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�¥â®¤®¬ ¬¥áá¡ ãíà®¢áª®© á¯¥ªâà®áª®¯¨¨ ­  ¨§®â®¯¥ 119Sn ¯®ª § ­®, çâ® ¨§®¢ «¥­â­ ï ¯à¨¬¥áì
®«®¢  ¢ â¢¥à¤ëå à áâ¢®à å PbS1−zSez ï¢«ï¥âáï ¤¢ãåí«¥ªâà®­­ë¬ ¤®­®à®¬ á ®âà¨æ â¥«ì­®© ª®à-
à¥«ïæ¨®­­®© í­¥à£¨¥©. �­¥à£¥â¨ç¥áª¨¥ ãà®¢­¨, á¢ï§ ­­ë¥ á ®«®¢®¬, ­ å®¤ïâáï ¢ ­¨¦­¥© ¯®«®¢¨­¥
§ ¯à¥é¥­­®© §®­ë ¤«ï z < 0.7 ¨ ®ª §ë¢ îâáï ­  ä®­¥ à §à¥è¥­­ëå á®áâ®ï­¨© ¢ «¥­â­®© §®­ë ¤«ï

z > 0.7. �à®¤¥¬®­áâà¨à®¢ ­ ¯à®æ¥áá í«¥ªâà®­­®£® ®¡¬¥­  ¬¥¦¤ã ­¥©âà «ì­ë¬¨ ¨ ¨®­¨§®¢ ­­ë¬¨
æ¥­âà ¬¨ ®«®¢ . �­¥à£¨ï  ªâ¨¢ æ¨¨ Eo íâ®£® ¯à®æ¥áá  ¬®­®â®­­® ã¬¥­ìè ¥âáï á à®áâ®¬ z, çâ®
®âà ¦ ¥â ä ªâ ¯à¨¡«¨¦¥­¨ï í­¥à£¥â¨ç¥áª¨å ãà®¢­¥© ®«®¢  ª ¢¥àè¨­¥ ¢ «¥­â­®© §®­ë, ¨ ¯à¨ z > 0.7
¢¥«¨ç¨­  Eo = U/2 (U — í­¥à£¨ï � ¡¡ à¤ ).

1. �¢¥¤¥­¨¥

� «ìª®£¥­¨¤ë á¢¨­æ  ¨ ®«®¢  ®¡à §ãîâ â¢¥à-
¤ë¥ à áâ¢®àë § ¬¥é¥­¨ï (Pb1−xSnxS, Pb1−xSnxSe,
Pb1−xSnxTe) ¨, á®£« á­® ¤ ­­ë¬ ¬¥áá¡ ãíà®¢áª®©

á¯¥ªâà®áª®¯¨¨ ­  ¨§®â®¯¥ 119Sn, ®«®¢® ¢ PbS ¨

PbSe ï¢«ï¥âáï í«¥ªâà¨ç¥áª¨  ªâ¨¢­®© ¯à¨¬¥áìî ¤®-
­®à­®£® â¨¯  [1,2]. �¤­ ª® ¯®¯ëâª¨ ®¡êïá­¥­¨ï ¢

à ¬ª å ®¤­®ãà®¢­¥¢®© ¬®¤¥«¨ â¥¬¯¥à âãà­ëå § ¢¨-
á¨¬®áâ¥© í«¥ªâà®¯à®¢®¤­®áâ¨, â¥à¬®í¤á ¨ ª®íää¨-
æ¨¥­â  �®««  â¢¥à¤ëå à áâ¢®à®¢ Pb1−x−ySnxAyS ¨

Pb1−x−ySnxAySe (A=Na, Tl) ­¥ ¡ë«¨ ãá¯¥è­ë¬¨ [3].
�®£« á­® ¯à¥¤áâ ¢«¥­¨ï¬, à §¢¨âë¬ ¢ [3], ®«®¢® ¯à®-
ï¢«ï¥â ¤®­®à­ãî  ªâ¨¢­®áâì â®«ìª® ¢ ®¡« áâ¨ ­¨§-
ª¨å â¥¬¯¥à âãà (­ ¯à¨¬¥à, ¤«ï á«ãç ï PbSe ¯à¨

T < 200 K), â®£¤  ª ª ¯à¨ ¯®¢ëè¥­¨¨ â¥¬¯¥à âã-
àë ®«®¢® ­ ç¨­ ¥â ¢ë¯®«­ïâì äã­ªæ¨¨  ªæ¥¯â®à .
�ç¥¢¨¤­®, íâ® ¬®¦¥â à¥ «¨§®¢ âìáï, ¥á«¨ ¢ ®¡« áâ¨

­¨§ª¨å â¥¬¯¥à âãà ­¥©âà «ì­ë¥ (Sn2+) ¨ ¨®­¨§®-
¢ ­­ë¥ (Sn4+) æ¥­âàë ®«®¢  ¢ à¥è¥âª å PbS(PbSe)
­ å®¤ïâáï ¢ à §­ëå ¯®«®¦¥­¨ïå: ­ ¯à¨¬¥à, ¨®­ Sn4+

¬®¦¥â á¨«ì­® ¤¥ä®à¬¨à®¢ âì á¢®¥ ¡«¨¦ ©è¥¥ ®ªàã-
¦¥­¨¥ á ®¡à §®¢ ­¨¥¬  áá®æ¨ â®¢ á ¢ ª ­á¨ï¬¨ ¨«¨

¨®­¨§®¢ ­­ë¬¨  ªæ¥¯â®à ¬¨ [3]. �à¨ ¯®¢ëè¥­¨¨

â¥¬¯¥à âãàë ãáâ®©ç¨¢®áâì â ª®£® ¤¥ä®à¬¨à®¢ ­­®-
£® «®ª «ì­®£® ®ªàã¦¥­¨ï ¨®­®¢ Sn4+ ¯®­¨¦ ¥âáï ¨

à áâ¥â â¥­¤¥­æ¨ï ª ®¡à §®¢ ­¨î ¨®­®¢ Sn2+. �à¨ ­¥-
ª®â®à®© ªà¨â¨ç¥áª®© â¥¬¯¥à âãà¥ (á®£« á­® [3], ¤«ï
PbSe ¯à¨ T > 200 K) ­¥íª¢¨¢ «¥­â­®áâì ¯®«®¦¥­¨©
æ¥­âà®¢ Sn2+ ¨ Sn4+ ¨áç¥§ ¥â ¨ íâ® ®¡«¥£ç ¥â ¯à®æ¥áá

«®ª «¨§ æ¨¨ í«¥ªâà®­®¢ ­  æ¥­âà å Sn4+ á ¯¥à¥å®¤®¬

¨å ¢ á®áâ®ï­¨¥ Sn2+. �ãé¥áâ¢¥­­ë¬ ­¥¤®áâ âª®¬

¯à¥¤áâ ¢«¥­¨©, à §¢¨âëå ¢ [3], ï¢«ï¥âáï ®âáãâáâ¢¨¥

¤®ª § â¥«ìáâ¢ áãé¥áâ¢®¢ ­¨ï â ª¨å  áá®æ¨ â®¢ ­¥

â®«ìª® ¢ ¬¥áá¡ ãíà®¢áª¨å á¯¥ªâà å [4,5], ­® ¨ ¢

á¯¥ªâà å ®¯â¨ç¥áª®£® ¯®£«®é¥­¨ï â¢¥à¤ëå à áâ¢®à®¢

Pb1−x−ySnxAyS ¨ Pb1−x−ySnxAySe [6,7].

� ­ áâ®ïé¥© à ¡®â¥ ¯à¥¤« £ ¥âáï ¬®¤¥«ì, ¯®§¢®«ï-
îé ï ®¯¨á âì ¨§®¢ «¥­â­ãî (¨§®í«¥ªâà®­­ãî) ¯à¨-

¬¥áì ®«®¢  ¢ å «ìª®£¥­¨¤ å á¢¨­æ  PbS, PbSe ¨

â¢¥à¤ëå à áâ¢®à å ­  ¨å ®á­®¢¥ PbS1−zSez ª ª ¤¢ãå-
í«¥ªâà®­­ë© ¤®­®à á ®âà¨æ â¥«ì­®© ª®àà¥«ïæ¨®­-
­®© í­¥à£¨¥©. �®ª §ë¢ ¥âáï, çâ®  ­ «¨§ ¤ ­­ëå

¬¥áá¡ ãíà®¢áª®© á¯¥ªâà®áª®¯¨¨ ¢ à ¬ª å â ª®© ¬®¤¥-
«¨ ¯®§¢®«ï¥â íªá¯¥à¨¬¥­â «ì­® ®¯à¥¤¥«¨âì í­¥à£¨î

� ¡¡ à¤ .
�¨­â¥§ ®¡à §æ®¢ ¤«ï ¨áá«¥¤®¢ ­¨© ¨ ¬¥â®¤¨ª  ¨§-

¬¥à¥­¨ï ¬¥áá¡ ãíà®¢áª¨å á¯¥ªâà®¢ 119Sn ®¯¨á ­ë ¢

à ¡®â¥ [8].

2. �ªá¯¥à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë ¨ ¨å

®¡áã¦¤¥­¨¥

�  à¨á. 1 ¯à¨¢¥¤¥­ë ¬¥áá¡ ãíà®¢áª¨¥ á¯¥ªâàë 119Sn
¯à¨ 80 K ¤«ï â¢¥à¤ëå à áâ¢®à®¢ Pb1−x−ySnxAyS á

à §«¨ç­ë¬ á®®â­®è¥­¨¥¬ ª®­æ¥­âà æ¨¨ ®«®¢  NSn

¨  ªæ¥¯â®à®¢ NA. �«ï á®áâ ¢®¢ á á®¤¥à¦ ­¨¥¬

 ªæ¥¯â®à  0 < y < 2x á¯¥ªâàë ¯à¥¤áâ ¢«ïîâ á®¡®©

­ «®¦¥­¨¥ ¤¢ãå «¨­¨©, ¨§®¬¥à­ë¥ á¤¢¨£¨ ª®â®àëå

®â¢¥ç îâ Sn2+ ¨ Sn4+. �®«ï æ¥­âà®¢ Sn4+

P = NSn4+/(NSn2+ +NSn4+),

(§¤¥áì NSn2+ ¨ NSn4+ — ª®­æ¥­âà æ¨¨ æ¥­âà®¢ Sn2+

¨ Sn4+ á®®â¢¥âáâ¢¥­­®) ¯àï¬® ¯à®¯®àæ¨®­ «ì­  ª®­-
æ¥­âà æ¨¨  ªæ¥¯â®à®¢,   ª®íää¨æ¨¥­â ¯à®¯®àæ¨®-
­ «ì­®áâ¨ à ¢¥­ 2 (á¬. à¨á. 2). � ª¨¬ ®¡à §®¬,
®«®¢® ¢ PbS ï¢«ï¥âáï ¤¢ãåí«¥ªâà®­­ë¬ ¤®­®à®¬:
¨®­ë Sn2+ ¨ Sn4+ ®â¢¥ç îâ ­¥©âà «ì­®¬ã [Sn]0 ¨

¤¢ãªà â­® ¨®­¨§®¢ ­­®¬ã [Sn]
2+

æ¥­âàã ®«®¢ . �à ¢-
­¥­¨¥ í«¥ªâà®­¥©âà «ì­®áâ¨ ¨¬¥¥â ¢¨¤

2NSn4+ = NA − p, (1)

¯à¨ç¥¬ ª®­æ¥­âà æ¨¥© ¤ëà®ª p ¬®¦­® ¯à¥­¥¡à¥çì,
â ª ª ª ¯à¨ 80 K ¤«ï ¢á¥å ¨áá«¥¤®¢ ­­ëå ®¡à §-
æ®¢ NSn � p. �®áª®«ìªã ¢á¥ ®¡à §æë á á®áâ ¢®¬

0 < y < 2x ¡ë«¨ ¤ëà®ç­ë¬¨,   ª®­æ¥­âà æ¨ï ¤ëà®ª
§ ¢¨á¥«  ®â â¥¬¯¥à âãàë (p = 6 · 1013 á¬−3 ¯à¨ 80 K
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�¨á. 1. �¥áá¡ ãíà®¢áª¨¥ á¯¥ªâàë 119Sn â¢¥à¤ëå à á-
â¢®à®¢ Pb0.99−ySn0.01AyS ¯à¨ 80 K: y = 0 (a), 0.005 (b),
0.01 (c), 0.015 (d), 0.02 (e). �®ª § ­ë ¯®«®¦¥­¨ï «¨­¨©

á¯¥ªâà®¢ ¤«ï æ¥­âà®¢ Sn4+, Sn3+ ¨ Sn2+.

�¨á. 2. � ¢¨á¨¬®áâì ¤®«¨ P æ¥­âà®¢ Sn4+ ¯à¨ 80 K
®â ª®­æ¥­âà æ¨¨  ªæ¥¯â®à®¢ ¤«ï â¢¥à¤ëå à áâ¢®à®¢

Pb0.99−ySn0.01AyS (1 ) ¨ Pb0.99−ySn0.01AySe (2 ). �à¨

®¯à¥¤¥«¥­¨¨ ¨§ ¬¥áá¡ ãíà®¢áª¨å á¯¥ªâà®¢ ª®­æ¥­âà æ¨©

æ¥­âà®¢ Sn2+ ¨ Sn4+ ®â­®è¥­¨¥ ª®íää¨æ¨¥­â®¢ �¥áá¡ ã-
íà  ¤«ï íâ¨å æ¥­âà®¢ ¯à¨­¨¬ «®áì à ¢­ë¬ 0.93(1) [8].

¨ p = 1019 á¬−3 ¯à¨ 300 K), â®, á«¥¤®¢ â¥«ì­®, ãà®-

¢¥­ì �¥à¬¨ F , á¢ï§ ­­ë© á ç áâ¨ç­® ¨®­¨§®¢ ­­ë¬

¤®­®à­ë¬ ãà®¢­¥¬ ®«®¢ , ­ å®¤¨âáï ¢ ­¨¦­¥© ¯®-

«®¢¨­¥ § ¯à¥é¥­­®© §®­ë. � ª ï ª àâ¨­  ¯®¢¥¤¥­¨ï

®«®¢  ­ å®¤¨âáï ¢ á®£« á¨¨ á ¤ ­­ë¬¨ ¯® â¥¬¯¥-

à âãà­ë¬ § ¢¨á¨¬®áâï¬ í«¥ªâà®¯à®¢®¤­®áâ¨, â¥à¬®-

í¤á ¨ ª®íää¨æ¨¥­â  �®««  ¤«ï â¢¥à¤ëå à áâ¢®à®¢

Pb1−x−ySnxAyS [9].

� ¡¡ à¤ [10] ¯¥à¢ë¬ ¯à®¢¥« â¥®à¥â¨ç¥áª¨©  ­ -
«¨§ ¯®¢¥¤¥­¨ï ¯à¨¬¥á­ëå  â®¬®¢, á¯®á®¡­ëå ®â¤ -
¢ âì (¯à¨­¨¬ âì) ¤¢  í«¥ªâà®­  (”¤¢ãåí«¥ªâà®­­ë¥
æ¥­âàë”). � § ¯à¥é¥­­®© §®­¥ ¯®«ã¯à®¢®¤­¨ª  ¢

íâ®¬ á«ãç ¥ ®¡à §ãîâáï ¤¢¥ ¯®«®áë «®ª «¨§®¢ ­­ëå

á®áâ®ï­¨©, à §¤¥«¥­­ëå ­  ¢¥«¨ç¨­ã ¢­ãâà¨ â®¬­®©
í­¥à£¨¨ (í­¥à£¨ï � ¡¡ à¤ , ª®àà¥«ïæ¨®­­ ï í­¥à-
£¨ï) [11]

U = E2 −E1, (2)

£¤¥ E1 ¨ E2 — 1-ï ¨ 2-ï í­¥à£¨¨ ¨®­¨§ æ¨¨ æ¥­âà .

� á¯à¥¤¥«¥­¨¥ ¯«®â­®áâ¨ á®áâ®ï­¨© ¢ § ¢¨á¨¬®-
áâ¨ ®â áâ¥¯¥­¨ ª®¬¯¥­á æ¨¨ ¤«ï â¢¥à¤®£® à áâ¢®à 

Pb1−x−ySnxAyS ¯à¨¢¥¤¥­® ­  à¨á. 3 ¨ 4 ¤«ï U > 0
¨ U < 0 (¬ë ¨á¯®«ì§®¢ «¨ ¯à¨ íâ®¬ à¥§ã«ìâ âë

à ¡®âë [11]). �  íâ¨å ¦¥ à¨áã­ª å ¯à¨¢¥¤¥­ë ®¦¨¤ -
¥¬ë¥ ä®à¬ë ¬¥áá¡ ãíà®¢áª¨å á¯¥ªâà®¢ 119Sn. �à ¢-
­¥­¨¥ íªá¯¥à¨¬¥­â «ì­ëå (à¨á. 1) ¨ â¥®à¥â¨ç¥áª¨å

(à¨á. 3, 4) ¬¥áá¡ ãíà®¢áª¨å á¯¥ªâà®¢ ®¤­®§­ ç­® á¢¨-
¤¥â¥«ìáâ¢ã¥â ¢ ¯®«ì§ã â®£®, çâ® ¤«ï ¤¢ãåí«¥ªâà®­­ëå
æ¥­âà®¢ ®«®¢  ¢ PbS ¢¥«¨ç¨­  U < 0.

�¨á. 3. �«®â­®áâì á®áâ®ï­¨© ¤«ï Pb1−x−ySnxAyS ¢ á«ã-
ç ¥ U > 0. NA à ¢­® 0 (a), 0.5NSn (b), NSn (c), 1.5NSn (d) ¨
2NSn (e). � èâà¨å®¢ ­­ë¥ ¨ ­¥§ èâà¨å®¢ ­­ë¥ ®¡« áâ¨
¯®«®áë E1 ®â¢¥ç îâ, á®®â¢¥âáâ¢¥­­®, ­¥©âà «ì­ë¬ [Sn]0,
(â. ¥. Sn2+) ¨ ®¤­®ªà â­® ¨®­¨§®¢ ­­ë¬ [Sn]+ (â. ¥. Sn3+)
æ¥­âà ¬ ®«®¢ . � èâà¨å®¢ ­­ë¥ ¨ ­¥§ èâà¨å®¢ ­­ë¥

®¡« áâ¨ ¯®«®áë E2 ®â¢¥ç îâ, á®®â¢¥âáâ¢¥­­®, ®¤­®ªà â­®
¨®­¨§®¢ ­­ë¬ ¨ ¤¢ãªà â­® ¨®­¨§®¢ ­­ë¬ [Sn]2+ (â. ¥.
Sn4+) æ¥­âà ¬ ®«®¢ . �¯à ¢  ¯à¥¤áâ ¢«¥­ë ®¦¨¤ ¥¬ë¥

ä®à¬ë ¬¥áá¡ ã íà®¢áª¨å á¯¥ªâà®¢ 119Sn; ¢¢¥àåã ¤«ï ­¨å
¯®ª § ­ë ¯®«®¦¥­¨ï «¨­¨©, ®â¢¥ç îé¨å ¨®­ ¬: 1 —
Sn4+, 2 — Sn3+ ¨ 3 — Sn2+.
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�¨á. 4. �«®â­®áâì á®áâ®ï­¨© ¤«ï Pb1−x−ySnxAyS ¢

á«ãç ¥ U < 0. NA à ¢­® 0 (a), 0.5NSn (b), NSn (c),
1.5NSn (d) ¨ 2NSn (e). � èâà¨å®¢ ­­ ï ®¡« áâì ¯®«®áë

E1 ®â¢¥ç ¥â ­¥©âà «ì­ë¬ [Sn]0 (â. ¥. Sn2+) æ¥­âà ¬ ®«®¢ ,
  ­¥§ èâà¨å®¢ ­­ ï ®¡« áâì ¯®«®áë E2 — ¤¢ãªà â­®

¨®­¨§®¢ ­­ë¬ [Sn]2+ (â. ¥. Sn4+) æ¥­âà ¬ ®«®¢ . �¯à ¢ 
¯à¥¤áâ ¢«¥­ë ®¦¨¤ ¥¬ë¥ ä®à¬ë ¬¥áá¡ ãíà®¢áª¨å á¯¥ª-
âà®¢ 119Sn; ¢¢¥àåã ¤«ï ­¨å ¯®ª § ­ë ¯®«®¦¥­¨ï «¨­¨©,
®â¢¥ç îé¨å ¨®­ ¬: 1 — Sn4+, 2 — Sn3+ ¨ 3 — Sn2+.

�¨âã æ¨ï áãé¥áâ¢¥­­ë¬ ®¡à §®¬ ­¥ ¨§¬¥­ï¥âáï ¨

¤«ï â¢¥à¤ëå à áâ¢®à®¢ Pb1−x−ySnxAySe: ¤«ï ç -
áâ¨ç­® ª®¬¯¥­á¨à®¢ ­­ëå ®¡à §æ®¢ (0 < y < 2x)
¬¥áá¡ ãíà®¢áª¨¥ á¯¥ªâàë 119Sn ¯à¨ 80 K ¯à¥¤áâ ¢«ï-
îâ á®¡®© ­ «®¦¥­¨¥ «¨­¨© Sn2+ ¨ Sn4+ (à¨á. 5),
®¤­ ª® ¤®«ï æ¥­âà®¢ Sn4+ ¯à®¯®àæ¨®­ «ì­  NA − p

(à¨á. 2). �â® ®¡êïá­ï¥âáï â¥¬, çâ® ¢ PbSe ãà®-
¢¥­ì �¥à¬¨, á¢ï§ ­­ë© á ç áâ¨ç­® ¨®­¨§®¢ ­­ë¬

¤®­®à­ë¬ ãà®¢­¥¬ ®«®¢ , ­ å®¤¨âáï ­¨¦¥ ¢¥àè¨­ë

¢ «¥­â­®© §®­ë (¢á¥ ®¡à §æë á 0 < y < 2x ¡ë«¨

¤ëà®ç­ë¬¨ ¨ ¢ëà®¦¤¥­­ë¬¨ á p ≈ 1019 á¬−3 ¯à¨

80 ¨ 295 K) ¨ ¢ ãà ¢­¥­¨¨ í«¥ªâà®­¥©âà «ì­®áâ¨

(1) á«¥¤ã¥â ãç¨âë¢ âì ª®­æ¥­âà æ¨î ¤ëà®ª, ª®â®à ï
áà ¢­¨¬  á ª®­æ¥­âà æ¨¥© ®«®¢ .

� ª¨¬ ®¡à §®¬, ¢ PbSe ¯ à ¬¥âà U < 0 ¨ æ¥­âàë

®«®¢  ï¢«ïîâáï ¤¢ãåí«¥ªâà®­­ë¬¨. �¤­ ª® í­¥à£¥-
â¨ç¥áª¨¥ ãà®¢­¨, á¢ï§ ­­ë¥ á ®«®¢®¬, ­ å®¤ïâáï ­ 

ä®­¥ à §à¥è¥­­®£® á¯¥ªâà  ¢ «¥­â­®© §®­ë. �â¬¥-
â¨¬, çâ® íâ®â ¢ë¢®¤ á®£« áã¥âáï á ¤ ­­ë¬¨ ¯® â¥¬-
¯¥à âãà­ë¬ § ¢¨á¨¬®áâï¬ í«¥ªâà®¯à®¢®¤­®áâ¨, â¥à-
¬®í¤á ¨ ª®íää¨æ¨¥­â  �®««  ¤«ï â¢¥à¤ëå à áâ¢®-
à®¢ Pb1−x−ySnxAySe [3,9]. �  à¨á. 6 ¯à¥¤áâ ¢«¥­®

à á¯à¥¤¥«¥­¨¥ ¯«®â­®áâ¨ á®áâ®ï­¨© ¤«ï ç áâ¨ç­®

ª®¬¯¥­á¨à®¢ ­­®£® Pb1−x−ySnxAySe.

�  à¨á. 7 ¯à¨¢¥¤¥­  § ¢¨á¨¬®áâì P ®â z ¤«ï â¢¥à-
¤ëå à áâ¢®à®¢ Pb1−x−ySnxAyS1−zSez, á®¤¥à¦ é¨å

®¤¨­ ª®¢ë¥ ª®­æ¥­âà æ¨¨ ®«®¢  ¨  ªæ¥¯â®à­®© ¯à¨-
¬¥á¨ (x = y), ¨ ¢¨¤­®, çâ® ¤«ï z < 0.7 NSn2+ = NSn4+ ,
â®£¤  ª ª ¤«ï á®áâ ¢®¢ á z > 0.7 NSn2+ > NSn4+ .
�®áª®«ìªã ¢á¥ ®¡à §æë ¡ë«¨ ¤ëà®ç­ë¬¨, á«¥¤ã¥â
§ ª«îç¨âì, çâ® ¤«ï â¢¥à¤ëå à áâ¢®à®¢ á z > 0.7 ¢

ãà ¢­¥­¨¨ í«¥ªâà®­¥©âà «ì­®áâ¨ (1) á«¥¤ã¥â ãç¨âë-
¢ âì ª®­æ¥­âà æ¨î ¤ëà®ª, ¯®áª®«ìªã ãà®¢¥­ì �¥à¬¨,
á¢ï§ ­­ë© á ç áâ¨ç­® ¨®­¨§®¢ ­­ë¬ ãà®¢­¥¬ ®«®¢ ,
®ª §ë¢ ¥âáï ­¨¦¥ ¢¥àè¨­ë ¢ «¥­â­®© §®­ë.
�ãé¥áâ¢¥­­ë¬ ¬®¬¥­â®¬ ï¢«ï¥âáï â®â ä ªâ, çâ®

¢ ®¡à §æ å Pb1−x−ySnyAyS ¨ Pb1−x−ySnyAySe, á®-
¤¥à¦ é¨å â®«ìª® ®¤­® á®áâ®ï­¨¥ ®«®¢  (Sn2+ ¤«ï

�¨á. 5. �¥áá¡ ãíà®¢áª¨¥ á¯¥ªâàë 119Sn ¤«ï

â¢¥à¤ëå à áâ¢®à®¢ Pb0.96Sn0.02Na0.01Tl0.01S (a,b) ¨

Pb0.96Sn0.02Na0.01Tl0.01Se (c,d) ¯à¨ 80 (a,c) ¨ 295 K (b,d).

�¨á. 6. �«®â­®áâì á®áâ®ï­¨© ¤«ï á«ãç ï Pb1−x−ySnxAySe
(U < 0), ª®£¤  x = y. �®ïá­¥­¨ï ¤ ­ë ¢ ¯®¤¯¨á¨ ª à¨á. 4.
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�¨á. 7. � ¢¨á¨¬®áâì ¤®«¨ P æ¥­âà®¢ Sn4+ (a) ¨

í­¥à£¨¨  ªâ¨¢ æ¨¨ ¯à®æ¥áá  í«¥ªâà®­­®£® ®¡¬¥­  ¬¥¦¤ã

æ¥­âà ¬¨ ®«®¢  Eo (b) ®â z ¤«ï â¢¥à¤ëå à áâ¢®à®¢

Pb0.96Sn0.02Na0.01Tl0.01S1−zSez.

y = 0 ¨ Sn4+ ¤«ï y > 2x (á¬. à¨á. 1)), è¨à¨­ 

¬¥áá¡ ãíà®¢áª¨å á¯¥ªâà®¢ ¡«¨§ª  ª  ¯¯ à âãà­®©

è¨à¨­¥ (0.77(2)¬¬/á) ¨ ­¥ § ¢¨á¨â ­¨ ®â á®áâ -
¢  â¢¥à¤®£® à áâ®¢à , ­¨ ®â â¥¬¯¥à âãàë ¨§¬¥à¥-
­¨ï (80÷295 K). �«¨§®áâì è¨à¨­ë íªá¯¥à¨¬¥­â «ì-
­ëå «¨­¨© ¢ á¯¥ªâà å â¢¥à¤ëå à áâ¢®à®¢ ª  ¯¯ à -
âãà­®© è¨à¨­¥ ¨áª«îç ¥â ¢®§¬®¦­®áâì à §«®¦¥­¨ï

á¯¥ªâà®¢ ­  ª¢ ¤àã¯®«ì­ë¥ ¤ã¡«¥âë. �­ë¬¨ á«®-
¢ ¬¨, á¯¥æ¨ «ì­® ¯à¥¤¯à¨­ïâë¥ ¯®¨áª¨ á ¯®¬®éìî

¬¥áá¡ ãíà®¢áª®© á¯¥ªâà®áª®¯¨¨ ®â«¨ç¨© ¢ á¨¬¬¥âà¨¨

«®ª «ì­®£® ®ªàã¦¥­¨ï æ¥­âà®¢ Sn2+ ¨ Sn4+ ¯à¨¢®¤ïâ

ª ¢ë¢®¤ã, çâ® «®ª «ì­ë¥ ®ªàã¦¥­¨ï æ¥­âà®¢ Sn2+

¨ Sn4+ ï¢«ïîâáï ¨¤¥­â¨ç­ë¬¨ (®«®¢® ­ å®¤¨âáï ¢

æ¥­âà¥ ¯à ¢¨«ì­®£® ®ªâ í¤à  ¨§  â®¬®¢ å «ìª®£¥­¨-
¤ ) ¨ ­¥ § ¢¨áïâ ­¨ ®â á®áâ ¢  â¢¥à¤®£® à áâ¢®à , ­¨
®â â¥¬¯¥à âãàë. � §«¨ç­®£® à®¤   áá®æ¨ âë æ¥­âà®¢

Sn4+ á ¤¥ä¥ªâ ¬¨ à¥è¥âª¨ ¨ ¨®­¨§®¢ ­­ë¬¨  ªæ¥¯-
â®à ¬¨ ®¡­ àã¦¨¢ îâáï â®«ìª® ¤«ï ­¥ ¯®«­®áâìî

£®¬®£¥­¨§¨à®¢ ­­ëå ¬ â¥à¨ «®¢, ­® ¨ ¢ íâ®¬ á«ãç ¥

¨å ¤®«ï ­¥ ¯à¥¢ëè ¥â 0.1 ®â ®¡é¥© ª®­æ¥­âà æ¨¨

®«®¢  [12].

�¤­ ª® ¤«ï â¢¥à¤ëå à áâ¢®à®¢, á®¤¥à¦ é¨å ®¤­®-
¢à¥¬¥­­® æ¥­âàë Sn2+ ¨ Sn4+, è¨à¨­ë «¨­¨© á¯¥ª-
âà®¢,   â ª¦¥ ¨§®¬¥à­ë¥ á¤¢¨£¨ «¨­¨© Sn2+ ¨ Sn4+

§ ¢¨áïâ ®â â¥¬¯¥à âãàë ¨§¬¥à¥­¨ï á¯¥ªâà®¢. � ª¨¥
§ ¢¨á¨¬®áâ¨ ¡ë«¨ ­ ¬¨ ¨§ãç¥­ë ¤«ï â¢¥à¤ëå à áâ¢®-
à®¢ Pb1−zSez , á®¤¥à¦ é¨å ®¤¨­ ª®¢ë¥ ª®­æ¥­âà æ¨¨
®«®¢  ¨  ªæ¥¯â®à  (Pb0.96Sn0.02Na0.01Tl0.01S1−zSez,
0 < z < 1). �«ï ¢á¥å ®¡à §æ®¢ ¯®¢ëè¥­¨¥ â¥¬¯¥à âã-
àë ®â 80 ¤® 295 K á®¯à®¢®¦¤ «®áì á¡«¨¦¥­¨¥¬ «¨­¨©

Sn2+ ¨ Sn4+ (à¨á. 5), ¯à¨ç¥¬, ª ª ¢¨¤­® ¨§ à¨á. 8, íâ®
á¡«¨¦¥­¨¥ â¥¬ ¡®«ìè¥, ç¥¬ ¡®«ìè¥ z. �¤­®¢à¥¬¥­­®

á íâ¨¬ ­ ¡«î¤ ¥âáï ¢®§à áâ ­¨¥ è¨à¨­ «¨­¨© Sn2+ ¨

Sn4+ (à¨á. 8).
�â¬¥â¨¬, çâ® â ª¨¥ â¥¬¯¥à âãà­ë¥ § ¢¨á¨¬®áâ¨

¨§®¬¥à­ëå á¤¢¨£®¢ ¨ è¨à¨­ «¨­¨© å à ªâ¥à­ë ¤«ï

á«ãç ï í«¥ªâà®­­®£® ®¡¬¥­  ¬¥¦¤ã ¤¢ã¬ï § àï¤®¢ë-
¬¨ á®áâ®ï­¨ï¬¨ ¬¥áá¡ ãíà®¢áª®£®  â®¬ , ª®£¤  ¢à¥¬ï
¦¨§­¨ ª ¦¤®£® ¨§ á®áâ®ï­¨© áà ¢­¨¬® á® ¢à¥¬¥­¥¬

¦¨§­¨ ¬¥áá¡ ãíà®¢áª®£® ãà®¢­ï (¤«ï 119Sn íâ® ¢à¥¬ï
¯®àï¤ª  20­á). � ¨­â¥à¢ «¥ â¥¬¯¥à âãà 80÷295 K
¬ë ¯à®¢¥«¨ ¨§¬¥à¥­¨¥ ç áâ®âë í«¥ªâà®­­®£® ®¡¬¥­ 

¬¥¦¤ã á®áâ®ï­¨ï¬¨ Sn2+ ¨ Sn4+ ¢ â¢¥à¤ëå à áâ¢®à å

Pb0.96Sn0.02Na0.01Tl0.01S1−zSez , ¨ ­  à¨á. 7 ¯à¥¤áâ -
¢«¥­  § ¢¨á¨¬®áâì í­¥à£¨¨  ªâ¨¢ æ¨¨ ¯à®æ¥áá  Eo
®â z. �¨¤­®, çâ® á à®áâ®¬ á®¤¥à¦ ­¨ï á¥«¥­  z ¢

â¢¥à¤®¬ à áâ¢®à¥ ¢¥«¨ç¨­  Eo ¢­ ç «¥ ¬®­®â®­­®

ã¬¥­ìè ¥âáï, ¤®áâ¨£ ï ¯à¨ z = 0.7 ¯à¥¤¥«ì­®£®

§­ ç¥­¨ï 0.029 í�, ¨ § â¥¬ ¢ ¯à¥¤¥« å ¯®£à¥è­®áâ¨

¨§¬¥à¥­¨© ®áâ ¥âáï ¯®áâ®ï­­®©. �®¯®áâ ¢«¥­¨¥ § -
¢¨á¨¬®áâ¥© P (z) ¨ Eo(z) (à¨á. 7) ¯®§¢®«ï¥â á¤¥« âì
¢ë¢®¤, çâ® ¤®áâ¨¦¥­¨¥ ¯à¥¤¥«ì­®£® §­ ç¥­¨ï Eo ­ -
¡«î¤ ¥âáï ¯à¨ â¥å ¦¥ §­ ç¥­¨ïå z, ¯à¨ ª®â®àëå

ãà®¢¥­ì �¥à¬¨ ¢å®¤¨â ¢ ¢ «¥­â­ãî §®­ã.
�®­¥ç­®, ï¢«ï¥âáï ¦¥« â¥«ì­ë¬ à áè¨à¥­¨¥ â¥¬-

¯¥à âãà­®£® ¨­â¥à¢ «  ¤«ï ¨§¬¥à¥­¨ï Eo. �¤­ ª®

¯®¢ëè¥­¨¥ â¥¬¯¥à âãàë á®¯à®¢®¦¤ ¥âáï ¤«ï á®áâ -
¢  Pb0.96Sn0.02Na0.01Tl0.01Se à¥§ª¨¬ ¢®§à áâ ­¨¥¬ ®â-
­®è¥­¨ï ¯«®é ¤¥© R ¯®¤ á¯¥ªâà ¬¨ Sn2+ ¨ Sn4+

(R = 1.25(2) ¯à¨ 80 K ¨ R = 3.61(5) ¯à¨ 295 K),
çâ® á¢ï§ ­® á ¢®§à áâ ­¨¥¬ £«ã¡¨­ë § «¥£ ­¨ï ¢

¢ «¥­â­®© §®­¥ í­¥à£¥â¨ç¥áª¨å ãà®¢­¥©, á¢ï§ ­­ëå á
æ¥­âà ¬¨ ®«®¢ . �­ «¨§ ¯®ª §ë¢ ¥â, çâ® íâ® ¤®«¦­®

�¨á. 8. � ¢¨á¨¬®áâ¨ ®â z ®â­®á¨â¥«ì­®£® ¨§¬¥­¥­¨ï

à ááâ®ï­¨ï ¬¥¦¤ã «¨­¨ï¬¨ Sn2+ ¨ Sn4+ (a) ¨ è¨à¨­ íâ¨å
«¨­¨© (b) ¯à¨ ¯®¢ëè¥­¨¨ â¥¬¯¥à âãàë ®â 80 ¤® 295 K ¤«ï

â¢¥à¤ëå à áâ¢®à®¢ Pb0.96Sn0.02Na0.01Tl0.01S1−zSez. �¤¥áì
D (80 K),D (295 K) — à ááâ®ï­¨¥ ¢ (¬¬/á) ¬¥¦¤ã «¨­¨ï¬¨
Sn2+ ¨ Sn4+ ¯à¨ 80 ¨ 295 K á®®â¢¥âáâ¢¥­­®; G (80 K),
G (295 K) — è¨à¨­  (¢ ¬¬/á) á¯¥ªâà  Sn2+ ¯à¨ 80 ¨ 295 K
á®®â¢¥âáâ¢¥­­®.
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¯à¨¢¥áâ¨ ª § ¢ëè¥­¨î §­ ç¥­¨ï Eo (á¬., ­ ¯à¨¬¥à,
à ¡®âã [13], £¤¥ â¥¬¯¥à âãà­ë© ¨­â¥à¢ « ¨§¬¥à¥­¨©

Eo à áè¨à¥­ ¤® 373 K ¨, ª ª à¥§ã«ìâ â, ¯®«ãç¥­®
§ ¢ëè¥­­®¥ §­ ç¥­¨¥ Eo).
�®§¬®¦­ë ¤¢  ¬¥å ­¨§¬  í«¥ªâà®­­®£® ®¡¬¥­  ¬¥-

¦¤ã æ¥­âà ¬¨ Sn2+ ¨ Sn4+: âã­­¥«ì­ë© ¯¥à¥­®á

í«¥ªâà®­®¢ ­¥¯®áà¥¤áâ¢¥­­® ¬¥¦¤ã ¨®­ ¬¨ ®«®¢  ¨

¯¥à¥­®á í«¥ªâà®­®¢ á ¨á¯®«ì§®¢ ­¨¥¬ á®áâ®ï­¨© ¢ -
«¥­â­®© §®­ë. � áâ®â  í«¥ªâà®­­®£® ®¡¬¥­  ¢ à ¬ª å
¯¥à¢®© ¬®¤¥«¨ ¤®«¦­  § ¢¨á¥âì ®â ª®­æ¥­âà æ¨¨

¯à¨¬¥á­ëå  â®¬®¢ ®«®¢  ¨ ­¥ § ¢¨á¥âì ®â â¥¬¯¥à âã-
àë. �®áª®«ìªã ­¥ ­ ¡«î¤ ¥âáï § ¢¨á¨¬®áâ¨ áª®à®áâ¨
á¡«¨¦¥­¨ï «¨­¨© Sn2+ ¨ Sn4+ ¢ ¬¥áá¡ ãíà®¢áª¨å

á¯¥ªâà å Pb1−x−ySnxAySe ®â ª®­æ¥­âà æ¨¨ ®«®¢ 

(0.01 < x < 0.05) ¨ ®¤­®¢à¥¬¥­­® áª®à®áâì á¡«¨¦¥­¨ï
§ ¢¨á¨â ®â â¥¬¯¥à âãàë, ¬®¦­® ¯à¥­¥¡à¥çì ®¡¬¥­®¬
­¥¯®áà¥¤áâ¢¥­­® ¬¥¦¤ã æ¥­âà ¬¨ ®«®¢ .
� áá¬®âà¥­¨¥ ¯«®â­®áâ¨ á®áâ®ï­¨© ­  à¨á. 6 ¨ 4 ¯®-

ª §ë¢ ¥â, çâ® ¤«ï z < 0.7, ª®£¤  ¤®­®à­ë¥ á®áâ®ï­¨ï
®«®¢  «¥¦ â ¢ § ¯à¥é¥­­®© §®­¥, í­¥à£¨ï ¯à®æ¥áá 

í«¥ªâà®­­®£® ®¡¬¥­  ¥áâì

Eo = (F −Ev) + U/2 (3)

¨ ã¬¥­ìè¥­¨¥ Eo á à®áâ®¬ z ¢ íâ®© ®¡« áâ¨ á®áâ -
¢®¢ á¢¨¤¥â¥«ìáâ¢ã¥â ®¡ ã¬¥­ìè¥­¨¨ § §®à  ¬¥¦¤ã

ãà®¢­¥¬ �¥à¬¨ ¨ ¢¥àè¨­®© ¢ «¥­â­®© §®­ë. �«ï

z > 0.7, ª®£¤  ¤®­®à­ë¥ á®áâ®ï­¨ï ®«®¢  «¥¦ â ­ 

ä®­¥ ¢ «¥­â­®© §®­ë, í­¥à£¨ï  ªâ¨¢ æ¨¨ ¥áâì

Eo = U/2 (4)

¨, á«¥¤®¢ â¥«ì­®, ¬ë á¬®£«¨ íªá¯¥à¨¬¥­â «ì­® ®¯à¥-
¤¥«¨âì ¢­ãâà¨ â®¬­ãî í­¥à£¨î ¤«ï æ¥­âà®¢ ®«®¢  ¢

PbS1−zSez (z > 0.7), à ¢­ãî 0.058(5)í�.

� ª«îç¥­¨¥

�¥â®¤®¬ ¬¥áá¡ ãíà®¢áª®© á¯¥ªâà®áª®¯¨¨ ¯à®¤¥-
¬®­áâà¨à®¢ ­®, çâ® ¨§®¢ «¥­â­ ï ¯à¨¬¥áì ®«®¢  ¢

â¢¥à¤ëå à áâ¢®à å PbS1−zSez ®¡à §ã¥â ¤¢ãåí«¥ª-
âà®­­ë¥ ¤®­®à­ë¥ æ¥­âàë á ®âà¨æ â¥«ì­®© ª®àà¥-
«ïæ¨®­­®© í­¥à£¨¥©, ¯à¨ç¥¬ í­¥à£¥â¨ç¥áª¨¥ ãà®¢­¨,
á¢ï§ ­­ë¥ á ®«®¢®¬, ­ å®¤ïâáï ¢ ­¨¦­¥© ¯®«®¢¨­¥

§ ¯à¥é¥­­®© §®­ë ¤«ï z < 0.7 ¨ ®ª §ë¢ îâáï ­ 

ä®­¥ à §à¥è¥­­ëå á®áâ®ï­¨© ¢ «¥­â­®© §®­ë ¤«ï

z > 0.7. �®ª § ­®, çâ® í­¥à£¨ï  ªâ¨¢ æ¨¨ Eo
¯à®æ¥áá  í«¥ªâà®­­®£® ®¡¬¥­  ¬¥¦¤ã ­¥©âà «ì­ë¬¨

¨ ¨®­¨§®¢ ­­ë¬¨ æ¥­âà ¬¨ ®«®¢  ¬®­®â®­­® ã¬¥­ì-
è ¥âáï á à®áâ®¬ z, çâ® ®âà ¦ ¥â ä ªâ ¯à¨¡«¨¦¥­¨ï
í­¥à£¥â¨ç¥áª¨å ãà®¢­¥© ®«®¢  ª ¢¥àè¨­¥ ¢ «¥­â­®©

§®­ë, ¨ ¯à¨ z > 0.7 Eo = U/2 (U — í­¥à£¨ï

� ¡¡ à¤ ).

� ¡®â  ¢ë¯®«­¥­  ¯à¨ ä¨­ ­á®¢®© ¯®¤¤¥à¦ª¥

�®áá¨©áª®£® ä®­¤  äã­¤ ¬¥­â «ì­ëå ¨áá«¥¤®¢ ­¨©

(£à ­â N 96-02-16957a).
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