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Mn3+ Mn4+ 

La0.5Sr1.5MnO4 

(Murakami et al.) 

 223 rxd 

 223 ryd 

Azimuthal angle dependence 
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 Resonant X-ray Scattering 

Orbital order & Polarization dependence 



Orbital wave (orbiton) in orbital order 
 

Coherent d-d excitation 
D (level gap) << J (inter-site) 

X-ray 

Exchange 

 軌道波の計算例  Orbiton 
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SI, & Maekawa PRB 62, 2338 (‘00). 

 軌道波の計算例  Orbiton detected by L-edge RIXS 



Cu2+  (d9)  

3-dim. Perovskite crystal 

Orbital order with 
Jahn-Teller distortion 

type 

Resonant x-ray scattering  

 KCuF3 



Ishii-Kuzushita-Inami-Ohwada- 

Niioka-Tatami-Mizuki-Endoh-Murakami 

eg-eg 

t2g-eg 

 Polarization dependence of RIXS 

KCuF3 



 RIXS @ K-edge 

Core hole  
potential 

4p-3d Coulomb 

4p 

3d 

1s 



Hamainen-Hill-Kotani, PRB, 61 

1836 (2000) 

 Polarization dependence of RIXS 

c. f.    J. P. Hill, C. C. Kao, W. A. L. Caliebe, M. 
Matsubara, A. Kotani, J. L. Peng, and R. L. Greene, 
Phys. Rev. Lett. 80, 4967 1998. 



Cuprate  La2CuO4  Lu et al. PRB 74 224509 (’06) 

 Polarization dependence of RIXS 

Cu 4p –O 2p Coulomb interaction 
 

O 2p –Cu 3d charge transfer 



 dd excitation in K-edge RIXS 

M. van Veenendaal et al. PRB 83, 045101 (’11) 

dd excitation & possibility of polarization flipping 



Kramers-Heisenberg formula 

 RIXS Cross Section 



 Phenomenological theory 

Ishihara-Maekawa, PRB 62, R9252, (00) 
Ishihara-Kondoh-Maekawa, Physica B 345, 15 (04) 

Correlation function of polarizability 

Polarization part 

Polarizability tensor at i-site 

“For both L- & K-edge RIXS” 



 Phenomenological theory 

On-site excitation 

Expansion of polarizability based on symmetry 

F.T. 

F.T. 

F.T. 

Off-site excitation 

Excitation at i-site with symmetry  

Irrducible representation and its basis 

(b,) componet of polarization with symmetry   

Inter-site excitation 

Momentum-Polarization cross term 



 Phenomenological theory 

B1g polarization 

Example: d9 D4h in 2-dim. square lattice 

On-site excitation 

B1g excitation 

Off-site excitation 

B1g(A1g) excitation is detected in B1g (A1g) polarization 
(no-momentum dependence) 

B1g excitation is detected in B1g as well as A1g and Eg  polarization 
 

At K=0, momentum-polarization cross effect disappears 



Local excitation 

Same with Raman 

c.f. P. Abbamonte et al. cond-mat/9911215 

Polarization/momentum combining effect 

 Selection Rule for RIXS 



Microscopic theory 

Model 



・ 2×2 2-dimensional square lattice  
    with periodic boundary condition 
 
・ 5×3d orbitals 
    3×4p orbitals  
    1s orbital                at each sites 
 
・ Total hole # of d(3z), d(yz), d(zx),d(xy) ＜＝ 2 
 
・   4p orbital : flat band 
 
・ Exact diagonalization by Lanczos algorithm 
 
・ RIXS spectra by the modified conjugate gradient method  
    and the recursion method         

 Method 
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 XAS & RIXS 

XAS 

RIXS 

Well 
 screened 

Poor 
 screened 
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K=(pp)

  

 

 

K=(0p)
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d(3ｘ2-r2) →d(y2-yz) d(xy) →d(y2-zz) 

 KCuF3 



RIXS experiments in KCuF3 

Ishii-Kuzushita-Inami-
Ohwada- 

Niioka-Tatami-Murakami 



RIXS experiments in KCuF3 



RIXS experiments in KCuF3 

Ishii-Kuzushita-Inami-Ohwada- 

Niioka-Tatami-Murakami 

t2g → x2-y2 

3z2-r2 → x2-y2 



Polarization dependence of RIXS  
in correlated electron systems 

 
 

Selection Rule for RIXS 
Scattering vector reflects on q 

Raman type rule for local excitations & its breaking at finite q 

 
 

Orbital ordered KCuF3 
Polarization dependence for dd excitation 

 

Phys. Rev. B  83, 241101(R) (2011) (editor’s suggestion) 

 Jour. Phys. Chem. Sol. 69, 3184 (2008)   

 
Charge (collective) excitation in electronic ferroelectricity 

 

 Summary 


