
(FZM 114) FİZİK -II
Dr. Çağın KAMIŞCIOĞLU

1



İÇERİK                                               

+ Bir Selenoidin Manyetik Alanı 
+ Manyetik Akı 
+ Manyetik Malzemelerin Sınıflandırılması 
+ Yerin Manyetik Alanı

2Dr. Çağın KAMIŞCIOĞLU, Fizik II, Manyetik Alan  Kaynakları -II



BİR SELENOİDİN MANYETİK ALANI

3

30.4 The Magnetic Field of a Solenoid 949

Is a net force acting on the current loop in Example 30.7? A net torque?

THE MAGNETIC FIELD OF A SOLENOID
A solenoid is a long wire wound in the form of a helix. With this configuration, a
reasonably uniform magnetic field can be produced in the space surrounded by
the turns of wire—which we shall call the interior of the solenoid—when the sole-
noid carries a current. When the turns are closely spaced, each can be approxi-
mated as a circular loop, and the net magnetic field is the vector sum of the fields
resulting from all the turns.

Figure 30.16 shows the magnetic field lines surrounding a loosely wound sole-
noid. Note that the field lines in the interior are nearly parallel to one another, are
uniformly distributed, and are close together, indicating that the field in this space
is uniform and strong. The field lines between current elements on two adjacent
turns tend to cancel each other because the field vectors from the two elements
are in opposite directions. The field at exterior points such as P is weak because
the field due to current elements on the right-hand portion of a turn tends to can-
cel the field due to current elements on the left-hand portion.

30.4

Quick Quiz 30.5

The Magnetic Force on a Current SegmentEXAMPLE 30.7
consider the force exerted by wire 1 on a small segment ds of
wire 2 by using Equation 29.4. This force is given by

where and B is the magnetic field cre-
ated by the current in wire 1 at the position of ds. From Am-
père’s law, the field at a distance x from wire 1 (see Eq.
30.14) is

where the unit vector ! k is used to indicate that the field 
at ds points into the page. Because wire 2 is along the x axis,
ds " dx i, and we find that

Integrating over the limits x " a to x " a # b gives

The force points in the positive y direction, as indicated by
the unit vector j and as shown in Figure 30.15.

Exercise What are the magnitude and direction of the
force exerted on the bottom wire of length b?

Answer The force has the same magnitude as the force on
wire 2 but is directed downward.
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Wire 1 in Figure 30.15 is oriented along the y axis and carries
a steady current I1 . A rectangular loop located to the right of
the wire and in the xy plane carries a current I2 . Find the
magnetic force exerted by wire 1 on the top wire of length b
in the loop, labeled “Wire 2” in the figure.

Solution You may be tempted to use Equation 30.12 to
obtain the force exerted on a small segment of length dx of
wire 2. However, this equation applies only to two parallel
wires and cannot be used here. The correct approach is to
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Figure 30.16 The magnetic field
lines for a loosely wound solenoid.

30.5 Magnetic Flux 951

We can use Ampère’s law to obtain an expression for the interior magnetic
field in an ideal solenoid. Figure 30.18 shows a longitudinal cross-section of part of
such a solenoid carrying a current I. Because the solenoid is ideal, B in the inte-
rior space is uniform and parallel to the axis, and B in the exterior space is zero.
Consider the rectangular path of length ! and width w shown in Figure 30.18. We
can apply Ampère’s law to this path by evaluating the integral of over each
side of the rectangle. The contribution along side 3 is zero because in this
region. The contributions from sides 2 and 4 are both zero because B is perpen-
dicular to ds along these paths. Side 1 gives a contribution B! to the integral be-
cause along this path B is uniform and parallel to ds. The integral over the closed
rectangular path is therefore

The right side of Ampère’s law involves the total current passing through the
area bounded by the path of integration. In this case, the total current through
the rectangular path equals the current through each turn multiplied by the num-
ber of turns. If N is the number of turns in the length !, the total current through
the rectangle is NI. Therefore, Ampère’s law applied to this path gives

(30.17)

where is the number of turns per unit length.
We also could obtain this result by reconsidering the magnetic field of a toroid

(see Example 30.5). If the radius r of the torus in Figure 30.13 containing N turns
is much greater than the toroid’s cross-sectional radius a, a short section of the
toroid approximates a solenoid for which In this limit, Equation 30.16
agrees with Equation 30.17.

Equation 30.17 is valid only for points near the center (that is, far from the
ends) of a very long solenoid. As you might expect, the field near each end is
smaller than the value given by Equation 30.17. At the very end of a long solenoid,
the magnitude of the field is one-half the magnitude at the center.

MAGNETIC FLUX
The flux associated with a magnetic field is defined in a manner similar to that
used to define electric flux (see Eq. 24.3). Consider an element of area dA on an
arbitrarily shaped surface, as shown in Figure 30.19. If the magnetic field at this el-
ement is B, the magnetic flux through the element is where dA is a vector
that is perpendicular to the surface and has a magnitude equal to the area dA.
Hence, the total magnetic flux !B through the surface is

(30.18)!B ! "B ! dA

B ! dA,

30.5
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n " N/!
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N
!

 I " $0nI

#B ! ds " B! " $0NI

#B ! ds " "
path 1

B ! ds " B "
path 1

ds " B!

B " 0
B ! ds

Magnetic field inside a solenoid

Definition of magnetic flux

web
For a more detailed discussion of the
magnetic field along the axis of a solenoid,
visit www.saunderscollege.com/physics/

12.5

QuickLab
Wrap a few turns of wire around a
compass, essentially putting the com-
pass inside a solenoid. Hold the ends
of the wire to the two terminals of a
flashlight battery. What happens to
the compass? Is the effect as strong
when the compass is outside the turns
of wire?

Bir selonoid helis biçiminde sarılmiş uzun bir teldir. 
Sıkışık sarımlı bir selenoidin içındeki bölgenin küçük bir 
hacminde düzgün varsayılabilecek bir manyetik alan elde 
edilebilir. Sarımlar sıkışık olduğunda her birime bir 
çember gözüyle bakılabilir ve net manyetik alan tüm 
sarımlardan kaynaklanan alanların vektörel toplamıdır.
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952 C H A P T E R  3 0 Sources of the Magnetic Field

Consider the special case of a plane of area A in a uniform field B that makes
an angle ! with dA. The magnetic flux through the plane in this case is

(30.19)

If the magnetic field is parallel to the plane, as in Figure 30.20a, then ! " 90° and
the flux is zero. If the field is perpendicular to the plane, as in Figure 30.20b, then
! " 0 and the flux is BA (the maximum value).

The unit of flux is the which is defined as a weber (Wb); 1 
1 T #m2.

Wb "T#m2,

$B " BA cos !

Magnetic Flux Through a Rectangular LoopEXAMPLE 30.8

The factor 1/r indicates that the field varies over the loop,
and Figure 30.21 shows that the field is directed into the
page. Because B is parallel to dA at any point within the loop,
the magnetic flux through an area element dA is

(Because B is not uniform but depends on r, it cannot be re-
moved from the integral.)

To integrate, we first express the area element (the tan re-
gion in Fig. 30.21) as Because r is now the only
variable in the integral, we have

Exercise Apply the series expansion formula for ln(1 % x)
(see Appendix B.5) to this equation to show that it gives a
reasonable result when the loop is far from the wire relative
to the loop dimensions (in other words, when 

Answer $B : 0.
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A rectangular loop of width a and length b is located near a
long wire carrying a current I (Fig. 30.21). The distance be-
tween the wire and the closest side of the loop is c . The wire
is parallel to the long side of the loop. Find the total mag-
netic flux through the loop due to the current in the wire.

Solution From Equation 30.14, we know that the magni-
tude of the magnetic field created by the wire at a distance r
from the wire is

Figure 30.19 The magnetic flux
through an area element dA is

cos !, where dA is a
vector perpendicular to the sur-
face.

B ! d A " BdA

B

d A θ

(a) (b)

B
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Figure 30.20 Magnetic flux through a plane lying in a magnetic field. (a) The flux through
the plane is zero when the magnetic field is parallel to the plane surface. (b) The flux through
the plane is a maximum when the magnetic field is perpendicular to the plane.

b
rI

c a

dr
× × × × ×

× × × × ×

× × × × ×

× × × × ×

× × × × ×

× × × × ×

× × × × ×

× × × × ×

Figure 30.21 The magnetic field due to the wire carrying a cur-
rent I is not uniform over the rectangular loop.

Manyetik alanla ilgili akı da elektrik akısının 
tanımlandığı gibi tanımlanır. Yandaki şekilde oldugu gibi  

dA olan bir yuzey elemanı alalim. Bu elemandaki 
manyetik alan B ise elemandan geçen manyetik akı B.dA 
dır. Böylece tüm yüzeyden geçen tooplam akı;
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where is the number of turns per unit length.
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Wrap a few turns of wire around a
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pass inside a solenoid. Hold the ends
of the wire to the two terminals of a
flashlight battery. What happens to
the compass? Is the effect as strong
when the compass is outside the turns
of wire?
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952 C H A P T E R  3 0 Sources of the Magnetic Field

Consider the special case of a plane of area A in a uniform field B that makes
an angle ! with dA. The magnetic flux through the plane in this case is

(30.19)

If the magnetic field is parallel to the plane, as in Figure 30.20a, then ! " 90° and
the flux is zero. If the field is perpendicular to the plane, as in Figure 30.20b, then
! " 0 and the flux is BA (the maximum value).
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The factor 1/r indicates that the field varies over the loop,
and Figure 30.21 shows that the field is directed into the
page. Because B is parallel to dA at any point within the loop,
the magnetic flux through an area element dA is
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To integrate, we first express the area element (the tan re-
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A rectangular loop of width a and length b is located near a
long wire carrying a current I (Fig. 30.21). The distance be-
tween the wire and the closest side of the loop is c . The wire
is parallel to the long side of the loop. Find the total mag-
netic flux through the loop due to the current in the wire.

Solution From Equation 30.14, we know that the magni-
tude of the magnetic field created by the wire at a distance r
from the wire is
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Figure 30.20 Magnetic flux through a plane lying in a magnetic field. (a) The flux through
the plane is zero when the magnetic field is parallel to the plane surface. (b) The flux through
the plane is a maximum when the magnetic field is perpendicular to the plane.
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Figure 30.21 The magnetic field due to the wire carrying a cur-
rent I is not uniform over the rectangular loop.
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Manyetik özelliklerina bağlı olarak maddeler başlica üç sınıfa ayrılır. Paramanyetik 
ve ferromenyetik maddeler sürekli manyetik dipol momente sahip atomlardan 
oluşur.Diyamanyetik maddeler ise sürekli amnyetik momente sahip olmayan 
atomlardan oluşur. Paramanyetik ve diyamanyetik maddelerin miknatislanma 
vektorleri M manyetik alan şiddeti H ile orantilidir. Yani bir dış manyetik alan 
içine yerleştilen maddler için aşağidaki eşitliği yazabilriz.

958 C H A P T E R  3 0 Sources of the Magnetic Field

fect (see Section 29.6) to measure magnetic fields. What would such a probe read
if it were positioned inside the solenoid mentioned in the QuickLab on page 951
when you inserted the compass? Because the compass is a magnetic material, the
probe would measure a total magnetic field B that is the sum of the solenoid (ex-
ternal) field B0 and the (magnetization) field Bm due to the compass. This tells us
that we need a way to distinguish between magnetic fields originating from cur-
rents and those originating from magnetic materials. Consider a region in which a
magnetic field B0 is produced by a current-carrying conductor. If we now fill that
region with a magnetic substance, the total magnetic field B in the region is

where Bm is the field produced by the magnetic substance. We can
express this contribution in terms of the magnetization vector of the substance as

hence, the total magnetic field in the region becomes

(30.29)

When analyzing magnetic fields that arise from magnetization, it is convenient
to introduce a field quantity, called the magnetic field strength H within the
substance. The magnetic field strength represents the effect of the conduction
currents in wires on a substance. To emphasize the distinction between the field
strength H and the field B, the latter is often called the magnetic flux density or the
magnetic induction. The magnetic field strength is a vector defined by the relation-
ship Thus, Equation 30.29 can be written

(30.30)

The quantities H and M have the same units. In SI units, because M is magnetic
moment per unit volume, the units are (ampere)(meter)2/(meter)3, or amperes
per meter.

To better understand these expressions, consider the torus region of a toroid
that carries a current I. If this region is a vacuum, M ! 0 (because no magnetic
material is present), the total magnetic field is that arising from the current alone,
and Because in the torus region, where n is the num-
ber of turns per unit length of the toroid, or

(30.31)

In this case, the magnetic field B in the torus region is due only to the current in
the windings of the toroid.

If the torus is now made of some substance and the current I is kept constant, H
in the torus region remains unchanged (because it depends on the current only)
and has magnitude nI. The total field B, however, is different from that when the
torus region was a vacuum. From Equation 30.30, we see that part of B arises from
the term "0H associated with the current in the toroid, and part arises from the
term "0M due to the magnetization of the substance of which the torus is made.

Classification of Magnetic Substances

Substances can be classified as belonging to one of three categories, depending on
their magnetic properties. Paramagnetic and ferromagnetic materials are those
made of atoms that have permanent magnetic moments. Diamagnetic materials
are those made of atoms that do not have permanent magnetic moments.

For paramagnetic and diamagnetic substances, the magnetization vector M is
proportional to the magnetic field strength H. For these substances placed in an
external magnetic field, we can write

(30.32)M ! #H

H ! nI

H ! B0/"0 ! "0nI/"0 ,
B0 ! "0nIB ! B0 ! "0H.

B ! "0(H $ M)

H ! B0/"0 ! (B/"0) % M.

B ! B0 $ "0M

Bm ! "0M;

B ! B0 $ Bm ,

Oxygen, a paramagnetic substance,
is attracted to a magnetic field. The
liquid oxygen in this photograph is
suspended between the poles of
the magnet.

Magnetic field strength H
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960 C H A P T E R  3 0 Sources of the Magnetic Field

A current in a solenoid having air in the interior creates a magnetic field De-
scribe qualitatively what happens to the magnitude of B as (a) aluminum, (b) copper, and
(c) iron are placed in the interior.

Ferromagnetism

A small number of crystalline substances in which the atoms have permanent mag-
netic moments exhibit strong magnetic effects called ferromagnetism. Some ex-
amples of ferromagnetic substances are iron, cobalt, nickel, gadolinium, and dys-
prosium. These substances contain atomic magnetic moments that tend to align
parallel to each other even in a weak external magnetic field. Once the moments
are aligned, the substance remains magnetized after the external field is removed.
This permanent alignment is due to a strong coupling between neighboring mo-
ments, a coupling that can be understood only in quantum-mechanical terms.

All ferromagnetic materials are made up of microscopic regions called do-
mains, regions within which all magnetic moments are aligned. These domains
have volumes of about 10!12 to 10!8 m3 and contain 1017 to 1021 atoms. The
boundaries between the various domains having different orientations are called
domain walls. In an unmagnetized sample, the domains are randomly oriented
so that the net magnetic moment is zero, as shown in Figure 30.28a. When the
sample is placed in an external magnetic field, the magnetic moments of the
atoms tend to align with the field, which results in a magnetized sample, as in Fig-
ure 30.28b. Observations show that domains initially oriented along the external
field grow larger at the expense of the less favorably oriented domains. When the
external field is removed, the sample may retain a net magnetization in the direc-
tion of the original field. At ordinary temperatures, thermal agitation is not suffi-
cient to disrupt this preferred orientation of magnetic moments.

A typical experimental arrangement that is used to measure the magnetic
properties of a ferromagnetic material consists of a torus made of the material
wound with N turns of wire, as shown in Figure 30.29, where the windings are rep-
resented in black and are referred to as the primary coil . This apparatus is some-
times referred to as a Rowland ring. A secondary coil (the red wires in Fig. 30.29)
connected to a galvanometer is used to measure the total magnetic flux through
the torus. The magnetic field B in the torus is measured by increasing the current
in the toroid from zero to I . As the current changes, the magnetic flux through

B " #0H.

Quick Quiz 30.7

An Iron-Filled ToroidEXAMPLE 30.10

This value of B is 5 000 times the value in the absence of iron!

Exercise Determine the magnitude of the magnetization
vector inside the iron torus.

Answer .M " 1.5 $ 106 A/m

1.88 T " 5 000!4% $ 10!7 
T &m

A "!300 
A & turns

m " "

B " #m H " 5 000#0H A toroid wound with 60.0 turns/m of wire carries a current of
5.00 A. The torus is iron, which has a magnetic permeability
of #m " 5 000#0 under the given conditions. Find H and B
inside the iron.

Solution Using Equations 30.31 and 30.33, we obtain

300 
A & turns

m
H " nI " !60.0 

turns
m "(5.00 A) "

(b)
B0

(a)

Figure 30.28 (a) Random orien-
tation of atomic magnetic moments
in an unmagnetized substance. 
(b) When an external field B0 is
applied, the atomic magnetic mo-
ments tend to align with the field,
giving the sample a net magnetiza-
tion vector M.
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have volumes of about 10!12 to 10!8 m3 and contain 1017 to 1021 atoms. The
boundaries between the various domains having different orientations are called
domain walls. In an unmagnetized sample, the domains are randomly oriented
so that the net magnetic moment is zero, as shown in Figure 30.28a. When the
sample is placed in an external magnetic field, the magnetic moments of the
atoms tend to align with the field, which results in a magnetized sample, as in Fig-
ure 30.28b. Observations show that domains initially oriented along the external
field grow larger at the expense of the less favorably oriented domains. When the
external field is removed, the sample may retain a net magnetization in the direc-
tion of the original field. At ordinary temperatures, thermal agitation is not suffi-
cient to disrupt this preferred orientation of magnetic moments.

A typical experimental arrangement that is used to measure the magnetic
properties of a ferromagnetic material consists of a torus made of the material
wound with N turns of wire, as shown in Figure 30.29, where the windings are rep-
resented in black and are referred to as the primary coil . This apparatus is some-
times referred to as a Rowland ring. A secondary coil (the red wires in Fig. 30.29)
connected to a galvanometer is used to measure the total magnetic flux through
the torus. The magnetic field B in the torus is measured by increasing the current
in the toroid from zero to I . As the current changes, the magnetic flux through

B " #0H.

Quick Quiz 30.7

An Iron-Filled ToroidEXAMPLE 30.10

This value of B is 5 000 times the value in the absence of iron!

Exercise Determine the magnitude of the magnetization
vector inside the iron torus.

Answer .M " 1.5 $ 106 A/m

1.88 T " 5 000!4% $ 10!7 
T &m

A "!300 
A & turns

m " "

B " #m H " 5 000#0H A toroid wound with 60.0 turns/m of wire carries a current of
5.00 A. The torus is iron, which has a magnetic permeability
of #m " 5 000#0 under the given conditions. Find H and B
inside the iron.

Solution Using Equations 30.31 and 30.33, we obtain

300 
A & turns

m
H " nI " !60.0 

turns
m "(5.00 A) "

(b)
B0

(a)

Figure 30.28 (a) Random orien-
tation of atomic magnetic moments
in an unmagnetized substance. 
(b) When an external field B0 is
applied, the atomic magnetic mo-
ments tend to align with the field,
giving the sample a net magnetiza-
tion vector M.
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30.8 Magnetism in Matter 963

Paramagnetism

Paramagnetic substances have a small but positive magnetic susceptibility
resulting from the presence of atoms (or ions) that have permanent

magnetic moments. These moments interact only weakly with each other and are
randomly oriented in the absence of an external magnetic field. When a paramag-
netic substance is placed in an external magnetic field, its atomic moments tend to
line up with the field. However, this alignment process must compete with thermal
motion, which tends to randomize the magnetic moment orientations.

Pierre Curie (1859–1906) and others since him have found experimentally
that, under a wide range of conditions, the magnetization of a paramagnetic sub-
stance is proportional to the applied magnetic field and inversely proportional to
the absolute temperature:

(30.35)

This relationship is known as Curie’s law after its discoverer, and the constant C
is called Curie’s constant. The law shows that when B0 ! 0, the magnetization is
zero, corresponding to a random orientation of magnetic moments. As the ratio of
magnetic field to temperature becomes great, the magnetization approaches its
saturation value, corresponding to a complete alignment of its moments, and
Equation 30.35 is no longer valid.

When the temperature of a ferromagnetic substance reaches or exceeds a 
critical temperature called the Curie temperature, the substance loses its resid-
ual magnetization and becomes paramagnetic (Fig. 30.33). Below the Curie tem-
perature, the magnetic moments are aligned and the substance is ferromag-
netic. Above the Curie temperature, the thermal agitation is great enough to 
cause a random orientation of the moments, and the substance becomes para-
magnetic. Curie temperatures for several ferromagnetic substances are given in
Table 30.3.

Diamagnetism

When an external magnetic field is applied to a diamagnetic substance, a weak
magnetic moment is induced in the direction opposite the applied field. This
causes diamagnetic substances to be weakly repelled by a magnet. Although dia-
magnetism is present in all matter, its effects are much smaller than those of para-
magnetism or ferromagnetism, and are evident only when those other effects do
not exist.

We can attain some understanding of diamagnetism by considering a classical
model of two atomic electrons orbiting the nucleus in opposite directions but with
the same speed. The electrons remain in their circular orbits because of the attrac-
tive electrostatic force exerted by the positively charged nucleus. Because the mag-
netic moments of the two electrons are equal in magnitude and opposite in direc-
tion, they cancel each other, and the magnetic moment of the atom is zero. When
an external magnetic field is applied, the electrons experience an additional force

This added force combines with the electrostatic force to increase the or-
bital speed of the electron whose magnetic moment is antiparallel to the field and
to decrease the speed of the electron whose magnetic moment is parallel to the
field. As a result, the two magnetic moments of the electrons no longer cancel,
and the substance acquires a net magnetic moment that is opposite the applied
field.

qv ! B.

M ! C 
B0

T

(0 " # V 1)

web
Visit www.exploratorium.edu/snacks/
diamagnetism_www/index.html for an
experiment showing that grapes are
repelled by magnets!

TABLE 30.3
Curie Temperatures for
Several Ferromagnetic
Substances

Substance TCurie (K)

Iron 1 043
Cobalt 1 394
Nickel 631
Gadolinium 317
Fe2O3 893

Paramagnetic

Ferromagnetic

M

T
TCurie

Ms

0

Figure 30.33 Magnetization ver-
sus absolute temperature for a fer-
romagnetic substance. The mag-
netic moments are aligned below
the Curie temperature TCurie ,
where the substance is ferromag-
netic. The substance becomes para-
magnetic (magnetic moments un-
aligned) above TCurie .
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30.9 The Magnetic Field of the Earth 965

If a compass needle is suspended in bearings that allow it to rotate in the verti-
cal plane as well as in the horizontal plane, the needle is horizontal with respect to
the Earth’s surface only near the equator. As the compass is moved northward, the
needle rotates so that it points more and more toward the surface of the Earth. Fi-
nally, at a point near Hudson Bay in Canada, the north pole of the needle points
directly downward. This site, first found in 1832, is considered to be the location
of the south magnetic pole of the Earth. It is approximately 1 300 mi from the
Earth’s geographic North Pole, and its exact position varies slowly with time. Simi-
larly, the north magnetic pole of the Earth is about 1 200 mi away from the Earth’s
geographic South Pole.

Because of this distance between the north geographic and south magnetic
poles, it is only approximately correct to say that a compass needle points north.
The difference between true north, defined as the geographic North Pole, and
north indicated by a compass varies from point to point on the Earth, and the dif-
ference is referred to as magnetic declination. For example, along a line through
Florida and the Great Lakes, a compass indicates true north, whereas in Washing-
ton state, it aligns 25° east of true north.

QuickLab
A gold ring is very weakly repelled by
a magnet. To see this, suspend a 14-
or 18-karat gold ring on a long loop
of thread, as shown in (a). Gently tap
the ring and estimate its period of os-
cillation. Now bring the ring to rest,
letting it hang for a few moments so
that you can verify that it is not mov-
ing. Quickly bring a very strong mag-
net to within a few millimeters of the
ring, taking care not to bump it, as
shown in (b). Now pull the magnet
away. Repeat this action many times,
matching the oscillation period you
estimated earlier. This is just like
pushing a child on a swing. A small
force applied at the resonant fre-
quency results in a large-amplitude
oscillation. If you have a platinum
ring, you will be able to see a similar
effect except that platinum is weakly
attracted to a magnet because it is
paramagnetic.

(a) (b)

North
geographic

pole

South
magnetic

pole

Geographic
equator

South
geographic

pole

North
magnetic

pole

N

S

Magnetic equator

Figure 30.35 The Earth’s magnetic field lines. Note that a south magnetic pole is near the
north geographic pole, and a north magnetic pole is near the south geographic pole.

The north end of a compass needle points
to the south magnetic pole of the Earth.
The “north” compass direction varies from
true geographic north depending on the
magnetic declination at that point on the
Earth’s surface.
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