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Entangling Distant Semiconductor Qubits
• Circuit QED: microwave photons

– Interaction over distances ~mm-cm
– Strong spin-photon coupling demonstrated

• Mi et al. (Nature 2018), Samkharadze et al. (Science 
2018), Landig et al. (Nature 2018)

– Microwave-mediated entanglement between single
-spin qubits recently demonstrated

• Borjans et al. (Nature 2019)

• Hole spin qubits in lateral Ge/SiGe 
quantum dots
– Valence band: avoid valley degeneracy 

present for electrons in silicon
– Strong intrinsic spin-orbit interaction (SOI) 

• Moriya et al. (PRL 2014), Chou et al. (Nanoscale 2018)

– Larger dots than in Si (m* ~ 0.08 me)
• Hardy et al. (Nanotechnology 2019)

– Single-hole spin qubit and universal set of 
gates demonstrated

• Hendrickx et al. (arXiv 2019; Nature 2020)

– Built-in protection against charge 
decoherence expected

• Wang et al. (arXiv 2019)
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• Heavy hole (HH) spectrum
– Bualev et al. (PRL 2007)
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• Include dominant spin-orbit terms as perturbations
– Bualev et al. (PRL 2007), Trif et al. (PRB 2008), Marcellina et al. (PRB 2017), Terrazos et al. (arXiv 2020)  

Momentum matrix 
elements related 
linearly to position 
matrix elements 

Qubit defined 
by spin-orbit 
corrected 
hole states
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Cubic Rashba Spin-Orbit Interaction



Effective third-
order transition 
matrix elements

VS et al. (in preparation)

Effective three
-photon Rabi 
frequency 

Adiabatic 
elimination  

Semiclassical Case: Effective Rabi Frequencies



Semiclassical Case: Effective Rabi Frequencies

VS et al. (in preparation)

Effective one-
photon Rabi 
frequency 



Quantized Case: Ge Hole Spin-Photon Coupling

VS et al. (in preparation)



• Strength of coupling to resonator electric field via cubic Rashba spin-orbit 
interaction

Ge Hole Spin-Photon Coupling Strengths
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Comparison of coupling strengths



Summary
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• Analytical formulation of one
-photon and three-photon 
coupling to hole spins in 
Ge/SiGe quantum dots

• Three-photon coupling may 
contribute significantly to 
spin-photon coupling 
strength for sufficiently large 
dot size and resonator 
impedance


