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“What you really have here is a lattice full of these objects 
that fluctuate back and forth from one valence to another. 
There are the phonons, there is the fact that the electrons 
fluctuate by tossing electrons into the d level on the next site 
which can then go down into the f levels on yet another site. So 
the things which toss the valence back and forth are 
definitely coupled between one site and another. (...) 
This is an extremely hard problem. ” 

see P. Coleman in “PWA90” (World Scientific)

- P. W. Anderson
Rochester Conference
on Mixed Valence (1976)
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f-state 
energy

CePd3 typical intermediate valence compound

• low symmetry
• CEF splitting
• AFM correlations
• heavy FL

• high symmetry
• TK ≫ TCEF

• no AFM correlations
• moderately heavy FL

• large Kondo energy scale TK ≈ 50 meV / 600 K
( quenching of magnetic moments )

• coherence energy scale Tcoh ≈ 12 meV / 150 K
( crossover to Anderson Lattice )

• effective valence: Ce3.25+ 4f 0.75 ,
not strongly T-dependent below RT
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D.I. Khomskii, Cambridge University Press (2010)



Questions

What is the microscopic mechanism of the quantum coherent state?
(relevance of inter-site fluctuations, phonons, ... ?)

How do the relevant energy scales arise?
( TK Tcoh TRKKY )

How are elementary excitations (charge, spin) being renormalized?

How does this break down when magnetism is approached?

(How) are the resulting quantum fluctuations driving emergent phases?

oFen...
not directly measured

by bulk methods,
not well resolved 

by spectroscopy

need to take into account electronic and 
magnetic, local and itinerant degrees of 
freedom, on disparate energy scales: 

• on-site correlation
• inter-site correlation
• lattice coupling (?) 

theory

Interest: 
• f level energies
• widths and splitting
• occupation numbers
• character and dispersion

of quasiparticle states
time- and length scale 
of the probe must match

experiment

Challenges

Dürer/Grover (CNLS 2019)
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J. Lawrence, Rep. Prog. Phys. 44 (1981)

Kondo lattice properties

• low temperature resismvity: depends on 
periodicity of scanering potenmal
→ strong effect of laqce coherence

• idenmfy coherence temperature Tcoh

observe Fermi-liquid 𝜚(T) ∝ T
↯ AIM predicts finite 𝜚(0)

CeSn3

CeAl2

CePd3

CeIn3

β-Ce

CeCu2Si2

resisIvity 𝜚(T)  CePd3

optical conductivity σ(ω)

P. Coleman, Heavy Fermions (2007) Burch et al., PRB 75, 054523 (2007)
Dordevič et al., PRL 86,684 (2001)

CeSn3

• Drude peak narrows
• direct interband transitions emerge



Experimental probes local vs. laLce properMes

Universality of AIM: Lawrence, PRB 63, 054427 (2001)

• magnetic susceptibility 𝝌(T)
• effective f-occupation nf (T)
• specific heat C(T)
• momentum-averaged dynamic

magnetic susceptibility 𝝌’’(ω)

local probes
dominated by localized spin-fluctuations

universally modeled Anderson Impurity Model

• momentum-resolved
spectroscopies

Ø ARPES
Ø INS
Ø RIXS ? 

• quantum oscillations
• optical conductivity σ(ω)
• resistivity 𝜚(T)

lattice probes
sensitive to lattice periodicity and low-E dynamics

impurity models fail

IV DMFT: Goremychkin, Science 359, 186 (2018) 
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Hyowon Park (Argonne)

DFT+DMFT
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Neutron Energy Loss (meV)
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1024 photons / 0.1%-bandwidth / mrad2 / mm2 / s1014 neutrons / mm2 / s

?



Resonant X-ray Scattering (RIXS/REXS)
interaction Hamiltonian: movement of an electron in an electromagnetic field

scattering amplitude in 2nd order perturbation theory:
Kramers-Heisenberg relation

implies strong resonant enhancement at x-ray absorption edges

access to a wide range inelastic processes:
• magnons
• phonons
• charge-density wave excitations
• inter-band transitions
• ...

A. Amorese, Thesis (ESRF, 2017)

3d → 4f 4f → 3d
(Δl = +1)              (Δl = −1) 

CeCo2Ge2 M5 RIXS

Lucio Braicovich,
Giacomo Ghiringhelli
Politecnico di Milano

Nick Brookes
ESRF

ID32
(ESRF)



M-edge RIXS for localized Ce:

CeRh2Si2 TK = 2.6 K  ≪ ECEF = 350∼600 K  
Amorese, PRB 97, 245130 (2018) multiplet (i.e. single ion) calculations using 3rd order Green’s-function

(Quanty algorithm, M. Haverkort)

complete CEF determination, using
• 30 meV energy resolution
• momentum resolution
• full polarization analysis



CePd3 M-edge XAS & RIXS
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(CePd3)(CeRh2Si2)
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CePd3 M-edge RIXS
thermal variation Tcoh ≈ 150 K

≈ 80 meV

≈ 50 meV

strong renormalization of
quasiparticle interband excitations

manus
cript

 in p
repar

ation

pleas
e conta

ct me for updat
ed figur

es

rahn@
lanl.

gov



high-energy neutron scattering in Ce IV systems

Murani et al., PRB 65, 094416 (2002) Ce metal
collapse at 9 kbar

Murani et al., PRB 53, 8188 (1996)
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CeIn3-xSnxMurani et al.,
PRB 48, 10606 (1993)



CePd3 RIXS momentum dependence

Challenges
1. is DFT+DMFT applicable?
2. is a Lindhard susceptibility applicable? 
3. Kramers-Heisenberg term:

How to calculate ”DMFT+RIXS”?

Sakai, JPSJ 79 (11), 114701 (2010)
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• high-resolumon soy-x-ray RIXS is an emerging technique which is well suited to probe 
excitamons across hybridizamon gaps in valence fluctuamng materials, as a funcmon of energy-
and momentum transfer as well as polarizamon

• RIXS is complementary to other spectroscopies (XAS, INS, ARPES) and offers a number of 
experimental advantages

• the data provides a benchmark for computamonal methods – in terms of ab-inimo calculamons 
of correlated f-electronic bands, as well as calculamons of the RIXS cross secmon for excitamons 
between interacmng imnerant states

Thank You!
Marein Rahn,  rahn@lanl.gov
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• tiny samples
• no phonons
• ionic specificity
• fast
• wide E-range


