
1 Max-Planck-Institute for Chemical Physics of Solids, Dresden 
2 Physics Institute II, University of Cologne 

3 DESY – PETRA III – Hamburg 
4 Inst. for Theoretical Physics, Heidelberg University 

Martin Sundermann1,2, Andrea Severing1,2, Andrea Amorese1,2, 
Hasan Yavas3, Hlynur Gretarsson3, Maurits Haverkort4, Hao Tjeng1 

Determining orbital wavefunctions using   
core level non-resonant inelastic x-ray scattering 

Max-Planck-Institute 
for Chemical Physics of Solids 

Max-Planck-Institut  
für Chemische Physik fester Stoffe 



Theory - calculations Experiment test 

input 

DMFT 

DFT 

Spectroscopy 

k-dependence: e.g. ARPES, neutron 

local: e.g. core-level PES/XAS/IXS 

on-site correlations, orbitals, 
atomic multiplet structure 



Inelastic x-ray scattering 

Max Planck – PETRA III non-resonant inelastic x-ray scattering  

k1, 10 keV 2θ 

photon in – photon out 

• vector-q dependence gives symmetry 

• large transferred q : beyond dipole 
     - determination of orbital state 
     - spectroscopy and direct imaging 

• bulk sensitive, extreme conditions 



one electron theory 

many body theory 

Non-resonant inelastic x-ray scattering (NIXS) @ N-edge 



NIXS is based on: q dependent multipole selection rules!! 

dipole 

octupole 

Non-resonant inelastic x-ray scattering (NIXS) @ N-edge  

momentum transfer  

Code by M.W. Haverkort, MPI CPfS Dresden 

radial angular 

triakontadipole 

dd: monopole, octupole, hexadecapole 
df : dipole, octupole, triakontadipole 



Application to a crystal-field problem at Ce N-edge (4d to 4f) 

Non-resonant inelastic x-ray scattering (NIXS) @ N-edge 

9.5 A-1 

 The large |q| gives rise to the higher multipole 
transitions at lower energies ! 

R.A. Gordon et al., EPL 81, 26004 (2008) 

polycrystal 



many bodyv theory 



Application to a crystal-field problem at Ce N-edge (4d to 4f) 

Non-resonant inelastic x-ray scattering (NIXS) @ N-edge 

9.5 A-1 

qII(001) 

qII(100) 

Simulation  The large |q| gives rise to the higher multipole 
transitions. 

 Vector q dependence on a single crystal should 
give sensitivity to orbital anisotropies  

 (Jz admixture) in analogy to polarization 
dependence in XAS. 

 Simulate NIXS for pure Jz states for  
 vector q  ”in-plane“ and ”out-of-plane“  
 at large |q| at the Ce N-edge (4d -> 4f)   
 [code by M.W. Haverkort] 



Non-resonant inelastic x-ray scattering (NIXS) @ N-edge 

α < 0 α > 0 



ID20 NIXS 



URu2Si2 and the hidden order state 
T.T.M. Palstra et al. 1985, W. Schlabitz et al. 1986, M.B. Maple et al. 1986 

Phase diagram 
• THO = 17.5 K 
• Tsc    =1.5 K 
• T < THO small µord   parasitic minority phase  
• p ≥ 0.7 GPa af  TN ≈ THO (LMAF-phase) 

HO phase  
• 2nd order phase transition  into electronically ordered 

state 
• large loss of entropy (≈1/5 ln2) 
• Fermi surface reconstruction  
• change of quasiparticle scattering rate 
• Fermi surfaces of  HO ≈ Fermi surface LMAF phase  
• Loss of fourfold symmetry 

Energy scales  
• ∆hyb ≈ 13  meV     (150K) opening at Thyb ≈ 27K >THO 
• ∆HO ≈   4  meV     (  45K) in charge and spin channel 
• ∆res ≈    1.6 meV   (  18K) in charge and spin channel 

Hassinger et al. 2010, Park et al. 2012, Meng et 
al. 2013, Barleiile et al. 2014, Aynajian et al. 
2010), Schmidt et al. 2010, Broholm et al. 1991, 
Wiebe et al. 2007, Buhot et al. 2014, Kung et al. 
2015, Bourdarot et al. 2010 

Meng. et al. 2013, Bareille et al. 2014, Chatterjee 
et al. 2013, Okazaki et al. 2011, Tonegawa et al. 
2014 

             T>THO 

Amitsuka et al. 2007, Niklowitz et al. 2010 

T.T.M. Palstra et al. 1986 

Niklowitz et al. 2010 

T.T.M. Palstra et al. 1986 



Non-resonant inelastic scattering U 5d  5f  of URu2Si2 

Isotropic spectrum sum of  
all CF states 

• Spin orbit and Coulomb interaction for 
localized U4+ f2 always yield J = 4. 
 

• Atomic values Cowan code 
      
• Adjust here reduction factors 
     (5f-5f and 5d-5f ≈ 50%)  
 

• Relative contributions of spin-orbit and 
Coulomb interaction determine ratio of 
L=3,4,5 (here 1%, 14% and 85 %). 
 

• FWHM = 0.8eV Gaussian for resolution 
FWHM = 1.3 eV Lorenzian for lifetime 
 

• Simulation by Quanty – Haverkort 
      

atomic f2 multiplet 
calculation 



Application to a crystal-field problem at Ce N-edge (4d to 4f) 

Non-resonant inelastic x-ray scattering (NIXS) @ N-edge 

 The large |q| gives rise to the higher multipole 
transitions at lower energies ! 

R.A. Gordon et al., EPL 81, 26004 (2008) 

polycrystal 

Further away from continuum states 
 more excitonic ! 



Non-resonant inelastic scattering U 5d  5f  of URu2Si2 

Isotropic spectrum sum of  
all CF states 

• Spin orbit and Coulomb interaction for 
localized U4+ f2 always yield J = 4. 
 

• Atomic values Cowan code 
      
• Adjust here reduction factors 
     (5f-5f and 5d-5f ≈ 50%)  
 

• Relative contributions of spin-orbit and 
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• Simulation by Quanty – Haverkort 
      

atomic f2 multiplet 
calculation 



t 

t ∆ 

∆“ 

f2 

f3L 

cf3 

cf4L 

ground 
state 

problem 

XAS  
final 

state 

GS = α|f2> + β|f3L> 

FS1 = α“|cf3> + β“|cf4L> 

FS2 = β“|cf3> - α“|cf4L> 

I(FS2) = |<FS2|f+c|GS>|2  
          = |β“<cf3|-α“<cf4L|f+c|α|f2>+β|f3L> |2 = |β“α−α“β|2  

I(FS1) = |<FS1|f+c|GS>|2  
          = |α“<cf3|+β“<cf4L|f+c|α|f2>+β|f3L> |2 = |α“α+β“β|2  

∆“=∆ : α“=α, β“=β   
I(FS1) = 1    I(FS2) = 0 
   looks like ionic ! 



t ∆“ 

cfn+1 

cfn+2L 

XAS (df) final state: e.g. Uranium M-edges 

t ∆ 
fn 

fn+1L 

ground state problem 

E(fn)      = nEf + ½n(n-1)Uff 

E(fn+1L) = (n+1)Ef + ½(n+1)nUff - EL 

∆ = E(fn+1L) - (fn) = Ef – EL + nUff 

E(cfn+1)   = (n+1)Ef + ½(n+1)nUff + Ec – (n+1)Ucf 

E(cfn+2L) = (n+2)Ef+½(n+2)(n+1)Uff–EL+Ec–(n+2)Ucf 

∆“ = E(cfn+1L) - (cfn) = ∆ + Uff – Ucf    

Uff ~ Ucf    ∆“ ~ ∆   XAS ~ ionic    



t ∆‘ 

cfn 

cfn+1L 

XPS final state 

E(cfn)      = nEf + ½n(n-1)Uff + Ec - nUcf 

E(cfn+1L) = (n+1)Ef + ½(n+1)nUff – EL + Ec – (n+1)Ucf 

∆‘ = E(cfn+1L) - (cfn) = ∆ - Ucf 

t ∆ 
fn 

fn+1L 

ground state problem 

E(fn)      = nEf + ½n(n-1)Uff 

E(fn+1L) = (n+1)Ef + ½(n+1)nUff - EL 

∆ = E(fn+1L) - (fn) = Ef – EL + nUff 

∆‘ is very different from ∆    XPS : satellites !   



t ∆‘“ 

cd1fn 

cd1fn+1L 

XAS (pd) final state: e.g. Uranium L-edges 

E(cd1fn)      = nEf + ½n(n-1)Uff + Ec+Ed–nUcf–Ucd+nUdf 

E(cd1fn+1L) = (n+1)Ef + ½(n+1)nUff – EL + Ec + Ed -    
                        (n+1)Ucf – Ucd + (n+1)Udf 
 

∆‘“ = E(cd1fn+1L) - (cd1fn) = ∆ – Ucf + Udf  

Udf ~ 0      ∆‘“ ~ ∆‘    L-XAS ~ XPS    

t ∆ 
fn 

fn+1L 

ground state problem 

E(fn)      = nEf + ½n(n-1)Uff 

E(fn+1L) = (n+1)Ef + ½(n+1)nUff - EL 

∆ = E(fn+1L) - (fn) = Ef – EL + nUff 



Non-resonant inelastic scattering U 5d  5f  of URu2Si2 

Isotropic spectrum sum of  
all CF states 

• Spin orbit and Coulomb interaction for 
localized U4+ f2 always yield J = 4. 
 

• Atomic values Cowan code 
      
• Adjust here reduction factors 
     (5f-5f and 5d-5f ≈ 50%)  
 

• Relative contributions of spin-orbit and 
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L=3,4,5 (here 1%, 14% and 85 %). 
 

• FWHM = 0.8eV Gaussian for resolution 
FWHM = 1.3 eV Lorenzian for lifetime 
 

• Simulation by Quanty – Haverkort 
      

atomic f2 multiplet 
calculation 



Energy transfer (eV) 

|q|=9.6Å-1 

NIXS: groundstate T > THO 

qII(001) 

qII(100  

Jz 
|4>+|-4> 
 
 
|0> 
 
 
|4>-|-4> 
 
 
|2>+|-2> 
 
 
|2>-|-2> 
 
 
|±3> 
 
 
|-+1> 
 
 



Energy transfer (eV) 

|q|=9.6Å-1 

qII(001) 

qII(100  

Simulation of spectra with full multiplet routine  
Quanty by M.W. Haverkort 

Jz 
|4>+|-4> 
 
 
|0> 
 
 
|4>-|-4> 
 
 
|2>+|-2> 
 
 
|2>-|-2> 
 
 
|±3> 
 
 
|-+1> 
 
 

J = 4, Jz={-4,-3, ….., 2,3,4} 
tetragonal CEF splits J = 4 

into five singlets and 2 doublets 



Nieuwenhuys et al. (1987), Yanagisawa et al. 
(2013), Kiss & Fazekas (2005),  Kusunose et al. 
(2011), Hanzawa (2012) 

Haule & Kotliar  (2009) 

Santini & Amoretti (1994), Nagao & Igarashi (2005) 

Nagao & Igarashi (2005), Ohkawa & Shimizu 
(1999), Chandra et al. (2013), Wray et al. (2015) 

Nagao & Igarashi (2005), Kuwahara et al. (1997)  

Ohkawa & Shimizu (1999), Sugiyama et al. 
(1999), Chandra et al. (2013),  

Some ground state suggestions 

U4+ f2 

J = 4, Jz={-4,-3, ….., 2,3,4} 
tetragonal CEF splits J = 4 

into five singlets and 2 doublets 



Energy transfer (eV) 

|q|=9.6Å-1 

X 

X 
X 

X 

NIXS: groundstate T > THO 

qII(001) 

qII(100  

Jz 
|4>+|-4> 
 
 
|0> 
 
 
|4>-|-4> 
 
 
|2>+|-2> 
 
 
|2>-|-2> 
 
 
|±3> 
 
 
|-+1> 
 
 

GS: mainly singlet Γ1
(1)(≈90°) and/or Γ2 

and some other state, e.g.  
the doublet Γ5

(1)(≈90°) mixed in. 



below T ≈ 27 K 
∆hyb≈150 K ≈ 13 meV 

 

GS 

≈ meV 

f 3 

f2ε1 

Γ1
(1) 

f2ε1 

Γ2 
f2ε1 

Γ5
(1) 

How to set up the energy level diagram of URu2Si2  ?? 

si
ng

le
t 

si
ng

le
t 

do
ub

le
t 

Kramers 
doublet 

STM Park et al.  

≈ 13 meV 

GS: mainly singlet Γ1
(1)(≈90°) and/or Γ2 and  

some other state e.g. the doublet Γ5
(1)(≈90°) mixed in. 









J. Denlinger et al., arXiv:1312.6637 always finite resistivity,  
even in purest samples 

metallic surface states,  
topologically protected ?! 



4f-5d inversion: 
intermediate 4f valence 

Note: 
SmB6 mixed-valent: homogenous in space but inhomogenous in k-space 
Fe3O4 mixed-valent: inhomogenous in space but homogenous in k-space 





Utsumi, Kim, Fisk, Tjeng, et al. 
PRB 96, 155130 (2017) 

HAXPES 

SmB6 : an intermediate valence system 



SmB6 : an intermediate valence system 

f6 J=0 

f6 J=0 

f6 J=1 

5 K 

300 K 



What entropy drives the valence change in SmB6  ?  

•  Lattice ?? 
   -- lattice shrinks in going from 5 to 140 K 
   -- lattice expands from 140 K t o 300 K, but valence still keeps increasing 
       although there is more room for the bigger Sm2+   

•  Spin !! 
   -- Sm2+

  7F0  (J=0, singlet)  to  Sm3+  6H5/2  (J=5/2, sextet) 

•  Similarities with Yb Kondo/heavy-fermion systems 
   -- Yb valence increases from low T to high T, e.g. Yb2.8+  to Yb2.9+ 
   --  YbInCu4: sudden expansion of lattice upon cooling !! 

Sm2+ f6 J=0: even number of electrons 
      hybrization gap model  

coherent 



How to set up the energy level diagram of SmB6  ?? 

f6 
f5L1 order  

300 K 

energy separation much smaller than hopping integral 
   (to get valence close to 2.5+) 

Problems: 
• from low T to high T:  valence move always towards 2.5+ 
• lattice expansion with T tends to lower the f6 energy 



How to set up the energy level diagram of SmB6  ?? 

f6 (7F0) 
f5L1 (6H5/2) 

∆, εf 

f5L1 (6H7/2) 

150 meV 

GS 

f6 (7F1) 
40 meV 



Energy level diagram in intermediate valent SmB6 

quartet GS doublet GS 

or 



quartet GS doublet GS 

hybridization gap *may* open hybridization gap *will* open 



??  Ground state of the Sm 4f5 configuration of SmB6 : Γ7 or Γ8  ??   

Consequences: spin-texture of topological surface states 



Consequences: spin-texture of topological surface states 

Γ8  Γ7  



Can core level NIXS solve the SmB6  symmetry problem ?? 



The quartet ground state of CeB6 

P01 beamline – PETRA III - Hamburg 

Sundermann, Lee, Fisk, Tjeng, Severing et al. 
EPL, 117 (2017) 17003 



The quartet ground state of CeB6 

Sundermann, Lee, Fisk, Tjeng, Severing et al. 
EPL, 117 (2017) 17003 



Core  level  NIXS  on  SmB6 



Core  level  NIXS  on  SmB6 

Sundermann, Severing, Kim, Fisk, Tjeng, et al. 
PHYSICAL REVIEW LETTERS 120, 016402 (2018) 



The Γ8 forms the ground state of the Sm 4f5 configuration of SmB6  

Sundermann, Severing, Kim, Fisk, Tjeng, et al. 
PHYSICAL REVIEW LETTERS 120, 016402 (2018) 

Core  level  NIXS  on  SmB6 









Band structure finds a Γ7 
(and a gap) 

but our experiment finds a Γ8 



Core  level  NIXS  on  SmB6 

Sundermann, Severing, Kim, Fisk, Tjeng, et al. 
PHYSICAL REVIEW LETTERS 120, 016402 (2018) 

Full Γ8 polarization for the Sm 4f5 configuration 
Hardly any mixing in of the Γ7   
  Extremely narrow 4f bands 

  Low energy properties of SmB6 are built up from Γ8 states 



Fractional Parentage 

f6 (J=0, 7F0)  f5 (….) f5 (J=5/2, 6H5/2)  f6 (….) 

small weight to f5 (J=5/2, 6H5/2) small weight to f6 (J=0, 7F0) 

G.A. Sawatzky and R. Green 

4f band formation: f6(A, J=0) + f5(B, J=5/2)   f5(A, J=5/2) + f6(B, J=0) 



Fractional Parentage 

4f band formation: f6(A, J=0) + f5(B, J=5/2)   f5(A, J=5/2) + f6(B, J=0) 

huge reduction factors to the one-electron 4f band width !!! 

G.A. Sawatzky and R. Green 
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