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Ï�ÎÂÎÄÈÌÎÑÒÜ ÏÅ�ÈÎÄÈ×ÅÑÊÎÉ ÄÂÓÕÊÎÌÏÎÍÅÍÒÍÎÉÑÈÑÒÅÌÛ �ÎÌÁÈ×ÅÑÊÎ�Î ÒÈÏÀÞ. Í. Îâ÷èííèêîâ *Max-Plank-Institute f�ur Physik komplexer Systeme01187, Dresden, GermanyÈíñòèòóò òåîðåòè÷åñêîé �èçèêè èì. Ë. Ä. Ëàíäàó �îññèéñêîé àêàäåìèè íàóê142432, ×åðíîãîëîâêà, Ìîñêîâñêàÿ îáë., �îññèÿÏîñòóïèëà â ðåäàêöèþ 10 èþëÿ 2003 ã.Èññëåäîâàíà ïðîáëåìà ïðîâîäèìîñòè, ðàñïðåäåëåíèÿ ýëåêòðè÷åñêîãî ïîëÿ, òîêîâ è ïëîòíîñòè çàðÿäîââ ïåðèîäè÷åñêîé äâóõêîìïîíåíòíîé ñèñòåìå, ñîñòàâëåííîé èç ðîìáîâ ñ ïðîèçâîëüíûì óãëîì 2� ïðèâåðøèíå. Ý��åêòèâíàÿ ïðîâîäèìîñòü òàêîé ñðåäû ÿâëÿåòñÿ òåíçîðîì ñî çíà÷åíèÿìè �11eff (�) è �22eff (�)â ãëàâíûõ îñÿõ, óäîâëåòâîðÿþùèìè ñîîòíîøåíèþ Äûõíå �11eff (�)�22eff (�) = �1�2, ãäå �1;2 � èçîòðîï-íûå ïðîâîäèìîñòè ñðåä 1, 2. Âûïîëíÿåòñÿ òàêæå ñîîòíîøåíèå �22eff (�) = �11eff (�=2 � �). �ëàâíûå îñèíàïðàâëåíû âäîëü äèàãîíàëåé ðîìáà. Ïîêàçàíî, ÷òî íà ïðÿìîóãîëüíèêå 0 < � � �=2, �1 < Z < 1(Z = (�1 � �2)=(�1 + �2)) ñóùåñòâóþò òðè ëèíèè, íà êîòîðûõ ïëîòíîñòü çàðÿäîâ âûðàæàåòñÿ ÷åðåçýëëèïòè÷åñêèå �óíêöèè. Ïîëó÷åíî ÿâíîå âûðàæåíèå äëÿ âñåõ �èçè÷åñêèõ âåëè÷èí íà ýòèõ ëèíèÿõ.PACS: 84.32.Ff 1. ÂÂÅÄÅÍÈÅÏåðèîäè÷åñêàÿ äâóõêîìïîíåíòíàÿ ñèñòåìà, ñî�ñòàâëåííàÿ èç ðîìáîâ ñ óãëîì 2� ïðè âåðøèíå, ÿâëÿ�åòñÿ, ïî-âèäèìîìó, ïðîñòåéøåé ñèñòåìîé, â êîòîðîéý��åêòèâíàÿ ïðîâîäèìîñòü íå èçîòðîïíà, è ïîýòî�ìó ñîîòíîøåíèÿ Äûõíå äëÿ êîìïîíåíò òåíçîðà ïðî�âîäèìîñòè â ãëàâíûõ îñÿõ �11eff (�), �22eff (�) [1�4℄,�11eff (�)�22eff (�) = �1 � �2; (1)íåäîñòàòî÷íî äëÿ ïîëíîãî âîññòàíîâëåíèÿ òåíçîðàý��åêòèâíîé ïðîâîäèìîñòè. Â �îðìóëå (1) âåëè÷è�íû �1, �2 � èçîòðîïíûå ïðîâîäèìîñòè ñðåä. Ýëåìåí�òû �11eff (�), �22eff (�) óäîâëåòâîðÿþò î÷åâèäíîìó ñîîò�íîøåíèþ �22eff (�) = �11eff (�=2� �): (2)Ìû ïîêàæåì íèæå, ÷òî äàæå ïåðâûå ÷ëåíû òåîðèèâîçìóùåíèé ïî ïàðàìåòðóZ = �1 � �2�1 + �2 (3)äëÿ êîìïîíåíò òåíçîðà ý��åêòèâíîé ïðîâîäèìîñòèíåòðèâèàëüíî çàâèñÿò îò óãëà �. Òåì ñàìûì, âåðî�*E-mail: ov�itp.a.ru

ÿòíîñòü ïîëó÷åíèÿ òî÷íûõ �îðìóë àëãåáðàè÷åñêî�ãî âèäà äëÿ êîìïîíåíò òåíçîðà �11eff (�); �22eff (�) äî�ñòàòî÷íî ìàëà. Òåì íå ìåíåå â îáëàñòè ïàðàìåòðîâf0 < � < �=2; �1 < Z < 1g ñóùåñòâóþò òðè ëèíèè,íà êîòîðûõ óäàåòñÿ íàéòè çàìêíóòîå âûðàæåíèå äëÿïëîòíîñòè çàðÿäîâ, ñîñðåäîòî÷åííûõ íà ãðàíèöàõîáëàñòåé (1), (2), ÷åðåç ýëëèïòè÷åñêèå �óíêöèè. Âîáëàñòè Z ! 1; � ! 0 âîçíèêàåò ñóùåñòâåííàÿ çà�âèñèìîñòü ïëîòíîñòè çàðÿäîâ è äðóãèõ �èçè÷åñêèõâåëè÷èí îò îòíîøåíèÿ ìàëûõ ïàðàìåòðîâ (1�Z)=�.2. ÏËÎÒÍÎÑÒÜ ÇÀ�ßÄÎÂ ÂÏÅ�ÈÎÄÈ×ÅÑÊÎÉ ÑÈÑÒÅÌÅ,ÑÎÑÒÀÂËÅÍÍÎÉ ÈÇ �ÎÌÁÎÂ Ñ Ó�ËÎÌÏ�È ÂÅ�ØÈÍÅ 2�Âûáåðåì ñèñòåìó êîîðäèíàò (x; y) ñ íà÷àëîì, ñîâ�ìåùåííûì ñ âåðøèíîé îäíîãî èç ðîìáîâ, è îñÿìè(x; y), íàïðàâëåííûìè âäîëü îñåé ðîìáà (ñì. ðèñ. 1).Âåêòîðû ýëåìåíòàðíîé ÿ÷åéêè â ýòîì ñëó÷àå ìîæíîâûáðàòü â âèäå2a sin�(1; 0); 2a os�(0; 1); (4)ãäå a � äëèíà ðåáðà ðîìáà. Óñëîâèå íåïðåðûâíîñòèòîêà íà ãðàíèöàõ ðîìáîâ îïðåäåëÿåò âåëè÷èíó ñêà÷�êà ýëåêòðè÷åñêîãî ïîëÿ E181
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�èñ. 1. Ïåðèîäè÷åñêàÿ äâóõêîìïîíåíòíàÿ ñèñòåìàðîìáè÷åñêîãî òèïà�1E(1)n = �2E(2)n (5)ãäå n � âåêòîð íîðìàëè ê ðåáðó ðîìáà, E(1)n , E(2)n �ïðîåêöèè ýëåêòðè÷åñêîãî ïîëÿ íà âåêòîðû íîðìàëè.Óðàâíåíèå Ìàêñâåëëà divE = 4��, ãäå � � ïëîò�íîñòü çàðÿäîâ, äàåò âòîðîå óðàâíåíèå äëÿ âåëè÷èíûñêà÷êà ýëåêòðè÷åñêîãî ïîëÿ:E(1)n �E(2)n = 4��: (6)Ñêàëÿðíûé ïîòåíöèàë ' ñâÿçàí ñ ïëîòíîñòüþ çà�ðÿäîâ ñîîòíîøåíèåì' = E0y � 4� Z d2r1G(r � r1)�(r1); (7)ãäå G � �óíêöèÿ �ðèíà îïåðàòîðà Ëàïëàñà íà ïëîñ�êîñòè: G = 12� ln jr � r1j: (8)Ìû âûáðàëè íàïðàâëåíèå ýëåêòðè÷åñêîãî ïîëÿE0 âäîëü îñè y, ÷òî ïîçâîëèò íàéòè êîìïîíåíòó (22)òåíçîðà ïðîâîäèìîñòè â ãëàâíûõ îñÿõ. Ìåæäó êîì�ïîíåíòàìè ïðîâîäèìîñòè (11) è (22) â ãëàâíûõ îñÿõñóùåñòâóþò î÷åâèäíûå ñîîòíîøåíèÿ�11eff (�) = �22eff ��2 � �� ; �12eff (�) = �21eff (�) = 0: (9)

Çàðÿäû ñîñðåäîòî÷åíû òîëüêî âäîëü ðåáåð ðîì�áîâ. Ñ ó÷åòîì òðàíñëÿöèîííîé ñèììåòðèè è äâóõïëîñêîñòåé ñèììåòðèè ñóùåñòâóþò ëèøü äâå íåçà�âèñèìûå �óíêöèè �1, �2, îïðåäåëÿþùèå ïëîòíîñòüçàðÿäîâ íà âñåõ ðåáðàõ ðîìáîâ. Â ðåçóëüòàòå äëÿñêàëÿðíîãî ïîòåíöèàëà ' íàõîäèì ñ ó÷åòîì �îðìóë(4) âûðàæåíèå' = E0y � 2a�� 1Z0 dtXK;Lnhln�(x� at sin�� 2aK sin�)2 ++ (y � at os�� 2aL os�)2�1=2++ ln�(x+ at sin�� 2aK sin�)2 ++ (y � at os�� 2aL os�)2�1=2i�1(t) ++ hln�(x� at sin�� 2aK sin�)2 ++ (y + at os�� 2aL os�)2�1=2 ++ ln�(x+ at sin�� 2aK sin�)2 ++ (y + at os�� 2aL os�)2�1=2i�2(t)o: (10)�ðàíè÷íûå óñëîâèÿ (5), (6) è âûðàæåíèå (10) äëÿñêàëÿðíîãî ïîòåíöèàëà ' ïîçâîëÿþò ïîëó÷èòü äâàóðàâíåíèÿ äëÿ âåëè÷èí �1, �2. Ïðîñòàÿ ïðîâåðêà ïî�êàçûâàåò, ÷òî âåëè÷èíû �1, �2 óäîâëåòâîðÿþò ïðî�ñòîìó ñîîòíîøåíèþ�2(t) = ��1(t): (11)Â ðåçóëüòàòå îñòàåòñÿ îäíî óðàâíåíèå äëÿ âåëè�÷èíû �1(t):Z2�(E0 sin�+ 2 sin(2�) 1Z0 dt �1(t)��XK;L" t+K + L(t+ t0 + 2K)2 sin2 �+ (t� t0 + 2L)2 os2 � ++ K + L(t� t0 � 2K)2 sin2 �+ (t� t0 + 2L)2 os2 � �� K + L(t+ t0 + 2K)2 sin2 �+ (t+ t0 � 2L)2 os2 � ++ t�K � L(t� t0 � 2K)2 sin2 �+ (t+ t0 � 2L)2 os2 �#) == �1(t0): (12)Ïðè çíà÷åíèè óãëà � = �=4 �îðìóëà (12) ïåðå�õîäèò â âûðàæåíèå, ïîëó÷åííîå â ðàáîòå [3℄.182



ÆÝÒÔ, òîì 125, âûï. 1, 2004 Ïðîâîäèìîñòü ïåðèîäè÷åñêîé äâóõêîìïîíåíòíîé ñèñòåìû : : :Â óðàâíåíèè (12) ìîæíî âûïîëíèòü îäíî ñóììè�ðîâàíèå. Â ðåçóëüòàòå óðàâíåíèå (12) ïðèâîäèòñÿ êâèäóZ2�(E0 sin�+ � 1Z0 dt �1(t)��XK " sh�� tg�(t + t0 + 2K)�h�� tg�(t+ t0 + 2K)�� os(�(t � t0)) ++ sh�� tg�(t� t0 + 2K)�h�� tg�(t� t0 + 2K)�� os(�(t+ t0)) ++ sh�� tg�(t+ t0 + 2K)�h�� tg�(t+ t0 + 2K)�� os(�(t� t0)) ++ sh�� tg�(t� t0 + 2K)�h�� tg�(t� t0 + 2K)�� os(�(t+ t0)) ++ sh�� tg�(t� t0 � 2K)�h�� tg�(t� t0 � 2K)�� os(�(t� t0)) �� sh�� tg�(t� t0 + 2K)�h�� tg�(t� t0 + 2K)�� os(�(t� t0)) ++ sh�� tg�(t+ t0 � 2K)�h�� tg�(t+ t0 � 2K)�� os(�(t+ t0)) �� sh�� tg�(t+ t0 + 2K)�h�� tg�(t + t0 + 2K)�� os(�(t+ t0))#) == �1(t0); (13)ãäå Z = �1 � �2�1 + �2 : (14)Ôóíêöèÿ �1(t) ÿâëÿåòñÿ àíàëèòè÷åñêîé äâîÿêîïåðèî�äè÷åñêîé �óíêöèåé êîìïëåêñíîé ïåðåìåííîé t, èìå�þùåé ïî äâå òî÷êè âåòâëåíèÿ â êàæäîì ïàðàëëåëî�ãðàììå ïåðèîäîâ. Íàéäåì ïîâåäåíèå �óíêöèè �1(t)â îêðåñòíîñòè òî÷åê âåòâëåíèÿ t = f0; 1g. Ïðè t! 0�óíêöèÿ �1(t) ïðîïîðöèîíàëüíà ñòåïåíè t:�1(t) / A=t2� : (15)Èç óðàâíåíèÿ (13) íàõîäèì óðàâíåíèå äëÿ êîý���èöèåíòà �:

Z sin(2�) 1Z0 dt t1�2�" 1t2 + 1� 2t os(2�) ++ 1t2 + 1� 2t os(2�)# = �: (16)Âû÷èñëÿÿ èíòåãðàëû â �îðìóëå (16), ïîëó÷èì1Z0 dt t1�2�t2 + 1 + 2t os(2�) == �sin(2�) sin(2�(1� 2�))sin(2��) ;1Z0 dt t1�2�t2 + 1� 2t os(2�) == �sin(2�) sin(2�� + 2�(1� 2�))sin(2��) : (17)
Èç �îðìóë (16), (17) ïîëó÷àåì óðàâíåíèå äëÿ ïà�ðàìåòðà �: Z sin(�� + 2�(1� 2�))sin(��) = 1: (18)Ïðè � = �=4 óðàâíåíèå (18) ñîâïàäàåò ñ ðåçóëüòà�òîì ðàáîòû [3℄. Â îêðåñòíîñòè òî÷êè t = 1 �óíêöèÿ�1(t) ïðåäñòàâèìà â âèäå�1(t) � B(1� t)2� : (19)Ïàðàìåòð � óäîâëåòâîðÿåò óðàâíåíèþZ sin(��+ 2�(1� 2�))sin(��) = �1: (20)Óðàâíåíèÿ (18), (20) ïîëó÷åíû â ðàáîòå [5℄.Äâà ïåðèîäà (�; � 0) ìîãóò áûòü íàéäåíû ñ ïîìî�ùüþ óðàâíåíèÿ (13) è ðàâíû� = 21 + i tg�; � 0 = 2i tg�1 + i tg�: (21)Ïëîòíîñòü çàðÿäà �1(t) ïðåäñòàâèìà â âèäå�1(t) = A(�(t))� +A�((�(t�))�)� ; (22)ãäå �(t) � äâîÿêîïåðèîäè÷åñêàÿ �óíêöèÿ.Îòìåòèì îäíî âàæíîå ñâîéñòâî ÿäðà â óðàâíåíèè(13): èíòåãðàë ïî âíåøíåé ïåðåìåííîé t0 íå çàâèñèòîò óãëà � è, ñëåäîâàòåëüíî, ñîâïàäàåò ñ âûðàæåíè�åì, ïîëó÷åííûì â ðàáîòå [3℄. Èíòåãðèðóÿ óðàâíåíèå(13) ïî âíåøíåé ïåðåìåííîé t0, ïîëó÷èì183



Þ. Í. Îâ÷èííèêîâ ÆÝÒÔ, òîì 125, âûï. 1, 2004Z2� 8<:E0 sin�+ 2� 1Z0 dt (1� 2t)�1(t)9=; == 1Z0 dt �1(t): (23)Êîìïîíåíòà �22eff (t) òåíçîðà ïðîâîäèìîñòè âûðà�æàåòñÿ ÷åðåç ïëîòíîñòü çàðÿäà �1(t) ïî �îðìóëå�22eff (�) = 4�E0 sin� �1�2�1 � �2 1Z0 dt �1(t): (24)
3. ÒÅÎ�Èß ÂÎÇÌÓÙÅÍÈÉ ÏÎÏÀ�ÀÌÅÒ�Ó ZÒåîðèÿ âîçìóùåíèé â óðàâíåíèÿõ (12), (13) òðè�âèàëüíà. Ïîëàãàÿ�1(t) = E0~�(t) sin�; (25)ïîëó÷èì ñ òî÷íîñòüþ äî ÷ëåíîâ âòîðîãî ïîðÿäêà ïîZ âêëþ÷èòåëüíî~�(t0) = Z2� + Z22�2 sin(2�)�� 1Z0 dtXK;L" t+K+L(t+t0+2K)2 sin2 �+(t�t0+2L)2 os2 �++ K+L(t�t0�2K)2 sin2 �+(t�t0+2L)2 os2 ��� K + L(t+ t0 + 2K)2 sin2 �+ (t+ t0 � 2L)2 os2 � ++ t�K�L(t�t0�2K)2 sin2 �+(t+t0�2L)2 os2 �#+ : : : (26)Èç �îðìóë (23), (24), (26) íàõîäèì â òðåòüåìïîðÿäêå òåîðèè âîçìóùåíèé çíà÷åíèå ïðîâîäèìî�ñòè �22eff (�):

�22eff (�) = 2�1�2�1 + �2(1 + Z22 1Z0 dt (1� 2t0) 1Z0 dt�� 1XK=�1" sh(� tg�(t+ t0 + 2K))h(� tg�(t+ t0 + 2K))� os(�(t� t0)) ++ sh(� tg�(t� t0 + 2K))h(� tg�(t� t0 + 2K))� os(�(t + t0)) ++ sh(� tg�(t+ t0 � 2K))h(� tg�(t+ t0 � 2K))� os(�(t � t0)) ++ sh(� tg�(t� t0 � 2K))h(� tg�(t� t0 � 2K))� os(�(t+ t0)) �� sh(� tg�(t� t0 � 2K))h(� tg�(t� t0 � 2K))� os(�(t� t0)) ++ sh(� tg�(t� t0 + 2K))h(� tg�(t� t0 + 2K))� os(�(t � t0)) ++ sh(� tg�(t+ t0 � 2K))h(� tg�(t+ t0 � 2K))� os(�(t + t0)) �� sh(� tg�(t+ t0 + 2K))h(� tg�(t+ t0 + 2K))� os(�(t+ t0))#: (27)Èç �îðìóëû (27) ñëåäóåò, ÷òî ïðîâîäèìîñòü�22eff (�) ïðåäñòàâèìà â âèäå�22eff (�) = 2�1�2�1 + �2(1 + Z22 (F1(�) + F2(�))); (28)ãäåF1(�) = F1 ��2 � �� ; F2(�) = �F2 ��2 � �� : (29)Èç òåîðåìû Äûõíå ñëåäóåò, ÷òî �óíêöèÿ F1(�)íå çàâèñèò îò � è ðàâíà åäèíèöå:F1(�) � 1: (30)Èç �îðìóë (27), (28) íàõîäèì �óíêöèþF2(�) = 1Z0 dt0 (1� 2t0) 1Z0 dt�� 1XK=�1" sh(� tg�(t � t0 + 2K))h(� tg�(t� t0 + 2K))� os(�(t� t0)) ++ sh(� tg�(t+ t0 � 2K))h(� tg�(t+ t0 � 2K))� os(�(t + t0)) �� sh(� tg�(t� t0 � 2K))h(� tg�(t� t0 � 2K))� os(�(t� t0)) �� sh(� tg�(t+ t0 + 2K))h(� tg�(t+ t0 + 2K))� os(�(t+ t0))i: (31)184
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�èñ. 2.Èíòåãðèðóÿ ïî ÷àñòÿì ïðàâóþ ÷àñòü óðàâíåíèÿ(31), ïîëó÷àåìF2(�) = 4 1Z0 dt0 (t0 � (t0)2)�� 1XK=�1" sh(� tg�(t0 + 2K))h(� tg�(t0 + 2K))� os(�t0) �� sh(� tg�(t0 + 2K))h(� tg�(t0 + 2K))� os(�t0)#: (32)Â ïðåäåëå �! 0 íàõîäèìF2(�)�!0 = 4 1Z0 dt (t� t2)(1� t) = 13 : (33)Ôóíêöèÿ F2(�) � íåòðèâèàëüíàÿ �óíêöèÿ ïåðå�ìåííîé �. �åçóëüòàòû ÷èñëåííîãî íàõîæäåíèÿ �óíê�öèè F2(�) ïðèâåäåíû íà ðèñ. 2.4. ÒÎ×ÍÛÅ �ÅØÅÍÈß Ó�ÀÂÍÅÍÈßÄËß �1Â ïðÿìîóãîëüíèêå f0 < � < �=2; 0 < � < 1=2gñóùåñòâóþò òðè ëèíèè, íà êîòîðûõ �óíêöèÿ �(t) �ýëëèïòè÷åñêàÿ �óíêöèÿ. Îäíà èç íèõ � ïðÿìàÿ� = �=4. Â ýòîì ñëó÷àå � = (� 0)�, � = ��, � = B}� ,ãäå } � ýëëèïòè÷åñêàÿ �óíêöèÿ Âåéåðøòðàñà [3℄,B � ÷èñëåííûé êîý��èöèåíò. Ñóùåñòâóþò äâå ëè�íèè, íà êîòîðûõ � = �1� � (34)
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�èñ. 3.è, ñëåäîâàòåëüíî, �� ýëëèïòè÷åñêàÿ �óíêöèÿ. Çàâè�ñèìîñòü �1(�), �2(�), íà ýòèõ ëèíèÿõ îïðåäåëÿåòñÿ�îðìóëàìè (18), (20), (34), ïðèâîäÿùèìè ê óðàâíå�íèþsin(��+2�(1�2�))sin(��) +sin(��+2�(1�2�))sin(��) = 0: (35)�åøåíèÿ ýòîãî óðàâíåíèÿ ñëåäóþùèå:�1(�) = ��2(1 + 2�) ; �2 = �2 � �1 = �(1 + �)2(1 + 2�) : (36)Âñå ýòè òðè ëèíèè ïðèâåäåíû íà ðèñ. 3. Íà ëèíè�ÿõ (36) ýëëèïòè÷åñêàÿ �óíêöèÿ � ìîæåò áûòü âûðà�æåíà ÷åðåç �1-�óíêöèþ [6℄:�1(z) = i 1XK=�1(�1)K exp �� tg��K � 12�2!�� exp(i(2K � 1)�z): (37)Èç �îðìóëû (37) ñëåäóåò, ÷òî�1�z + �� � = e�i��1�z� �; (38)�1�z + � 0� � = � exp�� tg�� 2i�z� ��1� z� �:Ôîðìóëû (38) ïîçâîëÿþò çàïèñàòü ýëëèïòè÷å�ñêóþ �óíêöèþ � ñ ïåðèîäàìè f�; � 0g â âèäå185
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� = 0BB� �1�1� z� �ei�z=��1 � z� �1CCA2 : (39)Ôóíêöèÿ �(z) óäîâëåòâîðÿåò ñîîòíîøåíèþ�(z)�(1� z) = e� tg��i� : (40)

Ïðèâåäåì òàêæå ïîëåçíûå ñîîòíîøåíèÿei�z=��1 �z� � = ie�� tg�=4 �� 1XK=�1(�1)K exph�� tg�(K2�K(1�z))+i�Kzi;(41)�(1� z) = 0BBBB�2 1XK=1(�1)K+1 exp"�� tg��K � 12�2# sin��z�K � 12� ei�os��ie��(�=4) tg�� "1 + 2 1XK=1 e�� tg�K2 h��Kz e�i(�=2��)os� �# 1CCCCA2 :Ôóíêöèÿ �(z) óäîâëåòâîðÿåò äè��åðåíöèàëüíî�ìó óðàâíåíèþ(�0)2 + C1�3 + C2�2 � C1e� tg�� = 0; (42)ãäå C1 =  4�B0e�i(�=2��)B1 os� e�(�=4) tg�!2; (43)C2 = 12�2os2 �e2i� B23B0 � 2B3B1 !;B0 = 1XK=1(�1)K+1�K � 12��� exp �� tg��K � 12�2! ;B1 = 1 + 2 1XK=1 e�� tg �K2 ;B3 = 1XK=1K2e�� tg�K2 ;B2 = 1XK=1(�1)K+1�K � 12�3 �� exp �� tg��K � 12�2! :

Èç �îðìóë (22), (34), (41) ñëåäóåò, ÷òî ïëîòíîñòüçàðÿäà íà âåùåñòâåííîé îñè â èíòåðâàëå (0,1) ïðåä�ñòàâèìà â âèäå�1(t) = fA ��(t) +A�(��(t))�gE0 sin�; (44)ãäå A = jAjei(�=2+�(��2�)): (45)Âåëè÷èíà jAj îïðåäåëÿåòñÿ óðàâíåíèåì (23):Z2� 8<:1 + 2�ijAj 1Z0 dt (1� 2t)h��(t)ei(��2�)�������(t)ei(��2�)����i9=; == ijAj 1Z0 dt h��(t)ei(��2�)�� �� ���(t)ei(��2�)����i: (46)Êîìïîíåíòà �22eff (�) îïðåäåëÿåòñÿ �îðìóëîé (24) èðàâíà�22eff (�) = 4�ijAj �1�2�1 � �2 1Z0 dt ���(t)ei(��2�)�� �����(t)ei(��2�)�����: (47)�àññìîòðèì ïðåäåëüíûé ñëó÷àé � ! �=2. Èç�îðìóëû (41) íàõîäèì�(1� z) = exp[�z(tg�� i)℄;�(z) = exp[�(1� z)(tg�� i)℄: (48)186



ÆÝÒÔ, òîì 125, âûï. 1, 2004 Ïðîâîäèìîñòü ïåðèîäè÷åñêîé äâóõêîìïîíåíòíîé ñèñòåìû : : :Ïàðàìåòðû �; A; Z îïðåäåëÿþòñÿ �îðìóëàìè(18), (36), (45):� = 1� 2�� ; A = jAj exp�i��2 + ��2�� ;Z = 12 ; � tg� = 2� : (49)Èñïîëüçóÿ �îðìóëû (48), (49), ïðèâåäåì âûðà�æåíèå äëÿ ïëîòíîñòè çàðÿäà ê âèäó�1(t) = E0 sin��2��(1� t)e2(1�t)�; (50)i���(t)ei(��2�)�� ����(t)ei(��2�)����� == 2��(1� t)e2(1�t):Êîý��èöèåíò jAj îïðåäåëÿåòñÿ �îðìóëàìè (46),(50):2��jAj = Z2�( 1Z0 dt t�32 � t� e2t)�1 == 4Z�(5 + e2) : (51)Èñïîëüçóÿ �îðìóëû (47), (50), (51), ïîëó÷èìçíà÷åíèå êîìïîíåíòû �22eff (�) òåíçîðà ïðîâîäèìîñòèïðè �! �=2:�22eff (�) = 4�1�2�1 + �2 e2 + 1e2 + 5 � 0:67713�1: (52)Êîìïîíåíòà �11eff (�) âîññòàíàâëèâàåòñÿ ñ ïîìî�ùüþ ñîîòíîøåíèÿ Äûõíå:�11eff (�) = 0:49227�1; �! �=2: (53)Îòìåòèì, ÷òî � = 0 ÿâëÿåòñÿ îñîáîé òî÷êîé. Â÷àñòíîñòè, �óíêöèÿ F2(�) (ñì. óðàâíåíèå (31)) ÿâ�ëÿåòñÿ ïåðèîäè÷åñêîé ñ ïåðèîäîì � íå÷åòíîé �óíê�öèåé ïåðåìåííîé � è F2(� ! +0) = 1=3. È, ñëåäîâà�òåëüíî, åå ðàçëîæåíèå â òðèãîíîìåòðè÷åñêèå ðÿäûñîäåðæèò áåñêîíå÷íîå ÷èñëî ãàðìîíèê.5. Ï�ÎÂÎÄÈÌÎÑÒÜ Â ÎÁËÀÑÒÈ Z ! 1�àññìîòðèì îáëàñòü çíà÷åíèé ïàðàìåòðà Z áëèç�êèõ ê åäèíèöå: 1� Z � 1: (54)Ïðåäïîëîæèì òàêæå, ÷òî óãîë � óäîâëåòâîðÿåòóñëîâèÿì �� 1� Z; �2 � �� 1� Z: (55)

Ïðè âûïîëíåíèè óñëîâèé (54), (55) ïàðàìåòð �áëèçîê ê çíà÷åíèþ 1=2:� = 12 � Æ; Æ � 1: (56)Èç óðàâíåíèÿ (18) íàõîäèì âåëè÷èíóÆ =  2(1� Z)�2[1� (1� 4�=�)2℄!1=2: (57)Ïëîòíîñòü çàðÿäà �1 ïðè âûïîëíåíèè óñëîâèÿ(56) îïðåäåëÿåòñÿ â íóëåâîì ïðèáëèæåíèè �îðìó�ëîé (15): �1 � E0 sin� ~C(�)t1�2Æ ; (58)ãäå ~C(�) � âåëè÷èíà ïîðÿäêà åäèíèöû, åñëè âûïîë�íåíî óñëîâèå Æ � 1� Z: (59)Êîìïîíåíòà �22eff (�) îïðåäåëÿåòñÿ �îðìóëîé (24)è ïðè âûïîëíåíèè óñëîâèé (56), (59) ðàâíà�22eff (�) = 2� �1�2�1 � �2 ~C(�)Æ : (60)Ïðè � = �=4 êîý��èöèåíò ~C(�(4)) = 1=�. Òåìñàìûì, ïðè Z ! 1 â øèðîêîé îáëàñòè óãëîâ �, óäî�âëåòâîðÿþùèõ óñëîâèþ (55), êîìïîíåíòû òåíçîðàý��åêòèâíîé ïðîâîäèìîñòè �22eff (�) è �11eff (�) ðàçëè�÷àþòñÿ ëèøü ÷èñëåííûì ìíîæèòåëåì ïîðÿäêà åäè�íèöû.Â îáëàñòè, êîãäà � ! 0, Z ! 1, èç óðàâíåíèé(18), (20) íàõîäèì îáà ïàðàìåòðà �; �:� = ��� ; 1� 2� = 1� Z2� tg(��): (61)Èç óðàâíåíèÿ (61) ñëåäóåò, ÷òî ïàðàìåòð �ÿâëÿåòñÿ �óíêöèåé îòíîøåíèÿ ìàëûõ ïàðàìåòðîâf�; 1�Zg ñ îáëàñòüþ èçìåíåíèÿ (0; 1=2). Â ýòîé îáëà�ñòè ïðîèñõîäèò ñèëüíîå èçìåíåíèå ïëîòíîñòè çàðÿ�äîâ è âîçíèêàåò ñóùåñòâåííîå îòíîøåíèå êîìïîíåíòòåíçîðà �22eff (�) è �11eff (�).187



Þ. Í. Îâ÷èííèêîâ ÆÝÒÔ, òîì 125, âûï. 1, 20046. ÇÀÊËÞ×ÅÍÈÅÈññëåäîâàíû ïðîâîäèìîñòü, ðàñïðåäåëåíèå çà�ðÿäîâ è òîêîâ â ïåðèîäè÷åñêîé äâóõêîìïîíåíòíîéñèñòåìå, ñîñòàâëåííîé èç ðîìáîâ ñ ïðîèçâîëüíûìóãëîì 2� ïðè âåðøèíå. Èññëåäîâàíèå ÷àñòíûõ ñëó�÷àåâ ïîêàçûâàåò, ÷òî íåò îñîáûõ îñíîâàíèé íàäå�ÿòüñÿ íà ñóùåñòâîâàíèå ïðîñòûõ àëãåáðàè÷åñêèõâûðàæåíèé äëÿ êîìïîíåíò òåíçîðà ý��åêòèâíîéïðîâîäèìîñòè [7℄. Ïîêàçàíî, ÷òî íà ïëîñêîñòè ïà�ðàìåòðîâ (�; �) ñóùåñòâóþò òðè ëèíèè, íà êîòîðûõíàéäåíî ÿâíîå âûðàæåíèå äëÿ ïëîòíîñòè çàðÿäîâè òåíçîðà ý��åêòèâíîé ïðîâîäèìîñòè ÷åðåç ýëëèï�òè÷åñêèå �óíêöèè. Â òî÷êå îáùåãî ïîëîæåíèÿ íàïëîñêîñòè f�; �g ïëîòíîñòü çàðÿäîâ åñòü àíàëèòè÷å�ñêàÿ äâîÿêîïåðèîäè÷åñêàÿ �óíêöèÿ ïàðàìåòðà t ñäâóìÿ òî÷êàìè âåòâëåíèÿ â ïàðàëëåëîãðàììå ïåðè�îäîâ.�àáîòà âûïîëíåíà ïðè �èíàíñîâîé ïîääåðæêå�ÔÔÈ è Ìèííàóêè �Ô.
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