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Mamedov T. N. et al. P14-2004-104

Investigation of the Boron Acceptor Impurity

in Synthetic Diamond by the �
�SR-method

The primary results in the investigation of boron acceptor centers in synthetic dia-

mond by the �
�SR-method are presented. Atoms of �B acceptor impurity in the sample

were created by implantation of negative muons. The polarization of muons was stud-

ied in a magnetic field of 2.5 kGs transverse to the direction of the muon spin

in the temperature range 4 2 300. – K. It was found that �B acceptor in diamond exists

in both diamagnetic (ionized) and paramagnetic states. The fraction of the diamagnetic

state increases non-monotonously as the temperature increases.

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.

Communication of the Joint Institute for Nuclear Research. Dubna, 2004
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Èññëåäîâàíèå àêöåïòîðíîé ïðèìåñè áîðà

â èñêóññòâåííîì àëìàçå �
�SR-ìåòîäîì

Ïðåäñòàâëåíû ïåðâûå ðåçóëüòàòû, ïîëó÷åííûå â èññëåäîâàíèè àêöåïòîð-

íûõ öåíòðîâ áîðà â èñêóññòâåííîì àëìàçå �
�SR-ìåòîäîì. Àòîìû àêöåïòîðíîé

ïðèìåñè �B â îáðàçöå ñîçäàâàëèñü ïóòåì èìïëàíòàöèè îòðèöàòåëüíûõ ìþîíîâ.

Ïîëÿðèçàöèÿ ìþîíîâ áûëà èññëåäîâàíà â ïîïåðå÷íîì ñïèíó ìþîíà ìàãíèòíîì

ïîëå âåëè÷èíîé 2,5 êÃñ â äèàïàçîíå òåìïåðàòóð 4 2 300, – Ê. Îáíàðóæåíî, ÷òî àê-

öåïòîðíûé öåíòð �B â àëìàçå íàõîäèòñÿ êàê â äèàìàãíèòíîì (èîíèçîâàííîì),

òàê è â ïàðàìàãíèòíîì ñîñòîÿíèÿõ. Ñ ðîñòîì òåìïåðàòóðû âêëàä äèàìàãíèòíîé

ôðàêöèè óâåëè÷èâàåòñÿ íåìîíîòîííûì îáðàçîì.

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

ïðè ïîääåðæêå Ðîññèéñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé, ïðîåêò

02-02-16881.
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�²³ § ± ± ¶µ²Ê¶·µ¢µ¤´¨±, µ¡² ¤ ÕÐ¨° ¢Ò¸µ±µ° ³¥Ì ´¨Î¥¸±µ° ¶·µÎ´µ-
¸ÉÓÕ, É¥¶²µ¶·µ¢µ¤´µ¸ÉÓÕ ¨ · ¤¨ Í¨µ´´µ° Ê¸Éµ°Î¨¢µ¸ÉÓÕ, ¤ ¢´µ ¶·¨¢²¥± ¥É
± ¸¥¡¥ ¢´¨³ ´¨¥ ¸ ÉµÎ±¨ §·¥´¨Ö ¨§£µÉµ¢²¥´¨Ö ´  ¥£µ µ¸´µ¢¥ ¤¥É¥±Éµ·µ¢ Ö¤¥·-
´µ£µ ¨§²ÊÎ¥´¨Ö ¨ Ô²¥³¥´Éµ¢ É¢¥·¤µÉ¥²Ó´µ° Ô²¥±É·µ´¨±¨, ¸¶µ¸µ¡´ÒÌ · ¡µ-
É ÉÓ ¢ Ê¸²µ¢¨ÖÌ ¸¨²Ó´ÒÌ · ¤¨ Í¨µ´´ÒÌ ¨ É¥¶²µ¢ÒÌ ´ £·Ê§µ± (¸³., ´ ¶·¨³¥·,
[1]). ‘ÊÐ¥¸É¢¥´´Ò° ¶·µ£·¥¸¸ [2, 3], ¤µ¸É¨£´ÊÉÒ° ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ¢ É¥Ì´µ²µ-
£¨¨ ¶µ²ÊÎ¥´¨Ö ¢Ò¸µ±µ± Î¥¸É¢¥´´ÒÌ ¶µ²¨±·¨¸É ²²¨Î¥¸±¨Ì ¨ ±·¨¸É ²²¨Î¥¸±¨Ì
¶²¥´µ± ¨¸±Ê¸¸É¢¥´´µ£µ  ²³ §  Éµ²Ð¨´µ° 200 Ä 300 ³±³ ¨ ¡µ²¥¥, ¤¥² ¥É ·¥-
 ²Ó´Ò³ ¸µ§¤ ´¨¥ ¢ ¡²¨¦ °Ï¨¥ £µ¤Ò ´  µ¸´µ¢¥  ²³ §  ¤¥É¥±Éµ·µ¢ Ö¤¥·´µ£µ
¨§²ÊÎ¥´¨Ö ¨ Ô²¥³¥´Éµ¢ Ô²¥±É·µ´¨±¨.

�¸´µ¢´Ò³¨ Ô²¥±É·¨Î¥¸±¨  ±É¨¢´Ò³¨ ¶·¨³¥¸Ö³¨ ¢  ²³ §¥ Ö¢²ÖÕÉ¸Ö  Éµ³Ò
 §µÉ  ¨ ¡µ·  [1, 4, 5]. �¤´ ±µ  Éµ³Ò  §µÉ  ¢  ²³ §¥ µ¡· §ÊÕÉ µÎ¥´Ó £²Ê¡µ±¨¥
¤µ´µ·´Ò¥ Ê·µ¢´¨ (Ec = 1,7 Ô‚ ¨ Ec = 4,0 Ô‚ ¶·¨ Ï¨·¨´¥ § ¶·¥Ð¥´´µ° §µ´Ò
Eg = 5,4 Ô‚), ¨ ¶µÔÉµ³Ê ¶·¨³¥´¥´¨¥  ²³ §  ¸ ¶·¨³¥¸ÓÕ  §µÉ  ¢ Ô²¥±É·µ´´ÒÌ
Ê¸É·µ°¸É¢ Ì § É·Ê¤´¥´µ. ‡ ³¥Ð ÕÐ¨¥  Éµ³Ò ¡µ·  ¢ ·¥Ï¥É±¥  ²³ §  µ¡· §ÊÕÉ
µÉ´µ¸¨É¥²Ó´µ ´¥£²Ê¡µ±¨¥  ±Í¥¶Éµ·´Ò¥ Í¥´É·Ò (Ev = 0,37 Ô‚ [6, 7]). � ¸-
É¢µ·¨³µ¸ÉÓ  Éµ³µ¢ ¡µ·  ¢  ²³ §¥ ¤µ¸É ÉµÎ´µ ¢Ò¸µ± Ö (∼ 1021 ¸³−3), ¨ ±·¨-
É¨Î¥¸± Ö ±µ´Í¥´É· Í¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¶¥·¥Ìµ¤Ê ¶µ²Ê¶·µ¢µ¤´¨±Ä³¥É ²²,
¸µ¸É ¢²Ö¥É nc = 2 · 1020 ¸³−3 [4, 8].

Š ± ¨ ¢ ¤·Ê£¨Ì ¶µ²Ê¶·µ¢µ¤´¨± Ì ¸ ±·¨¸É ²²¨Î¥¸±µ° ¸É·Ê±ÉÊ·µ°  ²³ § ,
���-¸¨£´ ²  ±Í¥¶Éµ·´ÒÌ ¶·¨³¥¸¥° ¢  ²³ §¥ ´ ¡²Õ¤ ²¸Ö ²¨ÏÓ ¢ ¤¥Ëµ·³¨-
·µ¢ ´´ÒÌ µ¡· §Í Ì [9]. �·¨ ÔÉµ³ ·¥§µ´ ´¸´ Ö ²¨´¨Ö ´ ¸Éµ²Ó±µ Ï¨·µ± Ö,
ÎÉµ ¸¢¥·ÌÉµ´± Ö ¸É·Ê±ÉÊ·  ´¥ ´ ¡²Õ¤ ¥É¸Ö, ¨ ¸µµÉ¢¥É¸É¢¥´´µ ¨§ ÔÉ¨Ì ¤ ´´ÒÌ
µ¶·¥¤¥²¥´¨¥ ±µ´¸É ´ÉÒ ¸¢¥·ÌÉµ´±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö  ±Í¥¶Éµ·´µ£µ Í¥´É· 
´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢µ§³µ¦´Ò³.

�¥§Ê²ÓÉ ÉÒ [10Ä13], ¤µ¸É¨£´ÊÉÒ¥ ¢ ¨§ÊÎ¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö  ±Í¥¶Éµ·´µ°
¶·¨³¥¸¨  ²Õ³¨´¨Ö ¢ ·¥Ï¥É±¥ ±·¥³´¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶ÊÎ±µ¢ ¶µ²Ö·¨§µ-
¢ ´´ÒÌ µÉ·¨Í É¥²Ó´ÒÌ ³Õµ´µ¢, ¤ ÕÉ ¤µ¸É ÉµÎ´µ¥ µ¸´µ¢ ´¨¥ ¶µ² £ ÉÓ, ÎÉµ
¶·¨³¥´¥´¨¥ ¤ ´´µ£µ ³¥Éµ¤  ¶µ§¢µ²¨É, ÌµÉÖ ¡Ò Î ¸É¨Î´µ, § ¶µ²´¨ÉÓ ¶·µ¡¥²,
¨³¥ÕÐ¨°¸Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ³ ¨¸¸²¥¤µ¢ ´¨¨  ±Í¥¶Éµ·-
´µ° ¶·¨³¥¸¨ ¡µ·  ¢  ²³ §¥. ‚µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶µ²Ö·¨§µ¢ ´´ÒÌ µÉ-
·¨Í É¥²Ó´ÒÌ ³Õµ´µ¢ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ¢§ ¨³µ¤¥°¸É¢¨°  ±Í¥¶Éµ·´µ° ¶·¨³¥¸¨
¢  ²³ §¥ µ¡Ê¸²µ¢²¥´  É¥³, ÎÉµ ¶·¨ § Ì¢ É¥ ³Õµ´   Éµ³µ³ Ê£²¥·µ¤  µ¡· §µ¢ ¢-
Ï¨°¸Ö ³Õµ´´Ò°  Éµ³ µB ¸ ÉµÎ±¨ §·¥´¨Ö ¸É·µ¥´¨Ö ¥£µ Ô²¥±É·µ´´µ° µ¡µ²µÎ±¨
¨³¨É¨·Ê¥É  Éµ³ ¡µ· . �·¨ ÔÉµ³ ¶µ²Ö·¨§ Í¨Ö ³Õµ´  µ¶·¥¤¥²Ö¥É¸Ö ¸µ¸ÉµÖ´¨¥³
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Ô²¥±É·µ´´µ° µ¡µ²µÎ±¨ (¶ · ³ £´¨É´µ¥ ¨²¨ ¤¨ ³ £´¨É´µ¥) ³Õµ´´µ£µ  Éµ³  Å
 ±Í¥¶Éµ·´µ£µ Í¥´É·  (�–), ¸¢¥·ÌÉµ´±¨³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¢ �– ¨ ¢§ ¨³µ¤¥°-
¸É¢¨Ö³¨ �– ¸µ ¸·¥¤µ°. ‘µµÉ¢¥É¸É¢¥´´µ, ¨¸¸²¥¤ÊÖ ¢·¥³¥´´�ÊÕ Ô¢µ²ÕÍ¨Õ ¶µ-
²Ö·¨§ Í¨¨ ³Õµ´µ¢, µ¸É ´µ¢¨¢Ï¨Ì¸Ö ¢  ²³ §¥, ³µ¦´µ ¶µ²ÊÎ ÉÓ ¨´Ëµ·³ Í¨Õ
µ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ  ±Í¥¶Éµ·´µ° ¶·¨³¥¸¨ ¡µ·  ¢ ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¥
 ²³ § .

1. ˆ‡Œ…�…�ˆŸ

ˆ§³¥·¥´¨Ö ¡Ò²¨ ¢Ò¶µ²´¥´Ò ´  ¸¶¥±É·µ³¥É·¥ GPD [14], · ¸¶µ²µ¦¥´´µ³
´  ³Õµ´´µ³ ± ´ ²¥ µE1 Ê¸±µ·¨É¥²Ö ¶·µÉµ´µ¢ ˆ´¸É¨ÉÊÉ  � Ê²Ö ˜¥··¥· 
(PSI, ˜¢¥°Í ·¨Ö). �¥·¶¥´¤¨±Ê²Ö·´µ¥ ± ´ ¶· ¢²¥´¨Õ ¢¥±Éµ·  ´ Î ²Ó´µ° ¶µ-
²Ö·¨§ Í¨¨ ¸¶¨´  ³Õµ´  µ¤´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. ˆ§³¥·¥´¨Ö ¶·µ¢µ¤¨²¨¸Ó ¢ £¥²¨¥¢µ³
±·¨µ¸É É¥, ÎÉµ ¶µ§¢µ²Ö²µ ¨§³¥´ÖÉÓ É¥³¶¥· ÉÊ·Ê ¢ ¤¨ ¶ §µ´¥ 4,2−300 K. ’¥³-
¶¥· ÉÊ·  µ¡· §Í  ¸É ¡¨²¨§¨·µ¢ ² ¸Ó ¸ ÉµÎ´µ¸ÉÓÕ ´¥ ÌÊ¦¥ 0,1 K.

‚ ¨§³¥·¥´¨ÖÌ ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ³¥²±µ±·¨¸É ²²¨Î¥¸±¨°  ²³ §, ¶µ²ÊÎ¥´-
´Ò° ³¥Éµ¤µ³ ¸¶µ´É ´´µ£µ ¸¨´É¥§  ¶·¨ ¤ ¢²¥´¨¨ 5,5 ƒ�  ¨ É¥³¶¥· ÉÊ·¥ 1620 K
(¸³. [15]) ¨ µÉ¸µ·É¨·µ¢ ´´Ò° ¶µ · §³¥·´µ¸É¨ §¥·´  ¢ ¨´É¥·¢ ²¥ 120−180 ³±³.

ˆ§¢¥¸É´µ, ÎÉµ ¸¨´É¥É¨Î¥¸±¨°  ²³ §, ¶µ²ÊÎ¥´´Ò° ¢ÒÏ¥Ê± § ´´Ò³ ¸¶µ¸µ-
¡µ³, ¸µ¤¥·¦¨É ¶·¨³¥¸Ó  Éµ³µ¢  §µÉ ,  ²Õ³¨´¨Ö, ³ ·£ ´Í , ¦¥²¥§  ¨ ´¨±¥²Ö.
Š ± ¶µ± §Ò¢ ÕÉ ¨¸¸²¥¤µ¢ ´¨Ö [16], ±µ´Í¥´É· Í¨Ö ¶·¨³¥¸´ÒÌ  Éµ³µ¢, ´ Ìµ-
¤ÖÐ¨Ì¸Ö ¢ ¶ · ³ £´¨É´µ³ ¸µ¸ÉµÖ´¨¨, ¢  ²³ §¥ ¸µ¸É ¢²Ö¥É ∼ 1017 ¸³−3, ÌµÉÖ
µ¡Ð Ö ±µ´Í¥´É· Í¨Ö ¶·¨³¥¸¥° ³µ¦¥É ¤µ¸É¨£ ÉÓ 0,1 % ( Éµ³Ò ³ ·£ ´Í , ¦¥-
²¥§  ¨ ´¨±¥²Ö ¢ µ¸´µ¢´µ³ ´ Ìµ¤ÖÉ¸Ö ¢ ¢¨¤¥ ¢±²ÕÎ¥´¨°).

‚·¥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 ¨§³¥·¥´¨Ö ¢·¥³¥´´�µ£µ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¨§
·¥ ±Í¨¨ µ− → e− + ν̄e + νµ. �·¨ ÔÉµ³ § ¢¨¸¨³µ¸ÉÓ ±µ²¨Î¥¸É¢  § ·¥£¨¸É·¨·µ-
¢ ´´ÒÌ Ô²¥±É·µ´µ¢ µÉ ¢·¥³¥´¨ (¶µ µÉ´µÏ¥´¨Õ ± ¢·¥³¥´¨ µ¸É ´µ¢±¨ ³Õµ´µ¢
¢ µ¡· §Í¥) ¨³¥¥É ¢¨¤ Ô±¸¶µ´¥´ÉÒ, ³µ¤Ê²¨·µ¢ ´´µ° ËÊ´±Í¨¥° P (t). Œ¥Éµ¤¨± 
¨§³¥·¥´¨° ¨ ¶·µÍ¥¤Ê·  ¢µ¸¸É ´µ¢²¥´¨Ö ËÊ´±Í¨¨ ¶µ²Ö·¨§ Í¨¨ ¸¶¨´  ³Õµ´ 
P (t) ¨§  ¶¶ · ÉÊ·´ÒÌ µ−SR-¸¶¥±É·µ¢ ¶µ¤·µ¡´µ µ¶¨¸ ´Ò ¢ [10, 11].

2. �…‡“‹œ’�’›

�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¶µ²Ö·¨§ Í¨¨ P0(T )/
P0(300 K), £¤¥ P0 = P (t = 0), ¨ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ λ ¸¶¨´  µÉ·¨Í É¥²Ó´µ£µ
³Õµ´  ¢ ¨¸±Ê¸¸É¢¥´´µ³  ²³ §¥ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸Ê´±¥. ‚µ ¢¸¥³ ¤¨ ¶ §µ´¥
É¥³¶¥· ÉÊ· ´ ¡²Õ¤ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´ Ö µ¸É ÉµÎ´ Ö ¶µ²Ö·¨§ Í¨Ö µÉ·¨Í É¥²Ó-
´ÒÌ ³Õµ´µ¢ ¨ ·¥² ±¸ Í¨Ö ¸¶¨´  ³Õµ´  ¸µ ¸±µ·µ¸ÉÓÕ 0,2 Ä 0,4 ³±¸−1. �·¨
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±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ´ ¡²Õ¤ ¥³µ¥ ¢ ´ Î ²Ó´Ò° ³µ³¥´É ¢·¥³¥´¨ §´ Î¥´¨¥
¶µ²Ö·¨§ Í¨¨ ³Õµ´  ¢  ²³ §¥ ¢ ¶·¥¤¥² Ì µÏ¨¡±¨ ¸µ¢¶ ¤ ¥É ¸ ¶µ²Ö·¨§ Í¨¥°
¢ £· Ë¨É¥. �¥ ±Éµ·´Ò° £· Ë¨É ¨¸¶µ²Ó§µ¢ ²¸Ö ± ± ¸É ´¤ ·É´Ò° µ¡· §¥Í ¤²Ö
±µ´É·µ²Ö ¶µ²Ö·¨§ Í¨¨ ¶ÊÎ±  ³Õµ´µ¢. ‚ ´¥³ µ¸É ÉµÎ´ Ö ¶µ²Ö·¨§ Í¨Ö ³Õµ´ 
³ ±¸¨³ ²Ó´  ¨ ·¥² ±¸ Í¨Ö ¶µ²Ö·¨§ Í¨¨ µÉ¸ÊÉ¸É¢Ê¥É.

‚ µÉ²¨Î¨¥ µÉ ±·¥³´¨Ö (¸³., ´ ¶·¨³¥·, [10Ä13]), ¢  ²³ §¥ ¢µ ¢¸¥³ ¤¨ ¶ -
§µ´¥ É¥³¶¥· ÉÊ· Î ¸ÉµÉ  ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õµ´  ¢µ ¢´¥Ï´¥³ ³ £´¨É´µ³ ¶µ²¥
¸µ¢¶ ¤ ¥É ¸ Î ¸ÉµÉµ° ¶·¥Í¥¸¸¨¨ ¢ £· Ë¨É¥ ¸ ÉµÎ´µ¸ÉÓÕ 5 · 10−4.

‘µ¢¶ ¤¥´¨¥ Î ¸ÉµÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õµ´  ¢  ²³ §¥ ¸ ¥¥ §´ Î¥´¨¥³
¢ £· Ë¨É¥ ¨ ¶· ±É¨Î¥¸±¨ µÉ¸ÊÉ¸É¢¨¥ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¸±µ·µ¸É¨
·¥² ±¸ Í¨¨ ¶·¨ T � 150 K ¤ ¥É ¤µ¸É ÉµÎ´µ¥ µ¸´µ¢ ´¨¥ ¶µ² £ ÉÓ, ÎÉµ ´ ¡²Õ-
¤ ¥³ Ö Ë· ±Í¨Ö (¤ ²¥¥ ¤¨ ³ £´¨É´ Ö Ë· ±Í¨Ö) ¶µ²Ö·¨§ Í¨¨ ³Õµ´  ¸µµÉ¢¥É-
¸É¢Ê¥É ¤¨ ³ £´¨É´µ³Ê (¨µ´¨§µ¢ ´´µ³Ê) ¸µ¸ÉµÖ´¨Õ  ±Í¥¶Éµ·´µ£µ Í¥´É·  µB.
�·¨ ÔÉµ³ ·¥² ±¸ Í¨Ö ¶µ²Ö·¨§ Í¨¨ ³Õµ´ , ¶µ-¢¨¤¨³µ³Ê, µ¡Ê¸²µ¢²¥´  ¤¨¶µ²Ó-
´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¸¶¨´  ³Õµ´  ¸ ¶ · ³ £´¨É´Ò³¨ ¶·¨³¥¸Ö³¨ ¢ µ¡· §Í¥,  
´¥¤µ¸É ÕÐ Ö Ë· ±Í¨Ö ¶µ²Ö·¨§ Í¨¨ (1−P0(T )/P0(300 K)) ¸¢Ö§ ´  ¸ µ¡· §µ¢ -
´¨¥³  ±Í¥¶Éµ·´µ£µ Í¥´É·  ¢ ¶ · ³ £´¨É´µ³ ¸µ¸ÉµÖ´¨¨ ¨ ¢Ò¸µ±µ° ¸±µ·µ¸ÉÓÕ
·¥² ±¸ Í¨¨ ¸¶¨´  ³Õµ´  ¢ ÔÉµ³ ¸µ¸ÉµÖ´¨¨.

’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³µ¸ÉÓ ¶µ²Ö·¨§ Í¨¨ ¨ ¸±µ·µ¸É¨ ·¥² ±¸ Í¨¨ ¸¶¨´  ³Õµ´  ¢ ¨¸-
±Ê¸¸É¢¥´´µ³  ²³ §¥. ‹¨´¨¨ ¶·µ¢¥¤¥´Ò ¤²Ö ´ £²Ö¤´µ¸É¨

ˆ§ ·¨¸Ê´±  ¢¨¤´µ, ÎÉµ  ±Í¥¶Éµ·´Ò¥ Í¥´É·Ò µB ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì
(T � 10 K) ¸ ¢¥·µÖÉ´µ¸ÉÓÕ ∼ 40 % ´ Ìµ¤ÖÉ¸Ö ¢ ¨µ´¨§µ¢ ´´µ³ ¸µ¸ÉµÖ´¨¨.
‘ Ê¢¥²¨Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò ¢±² ¤ ¤¨ ³ £´¨É´µ° Ë· ±Í¨¨ ¢µ§· ¸É ¥É ¨ ¶·¨
±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ¸É ´µ¢¨É¸Ö ¡²¨§±¨³ ± ¥¤¨´¨Í¥. �¤´ ±µ ¤µ²Ö ¤¨ ³ £-
´¨É´µ° Ë· ±Í¨¨ Ö¢²Ö¥É¸Ö ´¥³µ´µÉµ´´µ° ËÊ´±Í¨¥° É¥³¶¥· ÉÊ·Ò. ‚ µ¡² ¸ÉÖÌ
5 Ä 10 ¨ 20 Ä 90 K ¥¥ ¢±² ¤ ´¥ § ¢¨¸¨É µÉ É¥³¶¥· ÉÊ·Ò,   ¢ ¨´É¥·¢ ²¥ 10 Ä 15 K
´ ¡²Õ¤ ¥É¸Ö ¸± Îµ± ¢ É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨.

‡´ Î¨É¥²Ó´ Ö ¤µ²Ö ¤¨ ³ £´¨É´µ° Ë· ±Í¨¨ ¶·¨³¥¸¨ µB ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ ¢Ò¸µ±µ° ¢¥·µÖÉ´µ¸É¨ ¨µ´¨§ Í¨¨ �– ¡µ·  ¢  ²³ §¥ ¸ ¢Ò¸µ±µ° ±µ´Í¥´-
É· Í¨¥° ¶·¨³¥¸¨  §µÉ . „²Ö ¢ÒÖ¸´¥´¨Ö ³¥Ì ´¨§³µ¢ ¨µ´¨§ Í¨¨ ¨ ¶·¨Î¨´Ò
´¥³µ´µÉµ´´µ° É¥³¶¥· ÉÊ·´µ° § ¢¨¸¨³µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¨µ´¨§ Í¨¨  ±Í¥¶Éµ·-
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´µ° ¶·¨³¥¸¨ ¡µ·  ¢  ²³ §¥ ¢ µ¡² ¸É¨ É¥³¶¥· ÉÊ· T < 300 K ¶·¥¤¶µ² £ ¥É¸Ö
¶·µ¢¥¤¥´¨¥ ¨¸¸²¥¤µ¢ ´¨° ¢ µ¡· §Í Ì ¸ · §´Ò³¨ ±µ´Í¥´É· Í¨Ö³¨ ¶·¨³¥¸¥°.

�¢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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