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�«ï ãà ¢¥¨ï � ¤ ã–�¨äè¨æ  ¢¢®¤¨âáï ¬®¤¥«ì ä¥àà®¬ £¥â¨ª  á ¥®¤®à®¤®© ¤¨áá¨¯ æ¨¥©.
�®ª § ®, çâ® ¢ à ¬ª å íâ®© ¬®¤¥«¨ ä¥àà®¬ £¥â¨ª ¬®¦® ¯à¥¤áâ ¢¨âì ª ª ®áæ¨««¨àãîéãî

 ªâ¨¢ãî áà¥¤ã, ¢ ª®â®à®© ¢®§¬®¦® ®¡à §®¢ ¨¥  ¢â®¢®«®¢ëå áâàãªâãà: á¯¨®¢ëå  ¢â®¢®«,
¯¥©á¬¥ª¥à®¢, á¯¨à «ìëå ¢®«. �«ï ç áâ®£® á«ãç ï  ©¤¥ë ¨å ¢®«®¢ë¥ å à ªâ¥à¨áâ¨ª¨,
¢ëà ¦ îé¨¥áï ç¥à¥§ ¯ à ¬¥âàë áà¥¤ë.

1. �ªá¯¥à¨¬¥â «ìë¥ ¨áá«¥¤®¢ ¨ï ¬ £¨â®®¤-
®®áëå ä¥àà¨â-£à  â®¢ëå ¯«¥®ª [1–4] ¯®ª § «¨,
çâ® ¢ ¯¥à¥¬¥®¬ ¬ £¨â®¬ ¯®«¥ ¯à¨ ®¯à¥¤¥«¥-
ëå ãá«®¢¨ïå ¢ ¨å ¬®¦¥â ¢®§¨ªãâì ®á®¡®¥ ¢®§¡ã-
¦¤¥®¥ á®áâ®ï¨¥ ( £¥à®¥ á®áâ®ï¨¥). �«ï íâ®£®

á®áâ®ï¨ï å à ªâ¥àë  «¨ç¨¥ ¯à®æ¥áá®¢ á ¬®®à£ -
¨§ æ¨¨ ¢ á¨áâ¥¬¥ ¤¢¨¦ãé¨åáï ¤®¬¥ëå £à ¨æ ¨

®¡à §®¢ ¨¥ ã¯®àï¤®ç¥ëå ¤¨ ¬¨ç¥áª¨å ¤®¬¥ëå

áâàãªâãà (���): ¢¥¤ãé¨å æ¥âà®¢ (¯¥©á¬¥ª¥à®¢),
á¯¨à «ìëå ¢®« ¨ â.¯. �¥®à¥â¨ç¥áª®¥ ®¯¨á ¨¥ ¤ -
®£® ï¢«¥¨ï ¯à ªâ¨ç¥áª¨ ®âáãâáâ¢ã¥â. � ¥¤¨áâ¢¥-
®© ¨§¢¥áâ®©  ¬ à ¡®â¥ [5]   ®á®¢ ¨¨ à¥è¥¨ï

ãà ¢¥¨ï � ¤ ã–�¨äè¨æ  (���) á § âãå ¨¥¬

¢ ä®à¬¥ �¨«ì¡¥àâ  ¡ë«  ¯®ª §   ¯à¨æ¨¯¨ «ì ï

¢®§¬®¦®áâì áãé¥áâ¢®¢ ¨ï à¥è¥âª¨ á¯¨à «ìëå á®-
«¨â®®¢ ¢ ¬®¤¥«¨ ®¤®®á®£® ä¥àà®¬ £¥â¨ª  ¨ ¥¥

áâ ¡¨«¨§ æ¨¨ ¯®¤¡®à®¬ ª®ä¨£ãà æ¨¨ ¯¥à¥¬¥®£®

¯®«ï.

�  áâ®ïé¥© à ¡®â¥, ¨áå®¤ï ¨§   «®£¨¨ ��� ¨

¤¨áá¨¯ â¨¢ëå áâàãªâãà ¢  ªâ¨¢ëå áà¥¤ å, ¢¢¥¤¥¬
¬®¤¥«ì ä¥àà®¬ £¥â¨ª  á ¥®¤®à®¤®© ¤¨áá¨¯ æ¨¥©

¨ â¥®à¥â¨ç¥áª¨ ¨áá«¥¤ã¥¬ ¢®§¬®¦®áâ¨  ¢â®¢®«®-
¢ëå ¯à®æ¥áá®¢ ¢ ¥©.

2. � áá¬®âà¨¬ â®ªãî ä¥àà®¬ £¨âãî ¬ £¨â®-
®¤®®áãî ¯« áâ¨ªã á  ¨§®âà®¯¨¥© â¨¯  âàã¤ ï

®áì ¢® ¢¥è¥¬ ¬ £¨â®¬ ¯®«¥ H(0, 0,H). �à¨

¨§ª¨å â¥¬¯¥à âãà å ¬®¤ã«ì ¢¥ªâ®à   ¬ £¨ç¥-
®áâ¨ M(Mx,My,Mz) ¬®¦® áç¨â âì ¯®áâ®ïë¬ ¨

à ¢ë¬ M0; ¢ íâ®¬ á«ãç ¥ ¢¬¥áâ® ¤¢ãå ¥§ ¢¨á¨¬ëå

¯à®¥ªæ¨© Mx ¨ My áâ ¤ àâë¬ ®¡à §®¬ ¢¢¥¤¥¬

ª®¬¯«¥ªáãî ¯¥à¥¬¥ãî Ψ = Mx + iMy = ρeiϕ.

� á¯à¥¤¥«¥¨¥  ¬ £¨ç¥®áâ¨ ã¤®¢«¥â¢®àï¥â

���, ª®â®à®¥ á ãç¥â®¬ ¥®¤®à®¤®© ¤¨áá¨¯ æ¨¨

§ ¯¨è¥¬ á«¥¤ãîé¨¬ ®¡à §®¬:

∂M
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i=1

{
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]
+Ri

}
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R =
3∑
i=1

εi

(
Hi −

(
Hi M

)
M2
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)
. (1)

�¤¥áì ¢¢¥¤¥ë à §«¨çë¥ ª®íää¨æ¨¥âë § âãå -
¨ï εi ¤«ï ®¡¬¥®£® ¯®«ï H1 = α∆M, ¯®«ï  ¨§®-

âà®¯¨¨ H2 = βMzez ¨ ¢¥è¥£® ¯®«ï H3 = Hez; g —
£¨à®¬ £¨â®¥ ®â®è¥¨¥, α ¨ β — ª®áâ âë ®¡¬¥ 

¨  ¨§®âà®¯¨¨ á®®â¢¥âáâ¢¥® (β < 0), Ri — ®¯¥à â®à

� ¯« á , H — ¢¥«¨ç¨  ¢¥è¥£® ¬ £¨â®£® ¯®«ï,
eα — ¥¤¨¨çë¥ ¢¥ªâ®àë ¤¥ª àâ®¢ëå ®á¥© ª®®à¤¨ â.

�à ¢¥¨¥ (1) ¯¥à¥å®¤¨â ¢ áâ ¤ àâ®¥ ��� ¯à¨

á«¥¤ãîé¥© ¯®¤áâ ®¢ª¥ εi = ε. � ¬¥â¨¬, çâ® ¢¢¥-
¤¥®¥ â ª¨¬ ®¡à §®¬ ¥®¤®à®¤®¥ ¤¨áá¨¯ â¨¢®¥

á« £ ¥¬®¥ R ã¤®¢«¥â¢®àï¥â ®¡é¨¬ âà¥¡®¢ ¨ï¬,  -

ª« ¤ë¢ ¥¬ë¬   à¥« ªá æ¨®ë¥ ç«¥ë [6]: ® «¨-

¥¥ ¯® íää¥ªâ¨¢®¬ã ¬ £¨â®¬ã ¯®«î H̃ =
3∑
i=1

Hi

¨ R · [M× H̃] = 0.

�¥à¥¯¨è¥¬ ãà ¢¥¨¥ (1) ¤«ï ¢¥«¨ç¨ë Ψ

1

ω0

∂Ψ

∂t
= −Mz

(
ε2Mz + ε3h

)
Ψ

+ i
(
Mz + h

)
Ψ + l20Mz

(
ε1Mz − i

)
∆Ψ, (2)

£¤¥ ω0 = gβM0, l20 = α/β, h = H/βM0. �¤¥áì ¨ ¤ «¥¥

ª®¬¯®¥âë ¢¥ªâ®à   ¬ £¨ç¥®áâ¨ áç¨â îâáï ¡¥§-
à §¬¥àë¬¨ (M = M/M0).

�á«¨ ¯®«®¦¨âì ¢ íâ®¬ ãà ¢¥¨¨

λ(ρ) = −ω0Mz(ε2Mz + ε3h) ¨ ω(ρ) = −ω0(Mz + h),
â® ®® á®¢¯ ¤ ¥â á ãà ¢¥¨¥¬ ”λ−ω” ¬®¤¥«¨ ¤«ï

®áæ¨««¨àãîé¥©  ªâ¨¢®© áà¥¤ë [7]. � ¢®¢¥á®¥

§ ç¥¨¥ ρ0  å®¤¨âáï ¨§ ãá«®¢¨ï λ(ρ) = 0.

�£à ¨ç¨¬áï à áá¬®âà¥¨¥¬ ¯« ¢ëå à á¯à¥¤¥«¥-
¨©  ¬ £¨ç¥®áâ¨ á ¡®«ìè¨¬ ¯à®áâà áâ¢¥ë¬

¬ áèâ ¡®¬ L ¨ ¯à¥¤¯®«®¦¨¬, çâ® å à ªâ¥à®¥ ¢à¥¬ï

¨§¬¥¥¨ï τL ¤«ï à á¯à¥¤¥«¥¨ï ä §ë ϕ ¢¥«¨ª® ¯®

áà ¢¥¨î á ¢à¥¬¥¥¬ à¥« ªá æ¨¨ τ1 = |ρ0λ
′
ρ(ρ0)|−1

 ¬¯«¨âã¤ë ρ. �®£¤ , á«¥¤ãï [7], ¨§ ãà ¢¥¨ï (2)
¬®¦® ¯®«ãç¨âì ãà ¢¥¨¥ ä §®¢®© ¤¨ ¬¨ª¨ (���)

∂ϕ

∂t
= a (∇ϕ)2 + b (∆ϕ), (3)
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£¤¥

a = −ω0l
2
0Mz0
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ε2
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)
,

b = ω0l
2
0
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ε1M

2
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1

ε2
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)
,

Mz0 =
√
M2

0 − ρ
2
0. �  áâ®ïé¥© à ¡®â¥ ¨áá«¥¤ã¥âáï

ç áâë© á«ãç ©, ª®£¤  ε1 = 0, ε2 = ε3 = ε. �¨§¨-
ç¥áª¨© á¬ëá« íâ®£® ãâ¢¥à¦¤¥¨ï á¢®¤¨âáï ª â®¬ã,
çâ® ¢®§¬ãé¥¨¥  ¬¯«¨âã¤ë ρ = |Ψ| à¥« ªá¨àã¥â ª

á¢®¥¬ã ãáâ®©ç¨¢®¬ã § ç¥¨î ρ0 ¯® § ª®ã �«®å 

dρ/dt = (ρ0 − ρ)/τ1. � ¬¥â¨¬ §¤¥áì, çâ® ¤«ï ä¥àà®-
¬ £¥â¨ª®¢ â¨¯  «¥£ª ï ®áì ¢ íâ®¬ ç áâ®¬ á«ãç ¥

b < 0 ¨ ¢®§¨ª îâ «¨èì âãà¡ã«¥âë¥ à¥è¥¨ï. �«ï
áâ ¤ àâ®£® § âãå ¨ï ¢ ä®à¬¥ � ¤ ã–�¨äè¨æ 
(εi = ε), ª ª ¨ ¤«ï § âãå ¨ï ¢ ä®à¬¥ �¨«ì¡¥àâ ,
a = 0 ¨  ¢â®¢®«®¢ëå à¥è¥¨© â ª¦¥ ¥ ¢®§¨ª ¥â.
�¡é¨© á«ãç © à §«¨çëå εi ¡ã¤¥â à áá¬®âà¥ ¤®-

¯®«¨â¥«ì®. � ¬¥â¨¬ «¨èì, çâ® ¢ íâ®¬ á«ãç ¥ ¯®-
ï¢«ï¥âáï ¢®§¬®¦®áâì ¯®«ãç¥¨ï  ¢â®¢®«®¢ëå à¥-
è¥¨© ¨ ¤«ï «¥£ª®®á¥¢ëå ¬ £¥â¨ª®¢.
�§ ãà ¢¥¨ï (3) ¢¨¤®, çâ® ¤«ï ¯« ¢ëå à á¯à¥-

¤¥«¥¨© ä §ë τL ≈ L2/b. �®íâ®¬ã ãá«®¢¨¥ á¯à ¢¥¤-
«¨¢®áâ¨ ��� (τL � τ1) § ¯¨è¥âáï ª ª

L2 �
l20
ρ2

0ε
2
. (4)

�à ¢¥¨¥ (3), ª ª ¨§¢¥áâ® (á¬. [7]), ¤®¯ãáª ¥â ¢
ª ç¥áâ¢¥ à¥è¥¨ï ä §®¢ë¥  ¢â®¢®«ë, ¯¥©á¬¥ª¥àë —
¨áâ®ç¨ª¨ ª®æ¥âà¨ç¥áª¨ à áå®¤ïé¨åáï ä §®¢ëå

¢®« ¨ á¯¨à «ìë¥ ¢®«ë.
� ª® ¤¨á¯¥àá¨¨ ¨ áª®à®áâì à á¯à®áâà ¥¨ï ä -

§®¢ëå ¢®« ¤«ï  è¥£® á«ãç ï ¢ë£«ï¤ïâ á«¥¤ãîé¨¬

®¡à §®¬:

ω = −ω0l
2
0Mz0k

2, c = −ω0l
2
0Mz0k, (5)

£¤¥ ω, k, c — ç áâ®â , ¢®«®¢®© ¢¥ªâ®à ¨ áª®à®áâì

ä §®¢ëå ¢®« á®®â¢¥âáâ¢¥®. � ª¨¬ ®¡à §®¬, ¬ë
¯®«ãç¨«¨ ª¢ ¤à â¨çë© § ª® ¤¨á¯¥àá¨¨.
�á«¨ § áâ ¢¨âì ª ª¨¬-«¨¡® ®¡à §®¬ ¢à é âìáï ¢¥ª-

â®à M ¢ ¬ «®© ®¡« áâ¨ ä¥àà®¬ £¥â¨ª  à ¤¨ãá  r0 á
ç áâ®â®© ω + δω (£¤¥ ω — ç áâ®â  ¢à é¥¨ï ®áâ «ì-
®© ç áâ¨ ä¥àà®¬ £¥â¨ª ; ¢  è¥¬ á«ãç ¥ ω = 0),
â® ¯®«ãç¨¬ ¯¥©á¬¥ª¥à, à ¡®â îé¨© á ç áâ®â®© ωp ¨
¢®«®¢ë¬ ¢¥ªâ®à®¬ kp, à ¢ë¬

ωp ≈ δω, kp ≈

(
δω

a

)1/2

, δω �
b

aτ1
(6)

á®®â¢¥âáâ¢¥®.
� á«ãç ¥, ª®£¤  ρ� 1, ãà ¢¥¨¥ (2) ¬®¦® ¯à¨¢¥-

áâ¨ ª ®¡®¡é¥®¬ã ãà ¢¥¨î �¨§¡ãà£ –� ¤ ã

1

ω0

∂Ψ

∂t
=
[
−(1 + h)ε+ i(1 + h)

]
Ψ

−
[
−(1 + h/2)ε+ i/2

]
Ψ|Ψ|2 − il20∆Ψ. (7)

�¥¯¥àì ¬®¦® ¢®á¯®«ì§®¢ âìáï à¥§ã«ìâ â ¬¨ � £ -
  ¤«ï á¯¨à «ìëå ¢®« [8]. �«ï ¢®«®¢®£® ç¨á«  ¨
ç áâ®âë á¯¨à «ì®© ¢®«ë ¢¤ «¨ ®â ¥¥ ï¤à  ¯®«ãç¨¬

¢ëà ¦¥¨ï

ks = η(ρ0/l0) exp(−π/2ε), ωs = η2ω0ρ
2
0 exp(−π/ε), (8)

£¤¥ η — ç¨á«¥ë© ª®íää¨æ¨¥â, § ¢¨áïé¨© ®â

ª®ªà¥â®£® ¢¨¤  äãªæ¨¨ λ(ρ); ¤«ï ãà ¢¥¨ï

�¨§¡ãà£ –� ¤ ã η ∼ 0.5.

�®«®¢®¥ ç¨á«® ks,   á«¥¤®¢ â¥«ì®, ¨ ç áâ®â  ωs
á¯¨à «ìëå ¢®« íªá¯®¥æ¨ «ì® § ¢¨áïâ ®â ¯ à -
¬¥âà  § âãå ¨ï ε, ¯®íâ®¬ã ¯à¨ ¤®áâ â®ç® ¬ «ëå ε
ks → 0 ¨ ωs → 0, â. ¥. á¯¨à «ìë¥ ¢®«ë ¥ ¢®§¨ª îâ.

�æ¥¨¬ c, ωp, ωs ¨ ks, ¨áå®¤ï ¨§ § ç¥¨© ¤«ï ¢¥-
«¨ç¨, á®®â¢¥âáâ¢ãîé¨å ãá«®¢¨ï¬ ã¯®¬ïãâëå íªá-
¯¥à¨¬¥â®¢ [1–4]

l20 ∼ 10−11cm2, g ∼ 107G−1, β ∼ 103,

M0 ∼ 10 Oe, Mz0 ∼ 1,

L ∼ 10−2 cm, ρ0 ∼ 10−1, ε ∼ 0.3, kp ∼ 102 cm−1.

�®«ãç¨¬

ωp ∼ 104 s−1, c ∼ 102 cm/s,

ks ∼ 102 cm−1, ωs ∼ 104 s−1. (9)

�®àï¤ª¨ ¯®«ãç îé¨åáï ¢¥«¨ç¨ áà ¢¨¬ë á â¥-
¬¨, çâ®  ¡«î¤ «¨áì ¢ íªá¯¥à¨¬¥â¥. �à®¬¥ â®£®,
á¯¨à «ìë¥ á®«¨â®ë, ¯®«ãç¥ë¥ ¢ â¥®à¥â¨ç¥áª®©

à ¡®â¥ [5], ¨  ¢â®¢®«ë ®¡« ¤ îâ áãé¥áâ¢¥® à §-
ë¬ å à ªâ¥à®¬ ¢§ ¨¬®¤¥©áâ¢¨ï. � ª ¨§¢¥áâ® [7],
 ¢â®¢®«ë ¯à¨ ¢áâà¥ç¥ ¢§ ¨¬® ”£ áïâ” ¤àã£ ¤àã£ 

¨ £à ¨æ  ¤¢¨£ ¥âáï ¢ áâ®à®ã ¨áâ®ç¨ª  á ¬¥ìè¥©

ç áâ®â®©.

3. �â ª, ¬ë ¯®ª § «¨, çâ® ��� ¤«ï ¬ £¨â®®¤®-
®á®£® ä¥àà®¬ £¥â¨ª  á âàã¤®®á¥¢®©  ¨§®âà®¯¨¥©

¢® ¢¥è¥¬ ¬ £¨â®¬ ¯®«¥ ¯à¨ ãç¥â¥ ¥®¤®à®¤®©

¤¨áá¨¯ æ¨¨ ¬®¦® á¢¥áâ¨ ª ���, ¥á«¨ ¢ë¯®«ï¥âáï
®£à ¨ç¥¨¥,  ª« ¤ë¢ ¥¬®¥   ¢à¥¬ï à¥« ªá æ¨¨

 ¬¯«¨âã¤ë ρ (®® ¯®«ãç ¥âáï ¨§ ãá«®¢¨ï á¯à ¢¥¤«¨-
¢®áâ¨ ���) (4). �â® ®§ ç ¥â, çâ® ¢  è¥© ¬®¤¥«¨

¯®ï¢«ï¥âáï ¢®§¬®¦®áâì ¯à¥¤áâ ¢¨âì ä¥àà®¬ £¥â¨ª

¢ ª ç¥áâ¢¥ ®áæ¨««¨àãîé¥©  ªâ¨¢®© áà¥¤ë, ¢ ª®â®à®©
¢®§¬®¦®  ¡«î¤¥¨¥ á¯¨®¢ëå  ¢â®¢®«®¢ëå ¯à®-
æ¥áá®¢: ä §®¢ëå  ¢â®¢®«, ¯¥©á¬¥ª¥à®¢, á¯¨à «ìëå
¢®«.

�«ï ¯¥©á¬¥ª¥à  ¨ á¯¨à «¨  ©¤¥ë § ¢¨á¨¬®áâ¨

ç áâ®âë ¨ ¢®«®¢®£® ç¨á«  ®â ¯ à ¬¥âà®¢ áà¥¤ë.�à®-
¢¥¤¥ë ®æ¥ª¨ ¯®«ãç¥ëå ¢¥«¨ç¨ ¤«ï â¨¯¨çëå

§ ç¥¨© ¯ à ¬¥âà®¢.

�¢â®àë ¡« £®¤ àë �.�. � ¤ ãà®¢®© ¨ �.�. � -
à¥¢áª®¬ã §  ®¡áã¦¤¥¨¥ à¥§ã«ìâ â®¢ ¨ ¯®«¥§ë¥ § -
¬¥ç ¨ï.
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