
�¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2005. ò4 19��� 537.611.43: 530.145���������������� ����� � �������� ������������� �������� ������ � ����������� ������������������.�. �ã§ì¬¥­ª®¢, �.�. � à ¡ ¤§¥(ª ä¥¤à  â¥®à¥â¨ç¥áª®© ä¨§¨ª¨)E-mail: lsk@phys.msu.ru�ä®à¬ã«¨à®¢ ­  ¨ à¥è¥­  § ¤ ç  ­ å®¦¤¥­¨ï â®ç­®£® à¥è¥­¨ï ãà ¢­¥­¨© ª¢ ­â®¢®©£¨¤à®¤¨­ ¬¨ª¨ á¨áâ¥¬ ¬­®£¨å ç áâ¨æ á á®¡áâ¢¥­­ë¬ ¬ £­¨â­ë¬ ¬®¬¥­â®¬. �¥è¥­¨¥ ­ ©¤¥­®¢ ¢¨¤¥ í«¥ªâà®¬ £­¨â­®© ¢®«­ë á ªàã£®¢®© ¯®«ïà¨§ æ¨¥©, à á¯à®áâà ­ïîé¥©áï ¢¤®«ì ¢­¥è­¥£®¬ £­¨â­®£® ¯®«ï.� à ¡®â¥ [1] ¯®«ãç¥­ë ãà ¢­¥­¨ï ª¢ ­â®¢®©£¨¤à®¤¨­ ¬¨ª¨ ¤«ï á¨áâ¥¬ ç áâ¨æ, ¢§ ¨¬®¤¥©áâ-¢¨¥ ¬¥¦¤ã ª®â®àë¬¨ ¬®¦­® áç¨â âì ªã«®­®¢áª¨¬.� à ¡®â å [2{4] íâ¨ ãà ¢­¥­¨ï ¡ë«¨ à á¯à®áâà ­¥-­ë ­  á«ãç © á¨áâ¥¬ ¬­®£¨å ç áâ¨æ, ®¡« ¤ îé¨åá®¡áâ¢¥­­ë¬ ¬ £­¨â­ë¬ ¬®¬¥­â®¬. �¥è¥­¨ï íâ¨åãà ¢­¥­¨© ¤«ï ¢®«­ ¢ á¨áâ¥¬ å ç áâ¨æ á á®¡áâ¢¥­-­ë¬ ¬ £­¨â­ë¬ ¬®¬¥­â®¬ ­ ©¤¥­ë ¢ à ¡®â å [5, 6]¢ «¨­¥©­®¬ ¯à¨¡«¨¦¥­¨¨.� ­ áâ®ïé¥© à ¡®â¥ ¬ë áâ ¢¨¬ á¢®¥© æ¥«ìî ¯®«ã-ç¨âì â®ç­®¥ à¥è¥­¨¥ ãà ¢­¥­¨© ª¢ ­â®¢®© £¨¤à®¤¨-­ ¬¨ª¨ ¤«ï ­¥«¨­¥©­ëå ¢®«­, à á¯à®áâà ­ïîé¨åáï¢¤®«ì ¬ £­¨â­®£® ¯®«ï ¢ â ª¨å á¨áâ¥¬ å ç áâ¨æ¨ ¨áá«¥¤®¢ âì ¨å ¤¨­ ¬¨ªã. �«ï á¨áâ¥¬ ç áâ¨æ¡¥§ á¯¨­  ¯®¤®¡­ë¥ ¢®«­ë á ªàã£®¢®© ¯®«ïà¨§ æ¨¥©®¯¨á ­ë ¢ à ¡®â¥ [7].� áá¬®âà¨¬ á¨áâ¥¬ã ¬­®£¨å ç áâ¨æ á í«¥ªâà®¬ £-­¨â­ë¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬, ®¡« ¤ îé¨å â ª¦¥ á®¡-áâ¢¥­­ë¬¨ ¬ £­¨â­ë¬¨ ¬®¬¥­â ¬¨. �ã¤¥¬ áç¨â âì,çâ® § àï¤ë ç áâ¨æ ¢ à ¢­®¢¥á­®¬ á®áâ®ï­¨¨ áª®¬-¯¥­á¨à®¢ ­ë ä®­®¬ § àï¤®¢ ¡®«¥¥ âï¦¥«ëå ç áâ¨æâ ª¨¬ ®¡à §®¬, çâ® á¨áâ¥¬  ®áâ ¥âáï í«¥ªâà®­¥©-âà «ì­®©.�§ ãà ¢­¥­¨© ª¢ ­â®¢®© ¬¥å ­¨ª¨ á«¥¤ã¥â [3,4], çâ® ¯à®áâà ­áâ¢¥­­ ï ¨ ¢à¥¬¥­­ ï § ¢¨á¨¬®áâìâ ª¨å ¯®«¥¢ëå å à ªâ¥à¨áâ¨ª á¨áâ¥¬ë, ª ª ª®­æ¥­â-à æ¨ï ç áâ¨æ n , ¤ ¢«¥­¨¥ p , ¯®«¥ áª®à®áâ¥© v , ¯«®â-­®áâì ã¤¥«ì­®£® ¬ £­¨â­®£® ¬®¬¥­â  � , í«¥ªâà¨ç¥-áª®¥ ¯®«¥ E , ¬ £­¨â­®¥ ¯®«¥ B (¢­¥è­¥¥ ¨ á®§¤ ¢ -¥¬®¥ á ¬¨¬¨ ç áâ¨æ ¬¨), ¯®¤ç¨­ïîâáï á«¥¤ãîé¥©á¨áâ¥¬¥ ãà ¢­¥­¨©:� @@t + vr�v= emE+ emc [v�B]� rpmn + ��rB�;� @@t + vr��= emc [��B] ; (1)[r�E] =�1c @B@t ; [r�B] = 4�ec J+ 1c @E@t ;(rE)= 4�e(n�N0); (rB) = 0;J=nv+ ce [r�M] ; M=n�;

£¤¥ M | ¬ £­¨â­ë© ¬®¬¥­â ¥¤¨­¨æë ®¡ê¥¬ , J |¬®¤¨ä¨æ¨à®¢ ­­ë© ¢¥ªâ®à â®ª ,   ª®­æ¥­âà æ¨ïç áâ¨æ ¨ ¯«®â­®áâì â®ª  á¢ï§ ­ë ãà ¢­¥­¨¥¬ ­¥-¯à¥àë¢­®áâ¨. � ª ¨ ¤«ï ¡¥áá¯¨­®¢ëå ç áâ¨æ, ¤«ï¯®â¥­æ¨ «®¢ ¯®«ï ¨§ (1) ¯®«ãç¨¬:4�en=� 1c2 @2@t2 �r2��;4�ecJ=� 1c2 @2@t2 �r2�A (2)¯à¨ ãá«®¢¨¨ ª «¨¡à®¢ª¨ �®à¥­æ  ¯®â¥­æ¨ «®¢ í«¥ª-âà®¬ £­¨â­®£® ¯®«ï:1c @�@t + (rA) = 0: (3)� áá¬®âà¨¬ à á¯à®áâà ­¥­¨¥ ¢ íâ®© á¨áâ¥¬¥ ç á-â¨æ í«¥ªâà®¬ £­¨â­®© ¢®«­ë á ªàã£®¢®© ¯®«ïà¨-§ æ¨¥© ¨ ç áâ®â®© ! . �ã¤¥¬ áç¨â âì, çâ® ¢®«­ à á¯à®áâà ­ï¥âáï ¢¤®«ì ¢­¥è­¥£® ¬ £­¨â­®£® ¯®«ï,á®¢¯ ¤ îé¥£® ¯® ­ ¯à ¢«¥­¨î á ®áìî z ¤¥ª àâ®¢®©á¨áâ¥¬ë ª®®à¤¨­ â, ¨ çâ® ¢®§¬ãé¥­¨ï ä¨§¨ç¥áª¨å¢¥«¨ç¨­, ¯à¥¤áâ ¢«¥­­ëå ¢ ãà ¢­¥­¨ïå (1), ï¢«ïîâ-áï äã­ªæ¨ï¬¨ â®«ìª® ª®®à¤¨­ âë z ,A= 12A?(ex � iey) + 12Bzxey + c. c.; (4)£¤¥ A? ¯®¤«¥¦¨â ®¯à¥¤¥«¥­¨î,   Bz | ¢­¥è­¥¥ ¬ £-­¨â­®¥ ¯®«¥; <c. c.> ®¡®§­ ç ¥â á« £ ¥¬ë¥, ¯®«ãç¥­-­ë¥ ¯ãâ¥¬ ª®¬¯«¥ªá­®£® á®¯àï¦¥­¨ï ¯à¥¤ë¤ãé¨åá« £ ¥¬ëå. � íâ®¬ á«ãç ¥ ®¡é¨© ¢¨¤ ¢¥ªâ®à®¢ J ¨ v®¯à¥¤¥«ï¥âáï ¢ëà ¦¥­¨ï¬¨J= 12J?(ex � iey) + c. c.;v = 12v?(ex� iey) + c. c. (5)�§ (2), (4) ­ å®¤¨¬:J= 14� (ex� iey)ce � 1c2 @2@t2 � @2@z2� 12A?+ c. c. (6)�¥ªâ®à­®¥ ¯®«¥ ¬ £­¨â­®© ¨­¤ãªæ¨¨ ¢ íâ®¬ á«ãç ¥¡ã¤¥â ¨¬¥âì ¢¨¤B= 12ezBz � (ex � iey) i2 @A?@z + c. c. (7)10 ���, ä¨§¨ª ,  áâà®­®¬¨ï, ò4



20 �¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2005. ò4�¥ªâ®à­®¥ ¯®«¥ M ¯à¥¤áâ ¢¨¬ ¢ ¢¨¤¥ áã¬¬ë ¯®¯¥-à¥ç­®© ¨ ¯à®¤®«ì­®© á®áâ ¢«ïîé¨å:M= 12(ex� iey)M? + 12ezMz + c. c. (8)�ã¤¥¬ ¨áª âì à¥è¥­¨¥, ¢ ª®â®à®¬ á®áâ ¢«ïîé ï¯«®â­®áâ¨ ¬ £­¨â­®£® ¬®¬¥­â , ¯ à ««¥«ì­ ï ez ,­¥ § ¢¨á¨â ®â ¢à¥¬¥­¨,   ¯¥à¯¥­¤¨ªã«ïà­ ï á®áâ ¢-«ïîé ï § ¢¨á¨â ®â ¢à¥¬¥­¨ ª ª e�i!t . �§ ãà ¢­¥-­¨© (1) ¢ íâ®¬ á«ãç ¥ á«¥¤ã¥â, çâ® ¯ à ««¥«ì­ ï (�z )¨ ¯¥à¯¥­¤¨ªã«ïà­ ï (�? ) ­ ¯à ¢«¥­¨î ¢­¥è­¥£®¬ £­¨â­®£® ¯®«ï á®áâ ¢«ïîé¨¥ ã¤¥«ì­®© ¯«®â­®áâ¨¬ £­¨â­®£® ¬®¬¥­â  á¢ï§ ­ë á®®â­®è¥­¨¥¬M? =�Mz emcB?!� eBzmc : (9)�à¨ ! = eBzmc á®áâ ¢«ïîé ï ¯«®â­®áâ¨ ¬ £­¨â­®£®¬®¬¥­â , ¯ à ««¥«ì­ ï ­ ¯à ¢«¥­¨î ¢­¥è­¥£® ¬ £-­¨â­®£® ¯®«ï, ®¡à é ¥âáï ¢ ­ã«ì.�¡à â¨¬áï â¥¯¥àì ª ¯¥à¢®¬ã ãà ¢­¥­¨î á¨áâ¥¬ë(1), â. ¥. ª ãà ¢­¥­¨î ¨§¬¥­¥­¨ï ¯«®â­®áâ¨ ¨¬¯ã«ì-á  á¨áâ¥¬ë. �á«¥¤áâ¢¨¥ (5) ­¥«¨­¥©­®¥ á« £ ¥¬®¥¢ «¥¢®© ç áâ¨ íâ®£® ãà ¢­¥­¨ï ¡ã¤¥â ®âáãâáâ¢®¢ âì.�®íâ®¬ãn@v�@t +r�p= emnE+ emcn"��
v�B
 + n��r�B�:(10)�á«¥¤áâ¢¨¥ (1), (9) ¢ ¯®á«¥¤­¥¬ ãà ¢­¥­¨¨ á« £ ¥¬®¥��r�B� ®¡à é ¥âáï ¢ ­ã«ì, â ª çâ®@@tv� emc [v�B] = emE� rpn : (11)�«ï ¯®¯¥à¥ç­®© ¨ ¯à®¤®«ì­®© á®áâ ¢«ïîé¨å ¯®«ïáª®à®áâ¥© ­ å®¤¨¬:@@tv?� emciv?Bz = emE?; (12)�iB?v�?+ c. c.=Ez � 12mn @p@z + c. c. (13)�®áª®«ìªã v? = i emE?!� eBzmc =� e!mcA?!� eBzmc ; (14)J? =� c4�e � 1c2!2 + @2@z2�A?; (15)M? = n�z emc @A?@z!� eBzmc ; (16)  ¬®¤¨ä¨æ¨à®¢ ­­ë© â®ª J ®¯à¥¤¥«ï¥âáï ¢ (1), â®ãà ¢­¥­¨¥ ¤«ï ¢¥ªâ®à­®£® ¯®â¥­æ¨ «  A ¬®¦¥â ¡ëâì¯à¥¤áâ ¢«¥­® ¢ ¢¨¤¥c4�e �!2c2 + @2@z2�A? == e!mc!� eBzmc nA?� �zm 1!� eBzmc @@z �n @@zA?� ; (17)

£¤¥ n=N0 � e!mc!� eBzmc 14� @@z (A�?A?) ; (18)�z = �0s1� e2m2c2(!� eBzmc )2 @A�?@z @A?@z : (19)�à ¢­¥­¨¥ (17) ®¯¨áë¢ ¥â ¨§¬¥­¥­¨¥  ¬¯«¨âã¤ë¯®¯¥à¥ç­®© ª®¬¯®­¥­âë ¢¥ªâ®à­®£® ¯®â¥­æ¨ «  ¨ ¥£®ä §ë ¢¤®«ì ­ ¯à ¢«¥­¨ï à á¯à®áâà ­¥­¨ï ¯¥à¨®¤¨-ç¥áª®© ¯® ¢à¥¬¥­¨ ¢®«­ë. �¥è¥­¨¥ ãà ¢­¥­¨ï (17),ª ª «¥£ª® ¢¨¤¥âì, áãé¥áâ¢ã¥â. �®íâ®¬ã ¢ á¨áâ¥¬¥§ àï¦¥­­ëå ç áâ¨æ á á®¡áâ¢¥­­ë¬ ¬ £­¨â­ë¬ ¬®-¬¥­â®¬ ¬®£ãâ à á¯à®áâà ­ïâìáï ­¥«¨­¥©­ë¥ ¯¥à¨-®¤¨ç¥áª¨¥ í«¥ªâà®¬ £­¨â­ë¥ ¢®«­ë, ¢¥ªâ®à­ë© ¯®-â¥­æ¨ « ª®â®àëå ®¯à¥¤¥«ï¥âáï ãà ¢­¥­¨¥¬ (17). �à¨íâ®¬ ¯à®áâà ­áâ¢¥­­®¥ à á¯à¥¤¥«¥­¨¥ ¯«®â­®áâ¨ § -àï¤  ®¯à¥¤¥«ï¥âáï ãà ¢­¥­¨¥¬ (18). �®ç­®¥ à¥è¥­¨¥ãà ¢­¥­¨ï ¤«ï  ¬¯«¨âã¤ í«¥ªâà®¬ £­¨â­®£® ¯®«ï(17) ¬®¦­® ¯®«ãç¨âì ¤«ï ¢®«­, ª®â®àë¥ ¬®£ãâ à á-¯à®áâà ­ïâìáï ¯à¨ ¯®áâ®ï­­ëå ª®­æ¥­âà æ¨¨ ç¨á« ç áâ¨æ n ¨ ¯à®¥ªæ¨¨ ¯«®â­®áâ¨ ¬ £­¨â­®£® ¬®¬¥­â ­  ­ ¯à ¢«¥­¨¥ à á¯à®áâà ­¥­¨ï.� íâ®¬ á«ãç ¥ ãà ¢­¥­¨¥ (17) áâ ­®¢¨âáï «¨­¥©-­ë¬: � c4�e � 1c2!2 + @2@z2�A? ==� e!mcN0!� eBzmc A?� ce emcMz!� eBzmc @2@z2A?: (20)�¥è¥­¨¥ «¨­¥©­®£® ãà ¢­¥­¨ï ¯®«ï (20) ¬®¦­®¯®«ãç¨âì ¯à¨ ¯®¬®é¨ áâ ­¤ àâ­®© ¯à®æ¥¤ãàë [8],®á­®¢ ­­®© ­  ¯à¥®¡à §®¢ ­¨¨ �ãàì¥. �®­¥ç­ë¥ ¬¯«¨âã¤ë ¨¬¥îâ ¢®«­ë, ¤«ï ª®â®àëå ¢ë¯®«­ï¥âáï¤¨á¯¥àá¨®­­®¥ ãà ¢­¥­¨¥c2k2 = !!2 �! eBzmc � 4�e2nm!� e(Bz+4�Mz)mc : (21)�«¥¤ã¥â ®â¬¥â¨âì, çâ® § ¢¨á¨¬®áâì ¤¨á¯¥àá¨®­­®£®á®®â­®è¥­¨ï ®â  ¬¯«¨âã¤ë ¢®«­ë ­¥ï¢­® ¢å®¤¨âç¥à¥§ Mz ¢ ä®à¬ã«ã (19). �à¨¢¥¤¥­­®¥ ¤¨á¯¥àá¨-®­­®¥ á®®â­®è¥­¨¥ á®£« áã¥âáï á [5, 6],   ¢ á«ãç ¥®¡à é¥­¨ï Bz ¨ Mz ¢ ­ã«ì ¯à¨¢¥¤¥­­®¥ ¤¨á¯¥à-á¨®­­®¥ á®®â­®è¥­¨¥ á®¢¯ ¤ ¥â á ¤¨á¯¥àá¨®­­ë¬á®®â­®è¥­¨¥¬ ¤«ï ¯« §¬¥­­ëå ¢®«­.� ª¨¬ ®¡à §®¬, ¯®ª § ­®, çâ® ¢ á¨áâ¥¬¥ ¬­®-£¨å ç áâ¨æ á á®¡áâ¢¥­­ë¬¨ ¬ £­¨â­ë¬¨ ¬®¬¥­â ¬¨¢®§¬®¦­® à á¯à®áâà ­¥­¨¥ ¯¥à¨®¤¨ç¥áª¨å ¢® ¢à¥-¬¥­¨ í«¥ªâà®¬ £­¨â­ëå ¢®«­,  ¬¯«¨âã¤ë ª®â®àëå®¯à¥¤¥«ïîâáï ­¥«¨­¥©­ë¬ ãà ¢­¥­¨¥¬ ¯®«ï ¢â®à®£®¯®àï¤ª  (17). �à¨ ¯®áâ®ï­­ëå ¯à®¥ªæ¨¨ ¯«®â­®áâ¨¬ £­¨â­®£® ¬®¬¥­â  ­  ­ ¯à ¢«¥­¨¥ à á¯à®áâà ­¥-­¨ï ¨ ª®­æ¥­âà æ¨¨ ç áâ¨æ ­¥«¨­¥©­ë¥ ãà ¢­¥­¨ïª¢ ­â®¢®© £¨¤à®¤¨­ ¬¨ª¨ (1) ¨¬¥îâ â®ç­ë¥ à¥è¥-­¨ï ¢ ¢¨¤¥ áã¯¥à¯®§¨æ¨¨ í«¥ªâà®¬ £­¨â­ëå ¢®«­,¤¨á¯¥àá¨ï ª®â®àëå ®¯à¥¤¥«ï¥âáï á®®â­®è¥­¨¥¬ (21)
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��
�� ¢¨á¨¬®áâì ¯®ª § â¥«ï ¯à¥«®¬«¥­¨ï kc! ®â ç áâ®âë ¢®«-­ë. �à¨¢ ï 2 ®â«¨ç ¥âáï ®â ªà¨¢®© 1 ¡�®«ìè¨¬ §­ ç¥­¨¥¬¯à®¤®«ì­®© ­ ¬ £­¨ç¥­­®áâ¨¨ § ¢¨á¨â ®â ¯à®¤®«ì­®© ¯«®â­®áâ¨ ¬ £­¨â­®£® ¬®-¬¥­â . � ¢¨á¨¬®áâì ª®­æ¥­âà æ¨¨ ç áâ¨æ ¢ â ª®©¢®«­¥ ®â  ¬¯«¨âã¤ë ï¢«ï¥âáï ­¥«¨­¥©­®© ¨ ®¯à¥-¤¥«ï¥âáï á®®â­®è¥­¨¥¬ (18). �  à¨áã­ª¥ ¯à¨¢¥¤¥­ª ç¥áâ¢¥­­ë© £à ä¨ª § ¢¨á¨¬®áâ¨ ¯®ª § â¥«ï ¯à¥-«®¬«¥­¨ï ¢¥é¥áâ¢  ®â ç áâ®âë ¯à®å®¤ïé¥© í«¥ªâà®-¬ £­¨â­®© ¢®«­ë.
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