


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 conductivity 



The Drude theory failed to explain why the 
conduction electron in a pure metal can 
travel over many atomic distances without 
being scattered. 

pictures are taken from the UvA-VU Master Course: Advanced Solid State Physics by Anne de Visser (University of Amsterdam),  Solid State 
Course by Mark Jarrel (Louisana Univ.), from Ibach and Lüth, from Ashcroft and Mermin and from several sources on the web. 

 



from Mizutani 



vd~10-2 m/s 



Quantum electrons 

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

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



UvA-VU Master Course: Advanced Solid State Physics 
by Anne de Visser (University of Amsterdam) 
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a perfect lattice 
yields no resistivity 
for Bloch electrons 
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•the pure electronic system as a non-interacting Fermi gas. 
 

Electron-electron scattering 

The total scattering due to electron - electron repulsion is very small. 

the dominant contribution to a material's resistivity is due 
to defects and  phonons. 
 

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



Some pictures are taken from the UvA-VU Master Course: Advanced Solid State Physics by Anne de Visser (University of Amsterdam),  Solid State Course by 
Mark Jarrel (Cincinnati University), from Ibach and Lüth, from Ashcroft and Mermin and from several sources on the web. 



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



the Boltzmann transport 
equation: 

 

The change in the electron distribution due to scattering is generally expressed as 

deviation from steady state conditions: 

Mizutani 



UvA-VU Master Course: Advanced Solid State Physics 

by Anne de Visser (University of Amsterdam),  



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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from Enss 



Mizutani 



Consider a simple system with a spherical Fermi surface, then 
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•pure Cu at room temperature as an example.  

•The mean free path turns out to be about 20 nm. 

• Since the lattice constant of pure Cu is 0.36 nm, the mean free path is about 

50 times the lattice constant and thus the conduction electron can propagate 

over several tens of atomic distances without being scattered even at room 

temperature. 

the conduction electron propagates in the form of                         in a periodic potential. 

 
The Bloch theorem assures that the wave vector k remains unchanged in the 
periodic lattice. This is equivalent to saying that electrons are not scattered, as long 
as the potential is perfectly periodic. 
 

Impurity scattering and phonon scattering 



There are two sources of disturbance:  
•the static source: impurity atoms, vacancies, dislocations and grain boundaries 
 
•the dynamical source: due to lattice vibrations electron-phonon interaction 

•The ratio of the resistivity at room temperature over that at 4.2 K, 

corresponding to the boiling point of liquid helium, ρ300 K/ρ4.2 K, is referred 

to as the residual resistivity ratio (RRR or 3R) and is used as a measure to 

judge the purity of a metal.  

•For instance, a very pure Cu metal whose 3R exceeds 10 000 is commercially 

available. 





we treat the conduction electron in a crystal as being described by the 
plane wave of the wave vector k and consider the situation, where the 
electron in the state k is scattered into the unoccupied state k’ due to 
thermal vibrations of ions. 

Elastic scattering 

See Mizutani 





The weighting factor (1-cosθ) carries the physical meaning such that 

the forward scattering with θ = 0 makes no contributions to the 

resistivity, while the back scattering with θ = π makes the largest 

contribution, equal to 2. 



•it should be remarked that Ziman equation cannot be applied 

to describe the electron transport of a perfect crystal at absolute zero, 

where   ul = 0 and the potential U(r) given by equation resumes a perfectly 

periodic potential V0(r). 
 

•is valid only when a non-periodic source of scattering is present and can 

be treated with the second-order perturbation theory. 
 

•Ziman successfully applied his equation to the resistivity behavior in simple liquid 

metals like liquid Na, where the periodic lattice vector l is no longer defined but the 

assumption of elastic scattering is justified. 

•Scattering with a static source of disturbances like impurity atoms can be treated 

as being elastic but scattering with lattice vibrations occurs through the exchange 

of energy with phonons. 

•consideration of the inelastic electron–phonon interaction is essential in treating 

electron transport phenomena in both periodic and non-periodic metals at finite 

temperatures. 





from Enss 



•consider  a perfect metal crystal consisting of the atom A with the valency Z1. 

Conduction electrons carrying negative charges are uniformly distributed 
over any atomic site with equal probability densities and maintain charge 
neutrality with the array of ions with positive charges. 

 
•replace the atom A at a given lattice site by the atom B with valency Z2 (Z2> Z1) 

 Point charge 

the uniform charge distribution is disrupted. 

Impurity effect in a metal 



In a metal the excess potential is reduced 
 

Thomas–Fermi approximation 

The density of conduction electrons ρ(r) at distance r from B deviates  
 the average density ρ0(r) existing prior to its introduction. 

Poisson equation holds in the vicinity of atom B: 



Fermi energy 

solution 

from Mizutani 



The magnitude of the screening radius 1/λ turns out to be about 0.055 nm, 

•the interatomic distance of 0.255 nm in pure Cu. 



•only electrons at the Fermi level contribute to the resistivity. 

•the excess resistivity due to the impurity scattering 
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Elastic scattering 

2Z∆∝∆ρ

from Mizutani 



These samples were 
alloyed with about one 
atomic per cent of an 
element with a higher 
number of valence 
electrons. 

copper 



Linde law no longer holds when the solute concentration exceeds about 5 at.%. 

the impurity–impurity interaction cannot be ignored. 



•the disruption of the lattice periodicity gives rise to scattering of the Bloch electrons. 
 

E.g. Au-Cu 

There exist several intermetallic compounds AuCu3, AuCu I, AuCu II and 
Au3Cu in the Au–Cu alloy system 

 

see Mizutani 



All these compounds form a completely periodic structure, since the lattice 
sites which Au and Cu atoms occupy are uniquely assigned. 

superlattice or superstructure. 

the resistivity drops sharply when an intermetallic compound is formed. 
 
•This is due to the restoration of the periodic potential, resulting in a 
substantial reduction in the scattering of conduction electrons 
 
 



from Enss 

Nordheim’s rule 
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