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Kobayashi, Salfi, van der Heijden, Chua, Culcer, House, Johnson, McCallum, Riemann,  Abrosimov, Becker, Pohl, Simmons, Rogge, arxiv:1809.10859.



Aim: Scalable system of atom-based qubits [this talk]
    Long coherence times ✅
    High fidelity single-qubit operations ✅
    High fidelity long-distance deterministic multi-qubit operations

    Frontiers: Building large systems with above properties
                   Hybrid quantum systems

Aim: Problem-specific success with quantum simulators [a different talk]
    Special purpose problems to address
    ..Ideally that are hard for trapped ion and superconducting qubits
    Fermions [1,2] are hard to simulate using most systems

Quantum Computing

[1] Salfi et al, Nature Comms 2016
[2] Hensgens et al, Nature 2017



Electron Spin Qubits in Silicon
What is special about 28Si?
  Solid-state system with among the longest coherence times available

Tyryshkin et al, 
Nature Mat, 2011

Donor ensembles
  T2 ~ 10 ms plus
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Electron Spin Qubits in Silicon
What is special about 28Si?
  Solid-state system with among the longest coherence times available

Donor ensembles
  T2 ~ 10 ms plus

Single donor
  T2 ~ 100 ms

Tyryshkin et al, 
Nature Mat, 2011

Muhonen et al, 
Nature Nano, 2014

Single quantum dot
  T2 ~ 30 ms

Veldhorst et al, 
Nature Nano, 2014



Electron Spin Qubits in Silicon

Donor qubit measurement (spin to charge conversion) 

High accuracy single qubit gates (magnetic resonance)

Watson et al, Science Advances, 2016

Dehollain et al NJP 2016
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Quantum dots
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Veldhorst et al Nature Nano 2014

Donors

Muhonen et al Nature 2014

Two-qubit gates (exchange interaction)
Huang et al Nature 2019 pe ⇠ 4⇥ 10�2
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Challenges: short-range interactions: electric noise, circuit density

T2 ⇠ 100 ms
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Electron Spin Qubits in Silicon

Si

SiO2

Gates

Donors

Muhonen et al Nature 2014

T2 ⇠ 100 ms
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Direct quantum state measurements
Salfi Nature Materials 2014



Scalability
Objective
    Coherence of atomic qubits in 28Si
    Long-range noise-insensitive interconnects
       1. Quantum electrodynamics (microwave photons)
       2. Acoustic phonons
       3. Capacitive interactions

How to accomplish this?
    Activate the electric dipole for spin
    Maintain qubit coherence

Why is this hard in Silicon? 
    Si electron spin has weak intrinsic coupling to electric fields
    Mechanisms to engineer coupling this usually lead to decoherence



Electric Control
Intrinsic electric dipole: Electric field E(t) moves electron, and it 
experiences time-varying B(t) [special relativity] Thomas, Nature 1926

Strong spin decoherence [1-6]

[6] Hendrickx, arxiv:1904.11443[1] Nowack et al Science 2007
[2] Nadj-Perge et al Nature 2010

[3] Maurand Nature Comm 2016
[4] Watsinger Nature Comm 2018

For electrons in Si, the effect is far too weak

[9] Mi et al Nature 2018
[10] Samkharadze et al Science 2018

Artificial electric dipole? E(t) moves electron x(t), B(x(t)) from magnet

Suppressed coherence for Si [9,10]

[7] Pioro-Ladrière et al Nature Physics 2008
[8] Kawakami et al Nature Nanotech 2014

First demonstrated in GaAs [7]

T2 ⇠ 0.1 to 1 µs
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Si:B acceptors

Ruskov PRB 2013

Acceptor 

Long-ranged interactions
2Qbit gate with phonons
Long relaxation times



Si:B acceptors

Salfi, Mol, Culcer, Rogge PRL 2016
Salfi, in IOP Quantum Nanotechnology Roadmap (2019, submitted)

Long-ranged interactions
2Qbit gate with microwave photons
Long coherence times

Acceptor input
port

output
port

gate

resonator

<latexit sha1_base64="b0VQbflHDot/dbU9unb0MPiRpuA=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp0IWlgEtLCMYD4gOcLeZi5Zs7d77O4JIeQ/2FgoYuv/sfPfuEmu0MQHA4/3ZpiZF6WCG+v7397K6tr6xmZhq7i9s7u3Xzo4bBiVaYZ1poTSrYgaFFxi3XIrsJVqpEkksBkNb6Z+8wm14Uo+2FGKYUL7ksecUeukRucWhaXdUtmv+DOQZRLkpAw5at3SV6enWJagtExQY9qBn9pwTLXlTOCk2MkMppQNaR/bjkqaoAnHs2sn5NQpPRIr7UpaMlN/T4xpYswoiVxnQu3ALHpT8T+vndn4KhxzmWYWJZsvijNBrCLT10mPa2RWjByhTHN3K2EDqimzLqCiCyFYfHmZNM4rgV8J7i/K1es8jgIcwwmcQQCXUIU7qEEdGDzCM7zCm6e8F+/d+5i3rnj5zBH8gff5A16+jvY=</latexit>

from strain



Si:B acceptors
Si valence holes, J=3/2 and L.S
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Si:B acceptors
Si valence holes, J=3/2 and

Spin-3/2 system in silicon, with electric quadrupole
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Si:B acceptors
Si valence holes, J=3/2 and

Salfi et al PRL 2016Our findings
 1-qubit, 2-qubit gates: 
   Strong electric dipole coupling
 Coherence: 
   Robust to E field noise

electric clock
transition!!

Spin-3/2 system in silicon, with electric quadrupole

<latexit sha1_base64="Dkhco02VcSDf+/AHN9KwiiPo90s=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp0IWlgEbSwjmA9IQtjbzCVr9naP3T0hHPkPNhaK2Pp/7Pw3bpIrNPHBwOO9GWbmhYngxvr+t7eyura+sVnYKm7v7O7tlw4OG0almmGdKaF0K6QGBZdYt9wKbCUaaRwKbIaj26nffEJtuJIPdpxgN6YDySPOqHVSoxNG2c2kVyr7FX8GskyCnJQhR61X+ur0FUtjlJYJakw78BPbzai2nAmcFDupwYSyER1g21FJYzTdbHbthJw6pU8ipV1JS2bq74mMxsaM49B1xtQOzaI3Ff/z2qmNrroZl0lqUbL5oigVxCoyfZ30uUZmxdgRyjR3txI2pJoy6wIquhCCxZeXSeO8EviV4P6iXL3O4yjAMZzAGQRwCVW4gxrUgcEjPMMrvHnKe/HevY9564qXzxzBH3ifP4OFjw4=</latexit> 2

4

2
Si:B

�� 3
2 ,�

1
2

↵
<latexit sha1_base64="j+WgFLSHX6huE9iIEJyxOOkKy04=">AAACFnicbVBNS8NAEN34WetX1KOXYBE8aElaQQ8eCl48VrAqNKFstpN2cbMJuxOhxP4KL/4VLx4U8Sre/Ddu2xy09cHCm/dmmJ0XpoJrdN1va25+YXFpubRSXl1b39i0t7avdZIpBi2WiETdhlSD4BJayFHAbaqAxqGAm/DufOTf3IPSPJFXOEghiGlP8ogzikbq2Ee+gAgffIwUZXl9mNeGh0dF5Y0qX/FeH31FZU9Ax664VXcMZ5Z4BamQAs2O/eV3E5bFIJEJqnXbc1MMcqqQMwHDsp9pSCm7oz1oGyppDDrIx2cNnX2jdJ0oUeZJdMbq74mcxloP4tB0xhT7etobif957Qyj0yDnMs0QJJssijLhYOKMMnK6XAFDMTCEMsXNXx3WpyYSNEmWTQje9Mmz5LpW9erV2uVxpXFWxFEiu2SPHBCPnJAGuSBN0iKMPJJn8krerCfrxXq3Piatc1Yxs0P+wPr8AVZfoBY=</latexit>

�� 3
2 ,+

1
2

↵
<latexit sha1_base64="RtsS4cq9jZ1EsrbTliswmGzFups=">AAACFnicbVBNS8NAEN34WetX1KOXYBEEtSStoAcPBS8eK1gVmlA220m7uNmE3YlQYn6FF/+KFw+KeBVv/hu3NQe/Hiy8eW+G2XlhKrhG1/2wpqZnZufmKwvVxaXllVV7bf1CJ5li0GGJSNRVSDUILqGDHAVcpQpoHAq4DK9Pxv7lDSjNE3mOoxSCmA4kjzijaKSeve8LiPDWx0hRljeLvFHs7ZaVN658xQdD9BWVAwE9u+bW3Qmcv8QrSY2UaPfsd7+fsCwGiUxQrbuem2KQU4WcCSiqfqYhpeyaDqBrqKQx6CCfnFU420bpO1GizJPoTNTvEzmNtR7FoemMKQ71b28s/ud1M4yOgpzLNEOQ7GtRlAkHE2eckdPnChiKkSGUKW7+6rAhNZGgSbJqQvB+n/yXXDTqXrPeODuotY7LOCpkk2yRHeKRQ9Iip6RNOoSRO/JAnsizdW89Wi/W61frlFXObJAfsN4+AVMloBQ=</latexit>

LH

L.S



Hole spin coherence

Methodology: Planar superconducting resonator
      Technology to couple/measure/control superconducting qubits
      We use NbN rather than Aluminum (tolerates B field)

Objective: Investigate and engineer hole spin coherence in Si:B atoms
                28Si, strain to engineer coherence and relaxation

Kobayashi, Salfi et al, arxiv:1809.10859
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Hole spin coherence
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24

Superposition preparation
Apply X(𝝅/2) pulse (input)
Refocusing
After time t, apply X(𝝅) pulse
Measurement
After time 2t, refocusing occurs, photons can be emitted into cavity

Kobayashi, Salfi et al, arxiv:1809.10859
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Hole spin coherence

Exponential fit

Exponential fit
T1 = 5 ± 1 ms
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a Unstrained sample: 
T2=23 𝝁s, 𝛽=1.05

Strained sample with mJ=1/2 eigenstates and J=3/2 has longer lifetime
    These states are time-reversal symmetric

Change in β from ~1 to > 2?
    τc=correlation time of the fluctuator is changing

Kobayashi, Salfi et al, arxiv:1809.10859

Strained sample: 
T2=0.9 ms, 𝛽=2.45
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Hole spin coherence

Exponent 𝛽=2.45
   Spectral diffusion

Dynamical decoupling
   T2,CPMG = 9.2 ms

Kobayashi, Salfi et al, arxiv:1809.10859

Strained sample: 
T2=0.9 ms, 𝛽=2.45
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Hole spin coherence

Unstrained sample: 
T1=85 𝝁s

Strained sample with mJ=1/2 eigenstates and J=3/2 has longer T1

    Reduced spin-phonon coupling

Kobayashi, Salfi et al, arxiv:1809.10859

Strained sample: 
T1=5 ms

10 ms T2CPMG is a close to T1-limited spin coherence time
    T1 reasonably long but can be increased further
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Comparison to state-of-the-art

System T2H T2CPMG

Si:P e- [1] 4 ms -

Si:P e- [2] 0.95 ms ~100 ms

Si e- QD [3] 1.2 ms ~28 ms

Si h+ QD [4] 0.25 𝝁s -

Si:B h+ no strain 23 𝝁s -

Si:B h+ strain 0.9 ms 9 ms

Kobayashi, Salfi et al, arxiv:1809.10859

[1] Tyryshkin Nature Mat 2011
[2] Muhonen Nature Nanotech 2013
[3] Veldhorst Nature Nanotech 2014
[4] Maurand Nature Comms 2016th
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~100 ms T2 of electrons
no electric dipole
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System T2H T2CPMG

Si:P e- [1] 4 ms -

Si:P e- [2] 0.95 ms ~100 ms

Si e- QD [3] 1.2 ms ~28 ms

Si h+ QD [4] 0.25 𝝁s -

Si:B h+ no strain 23 𝝁s -

Si:B h+ strain 0.9 ms 9 ms
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~0.25 𝝁s T2 of hole QD
with electric dipole



Comparison to state-of-the-art

System T2H T2CPMG

Si:P e- [1] 4 ms -

Si:P e- [2] 0.95 ms ~100 ms

Si e- QD [3] 1.2 ms ~28 ms

Si h+ QD [4] 0.25 𝝁s -

Si:B h+ no strain 23 𝝁s -

Si:B h+ strain 0.9 ms 9 ms

Kobayashi, Salfi et al, arxiv:1809.10859

[1] Tyryshkin Nature Mat 2011
[2] Muhonen Nature Nanotech 2013
[3] Veldhorst Nature Nanotech 2014
[4] Maurand Nature Comms 2016th

is
 w

or
k

Intrinsic electric dipoles are compatible with long coherence times
    104 to 105 times improvement over previous spin-orbit systems

Si:B holes 
~ 1 ms T2

~ 10 ms T2CPMG

with electric dipole



Hole spin coherence

How does the strain improve coherence?

Experiment:  Reduced longitudinal coupling enhances T2

   [1] Decoherence from electric fluctuations 
  [2] Decoherence from electric dipole-dipole interaction

Conveniently,  T1 is a good measure of the strain-induced gap

Kobayashi, Salfi et al, arxiv:1809.10859

Decoherence is suppressed by the gap

for small
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Hole spin coherence

Kobayashi, Salfi et al, arxiv:1809.10859

Strain inhomogeneity simulation

Direct strain measurement by Cryo-XRD



Si:B devices : single and coupled atoms

van der Heijden et al, Science Advances 2018 van der Heijden et al, Nano Letters 2014

Single-atom transistor Gate-based spin readout



Summary

Summary of experiment: Holes in 28Si 
    A J=3/2 system nearly as coherent as a S=1/2 (28Si) or S=1 (Diamond)

    
    Nontrivial: L.S coupling
    104 to 105 coherence improvement over other spin-orbit systems
    Strain increases T1 by reducing spin-lattice coupling
    Strain increases T2  by reducing sensitivity to electric noise
    Opportunities: long-range coupling, electric control + coherence
New experiments
   CQED :  deterministic gates, cavity optimized for atom qubits
   Aim: 5 MHz spin-photon coupling, <1 kHz linewidth, sweet spot
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Engineering hole spin coherence

Kobayashi, Salfi et al, arxiv:1809.10859

The four-fold degenerate J=3/2 system
    Inter-LH: mJ = ±1/2
    LH-HH: mJ=-3/2 to -1/2

4
Inter-LH

LH-HH
mJ = � 3
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Comparison: same T1, better T2 for time-reversed system


