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�à¥¤áâ ¢«¥ë ç áâ®âë¥ § ¢¨á¨¬®áâ¨ ¬ «®á¨£ «ì®© ¤¨ ¬¨ç¥áª®© ¯à®¢®¤¨¬®áâ¨ á¨¬¬¥âà¨ç-
®© ¨ ¥á¨¬¬¥âà¨ç®© ¤¢ãå¡ àì¥àëå £¥â¥à®áâàãªâãà, à ááç¨â ëå ¢ ®¤®í«¥ªâà®®¬ ¯à¨¡«¨-
¦¥¨¨. �á®¡®¥ ¢¨¬ ¨¥ ã¤¥«¥® á«ãç î âã¥«¨à®¢ ¨ï í«¥ªâà®®¢ ç¥à¥§ ¢¥àå¨¥ ¬¨¨§®ë.
� ¯à¨¡«¨¦¥¨¨ ¢ëá®ª®© ¬®é®áâ¨ (è¨à¨ë) ¡ àì¥à®¢ ¯®«ãç¥®   «¨â¨â¨ç¥áª®¥ ¢ëà ¦¥¨¥

¤«ï ¤¨ ¬¨ç¥áª®© ¯à®¢®¤¨¬®áâ¨ ¤¢ãå¡ àì¥à®© à¥§® á®-âã¥«ì®© áâàãªâãàë, á®£« áãîé¥¥áï
á® áâà®£¨¬ à áç¥â®¬. �®ª § ®, çâ®:  ) ¤¨ ¬¨ç¥áª ï ¯à®¢®¤¨¬®áâì ¢®§à áâ ¥â ª ª ç¥â¢¥àâ ï

áâ¥¯¥ì è¨à¨ë ¡ àì¥à®¢, ¡) ª¢ â®¢ë¥ ¯¥à¥å®¤ë á ç¥âë¬ ¨§¬¥¥¨¥¬ ®¬¥à  ãà®¢ï § ¯à¥é¥ë,
¢) ¤¨ ¬¨ç¥áª ï ¯à®¢®¤¨¬®áâì ®¡à â® ¯à®¯®àæ¨® «ì  âà¥âì¥© áâ¥¯¥¨ ç áâ®âë, ¥á«¨ à ááâ®ï¨¥
¬¥¦¤ã ãà®¢ï¬¨ ¬¥ï¥âáï á ç áâ®â®© â ª, çâ® ¢á¥ ¢à¥¬ï ¢ë¯®«ïîâáï ãá«®¢¨ï à¥§® á . �
§ ¢¨á¨¬®áâ¨ ®â ®¬¥à®¢ à ¡®ç¨å ãà®¢¥© à ááç¨â   ¬ ªá¨¬ «ì® ¢®§¬®¦ ï ¨â¥á¨¢®áâì

¨§«ãç â¥«ìëå ¯¥à¥å®¤®¢ ¤¢ãå¡ àì¥àëå £¥â¥à®áâàãªâãà ¢ ãá«®¢¨ïå ¯®áâ®ïáâ¢  ¯«®â®áâ¨ â®ª 

¯¨â ¨ï ¨ å à ªâ¥à®£® ¢à¥¬¥¨  àãè¥¨ï ª®£¥à¥â®áâ¨, ¢ë§ë¢ ¥¬®£® ä®®ë¬ à áá¥ï¨¥¬.
�®ª § ®, çâ® ¨â¥á¨¢®áâì § ¬¥â® ¢®§à áâ ¥â, ¥á«¨ ¢ ª ç¥áâ¢¥ à ¡®ç¥£® ¨á¯®«ì§®¢ âì ¥ ®á®¢®©,
 ,  ¯à¨¬¥à, ç¥â¢¥àâë© ãà®¢¥ì áâàãªâãàë.

1. �¢¥¤¥¨¥

� ¬®£®ç¨á«¥ëå à ¡®â å, ¯®á¢ïé¥ëå ¨áá«¥¤®-
¢ ¨î à¥§® á®-âã¥«ìëå áâàãªâãà (���) (á¬.,
 ¯à¨¬¥à, [1–5]), ¡®«ìè®¥ ¢¨¬ ¨¥ ã¤¥«ï«®áì ¨§-
ãç¥¨î ¤¨ ¬¨ç¥áª®© ¯à®¢®¤¨¬®áâ¨ σ. � ¬ «®á¨£-
 «ì®¬ ¯à¨¡«¨¦¥¨¨ íâ  ¯à®¢®¤¨¬®áâì   ç áâ®â¥

ω ®¯à¥¤¥«ï¥âáï à §®áâìî ¢ëå®¤ïé¨å ¨§ ¤¢ãå¡ -
àì¥à®© à¥§® á®-âã¥«ì®© áâàãªâãàë (�����)
¯®â®ª®¢ í«¥ªâà®®¢ J ª ª ¯®£«®â¨¢è¨å (J(ε + ~ω)),
â ª ¨ ¨á¯ãáâ¨¢è¨å (J(ε−~ω)) ª¢ â í¥à£¨¨ ~ω [6,7]:

σ(ε, ω) =
2~ω
aE2

[
J(ε+ ~ω)− J(ε− ~ω)

]
, (1)

£¤¥ 2E —  ¬¯«¨âã¤  ¯¥à¥¬¥®£® ¯®«ï ç áâ®âë ω,
a — à §¬¥à ®¡« áâ¨ «®ª «¨§ æ¨¨ ¢ëá®ª®ç áâ®â®£®

(��) ¯®«ï, ε — í¥à£¨¨ í«¥ªâà®®¢. �á®¡ë© ¨â¥à¥á
¯à¥¤áâ ¢«ï¥â ¯à®¡«¥¬  ¯®«ãç¥¨ï ®âà¨æ â¥«ì®© ¤¨-
 ¬¨ç¥áª®© ¯à®¢®¤¨¬®áâ¨ (���) σ ¢ ��æ-¤¨ ¯ §®¥
ç áâ®â, £¤¥ ¥¤ ¢® ¡ë« ¢¯¥à¢ë¥ íªá¯¥à¨¬¥â «ì®

à¥ «¨§®¢  ã¨¯®«ïàë© « §¥à   á¢¥àåà¥è¥âª¥ [8].
� à ªâ¥à¨áâ¨ª¨ ��� ¢ ¡®«ìè®© ¬¥à¥ ®¯à¥¤¥«ïîâ-

áï á¯®á®¡®¬ ¨¦¥ªæ¨¨ í«¥ªâà®®¢ ¢ãâàì áâàãªâãàë,
ª®â®à ï ®¡ëç® ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ ¯à¨«®¦¥¨ï

 ¯àï¦¥¨ï, á¬¥é îé¥£® á¨áâ¥¬ã ª¢ §¨ãà®¢¥© (¬¨-
¨§®) áâàãªâãàë ¢¨§, á â¥¬ çâ®¡ë ®¤¨ ¨§ ãà®¢¥©

®ª § «áï ¢ ¤®áâ â®ç®© ¡«¨§®áâ¨ ®â ¤  §®ë ¯à®-
¢®¤¨¬®áâ¨ ¢å®¤®£® ª®â ªâ  ���, £¤¥ ®¡¥á¯¥ç¨¢ -
îâáï ãá«®¢¨ï ¨â¥á¨¢®£® ¯¥à¥â¥ª ¨ï í«¥ªâà®®¢

  íâ®â ãà®¢¥ì. �¤ ª® ¯à¨«®¦¥®¥  ¯àï¦¥¨¥

áãé¥áâ¢¥®  àãè ¥â á¨¬¬¥âà¨î ���, çâ® ¢¥¤¥â

ª ã¬¥ìè¥¨î ¬ ªá¨¬ «ì®© âã¥«ì®© ¯à®§à ç®-
áâ¨ (ª®íää¨æ¨¥â  ¯à®å®¦¤¥¨ï) T ¯® áà ¢¥¨î á

T = 1 ¯à¨ ¯®«®© á¨¬¬¥âà¨¨ áâàãªâãàë. �â® ®£à -

¨ç¨¢ ¥â íää¥ªâ¨¢®áâì ¥¯®áà¥¤áâ¢¥®© ¨¦¥ªæ¨,
®á®¡¥® ¢ ¢ëáè¨¥ ¬¨¨§®ë ���. � æ¥«ìî ®¡®©â¨

íâ® ®£à ¨ç¥¨¥ ¢ à ¡®â¥ [9] ¡ë« íªá¯¥à¨¬¥â «ì®

¨áá«¥¤®¢  á¯®á®¡, ®á®¢ ë©   ¯à¨¬¥¥¨¨ ¨-
¦¥ªâ®à , à §£®ïîé¥£® í«¥ªâà®ë ¤® ã¦®© í¥à-
£¨¨. �ë«  ¯à®¤¥¬®áâà¨à®¢   ¢®§¬®¦®áâì ª®£¥-
à¥â®£® âã¥«¨à®¢ ¨ï í«¥ªâà®®¢ ¢ à¥§® á®-
âã¥«ì®© áâàãªâãà¥ á ¨¦¥ªâ®à®¬, ¢ â®¬ ç¨á«¥ ¨

¯® ¢ëáè¨¬ ãà®¢ï¬. �á®¢ë¢ ïáì   íâ®¬, ¢ [10] ¡ë«®
â¥®à¥â¨ç¥áª¨ ¯®ª § ®, çâ® ¨¦¥ªæ¨ï í«¥ªâà®®¢ ¢®
2-î ¬¨¨§®ã ¤¢ãå¡ àì¥à®© à¥§® á®-âã¥«ì®©
áâàãªâãàë ¬®¦¥â ®¡¥á¯¥ç¨âì ®âà¨æ â¥«ìãî ¤¨ -
¬¨ç¥áªãî ¯à®¢®¤¨¬®áâì, ¤®áâ â®çãî ¤«ï à ¡®âë

¨äà ªà á®£® (��) « §¥à .

�  áâ®ïé¥© áâ âì¥, à §¢¨¢ ï ¯®¤å®¤ [10,11], ¬ë
¨áá«¥¤ã¥¬ ¤¨ ¬¨ç¥áªãî ¯à®¢®¤¨¬®áâì �����, ¢®§-
¨ª îéãî ¯à¨ ¯à®å®¦¤¥¨¨ í«¥ªâà®®¢ ¯® ¢ëáè¨¬

à¥§® áë¬ ãà®¢ï¬ áâàãªâãàë.

2. � áç¥â ¤¨ ¬¨ç¥áª®© ¯à®¢®¤¨¬®áâ¨

¯à¨ ¨¦¥ªæ¨¨ í«¥ªâà®®¢ ¢ ¢ëáè¨¥

¬¨¨§®ë ¤¢ãå¡ àì¥à®©

à¥§® á®-âã¥«ì®© áâàãªâãàë

� à ¡®â¥ [12] ¡ë«® ¯®ª § ®, çâ® ¯à¨ ¤¢¨¦¥¨¨

í«¥ªâà®  á í¥à£¨¥© ε ç¥à¥§ ª¢ â®¢®-à §¬¥àãî
áâàãªâãàã á ¥¬®®â®® ¨§¬¥ïîé¨¬áï áâ â¨ç¥-
áª¨¬ ª®íää¨æ¨¥â®¬ ¯à®å®¦¤¥¨ï T (ε) ¢¥à®ïâ®áâì
¯®£«®é¥¨ï ¨«¨ ¨á¯ãáª ¨ï í«¥ªâà®®¬ ª¢ â  ~ω
¬ ªá¨¬ «ì , ¥á«¨ í¥à£¨ï í«¥ªâà® , ¨á¯ëâ ¢è¥-
£® áâ®«ª®¢¥¨¥ á ä®â®®¬, ¡«¨§ª  ª í¥à£¨¨ Em,
á®®â¢¥âáâ¢ãîé¥© ¬ ªá¨¬ã¬ã |T (ε)|. �«¥¤®¢ â¥«ì®,
¬®¤ã«ì ¯à®¢®¤¨¬®áâ¨ à¥§ª® ¢®§à áâ ¥â   ç áâ®â¥
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�¨á. 1. � ¢¨á¨¬®áâì  ªâ¨¢®© ¯à®¢®¤¨¬®áâ¨ ¤¢ãå¡ -
àì¥à®© à¥§® á®-âã¥«ì®© áâàãªâãàë σ ®â ®à¬¨-
à®¢ ®© ç áâ®âë ω/ω0 (ω0 = ε0/~) ¯à¨ ¯à®å®¦¤¥¨¨

¬®®í¥à£¥â¨ç¥áª®£® ¯®â®ª  í«¥ªâà®®¢ á ª®æ¥âà æ¨¥©

n = 1017 á¬−3 ç¥à¥§ 2-© à¥§® áë© ãà®¢¥ì. � à ¬¥âàë
áâàãªâãàë: a = 95 Å, ϕb = 1.04 í�, b = 11 Å. �¥à£¨ï
í«¥ªâà®®¢ ε: E2 = 4.05ε0 (á¯«®è ï «¨¨ï), 3.9ε0 (èâà¨-
å®¢ ï), 4.2ε0 (èâà¨å¯ãªâ¨à ï); ε0 = 51.24¬í�.

ω = |Em − ε|/~. �¤ ª® ¯à¨ ¥à¥§® á®¬ ¯à®-
å®¦¤¥¨¨ í«¥ªâà®®¢ ç¥à¥§ ����� ¢¥«¨ç¨  ���

®£à ¨ç¨¢ ¥âáï â¥¬, çâ® ¨§-§  ¨§ª®£® ª®íää¨æ¨¥â 
¯à®å®¦¤¥¨ï T (ε) áà ¢¨â¥«ì® ¬ « ï ¤®«ï í«¥ª-
âà®®¢ ¯®¯ ¤ ¥â ¢ áâàãªâãàã ¨ ¢§ ¨¬®¤¥©áâ¢ã¥â á

�� ¯®«¥¬. �®íâ®¬ã, ¥áâ¥áâ¢¥®, ¢®§¨ª ¥â ¯à¥¤¯®-
«®¦¥¨¥, ¯®¤â¢¥à¦¤¥®¥ ¢ [10] áâà®£¨¬ ª¢ â®¢®-
¬¥å ¨ç¥áª¨¬ à áç¥â®¬, çâ® ¢¥à®ïâ®áâì ¢§ ¨¬®¤¥©-
áâ¢¨ï á �� ¯®«¥¬ § ç¨â¥«ì® ã¢¥«¨ç¨¢ ¥âáï, ¥á«¨
í«¥ªâà®ë ¯à®å®¤ïâ ç¥à¥§ ����� ¥ ¯® ¯¥à¢®¬ã,  
¯® ¢â®à®¬ã à¥§® á®¬ã ãà®¢î,   ç áâ®â  ª®«¥¡ -
¨© ¯®«ï á®®â¢¥âáâ¢ã¥â à ááâ®ï¨î ¬¥¦¤ã ãà®¢ï¬¨.
�à¨ íâ®¬ ¢¥«¨ç¨  ��� à¥§ª® ¢®§à áâ ¥â ¨ ¬®¦¥â

áâ âì ¤ ¦¥ § ¬¥â® ¡®«ìè¥ áâ â¨ç¥áª®© (á¬. à¨á. 1).

�«ï ¯®«ãç¥¨ï ¢ëá®ª¨å § ç¥¨© ��� ¢ ¯à¨æ¨¯¥

¢®§¬®¦® ¨á¯®«ì§®¢ ¨¥ ¥ â®«ìª® 1-£® ¨ 2-£®, ®
¨ ¡®«¥¥ ¢ëá®ª¨å à¥§® áëå ãà®¢¥©. � áá¬®âà¨¬
íâ®â ¢®¯à®á   ¯à¨¬¥à¥ ¯à®áâ¥©è¥© á¨¬¬¥âà¨ç®©

¤¢ãå¡ àì¥à®© áâàãªâãàë â®«é¨®© a á â®ª¨¬¨

(δ-®¡à §ë¬¨) ¡ àì¥à ¬¨ ¢ëá®â®© ϕb ¨ â®«é¨®©

b [11] ¢ ®âáãâáâ¢¨¥ ¯®áâ®ï®£® í«¥ªâà¨ç¥áª®£® ¯®-
«ï. �  à¨á. 2 ¯à¨¢¥¤¥  à ááç¨â  ï ¯® ¬¥â®¤¨-
ª¥ [11] § ¢¨á¨¬®áâì  ªâ¨¢®© ¯à®¢®¤¨¬®áâ¨ σ(ε) ¯à¨
¯à®å®¦¤¥¨¨ ¬®®í¥à£¥â¨ç¥áª¨å í«¥ªâà®®¢ ç¥à¥§

8-®© à¥§® áë© ãà®¢¥ì áâàãªâãàë á ¯ à ¬¥âà ¬¨

a = 275 Å, ϕb = 1.04 í� ¨ b = 11 Å (¤«ï â ª®© áâàãª-
âãàë ç áâ®â  ¯¥à¥å®¤®¢ á 1-£®   2-®© à¥§® áë©

ãà®¢¨ ν = ω/2π ' 5��æ). �ãªâ¨à®¬   à¨á. 2, a

®â¬¥ç¥ë ç áâ®âë, á®®â¢¥âáâ¢ãîé¨¥ ¯¥à¥å®¤ ¬  

ç¥âë¥ ãà®¢¨. �ï¤®¬ á ¬ ªá¨¬ã¬ ¬¨ ¨ ¯ãªâ¨àë-

¬¨ «¨¨ï¬¨ ¯®áâ ¢«¥ë ®¬¥à  ãà®¢¥©,   ª®â®àë¥

á®¢¥àè îâáï ¯¥à¥å®¤ë. � ¤® ®â¬¥â¨âì, çâ® ¤«ï ¤ -

®© áâàãªâãàë à áç¥â ®á¨â áã£ã¡® ¯à¨¡«¨¦¥ë©

å à ªâ¥à, â ª ª ª ¢ ¥¬ ¥ ãç¨âë¢ îâáï â ª¨¥ áã-

é¥áâ¢¥ë¥ ®á®¡¥®áâ¨ §®®© áâàãªâãàë ¯®«ã¯à®-

¢®¤¨ª®¢®£® ¬ â¥à¨ «  ª ª ¥¯ à ¡®«¨ç®áâì § ª® 

¤¨á¯¥àá¨¨ ¨  «¨ç¨¥ ¤®«¨ L ¨ X. �¨¤®, çâ® ¯à®-

�¨á. 2. � ¢¨á¨¬®áâì  ªâ¨¢®© ¯à®¢®¤¨¬®áâ¨ ¤¢ãå¡ -
àì¥à®© à¥§® á®-âã¥«ì®© áâàãªâãàë σ ®â ®à¬¨-
à®¢ ®© ç áâ®âë ω/ω0 (ω0 = ε0/~) ¯à¨ ¯à®å®¦¤¥¨¨

¬®®í¥à£¥â¨ç¥áª®£® ¯®â®ª  í«¥ªâà®®¢ á ª®æ¥âà æ¨¥©

n = 1017 á¬−3 ç¥à¥§ 8-© à¥§® áë© ãà®¢¥ì. � à ¬¥âàë
áâàãªâãàë: a = 275 Å, ϕb = 1.04 í�, b = 11 Å. �¥à£¨ï
í«¥ªâà®®¢ ε: a — E8 = 64.8ε0; b — E8 (á¯«®èë¥
«¨¨¨), 64.2ε0 (èâà¨å®¢ë¥), 65.4ε0 (èâà¨å¯ãªâ¨àë¥);
ε0 = 6.91¬í�.
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¢®¤¨¬®áâì ª ª ¯à¨ ¯¥à¥å®¤ å ¬¥¦¤ã 2-¬ ¨ 1-¬, â ª ¨
¯à¨ ¯¥à¥å®¤ å ¬¥¦¤ã 8-¬ ¨ ¥ç¥âë¬¨ à¥§® áë¬¨
ãà®¢ï¬¨ ®á¨â à¥§® áë© å à ªâ¥à. �¥à®ïâ®áâì
¯¥à¥å®¤®¢   ç¥âë¥ ãà®¢¨ ¬ «  (¬®¦® áª § âì

â ª¨¥ ¯¥à¥å®¤ë § ¯à¥é¥ë). �à¨ íâ®¬ ¯à¨ ¯¥à¥å®¤ å
¬¥¦¤ã 8-¬ ¨ 7-¬ ãà®¢ï¬¨ ¬ ªá¨¬ã¬ ¯à®¢®¤¨¬®áâ¨

 ¡«î¤ ¥âáï ¯à¨ í¥à£¨¨, ¥ â®ç® á®®â¢¥âáâ¢ãîé¥©
à¥§® á®¬ã ¯à®å®¦¤¥¨î ç¥à¥§ 8-© ãà®¢¥ì E8,  
¬¥ìè¥© (à¨á. 2, b). �¡êïáï¥âáï íâ® â¥¬, çâ® ¢

íâ®¬ á«ãç ¥ áãé¥áâ¢¥ë¬¨ áâ ®¢ïâáï ¯¥à¥å®¤ë á

8-£® ãà®¢ï ¥ â®«ìª®   7-®©, ® ¨   è¨à®ª¨©

9-© ãà®¢¥ì. � íâ®¬ á«ãç ¥ ¯à¨ ε < E8 á®§¤ îâáï

ãá«®¢¨ï, ª®£¤  à §¨æ  ¢ ç¨á«¥ ¯¥à¥å®¤®¢   7-© ¨

9-© ãà®¢¥ì ®ª §ë¢ ¥âáï ¡®«ìè¥, ç¥¬ ¯à¨ ε = E8. �à¨
¯¥à¥å®¤ å   ¡®«¥¥ ¨§ª¨¥ à¥§® áë¥ ãà®¢¨ ¬ ª-
á¨¬ã¬ ¯à®¢®¤¨¬®áâ¨  ¡«î¤ ¥âáï ¯à¨ í¥à£¨¨ í«¥ª-
âà®®¢ áâà®£® à ¢®© E8 ( ¤® ®â¬¥â¨âì, çâ® è¨à¨ 
8-£® ãà®¢ï Γ8 = 21.3¬í�  ¬®£® ¡®«ìè¥ è¨à¨ë

¯¥à¢®£® Γ1 = 0.053¬í�.) �¨¤®, çâ® ¤«ï ¤ ®©

áâàãªâãàë   ç áâ®â å, á®®â¢¥âáâ¢ãîé¨å ¯¥à¥å®¤ ¬
  à §à¥è¥ë¥ (¢ ¤ ®¬ á«ãç ¥ ¥ç¥âë¥) ãà®¢¨
¬ ªá¨¬ «ì ï ¢¥«¨ç¨  ¯à®¢®¤¨¬®áâ¨  ¡«î¤ ¥âáï

¯à¨ ¯¥à¥å®¤ å ¬¥¦¤ã á®á¥¤¨¬¨ ãà®¢ï¬¨. �¥à®ïâ-
®áâì ¯¥à¥å®¤®¢   á«¥¤ãîé¨¥ à §à¥è¥ë¥ ãà®¢¨

®ª §ë¢ îâáï § ¬¥â® ¬¥ìè¥©,   § â¥¬ á à®áâ®¬

à §¨æë ®¬¥à®¢ ãà®¢¥© ¢¥à®ïâ®áâì ¯¥à¥å®¤   

¨å ®¯ïâì ¢®§à áâ ¥â.
�à¥¤áâ ¢«ï¥âáï ¨â¥à¥áë¬ ¯à®á«¥¤¨âì, ª ª ¥-

á¨¬¬¥âà¨ï áâàãªâãàë (à §«¨ç¨¥ ¢ ¬®é®áâ¨ 1-£®
¨ 2-£® ¡ àì¥à®¢) ¢«¨ï¥â   ¢¥«¨ç¨ã à¥§® á®©

¢ëá®ª®ç áâ®â®© ¯à®¢®¤¨¬®áâ¨. �  à¨á. 3 ¯à¨¢¥¤¥ë
§ ¢¨á¨¬®áâ¨ σN ¯à¨ ¯à®å®¦¤¥¨¨ í«¥ªâà®®¢ ç¥à¥§

4-© à¥§® áë© ãà®¢¥ì ®â â®«é¨ë 2-£® ¡ àì¥à 

b2 ¯à¨ ä¨ªá¨à®¢ ®© â®«é¨¥ 1-£® (b1) ¨  ®¡®-
à®â. � ¤® ®â¬¥â¨âì, çâ® ¢ á«ãç ¥ ¥á¨¬¬¥âà¨ç®©

áâàãªâãàë, ª ª ¨ ¢ á«ãç ¥ á¨¬¬¥âà¨ç®© áâàãªâãàë,
¬ ªá¨¬ã¬ ¯à®¢®¤¨¬®áâ¨  ¡«î¤ ¥âáï ¥   ç áâ®â¥

ωNL = |EN − EL|/~,     ç áâ®â¥, ¡«¨§ª®© ª ¥©.
�«ï áà ¢¥¨ï   íâ®¬ ¦¥ £à ä¨ª¥ ¯à¨¢¥¤¥ë § -
¢¨á¨¬®áâ¨ σN (b), ª®£¤  ®¤®¢à¥¬¥® ã¢¥«¨ç¨¢ ¥âáï
â®«é¨  ®¡®¨å ¡ àì¥à®¢ (¨§¬¥¥¨¥ â®«é¨ë ª ¦¤®-
£® ¡ àì¥à  b à ¢® ¯®«®¢¨¥ ¨§¬¥¥¨ï â®«é¨ë 2-£®
¡ àì¥à  ¢ 1-¬ á«ãç ¥: b = (b1 + b2)/2).
�§ à¨á. 3 ¢¨¤®, çâ® á à®áâ®¬ â®«é¨ë 2-£® ¡ -

àì¥à  ¢¥«¨ç¨  σN ¢ ç «¥ ¡ëáâà® ¢®§à áâ ¥â (¯®-
çâ¨ â ª ¦¥, ª ª ¨ ¢ á¨¬¬¥âà¨ç®© áâàãªâãà¥),  
§ â¥¬ ¢ëå®¤¨â   ¯à¨¬¥à® ¯®áâ®ï®¥ § ç¥¨¥. �
á«ãç ¥ ã¢¥«¨ç¥¨ï â®«é¨ë 1-£® ¡ àì¥à   ¡«î¤ -
¥âáï á®¢¥àè¥® ¤àã£ ï ª àâ¨ : ¢ ç «¥ ¢¥«¨ç¨ 
¯à®¢®¤¨¬®áâ¨ á« ¡® ¢®§à áâ ¥â,   § â¥¬ ¬®®â®®

ã¡ë¢ ¥â. �¡êïá¨âì íâ¨ ®á®¡¥®áâ¨ ¬®¦® á«¥¤ãî-
é¨¬ ®¡à §®¬. �à¨ ã¢¥«¨ç¥¨¨ â®«é¨ë 2-£® ¡ àì¥à 
 ¬¯«¨âã¤  ¢®«®¢®© äãªæ¨¨ í«¥ªâà®®¢ ¢ ç «¥

ã¢¥«¨ç¨¢ ¥âáï,   § â¥¬, ª®£¤  2-© ¡ àì¥à áâ ®¢¨âáï
¤®áâ â®ç® â®«áâë¬ ¨ ¯à ªâ¨ç¥áª¨ ¥ ¯à®¯ãáª ¥â

í«¥ªâà®ë, à®áâ  ¬¯«¨âã¤ë ¢®«®¢®© äãªæ¨¨ ¯à¥-
ªà é ¥âáï. � ¯à¥¤¥«¥, á à®áâ®¬ â®«é¨ë 2-£® ¡ àì¥à 

�¨á. 3. � ¢¨á¨¬®áâì ®â â®«é¨ë ¡ àì¥à  b  ªâ¨¢-
®© ¯à®¢®¤¨¬®áâ¨ ¤¢ãå¡ àì¥à®© à¥§® á®-âã¥«ì®©
áâàãªâãàë σN (a = 275 Å, ϕb = 1.04 í�) ¯à¨ ¯à®å®¦¤¥¨¨
í«¥ªâà®®¢ ç¥à¥§ 4-© à¥§® á© ãà®¢¥ì. �¯«®èë¥ «¨-
¨¨ — § ¢¨á¨¬®áâ¨ σN (b) ¯à¨ ¨§¬¥¥¨¨ â®«é¨ë ®¡®¨å

¡ àì¥à®¢, èâà¨å®¢ë¥ — σN(b2) ¯à¨ b1 = const, èâà¨å-
¯ãªâ¨àë¥ — σN (b1) ¯à¨ b2 = const. �¨äà ¬¨ ã ªà¨¢ëå
®¡®§ ç¥ë ®¬¥à  ãà®¢¥©,   ª®â®àë¥ á®¢¥àè îâáï

¯¥à¥å®¤ë.

à¥ «¨§ã¥âáï á¨âã æ¨ï ¡ àì¥à–〈ãç áâ®ª ¢ �� ¯®«¥¬〉–
〈¡¥áª®¥ç ï áâ¥ª 〉. �®®â¢¥âáâ¢¥® ¢¥¤¥â á¥¡ï ¨

¢¥«¨ç¨  ¯à®¢®¤¨¬®áâ¨: ¢ ç «¥ ¢®§à áâ ¥â,   § â¥¬
¯à ªâ¨ç¥áª¨ ¥ ¨§¬¥ï¥âáï. �à¨ íâ®¬, ª ª ¯®ª §ë¢ -
îâ à áç¥âë, ¡®«ìè¨áâ¢® ¯à®¢§ ¨¬®¤¥©áâ¢®¢ ¢è¨å á
�� ¯®«¥¬ í«¥ªâà®®¢ ãå®¤¨â  «¥¢® (®âà ¦ ¥âáï ®â
áâ¥ª¨). � á«ãç¥ ã¢¥«¨ç¥¨ï â®«é¨ë 1-£® ¡ àì¥à ,
¢á¥ ¬¥ìè¥ í«¥ªâà®®¢ ¯à®å®¤¨â ¢ãâàì ����� ¨,
 ç¨ ï á ª ª®£®-â® ¬®¬¥â ,  ¬¯«¨âã¤  ¢®«®¢®©

äãªæ¨¨ ã¬¥ìè ¥âáï, á®®â¢¥âáâ¢¥® ã¬¥ìè ¥âáï
¨ ¢¥«¨ç¨  ¯à®¢®¤¨¬®áâ¨. �à¨ íâ®¬, ¥áâ¥áâ¢¥®,
¡®«ìè¨áâ¢® ¯à®¢§ ¨¬®¤¥©áâ¢®¢ ¢è¨å á �� ¯®«¥¬

í«¥ªâà®®¢ ãå®¤¨â  ¯à ¢® (®âà ¦ ¥âáï ®â 1-£® ¡ -
àì¥à ).

3. �à¨¡«¨¦¥¨¥ ¡ àì¥à®¢ ¡®«ìè®©

”¬®é®áâ¨”

�«ï ®¡êïá¥¨ï íâ¨å § ª®®¬¥à®áâ¥© æ¥«¥á®-
®¡à §® ¯®«ãç¨âì   «¨â¨ç¥áª®© ¢ëà ¦¥¨¥ ¤¨ -
¬¨ç¥áª®© ¯à®¢®¤¨¬®áâ¨. �à¥¤¯®«®¦¨¬, çâ® ª áâàãª-
âãà¥ ¯à¨«®¦¥® á« ¡®¥ ®¤®à®¤®¥ í«¥ªâà¨ç¥áª®¥

¯®«¥, ª®â®à®¥ ¨§¬¥ï¥âáï á® ¢à¥¬¥¥¬ ¯® § ª®ã

E(t) = E(eiωt + e−iωt). �«ï ®¯à¥¤¥«¥®áâ¨ áç¨â ¥¬,
çâ® í«¥ªâà®ë ¤¢¨¦ãâáï á«¥¢   ¯à ¢®. �®£¤ , á

ãç¥â®¬ á¤¥« ëå ¢ëè¥ ¤®¯ãé¥¨©, ¥áâ æ¨® à®¥
ãà ¢¥¨¥ �à¥¤¨£¥à  ¨¬¥¥â ¢¨¤

i~
∂Ψ

∂t
= −

~2

2m∗
∂Ψ

∂x2
+ αδ(x)Ψ + αδ(x− a)Ψ +H(x, t)Ψ,
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H(x, t)=−qE
[
x[θ(x)−θ(x−a)]+aθ(x−a)

](
eiωt+ e−iωt

)
.

(2)
�¤¥áì q, m∗ — § àï¤ ¨ ¬ áá  í«¥ªâà® , α = ϕbb,
θ(x) — ¥¤¨¨ç ï äãªæ¨ï. �á«¨ ¢®«®¢ ï äãªæ¨ï
®á®¢®£® á®áâ®ï¨ï Ψ0, ®à¬¨à®¢ ¨ï   ®¤¨ í«¥ª-
âà®, ¨¬¥¥â ¢¨¤

Ψ0(x) =


exp ikx+D exp ikx x < 0,

A sin kx+B cos kx 0 < x < a,

C exp[ik(x− a)] x > a,

(3)

â® ¢ ¯à¨¡«¨¦¥¨¨ ¬ «®£® á¨£ «  ¯®¯à ¢ª  Ψ1 ª ¥©

à ¢  [7]

Ψ1 = Ψ+(x)e−i(ω0+ω)t + Ψ−(x)e−i(ω0−ω)t,

£¤¥ ω0 = ε/~, ε — í¥à£¨ï í«¥ªâà®®¢, ¯ ¤ îé¨å  
áâàãªâãàã, k = (2m∗ε/~2)1/2 — ¨å ¢®«®¢®© ¢¥ªâ®à.
�ãªæ¨¨ Ψ± ¤«ï ¤ ®© áâàãªâãàë ¨¬¥îâ ¢¨¤

Ψ±(x)=


D± exp(−ik±x) x<0,

A± sink±x+Bx cos k±x+ χ±(x) 0<x<a,

C± exp[ik±(x−a)]+P± exp[ik(x−a)] x>a,

(4)
£¤¥ k± = [2m∗(ω0 ± ω)/~]1/2, P± = ∓qEaΨ0(a)/~ω,  
χ±(x) — ç áâë¥ à¥è¥¨ï ãà ¢¥¨ï

~(ω0 ± ω)χ±(x) = −
~2

2m∗
∂χ±

∂x2
− qExΨ0(x). (5)

� ¤ ®¬ á«ãç ¥ (á¬. [11])

χ±(x) = ∓
qEx

~ω
Ψ0(x) +

qE

m∗ω2
Ψ′0(x). (6)

�®íää¨æ¨¥âë A±, B±, C±, D±  å®¤ïâáï ¨§ ãá«®-
¢¨© áè¨¢ ¨ï ¢®«®¢®© äãªæ¨¨ ¨ ¥¥ ¯à®¨§¢®¤ëå  

¡ àì¥à å ¢ ª ¦¤ë© ¬®¬¥â ¢à¥¬¥¨ [11],   á¨áâ¥¬ 
¤«ï ¨å ®¯à¥¤¥«¥¨ï ¢ ¬ âà¨ç®© ä®à¬¥ ¨¬¥¥â ¢¨¤

1 0 −1 0
ik± − y k± 0 0

0 sink±a cos k±a −1
0 −k± cos k±a k± sin k±a ik± − y



×


D±
A±
B±
C±

 =


f1

f2

f3

f4

 , (7)

£¤¥

f1 = χ±(0), f2 = −χ′±(0),

f3 = P±−χ±(a), f4 = (y−ik)P±+χ′±(a), y = 2m∗α/~2.

�¥è¥¨¥ (7) ¨¬¥¥â ¯à®áâ®©, ® ¤®¢®«ì® £à®¬®§¤ª¨©
¢¨¤ ¨ ¥ã¤®¡® ¤«ï   «¨â¨ç¥áª¨å ¨áá«¥¤®¢ ¨©, ®¤-
 ª® ¯à¨ ®¯à¥¤¥«¥ëå ãá«®¢¨ïå íâ® ã¤ ¥âáï § ¬¥â®

ã¯à®áâ¨âì. �§¢¥áâ®, çâ® ¢ ����� ª®íää¨æ¨¥â

¯à®å®¦¤¥¨ï ¨¬¥¥â ç¥âª® ¢ëà ¦¥ë© à¥§® áë©

å à ªâ¥à,   ¢ áâàãªâãà å á â®ª¨¬¨ ¡ àì¥à ¬¨ ¢¥«¨-
ç¨  ¢®«®¢®£® ¢¥ªâ®à , ®¯à¥¤¥«ïîé¥£® à¥§® áë¥
ãà®¢¨,   ª®â®àëå ª®íää¨æ¨¥â ¯à®å®¦¤¥¨ï à ¢¥
1,  å®¤¨âáï ¨§ à¥è¥¨ï âà áæ¥¤¥â®£® ãà ¢¥-
¨ï [13]

tg ka = −
k~2

αm∗
= −

2k

y
, (8)

� ãá«®¢¨ïå à¥§® á®£® âã¥«¨à®¢ ¨ï ª®íää¨-
æ¨¥âë ¥¢®§¬ãé¥®© ¢®«®¢®© äãªæ¨¨ ¨ äãªæ¨¨

f ¢ ãà ¢¥¨¨ (7) ¯à¨¨¬ îâ ¢¨¤

A =
y

k
+i, B = 1, C =

(y
k

+ i
)

sinka+coska, D = 0;

f1 =
qE

m∗ω2
(ik + y), f2 =

qE

~ω

(
±1 +

2ω0

ω

)
,

f3 = −
qE

m∗ω2

[
(ik + y) cos ka− k sin ka

]
,

f4 = −
qE

~ω

(
±1 +

2ω0

ω

)[(y
k

+ i
)

sin ka+ cos ka
]
.

�ãáâì ¬®®í¥à£¥â¨ç¥áª¨© ¯®â®ª í«¥ªâà®®¢ ¯à®å®-
¤¨â ç¥à¥§ à¥§® áë© ãà®¢¥ì á ®¬¥à®¬ N ,   ç -
áâ®â  í«¥ªâà¨ç¥áª®£® ¯®«ï á®®â¢¥âáâ¢ã¥â ¯¥à¥å®¤ ¬

  à¥§® áë© ãà®¢¥ì á ®¬¥à®¬ L. �¯à¥¤¥«¨â¥«ì
á¨áâ¥¬ë (7) ¨¬¥¥â ¢¨¤

∆ = (2k2
± − y

2) sin k±a− 2k± cos k±a

+ 2ik±(k± cosk±a+ y sin k±a). (9)

�à¨ y � k± ¨ ¯à¨ ¢¥«¨ç¨¥ ¢®«®¢®£® ¢¥ªâ®à ,
á®®â¢¥âáâ¢ãîé¥£® à¥§® á®¬ã ãà®¢î, ®¯à¥¤¥«¨-
â¥«ì áâ ®¢¨âáï ¬ « ¨ à ¢¥ ∆ ≈ 2ik2

±(−1)L+1,  
¯à¨ ¯¥à¥å®¤ å ¥   à¥§® áë© ãà®¢¥ì ∆ ≈ k±y.
�®íâ®¬ã ¤«ï ã§ª¨å à¥§® áëå ãà®¢¥© ¡ã¤¥â áãé¥-
áâ¢¥  ¢¥à®ïâ®áâì ¯¥à¥å®¤®¢ â®«ìª® ¬¥¦¤ã ¤¢ã¬ï

ãà®¢ï¬¨. � á«ãç ¥ ¦¥ è¨à®ª¨å ãà®¢¥© á ¡®«ìè¨¬¨
®¬¥à ¬¨ áâ ®¢ïâáï áãé¥áâ¢¥ë¬¨ ¯¥à¥å®¤ë ª ª

  ¨¦¨©, â ª ¨   ¢¥àå¨© ãà®¢¥ì (á¬. à¨á. 2).
�¯à¥¤¥«¨â¥«¨ ¤«ï  å®¦¤¥¨ï C± ¨ D± ¨¬¥îâ ¢¨¤

∆D± = f1

[
k±(ik± − y) cos k±a+ k2

± sink±a
]

− f2

[
(ik± − y) sink±a+ k± cos k±a

]
+ f3k±(ik± − y) + k±f4, (10)

∆C± = −f1k±(ik± − y) + k±f2

− f3

[
k±(ik± − y) cos k±a+ k2

± sin k±a
]

+ f4

[
k± cos k±a− (ik± − y) sin k±a

]
. (11)

�¨§¨ª  ¨ â¥å¨ª  ¯®«ã¯à®¢®¤¨ª®¢, 1997, â®¬ 31, ò 2



�á®¡¥®áâ¨ à¥§® á®£® ¢§ ¨¬®¤¥©áâ¢¨ï í«¥ªâà®®¢ á ¢ëá®ª®ç áâ®âë¬ í«¥ªâà¨ç¥áª¨¬ ¯®«¥¬ ... 141

�à¨ y � k± ¨¬¥¥¬

∆D± ≈
qE

m∗ω2
(ik+y)(ik±−y)k±(cos k±a−coska), (12)

∆C± ≈
qE

m∗ω2
(ik + y)(ik± − y)k±(cos k±a cos ka− 1).

(13)
� ãç¥â®¬ (8) ¢¨¤®, çâ® ¯à¨ ¯¥à¥å®¤ å á ¥ç¥âë¬

¨§¬¥¥¨¥¬ ®¬¥à  ãà®¢ï

| cos k±a− cos ka| ≈ | cos k±a cos ka− 1| ≈ 2,

  ¯à¨ ¥ç¥â®¬ ¨§¬¥¥¨¨ ®¬¥à  ãà®¢ï

| cos k±a− cos ka| ≈ | cos k±a cos ka− 1| ≈ 0.

�â® ¨§¢¥áâ®¥ ¯à ¢¨«® ®â¡®à  ¯® ç¥â®áâ¨ ®¡êïáï-
¥âáï ®á®¡¥®áâï¬¨ á¨¬¬¥âà¨¨ ¢®«®¢ëå äãªæ¨© ¨

¢®§¬ãé¥¨ï.
�®íâ®¬ã ¤«ï ¬®®í¥à£¥â¨ç¥áª¨å í«¥ªâà®®¢ á

ª®æ¥âà æ¨¥© n ¯à¨ ¯¥à¥å®¤ å ¬¥¦¤ã à¥§® áë¬¨
ãà®¢ï¬¨, á ãç¥â®¬ â®£® çâ® ak± ≈ πL,  ªâ¨¢ ï
¯à®¢®¤¨¬®áâì ����� ¨¬¥¥â ¢¨¤

σ ≈ ±
8q2m∗α4n

πL~6ω3

[
1− (−1)N−L

]
. (14)

�®«¥¥ áâà®£¨© à áç¥â á ãç¥â®¬ ¢ ¢ëà ¦¥¨ïå ¤«ï

∆C± ¨ ∆D± ç«¥®¢, ¥ á®¤¥à¦ é¨å y, ¯à¨¢®¤¨â ª
ä®à¬ã«¥

σ ≈ ±
q2n

πL

[
8α2

~3ω3

(
m∗α2

~3
+ 2ω0 ± ω

)][
1− (−1)N−L

]
,

(15)
ª®â®à ï ¢ ®â«¨ç¨¥ ®â (14) ¨¬¥¥â ®â®á¨â¥«ìãî ¯®-
£à¥è®áâì ¯®àï¤ª  (k/y)3,   ¥ (k/y)2. �®¤ç¥àª¥¬,
çâ® ®¡¥ ä®à¬ã«ë ¢ë¢¥¤¥ë ¢ ¯à¥¤¯®«®¦¥¨¨ ¯¥à¥å®-
¤®¢ â®«ìª® ¬¥¦¤ã ¤¢ã¬ï ãà®¢ï¬¨.
�áá«¥¤ã¥¬,  áª®«ìª® â®ç® ¯®«ãç¥ë¥ ä®à¬ã-

«ë ®¯¨áë¢ îâ ¢¥«¨ç¨ã ¯à®¢®¤¨¬®áâ¨ ¢ à¥ «ìëå

áâàãªâãà å ¯à¨ ¥ á«¨èª®¬ ¬ «®¬ ®â®è¥¨¨ k/y.
�  à¨á. 4 ¯à¨¢¥¤¥ë § ¢¨á¨¬®áâ¨ ®â®á¨â¥«ì®© ¯®-
£à¥è®áâ¨ ¢ ¢¥«¨ç¨¥  ªâ¨¢®© ¯à®¢®¤¨¬®áâ¨ (¯à¨
à áç¥â¥ ¯® ä®à¬ã« ¬ (14) ¨ (15)) ®â â®«é¨ë ¡ -
àì¥à®¢ ¯à¨ ¯à®å®¦¤¥¨¨ í«¥ªâà®®¢ ç¥à¥§ 8-© à¥§®-
 áë© ãà®¢¥ì áâàãªâãàë á è¨à¨®© a = 275 Å. � 
íâ®¬ ¦¥ à¨áãª¥ ¯à¨¢¥¤¥  § ¢¨á¨¬®áâì ®â â®«é¨ë

¡ àì¥à  ¯ à ¬¥âà  2k/y. �¨¤®, çâ® ¤«ï â®ª¨å

¡ àì¥à®¢ (b < 20 Å, 2k/y > 0.5) ¯à¨ ¯¥à¥å®¤ å ¬¥¦¤ã
ãà®¢ï¬¨ 8 → 7 § ¢¨á¨¬®áâì ¯à®¢®¤¨¬®áâ¨ «ãçè¥

®¯¨áë¢ ¥âáï ä®à¬ã«®© (14). �â® ®¡êïáï¥âáï â¥¬,
çâ® ¢ áâàãªâãà¥ á â®ª¨¬¨ ¡ àì¥à ¬¨ áãé¥áâ¢¥ë

¯¥à¥å®¤ë ¥ â®«ìª®   7-©, ® ¨   9-© à¥§® áë¥
ãà®¢¨, ¯®íâ®¬ã ®¡¥ ä®à¬ã«ë ¥â®çë,   «ãçè¨¬

®ª §ë¢ ¥âáï ¡®«¥¥ £àã¡®¥ ¯à¨¡«¨¦¥¨¥ (14).
�«¥¤ã¥â ®â¬¥â¨âì, çâ® ¬ ªá¨¬ «ì® ¢®§¬®¦®¥

§ ç¥¨¥ ¯à®¢®¤¨¬®áâ¨ ¯à¨ ¯¥à¥å®¤ å 8 → 7, ª®-
â®à®¥, ª ª ¯®ª §ë¢ ¥â áâà®£¨© à áç¥â, ¤®áâ¨£ ¥âáï
  ç áâ®â¥ ω < (E8−E7)/~ (á¬. à¨á. 2, b), â®ç¥¥

�¨á. 4. � ¢¨á¨¬®áâì ®â®á¨â¥«ì®© ¯®£à¥è®áâ¨

∆ = (σ − σ̃)/σ ®â â®«é¨ë ¡ àì¥à®¢ b ¯à¨ à áç¥â¥

à¥§® á®©  ªâ¨¢®© ¯à®¢®¤¨¬®áâ¨ σ̃ ¯® ä®à¬ã«¥ (15)
(á¯«®èë¥ «¨¨¨) ¨ (14) (èâà¨å®¢ë¥),   â ª¦¥ ¯ à -
¬¥âà  2k/y (èâà¨å¯ãªâ¨à ï «¨¨ï) ¯à¨ ¯à®å®¦¤¥¨¨

í«¥ªâà®®¢ ç¥à¥§ 8-© ãà®¢¥ì ¤¢ãå¡ àì¥à®© áâàãªâãàë

á è¨à¨®© a = 275 Å (¢ëá®â  ¡ àì¥à®¢ ϕb = 1.04 í�).
�¨äà ¬¨ ®¡®§ ç¥ë ®¬¥à  ãà®¢¥©,   ª®â®àë¥ á®¢¥à-
è îâáï ¯¥à¥å®¤ë.

®¯¨áë¢ ¥â ä®à¬ã«  (15). �«ï ¡®«¥¥ â®«áâëå ¡ àì¥-
à®¢ (20 Å< b < 40 Å, 0.25 < 2k/y < 0.5) ä®à¬ã« 
(15) § ¬¥â® â®ç¥¥, ç¥¬ (14). �à¨ ¤ «ì¥©è¥¬

ã¢¥«¨ç¥¨¨ â®«é¨ë áâàãªâãàë, ª ª ¨ á«¥¤®¢ «®

®¦¨¤ âì, à¥§ã«ìâ âë à áç¥â®¢ ¯® ä®à¬ã« ¬ (14) ¨
(15) ®ª §ë¢ îâáï ¯à ªâ¨ç¥áª¨ ®¤¨ ª®¢ë ¨ ¢¥áì¬ 

â®ç® ®¯¨áë¢ îâ ¢¥«¨ç¨ã ¯à®¢®¤¨¬®áâ¨.

4. �æ¥ª  ¬ ªá¨¬ «ì®© ¨â¥£à «ì®©

¯à®¢®¤¨¬®áâ¨ ¤¢ãå¡ àì¥àëå

à¥§® á®-âã¥«ì®© áâàãªâãàë

�¢¥«¨ç¨¢ ï â®«é¨ã ¡ àì¥à®¢, ¬®¦®, ª § «®áì
¡ë, ¯®«ãç âì áª®«ì ã£®¤® ¡®«ìè¨¥ § ç¥¨ï à¥§®-
 á®© ¯à®¢®¤¨¬®áâ¨ �����, ®¤ ª® ¢®§¬®¦®áâì
ã¢¥«¨ç¥¨ï ¯à®¢®¤¨¬®áâ¨ ¯ãâ¥¬ ¯à¨¬¥¥¨ï ¡®«¥¥

â®«áâëå ¡ àì¥à®¢ ®£à ¨ç¥  áã¦¥¨¥¬ ãà®¢ï,  
ª®â®àë© ¨¦¥ªâ¨àãîâáï í«¥ªâà®ë, çâ® ¯à¨¢®¤¨â ª
¢®§à áâ ¨î áà¥¤¥£® ¢à¥¬¥¨  å®¦¤¥¨ï í«¥ªâà®-
  ¢ ï¬¥ ¨, á«¥¤®¢ â¥«ì®, ª ¢®§à áâ ¨î à®«¨ ¯à®-
æ¥áá®¢ à áá¥ï¨ï, ª®â®àë¥  àãè îâ ª®£¥à¥â®áâì
¯à®å®¦¤¥¨ï í«¥ªâà®®¢.
�à¥¤áâ ¢«ïï ¨â¥à¥áë¬, ®£à ¨ç¨¢ ï ¬®é®áâì

¡ àì¥à®¢ ¯à¥¤¥«ìë¬ ãá«®¢¨¥¬ á®åà ¥¨ï ª®£¥à¥â-
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®áâ¨,  ©â¨ § ¢¨á¨¬®áâì ¯à®¢®¤¨¬®áâ¨ ®â ®¬¥à®¢

à ¡®ç¨å ãà®¢¥© L ¨ N .
� á®®â¢¥âáâ¢¨¨ á (14) ¬®®í¥à£¥â¨ç¥áª ï ¯à®¢®¤¨-

¬®áâì σ ¯àï¬® ¯à®¯®àæ¨® «ì  ç¥â¢¥àâ®© áâ¥¯¥¨

¬®é®áâ¨ ¡ àì¥à®¢ α. �¬¥áâ¥ á â¥¬, ª ª ¬®¦® ¯®ª -
§ âì, è¨à¨ M -£® ª¢ §¨ãà®¢ï (M -© í¥à£¥â¨ç¥áª®©
¬¨¨§®ë) ΓM , ®¯à¥¤¥«ï¥¬ ï âã¥«¨à®¢ ¨¥¬ ç¥à¥§
®¤¨ ª®¢ë¥ δ-¡ àì¥àë, ®¡à â® ¯à®¯®àæ¨® «ì  α2:

ΓM =

(
~2πM

m∗

)3
1

α2a4
. (16)

�¨à¨  ª¢ â®¢®© ï¬ë a § ¤ ¥âáï ç áâ®â®© ω ¨

®¬¥à ¬¨ à ¡®ç¨å ãà®¢¥©:

a =

[
π2

2m∗ω
(N2 − L2)

]1/2

, (17)

â ª çâ® ¯à®¢®¤¨¬®áâì ����� ¢ëà ¦ ¥âáï ç¥à¥§

τM = ~/ΓM — âã¥«ì®¥ ¢à¥¬ï ¦¨§¨ í«¥ªâà® 

¢ M -© ¬¨¨§®¥:

σ = ±
256ω

π3m∗
(qτM )2I

M6

N3L3
F (N, L),

ωτM

2π
>

(N2 − L2)

M3
K2, (18)

£¤¥ F (N, L) = N2L2/(N2 − L2)4,   K = NL/I —
®¬¥à ãà®¢ï,   ª®â®àë© ¯¥à¥å®¤ïâ í«¥ªâà®ë ¯®¤

¤¥©áâ¢¨¥¬ �� ¯®«ï.
�«ï â®£® çâ®¡ë ¯à¨ïâ ï ¬®¤¥«ì ª®£¥à¥â®£®

¯à®å®¦¤¥¨ï í«¥ªâà®®¢ ç¥à¥§ ����� ¡ë«  á¯à -
¢¥¤«¨¢®©, ¥®¡å®¤¨¬®, çâ®¡ë å à ªâ¥à®¥ ¢à¥¬ï âã-
¥«¨à®¢ ¨ï τM = ~/ΓM ¡ë«® ¡®«ìè¥, ç¥¬ ¢à¥-
¬ï ¯à®æ¥áá®¢ à áá¥ï¨ï,  àãè îé¨å ª®£¥à¥â®áâì
¢®«®¢®© äãªæ¨¨ í«¥ªâà® . �â® ¢à¥¬ï τP ¬¥ìè¥

å à ªâ¥à®£® ¢à¥¬¥¨ ¯¥à¥å®¤®¢, ¢ë§ë¢ ¥¬ëå ä®-
®ë¬ à áá¥ï¨¥¬, ¯®áª®«ìªã ª®£¥à¥â®áâì ¬®£ãâ
 àãè âì ¨ áâ®«ª®¢¥¨ï, ®áâ ¢«ïîé¨¥ í«¥ªâà® ¢

â®© ¦¥ í¥à£¥â¨ç¥áª®© ¯®¤§®¥ [14]. �âà®£® £®¢®-
àï, ¤®«¦® ¡ëâì ¯à¨ïâ®  ¨¡®«¥¥ ¦¥áâª®¥ ãá«®¢¨¥
τP < τL (®£à ¨ç¥¨¥ ¯® ¡®«¥¥ ã§ª®¬ã ¨¦¥¬ã ãà®¢-
î), ®¡¥á¯¥ç¨¢ îé¥¥ ª®£¥à¥â®áâì ¢á¥£® ¯à®æ¥áá 

âã¥«¨à®¢ ¨ï á ãç áâ¨¥¬ ä®®®¢, ®¤ ª® ¥á«¨

¯à¥¤¯®«®¦¨âì, çâ® ®á®¢ãî à®«ì ¨£à îâ ¯à®æ¥ááë

à áá¥ï¨ï ¢ ¬¨¨§®¥, ¢ ª®â®àãî ¨¦¥ªâ¨àã¥âáï â®ª,
â® ¯à¨ ¨¦¥ªæ¨¨   ¢¥àå¨© ãà®¢¥ì (I = N) æ¥«¥-
á®®¡à §® à áá¬®âà¥âì ¨ ¡®«¥¥ á« ¡®¥ ®£à ¨ç¥¨¥ ¯®

¢¥àå¥¬ã ãà®¢î: τP < τN .

�«ï ª ç¥áâ¢¥®£®   «¨§  ¯à¥¤¯®«®¦¨¬, çâ® τP
¥ § ¢¨á¨â ®â í¥à£¨¨,   ¬®é®áâì ¡ àì¥à®¢ α ¢ë-
¡à   ¬ ªá¨¬ «ì® ¤®¯ãáâ¨¬®©, â ª çâ® ~/ΓM = τP .
�à¨ íâ®¬ ¢ ä®à¬ã«¥ (18) ¯à¨ I = L (¨¦¥ªæ¨ï
  ¨¦¨© ãà®¢¥ì, ¯®«®¦¨â¥«ì ï ¯à®¢®¤¨¬®áâì)
á«¥¤ã¥â ¯®«®¦¨âì M = L (®£à ¨ç¥¨¥ ¯® ¨¦¥¬ã
ãà®¢î),   ¯à¨ I = N (¨¦¥ªæ¨ï   ¢¥àå¨© ãà®¢¥ì,
®âà¨æ â¥«ì ï ¯à®¢®¤¨¬®áâì) M = L ¨«¨ M = N ,

¢ § ¢¨á¨¬®áâ¨ ®â â®£®, ¯® ª ª®¬ã ãà®¢î, L ¨«¨ M ,
¢¢®¤¨âáï ®£à ¨ç¥¨¥ ¯® à áá¥ï¨î.
�«ï ¯à¨¡®àëå ¯à¨¬¥¥¨© ¨â¥à¥á ¯à¥¤áâ ¢«ï¥â

¨â¥£à «ì ï ¯à®¢®¤¨¬®áâì G:

G = S

∞∫
0

f(ε)
σ(ε)

a
dε, (19)

£¤¥ S — ¯«®é ¤ì ¯®¯¥à¥ç®£® á¥ç¥¨ï �����,
f(ε) — äãªæ¨ï à á¯à¥¤¥«¥¨ï ç¨á«  í«¥ªâà®®¢ ¯®

¯®¯¥à¥ç®© (¯¥à¯¥¤¨ªã«ïà®© ¡ àì¥à ¬) í¥à£¨¨ ε
¢ ¯ ¤ îé¥¬   áâàãªâãàã ¯®â®ª¥. �«ï ¤®áâ â®ç®

ã§ª¨å ª¢ §¨ãà®¢¥©, ãç¨âë¢ ï, çâ® ¢ à¥§®  á®¬

¢§ ¨¬®¤¥©áâ¢¨¨ ãç áâ¢ãîâ ΓL/ΓIn(EI) í«¥ªâà®®¢,
£¤¥ n(EI) ¨å áà¥¤ïï ª®æ¥âà æ¨ï ¢ ¯ ¤ îé¥¬  

����� ¯®â®ª¥ (¢ ¨â¥à¢ «¥ í¥à£¨¨ ΓI ¢¡«¨§¨ EI),
¨§ (6) á«¥¤ã¥â

G '
[
ΓL/ΓIn(EI)

]
σ(EI)/a. (20)

�â â¨ç¥áª¨© ª®íää¨æ¨¥â ¯à®å®¦¤¥¨ï áç¨â ¥âáï

à ¢ë¬ ¥¤¨¨æ¥.
�à¥¤¯®«®¦¨¬, çâ® ¢¬¥áâ¥ á ¨§¬¥¥¨¥¬ ¢ëá®âë

ãà®¢ï ¨¦¥ªæ¨¨ EI = ~ωI/(N2 − L2), ¢ëá®â  ¨-
¦¥ªâ®à  ¨ ª®æ¥âà æ¨ï í«¥ªâà®®¢ ¢ ¥¬ ¨§¬¥-
ïîâáï â ª¨¬ ®¡à §®¬, çâ® ¯«®â®áâì â®ª  ¯¨â -
¨ï J0 = qv(EI)n(EI) ¯®¤¤¥à¦¨¢ ¥âáï ¯®áâ®ï®©.
�à¨ íâ®¬ ª®æ¥âà æ¨ï í«¥ªâà®®¢ n(EI) ®¡à â®

¯à®¯®àæ¨® «ì  ¯®¯¥à¥ç®© áª®à®áâ¨ í«¥ªâà®®¢

v(EI) = (2EI/m∗)1/2:

n(EI) =
J0

qv(EI)
= J0/

{
q
[
2
(
~ω/m∗

)
I/
(
N2 − L2

)]}1/2

.

(21)
�®¤áâ ¢«ïï (1) ¨ (8) ¢ (7) ¨ ãç¨âë¢ ï, çâ® ¢ á®®â¢¥â-
áâ¢¨¨ á (20) ΓL/ΓI = L3/I3, ¯®«ãç ¥¬

G = ±S
256

π4
qJ0ω

τ2
P

~
M6

N3I3
F (N,L). (22)

�â¥à¥á®, çâ® G ¥ § ¢¨á¨â ï¢® ®â íää¥ªâ¨¢-
®© ¬ ááë í«¥ªâà®  m∗, ®¤ ª®  ªâ¨¢ë¥ á¢®©áâ¢ 
¯à¨¡®à®¢ ®¯à¥¤¥«ïîâáï ¢ ¡®́«ìè¥© áâ¥¯¥¨ ¢¥«¨ç¨®©

Ga2/S, ¯àï¬® ¯à®¯®àæ¨® «ì®© (¯à¨ ¯à¥¥¡à¥¦¥-
¨¨ ¢«¨ï¨¥¬ ¯¥à¥¬¥®£® ¯à®áâà áâ¢¥®£® § àï-
¤ ) ã¤¥«ì®¬ã á®¯à®â¨¢«¥¨î SR = Ga2/S(εω)2,
(§¤¥áì ε —  ¡á®«îâ ï ¤¨í«¥ªâà¨ç¥áª ï ¯à®¨æ -
¥¬®áâì ¯®«ã¯à®¢®¤¨ª ). �â  ¢¥«¨ç¨  ®¯à¥¤¥«ï¥â

¨â¥á¨¢®áâì ¨§«ãç â¥«ìëå ¯¥à¥å®¤®¢ (  ¥¤¨¨æã
¯«®é ¤¨) ¢® ¢á¥© áâàãªâãà¥ à ¢ãî Ga2E2

1/2~ωS,
  â ª¦¥ ãá«®¢¨ï £¥¥à æ¨¨ ª ª ¢ « §¥à¥ [10]:
−Ga2/S > σSw (σS — ¯®«®¦¨â¥«ì ï ¯à®¢®¤¨¬®áâì

®¬¨ç¥áª¨å ¯®â¥àì, w — è¨à¨  ®¯â¨ç¥áª®£® ¢®«®-
¢®¤ ), â ª ¨ ¢ £¥¥à â®à¥   à¥§® á®-âã¥«ì®¬
¯à®«¥â®¬ ¤¨®¤¥ [15]: −Ga2/S > SRS(εω)2 (RS —
®¬¨ç¥áª®¥ á®¯à®â¨¢«¥¨¥ ¯ áá¨¢ëå ¨ ª®â ªâëå

á«®¥¢ ¤¨®¤ ).
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�¨á. 5. � ¢¨á¨¬®áâì ¬ ªá¨¬ «ì® ¤®áâ¨¦¨¬®£® § ç¥¨ï
¢¥«¨ç¨ë |Ga2/S| ®â ®¬¥à  ¨¦¥£® à ¡®ç¥£® ãà®¢ï

L. �¦¥ªæ¨ï   ¢¥àå¨© ãà®¢¥ì: 1 — ®£à ¨ç¥¨¥ ¯®

¢¥àå¥¬ã ãà®¢î, 2 — ®£à ¨ç¥¨¥ ¯® ¨¦¥¬ã ãà®¢î;
3 — ¨¦¥ªæ¨ï ¨ ®£à ¨ç¥¨¥ ¯® ¨¦¥¬ã ãà®¢î.

�á¯®«ì§ãï ä®à¬ã«ë (3) ¨ (9), ¯®«ãç ¥¬

Ga2/S = ±
256

π3
qJ0

τ2
P

2m∗
M6

N3I3
F (N,L)(N2 − L2). (23)

�®¦® áâà®£® ¯®ª § âì, ãç¨âë¢ ï á¢®©áâ¢  äãªæ¨¨
F (N,L) (á¬. (4)), çâ® ¬ ªá¨¬ã¬ ¬®¤ã«ï Ga2/S, â ª
¦¥ ª ª ¬ ªá¨¬ã¬ë ¬®¤ã«¥© G ¨ σ, ¤®áâ¨£ îâáï ¯à¨
¯¥à¥å®¤ å ¬¥¦¤ã á®á¥¤¨¬¨ ãà®¢ï¬¨ ¯à¨ N = L+1,
çâ® á®®â¢¥âáâ¢ã¥â ¯à¨¢¥¤¥ë¬ ¢ëè¥ à¥§ã«ìâ â ¬

ç¨á«¥®£® à áç¥â . � íâ®¬ á«ãç ¥

|Ga2/S|L+1,L+1 ∼ L
2(L+ 1)2/(2L+ 1)3,

|Ga2/S|L+1,L ∼ [L/(L+ 1)]6(Ga2/S)L+1,L+1,

|Ga2/S|L,L ∼ [L/(L+ 1)]3(Ga2/S)L+1,L+1,

£¤¥ ¯¥à¢ë© ¨¤¥ªá ãª §ë¢ ¥â ãà®¢¥ì ¨¦¥ªæ¨¨,
¢â®à®© — ãà®¢¥ì, è¨à¨  ª®â®à®£® ®£à ¨ç¨¢ ¥âáï
à áá¥ï¨¥¬. �®®â¢¥âáâ¢ãîé¨¥ £à ä¨ª¨ ¯®ª § ë  

à¨á. 5. �¨¤®, çâ® íää¥ªâ¨¢®áâì à ¡®âë ¯à¨¡®à   
£à ¨æ¥ ª®£¥à¥â®£® à¥¦¨¬  áãé¥áâ¢¥® ¢®§à áâ -
¥â á à®áâ®¬ à ¡®ç¥£® ãà®¢ï L.
�®ïâ®, çâ®  ¨¡®«ìè¨¥ § ç¥¨ï ¢¥«¨ç¨ 

|Ga2/S| ¨¬¥¥â, ª®£¤  τP ®£à ¨ç¨¢ ¥â è¨à¨ã ¢¥àå-
¥© ¬¨¨§®ë, ¢ â® ¢à¥¬ï ª ª  àãè îé¨¬¨ ª®£¥-
à¥â®áâì ¯à®æ¥áá ¬¨ ¢ ¡®«¥¥ ã§ª®© ¨¦¥© ¯®¤§®¥

¯à¥¥¡à¥£ ¥âáï. �à¨ íâ®¬ ¨á¯®«ì§®¢ ¨¥ ¯¥à¥å®¤®¢

5 → 4 ¢¬¥áâ® 2 → 1 ¤ ¥â ¢®§¬®¦®áâì ã¢¥«¨ç¨âì

¨â¥á¨¢®áâì ¨§«ãç â¥«ìëå ¯¥à¥å®¤®¢, ¯à®¯®àæ¨-
® «ìãî |Ga2/S|, ¯à¨¡«¨§¨â¥«ì® ¢ 50 à §. �é¥

¡®«¥¥ § ¬¥â®£® à §«¨ç¨ï ¢ ¨â¥á¨¢®áâ¨ ¯¥à¥å®¤®¢,
¯à¨¬¥à®   ¤¢  ¯®àï¤ª , ¯à¨ ã¢¥«¨ç¥¨¨ L ®â 1 ¤®
4 ¬®¦® ®¦¨¤ âì, ¥á«¨ ¯®«ì§®¢ âìáï ¡®«¥¥ ¦¥áâª¨¬
ãá«®¢¨¥¬ ~ΓL ≥ τP , ®¡¥á¯¥ç¨¢ îé¨¬ ª®£¥à¥â®áâì

¢®«®¢®© äãªæ¨¨ ª ª ¢ ¢¥àå¥©, â ª ¨ ¢ ¨¦¥©

¯®¤§® å.

5. � ª«îç¥¨¥

� ª¨¬ ®¡à §®¬, ¯ãâ¥¬ à¥è¥¨ï ¥áâ æ¨® à®£®

ãà ¢¥¨ï �à¥¤¨£¥à  ¢ ¬ «®á¨£ «ì®¬ ¯à¨¡«¨-
¦¥¨¨ ¯à®  «¨§¨à®¢ ë ç áâ®âë¥ § ¢¨á¨¬®áâ¨  ª-
â¨¢®© ¤¨ ¬¨ç¥áª®© ¯à®¢®¤¨¬®áâ¨ ¤¢ãå¡ àì¥à®©

à¥§® á®-âã¥«ì®© áâàãªâãàë ¢ ��æ-¤¨ ¯ §®¥.
�®ª § ®, çâ® ¯à®¢®¤¨¬®áâì áâàãªâãàë ¬ ªá¨¬ «ì 
¯à¨ à ¡®â¥   á®á¥¤¨å ãà®¢ïå í¥à£¨¨. � ááç¨â  
§ ¢¨á¨¬®áâì ¯à®¢®¤¨¬®áâ¨ ®â â®«é¨ë (”¬®é®áâ¨”)
¡ àì¥à®¢. �â¬¥ç¥ë ¨ ®¡êïá¥ë à §«¨ç¨ï ¢ ¯®¢¥-
¤¥¨¨ ¯à®¢®¤¨¬®áâ¨ ¯à¨ ã¢¥«¨ç¥¨¨ â®«é¨ 1-£® ¨
2-£® ¡ àì¥à®¢. � ¯à¥¤¯®«®¦¥¨¨ ¢ëá®ª®© ¬®é®áâ¨

¡ àì¥à®¢ α ¯®«ãç¥ë ¯à®áâë¥   «¨â¨ç¥áª¨¥ ¢ëà -
¦¥¨ï ¯à®¢®¤¨¬®áâ¨ �����, ¢¥áì¬  â®ç® á®®â¢¥â-
áâ¢ãîé¨¥ áâà®£®¬ã à¥è¥¨î ãà ¢¥¨ï �à¥¤¨£¥à 

¯à¨ α > 4~[~(ω0 ± ω)/2m∗]1/2.
�§ ¯®«ãç¥ëå ¢ëà ¦¥¨© ¤«ï ¯à®¢®¤¨¬®áâ¨ á«¥-

¤ã¥â, ¢ ç áâ®áâ¨, çâ®:
1) á à®áâ®¬ â®«é¨ë ¡ àì¥à®¢ ¯à®¢®¤¨¬®áâì ã¢¥«¨-

ç¨¢ ¥âáï ª ª 4-ï áâ¥¯¥ì â®«é¨ë;
2) ¯¥à¥å®¤ë á ç¥âë¬ ¨§¬¥¥¨¥¬ ®¬¥à®¢ ãà®¢¥©

§ ¯à¥é¥ë;
3) á à®áâ®¬ ®¬¥à  ãà®¢ï ¯à®¢®¤¨¬®áâì ã¬¥ìè -

¥âáï ®¡à â® ¯à®¯®àæ¨® «ì® ®¬¥àã ãà®¢ï;
4) ¯à®¢®¤¨¬®áâì ®¡à â® ¯à®¯®àæ¨® «ì  3-© áâ¥-

¯¥¨ ç áâ®âë;
5) ¬ ªá¨¬ «ì® ¤®áâ¨¦¨¬ ï (¯à¨ ®£à ¨ç¥¨¨ à á-

á¥ï¨¥¬) ¨â¥£à «ì ï ¯à®¢®¤¨¬®áâì ¨ ¯à®¯®àæ¨®-
 «ì ï ¥© ¨â¥á¨¢®áâì ¨§«ãç â¥«ìëå ª¢ â®¢ëå

¯¥à¥å®¤®¢ áãé¥áâ¢¥® ¢®§à áâ îâ á à®áâ®¬ ®¬¥à 

ãà®¢ï,   ª®â®àë© ¨¦¥ªâ¨àãîâáï í«¥ªâà®ë.

�¢â®àë ¡« £®¤ àë �.�. � £¥àã §  ¢¨¬ ¨¥ ª

à ¡®â¥ ¨ ¯®«¥§ë¥ § ¬¥ç ¨ï.

�  ï à ¡®â  ¯®¤¤¥à¦¨¢ ¥âáï �®áá¨©áª¨¬ ä®-
¤®¬ äã¤ ¬¥â «ìëå ¨áá«¥¤®¢ ¨©, £à â N 94-02-
04449 ¨ � ãçë¬ á®¢¥â®¬ ¯® ¯à®£à ¬¬¥ ”�¨§¨ª 
â¢¥à¤®â¥«ìëå  ®áâàãªâãà”, £à â ò 1-050.
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