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. Quantum information encoded in electron-nuclear states of P donor in Si
*  Qubit controlled by local electric fields

*  Electrical drive mediated by modulating the electron-nuclear hyperfine coupling



Flip-flop Qubit
H=vy,ByS, + y,Bol, + AS - I

Nucleus: I = %, Yn = 17.23 MHz/T - basis states |), |{)

Electron: $ =, y, = 27.97 GHz/T - basis states | 1), |1)

At B, > A: eigenstates are tensor-product states

|41, [L0), [ ), [ 8)

Fermi contact hyperfine interaction: eigenstates are

1S) = (|L0) — [ U))/V2and [Ty)= ([40) + [ U))/V2
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Flip-flop Qubit
H = (y+)Bgo, + A 0y

Flip-flop subspace: |0) = Ilﬂ), |1) = |1 U) (z-operator eigenstates

1S)= (I4M) = | 4) /N2 and [To)= (I4M) + [ 4))/vZ are x-

operator eigenstates

Flip-flop resonance frequency:

Ceff = \/(Y+BO)2 + A(Egc)?

Modulating hyperfine interaction by electric field drives qubit
transitions
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Device

MOS device with ion-implanted 31P donor
Fast Donor (FD) gate for EDSR

SET for electron spin readout
(spin-dependent tunnelling)

Microwave antenna for ESR and NMR




Resonant Transitions A

|Tu) NMR2 |Tﬂ>
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i Do SR

N S 2o
ESR1 and ESR2 separated by A =114.1 MHz — close to 117.53 L i
MHz found in bulk (bulk-like donor) o P,

|LU) NvR1 S
Flip-flop transition: microwave tone applied to FD, then Nﬂ-)

nuclear spin orientation is measured

Nuclear spin readout: ESR 2
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* adiabatic frequency sweep around ESR1 (adiabatic
inversion) — aESR1

* Readout electron spin

* If|1), then nuclear spin was |U)

High probability Pr;;,, of the nuclear state changing from one
shot to the next -> indicates flip-flop resonance being driven




Initialization 3

a VY
= Electron-Nuclear Double Resonance (ENDOR) pulse sequence to o & e
initialize in the flip-flop ground state [11) % O% %
= aESR2 pulse followed by aNMR1 pulse L =
= |f systemisin [IM): | G “NAa —
— aESR2 flips electron spin to |T1) “,,U,) NMR1
— aNMR pulse is off-resonant and electron readout will |lﬂ)
initialize back to [{1)
= |f systemisin |[{U): C VoA ENDOR initialization

— aESR2 pulse is off-resonant

— aNMR1 pulse will flip the nucleus to |[{1) Electric antenna -l ddeveeveieannn. cendl-

Magnetic antenna- | -{- \\\F - - - AN/ -} == o

Electron read/init. aESR2 aNMR1




Coherent Electrical Control

C Vv ENDOR initialization t Nuclear readout D
FD P
x 20
Electric antenna  «fd---cccivevnnnnn R 5 V\N [ Y [ .
Magnetic antenna-{-{- MW\ - - - A/ - eeeofifeeenes SRR T
= ENDOR initialization -> EDSR _>f|ip_ Electron read/init. aESR2 aNMR1 EDSR aESR2 /-
flop readout 1.0 0
= Flip flop readout: 0.8 - S
— readout electron spin ‘g
— reload electron onto donor o 06 7 o
— perform nuclear spin readout o 54 - §
0.2 A
— fit AN F o€ PR 250 0 250
0.0 4 T T T T Frequency detuning (kHz)
0 25 50 75 100

Pulse duration t (ps)



Rabi Frequency, Hyperfine Modulation

A B

120 120 A

= Maximum Rabi frequency of 118.5 kHz (5x typical

NMR drive) — limited by bulk-like donor state g %07 g
(small dipole) 3 S
40 +
IA(E) ' - L
f bi = < > E 05 30 55 80 005 010 015 020 025
raoi ZaE ac v, (Vpp} V. (V)
oA d E,-E?(kvm™)
. = 512 kHz/V with positive slope — 20 b ? b 2
OVFD 1w o0 —ag I o 1 "
expectation that this should be negative T gl | e I
= . I - |
_E eor 4 R _oa______ 1 1 17
E w0 1)~ 1d) ' ' .
= Limited control of hyperfine interaction due to ] O o \B RN
0

charging of nearby donors ) 707 Y 759 e =
Electric field £, (MV m™")

9 Tosi, G. et. al., Nat. Comm. 8, 450 (2017)



Relaxation

T s found by saturating the ESR1 transition 4

\ State preparation Inversion / Pumping Nuclear readout
- Start from |lU> Electric antenna .| . I‘M'l ............ + Wait time ";I-; ..... ) R— ) A ?0
— Calibrated slow frequency inversion Magnetic antenna - J ............. (Y PR-LRYYYIR-LIYYYIN-E 7R -1 STV H | S wir e
sweep used to create allU) + bl /I\ U) Electron read/init. aEDSR ¥2aESR1| | aESRA1 aESR1 aESR1 aESR1 -
2 — 2 —
|al || 0.5 1.00 - O e®ec® o
0.75
aESR1 applied every 5 s to counteract Ty, o 050 -
process 0.05 o reference, T, > 500s
. ' A pumping, T, =173(12) s
Measure leakage out of flip-flop subspace 0.00 — —
10 - 102
_ Wait time (s)
Tlff =173s
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Decoherence

T | T W) |Tws)

b 6.45(39) | 14.6(9) [336(10)

- | 240(42) |541(72)

= Both T/ and T{}f measured
° 173(12) |4.09(88) [184(24)
» Decoherence Mechanisms: B Ramsey Hahn Echo
. ENDOR Nuclear ENDOR Nuclear
— EDSR pulse induced initialization (—(r/2), ! (m/2), = readout initialization readout
resonance shift (poorly understood)
0.7
— Residual 2%Si in substrate (splitting of flip-
: . 06
flop ESR resonances — coupling to 2°Si -
nuclei) 05
e T,.=409(88) s
0.4 LTI T 0.2

102 107 10° 10° 102 10° 104 10%
Total precession time (Js)
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Single Qubit Gate Fidelities
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Average Fio = 97.5% — 98.5% from Gate Set
Tomography

Fyo = 98.4% from Randomised Benchmarking

D xm .
ENDOR Random| Final || Muclear
initialization Clifford Clifford readout
0.8 1 —— it Ap"+ B
¢ data
o~ 06 - F.=96.4(5)%
F = 98.4(2)%
1 —
0.4 - 1
I I 1 I
0 20 40 60

Sequence length (m)




Conclusion

= This time:
— large gate voltage swing necessary to move the electron away from the donor under study
would unsettle the charge state of nearby donors (limits Rabi frequency)

= Next time:
— large dipole regime where Rabi frequency would be maximum (30 ns for% rotation)
— deterministic single-ion implantation will help

= Future:
— Different donors, e.g. 123Sb with | > 1/2 for all-electrical control (electric quadrupole moment
enables nuclear electric resonance)
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Thanks for you attention!
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