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Outline	


●	
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  Higgs	
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  in	
  quantum	
  spin	
  systems	


●	
  Spin	
  dimer	
  system	


Extended	
  spin-­‐wave	
  theory	
  
describing	
  both	
  Nambu-­‐Goldstone	
  and	
  Higgs	
  modes	


●	
  Rerated	
  system	
  and	
  op@cal	
  property	
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Higgs	
  mode	
  in	
  quantum	
  spin	
  systems	


Nambu-­‐Goldstone	
  mode	
  (transverse	
  mode)	
 direc@on	
  fluctua@on	


moment	


x	


Higgs	
  mode	
  (longitudinal	
  mode)	
 Amplitude	
  fluctua@on	


x	


Sachdev	
  and	
  Keimer,	
  Physics	
  Today	
  (2001)	
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To	
  have	
  the	
  Higgs	
  mode	


Longitudinal	
  fluctua@on	
  
	
  
	
  

Moment	
  size	
  changes	
  easily	
  (soZ	
  moment)	
  
	
  
	
  

Quantum	
  cri@cal	
  point	
  
Moment	
  reduc@on	
  

Affleck	
  and	
  Wellman	
  
PRB	
  (1992)	


Quantum	
  phase	
  transi@on	
  	
  
	
  
●　Low	
  dimensionality	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  quasi	
  1-­‐dimensional	
  S=1	
  system	
  
	
  
●　Local	
  quench	
  of	
  spin	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  spin	
  dimer	
  system	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  easy-­‐plane	
  single-­‐ion	
  anisotropy	
  D(Sz)2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	


Affleck,	
  PRL	
  (1989)	
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Quasi	
  1-­‐dimensional	
  S=1	
  system	


Affleck,	
  PRL	
  (1989)	
  
Affleck	
  and	
  Wellman,	
  PRB	
  (1992)	
  

Hamiltonain	


mass	
  (Haldane	
  gap)	


intra-­‐chain	


inter-­‐chain	


Low-­‐energy	
  effec@ve	
  mode	
  (σ	
  model)	


Intersite-­‐interac@on-­‐induced	
  quantum	
  phase	
  transi@on	


cri@cal	
  vaule	
 Nambu-­‐Goldstone	


Higgs	


classical	
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Spin	
  dimer	
  system	
  TlCuCl3	


TlCuCl3	


strong	


weak	


J’	


J	


singlet	


Sz=1,0,-­‐1	


interac@on	


J’	

J	


Compe@@on	
  	
  	
  	
  J	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  J’	


Magnon	
  BEC	
  
Nikuni	
  et	
  al.,	
  PRL	
  (2000)	


Field-­‐induced	
  order	


J	


J	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  weakened	
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Spin	
  dimer	
  system	
  TlCuCl3	


Ordered	


Para	


Oosawa	
  et	
  al.,	
  JPSJ	
  (2003)	
  
Goto	
  et	
  al.,	
  JPSJ	
  73	
  (2004)	


Pressure-­‐induced	
  order	
TlCuCl3	


strong	


weak	


J’	


J	
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QCP	




Exchange	
  interac@on	
singlet	


triplet	


triplet	


Mo@on	
  of	
  triplet	
  excita@on	


crea@on	
  
annihila@on	


triplet	


triplet	


exchange	


move	
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Field-­‐induced	
  order	


9	


k	


Magnon	
  band	


３-­‐fold	


k	


k	


H	
  =	
  0	


H	
  =	
  Hc	


H	
  >	
  Hc	


k	


Magnon	
  band	


３-­‐fold	


k	


３-­‐fold	


k	


Higgs	


Nambu-­‐Goldstone	


single	


２-­‐fold	


P	
  =	
  0	


P	
  =	
  Pc	


P	
  >	
  Pc	


Pressure-­‐induced	
  order	




Classical	
  energy	
  for	
  pressure-­‐induced	
  order	


x	


z	


θ	


φ	


M=uv	


z	


opposite	


Local	
  groundstate	


Classical	
  energy	
 Higgs	
  poten@al	


Interdimer	
  interac@on	


singlet	


Sz=1,0,-­‐1	


10	




Classical	
  energy	
 Higgs	
  poten@al	


Interdimer	
  interac@on	
11	


Magne@c	
  moment	


M	


Classical	
  energy	


N-­‐G	


Higgs	


k	


Higgs	


Nambu-­‐Goldstone	


single	


２-­‐fold	


Classical	
  energy	
  for	
  pressure-­‐induced	
  order	




Extended	
  spin-­‐wave	
  theory	


Introduce	
  bosons	
  for	
  mean-­‐field	
  states	


J’	


J	


i-­‐site	
 j-­‐site	


bi0	


bi1	

bi2	

bi3	


bj0	


bj1	

bj2	

bj3	


Sachdev	
  et	
  al.	
  (1990)	
  
Chubukov	
  et	
  al.	
  (1995)	
  
Sommer	
  et.	
  al.	
  (2001)	
  
Matsumoto	
  et	
  al.	
  (2002)	
  
Shiina	
  et	
  al.	
  (2003)	


Boson	
  for	
  GS	


Local	
  constraint	


Hamiltonian	
 Retain	
  quadra@c	
  terms	
  of	
  	


Bogoliubov	
  transforma@on	
 diagonal	
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N.	
  Cavadini	
  et	
  al.,	
  J.	
  Phys.:	
  Condens.	
  MaSer	
  (2000)	
  

Matsumoto	
  et	
  al.,	
  PRB	
  (2004)	

Ch.	
  Rüegg	
  et	
  al.,	
  Nature	
  (2003)	


Field-­‐induced	
  order	
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Pressure-­‐induced	
  order	


Ch.	
  Rüegg	
  et	
  al.,	
  PRL	
  (2008)	


Higgs	


anisotropy	


P	
  <	
  Pc	

3-­‐fold	


Matsumoto	
  et	
  al.,	
  PRB	
  (2004)	


P	
  >	
  Pc	
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Excita@on	


Higgs	


anisotropy	


QCP	


Intensity	
  of	
  neutron	
  sca:ering	


Ch.	
  Ruegg	
  et	
  al.,	
  PRL	
  (2008)	
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Intensity	


Line	
  width	
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P	


T	


Pc	


AM	

①	


②	


para	


①	


②	


P	


T	


Pc	


AM	


①	
②	

para	


①	


②	


Finite	
  temperature	
 Merchant	
  et	
  al.,	
  Nat.	
  Phys.	
  (2014)	
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At	
  the	
  cri@cal	
  pressure	


P	


T	


Pc	


AM	


para	


Merchant	
  et	
  al.,	
  Nat.	
  Phys.	
  (2014)	
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Related	
  system	
  and	
  op@cal	
  property	


3D	
  S=1	
  system	


Jij	


k	


2-­‐fold	


k	

2-­‐fold	


k	


Higgs	


Nambu-­‐Goldstone	


para	


cri@cal	


ordered	
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Electromagnon	


Electric-­‐field-­‐excitable	
  magnon	
  
Mul@ferroic	
  systems	


Electromagnon	
  excita@on	
  and	
  Higgs	
  mode	


Electric	
  field	
  excites	
  the	
  Higgs	
  mode	
  selec@vely	


classical	
 fluctua@on	


Longitudinal	
  fluctua@on	
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Spin-­‐dependent	
  electric	
  polariza@on	


inversion	
  
center	




para	
 cri@cal	


N-­‐G	


Higgs	


AF	


N-­‐G	


Higgs	


AF	


20	
QCP	
 Matsumoto,	
  JPSJ	
  (2014)	


electromagnon	




Summary	


Higgs	
  mode	
  in	
  quantum	
  spin	
  systems	


Detectable	
  in	
  the	
  vicinity	
  of	
  a	
  quantum	
  cri@cal	
  point	
  

Quantum	
  spin	
  systems	
 various	
  ways	
  to	
  induce	
  QPT	
  
Low-­‐dimensionality	
  
Spin	
  dimer,	
  dimer	
  +	
  monomer,	
  trimer	
  
Easy-­‐plane	
  single-­‐ion	
  anisotropy	
  

Various	
  ways	
  to	
  detect	
  Higgs	
  mode	
   Neutron	
  sca:ering	
  
Light	
  absorp@on	
  
Raman	
  sca:ering	
  
ESR	


Good	
  playground	
  to	
  study	
  Higgs	
  mode	
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