
Metals in high-frequency electromagnetic field 

• Normal skin-effect (  > l ) 
• Anomalous skin effect (  < l ). Inefficiency concept. 



Normal skin-effect (  > l ) 

Maxwell equations: 

Substituting solution in the form of  

plane wave  exp(ikx-it) we obtain  

Hence, the 

wave number  

Substituting this to exp(ikx-it) we see that electromagnetic 

wave decreases exponentially ~ exp(-k2 x) inside the metal. 

This phenomenon is call the skin effect.  

The penetration depth is  



Surface impedance  

in the normal skin-effect (  > l ) 
Electric field inside the metal 

decreases exponentially: 

Ey(x) =Ey(0) exp(ik x).  

The impedance, or surface resistance is  

Using the Maxwell equations,  

we obtain 

and 

Penetration  

depth  



Surface impedance (2)  

in the normal skin-effect (  > l ) 

valid in the case of  

Ohm’s law j=E  

valid for any relation 

between j and E  

The penetration depth is  

Results: 



Anomalous skin-effect (  < l => jE ) 

The electrons moving at a large 

angle to the surface spend little 

time in electric field and therefore  

almost do not interact with it. This 

is called inefficiency concept. 

, 
e 



Surface impedance  

in the anomalous skin-effect (  < l ) 

The surface impedance is 

Using the Maxwell equations,  

we obtain 

and 

e 

Substituting we obtain the impedance: 



Anomalous skin-effect (  < l ) 

The impedance: Z 

The penetration depth: 

Results: 



Regions of normal and anomalous skin effect 

The anomalous skin effect is 

observed when   < l   

Substituting  

and 

we obtain the 

condition for 

anomalous skin 

effect: 

normal 

skin 

effect, 

low 

conductivity 

anomalous  

skin effect,  

(high conductivity) 


