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II. Classes of strongly correlated electron systems 
 

(a) Transition metal compounds: 3d-electrons  

      - Hubbard model, Mott insulator, metal-insulator transition 

      - Spin, charge, and orbital degrees of freedom and ordering phenomena, selected materials 

      - Pressure effect on the ground state properties of transition metal compounds 

(b) Heavy fermion systems: 4f (5f) – electrons 

     - Landau Fermi-liquid model,  Kondo effect, heavy fermion systems, non-Fermi liquid,  

quantum  phase transitions, selected materials 

      - Pressure effect on the ground state properties of heavy fermion compounds 

(c) Nanoscale structures: 

     - Quantum confinement, unusual properties for potential applications 

 

III. Summary and open discussion  

      

I. Introduction 

   Brief summary of electrons in solids, origin of strong electron correlations 

Introduction to strongly correlated electron systems  
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Heavy fermion metallic systems 

 Intermetallic Ce (4f), Yb (4f) and U(5f) - compounds 



Physical picture: crossover magnetic  nonmagnetic 
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Logarithmic increase of  ρ below 

TK   

T<<TK: 
a) impuity magnetic Moment is screend by the  

Spins of conduction electrons. This leads  to 

formation of a local Singlet state  

 

 

 

 

b) Energy lowering due to formation of a 
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Crossover:  

magnetic  nonmagnetic 

weak  strong coupling 



 

 Kondo effect in concentrated alloys 

Kondo-lattice systems (heavy fermions) 



Electrical resistivity: 

deviation from single ion 

behavior 

Periodicity of the lattice 

 

 

Coherent scattering of 

conduction electrons on 

magnetic impurities 

 

 

 resonace type increase of the 

density of state at Fermi level. 

  

Formation of an Abrikosov-

Suhl resonance at EF  

T 0: 

ρ(T) = ρ0 + AT 2 

(Fermi-liquid state) 

A  [D(EF)2] 

(electron-electron 

interaction) 

Properties of Kondo-Lattice systems (Heavy Fermions) 

Kondo increase 

impurity 

Kondo-Lattice 



Lattice of certain f-electrons (most Ce, Yb or U) in metallic 

environment  Ce3+: 4f1 (J = 5/2), Yb3+: 4f13 (J = 7/2) 

 partially filled inner 4f/5f shells            localized magnetic moment 

 CEF splitting             effective S=1/2 

 
T 

T* ~ 5 – 50 K 

localized moments + 

conduction electrons 

Kondo-lattice systems (heavy fermions) 

Formation of spin singlet 



Kondo-lattice systems (heavy fermions) 

characeristic temperature  T*       

T << T*:  nonmagnetic heavy fermion liquid (Fermi liquid grond state) 

T >>T*: local moment behavior  

See board! 





Onuki and Komatsubara (1987) 

Development of  coherent  scattering in Ce-based alloy 



Kondo-Lattice, heavy fermion systems 

Coherent heavy fermions  

Electrical resistivity 



Onuki and Komatsubara (1987) 

Disappearence of the local moments at low temeratures  



magnetic susecptibility  

After Fisk, Ott, Rice & Smith 86 



C/T =        vs T2 for CeCu2Si2, UBe13, and UPt3            

very high       (effective mass!) 



Ce(T) =    (T)T 

   (0) ≈ 1 J/mol-K2 






Cu 

Wilson s Ratio:     / T  ≈  constant  

γ CeCu6 ~ 1000 mJ/mol/K2 

  

γ Cu ~ 1 mJ/mol/K2 

CeCu6 

 γ  



Kadowaki-Woods plot (1986) 

electron-electron scattering  

Observed for a large number of heavy fermion systems 


2

A
is constant and material-independent 



Theoretical description  of heavy fermions 

                   Kondo-lattice model 

generalizing the single impurity Anderson model 

to a lattice of localized f orbitals hybridizing with 

conduction band           Anderson lattice model 



The Anderson model (961) 
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     -The volume of the Fermi surface includes the f electrons. 

 

     -The measured quasiparticle mass accounts for the enhanced     

specific heat. 

 

Both these observations confirm the success of Fermi liquid 

theory. 

 

Experimental support for description of heavy fermion 

metals by Landau Fermi Liquid Theory  



Momentum distribution 



Figure 7: The consistency of the Fermi liquid description 

has been demonstrated in UPt3. The Fermi 

surface sheets (from Julian and McMullan 1998) and 

Effective mass of the quasiparticles have been  mapped 

out by de Haas van Alphen measurements (Taillefer and 

Lonzarich 1988). They confirm that the 5f3 electrons 

are absorbed into the Fermi liquid and that the quasiparticle 

masses are consistent with the mass enhancements 

measured in specific heat (after Stewart et al. 

1984). The percentages reflect the contribution from 

quasiparticles on each sheet to the total specific heat. 

The f electrons participate to the Fermi surface  

Example: UPt3 



EF ef ef+U 

 Kondo resonance 

Formation of an (Abrikosov-Suhl) resonance at EF of width kBTK 

 

can we observe the Kondo resonance experimentally ? 



Kondo resonance peak  at EF 

Theoretical prediction  

Evolution of the Kondo 

resonance peak  at EF 

at low temperatures 

 

  

EF 

Reiner et al PRL (2001) 

High-resolution photoemission spectroscopy of CeCu2Si2 



 Kondo Effect in Mesoscopic Systems 



Leo Kouwenhoven and Leonid Glazman,  

Physics World (January 2001) 33-38. 



Quantum dots – mesoscopically fabricated, tunneling of single electrons from contact 
reservoir controlled by gate voltage 

  How is conduction related to the Kondo effect? 



Physics World (January 2001) 33-38 



Physics World (January 2001) 33-38 



Kondo effect in quantum dot 

even 

odd 

Coulomb blockade 

Single quantum dot 

conductance anomalies 

Goldhaber-Gorden et al. nature 391 156 (1998) 

Glazman et al. Physics world 2001 

L.Kouwenhoven et al. science 289, 2105 (2000) 

ed+U 

ed Kondo effect 

Vg 

VSD 

T= 15 mK T= 800 mK  



odd 

even 

Glazman et al. Physics world 2001 

L.Kouwenhoven et al. science 289, 2105 (2000) 



Quantized conductance vs temperature 

Gate voltage is used to tune TK; measurements at 50 to 1000 mK. 





What happens if the Kondo lattice system is magnetically ordered? 

Question: 

We consider magnetic interaction between 

localized 4f moments in a metallic systems! 

First step  



Local versus Itinerant magnetic moments 
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Interatomic distance 

localized / 

itinerant 

4f states are highly localized  

No direct  interaction possible! 

itinerant electron 

magnetism 

local moment 

magnetism 

Bandwidth (W) of the metallic state 

W(Fe)  4 eV 

W(Pu)  2 eV 

W(Sm)  1 eV 





Exchange in Rare Earths (4f electrons) 

 Indirect exchange between 4f moments occurs: 

 

It is the dominant exchange interaction in metals where there is 

little or no direct overlap between neighboring magnetic electrons 

This type of exchange was first proposed by Ruderman and 

Kittel and later extended by Kasuya and Yosida to give the 

theory now generally know as the RKKY interaction.  



RKKY interaction 

distance 

Spin density 



RKKY interaction 

distance 

Spin density 



RKKY interaction 

distance 

Spin density 



RKKY interaction 

distance 

Spin density 



RKKY interaction 

distance 

Spin density 



RKKY interaction: Description 

Local moments (Spin Si) in a sea of conduction electrons with itinerant 

spin s(r) 
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Z number of electrons / atom 

J s-d exchange interaction 

D(EF) DOS at Fermi energy 

kF Fermi momentum 

r distance between impurities 

P.H. Dederichs in: Magnetismus von Festkörpern und Grenzflächen, 24. IFF Ferienkurs, Jülich 1993 

=> Oscillations of value and sign 



second step  

We consider in Kondo lattice the relatave strength of  

RKKY interaction and that of the Kondo effect 

 

What happens if the Kondo lattice system is magnetically ordered? 

Question: 



Theoretical description 

Kondo-lattice-system: periodical arrangement of localized  4f- moments 

in a metallic matrix 

Intersite interaction: RKKY, ERKKY = kBTRKKY  

   long range magnetic order 

Intrasite (on-site) interaction: Kondo-Effect 

EK = kBTK  

  screening of the magnetic moments 

  nonmagnetic ground state 

TRKKY ~N(EF) J2 

TK ~ exp(-1/N(EF)J) 

Competition between: 

J: interaction between f- 

and conduction electrons 



 Doniach Model (Doniach 1977) 

QCP 

Tm Non-Fermi-Liquid 

The main result ... is that there should be a second-order transition at zero 

temperature (at QCP), as the exchange coupling J is varied, between an 

antiferromagnetic ground state for weak J and a Kondo-like state in which the local 

moments are quenched. 

 QCP: quantum critical point   





δ = p,B,doping 



δ = p,B,doping 



δ = p,B,doping 

quantum 

disorderd 



 Doniach Model (Doniach 1977) 

QCP 

Tm Non-Fermi-Liquid 

The main result ... is that there should be a second-order transition at zero 

temperature (at QCP), as the exchange coupling is varied, between an 

antiferromagnetic ground state for weak J and a Kondo-like state in which the local 

moments are quenched. 

 QCP: quantum critical point   



First-order 

second-order 

Types of Phase Transitions  



Order parameter of a phase transition 



 Doniach Model (Doniach 1977) 

QCP 

Tm Non-Fermi-Liquid 

The main result ... is that there should be a second-order transition at zero 

temperature (at QCP), as the exchange coupling is varied, between an 

antiferromagnetic ground state for weak J and a Kondo-like state in which the local 

moments are quenched. 

 QCP: quantum critical point   



 Doniach Model (Doniach 1977) 

QCP 

Tm Non-Fermi-Liquid 

Consequence:  The nature of the ground state of  the system strongly depends on 

the relative strength of RKKY interaction and Kondo effect. 

 QCP: quantum critical point   













CePd2Si2: a low temperature antiferromagnet. 

Under pressure the antiferromagnetism can be 

suppressed to zero temperature giving a quantum 

critical point. Not only non-Fermi liquid behavior but 

also there is a superconducting transition (after Julian 

et al. 1996, Mathur et al. 1998) 

The resistivity of CePd2Si2 at the critical 

pressure (28 kbar). The observed temperature 

dependence, T 1.2, is seen over two decades of 

temperature.  (Data after Grosche et al.1996.) 

CePd2Si2 Examples for non Fermi-liquid (NFL) behavior: 



Metallic systems on the border of intinerant electron magnetism 

  

CePd2Si2 

UGe2 

    S. S. Saxena et al., Nature 406, 587 (2000) N. D. Mathur et al., Nature 394, 39 (1998) 

Heavy fermion systems 



Rich Phase Diagrams Exhibiting both NFL behavior and superconductivity. 

Y1-xUxPd (NFL) Fermi Liquid 

Heat Capacity C ~ -Tln(T) C = T 

Conductivity  ~ 0 + AT1.1  = 0 + AT2 

Magnetic 

Susceptibility 

m ~  - T1/2 m =  

Source: Seaman et al. 

Source: Sanchez 



Field-induced quantum critical point 

YbRh2Si2: 

J. Custers et al., Nature 424, 524 (2003) 




