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Enhancing performance of quantum control techniques for electron spin qubits in
silicon quantum dots
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We developed device fabrication techniques to fabricate stable and tunable
silicon quantum dots with a high yield. We realized a high-fidelity single-qubit control in single
electron spin qubits and also demonstrated a single-qubit operation for a singlet-triplet qubit.
Then we focused on improving a performance of a two-qubit gate between two single electron spin
qubits. We carefully designed the device to make the two-qubit gate faster and as a result, we
succeeded in enhancing a two-qubit gate fidelity. Furthermore, we established a new technique to
control a two-qubit coupling and drastically enhanced on off ratio of the two-qubit coupling.



¥ X C—19,. F—19—1. Z—19 ({58

1. WFIEBHAE S MDY 5

PR ET Ry OB T AL, BEF O G REREIN & OfMED b KEUR & 73 ik %
LELIDYWHRE L THEBZED TS, EVbiFv I ary&F Ry hClR B—&ET+AE
ZELEy N LTEESHE S Z & CHEAERSERE 99.9% % 2 A @il —8 1y MEE
MDHRETH D Z ENEIESINT, —FH T, HHOEBEBTFAE L ZHNT 1 DO&TFEy e LT
FESELZ L LAETH D, FIC2EBEFAY U NLRS ~HE-—HEE Y ME, BHE
EBIOREEOBATENLTWAZ ERHILN TS, REETEy MiT 2 &7y M
EZ EBT TR RS 2E LR R B R oM R 5, /-, AR
MEIZEBWTH, BETFRRVETERECTHD 9% 2B HEEETD 2 &7y MREIZEHRL
TV, RBREFCEETFELZ LT H 2 LT 2 By MMEREEZ M E T,
ERM A EEOEI A REMEICES 2 525 2 LR TE 5,

2. WO EM

AT TIE, AV EFHAEOEHITO @b 2 Z8 35, BARMICiE, LUF 3 AU
te, (1) ZETHREEOE WY &7 Ry MaEIOEREINOMRE 2175, (2) F—#EE
TH-BFAVVETE Yy FBLO-HA-—HHARE Y Y F2EHAT L, Q)2 00H -FET A
EUETEyY MEO2ETE Yy MMEOREEENEZITO,

3. WFEED kA

B Ry MREHIV U v /v arvFr~=g AT oG BICe BN T2+ 2 &
ko TER L, @B — FNEMIZT LI = A2 AV, 3SEOERA BB ICMNESDbE LT
FRADLELZ LIk TERIL (M 1), Z ozEHMEE IXHIEMB L O EMEICBWTENR
TS ZERHBNTWD, o BT Ry MIFICa 0 M X D8 MsA 2R E S5 2 & T,
By NEWEIC KB 2R ZE RN AR — 72 BTG & B Rk LTz, sEHI A IR cmaE L, 1|
20 mK THIE L7z, 4B — NEMITITMILIZ de BE WNac OFBEEZEIINL, &1 Ky b
DORT VX NVEBIORy MEB LI Ry hE U — REHBE OS2 6 LT,

Micro-magnet

K 1SR L3 BTV = A7 — NEMm (L) L RERORE O ERE M5 E
B, ADAZr— b 3—F 100 nm ([ZxHET 5, A FRIEA EXO A OS85 O Wik X & 3%
R

4. WF7ER R

FTHEBMR CREZ BT 572012, 7 — MBS O REHERLIE I3 217 > 7=, BFZER
M, Z OREE TR, BASBRIOS — FERABELRICY a—FLTLEY LW MERSH -
720 ARBFFEIZ &> T, ZOERERITFEHERI P ICEFEMIENAE U D720 Th D 2 EBHL M
ot ZORBEE, REHER P E &R — NEBRAHELARVWE YICTRTSHZ L CTHEBET
XD BT U EOWEICL Y (FEMERE L — MERFEE 2 ER T 2 Bl 2 RS L,
B (1) &2k LT,



HERILZZ 3 EE T Ny MBIORE M 21T 572, £, &7+ Ry oML, &1 Ky
hﬁkio%;%kJ%F$@W®#A®%ﬂ7% B N5y — NEECHIE R ECTH B Z
EEMER LT, FENT, B Ry FOBEBFAE K LT, AL HRIBIZ L DB~ B U HiR
BMERIT 72, &1 Ny PIOFIZEE L 72U A OIRNBEHIZ LD . ZL 20 A e &AL
WCHMERIBETH D Z L 2 N DT, ZORMRIL. ZOREBR 3 SOBR APV ETEy MIX?
SETEY FRELTEMEMRETHL ZLEZEHKL TS, £/o, VX MR F~v—7IET
3ODETE Y MIXLTH &7y MMEBELZFMG L7 ZA, 2T 9% EOBFEET
BIEFRECTH D Z L Wb hoT- (X 2),

i FQ)=99.43% | X FQ) = 9957 % | i °° F(Q,) = 99.91 %

fK 08 B K

83 B e 3

~ 06 ~ ~ 0.7

/\ /\ 0.5 /\

& &

| 04 | 04 | 06

rh -fh -fh -
0 10 20 30 40 50 0 10 20 30 40 50 0 20 40 60 80 100

iRl iRl iRl

2. TUHMMERUTFI—IEICLD 3 OO —ETFAEVETFE Y FOBE &7y M
1’E%’3 JER M, RAEEBUIRT D 2— 7 o A RS D) b B 2R & M ATEE,

IHIZ, 32D KRy O LEET S 2 2O Ny hEaHWT—HA-—HHE&EEYy & LTOD
FERERRGEZ T o 72, ZHE T Y aVREHCIE, 20X A TOAEVETE Y FOEBERE
FEIIREES N TR oo, SR VX MR TFv— kW T —-EHA-—HE&E Y b
OH—FETFEy MMERBELZRIELTEZA, 26 f‘o H 99%LL & ERFERIEA W EETH D
ZEmbhrote, UEOMRELY, vV ardickil s, B—Avr&FEy be—EHE-=
BHEFEY MO RDIBEAL VBTV Yy MIAROEBARRIEIERH 27~ L, HAQ) &
L7,

FWNT, 200 —AE V& Ey MED 2 &1y MEOEMERE(LIZEY AT, ZHvET
DOIFZETIX, 2 &7 By MEETRRK SO BEENHBESINTEY ., ZOHIRERNN = —1
VAR L CBWEMETH D Z E N o TS, FZTAIE TR, 2BTFE Yy MEL
T D L CTRIEEFEE A EL LD LT, 22 TREZRD O, ERLL 2R B o B+
vy MEOFEASOHIEED R &, MUMEAIC LD RSB LI E VWi EEE A
MR ECH D, EBRZZN O OEFEZMARDOEDLZ LT 28y MAEEEZREKD 10
figm B U, 99%LL EORAERRESEEE 2 zpk L 72 (1% 3)

1.0 A

IRERERE 99.13 = 0.02%

0.8

#2 0.6 4

5 0.4

0.2 1

0.0

0 10 20 30 a0
BRI

(3. T F MR TFv—IEICL D 2 EFE Y MNEFEERHIL,
BRI, DRI EF 2y MNHORES OBIEFIEDORE LT o7z, EREOFETIE. BFEY b



MORAIEFIC—E(F ) THY, 2 8B+ y MMEOEMEM IRV DD, BEIEEL T
BRICITE S 220y, BBy MEOEDOF A 713, BEFEET Ry MO b o RVEREZ 7 — K
EE CTHIMET 2 ORI TH 5, HECHECIEEOBLENL L, 7OLATHINTE 57— 8
JEIZIZHHBREORE IOFKIRNH 5720, BEFOFIETIE, 878y MEADOKGOA A7k
1% 100 FBRELLFICR SN TV, AT VDRSO RE XL 2 By MUERELZ D S
DTRKENVENEL O10 MHz), —FH TH 7RI > TWARESDOS T ITH—& Ty MNER
FENTNDTD, A7 1000 L EEZENR T D ERNIEREEOSH S 2 &1 vy MfEOX
BEEETHDHEWVWR D, T T, AIETIIEFE Y FEOMEZHIET 2 LWFRELZBREL
7o SEHET Ry MO 2EFAE UKL, 2 DOA U NilmOE T Ry MIWAGEE Z
7L, FHDAE L 2HROBESF Ry h~ab—L o NIV y M) U752 L THES
EAATTHZENTEL(M ), ZOFETHEERIEILIZEZ A, A7 1000 DL EA
ERTAZ LI LT, EHIT, AU A 731 ns BELSHICUIVEZ A LN TE, 20
HEEEY 99 WL ETHDHZ & a2flhdi=,

PLEDORFEIZEY 2 ET7 vy NMMEOEMREILEZHELED D Z LB TERLE L LI, 5O
ZEBRE eSS 2. BAI(3) Rk L7z,

Q. Q.

_& Barrier control \ ; ; /
+—>
g = \onend/

4 4. ek (1) 3 LOARHIFETH L SBHZE L7 () &7 &y MR O S HlEEFik




7 7 2 3

Noiri Akito Takeda Kenta Yoneda Jun Nakajima Takashi Kodera Tetsuo Tarucha Seigo 20

Radio-Frequency-Detected Fast Charge Sensing in Undoped Silicon Quantum Dots 2020

Nano Letters 947 952
DOI

10.1021/acs-nanolett.9b03847

Yoneda J. Takeda K. Noiri A. Nakajima T. Li S. Kamioka J. Kodera T. Tarucha S. 11

Quantum non-demolition readout of an electron spin in silicon 2020

Nature Communications -

DOl
10.1038/s41467-020-14818-8

Nakajima Takashi Noiri Akito Kawasaki Kento Yoneda Jun Stano Peter Amaha Shinichi Otsuka 10
Tomohiro Takeda Kenta Delbecq Matthieu R. Allison Giles Ludwig Arne Wieck Andreas D. Loss
Daniel Tarucha Seigo

Coherence of a Driven Electron Spin Qubit Actively Decoupled from Quasistatic Noise 2020

Physical Review X -

DOl
10.1103/PhysRevX.10.011060

Takeda K. Noiri A. Yoneda J. Nakajima T. Tarucha S. 124

Resonantly Driven Singlet-Triplet Spin Qubit in Silicon 2020

Physical Review Letters -

DOl
10.1103/PhysRevLett.124.117701




Takashi Nakajima, Yohei Kojima, Yoshihiro Uehara, Akito Noiri, Kenta Takeda, Takashi Kobayashi 15
and Seigo Tarucha

Real-Time Feedback Control of Charge Sensing for Quantum Dot Qubits 2021

Physical Review Applied -

DOl
10.1103/PhysRevApplied.15.1.031003

Y. Kojima, T. Nakajima, A. Noiri, J. Yoneda, T. Otsuka, K. Takeda, S. Li, S. D. Bartlett, A. 7
Ludwig, A. D. Wieck, and S. Tarucha

Probabilistic teleportation of a quantum dot spin qubit 2021

npj Quantum Information -

DOl
10.1038/s41534-021-00403-4

Kenta Takeda, Akito Noiri, Takashi Nakajima, Jun Yoneda, Takashi Kobayashi, and Seigo Tarucha -

Quantum tomography of an entangled three-qubit state in silicon 2021

Nature Nanotechnology -

DOl
10.1038/s41565-021-00925-0

22 0 8

Yohei Kojima, Takashi Nakajima, Akito Noiri, Jun Yoneda, Tomohiro Otsuka, Kenta Takeda, Sen Li, Stephen D. Bartlett, Arne
Ludwig, Andreas D. Wieck, and Seigo Tarucha

Towards quantum teleportation with quantum-dot spin qubits

Compound Semiconductor Week 2019

2019




Jun Yoneda, Kenta Takeda, Akito Noiri, Takashi Nakajima, Sen Li, Tetsuo Kodera, and Seigo Tarucha

Quantum non-demolition readout of an electron spin in a Si/SiGe quantum dot

Silicon Quantum Electronics Workshop 2019

2019

Kenta Takeda, Akito Noiri, Takashi Nakajima, Jun Yoneda, Sen Li, and Seigo Tarucha

High-fidelity resonant operation of a Si-based singlet-triplet qubit

Silicon Quantum Electronics Workshop 2019

2019

Akito Noiri, Kenta Takeda, Takashi Nakajima, Jun Yoneda, Takashi Kobayashi, Sen Li, and Seigo Tarucha

Coherent electric dipole spin resonance manipulation of three individual spins in a Si/SiGe triple quantum dot

Silicon Quantum Electronics Workshop 2019

2019

Takashi Kobayashi, Jun Yoneda, Kenta Takeda, Akito Noiri, Takashi Nakajima, and Seigo Tarucha

Deterministic initialization of a Si/SiGe spin qubit

Silicon Quantum Electronics Workshop 2019

2019




akashi Kobayashi, Jun Yoneda, Kenta Takeda, Akito Noiri, Takashi Nakajima, and Seigo Tarucha

Measurement-based deterministic initialization of a Si/SiGe spin qubit

EU-USA-Japan International Symposium on Quantum Technology(1SQT)

2019

Akito Noiri, Takashi Nakajima, Jun Yoneda, Peter Stano, Tomohiro Otsuka, Kenta Takeda, Daniel Loss, and Seigo Tarucha

Enhancing coherence of a single electron spin by realtime probing of magnetic noise

EU-USA-Japan International Symposium on Quantum Technology(1SQT)

2019

Kenta Takeda, Akito Noiri, Takashi Nakajima, Jun Yoneda, Takashi Kobayashi, Sen Li, and Seigo Tarucha

Coherent electric dipole spin resonance manipulation of three individual spins in a Si/SiGe triple quantum dot

EU-USA-Japan International Symposium on Quantum Technology(1SQT)

2019

Akito Noiri, Kenta Takeda, Takashi Nakajima, Takashi Tobayashi, Sen Li, and Seigo Tarucha

Two-qubit gate control in silicon

9th Summer School on Semiconductor/Superconductor Quantum Coherence Effect and Quantum Information

2019




Yohei Kojima, Takashi Nakajima, Akito Noiri, Jun Yoneda, Tomohiro Otsuka, Kenta Takeda, Sen Li, Arne Ludwig, Andreas. D.
Wieck and Seigo Tarucha

Quantum teleportation with quantum-dot spin qubits

9th Summer School on Semiconductor/Superconductor Quantum Coherence Effect and Quantum Information

2019

Takumi Ito, Tomohiro Otsuka, Takashi Nakajima, Matthieu R. Delbecq, Shinichi Amaha, Jun Yoneda, Kenta Takeda, Akito Noiri,
Giles Allison, Arne Ludwig, Andreas D. Wieck, and Seigo Tarucha

Control and measurement of electron spin states in quadruple quantum dots

9th Summer School on Semiconductor/Superconductor Quantum Coherence Effect and Quantum Information

2019

Yoshihiro Uehara, Yohei Kojima, Takashi Nakajima, Akito Noiri, Kenta Takeda, Takashi Kobayashi, Sen Li, and Seigo Tarucha

Improvement of the micro-magnet technique in a spin-based quantum computer

9th Summer School on Semiconductor/Superconductor Quantum Coherence Effect and Quantum Information

2019

Marian Marx, Jun Yoneda, Angel Gutierrez Rubio, Peter Stano, Kenta Takeda, Yu Yamaoka, Tomohiro Otsuka, Takashi Nakajima,
Akito Noiri, Sen Li, Daniel Loss, Tetsuo Kodera, and Seigo Tarucha

Determination of the direction of the spin-orbit field in a physically-defined p-type MOS silicon double quantum dot

9th Summer School on Semiconductor/Superconductor Quantum Coherence Effect and Quantum Information

2019




Juan Rojas Arias, Takashi Nakajima, Kenta Takeda, Akito Noiri, Takashi Kobayashi, Sen Li, and Seigo Tarucha

Flip-chip implementation of cQED

9th Summer School on Semiconductor/Superconductor Quantum Coherence Effect and Quantum Information

2019

Matthieu Delbecq Giles Allison Arne Ludwig Andreas D.
Wieck

2019

2020

2020




Sen Li

2020

Yosuke Sato, Xin Liu, Kenta Takeda, Akito Noiri, Takashi Nakajima, Kento Ueda, Sadashige Matsuo, Amir Sammak, Menno
Veldhorst, Giordano Scappucci, and Seigo Tarucha

Universal behavior of low-dimensional systems on Si and Ge quantum well

25
2020

m
2021

an

2021




2021




