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Controlling spin relaxation with a cavity 



Spin polarization 

Ensemble of 𝑁𝑁 spins 1/2 
Temperature 𝑇𝑇 𝐵𝐵0 
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| ↑〉 
𝜔𝜔𝑠𝑠(𝐵𝐵0) 

Equilibrium magnetization : 𝑀𝑀𝑧𝑧 𝑡𝑡𝑡 = (𝑁𝑁↑−𝑁𝑁↓)(ℏ𝛾𝛾/2) = (𝑁𝑁ℏ𝛾𝛾/2) tanhℏ𝜔𝜔𝑠𝑠/(2𝑘𝑘𝐵𝐵𝑇𝑇) 

Spin polarization 𝑝𝑝(𝑇𝑇) 
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𝑀𝑀𝑧𝑧 𝑡𝑡𝑡 

𝑝𝑝(𝑇𝑇) 

ℏ𝜔𝜔𝑠𝑠/𝑘𝑘𝐵𝐵𝑇𝑇 

Magnetic resonance signal proportional to 𝑝𝑝(𝑇𝑇)  
Low temperatures 𝑇𝑇 ≪ ℏ𝜔𝜔𝑠𝑠/𝑘𝑘𝐵𝐵 to maximize signal 



Spin relaxation 

y 

| ↑〉 

| ↓〉 

𝑀𝑀𝑧𝑧 𝑡𝑡𝑡 

How fast do spins return to 𝑀𝑀𝑧𝑧 𝑡𝑡𝑡 when  
they are driven out-of-equilibrium ? 

Spin relaxation time 𝑇𝑇1 

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 ≃ 𝑇𝑇1 

Temperature (K) 

T 1 
 (s

) 

1 second 

Si:P donors 
Unfortunately … 
low temperatures                  long 𝑇𝑇1  

Major issue for magnetic resonance 
measurements at low temperatures 

Need a « spin reset » mechanism 



Electron spin initialisation 
Electrical reset Optical reset 

J. Elzerman, Nature (2010) 
A. Morello et al., Nature 467, 687 (2010) 

Spin system dependent… 

⇒  Universal method for spin initialisation ? 

Donors and gate-defined quantum dots  
in semi-conductors 

NV centers 
Donors in silicon 

Cf V. Jacques talk ! 



Spin relaxation by spontaneous emission  

| ↑ 〉 

| ↓ 〉 
photon 

10 000 years 

phonon 

Phonon relaxation 

Free space 
radiation 

10 000 seconds ℏ 𝜔𝜔𝑠𝑠 



A « new » phenomenon : the Purcell effect 



𝜔𝜔0,𝑄𝑄 

𝜸𝜸𝑷𝑷 

Cavity-enhanced spontaneous emission  

| ↑ 〉 

| ↓ 〉 photon 

phonon 

𝛾𝛾𝑃𝑃 =
4𝑸𝑸𝒈𝒈2

𝜔𝜔0
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Predicted in 1946 for spins 

𝜸𝜸𝑷𝑷 

Purcell effect 

Spin-resonator  
detuning 

Spin-resonator 
coupling 

g                     

ℏ 𝜔𝜔𝑠𝑠 

Cavity-enhanced radiation 

Resonator 
quality factor Proposals :  

M.C. Butler et al, PRA 84, 0634074 (2011) 
C.J.Wood et al., PRL 112, 050501 (2014) 



Cavity-enhanced spontaneous emission  

Sleator et al., PRL 1985 
 

But 𝛾𝛾𝑃𝑃 ∼ 10−16𝑠𝑠−1 : negligible compared to non-
radiative decay (phonons, …) 

Effect already observed  
for an ensemble of nuclear spins  

Dominant relaxation for systems with an 
electrical dipole 

• Atoms in mw / optical cavities 
     Goy et al., PRL  (1983), Heinzen et al., PRL (1987)  
• Semiconducting heterostructures 
      Y. Yamamoto, Opics Comm. (1991) 

⇒ Reach regime of Purcell-enhanced relaxation for electronic spins 
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Cavity-enhanced spontaneous emission  

Sleator et al., PRL 1985 
 

But 𝛾𝛾𝑃𝑃 ∼ 10−16𝑠𝑠−1 : negligible compared to non-
radiative decay (phonons, …) 

Effect already observed  
for an ensemble of nuclear spins  

⇒ Reach regime of Purcell-enhanced relaxation for electronic spins 

| ↑ 〉 

| ↓ 〉 
photon 

phonon 
≈ 10 000 s 

𝛾𝛾𝑃𝑃 =
4𝑄𝑄𝒈𝒈2

𝜔𝜔0
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Predicted in 1946 for spins 

𝜸𝜸𝑷𝑷 

Purcell effect 

Spin-resonator  
detuning 

Spin-resonator 
coupling 

ℏ 𝜔𝜔𝑠𝑠 

Cavity with small  
mode volume 

High quality factor 
cavity 

Resonator 
Quality factor 



Experimental setup 

B1 field 5 µm 

Spins 
∼100 nm 

-4 

𝑔𝑔
2𝜋𝜋

= 55𝐻𝐻𝐻𝐻 Spin-resonator coupling 

ω0/2π = 7.24 GHz,  Q = 3 105 

Expected Purcell rate  
at resonance 

Γ𝑃𝑃 = 4𝑔𝑔2𝑄𝑄/𝜔𝜔0  ≈ 3 s-1 



Bi+ 

e- 

209Bi 

The Spins: Bi donors in silicon 



Bi+ 

e- 

209Bi 
e- 

The Spins: Bi donors in in silicon 

𝐻𝐻
ℏ

= 𝑩𝑩𝟎𝟎 ⋅ (−𝛾𝛾𝑟𝑟𝑺𝑺 − 𝛾𝛾𝑛𝑛𝑰𝑰) + 𝐴𝐴𝑰𝑰 ⋅ 𝑺𝑺 
ZEEMAN EFFECT HYPERFINE 

• Electronic spin = 1/2 
• Nuclear spin I=9/2 
• Large hyperfine coupling   𝐴𝐴

2𝜋𝜋
= 1.4754GHz 

20 electro-nuclear  states ! 



≈ 5.2 mT 
≈ 6.8 mT 

10 allowed ESR-like transitions @ low B0 

The Spins: bismuth donors in silicon 

Magnetic  field B0 (mT) 

B0 

28Si 



Spin echo detection 

π/2 

π 

π/2 π echo 
300 µs 300 µs Ae =  

1
𝑇𝑇𝐸𝐸
∫ 𝐴𝐴 𝑡𝑡 𝑑𝑑𝑡𝑡 

A𝑄𝑄 =  
1
𝑇𝑇𝐸𝐸
∫ 𝑄𝑄 𝑡𝑡 𝑑𝑑𝑡𝑡 

2.5µs 5µs 

LO 
I & Q 

T=20mK 

τ τ 

𝜔𝜔0 

𝜔𝜔0 



Quantum-limited spin echo detection 

π/2 π echo 
300 µs 300 µs 

2.5µs 5µs 

T=20mK 

LO 
I & Q 

300K 4K 

HEMT 

ℏω 

JPA 

Quantum limited ESR  
1 echo: 1700 spins 

Gain ∼ 𝟏𝟏𝟎𝟎𝟒𝟒 compared to state-of-
the-art, (Sigillito et al., APL 2014) 

A.Bienfait et al, Nature Nanotechnology (2016) 

Josephson Parametric Amplifier 
            X. Zhou et al., PRB (2014) 

 

T=4K 



Hahn-echo detected ESR Spectroscopy 
Two resonators 

QA = 3.2 105 

QB = 1.1 105 
 

B0 

Magnetic  field B0 (mT) 

Magnetic  field B0 (mT) 



Hahn-echo detected ESR Spectroscopy 
Two resonators 

QA = 3.2 105 

QB = 1.1 105 
 

Doublet shape 
caused by strain 

B0 

Magnetic  field B0 (mT) 

Aluminium wire 



A e 
(a

.u
.) 

Rθ  =  

Rabi oscillations – g calibration 

𝛀𝛀𝑹𝑹 = 𝟐𝟐 𝒏𝒏�𝒈𝒈 

𝑔𝑔
2𝜋𝜋

= 50 ± 10Hz 

as determined numerically 

𝑛𝑛� = 4 𝜅𝜅1
(𝜅𝜅1+𝜅𝜅2)2

𝑃𝑃𝑖𝑖𝑛𝑛 intra-resonator photon number 

g coupling constant 

𝒏𝒏� 

𝜅𝜅1 𝜅𝜅2 

Pin 
π/2 Pin 

echo 

Rθ 



T1 – Inversion recovery 

𝐀𝐀𝐐𝐐(𝐓𝐓 = ∞) 

𝐀𝐀𝐐𝐐(𝐓𝐓 = 𝟎𝟎) 

π 

𝐓𝐓 = ∞ π/2 

𝐓𝐓 = 𝟎𝟎 π/2 



T1 – Inversion recovery 

At resonance : Γ𝑃𝑃 = 4𝑔𝑔2𝑄𝑄/𝜔𝜔0 

Good agreement with 
predicted 𝑇𝑇1𝐴𝐴 = 0.3𝑠𝑠 and 𝑇𝑇1𝐵𝐵 = 1𝑠𝑠 

QA = 3.2 105 

QB = 1.1 105 
 



1)     Spin-resonator coupling 
 
 
 
 

2)     Spin-resonator detuning 

𝛾𝛾𝑃𝑃 =
4𝑄𝑄𝒈𝒈2

𝜔𝜔0
 

Control of the spin relaxation 

𝛾𝛾𝑃𝑃 =
𝛾𝛾𝑃𝑃(𝜔𝜔𝑠𝑠 = 𝜔𝜔0)

1 + 4𝑄𝑄2 𝜔𝜔𝑠𝑠 − 𝜔𝜔0
𝜔𝜔0

2 

At resonance, 



𝐁𝐁𝟎𝟎 

θ 

Control by tuning the spin-resonator coupling 

𝑔𝑔 = −𝛾𝛾𝑟𝑟 1 𝑆𝑆𝑥𝑥 0 𝛿𝛿𝐵𝐵1,⊥ 𝑔𝑔 𝜃𝜃  𝛼𝛼 𝛿𝛿𝐵𝐵1𝑦𝑦2 cos2𝜃𝜃+ 𝛿𝛿𝐵𝐵1𝑧𝑧2  

B1 field 

4 

z 
𝐁𝐁𝟏𝟏 

y 

x 

𝐁𝐁𝟎𝟎 

θ 



Ω𝑅𝑅 𝜃𝜃 = 2𝑔𝑔 𝜃𝜃 𝑛𝑛� 

Control by tuning the spin-resonator coupling 

with 𝑔𝑔 𝜃𝜃 =  𝑔𝑔𝑦𝑦2 cos2 𝜃𝜃 + 𝑔𝑔𝑧𝑧2 

π/2 Pin 
echo 

Rθ 

𝐁𝐁𝟏𝟏 
y 

x 

𝐁𝐁𝟎𝟎 

θ 



Control by tuning the spin-resonator coupling 

and as expected from formula  Γ 𝜃𝜃 =
4𝑔𝑔2 𝜃𝜃
𝜅𝜅

 

with 𝑔𝑔 𝜃𝜃 =  𝑔𝑔𝑦𝑦2 cos2 𝜃𝜃 + 𝑔𝑔𝑧𝑧2 



Δ = 𝐵𝐵Δ × 
𝜕𝜕𝜔𝜔𝑠𝑠
𝜕𝜕𝐵𝐵

 

Total magnetic field 𝐵𝐵0 + 𝐵𝐵∆ 

Control by spin-resonator detuning 

Spins detuned during T from cavity by 
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Control by spin-resonator detuning 
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Control by spin-resonator detuning 
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At resonance, 99.9% 
chances for spin to relax by emitting 

microwave photon into cavity 

Γ𝑁𝑁𝑅𝑅 = 1500𝑠𝑠 −1 

Γ =
4𝑄𝑄𝑔𝑔2

𝜔𝜔0
1

1 + 4𝑄𝑄2 𝜔𝜔𝑠𝑠 − 𝜔𝜔0
𝜔𝜔0

2 

Detuning dependence of relaxation time 

A. Bienfait et al., Nature (2016) 
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100 um 1 m
m

 

width: 500nm 

Larger coupling, shorter T1 

B0 

T1 = 21 ms 
𝑔𝑔/2𝜋𝜋 = 440 Hz π π π/2 

S. Probst et al. (2016) 



Conclusions & Perspectives 

First  observation of Purcell-enhanced relaxation for 
electronic spins 

• Universal initialization for electronics spins 
• Tunable over three orders of magnitude 

 
⇒ with a 30nm wire, g/2π = 4kHz could be reached,  

      yielding T1  ≈  200 µs. Sufficient sensitivity for single-spin  
 detection 

A. Bienfait et al., Controlling spin relaxation with a cavity, Nature (2016) 



Acknowledgements 

Quantronics group, CEA Saclay 

Y. KUBO A. BIENFAIT 

D. ESTEVE D. VION 
J. PLA 

University College London 

J. MORTON 

S. PROBST 

P. JAMONNEAU 

Quantronics Group 

X. ZHOU 

UC Berkeley 

T. SCHENKEL 

POSITIONS OPEN 

P. CAMPAGNE 


	Controlling spin relaxation with a cavity
	Diapositive numéro 2
	Diapositive numéro 3
	Diapositive numéro 4
	Diapositive numéro 5
	Diapositive numéro 6
	Diapositive numéro 7
	Diapositive numéro 8
	Diapositive numéro 9
	Diapositive numéro 10
	Diapositive numéro 11
	Diapositive numéro 12
	Diapositive numéro 13
	Diapositive numéro 14
	Diapositive numéro 15
	Diapositive numéro 16
	Diapositive numéro 17
	Diapositive numéro 18
	Diapositive numéro 19
	Diapositive numéro 20
	Diapositive numéro 21
	Diapositive numéro 22
	Diapositive numéro 23
	Diapositive numéro 24
	Control by spin-resonator detuning
	Control by spin-resonator detuning
	Control by spin-resonator detuning
	Detuning dependence of relaxation time
	Diapositive numéro 29
	Diapositive numéro 30
	Diapositive numéro 31

