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�´ ²¨É¨Î¥¸±µ¥ µ¶·¥¤¥²¥´¨¥ ¶µÉ¥´Í¨ ²  Ê¤¥·¦ ´¨Ö
¨ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
Ô²¥±É·µ´µ¢ ¢ ´ ´µ¸É·Ê±ÉÊ· Ì

Œ´µ£µ¸²µ°´µ¸ÉÓ ´ ´µ±·¨¸É ²²¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· ÊÎÉ¥´  ¸ ¶µ³µÐÓÕ Ô²¥±É·µ-
¸É É¨Î¥¸±µ£µ ¶µ²Ö ¸Ê³³ ·´µ£µ § ·Ö¤  ¨§µ¡· ¦¥´¨°, ¨  ´ ²¨É¨Î¥¸±¨ µ¶·¥¤¥²¥´
¶µÉ¥´Í¨ ² Ê¤¥·¦ ´¨Ö Ô²¥±É·µ´µ¢. �·¥¤¶µ² £ Ö, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É É ±µ¥ · ¸¸ÉµÖ-
´¨¥, ´  ±µÉµ·µ³ ¶µÉ¥´Í¨ ²Ò µÉÉ ²±¨¢ ´¨Ö ¨ Ê¤¥·¦ ´¨Ö Ô²¥±É·µ´µ¢ ¢ ±¢ ´Éµ¢µ°
ÉµÎ±¥ ±µ³¶¥´¸¨·ÊÕÉ¸Ö, ¢§ ¨³µ¤¥°¸É¢¨¥ Ô²¥±É·µ´µ¢ ¢ ´ ´µ¸É·Ê±ÉÊ· Ì µ¶·¥¤¥-
²ÖÕÉ Éµ²Ó±µ ¸¶¨´-µ·¡¨É ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. ˆ¸Ìµ¤Ö ¨§ ÔÉµ£µ  ´ ²¨É¨Î¥¸±¨
µ¶·¥¤¥²¥´  ±µ´¸É ´É  ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ ´ ´µ-
¸É·Ê±ÉÊ· Ì. ˆ§ÊÎ¥´  § ¢¨¸¨³µ¸ÉÓ ±µ´¸É ´ÉÒ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
µÉ ¶ · ³¥É·µ¢ ¢´¥Ï´¥° ¸·¥¤Ò ¨ µÉ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Ô²¥±É·µ´ ³¨.
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Analytical Determination of the Conˇnement Potential
and Coupling Constant of SpinÄOrbit Interactions
of Electrons in Nanostructures

Multilayer nanocrystalline structure is represented by the electrostatic ˇeld in-
ducted by total image charge, and the conˇnement potential for electrons is deter-
mined. Assuming that at a given distance the conˇnement potential is equal to the
Coulomb repulsion and an interaction between electrons becomes spinÄorbit, the con-
stant of the spinÄorbit interaction of electrons in nanostructures is determined. The
dependence of the constant of the spinÄorbit interaction on environment parameters
and the distance between electrons is studied.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical
Physics, JINR.
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�·µ£·¥¸¸ ¢ ¸µ¢·¥³¥´´µ° É¥Ì´µ²µ£¨¨ ¶µ§¢µ²Ö¥É ¸µ§¤ ¢ ÉÓ ¶µ²Ê¶·µ¢µ¤´¨-
±µ¢Ò¥ ´ ´µ¸É·Ê±ÉÊ·Ò, É ±¨¥ ± ± ±¢ ´Éµ¢Ò¥ ÉµÎ±¨ (Š’), ±¢ ´Éµ¢Ò¥ ¶·µ¢µ-
²µ±¨ [1,2], ¢ ±µÉµ·ÒÌ ±µ´¥Î´µ¥ Î¨¸²µ Ô²¥±É·µ´µ¢ Ê¤ ¥É¸Ö ®§ ¶¥·¥ÉÓ¯ ¢ µ£· -
´¨Î¥´´µ³ µ¡Ñ¥³¥ ¶µ·Ö¤±   Éµ³´ÒÌ · §³¥·µ¢. ‚ ´ ¸ÉµÖÐ¨° ³µ³¥´É Ô±¸¶¥·¨-
³¥´É ²Ó´µ Ê¸É ´µ¢²¥´µ, ÎÉµ · §³¥·Ò Š’ ¢ § ¢¨¸¨³µ¸É¨ µÉ Î¨¸²  Ô²¥±É·µ´µ¢,
±µÉµ·Ò¥ ¢ ´¥° § ¶¥·ÉÒ, ¨§³¥´ÖÕÉ¸Ö µÉ ¤¥¸ÖÉ±µ¢ ¤µ ¸µÉ¥´ ´³.

‚¶¥·¢Ò¥ Š’ ¡Ò²¨ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¡´ ·Ê¦¥´Ò ¢ ¸²µ¨¸Éµ° ¸É·Ê±ÉÊ·¥
[3] ´  £· ´¨Í¥ ¸µ¥¤¨´¥´¨° GaAs ¨ GaAlAs, É. ¥. ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢Ê¥É ¤¢ 
¸µ¥¤¨´¥´¨Ö, ¸µ¸ÉµÖÐ¨¥ ± ± ¨§ GaAs, É ± ¨ ¨§ GaAlAs. ’ ±¨³ µ¡· §µ³, ÊÎ¥É
¢²¨Ö´¨Ö ± ¦¤µ£µ ¸²µÖ ¢ ³¥Ì ´¨§³¥ Ëµ·³¨·µ¢ ´¨Ö Š’ ¨²¨ ¢ ¤¨´ ³¨±¥ § ¶¨-
· ´¨Ö Ô²¥±É·µ´µ¢ Š’ Ö¢²Ö¥É¸Ö µ¤´µ° ¨§  ±ÉÊ ²Ó´ÒÌ § ¤ Î. �¤´ ±µ ÊÎ¥É ¢¸¥Ì
¶ ·´ÒÌ ±Ê²µ´µ¢¸±¨Ì ¢§ ¨³µ¤¥°¸É¢¨°: Ô²¥±É·µ´µ¢ ¢ Š’ ± ± ³¥¦¤Ê ¸µ¡µ°, É ±
¨ ¸  Éµ³ ³¨ ¢ ¸²µ¥ Å ¨ ·¥Ï¥´¨¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· 
(“˜) ¸ Ëµ·³ ²Ó´µ° ÉµÎ±¨ §·¥´¨Ö, ±µ´¥Î´µ, ¢µ§³µ¦´µ, ´µ ¸ ÉµÎ±¨ §·¥´¨Ö
Î¨¸²¥´´µ£µ ¢ÒÎ¨¸²¥´¨Ö ´ Ìµ¦¤¥´¨¥ ·¥Ï¥´¨Ö “˜ ¤²Ö É ±¨Ì ³´µ£µÎ ¸É¨Î´ÒÌ
¸¨¸É¥³ ¶µÎÉ¨ ´¥¢µ§³µ¦´µ. �µÔÉµ³Ê ¤²Ö ·¥Ï¥´¨Ö É ±µ° § ¤ Î¨ Î ¸Éµ ¶·¨-
³¥´Ö¥É¸Ö ÔËË¥±É¨¢´Ò° ³¥Éµ¤ ·¥Ï¥´¨Ö. �¤´¨³ ¨§ É ±¨Ì ³¥Éµ¤µ¢ Ö¢²Ö¥É¸Ö
¢¢¥¤¥´¨¥ ÔËË¥±É¨¢´µ£µ ¶µÉ¥´Í¨ ²  § ¶¨· ´¨Ö Ô²¥±É·µ´µ¢ ¢ Š’, É. ¥. ¢¢¥¤¥-
´¨¥ ¶µÉ¥´Í¨ ²  ¶ · ¡µ²¨Î¥¸±µ£µ ±µ´Ë °´³¥´É  (¸³. ¢ [4]).

�¤´ ±µ ´  · ¸¸ÉµÖ´¨ÖÌ µÉ ¤¥¸ÖÉ±µ¢ ¤µ ¸µÉ¥´ ´³ ³¥¦¤Ê  Éµ³ ³¨ ¨ ³µ²¥-
±Ê² ³¨ ¤¥°¸É¢ÊÕÉ Éµ²Ó±µ ±Ê²µ´µ¢¸±¨¥ ¸¨²Ò. ŠÊ²µ´µ¢¸±¨° ¶µÉ¥´Í¨ ² µÉ²¨-
Î ¥É¸Ö µÉ ¶µÉ¥´Í¨ ²  ¶ · ¡µ²¨Î¥¸±µ£µ ±µ´Ë °´³¥´É . ‚ · ¡µÉ¥ [5] ¢¢µ¤¨É¸Ö
§ ·Ö¤ ¨§µ¡· ¦¥´¨°, ±µÉµ·Ò° µ¡Ê¸²µ¢²¥´ ¡µ²ÓÏµ° · §´µ¸ÉÓÕ ¤¨Ô²¥±É·¨Î¥¸±¨Ì
¶·µ´¨Í ¥³µ¸É¥° ¸²µ¥¢, ¨, É ±¨³ µ¡· §µ³, µ¶·¥¤¥²¥´ ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ²
Ê¤¥·¦ ´¨Ö ³¥¦¤Ê ¤¢Ê³Ö Ô²¥±É·µ´ ³¨ ¢ Š’, É. ¥. ÊÎÉ¥´ ÔËË¥±É Éµ²Ó±µ µ¤-
´µ£µ ¸²µÖ. ‚ Ô±¸¶¥·¨³¥´É¥ Ê¸É ´µ¢²¥´µ, ÎÉµ ¤²Ö ¢µ§´¨±´µ¢¥´¨Ö Š’ ´Ê¦´µ
¶µ ±· °´¥ ³¥·¥ ¤¢  ¸²µÖ. ’ ±¨³ µ¡· §µ³, ¶·¨ ¨§ÊÎ¥´¨¨ ³¥Ì ´¨§³  Ëµ·-
³¨·µ¢ ´¨Ö ¨ ¤¨´ ³¨±¨ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ Š’ ´¥µ¡Ìµ¤¨³µ ÊÎ¥¸ÉÓ
³´µ£µ¸²µ°´µ¸ÉÓ ¸¨¸É¥³Ò.

‚ ¤ ´´µ° · ¡µÉ¥ ¤²Ö µ¡ÑÖ¸´¥´¨Ö ³¥Ì ´¨§³  ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢
¢ Š’ ³Ò ¨¸Ìµ¤¨³ ¨§ ¸²¥¤ÊÕÐ¥£µ ¶·¥¤¶µ²µ¦¥´¨Ö: ¢µ-¶¥·¢ÒÌ, ¶·¨ µ¶¨¸ ´¨¨
³¥Ì ´¨§³  Ëµ·³¨·µ¢ ´¨Ö Š’ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨¥ ÔËË¥±ÉÒ ¨£· ÕÉ ¸ÊÐ¥-
¸É¢¥´´ÊÕ ·µ²Ó; ¢µ-¢Éµ·ÒÌ, ´Ê¦´µ ÊÎ¨ÉÒ¢ ÉÓ ¢²¨Ö´¨¥ ´¥ ³¥´¥¥ ¤¢ÊÌ ¸²µ¥¢;
± ¦¤Ò° ¸²µ° ¨ ± ¦¤ Ö Š’ Ö¢²ÖÕÉ¸Ö ¶µ ¤¨Ô²¥±É·¨Î¥¸±¨³ ¸¢µ°¸É¢ ³ µ¤´µ·µ¤-
´µ°,   ¢ Í¥²µ³ ¸¨¸É¥³  Ö¢²Ö¥É¸Ö ´¥µ¤´µ·µ¤´µ° ¨ ¤µ²¦´Ò ¢Ò¶µ²´ÖÉÓ¸Ö Ê¸²µ¢¨Ö
´¥¶·¥·Ò¢´µ¸É¨ É ´£¥´Í¨ ²Ó´ÒÌ ¶·µ¨§¢µ¤´ÒÌ ¶µÉ¥´Í¨ ²µ¢. �É¨ ¶·¥¤¶µ²µ¦¥-
´¨Ö ¶·¨¢µ¤ÖÉ ± ¢¢¥¤¥´¨Õ ÔËË¥±É¨¢´µ£µ ¶µ²µ¦¨É¥²Ó´µ£µ § ·Ö¤  ¨§µ¡· ¦¥´¨°,
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±µÉµ·Ò°  ¸¸µÍ¨¨·Ê¥É¸Ö ¸ ¢´¥Ï´¨³¨ Ë ±Éµ· ³¨. �ÉµÉ ¶·¨¥³ Ìµ·µÏµ ¨§¢¥¸É¥´
¢ Ô²¥±É·µ¸É É¨±¥ ¶·¨ ¨§ÊÎ¥´¨¨ ¸¢µ°¸É¢ ¤¨Ô²¥±É·¨±µ¢ [6]. ’ ±¨³ µ¡· §µ³, ³Ò
¶·¥¤¶µ² £ ¥³, ÎÉµ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¶·¨ Ëµ·³¨·µ¢ ´¨¨ ¶µÉ¥´Í¨ ²  Ê¤¥·¦ -
´¨Ö ¨£· ¥É § ·Ö¤ ¨§µ¡· ¦¥´¨°, µ¡Ê¸²µ¢²¥´´Ò° ¡µ²ÓÏµ° · §´µ¸ÉÓÕ ¤¨Ô²¥±É·¨-
Î¥¸±¨Ì ¶·µ´¨Í ¥³µ¸É¥° ¸²µ¥¢, ±µÉµ·Ò¥ Ëµ·³¨·ÊÕÉ Š’, ´ ¶·¨³¥·: ¢ ±ÊÊ³ ¨
¶µ²Ê¶·µ¢µ¤´¨± ¨²¨ ¶µ²Ê¶·µ¢µ¤´¨± ¨ ¤¨Ô²¥±É·¨± (¶µ¤·µ¡´µ ¸³. [7]). ˆ¸Ìµ¤Ö
¨§ ÔÉ¨Ì ¶·¥¤¶µ²µ¦¥´¨° µ¶·¥¤¥²Ö¥É¸Ö ÔËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² Ê¤¥·¦ ´¨Ö.

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¨´É¥´¸¨¢´µ · §¢¨¢ ¥É¸Ö ¨§ÊÎ ÕÐ Ö
Ö¢²¥´¨Ö ¢ ´¨§±µ· §³¥·´ÒÌ ¸¨¸É¥³ Ì (´ ´µ¸É·Ê±ÉÊ· Ì) É ± ´ §Ò¢ ¥³ Ö ®¸¶¨´-
É·µ´¨± ¯ [8]. �¸´µ¢´ÊÕ ¨¤¥Õ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨° ³µ¦´µ ¢Ò· §¨ÉÓ ¸²¥¤ÊÕÐ¨³
µ¡· §µ³: ®¸¶¨´ ¢³¥¸Éµ § ·Ö¤ ¯, É. ¥. ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Ô²¥±É·µ´ ³¨ ¢ ´ -
´µ¸É·Ê±ÉÊ· Ì µ¶·¥¤¥²Ö¥É¸Ö ¸¶¨´-µ·¡¨É ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ Ô²¥±É·µ´µ¢.
„·Ê£¨³¨ ¸²µ¢ ³¨, µ¸´µ¢´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Ô²¥±É·µ´ ³¨ ¢ Š’ ¸É ´µ-
¢¨É¸Ö ¸¶¨´-µ·¡¨É ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. ’ ±¨³ µ¡· §µ³, ¤²Ö ¨¸¶µ²Ó§µ¢ -
´¨Ö ´ ´µ¸É·Ê±ÉÊ· ¢ ´µ¢ÒÌ É¥Ì´µ²µ£¨ÖÌ ¢¥¤ÊÉ¸Ö ¶µ¨¸±¨ · §²¨Î´ÒÌ ¸¶µ¸µ¡µ¢
Ê¶· ¢²¥´¨Ö ¸¶¨´µ¢µ° ¸É¥¶¥´ÓÕ ¸¢µ¡µ¤Ò Ô²¥±É·µ´µ¢ ¢ Š’. ‘ ÔÉ¨³ ¸¢Ö§Ò¢ ÕÉ
´ ¤¥¦¤Ò ´  ¸µ§¤ ´¨¥ ´µ¢ÒÌ ¶·¨¡µ·µ¢. ‚µ§´¨± ¥É ¥¸É¥¸É¢¥´´Ò° ¢µ¶·µ¸, ¶·¨
± ±¨Ì Ê¸²µ¢¨ÖÌ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê Ô²¥±É·µ´ ³¨ ¢ ´¨§±µ· §³¥·´ÒÌ ¸¨¸É¥-
³ Ì (´ ´µ¸É·Ê±ÉÊ· Ì), ¢ Î ¸É´µ¸É¨ Š’, µ¶·¥¤¥²ÖÕÉ¸Ö · Ï¡ -¶µÉ¥´Í¨ ²µ³ [9],
É. ¥. ¶·¨ ± ±¨Ì Ê¸²µ¢¨ÖÌ ´ ¶·Ö¦¥´´µ¸ÉÓ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¸É ´µ¢¨É¸Ö ¤µ³¨´¨·ÊÕÐ¥° ´ ¤ ±Ê²µ´µ¢¸±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ³¥¦¤Ê Ô²¥±-
É·µ´ ³¨ ¢ Š’, ±µÉµ·µ¥ ¢Ò§¢ ´µ § ·Ö¤µ³ Ô²¥±É·µ´ .

� Ï  · ¡µÉ  ¶µ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ ÔÉ¨Ì ¶·µ¡²¥³ ¢ · ³± Ì ³¥Éµ¤  µ¸Í¨²-
²ÖÉµ·´µ£µ ¶·¥¤¸É ¢²¥´¨Ö (��) [10]. � ¡µÉ  ¶µ¸É·µ¥´  ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:
· §¤¥² 1 ¶µ¸¢ÖÐ¥´ µ¶·¥¤¥²¥´¨Õ ¢¨¤  £ ³¨²ÓÉµ´¨ ´  ¢§ ¨³µ¤¥°¸É¢¨Ö µÉ´µ-
¸¨É¥²Ó´ÒÌ ¤¢¨¦¥´¨°. ‚ · §¤¥²¥ 2 ¨§²µ¦¥´Ò ´¥±µÉµ·Ò¥ ¤¥É ²¨ ³¥Éµ¤  ¤¢ÊÌ-
Í¥´É·µ¢µ£µ  ¤¨ ¡ É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö. ‚ · ¤¥²¥ 3 ¢ÒÎ¨¸²¥´  Ô´¥·£¨Ö
¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò ¢ · ³± Ì ��. ‚ · §¤¥²¥ 4 ¶·µ ´ ²¨§¨·µ¢ ´µ ¶µ¢¥¤¥´¨¥
¤µ¶µ²´¨É¥²Ó´µ£µ ¶µÉ¥´Í¨ ²  ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ · §¤¥² Ì 5 ¨ 6  ´ ²¨É¨Î¥¸±¨
µ¶·¥¤¥²¥´  ±µ´¸É ´É  ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ¥¥ § ¢¨¸¨³µ¸ÉÓ
µÉ · §²¨Î´ÒÌ ¶ · ³¥É·µ¢ ¸É·Ê±ÉÊ·Ò, ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó § ¢¨¸ÖÉ µÉ
±µ´±·¥É´µ£µ ´ ´µ±·¨¸É ²²¨Î¥¸±µ£µ ¸µ¥¤¨´¥´¨Ö, ¨ ¢ § ±²ÕÎ¥´¨¨ ¶µ¤ÒÉµ¦¥´Ò
¶µ²ÊÎ¥´´Ò¥ µ¸´µ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ.

1. ƒ�Œˆ‹œ’��ˆ�� ‚‡�ˆŒ�„…‰‘’‚ˆŸ „‚“• �‹…Š’����‚ ‚ Š’
‘ “—…’�Œ ‘’�“Š’“���‘’ˆ ‘�…„›

�¤´µ° ¨§  ±ÉÊ ²Ó´ÒÌ ¶·µ¡²¥³ ¶·¨ ¨§ÊÎ¥´¨¨ ¸É·Ê±ÉÊ·´ÒÌ Ì · ±É¥·¨¸É¨±
´ ´µ±·¨¸É ²²¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· Ö¢²Ö¥É¸Ö ÊÎ¥É ¢²¨Ö´¨Ö ´¥µ¤´µ·µ¸É¨ ¸·¥¤Ò. ‚
Î ¸É´µ¸É¨, ¶·¨ ¨§ÊÎ¥´¨¨ ³¥Ì ´¨§³  Ëµ·³¨·µ¢ ´¨Ö ¤¢ÊÌÔ²¥±É·µ´´µ° Š’, ±µ-
Éµ· Ö µ¡· §µ¢ ´  ´  £· ´¨Í¥ ¸µ¥¤¨´¥´¨° GaAs ¨ GaAlAs, ´¥µ¡Ìµ¤¨³µ ¨§ÊÎ¨ÉÓ
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¸¢µ°¸É¢µ É·¥Ì¸²µ°´µ° ¸¨¸É¥³Ò. ‚§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê · §²¨Î´Ò³¨ ¸²µÖ³¨ ¢
´¥µ¤´µ·µ¤´ÒÌ ¸·¥¤ Ì µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢¢¥¤¥´¨¥³ § ·Ö¤  ¨§µ¡· ¦¥´¨° [6,7],  
¢§ ¨³µ¤¥°¸É¢¨¥ ¢´ÊÉ·¨ ± ¦¤µ£µ (¢ Î ¸É´µ¸É¨, µ¤´µ·µ¤´µ£µ) ¸²µÖ µ¸ÊÐ¥¸É¢²Ö-
¥É¸Ö ¶ ·´Ò³¨ ±Ê²µ´µ¢¸±¨³¨ ¸¨² ³¨. ’ ±¨³ µ¡· §µ³, ¥¸²¨ Š’ µ¡· §Ê¥É¸Ö ´ 
£· ´¨Í¥ ³¥¦¤Ê · §²¨Î´Ò³¨ ¸²µÖ³¨, Éµ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê ¸²µÖ³¨ µ¸Ê-
Ð¥¸É¢²Ö¥É¸Ö ¸ ÊÎ¥Éµ³ § ·Ö¤  ¨§µ¡· ¦¥´¨°. „¨Ô²¥±É·¨Î¥¸±¨¥ ¶·µ´¨Í ¥³µ¸É¨
¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¸²µÖ µ¡µ§´ Î¨³ ε1 ¨ ε2 ¸µµÉ¢¥É¸É¢¥´´µ,   ¤¨Ô²¥±É·¨Î¥-
¸±ÊÕ ¶·µ´¨Í ¥³µ¸ÉÓ ±¢ ´Éµ¢µ° Ö³Ò Å ε. ’µ£¤  § ·Ö¤ ¨§µ¡· ¦¥´¨° ¸²µ¥¢
µ¶·¥¤¥²Ö¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [7]:

Z3 =
(ε1 − ε)
ε1 + ε

· Q(1); Z4 =
(ε2 − ε)
ε2 + ε

· Q(2), (1)

£¤¥ Q(1) ¨ Q(2) Å ´¥±µÉµ·Ò¥ ¶µ²µ¦¨É¥²Ó´Ò¥ ¶µ¸ÉµÖ´´Ò¥, Ì · ±É¥·¨§ÊÕÐ¨¥
Ô²¥±É·µ¸É É¨Î¥¸±¨¥ ¸¢µ°¸É¢a ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¸²µÖ. ˆ§ (1) ¢¨¤´µ, ÎÉµ ¥¸²¨
¸·¥¤  µ¤´µ·µ¤´ Ö, Éµ § ·Ö¤ ¨§µ¡· ¦¥´¨° · ¢¥´ ´Ê²Õ. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¨§
Ô±¸¶¥·¨³¥´É  ¨§¢¥¸É´µ, ÎÉµ Š’ µ¡· §Ê¥É¸Ö Éµ²Ó±µ ´  £· ´¨Í¥ · §´ÒÌ ¸²µ¥¢,
  ´¥ ¢´ÊÉ·¨ µ¤´µ·µ¤´ÒÌ ¸¨¸É¥³. ‚¢¥¤¥´¨¥ § ·Ö¤  ¨§µ¡· ¦¥´¨Ö µ¡ÑÖ¸´Ö¥É ³¥-
Ì ´¨§³ § ¶¨· ´¨Ö Ô²¥±É·µ´µ¢ ¢ Š’, ÔÉµÉ ÔËË¥±É É ±¦¥ ´ §Ò¢ ¥É¸Ö ¤¨Ô²¥±-
É·¨Î¥¸±¨³ ±µ´Ë °´³¥´Éµ³ Ô²¥±É·µ´µ¢ ¢ Š’ [11].

’ ±¨³ µ¡· §µ³, ³Ò · ¸¸³µÉ·¨³ Î¥ÉÒ·¥ÌÉ¥²Ó´ÊÕ ±Ê²µ´µ¢¸±ÊÕ ¸¨¸É¥³Ê.
�Ê¸ÉÓ m1, m2, m3, m4 Å ³ ¸¸Ò,   −Z1e, −Z2e, Z3e, Z4e Å § ·Ö¤Ò Î ¸É¨Í
¸µµÉ¢¥É¸É¢¥´´µ. ’µ£¤  £ ³¨²ÓÉµ´¨ ´ ¸¨¸É¥³Ò § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

H =
1
2

4∑
j=1

mj ṙ2
j +

e2

4πεε0

Z1Z2

|r1 − r2|
− e2

4πεε0

Z1Z3

|r1 − r3|
− e2

4πεε0

Z1Z4

|r1 − r4|
−

− e2

4πεε0
· Z2Z3

|r2 − r3|
− e2

4πεε0
· Z2Z4

|r2 − r4|
+

e2

4πεε0
· Z3Z4

|r3 − r4|
, (2)

£¤¥ ε0 Å  ¡¸µ²ÕÉ´Ò° ¨ ε Å µÉ´µ¸¨É¥²Ó´Ò° ¤¨Ô²¥±É·¨Î¥¸±¨¥ ¶·µ´¨Í ¥³µ-
¸É¨ ±¢ ´Éµ¢µ° Ö³Ò. ‚¢¥¤¥³ ±µµ·¤¨´ ÉÒ Ÿ±µ¡¨ {x1, x2, x3} ¨ ±µµ·¤¨´ ÉÒ
¸¨¸É¥³Ò Í¥´É·  ³ ¸¸ Rc:

r1 =
m2

m1 + m2
· x1 +

m3 + m4

m1 + m2 + m3 + m4
· x3 + Rc; (3)

r2 = − m1

m1 + m2
· x1 +

m3 + m4

m1 + m2 + m3 + m4
· x3 + Rc;

r3 =
m4

m3 + m4
· x2 −

m1 + m2

m1 + m2 + m3 + m4
· x3 + Rc;

r4 = − m3

m3 + m4
· x2 −

m1 + m2

m1 + m2 + m3 + m4
· x3 + Rc.

�µ¤¸É ¢²ÖÖ (3) ¢ (2) ¨ ¶·µ¨§¢µ¤Ö ´¥±µÉµ·Ò¥ Ê¶·µÐ¥´¨Ö, ¶µ²ÊÎ¨³ £ ³¨²ÓÉµ-
´¨ ´ ¸¨¸É¥³Ò Í¥´É·  ³ ¸¸ ¨ £ ³¨²ÓÉµ´¨ ´ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö. ‚¨¤
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¨ ¸¢µ°¸É¢a £ ³¨²ÓÉµ´¨ ´  Í¥´É·  ³ ¸¸ ¤¥É ²Ó´µ ¨§²µ¦¥´Ò ¢ · ¡µÉ¥ [5],  
£ ³¨²ÓÉµ´¨ ´ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤Ê-
ÕÐ¥³ ¢¨¤¥:

Hrm =
1
2

m1m2

m1 + m2
ẋ2

1 +
1
2

m3m4

m3 + m4
ẋ2

2 +
1
2

(m1 + m2)(m3 + m4)
m1 + m2 + m3 + m4

ẋ2
3 +

+
e2

4πεε0
· Z1Z2

|x1|
− e2

4πεε0
· Z1Z3∣∣∣ m2

m1+m2
x1 − m4

m3+m4
x2 + x3

∣∣∣ − e2

4πεε0
×

× Z1Z4∣∣∣ m2
m1+m2

x1 + m3
m3+m4

x2 + x3

∣∣∣ − e2

4πεε0

Z2Z3∣∣∣ m1
m1+m2

x1 + m4
m3+m4

x2 − x3

∣∣∣ −

− e2

4πεε0
· Z2Z4∣∣∣ m1

m1+m2
x1 − m3

m3+m4
x2 − x3

∣∣∣ +
e2

4πεε0
· Z3Z4

|x2|
. (4)

‡¤¥¸Ó m1 ¨ m2 Å ³ ¸¸Ò Ô²¥±É·µ´µ¢ ¢ Š’,   m3 ¨ m4 Å ³ ¸¸Ò ¨µ´ 
(§ ·Ö¤  ¨§µ¡· ¦¥´¨°) ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ ¸²µÖ. ŒÒ ¶·¥¤¶µ² £ ¥³, ÎÉµ § ·Ö¤
¨§µ¡· ¦¥´¨° ¶µ²µ¦¨É¥²Ó´Ò° ¨ ÔÉµÉ § ·Ö¤ ¸¢Ö§ ´ ¸ ¨µ´ ³¨ ¢ ¸²µ¥. �µÔÉµ³Ê
³ ¸¸Ê § ·Ö¤  ¨§µ¡· ¦¥´¨° (m3 ¨ m4) ¸Î¨É ¥³ ³´µ£µ ¡µ²ÓÏ¥° ³ ¸¸Ò Ô²¥±-
É·µ´ . „²Ö µÍ¥´±¨ ¶µ·Ö¤±  ÔÉ¨Ì ³ ¸¸ · ¸¸³µÉ·¨³ ±µ´±·¥É´Ò° ¸²ÊÎ °. �Ê¸ÉÓ
Š’ µ¡· §µ¢ ´  ´  £· ´¨Í¥ ¸µ¥¤¨´¥´¨° GaAs ¨ GaAlAs. ’µ£¤  ³ ¸¸  ¨µ´ 
¢ ÔÉ¨Ì ¸²µÖÌ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ³ ¸¸  § ·Ö¤  ¨§µ¡· ¦¥´¨° ¨ µ´  ´ ³´µ£µ
¡µ²ÓÏ¥, Î¥³ ³ ¸¸  Ô²¥±É·µ´ , É. ¥.

me � m¨µ´. (5)

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ ¨¸¶µ²Ó§Ê¥³ ¸²¥¤ÊÕÐ¨¥ ¶·¨¡²¨¦¥´¨Ö

m1 = m2 = m∗
e; m3

∼= m4 = m0. (6)

�·µ¨§¢µ¤Ö § ³¥´Ê ¶¥·¥³¥´´ÒÌ, ¶¥·¥Ìµ¤¨³ ± ´µ¢Ò³ ¶¥·¥³¥´´Ò³

x1 =
�√
m∗

e

·R; x2 =
�√
m0

· z; x3 =
�

2
√

m∗
e

· r. (7)

’µ£¤  £ ³¨²ÓÉµ´¨ ´ (4) ¶¥·¥¶¨Ï¥³ ¢ ¢¨¤¥

Hrm = 2

{
1
2
P2

R +
1
2
P2

r +
1
2
P2

z +
�

a∗√m∗
e

· 1
2R

− �

a∗√m∗
e

· Z3

|R + r − κz| −

− �

a∗√m∗
e

· Z4

|R + r + κz| −
�

a∗√m∗
e

· Z3

|R − r + κz| −

− �

a∗√m∗
e

· Z4

|R − r − κz| +
�

a∗√m∗
e

· Z3Z4

2κ
· 1
z

}
. (8)
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‡¤¥¸Ó a∗ = abεme/m∗
e Å ÔËË¥±É¨¢´Ò° · ¤¨Ê¸ ¸¨¸É¥³Ò; ab =

4πε0�
2/(mec

2) Å · ¤¨Ê¸ �µ· ; m∗
e Å ÔËË¥±É¨¢´ Ö ³ ¸¸  Ô²¥±É·µ´  (¶µ-

¤·µ¡´µ ¸³ ¢ [4]) ¨ ¢¢¥¤¥´µ µ¡µ§´ Î¥´¨¥

κ =
√

m∗
e

m0
. (9)

� Ï  § ¤ Î  Ëµ·³Ê²¨·Ê¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. ˆ§ “˜ ¤²Ö £ ³¨²ÓÉµ´¨-
 ´ , ¶·¥¤¸É ¢²¥´´µ£µ ¢ (8), µ¶·¥¤¥²¨³ ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ ¨ ¸µ¡¸É¢¥´´ÊÕ
ËÊ´±Í¨Õ £ ³¨²ÓÉµ´¨ ´ . „²Ö ÔÉµ£µ ¨¸¶µ²Ó§Ê¥³ ¸²¥¤ÊÕÐ¨¥ ¶·¥¤¶µ²µ¦¥´¨Ö:
¢µ-¶¥·¢ÒÌ, ¨µ´Ò ¢ ¸²µÖÌ ¸· ¢´¨É¥²Ó´µ ÉÖ¦¥²e¥ Ô²¥±É·µ´a,   ¤¢¨¦¥´¨¥ µ£· ´¨-
Î¥´µ, ¨ ¶µÔÉµ³Ê ¶·¨ ¤ ²Ó´¥°Ï¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ z = const,
É. ¥. Pz = 0; ¢µ-¢Éµ·ÒÌ, ¸µ£² ¸´µ (5) ¶ · ³¥É· κ, µ¶·¥¤¥²¥´´Ò° ¢ (9), ¸Î¨-
É ¥³ ³ ²Ò³ ¨ ¶·µ¢µ¤¨³ · §²µ¦¥´¨¥ ¶µ ¸É¥¶¥´Ö³ ÔÉµ£µ ³ ²µ£µ ¶ · ³¥É· . ‚
ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ ¢¥±Éµ· z · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢´¥Ï´¨° ¶ · ³¥É· ¨ ±µ³-
¶µ´¥´ÉÒ ¢Ò· ¦ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: z(0, 0, z). Šµ³¶µ´¥´ÉÒ ¢¥±Éµ·  R

¢Ò¡¨· ¥³ ¢ ¢¨¤¥ R
(
0,

√
R2 − (zR)2/z2,

√
(zR)2/z2

)
. „²Ö ÔÉ¨Ì ¢¥±Éµ·µ¢

¢Ò¶µ²´ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ Éµ¦¤¥¸É¢ :

z2 = z2; R2 = R2; (z ·R) = R · z · cosα. (10)

Šµ³¶µ´¥´ÉÒ ¢¥±Éµ·  r ¢Ò¡¨· ¥³ ¢ µ¡ÒÎ´µ° ¸Ë¥·¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É.
�·¨ É ±µ³ ¢Ò¡µ·¥ ±µ³¶µ´¥´ÉÒ ¢¥±Éµ·µ¢ (z,R, r) · §²¨Î´Ò¥  ²£¥¡·¨Î¥¸±¨¥
¢Ò· ¦¥´¨Ö, ¢Ìµ¤ÖÐ¨¥ ¢ £ ³¨²ÓÉµ´¨ ´ (8), § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

|R + r − κz| =
√

(R + r)2 − 2κ(R · z · cosα + z · r · cos θ) + κ2z2. (11)

„·Ê£¨¥ ¢Ò· ¦¥´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö  ´ ²µ£¨Î´Ò³ µ¡· §µ³. ’¥¶¥·Ó ¶·¥¤¶µ² £ ¥³,
ÎÉµ Š’ ´ Ìµ¤¨É¸Ö ¢µ ¢´¥Ï´¥³ ¶µ¸ÉµÖ´´µ³ ³ £´¨É´µ³ ¶µ²¥, ¨ É ±¦¥ ¸Î¨-
É ¥³, ÎÉµ ¢´¥Ï´¥¥ ³ £´¨É´µ¥ ¶µ²¥ ¨ ¶²µ¸±µ¸ÉÓ ´¨§±µ· §³¥·´µ° É¢¥·¤µÉ¥²Ó-
´µ° ¸É·Ê±ÉÊ·Ò ¶¥·¥¸¥± ÕÉ¸Ö ¢¤µ²Ó ¢¥±Éµ·  R (¤¥É ²¨ ¸³. ¢ [5]). ‘ ¤·Ê£µ°
¸Éµ·µ´Ò, ÊÎ¨ÉÒ¢ Ö (11), £ ³¨²ÓÉµ´¨ ´ (8) · §²µ¦¨³ ¶µ ¸É¥¶¥´Ö³ ³ ²µ£µ ¶ -
· ³¥É·  κ � 1, Éµ£¤  £ ³¨²ÓÉµ´¨ ´ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö µ±µ´Î É¥²Ó´µ
§ ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Hrm = 2

{
1
2
P2

R +
1
2
P2

r +
�

2
· ω2

c

16
ρ2

R − �ωc

4
· i ∂

∂ϕR
+

�

2a∗√m∗
e

· 1
R

−

− �(Z3 + Z4)
a∗√m∗

e

·
[

1
|R + r| +

1
|R − r|

]
− �(Z3 − Z4)

a∗√m∗
e

×

×
[

κ · z
|R + r|3 · (R cosα + r cos θ) − κ · z

|R − r|3 · (R cosα − r cos θ)
] }

. (12)
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‡¤¥¸Ó ωc = eB/(cm∗
e) Å Í¨±²µÉ·µ´´ Ö Î ¸ÉµÉ  ¨ B Å ´ ¶·Ö¦¥´´µ¸ÉÓ ¢´¥Ï-

´¥£µ ³ £´¨É´µ£µ ¶µ²Ö. ˆ§ (12) ¢¨¤´µ, ÎÉµ ÊÎ¥É ³´µ£µ¸²µ°´µ¸É¨ ´ ´µ±·¨-
¸É ²²¨Î¥¸±¨Ì É¢¥·¤µÉ¥²Ó´ÒÌ ¸É·Ê±ÉÊ· ¶·¨ Ê¸²µ¢¨¨, ÎÉµ ³ ¸¸Ò § ·Ö¤µ¢ ¨§µ-
¡· ¦¥´¨°, ±µÉµ·Ò¥ µ¶¨¸Ò¢ ÕÉ ¢²¨Ö´¨¥ ± ¦¤µ£µ ¸²µÖ ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ´ -
´µ±·¨¸É ²²¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·, ¡µ²ÓÏ¥, Î¥³ ³ ¸¸  Ô²¥±É·µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ¢
±¢ ´Éµ¢µ° Ö³¥, ¶·¨¢µ¤¨É ± ¶µÖ¢²¥´¨Õ ¤µ¶µ²´¨É¥²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö: ±Ê-
²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸Ê³³ ·´µ£µ § ·Ö¤  ¨§µ¡· ¦¥´¨° ¸ ± ¦¤Ò³ Ô²¥±-
É·µ´µ³ ¢ ±¢ ´Éµ¢µ° Ö³¥ ¨ ¤¨¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê · §²¨Î´Ò³¨
¸²µÖ³¨. �¤´ ±µ ¢ ¶·¨¡²¨¦¥´¨¨ κ � 1 ¤¨¶µ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¸É ´µ¢¨É¸Ö
³ ²Ò³ ¶µ ¸· ¢´¥´¨Õ ¸ ±Ê²µ´µ¢¸±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³.

2. „‚“•–…�’��‚�… �„ˆ���’ˆ—…‘Š�… ��ˆ�‹ˆ†…�ˆ…
ˆ ��…�ƒ…’ˆ—…‘Šˆ‰ ‘�…Š’� ‚�“’�…��…‰ ‘ˆ‘’…Œ›

�²¥±É·µ´Ò ´ Ìµ¤ÖÉ¸Ö ¢µ ¢´¥Ï´¥³ ³ £´¨É´µ³ ¶µ²¥, ¶µÔÉµ³Ê ¶·¨ µ¶·¥-
¤¥²¥´¨¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢ ¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (‚”) £ ³¨²ÓÉµ´¨ ´ ,
¶·¥¤¸É ¢²¥´´µ£µ ¢ (12), ¢¶µ²´¥ ¢µ§³µ¦´µ ¶·¨³¥´¥´¨¥ ¤¢ÊÌÍ¥´É·µ¢µ£µ  ¤¨ -
¡ É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö [12].

�¤¨ ¡ É¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥ Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ ¸ ³ÒÌ · ¸¶·µ¸É· ´¥´-
´ÒÌ ³¥Éµ¤µ¢ ¢ Ë¨§¨±¥ ¨ § ±²ÕÎ ¥É¸Ö ¢ ¶·¨¡²¨¦¥´´µ³ · §¤¥²¥´¨¨ ®¡Ò¸É·ÒÌ¯
¨ ®³¥¤²¥´´ÒÌ¯ ¶¥·¥³¥´´ÒÌ ¤¨´ ³¨Î¥¸±µ° ¸¨¸É¥³Ò. ‚ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥
µ¸´µ¢Ò  ¤¨ ¡ É¨Î¥¸±µ£µ ¶·¨¡²¨¦¥´¨Ö ¡Ò²¨ § ²µ¦¥´Ò �µ·´µ³ ¨ �¶¶¥´£¥°-
³¥·µ³ [13],   § É¥³ �µ·´µ³ ¨ ”µ±µ³ [14] ¤²Ö ·¥Ï¥´¨Ö “˜. ‚ ¤ ´´µ³ ¶Ê´±É¥
¨§²µ¦¨³ ¤¥É ²¨ ¶·¨³¥´¥´¨Ö ¤¢ÊÌÍ¥´É·µ¢µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö ·¥Ï¥´¨Ö “˜
¸ £ ³¨²ÓÉµ´¨ ´µ³ (12) ¢ · ³± Ì ³¥Éµ¤  ��. “˜ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥{

1
2
P2

R +
1
2
P2

r +
�

2
· ω2

c

16
ρ2

R − �ωc

4
· i ∂

∂ϕR
+

�

2a∗√m∗
e

· 1
R

−

− �(Z3 + Z4)
a∗√m∗

e

·
[

1
|R + r| +

1
|R − r|

]
− �(Z3 − Z4)

a∗√m∗
e

×

×
[

κz

|R + r|3 (Rz + rz) −
κz

|R − r|3 (Rz − rz)
] }

Ψ(R, r) = EΨ(R, r). (13)

‚ ¤¢ÊÌÍ¥´É·µ¢µ³ ¶·¨¡²¨¦¥´¨¨ ‚” ¸¨¸É¥³Ò ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥

Ψ(R, r) = χ(R) · Φ(R, r), (14)

£¤¥ Φ(R, r) Å ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò. ‚ ¤¢ÊÌÍ¥´É·µ¢µ³
¶·¨¡²¨¦¥´¨¨ ¶¥·¥³¥´´ Ö R · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢´¥Ï´¨° ¶ · ³¥É·, É. ¥.
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R = const. ‚¥±Éµ· r ¶·¥¤¸É ¢¨³ ¢ Í¨²¨´¤·¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É
r = {ρ, rz, ϕ}. ’µ£¤  ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Φ(R, r) ¶·¨´¨³ ¥É ¢¨¤

Φ(R, r) =
eimϕ

√
π

· Φ̃m(R; ρ, rz). (15)

‡¤¥¸Ó ϕ Å  §¨³ÊÉ ²Ó´Ò° Ê£µ²,   m Å ³ £´¨É´µ¥ ±¢ ´Éµ¢µ¥ Î¨¸²µ. “Î¨ÉÒ¢ Ö
(15), ¶µ¸²¥ ´¥±µÉµ·ÒÌ Ê¶·µÐ¥´¨° ¤²Ö “˜ ¨§ (13) ¨³¥¥³{

−�

2

[
∂2

∂ρ2
+

1
ρ

∂

∂ρ
− m2

ρ2
+

∂2

∂r2
z

]
− λ+

|R + r|−
λ+

|R − r| −
λ−

|R + r|3 (Rz+rz) +

+
λ−

|R − r|3 (Rz − rz)

}
Φ̃m(R; ρ, rz) = Er(R) · Φ̃m(R; ρ, rz), (16)

£¤¥ Er(R) Ö¢²Ö¥É¸Ö Ô´¥·£¥É¨Î¥¸±¨³ ¸¶¥±É·µ³ ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò; É ±¦¥ ¢¢¥-
¤¥´Ò µ¡µ§´ Î¥´¨Ö

λ+ =
�(Z3 + Z4)

a∗√m∗
e

; λ− =
�(Z3 − Z4)

a∗√m∗
e

· (κ · z). (17)

�·µ¢µ¤Ö § ³¥´Ê ¶¥·¥³¥´´ÒÌ

ρ = 2 · √ρ1ρ2, rz = (ρ1 − ρ2) (18)

¨ ¶¥·¥Ìµ¤Ö ± ¶ · ¡µ²¨Î¥¸±µ° ¸¨¸É¥³¥ ±µµ·¤¨´ É, ¨§ (16) ¶µ¸²¥ ´¥±µÉµ·ÒÌ
Ê¶·µÐ¥´¨° ¶µ²ÊÎ ¥³{

− �
2

2

[
ρ1

∂2

∂ρ1
2

+
∂

∂ρ1
+ ρ2

∂2

∂ρ2
2

+
∂

∂ρ2
− m2

4ρ1
− m2

4ρ2

]
− (ρ1 + ρ2)Er −

− λ+ · (ρ1 + ρ2)√
(ρ1 + ρ2)2 + 2R(ρ1 − ρ2) + R2

−

− λ+ · (ρ1 + ρ2)√
(ρ1 + ρ2)2 − 2R(ρ1 − ρ2) + R2

− λ− · (ρ1 + ρ2)(Rz + (ρ1 − ρ2))
((ρ1 + ρ2)2 + 2R(ρ1 − ρ2) + R2)3/2

+

+
λ− · (ρ1 + ρ2)(Rz − (ρ1 − ρ2))

((ρ1 + ρ2)2 − 2R(ρ1 − ρ2) + R2)3/2

}
Φ̃m(R; ρ1, ρ2) = 0. (19)

�·¨ ¤ ²Ó´¥°Ï¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ ¡Ê¤¥³ ¶·¥¤¶µ² £ ÉÓ, ÎÉµ ¢¥±Éµ· R ´ ¶· ¢²¥´
¢¤µ²Ó ¢´¥Ï´¥£µ ¢¥±Éµ·  z, É. ¥. Rz = R · cosα = R.

‚ (19) ¶¥·¥³¥´´ Ö R · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¢´¥Ï´¨° ¶ · ³¥É·. �¡ÒÎ´µ
¸É ´¤ ·É´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶·µ¢µ¤ÖÉ ¢ ¢ÒÉÖ´ÊÉÒÌ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ±µµ·¤¨´ -
É Ì [15], ¶·¨ ÔÉµ³ ¶ · ³¥É· R µ¶·¥¤¥²Ö¥É Ëµ±Ê¸´µ¥ · ¸¸ÉµÖ´¨¥,   Er(R)
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´ §Ò¢ ¥É¸Ö É¥·³µ³ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·µ¢´¥°. ‚ ¢ÒÉÖ´ÊÉÒÌ ¸Ë¥·µ¨¤ ²Ó´ÒÌ ¸¨-
¸É¥³ Ì ±µµ·¤¨´ ÉÒ “˜, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ (19), ¤µ¶Ê¸± ÕÉ · §¤¥²¥´¨¥ ¶¥-
·¥³¥´´ÒÌ ¨ ¶µ²ÊÎ ¥É¸Ö ¤¢  Ê· ¢´¥´¨Ö, ±µÉµ·Ò¥ ·¥Ï ÕÉ¸Ö Éµ²Ó±µ ³¥Éµ¤ ³¨
Î¨¸²¥´´ÒÌ ¢ÒÎ¨¸²¥´¨° (¶µ¤·µ¡´µ ¸³. ¢ [12,16]). ‚ ¤ ´´µ° · ¡µÉ¥ ¤²Ö µ¶·¥-
¤¥²¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ£µ É¥·³  Er(R) ¶·¨³¥´¨³ ³¥Éµ¤ ��.

3. „‚“•–…�’��‚�… ��ˆ�‹ˆ†…�ˆ… ��

„²Ö µ¶·¥¤¥²¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ£µ É¥·³  Er(R) ¨§ (19) ¶·¨³¥´¨³ ³¥Éµ¤
��. �¥·¥¤ É¥³ ± ± µ¶·¥¤¥²¨ÉÓ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¨ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ
¨§ “˜ (19) ¸ ¶µ³µÐÓÕ ³¥Éµ¤  �� [10], Ê³¥¸É´µ ´ ¶µ³´¨ÉÓ, ÎÉµ ÔÉµÉ ³¥Éµ¤
µ¸´µ¢ ´ ´  ¨¤¥ÖÌ ¨ ³¥Éµ¤ Ì ±¢ ´Éµ¢µ° É¥µ·¨¨ ¸± ²Ö·´µ£µ ¶µ²Ö. �¤´¨³ ¨§
¸ÊÐ¥¸É¢¥´´ÒÌ µÉ²¨Î¨° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö µÉ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ Ö¢²Ö-
¥É¸Ö Éµ, ÎÉµ ±¢ ´Éµ¢ ´´Ò¥ ¶µ²Ö, ¶·¥¤¸É ¢²ÖÕÐ¨¥ ´ ¡µ· ¡¥¸±µ´¥Î´µ£µ Î¨¸² 
µ¸Í¨²²ÖÉµ·µ¢ ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨²¨ ¢ ±ÊÊ³  ¶·¨ ±¢ ´Éµ¢µ-¶µ²¥¢µ³
¢§ ¨³µ¤¥°¸É¢¨¨, ¸µÌ· ´ÖÕÉ ¸¢µÕ µ¸Í¨²²ÖÉµ·´ÊÕ ¶·¨·µ¤Ê. ‚ ±¢ ´Éµ¢µ° ³¥-
Ì ´¨±¥ ¸µ¡¸É¢¥´´Ò¥ ËÊ´±Í¨¨ ¤²Ö ¡µ²ÓÏ¨´¸É¢  ¶µÉ¥´Í¨ ²µ¢, ± ± ¶· ¢¨²µ,
µÉ²¨Î ÕÉ¸Ö µÉ £ Ê¸¸µ¢¸±µ£µ ¶µ¢¥¤¥´¨Ö µ¸Í¨²²ÖÉµ·´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨.
�µÔÉµ³Ê ¤²Ö ¶·¨³¥´¥´¨Ö ³¥Éµ¤µ¢ ¨ ¨¤¥° É¥µ·¨¨ ¶µ²Ö ± ·¥Ï¥´¨Õ ±¢ ´Éµ¢µ-
³¥Ì ´¨Î¥¸±¨Ì § ¤ Î ¸²¥¤Ê¥É ¢ ¨¸Ìµ¤´µ³ · ¤¨ ²Ó´µ³ “˜ ¶·µ¢¥¸É¨ § ³¥´Ê
¶¥·¥³¥´´ÒÌ É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¨¸±µ³ Ö ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ´  ¡µ²ÓÏ¨Ì
· ¸¸ÉµÖ´¨ÖÌ µ¡² ¤ ²  £ Ê¸¸µ¢¸±¨³ ¶µ¢¥¤¥´¨¥³,   É· ´¸Ëµ·³¨·µ¢ ´´µ¥ Ê· ¢-
´¥´¨¥ ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ ¸ · ¤¨ ²Ó´Ò³ “˜ ¢ ¶·µ¸É· ´¸É¢¥ ¸ ¡µ²ÓÏµ° · §-
³¥·´µ¸ÉÓÕ [10]. �É³¥É¨³, ÎÉµ ¢¶¥·¢Ò¥ ¶µÌµ¦ Ö ¨¤¥Ö µ¡¸Ê¦¤ ² ¸Ó ”µ±µ³
¶·¨ ·¥Ï¥´¨¨ § ¤ Î¨ µ ¸¶¥±É·¥  Éµ³  ¢µ¤µ·µ¤  ¸ ¶µ³µÐÓÕ É· ´¸Ëµ·³ Í¨¨ ¢
Î¥ÉÒ·¥Ì³¥·´µ³ ¶·µ¸É· ´¸É¢¥ ¨³¶Ê²Ó¸µ¢ [17].

‘²¥¤ÊÖ ”µ±Ê [18], ¡Ê¤¥³ ¸Î¨É ÉÓ  ¸¨³¶ÉµÉ¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¢µ²´µ¢µ°
ËÊ´±Í¨¨ ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò ±Ê²µ´µ¢¸±¨³. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¨§²µ¦¥´´Ò³
¢ÒÏ¥ ¶·µ¢¥¤¥³ § ³¥´Ê ¶¥·¥³¥´´ÒÌ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ (¤¥É ²¨ ¸³. ¢ [10]):

ρk = q2
k; Φ̃m = q

|m|
1 q

|m|
2 Ψm

(
q2
1 , q

2
2

)
, k = 1, 2. (20)

ˆ¸¶µ²Ó§ÊÖ  Éµ³´ÊÕ ¸¨¸É¥³Ê ¥¤¨´¨Í (� = 1, e = 1, c = 1), ¶µ²ÊÎ¨³ ¨§ (19)
¤²Ö “˜

{
− 1

2

2∑
j=1

[
∂2

∂q2
j

+
d − 1

qj
· ∂

∂qj

]
− 4λ+(q2

1 + q2
2)√

(q2
1 + q2

2)2 + 2R(q2
1 − q2

2) + R2
−
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− 4λ+(q2
1 + q2

2)√
(q2

1 + q2
2)2 − 2R(q2

1 − q2
2) + R2

− 4λ−(q2
1 + q2

2)(R + (q2
1 − q2

2))
[(q2

1 + q2
2)2 + 2R(q2

1 − q2
2) + R2]3/2

−

− 4Er(q2
1 + q2

2)+
4λ−(q2

1 + q2
2)(R − (q2

1 − q2
2))

[(q2
1 + q2

2)2 − 2R(q2
1 − q2

2) + R2]3/2

}
Ψm

(
q2
1 , q

2
2

)
=0, (21)

£¤¥ d Å · §³¥·´µ¸ÉÓ ¢¸¶µ³µ£ É¥²Ó´µ£µ ¶·µ¸É· ´¸É¢ , ±µÉµ· Ö · ¢´ 

d = 2 + 2|m|. (22)

‚ ·¥§Ê²ÓÉ É¥ § ³¥´Ò ¶¥·¥³¥´´ÒÌ ³Ò ¶µ²ÊÎ¨²¨ ³µ¤¨Ë¨Í¨·µ¢ ´´µ¥ “˜ ¢
d-³¥·´µ³ ¢¸¶µ³µ£ É¥²Ó´µ³ ¶·µ¸É· ´¸É¢¥ Rd. ˆ§ (21) ¨ (22) ¸²¥¤Ê¥É, ÎÉµ
³ £´¨É´µ¥ ±¢ ´Éµ¢µ¥ Î¨¸²µ m ¶µ£²µÐ¥´µ ¢ · §³¥·´µ¸ÉÓ ¶·µ¸É· ´¸É¢  d.
„ ´´Ò° ¶·¨¥³ ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ ¢¸¥ ¨´É¥·¥¸ÊÕÐ¨¥ ´ ¸ Ì · ±É¥·¨¸É¨±¨,
É.¥. ¸¶¥±É· ¨ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ, ·¥Ï Ö ³µ¤¨Ë¨Í¨·µ¢ ´´µ¥ “˜ Éµ²Ó±µ ¤²Ö
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ d-³¥·´µ³ ¢¸¶µ³µ£ É¥²Ó´µ³ ¶·µ¸É· ´¸É¢¥ Rd. ‚µ²´µ-
¢ Ö ËÊ´±Í¨Ö Ψm(q2

1 , q
2
2) µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ Rd § ¢¨¸¨É Éµ²Ó±µ µÉ ¶¥·¥-

³¥´´ÒÌ q2
1 ¨ q2

2 . ’µ£¤  µ¶¥· Éµ·

∂2

∂qk
2

+
d − 1
qk

∂

∂qk
≡ �qk

, k = 1, 2, (23)

µÉµ¦¤¥¸É¢¨³ ¸ ² ¶² ¸¨ ´µ³ �qk
¢µ ¢¸¶µ³µ£ É¥²Ó´µ³ ¶·µ¸É· ´¸É¢¥ Rd, ±µÉµ-

·Ò° ¤¥°¸É¢Ê¥É ´  ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, § ¢¨¸ÖÐÊÕ Éµ²Ó±µ
µÉ · ¤¨Ê¸  qk. ˆ¸Ìµ¤Ö ¨§ ³µ¤¨Ë¨Í¨·µ¢ ´´µ£µ “˜:

HΨm(q1, q2) = ε(Er)Ψm(q1, q2), (24)

¸µ£² ¸´µ (21), ³Ò ¶µ²ÊÎ ¥³, ÎÉµ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¢ Rd · ¢¥´ ´Ê²Õ:

ε(Er) = 0. (25)

�Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ÔÉµ ¸µµÉ´µÏ¥´¨¥ ± ± Ê¸²µ¢¨¥ µ¶·¥¤¥²¥´¨Ö Ô´¥·£¥É¨Î¥-
¸±µ£µ ¸¶¥±É·  Er ¨¸Ìµ¤´µ£µ £ ³¨²ÓÉµ´¨ ´  (16). ‘²¥¤ÊÖ ³¥Éµ¤Ê ��, ¶·¥¤¸É -
¢¨³ ± ´µ´¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥ Î¥·¥§ µ¶¥· Éµ·Ò ·µ¦¤¥´¨Ö a+

j ¨ Ê´¨ÎÉµ¦¥´¨Ö
aj ¢ d-³¥·´µ³ ¶·µ¸É· ´¸É¢¥:

q
(k)
j =

ak
j + ak+

j√
2ωk

; P
(k)
j =

√
ωk

2
ak

j − ak+
j

i
; (26)

k = 1, 2; j = 1, ..., d, �ak
i , ak+

j � = δi,j ,

£¤¥ ωk Å Î ¸ÉµÉ  µ¸Í¨²²ÖÉµ· , ±µÉµ· Ö ¶µ±  ´¥¨§¢¥¸É´ . �µ¤¸É ¢²ÖÖ (26)
¢ (21) ¨ ¶·µ¢µ¤Ö Ê¶µ·Ö¤µÎ¨¢ ´¨¥ ¶µ µ¶¥· Éµ· ³ ·µ¦¤¥´¨Ö ¨ Ê´¨ÎÉµ¦¥´¨Ö,
¶µ²ÊÎ ¥³

H = H0 + ε0(Er) + HI . (27)
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‡¤¥¸Ó H0 Ö¢²Ö¥É¸Ö £ ³¨²ÓÉµ´¨ ´µ³ ¤¢ÊÌ ´¥¸¢Ö§ ´´ÒÌ µ¸Í¨²²ÖÉµ·µ¢

H0 = ω1(a+
j (1) · aj(1)) + ω2(a+

j (2) · aj(2)), (28)

  ε0(Er) Å Ô´¥·£¨Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ´Ê²¥¢µ³ ¶·¨¡²¨¦¥´¨¨ �� [10],
±µÉµ· Ö ¨³¥¥É ¢¨¤

ε0(Er) =
d

4
(ω1 + ω2) −

2dEr

ω1
− 2dEr

ω2
− 4 (ω1ω2)

d/2 · e−β1ω1−β2ω2×

×
∞∫
0

∞∫
0

dβ1dβ2

Γ2(d/2)

[
λ+ (β1 · β2)

d/2−1 (β1 + β2)√
(β1 + β2)

2 + 2R (β1 − β2) + R2

+

+
λ+ (β1 · β2)

d/2−1 (β1 + β2)√
(β1 + β2)

2 − 2R (β1 − β2) + R2

]
− 4(ω1ω2)d/2 · e−β1ω1−β2ω2×

×
∞∫
0

∞∫
0

dβ1dβ2

Γ2(d/2)
(β1 · β2)d/2−1

[
λ−(β1 + β2) · (R + (β1 − β2))

((β1 + β2)2 + 2R(β1 − β2) + R2)3/2
−

− λ−(β1 + β2) · (R − (β1 − β2))
((β1 + β2)2 − 2R(β1 − β2) + R2)3/2

]
. (29)

ƒ ³¨²ÓÉµ´¨ ´ ¢§ ¨³µ¤¥°¸É¢¨Ö HI É ±¦¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ´µ·³ ²Ó´µ°
Ëµ·³¥ ¶µ µ¶¥· Éµ· ³ ·µ¦¤¥´¨Ö ¨ Ê´¨ÎÉµ¦¥´¨Ö, ¶·¨Î¥³ µ´ ´¥ ¸µ¤¥·¦¨É ±¢ -
¤· É¨Î´ÒÌ ¸² £ ¥³ÒÌ ¶µ ± ´µ´¨Î¥¸±¨³ ¶¥·¥³¥´´Ò³ (¶µ¤·µ¡´µ ¸³. ¢ [5, 10]).

‚±² ¤ £ ³¨²ÓÉµ´¨ ´  ¢§ ¨³µ¤¥°¸É¢¨Ö HI · ¸¸³ É·¨¢ ¥É¸Ö ± ± ³ ²µ¥ ¢µ§-
³ÊÐ¥´¨¥. ‚ ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö (Š’�), ±µ£¤  ± ´µ´¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥
¢Ò· ¦¥´Ò Î¥·¥§ µ¶¥· Éµ·Ò ·µ¦¤¥´¨Ö ¨ Ê´¨ÎÉµ¦¥´¨Ö ¨ £ ³¨²ÓÉµ´¨ ´ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¶·¥¤¸É ¢²¥´ ¢ ´µ·³ ²Ó´µ° Ëµ·³¥, É·¥¡µ¢ ´¨¥ µÉ¸ÊÉ¸É¢¨Ö ¢ £ ³¨²Ó-
Éµ´¨ ´¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²¥¢ÒÌ µ¶¥· Éµ·µ¢ ¢Éµ·µ° ¸É¥¶¥´¨, ¶µ ¸ÊÐ¥¸É¢Ê,
Ô±¢¨¢ ²¥´É´µ ¶¥·¥´µ·³¨·µ¢±¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¨ ¢µ²´µ¢µ° ËÊ´±Í¨¨ [19]. �µ-
²¥¥ Éµ£µ, É ± Ö ¶·µÍ¥¤Ê·  ¶µ§¢µ²Ö¥É ÊÎ¥¸ÉÓ µ¸´µ¢´µ° ±¢ ´Éµ¢Ò° ¢±² ¤ Î¥·¥§
¶¥·¥´µ·³¨·µ¢±Ê ³ ¸¸Ò ¨ Ô´¥·£¨¨ ¢ ±ÊÊ³ . „·Ê£¨³¨ ¸²µ¢ ³¨, ¢¸¥ ±¢ ¤· É¨Î-
´Ò¥ Ëµ·³Ò ¶µ²´µ¸ÉÓÕ ¢±²ÕÎ¥´Ò ¢ £ ³¨²ÓÉµ´¨ ´ ¸¢µ¡µ¤´µ£µ µ¸Í¨²²ÖÉµ· .
„ ´´µ¥ É·¥¡µ¢ ´¨¥ ¶µ§¢µ²Ö¥É ¸Ëµ·³Ê²¨·µ¢ ÉÓ Ê¸²µ¢¨¥ (¸µ£² ¸´µ ³¥Éµ¤Ê ��)

∂ε0(Er)
∂ω1

= 0,
∂ε0(Er)

∂ω2
= 0 (30)

¤²Ö ´ Ìµ¦¤¥´¨Ö Î ¸ÉµÉÒ ω1 ¨ ω2 ´¥¸¢Ö§ ´´ÒÌ µ¸Í¨²²ÖÉµ·µ¢, ±µÉµ·Ò¥ µ¶·¥¤¥-
²ÖÕÉ µ¸´µ¢´µ° ±¢ ´Éµ¢Ò° ¢±² ¤. “Î¨ÉÒ¢ Ö (29), ¨§ Ê· ¢´¥´¨° (25) ¨ (30) ³Ò
³µ¦¥³ ¢ÒÎ¨¸²¨ÉÓ Ô´¥·£¨Õ ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò Er ± ± ËÊ´±Í¨Õ ¶ · ³¥É· 
R. ’ ± ± ± ´ ¸ ¨´É¥·¥¸Ê¥É µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, ¢ ¤ ´´µ° · ¡µÉ¥ ³Ò ´¥ ¡Ê¤¥³
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· ¸¸³ É·¨¢ ÉÓ · ¤¨ ²Ó´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö. ‚ · ³± Ì ³¥Éµ¤  �� ¤²Ö · §²¨Î´ÒÌ
¶µÉ¥´Í¨ ²µ¢ [10] ´¥µ¤´µ±· É´µ ¶·µ¢¥·Ö²µ¸Ó, ÎÉµ ¶µ¶· ¢±  ¶¥·¢µ£µ ¶µ·Ö¤± ,
¸¢Ö§ ´´ Ö ¸ £ ³¨²ÓÉµ´¨ ´µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö, Éµ¦¤¥¸É¢¥´´µ · ¢´  ´Ê²Õ,   ¶µ-
¶· ¢±  ¢Éµ·µ£µ ¶µ·Ö¤±  ³¥´ÓÏ¥ µ¤´µ£µ ¶·µÍ¥´É . �µÔÉµ³Ê ³Ò µ£· ´¨Î¨³¸Ö
· ¸¸³µÉ·¥´¨¥³ Éµ²Ó±µ ´Ê²¥¢µ£µ ¶·¨¡²¨¦¥´¨Ö ¢ ��.

�·¨ ¤ ²Ó´¥°Ï¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ ¶·µ¢µ¤¨³ § ³¥´Ê ¶¥·¥³¥´´ÒÌ

β1 =
t + s√

2
; β2 =

t − s√
2

. (31)

�µ¸²¥ ´¥±µÉµ·ÒÌ Ê¶·µÐ¥´¨° ¨§ (29) ¨³¥¥³

ε0(Er) =
d

2
ω+ − 2dErω+

ω2
+ − ω2

−
− 4λ+(ω2

+ − ω2
−)d/2Q+(R) + (32)

+ 4λ−(ω2
+ − ω2

−)d/2 ∂

∂R
Q−(R).

‡¤¥¸Ó ¨¸¶µ²Ó§µ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö

ω± =
ω1 ± ω2

2
; Q±(R) = T+(R) ± T−(R), (33)

£¤¥

T±(R) =

∞∫
0

dt · td

Γ2(d
2 )

·
1∫

−1

dx
(1 − x2)

d
2−1e−ω+t−ω−tx

√
t2 ± 2R · x + R2

. (34)

…¸²¨ ¡Ê¤¥³ µ£· ´¨Î¨¢ ÉÓ¸Ö Éµ²Ó±µ ¶¥·¢Ò³ ¶µ·Ö¤±µ³ ¶ · ³¥É·  κ, Éµ ¶·¨
R = 0 ¨ R = ∞ ¨§ (30) ¨³¥¥³ ω1 = ω2, É. ¥. ¢ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ ω− =
0. �µÔÉµ³Ê ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¨´É¥£· ² , ¶·¥¤¸É ¢²¥´´µ£µ ¢ (34), ¶·µ¢e¤¥³
· §²µ¦¥´¨¥ ¶µ ¸É¥¶¥´Ö³ ω− ¨ ¡Ê¤¥³ µ£· ´¨Î¨¢ ÉÓ¸Ö ´¨§Ï¨³¨ ¶µ·Ö¤± ³¨.
� ¸¸³µÉ·¨³ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, É. ¥. m = 0, Éµ£¤  ¨§ (22) ¨³¥¥³ d = 2.
ˆ¸Ìµ¤Ö ¨§ ÔÉ¨Ì ¶·¥¤¶µ²µ¦¥´¨°, ¶µ¸²¥ ¶·µ¸ÉÒÌ ¢ÒÎ¨¸²¥´¨°, ÊÎ¨ÉÒ¢ Ö (34),
¶µ²ÊÎ ¥³

Q+(R) =
2R2

Ω2
(2

1 − e−Ω

Ω
− e−Ω) + O(ω2

−); (35)

Q−(R) =
2ω−R3

Ω2

[
8

1 − e−Ω

Ω3
· 8e−Ω

Ω2
− 4e−Ω

Ω
− e−Ω

]
,

£¤¥ Ω = ω+R. �µ¤¸É ¢²ÖÖ (35) ¢ (32) ¨ ¨§ Ê· ¢´¥´¨° (25) ¨ (30) ¤²Ö Ô´¥·£¥-
É¨Î¥¸±µ£µ ¸¶¥±É·  ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò ¨³¥¥³

Er(R) =
ω2

+

4
− ω0 · ω+

2

(
2
1 − eω+R

ω+R
− e−ω+R

)
+ (36)

+
16
27

ω2
0λ

2
−

(
3 cos2 α − 1

)
·
(

1 − 29
3

ω2
0R

2

)
.
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‡¤¥¸Ó ω0 = 4λ+,   ω+ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê· ¢´¥´¨°

ω+ − ω0(1 + ω+R)e−ω+R = 0. (37)

�·¨ µ¶·¥¤¥²¥´¨¨ Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  ¨ ‚” ¤¢ÊÌ Ô²¥±É·µ´µ¢ ¢ Š’, É. ¥.
¢´¥Ï´¥° ¸¨¸É¥³Ò, Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· ¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò · ¸¸³ É·¨¢ -
¥É¸Ö ± ± ¤µ¶µ²´¨É¥²Ó´Ò° ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö. ˆ§ (36) ¢¨¤´µ, ÎÉµ ¶µ-
Ö¢²Ö¥É¸Ö ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö, ¸¢Ö§ ´´Ò° ¸ ±¢ ¤·Ê¶µ²Ó´Ò³ ³µ³¥´Éµ³.
�¤´ ±µ ÔÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·µ¶µ·Í¨µ´ ²Ó´µ ±¢ ¤· ÉÊ ³ ²µ£µ ¶ · ³¥É·  κ,
¶µÔÉµ³Ê ¶·¨ ¤ ²Ó´¥°Ï¨Ì ¢ÒÎ¨¸²¥´¨ÖÌ ³Ò ´¥ ¡Ê¤¥³ ¥£µ ÊÎ¨ÉÒ¢ ÉÓ.

4. ��’…�–ˆ�‹ ‚‡�ˆŒ�„…‰‘’‚ˆŸ �‹…Š’����‚ ‚ Š’

�·¨¸ÉÊ¶¨³ ± µ¶·¥¤¥²¥´¨Õ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·µ¢
¤¢ÊÌÔ²¥±É·µ´´µ° Š’. „²Ö ÔÉµ£µ ¶·µ¢µ¤¨³ Ê¸·¥¤´¥´¨¥ ¶µ ¢µ²´µ¢µ° ËÊ´±Í¨¨
¢´ÊÉ·¥´´¥° ¸¨¸É¥³Ò. “Î¨ÉÒ¢ Ö (14), (16) ¨ ¶·µ¢µ¤Ö ¶·µ¸ÉÒ¥ Ê¶·µÐ¥´¨Ö ¨§
(13) ¨³¥¥³{

P2
R +

�
2

2
· ω2

c

8
ρ2

R +
�ωc

2
LϕR + Vtot(R)

}
χ(R) = E · χ(R), (38)

£¤¥ Vtot(R) Å ¶µ²´Ò° ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ Š’, · ¢´Ò°

Vtot =
�

a∗√m∗
e

· 1
R

+ 2Er(R) +
1
2

(
1

ω+
· ∂ω+

∂R

)2

. (39)

‡¤¥¸Ó ¶¥·¢µ¥ ¸² £ ¥³µ¥ ¢ (39) Ö¢²Ö¥É¸Ö ±Ê²µ´µ¢¸±¨³ ¶µÉ¥´Í¨ ²µ³ ¢§ ¨³µ¤¥°-
¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ Š’,   Er(R) Å ¶µÉ¥´Í¨ ², ¸µ§¤ ¢ ¥³Ò° Ô²¥±É·µ¸É É¨¸É¨-
Î¥¸±¨³ ¶µ²¥³ § ·Ö¤  ¨§µ¡· ¦¥´¨°, ±µÉµ·Ò° ¶·¨ ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ
¨¸¶µ²Ó§Ê¥É¸Ö ¢ ¢¨¤¥

E(0)
r (R) =

ω2
+

2
− ω0ω+

(
2
1 − e−ω+R

ω+R
− e−ω+R

)
, (40)

É. ¥. ¡¥§ ÊÎ¥É  ±¢ ¤·Ê¶µ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ’·¥ÉÓ¥ ¸² £ ¥³µ¥ ¢ (39) ¸¢Ö-
§ ´µ ¸ µÉ´µ¸¨É¥²Ó´Ò³ ¤¢¨¦¥´¨¥³ Ô²¥±É·µ´µ¢ ¢ Š’, ¥£µ ¢±² ¤ ¶µ ¸· ¢´¥´¨Õ

E
(0)
r (R) ´  ¶µ·Ö¤µ± ³¥´ÓÏ¥ [5] ¨ ¶·¨ ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ µ´ É ±¦¥ ´¥

¡Ê¤¥É ÊÎ¨ÉÒ¢ ÉÓ¸Ö. ‚ (40) Î ¸ÉµÉ  µ¸Í¨²²ÖÉµ·  ω+ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨°
(37). ’ ±¨³ µ¡· §µ³, ¢¸¥ ¶ · ³¥É·Ò ¶µÉ¥´Í¨ ²  µ¶·¥¤¥²¥´Ò ¨ µ´ ¸µ¸Éµ¨É ¨§
¤¢ÊÌ Î ¸É¥°. „²Ö ¶µ´¨³ ´¨Ö Ì · ±É¥·  ¶µÉ¥´Í¨ ²  (40) · ¸¸³µÉ·¨³ ¶·¥¤¥²Ó-
´Ò° ¸²ÊÎ °. �Ê¸ÉÓ R � 1, Éµ£¤  ÊÎ¨ÉÒ¢ Ö (37), ¨§ (40) ¶µ²ÊÎ ¥³

E(0)
r (R) =

ω2
0

2

(
−1 +

1
3
ω2

0R
2 + O(R4)

)
, (41)
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  ¶·¨ R → ∞, E
(0)
r (R) ⇒ 0. ’ ±¨³ µ¡· §µ³, ¶·¨ ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ (R � 1)

Ô²¥±É·µ¸É É¨¸É¨Î¥¸±¨° ¶µÉ¥´Í¨ ², ¸µ§¤ ´´Ò° § ·Ö¤µ³ ¨§µ¡· ¦¥´¨°, Ö¢²Ö¥É¸Ö
¶µÉ¥´Í¨ ²µ³ ¶ · ¡µ²¨Î¥¸±µ£µ ±µ´Ë °´³¥´É , É. ¥. · ¸ÉÊÐ¨³ ¶µÉ¥´Í¨ ²µ³.
’µ£¤  ¶µÉ¥´Í¨ ² (39) ¶¥·¥¶¨Ï¥³ ¢ ¢¨¤¥

V = VV (R) + VS(R) , (42)

£¤¥ VV Å ¸É ´¤ ·É´Ò° ¢¥±Éµ·´Ò° ¶µÉ¥´Í¨ ², ¸¢Ö§ ´´Ò° ¸ µ¤´µËµÉµ´´Ò³
µ¡³¥´µ³

VV =
�

a∗√m∗
e

· 1
R

, (43)

¨ Vs Ä ¶µÉ¥´Í¨ ² § ¶¨· ´¨Ö Ô²¥±É·µ´µ¢ ¢ Š’:

VS =
ω2

+

2
− ω0ω+

(
2
1 − e−ω+R

ω+R
− e−ω+R

)
. (44)

’ ±¨³ µ¡· §µ³, Ô²¥±É·µ´Ò ´ Ìµ¤ÖÉ¸Ö ¢ ±¢ ´Éµ¢µ° Ö³¥ ¶µ¤ ¢µ§¤¥°¸É¢¨¥³
¢¥±Éµ·´ÒÌ ¨ § ¶¨· ÕÐ¨Ì ¶µÉ¥´Í¨ ²µ¢, ±µÉµ·Ò¥ ¸µ§¤ ´Ò Ô²¥±É·µ¸É É¨Î¥¸±¨³
¶µ²¥³ ¸²µ¥¢.

5. ‘�ˆ�-���ˆ’�‹œ��… ‚‡�ˆŒ�„…‰‘’‚ˆ…
„‚“• �‹…Š’����‚ ‚ Š’

‚ (42) ³Ò µ¶·¥¤¥²¨²¨ ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ Š’. �µ-
É¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ Î ¸É¥°; VV Å ¢¥±Éµ·´Ò° ¶µÉ¥´Í¨ ²,
¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¤´µËµÉµ´´µ³Ê µ¡³¥´Ê, ¨ VS Å ¶µÉ¥´Í¨ ² § ¶¨· ´¨Ö ¸
ÊÎ¥Éµ³ ¶µ²´µ°  ´£ ·³µ´¨Î¥¸±µ° ¶µ¶· ¢±¨ (44). �·¨ µ¶·¥¤¥²¥´¨¨ ¶µÉ¥´Í¨-
 ²  (42) ³Ò ´¥ ÊÎ¨ÉÒ¢ ¥³ ¸¶¨´µ¢µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, É. ¥. Ô²¥±É·µ´ · ¸¸³ -
É·¨¢ ¥É¸Ö ± ± ¸± ²Ö·´ Ö Î ¸É¨Í . ‚ ¤ ´´µ³ ¶Ê´±É¥ ¡Ê¤¥³ ÊÎ¨ÉÒ¢ ÉÓ ¸¶¨´µ-
¢µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Ô²¥±É·µ´µ¢,   ¨³¥´´µ ¸¶¨´-µ·¡¨É ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
¤¢ÊÌ Ë¥·³¨µ´µ¢, ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ±µÉµ·ÒÌ ¸µ¸Éµ¨É ¨§ ¶µÉ¥´Í¨ ² ,
¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ µ¤´µËµÉµ´´µ³Ê µ¡³¥´Ê ¨ ¶µÉ¥´Í¨ ²Ê § ¶¨· ´¨Ö. ‘¶¨´-
µ·¡¨É ²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Ë¥·³¨µ´µ¢ ¸  ´ ²µ£¨Î´Ò³ ¶µÉ¥´Í¨ ²µ³ ¢§ ¨-
³µ¤¥°¸É¢¨Ö Ìµ·µÏµ ¨§ÊÎ¥´µ ¨ µ¶·¥¤¥²¥´µ ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í
(¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° ³µ¤¥²¨ ±¢ ·µ¢), É. ¥. £ ³¨²ÓÉµ´¨ ´
¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ ·±µ¢ · ¢¥´ (¤¥É ²¨ ¸³. ¢ [20])

HSL =
1

2m1 · m2
· 1
x
·
[
3 · d

dx
VV (x) − d

dx
VS(x)

]
(L · S). (45)

‡¤¥¸Ó VV Å ¢¥±Éµ·´Ò° ¶µÉ¥´Í¨ ², ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µ¤´µ£²Õµ´´µ³Ê µ¡³¥´Ê;
VS Å · ¸ÉÊÐ¨° ¶µÉ¥´Í¨ ², ±µÉµ·Ò° µ¡¥¸¶¥Î¨¢ ¥É § ¶¨· ´¨¥ ±¢ ·±µ¢; x Å
· ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ±¢ ·± ³¨ ¨ m1, m2 Å ³ ¸¸Ò ±¢ ·±µ¢.
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‚ ´ Ï¥³ ¸²ÊÎ ¥ £ ³¨²ÓÉµ´¨ ´ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±-
É·µ´µ¢ ¢ Š’ É ±¦¥ µ¶·¥¤¥²Ö¥É¸Ö £ ³¨²ÓÉµ´¨ ´µ³ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö, ±µÉµ·Ò° ¶·¥¤¸É ¢²¥´ ¢ (45).

“Î¨ÉÒ¢ Ö (7) ¶¥·¥Ìµ¤¨³ ± ´µ¢Ò³ ¶¥·¥³¥´´Ò³. ˆ§ (45) ¤²Ö £ ³¨²ÓÉµ´¨ ´ 
¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤¢ÊÌ Ô²¥±É·µ´µ¢ ¢ Š’ ¨³¥¥³

HLS =
1

2m∗
e�2

· 1
R

·
[
3 · d

dR
VV (R) − d

dR
VS(R)

]
· (L · S), (46)

£¤¥ VV (R) Å ¢¥±Éµ·´Ò° ¶µÉ¥´Í¨ ²,   VS(R) Å ¶µÉ¥´Í¨ ² § ¶¨· ´¨Ö Ô²¥±-
É·µ´µ¢ ¢ Š’, ±µÉµ·Ò° ¶·¥¤¸É ¢²¥´ ¢ (43) ¨ (44) ¸µµÉ¢¥É¸É¢¥´´µ. ‚ (44) ¶ · -
³¥É· ω+ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨° (37). ‚ (46) L Å µ¶¥· Éµ· µ·¡¨É ²Ó´µ£µ
³µ³¥´É , µ¶·¥¤¥²¥´´Ò° ¸É ´¤ ·É´Ò³ µ¡· §µ³:

�L = [x × Px] = −i�[x× ∇x]; L = −i[R× ∇R], (47)

  S Å µ¶¥· Éµ· ¸¶¨´ , ¨ ¸ÊÐ¥¸É¢Ê¥É Éµ¦¤¥¸É¢µ

(L · S) = i(R · [S× ∇R]). (48)

�µ²´Ò° ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ Š’ ¸ ÊÎ¥Éµ³ ¸¶¨´-µ·¡¨É ²Ó´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö · ¢¥´

Vtot(R) = VV (R) + VS(R) + HSL(R). (49)

’¥¶¥·Ó µ¶·¥¤¥²¨³ Ê¸²µ¢¨Ö, ¶·¨ ±µÉµ·ÒÌ ¢§ ¨³µ¤¥°¸É¢¨¥ Ô²¥±É·µ´µ¢ ¢ Š’
µ¶·¥¤¥²Ö¥É¸Ö Éµ²Ó±µ ¸¶¨´-µ·¡¨É ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. ‚¥±Éµ·-¶µÉ¥´Í¨ ²
VV (R) Å µ¡ÒÎ´Ò° µÉÉ ²±¨¢ ÕÐ¨° ±Ê²µ´µ¢¸±¨° ¶µÉ¥´Í¨ ²,   VS(R) Å Ê¤¥·-
¦¨¢ ÕÐ¨° ¶µÉ¥´Í¨ ² Ô²¥±É·µ´µ¢ ¢ Š’. ŒÒ ¶·¥¤¶µ² £ ¥³, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É
É ±µ¥ · ¸¸ÉµÖ´¨¥ R = R0, ´  ±µÉµ·µ³ ¶µÉ¥´Í¨ ²Ò µÉÉ ²±¨¢ ´¨Ö ¨ Ê¤¥·¦ ´¨Ö
±µ³¶¥´¸¨·ÊÕÉ¸Ö

VV (R0) + VS(R0) = 0. (50)

ˆ§ ÔÉµ£µ Ê· ¢´¥´¨Ö µ¶·¥¤¥²¨³ R0 ± ± ËÊ´±Í¨Õ µÉ ÔËË¥±É¨¢´µ° ³ ¸¸Ò Ô²¥±-
É·µ´ , ÔËË¥±É¨¢´µ£µ · ¤¨Ê¸  �µ·  ¨ ¸Ê³³ ·´µ£µ § ·Ö¤  ¨§µ¡· ¦¥´¨Ö Z3+Z4.
“Î¨ÉÒ¢ Ö (50), ¶·µ¢µ¤Ö ´¥µ¡Ìµ¤¨³Ò¥ Ê¶·µÐ¥´¨Ö, ¨§ (46) ¤²Ö £ ³¨²ÓÉµ´¨ ´ 
¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´  ¢ Š’ ¨³¥¥³

HSL =
1

m∗
e�2

·
[

ω2
+

4R0
− 2

R2
0

· �

a∗√m∗
e

]
· 1
R0

· i (R0 · [S× ∇R0 ]) , (51)

£¤¥ ω+ µ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê· ¢´¥´¨° (37),   R0 Å ¨§ Ê· ¢´¥´¨° (50). ’µ£¤ ,
¶¥·¥Ìµ¤Ö ± ¡¥§· §³¥·´Ò³ ¶¥·¥³¥´´Ò³

ω+ = ω0η, R0 =
τ

ω0
, (52)

ω0 = 4λ+ =
4�(Z3 + Z4)

a∗√m∗
e

≡ 4(Z3 + Z4)
√

m∗
e

�
· e2

4πεε0
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¨ ¶µ¤¸É ¢²ÖÖ (52) ¢ (51), ¶µ¸²¥ ´¥±µÉµ·ÒÌ Ê¶·µÐ¥´¨° ¨³¥¥³

HSL =
1

m∗
e�2

· ω4
0

4τ3(Z3 + Z4)
· [τη2(Z3 + Z4) − 2] · i (R0 · [S× ∇R]) . (53)

‡¤¥¸Ó τ , η Å ¡¥§· §³¥·´Ò¥ ¶¥·¥³¥´´Ò¥, ±µÉµ·Ò¥, ÊÎ¨ÉÒ¢ Ö (52), (37) ¨ (50),
µ¶·¥¤¥²ÖÕÉ ¨§ ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³Ò Ê· ¢´¥´¨°

1
8Ztot

1
τ

+
η2

4
− 1 − e−ητ

τ
+

η

2
e−ητ = 0,

η − (1 + ητ)e−ητ = 0.

(54)

ˆ§ ÔÉµ° ¸¨¸É¥³Ò Ê· ¢´¥´¨° η, τ µ¶·¥¤¥²ÖÕÉ¸Ö ± ± ËÊ´±Í¨¨ µÉ ¸Ê³³ ·´µ£µ
§ ·Ö¤  ¨§µ¡· ¦¥´¨Ö Ztot = Z3 + Z4. “Î¨ÉÒ¢ Ö (7) ¨ µ¶·¥¤¥²¥´¨¥ ¸¶¨´µ¢ÒÌ
(S = 1/2·σ) ¨ ¨³¶Ê²Ó¸´ÒÌ (Px = −i∇x) µ¶¥· Éµ·µ¢,   É ±¦¥ ¢Ò¤¥²ÖÖ · §³¥·-
´µ¸ÉÓ ¶ · ³¥É· , É. ¥. KSO Å ÔËË¥±É¨¢´ÊÕ ±µ´¸É ´ÉÊ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ -
¨³µ¤¥°¸É¢¨Ö, ¨§ (53) ¤²Ö £ ³¨²ÓÉµ´¨ ´  ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
¶µ²ÊÎ ¥³

HSL = KSO(σxPy − σyPx), (55)

£¤¥ σ Å ³ É·¨Í  � Ê²¨ ¨

KSO =
1
2
meα

2
em · re ·

1
ε

1
x2

b

[
2 − τη2Ztot

](
me

m∗
e

)2

, (56)

£¤¥ αem Å ¸É ´¤ ·É´ Ö ±µ´¸É ´É  ¸¢Ö§¨ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö,  
0,5meα

2
em = 13,605698 ÔB Å ¸É ´¤ ·É´ Ö Ô´¥·£¨Ö �¨¤¡¥·£ ; re =

e2/4πε0me = 2,81794 · 10−15 ³ Å ±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ Ô²¥±É·µ´ . xb Å
· ¸¸ÉµÖ´¨¥ ³¥¦¤Ê Ô²¥±É·µ´ ³¨, ´  ±µÉµ·µ³ ¶·µ¨¸Ìµ¤¨É  ´´Ê²¨·µ¢ ´¨¥ ¢¥±-
Éµ·´ÒÌ ¨ § ¶¨· ÕÐ¨Ì ¶µÉ¥´Í¨ ²µ¢ ¨ ¡¥§· §³¥·´ÒÌ ¶¥·¥³¥´´ÒÌ, É. ¥. ¢ ¥¤¨-
´¨Í Ì · ¤Ê¸  �µ·a

xb =
x

ab
= τ · ε

4Ztot
·
(

me

m∗
e

)2

. (57)

’µ£¤  µ±µ´Î É¥²Ó´µ ¨§ (56) ¤²Ö ÔËË¥±É¨¢´µ° ±µ´¸É ´ÉÒ ¸¶¨´-µ·¡¨É ²Ó´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¥¥³

KSO = 0,06134 ·
(

me

m∗
e

)2

· Z2
tot

ε3τ2

[
2 − τ · η2Ztot

] [
10−11 ÔB · ³

]
. (58)

’ ±¨³ µ¡· §µ³, ¨§ (57) ¨ (58) ¢¨¤´µ, ÎÉµ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Ô²¥±É·µ´ ³¨,
±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ Ê¸¨²¥´¨Õ ¸¶¨´-µ·¡¨É ²Ó´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨° ³¥¦¤Ê
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Ô²¥±É·µ´ ³¨ ¢ Š’, ¨ ÔËË¥±É¨¢´ Ö ±µ´¸É ´É  ¸¢Ö§¨ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö § ¢¨¸ÖÉ µÉ ε Å ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ Š’ ¨ ÔËË¥±É¨¢-
´µ° ³ ¸¸Ò Ô²¥±É·µ´ ,   É ±¦¥ µÉ ¸Ê³³ ·´µ£µ § ·Ö¤  ¨§µ¡· ¦¥´¨Ö.

‡´ Î¥´¨¥ ÔÉ¨Ì ¶ · ³¥É·µ¢, ±µ´¥Î´µ, § ¢¨¸¨É µÉ ±µ´±·¥É´µ° ¸É·Ê±ÉÊ·Ò
´ ´µ±·¨¸É ²² . �µÔÉµ³Ê ¤²Ö ¨§ÊÎ¥´¨Ö § ¢¨¸¨³µ¸É¨ ÔËË¥±É¨¢´µ° ±µ´¸É ´ÉÒ
¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µÉ ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ · §-
²¨Î´ÒÌ ¸²µ¥¢,   É ±¦¥ µÉ ÔËË¥±É¨¢´µ° ³ ¸¸Ò Ô²¥±É·µ´  ´ ³ ´Ê¦´µ · ¸¸³µ-
É·¥ÉÓ ±µ´±·¥É´Ò¥ ¸µ¥¤¨´¥´¨Ö.

6. ˆ‡“—…�ˆ… ��‚…„…�ˆŸ �””…Š’ˆ‚��‰ Š��‘’��’›
‘‚Ÿ‡ˆ „‹Ÿ Š��Š�…’�›• ����‘’�“Š’“�

‚ ÔÉµ³ · §¤¥²¥, ¨¸¶µ²Ó§ÊÖ ¶µ²ÊÎ¥´´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ÔË-
Ë¥±É¨¢´µ° ±µ´¸É ´ÉÒ (58), · ¸¸³µÉ·¨³ § ¢¨¸¨³µ¸ÉÓ µÉ §´ Î¥´¨Ö ¤¨Ô²¥±É·¨-
Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ ¨²¨ µÉ ¸Ê³³ ·´µ£µ §´ Î¥´¨Ö § ·Ö¤  ¨§µ¡· ¦¥´¨Ö. ŒÒ
¶·¥¤¶µ² £ ¥³, ÎÉµ § ·Ö¤ ¨§µ¡· ¦¥´¨° Ö¢²Ö¥É¸Ö ¶µ²µ¦¨É¥²Ó´Ò³. ˆ³¥´´µ É ±µ¥
¶·¥¤¶µ²µ¦¥´¨¥ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¡ÑÖ¸´¨ÉÓ ³¥Ì ´¨§³ § ¶¨· ´¨Ö Ô²¥±É·µ´µ¢
¢ Š’. ˆ§ (1) ¢¨¤´µ, ÎÉµ §´ Î¥´¨¥ § ·Ö¤  ¨§µ¡· ¦¥´¨Ö § ¢¨¸¨É µÉ · §´µ¸É¨
¢¥²¨Î¨´ ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ ¸µ¥¤¨´¥´¨°. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢
´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨§¢¥¸É´µ, ÎÉµ ¸ÊÐ¥¸É¢ÊÕÉ ´ ´µ¸É·Ê±ÉÊ·Ò, ¢ ±µÉµ·ÒÌ · §-
²¨Î¨¥ ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ ¸²µ¥¢ ¸¨²Ó´µ ¢²¨Ö¥É ´  ¨Ì Ô²¥±É·¨-
Î¥¸±¨¥ ¨ µ¶É¨Î¥¸±¨¥ ¸¢µ°¸É¢ . ’ ±¨³¨ ´ ´µ¸É·Ê±ÉÊ· ³¨ Ö¢²ÖÕÉ¸Ö: ¶µ²Ê¶·µ-
¢µ¤´¨±µ¢Ò¥ ´ ´µ±·¨¸É ²²Ò [21] ¨²¨ ±¢ ´Éµ¢Ò¥ ´¨É¨ [22] ¢ ¤¨Ô²¥±É·¨Î¥¸±µ°
³ É·¨Í¥,   É ±¦¥ ¶µ·¨¸ÉÒ° ±·¥³´¨° [23] ¨ ¤·. ˆ§ (1) ¸²¥¤Ê¥É, ÎÉµ ¤²Ö Éµ£µ
ÎÉµ¡Ò § ·Ö¤ ¨§µ¡· ¦¥´¨° ¡Ò² ¶µ²µ¦¨É¥²Ó´Ò³, ¤¨Ô²¥±É·¨Î¥¸± Ö ¶·µ´¨Í ¥-
³µ¸ÉÓ ±¢ ´Éµ¢µ° Ö³Ò ¨ Š’ ¢¸¥£¤  ¤µ²¦´Ò ¡ÒÉÓ ³¥´ÓÏ¥, Î¥³ ¤¨Ô²¥±É·¨Î¥¸± Ö
¶·µ´¨Í ¥³µ¸ÉÓ ¸²µ¥¢, É. ¥.

ε < ε1 ¨ ε < ε2. (59)

�µÔÉµ³Ê ¤¨Ô²¥±É¨·Î¥¸±ÊÕ ¶·µ´¨Í ¥³µ¸ÉÓ Š’ ³Ò ¤µ²¦´Ò ¢Ò¡· ÉÓ É ±¨³
µ¡· §µ³, ÎÉµ¡Ò µ´  Ê¤µ¢²¥É¢µ·Ö²  Ê¸²µ¢¨Õ (59). ‚ ¤ ´´Ò° ³µ³¥´É §´ Î¥-
´¨Ö ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ ¸²µ¥¢, ¸µ¸É ¢²ÖÕÐ¨¥ ±µ´±·¥É´Ò¥ ¸µ-
¥¤¨´¥´¨Ö Ì¨³¨Î¥¸±¨Ì Ô²¥³¥´Éµ¢, ¨§³¥·¥´Ò ¡µ²¥¥ ÉµÎ´µ. �ËË¥±É¨¢´ Ö ±µ´-
¸É ´É  ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ±¢ ¤· É¨Î´µ § ¢¨¸¨É µÉ ÔËË¥±É¨¢-
´µ° ³ ¸¸Ò Ô²¥±É·µ´ . ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ÔËË¥±É¨¢´ Ö ³ ¸¸  Ô²¥±É·µ´  ¢
´ ´µ¸É·Ê±ÉÊ·¥, ±µ´¥Î´µ, § ¢¨¸¨É µÉ ¸µ¸É ¢  ¸µ¥¤¨´¥´¨°. �µ¸²¥¤´¨¥ Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ ÔËË¥±É¨¢´ Ö ³ ¸¸  Ô²¥±É·µ´ 
§ ¢¨¸¨É µÉ Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨ ¢ ¸µ¥¤¨´¥´¨ÖÌ,   É ±¦¥ µÉ ²¨´¥°´µ£µ · §-
³¥·  Š’ [24]. �µÔÉµ³Ê KSO § ¢¨¸¨É µÉ Ô²¥±É·µ´´µ° ¶²µÉ´µ¸É¨ ¸²µ¥¢ ¨
²¨´¥°´µ£µ · §³¥·  Š’.
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�¨¸. 1. ‡ ¢¨¸¨³µ¸ÉÓ ±µ´¸É ´ÉÒ ¸¢Ö§¨
¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µÉ
¸Ê³³Ò § ·Ö¤µ¢ ¨§µ¡· ¦¥´¨°. Šµ´-
¸É ´É  ¸¢Ö§¨ ¢ ¥¤¨´¨Í Ì 10−11 ÔB·³

�¨¸. 2. ‡ ¢¨¸¨³µ¸ÉÓ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
Ô²¥±É·µ´ ³¨ ¢ Š’ µÉ ¸Ê³³Ò § ·Ö¤µ¢
¨§µ¡· ¦¥´¨°. � ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Ô²¥±-
É·µ´ ³¨ ¢ ¥¤¨´¨Í Ì · ¤Ê¸  �µ· 

� ¸¸³µÉ·¨³ ¤¢ÊÌÔ²¥±É·µ´´ÊÕ Š’, ±µÉµ· Ö µ¡· §µ¢ ´  ´  £· ´¨Í¥ ¸µ¥¤¨-
´¥´¨° GaAs ¨ GaAlAs. „¨Ô²¥±É·¨Î¥¸± Ö ¶·µ´¨Í ¥³µ¸ÉÓ ÔÉ¨Ì ¸µ¥¤¨´¥´¨° ¢
§ ¢¨¸¨³µ¸É¨ µÉ · §³¥·  Š’ (¶µ¤·µ¡´µ ¸³. [11,25]):

εGaAs = 6,1; 13, (60)

  ÔËË¥±É¨¢´ Ö ³ ¸¸  Ô²¥±É·µ´  · ¢´  m∗
e = 0,067me. ‘µ£² ¸´µ (59) ¨ ÊÎ¨-

ÉÒ¢ Ö (60), ¢Ò¡¨· ¥³ ¤¨Ô²¥±É·¨Î¸±ÊÕ ¶·µ´¨Í ¥³µ¸ÉÓ Š’ ¢ ¨´É¥·¢ ²¥

ε = εw = 1−5. (61)

‡ ¢¨¸¨³µ¸ÉÓ ÔËË¥±É¨¢´µ° ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö KSO (58) ¶·¨ ±µ´±·¥É´ÒÌ §´ Î¥´¨ÖÌ ÔËË¥±É¨¢´µ° ³ ¸¸Ò Ô²¥±É·µ´ 
µÉ Ztot Å ¸Ê³³Ò § ·Ö¤  ¨§µ¡· ¦¥´¨° Å  ´ ²¨É¨Î¥¸±¨ µ¶·¥¤¥²¥´  ¨ ¶·¥¤-
¸É ¢²¥´  ´  ·¨¸. 1. ˆ§ ·¨¸. 1 ¢¨¤´µ, ÎÉµ ¸ ¢µ§· ¸É ´¨¥³ Ztot KSO É ±¦¥
Ê¢¥²¨Î¨¢ ¥É¸Ö. �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¤¨Ô²¥±É¨·Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ Š’
¢µ§· ¸É ´¨¥ ±µ´¸É ´ÉÒ ¸¢Ö§¨ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸É ´µ¢¨É¸Ö
·¥§±¨³. ‡ ¢¨¸¨³µ¸É¨ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Ô²¥±É·µ´ ³¨ x, ´  ±µÉµ·µ³ ¶·µ¨¸-
Ìµ¤¨É ¢§ ¨³´µ¥ ¸µ±· Ð¥´¨¥ ¢¥±Éµ·´ÒÌ ¨ ¸± ²Ö·´ÒÌ ¶µÉ¥´Í¨ ²µ¢, µÉ Ztot

¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2. �² £µ¤ ·Ö Ztot Ô²¥±É·µ´Ò § ¶¨· ÕÉ¸Ö ¢ Š’, ¶µÔÉµ³Ê
¶·¨ ¢µ§· ¸É ´¨¨ §´ Î¥´¨Ö Ztot · ¸¸ÉµÖ´¨¥ x ³¥¦¤Ê Ô²¥±É·µ´ ³¨ Ê³¥´ÓÏ ¥É¸Ö.
�¤´ ±µ ÔÉ¨ Ê³¥´ÓÏ¥´¨Ö µ¡· É´µ ¶·µ¶µ·Í¨µ´ ²Ó´Ò ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨-
Í ¥³µ¸É¨ Š’. �  ·¨¸. 3 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³µ¸ÉÓ KSO µÉ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
Ô²¥±É·µ´ ³¨, ±µÉµ·µ¥ µ¶·¥¤¥²¥´µ ¨§ Ê¸²µ¢¨Ö Ê¸¨²¥´¨Ö ¸¶¨´-µ·¡¨É ²Ó´ÒÌ ¢§ -
¨³µ¤¥°¸É¢¨° ³¥¦¤Ê Ô²¥±É·µ´ ³¨ ¢ Š’. ˆ§ ·¨¸. 3 É ±¦¥ ¢¨¤´µ, ÎÉµ ¸ Ê¢¥²¨Î¥-
´¨¥³ x ¶·¨ ±µ´±·¥É´ÒÌ §´ Î¥´¨ÖÌ ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨, É. ¥. ¤²Ö
±µ´±·¥É´µ£µ ¸µ¥¤¨´¥´¨Ö ´ ´µ¸É·Ê±ÉÊ·Ò, KSO Ê³¥´ÓÏ ¥É¸Ö.
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�¨¸. 3. ‡ ¢¨¸¨³µ¸ÉÓ ±µ´¸É ´ÉÒ ¸¢Ö§¨
¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µÉ
· ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Ô²¥±É·µ´ ³¨ ¢
Š’. Šµ´¸É ´É  ¸¢Ö§¨ ¢ ¥¤¨´¨Í Ì
10−11 ÔB·³. � ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Ô²¥±-
É·µ´ ³¨ ¢ ¥¤¨´¨Í Ì · ¤Ê¸  �µ· 

�ËË¥±É¨¢´ Ö ±µ´¸É ´É  ¸¶¨´-µ·¡¨-
É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¤²Ö ¸É·Ê±ÉÊ·Ò
InGaAs ¸ ÔËË¥±É¨¢´µ° ³ ¸¸µ° Ô²¥±-
É·µ´  m∗ = 0,042me Ô±¸¶¥·¨³¥´-
É ²Ó´µ µ¶·¥¤¥²¥´  ¢ [26]: KSO =
1,5 · 10−11 ÔB·³. ˆ§ ´ Ï¥£µ  ´ ²¨É¨-
Î¥¸±µ£µ ·¥§Ê²ÓÉ É  ¶·¨ §´ Î¥´¨¨ ¶ · -
³¥É·µ¢ ε = 3 ¨ Ztot = 0,68, ¨§ (58)
¨³¥¥³ KSO = 1,5 · 10−11 ÔB·³. Š ¸µ¦ -
²¥´¨Õ, ¢ ´ Ï¥° ³µ¤¥²¨ ¶µ±  ³´µ£µ ¸¢µ-
¡µ¤´ÒÌ ¶ · ³¥É·µ¢. � Ï  ´ ²¨É¨Î¥¸±¨°
·¥§Ê²ÓÉ É ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥²¨ÉÓ
±µ´¸É ´ÉÊ ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö. „²Ö ÔÉµ£µ ´Ê¦´µ Ô±¸¶¥·¨³¥´-
É ²Ó´µ Ê¸É ´µ¢¨ÉÓ §´ Î¥´¨Ö ¸²¥¤ÊÕÐ¨Ì
¶ · ³¥É·µ¢: ÔËË¥±É¨¢´µ° ³ ¸¸Ò Ô²¥±-
É·µ´ , ¤¨Ô²¥±É·¨Î¥¸±ÊÕ ¶·µ´¨Í ¥³µ¸ÉÓ
±¢ ´Éµ¢µ° Ö³Ò ¨ ¤¨Ô²¥±É·¨Î¥¸±ÊÕ ¶·µ-

´¨Í ¥³µ¸ÉÓ ¸µ¥¤¨´¥´¨Ö. ŒÒ Ê¢¥·¥´Ò, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²¨ÉÓ §´ -
Î¥´¨Ö ÔÉ¨Ì ¶ · ³¥É·µ¢ ¤²Ö ±µ´±·¥É´ÒÌ ¸µ¥¤¨´¥´¨°, ¢ Î ¸É´µ¸É¨ ¤²Ö GaAs ¨
GaAlAs, ´¥ É ± É·Ê¤´µ.

‡�Š‹�—…�ˆ…

ˆ¸Ìµ¤Ö ¨§ ¶·¥¤¶µ²µ¦¥´¨°, ÎÉµ: ¢µ-¶¥·¢ÒÌ, ¶·¨ µ¶¨¸ ´¨¨ ³¥Ì ´¨§³  Ëµ·-
³¨·µ¢ ´¨Ö Š’ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨¥ ÔËË¥±ÉÒ ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó;
¢µ-¢Éµ·ÒÌ, ´¥µ¡Ìµ¤¨³ ÊÎ¥É ³´µ£µ¶µ²Ö·´µ¸É¨ ´ ´µ±·¨¸É ²²¨Î¥¸±¨Ì ¸É·Ê±-
ÉÊ· Å  ´ ²¨É¨Î¥¸±¨ µ¶·¥¤¥²¥´ ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ Š’,
±µÉµ·Ò° ¸µ§¤ ´ Ô²¥±É·µ¸É É¨Î¥¸±¨³ ¶µ²¥³ ¸Ê³³ ·´µ£µ § ·Ö¤  ¨§µ¡· ¦¥´¨°.
ˆ³¥´´µ ÊÎ¥É ±Ê²µ´µ¢¸±¨Ì ¶ ·´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨¨ ³¥¦¤Ê Ô²¥±É·µ´ ³¨ ¨ § -
·Ö¤ ³¨ ¨§µ¡· ¦¥´¨° ¶·¨¢µ¤¨É ± ¸µ§¤ ´¨Õ Ô²¥±É·µ¸É É¨Î¥¸±µ£µ ¶µ²Ö ¸Ê³³ ·-
´µ£µ § ·Ö¤  ¨§µ¡· ¦¥´¨°.

�µ± § ´´µ, ÎÉµ ¶µ²´Ò° ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ Š’ ¸µ-
¸Éµ¨É ¨§ ¤¢ÊÌ Î ¸É¥°: ¶µÉ¥´Í¨ ²  µ¤´µËµÉµ´´µ£µ µ¡³¥´  ¨ ¶µÉ¥´Í¨ ²  Ê¤¥·-
¦ ´¨Ö Ô²¥±É·µ´µ¢ ¢ Š’. ‚¥±Éµ·-¶µÉ¥´Í¨ ² ¤²Ö Ô²¥±É·µ´µ¢ ¢ Š’ Ö¢²Ö¥É¸Ö
µ¡ÒÎ´Ò³ µÉÉ ²±¨¢ ÕÐ¨³ ±Ê²µ´µ¢¸±¨³ ¶µÉ¥´Í¨ ²µ³. �·¥¤¶µ² £ Ö, ÎÉµ ¸ÊÐ¥-
¸É¢Ê¥É É ±µ¥ · ¸¸ÉµÖ´¨¥, ´  ±µÉµ·µ³ ¶µÉ¥´Í¨ ²Ò µÉÉ ²±¨¢ ´¨Ö ¨ Ê¤¥·¦ ´¨Ö
Ô²¥±É·µ´µ¢ ¢ Š’ ±µ³¶¥´¸¨·ÊÕÉ¸Ö, ¢§ ¨³µ¤¥°¸É¢¨¥ Ô²¥±É·µ´µ¢ ¢ Š’ µ¶·¥-
¤¥²ÖÕÉ Éµ²Ó±µ ¸¶¨´-µ·¡¨É ²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³. ˆ¸Ìµ¤Ö ¨§ ÔÉ¨Ì ¶·¥¤¶µ-
²µ¦¥´¨°  ´ ²¨É¨Î¥¸±¨ µ¶·¥¤¥²¥´  ±µ´¸É ´É  ¸¶¨´-µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°-
¸É¢¨Ö Ô²¥±É·µ´µ¢ ¢ ´ ´µ¸ÉÊ±ÉÊ· Ì. ˆ§ÊÎ¥´  § ¢¨¸¨³µ¸ÉÓ ±µ´¸É ´ÉÒ ¸¶¨´-
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µ·¡¨É ²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö µÉ § ·Ö¤µ¢ ¨§µ¡· ¦¥´¨° ¨ µÉ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
Ô²¥±É·µ´ ³¨.
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