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Coupling a QD to a resonator

• Enables:
• QND qubit readout
• Charge to photon conversion
• Qubit/qubit coupling
• …and more!

• Requires:
• Strong Coupling (g > 𝜅𝜅, 𝛾𝛾) 
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Presenter Notes
Presentation Notes
For charge DQD: 𝛾 ~10-20MHz   g ~30-100MHz



Alexandre Blais, Ren-Shou Huang, Andreas Wallraff, S. M. 
Girvin, and R. J. Schoelkopf Phys. Rev. A 69, 062320 (2004)
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Presenter Notes
Presentation Notes
Triple point resonacnce.50 ohm resonator 2mmVacuum impedence is sqrt(mu 0 / epsilon 0) = 8 alpha R_hall = 377 ohm limit .Resonator phase velocity is 1/sqrt(LC) 6Ghz resonator are about 5mm long, here you can reduce it by almost 2 order of magnitudeScale of the AC on the resonator is on the V0 of the resonator, 10uV . the resonator gate is very much coupuled to the detuning, very little to the interdot.



High Z resonators

• g∝ 𝑍𝑍𝑟𝑟 = 𝐿𝐿𝑟𝑟/𝐶𝐶𝑟𝑟
• Josephson Junctions have high 

impedance without extra 
Capacitance

• SQUID allow for tunable 
resonators
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Altimiras et al., APL 103, 212601 (2013).
Masluk et al., PRL 109, 137002 (2012).

Presenter Notes
Presentation Notes
Vacuum impedence is sqrt(mu 0 / epsilon 0) = 8 alpha R_hall = 377 ohm limit .Resonator phase velocity is 1/sqrt(LC) 6Ghz resonator are about 5mm long, here you can reduce it by almost 2 order of magnitudeScale of the AC on the resonator is on the V0 of the resonator, 10uV . the resonator gate is very much coupuled to the detuning, very little to the interdot.



Resonant interaction
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Stockklauser, Scarlino et al., PRX 7, 011030 (2017)
Scarlino, van Woerkom, et al., Phys. Rev. Lett. 122, 2068092 (2019)

𝝂𝝂𝑸𝑸𝑸𝑸 = 𝜹𝜹𝟐𝟐 + 𝟐𝟐𝟐𝟐 𝟐𝟐

Presenter Notes
Presentation Notes
Vacuum impedence is sqrt(mu 0 / epsilon 0) = 8 alpha R_hall = 377 ohm limit .Dispersion relationResonator phase velocity is 1/sqrt(LC) 6Ghz resonator are about 5mm long, here you can reduce it by almost 2 order of magnitude



Two tone spectroscopy

Stockklauser, Scarlino et al., PRX 7, 011030 (2017) 6

Presenter Notes
Presentation Notes
First case: sweep nu resonator. Second case: tune the resonator at 6GHz and apply a secondary variable tone Vs. when there is resonance you drive the electron between g and e and this changes the resonator frequency by dispersive coupling, changing amplitude (and phase) you can extract tunnel coupling.Power broadens the line (and T2* is intrinsic)



Maximizing g even more

• Reducing the resonator intrinsic capacitance 
• Increasing the lever arm 𝐶𝐶𝑄𝑄𝑄𝑄−𝑟𝑟𝑟𝑟𝑟𝑟/𝐶𝐶𝑄𝑄𝑄𝑄
• Increase the DQD electric dipole moment- How?

ℏ𝝎𝝎𝑸𝑸𝑸𝑸 = 𝝐𝝐𝟐𝟐 + 𝚫𝚫𝟐𝟐

𝜹𝜹𝝐𝝐 = 𝒆𝒆𝜹𝜹𝑽𝑽𝒈𝒈
𝑪𝑪𝑮𝑮𝑮𝑮−𝑪𝑪𝑮𝑮𝟐𝟐
𝑪𝑪𝒐𝒐𝒐𝒐𝟐𝟐𝒐𝒐𝒐𝒐𝒐𝒐𝒆𝒆

𝑪𝑪𝟐𝟐𝒐𝒐𝟐𝟐−𝑪𝑪𝒎𝒎𝒐𝒐𝟐𝟐𝒐𝒐𝒎𝒎𝒎𝒎
𝑪𝑪𝟐𝟐𝒐𝒐𝟐𝟐+𝑪𝑪𝒎𝒎𝒐𝒐𝟐𝟐𝒐𝒐𝒎𝒎𝒎𝒎

𝜼𝜼 ≡ 𝑪𝑪𝟐𝟐𝒐𝒐𝟐𝟐−𝑪𝑪𝒎𝒎𝒐𝒐𝟐𝟐𝒐𝒐𝒎𝒎𝒎𝒎
𝑪𝑪𝟐𝟐𝒐𝒐𝟐𝟐+𝑪𝑪𝒎𝒎𝒐𝒐𝟐𝟐𝒐𝒐𝒎𝒎𝒎𝒎

𝒈𝒈 = ℏ𝝎𝝎𝒓𝒓
𝟐𝟐𝒆𝒆𝟐𝟐

ℏ
× 𝜼𝜼

𝑪𝑪𝑮𝑮𝑮𝑮 − 𝑪𝑪𝑮𝑮𝟐𝟐
𝑪𝑪𝒐𝒐𝒐𝒐𝟐𝟐

𝝂𝝂𝑸𝑸𝑸𝑸 = 𝜹𝜹𝟐𝟐 + 𝟐𝟐𝟐𝟐 𝟐𝟐
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Presenter Notes
Presentation Notes
incraese the level arm 𝛼𝑖,  using a shallow 2DEG/2DHG or DQD in nanowiresEpsilon detuningC_g_1 = c gate on dot 1With the assumption that the total capacitance of each dot is the sameEta is the renormalization of the dipolar energy, they call it dipole strength. Does delta tunneling plays a role? No because small lever arm



𝜼𝜼 in charge stability diagrams

8Fig2

Supplementary Fig 2

𝜼𝜼 = 𝑮𝑮 −
𝟐𝟐𝚫𝚫𝐕𝐕𝐦𝐦
𝚫𝚫𝑽𝑽𝒈𝒈

Presenter Notes
Presentation Notes
*eta formula neglects gate capacitances, assumes symmetric dots (same Ctot) . The interdot tunneling stays in 4-6 GHz



Dipole strength and coherence 
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Presenter Notes
Presentation Notes
All at zero epsilon except for F. Rabi mode splittings in D. Lambda R is the avg and the linewidth of rabi modes. Lambda 2 is coherence (zero power) . In F the slope gives you the charge noise .Resonator tuned such that wr = wqLambda R depends on K +Lambda 2Zero Power Linewidth= DQD decoherenceZero detuning = insensitive to charge noise at first order. What happens at higher detuningDelta in e and f is delta nu q



Comparing different configurations
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�𝒈𝒈⊥ = 𝒈𝒈
𝚫𝚫
𝝎𝝎𝒓𝒓

𝟓𝟓𝑮𝑮𝟓𝟓𝟓𝟓
𝝎𝝎𝒓𝒓/𝟐𝟐𝟐𝟐



Ultra Strong coupling regime 
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Presenter Notes
Presentation Notes
Change of device! 4kOhm JJWe configure the DQD tunneling amplitude close to ∆/h ∼ ωr/2π and change the DQD detuning. gR,JC/ωr ∼ 0.11 strong coupulingΓ2/2π ∼ 149 ± 2 MHz (1ns!) and a Rabi mode splitting of 2g/2π ∼ 1258 ± 3 MHz (400MHz)



Conclusions 

For small eta
• g/2π ∼ 40 MHz
• Γ2/2π ∼ 3 MHz (T2 ∼ 53ns )

For large eta
• g/2π ∼ 625 MHz
• Γ2/2π ∼ 149 MHz (T2 ∼ 1ns)
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In the same kind of device you can change wildly coupling and coherence!

Presenter Notes
Presentation Notes
Usually 20nsKappa resonatorκint/2π = 19.5 MHz and κext/2π = 4.3 ± 0.1 MHz. For JJκint/2π = 10-40MHz and κext/2π = 2-15 MHz. For SQUID varies on nu rwe determine its internal loss rate, its external coupling rate to the input line, and the total linewidth κint; κext ; κ /2π ∼ 10.0; 2.3; 12.3 MHz





Defining charge noise sensitivity

14



15

*JJ device

*SQUID device



SQUID Resonator quality
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Crazy large table
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Presenter Notes
Presentation Notes
90nm depth 2deg
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