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îâáï ¢ ¢¨¤¥ ¯¥à¨®¤¨ç¥áª¨å ª®«¥¡ ­¨© â®ª  ¢ æ¥¯¨ ®¡à §æ  ¨ ¥£® â¥¬¯¥à âãàë ¢ ¤®áâ â®ç­® á¨«ì­ëå

í«¥ªâà¨ç¥áª¨å ¯®«ïå.�®ª § ­®, çâ® ¤«ï ­ ¡«î¤¥­¨ï íâ¨å ï¢«¥­¨© ¢ ¦­® ­ «¨ç¨¥ ¢ í­¥à£¥â¨ç¥áª®¬
á¯¥ªâà¥ ¯®«ã¯à®¢®¤­¨ª  ¬¥â áâ ¡¨«ì­ëå í«¥ªâà®­­ëå á®áâ®ï­¨©, ãà®¢­¨ ª®â®àëå à á¯®«®¦¥­ë ­ 

à ááâ®ï­¨¨ ¯®àï¤ª  20¬í� ¯®¤ ¤­®¬ §®­ë ¯à®¢®¤¨¬®áâ¨.

�¢¥¤¥­¨¥

�à¥¤¨ á¥¬¥©áâ¢  ¬®¤¨ä¨æ¨à®¢ ­­ëå á¯« ¢®¢ å «ì-
ª®£¥­¨¤®¢ á¢¨­æ  [1] ®¤­¨¬ ¨§ ­ ¨¡®«¥¥ ¨­â¥à¥á­ëå

®¡ê¥ªâ®¢ ï¢«ï¥âáï PbTe(Ga). � ¯®á«¥¤­¥¥ ¢à¥¬ï ¤«ï

®¯¨á ­¨ï á¢®©áâ¢ íâ®£® á®¥¤¨­¥­¨ï ¡ë«¨ ¯®«ãç¥­ë

­®¢ë¥, ¢¥áì¬  ¢ ¦­ë¥ íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥

[2–7] ¨ ¯à¥¤«®¦¥­ë ¬®¤¥«¨ á¯¥ªâà  ¯à¨¬¥á­ëå á®áâ®-
ï­¨©.
�à¨ «¥£¨à®¢ ­¨¨ PbTe £ ««¨¥¬ ¢ ­¥ª®â®à®© ®¡« -

áâ¨ ª®­æ¥­âà æ¨© ¯à¨¬¥á¨ Ga ((1−3) · 1019 á¬−3)
à¥ «¨§ã¥âáï ¤¨í«¥ªâà¨ç¥áª®¥ á®áâ®ï­¨¥, ­¥ å à ª-
â¥à­®¥ ¤«ï ã§ª®é¥«¥¢ëå ¯®«ã¯à®¢®¤­¨ª®¢. �à¨

íâ®¬ ª®­æ¥­âà æ¨ï ­®á¨â¥«¥© § àï¤  ¡«¨§ª  ª á®¡-
áâ¢¥­­®© ¨ á®áâ ¢«ï¥â ¯à¨  §®â­ëå â¥¬¯¥à âã-
à å 1012 ÷ 1013 á¬−3,   ¯à¨ £¥«¨¥¢®© â¥¬¯¥à âãà¥

n < 109 á¬−3. �¥¬¯¥à âãà­ë¥ § ¢¨á¨¬®áâ¨ á®¯à®-
â¨¢«¥­¨ï R, á­ïâë¥ ª ª ¢ ãá«®¢¨ïå íªà ­¨à®¢ª¨

®¡à §æ®¢ ®â ä®­®¢®£® ¨§«ãç¥­¨ï, â ª ¨ ¯à¨ ¯®¤-
á¢¥âª¥ ¨­äà ªà á­ë¬ ¨§«ãç¥­¨¥¬, à¥§ª® (­  9 ¯®-
àï¤ª®¢) à §«¨ç îâáï ¬¥¦¤ã á®¡®© ¯à¨ â¥¬¯¥à âãà¥

T < Tc = 80 K. �à¥¬¥­  à¥« ªá æ¨¨ ­¥à ¢­®¢¥á­ëå

í«¥ªâà®­®¢ á®áâ ¢«ïîâ τ ' 10−3 á ¯à¨ 77 K ¨

τ > 105 á ¯à¨ 4 K. �à¨ ­¨§ª¨å â¥¬¯¥à âãà å ”§ ¬®-
à®¦¥­­ ï” ª®­æ¥­âà æ¨ï ­¥à ¢­®¢¥á­ëå í«¥ªâà®­®¢

¤®áâ¨£ ¥â n ' 3 · 1017 á¬−3.
�¥§ã«ìâ âë ¨§¬¥à¥­¨© á¯¥ªâà®¢ ä®â®¯à®¢®¤¨¬®áâ¨

(��) [6] ¨ ª¨­¥â¨ª¨ �� [7] ¯®§¢®«¨«¨ ¯à¥¤«®¦¨âì

¤¨ £à ¬¬ã á¯¥ªâà  ¯à¨¬¥á­ëå á®áâ®ï­¨© ¢ PbTe(Ga),
ª®â®à ï ¢ ¯¥à¢®¬ ¯à¨¡«¨¦¥­¨¨ ¯®§¢®«ï¥â ª ç¥áâ¢¥­-
­® ®¯¨á âì ¨¬¥îé¨¥áï ¤ ­­ë¥ ¨ ®æ¥­¨âì ­¥ª®â®àë¥

å à ªâ¥à­ë¥ í­¥à£¨¨ ¢ á¯¥ªâà¥ (á¬. à¨áã­®ª íâ®©

¤¨ £à ¬¬ë ¢ à ¡®â¥ [7]). �«ï â¥¬ â¨ª¨ ­ áâ®ïé¥©

à ¡®âë íâã á¨áâ¥¬ã ¬®¦­® à áá¬ âà¨¢ âì ª ª âà¥å-
ãà®¢­¥¢ãî. �à®¢¥­ì ®á­®¢­®£® ¯à¨¬¥á­®£® á®áâ®ï­¨ï
Ga à á¯®«®¦¥­  ­  à ááâ®ï­¨¨ ¯®àï¤ª  70¬í� ­¨-
¦¥ ¤­  §®­ë ¯à®¢®¤¨¬®áâ¨ ¨ áâ ¡¨«¨§¨àã¥â ãà®¢¥­ì

�¥à¬¨ ¢ PbTe(Ga). �à¨ ä®â®¨®­¨§ æ¨¨ ®á­®¢­®£®

ãà®¢­ï ®¡à §ã¥âáï ¬¥â áâ ¡¨«ì­®¥ á®áâ®ï­¨¥, ãà®-
¢¥­ì ª®â®à®£® ­ å®¤¨âáï ¯à¨¡«¨§¨â¥«ì­® ­  20¬í�
­¨¦¥ ¤­  §®­ë ¯à®¢®¤¨¬®áâ¨. �¢  ¯à¨¬¥á­ëå ãà®¢­ï
¢¬¥áâ¥ á §®­®© ¯à®¢®¤¨¬®áâ¨ ¨ ®¡à §ãîâ ã¯®¬ï­ãâãî

âà¥åãà®¢­¥¢ãî á¨áâ¥¬ã, ¢ ®á­®¢­®¬ ®¯à¥¤¥«ïîéãî

ª¨­¥â¨ªã �� [7]. �á­®¢®© ¤«ï ¯®áâ ­®¢ª¨ ¨áá«¥-
¤®¢ ­¨©, ¯à¥¤áâ ¢«¥­­ëå ¢ ¤ ­­®© à ¡®â¥, ï¢¨«®áì
¯à¥¤¯®«®¦¥­¨¥  ¢â®à®¢, çâ® ¯®«ã¯à®¢®¤­¨ª á â ª®©
á¨áâ¥¬®© ãà®¢­¥© ¬®¦¥â á«ã¦¨âì ¬®¤¥«ì­ë¬ ®¡ê¥ª-
â®¬ ¤«ï ¨§ãç¥­¨ï  ¢â®ª®«¥¡ ­¨©.
�ë« â ª¦¥ ¯à¥¤«®¦¥­ ¬¥â®¤ à¥ «¨§ æ¨¨ íâ¨å ¯à®-

æ¥áá®¢, § ª«îç îé¨©áï ¢ á«¥¤ãîé¥¬. �á«¨ á¢¥â®¬

¯®áâ®ï­­® ¢®§¡ã¦¤ âì í«¥ªâà®­ë ¢ ¬¥â áâ ¡¨«ì­ë¥

á®áâ®ï­¨ï ¨ ¯à¨«®¦¨âì ª ®¡à §æã í«¥ªâà¨ç¥áª®¥ ¯®-
«¥ â ª®© ¢¥«¨ç¨­ë, ¯à¨ ª®â®à®© ¢®§­¨ª ¥â ãá«®¢¨¥

¤¦®ã«¥¢  ¯à®¡®ï [8], â® ¢ ®¡à §æ¥ ¡ã¤ãâ ¢®§­¨ª âì

¯¥à¨®¤¨ç¥áª¨¥ ª®«¥¡ ­¨ï â®ª  ¨ â¥¬¯¥à âãàë. �®£¤ 
¢ ®¡à §æ¥ â®ª ã¢¥«¨ç¨¢ ¥âáï, ã¢¥«¨ç¨¢ ¥âáï ¨ â¥¬-
¯¥à âãà  ®¡à §æ . �à¨ ¤®áâ¨¦¥­¨¨ ­¥ª®â®à®© ªà¨-
â¨ç¥áª®© â¥¬¯¥à âãàë, ª®£¤  ª«îç¥¢ãî à®«ì ¨£à îâ

¯à®æ¥ááë à¥« ªá æ¨¨ ¨§ ¬¥â áâ ¡¨«ì­®£® á®áâ®ï­¨ï

¢ ®á­®¢­®¥, ª®­æ¥­âà æ¨ï í«¥ªâà®­®¢ ­  ãà®¢­ïå

¨áâ®é ¥âáï, çâ® ¯à¨¢®¤¨â ª ¯ ¤¥­¨î â®ª  ¨ ¯à¥-
ªà é¥­¨î à §®£à¥¢  ®¡à §æ . �®áª®«ìªã ¯®á«¥ íâ®£®
æ¨ª«  ¢­®¢ì ­ ç¨­ ¥âáï à §®£à¥¢ ®¡à §æ , á¢ï§ ­­ë©
á ­ ª®¯«¥­¨¥¬ í«¥ªâà®­®¢ ¢ ¬¥â áâ ¡¨«ì­ëå á®áâ®ï-
­¨ï, ®¡ãá«®¢«¥­­ë¬ ¯®¤á¢¥âª®©, ¯à®æ¥áá ¯®¢â®àï¥âáï
¨ ¬®¦¥â ¢®áá®§¤ ¢ âìáï ¯¥à¨®¤¨ç¥áª¨. � ­ áâ®ïé¥©

à ¡®â¥ ¯à®¨§¢¥¤¥­ë íªá¯¥à¨¬¥­âë ¯® ¯®¤¡®àã á®®â-
¢¥âáâ¢ãîé¨å ãá«®¢¨©: ¢¥«¨ç¨­ë í«¥ªâà¨ç¥áª®£® ¯®-
«ï, ¬®é­®áâ¨ ¯®¤á¢¥âª¨, â¥¬¯¥à âãàë ®ªàã¦ îé¥©

áà¥¤ë,   â ª¦¥ ãá«®¢¨© â¥¯«®®â¢®¤ . � à¥§ã«ìâ â¥

ª®«¥¡ ­¨ï â®ª  ¨ â¥¬¯¥à âãàë ¡ë«¨ ¢ëï¢«¥­ë ¨

 ­ «¨§¨àãîâáï ¤ «¥¥. �¬¥áâ¥ á â¥¬ ¢ ¬®­®ªà¨áâ «« å
PbTe(Ga) ®¡­ àã¦¥­ ­®¢ë© â¨¯ ­¥ãáâ®©ç¨¢®áâ¨, ­¥
®¯¨áë¢ îé¨©áï ¢ à ¬ª å ¯à¥¤áâ ¢«¥­¨© â¥¯«®¢®£®

¯à®¡®ï.

�áá«¥¤®¢ ­­ë¥ ®¡à §æë ¨ ¬¥â®¤¨ª 

íªá¯¥à¨¬¥­â 

�«ï ¨áá«¥¤®¢ ­¨© ¨á¯®«ì§®¢ «¨áì ­¥áª®«ìª® á¥à¨©

¬®­®ªà¨áâ ««®¢ PbTe(Ga), ¢ëà é¥­­ëå ¬¥â®¤®¬ �®-
åà «ìáª®£®, �à¨¤¦¬¥­  ¨ ¯ à®¢ë¬¨ ¬¥â®¤ ¬¨. � «ì-
¢ ­®¬ £­¨â­ë¥ ¨§¬¥à¥­¨ï, ¨áá«¥¤®¢ ­¨ï ª¨­¥â¨ª¨ ¨
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á¯¥ªâà®¢ �� ­  â¥å ¦¥ ®¡à §æ å ¯à®¢®¤¨«¨áì à -
­¥¥ [6,7]. �«¥ªâà®íà®§¨®­­ ï à¥§ª  ªà¨áâ ««®¢, ¯®¤-
£®â®¢ª  ¯®¢¥àå­®áâ¨, âà ¢«¥­¨¥, ¯à¨¯ ¨¢ ­¨¥ ª®­â ª-
â®¢ ª ®¡à §æ ¬ ®áãé¥áâ¢«ï«¨áì ¯® â¥¬ ¦¥ ¬¥â®¤¨-
ª ¬ [7]. � ­ áâ®ïé¥© à ¡®â¥ ¨á¯®«ì§®¢ «¨áì ®¡à §æë

á ä¨ªá¨à®¢ ­­ë¬¨ à §¬¥à ¬¨ 0.3 × 0.8 × 3.0¬¬3.
�® ¨§¡¥¦ ­¨¥ ­¥â®ç­®áâ¥©, á¢ï§ ­­ëå á ®¡ê¥¬­®-
­¥à ¢­®¢¥á­ë¬¨ á®áâ®ï­¨ï¬¨, ¤ «¥¥ ¢ å à ªâ¥à¨-
áâ¨ª å ¯à¨¢®¤ïâáï ­ ¯àï¦¥­¨¥ U ­  ª®­â ªâ å ¨

¯®«­ë© â®ª I ç¥à¥§ ®¡à §¥æ. �à¨­æ¨¯¨ «ì­ëå ª -
ç¥áâ¢¥­­ëå ®â«¨ç¨©, á¢ï§ ­­ëå á à §«¨ç­ë¬¨ ¬¥-
â®¤ ¬¨ ¢ëà é¨¢ ­¨ï ®¡à §æ®¢ ­¥ ¯à®á«¥¦¨¢ ¥âáï.
�¡à §¥æ ¯®¬¥é «áï ¢ íªà ­¨àãîéãî ª ¬¥àã ¢¬¥áâ¥ á

­ £àã§®ç­ë¬ á®¯à®â¨¢«¥­¨¥¬ ¨ ¯¨â «áï ¯®áâ®ï­­ë¬

â®ª®¬ ®â ®â¤¥«ì­®£® ¨áâ®ç­¨ª . � â®© ¦¥ ª ¬¥à¥

à á¯®« £ «áï ¬¨­¨ âîà­ë© ¨áâ®ç­¨ª ¨­äà ªà á­®£®

(��) ¨§«ãç¥­¨ï. �¥£¨áâà æ¨ï ¯¥à¥å®¤­ëå ¯à®æ¥áá®¢
®áãé¥áâ¢«ï« áì á ¯®¬®éìî æ¨äà®¢®£® § ¯®¬¨­ îé¥-
£® ®áæ¨««®£à ä  �9-8.
�«ï ¡®«¥¥ ¤¥â «ì­®£® ¢ëïá­¥­¨ï ¯à¨à®¤ë ®¡­ àã-

¦¥­­ëå ­¥ãáâ®©ç¨¢®áâ¥© ¯à®¢®¤¨«¨áì íªá¯¥à¨¬¥­âë

¯® ¯ à ««¥«ì­®¬ã ª®­âà®«î ¨§¬¥­¥­¨ï â®ª  ¨ â¥¬¯¥-
à âãàë. �¡à §¥æ ¢ ª ¬¥à¥ ¯®¤¢¥è¨¢ «áï ­  â®ª®¢ëå
¯à®¢®¤ å ­  à ááâ®ï­¨¨ 1 á¬ ®â ¤¥à¦ â¥«ï. � ¡®ª®-
¢®© £à ­¨ ®¡à §æ  ¯à¨ª«¥¨¢ « áì â®­ª ï (100¬ª¬)
¤¨ää¥à¥­æ¨ «ì­ ï â¥à¬®¯ à , å®«®¤­ë© á¯ © ª®â®-
à®© à á¯®« £ «áï ­  å®à®è® ®å« ¦¤ ¥¬ëå ¢ £¥«¨¨

¤¥â «ïå. �¨£­ « á â¥à¬®¯ àë ç¥à¥§ ª®¬¯ à â®à ­ -
¯àï¦¥­¨© �3003 ¯®¤ ¢ «áï ­  ª ­ « A ®áæ¨««®£à ä 

�9-8. �  ª ­ « B ¯®¤ ¢ «áï á¨£­ « á á®¯à®â¨¢«¥­¨ï

­ £àã§ª¨ Rl ¢ æ¥¯¨ ®¡à §æ , ¯à®¯®àæ¨®­ «ì­ë© â®ªã
(¯à¨ ¢á¥å ãá«®¢¨ïå Rl � R). �­ä®à¬ æ¨ï á ®áæ¨«-
«®£à ä  ¢ æ¨äà®¢®¬ ¢¨¤¥ ¯¥à¥¤ ¢ « áì ­  ��� ¤«ï

¯®á«¥¤ãîé¥© ®¡à ¡®âª¨.

�¥§ã«ìâ âë íªá¯¥à¨¬¥­â®¢

�à¥¤áâ ¢¨¬ ¢­ ç «¥ ªà âª®¥ ®¯¨á ­¨¥ § à¥£¨áâà¨-
à®¢ ­­ëå ­¥ãáâ®©ç¨¢®áâ¥©. �¨¤ ¯¥à¨®¤¨ç¥áª¨å ª®«¥-
¡ ­¨© â®ª  ¯à¨ T = 4.2 K ¨ ­ ¯àï¦¥­¨¨ ­  ®¡à §æ¥

U = 35 B ¯®ª § ­ ­  à¨á. 1, a. �  à¨á. 1, b–e ¯®ª § ­ë
¢ à¨ æ¨¨ ä®à¬ë ª®«¥¡ ­¨© ¯à¨ ã¢¥«¨ç¥­¨¨: b —
¤ ¢«¥­¨ï £¥«¨ï ¢ ª ¬¥à¥ (ã¢¥«¨ç¥­¨¥ â¥¯«®®â¢®¤ ),
c — â¥¬¯¥à âãàë ®ªàã¦ îé¥© áà¥¤ë (¤® 35 K), d —
ãà®¢­ï ¯®¤á¢¥âª¨ ¨ e — ­ ¯àï¦¥­¨ï ­  ®¡à §æ¥ (¤®
45 B). �®«¥¡ â¥«ì­ë© ¯à®æ¥áá ­¥ ã¤ ¥âáï ­ ¡«î¤ âì
¯à¨ â¥¬¯¥à âãà¥ ¢ëè¥ 42 K, ¯à¨ ­ ¯àï¦¥­¨¨ ­¨¦¥

30 B ¨ ¯à¨ á«¨èª®¬ ­¨§ª®¬ ¨«¨ á«¨èª®¬ ¢ëá®ª®¬

ãà®¢­¥ ¯®¤á¢¥âª¨ (¯à¨ ¬®é­®áâ¨ â¥¯«®¢®£® ¨áâ®ç­¨-
ª  ­¨¦¥ 1.6¬�â ¨«¨ ¢ëè¥ 2.8¬�â).
�¡à §æë á®¢¬¥áâ­®© § ¯¨á¨ ª®«¥¡ ­¨© â®ª  ¨ â¥¬-

¯¥à âãàë ¯®ª § ­ë ­  à¨á. 2. � ãá«®¢¨ïå â¥¯«®®â¢®-
¤  ®¡à §æ , ®¯¨á ­­ëå ¢ëè¥, ª®«¥¡ ­¨ï ¨¬¥«¨ ¢¨¤,
¡«¨§ª¨© ª á¨­ãá®¨¤ «ì­®¬ã (à¨á. 2, a), ¨ áà¥¤­ïï â¥¬-
¯¥à âãà  ®¡à §æ  ¯®¢ëè « áì.�®áª®«ìªã ¯à¨ ¤ ­­®©
ª®­áâàãªæ¨¨ ¤®áâ â®ç­® â®ç­® ¨§¬¥àïâì â¥¬¯¥à âãàã

®¡à §æ  ­¥ ã¤ ¥âáï, ¨§¬¥­¥­¨ï T ¢ íâ¨å íªá¯¥à¨¬¥­-

�¨á. 1. � à ªâ¥à­ë© ¢¨¤ ­ ¡«î¤ ¥¬ëå â¥à¬®í«¥ªâà¨-
ç¥áª¨å ­¥ãáâ®©ç¨¢®áâ¥© (ª®«¥¡ ­¨© â®ª  I) ¢ ¬®­®ªà¨-
áâ «« å PbTe(Ga). �á«®¢¨ï ¯®«ãç¥­¨ï § ¢¨á¨¬®áâ¥© a–e
¯à¨¢¥¤¥­ë ¢ â¥ªáâ¥.

â å ­®áïâ ®æ¥­®ç­ë© å à ªâ¥à.�¬¯«¨âã¤  ª®«¥¡ ­¨©
á®®â¢¥âáâ¢ã¥â ¯¥à¥£à¥¢ã ®¡à §æ  ­  ­¥áª®«ìª® £à ¤ã-
á®¢ ¯à¨ ¯®¢ëè¥­¨¨ áà¥¤­¥© â¥¬¯¥à âãàë ®¡à §æ  ¤®

15 K. � ¡«î¤ ¥âáï á¤¢¨£ ä §ë ª®«¥¡ ­¨©, ª®â®àë©
¬®¦¥â ¡ëâì â ª¦¥ á¢ï§ ­ á ¬ áá¨¢­®áâìî ¨ ¨­¥àæ¨-
®­­®áâìî á¯ ï â¥à¬®¯ àë. �à¨ ¢ à¨ æ¨¨ ¯®¤á¢¥âª¨

¨ í«¥ªâà¨ç¥áª®£® ¯®«ï (à¨á. 2, b) ã¤ ¥âáï ­ ¡«î¤ âì
¨ ¡®«¥¥ á«®¦­ë© ¯¥à¨®¤¨ç¥áª¨© ¯à®æ¥áá, á¢ï§ ­­ë©
á â¥¬, çâ® ¯¥à¥¤ ®á­®¢­ë¬ á¡à®á®¬ â®ª  ­ ¡«î¤ ¥âáï
¯® ªà ©­¥© ¬¥à¥ ®¤­® ¡®«¥¥ á« ¡®¥ ª®«¥¡ ­¨¥. �à¨¢¥-
¤¥­­ë¥ ¤ ­­ë¥ ª ç¥áâ¢¥­­® ¯®¤â¢¥à¦¤ îâ ¢ëáª § ­-
­ãî ¢ëè¥ ª®­æ¥¯æ¨î ® ¢®§¬®¦­®áâ¨ ¢®§­¨ª­®¢¥­¨ï

í«¥ªâà®â¥à¬¨ç¥áª¨å ­¥ãáâ®©ç¨¢®áâ¥© ¢ PbTe(Ga).
� å®¤¥ íªá¯¥à¨¬¥­â®¢ ¡ë«® ®¡­ àã¦¥­®, çâ® ¢

®¡à §æ¥ ¬®¦¥â ¢®§­¨ª­ãâì á¯¥æ¨ä¨ç¥áª¨© ª®«¥¡ -
â¥«ì­ë© ¯à®æ¥áá ¨ ¢ ®âáãâáâ¢¨¥ ­¥¯à¥àë¢­®© ¯®¤á¢¥â-
ª¨. �â®â ¯à®æ¥áá ¬®¦¥â ¡ëâì ¨­¤ãæ¨à®¢ ­ á«¥¤ãî-
é¨¬ ®¡à §®¬. � ®¡à §æã ¯à¨ª« ¤ë¢ ¥âáï ­ ¯àï¦¥-
­¨¥ Uc ­¥ª®â®à®© ¢¥«¨ç¨­ë. �â® ­ ¯àï¦¥­¨¥ á®áâ -
¢«ï«® Uc = 24 �, â®£¤  ª ª ª®«¥¡ ­¨ï, ¯à¥¤áâ ¢«¥­-
­ë¥ ­  à¨á. 2, a, ¯à®¨áå®¤¨«¨ ¯à¨ U = 40 �. � «¥¥

¢ª«îç ¥âáï ¯®¤á¢¥âª , ¨ â®ª ®¡à §æ  ã¢¥«¨ç¨¢ ¥âáï
¤® ­¥ª®â®à®© ¢¥«¨ç¨­ë. � â¥¬, ç¥à¥§ ­¥ª®â®à®¥ ¢à¥¬ï
∆t ' 10 á, ¯®¤á¢¥âª  ¢ëª«îç ¥âáï. �á«¨ ¡ë ª ®¡à §æã

¡ë«® ¯à¨«®¦¥­® á« ¡®¥ ­ ¯àï¦¥­¨¥, â®ª ç¥à¥§ ®¡à -
§¥æ ã¬¥­ìè «áï ¡ë ¢ â¥ç¥­¨¥ ¤«¨â¥«ì­®£® ¢à¥¬¥­¨,
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�¨á. 2. �¨¤ ª®«¥¡ ­¨© â®ª  I ¢ æ¥¯¨ ®¡à §æ  ¨ â¥¬¯¥-
à âãàë ®¡à §æ , å à ªâ¥à¨§ã¥¬®© í¤á â¥¬à®¯ àë Ut, ¢
¯à¨áãâáâ¢¨¨ ¯®¤á¢¥âª¨ (á¬. â¥ªáâ).

�¨á. 3. �¨¤ ª®«¥¡ ­¨© â®ª  I ¢ æ¥¯¨ ®¡à §æ  ¨ â¥¬¯¥-
à âãàë ®¡à §æ , å à ªâ¥à¨§ã¥¬®© í¤á â¥à¬®¯ àë Ut, ¡¥§
¯®¤á¢¥âª¨ (á¬. â¥ªáâ).

ª ª íâ® ¡ë«® ¯®ª § ­® ¢ à ¡®â¥ [7]. �®, ª®£¤  ª

®¡à §æã ¯à¨ª« ¤ë¢ ¥âáï ­ ¯àï¦¥­¨¥ Uc, à¥« ªá -
æ¨ï â®ª  ¯à¨ ­¥ª®â®à®© ªà¨â¨ç¥áª®© ¥£® ¢¥«¨ç¨­¥

(¯®àï¤ª  2¬�) áàë¢ ¥âáï ¢ ª®«¥¡ â¥«ì­ë© ¯à®æ¥áá,
ª®â®àë¬ á®¡áâ¢¥­­® ¨ § ª ­ç¨¢ ¥âáï à¥« ªá æ¨ï, ¯®-
áª®«ìªã íâ®â ¯à®æ¥áá ¯®-¢¨¤¨¬®¬ã, ¬®¦¥â ¯à®¨áå®-
¤¨âì ­¥®£à ­¨ç¥­­® ¤®«£®. �®à¬  ª®«¥¡ ­¨© â®ª  ¨

â¥¬¯¥à âãàë ¯à¨ â ª®¬ ¯à®æ¥áá¥ ¯®ª § ­  ­  à¨á. 3.
�®«¥¡ ­¨ï â¥¬¯¥à âãàë ¯à®¨áå®¤ïâ ¢®ªàã£ ­¥ª®â®-
à®£® áà¥¤­¥£® §­ ç¥­¨ï (7 K), ­ ¬­®£® ¬¥­ìè¥£®, ç¥¬
â  ¦¥ ¢¥«¨ç¨­  ­  à¨á. 2. �«¥¤ã¥â ®â¬¥â¨âì, çâ®
íâ¨ ª®«¥¡ ­¨ï ­ ¡«î¤ îâáï ¢ ®ç¥­ì ã§ª®¬ ¨­â¥¢ «¥

­ ¯àï¦¥­¨© ­  ®¡à §æ¥ U = 23.5÷ 24.5 � ¨ ¯à¨ íâ®¬

¨å ¯¥à¨®¤ ¨§¬¥­ï¥âáï ¢ íâ®¬ ¤¨ ¯ §®­¥ ¯®çâ¨ ¢ 2 à § 
(®â 2.8 á ¤® 1.5 á). � à ªâ¥à ª®«¥¡ ­¨© áãé¥áâ¢¥­­®

®â«¨ç ¥âáï ®â ­¥ãáâ®©ç¨¢®áâ¥©, ®¡­ àã¦¥­­ëå à ­¥¥
¢ p-PbTe(Ga) [9].

�¡áã¦¤¥­¨¥ à¥§ã«ìâ â®¢

�¥â «ì­ë© ª®«¨ç¥áâ¢¥­­ë©  ­ «¨§ ®¡­ àã¦¨¢ ¥-
¬ëå ­¥ãáâ®©ç¨¢®áâ¥© ¢ ­ áâ®ïé¥¥ ¢à¥¬ï ¯à®¢¥áâ¨ § -
âàã¤­¨â¥«ì­®.�¬¥áâ­® ¯à¨¢¥áâ¨ ­¥ª®â®àë¥ ¨áå®¤­ë¥
¤ ­­ë¥ ¤«ï â ª®£®  ­ «¨§ .
�¥à¬¨ç¥áª ï í­¥à£¨ïEa  ªâ¨¢ æ¨¨ ¯à®¢®¤¨¬®áâ¨ ¢

PbTe(Ga) ¯à¨ T < 80 K ®æ¥­¨¢ ¥âáï ¯® § ¢¨á¨¬®áâï¬

lnR(1/T ) ¨ á®áâ ¢«ï¥â Ea ∼ 70 ¬í�. �¥«¨ç¨­ 

¡ àì¥à  W1, ª®â®à ï ®¯à¥¤¥«ï¥â ¢à¥¬¥­  à¥« ªá -
æ¨¨ § ¬®à®¦¥­­®© �� ¯à¨ ®â®£à¥¢¥ ®¡à §æ®¢, ¬®¦¥â
¡ëâì ®æ¥­¥­  ¯® ¨§¬¥à¥­¨ï¬ å à ªâ¥à­ëå ¢à¥¬¥­

áâ æ¨®­ à­®© �� ¢ § ¢¨á¨¬®áâ¨ ®â â¥¬¯¥à âãàë ¨«¨

¯®  ­ «¨§ã § ¢¨á¨¬®áâ¥© áâ â¨ç¥áª¨å å à ªâ¥à¨áâ¨ª

lnR(1/T ), á­ïâëå ¢ ãá«®¢¨ïå ¯®¤á¢¥âª¨ ¢ ¤¨ ¯ §®­¥
â¥¬¯¥à âãà 40 ÷ 80 K. �á­®¢­ë¬¨ ªà¨â¥à¨ï¬¨ ­ -
«¨ç¨ï ®¤­®í«¥ªâà®­­ëå ¬¥â áâ ¡¨«ì­ëå á®áâ®ï­¨©

¢ PbTe(Ga) ï¢«ïîâáï à áá¬ âà¨¢ ¥¬ë¥ à ­¥¥ [6,7]
ï¢«¥­¨ï â¥à¬®áâ¨¬ã«¨à®¢ ­­ëå â®ª®¢, ”¨­¤ãæ¨à®-
¢ ­­®© ¯à¨¬¥á­®© ��” ¨ ­¥ª®â®àë¥ ¤àã£¨¥ ¤ ­-
­ë¥ [4,5].
�®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨ ¢ ¢ëá®ª®®¬­ëå

®¡à §æ å PbTe(Ga) ®¯à¥¤¥«ï¥âáï ¯à®¢®¤¨¬®áâìî ¯®

¯à¨¬¥á­®© §®­¥ ¬¥â áâ ¡¨«ì­ëå á®áâ®ï­¨©,   â ª-
¦¥ ¯®«¥¢ë¬ ¨ â¥à¬¨ç¥áª¨¬ § ¡à®á®¬ ­®á¨â¥«¥© ¢

§®­ã ¯à®¢®¤¨¬®áâ¨. �à®¢®¤¨¬®áâì ®¡à §æ  ¢ â ª¨å

ãá«®¢¨ïå ï¢«ï¥âáï äã­ªæ¨¥© ¯®«ï E ¨ â¥¬¯¥à âãàë

T , ª®â®à ï ¢ á¢®î ®ç¥à¥¤ì ®¯à¥¤¥«ï¥âáï ¤¦®ã«¥¢ë¬

à §®£à¥¢®¬ á¨áâ¥¬ë. � íâ¨å ãá«®¢¨ïå ¢ á¨áâ¥¬¥ ¬®-
¦¥â à §¢¨¢ âìáï ¯à¨¬¥á­ë© ¯à®¡®© ¨«¨ ¯à¨¬¥á­ë© ¨

¤¦®ã«¥¢ ¯à®¡®©. �¥¬¯¥à âãà­ë© ¨ ¯®«¥¢®© à §®£à¥¢
í«¥ªâà®­®¢ ¬®¦¥ ¯à¨¢¥áâ¨ ª ¯à¥®¤®«¥­¨î ¡ àì¥à 

W1 ¨ ¯¥à¥å®¤ã íâ¨å í«¥ªâà®­®¢ ¢ ®á­®¢­®¥ á®áâ®ï­¨¥.
�¦®ã«¥¢ ¯à®¡®© ¢ â ª®© á¨áâ¥¬¥ ¯à¨­æ¨¯¨ «ì­® ®â-
«¨ç ¥âáï ®â ®¡ëç­®£®, ¯®áª®«ìªã ¢ ¯à®æ¥áá¥ â¥à¬¨ç¥-
áª®© £¥­¥à æ¨¨ ­®á¨â¥«¥© ç¨á«® æ¥­âà®¢ ¨áâ®é ¥âáï.
�¢«¥­¨¥ ¤¦®ã«¥¢  ¯à®¡®ï à ­¥¥ ¨§ãç «®áì ¢ á¯« -

¢ å Pb1−xSnxTe(In) [8]. � à¨ æ¨¨ ä®à¬ë ª®«¥¡ ­¨©

¯à¨ ¨§¬¥­¥­¨¨ ¢­¥è­¨å ãá«®¢¨© (à¨á. 1) ª ç¥áâ¢¥­-
­® á®®â¢¥âáâ¢ãîâ â¥®à¥â¨ç¥áª¨¬ ¯à¥¤áâ ¢«¥­¨ï¬. �
â¥®à¨¨ â¥¯«®¢®£® ¯à®¡®ï ¢¢®¤¨âáï ¯ à ¬¥âà ªà¨â¨-

ç¥áª®© â¥¬¯¥à âãàë ®ªàã¦ îé¥© áà¥¤ë T
(c)
0 , ¯à¨

ª®â®à®© ¯à®¡®© ¬®¦¥â ­ ¡«î¤ âìáï.�â  ªà¨â¨ç¥áª ï
â¥¬¯¥à âãà  ®¯à¥¤¥«ï¥âáï í­¥à£¨¥©  ªâ¨¢ æ¨¨ ¯à®¢®-
¤¨¬®áâ¨ Ea,

T
(c)
0 = Ea/8kT, (1)

çâ® ¯®§¢®«ï¥â ®æ¥­¨âì í­¥à£¨î  ªâ¨¢ æ¨¨ í«¥ªâà®-
­®¢ á ¬¥â áâ ¡¨«ì­ëå á®áâ®ï­¨©. �á«¨ §  ªà¨â¨ç¥-
áªãî â¥¬¯¥à âãàã ¯à¨­ïâì â¥¬¯¥à âãàã ¨áç¥§­®¢¥-
­¨ï ®¡­ àã¦¥­­ëå ­¥ãáâ®©ç¨¢®áâ¥©, í­¥à£¨ï  ªâ¨¢ -
æ¨¨ á®áâ ¢¨â Ea ' 25 ¬í�. �áâ¥áâ¢¥­­®, ®¯à¥¤¥«¥­¨¥
íâ®© í­¥à£¨¨ ¯® à áá¬ âà¨¢ ¥¬®¬ã íää¥ªâã ¨«¨ ¯®

¨áá«¥¤®¢ ­¨î â¥à¬®áâ¨¬ã«¨à®¢ ­­ëå â®ª®¢ á®¯à®¢®-
¦¤ ¥âáï ¡®«ìè®© ®è¨¡ª®©. �¥¬ ­¥ ¬¥­¥¥ ¯®«ãç¥­­ë¥
¤ ­­ë¥ å®à®è® ª®àà¥«¨àãîâ á à¥§ã«ìâ â ¬¨ ®¯â¨ç¥-
áª¨å ¨§¬¥à¥­¨© �®å«®¢  ¨ �¥«®£®à®å®¢  [3]. � ¡«î-
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¤ îé¨¥áï ¢ íâ®© à ¡®â¥ «¨­¨¨ á¯¥ªâà  �� ¢ ¤ «¥-
ª®© �� ®¡« áâ¨ (á í­¥à£¨¥© ¯®àï¤ª  20¬í�) ¬®¦­®
¯à¥¤¯®«®¦¨â¥«ì­® á¢ï§ âì á ¯¥à¥å®¤ ¬¨ í«¥ªâà®­®¢

á ¬¥â áâ ¡¨«ì­ëå á®áâ®ï­¨© ¢ §®­ã ¯à®¢®¤¨¬®áâ¨.
�à¨à®¤  ª®«¥¡ ­¨©, ®¡­ àã¦¥­­ëå ¯à¨ ®âáãâáâ¢¨¨

¯®¤á¢¥âª¨ (à¨á. 3), ¢ ­ áâ®ïé¥¥ ¢à¥¬ï ­¥ ïá­  ¨ íâ¨
¤ ­­ë¥ ¯®ª §ë¢ îâ, çâ® ¡®«¥¥ ¤¥â «ì­ ï áâàãªâãà 
á¯¥ªâà  ¬¥â áâ ¡¨«ì­ëå á®áâ®ï­¨© ¢ PbTe(Ga) ¨ ¢®§-
¬®¦­ë¥ â¨¯ë ­¥ãáâ®©ç¨¢®áâ¥© ¬®£ãâ ¯à¥¤áâ ¢«ïâì

¨­â¥à¥á ¤«ï ¤ «ì­¥©è¨å ¨áá«¥¤®¢ ­¨©.

� § ª«îç¥­¨¥ ¢ëà ¦ ¥¬ ¡« £®¤ à­®áâì �.�.� áì-
ª®¢ã, �.�.�«ë­ìª®, �.�.�¥«®ª®­î §  ¯à¥¤®áâ ¢«¥­-
­ë¥ ®¡à §æë.

� ¡®â  ¢ë¯®«­¥­  ¯à¨ ¯®¤¤¥à¦ª¥ �®áá¨©áª®£® ä®­-
¤  äã­¤ ¬¥­â «ì­ëå ¨áá«¥¤®¢ ­¨©.
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Electrothermal instabilities induced by
metastable electronic state in PbTe(Ga)

B.A. Akimov, N.B. Brandt, A.V. Albul, L.I. Ryabova

M.V. Lomonosov Moscow State University,
119899 Moscow, Russia

Abstract A phenomenological description of the electrother-

mal instabilities in high-ohmic single crystals of PbTe(Ga)

under the IR-radiation of the samples by a heat source is

performed. The instabilities appear as periodical vibrations

of the electric current in the circuit of the sample and its

temperature in high enough electric fields. A significant con-

tribution into the observed processes is made by metastable

electronic states, of which levels are situated ∼ 20 meV lower

the bottom of the conduction band.
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