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‘¶¥±É· ²Ó´μ-¸É·Ê±ÉÊ·´Ò¥ Ì · ±É¥·¨¸É¨±¨
 ¶-±μ´¢¥·¸¨μ´´μ ²Õ³¨´¥¸Í¨·ÊÕÐ¨Ì μ±¸¨ËÉμ·¨¤´ÒÌ ¸É¥±μ²
¨ ´ ´μ¸É¥±²μ±¥· ³¨± ´  ¨Ì μ¸´μ¢¥, ¤μ¶¨·μ¢ ´´ÒÌ ¨μ´ ³¨ Er3+ ¨ Er3+/Yb3+

„ ´´ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ ¸¶¥±É· ²Ó´ÒÌ ¨ ¸É·Ê±ÉÊ·´ÒÌ Ì · ±-
É¥·¨¸É¨±  ¶-±μ´¢¥·¸¨μ´´μ ²Õ³¨´¥¸Í¨·ÊÕÐ¨Ì (�Š‹) ¶·μ§· Î´ÒÌ μ±¸¨ËÉμ-
·¨¤´ÒÌ ¸É¥±²μ³ É¥·¨ ²μ¢, ¤μ¶¨·μ¢ ´´ÒÌ ·¥¤±μ§¥³¥²Ó´Ò³¨ Ô²¥³¥´É ³¨ Er3+

¨ Er3+/Yb3+. �·¨ ¢μ§¡Ê¦¤¥´¨¨ ² §¥·μ³ ¸ ¤²¨´μ° ¢μ²´Ò 980 ´³ ¡Ò²¨ § ·¥£¨-
¸É·¨·μ¢ ´Ò É·¨ ¶μ²μ¸Ò �Š‹ ¢ §¥²¥´μ³, ±· ¸´μ³ ¨ ¡²¨¦´¥³ ˆŠ-¤¨ ¶ §μ´ Ì ¤²Ö
¢¸¥Ì ¨¸¸²¥¤Ê¥³ÒÌ μ¡· §Íμ¢ ± ± ¤μ, É ± ¨ ¶μ¸²¥ ¨Ì É¥·³μμ¡· ¡μÉ±¨. ‚ μ¡· §Í Ì,
¶·μÏ¥¤Ï¨Ì É¥·³μμ¡· ¡μÉ±Ê, ¨´É¥´¸¨¢´μ¸ÉÓ  ¶-±μ´¢¥·¸¨¨ §´ Î¨É¥²Ó´μ ¢μ§· -
¸É ² , ÎÉμ ¸¢Ö§ ´μ ¸ Ëμ·³¨·μ¢ ´¨¥³ ´ ´μ±·¨¸É ²²¨Î¥¸±μ° Ë §Ò ËÉμ·¨¤  ¸¢¨´Í 
PbF2 ¢ ¸É¥±²Ö´´μ° ³ É·¨Í¥ (´ ´μ¸É¥±²μ±¥· ³¨± ). ‘É·Ê±ÉÊ·´Ò°  ´ ²¨§ μ¡· §-
Íμ¢, ¶·μ¢¥¤¥´´Ò° ³¥Éμ¤ ³¨ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ (Œ“��) ¨ ·¥´É-
£¥´μË §μ¢μ£μ  ´ ²¨§  (�”�), ¶μ± § ² ±² ¸É¥·´ÊÕ μ·£ ´¨§ Í¨Õ ´ ´μ±·¨¸É ²²μ¢
PbF2 ¢ É¥·³μμ¡· ¡μÉ ´´ÒÌ μ¡· §Í Ì.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ –¥´É·¥ ±μ²²¥±É¨¢´μ£μ ¶μ²Ó§μ¢ ´¨Ö (–Š�) ®� ´μ¡¨μËμ-
Éμ´¨± ¯ 	ˆŸˆ.

�·¥¶·¨´É 	¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2013
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Up-Conversion Luminescence of Oxy
uoride Glasses
and Nano-glass-ceramics Based on Them, Doped with Er3+

and Er3+/Yb3+ Ions: Spectral and Structural Characteristics

The paper is devoted to the study of spectral and structural characteristics of
up-conversion luminescent (UCL) transparent oxy
uoride glass materials doped with
rare earth elements Er3+ and Er3+/Yb3+. Excited with the 980 nm laser, green,
red and near IR UCL bands were registered for all samples under study, both be-
fore and after their heat treatment. In the heat treated samples the intensity of the
up-conversion increased signiˇcantly due to the formation of nano-crystalline phase
of lead 
uoride PbF2 in a glass matrix (nano-glass-ceramics). The structural analy-
sis of the samples conducted with the method of small-angle neutron scattering
(SANS) and the X-ray diffraction analysis (XRD) showed the cluster organization of
nanocrystals of PbF2 in heat treated samples.

The investigation has been performed at the Multi Access Centre ®Nanobiopho-
tonics¯, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2013



‚‚…„…�ˆ…

� §¢¨É¨¥ ¸μ¢·¥³¥´´ÒÌ ´ Ê±μ¥³±¨Ì É¥Ì´μ²μ£¨°, ¢ Éμ³ Î¨¸²¥ ¨ ´ ´μÉ¥Ì-
´μ²μ£¨°, É·¥¡Ê¥É ¸μ§¤ ´¨Ö Ê¸Éμ°Î¨¢ÒÌ ¨ Ô±μ²μ£¨Î¥¸±¨ Î¨¸ÉÒÌ ¶·¨¡μ·μ¢.
‚ μ¶É¨±¥ μ¤´  ¨§ É ±¨Ì É¥Ì´μ²μ£¨° μ¸´μ¢ ´  ´  ¸¶¥±É· ²Ó´μ³ ¶·¥μ¡· §μ¢ -
´¨¨ ¨§²ÊÎ¥´¨Ö, ¢ Î ¸É´μ¸É¨, ´   ¶-±μ´¢¥·¸¨μ´´μ³ ÔËË¥±É¥. 	¸´μ¢μ¶μ² £ Õ-
Ð¨¥ ¨¤¥¨  ¶-±μ´¢¥·¸¨¨ § ·μ¤¨²¨¸Ó ¸¢ÒÏ¥ 50 ²¥É ´ § ¤ ¢ · ¡μÉ Ì �. �²μ³¡¥·-
£¥´  (N. Bloembergen) ¨ ”.	Ê§¥²  (F. Auzel) [1Ä3]. ‚ ¤ ²Ó´¥°Ï¥³ ´  ¶·μÉÖ-
¦¥´¨¨ ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ¨²¥É¨° ÔÉμÉ ¶·μÍ¥¸¸, Ë ±É¨Î¥¸±¨ ¶·¥¤¸É ¢²ÖÕÐ¨°
¸μ¡μ°  ´É¨¸Éμ±¸μ¢Ò° ¢¨¤ ¨§²ÊÎ¥´¨Ö, Ï¨·μ±μ ¨§ÊÎ ²¸Ö ³´μ£¨³¨  ¢Éμ· ³¨ ¨
¶μ²ÊÎ¨² ·Ö¤ ¨´É¥·¥¸´ÒÌ ¶· ±É¨Î¥¸±¨Ì ¶·¨³¥´¥´¨°, ¸·¥¤¨ ±μÉμ·ÒÌ ±μ·μÉ±μ-
¢μ²´μ¢Ò¥ ² §¥·Ò, · §²¨Î´Ò¥ μ¶ÉμÔ²¥±É·μ´´Ò¥ Ê¸É·μ°¸É¢ , ¡¨μ²Õ³¨´μËμ·Ò
¨ É. ¤. [4Ä10]. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¨´É¥·¥¸ ± Ö¢²¥´¨Õ  ¶-±μ´¢¥·¸¨¨ ¶·¨μ¡·¥²
´μ¢Ò° ¨³¶Ê²Ó¸ ¢ ¸¢Ö§¨ ¸ ¸¨´É¥§μ³ ¸μ¢·¥³¥´´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢, ¸μ¤¥·-
¦ Ð¨Ì · §²¨Î´Ò¥ ´ ´μ±μ³¶μ§¨ÉÒ.

‚ ± Î¥¸É¢¥ ³ É·¨Í Î Ð¥ ¢¸¥£μ ¨¸¶μ²Ó§ÊÕÉ ËÉμ·¨¤Ò, Ì²μ·¨¤Ò, £ ²²¨¤Ò,
μ±¸¨¤Ò ¨ ¤·Ê£¨¥ ³ É¥·¨ ²Ò, μ¡² ¤ ÕÐ¨¥ ´¨§±μ° Ô´¥·£¨¥° Ëμ´μ´μ¢, Ì¨³¨Î¥-
¸±μ° ¸Éμ°±μ¸ÉÓÕ, ³¥Ì ´¨Î¥¸±μ° ¶·μÎ´μ¸ÉÓÕ ¨ É¥·³¨Î¥¸±μ° ¸É ¡¨²Ó´μ¸ÉÓÕ.
ˆ§¢¥¸É´μ, ÎÉμ ÔËË¥±É¨¢´μ¸ÉÓ  ¶-±μ´¢¥·¸¨¨ ¸É·μ£μ § ¢¨¸¨É μÉ ¡¥§· ¤¨ Í¨μ´-
´ÒÌ ¶¥·¥Ìμ¤μ¢ ¤μ¶¨·μ¢ ´´ÒÌ ¢ ³ É·¨ÍÊ Ô²¥³¥´Éμ¢, É. ¥. μÉ Ô´¥·£¨¨ Ëμ´μ-
´μ¢ Å É¥¶²μ¢ÒÌ ±μ²¥¡ ´¨°  Éμ³μ¢ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ³ É·¨ÍÒ: Î¥³
μ´  ´¨¦¥, É¥³ ³¥´ÓÏ¥ ¶μÉ¥·¨ Ô´¥·£¨¨ ¨ É¥³ ¨´É¥´¸¨¢´¥¥ ¶·μÍ¥¸¸ ¶·¥μ¡· §μ-
¢ ´¨Ö ¨§²ÊÎ¥´¨Ö. � ¨¡μ²¥¥ ÔËË¥±É¨¢´μ°  ¶-±μ´¢¥·¸¨Ö ¶μ²ÊÎ ¥É¸Ö ¶·¨ ¤μ¶¨-
·μ¢ ´¨¨ μ¶É¨Î¥¸±¨ ¨´¥·É´ÒÌ ³ É·¨Í ¨μ´ ³¨ ² ´É ´¨¤μ¢, ¢Ìμ¤ÖÐ¨Ì ¢ ¸μ¸É ¢
£·Ê¶¶Ò ·¥¤±μ§¥³¥²Ó´ÒÌ Ô²¥³¥´Éμ¢ (�‡�). �Éμ μ¡Ê¸²μ¢²¥´μ É¥³, ÎÉμ ² ´É -
´¨¤Ò, μ¡ÒÎ´μ ¢¸É·¥Î ÕÐ¨¥¸Ö ¢ É·¥Ì¢ ²¥´É´μ³ ¸μ¸ÉμÖ´¨¨, μ¡² ¤ ÕÉ ¡μ£ -
Éμ° ¸É·Ê±ÉÊ·μ° Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° ¢ Ï¨·μ±μ³ ¸¶¥±É· ²Ó´μ³ ¤¨ ¶ §μ´¥.
’ ±¨¥ ¸É·Ê±ÉÊ·Ò ÔËË¥±É¨¢´Ò ¤²Ö μ¸ÊÐ¥¸É¢²¥´¨Ö ³´μ£μËμÉμ´´ÒÌ ¶·μÍ¥¸-
¸μ¢ ¶μ£²μÐ¥´¨Ö ¨ ¶μ¸²¥¤ÊÕÐ¥£μ ¶·¥μ¡· §μ¢ ´¨Ö ¢μ§¡Ê¦¤ ÕÐ¥£μ ¨§²ÊÎ¥´¨Ö.
‚ Î ¸É´μ¸É¨,  ¶-±μ´¢¥·¸¨μ´´Ò¥ ³ É¥·¨ ²Ò ³μ£ÊÉ ¶μ£²μÐ ÉÓ ´¥¸±μ²Ó±μ ´¨§-
±μÔ´¥·£¥É¨Î¥¸±¨Ì ËμÉμ´μ¢ ¢ ¨´Ë· ±· ¸´μ° Î ¸É¨ ¸¶¥±É·  ¸ ¶μ¸²¥¤ÊÕÐ¥° ²Õ-
³¨´¥¸Í¥´Í¨¥° ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨Ì ËμÉμ´μ¢ ¢ ¢¨¤¨³μ° μ¡² ¸É¨. „²Ö ÔÉμ£μ
É·¥¡Ê¥É¸Ö ¤¢  ¨²¨ ¡μ²¥¥ ³¥É ¸É ¡¨²Ó´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨Ö ¤²Ö μÉ´μ-
¸¨É¥²Ó´μ ¤²¨É¥²Ó´μ£μ ®Ì· ´¥´¨Ö¯ Ô´¥·£¨¨ ¶μ£²μÐ¥´´ÒÌ ËμÉμ´μ¢.

�·μÍ¥¸¸  ¶-±μ´¢¥·¸¨¨ ´ ¨¡μ²¥¥ ¨§ÊÎ¥´ ¶·¨ ¤μ¶¨·μ¢ ´¨¨ · §²¨Î´ÒÌ ³ -
É·¨Í ¨μ´ ³¨ Er3+ ¨ Yb3+. �  ·¨¸. 1 ¸Ì¥³ É¨Î¥¸±¨ ¶μ± § ´Ò Ô´¥·£¥É¨Î¥¸±¨¥
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�¨¸. 1. �´¥·£¥É¨Î¥¸±¨¥ Ê·μ¢´¨ ¶ ·Ò Yb3+/Er3+

Ê·μ¢´¨ É ±μ° ¶ ·Ò �‡� ¨ ¢μ§³μ¦´Ò¥ ³¥Ì ´¨§³Ò  ¶-±μ´¢¥·¸¨μ´´μ° ²Õ³¨-
´¥¸Í¥´Í¨¨.

ˆμ´ ¨ÉÉ¥·¡¨Ö μ¡² ¤ ¥É ¢Ò¸μ±¨³ ÔËË¥±É¨¢´Ò³ ¸¥Î¥´¨¥³ ¶μ£²μÐ¥´¨Ö ¢
ˆŠ-μ¡² ¸É¨, σ = 1,78 · 10−21 ¸³2, ¶μÔÉμ³Ê Ö¢²Ö¥É¸Ö ¶¥·¸¶¥±É¨¢´Ò³ ¤²Ö ¨¸-
¶μ²Ó§μ¢ ´¨Ö ¢ ± Î¥¸É¢¥ ¤μ´μ· -¸¥´¸¨¡¨²¨§ Éμ· . � ¨μ´ Ô·¡¨Ö ( ±É¨¢ Éμ·)
μ¡¥¸¶¥Î¨¢ ¥É ¢Ò¸μ±μ¥ ¢·¥³Ö ¦¨§´¨ ³¥É ¸É ¡¨²Ó´ÒÌ ¸μ¸ÉμÖ´¨° (³¨²²¨¸¥-
±Ê´¤Ò), ´  ±μÉμ·Ò¥ ¶·μ¨¸Ìμ¤¨É ¶¥·¥¤ Î  Ô´¥·£¨¨ [11Ä13]. ’ ± Ö ¸¨¸É¥³ 
¶μ§¢μ²Ö¥É ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ¨ÉÓ ¨´É¥´¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö  ¶-±μ´¢¥·¸¨μ´´μ°
²Õ³¨´¥¸Í¥´Í¨¨ ¶ÊÉ¥³ ¶¥·¥¤ Î¨ Ô´¥·£¨¨ μÉ Yb3+ ¢ ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö
 ±É¨¢ Éμ· .

	¸μ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ μ±¸¨ËÉμ·¨¤´Ò¥ (	”) ¸É¥±²  ¨ ´ ´μ¸É¥±-
²μ±¥· ³¨±  ´  ¨Ì μ¸´μ¢¥, ¸μÎ¥É ÕÐ¨¥ ¢ ¸¥¡¥ μ¶É¨Î¥¸±¨¥ ¸¢μ°¸É¢  ´¨§±μËμ-
´μ´´ÒÌ ËÉμ·¨¤´ÒÌ ´ ´μ±·¨¸É ²²μ¢, ¢Ò¸μ±ÊÕ Ì¨³¨Î¥¸±ÊÕ ¨ ³¥Ì ´¨Î¥¸±ÊÕ
¸É ¡¨²Ó´μ¸ÉÓ, Ì · ±É¥·´ÊÕ ¤²Ö μ±¸¨¤μ¢,   É ±¦¥ μ¶É¨Î¥¸±μ¥ ± Î¥¸É¢μ ¸¨²¨-
± É´ÒÌ ¸É¥±μ² [14Ä17]. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¤²Ö ¨§ÊÎ¥´¨Ö  ¶-±μ´¢¥·¸¨μ´´μ°
²Õ³¨´¥¸Í¥´Í¨¨ μ±¸¨ËÉμ·¨¤´ÒÌ ¸É¥±μ² ¨ Ëμ·³¨·μ¢ ´¨Ö ´  ¨Ì μ¸´μ¢¥ ´ -
´μ¸É¥±²μ±¥· ³¨±¨ ¡Ò²¨ ¢Ò¡· ´Ò Î¥ÉÒ·¥ 	”-¸É¥±²  ¸ · §²¨Î´Ò³¨ ³ É·¨-
Í ³¨, É·¨ ¨§ ±μÉμ·ÒÌ ¤μ¶¨·μ¢ ´Ò ¨μ´ ³¨ Éμ²Ó±μ Er3+,   μ¤¨´ μ¡· §¥Í Å
¶ ·μ° Er3+/Yb3+. 	¡· §ÍÒ ¸É¥±μ² ¡Ò²¨ ¸¨´É¥§¨·μ¢ ´Ò ¢ �¥²μ·Ê¸¸±μ³ £μ-
¸Ê¤ ·¸É¢¥´´μ³ É¥Ì´μ²μ£¨Î¥¸±μ³ Ê´¨¢¥·¸¨É¥É¥ (�ƒ’“). ‘¶¥±É·Ò ¶μ£²μÐ¥´¨Ö
ÔÉ¨Ì μ¡· §Íμ¢ ¨§³¥·¥´Ò ¢ �¥²μ·Ê¸¸±μ³ ´ Í¨μ´ ²Ó´μ³ É¥Ì´¨Î¥¸±μ³ Ê´¨¢¥·-
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¸¨É¥É¥ (��’“). � ²Õ³¨´¥¸Í¥´É´Ò¥ ¨ ¸É·Ê±ÉÊ·´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨¸¸²¥¤μ-
¢ ´Ò ¢ 	¡Ñ¥¤¨´¥´´μ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (	ˆŸˆ) ¸ ¶μ³μÐÓÕ
³´μ£μ³μ¤ ²Ó´μ° μ¶É¨Î¥¸±μ° ¶² ÉËμ·³Ò ®Š��‘-³¨±·μ¸±μ¶¯ ¨ ³¥Éμ¤  ³ ²μ-
Ê£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ (Œ“��) ¤²Ö μ¶·¥¤¥²¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ μ¸μ¡¥´-
´μ¸É¥° μ¡· §Íμ¢.

1. ��ˆ‘��ˆ… �Š‘�…�ˆŒ…�’�

1.1. �¡· §ÍÒ. ‘É¥±²Ö´´Ò¥ ³ É·¨ÍÒ, ¢ ¸μ¸É ¢ ±μÉμ·ÒÌ ¢ ± Î¥¸É¢¥ ¤μ-
¶ ´¤μ¢ ¢¢μ¤¨²¨¸Ó ·¥¤±μ§¥³¥²Ó´Ò¥ ¨μ´Ò Er3+¨ Yb3+, ¡Ò²¨ ¸¨´É¥§¨·μ¢ ´Ò ´ 
μ¸´μ¢¥ É·¥Ì μ±¸¨ËÉμ·¨¤´ÒÌ ¸É¥±²μμ¡· §ÊÕÐ¨Ì ²¥£±μ¶² ¢±¨Ì ¸¨¸É¥³:

1) SiO2ÄPbOÄPbF2ÄEr2O3,
2) SiO2ÄGeO2ÄPb	ÄPbF2ÄEr2O3,
3) GeO2ÄPb	ÄPbF2ÄEr2O3,

¨ ÉÊ£μ¶² ¢±μ° ¸¨¸É¥³Ò
4) SiO2ÄAl2O3ÄY2O3ÄNa2OÄNaFÄLiFÄEr2O3ÄYbF3.
‘¨´É¥§ ²¥£±μ¶² ¢±¨Ì ¸É¥±²Ö´´ÒÌ ³ É·¨Í μ¸ÊÐ¥¸É¢²Ö²¸Ö ¶·¨ É¥³¶¥· -

ÉÊ·¥ (950±50) ◦‘ ¸ ¢Ò¤¥·¦±μ° ¢ É¥Î¥´¨¥ 30 ³¨´ ¢ Ô²¥±É·¨Î¥¸±μ° ¸¨²¨Éμ¢μ°
¶¥Î¨,   ÉÊ£μ¶² ¢±μ° ³ É·¨ÍÒ Å ¶·¨ É¥³¶¥· ÉÊ·¥ (1450±50) ◦‘ ¢ É¥Î¥´¨¥ 1 Î
¢ £ §μ¢μ° ¶² ³¥´´μ° ¶¥Î¨ ¢ ±μ·Ê´¤μ¢ÒÌ É¨£²ÖÌ ¥³±μ¸ÉÓÕ 25 ³². ‚ ± Î¥¸É¢¥
¸Ò·Ó¥¢ÒÌ ³ É¥·¨ ²μ¢ ¨¸¶μ²Ó§μ¢ ²¨¸Ó  ³μ·Ë´Ò° ¤¨μ±¸¨¤ ±·¥³´¨Ö, ¤¨μ±¸¨¤
£¥·³ ´¨Ö, μ±¸¨¤Ò  ²Õ³¨´¨Ö, ¨ÉÉ·¨Ö, ¸¢¨´Í , Ê£²¥±¨¸²Ò° ´ É·¨°, μ±¸¨¤ Ô·-
¡¨Ö, ËÉμ·¨¤Ò ´ É·¨Ö, ²¨É¨Ö, ¸¢¨´Í  ¨ ¨ÉÉ¥·¡¨Ö ³ ·μ± ®μ¸Î¯, ®Î¯ ¨ ®ÌÎ¯.
‚¸¥ ±μ³¶μ´¥´ÉÒ ¢§¢¥Ï¨¢ ²¨¸Ó ´  Ô²¥±É·μ´´ÒÌ ¢¥¸ Ì, ÉÐ É¥²Ó´μ ¶¥·¥³¥Ï¨¢ -
²¨¸Ó, § ¸Ò¶ ²¨¸Ó ¢ ±μ·Ê´¤μ¢Ò¥ É¨£²¨, ±μÉμ·Ò¥ § £·Ê¦ ²¨¸Ó ¢ Ìμ²μ¤´ÊÕ ¶¥ÎÓ.
‘±μ·μ¸ÉÓ ¶μ¤Ñ¥³  É¥³¶¥· ÉÊ·Ò ¢ ¶¥Î Ì ¸μ¸É ¢²Ö²  300 ◦‘ ¢ Î ¸. ‘¨´É¥§¨·μ-
¢ ´´Ò¥ ¸É¥±²  Ì · ±É¥·¨§μ¢ ²¨¸Ó ¢Ò¸μ±μ° ¶·μ§· Î´μ¸ÉÓÕ, £μ³μ£¥´´μ¸ÉÓÕ ¨
Ê¸Éμ°Î¨¢μ¸ÉÓÕ ¸É¥±²μμ¡· §´μ£μ ¸μ¸ÉμÖ´¨Ö. ˆ§ £μÉμ¢μ° ¸É¥±²μ³ ¸¸Ò ³¥Éμ¤μ³
²¨ÉÓÖ ¢ ³¥É ²²¨Î¥¸±¨¥ Ëμ·³Ò μÉ²¨¢ ²¨¸Ó § £μÉμ¢±¨ ¸É¥±² , ±μÉμ·Ò¥ ¶μ¤¢¥·-
£ ²¨¸Ó μÉ¦¨£Ê ¤²Ö ¸´ÖÉ¨Ö ¢´ÊÉ·¥´´¨Ì ´ ¶·Ö¦¥´¨°. ˆ§ μÉμ¦¦¥´´ÒÌ ¸É¥±μ²
¨§£μÉ ¢²¨¢ ²¨¸Ó ¶²μ¸±μ¶ · ²²¥²Ó´Ò¥ ¶μ²¨·μ¢ ´´Ò¥ μ¡· §ÍÒ (1Ä4) Éμ²Ð¨-
´μ° 1Ä2 ³³ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸¶¥±É· ²Ó´μ-²Õ³¨´¥¸Í¥´É´ÒÌ ¨ ¸É·Ê±ÉÊ·´ÒÌ
¸¢μ°¸É¢ (·¨¸. 2).

�¨¸. 2. ”μÉμ£· Ë¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μ¡· §Íμ¢
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Šμ´Í¥´É· Í¨Ö ¨μ´μ¢ Er3+ ¢ ¶¥·¢ÒÌ É·¥Ì μ¡· §Í Ì ¸μ¸É ¢²Ö¥É
4,4 · 1020 ¸³−3 (1 ³μ²Ó % Er2O3),   ¢ Î¥É¢¥·Éμ³ μ¡· §Í¥, ¤μ¶¨·μ¢ ´´μ³ ¤¢Ê³Ö
�‡�, ±μ´Í¥´É· Í¨Ö Ô·¡¨Ö 1,48 · 1020 ¸³−3 (0,3 ³μ²Ó % Er2O3),
¨ÉÉ¥·¡¨Ö 9,84 · 1020 ¸³−3 (4,3 ³μ²Ó % YbF3), ¸ ¸μμÉ´μÏ¥´¨¥³ ¨μ´μ¢ Ô·¡¨Ö ¨
¨ÉÉ¥·¡¨Ö 1 : 6,6.

� ´μ¸É·Ê±ÉÊ·¨·μ¢ ´´ Ö ¶·μ§· Î´ Ö ¸É¥±²μ±¥· ³¨±  ¨§£μÉ ¢²¨¢ ² ¸Ó
¶ÊÉ¥³ ´ ¶· ¢²¥´´μ° ±·¨¸É ²²¨§ Í¨¨ ¸¨²¨± É´μ£μ (1) ¨ ¸¨²¨±μ£¥·³ ´ É-
´μ£μ (2) μ±¸¨ËÉμ·¨¤´ÒÌ ¸É¥±μ². � ´μ· §³¥·´ Ö ¸É·Ê±ÉÊ·  ¢ ¸É¥±²Ö´´ÒÌ ³ -
É·¨Í Ì Ëμ·³¨·μ¢ ² ¸Ó ¶·¨ É¥·³¨Î¥¸±μ° μ¡· ¡μÉ±¥ ¨¸Ìμ¤´ÒÌ ¸É¥±μ², É¥³-
¶¥· ÉÊ·  ±μÉμ·μ° ¸μμÉ¢¥É¸É¢μ¢ ²  É¥³¶¥· ÉÊ·¥ ¸É¥±²μ¢ ´¨Ö Tg. ’¥·³μμ¡· -
¡μÉ±  ¸É¥±μ² ¶·μ¢μ¤¨² ¸Ó ¶·¨ É¥³¶¥· ÉÊ·¥ 350 ◦‘ ¸ · §²¨Î´μ° ¤²¨É¥²Ó´μ¸ÉÓÕ
¶·μ£·¥¢ ´¨Ö μÉ 5 ¤μ 40 Î. ˆ¤¥´É¨Ë¨± Í¨Ö ±·¨¸É ²²¨Î¥¸±μ° Ë §Ò, ¢Ò¤¥-
²¨¢Ï¥°¸Ö ¶·¨ É¥·³μμ¡· ¡μÉ±¥ ¨¸Ìμ¤´ÒÌ ¸É¥±μ², ¶·μ¢μ¤¨² ¸Ó ´  μ¸´μ¢ ´¨¨
·¥§Ê²ÓÉ Éμ¢ ·¥´É£¥´μË §μ¢μ£μ  ´ ²¨§  (�”�) ¶μ  ³¥·¨± ´¸±μ° ·¥´É£¥´μ³¥-
É·¨Î¥¸±μ° ± ·ÉμÉ¥±¥ [18]. �”� ¢Ò¶μ²´¥´ ´  ·¥´É£¥´μ¢¸±μ³ ¤¨Ë· ±Éμ³¥É·¥
D8 Advance Ë¨·³Ò ®Bruker¯ (ƒ¥·³ ´¨Ö).

1.2. �±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê¸É ´μ¢±¨. 1.2.1. Œ´μ£μ³μ¤ ²Ó´ Ö μ¶É¨Î¥¸± Ö
¶² ÉËμ·³  Š��‘. �¶-±μ´¢¥·¸¨μ´´ Ö ²Õ³¨´¥¸Í¥´Í¨Ö ¡Ò²  ¨¸¸²¥¤μ¢ ´  ´ 
μ¶É¨Î¥¸±μ° ¶² ÉËμ·³¥ Š��‘, μ¡Ð¨° ¢¨¤ ±μÉμ·μ° ¶μ± § ´ ´  ·¨¸. 3.

�¨¸. 3. Œ´μ£μ³μ¤ ²Ó´ Ö μ¶É¨Î¥¸± Ö ¶² ÉËμ·³  ®Š��‘-³¨±·μ¸±μ¶¯

Š��‘-³¨±·μ¸±μ¶ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ² §¥·´Ò° ¸± ´¨·ÊÕÐ¨° ±μ´Ëμ-
± ²Ó´Ò° ³¨±·μ¸±μ¶, ¶μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ±μÉμ·μ£μ ¨§²μ¦¥´μ ¢ [19, 20].
�É  ¶² ÉËμ·³  · §· ¡μÉ ´  ¤²Ö ¶·μ¢¥¤¥´¨Ö ¨¸¸²¥¤μ¢ ´¨° ¶μ ³¨±·μ¸±μ¶¨¨ ¨
¸¶¥±É·μ¸±μ¶¨¨ ¸¶μ´É ´´μ£μ · ³ ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¸¢¥É  ¨ ¥£μ ´¥²¨´¥°´μ°
³μ¤¨Ë¨± Í¨¨ Å ¢Ò´Ê¦¤¥´´μ£μ ±μ£¥·¥´É´μ£μ ±μ³¡¨´ Í¨μ´´μ£μ · ¸¸¥Ö´¨Ö,
¶μ²ÊÎ¨¢Ï¥£μ ´ §¢ ´¨¥ Š��‘ (±μ£¥·¥´É´μ¥  ´É¨¸Éμ±¸μ¢μ · ¸¸¥Ö´¨¥ ¸¢¥É ).
Š ± ¨ ¢ ²Õ¡μ³ ¸± ´¨·ÊÕÐ¥³ ² §¥·´μ³ ³¨±·μ¸±μ¶¥, ´  ¤ ´´μ° ¶² ÉËμ·³¥
·¥£¨¸É·¨·Ê¥É¸Ö μÉ±²¨± ¸·¥¤Ò ´  ¢μ§¤¥°¸É¢¨¥ ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö, ±μÉμ·μ¥
³μ¦¥É ¢μ§¡Ê¦¤ ÉÓ ²Õ³¨´¥¸Í¥´Í¨Õ (μ¤´μËμÉμ´´ÊÕ, ³´μ£μËμÉμ´´ÊÕ), ¸¶μ´-
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É ´´μ¥ ¨ ¢Ò´Ê¦¤¥´´μ¥ ±μ³¡¨´ Í¨μ´´μ¥ (· ³ ´μ¢¸±μ¥) · ¸¸¥Ö´¨¥, ¤·Ê£¨¥ ´¥-
²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¨ ¶·μ¸Éμ ·Ô²¥¥¢¸±μ¥ · ¸¸¥Ö´¨¥. ‚μ§³μ¦´μ¸ÉÓ ·¥£¨¸É· -
Í¨¨ μÉ±²¨±  ¸·¥¤Ò ¢  ´É¨¸Éμ±¸μ¢μ° Î ¸É¨ ¸¶¥±É·  ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ´ ³¨
¤²Ö ·¥£¨¸É· Í¨¨ ¸¶¥±É·μ¢  ¶-±μ´¢¥·¸¨μ´´μ° ²Õ³¨´¥¸Í¥´Í¨¨. „²Ö ÔÉμ£μ ³Ò
¶·¨³¥´Ö²¨ ¶¨±μ¸¥±Ê´¤´Ò° ² §¥· (6 ¶¸) ¸ ¶¥·¥¸É· ¨¢ ¥³μ° ¤²¨´μ° ¢μ²´Ò ¢
¤¨ ¶ §μ´¥ 690Ä990 ´³, · ¡μÉ ÕÐ¨° ¢ ·¥¦¨³¥ ¶ ¸¸¨¢´μ° ¸¨´Ì·μ´¨§ Í¨¨ ³μ¤
¸ Î ¸ÉμÉμ° ¸²¥¤μ¢ ´¨Ö ¨³¶Ê²Ó¸μ¢ 85 ŒƒÍ. ‚μ ¢¸¥° ¶¥·¥¸É·μ¥Î´μ° ¸¶¥±É· ²Ó-
´μ° ¶μ²μ¸¥ Ï¨·¨´  ²¨´¨¨ ¨§²ÊÎ¥´¨Ö ¸μ¸É ¢²Ö¥É 5Ä7 ¸³−1 ¶·¨ É¨¶¨Î´ÒÌ §´ -
Î¥´¨ÖÌ ¢ÒÌμ¤´μ° ³μÐ´μ¸É¨ μÉ 60 ¤μ 150 ³‚É. „²Ö Ëμ±Ê¸¨·μ¢±¨ ² §¥·´μ£μ
¨§²ÊÎ¥´¨Ö ´  ¶μ¢¥·Ì´μ¸É¨ ¨²¨ ¢ μ¡Ñ¥³¥ μ¡· §Íμ¢ ¨¸¶μ²Ó§μ¢ ²¸Ö μ¡Ñ¥±É¨¢
Olympus LUCPLFLN 40X (NA-0.6).

‹Õ³¨´¥¸Í¥´Í¨Ö, ¢ Éμ³ Î¨¸²¥ ¨  ¶-±μ´¢¥·¸¨μ´´ Ö,  ´ ²¨§¨·μ¢ ² ¸Ó ³μ´μ-
Ì·μ³ Éμ·μ³-¸¶¥±É·μ£· Ëμ³ ³μ¤¥²¨ MS-5004i (Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ 520 ³³).
�Éμ ¢Ò¸μ±μÔËË¥±É¨¢´Ò° ¸¶¥±É· ²Ó´Ò°  ´ ²¨§ Éμ·, μ¸´ Ð¥´´Ò°  ¢Éμ³ É¨-
§¨·μ¢ ´´μ° ÉÊ·¥²ÓÕ ¸ Î¥ÉÒ·Ó³Ö ·¥Ï¥É± ³¨ ¨ ¤¢Ê³Ö ¢ÒÌμ¤ ³¨. ‚ ± Î¥¸É¢¥
¢Ìμ¤´μ° Ð¥²¨ ¸²Ê¦¨É ±μ´Ëμ± ²Ó´μ¥ μÉ¢¥·¸É¨¥. „²Ö μ¡¥¸¶¥Î¥´¨Ö ´¥μ¡Ìμ¤¨-
³μ° ¸¶¥±É· ²Ó´μ° μ¡² ¸É¨ ¨ ¸¶¥±É· ²Ó´μ£μ · §·¥Ï¥´¨Ö ¢ MS-5004i ¨¸¶μ²Ó-
§ÊÕÉ¸Ö É·¨ ´ ·¥§´Ò¥ ¤¨Ë· ±Í¨μ´´Ò¥ ·¥Ï¥É±¨ (150, 600 ¨ 1800 ÏÉ·./³³),
  É ±¦¥ ·¥Ï¥É±  �Ï¥²Ó¥. ‘¶¥±É· ²Ó´μ¥ · §·¥Ï¥´¨¥ ·¥Ï¥É±¨ 600 ÏÉ·./³³
¸μ¸É ¢²Ö¥É 1,8 ¸³−1. �  ¢ÒÌμ¤¥ ³μ´μÌ·μ³ Éμ·  ¨§²ÊÎ¥´¨¥ ·¥£¨¸É·¨·μ¢ ²μ¸Ó
¸ ¶μ³μÐÓÕ CCD-± ³¥·Ò HS 101H ¶·μ¨§¢μ¤¸É¢  Ë¨·³Ò PROSCAN (�¥²μ-
·Ê¸¸¨Ö) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³ É·¨ÍÒ Ë¨·³Ò ®Hamamatsu¯, μ¡¥¸¶¥Î¨¢ ÕÐ¥°
μ¡² ¸ÉÓ ¸¶¥±É· ²Ó´μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¢ ¤¨ ¶ §μ´¥ μÉ 200 ¤μ 1100 ´³.

1.2.2. ‘¶¥±É·μ³¥É· ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö �Œ�. Œ ²μÊ£²μ¢μ¥ · ¸-
¸¥Ö´¨¥ ´¥°É·μ´μ¢ Å ÔÉμ ³¥Éμ¤ ¸É·Ê±ÉÊ·´μ£μ  ´ ²¨§  ±μ´¤¥´¸¨·μ¢ ´´ÒÌ ¸·¥¤
¸ ´¨§±¨³ ¶·μ¸É· ´¸É¢¥´´Ò³ · §·¥Ï¥´¨¥³ ¶ÊÉ¥³ ¨§³¥·¥´¨Ö ¨  ´ ²¨§  § ¢¨¸¨-
³μ¸É¨ ¨´É¥´¸¨¢´μ¸É¨ ±μ£¥·¥´É´μ£μ Ê¶·Ê£μ£μ · ¸¸¥Ö´´μ£μ ¨§²ÊÎ¥´¨Ö μÉ ¢¥±-
Éμ·  · ¸¸¥Ö´¨Ö [21, 22]. „¨ ¶ §μ´ §´ Î¥´¨° ³μ¤Ê²¥° ¢¥±Éμ·μ¢ · ¸¸¥Ö´¨Ö ¸μμÉ-
¢¥É¸É¢Ê¥É · §³¥· ³ ¸É·Ê±ÉÊ·´ÒÌ ¤¥É ²¥° μÉ ¤μ²¥° ¤μ ¸μÉ¥´ ´ ´μ³¥É·μ¢. ‚ ¦-
´¥°Ï¥° μ¸μ¡¥´´μ¸ÉÓÕ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ´¥· §·Ê-
Ï ÕÐ¥£μ  ´ ²¨§  ¢´ÊÉ·¥´´¥£μ ¸É·μ¥´¨Ö · §Ê¶μ·Ö¤μÎ¥´´ÒÌ ¸¨¸É¥³. ‡ Î ¸ÉÊÕ
¥£μ ¶·¨³¥´¥´¨¥ Å ¥¤¨´¸É¢¥´´Ò° ¸¶μ¸μ¡ ¶μ²ÊÎ¥´¨Ö ¨´Ëμ·³ Í¨¨ μ ¸É·Ê±-
ÉÊ·¥ μ¡· §Íμ¢ ¸ Ì μÉ¨Î¥¸±¨³ · ¸¶μ²μ¦¥´¨¥³ ´¥μ¤´μ·μ¤´μ¸É¥° ´ ´μ· §³¥·-
´μ£μ ¤¨ ¶ §μ´  [23]. 	¸μ¡¥´´μ ¢ ¦´Ò³ Ö¢²Ö¥É¸Ö ÉμÉ Ë ±É, ÎÉμ ¸ ¶μ³μÐÓÕ
³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ³μ¦´μ ¨§ÊÎ ÉÓ μ¡· §ÍÒ ¢ ¨Ì ¥¸É¥¸É¢¥´´μ³ ¸μ¸ÉμÖ´¨¨,
¡¥§ ± ±μ°-²¨¡μ ¸¶¥Í¨ ²Ó´μ° ¶μ¤£μÉμ¢±¨.

�±¸¶¥·¨³¥´ÉÒ ¶μ Œ“�� ¶·μ¢μ¤¨²¨¸Ó ´  ¸¶¥±É·μ³¥É·¥ �Œ	 ¨³¶Ê²Ó¸-
´μ£μ ·¥ ±Éμ·  ˆ��-2 	ˆŸˆ [24, 25]. 	¸´μ¢´Ò¥ Ê§²Ò ¨ ¤¥É ²¨ ¸¶¥±É·μ³¥É· 
¨§μ¡· ¦¥´Ò ´  ·¨¸. 4. � §³¥· ¨ · ¸Ìμ¤¨³μ¸ÉÓ ¶ÊÎ±  ´¥°É·μ´μ¢ Ëμ·³¨·Ê¥É¸Ö
±μ²²¨³ Éμ·´μ° ¸¨¸É¥³μ° 4, 6 É ±, ÎÉμ ´¥°É·μ´Ò μ¡· §ÊÕÉ ¶ÊÎμ± μÉ 8 ¤μ 22 ³³
¢ ¤¨ ³¥É·¥ ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ¤μ 2,6 · 107 ´¥°É·μ´μ¢. 	¡· §ÍÒ ¶μ³¥Ð ÕÉ¸Ö ¢
¸¶¥Í¨ ²Ó´Ò° ¡μ±¸, ¶μ¤μ£·¥¢ ¥³Ò° ¨ μÌ² ¦¤ ¥³Ò° ¸ ¶μ³μÐÓÕ É¥·³μ¸É É  7
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�¨¸. 4. “¸É ´μ¢±  ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö �Œ	: 1 Å μÉ· ¦ É¥²¨; 2 Å §μ´  ·¥ ±Éμ· 
¸ § ³¥¤²¨É¥²¥³; 3 Å ¶·¥·Ò¢ É¥²Ó; 4 ¨ 6 Å ¶¥·¢Ò° ¨ ¢Éμ·μ° ±μ²²¨³ Éμ·Ò; 5 Å
¢ ±ÊÊ³´ Ö É·Ê¡ ; 7 Å É¥·³μ¸É É; 8 Å É¥·³μ¸É É¨·Ê¥³ Ö ± ¸¸¥É  ¸ μ¡· §Í ³¨; 9 Å
¸Éμ² μ¡· §Íμ¢; 10, 11 Å ¢ ´ ¤¨¥¢Ò¥ ¸É ´¤ ·ÉÒ; 12 Å ¶¥·¢Ò° ±μ²ÓÍ¥¢μ° ¤¥É¥±Éμ· ¸
Í¥´É· ²Ó´Ò³ μÉ¢¥·¸É¨¥³ 200 ³³; 13 Å ¢Éμ·μ° ±μ²ÓÍ¥¢μ° ¤¥É¥±Éμ· ¸ Í¥´É· ²Ó´Ò³
μÉ¢¥·¸É¨¥³ 80 ³³; 14 Å ¤¥É¥±Éμ· ¶·Ö³μ£μ ¶ÊÎ± 

¸ · ¡μÎ¨³ ¤¨ ¶ §μ´μ³ É¥³¶¥· ÉÊ· μÉ Ä20 ¤μ +200 ◦‘. ‚ ¡μ±¸¥ Ê¸É ´μ¢²¥´ ¤¥·-
¦ É¥²Ó ¤²Ö ±Õ¢¥É ¸ μ¡· §Í ³¨. �μÉμ± ´¥°É·μ´μ¢, · ¸¸¥Ö´´Ò° ´  μ¡· §Í¥ 8,
¶μ¶ ¤ ¥É ¢ ¸ÉÊ¶¥´Î ÉÒ° ¢ ±ÊÊ³´Ò° ´¥°É·μ´μ¢μ¤, £¤¥ · ¸¶μ²μ¦¥´Ò ±μ²ÓÍ¥¢Ò¥
¤¥É¥±Éμ·Ò ´¥°É·μ´μ¢ 12, 13,   É ±¦¥ ¤¥É¥±Éμ· ¶·Ö³μ£μ ¶ÊÎ±  14.

“¶· ¢²¥´¨¥ ³¥Ì ´¨Î¥¸±¨³¨ Ê§² ³¨ ¸¶¥±É·μ³¥É· ,   É ±¦¥ ±μ´É·μ²Ó ´ ¤
¢¸¥³¨ ¶ · ³¥É· ³¨ Ê¸É ´μ¢±¨ ¢ Í¥²μ³ μ¸ÊÐ¥¸É¢²Ö²¨¸Ó ¸ ¶μ³μÐÓÕ ¶·μ£· ³³-
´μ£μ μ¡¥¸¶¥Î¥´¨Ö SONIX [26],   ¶¥·¢¨Î´ Ö μ¡· ¡μÉ±  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ Å ¸ ¶μ³μÐÓÕ ¶·μ£· ³³´μ£μ ±μ³¶²¥±¸  SAS [27, 28].

2. �…‡“‹œ’�’› ˆ �	‘“†„…�ˆŸ

2.1. „ ´´Ò¥ �”� ¨ Œ“��. „²Ö ¢ÒÖ¢²¥´¨Ö ¸É·Ê±ÉÊ·´ÒÌ μ¸μ¡¥´´μ¸É¥°
¨¸¸²¥¤Ê¥³ÒÌ μ¡· §Íμ¢ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¨¸¸²¥¤μ¢ ´¨Ö ³¥Éμ¤μ³ �”� ¨ Œ“��.

�¥§Ê²ÓÉ ÉÒ �”� ¶μ± § ²¨, ÎÉμ ¢ ¶·μÍ¥¸¸¥ É¥·³¨Î¥¸±μ° μ¡· ¡μÉ±¨ ¨¸Ìμ¤-
´ÒÌ ¸É¥±μ² 1 ¨ 2 ¢ ¸É¥±²Ö´´μ° ³ É·¨Í¥ ¶·μ¨¸Ìμ¤¨É Ëμ·³¨·μ¢ ´¨¥ ´ ´μ±·¨-
¸É ²²¨Î¥¸±μ° Ë §Ò ËÉμ·¨¤  ¸¢¨´Í  PbF2. �  ·¨¸. 5 ¶·¥¤¸É ¢²¥´  ¤¨Ë· ±Éμ-
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�¨¸. 5. „¨Ë· ±Éμ£· ³³  É¥·³μμ¡· ¡μÉ ´´μ£μ ¸É¥±²  1

£· ³³  É¥·³μμ¡· ¡μÉ ´´μ£μ ¸É¥±²  1, ´  ±μÉμ·μ° Î¥É±μ Ë¨±¸¨·ÊÕÉ¸Ö ¤¨Ë· ±-
Í¨μ´´Ò¥ ³ ±¸¨³Ê³Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ³¥¦¶²μ¸±μ¸É´Ò³ · ¸¸ÉμÖ´¨Ö³ ±·¨-
¸É ²²  PbF2 [17]. „¨Ë· ±Í¨μ´´Ò¥ ³ ±¸¨³Ê³Ò É¥·³μμ¡· ¡μÉ ´´ÒÌ ¸É¥±μ² 1
¨ 2 ¨¤¥´É¨Î´Ò.

‘·¥¤´¨° ¤¨ ³¥É· ´ ´μ±·¨¸É ²²μ¢ μ¶·¥¤¥²Ö²¸Ö ¨§ ÊÏ¨·¥´¨Ö ·¥´É£¥´μ¢-
¸±¨Ì ²¨´¨° ¶μ Ëμ·³Ê²¥ ˜¥··¥·  [18]

D = Kλ/Δ(2θ) cos θ,

£¤¥ λ Å ¤²¨´  ¢μ²´Ò ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö (¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ‘uŠα

¤²¨´  ¢μ²´Ò 1,54 �A); Δ(2θ) Å Ï¨·¨´  μÉ· ¦¥´¨Ö ´  ¶μ²μ¢¨´¥ ¢Ò¸μÉÒ ¶¨± 
(¢ · ¤¨ ´ Ì); K Å ±μ´¸É ´É , · ¢´ Ö 1, ¨ ¸μ¸É ¢¨² 9Ä10 ´³ ¤²Ö μ¡· §Íμ¢
´ ´μ¸É¥±²μ±¥· ³¨± 1 ¨ 2.

Œμ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ ¸²¥¤ÊÕÐ¨° ³¥Ì ´¨§³ Ëμ·³¨·μ¢ ´¨Ö ´ ´μ±·¨¸É ²-
²¨Î¥¸±μ° Ë §Ò ËÉμ·¨¤  ¸¢¨´Í  ¢ ¸É¥±²Ö´´μ° ³ É·¨Í¥. ‚ ¶·μÍ¥¸¸¥ ¢ ·±¨ ¸É¥-
±²  ¢ · ¸¶² ¢¥ ¶·μ¨¸Ìμ¤¨É Ë §μ¢μ¥ · §¤¥²¥´¨¥. 	¤´  ¨§ Ë § μ¡μ£ Ð¥´  ËÉμ-
·¨¤μ³ ¸¢¨´Í . ‚ ¶·μÍ¥¸¸¥ É¥·³¨Î¥¸±μ° μ¡· ¡μÉ±¨ ´  £· ´¨Í¥ · §¤¥²  Ë §
§ ·μ¦¤ ÕÉ¸Ö Í¥´É·Ò ±·¨¸É ²²¨§ Í¨¨, ¢μ±·Ê£ ±μÉμ·ÒÌ ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò
¨ ¤²¨É¥²Ó´μ¸É¨ É¥·³μμ¡· ¡μÉ±¨ Ëμ·³¨·Ê¥É¸Ö ¨ ¢Ò¤¥²Ö¥É¸Ö ±·¨¸É ²²¨Î¥¸± Ö
Ë § , ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ËÉμ·¨¤ ¸¢¨´Í , ¢ ±·¨¸É ²²¨Î¥¸±ÊÕ ·¥Ï¥É±Ê ±μÉμ·μ£μ
¢¸É· ¨¢ ÕÉ¸Ö ¨μ´Ò É·¥Ì¢ ²¥´É´μ£μ Ô·¡¨Ö Er3+ : PbF2. “¶· ¢²ÖÖ É¥³¶¥· ÉÊ·´μ-
¢·¥³¥´´Ò³ ·¥¦¨³μ³ Ëμ·³¨·μ¢ ´¨Ö ±·¨¸É ²²¨Î¥¸±μ° Ë §Ò, ³μ¦´μ ¢Ò· ¸É¨ÉÓ
±·¨¸É ²²Ò · §²¨Î´μ£μ · §³¥·  μÉ ´ ´μ- ¤μ ¸¨É ²²μ¢μ° (³¥²±μ¤¨¸¶¥·¸´μ°)
¨ £·Ê¡μ±·¨¸É ²²¨Î¥¸±μ° ¸É·Ê±ÉÊ·.

„ ´´Ò¥ �”� Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ Œ“��. „²Ö ¸· ¢´¨-
É¥²Ó´μ° μÍ¥´±¨ ·¥§Ê²ÓÉ Éμ¢ ´  ·¨¸. 6 ¶·¨¢¥¤¥´Ò ´μ·³¨·μ¢ ´´Ò¥ ±·¨¢Ò¥ ³ -
²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ¨¸¸²¥¤Ê¥³ÒÌ μ¡· §Íμ¢ 1 ¨ 2 ¤μ ¨ ¶μ¸²¥ É¥·³μμ¡· ¡μÉ±¨.
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�¨¸. 6. Š·¨¢Ò¥ Œ“�� ¤²Ö μ¡· §Íμ¢ 1 ¨ 2. Š· ¸´ Ö ±·¨¢ Ö ¸μμÉ¢¥É¸É¢Ê¥É É¥·³μμ¡· -
¡μÉ ´´μ³Ê μ¡· §ÍÊ,   Î¥·´ Ö Å ¨¸Ìμ¤´μ³Ê

Š·¨¢Ò¥ ¶μ²ÊÎ¥´Ò ¶·μ£· ³³μ° μ¡· ¡μÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, £¤¥ ¢
± Î¥¸É¢¥ Ëμ´μ¢μ£μ μ¡· §Í  ¤²Ö ¢¸¥Ì ±·¨¢ÒÌ ¨¸¶μ²Ó§μ¢ ²μ¸Ó · ¸¸¥Ö´¨¥ ¢ μÉ-
¸ÊÉ¸É¢¨¥ μ¡· §Í .

‚¨¤´μ, ÎÉμ ±·¨¢Ò¥ Œ“�� ¤²Ö ¨¸Ìμ¤´μ£μ ¨ É¥·³μμ¡· ¡μÉ ´´μ£μ μ¡· §Í 
· §²¨Î ÕÉ¸Ö, ÎÉμ Ê± §Ò¢ ¥É ´  ¶·μ¨§μÏ¥¤Ï¨¥ ¸É·Ê±ÉÊ·´Ò¥ ¨§³¥´¥´¨Ö. �Ò² 
É ±¦¥ ¶μ¸É·μ¥´  É·¥Ì³¥·´ Ö ³μ¤¥²Ó (ab initio model) Ëμ·³Ò μ¡· §μ¢ ¢Ï¥°¸Ö
¸É·Ê±ÉÊ·Ò ¸ ¶μ³μÐÓÕ ¶·μ£· ³³´μ£μ ¶ ±¥É  ATSAS [29]. „²Ö ÔÉμ£μ ¡Ò²¨ ¨¸-
¶μ²Ó§μ¢ ´Ò ±·¨¢Ò¥ Œ“�� ¤²Ö É¥·³μμ¡· ¡μÉ ´´ÒÌ μ¡· §Íμ¢ 1 ¨ 2, £¤¥ ¢ ± -
Î¥¸É¢¥ Ëμ´  ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¨Ì ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨¸Ìμ¤´Ò¥ μ¡· §ÍÒ (·¨¸. 7).
�Éμ ¶μ§¢μ²Ö¥É ¨¸±²ÕÎ¨ÉÓ ± ± · ¸¸¥Ö´¨¥ μÉ ¸ ³μ° ³ É·¨ÍÒ, É ± ¨ ´¥±μ£¥·¥´É-
´ÊÕ ¸μ¸É ¢²ÖÕÐÊÕ.

�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö μÉ §´ Î¥´¨Ö ³μ¤Ê²Ö ¢¥±-
Éμ·  · ¸¸¥Ö´¨Ö. Š·¨¢Ò¥ ¶·¨¢¥¤¥´Ò ¤²Ö É¥·³μμ¡· ¡μÉ ´´ÒÌ μ¡· §Íμ¢ 1 ¨ 2

�  ·¨¸. 8 ¨ 9 ¶·¥¤¸É ¢²¥´Ò ¶·μ¥±Í¨¨ ¶μ²ÊÎ¥´´ÒÌ ³μ¤¥²¥° ¤²Ö μ¡· §Íμ¢ 1
¨ 2 ¸μμÉ¢¥É¸É¢¥´´μ.
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�¨¸. 8. �·μ¥±Í¨¨ ¶μ²ÊÎ¥´´ÒÌ ³μ¤¥²¥° ¤²Ö μ¡· §Í  1: ¢¨¤ ¸¶¥·¥¤¨ ( ), ¸¡μ±Ê (¡) ¨
¸¢¥·ÌÊ (¢)

�¨¸. 9. �·μ¥±Í¨¨ ¶μ²ÊÎ¥´´ÒÌ ³μ¤¥²¥° ¤²Ö μ¡· §Í  2: ¢¨¤ ¸¶¥·¥¤¨ ( ), ¸¡μ±Ê (¡) ¨
¸¢¥·ÌÊ (¢)

�¥§Ê²ÓÉ ÉÒ ¶μ± § ²¨, ÎÉμ · §³¥·Ò ¨ Ëμ·³  μ¡· §μ¢ ¢Ï¨Ì¸Ö ¸É·Ê±ÉÊ· Ê± -
§Ò¢ ÕÉ ´  ±² ¸É¥·´ÊÕ μ·£ ´¨§ Í¨Õ ´ ´μ±·¨¸É ²²μ¢, ´ ¡²Õ¤ ¥³ÒÌ ¸ ¶μ³μ-
ÐÓÕ �”�. ‚ Î ¸É´μ¸É¨, · §³¥·Ò ¤²Ö μ¡· §Í  1 ¸μ¸É ¢²ÖÕÉ ¢ ¶μ¶¥·¥Î´μ³ ¸¥-
Î¥´¨¨ μ±μ²μ 10 ´³, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É · §³¥· ³ ´ ´μ±·¨¸É ²²μ¢, ¶μ²ÊÎ¥´´ÒÌ
¸ ¶μ³μÐÓÕ �”�, ¨ 30 ´³ ¢ ¶·μ¤μ²Ó´μ³ ´ ¶· ¢²¥´¨¨. ˆ¸Ìμ¤Ö ¨§ ÔÉμ£μ ³μ¦´μ
¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ±² ¸É¥·Ò ¸μ¸ÉμÖÉ ¨§ 3Ä4 ´ ´μ±·¨¸É ²²μ¢. �μ¸±μ²Ó±Ê ³¥Éμ¤
Œ“�� Ö¢²Ö¥É¸Ö ³¥Éμ¤μ³ ´¨§±μ£μ · §·¥Ï¥´¨Ö, Éμ ¤²Ö ¶μ¤É¢¥·¦¤¥´¨Ö ±² ¸É¥·-
´μ° μ·£ ´¨§ Í¨¨ ´ ´μ±·¨¸É ²²μ¢ ¶² ´¨·ÊÕÉ¸Ö ¤μ¶μ²´¨É¥²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö.

‚ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ · ¸¸¥Ö´¨¥ ´¥°É·μ´μ¢ ¶·μ¨¸Ìμ¤¨É ´  ±² ¸É¥· Ì
ËÉμ·¨¤  ¸¢¨´Í , ¡Ò²  · ¸¸Î¨É ´  ¨Ì ±μ´Í¥´É· Í¨Ö ¢ μ¡· §Í Ì:

c =
I0

(Δρ)2 · V 2
,
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£¤¥ I0 Å ¨´É¥´¸¨¢´μ¸ÉÓ ¢ ´Ê²¥¢μ³ Ê£²¥; Δρ Å · §´μ¸ÉÓ ¶²μÉ´μ¸É¥° ¤²¨´Ò
· ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ¤²Ö ³ É·¨ÍÒ ¨ ±² ¸É¥·μ¢ ËÉμ·¨¤  ¸¢¨´Í  (±μ´É· ¸É);
V Å μ¡Ñ¥³ ±² ¸É¥· .

„²Ö · ¸Î¥É  ¨¸¶μ²Ó§μ¢ ´Ò §´ Î¥´¨Ö μ¡Ñ¥³μ¢ ±² ¸É¥·μ¢ ¨ ¨´É¥´¸¨¢´μ¸É¨
· ¸¸¥Ö´¨Ö ¢ ´Ê²¥¢μ³ Ê£²¥, ±μÉμ·Ò¥ ¤ ¥É ¶ ±¥É ATSAS. „ ´´Ò¥ μ¡μ¡Ð¥´Ò
¢ É ¡²¨Í¥.

� · ³¥É·Ò ¤μ³¥´μ¢ ËÉμ·¨¤  ¸¢¨´Í  PbF2

	¡· §¥Í I0, ¸³−1 Δρ, �A−2 V , �A3 c, ¸³−3

1 2,2 4,29 · 10−6 2,42 · 106 2 · 1014

2 6,45 4,29 · 10−6 4,94 · 106 1,4 · 1014

’ ±¨³ μ¡· §μ³, ¢ ·¥§Ê²ÓÉ É¥ ¤ ´´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¶μ± § ´μ, ÎÉμ É¥·-
³μμ¡· ¡μÉ±  ¸¨²¨± É´μ£μ ¨ ¸¨²¨±μ£¥·³ ´ É´μ£μ μ±¸¨ËÉμ·¨¤´ÒÌ ¸É¥±μ²,  ±-
É¨¢¨·μ¢ ´´ÒÌ ¨μ´ ³¨ Ô·¡¨Ö, ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ  ¶-±μ´¢¥·¸¨μ´´μ ²Õ³¨´¥¸-
Í¨·ÊÕÐÊÕ ´ ´μ¸É¥±²μ±¥· ³¨±Ê, ¢ ±μÉμ·μ° ´ ´μË §  ¶·¥¤¸É ¢²¥´  ´ ´μ±·¨-
¸É ²² ³¨ ËÉμ·¨¤  ¸¢¨´Í  ¸μ ¸·¥¤´¨³ · §³¥·μ³ 10 ´³. �μ¸É·μ¥´¨¥ Ëμ·³Ò ³μ-
¤¥²Ó´μ£μ É·¥Ì³¥·´μ£μ μ¡Ñ¥±É  ¶μ ±·¨¢Ò³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢
¢ÒÖ¢¨²μ ±² ¸É¥·´ÊÕ μ·£ ´¨§ Í¨Õ ´ ´μ±·¨¸É ²²μ¢ PbF2,   É ±¦¥ ¶μ§¢μ²¨²μ
· ¸¸Î¨É ÉÓ ±μ´Í¥´É· Í¨Õ ±² ¸É¥·μ¢ ¢ μ¡· §Í Ì.

2.2. ‘¶¥±É·Ò ¶μ£²μÐ¥´¨Ö ¨  ¶-±μ´¢¥·¸¨μ´´μ° ²Õ³¨´¥¸Í¥´Í¨¨. ‘¶¥±-
É·Ò ¶μ£²μÐ¥´¨Ö μ¡· §Íμ¢ ¨§³¥·¥´Ò ´  ¸¶¥±É·μËμÉμ³¥É·¥ Varian Cary 5000.
�  ·¨¸. 10Ä12 ¶·¨¢¥¤¥´Ò ¸¶¥±É·Ò ¶μ£²μÐ¥´¨Ö ¨μ´μ¢ Er3+, ¨§³¥·¥´´Ò¥ ¢
¤¨ ¶ §μ´ Ì 500Ä570 ´³ ( ), 630Ä700 ´³ (¡) ¨ 780Ä820 ´³ (¢). „²Ö ¢¸¥Ì
μ¡· §Íμ¢ ¢ ¢¨¤¨³μ° μ¡² ¸É¨ ¸¶¥±É·  ´ ¡²Õ¤ ÕÉ¸Ö É·¨ ¶μ²μ¸Ò ¶μ£²μÐ¥-
´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶¥·¥Ìμ¤ ³ ¨μ´  Er3+: 4I15/2 → 2H11/2 (520 ´³),
4I15/2 → 4S3/2 (540 ´³) ¨ 4I15/2 → 4F9/2(650 ´³). ‚ ¡²¨¦´¥° ˆŠ-μ¡² ¸É¨
´ ¡²Õ¤ ¥É¸Ö ¶μ²μ¸  ¸ ³ ±¸¨³Ê³μ³ μ±μ²μ 802 ´³, ±μÉμ· Ö ¸μμÉ¢¥É¸É¢Ê¥É ¶¥-
·¥Ìμ¤Ê 4I15/2 → 4I9/2 Ô·¡¨Ö.

‘μ£² ¸´μ ¤ ´´Ò³ �”� É¥·³μμ¡· ¡μÉ±  μ¡· §Íμ¢ ¸¨²¨± É´μ£μ (1) ¨ ¸¨²¨-
±μ£¥·³ ´ É´μ£μ (2) ¸É¥±μ² ¶·¨¢μ¤¨É ± ¢Ò¤¥²¥´¨Õ ¢ ¸É¥±²Ö´´μ° ³ É·¨Í¥ ±·¨-
¸É ²²¨Î¥¸±μ° Ë §Ò Er : PbF2 ¨ ¶μ²ÊÎ¥´¨Õ ´ ´μ¸É¥±²μ±¥· ³¨±¨. ‚¸²¥¤¸É¢¨¥
¨§³¥´¥´¨Ö ²μ± ²Ó´μ£μ μ±·Ê¦¥´¨Ö ¨μ´  Er3+ ¢ ´ ´μ¸É¥±²μ±¥· ³¨±¥ ¶·μ¨¸Ìμ-
¤¨É ¨¸± ¦¥´¨¥ ¢´¥Ï´¨Ì Ô²¥±É·μ´´ÒÌ μ¡μ²μÎ¥± Ô·¡¨Ö. �ÉμÉ ÔËË¥±É ¶·μÖ¢²Ö-
¥É¸Ö ¢ ¸¶¥±É· Ì ¶μ£²μÐ¥´¨Ö Ô·¡¨Ö ¢ ´ ´μ¸É¥±²μ±¥· ³¨±¥ (·¨¸. 10, 11). ’ ±,
¶μ²μ¸Ò ¨μ´  Ô·¡¨Ö ¸É ´μ¢ÖÉ¸Ö ¸É·Ê±ÉÊ·¨·μ¢ ´´Ò³¨, ¶μÖ¢²ÖÕÉ¸Ö ´μ¢Ò¥ ¶¨±¨,
¡μ²¥¥ Ì · ±É¥·´Ò¥ ¤²Ö ±·¨¸É ²²¨Î¥¸±¨Ì ³ É·¨Í.

�  ·¨¸. 12, ¢ ¶·¥¤¸É ¢²¥´ ¸¶¥±É· ¶μ£²μÐ¥´¨Ö ¨μ´  ¨ÉÉ¥·¡¨Ö ¢ ¸É¥±²¥
(μ¡· §¥Í 4), ¥³Ê ¸μμÉ¢¥É¸É¢Ê¥É ¶¥·¥Ìμ¤ 2F7/2 → 2F5/2. �  Ëμ´¥ ³μÐ´μ°
¶μ²μ¸Ò ¶μ£²μÐ¥´¨Ö ¨ÉÉ¥·¡¨Ö ¸¶¥±É· Ô·¡¨Ö ¸² ¡μ· §²¨Î¨³. �¨± ¶μ²μ¸Ò ¶μ-
£²μÐ¥´¨Ö ¨ÉÉ¥·¡¨Ö · ¸¶μ²μ¦¥´ ´  ¤²¨´¥ ¢μ²´Ò 976 ´³, ¸¶¥±É· ²Ó´ Ö Ï¨·¨´ 
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�¨¸. 10. ‘¶¥±É·Ò ¶μ£²μÐ¥´¨Ö μ¡· §Í  1: Î¥·´ Ö ±·¨¢ Ö Å ¤μ É¥·³μμ¡· ¡μÉ±¨, ±· ¸´ Ö
±·¨¢ Ö Å ¶μ¸²¥ É¥·³μμ¡· ¡μÉ±¨

�¨¸. 11. ‘¶¥±É·Ò ¶μ£²μÐ¥´¨Ö μ¡· §Í  2: Î¥·´ Ö ±·¨¢ Ö Å ¤μ É¥·³μμ¡· ¡μÉ±¨, ±· ¸´ Ö
±·¨¢ Ö Å ¶μ¸²¥ É¥·³μμ¡· ¡μÉ±¨
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�¨¸. 12. ‘¶¥±É·Ò ¶μ£²μÐ¥´¨Ö μ¡· §Í  4

´  ¶μ²Ê¢Ò¸μÉ¥ ¸μ¸É ¢²Ö¥É 6,9 ´³, ÎÉμ ¢¶μ²´¥ ¤μ¸É ÉμÎ´μ ¤²Ö ¢μ§¡Ê¦¤¥´¨Ö ± ±
´ Ï¨³ ² §¥·μ³, É ± ¨ ±μ³³¥·Î¥¸±¨ ¤μ¸ÉÊ¶´Ò³¨ ² §¥·´Ò³¨ ¤¨μ¤ ³¨.

�  ·¨¸. 13,   ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò �Š‹ μ¡· §Íμ¢ 1Ä3 ¤μ É¥·³μμ¡· ¡μÉ±¨
¶·¨ ¢μ§¡Ê¦¤¥´¨¨ ² §¥·´Ò³ ¨§²ÊÎ¥´¨¥³ ´  ¤²¨´¥ ¢μ²´Ò 980 ´³ ¨ ³μÐ´μ¸ÉÓÕ
12 ³‚É. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¸¶¥±É·Ò �Š‹ ¤²Ö ¨¸Ìμ¤´ÒÌ μ¡· §Íμ¢ ¸μ
¸Ìμ¦¨³¨ ³ É·¨Í ³¨, ¤μ¶¨·μ¢ ´´Ò³¨ ¨μ´ ³¨ Er3+, ´¥ ¢¸¥£¤  ´ ¡²Õ¤ ²¨¸Ó
¤·Ê£¨³¨  ¢Éμ· ³¨ (¢ Î ¸É´μ¸É¨, [30, 31]).

�¨¸. 13. ‘¶¥±É·Ò �Š‹ μ¡· §Íμ¢ 1Ä3 ¤μ É¥·³μμ¡· ¡μÉ±¨ ¢ ¤¨ ¶ §μ´¥ 500Ä850 ´³ ( ) ¨
Ô´¥·£¥É¨Î¥¸± Ö ¤¨ £· ³³  ¨μ´μ¢ Er3+ ¸ ¢μ§³μ¦´Ò³¨ ³¥Ì ´¨§³ ³¨ ¨§²ÊÎ¥´¨Ö �Š‹ (¡)
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�·¨ μ¡²ÊÎ¥´¨¨ ¨¸¸²¥¤Ê¥³ÒÌ μ¡· §Íμ¢ ˆŠ-¨§²ÊÎ¥´¨¥³ ¨μ´ Er3+´ ¶·Ö³ÊÕ
¶μ£²μÐ ¥É ËμÉμ´, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¶¥·¥Ìμ¤¨É ¢ ³¥É ¸É ¡¨²Ó´μ¥ ¢μ§¡Ê¦¤¥´-
´μ¥ ¸μ¸ÉμÖ´¨¥ 4I11/2. „ ²¥¥ Î ¸ÉÓ Ô²¥±É·μ´μ¢ Î¥·¥§ ³¥Ì ´¨§³Ò ¢μ§¡Ê¦¤¥´¨Ö
¶μ£²μÐ¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ESA1 (Excited State Absorption) ¨ ¶¥·¥¤ ÎÊ Ô´¥·-
£¨¨ ET1 (Energy Transfer) § ¸¥²ÖÕÉ Ê·μ¢¥´Ó 4F7/2, μÉ±Ê¤  ¡¥§Ò§²ÊÎ É¥²Ó´μ
·¥² ±¸¨·ÊÕÉ ´  Ê·μ¢´¨ 2H11/2,

4S3/2 ¨ 4F9/2. „·Ê£ Ö ¦¥ Î ¸ÉÓ Ô²¥±É·μ´μ¢
¶μ¸²¥ ¡¥§Ò§²ÊÎ É¥²Ó´μ° ·¥² ±¸ Í¨¨ ´  ³¥É ¸É ¡¨²Ó´Ò° Ê·μ¢¥´Ó 4I13/2 Î¥·¥§
¶·μÍ¥¸¸ ESA2 ¶¥·¥Ìμ¤ÖÉ ´  Ê·μ¢¥´Ó 4S3/2. ‘ ÔÉ¨Ì É·¥Ì Ê·μ¢´¥° ¨ ¶·μ¨¸Ìμ¤¨É
¤ ²¥¥ ¨§²ÊÎ¥´¨¥ �Š‹ ¢ ¢¨¤¥ ¤¢ÊÌ §¥²¥´ÒÌ ¸¶¥±É· ²Ó´ÒÌ ¶μ²μ¸ ¸ ³ ±¸¨³Ê³ ³¨
´  522 ¨ 544 ´³,   É ±¦¥ μ¤´μ° ±· ¸´μ° ¶μ²μ¸Ò ¸ ¶¨±μ³ ´  654 ´³.

� ·Ö¤Ê ¸ §¥²¥´μ° ¨ ±· ¸´μ° ¶μ²μ¸μ° �Š‹ ¤²Ö ¢¸¥Ì É·¥Ì μ¡· §Íμ¢ ¡Ò² 
§ ·¥£¨¸É·¨·μ¢ ´  �Š‹-¶μ²μ¸  ¢ ¡²¨¦´¥° ˆŠ-μ¡² ¸É¨ ¸ ³ ±¸¨³Ê³μ³ ¶¨± 
´  802 ´³ (·¨¸. 13,  ). ”μ·³¨·μ¢ ´¨¥ ÔÉμ° ¶μ²μ¸Ò �Š‹ ¸¢Ö§ ´μ ¸μ ¸²¥¤ÊÕÐ¨³
¶·μÍ¥¸¸μ³: Î ¸ÉÓ Ô²¥±É·μ´μ¢ ¸ Ê·μ¢´Ö 4I13/2 ¶ÊÉ¥³ ¶¥·¥¤ Î¨ Ô´¥·£¨¨ (ET2)
¶¥·¥Ìμ¤ÖÉ ´  Ê·μ¢¥´Ó 4I9/2, μÉ±Ê¤  ¨ ¨§²ÊÎ ÕÉ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ˆŠ-¶μ²μ¸Ê.

	¡· §¥Í ¶μ¤ ´μ³¥·μ³ 4 ¸  ²Õ³μ¸¨²¨± É´μ° ³ É·¨Í¥° ¡Ò² ¸μ¤μ¶¨·μ¢ ´
¤¢Ê³Ö �‡�: Er3+/Yb3+. Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ¸¥Î¥´¨¥ ¶μ£²μÐ¥´¨Ö ¨μ-
´μ¢ ¨ÉÉ¥·¡¨Ö ¢ ˆŠ-¤¨ ¶ §μ´¥ 880Ä1020 ´³ £μ· §¤μ ¢ÒÏ¥, Î¥³ ¨μ´μ¢ Ô·¡¨Ö,  
¶μÉμ³Ê Yb3+ Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´Ò³ ¤μ´μ·μ³ ¢ Ëμ·³¨·μ¢ ´¨¨ �Š‹ ¶μ¸·¥¤-
¸É¢μ³ ·¥§μ´ ´¸´μ° ¶¥·¥¤ Î¨ Ô´¥·£¨¨ ¨μ´ ³ Er3+ (·¨¸. 14, ¡).

�¨¸. 14. ‘¶¥±É· �Š‹ Î¥É¢¥·Éμ£μ μ¡· §Í  ¢ ¤¨ ¶ §μ´¥ 500Ä1200 ´³ ( ), Ô´¥·£¥É¨Î¥¸± Ö
¤¨ £· ³³  ¸μ¤μ¶¨·μ¢ ´´ÒÌ ¨μ´μ¢ Er3+/Yb3+ (¡)

‚ ¢¨¤¨³μ° Î ¸É¨ ²Õ³¨´¥¸Í¥´É´μ£μ ¸¶¥±É·  μ¡· §Í  4 ·¥£¨¸É·¨·μ¢ ²¨¸Ó
É¥ ¦¥ ¶μ²μ¸Ò �Š‹, ÎÉμ ¨ ¤²Ö É·¥Ì ¤·Ê£¨Ì μ¡· §Íμ¢, μ¤´ ±μ, ± ± ¢¨¤´μ
¨§ ·¨¸. 14,  , ¶μ ¨´É¥´¸¨¢´μ¸É¨ §¤¥¸Ó ¶·¥¢ ²¨·Ê¥É ±· ¸´ Ö ¶μ²μ¸  ²Õ³¨´¥¸-
Í¥´Í¨¨ ¸ ¶¨±μ³ ´  654 ´³, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¶¥·¥Ìμ¤Ê 4F9/2 → 4I15/2. �Éμ,
¢¥·μÖÉ´μ, ¸¢Ö§ ´μ ¸μ ¢±² ¤μ³ ¢ § ¸¥²¥´´μ¸ÉÓ Ê·μ¢´Ö 4F9/2 ¤¢ÊÌ ³¥Ì ´¨§³μ¢:
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�¨¸. 15. ‘¶¥±É·Ò �Š‹ μ¡· §Íμ¢ 1 ¨ 2 ¤μ ( ) ¨ ¶μ¸²¥ (¡) É¥·³μμ¡· ¡μÉ±¨

§  ¸Î¥É ¶¥·¥¤ Î¨ Ô´¥·£¨¨ μÉ ¨μ´  Yb3+ ¨ ¡¥§Ò§²ÊÎ É¥²Ó´μ° ·¥² ±¸ Í¨¨ ¸
¢ÒÏ¥²¥¦ Ð¨Ì Ê·μ¢´¥° 2H11/2 ¨ 4S3/2.

�  ·¨¸. 15 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò �Š‹ ¸¨²¨± É´μ£μ (μ¡· §¥Í 1) ¨ ¸¨-
²¨±μ£¥·³ ´ É´μ£μ (μ¡· §¥Í 2) μ±¸¨ËÉμ·¨¤´ÒÌ ¸É¥±μ² ¤μ ¨ ¶μ¸²¥ ¨Ì É¥·-
³μμ¡· ¡μÉ±¨ ¶·¨ É¥³¶¥· ÉÊ·¥ 350 ◦‘ ¢ É¥Î¥´¨¥ 25 ¨ 10 Î ¸μμÉ¢¥É¸É¢¥´´μ.
‚¨¤´μ, ÎÉμ ¨´É¥´¸¨¢´μ¸ÉÓ �Š‹ ¢ É¥·³μμ¡· ¡μÉ ´´ÒÌ μ¡· §Í Ì § ³¥É´μ ¢μ§-
· ¸É ¥É: ¶·¨¡²¨§¨É¥²Ó´μ ¢ 7 · § ¢ §¥²¥´μ° ¶μ²μ¸¥ ¨ ¢ 40 · § ¢ ±· ¸´μ° ¤²Ö
μ¡· §Í  1 ¨ μ±μ²μ 20 · § ¢ §¥²¥´μ° ¶μ²μ¸¥ ¨ 150 · § ¢ ±· ¸´μ° ¤²Ö μ¡· §Í  2.
‘Éμ²Ó ÔËË¥±É¨¢´μ¥ Ê¢¥²¨Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ �Š‹ ¸¢Ö§ ´μ ¸ Ëμ·³¨·μ¢ -
´¨¥³ ¢ ¸É¥±²Ö´´μ° ³ É·¨Í¥ ´ ´μ±·¨¸É ²²¨Î¥¸±μ° Ë §Ò (¸É¥±²μ±¥· ³¨±¨)
ËÉμ·¨¤  ¸¢¨´Í  PbF2. �μ¸±μ²Ó±Ê ¨μ´Ò Er3+ ¸μ¸·¥¤μÉμÎ¨¢ ÕÉ¸Ö ¢ μ¸´μ¢´μ³
¢ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¥ PbF2, Éμ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ´¨³¨ ¸μ±· Ð ¥É¸Ö.
‚ ·¥§Ê²ÓÉ É¥ ÔÉμ£μ ´ Î¨´ ÕÉ · ¡μÉ ÉÓ ³¥¦¨μ´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ÎÉμ ¶·¨-
¢μ¤¨É ±  ±É¨¢ Í¨¨ ¶·μÍ¥¸¸μ¢ ¶¥·¥¤ Î¨ Ô´¥·£¨¨ ¨ ÔËË¥±É¨¢´μ³Ê ¡²¨§·¥§μ-
´ ´¸´μ³Ê ¶·μÍ¥¸¸Ê ±·μ¸¸-·¥² ±¸ Í¨¨ CR (·¨¸. 13, ¡) ¸ ÊÎ ¸É¨¥³ ¶ ·Ò Er3+Ä
Er3+ (4F7/2,

4I15/2 → 4F9/2,
4I13/2). ‚ ÔÉμ³ ¸²ÊÎ ¥ Ê·μ¢¥´Ó 4F9/2 §´ Î¨É¥²Ó´μ

§ ¸¥²Ö¥É¸Ö ¸ Ê·μ¢´Ö 4F7/2, ÎÉμ ¨ ¶·¨¢μ¤¨É ± Ê¸¨²¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ±· ¸´μ°
¶μ²μ¸Ò �Š‹-¨§²ÊÎ¥´¨Ö. Š·μ³¥ Éμ£μ, ¢ É¥·³μμ¡· ¡μÉ ´´ÒÌ μ¡· §Í Ì 1 ¨ 2
¨μ´Ò Er3+ ´ Ìμ¤ÖÉ¸Ö ¢ ²μ± ²Ó´μ³ μ±·Ê¦¥´¨¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ËÉμ-
·¨¤  ¸¢¨´Í , Ëμ´μ´´ Ö Ô´¥·£¨Ö ±μÉμ·μ° §´ Î¨É¥²Ó´μ ´¨¦¥ (∼ 250 ¸³−1) Ëμ-
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´μ´´μ° Ô´¥·£¨¨ ¸¨²¨± É´μ° ³ É·¨ÍÒ ¸É¥±²  (∼ 1000 ¸³−1) [31]. �Éμ, ¢ ¸¢μÕ
μÎ¥·¥¤Ó, É ±¦¥ ¡² £μ¶·¨ÖÉ¸É¢Ê¥É ·μ¸ÉÊ ¨´É¥´¸¨¢´μ¸É¨  ¶-±μ´¢¥·¸¨μ´´μ° ²Õ-
³¨´¥¸Í¥´Í¨¨ ¢ É¥·³μμ¡· ¡μÉ ´´ÒÌ μ¡· §Í Ì.

‡�Š‹
—…�ˆ…

‚ ·¥§Ê²ÓÉ É¥ ¢Ò¶μ²´¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¸¨´É¥§¨·μ¢ ´Ò  ¶-±μ´¢¥·¸¨μ´´μ
²Õ³¨´¥¸Í¨·ÊÕÐ¨¥ ¸É¥±² , ¤μ¶¨·μ¢ ´´Ò¥ ¨μ´ ³¨ �‡� Er3+ ¨ Er3+/Yb3+.
‚ ¶·μÍ¥¸¸¥ É¥·³μμ¡· ¡μÉ±¨ ¸¨²¨± É´μ£μ ¨ ¸¨²¨±μ£¥·³ ´ É´μ£μ ¨¸Ìμ¤´ÒÌ
¸É¥±μ² ¸μ§¤ ´Ò ´μ¢Ò¥  ¶-±μ´¢¥·¸¨μ´´μ ²Õ³¨´¥¸Í¨·ÊÕÐ¨¥ ¸É¥±²μ±¥· ³¨±¨,
 ±É¨¢¨·μ¢ ´´Ò¥ ¨μ´ ³¨ Ô·¡¨Ö, ´ ´μ±·¨¸É ²²¨Î¥¸±μ° Ë §μ° ±μÉμ·ÒÌ Ö¢²Ö-
¥É¸Ö ËÉμ·¨¤ ¸¢¨´Í , ¢ ±·¨¸É ²²¨Î¥¸±ÊÕ ·¥Ï¥É±Ê ±μÉμ·μ£μ ¢¸É· ¨¢ ÕÉ¸Ö ¨μ´Ò
É·¥Ì¢ ²¥´É´μ£μ Ô·¡¨Ö Er3+ : PbF2. „²Ö É ±¨Ì μ¡· §Íμ¢ ¨´É¥´¸¨¢´μ¸ÉÓ ¢¸¥Ì ·¥-
£¨¸É·¨·Ê¥³ÒÌ ¶μ²μ¸ �Š‹, μ¸μ¡¥´´μ ±· ¸´μ°, §´ Î¨É¥²Ó´μ ¢μ§· ¸É ¥É
(∼ 150 · §) ¶μ ¸· ¢´¥´¨Õ ¸ ¨¸Ìμ¤´Ò³¨ μ¡· §Í ³¨.

�μ ´ Ï¨³ ¸¢¥¤¥´¨Ö³, ¢¶¥·¢Ò¥ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò ATSAS ´  μ¸´μ¢¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ±·¨¢ÒÌ · ¸¸¥Ö´¨Ö Œ“�� ¡Ò²  ¶μ¸É·μ¥´  ³μ¤¥²Ó Ëμ·³Ò
É·¥Ì³¥·´μ£μ μ¡Ñ¥±É  ¤²Ö É¥·³μμ¡· ¡μÉ ´´ÒÌ μ¡· §Íμ¢, ¤¥³μ´¸É·¨·ÊÕÐ Ö
±² ¸É¥·´ÊÕ ¸É·Ê±ÉÊ·Ê μ·£ ´¨§ Í¨¨ ´ ´μ±·¨¸É ²²¨Î¥¸±μ° Ë §Ò ËÉμ·¨¤ 
¸¢¨´Í .

‘μ§¤ ´´Ò¥ ¸É¥±²μ±¥· ³¨±¨ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¢ μ¶ÉμÔ²¥±É·μ´¨±¥,
¢ ± Î¥¸É¢¥  ¶-±μ´¢¥·É¥·μ¢, Ê¸¨²¨¢ ÕÐ¨Ì ÔËË¥±É¨¢´μ¸ÉÓ ¸μ²´¥Î´ÒÌ ¡ É ·¥°,
¨ ¢ ¤·Ê£¨Ì ¶·¨²μ¦¥´¨ÖÌ.

	² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ �´ Éμ²¨Õ ˜ · ±μ¢-
¸±μ³Ê Å ´ ÊÎ´μ³Ê ¸μÉ·Ê¤´¨±Ê ˆ´¸É¨ÉÊÉ  Ë¨§¨±¨ É¢¥·¤μ£μ É¥²  ‹ É¢¨°¸±μ£μ
Ê´¨¢¥·¸¨É¥É  (�¨£ ) Å §  ¶μ²¥§´Ò¥ ¸μ¢¥ÉÒ ¨ ´ ÊÎ´Ò¥ ±μ´¸Ê²ÓÉ Í¨¨ ¶·¨
¶μ¤£μÉμ¢±¥ ¤ ´´μ° ¶Ê¡²¨± Í¨¨,   É ±¦¥ �´´¥ Š ¶¨Éμ´μ¢μ° Å ¶μ³μÐ´¨±Ê
¤¨·¥±Éμ·  –Š� ®� ´μ¡¨μËμÉμ´¨± ¯ (	ˆŸˆ) Å §  ¶μ³μÐÓ ¢ μËμ·³²¥´¨¨
·Ê±μ¶¨¸¨.
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