[bookmark: _GoBack]   INSTRUCTORS MANUAL:  TUTORIAL 7a
Polarization & Bound Charge

This is a highly modified version of the shortened Tutorial 7 which has been adapted to be given in one shorter chunk during lecture, rather than in a separate 50 min recitation.

Goals:
1. Use different models to visualize bound charge conceptually (learning goal 2)
2. Visualize polarization and be able to relate it mathematically to different physical parameters in the problem (learning goals 1 and 3)
3. Relate conceptual understanding of bound charge and polarization to mathematical formalism (learning goal 1)
4. Communicate reasoning/thought process to group members, LA, and Instructor (learning goal 4) 

This tutorial is based on:
· Griffiths by inquiry 7
· Written by Darren Tarshis, Steven Pollock, and Stephanie Chasteen, with modifications by Ed Kinney, Michael Dubson, Rachel Pepper, Bethany Wilcox and Markus Atkinson.  Significantly rewritten to shorten it for in-class by Brad Ambrose. 
Tutorial Summary: 
Students use an atomic model to understand bound charge, and the mathematical relationship between sigma_bound and Polarization. 

Some reflections on this tutorial:
Total Time: ~20 minutes.  
Part 1	We did this in a large lecture (55 students) setting with just 1 LA, and for each short part, I let them work for a couple of minutes, then “caught everyone up” at the board, over and over. This worked ok! I occasionally would say “raise your hand if you’re past ia” and when it was >2/3 or so, I’d go to the board, call out answers, and thus “catch up” everyone who was slower. 
Part i-iii (first pages) went quickly, some students shift notation on me (I used a non-standard capital N for number density, to avoid confusing n with nhat,  so many were sticking in a volume in the denominator which I hadn’t intended, because they thought N meant # of atoms. Easy to clear up. ) Some were confused that rho+ means “the smeared density of only + charges”. The powerpoint pictures I have that go along with this really helped  (I have visualizations of the answers to BOTH the boxes on this page of the Tutorial) Several students thought rho should be zero in the bulk – correct, but rho+ and rho- are not individually zero there, only their sum is zero.  Some Students had trouble remembering that the polarization points from the negative to the positive charges. Some students insisted on changing notation (so q became e, or delta z became d) 
Parts iv-vi took about the same amount of time as i-iii (about 10 minutes?) Some students were a little confused about going from volume charge density to surface charge density, some didn’t realize rho at the top is rho+ they just found. But these difficulties were not hard to work through. I was weaving the tutorial a little in and out of the regular class discussion. I really used the end of part vi as the lead in to interpreting P dot nhat as “the amount of charge moved past a surface due to polarization”. (Which in turn leads to the volume charge density story, Griffiths Eq’s 4.11, 4.12, 4.13, and the physical interpretation of all three) 
We didn’t have a lot of time to work on Part 2 (I delayed it and came back to it in the end after having worked clicker questions about volume charge density), so no comments yet about how that works in class. 


Relevant Homework Problems

Bound charges I

Consider a long insulating rod, (a dielectric cylinder), radius a. Suppose that the rod has no free charge but has a permanent polarization P(s,,z) = C s  (=  ), where s is the usual cylindrical radial vector from the z-axis, and C is a positive constant).  Neglect end effects: the cylinder is long.  
A) Calculate the bound charges b and b (on the surface, and interior of the rod respectively).  What are the units of C?  Sketch the charge distribution of the rod.
B) Next, use these bound charges (along with Gauss' law) to find the electric field inside and outside the cylinder. (Direction and magnitude) 
C) Find the electric displacement field D inside and outside the cylinder, and verify that "Gauss's Law for D" (Eqn 4.23, p. 176) works. 

Bound charges II
Consider now a hollow insulating rod, with inner radius a and outer radius b.  

Suppose now that the rod has a different permanent polarization, namely P(s,,z)   =   for a < s < b , C = positive constant (not the same constant as in Q1 ).  
A) We have vacuum for s < a and s > b. What does that tell you about P in those regions?  Find the bound charges b and b (b on the inner AND outer surfaces of the hollow rod, and b everywhere else. Use these bound charges, along with Gauss' law, to find the electric field everywhere in space. (Direction and magnitude) 
B) Use Griffiths' Eq 4.23 (p. 176) to find D everywhere in space. (This should be quick - are there any free charges in this problem?) Use this (simple) result for D (along with Griffiths basic definition/relation of E to D, Eq 4.21) to find E everywhere in space. 

Electric Field and Bound charges in a Capacitor
Sketch the electric field strength and any bound charges everywhere inside the capacitor plates for: 1. the plastic slab; 2. same size chunk of metal 
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Part 1 – Polarization and Bound Charge
A slab of plastic is placed within a charged capacitor. Before inserting the plastic, there is a uniform electric field inside the capacitor, Eext.  Let’s explore the properties of a dielectric to find the (total) electric field Etot inside the plastic.

i. (Together as a class:)  Extreme close-up!  At right, sketch a cartoon of the first few rows of atoms inside the plastic.  Think of many negative charges “-q,” each bound to a fixed positive core “+q,” with a spring constant k.  Each “-q” charge is displaced from the core by a distance ∆z. 

a. Write an expression for the magnitude of the dipole moment p of each “atom”:





ii. (Together as a class:)  Not-so-extreme close-up.  Back to a model with smooth, continuous charge distributions….  Draw a sketch of the plastic showing where the net charge is positive, negative, and zero.

iii. (In your groups:)  If there are N atoms per unit volume in the plastic (each with a +q and a –q charge) write simple expressions for:

a. the volume charge densities +  (this is some sort of “smeared” average volume charge density arising just from the +q’s) and -


b. the volume dipole moment density (total dipole moment per unit volume), a.k.a. the polarization P. (Note: this is a vector! Which way does it point here?) 

iv. (In your groups:)  When using a continuous model of charge densities, you should have found that the top surface of the plastic has an overall net charge found within a thin layer of area A and thickness ∆z just inside the surface.  Find the surface charge density of this thin layer. 




v. (In your groups:)  The surface-charge density you found above is called the bound-charge density, B.  Rewrite your expression so that it is in written in terms of P.




vi. 
(Together as a class):  Is your result for P consistent with the relationship ?  
Be sure to check all surfaces (top, bottom, and sides) of the plastic!



Part 2 – Electric Fields in Dielectric Materials (or Insulators) 
(All parts together as a class.)  For our purposes here, there are three (!) E-fields to keep track of:
· The uniform electric field Eext inside the capacitor before we inserted the plastic.
· The induced electric field Eind caused by the bound charge densities in the plastic.
· The total electric field Etot.  
i. Write a vector equation relating all three fields:


ii. Write a separate vector expression for the induced electric field, Eind, inside the plastic slab in terms of P.  (Hints:  How is |Eind| related to B?  How is its direction related to that of P?)





iii. Combine your results from parts i and ii to write a vector equation relating Eext, Etot and P. 



iv. Griffiths defines a quantity D = oE + P , where D is the called the “electric displacement field,” or simply the “D field.” Look at your answer to part iii – think about how you might interpret the meaning of D.
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