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(KMÑf`-�⌘Ï⌃+vÜÍÀ1/2íPÑÍÀÍ1¶åíPÑzÙÍ1¶. ˘íPÑåtœS6

îÂ�ˆ⇧ÏzÙåÍÀ�ÖË Í1¶. :d⌘Ï�ÅÑ˙‚/

|r,±i = |ri ⌦ |±i (6.1)

�*íPÑœP�(Ÿ*P⌥†ÍÀSzha↵ÔÂô:

|↵i =
Z

dr( 1(r)|r,+i+  2(r)|r,�i) (6.2)

‚˝pÔô⇣

hr|↵i =  1(r)|+i+  2(r)|�i (6.3)

h:⇣å⌃œb✏⇢  
 1(r)

 2(r)

!
(6.4)

_Àœ‚˝p(spinor wavefunction).  1,2(r)⌃+/íP(r⌅˙∞��ˆÍÀ�⌦��↵ Ñ‡áE∆¶.

·≥ Z
dr(| 1(r)|2 + | 2(r)|2) = 1 (6.5)

Ÿ�®�v�G*. (⌅⌃�ÙÓòˆ�P⌥ha˙‚/|xi. ⌘ÏÍ60®�0 ÙzÙ�˙‚
:|ri = |x, y, zi.

|↵i =
Z

dxdydz (x, y, z)|x, y, zi (6.6)

v-|x, y, zi = |xi ⌦ |yi ⌦ |zi. �ÙÑå⌥'s˚
R
dx|xihx| = 1ÿ⇣

Z
dxdydz|x, y, zihx, y, z| = 1 (6.7)

üP-Ñ5P‚ hS“®œ» ÍÀ“®œ�ÉÏÑ‚œå:;“®œ⇢J = L + S. s⌅⌃œ·≥:

L↵ + S↵ = J↵, ↵ = x, y, z. (œPõfÃb⌘ÏÅË✏: hS“®œó&\(0zÙ–®∂���ÍÀó&

\(0ÍÀ∂�. ÔÂŸ7h:⇢

J = L⌦ 1 + 1⌦ S (6.8)

‘1’⌃+h:MnzÙåÍÀzÙÑUMó&.
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æÛ⌘Ï°ó�*1S,LÑ⇣Ñi⌃œF = SzLz\(0|↵i

hr|SzLz|↵i = Sz(L̂z 1(r)|+i+ L̂z 2(r)|�i) = ~
2
L̂z 1(r)|+i � ~

2
L̂z 2(r)|�i) (6.9)

ŸÃ(0hr|Lz| i = L̂z (r). ⌦✏ÔÂô⇣Szha↵Àœb✏

hr|F |↵i =
 

~/2 0

0 �~/2

! 
L̂z 1(r)

L̂z 2(r)

!
(6.10)

�⇧

hr|F |↵i = ~
2

 
L̂z 0

0 �L̂z

! 
 1(r)

 2(r)

!
(6.11)

9nDirac¯˘∫'5P–®π↵�-√õ:-–®Ñ5Pw ÍÀhS&�˝:

⇠(r)S · L = ⇠(r)
J
2 � L

2 � S
2

2
, (6.12)

v-

⇠(r) =
1

2µ2c2r

dV

dr
, (6.13)

‡d⌘Ïs√J!

1é[L↵, S↵] = 0, ���Í1¶˘◆ , ◆¡

[Jx, Jy] = [Lx, Ly] + [Sx, Sy] = i~Jz. (6.14)

s·≥“®œ˙,˘◆✏�v[J2
, Jz] = 0. Ÿh�;“®œ_/�Õ”“®œ”.

1Mb≤«Ñ„p’⇢

• J
2Ñ,Å<:j(j + 1)~, j:ctp��Jtp.

• JzÑ,Å<:mj~,mj = j, j � 1, · · · ,�j + 1,�j.

ÅœS · L, ⌘Ï�ÅÂSJ
2
, L

2
, S

2. ÉÏ/&|d˘◆, �w q�,Å��π◆↵0

[J2
, L

2] = [L2 + S
2 + 2L · S, L2] = 0, S

2 =
3~2
4

(6.15)

ÉÏnû|d˘◆.

1é“⌘;qÑÍ1¶:4�ÿ��*�ÉÏ˘◆Ñi⌃œÑ⇣åh∆, £1/Jz:

[Jz, L
2] = [Lz + Sz, L

2] = 0, [Jz, S
2] = 0 (6.16)

@ÂJ
2
, L

2
, S

2
, JzÑ⇣œ“®œÍ1¶Ñåh∆.

FŸ�//�ÑÑ⇣õfœåh∆Ñπ✏�åh∆_ÔÂ/L
2
, Lz, S

2
, Sz. FÉÏ�S · L�/h˝˘◆:

[Lz,S · L] 6= 0, [Sz,S · L] 6= 0, (6.17)

Ÿ¸ÙœÍÀhS&�˝�πø.

∞(⌘ÏeBJ
2
, Jz, L

2
, S

2Ñq�,Å�, ∞:|�i.
1é“®œ�Ñ⌘–®‡s�⌘ÏôzÙ–®Ñ‚˝pˆÍ⇤Q“⌘Ë⌃. Hô˙|�iÑÀœ‚˝pÑ�

,b✏

hn(✓,')|�i = c1�1(✓,')|+i+ c2�2(✓,')|�i =
 

c1�1(✓,')

c2�2(✓,')

!
. (6.18)

c1, c2,�1,�2Öö.
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|+i, |�iÔÂÙ�I0ô:|s,msi, s = 1/2/ÍÀœPp, ms/z⌃œœPp, M⇧|1/2, 1/2i, �⇧1
/|1/2,�1/2i. ÿÔÂô:�ms

.

⌦✏ÔÂŸ7⌃„⇢5PÑzÙ–®(P⌥hah��ÉÑÍÀ∂�(Szhaœ. c1�1/5PM

é(✓,')ÍÀ⌘⌦Ñ‡á/E. v-⌘ÏÅB�1å�2Ñ!π˘ÀS“Ô⌃R��é/9n6.5,  |c1|2 +

|c2|2 = 1.

ñH|�i/L
2Ñ,Å��,Å</l(l + 1)~2.

L
2|�i = l(l + 1)~2|�i (6.19)

‡d

hn(✓,')|�i = c1Ylm1 |+i+ c2Ylm2 |�i (6.20)

_1/

|�i = c1|l,m1i|+i+ c2|l,m2i|�i = c1|l,m1,
1

2
,
1

2
i+ c2|l,m2,

1

2
,�1

2
i (6.21)

v!�|�i/JzÑ,Å��,Å</mj~.
Jz|�i = mj~|�i (6.22)

s

(L̂z + Sz)(c1Ylm1 |+i+ c2Ylm2 |�i)

= c1m1~Ylm1 |+i+ c2m2~Ylm2 |�i+ ~
2
c1Ylm1 |+i � ~

2
c2Ylm2 |�i

= (m1 +
~
2
)c1Ylm1 |+i+ (m2 �

~
2
)c2Ylm2 |�i (6.23)

@Â‰m1 = m,m2 = m+ 1,⇡mj = m+ 1
2�1ÔÂ·≥(6.22).

��|�i/J
2Ñ,Å��,Å<≈{ô⇣j(j + 1)~Ñb✏�j:tp�Jtp.

J
2|�i = j(j + 1)~2|�i (6.24)

⇤QS · L = SxLx + SyLy + SzLz, (Szha↵�)(Eq.(6.11)

S · L =
~
2

 
Lz Lx � iLy

Lx + iLy �Lz

!
(6.25)

)(

(Lx � iLy)Ylm+1 =
p

(l �m)(l +m+ 1)~Ylm

(Lx + iLy)Ylm =
p
(l �m)(l +m+ 1)~Ylm+1

⌘ÏÔÂ°ó˙

h✓,'|J2|�i = L
2(c1Ylm|+i+ c2Ylm+1|�i) + S

2(c1Ylm|+i+ c2Ylm+1|�i)

+ 2L · S(c1Ylm|+i+ c2Ylm+1|�i)

(Szha↵ô:

h✓,'|J2|�i = (l(l + 1)~2 + 3

4
~2)
 

c1Ylm

c2Ylm+1

!

+ ~2
 

c1mYlm +
p
(l �m)(l +m+ 1)c2Ylm

c1

p
(l �m)(l +m+ 1)Ylm+1 � c2(m+ 1)Ylm+1

!

= j(j + 1)~2
 

c1Ylm

c2Ylm+1

!
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>6

c1m+
p

(l �m)(l +m+ 1)c2 = �c1

c1

p
(l �m)(l +m+ 1)� c2(m+ 1) = �c2 (6.26)

v-� = j(j + 1)� l(l + 1)� 3
4 .

Ÿ/séc1, c2Ñø'P!π↵��,Åπ↵. ◆ó

�1 = l, (6.27)

˘îÑ,Å�:
c1

c2
=

r
l +m+ 1

l �m
(6.28)

R��ó

c1 =

r
l +m+ 1

2l + 1
, c2 =

r
l �m

2l + 1
. (6.29)

Ê�*,Å<

�2 = �l � 1, (6.30)

R��ó

c1 = �
r

l �m

2l + 1
, c2 =

r
l +m+ 1

2l + 1
(6.31)

Figure 6.1: “®œ&�:✏˛: ;“®œÑ'✏ÔÂ‘hS“®œ'�_ÔÂ‘É✏.

˘é� = l, j(j + 1) = (l + 1
2 )(l +

3
2 ), j = l + 1

2 , Ô⌃„:L�S�⌘.

hn(✓,')|�i =
q

l+m+1
2l+1 Ylm|+i+

q
l�m

2l+1Ylm+1|�i

= 1p
2l+1

 p
l +m+ 1Ylmp
l �mYlm+1

!
⌘ �ljmj

Ÿ*Àœ‚˝p `Ô⇢8ô:�ljmj
. vln�qm/˘îÊ,Å‚ÑÀœ‚˝p

h�|n(✓,')i = 1

2l + 1

⇣p
l +m+ 1Y ⇤

lm
,

p
l �mY

⇤
lm+1

⌘
= �

†
ljmj

(6.32)
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ÔÂÙ•)(Dirac∞˜∞:|lsjmji, (j = l + 1/2), s = 1/2/5PÍÀœPp.

|lsjmji =
r

l +m+ 1

2l + 1
|l,m,

1

2
,
1

2
i+

r
l �m

2l + 1
|l,m+ 1,

1

2
,�1

2
i (6.33)

˘é� = �l � 1, j = l � 1
2 ,Ô⌃„:L�S Õ⌘!

hn(✓,')|�i = 1p
2l+1

 
�
p
l �mYlmp

l +m+ 1Ylm+1

!

Ÿ*Àœ‚˝p ÿ/ô:�ljmj
, Í�«j = l � 1/2. vÑ∆qm�†

ljmj
œ˘vÑÊ‚.

⌘Ï_ÔÂäÉ∞:|lsjmji, (j = l � 1/2)

|lsjmji = �
r

l �m

2l + 1
|l,m,

1

2
,
1

2
i+

r
l +m+ 1

2l + 1
|l,m+ 1,

1

2
,�1

2
i (6.34)

J
2
, Jz, L

2
, S

2Ñq�,Å‚·≥c§R�'s˚

hlsjmj |l0s0j0m0
j
i = (�ljmj

,�l0j0m0
j
) =

Z
d⌦�†

ljmj
�l0j0m0

j
= �ll0�jj0�mjm

0
j

(6.35)

�
†
ljmj

�l0j0m0
j
 È5X’€L. )(⇤⇣˝pÑc§R�'π◆¡�.


