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Precision tomograpy of a three-qubit
donor quantum processor In silicon

The quantum operations are precisely
characterized using gate set tomography (GST)°, yielding one-qubit average gate
fidelities up t0 99.95(2)%, two-qubit average gate fidelity of 99.37(11)% and two-qubit
preparation/measurement fidelities of 98.95(4)%. These three metrics indicate that
nuclear spinsinsilicon are approaching the performance demanded in fault-tolerant
quantum processors®. We then demonstrate entanglement between the two nuclei
and the shared electron by producing a Greenberger-Horne-Zeilinger three-qubit
state with 92.5(1.0)% fidelity. Because electron spin qubits in semiconductors canbe
further coupled to other electrons”® or physically shuttled across different
locations'", these results establish a viable route for scalable quantum information
processing using donor nuclear and electron spins.

Nuclear spins were among the first physical platforms to be considered for quantum
information processing'?, because of their exceptional quantum coherence® and
atomic-scale footprint. However, their full potential for quantum computing has not
yet beenrealized, owing to the lack of methods with which to link nuclear qubits
within a scalable device combined with multi-qubit operations with sufficient fidelity
tosustain fault-tolerant quantum computation. Here we demonstrate universal
quantum logic operations using a pair of ion-implanted *'P donor nucleiinasilicon
nanoelectronic device. A nuclear two-qubit controlled-Zgate is obtained by imparting
ageometric phase to a shared electron spin*, and used to prepare entangled Bell
states with fidelities up to 94.2(2.7)%. The quantum operations are precisely
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¢ Nuclear spins (Ns):

» Long coherence / weak coupling to environment

e Electron spins (Es):

» Shorter coherence / stronger coupling to environment

e Combine the best of both:
» Bridge the gap between Ns through shared Es

» Entangle electron as an ancilla for readout & operations

MJ Carballido / Quantum Coherence Lab 2022
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Outline

® One electron - two nuclei quantum processor
» Device
» Methods for readout & control of single qubit
» Control & characterisation of both qubits

¢ Nuclear two-qubit operations
» Circuit diagrams
» Bell-states

e Gate set tomography
¢ Three-qubit entanglement

e QOutlook

MJ Carballido / Quantum Coherence Lab 2022
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e Standard MOS compatible processes:
> p-type Si <100>, 10-20 Q cm MW antenna

> 900 nm epilayer of isotopically enriched 28Si
fast donor gate

» 730 ppm residual 29Si
DC donor gate
» doped n+/ p for ohmics / leak prevention

» 200 nm SiO2 with a 20 x 40 pm etch-window (HF) with 8 SET top gate

nm SiO2
> 90 x 100 nm area for P+ ion implantation (10keV) barrier gate
» donor activation RTA 5” @ 1000° C
> Al metal gates insulated by native Al2O3 B R

> Anneal 15’ @400° C to passivate interface traps
» StaticBo=1.33T

Ext. Dat. Fig. 1 4 .
MJ Carballido / Quantum Coherence Lab 2022
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e Elzerman Protocol [2] a , b load | Read ;| Empty
\ Source iSE; B -
» QD coupled to QPC ﬂl | D= | —i> |
b ]
> ksT < AEz < Eors SET /SET 34 | o
S
A + Out °|n
Slngle ~ N, Ky
electron Draln \gg —| i
, t
>

e Detector electrostatically & tunnel coupled to electron
site

» Use a SET coupled to source & drain

» B>1T, Te~200mK

[1] A. Morello, Nature 467, 687-691 (2010) 5
([2] J.M. Elzermann, Nature 430, 431-435 (2004) ) MJ Carballido / Quantum Coherence Lab 2022
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e Setup of 2-qubit system e & n ) - Q;am'um , N
» ESR strip line + static Bo-field g jumes
» 31P donor island with bound S = 1/2 electron (D% S o R
] w> ° \ 1.

> Vn~ 17 MHz/T, ye ~ 28 GHz/T, A ~ 117 MHz s I
-06 -0.3 00 03 0.6
Spin-up fraction difference, Af, b

e For yeBo>> A > 2ynBo: -
N RV | 25 VAN P 2 | ‘ I - /‘I

> ionizing system to D+ state —> | 1} ), | { )

I
~

e ESR & NMR Resonances:
> Uy R Y By £ A/2  (+/-for n up/down)

osf |y ]
0.2 .
0.1 -

0.0L—
04fF 7

0sk A =114 MHz
0.2 }~
0.1

X *Vﬂ X X fVeZ

0.0 49.50 49.55 49.60 49.65 [3]
ESR frequency, vggg (GH2)

Electron spin-up fraction, f; @

> Uya R Y,By £ A2 (+/-for e up/down)

[3] J.J. Pla, Nature 496, 334-338 (2013) 6 )
MJ Carballido / Quantum Coherence Lab 2022
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e 231P donor atom nucleil =1/2 + 1 electron S 1/2 2

> H:_yeBOSZ_yeBO (il,z+i2,z)+A1 SII + AZS'IZ
» A1 =95 MHz, Ao =9 MHz

» hyperfine coupled e likely the third one
(spin relax. time too short to be the firs one)

AN
b // N |1/)|2 (nm=3)
——— 0.20
4l ]
o Effective mass calculation ol _ 0.15
» A1z reproducible (calc.) assuming 6.5 nm donor-spacing £ o o : | B o.10
s :
» wide spacing -> less anisotropic hyperfine coupling 2 ' 0.05
. . ] L] 4 I |
» —> less chance of n-spin radomisation during readout s 0
-4 -2 0 2 4 6 8 10
(P~106 —> QND)

z (nm)

Fig. 1 Z
MJ Carballido / Quantum Coherence Lab 2022
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\ 1e- 2n Quantum Processor

e NMR of nuclei /wo no 3rd electron (2in S = 0)
» Ai1=A2=0

> identical resonance frequencies

e NMR of nuclei /w all electrons present

> spectator qubit eitherin | f+ ), | { )

» no significant coupling between nuclei

Nuclear
flip probability

Q1

spin-up fraction

Q2

spin-up fraction

Q1 Q2
].0 T T T T |
0.5 A
.0 - . . . .
22.884 22.885 22.886 22.887 22.888
Frequency (MHz)
Q2 [4) = Q2
10 T T T T |
]
n
0.5 /f i "\|
n
ijlAl i -
0.0
70.76 70.77 70.78
Frequency (MHz)
Qi) = Q1
1.0 T T T I
i |
a
0.5 | =g Ty : -
L | e
0.0 : T iiiikal
27.45 27.46 27.47 27.48
Frequency (MHz)

Suppl. Fig. 1

MJ Carballido / Quantum Coherence Lab 2022
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e 4 ESR resonances

> Dependence on gate potentials

(Stark shift) S 1.0z 25 AA,(MHz) 0.0 00 AA,(MHz) 18
< 085 — —
< &
> Ay, e =0.3 MHzV™!, Ay, oy = 5.2 MHZV ™, ¢ °°5 02 02
- T
Avyyq =7.6 MHzV™, Ay, = 2.4 MHZV™! B 028 0.1 0.1
- . 00 g
-0.2-0.1 0.0 0.1 0.2 > 0.0 0.0
= —_ Fast donor gates AV (V) <
g A1 (U€|1'NL + V€|Trﬂ)/2 (VelUU + V€|TNL)/2 10 M ‘;;3) 08 AA(MHZ) 01 | 000 Ay, (MHzT) 0.32
i —_— —
§o8) x
> A2 — yelﬂﬂ - ydﬂit EE 0.6 L 0.2 0.2
8So4l [t A
: wz 1 0.1 0.1
» pink star, readout Soal
ool i1 s - 0.0 0.0
37.09  37.10 3719 37.20 01 02 o1 02
Frequency (GHz) Fast donor gates AV (V)
9 MJ Carballido / Quantum Coherence Lab 2022

Ext. Dat. Fig. 2
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1.00 Velly Ve|yn Vel Vet
i frabi = 603kHz fRabi = 604kHz fRabi = 281 kHz., frabi = 287 kHz,
.E 0.75
£ B
- [
5 & 050
Rabi b
o7
£ 025
o
&
0.00
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
T (us) T (us) T (us) 7 (ps)
1.00 - - 1
Tie = 3.1(2) ms T1e = 3.8(2) ms Tie = 15.0(19) ms Tie = 17.1(19) ms
_E 0.75
53
I 't H 5 <& 050
nitin ,vary v &2
£ 025
&
0.00 2 - Y - - T T T
0 20 40 0 20 40 0 20 40 0 20 40
7(ms) 7(ms) 7(ms) 7(ms)
1.00 - - - - =
T,, = 116(11) s Ty, = 79(10) 1S Ty, = 124(10) us
5 075 o
c g o° og
£8 o050
Ramsey 3
o ?
£ 025
o
2]
0.00
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200 O 50 100 150 200
7 (uS) 7 (us) 7 (us) 7(us)
1.00 r— T H _ H _
T = 852(20) us TH =794(18) us Ti = 818(18) us Ti = 900(20) us
5 0.75 " o
3
o
Hahn Echo :
L Q
w?
£ 025
&
0.00 T r T T T T r T T T T v
0 500 1000 1500 2000 O 500 1000 1500 2000 O 500 1000 1500 2000 O 500 1000 1500 2000
7(us) 7 (us) 7 (us) 7 (us)
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Ramsey

Hahn Echo

Check if left (idle) is affected
by pulse on other qubit

Nuclear
flip probability

Nuclear
flip probability

[ Y

o

(1]

(ms)

H
Ton

1.00

0.75

0.50

0.25

0.00

0.75

0.50

0.25

0.00

1.50
1.25
1.00
0.75
0.50
0.25
0.00

Nucleus Q1 v

Ty, =|428(25) ps

00 02 04 06 08 1.0 1.2 1.4

Wait time 7 (ms)

TH = 1196(57) ps

00 02 04 06 08 1.0 1.2 1.4

Wait time 7 (ms)

o o [

1

® 1

1

® 1

i

I

0 100 200 300 400 500 600

Offresonant amplitude (mV)

1.00

0.75

0.50 1

0.25 {

0.00

1.00

0.75 1

0.50

0.25

0.00

1.50

1.25 A
1.00 A
0.75 {
0.50 1
0.25

0.00

Nucleus Q2 vga|

Ty, =|351(22) ps

00 02 04 06 08 1.0 1.2 1.4

Wait time 7 (ms)

Ti = 1446(86) us

00 02 04 06 08 1.0 1.2 1.4

Wait time 7 (ms)

|

i ® '
® ® :

|

® ® d

|

0 100 200 300 400 500 600

Offresonant amplitude (mV)
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¢ Single qubit ops. by NMR © _ 10 )
= < > [T
53 o A /2-Ay2 TR
g9 [411)
¢ Two qubit ops.: exploit hyperfine e.g. CZ ‘e AfbRa, |, o] Bbe
- 27.0 072" 712 71.4 -
» 21 pulse on electron to acquire phase -1 Frequency (MH2) Vell
(CD 10 Vel Vel Vet o e bl
s @A)+ NA2=( L)+ DA2 s f\ n h ™
5a 05 -
and apply Xenat v, m_g 0 ) I v:t
(—|UU>+|U1T>)/\/§E|U>®(—|U>+|ﬂ>)/\/§ 3709 3710 3719 3720 M) ———

Frequency (GH2)

L BT

= W)

Fig. 1 12
MJ Carballido / Quantum Coherence Lab 2022
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e CNOT: Q1 as control of Q2 I )Y=]0)
4 Y + i)
1)@ ) apply Yoz, [ 4@ 4= 14) z SR
|4 ) =144 )applyXenatrgy, , ) = 14) ﬁy ) + 14)
V2 T
VM) +1 U)LY )+ | U ) apply Yine X
) —ild)
V)1 U) V2 1U)=]1)
CNOT Q2(Q1)

)

Q1) I
Q2) + Y-y T Yaly H

‘\L> o X27r ®

Suppl. Fig. 2 1
PP 9 3 MJ Carballido / Quantum Coherence Lab 2022
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CNOT Q1(Q2)

Q1) o Yerfy —o— Yy
Q2) [~

|\L> — X27T —

e zCNOT

> [N ) apply Yoz, [ )R Y =1 U) z-CNOT Q2(Q1==0)

I ) =104 )apply Xenat vy, [ R A)+104) QU =
M) fM)+[U)apply Yz [ )R | V) 'i?_ /2 i -y (7]

Suppl. Fig. 2 14
MJ Carballido / Quantum Coherence Lab 2022
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a Initial states
* Apply universal gate to produce max. o | e | 1 | 1
entangled Bell states an [ | | X, T %, %
+ | g
s B =4 £ [N NA2 ) )| 0 ) [ Xf I al:
4 @ ) ||| — Xor 2
S =) £ D2
f State | Fidelity | Concurrence
o+ 94.2(2.7) 0.91(5)
. . @- 93.9(5.3) 0.89(10)
e Reconstruct density matrices /w max. e | 94.1(2.3) 0.93(4)

» Errors in state prep. fidelity calc. /w Monte Carlo
bootstrap resampling

Fig. 2 15
MJ Carballido / Quantum Coherence Lab 2022
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. . 1a()<y— Il Intrinsic coherent error
¢ Randomised benchmarking does not | eaons coreent e
9%  e— Infidelity on tar ubi WPositive
reveal the nature of errors e - I Negatve
8% Entangling Hamiltonian z. |:|Zero

on one-qubit gates

7% \
e GST distinguishes stochastic & coherent 6%
errors, and separates local from crosstalk  °*

errors o
3%
» GST estimates a process matrix for each -
logic operation (L) : G; = e[LiGi (error el 1
generatOr) 0% Q12 aiaz Qa2 Qia2  a@iq2  aiq2
> Behaviour of each gate described by linear R U o S el L S O
combination of 13-14 elementary errors o | | s | Raationl
Gate g;\éefl}:gﬁty On Q1 On Q2 yTotal StO;Tz?tIC CO::SM CO::L?M On Q1 On Q2 Total
(Coeffs in [|_ rate Of error bu||d up per X,®1 || 99.87(2)% [0.17(3)% | 0.47(5)% | 0.68(6)%]| 0.60(6)% [0.34(14)%| 2.8(3)% ||2.0(3)%]0.71(15)%]3.43)%
" 1, Yep®1 99.95(2)% |0.07(3)% | 0.61(6)% | 0.75(6)%| 0.67(6)% | 0.9(3)% 2.6(3)% [|1.02)%]| 1.2(4)% |3.4(3)%

( ) )
3)% | 2.2(3)% [5.0(3)%3.05(17)%|6.9(3)
4% | 1.94)% [4.1(6)%] 2.6(2)% 6 3(5)
4% | 5105)% [[4.2(7)%| 3.2(3)% [9.1(5)
3) 7 )%| 4.1(3)% |5.5(4)

(

18Xy, || 99.48(3)% |2.14(5)% |0.69(4)% | 2.86(7)%|| 2.69(6)% | 3.6(

ga‘te) 1eYy, || 99.41(5)% |2.63(8)% |0.79(6)% |3.44(10)%]| 3.36(10)% | 2.3(
18Y 1 || 99.49(5)% [2.60(13)%) 0.68(7)% |3.54(16)% || 3.18(15)% | 3.1(

¢z [ 99.37(11)% [0.11(10)%]0.66(11)%]0.79(14) % 0.54(13)% | 4.9(

o\°o\°o\°o\°

Fig. 3 16
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Gate Set Tomograph

® Process matrices are not unique

4

4

PMs are conjugated G, —» MG.M™!

some errors unaffected by gauge
(intrinsic) others are shifted by gauge
(relational)

Intrinsic
coherent error

Two-qubit

H: amplitude

l«—— Intrinsic
Sy stochastic error

On-target Intrinsic | Relational
average Generator infidelity Stochastic | coherent | coherent Total error
Gate gate fidelity [ On Q1 On Q2 Total error error error On Q1 On Q2 Total
X2®1 || 99.87(2)% [0.17(3)% | 0.47(5)% | 0.68(6)% || 0.60(6)% |0.34(14)% | 2.8(3)% |[2.0(3)%0.71(15)%|3.4(3)%
Ye®1 | 99.95(2)% |0.07(3)% |0.61(6)% | 0.75(6)%| 0.67(6)% | 0.98)% (3)% 1.0Q)%| 1.2(4)% |3.4B8)%
ToXy,|l 99.48(3)% |2.14(5)% |0.69(4)% | 2.86(7)%| 2.69(6)% | 3.6Q)% 2(3)% [15.0(3)%3.05(17)%(6.9(3)%
18Yy, | 99.41(5)% |2.63(8)% |0.79(6)% [3.44(10)% [ 3.36(10)% | 2.3(4)% 94 % [[4.16)%]| 2.6(2% 6 3(5)%
1®Y || 99.49(5)% [2.60(13)%) 0.68(7)% |3.54(16)% || 3.18(15)% | 3.1(4)% | 5.15)% 4 2(N)%| 3.2(3)% [9.15)%
CZ (1 99.37(11)% 10.11(10)%[0.66(11)%0.79(14)%|[ 0.54(13)% | 4.93)% [ 0.7(3)% .2(4)%| 4.1(3)% 15.5(4)%

Fig. 3

17

MJ Carballido / Quantum Coherence Lab 2022



Xl

sge umerty | Gate Set Tomography

® 2-qubit GST circuit B T e S
> Init. Q1, Init. Q2, QND verify, GST seq., QND Readout -

e first 145 circuits estimate prep. & meas. fiducials

e at the end of each circuit, the population is spread
over 1, 2 or 4 states

b Circuit length
12 3 4 5 6 7 8 9 10 11 12 13 14

e 7 4 v v = »
¥ A0 AR AACAK L F LAY :, 1
+ + v

Nuclear state fractions

A MDA g
1500 1592

GST circuit number

Ext. Dat. Fig. 7 18
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' Three-Qubit Entanglement

e Demonstrate max. entangled Greenberger-Horne-

Zeilingerstate (| P M1 )+ | U U | ))/\/5

e Problem: GHZ state dephases too quickly as to
measure it in different bases required for

5 T
tomography o
ww:ﬁ
o Repeat reversal of GHZ state N=100 -
[t -
times /w different phase shifts on the axes of the }mi
reversal pulses [14) -
M-
0 1

»  Amplitude and phase of oscillations yield coherence

(VU | lpguzl N 1) = pyg sufficient together
with p;;, pgg, to determine GHZ fidelity of 92.5%

0, =36, =905 = 9N/125
f=2n/(0, + 0, + 6,)

GHZ [ cos@,)X_ +sin@,)Y_, |

o [Ud) YU

I
2/-1 | >10 L L 1
RO)_ryo | —F 3 ®
/2 _g 0.5 ¢ D / s q y A L
(o}
Lo i ALY
| Vo [T 1] 3
I I I I
| | ,206,=0,6,=0 0 10 20 30 40 50

Phase increment, N

o —_
N o
[&)] o

o
(&)
o
State population

2 3 4 5 6
Circuit step

Suppl. Fig. 2 19
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Summary & Outlook

e Demonstrated 1-qubit, 2-qubit and SPAM e Recent experiments on e-spin qubits in Si
errors at or below 1% with fidelities >99% suggest the electron
fidelity will no linger constitute a bottle neck
e Demonstrated max. entangled GHZ-state

¢ Replacing P donors with 128Sb(l = 7/2) or
209Bi(l = 9/2) could provide a larger Hilbert
space in which to encode Q.l.: (2Sb ~ 6P+1¢)

e Heavier group-V donors also enable el.
control of nucler spins, combined with e-
nuclear flipflop transition

Suppl. Fig. 2 2
PP 9 0 MJ Carballido / Quantum Coherence Lab 2022



