
f- and d-derived Electronic Structure Studies 
of Rare-earth Systems

Jason N. Hancock 
University of Connecticut

Outline
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Photon Science at UConn
• Additive manufacturing 

• Negative thermal expansion near 
structural quantum phase 
transitions 

• f-electron physics via RIXS
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Resonant Inelastic X-ray Scattering (RIXS)

• Resonant Raman spectroscopy, with resonance at an X-ray edge

• Bulk sensitive - can probe surface-sensitive samples

• Large momentum transfer, 3D control

• Atomic-species and valence-specific information

• Lots of control (polarization, angle, Q, Ei)

• Entering new era of energy resolution
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Braichovich, et al PRB 81, 174533 (2010)
Braichovich, et al PRL 102, 167401 (2009)

Orbitons 2-magnon

Hill, et al PRL 100, 097001 (2008)
Schlappa, et al PRL 103, 047401 (2009)

Triplon

Ulrich, et al PRL 103, 107205 (2009)

Hasan, et al Science, 288, 1811 (2000)
Li, JNH, et al, PRB 74, 224509 (2006)

Mott gap

Some excitations observed with RIXS

Single-magnon
La2CuO4

Ca2CuO2Cl2

Sr14Cu24O41

La2CuO4



RIXS today NSLS-II, New York

LCLS and SSRL, Stanford

ALS, Berkeley

SPring8, Japan

ESRF, Grenoble

PETRA, Hamburg

SLS, Switzerland

Diamond, UK 

LCLS, Stanford 
Soleil, Paris 

...

CLS, Canada APS, Chicago

• Immense worldwide investment

• Broadening impact
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Yb versus Ce compounds for RIXS experiments

Larger orbitals means 

J=5/2
J=7/2

f 1 f 13

Heavy fermions (CeAl3), m*~1000 me 
Small energy scale ~10s of meV for hybridization

Physically larger orbitals  
Smaller effective mass 

Larger hybridization scale ~100s of meV 

Simple M edge absorption 
Full shell intermediate state

Complex M edge absorption,  
high multiplet intermediates



J=7/2
J=1/2

T

χ(T)

The Kondo problem - new area for RIXS

• Kondo effect - metallic electron states exchange-
coupled to a localized magnetic impurity


• Theoretically challenging problem- solved by Ken 
Wilson and others (1982 Nobel in Physics)

TK

+

χ(T)∼1/T+const.

χ(T)∼const. J=7/2
J=1/2

Difficulties arise from mixture of localized and metallic electronic states



Cornelius et al, PRB, 56 7993 (1997) 

YbAgCu4
Heavy fermion

Sarrao et al, PRB, 59 6855 (1999) 

Valence transition in YbInCu4

Isostructural transition, C15b (cubic) structure 
1st order valence transition, Tv=42 K 

Changes in nf , χ support TK  jump scenario 
Small 0.15% volume change at transition 

Entropy liberated ~R ln(8) 
Kondo Volume Collapse scenario insufficient

Kondo-switching
        YbInCu4

L3 edge  
XAS

TK ~
17K for T>42K
300K for T<42K

TK ~ 75K

Severing et al, Physica B, 163 409 (1990) 

Archetype heavy fermion 
Single Kondo temperature  

describes magnetic, 
valence behavior

Lima Sharma et al J. App. Phys. 108, 083918 (2010)

Magnetocaloric 
application



h+

Resonant Inelastic X-ray Scattering

j=2/2
j=3/2

Yb 5d, In 4p
j=7/2

2p

j=5/2
4f

e-h pair 
excitations

3dj=3/2
j=5/2

Rare earth L edge: most sensitive to
itinerant 5d electronic states



RIXS study of valence transition in YbInCu4

Energy

Strong changes with  
temperature from 

divalent-excited RIXS

Jarrige, JNH, et al Phys. Rev. Lett. 114, 126401 (2015)



RIXS study of valence transition in YbInCu4

Sum over +2 state to simplify spectra
35K

70K

Model
Compare to electronic calculation LSDA+U

Shift of spectral features imply EF change  
Quasi-gap revealed by +2 RIXS spectra

Calculations by Akio KotaniJarrige, JNH, et al PRL 114, 126401 (2015)



High-contrast DOS behind valence transition

High-T, 
poorly conducting,  

paramagnetic, 
integer valent state

quasi-gap
EF

~1/7 e-

Low-T, 
highly conducting,  
moment-screened, 
mixed valent state

Figueroa, et al, Solid State Comm. 106, 347 (1998)

35K

70K

Model

Jarrige, JNH, et al PRL 114, 126401 (2015)

J. K. Freericks and V. Zlatic ́, Rev. Mod. Phys. 75, 1333 (2003)

Interacting Falicov/Kimball approach



RIXS at a different edge
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RIXS at a different edge
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excitation
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RIXS for studies of the hybridization gap

Georges et al. RMP 68, 13 (1996)

C. M. Varma, RMP 48, 219 (1976)
P. Coleman, PRL 59, 1026 (1987)

Theory Theory
Theory

Garner, JNH, et al PRB 62, 4778 (2000)
Dordevic et al. PRL 86, 684 (2001)
Degiorgi et al. EPJ B 19, 167 (2001)

H. Okamura, et al. PRB 75, 041101(R) (2007)
Matsunami, et al. Phys. Rev. B 87, 165141 (2013)

Infrared 
YbInCu4

Jarrige, JNH, et al PRL 114, 126401 (2015)

35K

70K

Model

L3 RIXS 
YbInCu4



Infrared optics and M edge RIXS



Recent RIXS in  
f-electron materials
• ESRF RIXS gives competitive/

superior determination of crystal 
field levels 

• Requires comparison with detailed 
atomic calculations 

• New resolution promises new dawn 
of insight into atomic parameters 
and collective behavior 
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Amorese, et al, PRB 93, 165134 (2016)

CeRh2Si2



Polarization dependent 
M5 RIXS of YbInCu4

• EPU polarization switching permits tests of 
single-impurity Anderson modeling

Calculations by Maxim Dzero



Heavy fermion physics in three spectra

Optics+RIXS at two different edges shows composite nature of quasiparticles

Yb M edge RIXS
couples to f-electrons

Yb L edge RIXS
couples to 5d itinerant states

Jarrige, JNH, et al. (2015)

35K

70K

Model

Optical conductivity 
couples to charge

Hancock, et al. (in review 2018)


