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ÄÈÍÀÌÈ×ÅÑÊÀß ÑÏÈÍÎÂÀß ÂÎÑÏ�ÈÈÌ×ÈÂÎÑÒÜÄÛ�Î×ÍÛÕ ÂÒÑÏ Â ÌÎÄÅËÈÑÈÍ�ËÅÒÍÎ-ÊÎ��ÅËÈ�ÎÂÀÍÍÎÉ ÇÎÍÛ Ï�ÎÂÎÄÈÌÎÑÒÈÌ. Â. Åðåìèí a*, À. À. Àëååâ a, È. Ì. Åðåìèí a;baÊàçàíñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò420008, Êàçàíü, �îññèÿbMax-Plank Institute f�ur Physik komplexer SystemsD-01187, Dresden, GermanyÏîñòóïèëà â ðåäàêöèþ 2 èþëÿ 2007 ã.Âûâåäåíî âûðàæåíèå äëÿ äèíàìè÷åñêîé ñïèíîâîé âîñïðèèì÷èâîñòè äûðî÷íûõ ÂÒÑÏ ñ ó÷åòîì ñèëüíîéâçàèìîñâÿçè íàìàãíè÷åííîñòåé ëîêàëèçîâàííûõ è êîëëåêòèâèçèðîâàííûõ ýëåêòðîíîâ. Â êà÷åñòâå ïðèëî-æåíèÿ ðàññ÷èòàíî ïîâåäåíèå ìíèìîé ÷àñòè âîñïðèèì÷èâîñòè êàê �óíêöèè ÷àñòîòû è âîëíîâîãî âåêòîðà.�åçóëüòàòû ñðàâíèâàþòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè ïî íåóïðóãîìó ðàññåÿíèþ íåéòðîíîâ â ñî-åäèíåíèÿõ òèïà YBa2Cu3O6+y. Ïèê â èíòåíñèâíîñòè ðàññåÿíèÿ íà ýíåðãèÿõ ïîðÿäêà 40 ìýÂ â îáëàñòèâîëíîâîãî âåêòîðà Q = (�; �) è äóãîîáðàçíûé ðåëüå� èíòåðïðåòèðóþòñÿ êàê ïðîÿâëåíèå êîëëåêòèâ-íûõ ñïèíîâûõ êîëåáàíèé ñèñòåìû, ýíåðãèÿ êîòîðûõ íàõîäèòñÿ âíóòðè ñâåðõïðîâîäÿùåé ùåëè (ñïèíîâûéýêñèòîí). U -îáðàçíî ðàñõîäÿùèéñÿ ðåëüå� â èíòåíñèâíîñòè ðàññåÿíèÿ íåéòðîíîâ ñâÿçûâàåòñÿ ñ êîëëåê-òèâíûìè ñïèíîâûìè êîëåáàíèÿìè áëèæíåãî ïîðÿäêà (short range order).PACS: 71.27.+a, 74.72.-h1. ÂÂÅÄÅÍÈÅÏðè àíàëèçå ìàãíèòíîé âîñïðèèì÷èâîñòè ÂÒÑÏíà ñîâðåìåííîì ýòàïå ðàçâèòèÿ òåîðèè âûäåëÿþòñÿäâà ïîäõîäà. Ïåðâûé èç íèõ áàçèðóåòñÿ íà õîðîøîðàçâèòîé òåîðèè ìåòàëëîâ è ó÷èòûâàåò ñèëüíûå êîð�ðåëÿöèè, ñâîéñòâåííûå ÂÒÑÏ-ñîåäèíåíèÿì, â ðàì�êàõ îáû÷íîãî ïðèáëèæåíèÿ ñëó÷àéíûõ �àç (RPA).Ïðèìåíèòåëüíî ê ïðîáëåìå îïèñàíèÿ íåóïðóãîãîðàññåÿíèÿ íåéòðîíîâ â ðàìêàõ ýòîãî ïîäõîäà óäàåò�ñÿ îáúÿñíèòü ïðîèñõîæäåíèå ðåçîíàíñíîãî ïèêà, íà�áëþäàþùåãîñÿ â ñâåðõïðîâîäÿùåé �àçå â îáëàñòèâîëíîâûõ âåêòîðîâ Q = (�; �) ïðè ýíåðãèÿõ íåéòðî�íîâ ïîðÿäêà 40 ìýÂ [1℄. Ïèê ïîÿâëÿåòñÿ â ðåçóëüòà�òå îáðàùåíèÿ â íóëü äåéñòâèòåëüíîé ÷àñòè çíàìåíà�òåëÿ âîñïðèèì÷èâîñòè, êîãäà êîðíåâûå ÷àñòîòû ïî�ïàäàþò â îáëàñòü ïðîçðà÷íîñòè èç-çà ñâåðõïðîâîäÿ�ùåé ùåëè d-òèïà. Â ñîåäèíåíèÿõ òèïà YBa2Cu3O6+yíà âîëíîâîì âåêòîðå Q = (�; �) îáëàñòü ïðîçðà÷íî�ñòè ñîñòàâëÿåò ïîðÿäêà 60�70 ìýÂ [2℄. Îñíîâíîé ïà�*E-mail: Mikhail.Eremin�ksu.ru

ðàìåòð ðàñ÷åòà â ñõåìå RPA � ïàðàìåòð îáìåííîãîâçàèìîäåéñòâèÿ íîñèòåëåé òîêà U , çíà÷åíèå êîòîðî�ãî îêàçûâàåòñÿ ïîðÿäêà 0.2�0.3 ýÂ [3; 4℄, îäíàêî ïðî�èñõîæäåíèå òàêîãî çíà÷åíèÿ U îñòàåòñÿ íå ÿñíûì.Äðóãîé ïîïóëÿðíîé ìèêðîñêîïè÷åñêîé ìîäåëüþäëÿ îïèñàíèÿ ýëåêòðîííîãî ñòðîåíèÿ çîíû ïðîâî�äèìîñòè ÿâëÿåòñÿ ìîäåëü, â êîòîðîé îïåðàòîðàìèðîæäåíèÿ è óíè÷òîæåíèÿ íîñèòåëåé òîêà ÿâëÿþòñÿêîìïîçèòíûå îáðàçîâàíèÿ (îïåðàòîðû õàááàðäîâñêî�ãî òèïà) [5; 6℄. Áîëüøîå äîñòîèíñòâî åå â òîì, ÷òîîíà îïèñûâàåò ïåðåõîä äèýëåêòðèê�ìåòàëë, èìåþ�ùèé ìåñòî â ýòèõ ñîåäèíåíèÿõ. Èñõîäÿ èç äàííûõ�îòîýìèññèè è ßÌ�, ñ÷èòàåòñÿ, ÷òî â äûðî÷íûõÂÒÑÏ íîñèòåëè òîêà, ãëàâíûì îáðàçîì, ðàñïðåäå�ëÿþòñÿ ïî ïîçèöèÿì êèñëîðîäà. Ïðè ýòîì ñèëüíîåîáìåííîå âçàèìîäåéñòâèå äûðîê íà ïîçèöèÿõ êèñëî�ðîäà ñ ëîêàëèçîâàííûìè äûðêàìè íà ïîçèöèÿõ ìåäèðàñùåïëÿåò êèñëîðîäíóþ çîíó íà äâå ïîäçîíû. Íèæ�íåé îêàçûâàåòñÿ ïîäçîíà ñ ÿðêî âûðàæåííûìè ñèí�ãëåòíûìè êîððåëÿöèÿìè äûðîê ìåäè è êèñëîðîäà(ìîäåëü ñèíãëåòíî-êîððåëèðîâàííîé çîíû [7�9℄). Âïëàíå òåõíèêè èñïîëüçîâàíèÿ õàááàðäîâñêèõ îïåðà�862



ÆÝÒÔ, òîì 133, âûï. 4, 2008 Äèíàìè÷åñêàÿ ñïèíîâàÿ âîñïðèèì÷èâîñòü : : :òîðîâ äàííóþ çîíó ìîæíî ñ÷èòàòü àíàëîãîì âåðõíåéõàááàðäîâñêîé ïîäçîíû. Ïàðàìåòð îáìåííîãî âçàè�ìîäåéñòâèÿ ìåæäó ñïèíàìè ìåäè îæèäàåòñÿ ïðèìåð�íî òàêèì æå, êàê è äëÿ ðîäèòåëüñêèõ íåïðîâîäÿùèõêóïðàòîâ, ãäå îí, ñîãëàñíî äàííûì ïî ðàññåÿíèþíåéòðîíîâ, ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà 0.13 ýÂ.�àñ÷åò ñïèíîâîé âîñïðèèì÷èâîñòè ñ èñïîëüçîâàíè�åì êîìïîçèòíûõ îïåðàòîðîâ äîñòàòî÷íî ñëîæåí. Âðÿäå ðàáîò (ñì., íàïðèìåð, [10; 11℄) ñ÷èòàåòñÿ, ÷òîíàèáîëåå ïîäõîäÿùèì ñïîñîáîì ðàñöåïëåíèÿ óðàâ�íåíèé äâèæåíèÿ ÿâëÿåòñÿ ìåòîä Öâàíöèãà �Ìîðè.Íà îñíîâå ýòîãî ïîäõîäà, â ÷àñòíîñòè, óòâåðæäàåò�ñÿ, ÷òî ïèê â ðàññåÿíèè íåéòðîíîâ, ãëàâíûì îáðà�çîì, ñâÿçàí ñ êîëåáàíèÿìè ëîêàëèçîâàííûõ ìîìåí�òîâ, ñâîéñòâåííûìè äâóìåðíîé ðåøåòêå ñïèíîâ ñ êî�ðîòêîäåéñòâóþùèìè àíòè�åððîìàãíèòíûìè êîððå�ëÿöèÿìè. Ýòî êà÷åñòâåííî èíîé âûâîä ïî ñðàâíåíèþñ RPA.Â äàííîé ðàáîòå, êîìáèíèðóÿ ìåòîäû ðàñöåïëå�íèÿ óðàâíåíèé â ïðåäñòàâëåíèè ïðîåêöèîííûõ îïå�ðàòîðîâ [12�14℄ è ìåòîä RPA, ìû âûâåëè êà÷åñòâåí�íî íîâîå âûðàæåíèå äëÿ ñïèíîâîé âîñïðèèì÷èâî�ñòè, ó÷èòûâàþùåå äâîéñòâåííûé õàðàêòåð ìàãíåòèç�ìà â ÂÒÑÏ. Ïðè ðàâåíñòâå íóëþ ÷èñåë çàïîëíåíèÿïîëó÷åííîå âûðàæåíèå äëÿ ñïèíîâîé âîñïðèèì÷èâî�ñòè ïåðåõîäèò â ñîîòâåòñòâóþùåå âûðàæåíèå äëÿâîñïðèèì÷èâîñòè äâóìåðíîé ñèñòåìû ëîêàëèçîâàí�íûõ ñïèíîâ. Ïðè ìàëûõ æå çíà÷åíèÿõ ñïèíîâûõêîððåëÿòîðîâ �îðìóëà ñîîòâåòñòâóåò ñòàíäàðòíîìóïðèáëèæåíèþ RPA. Ïðèìåíèòåëüíî ê çàäà÷å î ðàñ�ñåÿíèè íåéòðîíîâ â äûðî÷íûõ ÂÒÑÏ íàø ðåçóëüòàòñîîòâåòñòâóåò âûâîäó ïðèáëèæåíèÿ RPA. Ïèê â ðàñ�ñåÿíèè íåéòðîíîâ ïðè ýíåðãèÿõ 40 ìýÂ � ñâèäåòåëü�ñòâî ñóùåñòâîâàíèÿ íîâûõ êîëëåêòèâíûõ ñïèíîâûõêîëåáàíèé â ñâåðõïðîâîäÿùåì ñîñòîÿíèè (ñïèíîâûéýêñèòîí), ïðè ýòîì ïðîáëåìà èíòåðïðåòàöèè ïðîèñ�õîæäåíèÿ äîâîëüíî áîëüøîé âåëè÷èíû ïàðàìåòðà Uâ ñõåìå RPA ñíèìàåòñÿ.2. Ó�ÀÂÍÅÍÈß ÄÂÈÆÅÍÈß ÄËßÎÏÅ�ÀÒÎ�ÎÂ �ÎÆÄÅÍÈß ÈÓÍÈ×ÒÎÆÅÍÈß. ÝÍÅ��ÈßÊÂÀÇÈ×ÀÑÒÈÖ�àìèëüòîíèàí ìîäåëè èìååò âèäH = Xi;j;� tij pd;�i  �;pdj +12Xi;j Jij hSi � Sj�ninj4 i++ 12Xi;j GijÆiÆj = Ht +HJ +HG: (2.1)

Çäåñü  pd;�i ( �;pdj ) � îïåðàòîðû ðîæäåíèÿ (óíè÷òî�æåíèÿ) êîìïîçèòíûõ êâàçè÷àñòèö â çîíå ïðîâîäèìî�ñòè. Íàïðèìåð, îïåðàòîð  pd;"i ïðèáëèæåííî çàïèñû�âàåòñÿ â âèäå pd;"i � hX";#i P ";0i �X";"i P #;0i i =p2;ãäå Xp;qi è P p;qi � õàááàðäîâñêèå îïåðàòîðû, îòíîñÿ�ùèåñÿ ñîîòâåòñòâåííî ê d-äûðêàì Cu2+ è p-äûðêàìO1�. Ïîäðîáíûå âûðàæåíèÿ äëÿ îïåðàòîðîâ  pd;�i 
ó÷åòîì ñèíãëåòíîãî ñîñòîÿíèÿ Cu3+ è íåéòðàëüíîãîñîñòîÿíèÿ êèñëîðîäà ïðèâåäåíû â ðàáîòå [8℄. Âûïè�ñûâàòü èõ ñåé÷àñ íåò íåîáõîäèìîñòè, òàê êàê â ðàì�êàõ îäíîçîííîãî ïðèáëèæåíèÿ óñëîâèÿ ïîëíîòû èíîðìèðîâêè ïðèâîäÿò ê òîìó, ÷òî àíòèêîììóòàòîð�íûå ñîîòíîøåíèÿ ðàññìàòðèâàåìûõ îïåðàòîðîâ ðî�æäåíèÿ è óíè÷òîæåíèÿ çàïèñûâàþòñÿ êàê äëÿ âåðõ�íåé õàááàðäîâñêîé çîíû, ò. å.f pd;"i ;  ";pdj g = 1 + Æi2 + szi ;ãäå Æi =  pd;pdi � îïåðàòîð ÷èñëà äîïèðîâàííûõ äû�ðîê â ðàñ÷åòå íà îäíó ýëåìåíòàðíóþ ÿ÷åéêó. Ñèìâîë¾pd¿ ñîîòâåòñòâóåò ñèíãëåòíûì îáðàçîâàíèÿì èç äû�ðîê ìåäè è êèñëîðîäà. Âòîðîå ñëàãàåìîå â �îðìóëå(2.1) îïèñûâàåò ñóïåðîáìåííîå âçàèìîäåéñòâèå ñïè�íîâ, ïîñëåäíåå ñëàãàåìîå ó÷èòûâàåò âçàèìîäåéñòâèåòèïà ïëîòíîñòü�ïëîòíîñòü.Äëÿ íàõîæäåíèÿ çàêîíà äèñïåðñèè ñîñòàâëÿåì èëèíåàðèçèðóåì óðàâíåíèåi~� ";pdk�t = h ";pdk ; (Ht +HJ +HG)i : (2:2)Ëèíåàðèçàöèÿ ïðîâîäèòñÿ ïóòåì ïðîåêòèðîâàíèÿ.Ïðîèçâåäåíèÿ îïåðàòîðîâ, ïîÿâëÿþùèåñÿ â ðåçóëü�òàòå âû÷èñëåíèÿ êîììóòàòîðîâ â �îðìóëå (2.2), ïðî�åêòèðóþòñÿ íà ïîäïðîñòðàíñòâî îïåðàòîðîâ ðîæäå�íèÿ è óíè÷òîæåíèÿ.Òàê, ïðîèçâåäåíèå îïåðàòîðîâ ( pd;pdj + ""j ) ";pdsçàïèñûâàåì â âèäå ðàçëîæåíèÿtjs( pd;pdj +  ""j ) ";pds ==Xn "tjsn ";pdn +Xn �tjsn pd;#n : (2.3)Êîý��èöèåíòû "tjsn, �tjsn íàõîäÿòñÿ èç óñëîâèÿðàâåíñòâà óñðåäíåííûõ àíòèêîììóòàòîðîâ ëåâîé èïðàâîé ÷àñòåé (2.3) ñ îïåðàòîðàìè ðîæäåíèÿ èëèóíè÷òîæåíèÿ. Òàêàÿ ëèíåàðèçàöèÿ èñïîëüçîâàëàñüâ ðÿäå ðàáîò [9; 12; 13℄. Â ðåçóëüòàòå èìååì"tjns = tlsP �P 2 + hSzsSzl i� Æns;�tjns = tjsP h #;pdj  ";pds iÆjn: (2.4)863



Ì. Â. Åðåìèí, À. À. Àëååâ, È. Ì. Åðåìèí ÆÝÒÔ, òîì 133, âûï. 4, 2008Çäåñü P = (1 + Æ)=2 � ñðåäíèå çíà÷åíèÿ àíòèêîì�ìóòàòîðà îïåðàòîðîâ ðîæäåíèÿ è óíè÷òîæåíèÿ êîì�ïîçèòíûõ êâàçè÷àñòèö, Æ � ñðåäíåå ÷èñëî íîñèòå�ëåé â ðàñ÷åòå íà îäíó ýëåìåíòàðíóþ ÿ÷åéêó. Ïî�ÿâëåíèå ñïèíîâûõ êîððåëÿòîðîâ ó èíòåãðàëîâ ïåðå�ñêîêà �èçè÷åñêè âïîëíå ïîíÿòíî. Ïðè íàëè÷èè àí�òè�åððîìàãíèòíûõ êîððåëÿöèé â ñèñòåìå ëîêàëèçî�âàííûõ ñïèíîâ èíòåãðàëû ïåðåñêîêà äîëæíû ïîäàâ�ëÿòüñÿ [9; 15℄.Ïðîèçâåäåíèÿ îïåðàòîðîâ, ñîäåðæàùèõ ñïèí èëèïëîòíîñòü çàðÿäà, ïðîåêòèðóåì ÷àñòè÷íî. Òàê, äëÿïðîèçâåäåíèÿ îïåðàòîðîâ  ";#j  #;pds çàïèøåìtjs ";#j  #;pds = tjs ";#j  #;pds (1�Ft)+tjsFt ";#j  #;pds == tjs(1�Ft)S+j  #;pds + �"trjsn ";pdn +�trjsn pd;#n � : (2.5)Ïàðàìåòð ðàñöåïëåíèÿ Ft ââîäèòñÿ äëÿ ñîõðà�íåíèÿ ÷ëåíîâ, èãðàþùèõ âàæíóþ ðîëü â ïðèáëè�æåíèè ñëó÷àéíûõ �àç. Â ñõåìå ïðîåêòèðîâàíèÿïî [9; 11�13℄ ýòèìè ÷ëåíàìè ïðåíåáðåãàþò. Íèæå ïðî�åêòèðóåòñÿ òîëüêî ÷àñòü îïåðàòîðà â (2.5), à èìåí�íî ïðîèçâåäåíèå tjsFt ";#j  #;pds , îñòàâøàÿñÿ æå ÷àñòüáóäåò ó÷èòûâàòüñÿ êàê â ïðèáëèæåíèè ñëó÷àéíûõ�àç. Ïðîñòûå âû÷èñëåíèÿ äàþò"trjsn = tjs FtP �� hh ";#j  #;"s iÆns + h pd;"j  #;pds iÆnji ;�trjsn = �tjsFtP h ";pdj  #;pds iÆnj : (2.6)
Èñïîëüçîâàííàÿ ñõåìà � ýòî �àêòè÷åñêè òàêàÿêîìáèíàöèÿ ïðèáëèæåíèÿ ñëó÷àéíûõ �àç è òåõíèêèïðîåêòèðîâàíèÿ Öâàíöèãà �Ìîðè [16; 17℄, ïðè êîòî�ðîé ïîëó÷àþòñÿ ðåçóëüòàòû RPA â ñëó÷àå ïðîñòûõìåòàëëîâ. Ñ �èçè÷åñêîé òî÷êè çðåíèÿ, ïàðàìåòð Ftïðåäíàçíà÷åí äëÿ ñîõðàíåíèÿ ý��åêòîâ ìîëåêóëÿð�íîãî ïîëÿ ñî ñòîðîíû ñïèíîâ è äîïèðîâàííûõ äû�ðîê. Áîëåå òîãî, îêàçûâàåòñÿ, ÷òî ýòîò ïàðàìåòðî÷åíü âàæåí è äëÿ îáåñïå÷åíèÿ óñëîâèÿ óñòîé÷èâî�ñòè. Íå âî âñÿêîé ïðîöåäóðå ïðîåêòèðîâàíèÿ ìíè�ìûå ÷àñòè çàðÿäîâîé è ñïèíîâîé âîñïðèèì÷èâîñòèÿâëÿþòñÿ ïîëîæèòåëüíûìè. Âîîáùå, ïî-âèäèìîìó,ìîæíî ââåñòè òðè ïàðàìåòðà: ïî êèíåòè÷åñêîé ýíåð�ãèè (Ft), ïî îáìåííîìó âçàèìîäåéñòâèþ (FJ ) è ïîêóëîíîâñêîìó âçàèìîäåéñòâèþ (FG).Â èòîãå òàêîé ïðîöåäóðû ëèíåàðèçàöèè, ñîáðàââñå ÷ëåíû âìåñòå, ïîëó÷àåì

h ";pdk ; (Ht +HJ +HG)i == "k ";pdk +�k pd;#�k +1�FtN Xq tk�q #;pdk�qS+q �� FJN Xq Jq #;pdk�qS+q + FGN Xq Gq ";pdk�q Æq: (2.7)ÇäåñüGq =Xi GijeiqRij ; Jq = J1(
os qxa+ 
os qya):(2:8)Â èçëîæåííîé ñõåìå ðàñöåïëåíèÿ âûðàæåíèÿ äëÿýíåðãèè êâàçè÷àñòèö è äëÿ ïàðàìåòðà ïîðÿäêà ïå�ðåõîäà â ñâåðõïðîâîäÿùåå ñîñòîÿíèå èìåþò âèä"k =Xl tjl �1 + Æ2 + 21+Æ (1+2Ft)hSzj Szl i� eikRjl��Xl �2Gjl(1� FG)1 + Æ h pd;"l  ";pdj i ++ Jjl(1� FJ )1 + Æ h pd;#l  #;pdj i� eikRjl ; (2.9)�k = 1PN Xk0 hJ(k� k0)h ";pdk0  #;pd�k0 i �� J(k� k0)(1� FJ )h #;pdk0  ";pd�k0 i �� FGG(k� k0)h ";pdk0  #;pd�k0 ii+ 1PN ��Xk0 tk0 hh #;pdk0  ";pd�k0 i � Fth #;pdk0  ";pd�k0 ii : (2.10)Çäåñü tk =Pj tij exp(ikRij)� �óðüå-îáðàçû èíòåãðà�ëîâ ïåðåñêîêà. Âûðàæåíèå äëÿ çàêîíà äèñïåðñèè "kìîæíî çàïèñàòü â âèäå, òèïè÷íîì äëÿ ñëó÷àÿ ñèëü�íîé ñâÿçè:"k = 2t(1)eff (
os kxa+ 
os kya) ++ 4t(2)eff 
os kxa 
oskya++ 2t(3)eff (
os 2kxa+ 
os 2kya) + : : : (2.11)Ïðè ýòîì ý��åêòèâíûå ïàðàìåòðû çîíû îïðåäåëÿ�þòñÿ ñëåäóþùèìè �îðìóëàìè:864



ÆÝÒÔ, òîì 133, âûï. 4, 2008 Äèíàìè÷åñêàÿ ñïèíîâàÿ âîñïðèèì÷èâîñòü : : :t(1)eff = t1 �P + 1=2 + Ft1 + Æ K1��� J1(1� FJ ) + 2G1(1� FG)2N ��Xk0 fk0 
os k0xa;t(2)eff = t2 �P + 1=2 + Ft1 + Æ K2��� J2(1� FJ ) + 2G2(1� FG)2N ��Xk0 fk0 
os k0xa 
os k0ya;t(3)eff = t3 �P + 1=2 + Ft1 + Æ K3��� J3(1� FJ ) + 2G3(1� FG)2N ��Xk0 fk0 
os 2k0xa:
(2.12)

�àñ÷åò ñïèí-ñïèíîâûõ êîððåëÿöèîííûõ �óíê�öèé Kn = 4hSz0Szni ïðîâîäèòñÿ ñàìîñîãëàñîâàííî÷åðåç äèíàìè÷åñêóþ ñïèíîâóþ âîñïðèèì÷èâîñòü. Âïðîöåññå ðàñ÷åòà ïðîâåðÿåòñÿ âûïîëíåíèå óñëîâèÿhS+i S�i i = (1� Æ)=2 (ïðàâèëî ñóìì). Äëÿ ïîëó÷åíèÿïðåäâàðèòåëüíûõ çàòðàâî÷íûõ çíà÷åíèé èñïîëüçó�þòñÿ ïîëóýìïèðè÷åñêèå ñîîáðàæåíèÿ.Ñëåäóåò îòìåòèòü, ÷òî íàëè÷èå îïåðàòîðîâ ïëîò�íîñòè è ñïèíà â ïðàâîé ÷àñòè �îðìóëû (2.7), â îá�ùåì ñëó÷àå, ìîæåò èçìåíèòü �îðìóëó äëÿ äèñïåð�ñèè êâàçè÷àñòèö è ïðèâåñòè ê ïñåâäîùåëåâûì ý���åêòàì â ïëîòíîñòè ñîñòîÿíèé íà óðîâíå Ôåðìè.Ñåé÷àñ â êà÷åñòâå ïåðâîãî ïðèáëèæåíèÿ ìû ðàññìàò�ðèâàåì ñëó÷àé, êîãäà ý��åêòû ìîëåêóëÿðíîãî ïîëÿíå ñóùåñòâåííû â äèñïåðñèè êâàçè÷àñòèö, íî âàæíûïðè ðàññìîòðåíèè âîñïðèèì÷èâîñòè. Ñîãëàñíî èìå�þùèìñÿ ýêñïåðèìåíòàëüíûì äàííûì î ïñåâäîùåëå�âîì ñîñòîÿíèè â ÂÒÑÏ, åñòü îñíîâàíèÿ ñ÷èòàòü, ÷òîðàññìàòðèâàåìîå íàìè ïðèáëèæåíèå ïîäõîäèò äëÿñîåäèíåíèé ñ èíäåêñîì äîïèðîâàíèÿ, áëèçêèì ê îï�òèìàëüíîìó.Â çàêëþ÷åíèå ýòîãî ðàçäåëà îòìåòèì èíòåðåñ�íóþ îñîáåííîñòü â ïîâåäåíèè ïëîùàäè çàíÿòûõ ñî�ñòîÿíèé â ïåðâîé çîíå Áðèëëþýíà. Åñëè ïðåäïîëî�æèòü, ÷òî ýíåðãèÿ êâàçè÷àñòè÷íûõ âîçáóæäåíèé íåçàâèñèò îò ÷èñëà äûðîê, òî èç óðàâíåíèÿ äëÿ õèìè�÷åñêîãî ïîòåíöèàëàÆ = 1 + Æ2 Xk f("k � �)íåìåäëåííî ñëåäóåò (àíàëîã òåîðåìû Ëàòòèíæåðàäëÿ ïðîñòûõ ìåòàëëîâ), ÷òî ïëîùàäü, îãðàíè÷åííàÿêîíòóðîì Ôåðìè, íàðàñòàåò ñ óâåëè÷åíèåì Æ êàê

2Æ=(1 + Æ) è ïîëîâèííîå çàïîëíåíèå çîíû ðåàëèçó�åòñÿ ïðè Æ = 1=3. Â íàøåì ñëó÷àå â �îðìóëû (2.12)âõîäÿò ñïèíîâûå êîððåëÿòîðû, àáñîëþòíûå çíà÷å�íèÿ êîòîðûõ óáûâàþò ïî ìåðå óâåëè÷åíèÿ Æ. Ýòî îá�ñòîÿòåëüñòâî ïðèâîäèò ê òîìó, ÷òî íàðàñòàíèå ïëî�ùàäè, îãðàíè÷åííîé êîíòóðîì Ôåðìè, ïðîèñõîäèòáûñòðåå, ÷åì îïðåäåëÿåòñÿ îòíîøåíèåì 2Æ=(1 + Æ).3. ÄÈÍÀÌÈ×ÅÑÊÀß ÑÏÈÍÎÂÀßÂÎÑÏ�ÈÈÌ×ÈÂÎÑÒÜ Â ÍÎ�ÌÀËÜÍÎÉÔÀÇÅÎáùàÿ �îðìóëà äëÿ ñïèíîâîé âîñïðèèì÷èâîñòèèìååò âèä�+;�total(!;q) = F (!;q) + LqD(!;q) + �2q � !2 : (3:1)Âûâîä åå âûíåñåí â Ïðèëîæåíèå A. Â �îðìóëå (3.1)Lq = �2J1K1(2� 
q)�� 1N Xk (nk+q � nk)(tk+q � tk); (3.2)ãäå 
q = 
os qxa+ 
os qya, nk = h pd;�k  �;pdk i = Pfk �÷èñëà çàïîëíåíèÿ. Çíàêè ïåðâîãî è âòîðîãî ÷ëåíîâ â(3.2) îæèäàþòñÿ ðàçíûìè (èç �èçè÷åñêèõ ñîîáðàæå�íèé), òàê êàê ïåðåñêîêè ýëåêòðîíà ïðîèñõîäÿò ñ ñî�õðàíåíèåì îðèåíòàöèè ñïèíà è, ñëåäîâàòåëüíî, ñïî�ñîáñòâóþò �åððîìàãíèòíûì êîððåëÿöèÿì ëîêàëü�íûõ ñïèíîâ.Ôóíêöèÿ�2q = 
2q + 1N Xk (tk+q � tk)�� f[FJJq � tk(1� Ft)℄nk �� [FJJq � tk+q(1� Ft)℄nk+qg (3.3)ïðè èñïîëüçîâàííûõ íàìè ïàðàìåòðàõ t è J âñåãäàïîëîæèòåëüíà è èìååò ñìûñë êâàäðàòà ÷àñòîòû ëî�êàëüíûõ êîëåáàíèé ñïèíîâ. Êàê óæå îòìå÷àëîñü âðàáîòàõ [18; 19℄, ÷àñòîòà ëîêàëüíûõ êîëåáàíèé èçìå�íÿåòñÿ ïðè ïîÿâëåíèè íîñèòåëåé.Âûðàæåíèå äëÿ ÷àñòîòû ìàãíîííîé ìîäû â îò�ñóòñòâèå íîñèòåëåé 
q çàïèñûâàåì â �îðìå, ïðåäëî�æåííîé â ðàáîòå [11℄:
2q = 2J21�jK1j(2� 
q)(�sp + 2 + 
q); (3:4)ãäå �sp � áåçðàçìåðíûé ïàðàìåòð ñïèíîâîé ùå�ëè [11℄, õàðàêòåðèçóþùèé, íàñêîëüêî áëèçêî ÷àñòîòàçàòðàâî÷íîé ìàãíîííîé ìîäû ïîäõîäèò ê íóëþ ïðèQ = (�; �), �� áåçðàçìåðíûé ïàðàìåòð ðàñöåïëåíèÿâ äóõå Êîíäî �ßìàäæè [11; 14; 20; 21℄, îïðåäåëÿåìûéèç ïðàâèëà ñóìì hs+i s�i i = (1� Æ)=2.10 ÆÝÒÔ, âûï. 4 865



Ì. Â. Åðåìèí, À. À. Àëååâ, È. Ì. Åðåìèí ÆÝÒÔ, òîì 133, âûï. 4, 2008ÔóíêöèÿD(!;q) = �t"�(!;q) �(!;q)� nt"(!;q) (3:5)èìååò ðàçìåðíîñòü ýíåðãèè, çàâèñèò îò ïàðàìåòðîâçîíû è îáìåííîãî èíòåãðàëà,F (!;q) = �(!;q)�t"(!;q)�(!;q) � �t"(!;q) (3:6)� ïåðåíîðìèðîâàííàÿ âîñïðèèì÷èâîñòü ñâîáîäíûõêâàçè÷àñòèö (â ýíåðãåòè÷åñêèõ åäèíèöàõ).Âñïîìîãàòåëüíûå �óíêöèè, êîòîðûå ÿâëÿþòñÿîáùèìè äëÿ �îðìóë (3.5) è (3.6), èìåþò âèä�(!;q) = 1N Xk �kq = 1N Xk nk+q � nk! + "k � "k+q ; (3.7)�(!;q) = 1N Xk �kq = JqFJ�(!;q)�� 1� FtN Xk tk+qnk+q � nktk! + "k � "k+q ; (3.8)�(!;q) = 1N Xk �kq = 1N Xk 1! + "k � "k+q ; (3.9)�t"(!;q) = 1N Xk (tk+q � tk)("k+q � "k)�kq ; (3.10)�t"(!;q) = 1N Xk (tk+q � tk)("k+q � "k)�kq ; (3.11)�t"(!;q) = 1N Xk (tk+q � tk)("k+q � "k)�kq : (3.12)Î ïîëó÷åíèè �îðìóëû (3.1), áåç âûâîäà, ïðåä�âàðèòåëüíî ñîîáùàëîñü â ðàáîòå [22℄. Îòìåòèì, ÷òî

�îðìóëå (3.1) ìîæíî ïðèäàòü åùå è äðóãîé âèä. Âñàìîì äåëå, ðàññìîòðèì ñëåäóþùåå ïðåîáðàçîâàíèå:�t"(!;q) = 1N Xk (tk+q � tk)("k+q � "k)�kq == 1N Xk (tk+q � tk)("k+q � "k � !)�kq ++ !N Xk (tk+q � tk)�kq == � 1N Xk (tk+q � tk)(nk+q � nk) ++ !N Xk (tk+q � tk)�kq : (3.13)Ïåðâîå ñëàãàåìîå ñïðàâà â �îðìóëå (3.13) ñîâ�ïàäàåò ñ îäíèì èç ñëàãàåìûõ â �îðìóëå (3.2). Ïðèïîäñòàíîâêå (3.13) â (3.1) ýòè äâà ñëàãàåìûõ âçàèìíîñîêðàùàþòñÿ. Çàìåòèâ, ÷òî�t"(!;q) = 1N Xk (tk+q � tk)("k+q � "k)�kq == � 1N Xk (tk+q � tk) f[FJJq � tk+q(1� Ft)℄nk+q �� [FJJq � tk(1� Ft)℄nk℄ ++ !N Xk (tk+q � tk)�kq ; (3.14)�t"(!;q) = !�t(!;q); (3:15)îáíàðóæèâàåì â (3.1) åùå äâà ñîêðàùàþùèõñÿ ÷ëå�íà. Óêàçàííûå ñîîòíîøåíèÿ ïîçâîëÿþò çàïèñàòüñïèíîâóþ âîñïðèèì÷èâîñòü â âèäå�+;�total(!;q) = !�(!;q)�t(!;q)� [!�t(!;q) + 2J1K1(2� 
q)℄ �(!;q)!�(!;q)�t(!;q) + �
2q � !2 � !�t(!;q)� �(!;q) ; (3.16)ãäå �t(!;q) = 1N Xk (tk+q � tk)�kq ;�t(!;q) = 1N Xk (tk+q � tk)�kq ;�t(!;q) = 1N Xk (tk+q � tk)�kq : (3.17)Âûðàæåíèå (3.16) âûãëÿäèò ñëîæíåå ïî ñðàâíå�íèþ ñ (3.1), îäíàêî çíà÷èòåëüíî óïðîñòèëèñü âõî�äÿùèå â íåãî �óíêöèè, ïîýòîìó ÷èñëåííûé ðàñ�
÷åò ïî �îðìóëå (3.16) îêàçûâàåòñÿ áîëåå ý��åê�òèâíûì. Èíòåðåñíî îòìåòèòü, ÷òî â ïðåäïîëîæåíèè"k = Peff tk (òàêîå ñîîòíîøåíèå âûïîëíÿåòñÿ â ïðè�áëèæåíèè Õaááàðä I) íàøà �îðìóëà ïî åå ñòðóêòóðåìîæåò áûòü ïðåîáðàçîâàíà â âûðàæåíèå, ïîëó÷åí�íîå â ðàáîòå [14℄ (ïðè ïåðåîïðåäåëåíèè íåêîòîðûõ�óíêöèé). Â íàøåì ñëó÷àå ñîîòíîøåíèå "k = Peff tkíå âûïîëíÿåòñÿ. Êàê âèäíî èç �îðìóë (2.12), îíîîïðàâäàíî ëèøü â ïðåíåáðåæåíèè ñïèí-ñïèíîâûìèè äðóãèìè êîððåëÿöèîííûìè �óíêöèÿìè â çàêîíåäèñïåðñèè.866



ÆÝÒÔ, òîì 133, âûï. 4, 2008 Äèíàìè÷åñêàÿ ñïèíîâàÿ âîñïðèèì÷èâîñòü : : :4. ÔÎ�ÌÓËÀ ÄËß ÂÎÑÏ�ÈÈÌ×ÈÂÎÑÒÈÏ�È T < T
Îáùàÿ ñòðóêòóðà �îðìóë (3.1) è (3.16) ñîõðàíÿ�åò ñâîé âèä ïðè T < T
. Äåòàëè âûâîäà âûíåñåíû âÏðèëîæåíèå B. Â �îðìóëå (3.16) ìåíÿåòñÿ ëèøü âèäâñïîìîãàòåëüíûõ �óíêöèé. Âìåñòî �óíêöèé (3.7),(3.8) è (3.9) èìååì èõ îáîáùåíèå íà ñëó÷àé T < T
:�(!;q) = 1N Xk �kq == PN Xk Sxx fk+q � fk! + i� +Ek �Ek+q ++ PN Xk Syy fk � fk+q! + i��Ek +Ek+q ++ PN Xk S(�)yx fk + fk+q � 1! + i��Ek �Ek+q ++ PN Xk S(+)xy 1� fk � fk+q! + i� +Ek +Ek+q ; (4.1)�(!;q) = 1N Xk �kq = JqFj�(!;q)� P (1� Ft)N ��(Xk Sxx tk+qfk+q � tkfk! + i� +Ek �Ek+q ++ Xk Syy tk+q(1� fk+q)� tk(1� fk)! + i��Ek +Ek+q ++Xk S(�)yx tk+qfk+q � tk(1� fk)! + i�� Ek �Ek+q ++ Xk S(+)xy tk+q(1� fk+q)� tkfk! + i� +Ek +Ek+q ) ; (4.2)�(!;q) = 1N Xk �kq = 1N Xk Sxx!+i�+Ek�Ek+q ++ 1N Xk Syy! + i��Ek +Ek+q ++ 1N Xk S(�)yx! + i��Ek �Ek+q ++ 1N Xk S(+)xy! + i� +Ek +Ek+q : (4.3)Äëÿ ñîêðàùåíèÿ çàïèñè �àêòîðîâ êîãåðåíòíîñòèèñïîëüçóþòñÿ îáîçíà÷åíèÿSxx = xkxk+q + zkzk+q ;Syy = ykyk+q + zkzk+q ;S(+)xy = xkyk+q � zkzk+q ;S(�)yx = ykxk+q � zkzk+q ; (4.4)

ãäå xk = u2k = 12 �1 + "k � �Ek � ;yk = v2k = 12 �1� "k � �Ek � ;zk = ukvk = �k2Ek : (4.5)Ïðè ýòîì ñîîòíîøåíèÿ (3.17) ñîõðàíÿþòñÿ.5. ×ÈÑËÅÍÍÛÅ �ÀÑ×ÅÒÛ ÈÎÁÑÓÆÄÅÍÈÅÂ êà÷åñòâå ïðèìåðà ìû ðàññ÷èòûâàëè ìíèìóþ÷àñòü âîñïðèèì÷èâîñòè êàê �óíêöèþ ÷àñòîòû èâîëíîâîãî âåêòîðà äëÿ ñâåðõïðîâîäíèêîâ òèïàYBa2Cu3O6+y. Ôåðìèêîíòóð òàêèõ ñîåäèíåíèéèçâåñòåí ïî äàííûì �îòîýìèññèîííûõ ñïåêòðîâ(ïîäðîáíûé îáçîð ïðèâåäåí â ðàáîòå [2℄). Â ýëå�ìåíòàðíîé ÿ÷åéêå èìåþòñÿ äâà ñëîÿ CuO2. Èç-çàòóííåëèðîâàíèÿ íîñèòåëåé ìåæäó ñëîÿìè çîíàïðîâîäèìîñòè ðàñùåïëÿåòñÿ íà ñâÿçûâàþùóþ èàíòèñâÿçûâàþùóþ. Ýòî ðàñùåïëåíèå äîñòàòî÷íîâåëèêî, ïîýòîìó ìîæåì îãðàíè÷èòüñÿ îäíîçîííûìïðèáëèæåíèåì. Çàêîí äèñïåðñèè ñâÿçûâàþùåéçîíû â ïðåíåáðåæåíèè ý��åêòàìè ïñåâäîùåëèïðèáëèçèòåëüíî îïèñûâàåòñÿ íàáîðîì ý��åêòèâ�íûõ ïàðàìåòðîâ t(1)eff = 250 ìýÂ, t(2)eff = �50 ìýÂ,t(3)eff = 0, ñîîòâåòñòâóþùèõ ýêñïåðèìåíòàëüíî íà�áëþäàåìîé ïîâåðõíîñòè Ôåðìè. Ïàðàìåòð P áûëïðèíÿò ðàâíûì 0.67. Êóëîíîâñêîå âçàèìîäåéñòâèåâ óðàâíåíèè (2.12) îöåíèâàëîñü ïî �îðìóëåG(R) = e2R exp(��0R);ãäå �0 � 1010 ì�1 � ïàðàìåòð ýêðàíèðîâàíèÿ. Ïðèýòîì îêàçàëîñü, ÷òî ðîëü êóëîíîâñêèõ ïîïðàâîê îò�íîñèòåëüíî ìàëà, ïîýòîìó âîçìîæíûå óòî÷íåíèÿ âè�äà êóëîíîâñêîãî ïñåâäîïîòåíöèàëà â äàííîé ðàáîòåîáñóæäàòüñÿ íå áóäóò. �ëàâíûé ý��åêò ïåðåíîðìè�ðîâêè èíòåãðàëîâ ïåðåñêîêà ñâÿçàí ñ �àêòîðîì P èñî ñïèíîâûìè êîððåëÿòîðàìèKn, çíà÷åíèå êîòîðûõ(K1 � �0:17, K2 � 0:04) îöåíèâàëîñü ñàìîñîãëàñî�âàííî ñ ó÷åòîì ïðàâèëà ñóìì. Â èòîãå ñàìîñîãëàñî�âàíèÿ ïàðàìåòðû ãàìèëüòîíèàíà îêàçàëèñü ðàâíû�ìè t1 = 415 ìýÂ, t2 = �72 ìýÂ, t3 = 0, � = 160 ìýÂ.�åøåíèå èíòåãðàëüíîãî óðàâíåíèÿ (2.10) òàê æå, êàêè ðàíåå [23�25℄ (êîãäà ïàðàìåòð Ft áûë ðàâåí 1), ïðèJ1 > G1 è ëþáûõ çíà÷åíèÿõ Ft äàåò�k = �02 (
os kaa� 
os kya): (5:1)867 10*
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�èñ. 1. Ìíèìàÿ ÷àñòü ñïèíîâîé âîñïðèèì÷èâîñòèïðè T = 10 K (ñïëîøíàÿ ëèíèÿ � ñâåðõïðîâîäÿ-ùàÿ �àçà) è T = 100 K (øòðèõîâàÿ � íîðìàëüíàÿ�àçà) íà âîëíîâîì âåêòîðå Q = (�; �)Ïîñêîëüêó âèä ïñåâäîïîòåíöèàëà êóëîíîâñêîãîâçàèìîäåéñòâèÿ ïîêà íå èçâåñòåí, íèæå, ïðè ðàñ�÷åòàõ âîñïðèèì÷èâîñòè, ïàðàìåòð ñâåðõïðîâîäÿùåéùåëè áåðåì â ñîîòâåòñòâèè ñ ýêñïåðèìåíòàëüíûìèäàííûìè [2℄:�0 = 30 ìýÂ. Îáëàñòü âîçìîæíûõ èçìå�íåíèé ïàðàìåòðà ðàñöåïëåíèÿ Ft âûáèðàëàñü â ñîîò�âåòñòâèè ñ óñëîâèåì óñòîé÷èâîñòè âåùåñòâà, ò. å. òà�êèì îáðàçîì, ÷òîáû ìíèìûå ÷àñòè çàðÿäîâîé (�îð�ìóëà äëÿ íåå ïðè âûáðàííîì ìåòîäå ïðîåêòèðîâà�íèÿ áóäåò ïðèâåäåíà â îòäåëüíîé ðàáîòå) è ñïèíî�âîé âîñïðèèì÷èâîñòåé áûëè ïîëîæèòåëüíûìè ïðèëþáûõ ÷àñòîòàõ è âîëíîâûõ âåêòîðàõ.Íà ðèñ. 1 ïðåäñòàâëåí ðåçóëüòàò ÷èñëåííîãî ðàñ�÷åòà ìíèìîé ÷àñòè ñïèíîâîé âîñïðèèì÷èâîñòè ïî�îðìóëå (3.16) ñ èñïîëüçîâàíèåì ñëåäóþùèõ çíà÷å�íèé ïàðàìåòðîâ: J1 = 115 ìýÂ, Ft = 0:3, FJ = 0:7 è� = 1. Øòðèõîâàÿ ëèíèÿ ðàññ÷èòàíà ïðè T = 100 Ê.Ýòî ñîîòâåòñòâóåò íîðìàëüíîé �àçå. Ñïëîøíàÿ ëè�íèÿ ðàññ÷èòàíà ïðè T = 10 Ê, ÷òî ñîîòâåòñòâóåòT < T
. Âèäíî, ÷òî â ñâåðõïðîâîäÿùåé �àçå èìååòñÿðåçêèé ïèê. Îáà ãðà�èêà â îñíîâíûõ îñîáåííîñòÿõñîîòâåòñòâóþò èìåþùèìñÿ ýêñïåðèìåíòàëüíûì äàí�íûì äëÿ YBa2Cu3O6+y ñ 0:7 < y < 1. Ïîäðîáíûéîáçîð èõ ïðèâåäåí â ðàáîòå [1℄.Íà ðèñ. 2à,á ïðåäñòàâëåíû äâóìåðíûå ãðà�è�êè ìíèìîé ÷àñòè ñïèíîâîé îñïðèèì÷èâîñòè ïðèòåõ æå çíà÷åíèÿõ ïàðàìåòðîâ ñîîòâåòñòâåííî â íîð�ìàëüíîé è ñâåðõïðîâîäÿùåé �àçàõ. Âèäíî, ÷òî ââûñîêî÷àñòîòíîé îáëàñòè èìååòñÿ U -îáðàçíûé ðå�ëüå�. Îí âûðàæåí áîëåå ÷åòêî, íåæåëè â ïðèáëè�æåíèè RPA, è ñâÿçàí ñ íàëè÷èåì ÷ëåíà 
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�èñ. 2. Äâóìåðíûå ãðà�èêè ìíèìîé ÷àñòè âîñïðè-èì÷èâîñòè: a � â ñâåðõïðîâîäÿùåé �àçå (îòí. åä.,T = 10 Ê) êàê �óíêöèè ÷àñòîòû (â ýÂ) è âîëíî-âîãî âåêòîðà qx=a (â åä. �) ïðè qy=a = �, á � âíîðìàëüíîé �àçå ïðè T = 100 Ê


qmax(Im(�sp)); T = 100 Kmax(Im(�sp)); T = 10 K0:6�; � �; � 1:4�; �0:020:040:06!; ýÂ

q�èñ. 3. Êîíòóð ìàêñèìàëüíûõ çíà÷åíèé ìíèìîé÷àñòè âîñïðèèì÷èâîñòè �+;�total(!;q); ñïëîøíàÿ ëè-íèÿ � ñâåðõïðîâîäÿùàÿ �àçà, øòðèõîâàÿ � ïðèT > T
, ïóíêòèðíàÿ ñîîòâåòñòâóåò 
q868



ÆÝÒÔ, òîì 133, âûï. 4, 2008 Äèíàìè÷åñêàÿ ñïèíîâàÿ âîñïðèèì÷èâîñòü : : :ìåíàòåëå (3.16), ò. å. ýòî ïðîÿâëåíèå êîððåëèðîâàí�íûõ êîëåáàíèé ëîêàëèçîâàííûõ ñïèíîâ (short rangeorder). Â ñâåðõïðîâîäÿùåé è â íîðìàëüíîé �àçàõU -îáðàçíûå ðåëüå�û ðàçíûå. Ýòî îáúÿñíÿåòñÿ èç�ìåíåíèåì �óíêöèè �(!;q), êîòîðàÿ ñîäåðæèò õàðàê�òåðèñòèêè íîñèòåëåé òîêà è, â ÷àñòíîñòè, ñâåðõïðî�âîäÿùóþ ùåëü. Èíòåðåñíî îòìåòèòü, ÷òî èçìåíåíèÿâ ãðà�èêå ìíèìîé ÷àñòè ïðè T < T
 èìåþò ìå�ñòî è íà ìàñøòàáàõ ýíåðãèé, áîëüøèõ ýíåðãåòè÷å�ñêîé ùåëè. Ýòî ñâÿçàíî ñ èçìåíåíèåì çíàìåíàòå�ëÿ �óíêöèè (3.16), êîòîðûé ÿâëÿåòñÿ îáùèì êàêäëÿ ëîêàëèçîâàííîé, òàê è äëÿ êîëëåêòèâèçèðîâàí�íîé (itinerant) êîìïîíåíò. Ïèê â ìíèìîé ÷àñòè âîñ�ïðèèì÷èâîñòè ïðè T < T
 îáúÿñíÿåò ïðîèñõîæäå�íèå ðåçîíàíñíîãî ðàññåÿíèÿ íåéòðîíîâ [1℄. Îí ïîÿâ�ëÿåòñÿ èç-çà îáðàùåíèÿ â íóëü äåéñòâèòåëüíîé ÷à�ñòè çíàìåíàòåëÿ è, ñëåäîâàòåëüíî, èíòåðïðåòèðóåò�ñÿ àíàëîãè÷íî òîìó, êàê ýòî äåëàåòñÿ â ñõåìå RPA.Â òåðìèíàõ ðàáîòû [3℄ ýòî ñïèíîâûé ýêñèòîí, òàêêàê ýíåðãèÿ êîëëåêòèâíûõ êîëåáàíèé íàõîäèòñÿ âíó�òðè ñâåðõïðîâîäÿùåé ùåëè 2�0 � 60 ìýÂ. Âìå�ñòå ñ òåì ñëåäóåò ïîä÷åðêíóòü, ÷òî íàøà êàðòèíàìíèìîé ÷àñòè âîñïðèèì÷èâîñòè áîãà÷å ñõåìû RPA.Âî-ïåðâûõ, ëó÷øå âîñïðîèçâîäèòñÿ òàê íàçûâàåìàÿX-shape (îãèáàþùàÿ ìàêñèìàëüíûõ çíà÷åíèé âîñ�ïðèèì÷èâîñòè, ñì. ðèñ. 3), íàáëþäàåìàÿ â ðàññåÿíèèíåéòðîíîâ [26�28℄. �àññ÷èòàííàÿ íàìè îãèáàþùàÿìàêñèìàëüíûõ çíà÷åíèé âîñïðèèì÷èâîñòè ïðèâåäå�íà íà ðèñ. 3 è âïîëíå ¾óêëàäûâàåòñÿ¿ íà ýêñïåðèìåí�òàëüíûé êîíòóð, ïîëó÷åííûé äëÿ YBa2Cu3O6:75 [26℄.Âî-âòîðûõ (è ýòî ìîæåò îêàçàòüñÿ îñîáåííî âàæíûìäëÿ ìèêðîñêîïè÷åñêîé òåîðèè ñïàðèâàíèÿ ÷åðåç êîë�ëåêòèâíûå âîçáóæäåíèÿ), â îòëè÷èå îò ñõåìû RPA,ñîãëàñíî íàøèì ðàñ÷åòàì, óæå â íîðìàëüíîé �à�çå èìåþòñÿ êîëëåêòèâíûå êîëåáàíèÿ, õàðàêòåðíûåäëÿ íèçêîðàçìåðíûõ ñïèíîâûõ ñèñòåì (ñì. ðàñõî�äÿùèéñÿ U -îáðàçíûé ðåëüå� íà âûñîêèõ ÷àñòîòàõíà ðèñ. 2á ). Ñ �èçè÷åñêîé òî÷êè çðåíèÿ, îí ìîæåòáûòü èíòåðïðåòèðîâàí êàê ïðîÿâëåíèå àíòè�åððî�ìàãíèòíûõ êîððåëÿöèé áëèæíåãî ïîðÿäêà. Òàêîé ïî�ðÿäîê îòñóòñòâóåò â ñõåìå RPA. Â íåé óñèëåíèå ìíè�ìîé ÷àñòè âîñïðèèì÷èâîñòè íà íèçêèõ ÷àñòîòàõ ïðè�íÿòî ñâÿçûâàòü ñ êîëåáàíèÿìè ïàðàìàãíîííîãî òè�ïà [29℄. Â íàøåì ñëó÷àå, ìû èìååì íå÷òî ñðåäíååìåæäó ïàðàìàãíîíàìè è êîððåëÿöèÿìè áëèæíåãîïîðÿäêà. Â îòëè÷èå îò ñëó÷àÿ êîððåëÿöèé áëèæíå�ãî ïîðÿäêà äåéñòâèòåëüíàÿ ÷àñòü çíàìåíàòåëÿ �óíê�öèè (3.16) íå îáðàùàåòñÿ â íóëü, à ëèøü èìååò ìè�íèìóì, êàê â ñëó÷àå ïàðàìàãíîíîâ. Èíòåðïðåòàöèÿâ ïîëüçó êîððåëÿöèé áëèæíåãî ïîðÿäêà îñíîâàíà íàñõîäñòâå â ïîâåäåíèè ãðà�èêîâ îãèáàþùåé ìàêñèìó�ìîâ âîñïðèèì÷èâîñòè â íîðìàëüíîé �àçå è 
q (ñì.

ðèñ. 3). Çíà÷åíèå ýíåðãèè (÷àñòîòû), ñîîòâåòñòâóþ�ùåé ìàêñèìóìó âîñïðèèì÷èâîñòè â íîðìàëüíîé �à�çå, ïî-âèäèìîìó, ìîæåò áûòü íàçâàíî ïàðàìåòðîìñïèíîâîé (èëè ¾ïàðàìàãíîííîé¿) ùåëè.Ïîäâîäÿ èòîã ïðîâåäåííîìó ðàññìîòðåíèþ,ìîæíî çàêëþ÷èòü, ÷òî ïðåäëîæåííîå âûðàæåíèåäëÿ äèíàìè÷åñêîé ñïèíîâîé âîñïðèèì÷èâîñòèîïèñûâàåò äóàëüíûé õàðàêòåð ìàãíåòèçìà â äû�ðî÷íûõ ÂÒÑÏ. Ñ îäíîé ñòîðîíû, ýòî ìàãíåòèçìêîëëåêòèâèçèðîâàííûõ äûðîê, ìîãóùèõ ïåðåéòè âñâåðõïðîâîäÿùåå ñîñòîÿíèå, à ñ äðóãîé � èìåþòñÿõàðàêòåðíûå ÷åðòû ìàãíåòèçìà ñèñòåì, ñîñòîÿùèõèç ëîêàëèçîâàííûõ ìîìåíòîâ ñ êîðîòêîäåéñòâó�þùèìè àíòè�åððîìàãíèòíûìè êîððåëÿöèÿìè. Ó�óíêöèè âîñïðèèì÷èâîñòè îáùèé çíàìåíàòåëüè, ñëåäîâàòåëüíî, ìîäà êîëëåêòèâíûõ ñïèíîâûõêîëåáàíèé îáùàÿ. Ñïèíîâûå ïîäñèñòåìû (lo
al anditinerant) íàñòîëüêî ñèëüíî ïåðåïëåòåíû ìåæäóñîáîé, ÷òî ãîâîðèòü î êàæäîé èç íèõ ïîðîçíü íåèìååò ñìûñëà. Âûâåäåííàÿ íàìè �îðìóëà äàåòêà÷åñòâåííî íîâîå ïðåäñòàâëåíèå î ìàãíåòèçìå âäûðî÷íûõ ÂÒÑÏ.�àáîòà âûïîëíåíà ïðè ïîääåðæêå �ÔÔÈ(ãðàíò �06-02-17197-à) è ïðè ÷àñòè÷íîé ïîä�äåðæêå Swiss National S
ien
e Foundation (ãðàíò� IB7420-110784). Àâòîðû áëàãîäàðíû À. À. Àíäðå�åâó çà ïðîâåðêó âûâîäà �îðìóëû (3.1) è ïîëåçíûåçàìå÷àíèÿ. Ï�ÈËÎÆÅÍÈÅ AÂûâîä �îðìóëû äëÿ ñïèíîâîéâîñïðèèì÷èâîñòè â íîðìàëüíîé �àçåÎïåðàòîð �óðüå-êîìïîíåíòû ñïèíà èìååò âèäS+q =Xi  ";#i e�iqRi : (A.1)Âû÷èñëÿåì êîììóòàòîð[S+q ; Ht℄ =Xk (tk � tk+q) pd;#k  ";pdk+q : (A.2)Äëÿ �óíêöèè �ðèíà ïîëó÷àåì óðàâíåíèå!hhS+q jS��qii = �Xk0 (tk0+q�tk0)hh pd;#k0  ";pdk0+q jS��qii++Xi;l Jile�iqRihhS+l Szi � Szl S+i jS��qii: (A.3)Ñ÷èòàåì, ÷òî äàëüíåãî ìàãíèòíîãî ïîðÿäêà íåò,ò. å. *Xi Szi+ = 0: (A.4)869



Ì. Â. Åðåìèí, À. À. Àëååâ, È. Ì. Åðåìèí ÆÝÒÔ, òîì 133, âûï. 4, 2008Ñîñðåäîòî÷èì âíà÷àëå âíèìàíèå íà �óíêöèè�ðèíàGit(!; t) == �Xk0 (tk0+q � tk0 )hh pd;#k0  ";pdk0+qjS��qii: (A.5)Îíà îòíîñèòñÿ ê êîëëåêòèâèçèðîâàííûì ýëåêòðî�íàì (itinerant).Ïåðåéäÿ ê ïðåäñòàâëåíèþ îïåðàòîðîâ íà óçëàõðåøåòêè, ïîëó÷àåì pd;#k  ";pdk+q = 1N Xij  pd;#j  ";pdi �� exp [ikRj � i(k+ q)Ri℄ : (A.6)Âèäíî, ÷òî ýòè îïåðàòîðû óäîâëåòâîðÿþò ñëåäóþùå�ìó òîæäåñòâó: Xk  pd;#k+q ";pdk = 0: (A.7)Íèæå ýòî òîæäåñòâî áóäåò èñïîëüçîâàòüñÿ â âèäåXk hh pd;#k  ";pdk+q jS��qii = 0: (A.8)Äëÿ T > T
, èñïîëüçóÿ óðàâíåíèå (2.7), ïîëó÷àåì!hh pd;#k  ";pdk+q jS��qii == i2� �h pd;"k+q ";pdk+q i � h pd;#k  #;pdk i��� ("k+q � "k) pd;#k  ";pdk+q �� 1N n[FJJq � tk(1� Ft)℄ h pd;#k  #;pdk i �� [FJJq � tk+q(1� Ft)℄ h pd;"k+q ";pdk+q io hhS+q jS��qii �� 1N Xk0 ("k0+q � "k0)hh pd;#k0  ";pdk0+qjS��qii: (A.9)Ïîñëåäíåå ñëàãàåìîå â �îðìóëå (A.9) ïîÿâèëîñüâ êà÷åñòâå êîìïåíñàöèè ïðîèçâåäåíèÿ îïåðàòîðîâñ i = j. Òàêèå ïðîèçâåäåíèÿ â (A.6) ðàâíû íóëþè ýòî îáñòîÿòåëüñòâî ó÷òåíî ïðè äè��åðåíöèðîâà�íèè ïðîèçâåäåíèÿ îïåðàòîðîâ  pd;#k  ";pdk+q ïî ïðàâè�ëàì ðàçä. 2. Óðàâíåíèÿ (A.9) ïðèáëèæåííûå, íî ìûïîä÷èíèì èõ òî÷íîìó òîæäåñòâó (A.8). Îòñþäà ïî�ëó÷àåì óðàâíåíèå0 = iN2� �(!;q) + 1N �(!;q)hhS+q jS��qii++ �(!;q)Dit(!;q): (A.10)

Çäåñü ïîÿâèëàñü âñïîìîãàòåëüíàÿ �óíêöèÿ �ðèíàDit(!;q) = �Xk0 ("k0+q � "k0)hh pd;#k0  ";pdk0+qjS��qii;êîòîðàÿ, êàê áóäåò âèäíî íèæå, âîéäåò åùå â îäíîóðàâíåíèå. Èç �îðìóëû (A.10) ìû çàïèøåìDit(!; t) = � 1�(!;q) ��� iN2� �(!;q) + 1N �(!;q)hhS+q jS��qii� : (A.11)Äëÿ ñîêðàùåíèÿ çàïèñè (A.10) è (A.11) ìû ââî�äèì �óíêöèè �(!;q), �(!;q) è �(!;q) (3.7)�(3.9).Äëÿ óñòàíîâëåíèÿ íîâûõ ñîîòíîøåíèé çàïèøåìâòîðóþ ïðîèçâîäíóþ ïî âðåìåíè:� �2�2tS+q = !2S+q = [[S+q ; H ℄; H ℄: (A.12)Ñîîòâåòñòâóþùåå óðàâíåíèå äëÿ �óíêöèè �ðèíàèìååò âèä!��i ��tS+q jS��q�� = !2hhS+�q jS��qii == !hh[S+q ; H ℄jS��qii = i2� h[[S+q ; H ℄; S��q℄i ��Xk0 (tk0+q � tk0)hh pd;#k0  ";pdk0+q jS��qii++Xi;l Jile�iqRihh[(S+l Szi � Szl Szi ); H ℄jS��qii: (A.13)Ïîäñ÷èòûâàåì êîììóòàòîð:h[[S+q ; H ℄; S��q℄i = �2NJ1K1(2� 
q) ++ 2NXl t0ln0l(eiqR0l � 1) = (A.14)= �2NJ1K1(2� 
q)�Xk (nk+q � nk)(tk+q � tk);ãäå n0l = h pd;"0  ";pdl i èìååò ñìûñë àìïëèòóäû âå�ðîÿòíîñòè ïåðåñêîêà êîìïîçèòíîé äûðêè ñ óçëà íàóçåë, 
q = 
os qxa+
os qya, à nk � ÷èñëà çàïîëíåíèÿ.Òàêîå ñëàãàåìîå åñòü â ðàáîòå [18℄, îäíàêî âòîðàÿñòðîêà ðàâåíñòâà (A.14) óäîáíåå äëÿ ðàñ÷åòà, òàêêàê ïî ïåðâîé ñòðîêå íàäî êàê-òî îáðûâàòü ÷èñëîñîñåäåé. �àñ÷åò �óíêöèè �ðèíàXi;l Jile�iqRihh[(S+l Szi � Szl S+i ); H ℄jS��qii == 
2qhhS+q jS��qii (A.15)ïðîâîäèëñÿ ðÿäîì àâòîðîâ [11; 14; 18�21℄. Çäåñü ìûáóäåì èñïîëüçîâàòü �îðìó çàïèñè (3.4), ïðåäëîæåí�íóþ â ðàáîòå [11℄.870



ÆÝÒÔ, òîì 133, âûï. 4, 2008 Äèíàìè÷åñêàÿ ñïèíîâàÿ âîñïðèèì÷èâîñòü : : :Âòîðîé ÷ëåí ñïðàâà â (A.13) ðàññ÷èòûâàåì, êàêè â (A.9):�Xk (tk+q � tk)hh[ pd;#k0  ";pdk0+q ; H ℄jS��qii == �Xk (tk+q � tk)("k+q � "k)hh pd;#k0  ";pdk0+q jS��qii++ 1N Xk (tk+q � tk) f[FJJq � tk(1� Ft)℄nk �� [FJJq � tk+q(1� Ft)℄nk+qg hhS+q jS��qii: (A.16)Çäåñü ó÷òåíî, ÷òî Pk tk = 0, òàê êàê íà÷àëî îòñ÷åòàýíåðãèè ñîâìåùåíî ñ öåíòðîì çîíû.Ïîñëå ïîäñòàíîâêè (3.4), (A.16) â óðàâíåíèå(A.13) îíî ïðèîáðåòàåò âèä(!2 �
2q � 1N Xk (tk+q � tk) �� f[FJJq � tk(1� Ft)℄nk �� [FJJq�tk+q(1�Ft)℄nk+qg) hhS+q jS��qii = � i2���(2NJ1K1(2�
q)+Xk (nk+q�nk)(tk+q�tk))��Xk (tk+q � tk)("k+q � "k)�� hh pd;#k  ";pdk+q jS��qii: (A.17)Ïåðåïèøåì (A.9) â áîëåå êîìïàêòíîì âèäåhh pd;#k  ";pdk+q jS��qii = iN2� �kq ++ 1N �kqhhS+q jS��qii+ �kqN Dit(!; t) (A.18)è ïîäñòàâèì â (A.17):

(!2 �
2q � 1N Xk (tk+q � tk) ��f[FJJq�tk(1�Ft)℄nk� [FJJq�tk+q(1�Ft)℄nk+qg++ 1N Xk (tk+q � tk)("k+q � "k)�kq) hhS+q jS��qii == � i2� (2NJ1K1(2�
q)+Xk (nk+q�nk)(tk+q�tk) ++ Xk (tk+q � tk)("k+q � "k)�kq)�� Dit(!;q)N Xk (tk+q � tk)("k+q � "k)�kq : (A.19)Òåïåðü, èìåÿ óðàâíåíèÿ (A.19) è (A.11), ìûìîæåì èñêëþ÷èòü âñïîìîãàòåëüíóþ �óíêöèþDit(!;q) è ïîëó÷èòü óðàâíåíèå äëÿ ïîëíîé �óíê�öèè hhS+q jS��qii. Ýòî óðàâíåíèå èìååò âèä(!2 �
2q � 1N Xk (tk+q � tk) ��f[FJJq�tk(1�Ft)℄nk� [FJJq�tk+q(1�Ft)℄nk+qg++ 1N Xk (tk+q�tk)("k+q�"k)�kq��t"(!; q)�(!; q) �(!;q))�� hhS+q jS��qii = � i2� �� ��N �(!; q)�(!; q) �t"(!;q) + 2NJ1K1(2� 
q) ++ Xk (nk+q � nk)(tk+q � tk) +N�t"(!;q)) : (A.20)È íàêîíåö, èñïîëüçóÿ èçâåñòíîå ñîîòíîøåíèå ìåæäó�óíêöèåé �ðèíà hhS+q jS��qii è ïîïåðå÷íîé ñïèíîâîéâîñïðèèì÷èâîñòüþ, ïîëó÷àåì �îðìóëó (3.1).Ï�ÈËÎÆÅÍÈÅ BÂûâîä �îðìóëû äëÿ ñïèíîâîéâîñïðèèì÷èâîñòè ïðè T < T
Ïðè ðàññìîòðåíèè ñâåðõïðîâîäÿùåé �àçû óäîá�íî ñðàçó ââåñòè îïåðàòîðû áîãîëþáîâñêèõ êâàçè÷à�ñòèö. Âûðàçèì ÷åðåç íèõ ïðîèçâåäåíèå pd;#k  ";pdp = ukup�pd;#k �";pdp � ukvp�pd;#k �pd;#�p ++ vkup�";pd�k �";pdp � vkvp�";pd�k �pd;#�p (B.1)è çàòåì ñêîíñòðóèðóåì óðàâíåíèÿ äëÿ �óíêöèé �ðè�íà hh�pd;#k �";pdp jS��qii; hh�pd;#k �pd;#�p jS��qii;871



Ì. Â. Åðåìèí, À. À. Àëååâ, È. Ì. Åðåìèí ÆÝÒÔ, òîì 133, âûï. 4, 2008hh�";pd�k �";pdp jS��qii; hh�";pd�k �pd;#�p jS��qii:Ïðè ýòîì ñëåäóåò ïîìíèòü, ÷òî ñëó÷àé ðàâíûõ èí�äåêñîâ (i = j) â (A.6) ñîîòâåòñòâóåò íóëåâîìó âêëàäóè äîëæåí áûòü èñêëþ÷åí ïðè âçÿòèè ïðîèçâîäíûõ.Òàê, óðàâíåíèå äëÿ �óíêöèè hh�pd;#k �";pdp jS��qiiïðèíèìàåò âèä(! +Ek �Ep)hh�pd;#k �";pdp jS��qii == i2� (ukup + vkvp)(np � nk) + 1N (ukup + vkvp)�� f[FJJq � tp(1� Ft)℄np � [FJJq � tk(1� Ft)℄nkg �� hhS+q jS��qii+ (ukup + vkvp) 1NDit(!;q); (B.2)ãäå nk = h�pd;�k ��;pdk i = Pfk � ÷èñëà çàïîë�íåíèÿ â ñâåðõïðîâîäÿùåì ñîñòîÿíèè, Ek ==p("k � �2) + j�kj2,fk = [1 + expEk=kBT ℄�1 (B.3)� �óíêöèÿ Ôåðìè.Ñëåäóþùåå óðàâíåíèå èìååò âèä(! +Ek +E�p)hh�pd;#k �pd;#�p jS��qii == i2� (ukvp�vkup)(n�p+nk�P )+ 1N (ukvp�vkup)�� f[FJJq � tk(1� Ft)℄nk �� [FJJq � tp(1� Ft)℄ (P � n�p)g �� hhS+q jS��qii+ (ukvp � vkup) 1NDit(!;q): (B.4)Óðàâíåíèÿ äëÿ òðåòüåé è ÷åòâåðòîé �óíêöèé âûïè�ñûâàþòñÿ àíàëîãè÷íî:(! �E�k �Ep)hh�";pd�k �";pdp jS��qii == i2� (ukvp � vkup)(P � n�p � nk) ++ 1N (ukvp � vkup) f[FJJq � tk(1� Ft)℄ �� (P�n�k)� [FJJq�tp(1�Ft)℄npg hhS+q jS��qii++ (ukvp � vkup) 1NDit(!;q); (B.5)(! +E�k �E�p)hh�";pd�k �pd;#�p jS��qii == i2� (ukup + vkvp)(np � nk) + 1N (ukup + vkvp)�� f[FJJq � tk(1� Ft)℄ (P � nk) �� [FJJq � tp(1� Ft)℄ (P � np)g hhS+q jS��qii++ (ukup + vkvp) 1NDit(!;q): (B.6)

Óìíîæàÿ óðàâíåíèÿ (B.2), (B.4), (B.5) è(B.6) ñîîòâåòñòâåííî íà ukup=(! + Ek � Ep),�ukvp=(! + Ek + Ep), vkup=(! � Ek � Ep) è�vkvp=(! + Ek � Ep), ïîñëå ñóììèðîâàíèÿ ïîëó÷à�åì îáîáùåíèå (A.9) íà ñëó÷àé ñâåðõïðîâîäÿùåãîñîñòîÿíèÿ:hh pd;#k  ";pdk+q jS��qii = i2��kq ++ 1N �kq(!; q)hhS+q jS��qii++ �kq(!; q)N Git(!;q): (B.7)Îòìåòèì, ÷òî ñòðóêòóðû �îðìóë (A.18) è (B.7) ñîâ�ïàäàþò. Ïðè ýòîì ïîëó÷àþòñÿ �óíêöèè (4.1), (4.2)è (4.3).Âìåñòî âûðàæåíèÿ (A.16) ïðè T < T
 ïîëó÷àåì�Xk (tk+q � tk)hh[ pd;#k0  ";pdk0+q ; H ℄jS��qii == �Xk (tk+q � tk)n(Ek+q �Ek)ukuk+q�� hh�pd;#k �";pdk+q jS��qii+ (Ek+q +Ek)ukvk+q�� hh�pd;#k �pd;#�k�q jS��qiio ��Xk (tk+q � tk)n(Ek+q +Ek)vkuk+q�� hh�";pd�k �";pdk+q jS��qii+ (Ek+q �Ek)vkvk+q�� hh�";pd�k �pd;#�k�q jS��qiio + PN Xk (tk+q � tk)�� f[FJJq � tk(1� Ft)℄ [fk(xk � yk) + yk℄ �� [FJJq � tk+q(1� Ft)℄ [fk+q(xk+q � yk+q) + yk+q ℄g�� hhS+q jS��qii: (B.8)Ôèãóðèðóþùèå â ïðàâîé ÷àñòè �óíêöèè�ðèíà hh�pd;#k �";pdp jS��qii, hh�pd;#k �pd;#�p jS��qii,hh�";pd�k �";pdp jS��qii è hh�";pd�k �pd;#�p jS��qii íàõîäèìèç óðàâíåíèé (B.2), (B.4)�(B.6). Òîãäà �îðìóëà(B.8) ïðèîáðåòàåò âèä�Xk (tk+q � tk)hh[ pd;#k0  ";pdk0+q ; H ℄jS��qii == �Xk (tk+q � tk)� i2��Ekq + 1N �EkqhhS+q jS��qii ++ �Ekq 1NDit(!; q)�+ PN Xk (tk+q � tk)�� �(Jq � tk)fk "k � �Ek � (Jq � tk+q)fk+q "k+q � �Ek+q �� tkyk + tk+qyk+q� hhS+q jS��qii; (B.9)872



ÆÝÒÔ, òîì 133, âûï. 4, 2008 Äèíàìè÷åñêàÿ ñïèíîâàÿ âîñïðèèì÷èâîñòü : : :ãäå ââåäåíû îáîçíà÷åíèÿ�Ekq = PSxx(Ek+q �Ek) fk+q � fk! + i� +Ek �Ek+q ++ PSyy(Ek �Ek+q) fk � fk+q! + i��Ek +Ek+q ++ PS(�)yx (Ek+q +Ek) fk + fk+q � 1! + i��Ek �Ek+q �� PS(+)xy (Ek+q +Ek) 1� fk � fk+q! + i� +Ek +Ek+q ; (B.10)
�Ekq = PSxx(Ek+q �Ek) tk+qfk+q � tkfk! + i� +Ek �Ek+q ++ PSyy(Ek �Ek+q) tk+q(1� fk+q)� tk(1� fk)! + i��Ek +Ek+q ++ PS(�)yx (Ek+q +Ek)fk+qfk+q � tk(1� fk)! + i��Ek �Ek+q �� PS(+)xy (Ek+q +Ek) tk+q(1� fk+q)� tkfk! + i� +Ek +Ek+q ; (B.11)
�Ekq = (Ek+q �Ek) Sxx! + i� +Ek �Ek+q ++ (Ek �Ek+q) Syy! + i��Ek �Ek+q ++ (Ek +Ek+q) S(�)yx! + i��Ek �Ek+q ++ (�Ek �Ek+q) S(+)xy! + i� +Ek +Ek+q : (B.12)Äàëåå, óðàâíåíèå, àíàëîãè÷íîå (A.20), ïðèîáðåòàåòâèä(!2 � �2q + 1N Xk (tk+q � tk)�Ekq) hhS+q jS��qii == � i2� (2NJ1K1(2�
q)+Xk (nk+q�nk)(tk+q�tk) ++ Xk (tk+q � tk)�Ekq)�� Dit(!;q)N Xk (tk+q � tk)�Ekq ; (B.13)ãäå äëÿ âåëè÷èíû �2q âìåñòî �îðìóëû (3.3) èìååì

�2q = 
2q + PN Xk (tp � tk)�(xkxp + zkzp) �� �(Jq � tk)�fk � 12�� (Jq � tp)�fp � 12���++PN Xk (tp�tk)�(xkyp�zkzp) �(Jq�tk)�fk�12� �� (Jq � tp)�12 � fp���++PN Xk (tp�tk)�(ykxp�zkzp) �(Jq�tk)�12�fk� �� (Jq � tp)�fp � 12���++PN Xk (tp�tk)�(ykyp+zkzp) �(Jq�tk)�12�fk� �� (Jq � tp)�12 � fp��� : (B.14)Âèä �îðìóëû (3.2) íå ìåíÿåòñÿ:Lq = �2J1K1(2� 
q)�� 1N Xk (tk+q � tk)[nk+q � nk℄; (B.15)îäíàêî ÷èñëà çàïîëíåíèÿ â (B.15) ïðè T < T
 âû÷èñ�ëÿþòñÿ ïî ïðàâèëónk = h pd;"k  ";pdk i == P h(uk�pd;"k � vk�#;pd�k )(uk�";pdk � vk�pd;#�k )i == u2k P1 + exp(Ek=kBT ) ++ v2k P1 + exp(�Ek=kBT ) : (B.16)Îáùèé âèä �îðìóë (3.5) è (3.6) ñîõðàíÿåòñÿ, íîâñïîìîãàòåëüíûå �óíêöèè ìåíÿþò âèä:�tE(!;q) = 1N Xk (tk+q � tk)�Ekq ; (B.17)�tE(!;q) = 1N Xk (tk+q � tk)�Ekq ; (B.18)�tE(!;q) = 1N Xk (tk+q � tk)�Ekq : (B.19)Âìåñòî �óíêöèé �t"(!;q), �t"(!;q) è �t"(!;q) èìå�åì ñîîòâåòñòâåííî �tE(!;q), �tE(!;q) è �tE(!;q). Òà�êèì îáðàçîì, �îðìóëû äëÿ âîñïðèèì÷èâîñòè îáåèõ�àç ïîõîæè, à �óíêöèè D(!;q) è F (!;q) âûãëÿäÿòòàê:D(!;q) = �tE(!;q)�(!;q) �(!;q)� �tE(!;q); (B.20)873
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