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1.6 ,,,ÅÅÅ<<<ÓÓÓòòò���ööö���

Schrödingerπ↵

i~@ 
@t

= Ĥ (1.99)

�HB„�

ñH⌘ÏeBˆÙzÙ⌃ªÿœ„

 (r, t) =  (r)f(t) (1.100)

Ÿ/�ÕyäÑ„.

äGæ„Ñb✏&eSchrödingerπ↵,

Ê =  (r)i~df
dt

=Û = f(t)Ĥ (r) (1.101)

$π�ˆdÂf(t) (r),
i~
f(t)

df

dt
=

Ĥ (r)

 (r)
= E�8p , (1.102)

v-E/w ˝œœ≤Ñ8p. ⌘Ïÿ)(ÜV (x)/�ˆÙ‡sÑ8pŸ�Gæ�‡dM I✏ÛÔ/zÙ

˝p�ÊÔ/ˆÙ˝p�¯IÑM–/˝Ié�*8p⇥

⌘Ïó0
d ln(f)

dt
= �i

E

~ ) f(t) = e
�i

E

~ t (1.103)

v

Ĥ (r) = E (r), (1.104)

wS1/

[
�~2
2m

r2 + V (r)] (r) = E (r). (1.105)

Ÿ�π↵:�+ˆSeq, »˝œ,Åπ↵. ‡:»∆�œó&˘îÑõfœ/˝œ, @ÂE:˝œ,Å

<,  (r):^é˝œEÑ˝œ,Å�, :n⌥∞, Ôô⇣ E(r).

Çú⌘Ï„˙Ü E , ⌃œÿœ„1ÔÂô˙

 (r, t) =  E(r)e
�i

E

~ t
. (1.106)

Ÿ7Ñ∂�\ööö���(stationary state). ÍÅ(t = 0ˆ� (r, 0) =  E , £H˚fl1⇢⌅éö�.

:¿H Ÿ7Ñ�Wb� ⌘Ïe°óíP⌃⇤‡á. Ë✏‚˝pü⇡⌦/+ˆÑ, F/

| (r, t)|2 = | E(r)|2 (1.107)

�ˆÙ‡sÑ‘ö’⌃⇤.

⌘Ïçe°ó�↵˝œ��<,

hHi =
Z
 ⇤(r, t)Ĥ (r, t)dr

=

Z
 
⇤
E
(r)ei

E

~ t
Ĥ E(r)e

�i
E

~ t
dr

=

Z
 
⇤
E
Ĥ Edr

= E

⌘Ï—∞vv�èˆÙ9ÿ. ;Å®¸-)(ÜĤ�+˘ˆÙÑB¸.
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�7π◆ó˙hH2i = E
2, ‡d�2

H
= hH2i� hHi2 = 0. Ù�ö�≈µ↵ ˝œ</nöÑ�° �nö¶.

˘˚✏õfœA, ÇúÉ�>+t(° ˆÙ\:¬p), ‘Ç®˝T, Mn�®œ�“®œ� ⌘Ï°óv(

ö�↵Ñ��<

hAi =
Z
 ⇤(r, t)Â (r, t)dr

=

Z
 
⇤
E
(r)Â E(r)dr

�7�èˆÙÿ�� @ÂŸ7Ñ∂�´\ö�.

�,0�(t = 0ˆ, íPàÔ˝�⌅é E�, �«⌘Ï;ÔÂ⌃ (r, 0)U�⇣ E(r)Ñ‡†

 (r, 0) =
X

E

CE E(r), (1.108)

s⌃„⇣˝œ,Å�Ñ‡†, |CE |/✏é1Ñ�E˘îÑ�8p. £H

 (r, t) =
X

E

CE E(r)e
�i

E

~ t (1.109)

1//SeqÑ·≥�ÀaˆÑ„. ¡�Ç↵⇢

i~@ (r, t)
@t

=
X

E

CE E(r)Ee
�i

E

~ t

=
X

E

CEĤ E(r)e
�i

E

~ t

= Ĥ

X

E

CE E(r)e
�i

E

~ t

= Ĥ (r, t)

(1.110)

U�✏(1.108)_Î�‡†ü⌃⇢ íPÑ–®∂�1ĤÑ,Å� Eø'‡†�⇣. CE/U�˚p�ÔÂ

B˙(Â�®∫), v!π |CE |2Ñi⌃✏I/íP⌅é EÑ‡á: KœíP˝œÔÂóE1, E2, · · · , ¯îÑ‡
á:|CE1 |2, |CE2 |2, · · · . Ÿ*ü⌃⌘Ï�bÿ⇢Ê∆®∫.

⌘Ïe↵�*ãP. Gæ

 (x, 0) = c1 1(x) + c2 2(x), (1.111)

v- 1(x)å 2(x)/˝œ,Åπ↵Ñ„, ⌃+^é˝œ,Å<E1, E2. v·≥R��. :Ü®∫πø�G

æc1, c2, 1(x), 2(x)˝/ûp.

£H

 (x, t) = c1 1(x)e
�iE1t/~ + c2 2(x)e

�iE2t/~ (1.112)

Ÿ*„1�/ö�. ‡:

| (x, t)|2 = |c1 1(x)e
�iE1t/~ + c2 2(x)e

�iE2t/~|2

= c
2
1 1(x)

2 + c2|2 2(x)
2 + 2c1c2 1(x) 2(x) cos((E2 � E1)t/~)

(1.113)
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Chapter 2

���ÙÙÙÓÓÓòòò

2.1 ���ÙÙÙ___⇢⇢⇢ööö���ÓÓÓòòò

2.1.1 ���ÙÙÙ‡‡‡PPPÒÒÒøøø111

⌘ÏHe↵�*�ÄUÑÓò: ⇤Q�*íP´>(�*‡PlÑ�Ù“PÃ. “P�¶:a, íP(œ:m.

ÔÂ“PÊÔ:üπ˙ÀP⌥˚.íPÑø˝˝p1/

V (x) =

8
<

:
0 0  x  a,

1 x > a or x < 0,
(2.1)

Ÿ7Ñø˝˝p�,ba0:‡PÒø1.

9nœxõf, íP(“P-ÙÍ1�◊õ, ($Ô◊‡w'Ñ9õ:

f = �rV =

8
>>><

>>>:

0 x < a

�1 x = a

1 x = 0.

(2.2)

ÔÂÛa, íP(“PÃÅHYb, ÅH��–®, ∞¡�1é®˝àR(Gæ° ˝œ⌫c), Õ⌘. ç∞¡,

çÕ⌘, ÇdÄ�. 1é®œp˚✏, ÉÑ˝œE = p
2

2mÔÂ÷˚✏'éIéˆÑ<.

∞(9nœPõfevŸ*Óò.

íPÑ–®uŒSchrödingerπ↵:

i~@ (x, t)
@t

= � ~2
2m

@
2 (x, t)

@x2
+ V (x) (x, t). (2.3)

⇤QíP⌅éö�Ñ≈µ:

 (x, t) =  E(x)e
�i

E

~ t
, (2.4)

v- E(x)·≥˝œ,Åπ↵:

� ~2
2m

 
00
E
(x) + V (x) E(x) = E E(x). (2.5)

(0 < x < a:Ù,π↵ÔÂô⇣

 
00 +

2mE

~2  = 0. (2.6)

‰k =
q

2mE

~2 (⌘ÏÂSíPÑ˝œîÂ'éˆ�‡vø˝Úœ/'éˆÑÜ),  

 
00 + k

2
 = 0. (2.7)

19
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v„ÔÂ:exp(ikx), exp(�ikx) Ñø'ƒ�, _ÔÂ cos(kx), sin(kx)Ñø'ƒ�. ⌘Ï �⇧, vô⇣I˜

ÑÄ�b✏

 (x) = A sin(kx+ �), (2.8)

v-A��Öö.

1é“PπL‡Pl, �⇧ÙíP0“�Ñ›ø˝‡Pÿ, íP‡’0æ, ‡d

 (x  0) = 0, (2.9)

( (0) = 0/ (x)fiÌÑ”ú, Ÿ/*Gæ⇢‚˝p/fiÌÑ) Ÿ1ÅB� = 0; v

 (x � a) = 0, (2.10)

Ÿ*aˆÅBsin ka = 0, @Â kÍ˝/�õªcÑ<:

k =
n⇡

a
, n = 1, 2, 3, · · · . (2.11)

�k/�íPÑ˝œ¯sÑ: k =
q

2mE

~2 ,⌘Ï—∞˝œ_Í˝÷�õªc<:

En =
~2n2

⇡
2

2ma2
. (2.12)

Ÿ7, ⌘Ïó0Ü�*^8ÕÅÑ��éœxõfÑ”∫: ‡PÒø1-⌅éö�ÑíPÑ˝œ/�fiÌÑ,

v˝œÍ˝⌅é�˚⌫⌃ÀÑ,Å<En, Ÿõ˝œ:íPÑ˝ß. Ÿõ˝œÃ�NÑ�*:˙�˝œ,

É/'éˆÑ. Ÿ�π�œxõfÑ”∫_^8��.

⌘Ïç↵˝œ,Å˝p E(x). 1é˝œÍ˝÷1n≥öÑ⌃À<, @ÂÔÂô⇣ n(x).

 n =

8
<

:
A sin n⇡x

a
0  x  a

0 x > a or x < 0
(2.13)

⇤Q0‚˝pÑR��,
Z

a

0
| n|2 =

Z
a

0
|A|2 sin2 n⇡x

a
dx = |A|2 a

2
= 1 (2.14)

‡d |A| =
q

2
a
. 1é‚˝pÑ¯MtS9ÿ�*<(�⇧Ù†⌦�*�Mn‡sÑ¯M)/‡s'ÅÑ, @Â

⇢8 ÷A =
p

2/a.

‡π®∫⇢

• E1 = ⇡
2~2

2ma2 > 0�:ˆπ˝⇥

• ˛2.1>:Ü˝œÉNÑ‡*‚˝på‡á∆¶⌃⇤Ñ˛œ.

• ¯˘éø1-√�Ÿõ,Å˝pGv§ˇ.

• è@˝œû†�Çπp✓û: 0, 1, 2, 3, · · ·

• |dc§R�(orthonormal): Z
 
⇤
m
(x) n(x)dx = �m,n (2.15)

• å⌥':˚✏˝pf(x)(0�aKÙÑ)˝ÔÂ( n(x)Ñø'ƒ�h:˙e

f(x) =
1X

n=1

cn n(x) (2.16)
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�H°ócn? )(c§R�'π◆—∞

cn =

Z
 n(x)f(x)dx (2.17)

ã: ˆˆ;‚˝p: (x, 0) = Ax(a� x). 9nR��� A =
p
30/a5. °ócn.

cn =

Z
a

0

r
2

a
sin(

n⇡

a
)Ax(a� x)dx

= 0, if n is even;

=
8
p
15

(n⇡)3
, if n is odd

(2.18)

• ⌘ÏŸ˙Ñ/ö�‚˝p:  (r, t) =  n(r)e�i
En

~ t. ˆÙ⌥a‡P�qÕ‡á⌃⇤. íPMnÑ��

<hxi�⇢èˆÙÿ�. ®œÑ��<hpi/⇢⌘?

• GæíP(0ˆ;⌅é  (r, 0) = 1p
a
sin ⇡x

a
+ 1p

a
sin 2⇡x

a
Ñ∂�, £Htˆ;v‚˝pî:

 (r, t) =
1p
a
sin

⇡x

a
e
�iE1t/~ +

1p
a
sin

2⇡x

a
e
�iE2t/~ (2.19)

v-, E1 = ~2⇡2
/(2ma

2), E2 = 4~2⇡2
/(2ma

2). ˜Ó‡á∆¶ | (r, t)|2⇢�⇢èˆÙÿ�? íPMn

Ñ��<hxi⇢�⇢èˆÙÿ�?
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Figure 2.1: ˙�, ,�¿—��,å¿—�‚˝p v˘îÑ‡á⌃⇤.


