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Cavity quantum electrodynamics 

Seminal works by Serge Haroche, 
David J. Wineland, et al. 
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Strong coupling in classical and quantum systems 

𝑘 

𝑔 ≫ 𝛾, 𝜅 



yttrium iron garnet 
 (YIG, Y3Fe5O12) 

Cavity QED with spin systems 
a) paramagnetic systems 

• D. Schuster et al, PRL 105, 140501 (2010) 
• Y. Kubo et al, PRL 105, 140502 (2010) 
• etc. 

b) ferrimagnetic YIG 
• Y. Tabuchi et al, PRL 113, 083603 (2014) 
• X. Zhang et al, PRL 113, 156401 (2014) 
• M. Goryachev et al, Phys. Rev. Applied 2, 054002 (2014) 
• N.J. Lambert, J.A. Haigh, and A.J. Ferguson, J. Appl. Phys. 117, 053910 (2015) 
• etc. 

𝑔 = 𝑔0 𝑁 



R.J. Schoelkopf and S.M. Girvin, Nature 451, 664 (2008) 

Coupling rate vs Coherence time. Hybrid quantum computing. 



1. Strong coupling of hybrid magnons with 
a split-ring resonator (CW) 

1. Magnetic structure of MnCO3 

2. Experimental setup 

3. Observation of avoided crossing 

Outline 

2. Pulse measurements (new results) 

1. Rabi-like oscillations 

2. Spin echo, measurements of T2 

Phys. Rev. Lett. 114, 226402 (2015) 

Strong coupling between 
hybrid nuclear-electron magnons  
and a microwave resonator 



MnCO3 crystal 
Materials with strong hyperfine interaction 
between nuclear and electron spins 

MnCO3, CsMnF3, RbMnF3, RbMnCl3, MnO, KMnF3, 
MnF2, MnFe2O4, FeBO3, CoCO3, He3 

(A. S. Borovik-Romanov et al., Sov. Phys. Usp. 27, 235 (1984)) 

Hyperfine interaction : 
 ℋ 𝑟 = 𝐴 𝑴𝒆 𝑟 ⋅ 𝒎𝒏(𝑟) 

Effective hyperfine magnetic field acting on 
nuclear spins: 

𝑯𝒏 = −𝐴𝑴𝒆 𝑟  

Very strong interaction: 𝜇0𝐻𝑛 ≈ 60 T  

Effect of microwave field enhancement: 
𝐻𝑛⊥ ≈ 𝜑𝐻𝑛 = 𝐻𝑛

𝐻0
ℎ1,     𝜂 = 𝐻𝑛

𝐻0
≈ 100 



Hybridized nuclear-electron magnons 

𝜔𝑛2 ≈ 𝜔𝑛𝑛
2 1 − 

2 𝐻𝐸𝐴 𝑚𝑧
𝐻0 𝐻0 + 𝐻𝐷𝐷 𝑀  

P.G. de Gennes et al., Phys. Rev. 129, 1105  (1963) 
D. Shaltiel, Phys. Rev. 142, 300 (1966) 

Magnetic structure of MnCO3 a) canted antiferromagnetism / weak 
ferromagnetism below 𝑇𝑛 = 32.5 K : 
• exchange field : 
  𝜇0𝐻𝐸 = 34 T 
• Dzyaloshinskii-Morya field : 

  𝜇0𝐻𝐷𝐷 ≈ 0.44 T  
b) hyperfine effective field: 𝜇0𝐻𝑛 ≈ 60 T  

Low-frequency collective spin excitation (magnon)  is 
the hybridized oscillation of nuclear and electron spins 

𝜔𝑛𝑛 

𝜔𝑛 

𝜔𝑒 
𝜔𝑒𝑒 “FMR magnon” 

“NMR magnon” 

640MHz 



Experimental setup 

Sample size:  2.4 x 2.7 x 0.7 mm3 

Cavity size:  Ø 7 mm x 10 mm 

3D split-ring resonator 
𝑄 ≈ 100 

Measurement scheme 



Avoided crossing (at T=1.15K) 
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Results of fitting 

𝑆12 2 =
𝜅1𝜅2

𝑖 𝜔 − 𝜔𝑐 − 𝜅1 + 𝜅2 + 𝜅𝑖
2 + 𝑔𝑚2

𝑖 𝜔 − 𝜔𝑚 − 𝛾𝑚
2

2

 

Fitting equation (input-output formalism theory): 

• coupling strength    
𝑔𝑚 2𝜋⁄ ≈ 1 MHz 

Cooperativity       𝐶 = 4𝑔𝑚2 𝜅𝛾𝑚⁄ ≈ 0.2 

• total resonator linewidth 
𝜅 ∕ 2𝜋 = (𝜅1 + 𝜅2 + 𝜅𝑖)/2𝜋 ≈ 6 MHz 

• magnon mode linewidth   
𝛾𝑚 2𝜋⁄ ≈ 3 MHz 

𝑃𝑖𝑖 = 3𝜇𝜇 

𝑃𝑖𝑖 = 100𝜇𝜇 
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Theoretical estimations of coupling strength 

𝑔 =
𝜇𝑑
ℏ

× 𝐵𝑝𝑝𝑝𝑝𝑝𝑝 ×  𝑁 = 

=  𝛾𝑛
2

2𝑝𝑛𝐼𝑁 × (𝐻𝑛/𝐻0) ℏ𝜔𝑐𝜇0/𝑉𝑐 ≈ 1 MHz 

spin polarization     𝑝𝑛 = 𝛾𝑛ℏ 𝐼+1 𝐻𝑛
3𝑘𝑏𝑇𝑛

≈ 0.005 

number of spins    𝑁 ≈ 4 × 1019 nuclear spin    𝐼 = 5
2
 

gyromagnetic ratio   𝛾𝑛 = 2𝜋 × 11 MHz/T 

𝜔𝑒 

𝜔𝑛 
cavity resonance 



Q-factor was improved from 100 to 1000 

Measurements of microwave reflection (at 300mK) 
  +  new resonator 

𝑃𝑖𝑖 ≈ −70 dBm 



Pulse measurements. 
Free induction decay after single pulse.  

Rabi-like oscillations 

exp (−𝑡/𝑇2∗) 

𝑇𝑅𝑅𝑅𝑅 ≈ 0.75µsec 𝑔 ≈ 1MHz 

𝑇2∗ ≈ 0.5 µsec 

pulse duration 240 ns, 𝑃𝑖𝑖 ≈ 5dBm 



Spin echo measurements. Two-pulse echo. 

≈ exp (− 2𝜏 𝑇2⁄ ) 

𝑇2 ≈ 5 µsec 

300 mK 

pulse duration 240 ns, 𝑃𝑖𝑖 ≈ 30 dBm 



Conclusions 

• strong coupling between nuclear spins and 
photons is mediated by electron spins via the 
hyperfine interaction (“double hybridization”) 
 

• T2 is quite long, but not as long as was expected. 
More systematic studies are required. 
 

• similar strong coupling phenomena could be 
realized in other systems with strong hyperfine 
interaction 



Appendix 



Estimation of T2 

Y. M. Bunkov and B. S. Dumesh 
Sov. Phys. JETP 41, 576 (1975) 

≈ exp (− 2𝜏 𝑇2⁄ ) 

𝑇2 ≈ 5 µsec 

300 mK 



Classical model 



sample 

𝐶 

𝑦 

𝑧 

LC-circuit equation:   𝐼 = −𝐶Φ̈ = −𝐶(𝐿𝐼̈ + 𝜇0𝜂𝜂𝑀𝑦)̈  

Magnetic flux through the coil: 
 Φ = 𝐵𝑦 𝑡 × 𝐴 = 𝜇0 𝐻𝑦 + 𝜂𝑀𝑦 𝐴 

Bloch equation:  𝑑𝑀 𝑑𝑑⁄ = 𝛾[𝑀 × 𝐵]  

Faraday’s law:     𝜀 = −dΦ/𝑑𝑑 

Eigenmodes equation:  𝜔4 − 𝜔2 𝜔𝑚2 1 + 𝜂𝜒0 + 𝜔𝑐2 + 𝜔𝑐2𝜔𝑚2 = 0 

Solution (𝜔𝑚 ≈ 𝜔𝑐 ≈ 𝜔0, 𝜂𝜂0 ≪ 1): 𝜔1,2
2 = 𝜔02(1 ± 𝜂𝜒0) 

𝐵0 

Splitting value:  Δ𝜔 = 𝜔0 𝜂𝜒0 

𝜔𝑐 = 1/ 𝐿𝐿 𝜔𝑚 = 𝛾𝐵0 

static susceptibility 𝑀0 = 𝜒0𝐻0 



sample 

𝐶 

𝐿 

𝐵0 

Classical model:  Δ𝜔 = 𝜔0 𝜂𝜒0 

N spins in a cavity 

𝑔𝑒𝑒𝑒 = 𝑔0 𝑁 =
𝛾
2 𝜇0ℏ𝜔𝑐/𝑉𝑐 𝑁 

Quantum model: 

But  𝜂 = 𝑉/𝑉𝑐,        𝜒0= 𝑀
𝐻0

= 𝑁𝜇𝐵
𝐻0𝑉

= 𝑁 ℏ𝛾\g
𝜔0
𝛾𝜇0

𝑉
  

Thus  Δ𝜔 = 2𝑔𝑒𝑒𝑒 = 𝜔0
𝑉
𝑉𝑐

𝑁𝑁𝜇0𝛾2

𝜔0𝑉
= 

= 𝛾 𝜇0ℏ𝜔𝑐/2𝑉𝑐 𝑁 
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