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Todays Lecture Outline:
• Basic Assumptions of the Drude 

Model for metals
• DC ELECTRICAL CONDUCTIVITY OF A 

METAL 
•  Hall Effect and Magnetoresistance
• AC ELECTRICAL CONDUCTIVITY OF A 

METAL 
• Thermal Conductivity of Metals
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❑ Metals are excellent conductors of heat and electricity. 
❑ Indeed. the metallic state has proved to be one of the great

fundamental states of matter
❑ 3 years after Thomson's discovery of electrons (1897); Drude 

constructed his theory of electrical and thermal conduction by 
applying the highly successful kinetic theory of gases to a metal, 
considered as a gas of electrons. 

❑ In its simplest form kinetic theory treats the molecules of a gas 
as identical solid spheres, which move in straight lines until they 
collide with one another. 

❑ The time taken up by a single collision is assumed to be 
negligible, and, except for the forces coming momentarily into 
play during each collision; no other forces are assumed to
act between the particles. 
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❑ This model assumes that electrons can move while nuclei are 
considered immobile.

❑ At his time there was no precise notion of the origin of the 
mobile electrons and the heavier, immobile, positively charged 
particles. The solution to this problem is one of the fundamental 
achievements of the modern quantum theory of solids.

❑ We assume that when atoms of a metallic element are
brought together to form a metal; the valence electrons become 
detached and wander freely through the metal, while the 
metallic ions remain intact and play the role of the immobile 
positive particles in Drude’s theory.
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Fig. 1.1: Schematic picture of an isolated atom (left) 

and when in a metal the nucleus and ion core retain 

their configuration in the free atom. But the valence 

electrons leave the atom to form the electron gas. 



❑ For single isolated atom:
▪  +eZa is the charge of the nucleus (Za = atomic no.)
▪  -eZa is the charge of surrounding electrons
▪  Z of these electrons are weakly bound to the nucleus
▪  (Za-Z) is the no. of tightly bound electrons (core electrons)

❑ When these isolated atoms condense to form a metal, the core
electrons remain bound to the nucleus to form the metallic ion, 
but the valence electrons are allowed to wander far away from 
their parent atoms.

❑ These electrons are called: conduction electrons
❑ On average there are: 1022 conduction electrons/cm3

❑ These densities are typically a thousand times greater than those 
of a classical gas at normal temperatures and pressures.
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The basic assumptions of the Drude model are:
❑ Between collisions the interaction of a given electron, both with 

the others and with the ions, is neglected and thus the electron 
will move in a straight line (no external fields applied).

❑ In the presence of externally applied fields each electron is taken 
to move as determined by Newton's laws of motion in the 
presence of those external fields, but neglecting the additional 
complicated fields produced by the other electrons and ions.

❑ The neglect of electron-electron interactions between collisions 
is known as the independent electron approximation. 

❑ The corresponding neglect of electron-ion interactions
is known as the free electron approximation

❑ the free electron approximation must be abandoned if one is to 
arrive at even a qualitative understanding of metallic behavior. 
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The basic assumptions of the Drude model are:
❑ Collisions in the Drude model, as in kinetic theory, are 

instantaneous events that abruptly alter the velocity of an 
electron. Drude attributed them to the electrons bouncing off 
the impenetrable ion cores

❑ We shall assume that an electron experiences a collision with a 
probability per unit time 1/. We mean by this that the
probability of an electron undergoing a collision in any 
infinitesimal time interval of length dt is just dt/.

❑ : Relaxation time OR Collision time  OR the mean free time
❑ the collision time  is taken to be independent of an electron's 

position and velocity
❑ Electrons are assumed to achieve thermal equilibrium with their 

surroundings only through collisions
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❑ Based on Ohm’s Law: V = IR          (1.1)

❑ The Drude model provides an estimate of the resistance R
❑ Or using resistivity: E = j              (1.2)

❑ j = I/A  and thus: R = L/A

❑ j = -nevavg                                        (1.3)        

❑ where n = no. electrons per unit volume 
❑ vavg is defined as: 

𝑣𝑎𝑣𝑔 = −
𝑒𝑬𝜏

𝑚

∴ 𝐣 =
𝑛𝑒2𝜏

𝑚
𝐄 1.4

∵ 𝐣 = 𝜎𝑬

∴ 𝜎 =
𝑛𝑒2𝜏

𝑚
                                              (1.5)

❑ This establishes the linear dependence of j on E 
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❑ Hence, the relaxation time is:

𝜏 =
𝑚

𝜌𝑛𝑒2  (1.6)

❑ At any time t, the average electronic velocity v is just p(t)/m, 
where p is the total momentum per electron. Hence the current 
density is:

𝐣 =
𝑛𝑒𝒑

𝑚
 (1.7)
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The resistivity of Cu is 1.7×10-8 Ωm at 300 K and the electron 

density is 8.5×1028 m-3. 

(a) Calculate the relaxation time of electrons in Cu at 300 K . 

(b) Calculate the mean free path of the electrons using Drude 

approximation

𝜏 =
𝑚𝑒

𝜌𝑛𝑒2
=

9.1 × 10−31

1.7 × 10−8. 8.5 × 1028(1.6 × 10−19)2
= 2.38 × 10−14 𝑠
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❑ Hall assumed that if the current of electricity in a fixed conductor 
is itself attracted by a magnet, the current should be drawn to 
one side of the wire, and therefore the resistance experienced 
should be increased but without experimental results. 
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❑ Motion of electrons in magnetic and electric fields:

1
(1.8)

d d
F m e

dt dt c

 
= = = − +  

 

v k
E v B

If no magnetic field applied:

(1.9)
d

e
dt

→ = − =
k

E F

e
t

e
t





= −

→ = − =

k E

k
E F

Integrating both sides and rearranging terms

1
(1.10)

d

dt




 
+ = 

 
k F

Adding the friction effect (proportional to 1/)
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❑ Equation (1.10) has two terms: 

 ℏ
𝑑

𝑑𝑡
𝛿𝒌 (acceleration term) 

 and: ℏ
𝛿𝒌

𝜏
 (force of friction term). 

 Magnetic field adds:

1
(1.11)e

c

 
= −  

 
F v B

❑ Please note that the c is added only if using the CGS system of 
units.

❑ The force shown in eq. (1.8) is the total force on the electron and 
is called: Lorentz force
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❑Using 𝑚𝒗 = ℏ𝛿𝒌 : then use B at z direction, (1.8) leads to:

1 1
(1.12)

1
(1.13)

1
(1.14)

1
(1.15)

x x y

y y x

z z

d
m e

dt c

d B
m v e E v

dt c
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d
m v eE

dt









   
+ = − +    

   

   
+ = − +   

   

   
+ = − −   

   

 
+ = − 

 

v E v B



King Saud University, College of Science, Physics & Astronomy Dept. PHYS 674 (Band Theory of Solids)  © 2025

The Drude Theory of Metals

Hall Effect and Magnetoresistance

❑At equilibrium, derivative ➔ 0

(1.16)

(1.17)

(1.18)
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❑In Hall experiment, a new voltage builds up across the 
conductor due to the build-up of charges:

(1.19)
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( )

(1.20)

:

(1.21)
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Where the cyclotron frequency is:

c

eB

mc
 =
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❑RH is called: Hall coefficient:

2

2

1
( ) (1.22)

x x

x
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x

H

ne
j E

m
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E
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ne

E B
m
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ne
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−

 =

 =−

❑ This is a very striking result, for it asserts that the Hall coefficient 
depends on no parameters of the metal except the density of 
carriers 
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❑Since we have already calculated n assuming that the atomic 
valence electrons become the metallic conduction electrons, a 
measurement of the Hall constant provides a direct test of the 
validity of this assumption. 

❑ In trying to extract the electron density n from measured Hall 
coefficients one is faced with the problem that, contrary to the 
prediction of (1.22 ), they generally do depend on magnetic field 

❑ Furthermore, they depend on temperature and on the care
with which the sample has been prepared

❑ This result is somewhat unexpected, since the relaxation time , 
which can depend strongly on temperature and the condition
of the sample, does not appear in (1.22).

❑ However, at very low temperature, the measured Hall constants 
do appear to approach a limiting value.
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Some Hall coefficients at 
high and moderate fields are 
listed in the table . Note the 
occurrence of cases in which 
RH is actually positive, 
apparently corresponding to 
carriers with a positive 
charge. A striking example of 
observed field dependence
totally unexplained by Drude 
theory is shown in the Figure 
on the next slide
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❑ The Drude result confirms Hall's observation that the resistance 
does not depend on field, for when jy = 0 (as is the case in the 
steady state when the Hall field has been established), the 
expected result for the conductivity in zero magnetic field. 
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❑ However, more careful experiments on a variety of metals have 
revealed that there is a magnetic field dependence to the 
resistance, which can be quite dramatic in some cases. 

❑ Here again the quantum theory of solids is needed to explain 
why the Drude result applies in some metals and to account for 
some truly extraordinary deviations from it in others.
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