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Lecture 1. Basics

> Backg round Semiconductor quantum dot quantum computing
> Approach Basic concepts, experimental details

» Single spin qubits 70, 20 gates

» Singlet-Triplet qubits 70, 20 gates

Lecture 2. More than two qubits

» Three, Four, Six qubit operations recent achievements
» Coherent spin shuttling Linking distant qubits

> Scaling ISSUE Hot qubits, integration issue...
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Physical qubit roadmap for quantum computer

(Source: Quantum Technologies 2020 report, Yole Développement)
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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...
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Background

Why single-shot is important ?

> Ex. Quantum error correction
> HZX RH|IEQ| R HMEE SE T nH ooz MAZF 27 H7 (Single-shot !)
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Challenges
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Background
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Background

Why semiconductor QDQC?

Measurement
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Approach : detailed description of experiments

Single-shot measurements in physical systems
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2 Approach : detailed description of experiments
The semiconductor quantum chip

Si QD, Eriksson group, UW
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Approach : detailed description of experiments

Typical example : watching electron tunneling

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

Single electron spin up-down qubit
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Approach: detailed description of experiments

2

One way is to use resonant electromagnetic radiation..
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Approach: detailed description of experiments

Role of micromagnet

Single spin electric dipole spin resonance (EDSR)
p-magnet u-magnet Single spin Hamiltonian
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T, Probability

Fast single-shot measurements

SNU contribution : record high visibility
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Fast single-shot measurements

SNU contribution : record high fidelity
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2 Approach: detailed description of experiments
Two qubit gates
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Approach: detailed description of experiments

Charge stability diagram
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2 Approach: detailed description of experiments
Two electron spin states & position pseudo-spin

Tunneling selection rule : AS = 0,AS, = 0,
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Approach: detailed description of experiments

Essential physics for a QD-based QC
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Approach: detailed description of experiments

Another way : Controlled rotation gate
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Approach: detailed description of experiments

Another way : Controlled rotation gate

Two qubit gate
Ex. Calibrated Rabi 7 pulse under two body interaction = CNOT
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Approach: detailed description of experiments

Current state of the art

Micromagnet
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Approach: detailed description of experiments

Current state of the art

- Coherent Rabi Oscillation N/ Randomized Benchmarking N\
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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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State of the art in single-spin qubits

Recent developments of QD-based QC
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Approach : detailed description of experiments

The type of qubit we focus

‘S > [« E-field control |
t @p * Fast ~ ns gate
* Nucl. polarization
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Two electron spin in DQD ‘To> Gate Voltage For GaAs system
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Singlet-Triplet qubits
3 Different look at two-spin states
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Approach : detailed description of experiments

Introduction to DQD - ST qubit

Ignore other
‘ R triplets, for
now.

Energy

T(2,0)

S(2,0)

J(&) ~ t(‘z (V'

0

detuning ()

Singlet
-Triplet
Qubit

Two electrons in a DQD
Voltage dependent Q energy
J & h determines eigenaxes
Typical values

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

h :0~1 GHz (0~4 ueV)




Singlet-Triplet qubits

Field-gradient-based two electron spin qubits
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Approach : detailed description of experiments

Initialization, Operation & Measurement of STQ

Voltage pulsing ’]oe) AB I5) " projection

Initialization: ST
relaxation (us to
ms — also voltage

I
(2.0)S i dependent) n
S.Ubt.ns | |i¢ Pulse width )
0
risetme I‘ | » ¢ 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




3 Approach : detailed description of experiments
Tomographic sequence of STQ

\/:/ Eigenaxis controllability: Voltage
I controlled splitting allows

accurate tomographic sequence

(2,0)S 0 input | ) o
. Adiabatic in & out : Corresponds |{1)
| : to 90° rotation around Y axis
axis in ; |TO>
put
! > £
Versatile measurement axis rotation
Z-projection meas. Yn/2 Z = X-projection Xm/2 Z = Y-projection
| time | meas. time | meas time
S me 1€ S &
| | |
: Input & : Input & : Input &
| manipul | manipul | manipul
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| | |
| | |
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Approach : detailed description of experiments

Resonant control of ST qubits

Eigenaxis controllability: Voltage
controlled splitting allows
accurate tomographic sequence

(2,0)S . .
Adiabatic in & out : Corresponds  |I1)

| | to 90° rotation around Y axis

! > £

T2/732/7)-



Approach: detailed description of experiments

Materials for QD qubits

GaAs Fluctuating, but slow NatSj or 28Sij 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 nuclear noise
« Direct Band-gap — single « Electric spin control (spin-
valley orbit)
Major huddle Major huddle Major huddle

»  Stringent fab. Req. » Charge noise susceptibility
Unstable charge-traps (spin-orbit coupling)
« Complicated valley physics

* Nuclear control overhead



Singlet-Triplet qubits

Real time Hamiltonian Parameter estimation

Singlet Probability

repetition

0.0 | Conventional slow measurement~ fluctuation time scale
o s 90 a5 22
time (ns)

Bayesian inference with FPGA M.D. Shulman et al., Nature Comm. 5 5156 (2013) Real-time Qubit frequ ency trackin g
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Detuning(MHz)

|
a

Recent contributions by SNU group

Two STO CIUbitS: Simultaneous Hamiltonian Parameter Estimation
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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

R . Wl iy I é N
I [
IOJ®‘| |'®J i Interaction
N 1 RN ) g
Qubit1 v assumed to < A(r)J,,J,
be small

Previously ~3 MHz 2Q coupling
demonstrated with spin-echo

Singlet ’ Singlet ’
Harvard, npj. Quant. Inf. (2017) “ “ X )

2. Inter Q exchange coupling : intrinsically fast, but leakage

Sizeable J
) possible 1

-520 -500 -480 -460 -440 -420 -400 -380
RI (mV)




Recent contributions by SNU group

Previous entanglement demonstration

05

04 x’?"‘,‘ Theory Of J12/J1J2
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Previous : only at weak dipole-

M. D. Shulman, et al., Science 336 202 (2012) couplina reaime
D. Buterakos, S. Das Sarma, Physical Review B 100, 075411 (2019) pling 9

J,~3MHz @ J;, J, =300 MHz (J,, ~ J,J,, bilinear), CZ gate fidelity ~ 70 %
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Recent contributions by SNU group

Strong capacitive coupling regime
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Summary of Lecture 1

Single spin qubit, Singlet-Triplet qubit

Capacitive coupling can be strong.
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Outline

> Backg round Recall EST & PSB, non-demolition measurements
> Approach Multi qubit initialization, manipulation, measurement

» Some recent achievements shuttling-based long-distance

connection, High-temperature operations



1 Recall RSB & EST

Measure one electron charge change Measure relative position

Typical signal : 12| 7|



Background
1 Problem of conventional Read-out of STQ

: ! P2. fast relaxation
(10T IN_A _
S
] ] E %
: : O 96 —
b ' £ o —
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| o T T T T T T
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1 1
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Background
1 Really a problem ? Parity readout

(L,1)T,

(1,1)T, \

(1,1)T /
(2,08 \

Typical signal : Readout & & 112(7|



Approach

Six qubit operation : initialization

Initialization of the Spin State

Soreening gate (EDSR) Ly 1. Parity based initialization of qubit 1-2 (5-6)
- T_ T_
TU TO
T, T,
J(€) J(¢)
1) 8 Ty o
1) 1)
a Energy levels PSB (1,1) oo val b Energy levels PSB (3,1) Occ Valey Orb | > > u »
Stoam m o v S ) TS e 00 ) € €
2 i\m o0 w2 I @) (e (00) Odd Parity: T, relaxes well before the 10us readout
£ P " wo Gy o) window at PSB regime
\ =) Readout of state parity using PSB
At )
ALY BT \ o Real-time feedback initialization ) .
1\ - i b 1. First parity measurement
T\ W —/\- i == 2. Burst a m-pulse on qubit 1 when even
E. ey L 11y - - - — B p— .
o= & Read/| — ﬁ« = m parity
M} Wﬂ fmit ] | 3. Second Parity Measurement
== — 4. |1]) state is prepared
z .0 States in 4,0

Detuning (peV) (@ (b) Detuning (ueV)

https.//arxiv.org/abs/2202.09252



Approach

Six qubit operation : initialization

Initialization of the Spin State

|
Soreening gate (EDSR) L 2| Quantum-Non-Demolitior| readout of inner spin qubits

(a) -320

o (arh. units] (b) 11y
v 0.005 0.015

Vi (MV)

1 Physical Review A 32.4 (1985): 2287.

1. The uncertainty introduced by the measurement
should not affect the motion of the observable

[AsaHS] ~ [02702] =0

2. The interaction with the ancilla should not affect Physical Review X 10.2 (2020): 021006.
the motion of the observable

(As, Hint] = 02, (0, @ 0, —1)] =0

(d)

20| 2%t ?



Approach

Six qubit operation : initialization

Initialization of the Spin State

e 2. Quantum-Non-Demolition readout of inner spin qubits

Screening gate (EDSR)

e . 1. Initialize the ancilla qubit to the spin-down state
&. %). 2. Turn on J;; by pulsing a virtual barrier gate and perform a CNOT gate

AZAA ' 3. Pulse to (4,0) and perform the single-shot measurement of the

B1 B B3 B4 35. B6 . .
ancilla qubit
— 100nm

4. Parity measurement prepares the desired initial states for qubit 1 and 2

5. If qubit 3 is spin-up, flip it using the m-pulsing microwave

!

Read/ /A
QND Init12

1Read3| —

*—




Approach

Six qubit operation : initializa

e Micromagnet
gate (EDSR) n

P.-r’ ( .' i - 1 ) .
Initialization of the Spin State @ B S
1. Parity based initialization of qubit 1-2 (5-6)

2. Quantum-Non-Demolition readout of inner spin qubits

b Q1-3 initialized
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Approach

Six qubit operation : readout

0234 GHZ-state preparation

o
DlDDJ»I—I
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Approach

Six qubit operation : operation

1. EDSR Based Rabi Oscillation
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Approach

Six qubit operation : operation

2. Two Qubit Gate (C-Phase) by Virtual Barrier Gate Pulse
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Approach

Six qubit operation : operation

3. Bell State Tomography/GHZ State Tomography

() + 1110/ v2 (1) + 1) /v2 (1) +[14)/v2 (141) + 114/ v2 (W) —iltt)/v2

f g h

Z1 measurement with ZZ operator |Z measurement with ZZ operator

/7§ 1-2 89.2£2.2 86.7 £3.2
T I /7« —> ; /7;\ N 2-3 90.1+22 83.9+38

Qubits || Fidelity (%)

| Concurence (%)

34 || 883+36 || 879:50
45 || 956420 || 949232
56 || 941£14 || 906236



Approach

Six qubit operation : operation

4. GHZ State Tomography

a Q1-Q2-Q3 c

d
Q3-Q4-Q5
0.50
0.25 Qubits || @ (rad) || Fidelity (%) | Witness
0.00 7y 123 || 241 | 768222 | -0.327 +0.022
S - 234 || -032 || 71.4+32 | -0.207 +0.038
et
' 345 || 167 || 722+4.0 | -0.291 +0.036
456 || 268 |[836+22 | -0.380 £0.024




Approach

Six qubit operation : ZIX|E| 2 recall

0234 GHZ-state preparation
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Approach

One more technique : Spin-echo

Ramsey sequence




Approach

One more technique : Spin-echo

Spin echo o pulse sequence

T T
Z=|ms=0> I E . E I

/ y o) 10) |0) |0)

Ims=1> ) 11) 1) 1)

/2

Slide : courtesy of J.Lee



Approach

One more technique : Spin-echo

Ex: CPMG (Carr-Purcell-Mieboom-Gill) pulse

Np
Cpmg sequence EE—TE'LEW CPMG XY4
z=|ms=0>
Dynamic decoupling 2| S 4] :

dynamic decoupling pulse
sequence = frequency filter,
O| & O|&95}IH environment 2|
noise spectrum 538 7t - &
[ advanced course Of| A{...



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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Recent developments

Coherent Shuttling

a quantum processor 1 quantum bus: shuttling channel quantum processor 2
/ W
local qubit empty quantum dot array moving qubit
¢ coherent electron shuttling
: coherent electron shuttling
W /\ e [\ W .....
b d
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https://arxiv.org/abs/2202.01357



Recent developments

Coherent Shuttling
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Recent developments

Other than shuttling : spin exchange without moving




Recent developments
3 few K operation = Integration with Classical CMOS
Article

Universal quantumlogicinhotsilicon qubits

L. Petit et al, Nature 580, 355 (2020)

QuTech / Intel.
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Summary of Lecture 2

Toward larger array: shuttling, exchange

Multi qubit operation :

quantum processor 1 quantum bus: shuttling channel quantum processor 2
- 7
local qubit empty quantum dot array moving qubit

3 coherent electron shuttling

vvvvv N L - NN

: coherent electron shuttling

AT A L= SR A A

e

ZE: gt x| X FE - O X| Tt promising developments
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