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 ! *+$,-.$,/ Fe 0123456789:;<=>?@ABCD2E

FGHIJKHL2MNO Fe34P5QRS<'@KHL2.T/UVWXY

Z[@\]S<$)6^_H @̀$ab^_B`/cd7efS<=g2hi0

jk/@*+$,@.$,@EFGHIJKHL2$)Ohl34 Fem$nS

<g'5opS<=qN$)Ohl$rstumvwxy$%5z{<=|}

m(.)2~O��y?�@.rstumvwxyZ�tS<��O�Z�<= 

 

�`|}2$n�$n.T'$n���L  

! Fe34P5QRd?EFGHIJKHLmcd76�$)5]��Sjk5@

����L/@QRd? Fe 34PMN2��0C���u.T�_� 20�1`�

�@�2hiO��d?=��2� W/@Fe34PMN2��u.T�2¡ 
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g0�=°±@��u.T�2²³´¦§µ/#WX<=gymEFGHIO.

T5Tx0��2 Fe2� WX<'¶·<=d�d@EFGHIO.T5TS

'@Fe/¡¤¸2($)2AO��y?g'O0l@��u.T�2¡m.T$

)2¤¥O¹i=��u.T�2¡m¹i'@MNWº»S<��u.T�/¼

½O¾±¿d@Fe2À¯N�2�O.TmÁ<=gymÂ$n.T_Im Ã̀'0

<=qN��Ty<EFGHI2KHL«Ä.T/Âª«.T_Ie Ã̀'ÅÆy@

Â$n.T_Im Ã̀'ÇÈxy<_� 20�1 =̀g2ÉÊË2.TmÌ0lÍYZ

6ÎÍ�@f90$rstuÏ�Ð��5]�@6�$ab^ B_$)`5Ñ

·<'ÒÓS<=Â$n.T_Im Ã̀m]V@$rstuÏ�Ð��m]V<g'

5Â$nÃ'Ôi=$nmwg<|}5Â$%&Ã5ÅÕ= 

! $)2~O��y?|}O:�Z@$rstuÏ�Ð��2²³´0¦§µ

5ÖÎ@×Ø&ÙÚ?l2$rstuÏ�Ð��2µ_$rstuÏ�Ð��

b^`Od?[2/@$n���L(magnetization vector) 'ÅÆy<=g2$

n���L5ggW/@M(x)'ÀÛS<=ÜÝ´O/²³´|}M2Ø� x 2

ÞßWX<=°±@×Ø&ÙÚ?l$rstuÏ�Ð��m n àXl@á2$

rstuÏ�Ð��J���L2¦§5

! 

m = (1/n) m
k

k=1

n

" 'S<'@$n���L

M/ 

! ! ! ! !

! 

M = n " m     [N " A
#1
"m

2
/m

3
]                          (1) 

!19�(42)WÛd?hiO$rstuÏ�Ð��2�â/

! 

[N " A
#1
"m

2
]WX<�

�@M(x)/gy5&ÙWãY?�â5ä:=.) E 2~O��y?v.&2�

t���L P(x)OåæS<=!



 331 

! $rstuÏ�Ð��2©ç/@èB2é$ê

! 

µ
0

= 4" #10$7(N % A$2
)5ëÎ<

)Í'

! 

µ
0
5ëÎ0�)Í2@É�lmX<2Wìomíî=ggW/!

! 

µ
0
5ëÎ

?$rstuÏ�Ð��5ï�Z�<=d�d@

! 

µ
0
5ëÎ0�©ç5ï�<'@ 

M2�â/

! 

[A "m
2
/m

3
] = [A /m]'0<=!  

! ����L2¶·¤/@� 19-5Wðñ?Âò�.T2óÍ&Ã2¶·¤2g

'WX<=ôõ2Âö��$uÃOÞ÷dZðñ?hiO@øù´úÒW/@�Fe

2�u.T�/@Fe 2.u2ûuü2ýl2þÿ!"'@.uáy#$mä:

%&�_#'!"`O()S<$rÏ�Ð��@x�O*+MW2$rÏ�Ð

��2¼½,ï2*-OåæS<=jk./@.u#$mä:%&�$rÏ�

Ð��'á2/0��mÌîWX<=d�d@�$1�52©S<2W/07@

Âûu3H42ò�.T@5'S<.TÃ2¡m|}MW¹i'S<6)/f

7´58?[2WX<2W@����L2��u.T�/9:[;ig''S

<= 

 

"`<$%@=$%@6$% !

 ! $)2~O��y?|}m>Svw$rstuÏ�Ð��/@?@´O/@

�2É:OABW]V<'úÒxyZ�<=CÜ/@á2|}5BDdZ�<

ûu#&m['['$rÏ�Ð��5äYZ�<)ÍW@E&´O/@FG.

uH�2 3d .u5ä:IJâK@4f .u5ä:L�MNI_OPËâK @̀5f

.u5ä:��QNI012ûuJHR�01mSÚS<=qN$)m0��

 W/@á2¥9/ûuJHR�2T!"OhlL�UVWX<m@� 20�12

hi0�WWqN$)2['O��y<'@qN$)2¤¥OûuJHR�2
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$rÏ�Ð��m¹iX¥5>S=á2*-@²³´O[$rstuÏ�Ð�

�5>S=� 20�12hi0�W5¶·<'@qN$)5]V<ª«.T'UV

¥92$n.Tm]V<=! CÉ2AB/@ûu#&m$rÏ�Ð��5äY

Z�0�)ÍW[@Y<O�x0$rstuÏ�Ð��mvwxy<ABWX

<=KHL5qN$)2~O�7'@.$v«OhlKHLAO.TmTy<

_.$v«O:�Z/@!21Wðñ< =̀$)5¾±¿ShiO.$v«Oh<

.Tm]V<=gy'Ë�S<��mZ�[O[wg<'¶·�y<=� 20�1

2hi0�WW/@ª«.T'=å2¥92$n.Tm]V<=à£2ûuO

[Y<O�x�0m�$rÏ�Ð��m]V@á2¥9/qN$)'=åWX

<=!  

! CÜ2ABOh<vw$rÏ�Ð��2¤m@CÉ2ABWvwxy<$r

Ï�Ð��hl\�Of9�)Í/@qN$)'UV¥9O²³´0vw $r

stuÏ�Ð��m]V<=g2hi0$n5>S|}/@ <$%|}

(paramagnetic! materials)'ÅÆy<=FG.uH�2 3d.u5ä:IJâK@ 4f

.u5ä:OPËâK2ûuJHR�5ë]|}/g2hi0<$%|}2^

ÀWX<=Ü¤@CÉ2AB2�Ohl@qN$)'/=å2¥9O@_�0

²³´vw$rstuÏ�Ð��m]V<|}/@=$%|} (diamagnetic!

materials)'ÅÆy<=4f .u5ä:OPËâKW[@`G.uH�'0YZ�

< Lu3aHR�2nÍ|/=$%|}WX<=4f.u5ä?0�mL�MNI_O

PËâK`2ÜbOxyZ�< La2 3aHR�nÍ|[=$%|}WX<= 

! � 20�12hi0�WW@Fe- Ni/Y<Of90vw$rstuÏ�Ð��

5]V<m@gy/.2É:2ABW/��W90�=Fe- Ni/FG.uH�
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2 3d.umcdS<2W@Fe- Ni2ûu/$rÏ�Ð��5äYZ�<= Fe

- Niûu/*+Be5,YZ�<m@gy�2ûuØ�O/$rÏ�Ð��5

ä:ûumcddZ�<2W@ºlÍiûuØ�2$rÏ�Ð��2fO/@

6�gu0h´¼½,ïmi9@*-'dZ@$rÏ�Ð��5¹·@²³´

O[Y<Of90$rÏ�Ð��5]V<=d�d@qN$)m0�)Í/@

X�j<N�W$rÏ�Ð��m¹YZ�<kW/0�=$Ç_ magnetic 

domain`'ÅÆy< 10-5 m 3H42lmMW/@$rÏ�Ð��m¹YZ�<

m@º»S<$ÇW/$rÏ�Ð��2¥9m=åWX<hi0�Wmk�d

Z�<=nYZ@²³´0$rÏ�Ð��2¦§µ_M@$n���L`5ÖÎ

<'#'0<=g2hi0|}OqN$)5opS<'@áyqy2$Ç2$

rÏ�Ð��mÜrOUV¥9O¹i=f90$n���LmqN$)2¥9

O]V<=g2hi0$n5>S|}/6$%|}_ferromagnetic materials`

'ÅÆy<=6$%|}/@ÜÝO@6�$)5�;ZsZ2$Ç2$rÏ�

Ð��5¹·?:@g2qN$)5#OtdZ[@$n���LMm#Ot�

0�_� 20�3�(2)[uv2g' =̀g2hi0%}mcd�6$%|}m*+$

,'dZwïxy<= 

! 6$%|}/Y<O6�<$%&WX<'Ô·<m@Ü¤@Y<O6�=$

%&/@xy-z01234mt{|_}~K Ẁ>S�ª«_superconductivity`

� O�<g'm�)<=nÍ|W[ YBa2Cu3O7@Tl2Ba2CaCu3O10/@áyqy@

90, 120 KW�ª«� O0<g'm 1980�^O���Oxy?=�t{|_}

~K �̀W/0�'ÔiopW@��|��ª«|}'ÅÆy<=�ª«|}5Ü

�0$)2['O��Z[@$aÄ/�ª«|}2'g�W���y@MNO
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R�0�=gy/�H%���-_Meissner effect`'ÅÆy<=�ª«|}M

N2$ab^ B /<O#WX<g'5opS<m@qN$)2�-5�sO¾

±¿dZd>i�s=$%&O¨�0$n.TO�<'xy<��`= 
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!"#$%&'#$()*+  

 #,-./0#$%&[ im(x)]'#$()*+[ M(x)] 0123456789:!

; 20<1=>?@AB3C#,-./0#$%&[ im(x)]DE6FGHI6C#$

%&D#,-JK0L3M9NOPQ789R; 20<2": 

! ST3#$U@VWX#,-0./3DM0#$()*+YZ[659'\

9:]U6CVW0^JK_3CVW0`abHc@d Im0#$%&Yef\

9'\9:gHhs0VWij0Vklm3 Imds0%&YefU659:n0o

p%&DVXqr+%&=s9PQCqr+Kt'0tD#uvwxyz{|

*}~8C

! 

µ
0
IS = µ

0
(I

m
"s)S'�9:S�Cn0VWij0Vk0#uvwxy

z{|*D M 0��AdC

! 

M"V = M(S"s) = µ
0
(I

m
"s)S'�9:�3C��}�

�\9n'=C#$()*+'#$%&012DC 

! ! ! ! ! ! ! ! ! !

! 

M = µ
0
I
m

                          ! ! ! !  (2) 

'�9:ImDVW0`abHc@d#$%&=s9n'3��: 

 

 

 

 

 

 

 

 

 

S 

M 

hs Im!s 

; 20<2:ST3#$U@VWX#,-0#$()*+DM:

� ds0^K3D Im!s0VX%&Y&I659: 
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 !"#$%&'()*+,-./012"345678#$%&'()$9:

;<=M(x)0>?"@ABCDE#$9-.[ im(x)]0'("FGHI>JKL

MINO 20P3QRS8#zTUV)$9:;<=MKLM#W)X0 xTUVY 

 

 

 

 

 

 

 

 

 

 

 

 

 

ZEJ[\]^_*1/`*2/)$9:;<=0#a7b7#z TUV" M1`

M2YcE#M1>M2 )>JKLMIRd^_Y3#z TUV)$9:;<=Ke

Efgh'"#$9-. I1` I20ijBkINO 20P3QRa7b7)^_Y#$

lmn,opqr<3# 

    

! 

M
1
" (#x#y#z) = µ

0
" I

1
" (#x#y),        M

2
" (#x#y#z) = µ

0
" I

2
" (#x#y)  

`stYuIRW7KvwxB#yz){K`I`# 

z 

x 

y 

M| 

M} 

I1 

I2 

 

0 

1 

2 

M0 

 

O 20P3R\]^_*1/`*2/)$9:;<=0#a7b7#

M1`M2YcE#M1>M2 )~#yz)��h" yTUV)-.

(I1PI2)0�IR 

M1>M2 )~#!

1 ` 2 )��h

" yTUV)-

.(I1PI2)0�I 

 

!y 

!z 

 !x 
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! ! ! ! !

! 

M
1
" #z = µ

0
" I

1
,         M

2
" #z = µ

0
" I

2
! ! ! ! ! ! ! ! ! ! ! (3) 

           

! 

µ
0
" (I

1
# I

2
) = (M

1
#M

2
) " $z > 0                         (4) 

! 20"3#$%&'()*+,-.,/012

! 

(I
1
" I

2
)3 y456)27&8+7

9/012,:;)<=>&8+,123 xz"?9@A)BC#$*

! 

(I
1
" I

2
)9

! 

"x"zDE7F*/012 im(x), yGHIJ&8 

! ! ! ! !

! 

(im )y =
(I
1
" I

2
)

#x#z
=
1

µ
0

$
(M

1
"M

2
)

#x
= "

1

µ
0

$
(M

2
"M

1
)

#x
= "

1

µ
0

$
#Mz

#x
!

! 

(M
1
"M

2
) /#x = "(M

2
"M

1
) /#x = "(#M /#x)$"(%M

z
/%x)D*/0KLMN3 z 4

5696OPO&#$*/0KLMN, x 456,QR)STU9VWXY,

)Z[O8\) 

! ! ! ! !

! 

(im )y = "
1

µ
0

#
$Mz

$x
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (5) 

IJ&8 

! ])^_&`a3*y 456)bcd(efD,-.,/012Dg&8!

20"3 D*hiefj1k, y 4,lmb)j2’k,ef9^_&8n7o7*z

456) M1I M2’D*M1>M2’ I>&8pq,rs?D*x4,S56)/01

2,-. (I1"I2’)tuv&+I3*! 20"3 Defj1kIefj2’kwxyz9

^_7F{|Da&8 

! ! ! ! !  

! 

(im )x =
1

µ
0

"
#Mz

#y
                                   (6) 

IJ&8(5)I}~PSTUtV#JO,3*/012,-. (I1"I2’)t x 4,S

5696C#$Dg&8 

! z 456Dbcd(efD,-./0123*/0����M M t z 496

OPO&#$*z4)��J/0123��[JO,D^_JCPY�O8 
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! !"#Mx#My$%&'()*+#,-$ Mz$./0123456789:

;<=#>?$%&'()*M=(Mx, My, Mz)+@A3AB=456789: 

(5)+Cy#z#xD0EFG0#H6+>IJBKLMNOCz#x#yD"# 

! ! ! ! ! !

! 

(im )z = "
1

µ
0

#
$Mx

$y
 

3FP#MQ3KLMNOCx#y#zD" 

! ! ! ! ! !

! 

(im )x = "
1

µ
0

#
$My

$z
 

0FR:(6)3I9=SH6+Cx#z#yD0EF<#>IJBKLMNOCz#y#

xD"# 

! ! ! ! ! !

! 

(im )z =
1

µ
0

"
#My

#x
 

+T5#MQ3SU>IJBKLMNOCy#x#zD"!  

            

! 

(im )y =
1

µ
0

"
#Mx

#z
 

+T5R:V@AWXYIZR$[#H6Q+\5=]^$_`0FR: 

! ! ! ! ! ! !

! 

(im )x =
1

µ
0

(
"Mz

"y
#
"My

"z
)  

! ! ! ! ! ! !

! 

(im )y =
1

µ
0

(
"Mx

"z
#
"Mz

"x
)                           (7) 

              

! 

(im )z =
1

µ
0

(
"My

"x
#
"Mx

"y
)  

>I$a3b0c67# 

! ! ! ! ! ! !

! 

i
m

(x) =
1

µ
0

rot M(x)                              (8) 

[ZR:%&de"%&'()*M$Lf+gh$i%j[klOS$[ZR: 
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!"#$%&'()*+,-./012 

! (8)03456789#$:;<=5>?@A=#$%&978=BC;DE

FG:HD0#$%&56IJ0%KLM=N;%&E5OPQR;'006

%&ST;DE5UCST;H 

! V18W7SXYZ0+,-./012F[*H\03456 

! ! ! ! ! ! !

! 

rotB(x) = µ
0
i(x)                               (V18-35-1) 

S6DR5#]^_ HS`ab6 

! ! ! ! ! ! !

! 

rotH(x) = i(x)                                 (V18-35-2) 

STc*H%&d_9#]=e3:;DEFG:Efg*H (8)0#$%&'%

&ST;hi6jklaS5mn78op'()qrs;]t=56(8)0#$

%&F(V18-35-1) 0uv=()qwhxbmimyHzcqXYZ0+,-.

/012567{op'()q6 

! ! ! ! ! !

! 

rotB(x) = µ
0
{i(x) + i

m
(x)}! ! ! ! ! ! ! ! ! ! ! ! (9) 

Em;H 

! (8)F|cq

! 

i
m
(x)F}v=L~:Rb6 

! ! ! ! ! !

! 

rot{B(x) "M(x)} = µ
0
i(x)                          (10) 

ST;H(V18-35-2)0#]^_ H'�0N�=����maRbmimyH 

! ! ! ! ! !

! 

H(x) =
1

µ
0

{B(x) "M(x)}                         (11) 

Em;HD0N�=���*#]^_ H 567{opSTcq'6IJ0%K

0LM=N;%&

! 

i(x)la=3��n�6 

! ! ! ! ! ! !

! 

rot H(x) = i(x)                                (12) 
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!"#$%&'()(*18-35-2)!+,-./012 

! *1334/$45(6/(748(9:;<=>$4?@A D;BC>D2 

          

! 

D(x) " #
0
E(x) +P(x)                                (*13-16) 

E>F$GHI(JKLMN$O%4PQ$O%4P@AQ!(RS;T.D2 

  ! ! !

! 

D(x) "n(x)dS
S

# =Q                      ! ! ! ! ! ! (*13-23) 

! ! ! ! !

! 

divD(x) = "(x)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (*13-24) 

 (11)(

! 

H(x) = (1/µ
0
){B(x) "M(x)};(*13-16)LUVWXF<Y1ZT[01[$

\]^_`D#!UV>"N(/$E(ab[cdefWgFN1h![iN 

12>j>$(11)^k(lmL$ 

        !  

! 

B(x) = µ
0
H(x) +M(x)! ! ! ! ! ! ! ! ! ! ! ! ! ! n13o 

!pq/r1(/$h(s[ (*13-16)L_`D#!UVt12OuPQ^vw

>"N(/$

! 

divB(x) = 0/0#$(*13-24)LUVt12%&(x45yxu5(

Uz;*1932 /ZT>D2{|u5;<YD5}~(12)^-./012�D$

{|(749:$u�;<Y15}^$D(x)! B(x)L9:����!u���

��[Eg�g��#(*13-16)!(13)L"12��^��Wg1~(($�)^

%&(x45yxu5!���"N(/$\](UV~���"N2 

 

�ou��!�u� 

! *13 /(748(ZT/^$��45[z���W,F$�s�"748/

^$748(9:����^��45Lz�t1!��D2 

! ! ! ! !

! 

P(x) = "
e
E(x)                                 (*13-18-1) 
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!"#$

! 

"
e
%&'()*(electric susceptibility)+,-./0&*

! 

"
0
12345

! 

[C
2
" N

#1
"m

#2
]6789 (13-16):;<=>, 

! ! !

! 

D(x) " #
0
E(x) +P(x) = (#

0
+ $

e
)E(x) = #E(x)              (?13-19-1) 

+,0&@/0&*A

! 

" # "
0
+ $

e
+BCD9  EF@/EGHIJKM:L=>

M,!NOPEQ+RSTUV:L=>,EQWX H 1/Y/!"Z[6\]

^_1%+`^9 

! ! !  

! 

M(x) = "
m
H(x)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (14) 

!"#$

! 

"
m
%EG*(magnetic susceptibility)+, EG*/aAbEFUV+Ac,

dEFUV+Ae+B^9_f6(13):;<=>, 

! ! ! !

! 

B(x) = µ
0
H(x) +M(x) = (µ

0
+ "

m
)H(x) = µ H(x)            (15) 

1g^9

! 

µ " µ
0

+ #
m
6U@/hE*imagnetic permeabilityj1kl9 

 ?13+mnDop:,0&@/Qq,

! 

"
e

= " 
e
# $
0
1=>r45/

! 

" 
e
6&'()

*1=>sP^_1Mtu^9_/QqA,!

! ! ! ! !

! 

P(x) = " 
e
#
0
E(x)                                     (13-18-2) 

1g^9_f6(13-16):;<=>, 

         

! 

D(x) " #
0
E(x) +P(x) = (1+ $ 

e
)#
0
E(x)                    (13-19-2) 

+,!"#$

! 

("
0

+ #
e
) = "

0
(1+ # 

e
)%vw/0&@6xyz{^0&*

! 

(")+B|, 

! ! ! ! !

! 

" # "
0
+ $

e
= "

0
(1+ $ 

e
)                               (13-20) 

}~UV/0&*

! 

(")6��^Qq,

! 

"
r
# (" /"

0
)+#��f^!0&*6sP^_

1%�P_1MmnD9 EG*

! 

"
m
/QqM2�+, 

! ! ! ! !

! 

µ " µ
0
+ #

m
= µ

0
(1+ # 

e
) 

1=>,r45�/EG*

! 

" 
m

= "
m
/µ

0
 6sPD|,! !hE*

! 

kµ " µ /µ
0
!  
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! 

kµ " µ /µ
0
= (1+ #

m
/µ

0
) = (1+ # 

e
)  

!"#$%&'(   )*+,- 

! ! ! ! !

! 

B(x) = µH(x) = kµµ
0
H(x)!  

./'(012.312*45678'19:; B.1+<; H*=>!?@

A6BC$*D-E 20!3*(1)FG'(<12H*I'J#KE 20!3*(2)6 

 

 

 

 

 

 

 

 

 

 

 

B&( LMH*

! 

" # "
0
+ $

e
K06NO*LMPQ%RS#D-12H*1TPK

U6V/'*F-NO*W1PQ%RS#.KXY/#(Z[K-\045*

W1PKNO*W1PQ%]/%^_#*F-45*W1P

! 

µKNO*W1P

! 

µ
0

6`#aFG'(  

! E 20!3 *bcd]Ye'Qf6-<12H* BgH *=>KhiFK/j-

klmnolbpqrsdDG'(tuKvw O]YKxuy1+<; H!z

P 

P’ 

kµ=1 

kµ<1 

 

kµ>1 

 

H H 

B B 
b{d bcd 

E 20!3((1) 012.312*45678' B.H*?@A/=>-
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