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Outline

Lecture 2. Basics of spin qubit experiments

> Backg round Semiconductor quantum dot quantum computing
> Approach Recall lecture 1, Host materials
» Single-spin qubit 70, 20 gates

> Single triplet qubits Electric manipulation of spins



Background
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Physical qubit roadmap for quantum computer

(Source: Quantum Technologies 2020 report, Yole Developpement)
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See also: 82 SIEY|0] 7HL7|2C] 2 EM: https://research.ibm.com/blog/ibm-quantum-roadmap,

https://iong.com/posts/december-09-2020-scaling-quantum-computer-roadmap, https://www.eetimes.eu/cea-leti-details-silicon-

based-quantum-computing-roadmap/
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Background
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1 Background
n = E
H{E - =HE X A4t
high low
Step 1 Step 2
3 3 3 3 3
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Background

Leading groups

IBM, Google - ™ 3|2 7|4t

Development Roadmap IBM Quantum

2019 2020 2021 2022 2023 2024 2025

Run quantum Demonstrate Run quantum Dynamic circuits for Frictionless Call 1K+ qubit Enhance quantum
circuits on the and prototype applications increased circuit development services from workflows through
IBM Cloud quantum 100x faster on variety, algorithmic with quantum Cloud API and HPC and quantum
applications the IBM Cloud sophistication workflows built investigate resources
in the cloud error correction

Quantum model services
Model Natural Sciences Finance

developers Optimization Machine Learning

Qiskit application modules

Algorithm Natural Sciences Finance Prebuilt quantum Prebuilt quantum +

runtimes HPC runtimes
developers Optimization Machine Learning : .

Kernel Circuits Qiskit : Circuit libraries Advanced control systems
developers Runtime i

Quantum Falcon Hummingbird Eagle Condor Beyond
systems 27 qubits 65 qubits 127 qubits 433 qubits 1121 qubits 1K - 1M+ qubits

<P @

1BM Cloud Circuits Programs Models




Background
1 Leading groups

lonQ Quantum Computing Roadmap
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* Algorithmic qubit number defined as the effective number of qubits that can be used for typical algorithms
** Employs 16:1 error-correction encoding
Employs 32:1 error-correction encoding




Background
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Background
1 Quantum mechanical phase coherence

Superposition Statistical Mixture




Background
1 Distinguishing superposition vs mixture

Repeated Stern-Gerlach experiment
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Background

What is single-shot measurement ?

What is NOT single-shot experiment...

270

260
155 F
= A0 = e )
Z o2 i
B, ]
= AG/G ~ 1%
235 R
230 F | | —
=6l =4 =20 0 20 40 50

B (mT)

Really what QM textbook describes...

P, = #state up / N,
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Background

Why single-shot is important ?

> Ex. Quantum error correction
> HZX RH|IEQ R HMEE SE T nHX Doz MAZF 27 84 (Single-shot !)

%17‘3( V) )
Ervghd) [0) o8 yyE
Siate_ E Al
0 4= A
2z (10)
20 o T Lk LRUEESHE
0) Non-demolition

Parity measurement



Challenges

SXrEFE: o THS7] o{FEL?
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The 12th International Conference on Microelectronics (2000)
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Background

Why semiconductor QDQC?

Long-lived spins in semiconductors
Canonical 2-level system
Small leakage errors
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Approach

Single-shot measurements in physical systems

Defect center

10 =3
Qo
1 98
=<
0.1
é J N
Dispersive readout
1
: 2
2 R :
2 04 ! £
5 : s
0.2 | pus
1 - T N -g
0.0 e e e R ﬂ
1 —
0 5 10 15 20 25 £
. 1 Photon number 0
Nitrogen-Vacancy color center S
fT ) = . " .
R ',.' ' Wy T GAA m,-T- g#A @
"" A'1 % 0.6 .
E, o é SNR>1in a K.Kim group, (Tsinghua univ.)
i £ few us M.Lee group (POSTECH ERC)
PN\ : - S R.H. Tech
v 2= IR integration time anson group, (quTech)
mg=0 mg= =1 ool ] IBM, Google.. Etc.
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2 The semiconductor quantum chip

GaAs QD, SNU 28Si QD, SNU

I Confinement gates
' Barrier gates
| Screening gates

Free Electrons

Spin qubit
array

AQ = CAV

AQ ~107" Coulomb
C ~10"" Farad

jmmmmm e

i

Noise sources

JH O XFO X5l
(nuclear spins, spin- /:fgg/gy/’g 15_ ;f'g F 1 B
orbit coupling..) -': =
HAIBHY FSE 5 H

Energy

s



Approach : detailed description of experiments

Typical example : watching electron tunneling

Mostly occupied

Oub

LMWLM imumw W1 NOLTY 1 0 DRI S

_T_n

signal (A.U.)

50 ms

HaIf the time occupied, half the time empty

r LT T AT

signal (A.U. )

Mostly empty
= N N /Oni-ltf.z? » » .
8 L EA A R A IS A B L
5 In

Time
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Fast single-shot measurements
2 Something (mostly spin) to charge conversion

Single electron spin up-down qubit

4 )
= 71— simulation
5 5004 © exp.
g s
Hp R 8
Pl =
w
Z ,ext 0.00 L
20 us 40 60 80
\_ Vrf (mV) Yy,
Two electron Sing|et_trip|et qub|t W. Jang et al, npj Quant. Inf. , APL, Nano Letter.. Etc.
( R
1
:_(‘¢T>_‘TJ’>) 0.18—
V2 o T oo [ 10y [11)
0.16 —
H < 014:@.‘\ ______________ I it | " | Threshold
© ‘(;g 0.12—: v
1 0173 slesle oo, e 5 < sle s
- Tepr S p lape!l initwait "~ p 1T gpE!
T :_( \LT + T\L ) - o P GPF} O P 'GPF' Init-wait (@] P GPF
| 0> \/5 ‘ > ‘ > —I_ @ 0 T T | T | T | ! |
0 0.04 0.08 0.12 0.16
Lab Time (ms)
. J

Current state of the art : SNR~10@ t,,,=100 ns, F, ... > 99.5 % (T,/ T ... > 500) - SNU



Single-spin qubits

Control of quantum two level system

Rabi oscillation Apply harmonic radiation
Two level system, with W, = (E1 _EO) /h
~ | ho
b~ .
H o “VV\
Dy

On resonance, @, = ®,,,

0.0 5 30




Single-spin qubits

Control of quantum two level system

Rotating frame: RWA approximation O| intrinsic rot. A2} !
—_ . O

n J7) R J7) -
Hrot :_(a)O_a)MW)GZ_I__I7 _l HilE_l%l-Ol EE
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Approach: detailed description of experiments

Missing component : coherent manipulation

One way is to use resonant electromagnetic radiation...

ﬂol

abi pulse + Phase co Single qubit roteltl_d

R “\\
\

__Probability of GS

|
I wf |2

'//(O)D:' . . |T> or
Rabi oscillation 100 200 300 ann Rabi oscillation
rimsos MW burst time (ns) Rotati 2=|ms=0>
o Lab frame otating

L

10) H

ms=1>



Approach: detailed description of experiments

Role of micromagnet

Single spin electric dipole spin resonance (EDSR)
p-magnet p-magnet Single spin Hamiltonian
gate \ / H=B-S
_p+. _ [B,2 0
cén e e

H =B)o,+ B,(z)*0,
dB,/dz [ BJ2 By(z)2
-~ [B(2))2 -B,/2

B

z

Electric driving of the electron wavefunction (f,, ~ zeeman splitting, B,)

B.,/2 0B, xcos(2m fmw)]

H =B,)"c,+ 6B,xcos(2nf,,,)*0, = [6BX*COS(21Tf —B,/2

mw)

With the rotating wave approximation...
H.: = 6B, *c, +(B,-

rot — mw) *
@ Resonance, H,,, =6B,*c, > Rotation about the x-axis on the Bloch sphere



Spin qubit principle

Different qubit driving methods

Stripline Nanomagnet Spin-orbit coupling
Koppens et al. Nature 2006 Pioro-Ladriere et al. Nature Phys. 2008 ~ Nowack et al. Science 2007
Nadj-Perge et al. Nature 2010

Veldhorst et al. Nature Nano 2014 Kawakami et al. Nature Nano 2014
Maurand et al. Nature comm. 2016

Mubhonen et al. Nature Nano 2014 .
Watzinger el al. Nature comm. 2018



3 1Q, 2Q gates
Two qubit gates

O|F FArHOo| HAt= 274

(2,0) (1,1)



1Q, 2Q gates

Charge stability diagram
Data_0615\20190614 c2-58(3,6) 122
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1Q, 2Q gates
3 Two electron spin states & position pseudo-spin

ST(2,0)
Singlet-triplet splitting :
determined by orbital
energy difference




1Q, 2Q gates
3 Essential physics for a QD-based QC

o 2 Hery g Control ) —H D
LExchonge interaction
------------------- Target M H Z H

WA \ Input [+4)=100)
=2AN
Af’ef )4 1) [ 41+ [4)

————————
~
N\

[T+ M)+ [T

)

Fina/.:,,'i 1)+ L)
Entgngled !

-
- -
________________
________

Take home message : 1Q gate = A/7/& & (Rabi oscillation) 2=, 2Q gate = exchange
interaction 0f ©/2* controlled phase =
= Universal gate set for arbitrary quantum operation
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1Q, 2Q gates

Another way : Controlled rotation gate
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1Q, 2Q gates

Another way : Controlled rotation gate

Two qubit gate — 2t& Bl ZTENME FH| 3, 4 H
Ex. Calibrated Rabi 7 pulse under two body interaction = CNOT

H :[hg)o 20, ®1+1 ®&Zzﬂ+%lg(6'zl ®6‘ZZ)J
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Materials for QDQC

Host materials : semiconductors

2
He « 2004 - Nitrogen-vacancy in diamond
Helium (Stuttgart)
4
5 ' 6 7 8 9 10
B C N O F Ne i -
Boron Carbon Nitrogen Oxygen Flucrine Helium o _ : :
1 P 14 16 10 20 2005 — GaAs singlet-triplet
 — { (Stuttgart)
13 14 15 16 17 18
Al Si P S Cl Ar
Aluminum Helium Helium Helium Helium Helium
27 I 4 | 4 4 4 4
31 32 Y 33 34 35 36
Ga Ge As Se Br Kr |* 2012 - Si:P donor electron spin (CQC2T)
Gallium Germanium Arsenic Selenium Bromine Krypton Si/SiGe Slnglet-trlplet (HRL)
70 73 75 79 80 84
48 50 51 52 53 54
In Sn Sb Te I Xe
Indium Tin Antimony Tellurium lodine Xenon
' ' 122 128 127 191 + 2020 — Germanium hole spins
81 82 83 84 85 86 (Delft)
Ti Pb Bi Po At Rn
Thallium Lead Bismuth Polonium Astatine Radon
204 207 209 210 210 222




Materials for QDQC

Physical properties

2
i V He valley degeneracy
Hegum spinless isotopes
5 I 6 7 8 9 10
Boron Carbon Nitrogen Oxygen Flucrine Helium
11 12 14 16 19 20
! _ _ ) short Ty
13 14 15 16 17 18 Spln-OrbIt COUpIIng T fast electrica| Control
Al Si P S Cl Ar
Aluminum Helium Helium Helium Helium Helium .
27 4 4 4 4 4 effective mass | Larger wavefunction
-+
31 32 33 34 35 36
Ga Ge As Se Br Kr
Gallium Germanium Arsenic Selenium Bromine Krypton
70 73 75 79 80 84
—
48 50 51 52 53 54
In Sn Sb Te | Xe No valley degeneracy
Indium Tin Antimony Tellurium lodine Xenon NO Spin|eSS iSOtOpeS
115 119 122 128 127 131
81 82 83 84 85 86
Ti Pb Bi Po At Rn
Thallium Lead Bismuth Polonium Astatine Radon
204 207 209 210 210 222




Materials for QDQC

Materials for QD qubits

GaAs Fluctuating, but slow NatSj or 28Sj Ge (hole)

enough to keep track
Also, nuclear
controllability

Material advantage Material advantage Material advantage

« Mature growth, Ultra-stability Small nuclear spin density * Hole spin less susceptible to

« Clean QD formation _nuc/_ear noise |
« Direct Band-gap — single » Electric spin cpntrol (spin-
valley orbit)
Major huddle Major huddle Major huddle

Stringent fab. Req.
Unstable charge-traps
Complicated valley physics

» Charge noise susceptibility
(spin-orbit coupling)

 Nuclear control overhead



Two electron spin qubit

Encoded spin qubit : Two-electron spin qubit

cf. canonical type : single electron spin up-down qubit

« Simple

* Most coherent

* Higher SNR

« Exchange coupling

« B-field control
 slow ~ us gate

Energy

Single electron spin \L>

S , w
a %a ( > 4 W « E-field control
g@i:@ Qf\@ 3 \? ) %  Fast ~ ns gate

v 3 « Nucl. polarization

) _' '; B § Je) I « D or Ex coupling
P A k"% ;
Two electron spin in DQD ‘To> Gate Voltage




4 Introduction to DQD - ST, qubit

940 -930 -920 -910 -900 -890
RI1 (mV)

Energy

O| ™ £20| = Of| A
T, 2t T A

T,(2,0) 1)

J(e)~1; eXp(E)/

S(2,0)

0

detuning (e)

. « Two electrons in a DQD

Singlet . \/jtage dependent Q energy
« J & h determines eigenaxes

Typical values

J : 0~30 GHz (0~120 ueV)

h :0~0.2 GHz (0~1 ueV)

-Triplet
Qubit




Singlet-Triplet qubits

Field-gradient-based two electron spin qubits

é N

o ZE Fhts: =9 MHz

o T, AIZH> E[A =t g

- T,AIZET=O| 3A oE
(FI0[A...)

- O|F FHE s
Z=~=4 MHz (5101 A...)

= &5 operation
|22, readout =

7=
« THIE Fhfs: 5= GHz
- AE FOb: = GHz
Dispersive readout

Practicality

- HM™7|HQl spin X| 0]

. EEl

. <1GHz 2| &2 H|ojatel
bandwidth 2 &

(2,0)

Energy

Voltage (control figld)

(1,1)

P
TR AL Qubit Z27/2} =& FF Qubit Operation &<
. FHE FIjgs: =8 MHz HE £2/of AHE-FOf HEf 7 ZHE

1=™)
AB,ofgt o (el 2
0)=[¥1)




4 Approach : detailed description of experiments
Initialization, Operation & Measurement of STQ

Voltage pulsing []()g) AB 5) Projection

Initialization: ST
relaxation (us to
ms — also voltage

(2,0)S

I
i dependent) I
risetime  f ' ITo)
, : » ¢ Measurement: How
| ' to distinguish |S) Spin to charge conversion
from |T,) ? |S) becomes (2,0)
Pauli Spin Blockade |T,) remains in (1,1)
Initialization Manipulation Measurement




4 Approach : detailed description of experiments
Tomographic sequence of STQ

Eigenaxis controllability: Voltage
controlled splitting allows
accurate tomographic sequence

Y
(2,0)S . .
Adiabatic in & out : Corresponds  [I1)
to 90° rotation around Y axis
T
! > £
Versatile measurement axis rotation
Z-projection meas. Yr/2 Z = X-projection X /2 Z = Y-projection
| time : meas. time :meas time
S me 1€ S . &
I | I
: Input & : Input & : Input &
| manipul | manipul | manipul
: ation : ation : ation
I | I
I | I

detuning detuning detuning XT[/Z



Approach : detailed description of experiments

Resonant control of ST qubits

Eigenaxis controllability: Voltage
controlled splitting allows
accurate tomographic sequence

Adiabatic in & out : Corresponds  [I1)
to 90° rotation around Y axis

! > &

T2/732/7)-



Two electron spin qubit
4 Initialization, Operation & Measurement of STQ

Voltage pulsing []()g) AB 5) Projection

Initialization: ST
relaxation (us to
ms — also voltage

|
(20)5 i dependent) h
Subns | |:¢ Pulse width ‘ >
risetime ‘ : |TO)
! > £
1.0 GaAs T, ~15ns

0.0 Conventional slow measurement~ fluctuation time scale

T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20




Results: Bayesian Hamiltonian estimation

Real time Hamiltonian Parameter estimation

N
1
P(AB_|m,,,m,_,,...m) = P,(AB, )HE[I +r. (o + Bcos(2rABt,))]
_ ~——— = __~Bloch . k=1 ] ]
2 O(My=lAS) e @ - posterior initial Likelihood
e, T2 T
- o~y wOa
o, TN o7 P(w) ;?\l
~ ® Ty~ ) 2
|1 J o o
Prior  j Init.|t) Oscillation  Projective Posterior _/\ L,
meas.
AB,
Bayesian inference with FPGA Real-time Qubit frequency tracking
M.D. Shulman et al., Nature Comm. 5 5156 (2013)
60
rf (~125 MHz, ~ -40 dBm) UHFLI
Fridge IIk.‘;clB 89 50
'del =" Meas. PC FPGA>

Results]

4K

-20dB |_| Waveform edit Trigger
50 dB total p / High pass filter

AWG

Qubit frequency (MHz)
N
o

. I I AN 30 f probe ~ 1.3 ms (70 shots) << fluctuation
] i R ] Brecione time scale
b ] $ i 20 * Heralded mode, ac-feedback mode, etc.

-15dB |/— 27.5-800 MHz

— 7mK
L1

-X dB|:| Atteunator

rf-combiner
(= rf-divider)




Results: Bayesian Hamiltonian estimation

Active feedback mode operation

Counts

: Single-shot

T T
ﬁﬁ e feedback mode under H, = 500 I’V'\T
- Heralded made un der H, =700 mT

80 100
AB, (MHz)

meas.

tk ——

Bayesian cal.

S

1
1
1
T
1
1
1
1
1
1
1
|
1
1
1
1
} Yes :
1
1
1
|
1
1
1
1
1
1
1
1
1
1
1
1

Initialization = Check for 200 ns (C)
o
k—k+1
}
k=N No 25
] Yes
2.0
|AB, - AB, | < 5(AB,)..

1
1 Operation '
! or ! ! 10
1 Control frequency update :
1
1
[}
L Heralded mode | 0.5
1 including init.-check AC feedback mode 1
: including init.-check |

100 200 300 400 500 600
Pulse duration (ns)

Randomlzed Benchmarkin
$){er G+ (R)

i
Interleaved Randomized Benchmarking

5)-EHe)+eHEHR)

Mstandard
96.80+0.369
.\X

99.13+0.64Y
Y

- 99.63+0.599
¥X/2
“w, 99.22+0.689
-X/2

B 96.59+1.05%

Y/2
98.89+0.79Y
— -Y/2

1 1 1 98,28:+0.799

0 10 20 30 40 50
Number of Clifford gates

0.6

0.4

0.2

0.0

GaAs

|” 1 1 .|
.l [ ]
® | e ® o
R | @ % &
| .
.
> e { %
R ' i
e |, ¢ < ®
I [ ]
| ]
] : .. e -
I <4
- PVisibility! ~ 97.6 % -
1 L [ ] q
1 ®
L\ ", 1
0 50 100 150 200 250

Pulse duration (ns)

N
S @{FiduciaFiducia

10 05 0 -05-1.0
[ ——

Fiit = 99 7 % Frneas = 98.3 %
L v s v
1 | L [
ikl L0 | ;"1.0 - ;1.0
5 _ S - A |
5 - ICERES, ,055 105
ey =l Y -,
T Y T T TR A
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Research status

Aside: GaAs MXI-i ATl H| O, nuclear polarization

Small size counterpart of Wigner crystal: Wigner molecule in a confined system We were also lucky : FCI theory already confirmed WM in our previous device
* Wigner parameter : dominance of e-e Our experimental report Confinement FCI calculation
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Research status

Material issue in Si : Valley degeneracy
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Indirect band gap : the conduction band minima
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Research status

Valley splitting should be large

The eigenstates are symmetric /
antisymmetric combinations of the

relevant valleys

— the shape of the confinement
determines whether they have the
same energy or not

Valley splitting 2 2 ™
Quantum JEE

well

t, (ps)

\4

Lowest energy
symmetric
eigenstate

» Wavefunction amplitude

Lowest energy Envelopes of two fuay (GHZ)
antisymmetric  eigenstates are the same : .
eigenstate phases of fast oscillations 8 W 0

are different

-80

Frequency (MHz)

=120

E. Kawakami et al, Nature Nanitech., 9 666 (2014) 12880 12884 12.888 12892  °



Research status

Current state of the art

o) Lieven Vandersypen
Z\ 7\5% \& % k'e/ (2001, NMR = 1g£3x5) quTech, Nature 609, 919 (2022)
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Both 1Q, 2Q gate fidelities exceed surface code error correction threshold.
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Approach: detailed description of experiments

Current state of the art

(— Coherent Rabi Oscillation N/ Randomized Benchmarking N\

Spin-up probability, PuD
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* High fidelity single qubit control ( > 99.9%,
confirmed by RB) in the purified 28Si

« Charge noise limited coherence (CPMG, Ramsey
measurement)

Purified 28Si
Nature Nanotech. 13, 102 (2018)



State of the art in single-spin qubits

Example: Si, GaAs, Ge.. Boosting up results

Most recent developments : Germanium 4 qubit processing & 3D integration
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Research status

SNU team : &l2|& A%l FHE & 71¢ o

M= =22 — acknowledgement: Prof. Kohei Itoh, Prof. Giordano Scappucci, Prof. Mark Eriksson
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Research status

Preliminary : two single spin qubits in %8Si/SiGe
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Results: Moving to silicon

First ST qubit in 28Si/SiGe — two-layer device
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Results: Moving to silicon

ST qubit in 28Si/SiGe — coherent oscillations

.« 2022 283Si AT FH|E : two-layer 24t 573 + 5H 5
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Results: Moving to silicon

ST qubit in 28Si/SiGe — without feedback
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Research status
SNU team : New design 53 1}x|2| OFX| 2} HH
Overlapped gate structure: Decent fab. yield (> 70%), 2023 H: Si AT FH|E 57 gl AE
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State of the art in single-spin qubits

Recent developments of QD-based QC
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Recent contributions by SNU group

Two STO qubits: simultaneous Hamiltonian Parameter Estimation

Manuscript in preparation
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Recent contributions by SNU group

Two qubit interaction

Two qubit gate in two STQs

1. Dipolar interaction - Capacitive ; possible but often slow
4 N

Interaction
assumed to ¢ A(r)J,,J,
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Previously ~3 MHz 2Q coupling
demonstrated with spin-echo
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Recent contributions by SNU group

Previous entanglement demonstration
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Recent contributions by SNU group

Strong capacitive coupling regime

Manuscript in preparation
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Summary of Lecture 2

Single spin qubit, Singlet-Triplet qubit

Capacitive coupling can be strong.
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