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the Quantum Heat Valve
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Hamiltonian limit: coupled oscillators (undamped)
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Hamiltonian limit: chip design
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resonators

𝑓r = 6.4 GHz

𝑓d = 7.4 GHz

fabrication
• Nb (200 nm) on sapphire
• EBL mask patterning
• RIE etching

design
• coplanar waveguides

𝑍∞ ≈ 50 Ω
• interdigitated capacitors

𝐶g ≈ 10 fF
𝐶d ≈ 3 fF
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transmon qubit

ℎ 𝑓q(Φ) = √8𝐸𝐽(Φ)𝐸𝐶 − 𝐸𝐶

𝐸𝐽(Φ) ≈ 𝐸𝐽0| cos(𝜋Φ/Φ0)|

fabrication (SQUID)
• EBL shadow mask
• Ar milling
• Al/Ox/Al deposition

design
• Josephson junctions

𝑅𝑇 ≈ 7 kΩ
• Max. Josephson energy

𝐸𝐽0/ℎ ≈ 45 GHz
• Charging energy

𝐸𝐶/ℎ ≈ 0.15 GHz
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two-tone spectroscopy

parameters

𝑓r = 5.39 GHz

𝑔 = 2.0 × 10−2

̃𝑔 = −1.5×10−2

𝐸𝐽0/ℎ = 45.0 GHz

𝐸𝐶/ℎ = 0.15 GHz

𝑔 / 𝛾 ≡ 𝑔 𝑄r ≈ 0.05
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now with reservoirs: thermal model
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now with reservoirs: chip design
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reservoirs: waveguide terminations

𝑄r = 𝜋
4

𝑍∞
𝑅𝑁

≈ 20

fabrication (SQUID)
• EBL shadow mask
• Ar milling
• Al/Ox/Cu/Al deposition

design
• Tunnel probe electrodes

𝑅𝑇 ≈ 25 kΩ
• Al / Cu / Al shunt

𝑅𝑁 ≈ 2 Ω
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quasi Hamiltonian picture
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𝑃D = ∑
𝑖, 𝑗

𝜌𝑖𝑖 𝐸𝑖𝑗 Γ𝑖→𝑙, D (steady-state)

density matrix: 𝜌 transition energy: 𝐸𝑖𝑗 transition rate: Γ𝑖→𝑙, D
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quasi Hamiltonian picture
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summary
• moderate dissipation

𝑄−1
r ≡ 𝛾 ≃ 𝑔

• delocalized modes
• transport bottleneck: 𝛾
• heat transport present
when qubit is detuned

𝑃D = 2𝜋ℎ𝛾𝑓2
r ∑

𝑖, 𝑗
𝜌𝑖𝑖

| < 𝑖 | ̂𝑎D − ̂𝑎†
D| 𝑗 > |2

1 + 𝑄2
r (𝑓𝑖𝑗/𝑓r − 𝑓r/𝑓𝑖𝑗)2

(𝑓𝑖𝑗/𝑓r)2

1 − exp[−(ℎ𝑓𝑖𝑗/𝑘𝑇D)]
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quasi Hamiltonian experiment
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parameters

𝑓r = 5.30 GHz

𝑄r = 20

𝑔 = 1.93 × 10−2

̃𝑔 = −2.01×10−2

𝐸𝐽0/ℎ = 28.8 GHz

𝐸𝐶/ℎ = 0.15 GHz

𝑔 / 𝛾 ≡ 𝑔 𝑄r ≈ 0.4
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non Hamiltonian picture
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summary
• strong dissipation

𝑄−1
r ≡ 𝛾 ≫ 𝑔

• localized modes
• transport bottleneck: 𝑔
• heat transport absent
when qubit is detuned

𝑃D = 𝜋ℎ𝑔𝑓2
r

1 + 𝑄2
r (𝑓q/𝑓r − 𝑓r/𝑓q)2

𝑛(𝜃S) − 𝑛(𝜃D)
coth(𝜃S/2) + coth(𝜃D/2)

𝜃S,D = ℎ𝑓q
𝑘𝑇S,D

; 𝑛(𝑥) = 1
exp(𝑥) − 1
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non Hamiltonian picture
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summary
• strong dissipation

𝑄−1
r ≡ 𝛾 ≫ 𝑔

• localized modes
• transport bottleneck: 𝑔
• heat transport absent
when qubit is detuned

𝑃D = 𝜋ℎ𝑔𝑓2
r

1 + 𝑄2
r (𝑓q/𝑓r − 𝑓r/𝑓q)2

𝑛(𝜃S) − 𝑛(𝜃D)
coth(𝜃S/2) + coth(𝜃D/2)

+𝜋ℎ ̃𝑔𝑓2
r ∫

+∞

0

𝑛(𝑥 ℎ𝑓r/𝑘𝑇S) − 𝑛(𝑥 ℎ𝑓r/𝑘𝑇D)
[1 + 𝑄2

r (𝑥 − 1/𝑥)2]2 𝑥3d𝑥
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non Hamiltonian experiment

0.4

0.6

0.8

1.0

po
w

er
(fW

)

experiment NH model

0 1 2 3 4

Φ /Φ0

−50

−25

0

po
w

er
(a

W
)

100

150

200

250

300

350

T S
(m

K
)

parameters

𝑓r = 5.61 GHz

𝑄r = 3.15

𝑔 = 1.56 × 10−2

̃𝑔 = 0.21 × 10−2

𝐸𝐽0/ℎ = 35.7 GHz

𝐸𝐶/ℎ = 0.15 GHz

𝑔 / 𝛾 ≡ 𝑔 𝑄r ≈ 0.05
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conclusions

performance

• N.E.T. ≈ 0.1 mK/
√

Hz
• incertitude in power estimates < 5 aW
• typical power modulation: ≈ 200 aW

two limiting regimes
• quasi Hamiltonian: 𝑔 ∼ 𝛾, nonlocal mixed eigenmodes
• non Hamiltonian: 𝑔 ≪ 𝛾, transmon acts as spectral filter

for more details

preprint:
Realisation of a quantum heat valve
Ronzani, Karimi, Senior, Chang, Peltonen, Chen, Pekola
arXiv:1801.09312
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