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 Evaporative supercooling 

(Quasi-equilibrium) magnon-BEC 

increases 

Point 

 My opinion; microscopic analysis of evaporation will be interesting. 
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(Macroscopic coherent state) 

Quantum effects 

 Individual magnons   
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 Introduction 

Magnon pumping  &  resulting magnon-BEC 

[S. O. Demokritov et al., Nature 443, 430 (2006).] 

 It does not require “low temperature”. 
 

  “Room temperature” 



      Magnon ≈ Spin-Wave 
 Magnons; the bosonic quanta of magnetic excitations in a magnetically ordered spins 
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Ferromagnetic Heisenberg model (J > 0) 

Ground state; Si
z = 𝑆 

[Y. Kajiwara et al., Nature 464 (2010) 262] 



      Magnon ≈ Spin-Wave 
 Magnons; the bosonic quanta of magnetic excitations in a magnetically ordered spins 

Spin-wave (collective mode) 

−J  𝐒i ∙ 𝐒j
<i,j>

 

Ferromagnetic Heisenberg model (J > 0) 

Ground state; Si
z = 𝑆 

[Y. Kajiwara et al., Nature 464 (2010) 262] 



      Magnon ≈ Spin-Wave 
 Magnons; the bosonic quanta of magnetic excitations in a magnetically ordered spins 

−J  𝐒i ∙ 𝐒j
<i,j>

 

Ferromagnetic Heisenberg model (J > 0) 

Ground state; Si
z = 𝑆 

Si
z = 𝑆 − 𝑎𝑖

†𝑎𝑖 

Si
+ ≃ Si

x + 𝑖Si
y ≈ 𝑎𝑖 ≃ (Si

−)† 

 with [𝑎𝑖 , 𝑎𝑗
†] = 𝛿𝑖𝑗 

Holstein-Primakoff transformation; magnon 

Si
z = 𝑆 

Si
z < 𝑆 

𝑎𝑖
†𝑎𝑖 

Magnon 

[Y. Kajiwara et al., Nature 464 (2010) 262] 

Spin-wave (collective mode) 



 Magnon-BEC vs Atomic BEC 

Decreasing the temperature of (an ideal) gas of bosons 

 Increasing its density 

How to produce 

Macroscopic (bosonic) particles occupy  
      a same (lowest-energy) state. 

Bose-Einstein condensate (BEC) 

[Text “thermal physics” by Kttel] 
 The common method 

 Peculiar to magnon-BEC 
 “Microwave pumping” [S. O. Demokritov et al., Nature 443, 430 (2006).] 



      Microwave Pumping 

Magnon 

  Magnon-BEC 
(macroscopic state) 

Magnon pumping 
Room temperature 

𝒂 = 𝑵𝐁𝐄𝐂𝒆
𝒊𝝁𝒕+𝒊𝜶 

 BEC order parameter 

 We can directly inject magnons so that  
       it becomes a macroscopic number (BEC). 

 A method to inject magnons into ferromagnetic insulators 
[S. O. Demokritov et al., Nature 443, 430 (2006).] 

 It does not require “low temperature”.  “Room temperature” 



[C. D. Batista et al., Rev. Mod. Phys., 86, 563 (2014).] 

[Y. M. Bunkov and G. E. Volovik, arXiv:1003.4889.] 

   Quasi-equilibrium Magnon-BEC 
 [Metastable state]≠[Ground state]  

 
 Excite additional magnons. 
 Create a gas of quasiequilibrium magnons  
       with a non-zero chemical potential.  
 A Bose condensate of magnons is formed. 

Microwave pumping 

[J. Hick et al., Phys. Rev. B 86, 184417 (2012)] 
[T. Kloss et al., Phys. Rev. B 81, 104308 (2010)] 
[S. M. Rezende, Phys. Rev. B 79, 174411(2009)] 
[F. S. Vannucchi et al., Phys. Rev. B 82, 140404(R) (2010)] 
[F. S. Vannucchi et al., EPJB 86 (2013) 463] 
[S. M. Rezende, Phys. Rev. B 79, 174411 (2009)] 

Thermalization process 

𝒂 = 𝑵𝐁𝐄𝐂𝒆
𝒊𝝁𝒕+𝒊𝜶 

 BEC order parameter 



   Experiment by Demokritov 

S. O. Demokritov et al., Nature 443, 430 (2006). YIG (FI) 

BEC Non-condensed magnons  Drastic decay 

Number of magnons ~ 



 Experimental result 
[Nature communication 5, 3452 (2014).] 

Hillebrands 



       THEIR MOTIVATION 
Experiment 

Pumping Gas BEC 

Magnons 

An artefact of FMR YIG (FI) 

 “Room temperature” 

Magnon pumping 

Gaseous magnon; I guess that  
magnons due to finite temperature 
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Experiment Theory A story 

 Numerical calculation 

Pumping Gas BEC 

Magnons 

An artefact of FMR 

Relation ? 

Agreement ! 

YIG (FI) 

       THEIR MOTIVATION 

 “Room temperature” 

Why not ? 



         THEIR QUESTIONS 

After magnon pumping, 
    why the number of magnon-BEC “increases” ?  

 In sharp contrast to magnon gases (i.e. non-condensed magnons) 

What is the mechanism (i.e. story) that connect  
                   pumping and magnon-BEC ?  



  Their story 

Evaporative supercooling 
[Nature communication 5, 3452 (2014).] 



 Evaporation & Supercooling 
Pumping    Evaporation & Supercooling   Magnon-BEC  

 YIG (FI) 
Usual FIs 

 “Room temperature” 
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 Evaporation & Supercooling 

Relaxation (lattice) 

Pumping    Evaporation & Supercooling   Magnon-BEC  
 YIG (FI) 

Higher- energy 
         state 

Energy-state 
 relevant to  
    magnons 

Pumping Gas Evaporation BEC Magnons; 

 “Room temperature” 

±𝒌𝐦𝐢𝐧 (YIG) 

𝑓min 
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Pumping    Evaporation & Supercooling   Magnon-BEC  
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Pumping Gas Evaporation BEC Magnons; 
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 Evaporation & Supercooling 
Pumping    Evaporation & Supercooling   Magnon-BEC  

 YIG (FI) 

Higher- energy 
         state 

Energy-state 
 relevant to  
    magnons 

 Evaporation increases magnon-BEC  !! 

Pumping Gas Evaporation BEC Magnons; 

 “Room temperature” 

±𝒌𝐦𝐢𝐧 (YIG) 

     Average of 
 gaseous magnons 

𝑓min 



       GUIDING PRINCIPLE 
To construct a model to explain the experimental results 

After pumping,  
    BEC increases through “evaporative supercooling”  

Pumping decreases BEC  
Pumping corresponds to an “energy-injection”. 

Pumping    Evaporation & Supercooling   Magnon-BEC  

Spin-lattice relaxation; Γ 

Key point (origin) 

Relaxation time; 400 ns 
 Much longer ! 



  Their Theoretical Model 



 Theoretical Model; Rate Eq. 

Γ; Spin-lattice relaxation rate (energy-independent frequency) 

𝑛𝑐; normalized number of condensed magnons (i.e. magnon-BEC density) 

𝑛𝑔; normalized number of gaseous (i.e. non-condensed) magnons  

𝑛in; normalized number of pumped magnons Pumping 

Gas 

BEC 

 Stationary state under pumping (i.e. 𝒏 𝒄 = 𝟎); 

 Immediately after pumping (i.e. 𝒏𝐢𝐧 = 𝟎); Magnon-BEC 
  increase ! 

Pumping    Evaporation & Supercooling   Magnon-BEC  

0 < 𝜆 < 1  Pumping decreases BEC 
 [pumping]~ [energy-injection] 

Evaporation 
 (i.e. Non-linear  
          scattering) 

 Check ! 
 “Evaporation” 
          increases 
              BEC 

Regarding the def. of  
dimensionless densities,  
please see their paper. 

 Their story looks good ! 



     Numerical Calculation 

Experiment Agreement ! 

Agreement ! 

Theory 

Regarding the def. of dimensionless magnon densities,  
please see their paper. 

 Their story "Evaporative supercooling“ looks good ! 



              CONCLUSION 

- My opinion -  
 Microscopic analysis of evaporation will be interesting (important). 

 This phenomenon (evaporative super-cooling) will be particular to YIG, 
       which has an unusual dispersion relation with the ordinal FIs.  

 Pumping decreases BEC  
Pumping corresponds to an “energy-injection”. 

• Spin-lattice relaxation; Γ 
• Unusual dispersion relation of YIG 

Key points 

 Their theoretical model (rate Eq.) shows a nice agreement with the experiment. 

Pumping    Evaporation & Supercooling   Magnon-BEC  

 After pumping,  
    BEC increases through “evaporative supercooling”  

Thank you for your attention ! 



Appendix 



 GS of YIG; Double Degeneracy 
S. O. Demokritov et al., Nature 443, 430 (2006). 



Ultra-Hot Gas of Pumped Magnons (?) 

 The density of the gaseous magnon phase is seen to increase 666 times during the pumping pulse. 
  Implying that the effective temperature of the pumped magnon gas is 

Gaseous (i.e. thermal) magnons at room temperature 


