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𝑴𝑠  = −𝛾𝑠ℎ𝑺 =
𝑔𝑠𝑒

2𝑚𝑒𝑐
,                                                            (1.1.1)

𝑴𝑳  = −𝛾𝐿ℎ𝑳 =
𝑔𝐿𝑒

2𝑚𝑒𝑐
ℎ𝑳,                                                      (1.1.2)

𝑴 = −𝛾ℎ𝑱 =
𝑔𝑒

2𝑚𝑒𝑐
ℎ𝑱                                                            (1.1.3) 

ℎ γ

𝛾 =
𝑔𝑒

2𝑚𝑒𝑐
                                                                               (1.1.4)

𝑚𝑒 

 𝑔𝐿 = 1

 𝑔𝑠 ≈ 2

𝑔 =
3

2
+

𝑆(𝑆 + 1) − 𝐿(𝐿 + 1)

2𝐽(𝐽 + 1)
                                                        (1.1.5)

{𝑀𝑧} = −𝛾ℎ𝐽, −𝛾ℎ(𝐽 − 1), … , 𝛾ℎ𝐽                                           (1.1.6)
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𝑀𝑧

𝛥𝑀𝑧 = 𝛾ℎ =  𝑔µ𝐵                                                        (1.1.7)

µ𝐵 =
𝑒ℎ

2𝑚𝑒𝑐
                                                               (1.1.8)

{𝑀𝑧}

𝜀𝑧 = −𝑀𝐻                                                                 (1.1.9)

𝛿𝜀 = 𝛾ℎ𝐻 = 𝑔µ𝐵𝐻                                                         (1.1.10)

ℎ𝜔 = 𝛿𝜀

𝜔 =  𝛾𝐻 ≡  
𝑔𝑒

2𝑚𝑒𝑐
𝐻                                                       (1.1.11)

{𝑀𝑧}

𝑀 = 𝑀𝑜𝐵𝑟(𝐽,
𝑀𝑜𝐻

𝑁𝑘𝑇
)                                                           (1.1.12)

𝑀0 =  𝛾ℎ𝐽𝑁 

𝐵𝑟(𝐽, 𝑥)
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𝐵𝑟(𝐽, 𝑥) =
2𝐽 + 1

2𝐽  
𝑐𝑜𝑡ℎ (

2𝐽 + 1  

2𝐽 
 𝑥) −    

1

2𝐽  
𝑐𝑜𝑡ℎ ( 

1

2𝐽  
𝑥)                    (1.1.13) 

→ ∞

 𝐵𝑟(𝐽, 𝑥) → 1

𝐵𝑟(𝐽, 𝑥)  𝑀 =

𝑥𝑝 𝐻 𝑥𝑝  

H

𝑥𝑝  =
𝐶

𝑇
 ,                                                                                   (1.1.14)

𝐶 =  
1

3
 𝐽(𝐽 + 1)

(𝛾ℎ)2

𝐾 
 𝑁                                                           (1.1.15)
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𝑀𝑠 

𝐻𝑖 = 𝛬𝑀                                                                        (1.2.1)

M

𝑀 =  𝑀𝑠𝐵𝑟 [𝐽,
𝑀𝑠

𝑁𝑘𝑇
 (𝐻 + 𝛬𝑀)]                                             (1.2.2)

․
𝑀(𝑥)

𝑀𝑠
=

𝑁𝑘𝑇

Λ𝑀𝑆
2 𝑥 𝐵𝑟(𝐽, 𝑥)

𝑥 =
𝑀𝑠

𝑁𝑘𝑇
 (𝐻 + 𝛬𝑀)
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𝑇 < 𝑇𝐶 𝑇𝐶 =  𝛬𝐶

𝑁𝑘𝑇

Λ𝑀𝑆
2 𝑥

𝑇 > 𝑇𝐶 

𝐵𝐽(𝑥)

․

𝜒 =
𝐶

𝑇−𝑇𝐶
                                                                    (1.2.3)

T → TC,

․
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M

Ms

= A (1 −
T

TC

)

1
2⁄

                                                           (1.2.4)

TC

(1 − T/TC)β

β ≈ 0.33 − 0.37

χ =

C′(T − TC)−γ γ ≈ 1.3 − 1.4

TC
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𝜇′(𝐻0) =  (
𝑑𝐵

𝑑𝐻
) |𝐻=𝐻0

,                                                           (1.3.1)                                       

 

𝜇′

𝜋 𝜇′
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I

𝐼𝑛1 = 𝐻𝑙,                                                                                   (1.3.2)                                                          

𝑒(𝑡) = −𝑛2𝑆
𝑑𝐵

𝑑𝑡
,                                                                          (1.3.3)      

𝑒(𝑡)

  𝐻1 =
𝐼1𝑛1

𝑙𝑐
, 𝐻2 =

𝐼2𝑛1

𝑙𝑐
,                                                                    (1.3.4) 

   δ𝐵 = 𝐵2 − 𝐵1 =
1

𝑛2𝑆
∫ 𝑒(𝑡) 𝑑𝑡

𝑡2

𝑡1

,                                                  (1.3.5) 

𝜹
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𝜇′(𝐻0) =  (
𝑑𝐵

𝑑𝐻
) |𝐻=𝐻0 ,                                                                       (1.4.1) 

𝜇′

𝛷
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𝑈2(𝑡) =  
𝑑𝛷

𝑑𝑡
 ~ 

𝑑𝐵

𝑑𝑡
=  𝜇′(𝐻0)

𝑑𝐻

𝑑𝑡
,                                                (1.4.2) 

𝐻(𝑡) =  𝐻0~ sin 𝜔𝑡

𝑈2(𝑡) = 𝜇′(𝐻0)𝜔𝐻0~ cos 𝜔𝑡 =  𝑈0(𝐻0) cos 𝜔𝑡 ,                       (1.4.3) 

𝜇′(𝐻0) =  
𝑈0(𝐻0)

𝜔𝐻0~

,                                                               (1.4.4) 

𝐻0~

𝑈0(𝐻0)
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𝜇′

𝜇′(𝐻0)
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Br(𝐽, 𝑥) =
2𝐽+1

2𝐽  
𝑐𝑜𝑡ℎ (

2𝐽+1  

2𝐽 
 𝑥) −   

1

2𝐽  
𝑐𝑜𝑡ℎ ( 

1

2𝐽  
𝑥)

4𝑀 =  𝐴𝐵𝑟(𝐻 +  𝐻3 +  𝐻5)                                              (1.4.5) 

Br(𝐽, 𝑥) =
2𝐽+1

2𝐽  
𝑐𝑜𝑡ℎ (

2𝐽+1  

2𝐽 
 𝑥) −   

1

2𝐽  
𝑐𝑜𝑡ℎ ( 

1

2𝐽  
𝑥)
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ℎ
𝑑𝑱

𝑑𝑡
= [𝒎𝑯]                                                                          (1.5.1)

𝑴 = −𝛾ℎ𝑱

𝑑𝑴

𝑑𝑡
= − [𝑴𝑯]                                                                     (1.5.2)
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𝐻𝐸 = 𝛬𝑀

𝑑𝐌𝟐

𝑑𝑡
= 0                                                                       (1.5.3) 

𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] = − [𝐌𝛚𝐿] ,                                                    (1.5.4)

𝝎𝑳 =  𝛾𝑯 =  (𝑞/2𝑚𝑐) 𝑯

𝑑𝑴

𝑑𝑡
=  −𝛾 [𝑴 × 𝑯] + 𝑹                                                                         (1.5.5)
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𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] − 𝛾

𝛼

|𝐌|
[[𝐌𝐇]𝐌]                                              (1.5.6) 

𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] − 𝛾

𝐌 −  𝐌0

𝜏
                                                          (1.5.7) 

𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] +

𝛼

|𝐌|
[[𝐌

𝑑𝐌

𝑑𝑡
]]                                                      (1.5.8) 

 
𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] − 𝜒𝐌 − 𝜆[𝐌[𝐌𝐇]] ,                                         (1.5.9) 

χM

𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] − 𝛾

𝜒0𝐇 −  𝑀0

𝜏
                                            (1.5.10) 

𝑴 = 𝜒𝑜𝑯
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𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] − 𝛾2𝐼

𝑑𝐇

𝑑𝑡
+ 𝐑 ,                                              (1.5.11)

 

 

𝑑

𝑑𝑡
(

𝐌2

2
) = −𝛾2𝐼𝐌

𝑑𝐇

𝑑𝑡
                                                                (1.5.12)

2 d
I

dt


H
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𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇]                                                                 (1.5.13) 

𝑴
𝑑𝐌

𝑑𝑡
=

𝟏

𝟐

𝑑

𝑑𝑡
(𝐌2) = 0                                                              (1.5.14)

M2 = const, M2 = M02, 

  

𝐌 = 𝐌𝟎 + 𝐦 exp (𝑖𝜔𝑡) ∶ 



35 
 

H0

𝑖𝜔m𝑥 = −𝛾m𝒚H0 

𝑖𝜔m𝒚 = 𝛾m𝑥H0                                                             (1.5.15) 

𝑖𝜔m𝒛 = 0  

𝜔0 = 𝛾H0                                                           (1.5.16)

m𝑥 = 𝑖m𝑦  

M0
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𝐡0 exp (−iωt)

h0 << H0

𝐇 = 𝐇0 + 𝐡0 exp (−iωt), 

 

𝐻𝑥 = ℎ0𝑥 exp (−iωt) 

𝐻𝑦 = ℎ0𝑦 exp (−iωt)  

𝐻𝑧 = 𝐻0  

 

𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] = γ |

𝐢 𝐣 𝐤
ℎ𝑥 ℎ𝑦 𝐻0

𝑚𝑥 𝑚𝑦 𝑀0

|                                        (1.6.1) 

 

𝐌 = 𝐌𝟎 + 𝐦 exp (iωt)                                                                  (1.6.2)                               

m

𝑖𝜔𝐦 = −𝛾[𝐦𝐇0] − 𝛾[𝐌0𝐡]                                                         (1.6.3)                                           



37 
 

mx, my, mz  

𝑖𝜔m𝑥 = −𝛾m𝒚H0 + 𝛾M0h𝒚  

𝑖𝜔m𝒚 = 𝛾m𝑥H0 − 𝛾M0h𝑥                                                       (1.6.4) 

𝑖𝜔m𝒛 = 0               

𝜔0 = 𝛾𝐻0

𝑖𝜔m𝑥 + 𝜔0m𝒚 = 𝛾M0h𝒚  

𝜔0m𝒙 − 𝑖𝜔m𝑦 = 𝛾M0h𝒙                                                     (1.6.5) 

m𝒛 = 0 

m𝑥 =
𝛾M0𝜔0

𝜔0
2 − 𝜔2

h𝒙 + 𝑖
𝛾M0𝜔

𝜔0
2 − 𝜔2

h𝒚  

m𝑦 = −𝑖
𝛾M0𝜔

𝜔0
2 − 𝜔2

h𝒙 +
𝛾M0𝜔0

𝜔0
2 − 𝜔2

h𝒚                                           (1.6.6) 

m𝒛 = 0 

m𝑥 = 𝜒𝑥𝑥h𝒙 + 𝜒𝑥𝑦h𝒚 

m𝑦 = 𝜒𝑦𝑥h𝒙 + 𝜒𝑦𝑦h𝒚                                                         (1.6.7) 

m𝒛 = 0 

 

𝜒𝑥𝑥 = 𝜒𝑦𝑦 =
𝛾M0𝜔0

𝜔0
2 − 𝜔2

, 𝜒𝑥𝑦 =  −𝜒𝑦𝑥 =
𝑖𝛾M0𝜔

𝜔0
2 − 𝜔2

                                        (1.6.8) 

𝐦 = �̂�𝐡,                                                                          (1.6.9) 

�̂�  

  

�̂� = 𝛿𝑖𝑘 + 4𝜋�̂� ,                                                                                (1.6.10) 

կամ 
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�̂� =
|

|
1 + 4𝜋

𝛾M0𝜔0

𝜔0
2 − 𝜔2

       4𝜋
𝑖𝛾M0𝜔

𝜔0
2 − 𝜔2

         0  

 −4𝜋
𝑖𝛾M0𝜔

𝜔0
2 − 𝜔2

       1 + 4𝜋
𝛾M0𝜔0

𝜔0
2 − 𝜔2

      0    

 0                                0                              1

|

|
                                    (1.6.11) 

�̂�

 

�̂� ≅ |
|

1           − 4𝜋
𝑖𝛾M0

𝜔
            0  

 4𝜋
𝑖𝛾M0

𝜔
           1                  0    

 0                    0                   1

|
|                                                (1.6.12) 

M 

𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] + 𝐑,                                                                           (1.6.13)  

𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇] + η[[𝐌𝐇]𝐌],                                                      (1.6.14)  
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𝜂 = −𝛼𝛾/𝑀 

: 

ℎ0𝑥 exp(−𝑖𝜔𝑡) , ℎ0𝑥 exp(−𝑖𝜔𝑡) , 𝐇0 𝑚0𝑥 exp(−𝑖𝜔𝑡) , 𝑚0𝑥 exp(−𝑖𝜔𝑡) , 𝐌0

�̂�   = |
 𝜇       𝑖𝜇𝑎          0  

−𝑖𝜇𝑎       𝜇          0    
 0         0           𝜇𝑧  

|                                                     (1.6.15)

𝜇 = 𝜇′ + 𝜇′′ , 

𝜇𝑎 = 𝜇𝑎
′ + 𝜇𝑎

′′ , 𝜇𝑧 = 𝜇𝑧
′ + 𝜇𝑧

′′ , 

𝜇′ = 1 + 4𝜋
𝑀0

𝐻0

𝜔0
2(𝜔0

2 −  𝜔2) + 2𝜔2𝜔𝑟
2

(𝜔0
2 − 𝜔2)2 + 4𝜔2𝜔𝑟

2
 ,
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𝜇′′ = −4𝜋
𝑀0

𝐻0

(𝜔0
2 − 𝜔2)𝜔𝜔𝑟

(𝜔0
2 −  𝜔2)2 + 4𝜔2𝜔𝑟

2
 ,

𝜇𝑎
′ = 4𝜋𝛾𝑀0𝜔2

𝜔0
2 −  𝜔2

(𝜔0
2 − 𝜔2)2 + 4𝜔2𝜔𝑟

2
 ,

𝜇𝑎
′′ = −4𝜋𝛾𝑀0

2𝜔2𝜔𝑟
2

(𝜔0
2 −  𝜔2)2 + 4𝜔2𝜔𝑟

2
 ,

𝜇𝑧
′ = 1 + 4𝜋

𝑀0

𝐻0

𝜔𝑟
2

𝜔2 + 𝜔𝑟
2

 ,

𝜇𝑧
′′ = −4𝜋

𝑀0

𝐻0

𝜔𝜔𝑟
2

𝜔2 + 𝜔𝑟
2

∶ 

𝐇0
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ω0 =

𝛾𝐻0
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𝐌0

 

𝑑𝐌

𝑑𝑡
= − 𝛾[𝐌𝐇],                                                                        (1.7.1)

M0

M mx my

𝐌 = �̂�𝑚𝑥 + 𝒋̂𝑚𝑦 + �̂�(𝑚𝑧 + 𝑀0),                                                 (1.7.2)
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|𝐌|2 =  𝑚𝑡
2 + 𝑚𝑧

2 + 2𝑚𝑧𝑀0 + 𝑀0
2 = 𝑀0

2,                                    (1.7.3)

𝑚𝑡
2 = 𝑚𝑥

2+𝑚𝑦
2                                                                                  (1.7.4) 

𝑚𝑧 =  −𝑀0 (1 − √1 − 𝑚𝑡
2 𝑀0

2⁄  )                                                       (1.7.5) 

h~

𝐇 =  𝐇𝟎 + 𝐡~,                                                                               (1.7.6) 

𝐡~ = �̂�ℎ𝑥 + 𝒋̂ℎ𝑦 + �̂�ℎ𝑧 ,                                                                        (1.7.7)

 M 𝑚𝑡
2 ≪

 𝑀𝑠
2,

𝑚𝑧 ≈ 𝑚𝑡
2 2𝑀0⁄ = (𝑚𝑥

2+𝑚𝑦
2) 2𝑀0⁄                                                        (1.7.8) 

𝑚𝑥 = 𝛼ℎ𝑥 + 𝛽ℎ̇𝑦                                                                                  (1.7.9) 

𝑚𝑦 = 𝛼ℎ𝑦 − 𝛽ℎ̇𝑥 ,                                                                                (1.7.10) 

α  β  

𝛼 =
𝛾2𝐻0𝑀𝑠

𝛾2𝐻0
2 − 𝜔2

,                                                                           (1.7.11)

𝛽 =
𝛾𝑀𝑠

𝛾2𝐻0
2 − 𝜔2

,                                                                           (1.7.12)
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: 

ℎ𝑥 ℎ𝑦

ℎ𝑥 = 𝐴1 sin 𝜔𝑡 + 𝐵1 cos 𝜔𝑡 ,                                                      (1.7.13)

ℎ𝑦 = 𝐴2 sin 𝜔𝑡 + 𝐵2 cos 𝜔𝑡 ,                                                      (1.7.14)

𝑚𝑧 = −
1

2𝑀𝑠
[𝛼2(ℎ𝑥

2 + ℎ𝑦
2) + 𝛽2 (ℎ̇𝑥

2
+ ℎ̇𝑦

2
) + 2𝛼𝛽(ℎ𝑥 ℎ̇𝑦 − ℎ𝑦ℎ̇𝑥)]   (1.7.15) 

 (1.7.14) 

𝑚𝑧

H0

 H0

𝑚𝑧
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                                   M = M0 + 𝑀(1) + 𝑀(2) + ⋯,                                              (1.7.16)                                                  

𝑀𝑜 >>  𝑀(1)  >> 𝑀(2) …

                           𝐇𝑒𝑓 =  𝐇0 + 𝐡~ − 𝑁𝐌,                                                    (1.7.17)                                                      

 𝐻𝑜   ℎ~ (𝐻0  >>  ℎ~ 𝑁
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𝑑𝐌(𝑛)

𝑑𝑡
+ 𝛾[𝐌(𝑛)𝐇0] + 𝜔𝑟𝐌(𝑛) = −𝛾[𝐌(𝑛−1)𝐡~]                        (1.7.18)  

1 2

𝒎 = 𝜒1𝒉𝒂𝟏 + 𝜒2𝒉𝒂𝟐 ,                                                      (1.7.19)

𝜒𝟏 𝜒𝟐

𝒉𝒂𝟏 𝒉𝒂𝟐 1 2

 mz- 𝑛11 𝑛22 … (𝑛1,2 =  0, 1, 2, . . . )

1 2

1 , 2 , 

𝑛11 𝑛22 … (𝑛1,2 =  0, 1, 2, . . . )

𝑀(1)

ω1  ω2 𝑀1
(1)

𝑀2
(1)

ℎ1 ℎ2

𝐌(2)

𝐌(2)

𝐌1,2
(1)
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(1)

𝐌(2) 𝜔1 + 𝜔2
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𝑀𝑧
(2)

(ℎ1𝑧 =  ℎ2𝑧 =  0)

ℎ1𝑧  = 0

(ℎ2𝑧 ≠  0, ℎ2 𝑥 =  ℎ2 𝑦 = 0 (ℎ1 =

ℎ1𝑧 ,  ℎ2 =  ℎ2𝑧 ) 𝑀(1) = 0

𝑀 (2) = 0
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