Ferromagnetic Levitation
Revised Spring 2005

In class, we will learn that the magnetic field near the center of a long tightly-wound solenoid is given by:
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where n is the number of turns per unit length of the solenoid and I is the current through any one winding. We will also find out that near the ends of the solenoid, the magnetic field is about ½ of this value.

You are today going to use a solenoid coil in order to produce a magnetic field which will be used to probe different materials for magnetic properties. The setup of the system looks something like this:
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You will vary the current through the coil, thus varying the magnetic field from the end of the coil. (Although you will record the fact that the magnetic field does indeed vary, this is, in fact, not the measurement that you will ultimately need).

Thus, as far as getting the magnetic field that will be interacting with the object under test, you should nave no problem. Be sure, however, that you are using the dc volts to supply the coil with current, since other interactions will happen if you use the ac current.

Your magnetic field is quite weak but it will be capable of providing enough magnetic field to show significant interaction with magnetic objects placed near the end of the coil.

So before we go further, we need to talk about how objects respond to external magnetic fields.

If we are going to understand some depth to what is going to happen, we need to understand something about the origin of magnetism. Magnetism has its origin in unpaired spins on atomic ortitals. This is not the whole story … it turns out that only certain orbitals are magnetic since atoms are electrically neutral. We won’t pursue this to quite this depth, however.
When we investigate the macroscopic phenomena of magnetism, we can regard the motion of the charged particles as being so small that they can be replaced by microscopic current loops. We define the magnetic moment of a current loop of area A which is surrounded by a current I as
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The torque exerted by a uniform external magnetic field on an individual current loop is then given by:
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The torque on the current loop is such that the current loop will tend to want to align with the external magnetic field. This can be seen as follows:
Consider the current loop in the x-y plane, carrying current from the +x axis towards the +y axis, and then on around the loop. Then, the magnetic moment of this current loop is given by:
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Now, let us apply an external field in the +x direction. The torque on the current loop will be given by:
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The effect of this torque will be to cause a change in the angular momentum of the current loop in the direction of the applied torque. In this case, this means that the coil will begin to rotate so that the change of angular momentum is in the +y direction. Well you need a right hand rule from last semester to see what this means. Curl your fingers around an axis so that your thumb points in the direction of the change of angular momentum. Your fingertips will be pointing in the direction that the velocity would need to change in order to produce this angular momentum. The coil then flips about the y-axis and the magnetic moment of the coil would want to align with the external magnetic field. I’ve made an animation that shows this rotation of the magnetic moment that you may want to look at. Ultimately it is the alignment of many of these current loops into macroscopic domains and the eventual alignment of these domains that results in the large scale magnetic effects that you are familiar with.
Now in magnetic materials, you are really not going to be doing very much with an external magnetic field on the microscopic scale. The magnetic moments in ferromagnetic materials such as iron are pretty much already aligned and the internal fields are quite large that bind these spins into the same direction. Instead, a very interesting phenomena occurs in a material such as iron. Groups or regions within the iron “break off” from the direction that the rest of the spins have and form domains. The act of magnetizing a piece of iron basically comes from reorientation of these domains into one preferred direction. That is, in fact, then why you are able to magnetize a piece of iron even with a relatively weak magnetic field.

A permanent magnet will have its domains largely ordered and additional magnetic field application will not have a significant effect upon the material until the magnetic fields become quite enormous. Thus, you would expect not to see a magnetically induced magnetization from the application of a magnetic field to a permanent magnet. An unmagnetized piece of iron, on the other hand, will be susceptible to domain reorientation which will show an increase in magnetization.

Now, since we know that opposite poles of a magnetic material attract each other, we can test these statements based upon measurements of the force that an electromagnet exerts on a material.

(I) A ferromagnetic material which is not magnetized.

Take the nail provided and place it on your scale. Insert the end of the nail into the end of the coil. You will want to lower the coil so that only about 1 cm of the nail is sticking out of the coil. The flat end of the nail should be resting on the electronic scales.

Tare your scale (which means set the zero on it).
Now increase the current applied to your coil and record a table of data of current (in amps) vs. weight (in Newtons). If you observe a negative force, that means the nail is being lifted up. If the nail is being lifted up, the magnetization induced in the nail is in the same direction as the magnetic field inducing the magnetization. (We can have all types of things happening here … for ferromagnetic materials, it is the same direction).

I have made a spreadsheet which shows how my slightly magnetized nail was lifted. If you use a completely unmagnetized nail, you will have different results up to a certain point. What will be similar between my results and your results is that the curve will be quadratic. As explained above, this is due to two effects:

(1) the magnetic field inside the solenoid is proportional to I

(2) the magnetization of the nail is proportional to B which is, in turn, proportional to I.

Plot a graph with current on the x-axis and force on the y-axis. Fit a curve of the type :
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to your data in excel and show the trendline. You will need to fit this to the positive and negative currents separately.
(2) A permanent magnet.

Take the permanent magnet provided and repeat the same experiment as in part I. This time, however, when you plot your data, you will observe that the fit will be linear, not quadratic. (Fit F=aI) to show this. This is going to be linear because your external magnetic field is not going to induce any significant magnetization in the material.

In your write up to this experiment, include your graphs and an interpretation of the results. You’ll want to phrase this explanation in your own words. 

In exchange for your attendance at the convocation, on March 15, @ 7:30 PM, you may (provided you do attend) submit for this lab a paragraph discussing the results, together with your supporting data and pledge of convocation attendance. If you do not attend, you will need to submit a full lab report for this experiment.
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