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�¢¥¤¥¨¥

�«¨ï¨¥  ¤á®à¡¨à®¢ ëå ¯®ªàëâ¨©   ¯®¢¥àå-
®áâãî í¥à£¨î ç¨áâëå ¬¥â ««®¢ ¨§ãç «®áì ¢ à ¬-
ª å ¬¥â®¤  äãªæ¨® «  í«¥ªâà®®© ¯«®â®áâ¨ á

ãç¥â®¬ ¤¨áªà¥â®áâ¨ ¢ à á¯à¥¤¥«¥¨¨ ¯®«®¦¨â¥«ì®-
£® § àï¤  ¢ ¬¥â ««¥ ¢ [1], £¤¥ ¯®ª § ®, çâ® ¤¨í«¥ª-
âà¨ç¥áª¨¥ ¯«¥ª¨  ¤á®à¡ â  ¢ àï¤¥ á«ãç ¥¢ á¨¦ îâ

¯®¢¥àå®áâãî í¥à£¨î ¨ à ¡®âã ¢ëå®¤  í«¥ªâà® 

¬¥â ««®¢. � ¬¥â ««¨ç¥áª¨å á¯« ¢ å ¤¨í«¥ªâà¨ç¥áª¨¥
¯®ªàëâ¨ï ¬®£ãâ ¯à¨¢®¤¨âì ª ¨§¬¥¥¨î á¥£à¥£ æ¨¨

ª®¬¯®¥â®¢   ¬¥¦ä §®© £à ¨æ¥ [2–4], çâ® ï¢«ï¥â-
áï ¤®¯®«¨â¥«ìë¬ ä ªâ®à®¬ ¨§¬¥¥¨ï ¯®¢¥àå®áâ-
®© í¥à£¨¨ á¯« ¢®¢. �à¨  «¨ç¨¨ ¯®¢¥àå®áâ®£®

§ àï¤    ¬¥¦ä §®© £à ¨æ¥ ¢«¨ï¨¥ ¤¨í«¥ªâà¨ª 

  à á¯à¥¤¥«¥¨¥ ª®¬¯®¥â®¢ ¢ ¯®¢¥àå®áâ®¬ á«®¥

¬®¦¥â ãá¨«¨¢ âìáï ¨«¨ ®á« ¡«ïâìáï ¢ § ¢¨á¨¬®áâ¨

®â § ª  ¨ ¢¥«¨ç¨ë § àï¤  [5]. �â®â íää¥ªâ

¢ ®¯à¥¤¥«¥®© áâ¥¯¥¨ ¯®¤®¡¥ ¢«¨ï¨î ¢¥è¥£®

í«¥ªâà¨ç¥áª®£® ¯®«ï   ¯®¢¥àå®áâãî á¥£à¥£ æ¨î ¢

¬¥â ««¨ç¥áª¨å á¯« ¢ å [6,7].
� á¢ï§¨ á ¨§«®¦¥ë¬ ¯à¥¤áâ ¢«ï¥â ¨â¥à¥á ®æ¥-

ª  ¬¥â®¤®¬ äãªæ¨® «  í«¥ªâà®®© ¯«®â®áâ¨

¢«¨ï¨ï â®ª¨å ¤¨í«¥ªâà¨ç¥áª¨å ¯®ªàëâ¨©   ¯®-
¢¥àå®áâãî í¥à£¨î á¯« ¢®¢.� áª®«ìª®  ¬ ¨§¢¥áâ-
®, ¢ «¨â¥à âãà¥ ¯®¤®¡ë¥ ®æ¥ª¨ ®âáãâáâ¢ãîâ.

�®¤¥«ì á¨áâ¥¬ë ¬¥â ««¨ç¥áª¨©

á¯« ¢–¤¨í«¥ªâà¨ç¥áª ï ¯«¥ª 

�®¤¥«ì ¡¨ à®£® á¯« ¢  § ¬¥é¥¨ï AxB1−x ¢ë-
¡¨à ¥âáï   «®£¨ç® ®¯¨á ®© ¢ à ¡®â¥ [8], ®¤ ª®
¢¬¥áâ® £à ¨æë ¬¥â ««–¢ ªãã¬ à áá¬ âà¨¢ ¥âáï £à -
¨æ  ¬¥â ««–â®ª ï ¤¨í«¥ªâà¨ç¥áª ï ¯«¥ª  â®«é¨-
®© L (à¨á. 1).
�¥ã¯®àï¤®ç¥ë© á¯« ¢ AxB1−x ¯à¥¤áâ ¢«ï¥âáï

áà¥¤¨¬ ¯¥à¨®¤¨ç¥áª¨¬ ¯á¥¢¤®¯®â¥æ¨ «®¬, ä®à¬-
ä ªâ®à ª®â®à®£® ¨¬¥¥â ¢¨¤

w∗ = xw∗A + (1− x)w∗B, (1)

£¤¥ w∗i — ä®à¬ä ªâ®à i-£® ª®¬¯®¥â , i = (A, B).
�à¥¤¨© ®¡ê¥¬ Ω̄ áä¥àë �¨£¥à –�¥©æ  ¯à¥¢¤®-

á¯« ¢  § ¤ ¥âáï â ª¦¥ ¢ ¯à¨¡«¨¦¥¨¨ �¥£ à¤ .
�á«¥¤áâ¢¨¥ ¯®¢¥àå®áâ®© á¥£à¥£ æ¨¨  ªâ¨¢®£®

ª®¬¯®¥â  ¯«®â®áâì ¯®«®¦¨â¥«ì®£® § àï¤    ¯®-
¢¥àå®áâ¨ á¯« ¢  ¬®¤¥«¨àã¥âáï ¢ ¢¨¤¥  ¤á®à¡æ¨®®©

áâã¯¥ìª¨ � £  â®«é¨®© D á ¯®¢¥àå®áâ®© ª®-

æ¥âà æ¨¥© xs. �®íâ®¬ã ¯«®â®áâì ¯®«®¦¨â¥«ì®£®

§ àï¤  § ¤ ¥âáï äãªæ¨¥©

n+(z) =

{
n0, z < 0,

ns, 0 < z < D,
(2)

£¤¥ n0 — ¯«®â®áâì ¯®«®¦¨â¥«ì®£® § àï¤  ¢ £«ã¡¨¥

á¯« ¢ , à ¢ ï áà¥¤¥© ¯«®â®áâ¨ ®âà¨æ â¥«ì®£®

§ àï¤  n̄ = z̄/Ω̄, z̄ — ç¨á«® í«¥ªâà®®¢   ïç¥©ªã

�¨£¥à –�¥©æ  ¯á¥¢¤®á¯« ¢ , ns — áà¥¤ïï ¯«®â-

®áâì ¯®«®¦¨â¥«ì®£® § àï¤  ¢  ¤á®à¡æ¨®®¬ á«®¥

â®«é¨®© D.

�«ï á¯« ¢®¢, ®¡à §®¢ ëå ®¤®¢ «¥âë¬¨ ª®¬-

¯®¥â ¬¨,

ns =
[
xsΩA + (1− xs)ΩB

]−1
, (3)

£¤¥ xs — ª®æ¥âà æ¨ï ª®¬¯®¥â  A ¢  ¤á®à¡æ¨-

®®¬ á«®¥, Ωi — ®¡ê¥¬ áä¥àë �¨£¥à –�¥©æ  i-£®

ª®¬¯®¥â .

�áâ¨ ï ª®æ¥âà æ¨ï xs  å®¤¨âáï ¯ãâ¥¬ ¬¨¨-

¬¨§ æ¨¨ ¯®¢¥àå®áâ®© í¥à£¨¨ ¯á¥¢¤®á¯« ¢ .

� á¯à¥¤¥«¥¨¥ ¯«®â®áâ¨ í«¥ªâà®®£® § àï¤  n(z)

§ ¤ ¥âáï ¤¢ãå¯ à ¬¥âà¨ç¥áª®© ¯à®¡®© äãªæ¨¥©,

ãç¨âë¢ îé¥©  á¨¬¬¥âà¨î ¢ à á¯à¥¤¥«¥¨¨ n(z)  

¬¥¦ä §®© £à ¨æ¥,

n(z) = n̄
[
1−

β

α+ β
exp
(
α(z − zg)

)]
χ(zg − z)

+ n̄
α

α+ β
exp
(
β(zg − z)

)
χ(z − zg), (4)

£¤¥ χ(z) — äãªæ¨ï �¥¢¨á ©¤ , n̄ — áà¥¤ïï ¯«®â-

®áâì ®â®á¨â¥«ì®£® § àï¤ , α ¨ β — ¢ à¨ æ¨®ë¥

¯ à ¬¥âàë, zg — ª®®à¤¨ â  �¨¡¡á .

� á¯à¥¤¥«¥¨¥ ¯®â¥æ¨ «  ϕ(z)   ¬¥¦ä §®© £à -

¨æ¥  å®¤¨âáï ¨§ ãà ¢¥¨ï �ã áá®  á ãç¥â®¬

£à ¨çëå ãá«®¢¨© ϕ(∞) = 0, ϕ′(±∞) = 0 ¨ ãá«®¢¨©

¥¯à¥àë¢®áâ¨ ϕ(z) ¨ ϕ′(z)   £à ¨æ å à §¤¥«  ä §.
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�¨á. 1. � á¯à¥¤¥«¥¨¥ ¨®®£® (1 ) ¨ í«¥ªâà®®£® (2 ) § àï¤®¢   ¬¥¦ä §®© £à ¨æ¥ à §¤¥«  ¡¨ à®£® á¯« ¢ 

Na0.5K0.5 á ¤¨í«¥ªâà¨ç¥áª®© ¯«¥ª®© ¢®¤ë â®«é¨®© L. D = 6.5448  .¥., zg = 6.5612  .¥., L = 10  .¥., Θ = 0.5,
σ1 = 0.001  .¥.

�«ï zg > D

ϕ(z) =



4πn0

α2

β

α+ β
eα(z−zg) + C1, z < 0,

4πn0

α2

β

α+ β
eα(z−zg) − 2π(n0 − ns)z2 + C2,

0 < z < D,

4πn0

εα2

β

α+ β
eα(z−zg) −

2πn0

ε
z2

+
4π

ε
[nsD + σ1]z + C3, D < z < zg,

−
4πn0

εβ2

α

α+ β
e−β(z−zg) +

4πσ2

ε
z + C4,

zg < z < L+D,

−
4πn0

β2

α

α+ β
e−β(z−zg), ∞ > z > L+D,

(5)
£¤¥

C1 = C2 = −
4πn0

α2

β

α+ β
eα(D−zg)

(
1−

1

ε

)
− 2π(n0 − ns)D

2 −
2πn0

ε
D2

+
4π

ε
(nsD + σ1)D + C3,

C3 =−
4πn0

ε(α+ β)

(
α

β2
+

β

α2

)
+

2πn0

ε
z2
g

−
4π

ε
(nsD + σ1)zg +

2πσ2

ε
zg + C4,

C4 =−
4πn0

εβ2

α

α+ β
e−β(L+D−zg)

(
1−

1

ε

)
−

4πσ2

ε
(L+D).

�«ï zg < D

ϕ(z) =



4πn0

α2

β

α+ β
eα(z−zg) + C1, z < 0,

4πn0

α2

β

α+ β
eα(z−zg) − 2π(n0 − ns)z2 + C2,

0 < z < zg,

−
4πn0

εβ2

α

α+ β
e−β(z−zg) + 2πnsz

2

−4π(nsD + σ1 − σ2)z + C3, zg < z < D,

−
4πn0

εβ2

α

α+ β
e−β(z−zg) +

4πσ2

ε
z + C4,

D < z < L+D,

−
4πn0

β2

α

α+ β
e−β(z−zg), ∞ > z > L+D,

(6)
£¤¥

C1 = C2 = −
4πn0

α+ β

(
α

β2
+

β

α2

)
+ 2πn0z

2
g

− 4π(nsD + σ1 − σ2)zg + C3,

C3 =
4πn0

εβ2

α

α+ β
e−β(D−zg)

(
1−

1

ε

)
+ 2πnsD

2

+ 4πσ1D − 4πσ2D

(
1−

1

ε

)
+ C4,

C4 =−
4πn0

β2

α

α+ β
e−β(L+D−zg)

(
1−

1

ε

)
−

4πσ2

ε
(L+D).

�¨¡¡á®¢  ª®®à¤¨ â  zg  å®¤¨âáï ¨§ ãá«®¢¨ï á®-
åà ¥¨ï § àï¤  á ãç¥â®¬ ¯«®â®áâ¥© § àï¤®¢   £à -
¨æ å ¬¥â ««–¤¨í«¥ªâà¨ª σ1 ¨ ¤¨í«¥ªâà¨ª–¢ ªãã¬
σ2

zg =
1

α
−

1

β
+
ns

n0
D +

σ1

n0
−
σ2

n0
. (7)

�ëç¨á«¥¨¥ ¬¥¦ä §®© í¥à£¨¨ ¢ à ¬ª å ¬®¤¥«¨
¦¥«¥ á ãç¥â®¬ (3)–(7) ¨ ¯®¯à ¢ª ¬¨   ¤¨áªà¥â®áâì
¯®«®¦¨â¥«ì®£® § àï¤  ¯à®¢®¤¨âáï ¯® ä®à¬ã«¥

γ = γj + δγps + δγm. (8)
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�¤¥áì γj — ¦¥«¥-¢ª« ¤, ®¡ãá«®¢«¥ë© ®¤®à®¤ë¬
à á¯à¥¤¥«¥¨¥¬ ¨®®£® § àï¤ 

γj =

∞∫
−∞

dz[w(n(z))− w(n+(z))], (9)

£¤¥ w — ®¡ê¥¬ ï ¯«®â®áâì í¥à£¨¨ í«¥ªâà®®£®

£ § 

w[n(z)] = ϕ(z)n(z) + 0.3
(
3π2
)2/3

n5/3(z) +
|∇n(z)|2

72n(z)

− 0.75(3/π)1/3n4/3(z) +
0.056n4/3(z)

0.079 + n1/3(z)

+ Cxc(rs)
|∇n(z)|2

n4/3(z)
,

Cxc = (2.702− 0.174rs)10−3, rs =

(
4

3
πn̄

)−1/3

. (10)

�  ¢ª«îç ¥â ¢ á¥¡ï í«¥ªâà®áâ â¨ç¥áªãî í¥à-
£¨î ¢§ ¨¬®¤¥©áâ¢¨ï í«¥ªâà®®£® £ § , ¢§ ¨¬®¤¥©-
áâ¢¨ï í«¥ªâà®®£® £ §  á § àï¤®¬ ¦¥«¥, ª¨¥-
â¨ç¥áªãî í¥à£¨î á ¯®¯à ¢ª®©   ¥®¤®à®¤®áâì

¯®«ï �¥©æ§¥ªªà –�¨à¦¨¨æ , í¥à£¨î ®¡¬¥®-
ª®àà¥«ïæ¨®®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢ ¯à¨¡«¨¦¥¨¨ «®-
ª «ì®© ¯«®â®áâ¨ á ãç¥â®¬ ¯®¯à ¢ª¨   ¥«®ª «ì-
®áâì ª ®¡¬¥®¬ã ¢§ ¨¬®¤¥©áâ¢¨î, ¢§ïâ®© ¢ ¯à¨-
¡«¨¦¥¨¨ �¥«¤ àâ –�¥§®«â . � (8) δγps — ¢ª« ¤

¢ ¯®¢¥àå®áâãî í¥à£¨î ®â í«¥ªâà®-¨®ëå ¢§ -
¨¬®¤¥©áâ¢¨©, ãç¨âë¢ îé¨© ¤¨áªà¥â®áâì áâàãªâã-
àë á¯« ¢  ¢  ¯à ¢«¥¨¨ ®á¨ z, ¯¥à¯¥¤¨ªã«ïà-
®© ¯®¢¥àå®áâ¨ á¯« ¢ . �à¨ ¢ëç¨á«¥¨¨ δγps ¨á-
¯®«ì§®¢ «áï ¬®¤¥«ìë© ¯á¥¢¤®¯®â¥æ¨ « �èªà®ä-
â  [5]. �à¥âì¥ á« £ ¥¬®¥ ¢ (8) — ¬ ¤¥«ã£®¢áª ï

á®áâ ¢«ïîé ï, á¢ï§  ï á ¯®¯à ¢ª®© ª ¯®¢¥àå®áâ-
®© í¥à£¨¨   ®â«¨ç¨¥ í¥à£¨¨ í«¥ªâà®áâ â¨ç¥áª®£®

¢§ ¨¬®¤¥©áâ¢¨ï ¦¥«¥–¦¥«¥ ®â ªã«®®¢áª®© í¥à£¨¨

¤¨áªà¥â® à á¯à¥¤¥«¥®£® ¯®«®¦¨â¥«ì®£® § àï¤  ¢

ã§« å ªà¨áâ ««¨ç¥áª®© à¥è¥âª¨. �¨¨¬¨§¨àãï γ ¯®

¯ à ¬¥âà ¬ α, β ¨ ¯®¢¥àå®áâ®© ª®æ¥âà æ¨¨ xs,
 å®¤¨¬ ¯®¢¥àå®áâãî í¥à£¨î á¯« ¢    £à ¨æ¥ á

¤¨í«¥ªâà¨ç¥áª®© ¯«¥ª®©.

�¥§ã«ìâ âë ¢ëç¨á«¥¨©

�¥§ã«ìâ âë ¢ëç¨á«¥¨© ¯à¥¤áâ ¢«¥ë   à¨á. 2 ¢

¢¨¤¥ § ¢¨á¨¬®áâ¥© ∆γ = γ− γ0 (£¤¥ γ0 — ¯®¢¥àå®áâ-
 ï í¥à£¨ï £à ¨æë ¡¥§ ¯®ªàëâ¨ï, γ — â® ¦¥ á ¯®-
ªàëâ¨¥¬) ®â áâ¥¯¥¨ ¯®ªàëâ¨ï Θ ¤«ï á¯« ¢   âà¨©–
ª «¨© íª¢¨ â®¬®£® á®áâ ¢ , ¯®ªàëâ®£® â®ª¨¬ á«®¥¬
¯ à®¢ ¢®¤ë â®«é¨®© L = 10  .¥. á®®â¢¥âáâ¢¥®.
�à¨¢ ï 2 á®®â¢¥âáâ¢ã¥â ¥§ àï¦¥®© ¬¥¦ä §®©

£à ¨æ¥. �® ¢á¥å á«ãç ïå  ¡«î¤ ¥âáï ¯®¨¦¥¨¥

¯®¢¥àå®áâ®© í¥à£¨¨ ¯à¨ ã¢¥«¨ç¥¨¨ áâ¥¯¥¨ ¯®-
ªàëâ¨ï. �¡á®«îâë¥ § ç¥¨ï ¬¥¦ä §®© í¥à£¨¨ γ,

�¨á. 2. �«¨ï¨¥ áâ¥¯¥¨ ¯®ªàëâ¨ï   ¯®¢¥àå®áâãî

í¥à£¨î ¬¥â ««¨ç¥áª¨å á¯« ¢®¢ ¯à¨  «¨ç¨¨ ¬¥¦ä §®-
£® § àï¤ . σ1,  .¥.: 1 — +0.0005, 2 — 0, 3 — −0.0005.

ª ª ¯®ª §ë¢ îâ à áç¥âë, ¯à¨ σ1 > 0 ¬¥ìè¥ á®®â¢¥â-
áâ¢ãîé¨å § ç¥¨© γ ¤«ï ¥§ àï¦¥®© ¬¥¦ä §®©
£à ¨æë,   ¯à¨ σ1 < 0,  ®¡®à®â, ¡®«ìè¥ ¢® ¢á¥¬

¨â¥à¢ «¥ § ç¥¨© Θ.
�¨¦¥¨¥ ¯®¢¥àå®áâ®© í¥à£¨¨ ¯à¨ ã¢¥«¨ç¥¨¨

áâ¥¯¥¨ ¯®ªàëâ¨ï ®¡êïáï¥âáï íää¥ªâ®¬ ”¢ëâï£¨¢ -
¨ï” ¤¨í«¥ªâà¨ª®¬ ¨§ ¬¥â ««¨ç¥áª®£® á¯« ¢  ”å¢®-
áâ ” í«¥ªâà®®£® à á¯à¥¤¥«¥¨ï [9]. �¢¥«¨ç¥¨¥

¨§¡ëâ®ç®£® ®âà¨æ â¥«ì®£® § àï¤  ¢¥ á¯« ¢  ¯à¨-
¢®¤¨â ª ¯®¨¦¥¨î ¯®¢¥àå®áâ®© í¥à£¨¨. � «¨ç¨¥
¯®«®¦¨â¥«ì®£® ¬¥¦ä §®£® § àï¤  ¯à¨¢®¤¨â ª ãá¨-
«¥¨î íää¥ªâ  ”¢ëâï£¨¢ ¨ï” å¢®áâ  í«¥ªâà®®©

¯«®â®áâ¨. � á«ãç ¥ ¦¥ ®âà¨æ â¥«ì®£® ¬¥¦ä §®£®

§ àï¤  ª àâ¨  ¨ ï: ¯«®â®áâì í«¥ªâà®®£® § àï¤ 
¢¥ á¯« ¢  ã¬¥ìè ¥âáï ¨ ¯®¢¥àå®áâ ï í¥à£¨ï

á¯« ¢  ã¢¥«¨ç¨¢ ¥âáï.
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