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‚‚…„…�ˆ…

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÉ Ë¨-
§¨Î¥¸±¨¥ μ£· ´¨Î¥´¨Ö ´  ³¨´¨ ÉÕ·¨§ Í¨Õ ¶μ²¥¢ÒÌ ¨ ¡¨¶μ²Ö·´ÒÌ É· ´§¨-
¸Éμ·μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ pÄn-¶¥·¥Ìμ¤μ¢ (¸³., ´ ¶·¨³¥·, [1]). ‘μ¢·¥³¥´´Ò¥
´ ´μÉ¥Ì´μ²μ£¨¨, μ¸´μ¢ ´´Ò¥ ´  Ô²¥±É·μ´´μ° ¨ ·¥´É£¥´μ¢¸±μ° ²¨Éμ£· Ë¨¨,
¶μ§¢μ²ÖÕÉ ¶μ²ÊÎ ÉÓ ¸É·Ê±ÉÊ·Ò · §³¥·μ³ μÉ 10Ä100 ´³ ¨ Éμ²Ð¨´μ° ¶μ·Ö¤± 
1Ä10 ´³. �Î¥¢¨¤´μ, ÎÉμ ÔÉμ ¸μ§¤ ¥É ¶·¨´Í¨¶¨ ²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨ ¤²Ö ¶¥·¥-
Ìμ¤  ± ´μ¢μ° Ô²¥³¥´É´μ° ¡ §¥ ¢¶²μÉÓ ¤μ ¨¸¶μ²Ó§μ¢ ´¨Ö ¸É·Ê±ÉÊ·, ¸μ¸ÉμÖÐ¨Ì
¨§ Í¥¶μÎ±¨  Éμ³μ¢ (±¢ ´Éμ¢Ò¥ ¶·μ¢μ²μ±¨). �¤´¨³ ¨§ ¢ ¦´ÒÌ ¤μ¸É¨¦¥´¨° ¢
ÔÉμ° μ¡² ¸É¨ Ö¢²Ö¥É¸Ö ¸μ§¤ ´¨¥ ±¢ ´Éμ¢ÒÌ ²μ¢ÊÏ¥±, É ± ´ §Ò¢ ¥³ÒÌ ¨¸±Ê¸-
¸É¢¥´´ÒÌ  Éμ³μ¢, ¨²¨ ±¢ ´Éμ¢ÒÌ ÉμÎ¥± (Š’).

Š’ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¶μÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê, ¸μ§¤ ´´ÊÕ ´  £· ´¨Í¥ · §¤¥² 
´¥¸±μ²Ó±¨Ì ¶μ²Ê¶·μ¢μ¤´¨±μ¢ ¸ · §´Ò³ Ô´¥·£¥É¨Î¥¸±¨³ · ¸¶μ²μ¦¥´¨¥³ §μ´
¶·μ¢μ¤¨³μ¸É¨ [2]. � ¶·¨³¥·, ¶·¨ · §³¥Ð¥´¨¨ ¸²μÖ GaAs Éμ²Ð¨´μ° 10 ´³
³¥¦¤Ê ¸²μÖ³¨ AlGaAs (¨§μ²ÖÉμ·Ò) Ê¤ ¥É¸Ö ¸μ§¤ ÉÓ ®±¢ ´Éμ¢Ò° ± ´ ²¯, ¶μ
±μÉμ·μ³Ê ®É¥Î¥É¯ ¤¢Ê³¥·´Ò° Ô²¥±É·μ´´Ò° £ §. „¢Ê³¥·´μ¸ÉÓ μ¡Ê¸²μ¢²¥´  ´ -
²¨Î¨¥³ · §³¥·´μ£μ ±¢ ´Éμ¢ ´¨Ö ¢ ´ ¶· ¢²¥´¨¨ μ¸¨ z (Éμ²Ð¨´ ) ¨ ¸¢μ¡μ¤´μ£μ
¤¢¨¦¥´¨Ö Ô²¥±É·μ´μ¢ ¢ ¶²μ¸±μ¸É¨ xy. …¸²¨ ¸ ¶μ³μÐÓÕ ¢´¥Ï´¨Ì Ô²¥±É·μ¤μ¢,
· ¸¶μ²μ¦¥´´ÒÌ ´  ¶μ¢¥·Ì´μ¸É¨ ¨§μ²ÖÉμ·μ¢, ¶·¨²μ¦¨ÉÓ ¢´¥Ï´¥¥ ´ ¶·Ö¦¥´¨¥,
Éμ ÔÉμÉ £ § ¶·μ¸É· ´¸É¢¥´´μ ²μ± ²¨§Ê¥É¸Ö ¢ μ£· ´¨Î¥´´μ° μ¡² ¸É¨, É. ¥. ¢ Ö³¥-
²μ¢ÊÏ±¥. ’ ± ± ± ¤²¨´  ¸¢μ¡μ¤´μ£μ ¶·μ¡¥£  Ô²¥±É·μ´  ¶·¥¢ÒÏ ¥É ¶·μ¸É· ´-
¸É¢¥´´Ò¥ · §³¥·Ò ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò, ¨³¥¥É ³¥¸Éμ ±¢ ´Éμ¢ ´¨¥ Ô´¥·£¥É¨Î¥-
¸±¨Ì Ê·μ¢´¥° ¢ ¤ ´´μ° Ö³¥. �μÔÉμ³Ê ¥¸É¥¸É¢¥´´μ, ÎÉμ Ë¨§¨Î¥¸±¨¥ ¸¢μ°¸É¢ 
Š’ μ¶·¥¤¥²ÖÕÉ¸Ö ±¢ ´Éμ¢μ° ¤¨´ ³¨±μ°, μ¡Ê¸²μ¢²¥´´μ° ¸¢μ°¸É¢ ³¨ ¶μÉ¥´-
Í¨ ²Ó´μ° Ö³Ò ¨ Ô²¥±É·μ´-Ô²¥±É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö [3]. ‘μ¢·¥³¥´´ Ö
´ ´μÉ¥Ì´μ²μ£¨Ö ¶μ§¢μ²Ö¥É ±μ´É·μ²¨·μ¢ ÉÓ Î¨¸²μ Ô²¥±É·μ´μ¢, ±μÉμ·Ò¥ § ¸¥-
²ÖÕÉ Ê·μ¢´¨ ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò ¸μ£² ¸´μ ¶·¨´Í¨¶Ê � Ê²¨. ”¨§¨Î¥¸±¨¥ Ì -
· ±É¥·¨¸É¨±¨ Š’, É ±¨¥ ± ± ¥¥ · §³¥· ¨ Ëμ·³ , É ±¦¥ ¶μ¤¤ ÕÉ¸Ö ¢´¥Ï´¥³Ê
±μ´É·μ²Õ, ÎÉμ ¶μ§¢μ²Ö¥É Ê¶· ¢²ÖÉÓ ±¢ ´Éμ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³ Ô²¥±É·μ´μ¢
¢ Ö³¥-²μ¢ÊÏ±¥ [4]. Š¢ ´Éμ¢ Ö ¶·¨·μ¤  Š’ μ¸μ¡¥´´μ Ö·±μ ¶·μÖ¢²Ö¥É¸Ö ¶·¨
´¨§±¨Ì É¥³¶¥· ÉÊ· Ì (∼ 100 ³Š). �·¨ É ±¨Ì É¥³¶¥· ÉÊ· Ì ¶·μ¢μ¤¨³μ¸ÉÓ ¸¨-
¸É¥³Ò ¶μ¤Î¨´Ö¥É¸Ö ±¢ ´Éμ¢Ò³ § ±μ´ ³, ¨§³¥´ÖÖ¸Ó ¸± Î±μμ¡· §´Ò³ ¸¶μ¸μ¡μ³
¶·¨ ± ¦¤μ³ ¶·μÌμ¦¤¥´¨¨ ¸²¥¤ÊÕÐ¥£μ Ô²¥±É·μ´ . �μ²´ Ö É¥μ·¨Ö Š’ ¶μ± 
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´¥ ¸Ëμ·³Ê²¨·μ¢ ´  ¢¢¨¤Ê ¸¢μ¥° ¸²μ¦´μ¸É¨. ’¥³ ´¥ ³¥´¥¥ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö
¸²μ¦¨²¨¸Ó ´¥±μÉμ·Ò¥ ¡ §μ¢Ò¥ ¶·¥¤¸É ¢²¥´¨Ö, μ¸´μ¢ ´´Ò¥ ´  ¶·μ§· Î´ÒÌ Ë¨-
§¨Î¥¸±¨Ì ¨¤¥ÖÌ ¨ ¶μ§¢μ²ÖÕÐ¨¥ Ê¸¶¥Ï´μ μ¡ÑÖ¸´¨ÉÓ ·Ö¤ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ. ‚ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ÔÉμ μÉ´μ¸¨É¸Ö ± ¤ ´´Ò³, ¨§¢²¥± ¥³Ò³ ¸ ¶μ³μÐÓÕ
μ¤´μÔ²¥±É·μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨ [4], ¶μ§¢μ²ÖÕÐ¥° ¨§³¥·ÖÉÓ ¶·μ¢μ¤¨³μ¸ÉÓ
Š’ ¢ ±¢ ´Éμ¢μ³ ·¥¦¨³¥. ‚ É ±¨Ì Ô±¸¶¥·¨³¥´É Ì Š’ ¸² ¡μ ¸¢Ö§ ´  ¸ ¢´¥Ï-
´¨³ ³¨·μ³, ¨ ¤²Ö ¨´É¥·¶·¥É Í¨¨ ¤ ´´ÒÌ ³μ¦´μ μ¶¥·¨·μ¢ ÉÓ ³μ¤¥²Ö³¨ ¤²Ö
§ ±·ÒÉÒÌ ¸¨¸É¥³. ”¨§¨Î¥¸±¨¥ ´ ¡²Õ¤ ¥³Ò¥ ¶·¨ ÔÉμ³ μ¶·¥¤¥²ÖÕÉ¸Ö ¶·¥¦¤¥
¢¸¥£μ Ô²¥±É·μ´´Ò³¨ ¸¢μ°¸É¢ ³¨ ±¢ §¨¨§μ²¨·μ¢ ´´μ° Š’.

�Î¥¢¨¤´μ, ÎÉμ μ¶¨¸ ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨ ¢μ§³μ¦´μ¸ÉÓ ¨Ì ¢´¥Ï´¥£μ
±μ´É·μ²Ö ¶μ§¢μ²ÖÕÉ ¶μ¤·μ¡´μ ¨¸¸²¥¤μ¢ ÉÓ Ö¢²¥´¨¥ ¶¥·¥¶ÊÉÒ¢ ´¨Ö, ±μÉμ·μ¥
³μ¦¥É μ± § ÉÓ¸Ö ¤μ¸É ÉμÎ´μ ¢ ¦´Ò³ ¤²Ö · §²¨Î´ÒÌ ¶·¨²μ¦¥´¨° ¢ μ¡² ¸É¨
±¢ ´Éμ¢μ° ¨´Ëμ·³ Í¨μ´´μ° É¥Ì´μ²μ£¨¨. �·¥¤³¥Éμ³ ¤ ´´μ£μ ¸μμ¡Ð¥´¨Ö Ö¢²Ö-
¥É¸Ö  ´ ²¨§ ¸É¥¶¥´¨ ¶¥·¥¶ÊÉ ´´μ¸É¨ ¢ ¤¢ÊÌÔ²¥±É·μ´´μ° Š’ ¢ § ¢¨¸¨³μ¸É¨ μÉ
¸¨²Ò ³¥¦Ô²¥±É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö.

1. Œ�„…‹œ

�²¥±É·μ´´Ò¥ ¸¢μ°¸É¢  ±¢ §¨¨§μ²¨·μ¢ ´´μ° Š’ ¸ ´¥¡μ²ÓÏ¨³ Î¨¸²μ³ Ô²¥±-
É·μ´μ¢ ³μ£ÊÉ ¡ÒÉÓ ¶μ´ÖÉÒ ¢ · ³± Ì μÉ´μ¸¨É¥²Ó´μ ¶·μ¸ÉÒÌ ³μ¤¥²¥°. ‚ ÔÉ¨Ì
³μ¤¥²ÖÌ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ Ô²¥±É·μ´Ò ¤¢¨¦ÊÉ¸Ö ¢ ÔËË¥±É¨¢´μ³ ¶μÉ¥´Í¨ ²Ó-
´μ³ ¶μ²¥, ¢μ§´¨±Ï¥³ ¢ ·¥§Ê²ÓÉ É¥ ¸μ¢³¥¸É´μ° ¤¨´ ³¨±¨ Ô²¥±É·μ´-Ô²¥±É·μ´-
´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò-²μ¢ÊÏ±¨. Š·¨¸É ²²¨Î¥¸± Ö ¸É·Ê±-
ÉÊ·  ¶μ²Ê¶·μ¢μ¤´¨±μ¢μ£μ ³ É¥·¨ ² , ¢ ±μÉμ·μ³ ²μ± ²¨§Ê¥É¸Ö Š’, ÊÎ¨ÉÒ¢ -
¥É¸Ö ¶μ¸·¥¤¸É¢μ³ ÔËË¥±É¨¢´μ° ³ ¸¸Ò m∗ ¤²Ö ¶·μ¢μ¤ÖÐ¨Ì Ô²¥±É·μ´μ¢. „²Ö
É¨¶¨Î´ÒÌ §´ Î¥´¨° Ô²¥±É·¨Î¥¸±μ£μ ´ ¶·Ö¦¥´¨Ö, ¶·¨²μ¦¥´´μ£μ ± ¨§μ²ÖÉμ·Ê,
£²Ê¡¨´  Ö³Ò-²μ¢ÊÏ±¨ ¶μ·Ö¤±  ´¥¸±μ²Ó±¨Ì Ô²¥±É·μ´¢μ²ÓÉ. ’¨¶¨Î´μ¥ ¸·¥¤-
´¥¥ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ±¢ ´Éμ¢Ò³¨ Ê·μ¢´Ö³¨ ¢ Ö³¥-²μ¢ÊÏ±¥ ´¥ ¶·¥¢ÒÏ ¥É
´¥¸±μ²Ó±¨Ì ³¨²²¨Ô²¥±É·μ´¢μ²ÓÉ. �·¨ ´¥¡μ²ÓÏμ³ Î¨¸²¥ Ô²¥±É·μ´μ¢, § ¶¥·-
ÉÒÌ ¢ Š’, Ô²¥±É·μ´´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ²μ± ²¨§μ¢ ´Ò ¢¡²¨§¨ ³¨´¨³Ê³ 
¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò. ‘μ£² ¸´μ ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥ ³¨´¨³Ê³ ¶μÉ¥´Í¨ ²Ó´μ°
Ö³Ò (¶· ±É¨Î¥¸±¨ ¤²Ö ²Õ¡μ° ËÊ´±Í¨μ´ ²Ó´μ° Ëμ·³Ò) ³μ¦¥É ¡ÒÉÓ Ìμ·μÏμ
 ¶¶·μ±¸¨³¨·μ¢ ´ ¶μÉ¥´Í¨ ²μ³ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ· . �μÔÉμ³Ê ¢ ´ -
¸ÉμÖÐ¥¥ ¢·¥³Ö μ¡Ð¥¶·¨§´ ´μ, ÎÉμ ¢ ± Î¥¸É¢¥ ÔËË¥±É¨¢´μ£μ ¶μÉ¥´Í¨ ²Ó´μ£μ
¶μ²Ö ¤²Ö Š’ ¸ ´¥¡μ²ÓÏ¨³ Î¨¸²μ³ Ô²¥±É·μ´μ¢ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ³μ¤¥²Ó
É·¥Ì³¥·´μ£μ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ· , ¢ ±μÉμ·μ³ μ¤´  Î ¸ÉμÉ  (ωz) ¸ÊÐ¥-
¸É¢¥´´μ ¶·¥¢ÒÏ ¥É ¤¢¥ ¤·Ê£¨¥ Î ¸ÉμÉÒ (ωx, ωy).

’ ±μ¥ ¶·¥¤¶μ²μ¦¥´¨¥ Ö¢²Ö¥É¸Ö ¥¸É¥¸É¢¥´´Ò³, É ± ± ± Éμ²Ð¨´  ¸²μÖ ²μ-
± ²¨§ Í¨¨ Š’ ¢ ´¥¸±μ²Ó±μ · § ³¥´ÓÏ¥ · §³¥·μ¢ ¶²μ¸±μ¸É¨ ¥¥ ²μ± ²¨§ Í¨¨.
‘²¥¤μ¢ É¥²Ó´μ, ±¢ ´Éμ¢μ¥ ¤¢¨¦¥´¨¥ Ô²¥±É·μ´  §´ Î¨É¥²Ó´μ μ£· ´¨Î¥´μ ¢ ¢¥·-
É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨ (z) ¶μ ¸· ¢´¥´¨Õ ¸ ¥£μ ¤¨´ ³¨±μ° ¢ ¶²μ¸±μ¸É¨ (xy).

2



‚ ¶μ²Ó§Ê É ±¨Ì ³μ¤¥²¥° ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ, ´ ¶·¨³¥·, μ¶É¨Î¥¸±¨¥ Ô±¸¶¥·¨-
³¥´ÉÒ ¢ ¨´Ë· ±· ¸´μ³ ¤¨ ¶ §μ´¥ ¢ ³ £´¨É´ÒÌ ¶μ²ÖÌ. ‚ Î ¸É´μ¸É¨, ¢ ÔÉ¨Ì
Ô±¸¶¥·¨³¥´É Ì ¡Ò²μ ´ °¤¥´μ, ÎÉμ ·¥§μ´ ´¸´Ò¥ Î ¸ÉμÉÒ ´¥ § ¢¨¸ÖÉ μÉ Î¨¸² 
Ô²¥±É·μ´μ¢ ¢ Š’ [5] ¨ ³μ£ÊÉ ¡ÒÉÓ  ¸¸μÍ¨¨·μ¢ ´Ò ¸ ¸μ¡¸É¢¥´´Ò³¨ ³μ¤ ³¨ £ -
³¨²ÓÉμ´¨ ´  ³μ¤¥²¨, μ¶¨¸Ò¢ ÕÐ¥° ¤¨´ ³¨±Ê Ô²¥±É·μ´  ¶μ¤ ¤¥°¸É¢¨¥³ ¢´¥Ï-
´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ ¶μÉ¥´Í¨ ²¥ ¤¢Ê³¥·´μ£μ ¨§μÉ·μ¶´μ£μ £ ·³μ´¨Î¥¸±μ£μ
μ¸Í¨²²ÖÉμ·  [6]. “Î¨ÉÒ¢ Ö ÔÉμÉ Ë ±É, ³μ¦´μ ¶·μ¸²¥¤¨ÉÓ μ¸´μ¢´Ò¥ ÔËË¥±ÉÒ
¢μ§¤¥°¸É¢¨Ö ³ £´¨É´μ£μ ¶μ²Ö ´  Š’ ¸ ³ ²Ò³ Î¨¸²μ³ Ô²¥±É·μ´μ¢ ¢ · ³± Ì μ¡μ-
²μÎ¥Î´μ° ³μ¤¥²¨, ¢¶¥·¢Ò¥ ¶·¥¤²μ¦¥´´μ° ¢ [7Ä9]. �¥¸³μÉ·Ö ´  ¸¢μÕ ¶·μ¸ÉμÉÊ,
³μ¤¥²Ó ¸μ¤¥·¦¨É μ¸´μ¢´Ò¥ Ô²¥³¥´ÉÒ, ¸¢μ°¸É¢¥´´Ò¥ ¤²Ö ·¥ ²¨¸É¨Î¥¸±¨Ì ¶μ¤-
Ìμ¤μ¢, ¨ ¶μ§¢μ²Ö¥É ¶·μ¸²¥¤¨ÉÓ ÔËË¥±ÉÒ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨
Š’ ¢ ³ £´¨É´ÒÌ ¶μ²ÖÌ.

…¸²¨ ÊÎ¥¸ÉÓ ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ¢´¥Ï´¥£μ ¶¥·¶¥´¤¨±Ê²Ö·´μ£μ
³ £´¨É´μ£μ ¶μ²Ö ¤²Ö Ê¶· ¢²¥´¨Ö ¸¢μ°¸É¢ ³¨ Š’, Éμ £ ³¨²ÓÉμ´¨ ´ ±¢ §¨-
¨§μ²¨·μ¢ ´´μ° ¤¢ÊÌÔ²¥±É·μ´´μ° Š’ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

Ĥ = Ĥ0 + V̂ (r1 − r2) . (1)

‚ ¤ ´´μ° ³μ¤¥²¨ £ ³¨²ÓÉμ´¨ ´ Ĥ0 =
N∑

i=1

ĥi Ì · ±É¥·¨§Ê¥É ¤¨´ ³¨±Ê

N = 2 ´¥§ ¢¨¸¨³ÒÌ Ô²¥±É·μ´μ¢, ± ¦¤Ò° ¨§ ±μÉμ·ÒÌ μ¶¨¸Ò¢ ¥É¸Ö μ¤´μÎ -
¸É¨Î´Ò³ £ ³¨²ÓÉμ´¨ ´μ³ ¢¨¤ 

ĥ =
1

2m∗

(
p̂ +

e

c
Â

)2

+
m∗

2
(
ω2

xx2 + ω2
yy2

)
+ μ∗σ̂zB.

‡¤¥¸Ó ¨¸¶μ²Ó§Ê¥É¸Ö ¸¨³³¥É·¨Î´ Ö ± ²¨¡·μ¢±  A = B × r/2, B = (0, 0, B),
σz Å ³ É·¨Í  � Ê²¨. �É³¥É¨³, ÎÉμ ¤ ´´ Ö ³μ¤¥²Ó ¢±²ÕÎ ¥É ³μ¤¥²Ó ”μ±  [6]
± ± Î ¸É´Ò° ¸²ÊÎ °. ŒÒ ´¥ · ¸¸³ É·¨¢ ¥³ É¥³¶¥· ÉÊ·´Ò¥ ÔËË¥±ÉÒ. ’ ±μ¥
¶·¨¡²¨¦¥´¨¥ μÉ¢¥Î ¥É Ô±¸¶¥·¨³¥´É ³ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì (∼ 100 ³Š),
±μ£¤  kT � Δ (Δ Å ¸·¥¤´¥¥ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ±¢ ´Éμ¢Ò³¨ Ê·μ¢´Ö³¨).
„²Ö Š’ ¸ ´¥¡μ²ÓÏ¨³ Î¨¸²μ³ Ô²¥±É·μ´μ¢ Δ = �

√
ωxωy ≈ 3 ³Ô‚. ‚ ± -

Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ³Ò ¨¸¶μ²Ó§Ê¥³ ¶ · ³¥É·Ò ¤²Ö GaAs: m∗ = 0,067 me,
μ∗ = gLμB , gL = 0,44, μB = e�/(2m∗c). ‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ ³ £-
´¨É´Ò¥ μ·¡¨É ²Ó´Ò¥ ÔËË¥±ÉÒ ´ ³´μ£μ ¶·¥¢ÒÏ ÕÉ ¸¶¨´μ¢Ò¥ ÔËË¥±ÉÒ (§¥¥-
³ ´μ¢¸±μ¥ · ¸Ð¥¶²¥´¨¥, μ¶·¥¤¥²Ö¥³μ¥ Î²¥´μ³ μ∗σzB), ¶μÔÉμ³Ê ¢ ¤ ´´μ³
¸μμ¡Ð¥´¨¨ ³Ò ¶·¥´¥¡·¥£ ¥³ §¥¥³ ´μ¢¸±¨³ Î²¥´μ³.

�Î¥¢¨¤´μ, ÎÉμ ¢ ¸¢μ¡μ¤´μ³ ¶·μ¸É· ´¸É¢¥ ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
³¥¦¤Ê Ô²¥±É·μ´ ³¨ μ¶·¥¤¥²Ö¥É ¨Ì ¶·μ¸É· ´¸É¢¥´´μ¥ ¶μ¢¥¤¥´¨¥. ‚ Š’ ³¥¦-
Ô²¥±É·μ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ³μ¦¥É ³μ¤¨Ë¨Í¨·μ¢ ÉÓ¸Ö ¤μ¸É ÉμÎ´μ ´¥É·¨¢¨-
 ²Ó´Ò³ μ¡· §μ³. „²Ö  ´ ²¨É¨Î¥¸±μ£μ · ¸¸³μÉ·¥´¨Ö ¶·μ¡²¥³Ò ³Ò ¨¸¶μ²Ó§Ê¥³
³μ¤¥²Ó „¦μ´¸μ´ Ä�¥°´  [10] ¤²Ö ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´μ¢
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¢ Š’, ±μÉμ·μ¥ ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

V (r1 − r2) = V0 − λ2 m∗

2
(r1 − r2)2.

‚¢¥¤¥³ ±μμ·¤¨´ ÉÒ μÉ´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö (rel) ¨ Í¥´É·  ³ ¸¸ (CM)

r = r1 − r2, R =
r1 + r2

2
,

Éμ£¤  ¶μ²´Ò° £ ³¨²ÓÉμ´¨ ´ (1) ¶·¥μ¡· §Ê¥É¸Ö ± ¢¨¤Ê

Ĥ = Ĥrel + ĤCM + V̂0,

£¤¥

Ĥrel =
p̂2

2μ
+

μ

2
[
ω2

1x̂
2 + ω2

2 ŷ
2
]
+ ωLl̂z,

ĤCM =
P̂2

2M
+

M

2

[
Ω2

1X̂
2 + Ω2

2Ŷ
2
]

+ ωLL̂z

¨

ω2
1,2 = ω2

x,y + ω2
L − 2λ2, Ω2

1,2 = ω2
x,y + ω2

L,

μ =
m∗

2
, M = 2m∗, ωL =

eB

2m∗c
.

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸É ´¤ ·É´ÒÌ μ¶¥· Éμ·μ¢ ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ¤²Ö
£ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  £ ³¨²ÓÉμ´¨ ´Ò Ĥrel ¨ ĤCM ¶·¥μ¡· §ÊÕÉ¸Ö
± ¢¨¤Ê

Ĥrel = �ω1(ĉ
†
1ĉ1 + 1/2) + �ω2(ĉ

†
2ĉ2 + 1/2)−

− i�g1(ĉ
†
1ĉ2 − c†2ĉ1) − i�g2(ĉ

†
1ĉ

†
2 − ĉ2ĉ1), (2)

ĤCM = �Ω1(Ĉ
†
1Ĉ1 + 1/2) + �Ω2(Ĉ

†
2Ĉ2 + 1/2)−

− i�G1(Ĉ
†
1 Ĉ2 − C†

2Ĉ1) − i�G2(Ĉ
†
1Ĉ†

2 − Ĉ2Ĉ1), (3)

£¤¥ ¶ · ³¥É·Ò ¢§ ¨³μ¤¥°¸É¢¨Ö μ¶·¥¤¥²ÖÕÉ¸Ö ± ±

g1 =
ωL

2
ω1 + ω2√

ω1ω2
, g2 =

ωL

2
ω1 − ω2√

ω1ω2
,

G1 =
ωL

2
Ω1 + Ω2√

Ω1Ω2

, G2 =
ωL

2
Ω1 − Ω2√

Ω1Ω2

.
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�·¥μ¡· §μ¢ ´¨Ö 	μ£μ²Õ¡μ¢ 

â± =
2∑

m=1

(
A±

mĉm + B±
mĉ†m

)
, b̂± =

2∑
m=1

(
F±

m Ĉm + D±
mĈ†

m

)

¶μ§¢μ²ÖÕÉ ¶·¨¢¥¸É¨ £ ³¨²ÓÉμ´¨ ´Ò (2), (3) ± ¤¨ £μ´ ²Ó´μ³Ê ¢¨¤Ê (¸³., ´ ¶-
·¨³¥·, [12])

Ĥrel =
∑
±

�ω±(â†
±â± + 1/2), ĤCM =

∑
±

�Ω±(b̂†±b̂± + 1/2).

‘μ¡¸É¢¥´´Ò¥ ³μ¤Ò £ ³¨²ÓÉμ´¨ ´μ¢ Ĥrel ¨ ĤCM ¨³¥ÕÉ ¢¨¤

ω2
± =

1
2

[
ω2

x + ω2
y + 4(ω2

L − λ2) ±

±
√

(ω2
x − ω2

y)2 + 8ω2
L(ω2

x + ω2
y + 2ω2

L − 4λ2)
]
,

Ω2
± =

1
2

[
ω2

x + ω2
y + 4ω2

L ±
√

(ω2
x − ω2

y)2 + 8ω2
L(ω2

x + ω2
y + 2ω2

L)
]
.

�·μ¸É· ´¸É¢¥´´ Ö ¸μ¸É ¢²ÖÕÐ Ö ¶μ²´μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¸¨¸É¥³Ò Ì · ±-
É¥·¨§Ê¥É¸Ö ´ ¡μ·μ³ ¨§ Î¥ÉÒ·¥Ì ±¢ ´Éμ¢ÒÌ Î¨¸¥² n± ¨ N±:

|n+n−N+N−〉 =
1√

n+!n−!N+!N−!
(â†

+)n+(â†
−)n−(b̂†+)N+(b̂†−)N− |0000〉,

±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ¶μ²´ÊÕ Ô´¥·£¨Õ Š’

E = �ω+(n+ + 1/2) + �ω−(n− + 1/2)+
+ �Ω+(N+ + 1/2) + �Ω−(N− + 1/2) .

�μ²´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¢±²ÕÎ ¥É ¸¶¨´μ¢ÊÕ ±μ³¶μ´¥´ÉÊ ¨ ¨³¥¥É ¢¨¤ Φ =
|n+n−N+N−〉χs.

2. Š‚��’�‚�Ÿ �…�…�“’����‘’œ

Š ± ¶· ¢¨²μ, ¶·¨ ´¥¡μ²ÓÏ¨Ì ³ £´¨É´ÒÌ ¶μ²ÖÌ ¤²Ö ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì
Ô²¥±É·μ´μ¢ ´¨§±μ²¥¦ Ð¨¥ ¸μ¸ÉμÖ´¨Ö μ¶·¥¤¥²ÖÕÉ¸Ö ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ μÉ-
´μ¸¨É¥²Ó´μ£μ ¤¢¨¦¥´¨Ö n±, É ± ± ± ±¢ ´Éμ¢Ò¥ Î¨¸²  ¤¢¨¦¥´¨Ö Í¥´É·  ³ ¸¸
N+ = N− = 0 [13].

‚ ¤ ´´μ° · ¡μÉ¥ ³Ò ¨¸¸²¥¤Ê¥³ Ö¢²¥´¨¥ ±¢ ´Éμ¢μ£μ ¶¥·¥¶ÊÉÒ¢ ´¨Ö, μ¡Ê-
¸²μ¢²¥´´μ¥ μ·¡¨É ²Ó´Ò³ ¤¢¨¦¥´¨¥³ Ô²¥±É·μ´μ¢. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³ -
É·¨¢ ¥É¸Ö μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ Š’ ¸ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨ n+ = n− = 0, ÎÉμ
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¸μμÉ¢¥É¸É¢Ê¥É ¸¶¨´μ¢μ³Ê ¸¨´£²¥ÉÊ ¸  ´É¨¸¨³³¥É·¨Î´μ° ¸¶¨´μ¢μ° ¢μ²´μ¢μ°
ËÊ´±Í¨¥° χs. „²Ö ³¥·Ò É ±μ£μ ¶¥·¥¶ÊÉÒ¢ ´¨Ö ³Ò ¨¸¶μ²Ó§Ê¥³ ²μ£ ·¨Ë³¨Î¥-
¸±ÊÕ μÉ·¨Í É¥²Ó´μ¸ÉÓ [14], ±μÉμ· Ö ¸¢Ö§ ´  ¸ ´ ²¨Î¨¥³ μÉ·¨Í É¥²Ó´ÒÌ ¸μ¡-
¸É¢¥´´ÒÌ §´ Î¥´¨° Ê Î ¸É¨Î´μ É· ´¸¶μ´¨·μ¢ ´´μ° (¶μ μÉ´μÏ¥´¨Õ ± μ¤´μ°
¨§ ¶μ¤¸¨¸É¥³) ³ É·¨ÍÒ ¶²μÉ´μ¸É¨ ¶¥·¥¶ÊÉ ´´μ£μ ¸μ¸ÉμÖ´¨Ö. ‚ ¸²ÊÎ ¥ £ Ê¸-
¸μ¢ÒÌ ¸μ¸ÉμÖ´¨°, ± ±μÉμ·Ò³ ¨ μÉ´μ¸¨É¸Ö · ¸¸³ É·¨¢ ¥³μ¥ ¸μ¸ÉμÖ´¨¥, ²μ£ -
·¨Ë³¨Î¥¸± Ö μÉ·¨Í É¥²Ó´μ¸ÉÓ ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²Ö¥É¸Ö Ì · ±É¥·¨§ÊÕÐ¥° ¥£μ
³ É·¨Í¥° ¤¨¸¶¥·¸¨°. „²Ö ¤¢ÊÌÔ²¥±É·μ´´μ£μ ¤¢Ê³¥·´μ£μ ¸μ¸ÉμÖ´¨Ö ³ É·¨Í 
¤¨¸¶¥·¸¨° ¨³¥¥É · §³¥·´μ¸ÉÓ 8 × 8 ¨ μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³

γjk =
1
�
Tr (�̂R̂jR̂k) − i

2
σjk , (4)

£¤¥ μ¶¥· Éμ·´Ò° 8-³¥·´Ò° ¸Éμ²¡¥Í R̂ = (x̂1, p̂x1, ŷ1, p̂y1, x̂2, p̂x2, ŷ2, p̂y2)T

¸μ¸Éμ¨É ¨§ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·μ¥±Í¨° μ¶¥· Éμ·μ¢ ±μμ·¤¨´ É ¨ ¨³¶Ê²Ó¸μ¢
Ô²¥±É·μ´μ¢, �̂ Å ³ É·¨Í  ¶²μÉ´μ¸É¨ μ·¡¨É ²Ó´μ£μ ¤¢¨¦¥´¨Ö Ô²¥±É·μ´μ¢,  
 ´É¨¸¨³³¥É·¨Î´ Ö ³ É·¨Í  σ ¨³¥¥É ¡²μÎ´ÊÕ ¸É·Ê±ÉÊ·Ê:

σ =
4⊕

j=1

(
0 1
−1 0

)
.

’μ£¤  ¸¨³¶²¥±É¨Î¥¸±¨° ¸¶¥±É· Î ¸É¨Î´μ É· ´¸¶μ´¨·μ¢ ´´μ° ³ É·¨ÍÒ ¤¨¸¶¥·-
¸¨° γT1 (¶μ²ÊÎ ¥³μ° ¨§ ³ É·¨ÍÒ (4) § ³¥´μ° p̂1 → −p̂1), ±μÉμ·Ò° ¸μ¸Éμ¨É
¨§ §´ Î¥´¨° (ξ1, ξ2, ξ3, ξ4) ¡²μÎ´μ-¤¨ £μ´ ²Ó´μ° ³ É·¨ÍÒ

−σγT1σγT1 = diag (ξ1, ξ1, ξ2, ξ2, ξ3, ξ3, ξ4, ξ4),

μ¶·¥¤¥²Ö¥É ²μ£ ·¨Ë³¨Î¥¸± Ö μÉ·¨Í É¥²Ó´μ¸ÉÓ ¶μ Ëμ·³Ê²¥

EN = −
4∑

j=1

log2 (min(1, 2ξj)). (5)

„²Ö  ´ ²¨§  ±¢ ´Éμ¢μ£μ ¶¥·¥¶ÊÉÒ¢ ´¨Ö ³Ò ¢ ·Ó¨·μ¢ ²¨ ¢¥²¨Î¨´Ê ¨´-
¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö B, ¸É¥¶¥´Ó ¤¥Ëμ·³ Í¨¨ ωy/ωx ¨ ¨´É¥´¸¨¢´μ¸ÉÓ
³¥¦Ô²¥±É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö λ. ‚ · ¸Î¥É Ì ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ¨´-
¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ´¥ ¶·¥¢ÒÏ ¥É 1 ’², ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³ ²Ó-
´μ³Ê §´ Î¥´¨Õ ² ·³μ·μ¢μ° Î ¸ÉμÉÒ ωL ≈ ωx ¤²Ö ¢Ò¡· ´´ÒÌ ¢ · ¡μÉ¥ Î -
¸ÉμÉ ±μ´Ë °´³¥´É  Ô²¥±É·μ´μ¢. �Î¥¢¨¤´μ, ÎÉμ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¢§ ¨³μ-
¤¥°¸É¢¨Ö „¦μ´¸μ´ Ä�¥°´  ³¥¦Ô²¥±É·μ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨£· ¥É ·μ²Ó ¢μ§-
³ÊÐ¥´¨Ö. �μÔÉμ³Ê ¢ ´ Ï¨Ì · ¸Î¥É Ì ¸¨²  ¢§ ¨³μ¤¥°¸É¢¨Ö μ¶·¥¤¥²Ö² ¸Ó Ê¸²μ-
¢¨¥³ λ/ωx < 1. Š ± ¢¨¤´μ ¨§ ·¨¸. 1, ¶·¨ ´¥¡μ²ÓÏμ° ¤¥Ëμ·³ Í¨¨ ¸¨¸É¥³Ò
Ê¢¥²¨Î¥´¨¥ ³¥¦Ô²¥±É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ μÉ¸ÊÉ¸É¢¨¥ ³ £´¨É´μ£μ ¶μ²Ö
¶·¨¢μ¤¨É ± § ³¥É´μ³Ê Ê¸¨²¥´¨Õ ¶¥·¥¶ÊÉÒ¢ ´¨Ö. �¤´ ±μ Ê¸¨²¥´¨¥ ³ £´¨É´μ£μ
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�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ ³¥·Ò ±¢ ´Éμ¢μ£μ ¶¥·¥¶ÊÉÒ¢ ´¨Ö (²μ£ ·¨Ë³¨Î¥¸±μ° μÉ·¨Í É¥²Ó-
´μ¸É¨ (5)) μ·¡¨É ²Ó´μ£μ ¤¢¨¦¥´¨Ö Ô²¥±É·μ´μ¢ ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ Š’ μÉ ¨´¤Ê±Í¨¨
³ £´¨É´μ£μ ¶μ²Ö B (² ·³μ·μ¢μ° Î ¸ÉμÉÒ ωL ¢ ¥¤¨´¨Í Ì ωx) ¨ μÉ ¸¨²Ò ¢§ ¨³μ¤¥°¸É¢¨Ö
λ/ωx ¶·¨ ωy/ωx = 1,2

¶μ²Ö · §·ÊÏ ¥É ¶¥·¥¶ÊÉÒ¢ ´¨¥. �·¨ ÔÉμ³ ¶·μ¨¸Ìμ¤¨É ÔËË¥±É¨¢´μ¥ Ê¸¨²¥-
´¨¥ ¶μÉ¥´Í¨ ²  § ¶¨· ´¨Ö, ÎÉμ ¶·¨¢μ¤¨É ± μ¸² ¡²¥´¨Õ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö (¸³., ´ ¶·¨³¥·, [15,16]). ’ ±¨³ μ¡· §μ³, Î¥³ ¸¨²Ó´¥¥ ¶μÉ¥´Í¨ ²
§ ¶¨· ´¨Ö ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ §´ Î¥´¨¨ ¸¨²Ò ³¥¦Ô²¥±É·μ´´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö, É¥³ ¸² ¡¥¥ ±μ··¥²ÖÍ¨μ´´Ò¥ ÔËË¥±ÉÒ. „²Ö Ë¨±¸¨·μ¢ ´´μ£μ §´ Î¥´¨Ö
¢§ ¨³μ¤¥°¸É¢¨Ö (·¨¸. 2) ¤¥Ëμ·³ Í¨Ö Š’ ¶·¨¢μ¤¨É ± μ¸² ¡²¥´¨Õ ¶¥·¥¶ÊÉÒ¢ -

�¨¸. 2. ’μ ¦¥, ÎÉμ ¨ ¤²Ö ·¨¸. 1, ¢ § ¢¨¸¨³μ¸É¨ μÉ ¸É¥¶¥´¨ ¤¥Ëμ·³ Í¨¨ Š’ (ωy/ωx)
¶·¨ λ/ωx = 0,7
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´¨Ö. �É³¥É¨³, ÎÉμ ¢ μÉ¸ÊÉ¸É¢¨¥ ³ £´¨É´μ£μ ¶μ²Ö ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ´ Ìμ¤ÖÉ¸Ö ¢
± Î¥¸É¢¥´´μ³ ¸μμÉ¢¥É¸É¢¨¨ ¸ · ¸Î¥É ³¨ ³¥·Ò ¶¥·¥¶ÊÉÒ¢ ´¨Ö ´  μ¸´μ¢¥ Ô´É·μ-
¶¨¨ Ëμ´ �¥°³ ´  ¤²Ö ¤¢ÊÌÔ²¥±É·μ´´μ° Š’ ¸ ±Ê²μ´μ¢¸±¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³
(¸³., ´ ¶·¨³¥·, [17]). Œ £´¨É´μ¥ ¶μ²¥ ¶·¨¢μ¤¨É ± § ³¥É´μ³Ê · §·ÊÏ¥´¨Õ
¶¥·¥¶ÊÉÒ¢ ´¨Ö ¢ μ¸¥¸¨³³¥É·¨Î´μ° Š’. �¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¢ ¤¥Ëμ·³¨·μ-
¢ ´´ÒÌ Š’ ¶¥·¥¶ÊÉÒ¢ ´¨¥ μ¸² ¡²¥´μ, μ´μ ¡μ²¥¥ Ê¸Éμ°Î¨¢μ ± ¢μ§¤¥°¸É¢¨Õ
³ £´¨É´μ£μ ¶μ²Ö.

‡�Š‹�—…�ˆ…

‚ · ³± Ì ¶·μ¸Éμ°  ´ ²¨É¨Î¥¸±¨ ·¥Ï ¥³μ° ³μ¤¥²¨ ¶·μ¢¥¤¥´  ´ ²¨§ ¸É¥-
¶¥´¨ ±¢ ´Éμ¢μ£μ ¶¥·¥¶ÊÉÒ¢ ´¨Ö ¤²Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¢ÊÌÔ²¥±É·μ´´μ°
Š’ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¨´É¥´¸¨¢´μ¸É¨ ¶·¨²μ¦¥´´μ£μ ¶¥·¶¥´¤¨±Ê²Ö·´μ£μ ³ £-
´¨É´μ£μ ¶μ²Ö ¨ ¸¨²Ò ³¥¦Ô²¥±É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚ ± Î¥¸É¢¥ ³¥·Ò
¶¥·¥¶ÊÉÒ¢ ´¨Ö ¨¸¶μ²Ó§μ¢ ² ¸Ó ²μ£ ·¨Ë³¨Î¥¸± Ö μÉ·¨Í É¥²Ó´μ¸ÉÓ [14]. �¥-
§Ê²ÓÉ ÉÒ ´ Ï¥£μ  ´ ²¨§  ¶μ± § ²¨, ÎÉμ ¸É¥¶¥´Ó ¶¥·¥¶ÊÉÒ¢ ´¨Ö § ¢¨¸¨É μÉ
Ëμ·³Ò ¶μÉ¥´Í¨ ²  § ¶¨· ´¨Ö: μ´  ³ ±¸¨³ ²Ó´  ¤²Ö μ¸¥¸¨³³¥É·¨Î´μ° Š’
¶·¨ Ë¨±¸¨·μ¢ ´´μ° ¨´É¥´¸¨¢´μ¸É¨ ³¥¦Ô²¥±É·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ Ê¡Ò-
¢ ¥É ¸ ·μ¸Éμ³ ¤¥Ëμ·³ Í¨¨. Œ £´¨É´μ¥ ¶μ²¥ ¶·¨¢μ¤¨É ± · §·ÊÏ¥´¨Õ ¶¥·¥¶Ê-
ÉÒ¢ ´¨Ö. ’¥³ ´¥ ³¥´¥¥ ¢ ¤¥Ëμ·³¨·μ¢ ´´ÒÌ Š’ ¸É¥¶¥´Ó ¶¥·¥¶ÊÉÒ¢ ´¨Ö ¡μ²¥¥
Ê¸Éμ°Î¨¢  ± ¢μ§¤¥°¸É¢¨Õ ³ £´¨É´μ£μ ¶μ²Ö, Î¥³ ¢ μ¸¥¸¨³³¥É·¨Î´ÒÌ Š’.

�É³¥É¨³, ÎÉμ · ¸¸³μÉ·¥´´ Ö ³μ¤¥²Ó ³μ¦¥É  ¤¥±¢ É´μ μÉ· ¦ ÉÓ Ë¨§¨-
Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¸ ³μμ·£ ´¨§ÊÕÐ¨Ì (self-assembled) Š’ (¸³., ´ ¶·¨-
³¥·, [2]). ‚ É ±¨Ì ¸¨¸É¥³ Ì ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö Ö³Ò-²μ¢ÊÏ±¨ ¤μ³¨´¨·Ê¥É
¢μ ¢¸¥Ì Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸ Ì,   ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨£· ¥É ·μ²Ó
³ ²μ£μ ¢μ§³ÊÐ¥´¨Ö. �μÔÉμ³Ê ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨¤ÊÉ ¨´É¥´¸¨¢´Ò¥ É¥Ì´μ-
²μ£¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¸ Í¥²ÓÕ μÉÒ¸± ´¨Ö ¸· ¢´¨É¥²Ó´μ ¤¥Ï¥¢μ£μ ¸¶μ¸μ¡ 
¨§£μÉμ¢²¥´¨Ö É ±¨Ì Š’ ¨ ¨¸¶μ²Ó§μ¢ ´¨Ö ¨Ì ¸¢μ°¸É¢ ¶·¨ ±μ³´ É´ÒÌ É¥³¶¥· -
ÉÊ· Ì.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �””ˆ (£· ´É º11-02-00086) ¨ £· ´É 
ºFIS2008-00781/FIS (ˆ¸¶ ´¨Ö).
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