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Last time

• force on a curved current carrying wire

• torque on a wire loop

• magnetic dipole moment



Overview

• B-field from a moving charge

• fields from currents



Magnetic fields from moving charges and currents

We are now moving into chapter 30.

Anything with a magnet moment creates a magnetic field.

This is a logical consequence of Newton’s third law.



Magnetic Permeability

A constant we will need is:

µ0 = 4π× 10−7 Tm/A

µ0 is called the magnetic permeability of free space.

It arises when we look at magnetic fields because of our choice of
SI units.

Whenever we use µ0 we assume we are considering the magnetic
field to be in a vacuum or air.

µ0 is not the magnetic dipole moment µµµ!
Another notation coincidence.



Magnetic fields from moving charges

A moving charge will interact with other magnetic poles.

This is because it has a magnetic field of its own.

The field for a moving charge is given by the Biot-Savart Law:

B =
µ0

4π

q v × r̂

r2

Quite similar to the E-field from a charge:

E =
1

4πε0

q

r2
r̂
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Magnetic fields from moving charges

B =
µ0

4π

q v × r̂

r2

1Figure from rakeshkapoor.us.



Magnetic fields from currents
Consider the field from an infinitesimal amount of charge, dq:

dB =
µ0

4π

dq v × r̂

r2

We can deduce from this what the magnetic field due to the
current in a small piece of wire is.

Current is made up of moving charges!

dq v = dq
ds

dt
=

dq

dt
ds = I ds

We can replace dq v in the equation above.



Magnetic fields from currents

C H A P T E R
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D U E  T O  
C U R R E N T S29

W H AT  I S  P H YS I C S ?29-1 One basic observation of physics is that a moving charged particle
produces a magnetic field around itself. Thus a current of moving charged parti-
cles produces a magnetic field around the current. This feature of electromagnet-
ism, which is the combined study of electric and magnetic effects, came as a sur-
prise to the people who discovered it. Surprise or not, this feature has become
enormously important in everyday life because it is the basis of countless electro-
magnetic devices. For example, a magnetic field is produced in maglev trains and
other devices used to lift heavy loads.

Our first step in this chapter is to find the magnetic field due to the current in
a very small section of current-carrying wire.Then we shall find the magnetic field
due to the entire wire for several different arrangements of the wire.

29-2 Calculating the Magnetic Field 
Due to a Current

Figure 29-1 shows a wire of arbitrary shape carrying a current i. We want to find
the magnetic field at a nearby point P. We first mentally divide the wire into
differential elements ds and then define for each element a length vector that
has length ds and whose direction is the direction of the current in ds. We can
then define a differential current-length element to be i ; we wish to calculate
the field produced at P by a typical current-length element. From experiment
we find that magnetic fields, like electric fields, can be superimposed to find a net
field. Thus, we can calculate the net field at P by summing, via integration, theB

:

dB
:

ds:

ds:
B
:

Fig. 29-1 A current-length element 
i produces a differential magnetic
field at point P.The green (the
tail of an arrow) at the dot for point P
indicates that is directed into the
page there.

dB
:

!dB
:

ds:

d B (into 
page) 

Current 
distribution  

i 

P 

θ  
ds 

ids 

r 
ˆ r 

This element of current creates a 
magnetic field at P, into the page.

halliday_c29_764-790v2.qxd  3-12-2009  16:13  Page 764

This is another version of the Biot-Savart Law:

dB =
µ0

4π

I ds×r̂

r2

where dB is the magnetic field from a small segment of wire, of
length ds.



Magnetic fields from currents

Magnetic field around a wire segment, viewed end-on:

76529-2 CALCU LATI NG TH E MAG N ETIC F I E LD  DU E TO A CU R R E NT
PART 3

HALLIDAY REVISED

contributions from all the current-length elements. However, this summation
is more challenging than the process associated with electric fields because of
a complexity; whereas a charge element dq producing an electric field is a scalar,
a current-length element i producing a magnetic field is a vector, being the
product of a scalar and a vector.

The magnitude of the field produced at point P at distance r by a current-
length element i turns out to be

(29-1)

where u is the angle between the directions of and , a unit vector that points
from ds toward P. Symbol m 0 is a constant, called the permeability constant,
whose value is defined to be exactly

m 0 ! 4p " 10#7 T $ m/A ! 1.26 " 10#6 T $ m/A. (29-2)

The direction of , shown as being into the page in Fig. 29-1, is that of the cross
product .We can therefore write Eq. 29-1 in vector form as

(Biot–Savart law). (29-3)

This vector equation and its scalar form, Eq. 29-1, are known as the law of Biot
and Savart (rhymes with “Leo and bazaar”). The law, which is experimentally
deduced, is an inverse-square law. We shall use this law to calculate the net 
magnetic field produced at a point by various distributions of current.

Magnetic Field Due to a Current in a Long Straight Wire
Shortly we shall use the law of Biot and Savart to prove that the magnitude of the
magnetic field at a perpendicular distance R from a long (infinite) straight wire
carrying a current i is given by

(long straight wire). (29-4)

The field magnitude B in Eq. 29-4 depends only on the current and the per-
pendicular distance R of the point from the wire. We shall show in our derivation
that the field lines of form concentric circles around the wire, as Fig. 29-2 shows
and as the iron filings in Fig. 29-3 suggest. The increase in the spacing of the lines
in Fig. 29-2 with increasing distance from the wire represents the 1/R decrease in
the magnitude of predicted by Eq. 29-4. The lengths of the two vectors in the
figure also show the 1/R decrease.

B
:

B
:

B
:

B !
% 0 i
2&R

B
:

dB
:

!
% 0

4&
 

i ds: ! r̂
r2

ds: ! r̂
dB

:

r̂ds:

dB !
% 0

4&
 

i ds sin '
r2 ,

ds:
dB

:

ds:

dB
:

Fig. 29-2 The magnetic field lines pro-
duced by a current in a long straight wire
form concentric circles around the wire.
Here the current is into the page, as indi-
cated by the ".

Wire with current 
into the page 

B 

B 

The magnetic field vector
at any point is tangent to
a circle.

Fig. 29-3 Iron filings
that have been sprinkled
onto cardboard collect in
concentric circles when
current is sent through the
central wire.The align-
ment, which is along
magnetic field lines, is
caused by the magnetic
field produced by the cur-
rent. (Courtesy Education
Development Center)
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Magnetic fields from currents

How to determine the direction of the field lines (right-hand rule):766 CHAPTE R 29 MAG N ETIC F I E LDS DU E TO CU R R E NTS

HALLIDAY REVISED

Here is a simple right-hand rule for finding the direction of the magnetic field
set up by a current-length element, such as a section of a long wire:

Right-hand rule: Grasp the element in your right hand with your extended thumb
pointing in the direction of the current.Your fingers will then naturally curl around in
the direction of the magnetic field lines due to that element.

Fig. 29-5 Calculating the mag-
netic field produced by a current i in
a long straight wire.The field at P
associated with the current-length el-
ement i is directed into the page,
as shown.

ds:

dB
:

This element of current
creates a magnetic field
at P, into the page.

i 

θ  

d B  

P  
R  

s  r 

ds 

ˆ r 

The result of applying this right-hand rule to the current in the straight wire
of Fig. 29-2 is shown in a side view in Fig. 29-4a. To determine the direction of the
magnetic field set up at any particular point by this current, mentally wrap your
right hand around the wire with your thumb in the direction of the current. Let
your fingertips pass through the point; their direction is then the direction of the
magnetic field at that point. In the view of Fig. 29-2, at any point is tangent to
a magnetic field line; in the view of Fig. 29-4, it is perpendicular to a dashed radial
line connecting the point and the current.

Proof of Equation 29-4
Figure 29-5, which is just like Fig. 29-1 except that now the wire is straight and of
infinite length, illustrates the task at hand. We seek the field at point P, a per-
pendicular distance R from the wire. The magnitude of the differential magnetic
field produced at P by the current-length element i located a distance r from P
is given by Eq. 29-1:

The direction of in Fig. 29-5 is that of the vector  —namely, directly
into the page.

Note that at point P has this same direction for all the current-length
elements into which the wire can be divided. Thus, we can find the magnitude of
the magnetic field produced at P by the current-length elements in the upper half
of the infinitely long wire by integrating dB in Eq. 29-1 from 0 to !.

Now consider a current-length element in the lower half of the wire, one that
is as far below P as is above P. By Eq. 29-3, the magnetic field produced at P
by this current-length element has the same magnitude and direction as that from
element i in Fig. 29-5. Further, the magnetic field produced by the lower half
of the wire is exactly the same as that produced by the upper half. To find the
magnitude of the total magnetic field at P, we need only multiply the result of
our integration by 2.We get

(29-5)

The variables u, s, and r in this equation are not independent; Fig. 29-5 shows
that they are related by

r " 2s2 # R2

B " 2!!

0
 dB "

$ 0 i
2%

 !!

0
 
sin & ds

r2 .

B
:

ds:

ds:

dB
:

ds: ! r̂dB
:

dB "
$ 0

4%
 
i ds sin &

r2 .

ds:

B
:

B
:

B
:

Fig. 29-4 A right-hand rule gives the di-
rection of the magnetic field due to a cur-
rent in a wire. (a) The situation of Fig. 29-2,
seen from the side.The magnetic field at
any point to the left of the wire is perpen-
dicular to the dashed radial line and di-
rected into the page, in the direction of the
fingertips, as indicated by the '. (b) If the
current is reversed, at any point to the
left is still perpendicular to the dashed ra-
dial line but now is directed out of the page,
as indicated by the dot.

B
:

B
:

B B

(a)

i

(b)

i The thumb is in the
current's direction.
The fingers reveal
the field vector's
direction, which is
tangent to a circle.
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Using the Biot-Savart Law

dB =
µ0

4π

I ds×r̂

r2

To calculate a B-field vector, we will need to integrate over s.

This is a path integral, similar to what we needed to evaluate:

∆V = −

∫
E · ds

C H A P T E R

764

M A G N E T I C  F I E L D S  
D U E  T O  
C U R R E N T S29

W H AT  I S  P H YS I C S ?29-1 One basic observation of physics is that a moving charged particle
produces a magnetic field around itself. Thus a current of moving charged parti-
cles produces a magnetic field around the current. This feature of electromagnet-
ism, which is the combined study of electric and magnetic effects, came as a sur-
prise to the people who discovered it. Surprise or not, this feature has become
enormously important in everyday life because it is the basis of countless electro-
magnetic devices. For example, a magnetic field is produced in maglev trains and
other devices used to lift heavy loads.

Our first step in this chapter is to find the magnetic field due to the current in
a very small section of current-carrying wire.Then we shall find the magnetic field
due to the entire wire for several different arrangements of the wire.

29-2 Calculating the Magnetic Field 
Due to a Current

Figure 29-1 shows a wire of arbitrary shape carrying a current i. We want to find
the magnetic field at a nearby point P. We first mentally divide the wire into
differential elements ds and then define for each element a length vector that
has length ds and whose direction is the direction of the current in ds. We can
then define a differential current-length element to be i ; we wish to calculate
the field produced at P by a typical current-length element. From experiment
we find that magnetic fields, like electric fields, can be superimposed to find a net
field. Thus, we can calculate the net field at P by summing, via integration, theB

:

dB
:

ds:

ds:
B
:

Fig. 29-1 A current-length element 
i produces a differential magnetic
field at point P.The green (the
tail of an arrow) at the dot for point P
indicates that is directed into the
page there.

dB
:

!dB
:

ds:

d B (into 
page) 

Current 
distribution  

i 

P 

θ  
ds 

ids 

r 
ˆ r 

This element of current creates a 
magnetic field at P, into the page.

halliday_c29_764-790v2.qxd  3-12-2009  16:13  Page 764

Now, however, we are finding the
cross product: the perpendicular
component of s relative to the
vector r.



Line Integrals

There is one other special piece of notation used with some line
integrals: ∮

This symbol means that the integral starts and ends at the same
point.

The path is a loop.

(We also used the
∮

notation before in Gauss’s law to indicate a
closed surface.)



Magnetic field from a long straight wire

The Biot-Savart Law,

dB =
µ0

4π

I ds×r̂

r2

implies what the magnetic field is at a perpendicular distance a
from an infinitely long straight wire:

B =
µ0I

2πa



Magnetic field from a long straight wire

Add up the B-field contributed by each infinitesimal length of wire
carrying current I.

906 Chapter 30 Sources of the Magnetic Field

the Biot–Savart law (Eq. 30.1) is only the first step in a calculation of a magnetic 
field; it must be followed by an integration over the current distribution as in 
Equation 30.3.

Q uick Quiz 30.1  Consider the magnetic field due to the current in the wire 
shown in Figure 30.2. Rank the points A, B, and C in terms of magnitude of the 
magnetic field that is due to the current in just the length element d sS shown 
from greatest to least.

A

CB

sSdddd I

Figure 30.2  (Quick Quiz 30.1) 
Where is the magnetic field due to 
the current element the greatest?

Example 30.1   Magnetic Field Surrounding a Thin, Straight Conductor

Consider a thin, straight wire of finite length carrying a constant cur-
rent I and placed along the x axis as shown in Figure 30.3. Determine 
the magnitude and direction of the magnetic field at point P due to 
this current.

Conceptualize  From the Biot–Savart law, we expect that the magnitude 
of the field is proportional to the current in the wire and decreases as 
the distance a from the wire to point P increases. We also expect the 
field to depend on the angles u1 and u2 in Figure 30.3b. We place the ori-
gin at O and let point P be along the positive y axis, with k̂ being a unit 
vector pointing out of the page.

Categorize  We are asked to find the magnetic field due to a simple 
current distribution, so this example is a typical problem for which 
the Biot–Savart law is appropriate. We must find the field contribution 
from a small element of current and then integrate over the current 
distribution.

Analyze  Let’s start by considering a length element d sS located a dis-
tance r from P. The direction of the magnetic field at point P due to  
the current in this element is out of the page because d sS 3 r̂ is out of 
the page. In fact, because all the current elements I d sS lie in the plane 
of the page, they all produce a magnetic field directed out of the page at point P. Therefore, the direction of the mag-
netic field at point P is out of the page and we need only find the magnitude of the field. 

S O L U T I O N

a

b

O
x

r̂

r a

P! ! " dx

x

P

y

x

y

u

u1 u2

I
sSd

sSd

Figure 30.3  (Example 30.1) (a) A thin, 
straight wire carrying a current I. (b) The angles 
u1 and u2 used for determining the net field.

Evaluate the cross product in the Biot–Savart law: d sS 3 r̂ 5 0d sS 3 r̂ 0 k̂ 5 cdx sin ap

2
2 ub d k̂ 5 1dx cos u 2 k̂

Substitute into Equation 30.1: (1)   d B
S

5 1dB 2 k̂ 5
m0I
4p

  
dx cos u

r 2  k̂

From the geometry in Figure 30.3a, express r in 
terms of u:

(2)   r 5
a

cos u

Notice that tan u 5 2x/a from the right triangle in 
Figure 30.3a (the negative sign is necessary because 
d sS is located at a negative value of x) and solve for x :

x 5 2a tan u

Find the differential dx : (3)   dx 5 2a sec2 u du 5 2
a du

cos2 u

Substitute Equations (2) and (3) into the expression 
for the z component of the field from Equation (1):

(4)   dB 5 2
m0I
4p

 a a du

cos2 u
b acos2 u

a 2  b cos u 5 2
m0I
4pa

  cos u du

dB =
µ0

4π

I ds×r̂

r2

Following from the diagram:

ds×r̂ = cos θ dx k =
a

r
dx k

B =
µ0

4π
I

∫
a

(x2 + a2)3/2
dx k



Magnetic field from a long straight wire
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a 2  b cos u 5 2
m0I
4pa

  cos u du
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µ0
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I

∫
a

(x2 + a2)3/2
dx k

=
µ0

4π
I

[
x

a
√
x2 + a2

]`/2
−`/2

k

=
µ0

4π
I

[
`

a
√
(`/2)2 + a2

]
k



Magnetic field from a long straight wire

Now consider a very long wire, `→∞.

B = lim
`→∞ µ0

4π
I

[
`

a
√
(`/2)2 + a2

]
k

=
µ0I

4π

2

a
k

Note that in this limit, the system possesses cylindrical symmetry, and the magnetic field 
lines are circular, as shown in Figure 9.1.4. 

 

 
 

Figure 9.1.4 Magnetic field lines due to an infinite wire carrying current I. 
 
In fact, the direction of the magnetic field due to a long straight wire can be determined 
by the right-hand rule (Figure 9.1.5).  
 

 
 

Figure 9.1.5 Direction of the magnetic field due to an infinite straight wire 
 
If you direct your right thumb along the direction of the current in the wire, then the 
fingers of your right hand curl in the direction of the magnetic field. In cylindrical 
coordinates ( , , )r zϕ  where the unit vectors are related by ˆ ˆ ˆ× =r φ z , if the current flows in 
the +z-direction, then, using the Biot-Savart law, the magnetic field must point in the ϕ -
direction. 
 
 
Example 9.2:  Magnetic Field due to a Circular Current Loop  
 
A circular loop of radius R in the xy plane carries a steady current I, as shown in Figure 
9.1.6.  
 
(a) What is the magnetic field at a point P on the axis of the loop, at a distance z from the 
center? 
 
(b) If we place a magnetic dipole ˆ

zµ=µ kG at P, find the magnetic force experienced by 
the dipole. Is the force attractive or repulsive? What happens if the direction of the dipole 
is reversed, i.e., ˆ

zµ= −µ kG  

 9-7

In general, the field will be a
tangential vector:

B =
µ0I

2πr
ϕ̂

at a distance r from the center of
the wire.

1Figure from MIT’s Visualizing EM, Liao, Dourmashkin, and Belcher.



Summary

• field from a moving charge

• field from a current

3rd Test Friday, March 9.

Homework
• Collected homework 3, posted online, due on Monday, Mar 5.

Serway & Jewett:

• PREVIOUS: Ch 29, Problems: 47, 51, 57

• PREVIOUS: Ch 30, Problems: 49

• NEW: Ch 30, Problems: 3, 5, 9, 13, 19


