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 Background Semiconductor quantum dot quantum computing

 Approach Quantum dot: Artificial atoms

 Measurement of charge Transport vs. charge sensing

 Measurement of spin Spin to charge conversion

Outline

Lecture 1. Basics of gate defined quantum dot 
experiments



Quantum Dot: artificially confined structure that can be filled with electrons 
(or holes)  “Artificial atom”

Quantized energy levels, but energy scale is very different from real atoms.

Highly controllable : number of electrons, energy levels, size, shape, 
material, etc.

Lateral QD

What is a Quantum Dot (Gate-defined) ? 
Background1 
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Artificial atom : energy scales
Background1 
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𝜇𝜇𝐷𝐷 ≤ 𝜇𝜇𝑁𝑁 ≤ 𝜇𝜇𝑆𝑆 (Bias window)note



Conductance quantization
Background1 



Quantum dot experiment platform
Background1 
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Coulomb blockade measurement
Transport experiment2 



𝜇𝜇𝑁𝑁

𝜇𝜇𝑁𝑁+1

𝜇𝜇𝑁𝑁−1
𝜇𝜇𝑁𝑁−2

𝜇𝜇𝑆𝑆

𝜇𝜇𝐷𝐷 𝜇𝜇𝐷𝐷 ≤ 𝜇𝜇𝑁𝑁 ≤ 𝜇𝜇𝑆𝑆 for at least one 𝑁𝑁

Transport condition:

𝑉𝑉𝐺𝐺

−𝑒𝑒𝑉𝑉𝑆𝑆𝑆𝑆

0 𝑁𝑁 𝑁𝑁 + 1 𝑁𝑁 + 2𝑁𝑁 − 1

𝜇𝜇𝐷𝐷 ≤ 𝜇𝜇𝑁𝑁 ≤ 𝜇𝜇𝑆𝑆

𝜇𝜇𝐷𝐷 ≤ 𝜇𝜇𝑁𝑁+2 ≤ 𝜇𝜇𝑆𝑆

𝜇𝜇𝐷𝐷 ≤ 𝜇𝜇𝑁𝑁+1 ≤ 𝜇𝜇𝑆𝑆

∝ 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 𝑁𝑁 = ∆𝜀𝜀𝑁𝑁 + 𝐸𝐸𝐶𝐶

Transport through a QD: High Bias
Transport experiment2 



AVCoulomb diamond
Transport experiment2 



Coulomb diamond tells us essential information of the system
Note : slopes, offset, excited level…
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Coulomb diamond
Transport experiment2 



𝜕𝜕𝐼𝐼𝑆𝑆𝑆𝑆
𝜕𝜕𝑉𝑉𝑆𝑆𝑆𝑆

Picture from Ref. [1]

𝑉𝑉𝐺𝐺

𝑉𝑉𝑆𝑆𝑆𝑆0

𝑁𝑁

𝑁𝑁 − 1

𝑁𝑁 + 1

𝜇𝜇𝑁𝑁 = 𝜇𝜇𝐷𝐷

𝜇𝜇𝑁𝑁+1 = 𝜇𝜇𝐷𝐷

𝜇𝜇𝑁𝑁+1 = 𝜇𝜇𝑆𝑆

𝜇𝜇𝑁𝑁 = 𝜇𝜇𝑆𝑆

Transport through excited states

Excited level spectroscopy
Transport experiment2 



Note : problem with transport sensing



Note : Solution – charge sensing with nearby dot



Single dot charge stability diagram

M. Veldhorst, et al., Nature Nanotech. 9 981 (2014)

V
T 

(V
)

VG(V)
• Charge sensing enables single 
electron regime

• Electron number counting

• Also act as qubit state detector
No electron in the dot

Note 

Transport vs. charge sensing
Measurement of charge3 



Observing single electron tunneling events
Measurement of charge3 
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Direct Coulomb int. Exchange int.Orbital energy

𝑈𝑈𝑖𝑖𝑖𝑖 = 𝑖𝑖𝑖𝑖 �𝑉𝑉 𝑖𝑖𝑖𝑖 = �𝑑𝑑𝐫𝐫 𝑑𝑑𝐫𝐫′ 𝜙𝜙𝑖𝑖 𝐫𝐫 𝜙𝜙𝑗𝑗 𝐫𝐫′
𝑒𝑒2

𝐫𝐫 − 𝐫𝐫′
𝜙𝜙𝑖𝑖 𝐫𝐫 𝜙𝜙𝑗𝑗(𝐫𝐫′)
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𝐫𝐫 − 𝐫𝐫′
𝜙𝜙𝑗𝑗 𝐫𝐫 𝜙𝜙𝑖𝑖(𝐫𝐫′)

Constant-interaction model assumes 𝑈𝑈𝑖𝑖𝑖𝑖 = 𝑈𝑈 and neglect the exchange terms.
Exchange term is important when considering spin structure of electrons in QD.

𝑛𝑛𝑖𝑖𝑖𝑖 = 𝑐𝑐𝑖𝑖𝑖𝑖+ 𝑐𝑐𝑖𝑖𝑖𝑖

𝑛𝑛𝑖𝑖 = 𝑛𝑛𝑖𝑖↑ + 𝑛𝑛𝑖𝑖↓

Beyond constant-interaction model
Two-electron singlet-triplet splitting4 



𝑁𝑁 = 1
𝜀𝜀1

𝐸𝐸↑ = 𝐸𝐸↓ = 𝜀𝜀1

𝑁𝑁 = 2

𝜀𝜀1

𝜀𝜀2

𝜀𝜀1

𝜀𝜀2 𝐸𝐸𝑆𝑆 = 2 𝜀𝜀1 + 𝑈𝑈

𝐸𝐸𝑇𝑇 = 𝜀𝜀1 + 𝜀𝜀2 + 𝑈𝑈 − 𝑈𝑈𝑒𝑒𝑒𝑒

𝐸𝐸𝑇𝑇 − 𝐸𝐸𝑆𝑆 = ∆𝜀𝜀−𝑈𝑈𝑒𝑒𝑒𝑒< 0 Singlet is the ground state.

| ⟩𝑆𝑆 =
1
2

| ⟩↑↓ − | ⟩↓↑

| ⟩𝑇𝑇0 =
1
2

| ⟩↑↓ + | ⟩↓↑ | ⟩𝑇𝑇+ = | ⟩↑↑ | ⟩𝑇𝑇− = | ⟩↓↓

Spin states of two electrons in a QD
Two-electron singlet-triplet splitting4 



| ⟩𝜙𝜙𝐿𝐿 | ⟩𝜙𝜙𝑅𝑅

Ψ𝑇𝑇 𝐫𝐫1, 𝐫𝐫2 =
1
2

𝜙𝜙𝑆𝑆 𝐫𝐫1 𝜙𝜙𝐴𝐴 𝐫𝐫2 − 𝜙𝜙𝐴𝐴 𝐫𝐫1 𝜙𝜙𝑆𝑆 𝐫𝐫2 =
1
2

𝜙𝜙𝑅𝑅 𝐫𝐫1 𝜙𝜙𝐿𝐿 𝐫𝐫2 − 𝜙𝜙𝐿𝐿 𝐫𝐫1 𝜙𝜙𝑅𝑅 𝐫𝐫2

𝜙𝜙𝐴𝐴 𝐫𝐫 =
1
2

𝜙𝜙𝐿𝐿 𝐫𝐫 − 𝜙𝜙𝑅𝑅 𝐫𝐫

𝑡𝑡 = 0
𝑡𝑡 ≠ 0

𝜙𝜙𝑆𝑆 𝐫𝐫 =
1
2

𝜙𝜙𝐿𝐿 𝐫𝐫 + 𝜙𝜙𝑅𝑅 𝐫𝐫
2𝑡𝑡

Single electron in DQD

Two electron in DQD

Ψ𝑆𝑆 𝐫𝐫1, 𝐫𝐫2 = 𝜙𝜙𝑆𝑆 𝐫𝐫1 𝜙𝜙𝑆𝑆 𝐫𝐫2 =
1
2

𝜙𝜙𝐿𝐿 𝐫𝐫1 𝜙𝜙𝑅𝑅 𝐫𝐫2 + 𝜙𝜙𝑅𝑅 𝐫𝐫1 𝜙𝜙𝐿𝐿 𝐫𝐫2 + 𝜙𝜙𝐿𝐿 𝐫𝐫1 𝜙𝜙𝐿𝐿 𝐫𝐫2 + 𝜙𝜙𝑅𝑅 𝐫𝐫1 𝜙𝜙𝑅𝑅 𝐫𝐫2

Spin singlet Spin Triplet

𝜙𝜙𝑆𝑆

𝜙𝜙𝐴𝐴

Spin states of two electrons in a DQD
Two-electron singlet-triplet splitting4 



Single is the Ground State.  Exchange splitting = 𝐸𝐸𝑇𝑇 − 𝐸𝐸𝑆𝑆 > 0

Ψ𝑆𝑆 = + +

Ψ𝑇𝑇 =

𝐸𝐸𝑆𝑆 = Ψ𝑆𝑆 �𝐻𝐻 Ψ𝑆𝑆 𝐸𝐸𝑇𝑇 = Ψ𝑇𝑇 �𝐻𝐻 Ψ𝑇𝑇

Ψ𝑇𝑇 𝐫𝐫1, 𝐫𝐫2 =
1
2

𝜙𝜙𝑆𝑆 𝐫𝐫1 𝜙𝜙𝐴𝐴 𝐫𝐫2 − 𝜙𝜙𝐴𝐴 𝐫𝐫1 𝜙𝜙𝑆𝑆 𝐫𝐫2 =
1
2

𝜙𝜙𝑅𝑅 𝐫𝐫1 𝜙𝜙𝐿𝐿 𝐫𝐫2 − 𝜙𝜙𝐿𝐿 𝐫𝐫1 𝜙𝜙𝑅𝑅 𝐫𝐫2

Ψ𝑆𝑆 𝐫𝐫1, 𝐫𝐫2 = 𝜙𝜙𝑆𝑆 𝐫𝐫1 𝜙𝜙𝑆𝑆 𝐫𝐫2 =
1
2

𝜙𝜙𝐿𝐿 𝐫𝐫1 𝜙𝜙𝑅𝑅 𝐫𝐫2 + 𝜙𝜙𝑅𝑅 𝐫𝐫1 𝜙𝜙𝐿𝐿 𝐫𝐫2 + 𝜙𝜙𝐿𝐿 𝐫𝐫1 𝜙𝜙𝐿𝐿 𝐫𝐫2 + 𝜙𝜙𝑅𝑅 𝐫𝐫1 𝜙𝜙𝑅𝑅 𝐫𝐫2

Spin states of two electrons in a DQD
Two-electron singlet-triplet splitting4 
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+𝑈𝑈1𝑛𝑛1↑𝑛𝑛1↓ + 𝑈𝑈2𝑛𝑛2↑𝑛𝑛2↓ + 𝑉𝑉 𝑛𝑛1𝑛𝑛2

�𝐻𝐻, 𝑆̂𝑆𝑡𝑡𝑡𝑡𝑡𝑡2 = �𝐻𝐻, 𝑆̂𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑧𝑧 = 0  𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡 and 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑧𝑧 are good quantum numbers.

𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡 = 1 (Triplet) | ⟩𝑇𝑇+ = | ⟩↑1 ↑2 (𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑧𝑧 = 1)

| ⟩𝑇𝑇− = | ⟩↓1 ↓2 (𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑧𝑧 = −1)

| ⟩𝑇𝑇0 =
1
2

| ⟩↑1 ↓2 + | ⟩↓1 ↑2 (𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑧𝑧 = 0)

𝐸𝐸𝑇𝑇 = 𝜀𝜀1 + 𝜀𝜀2 + 𝑉𝑉

HM in the limit of ∆𝜀𝜀 ≫ 𝑈𝑈𝑖𝑖 , 𝑡𝑡  Hubbard model

Spin states of two electrons in a DQD
Two-electron singlet-triplet splitting4 



𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡 = 0 (Singlet) : 3-dimensional subspace

| ⟩𝑆𝑆1 =
1
2

| ⟩↑1 ↓2 − | ⟩↓1 ↑2For the basis states | ⟩𝑆𝑆2 = | ⟩↑1 ↓1 | ⟩𝑆𝑆3 = | ⟩↑2 ↓2

𝐻𝐻𝑆𝑆 =
𝜀𝜀1 + 𝜀𝜀2 + 𝑉𝑉 2𝑡𝑡 2𝑡𝑡

2𝑡𝑡 2𝜀𝜀1 + 𝑈𝑈1 0
2𝑡𝑡 0 2𝜀𝜀2 + 𝑈𝑈2

For 𝑈𝑈𝑖𝑖 ≫ 𝑉𝑉, 𝑡𝑡 , we can get the singlet ground state energy by perturbation theory

Exchange splitting 𝐸𝐸𝑇𝑇 − 𝐸𝐸𝑆𝑆 = 2𝑡𝑡2 1
𝑈𝑈1−𝑉𝑉+𝜀𝜀1−𝜀𝜀2

+ 1
𝑈𝑈2−𝑉𝑉−𝜀𝜀1+𝜀𝜀2

𝐸𝐸𝑆𝑆 = 𝜀𝜀1 + 𝜀𝜀2 + 𝑉𝑉 + 2𝑡𝑡2
1

𝑈𝑈1 − 𝑉𝑉 + 𝜀𝜀1 − 𝜀𝜀2
+

1
𝑈𝑈2 − 𝑉𝑉 − 𝜀𝜀1 + 𝜀𝜀2

=
4𝑡𝑡2

𝑈𝑈 − 𝑉𝑉
for 𝑈𝑈1 = 𝑈𝑈2 = 𝑈𝑈 and𝜀𝜀1 = 𝜀𝜀2

Spin states of two electrons in a DQD
Two-electron singlet-triplet splitting4 
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4 Measurement of excited level with charge sensing
Measurement of spin
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Measurement of excited level with charge sensing
Measurement of spin4 

T. McJunkin, et al., Phys. Rev. B 104 085406 (2021)



Summary of Lecture 1
Quantum dot basics

다음시간: 이런 Basic 을기반으로하는큐비트
실험 : Single-spin qubit, Singlet-triplet qubit..

Keywords: CB, Exchange energy, 
Charge sensing… 

Exchange splitting 𝐸𝐸𝑇𝑇 − 𝐸𝐸𝑆𝑆 = 2𝑡𝑡2 1
𝑈𝑈1−𝑉𝑉+𝜀𝜀1−𝜀𝜀2

+ 1
𝑈𝑈2−𝑉𝑉−𝜀𝜀1+𝜀𝜀2

=
4𝑡𝑡2

𝑈𝑈 − 𝑉𝑉
for 𝑈𝑈1 = 𝑈𝑈2 = 𝑈𝑈 and𝜀𝜀1 = 𝜀𝜀2
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