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�¥â®¤®¬ ¬¥áá¡ ãíà®¢áª®© á¯¥ªâà®áª®¯¨¨   ¨§®â®¯¥ 119Sn ¯®ª § ®, çâ® ¢ PbS ¨ PbSe ¨§®í«¥ªâà®-
 ï ¯à¨¬¥áì £¥à¬ ¨ï ï¢«ï¥âáï ¤¢ãåí«¥ªâà®ë¬ ¤®®à®¬, ¯à¨ç¥¬ í¥à£¥â¨ç¥áª¨¥ ãà®¢¨ £¥à¬ ¨ï
«¥¦ â ¢ëè¥ ãà®¢¥©, ®¡à §ã¥¬ëå ¢ íâ¨å ¯®«ã¯à®¢®¤¨ª å ¯à¨¬¥áë¬¨  â®¬ ¬¨ ®«®¢ .

�¥â®¤®¬ ¬¥áá¡ ãíà®¢áª®© á¯¥ªâà®áª®¯¨¨ 119Sn ¡ë-
«® ãáâ ®¢«¥®, çâ® ¨§®í«¥ªâà® ï ¯à¨¬¥áì ®«®¢ 

¢ å «ìª®£¥¨¤ å á¢¨æ  (PbS, PbSe) ï¢«ï¥âáï ¤¢ãå-
í«¥ªâà®ë¬ ¤®®à®¬: «¥£¨à®¢ ¨¥ â¢¥à¤ëå à áâ¢®-
à®¢ Pb1−xSnsS ¨ Pb1−xSnxSe  ªæ¥¯â®à®© ¯à¨¬¥áìî
( âà¨©, â ««¨©) á®¯à®¢®¦¤ ¥âáï ¯¥à¥å®¤®¬ ç áâ¨

 â®¬®¢ ®«®¢  ¨§ ¤¢ãå¢ «¥â®£® Sn2+ ¢ ç¥âëà¥å¢ -
«¥â®¥ Sn4+ á®áâ®ï¨¥ [1]. � PbSe í¥à£¥â¨ç¥áª¨¥

ãà®¢¨, á¢ï§ ë¥ á æ¥âà ¬¨ ®á®¢ ,  å®¤ïâáï ¢

¨¦¥© ¯®«®¢¨¥ § ¯à¥é¥®© §®ë,   ¢ PbSe — ¢

¢ «¥â®© §®¥ [1]. �®¦® ®¦¨¤ âì   «®£¨ç®£®

¯®¢¥¤¥¨ï ¢ å «ìª®£¥¨¤ å á¢¨æ  ¨ ¨§®í«¥ªâà®®©

¯à¨¬¥á¨ £¥à¬ ¨ï. � ¨¡®«¥¥ ¥áâ¥áâ¢¥ë¬ ¤«ï ®¡-
 àã¦¥¨ï íâ®£® íää¥ªâ  ¢ PbS ¨ PbSe ¡ë«® ¡ë

¨á¯®«ì§®¢ ¨¥ ¬¥áá¡ ãíà®¢áª®© á¯¥ªâà®áª®¯¨¨ 73Ge.
�¤ ª® ¨§-§  íªá¯¥à¨¬¥â «ìëå âàã¤®áâ¥© ¯à®¢¥-
¤¥¨ï â ª¨å ¨áá«¥¤®¢ ¨© ¢  áâ®ïé¥© à ¡®â¥ ¯à®-
¢¥¤¥® ¨§ãç¥¨¥ í«¥ªâà¨ç¥áª®©  ªâ¨¢®áâ¨ ¯à¨¬¥á¨

£¥à¬ ¨ï ¢ PbS ¨ PbSe ¬¥â®¤®¬ ¬¥áá¡ ãíà®¢áª®©

á¯¥ªâà®áª®¯¨¨ 119Sn. �á®¢ ï ¨¤¥ï à ¡®âë § ª«î-
ç ¥âáï ¢ â®¬, çâ® ¢ «¥£¨à®¢ ëå ®¤®¢à¥¬¥® ®«®-
¢®¬, £¥à¬ ¨¥¬ ¨  ªæ¥¯â®à ¬¨ å «ìª®£¥¨¤ å á¢¨æ 

(Pb1−x−ySnx−zGezAyS, Pb1−x−ySnx−zGezAySe) ¯à¨-
áãâáâ¢¨¥ í«¥ªâà¨ç¥áª¨  ªâ¨¢ëå ¤®®àëå æ¥âà®¢

£¥à¬ ¨ï ¤®«¦® ¯à¨ ®¯à¥¤¥«¥ëå ãá«®¢¨ïå ¨§¬¥-
¨âì ¢ ¬¥áá¡ ãíà®¢áª¨© á¯¥ªâà å 119Sn á®®â®è¥¨¥

¬¥¦¤ã ¨â¥á¨¢®áâï¬¨ «¨¨© ¥©âà «ìëå ¨ ¨®¨-
§®¢ ëå æ¥âà®¢ ®«®¢  ¯® áà ¢¥¨î á ®¡à §æ ¬¨,
«¥£¨à®¢ ë¬¨ â®«ìª® ®«®¢®¬ ¨  ªæ¥¯â®à®© ¯à¨¬¥-
áìî.

�¨â¥§ ®¡à §æ®¢ ¯à®¢®¤¨«¨ ¯® ¬¥â®¤¨ª¥, ®¯¨á ®©
¢ [1], ¯à¨ç¥¬ ¨áá«¥¤®¢ «¨áì ®¤®ä §ë¥ ®¡à §æë,
¤«ï ª®â®àëå N(Sn) + N(Ge) = N(A) (§¤¥áì N(Sn),
N(Ge), N(A) — ª®æ¥âà æ¨¨ ®«®¢ , £¥à¬ ¨ï ¨

 ªæ¥¯â®à®¢ á®®â¢¥âáâ¢¥®).�¥áá¡ ãíà®¢áª¨¥ á¯¥ªâàë
119Sn á¨¬ «ìáì ¯à¨ 80 K   á¯¥ªâà®¬¥âà¥ �� 2201
á ¨áâ®ç¨ª®¬ Ca 119mmSnO3. �¨¯¨çë¥ á¯¥ªâàë ¯à¨-
¢¥¤¥ë   à¨á. 1 ¨ 2.

�¥áá¡ ãíà®¢áª¨© á¯¥ªâà ®¡à §æ  PbS, á®¤¥à¦ é¥£®
â®«ìª® ®«®¢® ¨  ªæ¥¯â®à, ¯à¥¤áâ ¢«ï¥â á®¡®©  «®¦¥-
¨¥ ¤¢ãå «¨¨© ¯à¨¬¥à® ®¤¨ ª®¢®© ¨â¥á¨¢®áâ¨,
®â¢¥ç îé¨å Sn2+ (¥©âà «ìë© æ¥âà ®«®¢ ) ¨ Sn4+

(¤¢ãªà â® ¨®¨§®¢ ë© ¤®®àë© æ¥âà ®«®¢ )
(á¬. à¨á. 1,a). �â®è¥¨¥ ª®æ¥âà æ¨© N(Sn2+)

¨ N(Sn4+) ¬®¦¥â ¡ëâì ®¯à¥¤¥«¥® ¨§ ®â®è¥¨ï

¯«®é ¤¥© S ¯®¤ á®®â¢¥âáâ¢ãîé¨¬¨ á¯¥ªâà ¬¨:

S(Sn2+)/S(Sn4+) =
[
f(Sn2+)/f(Sn4+)

]
×
[
N(Sn2+)/N(Sn4+)

]
, (1)

¯à¨ç¥¬, á®£« á® [1], ®â®è¥¨¥ ª®íää¨æ¨¥â®¢

�¥áá¡ ãíà  f ¤«ï æ¥âà®¢ Sn2+ ¨ Sn4+ ¯à¨ 80 K
à ¢® 0.93(1). � ç áâ®áâ¨, ¤«ï á¯¥ªâà    à¨á. 1,a
¯à¨ 80 K ¯®«ãç¥® R = N(Sn4+)/N(Sn) = 0.50(2),
çâ® á®®â¢¥âáâ¢ã¥â ¨®¨§ æ¨¨ ¯®«®¢¨ë  â®¬®¢ ®«®¢ ,
ª ª íâ®£® ¨ á«¥¤®¢ «® ®¦¨¤ âì ¤«ï ¤¢ãåí«¥ªâà®®£®

¤®®à .

�®áâ¥¯¥®¥ § ¬¥é¥¨¥ ¢ PbS ¯à¨¬¥áëå  â®¬®¢

  £¥à¬ ¨© ¯à¨¢®¤¨â ª ã¬¥ìè¥¨î ¨â¥á¨¢®áâ¨

á¯¥ªâà  Sn4+ (á¬. à¨á. 1,b),   ¢ á¯¥ªâà å ®¡à §æ®¢, ¤«ï
ª®â®àëå N(Ge) > N(Sn),  ¡«î¤ ¥âáï â®«ìª® «¨¨ï
Sn2+ (à¨á. 1,c). �â®, ®ç¥¢¨¤®, á¢¨¤¥â¥«ìáâ¢ã¥â ®

¤®®à®©  ªâ¨¢®áâ¨ ¯à¨¬¥áëå  â®¬®¢ £¥à¬ ¨ï.

�¨á. 1. �¥áá¡ ãíà®¢áª¨¥ á¯¥ªâàë 119Sn â¢¥à¤ëå à áâ¢®-
à®¢ Pb0.96Sn0.02−zGezNa0.01Tl0.01S: z = 0 (a), 0.005 (b),
0.01 (c). �®ª § ë ¯®«®¦¥¨ï á¯¥ªâà®¢ Sn2+ ¨ Sn4+.
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�à ¢¥¨¥ í«¥ªâà®¥©âà «ì®áâ¨ ¤«ï â¢¥à¤ëå

à áâ¢®à®¢ Pb1−x−ySnx−zGezAyS ¬®¦¥â ¡ëâì § ¯¨á -
® ª ª

2N(Sn4+) + nN(Ge) + p−N(A) = 0, (2)

£¤¥ n — § àï¤ æ¥âà®¢ £¥à¬ ¨ï,   p — ª®æ¥âà æ¨ï

¤ëà®ª. �®£¤  ¤«ï ¨áá«¥¤®¢ ëå  ¬¨ á®áâ ¢®¢ á

x = y ¢ëà ¦¥¨¥ ¤«ï R ¨¬¥¥â ¢¨¤

R = 1/2 + (1− n)z/2(x− z) = p/2(x− z). (3)

�  à¨á. 3 ¯®ª § ë à ááç¨â ë¥ § ¢¨á¨¬®áâ¨ R ®â

®â®è¥¨ï ª®æ¥âà æ¨© £¥à¬ ¨ï ¨ ®«®¢  z/(x− z)
¢ PbS ¤«ï à ¢ëå § àï¤®¢ æ¥âà®¢ £¥à¬ ¨ï. �

à áç¥â å ãçâ¥®, çâ® ¯à¨ R < 1 ª®æ¥âà æ¨¥© ¤ëà®ª
¬®¦® ¯à¥¥¡à¥çì, â ª ª ª ãà®¢¥ì �¥à¬¨  å®¤¨âáï
¢ § ¯à¥é¥®© §®¥. �á«¨ n = 0 (£¥à¬ ¨© í«¥ª-
âà¨ç¥áª¨ ¥ ªâ¨¢¥ ¨«¨ ¥£® í¥à£¥â¨ç¥áª¨¥ ãà®¢¨

 å®¤ïâáï ¨¦¥ ãà®¢¥© ®«®¢ ), â® à®áâ ª®æ¥âà -
æ¨¨ £¥à¬ ¨ï ¤®«¦¥ ¯à¨¢®¤¨âì ª ã¢¥«¨ç¥¨î R ¤®

â¥å ¯®à, ¯®ª  ¯à¨ z/(x − z) = 1 ¥  áâã¯¨â ¯®« ï

¨®¨§ æ¨ï ¢á¥å æ¥âà®¢ ®«®¢ . �á«¨ n = 1 (£¥à¬ -
¨© — ®¤®í«¥ªâà®ë© ¤®®à,   ¥£® ãà®¢¨ ¢ëè¥

ãà®¢¥© ®«®¢ ), â® R ¥ ¬¥ï¥âáï ¯à¨ ¨§¬¥¥¨¨

ª®æ¥âà æ¨¨ £¥à¬ ¨ï. �á«¨ n = 2 (£¥à¬ ¨©, ª ª ¨
®«®¢®, — ¤¢ãåí«¥ªâà®ë© ¤®®à,   ¥£® ãà®¢¨ ¢ëè¥
ãà®¢¥© ®«®¢ ), â® R ã¬¥ìè ¥âáï á à®áâ®¬ ª®æ¥-
âà æ¨¨ £¥à¬ ¨ï ¤® â¥å ¯®à, ¯®ª  ¯à¨ N(Ge) = N(Sn)
(z/(x− z) = 1) ¢á¥ ®«®¢® ¥ ¯¥à¥©¤¥â ¢ ¥©âà «ì®¥
á®áâ®ï¨¥,   ¤ «¥¥ á«¥¤ã¥â ãç¨âë¢ âì ã¬¥ìè¥¨¥

n §  áç¥â ¥¯®«®© ¨®¨§ æ¨¨ æ¥âà®¢ £¥à¬ ¨ï.
�®¬¥é¥¨¥   à¨á. 3 íªá¯¥à¨¬¥â «ìë¥ § ç¥¨ï R
¤«ï â¢¥à¤ëå à áâ¢®à®¢ Pb0.96Sn0.2−zGezNa0.01Tl0.01S

�¨á. 2. �¥áá¡ ãíà®¢áª¨¥ á¯¥ªâàë 119Sn â¢¥à¤ëå à áâ¢®-
à®¢ Pb0.96Sn0.02−zGezNa0.01Tl0.01Se: z = 0 (a), 0.01 (b).

�¨á. 3. � áç¥âë¥ § ¢¨á¨¬®áâ¨ R ®â ®â®è¥¨ï

ª®æ¥âà æ¨© £¥à¬ ¨ï ¨ ®«®¢  z/(x − z) (á¯«®èë¥
«¨¨¨). �®çª¨ — íªá¯¥à¨¬¥â «ìë¥ § ç¥¨ï

R ¤«ï Pb0.96Sn0.2−zGezNa0.01Tl0.01S (1 ) ¨ ¤«ï

Pb0.96Sn0.2−zGezNa0.01Tl0.01Se (2 ).

ãª §ë¢ îâ   â®, çâ® ¨§®í«¥ªâà® ï ¯à¨¬¥áì £¥à¬ -
¨ï ¢ PbS ï¢«ï¥âáï ¤¢ãåí«¥ªâà®ë¬ ¤®®à®¬,   ¥¥
í¥à£¥â¨ç¥áª¨¥ ãà®¢¨ «¥¦ â ¢ëè¥ ãà®¢¥© ®«®¢ .

�«¥ªâà¨ç¥áª ï  ªâ¨¢®áâì  ¡«î¤ ¥âáï ¨ ¤«ï ¯à¨-
¬¥áëå  â®¬®¢ £¥à¬ ¨ï ¢ PbSe. � ª ¢¨¤® ¨§

à¨á. 2,a, «¥£¨à®¢ ¨¥ PbSe â®«ìª® á«®¢®¬ ¨  ªæ¥¯â®à-
®© ¯à¨¬¥áìî ¯à¨¢®¤¨â ª ¯®ï¢«¥¨î ¢ ¬¥áá¡ ãíà®¢-
áª®¬ á¯¥ªâà¥ «¨¨©, ®â¢¥ç îé¨å Sn2+ ¨ Sn4+. �ãé¥-
áâ¢¥®¥ à §«¨ç¨¥ ¢ ¨â¥á¨¢®áâïå íâ¨å «¨¨© ®¡ê-
ïáï¥âáï â¥¬, çâ® í¥à£¥â¨ç¥áª¨¥ ãà®¢¨, á¢ï§ ë¥ á
æ¥âà ¬¨ ®«®¢ , «¥¦ â ¢ ¢ «¥â®© §®¥,   ¢¥«¨ç¨ 
R § ¢¨á¨â ¥ â®«ìª® ®â ª®æ¥âà æ¨¨  ªæ¥¯â®à®¢

(ª ª íâ® ¡ë«® ¤«ï PbS), ® ¨ ®â ª®æ¥âà æ¨¨

¤ëà®ª. � ¬¥é¥¨¥ á«®¢    £¥à¬ ¨© á®¯à®¢®¦¤ -
¥âáï ã¬¥ìè¥¨¥¬ ¨â¥á¨¢®áâ¨ «¨¨¨ Sn4+, ¨ ¤«ï
N(Ge) > N(Sn) ¢ á¯¥ªâà¥ ®áâ ¥âáï â®«ìª® «¨¨ï Sn2+

(á¬. à¨á. 2,b). �ªá¯¥à¨¬¥â «ìë¥ â®çª¨   à¨á. 3
¤«ï â¢¥à¤ëå à áâ¢®à®¢Pb0.96Sn0.2−zGezNa0.01Tl0.01Se
¢ ®¡« áâ¨ N(Ge) < N(Sn) «®¦ âáï   ªà¨¢ãî (® 
¯à®¢¥¤¥  ¯ãªâ¨à®¬), ¯à®å®¤ïéãî ¨¦¥ ªà¨¢®© ¤«ï

Pb0.96Sn0.2−zGezNa0.01Tl0.01S ¨§-§  ¢«¨ï¨ï ¤ëà®ª,
® ¨¬¥îéãî ¡«¨§ª¨©  ª«®. �â®, ®ç¥¢¨¤®, á¢¨¤¥-
â¥«ìáâ¢ã¥â ® â®¬, çâ® ¨ ¢ PbSe ¨§®í«¥ªâà® ï ¯à¨-
¬¥áì £¥à¬ ¨ï ï¢«ï¥âáï ¤¢ãåí«¥ªâà®ë¬ ¤®®à®¬,  
í¥à£¥â¨ç¥áª¨¥ ãà®¢¨ £¥à¬ ¨ï «¥¦ â ¢ëè¥ ãà®¢¥©

®«®¢ .

�® ¢á¥© ¢¨¤¨¬®áâ¨ £¥à¬ ¨© ¨ ¢ PbS ¨ ¢ PbSe ®¡à -
§ã¥â, ª ª ¨ ®«®¢®, æ¥âàë á ®âà¨æ â¥«ì®© ª®àà¥«ï-
æ¨®®© í¥à£¨¥©, çâ®, ¢¯à®ç¥¬, âà¥¡ã¥â á¯¥æ¨ «ìëå
¨áá«¥¤®¢ ¨©.
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