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1. Magnetic Materials Types 

Each electron in an atom has an orbital magnetic dipole moment and a spin magnetic dipole 

moment that combine vectorially. The resultant of these two vector quantities combines 

vectorially with similar resultants for all other electrons in the atom, and the resultant for 

each atom combines with those for all the other atoms in a sample of a material. If the 

combination of all these magnetic dipole moments produces a magnetic field, then the 

material is magnetic. There are three general types of magnetism: diamagnetism, 

paramagnetism, and ferromagnetism. 

2. DIAMAGNETISM 

We cannot yet discuss the quantum physical explanation of diamagnetism, but we can 

provide a classical explanation with the loop model of Figure (1). To begin, we assume 

that in an atom of a diamagnetic material each electron can orbit only clockwise as in Figure 

(1-d) or counterclockwise as in Figure (1-b). To account for the lack of magnetism in the 

absence of an external magnetic field 𝐵⃗ 𝑒𝑥𝑡 , we assume the atom lacks a net magnetic dipole 

moment. This implies that before 𝐵⃗ 𝑒𝑥𝑡  is applied, the number of electrons orbiting in one 

direction is the same as that orbiting in the opposite direction, with the result that the net 

upward magnetic dipole moment of the atom equals the net downward magnetic dipole 

moment. 

Now let’s turn on the nonuniform field 𝐵⃗ 𝑒𝑥𝑡  of Figure (1-a), in which 𝐵⃗ 𝑒𝑥𝑡  is directed 

upward but is diverging (the magnetic field lines are diverging). We could do this by 

increasing the current through an electromagnet or by moving the north pole of a bar 

magnet closer to, and below, the orbits. As the magnitude of 𝐵⃗ 𝑒𝑥𝑡  increases from zero to 

its final maximum, steady-state value, a clockwise electric field is induced around each 

electron’s orbital loop according to Faraday’s law and Lenz’s law. Let us see how this 

induced electric field affects the orbiting electrons in Figure (1- b & d). 

In Figure (1-b), the counterclockwise electron is accelerated by the clockwise electric field. 

Thus, as the magnetic field 𝐵⃗ 𝑒𝑥𝑡  increases to its maximum value, the electron speed 



increases to a maximum value. This means that the associated conventional current i and 

the downward magnetic dipole moment 𝜇  due to i also increase. 

 

Figure (1): (a) A loop model for an electron orbiting in an atom while in a nonuniform 

magnetic field 𝑩⃗⃗ 𝒆𝒙𝒕. (b) Charge -e moves counterclockwise; the associated conventional 

current i is clockwise. (c) The magnetic forces 𝒅𝑭⃗⃗  on the left and right sides of the loop, as 

seen from the plane of the loop. The net force on the loop is upward. (d) Charge -e now 

moves clockwise. (e) The net force on the loop is now downward. 



In Figure (1-d), the clockwise electron is decelerated by the clockwise electric field. Thus, 

here, the electron speed, the associated current i, and the upward magnetic dipole moment 

𝜇  due to i all decrease. By turning on field 𝐵⃗ 𝑒𝑥𝑡 , we have given the atom a net magnetic 

dipole moment that is downward. This would also be so if the magnetic field were uniform. 

Force. The nonuniformity of field 𝐵⃗ 𝑒𝑥𝑡  also affects the atom. Because the current i in 

Figure (1-b) increases, the upward magnetic forces 𝑑𝐹  in Figure (1-c)also increase, as does 

the net upward force on the current loop. Because current i in Figure (1-d) decreases, the 

downward magnetic forces 𝑑𝐹  in Figure (1-e) also decrease, as does the net downward 

force on the current loop. Thus, by turning on the nonuniform field 𝐵⃗ 𝑒𝑥𝑡 , we have produced 

a net force on the atom; moreover, that force is directed away from the region of greater 

magnetic field. 

We have argued with fictitious electron orbits (current loops), but we have ended up with 

exactly what happens to a diamagnetic material: If we apply the magnetic field of Figure 

(1), the material develops a downward magnetic dipole moment and experiences an upward 

force. When the field is removed, both the dipole moment and the force disappear. The 

external field need not be positioned as shown in Figure (1); similar arguments can be made 

for other orientations of 𝐵⃗ 𝑒𝑥𝑡 . In general: 

A diamagnetic material placed in an external magnetic field 𝑩⃗⃗ 𝒆𝒙𝒕  develops a magnetic 

dipole moment directed opposite 𝑩⃗⃗ 𝒆𝒙𝒕 . If the field is nonuniform, the diamagnetic 

material is repelled from a region of greater magnetic field toward a region of lesser field. 

The frog in Figure (2) is diamagnetic (as is any other animal). When the frog was placed 

in the diverging magnetic field near the top end of a vertical current carrying solenoid, 

every atom in the frog was repelled upward, away from the region of stronger magnetic 

field at that end of the solenoid. The frog moved upward into weaker and weaker magnetic 

field until the upward magnetic force balanced the gravitational force on it, and there it 

hung in midair. The frog is not in discomfort because every atom is subject to the same 

forces and thus there is no force variation within the frog. The sensation is similar to the 

“weightless” situation of floating in water, which frogs like very much. If we went to the 



expense of building a much larger solenoid, we could similarly levitate a person in midair 

due to the person’s diamagnetism. 

 

Figure (2): An overhead view of a frog that is being levitated in a magnetic field produced 

by current in a vertical solenoid below the frog. 

 

3. PARAMAGNETISM 

In paramagnetic materials, the spin and orbital magnetic dipole moments of the electrons 

in each atom do not cancel but add vectorially to give the atom a net (and permanent) 

magnetic dipole moment 𝜇 . In the absence of an external magnetic field, these atomic 

dipole moments are randomly oriented, and the net magnetic dipole moment of the material 

is zero. However, if a sample of the material is placed in an external magnetic field 𝐵⃗ 𝑒𝑥𝑡, 

the magnetic dipole moments tend to line up with the field, which gives the sample a net 

magnetic dipole moment. This alignment with the external field is the opposite of what we 

saw with diamagnetic materials. 

A paramagnetic material placed in an external magnetic field 𝑩⃗⃗ 𝒆𝒙𝒕  develops a 

magnetic dipole moment in the direction of 𝑩⃗⃗ 𝒆𝒙𝒕 . If the field is nonuniform, the 

paramagnetic material is attracted toward a region of greater magnetic field from a 

region of lesser field. 



A paramagnetic sample with N atoms would have a magnetic dipole moment of magnitude 

N if alignment of its atomic dipoles were complete. However, random collisions of atoms 

due to their thermal agitation transfer energy among the atoms, disrupting their alignment 

and thus reducing the sample’s magnetic dipole moment. 

Magnetization. We can express the extent to which a given paramagnetic sample is 

magnetized by finding the ratio of its magnetic dipole moment to its volume V. This vector 

quantity, the magnetic dipole moment per unit volume, is the magnetization 𝑴⃗⃗⃗  of the 

sample, and its magnitude is: 

𝑀 =
measured magnetic moment

𝑉
 

The unit of 𝑀⃗⃗  is the ampere – square meter per cubic meter, or ampere per meter (A/m). 

Complete alignment of the atomic dipole moments, called saturation of the sample, 

corresponds to the maximum value 𝑀𝑚𝑎𝑥 = 𝑁𝜇/𝑉. 

In 1895 Pierre Curie discovered experimentally that the magnetization of a paramagnetic 

sample is directly proportional to the magnitude of the external magnetic field 𝐵⃗ 𝑒𝑥𝑡 and 

inversely proportional to the temperature T in kelvins: 

𝑀 = 𝐶
𝐵𝑒𝑥𝑡

𝑇
 

This equation is known as Curie’s law, and C is called the Curie constant. Curie’s law is 

reasonable in that increasing Bext tends to align the atomic dipole moments in a sample and 

thus to increase M, whereas increasing T tends to disrupt the alignment via thermal 

agitation and thus to decrease M. However, the law is actually an approximation that is 

valid only when the ratio Bext/T is not too large. 

 

 

 

 



4. Ferromagnetism 

When we speak of magnetism in everyday conversation, we almost always have a mental 

picture of a bar magnet or a disk magnet (probably clinging to a refrigerator door). That is, 

we picture a ferromagnetic material having strong, permanent magnetism, and not a 

diamagnetic or paramagnetic material having weak, temporary magnetism. 

Iron, cobalt, nickel, gadolinium, dysprosium, and alloys containing these elements exhibit 

ferromagnetism because of a quantum physical effect called exchange coupling in which 

the electron spins of one atom interact with those of neighboring atoms. The result is 

alignment of the magnetic dipole moments of the atoms, in spite of the randomizing 

tendency of atomic collisions due to thermal agitation. This persistent alignment is what 

gives ferromagnetic materials their permanent magnetism. 

Thermal Agitation. If the temperature of a ferromagnetic material is raised above a certain 

critical value, called the Curie temperature, the exchange coupling ceases to be effective. 

Most such materials then become simply paramagnetic; that is, the dipoles still tend to 

align with an external field but much more weakly, and thermal agitation can now more 

easily disrupt the alignment. The Curie temperature for iron is 1043 K (= 770°C). 

Measurement. The magnetization of a ferromagnetic material such as iron can be studied 

with an arrangement called a Rowland ring Figure (3). The material is formed into a thin 

toroidal core of circular cross section. A primary coil P having n turns per unit length is 

wrapped around the core and carries current iP. (The coil is essentially a long solenoid bent 

into a circle.) If the iron core were not present, the magnitude of the magnetic field inside 

the coil would be: 

𝐵0 = 𝜇0𝑖𝑝𝑛 

However, with the iron core present, the magnetic field 𝐵⃗  inside the coil is greater than 𝐵⃗ 0, 

usually by a large amount.We can write the magnitude of this field as: 

𝐵 = 𝐵0 + 𝐵𝑀  

where BM is the magnitude of the magnetic field contributed by the iron core. 



 

Figure (3): A Rowland ring. A primary coil P has a core made of the ferromagnetic material 

to be studied (here iron). The core is magnetized by a current iP sent through coil P. (The 

turns of the coil are represented by dots.) The extent to which the core is magnetized 

determines the total magnetic field 𝑩⃗⃗  within coil P. Field 𝑩⃗⃗  can be measured by means of a 

secondary coil S. 

This contribution results from the alignment of the atomic dipole moments within the iron, 

due to exchange coupling and to the applied magnetic field B0, and is proportional to the 

magnetization M of the iron. 

 

 

 

 


