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Last lecture in a nutshell…
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Biot-Savart

Magnetic force between two // conductors

Ampere’s law
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Magnetic Flux

Maxwell’s 2nd equation 
(Gauss’ law of magnetism)
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Induced Fields
A charge creates an electric field. 
A moving charge creates a magnetic field. 
Fields can also be induced.  
Faraday and Henry in 1831 showed that an emf can be 
induced in a circuit by a changing magnetic field. 

In other words: a changing magnetic field induces an 
electric field.  

The results of these experiments led to Faraday’s Law of 
Induction. 
An induced current is produced by a changing magnetic 
field. 
There is an induced emf associated with the induced current. 
A current can be produced without a battery present in the 
circuit. 
Faraday’s law of induction describes the induced emf.
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Electromotive Force: Reminder

 ε =IR+Ir▪ The emf supplies energy, it does not 
apply a force.

The electromotive 
force (emf), ε, of a 
battery is the 
maximum 
possible voltage 
that the battery 
can provide 
between its 
terminals.

ε = W/q  (work per charge)



EMF Produced by a Changing Magnetic Field
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EMF Produced by a Changing 
Magnetic Field, Summary
The ammeter deflects when the magnet is moving toward or 
away from the loop. 

The ammeter also deflects when the loop is moved toward or 
away from the magnet. 

Therefore, the loop detects that the magnet is moving 
relative to it. 
▪ We relate this detection to a change in the magnetic field. 
▪ This is the induced current that is produced by an 

induced emf.
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Faraday’s Law of Induction 
The emf induced in a circuit is directly proportional to the time 
rate of change of the magnetic flux through the circuit. 
Mathematically, 

Remember ΦB is the magnetic flux through the circuit and is 
found by 

If the circuit consists of N loops, all of the same area, and if ΦB 
is the flux through one loop, an emf is induced in every loop 
and Faraday’s law becomes

Bdε
dt
Φ

= −

Bdε N
dt
Φ

= −
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Faraday’s law



Faraday’s Law – Example 

Assume a loop enclosing an 
area A lies in a uniform 
magnetic field. 

The magnetic flux through the 
loop is:  

ΦB = BA cos θ.

The induced emf is : 
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Ways of Inducing an emf

The magnitude of the magnetic field can change with time. 

The area enclosed by the loop can change with time. 

The angle between the magnetic field and the normal to the 
loop can change with time. 

Any combination of the above can occur.
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Motional emf
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A motional emf is the emf 
induced in a conductor 
moving through a 
constant magnetic field. 

The electrons in the 
conductor experience a 
magnetic force, that is 
directed along ℓ .

~F = q~v ⇥ ~B
<latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit>

Initially + and - charges are uniformly distributed



Motional emf

!11

The force makes the 
electron move downwards.  
The charges are separate 
(+ on top, - on bottom). 

The charge separation 
creates an electric field. 

The charges accumulate at both 
ends of the conductor until they 
reach equilibrium: 

FE = FB 
       qE = qvB  

 E = vB



Motional emf
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The electric field is related to 
the potential difference 
across the ends of the 
conductor (E = -dV/dx): 

ΔV = E ℓ = B ℓ v

A potential difference is maintained 
between the ends of the conductor 
as long as the conductor 
continues to move through the 
uniform magnetic field.

If the direction of the motion is reversed, the polarity of the 
potential difference is also reversed.



Assume the bar has zero resistance (emf = V) and the stationary 
part of the circuit has a resistance R (the load resistance). 
Because you have a potential, and you have a resistance you 
have a current.  
Remember, current is the flow of positive charges, so the current 
goes from + to -, so counterclockwise. 

Sliding Conducting Bar
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A conducting bar is moving to the 
right through a uniform B field 
into the page. 
This creates a magnetic force F’B 
along the direction of the bar 
(see previous slides). 
This separates the charges in the 
bar and creates an E field, which 
creates a potential difference 
between point a and b. 

F’B
a - 

b +

Matthew Szydagis




Sliding Conducting Bar
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F’B

This situation can be represented by a circuit (it is a circuit). 
Just like in all the other circuits we have seen, the question is: 
- Find the potential difference (in this case the emf, because the 
bar itself has zero resistance) 
- Find the current 

Matthew Szydagis




Sliding Conducting Bar, cont.
The magnetic flux through the loop is : 

The induced emf is:
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�B = B`x

✏ = �d�B

dt

= �d(B`x)

dt

= �B`
dx

dt
✏ = �B`v

<latexit sha1_base64="P2H1oNOmT0Gh6DCrQlc20kcA7oo="></latexit><latexit sha1_base64="P2H1oNOmT0Gh6DCrQlc20kcA7oo="></latexit><latexit sha1_base64="P2H1oNOmT0Gh6DCrQlc20kcA7oo="></latexit><latexit sha1_base64="P2H1oNOmT0Gh6DCrQlc20kcA7oo="></latexit>

�B = B`x

✏ = �d�B

dt

= �d(B`x)

dt

= �B`
dx

dt
✏ = �B`v

<latexit sha1_base64="P2H1oNOmT0Gh6DCrQlc20kcA7oo="></latexit><latexit sha1_base64="P2H1oNOmT0Gh6DCrQlc20kcA7oo="></latexit><latexit sha1_base64="P2H1oNOmT0Gh6DCrQlc20kcA7oo="></latexit><latexit sha1_base64="P2H1oNOmT0Gh6DCrQlc20kcA7oo="></latexit>

�B =

Z
~B · d ~A

<latexit sha1_base64="emc9z+PyfsV8C0HHKtNatVSKm8Y=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYE3Qi1blxWsA/oDCWTSdvQTGZI7hTKMB/gxl9x40IRt36AO//GdDoLbT0QODnnXJJ7/FhwDbb9ba2srq1vbJa2yts7u3v7lYPDto4SRVmLRiJSXZ9oJrhkLeAgWDdWjIS+YB1/fDvzOxOmNI/kA0xj5oVkKPmAUwJG6leqbjziuN/A19jlEtwJo2kjc2kQAQ7y201mUnbNzoGXiVOQKirQ7Fe+3CCiScgkUEG07jl2DF5KFHAqWFZ2E81iQsdkyHqGShIy7aX5Mhk+NUqAB5EyRwLO1d8TKQm1noa+SYYERnrRm4n/eb0EBldeymWcAJN0/tAgERgiPGsGB1wxCmJqCKGKm79iOiKKUDD9lU0JzuLKy6R9XnPsmnN/Ua03ijpK6BidoDPkoEtUR3eoiVqIokf0jF7Rm/VkvVjv1sc8umIVM0foD6zPH6Ppmrw=</latexit><latexit sha1_base64="emc9z+PyfsV8C0HHKtNatVSKm8Y=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYE3Qi1blxWsA/oDCWTSdvQTGZI7hTKMB/gxl9x40IRt36AO//GdDoLbT0QODnnXJJ7/FhwDbb9ba2srq1vbJa2yts7u3v7lYPDto4SRVmLRiJSXZ9oJrhkLeAgWDdWjIS+YB1/fDvzOxOmNI/kA0xj5oVkKPmAUwJG6leqbjziuN/A19jlEtwJo2kjc2kQAQ7y201mUnbNzoGXiVOQKirQ7Fe+3CCiScgkUEG07jl2DF5KFHAqWFZ2E81iQsdkyHqGShIy7aX5Mhk+NUqAB5EyRwLO1d8TKQm1noa+SYYERnrRm4n/eb0EBldeymWcAJN0/tAgERgiPGsGB1wxCmJqCKGKm79iOiKKUDD9lU0JzuLKy6R9XnPsmnN/Ua03ijpK6BidoDPkoEtUR3eoiVqIokf0jF7Rm/VkvVjv1sc8umIVM0foD6zPH6Ppmrw=</latexit><latexit sha1_base64="emc9z+PyfsV8C0HHKtNatVSKm8Y=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYE3Qi1blxWsA/oDCWTSdvQTGZI7hTKMB/gxl9x40IRt36AO//GdDoLbT0QODnnXJJ7/FhwDbb9ba2srq1vbJa2yts7u3v7lYPDto4SRVmLRiJSXZ9oJrhkLeAgWDdWjIS+YB1/fDvzOxOmNI/kA0xj5oVkKPmAUwJG6leqbjziuN/A19jlEtwJo2kjc2kQAQ7y201mUnbNzoGXiVOQKirQ7Fe+3CCiScgkUEG07jl2DF5KFHAqWFZ2E81iQsdkyHqGShIy7aX5Mhk+NUqAB5EyRwLO1d8TKQm1noa+SYYERnrRm4n/eb0EBldeymWcAJN0/tAgERgiPGsGB1wxCmJqCKGKm79iOiKKUDD9lU0JzuLKy6R9XnPsmnN/Ua03ijpK6BidoDPkoEtUR3eoiVqIokf0jF7Rm/VkvVjv1sc8umIVM0foD6zPH6Ppmrw=</latexit><latexit sha1_base64="emc9z+PyfsV8C0HHKtNatVSKm8Y=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZUYE3Qi1blxWsA/oDCWTSdvQTGZI7hTKMB/gxl9x40IRt36AO//GdDoLbT0QODnnXJJ7/FhwDbb9ba2srq1vbJa2yts7u3v7lYPDto4SRVmLRiJSXZ9oJrhkLeAgWDdWjIS+YB1/fDvzOxOmNI/kA0xj5oVkKPmAUwJG6leqbjziuN/A19jlEtwJo2kjc2kQAQ7y201mUnbNzoGXiVOQKirQ7Fe+3CCiScgkUEG07jl2DF5KFHAqWFZ2E81iQsdkyHqGShIy7aX5Mhk+NUqAB5EyRwLO1d8TKQm1noa+SYYERnrRm4n/eb0EBldeymWcAJN0/tAgERgiPGsGB1wxCmJqCKGKm79iOiKKUDD9lU0JzuLKy6R9XnPsmnN/Ua03ijpK6BidoDPkoEtUR3eoiVqIokf0jF7Rm/VkvVjv1sc8umIVM0foD6zPH6Ppmrw=</latexit>

The resistance in the circuit is R, so the current is 

�B = B`x

✏ = �d�B

dt

= �d(B`x)

dt

= �B`
dx

dt
✏ = �B`v

I =
|✏|
R

=
B`v

R
<latexit sha1_base64="Nugwi/QO4aoQgdJYsiKy9fooOzQ="></latexit><latexit sha1_base64="Nugwi/QO4aoQgdJYsiKy9fooOzQ="></latexit><latexit sha1_base64="Nugwi/QO4aoQgdJYsiKy9fooOzQ="></latexit><latexit sha1_base64="Nugwi/QO4aoQgdJYsiKy9fooOzQ="></latexit>
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Sliding Conducting Bar
Moving the bar in the B field 
creates a B force along the 
bar, which creates separation 
of charges, which creates an 
electric field which induces an 
emf which induces a current.

F’B
a - 

b +

Not the end of the story.

A current in a B field in turns 
creates a B force FB: (this one is 
directed to the left)~F = (q~v ⇥ ~B)nAL

I = nqvA

~F = I~L⇥ ~B
<latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit>

The bar moves at constant velocity 
so there is no acceleration so  

ΣF = 0
FB = Fapp 
I𝓵B = Fapp

F’B doesn’t count because it’s internal.



Sliding Conducting Bar, Energy
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The applied force does work on 
the conducting bar:  W = F𝔁 
The change in energy of the 
system during some time interval 
must be equal to the transfer of 
energy into the system by work: 

E = W = F𝔁 

The power input is equal to the 
rate at which energy is delivered 
to the resistor. 

P = E/t = W/t = F𝔁/t = Fv

P = Fappv = I`Bv =
B2`2v2

R
=

✏2

R
<latexit sha1_base64="ZAUzWfA88wAZENr/0+hucVrxw94="></latexit><latexit sha1_base64="ZAUzWfA88wAZENr/0+hucVrxw94="></latexit><latexit sha1_base64="ZAUzWfA88wAZENr/0+hucVrxw94="></latexit><latexit sha1_base64="ZAUzWfA88wAZENr/0+hucVrxw94="></latexit>

�B = B`x

✏ = �d�B

dt

= �d(B`x)

dt

= �B`
dx

dt
✏ = �B`v

I =
|✏|
R

=
B`v

R
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F’B
a - 

b +

The current also creates 
another B field (directed out 
of the page by the RHR)

—> Lenz’ law

As the bar slides to the right, the area of the loop becomes bigger 
and bigger. This means that the magnetic flux increases with time. 
The created current creates a field that opposes this change.

Sliding Conducting Bar, Lenz’ law
Moving the bar in the B field 
creates a B force along the 
bar, which creates separation 
of charges, which creates an 
electric field which induces an 
emf which induces a current. 
The current creates a magnetic 
force.



Lenz’s Law

Faraday’s law indicates that the induced emf and the change in flux 
have opposite algebraic signs. 

This has a physical interpretation that has come to be known as 
Lenz’s law (after German physicist Heinrich Lenz) 

Lenz’s law: the induced current in a loop is in the direction 
that creates a magnetic field that opposes the change in 
magnetic flux through the area enclosed by the loop. 

The induced current tends to keep the original magnetic flux 
through the circuit from changing.
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Bdε
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Φ
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Matthew Szydagis
stop here?



Induced Current Directions – Example 
A magnet is placed near a metal loop. 
Find the direction of the induced current in the loop when the 
magnet is pushed toward the loop.
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Induced Current Directions – Example 
A magnet is placed near a metal loop. 
Find the direction of the induced current in the loop when the 
magnet is pulled away from the loop .
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Induce emf and electric fields
Magnetic field changes with time. 
Induces an emf, which induces a 
current, which implies that an 
electric field is also induced. 
The E field must be tangent to the 
loop because thats the direction the 
charges move.
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Faraday’s Law - General Form
An electric field is created in the conductor as a result of the 
changing magnetic flux. 
Even in the absence of a conducting loop, a changing magnetic 
field will generate an electric field in empty space. 
This induced electric field is nonconservative (unlike the electric 
field produced by stationary charges) 
The emf for any closed path can be expressed as the line integral 
of  the electric field over the path:  
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The field cannot be an electrostatic field because if the field were 
electrostatic, and hence conservative, the line integral of !        
over a closed loop would be zero and it isn’t.

⃗E ⋅ d ⃗s
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Maxwell’s 3rd equation
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Rotating Loop
Assume a loop with N turns, all of 
the same area rotating in a 
magnetic field with angular speed ω. 

The flux through the loop at any 
time t is:  
ΦB = BA cos θ = BA cos ωt

!24

This is sinusoidal, with εmax = NABω

The induced emf in the loop is:  

Matthew Szydagis
-
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Conceptual Questions

1. If you move a conducting object in and out of a magnetic field, 
what happens?  

2.  How can you tell the direction of an induced current? 

Matthew Szydagis
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Why does Lenz’ Law go the direction that it goes? (opposite)�
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Conceptual Questions: solution

1. If you move a conducting object in and out of a magnetic field, 
what happens?  

- you induce a current inside the conducting object 

2.  How can you tell the direction of an induced current?  

- Lenz’ law tells you it will always be in such a way to create a 
magnetic field that will counteract the change that produced the 
current. 

Matthew Szydagis
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Otherwise +ive feedback loop. Perpetual motion, energy from nowhere
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More conceptual Questions
1) If I decreases in time, what 
direction is the current induced in the 
loop? 

 

2) You pull a positively charged loop at 
constant v in a uniform B, do you have 
charge separation? Do you have an 
induced current, if so in which 
direction?

3) I increases with time. 
This induces a current in the inner 
loop.  
- What is the direction of this current? 
- How is this current affected by the 

dimensions of the loops?

Matthew Szydagis
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More Conceptual Questions: Solution

1) clockwise: I decreases in time, the flux through the loop 
decreases. So Lenz’s law says the other current will 
compensate for that. 

2) no current induced (B flux is constant). charge separation: 
top is +: qv x B  the force along the line is still there (F’) 

3) clockwise and magnitude depends on dimension of loops 
I = Blv/R 



Practice Problem Example 2
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c)b)a)

+-
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Practice Problem Example 2: solution



Practice Problem Example 1
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Practice Problem Example 1: Solution

slide 9 
Biot Savart
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Practice Problem Example 1: Solution



Practice Problem Example 3
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Practice Problem Example 3: Solution
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Practice Problem Example 3: Solution



Practice Problem Example 4
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Practice Problem Example 4: solution

Matthew Szydagis
What happened to r1?
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Practice Problem Example 4: solution


