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The 3rd Conference and Workshop on Spin-Based Quantum
Information Processing (Spin Qubit 3) brings together world-
leading researchers from the field of solid-state, spin-based
quantum information processing to participate in a 5-day
conference and workshop.

The topics will cover different spin-based quantum bit
implementations like colour centres in diamond and SiC,
donors in silicon, gate-defined quantum dots in GaAs, SiGe
and MOS-Si, and self-assembled InGaAs quantum dots, but
there will also be some focus on fabrication, algorithms and
cryogenic control electronics.

This conference is chaired by Prof Andrew Dzurak, Prof
Andrea Morello and Prof David Reilly. The local organizing
committee consists of Dr Arne Laucht, Karen Jury and
Mateusz Madzik.
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Controlling and connecting spin qubits in semiconductor defects

David D. Awschalom
University of Chicago, Chicago, IL 60637 USA

There is a growing interest in exploiting the quantum properties of electronic and
nuclear spins for the manipulation and storage of information in the solid state. Recent
efforts embrace materials with incorporated defects whose special electronic and nuclear
spin states allow the processing of information because of their explicitly quantum nature.
Here we focus on recent developments that utilize precise quantum control techniques to
explore coherent spin dynamics and interactions at the level of single spins. In particular,
we present recent results of manipulating and connecting spins in both silicon carbide and
diamond. We find that defect-based electronic states in silicon carbide can be isolated at
the single spin level [1, 2] with surprisingly long spin coherence times and high-fidelity
control. The revealed spin-photon interface offers an opportunity to implement all-optical
holonomic spin gates [3] for quantum information processing within a wafer-scale material
operating at near-telecom wavelengths. We also discuss pathways for connecting spins
using hybrid spin-ferromagnetic systems that may relax the requirement of direct dipolar
coupling. Using ferromagnetic spin-wave modes, we demonstrate long-range coherent
control of spins in diamond using YIG thin-films [4]. The magnetic modes amplify the
oscillating field of the microwave source by more than two orders of magnitude, thereby
efficiently driving remote spin states.

[1] D. J. Christle, P. V. Klimov, C. F. de las Casas, K. Szdsz, V. Ivddy, V. Jokubavicius,
J. Hassan, M. Syvéijarvi, W. F. Koehl, T. Ohshima, N. T. Son, E. Janzén, A. Gali, and
D. D. Awschalom, Phys. Rev. X 7, 021046 (2017)

[2] A. L. Falk, Science 357, 649 (2017)

[3] B. B. Zhou, P. C. Jerger, V. O. Shkolnikov, F. J. Heremans, G. Burkard, D. D.
Awschalom, Phys. Rev. Lett. 119, 140503 (2017)

[4] P. Andrich, C. F. de las Casas, X. Liu, H. L. Bretscher, J. R. Berman, F. J. Heremans,
P. F. Nealey, and D. D. Awschalom, npj Quantum Information 3, 28 (2017)



Diamond quantum networks for
distributed quantum computation

Tim H. Taminiau'?

YQuTech, Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The
Netherlands
2Kawli Institute of Nanoscience, Delft University of Technology, P.O. Boz 5046, 2600
GA Delft, The Netherlands

Quantum networks provide a promising way to realize large-scale quantum computa-
tions and simulations. Such networks consist of nodes that contain multiple qubits to
store and process quantum states, and that are connected together by distributing en-
tangled states through optical links using photons. Crucially, imperfections and errors
can be overcome by distributing logical qubits, computations and error correction over
the network [1]. This approach is scalable to large sizes by connecting many indepen-
dent modules, thus avoiding the challenges of a single large structure of ever increasing
complexity.

The nitrogen vacancy (NV) center in diamond is a promising candidate to realize such
quantum networks, as it combines optical entanglement links [2] with long-lived multi-
qubit nodes that can store and process quantum information [3-5]. In this talk I will
discuss the recent progress of my group towards quantum networks for distributed quan-
tum computations and argue that we are getting close to the point where imperfections
can be overcome using quantum error correction so that the quantum network becomes
increasingly stable as it is made larger and larger.

[1] N. H. Nickerson, Y. Li, S. C. Benjamin, Nature Commun. 4, 1756 (2013)
[2] B. Hensen et al., Nature 526, 682 (2015)

[2] J. Cramer et al., Nature Commun. 7:11526 (2016)

[3] N. Kalb et al., Nature Commun. 7:13111 (2016)

[4] A. Reiserer et al., Phys. Rev. X 6, 021040 (2016)



Magnetic Noise in SiGe Isotopically Enhanced
Triple-Dot Qubits

Thaddeus D. Ladd
HRL Laboraties, LLC, 3011 Malibu Canyon Road, Malibu, California, USA

Triple-dot qubits offer promise of exchange-only spin-qubit control, but employ an
encoding that depends on homogeneous magnetic fields [1]. Inhomogeneous magnetic
fields lead to leakage errors [2]. In this talk, I will discuss the sources of inhomogeneous
magnetic fields in isotopically purified triple quantum dots in Si/SiGe heterostructures
as probed by singlet-triplet oscillation experiments and noise spectroscopy via multiple
exchange echoes [3,4]. We find that magnetic noise sources remain dominated by nuclear
effects, but there are some notable surprises, including Meissner screening frowm supercon-
ducting gates, interface spin-orbit effects, 1/f noise due to spin-glass-like 2°Si dynamics,
and structure in the high-frequency noise spectrum due to ®*Ge quadrupole dynamics.
Unravelling the noise spectrum from these effects may provide insight into more complex
triple-dot characterization experiments such as randomized benchmarking.

[1] D. P. DiVincenzo et al., Nature 408, 339 (2000).

[2] T. D. Ladd, Phys. Rev. B 86, 125408 (2012).

[3] K. Eng et al., Sci. Adv. 1, 1500214 (2015).

[4] M. D. Reed et al., Phys. Rev. Lett. 116, 110402 (2016).



Spin-orbit qubits seen through holes

Alessandro Crippa’?, Romain Maurand(!?, Léo Bourdet>®), Dharmraj

Kotekar-Patil(’?), Heorhii Bohuslavskyi(’*%, Andrea Corna®%, Romain
Lavieville"*Y, Louis Hutin®%, Benoit Bertrand®%, Sylvain Barraud®?,
Tristan Meunier*®, Christopher Bauerle*?, Xavier Jehl"?, Yann-Michel
Niquet®?, Marc Sanquer®?, Maud Vinet®®, Silvano De Franceschi(**)

LCEA, INAC-PHELIQS, Grenoble, France
2CEA, INAC-MEM, Grenoble, France
3CEA, LETI-MINATEC, Grenoble, France
4CNRS, Institut Néel, Grenoble, France
5 University Grenoble Alpes, Grenoble, France
http:/ /www.quantumsilicon-grenoble.eu

The spin-orbit interaction couples an electronic spin degree of freedom to a gate-
tunable electric-field enabling spin control via electric dipole spin resonance. This pos-
sibility was exploited in a recent publication [Maurand et al., Nature Communications
7, 13575 (2016)] where we reported the experimental demonstration of a hole spin qubit
in a silicon device where coherent spin rotations are electrically driven by a resonant
gate-voltage modulation. Here we take a step further and present an experimental and
theoretical work revealing the physical origin of the observed hole spin resonance. Our
work builds upon measurements of the full angular dependence of the Rabi frequency,
the gate-voltage dependence and the anisotropy of the hole g-factors. We show that a
formalism based on the Landé g-matrix can simultancously capturc and discriminate the
contributions of two mechanisms so-far independently discussed in the literature: one
relying on a modulation of the g tensor components, the other not. The validity of this
approach to other types of spin-orbit qubits is discussed.



Quantum algorithms for improved sensing

J. Wrachtrup
Institute for Quantum Science and Technology, University of Stuttgart, Germany
wrachtrup@physik.uni-stuttgart.de

The accuracy of measurements is limited by quantum mechanics. Ingenious demonstrations, like
measuring gravitational fields or time have explored accuracy limits and reached fundamental
obstructions. Yet, precision measurements so far are restricted to macroscale and dedicated
environments. In the talk I will discuss spin quantum sensors comprising a single electron spin plus a
nuclear spin quantum register. With such a system we measure a variety of quantities including electric
and magnetic fields, temperature, and force. We use nuclear spins to enhance the measurement
accuracy of the electron spin e.g. via quantum error correction or as ancillary quantum bits as memory
or for quantum Fourier transformation [1-3]. I will present a variety of applications ranging from
quantum simulations to imaging of cellular structures.

References

[1]1N. Aslam et al. Science 0.1126/science.aam8697 (2017)

[2] L. Schlipf et al. Science Advances 3:e1701116 (2017) DOL: 10.1126/sciadv.1701116
[3] F. F. de Oliveira, et al. Nat. Commun. 8, 15409 doi: 10.1038/ncomms15409 (2017)



An integrated diamond nanophotonics platform for quantum
optical networks

Mihir Bhaskar!

! Department of Physics, Harvard University, 17 Ozford Street, Cambridge,
Massachusetts 02138, USA
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Solid-state quantum-emitters with long spin coherence times and strong interactions with
single optical photons could form the building blocks of a quantum network. To date,
no solid-state quantum-emitter has yet been able to satisfy both of these requirements
simultaneously. In this talk, I will discuss experiments [1,2,3,4] which demonstrate that
silicon-vacancy (SiV) color centers in diamond can address both of these challenges. First,
we integrate SiV centers into diamond nanophotonic devices to obtain strong interactions
between a single SiV center and an optical photon. Using this platform, we demonstrate
a quantum optical switch controlled by a single SiV center and entanglement generation
between two SiVs in a single nanophotonic device [2]. By cooling SiVs down to 100mK, we
improve the SiV spin coherence time by five orders of magnitude and achieve a coherence
time of 13-milliseconds [3,4]. These results make SiV centers in nanophotonic devices a
leading solid-state platform for the realization of quantum networks.

[1] A. Sipahigil, K. D. Jahnke et al. Phys. Rev. Lett. 113, 113602 (2014).

[2] A. Sipahigil, R. E. Evans, D. D. Sukachev et al. Science, 354, 847 (2016).
[3] K. D. Jahnke, A. Sipahigil et al. New J. Phys. 17 043011 (2015)

[4] D. D. Sukachev, A. Sipahigil, C. T. Nguyen et al. arXiv:1708.08852 (2017).



Spin-based quantum computing using silicon-MOS
guantum dots

Andrew S. Dzurak
UNSW, School of Electrical Engineering, Sydney, Australia

Spin qubits in silicon are excellent candidates for scalable quantum information processing [1] due to
their long coherence times and the enormous investment in silicon CMOS technology. In particular,
gate-defined quantum dots formed using standard silicon metal-oxide-semiconductor (SiMOS)
technology [2] can be conveniently configured to realise multi-qubit devices. Such qubits can have
long spin lifetimes T1 = 2 s, while electric field tuning of the conduction-band valley splitting removes
problems due to spin-valley mixing [3]. In isotopically enriched Si-28 these SiMOS qubits have
demonstrated control fidelities exceeding 99% using simple pulsed electron spin resonance (ESR) [4],
while more sophisticated optimized ESR pulses enable fidelities exceeding 99.9%, consistent with that
required for fault-tolerant QC. By gate-voltage tuning the electron g-factor, the ESR operation
frequency can be Stark shifted by > 10 MHz [4], allowing individual addressability of many qubits.
Neighbouring SiMOS quantum dot qubits can also be directly exchange coupled, and a CNOT gate can
be realised by a combination of single qubit rotations and a two-qubit CZ operation [5]. Now that both
one- and two-qubit logic are available in silicon, one of the next challenges on the path to large-scale
quantum computing will be the demonstration of quantum error correction protocols, to realize a
logical qubit which can have a coherence time much longer than its constituent physical qubits. A
recent paper [6] has proposed a detailed design and protocol for a logical qubit based on a linear array
of silicon quantum dots, comprising between 14 and 20 spins. | will conclude my talk by discussing the
prospects of scalability of this technology using traditional CMOS manufacturing, in order to realise
large-scale 2D arrays of potentially millions of qubits [7].

[1] D.D. Awschalom et al., “Quantum Spintronics”, Science 339, 1174 (2013).

[2] S.J. Angus et al., “Gate-defined quantum dots in intrinsic silicon”, Nano Lett. 7, 2051 (2007).
[3] C.H. Yang et al., “Spin-valley lifetimes in a silicon quantum dot with tunable valley splitting”,
Nature Comm. 4, 2069 (2013).

[4] M. Veldhorst et al., “An addressable quantum dot qubit with fault-tolerant control fidelity”,
Nature Nanotechnology 9, 981 (2014).

[5] M. Veldhorst et al., “A two-qubit logic gate in silicon”, Nature 526, 410 (2015).

[6] Cody Jones et al., “A logical qubit in a linear array of semiconductor quantum dots”,
arXiv:1608.06335.

[7] M. Veldhorst et al., “Silicon CMOS architecture for a spin-based quantum computer”,
arXiv:1609.09700, to appear in Nature Communications.

Acknowledgments. We acknowledge support from the US Army Research Office (W911NF-13-1-0024
and W911NF-17-1-0198), the Australian Research Council (CE11E0001017), and the NSW Node of the
Australian National Fabrication Facility. The views and conclusions contained in this document are
those of the author and should not be interpreted as representing the official policies, either
expressed or implied, of the Army Research Office or the U.S. Government. The U.S. Government is
authorized to reproduce and distribute reprints for Government purposes notwithstanding any
copyright notation herein.
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Dephasing and gate fidelity of spin qubits with GaAs and Si
quantum dots

Seigo Tarucha

The University of Tokyo, Bunkyo-ku, Tokyo, Japan
RIKEN, Wako-shi, Saitama, Japan

Qubit number and error rate are both key parameters to characterize the power of
quantum computing, but they are still challenging problems. The underlying physics for
the error rate is dephasing due to coupling to the environment noise, magnetic or electrical
for the case of spin qubits with quantum dots (QDs). Here I will discuss the spin dephasing
measured for QDs made out of GaAs and Si/SiGe and how to suppress the dephasing
to raise the gate fidelity in manipulating single spins and two spins. In GaAs QDs the
dephasing arises predominantly from the fluctuating nuclear spin bath. This noise is
time-correlated and the variance increases with increasing correlation time from msec to
100 sec in the non-ergodic regime. We employ a micro-magnet technique for making the
spin-1/2 single qubit and the phase control of the two spin qubits. We show that fast
gating with the micro-magnet, fast measurement, and feedback control are all useful to
reduce the influence from the magnetic noise and raise the fidelity exceeding 99 %. On the
other hand, in Si QDs the magnetic noise is significantly reduced but electrical noise can
be crucial instead. We apply the micro-magnet technique for isotopically purified Si/SiGe
QDs and obtain the fidelity exceeding 99.9 %, and in addition find that the fidelity is
predominantly limited by charge noise. I will discuss influences from charge fluctuations
on the gate fidelity in the presence of a micro-magnet induced stray field.

11



Hole Spin Qubits in Ge and Si Nanowires

Daniel Loss
Department of Physics, University of Basel, Switzerland

I will present recent results on hole spin qubits in Ge and Si nanowires connected to
superconducting striplines. The recent discovery [1] of an electrically induced spin-orbit
interaction of Rashba type in the low-energy hole states of Ge/Si (core/shell) nanowires
provides an attractive alternative to realize a tunable-coupling qubit. Similar results apply to
pure Si nanowires. The qubit is encoded in two orthogonal dressed spin states of a hole confined
in a nanowire quantum dot. Hole spins are particularly attractive since their p-wave orbitals
have minimal overlap with the nuclei resulting in long coherence times and have recently been
demonstrated to be compatible with industrial CMOS technology. Crucially the strong direct
Rashba spin-orbit interaction (DRSOI) is controlled by an electric field applied perpendicular to
the wire [1,2]. This enables the electrostatic control of the coupling between the spin degree of
freedom and the electromagnetic field along the wire. Exploiting this feature we have proposed
a scalable surface code architecture obtained by combining nanowire hole-spin qubits with a
novel coplanar waveguide resonator grid structure [3]. The latter can be viewed as a
generalization of the celebrated 1D quantum bus architecture to two dimensions. Furthermore,
owing to the small size of the hole-spin qubits, a few tens of nanometers in length, they can be
entirely embedded within the microwave resonators allowing for more compact resonator
geometries with enhanced vacuum field strengths. The electrostatic fields required to tune the
microwave-qubit coupling, are provided in situ by voltage biasing the resonator center
conductor thus reducing the number of required leads.

References
[17 C. Kloeffel, M. Trif, and D. Loss, Phys. Rev. B 84, 195314 (2011).

[2] C. Kloeffel, M. Trif, P. Stano, and D. Loss, Phys. Rev. B 88, 241405 (2013).
[3] S.E. Nigg, A. Fuhrer, and D. Loss, Phys. Rev. Lett. 118, 147701 (2017).
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Achieving fast, high fidelity gates of novel quantum dot qubits
Susan N. Coppersmith
Department of Physics, Uniwversity of Wisconsin-Madison, Madison, WI 53706 USA

This talk will present theoretical work at the University of Wisconsin-Madison on opti-
mizing the gate fidelity of novel quantum dot qubits. First, we will discuss our recent work
on optimizing gates of the quantum dot hybrid qubit, which consists of three electrons in
a double quantum dot and which can be viewed as a hybrid of a spin and charge qubit.
This qubit has been implemented experimentally [1,2,3], and coherence times and gate
speeds consistent with fidelities ~99% have been demonstrated. Our recent work shows
that fidelities of 99.9% with gate times of ~1 ns are achievable by appropriate tuning and
simultaneous driving of the detuning and the tunnel couplings [4].

Second, we will discuss the charge quadrupole qubit, a highly symmetric charge qubit
formed in a triple quantum dot [5]. The unique design of the quadrupole qubit enables
a particularly simple pulse sequence for suppressing the cffects of noise during gate op-
erations. Simulations yield gate fidelities 10-1,000 times better than traditional charge
qubits, depending on the magnitude of the environmental noise [5,6]. Our results suggest
that any qubit scheme employing Coulomb interactions (for example, encoded spin qubits
or two-qubit gates) could benefit from such a quadrupolar design.

This work was supported in part by ARO (W911NF-17-1-0274) and the Vannevar Bush
Faculty Fellowship program sponsored by the Basic Research Office of the Assistant Secre-
tary of Defense for Research and Engineering and funded by the Office of Naval Research
through Grant No. N00014-15-1-0029. The views and conclusions contained here are
those of the authors and should not be interpreted as representing the official policies.
either expressed or implied, of the Army Research Office (ARO), or the U.S. Government.

[1] Dohun Kim, Zhan Shi, C. B. Simmons, D. R. Ward, J. R. Prance, Teck Seng Koh, John
King Gamble, D. E. Savage, M. G. Lagally, Mark Friesen, S. N. Coppersmith, and Mark
A. Eriksson, “Quantum control and process tomography of a semiconductor quantum dot
hybrid qubit,” preprint arXiv:1401.4416, Nature 511, 70-74 (2014).

[2] Dohun Kim, D. R. Ward, C. B. Simmons, John King Gamble, Robin Blume-Kohout,
Erik Nielsen, D. E. Savage, M. G. Lagally, Mark Friesen, S. N. Coppersmith, and M. A.
Eriksson, “Microwave-driven coherent operation of a semiconductor quantum dot charge
qubit,” preprint arXiv:1407.7607, Nature Nanotechnology 10, 243-247 (2015).

[3] Brandur Thorgrimsson, Dohun Kim, Yuan-Chi Yang, C. B. Simmons, Daniel R. Ward,
Ryan H. Foote, D. E. Savage, M. G. Lagally, Mark Friesen, S. N. Coppersmith, M. A.
Eriksson, “Mitigating the cffects of charge noisc and improving the coherence of a quantum
dot hybrid qubit,” preprint arXiv:1611.04945, npj Quantum Information 3, 32 (2017).
[4] Yuan-Chi Yang, S. N. Coppersmith, and Mark Friesen, “Achieving High Fidelity Sin-
gle Qubit Gates in a Strongly Driven Silicon Quantum Dot Hybrid Qubit,” preprint
arXiv:1705.01468, Physical Review A 95, 165429 (2017).

[5] Mark Friesen, Joydip Ghosh, M. A. Eriksson, and S. N. Coppersmith, “A decoherence-
free subspace in a charge quadrupole qubit,” Nature Communications 8, 15923 (2017).
[6] Joydip Ghosh, S. N. Coppersmith, and Mark Friesen, “Pulse sequences for suppressing
leakage in single-qubit gate operations,” preprint arXiv:1612.00568, Physical Review B
95, 241307 (2017).
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Hyperfine-phonon spin relaxation
in a single-electron GaAs quantum dot

5,6

Leon C. Camenzind'*, Liuqgi Yu'*, Peter Stano?*3*, Jeramy D. Zimmerman®?f,
Arthur C. Gossard®, Daniel Loss"?, and Dominik M. Zumbiihl!

! Department of Physics, University of Basel, Basel 4056, Switzerland
2Center for Emergent Matter Science, RIKEN, Saitama 851-0198, Japan
3 Department of Applied Physics, School of Engineering, University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
4Institute of Physics, Slovak Academy of Sciences, 845 11 Bratislava, Slovakia
5 Materials Department, University of California, Santa Barbara 93106, USA
8 Physics Department, Colorado School of Mines, Golden CO 80401, USA

presenting author: Dominik M. Zumbiihl

Understanding and controlling the spin relaxation time T, is central importance for
spin qubits, since T; is setting an upper limit to the coherence time. A longer T is gen-
erally better for the qubit, though for particular tasks, a short T; can also be useful. The
spin relaxation occurs via phonon emission and spin-orbit coupling in GaAs quantum dots
at low temperatures and high in-planc magnetic fields B. The characteristic dependence
Tyo< B7® and B-field anisotropy were already coufirmed experimentally. However, it las
also been predicted 15 years ago that at low enough fields, the spin-orbit interaction is
replaced by the coupling to the nuclear spins, where the relaxation becomes isotropic,
and the scaling changes to Tioc B™3. We establish these predictions experimentally, by
measuring Ty over an unprecedented range of magnetic fields — made possible by lower
temperature, control over the B-field direction up to 14T, and an extremely stable dot —
and report a maximum T; = 57 + 15s at the lowest fields, setting a new record for the
spin lifetime in a nanostructure.

Using a novel type of orbital excited state spectroscopy with an in-plane magnetic
field, we extract unparalleled information about the 3D shape. size and orientation of
the quantum dot wave function by fitting to a 3D numerical model. With this model
at hand, we can extract the Rashba and linear Dresselhaus parameters from the B-field
anisotropy of the spin relaxation, in good agreement with spin-orbit parameters from
other experiments. Further, we simulate the hyperfine induced spin relaxation rate, in
very good agreement with the experiment, all with a single consistent set of parameters.
While ramping the magnetic field from 0.6 T to about 10 T. the spin relaxation rate
changes by a striking 6 orders of magnitude. Yet this is very well captured by the theory
throughout the entire range — putting the model to a very stringent test. With spin-orbit
parameters at hand, it also becomes easy to maximize the electric dipole spin resonance
Rabi frequencies in future experiments by selecting the strongest spin-orbit direction, thus
potentially facilitating a large improvement over previous experiments.

*These authors contributed equally to this work
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Spin exchange processes in gated arrays of quantum dots
Ferdinand Kuemmeth

Center for Quantum Devices, Niels Bohr Institute, University of Copenhagen,
Universitetsparken 5, 2100 Copenhagen, Denmark

I will present our recent work on controlling spin exchange dynamics between neigh-
boring quantum dots, in order to implement coherent operations in multidot devices.

Using a linear array of quantum dots in a GaAs heterostructure, defined and con-
trolled by top gates, we explore different configurations and choices of inducing coherent
spin exchange processes. 1 will explain the use of pulsed barriers to implement symmet-
ric exchange pulses, resulting in an enhancement of two-electron coherence at electrical
sweet spots [1]. T will then show the symmetric tuning of triple-dot qubits, yielding multi-
dimensional electrical sweet spots in the three-electron spin spectrum, and demonstrate
coherent control using an IQ-modulated resonant control tone [2]. As an application of
high-quality exchange pulses (employing more than a a thousand control pulses), I will
demonstrate notch filtering of the nuclear spin noise present in these samples [3,4]. In fact,
at high magnetic fields we find that qubit depasing originates from nuclear Larmor preces-
sions, occurring at well-defined discrete frequencies associated with %°Ga, ' Ga, and ™ As
nuclear spins. By applying pulse sequences that implement notch filters at exactly these
discrete frequencies we extend qubit coherence times to 0.87 ms, i.e. more than five orders
of magnitude longer than the duration of a exchange gate in the same device. Finally, I
will show coherent spin exchange processes that involve a large multielectron dot (occu-
pied by approximately 100 electrons). We find that the resulting spin-exchange coupling
can have opposite sign compared to exchange between singly-occupied dots, indicating
the presence of non-trivial electron correlations [5]. By coupling two singlet-triplet qubit
to a multielectron dot, we map out different configurations useful for long-distance spin
exchange, including superexchange, direct spin exchange, and on-site exchange mediated
by the multielectron dot.

Our results show a pathway to implementing fast, non-nearest neighbor two-qubit
gates in semiconducting spin qubits.

[1] F. Martins, F. K. Malinowski, P. D. Nissen, E. Barnes, S. Fallahi, G. C. Gardner, M.
J. Manfra, C. M. Marcus, F. Kuemmeth, Phys. Rev. Lett. 116, 116801 (2016).

[2] F. K. Malinowski, F. Martins, P. D. Nissen, S. Fallahi, G. C. Gardner, M. J. Manfra,
C. M. Marcus, F. Kuemmeth, Phys. Rev. B 96, 045443 (2017).

[3] F. K. Malinowski, F. Martins, L. Cywinski, M. S. Rudner, P. D. Nissen, S. Fallahi, G.
C. Gardner, M. J. Manfra, C. M. Marcus, F. Kuemmeth, Phys. Rev. Lett. 118, 177702
(2017).

[4] F. K. Malinowski, F. Martins, P. D. Nissen, E. Barnes, L. Cywinski, M. S. Rudner, S.
Fallahi, G. C. Gardner, M. J. Manfra, C. M. Marcus, F. Kuemmeth, Nat. Nanotechnol.
12, 16 (2017).

[5] F. Martins, F. K. Malinowski, P. D. Nissen, S. Fallahi, G. C. Gardner, M. J. Manfra,
C. M. Marcus, F. Kuemmeth, arXiv:1706.01007 (2017).
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Quantum computation and simulation — Spins Inside
Lieven M.K. Vandersypen'

YQuTech and Kavli Institute of Nanoscience, TU Delft, Lorentzweg 1, 2628 CJ Delft,
Netherlands

Quantum computation has captivated the minds of many for almost two decades. For
much of that time, it was seen mostly as an extremely interesting scientific problem. In
the last few years, we have entered a new phase as the belief has grown that a large-scale
quantum computer can actually be built. Quantum bits encoded in the spin state of
individual electrons in silicon quantum dot arrays, have emerged as a highly promising
direction [1]. In this talk, I will present progress in our group along three fronts. First, we
created and operated a programmable two-qubit device based on silicon spin qubits [2].
Through universal all-electrical control of two spin qubits in a double quantum dot com-
bined with individual single-shot read-out of each qubit, we have successfully programmed
the four instances of the Deutsch-Jozsa and the Grover algorithms on two qubits, and cre-
ated high-fidelity entangled states. This work builds on our earlier work on all-electrical
single-spin manipulation [3]. Second, we have explored coherent coupling of spin qubits
at a distance via two routes. In the first approach, the electron spins remain in place
and our coupled via an intermediary degree of freedom [4]. In the second approach, spins
are shuttled along a quantum dot array, preserving both the spin projection [5] and spin
phase [6]. Third, we have developed new concepts and techniques that make quantum
dot arrays a credible platform for quantum simulation of the Mott-Hubbard model. As
a first demonstration, we map out the transition from Coulomb blockade to collective
Coulowb blockade, the finite-size analogue of the Mott insulator transition [7]. When
combined, the progress along these various fronts can lead the way to scalable networks
of high-fidelity spin qubit registers for computation and simulation.

[1] L.M.K. Vandersypen, H. Bluhm, J.S. Clarke, A.S. Dsurak, R. Ishihara, A. Morello,
D.J. Reilly, L.R. Schreiber, M. Veldhorst, Interfacing spin qubits in quantum dots and
donors — hot, dense and coherent, npj Quantum Information 3, 34 (2017).

[2] T. F. Watson, S. G. J. Philips, E. Kawakami, D. R. Ward, P. Scarlino, M. Veldhorst, D.
E. Savage, M. G. Lagally, Mark Friesen, S. N. Coppersmith, M. A. Eriksson, L. M. K. Van-
dersypen, A programmable two-qubit quantum processor in silicon, arXiv:1708.04214.
[3] E. Kawakami, T. Jullien, P. Scarlino, D.R. Ward, D.E. Savage, M.G. Lagaly, V.V.
Dobrovitski, Mark Friesen, S.N. Coppersmith, M.A. Eriksson and L.M.K. Vandersypen,
Gate fidelity and coherence of an electron spin in a Si/SiGe quantum dot with magnet,
Proceedings of the National Academy of Science, 113, 11738 (2016)

[4] T.A. Baart, T. Fujita, C. Reichl, W. Wegscheider, L.M.K. Vandersypen, Coherent
spin-exchange via a quantum mediator, Nature Nanotechnology, 12, 26 (2017)

[5] T. A. Baart, M. Shafiei, T. Fujita, C. Reichl, W. Wegscheider, L. M. K. Vandersypen,
Single-Spin CCD, Nature Nanotechnology 11, 330 (2016)

[6] T. Fujita, T. A. Baart, C. Reichl, W. Wegscheider, L. M. K. Vandersypen, Coherent
shuttle of electron-spin states, npj Quantum Information 3, 22 (2017)

[7] T. Hensgens, T. Fujita, L. Janssen, Xiao Li, C. J. Van Diepen, C. Reichl, W. Wegschei-
der, S. Das Sarma, L. M. K. Vandersypen, Quantum simulation of a Fermi-Hubbard model
using a semiconductor quantum dot array, Nature, 548, 70 (2017)
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The Quantum Dot Hybrid Qubit in Silicon
Mark A. Eriksson

Department of Physics, University of Wisconsin-Madison, Madison, WI 53706 USA
maeriksson@wisc.edu

This talk focuses on experimental measurement, manipulation, and readout the quantum dot
hybrid qubit (QDHQ) [1] in silicon. The QDHQ consists of three electrons in a tunnel-coupled
double quantum dot, operates at zero magnetic field, and can be manipulated on time scales as
short as a few nanoseconds [2,3]. Ramsey-like experiments enable measurement of the
Hamiltonian parameters that describe the qubit, and can be used to aid in tuning those parameters
to enhance the qubit coherence times [4]. An essential ingredient in manipulation of the QDHQ
is achieving an energy splitting between the qubit states 0 and 1 that simultaneously is greater
than kT (~2 GHz in typical experiments) and low enough to be in a convenient microwave
frequency range (less than 20 GHz is ideal). The valley splitting in silicon quantum dots
provides one way to set the qubit energy splitting in this range, and this talk will discuss the
tunability of this splitting as well as new Si/SiGe growth techniques aimed at increasing the
predictability of this important energy scale.

[1] “A fast ‘hybrid’ silicon double quantum dot qubit.” Zhan Shi, C. B. Simmons, J. R. Prance,
John King Gamble, Teck Seng Koh, Yun-Pil Shim, Xuedong Hu, D. E. Savage, M. G. Lagally,
M. A. Eriksson, Mark Friesen, and S. N. Coppersmith, Phys. Rev. Lett. 108, 140503 (2012).

[2] “Quantum control and process tomography of a semiconductor quantum dot hybrid qubit.”
Dohun Kim, Zhan Shi, C. B. Simmons, D. R. Ward, J. R. Prance, Teck Seng Koh, John King
Gamble, D. E. Savage, M. G. Lagally, Mark Friesen, S. N. Coppersmith, and M. A. Eriksson,
Nature 511, 70 (2014).

[3] “Microwave-driven coherent operations of a semiconductor quantum dot charge qubit.”
Dohun Kim, D. R. Ward, C. B. Simmons, John King Gamble, R. Blume-Kohout, E. Nielsen, D.
E. Savage, M. G. Lagally, Mark Friesen, S. N. Coppersmith, and M. A. Eriksson, Nature
Nanotech. 10, 243 (2015).

[4] “Extending the coherence of a quantum dot hybrid qubit.” B. Thorgrimsson, Dohun Kim,
Yuan-Chi Yang, L. W. Smith, C. B. Simmons, D. R. Ward, R. H. Foote, J. Corrigan, D. E.
Savage, M. G. Lagally, Mark Friesen, S. N. Coppersmith, and M. A. Eriksson, npj Quant. Inf. 3,
32 (2017).

This work sponsored in part by the Army Research Office (ARO) under Grant Numbers
WOI11INF-17-1-0274 and W91INF-12-1-0607, by NSF (DMR-1206915), and by the Vannevar
Bush Faculty Fellowship program sponsored by the Basic Research Office of the Assistant
Secretary of Defense for Research and Engineering and funded by ONR through grant N00014-
15-1-0029. Development and maintenance of the growth facilities used for fabricating samples is
supported by DOE (DE-FG02-03ER46028). The views and conclusions contained in this
document are those of the authors and should not be interpreted as representing the official
policies, either expressed or implied, of the Army Research Office (ARO), or the U.S.
Government. The U.S. Government is authorized to reproduce and distribute reprints for
Government purposes notwithstanding any copyright notation herein. This research used
facilities supported by NSF through DMR-1121288.
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Microsecond dynamics of electron and hole spin qubits in
self-assembled quantum dots.

A. Bechtold!, T. Simmet!, F. Li2, N. Sinitsyn?, K. Miieller!, and J. J. Finley!

L Walter Schottky Institut, TU-Munich, Am Coulombwall 4, 85748 Garching, Germany.
2 Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mezico 87545,

USA.

It is by now well established that the hyperfine coupling with nuclear spin bath governs
spin dynamics and loss of coherence in III-V quantum dots (QDs) [1-4]. However, the
mechanisms by which coherence is ultimately lost, for both electron and holes, remain
subject to active investigation. We present optical studies of the dynamics of electron and
hole spins in individual dots over time-scales up to > 100us [5]. For electron spin qubits
at zero magnetic field, our results show that relaxation proceeds over several distinct
regimes; a first stage over the first few nanoseconds arising from coherent spin dynamics
in the randomly orientated quasi-static Overhauser field. a second stage occurring over
several hundred nanoseconds reflecting the quadrupolar evolution of the nuclear spin
bath and third stage in which the spin decays very towards to the longest timescales
investigated (~ 100us). Traditional approaches to probe spin-coherence involve coherent
control using e.g. spin-echo pulse sequences. At B = 4 T we observe an exponential decay
of the spin-echo signal corresponding to Ts"® ~ 1.4us that gives way to a pronounced
oscillatory dependence at lower field, a signature of hyperfine dynamics of the nuclear
spin bath. Measurement of higher order spin temporal correlators such as ¢3(1,2), is
shown to facilitate the direct determination of 75 ~ 1.5us and 75 ~ 2 ns for the electron,
without coherent spin control [6,7]. Hole spin qubits in III-V QDs have a fundamentally
different hyperfine interaction than electrons. The valence states have p-like character
with vanishing amplitude at the position of the nuclei. The Fermi contact hyperfine
interaction is, therefore, strongly suppressed [8-10], while the dipolar part of the hyperfine
interaction remains [11,12]. This is expected to lead to much slower hole-spin dynamics in
an anisotropic cffective nuclear ficld. an expectation supported by recent CPT experiments
[10]. We have probed the dynamics of single hole at B = 0T over timescales extending up
to ~ 0.1 ms. After preparing the hole (S,) = 1, we observe no dynamics up to ~ 50ns,
followed by an exponential decay before saturating at (S,) ~ 0.3 for timescales > 50us.
We will discuss the implications of this result for hole spin qubits in optically active
quantum dots.

1] B. Urbaszek et al., Rev. Mod. Phys. 85, 79 (2013)

2] I. A. Merkulov et al., Phys. Rev. B 64, 205309 (2002)

3] J. Hackmann et al., Phys. Rev. B 89, 045317 (2014).
| N. A. Sinitsyn et al., Phys. Rev. Lett. 109, 166605 (2012)

5] A. Bechtold et al., Nature Physics (2015). DOI: 10.1038/nphys3470
| R. B. Liu et al, New. J. Phys, 12 013018, (2010)
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[7] A. Bechtold et al, Phys. Rev. Lett. 117, 027402 (2016)

[8] E. Grncharova and V. Perel. Sov. Phys. Semicond. 11, 9771000 (1977)

[9] J. Fischer W.A. Coish, D. V. Bulaev and D. Loss, Phys. Rev. B 78, 155329 (2008)
[10] J. H. Prechtel, A. V. Kuhlmann, J. Houel, et al.. Nature Mat. 15, 981, (2016)
[11] B. Eble et al. Phys. Rev. Lett. 102, 146601 (2009)

[12] C. Testelin et al. Phys. Rev. B 79, 195440 (2009)
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Pauli spin blockade and spin-dependent shell filling in heavy hole
quantum dots: going down to the last hole

Alexander Hamilton
School of Physics, UNSW Sydney

The spin states of heavy holes in semiconductor quantum dots are attracting significant attention for
quantum information applications, with rapid progress being made by a number of groups over the
past few years. The interest arises because the weak hyperfine coupling to nuclear spins allows long
coherence times, while the strong spin-orbit interaction enables fast spin manipulation. In this talk |
will discuss our recent progress studying spin properties of holes in silicon and gallium arsenide
quantum dots [1,2,3]. In silicon single quantum dots we are able to study the spin shell filling
sequence for the first 8 holes, which is consistent with the Fock-Darwin states of a circular 2D
quantum dot. However while the spin filling obeys Hund'’s first rule, the hole-hole interaction energy
is 90% of the orbital energy, so that the two-hole system to be on the verge of having a
ferromagnetic ground state. In few hole GaAs and Si double quantum dots we observe Pauli spin
blockade, and find that the lifting of the spin blockade by an external magnetic field is highly
anisotropic. These results highlight the promise, and challenges, of using holes for spin qubits.

1. R.Li, F.E. Hudson, A.S. Dzurak, and A.R. Hamilton, Pauli Spin Blockade of Heavy Holes in a Silicon Double
Quantum Dot, Nano Lett., 15, 7314 (2015).

2. D.Q.Wang, O. Klochan, J-T Hung, D. Culcer, I. Farrer, D.A. Ritchie, and A.R. Hamilton, Anisotropic Pauli Spin
Blockade of Holes in a GaAs Double Quantum Dot, Nano Lett. 16, 7685 (2016).

3. S.D. Liles, R. Li, C.H. Yang, F.E. Hudson, M.E. Veldhorst, A.S. Dzurak and A.R. Hamilton, Spin filling and
orbital structure of the first eight holes in a silicon metal-oxide-semiconductor quantum dot, unpublished
(2017).
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Single Triplet Spin Qubits in the Rotating Frame
Amir Yacoby
Department of Physics, Harvard University. 17 Ozford St. Cambridge, MA 02138.

Electron spins in semiconductors holds promise for encoding and manipulating quan-
tum information. The weak coupling of the spin degree of freedom to its environment
provides spin qubits exceedingly long storage times. However, while storage is in the spin
degrees of freedom, controlling spin qubits often involves manipulating the charge degree
of freedom of the participating electrons which is far more susceptible to decoherence due
to charge noise. In this talk I will discuss the advantages of operating a two electron
singlet-triplet qubit in the rotating frame as a way to mitigate some of the unwanted
effects of charge noise. We will demonstrate a new readout scheme for these qubits which
is needed for operating in the rotating frame as well as full single and two qubit process
tomography demonstrating two qubit gate fidelity in excess of 0.9.
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The MOS Interface for Singlet-Triplet Quantum Bits

M. Carroll, ' R. Jock,' M. Rudolph, 'N. Tobias Jacobson,' P. Harvey-Collard, L2y,
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!Sandia National Laboratories, Albuquerque, New Mexico 87185, USA
2University of Sherbrooke, Sherbrooke, Quebec, J1K 2R 1, Canada
3University of New Mexico, Albuquerque, New Mexico 87131, USA

Electron spins in silicon metal-oxide-semiconductor (MOS) offer a potential path to
implement quantum information science. Despite silicon’s opportunity to provide a near
magnetic “vacuum”, fundamental doubts have been raised about the MOS interface (e.g.,
trap disorder and noise). In this talk, I will present characterization of the MOS interface
using singlet-triplet (ST) quantum bits (qubit). The ST qubit is an excellent
characterization platform. The two coupled spins can be tuned to directly probe most
central properties including: valley splitting (VS), g-factor non-uniformity, charge and
“magnetic” noise. Disorder is still present although an increasing number of instances
from this lab and others show that design and tuning can lead regularly to single electron
QDs. We will present highly tunable QDs that are fabricated without metals in the
nanostructure region, minimizing potential complications of metal electrodes related to
charge noise [1], stress [2], and modifications of the local magnetic field [3]. We find
that the MOS interface in these QDs provides a tunable VS [4] with charge noise
properties comparable to other semiconductor ST qubits [5]. We also examine the effect
of introducing impurities (i.e., donors). These shallow states can be tuned in to resonance
to form a useful qubit [6] or alternatively tuned out of resonance where they are
undetected by other qubit’s performance. For magnetic noise, we find the effective
Overhauser field variation consistent with the anticipated magnitudes from the *Si
concentration. We also observe a strong and tunable g-factor non-uniformity between
QD locations. This particular effect is advantageously used to control a ST qubit and
raises interesting future prospects.

Sandia National Laboratories is a multi-mission laboratory managed and operated by
National Technology and Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s National
Nuclear Security Administration under contract DE-NA0003525.

1] Zimmerman et al., Nanotechnology 25, 405201 (2014)
2] Thorbeck et al., AIP Advances 5, 087107 (2015)

3] Underwood, F52.8, APS March Meeting (2017)

4] Gamble et al., APL 109, 253101 (2016)

5] Rudolph et al, arXiv 1705.05887 (2016)

6] Harvey-Collard et al., arXiv 1512.01606 (2015)
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Precision donor qubits in silicon
Michelle Y. Simmons'
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Extremely long electron and nuclear spin coherence times have recently been demon-
strated in isotopically pure Si-28 [1,2] making silicon one of the most promising semicon-
ductor materials for spin based quantum information. The two level spin state of single
electrons bound to shallow phosphorus donors in silicon in particular provide well defined,
reproducible qubits [3] and represent a promising system for a scalable quantum computer
in silicon. An important challenge in these systems is the realisation of an architecture,
where we can position donors within a crystalline environment with approx. 20-50 nm
separation, individually address each donor, manipulate the electron spins using ESR
techniques and read-out their spin states.

We have developed a unique fabrication strategy for a scalable quantum computer in
silicon using scanning tunneling microscope lithography to precisely position individual
P donors in Si [4] aligned with nanoscale precision to local control gates [5] necessary
to initialize, manipulate, and read-out the spin states [6]. During this talk I will focus
on demonstrating single-shot spin read-out [8] and ESR control of precisely-positioned
P donors in Si. I will also describe our approaches to scale up using rf reflectometry
[9] and the investigation of 3D architectures for implementation of the surface code [10]
and highlight that the device produced have the lowest noise characteristics of any silicon
device to date [11].

[1] K. Saeedi et al., Science 342, 130 (2013).

[2] J. T. Muhonen et al., Nature Nanotechnology 9, 986 (2014).
[3] B.E. Kane, Nature 393, 133 (1998).

[4] M. Fuechsle et al., Nature Nanotechnology 7, 242 (2012).
[5] B. Weber et al., Science 335, 6064 (2012).

[6] H. Buch et al., Nature Communications 4, 2017 (2013).

[7] B. Weber et al., Nature Nanotechnology 9, 430 (2014).

[8] T. F. Watson et al., Science Advances 3, e1602811 (2017).
[9] M.G. House et al., Nature Communications 6, 8848 (2015).
[10] C. Hill et al., Science Advances 1 , 1500707 (2015).

[11] S. Shamim et al., Nano Letters 16, 5779 (2016).
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Quantum CNOT Gate for Spins in Silicon
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Realizing robust two qubit gates has been one of the major hurdles for semiconductor
spin qubits. Extremely long coherence times and high fidelity single qubit gates have
been realized in spin qubits, but conventional exchange based two qubit couplings have
suffered from a high sensitivity to charge noise. We demonstrate a resonantly driven
single-step CNOT gate in a regime where exchange is a small perturbation to a large
magnetic field gradient [1]. By placing a double quantum dot (DQD) in the fringing field
of a Co micromagnet, we are able to electrically drive single spin resonance with Rabi
frequencies greater than 10 MHz. We achieve single qubit fidelities of 99.3 + 0.2 % and
99.7 + 0.1 % for cach qubit, as determined by Clifford randomized benchmarking. By
turning on an exchange coupling between the two spins we split the single qubit frequencies
by 19.7 MHz and use a frequency selective drive to realize a CNOT gate in 200 ns.
In addition to nearest neighbor coupling of spin qubits, long distance coupling using
microwave frequency photons may relax design constraints imposed by nearest-neighbor
exchange coupling. I will also present our group’s recent progress in coupling single
electrons to microwave photons [2]. We achieve the strong coupling regime for both
charge and spin, and achieve spin-photon coupling rates above 10 MHz [3,4].

[1] D. M. Zajac, A. J. Sigillito, M. Russ, F. Borjans, J. M. Taylor, G. Burkard, and J. R.
Petta, arXiv:1708.03530.

[2] X. Mi, J. V. Cady, D. M. Zajac, P. W. Deelman, and J. R. Petta, Science 355, 156
(2017).

[3] X. Mi, M. Benito, S. Putz, D. M. Zajac, J. M. Taylor, G. Burkard, and J. R. Petta, in
preparation.

[4] M. Benito, X. Mi, J. M. Taylor, J. R. Petta, and G. Burkard, in preparation.
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Electric-dipole control and coupling of spin qubits
Guido Burkard'

L Department of Physics, University of Konstanz, Germany

Electron spin qubits in dilute nuclear-spin materials now rank among the most coherent
systems for quantum information processing. However, a number of challenges remain on
the way to a scalable spin-based qubit architecture. Here, we address the need for fast and
robust quantum gates between spin qubits, both local and non-local, from a theoretical
point of view. Recent progress in realizing electrically driven two-qubit gates for electron
spins in adjacent silicon quantum dots in a magnetic-field gradient [1] has motivated
several further conceptual advances, such as the synchronized controlled-NOT gate [2].

The placement of a double quantuin dot filled with a single electron into a field gradi-
ent endows the electron spin with a large and controllable electric dipole. Our theoretical
analysis shows that in combination with a superconducting microwave resonator, the in-
duced spin-photon coupling makes the strong-coupling regime of cavity quantum electro-
dynamics attainable [3], in agreement with a recent experiment demonstrating spin-cavity
strong coupling [4].

While electrical control and cavity coupling for spin-1/2 qubits can be achieved using
magnetic field gradients [1-4], multi-spin qubits allow for all-electric control purely on the
basis of the Pauli exclusion principle, in the form of both local gates and non-local coupling
to a superconducting microwave resonator [5,6]. However, the electric controllability of
spin qubits is typically accompanied by an increased sensitivity of the spin qubit to electric
noisc. We have analyzed this effect and have identified suitable points in parameter space,
so-called sweet spots, where qubits are optimally shielded from electrical noise [5,6].

We finally highlight the extraordinarily long coherence time of defect spins in diamond
and present a method for their electric-dipole control using optical fields [7]. Recently, we
have found that the use of geometric phases allows for the implementation of robust all-
optical holonomic single-qubit gates [8]. Looking further ahead, we describe a mechanism
for electrically controlled non-local quantum gates between defect spins coupled to an
optical cavity [9].

[1] D. M. Zajac, A. J. Sigillito, M. Russ, F. Borjans, J. M. Taylor, G. Burkard, and J. R.
Petta, arXiv:1708.03530 (2017).

[2] M. Russ, J. M. Taylor, D. M. Zajac, A. J. Sigillito, F. Borjans, J. R. Petta, and G.
Burkard, in preparation.

[3] M. Benito, X. Mi, J. M. Taylor, J. R. Petta, and G. Burkard, arXiv:1710.02508 (2017).
[4] X. Mi, M. Benito, S. Putz, D. M. Zajac, J. M. Taylor, G. Burkard, and J. R. Petta,
submitted for publication.

[5] M. Russ and G. Burkard, Journal of Physics: Condensed Matter (Topical Review) 29,
393001 (2017).

[6] M. Russ, F. Ginzel, and G. Burkard, Phys. Rev. B 94, 165411 (2016).

[7] C. G. Yale, B. B. Buckley, D. J. Christle, G. Burkard, F. J. Heremans, L. C. Bassett,
and D. D. Awschalom, PNAS 110, 7595 (2013).

[8] B. B. Zhou, P.C. Jerger, V. O. Shkolnikov, J. F. Heremans, G. Burkard, and D. D.
Awschalom, Phys. Rev. Lett. 119, 140503 (2017).

[9] G. Burkard, V. O. Shkolnikov, and D. D. Awschalom, Phys. Rev. B 95, 205420 (2017).
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Scaling-up Spin Qubits
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Useful quantum computers likely require 1000s of physical qubits, controlled, read
out, and error corrected with platforms that push the limits of classical technology avail-
able today. This talk will describe work towards devising new approaches to scale up
spin qubits and their classical interfaces. As a side-bar, recent results on extending spin
coherence using nuclear polarization of *C in diamond will be presented.
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High fidelity gates for GaAs based singlet-triplet qubits by
feedback tuning
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Singlet-triplet qubits in double quantum dots allow fast, fully electric control with
baseband pulses. However, these pulses are subject to systematic errors due to, e.g., finite
rise times and a nonlinear relation between the qubit detuning and the exchange coupling
used for control. Furthermore, the dephasing rate arising from electrical noise depends
on the operating point. Standard Rabi control does not yield optimal performance, and
leakage out of the computational subspace has to be avoided. For GaAs based qubits,
an additional challenge is the hyperfine-mediated dephasing due to nuclear spins. We
address these difficulties and experimentally demonstrate high fildelity single qubit gates
for GaAs based singlet-triplet qubits.

The starting point of our approach is a numerial optimization of the control pulses
taking hardware capabilities as well as experimentally measured noise characteristics into
account [1]. To eliminate systematic errors due to imperfect knowledge of the device and
setup, we ewploy a self-consistent tuning protocol that iteratively modifies the pulses
based on error syndromes obtained from short sequences of gates. By tuning two /2
pulses around orthogonal axis simultaneously, effects of state preaparation and measure-
ment errors can largely be avoided. Convergence is typically obtained after a few itera-
tions, while up to 40 free parameters can be adjusted.

Randomized benchmarking of the optimized gates yields an average gate fidelity of up
t0 99.5 %. A modified randomized benchmarkig protocol allows us to extract a leakage
rate of 0.05 %. Further insight on systematic errors is obtained by repeated execution of
the gates.

Simulations indicate that the same approach can be extended to exchange-based two-
qubit gates for single-triplet qubits while increasing the error rate by only a factor of
two.

[1] P. Cerfontaine, T. Botzem, D. P. DiVincenzo, and H. Bluhm, Phys. Rev. Lett. 113,
150501 (2014).
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The role of quantum computing simulation
Mark Hodson'
YQzBranch LLC, 1200 18th Strect NW, Washington DC, 20036, USA

The final state for quantum computing is one where established hardware technolo-
gies, architectures, and programming are made available through standard interfaces to
a rich software ecosystem codifying new quantum algorithms and delivering benefits to
the enterprise through hybrid classical-quantum applications. A Quantum Computing
System Model (Figure 1) defines a hardware-software stack designed to bring the benefits
of quantum computing technologies through to each enterprise vertical. Standards for
implementation of each layer in this model enable industry collaboration and technology
interchange to achieve desired end-user outcomes.

A simulation-based approach is key to maturing the form and interfaces within the
Quantum Computing System Model when hardware is not readily accessible. This en-
ables us to begin to answer questions such as:

1. What programming languages will be used to build quantum applications?
2. What domain specific languages will be needed to codify hardware control?

3. Can these concepts be merged to create an embedded language for quantum pro-
gramming?

4. Can a quantum computer simulator be used as a hardware surrogate to commence
early application development?

5. Are there additional benefits that quantum computer simulation can provide?

Through development of the Quantum Computer Simulation System, QxBranch has
gained insights into these and other questions regarding the best software development
approach to quantum computing systems.

Classical-Quantum Applications Classical-Quantum Applications

Quantum Algorithms Quantum Algorithms

Computational Model Computational Model

Hardware Programming t Software

Hardware Architecture ‘ Hardware
Quantum State Manipulation

Quantum State Storage

Figure 1: Quantum Computing System Model (left); Simulation-based solution (right).
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Recent developments in quantum error correction with few
qubits

Stephen D. Bartlett

Centre for Engineered Quantum Systems, School of Physics, The University of Sydney,
Sydney NSW Australia

Quantum error correction and the theory of fault-tolerance are the principal tools
that we imagine using to perform quantum computations with noisy devices. Recent
experiments have demonstrated simple error correcting codes to reduce the effects of noise,
and theoretical results show that in principle large quantum computers can function very
accurately if operations have sufficiently low noise and are implemented fault tolerantly.

Unfortunately, current approaches such as those based on the surface code have a pro-
hibitively large overhead; they are very costly to build as the required level of redundancy
is astronomical. Motivated by this practical limitation, theorists have been working to
characterise the range of approaches to fault tolerant quantum computation and to use
this understanding to substantially reduce this overhead. One aspect of this approach is
to use more realistic and structured descriptions of the noise environment, and to take
advantage of the structure of the noise.

T’ll present some recent results from the theory literature that suggest ways to execute
quantum error correction without an astronomical overhead. I'll focus on results that
have implications for spin qubit quantum computing in the near future.

[1] “Ultra-high error threshold for surface codes with biased noise,” David K. Tuckett,
Stephen D. Bartlett, Steven T. Flammia, arXiv:1708.08474.
[2] “Tailored codes for small quantum memories,” Alan Robertson, Christopher Granade,
Stephen D. Bartlett, Steven T. Flammia, arXiv:1703.08179.
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Hardware challenges to a large-scale quantum computer based
on superconducting qubits

Marissa Giustina'

LGoogle LLC

A paramount goal across the quantum information field is to build a quantum com-
puter with a large number of high-fidelity qubits. Superconducting qubits, which are
operated in a cryogenic environment (&~ 20 mK) and controlled with microwave elec-
tronics, are an interesting platform for this research. We briefly review a few candidate
architectures for building a quantum computer with superconducting qubits, and discuss
similarities between the physical implementations of each in the Google Quantum-Al lab.
We consider what hardware is currently used to build these systems and examine the
limits of brute-force scaling. The road to a large-scale quantum computer will include the
development of a number of new technologies.
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Elucidating Reaction Mechanisms on Quantum Computers
M. Troyer'?, M. Reiher®, N. Wiebe, K.M. Svore, D. Wecker!

! Microsoft Research, Redmond, WA 98052, USA
2 Theoretische Physik and Station Q Zurich, ETH Zurich, 8093 Zurich, Switzerland
3 Laboratorium fiir Physikalische Chemie, ETH Zurich, 8093 Zurich, Switzerland

We show how a quantum computer can be employed to elucidate reaction mechanisms
in complex chemical systems, using the open problem of biological nitrogen fixation in
nitrogenase as an example. We discuss how quantum computers can augment classical-
computer simulations for such problems; to significantly increase their accuracy and enable
hitherto intractable simulations. Detailed resource estimates show that, even when tak-
ing into account the substantial overhead of quantum error correction, and the need to
compile into discrete gate sets, the necessary computations can be performed in reason-
able time on small quantum computers. This demonstrates that quantum computers will
realistically be able to tackle important problems in chemistry that are both scientifically
and economically significant.

[1] M. Rether et al. PNAS 114 7555-7560 (2017).
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Beyond classical computing with near-term quantum computers

Michael J. Bremner'

L Centre for Quantum Software and Information and Centre for Quantum Computation
and Communication Technology, Faculty of Engineering Information Technology,
University of Technology Sydney, NSW 2007, Australia

Over the last few years significant attention has been devoted to devising experimental
demonstrations of quantum computational supremacy: namely using a quantum computer
to solve a computational task in a regime that goes beyond what is possible on a classical,
digital, machine. This is, in part, driven by the hope that a clear demonstration of post-
classical computation can be performed with a device that is intermediate between the
small quantum circuits that can currently be built and a full-scale, fault-tolerant, quantum
computer. The theoretical challenge that this poses is twofold: firstly we must identify the
physically least expensive quantum computations that are classically unachievable; and
we must also determine if this advantage can be maintained in the presence of physical
noise. In this talk I will review the IQP, Boson Sampling, and chaotic circuit approaches
to quantum computational supremacy, how they can be generalized to other intermediate
quantum computing models, and to what extent the experimental resource requirements
of these problems can be reduced.

[1] M. J. Bremner, A. Montanaro, and D. J. Shepherd, Achieving quantum supremacy with
sparse and noisy commuting quantum computations, Quantum 1, 8 (2017). arXiv:1610.01808
[2] M. J. Bremner, A. Montanaro, and D. J. Shepherd Average-case complexity versus ap-
prozimate simulation of commuting quantum computations, Phys. Rev. Lett. 117, 080501
(2016). arXiv:1504.07999

[3] S. Boixo, et al, Characterizing quantum supremacy in near-term devices, arXiv:1608.00263
[4] A. Lund, M. J. Bremner, T. C. Ralph Quantum sampling problems, BosonSam-
pling and quantum supremacy npj Quantum Information 3, Article number: 15 (2017).
arXiv:1702.03061
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Public Lecture

Schrodinger’s cat is alive and means business - Directions and
opportunities in the quantum technology revolution

Quantum science has often been portrayed as a spooky, counterintuitive topic of
interest only for a few weirdos. This popular depiction was never accurate — no
electronic device would work if it weren’t for the quantum behaviour of electrons
in a crystal, for example — but it is now becoming completely untenable. Today,
we are witnessing a not-so-silent revolution in the way quantum phenomena can
impact our lives. We are also witnessing unprecedented progress in the way we
can “see”, and thus understand, the quantum world.

In this public lecture, | will illustrate the working principles and the applications of
some of the pillars of the quantum technology revolution: quantum computing,
quantum communication, and quantum sensing. Forget about spookiness and
weirdness: this stuff is here and it’s working. Many large businesses are already
ramping up investment to partake of the opportunities offered by the one of the
most transformative technologies of this century. Don’t miss out!

Speaker: Prof Andrea Morello (University of New South Wales, Sydney)
Time: Thursday, 9th of November 2017, 19:30 - 21:00

Location: Messel Lecture Theatre at the Sydney Nanoscience Hub (SNH) at
the University of Sydney
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Interpretation of Double Langmuir Probe I-V Characteristics at
Different Ionospheric Plasma Temperatures

Shankar Bhattarai
MSc Physics, Department of Physics, Patan Multiple Campus, Tribhuvan University, Lalitpur, Nepal
oshobhattarai2@gmail.com

ABSTRACT

A Single Langmuir probe is always connected to an electrode as fixed potential. In cases where
such an electrode does not exist or the plasma potential is fluctuating significantly, this method is
not relevant. This weakness was overcome by the development of the floating double probe by
Johnson and Malter [1]. A distortion of the probe characteristics due to varying potential is
eliminated, while the whole probe system is floating. This supports probe operation also in
discharges with strongly varying potential.

Double Langmuir probe (DLP) is a usually used diagnostics for instantaneous measurement of
electron temperature and density in low temperature laboratory plasmas as well as in edge region
of fusion plasma chambers. This research paper focuses on the study of Spherical Double
Langmuir Probe I-V characteristics in Maxwellian interstellar plasma. To generate the exact
plasma conditions of the experimental testing environments computational procedures is adopted.
The investigations address the development of a technique to model Maxwellian plasma. Three
different ionospharic plasma temperatures are theoretically taken and its effects on floating
potential are studied in this research. The variation of floating potential and ion saturation current
due to temperature is clearly depicted. A manifest trail in the I-V curves is the bump that occurs
right after the floating potential. This feature in the transition region affects ability to determine
the electron temperature, ion saturation current and plasma potential. Symmetric characteristic
when both tips are of equal geometry is an important advantage of the double probe. Generally, all
surfaces adjacent to the plasma become contaminated with deposits, so also does any probe. Here
I have also deliver some sense of how one might proceed to use these results in the analysis of
experimental I-V curves obtained in space.

Keywords: Double Langmuir probe, I-V Characteristic, Maxwellian plasma, Ionosphere
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Silicon platforms for quantum dot spin qubits

Julien Camirand Lemyre!, Ph. Galy?, P. Lemieux!, F. Arnaud?, D. Drouin'?
and M. Pioro-Ladriére'*

U nstitut quantique, Université de Sherbrooke, Sherbrooke, Québec J1K 2R1, Canada
2 STMicroelectronics, 38926 Crolles, France.
3 Département de génie électrique et génie informatique, Université de Sherbrooke,
Sherbrooke, JIK 2R1, Canada.
4 Quantum Information Science Program, Canadian Institute for Advanced Research,
Toronto, Ontario M5G 1M1, Canada.

Silicon offers compelling properties for high-performance spin qubits in quantum dots.
On one hand, isotopically purified silicon qubits [1] with integrated micromagnets have
demonstrated fast and reliable single-qubit gates [2]. On the other hand, the compatibil-
ity of silicon qubits with microelectronics offers a unique opportunity for co-integration
with dedicated classical controls [3]. Hence, finding suitable structures to bridge the gap
between high performances qubits and large-scale integration is crucial for long-term de-
velopment of spin qubits [4]. Toward this objective, we investigate foundry compatible
structures for minimalist qubit designs, integrated micro-magnets and co-integration. In
this work, bulk MOS and FDSOI structures are studied.

First, cobalt micromagnets, characterized with our electrostatic hall-bar platform [5],
have been successfully integrated on single-stack MOS poly-silicon quantum dots [6] based
on the split gate design [7]. The fabrication process of micromagnets is found to be com-
patible with our MOS specific materials. Transport measurements show electrostatic sta-
bility of quantum dots with signature of shell-filling. Also, magneto-spectroscopy reveals
the influence of the micromagnet on the energy levels of the quantum dot.

Then, a first step towards co-integration of spin qubits with classical electronics has
been taken on an N-MOS structure fabricated entirely inside STMicroelectronics foundry
using 28 nm ultra-thin body and buried oxide fully depleted silicon on insulator (UTBB
FD-SOI) technology [8]. The MOS structure is functional cryogenic temperature with
both front and back gate controls.

Acknowledgements : We thank our colleagues from STMicroelectronics for their
support, especially Sotiris Athanasious. This work was carried in close collaboration with
N.T. Jacobson, J. Anderson, R. P. Manginell, T. Pluym, D. Ward and Malcolm S. Carroll
from Sandia National Laboratories. This work was performed, in part, at the Center
for Integrated Nanotechnologies, an Office of Science User Facility operated for the U.S.
Department of Energy (DOE) Office of Science. Sandia National Laboratories is a multi-
program laboratory operated by Sandia Corporation, a Lockheed-Martin Company, for
the U. S. Department of Energy under Contract No. DE-AC04-94AL85000.

1] M. Veldhorst, J. C. C. Hwang, Nat. Nanotechnol, 9, 12 (2014).
2] J. Yoneda, K. Takeda, et. al., arXiv, 1708.01454 (2017).

1]

[2]

[2] L. M. K. Vandersypen, et al. arXiv, 1612.04936 (2016).

[3] R. Maurand, X. Jehl, et al. Nat. Commun. 7, 1357 (2016).

[4] D. Lachance-Quirion, J. Camirand Lemyre, et al., Appl. Phys. Lett. 107, 22 (2015).
[5] E. P. Nordberg, G. a. Ten Eyck, et al., Phys. Rev. B. 80, 11 (2009).

[6] S. Rochette, M. Rudolph, et al. arXiv, 1707.03895 (2017).

[7] B. S. a Vitale, P. W. Wyatt, et. al., Proc. IEEE, 98, 2 (2010).
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Device Architecture for Coupling Spin Qubits Via an
Intermediate Quantum State
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2Department of Physics and Astronomy, Purdue University, West Lafayette, IN, USA

3 Birck Nanotechnology Center, Purdue University, West Lafayette, IN, USA
4Station Q Purdue, Purdue University, West Lafayette, IN, USA

5School of Materials Engineering and School of Electrical and Computer Engineering,
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Australia

We demonstrate a scalable device architecture that facilitates indirect exchange be-
tween singlet-triplet spin qubits, mediated by an intermediate quantum state. The device
comprises five quantum dots, which can be independently loaded and unloaded via tun-
nelling to adjacent reservoirs, avoiding charge latch-up common in linear dot arrays. In a
step towards realizing two-qubit entanglement based on indirect exchange, the architec-
ture permits precise control over tunnel rates between the singlet-triplet qubits and the
intermediate state, demonstrably tunable between 1.5 and 5.4 GHz. We show that by
separating qubits by ~ 1 pm, the residual capacitive coupling between them is reduced
to ~ 7 peV.

AV, AV, [a.u]

(a) (b)

indirect exchange ~ Ts,
s,

— E
06©s0

410
1+ (1.2.N
direct exchange \

1410)
(12,N49)
N+g)

940

-900
LW, [mv]

Figure 1: (a) Cartoon of our device architecture for coupling singlet-triplet qubits via an
intermediate quantum state. (b) Electron micrograph and circuit schematic of the double
quantum dots (blue circles) coupled by an intermediate quantum state (brown ‘jellybean’
ellipsoid). (c) Charge stability diagram measured with the left sensor as a function of the
gates on the left double dot, without the presence of the dot associated with the 1QS, and
(d) with the IQS.

[1] X. G. Croot, S. J. Pauka, J. D. Watson, G. C. Gardner, S. Fallahi, M. J. Manfra and
D. J. Reilly, arXiv:1707.06479v1 (2017).
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High-fidelity single-shot readout and exchange control of spin
qubits in silicon-MOS quantum dots
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Yang', A. Laucht', M. Veldhorst?, F. E. Hudson', K. M. Itoh?, D. Culcer?,
A. Morello' and A. S. Dzurak!

LCentre for Quantum Computation and Communication Technology, School of Electrical
Engineering and Telecommunications, The University of New South Wales, Sydney, New
South Wales 2052, Australia.
2QuTech, and Kavli Institute of Nanoscience, TU Delft, Lorentzweg 1, 2628CJ Delft, the
Netherlands.
3School of Fundamental Science and Technology, Keio University, 3-14-1 Hiyoshi,
Kohoku-ku, Yokohama 223-8522, Japan.
4School of Physics, The University of New South Wales, Sydney 2052, Australia.

A fully error-corrected quantum processor will require parallel stabilizer measurements
of its physical qubits. A natural implementation of this would employ spin-parity readout
at targeted locations in one- and two-dimensional qubit arrays[1,2]. Here we demonstrate
single-shot spin-blockade readout for a pair of spin qubits in a Si-MOS[3] quantum double-
dot. A high readout visibility of 98% is achieved using a reservoir-charge state-latching
protocol[4,5]. Using this, we characterize the two-spin system by coherently controlling
oscillations between the S/T- states via Landau-Zener-Stiickelberg Interferometry[6] and
S/TO states through control over the Heisenberg exchange coupling[7]. Furthermore, our
preliminary measurements show that spin-blockade readout is compatible with single spin
control via electron spin resonance (ESR) in these devices[8]. By removing the need for
the large Zeeman splitting that is required for reservoir-based spin readout, we achieve
improved flexibility in control and spectroscopy, field-dependent studies of spin-orbit and
hyperfine effects, and enable the use of ESR frequencies reduced by an order of magnitude
(~4 GHz), allowing more flexible engineering of future quantum processors.

We acknowledge support from the US Army Research Office (W911NF-13-1-0024 and
WO11INF-17-1-0198), the Australian Research Council (CE11E0001017), and the NSW
Node of the Australian National Fabrication Facility. The views and conclusions contained
in this document are those of the authors and should not be interpreted as representing
the official policies, either expressed or implied, of the Army Research Office or the U.S.
Government. The U.S. Government is authorized to reproduce and distribute reprints for
Government purposes notwithstanding any copyright notation herein. B.H. acknowledges
support from the Netherlands Organization for Scientific Research (NWO) through a
Rubicon Grant. K.M.I. acknowledges support from a Grant-in-Aid for Scientific Research
by MEXT, NanoQuine, FIRST, and the JSPS Core-to-Core Program.

[1] C. Jones, et al. arXiv:1608.06335 (2016).

[2] M. Veldhorst, H.G.J. Eenink, C.H. Yang, A.S. Dzurak. arXiv:1609.09700 (2016).
[3] S. J. Angus, et al. Nano Lett. 7, 2051-2055 (2007).

[4] P. Harvey-Collard, et al. arXiv:1703.02651 (2017).

[5] T. Nakajima, et al. Physical Review Letters 119.1, 017701 (2017).

[6] S. N. Shevchenko, S. Ashhab, and F. Nori. Physics Reports 492.1 1-30 (2010).
[7] J. R. Petta, et al. Science 309.5744, 2180-2184 (2005).

[8] M. A. Fogarty, et al. arXiv:1708.03445 (2017).
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Tunneling statistics for analysis of spin readout fidelity

Samuel K. Gorman!, Yu He!, Daniel Keith!, Matthew G. House!, L. Kranz!,
Joris G. Keizer!, L. Fricke', Samuel J. Hile', Matthew A. Broome!, and
Michelle Y. Simmons!

L Centre of Excellence for Quantum Computation and Communication Technology,
School of Physics, University of New South Wales, Sydney, New South Wales 2052,
Australia

We investigate spin and charge dynamics of a quantum dot of phosphorus atoms cou-
pled to a radio-frequency single-electron transistor (rf-SET) using full counting statistics.
We show how the magnetic field plays a role in determining the bunching or anti-bunching
tunnelling statistics of the donor dot and SET system. Using the counting statistics we
show how to determine the lowest magnetic field where spin-readout is possible. We then
show how such a measurement can be used to investigate and optimise single electron
spin-readout fidelity. To analyse the spin readout fidelity we present a full theoretical
analysis of single-shot readout to help standardise readout fidelity methodologies while
describing the critical parameters to achieve high fidelity readout. In particular, we de-
rive a model for energy selective state readout based on a charge detector response and
examine how to optimise the fidelity by choosing correct experimental parameters. Al-
though we focus on single electron spin readout, the theory presented can be applied to
any single-shot readout technique.
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Recent developments in the theory of randomised benchmarking
Robin Harper!, Steve Flammia', and Stephen Bartlett!

LCentre for Engineered Quantum Systems, School of Physics, The University of Sydney,
Sydney, Australia

Randomized benchmarking is an important protocol for robustly characterizing the
error rates of quantum gates. This poster will cover some of the more recent developments
relating to the randomized benchmarking protocol, such as the ability to characterize the
coherence of the noise [1] and the ability to use this parameter, known as the unitarity
of the noise, to provide bounds on the diamond norm of the noise that are tighter than
bounds that can be achieved using average gate fidelity alone [2, 3]. Other developments
that will be highlighted will include:

e proposed changes to the randomized benchmarking protocol that allows better es-
timates to be made of the average gate fidelity, such as dicussed in [4];

e analysis of the impact of gate dependent noise [5] and [6];

e alterations to the protocol that allow it to be used to to characterize T-gates [7] as
well as arbitrary gates [8, 9].

References

[1] J. Wallman, C. Granade, R. Harper, and S. T. Flammia, New Journal of Physics 17,
113020 (2015).

[2] R. Kueng, D. M. Long, A. C. Doherty, and S. T. Flammia, Phys. Rev. Lett. 117,
170502 (2016), 1510.05653.

[3] J. J. Wallman, ArXiv e-prints (2015), 1511.00727.
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Quantum simulation of a Fermi-Hubbard model using a
semiconductor quantum dot array
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Seminal efforts are underway to study novel emergent magnetic and electronic proper-
ties of strongly-correlated electronic phases of low-dimensional condensed matter physics
using dedicated quantum simulators. Experimentally realized correlations, however, are
typically limited by the residual entropy of the initialized systems, and scaling to similarly
homogeneous but larger system sizes is not always straightforward.

We show that quantum dot arrays in semiconductors constitute a promising platform
in these regards. Not only do tunnel-coupled dots readily adhere to the Fermi-Hubbard
model in the effective low temperature limit necessary for seeing strong correlations, but
one can also directly leverage developments for using quantum dots as spin qubits. By
describing an experimental toolbox for Hamiltonian engineering, validated by direct nu-
merical simulations, we negate the combination of disorder inherent to the solid state and
the inefficiency of calibration routines which has previously limited the scaling of quan-
tum dot experiments in scope and size. As we map out the experimental phase space of a
triple quantum dot device [1], we show the onset of collective Coulomb blockade [2], the
finite-size analogue of the interaction-driven Mott transition.

[1] T. Hensgens et al., Nature 548, 71-73 (2017).
[2] C. A. Stafford and S. Das Sarma, Phys. Rev. Lett. 72, 3590-3593 (1994).
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A Phosphorus in Silicon Adiabatic Quantum Computer
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The exceptionally long quantum coherence times of phosphorus donor based qubits in
silicon [1,2], coupled with the connection to silicon-based nano-electronics, makes them
attractive candidates for quantum information processing [3]. Here we present protocols
for a digital version of adiabatic quantum computation based on 3D STM fabricated
[4] phosphorus donor qubit arrays [3], which allows for the initialization, control, and
measurement of the qubits and the implementation of non-planar couplings. We show
how to encode a variety of QUBO problem Hamiltonians on the architecture.

[1] K. Saeedi et al., Science 342 830 (2013).

[2] J. T. Muhonen et al., Nature Nanotechnology 9 986 (2014).
[3] C.D. Hill et al., Science Advances 1 €1500707 (2015).

[4] S. R. McKibbin et al., Nanotechnology 24 045303 (2013).
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Implantation of Bi and 285 for Donor Electron Spin Resonance
in Enriched Si

Danielle Holmes
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Donors in silicon are promising qubit candidates as they exhibit long electron and nuclear
spin coherence times (T;) allowing for high fidelity quantum operations. Bismuth donors,
the heaviest of the group V donors, were the focus of this work as they offer fabrication
advantages including reduced straggling, allowing for increased spatial precision preferable
in deterministic ion implantation. They also offer technological advantages including an
increased quantum memory resulting from a larger nuclear spin (I = 9/2) and magnetically
stable qubit manipulation due to so-called ‘Clock Transitions’.

We use Electrically Detected Magnetic Resonance (EDMR) and Electron Spin Resonance
(ESR) to probe shallow Bi-implanted n-type natural silicon Metal-Oxide-Semiconductor
Field-Effect Transistors (MOSFETs). EDMR and ESR were performed on background P
dopants to show that the lattice was repaired and the P donors electrically activated after
the Bi implant and subsequent annealing step. Bulk ESR was then performed on the shallow
implanted Bi donors and the first (I = 1/2) ESR transition was observed.

Further, depletion of the 2°Si isotope (I = 1/2) in natural silicon increases donor electron T,
times by reducing the background noise attributed to these nuclear spin flips. Isotopic
enrichment of silicon was achieved by implanting a high fluence of %Si ions and verified
using Secondary lon Mass Spectrometry (SIMS). This enriched silicon will be used for future
ESR measurements of donor electron T, times.
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Spin-based quantum dot qubits in semiconductors have high potential for scalable quan-
tum information processing [1] due to their relative immunity to electrical noise and
compatibility with well-established semiconductor manufacturing. Extremely long spin
coherence times are possible in isotropically purified silicon [2], and quantum dot qubits
have now been constructed with fidelities that meet certain fault-tolerance thresholds [3].
A two-qubit logic gate based on silicon metal-oxide-semiconductor (SIMOS) quantum dots
[4] has also been demonstrated. In the effort to scale up this qubit architecture, we must
engineer devices and a local environment which can sustain fault-tolerance thresholds for
multi-qubit systems when operating error correction protocols such as the surface code
[5]. This requires a detailed understanding of the possible sources of noise or decoherence
experienced by SiIMOS qubits. Here, we employ a silicon quantum dot qubit as a probe to
enable noise spectroscopy via CPMG pulse sequences. We compare the sensitivity of this
qubit to electrical noise with that of a phosphorus donor qubit [6] in the same environment
and measurement set-up. Our results show that, as expected, a quantum dot qubit is more
sensitive to electrical noise than an implanted phosphorus donor qubit due to the larger
Stark shift of the quantum dot. At low frequencies we observed a coloured noise spectrum,
with an exponent of —2.5 for f<2 kHz which we attribute to DC magnetic drift, and an
exponent—1 for f in the range 2 - 10 kHz which we attribute to charge noise. We have
also characterized this qubits relaxation time (= 1s), T2* time (&~ 30 microseconds), and
coherence times, and have performed Clifford-based randomized benchmarking (RBM).
While this qubit device has a shorter dephasing time than that previously reported in [3],
its average control fidelity determined via RBM is higher (>99.83%), due to the higher
bandwidth available in the RBM pulse sequences here.
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not be interpreted as representing the official policies, either expressed or implied, of the
Army Research Office or the U.S. Government. The U.S. Government is authorized to
reproduce and distribute reprints for Government purposes notwithstanding any copy-
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Effective mass theory simulations of exchange coupled donors in silicon
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Multi-qubit quantum logic gates are the final step to demonstrate the the viability of donor
spin qubits in silicon for quantum computation applications. Proposed two-qubit gates rely on the
electron-electron exchange interaction which is highly sensitive to the relative placements of the
donors in the silicon lattice. For two proximal phosphorus donors an inversion of the hierarchy of
the valley-orbital split states has been observed, i.e. the crossing of the bonding combination of T2
states below that of the antibonding A1l. Here, we use the Hartree-Fock method within multivalley
effective mass theory to model the two-electron wavefunction for different donor configurations and
benchmark our results with experimental data.

Keywords: 31 P donors in Si; exchange interaction; effective mass theory; Hartree-Fock method
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High Bandwidth Electron Spin Readout with the Radio
Frequency Single Electron Transistor
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Qubit state readout is an essential step for quantum computation and must introduce
minimal errors if full error correction is to be achieved with a surface code architecture.
The lowest errors during readout will only be possible if the readout is not only high
fidelity, but also high bandwidth. Typically, for electron spin qubits in Si-P donor based
systems, a single electron transistor (SET) is used as a charge sensor to perform single-shot
electron spin readout. Previously, spin readout fidelities above 99% have been achieved
with a de¢ measured SET, but only by limiting the bandwidth to 100 kHz [1].

Here, we demonstrate using a radio frequency SET (rf-SET) and characterize its band-
width, shot-noise and readout fidelity. At the full bandwidth of the rf-SET circuit, 9.5
MHz, we demonstrate single-shot electron spin readout at B = 1.5 T with an effective
signal-to-noise ratio of 7.2. For electron charge state detection the power broadening is
no longer limited by the electron spin state splitting, allowing us to achieve an effective
signal-to-noise ratio of 12.7 by increasing the driving power before being limited by heat-
ing of the rf-SET. Optimized single-shot readout of electrons, with 50 kHz tunnel rates,
achieved measurement fidelities above 98% limited by the base electron temperature (200
mK).

Importantly, we have shown that the high bandwidth readout has multiple benefits:
it enables the measurement of faster electron transitions, has greater statistics for exper-
iments employing electron spin readout, and faster qubit gate operations. Collectively
these lead to lower errors on both measured and idling qubits during readout operations.

[1] T. F. Watson, et al., Phys. Rev. Lett. 115, 166806 (2015).
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Physically-defined p-channel silicon double quantum dots with a
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Spins in silicon quantum dots (QDs) are promising candidates for integrated qubits
because of the long coherence time and compatibility with conventional silicon device
fabrication technologies[1]. Especially, p-channel silicon QDs are studied well recently [2]
because hole spins in silicon QDs can be controlled with spin-orbit coupling. It means
that micro magnets for creating slanting fields are not necessary, which is advantageous
for future integration.

In this work, we fabricated and characterized the physically-defined p-channel silicon
double QDs with a charge sensor. The QD structures were fabricated by using electron
beam lithography and SFg dry etching. The scanning electron microscope (SEM) image
is shown in Fig. 1 (a). In DC measurements, we observed charge stability diagrams, Pauli
spin blockade (PSB) in a charge triple point as shown in Fig.1 (b), and charge sensing
signals, at a temperature of 1.5 K.

For future high-speed charge sensing, we also applied radio frequency (RF) reflectom-
etry [3] to the device as shown in Fig. 1 (a). Chip inductor and parasitic capacitance
C), work as a resonance circuit and it can eliminate large impedance mismatch between
a coaxial line (50 Q) and QDs (>100 k). 470 nH chip inductor of right-hand side, 1
k2 resistor, and 2.2 nF chip capacitor work as a bias tee, enabling simultaneous RF and
DC measurement. We observed a resonance at 292 MHz as shown in Fig.1 (¢) and the
capacitance is estimated as 0.6 pF. Note that this is preliminary data of reflection mea-
surements since the resonance is obtained without inducing two dimensional hole gas.
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Figure 1: (a) SEM image of p-channel double QDs and schematic image of simultaneous
RF and DC measurement setup. (b) PSB at 1.5 K. (c) Resonance at 8 K using RF
reflectometry.

[1] M. Veldhorst et al., Nature 526, 4107414 (2015).
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[3] M. Jung., et al., Appl. Phys. Lett. 100, 253508 (2012).
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We report the progress in precision donor qubits in silicon. We demonstrate the suc-
cessful integration of a microwave transmission line onto two few electron double donor dot
qubits in silicon fabricated with the atomic precision of a scanning tunneling microscope
(STM). The transmission line is used for magnetically driven Electron Spin Resonance
(ESR) and a DC-coupled SET charge sensor is employed for single-shot spin readout.

In the first device we use ESR spectroscopy to identify the characteristic hyperfine
spectra of a single donor 1P and two-donor 2P dots. We demonstrate how, from the
hyperfine spectra, we can determine the distance between the donors within the 2P quan-
tum dot. Atomistic NEMO modelling is used to determine possible donor configurations
within the 2P dot in the Si crystal lattice.

In the second device, we demonstrate coherent electron spin rotations via Rabi oscil-
lations on the right dot with 3 electrons. Using the Hahn spin echo sequence, we partially
compensate for Overhauser field fluctuations in order to measure an electron spin decoher-
ence time Ty &~ 2985, three orders of magnitude larger than the observed pure dephasing
time 75 ~ 246ns .
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Localization of a magnetic moment using a two-qubit probe
Jan Krzywda, Lukasz Cywinski, and Piotr Szannkowski
Institute of Physics, Polish Academy of Sciences, Warszawa, Poland

Spin qubits such as NV centers in diamond are currently used as nanoscale-resolution
sensors of magnetic field noise, generated by nuclear spins of molecules localized in the
neighbourhood of the sensor [1,2]. Subjecting the qubit to a periodic sequence of rotations
makes it sensitive only to fluctuations of given frequency [3]. When the magnitude of the
fluctuating field associated with given source and the form of qubit-source interaction are
known, measurement of the qubit decoherence allows one to find a surface on which the
source is located.

Extending this idea to the multi-qubit sensor should enable to pin-point the exact
location of the source (cf. the classical triangulation procedure). Here we show that
already with two qubits, each subjected to a given sequence of rotations, one can localize
the fluctuating magnetic moment [4]. The method can be viewed as an application of
a general protocol for performing noise cross-correlation spectroscopy [5] to the case of
two qubits interacting with a precessing magnetic moment. We consider not only the
case of the sensors localized in predefined spots, interacting via dipolar coupling with the
moment, but also situations with less a priori knowledge available, e.g. when the relative
position of the two qubits is unknown or different coupling is present. We show that
source localization is also possible then, provided we have control over external magnetic
field direction.

Alternatively, when the form of the qubit-moment coupling is not known, we describe
the idea of symmetry detector, capable of narrowing down the possible source location.
We emphasize the existence of sensor-source arrangement leading to robust decoherence-
free evolution, and provide its geometrical interpretation.

(Left) The spatial map of attenuation factor x of coherence given by e’T2X, where T is the evolution
time. (Right) Schematic picture of two detectors interacting with magnetic moment.
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The ms = 0 and m,; = 1 levels of nitrogen-vacancy (NV) center in diamond form a
qubit that can be initialized, controlled, and read out at room temperature, and which
is intensively researched in the context of nanoscale magnetic imaging applications [1-
4]. The main source of decoherence of this qubit is its interaction with the bath of 3C
nuclei. Recently, entanglement between two NV centers (separated by ~ 20 nm) was
created [5]. We present an extension of calculation of decoherence due to the nuclear
bath (using the state-of-the-art Cluster-Correlation Expansion method [6,7]) to the case
of two qubits. We also include the presence of magnetic field gradient which is helpful for
separate addressing of the two qubits, but which modifies the nuclear dynamics.

Entanglement of two-qubit Bell states calculated in pure dephasing approximation is
simply related to two-qubit coherences py; 10 and pgo,11. When two qubits interact with
a partially common bath (as is the case for two nearby NV centers), the decay of these
coherences can be slower or faster than the decay of product of single-qubit coherences,
depending on whether the bath is source of correlated/anticorrelated noise, respectively.

We investigate the common bath effects for a set of spatial realizations of the nuclear
bath, and compare the obtained results with predictions of Gaussian noise models. For the
latter, the common bath affects ¥ and ® states in opposite ways, enhancing coherence of
one while suppressing for the other. This indeed happens when common bath consists only
of the weakly coupled nuclei. Nuclear pairs located close to the NV center, contribute very
characteristically to decoherence, leaving strong fingerprints (oscillations in coherence).
Likelihood of finding such pairs is as high as 50 %. If qubits are so close to each other
that such strongly coupled dimers occur in the common part of the bath, the Gaussian
noise model is no longer sufficient to describe the effects of common bath on decoherence
of entangled states.

This research is supported by funds of Polish National Science Center (NCN), grants
no. DEC-2012/07/B/ST3/03616 and DEC-2015/19/B/ST3/03152.
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We consider the Two Impurity Kondo Model (TIKM) where two spin 1/2 impurity

spins, separated by a distance R, are coupled via a Heisenberg interaction .J to the electron
spin densities of a conduction band. The equilibrium properties of the TIKM have been
investigated extensively in the literature'® and it has been recently shown®” that for a
1D inversion symmetric dispersion and the specific distances kp R = nm, with kg being
the Fermi momentum, conduction electron states with even (n = {1,3,...}) or odd (n =
{0,2,...}) parity symmetry decouple from the impurities at low temperatures. For a
parity symmetric model this decoupling also enforces a local parity conservation for the
impurity spins.
In this work, we study the non-equilibrium dynamics of the TIKM employing the time-
dependent, numerical renormalization-group (TD-NRG)® which was developed to treat the
real-time dynamics of quantum-impurity systems after a sudden quench. While doing so,
we focus our examination on the real-time dynamics of the impurity spin-spin correlation
function (§1§2>(R, t) for different distances after quenches in the coupling .J or magnetic
fields H applied to the impurity spins. Starting from initially decoupled impurity spins,
the build up of this spatial correlation function is investigated and it is shown that spatial
and temporal correlations propagate along a light-cone determined by the Fermi-velocity
vp. We demonstrate that for the specific distances kp R = n7 the local parity conservation
at low energy scales prevents the impurity spin-spin correlation function from decaying
to its equilibrium value for long times.
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Recently, both one- and two-qubit logic gates with high control fidelity [1,2] have been
demonstrated using silicon metal-oxide-semiconductor (Si-MOS) quantum dots formed
in silicon-28 enriched substrates. These qubit manipulations utilise electron spin reso-
nance (ESR), a technique that can control spin qubits using an oscillating magnetic field
generated via a microwave strip-line.

The electrical control of single spin qubits [3,4] based on semiconductor quantum dots
provides an alternative approach for scalable quantum computing, due to the fact that
electric fields can be generated easily and can be more spatially focused than magnetic
fields. By incorporating a permanent magnet, the qubits can be driven using an oscillating
electric field, via electric dipole spin resonance (EDSR). Here we present a number of
design considerations and simulations on a microwave coplanar waveguide for Si-MOS
quantum dot qubit devices. At 1mW input, a Rabi frequency of 10 MHz is generated by
EDSR with minimal noise. The Rabi frequency can be further maximised by changing the
quantum device architecture and applying microwave signals on various metallic control
electrodes.
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Heavy hole spins in quantum dots are highly suitable candidates for spin qubits. This
is because holes have reduced hyperfine coupling to nuclear spins in the host crystal [1]
allowing long spin coherence times [2], while the enhanced spin-orbit coupling of holes
[3] enables fast all-electric spin manipulation [4]. Due to these promising spin proper-
ties, holes have recently attracted significant attention from the spin-qubit community,
resulting in the publication of several exciting results [5,6]. However, the spin physics
of quantum confined holes is non-trivial, and is not as well understood as for electron
systems [7]. A key advance would be the determination of the energy level structure of
the last few holes in surface gated silicon MOS based quantum dots. This knowledge
is vital, since the orbital structure affects the spin properties and spin dynamics, which
underpins spin-orbit qubits.

In this work we describe a planar silicon MOS based single hole quantum dot capable
of operating down to the last hole. We characterise the spin shell filling sequence for
the first eight holes using magnetospectroscopy, which is consistent with the Fock-Darwin
states of a circular two-dimensional quantum dot. At low magnetic field we observe spin
filling, which obeys Hunds first rule, while at high magnetic field we observe the sin-
glet triplet transition for the two hole ground state. Finally, we investigate the orbital
spectrum using pulse bias spectroscopy and find that hole-hole interaction energy is 90%
of the orbital energy, which causes the two-hole system to be on the verge of having a
ferromagnetic ground state.
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Ion-implanted 31P donor devices for 2-qubit logic gates
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Donor spin qubits have been extensively studied for future applications in quantum computing. Experiments
including electron spin resonance (ESR) and nuclear magnetic resonance (NMR) have led to demonstration of
coherence times as long as 30 seconds. Building on those achievements, we report on progress towards two-qubit
operations. An increased implantation dose of Phosphorus atoms increased the probability of finding two
exchange-coupled donors. The charge stability diagram of newly fabricated devices revealed a high number of
donors in the vicinity of a single-electron transistor (SET). Electron spin resonance experiments are underway to
benchmark the device performance and identify an exchange-coupled pair of implanted Phosphorus atoms.
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The 123-Sb atom is a group-V element with a nuclear spin quantum number of 7/2, resulting in an 8-
dimensional Hilbert space. This atom can be implanted in a silicon Metal-Oxide-Semiconductor
structure, and its quantum state can be controlled using the same infrastructure that has been proven
to yield high-fidelity control [1] and single-shot readout [2] on the 31-P donor. The key difference in
123-Sb is that the nucleus possesses a quadrupole moment, which can introduce a quadratic term in the
spin Hamiltonian when the atom is placed in a strained silicon crystal. By further adding a strong
periodic drive, this results in a single-atom quantum system that accurately maps a classically chaotic
one: the driven nonlinear top [3]. Therefore, we can engineer a highly controllable, individual quantum
system that enables an experimental study of the emergence of chaos and the quantum-to-classical
crossover [3]. We show numerical results on the operational regimes in which the 123-Sb donor behaves
as a quantum chaotic driven top.

[1] J.P. Dehollain et al., New J. Phys. 18, 103018 (2016)
[2] J.J. Pla et al., Nature 496, 334 (2013)
[3] V. Mourik et al., arXiv:1703.04852 (2017)
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Shallow dopants in silicon are promising candidates for the implementation of quantum
processors. One of the key challenges in silicon based quantum computing is to find the
exact dopant positions after the fabrication and overgrowth processes, which would greatly
help in the design and optimisation of highly precise quantum logic gates. Here we present
an atomically-precise metrology based on low temperature STM measurements [1] in
conjunction with a fully quantum, large-volume treatment of the STM-dopant system, which
demonstrates the pinpointing of the position of subsurface phosphorous (P) and arsenic
(As) dopants in silicon down to individual lattice sites [2]. Through quantitative modelling of
STM images based on multi-million atomistic tight-binding simulations [3] and
determination of accurate STM tip state, a clear identification of the exact 3D locations of
single phosphorous and arsenic donors down to depths of 5 nm below the Si surface is
demonstrated [2]. For pairs of closely spaced phosphorous donor atoms, we simulate STM
images from the quasi-particle wave functions computed from single and two-electron
states, demonstrating that the developed spatial metrology technique is applicable to find
the locations of both donor atoms in the silicon lattice [4].

1. J. Salfi et al., Nature Materials, 2014, 49, 1597-1599

2. M. Usman et al., Nature Nanotechnology 2016, 11, 763-768
3. M. Usman et al., Phys. Rev. B, 2015, 91, 245209

4. J. Bocquel et al. in preparation
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Electron spins in semiconductor quantum dots offer an attractive platform for quantum
computing. So far, several kinds of spin qubits having their own advantages have been
developed using different spin states [1,2]. In particular, high-fidelity qubit control has
been demonstrated in single-spin qubits [3,4] while fast and high-fidelity initialization
and readout have been realized in singlet-triplet (ST) qubits encoded in two-spin states
[5]. However, the lack of an interface between different kinds of spin qubits impedes the
integration of these advantages.

In this presentation, we realize a hybrid system of a single-spin qubit and a ST qubit in
a GaAs-based triple quantum dot (TQD) with a micro-magnet (see Figure) and demon-
strate a controlled-phase (CPHASE) gate between the two qubits. The single-spin qubit
is defined on the left dot while the other two dots are operated as the ST qubit. The
exchange interaction J between the two qubits shifts the qubit frequency of the target
qubit depending on the state of the control qubit [6]. The rapid control of J enables us to
implement CPHASE gate in 5 ns. These results are important step for realizing combined
systems made out of spin qubits of different kinds, which provide a promising route to
efficient spin-based quantum computing.

b Left dot: Single-spin qubit Center and right dot: ST qubit
I

Figure: (a) The scanning electron microscope image of a TQD device identical to the one
studied. (b) The hybrid system of a single-spin qubit and a ST qubit.
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[4] M. Veldhorst et al., Nature Nanotechnol. 9, 981-985 (2014).

[5] C. Barthel, et al., Phys. Rev. Lett. 103, 160503 (2009).

[6] S. Mehl, and D. P. DiVincenzo, Phys. Rev. B 92, 115448 (2015).

59



Design and characterization of a device for hosting
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We present the design, fabrication, and characterization of a device for hosting capacitively-
coupled singlet-triplet donor qubits in silicon fabricated by scanning tunneling microscope
lithography. The layout is geometrically compact and robust as each pair of dots can be
independently controlled via one gate and one reservoir that also measures the singlet-
triplet state of the qubit by dispersive readout [1]. We verify the STM-patterned positions
of each dot by comparing measured values of the relative couplings between each dot and
gate to those predicted by a finite-element electrostatic model. We measure singlet-triplet
states with dispersive readout and observe a Sy to T_ decay time of 2ms at zero detuning
and 3.3 T applied magnetic field. The design represents a scalable device building block
in one dimension with minimal gate leads (two per qubit) based on atomic precision
lithography and dispersive readout.

[1] M. G. House, T. Kobayashi, B. Weber, S. J. Hile, T. F. Watson, J. van der Heijden,
S. Rogge, and M. Y. Simmons, Nature Communications 6, 8848 (2015).
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A fibre-cavity platform

Sarath Raman Nair'?, Lachlan J. Rogers!?, Andrew Wood!?, Xavier Vidal',
Jan Jeske®, Andrew D. Greentree®* and Thomas Volz'?

L Department of Physics and Astronomy, Macquarie University, NSW 2109, Australia
2 ARC Centre of Excellence for Engineered Quantum Systems, Macquarie University,
NSW 2109, Australia
3 Chemical and Quantum Physics, School of Sciences, RMIT University, Melbourne
3001, Australia
4 ARC Centre of Excellence for Nanoscale BioPhotonics, School of Sciences, RMIT
University, Melbourne, VIC 3001, Australia

Light confined in the very small volume of a fibre based optical cavity provides en-
hanced light-matter interaction with quantum emitters placed in it [1]. We report progress
in the development of a fibre-based stable Fabry-Perot cavity for studying strong light
matter interactions, particularly spin-photon interface with colour centres in diamond.
This tunable and open micro-cavity forms between the tip of an optical fibre and a half-
inch mirror. The fibre tip is Laser machined to form a curved surface and both the fibre
tip and the mirror are coated with the same Distributed Bragg Reflector (DBR). We try
to stabilize this cavity with both passive and active stabilization.

Spin-Photon interface with colour centres in diamond in the fibre-based cavity promises
the building block of quantum networks. We envisage to install the stabilized fibre-based
cavity at cryogenic temperature and to show the coupling of SiV/GeV colour centre in
the diamond crystal to the cavity mode. The enhanced spin property of SiV/GeV at low
temperature and the high finesse of the cavity expect to provide high cooperativity.

In the current development phase of this fibre-based cavity at room-temperature, we
employ it to study NV lasing for Laser Threshold Magnetometry [2]. We report the
preliminary observation of strong amplification of a ~720nm carrier due to the stimulated
emission of NV centres in this cavity.
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Figure 1: (a) Fibre-mirror Fabry-Perot cavity with diamond sample containing NV centres
(b) Amplification of a factor ~3.27 of NV centre emission inside the cavity. The green
represents green(~532nm) pump alone, the red represents red(~720nm) alone and the
orange represents both green and red.

[1] Hunger, David, et al. “A fiber Fabry—Perot cavity with high finesse.” New Journal
of Physics 12.6 (2010): 065038.

[2] Jeske, Jan, Jared H. Cole, and Andrew D. Greentree. “Laser threshold magnetometry.”
New Journal of Physics 18.1 (2016): 013015.
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Abstract: We present ongoing work on the development of Silicon PIN detectors for scalable deterministic Donor-Qubit
placement via single ion implantation.

The remarkable success in addressing and manipulating single P-donor spins (“qubits”) in *Si [1,2]
represents a milestone for the realization of quantum-computing and information transport applications.
Inspired by these results, innovative quantum architectures such as the highly scalable flip-flop qubit
configuration were recently proposed [3]. A robust qubit entanglement over long distances up to several
hundreds of nanometres loosens the generally tight constraints on the donor-qubit placement precision. This
in turn makes ion implantation — the semiconductor industry’s standard doping tool — very promising for
scalable silicon quantum device fabrication. In order to allow a fully deterministic implantation of donor
qubits into pre-defined quantum architecture sites, we employ the Ion Beam Induced Charge (IBIC)
technique, which detects a single ion via free e-h-pairs induced upon the ion stopping in Silicon. A PIN
diode architecture is therefore integrated into the silicon substrate to separate the induced free charge carriers
and probe corresponding transients with surface electrodes [4].

However, the reliable detection of small charge signals generated by low-energetic ions raises tremendous
demands on the single ion detector’s noise performance.

In this systematic study, we seek to further develop our single ion detector fabrication procedure. Prototype
devices are electrically characterised using I-V analysis and admittance spectroscopy and are furthermore
subjected to IBIC tests using sub-15 keV P-ions.

The detectors are evaluated in terms of low-noise performance at room temperature — an essential pre-
requisite for a scalable top-down fabrication of donor-qubits with highest fidelity and placement precision.
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Single quantum emitters of light are valuable resources for engineered quantum sys-
tems. They can function as robust single-photon generators, allow optical control of single
spins, provide readout capabilities for atomic-scale sensors, and provide interfaces between
stationary and flying qubits. Environmental factors can lead to single emitters exhibiting
“blinking”, whereby the fluorescence level switches between “on” and “off” states. The
silicon-vacancy centre in high-quality bulk diamond shows photostability and excellent
optical properties, motivating a growing research interest [1]. However, in nanodiamonds
the silicon-vacancy centre exhibits undesirable blinking [2].

Detailed characterisation of the blinking be-
haviour is a powerful way to gain understanding
about the underlying physical mechanisms, and de-

termining the switching rates is typically desired. 3.0 previous analysis from [2]
Bright emitters lead to high-contrast blinking, and 254

simple thresholds can be used to extract the "on” ¥

and 7off” intervals from a time-series of photon %320 +
counts (and hence determine the switching rates).  §1s -
However, such approaches become difficult for emit- g Lo

ters fluorescing at low levels. We have developed

3 3 3 7 3 0.5
a Bayesian approach capable of inferring switching Bayeslan inference
rates directly from the time-series [3-4]. This is able 0.0 Ty errorbars are 99% credible region)
to produce useful results even for weak blinking flu- 0 200 400 600 800 1000 1200

. . Excitation laser power (nW)
orescence traces with considerable background pho-

ton counts. Moreover, the Bayesian inference also

yields a robust picture of the parameter uncertain- Figure 1: Comparison of the original

ties, providing a benefit also for bright emitters. data analysis from [2] compared with
This Bayesian technique is demonstrated for the the Bayesian re-analysis of the same

blinking silicon-vacancy fluorescence data [2], and rew data.  The Bayesian approach

shown to be superior to previous analysis tech- yields better conclusions and more

niques. meaningful uncertainty estimates.
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A solid-state system combining a stable spin degree of
freedom with an efficient optical interface is highly desirable
as an element for integrated quantum optical and quantum
information systems. A few colour centres in diamond are
attractive architectures, but the currently available candi-
dates are not perfect. The nitrogen vacancy (NV) centre
is famous as an optically addressable electron- and nuclear-
spin qubit, but its fluorescence spectrum is not ideal with
a strong phonon sideband and, typically, spectral diffusion ! !
of the zero-phonon line (ZPL). More recently the related sili- 1500 1550
con vacancy (SiV) centre has been shown to have exceptional MW Frequency (MHz)
spectral properties, but it has poor quantum yield and a fun-
damentally limited spin coherence time of only 40 ns.

Our understanding of How Colour Centres Work has in-
creased in recent years. This information has started to en-
able a “smart search” for novel diamond qubits, and hope-
fully points towards a future where colour centres can be “en-
gineered” for specific applications. The recently-discovered
germanium vacancy (GeV) centre [1] is presented as an ex-
ample of this process.

Detailed optical spectroscopy shows the GeV centre to be bright and spectrally stable
like the SiV centre [2], but with a higher quantum yield close to unity. Its electronic spin
degree of freedom is explored using an external magnetic field to lift the spin degeneracy.
Optical and microwave control of GeV spin is demonstrated [2], placing the GeV centre in
a small class of colour centres capable of optically-detected magnetic resonance. Coherent
spin control combined with the possibility of GeV centres in nanophotonic devices [3] make
it a promising platform for quantum optics and quantum information science applications.

Fluorescence (kc/s)

AN
5 ff“f.‘f ﬁ""":

Figure 1: Microwave-optical
double-resonance places the
GeV centre in a small class
of colour centres offering mi-
crowave control of individual
spins.
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Motivated by recent experiments [1,2], we theoretically describe a high-fidelity controlled-
NOT (CNOT) gate using the exchange interaction between the spins in neighboring quan-
tum dots subject to a magnetic field gradient from a micromagnet. We use a combination
of analytic calculations and numerical simulations to provide the optimal pulse sequences
and parameter settings for the gate operation. We present a synchronization method
which avoids detrimental spin flips when the state of the control qubit is |0), and provide
details about phase mismatches accumulated during the two-qubit gate. Synchronizing
the resonant and off-resonant transitions (see Figure 1) and compensating these phase
mismatches by phase control the overall gate fidelity can be increased significantly. Nu-
merical simulations demonstrate a high tolerance towards charge noise coupled to the two
spins due to a partial intrinsic refocussing mechanism.
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Figure 1: Schematic plot of the resonant (blue) and off-resonant (red) transition probabilities
with (a) desynchronized and (b) synchronized Rabi frequencies  and Q. A CNOT gate is
provided at time tonoT where the resonant driving exactly flips the spin. (a) Using an arbitrary
Rabi frequency €2 the off-resonant driving also yields a finite population of the flipped spin for
control qubit in |0), therefore reducing the fidelity of the two-qubit operation. (b) However, if
we synchronize the resonant Rabi frequency €2 and the off-resonant Rabi frequency Q we can
completely avoid any undesired spin-flip.
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Single-donor spin qubits in silicon have been shown to be among the most coherent
in the solid state [1]. However, scaling up beyond one donor to build a scalable quantum
computer architecture remains a great challenge. Here we propose to use the flip-flop
states of electron and nucleus of an implanted phosphorus atom as a qubit [2]. We induce
an electric dipole by biasing the electron wavefunction between the donor and an interface
state. This dipole couples the flip-flop states to a resonant oscillating electric field, which
can drive fast transitions between the qubit states. The electric dipole-dipole interaction
between two donors allows robust two-qubit logic gates at long-distance (200 nm). We
present simulated single- and two-qubit gate fidelities exceeding 99% in the presence of
realistic values of charge noise, and show that the ability to electrically drive and couple
the qubits does not result in a deterioration of their coherence properties.

[1] J. T. Muhonen, et.al. Nature Nanotechnol. 8, 986 (2014)
[2] G. Tosi, et al. Nature Communications 8, 450 (2017)
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The exchange interaction, in principle, provides a fast and tunable means of coupling
spin qubits. However, the interaction falls off exponentially with distance, and bringing
qubits closer together to increase the strength of exchange runs the risk of qubit cross-talk.
A novel solution to this problem has been proposed [1, 2], whereby an effective exchange
interaction between two qubits is mediated by a system of electronic spins. Such a scheme
has been examined for mediators operating in the single-electron regime [3, 4].

We demonstrate that a multielectron quantum dot can act as such a quantum media-
tor, giving rise to exchange interaction that is on the order of gigahertz. Furthermore, we
demonstrate, through the use of a phenomenological Hubbard model, that Hund’s rule
effects within the multielectron dot result in an extremum in the exchange profile where
the predominant exchange effect moves from being singlet-favouring to triplet-favouring.
Exchange interactions at such an extremum are decoupled from charge noise at first or-
der. We argue that multielectron dots offer a promising avenue for strong, long-distance,
charge-noise resistant coupling between spin qubits.
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Single holes localised in electrostatically tuneable quantum dot devices are explored
as candidates for spin qubits. The motivation for developing the hole platform is based
on a long list of potentially attractive features such as a predicted reduced hyperfine
interaction in an optically active direct band-gap material, a tuneable effective g-factor
with field direction compatible with hybridization schemes between photons and spins,
and a large spin-orbit interaction for fast gate operations [1-3]. Here we study single hole
and two-hole hybrid spin-charge qubits in the presence of a strong spin-orbit interaction.
For the single hole regime we present results on the Landau-Zener-Stuckelberg (LZS)
interferometry involving spin conserving and spin-flip processes. LZS patterns evolve
with microwave frequency from discreet (often referred as PAT) at high frequencies to
continuous LZS fringes at low frequencies. The figure below provides examples of LZS
measurements at different magnetic fields. Two separate sets of LZS fringes are evident
offset by the Zeeman energy E;=gugB. The magnetic field dependence of the single hole
spin relaxation time is measured, taking advantage of the latching technique we originally
developed for electron spin qubits [4-5] and which is rapidly being adopted as a standard
technique for high fidelity measurements. Additionally, we extend LZS measurements to
the two-hole case near the (02)-(11) transition and present results from LZS interferometry
of the singlet/triplet spin qubit states.
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Quantum electric circuits enable precise control and manipulation of quantum degrees
of freedom not available in the classical regime. In particular, superconducting circuits
provide a scalable platform for quantum computing and simulations. We have recently
demonstrated a quantum-circuit refrigerator (QCR) [1,2] in which we directly cool a
superconducting resonator mode, and subsequently show that the QCR can be utilized
as a cryogenic photon source [3].

Here, we present our latest study (Fig.
R cnerconaor o T 1 a—d) [4] of in-situ control of the strength
g of dissipation in a superconducting res-
onator using a QCR, revealed through a
microwave reflection experiment. Coher-
ent photons injected through a coplanar
waveguide transmission line coupled to the
resonator probe the remarkable controlla-
bility of the electromagnetic properties of
the superconducting circuit, all through
simple tuning of the dc operation voltage
of the QCR. Namely, we show experimental
Figure 1: Sample structure. a-c Micrographs data of the effective internal quality factor
of the sample. d Schematic diagram of the of the superconducting resonator as a func-
cryogenic photon source and the measure- tion of the QCR bias voltage.
ment scheme.
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Spin qubits based on silicon quantum dots are a promising platform for scalable quantum
computing thanks to their small size and long coherence times [1,2]. However, variation
of g-factor from dot to dot sets an addressability challenge in a long array of dots and
two dimensional structures [3]. Both g-factor and Stark shift of electron spin qubits are
determined by the spin-orbit coupling. The strength of the spin-orbit coupling is defined
by Rashba and Dresselhaus terms in the Hamiltonian [4,5]. The Rashba term — typically
the dominant one — is dependent on the external magnetic field orientation with respect
to the crystal lattice. Experimentally it has already been shown that the difference of
g-factors between two neighboring dots vanishes at certain magnetic field angles [4]. In
addition, the decoherence of the qubits is caused mainly by the electric noise of the
environment coupling to the dot via its Stark shift. Therefore by minimizing the Stark
shift we should be able to increase the coherence time of our qubits [6].

In this work, we study experimentally the angular dependency of the g-factor and
Stark shift of an electron in a silicon-MOS quantum dot. We find that both g-factor and
Stark shift follow sinusoidal behavior as a function of external magnetic field angle when
the field is rotated in plane with the device. The extreme values are reached at [110]
and [110] Miller index orientations. The minimal Stark shift is found when the magnetic
field is aligned with [100] crystal orientation. These results are in good agreement with
theory |[5,6].
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A compact cryogen-free platform operating at 1 K or 50 mK
G. Teleberg!
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United Kingdom

We report the design and performance characteristics of a compact cryogen-free plat-
form. The system is based around a continuous 1 K pot which operates using a small
(10 m® h™!) room temperature circulation pump. The pot cools an experimental plate to
~ 1.2 K, and has a cooling capacity of 100 mW at a temperature ~ 1.9 K. Cooling the
pot from room temperature to < 2 K takes around 12 hours.

The temperature range of the platform can be lowered to < 50 mK with the addition
of a small dilution refrigerator, using the 1 K pot as a pre-cooling stage for the circulating
3He. The dilution stage has a typical (continuous) cooling capacity of 30 pW at 100 mK
(300 W at 250 mK) and is designed to operate with just 3 litres of (NTP) 3He.

Figure 1: Models of both the 1 K platform (left) and the 50 mK platform (right) showing
how the system can be configured.
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High-fidelity gate control of silicon quantum dot qubits using
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In a fully functional quantum computer elementary qubit control gates will need to
reach certain fault tolerant thresholds. Single qubits in silicon MOS quantum dots have
achieved 99.6% gate control fidelity[1] which satisfies one error threshold requirement for
surface codes. However, by attaining even higher fidelities, one could envision surface code
quantum computing with a smaller number of qubits. Here, in experimental measure-
ments on SiMOS quantum dots, we show that pulse-shape optimised qubit gates, based
upon GRAPE techniques from NMR[2], can improve the single qubit control fidelity from
99.83% to 99.96%, a factor of 4 improvement compared with simple microwave square
pulses. The fidelity is assessed using randomized benchmarking combined with state
tomography measurements, where we also observe errors arising from non-unitarity pro-
cesses[3]. We have also applied a gate set tomography sequence[4], which has previously
been used to characterize silicon donor qubits[5], and we extract control gate fidelities over
99.83%. Both the results seen in unitarity decay rates from randomized benchmarking,
and goodness of fit from gate set tomography, show that pulse-optimised control gates
are less affected by non-Markovian noise compared with simple square-pulse gates.
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Qubit control fidelity is closely related to the coherence time (7) and the manipulation
time (7). For quantum-dot spin qubits, 75 has been prolonged by several orders of
magnitude in the emergent isotopically-purified materials [1] compared to those in early
developed GaAs devices. T}, on the other hand, can be enhanced by introducing sizable
spin-electric coupling [2,3]. However, one must note the coherence-controllability trade-
off, as T3 can be degraded due to charge noise in the presence of spin-electric coupling.

In this work[4], we establish how to strike a balance between controllability (short
T,) and coherence (long Ty) at an isotopically-enhanced level. This is done by carefully
introducing “artificial” spin-electric coupling fields with local magnets to an electron spin
in a Si/SiGe quantum dot. In the device where T < 20 ns is achievable, we measure
Ty = 20 ps. This allows us to demonstrate the single-qubit control fidelity reaching
99.93%, measured through randomized benchmarking.

To understand phase coherence of our high-fidelity qubit, we utilize dynamical de-
coupling and Ramsey sequences and reveal the 1/f dephasing noise over seven decades
of frequency (Fig. b). The result indicates that the free-evolution phase coherence of an
electron spin is limited purely by charge noise, rather than conventional magnetic noise.
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Figure (a) Spin chevron. (b) Dephasing noise spectrum.

[1] M. Veldhorst et al., Nat. Nanotechnol. 9, 981 (2014).
[2] J. Yoneda et al., Phys. Rev. Lett. 113, 267601 (2014).
[3] K. Takeda et al., Sci. Adv. 2, e1600694 (2016).

[4] J. Yoneda et al., arXiv:1708.01454 (2017).

73



Gold Sponsors

A N Ij F ( www.anff.org.au )

Established under the National Collaborative Research Infrastructure Strategy
(NCRIS), ANFF provides researchers and industry with access to state-of-the-art
fabrication capabilities through a network of 8 nodes including 21 institutions
throughout Australia. The Spin Qubit 3 conference is sponsored by ANFF Ltd and
ANFF NSW.

The ANFF facility portfolio consists of over 500 instruments with projects valued
at over $200m. ANFF provides services for both academic researchers and
industry. Researchers are able to either gain direct access to facilities under
expert guidance, contract for specialised products to be made or undertake
contract research projects.

( www.bluefors.com )

BlueFors

BlueFors Cryogenics is a market-leading technology company with a strong focus
on the quantum computing and information community. We specialize in
cryogen-free dilution refrigerator systems and aim to deliver the highest possible
quality, most reliable and easy-to-operate refrigerator systems on the market.

BlueFors offers a wide range of standard systems with options that include wiring,
optical access, superconducting magnets and fast sample loading. In addition, our
systems can be customized to meet the requirements of each individual
customer.

We strive for a transparent company structure allowing the customer to get in
direct contact with the scientists and engineers that design their system.
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The Centre for Quantum Computation and Communication Technology (CQC2T) is
working to create a universal quantum computing ecosystem. CQC2T leads the
world in the race to build a quantum computer in silicon, and undertakes world-
class research in optical quantum computing, quantum communication, quantum
interconnects and other quantum technologies. The centre is headquartered at
UNSW and comprises more than 200 researchers from nine of Australia's top
research institutions, forming one of the largest combined and focused efforts in
quantum computation and communication in the world.

. EQUS

The ARC Centre of Excellence for Engineered Quantum Systems (EQUS) unites
leading researchers from five Australian universities in building quantum
machines that harness the full spectrum of quantum physics. EQUS researchers
are engaged with industry, including Australian SMEs, to develop quantum
technologies with social impact and train a new generation of quantum engineers.
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Keysight Technologies can help you take the lead - from single to multi qubit

( www.keysight.com )

control using a flexible, open control architecture. Gain the advantage from
Keysight’s ongoing collaboration in quantum research labs. This expertise is
swiftly embodied into Keysight quantum control solutions, tuned for the specific
demands of quantum research. We continuously develop our test methods to
offer solutions that carefully balance cost, scale and accuracy. In quantum
research, our solutions help you transform experimental ideas into reality.
Keysight’s industry-leading solutions provide meaningful results, fast.

jstahl—electmnics ( www.stahl-electronics.com )

Electronics for Science and Research

Founded in 2002 by Dr. Stefan Stahl as a "startup"-company and "spin-off" from
the University of Mainz, our success was first based especially on our company
founder’s knowledge and experience. Our activities now are powered by a young
skilled staff of physicists and engineers, which support you, in project planning as
well as in the engineering phase. Customized electronical/mechanical solutions
provide support services as well as a "complete service from one hand".
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spectrometers. The company's history in electron spectroscopy is based on a close
affiliation with the Nobel prize-winning achievements at Uppsala University.

Omicron NanoTechnology has been the world's leading supplier of analytical
instrumentation solutions in nanotechnology research and development for
decades. They have created innovative instrumentation with state-of-the-art
performance and combined analytical tools into sophisticated multi-technique
analytical systems.

( www.raith.com )

As a world leading manufacturer of nanofabrication instrumentation, Raith helps
scientists in achieving great results in their field of work. Offering over 35 years of
experience and an international service and support structure, Raith supplies the
best solutions for nanofabrication, electron beam lithography, focused ion beam
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applications. Be at the top of the game in your area of expertise, with the best
Raith solution for realizing your application.
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technology, cryogenics, nanotechnology and surface characterization for the
wider physics, nanotech and material science community. Customers know us for
longstanding commitments and honest service. We offer unique services such as
turbo pump vibration tests for objective pump health check and repair
verification. Turbo pumps repaired by Scitek include a 12 months warranty.
Brands we exclusively represent include Adixen, Pfeiffer Vacuum, Gamma
Vacuum, VAT, Gatan Electron Microscopy Solutions, Physical Electronics,
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