
5.2. Äv�Æp∫ 109

5.2 ÄÄÄvvv���ÆÆÆppp∫∫∫

H0œÑ˚fl†eÆpH
0�˝ß⇢ÿ�. ⌦Ç®∫ÜH0Ñ–*^Äv˝ß(H

0\(↵Ñÿ��,Ç®∫Ä

vÑ˝ßÑ≈µ:

H0|n⌫i(0) = E
(0)
0 |n⌫i(0), ⌫ = 1, 2, · · · , f. (5.33)

f:˝ßÄv¶. ‘Ç"üPÑn = 2˝ß,

 200,  210,  211,  21�1,

⌫ = 1, ⌫ = 2, ⌫ = 3, ⌫ = 4
f = 4

H
0/Ê�Ñ˝œ�‘Ç�†5:-5P∑óÑø˝. ⌘Ï�ÅB„

(H0 +H
0)|ni = En|ni. (5.34)

Gæ

|ni = C1|n1i(0) + C2|n2i(0) + · · ·+ Cf |nfi(0) +
X

k 6=n⌫

C
(1)
k

|ki(0) (5.35)

v-
P
⌫

C⌫ |n⌫i(0)w0^Äv≈µ↵|n(0)iÑ\(�/ˆß‚˝p�|C⌫ |v�ÅB/✏œ⇥F/C
(1)
k
/✏œ⇥

⌦✏é/_ÔÂô⇣

|ni = |n(0)i+
X

k 6=n⌫

C
(1)
k

|ki(0) (5.36)

„e(5.34), Í⇤Q�6✏œ⇢

E
(0)
n

fX

⌫=1

C⌫ |n⌫i(0) +
X

k

E
(0)
k

C
(1)
k

|ki(0) +H
0

fX

⌫=1

C⌫ |n⌫i(0)

= En(
fX

⌫=1

C⌫ |n⌫i(0) +
X

k 6=n

C
(1)
k

|ki(0))

(5.37)

⌃Enô⇣⌅ß—<Kå:En = E
(0)
n + E

(1)
n + E

(2)
n + · · · . ⌘Ï—∞, (n˝ß⌅Äv� �ÑPzÙ- 

H
0
X

⌫

C⌫ |n⌫i(0) = E
(1)
n

X

⌫

C⌫ |n⌫i(0). (5.38)

°ó�(0)hn⌫0|ÑÖÔ: X

⌫

H
0
⌫0⌫C⌫ = E

(1)
n

C⌫0 (5.39)

v-H
0
⌫0⌫ =(0) hn⌫0|H 0|n⌫i(0) /H

0((H0ha)ÑÈ5C. ⌘Ï�ôn/‡:ŸõÈ5C˝(˝ßnÑ“Pz

Ù”Ã, Ÿ*PzÙ/f*Äv˙‚“ �Ñ”.

⌦✏ÔÂô⇣�>ÑÈ5b✏:

0

BBBB@

H
0
11 H

0
12 · · · H

0
1f

H
0
21 H

0
22 · · · H

0
2f

...
. . .

H
0
f1 H

0
f2 · · · H

0
ff

1

CCCCA

0

BBBB@

C1

C2

...

Cf

1

CCCCA
= E

(1)
n

0

BBBB@

C1

C2

...

Cf

1

CCCCA
(5.40)

/H
0Ñ,Åπ↵.

�,≈µ�E
(1)
n  f*„�œ*„˘î�*‚œ

0

BB@

C1

...

Cf

1

CCA. Ÿf*„Çú�¯��1/Äv„dÜ�



110 CHAPTER 5. ö�Óò—<B„

⌘Ï∞E
(1)
n Ñf*„:E

(1)
n (µ), µ = 1, . . . , f. ˘îÑ‚œC⌫∞:C

(0)
⌫ (µ), ˆß‚˝pô:

|n(0)iµ =
X

⌫

C
(0)
⌫

(µ)|n⌫i(0) (5.41)

d‚˝p¯Sé^Äv≈µÑ|n(0)i⇥
({<Ñπ’⌘Ïó0Eq.(5.42)

C
(1)
m

(µ) =
H

0
mn

E
(0)
n � E

(0)
m

(5.42)

Í�«v-

H
0
mn

= hm(0)|H 0|n(0)iµ (5.43)

��GæÑ‚˝pEq.(5.35) 1/

|niµ = |n(0)iµ +
X

k 6=n⌫

C
(1)
k

(µ)|ki(0) (5.44)

Ÿ/˘|n(0)iµÑ�ßÓc.

⌘ÏÔÂ€�ó0

E
(2)
n

(µ) =
X

k 6=n

|H 0
nk
|2

E
(0)
n � E

(0)
k

(5.45)

ŸÃ

|H 0
nk
|2 = |hk(0)|H 0|n(0)iµ|2 =

X

⌫0

X

⌫

C⌫(µ)C
⇤
⌫0(µ)h(0)n⌫0|H 0|k(0)ihk(0)|H|n⌫(0)i. (5.46)

⌘Ï↵0l✏�^Äv˝ßÑ≈µ�7�Í/ˆß‚˝pÅ(Eq.(5.41).

Çú[H 0
, H0] = 0, $⇧ÔÂ q�,Å��(5.40)-H

01Ô˝/˘“Ñ. £HE
(1)
n (µ) = H

0
µµ

, ˘î,Å�

-C
(0)
µ (µ) = 1, C(0)

⌫ 6=µ
(µ) = 0 !

0

BBBBBBBBBB@

0

0
...

1
...

0

1

CCCCCCCCCCA

µ

.

ã⇢"üPÑStarkHî

"üPÑ,�¿—�€ÕÄv⇢ 200, 210, 211, 21�1. †⌦5:�Ÿ�˝ß⇢⌃¬�„dÄv). »∆�

œÔÂô⇣$Ë⌃Kå

H0 =
P

2
r

2µ
+

L
2

2µr2
+ (�e

2

r
) (5.47)

H
0 = eE · r = eEr cos ✓ = eEz (5.48)

÷5:π⌘:z, z = 0:ˆøb.

(⇢8Ñûåaˆ↵E < 105v/cm, H 0-Ñz ‚JÑ°ó, ÔÂó0Æp˝œ⇡ 10�2
ev ⌧ 13.6ev. Ô

Â↵\Æp⇥

˘˙� 100, hH 0i = 0, Ÿ/‡:r cos ✓ = z /Gái⌃œ�˙�‚˝p/váÑ, @Âhzi = 0, ˝ß

(�ß—<↵�˚®.

�˘én = 2Ñ˝ß�É/ÄvÑ:  200, 210, 211, 21�1. �Å(Äv�Æp’⌅⌃. €*�wSÑ‚˝

p:

 200 = R20Y00,  210 = R21Y10,  211 = R21Y11,  21�1 = R21Y1�1 (5.49)



5.2. Äv�Æp∫ 111

⌘Ï⌃€*�⌃+∞: (0)
21 , 

(0)
22 , 

(0)
23 , 

(0)
24 , e°óH

0ÑÈ5CH⌫⌫0 , (⌫, ⌫0 = 1, 2, 3, 4.)

)(l✏

cos ✓Ylm = almYl+1,m + al�1,mYl�1,m, (5.50)

v-

alm =

s
(l + 1)2 �m2

(2l + 1)(2l + 3)
, (5.51)

⌘ÏÂS@ ˘“È5C˝:ˆ, v^˘“È5C-_Í H
0
12 = (H 0

21)
⇤ 6= 0:

H
0
12 =

Z
R20Y00(eErcos✓)R21Y10r

2
drd⌦

=
eEp
3

Z 1

0
R20R21r

3
dr

= �3eEa = H
0
21

‡:vÉ^˘“È5CÑm���¸ÙÖÔ:ˆ⇥

H
0ÑvÉÈ5C:ˆÿÔÂŸ7¡�:

* [z, Lz] = 0

) (Yl0m0 , zLzYlm) = (Yl0m0 , LzzYlm)

) m~(Yl0m0 , zYlm) = m
0~(Yl0m0 , zYlm)

Sm 6= m
0ˆ�˘îÑH

0È5C:0.

d�1éz/G˝p�Gá), � 200, 210, 211, 21�1w á': Sr ! �r, _1/r ! r, ✓ !
⇡ � ✓,� ! � + ⇡ˆ, Ylm ! (�1)lYlm. Ÿπ◆ŒY00Ié8p�Y10 / cos ✓, Y1,1 / sin ✓ exp(i�), Y1,�1 /
sin ✓ exp(�i�)↵˙. ‡d�H

0( 200, 210, 211, 21�1-Ñ��<:ˆ⇥

H
0Ñ,Åπ↵: 0

BBBB@

0 �3eEa 0 0

�3eEa 0 0 0

0 0 0 0

0 0 0 0

1

CCCCA

0

BBBB@

c1

c2

c3

c4

1

CCCCA
= E

(1)
2

0

BBBB@

c1

c2

c3

c4

1

CCCCA

,Å<:

E
(1)
2 (1) = 3eEa,E(1)

2 (2) = �3eEa,E(1)
2 (3) = 0, E(1)

2 (4) = 0,

⌃+˘î€*,Å� 0

BBBB@

1p
2

� 1p
2

0

0

1

CCCCA

1

0

BBBB@

1p
2
1p
2

0

0

1

CCCCA

2

0

BBBB@

0

0

1

0

1

CCCCA

3

0

BBBB@

0

0

0

1

1

CCCCA

4

ÔÂô:

hr|2(0)i1 ⌘  21 =
1p
2
 200 �

1p
2
 210,

hr|2(0)i2 ⌘  22 =
1p
2
 200 +

1p
2
 210

hr|2(0)i3 ⌘  23 =  211,

hr|2(0)i4 ⌘  24 =  21�1

i⌃⌃„⇢"üPÑ5vÅÈ: ~D = �er. (*†5:ˆ, "üP( 200, 210, 211, 21�1Ñ5vÅ

Èh ~Di = 0.



112 CHAPTER 5. ö�Óò—<B„
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