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  Mob	
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What	
  about	
  other	
  fillings?	
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Material	
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𝑈≫𝜆≫𝑡	
  

U,	
  JH	
   S=1	
  
L=1	
  

J=0	
  

(Non-­‐magnefc)	
  

-­‐𝜆  𝐿.𝑆	
  

d4	
  systems	
  are	
  non-­‐magnefc	
  	
  
in	
  atomic	
  limit	
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J=0	
  

(Non-­‐magnefc)	
  

3λ/2	
  
𝑗=1/2	
  

𝑗=3/2	
  

SOC	
  

Can	
  there	
  be	
  any	
  non-­‐trivial	
  magnefsm	
  in	
  d4	
  systems?	
  



Hopping	
  induced	
  Ferromagnefsm	
  in	
  d4	
  system	
  
H = Hhop +

X

i

(Hi,U +Hi,SOC)

d4:	
  2	
  sites	
  
Exact	
  diagonalizafon	
  

(6⇥2)C8 ⇡ 500
states	
  

O.	
  Nganba	
  Meetei,	
  W.	
  Cole,	
  M.	
  Randeria,	
  NT,	
  
PRB	
  91,	
  054412	
  (2015)	
  





Asymmetric	
  hopping	
  	
  
(one	
  blocked	
  channel)	
  

Magnefc	
  ground	
  states	
  persist	
  even	
  with	
  one	
  blocked	
  channel	
  

Symmetric	
  hopping	
  
J	
  good	
  quantum	
  number	
  





Stoner	
  Ferromagnet	
  (SrRuO3)	
  
Mean	
  field	
  theory	
  

SOC	
  Driven	
  Band	
  Insulator	
  
(CaOsO3)	
  

Band	
  theory	
  

Atomic	
  picture	
  	
  
expected	
  to	
  work	
  

Hopping	
  induced	
  magnefsm	
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Novel	
  FM	
  
(1)  Hopping	
  generates	
  a	
  local	
  moment	
  
(2)  Local	
  moment	
  is	
  not	
  robust	
  

J=1:	
  	
  	
  	
  
S=2	
  	
  	
  
L=1	
  

|Li| = 1

|Si| = 1
U/t=8	
   (3)	
  Local	
  moments	
  are	
  

coupled	
  ferromagnefcally	
  



Why	
  ferromagneAc	
  superexchange?	
  

AF	
  arrangement	
   FM	
  arrangement	
  

Hund’s	
  coupling	
  
MAXIMIZED	
  

For	
  maximum	
  gain	
  the	
  two	
  electrons	
  
on	
  nbr	
  sites	
  must	
  be	
  in	
  different	
  orbitals	
  







AF	
  superexchange	
  for	
  JH=0	
  
G.	
  Khaliullin	
  PRL	
  111,	
  197201	
  (2013)	
  

Typical	
  value	
  for	
  4d/5d	
  oxides	
  
Khomskii	
  book	
  

Role	
  of	
  Hund’s	
  coupling	
  in	
  determining	
  magnefc	
  ground	
  state	
  
•  Hopping	
  with	
  one	
  blocked	
  channel	
  
•  Exact	
  diagonalizafon	
  results	
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Compeffon	
  drives	
  a	
  phase	
  transifon	
  
p
�Ueff ⇠ t

Heff = �JFM

X

hiji

Si.SjP(Li + Lj = 1) + �
X
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Effecfve	
  Hamiltonian:	
  Superexchange	
  +	
  SOC	
  



Comparison	
  of	
  	
  
effecfve	
  model	
  with	
  full	
  H	
  

full	
  H	
   Heff	
  



Mean-­‐field	
  theory	
  for	
  effecfve	
  
Hamiltonian	
  

Locally	
  L=1	
  +	
  S=1	
  à	
  J=0,	
  1	
  and	
  2	
  (Ignore	
  high	
  energy	
  J=2)	
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𝛼	
  =	
  x,y,z	
  

Sachdev,	
  Bhab	
  PRB	
  41,	
  	
  9323	
  (1989)	
  



Mean-­‐field	
  theory	
  for	
  effecfve	
  Hamiltonian	
  

•  Singlet	
  condensate	
  
•  Gapped	
  triplet	
  band	
  

•  Triplet	
  gap	
  closes	
  
•  Triplet	
  condensate	
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Triplet	
  condensate	
  at	
  k=0	
  

See	
  also	
  G.	
  Khaliullin	
  	
  
PRL	
  111,	
  197201	
  (2013)	
  	
  

JFM/� < (JFM/�)cJFM/� = (JFM/�)c

JFM/�



Resonant	
  X-­‐ray	
  Scabering	
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  Fink,	
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Geck,	
  Rep.	
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  Phys.	
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  (2013)	
  

e	
  (e’)	
  polarizafon	
  of	
  
incoming	
  (outgoing)	
  photon	
  



Resonant	
  Xray	
  scabering	
  in	
  d4	
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Magnefc	
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cross-­‐secfon	
  



Conclusions:	
  
materials	
  with	
  4	
  electrons	
  in	
  d-­‐shell	
  can	
  be	
  magnefc	
  

à Going	
  beyond	
  Ir(4+)	
  	
  
	
  
•  	
   	
   Single	
  atom	
  with	
  d4	
  is	
  non-­‐magnefc	
  
•  	
   	
   Hopping	
  of	
  electrons	
  between	
  atoms	
  	
  

	
   	
   	
  -­‐-­‐	
  generates	
  the	
  local	
  moment	
  
	
   	
  	
  	
  	
  	
  	
  	
  -­‐-­‐	
  	
  dictates	
  the	
  nature	
  of	
  ordering	
  

•  	
  	
   	
  For	
  typical	
  values	
  of	
  JH/U~0.2	
  
	
   	
  (a)	
  Ferromagnefc	
  Ordering	
  
	
   	
  Stotal	
  maximized;	
  Ltotal	
  projected	
  to	
  intermediate	
  value	
  

	
  
	
   	
  (b)	
  Distorfons	
  	
  F	
  à	
  AF	
  

	
  
	
   	
  (c)	
  If	
  JH/U	
  <	
  0.1	
  can	
  get	
  AF	
  even	
  without	
  distorfon	
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  oxides	
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  magnefsm	
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Materials:	
  
	
  
TM	
  ions	
  (d4):	
  Ru4+,	
  Os4+,	
  Ir5+	
  
	
  

xtal	
  structures:	
  	
  
•  pyrochlore:	
  Y2Os2O7	
  	
  	
  	
  
•  double	
  perovskite:	
  Sr2MIrO6,	
  La2MRuO6	
  
•  layered	
  perovskite:	
  Ca2RuO4	
  	
  
•  honeycomb:	
  A2RuO3	
  
	
  

strongly	
  insulafng	
  and	
  magnefc	
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Predicfon:	
  	
  
Novel	
  orbitally	
  entangled	
  ferromagnefsm	
  in	
  d4	
  
materials	
  
	
  
Next	
  steps….Develop	
  theory	
  for	
  	
  
(1) Different	
  d-­‐O-­‐d	
  bond	
  angles	
  from	
  	
  
	
   	
   	
  different	
  xtal	
  structures	
  

(2)	
  Distorfon;	
  pressure	
  tuning	
  
(3)	
  XMCD	
  and	
  XAS	
  


