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�¥â®¤®¬ �®­â¥-� à«® ¬®¤¥«¨àã¥âáï ¯¥à¥­®á ¤¢ã¬¥à­ëå (2D) í«¥ªâà®­®¢ ¢ ¨­¢¥àá¨®­­®¬ á«®¥

ªà¥¬­¨ï ¢ ¤¨ ¯ §®­¥ â¥¬¯¥à âãà 4.2÷40 K, ª®£¤  ¨¬¥¥â ¬¥áâ® í«¥ªâà¨ç¥áª¨© ª¢ ­â®¢ë© ¯à¥¤¥« ¨

§ á¥«¥­  â®«ìª® ®¤­  ­¨¦ ©è ï ¯®¤§®­ . �à¨ íâ®¬ ãç¨âë¢ îâáï ¤¢  ¬¥å ­¨§¬  à áá¥ï­¨ï — ­ 

ã¤ «¥­­ëå ¨®­¨§¨à®¢ ­­ëå ¯à¨¬¥áïå ¨ è¥à®å®¢ â®áâïå ¯®¢¥àå­®áâ¨,   â ª¦¥ ¨å § ¢¨á¨¬®áâì ®â
¯®«ïà¨§ã¥¬®áâ¨ 2D í«¥ªâà®­­®£® £ § . � ááç¨â ­ë ¯®¤¢¨¦­®áâì ¨ ª®íää¨æ¨¥­â â¥¯«ëå í«¥ªâà®­®¢

¢ á« ¡ëå í«¥ªâà¨ç¥áª¨å ¯®«ïå. �®«ãç¥­­ë¥ ¤ ­­ë¥ áà ¢­¨¢ îâáï á à¥§ã«ìâ â ¬¨, ¨§¢¥áâ­ë¬¨ ¢

«¨â¥à âãà¥.

�á®¡¥­­®áâ¨ ¯¥à¥­®á  ¤¢ã¬¥à­ëå (2D) í«¥ªâà®­®¢
¢ ¨­¢¥àá¨®­­®¬ á«®¥ ªà¥¬­¨ï ¯à¨ â¥¬¯¥à âãà å ¨

ª®­æ¥­âà æ¨ïå, ¯à¨ ª®â®àëå á¯à ¢¥¤«¨¢ í«¥ªâà¨ç¥-
áª¨© ª¢ ­â®¢ë© ¯à¥¤¥«, ª®£¤  § á¥«¥­  «¨èì ®¤­  á -
¬ ï ­¨¦­ïï í­¥à£¥â¨ç¥áª ï ¯®¤§®­ , ¨§ãç «¨áì ¤ ¢-
­® ¨ ¨­â¥­á¨¢­® [1]. �¢¨¤ã è¨à®ª®£® ¨á¯®«ì§®¢ ­¨ï ¢
¨­â¥£à «ì­®© í«¥ªâà®­¨ª¥ ªà¥¬­¨¥¢ëå n-ª ­ «ì­ëå
��� ¯®«¥¢ëå âà ­§¨áâ®à®¢, íâ¨ ¨áá«¥¤®¢ ­¨ï ¨¬¥îâ
¢ ¦­®¥ â¥®à¥â¨ç¥áª®¥ ¨ ¯à ªâ¨ç¥áª®¥ §­ ç¥­¨¥. �§-
¢¥áâ­® [1], çâ® ®á­®¢­ë¬ ¬¥å ­¨§¬®¬ à áá¥ï­¨ï í«¥ª-
âà®­®¢ ¨­¢¥àá¨®­­®£® á«®ï ¯à¨ ­¨§ª¨å â¥¬¯¥à âãà å

¢ â¥å á«ãç ïå, ª®£¤  ¬®¦­® ¯à¥­¥¡à¥çì í«¥ªâà®­-
í«¥ªâà®­­ë¬ à áá¥ï­¨¥¬ [2], ï¢«ï¥âáï à áá¥ï­¨¥ ­ 

¨®­¨§¨à®¢ ­­ëå ¯à¨¬¥áïå ¨ è¥à®å®¢ â®áâïå ¯®¢¥àå-
­®áâ¨.�à¨ íâ®¬ áâà®£¨© à áç¥â ª¨­¥â¨ç¥áª¨å á¢®©áâ¢
2D í«¥ªâà®­­®£® £ §  âà¥¡ã¥â ãç¥â  íªà ­¨à®¢ ­¨ï

à áá¥¨¢ îé¥£® ¯®â¥­æ¨ «  [1,3–10]. � ª, ­ ¯à¨¬¥à,
¢ à ¡®â¥ [5]  ­ «¨â¨ç¥áª¨¬ à áç¥â®¬ ¡ë«® ¯®ª § ­®,
çâ® ­¨§ª®â¥¬¯¥à âãà­ ï § ¢¨á¨¬®áâì íªà ­¨à®¢ ­¨ï

¯à¨¢®¤¨â ª «¨­¥©­®¬ã ã¬¥­ìè¥­¨î ¯à®¢®¤¨¬®áâ¨ 2D
í«¥ªâà®­­®£® £ §  ¯à¨ ¢®§à áâ ­¨¨ â¥¬¯¥à âãàë.

� íâ®© á¢ï§¨ ­¥á®¬­¥­­ë© ¨­â¥à¥á ¯à¥¤áâ ¢«ï¥â ¨á-
¯®«ì§®¢ ­¨¥ ¤«ï à áç¥â  ª¨­¥â¨ç¥áª¨å ¯ à ¬¥âà®¢,
å à ªâ¥à¨§ãîé¨å ¯¥à¥­®á í«¥ªâà®­®¢ ¢ ¨­¢¥àá¨®­-
­®¬ á«®¥ ¯à¨ ­¨§ª¨å â¥¬¯¥à âãà å, ç¨á«¥­­®£® ¬¥-
â®¤  �®­â¥-� à«®, ï¢«ïîé¥£®áï ¬®é­ë¬ áà¥¤áâ¢®¬

¨áá«¥¤®¢ ­¨ï ª¨­¥â¨ç¥áª¨å ï¢«¥­¨© ¢ ¯®«ã¯à®¢®¤­¨-
ª å ¨ ¯®«ã¯à®¢®¤­¨ª®¢ëå áâàãªâãà å [11]. �¬¥áâ¥ á
â¥¬, ­ áª®«ìª® ­ ¬ ¨§¢¥áâ­®, ¢ í«¥ªâà¨ç¥áª®¬ ª¢ ­-
â®¢®¬ ¯à¥¤¥«¥ ¢ á«ãç ¥ ¢ëà®¦¤¥­­®£® í«¥ªâà®­­®£®

£ §  â ª®£® à®¤  ¬®¤¥«¨à®¢ ­¨¥ ­¥ ¯à®¢®¤¨«®áì, å®âï
¤«ï ¤¨ ¯ §®­  â¥¬¯¥à âãà ¨ í«¥ªâà¨ç¥áª¨å ¯®«¥©,
ª®£¤  ¯®¬¨¬® á ¬®© ­¨¦­¥© ®ª §ë¢ îâáï § ¯®«­¥­-
­ë¬¨ ¨ ¡®«¥¥ ¢ëá®ª¨¥ ¯®¤§®­ë, ¡ë«® ¢ë¯®«­¥­® ¤®-
áâ â®ç­® ¡®«ìè®¥ ª®«¨ç¥áâ¢® à ¡®â.�à¥¤¨ ­¨å ¬®¦­®
®â¬¥â¨âì, ­ ¯à¨¬¥à, à ¡®âë [12–14],   â ª¦¥ àï¤

­¥¤ ¢­¨å à ¡®â [15–17], ¢ ª®â®àëå ¯à¨ ¬®¤¥«¨à®¢ ­¨¨
à §®£à¥¢  2D í«¥ªâà®­®¢ ãç¨âë¢ «áï ¨å ¯¥à¥å®¤ ¢

âà¥å¬¥à­®¥ á®áâ®ï­¨¥.

� ¤ ­­®© à ¡®â¥ ¯à¥¤áâ ¢«¥­ë à¥§ã«ìâ âë à á-
ç¥â  ®¤­®ç áâ¨ç­ë¬ ¬¥â®¤®¬ �®­â¥-� à«® § ¢¨á¨-
¬®áâ¨ ¯®¤¢¨¦­®áâ¨ 2D í«¥ªâà®­®¢ ¢ ¨­¢¥àá¨®­­®¬

á«®¥ ªà¥¬­¨ï á ®à¨¥­â æ¨¥© ¯®¢¥àå­®áâ¨ (100) ®â ¨å
ª®­æ¥­âà æ¨¨ Ns ¨ â¥¬¯¥à âãàë T . �ë«  â ª¦¥

®æ¥­¥­  ¢¥«¨ç¨­  ª®íää¨æ¨¥­â  â¥¯«ëå í«¥ªâà®­®¢

β ¢ á« ¡ëå £à¥îé¨å ¯®«ïå ¢ ¤¨ ¯ §®­¥ ¨§¬¥­¥­¨ï

­ ¯àï¦¥­­®áâ¨ E ®â 10 ¤® 100�/¬. �à¨ ¬®¤¥«¨à®-
¢ ­¨¨ áç¨â «®áì, çâ® ¢á¥ í«¥ªâà®­ë ¯à®¢®¤¨¬®áâ¨

­ å®¤ïâáï ¢ á ¬®© ­¨¦­¥© ¯®¤§®­¥ á í­¥à£¨¥© ¤­ ,
à ¢­®© E0 [1,18].
� áç¥â ¯®¤¢¨¦­®áâ¨ µ ¯à®¢®¤¨«áï ¯® ä®à¬ã«¥,

¯à¥¤¯®« £ îé¥© «¨­¥©­ãî á¢ï§ì ¬¥¦¤ã áà¥¤­¥©

¤à¥©ä®¢®© áª®à®áâìî í«¥ªâà®­®¢ V̄d ¨ ­ ¯àï¦¥­-
­®áâìî ¯à®¤®«ì­®£® í«¥ªâà¨ç¥áª®£® ¯®«ï ¢ ª ­ «¥

E [12,13]. � íâ®¬ á«ãç ¥ áà¥¤­¥¥ §­ ç¥­¨¥ ¯®¤¢¨¦-
­®áâ¨ µ̄ ¬®¦­® à ááç¨â âì ¯® ä®à¬ã«¥

µ̄ =
V̄d

E
=
eΣiti(k

′
xi − kxi)

m∗Σi(k′xi − kxi)
, (1)

£¤¥ e — § àï¤ í«¥ªâà®­ , ti — ¢à¥¬ï ¥£® i-£® á¢®-
¡®¤­®£® ¯à®¡¥£ , kxi ¨ k′xi — ¯à®¥ªæ¨¨ ¤¢ã¬¥à­®£®

¢®«­®¢®£® ¢¥ªâ®à  í«¥ªâà®­®¢ ­  ­ ¯à ¢«¥­¨¥ ¯®«ï

x, á®®â¢¥âáâ¢¥­­®, ¢ ­ ç «¥ ¨ ¢ ª®­æ¥ ¤ ­­®£® á¢®-
¡®¤­®£® ¯à®¡¥£ . �ç¨â «®áì â ª¦¥, çâ® ª®­âãà ¯®áâ®-
ï­­®© í­¥à£¨¨, ®¡à §®¢ ­­ë© ¯à®¥ªæ¨ï¬¨ ¤¢ãªà â­®
¢ëà®¦¤¥­­ëå ªà¥¬­¨¥¢ëå ¤®«¨­ ­  ¯«®áª®áâì (100),
¯à¥¤áâ ¢«ï¥â á®¡®© ®ªàã¦­®áâì, ¯®íâ®¬ã ¢ ª ç¥áâ¢¥
íää¥ªâ¨¢­®© ¬ ááë í«¥ªâà®­  ¯à¨ ¥£® ¤¢ã¬¥à­®¬

¤¢¨¦¥­¨¨ ¢ ¯«®áª®áâ¨ ¨á¯®«ì§®¢ « áì ¬ áá  m∗ =
m∗t = 0.19 · m0, £¤¥ m∗t — ¯®¯¥à¥ç­ ï íää¥ªâ¨¢­ ï

¬ áá  í«¥ªâà®­  ¢ ®¡ê¥¬­®¬ ªà¥¬­¨¨,   m0 — ¬ áá 

á¢®¡®¤­®£® í«¥ªâà®­ .
�«£®à¨â¬ ¬®¤¥«¨à®¢ ­¨ï ¢ª«îç « ¢ á¥¡ï ¢á¥

®á­®¢­ë¥ íâ ¯ë, å à ªâ¥à­ë¥ ¤«ï ®¤­®ç áâ¨ç­®£®

¬¥â®¤  �®­â¥-� à«® ¢ ®¡ê¥¬­ëå ¯®«ã¯à®¢®¤­¨ª å.
� «¥¥ ãª ¦¥¬ «¨èì ­  á«¥¤ãîé¨¥ ®á­®¢­ë¥ ®á®¡¥­-
­®áâ¨ ¨á¯®«ì§®¢ ­­®£® ­ ¬¨ ¬¥â®¤ .
�®-¯¥à¢ëå, ¨§¢¥áâ­® [11,19], çâ® â®ç­®áâì ¬¥â®¤ 

�®­â¥-� à«® ¢ á« ¡ëå í«¥ªâà¨ç¥áª¨å ¯®«ïå ¯ ¤ ¥â,

89



90 �.�. �®à§¤®¢, �.�. �¥âà®¢¨ç

¯®áª®«ìªã ¤à¥©ä®¢ ï áª®à®áâì í«¥ªâà®­  áâ ­®¢¨âáï

¬ «®© ¯® áà ¢­¥­¨î á ¥£® â¥¯«®¢®© áª®à®áâìî. � á¨«ã
íâ®£®, ¤«ï â®£® çâ®¡ë ¯®«ãç¨âì ¤ ­­ë¥ á ¯à¨¥¬«¥-
¬®© â®ç­®áâìî, ®¡ê¥¬ ¬®¤¥«¨àã¥¬®© ¢ë¡®àª¨ ¤®«-
¦¥­ ¢ë¡¨à âìáï ¤®áâ â®ç­® ¡®«ìè¨¬. � ª ¯®ª § «¨
®æ¥­ª¨, å®à®è ï áå®¤¨¬®áâì ¨ âà¥¡ã¥¬ ï â®ç­®áâì

à¥§ã«ìâ â®¢ ¢ ­ è¥¬ á«ãç ¥ ¤®áâ¨£ «¨áì ¯à¨ ®¡ê¥¬¥

¢ë¡®àª¨ ­¥ ¬¥­¥¥ 5·104 áâ®«ª­®¢¥­¨©. �®-¢â®àëå, â ª
ª ª ¢ ¨áá«¥¤ã¥¬®¬ ¤¨ ¯ §®­¥ â¥¬¯¥à âãà ¨ ª®­æ¥­-
âà æ¨© í«¥ªâà®­­ë© £ § ï¢«ï¥âáï ¢ëà®¦¤¥­­ë¬ [1],
¯à¨ à®§ë£àëè¥ í­¥à£¥â¨ç¥áª¨å á®áâ®ï­¨© í«¥ªâà®­ 

¯®á«¥ ¥£® à áá¥ï­¨ï ­¥®¡å®¤¨¬® ãç¨âë¢ âì ¯à¨­æ¨¯

� ã«¨, ¤«ï ç¥£® ¢ ®¡é¨©  «£®à¨â¬ ¬®¤¥«¨à®¢ ­¨ï

¡ë«  ¢ª«îç¥­  ¯à®æ¥¤ãà , ¯à¥¤«®¦¥­­ ï ¤«ï ¢ëà®-
¦¤¥­­ëå ¯®«ã¯à®¢®¤­¨ª®¢ ¢ à ¡®â¥ [20].
�­â¥­á¨¢­®áâì à áá¥ï­¨ï ­  ã¤ «¥­­ëå ¨®­¨§¨-

à®¢ ­­ëå ¯à¨¬¥áïå Wi(k) à ááç¨âë¢ « áì, á®£« á-
­® [1,3,7], ¯® á«¥¤ãîé¥© ä®à¬ã«¥

Wi(k) =
m∗Ni

4π~3

×

2π∫
ϑmin

[
e2

(εsc + εox)ε0ε(q, T,Ns)

]2 (
1 +

q

b

)−6 dϑ

q
, (2)

£¤¥ q = 2k sin(ϑ/2), k — ¬®¤ã«ì ¢®«­®¢®£® ¢¥ªâ®à  2D
í«¥ªâà®­ , ϑ— ã£®« à áá¥ï­¨ï, ϑmin — ¥£® ¬¨­¨¬ «ì-
­®¥ §­ ç¥­¨¥, Ni — ª®­æ¥­âà æ¨ï ¨®­¨§¨à®¢ ­­ëå

¯à¨¬¥á¥© ­  ¥¤¨­¨æã ®¡ê¥¬ , ~ — à¥¤ãæ¨à®¢ ­­ ï

¯®áâ®ï­­ ï �« ­ª , εsc ¨ εox — ¤¨í«¥ªâà¨ç¥áª¨¥ ¯®-
áâ®ï­­ë¥ ¯®«ã¯à®¢®¤­¨ª  ¨ ®ª¨á«  á®®â¢¥âáâ¢¥­­®,
b — ¯ à ¬¥âà ¢ à¨ æ¨®­­®© ¢®«­®¢®© äã­ªæ¨¨ �í­£ 

¨ �®¢ à¤  [21], ε(q, T,Ns) — ¤¨í«¥ªâà¨ç¥áª ï äã­ª-
æ¨ï. � à ¬¥âà b à ¢¥­ [1] b = (12m∗ze

2N∗/εscε0~2)1/3,
£¤¥ m∗z — íää¥ªâ¨¢­ ï ¬ áá  í«¥ªâà®­  ¢ ­ ¯à ¢«¥-
­¨¨, ¯¥à¯¥­¤¨ªã«ïà­®¬ ¯®¢¥àå­®áâ¨, N∗ = NDEPL +
(11/32)Ns. �¤¥áì NDEPL — ¯®¢¥àå­®áâ­ ï ª®­æ¥­âà -
æ¨ï § àï¤  ¢ á«®¥ ®¡¥¤­¥­¨ï.
� ¢¨á¨¬®áâì ¤¨í«¥ªâà¨ç¥áª®© äã­ªæ¨¨ ®â ¯ à ¬¥-

âà®¢ q, T , Ns ¢ «¨­¥©­®¬ ¯à¨¡«¨¦¥­¨¨ ­  ®á­®¢ -
­¨¨ [1,5] ¬®¦­® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥

ε(q, T,Ns) = 1+
e2

q(εsc + εox)ε0
F (q,Ns)P (q, T,Ns). (3)

£¤¥ F (q,Ns) — ä®à¬-ä ªâ®à, à ¢­ë© [1]

F (q,Ns) =
1

16

(
1 +

εox

εsc

)(
1 +

q

b

)−3
[
8 + 9

q

b
+ 3

(q
b

)2
]

+
1

2

(
1−

ε0x

εsc

)(
1 +

q

b

)−6

, (4)

  P (q, T,Ns) — ¯®«ïà¨§ã¥¬®áâì 2D £ § , § ¢¨á¨-
¬®áâì ª®â®à®© ®â â¥¬¯¥à âãàë ¤ ­  ¢ [22]. �®£« á­®
íâ®© à ¡®â¥, ¢ í«¥ªâà¨ç¥áª®¬ ª¢ ­â®¢®¬ ¯à¥¤¥«¥ ¯à¨

¤®áâ â®ç­® ­¨§ª¨å â¥¬¯¥à âãà å, ª®£¤  å¨¬¨ç¥áª¨©

¯®â¥­æ¨ « ¬®¦­® áç¨â âì à ¢­ë¬ í­¥à£¨¨ �¥à¬¨

[5,6,9,10], P (q, T,Ns) § ¯¨è¥âáï

P (q, T,Ns) =

∞∫
0

P (q, 0, E)Ed

4kBT cosh2
[
EF−E
2kBT

] . (5)

£¤¥ P (q, 0, E) — ¯®«ïà¨§ã¥¬®áâì ¯à¨ â¥¬¯¥à âãà¥

T = 0, E — í­¥à£¨ï í«¥ªâà®­ , kB — ¯®áâ®-
ï­­ ï �®«ìæ¬ ­ , EF — í­¥à£¨ï �¥à¬¨, à ¢-
­ ï EF = π~2Ns/2m

∗.
�à¨ à áç¥â¥ ¨­â¥­á¨¢­®áâ¨ à áá¥ï­¨ï ­  ¨®­¨§¨à®-

¢ ­­®© ¯à¨¬¥á¨ ¯® ä®à¬ã«¥ (2) ¤«ï ãáâà ­¥­¨ï à á-
å®¤¨¬®áâ¨ ¨­â¥£à «  ¯à¨ ϑ → 0 ¢ ª ç¥áâ¢¥ ­¨¦­¥£®

¯à¥¤¥«  ¨­â¥£à¨à®¢ ­¨ï ¢ë¡¨à «áï ­¥ª®â®àë© ­¥­ã-
«¥¢®© ã£®« ϑmin. �®áª®«ìªã a priori â¥®à¥â¨ç¥áª®¥
§­ ç¥­¨¥ ¤ ­­®£® ã£«  ­¥¨§¢¥áâ­®, ®­® ¬®¦¥â ¡ëâì

®æ¥­¥­® ¨§ ãá«®¢¨ï á®£« á®¢ ­¨ï à¥§ã«ìâ â®¢ à áç¥â 

¯®¤¢¨¦­®áâ¨ ¬¥â®¤®¬ �®­â¥-� à«® á íªá¯¥à¨¬¥­-
â «ì­ë¬¨ ¨«¨ à áç¥â­ë¬¨ ¤ ­­ë¬¨, ¯®«ãç¥­­ë¬¨
¤àã£¨¬¨ ¬¥â®¤ ¬¨. � ª ç¥áâ¢¥ â ª®£® ª®­âà®«ì­®£®

§­ ç¥­¨ï ­ ¬¨ ¡ë«  ¢§ïâ  ¥¥ ¬ ªá¨¬ «ì­ ï ¢¥«¨ç¨-
­ , à ¢­ ï 2¬2/� · á, ®¯à¥¤¥«¥­­ ï ¢ à ¡®â¥ [23] ¯à¨
T = 4.2 K, Ni = 3.5 ·1023¬−3, L = 1.5­¬ ¨ ∆ = 0.52­¬
¤«ï â¥å ¦¥ ¬¥å ­¨§¬®¢ à áá¥ï­¨ï, çâ® ¨ ¢ ­ áâ®ïé¥©
à ¡®â¥, ­® ¡¥§ ãç¥â  § ¢¨á¨¬®áâ¨ ¯®«ïà¨§ã¥¬®áâ¨ 2D
í«¥ªâà®­­®£® £ §  ®â â¥¬¯¥à âãàë.
�«ï ­ å®¦¤¥­¨ï â¥ªãé¨å §­ ç¥­¨© ϑ, ª®â®àë¥

¤®«¦­ë ¢ë¡¨à âìáï á«ãç ©­ë¬ ®¡à §®¬ á®£« á-
­® § ¤ ­­®¬ã ã£«®¢®¬ã à á¯à¥¤¥«¥­¨î P (ϑ)dϑ ∼

(1+ q
b )
−6

q3ε2(q,T,Ns)
dϑ, ¡ë« ¨á¯®«ì§®¢ ­ ¬¥â®¤ ®â¡®à  [11].

�­â¥­á¨¢­®áâì à áá¥ï­¨ï ­  è¥à®å®¢ â®áâïå à á-
áç¨âë¢ « áì, á®£« á­® [1,3,7], ¯® ä®à¬ã«¥

WSR(k) =
m∗∆2L2

2~2

2π∫
0

Γ2(q,Ns)

ε2(q, T,Ns)
exp

(
−
q2L2

4

)
dϑ,

(6)
£¤¥ ∆ — áà¥¤­ïï ¢ëá®â  è¥à®å®¢ â®áâ¥©,L— áà¥¤­¥¥

à ááâ®ï­¨¥ ¬¥¦¤ã ­¨¬¨,   äã­ªæ¨ï Γ(q,Ns) ¯à¨

q/b� 1 à ¢­  [3]

Γ(Ns) =
e2

εscε0

(
Ns

2
+NDEPL

)
. (7)

�®§ë£àëè ã£«  à áá¥ï­¨ï ϑ ¨§ ã£«®¢®£® à á¯à¥-

¤¥«¥­¨ï P (ϑ)dϑ ∼
exp(−q2L2/4)
ε2(q,T,Ns)

dϑ, ª ª ¨ ¢ á«ãç ¥

¯à¨¬¥á­®£® à áá¥ï­¨ï, ¯à®¢®¤¨«áï ¬¥â®¤®¬ ®â¡®à .
�  à¨á. 1 ¯à¥¤áâ ¢«¥­ë à¥§ã«ìâ âë à áç¥â  § ¢¨á¨-

¬®áâ¨ ¯®¤¢¨¦­®áâ¨ µ ®â ¯®¢¥àå­®áâ­®© ª®­æ¥­âà æ¨¨
í«¥ªâà®­®¢ ¢ ¨­¢¥àá¨®­­®¬ á«®¥ Ns (ªà¨¢ ï 1 ) ¯à¨
â¥¬¯¥à âãà¥ T = 4.2 K ¨ E = 10�/¬. �  íâ®¬ ¦¥

£à ä¨ª¥ ¯à¨¢¥¤¥­  ªà¨¢ ï, ¢§ïâ ï ¨§ à ¡®âë [23]
(ªà¨¢ ï 2 ), ¨ ªà¨¢ ï, à ááç¨â ­­ ï á ¨á¯®«ì§®¢ ­¨¥¬
¯à ¢¨«  � ââ¨áá¥­  (ªà¨¢ ï 3 ). �§ à¨áã­ª  á«¥¤ã¥â,
çâ® ªà¨¢ë¥ 1 ¨ 2 ¢ â®çª¥ ¬ ªá¨¬ã¬  á®¢¯ ¤ îâ, â ª
ª ª ¨¬¥­­® ¢ íâ®© â®çª¥ ®­¨ ¡ë«¨ á®£« á®¢ ­ë ¯ãâ¥¬
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�¨á. 1. � ¢¨á¨¬®áâì ¯®¤¢¨¦­®áâ¨ µ ®â ¯®¢¥àå­®áâ­®©

ª®­æ¥­âà æ¨¨ í«¥ªâà®­®¢ ¨­¢¥àá¨®­­®£® á«®ïNs ¯à¨ â¥¬-
¯¥à âãà¥ T = 4.2 K: 1 — ¬¥â®¤ �®­â¥-� à«®, E = 10�/¬;
2 — à¥§ã«ìâ âë à ¡®âë [23]; 3 — ¯à ¢¨«® � ââ¨áá¥­ .
L = 1.5­¬, ∆ = 0.52 ­¬, Ni = 3.5 · 1023 ¬−3, εsc = 11.7,
εox = 4.1, NDEPL = 1.92 · 1016 ¬−2.

¢ë¡®à  á®®â¢¥âáâ¢ãîé¥£® ã£«  ϑmin ¯à¨ ®¤¨­ ª®¢ëå

§­ ç¥­¨ïå â¥¬¯¥à âãàë,   â ª¦¥ ¯ à ¬¥âà®¢Ns, ∆, L
¨ Ni. �à®¬¥ â®£®, ®¡¥ ªà¨¢ë¥ ¤®áâ â®ç­® å®à®è® á®-
¢¯ ¤ îâ ¢® ¢á¥¬ ¤¨ ¯ §®­¥ ¨§¬¥­¥­¨ï Ns, §  ¨áª«î-
ç¥­¨¥¬ ®¡« áâ¨ Ns < 4 · 1015 ¬−2. �®¦­® ®â¬¥â¨âì

¨ â®, çâ® ªà¨¢ë¥ 1 ¨ 3 â ª¦¥ å®à®è® ª®àà¥«¨àãîâ

¤àã£ á ¤àã£®¬. �â® áâ ­®¢¨âáï ¯®­ïâ­ë¬, ¥á«¨ ãç¥áâì
â®â ä ªâ, çâ® ¤«ï â¥¬¯¥à âãàë T = 4.2 K ¯à ¢¨«®

� ââ¨áá¥­  ¤®«¦­® ¡ëâì á¯à ¢¥¤«¨¢ë¬ [4].
�  à¨á. 2 ¢ ª ç¥áâ¢¥ ¯à¨¬¥à  ¯à¥¤áâ ¢«¥­ë à¥-

§ã«ìâ âë à áç¥â  § ¢¨á¨¬®áâ¨ µ ®â â¥¬¯¥à âãàë T
¯à¨ âà¥å §­ ç¥­¨ïå Ns ¨ ­ ¯àï¦¥­­®áâ¨ ¯®«ï E,

�¨á. 2. � ¢¨á¨¬®áâì ¯®¤¢¨¦­®áâ¨ µ ®â â¥¬¯¥à âãàë T

¯à¨ E = 100�/¬ ¨ à §«¨ç­ëå §­ ç¥­¨ïå ª®­æ¥­âà æ¨¨

Ns: 1 — 1016 ¬−2, 2 — 5 ·1016 ¬−2, 3 — 1017 ¬−2. �­ ç¥­¨ï
¯ à ¬¥âà®¢ εsc, εox, NDEPL, L, ∆ ¨ Ni — â¥ ¦¥, çâ® ¨ ­ 
à¨á. 1.

à ¢­®© 100�/¬. � ª ¢¨¤­® ¨§ à¨áã­ª , á ã¢¥«¨ç¥­¨¥¬
â¥¬¯¥à âãàë ¯®¤¢¨¦­®áâì á« ¡® ¯ ¤ ¥â, çâ® ®¡êïá-
­ï¥âáï â¥¬¯¥à âãà­®© § ¢¨á¨¬®áâìî ¯®«ïà¨§ã¥¬®áâ¨

¤¢ã¬¥à­®£® £ §  [4–6]. � ª®¥ ¯®¢¥¤¥­¨¥ ªà¨¢ëå ª ç¥-
áâ¢¥­­® á®¢¯ ¤ ¥â á à¥§ã«ìâ â¬¨, ¯®«ãç¥­­ë¬¨ ¢ à -
¡®â¥ [4] ¤«ï â®£® ¦¥ â¥¬¯¥à âãà­®£® ¤¨ ¯ §®­  ¨ â¥å
¦¥ ¬¥å ­¨§¬®¢ à áá¥ï­¨ï á ãç¥â®¬ â¥¬¯¥à âãà­®©

§ ¢¨á¨¬®áâ¨ ¯®«ïà¨§ã¥¬®áâ¨ 2D £ § , ­® ¢ ª®â®à®©

¯®¤¢¨¦­®áâì ¢ëç¨á«ï« áì ¯ãâ¥¬ ­ ¤«¥¦ é¥£® ãáà¥¤-
­¥­¨ï ¢à¥¬¥­¨ à¥« ªá æ¨¨ τ á ¯®¬®éìî äã­ªæ¨¨

à á¯à¥¤¥«¥­¨ï �¥à¬¨–�¨à ª .

� ª®­¥æ, ­  à¨á. 3 ¯à¥¤áâ ¢«¥­ë à¥§ã«ìâ âë à á-
ç¥â  § ¢¨á¨¬®áâ¨ ¯®¤¢¨¦­®áâ¨ µ ®â ¢¥«¨ç¨­ë ­ -
¯àï¦¥­­®áâ¨ ¯®«ï E ¯à¨ T = 4.2 K ¢ ãá«®¢¨-
ïå á« ¡®£® à §®£à¥¢  í«¥ªâà®­­®£® £ § . �  ¤ ­-
­®¬ à¨áã­ª¥ § ¬¥â¥­ ­¥¡®«ìè®© à®áâ ¢¥«¨ç¨­ë µ
¯à¨ ¨§¬¥­¥­¨¨ ­ ¯àï¦¥­­®áâ¨ ®â 10 ¤® 100�/¬.
�¯¯à®ªá¨¬ æ¨ï íâ®© § ¢¨á¨¬®áâ¨ äã­ªæ¨¥© ¢¨¤ 

µ = µ0(1 + βE2), £¤¥ µ0 — §­ ç¥­¨¥ ¯®¤¢¨¦­®áâ¨ ¢

”­ã«¥¢®¬” ¯®«¥, ¤ «  á«¥¤ãîé¨¥ ®æ¥­ª¨ ¤«ï ª®íää¨-
æ¨¥­â  β: β1 = 3.11 · 10−7 ¬2/�2 ¤«ï Ns1 = 5 · 1015 ¬−2

¨ β2 = 2.38 · 10−6 ¬2/�2 ¤«ï Ns2 = 1016 ¬−2. �­ ç¥­¨¥
β2 á®£« áã¥âáï ¯® ¯®àï¤ªã ¢¥«¨ç¨­ë á à¥§ã«ìâ -
â ¬¨, ¯à¨¢¥¤¥­­ë¬¨ ¢ [24], á®£« á­® ª®â®àë¬ ¯à¨

Ns < 1016 ¬−2 ¨ T = 4.2 K β ' 10−6 ¬2/�2.

� ª¨¬ ®¡à §®¬, ¢ ¤ ­­®© à ¡®â¥ ¡ë«  ¯à®¤¥¬®­-
áâà¨à®¢ ­  ¢®§¬®¦­®áâì íää¥ªâ¨¢­®£® ¨á¯®«ì§®¢ -
­¨ï ¬¥â®¤  �®­â¥-� à«® ¤«ï à áç¥â  ­¨§ª®â¥¬¯¥à -
âãà­®© ¯®¤¢¨¦­®áâ¨ 2D í«¥ªâà®­­®£® £ §  ¢ ¨­¢¥à-
á¨®­­®¬ á«®¥ ªà¥¬­¨¥¢ëå ��� áâàãªâãà ¢ ãá«®¢¨ïå,
ª®£¤  í«¥ªâà®­­ë© £ § ï¢«ï¥âáï ¢ëà®¦¤¥­­ë¬. �à¨
íâ®¬ ¡ë«® ãçâ¥­® ¤¢  ®á­®¢­ëå ¬¥å ­¨§¬  à áá¥ï-
­¨ï — à áá¥ï­¨¥ ­  § àï¤ å ¢ ®ª¨á«¥ ¨ è¥à®å®¢ -

�¨á. 3. � ¢¨á¨¬®áâì ¯®¤¢¨¦­®áâ¨ µ ®â ­ ¯àï¦¥­­®áâ¨

í«¥ªâà¨ç¥áª®£® ¯®«ï E ¯à¨ â¥¬¯¥à âãà¥ T = 4.2 K ¨

à §«¨ç­ëå §­ ç¥­¨ïå ª®­æ¥­âà æ¨¨ Ns: 1 — 5 · 1015 ¬−2,
2 — 1016 ¬−2. �­ ç¥­¨ï ¯ à ¬¥âà®¢ εsc, εox, NDEPL, L, ∆
¨ Ni — â¥ ¦¥, çâ® ¨ ­  à¨á. 1.
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â®áâïå ¯®¢¥àå­®áâ¨. � å®âï ª ­ áâ®ïé¥¬ã ¢à¥¬¥­¨

­ ª®¯«¥­® ¡®«ìè®¥ ª®«¨ç¥áâ¢® ª ª â¥®à¥â¨ç¥áª¨å,
â ª ¨ íªá¯¥à¨¬¥­â «ì­ëå à¥§ã«ìâ â®¢, ®¯¨áë¢ îé¨å
¯¥à¥­®á í«¥ªâà®­®¢ ¢ ¨­¢¥àá¨®­­ëå á«®ïå ¯à¨ ­¨§ª¨å

â¥¬¯¥à âãà å, à áá¬®âà¥­­ë© ¢ ­ áâ®ïé¥© áâ âì¥

¯®¤å®¤ ¨¬¥¥â â® ¯à¥¨¬ãé¥áâ¢®, çâ® ¯®§¢®«ï¥â ¨á¯®«ì-
§®¢ âì ¢ à áç¥â å «î¡®¥ ç¨á«® §­ ç¨¬ëå ¯à®æ¥áá®¢

à áá¥ï­¨ï ¨ ­¥§ ¢¨á¨¬® ®â á«®¦­®áâ¨ ¬®¤¥«ì­®£®

®¯¨á ­¨ï ¤®áâ â®ç­® ¯à®áâ® ¢ª«îç âì ¨å ¢ ®¡é¨©

 «£®à¨â¬ ¬®¤¥«¨à®¢ ­¨ï.
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Monte-Karlo simulation of the
low-temperature electron mobility
in a silicon inversion layer

V.M. Borzdov, T.A. Petrovich

Belarus State University,
220050 Minsk, Belarus

Abstract In the extreme quantum limit, in which only one

subband is populated in the temperature range 4.2 K, the

low-dimensional (2D) electron transport in a silicon inversion

layer is simulated by Monte-Carlo technique. Scattering by

remote ionized impurities and surface roughness have been

considered and their dependence on the value of polarizability

of 2D electron gas has been taken into account. The mobility

and the warm electron coefficient for weak electric fields

are calculated. Obtained results are compared with known

literature data.
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