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Electrical Current
• Electrical current is the net flow of electric 

charge in a material
e.g., a wire

• Remember: a conductor contains free 
charges (electrons)

• The electrons are in constant motion
In fact they move very fast ~ 106 m/sec
They bounce off the atoms of the lattice
Ordinarily, they move in random directions
Ordinarily, no net flow of charge
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• Now imagine we set up an electric field 
inside the conductor

• The free charges (electrons) will feel a 
force F=qE

• They get accelerated in the direction 
opposite to the electric field

Opposite because electrons have –ve charge
• You would think that they should gain 

more and more velocity
• But they don't because they tend to quickly 

collide with the atoms of the lattice and 
their direction gets randomized  
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• The net effect is that electrons in a 
conductor in the presence of an electric 
field tend to drift in the direction opposite 
the electric field

• The drift velocity (= net 
velocity of the electrons) is 
quite small, typically less than 
mm/sec
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• Up until today, we always said that there is 
no electric field inside a conductor

• But now we arguing about what happens 
when there is an electric field inside a 
conductor!

• Up until today, we have been concerned 
with electrostatic situations (= the charges 
do not move)

• Today we start to discuss electrical 
current, i.e., charges in motion

Careful about electric field in a conductor!
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E-field in conductors (cont.)

• Our statement "no E-field inside a 
conductor" was based on the argument 
that if the E-field is not zero then the 
charges will move and rearrange 
themselves in such a way as to make E=0
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• Convention: current is defined in the direction of 
drift of positive charges

• In a metal, the charges that drift are electrons, 
so current is in the opposite direction as the drift 
of electrons

a bit awkward, and mostly historical
• In a chemical solution the charges can be both 

positive and negative (ions)

Current: Positive vs Negative Charges
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Definition of Current

• Net charge flowing through the total area
per unit time
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Units of Current
• I=dQ/dt [I] = Coulomb/sec
• 1 Coulomb/sec = 1 A (Ampere)
• The Ampere is one of the four fundamental 

units of the international system of units (SI)
meter
Kg
sec
Ampere

• It is formally defined in terms of the force 
between two parallel wires 

You'll see it in Physics 4
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Relationship between I and vd

• I = dQ/dt
• In time dt, every charge moves dx = vddt
• All the charges in a volume dV=Adx will 

flow through the area 
• dQ = n q dV

n = number of charges/unit volume
• dQ = n q A vd dt
• I = dQ/dt = n q vd A
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Current Density

• I = n q vd A
• Definition of current density: current per unit 

area
• J = I/A = n q vd
• This can also be defined vectorially as 

• Note, if q<0 the vector current density and the 
vector drift velocity point in opposite direction

as they should!
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What is n?
• n = number of charges / unit volume
• In metals, charges = electrons
• n = n' N ρ

N = number of atoms per Kg
ρ = density in Kg/m3

n' = number of free electrons per atom
• Example, Cu

n' = 1
ρ = 9 103 Kg/m3

Mass of Cu atom = 63.6 amu = 63.6 (1.7 10-27 Kg)
1 Kg of Cu N = 9.2 1024 atoms

• Putting it together: n = 8 1028 / m3
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Typical value of vd

• I = n q A vd

• Take I=1A, and 1 mm diameter wire
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Resistivity

• Current density J = I/A = n q vd

• It is not surprising that the drift velocity 
depends on the electric field

Higher drift velocity higher E-field
• For many materials and in many situations 

the drift velocity is proportional to electric 
field.  Then

E = ρ J   (Ohm's Law)
• ρ = resistivity
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Resistivity (cont.)
• E = ρ J   or    J = (1/ρ)E
• ρ is a property of the material
• For a given field, the smaller ρ the larger 

the current J 
• ρ is a measure of how easy it is for a 

material to conduct electricity
small ρ, good conductor
large ρ, poor conductor
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Units of Resistivity

• ρ = E/J
• [ρ] = (V/m) / (A/m2) = (V/A) m
• 1 V/A = 1 Ohm = 1 Ω



17

Resistivity for some materials

1010-1014 Ω-mGlass
> 1013 Ω-mTeflon
8 1017 Ω-mQuartz

2300 Ω-mSi
0.6 Ω-mGe

2.4 10-8 Ω-mAu
1.7 10-8 Ω-mCu
2.8 10-8 Ω-mAl

metals 
(conductors)

semiconductors

insulators
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Conductivity

• Simply defined as the inverse of resistivity
• σ = 1/ρ
• High conductivity = good conductor
• Low conductivity = bad conductor
• Measured in (Ω-m)-1
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Resistivity vs Temperature (1)
• In a conductor the "resistance" to the flow of 

electrons occurs because of the collisions 
between the drifting electrons and the lattice 

• When T increases, lattice atoms vibrate more 
violently

• Collisions more frequent
• Resistivity increases
• Approximate linear dependence near room 

temperature

α depends on material, typically fraction of per-cent per degree
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Resistivity vs Temperature (2)

• In a semiconductor as T increases more 
electrons are shaken loose from the atoms 
in the lattice

• The number of charge carriers increases 
with temperature

• The resistivity decreases with temperature
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Resistivity vs Temperature (3)

• In some materials (superconductors) the 
resistivity becomes ZERO below some 
"critical temperature" TC
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Table of TC
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Resistance
• Ohm's Law: E = ρ J
• Not very convenient because

We are more often interested in the current I rather 
than the current density J=I/A
It is easier to use potential rather than field

• Consider cylindrical conductor
• Vab = V = E L
• I = J A
• Ohm's Law:

(V/L) = ρ (I/A)

R = resistance.  Units: Ω
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Ohm's Law
• The most "useful" (common?) way of 

writing down Ohm's law is I = V/R
• The current is proportional to the voltage
• Applies to many materials, but not all!
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Resistors

• Circuit elements of well-defined resistance
• They almost always have color-coded bands 

that allow you to read-off the resistance


