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Abstract

We have investigated the important-issues-in several low dimensional systems.
First, we study the visibilities of the current and the shot noise in the one-particle
Mach-Zehnder (MZ) and two-particle Hanbury Brown Twiss (HBT) interferometers.
Both electronic systems are implemented in the quantum Hall regime. The possible
comparisons between two interferometers are only through the shot noise due to the
absence of the Aharonov-Bohm oscillations in the currents of HBT interferometers.
The shot noises of MZ interferometers are composed of h/e and h/2e oscillations. The
visibilities of h/2e oscillations are decreased with the temperature, the voltage and the

dephasing faster than those of h/e oscillations. In the other hand, the shot noises of



HBT interferometers only have h/e oscillations. Unlike the naive intuitions that the
properties of shot noises of two-particle HBT interferometers would be related to the
two particle effects of h/2e oscillations of MZ interferometers, it is the number of
enclosing flux deciding the properties of visibilities, not particle numbers. The
variations of h/e oscillations with system parameters in HBT interferometers are
similar to those of h/e oscillations of MZ interferometers.

Away from the stationary setups, we study the currents and the shot noises in
guantum pump driven MZ interferometers. Two AC beam splitters of MZ
interferometers are applied to modulate the electron transmissions and excite the
electron flows. Contrary to the voltage driven MZ interferometers, the pump currents
composed of the flux-independent part 1 “and the flux-dependent part 1® are
arose from pure quantum effects. Subject to the pump frequency, the oscillations of
both parts of currents are related to two time scales, average arm traversal time and
the difference of two arm traversal times. In the other hand, the amplitudes of
oscillations in 1'” increase with frequency; the amplitudes of oscillations in 1®)
are kept constant. The temperature effects only smear | () exponentially as a results
of the arm asymmetry. The rectification effects could be annihilated as the

semi-transparence of beam splitters, i.e. the availability of the true pump currents in

MZ interferometers. The effects of the decoherence are studied at conditions with



long and short relaxation times. In both conditions, the flux-dependent part is

suppressed as increasing the strength of the dephasing. However, the suppression of

the flux-independent part only occurs in the long relaxation time condition.

In contrast to the currents, the shot noises of MZ interferometers just reveal the

negative value as a result of fermion nature. The low temperature and the low

frequency conditions are considered here. In the low temperature condition, the

variations of the shot noises are the oscillations with increasing amplitude as

increasing the frequency. The different behaviors of the currents and the shot noises

with respective to the frequency .lead to the regimes where the shot noises exist

although the currents vanish. Taking the adiabatic limit, the noiseless regime could be

found by tuning two phases, the magnetic phases.and the pumping phases. Otherwise,

in the low frequency situation, the noiseless condition is also found while removed as

taking into account the influence of the temperature.

Finally, a configuration with finger gate array pump is investigated. A pair of

finger gate arrays on the top of a narrow wire are staggered and AC biased with the

same frequency but differing by a phase. As the finger gates per array are larger than

two, the mechanisms of pump currents become the time-dependent Bragg reflection,

not just the processes of the photon-assisted interferences. Such explanations are

suitable for both the instantaneous and the non-instantaneous regimes.



Acknowledgement

After hard working for years, | am glad that my PhD thesis could be finished and
contain many important and interesting findings. Here | show many thanks to my dear
partners. First, 1 would like to thank God. What | could own is the gift from Him. He
knows what | need in each moment and gives me the help and the consolation in my

difficult time. Second, | thank a lot to my PhD supervisors, Prof. C.Y. Chang (3 & )
and Prof. C.S. Chu (% ®* %), and the advisor of GSSAP (graduate student study

abroad program), Prof. M. Blttiker. | appreciate Prof. Chang’s open attitude for the
direction of the research and encourages me to explore the area | feel interested in. |
learn two important characters, the care and the patience, on research works from Prof.
Chu. The way of Prof. Bittiker to get new ideas of the research work and do the
project efficiently makes a great impact on me. | also thank my coworkers, Prof. P.
Samuelsson, Prof. M. Moskalets and. Dr.. C.S. Tang. They help the thesis in an
essential way. Finally, I thank my.parents, R.S..Chung (4&-4-+~) and J.E. Liu (/4% £2).

They raise me and support me te have the best education. All of my achievements not

only belong to me but also those mentioned above.

VI



Contents

Chapter 1  Introduction

1.1 Introduction to Low Dimensional Systems p.1
1.2 Motivation p.2
1.3 Thesis Outline p.7
References p.9

Chapter 2 Transport in Voltage Driven Electronic Mach-Zehnder and
Hanbury Brown Twiss Interferometers

2.1 Introduction of Electronic Mach-Zehnder and Hanbury Brown Twiss

Interferometers p.16

2.2 Model and Theory p.20
2.2.1 Optical Analogs in the Quantum Hall Regime p.20
2.2.2 Scattering Approach to Currents and-Noises p.22
2.2.3 Dephasing Voltage Probe Model p.23

2.3 Mach-Zehnder Interferometers p.26
2.3.1 Effects of the Dephasing p.35

2.4 Hanbury Brown Twiss Interferometers p.39
2.4.1 Effects of the Dephasing p.42

2.5 Summary p.44
References p.45

VIl



Chapter 3 Transport in Quantum Pump Driven Electronic Mach-

Zehnder interferometers
3.1 Introduction of Quantum Pump effects
3.2 Theory and Model
3.2.1 Floquet Scattering Approach
3.2.2 Mach Zehnder Interferometers
3.3 Pumped Currents
3.3.1 Weak Amplitude Pumping
3.3.2 Adiabatic, Weak Pumping
3.3.3 Rectification Effects
3.4 Dephasing
3.4.1 Long Charge Relaxation Time 7rc > 7
3.4.2 Short Charge Relaxation Time. Trc < 7
3.5 Summary
3.6 Appendix A: Oscillating Barriers
3.7 Appendix B: Time Representation of Pumped Currents
3.8 Appendix C: Shot Noises

References

p.63
p.65
p.65
p.67
p.69
p.73
p.75
p.76
p.78
p.80
p.81
p.83
p.85
p.88
p.91

p.101

Chapter 4 Finger-Gate Array Quantum Pumps: Characteristics and

Mechanisms
4.1 Introduction of Gate Array Pumping
4.2 FGA pair model
4.3 Numerical Results
4.3.1 Single Finger-Gate Pair Case

4.3.2 Finite Finger-Gate-Array Pair Case

VIl

p.115
p.116
p.118
p.118

p.120



4.3.2.a Tuning Back-Gate
4.3.2.b  Tuning Split-Gate
4.4  Summary

References

Chapter 5 Conclusions

Vita (Chinese)
Publication List

p.120
p.123
p.127

p.129

p.139



Figure Captions

Chapter 2

Fig. 2.1

Fig. 2.2

Fig. 2.3

Fig. 2.4

Fig. 2.5

An optical Mach-Zehnder interferometer. A beam of light incident from 1
is split in two partial beams at the semitransparent beam splitter A . The
two partial beams acquire geometrical phases $1 and 2
respectively and are rejoined at the second beam splitter B . The light
intensity is measured in detectors 3 and 4. p.53
The electronic analog of the MZ-interferometer, implemented by Ji et al.
[27] in a conductor in the Quantum Hall regime. The electronic reservoir
1 isbiasedat €V andreservoirs 2 to 4 are keptat ground. The
edge states (solid lines) have adirection.of transport indicated by arrows.
The QPC's A and: B play the role of the beam splitters in Fig. 2.1.
Geometrical phases 1. and ¢~ andthe AB-flux @ are shown.
p.54

Current visibility of the Mach-Zehnder interferometer Vimz  versus

normalized temperature kgT/Ec for 7a = 7. p.55

Noise visibility Vimz [figure (a)] of the h/e and iz [figure
(b)] of the h/2e oscillations in the shot noise of the Mach-Zehnder
interferometer versus transmission Ta  of beam splitter A  for
Ec > kgT,eV  for various transmission probabilities Tg of beam

splitter B . p.56
Noise visibilities VNmz (for TaTe <1 )of the he and Vimz

of the h/2e oscillations in the shot noise correlation of a Mach-Zehnder

interferometer for Ta = Tg = 1/2 versus kgT/Ec for eV < kgT,Ec

X



Fig. 2.6

Fig. 2.7

Fig. 2.8

Fig. 2.9

Fig. 2.10

(red, thick curve) and versus €eV/Ec for KkgT < E, eV (blue,
thin curve). p.57
The electrical MZ-interferometer, Fig. 2.2, with a dephasing voltage probe,
5, attached along one edge. p.58

Two-source, four-detector optical Hanbury Brown Twiss geometry proposed
in Ref. [33]. Two beams of light incident from 2 and 3 are split in
partial beams at the semitransparent beam splitters C and D . The
partial beams acquire geometrical phases ¢1 to ¢4 and are rejoined
in the beam splitters A and B . The light intensity is measured in
detectors 5 to 8. p.59

Two-source, four-detector electrical Hanbury Brown Twiss geometry
implemented in a conductor in the Quantum Hall regime. The electronic
reservoirs 2 and = 3. biased at €V- and reservoirs 1 and 4
to 8 are kept at ground: The-edge states (solid lines) have a direction of
transport indicated by arrows.. The QPC's A and B play the role of
the beam splitters in Fig. 2.7. Geometrical phases ¢1 to @4 and the

AB-flux @ are shown. p.60

Noise visibilities VNner and VNrer  of shot noise correlations in the
HBT geometry versus transmission probability Ta  for various values of
Tg . Asymmetric geometry, Ec > kT,eV | and identical QPC's C and D
are considered. p.61
The electrical HBT-interferometer, Fig. 2.8, with a dephasing voltage probe,

9 , attached along one edge. p.62
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Chapter 3

Fig. 3.1

Fig. 3.2

Fig. 3.3

The pump driven MZI implemented in a conductor in the quantum Hall
regime, supporting a single, unidirectional edge state. The conductor is
connected to four reservoirs a =1 to 4 Kkept at the same potential.
Two electrostatic split gates, at A and B , are acting as QPCs. The
corresponding gate potentials Va(t,#a) and Ve(t.ds) , with @a
and ¢s the pumping phases, vary periodically in time. The time
dependent potentials give rise to scattering in both real and energy space
and are driving the pump current. An Aharanov-Bohm flux @ threads
the MZI. p.108
Two qualitatively different.types of first order photon-assisted interference
processes contributing:to the current: (a) along the same spatial paths L or R
and (b) along the different spatial paths L. and R. The paths in (b) are
sensitive to the enclosed flux @ . Filled balls indicate inelastic scattering,
the electrons pick up or lose one quantum of energy /i , while empty

balls indicate elastic scattering. p.109

The flux independent current |§0) (upper panel) and the flux dependent

current 'gb) (lower panel) as a function of pump frequency. Guided by

the experiments in Ref. [50], [51], we have taken an asymmetry,
T =5h/E. , and symmetric static beam splitters, as =ag =1 . The
other parameters are  ba = 0.4,bg = 1.3 (strong pumping), ¢a =0 ,

¢g =0.87 and yr =0.87, p.110
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Fig. 3.4

Fig. 3.5

Fig. 3.6

Fig. 3.7

The pump driven MZI of Fig. 3.1 with the left arm connected with strength
€ to a voltage probe ¢ . The dynamics of the potential V¢ of the
probe is governed by the charge relaxation time (see text). p.111

At the low temperature condition KkgT < /w , the variations of the

flux-independent part Pé? and the flux-dependent parts ng),

szf)) of the shot noises (the up panel) and the currents (the down panel)
are plotted with respective to the pumping frequency. The parameters are
shown in the text. p.112
At the low temperature condition KgT < Zw , the shot noises Pas
are shown as a function of the phase differences ¢ = ¢ — ¢ and the
magnetic phases ®@/®q, «15ubject to the frequencies (a) @ = 15GHz
and (b) o = 1.43GHz . Contrary. te the non-adiabatic, large frequency
condition, the noiseless regimes (denoted by triangle) are found at the
adiabatic, low frequency condition. Other parameters are shown in the text.
p.113
(@) In the adiabatic limit, the current correlations vary with the frequency at
the conditions: KkKgT <hw and /7o <kgT < Ec  (the second
inequality ensures no thermal effects). At the low frequency condition

ho < kgT , we find that (b) the decaying of three parts of current
correlations  P3 ,  PSY  and PS5 with respective to the
temperature; (c) contrary to fig. 3(b), at ¢ =0 and ®/d,=0.75 the

temperature suppresses the amplitudes of the current correlations and
removes the noiseless regime, enlarged in the inset; (d) contrary to fig. 3(b)

along @/®, = 0.25 | the cosine behaviors of the current correlations are

XMl



smeared as increasing temperature. Other parameters are shown in the text.

p.114

Chapter 4

Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

Top view of the proposed system structure is for the case of FG number
N =4 . AFGA pair locates on top of a narrow channel. Vi  denotes the
amplitude of the potential energy and ¢ s the phase difference.

p.132
Total current transmission coefficient versus X« for a pair of FG at (a)
Q=06Ae and (b) Q=01A¢ . The transmissions of the
right-going (left-going) electrons aré represented by the solid (dotted) curve.
The subband level spacing is |A¢ . .Parameters o =1/4 and ¢ = /2
are chosen to meet the optimal.condition. p.133
The pumped currents versus Xu  with the same parameters used in Fig.
4.2. The solid and dashed curves correspond, respectively, to Q = 0.6A¢
and Q= 0.1A¢. p.134
Total current transmission coefficient versus X« for N =4 at (a)
Q =0.6A¢ and (b) Q= 0.1A¢ . The transmissions of the right-going
(left-going) electrons are represented by the solid (dotted) curve. The
parameters a =1/4 and ¢ = n/2, p.135
Pumped current versus  Xu . The choices of parameters are the same as in
Fig. 4.4. The solid and dashed curves correspond, respectively, to

Q=0.6A¢ and Q=0.1A¢, p.136

Fig. 4.6 The dependence on subband level spacing Ae¢ of (a) the total current

transmission coefficient, and (b) the pumped current. The abscissa is

XV



depicted by Eq. (4.10) where ©=0.049 and N =4 . Pumping
frequency € = 0.0084 in all curves except for the dotted curve in (b),
where Q=0.0014 . Parameters ¢ =n/2 and a=1/4 for all

curves except for the dashed curve in (b), where a =1/5 . In (a), the

solid (dashed) curve is for  T-(Xg)  [T_(X,)]| , and contributions from

the second Fourier component of  V(X,t) are indicated by arrows.

p.137
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