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Loss-DiVincenzo qubit (1998)
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Loss-DiVincenzo qubit (1998)

Spin Qubit
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Large scale architecture

[ Universal quantum computer ]

Coupled qubit arrays

Long range coupler

NxM qubit array

Classical electronics

Vandersypen et al., npj Quantum Inf 3 (2017) Viktor Adam, AG Wernsdorfer



Large scale architecture

[ Universal quantum computer ]

Classical electronics

Bartee et al., Nature (2025)
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Large scale architecture

Superconducting links

{ Universal quantum computer 1

Dijkema et al., Nat. Phys. 21, 168-174 (2025)

Conveyor belt shuttling
Long range coupler

Xue et al., Nat. Commun 15, 2296 (2024)
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Large scale architecture

Micromagnet

Screening gate (EDSR)
L)

[ Universal quantum computer ]

A six qubit processor | ©CIOYOXOJOLO)
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Philips et al., Nature (2022)

Coupled qubit arrays

2D array

Hendrickx et al., Nature (2021)
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Si-based quantum computing roadmap

[Academic prototypes } [Large scale integration} [ QPU }
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Si-based quantum computing roadmap

[Academic prototypes } [Large scale integration} [ QPU }
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Interuniversity Microelectronics Centre umnec

@ Development of next-generation technologies

® First to produce spin qubit devices fully industrially
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Two-qubit Si/SiGe device from imec
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Two-qubit Si/SiGe device from imec
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Double dot potential
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Charge sensing

Single electron transistor

Coulomb oscillations
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Charge stability diagram
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Spin to charge conversion
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Spin to charge conversion
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Spin to charge conversion
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Electric dipole spin resonance (EDSR) qubit manipulation

|sio,

B si [siGe
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Electric dipole spin resonance (EDSR) qubit manipulation

|sio,

B si [siGe
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Electric dipole spin resonance (EDSR) qubit manipulation

|sio,

B si [siGe
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Two individually addressable spin qubits

—e— Left qubit —e— Right qubit
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Single qubit operations

Rabi
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Single qubit operations
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Single qubit operations

Ramsey
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Wait time (ns)
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Isotopically purified Si:
T, =120 ps

Veldhorst et al., Nature Nanotech 9 (2014)
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Single qubit operations

Rabi Ramsey Spin-Echo
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Exchange coupling of two spins

Hy =g ugBy-51 H, =gug Bz -S;
With Eigenstates: [1)1, [T)1, [{)2,|T)2
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Exchange coupling of two spins

Hy =g ugBy-51 H, =gug Bz -S;
With Eigenstates: [1)1, [T)1, [{)2,|T)2
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Exchange coupling of two spins

1
H = gusBy - S1+ gusBa- So+ hJ(S1-5, )

With Eigenstates: |[11), |[IT), [TL), |TT)

Loss and DiVincenzo, Phys. Rev. A 57 (1998) Veldhorst et al., Nature 526 (2015)
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Exchange coupling of two spins

1
H:g[.lBBl‘S1+g,UBBZ'Sz+h]<51'52 -

i A

With Eigenstates: |[ll), [{T), |Tl), |TT)
NEREL

2 2
tO tO

= -
J U-¢—AE,/2 U+e—AE,/2

to Tunnel coupling between dots

AE, Zeeman energy difference in between both dots
U Charging energy of one dot

€ Energy detuning between both dots
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Exchange coupling of two spins

1
H = gugBq S+ gupB;- Sz +h] <51 - Sz _Z)
With Eigenstates: |[ll), [{T), |Tl), |TT)

t t2
J= - + 0
U-¢e¢-AE,/2 U+¢e—-AE,/2

to Tunnel coupling between dots
AE, Zeeman energy difference in between both dots

U Charging energy of one dot
€ Energy detuning between both dots
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Right qubit plunger (V)
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Exchange coupling of two spins

1
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Exchange coupling of two spins

B 1 0,20\ 3
H = gugBq-S1+ gugBs - S2+hJ 51'52—4 w
With Eigenstates: [11), [11), [10), [11) I e \
S ' )hf4 Vhf3 |
0 |11y —¥ \£
2 2 0 ) ' B/
Ly Ly hf
J = + : \
U-¢e¢-AE,/2 U+¢e—-AE,/2 1L1) Y

to Tunnel coupling between dots

AE, Zeeman energy difference in between both dots
U Charging energy of one dot

€ Energy detuning between both dots

36 Viktor Adam, AG Wernsdorfer



Exchange coupling of two spins
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Exchange spectroscopy

Frequency (a.u.)
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Exchange spectroscopy
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Exchange spectroscopy
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Frequency (a.u.)
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Controllable exchange coupling

Left qubit resonances
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Controllable exchange coupling
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Conditional resonances
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Conditional rotations (CROT)
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Conditional rotations (CROT)

Resonant CNOT gate!
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CROT with dynamical control qubit evolution

Control qubit preparation
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CROT with dynamical control qubit evolution
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Coherent Two-Qubit Control in Industrial Si/SiGe Spin Qubits

(Y] Tunable exchange interaction [Y] Conditional two-qubit rotations
19.61
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Industrial semiconductor processing is capable of multi-qubit quantum device fabrication
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Backup
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Si/SiGe heterostructure

Simplified schematic
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Cryogenic setup

Qinu-type cryostat XL
“Obelix” 2021

Cooldown to < 100 mK
in5.5h

Base temperature < 30 mK
48 filtered DC lines

6 RF lines

“umec

Qinu-type cryostat L
“Idefix” 2023

Cooldown to < 100 mK
in3.5h
Base temperature < 40 mK

54 filtered DC lines

13 RF lines
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Our setup at KIT

“umnec
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Table top cryostat Version L
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Two-qubit Si/SiGe device from imec

[JVias
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BTN L3
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CITiN L1
Jsio,
M Si
OSiGe
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. Gate layer 1

. Gate layer 2

. Gate layer 3

MVL MW signal
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Charge noise

4 points to extract charge noise FFT from 5 min timetrace

. 0.20- 3
= §
P = !
5 0.10 =
3 A

0.05 - =

0.00{ | | | | | e e

148 150 1.52 154 156 .1.58 10-1 109 10*
Ver (V) f (Hz)

Mean 1Hz noise: (1.36 +0.07) ueV/VHz

Also see: Elsayed, A. et al. (2024) Low charge noise quantum dots with industrial CMOS manufacturing.
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Silicon based heterostructures for quantum computing
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Spin to charge conversion

Load Read 0.6 —— spin down
—— spin up
: 0.5
é <
: ‘ ) £ 0.41
e s e ¢ 0
: 5
+ 5 > * 0.2 | |
E; : | |
E l . 0.1 Nowd :‘MA‘BL‘;’}J‘AMW“%WMU’V'.‘;‘“ M\ A W ww

00 25 50 7.5 10.0 12.5 15.0
time (ms)
[Elzerman et al. 2004, Nature]
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Spin to charge conversion

Load Read

0 20 40 60 80 100
lteration

[Elzerman et al. 2004, Nature] 100 single shot measurements

60 Viktor Adam, AG Wernsdorfer



Right plunger (V)

61
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Two individually addressable spin qubits
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Single qubit operations
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Parameter Left Qubit Right Qubit
Maximum visibility (%) 90 74

Rabi frequency frapi (MHz) 1.43 1.50
Rabi coherence time T, g,pi (1S) 6.17 + 0.88 3.79 + 0.50
Ramsey coherence time T (ps) 1.13 + 0.11 1.04 + 0.10
Hahn-echo coherence time TZHE (us) 79.00 +1.54 31.85 + 2.03
Hahn-echo exponent 202+0.11 138+0.16

Viktor Adam, AG Wernsdorfer
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Semiconductor based qubits

[Hendrickx, et al., Nature 591, 580-585 (2021)]

® Two qubit gate fidelity > 99%

[Noiri, A. et al., Nature 601, 338—-342 (2022)]

® Two qubit logicat 1.1 K

[Petit, L et al., Nature 580, 355—359 (2020)]
® High Qubit density in 2D grids

[Hendrickx, et al., Nature 591, 580-585 (2021)]

® CMOS compatible

[Maurand, R. et al., Nat Commun 7, 13575 (2016)]

Shuttling
Cryo-CMOS
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Stuyck et al., Appl. Phys. Lett. 119 (2021)
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Spin-up fraction
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Right plunger (V)

Sequential two-qubit control and readout
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Exchange coupling of two spins

1
H. = B.-S B, - S.+h (S .S __) [— ]
1 =9UpB1:-S1+gugBy - S +hj(S1-5> 2 C e ayaV (a.u.)
With Eigenstates: [11), |iT), |Tl), |TT) = (2,2)
L 1.44 -
=
E, 0 0 0\ /Ity 2 1417 (2,1)
o gz =ME/2-J2 o ||y 2 — s NUEh
- 1.35 Wit it
0 O O EZ |TT> (0!0) : : '_ (119)} Y“ildx (2 |
. 5 0.75 0.78 0.81 0.84 0.87 0.90
J= Ly Ly Left plunger (V)

+
U-¢e—AE,/2 U+e—AE,/2

to Tunnel coupling between dots

AE, Zeeman energy difference in between both dots
U Charging energy of one dot

€ Energy detuning between both dots
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AE, Zeeman energy difference in between both dots
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Exchange coupling of two spins

1
Hy = gusBy - S1+ gisBy - S2+hJ (8152 )

With Eigenstates: [ll), [{T), |Tl), |TT)

E, 0 0 0\ /4L
H = 0 AE,/2-]/2 J/2 0 [1T)
“lo gz —aBs2z-g2 0 || 1y
0 0 0 —E;} \|TT)
P
U-¢—-AE,/2 U-+e¢e—AE,/2
Tunnel coupling between dots

Charging energy of one dot
Energy detuning between both dots
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Two Qubit gates
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Exchange splitting
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Exchange coupling J Scaled detuning ¢
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Two Qubit gates
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Conditional rotations (CROT)
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CROT with dynamical condition
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Rabi drive of first f3 and then f1 with different pulse durations before readout
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Another CROT with dynamical condition
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