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0d:b⌘ÏG0�+ˆõöπ↵Ñ$Õ„. �Õ/_⇢��ÔÂR���˝œ�fiÌ��Õ/c⌅��

_8ª���˝R���˝œfiÌ. }6�⇧,´�˘îÔÂû∞Ñ�û∂��F/ÔÂ‡†⇣‘�û’Ñ

‚⇧.

(œxi⌃Ãb�_⇢�íP(E < V (x)Ñ:fl–®. ÇúíP˝œ(Êπ'éV (x), ÉÔÂŒÊπ

e�(E = V (x)Ñ0π\↵�6�fi0‡w‹⌅↵ Ÿ$Õ–®∂�1˘î_⇢�åc⌅�.

F/·≥œPõfÑíP�1é‘ß�Hî’�ÍÅE > V (±1), 1⌅éc⌅��sÔÂ0æ‡w‹⌅. Ÿ

/��éœxíPÑ0π.

¬⇤˛2.4⇥

Figure 2.5: œx�œP_⇢�åc⌅�.(c) œxÑ_⇢��œPÑc⌅�.

⇤Q�*(œ:mÑíP(Â↵øí-Ñ–®

V (x) =

(
0, x < 0, x > a

V0 > 0, 0  x  a
(2.118)

>6øí° û’_⇢íP�⌘Ïv@◆‘c⌅’�.

⌘ÏGæíP/ŒÊπe⌅eÑ. GæÉÑ˝œE > 0, F/NéV0. 9nœxõfíP�Ô˝�«øí

0æx > aÑ:fl, É⇢(x = 0⌅Õ9fiª. Çú`—⌅'œŸ7ÑíP, ~⌃K~˝⇢´—9fiª. £Hœ

Põf˘Ÿ*Óò⇢Ÿ˙¿H7ÑTHb�

⌘Ï⇤Qö�. 1éíP˝œE > 0, ⌘ÏûE⌦(⌅⌃�*8ª�Óò(íP⇢(‡w‹⌅˙∞). ‚˝p

ÔÂô⇣

 (x, t) =  (x)e�iEt/~
. (2.119)

zÙ‚˝p·≥ö�Seq

Ĥ (x) = � ~2
2m

 (x)00 = E (x) (2.120)
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(x < 0, x > aÑ:fl, 1/

 (x)00 + k
2
 (x) = 0, k =

r
2mE

~2 (2.121)

(0  x  a,

 (x)00 � �
2
 (x) = 0, � =

r
2m(V0 � E)

~2 . (2.122)

Ÿ7öIk,�›¡Ük
2
> 0,�2

> 0.

Eq.(2.121)Ñ⇢„:exp(±ikx). ⇤Q0�Àaˆ: íPŒÊπe⌅, _1/ Ù, ‡∫ÇUíP(Û

πx > aµ�⇢ ⌘ÊÑ®œ‡á, ⌘Ï÷„:

 (x) = e
ikx +Re

�ikx
, x < 0, (2.123)

 (x) = Se
ikx

, x > a. (2.124)

Œi⌃⌦↵, exp(ikx):w ®œ~kÑe⌅‚, ∞: i, R exp(�ikx):®œ:�~kÑÕ⌅‚ R, S exp(ikx):

®œ:~kÑ✏⌅‚ S . ˘888ªªª���‚˝p‡’R��, ÕÅÑ/¯˘:¶, @Â ⌘Ïäe⌅‚Ñ/E÷:1. Û

éS, ÇúÉIéˆ, 1✏s@íPv�⇢˙∞(øíKÛ.

øíÖËÑ‚˝p/Eq.(2.122)Ñ„,

 (x) = Ae
�x +Be

��x
, 0  x  a. (2.125)

⌘ÏË✏0,1é^_⇢�, s� ÈP⌥˚�óøí˘, ö�„_v‡áÅB. ÛÅÂSíPÑÕ⌅�

✏⌅≈µ 1ÅB˙R,S, ŸÔÂ)(‚˝p v¸p(x = 0, a$⌅fiÌB˙.

ñH, (x = 0⌅,

1 +R = A+B,

ik(1�R) = (A�B)�. (2.126)

(x = a⌅,

Ae
�a +Be

��a = Se
ika

,

�Ae
�a � �Be

��a = ikSe
ika (2.127)

1Eq.(2.126),

2�A = � + ik +R(� � ik)

2�B = � � ik +R(� + ik). (2.128)

1Eq.(2.127),

2�A = e
ika��a

S(� + ik)

2�B = e
ika+�a

S(� � ik). (2.129)

Â⌦$✏ÔÂô⇣

� +R = S�e
ika��a

,

�
⇤ +R = S�

⇤
e
ika+�a

. (2.130)

v-

� =
� + ik

� � ik
, �

⇤ =
� � ik

� + ik
=

1

�
, |�| = 1. (2.131)
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π◆ó0

S =
� � �

⇤

�e��a � �⇤e�a
e�ika

, R =
e
�a � e

��a

�e��a � �⇤e�a
. (2.132)

⌘Ïó0

|S|2 =
|� � �

⇤|2

4 sinh2 �a� (� � �⇤)2
, (2.133)

Ë✏0

�(� � �
⇤)2 = |� � �

⇤|2, (2.134)

ç)(

� � �
⇤ =

4ik�

�2 + k2
,! |� � �

⇤|2 =
16E(V0 � E)

V
2
0

(2.135)

 

|S|2 =
1

1 + V
2
0 sinh2

�a

4E(V0�E)

. (2.136)

{<0,

|R|2 =
sinh2 �a

sinh2 �a+ 4E(V0�E)
V

2
0

. (2.137)

(Â⌦°óÑ˙@⌦, ⌘Ïe®∫õi⌃Óò.

ñH⌘Ï↵0 S�Iéˆ! Ÿ✏s@⌘ÏÔÂ(øíÑÛπ~0íP! Ÿ�åh��éœxõfÑ”∫

: ßßßSSSHHHîîî(tunneling e↵ect).

↵b\ÙÊ∆Ñ⌃ê. (øíÊπ, x < 0:fl, ⌘ÏÔÂ°ó‡áA∆¶j.

j =
1

2m
( ⇤

p̂ �  p̂ 
⇤), (2.138)

v- (x) =  i +  R. §…yí¯µà, ⌘Ï—∞j = ji + jR, v-

ji =
1

2m
( ⇤

i
p̂ i �  ip̂ 

⇤
i
) =

~k
m

jR =
1

2m
( ⇤

R
p̂ R �  Rp̂ 

⇤
R
) = �|R|2 ~k

m
(2.139)

(øíÛπ, x > a:fl, ‡áA∆¶jS = |S|2 ~k
m
.

‡áA∆¶Ñi⌃✏I/UMˆÙ⇢«UM*bÑ‡á,(�Ùˆ¶�:UMˆÙ⇢«*bÑ‡á. ⇤Q

0‚˝p° \R��, @Âó˙ÑjûE⌦/c‘é‡áA∆¶, œ≤��¶¯�. æÛ N*íPÂ˝

œEe⌅, UMˆÙ⇢«�**bÑpÓc‘éjiN , �Õ⌅fiªÑpÓc‘�jRN , /�«ªÑ c‘�jSN .

‡d⌘ÏöIÕ⌅˚pr = |jR/ji|, (,ÓòÃr = |R|2, ✏⌅˚pt = |jS/ji|2, (,ÓòÃIé|S|2.
⌘Ï↵0(ûEÓòÃ�,2�a >> 1. ‘Ç�*5PG0�*øíΩ¶:a = 1nm, ÿ¶: V0 � E =

1eV , ⇡2�a ⇡ 10.. (ŸÕ≈µ↵, sinh2 �a ⇡ exp(2�a), ✏⌅˚pÔÂ—<:

T =
16E(V0 � E)

V
2
0

e
�2�a

. (2.140)

⌘Ï↵0, (œä', øí¯˘é˝œäÿ, øíäΩ, ✏⌅˚pä✏.

˘éè¬iS, ‘Çm = 1kg = me/(9 ⇥ 10�31) ⇡ 1030me (me/5P(œ), V0 � E = 1eV, a = 1nm,

⇡2�a ⇡ 1017, ÔÂæÛ✏⌅Ô˝ ⇢✏, ÔÂÙ�Ô˝—�ßSHî. F(Æ¬�L, Ÿ�Hît�π˝

e. ÜÚ⌦, Gamov)(ß�Hî⇣ü„ Ü↵pÿ: (238
Up%⇣234

ThÑ«↵-, ↵íPŒ¿8- fi˙. }

6↵íP,´Ñ˝œ° ¿8Ñøíÿ, F/1éß�Hî,ÉÕ6ÔÂ1ª¿8.

ÇúE > V0.
2m(V0 � E)

~2 < 0. (2.141)
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£H�9ô:i↵, ↵ =
q

2m(E�V0)
~2 > 0ûp⇥ Ë✏

sinh(�a) = i sin(↵a) (2.142)

£H

|S|2 =
1

1 + V
2
0 sin2 ↵a

4E(E�V0)

. (2.143)

⌘ÏîÂÔÂ¬fl0@◆Ñq/✏⌅⇥ S↵a = n⇡, n = 1, 2, 3, · · · , |S|2 = 1.

ÇúíPG0�*øï� V0 < 0, ⇢�7� (2.143)Õ6⇥(⇥/�ÅË✏Ñ/⇢SE ! 0, T ! 0. Ç

˛2.6.

Figure 2.6: �Ùπø1Ñ✏⌅˚p

⌘Ïçe⇤Q�*ÅP≈µ�s�øí(�ø1)Ñß�Óò⇥ øïô:V (x) = ���(x). (ûE⌦� > 0:

ï�� < 0:í).

íPŒÊπe�øíÊπ‚˝p:exp(ikx) + R exp(�ikx), Ûπ‚˝p:S exp(ikx). k
2 = 2mE/~2.

(x = 0⌅�‚˝pfiÌŸ˙

1 +R = S. (2.144)

‚˝pÑ�6¸pÛ√, 9n Eq.(2.82)

ikS � ik(1�R) = �2m�

~2 S. (2.145)

öI� = m�

~2k
, „˙

S =
1

1� i�
(2.146)

å

R =
i�

1� i�
(2.147)

1d

|S|2 =
1

1 + �2
, (2.148)

|R|2 =
�
2

1 + �2
. (2.149)

9n�2 = m�
2

2~2E
, ⌘Ïπ◆↵0m, �åe⌅˝œE˘✏⌅˚pÑqÕ⇥

��⌘ÏÅË✏�Â⌦®∫Ñ˝/�ÔR��Ñc⌅�‚˝p, �/Ôû∞Ñ∂�. F/⌘ÏÔÂäc⌅

‚˝p‡†we�b⇣ÔÂR��Ñ‚˝p, s‚⇧. ‚⇧(zÙ˚®�G0øí�^8$*‚⇧: ï⌅å

Õ⌅‚⇧. '∂ÔÂ¬⇤⌘Ñ;u⌦Ñ®;.
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‚⇧,´Ñ˝œ�nö�F/⇢Ù’sG˝œ(�öE¶Ö®=. ⌘ÏÔÂ(sG˝œ↵Ñï⌅�Õ⌅

˚pe—<‚⇧ÑÕ⌅åï⌅˚p.

_ÔÂŸH↵⇢Çú‚⇧^8��vûÉ1^8•—sG˝œ˘îÑc⌅�Ü. Ÿ*—<1/^8}Ñ.


