
Conduction electron scattering 
and the resistance of the 

magnetic elements   
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Electronic Transport 

•transport in insulators (of heat mostly) is dominated by phonons.  

•The thermal conductivity of some insulators can be quite large (cf. 

diamond).  

 

•Metals, with transport dominated by electrons 

•generally conduct both heat and charge quite well.  

•In addition the ability to conduct thermal, charge, and entropy currents leads 

to interesting phenomena. 



•Electrical resistivity due to electron-phonon 
interaction. 

•Bloch-Gruneisen law 

•Residual resistivity of metals 

•Impurity effect in a metal 

 

Electrical conductivity 



electron-phonon 
interaction 
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In the presence of scattering, the RHS of the equation is different from 
zero because particle change their momentum states due to scattering. 

from Solid State Course by Mark Jarrel (Louisana Univ.),  



Relaxation time aproximation: 

The rate of return to equilibrium is proportional to 

The proportionality coeficient  τ/1 is a function of         only  k
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•Electrical resistivity due to electron-phonon 
interaction. 

•Bloch-Gruneisen law 

•Residual resistivity of metals 

•Impurity effect in a metal 

 

Electrical conductivity 



Bloch-Gruneisen 





Magnetic scattering 
Many alloy systems of interest may contain one or more magnetic 
phases  

•Disorder within itinerant or localized spin systems will cauze 
scattering of conduction electrons. 

•The spin state of the conduction electrons σ can adopt only one 
of the two values, ±1/2(spin ‘up’ and ‘down’) and interacts with 
other spins S through the effects of symmetry and the Pauli 
exclusion principle. 

•The energy associated with this exchange interaction: 
 

 ( ) SrJEex


⋅−= σ

The exchange parameter J(r) falls off rapidly with distance r 

Mizutani 
Enss 



Below some critical temperature the itinerant or localized 
spins may condense into an ordered array (ferromagnetic 
or antiferromagnetic order). 

Any disorder in this array will cause electron scattering 

 

This scattering may be elastic no change in energy (no 
spin-flip) 

inelasticspin state of the electron changes. 

In both situations the scattering rate will be different 
for the spin-up and spin-down conduction electrons. 



Mizutani  p.384 



Metals in groups (I) to (IV) are characterized by the possession of a 
Fermi level either in the d band or the d states.  

 
• those in groups (I) to (III) are magnetic  
• those in group (IV) are non-magnetic.  
• Metals in group (V) possess a Fermi level in the sp band and are non-

magnetic. 
 Group (I)  ferromagnetic metals and alloys with a Curie temperature 
well above room temperature. 
•The metals Fe, Co, Ni and their alloys belong to this group.  
•Antiferromagnetic metals and alloys with a Néel temperature TN above 300K are 
also included in group (I). 

 



•Metals and alloys in group (II) exhibit spontaneous magnetization only at low 
temperatures.  

•Metals and alloys in group (III) carry a localized moment but exhibit no 
spontaneous magnetization down to the lowest temperature available.  
•Spinglass is defined as a substance obeying the Curie–Weiss law down to the spin 
freezing temperature Tf, below which the randomly oriented magnetic moments are 
“frozen” in motion without resulting in any spontaneous magnetization.  
 
Paramagnetic metals and alloys obeying the Curie law down to the lowest 
temperature available are also included in group (III).  
Among these are dilute alloys, in which very small amounts of impurity atoms 
carrying finite magnetic moments are dissolved. 
As a typical example, we cite a Cu metal containing only a few ppm of Fe atoms.  
A resistivity minimum phenomenon is often observed at low temperatures 
in these magnetically dilute alloys and is known as the Kondo effect. Here 
the s–d interaction plays a critical role and has been discussed as one of the 
most exciting topics in the electron theory of metals in 1970s and 80s. 



•Metals and alloys in group (IV) carry no localized magnetic 

moments though the Fermi level is situated in the middle of 

the d band.  

•The magnetic susceptibility shows only a weak temperature 

dependence of the Pauli paramagnetism .Typical transition 

metals like Ti, V, Zr, Nb, 

•Mo, Pd, Pt and their alloys are included in this group. 

Metals and alloys possessing a Fermi level in the sp band 

are classified within group (V). All nonmagnetic metals like 

Na, Cu, Ag, Au, Mg, Zn, Al, Pb and their alloys belong to this 

group. 



the resistivity of transition metals like Ti, Cr and Fe is always higher than 

that of simple sp-electron metals like Al and Cu. 

from  Mizutani 



•the valence band of the 
3d-transition metals like 
Ni consists of the 
superposition of a 
narrow 3d band over a 
wide 4s band  
•the density of states at 
the Fermi level is shared 
by both 3d electrons and 
4s or 4p electrons. 

Solid State Course by Mark Jarrel (Louisana Univ.),  



•a transition metal always possesses a larger resistivity than a 
simple metal in group (V). 
•sp electrons at the Fermi level exclusively convey the 
electrical current 
•the density of states at the Fermi level in the transition 
metal is very high because of its location in the middle of the 
d band.  
•the scattering probability 1/τ of the conduction electron is 
proportional to the final density of states at the Fermi level. 

This means that the higher the density of states at 
the Fermi level, the more frequently sp conduction electrons 
are scattered into it. A higher final density of states at the 
Fermi level would result in a shorter relaxation time τ and, in 
turn, a higher resistivity in transition metals. 



the spin-up band in pure Ni is displaced relative to the spin-down 
band owing to the exchange interaction in the ferromagnetic state, 
resulting in a complete filling of the spin up band.  



Mott pointed out that, at low temperatures, spin-orientation of the 
conduction electron must be unchanged upon scattering so that spin-up 
conduction electrons in Ni cannot make transitions to the spin-up d band 
because it is full. This implies that these electrons would have a longer mean 
free path than those with the opposite spin. 



See Mizutani 



Spin waves are the collective excitations of the aligned spins in ferromagnets 

The quasiparticles assigned to these excitations are called magnons. 

from Kittel 



from Enss 



In contrast to non-magnetic metals 
like pure Na with n=5, the 
exponent n for ferromagnetic metals 
is distributed in the range 2–3. A 
smaller exponent  is believed to 
originate from the electron–magnon 
interaction in ferromagnetic metals. 

See Mizutani 



Magnetic impurities in metals 



Fe embeded in pure Cu 

[Ar].3d6.4s2  

Iron 

Non-magnetic metals containing magnetic impurities 

See Mizutani 

By magnetic impurities we mean impurities that contribute a Curie–Weiss 
term to the susceptibility. 



the repulsive 
centrifugal potential 





 
If the potential barrier were absent, the conduction 
electron with a positive energy would have been only 
weakly scattered by the impurity potential. 
 
Instead, the existing potential barrier would enhance the 
tendency of the incident electron to localize in the range 
r ≤ r0. 

The 3s and 3p electrons of the Fe atom will form core levels with 

negative energies but the energy level of the 3d electrons will be 

formed at a positive energy. 



the incident electron with a positive energy interacts strongly with the Fe 

3d states because of the presence of the potential barrier. 

However, some portion of the incident electron can escape from the 

impurity potential and mix with the wave function of the electrons forming 

the valence band of pure Cu. Thus the conduction electron coupled with 

the 3d electron is extended over a certain range in both real space and 

energies and results in a narrow energy band near the Fermi level. 

the formation of the virtual bound state is believed to be responsible 

for an increase in the residual resistivity when small amounts of 3d-

transition metal atoms are uniformly distributed within the matrix of a 

non-magnetic metal like pure Cu. 

FRIEDEL 1956 



Far from the impurity atom 



the excess nuclear charge around the impurity atom 
is screened by conduction electrons on an atomic scale. 

The impurity atom introduces an excess nuclear charge e∆Z, which must 

be screened by the same amount of the electronic charge, as required 

from the charge neutrality condition.  

 

Here ∆Z represents the difference in the valency between the impurity 

and matrix, 



This is called resonant scattering and enhances the tendency for 
these electrons to localize inside the potential barrier as a result of 
the centrifugal potential. 

When the incident electron has an energy ε0 near ε3d  

 

a redistribution of conduction electrons occurs and results in a change in 
the density of states in the energy range ε to ε+dε. 

Virtual bound state 

from Mizutani 



spatial 
variation of the 
magnetization of 
the form: 

from 
Enss 



from 
Mizutani 



Anderson model 



Magnetic impurities  
Magnetic ions have interesting properties when they 
are found as impurities in nonmagnetic crystals. 
•They usually retain their magnetic moment, so small 
magnets are distributed randomly throughout the 
crystal. If the host crystal is a metal, the magnetic 
impurities make an interesting contribution to the 
electrical resistivity.  
•The conduction electrons scatter from the 
magnetic impurity. 



Depending on the position of the ion levels with 

respect to the Fermi energy of the host, electrons 

from the ions might join the conduction electrons or, 

vice versa, electrons from the conduction band might 

drop into lower-lying ionic levels. 



the energy of a second spin-up electron increases by the Coulomb energy U if 

the first spin-down electron has already occupied the lowest 3d orbital with the 

energy ε0. 

from  Mizutani 



Anderson predicted the local moment to appear,  

the magnetic moment will not 
appear, if both energy levels ε0 and 
ε0+U appear above or below the 
Fermi level. 

•Since the energy of the second spin-up 
electron is ε0+U, this state will 
not be occupied. 
•Therefore, the 3d orbital is filled 
only by the spin-down 3d electron, resulting 
in the appearance of the magnetic moment. 

see Mizutani 
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The phenomenon associated with the exchange of the 
spin orientation between the magnetic moment of the 
impurity atom and that of the conduction electron is 
called spin fluctuation. 

a localized moment will not be observed at low temperatures:  

 

Here the frequency of spin fluctuations is so high over the thermal fluctuation 

time-scale τ that only an average of up- and down-spins is observed.    



from Mizutani 
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http://www.physik.uni-augsburg.de/theo3/Talks/Salerno2009/2a_DMFT_and_MH-MIT_v3.pdf 



http://www.physik.uni-augsburg.de/theo3/Talks/Salerno2009/2a_DMFT_and_MH-MIT_v3.pdf 



http://www.physik.uni-augsburg.de/theo3/Talks/Salerno2009/2a_DMFT_and_MH-MIT_v3.pdf 





Kondo effect 

Leo Kouwenhoven and Leonid Glazman PHYSICS WORLD J ANUARY 2001 



Probably gold with iron impurities 

http://upload.wikimedia.org/wikipedia/en/b/ba/Classickondo.jpg�


from Enss 



In 1964, it was shown by Kondo that this phenomenon 
reflects the spin dependent scattering of the 
conduction electrons by the magnetic moments of 
impurity atoms 

•simple metals containing a small amount of a transition metal 

•With decreasing temperature the exchange interaction between 

the conduction electrons and the localized d-electrons of the 

impurity atoms becomes more and more significant, resulting in a 

rising electrical resistivity.  

•Together with the T5-dependent resistivity due to the electron–

phonon interaction this specific scattering mechanism leads to the 

above-mentioned minimum. 

 





http://upload.wikimedia.org/wikipedia/en/e/e2/Kscheme.jpg�


Perturbation theory in the 3rd ordin. 



Briefly, an antiferromagnetic coupling between 

the localized spin and the spin of the conduction 

electron is essential in the Kondo effect. It 

induces spin polarization of the conduction 

electron in a direction opposite to that of the 

localized moment and cancels completely the 

localized moment, leading to the formation of a 

singlet state S=0 at absolute zero. 



from 
Mizutani 



from Enss 
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