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Single-shot readout and microwave control of an electron spin in silicon
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The electron spin of a donor in silicon is an excellent candidate for a solid-state qubit. It is
known to have very long coherence and relaxation times in bulk [1], and several architectures
have been proposed to integrate donor spin qubits with classical silicon microelectronics [2].
Here we show the first experimental proof of single-shot readout of an electron spin in silicon.
This breakthrough has been obtained with a device consisting of implanted phosphorus donors,
tunnel-coupled to a silicon Single-Electron Transistor (Si-SET), where the SET island is used as
a reservoir for spin-to-charge conversion [3]. The charge transfer signals are exceptionally large,
and allow time-resolved measurements of spin-dependent tunneling on a < 10 microseconds
scale, with readout fidelity better than 90%. By measuring the occurrence of excited spin states
as a function of wait time, we find spin lifetimes (T;) upto ~6sat B =1.5T, and a magnetic-
field dependence T, oc B® consistent with that of phosphorus donors in silicon [4].
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In a subsequent experiment we have integrated the single-shot spin readout device with an on-
chip microwave transmission line for coherent control of the electron spin. We have detected the
spin resonance of a single electron, and observed two hyperfine-split resonance lines. Further
experiments are underway to demonstrate coherent spin control and observe Rabi oscillations.
This constitutes the first demonstration of microwave control of a single spin, detected
electrically with single-shot spin readout.

We acknowledge support from the Australian Research Council, the Australian Government, the
U.S. National Security Agency and the U.S. Army Research Office under Contract No.
W911NF-08-1-0527.
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We report on our progress in developing few donor semiconductor nanostructures and
measurement techniques for single donor electron spin detection and control. We have developed
triple-gate FINnFET devices with a few implanted donors, and low temperature transport
measurements have been carried out to identify signatures of donor mediated transport [1]. We
have also performed electrically detected magnetic resonance in a W-band (100GHz) microwave
resonator, and show that the donor resonance line intensities are much enhanced compared to X-
band (10GHz) measurements [2]. Selected devices are designed for compatibility with single
donor implantation sensing via the detection of changes in the device current [3, 4].
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Excited states and valley effects in a negatively charged impurity in a silicon FinFET
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The observation and characterization of a single atom system in silicon [1,2,3] is a significant
landmark in half a century of device miniaturization, and presents an important new laboratory
for fundamental quantum and atomic physics. We compare with multi-million atom tight binding
(TB) calculations the measurements of the spectrum of a single two-electron (2e) atom system in
silicon — a negatively charged (D-) gated Arsenic donor in a FINFET. The TB method captures
accurate single electron eigenstates of the device taking into account device geometry, donor
potentials, applied fields, interfaces, and the full host bandstructure. In a previous work [1], the
depths and fields of As donors in six device samples were established through excited state
spectroscopy of the DO electron and comparison with TB calculations. Using self-consistent field
(SCF) TB, we computed the charging energies of the D- electron for the same six device
samples, and found good agreement with the measurements. Although a bulk donor has only a
bound singlet ground state and a charging energy of about 40 meV, calculations show that a
gated donor near an interface can have a reduced charging energy and bound excited states in the
D- spectrum. Measurements indeed reveal reduced charging energies and bound 2e excited
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states, at least one of which is a triplet. The calculations also show the influence of the host
valley physics in the two-electron spectrum of the donor.
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Quantum interference and many-body effects in a double donor system
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In recent years, an increasing number of experiments presenting donor transport in different
architectures appeared. These systems are stepping-stones towards donor based quantum
computing. Understanding the charge transport is crucial to infer the intrinsic electronic
properties of these systems. Not only is it important to understand sequential electron transport,
but also higher order tunneling processes and correlation effects. We present a detailed analysis
of the charge transport in a double donor system embedded in a nanowire transistor. Low
temperature electronic transport data yields information about the way the donors are coupled
and the role of coherence and many-body effects in this system. For example, we observe a Fano
resonance, which originates from the presence of phase coherent electron transport between two
donors. This Fano resonance is tunable, i.e. the symmetry of the resonance in gate voltage
alternates with magnetic field. This is explained as follows, a net magnetic flux pierces trough a
loop enclosed by two current paths connecting the donors to the lead and effectively tunes the
accumulated phase for electrons going different ways around. Away from the Fano resonance a
Kondo effect produces the well known zero bias feature. Surprisingly, this feature is first
monotonously suppressed and then enhanced again magnetic field. This upturn of the Kondo
conductance corresponds to a symmetry flip of the Fano resonance, suggesting a common origin.
We speculate that the Kondo effect is, at least partly, due to an orbital Kondo effect, in a similar
way in which it can occur in double parallel quantum dots, involving both donors and the leads.
These experiments illustrate the importance of higher order contributions to the tunneling current
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in a coupled donor system. A thorough understanding of these coherent virtual processes may
lead to novel, robust electrons manipulation schemes.

Transport and charge sensing in donor-based qubit architectures realized by STM
lithography

S. Mahapatra, M. Fuechsle, H. Buech, B. Weber, J. A. Miwa, M. Y. Simmons

Australian Research Council Centre of Excellence for Quantum Computer Technology,
University of New South
Wales, Sydney, NSW 2052, Australia

The spin states of a single electron bound to a shallow donor in silicon (Si) represent a promising
two-level-system for realizing semiconductor quantum bits (qubits) [1-3]. Due to a weak spin-
orbit coupling and zero nuclear spin of the more abundant ®Si isotope, electron spins in silicon
have extremely long coherence and relaxation times. These favorable features have motivated
immense research efforts to realize donor-based scalable quantum information processing
schemes in silicon. Implementing such qubit-architectures for the design of a scalable quantum
computer needs a thorough understanding of the electronic states associated with donors in
silicon and their behavior in applied electric and magnetic fields. The technological complexity
in positioning individual donors at precisely defined locations and fabricating nanometer-scale
gates for locally applying external fields make such studies challenging. Fortunately however,
recent progress made in STM-lithography has made it possible to deterministically place single P
donors at defined locations on a Si(001) surface [4]. By the same technique an all-epitaxial,
strictly-planar device architecture has also been developed [5] and the electronic states of a P-
donor-based small quantum dot has been probed [6].

Here we report the STM-lithography fabrication and low temperature transport spectroscopy of
the first deterministically positioned single P donor in silicon. In STM-lithography, the surface of
a hydrogen (H)-terminated, 2x1 reconstructed Si(001) surface is denuded in a defined pattern by
STM-tip induced desorption of the H-resist monolayer. Subsequently, the surface is exposed to
PH3 gas at room temperature and subjected to a short anneal (60 s) at 350°C, whereby P is
incorporated selectively in the surface layer of the patterned regions. The key to deterministic
positioning of a single P donor lies in the particular kinetic pathway in which PH3 dissociates,
when the size of the de-passivated area consists of just 3 consecutive Si dimers and the PH3
dosing conditions are appropriately chosen. In transport spectroscopy, stable Coulomb blockade
oscillations have been observed at temperatures up to 4 K. As expected for a bulk single P donor,
the diamond corresponding to the 0-electron D state does not close for a source-drain bias
voltage as high as 400mV. The charging energy corresponding to the transition from the charge
neutral D° to the singly negatively charged D" state is measured to be 46+3 meV. The value
compares extremely well to the difference in the binding energies of the corresponding charge
states of a bulk P donor in Si. Zeeman shift of the D° ground state has been observed in magnetic
fields up to 8 T. The extracted g-factor is 2.2+3.
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While transport spectroscopy allows probing the electronic states of an isolated donor,
manipulation and read-out of spin states of the donor-bound electron requires schemes for spin to
charge conversion and charge-sensing by a sensitive electrometer. Towards this end, we have
developed a completely in-plane device pattern wherein a dopant-defined single electron
transistor is (tunnel and capacitively) coupled to a very small cluster of P donors acting as the
qubit. Charge stability diagrams have been recorded in low temperature transport spectroscopy
which allowed us to determine the charge transfer signal and the tunnel rates between the qubit
and the SET dot. We discuss the advantages and challenges of scaling the qubit down to the
single donor limit in this strictly in-plane device architecture.

Finally, we report on the fabrication and transport spectroscopy of a tunnel-coupled pair of ultra-
small QDs in series. The ultimate goal of this architecture is to demonstrate driven coherent
oscillations of a single spin and thereby determine the spin coherence time [7].
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Quantum Transport in Ultra-scaled Phosphorous &-doped Silicon Nanowires
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Highly phosphorous 6-doped nanowires in silicon (Si:P NW) represent the ultimate nanowire
scaling limit of one atom thickness and a few atoms width. Experimental data are compared to
an atomistic full-band model. Charge-potential self-consistency is computed by solving the
exchange-correlation LDA corrected Schrodinger-Poisson equation. Transport through donor
bands is observed in (110) Si:P NW at low temperature. The semi-metallic conductance
computed in the ballistic regime agrees well with the experiment. Sensitivity of the NW
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properties on doping constant and placement disorder on the channel is addressed. The modeling
confirms that the nanowires are semi-metallic and transport can be gate-modulated.

Spectroscopy and capacitance measurements of tunneling resonances in an Sb-
implanted point contact

Nathan Bishop®, Harold Stalford'?, Ralph Young', Ed Bielejec’, Greg Ten Eyck®, Joel Wendt',
Rajib Rahman®, Kevin Eng*, Mike Lilly*, and Malcolm Carroll*

!Sandia National Laboratories, Albuquerque, New Mexico 87185, USA
2University of Oklahoma, Norman, OK 73019, USA

We fabricated a split-gate defined point contact in a double gate enhancement mode Si-MOS
device, and implanted Sb donor atoms using a self-aligned process. E-beam lithography in
combination with a timed implant gives us excellent control over the placement of dopant atoms,
and acts as a stepping stone to focused ion beam implantation of single donors. Our approach
allows us considerable latitude in experimental design in-situ.

We have identified two resonance conditions in the point contact conductance as a function of
split gate voltage. Using tunneling spectroscopy, we probed their electronic structure as a
function of temperature and magnetic field. We also determine the capacitive coupling between
the resonant feature and several gates. Comparison between experimental values and extensive
quasi-classical simulations constrain the location and energy of the resonant level. We discuss
our results and how they may apply to resonant tunneling through a single donor.

This work was supported by the Laboratory Directed Research and Development program at
Sandia National Laboratories.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000.
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Heterointerface effects on the charging energy of negatively charged shallow donors in
silicon: the role of dielectric mismatch
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A shallow donor, as P or As in Si, can bind one electron in the neutral state, denoted by D°, or
two electrons in the negatively charged state, denoted by D". Donor states in Si nanodevices can
be strongly modified by nearby insulating barriers and metallic gates. From transport
spectroscopy measurements in non-planar field effect transistors (FinFETS) with a single donor
in the conduction channel [1], a charging energy smaller than the known value in bulk is found

[2].

Within a single valley effective mass formalism [3] we estimate how the charging energy of D
in Si changes due to the modification of the screening produced by a nearby barrier material.
Specifically we study the problem of two electrons bound to a shallow donor, and we find that
the measured reduction in the charging energy may be due to a combined effect of the insulator
screening and the proximity of metallic gates. Our work confirms the relevance of the barrier and
gates dielectric contributions to nearby donor states and proposes a physical way to incorporate
the effective metallicity of both components by a single phenomenological parameter [2].

[1] G. P. Lansbergen, R. Rahman, C. J. Wellard, I. Woo, J. Caro, N. Collaert, S. Biesemans, G.
Klimeck, L. C. L. Hollenberg, and S. Rogge, Nature Physics 4, 656 (2008)

[2] M.J. Calderon, J. Verduijn, G.P. Lansbergen, G.C. Tettamanzi, S. Rogge, and B. Koiller,
arXiv:1005.1237

[3] M.J. Calderon, B. Koiller, X. Hu and S. Das Sarma, Phys. Rev. Lett. 96, 096802 (2006).
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Electron Spin Coherence of Phosphorus Donors in High-Purity %Si Silicon
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We report on electron spin coherence measurements for phosphorus donors in high purity,
highly-enriched %Si, with residual *°Si of less than 50 ppm. At this low 2°Si density, spectral
diffusion processes by nuclear spin flip-flops are suppressed, and therefore other relaxation
processes become prominent. By examining a series of 2Si crystals with a donor concentration
ranging from 1x10* to 3x10™/cm®, we confirmed that the predominant decoherence
mechanisms are donor concentration dependent, thus suggesting a role for donor-donor
interactions.

We identified three decoherence mechanisms. One is known as instantaneous diffusion, caused
by flips of donor spins induced by the applied microwave pulses and it can be suppressed by
using small rotating angle pulses during a Hahn echo experiment. The second mechanism is
associated with a spectral diffusion caused by T;-induced flips of neighboring donors; this
mechanism shows a prominent temperature dependence and is largely suppressed below 4K
when the T, of donors becomes very long. The third mechanism is temperature independent and
is caused by spectral diffusion due to donor spin flip-flops. It is this third mechanism that limits
the decoherence time to T»~1 sec in our lowest doped sample (1x10**/cm®) when measured at
2K. By applying an external magnetic field gradient and increasing the ESR linewidth from
30mG to 0.3G we are able to suppress this flip-flop mechanism, leading to measured coherence
times which extrapolate to T,~10 sec.

Work at Princeton was supported the NSF through the Princeton MRSEC (DMR-0213706) and
by the NSA/LPS through LBNL (Grant No. MOD 713106A).

Work at Lawrence Berkeley National Laboratory was supported by the Director, Office of
Science, Office of Basic Energy Sciences, Materials Sciences and Engineering Division of the
US Department of Energy under contract DE-AC02-05CH11231.
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Decoherence of Donor Electron Spins in Isotopically Enriched Silicon
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Silicon is promising for spin-based quantum computation because nuclear spins, a source of
magnetic noise, may be eliminated through isotopic enrichment. Long spin decoherence times T,
have been measured in isotope-enriched silicon but come far short of the T,=2T; limit. The
effect of nuclear spins on T, is well established. However, the effect of background electron
spins from ever present residual phosphorus impurities in silicon can also produce significant
decoherence. We study spin decoherence decay as a function of donor concentration, *Si
concentration, and temperature using cluster expansion techniques specifically adapted to the
problem of a sparse dipolarly coupled electron spin bath. Our results agree with the existing
experimental spin echo data in Si:P and establish the importance of background dopants as the
ultimate decoherence mechanism in isotope-enriched silicon.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000.

Electron spin coherence and electron nuclear double resonance of Bi donors in natural Si
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Donors in silicon hold considerable promise for emerging quantum technologies, due to their
uniquely long electron spin coherence times. Bi donors in silicon differ from P and other Group
V donors in several significant respects: they have the strongest binding energy (70.98 meV), a
large nuclear spin (I = 9/2) and strong hyperfine coupling constant (A = 1475.4 MHz). These
larger energy scales allow us to perform a detailed test of theoretical models describing the
spectral diffusion mechanism that is known to govern the electron spin coherence time (T2e) of
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P-donors in natural silicon. We report the electron nuclear double resonance spectra of the Bi
donor, across the range 200 MHz to 1.4 GHz, and confirm that coherence transfer is possible
between electron and nuclear spin degrees of freedom at these higher frequencies.

The research is supported by the Royal Society (UK) and by the EPRSC through CAESR (No.
EP/D048559/1).

Sandia National Laboratories is a multi-program laboratory operated by Sandia Corporation, a
wholly owned subsidiary of Lockheed Martin Company, for the U.S. Department of Energy’s
National Nuclear Security Administration under contract DE-AC04-94AL85000.

Hyperfine structure and nuclear hyperpolarization observed in the bound exciton
luminescence of Bi donors in natural Si

T. Sekiguchi, M. Steger, K. Saeedi, M. L. W. Thewalt,
Department of Physics, Simon Fraser University, Burnaby BC V5A 1S6, Canada

H. Riemann, N. V. Abrosimov and N. Notzel
Leibniz Institute for Crystal Growth, Max-Born Str. 2, D-12489 Berlin, Germany

As the deepest Group V donor in Si, Bi has by far the largest hyperfine interaction, and also has
a large I = 9/2 nuclear spin. At zero applied magnetic field this splits the donor ground state into
states having total spin 5 and 4, which are fully resolved in the luminescence spectrum of Bi
donor bound excitons, even in natural Si. Under an applied magnetic field, the 60 expected
allowed donor bound exciton transitions cannot be individually resolved in natural Si, but the
effects of the nuclear spin distribution, -9/2 <1, <9/2, can be clearly observed. Under
conditions leading to a significant equilibrium polarization of the neutral donor and free exciton
electron spins, a strong hyperpolarization of the nuclear spin, with sign opposite to the expected
equilibrium polarization, is observed to result from the nonresonant optical excitation used to
produce the luminescence.[1]

This is very similar to the recently reported [2] optical hyperpolarization of P donors observed by
EPR at higher magnetic fields. We propose a new model, inherent in the capture of spin
polarized free excitons on spin polarized donors to form donor bound excitons, to explain this
effect. This process should apply to all substitutional donors in Si, and may also play a role in
donor bound exciton systems in other materials. We have not yet been able to measure a time
constant for this nuclear polarization process, but suggest that under the conditions used in these
experiments it may be very fast.

Future work on the Bi donor bound exciton system will focus on observing the same transitions
in absorption or photoluminescence excitation spectroscopy,[3] which will give more direct

information on the populations in the Bi hyperfine states than does luminescence spectroscopy.
Eventually, samples of enriched *®Si:Bi should show 60 fully resolved hyperfine components in

11
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the donor bound exciton spectrum, enabling more detailed experiments on the optical
measurement and control of the Bi donor nuclear polarizations.

[1] T. Sekiguchi et al., Phys. Rev. Lett. 104, 137402 (2010).
[2] D. R. McCamey et al., Phys. Rev. Lett. 102, 027601 (2009).
[3] A. Yang et al., Phys. Rev. Lett. 102, 257401 (2009).

On-Chip Avalanche Detectors for Deterministic Doping of Silicon
Nano-Devices with sub-10 keV single ion implantation
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Alberto Cimmino?, Jonathan Newnham?, Andrea Morello? and Andrew Dzurak?®

1Centre for Quantum Computer Technology, School of Physics, University of Melbourne,
Victoria 3010, Australia
“Centre for Quantum Computer Technology, Schools of Electrical Engineering & Physics, NSW
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Abstract Summary

We investigated silicon diode avalanche multiplication operation both linear and Geiger modes
for deterministic doping nano-devices by single ion implantation at a very shallow depth. We
apply this technique for the nanofabrication of single donor nano electronic devices.

Keywords- avalanche multiplication; deterministic doping; single ion implantation;
nanofabrication; nano electronic devices

I. INTRODUCTION

Recent progress in avalanche photo-diode (APD) technology development has been driven by
potential applications, including telecommunications with high-bit-rate and high sensitivity
optical fibre communications [1], especially including the promising applications in quantum
information technology with reliable single photon detection capability [2, 3, 4]. The APD also
finds novel applications for the detection of electrons [5], x-rays [6] and ions [7].

We intend to adapt the APD technology to improve our current PIN detector operation currently
using 14 keV P+ ions in the single ions implantation fabrication process. Reducing the
phosphorus ion implantation energy from 14 keV to 7 keV will improve ion stopping straggling
uncertainty from 11 nm to 5 nm, but it will also greatly increase the difficulty to detect the lower
energy ion impact in the implantation site due to the drastically reduced numbers of initial charge
carriers generated by the single ion impact in the silicon substrate.

APDs can be operated in linear mode with a low gain (less than 100) [3, 8] or Geiger mode with
a high gain (above 100) [7, 9]. The advantage of low gain linear mode is the potential ability to

12
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detect and discriminate single event (photons or ions) against a pile-up of multiple events. A
single-event-resolving APD operation that can count the number of photons or ions on-line is
highly desirable in future applications. Also if the ion-number-counting capability can be
attained for low energy single ion implantation, construction of single donor devices and single
atomic qubits [10-13] is possible through single ion implantation process. We investigate the
potential of APD devices to be used for sub-10 keV single ion detection with both linear
operation and Geiger modes.

The authors acknowledge the financial support from the Australian Research Council Centre of
Excellence scheme, the Australian Government, the U.S. National Security Agency (NSA), and
the U.S. Army Research Office (ARO) (under Contract No. W911NF- 08-1-0527).
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Figure 1. IBIC measurement of relative charge collection
efficiency in a APD device. The device reaches about 100%
charge collection efficiency (at 210 channels) with 20 V bias,
and it increases the collected charge above 100% along the
bias voltage increasing due to the internal charge carriers’
multiplication effect.

Using Pulse Sequences to Characterize and Robustly Mitigate Qubit Noise

K. C. Young, D. J. Gorman and K. B. Whaley
Departments of Physics and Chemistry, UC Berkeley, USA

The feasibility of nearly every investigated technology for quantum information processing is
limited by the noise caused by the coupling the quantum system with its environment.
Knowledge of the noise spectrum is an essential prerequisite for mitigating the effects of noise
on quantum manipulations and may provide quantitative bounds on theories hoping to describe
the source of this noise. In the first part of this presentation we demonstrate a novel approach to
characterize the noise acting on a qubit by making measurements of coherence decay under the
influence of a carefully designed train of applied control pulses. The second part of the
presentation shows how a broad range of qubit noise spectra may be efficiently represented in
stochastic simulations using multi-state Markovian fluctuators combined with convex
optimization techniques. We then show that this allows the generation of numerically optimized
control pulse sequences to provide robust mitigation of the effects of qubit dephasing and
coupling noise, with application to electron spin qubits in silicon.
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Channel-Optimized Quantum Error Correction & Control

Robert L. Kosut
SC Solutions, Sunnyvale, CA, USA

Quantum Error Correction (QEC) that is optimized with respect to the specific system at hand
can significantly reduce ancilla overhead while raising error thresholds for fault-tolerant
operation [1-4]. In this approach, QEC design is cast as a bi-convex optimization problem,
iterating between encoding and recovery, each being a semidefinite program [5]. While in the
standard case only the class of errors need be known, for this channel-optimized method a more
precise knowledge of the noise map is required. Thus to gain the promised benefit of reduced
resources from optimized QEC will require obtaining the specific error model. This is a task that
most likely would start with an existing nominal model to be refined by some form of quantum
estimation, e.g., Hamiltonian parameter estimation (HPE) or quantum process tomography
(QPT). This leads to an intriguing prospect: to implement a complete “online” error correction
scheme, that takes the results of quantum estimation as input, and iterates until it finds an optimal
error correcting encoding and recovery (Fig.1).
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FIG. 1: Op-line adaptation via QEC and QPT

Whether such a procedure is necessary for quantum information systems is an open question.
And if it is, can it be efficiently implemented? In this talk | will describe two recent results which
hold the potential for making such an adaptive scheme feasible:

1. For channel-optimized QEC we showed in [3] how to modify the objective functions to

account for robustness, and in [6] we posed the problem in an indirect form which can be
solved via a sequence of constrained leastsquares problems. Both of these modifications
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open the way for solving higher dimensional problems with model uncertainty in a
reasonable (off-line) time period, either from models or on-line from measured data.

2. HPE is a non-convex optimization in the Hamiltonian parameters [7, 8], whereas QPT,
although convex in the process matrix, scales exponentially with the number of qubits
[9]. Recent results utilizing methods of compressed sensing from signal processing [10,
11], when applied to QPT herald a linear scaling in the number of qubits [12, 13]. We
refer to this approach as compressed gantum process tomography (CQPT). Similar results
accrue for quantum state tomography of low-rank density matrices via a related approach
referred to as matrix completion [14] as applied in [15].

In the case of using CQPT and channel-optimized QEC, both steps involve solving convex
optimization problems. In principle this makes the optimization efficient, although there are still
scaling issues for off-line computation.

Control is ubiquitous in quantum information systems, i.e., every required unitary logic gate is
generated by control. In particular, any form of QEC has to be implemented by control. I will
also discuss control design for CQPT/QEC and in the more general framework where the
guantum estimation step can be any quantum estimation procedure which is useful for the
intended purpose, e.g., Hamiltonian parameter estimation, quantum state tomography, or
guantum process tomography. Likewise the control can be any feedforward scheme such as the
one required to implement the aforementioned channel-optimized QEC encoding and recovery,
or to implement a dynamic decoupling sequence, or to adjust a real-time classical or coherent
feedback protocol.
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Robustness of optimally controlled unitary quantum gates

Constantin Brif and Matthew D. Grace
Department of Scalable Computing Research & Development,
Sandia National Laboratories, Livermore, CA 94550, USA

Katharine W. Moore and Herschel Rabitz
Department of Chemistry, Princeton University, Princeton, New Jersey 08544, USA

External controls are necessary to enact quantum logic operations, and the inevitable control
noise will result in gate errors in a realistic quantum computer. An important issue is the scaling
of these errors with respect to the size of a quantum circuit (i.e., the number of physical qubits)
in the presence of inter-qubit interactions. Such interactions can be a part of the system design in
a situation where multi-qubit gates are implemented on purpose or, more realistically, arise due
to unwanted couplings between separated one- and two-qubit subsystems. We investigate the
robustness of unitary quantum gates to the control noise in the vicinity of an optimal solution, by
utilizing properties of the quantum control landscape that relates the physical objective (in the
present case, the quantum gate fidelity) to the applied controls. We also explore possibilities of
identifying controls with improved robustness by using (1) the analysis of landscape
characteristics in the vicinity of the optimal control manifold, and (2) multi-objective
optimization that will explicitly incorporate the requirement of high robustness.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.
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DAY TWO

Spin Coherence and Relaxation of Disorder-Confined Electrons at Interfaces in Silicon

H. Malissa*, Jianhua He*, S. Shankar*, Tzu-Ming Lu*, A.M. Tyryshkin*, S.A. Lyon¥*,
Hung-Ming Chen** and Chieh-Hsiung Kuan**

* Department of Electrical Engineering, Princeton University, Princeton, USA
** Department of Electrical Engineering, National Taiwan University, Taipei, Taiwan

Electrons confined in Si quantum dots are prospective candidates for the implementation of
devices for spintronics and quantum computation due to their long anticipated spin coherence
times and their potential scalability using the advanced Si processing technology. However,
many of their spin properties still remain unclear.

In this work we present our recent electron spin resonance (ESR) results on disorder-confined
electrons (i) at the Si/SiO;, interface in a Si MOSFET [1] and (ii) at the Si/SiGe interface of a
gated modulation-doped SiGe/Si/SiGe heterostructure. In both cases, an ESR signal with a g-
factor close to 2 (g = 1.9999 for the Si MOSFET and g = 2.0003 for the SiGe/Si/SiGe
heterostructure) appears when the gate voltage is above the conductance threshold. The ESR
signal amplitude decreases significantly but does not fully disappear as the gate voltage is
lowered below threshold. The integrated signal amplitude measured above threshold as a
function of temperature, shows Pauli behavior characteristic of mobile, two-dimensional
electrons. On the other hand a Curie susceptibility is observed below threshold, indicating that a
repulsive gate voltage leads to the depletion of the two-dimensional electron system, confining
electrons into isolated, natural quantum dots formed by the intrinsic disorder at the respective
interfaces.

The spin relaxation and coherence times (T; and T, respectively) of these natural quantum dots
were measured using pulsed ESR at 350 mK. In both systems T, and T, of the confined
electrons are substantially longer than those of the mobile electrons. In the case of isolated spins
at the MOSFET interface, values of T; ~0.8 ms and T, ~ 30 us were obtained at 350 mK,
compared to approximately 0.3 us T; and T, values for mobile electrons at 5 K. Similarly, in the
case of the SiGe/Si/SiGe heterostructure, the confined electrons exhibit T; ~ 0.5 ms and

T, ~ 20 s, in contrast to T; ~ T, ~ 3 us [2] for mobile electrons at 5 K.

The fact that T; and T, of confined electrons in both systems are similar suggests that the spin
decoherence mechanism is independent of the details of the heterostructure composition. T is
substantially longer than T in both systems, a clear indication that spin relaxation is not
governed by spin-orbit coupling mechanisms such as Dyakonov-Perel or Elliot-Yafet that are
present in two-dimensional systems. Instead, the conduction electrons in these Si structures can
be confined into natural quantum dots, resulting in the increase in T1. An increased T, at a lower
electron density in the MOS heterostructures suggests that interactions between the confined
electrons may be limiting T».
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Spin Filling and Valley Splitting in a Few-electron Silicon Quantum Dot

W. H. Lim,* C. H. Yang,> F. A. Zwanenburg,® and A. S. Dzurak’
Australian Research Council Centre of Excellence for Quantum Computer Technology,
The University of New South Wales 2052, Australia.

Scalability and long coherence times are two essential criteria for the implementation of quantum
computers. Silicon quantum dot is an excellent qubit candidate because it holds promise for long
spin coherence times and is also a scalable technology. Previous work by our group has
demonstrated the ability to confine a single electron in a highly tunable silicon metal-oxide-
semiconductor (MOS) quantum dot, which has independent gate control over the electron
density in the quantum dot island and the leads [1]. Based upon the developed architecture, here
we report the demonstration of a silicon MOS quantum dot with very low disorder, containing a
tunable number of electrons starting from zero. The low disorder together with the absence of
charge fluctuations and drift enable the observation of a large number of electron occupancy in
the dot. By applying a parallel magnetic field, we observe the spin filling of electrons in the
quantum dot up to N=25. A careful investigation of the evolution of the first two Coulomb peaks
as a function of magnetic field allows us to experimentally extract a valley splitting of ~100 peV
in the few-electron silicon quantum dot.

This work was supported by the Australian Research Council, the Australian
Government, and by the U. S. National Security Agency and U. S. Army Research Office under
Contract No. W911NF-08-1-0527.
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Measurements of Valley Splitting in Few-Electron Si/SiGe Quantum Dots

M.G. Borselli, R.S. Ross, A.A. Kiselev, E.T. Croke, K.S. Holabird, B.M. Maune, S.S. Bui, P.W,
Deelman, W.S. Wong, I. Alvarado-Rodriguez, I. Milosavljevic, A.E. Schmitz, M. Sokolich,
M.F. Gyure, and A.T. Hunter
HRL Laboratories LLC, 3011 Malibu Canyon Road, Malibu CA 90265, USA

C.R. Anderson
Department of Math, UCLA, Los Angeles, CA 90095, USA

We report on measurements of the valley splitting of accumulation-mode Si/SiGe quantum dots
that provide full control of electron numbers starting from N=0 up to N=15 indicating addition
energies as high as 4.5 meV. The devices are based on a double-well heterostructure in which
electrons are localized in the top, nominally empty well by forward biasing a single circular gate.
The high symmetry of these dots has enabled the observation of a clearly identifiable shell
structure. Comparison to similarly fabricated and tested InAlAs/InGaAs dots highlights a
strikingly different addition spectra and shell filling that is consistent with the presence of valley
splitting smaller than the orbital and charging energies. These devices have been modeled using
a real-space Poisson-Schrodinger code coupled to a full configuration interaction (FCI) method
in which both spin and valley degrees of freedom are explicitly included. Good agreement is
found with measured ground state addition spectra allowing us to conclude that valleys play an
essential role in Si QDs and that we have conclusively demonstrated single-electron quantum
dots in Si/SiGe. We will present calculations of the multi-electron excited-state spectra for both
I11-V and Si/SiGe accumulation-mode quantum dots. These show how valley splitting can be
straightforwardly determined from magnetospectroscopy measurements in dots with large orbital
energies. Utilizing this approach, magnetospectroscopy measurements of the ground state shifts
with magnetic field have allowed us to infer valley splittings in different Si dots ranging from 50
to 270 peV and are consistent with excited-state spectroscopy measurements on the same
devices.

Sponsored by United States Department of Defense Approved for Public Release, Distribution
Unlimited.

Charge sensing spectroscopy in Si/SiGe quantum dots

Madhu Thalakulam*, C. B. Simmons, J. Prance, B. M. Rosemeyer, D. E. Savage, M. G. Lagally,
Mark Friesen, S. N. Coppersmith, and M. A. Eriksson

University of Wisconsin-Madison, Madison, WI, 53706, USA
*Present address: Sandia National Laboratories, Albuquerque, NM, USA

Charge sensing with integrated point contacts is an essential component to the development of

Si-based quantum dot spin qubits. We discuss spectroscopic measurements made using charge
sensing in two complementary ways. In the first approach, pulsed gate voltages of increasing
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amplitude are applied to a gate. In the second approach, a non-zero dc source-drain bias is
applied across the quantum dot. In neither case does measurable current flow through the dot.
Instead, in both approaches excited states appear as sharp changes in time-averaged charge-
sensing measurements performed with the integrated quantum point contact. The advantage of
this approach is that it enables spectroscopy of quantum states when no transport is possible
through the dot, which is a common situation for quantum dots in the one-electron limit. 1 will
also present data demonstrating a Si/SiGe double quantum dot with exactly one-electron in each
dot.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.

Valley polarization and interface quality in SiO,/(100)Si/SiO;, quantum well
Yoshitaka Niida', Kei Takashina?, Yukinori Ono®, Akira Fujiwara®, and Yoshiro Hirayamal*

!Department of Physics, Tohoku University, Sendai, Japan
Department of Physics, University of Bath, Bath, UK
SNTT Basic Research Laboratories, Atsugi, Japan
*ERATO Nuclear Spin Electronics Project, Sendai, Japan

The valley splitting, that is the energy splitting of valley degeneracy in Si two-dimensional (2D)
electron systems, has attracted a recent renewal of interest because the valley degeneracy is
considered to cause complications and decoherence in electron-spin-based Si quantum computer
[1, 2]. While typical values of the valley splitting are less than around 1 meV, recent transport
experiments in Si/SiO, quantum well (QW) fabricated on SIMOX (Separation by IMplanted
OXygen) substrates show the interface between Si and buried oxide (BOX) leads to vastly
enhanced valley splitting of tens of meV, which can be tuned flexibly by electric gates [3].

It remains unclear why these devices show such giant valley splitting. Recent calculations have
pointed to the abruptness of the interface as the cause, suggesting that the Si/BOX interface is
extremely abrupt. However, in IMOX based QW, it is known that the low temperature electron
mobility at the Si/BOX interface (especially, under fully valley polarization) is much reduced
compared to the Si/Thermal-SiO, (T-SiO) interface. It is unclear to what extent this difference
in mobility is caused by possible additional sources of scattering, or the valley splitting itself.
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Figure (2) Schematic cross section of the double
gate SIMOX MOSFETs. by amd b are back- amd
front-gate woltages, respectively. (b Schematic
band diagrams and carrier distributions: & (= ng
M = 0 amd & « O correspond io the carriers
residing ot the SVBOX and S6T-510; Interfaes,
respeciively. & indicates the degree of asymmetry
of the QW. m; and np are the carrier densities
comiributed from b and &, respectively. o) &
dependence of the alectron and bole mobdlity st
i, = 1% WE mr2.

Here, by using devices with p-type as well as n-type
contacts and front- and back-gate electrodes (Fig.
(@), we compare the Si/TSiO, and Si/BOX
interfaces through transport of two different types of
carriers with and without the valley degree of
freedom. Transport characteristics were measured
for 2D electrons and holes in the same device from 5
K to 290 K.

Figure (c) shows the mobility of the electrons and
holes as a function of the potential asymmetry & in
the QW (see Fig. (b) and its caption), where the total
carrier density in the QW is kept at 1 x

10'® m™. At higher temperatures, as |§| increases and
the confinement of the QW becomes strong, the
effect of surface roughness dominantly affects
transport behavior and the mobility decreases. Both
electrons and holes show symmetric behavior,
unaffected by the polarity of 5. At lower
temperatures, there are two major changes to the
electron mobility. One is mobility supersession at &
~ 0, which is understood as the effect of the first
excited subband, which resides over the ground
state. As |3] increases and confinement of the QW
becomes strong, this structure disappears. The other
is that the mobility at the Si/BOX interface is
suppressed compared with the Si/T-SiO; interface
as found in previous studies. Contrary to common
expectations, however, holes exhibit only slightly
asymmetric mobility where the values are greater at
the Si/BOX interface. This indicates smaller effects
of interface roughness and disorder at the Si/BOX
interface. Our results strongly suggest that
suppressed electron mobility at the Si/BOX interface
originates from not only the interface roughness
scattering but also valley polarization.

[1] B. Kaoiller et al., Phys. Rev. Lett. 88, 027903 (2001)
[2] B. E. Kane et al., Nature 393, 133 (1998)
[3] K. Takashina et al., Phys. Rev. Lett. 96, 236801 (2006)
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Absence of Valley Degeneracy in Si/SiO2 Interfaces
A.L. Saraiva*(1,2), Belita Koiller(1), Mark Friesen(2)

(1) Universidade Federal do Rio de
Janeiro, Caixa Postal 68528, 21941-972, Rio de Janeiro, Brazil
(2) University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

The excitation energy between the two lowest orbital levels of electrons in Si/SiO2 quantum
wells is investigated theoretically. The valley degeneracy is shown to be lifted well beyond the
interface induced valley splitting in certain regimes. We identify these regimes as being those
where strong hybridization between the well states and intrinsic interface states happen. It is
demonstrated that the ubiquitous disorder in Si/SiO2 interfaces enhances the excitation energy
through this mechanism. We also show indications that these hybrid states are not laterally
confined by Anderson localization, and therefore they contribute to electronic transport.

Valley-related challenges for SiGe quantum dot structures

A. A Kiselev, R. S. Ross, and M. F. Gyure
HRL Laboratories LLC, 3011 Malibu Canyon Road, Malibu CA 90265, USA

We discuss potential challenges introduced by valley degeneracy, valley mixing, and valley
relaxation to the development of Si qubits based on (001) electrostatically defined SiGe quantum
dots (QDs). We focus on the effects on single- and few-electron states most sensitive to macro-
and microscopic characteristics of Si/SiGe interfaces. Theoretical analysis demonstrates that
interface steps, variations in interface quality, and especially intentional interface engineering
can dramatically modify valley-induced effects. This notion is further supported by numerical
simulations, where we explicitly allow for an arbitrary and spatially inhomogeneous stacking of
heterolayers in the active area of the device. The current state of valley-related physics in SiGe
QDs is critically examined in view of recent experimental data.

We further discuss the resilience of the valley degree of freedom to environmental interactions in
(001) SiGe QDs. We identify an “admixture” mechanism, based on valley-orbit mixing, as a
likely leading candidate for intervalley relaxation and evaluate its characteristic times for a
number of relevant scenarios. This admixture mechanism is strongly suppressed in a truly planar
geometry, whereas it can provide a fast relaxation channel for structures with macroscopically
inhomogeneous interfaces.

Sponsored by the United States Department of Defense. Approved for Public Release,
Distribution Unlimited
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Aspects of Si quantum computation
S. Das Sarma

*University of Maryland, College Park, Maryland 20742-4111, USA

Unintentional Dots in Silicon Nanowires
Ted Thorbeck™? & Neil Zimmerman?

LJoint Quantum Institute & Dept. of Physics, U. of Maryland, College Park, MD, USA
’NIST, Gaithersburg, MD, USA

Charged defects, such as dangling bonds or dopants, create local potential wells that can create
unintentional quantum dots. Our devices consist of a mesa-etched silicon nanowire, with local
gates to create intentional dots. In multiple devices we have observed very similar defect induced
double quantum dots. We will present a model of the unintentional dots that explains the unusual
transport we measure, as well as simulations that reproduce our measurements. It is remarkable
that in defect induced double quantum dots we see very similar dot configuration, junction
parameters and gate capacitances. There is still basic physics of the interaction of these dots that
we do not understand. If time permits | will also discuss homogeneity in our devices. We have
measured 20 similar devices and can report on the homogeneity of the gate capacitances to
intentional dots and compare it to simulations from lithographic parameters.

Double Quantum Dot with Tunable Coupling in an Enhancement-Mode Silicon Metal-
Oxide-Semiconductor Device with Lateral Geometry

L. A. Tracy,* E. P. Nordberg,™? R. Young,! C. Borrés Pinilla,* H. L. Stalford,** G. A. Ten
Eyck,' K. Eng,' K. D. Childs,' J. R. Wendt," J. Stevclens,l M. P. Lilly,> M. A. Eriksson,”and M. S.
Carroll
Y Sandia National Laboratories, Albuguerque, New Mexico 87185, USA
2) University of Wisconsin-Madison, Madison, Wisconsin 53706, USA
% University of Oklahoma, Norman, Oklahoma 73019, USA
# Universidad Industrial de Santander-Colombia, Bucaramanga, Columbia
% Center for Integrated Nanotechnologies, Sandia National Laboratories, Albuquerque, New
Mexico 87185, USA

We report low-temperature transport measurements of a silicon metal-oxide-semiconductor
(MOS) double quantum dot (DQD). In contrast to previously reported measurements of DQD's
in Si MOS structures, our device has a lateral gate geometry very similar to that used by Petta et
al. [1] to demonstrate coherent manipulation of single electron spins. This gate design [2]
provides a high degree of tunability, allowing for independent control over individual dot
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occupation and tunnel barriers, as well as the ability to use nearby constrictions to sense dot
charge occupation. Comparison of experimentally extracted capacitances between the dot and
nearby gates with electrostatic modeling demonstrates the presence of disorder and the ability to
partially compensate for this disorder by adjustment of gate voltages. We experimentally show
gate-controlled tuning of the interdot coupling over a wide range of energies, an important step
towards potential quantum computing applications.

This work was performed, in part, at the Center for Integrated Nanotechnologies, a U.S. DOE,
Office of Basic Energy Sciences user facility, and was supported by the Laboratory Directed
Research and Development program at Sandia National Laboratories.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.

[1] J. R. Petta et al., Science 309, 2180 (2005).
[2] M. Ciorga et al., Phys. Rev. B 61, R16315 (2000).

A Novel Spin-Flip Co-Tunneling Process in the Effective Three-Electron Regime of a
Si/SiGe Double Dot

Teck Seng Koh, C. B. Simmons, Mark Friesen, S. N. Coppersmith, M. A. Eriksson

Department of Physics
University of Wisconsin-Madison
Madison, WI 53706, USA.

We study the transport current of a Si/SiGe double quantum dot in the effective three-electron
regime, commonly referred to as hole transport in the literature. Experimental data is modeled
with a Hartree-Fock Hamiltonian. We show that the conventional hole transport picture cannot
account for all of the features of the data. We also show that understanding the experimental data
requires a novel co-tunneling process involving spin flips. This process is possible partly due to
the effect of lifetime-enhanced transport [1].

This work was supported by ARO and LPS (W911NF-08-1-0482) and NSF (DMR-0805045).
References

[1] Shaji, N. et al. Nature Physics, 4, 540 (2008).
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Highly-Tunable Few-Electron Silicon MOS Double Quantum Dot

N.S. Lai', W. H. Lim? C. H. Yang®, and A. S. Dzurak”
Australian Research Council Centre of Excellence for Quantum Computer Technology,
The University of New South Wales 2052, Australia.

Semiconductor quantum dots (QDs) are highly tunable structures for trapping and manipulating
individual electrons. Silicon QDs are also promising candidates as qubits for spin-based quantum
computation as they are expected to have long lifetimes and slow dephasing, due to the weak
spin—orbit interaction and low nuclear spin density in silicon. Previous work on silicon single
QDs has demonstrated the ability of a metal-oxide-semiconductor (MOS) compatible
architecture to confine a single electron in the QD [1]. Using the same approach, a triple-gated
double quantum dot (DQD) has been fabricated and measured at low temperature to study the
energy spectrum of the device. The DQD structure can be electrically tuned to control the inter-
dot coupling over a wide range, enabling measurements in both the weakly coupled and strongly
coupled regime. The device exhibits robust charge stability over wide range of electron
occupancy of the lithographically-defined dots. We will report bias spectroscopy measurements
and attempts to observe spin-dependent tunneling effects in this device.

This work was supported by the Australian Research Council, the Australian
Government, and by the U. S. National Security Agency and U. S. Army Research Office under
Contract No. W911NF-08-1-0527.

References

[1] W. H. Lim, F. A. Zwanenburg, H. Huebl, M. Méttonen, K. W. Chan, A. Morello, and A. S.
Dzurak, Appl. Phys. Lett. 95, 242102 (2009).

Coupling an electron spin to a cavity

Xuedong Hu, Department of Physics, University at Buffalo, USA
Yu-Xi Liu, Institute of Microelectronics, Tsinghua University, China
F. Nori, Riken and University of Michigan, USA

We investigate how to couple an electron spin in a semiconductor quantum dot to a microwave
cavity via the electrically driven spin resonance technique. Spin degree of freedom is accessed
here through either spin-orbit interaction or inhomogeneous magnetic field. We derive the spin-
photon coupling Hamiltonian, and assess the coupling strength from cavity and quantum dot
parameters. Based on these considerations, we identify parameter regimes that are best suited for
reaching the strong-coupling regime for the spin-cavity system, and identify Si as a good
candidate material for this purpose.

We acknowledge support by NSA/LPS via ARO.
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A circuit QED structure comprised of a silicon quantum dot charge qubit and a
lumped-element microwave resonator

T. Last, A. N. Hegyi, Y. T. Wang, G. Mazzeo, E. Yablonovitch,
Electrical Engineering and Computer Science Department
University of California at Berkeley
Berkeley, CA 94720---1770, USA

Circuit quantum electrodynamics (circuit QED) principles have successfully been applied in
experiments with superconducting qubits [1], demonstrating the potential of this architecture for
on-chip quantum communication. It is necessary to extend these concepts to other kinds of
qubits, such as silicon quantum dots, because of their potentially superior coherence properties.
However, most qubits have smaller transition electric dipole moments than superconducting
qubits [1], making it difficult to strongly couple them to resonant circuits.

By applying classical circuit theory we have found guidelines for developing the optimal
microwave resonator for circuit QED [2]. Our figure of merit in these calculations, which needs
to be much larger than one to achieve high fidelity quantum communication, is the ratio of the
circuit-qubit coupling rate to the quantum information loss rate, also known as the cooperativity.
The most important factors to maximize the cooperativity are (i) the resonator’s Q-factor, (ii) the
fraction of the resonator’s voltage dropped across the dipole length of the qubit, and iii) the
resonator’s characteristic impedance, or L over C ratio when modeled as a parallel LC circuit. A
resonator that maximizes the cooperativity has the highest impedance at a given frequency; an
example of such a resonator is a planar spiral inductor. We also show how this spiral inductor
can be integrated with a transmission line scheme to enable high-fidelity quantum
communication over distances greater than a meter [2].

Our theoretical findings have enabled us to design a circuit QED structure comprised of a
superconducting high-Q microwave resonator and a silicon quantum dot charge qubit, which can
be prepared in the energy splitting between two neighboring charge configurations. The quantum
dot is a multi-terminal device structure providing a very large tunable operation frequency range
(1 GHz to 100 GHz, as the potential can be adjusted from a double to a single well). It is
optimized in terms of minimizing the distance between the resonator probes and the qubit to
provide the highest achievable qubit-resonator coupling efficiency. Dispersive microwave
measurements are under way to verify the coupling of our silicon-based charge qubit to a high-Q
microwave resonator.

[1] R. Schoelkopf, S.M. Girvin, Nature 451, 664 (2008).
[2] A. N. Hegyi, T. Last, E. Yablonovitch, in preparation (2010).
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Modeling and Low Temperature Operation of Silicon-Based CMOS Processes

A. Akturk, M. Peckerar, S. Potbhare and N. Goldsman
Department of Electrical and Computer Engineering
University of Maryland
College Park, MD, USA

K. Eng, R. Young, E. Longoria, T. Gurrieri, J. Levy and M. S. Carroll
Sandia National Laboratories, Albuguerque, New Mexico 87185, USA

Silicon-based CMOS processes work relatively well at cryogenic temperatures, down to 20K and
below. Additionally, the standard compact model formalisms such as the BSIM model set can be
used to reproduce measured data at these temperatures with minimal changes to the core
equation set [1,2]. The modifications due to the cryogenic temperature operation account for new
physics absent at room temperature, such as the incomplete ionization and possible hysteresis
effects, as well as enhanced existing physics such as impact ionization and impurity scattering
that usually minimally affect operation at room temperature.

To show the performance of various CMOS processes at low temperatures, we will explain the
measured behavior observed for these technologies. More specifically, we will show the relative
performance of a bulk process and a silicon-on-sapphire technology, compared to the Sandia’s
CMOST process. These low temperature performance comparisons will clearly prove that the
standard silicon processes are suitable for operation at low temperature, and there is no or
minimal need for switching to more exotic processes for the cryogenic operation. Additionally,
the measured current-voltage curves will be compared with their room temperature counterparts,
and the standard MOSFET behavior. Such comparisons indicate that the basic device physics,
electrostatics and the governing channel transport mechanisms are mainly unaltered at low
temperatures, and therefore one observes cryogenic device performance that resembles that of
the room temperature operation. Thus, standard compact models with minimal modifications to
the core equation and parameter sets can be used to obtain simulated results that agree with
measured curves even at these low temperatures.

[1] A. Akturk, M. Peckerar, K. Eng, J. Hamlet, S. Potbhare, E. Longoria, R. Young, T. Gurrieri,
M. S. Carroll, N. Goldsman, “Compact modeling of 0.35[_Jm SOI CMOS technology node
for 4K dc operation using Verilog-A,” doi:10.1016/j.mee.2010.06.005 Microelectronic
Engineering (2010).

[2] A. Akturk, M. Holloway, S. Potbhare, D. Gundlach, B. Li, N. Goldsman, M. Peckerar, K. P.
Cheung, “Compact and distributed modeling of cryogenic bulk mosfet operation ,” IEEE
Transactions on Electron Devices 57(6), 1334-1342 (2010).

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.
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Extremely efficient clocked electron transport on helium using a silicon IC

Maika Takita, F.R. Bradbury, S.A. Lyon
Department of Electrical Engineering, Princeton University, USA

Kevin Eng, T.M. Gurrieri, K.J. Wilkel
Sandia National Laboratories, Albuquergque, New Mexico 87185, USA

Electrons floating on the surface of superfluid helium have been suggested as promising mobile
spin qubits. Approximately 3um wide channels fabricated with standard silicon processing are
filled with superfluid helium by capillary action. VVoltages applied to underlying gates hold
photoemitted electrons on the surface of the helium in the channels. The gates run under 120
parallel channels, with approximately one electron per channel. Electrons are detected by
measuring the voltage they induce on a sense gate and buffering this signal with a cold HEMT
preamp. An oscillatory potential applied to a neighboring gate moves electrons on and off the
sense gate to allow lock-in detection. The underlying gates (3um period) are connected as a 3-
phase charge-coupled device (CCD). By applying an appropriate voltage sequence to the 3
phases, electrons are clocked along the 120 channels in parallel. No detectable transfer errors
occur while clocking 10° pixels. One channel with its associated gates is perpendicular to the
other 120, providing a CCD which can transfer electrons between the others. Again, no transfer
errors were detected after transferring 10° pixels, including transfers between the two orthogonal
CCDs. Fully scalable 2D control of an electron’s position with only 5 gate leads is
demonstrated.

Supported by the National Science Foundation through the EMT program under Grant
No. CCF-0726490

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.
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Microwave control of a single electron spin in silicon

Jarryd Pla®, Kuan Yen-Tan', Floris Zwanenburg®, Changyi Yang?,
David N. Jamieson?, Andrea Morello! and Andrew Dzurak*

! ARC Centre of Excellence for Quantum Computer Technology, School of Electrical
Engineering and Telecommunications
University of New South Wales, Sydney NSW 2052, Australia,
2 School of Physics, University of Melbourne, Melbourne VIC 3010, Australia

Electron spins in silicon are considered to be strong candidates for solid-state quantum bits.
Silicon can be isotropically purified to eliminate host nuclear spins, thus providing long electron
spin coherence times. Negligible spin-orbit coupling also ensures long relaxation times. Two
fundamental requirements for such a qubit are the ability to read the spin state of an individual
electron in single-shot and also the ability to control the spin state. To date, only single shot
readout has been demonstrated in silicon [1]. Here we present the first instance of microwave
control of an individual electron spin in silicon, detected via single-shot readout. This
breakthrough has been achieved thanks to a novel CMOS-compatible device structure that
combines a silicon Single-Electron Transistor (Si-SET) [2] with individually implanted
phosphorus atoms [3] and an on chip microwave transmission line. Applying an oscillating
current to the on chip microwave line produces an oscillating magnetic field (B1 field) at the
donor implant site. By sweeping an in-plane magnetic field (Bo field) and performing projective
single-shot measurements on the electron spin state, two well defined resonance peaks are
observed. Future experiments will focus on coherent spin control through the demonstration of
Rabi oscillations.

This work was supported by the Australian Research Council, the Australian Government, and
by the U. S. National Security Agency and U. S. Army Research Office under Contract No.
W911NF-08-1-0527.

[1] A. Morello et al., arXiv:1003.2679 (2010).
[2] S.J. Angus, A.J. Ferguson, A.S. Dzurak, and R.G. Clark, Nano Lett. 7, 2051 (2007).
[3] D.N. Jamieson et al., Appl. Phys. Lett. 86, 202101 (2005).
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Low Temperature Analog CMOS Electronics

S.A. Lyon, R. Ranade,
Princeton University, Princeton, New Jersey 08544, USA

T. Gurrieri, K. Wilkel, K. Eng,
Sandia National Laboratories, Albuquergque, New Mexico 87185, USA

There are a number of advantages to developing CMQOS circuits which are compatible with solid-
state qubit technology. Some are fundamental, such as the low-capacitance coupling between a
quantum device structure and the classical readout electronics. Others are more of a practical
nature, as in using on-chip multiplexing to reduce the number of pins and associated wiring.
Taking advantage of these features imposes severe constraints on the devices and circuits,
however, since sharing the silicon with the quantum devices will require the CMOS to operate at
the base temperature of the system. The power dissipation in the CMOS electronics must be
held to an absolute minimum.

As a step towards developing the ability to employ classical analog circuits in this environment,
we designed a variety of conventional CMOS opamps with their inputs, outputs, and power all
multiplexed on-chip with digital CMOS logic and transmission gates. The operating currents are
programmed through an external current source so that tradeoffs between power and
performance can be measured. Circuits with both n- and p-channel input transistors as well as
cascaded inputs to minimize input capacitance are included.

The circuits have been tested at both room temperature and 4.2K. The power supply voltage has
been kept at 2V or lower for 4.2K testing to minimize hysteretic effects often observed in MOS
transistors at low temperature. The programming current has been maintained at 200 nA for
4.2K testing, implying a total power dissipation of 800 nW. The opamps were configured as
noninverting amplifiers with gain = 11 using external resistors, and compared under the same
biasing conditions with room-temperature operation. The input-referred noise at 1 kHz is lower
at room temperature, though by a factor of at most 3, and the p-channel input amplifiers had
lower noise than their n-channel counterparts. An input noise voltage of 5-10 pV/\VHz was
typical at 4 K, over an order of magnitude larger than that measured with a cold GaAs HEMT
preamp under similar conditions. However, for on-chip signals the CMOS circuit will have over
an order of magnitude lower input capacitance.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.
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Atomistic simulations of coherent tunneling adiabatic passage in an imperfect donor chain

Rajib Rahman, Richard Muller, James Levy, Malcolm Carroll,
Sandia National Laboratories, Albuquerque, NM 87185 USA

Gerhard Klimeck
Network for Computational Nanotechnology, Department of Electrical and Computer
Engineering, Purdue University, West Lafayette, IN 47906 USA

Andrew Greentree, and Lloyd Hollenberg
School of Physics, University of Melbourne, VIC 3010, Australia

Coherent Tunneling Adiabatic Passage (CTAP) has been proposed as a long-range physical qubit
transport mechanism in solid-state quantum computing (QC) architectures [1]. CTAP offers a
robust way to transfer an electron from one end of a chain of quantum dots or impurities to the
other with minimal occupation at any other point along the chain. CTAP in a chain of impurities
is of particular interest as it can in principle help reduce gate densities in QC architectures due to
the natural confining potential of the impurities. However, in actual implementations the protocol
is likely to be susceptible to atomic-scale donor placement errors and gate voltage fluctuations.
We employed large-scale atomistic tight binding method on a prototype triple donor CTAP
device containing 3.5 million atoms to show the existence of a voltage tuned adiabatic pathway
[2]. We then showed how this adiabatic path is affected by donor placement errors and gate
voltage fluctuations, and found that corrective voltages can be applied to minimize such errors.
Finally, we derive an effective 3 x 3 model of CTAP that accurately resembles the voltage tuned
lowest energy states of the multi-million atom tight-binding simulations, and provides a
translation between an intensive atomistic Hamiltonian and a simplified effective Hamiltonian
while retaining the relevant atomic-scale information. This method can help characterize multi-
donor experimental structures quickly and accurately even in the presence of imperfections,
overcoming the numeric intractability of finding optimal eigenstates for non-ideal donor
placements.

References:

[1] A. D. Greentree, Jared H. Cole, A. R. Hamilton, and L. C. L. Hollenberg, Phys. Rev. B 70,
235317 (2004).

[2] R. Rahman, S. H. Park, J. H. Cole, A. D. Greentree, R. P. Muller, G. Klimeck, and L. C. L.
Hollenberg, Phys. Rev. B 80, 035302 (2009).
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Focused lon Beam Development for Single lon Implantation

Edward Bielejec’, N. Bishop, B. L. Doyle and M. S. Carroll
Sandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185-1056, USA

We present experimental results and fabrication details of an effort at Sandia National
Laboratories (SNL) to develop single ion implanted donor devices for quantum information
processing. This program involves development along three parallel tracks — development of
single ion detection capability using avalanche photodiodes (APD) detectors, integration with a
nanostructured platform and the development of a focused nano-beam for spatially controlled
implantation. In this workshop we will present details of the new nano-beamline (NBL) that has
been developed at SNL using an existing 400 keV HVEE implanter. To date the new beamline
has demonstrated a sub-micron beam spot for a variety of ion species including H+ and Sb+
through the use of Fischer slits and a magnetic Martin lens as the final focusing element. We are
currently installing a series of improvements expected to dramatically decrease the spot size.
These include a new vibration isolation system, new chamber designed to achieve greater de-
magnification on target by reducing the spacing between the final focusing element and the
target, and an additional quadrupole focusing magnet. In conjunction we have an ion optics
modeling effort using ProLabs software to determine the final beam current and spot size on
target by determining the best configuration of the focusing elements. Working with Gillespie
and Associates we have expanded the modeling efforts to include second and third order
corrections for both the electro-static and magnetic focusing elements. We predict a final beam
spot size on the order of 20 to 100 nm with >1 ions/s on target calculated for a range of ions
including P and Sh.  Furthermore, we will describe a new nanoimplanter (nl) expected to be
operational in early 2011 and its role in this work. The nl is a 100 keV focused ion beam with a
10 nm spot size and ExB filter to allow for multiple liquid metal ion sources (including P and Sb)
be to explored.

This work was supported in full by the National Security Agency Laboratory for Physical
Sciences under contract number EAO-09-0000049393.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.
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Combining Dynamical Decoupling with Robust Optimal Control for Improved Quantum
Information Processing

Matthew D. Grace
Department of Scalable Computing Research & Development,
Sandia National Laboratories, Livermore, CA 94550, USA

Wayne M. Witzely
Department of Multiscale Dynamic Material Modeling,
Sandia National Laboratories, Albuquerque, NM 87185, USA

Jason Dominyz
Program in Applied & Computational Mathematics,
Princeton University, Princeton, New Jersey 08544, USA

Robert L. Kosutx
SC Solutions, Inc., Sunnyvale, CA 94085, USA

James E. Levy{
Department of Mixed Signal ASIC/SoC Products,
Sandia National Laboratories, Albuquerque, NM 87185, USA

Malcolm S. Carroll
Department of Photonic Microsystem Technologies,
Sandia National Laboratories, Albuquerque, NM 87185, USA

Constructing high-fidelity control pulses that are robust to control and system/environment
fluctuations is a crucial objective for quantum information processing (QIP). We combine
dynamical decoupling (DD) with optimal control (OC) to identify control pulses that achieve this
objective numerically. Previous DD work has shown that general errors up to (but not including)
third order can be removed from - and /2-pulses without concatenation [1]. By systematically
integrating DD and OC, we are able to increase pulse fidelity beyond this limit. Our hybrid
method of quantum control incorporates a newly-developed algorithm for robust OC, providing a
nested DD-OC approach to generate robust controls. Motivated by solid-state QIP, we also
incorporate relevant experimental constraints into this DD-OC formalism. To demonstrate the
advantage of our approach, the resulting quantum controls are compared to previous DD results
in open and uncertain model systems.

This work was supported by the Laboratory Directed Research and Development program at
Sandia National Laboratories.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.
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Thermal Modeling of Circuits with Temperature Dependent Thermal Conductivities for
Cryogenic CMOS

Jason Hamlet
Sandia National Laboratories, Albuquerque, NM 87185, USA

Cryogenic operation of CMOS electronics will be necessary for future electrically controlled
solid-state qubit implementations. Understanding local heating within circuits is critical for
cryogenic circuit design due to the temperature dependence of transistor and noise behavior.
Additionally, cooling circuits becomes harder at cryogenic temperatures due to decreased
phonon scattering and thermal conductivity, leading to increased thermal noise and degraded
circuit performance. To overcome these detrimental effects we need to understand self-heating
of CMOS at cryogenic temperatures and learn circuit layout techniques that reduce self-heating.

We have investigated local heating effects of a CMOS ring oscillator and current comparator at
T=4.2K. In two cases, the temperature near the circuit was measured with an integrated
thermometer. A lumped element equivalent electrical circuit SPICE model that accounts for the
strongly temperature dependent thermal conductivities and special 4.2K heat sinking
considerations was developed. The temperature dependence on power is solved numerically with
a SPICE package, and the results are within 20% of the measured values for local heating
ranging from less than 1K to over 100K.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.

A Comparison of Electrostatic Simulations to Measurements of Quantum Dot Structures

Ralph Young', Harold Stalford™?, Lisa Tracy", Nathan Bishop®, Malcolm Carroll*, and Richard
Muller

!Sandia National Laboratories, Albuquerque, New Mexico 87185, USA
2University of Oklahoma, Norman, OK 73019, USA

We have compared simulations using solutions of Poisson’s equation to detailed capacitance

measurements on a double quantum dot structure. We tabulate the results and show which cases
show good agreement and which do not. The capacitance values are also compared to those
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calculated by a solution of Laplace’s equation. Electron density is plotted and discussed. In
order to understand relevant potential barriers we compare simulations at 50 Kelvin to
simulations at 15 Kelvin. We show that the charge density does not differ greatly, but that the
conduction band potential does. However, a method of estimating the potential at 0 Kelvin
based on the charge distribution at 50 Kelvin is shown to be close to the potential at 15 Kelvin.
This method was used to estimate potential barriers at 0 Kelvin in two quantum dot structures.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.

Charge Sensing in Laterally Coupled Doubled-Top-Gated MOS Structures using
Capacitance Modeling and simulation

Harold Stalford"?, Ralph Young®, Eric Nordberg™®, James E. Levy', Thomas M. Gurrieri’,
Carlos Borras Pinilla?, Malcolm Carroll*

!Sandia National Laboratories, Albuquerque, New Mexico 87185, USA
University of Oklahoma, Norman, OK 73019, USA
University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

We investigate the effect of device geometry on charge sensing in laterally coupled doubled-top-
gated MOS structures using a combination of semi-classical TCAD simulation and capacitance
modeling. The model accurately renders the complex topography of the MOS double top gated
structure. The approach agrees with the experimental results and uncertainty in the simulated
projections due to variation from nominal device dimensions is estimated to be within 10%. We
use the simulation approach to make projections of charge sensing coupling strengths for future
designs and find that significant increases in coupling, by a factor of 2 to 3, could be achieved
with smaller geometries as well as removal of parts of conducting lines between the charge
sensor and quantum dot. We will furthermore discuss circuit feedback in to the quantum dot
from external sensing circuitry using SPICE modeling combined with this capacitance network
model.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.

36



[Type text]

Low noise qubit gates in DQD systems

Erik Nielsen
Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

Charge noise poses a significant challenge to the creation of solid state qubits. Even when
quantum information is encoded in spin, as in a double quantum dot (DQD) singlet-triplet qubit,
the fluctuating charge and errors in the controlling electronics is still a primary source of
decoherence. We investigate the feasibility of achieving DQD qubit gates which are more robust
to certain types of charge noise, specifically those we expect to be most dominant. A full
configuration interaction (CI) method is used to compute the energies of one- and two-DQD
systems as a function of dot shape and detuning voltage, and is able to identify regimes where
exchange (z-rotation) and C-Phase gates are most robust to noise in the inter-dot detuning.

This work was supported by the Laboratory Directed Research and Development program at
Sandia National Laboratories.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.

Valley Degeneracy and Valley Drag on Silicon {111} Surfaces - Robert McFarland

Robert McFarland
Postdoctoral Research Associate, Laboratory for Physical Sciences, University of Maryland,
College Park, Maryland, USA

The 111 surface of silicon is predicted to retain the sixfold valley degeneracy of the ideal bulk
crystal. We have developed a method for fabricating field effect transistors using vacuum as a
dielectric in order to study electron transport on the bare hydrogen-terminated surface, free from
the complications created by intrinsic disorder at Si-SiO_2 interfaces. The resulting devices
display very high mobilities (up to 110,000 cm”2/Vs at 70mK, more than twice as large as the
best silicon MOSFETS), enabling us to probe valley-dependent transport dynamics to a much
greater degree than previously possible. Measurements made on a recent device over a density
range of ~0.7-7*10"11/cm”2 reveal considerable information about the nature of this degeneracy
and its role in 2D transport. In particular, we find (at n_s=6.7) that 1) low field Shubnikov-de
Hass oscillations reveal a clearly sixfold degenerate system and allow us to establish an upper
bound on the valley splitting of 0.2K 2) longitudinal resistivity at B=0 displays a strong
temperature dependence, consistent with predictions that large valley degeneracy should enhance
screening and 3) the Hall coefficient near B=0 is modified by the presence of multiple valleys,
and we can use this correction to measure the intervalley Coulomb drag and its
temperature/density dependence.
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Cryogenic CMOS circuits for single charge digital readout

Kevin Eng, T. M. Gurrieri, ]. Hamlet, M. S. Carroll
Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

The readout of a solid state qubit often relies on single charge sensitive electrometry. However
the combination of fast and accurate measurements is non trivial due to large RC time constants
due to the electrometers resistance and shunt capacitance from wires between the cold stage and
room temperature. Currently fast sensitive measurements are accomplished through rf
reflectrometry. I will present an alternative single charge readout technique based on cryogenic
CMOS circuits in hopes to improve speed, signal-to-noise, power consumption and simplicity in
implementation. The readout circuit is based on a current comparator where changes in current
from an electrometer will trigger a digital output. These circuits were fabricated using Sandia’s
0.35 um CMOS foundry process. Initial measurements of comparators with an addition a current
amplifier have displayed current sensitivities of < 1nA at 4.2K, switching speeds up to ~120ns,
while consuming ~10uW. I will also discuss an investigation of noise characterization of our
CMOS process in hopes to obtain a better understanding of the ultimate limit in signal to noise
performance.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy's National Nuclear Security Administration under contract DE-ACO04-
94AL85000.

Characterization of a lateral double quantum dot in a silicon MOS device

M. G. House, H. Pan, M. Xiao, and H. W. Jiang
Department of Physics and Astronomy, University of California, Los Angeles, USA

We have constructed a double quantum dot defined by depletion gates in a silicon metal-oxide-
semiconductor (MOS) structure. Electrons are accumulated at a Si-SiO interface by applying a
positive voltage to a global gate; negative voltages applied to smaller gates in the device deplete
this 2D electron gas locally to form conduction channels and quantum dots. The device
incorporates two point-contact-like channels for sensing the charge states of the double quantum
dot. We present preliminary data taken to characterize the double quantum dot system, including
both the transport current of electrons through the double quantum dot structure and charge
sensing. Stability diagrams show that the device can be tuned from a regime in which it behaves
as a single, large quantum dot with many electrons, through a regime where it behaves as two
strongly coupled quantum dots, and into a regime where the two quantum dots are weakly
coupled.
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Defect studies in Si-based MOS structures for the development of spin-dependent transport
devices

Brett C. Johnsonl, L. H. Willems van Beveren2, Wayne D. Hutchison3, Eric Gauja2, and Jeffrey
C. McCallum1

1 Australian Research Council Centre of Excellence for Quantum Computer Technology,
University of Melbourne, Parkville VIC 3010, Australia
2 Australian Research Council Centre of Excellence for Quantum Computer Technology,
University of New South Wales, Sydney NSW 2052, Australia
3 Australian Research Council Centre of Excellence for Quantum Computer Technology, School
of Physical, Environmental and Mathematical Sciences, The University of New South Wales,
ADFA, Canberra, Australian Capital Territory 2600, Australia

Measurements are presented for ion implanted MOS capacitors used to optimize the processing
strategy of spin-dependent transport FETs. Arsenic implantation is used as any spurious signals
arising from microwave absorption of P donors in the bulk and in the P-diffused source and drain
contacts in these FETs are avoided. The activation of donors as well as the minimization of oxide
and interface traps are investigated. Preliminary low temperature measurements on the implanted
FET are discussed and future work on this device is described. The properties of traps at SiO2/Si
interfaces were examined in detail. Small-pulse deep level transient spectroscopy was also used
to determine the effective electron capture cross-section of the interface states. This
measurement will allow direct comparison of interface states determined by DLTS and other
techniques.

Intervalley Coupling for Silicon Electronic Spin Qubits: Insights from an Effective Mass
Study

A.L. Saraiva
Instituto de Fisica, Universidade Federal do Rio de Janeiro,
Caixa Postal 68528, 21941-972 Rio de Janeiro, Brazil

Orbital degeneracy of the electronic conduction band edge in silicon is a potential source of
problems for the storage and manipulation of quantum information involving the electronic spin
degree of freedom in this host material. This difficulty may be mitigated near an interface
between Si and some barrier material, where intervalley scattering may couple states in the
conduction ground state, leading to non-degenerate orbital ground and first excited states. The
level splitting is experimentally found to have strong sample dependence, varying by orders of
magnitude for different interfaces and samples. The basic physical mechanisms leading to such
coupling [1,2] in different systems will be addressed. We will expand our recent study based on
an effective mass approach [2], bringing new insights from a simple Si/barrier model. In
particular, we will present a clear comparison between ours and different approximations and
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formalisms adopted in the literature, and establish the applicability of these approximations in
different physical scenarios.

[1] A.L. Saraiva, M.J. Calderon, Xuedong Hu, S. Das Sarma and Belita Koiller, arxiv:1006.3338
(2010).

[2] A.L. Saraiva, M.J. Calderon, Xuedong Hu, S. Das Sarma and Belita Koiller, Physical
Review B, vol. 80, Issue 8, id. 081305 (2009).
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