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Chapter 7: Electrodynamics
7.1 Electromotive Force

Ohm’s law states that the current density ("⃗ ) should be proportional to 
the force per unite charge (#⃗ ) 

"⃗ = %#⃗
Conductivity: %(= ∞ #() * +,)#,-. -(/01-.())
Resistivity: 3 = 1/%
Electromotive force is then given by:

"⃗ = %(6 + 8⃗×:)

"⃗ = %6

usually small

Ohm’s Law
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7.1 Electromotive Force

Example: A cylindrical resistor of  cross-sectional area ! and length " is 
made from material with conductivity #. If  the potential is constant over 
each end, and the potential difference between the ends is $, what current 
flows?

Electric Field is uniform through the wire (This can be shown by solving Laplace equation)

% = '! = #(! = #!
" $

)*$
)+* = 0, $ 0 = 0, $ " = $. → $ + = $.

" +
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7.1 Electromotive Force

Example: Two long cylinders (radii ! and ") are separated by material of  
conductivity #. If  they are maintained at a potential difference $, what 
current flows from one to the other, in a length %

& = ( *⃗ ⋅ ,!⃗ = (#- ⋅ ,!⃗ = #(- ⋅ ,!⃗

- = .
20123

3̂

& = #(- ⋅ ,!⃗ = #(
2

5
(
2

67 .
20123

3̂ ⋅ 3,8,93̂ = #
12
.% = 20#%

ln "!
$

$ = −(
=

> .
20123

3̂ ⋅ ,33̂+. . = −(
=

> .
20123

,3 = .
2012

ln "!

$ = &AOhm’s Law
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Now if  ! produces a force "! (on a charge q), then Newton's second law implies that the 
charge will accelerate. If  the charges are accelerating, the current will increase with time as the 
field exists. But Ohm's law implies, on the contrary, that a constant field produces a constant 
current???!!!

This can be resolved by noting that the charges are already moving fast in random directions 
due to their thermal energy.
In the presence of  a field !, the average drift velocity give rise to the current density.

$⃗ = &'"()*+ =
&'",

2v/0123)45
6 =

&'"7,
2v/0123)45

! = 8!

' 9:5;<= >' '=<< <?<@A=>&B C<= 5>?<@:?<

& 9:5;<= >' 5>?<@:?<B C<= :&DA (>?:5<

The work done by the electrical force is converted into heat in the resistor due to collisions.

E = FG = F7HJoule heating law
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7.1 Electromotive Force

For a current circuit, there are two forces driving current 
• the source, "⃗#, which is act to one part of  the circuit (a battery
• the electrostatic force, which smooth out the flow and propagate the 

influence of  the source to other distant parts of  the circuit.
"⃗ = "# + &

Now, the work done per unit charge (electromotive force emf) is given 
by

ℇ = ( "⃗ ⋅ *+⃗ = ( "⃗# ⋅ *+⃗

The static electric field keeps the 
current uniform in the circuit
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7.1 Electromotive Force

Example: A rectangular loop of  wire is situated so that one end (height 
ℎ) is between the parallel-plate capacitor, oriented parallel to the field ". The 
other end is way outside, where the field is essentially zero. What is the emf
in this loop? If  the total resistance is # what current flows?

ℇ = &" ⋅ (*⃗ = +
,-
ℎ

if  the field were ./0
inside and zero outside.

But we know that for ∇×" = 0 for electrostatics 

ℇ = &" ⋅ (*⃗ = 0
The fringing field is is just right to cancel off
the contribution from the uniform field. We also 
conclude that the total resistance should be zero.
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X

Motional emf arises when you move a wire in a 
magnetic field

ℇ = # %⃗&'( ⋅ *+⃗ = ,-ℎ

Magnetic forces never do work, But the person 
who is pulling on the loop is supplying the 
energy that heats the resistor

%/011 = 2-

ℇ = # %⃗3011 ⋅ *+⃗ = 2- ℎ
cos 7 sin 7 = ,-ℎ
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X

Flux rule for motional emf

Φ = #$ ⋅ &(⃗ = −$*ℎ

dΦ
dt = −$ℎ &*&. = −$ℎ/

ℇ = −dΦdt
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In general

dΦ = Φ $ + &$ − Φ $ = Φ()**+, = -. ⋅ &1⃗ = -. ⋅ (3⃗×&5⃗&$)

ℇ = −dΦdt

dΦ
dt = -. ⋅ (3⃗×&5⃗) = −- 3⃗×. ⋅ &5⃗ = −- 9⃗:;< ⋅ &5⃗ = −ℇ
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Example: A metal disk of  radius a rotates with angular velocity ! about 
a vertical axis, through a uniform field ", pointing up. A circuit is made by 
connecting one end of  a resistor to the axle and the other end to a sliding 
contact, which touches the outer edge of  the disk. Find the current in the 
resistor.

ℇ = % '⃗()* ⋅ ,-⃗ =
!"./
2

1 = 2! '⃗()* = 1⃗×" = 2!"2̂

5 = ℇ/7 = !"./
27

Note: (the Faraday disk, or Faraday dynamo) involves a motional emf that 
you can’t calculate (at least, not directly) from the flux rule. The flux rule 
assumes the current flows along a well-defined path, whereas in this 
example the current spreads out over the whole disk.
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Example: A metal bar of  mass m slides frictionlessly on two parallel 
conducting rails a distance ! apart. A resistor " is connected across the rails 
and a uniform magnetic field #, pointing into the page, fills the entire region.

$ = &!# = #'!'&(
"

Φ = #!*

ℇ = −dΦdt = #! /*/0 = #!(
X

& = ℇ/" = #!(
"

If  the bar starts out with speed (2 at time t = 0, and is left to slide, what is its speed 
at a later time t?

$ = 34 = 3/(
/0 = −#

'!'&(
" → ( 0 = (2 exp−

#'!'
3" 0
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Example: A long solenoid, of  radius a, is driven by an alternating 
current, so that the field inside is sinusoidal: ! " = !$ cos(". A circular 
loop of  wire, of  radius )* and resistance R is paced inside the solenoid, and 
coaxial with it. Find the current induced in the loop, as a function of  time.

Φ = ,!-*
4

ℇ = −dΦdt = −,-
*

4
3!
3" =

,-*!$(
4 sin("

6 = ℇ
R =

,-*!$(
48 sin("


