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Abstract

The conditions on the applicability of Lenz’s law to ferromagnetic media are derived.  The exceptions and limitations of this famous law are shown to occur around negatively sloped instantaneous permeability variations and relatively high magnetizing force.

Introduction

The phenomena of magnetic induction has been discover and observed over a century ago by Faraday.    Magnetic induction takes place in a coil when in the presence of a changing magnetic flux.    The polarity of the induced voltage in the coil is dictated by the famous Lenz’s law.   

Basically, this law states that the magnetically induced electromotive force will be in such a direction as to try and create a current I, that will oppose the change in the inducing magnetic flux.   The key concept of this law is the opposition to change, similar to inertial forces in Newtonian mechanics.      
As described, magnetically induced current flow in a coil will try to oppose the external changes and two special cases need to be mentioned.    1)  If the external magnetic flux is increasing in the z-axis, with the coil placed in the x-y plane, the current will produce a magnetic flux pointing in the negative z-axis, thus opposing the increase.    2)  If the external magnetic field is pointing in the z-axis as before, but is now decreasing in magnitude, the induced current will produce a magnetic field in the positive z-direction, thus trying to add to the external flux and preventing its decrease in magnitude.
These phenomena of induction and the polarities associated with it are easily remembered by apply the right hand rule, as illustrated in figure 1.  
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Figure 1, illustrating the Right Hand rule polarities.

 If the fingers of the right hand are curved in the direction of the current flow I, then the thumb will point in the direction of the magnetic field density B, or towards the positive z-axis.   So, if the magnetic flux increases in the z-axis, the current will be opposite to what is shown, trying to flow clock wise as seen from the top.   
Mathematically, Lenz’s law is incorporated by including a negative sign in Faraday’s law of induction:
V = - N  [d phi / dt ]

, where N is the number of turns, and phi the flux through the coil.

Derivation of Limitations
When a ferromagnetic material is placed at the center of the coil, the permeability will be higher then that of free space, and a larger flux will be created given the same external magnetizing force.    These materials will support an increase of flux up to maximum level after which they saturate and all the magnetic domains are aligned with the external flux.    As saturation occurs, the instantaneous permeability µi will begin to rapidly decrease from a maximum and will have a region of negative slope, as shown in figure 2.  It is in this area of operation where Lenz’s law can be violated under certain constraints.
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Figure 2, B-H curve for ferromagnetic material and instantaneous permeability
This constraints under which Lenz’s law can be violated macroscopically in ferromagnetic materials, can be derived from Faradays law of induction, by realizing that both the permeability and the magnetizing force are time dependent. 

V = - N d phi/ dt  = -N d[ A * µ * H]/dt




(eq 1)
, expanding the derivative we obtain:

V = - N * A * µo * [  H * (dµr/dH)(dH/dt)   +   µr * (dH/dt) ]  

(eq 2)

Factoring out the term (dH/dt) from equation 2,  we obtain:
V = - N * A * µo * (dH/dt) * [ H * (dµr/dH)   +   µr ]  


(eq 3)
Equation 3 is now separated in to two parts.   The quantities in parenthesis are what indicate when the overall sign of this expression can change from a negative (due to Lenz’s law) to a positive value (a violation of Lenz’s law).   This can occur because the instantaneous permeability can have a negative slope, but the magnitude has to be greater then  µr / H.     

This region of operation where Lenz’s law does not hold on a macroscopic level, can then be stated by the following inequality,
 (dµr/dH)   +   (µr  / H)   <   0






(eq 4)
This area of the B-H curve where Lenz’s law can be violated, at least on a macroscopic level, is the area around and past the saturation point, after which the instantaneous permeability begins to drop rapidly and is exhibiting a negative slope.  
Conclusion
The immediately apparent implication of violating Lenz’s law is that positive feedback has now been created. As the external flux increases, the induced voltage produced will now try and aid the external flux change, which in turn increases the induced voltage some more, and so on.  For a stand alone coil, the implication is that a coil can be tuned with a capacitor and biased just right and it will begin to oscillate by itself, due to this positive feedback which occurs. 
No attempt has been made here to determine or derive the source of this apparent “free energy” which no doubt comes from the magnetic material itself.  

It should also be mentioned that perhaps not all ferromagnetic materials will be good candidates for violating Lenz’s law, and it all depends on their specific B-H curves, and how sharp saturation occurs and at what levels of magnetizing force.  Qualitatively, it is apparent from the inequality that a sharp saturation point is desired in order to obtain a large negative slope in the incremental permeability, and it’s preferable that it occurs at as high an H value as possible.
