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Mamedov T. N. et al. P14-2004-103

The Effect of Uniaxial Static Pressure

on the Behaviour of the Aluminum Acceptor Impurity in Silicon

The results on the effect of uniaxial static pressure on the behaviour of aluminum

shallow acceptors in silicon are presented. Impurity atoms of �A1 in silicon crystals

with phosphorus impurity (1.6�1013 cm�3 for the first sample and 1.9�1013 cm�3

for the second sample) were created by implantation of negative muons. The polariza-

tion of muons was studied in a magnetic field of 2.5 kGs transverse to the direction

of the muon spin in the temperature range10 300– K. Orientations of the chosen crystal

axis ([111] for the first sample, [100] for the second one), magnetic field, and the muon

polarization were reciprocally perpendicular. It was found that uniaxial pressure ap-

plied along the chosen crystal axes changes both the absolute value and the tempera-

ture dependence of the acceptor center magnetic moment relaxation rate.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear

Problems, JINR, and supported by the Russian Foundation for Basic Research, Project

02-02-16881.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2004

Ìàìåäîâ Ò. Í. è äð. P14-2004-103

Âëèÿíèå îäíîîñíî-ñòàòè÷åñêîãî äàâëåíèÿ

íà ïîâåäåíèå àêöåïòîðíîé ïðèìåñè àëþìèíèÿ â êðåìíèè

Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ îäíî-

îñíîãî äàâëåíèÿ íà ïîâåäåíèå ìåëêèõ àêöåïòîðíûõ öåíòðîâ àëþìèíèÿ â êðåì-

íèè. Ïðèìåñíûå àòîìû �A1 â îáðàçöàõ êðèñòàëëè÷åñêîãî êðåìíèÿ ñ ïðèìåñüþ

ôîñôîðà (1,6�1013 ñì�3 — ïåðâûé îáðàçåö, 1,9�1013 ñì�3 — âòîðîé îáðàçåö) ñî-

çäàâàëèñü ïóòåì èìïëàíòàöèè îòðèöàòåëüíûõ ìþîíîâ. Ïîëÿðèçàöèÿ ìþîíîâ

áûëà èññëåäîâàíà â ïîïåðå÷íîì ñïèíó ìþîíà ìàãíèòíîì ïîëå âåëè÷èíîé 2,5 êÃñ

â äèàïàçîíå òåìïåðàòóð10 300– Ê. Íàïðàâëåíèå âûáðàííîé îñè êðèñòàëëà ([111]

â ïåðâîì îáðàçöå, [100] âî âòîðîì), âíåøíåãî ìàãíèòíîãî ïîëÿ è íà÷àëüíîé ïîëÿ-

ðèçàöèè ñïèíà ìþîíà áûëè âçàèìíî ïåðïåíäèêóëÿðíû. Îáíàðóæåíî, ÷òî âíåø-

íåå äàâëåíèå, ïðèëîæåííîå âäîëü óêàçàííîé îñè êðèñòàëëà, ïðèâîäèò ê èçìåíå-

íèþ êàê àáñîëþòíîé âåëè÷èíû ñêîðîñòè ðåëàêñàöèè ìàãíèòíîãî ìîìåíòà àêöåï-

òîðíîãî öåíòðà, òàê è õàðàêòåðà åå òåìïåðàòóðíîé çàâèñèìîñòè.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè ÿäåðíûõ ïðîáëåì èì. Â. Ï. Äæåëåïîâà

ÎÈßÈ ïðè ïîääåðæêå Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé, ïðî-

åêò 02-02-16881.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004
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‚‚…„…�ˆ…

‚ ¶µ¸²¥¤´¨¥ £µ¤Ò ¶·¨³¥´¥´¨¥ ¶ÊÎ±µ¢ ¶µ²Ö·¨§µ¢ ´´ÒÌ µÉ·¨Í É¥²Ó´ÒÌ
³Õµ´µ¢ ¶µ§¢µ²¨²µ ¸ÊÐ¥¸É¢¥´´µ ¢µ¸¶µ²´¨ÉÓ ¶·µ¡¥², ¸ÊÐ¥¸É¢µ¢ ¢Ï¨° ¢ Ô±¸-
¶¥·¨³¥´É ²Ó´µ³ ¨¸¸²¥¤µ¢ ´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥²±¨Ì  ±Í¥¶Éµ·´ÒÌ ¶·¨³¥-
¸¥° ¢ ·¥Ï¥É±¥ ±·¨¸É ²²¨Î¥¸±µ£µ ±·¥³´¨Ö. �Ò²¨ ¶µ²ÊÎ¥´Ò ¤ ´´Ò¥ µ ¸¢¥·Ì-
Éµ´±µ³ ¢§ ¨³µ¤¥°¸É¢¨¨ ¢  ±Í¥¶Éµ·´µ³ Í¥´É·¥ (�–), µ ¸±µ·µ¸É¨ ¨ ³¥Ì ´¨§-
³ Ì ·¥² ±¸ Í¨¨ ¥£µ ³ £´¨É´µ£µ ³µ³¥´É , µ ¶·µÍ¥¸¸ Ì · ¸¸¥Ö´¨Ö ¸¢µ¡µ¤´ÒÌ
´µ¸¨É¥²¥° § ·Ö¤  (Ô²¥±É·µ´µ¢ ¨ ¤Ò·µ±) ´  �– ¶·¨ ±µ´Í¥´É· Í¨¨ ¶·¨³¥¸¨,
¡²¨§±µ° ¨²¨ ¢ÒÏ¥ ±·¨É¨Î¥¸±µ° ±µ´Í¥´É· Í¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶¥·¥Ìµ¤Ê
¶µ²Ê¶·µ¢µ¤´¨±Ä³¥É ²², µ ³¥¦¶·¨³¥¸´ÒÌ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ, µ ³¥Ì ´¨§³¥ ¨
¸±µ·µ¸É¨ ¨µ´¨§ Í¨¨ �– ¢ ´¥¢Ò·µ¦¤¥´´µ³ ±·¥³´¨¨ n- ¨ p-É¨¶  [1Ä4]. H¥-
¸³µÉ·Ö ´  Éµ, ÎÉµ ¶·¨³¥¸¨ ¨ ¤¥Ë¥±ÉÒ ¢ ¶µ²Ê¶·µ¢µ¤´¨± Ì ¨§ÊÎ ÕÉ¸Ö ¡µ²¥¥
¶µ²Ê¢¥± , ¢ÒÏ¥¶¥·¥Î¨¸²¥´´Ò¥ ¤ ´´Ò¥ µ ¶µ¢¥¤¥´¨¨ ´¥£²Ê¡µ±¨Ì  ±Í¥¶Éµ·´ÒÌ
¶·¨³¥¸¥° ¢ ±·¥³´¨¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢¶¥·¢Ò¥.

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨Ö ¢²¨Ö´¨Ö µ¤-
´µµ¸´µ° ¤¥Ëµ·³ Í¨¨ ±·¨¸É ²²  ±·¥³´¨Ö ´  ¸±µ·µ¸ÉÓ ·¥² ±¸ Í¨¨ ³ £´¨É´µ£µ
³µ³¥´É  ´¥£²Ê¡µ±µ£µ  ±Í¥¶Éµ·´µ£µ Í¥´É·   ²Õ³¨´¨Ö (¸³. É ±¦¥ [5, 6]). ˆ´-
É¥·¥¸ ± ¨¸¸²¥¤µ¢ ´¨Õ ¶µ¢¥¤¥´¨Ö  ±Í¥¶Éµ·´µ° ¶·¨³¥¸¨ ¢ ¤¥Ëµ·³¨·µ¢ ´´µ³
±·¨¸É ²²¥ ±·¥³´¨Ö µ¡Ê¸²µ¢²¥´ ·Ö¤µ³ ¶·¨Î¨´. Š ± ¨§¢¥¸É´µ, ±·¥³´¨°, ¶µ-
²ÊÎ¥´´Ò° ³¥Éµ¤µ³ Ô¶¨É ±¸¨ ²Ó´µ£µ ¢Ò· Ð¨¢ ´¨Ö (´ ¶·¨³¥·, ´  ¶µ¤²µ¦±¥
±·¨¸É ²²  £¥·³ ´¨Ö ¨²¨  ²³ § ),   É ±¦¥ ¢ £¥É¥·µ¸É·Ê±ÉÊ· Ì, µ± §Ò¢ ¥É¸Ö ´ -
¶·Ö¦¥´´Ò³. �·¨Î¥³ ´ ¶·Ö¦¥´¨¥ ±·¨¸É ²²   ´ ²µ£¨Î´µ Éµ³Ê, ÎÉµ ¢µ§´¨± ¥É
¶·¨ ¸¦ É¨¨ ±·¨¸É ²²  ¶µ ´ ¶· ¢²¥´¨Õ, ¶¥·¶¥´¤¨±Ê²Ö·´µ³Ê ± ¶µ¢¥·Ì´µ¸É¨
¶µ¤²µ¦±¨, ´  ±µÉµ·µ° ¢Ò· Ð¨¢ ²¸Ö µ¡· §¥Í. ‚µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö
´ ¶·Ö¦¥´´µ£µ ±·¥³´¨Ö ¸ ¤µ´µ·´µ° ¨²¨  ±Í¥¶Éµ·´µ° ¶·¨³¥¸ÓÕ ¤²Ö ¸µ§¤ -
´¨Ö ³µ¤¥²¨ ±¢ ´Éµ¢µ£µ ±µ³¶ÓÕÉ¥·  ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ï¨·µ±µ µ¡¸Ê¦¤ ¥É¸Ö
¢ ²¨É¥· ÉÊ·¥ [7,8].

ˆ¸¸²¥¤µ¢ ´¨Ö ¶µ¢¥¤¥´¨Ö  ±Í¥¶Éµ·´µ° ¶·¨³¥¸¨ ¢ ¤¥Ëµ·³¨·µ¢ ´´µ³ ±·¥³-
´¨¨ ¶·¥¤¸É ¢²ÖÕÉ ¨´É¥·¥¸ ¨ ¸ ÉµÎ±¨ §·¥´¨Ö ÊÉµÎ´¥´¨Ö ¸É·Ê±ÉÊ·Ò £ ³¨²ÓÉµ-
´¨ ´  �– ¢ ¶µ²Ê¶·µ¢µ¤´¨± Ì ¸ ±·¨¸É ²²¨Î¥¸±µ° ¸É·Ê±ÉÊ·µ°  ²³ § . ‚ µ¡Ð¥³
¸²ÊÎ ¥ ÔÉµÉ £ ³¨²ÓÉµ´¨ ´ ¤µ¸É ÉµÎ´µ ¸²µ¦´Ò° [9].

�¥·¢µ¥ ¸¢¨¤¥²Ó¸É¢µ µ ¢²¨Ö´¨¨ ¤¥Ëµ·³ Í¨¨ ±·¨¸É ²²  ±·¥³´¨Ö ´  ¶µ¢¥-
¤¥´¨¥  ±Í¥¶Éµ·´ÒÌ ¶·¨³¥¸¥° ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ ���-¨¸¸²¥¤µ¢ ´¨ÖÌ [10,11].

‚µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ µÉ·¨Í É¥²Ó´ÒÌ ³Õµ´µ¢ ¤²Ö
¨¸¸²¥¤µ¢ ´¨Ö  ±Í¥¶Éµ·´µ° ¶·¨³¥¸¨ ¢ ±·¥³´¨¨ µ¶·¥¤¥²Ö¥É¸Ö É¥³, ÎÉµ ¶·¨
§ Ì¢ É¥ ³Õµ´   Éµ³µ³ Si µ¡· §Ê¥É¸Ö ³Õµ´´Ò°  Éµ³ µAl, ±µÉµ·Ò° ¸ ÉµÎ±¨
§·¥´¨Ö ¸É·µ¥´¨Ö ¥£µ Ô²¥±É·µ´´µ° µ¡µ²µÎ±¨ ¨³¨É¨·Ê¥É  Éµ³  ²Õ³¨´¨Ö. �·¨
ÔÉµ³ ¶µ²Ö·¨§ Í¨Ö ³Õµ´  § ¢¨¸¨É µÉ ¸µ¸ÉµÖ´¨Ö Ô²¥±É·µ´´µ° µ¡µ²µÎ±¨ (¶ · -
³ £´¨É´µ¥ ¨²¨ ¤¨ ³ £´¨É´µ¥) ³Õµ´´µ£µ  Éµ³  (�–), µÉ ¸¢¥·ÌÉµ´±µ£µ ¢§ ¨-
³µ¤¥°¸É¢¨Ö ¢ �– ¨ µÉ ¥£µ ¢§ ¨³µ¤¥°¸É¢¨° ¸µ ¸·¥¤µ°.
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1. ˆ‡Œ…�…�ˆŸ

ˆ§³¥·¥´¨Ö ¡Ò²¨ ¶·µ¢¥¤¥´Ò ´  ¸¶¥±É·µ³¥É·¥ GPD [12], · ¸¶µ²µ¦¥´´µ³
´  ³Õµ´´µ³ ± ´ ²¥ µE1 Ê¸±µ·¨É¥²Ö ¶·µÉµ´µ¢ ¢ ˆ´¸É¨ÉÊÉ¥ � Ê²Ö ˜¥··¥· 
(PSI, ˜¢¥°Í ·¨Ö). ˆ¸¸²¥¤Ê¥³Ò¥ µ¡· §ÍÒ, ¢Ò·¥§ ´´Ò¥ ¨§ ³µ´µ±·¨¸É ²²µ¢
±·¥³´¨Ö, ¨³¥²¨ Ëµ·³Ê ¶· ¢¨²Ó´µ° Î¥ÉÒ·¥Ì£· ´´µ° ¶·¨§³Ò ¸ µ¸´µ¢ ´¨¥³
9,5 × 9,5 ³³ ¨ ¢Ò¸µÉµ° 22 ³³. �Ò²¨ ¨¸¸²¥¤µ¢ ´Ò ¤¢  µ¡· §Í  ¸ ±µ´Í¥´É· -
Í¨Ö³¨ ¶·¨³¥¸¨ Ëµ¸Ëµ·  1,6 · 1013 ¨ 1,9 · 1013 ¸³−3 ¸µµÉ¢¥É¸É¢¥´´µ. �¡· §ÍÒ
¡Ò²¨ µ·¨¥´É¨·µ¢ ´Ò É ±, ÎÉµ ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ µ¸Ó ±·¨¸É ²²  [111],   ¢µ
¢Éµ·µ³ ¸²ÊÎ ¥ µ¸Ó [100] ¡Ò²  ¶¥·¶¥´¤¨±Ê²Ö·´  µ¸´µ¢ ´¨Õ ¶·¨§³Ò ¸ ÉµÎ-
´µ¸ÉÓÕ ±1◦. �¤´µ·µ¤´µ¥ ³ £´¨É´µ¥ ¶µ²¥ ´  µ¡· §Í¥ ¸µ§¤ ¢ ²µ¸Ó ±µ²ÓÍ ³¨
ƒ¥²Ó³£µ²ÓÍ . ‚¥²¨Î¨´  ³ £´¨É´µ£µ ¶µ²Ö ¸µ¸É ¢²Ö²  2,5 ±ƒ¸ ¸ ¤µ²£µ¢·¥³¥´´µ°
¸É ¡¨²Ó´µ¸ÉÓÕ ´¥ ÌÊ¦¥ 10−4. ‚Ò¡· ´´ Ö µ¸Ó ±·¨¸É ²²  ([111] ¤²Ö ¶¥·¢µ£µ
µ¡· §Í  ¨ [100] ¤²Ö ¢Éµ·µ£µ), ´ ¶· ¢²¥´¨¥ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö ¨ ´ -
Î ²Ó´ Ö ¶µ²Ö·¨§ Í¨Ö ¸¶¨´  ³Õµ´  ¡Ò²¨ ¢§ ¨³´µ ¶¥·¶¥´¤¨±Ê²Ö·´Ò.

„²Ö ¸µ§¤ ´¨Ö µ¤´µµ¸´µ° ¤¥Ëµ·³ Í¨¨ ¢ ±·¨¸É ²²¥ · §· ¡µÉ ´  ÖÎ¥°± 
¢Ò¸µ±µ£µ ¤ ¢²¥´¨Ö. ŸÎ¥°±  ¡Ò²  ¨§£µÉµ¢²¥´  ¨§ É¥·³µµ¡· ¡µÉ ´´µ° ¡¥·¨²-
²¨¥¢µ° ¡·µ´§Ò ¨ ¶µ§¢µ²Ö²  ¸µ§¤ ¢ ÉÓ ´  µ¡· §Í¥ ¤ ¢²¥´¨¥ ¤µ 5 ±¡ ·. „ ¢²¥-
´¨¥ ¶·¨² £ ²µ¸Ó ± µ¸´µ¢ ´¨Õ ¶·¨§³Ò. Šµ´É·µ²Ó ¤ ¢²¥´¨Ö ´  ±·¨¸É ²² (´ -
¶·Ö¦¥´¨¥ ±·¨¸É ²² ) ¶·µ¨§¢µ¤¨²¸Ö É¥´§µ·¥§¨¸Éµ·µ³ É¨¶  E‚001 �1-5-350�
(Hˆˆ”ˆ, �¥´§ ). „ ÉÎ¨± ¶·¨±²¥¨¢ ²¸Ö ´  µ¤´Ê ¨§ £· ´¥° ±·¥³´¨¥¢µ° ¶·¨§³Ò
±²¥¥³ �”-2, ¨ § É¥³ ±²¥° ¶µ¤¢¥·£ ²¸Ö ¶µ²¨³¥·¨§ Í¨¨ ¶·¨ ¢Ò¸µ±µ° É¥³¶¥· -
ÉÊ·¥. ŸÎ¥°±  ¸ § Ë¨±¸¨·µ¢ ´´Ò³ ¤ ¢²¥´¨¥³ · §³¥Ð ² ¸Ó ¢ ±·¨µ¸É É¥, µÌ² -
¦¤ ¥³µ³ ¶ · ³¨ ¦¨¤±µ£µ £¥²¨Ö. ’¥³¶¥· ÉÊ·  µ¡· §Íµ¢ ¢ ¤¨ ¶ §µ´¥ 4−300 K
¶µ¤¤¥·¦¨¢ ² ¸Ó ¸ ÉµÎ´µ¸ÉÓÕ 0,1 K.

‚·¥³¥´´� Ö Ô¢µ²ÕÍ¨Ö ¶µ²Ö·¨§ Í¨¨ ³Õµ´µ¢ P (t), µ¸É ´µ¢¨¢Ï¨Ì¸Ö ¢ µ¡· §-
Í¥, ¨¸¸²¥¤µ¢ ² ¸Ó ¶ÊÉ¥³ ·¥£¨¸É· Í¨¨ Ô²¥±É·µ´µ¢ · ¸¶ ¤  ¨§ ·¥ ±Í¨¨ µ− →
e− + ν̄e + νµ. �·¨ ÔÉµ³ § ¢¨¸¨³µ¸ÉÓ ±µ²¨Î¥¸É¢  § ·¥£¨¸É·¨·µ¢ ´´ÒÌ Ô²¥±-
É·µ´µ¢ µÉ ¢·¥³¥´¨ ¨³¥¥É ¢¨¤ Ô±¸¶µ´¥´ÉÒ, ³µ¤Ê²¨·µ¢ ´´µ° ËÊ´±Í¨¥° P (t).
Œ¥Éµ¤¨±  ¨§³¥·¥´¨° ¨ ¶·µÍ¥¤Ê·  ¢µ¸¸É ´µ¢²¥´¨Ö ¶ · ³¥É·µ¢ ¶µ²Ö·¨§ Í¨¨
¸¶¨´  ³Õµ´  ¨§  ¶¶ · ÉÊ·´ÒÌ µ−SR-¸¶¥±É·µ¢ ¶µ¤·µ¡´µ µ¶¨¸ ´Ò ¢ [1,2].

2. �…‡“‹œ’�’›

H  ·¨¸. 1 ¨ 2 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° É¥³¶¥· ÉÊ·´µ° § ¢¨-
¸¨³µ¸É¨ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ λ ¨ ¸¤¢¨£  Î ¸ÉµÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õµ´ 
∆ω/ω0 ¤²Ö µ¡· §Íµ¢ ±·¥³´¨Ö ¸ ±µ´Í¥´É· Í¨¥° ¶·¨³¥¸¨ Ëµ¸Ëµ· 
1,6 · 1013 ¸³−3 (µ¡· §¥Í º 1) ¨ 1,9 · 1013 ¸³−3 (µ¡· §¥Í º 2). ‘¤¢¨£ Î -
¸ÉµÉÒ ¶·¥Í¥¸¸¨¨ µ¶·¥¤¥²Ö²¸Ö ± ± · §´µ¸ÉÓ ³¥¦¤Ê Î ¸ÉµÉ ³¨ ¶·¥Í¥¸¸¨¨ ¶·¨
É¥³¶¥· ÉÊ·¥ T ¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥: ∆ω = ω − ω0.

H  ·¨¸Ê´± Ì ¢µ ¢¸É ¢± Ì ¸É·¥²± ³¨ Ê± § ´Ò ¢§ ¨³´Ò¥ µ·¨¥´É Í¨¨ ¢´¥Ï-
´¥£µ ³ £´¨É´µ£µ ¶µ²Ö, µ¸¨ ±·¨¸É ²²  ¨ ´ ¶· ¢²¥´¨Ö ´ Î ²Ó´µ° ¶µ²Ö·¨§ Í¨¨
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�¨¸. 1. ’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³µ¸ÉÓ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ (a) ¨ ¸¤¢¨£  Î ¸ÉµÉÒ ¶·¥Í¥¸-
¸¨¨ ¸¶¨´  ³Õµ´  (¡) ¢ ±·¥³´¨¨ ¸ ±µ´Í¥´É· Í¨¥° ¶·¨³¥¸¨ Ëµ¸Ëµ·  1,6 · 1013 ¸³−3.
’¥³´Ò¥ ±·Ê¦±¨ Å ¤ ¢²¥´¨¥ ´  µ¡· §Í¥ ¸µ¸É ¢²Ö¥É 3 ±¡ ·, ¸¢¥É²Ò¥ ±·Ê¦±¨ Å ¤ ¢²¥-
´¨¥ µÉ¸ÊÉ¸É¢Ê¥É. H  ·¨¸. (a) ±·¨¢Ò¥ ¶·µ¢¥¤¥´Ò ¶µ ³¥Éµ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢ (¸³.
¢ É¥±¸É¥), ´  ·¨¸. (¡) ±·¨¢ Ö ¶·µ¢¥¤¥´  ¤²Ö ´ £²Ö¤´µ¸É¨

�¨¸. 2. ’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³µ¸ÉÓ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ (a) ¨ ¸¤¢¨£  Î ¸ÉµÉÒ ¶·¥Í¥¸-
¸¨¨ ¸¶¨´  ³Õµ´  (¡) ¢ ±·¥³´¨¨ ¸ ±µ´Í¥´É· Í¨¥° ¶·¨³¥¸¨ Ëµ¸Ëµ·  1,9 · 1013 ¸³−3.
’¥³´Ò¥ ±·Ê¦±¨ Å ¤ ¢²¥´¨¥ ´  µ¡· §Í¥ ¸µ¸É ¢²Ö¥É 1,7 ±¡ ·, ¸¢¥É²Ò¥ ±·Ê¦±¨ Å ¤ -
¢²¥´¨¥ µÉ¸ÊÉ¸É¢Ê¥É. Š·¨¢Ò¥ ¶·µ¢¥¤¥´Ò ¶µ ³¥Éµ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éµ¢ (¸³. É¥±¸É)

³Õµ´ . H ¶· ¢²¥´¨¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ¸µ¢¶ ¤ ²µ ¸ Ê± § ´´Ò³ ´ ¶· ¢²¥´¨¥³
µ¸¨ ±·¨¸É ²² . „ ¢²¥´¨¥ ´  µ¡· §ÍÒ º 1 ¨ º 2 ¸µ¸É ¢²Ö²µ 3,0 ¨ 1,7 ±¡ · ¸µ-
µÉ¢¥É¸É¢¥´´µ. „ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¢ Ê¸²µ¢¨ÖÌ ¶·¨²µ¦¥´¨Ö ¸É É¨Î¥¸±µ£µ ¤ -
¢²¥´¨Ö ± µ¡· §Í ³, ¸· ¢´¨¢ ÕÉ¸Ö ´  ·¨¸Ê´± Ì c  ´ ²µ£¨Î´Ò³¨ ·¥§Ê²ÓÉ É ³¨
¨§³¥·¥´¨° ¢ µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö. Š ± ¢¨¤´µ ¨§ ·¨¸. 1 ¨ 2, ¢ ·¥-
§Ê²ÓÉ É¥ ¶·¨²µ¦¥´¨Ö ± µ¡· §ÍÊ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ¶·µ¨¸Ìµ¤¨É ¸ÊÐ¥¸É¢¥´´µ¥
¨§³¥´¥´¨¥ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ ¸¶¨´  ³Õµ´ . �µ²¥¥ Éµ£µ, ¨§³¥´Ö¥É¸Ö É ±¦¥
¨ ¢¨¤ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨.

‚ µÉ²¨Î¨¥ µÉ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨, ¢²¨Ö´¨¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ´  ¸¤¢¨£
Î ¸ÉµÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õµ´  ¢ µ¡µ¨Ì µ¡· §Í Ì Ö¢²Ö¥É¸Ö ´¥§´ Î¨É¥²Ó´Ò³.
�É¨ ·¥§Ê²ÓÉ ÉÒ ´¥ ¶·µÉ¨¢µ·¥Î É ¶·¥¤¢ ·¨É¥²Ó´Ò³ É¥µ·¥É¨Î¥¸±¨³ µÍ¥´± ³
[13]. �µ ¤ ´´Ò³ [13] ´ ¨¡µ²¥¥ ¸¨²Ó´µ¥ ¢²¨Ö´¨¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ´  ¸¤¢¨£
Î ¸ÉµÉÒ µ¦¨¤ ¥É¸Ö ¶·¨ ¸¦ É¨¨ ±·¨¸É ²²  ±·¥³´¨Ö ¶µ µ¸¨ [011].

‘µ£² ¸´µ [14] ¨³¥ÕÉ ³¥¸Éµ ¸²¥¤ÊÕÐ¨¥  ´ ²¨É¨Î¥¸±¨¥ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê
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’ ¡²¨Í  1. ‡´ Î¥´¨¥ ¶ · ³¥É·µ¢ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨
³ £´¨É´µ£µ ³µ³¥´É   ±Í¥¶Éµ·´µ£µ Í¥´É·  ¢ ±·¥³´¨¨: ν = C · T α

� · ³¥É·
�¡· §¥Í º 1 �¡· §¥Í º 2

„ ¢²¥´¨¥, ±¡ · „ ¢²¥´¨¥, ±¡ ·
0 3 0 1,7

C, ³±¸−1 4,4 ± 2,6 0,02 ± 0,01 60 ± 20 0,15 ± 0,08

α 2,7 ± 0,2 4,8 ± 0,3 2,0 ± 0,1 3,8 ± 0,2

¢¥²¨Î¨´ ³¨, Ì · ±É¥·¨§ÊÕÐ¨³¨ ¢·¥³¥´´�ÊÕ Ô¢µ²ÕÍ¨Õ ¢¥±Éµ·  ¶µ²Ö·¨§ Í¨¨
³Õµ´  ´  1S-Ê·µ¢´¥ ¢  Éµ³¥ µAl, ¨ ¢¥²¨Î¨´ ³¨, ±µÉµ·Ò¥ Ì · ±É¥·¨§ÊÕÉ ¢§ -
¨³µ¤¥°¸É¢¨¥ ¤ ´´µ£µ �– ¢ ·¥Ï¥É±¥ ±·¥³´¨Ö:

∆ω

ω0
= −gµB

2µµ
B

J(J + 1)A
3kBT

, (1)

λ =
J(J + 1)

3

(
(A/�)2

ν
+

(A/�)2ν
ν2 + ω2

e

)
, (2)

£¤¥ A Ä ±µ´¸É ´É  ¸¢¥·ÌÉµ´±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ³Õµ´  ¨ Ô²¥±É·µ´´µ° µ¡µ-
²µÎ±¨ �–; ν Ä ¸±µ·µ¸ÉÓ ·¥² ±¸ Í¨¨ ³ £´¨É´µ£µ ³µ³¥´É  �–; � = h/2π, h Ä
¶µ¸ÉµÖ´´ Ö �² ´± ; kB Ä ¶µ¸ÉµÖ´´ Ö �µ²ÓÍ³ ´ ; µB ¨ µµ

B Ä ³ £´¥Éµ´ �µ· 
¤²Ö Ô²¥±É·µ´  ¨ ³Õµ´  ¸µµÉ¢¥É¸É¢¥´´µ; g Ä g-Ë ±Éµ· ¤²Ö �–; ωe = gµBB/� Ä
Ê£²µ¢ Ö Î ¸ÉµÉ  ¶·¥Í¥¸¸¨¨ ³ £´¨É´µ£µ ³µ³¥´É  Ô²¥±É·µ´´µ° µ¡µ²µÎ±¨ �– ¢
³ £´¨É´µ³ ¶µ²¥ B; T Ä É¥³¶¥· ÉÊ· . „²Ö ³¥²±µ£µ �– ¢ ±·¥³´¨¨ J = 3/2 [9],
g = −1,07 [15].

‚ ·¥§Ê²ÓÉ É¥  ¶¶·µ±¸¨³ Í¨¨ ËÊ´±Í¨¨ (1) ± Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³
¶µ ¸¤¢¨£Ê Î ¸ÉµÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õµ´  ¤²Ö µ¡· §Í  º 2 ¢ µ¡² ¸É¨ É¥³¶¥· -
ÉÊ· � 50 K ¡Ò²¨ ¶µ²ÊÎ¥´Ò §´ Î¥´¨Ö ±µ´¸É ´ÉÒ ¸¢¥·ÌÉµ´±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö
A/h = (32,0 ± 0,9) ŒƒÍ ¢ µÉ¸ÊÉ¸É¢¨¥ ¨ A/h = (26,3 ± 1,0) ŒƒÍ ¢ ¶·¨-
¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö. Š·¨¢ Ö ´  ·¨¸. 2, ¡ ¸µµÉ¢¥É¸É¢Ê¥É ´ ¨²ÊÎÏ¥°
 ¶¶·µ±¸¨³ Í¨¨ ¤ ´´ÒÌ ¢ µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ´  µ¡· §Í¥.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¸±µ·µ¸É¨ ·¥-
² ±¸ Í¨¨ ¸¶¨´  ³Õµ´  ¡Ò²¨ Ë¨É¨·µ¢ ´Ò § ¢¨¸¨³µ¸ÉÓÕ (2). �·¨ ÔÉµ³ ¶·¨´¨-
³ ²µ¸Ó (¸³. [2]), ÎÉµ §´ Î¥´¨¥ ±µ´¸É ´ÉÒ ¸¢¥·ÌÉµ´±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö · ¢´µ
A/h = 26,5 ŒƒÍ ¨ ¸±µ·µ¸ÉÓ ·¥² ±¸ Í¨¨ ³ £´¨É´µ£µ ³µ³¥´É   ±Í¥¶Éµ·´µ£µ
Í¥´É·  µAl § ¢¨¸¨É µÉ É¥³¶¥· ÉÊ·Ò ± ± ν = C · T α. �µ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö
¶ · ³¥É·µ¢ C ¨ α ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

„²Ö µ¡· §Í  º 1 ¢ µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö §´ Î¥´¨¥ α ¡²¨§±µ ±
É·¥³, ÎÉµ Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ¶µ²ÊÎ¥´´Ò³¨ ´ ³¨ · ´¥¥ ¤ ´´Ò³¨ (¸³., ´ -
¶·¨³¥·, [2]) ¤²Ö ¤ ´´µ£µ µ¡· §Í . ‚ Éµ ¦¥ ¢·¥³Ö ¢ ¸²ÊÎ ¥ µ¡· §Í  º 2 ¢
µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö α � 2.
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‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¤²Ö ¡µ²¥¥ 10 µ¡· §Íµ¢ n- ¨ p-É¨¶  ±·¥³´¨Ö ¸
±µ´Í¥´É· Í¨¥° ¶·¨³¥¸¨ � 2 · 1017 ¸³−3, ¨§ÊÎ¥´´ÒÌ ´ ³¨ · ´¥¥ ¢ Ê¸²µ¢¨ÖÌ
µÉ¸ÊÉ¸É¢¨Ö ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö, α � 3 [2]. ’µ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¢ ¸²ÊÎ ¥
µ¡· §Í  º 2 ¶µ²ÊÎ¥´´´µ¥ ¢ µÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö §´ Î¥´¨¥ α ¡²¨§±µ
± ¤¢Ê³, ¢µ§³µ¦´µ, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ § ¢¨¸¨³µ¸É¨ ν µÉ ¢§ ¨³´µ° µ·¨¥´É Í¨¨
µ¸¨ ±·¨¸É ²²  ¨ ¢´¥Ï´¥£µ ³ £´¨É´µ£µ ¶µ²Ö.

�¨¸. 3. � ¸Ð¥¶²¥´¨¥ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ³¥²±µ£µ  ±Í¥¶Éµ·´µ£µ Í¥´É·  ¢ ±·¥³´¨¨ ¢
³ £´¨É´µ³ ¶µ²¥ B: a) ¢ µÉ¸ÊÉ¸É¢¨¥ ¸¦ É¨Ö, ¡) ¶·¨ µ¤´µµ¸´µ³ ¸¦ É¨¨ ±·¨¸É ²²  (∆ Å
Ô´¥·£¨Ö ¤¥Ëµ·³ Í¨¨). �Ê´±É¨·´Ò³¨ ²¨´¨Ö³¨ ¶µ± § ´µ · ¸Ð¥¶²¥´¨¥, ¢µ§´¨± ÕÐ¥¥ ¢
·¥§Ê²ÓÉ É¥ ¸²ÊÎ °´ÒÌ ¢´ÊÉ·¥´´¨Ì ´ ¶·Ö¦¥´¨°

Š ± ¸²¥¤Ê¥É ¨§ ¤ ´´ÒÌ, ¶·¨¢¥¤¥´´ÒÌ ¢ É ¡². 1, ¢ ·¥§Ê²ÓÉ É¥ ¶·¨²µ¦¥´¨Ö
¢´¥Ï´¥£µ ¸É É¨Î¥¸±µ£µ ¤ ¢²¥´¨Ö ¶ · ³¥É· C ¢ ¢Ò· ¦¥´¨¨ ¤²Ö ¸±µ·µ¸É¨ ·¥-
² ±¸ Í¨¨ ³ £´¨É´µ£µ ³µ³¥´É  �– Ê³¥´ÓÏ ¥É¸Ö ¡µ²¥¥ Î¥³ ´  ¤¢  ¶µ·Ö¤± ,  
¶µ± § É¥²Ó ¸É¥¶¥´¨ α Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨³¥·´µ ´  ¤¢¥ ¥¤¨´¨ÍÒ.

H ¡²Õ¤ ¥³ Ö § ¢¨¸¨³µ¸ÉÓ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ ³ £´¨É´µ£µ ³µ³¥´É   ±-
Í¥¶Éµ·´µ£µ Í¥´É·  ¢ ±·¥³´¨¨ µÉ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ¸ É¥µ·¥É¨Î¥¸±µ° ÉµÎ±¨
§·¥´¨Ö Ö¢²Ö¥É¸Ö ¶µ´ÖÉ´µ°, ÌµÉÖ ±µ²¨Î¥¸É¢¥´´Ò¥ · ¸Î¥ÉÒ ¤ ´´µ£µ ÔËË¥±É 
¤µ ¸¨Ì ¶µ· µÉ¸ÊÉ¸É¢ÊÕÉ (¢¢¨¤Ê ¨Ì ¸²µ¦´µ¸É¨). ‘µ£² ¸´µ [9], Î¥ÉÒ·¥Ì±· É´µ
¢Ò·µ¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ÔËË¥±É¨¢´µ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸ Ëµ´µ´´Ò³ ¶µ²¥³ ¢
±·¨¸É ²²¥ ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¤¥Ëµ·³ Í¨¨. �Éµ µ¡Ê¸²µ¢²¨¢ ¥É ¢Ò¸µ±ÊÕ ¸±µ·µ¸ÉÓ
·¥² ±¸ Í¨¨ ³ £´¨É´µ£µ ³µ³¥´É  �– ¤ ¦¥ ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì. ‚ ¸²Ê-
Î ¥ ¦¥ ¤¥Ëµ·³ Í¨¨ ±·¨¸É ²²  ¶µ¤ ¢´¥Ï´¨³ ¤ ¢²¥´¨¥³ Î¥ÉÒ·¥Ì±· É´µ ¢Ò·µ-
¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥  ±Í¥¶Éµ·´µ£µ Í¥´É·  · ¸Ð¥¶²Ö¥É¸Ö ´  ¤¢  ±· ³¥·¸µ¢¸±¨Ì
¤Ê¡²¥É  (¸³. ·¨¸. 3), ¢§ ¨³µ¤¥°¸É¢¨¥ ±µÉµ·ÒÌ ¸ Ëµ´µ´ ³¨ ·¥§±µ µ¸² ¡²¥´µ, ¨
¸µµÉ¢¥É¸É¢¥´´µ ¸±µ·µ¸ÉÓ ·¥² ±¸ Í¨¨ ³ £´¨É´µ£µ ³µ³¥´É   ±Í¥¶Éµ·´µ£µ Í¥´-
É·  Ê³¥´ÓÏ ¥É¸Ö.
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‡�Š‹�—…�ˆ…

‚¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ¶µ± § ´µ, ÎÉµ ¢¸²¥¤¸É¢¨¥ µ¤´µµ¸´µ£µ ¸¦ -
É¨Ö ±·¨¸É ²²  ¶·¨ É¥³¶¥· ÉÊ· Ì � 50 K ¨³¥¥É ³¥¸Éµ ¸ÊÐ¥¸É¢¥´´µ¥ ¨§³¥-
´¥´¨¥ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ ³ £´¨É´µ£µ ³µ³¥´É 
 ±Í¥¶Éµ·´µ£µ Í¥´É· . „²Ö ¶µ²ÊÎ¥´¨Ö ¡µ²¥¥ ¤¥É ²Ó´µ° ¨´Ëµ·³ Í¨¨ µ ¢²¨Ö-
´¨¨ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ´  ¢§ ¨³µ¤¥°¸É¢¨¥  ±Í¥¶Éµ·´µ° ¶·¨³¥¸¨ ¢ ·¥Ï¥É±¥
±·¥³´¨Ö ¶·¥¤¶µ² £ ¥É¸Ö ¨¸¸²¥¤µ¢ ´¨¥ § ¢¨¸¨³µ¸É¨ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ ¨
¸¤¢¨£  Î ¸ÉµÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õµ´  µÉ ¢¥²¨Î¨´Ò ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ¨ µÉ
µ·¨¥´É Í¨¨ ³ £´¨É´µ£µ ¶µ²Ö µÉ´µ¸¨É¥²Ó´µ µ¸¨ ±·¨¸É ²² .

�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¶·¨§´ É¥²Ó´µ¸ÉÓ ‚. ‘. …£µ·µ¢Ê (�H– ®ŠÊ·Î Éµ¢¸±¨°
¨´¸É¨ÉÊÉ¯) §  ¶·¥¤µ¸É ¢²¥´¨¥ µ¡· §Í  É¥´§µ¤ ÉÎ¨±  ¨ H. Ÿ. Œ¨´¨´µ° (± -
Ë¥¤·  Ë¨§¨±¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Œƒ“) §  ¶µ¤·µ¡´ÊÕ ±µ´¸Ê²ÓÉ Í¨Õ ¶µ ¨¸-
¶µ²Ó§µ¢ ´¨Õ É¥´§µ·¥§¨¸Éµ·µ¢ ¤²Ö ¨§³¥·¥´¨Ö ´ ¶·Ö¦¥´¨Ö ±·¨¸É ²² .

�¢Éµ·Ò ¡² £µ¤ ·´Ò ¤¨·¥±Í¨¨ ˆ´¸É¨ÉÊÉ  � Ê²Ö ˜¥··¥·  (˜¢¥°Í ·¨Ö) § 
¶·¥¤µ¸É ¢²¥´¨¥ ¢µ§³µ¦´µ¸É¨ ¶·µ¢¥¤¥´¨Ö ´ ¸ÉµÖÐ¨Ì ¨§³¥·¥´¨°.

� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ ¶µ¤¤¥·¦±¥ �µ¸¸¨°¸±µ£µ Ëµ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ
¨¸¸²¥¤µ¢ ´¨°, ¶·µ¥±É 02-02-16881.
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