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Spins in semiconductor Quantum dot



Spins in semiconductor Quantum dot

First realizations in GaAs/AlGaAs heterostructures

R. Hanson, L. Kouwenhoven, and J. Petta, Rev. Mod. 79, (2007).

F. H. L. Koppens, Nature 442, 766 (2006).

Single spin Qubit 2006

J. R. Petta, Science 309, 2180 (2005).

Singlet/Triplet qubit 2005

Coherence :  few tens of ns



Spins in semiconductor Quantum dot

Hyperfine interaction limits coherence times in GaAs/AlGaAs

III-V 

No stable 
spin-free 
isotope

Si 
28Si (92.2%)  S=0

29Si (4.7%)    S=1/2
30Si (3.1%)    S=0

Ge
70Ge (20.4%)  S=0
72Ge (27.3%)  S=0

73Ge (7.8%)  S=9/2
74Ge (36.7%)  S=0
76Ge (7.8%)  S=0

Decoupling sequences: Echo → T2=1µs
CPMG→T2=200 µs

L. V. C. Assali,Phys. Rev. B 83, 165301 (2011).



Spin qubit in purified silicon

M. Veldhorst, Nat. Nanotechnol. 9, 981 (2014).

Si quantum dot in 28Si (800ppm 29Si



Spin qubit in purified silicon

M. Veldhorst, Nat. Nanotechnol. 9, 981 (2014).

Si quantum dot in 28Si (800ppm 29Si

ESR line : bulky, addressability difficult, slow Rabi frequencies

Other means for spin resonance?



Magnetic field gradient

Pioro-Ladriere, et al. Nature Phys. 4, 776 (2008)
Artificial Spin-Orbit

Interaction



Magnetic field gradient

Pioro-Ladriere, et al. Nature Phys. 4, 776 (2008)

Kawakami, et al. Nature Nano. 9, 666 (2014)

First demonstration in Silicon

99.9% Single Qubit Fidelity

Philips et al. Nature 609, 919 (2022)
Yoneda et al. Nature Nano 13, 102 (2018)

6 Qubit Universal Control

Artificial Spin-Orbit
Interaction



Intrinsic spin-orbit interaction

Intrinsic

Band structure entangles Ԧ𝑆 and 𝐿 by spin-orbit interaction

𝐻 =
1

2
𝜇𝐵

𝑡𝝈 ∙ ො𝑔 ∙ 𝑩Effective spin Hamiltonian :

ො𝑔 =

𝑔𝒙𝒙 𝑔𝒚𝒙 𝑔𝒛𝒙
𝑔𝒙𝒚 𝑔𝒚𝒚 𝑔𝒛𝒚
𝑔𝒙𝒛 𝑔𝒚𝒛 𝑔𝒛𝒛



Intrinsic spin-orbit interaction

Intrinsic

Band structure entangles Ԧ𝑆 and 𝐿 by spin-orbit interaction

Modulation of the spin precession vector

Spin Resonance

𝐻 =
1

2
𝜇𝐵

𝑡𝝈 ∙ ො𝑔 ∙ 𝑩Effective spin Hamiltonian :

ො𝑔 =

𝑔𝒙𝒙 𝑔𝒚𝒙 𝑔𝒛𝒙
𝑔𝒙𝒚 𝑔𝒚𝒚 𝑔𝒛𝒚
𝑔𝒙𝒛 𝑔𝒚𝒛 𝑔𝒛𝒛



Intrinsic spin-orbit interaction

Intrinsic

Band structure entangles Ԧ𝑆 and 𝐿 by spin-orbit interaction

Modulation of g-matrix

Spin Resonance

Al conc.

g factor

0         0.3

-0.4     0.4

Gate voltage 
dependent

confinement
or

𝐻 =
1

2
𝜇𝐵

𝑡𝝈 ∙ ො𝑔 ∙ 𝑩Effective spin Hamiltonian :

ො𝑔 =

𝑔𝒙𝒙 𝑔𝒚𝒙 𝑔𝒛𝒙
𝑔𝒙𝒚 𝑔𝒚𝒚 𝑔𝒛𝒚
𝑔𝒙𝒛 𝑔𝒚𝒛 𝑔𝒛𝒛

Science 2003



Intrinsic spin-orbit interaction
Intrinsic

Band structure entangles Ԧ𝑆 and 𝐿 by spin-orbit interaction



Intrinsic spin-orbit interaction
Intrinsic

Band structure entangles Ԧ𝑆 and 𝐿 by spin-orbit interaction

Moving the dot as a whole in a Spin-Orbit Field

Nadj-Perge et al. Nature 468, 1084–1087 (2010)

GaAs

InAs

Pribiag, V. S. et al. Nat. Nanotechnol. 8, 170–174 (2013)

InSb with electron and hole

van den Berg, J. W. G. et al. Phys. Rev. Lett. 110, 66806 (2013)
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Holes

Fang, Y., et al. Recent advances in hole-spin qubits. Mater. Quantum Technol. 3, (2023).
Scappucci, G. et al. The germanium quantum information route. Nat. Rev. Mater. 6, 926–943 (2021).

J=3/2

J=1/2

Bulk



Holes

Fang, Y., et al. Recent advances in hole-spin qubits. Mater. Quantum Technol. 3, (2023).
Scappucci, G. et al. The germanium quantum information route. Nat. Rev. Mater. 6, 926–943 (2021).

J=3/2

J=1/2 Van Der Heijden, J. et al. Nano Lett. 14, 1492–1496 (2014).

Single hole on a Boron Acceptor

Bulk



Holes

Fang, Y., et al. Recent advances in hole-spin qubits. Mater. Quantum Technol. 3, (2023).
Scappucci, G. et al. The germanium quantum information route. Nat. Rev. Mater. 6, 926–943 (2021).

2D



Holes

Fang, Y., et al. Recent advances in hole-spin qubits. Mater. Quantum Technol. 3, (2023).
Scappucci, G. et al. The germanium quantum information route. Nat. Rev. Mater. 6, 926–943 (2021).

Spin is locked out-of-plane

2D

Heavy Hole ground state

G=
𝟎

𝟎
𝟔𝑲

𝐻 =
1

2
𝜇𝐵

𝑡𝝈 ∙ ො𝑔 ∙ 𝑩

Hendrickx et al. TU Delft

In-plane g-factor ~0.05-0.3
Out-of-plane g-factor ~ 7 - 15



Holes

1D

Fang, Y., et al. Recent advances in hole-spin qubits. Mater. Quantum Technol. 3, (2023).
Scappucci, G. et al. The germanium quantum information route. Nat. Rev. Mater. 6, 926–943 (2021).



Holes

1D

Strong HH-LH mixing

𝐻 =
1

2
𝜇𝐵

𝑡𝝈 ∙ ො𝑔 ∙ 𝑩

G=
𝟒𝑲

𝟒𝑲
𝟐𝑲 Kloeffel, C. et. al. Direct Rashba spin-orbit 

interaction in Si and Ge nanowires with different 
growth directions. Phys. Rev. B 97, 235422 

(2018).

Fang, Y., et al. Recent advances in hole-spin qubits. Mater. Quantum Technol. 3, (2023).
Scappucci, G. et al. The germanium quantum information route. Nat. Rev. Mater. 6, 926–943 (2021).

Enhanced Rashba linear-in k Spin-Orbit Interaction

Spin-Orbit Length ~ 10-100nm



Hole spin qubits

Camenzind, L. C. et al. Nat. Electron. (2022)

FinFET

Ge/Si Nanowire

Watzinger, H. et al. Nat. Commun. 9, 3902 (2018).

Ge Hut Nanowire

Froning, F. N. M. Nat. Nanotechnol. 16, 308–312 (2021).

RM et al. Nat. Commun. 7, 3–8 (2016)

Hendrickx, N. W. et al. Nat. Commun. 11, (2020).

• fRabi ~ 10 – 200 MHz
• T2 ~ 10 ns – 5 µs
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MOS technology for spin qubit

300mm SOI wafers 
TSi/TBOx = 10nm to 20nm/145nm

Active mesa patterning

Thermal oxidation

Oxide/MG stack dep. & patterning
5nm SiO2/5nm TiN/50nm Poly Si 

Channel protection Spacers
32nm SiN

Raised S/D epi in-situ Boron doped
18nm Si

Salicide and back-end-of-line



MOS technology for spin qubit

300mm SOI wafers 
TSi/TBOx = 12nm/145nm

Active mesa patterning

Thermal oxidation

Oxide/MG stack dep. & patterning
5nm SiO2/5nm TiN/50nm Poly Si 

Channel protection Spacers
32nm SiN

Raised S/D epi in-situ Boron doped
18nm Si

Salicide and back-end-of-line
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MOS technology for spin qubit

300mm SOI wafers 
TSi/TBOx = 12nm/145nm

Active mesa patterning

Thermal oxidation

Oxide/MG stack dep. & patterning
5nm SiO2/5nm TiN/50nm Poly Si 

Channel protection Spacers
32nm SiN

Raised S/D epi in-situ Boron doped
18nm Si

Salicide and back-end-of-line

Silicon-on-Insulator trigate nanowire transistor
S. Barraud IEEE 33, 1526 (2012)

S

G

Si oxide

Poly-Si

Si NW

source drain

gate

a-Si

SiO2

BOX

LG10nm

TSi=7.8nm

TSiO2
=7nm

3.4nm

7nm

5nm 20nm

SiO2

LG

20nm
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30

A single hole spin with enhanced 
coherence in natural silicon

Nat. Nanotechnol. 17, 1072–1077 (2022)



Fast single shot of the first hole in CMOS device

𝑊 = 100 𝑛𝑚 𝐿𝑔 = 40 𝑛𝑚 𝑆ℎ = 40 𝑛𝑚



Gyromagnetic factor characterization

𝐻 =
1

2
𝜇𝐵

𝑡𝝈 ∙ ො𝑔 ∙ 𝑩Effective spin Hamiltonian : ො𝑔 =

𝑔𝒙𝒙 𝑔𝒚𝒙 𝑔𝒛𝒙
𝑔𝒙𝒚 𝑔𝒚𝒚 𝑔𝒛𝒚
𝑔𝒙𝒛 𝑔𝒚𝒛 𝑔𝒛𝒛

Zwanenburg, F. A Nano Lett. 9, 1071–1079 (2009).
Ares, N. Phys. Rev. Lett. 110, 46602 (2013).
Bogan, A. et al. Phys. Rev. Lett. 118, 1–5 (2017).
Liles, S. D. et al. Phys. Rev. B 104, 235303 (2021).
Tanttu, T. et al. Phys. Rev. X 9, 21028 (2019).



Gyromagnetic factor characterization

𝐻 =
1

2
𝜇𝐵

𝑡𝝈 ∙ ො𝑔 ∙ 𝑩Effective spin Hamiltonian : ො𝑔 =

𝑔𝒙𝒙 𝑔𝒚𝒙 𝑔𝒛𝒙
𝑔𝒙𝒚 𝑔𝒚𝒚 𝑔𝒛𝒚
𝑔𝒙𝒛 𝑔𝒚𝒛 𝑔𝒛𝒛

Zwanenburg, F. A Nano Lett. 9, 1071–1079 (2009).
Ares, N. Phys. Rev. Lett. 110, 46602 (2013).
Bogan, A. et al. Phys. Rev. Lett. 118, 1–5 (2017).
Liles, S. D. et al. Phys. Rev. B 104, 235303 (2021).
Tanttu, T. et al. Phys. Rev. X 9, 21028 (2019).

Elzermann Nature 2003

𝑓𝑙𝑎𝑟𝑚𝑜𝑟 =
𝑔∗𝜇𝐵𝐵

ℎ
= 𝐹𝑀𝑊1



𝐸𝑧

𝑔∗ (𝑩)

𝑔𝑧
∗(𝜃𝑧𝑦 = 0°) ≈ 1.5

𝑔𝑦
∗(𝜃𝑧𝑦 = 99°) ≈ 2.7

In plane : Along the wire

In plane : ⊥ the wire

Gyromagnetic factor characterization



𝐸𝑧

𝑔∗ (𝑩)

Gyromagnetic factor characterization



Gyromagnetic factor characterization

𝐸𝑧
G2

BOX

x

y

𝑔∗ (𝑩)

Y.M. Niquet’s group, CEA-Grenoble 



Gyromagnetic factor characterization

𝐸𝑧
G2

BOX

x

y

𝑔∗ (𝑩)

Y.M. Niquet’s group, CEA-Grenoble 



Complex response to electric driving field

Michal, V et al. Phys.Rev. B 107, L041303 (2023)

Transverse and Longitudinal coupling strength depends on the B-field orientation 



Complex response to EDSR driving field

Michal, V et al. Phys.Rev. B 107, L041303 (2023)

Transverse and Longitudinal coupling strength depends on the B-field orientation 

Can we find operation sweet spots?
i.e.  Zero Longitudinal Coupling 



Longitudinal spin electric susceptibility (LSES)

𝑉𝐺2 + 𝛿𝑉𝐺2

𝛿𝑓𝐿
𝛿𝑉𝐺2

= 𝐿𝑆𝐸𝑆𝐺2

𝛿𝑓𝐿
𝛿𝑉𝐺1

= 𝐿𝑆𝐸𝑆𝐺1

𝑉𝐺1 + 𝛿𝑉𝐺1
Longitudinal Larmor 

sensitivity



Longitudinal spin electric susceptibility 
(LSESG2)

𝐸𝑧

LSESG2
LSESG2(𝜃)



Longitudinal spin electric susceptibility 
(LSESG2)

𝐸𝑧

LSESG2(𝜃)



Longitudinal spin electric susceptibility 
(LSESG2)

𝐸𝑧

LSESG2(𝜃)



Longitudinal spin electric susceptibility 
(LSESG2)

𝐸𝑧

LSESG2(𝜃)

𝐿𝑆𝐸𝑆𝐺2 = 0

𝐿𝑆𝐸𝑆𝐺2 = 0

2 sweet spots for noise ⊥ to the wire



Longitudinal spin electric susceptibility 
(LSESG1)

𝑃ℎ𝑎𝑠𝑒 𝐺𝑎𝑡𝑒 𝑅𝜙
1 0
0 𝑒𝑖𝜙⇔ 𝜙 ∝ |𝑓𝐿 𝛿𝑉𝐺1 − 𝐹𝐿

0|



Longitudinal spin electric susceptibility 
(LSESG1)

𝑃ℎ𝑎𝑠𝑒 𝐺𝑎𝑡𝑒



Longitudinal spin electric susceptibility 
(LSESG1)

𝐿𝑆𝐸𝑆𝐺2 = 0

min(|𝐿𝑆𝐸𝑆𝐺1|)

LSES(𝜃)

𝑃ℎ𝑎𝑠𝑒 𝐺𝑎𝑡𝑒



Hahn echo coherence time

1

𝑇2
𝐸

𝛼+1

∝ 𝐿𝑆𝐸𝑆𝐺1 ∗ 𝛿𝑉𝑔1
2
+ 𝐿𝑆𝐸𝑆𝐺2 ∗ 𝛿𝑉𝑔2

2
𝑓𝑖𝑡 ∶ exp(− 𝜏𝑤𝑎𝑖𝑡/𝑇2

𝐸 𝛽 𝛽 ≈ 1.5



Hahn echo coherence time

T2
𝐸(𝜃)

𝑓𝑖𝑡 ∶ exp(− 𝜏𝑤𝑎𝑖𝑡/𝑇2
𝐸 𝛽 𝛽 ≈ 1.5



Hahn echo coherence time

𝐿𝑆𝐸𝑆𝐺1

𝐿𝑆𝐸𝑆𝐺2



Hahn echo coherence time

𝐿𝑆𝐸𝑆𝐺1

𝐿𝑆𝐸𝑆𝐺2



Take home message

❑ G-tensor → DNA of the hole

❑ BField direction minimize Longitudinal coupling

❑ T2Echo enhanced to 100μs
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Strong photon coupling to a hole spin in silicon

Nat. Nanotechnol. (2023). 
https://doi.org/10.1038/s41565-023-01332-3

Léo Noirot



Spin-photon interaction 

=  magnetic
dipole   

no

magnetic
field   

very weak interaction



Charge-Photon Interaction gc

𝐵 = 0 𝑇

electric
field   

Frey et al. Phys. Rev. Lett. 108, 046807 (2012)
Mi et al. Science 355 156 (2016)
Stockklauser, Scarlino et al., PRX 7 011030 (2017)



Spin-photon interaction gs with SOI 

𝐵 ≠ 0 𝑇

Spin-photon coupling = electric-dipole interaction + spin-orbit interaction



Si electron spin – photon interface

Mi et al. Nature 555, 590 (2018)

• 𝑔𝑐/(2𝜋) = 40 𝑀𝐻𝑧
• 𝑔𝑠/(2𝜋) = 5.5 𝑀𝐻𝑧

• C = 
4𝑔𝑠

2

𝛾κ
∼ 40 

Samkharadze et al. Science 359, 1123 

(2018)

• 𝑔𝑐/(2𝜋) = 200 𝑀𝐻𝑧
• 𝑔𝑠/(2𝜋) = 13 𝑀𝐻𝑧

• C = 
4𝑔𝑠

2

𝛾κ
∼ 180 



Si electron spin – photon interface

• 𝑔𝑐/(2𝜋) = 192 𝑀𝐻𝑧
• 𝑔𝑠/(2𝜋) = 33 𝑀𝐻𝑧

• C = 
4𝑔𝑠

2

𝛾κ
∼ 400

Harvey-Collard et al., PRX 12 (2022)Borjans et al., Nature 577 (2020)

• 𝑔𝑐/(2𝜋) = 40 𝑀𝐻𝑧
• 𝑔𝑠/(2𝜋) = 9.4 𝑀𝐻𝑧

• C = 
4𝑔𝑠

2

𝛾κ
∼ 40 



NbN resonators

• 10 nm NbN
• Disordered superconductor
• CPW - resonators
• Large kinetic inductance 190 pH/sq

Yu et al. Appl. Phys. Lett. 118, 054001 (2021)



NbN resonators

Yu et al. Appl. Phys. Lett. 118, 054001 (2021)



• NbN CPW resonator 𝑍𝑐 = 2.5𝑘Ω
• Cavity characteristics: 𝜔𝑟/2𝜋 = 5.43 GHz, 𝜅/2𝜋 = 13.5 MHz 𝜅𝑖𝑛𝑡/2𝜋 = 10 MHz, 𝜅𝑒𝑥𝑡/2𝜋 = 3.5 MHz
• Galvanic connection from the cavity to  a plunger gate of the nanowire device 

Hybrid circuit QED architecture with hole spins



Hybrid circuit QED architecture with hole spins



Charge-photon interaction

𝐻𝑐 =
𝜖/2 𝑡𝑐
𝑡𝑐 −𝜖/2

,  
|𝐿⟩
|𝑅⟩



Charge-photon interaction 

𝜒𝑐 = 𝑔𝑐
2 ⋅

1

|𝜔𝑞 −𝜔𝑟|
+

1

𝜔𝑞 + 𝜔𝑟
ℏ𝜔𝑐 = 𝜖2 + 4𝑡𝑐

2 > ℏ𝜔𝑟

𝒈𝒄/𝟐𝝅 = 𝟓𝟏𝟑 MHz
𝒕𝒄/𝒉 = 𝟗. 𝟔 GHz

𝒈𝒄

𝒇𝒓
∼ 10 %

𝜒𝑐/2𝜋



Where is the spin?

|−⟩

|+⟩

𝐵 = 0

No SOI With SOI

Sweet spot with respect
to charge noise

|−, ↑⟩

|−, ↓⟩

|+, ↑⟩

|+, ↓⟩

−, ↑ ⟶ 𝛼 −, ↑ + 𝛽|+, ↓⟩

−, ↑

|−, ↓⟩

|+, ↑⟩

|+, ↓⟩

Mutter et al., Phys. Rev. Research 3, 013194 (2021)



Strong spin-photon coupling



Strong spin-photon coupling



Strong spin-photon coupling

Vacuum Rabi splitting: signature of strong 
spin-photon coupling

Strong spin-photon coupling with 
2𝑔𝑠/2𝜋 = 184 MHz ≫ 13 MHz

/2𝜋



Angular dependence of 𝑔𝑠



Strong spin-photon coupling: angular dependence

𝑔s ∝ 𝑔𝑐| ( ො𝑔 ⋅ 𝐵) × ( ො𝑔 ⋅ 𝐵𝑠𝑜)|

ො𝑔 ⋅ 𝐵 ∥ ො𝑔 ⋅ 𝐵𝑆𝑂→minimal 𝑔𝑠
ො𝑔 ⋅ 𝐵 ⊥ ො𝑔 ⋅ 𝐵𝑆𝑂→maximal 𝑔𝑠

Direct 1-dimensional Rashba spin-orbit interaction 

anisotropic Larmor vector

spin-orbit field

Kloeffel Phys. Rev. B 97, 235422 (2018).



Modeling

𝐻𝐷𝑄𝐷 =

(𝜖 + 𝑔𝐿𝜇𝐵𝐵)/2 0 𝑡𝑠𝑐 𝑡𝑠𝑓
0 (𝜖 − 𝑔𝐿𝜇𝐵𝐵)/2 −𝑡𝑠𝑓 𝑡𝑠𝑐
𝑡𝑠𝑐 −𝑡𝑠𝑓 −(𝜖 − 𝑔𝑅𝜇𝐵𝐵)/2 0

𝑡𝑠𝑓 𝑡𝑠𝑐 0 −(𝜖 + 𝑔𝑅𝜇𝐵𝐵)/2

,

L, ↓
L, ↑
𝑅, ↓
|𝑅, ↑

Note: gL 𝜙 , gR 𝜙 , 𝑡𝑠𝑓≃ 𝑡𝑐sin 𝜂 | ( ො𝑔 ⋅ 𝐵) × ( ො𝑔 ⋅ 𝐵𝑠𝑜)| and 𝑡𝑐 = 𝑡𝑠𝑓
2 + 𝑡𝑠𝑐

2

Spin-charge mixing angle:
2𝜂 = 2𝑑/ℓ𝑠𝑜



Modeling
Theory: J.C Abadillo-Uriel, V. Michal, M. Filippone, Y-M Niquet



Dispersive regime

With SOI

−, ↑ ⟶ 𝛼 −, ↑ + 𝛽|+, ↓⟩

−, ↑

|−, ↓⟩

|+, ↑⟩

|+, ↓⟩



Dispersive regime

With SOI

−, ↑ ⟶ 𝛼 −, ↑ + 𝛽|+, ↓⟩

−, ↑

|−, ↓⟩

|+, ↑⟩

|+, ↓⟩



Spin-photon experiment with a single dot

Michal, V et al. Phys.Rev. B 107, L041303 (2023)

Bosco et al. PRL 129, 066801 (2022)

Bad cavity limit: needs a higher quality cavity



Take home message

❑ Nanowire MOS → ultra strong charge photon coupling

❑ Spin-photon coupling ruled by Spin-Orbit ~ 300MHz

❑ Exploring with CQED the hole spin electric susceptibility
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