MAGNETIC PROPERTIES OF MATERIALS
All matter is composed of atoms and atoms are composed of protons, neutrons and electrons. The protons and neutrons are located in the atom's nucleus and the electrons are in “constant motion” around the nucleus. Electrons carry a negative electrical charge and produce a magnetic field as they move through space. A magnetic field is produced whenever an electrical charge is in motion. 

This may be hard to visualize on a subatomic scale but consider an electric current flowing through a conductor. When the electrons (electric current) are flowing through the conductor, a magnetic field forms around the conductor. The magnetic field can be detected using a compass. 
Since all matter is comprised of atoms, all materials are affected in some way by a magnetic field. However, not all materials react the same way. 

At the atomic level, the motion of an electron gives rise to current loop ( magnetic dipole moment ( magnetic field (like a miniature bar magnet)

Magnetic dipole moment 
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Magnetization   
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The magnetic moments associated with atoms have three origins:

1 The electron orbital motion.

2 The change in orbital motion caused by an external magnetic field.

3 The spin of the electrons. 
When a material is placed within a magnetic field, the material's electrons will be affected. However, materials can react quite differently to the presence of an external magnetic field. This reaction is dependent on a number of factors such as the atomic and molecular structure of the material, and the net magnetic field associated with the atoms. In most atoms, electrons occur in pairs. Each electron in a pair spins in the opposite direction, so when electrons are paired together, their opposite spins cause there magnetic fields to cancel each other. Therefore, no net magnetic field exists. Alternately, materials with some unpaired electrons will have a net magnetic field and will react more to an external field. 
Most materials can be classified as ferromagnetic, diamagnetic or paramagnetic.

The B, H and M fields
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Diamagnetic materials       
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· Small and negative susceptibility.
· Slightly repelled by a magnetic field.

· Do not retain the magnetic properties when the external field is removed.
· Magnetic moment – opposite direction to applied magnetic field.

· Solids with all electrons in pairs - no permanent magnetic moment per atom. 
· Properties arise from the alignment of the electron orbits under the influence of an external magnetic field. 
· Most elements in the periodic table, including copper, silver, and gold, are diamagnetic.
· (m(argon) ~ -1.0(10-8       (m(copper) ~ -1.0(10-5       
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Paramagnetic materials       
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· Small and positive susceptibility.
· Slightly attracted by a magnetic field.

· Material does not retain the magnetic properties when the external field is removed.
· Properties are due to the presence of some unpaired electrons and from the alignment of the electron orbits caused by the external magnetic field. 
· Examples - magnesium, molybdenum, lithium, and tantalum.
· (m(oxygen) ~ 2.0(10-6       (m(aluminum) ~ 2.1(10-5
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Ferromagnetic materials
· Large and positive susceptibility.
· Strong attraction to magnetic fields.

· Retain their magnetic properties after the external field has been removed. 
· Some unpaired electrons so their atoms have a net magnetic moment. 
· Strong magnetic properties due to the presence of magnetic domains. In these domains, large numbers of atomic moments (1012 to 1015) are aligned parallel so that the magnetic force within the domain is strong. When a ferromagnetic material is in the un-magnetized state, the domains are nearly randomly organized and the net magnetic field for the part as a whole is zero. When a magnetizing force is applied, the domains become aligned to produce a strong magnetic field within the part. 
· Iron, nickel, and cobalt are examples of ferromagnetic materials.
· 
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    Magnetization is not proportional to the applied field.
· (m(ferrite) ~ 100       (m(iron) ~ 1000
Magnetic Domains

Ferromagnetic materials get their magnetic properties not only because their atoms carry a magnetic moment but also because the material is made up of small regions known as magnetic domains. In each domain, all of the atomic dipoles are coupled together in a preferential direction. This alignment develops as the material develops its crystalline structure during solidification from the molten state. Magnetic domains can be detected using Magnetic Force Microscopy (MFM) and images of the domains like the one shown below can be constructed. 

	[image: image9.jpg]



	Magnetic Force Microscopy (MFM) image showing the magnetic domains in a piece of heat treated carbon steel.


During solidification a trillion or more atom moments are aligned parallel so that the magnetic force within the domain is strong in one direction. Ferromagnetic materials are said to be characterized by "spontaneous magnetization" since they obtain saturation magnetization in each of the domains without an external magnetic field being applied. Even though the domains are magnetically saturated, the bulk material may not show any signs of magnetism because the domains develop themselves are randomly oriented relative to each other. Ferromagnetic materials become magnetized when the magnetic domains within the material are aligned. This can be done my placing the material in a strong external magnetic field or by passes electrical current through the material. Some or all of the domains can become aligned. The more domains that are aligned, the stronger the magnetic field in the material. When all of the domains are aligned, the material is said to be magnetically saturated. When a material is magnetically saturated, no additional amount of external magnetization force will cause an increase in its internal level of magnetization. 
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The Hysteresis Loop and Magnetic Properties 
A great deal of information can be learned about the magnetic properties of a material by studying its hysteresis loop. A hysteresis loop shows the relationship between the induced magnetic flux density B and the magnetizing force H. It is often referred to as the B-H loop. An example hysteresis loop is shown below.
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[Note: B does not become saturated only M does]

The loop is generated by measuring the magnetic flux B of a ferromagnetic material while the magnetizing force H is changed. A ferromagnetic material that has never been previously magnetized or has been thoroughly demagnetized will follow the dashed line as H is increased. As the line demonstrates, the greater the amount of current applied (H+), the stronger the magnetic field in the component (B+). At point "a" almost all of the magnetic domains are aligned and an additional increase in the magnetizing force will produce very little increase in magnetic flux. The material has reached the point of magnetic saturation. When H is reduced back down to zero, the curve will move from point "a" to point "b." At this point, it can be seen that some magnetic flux density remains in the material even though the magnetizing force is zero. This is referred to as the point of retentivity on the graph and indicates the remanence or level of residual magnetism in the material. Some of the magnetic domains remain aligned but some have lost there alignment. As the magnetizing force is reversed, the curve moves to point "c", where the magnetic flux density has been reduced to zero. This is called the point of coercivity on the curve. The reversed magnetizing force has flipped enough of the domains so that the net magnetic flux density within the material is zero. The H-field required to remove the residual magnetism from the material, is called the coercive force or coercivity of the material. 

As the magnetizing force is increased in the negative direction, the material will again become magnetically saturated but in the opposite direction (point "d"). Reducing H to zero brings the curve to point "e." It will have a level of residual magnetism equal to that achieved in the other direction. Increasing H back in the positive direction will return B to zero. Notice that the curve did not return to the origin of the graph because some H-field is required to remove the residual magnetism. The curve will take a different path from point "f" back the saturation point where it with complete the loop.

Permeability
Permeability is a material property that describes the ease with which a magnetic flux is established in the component. It is the ratio of the magnetic flux density to the magnetic intensity and, therefore, represented by the following equation:
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It is clear that this equation describes the slope of the curve at any point on the hysteresis loop. The permeability value given in papers and reference materials is usually the maximum permeability or the maximum relative permeability. The maximum permeability is the point where the slope of the B/H curve for unmagnetized material is the greatest. This point is often taken as the point where a straight line from the origin is tangent to the B/H curve.

The relative permeability (r is arrived at by taking the ratio of the material's permeability ( to the permeability in free space (air) (o. 


r =  / 

Magnetisation or B-H Curve
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http://www.electronics-tutorials.ws/electromagnetism/magnetic-hysteresis.html
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Toroidal coil - initially core is empty. 

Wire is coiled around a toroidal core (N turns).
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Now put iron in the core: it becomes magnetized. Atomic magnetic dipoles in the material line up, producing an internal magnetic field, which may strengthen (or oppose) the original field. Magnetic field in the material can be seen as the result of effective currents of the atoms' magnetic dipoles.  Magnetization M = total magnetic dipole moment per unit volume.
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Let A be the area of the cylinder and L its length. The area of each dipole is Ad, with current id. There are NA = A/Ad dipoles in the area. The cylinder is equivalent to a long solenoid, with field 
Bint = (0 n isurface, with n = NL/L = number of dipoles per unit length. 
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The total number of dipoles is N = NANL.
The magnetization is M = N id Ad /AL. 
Therefore the internal magnetic field is  
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As the current (and hence applied field H) increases, magnetization M and magnetic field B increases.  If H is small or substance weakly magnetic (paramagnetic), increase is linear. 
measure from graph  
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[image: image30.emf]If H is large or substance strongly magnetic (e.g. ferromagnetic), as H increases, the magnetization M (and hence B) may increase nonlinearly - high field region where slope decreases is called "saturation" region ( max M.
measure from graph  
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Since 
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Ferromagnetic materials also show a “hysteresis” effect, where decreasing the applied magnetic field, or H, doesn’t produce the reverse effect of increasing the field.

The shape of the hysteresis loop tells a great deal about the material being magnetized. The hysteresis curves of two different materials are shown in the graphs below.

“hard” magnetic materials: Hc (coercivity) is high, area of the loop is large, used for permanent magnets. 

[image: image31.emf]“soft” magnetic materials: Hc is small, area of loop is small, used for transformer cores & electromagnets.
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Material can be demagnetized by striking or heating it, or go round the hysteresis loop, gradually reducing its size. "Degaussing" 
[image: image22.emf]Work done around the loop:

Let

Power = e i, so work done =

For a toroidal coil

Magnetic flux through the magnet

so 

so work/volume = area of the hysteresis loop.


W is the energy dissipated within a unit volume of the sample (increase in internal energy of the sample) in the process in taking the sample around the hysteresis loop. Transformers must be made of materials that have narrow hysteresis loops.
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