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History of the displacement vector D

(1791 –1867)

Michael Faraday

Q

I

Q

Insulator

I?

Conducting current Displacement current

• Faraday tried many types of insulators but never prevented the displacement of charge

• The charge displaced was always Q, equal to that placed on the left plate.
• A sketch of the original system used by Faraday:

gold-leaf 
electroscope
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The relation between 𝜖0, 𝜖, 𝜖𝑟 𝐷,𝐸 in Linear-Isotropic-Homogeneous medium
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𝑬𝑷 Τ= 𝝈 𝑷 𝜺𝟎

+𝝈 𝟎,𝒇 −𝝈 𝟎,𝒇−𝝈 𝑷 +𝝈 𝑷

𝐸𝑛=𝐸𝑜-𝐸𝑃=
𝝈𝒏

𝜺𝟎

+𝝈𝒏 = 𝝈 𝟎,𝒇 −𝝈 𝑷 −𝝈𝒏= +𝝈 𝑷 − 𝝈 𝟎,𝒇

The polarization per unit volume:

𝒅

𝑃 =
𝑝

𝑉
=

𝑄𝑃∙𝑑

𝑉
=

𝜎𝑃∙𝐴∙𝑑

𝑉
=

𝜎𝑃∙𝑉

𝑉
= 𝜎𝑃 [1]
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The relation between 𝐸 and 𝑃 is: 

And therefore the resultant field in the medium is:
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unitless

A privet case of orthogonal fields:

D
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Boundary condition for the electric field ∆ℎ → 0
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s top bottom

N N s

Q
Q D ds D ds D ds D D s D D

s

E E


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
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1 2 1 1 2 20 (3) (4)s N N N NWhen D D and E E     

An important emphasis:
s spis not 

Is this is true in the case of time dependent fields?
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𝜌𝑠𝑝1

𝜌𝑠𝑝2

𝐸𝑁2

𝐸𝑁1

𝜌𝑠𝑝𝑛 = 𝜌𝑠𝑝1- 𝜌𝑠𝑝2

Regarding the charge on the interface plan:
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2 1
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0 0
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N sp sp

sp sp spn

N N

P and therefore

E E

 

  
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  


  

Why is 𝜌𝑠𝑝𝑛 not expressed in Equation 4? 
𝜀1

𝜀2

As in a capacitor!

The advantage of Eq. 4 over 5 is due to the value of 𝜀 being known, while 𝜌𝑠𝑝𝑛 is unknown and to be calculated. 
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0 0 0
1 1 2 2 0 0 0(4) ;N N

r r

E E
E E E E E E E


   

  
      

The particular case of EN
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and for homogeneously charged infinite plane: 0 0

0

s

s s

r r r

E
E


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and so on… and therefore in all the expressions of electric field one should introduces 𝜀 instead of 𝜀0.

As for the electric potential:
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b b
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    

   

 

 

Is crossing the interface between two media might change the direction of the electric field vector and how? 

The electric fields of point charge, infinite wire, charged sphere, infinite charged plane and more, 
where all calculated for vector field perpendicular to the medium surface.  Assuming medium-vaccume
interface, one get from Eq. 4:

That is to say that the field in vacuum is 𝜀𝑟 times greater than that in medium. 

Employed this on the case of electric field of a point charge one gets:  
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As for the electric flux:
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As for the effective charge q∗:
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And the capacitance: 
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Continuity of the current density Ԧ𝐽

𝜀1, 𝜎1

𝜀2, 𝜎2
s

Ԧ𝐽𝑁1

Ԧ𝐽𝑇1

Ԧ𝐽𝑁2

Ԧ𝐽𝑇2

From Kirchhoff Junction law we get:  1 2 1 2 1 20 N N N N N N N

Cylinder Cy top bottom

J ds J ds J ds J ds J J J J           

As for Ԧ𝐽𝑇 ? On that we learn from the continuity of 𝐸𝑇
1 2

1 2

1 2

T T
T T

J J
E E
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𝜃2

2
1

1 2 1 2
1 2 1

1 2 1 1
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2 1
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tan tan
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J
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J J J
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  


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

    



What happens to ҧ𝐽 in the interface 
conductor-insulator (𝜎2 → 0)?  

The relation between the direction of J1 and J2 at the interface: 

In insulator 𝐽 = 0 ⟹ 𝐽𝑁1 = 0 = 𝐽𝑁2.  On the other hand 𝐸𝑁2 ≠ 0, 𝑦𝑒𝑡 𝑐𝑜𝑛𝑡𝑟𝑎𝑑𝑖𝑐𝑡𝑠 𝑡ℎ𝑒 𝑓𝑎𝑐𝑡 𝑡ℎ𝑎𝑡 𝐽𝑁2 = 0
since 𝐽𝑁2 = 𝜎2𝐸𝑁2 but 𝜎=0.   In any case, at any point within a conductor 𝐸 = 𝐷 = 0, 𝑖. 𝑒. 𝐸1 = 𝐷1 = 0, 
out of which 𝐸𝑇2 = 0 𝑎𝑛𝑑 𝐷𝑁2 = 0
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Does this result correlate with what we know about 
currents and equi-potetial surfaces? 

Therefore, for 𝜎1 ≫ 𝜎2 ⟹ 𝜃2 →
𝜋

2
and hence for every current arriving the conducting-isolator, it apparently 

flow along the interface.  However, though current can not exist in insulator, electric field does. 

In summary, the only component of the electric field exist is 
perpendicular to the interface conductor-isolator (see figure)
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0
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s NJ 

 

 
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The continuity of J in the interface between two conductors:

1 1 2 2

1 2
1 2 1 2

1 2
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1 2 1 2
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N N s
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s N N N

s N N
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  


  
 

 


   

  

   

   
      

   

From the continuity of 𝐷 ∆𝐷𝑁 = 𝜌𝑠 :

In good conductors 𝜀 → 𝜀0 𝑎𝑛𝑑 ℎ𝑒𝑛𝑐𝑒:

Why a voltage difference is developed between the to sides of a resistor? 
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Conductor Insulator

J=σE=-σ gradV D=εE=-ε gradV

div J=0 Div D=0

delta JN =0 delta DN=0

Τ𝐽T1 𝜎1 = Τ𝐽T2 𝜎2 Τ𝐷1𝑇 𝜀1 = Τ𝐷T2 𝜖2

𝑅 = Τ𝑙 𝜎𝐴 𝐶 = Τ𝜖𝐴 𝑙

𝑅𝐶 =
𝜖

𝜎
= τ

0E dl  0E dl 

The  duality between J and D (electrostatics): 
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Magnetism:  Units

𝑾𝒃 =
𝑲𝒈 ∙ 𝒎𝟐

𝒔𝒆𝒄𝟐 ∙ 𝑨
= 𝑽𝒐𝒍𝒕 ∙ 𝒔𝒆𝒄 = 𝑻 ∙ 𝒎𝟐 =

𝑱

𝑨
= 𝟏𝟎𝟖𝑴𝒙
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l l

I dl r I
B dl grad
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   
      

  
 

:מחשבון ווקטורי ידוע השווין

   : [2]From vector analysis curl A curl A A grad A grad curl A curl A           

:כך[ 1]ניתן להביע את [ 2]באמצעות 

0 0

0

1

4 4

; [3]
4

l l

l

I Idl dl
B curldl curl curl

r r r

I dl
curl curlA B curlA

r

 

 





    
        

     

 
  

 

 



= 0
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Biot–Savart law and the vector potential ഥ𝑨



:Ԧ𝐴הודות הפוטנציאל הווקטורי  

0 0 0 0

, ,

ˆ

4 4 4 4
l l s l s V

I dl Jdsdl Jldsdl Jdv
A

r r r r

   

   

 
    

 
   

:דהיינו, מבחינה מתמטית האינטגרל הזה זהה לזה של הפטנציאל

V consequently one get the similarity between 𝑉 𝑎𝑛𝑑 ҧ𝐴:

2 2

2 2 2; ;

V

x x y y z z

V A J

A J A J A J






  

       

        

4 4

V

V

dvQ
V

r r



 
  
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:ההצגה האינטגרלית והדיפרנציאלית של חוק אמפר

0 f

L

B dl I 
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Stokes theorem 

0 0( )
s s

B ds J ds B J        

The integral and differential expression of Ampere's law:

Current is the source of magnetic field and charge is the source of electric field
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Lorentz force

The magnetic force acting upon a current caring wire is given by:   

sin sin sin sinB eF Il B IlB JSlB vVB QvB Qv B           

e

s s

I J ds v ds    
Ԧ𝑠

Ԧ𝑙

𝐵
θ

And in the presence of eclectic field the total force is:

Hendrik Antoon Lorentz 1853 –1928 

Type equation here.
ത𝐹 = 𝑄 ത𝐸 + ҧ𝑣 × ത𝐵

http://upload.wikimedia.org/wikipedia/commons/3/33/Hendrik_Antoon_Lorentz.jpg
http://upload.wikimedia.org/wikipedia/commons/3/33/Hendrik_Antoon_Lorentz.jpg
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B
emf

s

d d
V B ds

dt dt


    

Hence the circulation integral should include the contribution of the magnetic 
field as well: 

0 B
Total T emf T

l s l s

d d d
V E dl V B ds E dl B ds

dt dt dt


               

 
s s

d dB
E ds B ds E

dt dt
          

Faraday law

Stoke
Stokes theorem 

Conservative field

Michael Faraday (1791 – 1867)
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, 2

,

0 0 0

: ; ; [ ; ] ; ;
f n V V

e f n V

s s

q
I E ds divE D ds q divD E gradV V

 
 

  
            

2

0: 0 ; 0 ; [ 0 ; 0] ; ;
s s

II B ds divB H ds divH B curlA A J          

 
: ;B

General

l s

d Ad d dB
III E dl B ds E A E gradV A

dt dt dt dt

 
                 

0 0

0

: ? ; ?

[ ? ; ?]

l

l

IV B dl I B J

B
H H dl I H J

 



      

        





Maxwell Equations :
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:השלמת מקסוואל

curlH J divcurlH divJ  
0 0

:Following the continuity law

0

0

0

0

( ) 0 ( ) ( ) 0

V
V V

C D

divJ divE divE

div J E div J D div J J


  





      

      

0 0
e

D

s s

d d d
I D ds E ds

dt dt dt


      

: עידכון מקסוואל

0 0 0 0 0

0 0 0 0

: ( ) ( ) ( )

( ) ( ) ( )

e
C D C C

l s

C D C C

d d
IV B dl I I I I E ds

dt dt

B J J J E J D


    

   

        

       

 

Relating to the differential aspect of equation  VI



H-The magnetic field intensity

 

0 0

0 0

;f f

L L

f

L

B B
B dl I dl I H B H

A
H dl I H

m

 
 

       

    

 


:ההשלכות למשוואות מקסוואל

0 0

( ) ( )

0

:f f

L L S L S L

f

B dl I Via StcokesTheorm B dl XB ds J ds

XB J

 



         

 

   

:באופן דומה נקבל
fXH J 

:שמות

:

: int

B Themagnetic flux density

H Themagnetic field ensity
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Types of magnetism:

Diamagnetism Paramagnetism Ferromagnetism 

No Yes but weak Yes and constant Magnetic field

Electrons spin orbital Electrons spin Magnetizing regions Source of 
magnetism

Opposite Identical Varies, Hysteresis Direction of B in 
respect to H

Cupper, Lead, Diamond, 
Mercury, Silicon

Aluminum, Calcium, Magnesium, 
Tungsten 

Iron, Nickel, Cobalt Typical materials 

≈ −10−5 ≈ 10−5 𝜒 𝑚 ≫ 1 𝜒𝑚Typical 

≈ 1 ≈ 1 𝜇 𝑟 ≫ 1 Typical 𝜇𝑟
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Ferromagnetism

Diamagnetism

Paramagnetism
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Within each grain are a series of lighter 

and darker stripes (imaged by using the 

optical Kerr effect) that are ferromagnetic 

domains with opposite orientations. 

Averaged over the whole sample, these 

domains have random orientation so the 

net magnetization is zero. Moving 

domain exist as well.

https://www.google.co.il/search?q=kerr+effect&rlz=1C1GGRV_enIL751IL751&oq=kerr+effect&aqs=chrome..69i57j0l5.13495j0j7&sourceid=chrome&ie=UTF-8
https://en.wikipedia.org/wiki/File:Moving_magnetic_domains_by_Zureks.gif


𝑩

1 2 1 1 2 20 N N N N

s

B ds B B H H      

   1 2 1 2

1 2

1 2

1 2

1 2

0 : 0

f

f T T f T T f T f

L

T T
f

T T
f T

I
H dl I H H L I H H i H i

L

B B
i

B B
For i H and

 

 

            

  

   



2/27/2020 25

Boundary conditions for B and H


