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� ¡®â  ¯®á¢ïé¥  ¬®¤¥«¨à®¢ ¨î í«¥ªâà®®£® ¯¥à¥®á  ¢ ®¤®¬¥à-
®© GaAs-ª¢ â®¢®© ¯à®¢®«®ª¥ ¢ ãá«®¢¨ïå í«¥ªâà¨ç¥áª®£® ª¢ â®¢®£®

¯à¥¤¥«  á ãç¥â®¬ à áá¥ï¨© ®á¨â¥«¥© § àï¤    ¯®«ïàëå ®¯â¨ç¥áª¨å

ä®® å, ¨® å ¯à¨¬¥á¨ ¨ ¥®¤®à®¤®áâïå ¯®¢¥àå®áâ¨.

�®«ìè®© ¨â¥à¥á ¢  áâ®ïé¥¥ ¢à¥¬ï ¢ë§ë¢ ¥â ¯à®¡«¥¬  ¨§ãç¥-
¨ï í«¥ªâà®ëå á¢®©áâ¢ ®¤®¬¥àëå ¯®«ã¯à®¢®¤¨ª®¢ëå ª¢ -
â®¢ëå ¯à®¢®«®ª. �â® ®¡ãá«®¢«¥®, ¯à¥¦¤¥ ¢á¥£®, ¢®§¬®¦®áâìî
¨á¯®«ì§®¢ ¨ï ã¨ª «ìëå á¢®©áâ¢ â ª®£® à®¤  áâàãªâãà ¥¯®áà¥¤-
áâ¢¥® ¢ ¯à¨¡®àëå ¯à¨«®¦¥¨ïå. � íâ®© á¢ï§¨ ¢¥áì¬   ªâã «ì-
®© ¯à¥¤áâ ¢«ï¥âáï § ¤ ç  ¨áá«¥¤®¢ ¨ï ¯¥à¥®á  í«¥ªâà®®¢ ¢

®¤®¬¥àëå ª¢ â®¢ëå ¯à®¢®«®ª å   ®á®¢¥ GaAs ¢ ã¬¥à¥ëå ¨
á¨«ìëå í«¥ªâà¨ç¥áª¨å ¯®«ïå, å à ªâ¥àëå ¤«ï à¥ «ìëå à ¡®ç¨å
à¥¦¨¬®¢ ¯®«ã¯à®¢®¤¨ª®¢ëå ¯à¨¡®à®¢ ¬¨ªà®- ¨  ®í«¥ªâà®¨ª¨.

�§¢¥áâ®, çâ® ®¤¨¬ ¨§  ¨¡®«¥¥ ¯¥àá¯¥ªâ¨¢ëå ¬¥â®¤®¢, ¯®§¢®-
«ïîé¨å ¤®áâ â®ç® íää¥ªâ¨¢® à¥è âì ¯®¤®¡®£® à®¤  § ¤ ç¨, ¢
®¡ê¥¬ëå ¨ ª¢ §¨¤¢ã¬¥àëå ¯®«ã¯à®¢®¤¨ª®¢ëå á¨áâ¥¬ å ï¢«ï¥â-
áï ¬¥â®¤ �®â¥-� à«® (á¬.,  ¯à¨¬¥à, [1,3]). �¤ ª® ¥®¡å®¤¨¬® ®â-
¬¥â¨âì, çâ® áãé¥áâ¢ã¥â ¢¥áì¬  ®£à ¨ç¥®¥ ç¨á«® à ¡®â, ¢ ª®â®àëå
íâ®â ¬¥â®¤ ¨á¯®«ì§®¢ «áï ¤«ï à áç¥â  ª¨¥â¨ç¥áª¨å ¯ à ¬¥âà®¢

¯¥à¥®á  ¢ ª¢ §¨®¤®¬¥àëå ª¢ â®¢ëå ¯à®¢®«®ª å [4–6],   á«ãç ©
à áç¥â  ¤à¥©ä®¢®© áª®à®áâ¨ í«¥ªâà®®¢ v¤à ¢ ª¢ â®¢®© áâàãªâãà¥,
ª®£¤  ¨¬¥¥â ¬¥áâ® í«¥ªâà¨ç¥áª¨© ª¢ â®¢ë© ¯à¥¤¥«,  áª®«ìª®

 ¬ ¨§¢¥áâ®, ¡ë« à áá¬®âà¥ â®«ìª® ¢ à ¡®â¥ [7]. �à¨ íâ®¬

¬®¤¥«ì ãç¨âë¢ «  ¢á¥£® «¨èì ®¤¨ ¬¥å ¨§¬ à áá¥ï¨ï ®á¨â¥«¥©

§ àï¤  — à áá¥ï¨¥   ¯®«ïàëå ®¯â¨ç¥áª¨å ä®® å.
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� ¤ ®© à ¡®â¥ ¯à¥¤áâ ¢«¥ë à¥§ã«ìâ âë ¬®¤¥«¨à®¢ ¨ï ¬¥â®-
¤®¬ �®â¥-� à«® ¯¥à¥®á  í«¥ªâà®®¢ ¢ ª¢ â®¢®© ï¬¥ ®¤®¬¥à®©
GaAs-ª¢ â®¢®© ¯à®¢®«®ª¨ ª¢ ¤à â®£® á¥ç¥¨ï. � ááç¨â ë § ¢¨-
á¨¬®áâ¨ ¤à¥©ä®¢®© áª®à®áâ¨ í«¥ªâà®®¢ ®â  ¯àï¦¥®áâ¨ í«¥ª-
âà¨ç¥áª®£® ¯®«ï ε ¨ ¤«¨ë áâ®à®ë á¥ç¥¨ï L. �®¤¥«ì ãç¨âë¢ « 
¬¥å ¨§¬ë à áá¥ï¨ï   ¯®«ïàëå ®¯â¨ç¥áª¨å ä®® å á ¨å ¨á-
¯ãáª ¨¥¬ ¨ ¯®£«®é¥¨¥¬,   ¨® å ¯à¨¬¥á¨ ¨   ¥®¤®à®¤®áâïå
¯®¢¥àå®áâ¨. �à¥¤¯®« £ «®áì, çâ® § á¥«¥ â®«ìª® á ¬ë© ¨¦¨©

ãà®¢¥ì à §¬¥à®£® ª¢ â®¢ ¨ï,   íää¥ªâ®¬ ¥¯ à ¡®«¨ç®áâ¨

¬®¦® ¯à¥¥¡à¥çì. �á¯®«ì§®¢ ë©  «£®à¨â¬ ®¤®ç áâ¨ç®£® ¬¥-
â®¤  �®â¥-� à«®   «®£¨ç¥  «£®à¨â¬ã, ®¯¨á ®¬ã ¢ [7].

�®«ãî í¥à£¨î í«¥ªâà®  E ¢ ª¢ â®¢®© ¯à®¢®«®ª¥ á ª¢ ¤à â-
ë¬ á¥ç¥¨¥¬ á® áâ®à®®© L ¢ ¯à¨¡«¨¦¥¨¨ ¡¥áª®¥ç® £«ã¡®ª®©

¯àï¬®ã£®«ì®© ¯®â¥æ¨ «ì®© ï¬ë ¬®¦® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥ [7,8]

E =
~2k2

x

2m∗
+
~2π2

m∗L
, (1)

£¤¥ m∗ — íää¥ªâ¨¢ ï ¬ áá  í«¥ªâà® , ~ — à¥¤ãæ¨à®¢  ï ¯®-
áâ®ï ï �« ª .�¥à¢®¥ á« £ ¥¬®¥ ¢ ¯à ¢®© ç áâ¨ (1) ¯à¥¤áâ ¢«ï¥â
á®¡®© ª¨¥â¨ç¥áªãî í¥à£¨î í«¥ªâà®  á ¢®«®¢ë¬ ¢¥ªâ®à®¬ kx
¢¤®«ì  ¯à ¢«¥¨ï ¤¢¨¦¥¨ï x,   ¢â®à®¥ — í¥à£¨î ¤  ”ã«¥¢®©”
¯®¤§®ë.

�â¥á¨¢®áâ¨ à áá¥ï¨ï   ¯®«ïàëå ®¯â¨ç¥áª¨å ä®® å á

¨å ¨á¯ãáª ¨¥¬ ¨ ¯®£«®é¥¨¥¬ à ááç¨âë¢ «¨áì á®®â¢¥âáâ¢¥® ¯®

ä®à¬ã« ¬ [8]
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I¯[q¯+(kx)] + I¯[q¯−(kx)]√
(~k2

x)/(2m∗ω) + I
, (3)

£¤¥ α — ª®áâ â  á¢ï§¨ í«¥ªâà®-ä®®®£® ¢§ ¨¬®¤¥©áâ¢¨ï, ω —
ç áâ®â  ¯®«ïà®£® ®¯â¨ç¥áª®£® ä®® , Nq — ç¨á«® â¥à¬®¤¨ ¬¨-
ç¥áª¨ à ¢®¢¥áëå ä®®®¢. �¢ë© ¢¨¤ ¨â¥£à «®¢ I¨ ¨ I¯ ¤  ¢ [8].
� ¢ë¯¨á ëå ¢ëè¥ ä®à¬ã« å (2) ¨ (3) ¡ãª¢  ”¨” á®®â¢¥âáâ¢ã¥â

¯à®æ¥ááã ¨á¯ãáª ¨ï ä®® ,   ¡ãª¢  ”¯” — ¥£® ¯®£«®é¥¨î.
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�â¥á¨¢®áâì à áá¥ï¨ï   ã¤ «¥®© § àï¦¥®© ¯à¨¬¥á¨

à ááç¨âë¢ « áì ¯® ä®à¬ã«¥ [9]

Wl(kx) =
Nlm

∗e4

4π2~3ε2ε2
0kx

K2

(
2dkx sin

ϑ

2

)
, (4)

£¤¥ Nl — ª®æ¥âà æ¨ï ¯à¨¬¥á¨   ¥¤¨¨æã ¤«¨ë ¯à®¢®¤¨ª ; e —
§ àï¤ í«¥ªâà® ; ε ¨ ε0 — ¤¨í«¥ªâà¨ç¥áª¨¥ ¯à®¨æ ¥¬®áâ¨ GaAs ¨
¢ ªãã¬ ; K — ¬®¤¨ä¨æ¨à®¢  ï äãªæ¨ï �¥áá¥«ï ¢â®à®£® à®¤ ;
d — à ááâ®ï¨¥ ¬¥¦¤ã ¯à¨¬¥áë¬ æ¥âà®¬ ¨  ç «®¬ ª®®à¤¨ â,
à á¯®«®¦¥ë¬ ¢ æ¥âà¥ ª¢ ¤à â®£® á¥ç¥¨ï ¯à®¢®«®ª¨; ϑ — ã£®«

à áá¥ï¨ï.
�¯à¥¤¥«¥¨¥ ª®¥ç®£® á®áâ®ï¨ï í«¥ªâà®  ¯®á«¥ à áá¥ï¨ï

¤«ï ¤ ®£® ¬¥å ¨§¬  ¯à®¢®¤¨«®áì á ãç¥â®¬ â®£®, çâ® ¢ áâà®£®

®¤®¬¥à®¬ á«ãç ¥ ¤¢¨¦¥¨¥ í«¥ªâà®  ¢®§¬®¦® â®«ìª® ¢¯¥à¥¤

¨«¨  § ¤, â ª çâ® ã£®« à áá¥ï¨ï ϑ ¬¥¦¤ã  ç «ìë¬ kx ¨

ª®¥çë¬ k′x ¢®«®¢ë¬¨ ¢¥ªâ®à ¬¨ ¡ë« à ¢¥ «¨¡® 0◦, «¨¡® 180◦.
� æ¥«ìî ã¯à®é¥¨ï à áç¥â®¢ ¨á¯®«ì§®¢ « áì áâã¯¥ç â ï  ¯¯à®ª-
á¨¬ æ¨ï äãªæ¨¨ K(2dkx) ¯à¨ dkx 6 I ¨ ¯à¨¡«¨¦¥®¥ à ¢¥áâ¢®
K(2dkx) = 0.5

√
π/(dkx) exp(−2dkx) ¯à¨ dkx > 1. �à¨ íâ®¬ ¡ë«®

¯à¨ïâ®, çâ® K(0) ¨¬¥¥â ª®¥ç®¥ § ç¥¨¥, à ¢®¥ 4.
�â¥á¨¢®áâì à áá¥ï¨ï   ¥®¤®à®¤®áâïå ¯®¢¥àå®áâ¨ à á-

áç¨âë¢ « áì ¯® ä®à¬ã«¥ [10]

Wsr(kx) =
2π9/2Λ∆2~

m∗L6kx exp
{
k2
xΛ2 sin2(ϑ/2)

} , (5)

£¤¥ Λ ¨ ∆ — ª®àà¥«ïæ¨® ï ¤«¨  ¨  ¬¯«¨âã¤  ¥®¤®à®¤®áâ¥©.
�¤¥áì â ª ¦¥, ª ª ¨ ¢ á«ãç ¥ ¯à¨¬¥á®£® à áá¥ï¨ï, ã£®« ϑ ¯à¨

à áá¥ï¨¨ ¢¯¥à¥¤ à ¢¥ 0◦,   ¯à¨ à áá¥ï¨¨  § ¤ — 180◦.
�  à¨á. 1 ¯à¨¢¥¤¥ë § ¢¨á¨¬®áâ¨ áà¥¤¥© ¤à¥©ä®¢®© áª®à®áâ¨

v¤à í«¥ªâà®®¢ ®â  ¯àï¦¥®áâ¨ í«¥ªâà¨ç¥áª®£® ¯®«ï, à ááç¨â -
ë¥ á ãç¥â®¬ â®«ìª® ®¤®£® ¬¥å ¨§¬  à áá¥ï¨ï —   ¯®«ïàëå

®¯â¨ç¥áª¨å ä®® å (ªà¨¢ ï 1 ), ¤¢ãå —   ¯®«ïàëå ®¯â¨ç¥áª¨å

ä®® å ¨ ¨® å ¯à¨¬¥á¨ (ªà¨¢ ï 2 ) ¨ ¢á¥å âà¥å à áá¬®âà¥-
ëå ¢ëè¥ ¬¥å ¨§¬®¢ à áá¥ï¨ï (ªà¨¢ ï 3 ). �«ï áà ¢¥¨ï á

à¥§ã«ìâ â ¬¨ à ¡®âë [7]   íâ®¬ ¦¥ à¨áãª¥ (¢áâ ¢ª ) ¯®ª §  

§ ¢¨á¨¬®áâì v¤à(ε), à ááç¨â  ï ¯à¨ â®© ¦¥ â¥¬¯¥à âãà¥ T = 30 K
¨ ¤«ï ε < 3 · 105�/¬ (ªà¨¢ ï 4 ). �à ªâ¨ç¥áª®¥ á®¢¯ ¤¥¨¥
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�¨á. 1. � ¢¨á¨¬®áâ¨ áà¥¤¥© ¤à¥©ä®¢®© áª®à®áâ¨ í«¥ªâà®®¢ ®â

 ¯àï¦¥®áâ¨ í«¥ªâà¨ç¥áª®£® ¯®«ï: d = 10 ¬, Λ = 20 ¬,
∆ = 0.283 ¬, Ni = 10−7 ¬−1, ª®æ¥âà æ¨ï í«¥ªâà®®¢ ne = 10−7 ¬−1,
L = 3L0 =

√
~/(2m∗ω);   ¢áâ ¢ª¥ ¤ ë¥ ¯®«ãç¥ë ¤«ï L = L0.

ªà¨¢ëå 1 ¨ 4   ãç áâª¥ á  ¯àï¦¥®áâìî ¯®«ï ®â 1 · 105 ¤®

3 · 105�/¬ á¢¨¤¥â¥«ìáâ¢ã¥â ®¡  ¤¥ª¢ â®áâ¨ à áç¥â®¢, ¢ë¯®«¥ëå
¤«ï ¤ ëå ãá«®¢¨© ¢ [7] ¨  áâ®ïé¥© à ¡®â¥.

�§ ¯®¢¥¤¥¨ï ªà¨¢ëå   à¨á. 1 ¬®¦® á¤¥« âì ¢ë¢®¤ ® â®¬,
çâ® à §®£à¥¢ ®á¨â¥«¥© § àï¤ , á®¯à®¢®¦¤ îé¨©áï § ¬¥âë¬ ã¢¥-
«¨ç¥¨¥¬ ¤à¥©ä®¢®© áª®à®áâ¨ í«¥ªâà®®¢,  ç¨ ¥âáï ¯à¨ ¯®«ïå,
¯à¨¡«¨§¨â¥«ì® ¡®«ìè¨å 5 · 105�/¬. �¥£ª® â ª¦¥ ¢¨¤¥âì, çâ®

§ ç¨â¥«ì®¥ ¢«¨ï¨¥   ¢¥«¨ç¨ã v¤à ¢ à áá¬ âà¨¢ ¥¬®¬ ¨â¥à-
¢ «¥ í«¥ªâà¨ç¥áª¨å ¯®«¥© ®ª §ë¢ ¥â à áá¥ï¨¥   ¥®¤®à®¤®áâïå

¯®¢¥àå®áâ¨.
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�¨á. 2. � ¢¨á¨¬®áâ¨ áà¥¤¥© ¤à¥©ä®¢®© áª®à®áâ¨ í«¥ªâà®®¢ ®â ¤«¨ë

áâ®à®ë á¥ç¥¨ï ¯à®¢®«®ª¨: d = 10 ¬, Λ = 20 ¬, ∆ = 0.283 ¬,
Ni = 10−7 ¬−1, ª®æ¥âà æ¨ï í«¥ªâà®®¢ ne = 10−7 ¬−1, ε = 106 �/¬.

�  à¨á. 2 ¯à¥¤áâ ¢«¥ë § ¢¨á¨¬®áâ¨ ¤à¥©ä®¢®© áª®à®áâ¨ í«¥ª-
âà®®¢ ®â áâ®à®ë L ª¢ ¤à â®£® á¥ç¥¨ï ¯à®¢®«®ª¨ ¤«ï ¤¢ãå

§ ç¥¨© â¥¬¯¥à âãàë T = 4.2 ¨ 77 K (ªà¨¢ë¥ 1 ¨ 2 á®®â¢¥âáâ¢¥®),
à ááç¨â ë¥ á ãç¥â®¬ ¢á¥å âà¥å ãª § ëå ¬¥å ¨§¬®¢ à áá¥ï¨ï.
�§ íâ®£® à¨áãª  á«¥¤ã¥â, çâ® á à®áâ®¬ ¢¥«¨ç¨ë L ¤à¥©ä®¢ ï áª®-
à®áâì ã¢¥«¨ç¨¢ ¥âáï. �â® ®¡êïáï¥âáï § ç¨â¥«ìë¬ ã¬¥ìè¥¨¥¬

¨â¥á¨¢®áâ¨ à áá¥ï¨ï   ¥®¤®à®¤®áâïå ¯®¢¥àå®áâ¨,   â ª¦¥
ã¬¥ìè¥¨¥¬ ¨â¥á¨¢®áâ¨ à áá¥ï¨ï   ¯®«ïàëå ä®® å. �®-
¢¥¤¥¨¥ ªà¨¢ëå á¢¨¤¥â¥«ìáâ¢ã¥â â ª¦¥ ® â®¬, çâ® ¢ ãá«®¢¨ïå, ª®£¤ 
à¥ «¨§ã¥âáï í«¥ªâà¨ç¥áª¨© ª¢ â®¢ë© ¯à¥¤¥«, ¤à¥©ä®¢ ï áª®à®áâì
í«¥ªâà®®¢ ¯à ªâ¨ç¥áª¨ ¥ § ¢¨á¨â ®â â¥¬¯¥à âãàë ªà¨áâ «« .

� ª¨¬ ®¡à §®¬, ¢ ¤ ®© à ¡®â¥ ¬¥â®¤®¬ �®â¥-� à«® ¡ë« 

à ááç¨â   ¤à¥©ä®¢ ï áª®à®áâì ®¤®¬¥àëå í«¥ªâà®®¢,  å®¤ï-
é¨åáï ¢ ª¢ â®¢®© ï¬¥ GaAs-ª¢ â®¢®© ¯à®¢®«®ª¨ ¢ ãá«®¢¨ïå í«¥ª-
âà¨ç¥áª®£® ª¢ â®¢®£® ¯à¥¤¥« . �®«ãç¥ë¥ à¥§ã«ìâ âë ¯®§¢®«¨«¨

á¤¥« âì ¢ë¢®¤ ® â®¬, çâ® § ¬¥âë© à §®£à¥¢ í«¥ªâà®®¢ ¢ à áá¬®-
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âà¥®© áâàãªâãà¥  ç¨ ¥âáï ¯à¨  ¯àï¦¥®áâïå í«¥ªâà¨ç¥áª®£®

¯®«ï, ¡®«ìè¨å 5 · 105�/¬. �®ª § ® â ª¦¥, çâ® ¢ ãá«®¢¨ïå ¯à¨-
ïâëå ¬®¤¥«ìëå ¯à¨¡«¨¦¥¨© ¨ ¤®¯ãé¥¨© ¯à¨ ¯®«ïå, ¡®«ìè¨å
5 · 105�/¬, ®á®¢®¥ ¢«¨ï¨¥   ¤à¥©ä®¢ãî áª®à®áâì ®ª §ë¢ ¥â

à áá¥ï¨¥   ¯®«ïàëå ®¯â¨ç¥áª¨å ä®® å ¨ ¥®¤®à®¤®áâïå

¯®¢¥àå®áâ¨.
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