional to the particle density p.
This is indicating that to every boson one gauge flux (0/7)¢, is attached and the
combination of the two will make a fermion.

The above discussions introduces a systematic way to include the Chern-Simon
gauge field into the problem of a fermionic system in two dimensions. Note that the
importance of dimensionality is apparent here when one wants to use the Aharanov-
Bohm effect to derive the correct statistics as was mentioned in the beginning of this
section.

In summary we have learned that one can replace the two dimensional electron
system with a system of charged bosons that are interacting with each other via a
short-range repulsive force expressed as a gauge term in the Hamiltonian called the
Chern-Simon gauge field. In a simple mean field approximation and for the case where
the external magnetic field is constant V x A = —BZ one can neglect the density

fluctuations and estimate the average magnetic field at each point as
— ) 0 .
B =—-Bz+ ¢g—p=. (4.24)
7
At filling factor v we will then have
B=B(—-1)z (4.25)

which indicates that at ¥ = 1 we can choose # = m which makes B = 0. Consequently
the 2D electron system in constant magnetic field at v = 1 will be equivalent to the
mean field approximation of a charged bosonic system with Chern-Simon gauge field
with zero total magnetic field. This will immediately suggest that this system may
bose condense and become a superfluid. Using this fact one will be able to derive
all properties of the quantum Hall system including zero longitudinal resistivity and

quantized Hall conductivity.
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Now let’s go back to eq.(4.25) in which we choose § = 7. From this equation
we see that adding(removing) a charge to(from) the v = 1 system is equivalent to
adding(removing) a quantum of magnetic flux to(from) the system. This is the same
property discussed in the chapter 2 where spin configuration actually provided an
additional flux equivalent to additional charge with the assumption that the Hall
conductivity is quantized however we have gone through a reverse argument here and

did not use the quantized Hall conductivity assumption.

4.5 Dynamics of Merons in Bilayer System

According to the discussions above we can interpret a vy = 1 bilayer as a system of
bosons each having a flux quantum attached to them. The magnetic field providing
this flux is anti-parallel to the external magnetic field (eq.4.24). On average the total
magnetic field on this bosonic system then will be zero and we will have a v = 1 bose
condensate (a superfluid). Bosons in this condensate however have another degree
of freedom, their pseudo-spin. One may also view this composite boson condensate
with a pseudo-spin degree of freedom as a composite boson condensate together with
an excitonic condensate.(see section 4.2)

In this section we are going to calculate the forces on merons for any current
distribution in a bilayer system. As was discussed in section 4.3 from these dynamics
we will be able to find the dissipation mechanism and may be able to explain the
observed activation energies.

Let’s take Jy and Jj as current densities in the upper and lower layers respec-
tively. This current distribution has two components: a parallel flow component,
Jy = 1/2)Ju + Jr) and a counterflow Jop = (1/2)(Jy — J1). As was mentioned
in the section 4.3 a meron will feel a Magnus force from the counterflow in analogy
to fluid dynamics. On the other hand from the discussion in the previous section we
understand that addition of a charge to the v = 1 quantum Hall system is equivalent
to the addition of a flux quantum to the bosonic system. This should also be true for
a charged excitation of the bilayer system. Consequently a bimeron or any charged
excitation with total charge ¢ will be carrying a Chern-Simon flux equal to (g/e)do.
This magnetic flux will interact with the current that flows inside the v = 1 charged
bosonic superfluid by the Lorentz force. These two forces (the Magnus force from

excitonic superfluid and the Lorentz force on the vy = 1 charge flow) will determine
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the motion of merons. In order to derive these forces first we consider the general im-
balanced bilayer (relevant to biased bilayer experiments mentioned in the beginning
of this chapter) with filling factors vy and vy, for upper and lower layers respectively.
The charge of merons in this case can be determined according to the table 4.1. The

Magnus force due to the counterflow (Eq. 4.2) is
Fy = —(S¢0)JCF X 2, (426)

in which s = % § V-dl is the vorticity, ¢y is the quantum of flux and the minus sign
is because Jor is the current density of electron charge (-e) . It is also important to
note that we are defining the currents as the current of electrons moving in the lab
frame while we should use the counterflow with respect to the v = 1 bosonic system
as the background. In order to find the velocity of the excitons with respect to this
background first we note that the velocity of the electrons in the background system

with respect to the lab frame is

" 2m (>
Vlf/acl;ﬂ = _eVTJH' (427)

To determine the velocity of excitons with respect to the lab frame we can assume

vy > v without loss of generality

Lab 21 l?

exciton _GVL

J.. (4.28)

Consequently the exciton(counterflow) current density with respect to the background
will be

rel —CVL el
JCF - 27 (2 Vezciton
_ _GVL( Lab Lab)
- 22 exciton back
S
- %[JU — vy (Jy + T31)]. (4.29)
T

As we mentioned the free topological excitations(merons) carry a flux which results
in a Lorentz force from the charged bosonic background current. This force can be

written as
Frorent: = _(quO)JH X Z (43())

in which ¢ is the charge of the meron that has to be determined in a general imbalanced
bilayer case using the table (4.1). From the equations (4.30) and (4.29) we conclude

that the total force on a meron from any current distribution in bilayer system is

Foeron = ? (1 —wvp)s — qur]Ip — [svp + qur|Jy} x 2. (4.31)
T
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S +1 | +1 ] -1 -1
P +1 | -1 +1] -1

sp || —VL | VU | VL | —VU

Table 4.1: Electrostatic charge of each type of meron in units of e. vy, v, are the
upper and lower filling factors respectively. s and p are vorticity and dipole moment

respectively.

At vr = 1 using the table (4.1) we find that in a drag experiment (Jy = J and J;, = 0)
the force on two types of merons with the same dipole moment (p = +1) vanishes !
This indicates that for the drag geometry merons of only one dipole moment type are
able to dissipate current. On the other hand, because merons have a dipole moment,
their activation barrier energy in the presence of an interlayer bias must be linear in

lowest order approximation in bias V'
Ameron ~ AO + pV (432)

in which p is the meron dipole moment. Consequently if one varies the interlayer
bias the observed activation energy must behave asymmetrically which agrees with
experiment as is seen in figure (4.6). The detailed behavior of the energy barrier can
be calculated numerically as will be explained in the next section. To complete this
analysis one has to calculate the voltage drop in each layer explicitly.

In a general current distribution we consider AV and AVy, as the voltage drops
inside the upper and lower layers between two points a distance y apart as a result
of transverse meron motion. Using an analogy to the Josephson effect in a weak link
inside a superconductor for a density ny, of merons with vorticity s and dipole p we
will have

— d
%AV = d—f = 27T5nspuspy (433)

in which ¢ is the phase of the exciton condensate and ug, is the velocity of the
merons. Because this voltage drop is in a exciton (a particle-hole pair) condensate

AV = AVy — AVy. Taking into account all the meron types

1
Q[AVU —AVL] = —¢0 > sngiiy, (4.34)
S,P

On the other hand the motion of meron means motion of a magnetic flux in the
bilayer system which induces a voltage drop according to Faraday’s law
—e

- AV = QWyZnspuqusp (4.35)

S7p
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in which AV is the total voltage drop in both layers: AV = vy Ay + vpAp. Conse-
quently

1
Q[VUAVU + v AV = —¢y Z QspTispUsp- (4.36)

$,p
For the drag geometry(J, = 0) one immediately concludes that AV, = 0 and at
vr = 1

AVvdm've = y(bg(/JJVTnVT + ,U/ATnAT) (437>

in which we have defined ;1 = v/F as the effective mobility of merons.

In order to explain the voltage drop in the drag layer (Vi # 0) we must identify
how forces on the p =] merons might arise. A natural candidate for this is the
interaction between merons with opposite vorticities, which in the absence of disorder
binds them into pairs at low meron densities. Assuming that driven merons crossing
incompressible strips will occasionally be a component of these bimerons, a voltage
drop in the drag layer will result, of the same sign as that of the drive layer. The
mobility of such bimerons is limited by the energy barrier to cross an incompressible
strip. Since these strips are narrow compared to the size scale of the constituents
of the bimeron, we expect the activation energy to be given approximately by the
maximum of the activation energies for merons of the two polarizations p =T, |.
This leads to a drag resistance much smaller than that of the drive layer, and an
activation energy that is symmetric with respect to bias. Both these behaviors are
observed in experiment[56; 68]. It is interesting to notice that, within this model,
as samples become increasingly clean one expects such mobile bimerons to become
more prominent relative to single merons, so that the voltage drop in the two layers
will increasingly match with decreasing disorder. In principle a drag experiment in a
sample clean enough that all merons are paired will result in precisely the same voltage
drop in each layer, so that pure counterfow becomes dissipationless, and parallel flow
dissipation occurs in a manner such that one cannot distinguish whether the electrons
are moving in the upper or lower layer.

The most important difference between the Chern-Simon theory of bilayer dissi-
pation presented here and other theories is the involvement of topological charges.
Thus it is important to know how the energy barrier of incompressible links for these

charges behaves as a function of various parameters as we discuss in the next section.
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Figure 4.9: (a)Finite reciprocal lattice vector construction of a checkerboard strip
bias potential with a width ~ 1.04¢ for v = 1.02 lattice. The length of each strip is
~ 10¢.(b) Unit cell of a lattice of merons for layer separation d/¢ = 1 at vy = 1.02

and zero tunneling.
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4.6 Model of Activation Barrier For Merons

In equilibrium, one expects the energy of merons residing in different puddles to be
roughly equal. When a meron hops from one puddle to the next it must pass through
an incompressible strip, where its energy is higher. Computing the activation energy
directly for such a process is challenging because it is difficult to find the energy of a
meron in a puddle with any precision. However, one can estimate the relative activa-
tion energy for merons to pass through the barrier region for different biases. In order
to do this, we compute the energy of a lattice of merons in a commensurate potential,
for which there is a strip with interlayer bias running directly through the center of
every meron in the lattice (Fig. 4.9). By taking the difference in energy between
configurations in which the meron polarizations are parallel and antiparallel to the
bias potential, one arrives at an estimate for the bias dependence of the activation
energy. We used the same method to derive the energy of topological excitations as
in chapter 3.

To compare with experiment we wish to compute the energy difference as a func-
tion of the difference in filling factors for the layers, Av. To accomplish this we also
compute meron lattice states with a uniform bias, to estimate the Av associated with
a given bias. Estimates of the incompressible strip width indicate that it should be of
order ¢, which is rather narrow compared to the size a meron for very small tunnel-
ing so we consider this situation in computing the bias dependence of the activation
energy. Typical densities resulting from the calculations are illustrated in Figures
(4.10(a),4.10(b)). Figure (4.10(a)) shows the density of a meron before applying the
strip bias potential at d/¢ = 1 and zero tunneling. This distribution clearly has
circular symmetry. Figure (4.10(b)) shows the density of the meron after applying
the strip bias potential that creates an imbalance of Av/vr ~ %4.8. As we can see
the meron has lost the circular symmetry in trying to avoid the bias region. Figure
(4.11)(b) shows the difference between the two densities where we can see that the
meron has transferred part of the charge density away from the biased region. In fact,
part of the charge has moved to the sides of the strip creating an asymmetry toward
a direction perpendicular to the strip.

In our numerical derivation the initial condition for the meron had a vortex sym-
metry (p(R¢G) = €?p(G)). During all the iterations the solution kept this symmetry
even in the presence of the strip bias without the need to enforce it. This indicates that

the meron lattice solution is robust against the different variations of bias potential.
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Figure 4.10: (a)Charge density of a meron at d/¢ = 1, vy = 1.02 and zero tunneling.
(b) The applied bias strip potential with a width of ~ 1.04¢. (c) Charge density of

meron after applying the bias strip potential that creates an imbalance of Av ~ %4.8.
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Figure 4.11: (a) The same potential as in figure 4.10(b) . (b) Difference of charge
density of a meron after applying the potential with strength v = 0.01¢?/¢ creating

an imbalance of ~ %4.8 at d/¢ = 1.0, vy = 1.02 and zero tunneling.
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Figures (4.12) shows the difference in charge density of a meron at a smaller separa-
tion d/¢ = 0.5 and zero tunneling with almost the same imbalance Av /vy ~ %4.6.
Clearly the change is much smaller than the case with larger separation. Physically,
this difference is a result of the larger exchange energy for smaller layer separations,
which makes it more difficult for merons to deform. Through such deformations, the
electron density in the merons can avoid the most energetically expensive regions. On
the other hand, for very small layer separation, the bias required to displace charge
from one layer to the other becomes very small, so that for a fixed population imbal-
ance Av, the energy difference between the two polarizations must vanish as d — 0.
As a result, the activation energy for fixed Av is expected to be a non-monotonic
function of d/¢ as can be seen in figure (4.13). This is an important prediction that
can be tested in experiment. Figure (4.14) shows the energy difference of a meron
as a function of layer imbalance. The results are qualitatively quite similar to exper-
imental observations although the overall magnitude is roughly a factor of 3 larger.
Likely causes of this discrepancy are the absence of finite well-width corrections in
our calculations, and the absence of quantum fluctuations which should lower the ex-
change stiffness in the incompressible strip. Discrepancies of this magnitude between
Hartree-Fock calculations and measured activation energies are quite typical [63; 20]
in quantized Hall systems. On the other hand this value decreases with decreasing
the width of the strip bias potential as can be seen in figure (4.15). This indicates
that the observed activation energies in experiments are indeed the energy barrier
against merons hopping across the incompressible strips rather than their excitation
energy out of the vy = 1 vacuum and another reason why they are smaller than the
actual calculated values in the numerical Hartree-Fock approximations.

Before we finish this section it is important to point out that it has been argued
that the Lorentz force and Magnus force on a skyrmion in a single layer quantum
Hall system are in fact equivalent and are two representations of the same force[64].
This argument is true and must be answered for the case of bilayer system. First we
should remember that the Magnus force and Lorentz force come from two different
external current sources, namely counterflow current and parallel flow current and
one can distinguish between the two experimentally. Second it is possible to derive
the dynamics of merons using a classical theory of vortex dynamics in ferromagnets
[65]. In this theory out-of-plane vortices are defined as the vortices that have an out
of plane component determining their polarity. Depending on the polarity one can

show that these vortices will feel a force called gyromagnetic force. One can show that

103



(b)

Figure 4.12: (a) The same potential as in figure 4.10(b) . (b) Difference of charge
density of a meron after applying the potential with strength v = 0.003¢?/¢ creating

an imbalance of ~ %4.6 at d/¢ = 0.5, v = 1.02 and zero tunneling.
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in presence of any current distribution the Magnus and gyromagnetic force together

give rise to the same total force as the one in equation (4.31).

4.7 Future Work

The presented theory in the last few sections is a new approach in analyzing the
transport properties of the bilayer systems. This theory can be developed in so many
different ways. The possible role of low but non-zero tunneling amplitude in activation
energy of merons can be investigated using for example parallel magnetic field. As
was discussed in chapter (3) in a sample with non-zero tunneling bimerons are lower
in energy than merons. Bimerons on the other hand do not have an electric dipole
moment consequently they don’t respond to the interlayer bias which results in the
disappearing of the asymmetric behavior in the activation barrier. It would also be
interesting to know the response of a bimeron to a strip bias potential. Does the
bimeron prefer to split into two separate merons? This may illustrate why disorder
can unbind merons. This response can be studied by varying interlayer bias, tunneling
and separation. On the other hand the role of spin has been completely ignored in
this chapter. First of all one needs to find out what would be the response of the
meron to strip potential when the Zeeman gap is low such that it allow the spin of
electrons tilt away from majority direction in order to compensate for energy cost of
the bias strip. On the other hand CP3 skyrmions are robust against interlayer bias
as was illustrated in the previous chapter. The question then remains whether they
are robust against the application of strip biases ? and how their energy will change.
All these questions can be answered by extending the above numerical work and also
by studying a possible spin-pseud-spin Chern-Simon theory for bilayer system. These

questions also may in principle be studied by experiments.

4.8 Meron-Edge Theory, An Alternative?

The edge current in quantum Hall system has unique properties. In the above discus-
sions edge current was totally ignored assuming that in the absence of backscattering
there is no dissipation in the edge current. However throughout the whole theory it
was assumed that the edge current is responsible for the quantized Hall conductance
(as discussed in chapter 2). There is a serious concern among the Hall effect commu-

nity about the role of edges of the Hall bar in the measured transport properties [66].
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Figure 4.13: The energy barrier for a meron crossing a strip bias of width ~ 1.04¢ as

a function of layer separation for three different imbalances.
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One of the reasons for this concern is that the contacts made to the electron fluid are
first of all interacting with the edge current. In an attempt to interpret the activation
energy results of the experiments (Fig. 4.6) one can consider the interaction of the
edge current with the bulk in presence of merons. In this section we introduce an
effective theory of meron-edge interaction and show that it is possible to explain the
experimental results using this theory.

We assume the edge current possess two independent properties : local charge
density p(y) = pu(y)+pr(y) and pseudo-spin density m(y) = pv(y)—pr(y). Assuming
the system is in coherent quantum Hall regime the Hall resistivity is nonzero and
quantized in both layers (fig. 4.5). Also we assume that the charge of merons are
close to half the electronic charge independent of imbalance. This assumption is only
true for small imbalances. Finally we consider the specific case of current in top layer
Iy # 0 and in bottom layer I, = 0.

One can view the current distribution as the sum of a counterflow and a parallel
flow as was used before. The counterflow current drives excitons in the system so
it couples to the excitonic superfluid. This current in the superfluid will produce a
Magnus force (eq. 4.2) on the merons already present in the system, a force transverse
to the direction of the current. This force drives vortices to one edge and anti-vortices
to the other edge of the system. Voltage probes in a layer measure the local edge
current at the leads. The charge and dipole moment of the driven merons at the
edge will influence the local charge and pseudo-spin density of the edge and cause
dissipation. The measured activation energies are then the energies of merons trying
to overcome the incompressible barriers formed by disorder. This activation energy
is numerically calculated in the previous section.

We use ny , ny , py and p; to denote the charge densities associated with merons
of the type V- 1T, A~ | | AT and Vf respectively. The =+ sign indicate the charge
of the meron. We assume there is no recombination inside a puddle and that the
charge transfer between puddles occurs almost instantaneously in the steady state so
the current density associated with any type of meron flowing into the edge will be:
J(20) = plep +T'0n(20) in which Iop is the counterflow current, x, is the position of
the last strip a meron has to hop across to reach the edge and p is the effective mobility
of the meron. We have assumed only the merons drift in the x-direction perpendicular
to the current flow. Finally dn indicates the deviation from zero-current density, ng.

—A/k‘BT —A/kBT 1

We assume this process is thermally activated, ' = I'ge and = pge n

which the activation energy has been calculated in the previous section.
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Assuming current flows in the top layer, the pseudo-spin of electrons at the edge
are polarized toward top layer. The merons hopping the last energy barrier join
the edge current. From a microscopic point of view it is very difficult to find out
what happens to the local charge density when a meron enters the edge, however
macroscopically, using basic physical principles we can argue in a semiclassical way
that the edge current can absorb the charged merons: When a meron V™~ 1 is close
to the edge, in order to satisfy the correct pseudo-spin boundary conditions one can
imagine an image charge which has to be AT 1 or A~ | approaching the edge from
outside (Fig. 4.16), edge current absorbs the V= 1 and A" 1 or A~ | will enter the
system so in effect the charge density or pseudo-spin density at the edge has changed
by one unit. Note that the only type of charge needed to be conjugated is the vorticity
charge not the real electric charge because there is no restrictions on the electric field
distribution at the edge. The same type of processes can occur for other types of
merons. These processes will dissipate the edge current and depending on the type
of process the dissipation in drag and drive layer will be different. Consider the edge
that absorbs vortices and emits anti-vortices, and assume the interlayer bias is toward
the top layer. In this case the most energetically favorable process is V- T— AT 1 in
which the total charge at the edge changes by one electronic charge. This charge will
be added only to the upper layer to minimize the exchange interaction energy with
the existing pseudo-spin up electrons. The rate of this process can be formulated as
9n1nt — gpr 1 Which includes the reverse process and the g’s are the coupling constants
indicating the strength of the process. The next lowest energy process is V= T—
A~ |. This process doesn’t change the total charge density of the edge but increases
the pseudo-spin density of the edge electrons by trying to rotate their pseudo-spins
toward the upper layer reducing the charge density in the bottom layer. The rate
for this process can be written as h,yn; — h, n|. The next process is V] T— ATT:
again this will not change the total charge density of the edge but tries to rotate the
pseudo-spin of the edge electrons toward bottom layer reducing the charge density
of the upper layer. The rate of this process is : h,p| — hyypy . The last and least
favorable process is V|T— A| in which the total charge of the edge reduces by one
electronic charge but the pseudo-spin of edge is not affected. The rate of this process
is gp1p| — 9p1p) - The above discussion implies gn1, gpr > Rngs hny > oy, Bpts Gpl s Gny -
Assuming the edge current flows only in one edge channel with constant velocity vg

the evolution of the edge charge density for each layer will be as follows :

dpy Ipy
o = Vgt (gun = gupy) +
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— (hppy = hypipt) = (GpiP) — Gniny)

dp, Ip,
- P, + (hpip) — hprpt) +

—  (hpiny — hpyny). (4.38)
In the absence of tunneling the meron dipole moment can not flip which along with
the charge conservation allows us to conclude that the number of each meron type
is constant in the steady state. Using this boundary condition we can then find the
density gradient of the edge of each layer in terms of the g’s and h’s in the steady
state. Besides the zero bias energy, the activation energy A includes the dipole-bias
interaction contribution A(V) o< V for small biases: A = Ag+ A(V). Because the
first process has the largest matrix element we can approximately ignore the other
processes. Also we can assume the coupling for exchange of V= 1 and A" 1 merons
at the edge are nearly equal: g, ~ gp1 . With these assumptions, for the drive layer
one can get:
dpy 1€ T (p11 + piny)

= 3 I 4.39
dx 2€AO/]§BTgnT + FO@A/kBT CF ( )

In the above u’s are the zero temperature mobilities. In the zero temperature limit

we will have dp; ~ %[CFG_(AO_A)/ k8T for all positive and negative values of interlayer
bias which means the activation energy of the drive layer is behaving asymmetric
with respect to V. At this level of approximation no voltage drop can be seen for the
drag layer. To the lowest non-zero approximation the charge density gradient for the

edge of drag layer will be:
dpy T ((pnt — ppt) g + (piny — pip))hiny)

= AT - Iop. (4.40)
hnTeAO/kBT + hye FBT + Loed/ksT
for which at zero temperature limit we see that
Opy ~ —e” BTN (i — i)y [Py + (ptny, = p) lor (4.41)
for V> 0 and
0py ~ —e~ Iy — piyy) + (ptny, = 1)) Py /o, o (4.42)

for V' < 0. This is showing a symmetric activation energy with respect to V.

Of course ultimately the above two pictures (Chern-Simon theory and meron-edge
interaction theory) must be united. The Chern-Simon theory neglects edges entirely
and only assumes a balanced meron population. However this can only be true for a
finite system if we allow for charge conversion as given in figure (4.16). Conversely, the
edge picture does not predict the mobilities and transition rates implicit in eq.(4.38).

These must be generated by a microscopic theory such as the Chern-Simon approach.
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Chapter 5

Nanoring Arrays

Traditional solid state physics deals with systems of macroscopic size. Using a com-
bination of statistical mechanics and quantum mechanics physicists have been able
to understand many physical aspects of different types of materials. These materials
consist of a macroscopic number of particles of the order of Avogadro’s number N and
volume V. In order to be able to use statistics in calculations one needs to assume N
and V approach infinity in a way that the density n = N/V stays constant. Quantum
interference effects in these systems usually are suppressed due to the large number
of particles except at special circumstances like in superfluid systems at low tempera-
tures or most of the second order magnetic phase transitions. However fabrication of
micro- and nano-sized structures like quantum dots, wires and rings in recent years|3]
has made it possible for physicists to examine new ideas in the physics of electronic
devices. In these systems two important interrelated quantum mechanical character-
istics can change the behavior from being a regular macroscopic system: discreteness
of energy levels and interference. These small size devices act as artificial atoms with
discrete spectra and shell structure similar to those of real atoms. It is also possible
to control the properties of these synthetic atoms in a way that is impossible with real
ones. For example, a regular atomic orbital is three dimensional and one has limited
control over the electronic wave function, while in contrast by controlling the shape
of a quantum dot we can distort the wave function, controlling its polarizability and
its interaction with adjacent dots.

When the number of particles in a quantum system is small one can expect to
observe quantum interference effects. However even in very dilute systems quantum
phase coherence can be destroyed by inelastic scattering events. In very small systems

on the other hand, the confined particle’s path can be short enough to reduce the
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Figure 5.1: SEM Images of Ni Nano-Rings a patterned perpendicular recording me-
dia. Fabricated using bottom-up Alumina Templates with top-down fabrication tech-
niques. Courtesy of Prof. Johnson’s Lab, Department of Physics, University of
Oklahoma.

number of inelastic scattering. In the next section I will explain how inelastic scat-
tering can destroy the quantum mechanical phase of a particle and show that if the
size of the systems is smaller than or of the order of a characteristic length L, called
phase breaking length then one can expect quantum interference effects to appear in
the measured properties.

The focus here is on the periodic arrays of nano-rings. The basic difference between
the ring geometry and a quantum dot is the excluded middle(Fig.5.1) which confines
the electron in a ring to a narrow spatially periodic channel. This system is capable of
exhibiting various interesting phenomena such as a persistent current[4; 5; 6; 7] and
electrostatic polarization[8] due to quantum mechanical phase coherence. We should
emphasize that the model used here is very simple and does not include many different
structural details of the rings. This idea of electrostatic polarization of interacting
ring arrays is a new idea and it is intended to open up a new field investigation on

collective phenomena in nanostructures.

5.1 Phase Coherence

As mentioned in the introduction the main feature of small size devices is the ab-

sence of scatterings that destroy the quantum mechanical phase and consequently
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any possible interference effects. This is a very important feature in nanostructures
like interacting quantum rings. In these systems the particles behave quantum me-
chanically and one needs to take the uncertainty principle and interference effects into
account in analysis. These systems usually are coupled to a much larger system called
the environment. The environment can be a lattice, surrounding electron gas or the
measurement probes. If in the scattering event the state of the environment changes
then a measurement has happened. These types of scattering events are called inelas-
tic. In this case the coupling of the particle with the environment involves this change
of state in the total state of the particle+system and causes the interference terms to
vanish. As an example let’s consider the Aharanov-Bohm experiment in a quantum
ring as figure (5.2) is demonstrating. In this setup an electron is expected to have
the option of traveling either right or left arm of the ring. The ring is threaded by a
magnetic flux ®. In case of no interaction with the environment the wave function of

the electron at time ¢ is:
U= (t) + () (5.1)
in which 1; and 1, are the probability amplitudes of the electron taking the left and

right arms respectively. The probability distribution then will have an interference
term 2Re[t);1,] and this term will have the Aharanov-Bohm phase ¢ap = e®/h as
it is the real part of the probability amplitude of the electron traveling once around
the ring.

Now when a measurement event takes place or there is an interaction with the
environment the wavefunction will not be the same as before. Let’s say x;(n) and
X-(n) are the wavefunctions of the environment for the left and right arms respectively.
7 is a coordinate of the environment. The wavefunction of the electron+environemt

system will then be:
U= @xa(n) +¢r © xr(n) (5.2)

After time ¢ the interference term would be :

2Rl ()t (1) / dnxt (0,6 (1, 1) (5.3)

The integral over n is because the state of the environment is not being measured at
any time during the electron travel so we have to sum over all n’s. This is nothing
but the scalar product of two states of the environment. These two states are the
same at t = 0 but at time ¢ the interaction has happened and they are different.
When these two states are orthogonal to each other then the state of the electron

has been identified and the interference term is zero, the states can be distinguished.
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Figure 5.2: Schematic picture of the possible electron path through a semi-circular

circuit threaded by a magnetic flux.

The dephasing rate, 1/74 is defined as the frequency of this type of event which is the
shift of the environment state to another orthogonal state. The dephasing length, L,
is defined as the average length at which the particle travels without changing the

state of the environment to an orthogonal one.

5.2 Model of Interacting Rings

We consider a one dimensional array of singly charged narrow quantum rings with
radius R and center-to-center separation of D (Fig.5.2). The width of each ring
is much smaller than its inner radius so that the lateral confinement energy of the
electron is high enough that we need only consider the one dimensional movement
of the electron around the ring. The rings are isolated from each other so there
is no charge transfer between rings however we consider the Coulomb interaction
between nearest neighbors to be in effect. The Coulomb interaction scales inversely
with distance, whereas the tunneling is exponentially suppressed. Indeed it would
be experimentally difficult to achieve the limit where electrons can tunnel between
rings. In the limit where electrons can tunnel from ring to ring the dynamics are much
richer. While in principle the Coulomb interaction is long range, we assume that there
is sufficient screening that next nearest neighbor interactions can be neglected. All
the phenomena explained here only will show up in real experiments if the rings are
sufficiently narrow, ﬁ > kgT in which w is the width of the ring, so that electrons
are effectively one dimensional. On the other hand as we mentioned before it is very
important that electrons do not lose their quantum mechanical phase, i.e. the ring’s
perimeter has to be smaller than the electron’s coherence length (2rR < Ly ) and the
temperature has to be lower than the dephasing temperature (7" < T}). Only in this

conditions we can treat electrons as particles in a periodic one dimensional potential
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even in presence of disorder. With these assumptions one can solve for the extended
state solutions for the wave function of the electron. Major sources of dephasing are
usually electron-phonon interaction and impurity of the system whose effects will be
highly reduced in today’s fabricated nano-rings .

In each ring the confinement energy of the electron scales as E, = h*/2m* R?; this
energy opposes localization of the wavefunction in the ring. The inter-ring Coulomb
repulsion, which scales as E, = ¢?/D, tries to localize the wavefunction. Electrons are
repelled from regions of the ring where it is too close to the charges on neighboring
rings. The competition between these two physical scales creates a quantum phase

transition in the array from a localized state to extended state.

5.3 Classical Charges

Before solving a quantum mechanical problem it is always helpful to look at the
similar classical case which is usually easier to solve. The classical model considers
one charged point particle per ring with only nearest neighbor Coulomb interaction.
Unlike the quantum mechanical case there is only one energy scale in the classical
problem which is the Coulomb energy E. = ¢*/D. The energy of a 1D array is given
by Uip = S, €2/|7(0;) — Fis1(Bis1)], where 6; is the location of the i-th electron as

measured from horizontal axis. In the dipole approximation we can write this as :

e2e?
Uip — U() ~ ﬁ [3 COs 291 + COS(QZ' — 0,‘_,.1)
— 3cos(0; + 0;11)]
e2e? L 3~ .
= 5 2 5 S+ 5 (D (5 - 5i41))?)-

(5.4)

where € = R/D and Uy is a constant, Uy = N52 (1+ %) In the second expression we
identify the position of each charge by a vector §; in the 2D plane of the ring pointing
from the center of the i-th ring to the charge on that ring. The unit vector D lies on
the horizontal axis (see figure 5.3).

The cos20 (or (D - §)?) term explicitly breaks the rotational symmetry, driving
the system from XY to Ising-like behavior. The Heisenberg term in the last line of
equation (5.4) drives the system ferroelectric at zero temperature while the second
and larger term favors states where neighbors point in opposite direction. Thus the

system at zero temperature orders in an antiferroelectric (AFE) pattern (Fig.5.2)
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in one dimension. Our numerical Monte Carlo simulations of the exact Coulomb
interaction also verifies the existence of such a minimum energy configuration in the
classical finite size arrays.

We can examine the stability of the AFE state by finding the higher energy modes
of the system. We expand the energy function (5.4) to quadratic order in displacement
angle around the AFE configuration using ; = (—1)’% + ;. The AFE configuration

has a basis with two sites so we find two independent normal modes with frequencies:

kD
wgD)(k) = 2wo/4 £ 2cos - (5.5)

Where wy = \/m. Both the modes are gapped since the Ising-like term pro-
vides the harmonic restoring force at each site. The modes are shown in Fig.(5.2).
The normal modes are found to be independent of the ring radius.

Another interesting classical limit of our ring problem is when there is a classical
self-interacting fluid of charge on each ring while the nearest neighbor fluids are still
interacting with each other. A quantum mechanical wave function for a particle
behaves to some extent like such a fluid although a wave function does not have
self-interaction.

To find the minmum energy distribution of charge density on each ring we define
an angular dependent charge density p;(6;) on each ring where: [ p;(6;)df; = 1. We

are looking for the minimal solution to the variational quantity :
0)p;(¢')
/d@/d@' ‘ UL AL A | + A E /d@pZ (5.6)
T — T

For a 1D ring this expression is divergent due to infinite self energy. We can regu-
larize this in several ways. One method is to introduce a short distance cutoff ¢ to
the Coulomb interaction, discretize the integral equation and then solve the prob-
lem numerically. An approximate analytic solution can then be obtained by Fourier
expanding the distribution, keeping only the first three modes. For 1D array with
periodic boundary condition we find that the amplitude of the non-trivial Fourier
mode as a function of ¢ and e = R/D for p is given by:
5 —3me3(2 — 5¢?) ‘

4(—2+ 4log(e/Q))

We compare this analytic result with the numerical digitalization of (5.6) in Fig.(5.5).

(5.7)

As we can see in Fig.(5.5) the minimum energy configuration of the 1D array of charge

fluid does not break the up-down symmetry of the system.
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Figure 5.3: A schematic picture of the groundstate of classical point electrons for 1D array
of rings. The ring radius is R and the separation is D. The 1D ordering is antiferroelectric

and thus has a double degenerate groundstate.
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Figure 5.4: Normal modes of the 1D ring array with gaps of (a) 2v/2wg and (b) 2v/6wy.
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Figure 5.5: A plot of the second fourier amplitude of the classical charge distribution
on a ring in a 1D horizontal array. The circles are numerical results, the solid line
is a scaled plot of eq.(5.7). Scaling is required since the analytic result neglects all
higher fourier modes. Inset: a sketch of the charge distribution that corresponds to
this Fourier mode. Note that the symmetry of the array is not broken by the charge

distribution.
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5.4 Quantum Charges

At first glance the quantum mechanical wave function of a charged particle resembles
the classical charge fluid. Although the wave function does not have self-interaction,
the quantum particle has a kinetic energy which opposes localization, making the
analogy to charge fluid even stronger. Unlike the classical case, the quantum prob-
lem has two competing energy scales: the quantum kinetic energy, £, preventing
localization and the Coulomb interaction energy, E., trying to localize the charges
away from each other. At E, < E. we expect charge localization on each ring and
at B, > E, we expect no localization of charge, however it is not a prior: obvious
whether the charge localization pattern (system polarization) breaks the symmetry
or not, exactly when this transition happens and the exact nature of this transition.

As a first step we can use a simple variational wave function to find the polarization
behavior of the system in ground state. The dimensionless Hamiltonian of an array

of one dimensional rings with radius R is given by:

. 0? 1
H=-> — '
2@ " LG - B .

where 0 = E./E, is the interaction strength and the energy is measured in units of

E, = h?/2mR?. To find the ground state energy of the 1D array we employ a simple
ansatz for the wavefunction of each sublattice :

Vi-y* oy
+ cos(f —

Jom 5 cos(f = @)

V- oy
Yp(0) = cos(f — @)

V27 V2r
(5.9)

The ground state values of y and ¢ is obtained by minimizing the energy (5.8) using

dipole approximation for Coulomb interaction we find:

1 4
0 d < d.(€)

and ¢ = 7 /2, where the critical value of the interaction is given by d.(€) = -x¢ 2. To

find out the degree of polarization we define the staggered polarization vector as:

F= 31 [ W@Pree. (.11
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Using variational results the staggered polarization of the system is as follows:

. 1(4+456¢2\5 _4ni7
Ps(é,e)—{S( me )H(I1=355)2DL 020 (5.12)
0

5<6,

Where D, is the unit vector perpendicular to the common axis of the rings and o,
is defined in equation (5.10). A plot of this function is shown in figure 5.6 (see the
discussion of next section). As we can see variational calculation suggests that the
ground state of the 1D array of rings antiferroelecrically polarizes in perpendicular
direction at high interaction strengthes while at lower values the wave functions are
not localized, hence the system has no polarization. The validity of this result will

be confirmed in next sections using more exact and reliable methods of calculation.

5.5 Hartree Approximation

The rings considered here are well separated with exactly one electron on each ring.
Under this condition and because of strong Coulomb repulsion the effect of inter-ring
transfer of electrons and overlap of wave functions is small. We can therefore neglect
the inter-ring transfer from our calculations. Since without overlap the electrons
do not have any exchange interaction, the Hartree approximation is exact for this
problem. We can decompose the wave function in each ring into a limited number of

Fourier modes:
no

Uil0) = D cpe™ (5.13)

n=-ng
and then solve the system numerically in the Hartree approximation. We impose
the periodic boundary conditions on the array and by an iterative self-consistent
method we find the ground state wave function of the rings. In Fig.(5.6) we can see
the numerical results of the polarization and energy change of the 1D array of rings
for different number of Fourier modes using exact Coulomb interaction and also its
agreement with the variational calculation when we restrict the number of Fourier
modes to n € {—1,0,1}. The results are little changed when we increase the number
of Fourier modes mostly in the high coupling regime. All the above results suggest
that there is transition from unpolarized to polarized state at zero temperature by
changing the coupling. By looking at the behavior of polarization when the number
of Fourier modes increases we realize that this transition tends to be sharper and
sharper for higher number of Fourier modes suggesting a true phase transition in

the system.If true, this transition would be a sudden change of ground state of the
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Figure 5.6: A comparison of numerical and analytical calculations of the staggered
polarization and energy as a function of 4 in a 1D quantum ring array obtained in the
Hartree approximation. The numerical results are for the case include Fourier modes
|m| <1 (triangles) and |m| < 6 (boxes). The solid line is the analytic result assum-
ing |m| < 1. The quantity 0 is a measure of the competition between the Coulomb

interaction and the quantum kinetic energy

quantum system at zero temperature, known as quantum phase transition.[11] We
will find out if this phenomena happens and find out the universality class of the

transition in the next section using the Monte Carlo simulation.

5.6 Monte Carlo simulation

It is well-known[11] that we can write the quantum partition function of a quantum
system, Z = Tre=PH as the sum over all paths taken by the system in an imaginary
time defined by the scale A(. If the quantum system is D-dimensional then the par-
tition function will look like the path integral of a D+1-dimensional classical system
in which the extra dimension is the time direction 0 < 7 < Bh. At zero temperature
[ — oo the classical system is truly D+1-dimensional. One can derive an effective
Hamiltonian for such a classical system from the quantum Hamiltonian using a com-
plete basis states. In this classical system the parameter of the quantum system (in
our case 0) is a control knob like temperature.

We can use Monte Carlo simulation of such a classical system to find out the

universal behavior of the quantum system. To develop a 141-dimensional classical
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theory for our 1D ring array we first stagger the order parameter,d; — (—1)0; so that
we can analyze the Monte Carlo results easily. We also use dipole approximation for
the Coulomb interaction. Consequently we can write the Hamiltonian of the system
as:

n= L i(—z’iﬁ —E i 1% (5.14)

2 & o0 / o '

In which E. = h?*/mR? and E; = e**/2D. In a standard derivation[12] of the
classical field theory one start with expanding the partition function by defining a

time parameter T = $h and dividing it to N sections, T' = N7

Z = Y {0y NG} =

{6}
= 3 Y {OO e OO ({6 e (5.15)
{00y {0y

in which [{6}) = 101,02, ...,0x) and we used the fact that 1 = 37 y.), {O@O) ({6}

for all sets a = 1,..., . We can approximate the exponential for N — oo

6—57161/5 ~ 6—57K/ﬁ6—5TV/h (5.16)

in which K and V are the kinetic and potential energy of the Hamiltonian(5.14). We

can use the eigenstates of the kinetic Hamiltonian |m) to find

{0 e ™M 0(masn) ) = D ({6 He /M {m}) x

{m}
X ({m}e VM {B(r0)}). (5.17)

where we have parametrized the sets with 71, ..., 7ar. Using (6|m) = ™™ for the above

matrix element we find

= Y e { (67 /2h) Eczm%zmk[ek(mm Ok(7i)] 5
{m}

X et OTMEINT s[4 (as1) — ek(fa)]} (5.18)

Because 07 is small, the sum over the m is slowly convergent. We may remedy this

by using the Poisson summation formula

—(87/2R)Ecm? zm Th h/QEcéT)(9+27rn)2 5.19
> = V5B (5.19)

m
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This periodic sequence of very narrow Gaussians is (up to an irrelevant constant

prefactor) the Villain approximation[13] to

e"r(ﬁ/ECcST)COS(@) (520)

Strictly speaking, we should keep d7 infinitesimal. However, we may set it equal to
the natural ultraviolet cutoff, the inverse of the 7 = h/v/EcFE;,without changing
the universality class. This frequency is actually the frequency of a classical rotating
particle in the ring that is under the influence of Coulomb force e?/D. Substituting
this result into Eq.(5.18) yields

T
k=1

N N
7 / Do(r) [J exp { Ehé S coslfi(rarn) — Ou(72)]

N

575‘] ka(fa)} . (5.21)

Where D(6) = [T, D4(r,) and

Vi(ra) = 3cos[0k(1a) — Ori1(7a)] + cos[Ok(7a) + Ors1(72)]
— 3¢08[0k(7a) — Ori1(7a)] cos[0k(Ta) + Ors1(Ta)]-
(5.22)

Because of the trace in the partition function the starting and final states are the
same so 0(7+ Sh) = 6(7). We will also assume periodic boundary conditions in space
direction all over the simulation. By defining the spin vector S, = (cosb;,sin6;) we
can interpret Eq.(5.21) as a two dimensional classical spin model. Our early calcu-
lations suggested that the system of 1D rings has a transition from the unpolarized
to the AFE state. In this classical analogue because we have already staggered the
order parameter we expect to see a transition from an unpolarized to a ferromagnet-
ically polarized state (FE). Close to this transition the spatial variation of the order

parameter S is smooth so we can approximate (5.22) as follows:
Vii(Ta) =~ 3c08(0k(72) — Or11(74)) — 2 cos 20 (7). (5.23)

Using the above potential finally the classical partition function looks like:
2K
7 x /DH(T) exp {K;cos(& —0;) — 5 ZCOS 291-}. (5.24)
iJ %

Where i and j run over an infinite 2D square lattice and we have determined 7 to
identify the two couplings in eq.(5.21) as K = 1/% . Equation (5.24) is a 2D XY
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Figure 5.7: Monte Carlo results of the C, = AE” for different system sizes. The

system is a 141D classical equivalent of 1D quantum ring array at zero temperature.

model with a symmetry breaking field which is 2/3 the XY coupling. Our Monte
Carlo analysis shows that this model has a continuous second order phase transition.
The order parameter of this system is the total magnetization density equivalent to

the total staggered polarization of the 1D ring array:

1

m

w0

(5) — (5.25)
Where the average on the left hand side is the thermodynamic average over the infinite
size lattice. The fluctuations in this system are controlled by K which is the analogue
of 1/T in real classical systems. We can measure the analogue of specific heat of the
system using:

C, = (E?) — (E)? (5.26)

in which (.) is the average over an ensemble and F is the total energy of the system.
This quantity diverges at the critical point of the infinite system undergoing a con-
tinuous phase transition. Fig.(5.7) shows the change of the specific heat of our 1+1D
system in terms of the parameter K for different lattice sizes. As we can see at K.
the peak gets sharper and sharper with increasing lattice size L. An extrapolation
of the point of the maximum of C,, K.(L) to L™! = 0 determines the approximate
critical point of the infinite lattice(Fig.5.8) . Also an extrapolation of m(L, K) for
different values of K in Fig.(5.9) shows that a real continues phase transition happens
in the infinite size system. The effective classical system derived here does not fully
explain all the physical aspects of the 1D quantum system mainly because of the
approximations used to derive the path integral. However, we believe that, close to

the critical region, these approximations do not play any role in the general behavior
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Figure 5.8: Plot of critical coupling K (L) at different system sizes taken from the
C, plots.The solid line is a linear fit to the data indicating K.(co) ~ 0.699.

of the system and the universality class remains unchanged. Hence using the finite
size scaling method we can determine the critical exponents of the classical system

and determine the universality class of the actual quantum system.

5.7 Finite size scaling of the 1+1D system

One of the best parameters for examining the phase transition and find the universal
exponents with finite size scaling is the dimensionless Binder ratio [9]:
(m*)

defined for a system with size L. In the disordered phase K < K, the correlation
length ¢ is finite so for L > £ the distribution of m is Gaussian around m = 0 with
the width ~ N=Y/2 ~ L=%2 50 g;, — 0. On the other hand for K > K, where (m)
is finite, g approaches a constant as L — oo. The variation of g; with K becomes
sharper and sharper as L increases, however all the ¢g’s cross at the transition point

K.. The variation is given by the following finite size scaling function:
gr(K) = (LM (K — K.)). (5.28)

Where g is a scaling function which depends on L and K only in that particular form.
By using the finite size data we can try to find a data collapse and by calculating
the standard deviation find the best exponent v fitting to the collapsed function.

Figure(5.10) shows the Binder ratio for different lattice sizes. For a correct exponent
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Figure 5.9: Extrapolation of the total magnetization density of the 141D classical
system to infinite size at couplings K/K.(oo)=1.45(empty boxes), 1.32(triangles),
1.03(polygons), 0.74(filled boxes), 0.45(stars) and 0.16 (crosses). The solid lines are

linear fit to each set of data.

all the scaling functions calculated for different sizes have to be equivalent when
plotted against their argument. This can be achieved by minimizing the standard
deviation of all curves. When the correct exponent is obtained all the curves will
collapse on each other. Figure(5.11) shows the collapsed data and Fig.(5.12) shows

the best exponent is v = 1 4+ 0.01. The scaling for the order parameter |m] is:
m =L XLV (K - K,)). (5.29)

Where X is a function of z = LY*(K — K,) only and 3 is one of the universal scaling
exponents of the system.To determine the universal exponent 3 we plot L%" vs. z
for different sizes.Fig.(5.14) and (5.15) show the the collapse of different data sets
and the standard deviation for different exponents respectively which shows the best
estimation is = 1/8 £0.005 .

5.8 Universality Class

The universal exponents extracted from the finite size data indicate that our 141D
classical XY model in the symmetry breaking field is in the universality class of
2D classical Ising model, hence the nature of quantum phase transition of our 1D
quantum ring array is Ising. The Coulomb repulsion forces the electrons alternate
staying on the top and bottom of the rings. However the quantum kinetic energy
tries to avoid localization. This kinetic energy causes the electrons to tunnel from

top into bottom of the ring hence destroying the antiferroelectric order. This ordering
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Figure 5.10: Plots of Binder ratio for different system sizes. The behavior is sharper

at larger sizes.
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Figure 5.11: Collapse of Binder plots at the critical region.The best collapse is ob-
tained for v =1 £ 0.01.
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Figure 5.12: Standard deviation of the set of scaled plots of Binder ratio for different
exponents.The case for v = 1 is the best choice which is plotted in Fig.(5.11).
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Figure 5.13: Monte Carlo results of average magnetization of the 1+1D classical

system for different system sizes. The change of magnetization tends to be sharper

as the system size grows.
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Figure 5.14: Collapse of scaled magnetization data sets for v = 1 and = 1/8 in the

critical region.
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Figure 5.15: Standard deviation of the set of scaled plots of magnetization for fixed

v = 1 and different exponent . The case for § = 1/8 is the best choice which is
plotted in Fig.(5.14).
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Figure 5.16: Plot of the energy of an interacting quantum ring array when all the
wavefunctions are constant around the ring (dashed) or all are in the form of ¢y =
a+b cos 20(solid).The points are the actual results coming out of the numerical Hartree

calculation indicating that 14 is the selected behavior for § < §,. &~ 8.

behavior shows up in the probability distribution on each ring. Fig.(5.16) shows the
energy of each electron with the wavefunction ¢4(6) = x + ycos(20) compared to
when the wavefunction is a constant all around the ring.The wavefunction ¢4 has two
maxima on top and bottom of the ring which means the electron is fluctuating up
and down. As we can see by increasing the coupling the lower energy state selected
by the exact Hartree calculations (dots) gradually matches 1, instead of constant
wavefunction. This behavior persists in a range of couplings close but smaller than
the critical coupling i.e. in disordered region § < J.. Needless to say that after
transition point the ground state wavefunction is no longer 14, and the system starts
to excite more angular momentum eigenstates (Fourier modes).

All the above discussion suggests that the nature of the antiferroelectric transi-
tion is not just the simple 2D Ising but is similar to 1D transverse field Ising(TFT)
which has a quantum phase transition at zero temperature in the same universality
class as 2D Ising. We can develop an effective 1D TFI Hamiltonian for our ring
array in the dipole approximation. In this approximation we can write down the

Hamiltonian(5.14) as follows :

H = Hy+V

v 0 1 2
Hy = Zz: [<_28@i) + 3d€” cos 26,]

V o= —6é Z [3cos(b; + 0;11) + cos(0; — 0;11)]. (5.30)

%
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Figure 5.17: Plot of the cos26 potential around a ring (the thick solid line), the
ground and first excited state of this potential (thin solid lines) coming out of a
simple numerical Schrodinger equation solver and the up and down states (dashed
lines) constructed from the two eigenstates(see appendix).The scale of the potential

is exaggerated for easier comparison.

The cos 20 term in the Hamiltonian H, has minima at the top and bottom of the
ring.

Fig.(5.17) shows the potential and the two lowest energy states of it with energies
Ey < E;. The rate of tunnelling from top to bottom or vise versa is determined by
A = E, — E,. The potential V tries to align the electrons hence it acts like the Ising
interaction. A more rigorous derivation using Holstein-Primakov bosons|8] shows that
the projection of the Hamiltonian H into the subspace of the ground and first excited

states of Hy can be written as:

N

N
H=~ AZ of —J ) ojoi. (5.31)
i=1 i=1

In which ¢’s are Pauli spin matrices and .J = 85¢2. Numerical diagonalization of H,
tells us that A ~ 1 — 0.15¢? for small e.

Close to transition the Coulomb repulsion is not strong enough to excite the elec-
trons to higher states, consequently the TFI model in Eq.(5.31) is valid and indicated

the nature of transition of the 1D ring array.
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Figure 5.18: Plots of ground state energy of the interacting quantum ring array in
the external magnetic flux threading each ring for different couplings §. The physics

is periodic because of Aharanov-Bohm induced phase that is proportional to the flux.

5.9 Effect of Magnetic Flux

Y. Aharanov and D. Bohm (AB) have predicted [10] that the wave function of an
electron moving in a vector potential ff(:v) along the path C acquires a phase shift:

(& — —
AN=— [ A-dr. .32
re /. r (5.32)

AB predicted that this phase shift can be observable.When an electron is confined
on a closed path like the case of charged ring threaded by magnetic flux ¢ the phase
shift after one 27 rotation would be :

(&

AA
he

%/T- dr = ¢/ . (5.33)

Where ¢y = he/e ~ 4.135 x 107 "G.cm? is the quantum of flux.

The phase shift above has been observed in numerous experiments and different
devices including the experiments of persistent current and excitons in quantum rings.
In this section we show how magnetic field changes the behavior of polarization.

The kinetic energy of an electron in a ring threaded by a constant uniform mag-

netic field BZ (the ring is in the x-y plane) is as follows:

(- ¢y (5.34)

2m

For the choice of gauge: A = Z(—y,z,0) the Hamiltonian (5.34) will look like:

2
ﬁh.acé
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Figure 5.19: Plot of the two-body potential function in Eq.5.40. The interacting
rings in magnetic field select the minimum of this potential for their ground state

wavefunction at low couplings. The potential is in units of de2.
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Figure 5.20: Results of numerical Hartree calculations of the polarization of a 1D
quantum ring array threaded by half-flux quantum ¢/¢, = 1/2.At § < 6. before
staggered polarization (P;) starts to develop a finite transverse total polarization(F,)

appears in the system.
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in which the momentum is in the polar coordinates:p = —z%% and the eigenfunctions
are periodic: (0 + 2m) = 1 (0). The eigenenergies of (5.35) will be:

2

En= g r(n— ¢/d0)° (5.36)

in which n is an integer. By changing the gauge A — A— VA wavefunctions undergo
a phase change ¢ — G%AQ/}. For example we can use the gauge transformation with
the choice of A = (BR?/2)6 to remove the vector potential from (5.35) but at the
same time we have to shift the phase of the wavefunctions to e_iﬁew. As the result

the eigenfunctions change:

1
V2T

This eigenfunction however has a different boundary condition than the previous one

¢n(9) — et (n—¢/¢0)0 (5‘37)

(O + 2m) = ¥/ P0y) () (5.38)

but as one physically expects the eigenenergies are not changed.
The ground state energy of the interacting quantum ring array in the magnetic

flux ¢ can be written as:

Eo(6,0) = Y leal’(n—0/00)* +

n=-ng
Wo(0)]2|Wo(0)?

5 aoaer 0! 5.39

* Z/ 7(0) ~7(0) (539

where Wo(0) = /%0370 | ¢,eM is the ground state wavefunction expanded in

the free Hamiltonian basis states.

As we can see in Eq.(5.39) the only part that is affected by the AB phase is
the kinetic energy and the potential energy is not sensitive to the phase. When the
magnetic flux changes the Eq.(5.39) changes with a period of ¢y because for ¢/¢y = 1
we can rearrange the sum and show that the value of the kinetic energy is equal to its
value at ¢ = 0. This is an evidence for the fact that the physics of quantum ring arrays
in the presence of magnetic field doesn’t change at integer flux quanta. For infinite
ng this argument is true at any range of magnetic flux however in our numerical
calculations where we have used a finite number of Fourier modes Fj is periodic only
at the range 0 < ¢ < ng¢g in Fig.(5.18) we can see the periodic behavior of the ground
state energy of the ring array as magnetic flux changes. The results of our numerical

Hartree calculations indicate that in a 1D ring array in which each ring is threaded by
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a magnetic flux ¢, the polarization pattern changes from unpolarized to ferroelectric
at half-integer flux quantum. Fig.(5.20) shows the behavior of P, , the component of
the total polarization vector P = o fo% dB|v;(0)|*7;(0) in the direction of the ring’s
common axis at half flux quantum. This plot shows that at J < d. the wave function
has an unbalanced distribution around each ring. However the total polarization
vanishes at higher values of interaction where the wavefunction distribution becomes
antiferroelectrially polarized in the array. The finite polarization at small interaction
strengthes has a ferroelectric pattern which is degenerate left or right. From this
result we can see that the physics of quantum ring arrays changes at half integer flux
quantum. The total staggered polarization in the ¢y direction perpendicular to the
common axis of the rings starts to build up at § > 9. as in the case of no magnetic field.
We can explain this phenomena of finite transverse polarization due to magnetic field
in different approaches. We can use a simple perturbative discussion to understand
this behavior qualitatively. The Eq.(5.30) which is the dipole approximation of the

total Hamiltonian will modify in presence of a magnetic flux as follows:

H = Hy+V

g LAY 2
Hy = ; [( 56 %) + 30€” cos 26;]

Vo= —bé Z [3 cos(6; + 0i41) + cos(0; — 0;11)].

(5.40)

In the above equation the kinetic energy Hamiltonian has a degenerate ground state.
For example at half filling, ¢/¢pg = %, n = 0 and n = 1 levels are degenerate unlike
the case of zero magnetic field in which the ground state is unique and at n = 0.
By adding the symmetry breaking term cos26 in the zero flux the electron gains
enough energy to excite to the next higher level. This excitation causes the electron
to destroy any localization in the range where V is not strong enough yet. However
when there is a finite magnetic field the cos 26 can not lift the degeneracy between
n =0 and n = 1 levels in the range of small ¢’s. That is why in this case the ground
state of Hy remains degenerate(Fig.5.18). As long as § is small the perturbative two
body potential in (5.40) can not excite the electron to higher levels and the kinetic
energy of the electron freezes. When this happens the electrons behave classicaly

and choose a wavefunction that minimizes the potential V. In Fig.(5.19) we can see

a 3D plot of the two body potential V' in which it has two stable minima at (7, )
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Figure 5.21: Schematic picture of the ground state of a 2D array of singly charged

rings.

and (0,0) indicating the preferred state of the quantum ring array at low 0 being the

ferreoelectric right or left state.

5.10 Two Dimensional Array

The fabricated structures of nanorings are mostly two dimensional arrays. From the
analysis of the one dimensional array in the previous sections we can expect the
ground state of the two dimensional array to have some sort of antiferroelectric order
and indeed the results of numerical Hartree calculations for a square lattice shows
that the order of the ground state is of the type of striped antiferroelectric, in which
electrostatic polarization of rings in each column is aligned while the adjacent columns
have opposite polarization. (Fig.5.21) In order to display the striped antiferroelctric
order we define staggered polarization in the following way:

P, = %Z(—niaj (5.41)

i\j

In which P,; is the polarization of the ring at the site (¢, j) and N is the number
of rings. In the calculations we used periodic boundary conditions and as before we
have ignored the effect of inter-ring charge transfer. In fig.(5.22) we can see that the

same behavior as the one dimensional array exists.
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Figure 5.22: Staggered polarization as a function of § in a 2D quantum ring square
array obtained in the Hartree approximation. The numerical results are for the case

include Fourier modes |m| < 6.

The obtained ground state of the 2D array is four-fold degenerate (the states
obtained by flipping every spin and or rotating them all by 7/2 yield the same energy)
and the U(1) symmetry of unpolarized state has been broken.

In this chapter we reviewed phase transition phenomenon in a periodic array of
electrons each confined to a 1D ring. The parameter 6 determines if the array will
spontaneously polarize; in 1D the transition is at 6 ~ 10. It is easy to achieve
small values of § simply by choosing the ring separation to be large. Thus the
“quantum” limit where the kinetic energy dominates is simple to obtain. To ob-
tain the antiferroelectrically ordered state we need large §. We may write this as
§ = (R?/agD) x (m*/m) where ag is the Bohr radius and m* is the effective mass of
the electron. If R and D are R and D measured in nanometers, and m = (m*/m),
then § ~ 18.9(R?/D)m. We require that the rings do not intersect, so that D > 2R.
Thus the ability to achieve large values of ¢ in semiconductors will depend upon the
value of the effective mass. If we set D = 2R, then for GaAs (m = 0.06) 1D arrays
of rings with a radius greater than ~10nm will be polarized. For AlAs (m = 0.4) the
crossover radius is about 70nm. Rings with a smaller radius will not spontaneously
polarize, but instead be isotropic It is well known that in 1D there is no ordered
state for T > 0 for the Ising model. However, for small arrays over finite time in-
tervals the system can order. To observe this behavior we want the characteristic
energies of the system to be greater than the temperature. For the Coulomb energy
kT < e*/D, which we may write as DT < 1.8 x 10% where T is in Kelvin. For the
kinetic energy this means kT < f/2m*R?; if we measure (m/m*)R*T > 40 in the
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same units. For GaAs we can choose R to be about 14nm at 4K; choosing materials
with a smaller effective mass or going to lower temperature allows us to increase the
radius. A AFE polarized ring array will scatter light at a wavelength commensu-
rate with the inter-ring separation, D. In 1D there is a gap v/2wp, which we may
write as 2v/2m(ag/D)/?. For GaAs rings with a separation D = 1000nm this gives
w ~ 6.0 x 10°Hz. The 2D arrays have a similar sized gap at zone center, but the
gap vanishes at one zone edge. The excitation spectrum can be probed optically,
but scattering at the edge of the zone is difficult due to the constraints imposed by
conservation of energy and momentum. Typically in such cases Raman scattering
can be used to investigate the excitations. The 2D classical problem obviously has a
finite temperature phase transition, as shown by our Monte Carlo simulations. The
2D quantum problem can be mapped on to the 3D XY model, which is known to
order. Finally these calculations assume that each ring is singly occupied. This might
be obtained by fabricating the rings upon a thin insulating layer covering a gate. By
tuning the gate voltage we can bias the system so that it is energetically favorable
for an electron to tunnel to the rings. The gate will also serve to cutoff long distance
interactions between the rings, supporting the assumption of the nearest neighbor
interactions used here. Moreover, this work serves to start investigation into a broad
class of problems, such as rings occupied by an optically excited exciton/hole pair or
perhaps by a small, varying number of electrons created by a random distribution of
dopants.

The topic of quantum dot arrays and their correlations has obvious and useful
analogies with solid state models of crystalline arrays of atoms. In this work we wish
to point out that experimentalists have at their disposal a host of “unnatural atoms”
analogs: rings, quantum dot quantum wells, quantum rice, etc. The electrons in these
nanoscale constituents are confined to orbitals that may not have atomic analogs.
Morever, it may be possible to tune the shape of the constituent to optimize some
desired collective property such as frustration in electric or magnetic polarization,
high susceptibility or sensitivity to optical polarization of light. Even more rich
behavior will develop if we allow electrons to tunnel between these nanoscale periodic

structures.
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Chapter 6

Conclusion

In this conclusion I will summarize the above work, emphasizing what results are my
own contribution to the field. I will also discuss possible future directions for this

research.

6.1 Spin in bilayer quantum Hall systems

At total filling factor v = 1 the electron gas in bilayer system displays quantized
Hall conductance. The Coulomb interaction in this electron gas has nonperturbative
consequences as the kinetic energy of electrons at low temperatures is frozen out.
In a quantum mechanical picture the electrons in this system can be in both layers
at the same time or reside only in one. It is now a well established[27] fact that
this new ground state can explain the quantization of Hall conductivity in bilayer
system. In this new ground state the electrons have a new degree of freedom, the
layer index or pseudo-spin. An electron in the upper(lower) layer has pseudo-spin
up(down) or +z(—z). Consequently the state in which each electron wavefunction is
finite in both layers is a linear combination of the up and down states. At equal layer
densities the pseudo-spin of electrons is a symmetric combination of up and down
which corresponds to pseudo-spin in the perpendicular direction (+z).

By tuning the density above the vy = 1 the extra electrons have to flip their
pseudo-spin which costs exchange energy. This exchange energy however is minimized
in a new many body state in which electrons smoothly change their pseudo-spin from
the flipped direction (the minority direction) into the ground state direction (the
majority direction). An illustration of this new excited state can be seen in figure 3.14.
These excitations are of pseudo-spin nature and are called bimerons. The unusual

physics of electrons confined in the lowest Landau level dictates the electron gas
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charge density to change as the pseudo-spin distribution changes (see section 2.2.2).
The bimeron pseudo-spin distribution has an associated localized charge density equal
to one electronic charge. In fact as I argued in section 2.2.4 a topological charge is
directly associated with an electrostatic charge for the electron gas confined in the
lowest Landau level.

To minimize their Coulomb interaction a finite density of bimerons prefer to form
a square lattice. In this dissertation using the Green’s function equation of motion
and Hartree-Fock approximation I was able to calculate the pseudo-spin and charge
distribution of a state of bimeron lattice. At higher densities (vy > 1.02) each bimeron
prefers to split into two merons. Consequently at high densities the bimeron lattice
rearranges into a meron-meron lattice. By calculating the energy of meron-meron
lattice and bimeron lattice per electron separately I showed (fig. 3.15) for the first
time that this is in fact true and the meron-meron lattice has the lower energy for
square lattices.

Due to the fact that most of the experiments performed on bilayer systems use
very low tunneling samples [50] it is generally believed that the lowest energy bilayer
excitations are of pseudo-spin nature. The spin excitations are expected to be frozen
because of the high Zeeman and exchange coupling. However this is not certain
because of the nonperturbative nature of the quantum Hall liquid. In fact nuclear
magnetic relaxation time measurements reveal a behavior similar to the results for
single layers (compare figures 3.17 and 2.11). In this dissertation I was able to show
that new types of topological excitations exists in which both spin and pseudo-spin
are involved. These excitations, called CP3 skyrmions, are charged and form a lattice.
Similar to skyrmion lattice states, the CP3 skyrmion lattice state support low energy
Goldstone modes of spin waves which can couple to nuclear spin and change the
NMR relaxation time. To calculate the charge, spin and pseudo-spin density of the
new states I used the same numerical method of Green’s function equation motion as
in the previous works[24] and used the Hartree-Fock approximation.

For the first time I have been able to show that the CP3 skyrmion lattice is a
vortex-antivortex lattice of spin and pseudo-spin which has the lowest energy among
other types of bilayer excitations mostly at large layer separations ( d ~ ¢) and small
tunneling values. The combined spin, pseudo-spin state of the bilayer system has
five adjustable variables: total filling factor, interlayer bias, tunneling amplitudes,
Zeeman coupling and layer separation. Finally the five dimensional phase space of

this system at zero temperature is not yet fully explored. In this dissertation I was

138



able to show that at large layer separations, small tunneling values (Agas < Az)
and vy < 1 the CP3 skyrmions exist as lowest energy excited state. At some other
parts of the phase space I was able to show that there are other types of spin and
pseudo-spin states: At vy > 1 and large tunneling amplitudes, Agas > Az, spin and
pseudo-spin states form a vortex-antivortex lattice I call the HCP3 state. This state
has the lowest energy compared to other excited states. In this regime increasing the
tunneling energy drives the system to select a state that has only spin texture and
no pseudo-spin texture. However, this state is formed in the symmetric band (i.e. a
linear superposition of the upper and lower layer states). This symmetric skyrmion
state is a lattice of skyrmions in which the pseudo-spin of the electrons are all parallel.

In a CP3 skyrmion lattice the spin and pseudo-spin of electrons are entangled.
This property is demonstrated in figure 3.29. The pseudo-spin of an electron deter-
mines the probability distribution of electrons in each layer. The inter-layer bias will
change this distribution and consequently it changes the pseudo-spin distribution of
the electron gas. At the same time, because of the entanglement of pseudo-spin and
spin, the spin distribution of the electrons changes. This change in the spin distribu-
tion may affect the NMR time of the bilayer systems. This manipulation of the spin
distribution of the electron gas in a bilayer system via an inter-layer bias is a unique
feature of the new CP3 skyrmion lattice presented in this dissertation.

Future work in this area will include a thorough mapping of the five dimensional
phase space and determining the nature of the transitions between the phases. Also
as was mentioned, no CP3 skyrmion square lattice solution at zero tunneling was
observed at filling factors vy > 1. Since there are four spin and pseudo-spin single
particle levels no particle-hole symmetry exists. Consequently absence of the CP3
skyrmion square lattice at vy > 1 is not unexpected. However one needs to investigate
possibilities of existence of such phase at vy > 1. These possibilities include different
lattice structure (e.g. triangular) and also a more flexible numerical method e.g.
a method that includes very small temperature fluctuations in order for a better
estimation of chemical potential (Eq. 3.54). Finally the numerical method used here
can be useful in finding nonlinear solutions to many other low dimensional manybody
systems like Graphine[73], quantum dot and quantum ring arrays, etc. This method
specifically is able to find those topological states that are highly nonlinear and often

very important in analyzing the observed properties of these systems.
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6.2 Activated dissipation in bilayer quantum Hall

systems

Activation energies are determined by longitudinal resistance measurements per-
formed separately in each layer of the bilayer system. These activation energies
must correspond to quasi-particles excited by temperature. However measurements
indicated that the behavior of the activation energies is different for different layers
as one changes the inter-layer bias. This is in clear contrast with the well established
coherence interpretation of quantum gas as explained in chapter three. In this dis-
sertation I have shown that the quasiparticles responsible for dissipation are in fact
merons, topological excitations of the coherent bilayer system. Following the ideas
in previous works by Fertig and Murthy [59] T assume that the disorder potential
breaks up the vy = 1 incompressible quantum liquid into equal number of puddles
with v > 1 and vy < 1. Each puddle is full of bimerons as lowest excited states.
This disorder structure breaks the bimerons into merons and merons can move across
the system.

However this motion is activated as each meron needs to cross a barrier of in-
compressible state in between puddles. Using the fact that merons have vorticity,
charge and electric dipole moment and using a Chern-Simon theory I showed that
their motion induces a voltage drop across the system. This voltage drop is induced
through Faraday’s law as merons are charged and carry a Chern-Simon flux and also
through their vorticity in analogy to Josephson effect. I modeled the barriers as strip
shaped interlayer biases imposed over meron lattices. Using this technique I was able
to calculate the activation energies and show that their behavior is consistent with
experiment as I vary the interlayer bias strength.

In the future I hope that experiments can verify the predictions of my theory.
The presented theory is a new approach in analyzing the transport properties of the
bilayer systems. This theory can be developed in so many different ways. The possible
role of low but non-zero tunneling amplitude in activation energy of merons can be
investigated using for example parallel magnetic field. As was discussed in chapter
(3) in a sample with non-zero tunneling bimerons are lower in energy than merons.
Bimerons on the other hand do not have an electric dipole moment and consequently
they don’t respond to the interlayer bias. This results in the disappearing of the
asymmetric behavior in the activation barrier. It would also be interesting to know

the response of a bimeron to a strip bias potential. Does the bimeron prefer to split
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into two separate merons? This may illustrate why disorder can unbind merons.
This response can be studied by varying interlayer bias, tunneling and separation. In
addition we have assumed that the Zeeman energy is large enough so that the spin
of the electrons are polarized. First of all one needs to find out what would be the
response of the meron to strip potential when the Zeeman gap is low such that it
allow the spin of electrons tilt away from majority direction in order to compensate
for energy cost of the bias strip. On the other hand CP3 skyrmions are robust
against interlayer bias as was illustrated in the previous chapter. The question then
remains whether they are robust against the application of strip biases and how will
their energy change. All these questions can be answered by extending this numerical
work and also by studying a possible spin-pseudospin Chern-Simon theory for a bilayer
system. These questions also may in principle be studied by experiments.

In addition the Chern-Simon theory and the meron-edge interaction theory must
be united. The Chern-Simon theory neglects edges entirely and only assumes a bal-
anced meron population. However this can only be true for a finite system if we
allow for charge conversion as given in figure (4.16). Conversely, the edge picture
does not predict the mobilities and transition rates implicit in eq.(4.38). These must
be generated by a microscopic theory such as the Chern-Simon approach.

Finally it is worth exploring if the correlated behavior that lead to excitonic su-
perfluidity can be pushed to higher temperatures for example by using different host
material such as graphene [73]. While this may seem absurd, high 7, superconduc-

tivity was also absurd twenty years ago.

6.3 Nano-ring arrays

In the last chapter of this work I introduced a model of interacting ring arrays in order
to illustrate the idea that confined geometry can give physicists a new path for creating
new ideas to advance technology using nano-structures. In the model of interacting
quantum rings arrays each ring in a square lattice is free to move on a one dimensional
array but interacts with the electrons in its neighboring rings. The ground state
energy and wave function of these electrons were calculated using an iterative Hartree
approximation. I was able to show that these wave functions suddenly change from
uniform distribution around the ring to localized state as one reduces the inter-ring
separation. This localized state is distributed anti-ferroelectrically throughout the

array. Using a Monte-Carlo simulation I also showed that this transition is a true
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second order phase transition for the two dimensional array and a true quantum
phase transition for the one dimensional array. In this simulation I showed that the
observables of the system like the specific heat and polarization diverge as the system
size diverges at the transition point. Then using a finite size scaling theory I showed
that this transition is in the universal class of transverse field Ising model.

I also calculated the polarization of the one dimensional array in the presence of
an external magnetic field. 1 showed that the external magnetic field threading each
ring will change the polarization of the system from anti-ferroelectric to ferroelectric
for large inter-ring separations through the induced Aharanov-Bohm phase.

Future work will include looking at 3D arrays of rings and 2D and 3D arrays
of spherical shells. In addition it would be good to calculate the optical excitation
spectrum of such arrays.

The collective excitations of these arrays will be another important part of ana-
lyzing these systems. The wave function distribution of these excitations can be of
topological nature similar to the spin distribution in skyrmions or domain walls in
spin lattices as the electrons try to minimize their Coulomb energy in a finite system.
The numerical methods of finding these kinds of excitations in bilayer quantum Hall

calculations may be useful in this context.
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