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Electron Spin Qubits in Silicon

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

Donor ensembles

  T2 ~ 10 ms to 100 ms

What is special about 28Si?

  Solid-state host with very long coherence times

  “Atoms in a semiconductor vacuum”



Electron Spin Qubits in Silicon

Donor qubit measurement (spin to charge conversion) 

Donor single qubit gates (magnetic resonance)

Watson et al, Science Advances, 2016

Dehollain et al NJP 2016

Quantum dots

Si

SiO2

Gates + +- --

Veldhorst et al Nature Nano 2014

Donors

Muhonen et al Nature 2014

Two-qubit gates (exchange interaction)
Huang et al Nature 2019

T2 ⇠ 100 ms
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Electron Spin Qubits in Silicon

Additional challenge:  Valley degree of freedom of electrons

Challenges with short-range interactions: electric noise (isotropic), cross- 
    talk, density, range: ~20 nm (donor), ~100 nm (electron QD)

Salf et al Nature Materials 2014

Summary: Small, clean qubits, manufacturable



Desiderata
Desiderata

    Maintain long coherence time of spin qubits in 28Si

    Build long-range noise-insensitive multi-qubit gates

       1. Capacitive interactions     

       2. Quantum electrodynamics (Q.E.D.) with microwave photons

          [or acoustic phonons]


How to accomplish this?

    Enable electric control [or elastic control] for spin

    Without spoiling coherence

Why is this hard? 

    Si electron spin has weak intrinsic coupling to electric fields

    Electric coupling is normally associated with fast 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 [6-10]

[10] Hendrickx, arxiv:1904.11443
[6] Nowack et al Science 2007

[7] Nadj-Perge et al Nature 2010

[8] Maurand NComm 2016

[9] Watsinger NComm 2018

For electrons in Si, the effect is far too weak
T2 ⇠ 0.1 to 1 µs
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[3] Mi et al Nature 2018

[4] Samkharadze et al Science 2018

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

Later shown for electrons in Si [2-5]

[1] Pioro-Ladrière et al NPhys. 2008

[2] Kawakami et al NNano. 2014

First demonstrated in GaAs [1]

[5] Yoneda et al, NNano 2018
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Question: Is 1 μs coherence time the best we can do with intrinsic spin 
orbit?
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computation.



Existential Question

Question: Is 1 μs coherence time the best we can do with intrinsic spin 
orbit?


Better question: How do we 

[1] keep spin qubit coherence 

[2] with strong intrinsic spin-orbit coupling


This would make hole spin a simple candidate for scalable quantum 
computation. The conventional wisdom: this is not possible with intrinsic 
spin-orbit coupling


I will show you experiments demonstrating very long coherence times in 
a strong spin-orbit coupled system (spin is not a good quantum number).


Our model system: hole spin bound to Si:B



Si:B hole spin

Ruskov and Tahan PRB 2013

Acceptor 

Long-ranged interactions

Mediated by phonons

Long relaxation times

Si valence holes, J=3/2 and L.S → Quantized total angular momentum



Si:B hole spin

Salf, Mol, Culcer, Rogge PRL 2016

Rogge, Salfi, Mol, US Patent 9,691,033

Long-ranged interactions

Mediated electrically (or by photons)

Long coherence times

input
port

output
port

gate

resonator
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e.g. from strain

Acceptor 

Si valence holes, J=3/2 L.S → Quantized total angular momentumand



Si:B hole spin
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LH

Si valence holes, J=3/2 and L.S → Quantized total angular momentum

Electric & elastic quadrupole + Zeeman —— Electric & elastic dipole



Si:B hole spin

Salfi et al PRL 2016Theory findings

 1-qubit, 2-qubit gates: 

   Strong electric dipole coupling

 Coherence: 

   Robust to E field noise

electric clock

transition!!
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Hole spin coherence

Methodology: Planar superconducting resonator

      Technology to couple/measure/control superconducting qubits

      We use Nb rather than Aluminum (tolerates B field)

Objective: Investigate and engineer hole spin coherence in Si:B atoms

                28Si, modest strain to engineer coherence and relaxation

Kobayashi, Salf et al, Nature Materials, 20, 38-42 (2021)

T2Hahn

t' T1

T2CPMG



Hole spin coherence

No strain Strain 3×10-4

Magnetic field (mT)

Pb centre
g* = 2.01

Pb centre

Boron
g* = 1.17

Boron
g* = 2.63-2.38

004003002

160 180 200 220

1

1.0

1.4

1.2

0.8

0

2

In
te

gr
at

ed
 a

m
pl

itu
de

 (m
V

)
In

te
gr

at
ed

 a
m

pl
itu

de
 (m

V
)

b

a
Relaxed Si

Strained Si

τ τ
(π/2)x (π)y

Echo

Time

τ = 5 μs

τ = 50 μs

Magnetic field (mT)

Pb centre
g* = 2.01

Pb centre

Boron
g* = 1.17

Boron
g* = 2.63-2.38

004003002

160 180 200 220

1

1.0

1.4

1.2

0.8

0

2

In
te

gr
at

ed
 a

m
pl

itu
de

 (m
V

)
In

te
gr

at
ed

 a
m

pl
itu

de
 (m

V
)

b

a
Relaxed Si

Strained Si

τ τ
(π/2)x (π)y

Echo

Time

τ = 5 μs

τ = 50 μs

Magnetic field (mT)

Pb centre
g* = 2.01

Pb centre

Boron
g* = 1.17

Boron
g* = 2.63-2.38

004003002

160 180 200 220

1

1.0

1.4

1.2

0.8

0

2

In
te

gr
at

ed
 a

m
pl

itu
de

 (m
V

)
In

te
gr

at
ed

 a
m

pl
itu

de
 (m

V
)

b

a
Relaxed Si

Strained Si

τ τ
(π/2)x (π)y

Echo

Time

τ = 5 μs

τ = 50 μs

2

4

24

Prepare superposition

Apply X(𝝅/2) pulse (input)

Invert to enable refocusing

After time t, apply X(𝝅) pulse

Hahn-echo

After time 2t, refocusing (Hahn echo) is emitted into the resonator
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Kobayashi, Salf et al, Nature Materials, 20, 38-42 (2021)



Hole spin coherence

Exponential fit

Exponential fit
T1 = 5 ± 1 ms

T1 = 85 ± 9 μs

τ τt ’
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Fit with exp{-(2τ/T2H)β}
T2H = 0.92 ± 0.01 ms, β = 2.45

τ τ
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Fit with exp{-(2τ/T2H)β}
T2H = 23 ± 1 μs, β = 1.05
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b

a Unstrained 28Si: 

T2=23 𝝁s, 𝛽=1.05

Change in β from ~1 to > 2?

    τc=correlation time of the fluctuator is changing

    Unstrained : τc fast compared to coherence time

    Strained: τc slow compared to coherence time

Strained 28Si: 

T2=0.9 ms, 𝛽=2.45
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Hole spin coherence

Dynamical decoupling extends coherence time to T2,CPMG = 9.2 ms

   Confirms slow fluctuators are limiting coherence in the ensemble
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Hole spin coherence

How does the strain improve coherence?

Experiment:  Reduced longitudinal coupling enhances T2


   [1] Suppress decoherence from electric fluctuations 

  [2] Suppress decoherence from electric dipole-dipole interaction


Decoherence is suppressed by the gap

for

c.f. for
No strain

Strain

ℋ = ℏ (ω0 +
∂ω
∂E

δE) σz + vEzσx

∂ω
∂E

=
ℏω0

2Δ
p

∂ω
∂E

= p

ℏω0

Δ
≪ 1

Δ = 0 4

2

4

2

Kobayashi, Salf et al, Nature Materials, 20, 38-42 (2021)



Hole spin coherence

Unstrained sample: 

T1=85 𝝁s

Strained sample also has longer T1

    Time-reversal symmetric system inhibits phonon relaxation

Strained sample: 

T1=5 ms

9.2 ms T2CPMG is a close to T1-limited spin coherence time

    This is not a limitation and T1 can be improved

�� 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>

�� 3
2 ,+

3
2

↵
<latexit sha1_base64="Icn9jZku+E2V42SAhWBQbx60E/s=">AAACFnicbVDLSgNBEJyNrxhfUY9eFoMgqGE3EfTgIeDFYwTzgGwIs5PeZMjs7DLTK4Q1X+HFX/HiQRGv4s2/cfI4xGhBQ01VN9Ndfiy4Rsf5tjJLyyura9n13Mbm1vZOfnevrqNEMaixSESq6VMNgkuoIUcBzVgBDX0BDX9wPfYb96A0j+QdDmNoh7QnecAZRSN18meegAAfPAwUZWl5lJZGpyfzL0/xXh89RWVPQCdfcIrOBPZf4s5IgcxQ7eS/vG7EkhAkMkG1brlOjO2UKuRMwCjnJRpiyga0By1DJQ1Bt9PJWSP7yChdO4iUKYn2RJ2fSGmo9TD0TWdIsa8XvbH4n9dKMLhsp1zGCYJk04+CRNgY2eOM7C5XwFAMDaFMcbOrzfrURIImyZwJwV08+S+pl4puuVi6PS9UrmZxZMkBOSTHxCUXpEJuSJXUCCOP5Jm8kjfryXqx3q2PaWvGms3sk1+wPn8AVk+gFg==</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>

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

⇠ 1

5
<latexit sha1_base64="6R6T7xsObad9YE5/Bhwbz4Cmkbs=">AAACE3icbVA9SwNBEN2L3/ErammzGASxCHdR0cIioIWlgolCLoS5zVyyZPfu2N0TwnH/wca/YmOhiK2Nnf/GzUehiQ8GHu/NMDMvSATXxnW/ncLc/MLi0vJKcXVtfWOztLXd0HGqGNZZLGJ1H4BGwSOsG24E3icKQQYC74L+xdC/e0CleRzdmkGCLQndiIecgbFSu3TohwpY5vcCUH4ssQt55l+iMJD7mks6tr08O8nbpbJbcUegs8SbkDKZ4Lpd+vI7MUslRoYJ0LrpuYlpZaAMZwLzop9qTID1oYtNSyOQqFvZ6Kec7lulQ8NY2YoMHam/JzKQWg9kYDslmJ6e9obif14zNeFZK+NRkhqM2HhRmApqYjoMiHa4QmbEwBJgittbKeuBTcHYGIs2BG/65VnSqFa8o0r15rhcO5/EsUx2yR45IB45JTVyRa5JnTDySJ7JK3lznpwX5935GLcWnMnMDvkD5/MHJRue7A==</latexit>

Salfi et al, PRL 2016

Abadillo-Uriel et al,  APL 2018

Kobayashi, Salf et al, Nature Materials, 20, 38-42 (2021)



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

[1] Tyryshkin Nature Mat 2011

[2] Muhonen Nature Nanotech 2013

[3] Veldhorst Nature Nanotech 2014

[4] Maurand Nature Comms 2016th

is
 w

or
k

Electron: Donor and QD

~100 ms T2 of electrons


no electric dipole

Kobayashi, Salf et al, Nature Materials, 20, 38-42 (2021)



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

[1] Tyryshkin Nature Mat 2011

[2] Muhonen Nature Nanotech 2013

[3] Veldhorst Nature Nanotech 2014

[4] Maurand Nature Comms 2016th
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or
k

Hole: QD

~0.25 𝝁s T2 of hole QD


with electric dipole

Kobayashi, Salf et al, Nature Materials, 20, 38-42 (2021)



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

[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

Hole: acceptor 

~ 1 ms T2


~ 10 ms T2CPMG

with electric dipole

Kobayashi, Salf et al, Nature Materials, 20, 38-42 (2021)



Si:B devices : single and coupled atoms

van der Heijden, Kobayashi, House, Salf et al, 

Science Advances 2018 

van der Heijden, Salf et al, Nano Letters 2014

Single-atom transistor Gate-based spin readout



Universality of Group-IV Hole Physics

The theoretical result of long T1 and long T2 (robustness to electric 
fluctuations) with electric control are generic

[1] Group IV materials (Rashba, no Dresselhaus SOC): Si or Ge

[2] Confinement potential: impurity (left) or quantum dot (right)

                              ℋ = 1

2 ℏω(E)σz + (v ⋅ E) σx

Salf et al, Phys. Rev. Lett. 2016 Wang, Marcellina, Hamilton, Cullen, Rogge, Salf, Culcer 

Nature PJ Quantum Information, 7, 1-8 (2021))
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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

    Strain increases T1 and T2

Opportunity: Electric & elastic quadrupole to build long-distance gates

                    Clock transition to maintain qubit coherence
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Kobayashi, Salf et al, Nature Materials, 20, 38-42 (2021)

van der Heijden et al, Science Advances, 2018

Salf et al, PRL 2016
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Thank you!

Current projects on spin qubits

Quantum simulation (Fermionic)

Spin based quantum computation

   Gate-based hole-spin quantum dots

   Assisted by superconducting technology


More interesting projects coming soon…

New Lab @ UBC (QMI)


