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l�*��Ýw§Ô��^55
u�f½lfS>f�;�$ÄÚg^$Ä§±9�fØ¥�

fÚ¥f;�$ÄÚg^$Ä"�ö¡�Ø^5§���¹e§�'cöf�õ§�±�Ñ"

§19.1 �*âf�^ó4Ý

§19.1.1 ;�^Ý

3Bohr���fnØ¥§>f7�fØ��±$Ä"l>^Æ�*:w§ù«�±$Äáu1

6��§Ï
äk^ó4Ý",��¡§låÆ�*:w§�:��±$ÄPk�Äþ"e¡§·�

ò¬w�§ùüö�m�3�5'X"ù«�5'X§¦+ùp·�´lBohrnØ�Ñ�£Bohrn

Øáu¤¢�ÎþfØ§´�«�²;�þfØ§Ø´X{�þfnØ§#�!X{�þfnØ´

dHeisenbergÚShrödingerJÑ
ïá�¤§�§3þfåÆ¥�´¤á�§3ïÄ�f^5�§§´

Ä�
­��"

ã 19.1.1. >f�;�^Ý

Xã19.1.1¤«§>f7�fØ��±$Ä§Ù�Äþ�

L = r× p = rmev k, (19.1.1)

Ù¥§r, me, v©O´;���»!>f��þÚ�Ç"

,	§��16��§Ù^ó4Ý�

µL = IS k, (19.1.2)

· 2 ·
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Ù¥§I´��¤1�>6§S´���¡È§

I = −ef, S = πr2. (19.1.3)

ùp§e´>f>Ö�ýé�§f´>f�±$Ä�ªÇ£ü �mS�­Egê¤"5¿�

f =
1

T
, T =

2πr

v
, (19.1.4)

·�k

I = − ev

2πr
. (19.1.5)

ò��\ª(19.1.2)§�

µL = −1

2
erv k. (19.1.6)

N´wÑ
|µL|
|L|

= − e

2me

. (19.1.7)

Ïd§·�k

µL = − e

2me

L. (19.1.8)

ùÒ´;�^Ý�;��Äþ�m��5'X"

�Ä��Äþ�Planck~êhþj�Ó§þªk����

µL = −µB

L

~
, ~ =

h

2π
, (19.1.9)

Ù¥§µB´¤¢�À�^f£Bohr magneton¤§

µB =
e~

2me

, (19.1.10)

L/~�Ãþj�;��Äþ"

UìBohrnØ§

Lz = n~, 0 < n ∈ Z. (19.1.11)

e�	^|B���� z¶���§K^Ý3	^|¥�Uþ�

u = −µL ·B =
e

2me

L ·B =
e

2me

LzB = n
e~

2me

B = nµBB. (19.1.12)

3þfåÆ¥§<�Ï~¡ù«Uþ�Zeeman energy£ZeemanU¤",	§N´wÑ§À�^f´

��f1�;�¤éA�^ó4Ý"

§19.1.2 g^^Ý

1925c§UhlenbeckÚGoudsmitÚ?
>fg^£spin¤�Vg§�¡�>fg^�Äþ£spin

angular momentum¤"Ï~òg^�ÄþP�S"Õ3BohrnØ��Ý§ül¶¡w§4<N´ò

>f7�fØ�;�$Än)�ú=§ò>f�g^$Än)�g="�lþfåÆ�*:w§ù�
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�n)´�Ø�§Ï�§��8c��§Ônþ§>fE�@�´��vk(��Ä�âf§§Ø�

U�/¥@�/g="UìþfåÆ§g^´�*âf��«��á5§éAuSÜ�mþ�=Ä"

Q,´�*âf3SÜ�mþ�=Ä§g^�,�´�«�Äþ§Ó;��Äþ��§§k^Ý">

fg^éA�^Ý�

µS = − e

me

S. (19.1.13)

5¿§ùp��5Xê´c¡;�^Ý�ü�"þª����

µS = −2µB

S

~
, (19.1.14)

Ù¥§S/~�Ãþj�g^�Äþ"

>f´g^ 1/2�âf§3���IXe§Ùg^�Äþ� z©þ�kü��U���§

Sz = ±1

2
~, (19.1.15)

Ù¥§�ÒéAug^�þ§KÒéAug^�e"

e�	^|��� z¶��§N´wÑ§>fg^3	^|e�Uþ��kü��U���§

u = −µS ·B =
e

me

S ·B =
e

m
SzB = ± e~

2m
B = ±µBB. (19.1.16)

ù�Uþ§3þfåÆ¥§<�½¡��ZeemanU£Zeeman energy¤

��§>f�o^Ý�;�^Ý�g^^Ý�Ú§

µ = µL + µS = − e

2me

(L + 2S). (19.1.17)

§3	^|¥éA�ZeemanU�

u = −µ ·B = (n± 1)µBB, 0 < n ∈ Z. (19.1.18)

§19.1.3 Ø^Ý

�fÚ¥fÑkg^§�Ñk^Ý§

µp = 2µp

S

~
, (19.1.19)

µn = 2µn

S

~
, (19.1.20)

Ù¥§

µp = 2.792847337(29)µN, (19.1.21)

µn = −1.91304272(45)µN, (19.1.22)

ùp§µN´¤¢�ØÀ�^f£Nuclear Bohr magneton¤§

µN =
e~

2mp

, (19.1.23)
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Ù¥§mp´�f��þ"ùp��¹'>f����E,�
§@´Ï�§UìC�Ôn§�fÚ¥

fÑØ´Ä�âf§
´EÜâf§§�Ñ´d§�£quark¤�¤�"

Ó>f��§�fÚ¥f�Ñ´g^� 1/2�âf§3���IXe§Ùg^�Äþ� z©þ�

kü��U���§

Sz = ±1

2
~. (19.1.24)

duØÀ�^f���uÀ�^f§

µN =
e~

2mp

� e~
2me

= µB, (19.1.25)

Ïd§3����¹e§Ø^5�±�Ñ§·��I�Ä�f^5Ò�±
"

§19.1.4 ^ó4f�?Ä

·�®²w�§Ø+´;�^Ý�´g^^Ýþ��A��Äþ¤�'"·���§3åÝ��

^e§�ÄþÒ¬��üz"éufN§ùÒ´fN�^="d´��§XJò��f��3	^|

�¥§Ù;��Äþ7,¬��üz§Ï�§ÉkåÝ§

τ = µL ×B, (19.1.26)

Ù¥§µL´;�^Ý§B´	^|"d�Äþ�$Ä�§§·�k

dL

dt
= τ . (19.1.27)

�,§·�ùp�	��´²;$Ä�§§.¾§8c·��vk�{�Ä�Äþ�þf$Ä�§§

�´§üö�éõVg´aq�§�d·��¿Ñ�?Ø§±�ò5�I"

5¿�

µL = γL, (19.1.28)

Ù¥§γ´�5Xê§

γ = − e

2m
. (19.1.29)

òd�5'X�\�Äþ�$Ä�§§�

dµL

dt
= γτ . (19.1.30)

ùÒ´;�^Ý£§´��ó4f¤�$Ä�§"�\c¡�åÝ§·�k

dµL

dt
= γµL ×B. (19.1.31)

ù«~�©�§·�®3c¡��L"3���IXe§À^|B���� z¶���§§�)�

µx = µ⊥ cos(ωt+ ϕ), (19.1.32)

µy = −µ⊥ sin(ωt+ ϕ), (19.1.33)

µz = µ‖, (19.1.34)
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Ù¥§µ⊥§µ‖Úϕ´n�È©~ê§�±dÐ�û½§
ωK�ªÇ§

ω = |γ|B. (19.1.35)

·���§fN�=Ä©�n«§©O´g=!?ÄÚÙÄ"XJò^ó4fa'XfN§KN´w

Ñ§þ¡ªf¤£��$Äáu?Ä§ω�?Ä�ªÇ"

ò;��Äþ��g^�Äþ�´���§

dS

dt
= µS ×B, (19.1.36)

Ù¥§

µS = γS, γ = − e

m
. (19.1.37)

u´§·��g^^Ý£§�´��^ó4f¤�$Ä�§§

dµS

dt
= γµS ×B. (19.1.38)

Ø?ÄªÇØÓ	§Ù§��;�^Ý��"

du^ó4f3	^|��^e�±Ï$Ä§Ïd§3±Ï5	å�6Äe§�±u)��§ù

Ò´Ø^���Ä��n"

§19.2 ^zrÝ

·�®²��§>0��±©�üaµ�a´�¤§�©f!�f½lfäk�k�>ó4Ý¶

,�a´�¤§�©f!�f½lfvk�k�>ó4Ý"�ö�©f!�f½lf�,vk�k>

ó4Ý§�3	>|��^e§Ù©f!�f½lfE�aA�)>ó4Ý£ £4z¤"Ïd§ùü

a>0�Ñ��	>|4z§Ù4zrÝ�

P = lim
V→0

∑
i〈pi〉
V

, (19.2.1)

Ù¥§〈pi〉L«ó4fpi�ÚO²þ§V ´NÈ�§¦Ú´éNÈ�V S�>ó4f?1�"

Ó>0���§̂ 0��©�üaµ�a´�¤§�©f!�f½lfäk�k�^ó4Ý¶,�

a´�¤§�©f!�f½lfvk�k�^ó4Ý"cö§~XMn2+!Gd3+!U4+!Al!CrK(SO4)·

12H2O§��§§�Ñk�W÷�S>f��"�ö§~XHe!Ne!Ar!Li+!Na+!K+!F−!

Cl−!Br−!Au!Ag!Cu!CO2!H2!N2§��§§�Ñ´÷���"

éu1�a^0�§�ò§�u^|�¥�§ÙNS�3��þ�^ó4f§7,É�^|�å

Ý�^§

τ = µ×B. (19.2.2)

T�^¦�^ó4f=Ä§¦���	^|��§Ï�ù����§k|uXÚUþ�ü$§

u = −µ ·B. (19.2.3)
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��§	^|¦XÚªukS§�±JpXÚ�kSz§Ý",
§3k�§e§̂ ó4f�k9$

Ä§9$Äò6Ïþ¡�kSü�§ü$XÚ�kS§Ý§¦XÚªuÃS"ùü«éá�$Ä§3

�½�§Ýe��²ï§¦�0�S�^ó4f �	^|��§�ØU�	^|��²1"ùÒ´

0��^z£magnetization¤"�X4zrÝ§<�Ú?^zrÝ£magnetization¤5£�0��^

z§Ý§

M = lim
V→0

∑
i〈µi〉
V

. (19.2.4)

Óc§ùp� 〈µi〉L«^ó4fµi�ÚO²þ§V ´NÈ�§¦Ú´éNÈ�V S�^ó4f?1

�"w,§

〈µi〉 ‖ B, (19.2.5)

Ï
§XÚ�^zrÝ��	^|B²1§

M ‖ B. (19.2.6)

ùp§0�S^ó4fLyÑé	^|�^l5§Ï~¢�^^5£paramagnetism¤"

éu1�a^0�§�â{.1>^aA½Æ½dg½Æ§�é§�\	^|�§Xã19.2.2¤

«§ÙNS�©f!�f½lf�>f�ò¬aA/¤>6"aA>6q�¤
��^ó4f§¢�

ã 19.2.2. _^5

aA^ó4f£induced magnetic dipole¤"ØL§aA^ó4fØÓu�k^ó4f§§´�	^|

�²1�§
Ø´²1�"d´��§1�a0�S�^ó4fòLyÑé	^|�|_5§<�¡

��|^5£diamagnetism¤"Ó�/§·���±Ú?^zrÝ5£�0��^z§Ý§

M = lim
V→0

∑
i〈µi〉
V

. (19.2.7)

Óc§ùp� 〈µi〉L«aA^ó4fµi�ÚO²þ§V ´NÈ�§¦Ú´éNÈ�V S�aA^ó

4f?1�"w,§

〈µi〉 ‖ −B, (19.2.8)

ù´|^5�Ny"

���Ñ�´§éu1�a^0�§ÙNS�©f!�f½lf�>f��¬�)aA^ó4Ý§

Ï�{.1>^aA½ÆÚdg½Æ´ÊH·^�"ØL§aA^ó4Ý'�k^Ý�f��õ§Ï


�±�ÑØO"�k31�a^0�¥§aA^ó4ÝâUwÍ/LyÑ5"
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éu1�a^0�§þ¡¤ù�SNáup§�/§�§Ýü$�§3,��.:£critical point¤§

XÚ¬u)�C£phase transition¤§Ò�YC¤X§½YC¤�ð§½XC¤�ð��"3�.:

±e§1�a^0��U?\c^�!½�c^�!½æc^�§��"éuc^�Úæc^�§=B

	^|B�"§XÚ�^zrÝM�Ø�u""éu�c^�§�	^|B�"�§f�^zrÝ

^zrÝMØ�u""ù
Ñáu�NnØ±9þf�C�SN§ùpÒØõù
"

§19.3 ^z>6

3>^Æ½>ÄåÆ¥§é0�Ñæ^ó4�.§�Ò´ò0�NS�©f!�f½lfÀ�ó

4fµ>ó4f½^ó4f"Øw�´§<��ò0�ëYz§̂ 4zrÝP5£�0�3	>|e

�4z§̂ ^zrÝM5£�0�3	^|e�^z"ù�§PÚMÒÑ´¥þ|§

P = P(r), (19.3.1)

M = M(r). (19.3.2)

y3§·�5?Ø^0�"éuÙNS��NÈ�dr′ §̂ ó4Ý�

dm = M(r′)dr′. (19.3.3)

�âó4f�¥þ³úª§þãó4���¥þ³�

dA =
µ0

4π
dm× r− r′

|r− r′|3
=
µ0

4π
M(r′)× r− r′

|r− r′|3
dr′. (19.3.4)

Xã19.3.3¤«§3^0�S?���¬«�Ω"�
�B§·�ò�I�:OÀ3d�¬«�

ã 19.3.3. �¬^z0��¥þ³

�S"u´§�m:P ?�¥þ³�

A(r) =

∫
Ω

dA =
µ0

4π

∫
Ω

M(r′)× r− r′

|r− r′|3
dr′. (19.3.5)

5¿�

∇′ 1

|r− r′|
=

r− r′

|r− r′|3
, (19.3.6)

Ù¥§∇′L«é r′�FÝ§·�k

A(r) =
µ0

4π

∫
Ω

dr′M(r′)×∇′ 1

|r− r′|
. (19.3.7)
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|^¥þ©Ûúª§

∇× (ψf) = (∇ψ)× f + ψ∇× f , (19.3.8)

·�k

M(r′)×∇′ 1

|r− r′|
= −∇′ × M(r′)

|r− r′|
+

1

|r− r′|
∇′ ×M(r′). (19.3.9)

ò��\¥þ³�L�ª§�

A(r) = −µ0

4π

∫
Ω

dr′∇′ × M(r′)

|r− r′|
+
µ0

4π

∫
Ω

dr′
1

|r− r′|
∇′ ×M(r′). (19.3.10)

2|^¥þ©Û�È©C�úª§ ∫
dv∇× f =

∮
ds× f , (19.3.11)

·�k ∫
Ω

dr′∇′ × M(r′)

|r− r′|
=

∮
ds′ × M(r′)

|r− r′|
. (19.3.12)

5¿�

ds′ = n′ds′, (19.3.13)

·�k ∫
Ω

dr′∇′ × M(r′)

|r− r′|
= −

∮
M(r′)× n′

|r− r′|
ds′. (19.3.14)

ò��\¥þ³�L�ª§�

A(r) =
µ0

4π

∮
M(r′)× n′

|r− r′|
ds′ +

µ0

4π

∫
Ω

∇′ ×M(r′)

|r− r′|
dr′. (19.3.15)

d´��§þªm>�1��´L¡>6��z§¡>6�Ý�

Km = M× n; (19.3.16)

þªm>�1��´N>6��z§N>6�Ý�

jm = ∇×M. (19.3.17)

ùp§KmÚ jmþ5gug0��^z§Ñ´^z>6£magnetization current¤§§��U�3u

0��NL�NS§�0�¤åP§ØUøl0�
�3§�ØUD��0��	§ÑáuåP>6

£bound current¤"

|^^z>6§·�k

A(r) =
µ0

4π

∮
KM(r′)

|r− r′|
ds′ +

µ0

4π

∫
Ω

jM(r′)

|r− r′|
dr′. (19.3.18)

�A/§

B(r) = ∇×A

=
µ0

4π

∮
KM(r′)× (r− r′)

|r− r′|3
ds′ +

µ0

4π

∫
Ω

jM(r′)× (r− r′)

|r− r′|3
dr′. (19.3.19)
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§19.4 ^|rÝ

·���§·^|÷v��§�

∇×B = µ0 j, (19.4.1)

∇ ·B = 0, (19.4.2)

Ù¥§j�>6�Ý"3�3^0���¹e§XÚ�>6ò�)üÜ©µgd>6ÚåP>6"gd

>6£free current¤�D�>Ö£~X7á¥�>fíN¤¤Ö1�>6§§Q�±D\0�§��

±DÑ0�"åP>6=^z>6§Xþ�!�¤ã§§��3u0��¥§QØUD\0�§�Ø

UDÑ0�"ù�§3�3^0���¹e§·�k

j = jf + jm, (19.4.3)

Ù¥§jf�gd>6�Ý§jm�åP>6�Ý£^z>6�Ý¤"òþª�\^|��§(19.4.1)§�

∇×B = µ0(jf + jm). (19.4.4)

5¿�

jm = ∇×M, (19.4.5)

^aArÝB�^Ý�±��

∇×B = µ0jf + µ0∇×M. (19.4.6)

òm>�1��£��ª�>§,�ü>Ó�Ø±µ0§·��

∇×
(
B

µ0

−M

)
= jf . (19.4.7)

e½Â

H =
B

µ0

−M, (19.4.8)

Kk

∇×H = jf . (19.4.9)

Ï~¡þH�^|rÝ£magnetic field intensity¤"XÓ> £¥þD §̂ |rÝH´��9Ïþ"

Ä��^ÆþE´�>|rÝE�éA�^aArÝB"k��´§�3^0��§̂ |rÝHÏ

�gd>6�éX�
N´ÿþ§Ï�gd>6�±��ÿþ"�d��§d�§̂ aArÝBK�

Jÿþ§Ï�§�¹X^zrÝM§

B = µ0(H + M). (19.4.10)

�ÏXd§3^Æ¥§̂ |rÝH´�©­��"

o
ó�§3�30���/§·�k�©�§|

∇ ·B = 0. (19.4.11)

∇×H = jf , (19.4.12)
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Ù¥§

H =
B

µ0

−M. (19.4.13)

�­¡Ú­�È©§¿|^GaussÚStokesúª§·���A�È©�§|§∮
B · ds = 0, (19.4.14)∮
H · dl = If , (19.4.15)

Ù¥§If´BLS�£´�gd>6"

�
¦)þã�§|§·��I���MÚH�m�'X§

M = M(H). (19.4.16)

ùÒ´¤¢���'X£consitutive relation¤§l9åÆw§Ò´^50��Ô��§"éØÓ�á

�§��'X´ØÓ�§§�N
á��A5"�{ü�´��Ó5��5á�§·�k

M = χmH, (19.4.17)

Ù¥§χm´�5Xê§¡��^zÇ£magnetic susceptibility¤"ò��\H�½Âª§·�k

B = µ0(H + M) = µ0(1 + χm)H = µ0µrH = µH, (19.4.18)

Ù¥§�5Xêµ¡�^�Ç£permeability¤µr¡��é^�Ç£relative permeability¤§

µr = 1 + χm. (19.4.19)

éu�^á�§M�HÓ�§Ïd§

χm > 0, µr > 1. (19.4.20)

~X§
O2, χm = 1.8× 10−8

Pt, χm = 2.7× 10−5

Al, χm = 2.1× 10−5

 T = 20◦C. (19.4.21)

éu|^á�§M�H��§Ïd§

χm < 0, µr < 1. (19.4.22)

~X§
H2, χm = −2.3× 10−9

H2O, χm = −1.2× 10−5

N2, χm = −0.7× 10−8

Ag, χm = −2.5× 10−5


T = 0◦C. (19.4.23)
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¢�þ§�^á�Ú|^á�´N´«©�"·���§3�þ!^|¥§̂ ó4f�Éå�

f = (µ · ∇)B. (19.4.24)

éuü NÈ��¬§þªz�

F = (M · ∇)B. (19.4.25)

|^��'X§·�k

F = µ0χm(1 + χm)(H · ∇)H, (19.4.26)

½ö

F =
1

µ0

χm

1 + χm

(B · ∇)B. (19.4.27)

��§üa^5á�3�þ!^|¥Éå����"Ïd§<��L|^�þ!^|§ÒU�äá�

��^5�|^5"Xã19.4.4¤«§^�¬�/^c��N4§̂ �kkà�^c��S4§ù�§

ã 19.4.4. �^á��|^á�

3ü4�m��m«�ÒU/¤�þ!^|"Al��^á�§Bi�|^á�§§��Éå��´�

��"

§19.5 ^|�>�'X

ã 19.5.5. ^|�>�'X

Xã19.5.5¤«§���A²Ýfäª3ü^0���.¡þ§A^^|�pd½Æ§�∮
B · ds = 0. (19.5.1)

éu�>�¡È©§dÈ©¥�½n§·�k

B2 · (∆Sen) + B1 · [∆S(−en)] + o(∆S) = 0, (19.5.2)

Ù¥§B2ÚB1©O´^|3þ!e.¡þ�¥�§∆S´A²Ýfþ!e.¡�¡È§en�.¡�

ü {¥§l0�1��0�2"3þª¥§�>�1�Ú1�ü�´A²Ýfþ!e.¡��z§1
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n�´ýL¡��z§ù´Ï�Ýf´A²�§ý¡�¡È´p�Ã¡�"òþªü>Ø±∆S§¿

4Ýf�þe.¡ªu�.¡§=�4�∆S → 0§�

B2 · en = B1 · en, (19.5.3)

½ö

B1n = B2n. (19.5.4)

þªL²§3ü^0���.¡þ§̂ aArÝ�{�©þ´ëY�"

Ó�/§���A²S��´äª3ü^0���.¡þ§A^^|�S��´½Æ§�∮
H · dl = If . (19.5.5)

'u�¡��È©§dÈ©¥�½n§·�k

H2 · (∆Let) + H1 · [∆L(−et)] + o(∆L) = If , (19.5.6)

Ù¥§H2ÚH1©O´^zrÝH3þ!e>þ�¥�§∆L´A²�´þ!eü>��Ý§et�.

¡��¥"þª¥§�>�1�Ú1��´A²�´þ!eü>��z§1n�´üý>��z§ù

´Ï�£´´ ²�§üý>��z´p�Ã¡�"òþªü>Ø±∆L§¿4A²S��´�þe

ü>ªu�.¡§�Ò´�4�∆L→ 0§�

H2 · et −H1 · et = Kf , (19.5.7)

½ö

H2t −H1t = Kf , (19.5.8)

Ù¥§Kf´.¡þgd�¡>6�Ý"��§3����/e§̂ |rÝ���©þ3ü0���

.¡þ´ØëY�"

�Kf = 0�§·�k

H1t = H2t. (19.5.9)

d�§3ü^0���.¡þ§̂ |rÝ���©þò´ëY�"AO/§éuý�^0�§Ï�Ø

�U�3gd�¡>6§þªo´¤á�"


