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Major Goals: The objective of our research program is to help facilitate the realization of spin-based quantum
computing in Si nanostructures. Our proposed research program consists of two main directions: coherent
manipulation of a single spin qubit, and exchange coupling between spin qubits. Both are crucial in our long term
goal of building a high-fidelity large-scale Silicon- and spin-based quantum computer. On the front of single-spin
explorations, our major goals are to study spin coherence and control fidelity in the presence of static magnetic field
gradient, and search for optimal conditions for spin control and coherence. On the front of multiple spin qubits, our
major goal is to study the interplay between exchange coupling and valley mixing, and explore whether multi-
electron states in a dot/donor(s) can be used to encode a more robust spin qubit. On the front of noise and
decoherence, we would like to study how interface defects could produce charge and magnetic noise. The goals
set forth in this research program are all focused on helping identify optimal designs for high-fidelity single-qubit
and two-qubit gates in a Silicon-spin-based quantum computer.

Accomplishments: In this theoretical research program we have studied several important current issues in
Silicon-based semiconductor quantum computing architectures, including the effects of an on-chip micromagnet,
the effects of valley-orbit coupling in Si, and decoherence and control issues in spin qubit transport.

Micromagnets have become an important element for spin qubit control in Si quantum dots, enabling fast and high
fidelity single-qubit gates. We have studied the effects of a micromagnet, specifically the magnetic field gradient it
produces, on spin coherence. We find that, in contrast to intrinsic spin-orbit coupling (iISOC), such field gradient
allows spin pure dephasing due to charge noise (which has since been shown to be the dominant decoherence
channel for spin qubits in some situations). It also leads to a different dependence by spin relaxation rate on the
external field. On the other hand, the field gradient also opens new avenue for spin control, such as via a
longitudinal driving field. Lastly, we have developed a new Master Equation for describing non-Markovian effects of
charge noise on a spin qubit in a double dot with a micromagnet.

We have performed single- and two-qubit decoherence studies of the flip-flop qubit made from a donor and an
interface quantum dot in Si. This system turns out to be mathematical similar to the problem of a double dot in a
magnetic field gradient. We showed that charge noise could significantly impact the two-qubit operations, and
proposed an alternative operating regime to minimize leakage and decoherence effects.

One of the distinctive properties of Si quantum dots is the presence of low-lying valley excited states, with valley
splitting typically in the order of 0.1 meV while orbital excitation energy typically about 1 meV. During this program
we have studied several aspects of the valley physics in Si. Specifically, we find that a single interface step on an
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otherwise smooth interface could lead to significant suppression of valley splitting and dramatic change in valley
mixing phase. We find that exchange coupling in a Si double dot can be significantly suppressed if valley mixing
phase is different across the double dot by Z, even when the magnitude of valley splitting in both dots are large.
On the other hand, if valley splitting is very small in one of the dots, exchange may not work at all since different
pairs of singlet-triplet states usually have different exchange splittings. Lastly, in the context of measuring tunnel
coupling in a Si double dot, we find that the prevalent approach used by most experimentalists now, which is based
on a GaAs double dot, has to be modified to include valley effects. Otherwise the estimated tunnel coupling could
be off by a significant fraction, sometimes completely wrong. In short, while in a single Si quantum dot valley
splitting is the main effect of valley physics, in a double quantum dot both magnitude and phase of valley-orbit
coupling are important parameters to consider.

We have performed systematic studies of spin qubit transport by focusing on the problem of spin transfer in a
double quantum dot, both in GaAs and in Si. We have identified some of the most important factors that would
affect spin transfer fidelity, from avoiding spin relaxation hot spot, to the correction to g-factor by the double dot
potential, and possible difference in g-factor in the two dots. We have identified parameter regimes (in terms of
tunnel coupling, valley splitting, and applied magnetic field) where spin transfer fidelity would most likely suffer from
spin relaxation and dephasing. The observations from this study also prompted us to search for better control of
spin transport, and arrived at the idea of adiabatic resonance, where the electron would periodically return to its
instantaneous eigenstates as the system Hamiltonian evolves with time. We believe this concept can have
important potential impact on how we control spin transport in the future.

In the context of spin transport, we have also studied how surface acoustic waves (SAW) could carry electrons
controllably in a semiconductor nanostructure, specifically in GaAs. We have performed a careful examination of
the eigenmodes of SAW, and identified additional modes that have not been considered so far in the context of
quantum information processing. While these modes may not affect electron transport, they could play a role in
spin decoherence, and could possibly interact with transmon qubits in the context of superconducting quantum
computing.

We have been involved in a wide range of collaborations with both experimental and theoretical colleagues during
the current research program, which have led to some useful results in the study of spin qubits. For example, in a
collaboration with John Nichol group at University of Rochester, we have studied how a short spin chain can act as
a bus and mediate coupling and entanglement for spin qubits, and how certain states of a spin bus cannot hep with
quantum state transfer; In a collaboration with Dimi Culcer group at University of New South Wales, we identified
certain acceptor hole spin states as a good candidate for a controllable and coherent qubit; In a collaboration with
Seigo Tarucha group from Riken we studied transport of entangled spin states in a triple dot system and found that
pure dephasing could actually facilitate entanglement transfer; In a collaboration with Keiji Ono group at Riken we
have demonstrated two-hole electric dipole spin resonance in a commercial p-channel SiMOS Field Effect
Transistor; In a collaboration with Guoping Guo group from USTC we identified the phenomenon of Pauli spin
blockade (PSB) in a three-electron double dot (normally PSB is observed in a two-electron double dot); We have
also demonstrated very fast hole-spin Rabi oscillation in a Germanium nanowire double quantum dot; In
collaboration with Susan Coppersmith group at University of Wisconsin and Hong-Wen Jiang group from UCLA, we
identify unintended quantum dots in Si/SiO2 heterostructures as a possible reason for breaking spin blockade.

Training Opportunities: During the 5 years period of this program, six graduate students have worked on related
problems, with one obtaining his PhD degree and another his MS degree. Two postdoctoral scholars have
contributed a significant portion to the research results. Most have attended conferences or program reviews to
report their results.

The PI has helped organized two domestic workshops on decoherence and quantum computing at Stevens
Institute of Technology to disseminate research results and develop potential collaborations.

Results Dissemination: We have published 25 refereed papers during this program, given 10 invited and 28
contributed presentations at international conferences, and 11 seminars and colloquiums in universities and
national labs both domestically and internationally.

Honors and Awards: The Pl received the Exceptional Scholar Award for Sustained Achievement from University
at Buffalo in 2021.
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Keywords: multielectron, hybrid qubit, frequency control

Abstract: We experimentally demonstrate quantum-coherent dynamics of a triple-dot-based multielectron hybrid
qubit. Pulsed experiments show that this system can be conveniently initialized, controlled, measured electrically,
and has a good ratio Q ? 29 between the coherence time and gate time. Furthermore, the current multielectron
hybrid qubit has an operation frequency that is tunable in a wide range, from 2 to about 15 GHz. We also provide
a qualitative understanding of the experimental observations by mapping them onto a three-electron system. The
demonstration of the high tunability in a triple dot system could be potentially useful for future quantum control.
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Article Title: Hole Spin Resonance and Spin-Orbit Coupling in a Silicon Metal-Oxide-Semiconductor Field-Effect
Transistor

Authors: K. Ono, G. Giavaras, T. Tanamoto, T. Ohguro, X. Hu, F. Nori

Keywords: two-hole spin resonance, p-SIMOSFET, spin blockade, spin-orbit coupling

Abstract: We study hole spin resonance in a p-channel silicon metal-oxide-semiconductor field-effect transistor.
In the subthreshold region, the measured source-drain current reveals a double dot in the channel. The observed
spin resonance spectra agree with a model of strongly coupled two-spin states in the presence of a spin-orbit-
induced anticrossing. Detailed spectroscopy at the anticrossing shows a suppressed spin resonance signal due to
spin-orbit-induced quantum state mixing. This suppression is also observed for multiphoton spin resonances. Our
experimental observations agree with theoretical calculations.
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Article Title: Spin-orbit coupling and electric-dipole spin resonance in a nanowire double quantum dot

Authors: Zhi-Hai Liu, Rui Li, Xuedong Hu, J. Q. You

Keywords: electric dipole spin resonance, nanowire, double quantum dot, spin-orbit coupling

Abstract: We study the electric-dipole transitions for a single electron in a double quantum dot located in a
semiconductor nanowire. Enabled by spin-orbit coupling (SOC), electric-dipole spin resonance (EDSR) for such
an electron can be generated via two mechanisms: the SOC-induced intradot states mixing and the interdot spin-
flipped tunneling. The EDSR frequency and strength are determined by these mechanisms together. For both
mechanisms the EDSR transition rates are strongly dependent on the external magnetic field. Their competition
can be revealed by increasing the magnetic field and/or the interdot distance for the double dot. To clarify whether
the strong SOC significantly impact the electron state coherence, we also calculate relaxations from excited levels
via phonon emission. We show that spin-flip relaxations can be effectively suppressed by the phonon bottleneck
effect even at relatively low magnetic fields because of the very large g-factor of strong SOC materials like InSb.
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Authors: Takashi Nakajima, Matthieu R. Delbecq, Tomohiro Otsuka, Shinichi Amaha, Jun Yoneda, Akito Noiri, Ke
Keywords: entanglement transfer, dephasing, triple dot

Abstract: Quantum coherence of superposed states, especially of entangled states, is indispensable for many
quantum technologies. However, it is vulnerable to environmental noises, posing a fundamental challenge in solid-
state systems including spin qubits. Here we show a scheme of entanglement engineering where pure dephasing
assists the generation of quantum entanglement at distant sites in a chain of electron spins confined in
semiconductor quantum dots. One party of an entangled spin pair, prepared at a single site, is transferred to the
next site and then adiabatically swapped with a third spin using a transition across a multi-level avoided crossing.
This process is accelerated by the noise-induced dephasing through a variant of the quantum Zeno effect, without
sacrificing the coherence of the entangled state. Our finding brings insight into the spin dynamics in open quantum
systems coupled to noisy environments, opening an avenue to quantum state manipulation utilizing decoherence
effects
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Article Title: Quantum memory and gates using a Lambda-type quantum emitter coupled to a chiral waveguide
Authors: Tao Li, Adam Miranowicz, Xuedong Hu, Keyu Xia, Franco Nori

Keywords: chiral waveguide, quantum networks, photon-emitter interface

Abstract: By coupling a 1Lambda-type quantum emitter to a chiral waveguide, in which the polarization of a
photon is locked to its propagation direction, we propose a controllable photon-emitter interface for quantum
networks. We show that this chiral system enables the SWAP gate and a hybrid-entangling gate between the
emitter and a flying single photon. It also allows deterministic storage and retrieval of single-photon states with
high fidelities and efficiencies. In short, this chirally coupled emitter-photon interface can be a critical building
block toward a large-scale quantum network.
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Authors: J. C. Abadillo-Uriel, Joe Salfi, Xuedong Hu, Sven Rogge, M. J. Calderdn, Dimitrie Culcer

Keywords: hole spin qubit, acceptor, electrical control, sweet spot, magic angle

Abstract: Full electrical control of qubits could facilitate fast, low-power, scalable quantum computation. Although
electric dipoles are highly attractive to couple spin qubits over long distances, mechanisms controlling two-qubit
couplings do not permit single-qubit operations while two-qubit couplings are off. Here, we identify a mechanism
to modulate electrical coupling of spin qubits which overcomes this drawback for hole spin qubits in acceptors
which is based on the electrical tuning of the direction of the spin-dependent electric dipole by a gate. This allows
the inter-qubit coupling to be turned off by tuning to a “magic angle” of vanishing electric dipole-dipole interactions,
while retaining the ability to manipulate the individual qubits. The magnetic field direction also allows us to greatly
suppress spin relaxation, while retaining sweet spots where the qubits are insensitive to charge noise.
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Article Title: Toward high-fidelity coherent electron spin transport in a GaAs double quantum dot

Authors: Xinyu Zhao and Xuedong Hu

Keywords: spin transport, GaAs, double quantum dot, spin relaxation, high fidelity, Landau Zener interference
Abstract: In this paper, we investigate how to achieve high-fidelity electron spin transport in a GaAs double
quantum dot. We first study incoherent fidelity loss due to the random Overhauser field from hyperfine interaction,
and spin relaxation rate due to spin-orbit interaction in a wide range of experimental parameters with a focus on
the occurrence of spin hot spots. A safe parameter regime is identified in order to avoid these spin hot spots. We
then analyze systematic errors due to non-adiabatic transitions in the Landau-Zener process of sweeping the
interdot detuning, and propose a scheme to take advantage of possible Landau-Zener-Stlickelberg interference to
achieve high-fidelity spin transport at a higher speed. At last, we study another systematic error caused by the
correction to the electron g-factor from the double dot potential, which can lead to a notable phase error. In all, our
results should provide a useful guidance for future experiments on coherent electron spin transport.
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The overall objective of our research program is to help facilitate the realization of spin-
based quantum computing in Si nanostructures. Our proposed research program consists
of two main directions: coherent manipulation of a single spin qubit, and exchange
coupling between spin qubits. Both are crucial in our long term goal of building a high-
fidelity large-scale Silicon- and spin-based quantum computer. On the front of single-
spin explorations, our major goals are to study spin coherence and control fidelity in the
presence of static magnetic field gradient, and search for optimal conditions for spin
control and coherence. On the front of multiple spin qubits, our major goal is to study the
interplay between exchange coupling and valley mixing, and explore whether multi-
electron states in a dot/donor(s) can be used to encode a more robust spin qubit. On the
front of noise and decoherence, we would like to study how interface defects could
produce charge and magnetic noise. The goals set forth in this research program are all
focused on helping identify optimal designs for high-fidelity single-qubit and two-qubit
gates in a Silicon-spin-based quantum computer.

Through this theoretical research program we have studied several important current
issues in Silicon-based semiconductor quantum computing architectures, including the
effects of an on-chip micromagnet, the effects of valley-orbit coupling in Si, and
decoherence and control issues in spin qubit transport. Below is a list of our results and
the corresponding publications.

Micromagnets have become an important element for spin qubit control in Si quantum
dots, enabling fast and high fidelity single-qubit gates. We have studied the effects of a
micromagnet, specifically the magnetic field gradient it produces, on spin coherence. We
find that, in contrast to intrinsic spin-orbit coupling (iISOC), such field gradient allows
spin pure dephasing due to charge noise (which has since been shown to be the dominant
decoherence channel for spin qubits in some situations). It also leads to a different
dependence by spin relaxation rate on the external field. On the other hand, the field
gradient also opens new avenue for spin control, such as via a longitudinal driving field.
We have published one paper and one preprint on these results. Lastly, we have
developed a new Master Equation for describing non-Markovian effects of charge noise
on a spin qubit in a double dot with a micromagnet. This part of the study is not yet
written up as we continue to seek physical explanations of some of the mathematical
steps and expressions.

e Fast spin-valley-based quantum gates in Si with micromagnets, P. Huang and X. Hu,
arxiv:2010.14844. NPJ Quantum Information 7, 162 (2021).

e Impact of Time-Reversal Symmetry on spin decoherence and control in a synthetic
spin-orbit field, P. Huang and X. Hu, arxiv:2008.04671. New J. of Phys. 24, 013002
(2022).

e Non-Markovian dynamics of an electron spin qubit in a magnetic field gradient, X.
Zhao and X. Hu, preprint in preparation.



We have performed single- and two-qubit decoherence studies of the flip-flop qubit made
from a donor and an interface quantum dot in Si. This system turns out to be
mathematical similar to the problem of a double dot in a magnetic field gradient. We
showed that charge noise could significantly impact the two-qubit operations, and
proposed an alternative operating regime to minimize leakage and decoherence effects.

e Decoherence of Coupled Flip-Flop Qubits Due to Charge Noise, J. Truong and X. Hu,
arXiv:2104.07485.

One of the distinctive properties of Si quantum dots is the presence of low-lying valley
excited states, with valley splitting typically in the order of 0.1 meV while orbital
excitation energy typically about 1 meV. During this program we have studied several
aspects of the valley physics in Si. Specifically, we find that a single interface step on an
otherwise smooth interface could lead to significant suppression of valley splitting and
dramatic change in valley mixing phase. We find that exchange coupling in a Si double
dot can be significantly suppressed if valley mixing phase is different across the double
dot by m, even when the magnitude of valley splitting in both dots are large. On the other
hand, if valley splitting is very small in one of the dots, exchange may not work at all
since different pairs of singlet-triplet states usually have different exchange splittings.
Lastly, in the context of measuring tunnel coupling in a Si double dot, we find that the
prevalent approach used by most experimentalists now, which is based on a GaAs double
dot, has to be modified to include valley effects. Otherwise the estimated tunnel coupling
could be off by a significant fraction, sometimes completely wrong. In short, while in a
single Si quantum dot valley splitting is the main effect of valley physics, in a double
quantum dot both magnitude and phase of valley-orbit coupling are important parameters
to consider.

e B. Tariq and X. Hu, “Effects of Interface Steps on the Valley Orbit coupling in a
Si1/SiGe quantum dot”, arXiv:1904.11944. Physical Review B 100, 125309 (2019).

e Impact of the valley orbit coupling on exchange gate for spin qubits in silicon
quantum dots, B. Tariq and X. Hu, arXiv:2107.00732. NPJ Quantum Information 8,
53 (2022).

e Measurement of tunnel coupling in a Si double quantum dot based on charge sensing,
X. Zhao and X. Hu, arXiv:2103.06409. Phys. Rev. Applied 17, 064043 (2022).
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Figure 1. Magnitude and phase of valley-orbit coupling in a quantum dot with one [panels (a) and (b)]
or two [panels (c) and (d)] interface steps, as functions of the location(s) of the step(s). Panel (a) shows
that [Ay¢| can be reduced by 75% if a step is present at the center of the dot, while panel (b) shows that
its phase can vary by almost . “Up” and “Down” here refer to the direction of the step. Panel (¢)
shows that |Ay, | can be significantly suppressed if the two steps fall in certain regions, while Panel (d)
shows that its phase can vary in a wide range, too. B. Tariq and X. Hu, Phys. Rev. B 100, 125309
(2019).
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Figure 2. Panels (a) shows the energies of the lowest singlet and triplet states (S-orbitals only) as
functions of the interdot valley phase difference. Panels (b) and (c) give a pictorial representation on
how the state compositions are different at the phase difference of 0 and n. Panel (d) gives the energy
spectrum for the lowest four states in a Si double dot. The solid lines are singlet state and dashed lines
are triplet, respectively. Notice that in general the singlet-triplet splitting is different among the ground
and excited pairs, so that during time evolution the phase accumulation will be different. B. Tariq and
X. Hu, npj Quantum Information 8, 53 (2022).



We have performed systematic studies of spin qubit transport by focusing on the problem
of spin transfer in a double quantum dot, both in GaAs and in Si. We have identified
some of the most important factors that would affect spin transfer fidelity, from avoiding
spin relaxation hot spot, to the correction to g-factor by the double dot potential, and
possible difference in g-factor in the two dots. We have identified parameter regimes (in
terms of tunnel coupling, valley splitting, and applied magnetic field) where spin transfer
fidelity would most likely suffer from spin relaxation and dephasing. The observations
from this study also prompted us to search for better control of spin transport, and arrived
at the idea of adiabatic resonance, where the electron would periodically return to its
instantaneous eigenstates as the system Hamiltonian evolves with time. We believe this
concept can have important potential impact on how we control spin transport in the
future.

e X. Zhao and X. Hu, “Toward high-fidelity coherent electron spin transport in a GaAs
double quantum dot”, arXiv:1707.05217. Scientific Reports 8, 13968 (2018).

e X. Zhao and X. Hu, “Coherent electron transport in silicon quantum dots”,
arXiv:1803.00749. This paper was submitted and then split into parts, leading to a
Phys. Rev. Applied article on measurement of tunnel coupling and a preprint on
adiabatic resonance.
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Figure 3. Adiabatic resonance (AR) in a two-level system (such as a double dot charge qubit). The top

panel shows the infidelity for the system to return to the adiabatic path via different protocols. The
fidelity threshold is set at 10-3. The horizontal axis is the total evolution time, in the unit of tunneling
time for the double dot. The Resonant protocol (red dotted line) brings the DQD to zero detuning
instantaneously and parks the system there until tunneling brings the electron from one dot to the other;
the Linear protocol (black dashed line) changes the detuning linearly with time and is used as the
adiabatic benchmark. Lastly, the blue solid line gives the AR protocol, which has fast speed and high
tolerance of timing errors.
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In the context of spin transport, we have also studied how surface acoustic waves (SAW)
could carry electrons controllably in a semiconductor nanostructure, specifically in GaAs.
We have performed a careful examination of the eigenmodes of SAW, and identified
additional modes that have not been considered so far in the context of quantum
information processing. While these modes may not affect electron transport, they could
play a role in spin decoherence, and could possibly interact with transmon qubits in the
context of superconducting quantum computing. There is no publication for this work
yet. The student has only started to prepare a preprint on mode calculations.

We have been involved in a wide range of collaborations with both experimental and
theoretical colleagues during the current research program, which have led to some useful
results in the study of spin qubits. For example, in a collaboration with John Nichol
group at University of Rochester, we have studied how a short spin chain can act as a bus
and mediate coupling and entanglement for spin qubits, and how certain states of a spin
bus cannot hep with quantum state transfer; In a collaboration with Dimi Culcer group at
University of New South Wales, we identified certain acceptor hole spin states as a good
candidate for a controllable and coherent qubit; In a collaboration with Seigo Tarucha
group from Riken we studied transport of entangled spin states in a triple dot system and
found that pure dephasing could actually facilitate entanglement transfer; In a
collaboration with Keiji Ono group at Riken we have demonstrated two-hole electric
dipole spin resonance in a commercial p-channel SiMOS Field Effect Transistor; In a
collaboration with Guoping Guo group from USTC we characterized giant anisotropy in
spin relaxation due to spin-orbit coupling; We have also demonstrated very fast hole-spin
Rabi oscillation in a Germanium nanowire double quantum dot; In collaboration with
Susan Coppersmith group at University of Wisconsin and Hong-Wen Jiang group from
UCLA, we identify unintended quantum dots in Si/SiO; heterostructures as a possible
reason for breaking spin blockade.
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