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Brief	  outline	  

2.	  Bose-‐Einstein	  condensa*on	  of	  magnons	  in	  YOrium-‐Iron-‐Garnet	  (YIG).	  
Experiment.	  

3.	  BECM	  in	  YIG.	  Theory.	  

4.	  Superfluidity	  of	  magnons.	  Theory.	  

5.	  Conclusions.	  

1Introduc*on:	  magnons	  in	  YIG.	  
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YIG	  crystal	  

Chemical	  formula:	   Y3Fe5O12	  

Crystal	  structure	  

Magne*c	  proper*es:	   Ferrite	   Tc=560K	   Scell=14.5	  

a=1.2	  nm	  

80	  atoms	  in	  elementary	  cell	  

Electric	  proper*es:	   Insulator	  
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Low-‐energy	  spin	  waves	  in	  films	   Spin	  of	  elementary	  cell	  rotates	  as	  a	  whole	  

Dipolar	  interac*on	  is	  important	  

Hamiltonian:	  

Holstein-‐Primakoff	  transforma*on	  works	  well:	  S=14.5	  

S+ = Sx + iSy = a
† 2S − a†a; S− = Sx − iSy = a 2S − a†a; Sz = S − a

†a

Quadra*c	  Hamiltonian:	  

γ = 1.2 ×10−5eV / kOe - gyromagnetic ratio a - lattice constant
d  - film thicknessθ  - the angle between k and H
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Q	  
 
Q ∼ πM

Dd
⎛
⎝⎜

⎞
⎠⎟
1/3

≈105cm−1

Crea*on	  and	  annihila*on	  operators	  of	  spin	  waves	  (Bogoliubov	  transforma*on):	  

References:	  

Spectrum	  has	  two	  symmetric	  minima	  at	  k=+Q	  and	  
k=-‐Q,	  Q	  about	  105	  cm-‐1.	  

Wave	  vectors	  to	  minima	  are	  parallel	  to	  
magne*za*on.	  	  

The	  gap	  in	  the	  spectrum	  is	  due	  to	  Zeeman	  energy	  	  

D = Ja3
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Spin	  wave	  interac*on	  

Decay	  1-‐>2	  exists	  in	  the	  bulk,	  vanishes	  at	  ω(q)<2Δ0	  
cqcq1

† cq−q1
†

q

q1

q− q1

q1

q2 q3

q1 + q2 − q3

cq1cq2cq3
† cq1+q2−q3

†
ScaOering	  2-‐>2	  conserves	  number	  of	  spin	  waves	  

3-‐d	  and	  4-‐th	  order	  terms	  in	  spin-‐wave	  amplitudes	  

q

q1

q− q1 − q2

q2 cqcq1
† cq2

† cq−q1−q2
†

Decay	  1-‐>3	  vanishes	  at	  ω(q)<3Δ0	  	  
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	  	  Room	  temperature!	  	  
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What	  is	  going	  on?	   Simple	  theore*cal	  ideas	  

Pumping	  establishes	  a	  sta*onary	  number	  Np	  of	  spin	  waves	  	  

Frequency	  of	  pumped	  spin	  waves	  is	  less	  than	  doubled	  gap	  frequency	  
!	  the	  number	  of	  spin	  waves	  is	  conserved	  

 
Np =Wpτ / !ω p( )

Pumping	  
power	  

Life*me	  Low	  energy	  spin	  waves	  relax	  to	  a	  metastable	  thermal	  equilibrium	  
with	  non-‐zero	  chemical	  poten*al:	  

 
fk = exp !ω k − µ

T
⎛
⎝⎜

⎞
⎠⎟ −1

⎡
⎣⎢

⎤
⎦⎥

−1

≈ T
!ω k − µ

 
exp !ω k − µ

T
⎛
⎝⎜

⎞
⎠⎟ −1

⎡
⎣⎢

⎤
⎦⎥

−1

k
∑ ≡ N(T ,µ)

µ  is monotonically growing function of Np  limited by the value Δ.

Npc = N T ,Δ( )− N T ,0( ) -‐-‐	  equa*on	  of	  condensa*on	  line.	  	  

 
Np = N T ,µ( )− N T ,0( ) ≈ Tµ !ω k !ω k − µ( )⎡⎣ ⎤⎦

−1

k
∑

Condensa*on	  is	  possible	  at	  room	  temperature	  since	  only	  low	  energy	  spin	  waves	  condense	  	  	  	  

Nc = Np − Npc = Np − N T ,Δ( ) + N T ,0( ) -‐-‐	  number	  of	  spin	  waves	  in	  condensate	  

Bun’kov	  and	  Volovik	  	  
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The	  BLS	  signal	  is	  propor*onal	  to	  δΜz=|cQeiQr	  +	  c-‐Qe-‐iQr|2	  

δMz = NQ + N−Q ± 2 NQN−Q cos 2Qr( )

If	  NQ=N-‐Q,	  the	  contrast	  is	  100%	  

Ques*on:	  Why	  the	  symmetry	  Q	  	  	  	  	  	  	  	  	  	  	  -‐Q	  is	  violated?	  

In	  their	  experiment	  it	  was	  3%	  
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2.	  BECM	  -‐	  Theory	  

A < 0; B > 0
Magnons	  with	  the	  same	  
momentum	  aOracts	  each	  other;	  
Magnons	  from	  different	  minima	  
repulse	  each	  other.	  	  

A < 0; B changes sign

Then	  NQ=Nc,	  N-‐Q=0	  	  	  	  	  	  	  	  	  	  	  	  	  	  No	  oscilla*ons	  

Ques*on:	  Why	  the	  oscilla*ons	  appear?	  
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The	  coupling	  of	  the	  two	  condensates	  is	  determined	  by	  the	  4-‐th	  order	  Hamiltonian	  	  

Φ = φQ +φ−QCondensate	  amplitudes	  	   c±Q = N±Qe
iφ±Q

Minimiza*on	  over	  phase:	  

cosΦ = −signC Φ = π  if C > 0 and Φ = 0 if C < 0
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Minimiza*on	  over	  condensate  numbers:	  

V4 = A NQ
2 + N−Q

2( ) + 2BNQN−Q − 2 C NQ
1/2N−Q

1/2 NQ + N−Q( )

Constraint:	   NQ + N−Q = Nc = const

V4 =
A + B
2

Nc
2 + A − B

2
δ 2 − C Nc Nc

2 −δ 2 δ = NQ − N−Q

The ground state depends on a criterion Γ=A-B+|C| !

Γ	  >	  0	  or	  A	  >	  B	  !	  δ	  =	  0	  NQ	  =	  N-‐Q	   Symmetric	  phase	  

Γ	  <	  0	  and	  A	  <	  B	  !	   δ = Nc 1−
|C |2

B − A( )2 Non-‐symmetric	  phase	  
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Phase	  diagram	  in	  the	  plane	  d	  -‐	  H	  
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Interference	  and	  contrast	  

The	  BLS	  signal	  is	  propor*onal	  to	  

δMz = NQ + N−Q ± 2 NQN−Q cos 2Qr +ϕ( );

Contrast	   β ≡
δMzmax −δMzmin

δMzmax

= 1− δ 2

Nc
2 =

1 in symmetric phase
|C |
B − A

in non-symmetric phase

⎧

⎨
⎪

⎩
⎪

In	  the	  experiments	  A	  =	  -‐	  0.168	  mK,	  B	  =	  8.218	  mK,	  C	  =	  -‐	  0.203	  mK	  	  

β	  =	  2.5-‐5%	   In	  the	  experiment	  β	  =	  3-‐10%	  

Why	  β	  is	  small?	  
 

C
B
∼
1
Qd

≈ 1
30

δMz = NQe
i Qz+φQ( ) + N−Qe

− i Qz−φ−Q( ) 2

ϕ = φQ −φ−Q

Displacement	  of	  the	  interference	  paOern	  –	  Goldstone	  mode	  
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Phase	  diagram	  in	  the	  plane	  d	  -‐	  H	  
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Cusps	  are	  manifesta*ons	  of	  the	  0-‐π	  transi*on	  
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	  Zero	  sound	  	  

Goldstone	  mode	  φ=φQ-‐φ-‐Q..	  It	  induces	  oscilla*ons	  of	  δ	  =	  NQ	  –	  N-‐Q	  

Spectrum:	  
 
ω = !2k 4

4m2 + Γnc
k2

m
in	  symmetric	  phase	  

 
ω = !2k 4

4m2 κ + B − A( )nc κ −1( ) k
2

m
; κ = B − A

C
⎛
⎝⎜

⎞
⎠⎟
2

in	  non-‐symmetric	  phase	  

Dispersion	  of	  zero	  sound.	  For	  non-‐symmetric	  phase	  H=1kOe	  and	  d=5μm	  

Local	  displacements	  of	  a	  “crystal”	  interference	  paOern.	  
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4.	  Superfluidity	  of	  magnon	  gas.	  Theory.	  

Is	  it	  observable?	  	   ρn ≈100ρs at T = 300K
But	   vs ≈10

4 ÷105vn
at	  	  	   

∇H ∼10T / cm  ⇒ js ≫ jn

Main	  obstacle:	  The	  mo*on	  of	  the	  condensate	  as	  a	  whole	  violates	  
the	  phase	  trapping.	  

∂n
∂t

+∇j =η sinΦ;Φ = φQ +φ−Q

 
η = C 2n2

! B − A( ) non-‐symmetric	  

 
η = Cn

2

!
symmetric	  

 

∂n!

∂t
+∇ j! = 0

 

n = nQ + n−Q; j =
!
m

nQ∇φQ + n−Q∇φ−Q( )
n" = nQ − n−Q; j" =

!
m

nQ∇φQ − n−Q∇φ−Q( )
Condensate	  is	  conserved	  globally,	  but	  not	  locally	  

	  Chen	  Sun,	  T.	  NaOermann	  and	  VP,	  in	  press	  	  
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What	  is	  new	  in	  comparison	  to	  standard	  superfluidity?	  

Superfluid	  flow	  appears	  only	  a=er	  submission	  an	  energy	  E	  
exceeding	  some	  threshold	  value	  Eth	  to	  the	  condensate	  

If	  E-‐Eth<<Eth,,	  the	  phase	  on	  long	  intervals	  L	  is	  almost	  trapped	  and	  then	  jumps	  
by	  2π	  on	  a	  short	  interval	  l	  	  

 
vs =

2π!
mL

; E − Eth =
ε s
L

 

Eth ∼
Cn2 in symmetric phase

C 2n2 / B − A( ) in non-symmetric phase

⎧
⎨
⎪

⎩⎪

 l ∼ Dn / Eth ; ε s ∼ DEthn
Domain	  wall	  width	   Domain	  wall	  energy	  
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5.	  Conclusions	  

• 	  Coherence	  of	  two	  condensates	  is	  established	  due	  to	  the	  interac*on	  of	  spin	  
	  	  waves	  that	  violates	  the	  number	  of	  spin	  wave	  conserva*on	  at	  high	  frequency.	  
	  	  There	  exist	  two	  coherent	  states	  with	  the	  sum	  of	  phases	  zero	  or	  pi.	  

• 	  SWBEC	  at	  rf	  pumping	  proceeds	  in	  low-‐frequency	  part	  of	  spin	  wave	  spectrum	  
	  	  	  and	  therefore	  is	  possible	  at	  room	  temperature	  	  

• 	  The	  number	  of	  spin	  waves	  is	  conserved	  since	  the	  decay	  processes	  are	  forbidden	  
	  	  	  in	  low-‐energy	  part	  of	  spectrum.	  

• 	  There	  should	  exist	  symmetric	  and	  non-‐symmetric	  phases	  of	  the	  condensates	  	  
	  	  	  	  with	  equal	  or	  different	  numbers	  of	  spin	  waves	  at	  the	  two	  energy	  minima.	  

• 	  Transi*on	  between	  phases	  is	  driven	  by	  thickness	  of	  the	  film	  and	  by	  magne*c	  
	  	  	  field	  

• 	  Dipolar	  interac*on	  leads	  to	  the	  phase	  trapping.	  Superfluid	  mo*on	  is	  possible	  
a�er	  submission	  of	  a	  finite	  amount	  of	  energy	  to	  the	  condensate	  

• 	  Near	  the	  threshold	  energy	  the	  superfluid	  velocity	  remains	  zero	  on	  long	  intervals	  
and	  is	  posi*ve	  on	  short	  phase	  jump	  intervals.	  	  


