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❑ To calculate the current induced in a metal by a time-dependent 
electric field, we write the field in the form:

( ) Re ( )e (1.23)
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with  steady state solution :
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❑ we then express the current density j:
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❑ One can rewrite (1.29)as:
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❑ So, this result lead to (1.5) when =0 (DC current)
❑ Therefore if the field does not vary appreciably over distances 

comparable to the electronic mean free path, we may correctly 
calculate j(r, t), the current density at r, by taking the field 
everywhere in space to be given by its value E(r, t) at the point r. 

( , ) ( ) ( , ) (1.30)   =j r E r

❑ is therefore valid if  of the field is large compared to the 
electronic mean free path l. 
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❑Assuming, that the wavelength is large compared to the mean 
free path, we may write Maxwell's equations as:

. 0 (1.32)
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❑We look for a solution with time dependent 𝑒−𝑖𝜔𝑡  and use (1.30)
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ε is the dielectric constant of the medium
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❑ For high frequency: >>1:
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❑where wp  is the plasma frequency. 
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❑ When  is real and negative ( < p) the solutions to (1.39) decay 
exponentially in space: i.e., no radiation can propagate

❑ when  is positive ( > p) the solutions to (1.39) become 
oscillatory, radiation can propagate, and the metal should
become transparent. 

❑ A second important consequence of (1.40) is that the electron 
gas can sustain charge density oscillations. By this we mean a 
disturbance in which the electric charge density has an oscillatory 
time dependence e-it

❑ From the equation of continuity:
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❑ with Gauss's law:
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❑ All quantities in (1.44) are constants except  (reciprocal of 
which is the charge density). Hence, this eq. means that charge 
density wave is propagating (same condition as above)



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



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



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

The Drude Theory of Metals

AC ELECTRICAL CONDUCTIVITY OF A METAL 



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

The Drude Theory of Metals

AC ELECTRICAL CONDUCTIVITY OF A METAL 



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

the empirical law of Wiedemann and Franz:

❑ The empirical law of Wiedemann and Franz is a fundamental 
observation in solid-state physics regarding the relationship between 
the thermal and electrical conductivities of metals. It states that:

❑"The ratio of the thermal conductivity (κ) to the electrical conductivity 
(σ) of a metal is directly proportional to its absolute temperature (T)":  

𝜅

𝜎
= 𝐿𝑇

❑L: Lorenz number, a proportionality constant.
Lorenz Number (L): For many metals, the Lorenz number is approximately:

𝐿 =
π2𝑘𝐵

2

3𝑒2
≈ 2.44 × 10−8W ⋅ Ω/K2

❑The Wiedemann-Franz law highlights that in metals:
❑Both heat and electrical conduction are dominated by free electrons.
❑This law holds well at high temperatures where the classical Drude 

model is applicable. However, deviations occur at very low 
temperatures due to quantum effects.
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❑ The Drude model successfully explained the empirical law of 
Wiedemann and Franz (1853).

❑The Wiedemann-Franz law states that the ratio of thermal 
conductivity (κ) to electrical conductivity (σ) is proportional to 
temperature (T).

❑This proportionality constant (
κ
σ

T) is approximately the same for 

all metals, known as the Lorenz number.
❑In metals, the majority of the thermal current is carried by 

conduction electrons, not ions.
❑This is based on the observation that metals conduct heat much 

better than insulators, where ions dominate thermal conduction.
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❑ Table 1.6 provides 
measured thermal 
conductivities for 
several metals at 273 
K and 373 K, along 
with their Lorenz 
numbers.
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Fourier's Law of Heat Conduction:

Fourier's law describes the heat conduction process and states that the heat flux (q) in a 
material is proportional to the negative gradient of temperature (∇T). Mathematically, it is 
expressed as:

𝑞 = −κ∇𝑇

Where:

• q: Heat flux (thermal current density), measured in W/m2 (watts per square meter).

• κ: Thermal conductivity of the material (W/m·K).

• ∇T: Temperature gradient in K/m.

• The negative sign indicates that heat flows from regions of higher temperature to 
lower temperature.

Physical Meaning:

• Heat flows in the direction opposite to the temperature gradient.

• κ represents the material's ability to conduct heat—higher values indicate better 
thermal conduction.
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❑ For a steady-state thermal conduction scenario, a temperature 
gradient results in a thermal current flowing opposite to the 
gradient.

❑Heat flow can be maintained by supplying heat to the hot end of 
a metal bar at the same rate it is lost, resulting in a uniform 
thermal energy flow.

❑Thermal Current Density, defined as a vector parallel to the heat 
flow direction, representing the thermal energy crossing a unit 
area per unit time.

❑Thermal current is proportional to the temperature gradient (∇T), 
according to Fourier's law.

❑ Thermal Current Density:

𝑗𝑞 = −𝜅∇𝑇                                                             (1.47)
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❑Thermal Current in Steady State: In a steady state, the thermal 

current flows along the x-direction and is proportional to the 
negative of the temperature gradient: jq=−κ dT/dx

❑Electron Contribution to Thermal Current: Electrons play a major 
role in thermal conduction, especially in metals.

❑ After a collision, electrons emerge with energy corresponding to 
the local temperature. 

❑ Electrons from the high-temp. region are more energetic than 
those from the low-temp. region, leading to a net energy transfer.

❑ Simplified One-Dimensional Model: Assumes electrons only 
move along the x-axis.

❑At a given point x: ½ of the electrons come from the high-
temperature side (x−vt). ½ come from the low-temp. side (x+vt).

❑The thermal energy carried by electrons depends on their last 
collision point.
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❑ Contributions to Thermal Current:
❑ From high-temperature electrons:

𝑛

2
𝑣𝜀 𝑇 𝑥 − 𝑣𝑡

From low-temperature electrons:

𝑛

2
(−𝑣)𝜀 𝑇 𝑥 + 𝑣𝑡  

❑ ε is thermal energy/e

❑The net thermal current arises from the difference between 
these contributions.

❑ The figure 1.6 shows the schematic highlights on how electrons 
originating from higher-temperature regions carry more energy, 
resulting in a flow of thermal energy toward lower-temperature 
regions.
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❑1-D Contribution to Thermal Current Density:

𝑗𝑞 =
𝑛

2
𝑛𝑣 𝜀 𝑇 𝑥 − 𝑣𝑡 − 𝜀 𝑇 𝑥 + 𝑣𝑡                                             (1.48)

❑Thermal Current Density Approximation:

𝑗𝑞 = 𝑛𝑣2𝜏
𝑑𝜀

𝑑𝑇
−

𝑑𝑇

𝑑𝑥
                                                                                 (1.49)

❑3-D Thermal Current Density:

𝑗𝑞 =
1

3
𝑣2𝜏𝑐𝑣 −∇𝑇                                                                                    (1.50)

❑Thermal conductivity (κ) in terms of specific heat (cv):

𝜅 =
1

3
𝑣2𝜏𝑐𝑣=

1

3
ℓ𝑣𝑐𝑣                                                                                 (1.51)
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❑We can have the next fromula without  τ:

𝜅

𝜎
=

1

3
𝑐𝑣𝑚𝑣2

𝑛𝑒2
                                                                                 (1.52)

❑ It was natural for Drude to apply the classical ideal gas laws in 
evaluating the electronic specific heat and mean square velocity. 

He therefore in effect took cv to be
3

2
𝑛𝑘𝐵and

1

2
𝑚𝑣2 to be

3

2
𝑘𝐵𝑇, 

where kB is Boltzmann's constant. This leads to the result:

𝜅

𝜎
=

3

2

𝑘𝐵

𝑒

2
𝑇                                                                                 (1.53)

❑ The right side of (1.53) is proportional to T and depends only on 
the universal constants 𝑘𝐵 and e, in complete agreement with 
the law of Wiedemann and Franz 
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❑Equation (1.53) gives a Lorenz number:

𝜅

𝜎𝑇
=

3

2

𝑘𝐵

𝑒

2
= 1.11×10-8 watt-Ω/K2                              (1.54)

❑This is about half the typical value given in Table 1.6. 
❑ In his original calculation of the electrical conductivity, Drude 

erroneously found half the correct result. 
❑ As a result of which he found a value K/σT=2.22xI0-8 watt-Ω/K2 in 

extraordinary agreement with experiment.
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