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Single Cooper-pair transistors (SCPTs),
based on superconducting Al structures,
open the way towards supercurrent
electrometry which is expected to have
reduced back-action on the quantum
system being measured (Figure 4a). This
year we performed further experiments on
SCPTs, using band-structure-engineered
superconducting films to change the
energy of quasiparticles with respect to
Cooper pairs on the SCPT island. As a
result, we are able to make devices where
quasiparticle tunneling is much reduced.

In radio-frequency measurements on our
SCPT devices we were able to measure the
tunneling of individual quasiparticles both
on and off the SCPT island with > MHz
bandwidth (Figure 4b,c). Quasiparticle
tunneling is of particular relevance to
superconducting qubits, and is often known
as ‘quasiparticle poisoning’ due to its
deleterious effect on qubit coherence. These
measurements provided our main result: a
way to directly determine the temperature of
the quasiparticle system (Figure 4d).

For further details see Physical Review
Letters 97, 0866602 (2006) and 97,
1006603 (2006).

Silicon quantum dots are an interesting
system for the study of few electron
physics, have the potential to be used as
qubits, and are compatible with CMOS
technology. In 2006 researchers at UNSW
have been pursuing their application for
electrometry. Towards this end we have
improved the stability of our Si quantum
dots and developed tuneable tunnel barriers.
Dot stability has been improved using a
forming gas anneal for the reduction of
charge traps. This is demonstrated in the
two-terminal conductance of a quantum
dot device (Figure 5a), fabricated with and
without the anneal (Figure 5b). The annealed
sample has a lower turn-on threshold,
higher saturation current and less charge
noise. A new gate isolation technique has
been developed allowing the fabrication
of tuneable barrier gates for controllably
defining Si quantum dots. The gates can be
tuned to either strongly or weakly couple
the dot to its leads and the top gate is
used to control the number of electrons in
the dot. Figure 5¢ shows the conductance
(bright is high conductance) of a single,
lithographically defined dot containing
approximately 30 electrons. When the dot
is depleted to the ‘few electron’ regime,
multiple parallel bright lines are seen

in the conductance trace (Figure 5d),
consistent with the presence of excited
states. The quality of the data shown here
holds promise for the possibility of single
spin manipulation in silicon and the use
of the dot as a single electron transistor.
The extension of this technology to the
triple-quantum-dot regime will provide an
experimental testing ground for the study
of coherent transport by adiabatic passage
(CTAP).

Silicon-based Si:P Qubits:
Scanning Probe Fabrication
and Modelling

Over the past year Centre researchers at
UNSW have concentrated on overcoming
one of the final fabrication hurdles to
realising gated qubit architectures — the
development of a low temperature, ultra-
high vacuum (UHV) compatible dielectric
—silicon dioxide. To achieve this we have
developed the growth of a uniform silicon
dioxide layer, shown in Figure 6. Here

we initially oxidize the surface from an
atomic oxygen plasma source to form a
complete, uniform coverage of oxide that is
commensurate with the atomic step heights,
Figure 6a. STS analysis associates the
formation of this oxide with a widening of the
band-gap, Figure 6b. TEM images highlight

FIGURE 3

Fast-pulse output waveform from a silicon-on-sapphire
rf-CMOS voltage pulse generator operating at liquid
helium temperature (4.2 K). Such classical control
circuits will be important for the control of scaled-up
qubit architectures.

FIGURE 4

Thin-film Cooper-pair transistors. (a) 2e-periodic
supercurrent oscillation seen in the demodulated
radio-frequency signal. (b) Random telegraph like
signal seen when an unaveraged measurement is taken
at the supercurrent maxima. (c) Histogram of times
spent in both the odd and and even states for a 400 ms
trace. The solid lines are exponential fits to the data.
(d) A schematic showing the relevant poisoning and
un-poisoning tunnel processes.

the uniformity of the layer and its thickness,
Figure 6¢,d confirming the structural quality
of the layers.

Following this we have developed and
incorporated this silicon dioxide layer into a
UHV-compatible MOSFET process to assess
the electrical quality of the oxide grown.
This has required lithographic patterning

of the silicon wafer both prior to, and after
oxide formation under UHV to form Hall

bar structures. The oxide is grown at room
temperature, using a plasma source that
provides a beam of neutral oxygen atoms.
Figure 7a shows the |-V characteristics

as a function of gate voltage at 4.2 K for

a MOSFET with 25 nm UHV-Si0, grown

at room temperature. Here we can see the
classical behaviour from threshold, through

FIGURE 5

Silicon quantum dot device. (a) Schematic of a Si
quantum dot structure, using double-layer Al gates to
induce an electron layer in intrinsic Si. (b) Conductance
of annealed and non-annealed quantum dot devices as
a function of gate voltage. (c) ‘Coulomb diamonds’ for
a quantum dot containing ~30 electrons. (d) ‘Coulomb
diamonds’ for a quantum dot in the few-electron
regime, showing evidence of quantum-confined states.

FIGURE 6

(a) STM image (3.5 V sample bias) of an oxidised
Si(001) surface obtained by 5 min atomic O—exposure;
(b): Effect of surface oxidation on the scanning
tunneling spectroscopy |-V curves showing an increase
in the bandgap; (c) and (d) cross-sectional TEM
micrographs of 25 nm-thick SiO, layer grown at room
temperature on a Si(001) substrate.



the linear regime towards saturation.
Comparison with a conventional MOSFET
with an oxide thermally-grown at high
temperatures (~900—1000°C), shown in
Figure 7b, reveals a similar trend in |-V
curves. From the mobility versus carrier
density we are able to extract an interface
trap density of ~4x10" cm? for our low
temperature oxide, which is an excellent
starting point for a completely room
temperature process.

Following on from our need to assess the
quality of source-drain contacts for direct
current measurements through quantum

dot structures for spin and charge detection
we have demonstrated the narrowest
conducting wires in silicon that still exhibit
ohmic behaviour. Four-terminal electrical
measurements of an 8 nm (wide) x57 nm
(long) wire was shown to have a resistivity of
~24x10° Qm" as shown in Figure 8a,b,
which is the lowest resistivity reported in the
literature.

Finally new insights have arisen from
studying reaction sequences in STM images
taken of a P atom during its transition from
a component of a gas phase molecule to

a dopant in the surface. In collaboration
with the modelling group at the University
of Sydney, Kinetic Monte Carlo (KMC)
simulations of these reaction processes
have been used to apply this understanding
in a predictive way, leading to a greater
understanding of the PH,-Si(001) system
and a faster route to producing reproducible
nanoscale electrical devices.

Figures 9a-c shows how a P atom is
liberated from its ‘parent’ PH; molecule

by shedding its H atoms i.e. undergoing
successive dissociation reactions. Figure
9a shows a PH,+H feature adsorbed on a
silicon dimer. This feature was formed by
the rapid dissociation of a chemisorbed
PH; molecule. The PH,+H dissociates

to form PH+2H (Figure 9b) and further
dissociates to form P-+3H (Figure 9c). For
comparison with theory we generate KMC
simulations, which are the theoretically
derived equivalent of time-sequenced STM
images. KMC uses the set of elementary
reactions and their rates to create a
stochastic trajectory of configurations
representing the chemical evolution of the
surface over time. A KMC simulation run
on the timescale of minutes shows a PH,
molecule undergoing the same dissociation
process observed in STM experiments

i.e. PH,+H to PH+2H to P+ 3H. Other
intermediate structures in the transformation,
including surface chemisorbed PH,, are
too short-lived to be observed by STM.
Our work on understanding PH,-Si(001)
sets a new benchmark for the study of
adsorbate-surface systems, based on STM
experiments, density functional theory
calculations and kinetic Monte Carlo
simulations.

Optical Qubits: Experiment
& Theory

The Centre’s optical qubit programs aim to
construct the basic building blocks of an
optical quantum processor and develop the
foundations of a scaleable architecture based
on the protocols for linear optical quantum
computing (LOQC) introduced by Knill,
Laflamme and Milburn (KLM).

Our experimental team at UQ is focused on
the development of optical qubits in the
polarization basis. In 2003 we constructed
and observed unambiguous quantum
operation of a CNOT gate, which was

then fully characterized using quantum
process tomography in 2004. In 2005,
simultaneously with groups in Germany
and Japan, we proposed and demonstrated
a new architecture for entangling optical
gates that require only one nonclassical
mode matching condition and no classical
interferometers. During 2006 we began
exploring the consequences of moving
from dependent to independent photons in
optical quantum computation. Previously,
independent sources have been used to
demonstrate non-classical interference,
and found to perform worse than a pair of
dependent photons, the difference being
attributed to higher-order photon terms, and
temporal and spectral mismatch. These are
striking results, as non-classical interference
lies at the heart of optical quantum
computation. Indeed, entangling gates using
independent down-conversion sources
achieved entangled-output state fidelities
up to 78% and 79% of ideal, considerably
less than fidelities of up to 87% achieved
with dependent photon counterparts.

When discussed at all, the drop in fidelity
is chiefly attributed to mode mismatch.

FIGURE 7

(a) I-V characteristics as a function of gate voltage

at 4.2 K for a MOSFET with 25 nm UHV-Si0, grown

at room temperature. (b) For comparison the same
measurements for a MOSFET with 10 nm conventional
thermal silicon dioxide grown at 900°C. Both sets of
curves show turn-on, linear and saturation regimes.

We have created a comprehensive
theoretical model of an entangling gate
that includes the effects of higher-order
photon emission in down-conversion,
imperfect beam-splitter values, and loss,
obtaining parameter values for the model
directly from experiment. By comparing
the ideal, modelled, and measured gate
performances we have obtained the first full
error budget for an entangling quantum-
logic gate. Figure 10 shows an example of
a specific gate output state; we have also
obtained full process tomography data. Our
model predicts that gate performance is
degraded by the combination of higher-

FIGURE 8

(a) Filled state STM image of an 8 nmx57 nm wire
patterned into a hydrogen resist on the Si(100) surface.
(b) Four terminal DC measurements at 4 K of the wire
demonstrates ohmic behaviour with a resistivity of
24x10° Qm-'.

FIGURE 9

Step-wise PH,-Dissociation: (a)-(c) STM images
showing the same 20 Ax32 A area of the Si(001)
surface after PH; dosing, obtained with a sample bias
of —2.0 V. Surface models are presented in the right
column. (a) shows a PH,+H adsorbed on a silicon
dimer. (b) Around 4 minutes later the PH,+H dissociates
to form PH+2H and dissociates further (c) to form
P-+3H after another ~70 minutes. The P+3H feature is
stable at room temperature and was not seen to change
during the next 235 minutes of imaging.

FIGURE 10

Real and imaginary parts of CSIGN gate output states,
for |D>|L> input state. (a) Ideal output. (b) Modelled
output of our experimental gate allowing for higher-order
photon terms, loss, and beam-splitter imperfections.
The fidelity with ideal is 96%, the 4% degradation due

to higher-order photon terms, loss, and imperfect
beam-splitter reflectivites. (c) Measured output, the
fidelity with ideal is 89%, the additional 7% drop in gate
performance is due to mode mismatch.
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FIGURE 11

Measured power spectrum of squeezing, normalized to
the quantum noise limit. Upper traces show frequency
measurements and theoretical predictions over a

30 MHz span; lower traces show zero span spectra as
a function of sweeping the LO phase.

pBS M2

FIGURE 12

Non-deterministic, but heralded, optical realization of

a T-S gate, whereby a sign change occurs only on

the 0,0,1> state component. Additional wave-plates
can be used to turn this into a Toffoli gate. Polarizing
beam splitters (PBS) act to create a qubit by accessing
an additional spatial mode. The half-wave plates

(A/2) act as Hadamard gates and the controlled-

sign (CS) gates are implemented using heralded
non-deterministic gates. The probability of success is
1/32. If implemented directly using KLM-type gates the
probability of success would be 1/4096 — see Phys.
Rev. A 75, 022313 (2007).

FIGURE 13

A time series of spectral acquisitions from a single
spectral line of a CdSe quantum dot, indicating the
degree of spectral diffusion (spectral shift).

FIGURE 14

Spectrum from a single CdSe quantum dot revealing,
for the first time, an acoustic phonon pedestal
surrounding the narrow zero phonon line.

order photon terms and loss: even though
these effects are small, non-deterministic
gate operation magnifies their effects.

Our measured data confirm this, and
highlight further degradation due to mode
mismatch. Ameliorating all of these
effects will be critical in future optical gate
implementations.

Our experimental team at the Australian
Defence Force Academy (UNSW@ADFA)
in Canberra is focused on the development
of optical qubits in the frequency basis,
whereby a qubit is encoded across a pair of
frequency modes. Key resources required by
quantum optical systems are non-classical
states of light. One common source of such
states is the optical parametric amplifier
(OPA), a device widely used as a source

of entangled photon pairs in discrete
variable quantum optical systems and as a
source of squeezing in continuous variable
systems. Recent theory has suggested that
squeezed states should exist at all higher
order longitudinal modes of a sub-threshold
OPA. However until recently it was not
possible to observe squeezing at the higher
order longitudinal modes due to the limited
bandwidth of sub-shot-noise limited
photodetectors. Our team at ADFA have
experimentally demonstrated the generation
of optical squeezing at multiple longitudinal
modes of an optical parametric amplifier.
They have measured approximately 3 dB
squeezing at baseband, 1.7 GHz, 3.4 GHz
and 5.1 GHz which correspond to the first,
second and third resonances of the amplifier
— see Figure 11. They have shown that both
the magnitude and the bandwidth of the
squeezing at the higher longitudinal modes
is greater than can be observed at baseband.
The squeezing observed is the highest
frequency reported to date.

The Centre’s program in LOQC Theory
addresses a broad range of issues
associated with optical quantum
computation from close collaborations on
experimental demonstrations to alternative
architectures and fundamental issues

of scaling. A highlight of 2006 was the
description of a practical way to implement
a Toffoli Gate with linear optics. A present
objective of the Centre is to demonstrate
non-trivial multi-qubit circuits. A Toffoli
gate is a key three-qubit gate that previously
looked beyond the capabilities of current
optical techniques. However a theoretical
breakthrough this year has produced a
circuit design that should be feasible to
demonstrate. The optical circuit is shown in
Figure 12. Qur understanding of fault tolerant
circuits and the constraints they place

on optical circuits continues to improve.

A highlight this year being the proof that
coherent state quantum computation can

be made fault tolerant. The particular
characteristics of the result suggest that
coherent state quantum computation may be
the most realistic route to large scale optical
quantum computation.

The Centre’s program in colloidal

quantum dots at UQ is focused on the
development of a single photon source
suitable for optical quantum computing.
Spectral characterisation of colloidal CdSe
based quantum dots at 4 K has shown
unprecedented spectral stability comparable
to that obtained with interfacial quantum
dots. Our team has obtained the first
evidence of acoustic phonon sidebands and
has shown an acoustic phonon cut-off for
the smaller dots — see Figures 13, 14. This
has dramatic implications for their use as
single photon sources and as artificial atoms
for use in quantum technologies in general.

Quantum Computing Theory
Programs

Researchers in the Device Modelling and
Algorithms program at the University of
Melbourne made an important breakthrough
in the design of a fault-tolerant architecture
for the Si:P system. The DiVincenzo-
Aliferis quantum error correction (QEC)
protocol over the seven-qubit Steane code
was compiled on the bi-linear qubit array
proposed in 2005 — see Figure 15. The
implementation of this QEC protocol requires
seven ancilla qubits in addition to the seven
data qubits, but is highly efficient as it does
not require ancilla verification. The schedule
of transport and interaction steps for a single
syndrome extraction step is shown in Figure
16, lined up against a schematic of the
bi-linear array (vertical left) with initial data
(blue) and ancilla (red) qubit placements
shown. The complete schedule was
determined for the fault-tolerant CNOT gate
between logical qubits to form the physical
level extended rectangle primitive with qubit
transport based on physical transport of
electrons via coherent tunnelling adiabatic
passage (CTAP). At higher levels of
concatenation transport is based on logical
SWAP gates on an effectively linear array.
At each level of concatenation the lower
bound failure rate is estimated based on the
malignant error assumption and plotted as
a function of the physical gate error rate.

In Figure 17 the results for three levels of
concatenation are shown for a choice of
inputs — memory, transport, measurement
times and error rates — motivated by solid-
state level modelling of the Si:P donor qubit
system and normalised to the gate time

and error rate. Shown in Figure 17 is the
lower-bound estimate for the asymptotic
error threshold (100 levels of concatenation)
for fault-tolerant operation of 1.5x10°6.
Preliminary calculations indicate that in a
measurement-limited monitored transport
mode of operation (where qubit loss can

be detected and corrected by re-injection),
the error threshold can be re-expressed

as a threshold on the dephasing rate of
approximately one second.



A major scientific visualization of the bi-
linear Si:P architecture was begun in 2006,
in collaboration with Professor Barry Sanders
at the University of Calgary and EDM Studios
in Canada. This project, funded by the
US-NSA Laboratory for Physical Sciences,
provides a powerful visual picture of the
operation of a realistic donor-based quantum
processor and frames from this movie are
interspersed within this 2006 Annual Report.

The initial analysis of fault-tolerant operation
and indicative threshold error rates are
important as they form a firm basis for

the long-term development of quantum
computation in silicon. The analysis allows
for the quantitative investigation of the
various effects and assumptions competing
to reduce or increase the threshold and the
development of strategies to implement gate
operations at the precision level required.
Furthermore, the fault-tolerant threshold
analysis allows quantum architecture
designers to re-appraise the physical

qubit layout and transport mechanisms,

and to incorporate the constraints of
classical control and CMOS circuits. As a
consequence of this first step in fault-
tolerant quantum computer architecture
design we can now enter a phase of total-
system development.

The Centre’s theory program in Measurement
and Control at Griffith University studies
devices operating on a quantum scale,

with applications to quantum computing.

In device measurement, they simulated the
state of a charge qubit conditioned upon the
output of an ideal quantum point contact
(QPC) embedded in a low-pass circuit with
input noise and amplifier noise. They also
derived conditioning equations for a charge
qubit measured by a radio-frequency QPC.
In control, they developed new protocols
using continuous measurement plus
feedback to achieve rapid preparation of
qubit states, and to prepare entangled states
in quantum optics. In another direction, they
have applied the notion of entanglement,
constrained by a particle-number super-
selection rule (SSR), to some canonical
systems from condensed matter physics
such as the Fermi-Hubbard model — see
Figure 18. They also applied the symmetric
group SSR to questions of entanglement

in NMR ensemble quantum information
experiments. Finally, they developed
unconditionally secure quantum protocols
for voting using entangled states to achieve
a quadratic resource reduction.

The program in Quantum Information

Theory at the University of Queensland is
directed towards general aspects of quantum
information, such as entanglement and error
correction, with a particular emphasis on
condensed matter systems and quantum
optics. During 2006 they found a new class
of multi-mode single photon states suitable
for quantum information applications and
showed how standard amplitude modulation

technigues may be used to control the pulse
shape of single photon states.

The Quantum Algorithms program at
Macquarie University aims to theoretically
develop new ways to process information
using quantum systems. In 2006 research
highlights included the discovery of a
near-optimal efficient quantum algorithm
that can simulate the quantum evolution

of any sparse Hamiltonian system. With
colleagues in Oxford, Centre researchers
discovered methods to perform universal
quantum computation on linear arrays only
using global control methods. Such designs
might lead the way towards reducing the
amount of qubit addressing technology
required in a physical device. The team also
developed a scheme to protect quantum
information in dipolar-coupled quantum
systems in a decoherence-free subspace
and studied the possibility of using quantum
electromechanical systems to perform
single-spin detection. They found an
interesting new type of quantum transform,
the quantum Mellin transform, which yielded
guantum wavefunctions with properties
intimately related to the Riemann Zeta
function. Finally they discovered ways of
engineering quantum networks which allow
for quantum information to be coherently
routed between any given input and output
ports.

FIGURE 15

Bi-linear array architecture for Si:P qubits with
horizontal and vertical transport rails into and out of
central interaction regions.

FIGURE 16

Compilation of the DiVincenzo-Aliferis QEC protocol
(Z-syndrome shown) for the Steane code on the
bi-linear array, showing gate and transport schedules.
Compounding such protocols for X and Z syndrome
extraction into the extended rectangle for encoded gates
(e.g. CNOT) and subsequent concatenation allows for
the determination of a lower bound of the fault-tolerant
thresholds (pseudo and asymptotic).

FIGURE 17

Error thresholds (lower bounds) for the encoded

CNOT gate at various levels of concatenation, showing
pseudo-thresholds (Level 1 = 7.3x107) and asymptotic
threshold estimate (Level .o = 1.5x10°) for a
conservative set of inputs with respect to physical times
and error rates for gates, transport and measurement.

FIGURE 18

The entanglement, constrained by a particle-number
SSR, between sites in a Fermi-Hubbard model, as

a function of site separation j,-j; and filling factor n.
The constrained entanglement is the product of the
bipartite entanglement of formation E; of the state with
one particle on each site (represented by height in

the figure) and the probability P, , of this state being
found upon a local measurement of particle number
(represented by colour in the figure). The results are for
the zero-temperature grand canonical-ensemble, with
30 sites and periodic boundary conditions.

FIGURE 19

Schematic of single molecule electron shuttle for spin
readout, conceived by Centre researchers at Macquarie
University.
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