
Metals have properties that were not explainable using basic laws of physics: 
They have properties that other materials lack (quartz, sulfur, salt...):
• Excellent electric & thermic conductors
• Ductile & malleable
• reflectivity

 

Modern theory of solids was founded on an attempt to explain all these 
properties. 

Fundamental elements favor metallic state. We need to understand non 
metallic materials to understand metals: Why gold conducts so well and salt 

does not?

Drude Model for metals



Drude Model for metals (1900), after Thomson (1897) e- 
discovery

Fundaments: Kinetic theory of gases

• atoms= rigid spheres
• they move in straight lines until they collide
  time of collision--> negligible (forces only    
  relevant during collision) 
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• Metals: Formed by + (heavier, fixed) and - particles. 

Pink: conduction e- , only mobile particles

Pseudopotential: 

V (⌃r) = �eZ/⌃r



Drude model: Kinetic theory of (conduction) e- of mass m

Some numbers: 1mol NA--> 6.02 * 10 23 atoms/mol.

�m/A mol/cm3 �m = mass density

n =
N ⇥ #e�

V ⇥ V olume
= NA · Z · �m

A

Important parameter: rs

Measurement of the e- density: radius of a sphere with volume 
(V) = volume per conduction e-.
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3

4�n
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large rs --> sparse, small rs-->dense

a0 = �2/(me2) = 0.529Å = 1Bohr

rs/a0 is the usual measurement 
of the density of valence e- .



A& M table 1.1



Drude’s model assumptions:

1.Electrons move freely (Newton’s Laws) between collisions (no e--e-, no e--ion)

2.Abrupt collisions (with ions)

3.Average collision time=τ, l=vτ→ mean free path.                     prob. of collision / unit time.   

4.Memory washing collisions: v after collisions depends only on the T at the collision site.

1/� =�

3/2kBT = 1/2mv2



Equation of motion for e- (Newton’s Law), in the presence of a 
uniform magnetic or E field.

• Prob. of collision between t and t+dt= dt/τ
• Prob. of no collision =(1-dt/τ)
• e- that do not collide change their momentum by the external field (E): ⌅f(t)dt

(1� dt/�)(⌥p(t) + ⌥f(t)dt) = ⌥p(t)� (dt/�)⌥p(t) + ⌥f(t)dt

•Contribution to the change in momentum by the  e- that have suffered a collision:

dt/�( �x⇤⇥�⌅ +�f(t)dt) � dt2 =⇥ neglect

0, random direction

•So: (⌅p(t) + dt) = 1 + 2 = 1
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•So, change in momentum of the e- gas : 
⌃p(t)
dt

= �⌃p(t)
�⇤ ⇥� ⌅

+⌃f(t)

frictional drag force



DC electrical conductivity

•Ohm’s Law: V=I R
•R=Resistance ⇒R depends on wire dimensions but not on V or I.

•ρ=resistivity ⇒ characteristic of the metal. ⌅E = �⌅j
• j⇒ current density, // to the flow of charge=qcharge/(time Area)=I/A

� L⇥

V1 V2

A

⇥E

�V = V2 � V1 = EL = �I/AL =⇥ R = �L/A

�⌅⇤⇥
⌅vdt

•n e-/Volume move with velocity      ; current density ⇥v ⌅j//⌅v
•n A |v| dt e- will cross area A (note q=-e), so in dt the charge crossing the area A =-ne |v| A dt

j = q/(tA) = �ne|v|; j = �ne v ⇧v = ⇧p/m



DC � d p/dt = 0�  p(t) = �  f(t)

⌃f = �e ⌃E ⇥ ⌃p = �e ⌃E�

⌥j = �ne
�e ⌥E�

m
=

ne2�

m
⌥E

↵j = � ↵E � Ohm�sLaw

� =
ne2⇥

m
Drude conductivity

•τ can be estimated using observed resistivities. τ∼ 10-14, 10-15 s
• the velocity can be obtained from the classical equipartition of energy 

1/2 mv02=3/2kB T⇒ v0∼ 107 cm/s.

l∼1-10 Å, consistent with Drude’s model but not with reality (1 order of magnitude 
wrong in v0!) : wrong classical dynamics and wrong picture of scattering.
In reality v0 is independent of T !!
•τ independent quantities will yield much more realistic information.



m
ne

Drude
τ

σ
2

=

( )τω
σ

/

2

, im
ine

acDrude +
=

1. These work surprisingly well; ac version is fine. 
2. Quantum version is definitely needed.  Issues: n/m, 1/τ 
3. Bohr’s doctoral dissertation clarified problems with 1/τ 
4. Sommerfeld’s quantum electron gas theory clarified other problems. 

example: Quantum theory (Bloch) shows that electrons diffract around 
atoms, only scattering from impurities; Classical theory says all 
atoms scatter.  

n
v XX

1
== τσσℓ =volume per atom; σX is scattering cross section.

2/11 Tvn X ∝= σ
τ

Classical statistics says resistivity of a metal 
should scale as T1/2.  Quantum theory replaces 
n by nimp.  Quantum statistics (Fermi velocity  
instead of thermal velocity) correctly gives the 
impurity scattering part to be independent of T



Conductivity: Ej
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!Example – tetragonal 
or hexagonal symmetry.

j is in A/m2, E in V/m, σ is in (Ωm)-1, ρ=1/σ is resistivity (µΩcm)

typical metallic conductivity: ρ ∼ 10 µΩcm = 10-7 Ωm ➔ σ = 107 (Ωm)-1 
           E = 1 V/m ➔ j = 107 A/m2



- - - - - -
+ + + + +

Ex jx
Hz

Ex
Ey x

y

z

�xx =
Ex

jx
�yx =

Ey

jx
= RHH =� RH =

Ey

jxHTranverse
magnetoresistance

Lorentz �f =
�e

c
�v ⇥ �H

Hall Effect

•Hall Ey field⇒ negative y direction  ⇒ Rh negative (reverses if there are positive carriers)

•Hall effect used to measure the nature of carriers (e- or holes)

balances Lorentz force

d�p

dt
= �e( �E +

�p

mc
⇥ �H)� �p

�
= 0⇤= steady state⌥f = �e( ⌥E +

⌥v

c
⇥ ⌥H)

�0 =
ne2⇥

m
�j = �ne�v = �ne�p/m

• Solving in the x and y axis and balancing forces (jy=0, no current along y)we arrive to:
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⇥=
Yields sign and 

density of charge 
carriers

Problems
•RH can be -
•RH depends on H
•RH depends on T


