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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

� ¸¸³μÉ·¥´  ¸¶¨´μ¢ Ö ²¨´¥°´ Ö Í¥¶μÎ±  ¸  ´É¨Ë¥··μ³ £´¨É´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¡²¨¦ °Ï¨Ì
¸μ¸¥¤¥°. Šμ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö ± ¦¤μ£μ ¸¶¨´  ¸ ¶· ¢Ò³ ¨ ²¥¢Ò³ ¸μ¸¥¤Ö³¨ · §²¨Î´Ò. ‚ · ³± Ì
³μ¤¥²¨ 	Ê² ¥¢¸±μ£μ · ¸¸Î¨É ´  ³ £´¨É´ Ö É¥¶²μ¥³±μ¸ÉÓ ¢ § ¢¨¸¨³μ¸É¨ μÉ É¥³¶¥· ÉÊ·Ò ¶·¨ · §´ÒÌ
¶ · ³¥É· Ì  ²ÓÉ¥·´¨·μ¢ ´¨Ö. �μ± § ´μ, ÎÉμ § ¢¨¸¨³μ¸ÉÓ É¥¶²μ¥³±μ¸É¨ μÉ É¥³¶¥· ÉÊ·Ò ¨³¥¥É ¤¢ 
·¥¦¨³ : ¶¥·¢Ò°, ±μ£¤  É¥³¶¥· ÉÊ·  ³¥´ÓÏ¥ ¶μ²μ¢¨´Ò ¢¥²¨Î¨´Ò § ¶·¥Ð¥´´μ° §μ´Ò, ¶·¨ ÔÉμ³ ¢
´¨§±μÉ¥³¶¥· ÉÊ·´μ³ ¶·¥¤¥²¥ C ∝ T−1 exp (−Δ/kBT ), ¨ ¢Éμ·μ°, ±μ£¤  É¥³¶¥· ÉÊ·  ¶·¥¢μ¸Ìμ¤¨É
¶μ²μ¢¨´Ê ¢¥²¨Î¨´Ò § ¶·¥Ð¥´´μ° §μ´Ò. �·¨ ÔÉμ³ ¶·¨¡²¨¦¥´´μ ¢Ò¶μ²´Ö¥É¸Ö C ∝ T .

A spin linear chain with antiferromagnetic interaction of nearest neighbors is considered. The
interaction constants of each spin with the right and left neighbors are different. Within the Bulaevskii
theory, the temperature dependence of magnetic heat capacity is calculated for different parameters of
alternation. It is shown that at low temperature the behavior of the heat capacity has two regimes. In
the former the temperature is less than the half of gap, while C ∝ T−1 exp (−Δ/kBT ), in the latter
the temperature exceeds the half of gap. In this case approximately C ∝ T .

PACS: 75.50.Ee
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�²ÓÉ¥·´¨·μ¢ ´´Ò¥  ´É¨Ë¥··μ³ £´¨É´Ò¥ (�”) £¥°§¥´¡¥·£μ¢¸±¨¥ Í¥¶μÎ±¨ μÉ²¨Î ÕÉ¸Ö
μÉ μ¤´μ·μ¤´ÒÌ É¥³, ÎÉμ ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ´¨Ì ¶μμÎ¥·¥¤´μ ³¥´ÖÕÉ¸Ö μÉ ¸¶¨´ 
± ¸¶¨´Ê. � · ³¥É·  ²ÓÉ¥·´¨·μ¢ ´¨Ö γ Ö¢²Ö¥É¸Ö ¨Ì μÉ´μÏ¥´¨¥³. �´ μ¶·¥¤¥²¥´ É ±, ÎÉμ
¢ ¸²ÊÎ ¥ γ = 1 Í¥¶μÎ±  μ¤´μ·μ¤´ Ö,   ¢ ¸²ÊÎ ¥ γ = 0 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´ ¡μ· ´¥-
¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤¨³¥·μ¢. ‡¤¥¸Ó ¡Ê¤¥É ¢ÒÎ¨¸²¥´  É¥¶²μ¥³±μ¸ÉÓ Í¥¶μÎ¥± ¸μ ¸¶¨´μ³
S = 1/2 ¢ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö γ μÉ ´Ê²Ö ¤μ ¥¤¨´¨ÍÒ. „ ´´ Ö · ¡μÉ  ³μÉ¨¢¨·μ¢ ´  É¥³,
ÎÉμ ¢ ·Ö¤¥ ¶·¥¤Ò¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¨§³¥·¥´¨Õ É¥¶²μ¥³±μ¸É¨ ¡Ò²μ μ¡´ ·Ê¦¥´μ,
ÎÉμ ³ £´¨É´Ò° ¢±² ¤ ¢ É¥¶²μ¥³±μ¸ÉÓ ¸¶¨´μ¢ÒÌ Í¥¶μÎ¥± ¸ S = 1/2 ¶·¨ ¸¢¥·Ì´¨§±¨Ì
É¥³¶¥· ÉÊ· Ì ¨³¥¥É ®±¢ §¨²¨´¥°´Ò°¯ ¢¨¤ C(T ) = AT exp (−Δ/kBT ) [1Ä3], É. ¥. μÉ²¨Î -
¥É¸Ö μÉ μ¦¨¤ ¥³μ£μ ¢ ¸²ÊÎ ¥ �” £¥°§¥´¡¥·£μ¢¸±¨Ì Í¥¶μÎ¥± ²¨´¥°´μ£μ Ô±¸¶μ´¥´Í¨ ²Ó´Ò³
³´μ¦¨É¥²¥³. �¢Éμ·Ò ¸¢Ö§Ò¢ ÕÉ ÔÉμÉ ³´μ¦¨É¥²Ó ¸ ¶μÖ¢²¥´¨¥³ ¢ ¸¶¥±É·¥ ³ £´¨É´ÒÌ ¢μ§-
¡Ê¦¤¥´¨° § ¶·¥Ð¥´´μ° §μ´Ò. ‡ ¶·¥Ð¥´´ Ö §μ´ , ¢ ¸¢μÕ μÎ¥·¥¤Ó, ³μ¦¥É ¢μ§´¨±´ÊÉÓ
¢¸²¥¤¸É¢¨¥ ¸² ¡μ° ¤¨³¥·¨§ Í¨¨ [1]. �¸´μ¢´μ° Í¥²ÓÕ ¤ ´´μ° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¶·μ¢¥·± 
¶·¥¤¶μ²μ¦¥´¨Ö μ Éμ³, ¤¥°¸É¢¨É¥²Ó´μ ²¨ ¸² ¡ Ö ¤¨³¥·¨§ Í¨Ö ¶·¨ Ô±¸É·¥³ ²Ó´μ ´¨§±¨Ì
É¥³¶¥· ÉÊ· Ì ¶·¨¢μ¤¨É ¢ ·¥§Ê²ÓÉ É¥ ± ¶μ¤μ¡´μ³Ê ¶μ¢¥¤¥´¨Õ É¥¶²μ¥³±μ¸É¨.

1E-mail: katkov@theor.jinr.ru
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1. Œ�„…‹œ

� ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¢ · ³± Ì ³μ¤¥²¨, ¶·¥¤²μ¦¥´´μ° ‹.�. 	Ê² ¥¢¸±¨³ [4, 5]. �É-
³¥É¨³, ÎÉμ ¤ ´´ Ö ³μ¤¥²Ó ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  · ´¥¥ ¤²Ö μ¶¨¸ ´¨Ö ³ £´¨É´μ° ¢μ¸¶·¨-
¨³Î¨¢μ¸É¨ ¢  ²ÓÉ¥·´¨·μ¢ ´´ÒÌ Í¥¶μÎ± Ì [6], ¸· ¢´¥´¨¥ ¶·¥¤¸± § ´¨° ÔÉμ° ³μ¤¥²¨ ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¸¤¥² ´μ ¢ · ¡μÉ¥ [7]. ‚ Éμ ¦¥ ¢·¥³Ö É¥¶²μ¥³±μ¸ÉÓ ¢ · ³-
± Ì ¤ ´´μ° ³μ¤¥²¨ ¡Ò²  ¶μ²ÊÎ¥´  Éμ²Ó±μ ¤²Ö μ¤´μ·μ¤´μ° Í¥¶¨ [4]. ‚ ¶·¥¤¸É ¢²¥´´μ°
· ¡μÉ¥ É¥¶²μ¥³±μ¸ÉÓ ¡Ê¤¥É · ¸¸Î¨É ´  ¤²Ö · §²¨Î´ÒÌ ¶ · ³¥É·μ¢  ²ÓÉ¥·´¨·μ¢ ´¨Ö γ ¢
¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ·, ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³μ° ®±¢ §¨²¨´¥°-
´μ°¯ É¥¶²μ¥³±μ¸É¨ ¢ · ¡μÉ Ì [1Ä3].

ƒ ³¨²ÓÉμ´¨ ´ ¸¨¸É¥³Ò ¨³¥¥É ¢¨¤

H =
N∑

i=1

J(S2iS2i−1 + γS2iS2i+1), (1)

£¤¥ Si,1, Si,2 Å μ¶¥· Éμ·Ò ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ ¸¶¨´  ¢ ÖÎ¥°±¥ ¸ ´μ³¥·μ³ i. �·μÍ¥¤Ê· 
¢¢¥¤¥´¨Ö Ë¥·³¨¥¢¸±¨Ì μ¶¥· Éμ·μ¢ ¨ § ³¥´  ¸·¥¤´¥£μ §´ Î¥´¨Ö Î¥ÉÒ·¥Ì μ¶¥· Éμ·μ¢ Î¥·¥§
¶μ¶ ·´Ò¥ ¸·¥¤´¨¥ (¶·¨¡²¨¦¥´¨¥ • ·É·¨Ä”μ± ) ¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ ¤²Ö
¸·¥¤´¥° Ô´¥·£¨¨ [5]:
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∑

k
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∑
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£¤¥

nA,B
k =

[
1 + exp

(
± ε(k)

kBT

)]−1

,

ωA,B
k = −1/2(1 + γ) ± 1/2

√
1 + γ2 + 2γ cosk,

(3)

k = 2πN/n, n = 1, 2, . . . , N ¨ N Å Î¨¸²μ ¤¨³¥·μ¢. �·¨ ¸É·¥³²¥´¨¨ N ± ¡¥¸±μ´¥Î´μ¸É¨
¸Ê³³  § ³¥´Ö¥É¸Ö ¨´É¥£· ²μ³. �μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

V (k1, k2, k3, k4) =
1
2
[1 + γ ei(k4−k1)] e−if(k1,k2,k3,k4),

f(k1, k2, k3, k4) = φ(k1) − φ(k2) + φ(k3) − φ(k4), (4)

φ(k) =
1
2

arctan
(
− γ sin k

1 + γ cos k

)
.

C¶¥±É· Ô´¥·£¨¨ ³ £´¨É´ÒÌ ¢μ§¡Ê¦¤¥´¨° § ¢¨¸¨É μÉ É¥³¶¥· ÉÊ·Ò ¨ ³μ¦¥É ¡ÒÉÓ ´ °¤¥´
¶ÊÉ¥³ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° [6]

ε(k) =
J

2

[√
1 + γ2 + 2γ cos k +

C1 + γC2 + (γC1 + C2) cos k√
1 + γ2 + 2γ cos k

]
, (5)
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C1 =
1
2π

2π∫
0

dk
1 + γ cos k√

1 + γ2 + 2γ cos k
tanh

ε(k)
2kBT

, (6)

C2 =
1
2π

2π∫
0

dk
γ2 + γ cos k√

1 + γ2 + 2γ cos k
tanh

ε(k)
2kBT

. (7)

„ ´´ Ö ¸¨¸É¥³  ¡Ò²  ·¥Ï¥´  ³¥Éμ¤μ³ ¨É¥· Í¨°, ¶·¨ ÔÉμ³ ¨´É¥£·¨·μ¢ ´¨¥ ¡Ò²μ § ³¥´¥´μ
±μ´¥Î´μ° ¸Ê³³μ°. � °¤¥´´Ò° É ±¨³ μ¡· §μ³ ¸¶¥±É· ¸ ¶μ³μÐÓÕ ¢Ò· ¦¥´¨° (2) ¨ (3)
¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ ¸·¥¤´ÕÕ Ô´¥·£¨Õ ± ± ËÊ´±Í¨Õ μÉ É¥³¶¥· ÉÊ·Ò ¨ É¥¶²μ¥³±μ¸ÉÓ ± ±
¶·μ¨§¢μ¤´ÊÕ ¸·¥¤´¥° Ô´¥·£¨¨ ¶μ É¥³¶¥· ÉÊ·¥.

‚¸¥ · ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¤²Ö ¡¥§· §³¥·´ÒÌ É¥³¶¥· ÉÊ·Ò t = kBT/J ¨ Ô´¥·£¨¨ ε =
ε/J . ‚¥²¨Î¨´Ò ¸·¥¤´¥° Ô´¥·£¨¨ ¨ É¥¶²μ¥³±μ¸É¨ ¡Ò²¨ ´μ·³¨·μ¢ ´Ò ´  μ¤¨´ ¸¶¨´.

2. �…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

�  ·¨¸. 1 ¶·¨¢¥¤¥´Ò ±·¨¢Ò¥ § ¢¨¸¨³μ¸É¨ ¢¥²¨Î¨´Ò § ¶·¥Ð¥´´μ° §μ´Ò ¢ ¸¶¥±É·¥ ³ £-
´¨É´ÒÌ ¢μ§¡Ê¦¤¥´¨° Δ (É ±¦¥ ´μ·³¨·μ¢ ´  ´  J) μÉ É¥³¶¥· ÉÊ·Ò ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ
¶ · ³¥É·  γ. ‡ ¢¨¸¨³μ¸ÉÓ Δ μÉ γ ¶·¨ t = 0 ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 2. ‡ ³¥É¨³, ÎÉμ ¢
μ¶·¥¤¥²¥´´μ° μ¡² ¸É¨ ¶ · ³¥É·μ¢ γ ¨ t, ±μÉμ· Ö § ±· Ï¥´  ´  ·¨¸. 3, ´ ¨³¥´ÓÏ Ö ÉμÎ± 
¢ ¤¨¸¶¥·¸¨μ´´μ³ ¸μμÉ´μÏ¥´¨¨ ´ Ìμ¤¨É¸Ö ´¥ ¶·¨ k = π, ±·μ³¥ Éμ£μ, ¸¶¥±É· Ô´¥·£¨¨ ´¥
³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¶·μ¸Éμ³ ¢¨¤¥

ε(k) = Δ + a||k| − π|n, (8)

  ¨³¥¥É ¡μ²¥¥ ¸²μ¦´ÊÕ Ëμ·³Ê (¸Ì¥³ É¨Î´μ ¶μ± § ´μ ´  ·¨¸. 3). „ ´´μ¥ ¶·μ¸Éμ¥ ¢Ò· -
¦¥´¨¥ ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¢ [8] ¤²Ö μÍ¥´±¨ ´¨§±μÉ¥³¶¥· ÉÊ·´μ° É¥¶²μ¥³±μ¸É¨.

�·¨¢¥¤¥´´Ò¥ ±·¨¢Ò¥ ´  ·¨¸. 1 ¶μ± §Ò¢ ÕÉ, ÎÉμ ¶·¨ μÎ¥´Ó ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì Δ
¸² ¡μ § ¢¨¸¨É μÉ t. �¤´ ±μ ¸É¥¶¥´Ó § ¢¨¸¨³μ¸É¨ Ê¸¨²¨¢ ¥É¸Ö ¶·¨ Ê³¥´ÓÏ¥´¨¨ ¶ · ³¥É· 
 ²ÓÉ¥·´¨·μ¢ ´¨Ö.

�¶¨Ï¥³ ¨§¢¥¸É´Ò¥ ¶·¥¤¥²Ó´Ò¥ ¸²ÊÎ ¨, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ±μ´É·μ²¨·μ¢ ÉÓ  ¤¥±¢ É-
´μ¸ÉÓ Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢. �·¨ É¥³¶¥· ÉÊ·¥, ¸É·¥³ÖÐ¥°¸Ö ± ´Ê²Õ, ¢¥²¨Î¨´  ¸·¥¤´¥°

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ Ð¥²¨ μÉ É¥³¶¥· ÉÊ·Ò ¶·¨ · §´ÒÌ ¶ · ³¥É· Ì  ²ÓÉ¥·´¨·μ¢ ´¨Ö
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´Ò Ð¥²¨ μÉ ¶ · ³¥É·   ²ÓÉ¥·´¨·μ¢ ´¨Ö. Š¢ ¤· ÉÒ ¶μ²ÊÎ¥´Ò ± ±

´ ¨³¥´ÓÏ¥¥ §´ Î¥´¨¥ ε(k) Å ·¥Ï¥´¨Ö ¸¨¸É¥³Ò (5)Ä(7). ’¥³´Ò¥ ±·Ê¦±¨ ¶μ²ÊÎ¥´Ò ± ± ¶ · ³¥É·
Δf ¶·¨  ¶¶·μ±¸¨³ Í¨¨ ±·¨¢ÒÌ É¥¶²μ¥³±μ¸É¨ ¢ ¶·¥¤¥²¥ ´¨§±¨Ì É¥³¶¥· ÉÊ·

�¨¸. 3 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ‚´ÊÉ·¨ μ¡² ¸É¨, μ±· Ï¥´´μ° ¦¥²ÉÒ³, ³¨´¨³Ê³ Ô´¥·£¨¨

³ £´¨É´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¸¶¥±É·  ´¥ ¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ k = π. ‚ μ¸É ²Ó´μ° μ¡² ¸É¨ É ±μ¥

¸μμÉ¢¥É¸É¢¨¥ ¥¸ÉÓ

Ô´¥·£¨¨ ¢ ³μ¤¥²¨ 	Ê² ¥¢¸±μ£μ ³μ¦¥É ¡ÒÉÓ ´ °¤¥´   ´ ²¨É¨Î¥¸±¨ ¢ ¢¨¤¥

ε0 = −1
4
(1 + γ) − 1

2
(C1 + C2) −

C2
1

4
− C2

2

4γ
, (9)

¢ ÔÉμ³ ¶·¥¤¥²¥ ¢Ò· ¦¥´¨Ö (6) ¨ (7) ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ C1 ¨ C2 ¶·¨´¨³ ÕÉ ¢¨¤

C1 =
1
π

(
(1 + γ)E

[
4γ

(1 + γ)2

]
+ (1 − γ)K

[
4γ

(1 + γ)2

])
,

C2 =
1
π

(
(1 + γ)E

[
4γ

(1 + γ)2

]
− (1 − γ)K

[
4γ

(1 + γ)2

])
.

‚ ¸²ÊÎ ¥, ±μ£¤  γ = 1, Í¥¶μÎ±  ¸É ´μ¢¨É¸Ö μ¤´μ·μ¤´μ°. ‚ ¤ ´´μ° Í¥¶μÎ±¥ μÉ¸ÊÉ¸É¢Ê¥É
Ð¥²Ó ¢ Ô´¥·£¥É¨Î¥¸±μ³ ¸¶¥±É·¥, ¨ ¶·¨ ¸É·¥³²¥´¨¨ É¥³¶¥· ÉÊ·Ò ± ´Ê²Õ É¥¶²μ¥³±μ¸ÉÓ ¶·¥-
¢· Ð ¥É¸Ö ¢ ²¨´¥°´ÊÕ ËÊ´±Í¨Õ C(T ) = AT . � §²¨Î´Ò¥ ³μ¤¥²¨ ¤ ÕÉ ¡²¨§±¨¥ §´ Î¥´¨Ö
¤²Ö ±μÔËË¨Í¨¥´É  ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨ A. ‚ Î ¸É´μ¸É¨, ¨¸¶μ²Ó§Ê¥³ Ö §¤¥¸Ó ³μ¤¥²Ó 	Ê-
² ¥¢¸±μ£μ ¤ ¥É A = π/[3(1 + 2/π)] ≈ 0,64, 	μ´´¥· ¨ ”¨Ï¥· ¢ ¸¢μ¨Ì · ¸Î¥É Ì ¶μ²ÊÎ¨²¨
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0,7 [9], ¢ÒÎ¨¸²¥´¨Ö ¸ ¶μ³μÐÓÕ  ´§ Í  	¥É¥ [7,10],   É ±¦¥ ¢ÒÎ¨¸²¥´¨Ö ¢ · ³± Ì ³μ¤¥²¨
Ë¥·³¨-¦¨¤±μ¸É¨ [11] ¶·¨¢μ¤ÖÉ ± §´ Î¥´¨Õ 2/3 ≈ 0,67.

„·Ê£μ° ¶·¥¤¥²Ó´Ò° ¸²ÊÎ °, ±μ£¤  γ = 0. �·¨ ÔÉμ³ Í¥¶μÎ±  ¶·¥¢· Ð ¥É¸Ö ¢ ¸μ¢μ±Ê¶-
´μ¸ÉÓ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤¨³¥·μ¢ ¸ ¸¨´£²¥É´Ò³ μ¸´μ¢´Ò³ ¸μ¸ÉμÖ´¨¥³. ’¥¶²μ¥³±μ¸ÉÓ
¡Ê¤¥É ¸μμÉ¢¥É¸É¢μ¢ ÉÓ É ± ´ §Ò¢ ¥³μ°  ´μ³ ²¨¨ ˜μÉÉ±¨ [12]:

C(T ) =
2(Δ/kBT )2 exp (−Δ/kBT )

[1 + 2 exp (−Δ/kBT )]2
, (10)

É. ¥. ¶·¨ T → 0
C(t) ∝ t−2 exp (−Δ/t). (11)

„²Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ ¸²ÊÎ ¥ ¸¨²Ó´μ ¤¨³¥·¨§μ¢ ´´ÒÌ £¥°§¥´-
¡¥·£μ¢¸±¨Ì Í¥¶μÎ¥± (¸³., ´ ¶·¨³¥·, [7, 13]) Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö Ëμ·³Ê² 

C(t) =
3
2

(
Δ
πa

)1/2 (
Δ
t

)3/2

exp
(
−Δ
t

)
, (12)

±μÉμ· Ö ¶μ²ÊÎ¥´  ¢ ³μ¤¥²¨, ¶·¥¤²μ¦¥´´μ° ¢ [8] ¤²Ö ¸²ÊÎ Ö T → 0, Δ � T , ¶·¨ ¨¸¶μ²Ó-
§μ¢ ´¨¨ ¤¨¸¶¥·¸¨μ´´μ£μ ¸μμÉ´μÏ¥´¨Ö (8) ¨ n = 2.

�¡  ¶·¥¤¥²Ó´ÒÌ ¸²ÊÎ Ö ¶·¨ ¸¢¥·Ì´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò ¢Ò· ¦¥-
´¨¥³ ¢¨¤ 

C(t) ∝ tk exp (−Δ/t), (13)

£¤¥ ¤²Ö ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤¨³¥·μ¢ k = −2, Δ = 1,   ¤²Ö μ¤´μ·μ¤´μ° Í¥¶μÎ±¨ k = 1,
Δ = 0. „ ²¥¥ ¡Ê¤¥É ¨§ÊÎ¥´ ¢μ¶·μ¸, ¢Ò¶μ²´Ö¥É¸Ö ²¨ § ±μ´ (13) ¤²Ö ¶·μ³¥¦ÊÉμÎ´ÒÌ
§´ Î¥´¨° γ, ¨ ¥¸²¨ ¢Ò¶μ²´Ö¥É¸Ö, Éμ ± ± ¢Ò£²Ö¤ÖÉ § ¢¨¸¨³μ¸É¨ k(γ) ¨ Δ(γ). ‡ ³¥É¨³, ÎÉμ
¤ ´´μ¥ ¢Ò· ¦¥´¨¥ Ö¢²Ö¥É¸Ö μ¡μ¡Ð¥´¨¥³ ´¨§±μÉ¥³¶¥· ÉÊ·´μ£μ ¶μ¢¥¤¥´¨Ö É¥¶²μ¥³±μ¸É¨
Ï¨·μ±μ£μ ±·Ê£  ¸¨¸É¥³ ¸ § ¶·¥Ð¥´´μ° §μ´μ° [14].

�¥§Ê²ÓÉ É · ¸Î¥É  ¤²Ö ¨´É¥·¢ ²  ¶ · ³¥É·μ¢  ²ÓÉ¥·´¨·μ¢ ´¨Ö μÉ 0,0 ¤μ 1,0 ¸ Ï £μ³ 0,1
¶·¨¢¥¤¥´ ´  ·¨¸. 4. �·¥¤¥²Ó´Ò¥ ¸²ÊÎ ¨ γ = 0 ¨ γ = 1 ¢ Ê± § ´´μ³ ¨´É¥·¢ ²¥ É¥³¶¥· ÉÊ·
Ìμ·μÏμ ¸μ¢¶ ¤ ÕÉ ¸ μ¶¨¸ ´´Ò³¨  ´ ²¨É¨Î¥¸±¨³¨ ¢Ò· ¦¥´¨Ö³¨. „²Ö ¶·μ¢¥·±¨ ¶·¥¤¶μ²μ-
¦¥´¨Ö μ ¸¶· ¢¥¤²¨¢μ¸É¨ (13) ¤²Ö ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨° γ · ¸¸Î¨É ´´ Ö É¥¶²μ¥³±μ¸ÉÓ

�¨¸. 4. ’¥¶²μ¥³±μ¸ÉÓ ¶·¨ ¶ · ³¥É· Ì γ μÉ 0,0 ¤μ 1,0 ¸ Ï £μ³ 0,1. ‘²ÊÎ ° γ = 1 ¸μ¢¶ ¤ ¥É ¸
¢Ò· ¦¥´¨¥³ C = π/[3(1 + 2/π)]t, a ¸²ÊÎ ° γ = 0 Å ¸ ¢Ò· ¦¥´¨¥³ (10)
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�¨¸. 5. ®‹¨´¥ ·¨§μ¢ ´´ Ö¯ É¥¶²μ¥³±μ¸ÉÓ ¶·¨ ¶ · ³¥É· Ì γ μÉ 0,0 ¤μ 1,0 ¸ Ï £μ³ 0,1. ˜É·¨Ìμ¢Ò¥

¶·Ö³Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ËÊ´±Í¨Ö³ l(t) = kf t + Δf . �μ¤£μ´μÎ´Ò¥ ¶ · ³¥É·Ò kf ¨ Δf ¶·¨¢¥¤¥´Ò ¢
É ¡²¨Í¥

¸´ Î ²  ²μ£ ·¨Ë³¨·μ¢ ² ¸Ó, § É¥³ ¤¨ËË¥·¥´Í¨·μ¢ ² ¸Ó ¶μ É¥³¶¥· ÉÊ·¥ ¨ Ê³´μ¦ ² ¸Ó
´  t2. …¸²¨ ¤ ´´ÊÕ ¶·μÍ¥¤Ê·Ê ¶·μ¤¥² ÉÓ ¸ ¢Ò· ¦¥´¨¥³ (13), Éμ ³Ò ¶μ²ÊÎ¨³ ¶·Ö³ÊÕ
l(t) = kf t + Δf . ‘μμÉ¢¥É¸É¢¥´´μ, ¡²¨§μ¸ÉÓ · ¸¸Î¨É ´´μ° É¥¶²μ¥³±μ¸É¨ ± ¶·Ö³μ° ²¨´¨¨,
¶μ¸²¥ ¶·¨³¥´¥´¨Ö ¤ ´´μ° ¶·μÍ¥¤Ê·Ò, ¡Ê¤¥É Ê± §Ò¢ ÉÓ ´  ¸¶· ¢¥¤²¨¢μ¸ÉÓ ÔÉμ£μ Ë¥´μ-
³¥´μ²μ£¨Î¥¸±μ£μ ¢Ò· ¦¥´¨Ö. �¥§Ê²ÓÉ É ¶·¨³¥´¥´¨Ö ¤ ´´μ° ¶·μÍ¥¤Ê·Ò ± É¥¶²μ¥³±μ¸É¨,
¶·¨¢¥¤¥´´μ° ´  ·¨¸. 4, ¶μ± § ´ ´  ·¨¸. 5. ˜É·¨Ìμ¢Ò¥ ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¶·Ö³Ò³
l(t) = kf t + Δf . � · ³¥É·Ò kf ¨ Δf ¶μ²ÊÎ¥´Ò ¶ÊÉ¥³  ¶¶·μ±¸¨³ Í¨¨ · ¸Î¥É´ÒÌ ±·¨¢ÒÌ
¢ μ¡² ¸É¨ ´¨§±¨Ì É¥³¶¥· ÉÊ·. �´¨ ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥. ‚¨¤´μ, ÎÉμ ¤²Ö · ¸¸³μÉ·¥´´ÒÌ
§´ Î¥´¨° ¶ · ³¥É·μ¢  ²ÓÉ¥·´¨·μ¢ ´¨Ö § ±μ´ (13) Ìμ·μÏμ ¢Ò¶μ²´Ö¥É¸Ö. ’¥³¶¥· ÉÊ·´ Ö
¤¨´ ³¨±  Ð¥²¨ É ±¦¥ ¸¥¡Ö ´¥ ¶·μÖ¢²Ö¥É, ÔÉμ ¸μμÉ¢¥É¸É¢Ê¥É Éμ³Ê μ¡¸ÉμÖÉ¥²Ó¸É¢Ê, ÎÉμ ¢
μ¡² ¸É¨ ´¨§±¨Ì §´ Î¥´¨° É¥³¶¥· ÉÊ·Ò ¤²Ö · ¸¸³μÉ·¥´´ÒÌ γ Ð¥²Ó ¤¥°¸É¢¨É¥²Ó´μ ¸² ¡μ
§ ¢¨¸¨É μÉ t. �  ·¨¸. 2 ¶·¨¢¥¤¥´Ò É ±¦¥ Δf . ‚¨¤´μ, ÎÉμ μ´¨ Ìμ·μÏμ ¸μ¢¶ ¤ ÕÉ ¸
´ ¨³¥´ÓÏ¨³ §´ Î¥´¨¥³ ËÊ´±Í¨¨ ε(k) ¶·¨ t = 0.

γ 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Δf 1,0 0,94 0,86 0,79 0,72 0,64 0,54 0,44 0,31 0,17 0,0

kf Ä1,9 Ä1,4 Ä1,0 Ä1,0 Ä1,1 Ä1,16 Ä1,2 Ä1,22 Ä1,2 Ä1,1 1,0

„ ²¥¥ · ¸¸³μÉ·¨³ ¸²ÊÎ ° ¸² ¡μ° ¤¨³¥·¨§ Í¨¨, É. ¥. ¨´É¥·¢ ² ¶ · ³¥É·μ¢ γ μÉ 0,9 ¤μ
1,0 ¸ Ï £μ³ 0,01. Š·¨¢Ò¥ É¥¶²μ¥³±μ¸É¨ ¨ ®²¨´¥ ·¨§μ¢ ´´μ°¯ É¥¶²μ¥³±μ¸É¨ ¶·¨¢¥¤¥´Ò
´  ·¨¸. 6 ¨ 7 ¸μμÉ¢¥É¸É¢¥´´μ. ˜É·¨Ìμ¢Ò¥ ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ (13), £¤¥ § ¢¨¸¨³μ¸É¨
±μÔËË¨Í¨¥´Éμ¢ μ¶·¥¤¥²¥´Ò ¢Ò· ¦¥´¨Ö³¨

kf = 12,06γ − 22,5γ + 9,735, (14)

Δf = −2,38γ2 + 2,78γ − 0,4. (15)

‚¨¤´μ, ÎÉμ É¥³¶¥· ÉÊ·´μ¥ ¶μ¢¥¤¥´¨¥ É¥¶²μ¥³±μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É ¤¢Ê³ ·¥¦¨³ ³.
‚ ¶¥·¢μ³ ¸²ÊÎ ¥ t < Δ/2, Éμ£¤  Ìμ·μÏμ ¢Ò¶μ²´Ö¥É¸Ö (13), μ¤´ ±μ ¶·¨ ÔÉμ³ k ≈ −1
(¡μ²¥¥ ÉμÎ´μ ¤ ´´ Ö § ¢¨¸¨³μ¸ÉÓ § ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (14)). ‚μ ¢Éμ·μ³ ¸²ÊÎ ¥ t > Δ/2,
Éμ£¤  § ¢¨¸¨³μ¸ÉÓ C(t) ¶·¨¡²¨¦ ¥É¸Ö ± ¸É ´¤ ·É´μ° ²¨´¥°´μ°, Ì · ±É¥·´μ° ¤²Ö μ¤´μ-
·μ¤´μ° Í¥¶μÎ±¨.

‚ § ±²ÕÎ¥´¨¥ ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¤¨³¥·¨§ Í¨Ö ´¥
¶·¨¢μ¤¨É ± § ±μ´Ê C ∝ t exp (−Δ/t), μ¡´ ·Ê¦¥´´μ³Ê Ô±¸¶¥·¨³¥´É ²Ó´μ. ‚μ§´¨±´μ¢¥´¨¥
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�¨¸. 6. ’¥¶²μ¥³±μ¸ÉÓ ¶·¨ ¶ · ³¥É· Ì γ μÉ 0,9 ¤μ 1,0 ¸ Ï £μ³ 0,01. ‘²ÊÎ ° γ = 1 ¸μ¢¶ ¤ ¥É ¸

¢Ò· ¦¥´¨¥³ C = π/[3(1 + 2/π)]t

�¨¸. 7. ®‹¨´¥ ·¨§μ¢ ´´ Ö¯ É¥¶²μ¥³±μ¸ÉÓ ¶·¨ ¶ · ³¥É· Ì γ μÉ 0,9 ¤μ 1,0 ¸ Ï £μ³ 0,01. ˜É·¨Ìμ¢Ò¥

¶·Ö³Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ËÊ´±Í¨Ö³ f(t) = kf t + Δf . �μ¤£μ´μÎ´Ò¥ ¶ · ³¥É·Ò ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¸
¶μ³μÐÓÕ ¸²¥¤ÊÕÐ¨Ì ¢Ò· ¦¥´¨°: kf = 12,06γ − 22,52γ + 9,735 ¨ Δf = −2,38γ2 + 2,78γ − 0,4

§ ¶·¥Ð¥´´μ° §μ´Ò ±·¨É¨Î¥¸±¨ ³¥´Ö¥É Ì · ±É¥· ±·¨¢ÒÌ (k ¨§ 1 ¶·¥¢· Ð ¥É¸Ö ¢ Ä1). �¤-
´ ±μ ²¨´¥°´ Ö § ¢¨¸¨³μ¸ÉÓ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö, ±μ£¤  É¥³¶¥· ÉÊ·  ´ Î¨´ ¥É ¶·¥¢ÒÏ ÉÓ
· §³¥· § ¶·¥Ð¥´´μ° §μ´Ò. �Éμ Ê± §Ò¢ ¥É ´  Éμ, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³Ò°
§ ±μ´ ¶μ¢¥¤¥´¨Ö ³ £´¨É´μ° É¥¶²μ¥³±μ¸É¨ t exp (−Δ/t) ´¥ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¸² ¡μ°
¤¨³¥·¨§ Í¨¨,   ¢μ§´¨± ¥É ¶μ ± ±¨³-Éμ ¨´Ò³ ¶·¨Î¨´ ³ (μ¸μ¡¥´´μ¸É¨ ¸¶¥±É·  ³ £´¨É-
´ÒÌ ¢μ§¡Ê¦¤¥´¨°, ¢§ ¨³μ¤¥°¸É¢¨¥ ¤ ²Ó´¨Ì ¸μ¸¥¤¥° ¨²¨ μ¡· §μ¢ ´¨¥ ¤¢Ê³¥·´μ° ·¥Ï¥É±¨).
Š·μ³¥ Éμ£μ, · ¸Î¥ÉÒ ¶μ± § ²¨, ÎÉμ Éμ²Ó±μ ¤μ¸É ÉμÎ´μ ¸¨²Ó´ Ö ¤¨³¥·¨§ Í¨Ö (γ < 0,2) ¶·¨-
¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ³Ê μÉ±²μ´¥´¨Õ k μÉ Ä1, ÎÉμ ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ ¶·¥¤¥² ¶·¨³¥´¨³μ¸É¨
¢Ò· ¦¥´¨Ö (12), £¤¥ k = −1,5.
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