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The Hall effect is a phenomenon observed in the 
presence of both electric and magnetic fields 



from 
Kittel 



This is the linearized Boltzmann transport equation. 

Mizutani 



Relaxation time approximation 

0
0

=∇
=∇

ζ
T

in homogeneous 
samples 



Since the magnetic field affects only the x- and y-components of 
the wave vectors, the function φ may be assumed to have a form: 



from Mizutani p.558 



Similarly, we obtain the following relation from the y- and z-components 
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We use: 

And we get as we know from lecture 2: 



with 

312π
mvSn FF=Drude formula 



from 
Mizutani 



gives rise to a y-component of the electric field Ey, which is 
perpendicular to the directions of both current and magnetic field. 

in the free-electron model is independent 
of the magnetic field and depends only on 
the number of electrons per unit volume. 



The Hall effect of either electrons or holes may be discussed in a simpler 
but less rigorous way by using the Lorentz force (as we did in the basic 
solid state physics course): 

Since no current flows along the y- and z-directions 

the condition Jy=Jz=0 holds. 

Kittel/Aschroft 



The Hall coefficient is negative and temperature independent 
in the free electron model. 

The density of the conduction electron n is related to the Fermi 
radius kF in the free-electron model   



in the free-electron model 

at room temperature in 
low magnetic fields 

From 
Mizutani 



A close agreement with the free-electron value is 
observed only in limited number of metals, for example Na. 

The sign of the Hall coefficient in the divalent metals Zn and Cd is 
positive and a significant deviation from the free-electron model is 
apparent. 

both electron and hole Fermi surfaces coexist in polyvalent metals like  
Zn, Al and Pb 

when 



The total current: 

the sign of the Hall coefficient is determined by the balance 
between the electrons and holes having R1<0 and R2>0. 

A positive Hall coefficient in divalent metals like Zn and Cd means that the 
hole contribution dominates over the electron contribution. 

for 2 types of carriers 



Temperature dependence of the Hall coefficient of pure 
metals Cd, Zn and Cu. [K. E. Saeger and R. Lück, Phys. 
Kondens. Materie 9 (1963) 91] 



•In contrast to a single-carrier metal, the relaxation time is involved in the 

Hall coefficient through σi and its temperature dependence is responsible 

for that of the Hall coefficient.  

 

•The presence of the Brillouin zone in crystal metals yields electrons and 

holes having different effective masses and relaxation times.  

 

•The Hall coefficient reflects the anisotropy of the electronic structure 

and exhibits substantial deviation from the free-electron behavior. 

 

• the Hall coefficient in amorphous alloys is essentially temperature 

independent because of the lack of anisotropy of the Fermi surface 

a strong temperature dependence In two-carrier metals,  
the Hall coefficient.  
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MAGNETORESISTANCE 

The term “magnetoresistance”, meaning the change in resistance or 

resistivity upon the application of a magnetic field, is expressed in 

different ways:  

 (1) ∆R=R(H)-R(0);  

 (2) ∆R/R(0);  

 (3) R(H)/R(0);  

 (4) ∆ρ=ρ (H)-ρ (0);  

 (5) ∆ρ/ρ (0); and  

 (6) ρ(H)/ρ (0), 

 where R(H) and ρ (H) are the resistance and resistivity, respectively, 

in an applied magnetic field H. 



The magnetoresistance is defined in terms of the diagonal 
components of the magnetoresistivity tensor 

Ordinary Magnetoresistance (OMR) 

CGS units 

see Ashcroft 



The longitudinal magnetoresistivity ∆ρzz/ρzz is measured with the electric 
field parallel to the magnetic field. 
 
 On the basis of a  spherical Fermi surface  one carrier model, we have 

there is no longitudinal magnetoresistivity 
in this case 

many semiconductors do exhibit longitudinal magnetoresistivity experimentally, 
and this effect arises from the non-spherical shape of their constant energy 
surfaces. 

The transverse magnetoresistivity ∆ρxx/ρxx is measured with the current flowing 
perpendicular to the magnetic field. 

there is no transverse magnetoresistance for a material with a single carrier 
type having a spherical Fermi surface. 



In a two-band carriers model 

The transverse magnetoresistance: 

it is always POSITIVE but disappears when β1= β2 and that it is 

proportional to B2, as long as the magnetic field is low. 

Or saturates. 



Magnetoresistance can give precious information about the shape of the Fermi 
surface 

In a constant magnetic field (no electric field), the electron will move on a 
constant energy surface in k space in an orbit perpendicular to the magnetic 
field 

the cyclotron frequency cyclotron effective mass 

Transport Properties of Solids 
M. S. Dresselhaus, MIT 



from Transport Properties of Solids 
M. S. Dresselhaus, MIT 



Transport Properties of Solids 
M. S. Dresselhaus, MIT 

•closed orbits produce a ρxx which saturates as B → ∞ 
•open orbits produce a ρxx proportional to B2 as B → ∞   
 



For non-magnetic metals, MR effects at low fields are very small, although 
the effect can become quite large for high fields. The change in resistivity, 
∆ρ, is positive for both magnetic field parallel (∆ρII) and transverse (∆ρT) to 
the current direction with ∆ρT > ∆ρII  
•There are three distinct cases of ordinary magnetoresistance, depending 
on the structure of the electron orbitals at the Fermi surface: 

i) In metals with closed Fermi surfaces, the electrons are constrained to their 
orbit in k space and the effect of the magnetic field is to increase the cyclotron 
frequency of the electron in its closed orbit. Cyclotron frequencies as large as 
ωct = 100 have been achieved. In this case the resistance saturates at very 
large magnetic fields. Metals In, AI, Na and Li (see Figure 1a) 

ii) For metals with equal numbers of electrons and holes, the 
magnetoresistance increases with H up to the highest fields measured, and 
is independent of crystallographic orientation. Examples of metals displaying 
this behavior are Bi, Sb, W, and Mo. 

iii) Metals that contain Fermi surfaces with open orbits in some crystallographic 
directions will exhibit large magnetoresistance for fields applied in those 
directions, whereas the resistance will saturate in other directions, where the 
orbits are closed. This behavior will be found in Cu, Ag, Au, Mg, Zn, Cd, Ga, TI, 
Sn, Pb, and Pt (see Figure lb). 









Kohler’s Rule 
If there is only one relaxation rates in the transport process of a certain 
conductor, the relative magnetoresistance ∆ρ/ρ0 in a magnetic field H, can 
then be represented in the form 

M. Kohler, Ann. Phys. 32 (1938) 211. 



relaxation rate actually changes with some parameters, temperature T for 
example, but as long as there is a single T dependence of τ, we call 
it one relaxation rate. 

The steady-state Boltzmann equation in the presence of an electric 
field E and a magnetic field H is then 

CGS 



This is not a surprise because 
all current density vectors are 
rotated by H without any change 
in their magnitude. 

•the external field is small so that the deviation from equilibrium is too 
small in a steady state, and as the consequence                      can be 
replaced by f0

k on the left hand side. 

•the relaxation-time approximation which hypothesizes that the scattering 
term is proportional to the deviation gk and the relaxation rate 1/τ 





we may symbolically expand the factor into a series 

magnetoresistance 



the accurate form of Kohler’s rule 



Kohler’s rule in its approximate form 

The validity requires that m*/ne2 be independent of T. Of 
these quantities, e should not change with T while m* 
may vary slowly due to mass renormalization effects. 
Most of the problem however comes from n which could 
be very sensitivity to T in various conductors, even in 
some metals such as Bi. 



We use the metal Bi for the purpose of illustration. 
 
•Bi is a semimetal as inferred from its band structure and it is well 
known that the relaxation rate assumes a single T dependence 
from 140 K upwards [5], up to room temperature at least.  
•it has both electrons and holes as charge carriers 

n and τ are derived from the Hall 
coefficient RH and the cotangent of Hall 
angle cot θH  







M. Kohler, Ann. Phys. 32 (1938) 211. 
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