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Novel	  electromagneIc	  phenomena	  	  
due	  to	  the	  topology	  of	  electronic	  state	  	  	

• Quantum	  Hall	  effect	  
• Topological	  Insulator	  
• Anomalous	  Hall	  effect	  
• Spin	  Hall	  effect	  
• etc	  

How	  about	  topological	  phenomena	  relevant	  
to	  magneIc	  oscillaIon	  (magnon)??	
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ObservaIon	  of	  magnon	  Hall	  effect	



AddiIonal	  quantum	  phase	  	  
(Berry	  phase)	

MoIon	  in	  topologically	  	  
twisted	  space	

Quantum	  phase=EffecIve	  magneIc	  field	

Berry	  phase	  induced	  	  
Hall	  effect	 • Topological	  Hall	  effect	  in	  skyrmion	  la^ce	  

• Anomalous	  Hall	  effect	  in	  ferromagnets	  
• Spin	  Hall	  effect	  in	  metals	  and	  semiconductors	  
• etc.	



Berry	  phase-‐induced	  Hall	  effect	  for	  magnons??	
Magnon:	  quantum	  of	  spin	  wave	  	  
no	  charge,	  spin	  S=1	

Lorentz	  force	   (q=0	  for	  magnon)	  

Berry	  phase	  of	  magnon	   Hall	  effect	



Thermal	  Hall	  conducIvity	  in	  insulator	  

Thermal	  Hall	  conducIvity	  in	  metal	  

Thermal Hall conductivityκxy	
Hall	  effect	  of	  magnon	  (or	  phonon)	

B	  

Hot	  Cold	   Electronic	  thermal	  current	  is	  
deflected	  when	  B	  is	  applied.	  	  

Transverse	  T	  gradient∇ｙT	  

Thermal	  Hall	  conducIvity	



Target	  material	  -‐Lu2V2O7　	  

 Pyrochlore	  La^ce	  

 Collinear	  ferromagnet	  

 insulator	  



Thermal Hall conductivity for Lu2V2O7 

(=Tc)	

Y.	  Onose	  et	  al.,	  Science	  329,	  297	  (2010).	  	  



Discussion	  
Origin	  of	  thermal	  Hall	  conducIvity?	
 Possibility	  of	  electronic	  origin	  can	  be	  ruled	  out	  by	  Wiedemann	  Franz	  law.	

κxxe<10-‐5	  W/Km	  below	  100K	

 κxy	  decreases	  with	  H	  at	  low	  T.	 Opening	  of	  magnon	  gap	  	

 κxy	  is	  observed	  only	  below	  TC.	 Coherent	  magnon	  propagaIon	  is	  crucial	  	
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Theory	  of	  magnon	  Hall	  effect	  based	  on	  DM	  interacIon	  	
Katsura	  &	  Nagaosa	

Magnons	  acquire	  Berry	  phase	  owing	  to	  	  DM	  
interacIon.	

i	  site	

Dzyaloshinskii-‐Moriya	  vectors	  
in	  Pyrochlore	  La^ce	

Localized	  magnon	  state	

“transfer	  integral”	  of	  localized	  magnons	



From	  fi^ng,	  we	  obtain	  	

D/J=0.38	

Cf.	  D/J=0.19	  for	  CdCr2O4	

ρn: Bose	  distribuIon	  funcIon,	  Ωnz:	  Berry	  curvature	

TheoreIcal	  formula	  of	  κxy(Matsumoto	  &	  Murakami)	

Fi^ng	  to	  Experimental	  data	



Various ferromagnetic insulators 

YTiO3	  	

La2NiMnO6:	
Ni2+	  	  	  	  	  	  	  	  Mn4+	  

Akimitsu	  et	  al.,	  2001	

BiMnO3	 Atou	  et	  al.	  1999	

Pyrochlore	  ferromagents	 Perovskite	  ferromagnets	



Fig	  4.	



Fig	  5.	



Fig	  9.	



Fig	  10.	



Lu2V2O7	  (20K)	

material	 κxy	  (m	  W/Km)	 |D/J|	

0.7	 0.38	

Ho2V2O7	  (20K)	 0.4	 0.07	

In2Mn2O7	  (33K)	 -‐0.5	 0.02	

Pyrochlore	  	  ferromagnet	
Perovskite	  ferromagnet	

material	 κxy	  (10-‐3	  W/Km)	

La2NiMnO6	

YTiO3	

BiMnO3	  

(31K)	

indiscernible	

indiscernible	

-‐0.02~-0.04	



Effect	  of	  la^ce	  geometry	  on	  DM-‐induced	  magnon	  Hall	  effect	
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D⊥	

φ	

φ	

-φ	

-φ	

xz	  plane	

GdFeO3-‐type	  
distorted	  perovskite	



ObservaIon	  of	  magneIc	  excitaIons	  	  
in	  skyrmion	  crystal	



Cu2OSeO3	

Space	  group:	  P213	  
Same	  as	  B20	  compounds	

Skyrmion	  crystal	  in	  an	  insulaIng	  oxide	  Cu2OSeO3	
S.	  Seki	  et	  al.	  Science	  2012	

Lorentz	  TEM	



Microwave	  experiment	 Broad	  band	  ESR	
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Microwave	  response	  in	  helical	  (conical)	  spin	  structure	  	

HDC	



MagneIc	  oscillaIon	  modes	  in	  Helical	  spin	  state	

HDC	  ⊥HAC	

Helical	 Ferro	

FMR	
+Q	  mode	

-‐Q	  mode	

M.	  Kataoka	  JPSJ	  1986	
(Theory)	



HDC	  ⊥HAC	 HDC	  || HAC	

HDC	





Mochizuki	  PRL	  	
TheoreIcal	  calculaIon	  of	  magneIc	  oscillaIon	  in	  skyrmion	  crystal	

HDC	  ⊥HAC	 HDC	  || HAC	

Numerical	  calculaIon	  
2D	  LLG	  equaIon	Skyrmion	



Summary	

2,	  MagneIc	  excitaIons	  in	  Skyrmion	  crystal	

1,	  ObservaIon	  of	  magnon	  Hall	  effect	  
φ	

φ	

-φ	

-φ	

Effect	  of	  la^ce	  geometry	

We	  have	  invesIgated	  topological	  phenomena	  related	  to	  
magneIc	  excitaIons	  in	  magneIc	  materials	  .	

Skyrmion	  rotaIon	  mode	  

Skyrmion	  breathing	  mode	  









“spontaneous”	  component	  

 Emergent	  at	  Tc	  
 Almost	  isotropic	

Temperature	  dependence,	  anisotropy	


