
8 / 11 /2019
FAM

Leon Camenzind



Motivation
Orbitals play major role in performance & operation of semiconductor spin qubits

Spin relaxation (in GaAs)

micromagnets SOI

Nowack et al., Science 318 (2007)

𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∝ 𝑔𝑔 𝜇𝜇𝐵𝐵
𝐸𝐸 𝑡𝑡
E𝑜𝑜𝑜𝑜𝑜𝑜
2 𝑏𝑏𝑆𝑆𝑆𝑆 − 2|𝐵𝐵0|

𝑙𝑙𝑠𝑠𝑜𝑜
/ 2ℎ

Pioro-Ladrière et al. Nat. Phys. 4 (2008) 

Qubit drive (Rabi oscillations)

Amasha et al., PRL 100 (2008).

𝑊𝑊 = 𝑇𝑇1−1 ∝
𝐵𝐵5

𝜆𝜆𝑆𝑆𝑆𝑆2 ⋅ 𝐸𝐸𝑜𝑜𝑜𝑜𝑅𝑅4

𝐸𝐸𝑜𝑜𝑜𝑜𝑅𝑅 =
ℏ

𝑚𝑚∗ ⋅ 𝑙𝑙𝑜𝑜𝑜𝑜𝑅𝑅2



Device & charge stability

3

𝑑𝑑𝐼𝐼𝑆𝑆𝐸𝐸𝑆𝑆/𝑑𝑑𝑉𝑉𝐺𝐺1
SET compensated

𝟏𝟏 𝑻𝑻/𝝁𝝁𝝁𝝁

40 𝐺𝐺𝐺𝐺𝐺𝐺

800ppm

QD reservoir



Shell filling: «Magic numbers»
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Tarucha et al., PRL 77 (1996)
Kouwenhoven, Austing, Tarucha, Rep. on Prog. in Phys., 64 (2001) 

𝐶𝐶 ~ 8𝜖𝜖𝑜𝑜𝜖𝜖0𝑟𝑟 (Disk)
𝐸𝐸𝐶𝐶 = 𝑒𝑒2/𝐶𝐶

Charging energy 𝑬𝑬𝒄𝒄

𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂 = 𝑬𝑬𝑪𝑪 + (𝑬𝑬𝒐𝒐𝒐𝒐𝒐𝒐)  

𝐸𝐸𝑛𝑛𝑙𝑙 = 2𝑛𝑛 + 𝑙𝑙 + 1 ℏ
1
4
𝜔𝜔𝑐𝑐2 + 𝜔𝜔0

2
1/2

−
1
2
𝑙𝑙 ℏ𝜔𝜔𝑐𝑐

𝑛𝑛 = 0, 1, 2, . . (radial quantum number)
𝑙𝑙 = 0, ±1, ±2 (angular momentum)

Orbitals (isotropic 2D-dot)



Magic numbers with valley degeneracy

+ inluding valley degeneracy in silicon (2x)
magic numbers:

2, 6, 12 → 4, 12, 24

Yang et al,  Nat. Comm. 3069 (2013)
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Magnetospectroscopy

Energy scales
valley: Δ𝑉𝑉𝑆𝑆
elliptic QD: Δ𝑥𝑥𝑥𝑥 = |𝐸𝐸𝑜𝑜𝑜𝑜𝑅𝑅𝑋𝑋 − 𝐸𝐸𝑜𝑜𝑜𝑜𝑅𝑅𝑌𝑌 |
exchange coupling 𝐽𝐽

Δ𝑉𝑉𝑆𝑆 ~ Δ𝑥𝑥𝑥𝑥 ~ 𝑓𝑓𝑒𝑒𝑓𝑓 100𝜇𝜇𝑒𝑒𝑉𝑉

 difficult to label shell structure

see also Liles et al., Nature Comms. 9, 3255 (2018) [holes] and Yang et al,  Nat. Comm. 3069 (2013) [electrons]
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Driving and read-out of the qubit

𝚪𝚪𝒐𝒐𝒐𝒐𝒐𝒐~𝟎𝟎

spin to charge conversion
Elzerman et al., Nature, 430 (2004).

Qubit drive spin relaxation

𝜋𝜋 pulse @ C
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Coherent spin control

Nowack et al., Science 318 (2007)

𝑓𝑓0 = 41.829 GHz 𝑓𝑓0 = 41.879 GHz 𝑓𝑓0 = 41.827 GHzLarmor frequency:

~10𝑘𝑘𝐺𝐺𝐺𝐺 ~200 𝑘𝑘𝐺𝐺𝐺𝐺 ~200 𝑘𝑘𝐺𝐺𝐺𝐺𝒐𝒐𝑹𝑹𝒂𝒂𝒐𝒐𝑹𝑹

𝒐𝒐𝑹𝑹𝒂𝒂𝒐𝒐𝑹𝑹 ∝ 𝑔𝑔 𝜇𝜇𝐵𝐵
𝐸𝐸 𝑡𝑡
E𝑜𝑜𝑜𝑜𝑜𝑜
2 𝑏𝑏𝑆𝑆𝑆𝑆 − 2|𝐵𝐵0|

𝑙𝑙𝑠𝑠𝑜𝑜
/ 2ℎ

Pioro-Ladrière et al. Nat. Phys., 4 (2008) 

Micromagnet-ESR EDSR: SOI (very weak interface Dresselhaus)

~18𝜇𝜇𝜇𝜇 16𝜇𝜇𝜇𝜇 7𝜇𝜇𝜇𝜇𝑻𝑻𝟐𝟐∗

Decoherence 𝑻𝑻𝟐𝟐∗ :  electric noise + 𝑏𝑏𝑆𝑆𝑆𝑆
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Quality factor for different shells

𝑄𝑄 = 𝑇𝑇2𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅/𝑇𝑇𝜋𝜋

𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∝ 𝑔𝑔 𝜇𝜇𝐵𝐵
𝐸𝐸 𝑡𝑡
𝑬𝑬𝒐𝒐𝒐𝒐𝒐𝒐
𝟐𝟐 𝑏𝑏𝑆𝑆𝑆𝑆 − 2|𝐵𝐵0|

𝑙𝑙𝑠𝑠𝑜𝑜
/ 2ℎ
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Gate fidelities: Randomized benchmaring

shell electrons gate fidelities

s 1 98.5

p 5 99.7

d 13 99.5

similar 𝑇𝑇2 but much faster gates  higher fidelity

• Create random sequence of Clifford gates {𝐼𝐼, ±𝑋𝑋, ±𝑋𝑋2, ±𝑌𝑌, ±𝑌𝑌2} of 
length 𝑚𝑚

• at the end: refocus pulse
• Apply sequence to either | ⟩↑ and | ⟩↓ → 𝑃𝑃| ⟩1 resp. 𝑃𝑃𝑃| ⟩1

𝑃𝑃𝑃| ⟩1 − 𝑃𝑃| ⟩1 = 𝑎𝑎𝑝𝑝𝑚𝑚
• Average Clifford-gate fidelities: 𝐹𝐹𝐶𝐶 = 1 − (1 − 𝑝𝑝)/2

Idea: obtain gate fidelities by removing read-out infidelities out of the sequence
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Confinement dependence
𝑓𝑓0 ~ 41𝐺𝐺𝐺𝐺𝐺𝐺 increase in 𝐸𝐸𝑜𝑜𝑜𝑜𝑅𝑅

Relaxation hotspot [1]

[1] Yang et al,  Nat. Comm. 3069 (2013)

Stark Shift

𝑓𝑓𝑜𝑜𝑅𝑅𝑅𝑅𝑅𝑅 correlates with
𝑑𝑑𝑓𝑓/𝑑𝑑𝑉𝑉𝐺𝐺2

Variations of g-factor 
and/or
micromagnet field

Excited orb. state or 
valley state near 
Zeeman excitation

Orbital effects

Orbital effects

𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∝
|𝑅𝑅𝑆𝑆𝑆𝑆|
E𝑜𝑜𝑜𝑜𝑜𝑜
2

𝑇𝑇1 ∝ 𝐸𝐸𝑜𝑜𝑜𝑜𝑅𝑅
𝑝𝑝

𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∝ 1/𝐸𝐸𝑜𝑜𝑜𝑜𝑅𝑅2



But what about T2 and Q?
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5 electron configuration

Data from the lab 
(Ge/Si NW qubit):

much stronger gate tuneability

orbital effect or indication 
of direct Rashba SOI?

𝑇𝑇2 sweetspot (*):
less successible to charge noise: @ 𝑑𝑑𝑓𝑓/𝑑𝑑𝑉𝑉𝑔𝑔~0

∗

∗

𝑓𝑓
−
𝑓𝑓 0

more confined

more confined



• Qubit operation hotspot in p-shell:
• faster driving (orbital energy / size)
• same 𝑇𝑇2 as for s-shell

 increase in quality factor and gate fidelities

• Electrical tunability of Qubit parameters... 
• Stark shift (weak)
• 𝑇𝑇1
• 𝑇𝑇2
• 𝑓𝑓𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

... due to orbital and valley effects..

Conclusions

13
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Thank you for your attention
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Click to edit Master title style

Appendix

15
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Coherent control of other electron occupancies
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Liles et al., Nat. Commun.

Leon Camenzind, PhD defense 19



Spin relaxation due to SOI mediated coupling to phonons

Piezoelectric electron-phonon interaction:

𝑈𝑈𝑝𝑝𝑝 ∝ 𝜔𝜔−12 ⋅ 𝑒𝑒𝑅𝑅 𝑞𝑞𝑜𝑜−𝜔𝜔𝑡𝑡 → 𝐸𝐸𝜔𝜔 ∝ −𝛻𝛻𝑈𝑈𝑝𝑝𝑝 ∝ 𝑞𝑞𝜔𝜔−12 → 𝑞𝑞
1
2

𝐺𝐺𝑠𝑠𝑜𝑜 ∝
1

ℏ𝜔𝜔0 + Δ
−

1
ℏ𝜔𝜔0 − Δ

𝑢𝑢𝜇𝜇𝑢𝑢𝑛𝑛𝑔𝑔 Δ ≪ ℏ𝜔𝜔0 → 𝐺𝐺𝑠𝑠𝑜𝑜 ∝
Δ

ℏ𝜔𝜔0
2

First order spin flip transition matrix element:

𝑀𝑀 ≈𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔 ↓ 𝑈𝑈𝑝𝑝𝑝 𝑔𝑔 ↑ 𝑒𝑒𝑒𝑒𝑒𝑒
∝ 𝑞𝑞

1
2 ⋅ 𝐺𝐺𝑠𝑠𝑜𝑜 ⋅ Δ ∝ 𝑞𝑞

1
2 ⋅ Δ ⋅ ℏ𝜔𝜔0 −2

Using Fermis golden Rule:

W =
2𝜋𝜋
ℏ2 𝑀𝑀 2𝐷𝐷𝑝𝑝𝑝 𝑞𝑞

Spin relaxation rate for 𝒒𝒒 ∝ 𝚫𝚫 (energy matching)

𝑊𝑊 ∝ 𝑞𝑞
1
2Δ ℏ𝜔𝜔0

−2
2
𝑞𝑞2 =

Δ5

ℏ𝜔𝜔0
4

𝑇𝑇1−1 = 𝑊𝑊 = 𝐴𝐴 ⋅
𝐵𝐵5

𝜆𝜆𝑆𝑆𝑆𝑆2 ⋅ ℏ𝝎𝝎𝟎𝟎
4

𝐷𝐷𝑝𝑝𝑝 𝑞𝑞 ∝ 𝑞𝑞2

3x phonons, 2x SOI
4x SOI

From Golovach et al., PRL 93 (2004) 𝑨𝑨 ≈ 33 𝜇𝜇−1mev4𝜇𝜇𝑚𝑚2/𝑇𝑇5

Presenter
Presentation Notes
For Uph -> Ew we use the dipole approximation?
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