
.





Paul Karl Ludwig Drude
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Arnold Johannes Wilhelm Sommerfeld
(December 5, 1868 - April 26, 1951)



2 B1/2mv /k TMBf e

BFD ( )/k T
1f e 1  

3VC T AT 



Quasi free electron 
approximation



Quasi independent 
electron 
approximation

0
V(x, y, z)

 



2 2 ( ) ( )2m     r r

(x, y, z) (x L, y, z)    (x, y, z) (x, y L, z)   
(x, y, z) (x, y, z L)   



i .( ) Ae  k rr x y zi(k x k y k z)Ae  
(x, y, z) (x L, y, z)   

x xik (x L) ik xAe Ae 
x xik L 2 n ie 1 e  

x x
2k nL
 xn 0, 1, 2, ...  
2 2 2 2 2 2

x y z
k (k k k )2m 2m     

k
3 3F

(2 ) N 4 k2 3   

3F
2

k N n3  



Ω (E)  E
Ω (E) = (E) E

Density Of States (DOS)

E
=   (E + E)

E + E , E   

E+E
=   (E)

Ω (E) =

     EEE  )E(   EE 
     EEE E)E(EdE

d     
dE

EdE 



2 2 2 2 2
2

K n
2m 2mL

   

?)E( 

n=1
n=2
n=3
n=4

E0

n)E( 
1/2Ln (2m ) ( )   



      11 22d L 2md 2
   

 


    11 22L( ) 2m E2 h    
  

  L 



2z2y2x nnnnR 

 
33 2 22 2 3 3

2 2 2 2
1 4 2mL 2mV ;V L8 3 6

     
               



 2 2 2 2 2 2 2x y z2
K n n n2m 2mL

     

 1/22 2 2x y z
LR n n n n 2m

        

 
33 2 22 2 3 3

2 2 2 2
1 4 2mL 2mV ; V L8 3 6

     
               

    32 22 3 122
d 2m V 3

d 2
    

      


  ( )    
32 22 3 122

2m V 3
2  

     


  g( )     V 



g( )

 2FF
k

2m  

xk
yk

zk
Fk

3F2
Vk N3 

1/32
F

3 Nk V
    

1/3N
V

    



2/32 2 2 2FF
k 3 N

2m 2m V
      

 
2/3N

V
    

N nV 

F Fmv k  FF
kv m  8Fv 10 cm / sec 1/ 300C 

2F B

F

31/ 2mv k T2
T 0 v 0


  



F

2 2

k k
kE 2 2m

    

 
2 2

3
k dkE 2 2m 2

V
   F2 k 4

2 0
VE k dk2m  52 F2

kV
52m 

52 F2
kE

V 52m 

E
E VNN

V


3F
2

kN
V 3

52 F2
3F2

k
52m

k
3






2 2Fk3
10 m 

F
3
5 

F B Fk T 

B F
3 k T5



T,N
1 PB VK V

     

N
EP V
    

FE 3 / 5N
2/32 2 2 2FF

k 3 N
2m 2m V

      
 

2/32 23 NE 3 / 5N 2m V
    



2/32 22 3 3 NP N3V 5 2m V
     

 2E
3V   5/32 2/321 N35 m V      



P 5B V PV 3
   10 E

9 V F
2 n3 



g( )


BFD ( )/k T

1f e 1   T 0
1lim f ( ) 0
      <
     

   
  

T 0 Flim   
F U TS 

N NF N NF
N 1 NF F   

T 0 T 0



xk

yk

zk





D( )



f ( )

F

T = 0T <> 0 N( ) f ( )D( )  

F
Bk T

Bk T
F

Bk T
F

U N Bk T
F B3 / 2k T 2Bel

FV,N
3NkUC TT 

    
elC T 



B Fk T 
TU U(T) U(0)  

U(T) U(0)

F
0 0U D( )f ( )d D( )d         

B( ) / k T
1f ( ) e 1   

F
F

1f ( ) 0
    
   
   
  



F
0 0N D( )f ( )d D( )d      

F
F F0 0D( )f ( )d D( )d        

F F
FF F F0 0D( )f ( )d D( )f ( )d D( )d 

             
F F

FF F F0 0D( )d D( )f ( )d D( )f ( )d 0 
              

F F
F0 0D( )f ( )d D( )f ( )d D( )d U 

               



F F
F

F F
F

0 0

F F F0 0

D( )f ( )d D( )f ( )d D( )d
D( )d D( )f ( )d D( )f ( )d

U 0 U

 


 


          
          




  

 
    

  
  

 
   

F
F F

F

F F0 0

U D( )f ( )d
D( )f ( )d D( )d


 

    
        

  
   

 
     F

F F F0U D( )f ( )d D( ) 1 f ( ) d
                



 
F F D( )f ( )d      

   F
F0 D( ) 1 f ( ) d      



 
F F D( )f ( )d       +d
   F

F0 D( ) 1 f ( ) d       

FF
B

T 50, 000Kk
 



   F
Fel F F0

dU df ( ) df ( )C D( ) d D( ) 0 ddT dT dT



                  

 el F0
df ( )C D( ) ddT

    

f()
df/dT

D()

 el F F0
df ( )C D( ) ddT

    



01.0=F/

B
F F B

k T T
/ k

T
50, 0000K

300K 0.0150, 0000K

 

 



 
  FF

2 2B F

exp / Tdf .dT k T exp / T 1
  

 
       

F xT
  

 el F F0
df ( )C D( ) ddT

    

 
 

F
B

F
B

x
el F B B 2xk T

2 x2B F 2xk T

x eTC D( ) k Tdx.k Tx
e 1

x ek TD( ) dx
e 1















 
 




-
xe

TBk/F-x=



 
2 x 2

2x
x edx 3e 1


 

a

2
ax 20

d x ddxda dae 1 12a
      

 
ax 2 2

2 3 20 ax
xe x 2adx 12a 6ae 1

       
2 ax 2

2 20 ax
x edx 6ae 1

 

 
2 x 2

20 x
x ea 1 dx 6e 1

    
2 x 2 2

2x
x edx 2 6 3e 1

 
   



 F
B

2 x2el B F 2xk T
x eC k TD( ) dx

e 1 
 

22el B FC k TD( ) 3
  2 2 2 2 2 2 2x y z2

K n n n2m 2mL
     

 1/22 2 2x y z
LR n n n n 2m

        

 
33 2 22 2 3 3

2 2 2 2
1 4 2mL 2mV N ;V L8 3 6

     
                

    32 22 3 122
d 2m V 3 3N

d 2 2
    

      


F
F

3ND( ) 2 

22el B
F

3NC k T 2 3






22el B
F

3NC k T 2 3




2 Bel B
F

k T1C Nk2  

2 Bel B
B F

k T1C Nk2 k T

2el B
F

1 TC Nk2 T



3C T AT 
A

T



CTC/2T

2C ATT  

2 2el B F
C 1 k D( )T 3   



thermal effective mass

thm ( )
m ( )

Experimental
Free electron




2 2el B F
C 1 k D( )T 3   

2 2el B
F

C 1 3NkT 3 2   
F

1 m  



thm ( )
m ( )

Experimental
Free electron






13UBe3CeAl2Si2CeCu

f
f

em1000f



ˆBB k
x ˆJJ i

x xJ E

y xE BJ y H xE R BJ
e F V B

d m
dt  P F V

e



d me edt    P E V B V

   x y x x
d mˆ ˆ ˆ ˆˆe E E e V B Vdt     P i j i k i

x ˆJJ i x x xJ V enV  x xV J / en
d 0dt P

  xx y x
J mˆ ˆ ˆ ˆ0 e E E e B( ) Jen en

       i j j i

x x
meE Jen xy

J BeE n



x x
meE Jen xy

J BeE n
2

x x
neJ Em



x xJ E
2ne

m
 

y x
1E J Ben

y H xE R BJ

H
1R en

y H xE R BJ



Resistive Forces
• Linear Case

F = -bv
• Terminal Velocity
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