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Kitzerow	
  	
  and	
  Bahr	
  (eds.)	
  Chirality	
  in	
  liquid	
  crystals	
  (Springer,	
  2001)	
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光学活性酸 

Chirality	
  in	
  nature	


χειρ	
 DNA 

Lewis	
  	
  Carroll,	
  	
  
“Through	
  the	
  Looking-­‐Glass	
  and	
  	
  

What	
  Alice	
  Found	
  There”	
  	




Macroscopic	
  func-ons	
  of	
  	
  
a	
  single	
  crystal	
  

generally	
  comes	
  from	

ü Asymmetry	
  
ü Non-­‐linearity	
  
ü Off-­‐equilibrium	




Our	
  theory	
  is	
  mo9vated	
  by	
  
Chiral	
  Magne9c	
  Crystal	
  Cr1/3NbS2	


Space	
  group	
  P6322 
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 Cr	
 Nb	




Chiral	
  magne9c	
  crystal	
  Cr1/3NbS2	


S	
  occupies	
  general	
  
point	
Cr	
  and	
  Nb	
  occupy	
  

High-­‐symmetry	
  points	
 •  Chiral	
  symmetry	
  breaking	
  
•  Spins	
  see	
  crystal	
  chirality	
  via	
  spin-­‐orbit	
  coupling	


Space	
  group	
  P6322 

Yusuke	
  Kousaka	
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Jun	
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CHiChiral	
Chiral	
  helimagne9c	
  order	
  of	
  Cr’s	
  S=3/2	


Cr3+	
 Cr3+	


ji SSD ×⋅
Mono-­‐axial	
  DM	
  vector	
  
along	
  chiral	
  axis	
  (c	
  axis)	
  
+	
  Ferromagne9c	
  ex.	


Chiral	
  helimagne9c	
  order	
  
=	
  Spin	
  Phase	
  Object	


Hexagonal	
  is	
  good!	


ü  Spin-­‐orbit	
  	
  
ü  Lifshitz	
  invariant	
  
ü  Complex	
  1D	
  IR	


K125≈cT



I9nerant	
  Quantum	
  Spin	
  and	
  Localized	
  Classical	
  Spin 

3d	
  electron	
  of	
  Cr	
  
⇒Localized	
  S=3/2	
   4d	
  electron	
  of	
  Nb	
  

⇒ I9nerant	
  S=1/2	
  
ü  Only	
  t2g	
  orbitals	
  occupied	
  

⇒Low	
  orbital	
  symmetry	
  
⇒Hybridiza9on	
  with	
  Nb’s	
  4d	
  orbit	
  difficult	
  
⇒ High	
  localizability	
  of	
  Cr’s	
  mag.	
  mom.	
  

ü  eg	
  orbitals	
  unoccupied	
  
⇒ excita9ons	
  from	
  t2g	
  to	
  eg	
  
⇒orbital	
  fluctua9ons	
  ac9ve	
  
⇒ DM	
  interac9on	
  enhanced	
 t2g	


eg	


Cr3+ 

S=3/2	


Cr1/3NbS2	
  
•  Chiral	
  crystal　⇒DM	
  
•  highly	
  localized	
  S=3/2	
  and	
  i9nerant	
  	
  S=1/2	
  	
  coupled	
  
•  conduc9ng	
   

S=3/2	


Coupling	
  of	
  	
  localized	
  and	
  i9nerant	
  spins	
  

temperature	


re
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500 nm	
 
Cr1/3NbS2	


Evidence of Ciral Helimagnetic Order 
Observed by Lotentz TEM 

Yoshiko Togawa 
 Tsukasa Koyama 

Shigeo Mori 
(Osaka Prefectural Univ.) 



Small angle electron diffraction (SAED) 

λ ~ (42 nm)-1	
 

(001)	
 

Magnetic 
periodic order 	
 

C.L.= 20 m	
 

(000)	
 

very periodic! 
Just one spacial frequency 

Crystalline 
order 	
 

(1.2 nm)-1 

2.1x10-3 rad	
 



Magnetic small angle electron diffraction (MSAED) 

C.L.= 300 m	
 

Qualitatively: excellent! 

5 x 10-6 rad, t :50 nm 
I : 0.18 T  ←	
 0.24 T (1.5 uB/Cr) 

Quantitatively: reasonable? 



Ground	
  state	
  under	
  perpendicular	
  mag.	
  field	
  :	
  
Chiral	
  soliton	
  lauce（CSL）structure 

l  DM	
  interac9on	
  =	
  macroscopic	
  but	
  weaker	
  than	
  J	
  
l  Energy	
  scale	
  to	
  control	
  mag.	
  texture	
  is	
  very	
  weak	
  
l  Non-­‐linear,	
  asymmetric	
  mag.	
  texture	
  

L	


From	
  chiral	
  	
  
sine-­‐Gordon	


Ellip9c	
  integrals	


Magne9c	
  field	
  strength	


Hc	


Spa9al	
  period	
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CSL	
  
=Magne9c	
  
Kink	
  Crystal	


Compe99on	
  between	
  DM	
  and	
  Zeeman	




Chiral sine-Gordon model 
•  effective 1D model→‘soliton’ 

•  Helical period at zero field 

•  Stationary solution 

•  Topological charge 

I.E.	
  Dzyaloshinskii,	
  Sov.	
  Phys.	
  JETP	
  19,	
  960	
  (1964)	
  
P.G.de	
  Gennes,	
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  State	
  Commun.	
  6,	
  163	
  (1968)	
  	


Mag.	
  field	


Topology protected by geometric chirality CSL	
 CSL	




Energy minimization with respect to elliptic modulusκ 

L	


From	
  chiral	
  	
  
sine-­‐Gordon	


Ellip9c	
  integrals	


Magne9c	
  field	
  strength	


Hc	




Chiral soliton lattice (CSL) in magnetic fields 

0.208 T	
 

0.224 T	
 

H	


Chiral soliton lattice (CSL)	


theoretical fitting	


Defocus: 900 nm	
 



So	
  far,	
  	
  consistency	
  of	
  theories	
  and	
  	
  
experiments	
  were	
  well	
  confirmed.	
  
	
  
From	
  now	
  on,	
  theore9cal	
  proposals	
  	
  
only	
  (as	
  yet)…	




Elementary excitations over the CSL state 

Gap ∝ DM	


Propagating wave (Bloch wave) solution	


Lame equation	


B. Sutherland,  
PRA 8, 2514 (’73)	




CSL	
  Phonon	
  Wave	
  Func9ons 

K2/π K2/π

Lame	
  equa9on	


'' KaK ≤<−
Hidden	
  parameter	




ESR(CSL phonon resonance) 

CSL Phonon w.f. 

Reciprocal lattice const. of CSL 

JK	
  and	
  Ovchinnikov,	
  Phys.	
  Rev.	
  B	
  79,	
  220405(R)	
  (2009)	


CSL	

CSL	


CSL	






A.B.Borisov,	
  JK,	
  I.G.Bostrem,	
  and	
  A.S.Ovchinnikov,	
  Phys.	
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0ϕ 1ϕ
Bäcklund  

Transformation	


New Soliton Solution 

Topological excitation over topological vacuum 
⇒　Everything protected by geometric chirality	




So	
  far,	
  I	
  presented	
  all	
  about	
  CSL	
  
	
  
Next,	
  let	
  us	
  move	
  on	
  to	
  coupling	
  of	
  
CSL	
  with	
  i9nerant	
  quantum	
  spins	
  	




Classical	
  Local	
  Spin	


Quantum	
  spin	
  Carried	
  by	
  I9nerant	
  Electron	


Internal	
  SU(2)	
  rota9on	


Two	
  gauge	
  choices	
  
To	
  make	
  different	
  physics	
  “visible”	


Hopping	
  gauge	
 sd	
  gauge	


x z



dt
dS

Is	
  9me-­‐even	




MagneSc	
  superlaUce	
  potenSal	
  acSng	
  on	
  iSnerant	
  electrons	
  

Controllable magnetic superlattice 

34	


JK,	
  Proskurin	
  and	
  Ovchinnikov,	
  Phys.	
  Rev.	
  Le:.	
  107,	
  017205	
  (2011)	


Magnetic field is weak (~0.1T) 
And electron orbit bending is  
ignored for the time being 



Metal	


Insulator	




Heli-­‐cycloidal	
  spin	
  structure	
  in	
  the	
  insulaSng	
  state	
  	
  

CSL	
CSL	




Zubarev’s	
  nonequilibrium	
  density	
  operator	
  approach	




I9nerant	
  electrons	
  surfing	
  over	
  magne9c	
  superlaufce	
  
⇒　Magne9c	
  field	
  induced	
  metal-­‐to-­‐(band)	
  insulator	
  transi9on	
  

⇒ Mul9ple	
  magneto-­‐resistance	
  peaks	
  
⇒　Useful	
  as	
  sensor?? 

1st	
  resonance	
 2nd	
  resonance	
 3rd	
  resonance	
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Spin	
  Torque	
  Transfer	
  Mechanisms	


27 A/m10for       10 ~m/s~ jV

sd-­‐interac)on	


Fine	
  interplay	
  of	
  quantum	
  phase	
  of	
  Bloch	
  electron	
  and	
  
Semiclassical	
  phase	
  of	
  magne9c	
  kink	
  crystal	
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Spin	
  Current	
  Diode	
  Effect	

Chiral	
  Band	
  +	
  Chiral	
  Non-­‐linear	
  Texture	
  

=	
  Interplay	
  of	
  electron	
  phase	
  &	
  spin	
  phase	


CSL	


CSL	


EV CSLσ=
Sliding	
  velocity	
  
Of	
  CSL	
 Electric	
  field	
Sliding	
  	
  

conduc9vity	




Summary	

•  Chiral	
  helimagnet	
  Cr1/3NbS2	
  

–  Hexagonal	
  is	
  good	
  (no	
  geometric	
  frustra9on	
  of	
  crystallographic	
  axes)	
  
–  Well	
  localized	
  classical	
  spin	
  S=3/2	
  and	
  i9nerant	
  quantum	
  S=1/2	


•  Chiral	
  sine-­‐Gordon	
  model	
  
–  Chiral	
  Soliton	
  Lauce	
  =	
  asymmetric	
  incommensurate	
  spin	
  phase	
  object	
  

protected	
  by	
  geometric	
  chirality	
  
–  Ground	
  state	
  and	
  elementary	
  excita9ons	
  fully	
  available	
  
    ⇒ Fairyland	
  of	
  ellip9c	
  func9ons	
  
–  New	
  soliton	
  surfing	
  over	
  the	
  magne9c	
  superlauce	
  

•  Coupling	
  of	
  	
  localized	
  and	
  i9nerant	
  spins	
  
–  Ground	
  state	
  as	
  magne9c	
  superlauce	
  

⇒ mul9ple	
  magneto-­‐resistance	
  peaks	
  
–  Excita9ons	
  as	
  spin	
  torque	
  supplier	
  

⇒ sliding	
  mo9on	
  of	
  CSL	
  magne9c	
  superlauce	
  
⇒Magne9c	
  Current	
  Diode	
  effect	


Geometric	
  chirality	
  of	
  natural	
  crystal	
  gives	
  us	
  rich	
  physics	
  
connec9ng	
  classical	
  and	
  quantum	
  degrees	
  of	
  freedom	





