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Abstract

I present research on ballistic electron transport in lateral GaAs/AlGaAs quantum dots con-

nected to the environment with leads supporting one or more fully transmitting quantum

modes. The first part of this dissertation examines electron the phenomena which mediate

the transition from quantum mechanical to classical behavior in these quantum dots. Mea-

surements of electron phase coherence time based on the magnitude of weak localization

correction are presented as a function both of temperature and of applied bias. The coher-

ence time is found to depend on temperature approximately as a sum of two power laws,

τφ ≈ AT−1 +BT−2, in agreement with the prediction for diffusive two dimensional systems

but not with predictions for closed quantum dots or ballistic 2D systems. The effects of a

large applied bias can be described with an elevated effective electron temperature calcu-

lated from the balance of Joule heating and cooling by Wiedemann-Franz out diffusion of

hot electrons. The limits this imposes for quantum dot based technologies are examined

through the detailed analysis of a quantum dot magnetometer.

The second part of the work presented here focuses on a novel form of electron transport,

adiabatic quantum electron pumping, in which a current is driven by cyclic changes in the

wave function of a mesoscopic system rather than by an externally imposed bias. After

a brief review of other mechanisms which produce a dc current from an ac excitation,

measurements of adiabatic pumping are presented. The pumped current (or voltage) is

sinusoidal in the phase difference between the two ac voltages deforming the dot potential

and fluctuates in both magnitude and direction with small changes in external parameters

such as magnetic field. Dependencies of pumping on the strength of the deformations,

temperature, and breaking of time-reversal symmetry are also investigated.
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Chapter 1

Introduction

1.1 Introduction

Electrical phenomena, particularly static electricity in the form of lightening, have fas-

cinated and terrified humans for thousands of years. The scientific study of electricity,

however, began only in the eighteenth and nineteenth centuries. Through three centuries of

study, the physics of macroscopic electrical phenomena are quite well understood and form

the field of Classical Electrodynamics [52]. Indeed, much of the technological progress of

the present century stems from the understanding of such macroscopic electrical systems as

lightbulbs and microwave antennas. Though quite different from classical electrodynamics,

the physics of microscopic electron systems, for example a few electrons trapped in a spher-

ically symmetric potential, is also well understood. These microscopic electrical systems,

atoms, served as the experimental basis for the development of quantum mechanics in this

century and are the object of some of the most precise and accurate theoretical calculations

in all of physics [93].

This dissertation focuses on the physics of electrons at a size scale between micro- and

macroscopic; mesoscopic physics covers systems small enough to exhibit quantum mechani-

cal correlations and interference effects but large enough that concepts of average behavior

remain valid. Mesoscopic electron systems have been the subject of study for over twenty

years and the experiments presented here represent a second or third generation approach

to the field. For general reviews of mesoscopic electron physics see [15] and [65].

The experimental system studied in this dissertation is the semiconductor quantum

dot, a small semi-isolated conducting region embedded in a semiconducting host. The

1



2 CHAPTER 1. INTRODUCTION

size and shape of this region, the number of electrons it contains, and the strength of

its connection to the environment are all determined by externally imposed electric fields

created and shaped by metallic “gates” fabricated with lithographic techniques developed

for the semiconductor industry (see appendix A). The combination of externally controlled

electric fields and artificial fabrication provides great flexibility in device design, permitting

many experiments which would be difficult or impossible in microscopic (atomic) systems.

For example, atoms have a spherically symmetric central potential which gives rise to the

well known features of atomic wave functions such as spherical harmonics, degenerate energy

shells, magic numbers and so on. In contrast, the shape of the potential in a quantum dot

is determined by the fabrication and the applied field, allowing arbitrary geometries which

can be altered in situ. Quantum dots can thus be used to study the rules for quantum

mechanics with any desired symmetry (such as the circular pancake in [104]) or the most

general case of no symmetry at all (quantum chaos) as with the dots studied here. In

addition, in situ control over the electron number allows experiments on quantum dots to

address questions about the role of electron number and electron-electron interactions in

quantum systems [100].

The work described in this dissertation focuses on two aspects of quantum dot physics.

After an introduction in the remainder of this chapter, it goes on to examine decoherence,

the process which transforms the quantum mechanics of the microscopic world into the

classical mechanics of the macroscopic world. Chapter two presents measurements of the

phase coherence time in quantum dots as a function of temperature along with background

on decoherence processes and their theoretical treatment. Chapter three studies the effect

of bias on decoherence and its implications for technological devices based on mesoscopic

devices. A quantum dot magnetometer is analyzed in detail as an example.

The second part of the dissertation deals with adiabatic quantum pumping, a novel

mechanism for transporting charge without an applied bias which, it is hoped, will be able

to overcome the decoherence imposed limitations discussed in chapter three. Chapter four

reviews some of the methods for transporting charge other than applying a bias. Chapter

five describes measurements of adiabatic pumping in quantum dots and their theoretical

interpretation.

Chapter six serves as a conclusion, summarizing the work and proposing future di-

rections. Finally, there are three appendices which discuss the technical aspects of the

experiments.
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Figure 1.1: (left) Schematic diagram of a GaAs/AlGaAs heterostructure with Au Schottky
gates deposited on the surface and an annealed NiAuGe ohmic contact. The purple region
represents modulation doping of the AlGaAs with an n-type dopant, typically Si. (right)
Conduction band energy diagram showing the well at the GaAs/AlGaAs interface which
confines the 2DEG and its quantum energy levels. At low temperatures, only the lowest
energy level in well is occupied.

The experiments described in chapters two and three were performed in collaboration

with Andy Huibers and are also described in references [50] and [101] respectively. The

work on adiabatic pumping is described in reference [102].

1.2 Creating Quantum Dots

A GaAs/Al0.3Ga0.7As heterostructure grown by molecular beam epitaxy (mbe) [47] serves

as the semiconductor host for the quantum dots studied in this dissertation∗. At low

temperature, the heterostructure contains a very clean gas of electrons confined to a single

plane from 30 to 200 nm below the semiconductor surface. This two dimensional electron

gas (2DEG) is then further confined laterally to create quantum dots.

As its name implies, the heterostructure consists of several superimposed layers of GaAs

∗The heterostructures were grown by Ken Campman and Kevin Maranowski in the group of Arthur
Gossard at the University of California, Santa Barbara.



4 CHAPTER 1. INTRODUCTION

and AlGaAs as shown in Fig. 1.1. The 2D electron gas forms at the interface between the

GaAs substrate and an undoped AlGaAs spacer layer grown on top. An n-type dopant

is added, either as a single layer (δ-doping) or mixed with a layer of AlGaAs (modulation

doping). A second layer of undoped AlGaAs and a GaAs cap layer (to prevent oxidation

of the AlGaAs) complete the heterostructure. The thicknesses of the various layers can be

adjusted to tune the properties of the 2DEG, such as mobility and electron density, over

a wide range; one fairly typical heterostructure used had 30 nm of AlGaAs spacer, 15 nm

of modulation doped AlGaAs, 10 nm of undoped AlGaAs, and 10 nm of GaAs cap, giving

a 2DEG 65 nm below the surface. A full description of the heterostructures used in the

experiments can be found in appendix B.

As the temperature of the heterostructure is lowered, electrons thermally ionized from

the Si dopants become trapped at the heterointerface, prevented from recombining by the

∼0.3 eV ≈ 25 K offset between conduction energies at the interface and from escaping into

the GaAs by the electrostatic attraction of the ionized donors. At cryogenic tempera-

tures the two dimensional character of the 2DEG is strengthened as the electrons populate

only the lowest subband of the potential well while remaining free to move parallel to the

interface. Because of the close match in lattice parameters between GaAs and AlGaAs

(∼7% mismatch), the interface is only slightly strained and can be essentially defect free.

Combined with the spatial separation of the 2DEG from the ionized donors, the scarcity

of defects leads to a very low elastic scattering rate. The resulting high electron mobil-

ity µe ≈ 105–106 cm2/Vs and long mean free path† `e ≈ 1–10µm allow the fabrication of

quantum dots in which electrons travel ballistically, scattering only from the (artificially

fabricated) device boundaries.

At low temperature, the Schottky barrier between lithographically fabricated metal

gates and the semiconductor surface prevents current from flowing when a negative voltage

is applied to the gates. The electric field created by this voltage reduces the density of

electrons in the 2DEG below (figure 1.2. A sufficiently large negative voltage (∼ −1 V)

depletes the electron gas, forming an insulating region under the gate. Due to fringing

fields, the insulating region extends beyond the edge of the gate a distance determined by

the applied voltage, allowing in situ control of the size and shape of the dot. More precise

control over the shape of the potential is possible using multiple independent gates to form

a single wall of the dot. In dots with chaotic potentials, changing the voltages on these

†compared to ∼100 nm for Si mosfets and ∼10 nm for thin Au films
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Figure 1.2: Negative voltage applied to Schottky gates on the surface (gold) depletes the
2DEG below (blue), creating an isolated quantum dot. Annealed NiAuGe squares make
ohmic contact to the 2DEG.

“shape distortion gates” (figure 1.3) allows the measurement of an ensemble effectively

different dots [24], a powerful and easily accessible technique for measuring the statistical

properties of quantum dot behavior. Similarly, the strength of the dot’s connection to the

electron reservoirs can be controlled in situ by the voltages on the gates which define the

point contact leads of the dot.

1.3 Basic Experimental Phenomena in Quantum Dots

1.3.1 Point Contacts and Coulomb Blockade

The simplest mesoscopic device is the point contact, a constriction in the 2DEG which

opens smoothly to a wider region of electron gas on either end (see figure 1.4 inset). A

quantum point contact is formed when the constriction is narrow enough to quantize the

electron energy levels in the direction perpendicular to their flow, creating a 1D channel.

Because the conductance is proportional to the Fermi velocity times the 1D density of states

and, vF ∝ E1/2 while 1D dos ∝ E−1/2, it is not a function of energy. Each transverse mode

in this “electron waveguide” contributes the same conductance, 2× g0, where g0 = e2/h =

(25813 Ω)−1 is the quantum unit of conductance and the 2 accounts explicitly for spin.

Thus, the conductance of a quantum point contact, g = 2Ng0 is a measure of the number

of 1D modes available or the width W of the channel in units of the Fermi wavelength:
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Figure 1.3: Micrograph of a typical quantum dot. Dark areas are the semiconductor surface;
light areas are Au depletion gates.

N = int(2W/λF). The quantization of conductance in point contacts, seen in figure 1.4

was first observed by van Wees and coworkers [106] and Wharam and coworkers [107] in

semiconductor 2DEGs whose long Fermi wavelength λF ≈ 50 nm brings channels with small

N within the range of microfabrication techniques.

Point contacts serve as the entrance and exit of a quantum dot, coupling it to the outside

much as waveguides couple into and out of an optical cavity (figure 1.3). Their opening

determine the dwell time τD or equivalently the escape rate γesc of electrons in a dot with

chaotic classical dynamics

γesc = τ−1
D =

N∆
π~

(1.1)

where

∆ =
2π~2

m∗A
=

7.14µeV
A/µm2

(1.2)

is the mean single particle level spacing for a dot with area A.

In a dot with closed point contacts, N < 1, electrons tunnel into and out of the dot.

If the capacitance of the dot C is sufficiently small, the energy required to add a single

electron, e2/C can be greater than kBT and the applied bias, blockading transport (figure

1.5a). In this Coulomb blockade regime, electrons can be added to the dot one by one by

changing the chemical potential of the dot relative to the reservoirs. To add an electron,

the chemical potential of the dot is lowered by changing the voltage on one of the gates
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Figure 1.5: Schematic energy diagrams of a dot in Coulomb blockade showing the source
and drain reservoirs (with a small bias voltage offsetting their Fermi levels), symmetric
tunnel barriers, and the energy states confined in the dot. In (a), the capacitive energy
gap e2/C between the lowest unoccupied state and the highest occupied state in the dot
prevents tunneling, blockading transport and fixing the number of electrons in the dot. In
(b), the chemical potential of the dot has been lowered by changing the voltage on a shape
distortion gate, aligning an energy state with the reservoirs, allowing electrons to tunnel
through the dot one by one. The corresponding valleys (fixed electron number) and peaks
(varying electron number) in conductance corresponding to these diagrams are illustrated
in (c) with data from [39].
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until the lowest unoccupied state (which is separated from the highest occupied state by

the Coulomb gap e2/C) lines up with the Fermi level of the source and drain reservoirs

(figure 1.5b). At this point, electrons are free to tunnel into this unoccupied level from the

source and tunnel out of it to the drain one by one resulting in a spike in the conductance

of the dot (a small bias is applied to offset the Fermi levels in the source and drain). As

the chemical potential of the dot is lowered still further, electrons can no longer tunnel out

to the drain, returning the dot to blockade with its electron number increased by one.

The height of the conductance peaks seen in Coulomb blockade (figure 1.5) is governed

by the tunneling rate of electrons into and out of the resonant energy states. The e2/C gap

only exists between the lowest unoccupied state and the highest occupied state. Thus, if the

level spacing ∆ is less than kBT , the resonant tunneling occurs through many energy levels

in the dot and the height of the peaks is essentially uniform. However, if ∆ > kBT , the

tunneling occurs through a single level (or a small number of levels) and the tunneling rate

will vary from peak to peak as a function of the coupling of the dot wave function to those

of the leads. The statistics of these fluctuations can be predicted [55], and measurements

are in excellent agreement with the theory [26,39].

There is a large literature focusing on closed mesoscopic systems and Coulomb blockade;

for a recent review see [65]. The interesting case of a “half open” dot with one open and one

closed point contact has also recently been investigated [30]. The experiments described

in this dissertation were all conducted in “open” dots with symmetric point contacts each

supporting one or more fully transmitting modes N ≥ 1. In this regime, the discrete energy

levels are broadened to a continuum by escape and Coulomb blockade is suppressed.

1.3.2 Universal Conductance Fluctuations (UCF)

One of the hallmarks of mesoscopic phenomena is random but repeatable fluctuations in

measured quantities as external parameters are changed. In the regime of Coulomb block-

ade, the most obvious such fluctuation is in the height of the conductance peaks while in

open systems, it is the random aperiodic fluctuations of conductance in response to small

changes in magnetic field or the potential landscape (figure 1.6) [3, 69, 76]. While it is

not possible to predict the conductance for a specific set of experimental parameters, the

statistics of the fluctuations, including the full distribution of conductance probabilities,

are universal, insensitive to details of system shape and size, provided that the classical

dynamics are chaotic [49]. These universal conductance fluctuations (ucf) illustrate one
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Figure 1.6: Small changes in external parameters such as magnetic field B or a shape
distorting gate voltage Vg cause aperiodic repeatable fluctuations in the conductance of a
quantum dot.

of the central themes in mesoscopic physics: while the details of an individual measure-

ment are usually too complicated to predict, the statistical properties of an ensemble of

measurements provide insight into the underlying physics.

The origin of the conductance fluctuations is easily understood for a two terminal device

in the semiclassical approximation (see section 1.4.1). An electron enters the system and

follows all possible Feynman paths inside the dot until it exits one of the leads. The

conductance is determined by the probability of it returning to the entrance compared to

the probability of exiting the opposite lead. These probabilities are in turn determined

by a coherent sum over all the trajectories that exit a particular lead. Anything which

changes the phase accumulated by these trajectories, such as a magnetic field or a change

in path length due to shape distortion, will alter the interference pattern and change the

conductance.

1.3.3 Weak Localization (WL)

While ucf are random and disappear when many measurements are averaged, the posi-

tive magnetoconductance seen in figure 1.7a in two individual measurements (gray traces)

remains in an average of many measurements (black). This reduced conductance at zero

magnetic field is the analog in quantum dots of weak localization (wl) in one and two

dimensional systems. In the semiclassical model, this purely quantum mechanical effect is

understood as enhanced backscattering. Each path that an electron can follow between
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Figure 1.7: (left) Conductance is reduced at B = 0. The top two curves (offset for clarity)
are individual magnetoconductance measurements showing ucf. The bottom curve is the
average of many such measurements. Note that the ucf averages away while the reduced
conductance at B = 0 remains. (right) The reduced conductance is a result of the construc-
tive interference of time reversed trajectories at the origin. A magnetic field destroys this
interference.

two points has a different length and passes through a different environment, imparting a

different phase shift to the electron and leading to random interference at the destination.

Each path which returns to the origin, however, has a time reversed twin which follows the

same trajectory in reverse. These two paths have the same length and sample the same

environment, accumulating the same phase shift. Each pair of time reversed paths inter-

feres constructively at the origin, increasing the probability to find the electron there and

reducing the conductance. The reduced conductance disappears in a magnetic field which

breaks the time reversal symmetry (trs); the Aharonov-Bohm phases accumulated by the

former twins are opposite in sign, destroying the constructive interference and leaving the

origin no different from any other point.

The shift in average conductance due to the breaking of time reversal symmetry is just

one example of a second major theme in mesoscopic physics: changes in the symmetries of

a system change the statistics of transport. Beyond the shift in 〈g〉, breaking trs decreases

the magnitude of the ucf (i.e. var gB 6=0 < var gB=0) [24] and the shape of the distribution

of conductance probabilities [49]. Other changes in symmetry such as the introduction of a

reflection symmetry [10] or the shift from a chaotic to an integrable shape [25,76] can also
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change the statistics of transport.

1.4 Theoretical frameworks

Predictions for quantum dot behavior in this dissertation are based on the two theoretical

frameworks, semiclassical transport theory [7,31,97] and the theory of random matrices [14]

discussed below. Although they start from very different premises, it is important to note

that in appropriate limits, these two theories produce equivalent results.

1.4.1 Semiclassical transport

Semiclassical transport theory consists of studying the interference of electrons following

classical paths through the system. Since it is essentially a classical theory with particle

phase and interference added on, semiclassical models are useful for gaining an intuitive un-

derstanding of mesoscopic transport phenomena as in sections 1.3.2 and 1.3.3. Semiclassical

theory can also provide quantitative statistical predictions about transport. Of particular

interest here is the distribution of dwell times‡ for a chaotic dot with classical escape rate

γesc (equation 1.1) [97]

P (t) ∝ e−γesct (1.3)

for sufficiently long times. For shorter times, non-ergodic trajectories dominate and the

probability distribution is specific to the exact shape of the dot with visible experimen-

tal consequences (figure 1.8b). During this time, the signed area traced out by a path

accumulates diffusively , leading to a distribution of signed area [2, 31]

P (A) ∝ e−2πα|A| (1.4)

where α =
√

2κN is a characteristic inverse area and κ is a geometry dependent constant

[1, 74].

This distribution of areas is also the distribution of Aharonov-Bohm phases accumulated

in a magnetic field which determines the effect of a magnetic field on transport. The

power spectrum of ucf measured as a function of magnetic field can be calculated for

‡the probability that an electron remains in the dot for at least time t
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Figure 1.8: Magnetoconductance line shape around B = 0 for (a) chaotic (b) mixed, and
(c) integrable device shapes. Note that in (b), the line shape transitions from Lorentzian
(chaotic) to triangular (regular) around 2 mT. Data for part c are taken from from [25].

kBT À ∆ [33,53]

S(f) = S(0)e−2πBcf (1.5)

where f is the frequency in cycles/T, Bc = αϕ0 is the characteristic magnetic field, and

ϕ0 = h/e = 4.14 mT µm2 is the normal state quantum of magnetic flux. The distribution

of areas also controls the sensitivity of the weak localization correction to magnetic field,

yielding a Lorentzian line shape [10,24,25,87]

〈g(B)〉 = 〈g〉B 6=0 −
δg

1 + (2B/Bc)2
(1.6)

where δg ≡ 〈g〉B 6=0 − 〈g〉B=0 is the magnitude of the wl correction (see equation 1.13).

Note that these exponential distributions are valid only for chaotic classical dynamics and

either a regular shape [25, 76] or the persistence of non-ergotic trajectories will alter these

statistics (see figure 1.8). This difference is illustrated in figure 1.8 which compares the

Lorentzian wl line shape for a chaotic dot (1.8a) and the triangular line shape for a regular

circular dot (1.8c)§.The data in figure 1.8b has a Lorentzian line shape for small magnetic

field which transitions to a triangular shape at slightly higher field. This indicates that the

longer trajectories in the device are chaotic but that some short regular trajectories remain

which can dominate the wl response at higher fields.

§Data from [25]
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αin

αout

βin

βoutS

Figure 1.9: Random matrix theory reduces the quantum dot to a random scattering matrix
S which couples incoming wave functions αin and βin to outgoing wave functions αout and
βout.

1.4.2 Theory of Random Matrices (RMT)

One of the most successful theoretical approaches to mesoscopic systems has been through

random matrix theory (rmt), a theory originally developed for modeling complex nuclear

scattering. Many of the theoretical results needed for this work are derived through rmt

however, an excellent recent review can be found in [14] so the discussion here will give only

an overview of the calculation process.

Random matrix theory is attractive for complicated mesoscopic systems because it be-

gins by discarding all of the system specific details and considering a black-box scattering

region between two perfect electron waveguides. In the left (right) waveguide, the incoming

electron wave function can be described in terms of complex coefficients αin
n (βin

n ) which

describe the magnitude and phase of the wave function in the N modes of each waveguide¶.

For example, in a left waveguide with an infinite square well cross section, the incoming

wave is

ψin =
N∑
n=1

αin
n sin(ny)eiknx. (1.7)

We can then define the 2N × 2N scattering matrix S

cout = Scin (1.8)

¶All calculations and measurements in this dissertation are for symmetric leads with N = Nleft = Nright

but some sources in the literature adopt the convention that N = Nleft +Nright.
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which transforms the incoming wave functions cin ≡ (αin
1 . . . α

in
N , β

in
1 . . . βin

N ) into the outgoing

wave functions cout ≡ (αout
1 . . . αout

N , βout
1 . . . βout

N ) . Thus S has the block form

S =

(
r t′

t r′

)
(1.9)

where r and r′ are N×N matrices representing reflection from the left lead back to itself and

from the right lead to itself and t and t′ represent transmission from left to right and right

to left, respectively. Because S is unitary, tt†, t′t′†, 1− rr†, and 1− r′r′† are all Hermitian

matrices with the same set of eigenvalues, Tl. These Tl are related to the conductance of

the device g by the Landauer relation [36,68]

g = 2
e2

h

N∑
l=1

Tl = 2
e2

h

N∑
p=1

2N∑
q=N+1

|Spq|2 . (1.10)

An ideal quantum point contact thus has all Tl = 1.

For mesoscopic systems, the S matrix is chosen from an ensemble which represents

the symmetries of the system. For chaotic quantum dots with open leads, S is uniformly

distributed over the space of unitary matrices in the absence of time reversal symmetry

(B 6= 0) and over the space of orthogonal matrices in the presence of time reversal symmetry

(B = 0) [14]. This difference accounts for positive magnetoconductance (weak localization)

described in section 1.3.3. The average element of S for the unitary case [14]〈
|S|2

〉
=

1
2N

no trs (1.11)

differs from the average for the orthogonal case〈
|S|2

〉
=

1 + δpq
2N + 1

trs. (1.12)

Thus at B = 0, an electron is twice as likely to return to the mode where it started than

to scatter to any other mode, consistent with the intuition of the semiclassical model.

Combined with equation 1.10, this gives the wl correction

δg = N − 2N2

2N + 1
=

N

2N + 1
(1.13)
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for g in units of g0. Note that 〈g〉B 6=0 is just the series conductance of the two point contact

leads. Other aspects of electron transport, for example the magnitude of the conductance

fluctuations

var g =
N2

4N2 − 1
B 6= 0 (1.14)

var g =
4N(N + 1)2

(2N + 1)2(2N + 3)
B = 0 (1.15)

again for g in units of g0, can be calculated similarly [11].



Chapter 2

Phase Decoherence in Open

Quantum Dots

Decoherence in the process by which the quantum mechanical properties of microscopic

systems are transformed into the familiar classical behavior of macroscopic objects. Inter-

actions between the system of interest and the “environment” (i.e. all parts of the universe

which are not of interest) cause entanglement of their wave functions. Since the environ-

ment has many more degrees of freedom than the system, the information represented by

the quantum mechanical correlations in the system diffuses into the environment and any

attempt to measure the system yields only classical answers.

The time required for interaction with the environment to cause decoherence depends

both on the strength of the system–environment coupling and on the size of the system,

ranging from extremely long (the age of the universe or greater) for atoms and sub-atomic

particles to unmeasurably short for macroscopic objects such as a cat. Mesoscopic systems

fall between these extremes with decoherence times for electron phase on the order of 10−9 s.

Because this is on the same order of magnitude as other important time scales in the dot such

as the dwell time, the effects of decoherence can be measured in dc transport experiments,

making mesoscopic systems ideal for the study of decoherence processes.

In addition to its importance as a basic physics problem, an understanding of decoher-

ence is necessary for the development of technologies based on quantum mechanical effects.

Chapter three explores the limitations that decoherence imposes on quantum dot sensors.

Decoherence is also a limiting factor in the implementation of quantum computation [99],

one proposed application of quantum dots which promises dramatically faster algorithms

17
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for factoring large numbers [94], searching databases [45] and other problems which are dif-

ficult or time consuming for classical computers. Despite the development error correcting

codes capable of preserving the fidelity of a quantum state in the face of decoherence, a

threshold decoherence rate of 10−3–10−4 per operation is required for arbitrary quantum

computations [43]. The low temperature phase decoherence times measured in these ex-

periments are on the order of 1 ns which would require an operation rate of at least 1 THz.

Hopefully a better understanding of decoherence will lead to more practical systems for

quantum computation.

2.1 Theoretical treatment of decoherence

In order to model the effects of phase decoherence (dephasing) on mesoscopic transport, it

must be incorporated into the theoretical framework. The first approach [22,77] is to model

the dephasing as a fictitious voltage probe, a third lead equivalent to the two real leads

except that it draws no net current (figure 2.1). As with the real leads, electrons scattering

into this φ-lead have a random phase relationship with those emerging from it. The number

of channels in the φ-lead γφ is set by the ratio of the dwell time τD to the dephasing time

τφ

γφ ≡
2π~
τφ∆

= 2N
τD
τφ
. (2.1)

This third lead is then incorporated into an S-matrix with dimension 2N+γφ. The difficulty

with this model is that the dephasing is localized at the site of the φ-lead in contrast to

the experimental reality of spatially uniform phase breaking. In addition, in order to create

an S matrix, γφ is restricted to integer values while the dephasing time in a real system

is a continuous parameter. This leads to some unphysical results such as the conclusion

that the magnitude of the weak localization correction δg is the same for γφ = 1 as for no

dephasing [12, 19]. A solution to these problems was proposed by Brouwer and Beenakker

[20]. A tunnel barrier with transparency Γφ is introduced into a φ-lead with Nφ channels.

In the limit Γφ → 0, Nφ → ∞ only the product γφ = NφΓφ is important. This cures both

problems with the φ-lead model; γφ is a continuous parameter as it must be, and the large

(infinite) width of the φ-lead removes the spatial localization of the dephasing.
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γφ

N N

Figure 2.1: Decoherence is modeled as a fictitious extra lead with γφ modes attached to
the dot. The “φ-lead” draws no current but electrons entering it have a random phase
relationship with electrons leaving.

With these models, we can go on to examine the effect of dephasing on transport phe-

nomena such as ucf and wl. Not surprisingly, the most obvious effect of dephasing is

to reduce the strength of the quantum mechanical corrections to conductance. An exact

expression for the size of the conductance fluctuations can be found for N = 1, γφ À 1 [20],

along with a more general approximate expression (for g in units of e2/h) [12]

var g ≈ N2(√
4N2 − 1 + γφ

)2 T = 0, B 6= 0 (2.2)

which reduces to equation 1.14 at γφ = 0. A similar but more complicated expression is

found for B = 0. Unfortunately, measurements of var g cannot be used directly to measure

τφ because these expressions are valid only at T = 0. Since conductance is an explicit

function of energy, a non-zero temperature reduces var g by making each measured value

an average over a range of energies. The combination of implicit T dependence through τφ
and explicit T dependence through thermal averaging complicates the picture and generally

requires a numerical solution. See [49] for a full analysis.

The weak localization correction δg (equation 1.13) is also reduced by dephasing but,
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as an average quantity, is unaffected by thermal averaging. In the localized φ lead model,

δg ≈ N

2N + γφ
, (2.3)

independent of temperature except through τφ (for g in units of e2/h) [12]. The distributed

φ-lead model [20] produces a complicated analytical expression for τφ which differs from

equation 2.3 only for N = 1 and γφ . 10 as seen in the inset to figure 2.5a. Because they

can be and converted into a dephasing time with no free parameters, measurements of the

magnitude of the weak localization correction is the standard method for determining τφ in

1D and 2D systems (see section 2.2.1). This chapter describes the first application of this

technique to quantum dots.

Beyond reducing the magnitude of quantum corrections, dephasing has a second more

subtile effect on mesoscopic transport. Dephasing cuts off the dwell time distribution (equa-

tion 1.3) at τφ since electrons which spend more time than this in the dot dephase. Thus the

longest trajectories which accumulate the largest areas will not participate in interference,

reducing the sensitivity of transport to magnetic field. This can be seen both in the power

spectrum of the ucf and the width of the weak localization line shape (equations 1.5 and

1.6) as an increase in the characteristic magnetic field:

Bc = ϕ0

√
κ(2N + γφ). (2.4)

This effect does not depend explicitly on temperature and can be used to calculate τφ [28] but

because of the geometric factor κ, it is significantly more cumbersome than determinations

based on δg.

2.2 Causes of Dephasing

2.2.1 Diffusive One and Two Dimensional Conductors

Most studies of dephasing in mesoscopic systems have focused on disordered 1D and 2D

conductors, where the dimensional crossover for quantum corrections to transport occurs

when the sample width exceeds the phase coherence length `φ =
√
Dτφ (D = v2

Fτe/2 is the

diffusion constant for an elastic scattering time τe), effectively hiding the edges of the sample

from coherent electrons [4]. For the interactions responsible for dephasing, the dimensional
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crossover occurs when the sample width exceeds `T =
√
D~/kBT [51, 96]∗.

At low temperature, electron-phonon scattering rates are small compared to electron-

electron scattering rates† and, in the absence of magnetic impurities, two inelastic electron-

electron scattering mechanisms dominate dephasing. The first consists of a strongly inelastic

collisions with typical energy transfer on the order of the temperature. A single such collision

is sufficient to dephase an electron (i.e. cause a phase shift on the order of 2π), causing

dephasing with a rate τ−1
ee ∝ T 2 [40, 42,57,86,111]. In a 2DEG this rate is

τ−1
ee =

π

4
(kBT )2

~EF
ln

EF

kBT
(2.5)

for kBT ¿ EF, the Fermi energy. The second mechanism, known as Nyquist phase breaking

relies on low energy transfer quasi-elastic collisions. Nyquist dephasing is significant only at

two dimensions or fewer and has a rate τ−1
φN ∝ T 2/(4−d) where d is the sample dimensionality

[4]. In a disordered 2DEG, this rate is

τ−1
φN =

kBT

2π~
λF
`e

ln
π`e
λF

. (2.6)

Because a sequence of these collisions is required to shift the phase by 2π, Nyquist dephasing

is not an exponential process whose rate can simply be added to τ−1
ee ; the sequence of

collisions can be destroyed by a single large energy transfer collision. See references [4,32,71]

for further discussion. In the following, however, we approximate the total dephasing rate

due to electron-electron scattering as sum of these rates, τ−1
φ ≈ τ−1

φN + τ−1
ee [27, 67,91].

Measurements of τφ(T ) in disordered 2D and 1D semiconductors [27, 67, 91] and 1D

metals [32,71] based on weak localization find good agreement with these theoretical results

down to ∼ 0.1 K, well below the temperatures in this experiment. At lower temperatures,

dephasing appears to saturate in a variety of systems, including quantum dots [17,28,49,81].

Many theoretical explanations have been proposed but as of this writing, the issue remains

unsettled [5, 60,80].

∗The corresponding values for ballistic transport are `φ = vFτφ and `T = vF~/kBT .
†τ−1
e−ph(T ) ∝ T 3 in GaAs/AlGaAs 2DEGs and is lower than τ−1

φ by an order of magnitude over the entire
temperature range studied. See [79].
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2.2.2 Ballistic Conductors and Quantum Dots

Since by definition there is no backscattering and thus no weak localization in ballistic

conductors, more experimentally involved methods such as a double slit experiment [109]

or tunneling between parallel 2DEGs [83] must be employed to measure dephasing. These

experiments find that the Nyquist contribution to dephasing is not significant in ballistic

systems and that τφ ≈ τee in good agreement with equation 2.5 [83, 109, 110]. Although

there is no detailed theoretical support, it appears that τφ ∝ T−2 in ballistic systems.

In closed 0D systems, a series of experiments on dots embedded in Aharonov-Bohm

rings [108] suggest that some phase coherence is retained up to 3 ns at 100 mK. However,

these experiments made no attempt to determine τφ exactly or to study it as a function of

temperature. Experiments attempting to determine τφ from the difference in the average

height of Coulomb Blockade peaks at B = 0 and B 6= 0 are ongoing [38, 39]. Theoretical

studies [51,95] predict that τφ is also proportional to T−2 in closed dots for the intermediate

temperature range explored in this experiment, `T > L but kBT À ∆. To our knowledge,

there has been no theoretical discussion of τφ in open quantum dots.

2.3 Measurements

Here, we describe the first use of the weak localization correction δg to measure the de-

phasing time in open quantum dots. In ballistic dots with areas ranging from 0.4 to 4µm2

and single channel point contact leads (N = 1), we find that τφ shows behavior similar

to that seen in disordered 2D conductors including contributions from both large energy

and Nyquist scattering processes. These conclusions are verified by comparison to τφ(T )

measured with three other techniques in the same dots.

Measurements on four quantum dots (figure 2.2) with lithographic areas of 0.4 (2 dots),

1.9, and 4.0µm2 (∆ = 17.9, 3.8, and 1.8µeV respectively) are reported. The elastic mean

free path in the 2DEG measured with all gates grounded is ∼6µm, larger than all device

sizes, assuring ballistic transport within the dots. This particular 2DEG (see appendix

B), grown by Ken Kampman at UCSB was exceptional. Perhaps due to its 160 nm depth

below the surface, it formed clean smooth point contacts with low noise, greatly facilitating

this experiment. The dots were measured in a 3He cryostat at temperatures ranging from

330 mK to 4 K using standard 4-wire lock-in techniques at ∼100 Hz. The bias current,

Ibias = 0.5 nA, was small enough not to cause heating as verified by identical results for
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Vg1

Vg2
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Vpc2
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A B C

Figure 2.2: Electron micrographs of the 0.4µm2 (a), 1.9µm2 (b), and 4.0µm2 (c) devices
used in this experiment. Dot (c) has labels denoting the voltages applied to specific depletion
gates.

Ibias = 0.5 and 1.0 nA.

At these temperatures, weak localization and ucf are comparable in magnitude as seen

in the colored traces of figure 2.4. By measuring an ensemble of device shapes created by

changes in the shape distorting gate voltages Vg1 and Vg2, the ucf can be averaged away,

leaving only the weak localization correction. The measurement procedure is illustrated in

figure 2.3. First, the range of Vg1 and Vg2 to be measured is established. Then Vpc1 and

Vpc2 are swept in a raster to find the plateau with N = 1 channel in each point contact.

Since changes in the gate voltages have a small but significant electrostatic effect on the

point contacts, this sweep is repeated at each of the four corners of the (Vg1, Vg2) range.

The shape of the dot can then be distorted with Vg1 and Vg2 while the leads are maintained

at one channel by adjusting Vpc1 and Vpc2 to settings interpolated from the values found at

the corners. Magnetoconductance measurements are made at the 47 values of Vg1 and Vg2

indicated by blue points on the conductance landscape in figure 2.3. Figure 2.4 shows g(B)

at four of these points along with the average 〈g(B)〉 of all 47.

Figure 2.5a shows δg at N = 1 as a function of temperature for the four devices. Using

γφ(δg) from ref. [20], each point in figure 2.5a is converted to γφ and then, using equation

2.1, to τφ. The resulting τφ(T ) is shown in figure 2.5b. While dots with different areas

have different values of δg, τφ appears to be independent of dot area. The apparent high

temperature roll-off of τφ seen for the larger devices results from a breakdown of the model
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Figure 2.3: (left) Conductance as a function of Vpc1 and Vpc2 with the N = 1 plateau
bracketed in blue. (right) Conductance as a function of Vg1 and Vg2 with blue circles
marking the 47 points at which magnetoconductance was measured.
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Figure 2.4: Single magnetoconductance measurements (colored curves) show ucf and weak
localization with approximately equal magnitude. An average over 47 of these traces (black)
reduces the ucf giving the average weak localization correction.
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in [20] when `φ is on the order of the dot size; a few short non-ergodic trajectories, not

accounted for in [20], dominate coherent backscattering (see figure 1.8 and accompanying

discussion).

As seen in figure 2.5b, the temperature dependence of τφ falls between τφ ∝ T−2 and

τφ ∝ T−1 and is well fit by the sum of the large energy transfer and Nyquist dephasing rates

for diffusive 2D systems, equations 2.5 and 2.6. Choosing an effective value of `e = 0.25µm

gives

τ−1
φ = 12.8T + 1.4T 2 ln

74.3
T

(2.7)

for T in K and τφ in ns, the solid line in figure 2.5. We do not know if this value of `e
corresponds to any physical length in the problem; certainly it is much shorter than the

`e of the unconfined electron gas. This temperature dependence is somewhat surprising

since both 2D ballistic systems and 0D closed dots are predicted to have τφ ∝ T−2 (see

section 2.2.2). We note that, while τφ(T ) does not show a low temperature saturation in

the temperature range measured, subsequent measurements show some saturation below

100 mK and a τφ(T ) consistent with the present data above 100 mK [49].

To check the results based on weak localization amplitude at N = 1, we compare to

three other measurements of τφ in the same devices. The first comparison is to τφ obtained

from weak localization amplitude at N = 2, δgN=2, measured just as for N = 1 and using

equations 2.1 and 2.3 to convert from δgN=2 to τφ. With no adjustable parameters, the

δgN=1 and δgN=2 results are consistent within experimental errors as shown in figure 2.6

for the 0.4 and 4.0µm2 dots.

The second comparison is to τφ extracted from the power spectra of ucf as described

in [28] and in equations 1.5 and 2.4. Figure 2.7 shows power spectra of g(B) for the 4.0µm2

dot which are consistent with equation 1.5 over three orders of magnitude, and a two

parameter (S(0) and Bc) fit to the power spectrum at each temperature gives Bc(T ). The

dephasing time is then determined by equation 2.4 with κ chosen to give a best fit with the

δgN=1 data. Figure 2.7 shows good agreement between the two methods over the whole

temperature range.

The final comparison is to τφ extracted from the line shape of the weak localization

correction around B = 0 (equation 1.6). Figure 2.8 shows shape averaged 〈g(B)〉 for the

4.0µm2 dot along with two parameter (δg and Bc) fits to equation 1.6. Values for τφ are
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Figure 2.5: (a) Shape averaged weak localization δg as a function of temperature for the
four measured devices: 0.4µm2 ( , ), 1.9µm2 ( ), and 4.0µm2 ( ). Error bars reflect
uncertainty in δg as a result of conductance fluctuations remaining due to limited ensemble
size. Inset: Comparison of phase breaking rate γφ(δg) at N = 1 using the φ-lead model
(equation 2.3, dashed line) [12] and the distributed φ-lead model of [20]. (b) Phase coherence
time τφ determined from δg at left. The dotted lines show τφ ∝ T−1 and T−2 as guides to
the eye. The solid line shows τ−1

φ = τ−1
ee + τ−1

φN for a disordered system with `e = 0.25µm
(equation 2.7).
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spectra ( ) and from the weak localization correction at N = 1 ( ) for the 4.0µm2 dot.
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the 4.0µm2 dot for T = 360 mK ( ) and T = 1 K ( ). . (right) Comparison of τφ extracted
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extracted from Bc using equation 2.4 with κ chosen to give a best fit to the δgN=1 results.

Again, the two methods agree within experimental error.

The good agreement of τφ over four measurement techniques with different theoretical

supports (rmt versus semiclassical theory) gives us confidence in the measurements and

their interpretation. The method based on δg is clearly preferred for the same reasons it

is the standard in 1D and 2D systems: it is the easiest experimentally and it relates a

measured quantity, δg, to τφ with no adjustable parameters.



Chapter 3

High Bias Transport

Beyond the intrinsic physical interest in decoherence, electron dephasing limits the per-

formance of technological devices based on mesoscopic systems. The restrictions which

decoherence places on quantum computing are discussed briefly in the previous chapter.

This chapter focuses on quantum dots as sensors and in particular on the quantum dot

magnetometer.

Most experiments in quantum dots are performed at low bias, typically . 20µV for

open dots. This is not ideal for technological applications; many will require higher bias

to produce easily measurable signals. In the tunneling regime, g ¿ e2/h, experiments

have exploited the non-linear conduction of quantum dots at higher bias to perform energy

level spectroscopy [56,100]. In open dots, the conduction remains essentially linear at high

bias, and the experiments presented in this chapter demonstrate that the primary effect

of the increased bias is to heat the electrons. Transport is characterized by an effective

temperature derived from Joule heating at the point contacts and Wiedemann-Franz out

diffusion of thermal electrons. In a quantum dot device, the optimum operating bias is

a balance between increased signal from high bias and loss of quantum interference and

increased noise from elevated electron temperature. With the effective temperature model,

we analyze a quantum dot magnetometer, investigating optimal design parameters and

performance possibilities, and comparing it to alternative technologies for micron scale

magnetometry.

29
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Vbias

dot

lock-in
amplifier

Figure 3.1: Schematic of the dot and measurement circuit showing the two configurations
used to measure conductance at low bias (upper) and high bias (lower). The high bias
configuration uses a square wave excitation in order to measure conductance at a single
value of bias.

3.1 Measurements

To understand the effect of bias on transport, unaveraged magnetoconductance measure-

ments g(B) = Ibias/V made at low rms current bias Ibias for various values of the cryostat

temperature T0 were compared to similar measurements made at elevated Ibias and low

cryostat temperature. All measurements were carried out in a 3He cryostat on the 4.0µm2

device described in the previous chapter (see figure 2.2c for a micrograph). Two different

measurement configurations (figure 3.1) were used. In the first configuration, identical to

that used in the previous chapter, conductance was measured for several cryostat tempera-

tures between 340 mK and 1.5 K using standard current biased lock-in techniques with Ibias

fixed at 0.5 nA. In the second configuration, T0 was fixed and conductance was measured

for several values of Ibias using lock-in detection of a square wave excitation.

Magnetoconductance measurements made in both configurations are shown in figure 3.2.

The close agreement of even the fine features of measurements made in these two configu-

rations allows us to describe the effect of increased bias with a phenomenological effective

temperature Teff shown in figure 3.3 for T0 = 340 and 540 mK. Over most of the experimen-

tal range, this effective temperature can be interpreted as the electron temperature in the

dot since electrons in the dot are in thermal equilibrium. Energetic electrons entering the

dot thermalize primarily by inelastic electron-electron collisions whose rate τ−1
ee (equation

2.5) is at least comparable to the escape rate of electrons from the dot τ−1
D (equation 1.1).

For this dot with EF = 6.4 meV, N = 1, and ∆ = 1.8µeV, the dwell time is τD = 1.2 ns.

At 340 mK, τee = 1.2 ns which is comparable to τD and with increasing temperature, τee
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Figure 3.2: Measured magnetoconductance g(B). Solid lines correspond to g(B) at Ibias =
0.5 nA for T0 = 340, 410, 680, and 990 mK (bottom to top) while open circles show g(B) at
T0 = 340 mK for Ibias = 0.5, 3, 7, and 12 nA (bottom to top). Each pair of curves has been
offset for clarity.

decreases further, τee = 0.17 ns at T = 1 K, allowing electrons to come into thermal equi-

librium within the dot. This is in contrast to recent experiments which found an effective

temperature Teff = eV/kB for electrons out of thermal equilibrium (τD < τee), much higher

than we find for thermalized electrons (equation 3.3)∗ [72].

The measured effective temperature can be quantitatively modeled as a balance of energy

added to the dot by high bias electrons with the energy lost to the environment. The

power input is the Joule heating from the point contacts, Ptotal = I2
bias/g. This heating

occurs not in the 1D channel of the point contact itself but at the ends where it widens

into the dot and the reservoir. Thus the heat generated is divided, not necessarily evenly,

between the dot and the reservoir [46,92]; as discussed below, our data are best fit assuming

∼10% asymmetry in heating. The dominant cooling mechanism is the diffusion of warm

electrons out of the dot, as described by the Wiedemann-Franz relation [8]. Although

originally developed for classical, diffusive metal systems, the Wiedemann-Franz relation is

remarkably robust having been both predicted [44,90] and measured (to within a factor of

2) [82] to apply to ballistic point contacts. For the geometry of a quantum dot with two

electrical resistances in series and two thermal resistances in parallel, the Wiedemann-Franz

∗For Teff À T0, the effective temperature derived from equation 3.3 is about 0.2eV/kB .
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Figure 3.3: Measured effective temperature as a function of Ibias for T0 = 340 mK ( ) and
580 mK ( ) along with the values predicted by equation 3.3 with Pdot = 0.4 I2

bias/g (solid
lines).

relation gives a thermal conductivity

σth = 4gTL0 (3.1)

with the Lorenz number

L0 =
(
kB
e

)2 π2

3
. (3.2)

Assuming that the reservoirs are in good thermal contact with the cryostat and remain at

T0, this yields an effective temperature

T 2
eff = T 2

0 +
Pdot

2gL0
(3.3)

where Pdot is the power heating the dot. For a symmetric point contact, Pdot is half of the

total Joule power but we find best agreement with our data for Pdot = 0.4Ptotal (figure 3.3).

Presumably, this deviation from 1/2 is due to asymmetry in the point contacts [46, 92].

Cooling via the substrate is neglected since the electron-phonon interaction time at the

temperatures studied here is longer than τD [78].
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Figure 3.4: (a) The voltage response χ(B) (equation 3.4) measured at Ibias = 1 nA (blue),
5 nA (red), and 16 nA (green). At 1 nA, the signal is small due to low bias while at 16 nA,
heating reduces conductance fluctuations. χ is largest at an intermediate bias. (b) The
maximum of the voltage response χmax as a function of bias current. Solid symbols represent
measurements for two different configurations of the shape distortion gates. The theoretical
ensemble average value (solid line) differs from the single measurements due to conductance
fluctuations.

3.2 Quantum Dot Magnetometer

The effective temperature model along with the many characteristics of transport known

from low bias measurements allow us to examine the performance of quantum dots as

sensors and to optimize the operating conditions for a given task. As an example, we will

analyze the performance of a quantum dot magnetometer which takes advantage of the

large magnetoconductance of quantum dots around B = 0 (see section 1.3.3) to measure

absolute magnetic field with spatial resolution on the order of the size of the dot.

If noise is independent of bias, as in the case of the measured dot, the optimum operating

parameters are determined by maximizing the voltage response

χ ≡ dV

dB
= −Ibias

g2

dg

dB
. (3.4)

This response is 0 at B = 0 since there is a minimum in conductance but is maximum at

a small magnetic field Bmax as seen in figure 3.4a. Two measurements of χmax ≡ χ(Bmax)

for different values of the shape distorting gate voltages are shown in figure 3.4b. While

conductance fluctuations cause χmax to vary for any individual measurement, the ensem-

ble averaged response can be calculated for a chaotically shaped ballistic dot from the
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Lorentzian line shape of the weak localization [10] (see section 1.4.1)

〈g(B)〉 = 〈g〉B 6=0 −
δg

1 + (2B/Bc)2
. (3.5)

whose height δg and width Bc both depend on temperature through dephasing as seen in

equations 2.3 and 2.4 respectively. The maximum voltage response thus occurs at

Bmax =
Bc

2
√

3

√
1− δg

〈g〉 . (3.6)

which in turn gives

χmax =
3
√

3 δgIbias

4Bc
√
〈g〉(〈g〉 − δg)3/2

(3.7)

Using equation 3.7, along with the dephasing times measured in the previous chapter

(equation 2.7) and the effective temperature of equation 3.3 yields the theoretical average

voltage response 〈χmax〉 shown as the solid line in figure 3.4. The measured values are not

ensemble averaged and thus differ from the calculated value due to conductance fluctuations.

While this requires recalibration of the sensor for each value of the shape distorting gate

voltages and for each thermal cycle, the ucf can be used to improve the response of the

magnetometer by as much as a factor of two by “tuning” the dot to a configuration with

high χmax. In addition, since transport is symmetric in magnetic field, B = 0 is indicated

unambiguously. These results can be used to design devices specifically for magnetometry.

The highest value of χmax for a given T0 and dot area is shown in figure 3.5a. The operating

current required for this most sensitive operation at T0 = 300 mK is shown in figure 3.5b.

Note that the optimum dot size shifts slightly with temperature.

If external noise is minimized, the fundamental limit on performance is the voltage noise

of the dot itself. Dot noise is a combination of shot and Johnson-Nyquist noise which add

to give a total noise [66]

S
1/2
V =

√
4kBT ∗/g (3.8)
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Figure 3.5: (a) Calculated average χmax as a function of dot area. Note that the optimum
dot area changes slightly with operating temperature. (b) Operating bias for optimum χmax

(solid) and lowest noise (dashed) operation.

with equivalent noise temperature

T ∗ = T

[
1 + α

(
eIbias

2gkBT
coth

eIbias

2gkBT
− 1
)]

. (3.9)

Here α = 1/4 is the suppression factor for shot noise in quantum dots compared to the

poissonian value Sdot
I = 1/4Sclassical

I = 1/4(2eI) [54]. This noise can be combined with the

voltage response calculated above to give S1/2
B = S

1/2
V /χ shown in figure 3.6a. The noise

in the device measured is far above this limit, S1/2
V ∼ 150 nV/

√
Hz which translates to

S
1/2
B ∼ 10µT/

√
Hz. This noise could be greatly reduced by measuring at a frequency above

the 1/f knee. See for example [66] where the authors have measured a point contact with

a 1/f knee below 1000 Hz.

Quantum dots compare reasonably well with other technologies for micron scale absolute

magnetometry. While noise prevents the dot measured here from being a competitive

magnetometer, an optimized 1µm2 dot could have average field noise S1/2
B ∼ 100 nT/

√
Hz

at 300 mK (figure 3.6a). As explained above, this noise can be reduced by a factor of two

by tuning the shape distortion gates for maximum voltage response. This compares well

to ∼200 nT/
√

Hz for a submicron ballistic Hall probe [41]. Both quantum dots and hall

bars have an order of magnitude higher noise than a state of the art commercial SQUID,

∼6 nT/
√

Hz for a 1µm2 device [29]. Note however that the ultimate size limit for SQUIDs

is the magnetic penetration length (∼85 nm in Nb) whereas for devices based on chaotic

quantum interference, the ultimate size limit is the Fermi wavelength which can be orders
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Chapter 4

Pumping Electrons

The large majority of research into mesoscopic systems, including the first part of this

dissertation, has focused on transport driven by an externally applied bias. The remainder

of this dissertation focuses on the adiabatic quantum electron pump, exploring a class of

transport in which the flow of electrons is driven by cyclic changes in the wave function of

a mesoscopic system.

Before discussing the adiabatic quantum pump in chapter five, this chapter reviews

other mechanisms that produce a dc response to an ac driving signal in coherent electron

systems. The mechanisms reviewed here can be grouped into two categories: high frequency

irradiation and low frequency gate modulation. Irradiating mesoscopic samples with mi-

crowave radiation drives the distribution of electron energies far from equilibrium which is

often sufficient to cause dc transport. In open systems, the mesoscopic photovoltaic effect

combines photon absorption and coherent random scattering to create a photocurrent which

shows random sample specific fluctuations similar to ucf. In systems with tunnel barriers,

inelastic photon assisted tunneling can create a dc current whose magnitude and direction

are periodic in the shape distorting gate voltage. Low frequency current pumping in which

the distribution of electron energies remains at (or very near) equilibrium is more subtile. A

simple blanket irradiation will not cause net current flow in this regime. Instead, ac voltages

are applied to the gates which define the system causing cyclic changes to its shape and/or

its connection to the environment. Two ac voltages with a phase difference between them

are required to create turnstile pumps in closed systems or adiabatic quantum pumps in

open systems. As with the mesoscopic photovoltaic effect, current pumped by an adiabatic

quantum pump has random sample specific fluctuations while turnstile pumps, like photon

37
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CA Bd

l

Figure 4.1: Asymmetric potential with height l and depth d as a model for the photovoltaic
effect, demonstrating the three contributions to the photocurrent: photoexcitation (a) and
electron trapping (b) which create a photocurrent toward the right, and reflection (c) which
contributes a current in the opposite direction.

assisted tunneling, has a current whose magnitude and direction are determined by the

control voltages.

4.1 The Mesoscopic Photovoltaic Effect

The classical photovoltaic (pv) effect has been well known in macroscopic crystals for over

thirty years and is reviewed in [16]. When a non-equilibrium distribution of electron en-

ergies is created in a medium which lacks a center of symmetry, more electrons scatter in

one direction than the other, creating a net current or, if measured in an insulated crystal,

a photovoltage. Experiments in which laser illumination excites a non-equilibrium distri-

bution in asymmetric crystals such as LiNbO3 and BaTiO3 produce photocurrents in the

range of 0.1 nA for each cm2 of illuminated crystal.

The photocurrent is caused by asymmetric scattering of the excited electrons. We can

model the potential as an asymmetric 1D well with barrier height l À ~ω and well depth

d < ~ω (figure 4.1). There are three contributions to the current: photoexcitation of

electrons from the well (a), trapping of electrons entering the well (b), and reflection of

electrons from the well (c). To avoid creating a perpetual motion machine, these three

contributions must cancel when the sample is in thermal equilibrium.

When a photon is absorbed, an electron exits the well, traveling to the right at velocity

v0 =
√

2(~ω − d)/me. Excited electrons travel toward the right until they scatter from

another impurity a time τ later. Thus, if the excitation rate is pJ (where J is the light
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intensity and p the probability of absorption), the photocurrent contributed will be

ja = ev0pJτ. (4.1)

In order to maintain a steady state condition, as many electrons must become trapped in

the well as are exited out of it. Because these electrons all come from the right (for kBT <

~ω < l), this contributes to the photocurrent in the same direction as photo excitation.

Most of the electrons which become trapped will be in thermal equilibrium with the crystal,

travelling at the thermal velocity vT , and would have continued that way for time τ . Thus,

electrons trapped will contribute a photocurrent of

jb = evT pJτ. (4.2)

The final contribution to the photocurrent is the reflection of electrons that impinge on

the potential from the left and is opposite in sign from the two previous terms. Since the

flux of electrons arriving at the potential from the left is the same as that arriving from the

right, jc = −2jb giving a final photocurrent

jtotal = epJ(v0 − vT )τ. (4.3)

Note also that this photocurrent goes to 0 as it must when the sample is in thermal equilib-

rium with the radiation v0 = vt. Relaxing the assumption hÀ ~ω reduces the photocurrent

by a factor η which characterizes the degree of asymmetry of the potential.

Fal’ko and Khmel’nitskĭı predicted that the photovoltaic effect should be present in

open mesoscopic samples without the need for an explicit asymmetry [34, 35] since the

random scattering provided by impurities or a chaotic potential is inherently non-symmetric.

Photocurrents due to this innate asymmetry generated in different regions of a macroscopic

conductor add incoherently and average to zero. In a mesoscopic conductor with size L ≤ `φ,

the scattering is coherent and photovoltaic current can be measured. In the weak field limit

(eEL2g/~ω ¿ 1), the photocurrent can be estimated as

Iφ ∼ ηeM/n1/2. (4.4)

where E is the applied ac electric field, M is the number of electrons excited per unit time

and n is the number of contributions which add incoherently. In this limit an electron will
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absorb only one photon so M is just the number of photons absorbed by the sample per

unit time

M =
E2L2g

~ω
. (4.5)

The degree of asymmetry η is a function of the random scattering which is itself a sensitive

function of external parameters such as energy and magnetic field. The photocurrent should

thus display ucf-like fluctuations in both magnitude and direction in response to changes in

these parameters. Like ucf, the scattering responsible for the photocurrent are correlated

over an energy range Ec = ~/τD known as the Thouless energy [70] so that

n =
~ω
Ec

= ωτD (4.6)

independent energy ranges add incoherently. Finally, the typical values of η can be estimated

as the ratio of the magnitude of the ucf to the sample conductance

η ≈ e2/h

g
(4.7)

giving an estimate for the typical values of the photocurrent

Iφ ≈
e

2π

(
ω

τD

)1/2(EeL
~ω

)2

. (4.8)

This estimate is replaced by an exact calculation in [35] and the photocurrent in the strong

field limit is also explored along with the effects of temperature and decoherence. Because

the direction of the photocurrent is random, 〈Iφ〉 ≈ 0 and the typical value represents the

standard deviation of the fluctuations around 0.

The photovoltaic effect has been measured in metal films [73] and Au rings [13] in a

microwave cavity. The authors measured the open circuit photovoltage Vφ = Iφ/g and find

a that it behaves much as predicted by theory with aperiodic fluctuations as a function

of B and of measurement temperature. The amplitude of the photovoltage was in good

agreement with the theoretical prediction∗ although the temperature dependence was much

weaker than predicted. Additional aspects of the photovoltage such as its dependence on

∗Vφ ∼ 4 nV at 1.4 K for a 1µm2 Ag sample in an 8.4 GHz field at 20 V/m compared to a theoretical
prediction of 3 nV [73].
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a b

Figure 4.2: Photon assisted tunneling in the low frequency regime ~ω < ∆ allows transport
which would be forbidden by Coulomb blockade in the absence of irradiation: (a) when the
lowest unoccupied state is ~ω above the Fermi level of the leads and (b) when the highest
occupied level is ~ω below the Fermi level of the leads. If the ac electric field couples
symmetrically to the leads then the direction of current must be set with a small dc bias
between source and drain. However, if the ac field couples more strongly to one lead, current
can be created in the absence of dc bias.

E and the dephasing effect of microwaves are also reported. The authors do not, however,

report any measurements of the frequency dependence of the photovoltage, presumably due

to the difficulty of calibrating the microwave cavity for different frequencies.

4.2 Photon Assisted Tunneling

Microwave irradiation of quantum dots in the Coulomb blockade regime (see section 1.3.1)

can lead to inelastic photon assisted transport (pat). The peaks in conductance observed

with no irradiation (figure 1.5) are split, developing sidebands in the presence of a microwave

field. For photon energies below the energy level spacing of the dot†, ~ω < ∆, pat creates

sidebands to the peaks in conductance where the ground state of the dot is ~ω above or

below the Fermi level of the leads (figure 4.2). The photon assisted tunneling rate and thus

the magnitude of these sidebands can be calculated [84] and the measured results agree

qualitatively with the calculations [85]. Larger photon energies give pat through excited

states of the dot allowing a sort of pat spectroscopy [85].

If the ac electric field couples asymmetrically to the source and drain reservoirs, a current

is created in the absence of dc bias [61]. If pat is only allowed to and from the left reservoir,

†f . 2 GHz for a 1µm2 GaAs/AlGaAs dot. The experiments in [61, 62, 85] were made in much smaller
dots at f ≈ 20–60 GHz in both low and high frequency regimes.
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the situation shown in figure 4.2a with the electron tunneling into the dot from the left and

exiting through either side will cause a net current of half the tunneling rate to the left on

one side of the conductance peak. On the other side of the peak, the situation shown in

figure 4.2b with an electron tunneling out of the dot to the left and being replaced from

either side creating a net current of the same magnitude to the right. Thus as the gate

voltage is swept, the zero bias photocurrent will be small in the conductance valleys rising

to a maximum in one direction when the lowest unoccupied state is ~ω above the Fermi

level, returning to zero at the center of the peak itself (where the lowest unoccupied state

is at the Fermi level) and rising to a maximum in the other direction when that state

(now the highest occupied state) is ~ω below the Fermi level. Note that in contrast to the

photovoltaic effect, the photocurrent is periodic in the gate voltage and does not show the

same type of random aperiodic fluctuations seen in open systems.

4.3 Turnstile Pumping

The second class of devices which create dc transport from an ac excitation are the so called

electron pumps. These devices work at low frequencies, typically in the MHz range, so that

the ac excitation is slower than all of the characteristic times in the device. In this frequency

range, the distribution of electron energies remains essentially in equilibrium and simply

irradiating the device is not sufficient to drive a dc current. Instead, electron pumps require

two (or more) control voltages, operating with a non-zero phase difference between them,

to be applied to different regions of the device.

The most well characterized electron pumps are the turnstile pumps [63, 89] which,

operating in the Coulomb blockade regime, transfer an integer number of electrons per

cycle. Turnstile pumps have been realized in single quantum dots [63, 64] as well as chains

of metal islands separated by tunnel junctions [88, 89]. The pumping cycle (figure 4.3)

begins by isolating the device from one reservoir—for example by increasing the height of

one tunnel barrier. The chemical potential of the device is lowered to bring an empty state

in line with the Fermi energy in the reservoirs. That state is filled by tunneling from the side

with the lower barrier, adding an electron. The device is then isolated from the reservoir

which provided the electron, and the chemical potential is raised, forcing the electron into

the opposite reservoir. The Coulomb blockade (section 1.3.1) assures that an integer number

of electrons is pumped through the dot per cycle, yielding a net current of nef where n
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a b c d

Figure 4.3: The pumping cycle of a turnstile pump. (a) The right tunnel barrier is raised
preventing tunneling from the right reservoir. (b) The chemical potential is lowered until a
state becomes available at the Fermi energy of the reservoirs. An electron tunnels in from
the left reservoir. (c) The right tunnel barrier is lowered, allowing tunneling to the right
reservoir. (d) The chemical potential is raised forcing an electron to tunnel to the right
reservoir. Note that two control voltages operating out of phase (a π/2 phase difference is
optimal) are required.

depends on the excursion of the chemical potential per cycle. The magnitude and direction

of the pumping are determined by the control voltages; there are, in a first approximation, no

fluctuations due to quantum mechanical effects. Note also that this pumping cycle requires

two control voltages and is optimally effective with a phase difference of π/2 between them.

The control and quantization of current provided by turnstile pumps has stimulated their

development for use in precision metrology [37]. Most of this work has been on multiple

tunnel junction devices [89] with several metal islands separated by tunnel junctions. The

large number of tunnel junctions helps to reduce the rare errors caused by the co-tunneling

of electrons through more than one barrier at a time [59]. With these pumps, electrons can

be transferred with an accuracy of 1 part in 108 [58] with photon assisted tunneling (section

4.2) thought to contribute much of the error [59]. The current produced is limited to∼ 10 pA

by the requirement that the control voltages change slowly compared to relaxation times

in the dot. While this is too small for a practical current standard, a capacitance standard

based on the turnstile pump has recently been proposed [58] with a relative capacitance

error of 3 × 10−7. Other pumping methods such as surface acoustic waves [103] are also

being investigated with metrological applications in mind.
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Chapter 5

The Adiabatic Quantum Electron

Pump

The research into adiabatic electron pumping presented in this chapter was sparked by re-

cent theoretical developments [18,98,113] extending to open systems a pumping mechanism

first proposed by Thouless [6,105] for closed or otherwise gapped systems. Pumping occurs

in a gapped system with a slowly changing potential

U(x, t) = U1(t)f1(x) + U2(t)f2(x) (5.1)

with f1 6= f2 where U1 and U2 are adiabatically slow periodic functions. The evolution

of such a system can be described by its trajectory in the (U1, U2) plane and pumping is

predicted to occur if the trajectory encloses non-zero area in this plane. The pumping is

most easily seen in the example proposed by Thouless: a gapped 1D system with a traveling

wave potential of wavelength a and period τ

U(x, t) = U0 sin
(

2π
[
x

a
− vt

τ

])
(5.2)

which can be decomposed into

U1,2 = U0 cos
(

2π
vt

τ
+ φ1,2

)
(5.3)

f1,2 = sin
(

2π
x

a
+ φ1,2

)
(5.4)

45
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with φ1,2 = 0, π/2. Because of the adiabaticity, as the potential moves along, the n

electrons confined to each minimum move along with it, creating a current of nev/a with

no dissipation. The Thouless potential traces a circle in the (U1, U2) plane but in general

a system with a phase difference φ 6= 0, π between U1 and U2 will enclose an area in the

phase space and will pump. It should be emphasized that, like turnstile pumping (section

4.3), adiabatic pumping requires two control parameters with a non-zero phase difference

between them. A single parameter can create only a standing wave which cannot transport

charge.

The theory of Thouless has recently been extended [18, 113] to open systems where

level broadening due to escape creates a continuum of states. Since there is no energy gap

between full and empty states, the strict adiabatic condition cannot be met. Neverthe-

less, a deformation of the confining potential of a mesoscopic system that is slow compared

with the relevant energy relaxation times can change the wave function of the system while

maintaining an equilibrium distribution of electron energies and can in some sense be con-

sidered adiabatic. In systems connected to electron reservoirs by leads with one or more

fully transmitting quantum modes, the wave function of system extends into the leads and

the “adiabatic” changes can transport charge to or from the reservoirs. A periodic defor-

mation that depends on a single parameter cannot result in net transport; any charge that

flows during the first half-period will flow back during the second. On the other hand, a

deformation of the form of equation 5.1 can break this symmetry and in general provide

net transport. Because of the analogy with the Thouless pumping described above, it is

hoped that at least part of this current flow will be dissipationless, perhaps allowing us to

overcome the limits on bias driven current described in chapter three.

5.1 Measurements

Measurements of adiabatic pumping were made in three similar semiconductor quantum

dots fabricated as described in section 1.2 and appendix A on heterostructures with 2DEGs

at 56 nm (device 1) or 80 nm (devices 2 and 3) below the semiconductor surface (see appendix

B for a detailed description of the heterostructure material and SEM images of these dots).

All three dots had lithographic areas adot ∼ 0.5µm2 giving an average single particle level

spacing ∆ ∼ 13µV ≈ 150 mK. The three devices showed similar behavior and most of the

data presented here are from device 3.
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Figure 5.1: Schematic of the configurations for Vdot (a) and Idot (b) measurements along with
a micrograph of device 1. The bias (Ibias, Vbias) is set to zero for pumping measurements.

Figure 5.1 shows a micrograph of device one along with schematics of the measurement

configurations. Voltages on the three gates marked with red dots control the conductances

of the point contact leads. These were adjusted, following the procedure described in

section 2.3, so that each lead transmitted N ∼ 2 transverse modes, giving an average

conductance through the dot of 〈g〉 ∼ 2e2/h. The remaining two gates were used to create

both the cyclic shape distortions necessary for pumping and dc shape distortions that allow

ensemble averaging. Radio frequency function generators∗ with a computer controlled phase

difference φ between them provided the cyclic deformations to which a computer controlled

dc voltage Vg was added. To allow a sensitive lock-in measurement of the pumping signal,

the signal from the frequency generators was chopped by a low frequency (93 Hz) square

wave and either the voltage across the dot in an open circuit configuration Vdot (figure 5.1a)

or the current through the dot Idot (figure 5.1b) was measured synchronously. In either

case an external bias (Ibias or Vbias) could be applied, allowing conductance to be measured

without disturbing the measurement configuration. The external bias was set to zero for

pumping measurements. Although Idot is the more fundamental quantity, measurements of

Vdot were made initially because it is experimentally more convenient. Comparisons of Idot

and Vdot measured under the same conditions confirm that Vdot ≈ Idot/g.

Except where noted, measurements were made at base temperature T = 330 mK, dot

conductance g ∼ 2e2/h ≈ (13 kΩ)−1, ac frequency f = 10 MHz, and ac amplitude Aac =

∗Hewlett-Packard model 3325 frequency generators with a frequency range f = 0–20 MHz
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Figure 5.2: (a) Pumped dc voltage Vdot as a function of the phase difference φ between
two shape-distorting ac voltages and magnetic field B. Note the sinusoidal dependence on
φ and the symmetry about B = 0. (b) Vdot(φ) for several different magnetic fields (solid
symbols) along with fits of the form Vdot = A0 sin(φ) +B0 (dashed curves).

80 mV peak to peak. For comparison, the gate voltage necessary to change the electron

number in the dot by one is ∼ 5 mV as determined by measurements of Coulomb blockade.

Measurement were carried out over a range of magnetic fields 30 mT ≤ B ≤ 80 mT which

allows several quanta of magnetic flux ϕ0 = h/e to penetrate the dot (ϕ0/adot ∼ 10 mT)

while keeping the classical cyclotron radius much larger than the dot size, rcyc[µm] ∼
80/B[mT].

The general characteristics of quantum pumping including antisymmetry about phase

difference φ = π, sinusoidal dependence on φ (for small amplitude pumping), and random

fluctuations of pumping amplitude and direction as a function of perpendicular magnetic

field are illustrated in figure 5.2. We quantify the amplitude of the pumping with the values

A0 and B0 extracted from fits of the form Vdot(φ) = A0 sinφ+B0 shown as dotted lines in

figure 5.2b.
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Figure 5.3: Plot of Vdot(φ = π/2) and g as a function of magnetic field and dc gate voltage.
Note the symmetry of both fluctuations around B = 0 and their similar characteristic
correlation scales. Note also that the fluctuations of pumping and conductance do not
appear to be directly correlated.

The scale of the fluctuations of pumping amplitude and their symmetry about B = 0

are seen in the plot of Vdot(φ = π/2) as a function of B and Vg1 (figure 5.3). The full

symmetry of pumping which follows from time-reversal symmetry

Vdot(φ,B) = −Vdot(−φ,−B) (5.5)

is analogous to the Landauer-Büttiker relations for conductance [113]. The symmetry ob-

served in figure 5.3, Vdot(φ,B) = Vdot(φ,−B), results from a combination of equation 5.5

and the sinusoidal dependence of Vdot on φ at low pumping amplitudes. The fluctuations

of pumping amplitude, in response both to a changing magnetic field and to changes in

the dc shape of the potential occur on a similar scale as the fluctuations of conductance.

This scale is quantified as the half width at half maximum of the autocorrelation function

C(∆x) = 〈f(x)f(x+ ∆x)〉. The hwhm of C(∆B) in device 3 is 3.3± 0.4 mT for pumping

and 3.9 ± 0.4 mT for the conductance fluctuations, comparable to and somewhat smaller

than one flux quantum through the device, consistent with pervious experiments on con-

ductance in similar dots [75]. Similarly, for both pumping and conductance, the hwhm of

C(∆Vg) is about 70 mV. Note also that the fluctuations of pumping and conductance do

not appear to be directly correlated.
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Figure 5.4: A typical data set corresponding to a single point in figures 5.5 and 5.6 along
with fit parameters A0 (blue) and B0 (yellow) for each configuration.

Because the pumping amplitude fluctuates on both sides of 0 with equal likelihood for

a given φ, 〈A0〉 is small and the typical pumping amplitude is instead characterized by the

standard deviation of A0, σ(A0). Each value of σ(A0) in figures 5.5 and 5.6 is based on fits

to Vdot(φ) for 96 independent configurations over B, Vg1, and Vg2. A typical data set for one

of these points is shown in figure 5.4. For the data shown here, B0 is a small correction but

see also section 5.3 below. The data in figure 5.4 yield σ(A0) = 0.4µV while 〈A0〉 = 0.01µV

and σ(B0) = 0.07µV.

The dependence of the pumping amplitude σ(A0) on pumping frequency is linear (figure

5.5a). This gives us confidence that our measurements are not corrupted by the influence of

non-equilibrium pumping mechanisms such as the mesoscopic photovoltaic effect (see 4.1)

which have a quadratic frequency dependence (to lowest order). For the above parameters,

the linear dependence of adiabatic pumping has a slope of 40 nV/MHz. Because g ∼ 2e2/h,

this voltage compensates a pumped current of 3 pA/MHz or about 20 electrons per pump

cycle.

Figure 5.5b shows the dependence of σ(A0) on the amplitude of the applied ac voltage

Aac. For weak pumping σ(A0) is proportional to A2
ac. For stronger pumping, σ(A0) falls

below A2
ac and appears consistent with σ(A0) ∝ A1/2

ac for high Aac. Note that the crossover

occurs around Aac = 80 mV, near the characteristic voltage scale for fluctuations in the
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Figure 5.5: (a) Standard deviation of the pumping amplitude σ(A0) as a function of ac
pumping frequency f . The dependence is linear with a slope of ∼ 40 nV/MHz for both
devices 2 (solid symbols) and 3 (open symbols). (b) σ(A0) as a function of ac pumping
amplitude along with fits to A2

ac below 80 mV (dashed line), and Aac (solid line) and A
1/2
ac

(dotted line) above 80 mV. Inset: The sinusoidal dependence of Vdot(φ) for small values of
Aac (solid curve Aac = 100 mV) becomes nonsinusoidal for strong pumping (dotted curve
Aac = 260 mV (c) σ(A0) as a function of temperature T with a power law fit. The rounding
at low temperatures is consistent with an expected saturation below ∼ 100 mK.
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Figure 5.6: Average 〈A0〉 ( ) and standard deviation σ(A0) ( ) of pumping strength. σ(A0)
shows a peak around B = 0 almost twice its value away from zero field while 〈A0〉 remains
close to zero.

pumping amplitude and the value of Aac used to gather the other data presented here. At

high Aac, Vdot(φ) becomes non-sinusoidal as shown in the figure 5.5b inset. Notice that

Vdot(φ = 0) remains close to zero for all pumping strengths whereas Vdot(φ = π) deviates

from 0 at strong pumping.

The temperature dependence of σ(A0) is shown in figure 5.5c. At high temperatures

(1–5.5 K), σ(A0) is well described by a power law,

σ(A0) = 0.2T−0.9 (5.6)

for σ(A0) in microvolts and T in kelvin. This behavior presumably reflects the combined

influence of thermal smearing, which alone is expected to yield σ(A0) ∝ T−1/2, and temper-

ature dependent dephasing. A similar temperature dependence is found for the amplitude

of conductance fluctuations in quantum dots [48, 49]. Below 1 K, the temperature depen-

dence begins to round off, perhaps indicating a saturation at lower temperatures. A low-

temperature saturation of pumping is expected when thermal smearing becomes less than

lifetime broadening due to escape and dephasing kBT < ~(τ−1
D + τ−1

φ ) [112]. For dots with

two channels in each point contact, the results of section 2.3 and references [50] and [49] for

dephasing times in similar dots yield an expected saturation at ∼ 100 mK, consistent with

the rounding seen in the data.
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Finally, we investigate the effect of symmetry on the pumping. As discussed in sections

1.3.2 and 1.3.3, a central feature of mesoscopic physics is that the statistical properties

of a fluctuating quantity depend on the symmetries of the system and little else. We

measured pumped current as a function of magnetic field with a sampling finer than the

characteristic scale of the fluctuations (figure 5.6). The average of A0 is close to zero and has

no outstanding features. On the other hand, σ(A0) shows a peak at B = 0 of almost twice

its value away from zero field. The width of this peak, ∼ 3 mT hwhm, is comparable to the

correlation field, suggesting that the peak is associated with the breaking of time reversal

symmetry. Thus, as with conductance (equations 1.14 and 1.15), the pumping fluctuations

are larger for the case of time reversal symmetry than for the case of broken time reversal

symmetry.

5.2 Theory of the Adiabatic Quantum Pump

The work of Zhou and coworkers [113] and Brouwer [18] has recently extended the work of

Thouless (see above and [105]) on adiabatic pumping to the regime of open systems, allowing

at least qualitative comparison with the experiment. Following Brouwer’s random matrix

theory approach [18], we consider adiabatic changes to two parameters of the system X1

and X2. In the experiment above, these correspond to the two gate voltages which control

the confining potential but they could just as well be the magnetic field, Fermi energy or

any other parameter which changes the wavefunction of the system. Small variations of

these parameters δX can transport charge into or out of the system through the leads. For

a two lead system, a small adiabatic sinusoidal change Xi = Xi0 + δXie
iωt transports a

charge through lead m

δQ = e
dnm
dXi

δXi (5.7)

with the emissivity into lead m

dnm
dXi

=
1

2π

2N∑
q=1

∑
p∈m

Im
∂Spq
∂Xi

S∗pq (5.8)

where m = 1, 2 labels the leads, p and q label the channels in the leads, and S is the

scattering matrix for the system (see section 1.4.2) [23].
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Figure 5.7: The pumped current is proportional to the area α of the trajectory of the
system in (Vg1, Vg2) parameter space and the value of the integrand ξ in equation 5.10.
Changing the dc value of Vg1 or Vg2 shifts the loop to a position with a different value of ξ,
changing the pumped current (left). The area of the loop (and thus the pumped current)
is proportional to sinφ (right).

With two cyclically changing parameters, the total charge flowing through a lead in each

period τ of the cycle is

Q(m) = e

∫ τ

0
dt

(
dnm
dX1

dX1

dt
+
dnm
dX2

dX2

dt

)
. (5.9)

If we now consider the trajectory of the system in the (X1, X2) paramater space, this integral

can be rewritten using Green’s theorem in terms of the area in parameter space α enclosed

by this trajectory

Q(m) = e

∫
α
ξ dX1dX2 (5.10)

ξ =
∂

∂X1

dnm
dX1

− ∂

∂X2

dnm
dX2

. (5.11)

Thus the current pumped is linked both to the parametric derivatives of the scattering

matrix and to the area α enclosed by the system trajectory in the (X1, X2) plane. The

former allows the machinery of rmt to be applied to the problem, including the calculation

of the distribution of pumped current. The α dependence provides an intuitive picture for

qualitative understanding of the experimental results. This integral can be visualized as a
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the loop of area α traced out by the system superimposed on a background representing the

values of ξ in the (Vg1, Vg2) parameter space. Changing Vg1 or Vg2 is equivalent to moving the

center of the system trajectory over the background (figure 5.7a) and, since the scattering

matrix changes with changes in the dot potential or magnetic field, the value of ξ inside

the trajectory will fluctuate, giving rise to the fluctuations in pumping amplitude. Since

changes in S are also at the root of ucf, it is not surprising that pumping and conductance

fluctuations have the same typical scales. However, since g depends on the square of the

elements of S (equation 1.10) while the pumped current depends on its derivatives through

the emissivity (equation 5.8), it is not clear that their fluctuations should be correlated.

Detailed theoretical analysis predicts is that they should be correlated at B = 0 but not

away from zero magnetic field [18,21]. Note also that Q(m) is the charge pumped per cycle,

implying a linear frequency dependence for the pumping, in agreement with the experiment

(figure 5.5a).

For a small pumping amplitude, Aac less than the correlation length of the pumping

fluctuations, ξ will be essentially constant within the loop and the pumped current simply

proportional to α. Since α ∝ sin(φ), this explains the sinusoidal dependence of the pumped

current on φ. The proportionality of the pumped current to α at low amplitudes also

explains the A2
ac dependence seen in figure 5.5b since Aac is the diameter of the loop. As

the size of the loop approaches the scale of the fluctuations in ξ, the pumped current departs

from this A2
ac dependence. For strong pumping, the loop will enclose many fluctuations of

ξ. If these fluctuations are uncorrelated, one expects the pumped current to be proportional

to the square root of the number of fluctuations enclosed, σ(A0) ∝ √α ∝ Aac. Instead we

find a dependence which is slower than linear and appears to be consistent with σ(A0) ∝
A

1/2
ac . This unexpectedly slow dependence may result if significant heating and dephasing of

electrons occurs as a result of the strong pumping. It has been suggested by Avron [9] and

others that the fluctuations of ξ at non-zero magnetic field are not uncorrelated but rather

pair up in such a way that the average ξ in any large area tends toward zero. In that case,

only small fluctuations of ξ around the perimeter of the loop will contribute to the pumping

current which would then scale as the length of the loop perimeter or A1/2
ac . Clearly, further

research both theoretical and experimental is required to resolve this difference between

experiment and the näıve theory.
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5.3 Rectification

Unfortunately, adiabatic pumping is a difficult phenomenon to measure and this experiment

faced many technical challenges. The biggest problem was the existence of current with zero

phase difference between the ac signals. Although in the data shown in section 5.1, some

current is pumped even at φ = 0 (equivalent to a single pin), Idot(φ) remains essentially

sinusoidal and the offset is a small correction. In some devices tested, however, the current

pumped at φ = 0 is not small and Idot(φ) is distinctly non-sinusoidal often resembling

Idot(φ) ∝ 1 − cos(φ) or some combination of sin and 1 − cos terms (figure 5.8), often with

Idot near zero at φ = π. The shape of the curve and the amount of current at φ = 0

fluctuate with small changes in magnetic field or other parameters.

Zero phase difference is equivalent to a single pumping gate and in devices which showed

this non-sinusoidal behavior, current was created when ac voltage was applied to a single

gate. This current appears to be due to inadvertent capacitive coupling of the ac voltage

to the electron reservoirs, creating an ac bias

Vbias = V0 sin(ωt) (5.12)

where ω is the MHz range angular frequency of the applied ac voltage. Figure 5.9 shows

a model electrical schematic of the combination of stray capacitance with resistance from
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Figure 5.9: Electrical schematic for rectification model of current generated with a single
ac pumping gate. The combination of stray capacitance between the gate and the electron
reservoir Cs and the resistances of the dot Rdot and the ohmic contacts RΩ form a high
pass filter coupling the ac voltage applied to the gate into an ac bias voltage Vbias on the
dot. Since the resistance of the dot is also changed by the applied ac voltage, the ac Vbias

is rectified, producing a dc current

the dot and the ohmic contacts acting as a high pass filter for the ac signal. The ac gate

voltage also changes the shape of the dot potential, creating conductance fluctuations at

the ac frequency; the instantaneous conductance is a function of dc gate voltage Vg as well

as the ac excitation

g = g [Vg +A∗ac sin(ωt)] (5.13)

where A∗ac is the amplitude of the ac voltage felt on the gate itself (as opposed to Aac which

is the nominal ac voltage set at the voltage source) and Vg is the dc voltage on that gate.

Since the changes in g and the inadvertent bias occur at the same frequency and are in

phase†, the current produced in the rectification does not average to zero:

Ir =
∫ 2π

0
V0 sin(ωt) g [Vg +A∗ac sin(ωt)] d(ωt). (5.14)

For A∗ac ¿ Vg, this reduces to

Ir ≈ V0 [g(Vg +A∗ac)− g(Vg −A∗ac)] ≈
dg

dVg
. (5.15)

†or at least have a fixed phase relationship. A phase shift may be imposed by the capacitive coupling to
the reservoirs.
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Figure 5.10: Comparison between measured Idot with a single ac excitation and rectification
current Ir. Data points represent Idot measured with Aac = 20 (a), 80 (b), 120 (c), and
160 mV (d); solid lines are a fit to of equation 5.14 to the data with two free parameters,
A∗ac and V0 and using measured values of g(V ).

Figure 5.10 shows a comparison between the Ir calculated from equation 5.14 and the

measured current through a dot with a single ac excitation. With the ac voltage turned

off, conductance is measured as a function of Vg over a range larger than that shown in the

figure. The ac voltage is then turned on and Idot(Vg) is measured at zero applied bias for

various values of Aac. Each trace is fit to the form of equation 5.14 with two free parameters,

A∗ac and V0. Both of these parameters increase roughly linearly with Aac, A∗ac ≈ 1/2Aac

and V0 ≈ 10−5Aac (figure 5.11). This produces a rectification current on the order of 10 pA,

similar to the the pumping current measured in other devices.

We tried several techniques in an effort to reduce the rectification current. We first

focused on reducing the ac electric field on the reservoirs by altering the design of the

dots. Dots were fabricated with large grounded metal regions between the gates carrying

the ac voltages and all other gates in an attempt to create a waveguide for the ac signal.

The presence of these metal regions and their grounding configuration seemed to have
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Figure 5.11: Parameters A∗ac and V0 extracted from the fits to data shown in figure 5.10.

little impact on the rectification, perhaps because the ac electric field was coupling in from

the unshielded bond wires (∼ 0.5–1 mm bare Au wire passing within 1 mm of the ohmic

contacts).

Attempts to reduce rectification by reducing the resistance of the ohmic contacts were

somewhat more successful. Well below the resonant frequency of the high pass filter (figure

5.9), V0 should be proportional to the resistance of dot and ohmic contacts. In addition,

all of the devices in which the rectification did not interfere with the adiabatic pumping

had ohmic contacts with resistance below ∼200 Ω while devices with significant rectification

had much higher ohmic resistances of 500–1000 Ω. A series of devices was fabricated with

extremely low ohmic resistances, 10–50 Ω, and several of these showed low rectification cur-

rents. Unfortunately, the 2DEG on which these devices was manufactured was electrically

noisy, rendering most of these devices unusable. I hope that the development of low resis-

tance ohmic contacts on a quiet 2DEG will allow the measurement of adiabatic pumping

without interference from rectification.
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Chapter 6

Discussion and Conclusions

6.1 Summary of Research

The research completed for this dissertation focused on two major areas. In the first area,

the study of electron phase coherence in open quantum dots, weak localization was applied

for the first time to the determination of the phase decoherence time in quantum dots.

While weak localization is the standard tool for determining decoherence time in 1D and 2D

diffusive systems, theoretical developments [12, 20] have only recently made its application

possible in quantum dots. The dephasing time in open quantum dots was found to have

a τφ ∝ AT−1 + BT−2 temperature dependence, clearly slower than the T−2 dependence

observed in ballistic 2D systems and predicted for closed dots. In the absence of any

theoretical predictions for open quantum dots, this temperature dependence suggests the

presence of a Nyquist-like dephasing mechanism in these systems.

With an eye toward technological applications of quantum dots, we measured the effect

of increased bias on the phase coherence time and other properties of a quantum dot. The

effects of increased bias are well described by an effective temperature which can be derived

from a balance of Joule heating and cooling by out diffusion of hot electrons from the dot.

Further, there are good reasons to believe that this effective temperature actually represents

the electron temperature inside the device. Using this effective temperature model, along

with the known properties of quantum dots, we analyze a quantum dot magnetometer as

an example of optimizing a device for a specific practical function. While the quantum dot

magnetometer will not supplant SQUIDs in the near future, it could be competitive with

other normal state techniques for magnetometry.

61
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The second part of the research focuses on a completely different form of transport,

adiabatic electron pumping which has the potential of overcoming some of the heating

imposed limits of bias driven transport. Measurements of a current (or voltage) resulting

from cyclic changes in the shape of the dot potential (at MHz frequencies) in the absence

of an imposed bias are presented. The characteristics of this pumping firmly identify it

with theoretical predictions for adiabatic pumping, although the behavior at high pumping

amplitudes still requires explanation.

Finally, some of the problems with measuring adiabatic pumping are presented. In

particular, a current generated in some devices by rectification of the pumping control

voltages complicates the observation of adiabatic pumping. Some progress has been made

in designing devices which avoid this problem, but much more needs to be done.

6.2 Future Directions

Although not observed in the experiments presented here, a widely observed saturation

in the decoherence time at low temperatures (including subsequent observations in our

lab) [17, 28, 49, 81] remains one of the most active and controversial areas in mesoscopic

physics today [5, 60,80] and clearly requires further study.

In the area of adiabatic pumping much remains to be done. The first, essential ex-

perimental step is to design devices which will reliably exhibit adiabatic pumping without

interference from other effects. Some progress has been made with low resistance ohmic con-

tacts but this goal remained elusive throughout my research. Once this problem is solved, a

great many experiments remain. One of the first is to understand the disagreement between

the data and the näıve theory of pumping at high pumping amplitudes. Several explanations

have been proposed, some with striking experimental consequences which need to be tested.

In addition, theoretical predictions about correlations between conductance and pumping

fluctuations as well as the distributions of pumping current [18] remain to be tested.

Beyond this, experiments to establish the role of decoherence and dissipation in adiabatic

pumping are required. If pumping is to be used to circumvent the limitations of bias driven

current, the limits on pumped current must also be established.



Appendix A

Device Fabrication

The entire quantum dot fabrication procedure beginning with the receipt of a wafer of mbe

grown heterostructure is carried out by students in the Marcus Lab in a small clean room

in the Ginzton Laboratories at Stanford. In addition to myself, Sara Cronenwett, Joshua

Folk, Andy Huibers, Sebastian Maurer, Sam Patel, and Duncan Stewart contributed both to

process development and to the actual processing of samples measured for this dissertation.

Quantum dot fabrication consists of the following steps:

1. cleave a small chip from the wafer

2. etch mesas to isolate neighboring devices (optical lithography)

3. deposit and anneal ohmic contacts (optical lithography)

4. deposit the gates which define the dot (electron beam lithography)

5. connect the gates to bond pads (optical lithography)

6. glue chip into chip carrier

7. bond devices of interest

Each of these steps will be discussed in detail below. Figure A.1 shows micrographs of a

typical device at four stages of magnification and figure A.2 shows two bonded chips side

by side in a chip carrier.
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1 µm

Figure A.1: Electron micrographs of a typical device at increasing magnification.
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Figure A.2: Electron micrograph of of two chips side by side in a chip carrier. The circular
rim is the final aperture of the electron microscope.
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A.1 Electron Beam Lithography

Electron beam lithography and metal liftoff are used to create the gates which define the dot

itself as well as the interconnects between these gates and the larger scale features created

with optical lithography. A plastic resist (in our case, polymethyl methacrylate pmma) is

exposed to a controlled dose of 25 keV electrons in the desired pattern. The pattern is then

developed with a solvent in which only the exposed resist is soluble, leaving a coating of

resist with holes in the shape of the desired pattern. Metal is then evaporated, coating the

whole surface of the sample. Finally, the remaining resist is dissolved taking its coating of

metal with it, leaving metal in the desired pattern. Many variations on the basic process

were tried over the course of this work, but the procedure detailed here using a single layer

of pmma with a molecular weight of 950k is by far the most reliable even though the lack

of undercut causes some tearing at liftoff.

A converted Leica Leo Stereoscan 440 electron microscope along with the Nabity Nanome-

ter Pattern Generation System (npgs) and home built software generate and control the

electron beam. Because this is an electron microscope some lack of flexibility is to be ex-

pected compared with a purpose built electron beam writing machine. The major problems

are the limitation of stage repeatability to ±5µm which must be taken into account in de-

vice design and the inability to automatically align multiple fabrication steps. In addition,

because of the multiple layers of software required, the writing process is fairly tedious with

a large margin for human error. For these reasons, many members of the Marcus group

now prefer the Hitachi electron beam writer located in the Center for Integrated Systems

at Stanford.

The pattern to be written is designed in Design CAD and transferred to the npgs

computer. From there, a run file is created for each pattern to be written, defining the

parameters of the exposure such as the magnification, desired electron dose, measured beam

current, etc. In general, we write the smallest features of the dot at 4400× magnification

and ∼100 pA beam current which gives a minimum feature size of ∼100 nm for lines and

∼50 nm for gaps. Larger features are written at 370× magnification and a 10 nA beam

current. Normal exposure doses are around 300µC/cm2 but this varies and a matrix of

exposure levels is typically run before each fabrication run to determine the best exposure

level. A typical pattern file along with a micrograph of the dot produced are shown in figure

A.3.
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Figure A.3: Electron beam fabrication pattern as designed (left) and the corresponding
fabricated dot (right). The lettering is 8µm high.

The sample is prepared by cleaning with a three solvent clean (5 minutes each in ul-

trasound in boroethane, acetone, and methanol) and drying for 5 minutes at 120 ◦C. A

4% solution of 950k molecular weight pmma in chlorobenzene is spun so that a layer of

pmma about 120 nm thick remains on the sample. The spin speed required varies as the

concentration of pmma changes over time; a good starting point (April 1998) is 6500 rpm

for 30 s but this should be tested on practice samples every time. The sample is then baked

for 30 minutes or more at 180 ◦C to drive off the remaining solvent.

After the sample is loaded into the Leica and the sem is pumped down, a focal plane

is established by measuring the focus at three corners of the sample. Home built software

then calculates the position and focal length for each pattern to be written. In general,

arrays of 20–100 dots are written on each chip. A dos batch file is then created which calls

npgs to write each pattern and home built software to control the stage between patterns.

When the writing is complete, the pmma is developed in a solution of 3:1 isopropanol:methyl

isobutyl ketone with 1.3% methyl ethyl ketone added. The chip is then loaded into a ther-

mal evaporator where 25 Å of Cr followed by 120 Å of Au are evaporated. When the sample

has cooled, it is placed in an acetone bath to complete liftoff. Because there is no undercut,

liftoff generally proceeds with some tearing of the metal at the edges of the pattern. Often,

the application of ultrasound (∼10 s at a time) is required to complete liftoff.
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Figure A.4: The three layers of an optical lithography mask for quantum dot fabrication:
mesa (left), ohmic contacts (middle), and bond pad interconnects (right). Dark areas
represent areas of Cr on the mask which are opaque to ultraviolet light. Note that only
the four square holes in the ohmic layer are fall on the mesa where they can make contact
to the 2DEG. The rest facilitate wire bonding by increasing the adhesion of the bond pads
which overly them.

A.2 Optical Lithography

The general outline of the optical lithography process is similar to the electron beam lithog-

raphy described above. A photosensitive plastic is exposed to light in the desired pattern

and developed to create a mask for either metal liftoff or for etching of the GaAs. Our

process has been optimized to be reliable, with a large undercut to facilitate liftoff. The

fairly low resolution limit of this process, ∼3µm, is not a problem for us since all smaller

features are fabricated using the electron beam.

After cleaning the sample with a three solvent clean (using ultrasound unless it would

damage features already deposited on the chip) and drying at 120 ◦C for 5 minutes, the

photoresist (Shipley 1813) is spun on to the chip at 7000 rpm for 30 s, yielding a thickness of

about 1µm and the sample soft baked at 90 ◦C for 10–20 minutes to drive off the remaining

solvent. It is very important not to hard bake the photoresist at a higher temperature

since the resist becomes insoluble in acetone. If liftoff is desired, the sample is then soaked

in chlorobenzene for 15 minutes which makes the top layer less soluble in the developer,

leading to a generous undercut. After another 5 minute bake at 90 ◦C, the sample is ready

to be exposed.

The sample is exposed to ultraviolet light for 25 s using a Karl Süss MB-3 mask aligner.

This overexposes the resist giving high reliability and patterning to the edges without the

need for a separate edge bead removal stage, at the price of reduced resolution. The mask
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itself is a glass plate coated with Cr in the areas where no metal (or no etching) is desired.

The three layers of a typical mask: mesa, ohmic contacts, and bond pad interconnects are

shown in figure A.4. After exposure, the resist is developed in Microposit concentrated

developer diluted 1:1 with water for 1 minute 15 s.

If metal is to be deposited, the surface is then cleaned using a short oxygen plasma etch

(0.08 min at 50% power) and a 1 minute soak in 20:1 buffered oxide etch (a buffered HF

solution). The sample is then loaded into the thermal evaporator and metal is deposited.

For the bond pad interconnects, 200 Å of Cr are deposited followed by 2500 Å of Au. Ohmic

contacts require 50 Å Ni, 1200 Å AuGe eutectic, 250 Å Ni, and 1500 Å Au. After liftoff in

acetone, which generally proceeds quickly and without the need for ultrasound, intercon-

nects are complete. Ohmic contacts must be annealed to make contact to the 2DEG. The

optimum annealing temperature and time vary from heterostructure to heterostructure and

must be established for each new wafer used. An average anneal heats the chip to 410 ◦C

for 20–50 s and produces a contact with a resistance of 10–1000 Ω.

Etching of the mesas is done in a dilute solution of sulfuric acid, 1:8:240 mixture of

H2SO4 : H2O2 : H2O. The etch rate depends fairly sensitively on both the strength of the

solution and the temperature and must be calibrated each time. Typically, the etch removes

all of the AlGaAs layer to the depth of the 2DEG however, a much shallower etch is sufficient

to isolate the devices.

A.3 Packaging and Wire Bonding

Finished chips are glued with pmma into 28 pin non-magnetic ceramic chip carriers which

can be inserted into corresponding sockets installed in all the cryostats in the lab. An

ultrasonic wedge bonder with 25µm Au wire is used to connect the bond pads on the

device to the chip carrier (figure A.2). Note that ohmic metal is placed under the bond

pads to facilitate bonding. Since the pads are off the mesa, this ohmic metal does not

make contact to the 2DEG lending its superior adhesion to the bonding process while not

interfering with the operation of the device.
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Appendix B

Quantum Dot Inventory

B.1 Heterostructures

The heterostructures used in this research were grown by Ken Campman and Kevin Mara-

nowski in the group of Arthur Gossard at UCSB. Many heterostructures were tried but

only a few provided useful data. The most frequent problem is with telegraph noise, prob-

ably due to thermally activated rearrangement of charge in the doping layer. In addition,

difficulty making ohmic contact, non-uniform 2DEG density, and insufficient mobility can

preclude the use of a particular heterostructure. The growth profiles and measured electron

mobility and density for the four heterostructures which provided data for this dissertation

are given below.

B.1.1 Wafer 931217B

This heterostructure was particularly useful for measurements of adiabatic pumping, per-

haps due to the low resistance of its ohmic contacts.

2DEG depth 80 nm

sheet density n = 2.6× 1011 cm−2

mobility µ = 0.26× 106 cm2/V s

ohmic contacts R ≈ 175–500 Ω
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50 Å GaAs Cap

500 Å Al0.3Ga0.7As

δ dopant layer, Si, n = 5× 1012 cm−2

250 Å Al0.3Ga0.7As spacer

8000 Å GaAs

800 Å Superlattice: 20 periods of

20 Å GaAs/20 Å Al0.3Ga0.7As

1000 Å GaAs

Substrate: semi-insulating GaAs

B.1.2 Wafer 940708A

This heterostructure was used for the measurements of decoherence. Perhaps due to its

depth below the surface, it formed very clean point contacts and quantum dots with little

switching noise.

depth 160 nm

sheet density n = 1.8× 1011 cm−2

mobility µ = 0.9× 106 cm2/V s

100 Å GaAs Cap

1000 Å Al0.3Ga0.7As

δ dopant layer, Si, n = 2.5× 1012 cm−2

500 Å Al0.3Ga0.7As spacer

8000 Å GaAs

3000 Å Superlattice GaAs/Al0.3Ga0.7As

3000 Å GaAs

Substrate: semi-insulating GaAs
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B.1.3 Wafer 960924C

This heterostructure was used for adiabatic pumping measurements. Note the low resistance

of its ohmic contacts

depth 57 nm

sheet density n = 7.3× 1011 cm−2

mobility µ = 0.37× 106 cm2/V s

ohmic contacts R ≈ 100–200 Ω

50 Å GaAs Cap

300 Å Al0.3Ga0.7As

δ dopant layer, Si, n = 8× 1012 cm−2

220 Å Al0.3Ga0.7As spacer

10000 Å GaAs

800 Å Superlattice: 20 periods of

20 Å GaAs/20 Å Al0.3Ga0.7As

500 Å Al0.3Ga0.7As

1000 Å GaAs

Substrate: semi-insulating GaAs

B.1.4 Wafer SY4

This heterostructure was used for adiabatic pumping measurements because of its extrordi-

narily low ohmic contact resistance. Unfortunately, perhaps due to is very shallow 2DEG,

this heterostructure proved too noisy for reliable measurements.

depth 35 nm

sheet density n = 7.3× 1011 cm−2

mobility µ = 0.14× 106 cm2/V s

ohmic contacts R ≈ 10–40 Ω
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50 Å GaAs Cap

138 Å Al0.3Ga0.7As

18 Å Si modulation doped regoin

143 Å Al0.3Ga0.7As spacer

GaAs
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B.2 Devices

The following devices produced published data:

B.2.1 Insomnia 6–13, 7–5

1 µm

Area = 0.4µm2

2DEG: 940708A

Experiment: Dephasing (both dots)

B.2.2 Insomnia 7–7

1 µm

Area = 1.9µm2

2DEG: 940708A

Experiment: Dephasing
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B.2.3 Insomnia 7–4

1 µm

Area = 4.0µm2

2DEG: 940708A

Experiment: Dephasing, High Bias Transport

B.2.4 Gibraltar 2–8

1 µm

Area = 0.45µm2

2DEG: 960924C

Experiment: Adiabatic Pumping

B.2.5 Tanzania 2–13

1 µm

Area = 0.48µm2

2DEG: 931217B

Experiment: Adiabatic Pumping
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B.2.6 Tanzania 2–19

1 µm

Area = 0.56µm2

2DEG: 931217B

Experiment: Adiabatic Pumping

B.2.7 MS990516 2

1 µm

Area = 0.49µm2

2DEG: SY4

Experiment: Adiabatic Pumping
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Appendix C

Radio Frequency Heat Sinks

One of the experimental challenges faced in the pumping experiments was connecting the

high frequency (20 MHz) radiation to the gates of the dot. Three considerations were

important:

• transmission of the radiation with low loss

• localization of the radiation to the gates

• maintenance of the base temperature and hold time of the cryostat

At first, two semi-rigid coaxial cables (stainless inner conductor, CuBe outer jacket) were

installed directly from the top of the cryostat to the chip carrier socket. Heat sinking of

the outer conductor was accomplished by wrapping with bare copper wire connected to the

cryostat at each temperature stage (4 K, 1 K, and at the 3He pot). The inner conductor

was not thermally connected to the cryostat except at the chip carrier socket. While this

arrangement delivered the radiation to the gates and produced some encouraging electron

pumping results, the lack of heat sinking raised the base temperature from ∼ 300 mK to

∼ 400 mK with a resulting reduction in hold time from about 12 hours to only 2 hours.

This short hold time made serious experiments difficult.

To correct this large heat leak, a heat sink was designed for both inner and outer

conductors of the coaxial cable. With advice from Michael Roukes at Caltech, we designed

the heat sink shown in figure C.1 which was fabricated in Cu by the physics department

machine shop. The heart of the heat sink is a strip line conductor composed of Au on a

sapphire substrate chosen for its high thermal conductivity. Two strips are fabricated on
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2.1cm

3.
2c

m

1cm

0.6cm

Figure C.1: Schematic drawing of the coaxial heat sink showing the Cu main body with
the bottom sapphire substrate (blue) and Au stripline conductors installed. The heat sink
is completed by the second sapphire substrate along with two CuBe clips which hold the
stripline in place, and two end caps and a top which screw into the holes shown.
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one side of a sapphire substrate 0.02 in thick with an optical lift-off process (see sections

A.2) and the back of the substrate is coated with gold. This substrate is placed in the trench

at the center of the heat sink and semi-rigid coaxial cable (0.34 in. diameter stainless steel

center conductor and shield) is connected to the strips with silver epoxy (Epo-Tek 410).

Note that this joint came loose due to thermal expansion and caused the destruction of

several devices. It was repaired with more silver epoxy and has caused no problems in

over a year of use. With the connections in place, another Au coated sapphire substrate is

placed, Au side up, on top of the strips, completing the strip line. The whole sandwich is

held in place by two CuBe clips which also serve to ground the top Au layer, and a top (not

shown in figure C.1) which mates tightly to the heat sink body. Note that two heat sinks

were fabricated by the machine shop and the second heat sink was never assembled. The

parts including the Cu body and the blank sapphire substrates remain as of this writing in

my sample drawer in McCullough 015.

The heat sink is bolted to the 1 K pot of the cryostat and connected to semi-rigid coax

from the top of the cryostat and to the sample. The outer conductor of the coax is also

connected to the cryostat at the 4 K stage by passing it through a Cu plate connected to the

top of the cryostat. At the sample end, the center conductor of each coax is connected to

one of the pins on the chip carrier socket with the shield coming as close to the connection

as possible.

In this configuration, the cryostat performed very well with base temperatures around

330 mK and an 8 hour hold time. The high frequency signal reached the chip carrier without

significant attenuation at 20 MHz and the two signals were quite uniform. No attempt was

made to test at higher frequencies.
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