
HAL Id: jpa-00228486
https://hal.science/jpa-00228486

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

THE HALL EFFECT IN KONDO SYSTEMS
P. Levy, Wei Guo, A. Fert

To cite this version:
P. Levy, Wei Guo, A. Fert. THE HALL EFFECT IN KONDO SYSTEMS. Journal de Physique
Colloques, 1988, 49 (C8), pp.C8-691-C8-692. �10.1051/jphyscol:19888312�. �jpa-00228486�

https://hal.science/jpa-00228486
https://hal.archives-ouvertes.fr


JOURNAL DE PHYSIQUE 
Colloque C8, Suppl6ment au no 12, Tome 49, decembre 1988 

THE HALL EFFECT IN KONDO SYSTEMS 

P. M. Levy, Wei Guo and A. ~ e r t ]  

Department of Physics, New York University 4 Washington Place, New York, N.Y. 10003 U.S.A. 

Abstract. - Initial analyses of the Hall effect in Kondo systems were based on the Boltzmann equation with skew 
scattering in the limit of weak magnetic fields. We obtain a more realistic assessment by using the Kubo formalism to 
include spin-flip and inelastic scattering processes, by considering the anomalous velocity mechanism and by accounting 
for nonlinearities. 

The Hall effect provide details of the scattering 
mechanism and character of conduction electrons, that 
are inaccessible to other probes. This is particularly 
true for Kondo-ion systems, where the formation of a 
local moment-conduction electron bound state creates 
an anomalously large yet narrow peak in the density of 
states near the Fermi surface. This is reflected in the 
unusually large increase seen in the Hall constant at 
and below the Kondo temperature in mixed-valence 
and heavy fermion compounds [I]. The initial anal- 
yses of the data on the Hall effect in these Kondo- 
type compounds were based on independent single-ion 
scattering events and used the semi-classical Boltz- 
mann transport equation [2, 31. They assumed the 
anomalous or extraordinary Hall effect (EHE) is due 
to  skew scattering and furthermore that the magnetic 
fields were sufficiently weak that the linear response 
of the system is adequate. The Hall constant pre- 
dicted on the basis of this model has the correct sign 
and variation with temperature at high temperatures 
T >> TK (TK is the Kondo temperature), i.e., in the 
limit of weak coupling. In contrast there is poor agree- 
ment with the experimental data at low temperatures, 
T < TK (strong coupling). This discrepancy has gen- 
erally been ascribed to the effects of coherence which 
are not taken into account in single-ion skew scatter- 
ing models. However, some features observed at low 
temperatures can also be accounted for by further de- 
velopments of the single-ion models. Without negating 
the necessity of ultimately taking into account interac- 
tion effects in dense Kondo systems we have included 
heretofore neglected features in the model based on in- 
dependent scattering events in order to  ascertain how 
well they reproduce the EHE observed. Here we out- 
line these new features. 

1) The original description of the EHE in Kondo 
systems was based on one electron scattering events; 
it does not include spin-flip and inelastic scattering 
processes [2, 31. We used current-current correlation 
functions, i.e., the Kubo formalism, to calculate the 
EHE due to  these two electron processes 141. To obtain 

these contributions for rare-earth impurities in metals 
we considered the spin and potential scattering in the 
nonresonant 1 = 2 channel coming from the exchange 
and direct Coulomb interactions as well as the resonant 
scattering in the 1 = 3 channel which comes from the 
Anderson mixing interaction. For elastic processes we 
reproduce the potential scattering contribution previ- 
ously found [2, 31; in addition we find the spin scatter- 
ing in the 1 = 2 channel produces a new contribution 
to the EHE which is proportional to the product of the 
resistivity and susceptibility. 

The new contributions coming from inelastic skew 
scattering processes between the 1 = 2 and 1 = 3 chan- 
nels are very interesting. They produce an EHE with 
the same sign as that due to elastic processes, but they 
go to zero much faster at high temperatures T >> TK, 
i.e., they are smaller than the elastic processes by a 
factor of (TK / T ) ~ .  However, at low temperatures, in 
particular at T = 0 K, they are as large as the Hall 
effect due to elastic processes. In other words, the con- 
tribution to the EHE due to inelastic skew scattering 
has a temperature dependence which is very different 
from that of the elastic term. 

2) Aside from the ordinary Hall effect which is due 
to,.the Lorentz force and the skew scattering mecha- 
nism which makes the scattering probability antisym- 
metric with respect to interchange of scattering vec- 
tors, there exists an additional contribution to  the 
Hall effect known as the anomalous velocity contri- 
bution. This contribution is related to the so-called 
side-jump effect; it is due to a change in the expres- 
sion for the current operator in the presence of spin 
orbit forces. It arise from the non-commutativity of 
the position operator of the conduction electron with 
terms in the Hamiltonian other than the kinetic energy 
operator. The anomalous velocity contribution to  the 
EHE in Kondo systems exists for both the incoherent 
and coherent scattering regimes; we have focused our 
attention on the incoherent resonant scattering that is 
due to independent scattering events. Up till now we 
limited ourselves to one electron potential scattering, 
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which perforce is elastic for an unsplit yet degenerate 
energy level. The hallmark of the anomalous velocity 
contribution to  the EHE is that is goes as the square 
of the concentration of Kondo impurities [5], whereas . . 

the skew scattering contribution is linear in the con- 
centration. Thus one expects this contribution t o  be 
important only for concentrated systems. 

We find that at high temperatures (T >> TK) the 
anomalous velocity contribution to  the Hall constant 
is smaller than the skew scattering by a factor propor- 
tional to c r  / lEfl where c is the concentration of im- 
purities, r the hybridization parameter used to char- 
acterize the width of the broadened 4f local state, and 
Ef the position of this level relative to the Fermi sur- 
face [6]. For the Kondo regime of the Anderson model 
r /  lEfl < 1 and the contribution from anomalous ve- 
locity is much smaller than skew scattering. On the 
contrary at low temperature, e.g., at T = 0 K, we 
find the factor of proportionality is CEF / k g T ~ ,  where 
EF is the Fermi energy and k g T ~  is the inverse of re- 
duced susceptibility at T = 0 K [3]. For Kondo sys- 
tems EF /kg TL>> 1, and we find the anomalous veloc- 
ity contribution dominates over skew scattering. The 
reason is that the expression for the anomalous veloc- 
ity contains one more derivative of the highly peaked 
4f density of states near the Fermi surface, i.e., the 
Kondo resonance, than the skew scattering expression. 
We conclude that for T << TL T ~ t h e  anomalous ve- 
locity contribution to the Hall effect is significant and 
exceeds that coming from skew scattering. 

3) Finally, the magnetic field strength needed t o  ob- 
tain observable Hall voltages in some heavy fermion 
compounds is comparable in energy to their Kondo 
temperature [7]. The linearized theory of the extraor- 
dinary Hall effect in Kondo-type systems is inapplica- 
ble; in collaboration with D. L. Cox we have extended 
it to magnetic fields of arbitrary strength [8]. By start- 
ing with the quantum equation for electron transport 
in electric and magnetic fields, we find that the ef- 
fect of the magnetic field on the conduction electron's 
self-energy introduces non-linearities, interalia, in the 
Hall effect. By expanding the solution for the elec- 
tron distribution function f (kc) in spherical harmon- 
ics Xrn (%) we find the first rank component of this 
function, which is needed to determine the current, is 
coupled t o  higher rank components 1 > 1. The solu- 
tion for f (kc) is given as the inverse of an iniinite 
matrix; it can be expanded in an ascending series in 
powers of H ~ .  When we keep only the lowest order an- 
tisymmetric term we retrieve the linear EHE due to 
skew scattering of conduction electrons. We have cal- 
culated the first few nonlinear terms and have found 
how they alter the skew scattering contribution to the 
EHE [8]. 

In summary, when the above features of the EHE 
are included in a calculation based on independent 
scattering events, we are better able to reproduce the 
variations with temperature of the Hall constants ob- 
served in Kondo-type alloys for which the scattering 
remains incoherent [9]. Indubitably for heavy fermion 
and other Kondo-lattice compounds it will be neces- 
sary t o  include the effects of coherency to completely 
understand the behavior of the Hall constant as one 
approaches T = 0 K. However, our results indicate 
that a theory which includes the effects of coherency 
but is based solely on potential skew scattering will be 
inadequate. 
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