   INSTRUCTORS MANUAL:  TUTORIAL 11
This is a highly modified version of Tutorial 11 which has been adapted to be given in one shorter chunk during lecture, rather than in a separate 50 min recitation.

Goals:
1. Understand bound currents: the two types (surface and volume), what causes them, how they compare to real currents, how to calculate them
2. Estimate the bound current in a magnet (by experiment)
3. Gain familiarity with magnetic dipoles, and the field they produce

This tutorial is based on:
· Written by Steven Pollock, Stephanie Chasteen, Darren Tarshis and Colin Wallace, with edits by Mike Dubson, Ed Kinney and Markus Atkinson.
Materials needed: 
Compasses, toy magnets (the flat kind, about 1-2 mm thick and ~cm in radius is optimal. Ours have a hole in the middle, which makes for a good question regarding what K looks like on the INNER surface) Meter stick as prop (or to measure the actual distance required to get the compass to 45 degrees) 
Tutorial Summary: 
Students estimate the bound current of a toy magnet by comparing its field to the Earth’s. In the process, they confront magnetic dipoles and bound current. 
Special Instructions:  This Tutorial took about 25 minutes of class time. Worked well, students were engaged and making progress. I made up a clicker question to gauge when they were done, just asked what answer they got. I stopped when ~35/55 were done. 
A) fraction of an amp, B) 10’s of amps, C) 1000 A, D) MegaAmps, E) Something far from any of these (my answer is ~1000, maybe a little less) 
Reflections on this Tutorial
Total Time: ~25 minutes. After about 15 min, we stopped to discuss the first page and then gave another 8 min for everyone to finish the calculation on the second page.  
Part 1 	This section took students about 25 minutes for about half to complete.  At this point in the semester, students should have developed some ability to question implicit assumptions. We STILL have a little confusion about the “poles” of compasses and the earth (geographic north is magnetic south), and that the field lines here in the room are running north (towards the south pole), because we are not INSIDE the earth-magnet!
In the blown up sketch, most students drew pictures of little currents canceling out inside the magnet.  One group wondered why the field is uniform inside a magnet, and argued that the currents wouldn’t cancel inside the magnet if this were not the case.  The instructor pointed out to students that these drawings of currents were of electrons orbiting the nuclei, but that the drawings could also represent electron “spin current” (which is actually the dominant effect).  Some groups discussed the direction of the magnetic dipole orientation – the instructor noted that the small dipoles will orient in the same direction as the overall dipole field of the magnet.  
Almost every student was confused by the definition of theta in the equation for B of a dipole Some thought this was the angle that the compass needle was deflected, and others thought it was the angle relative to magnetic north.  The instructor helped them to resolve this by drawing a current loop (magnetic dipole), sketching its field (which students were familiar with) and identifying theta in order to make the equation match their sketch of the B field. A difficulty was that students did not realize that the B-field from the magnet equals the B-field of Earth when everything is aligned as in the fig.



Finding K also caused some difficulty, as most students realized (upon being prompted) that there were several different’s that could be used. Most realized that  for a particular surface informs us about the bound current on that surface (i.e.,  on the top surface is parallel to M, thus revealing that there is no bound surface current on the top of the magnet).  One group noticed that the bound current on the outside of the doughnut-shaped magnet flows the opposite direction of the bound current inside the hole.  The math of the cross-products for this question should agree with the model and sketch of atomic current and students can be encouraged to make this connection.  We noticed several difficulties in translating from bound surface current K to bound current I:  Some students attempted to multiply K by the surface area of the magnet (circumference * height), or by the volume of the magnet.  In each group there was at least one student who knew that K should be multiplied by the perpendicular length (the height of the magnet).  Many students were reluctant to “guess” the volume (though I brought in a demo magnet, and handed it to groups that insisted we couldn’t put in any numbers at this point)  In the end, about half the groups that finished came to a similar estimate for I (which is similar to our estimate) of order of magnitude 1000 A. (In our case, the distance from the compass was about 10 cm, and the radius is about 2 cm. The thickness turns out to cancel!) The answer is impressive, makes you respect magnets a little more (imagine trying to make a SINGLE TURN loop with a B field this strong, that’s what this 100-1000 amp number is telling you, I guess) 
(One student noted that the “dip angle” of the earth’s B-field changes our estimate by a factor of cos(another theta), true!) 

Relevant Homework Problems
Bound currents I

A) Consider a long magnetic rod (cylinder) of radius a. Imagine that we have set up a permanent magnetization inside, M(s,,z) = k , with k=constant.  Neglect end effects. Calculate the bound currents b and Jb on the surface and interior of the rod. Use these bound currents to find the magnetic field B inside and outside the cylinder (direction and magnitude).  Find the H field inside and outside the cylinder. 
B) Now consider a cylinder of  finite length.  Sketch the magnetic field B and H (inside and out) for two cases: one for the case that the length L is a few times bigger than a and second for the case L<<a (which is more like a magnetic disk than a rod, really). 

Bound currents II

Like the last question, consider a long magnetic rod, radius a.  This time imagine that we can set up a permanent azimuthal magnetization M(s,z) = , with c=constant, and s is the usual cylindrical radial coordinate. Assume the cylinder is infinitely long.
Calculate the bound currents b and Jb (on the surface, and interior of the rod respectively).  What are the units of "c"? Use these bound currents to find the magnetic field B, and also the H field, inside and outside. (Direction and magnitude)  Also, please verify that the total bound current flowing "up the cylinder" is still zero. 

Bound currents III
Griffiths 6.12.  (p. 272)

Force between magnets
A) Consider two small magnets with magnetic moments m1 and m2.  For the configuration shown ("opposite poles facing"), draw a diagram showing the relative orientation of the magnetic dipoles m1 and m2 of the two magnets. Then find the force between them as a function of distance h.  
 B) Now let's do a crude estimate of the strength of the magnetic moment of a simple cheap magnet.  Assume the atomic magnetic dipole moment of each iron atom is due to a single (unpaired) electron spin. Find the magnetic dipole moment of an electron from an appropriate reference (and cite the reference). The mass density and atomic mass of iron are also easy to look up. Now consider a small, ordinary, kitchen fridge "button sized" magnet, and make a very rough estimate of its total magnetic moment M. Then use your formula from part A to estimate how high (shown as the distance h) one such magnet would "float" above another, if oriented as shown in the figure. Does your answer seem at all realistic, based on your experiences with small magnets? 

Paramagnetics and diamagnets
Make two columns, "paramagnetic" and "diamagnetic", and put each of the materials in the following list into one of those columns. Explain briefly what your reasoning is.  
Aluminum, Bismuth, Carbon, Air, a noble gas, an alkali metal, Salt, a superconductor, & water.

In-class TUTORIAL 11b:  MAGNETS
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 TUTORIAL 11 
BOUND CURRENT IN TOY MAGNETS
You know that currents create magnetic fields, but how much current does it take?
[bookmark: _GoBack]In the figure, the earth’s magnetic field is fairly uniform, pointing north. 
A toy disk-shaped magnet is held near, and the compass needle deflects as shown.

i) Which “pole” of the toy magnet is nearer the compass? How do you know? 



ii) Do you expect there to be a bound surface current, bound volume current, or both?



iii) Which direction do these bound currents flow in the magnet? (Draw them in) 
[image: Earth-Compass]
 
iv) In the larger picture of the magnet (to the right), sketch the atomic currents which illustrate your larger-scale ideas above.  
v) The magnet is a couple of cm away from the compass, which is tipped 45º away from North. Estimate the magnetic dipole moment, m (!) 
The following information may be useful:


		
Earth’s magnetic field is about 5E-5 T.







vi) Now you can estimate  M, the magnetic dipole moment per unit volume. 







vii) Estimate the bound current, Ib. 
Potentially useful equations: ; 






viii)  You just estimated the bound current in a magnet, but is there really a current going around the magnet?  Does an electron make a lap around the whole magnet?
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