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Part B: The Completion Report

5. Project (bjectives

5.1 Objectives as per original application

1. Design and demonstration of one- and two-qubit quantum gates of electron and
nuclear spins in solids. The theoretical research will provide schemes for identifying
and characterizing a coupled electron-nuclear spin system and design controlling
schemes, including timing of pulse sequences for dynamical decoupling control and
pulse shaping for non-Abelian geometrical control. The experimental research will
characterize the physical systems and implement the control schemes. In this stage,
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the experimental control techniques, such as pulse shaping and multi-channel pulse
sequences, will be improved;

2. Design and demonstration of small quantum algorithms and simulations of quantum
phase transitions using a few spin qubits in solids. The theoretical research will
develop schemes to analyze a multi-spin systems such as a center electron spin
coupled to several nuclear spins and therefore design control gates of the multi-qubit
systems (e.g., by applying pulses flipping the center electron spin). The theoretical
team will also apply the quantum information approach to many-body physics in
few-qubit systems. The experimental research will demonstrate the control schemes
and small quantum algorithms such as multi-qubit Deutsch-Jozsa algorithm and
quantum error correction and test the quantum information approaches to quantum
phase transitions and quantum simulation;

3. Design of scalable architectures of quantum computers based on solid-state spin
systems. The theoretical research will design the architecture and run numerical

simulations of the design. The experimental team will test the key elements of the
architecture.

5.2 Revised Objectives

Date of approval from the RGC:

Reasons for the change:
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6. Research Outcome

Major findings and research outcome
(maximum 1 page; please make reference to Part C where necessary)

1. We designed and implemented noise-resilient quantum gates on electron and
nuclear spins in diamond using dynamical decoupling. We put forward a general
scheme to design quantum gates resilient to environmental noises up to arbitrary
order of precision. The scheme is based on dynamical decoupling. The designed
guantum gates include Phase gates, C-NOT gates, NOT gates, etc. We
experimentally demonstrated a high-fidelity (>90%) C-NOT two-qubit gate on a
nitrogen-vacancy center electron spin and a 13C nuclear spin in diamond. The
gate by design is demonstrated robust against decoherence (coherence time
extended by more than 30-fold). Part of the result is published in Nature
Communications [4, 2254 (2013)].

2. We developed methods to detect **C nuclear spin pairs in diamond by optically
detected magnetic resonance of a nitrogen-vacancy center spin under multi-pulse
dynamical decoupling control. The spatial configuration and structure of the pair
are identified with atomic scale resolution, by comparing the experimental data
and numerical simulations. The paper reporting this result is published in Nature
Physics [10, 21 (2014)].

3. We have been carried out study of phase transitions and more generally detection
of many-body physics using central spin decoherence. Currently in experiments
we have conducted simulation of the many-body system using liquid-state nuclear
magnetic resonance. In theory, we are studying the simulation of many-body
physics using multiple spins in diamond. We observed Lee-Yang zeros (which were
discovered in theory by T. D. Lee and C. N. Yang in 1952) for the first time. The
results are published in Physical Review Letters [114, 010601 (2015)].
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Potential for further development of the research and the proposed course of action
(maximum half a page)

Based on the studies in this project, we find that it is promising to use dynamical
decoupling to tune the strength of quantum measurement of a single nuclear spin
weakly coupled to a nitrogen-vacancy center and realize the single-shot quantum
measurement, which is essential to quantum computing. This, if realized experimentally,
would great extend the number of nuclear spin qubits and may help achieve
fault-tolerant coding. We will pursue further in experiments along this direction.

7. The Layman’s Summary

(describe in layman’s language the nature, significance and value of the research project, in
no more than 200 words)

Physical implementation of scalable quantum computers is the central topic of current
research of quantum information. Quantum simulation of interacting many-body systems
has been the first motivation and is still a most challenging task for research of quantum
computing. Spins in solids are a most promising candidate system for quantum computing.
The key issues are how to protect quantum coherence and implement high-fidelity
guantum gates in complex solid-state environments and how to scale up the system and
control design. This project will tackle these important problems. This project targets at
physical implementation of few-qubit quantum computing and quantum simulation using
electron and nuclear spins in solids. In this project, we have put forward schemes in
theory and demonstrated the implementation in experiments of controlling and
measuring electron and nuclear spin qubits in a fault-tolerant manner, which tolerates
the decoherence. High fidelity of quantum gates has been achieved. We also realized
charazterization of a cluster of nuclear spin qubits that are weakly coupled to a central
electron spin qubits. This project will pave the way for scalable quantum computing in
solid-state spin systems and may also rejuvenate high-precision magnetic resonance
spectroscopy.

Part C: Research Output

8. Peer-reviewed journal publication(s) arising directly from this research project

(Please attach a copy of each publication and/or the letter of acceptance if not yet submitted
in the previous progress report(s). All listed publications must acknowledge RGC’s
funding support by quoting the specific grant reference.)

The Latest Status of Publications Author(s) Title and Submitted to|Attached |[Acknowledge|Accessible
Year of Year of Under Under  |(bold the Journal/ RGC to this d the support from the
publication | Acceptance | Review | Preparation |authors Book (indicate the [report (Yes|of this Joint [institutional
(For paper belonging to  |(with the year ending |or No) Research repository
accepted but (optional) |the project volume, of the Scheme (Yes or No)
not yet teams and pagesand |relevant (Yes or No)
published) denote the other progress
corresponding |necessary  |report)
author with an |publishing
asterisk*) details
specified)
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9. Recognized international conference(s) in which paper(s) related to this research

project was/were delivered

(Please attach a copy of each delivered paper. All listed

papers must acknowledge RGC’s funding support by quoting the specific grant reference.)

Applications

Month/Year/|Title Conference Name Submitted |Attached |Acknowledged |Accessible
Place to RGC to this the support of |from the
(indicate the [report |this Joint institutional
year ending |(Yes or No)|Research repository
of the Scheme (Yes or No)
relevant (Yes or No)
progress
report)
August 2014 [Preserving 2014 Workshopon  |No Yes Yes No
Cambridge, |quantum Principles and
UK coherence of  |Applications Of
spins in the Control to Quantum
presence of Systems
noises
Aug 2014  |Coupling of an |2014 Workshop on  [No Yes Yes No
Brisbane, |ensemble of Quantum Information
Australia  [spins in using NV centres in
diamondtoa |Diamond (QDiamond
cavity for 14)
solid-state
superradiant
maser at room
temperature
July/2013  |Quantum The 12th Asia-Pacific |Yes Yes Yes No
Chiba, Japan|Information Physics Conference {30 Jun
Processing with 2013
Diamond
09/2013 Decoherence of [JSAP-MRS Joint No Yes Yes No
Kyoto, nitrogen-vacanc |Symposia
Japan y center spins in
diamond
08/2013 Exploringand |Windsor 2013 PPCQ |No Yes Yes No
Berkshire, |exploiting the |Workshop on
UK guantumness of |Dynamics of Complex
nuclear spin Quantum Systems
baths
Dec 2013  |Dynamical Asia-Pacific No Yes Yes No
Seoul, decoupling for |Conference and
Korea decoherence Workshop on
control and Quantum Information
noise-resilient |Science 2013
quantum gates
Jul, 2013 |Central Spin The 19th National No Yes Yes No
Weihai, Decoherence:  |Semiconductor
Shandong, |Fundamentals |Physics Conference
China and (Plenary Talk)
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10. Student(s) trained (Please attach a copy of the title page of the thesis.)

Name Degree registered for  |Date of registration Date of thesis
submission/
graduation

CHEN, Dongging PhD Aug 2011 Jul 2015

11. Other impact (e.g. award of patents or prizes, collaboration with other research
institutions, technology transfer, etc.)

We developed collaboration with Professor Xinyu Pan's group in Institute of Physics,
Chinese Academy of Sciences and Professor A. Pines's group in University of California,

Berkeley.

Ren-Bao Liu was awarded the Huang Kun Prize 2013 (Chinese Physical Society)





