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Transi6on	  metal	  oxides:	  Diverse	  Proper6es 

oxygen 

TM ion 

	  
	  Cu: high-Tc superconductivity 

	  

	  
	  Mn: Colossal magnetoresistance 

	  

	  
	  Ni: Fuel cell cathodes 

	  
	  Ti: ferroelectric, piezoelectric 
	  

(Layered) Perovskite structure 



Transi6on	  metal	  oxides 

Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

Lu Hf Ta W Re Os Ir Pt Au Hg 

Strong electron  
correlation 

  U∼2 eV 
  ζSO∼0.5eV 

Strong spin-orbit 
coupling 

4d 

3d 

5d 



Correla6on	  +	  Spin-‐Orbit	  Coupling	  

•  topological	  insulator	  

•  Kondo	  physics	  
•  heavy	  fermion	  	  

•  novel	  topological	  phases	  
•  Kitaev	  quantum	  spin	  liquid	  
•  unconven6onal	  

superconduc6vity	  
	  

•  high	  Tc	  superconduc6vity	  
•  colossal	  magnetoresistance	  



SOC	  Induced	  Mo/	  Transi6on	  
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	  Jeff=3/2	  
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	  spin	  up	  
	  spin	  down	  

	  3/2ςSO≈0.5	  eV	  

t2g band 
µ	


wide t2g–band Metal 

Jeff = 1/2 band 

Jeff = 3/2 band 

Jeff band split due to SO 

ζSO 
ζSO 

Jeff = 1/2 Mott ground state 

U 
Jeff = 1/2 UHB 

Jeff = 1/2 LHB 

Jeff = 3/2 band 

B. J. Kim et al. PRL 2009


 In cubic symmetry,
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Jeff=1/2	  states 
t2g maps onto p(l=1, s=1/2) manifold (TP equivalence) 
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Taking only the t2g subspace, angular momentum operator L is given by 

pz → xy , px → yz , py →zx pt LL
2g

−→
which can be mapped onto L=1 manifold with   

eg 

t2g 

Crystal field 

L=2,S=1/2 

5d 

Spherical symmetry 

J5/2 

J3/2 

LS coupling Crystal field 

J3/2=L+S 

ζSO 

J1/2=|L-S | 

LS coupling 

eg eg 

t2g 



Goodenough-‐Kanamori	  theory	  on	  Jeff=1/2	  states	  

G.	  Jackeli	  and	  G.	  Khaliullin	  PRL	  2009	  

Jeff=1/2	  states	  

180°	  bond	   90°	  bond	  

Heisenberg	   complete	  suppression	  of	  Heisenberg	  

High-‐Tc	  superconduc6vity?	  	   Kitaev	  spin	  liquid?	  	  
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Goodenough-‐Kanamori	  theory	  on	  Jeff=1/2	  states	  

Jeff=1/2	  states	  

180°	  bond	  

Heisenberg	  

High-‐Tc	  superconduc6vity?	  	  



Ruddelsden-‐Popper	  Series	  Iridates	  
Sr2IrO4 

canted AF with 
in-plane moments 

B. J. Kim et al. Science (2009)


TN=240	  K	   Sr3Ir2O7 

G-type AF

c-axis collinear  

TN=285	  K	  

J. -W. Kim, BJK et al. PRL (2012), 

S. Boseggia et al, J. Phys. Condens. Matter (2015) 

J. P. Clancy et al., arxiv (2012)

S. Fujiyama et al. PRB (2012)




Resonant	  x-‐ray	  sca/ering 

t2g 

L3 (2p3/2) 

L2 (2p1/2) 

≈ 

E 

12.8keV 

11.2keV 

L edge: 2p→5d 
        λ∼1Α ° 

Direct probe for the 5d state responsible for magnetism 
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Resonant	  x-‐ray	  sca/ering	  and	  x-‐ray	  absorp6on 

-‐Related	  through	  the	  op6cal	  theorem	  

charge	  

magne6c	  dipole	  

electric	  quadrupole	  

Resonant	  x-‐ray	  sca/ering	  contains	  informa6on	  about	  spin	  and	  orbital	  
structure	  of	  sca/ering	  ion	  

G.	  van	  der	  Laan,	  J.	  Phys.	  Soc.	  Jpn.	  63,	  2393	  (1994).	  
M.	  Haverkort,	  PRL	  105,	  167404	  (2010)	  



XMCD	  and	  RXD	  on	  Sr2IrO4	  

RXD

B. J. Kim et al. Science (2009) 

XMCD

D. Haskel et al. PRL (2012) 

L3 L2 



Evidence	  for	  Jeff=1/2	  states 

B. J. Kim et al., Science 323, 1329 (2009) 

Almost no resonance at L2: 
L2 scattering intensity is only about 1% of that of the L3. 
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Jeff=1/2	  	  	  	  →	  	  Experiment	  	  	  	  	   

Experiment	  →	  Jeff=1/2 

Yes! 

? 





•  valid only if M is along the axis 
of distortion (c-axis) 

•  L2 intensity vanishes for any Δ 
if M is in the ab-plane  





RIXS:	  New	  Tool	  to	  study	  Magne6c	  Excita6ons	  

L. Braicovich et al., PRL (2010) 

RIXS experiment on thin film of La2CuO4 

soft x-ray (<1 keV)




RIXS:	  New	  Tool	  to	  study	  Magne6c	  Excita6ons	  

 5d TMO


130 meV, 3000 cps!

our first experiment on iridate

using Si (844) analyzer @ APS


 hard x-ray (~11 keV)


25 meV resolution routinely 
available at APS and ESRF 


sub 10-meV targeted in 
coming years


2010	  

now	  

2016	  



L2/L3	  intensity	  ra6o	  in	  RIXS	  

 magnon at L2 edge 
suppressed below 
detection level!


J.	  Kim,	  BJK	  et	  al.	  unpublished	  



Goodenough-‐Kanamori	  theory	  on	  Jeff=1/2	  states	  

G.	  Jackeli	  and	  G.	  Khaliullin	  PRL	  2009	  

Jeff=1/2	  states	  

180°	  bond	  

Predominantly 
Heisenberg-like

J1 >> J2




Spin	  wave-‐	  fijng	  to	  Heisenberg	  model	  

2010	  

J=60

J’=-20

J’’=15




Spin	  wave	  gap	  

2010	   2015	  

Sizable XY anisotropy!


see also J. Vale et al. PRB (2015) 
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Jeff=1/2	  states	  

180°	  bond	  

-Compass

-bond-directional 

-Pseudodipolar 




i j 
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Goodenough-‐Kanamori	  theory	  on	  Jeff=1/2	  states	  

G.	  Jackeli	  and	  G.	  Khaliullin	  PRL	  2009	  

Jeff=1/2	  states	  

180°	  bond	  

-Compass

-bond-directional 

-Pseudodipolar 



responsible for 
magnetic anisotropy 
and magnon gap


weak SOC limit: scales with λ

strong SOC limit: scales with JH/U




Pseudodipolar	  term	  in	  a	  square	  lajce	  

      A1g
       B1g




Pseudodipolar	  term	  in	  a	  square	  lajce	  

G.	  Jackeli	  and	  G.	  Khaliullin	  PRL	  2009	  
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Ruddelsden-‐Popper	  Series	  Iridates	  
Sr2IrO4 

canted AF with 
in-plane moments 

B. J. Kim et al. Science (2009)


TN=240	  K	   Sr3Ir2O7 

G-type AF

c-axis collinear  

TN=285	  K	  

J. -W. Kim, BJK et al. PRL (2012), 

S. Boseggia et al, J. Phys. Condens. Matter (2015) 

J. P. Clancy et al., arxiv (2012)

S. Fujiyama et al. PRB (2012)




L2/L3	  RXD	  Intensity	  

IL2/IL3 < 1% 

Sr2IrO4 

L3
 L2


Sr3Ir2O7 

θ 
1
% 



Jab≈Jc	  
	  

Superexchange interactions 
multidirectional	  

Jab>>Jc,	  
	  

Orbitals polarized, 

anisotropy in superexhange 
interactions	  



Giant	  Magnon	  Gap	  in	  Sr3Ir2O7	  

Jungho Kim et al. PRL (2012)


• Large magnon gap Δm≈90 meV



• Total magnon bandwidth ≈ 70 meV


single magnon 

two-magnon 

qc=π/3 



Op6cal	  spectroscopy	  on	  RP	  iridates	  

S. J Moon et al. PRL (2009)


n=1: Sr2IrO4 


n=2: Sr3Ir2O7


n=∞: SrIrO3


Δc=0.35 eV


Δc very small 
(unresolved)


metal


Enhanced	  η	  

U


U




Alterna6ve	  model	  



Spin-‐orbit	  exciton	  



Spin-‐orbit	  exciton	  



One-‐hole	  problem	  	  
ARPES (photon-in electron-out) 

initial 

photon (+ vacuum) 

final 

photoelectron 

hole left behind 



One-‐hole	  problem	  	  
ARPES (photon-in electron-out) 

initial 

photon (+ vacuum) 

final 

photoelectron 

hole left behind 

RIXS (photon-in photon-out) 
initial 

photon 

final 

photon 

electron-hole 
pair 



One-‐hole	  problem	  	  

J.	  Kim,	  BJK	  et	  al.	  Nature	  Commun.	  (2013)	  	  



One-‐hole	  problem	  	  

B. O. Wells et al., PRL (1995)


ARPES (cuprate) 

J.	  Kim,	  BJK	  et	  al.	  Nature	  Commun.	  (2014)	  	  



Summary	  
 RXD can not only 
solve the magnetic 
structure but also the 
spin-orbital structure


 RIXS is an excellent 
tool for 5d oxides to 
study magnetic 
excitations.


 RIXS is sensitive to 
many other kinds of 
excitations beyond 
magnons



