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+ (τk�(x� + dx�) − τk�(x�)) dx hdxi
+ (τk

i(xi + dxi) − τk
i(xi)) dx hdxi

= dV
∑

l

∂τkl

∂xl
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#
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∂ �ui
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∂ �uj

∂xl∂xi
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g $
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 �45 ���K 1�  
 �H� �& �
 � L& -$ �[ D� 
 � D%�� E � � �� $ � 
 �c �� � � �� & ,�� ��

%ük =
∑

klij

∂ �ui

∂xl∂xj
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 �45 T�c$ � MN �� ,M!� $ ��=� R��� %Y & �� � 
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 �

∂ �u�
∂x h∂x h 6= C

,
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�-=�* #$ @� � ,& #�� 5 #��N � �� $ � � �� & @(�j 3E ��>$ �
%ü� = c� h�h

∂ �u�
∂x�h

= c�� ∂ �u�∂x�h
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√
c��
%
,
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 �� $ �
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 �& �sijkl
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 ��
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∑

kl

sijklτkl.
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@� � ^-� )� � ,&  �� � #$ f %� Z�� ( " � #N �K � �� @! �j d%N� � �& R)%=U �� 6�� 
 � ,4� �/ $-�� %Y & �� � 
 � �
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 � L& D� " � �� ?  �0
� ;�. � %%� � D� 1��$  �� =5 ,& 6@� ��

εij = εδij .
7��9 �<

-=. �& �� ?  �0
� @0 � �& #$ f %� ��Z=� R#4>�$  
 �H� ;%! � ,&

τij = τδij .
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τ = (c hh+
#
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7
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#
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7
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 �

(c hh+
#
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#
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B
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 �c � @/ � #4 > � $ 
 � L & D � �g j 3 �� % % � � �� % ? �" �- � � ,( ��" � $* #$ 7��9 �< ,! ��> $ " �
6-� �#$ @� � ,& �
 s hh+

#
s h� � c hh+

#
c h�

D%�� E � � �� @& �� " � #4%(� � D%� ��� �� 
 -%�
" � @� � 3
 �45 s

D%�� E � @& �� � c
D%�� E � 1� -$ )%& �� Y� � ,G & �


(c hh− c h�) (s hh− s h�) =
B 7�
9 �<

� �� & εij =
C � �
 � � ,& εii =

C
, ε hh = −ε�� Z�� ( @! �j � �� & #� & �c $ 3 ��j \$ �& ,(-�* #$ @� � ,& 7�
9 �< � 7��9 �< 
%(� � " � 6��. #$ ;N �j i 6= j

s hh =
B
�
( B
c hh+

#
c h�

+

#
c hh− c h�

)

,
7
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s h� =
B
�
( B
c hh+

#
c h�

−
#

c hh− c h�
)

.
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)� � � & �� \5 R#.� & � ��Z�� ( � ��Z=� � �� & D%�� E �
 �0 � �� 7��9 �< �� G W ;�. ;%! � ,&
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 ��

c�� =
B
/s��. 7� �9 �<
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 ��U � ��
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c�� = s− h�� ��
 �� �� \5 ,& 6
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#
s�hi �&

� % %� � � � � 
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 � D%�� E � � � � " � #4> � $ 
 � L & RE �&  
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 � #L�. � %%� � � � � 
 � ,( #c =� " � @� � 3� �M�$ R��. #$ ;N �j 
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 �/ $ � ��� �
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 � L & D� RA� . )� � � �� b �� � � �� & 6-= = ( �-N #N �K A� . 
 � #�0 � �& #$ #4>� $

 � � @� � ��� ( �-% � Zc ( εxx

�" �-� � ,& � �
x � �� K 1� 
 � / $ � ��� �
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 �
>� $ x� � x h � ��
 �/ $ � ? � 6@� � �-. ��� c � εyy = −εxx
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��
 �� τxx

Z=� � �� & R-=. �& y � x � ��
 �/$ �" �� $

τxx = (c hh− c h�) εxx.
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ε�i = εxx
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9 �

τ�i = c��ε�i = c��εxx.
7�:9 �<

�� � %� τxx
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 � 6�%� �#$  �c � τxx �& �
 τ�i 1 �j

fx = τxxa�/√#. 7��9 �<
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 � � � %� � ��a � 6-=( #$ �
 �� �


f� = τ�ia� = fx/
√#

= τxxa�/#. 7��9 �<
,& �� ?  �0 
� D%�� E �
 ���
 )�. �� A� . 7��9 �< �& ,0 � �H $ " � � 7��9 �< � 7�:9 �< �&-�* #$ @� � ,& � �" 3
 �N

#
c�� = c hh− c h�.

7��9 �<

;H�0 $ D%�� E � @& �� � � JH� -. �& �� ?  �0 
� D%�� E ��� � " � ,( �-$ �[ RA� . )� � ;%! � ,&-��. #$ �� ��  �c � � �" 3
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 ��
λ = c h�, µ = c��. 7��9 �<

�� & -� ��K � �" ;�. ,& 7� �9 �< ���  � � �W 3
 �N )� � 
 �
τik = λδik
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i

εii +
#
µεik.
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Y
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� �	
 �
Mo �	 � �	 �
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� �� "�� �

Pn ∝ e−En/kBT , "
��#
� % ,��� � �� �� + � � 0 � � � � �� + 0 � � �� 
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- � �� � �� �.6 ε(ω,T )

0�% ,��� 	k � � � R �O�
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∞∑
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∣
∣
∣
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∣
∣
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 �.0 � �� �8� �� � ��K 
� �� �- � � 	 � ,� �� ( 	 �� � �� 
� � % � - �( �6� � �−�0�8� � �� ��� % �% �& � ��� � � �� �7 � ! 2 � �� �
 � $�� & � ��� � �.� �� � �� �� � 3 : �$���� �
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u =

∞∑

n= �ane
inω�t

�!0 � �� ���&� �� � . �� � ��� �� ( �+ �2 �� �� ��� �� �� �� � ! � 0� � � �. �� � $�� � *
 *� �	
��0 �� ��K � �� 	� ��� � � � )�&� �� )�� !� � � ��7�� !7 � � 	 � � ��� � � �� �0 � 0� �

�. � �� � �� � &  ' � �� � % ,��� � � � � � ��� % � �0 . � � ��� � �� � ��� � - � 	� � � 2 �� �−�	
��
 � � � * �� � � � , �� � � � �� sstat � � �
 � � �
 � � 	 �� � 1 � ��� ( � � � � � $� � & �$�� � ���2 u(t) = ustat + u � sinωt
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�7�� � � ��0 � �� 
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 �� �� � � �.�� �&�� , ��� , �� � ���!0 �� �!� �� � �� � 	 � �� �
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�� �� &� �� � + �� ���� �0 � �� �� �� �
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$"+# �.�� �8� � 	 � �!0 - � 	 ��7.+ � � � � ��� � !7 � � 	 �� � *�0 � �!2 ���� *7+ � 5−� *7+
� �� �� � 0� � �� �� ,� � !7 � � 	� � � � � % � �� 	� � � � - � ��� � - � �� � �� �.6 Evac
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��� � � 	 �� � � �� � � 0�� � 
��� $�� � � � � � �� �
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� �� � � �� "−−# ���� � *�0 � �!2 
�� - � �� � �� �.6 �!0 �� 0� �
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�� �� ��� ��� � ��� ��� � � � �� � �� � �� � � � �	 ���

�[6.1] �(� % � �� 	 �� � �� � �� � � �� � � ��
�� ��� ��� � 3��� )�� � � �� 	� � 
��� � ��0 � �� ��� ��0 � �
( ��% ��� 0�6 � � )�� 0� � $�&� �� �+� 2 ��� � �� � � �� *K �� �� �&!� *�0 � �!2 - � �!
� � � � � � )�� 0� � � � $�� � � �� ( � �� �( 
� �� �� � �� ��� �
 ��� � !7 � � 
 ��K - � 	 ��!( �� �� .
 �

�
�� � � �� �
 � �� 	 � 
� �� � � �� 	��� �� 	 ��.�
 *�0 � �!2 � � �� �� "L ���� � �� �.�7 � # 	� �(0� � �� �&!0 � � � � � � �� � �� � ��	 � ,� � !7 � � �� � � � ,�� � ��  " 5� � *7+ # �& &� �� � �� � � ,'�� � �eV �� �
 � � �� �� � � �� �6� � � � ��� � �� �� � � � � �
 0� � - � �� 
 �( 	- �� 
��� � �� � ��� � !7 � � � � � �� � � � � ,� � !7 � � 	 �� � ,��- - � *� !0 � � � & � �� � + �� ��� � $"�� � �� � #- � �� � �� �.6 ���� � *�0 � �!2 
�� � �

− h̄��
m

∇�ψ(r) + V (r)ψ(r) = E′ψ(r), " 5� �#
��+ �� 
� �� � �- �� �� �� V (r)

*�0 � �!2 ��
V (x, y, z) =

{
V � = const 4≤ x, y, z ≤ L
∞ otherwise.

"�� �#
��+ �� E = E′ − V � ��

− h̄��
m
ψ(r) = Eψ(r). "9� �#

�� � �� � ��	 "x, y, z = 4, L# � � � � �� � � � �&� � �� �
 � �� �� � 
 � � � � ,� � !7 � � �� �� �� �' - �" 5� � �� � - � 
��� !� � �� � � 	- � � � � �� + �� �� + �0 � ��� # �� �� � �� �� � � 
�� ��&!0 � � � � � �- � �� ��� �.6 �� �� + 0� � $�+ �� �� ��K
ψ = 4 for

x = 4, L; 4≤ y, z ≤ L
y = 4, L; 4≤ x, z ≤ L
z = 4, L; 4≤ x, y ≤ L

"�� �#
�� �� �� ψ(r) �� �� &
 � �� + 0� �� � �&� � ��+ �� �( �� �.�
 ,� � � �� �
 ��	 � �/ �� ,� � !7 � ���+ �� �!+� � � �-

∫

box

drψ∗(r)ψ(r) = 3. "�� �#
� ��� �� � �� �� � �- � ��
 "�� �# 	- � � �� + 
 �� 8 �� "9� �# �� &� �� � + �� ����

work function  
fixed boundary conditions !
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L )�/ �� ���� � *�0 � �!2 
�� � � � � � �- ' ,� � !7 � � )� � �� � �� �� �� �� �� ( *7+ ��−� *7+- � �� ��� �.6 nx = 3, �, �, . . . ��� ! � �� � � ��6 � �� � � �& ! � 	 � �� � )� / $x � �� � 	 �! � �� � �$λ =
�
L,L,

�
L/

�
, . . .

ψ(r) =

( �
L

)	/�
sin(kxx) sin(kyy) sin(kzz). "�� �#

�&�' �� �� � �� � �- �� �� �� �"9� �# � � "�� �# 	� ��% �
 - � 078� 	� � � � 	 � - �� �
E =

h̄ �k ��
m

=
h̄��
m

(

k �
x + k �

y + k �
z

)

. "�� �#
�� � �� # � & + �� � � � �- ' 	 � ,� � ! 7 � � 	� � � � � (� � � � �� ! � � �� 	� � / ,�8  � 	� � � � 0 � �	 � � ��� � 	� � � �- �� 	 �� "�� �#

x, y, z = L � � ψ = 4 �� + �� �� �� � 0� � �� �"	� � �� �
���+ �� �� &� kx, ky , kz

�
� �
kx =

π

L
nx, ky =

π

L
ny , kz =

π

L
nz, nx, ny, nz = 3, �, �, . . . . "�� �#

� �� &
 � *� �	 �.�
 ��
 	� � � � ��&+ �� � �� nx, ny , nz
- � �7 � �� �!� �
 �� �� �&!� 	 � � ��


��� & � �
� � 	 � � ��� � �� � � �& ! � 	 � � ��
 $��� + �!+ ��% � �&� �!0 � �� �� ��� � �& !0 � � ,�� �� �� � ! 7 � � 0 7 8 � 	 � � � �
 $� &  ��8 � � � � �� "�� �# � � 	� � �
 �� K * � !0 � *
� ��6 � � � �� � , �� � �� �� "�� � *7 + ��!0 � � 	 � �� � # � � �
 � � � 	�� � �� *�0 � �! 2 
�� � �	 �� ( � � - �� � � � ���� - � - � �� � �8 � $�� 8 � ��� 
( , �+ (kx, ky , kz) �� (nx, ny, nz) ��� !� �� ��� � ��� �� � �� �� E = h̄�k �/�m �� �
 	� � � � �� �
� � � �	�� �� �� �
� ��� ��� �$�&+ �� �� 	� � �� . � � � 
�� !�  � � k - �� � � � ��� � ��+ � �� � � �
 0 � � � � �� � � �
 	- � � �� + 	 �� �� � �
 0� � � � " 5� � �� � # 	 �
� � � 	- � � �� + �� �0 � �� � � � �� � $�� �
�+ �� �� � k 	�� (
octant �
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 � �� *�0 � �!2 
�� � � ��� � !7 � � 	 � �� �
 � � �8 � "b � a
# �9−� *7+� � �� � � �& ! � �� � � �  �0� �� � 078 � �� �
 � � *� � � �� $k 	 �� ( � � �
� � � ��� � - �� � � � ��� �
�� � �	 �� )� � 
�� !�  � � � �� �
 �� �8 � ��� �
 	- � � � � �� + 	 �� � "a# $�� � ��� � !7 � � �� �


k 	�� ( *� - �� � 	 � �� �
 �	 �
� � � 	- � � �� �� + 	 �� � "b# $�� � π/L ,�+ ��K ��� �( ��� # ky
� � �� 86 ��� �� ��� *7+ 0� � $�� � �π/L �
 �' ��K ��� �( �� � ��&&� �� �� � �
 ��	� � � �� � � �"b# � "a# � � �
 � � �  � � 	 �� � $� ��� ,�� � �� "�� + �0 � �� � 5�� *7 +$�� �
�+ 
� �� , �� � � �� E(k) �� �
 	� � � �

�� 
 �� �� � � � �& ! � �� �
 �  0� �� � �& � $�& !0  � � �� �� ! � � � �� � � � � �� �
 �� �� � �  	 �!� ��
��� � �� ( �!�� � 2� �.+ �� � �� �
 , �� � �� L �2�7�� � � �� ��� � � 	 �� � � - �� $Vk = (π/L)	0�� % 	 �
 k 	 �� ( 	 � ) ��� !� � �� �� � 	�&��8
 , �� � �� �� ��� - � 	� ��0 � 	 �� � �� 	� �/ ��$�� �- � ��- �� �!�� 2 ��
 $�� 8 � �.� �� � �� �� �
 �� ��� , �� � �� � �� �
 0� � � � � ,� �� ( �&� �8 � �!(� % �� � � � �� �� �
�+ � ��� � E(k) + dE � E(k) 	� � � � ���� ��� � �� �� )� � 
�� !� 

���&� �� ��0 � � k �� � ��� � � � �� �� �&!� Vk
��
 �� �� ,'

dZ′ = 3� �πk �dk/(π/L)	 . "�� �#
���' �� �� � �� � � �� ��
 �
 �� 	 � �� �
 � ���� �dE = (h̄�k/m)dk �� �� �
 ,' - �

dZ =
(
�
m)	/�

�π �h̄	 E �/�dE. " 5�� �#
�� �7 � 	 �� � 	� 7 ( � �  ��� �
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 	 �� � �� 0� � , �� � �� $"�� � �� � ��� ,' - � , �� � �� �� ���( � �� &�

�� �� ��8�� � �- �� �� �� ��+ �� �!0 � �� k ��
jx =

e

V

∑

k

vx(k) =
e

(
�
π)	

∫

E>EF +Φ, vx(k)>� vx(k)dk. "� 5� �#
$�� � V/(�π)	 � � �� � k 	�� ( � � � �� �
 �� ��� �� �� ��!0
 
� 
 � ���	 �� 0� � - � �� � �� 0� � � �� 2� 	 � �� �
 	� � 	� � % ) �� � ! � � � � 	�& ��8
 � ��&� �� �7
 ��� ( � ��' �� ��� % , �8  "99� �# )��+ � )�8 !
 � � � ,�� � ��� �� ���� � � / �� �� �� + 0� � , �� � �� $��� �% �� � �� � �0� �� � �&� $�� � �� ��

jx =

�
eh̄

(
�
π)	m

∫ ∞

−∞

dkydkz

∫ ∞

kx min

dkxkxf(E(k), T ). "��� �#
� �8 � �� �- ' � �� � ! 7 � � - �% � � 	 �� � �� � � �
�� 8 � �
� � � �mvx = h̄kx

� � ��! +� � �
 0 � � � �, �� � �� ��� � �� � � kBT �� �.0 � � �� �� �� �� 0� � �� �
� � �� $��� �� �� ��� � �&� 
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eh̄

�π	m

∫ ∞

−∞

dkye
−h̄�k�y/�mkBT

∫ ∞

−∞

dkze
−h̄�k�z/�mkBT

×
∫ ∞

kx min

dkxkxe
h̄�k�x/�mkBT eEF /kT "�9� �#

�!0 � �� �� � ) �� � ! � � � � $�� �� % �� �.� �� � *� �	 �!
 �� �� � ��� + �� � � !� �( � ) �� � ! � � 0� �� � �& �
EF + Φ - � �!0 � �� �� +x 	 �!� �� � � �� . &
 	� � � � �� ��+ �� �! + �� �
� � � �!7 � 0� � ��

��+ �� � ��� � �
∫ ∞

kx min

dkxkxe
h̄�k �x/�mkBT eEF /kT =

∫ ∞

(EF +Φ)�m/h̄�
3�dk �

xe
−h̄�k �x/�mkBT eEF /kBT

=
mkBT

h̄� e−Φ/kBT . "��� �#
�� � �� � �- �� �� �� �6 �. + � , ��� 
 �� �� � 	 �� � ��08 + ��� ,� � �� �� �� )� �� ( 0� �� � �& �

���' ��
js =

�πme
h	 (kBT )	 e−Φ/kBT . "��� �#

�� � �� � � $�� � 3� 4 A/(K�cm�) 	��6 � ���� 	 �� �� �πme�k �
B/h

	 )�8+ ,�

 ��8��� h̄�k �
x/

�
m ≥ EF + Φ 	� � � � �� �� �� � ,� � !7 � � �� �� �
�� � �� ( 0�&� �� � �� 0� � ,�� � ',� � !7 � � - �% )�� 	 �� � �!
 $��� + �� �� �K �� �
 - � 344% )�8 !
 � �� ��&�� �� �� �
 �

���� � � - � � ,� � !7 � � � ��- �� � � � .6 � � 
� � ��� !� �� � ��� � � $�0 �� ��� � �� ( 0� � � � �- '
��+ �� *�0 � �! 2 �� 	� � � � � � �� � �� � 	 � ,�+ 	� � � � �� �� � ,� � !7 � � �� �- � �' �� �� �� *�0 � �! 2
√
πkBT/(EF + Φ)

� ��� ��� / - � , �� � �� �� *�0 � �! 2 �� � 
 � $�� � � �� ,�+� � .6 )�8 !
 �08+ ��� ,� � �� �� �� )� �� ( $� ��� � �� 	� �% ��� � � / �� �� �6 �.+ � ,��� 
 �� �� � �� ��
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 � �!0 �� �� �� � �� � � �$"��� �8 � ��
 �� �� �� 5��� � � � E �
� �K , ���� �� � �� �� �� �� !0 � �� �� � �- � ���� �� �� � *�0 % 
 �K �� �
 � ��� �� �� �8 � �� �� Φ �� �
 �� �� � 0� � - � �� �.6 �� �&� ���� � $��' � �0


Φ′ = Φ −
√

e	E
�πε � = Φ − ∆Φ "��� �#

Richardson-Dushman!�
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� �� ��' �� �� � �� �� ( 0� � �� ∆Φ �� ��� � ��8
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� �K , ���� � 
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 � �- 	- � �$�&!0 �8� � ���� �

� �� � ��� � �7�� �( � �/ �� , �� � �� �� ��� � !7 � � 	 � - �% 0� � ��' "c#�� �� � �� !0 � ��� � �� �
 ,' 	 � ,� � !7 � � �� ��� �� � �- ' 	 � ,� � !7 � � - � 	- �% 	 �� � �−�$��&� � �0
 �.�� � 0�� � 0�� �2 �� �� �� ��8�+ *�0 � �!2) ��� !� � �� $��0 �� &� � �&!� 	 �� � � � �� ��� � !7 � � �� ��� �� �.6 � ���� �	 ��
F (x) =

∫ ∞

�
√
ydy3+ ey−x

,

�x ≥ 3�� 	 �� � $���� �� ��K
F (x) ≈ �

/
�
x	/�( 3+

π �
�x�

)

, "��� �#
$�� � ���K ��� � �

��� + � � 
� �� � � 
 � � � . 
 � Etot
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 )� �� ��� � ��� ( - �% �� . &

��� � 
�+ �!+ �� � �
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� �. & ! � � "∼ 3�� � Å
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 �� � �� 0� � *�� � �� � � � � "c#$��&� �� �
��K �� �- � � �� z = 4 �� � �� �� "z < 4# �� ( - � �8 �� � �- ' ,� � !7 � � 	 �8� �2 � � �

−
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 , ;� R= a� � a � �a � ;� �5 � !%� � ;2 (n �, n�, n�) � � !� � & ! rn �
@4�W
 � � �& G� � # ;� !� �' � !� $ 
, �-2 ! ;� R= S� �@ $ � �A � � !� !% J " ( V (r)

�"
 ( �� 5 �� 6
�% !% ;�� � �

V (r) =
∑

G

VGe
iG.r, �	8��

�+= �� �� � !� ;� R= & ! �� !%� � -
 � �� 
,
G � !%� � ;<

G = hg �+ kg� + lg�, h, k, l integers. ��8��
�
L � � � � ( %� � ,

ψ(r) �� , 
� �$ W
 � :�� $ 
�< B�G → G = h
�
π/a � +4 � 9 � - �L � %�& ! -2 ! G� �R1 -Z $ � �� �� ,

ψ(r) =
∑

k

Cke
ik.r. ��8��

� D8 � � D8 � Y Z � � � !3� � % �& � , W � !� = �� ;< - 2 ! �� � !� ;� R = & ! � !;Q . ( k �> :� ! � %- 2 % ;� � D8 �� � K @ � %� � = ; %�4 , � % ��8 �� � �	8 �� W
 � �� !�) �> & ! B+ = �� � �)& �2
�/�� � ' 
,

∑

k

h̄�k ��
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∑
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:� !� � �@� � �-2 ! �� � !� ;� R= � ��� !%� � �� � ;�� � � W
 � 9 � �+= %� !� �> :� ! � % ;< uk(r)


� �$!� � �& � � %�. , � !3� � % �& � , W � !� = � !� � ; < k 
 >� , � !%� � B+ = �� 
 , ; � R = S� �@ $ � !� !%+@�J ) 
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∑
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Bloch theorem !
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