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ρxx ¨ å®««®¢áª®£® ρxy á®¯à®â¨¢«¥­¨© ¢ ¯®«ïå ¤® 12�« ¢ ¨­â¥à¢ «¥ â¥¬¯¥à âãà T = (0.1÷15) K.
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¯¥à¥å®¤ã ª à¥¦¨¬ã áª¥©«¨­£  ¢ ãá«®¢¨ïå ª¢ ­â®¢®£® íää¥ªâ  �®«« . �®áâà®¥­¨¥ ¤¨ £à ¬¬ë

áª¥©«¨­£  ¢ ª®®à¤¨­ â å (σxy, σxx) ¤«ï ¨áá«¥¤®¢ ­­®© ®¡« áâ¨ ¯®«¥© ¨ â¥¬¯¥à âãà. � ©¤¥­®,
çâ® ¢ æ¥«®¬ ¢¨¤ ¤¨ £à ¬¬ á®®â¢¥âáâ¢ã¥â ¯à¥¤áª § ­¨ï¬ â¥®à¨¨. �®ª § ­®, çâ® å à ªâ¥à «¨­¨©

¯®â®ª  ­  ¤¨ £à ¬¬ å áª¥©«¨­£  ­¥¯®áà¥¤áâ¢¥­­® á¢ï§ ­ á â ª¨¬ ¯ à ¬¥âà®¬ ª ª è¨à¨­  ¯®«®áë

¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© ¢ æ¥­âà¥ ãà®¢­ï � ­¤ ã.

1. �¢¥¤¥­¨¥

�¢«¥­¨¥ æ¥«®ç¨á«¥­­®£® ª¢ ­â®¢®£® íää¥ªâ  �®«-
«  (���), ®¡­ àã¦¥­­®£® ä®­-�«¨âæ¨­£®¬ á á®-
 ¢â. [1], ®ª § «®áì â¥á­® á¢ï§ ­­ë¬ á ¯à®¡«¥¬®©

«®ª «¨§ æ¨¨ í«¥ªâà®­®¢ ¢ ¤¢ã¬¥à­®© (2D) á¨áâ¥-
¬¥ ¢ ª¢ ­âãîé¥¬ ¬ £­¨â­®¬ ¯®«¥ B. � à ¡®â å

� ä«¨­  [2] ¨ � «ì¯¥à¨­  [3] ¡ë«® ¯®ª § ­®, çâ®
¤«ï áãé¥áâ¢®¢ ­¨ï ��� ­¥®¡å®¤¨¬® ­ «¨ç¨¥ ã§ª¨å

¯®«®á ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© ¢¡«¨§¨ á¥à¥¤¨­ë

ª ¦¤®© ¨§ ¯®¤§®­ � ­¤ ã (¯à¨ ãá«®¢¨¨, çâ® ¢á¥

®áâ «ì­ë¥ á®áâ®ï­¨ï ï¢«ïîâáï «®ª «¨§®¢ ­­ë¬¨).
� ¤àã£®© áâ®à®­ë, ¤«ï B = 0 à ­¥¥ �¡à å ¬á®¬

á á® ¢â. [4] ­  ®á­®¢¥ â¥®à¨¨ ®¤­®¯ à ¬¥âà¨ç¥áª®£®

áª¥©«¨­£  ¡ë« ¯®«ãç¥­ ¢ë¢®¤ ®¡ ®âáãâáâ¢¨¨ ª¢ ­â®-
¢®© ¤¨ääã§¨¨ ¢ ¤¢ã¬¥à­ëå à §ã¯®àï¤®ç¥­­ëå á¨áâ¥-
¬ å, â. ¥. ®¡ ®âáãâáâ¢¨¨ ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨©
¢ 2D-á¨áâ¥¬ å ¯à¨ ­ «¨ç¨¨ ¤ ¦¥ ¬ «®© áâ¥¯¥­¨

¡¥á¯®àï¤ª . � ª¨¬ ®¡à §®¬, ¢ë¢®¤ë � ä«¨­  [2] ¨
� «ì¯¥à¨­  [3] ®ª § «¨áì ¢ ¯à®â¨¢®à¥ç¨¨ á® á«¥¤áâ¢¨-
ï¬¨ â¥®à¨¨ ®¤­®¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­£  [4].
� à ¡®â å �àã¨áª¥­  [5–7],   â ª¦¥ �¬¥«ì­¨æª®-

£® [8] ¤«ï ®¡êïá­¥­¨ï ��� ¡ë«  ¯à¥¤«®¦¥­  £¨¯®â¥§ 
¤¢ãå¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­£ , ¯à¨¢®¤ïé ï ª áã-
é¥áâ¢®¢ ­¨î ª ª «®ª «¨§®¢ ­­ëå, â ª ¨ ¤¥«®ª «¨§®-
¢ ­­ëå (¢¡«¨§¨ á¥à¥¤¨­ë ¯®¤§®­ � ­¤ ã) á®áâ®ï­¨©
¢ á¯¥ªâà¥ ­¥ã¯®àï¤®ç¥­­®© 2D-á¨áâ¥¬ë ¢ ª¢ ­âãî-
é¥¬ ¬ £­¨â­®¬ ¯®«¥. �ªá¯¥à¨¬¥­â «ì­ ï ¯à®¢¥àª 

á«¥¤áâ¢¨© â¥®à¨¨ ¤¢ãå¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­£ 

¢ à¥¦¨¬¥ ��� ¡ë«  ¢ë¯®«­¥­  ¢ à ¡®â å �¥ï á

á® ¢â. [9] ¤«ï £¥â¥à®áâàãªâãà InGaAs/InP, � ¢ ©¨ á
á® ¢â. [10] ¤«ï n-ª ­ «®¢ ¢ ªà¥¬­¨¥¢®¬ ��� âà ­-
§¨áâ®à¥, �®«£®¯®«®¢  á á® ¢â. [11] ª ª ¤«ï ªà¥¬-
­¨¥¢ëå ��� áâàãªâãà, â ª ¨ ¤«ï £¥â¥à®áâàãªâãà

AlGaAs/GaAs.
� áâ®ïé ï à ¡®â  ¯®á¢ïé¥­  ¨áá«¥¤®¢ ­¨î ¤¨ -

£à ¬¬ áª¥©«¨­£  ¤«ï ¬­®£®á«®©­ëå £¥â¥à®áâàãªâãà

Ge/Ge1−xSix á ¯à®¢®¤¨¬®áâìî ¤ëà®ç­®£® â¨¯  ¯®

á«®ï¬ £¥à¬ ­¨ï.

2. �¥®à¥â¨ç¥áª¨¥ ¯à¥¤áâ ¢«¥­¨ï

C®£« á­® £¨¯®â¥§¥ ®¤­®¯ à ¬â¥à¨ç¥áª®£® áª¥©«¨­-
£  [4,12], ¨§¬¥­¥­¨¥ ª®­¤ ªâ ­á  (®¡à â­®£® ¯®«­®£®
á®¯à®â¨¢«¥­¨ï) G á ¨§¬¥­¥­¨¥¬ ¬ ªà®áª®¯¨ç¥áª®£®

à §¬¥à  á¨áâ¥¬ë L ®¯à¥¤¥«ï¥âáï ãà ¢­¥­¨¥¬

d ln g

d lnL
= β(g), (1)

£¤¥ g = hG/e2, β ¥áâì ­¥ª®â®à ï äã­ªæ¨ï ®¤­®©

¯¥à¥¬¥­­®© g (äã­ªæ¨ï áª¥©«¨­£ ). �á«¨ ¯à¥¤áâ ¢¨âì
ª®­¤ ªâ ­á ¢ ¢¨¤¥ g = σLd−2, £¤¥ σ — ¯à®¢®¤¨¬®áâì

¢ ¥¤¨­¨æ å e2/h, d — à §¬¥à­®áâì, â® ¬¥â ««¨ç¥áª®¥
¯®¢¥¤¥­¨¥ á¨áâ¥¬ë á®®â¢¥âáâ¢ã¥â ãá«®¢¨î σ = const
¯à¨ L → ∞. �«ï 2D-á¨áâ¥¬ë ¯®­ïâ¨ï ª®­¤ ªâ ­á 

¨ ¯à®¢®¤¨¬®áâ¨ á®¢¯¤ îâ, ¨ ãá«®¢¨¥ ¤¥«®ª «¨§ -
æ¨¨ í«¥ªâà®­­ëå á®áâ®ï­¨© á®®â¢¥âáâ¢ã¥â ãá«®¢¨î

β(σ) = 0.

� ª ¯®ª § ­® ¢ [4,12], ¯à¨ B = 0 ¤«ï 2D-£ §  äã­ª-
æ¨ï β(σ) ¢á¥£¤  ®âà¨æ â¥«ì­  ¨ «¨èì ¯à¨ σ → ∞,
çâ® á®®â¢¥âáâ¢ã¥â ®âáãâáâ¢¨î ¡¥á¯®àï¤ª ,  á¨¬¯â®-
â¨ç¥áª¨ áâà¥¬¨âáï ª 0. �à¨ σ � 1 ®­  á®áâ ¢«ï¥â

β(σ) = −1/2πσ. � ª¨¬ ®¡à §®¬, ¤«ï í«¥ªâà®­  ¢

­¥ã¯®àï¤®ç¥­­®© 2D-á¨áâ¥¬¥ ­¥ áãé¥áâ¢ã¥â ¨áâ¨­­®
¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© (á®áâ®ï­¨© á ¡¥áª®­¥ç-
­ë¬ à ¤¨ãá®¬ «®ª «¨§ æ¨¨ ξ). � à ¬ª å £¨¯®â¥§ë

®¤­®¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­£  ¤«ï ¤¨áá¨¯ â¨¢­®©

¯à®¢®¤¨¬®áâ¨ σxx ¢ë¢®¤ ® «®ª «¨§ æ¨¨ ¢á¥å á®áâ®ï-
­¨© ¢ ¡¥áª®­¥ç­®© 2D-á¨áâ¥¬¥ á®åà ­ï¥âáï ¨ ¢ ¬ £-
­¨â­®¬ ¯®«¥, â. ¥. β(σxx) < 0 ¯à¨ ¢á¥å ª®­¥ç­ëå

§­ ç¥­¨ïå σxx [6,7]. � ¯à¥¤¥«¥ σxx � 1 äã­ªæ¨ï

áª¥©«¨­£  ¨¬¥¥â ¢¨¤ β(σxx) = −1/2π2σ2
xx.

� à ¡®â¥ [5] �àã¨áª¥­®¬ ¢¯¥à¢ë¥ ¡ë«  ¢ëáª § ­ 

¬ëá«ì ® â®¬, çâ® ¢ ª¢ ­âãîé¥¬ ¬ £­¨â­®¬ ¯®«¥

­¥®¡å®¤¨¬® à áá¬ âà¨¢ âì à¥­®à¬¨à®¢ªã ¯à¨ ¨§¬¥-
­¥­¨¨ L ®¡¥¨å ª®¬¯®­¥­â â¥­§®à  ¯à®¢®¤¨¬®áâ¨ —
ª ª ¤¨áá¨¯ â¨¢­®© σxx, â ª ¨ å®««®¢áª®© σxy. � -
¢¨á¨¬®áâì σxy ®â L ¯®ï¢«ï¥âáï ª ª á«¥¤áâ¢¨¥ ãç¥â 
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§ ¬ª­ãâëå â®ª®¢ ­  £à ­¨æ å ®¡à §æ , ­¥¨§¡¥¦­®
¢®§­¨ª îé¨å ¢® ¢­¥è­¥¬ ¬ £­¨â­®¬ ¯®«¥ (ªà ¥¢ë¥
â®ª¨). � à¥§ã«ìâ â¥ ¤«ï ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å í«¥ª-
âà®­®¢ ¢ å ®â¨ç¥áª®¬ ¯à¨¬¥á­®¬ ¯®â¥­æ¨ «¥ ¨¬¥¥¬

á¨áâ¥¬ã ãà ¢­¥­¨© ¤¢ãå¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­£ :

d lnσxx
d lnL

= βxx(σxx, σxy),

d lnσxy
d lnL

= βxy(σxx, σxy).

(2)

� ¦¤ ï ¨§ áª¥©«¨­£®¢ëå äã­ªæ¨© βxx ¨ βxy ¥áâì

äã­ªæ¨ï ¤¢ãå ¯ à ¬¥âà®¢ σxx ¨ σxy, â. ¥. ¨§¬¥­¥­¨ï
σxx ¨ σxy ¯à®¨áå®¤ïâ ¢§ ¨¬®§ ¢¨á¨¬® ¯à¨ ¢ àì¨à®-
¢ ­¨¨ L. � ¯à¥¤¥«¥ á« ¡®© «®ª «¨§ æ¨¨ σxx � 1
�àã¨áª¥­®¬ ¡ë« ¯®«ãç¥­ ª®­ªà¥â­ë© ¢¨¤ äã­ªæ¨©

áª¥©«¨­£  [6,7]:

βxx = −
1

2π2σ2
xx

−D exp(−2πσxx) cos 2πσxy,

βxy = −D exp(−2πσxx) sin 2πσxy,

(3)

£¤¥ σxx ¨ σxy ¤ ­ë ¢ ¥¤¨­¨æ å e
2/h, D — ¯®«®¦¨â¥«ì-

­ ï ª®­áâ ­â , á®¤¥à¦ é ï ¨­ä®à¬ æ¨î ® ¬¨ªà®áª®-
¯¨ª¥ á¨áâ¥¬ë (­ ¯à¨¬¥à, ® å à ªâ¥à¥ å ®â¨ç¥áª®£®
¯à¨¬¥á­®£® ¯®â¥­æ¨ « ).
�«¥¤áâ¢¨ï ¨§ ãà ¢­¥­¨© áª¥©«¨­£  ã¤®¡­® ¨áá«¥-

¤®¢ âì, à áá¬ âà¨¢ ï ¤¢¨¦¥­¨ï â®ç¥ª ­  ¯«®áª®áâ¨

(σxy, σxx) ¯à¨ ã¢¥«¨ç¥­¨¨ L (¤¨ £à ¬¬ë áª¥©«¨­£ ).
�§ (2), (3) ­¥¯®áà¥¤áâ¢¥­­® á«¥¤ã¥â áãé¥áâ¢®¢ ­¨¥

­  ä §®¢®© ¤¨ £à ¬¬¥ ¢ ª®®à¤¨­ â å (σxy, σxx) ¤¢ãå
â¨¯®¢ ä¨ªá¨à®¢ ­­ëå â®ç¥ª. �à¨ σxy = i, £¤¥ i —
æ¥«®¥ ç¨á«®, ¨¬¥¥¬

βxy = 0, βxx = −
1

2π2σ2
xx

−D exp(−2πσxx) < 0. (4)

�«¥¤®¢ â¥«ì­®, σxy ­¥ ¬¥­ï¥âáï ¯à¨ ¨§¬¥­¥­¨¨ L,  
σxx → 0 ¯à¨ L→∞, çâ® á®®â¢¥âáâ¢ã¥â ¤¨í«¥ªâà¨ç¥-
áª®¬ã ¯®¢¥¤¥­¨î. � ª¨¬ ®¡à §®¬, ¤«ï ¡¥áª®­¥ç­®£®
®¡à §æ  ¨¬¥¥¬ ä¨ªá¨à®¢ ­­ãî â®çªã (i, 0), ®¯¨áë¢ -
îéãî ¯« â® ª¢ ­â®¢®£® íää¥ªâ  �®«« .
�à¨ σxy = i+ 1/2 ¨¬¥¥¬

βxy = 0, βxx = −
1

2π2σ2
xx

+D exp(−2πσxx). (5)

�âáî¤  á«¥¤ã¥â, çâ® σxy, ª ª ¨ ¢ ¯à¥¤ë¤ãé¥¬ á«ãç ¥,
­¥ à¥­®à¬¨àã¥âáï ¯à¨ ¨§¬¥­¥­¨¨ L. �à¥¤¯®« £ ¥âáï
¤ «¥¥ [6], çâ® áãé¥áâ¢ã¥â ­¥ª®â®à®¥ ª®­¥ç­®¥ §­ ç¥-
­¨¥ σxx = σ∗, ®¯à¥¤¥«ï¥¬®¥ ãá«®¢¨¥¬

(σ∗)2 exp(−2πσ∗) =
1

2π2D
, (6)

¤«ï ª®â®à®£® βxx = 0. �à¨ íâ®¬ βxx < 0 ¤«ï

σxx > σ∗ ¨ βxx > 0 ¤«ï σxx < σ∗. �®£¤  ¯à¨

L→∞ ¨¬¥¥¬ σxx → σ∗ (¬¥â ««¨ç¥áª®¥ ¯®¢¥¤¥­¨¥), ¨

�¨á. 1. �­â¥£à «ì­ë¥ ªà¨¢ë¥ á¨áâ¥¬ë ãà ¢­¥­¨© ¤¢ãå-
¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­£  (2 ) á®£« á­® â¥®à¥â¨ç¥áª¨¬
¯à¥¤áâ ¢«¥­¨ï¬ [6]. �âà¥«ª¨ ãª §ë¢ îâ ­ ¯à ¢«¥­¨¥

¤¢¨¦¥­¨ï â®ç¥ª (σxy, σxx) ¯à¨ ã¢¥«¨ç¥­¨¨ L. �¡®-
§­ ç¥­¨ï A — ãáâ®©ç¨¢ë¥ ä¨ªá¨à®¢ ­­ë¥ â®çª¨, á®-
®â¢¥âáâ¢ãîé¨¥ ¯« â® ª¢ ­â®¢®£® íää¥ªâ  �®«« ; C —
­¥ãáâ®©ç¨¢ ï ä¨ªá¨à®¢ ­­ ï â®çª , á®®â¢¥âáâ¢ãîé ï ¤¥-
«®ª «¨§®¢ ­­®¬ã á®áâ®ï­¨î ¢ æ¥­âà¥ ¯®¤§®­ë � ­¤ ã.

ä¨ªá¨à®¢ ­­ ï â®çª  (i+1/2, σ∗) á®®â¢¥âáâ¢ã¥â ¤¥«®-
ª «¨§®¢ ­­®¬ã á®áâ®ï­¨î ¢ æ¥­âà¥ ¯®¤§®­ë � ­¤ ã.
�ªáâà ¯®«¨àãï (3) ¢ ®¡« áâì à¥¦¨¬  á¨«ì­®© «®ª -

«¨§ æ¨¨ σxx � 1, �àã¨áª¥­ [6,7] ¯®«ãç¨« ª ç¥áâ¢¥­-
­ë© ¢¨¤ ¤¨ £à ¬¬ áª¥©«¨­£  ­  ¯«®áª®áâ¨ (σxy, σxx),
â. ¥. ¢¨¤ âà ¥ªâ®à¨© á®£« á®¢ ­­®£® ¯à¥®¡à §®¢ ­¨ï

¯à®¢®¤¨¬®áâ¥© σxx ¨ σxy ¯à¨ ¨§¬¥­¥­¨¨ L ®â ¢¥«¨ç¨­
¯®àï¤ª  ¬ £­¨â­®© ¤«¨­ë ¤® L → ∞. �¨¤ íâ¨å

¤¨ £à ¬¬ ­¥®¤­®ªà â­® ¢®á¯à®¨§¢®¤¨«áï ¢ «¨â¥à âã-
à¥ (á¬., ­ ¯à¨¬¥à, [6–9], [11]). �  à¨á. 1 ¬ë ¯à¨¢®-
¤¨¬ äà £¬¥­â áª¥©«¨­£®¢®© ¤¨ £à ¬¬ë ¤«ï ®¤­®£®

(­ã«¥¢®£®) ãà®¢­ï � ­¤ ã ¨§ à ¡®âë [6]. �á­®¢­ë¥

ç¥àâë ¤¨ £à ¬¬ áª¥©«¨­£ : ­ «¨ç¨¥ ¤¢ãå â¨¯®¢ ä¨ª-
á¨à®¢ ­­ëå â®ç¥ª,   â ª¦¥ áãé¥áâ¢®¢ ­¨¥ ã­¨¢¥à-
á «ì­®© âà ¥ªâ®à¨¨ (á¥¯ à âà¨áë), ¯® ª®â®à®© â®çª¨
­  ¯«®áª®áâ¨ (σxy, σxx) ¯à¨ ã¢¥«¨ç¥­¨¨ L ”â¥ªãâ”
®â ®ªà¥áâ­®áâ¨ â®çª¨ (i + 1/2, σ∗) ª â®çª ¬ (i, 0) ¨
(i + 1, 0), ¡ë«¨ ¯®«ãç¥­ë �¬¥«ì­¨æª¨¬ [8] ¨§ ®¡é¨å
á¢®©áâ¢ á¨¬¬¥âà¨¨ ¨ ¯¥à¨®¤¨ç­®áâ¨ äã­ªæ¨© βxx ¨
βxy. �¨á«¥­­ë¥ à áç¥âë �­¤® [13] ¤«ï δ-®¡à §­®£®
¯à¨¬¥á­®£® ¯®â¥­æ¨ «  ¯®¤â¢¥à¦¤ îâ ª ª á¨«ì­®¥

¨§¬¥­¥­¨¥ σxy á ¨§¬¥­¥­¨¥¬ L (à¥­®à¬¨à®¢ªã σxy),
â ª ¨ ¢§ ¨¬­ãî § ¢¨á¨¬®áâì à¥­®à¬¨à®¢ª¨ ¢¥«¨ç¨­

σxx ¨ σxy.
�®¯®áâ ¢«¥­¨¥ à §¢¨âëå ¤«ï T = 0 â¥®à¥â¨ç¥áª¨å

¯à¥¤áâ ¢«¥­¨© á íªá¯¥à¨¬¥­â «ì­ë¬¨ ¤ ­­ë¬¨ ¯à¨

ª®­¥ç­ëå â¥¬¯¥à âãà å ®¡ëç­® ¯à®¢®¤ïâ, ¨á¯®«ì§ãï
ª®­æ¥¯æ¨î ¤«¨­ë � ã«¥áá  Lin — ¤«¨­ë ¯à®¡¥£ 
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�¨á. 2. � ¢¨á¨¬®áâ¨ ρxx ¨ ρxy ®â ¬ £­¨â­®£® ¯®«ï B ¤«ï ®¡à §æ  1 (á¬. â ¡«¨æã) ¯à¨ T = 0.1 K. �  ¢áâ ¢ª¥ ¯à¨¢¥¤¥­ë
äà £¬¥­âë § ¢¨á¨¬®áâ¥© ρxx(B) ¨ ρxy(B) ¯à¨ T = 4.2 K (èâà¨å®¢ë¥ ªà¨¢ë¥), T = 1.7 K (¯ã­ªâ¨à­ë¥) ¨ T = 0.1 K
(á¯«®è­ë¥).

í«¥ªâà®­  ®â ®¤­®£®  ªâ  ­¥ã¯àã£®£® áâ®«ª­®¢¥­¨ï ¤®

¤àã£®£® [14]. �  íâ®© ¤«¨­¥ ­¥ ¯à®¨áå®¤¨â á¡®ï ä §ë
¢®«­®¢®© äã­ªæ¨¨ í«¥ªâà®­ , ¨, á«¥¤®¢ â¥«ì­®, ¯à¨-
¬¥­¨¬ë á®®¡à ¦¥­¨ï áª¥©«¨­£ , ¯à¨ íâ®¬ Lin ¨£à ¥â

à®«ì íää¥ªâ¨¢­®£® à §¬¥à  ®¡à §æ . �§¢¥áâ­®, çâ®
¯à¨ ­¨§ª¨å â¥¬¯¥à âãà åLin ∼ T−p/2. �«ï í«¥ªâà®­-
í«¥ªâà®­­®£® à áá¥ï­¨ï ¢ 2D-á¨áâ¥¬ å p = 2 ¤«ï

ç¨áâëå ®¡à §æ®¢ ¨ p = 1 ¤«ï ®¡à §æ®¢ á ¯à¨¬¥áï-
¬¨, ª®£¤  áãé¥áâ¢¥­­ë ¯à®æ¥ááë á ¬ «®© ¯¥à¥¤ ç¥©

í­¥à£¨¨ (­ ©ª¢¨áâ®¢áª¨© ¬¥å ­¨§¬) [15]. � ª ª ª

¯à¨ T → 0 Lin → ∞, ¯à¨ ®¯à¥¤¥«¥­­ëå ãá«®¢¨ïå

íªá¯¥à¨¬¥­â «ì­ë¥ § ¢¨á¨¬®áâ¨ σxx(T ) ¨ σxy(T ) ¯à¨
T → 0 ¬®¦­® á®¯®áâ ¢¨âì á § ¢¨á¨¬®áâï¬¨ σxx(L) ¨
σxy(L) ¯à¨ L→∞.

3. �ªá¯¥à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë

¨ ¨å ®¡áã¦¤¥­¨¥

�ë ¯à®¢¥«¨ ¨§¬¥à¥­¨¥ § ¢¨á¨¬®áâ¥© ¯à®¤®«ì­®£®

ρxx ¨ å®««®¢áª®£® ρxy á®¯à®â¨¢«¥­¨© ®â ¬ £­¨â­®£®
¯®«ï B ¢ ¬­®£®á«®©­ëå á¥«¥ªâ¨¢­®-«¥£¨à®¢ ­­ëå
£¥â¥à®áâàãªâãà å Ge/Ge1−xSix (x = 0.03) á ¯à®¢®¤¨-
¬®áâìî ¤ëà®ç­®£® â¨¯  ¯® á«®ï¬ Ge. �áá«¥¤®¢ ­­ë¥
£¥â¥à®áâàãªâãàë á®¤¥à¦ â ®â 15 ¤® 30 ¯¥à¨®¤®¢ á®

á«®ï¬¨ Ge ¨ Ge1−xSix â®«é¨­®© (200–230) Å. �«®¨ Ge
­¥«¥£¨à®¢ ­ë,   á«®¨ GeSi «¥£¨à®¢ ­ë ¡®à®¬ â ª¨¬

®¡à §®¬, çâ®¡ë ¬¥¦¤ã «¥£¨à®¢ ­­®© ç áâìî â¢¥à¤®£®

à áâ¢®à  ¨ á«®ï¬¨ £¥à¬ ­¨ï ®áâ ¢ «¨áì á¯¥©á¥àë

â®«é¨­®© ¯®àï¤ª  50 Å. �¥àè¨­  ¢ «¥­â­®© §®­ë ¢

á«®¥ Ge à á¯®«®¦¥­  ¢ëè¥ ¯® í­¥à£¨¨, ç¥¬ ¢¥àè¨­ 

¢ «¥­â­®© §®­ë ¢ á«®¥ Ge1−xSix, ¢ à¥§ã«ìâ â¥ ç¥£®
¤ëàª¨ ¨§ «¥£¨à®¢ ­­®© ç áâ¨ â¢¥à¤®£® à áâ¢®à  ¯¥-
à¥å®¤ïâ ¢ á«®¨ Ge. �¥â®¤ë ¢ëà é¨¢ ­¨ï ¨ á¢®©áâ¢ 

£¥â¥à®áâàãªâãà p-Ge/Ge1−xSix ¡®«¥¥ ¯®¤à®¡­® ®¯¨á -
­ë ¢ ¯à¥¤ë¤ãé¨å à ¡®â å (á¬. [16] ¨ ¯à¨¢¥¤¥­­ë¥ â ¬
ááë«ª¨).

�«ï ¨§¬¥à¥­¨© ¡ë«¨ ¨§£®â®¢«¥­ë ®¡à §æë ¢ ¢¨¤¥

å®««®¢áª¨å ¬®áâ¨ª®¢ á à §¬¥à ¬¨ 0.27 á¬ × 0.05 á¬.
�§¬¥à¥­¨ï ¯à®¢®¤¨«¨áì ¢ á¢¥àå¯à®¢®¤ïé¥¬ á®«¥­®-
¨¤¥ ¢ ¬ £­¨â­ëå ¯®«ïå B ¤® 12�« ¢ ¨­â¥à¢ «¥

â¥¬¯¥à âãà T = (0.1−15) K. �®­æ¥­âà æ¨¨ p ¨ ¯®-
¤¢¨¦­®áâ¨ ¤ëà®ª µp ¤«ï ¨áá«¥¤®¢ ­­ëå ®¡à §æ®¢

¯à¨ T = 0.1 K ¯à¨¢¥¤¥­ë ¢ â ¡«¨æ¥. �®­æ¥­âà æ¨ï
¤ëà®ª ®¯à¥¤¥«ï« áì ª ª ¨§ å®««®¢áª¨å ¨§¬¥à¥­¨© ¢

á« ¡®¬ ¬ £­¨â­®¬ ¯®«¥, â ª ¨ ¨§ ¯¥à¨®¤  ®áæ¨««ïæ¨©
�ã¡­¨ª®¢ –¤¥-�  §  ¤«ï ¡®«ìè¨å ­®¬¥à®¢ ãà®¢­¥©

� ­¤ ã.

� à ¬¥âàë ¨áá«¥¤®¢ ­­ëå ®¡à §æ®¢

ò ®¡à §æ  p, 1011 á¬−2 µp, 104 á¬2/(� · á) B0,�«

1 3.3 1.4 9.5
2 2.4 1.1 6.9
3 2.6 1.5 7.6
4 2.3 1.2 6.6

�à¨¬¥ç ­¨¥. B0 — ¯®«¥, ¢ ª®â®à®¬ ­ ¡«î¤ ¥âáï ¯¨ª ρxx 0−

¯à¨ T = 0.1 K.

2∗ �¨§¨ª  ¨ â¥å­¨ª  ¯®«ã¯à®¢®¤­¨ª®¢, 1997, â®¬ 31, ò 3
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�¨á. 3. �¨ £à ¬¬  áª¥©«¨­£  ¢ ª®®à¤¨­ â å (σxy, σxx) ¤«ï ®¡à §æ  1. �¨­¨¨ ¯®â®ª  ¯à¨¢¥¤¥­ë ¤«ï ä¨ªá¨à®¢ ­­ëå

§­ ç¥­¨© B á ¯®áâ®ï­­ë¬ è £®¬ ∆ = 0.2�«. �á¯®«ì§®¢ ­­ë¥ ¤ ­­ë¥ ¯à¨ T = 0.1, 0.36, 0.9, 1.1, 1.7 ¨ 4.2 K. �âà¥«ª ¬¨
®â¬¥ç¥­ë £à ­¨æë ¯®«®áë ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© ¤«ï ¯¨ª  0− ¯à¨ T = 0.1 K.

�  à¨á. 2 ¯à¥¤áâ ¢«¥­ë § ¢¨á¨¬®áâ¨ ρxx (B) ¨ ρxy
(B) ¯à¨ T = 0.1 K ¤«ï ®¡à §æ  1 (á¬. â ¡«¨æã). � 
ªà¨¢®© ρxy (B) å®à®è® ¢ëà ¦¥­ë ª¢ ­â®¢ë¥ ¯« â®

ρixx = ie2/h á ­®¬¥à ¬¨ i = 1, 2, 3 ¨ 5. �âáãâáâ¢¨¥ ¯« -
â® á i = 4 ®§­ ç ¥â, çâ® ãà®¢­¨ 1− ¨ 2+ ­¥ à áé¥¯«¥­ë

(¯¥à¥ªàëâë). �¥à¢ë¥ (á® áâ®à®­ë ¡®«ìè¨å ¯®«¥©)
2 ¯¨ª  ¬ £­¨â®á®¯à®â¨¢«¥­¨ï 0− ¨ 1+ á®®â¢¥âáâ¢ãîâ

­¥¢ëà®¦¤¥­­ë¬ ¯® á¯¨­ã (á ­ ¯à ¢«¥­¨ï¬¨ ±) ãà®¢-
­ï¬¨ � ­¤ ã á ­®¬¥à ¬¨ N = 0 ¨ N = 1. �  ¢áâ ¢ª¥
¯à¨¢¥¤¥­ë § ¢¨á¨¬®áâ¨ ρxx (B) ¨ ρxy (B) ¢ ®¡« áâ¨
¯¨ª  0− ¯à¨ ¤àã£¨å â¥¬¯¥à âãà å.
�¨ £à ¬¬  áª¥©«¨­£  ¢ ª®®à¤¨­ â å (σxy, σxx) ¤«ï

â®£® ¦¥ ®¡à §æ  ¯à¥¤áâ ¢«¥­  ­  à¨á. 3. � ­­ë¥ ¯à¨-
¢¥¤¥­ë ¤«ï ¨­â¥à¢ «  1 6 σxy 6 3 (¢ ¥¤¨­¨æ å e2/h),
çâ® á®®â¢¥âáâ¢ã¥â § ¯®«­¥­¨î ¯®¤ãà®¢­¥© � ­¤ ã 0−

(1 6 σxy 6 2) ¨ 1+ (2 6 σxy 6 3). �®çª¨, á®®â-
¢¥âáâ¢ãîé¨¥ä¨ªá¨à®¢ ­­®¬ã ¬ £­¨â­®¬ã ¯®«î (¨«¨
áâ¥¯¥­¨ § ¯®«­¥­¨ï r = p/nB, £¤¥ nB = eB/hc) ¤«ï
è¥áâ¨ à §«¨ç­ëå â¥¬¯¥à âãà ¢ ¨­â¥à¢ «¥ (0.1−4.2) K
á®¥¤¨­¥­ë â ª, çâ® ®¡à §®¢ « áì á®¢®ªã¯­®áâì «®¬ -
­ëå «¨­¨© («¨­¨© ¯®â®ª ). �à®¢¥¤¥­  â ª¦¥ ®£¨¡ î-
é ï ªà¨¢ ï ¤«ï â¥¬¯¥à âãàë 0.1 K.
�  à¨á. 4 ¯à¥¤áâ ¢«¥­ë § ¢¨á¨¬®áâ¨ ρxx ¨ ρxy ®â

¬ £­¨â­®£® ¯®«ï B ¤«ï ®¡à §æ  2 á ¬¥­ìè¥©, ç¥¬ ¤«ï
®¡à §æ  1, ª®­æ¥­âà æ¨¥© ¤ëà®ª. �  ªà¨¢®© ρxy (B)
¤«ï íâ®£® ®¡à §æ  ¢¨¤­ë ¯« â® ª¢ ­â®¢®£® íää¥ªâ 

(���) á ­®¬¥à ¬¨ i = 1, 2 ¨ 4. �¯¨­®¢®¥ à áé¥¯«¥­¨¥
ãà®¢­¥© � ­¤ ã á N = 1 (¨, á®®â¢¥âáâ¢¥­­®, ¯« â®
��� á i = 3) ­¥ ­ ¡«î¤ ¥âáï ¢¯«®âì ¤® á ¬ëå

­¨§ª¨å â¥¬¯¥à âãà.� ª ¯®ª § ­® ¢ [17], ª ç¥áâ¢¥­­®¥

à §«¨ç¨¥ ª àâ¨­ë ª¢ ­â®¢ëå ®áæ¨««ïæ¨© ¤«ï ¬ «ëå

­®¬¥à®¢ ãà®¢­¥© � ­¤ ã ¢ ®¡à §æ å Ge/Ge1−xSix á

à §«¨ç­ë¬¨ ª®­æ¥­âà æ¨ï¬¨ ¤ëà®ª p ®¡ãá«®¢«¥­®

­ «¨ç¨¥¬ (¤«ï áà ¢­¨â¥«ì­® ¡®«ìè¨å p) ¨«¨ ®â-
áãâáâ¢¨¥¬ (¤«ï ¬ «ëå p) § ¯®«­¥­¨ï 2-© ¯®¤§®­ë

à §¬¥à­®£® ª¢ ­â®¢ ­¨ï. �  à¨á. 5 ¤«ï ®¡à §æ  2
¯à¨¢¥¤¥­  ¤¨ £à ¬¬  áª¥©«¨­£  «¨èì ¤«ï ­¥¢ëà®-
¦¤¥­­®£® ¯® á¯¨­ã ãà®¢­ï � ­¤ ã 0− (1 6 σxy 6 2).
�§ à¨á. 3 ¨ 5 ¢¨¤­®, çâ® ¤«ï ¨áá«¥¤®¢ ­­ëå ®¡à §-

æ®¢ ¤¢¨¦¥­¨¥ â®ç¥ª ­  ¯«®áª®áâ¨ (σxy , σxx) ¯à¨

¯®­¨¦¥­¨¨ â¥¬¯¥à âãàë ¢ æ¥«®¬ á®®â¢¥âáâ¢ã¥â ¯à¥¤-
áª § ­¨ï¬ â¥®à¨¨ ¤¢ãå¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­£ :
«¨­¨¨ ¯®â®ª  áâà¥¬ïâáï ª ä¨ªá¨à®¢ ­­ë¬ â®çª ¬

(1, 0), (2, 0) ¨ (3, 0). �á­® ¢¨¤­® ä®à¬¨à®¢ ­¨¥ ¯à¨

¯®­¨¦¥­¨¨ â¥¬¯¥à âãàë ª¢ ­â®¢®£® ¯« â® á i = 3
(â®çª  (3, 0)) ¢ ®¡à §æ¥ 1.
�  à¨á. 3 ¢¨¤­  ­¥ª®â®à ï  á¨¬¬¥âà¨ï ®£¨¡ îé¥©

ªà¨¢®© ®â­®á¨â¥«ì­® «¨­¨¨ σxy = 1.5 ¤«ï ®¡à §æ  1.
�«ï ®¡à §æ  2  á¨¬¬¥âà¨ï ®£¨¡ îé¥© ¤«ï ¯¨ª  0−

¢ëà ¦¥­  § ¬¥â­® á¨«ì­¥¥ (à¨á. 5). �á¨¬¬¥âà¨ï â -
ª®£® à®¤  á¢ï§ ­  á ç áâ¨ç­ë¬ ¯¥à¥ªàëâ¨¥¬ á®á¥¤­¨å

ãà®¢­¥© � ­¤ ã ¨ ®¡ãá«®¢«¥­  á¤¢¨£®¬ ¯®«®¦¥­¨ï

¤¥«®ª «¨§®¢ ­­®£® á®áâ®ï­¨ï ®â­®á¨â¥«ì­® æ¥­âà 

ãà®¢­ï � ­¤ ã ¨§-§  ¯à¨¬¥è¨¢ ­¨ï á®áâ®ï­¨© ¢ëè¥-
«¥¦ é¥£® ¨«¨ ­¨¦¥«¥¦ é¥£® ãà®¢­¥© ª á®áâ®ï­¨ï¬

¤ ­­®£® ãà®¢­ï [18]. �®£« á­® [13], áâ¥¯¥­ì  á¨¬¬¥-
âà¨¨ ®¯à¥¤¥«ï¥âáï §­ ç¥­¨¥¬ ¯ à ¬¥âà  ~ωc/Γ, £¤¥
ωc — æ¨ª«®âà®­­ ï ç áâ®â , Γ — ãè¨à¥­¨¥ ãà®¢­ï

� ­¤ ã, ®¡ãá«®¢«¥­­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥¬ á ¯à¨¬¥áï-
¬¨. �á¯®«ì§ãï ä®à¬ã«ã ¤«ï è¨à¨­ë Γ ¢ á«ãç ¥

�¨§¨ª  ¨ â¥å­¨ª  ¯®«ã¯à®¢®¤­¨ª®¢, 1997, â®¬ 31, ò 3
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�¨á. 4. � ¢¨á¨¬®áâ¨ ρxx ¨ ρxy ®â ¬ £­¨â­®£® ¯®«ï B ¤«ï ®¡à §æ  2 ¯à¨ T = 0.09 K. �  ¢áâ ¢ª¥ ¯à¨¢¥¤¥­ë äà £¬¥­âë

§ ¢¨á¨¬®áâ¥© ρxx(B) ¨ ρxy(B) ¯à¨ T = 4.2 K (èâà¨å®¢ë¥ ªà¨¢ë¥), T = 2.0 K (¯ã­ªâ¨à­ë¥) ¨ T = 0.09 K (á¯«®è­ë¥).

ª®à®âª®¤¥©áâ¢ãîé¥£® ¯à¨¬¥á­®£® ¯®â¥­æ¨ « 

Γ =

√
2

π
~ωc

~
τ
, (7)

£¤¥ τ — ¢à¥¬ï à¥« ªá æ¨¨ ¨¬¯ã«ìá , ­ å®¤¨¬

~ωc
Γ

=

√
πµpB

2c
, (8)

£¤¥ µpB/c = ωcτ . �æ¥­ª¨ ¯®ª §ë¢ îâ, çâ® ¤«ï ¯¨ª 
0− ¯ à ¬¥âà ~ωc/Γ = 4.5 ¢ ®¡à §æ¥ 1 ¨ ~ωc/Γ = 3.3
¢ ®¡à §æ¥ 2. � ª¨¬ ®¡à §®¬, ¬¥­ìè¨¥ §­ ç¥­¨ï

¯ à ¬¥âà  ~ωc/Γ ¯à¨¢®¤ïâ ª ¡®«ìè¥©  á¨¬¬¥âà¨¨

áª¥©«¨­®£®¢ëå ¤¨ £à ¬¬.
�§ £à ä¨ª®¢ ­  à¨á. 3 ¨ 5 ¢¨¤­®, çâ® ¯à¨ T = 0.1 K

á¤¢¨£ 0−-¬ ªá¨¬ã¬  σxx ¢ ®¡à §æ¥ 1 ¯à®¨áå®¤¨â ¢

áâ®à®­ã ¬¥­ìè¨å §­ ç¥­¨© σxy ®â­®á¨â¥«ì­® â®çª¨

σxy = 1.5,   ¢ ®¡à §æ¥ 2 — ¢ áâ®à®­ã ¡®«ìè¨å

§­ ç¥­¨© σxy. �â® à §«¨ç¨¥ ®¡ãá«®¢«¥­® ­¥«¨­¥©­®©
§ ¢¨á¨¬®áâìî ®â B ¨, ª ª á«¥¤áâ¢¨¥, ­¥íª¢¨¤¨áâ ­â-
­®áâìî ãà®¢­¥© � ­¤ ã ¤«ï ¤ëà®ª ¢ ¨áá«¥¤®¢ ­­ëå

¤¢ã¬¥à­ëå áâàãªâãà å ¨ ­ å®¤¨âáï ¢ á®®â¢¥âáâ¢¨¨

á ç¨á«¥­­ë¬ à áç¥â®¬ í­¥à£¥â¨ç¥áª®£® á¯¥ªâà  ¢

ª¢ ­âãîé¥¬ ¬ £­¨â­®¬ ¯®«¥ [17].
� ªá¨¬ «ì­®¥ (¯¨ª®¢®¥) §­ ç¥­¨¥ σxx(B) ¤®áâ¨-

£ ¥âáï, ª®£¤  ãà®¢¥­ì �¥à¬¨ á®¢¯ ¤ ¥â á í­¥à£¨¥©

¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© Ec ¢ æ¥­âà¥ ¯®¤§®­ë

� ­¤ ã. � ¢¥­áâ¢®EF = Ec á®®â¢¥âáâ¢ã¥â ¯®«ãæ¥«ë¬
§­ ç¥­¨ï¬ áâ¥¯¥­¨ § ¯®«­¥­¨ï r = i + 1/2 (  â ª¦¥
¯®«ãæ¥«ë¬ §­ ç¥­¨ï¬ σxy). � áá¬®âà¨¬ â¥¬¯¥à âãà-
­ãî § ¢¨á¨¬®áâì σxx ¢ ®ªà¥áâ­®áâ¨ ä¨ªá¨à®¢ ­­®©

â®çª¨ (i+ 1/2, σ∗), á®®â¢¥âáâ¢ãîé¥© ¤¥«®ª «¨§®¢ ­-
­®¬ã á®áâ®ï­¨î (â®çª  C ­  à¨á. 1). �à¨ T = 0 ¢

¡¥áª®­¥ç­®¬ ®¡à §æ¥ ¢á¥ á®áâ®ï­¨ï ¯®¤§®­ë � ­¤ ã,
ªà®¬¥ á®áâ®ï­¨© á E = Ec, «®ª «¨§®¢ ­ë. �®£¤ 
E → Ec, à ¤¨ãá «®ª «¨§ æ¨¨ ξ áâà¥¬¨âáï ª ¡¥áª®-
­¥ç­®áâ¨ ¯® § ª®­ã [19]

ξ(E) ∼ |E −Ec|
−ν , (9 )

£¤¥ ν > 0 — ªà¨â¨ç¥áª¨© ¨­¤¥ªá. �«ï ª®à®âª®-
¤¥©áâ¢ãîé¥£® ¯à¨¬¥á­®£® ¯®â¥­æ¨ «  á¯à ¢¥¤«¨¢ 

®æ¥­ª  [20]

ξ(E) ∼= λ
( Γ

|E −Ec|

)ν
, (9¡)

£¤¥ λ = (ch/eB)1/2 — ¬ £­¨â­ ï ¤«¨­ . �®£« á­®
â¥®à¥â¨ç¥áª¨¬ ¯à¥¤áâ ¢«¥­¨ï¬ ([21] ¨ ¯à¨¢¥¤¥­­ë¥

â ¬ ááë«ª¨) ¨ íªá¯¥à¨¬¥­â «ì­ë¬ à¥§ã«ìâ â ¬ [22],
ν = 2.3 ¤«ï ­¨¦­¥£® ãà®¢­ï � ­¤ ã. �á­®, çâ® ¢

®¡à §æ¥ ª®­¥ç­ëå à §¬¥à®¢ L á®áâ®ï­¨ï á ξ > L
¬®¦­® áç¨â âì ¤¥«®ª «¨§®¢ ­­ë¬¨. �à¨ ª®­¥ç­ëå

â¥¬¯¥à âãà å à®«ì à §¬¥à  ®¡à §æ  ¨£à ¥â ¤«¨­ 

� ã«¥áá  Lin. �®íâ®¬ã ¯à¨ T 6= 0 ¯®ï¢«ï¥âáï ¯®«®á 
¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© |E −Ec| 6 γ, è¨à¨­  γ
ª®â®à®© ®¯à¥¤¥«ï¥âáï ãá«®¢¨¥¬

ξγ = Lin, (10)

£¤¥ ξγ ≡ ξ(Ec ± γ). �®áª®«ìªã Lin(T ) ∼ T−p/2,
â® ¨§ (9¡) ¨ (10) ¨¬¥¥¬ γ ∼ Tκ, £¤¥ κ = p/2ν.
�ªá¯¥à¨¬¥­â «ì­®¥ §­ ç¥­¨¥ íâ®£® ¯ à ¬¥âà  ¤«ï

­¨¦­¥£® ãà®¢­ï � ­¤ ã κ = 0.4 [23].
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�¨á. 5. �¨ £à ¬¬  áª¥©«¨­£  ¢ ª®®à¤¨­ â å (σxy, σxx) ¤«ï ®¡à §æ  2. �¨­¨¨ ¯®â®ª  ¯à¨¢¥¤¥­ë ¤«ï ä¨ªá¨à®¢ ­­ëå

§­ ç¥­¨© B á ¯®áâ®ï­­ë¬ è £®¬ ∆ = 0.2�«. �á¯®«ì§®¢ ­ë ¤ ­­ë¥ ¯à¨ T = 0.09, 0.13, 0.17, 0.27, 0.37, 0.85, 1.15, 1.4, 2.0,
2.2 ¨ 4.2 K. �âà¥«ª ¬¨ ®â¬¥ç¥­ë £à ­¨æë ¯®«®áë ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© ¯à¨ T = 0.09 K.

�«ï  ­ «¨§  â¥¬¯¥à âãà­®© § ¢¨á¨¬®áâ¨ ¯à®¢®¤¨-
¬®áâ¨ ã¤®¡­® ¨áå®¤¨âì ¨§ ¢ëà ¦¥­¨ï [19,24]

σxx(T ) = −

∫
dE

∂f(E −EF )

∂E
σ(E), (11)

£¤¥ f(E − Ec) — äã­ªæ¨ï à á¯à¥¤¥«¥­¨ï �¥à¬¨–
�¨à ª , σ(E) — ¯ àæ¨ «ì­ë© ¢ª« ¤ ¢ ¤¨áá¨¯ â¨¢-
­ãî ¯à®¢®¤¨¬®áâì á®áâ®ï­¨© á í­¥à£¨¥© E. �®áª®«ì-
ªã ¢ª« ¤ ¢ ¯à®¢®¤¨¬®áâì ¢­®áïâ â®«ìª® ¤¥«®ª «¨§®-
¢ ­­ë¥ á®áâ®ï­¨ï ¢ ¨­â¥à¢ «¥ í­¥à£¨© |E − Ec| 6 γ,
¯à¥¤áâ ¢¨¬ ¯ àæ¨ «ì­ãî ¯à®¢®¤¨¬®áâì ¢ ¢¨¤¥

σ(E) = σc
γ2

(E −Ec)3 + γ2
. (12)

�à¨ EF = Ec ¨§ (11) ¨ (12) ­ å®¤¨¬

σxx(T ) =
π

4
σc

γ

kT
(kT > γ),

σxx(T ) = σc (kT < γ).

(13)

�¥«¨ç¨­  σc ≡ σ(Ec) ¢ (12), (13) ¯à¨ ­ã«¥¢®© â¥¬-
¯¥à âãà¥ § ¢¨á¨â â®«ìª® ®â «¨­¥©­ëå à §¬¥à®¢ L
¤¢ã¬¥à­®© á¨áâ¥¬ë. �â  § ¢¨á¨¬®áâì ®¯à¥¤¥«ï¥âáï

á¨áâ¥¬®© ãà ¢­¥­¨© ¤¢ãå¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­-
£  (2), ª®â®à ï ¯à¨ σxy = i+ 1/2 à á¯ ¤ ¥âáï ­  ¤¢ 
­¥§ ¢¨á¨¬ëå ãà ¢­¥­¨ï. �¢¥¤¥¬ ®¡®§­ ç¥­¨¥ σ∗ ¤«ï
­ã«ï äã­ªæ¨¨ βxx(i + 1/2, σ∗) = 0 ¨ à §«®¦¨¬ βxx
¢¡«¨§¨ â®çª¨ σc = σ∗. �®£¤  ¨§ (5) ¯®«ãç¨¬

d lnσc
d lnL

= −η(σc − σ
∗), (14)

£¤¥ η > 0. �­â¥£à¨àãï (14), ­ ©¤¥¬

σc − σ
∗ ∼ L−η, (15)

�§ (15) ïá­®, çâ® η ¥áâì ¬ áèâ ¡­ ï à §¬¥à­®áâì

¯à®¤®«ì­®£® ª®­¤ ªâ ­á  ¢¡«¨§¨ ä¨ªá¨à®¢ ­­®© ªà¨-
â¨ç¥áª®© â®çª¨ (i+ 1/2, σ∗) [25]. �à¨ T 6= 0, § ¬¥­ïï
L ­  Lin ¨ ¨á¯®«ì§ãï § ¢¨á¨¬®áâì Lin ∼ T−p/2,
­ å®¤¨¬

σc − σ
∗ ∼ T pη/2. (16)

� ª¨¬ ®¡à §®¬, ¬®¦­® ¢ë¤¥«¨âì ¤¢¥ ®¡« áâ¨ ¢

â¥¬¯¥à âãà­®© § ¢¨á¨¬®áâ¨  ¬¯«¨âã¤ë ¯¨ª  σxx(T ).
� ®¡« áâ¨ ­¨§ª¨å â¥¬¯¥à âãà kT � γ à¥ «¨§ã¥âáï

à¥¦¨¬ áª¥©«¨­£ , ª®£¤  â¥¬¯¥à âãà­ ï § ¢¨á¨¬®áâì
σxx(T ) ¯®«­®áâìî ®¯à¥¤¥«ï¥âáï ¤«¨­®© � ã«¥áá  Lin,
¨ σxx ¢®§à áâ ¥â á â¥¬¯¥à âãà®© ¯® § ª®­ã (16). �à¥-
¤¥«ì­®¥ §­ ç¥­¨¥ σ∗ á®®â¢¥âáâ¢ã¥â T = 0 ¢ ¡¥áª®­¥ç-
­®¬ ®¡à §æ¥. �à¨ kT > γ áª¥©«¨­£®¢ ï § ¢¨á¨¬®áâì
(16) ­¥ áãé¥áâ¢¥­­ , ¨, á®£« á­® (13), £« ¢­ë¬ ä ª-
â®à®¬ áâ ­®¢¨âáï á®®â­®è¥­¨¥ è¨à¨­ë ¨­â¥à¢ « 

¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© γ ∼ Tκ ¨ â¥¯«®¢®£®

à §¬ëâ¨ï ä¥à¬¨¥¢áª®© áâã¯¥­ìª¨ kT . �®áª®«ìªã

¯ à ¬¥âà κ ∼ 0.4, σxx ã¡ë¢ ¥â á â¥¬¯¥à âãà®©.
� ªá¨¬ã¬ σxx(T ) ¤®áâ¨£ ¥âáï ¯à¨ kT ∼= γ.
�¡à â¨¬áï ª íªá¯¥à¨¬¥­â «ì­ë¬ à¥§ã«ìâ â ¬. � 

à¨á. 6 ¯à¥¤áâ ¢«¥­ë § ¢¨á¨¬®áâ¨ σxx(T ) ¤«ï âà¥å

®¡à §æ®¢. �à¨¢ë¥ 1, 2 ®â­®áïâáï ª ¯¨ª ¬ ¬ £­¨â®-
á®¯à®â¨¢«¥­¨ï 0− (σxy = 3/2) ¨ 1+ (σxy = 5/2) ¢
®¡à §æ¥ 1, ªà¨¢ë¥ 3 ¨ 4 — ª ¯¨ªã 0− (σxy = 3/2)
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¢ ®¡à §æ å 3 ¨ 4. �¨¤­®, çâ® ¢ ¨áá«¥¤®¢ ­­ëå

®¡à §æ å ¯¥à¥å®¤ ª à¥¦¨¬ã áª¥©«¨­£  (16), ª®£¤ 

­¨ç¨­ ¥âáï ã¡ë¢ ­¨¥  ¬¯«¨âã¤ë ¯¨ª®¢ á ¯®­¨¦¥-
­¨¥¬ â¥¬¯¥à âãàë, ¯à®¨áå®¤¨â ¯à¨ T ∼= 2 K. �à¨
T → 0 § ¢¨á¨¬®áâì σxx(T ) ¡«¨§ª  ª «¨­¥©­®©, çâ®
á®®â¢¥âáâ¢ã¥â §­ ç¥­¨î ηp/2 ∼= 1 ¢ ä®à¬ã«¥ (16).
�á«¨ áç¨â âì, çâ® ¯à¨ ­¨§ª¨å â¥¬¯¥à âãà å ®á­®¢­ë¬
ï¢«ï¥âáï ­ ©ª¢¨áâ®¢áª¨© ¬¥å ­¨§¬ á¡®ï ä §ë [15],
â®, ¯à¨­¨¬ ï p = 1, ­ ©¤¥¬ η ∼= 2. �ªáâà ¯®«¨àãï

§ ¢¨á¨¬®áâ¨ σxx(T ) ª T = 0, ¬ë ­ è«¨ ¯à¥¤¥«ì­ë¥

§­ ç¥­¨ï σ∗ ∼= 0.33 ¨ σ∗ ∼= 0.30 ¤«ï ¯¨ª®¢ 0− ¨ 1+

¢ ®¡à §æ¥ 1 ¨ σ∗ ∼= 0.23 ¢ ®¡à §æ å 3 ¨ 4 (à¨á 6).
�¥®à¥â¨ç¥áª¨© à áç¥â ¢ ¬®¤¥«¨ ª®à®âª®¤¥©áâ¢ãîé¥-
£® ¯à¨¬¥á­®£® ¯®â­¥æ¨ «  ¤ ¥â §­ ç¥­¨¥ σ∗ = 0.5
¤«ï ­ ¨­¨§è¥£® ãà®¢­ï � ­¤ ã (á¬., ­ ¯à¨¬¥à, [26]
¨ ¯à¨¢¥¤¥­­ë¥ â ¬ ááë«ª¨).
�à¨¢¥¤¥¬ ®æ¥­ªã ¯ à ¬¥âà®¢, å à ªâ¥à¨§ãîé¨å

íää¥ªâë «®ª «¨§ æ¨¨–¤¥«®ª «¨§ æ¨¨ ¢ ¨áá«¥¤®¢ ­-
­ëå ®¡à §æ å. �ãáâì ∆B ¥áâì ¨­â¥à¢ « ¬ £­¨â­ëå

¯®«¥©, á®®â¢¥âáâ¢ãîé¨© ®¡« áâ¨ ¯« â® ��� ­  § -
¢¨á¨¬®áâ¨ ρxy(B), δB — ¨­â¥à¢ « ¯®«¥©, á®®â¢¥â-
áâ¢ãîé¨© ®¡« áâ¨ ¯¥à¥å®¤  ¬¥¦¤ã á®á¥¤­¨¬¨ ¯« â®.
�¥âàã¤­® ¯®ª § âì, çâ® ®â­®è¥­¨¥ ¢¥«¨ç¨­ δB ¨

∆B c â®ç­®áâìî ¤® ¬­®¦¨â¥«ï ¯®àï¤ª  ¥¤¨­¨æë

à ¢­® ®â­®è¥­¨î è¨à¨­ë ¯®«®áë ¤¥«®ª «¨§®¢ ­-
­ëå á®áâ®ï­¨© ¨ ¯®«­®© è¨à¨­ë ¯®¤§®­ë � ­¤ ã:
δB/∆B ∼= γ/Γ. � ¨áá«¥¤®¢ ­­ëå ®¡à §æ å ¯à¨ ­ -
¨­¨§è¥© T ∼ 0.1 K ¤®«ï ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨©

¤«ï ¯¨ª  0− á®áâ ¢«ï¥â ¯à¨¬¥à­® 10 % (γ/Γ = 0.1 ¤«ï
®¡à §æ  1, γ/Γ = 0.12 ¤«ï ®¡à §æ  2).
�®£« á­® (9¡), à ¤¨ãá «®ª «¨§ æ¨¨ ­  £à ­¨æ¥ ¯®-

«®áë ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© (E = Ec ± γ)
®¯à¥¤¥«ï¥âáï ¢ëà ¦¥­¨¥¬

ξγ ∼= λ

(
Γ

γ

)2.3

. (17)

� ¨áá«¥¤®¢ ­­ëå ®¡à §æ å ¤«ï ¯¨ª  0−- λ ∼= 100 Å ¨

ξγ ∼= 10−4 á¬. �®£« á­® (10), íâ® ¥áâì â ª¦¥ ®æ¥­ª 
¤«¨­ë ­¥ã¯àã£®£® à áá¥ï­¨ï ¯à¨ T = 0.1 K. � ª¨¬
®¡à §®¬, ¯à¨ ­ ¨­¨§è¥© â¥¬¯¥à âãà¥ ¨§¬¥à¥­¨© ¢¥-
«¨ç¨­  Lin ®áâ ¥âáï ¬­®£® ¬¥­ìè¥ £¥®¬¥âà¨ç¥áª¨å

à §¬¥à®¢ ®¡à §æ  (5 · 10−2 á¬).
�à¨ ¯®­¨¦¥­¨¨ â¥¬¯¥à âãàë ª¢ ­â®¢ë¥ ¯« â® ­ 

§ ¢¨á¨¬®áâ¨ ρxy(B) áâ ­®¢ïâáï ¢á¥ è¨à¥,   ¯¥à¥å®¤ë
¬¥¦¤ã ­¨¬¨ ¢á¥ à¥§ç¥ ¢ á®®â¢¥âáâ¢¨¨ á ã¬¥­ìè¥-
­¨¥¬ ¯ à ¬¥âà  γ. �  ¤¨ £à ¬¬¥ áª¥©«¨­£  íâ®â

¯à®æ¥áá ¢ëà ¦ ¥âáï ¢ â®¬, çâ® ¯à¨ ¯®­¨¦¥­¨¨ T
(ã¢¥«¨ç¥­¨¨ L) ¯«®â­®áâì â®ç¥ª ­  ¯«®áª®áâ¨ (σxy,
σxx) ¢¡«¨§¨ ä¨ªá¨à®¢ ­­ëå â®ç¥ª â¨¯  A (à¨á. 1)
ã¢¥«¨ç¨¢ ¥âáï,   ¢¡«¨§¨ ä¨ªá¨à®¢ ­­®© â®çª¨ C —
ã¬¥­ìè ¥âáï. �à¨ T → 0 (L → ∞) ¢á¥ â®çª¨ (σxy,
σxx), ªà®¬¥ ®¤­®© ¢ ®¡« áâ¨ ¬ ªá¨¬ã¬  σxx, ¤®«¦­ë
á£ãáâ¨âìáï ®ª®«® â®ç¥ª (i, 0), á®®â¢¥âáâ¢ãîé¨å ¯« â®
���. � ª ®â¬¥ç «®áì à ­¥¥, ­  ¤¨ £à ¬¬ å áª¥©«¨­-
£  ¤«ï ¨áá«¥¤®¢ ­­ëå ®¡à §æ®¢ ¤¥©áâ¢¨â¥«ì­® ¢¨¤-
­  â¥­¤¥­æ¨ï ª á£ãé¥­¨î íªá¯¥à¨¬¥­â «ì­ëå â®ç¥ª

�¨á. 6. �¥¬¯¥à âãà­ ï § ¢¨á¨¬®áâì ¯¨ª®¢®£® §­ ç¥­¨ï

σxx ¤«ï ãà®¢­¥© � ­¤ ã 0− (1 ) ¨ 1+ (2 ) ¢ ®¡à §æ¥ 1,  
â ª¦¥ ¤«ï ¯¨ª®¢ 0− ¢ ®¡à §æ¥ 3 (3 ) ¨ 0− — ¢ ®¡à §æ¥ 4 (4 ).

¢¡«¨§¨ â®ç¥ª (1, 0), (2, 0) ¨«¨ (3, 0) ¯à¨ ¯®­¨¦¥­¨¨

T . �¤­ ª® ¯® áà ¢­¥­¨î á â¥®à¥â¨ç¥áª®© ¤¨ £à ¬¬®©

à¨á. 1 íâ  â¥­¤¥­æ¨ï £®à §¤® ¬¥­¥¥ ïàª® ¢ëà ¦¥­ 

¢ áà¥¤­¥© ç áâ¨ ª ¦¤®© ¨§ ¤¨ £à ¬¬ (¢ ®ªà¥áâ­®áâ¨
σxy = 1.5 ¨«¨ 2.5). �¥á®¬­¥­­®, çâ® ®â«¨ç¨¥ à¥ «ì-
­ëå ¨ ¨¤¥ «ì­ëå ¤¨ £à ¬¬ áª¥©«¨­£  ®¡ãá«®¢«¥­®

áãé¥áâ¢®¢ ­¨¥¬ ¯à¨ T 6= 0 ¯®«®áë ¤¥«®ª «¨§®¢ ­­ëå
á®áâ®ï­¨© ª®­¥ç­®© è¨à¨­ë γ. �®çª  σxy = 1.5 ­ 

à¨á. 3 á®®â¢¥âáâ¢ã¥â ¯®«î B0 = 9.5�« (á¬. à¨á. 2).
�­â¥à¢ « ¬ £­¨â­ëå ¯®«¥©, á®®â¢¥âáâ¢ãîé¨© ¯®«®-
á¥ ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨©, ®æ¥­¨¬ ¨§ ¯®«ãè¨-
à¨­ë ¯¨ª  ρxx 0−: δB ∼= 0.5�«. �  ¤¨ £à ¬¬¥

(à¨á. 3) ®¯à¥¤¥«¥­­ë¥ â ª¨¬ ®¡à §®¬ £à ­¨æë ¯®«®áë
¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© ®â¬¥ç¥­ë áâà¥«ª ¬¨.
�¨¤­®, çâ® ¯®«®á  ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© ­ 

¤¨ £à ¬¬¥ áª¥©«¨­£  ®â¢¥ç ¥â è¨à®ª®¬ã ¨­â¥à¢ «ã

δσxy. �â® á¢®©áâ¢® áª¥©«¨­£®¢ëå ¤¨ £à ¬¬ ¯à ª-
â¨ç¥áª¨ ­¥ § ¢¨á¨â ®â â¥¬¯¥à âãàë: ¯à¨ ¯®­¨¦¥­¨¨
â¥¬¯¥à âãàë  ¡á®«îâ­®¥ §­ ç¥­¨¥ ¯®«ãè¨à¨­ë δB
ã¬¥­ìè ¥âáï, ¯¥à¥å®¤­ ï ®¡« áâì ¨§¬¥­¥­¨ï σxy ¬¥-
¦¤ã á®á¥¤­¨¬¨ ¯« â® áã¦ ¥âáï, ®¤­ ª® ¨­â¥à¢ « δσxy
®áâ ¥âáï ¯®çâ¨ ­¥¨§¬¥­­ë¬, çâ® ®¡ãá«®¢«¥­® á ¬¨¬
ä ªâ®¬ ª¢ ­â®¢ ­¨ï å®««®¢áª®© ¯à®¢®¤¨¬®áâ¨. �§
¤¨ £à ¬¬ë ¢¨¤­®, çâ® áãé¥áâ¢®¢ ­¨¥ á®áâ®ï­¨© á

­¥­ã«¥¢ë¬¨ §­ ç¥­¨ï¬¨ σxx ¯à¨ T → 0 ¯à¨¢®¤¨â

ª ª àâ¨­¥ ¯®çâ¨ ¯ à ««¥«ì­ëå ¢¥àâ¨ª «ì­ëå «¨-
­¨© ¯®â®ª  ¢ ¨­â¥à¢ «¥ δσxy. �«®â­®áâì «¨­¨©

¯®â®ª , ¯à¨¢¥¤¥­­ëå á ä¨ªá¨à®¢ ­­ë¬ è £®¬ ∆ ¯®

¬ £­¨â­®¬ã ¯®«î, ¬ «  ¢¡«¨§¨ ¯®«ãæ¥«ëå §­ ç¥­¨©
σxy ¨ à¥§ª® ã¢¥«¨ç¨¢ ¥âáï ¢ ®ªà¥áâ­®áâ¨ £à ­¨ç­ëå

â®ç¥ª σxy = 1, 2, . . . . �â¬¥â¨¬, çâ®  ­ «®£¨ç­ ï

ª àâ¨­  «¨­¨© ¯®â®ª  ­ ¡«î¤ « áì ¢¯«®âì ¤® 80¬�
­  á®¢¥àè¥­­ëå £¥â¥à®áâàãªâãà å InGaAs/InP, £¤¥
à¥¦¨¬ áª¥©«¨­£  ¤®áâ¨£ «áï ¯à¨ T < 4.2 [9].
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4. � ª«îç¥­¨¥

�áá«¥¤®¢ ­¨¥ ¤¨ £à ¬¬ áª¥©«¨­£  ¢ ª®®à¤¨­ -
â å (σxy, σxx) ¤«ï ¬­®£®á«®©­ëå £¥â¥à®áâàãªâãà

p-Ge/Ge1−xSix ¯®¤â¢¥à¦¤ ¥â ®á­®¢­®© ¢ë¢®¤ â¥®à¨¨
¤¢ãå¯ à ¬¥âà¨ç¥áª®£® áª¥©«¨­£ : ­ «¨ç¨¥ á ¬®á®-
£« á®¢ ­­®£® ¨§¬¥­¥­¨ï σxx ¨ σxy ¯à¨ L → ∞
(T → 0). � áá¬®âà¥­¨¥ ¤¢¨¦¥­¨ï â®ç¥ª ­  ¯«®áª®áâ¨
(σxy, σxx) ¯®§¢®«ï¥â ç¥âª® ­ ¡«î¤ âì ä¨ªá¨à®¢ ­­ë¥
â®çª¨, á®®â¢¥âáâ¢ãîé¨¥ ¯« â® ª¢ ­â®¢®£® íää¥ªâ 

�®«« . �§®¡à ¦¥­¨¥ £à ä¨ª  § ¢¨á¨¬®áâ¨ σxx ®â σxy
ï¢«ï¥âáï çà¥§¢ëç ©­® çã¢áâ¢¨â¥«ì­ë¬ ¬¥â®¤®¬ ¤«ï

¨áá«¥¤®¢ ­¨ï ¯à®æ¥áá  ®¡à §®¢ ­¨ï ¯« â® ��� ¯à¨

¨§¬¥­¥­¨¨ ¢­¥è­¨å ãá«®¢¨© [27].
�à¨ T 6 2 K ¬ë ­ ¡«î¤ «¨ ã¬¥­ìè¥­¨¥  ¬¯«¨âã-

¤ë ¯¨ª®¢ σxx (ρxx) 0−1 ¨ 1+ ¯à¨ ¯®­¨¦¥­¨¨ â¥¬¯¥à -
âãàë, çâ® á®®â¢¥âáâ¢ã¥â ¯¥à¥å®¤ã ¢ à¥¦¨¬ áª¥©«¨­£ .
�ª § «®áì, çâ® ¤«ï ¨áá«¥¤®¢ ­­ëå ®¡à §æ®¢ § ¢¨á¨-
¬®áâì ¯¨ª®¢®£® §­ ç¥­¨ï σxx ®â T ¢ íâ®© ®¡« áâ¨

â¥¬¯¥à âãà ¡«¨§ª  ª «¨­¥©­®©, ¨ ¢¥«¨ç¨­  σxx ¯à¨
T → 0 áâà¥¬¨âáï ª ª®­¥ç­®¬ã ¯à¥¤¥«ì­®¬ã §­ ç¥­¨î
σ∗ ∼= 0.3e2/h. �®­¥ç­ ï ¯à®¢®¤¨¬®áâì ¢ ¯à¥¤¥« å ¯®-
«®áë ¤¥«®ª «¨§®¢ ­­ëå á®áâ®ï­¨© § ¬¥â­®© è¨à¨­ë

γ ∼ 0.1Γ ¤ ¦¥ ¯à¨ ­ ¨­¨§è¥© â¥¬¯¥à âãà¥ T ∼= 0.1 K
­¥ ¯®§¢®«ï¥â ­ ¬ áã¤¨âì ® ­ «¨ç¨¨ ¨«¨ ®âáãâáâ¢¨¨

á¥¯ à âà¨áë, áãé¥áâ¢®¢ ­¨¥ ª®â®à®© ¯à¥¤áª §ë¢ ¥â-
áï ­¥ª®â®àë¬¨ ¢ à¨ ­â ¬¨ â¥®à¨¨ áª¥©«¨­£  [8].

� ¡®â  ¯®¤¤¥à¦ ­  �®áá¨©áª¨¬ �®­¤®¬ äã­¤ -
¬¥­â «ì­ëå ¨áá«¥¤®¢ ­¨©, ¯à®¥ªâë ò 94-02-05769a
¨ 95-02-04891 ¨ �®áá¨©áª®© ¯à®£à ¬¬®© ”�¨§¨ª  ¨

â¥å­®«®£¨ï ­ ­®áâàãªâãà”, ¯à®¥ªâ ò 1-065/3.
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Scaling in the quantum Hall effect regime
and localization of holes in the p-Ge1−xSix
heterostructures

Yu.G. Arapov, N.A. Gorodilov, V.N. Neverov, G.I. Harus,
N.G. Shelushinina

Physics of Metal Institute,
Ural Branch of Russian Academy of Sciences,
620219 Ekaterinburg Russia

Abstract Investigations of the longitudinal ρxx and Hall ρxy
resistivity in multilayer Ge/GeSi heterostructures with two-

dimensional hole-type conductivity within the p-Ge layers

have been carried out in the temperature range from 0.1 to

15 K and in magnetics fields up to 12 T. For T < 2 K up to

minimal achieved temperature T = 0.1 K we have observed

that amplitude of σxx peaks linearly decreases according to

the scaling regime transition under the quantum Hall effect

conditions. The scaling diagrams in the (σxy, σxx) plane for

the investigated magnetic fields and temperature range were

drawn. It is found that the scaling diagrams design in general

corresponds to the scaling theory predictions. It is shown

that the flow line pattern in the (σxy, σxx) plane is directly

conditioned by such a parameter as the width of extended

states in the Landau level centre.
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