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Single-impurity Kondo model (Kondo 1964) 
Antiferromagnetic interaction (JK >0) between the local spin  Sf=½ of 
the magnetic impurity (corresponding to a configuration close to 4f1 in 
cerium and 4f13 in ytterbium systems) and the spin sc of conduction 
electrons :

Calculation of the magnetic resistivity:

ρmag = A(JK)2 S(S+1) [1 - 2JKn(EF) Log(T/D)]

There is a minimum of the total resistivity for JK > 0.

H = Hcond + JK sc.Sf



C
T

χ =

χ0 =1/Tk

The behavior of the single Kondo impurity for T<Tk 
(K. G. Wilson, Rev. Mod. Phys. 47, 773 (1975)) :

At low temperatures (T<Tk), the Kondo impurities are 
well described by a Fermi liquid behavior :
- Electrical resistivity has a T2 behavior
- Magnetic susceptibility tends to a huge constant χ0 
which behaves as 1/Tk.
- The electronic specific heat constant γ has also a 
huge value which behaves as 1/Tk.



Cerium and Ytterbium compounds

• Cerium   :     4f0 – 4f1

• Ytterbium :  4f14 – 4f13

• Pr, Sm, Eu and Tm can be anomalous.

• Cerium  N(4f) < 1 : Intermediate valence.
N(4f) close to 1, almost 4f1 (s=1/2, l=3, j=5/2) 

and Magnetic : Kondo effect corresponding to a 
positive JK (antiferromagnetic interaction 
between Sf and sc).
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Magnetic correlations between different impurities (RKKY)
(The ordering temperature of the single-impurity ...)

Kondo temperature ( ___ )

Such a behaviour has been 
observed in Ce-compounds:

CeAl2, CeIn3, CePd2Si2, CeRh2Si2,
Ce(RuxRh1-x)2Si2, CeNixPt1-x.

KONDO LATTICE

Interaction between the normal Kondo effect (Sf=1/2) 
and the magnetic ordering  Doniach Diagram (1976)



TABLE 1. Some examples of heavy fermion Cerium compounds :
Compound Crystal Structure CF (in K), TN (in K) γ(mJ=moleK2)

CF (in K)       TN (in K)    γ(mJ=moleK2)

CeAl3 Hexagonal 60-90 - 1600
CeCu2Si2 Tetragonal 140-360  - 1000
CeCu6 Orthorhombic 100-240 - 1500
CeRu2Si2 Tetragonal 220   - 350
CeInCu2 Cubic (Γ7) 90 - 1200
CeCu4Ga Hexagonal 100 - 1800
CeTiGe Tetragonal - - 300
CeAl2 Cubic (Γ7) 100 3.85 135
CeB6 Cubic (Γ8) 500              3.2                300
CeRh2Si2 Tetragonal 150 36                   23      
Ce3Al11 Orthorhombic 100                6.2              120
CeIn3 Cubic (Γ7) 100 10                 140            
CeAl2Ga2 Tetragonal 65-120          8.5                 80
CeCu2 Orthorhombic 200               3.5                 82                    
CeCu2Ge2 Tetragonal 200 4.15             100
Ce2Sn5 Orthorhombic       70-155          2.9               380
Ce2Pd2Sn      Tetragonal - 4.8; 2.2           100
CePdAl Hexagonal - 2.7
CePtZn Orthorhombic - 1.7               600



TABLE 2. Some examples of heavy fermion compounds :
Compound Crystal Structure, CF (in K), TN (in K), γ(mJ=moleK2)

CF (in K) TN (in K) γ(mJ=moleK2)

YbCu4Ag Cubic 45        - 245
YbBiPt Cubic - - 8000
YbNi2B2C Tetragonal 40-200     - 530
YbCu2Si2 Tetragonal 216       - 135
YbNiAl Hexagonal 35      2.9               350
UPd2Al3              Hexagonal - 14.3             150
UNi2Al3              Hexagonal - 4.6             120
NpSn3 Cubic - 9.5             240
PuPd3      Cubic - 24              485
U(Pt0.95Pd0.05)3 Hexagonal - 6              500



The mean-field Hamiltonian is obtained by 
using the  two following operators :

λ=<c+
iσ f iσ>      (Ιntrasite Kondo correlations)

Γ=<f+
iσ f jσ>     (Short-range Magnetic correlations)

B. Coqblin, C. Lacroix, M.A. Gusmão and J.R. Iglesias, Phys. Rev. B 67, 064417 (2003) 

Solution of the Kondo Lattice Model (Sf=1/2) 
using the mean field approximation

H = Σkσ εk nckσ+ E0Σiσ nfiσ + JK Σi sci .Sfi + JH Σij Si.Sj



Phase diagrams nc- JH for JK/D=0.4 (dotted 
line) and  JK/D=1 (solid line) :

--> JK gives the Kondo effect,

--> The increase of JH and the decrease of nc
tend to suppress the Kondo effect 
(« exhaustion effect »).
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Kondo-like behaviour  at 
T > TC

( ) lnT C Tr r= -

Z.Bukowski, et al, Journal of Alloys and 
compounds 403 (2005)

FM

Kondo

J. Schoenes, et at, PRB 30, 6578, (1984)

Strong coexistence of ferromagnetism (with large Tc)  and Kondo Effect

Uranium compounds Systems: UTe, UCu0.9Sb2 , UCo0.5Sb2 

The co-existence of both a Kondo behavior and  the magnetic ordering 
is present here and differs significantly from Ce-compounds



o Regular S = ½ (4f1) Kondo Lattice : Strong competition 
between the Kondo effect and the magnetic order 
(RKKY) :  cerium  or ytterbium systems.

o Underscreened Kondo Lattice : The localized electrons 
have a spin S > ½ and cannot be screened at very low 
temperatures by the conduction electrons. We propose a 
model of a 5f2 configuration on each atom with spin S=1, 
coupled to the conduction band. A co-existence between 
the Kondo effect and the magnetism is obtained here.

o Coexistence of ferromagnetism and Kondo effect :
Application to some U compounds: UTe (Tc=102 K), 
UCu0.9Sb2 (Tc=113 K), UCo0.5Sb2 (Tc=64.5 K), UNiSi2 (Tc=
95 K), UAsSe (Tc=109 K) and Np compounds 
NpNiSi2(Tc=51.5 K) and Np2PdGa3(Tc=62.5K)

N. B. Perkins, M.D Nunez-Regueiro, B. Coqblin and 
J.R. Iglesias, Phys. Rev. B 76, 125101 (2007)



The Underscreened Kondo Lattice model 

- We take S=1 localized 5f spins with a Local constraint nf=2
- We consider firstly zero-width two-fold degenerate f-band (α=1,2)
- We take a conduction band width 2D with a constant density ρ = 1/2D
- The Hamiltonian is treated in a mean field scheme

We propose an Underscreened Kondo lattice model which  is
appropriate  to describe the 5f2 configuration of Uranium atoms :

H = Σkσ εκσ ncks+ Ε0Σιασ nfιασ +  JΚ Σi sci .Sfi  + JH Σij Si.Sj

Band calculations + experiments: 
5f electrons can be more or less localized, depending on the considered 
Uranium compound. In UTe, the 5f electrons are relatively well localized, as 
shown by the value of 2.7 µB of the magnetic moment (J. Schoenes et al. PRB 
53, 14987 (1996)) or by band calculations (for example Q.G. Sheng and B.R. 
Cooper, JMMM 164, 335 (1996)).
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Mean field Hamiltonian

The diagonalization gives the
following quasiparticle spectrum:

where

ασ=-JKλσ/2



Finite temperature results

JK=0.8, JH=-0.01 and nc=0.8



New Ferromagnetic-Kondo diagram



The localization of 5f electrons : The 5f 
electrons are well localized in UTe and itinerant 
in US, while they are intermediate in USe (see 
J. Schoenes). Tc increases firstly with pressure 
in UTe, in good agreement with the UKL model, 
while it decreases at high pressure in UTe and 
decreases always in US. 

This pressure decrease is certainly connected to 
a delocalization of 5f electrons and it would be 
necessary to make a treatment of the 
underscreened Anderson lattice model with a 
decreasing total number of the 5f electrons.



Plots of the 
Curie Temperatures 
versus high 
pressure for the 
three compounds 
UTe, USe and US.



The S=1 Underscreened Anderson Lattice (UAL) model 
for Uranium compounds.

C. Thomas, A. S. da Rosa Simoes, J.R. Iglesias, 
C. Lacroix, N. B. Perkins, B.Coqblin, 

accepted at SCES2010 and to be published

Starting from the UAL model with 2 f-electrons in two orbitals 1 
and 2 and using a  generalized  Schrieffer-Wolff  (SW) 
transformation for spins S=1 for 5f electrons give both the effective 
S=1 Kondo Hamiltonian and an additional finite bandwidth f-band 
term.

We obtain a new scheme for the bands, giving two hybridized 
bands and one f-band which has a spin-dependent width given by  
W = -JKAσ/2, 

With : Aσ = [(nfσ)2 + (1/2)nfσnf-σ + (1/4)(nf-σ)2]

where nfσ is here the average  number of f-electrons per site i in 
one of the orbitals 1 or 2 and spin s. 



a) W = constant
b) W = Q JK
c)  W =  P Aσ

The S.W. transformation gives : 

Aσ = - [(nfσ)2+(1/2)nfσnf-σ +(1/4)(nf-σ)2]





Remarks on UKL model

- Some uranium compounds and the compound NpNi2Si2
exhibit Kondo – ferromagnetism co-existence (with a
large Curie temperature of order 50 to 100 K). This
behaviour is clearly different from that of Cerium or
Ytterbium compounds, where there exists a strong
competition between the Kondo effect and the magnetic
ordering, giving, therefore, small Neel or Curie
temperatures, generally of order 5 to 10 K.
- The Underscreened Kondo Lattice (UKL) Model
provides here a good description for this coexistence
between ferromagnetism and Kondo effect observed in
those actinide compounds.
- The recently improved UKL model (with a finite
bandwidth f-band term) presents a first approach for
describing the decrease of localization of the 5f electrons
when the Kondo effect arises. This model can give a
maximum of Tc versus pressure in UTe.



Models for the competition between
the Kondo effect, Spin Glass (SG) 
and the Magnetic order (F or AF) 

in Cerium disordered alloys.

Alba Theumann 
Sergio G. Magalhaes 

Fabio M. Zimmer
A. A. Schmidt

P. R. Krebs
B. Coqblin
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CeNi1-xCux disordered Cerium alloys
(J. García Soldevilla et al., Phys. Rev. B 61 (2000) 6821)

The Kondo effect increases with decreasing x 
and a Kondo phase exists for x<0.15.



The Sherrington-Kirkpatrick description of the 
SG-Kondo interaction :

The Hamiltonian of the model is :

H= Σ εkniσ + E0 Σ nfiσ + 

JK Σ (Sif+sic- + Sif- sic+ ) + HSG

HSG = - Σ Jij Sifz Sjfz

The coupling Jij is an independent random variable 

P(Jij) = B exp [- A (Jij /J)2]

HHH



Alba Theumann, B. Coqblin, S. G. Magalhaes and 
A. A. Schmidt, PRB 63, 054409 (2001)

First case with an average <Jij> = 0



Spin Glass-Kondo-Magnetic ordering

To study spin glass and magnetic ordering 
(Ferromagnetism F or antiferromagnetism AF) in
a Kondo lattice compound, we take a gaussian 
distribution with a non zero average value of the 
couplings Jij : 

< Jij > = 2 J0/N

which is positive or negative in order to describe 
the Ferro (S.G. Magalhaes et al. E.P.J.B. 30, 419 (2002)) or the 
AntiFerro ordering (S.G. Magalhaes et al. E.P.J.B. 34, 447 (2003)) .





In order to describe spin glass and ferromagnetism 
in disordered Kondo cerium compounds, we have used 
two different models for the intersite random coupling 
Jij between the localized magnetic moments :

First the « Mattis model » with :

Jij = (J/N) Σ ξim.ξjm

The summation Σ is performed from m=1 to p and the 
parameters ξim are equal to +1 or -1, with an equal probability 

for +1 and -1.
S.G. Magalhaes, F.M. Zimmer, P. R. Krebs and B. Coqblin, 

Phys. Rev. B 74, 014427 (2006)

Second the « van Hemmen model » with :

Jij = (J/N) (ξi.ηj + ξj.ηi) + (J0/N)

and the parameters ξ and η are also equal to +1 or -1, with 
an equal probability for +1 and -1. In this model, a random 
interaction J and a ferromagnetic interaction J0. 

S.G. Magalhaes, F.M. Zimmer and B. Coqblin, Phys. Rev. 
B 81, 094424  (2010)



Generalized Mattis model



Van Hemmen-Kondo model
Phase diagram Kondo-SG-Ferro 
obtained by the van Hemmen model 
with J0/J= 1.4



µSR indicate formation of dynamic spin clusters between T* and 
Tf. Then, static clusters with an increasing correlation length. 
Finally, No indication of a Curie temperature.

Ce(Ni,Cu) alloys : N. Marcano, S.G Magalhaes, 
B. Coqblin, J.C. Gomez Sal, J.I. Espeso, F.M. 
Zimmer and J.R. Iglesias, ICM09, J. of Physics: Conf 
series, 200, 012111 (2010).



Ce(Pd,Rh) alloys
M. Brando, T. Westerkamp, M. Deppe, P. 
Gegenwart, C. Geibel  and F. Steglich, ICM09, 
J. of Physics: Conf series, 200, 012016 
(2010).





Spin Glass

Kondo

We try at present to improve the Kondo-Ferro-cluster glass 
model by increasing ns within the van Hemmen model and by 
studying the ferromagnetic correlation function.



- Kondo Order parameter
- Ferro Order parameter
- Spin Glass Order    

Parameter

F.M. Zimmer, S.G. Magalhaes & B. Coqblin, SCES2010



General Conclusions
>>The Underscreened Kondo lattice Model can account for 
the co-existence between the Kondo effect and the 
ferromagnetism observed in some uranium compounds such 
as UTe, in contrast with the competition observed in most of 
cerium or ytterbium compounds. The Underscreened 
Anderson lattice model is presently studied in an extended 
model with a finite f-band width.

>>The models describing SG, Kondo and magnetic ordering 
can explain the phase diagrams of disordered cerium systems. 
The Kondo-Ferro cluster glass model is presently studied 
using the van Hemmen model to describe the Kondo cluster 
spin glass observed in some disordered Cerium alloys.
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