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� ² ÏμÕ Œ. ¨ ¤·. P14-2008-89
ˆ¸¸²¥¤μ¢ ´¨¥ ¸¢μ°¸É¢ ´ ´μ¸É·Ê±ÉÊ·¨·μ¢ ´´ÒÌ ³ £´¨É´ÒÌ ¸¨¸É¥³
´  μ¸´μ¢¥ Fe3O4 μSR-³¥Éμ¤μ³

Œ¥Éμ¤μ³ μSR ¨¸¸²¥¤μ¢ ´  Ë¥··μ¦¨¤±μ¸ÉÓ ´  μ¸´μ¢¥ ´ ´μÎ ¸É¨Í Fe3O4, ¤¨¸-
¶¥·£¨·μ¢ ´´ÒÌ ¢ ÉÖ¦¥²μ° ¢μ¤¥ D2O. 	±¸¶¥·¨³¥´É ¶·μ¢μ¤¨²¸Ö ¢ ¤¨ ¶ §μ´¥ É¥³-
¶¥· ÉÊ· 26Ä300 Š. � °¤¥´μ, ÎÉμ ¤¨ ³ £´¨É´ Ö (³Õμ´´ Ö) Ë· ±Í¨Ö μ¡· §Ê¥É¸Ö
¢ Ë¥··μ¦¨¤±μ¸É¨ ¶·¨¡²¨§¨É¥²Ó´μ ¢ Éμ° ¦¥ ¶·μ¶μ·Í¨¨, ÎÉμ ¨ ¢ D2O, ´μ ¸±μ-
·μ¸ÉÓ ·¥² ±¸ Í¨¨ ¸¶¨´  ³Õμ´  §´ Î¨É¥²Ó´μ ¢ÒÏ¥ ¢ Ë¥··μ¦¨¤±μ¸É¨ ¶μ ¸· ¢´¥-
´¨Õ ¸ D2O. �¡´ ·Ê¦¥´ ¸ÊÐ¥¸É¢¥´´Ò° ¸¤¢¨£ Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´ 
¢ Ë¥··μ¦¨¤±μ¸É¨. �μ± § ´μ, ÎÉμ § ¢¨¸¨³μ¸ÉÓ ¸¤¢¨£  Î ¸ÉμÉÒ ³Õμ´´μ° ¶·¥Í¥¸-
¸¨¨ μÉ ¢¥²¨Î¨´Ò ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö μ¶¨¸Ò¢ ¥É¸Ö ËÊ´±Í¨¥° ‹ ´¦¥¢¥´ ,
Ì · ±É¥·´μ° ¤²Ö ´ ³ £´¨Î¥´´μ¸É¨ ¶ · ³ £´¥É¨±μ¢. ‚¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´μ
μ¶·¥¤¥²¥´  ¢¥²¨Î¨´  ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸·¥¤¥, ¢μ§´¨± ÕÐ¥£μ ¨§-§  ¶μ-
²Ö·¨§ Í¨¨ ³ £´¨É´ÒÌ ´ ´μÎ ¸É¨Í ¢μ ¢´¥Ï´¥³ ¶μ²¥. �μ²ÊÎ¥´Ò μÍ¥´±¨ · §³¥· 
´ ´μÎ ¸É¨Í.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ ¨ ¢ �¥É¥·¡Ê·£¸±μ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´μ° Ë¨§¨±¨ ¨³. �.�.Šμ´¸É ´É¨´μ¢ .
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Balasoiu M. et al. P14-2008-89
Study of the Properties of the Nanostructured Magnetic Systems
on the Fe3O4 Basis by the μSR-Technique

The ferro
uid on the basis of the Fe3O4 nanoparticles dispersed in the heavy
water D2O has been investigated by the μSR-technique. The experiment was carried
out at the temperatures 26Ä300 K. It was observed that muon (diamagnetic) fraction
is created in the ferro
uid approximately in the same proportion as in D2O; however,
the muon spin relaxation rate is considerably higher in the ferro
uid than in D2O.
The essential frequency shift of the muon spin precession in the ferro
uid was found.
It is shown that this frequency shift of the muon spin precession is described by the
Langevin function typical for the paramagnetic. The value of the mean ˇeld in the
matter due to polarization of the magnetic nanoparticles is determined experimentally
for the ˇrst time. The nanoparticles size was estimated.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR, and B. P. Konstantinov Petersburg Nuclear Physics Institute.
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�μ¸¢ÖÐ ¥É¸Ö ¶ ³ÖÉ¨ μ¤´μ£μ ¨§ μ¸´μ-
¢μ¶μ²μ¦´¨±μ¢ μSR-³¥Éμ¤  ‚ ¸¨²¨Ö
�²¥±¸ ´¤·μ¢¨Î  †Ê±μ¢ .

‚‚…„…�ˆ…

‚ ¶μ¸²¥¤´¨¥ £μ¤Ò ¸ÊÐ¥¸É¢¥´´μ ¢μ§·μ¸ ¨´É¥·¥¸ ± ¨¸¸²¥¤μ¢ ´¨Õ ´ ´μ-
¸É·Ê±ÉÊ·¨·μ¢ ´´ÒÌ ³ É¥·¨ ²μ¢. ‘·¥¤¨ ´¨Ì μ¸μ¡μ¥ ³¥¸Éμ § ´¨³ ÕÉ ³ É¥·¨-
 ²Ò, ¢ ±μÉμ·ÒÌ ³ £´¨É´Ò¥ ´ ´μÎ ¸É¨ÍÒ · ¸¶·¥¤¥²¥´Ò ¢ ´¥³ £´¨É´μ° ¸·¥¤¥.
�´¨ Ï¨·μ±μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ É¥Ì´¨±¥, ¶¥·¸¶¥±É¨¢´Ò³ Ö¢²Ö¥É¸Ö ¨Ì ¶·¨³¥´¥-
´¨¥ ¢ ³¥¤¨Í¨´¥, Ï¨·μ±μ μ¡¸Ê¦¤ ¥É¸Ö ¢ ²¨É¥· ÉÊ·¥ ¸μ§¤ ´¨¥ ´  ¨Ì μ¸´μ¢¥
³ £´¨É´ÒÌ ´ ±μ¶¨É¥²¥° ¸μ ¸¢¥·Ì¶²μÉ´μ° § ¶¨¸ÓÕ ¨´Ëμ·³ Í¨¨. � ÊÎ´Ò° ¨´-
É¥·¥¸ ± É ±¨³ ³ É¥·¨ ² ³ ¸¢Ö§ ´ ¸ ¨§ÊÎ¥´¨¥³ ¶·¨·μ¤Ò ³ £´¥É¨§³  ¢ μ¡Ñ¥±É Ì,
· §³¥·Ò ±μÉμ·ÒÌ ´¥ ¶·¥¢ÒÏ ÕÉ · §³¥·μ¢ ¤μ³¥´ . ‘¢¥¤¥´¨Ö μ ¤μ¸É¨¦¥´¨ÖÌ
¢ ¨§ÊÎ¥´¨¨ ¸¢μ°¸É¢ ³ £´¨É´ÒÌ ´ ´μÎ ¸É¨Í ³μ¦´μ ´ °É¨, ´ ¶·¨³¥·, ¢ μ¡§μ-
· Ì [1Ä5].

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´ ¨¡μ²¥¥ ¨´É¥´¸¨¢´μ ¨§ÊÎ ÕÉ¸Ö ³ £´¨É´Ò¥ ¸¨cÉ¥³Ò,
¸μ¸ÉμÖÐ¨¥ ¨§ ³ £´¨É´ÒÌ ´ ´μÎ ¸É¨Í ³ £´¥É¨É  Fe3O4 (¨²¨ MeFe2O4, £¤¥
Me Å ÔÉμ Mg, Cr, Mn, Fe, Co, Zn), ¤¨¸¶¥·£¨·μ¢ ´´ÒÌ ¢ μ·£ ´¨Î¥¸±¨Ì ¨²¨
´¥μ·£ ´¨Î¥¸±¨Ì ¦¨¤±¨Ì ¸·¥¤ Ì. ‘É ¡¨²Ó´μ¸ÉÓ ³ £´¨É´ÒÌ ¦¨¤±μ¸É¥° ¤μ¸É¨-
£ ¥É¸Ö ¶μ±·ÒÉ¨¥³ ³ £´¨É´ÒÌ ´ ´μÎ ¸É¨Í ¶μ¢¥·Ì´μ¸É´μ- ±É¨¢´Ò³ ¢¥Ð¥¸É¢μ³
(��‚), ¶·¥¤μÉ¢· Ð ÕÐ¨³ ¨Ì ¸²¨¶ ´¨¥ §  ¸Î¥É ¸¨² ‚ ´-¤¥·-‚  ²Ó¸  ¨ ³ £´¨É-
´ÒÌ ¤¨¶μ²Ó-¤¨¶μ²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. �·¨ É¥³¶¥· ÉÊ· Ì ´¨¦¥ É¥³¶¥· ÉÊ·Ò
ŠÕ·¨ ¤²Ö Fe3O4 ± ¦¤ Ö ´ ´μÎ ¸É¨Í  μ¡² ¤ ¥É ³ £´¨É´Ò³ ³μ³¥´Éμ³, ¡²¨§±¨³
± ¸Ê³³ ·´μ³Ê ³μ³¥´ÉÊ ¨μ´μ¢ ¦¥²¥§ , ¨³¥ÕÐ¨Ì¸Ö ¢ Î ¸É¨Í¥. �·¨ ´¥¢Ò¸μ±¨Ì
±μ´Í¥´É· Í¨ÖÌ (< 5−7 %) ´ ´μÎ ¸É¨Í ¢ ¸·¥¤¥ É ± Ö ¸¨¸É¥³  ¢ ³ £´¨É´μ³
¶μ²¥ ¢¥¤¥É ¸¥¡Ö ± ± ¶ · ³ £´¥É¨± (¸Ê¶¥·¶ · ³ £´¥É¨±).

Œ £´¨É´ Ö ¸É·Ê±ÉÊ·  ³μ´μ±·¨¸É ²²μ¢ Fe3O4 Ìμ·μÏμ ¨§ÊÎ¥´  [6]. Fe3O4

Ö¢²Ö¥É¸Ö Ë¥··¨³ £´¥É¨±μ³ ¶·¨ É¥³¶¥· ÉÊ· Ì ´¨¦¥ É¥³¶¥· ÉÊ·Ò ŠÕ·¨ TC =
858 Š ¨ ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥´¥´¨Ö ±·¨¸É ²²¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò ¨¸¶ÒÉÒ¢ ¥É ¶¥-
·¥Ìμ¤ ‚¥·¢¥Ö (¶¥·¥Ìμ¤ ³¥É ²²Ä¨§μ²ÖÉμ·) ¶·¨ É¥³¶¥· ÉÊ·¥ TV ≈ 123 Š. Œμ-
´μ±·¨¸É ²²Ò ³ £´¥É¨É  ¨§ÊÎ ²¨¸Ó [7Ä9] É ±¦¥ ³¥Éμ¤μ³ ¢· Ð¥´¨Ö ¸¶¨´  ¶μ²Ö-
·¨§μ¢ ´´μ£μ ¶μ²μ¦¨É¥²Ó´μ£μ ³Õμ´  (μSR-³¥Éμ¤ [10]). Œ £´¨É´Ò¥ ¸¢μ°¸É¢ 
Ë¥··μ¦¨¤±μ¸É¥° ¨¸¸²¥¤μ¢ ²¨¸Ó ³´μ£¨³¨ ³¥Éμ¤ ³¨, ¢ Éμ³ Î¨¸²¥ ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ±¢ ´Éμ¢ÒÌ ³ £´¨Éμ³¥É·μ¢ (SQUID), ¸¶¥±É·μ¸±μ¶¨¨ Œ¥¸¸¡ ÊÔ·  [4],
³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ [11Ä13].
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‚ · ¡μÉ¥ [14] ¤²Ö ¨§ÊÎ¥´¨Ö ³ £´¨É´ÒÌ ¸¢μ°¸É¢ Ë¥··μ¦¨¤±μ¸É¨ ¢¶¥·¢Ò¥
¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò ¶μ²Ö·¨§μ¢ ´´Ò¥ ¶μ²μ¦¨É¥²Ó´Ò¥ ³Õμ´Ò. ‚¸²¥¤¸É¢¨¥ ´ -
·ÊÏ¥´¨Ö ¶·μ¸É· ´¸É¢¥´´μ° Î¥É´μ¸É¨ ¢ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ ³Õμ´Ò μÉ
· ¸¶ ¤  π+ → μ+ + νμ ¶μ²Ö·¨§μ¢ ´Ò ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö ¸¢μ¥£μ ¨³¶Ê²Ó¸ , ¨
¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶μ§¨É·μ´μ¢ μÉ ¨Ì · ¸¶ ¤  μ+ → e++νe+ ν̃μ

Ö¢²Ö¥É¸Ö  ¸¨³³¥É·¨Î´Ò³ ¶μ μÉ´μÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Õ ¶μ²Ö·¨§ Í¨¨ ³Õμ´μ¢.
‚ ¢¥Ð¥¸É¢¥ ¶μ²Ö·¨§ Í¨Ö ³Õμ´  § ¢¨¸¨É μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ¥£μ ³ £´¨É´μ£μ ³μ-
³¥´É  ¸μ ¸·¥¤μ°, ¢ Éμ³ Î¨¸²¥ ¸ ²μ± ²Ó´Ò³¨ ³ £´¨É´Ò³¨ ¶μ²Ö³¨. ˆ§³¥´¥´¨¥
¶μ²Ö·¨§ Í¨¨ ³Õμ´  ¢μ ¢·¥³¥´¨ ³μ¦¥É ¡ÒÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨¸¸²¥¤μ¢ ´μ
¶ÊÉ¥³ ´ ¡²Õ¤¥´¨Ö § ¢¨¸ÖÐ¥° μÉ ¢·¥³¥´¨ ¶·μ¸É· ´¸É¢¥´´μ°  ¸¨³³¥É·¨¨ · ¸-
¶ ¤  μ+ → e+.

‚ ± Î¥¸É¢¥ ´μ¸¨É¥²Ö ´ ´μÎ ¸É¨Í, ¶μ±·ÒÉÒÌ ��‚, Î ¸Éμ ¨¸¶μ²Ó§Ê¥É¸Ö
¢μ¤ . Šμ£¤  ¶μ²Ö·¨§μ¢ ´´Ò° ¶μ²μ¦¨É¥²Ó´Ò° ³Õμ´ μ¸É ´ ¢²¨¢ ¥É¸Ö ¢ Î¨¸Éμ°
¢μ¤¥, Éμ, ± ± ¶· ¢¨²μ, ·¥£¨¸É·¨·ÊÕÉ¸Ö ¤¢  μSR-¸¨£´ ² . �¤¨´ ¨§ ´¨Ì ¢μ§-
´¨± ¥É μÉ ³Õμ´¨Ö (Mu) Å ¢μ¤μ·μ¤μ¶μ¤μ¡´μ£μ  Éμ³  [15, 16], ¸μ¸ÉμÖÐ¥£μ
¨§ ³Õμ´  ¨ Ô²¥±É·μ´  (μ+e−). Œ £´¨É´Ò° ³μ³¥´É ³Õμ´¨Ö ¶·¥Í¥¸¸¨·Ê¥É ¢
³ £´¨É´μ³ ¶μ²¥ ¸ ² ·³μ·μ¢¸±μ° Î ¸ÉμÉμ° Ω, μ¶·¥¤¥²Ö¥³μ° ¸Ê³³ ·´Ò³ ³ £-
´¨É´Ò³ ³μ³¥´Éμ³ Ô²¥±É·μ´  ¨ ³Õμ´ . „·Ê£μ° ¸¨£´ ² μÉ´μ¸¨É¸Ö ± ¶μ²μ¦¨-
É¥²Ó´μ³Ê ³Õμ´Ê, ´ Ìμ¤ÖÐ¥³Ê¸Ö ¢ ¤¨ ³ £´¨É´μ³ ¸μ¸ÉμÖ´¨¨. ‚ ¸²ÊÎ ¥ ¢μ¤Ò
³Õμ´, ¸±μ·¥¥ ¢¸¥£μ, ´ Ìμ¤¨É¸Ö ¢ ¥¥ ³μ²¥±Ê²¥, £¤¥ μ¤¨´  Éμ³ ¢μ¤μ·μ¤  § -
³¥Ð¥´ ³Õμ´¨¥³: Mu��. ‚ ¤¨ ³ £´¨É´μ° ³μ²¥±Ê²¥ ³Õμ´ ¢¥¤¥É ¸¥¡Ö ± ±
¸¢μ¡μ¤´ Ö Î ¸É¨Í  ¨ ¥£μ ¸¶¨´ ¶·¥Í¥¸¸¨·Ê¥É ¢ ³ £´¨É´μ³ ¶μ²¥ ¸ Î ¸ÉμÉμ° ω,
μ¶·¥¤¥²Ö¥³μ° ¥£μ ³ £´¨É´Ò³ ³μ³¥´Éμ³. �É´μÏ¥´¨¥ Î ¸ÉμÉ ¶·¥Í¥¸¸¨¨ Ω/ω
¸μ¸É ¢²Ö¥É 103.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö É¥³¶¥· ÉÊ·-
´ÒÌ § ¢¨¸¨³μ¸É¥° ¶μ²Ö·¨§ Í¨¨, ¸±μ·μ¸É¨ ·¥² ±¸ Í¨¨ ¨ Î ¸ÉμÉ ¶·¥Í¥¸¸¨¨
¸¶¨´  ³Õμ´  ¢ ³ £´¨É´μ° ¦¨¤±μ¸É¨ ´  μ¸´μ¢¥ Fe3O4 ¨ ÉÖ¦¥²μ° ¢μ¤Ò D2O
¶·¨ ®¸¨²Ó´ÒÌ¯ ¶μ¶¥·¥Î´ÒÌ ³ £´¨É´ÒÌ ¶μ²ÖÌ, ¶·¨ ±μÉμ·ÒÌ ¨§-§  ¢Ò¸μ±μ° Î -
¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ¨ ±μ´¥Î´μ£μ · §·¥Ï¥´¨Ö  ¶¶ · ÉÊ·Ò ³Õμ´¨¥¢ Ö ±μ³¶μ´¥´É 
´¥ ´ ¡²Õ¤ ¥É¸Ö. �¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨° ³Õμ´¨¥¢μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö·¨§ -
Í¨¨ ³Õμ´  ¢ μ¡· §Í¥ ¶·¨ ®¸² ¡ÒÌ¯ ³ £´¨É´ÒÌ ¶μ²ÖÌ ¶·¥¤¸É ¢²¥´Ò ¢ [17].

1. �Š‘�…�ˆŒ…�’

	±¸¶¥·¨³¥´ÉÒ ¢Ò¶μ²´Ö²¨¸Ó ´  ¶ÊÎ±¥ ¶·μ¤μ²Ó´μ-¶μ²Ö·¨§μ¢ ´´ÒÌ ¶μ²μ-
¦¨É¥²Ó´ÒÌ ³Õμ´μ¢ ¸¨´Ì·μÍ¨±²μÉ·μ´  �ˆŸ” ��� (ƒ ÉÎ¨´ ). ‘É¥¶¥´Ó ¶μ²Ö-
·¨§ Í¨¨ ¶ÊÎ±  ³Õμ´μ¢ ¸μ¸É ¢²Ö²  μ±μ²μ 90 %.

ˆ§³¥·¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ´  μSR-Ê¸É ´μ¢±¥ �ˆŸ” [18]. �¡· §¥Í ´ Ìμ-
¤¨²¸Ö ¢ ¶μ¶¥·¥Î´μ³ ¶μ μÉ´μÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Õ ¸¶¨´  ³Õμ´  ³ £´¨É´μ³
¶μ²¥ (TF), ¸μ§¤ ¢ ¥³μ³ ± ÉÊÏ± ³¨ ƒ¥²Ó³£μ²ÓÍ . �¤´μ·μ¤´μ¸ÉÓ ³ £´¨É´μ£μ
¶μ²Ö ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ³ £´¨É´μ° ¸¨¸É¥³Ò ¢ μ¡Ñ¥³¥ 200 ¸³3 ¡Ò²  ´¥
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ÌÊ¦¥ 10−4. ‚´¥Ï´¨¥ · ¸¸¥Ö´´Ò¥ ³ £´¨É´Ò¥ ¶μ²Ö ±μ³¶¥´¸¨·μ¢ ²¨¸Ó ¤μ¶μ²-
´¨É¥²Ó´Ò³¨ ± ÉÊÏ± ³¨ ¤μ Ê·μ¢´Ö ∼ 0,05 ƒ¸. �¡· §ÍÒ · §³¥Ð ²¨¸Ó ¢ ±·¨μ-
¸É É¥ ¨ μÌ² ¦¤ ²¨¸Ó ¶ · ³¨ ¦¨¤±μ£μ £¥²¨Ö. ’¥³¶¥· ÉÊ·  μ¡· §Í  ¸É ¡¨²¨§¨-
·μ¢ ² ¸Ó ¢ ¶·¥¤¥² Ì ±0,1 Š.

ˆ¸¸²¥¤Ê¥³ Ö Ë¥··μ¦¨¤±μ¸ÉÓ (Fe3O4/2DBS/D2O) ¶·¥¤¸É ¢²Ö²  ¸μ¡μ° · ¸-
É¢μ· ´ ´μ¤¨¸¶¥·¸´μ£μ ³ £´¥É¨É  (Fe3O4) ¢ ÉÖ¦¥²μ° ¢μ¤¥ (D2O), ¸É ¡¨²¨§¨-
·μ¢ ´´μ£μ ¤μ¤¥Í¨²¡¥´§μ²¸Ê²ÓË ´ Éμ¢μ° ±¨¸²μÉμ° (2DBS). �¡Ñ¥³´ Ö ±μ´Í¥´-
É· Í¨Ö ³ £´¨É´ÒÌ Î ¸É¨Í ¸μ¸É ¢²Ö¥É 4,7 %. �¤¨´ ³¨²²¨²¨É· Ë¥··μ¦¨¤±μ¸É¨
¸μ¤¥·¦ ² 0,244 £ ³ £´¥É¨É ,   ´  1 £ Fe3O4 ¶·¨Ìμ¤¨²μ¸Ó 0,3 £ ��‚.

”¥··μ¦¨¤±μ¸ÉÓ ´ Ìμ¤¨² ¸Ó ¢ ±Õ¢¥É¥ ¨§ ³¥¤¨ ¸ ¸Ê³³ ·´μ° Éμ²Ð¨´μ° ¸É¥-
´μ± ±Õ¢¥ÉÒ ¢ ´ ¶· ¢²¥´¨¨ ¶ÊÎ±  ³Õμ´μ¢ 100 ³±³. Œ¥¤´ Ö ±Õ¢¥É  ¨³¥² 
Ëμ·³Ê Í¨²¨´¤·  ¤¨ ³¥É·μ³ 80 ¨ ¢Ò¸μÉμ° 10 ³³. �¸Ó Í¨²¨´¤·  ¡Ò²  ¶ -
· ²²¥²Ó´  μ¸¨ ¶ÊÎ±  ³Õμ´μ¢,   ¢´¥Ï´¥¥ ³ £´¨É´μ¥ ¶μ²¥ ¶¥·¶¥´¤¨±Ê²Ö·´μ
μ¸¨ Í¨²¨´¤· . Šμ²¨Î¥¸É¢μ ¨¸¸²¥¤Ê¥³μ£μ ¢¥Ð¥¸É¢  ¢ ´ ¶· ¢²¥´¨¨ ¶ÊÎ±  ¸μ-
¸É ¢²Ö²μ μ±μ²μ 1,2 £/¸³2. ˆ§³¥·¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¢ ¨´É¥·¢ ²¥ É¥³¶¥· ÉÊ·
26Ä300 Š.

‚·¥³Ö ³¥¦¤Ê μ¸É ´μ¢±μ° ³Õμ´μ¢ ¢ μ¡· §Í¥ ¨ ¶μÖ¢²¥´¨¥³ ¶μ§¨É·μ´μ¢
· ¸¶ ¤  ¨§³¥·Ö²μ¸Ó ¸ ¶μ³μÐÓÕ ¶·¥μ¡· §μ¢ É¥²Ö ®¢·¥³ÖÄ±μ¤¯, ¨³¥ÕÐ¥£μ ¤¨ -
¶ §μ´ ¶·Ö³μ£μ ¶·¥μ¡· §μ¢ ´¨Ö 10 ³±¸ ¶·¨ Ï¨·¨´¥ ± ´ ²  5 ´¸. ‘±μ·μ¸ÉÓ
´ ±μ¶²¥´¨Ö ¶μ²¥§´ÒÌ ¸μ¡ÒÉ¨° ¢μ ¢·¥³¥´´μ° £¨¸Éμ£· ³³¥ ¸μ¸É ¢²Ö²  μ±μ²μ
200 ¸−1, ¨ ¢ ± ¦¤μ° £¨¸Éμ£· ³³¥ ´ ¡¨· ²μ¸Ó ¶·¨³¥·´μ 2 · 106 ¸μ¡ÒÉ¨°.

	±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥  ¶¶·μ±¸¨³¨·μ¢ ²¨¸Ó ¸ ¶μ³μÐÓÕ ËÊ´±Í¨¨

N(t) = N(0)e−
t

τμ

[
1 + b

(
P0

3

)
e−λt cos (ωt + φ)

]
+ B, (1)

£¤¥ N(0) Å ´μ·³¨·ÊÕÐ¨° ³´μ¦¨É¥²Ó; τμ Å ¢·¥³Ö ¦¨§´¨ ¶μ²μ¦¨É¥²Ó´μ£μ
³Õμ´  (2,197 ³±¸); P0, λ, ω ¨ φ ¶·¥¤¸É ¢²ÖÕÉ ´ Î ²Ó´μ¥ §´ Î¥´¨¥ ¶μ²Ö·¨-
§ Í¨¨, ¸±μ·μ¸ÉÓ ·¥² ±¸ Í¨¨, Î ¸ÉμÉÊ ¨ Ë §Ê ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´  ¸μμÉ¢¥É-
¸É¢¥´´μ; B Å Ëμ´; b Å ¶μ¸ÉμÖ´´ Ö, § ¢¨¸ÖÐ Ö μÉ ¶ · ³¥É·μ¢ Ê¸É ´μ¢±¨, ´ 
±μÉμ·μ° ¶·μ¢μ¤ÖÉ¸Ö ¨§³¥·¥´¨Ö (b ¡²¨§±μ ± ¥¤¨´¨Í¥).

�³¶²¨ÉÊ¤  ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´  ¢ ¨¸¸²¥¤Ê¥³ÒÌ μ¡· §Í Ì ¸· ¢´¨¢ ² ¸Ó
¸  ³¶²¨ÉÊ¤μ° ¶·¥Í¥¸¸¨¨ ¢ ³¥¤´μ³ μ¡· §Í¥, ¤²Ö ±μÉμ·μ£μ ¢ ¶μ¶¥·¥Î´μ³ ³ £-
´¨É´μ³ ¶μ²¥ 280 ƒ¸ ±μÔËË¨Í¨¥´É  ¸¨³³¥É·¨¨ ¶μ§¨É·μ´μ¢ μÉ · ¸¶ ¤  ³Õμ´μ¢
¸μ¸É ¢²Ö² a = b(P0/3) = 0,302 ± 0,002.

2. �…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

‡´ Î¥´¨Ö ¶ · ³¥É·μ¢ P0, λ, ω ¨ φ, Ì · ±É¥·¨§¨·ÊÕÐ¨¥ ¶μ¢¥¤¥´¨¥ ¶μ-
²Ö·¨§ Í¨¨ ¸¶¨´  ³Õμ´  ¢ ¸·¥¤¥, ´ Ìμ¤¨²¨¸Ó ¶·¨¡²¨¦¥´¨¥³ ËÊ´±Í¨¨ (1) ±
Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ ³¥Éμ¤μ³ ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢.
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�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´Ò É¥³¶¥· ÉÊ·´Ò¥ § ¢¨¸¨³μ¸É¨ P0/P0(Cu) (μÉ´μÏ¥-
´¨Ö ´ Î ²Ó´μ° ¶μ²Ö·¨§ Í¨¨ ± ¶μ²Ö·¨§ Í¨¨ ¢ ÔÉ ²μ´´μ³ μ¡· §Í¥ Cu) ¨ λ ¤²Ö
³Õμ´´μ° (¤¨ ³ £´¨É´μ°) Ë· ±Í¨¨ ¢ μ¡· §Í¥ Fe3O4/2DBS/D2O, ¨§³¥·¥´´Ò¥
¢ ³ £´¨É´μ³ ¶μ²¥ 280 ƒ¸. „²Ö ¸· ¢´¥´¨Ö É ³ ¦¥ ¶·¨¢¥¤¥´Ò  ´ ²μ£¨Î´Ò¥
¤ ´´Ò¥ ¤²Ö μ¡· §Í  D2O. � ¸ÉμÖÐ¨¥ ¤ ´´Ò¥ ¶μ P0/P0(Cu) ¤²Ö ÉÖ¦¥²μ° ¢μ¤Ò
´¥ ¶·μÉ¨¢μ·¥Î É ·¥§Ê²ÓÉ É ³ ¡μ²¥¥ ¶μ¤·μ¡´ÒÌ ¨§³¥·¥´¨° [19], £¤¥ ´ ¡²Õ-
¤ ²¸Ö ·μ¸É ¢±² ¤  ³Õμ´´μ° Ë· ±Í¨¨ ¸ Ê¢¥²¨Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò ¢ ¨´É¥·¢ ²¥
100Ä150 Š ¨ ¶·¨ ¶¥·¥Ìμ¤¥ ²¥¤Ä¦¨¤±μ¸ÉÓ. � Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶μ ·¥² ±¸ Í¨¨
¸¶¨´  ³Õμ´  ¤²Ö ¤¨ ³ £´¨É´μ° Ë· ±Í¨¨ ¢ D2O ¢ ¶·¥¤¥² Ì ÉμÎ´μ¸É¨ ¨§³¥·¥-
´¨Ö ¸μ¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ É ³¨ [19], £¤¥ ¨¸¸²¥¤μ¢ ² ¸Ó ÉÐ É¥²Ó´μ μÎ¨Ð¥´´ Ö
ÉÖ¦¥² Ö ¢μ¤ .

‚±² ¤ ³Õμ´´μ° Ë· ±Í¨¨ ¶μ²Ö·¨§ Í¨¨ ¤²Ö μ¡· §Í  Fe3O4/2DBS/D2O
(·¨¸. 1, a, É¥³´Ò¥ ±·Ê¦±¨) ¶·¨³¥·´μ ´  30 % ³¥´ÓÏ¥, Î¥³ ¤²Ö D2O. �μ¸²¥¤-
´¥¥ μ¡Ê¸²μ¢²¥´μ É¥³, ÎÉμ ¢ μ¡· §Í¥ Fe3O4/2DBS/D2O ³Õμ´Ò, ¶μ¶ ¢Ï¨¥ ¢
³ £´¨É´Ò¥ ´ ´μÎ ¸É¨ÍÒ, μ± §Ò¢ ÕÉ¸Ö ¢ ¸¨²Ó´μ³ ¢´ÊÉ·¥´´¥³ ³ £´¨É´μ³ ¶μ²¥
¨ ¶·¥Í¥¸¸¨·ÊÕÉ ¸ ¡μ²¥¥ ¢Ò¸μ±μ° Î ¸ÉμÉμ°, Î¥³ ³Õμ´Ò, μ± § ¢Ï¨¥¸Ö ¢´¥
´ ´μÎ ¸É¨Í. ‘μμÉ¢¥É¸É¢¥´´μ, ¢ ®¸¨²Ó´μ³¯ ³ £´¨É´μ³ ¶μ²¥ ´ ¡²Õ¤ ¥³ Ö ¤¨ -
³ £´¨É´ Ö Ë· ±Í¨Ö ¶μ²Ö·¨§ Í¨¨ μÉ´μ¸¨É¸Ö ± ³Õμ´ ³, μ¸É ´μ¢¨¢Ï¨³¸Ö ¢´¥
³ £´¨É´μ° ´ ´μÎ ¸É¨ÍÒ. „μ²Ö ³Õμ´μ¢, μ¸É ´μ¢¨¢Ï¨Ì¸Ö ¢ ´ ´μÎ ¸É¨Í Ì, ³μ-
¦¥É ¸μ¸É ¢²ÖÉÓ ¤μ 20Ä25%, ¶μ¸±μ²Ó±Ê ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ Fe3O4 ¶μ ´ ¶· -
¢²¥´¨Õ ¨³¶Ê²Ó¸  ¶ÊÎ±  ³Õμ´μ¢ ¸μ¸É ¢²Ö¥É ∼ 0,25 £/¸³2 ¶·¨ μ¡Ð¥° Éμ²Ð¨´¥
μ¡· §Í  ∼ 1,2 £/¸³2. ’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´Ò ³Õμ´´μ° Ë· ±Í¨¨
¤²Ö μ¡· §Í  Fe3O4/2DBS/D2O (·¨¸. 1, a, É¥³´Ò¥ ±·Ê¦±¨)  ´ ²μ£¨Î´  · ¸¸³μ-
É·¥´´μ° ¢ÒÏ¥ É¥³¶¥· ÉÊ·´μ° § ¢¨¸¨³μ¸É¨  ¸¨³³¥É·¨¨ ¤²Ö D2O. � ¡²Õ¤ ¥É¸Ö
·μ¸É ¢±² ¤  ³Õμ´´μ° Ë· ±Í¨¨, Ì · ±É¥·´Ò° ¤²Ö D2O ¢ ¨´É¥·¢ ²¥ 100Ä150 Š
¨ ¶·¨ ¶¥·¥Ìμ¤¥ ¨§ É¢¥·¤μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ¦¨¤±μ¥ (3,82 ◦‘). �¥¤ ²¥±μ μÉ ÉμÎ±¨
Ë §μ¢μ£μ ¶¥·¥Ìμ¤  ¢μ¤ Ä²¥¤ ¢ · ¡μÉ¥ [14] ¤²Ö ÔÉμ° ¦¥ Ë¥··μ¦¨¤±μ¸É¨ ¢ μÉ-

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ ¤μ²¨  ¸¨³³¥É·¨¨ ³Õμ´´μ° ±μ³¶μ´¥´ÉÒ ( ) ¨ ¸±μ·μ¸É¨ ·¥² ±¸ Í¨¨
(¡) μÉ É¥³¶¥· ÉÊ·Ò ¢ μ¡· §Í Ì D2O (¸¢¥É²Ò¥ ±·Ê¦±¨) ¨ Fe3O4/2DBS/D2O (É¥³´Ò¥
±·Ê¦±¨) ¢μ ¢´¥Ï´¥³ ³ £´¨É´μ³ ¶μ²¥ 280 ƒ¸
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¸ÊÉ¸É¢¨¥ ³ £´¨É´μ£μ ¶μ²Ö ¡Ò²  μ¡´ ·Ê¦¥´  ¤μ¸É ÉμÎ´μ ¸²μ¦´ Ö É¥³¶¥· ÉÊ·-
´ Ö § ¢¨¸¨³μ¸ÉÓ ± ± ¤²Ö  ¸¨³³¥É·¨¨, É ± ¨ ¤²Ö ¸±μ·μ¸É¨ ·¥² ±¸ Í¨¨ ¸¶¨´ 
³Õμ´ .

‚ μ¡· §Í¥ Fe3O4/2DBS/D2O ¸±μ·μ¸ÉÓ ·¥² ±¸ Í¨¨ ¸¶¨´  ³Õμ´  ¸ÊÐ¥-
¸É¢¥´´μ ¢ÒÏ¥, Î¥³ ¢ D2O, ¨ ´ ¡²Õ¤ ÕÉ¸Ö ´¥±μÉμ·Ò¥ μ¸μ¡¥´´μ¸É¨ ¢ μ¡² ¸É¨
É¥³¶¥· ÉÊ· � 200 K. �·¨Î¨´Ò ÔÉ¨Ì μ¸μ¡¥´´μ¸É¥° ¢ É¥³¶¥· ÉÊ·´μ° § ¢¨¸¨³μ-
¸É¨ ¸±μ·μ¸É¨ ·¥² ±¸ Í¨¨ ¶μ±  ´ ³ ´¥Ö¸´Ò. �¤´ ±μ μÎ¥¢¨¤´μ, ÎÉμ ´ ¡²Õ¤ ¥-
³ Ö ·¥² ±¸ Í¨Ö ¸¶¨´  ³Õμ´  ¢ ¤¨ ³ £´¨É´μ° Ë· ±Í¨¨ ¶μ²Ö·¨§ Í¨¨ ¶· ±É¨-
Î¥¸±¨ ¶μ²´μ¸ÉÓÕ μ¡Ê¸²μ¢²¥´  ¢§ ¨³μ¤¥°¸É¢¨¥³ ¸¶¨´  ³Õμ´  ¸ ³ £´¨É´Ò³¨
³μ³¥´É ³¨ ´ ´μÎ ¸É¨Í.

‚ μÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ³ £´¨É´Ò¥ ³μ³¥´ÉÒ ´ ´μÎ ¸É¨Í
μ·¨¥´É¨·μ¢ ´Ò ¢ ¶·μ¸É· ´¸É¢¥ ¶·μ¨§¢μ²Ó´μ ¨ ¶μ¤¢¥·¦¥´Ò Ë²Ê±ÉÊ Í¨Ö³. �·¨-
²μ¦¥´¨¥ ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ± μ¡· §ÍÊ, ± ± ¨ ¢ ¸²ÊÎ ¥ μ¡ÒÎ´ÒÌ ¶ -
· ³ £´¥É¨±μ¢, ¶·¨¢μ¤¨É ± ´¥§´ Î¨É¥²Ó´μ° ¶μ²Ö·¨§ Í¨¨ ³ £´¨É´ÒÌ ³μ³¥´Éμ¢
´ ´μÎ ¸É¨Í. ‚¸²¥¤¸É¢¨¥ ÔÉμ£μ ³ £´¨É´μ¥ ¶μ²¥ ¢ ¸·¥¤¥ μÉ²¨Î ¥É¸Ö μÉ ¢´¥Ï-
´¥£μ, ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¤μ²¦¥´ ¨³¥ÉÓ ³¥¸Éμ ¶ · ³ £´¨É´Ò° (¸Ê¶¥·¶ · ³ £-
´¨É´Ò°) ¸¤¢¨£ Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´ .

�  ·¨¸. 2, a ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¸¤¢¨£  Î ¸ÉμÉÒ ¶·¥Í¥¸-
¸¨¨ ¸¶¨´  ³Õμ´  ¢ D2O ¨ Fe3O4/2DBS/D2O μÉ´μ¸¨É¥²Ó´μ Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨
¢ Cu Δω = ω − ω(Cu) ¶·¨ · §´ÒÌ É¥³¶¥· ÉÊ· Ì. �¡· §ÍÒ μÌ² ¦¤ ²¨¸Ó ¢
³ £´¨É´μ³ ¶μ²¥. Š ± ¢¨¤´μ, ¢ μ¡μ¨Ì μ¡· §Í Ì ¸¤¢¨£ Î ¸ÉμÉÒ ¶· ±É¨Î¥¸±¨ ´¥
§ ¢¨¸¨É μÉ É¥³¶¥· ÉÊ·Ò. ‚ μ¡· §Í¥ Fe3O4/2DBS/D2O ¸¤¢¨£ Î ¸ÉμÉÒ ¶·μÉ¨¢μ-
¶μ²μ¦´μ£μ §´ ±  ¨ ¶·¨¡²¨§¨É¥²Ó´μ ¢ Ï¥¸ÉÓ · § ¡μ²ÓÏ¥, Î¥³ ¢ ÉÖ¦¥²μ° ¢μ¤¥.
	ÉμÉ ÔËË¥±É μ¡Ê¸²μ¢²¥´ É¥³, ÎÉμ ÉÖ¦¥² Ö ¢μ¤  Ö¢²Ö¥É¸Ö ¤¨ ³ £´¥É¨±μ³,  
Fe3O4/2DBS/D2O Å ¶ · ³ £´¥É¨± (¸Ê¶¥·¶ · ³ £´¥É¨±).

‡ ¢¨¸¨³μ¸ÉÓ ¸¤¢¨£  Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´  μÉ ¢¥²¨Î¨´Ò ¢´¥Ï-
´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ Fe3O4/2DBS/D2O ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 2, ¡. �  ·¨-
¸Ê´±¥ ²¥¢ Ö Ï± ²  ¸μμÉ¢¥É¸É¢Ê¥É ¸¤¢¨£Ê Î ¸ÉμÉÒ ¢ ¥¤¨´¨Í Ì ŒƒÍ,   ¶· -
¢ Ö Å ¢¥²¨Î¨´¥ ¸·¥¤´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¢ ¸·¥¤¥, ¸μ§¤ ´´μ£μ ³ £´¨É´Ò³¨
³μ³¥´É ³¨ ´ ´μÎ ¸É¨Í. ‘¤¢¨£ Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´  Δω ¶·μ-
¶μ·Í¨μ´ ²¥´ ¸·¥¤´¥³Ê ³ £´¨É´μ³Ê ¶μ²Õ ΔB, ¸μ§¤ ´´μ³Ê ³ £´¨É´Ò³¨ ³μ-
³¥´É ³¨ ´ ´μÎ ¸É¨Í,   μ´μ ¶·μ¶μ·Í¨μ´ ²Ó´μ ´ ³ £´¨Î¥´´μ¸É¨ μ¡· §Í  M :
Δω = γΔB ∼ M (γ Å £¨·μ³ £´¨É´μ¥ μÉ´μÏ¥´¨¥ ¤²Ö ³Õμ´ , · ¢´μ¥
13,5544 ±ƒÍ/ƒ¸). 	±¸¶¥·¨³¥´É ²Ó´μ Ê¸É ´μ¢²¥´μ, ÎÉμ ¶·¨ ³ ²ÒÌ ±μ´Í¥´-
É· Í¨ÖÌ (³¥´¥¥ 6Ä7 %) ´ ´μÎ ¸É¨Í ´ ³ £´¨Î¥´´μ¸ÉÓ μ¡· §Í , ± ± Ê ¶ · ³ £-
´¥É¨±μ¢, Ìμ·μÏμ μ¶¨¸Ò¢ ¥É¸Ö ËÊ´±Í¨¥° ‹ ´¦¥¢¥´  (¸³., ´ ¶·¨³¥·, [1]):

M = n m

(
cth ξ − 1

ξ

)
, (2)

£¤¥ n Å Î¨¸²μ ´ ´μÎ ¸É¨Í ¢ ¥¤¨´¨Í¥ μ¡Ñ¥³ ; m Å ³ £´¨É´Ò° ³μ³¥´É ´ -
´μÎ ¸É¨ÍÒ; ξ = μ0 mH/(kT ), μ0 Å ³ £´¨É´ Ö ¶μ¸ÉμÖ´´ Ö, H Å ´ ¶·Ö¦¥´-
´μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö, k Å ¶μ¸ÉμÖ´´ Ö �μ²ÓÍ³ ´ , T Å É¥³¶¥· ÉÊ· . ‚
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¸¤¢¨£  Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ³Õμ´  μÉ É¥³¶¥· ÉÊ·Ò ( ) ¶·¨
H = 280 ƒ¸ ¨ μÉ ¢¥²¨Î¨´Ò ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¶·¨ T = 200 K (¡). ’¥³-
´Ò¥ ±·Ê¦±¨ Å ¤ ´´Ò¥ ¤²Ö Fe3O4/2DBS/D2O, ¸¢¥É²Ò¥ ±·Ê¦±¨ Å ¤ ´´Ò¥ ¤²Ö D2O.
�Ì² ¦¤¥´¨¥ μ¡· §Íμ¢ ¶·μ¨¸Ìμ¤¨²μ ¢ ³ £´¨É´μ³ ¶μ²¥

Ëμ·³Ê²¥ H , m, k, T ¢Ò· ¦¥´Ò ¢ ¥¤¨´¨Í Ì A/³, „¦/’², „¦/K, ±¥²Ó¢¨´ Ì
¸μμÉ¢¥É¸É¢¥´´μ.

� ¸ÉμÖÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¸¤¢¨£Ê Î ¸ÉμÉÒ ¡Ò²¨  ¶¶·μ±-
¸¨³¨·μ¢ ´Ò ¸²¥¤ÊÕÐ¥° ËÊ´±Í¨¥°:

ω(Cu) − ω = constM = const
(

cth ξ − 1
ξ

)
, (3)

¨ ¡Ò²μ ´ °¤¥´μ, ÎÉμ ξ = 2,13 · 10−4H . ˆ¸¶μ²Ó§ÊÖ ¶μ²ÊÎ¥´´μ¥ §´ Î¥´¨¥ ξ ¨
¸μμÉ´μÏ¥´¨¥ ξ = μ0mH/(kT ) = 2,13 · 10−4H (μ0 = 4π · 10−7; k = 1,38 ×
10−23 = „¦/Š, T = 200 K), ´¥É·Ê¤´μ ´ °É¨ ¸·¥¤´ÕÕ ¢¥²¨Î¨´Ê ³ £´¨É´μ£μ
³μ³¥´É  ´ ´μÎ ¸É¨Í:

m =
(

ξ

H

)(
kT

μ0

)
= 4, 68 · 10−19 „¦/’² = 5 · 104μB. (4)
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�μ¸±μ²Ó±Ê ³ £´¨É´Ò° ³μ³¥´É ³μ²¥±Ê²Ò Fe3O4 · ¢¥´ 4,1μB [20], ¨§ ¶μ-
²ÊÎ¥´´μ£μ §´ Î¥´¨Ö m ¸²¥¤Ê¥É, ÎÉμ ´ ´μÎ ¸É¨Í  ¸μ¤¥·¦¨É ∼ 1,2 ·104 ³μ²¥±Ê²
Fe3O4 ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¤¨ ³¥É· ´ ´μÎ ¸É¨ÍÒ ¸μ¸É ¢²Ö¥É 12 ´³. �μ¸²¥¤´¥¥
´ Ìμ¤¨É¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸μ ¸·¥¤´¨³ · §³¥·μ³ ´ ´μÎ ¸É¨ÍÒ 11,2 ´³,
μ¶·¥¤¥²¥´´Ò³ ¨§  ¶¶·μ±¸¨³ Í¨¨ ±·¨¢ÒÌ ´ ³ £´¨Î¥´´μ¸É¨ ËÊ´±Í¨¥° ‹ ´¦¥-
¢¥´  [21] ¤²Ö ¤ ´´μ£μ μ¡· §Í .

‡�Š‹	—…�ˆ…

‚ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ É¥³¶¥· ÉÊ· ¨ ³ £´¨É´ÒÌ ¶μ²¥° ¨¸¸²¥¤μ¢ ´  ·¥² ±-
¸ Í¨Ö ¨ ¸¤¢¨£ Î ¸ÉμÉÒ ¶·¥Í¥¸¸¨¨ ¸¶¨´  ¶μ²μ¦¨É¥²Ó´μ£μ ³Õμ´  ¢ ¸·¥¤¥ D2O,
£¤¥ ³ £´¨É´Ò¥ ´ ´μÎ ¸É¨ÍÒ Fe3O4 · ¸¶·¥¤¥²¥´Ò ¸²ÊÎ °´Ò³ μ¡· §μ³.

‚¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´μ μ¶·¥¤¥²¥´  ¢¥²¨Î¨´  ¸·¥¤´¥£μ ³ £´¨É´μ£μ
¶μ²Ö, ¸μ§¤ ¢ ¥³μ£μ ³ £´¨É´Ò³¨ ³μ³¥´É ³¨ ´ ´μÎ ¸É¨Í, ¸²ÊÎ °´μ · ¸¶·¥¤¥-
²¥´´ÒÌ ¢ ¸·¥¤¥. �μ± § ´μ, ÎÉμ § ¢¨¸¨³μ¸ÉÓ ¸·¥¤´¥£μ ¶μ²Ö μÉ ¢¥²¨Î¨´Ò ¢´¥Ï-
´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ´¥ ¶·μÉ¨¢μ·¥Î¨É § ±μ´Ê ‹ ´¦¥¢¥´ . �Í¥´¥´Ò ¸·¥¤´¨°
· §³¥· ¨ ³ £´¨É´Ò° ³μ³¥´É ´ ´μÎ ¸É¨Í.

ˆ¸¸²¥¤μ¢ ´¨Ö ¶μ¤¤¥·¦¨¢ ÕÉ¸Ö £· ´Éμ³ ¶μ²´μ³μÎ´μ£μ ¶·¥¤¸É ¢¨É¥²Ö ¶· -
¢¨É¥²Ó¸É¢  �Ê³Ò´¨¨ ¢ �ˆŸˆ.
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