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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 10 èþëÿ 2008 ã.

Â ðàìêàõ ïîäõîäà Ãèíçáóðãà–Ëàíäàó ïîñòðîåíà òåîðèÿ ýôôåêòà Ëèòòëà–Ïàðêñà äëÿ äâóõçîííûõ

ñâåðõïðîâîäíèêîâ. Ïîëó÷åíà îáùàÿ ôîðìóëà, îòðàæàþùàÿ çàâèñèìîñòü îòíîñèòåëüíîãî ñäâèãà òåì-

ïåðàòóðû ñâåðõïðîâîäÿùåãî ïåðåõîäà �tc îò âåëè÷èíû âíåøíåãî ìàãíèòíîãî ïîòîêà�. Â ÷àñòíîì ñëó-

÷àå ôîðìóëà îïèñûâàåò êëàññè÷åñêèé ýôôåêò Ëèòòëà–Ïàðêñà äëÿ îäíîçîííûõ ñâåðõïðîâîäíèêîâ.

Âîïðåêè èìåþùèìñÿ â ëèòåðàòóðå óòâåðæäåíèÿì, çàâèñèìîñòü � � �t tc c� ( ) äëÿ äâóõçîííûõ ñâåðõïðî-

âîäíèêîâ ñòðîãî ïåðèîäè÷åñêàÿ, êàê è â êëàññè÷åñêîì ýôôåêòå. Îñíîâíîå îòëè÷èå îò êëàññè÷åñêîãî

ýôôåêòà, äîïóñêàþùåå ýêñïåðèìåíòàëüíóþ ïðîâåðêó, çàêëþ÷àåòñÿ â íåïàðàáîëè÷åñêîì õàðàêòåðå çà-

âèñèìîñòè � � �t tc c� ( ). Â ñëó÷àå ñîâïàäåíèÿ ôèçè÷åñêèõ ïàðàìåòðîâ îáåèõ çîí íà ãðàôèêå

� � �t tc c� ( ) ïîÿâëÿþòñÿ äîïîëíèòåëüíûå íàáëþäàåìûå îñîáåííîñòè. Èññëåäîâàíèå ýêñòðåìàëüíûõ

ñâîéñòâ ôóíêöèîíàëà ñâîáîäíîé ýíåðãèè ïîçâîëèëî óñòàíîâèòü âàæíîå, íå îòìå÷åííîå ðàíåå â ëèòå-

ðàòóðå îãðàíè÷åíèå íà îäèí èç ôåíîìåíîëîãè÷åñêèõ ïàðàìåòðîâ.

Ó ðàìêàõ ï³äõîäó Ã³íçáóðãà–Ëàíäàó ïîáóäîâàíî òåîð³þ åôåêòó Ë³òòëà–Ïàðêñà ùîäî äâîçîííèõ

íàäïðîâ³äíèê³â. Îòðèìàíî çàãàëüíó ôîðìóëó, ÿêà â³äîáðàæàº çàëåæí³ñòü â³äíîñíîãî çñóâó òåìïåðàòó-

ðè íàäïðîâ³äíîãî ïåðåõîäó �tc â³ä âåëè÷èíè çîâí³øíüîãî ìàãí³òíîãî ïîòîêó �. Ó îêðåìîìó âèïàäêó

ôîðìóëà îïèñóº êëàñè÷íèé åôåêò Ë³òòëà–Ïàðêñà äëÿ îäíîçîííèõ íàäïðîâ³äíèê³â. Âñóïåðå÷ íàÿâíèì

ó ë³òåðàòóð³ òâåðäæåííÿì, çàëåæí³ñòü � � �t tc c� ( ) ùîäî äâîçîííèõ íàäïðîâ³äíèê³â ñòðîãî ïåð³îäè÷íà,

ÿê ³ ó êëàñè÷íîìó åôåêò³. Îñíîâíà â³äì³íí³ñòü â³ä êëàñè÷íîãî åôåêòó, ùî äîïóñêàº åêñïåðèìåíòàëüíó

ïåðåâ³ðêó, ïîëÿãàº â íåïàðàáîë³÷íîìó õàðàêòåð³ çàëåæíîñò³ � � �t tc c� ( ). Ó âèïàäêó çá³ãó ô³çè÷íèõ ïà-

ðàìåòð³â îáîõ çîí íà ãðàô³êó � � �t tc c� ( ) ç’ÿâëÿþòüñÿ äîäàòêîâ³ îñîáëèâîñò³. Äîñë³äæåííÿ åêñòðå-

ìàëüíèõ âëàñòèâîñòåé ôóíêö³îíàëà â³ëüíî¿ åíåðã³¿ äîçâîëèëî âñòàíîâèòè âàæëèâå, íå â³äçíà÷åíå

ðàí³øå â ë³òåðàòóð³ îáìåæåííÿ íà îäèí ç ôåíîìåíîëîã³÷íèõ ïàðàìåòð³â.

PACS: 74.25.–q Ñâîéñòâà ñâåðõïðîâîäíèêîâ I è II ðîäà;
74.20.De Ôåíîìåíîëîãè÷åñêèå òåîðèè (äâóõæèäêîñòíàÿ, Ãèíçáóðãà–Ëàíäàó è ò.ä.).

Êëþ÷åâûå ñëîâà: ýôôåêò Ëèòòëà–Ïàðêñà, äâóõçîííàÿ ñâåðõïðîâîäèìîñòü, òåîðèÿ Ãèíçáóðãà–Ëàíäàó,
ôóíêöèîíàë ñâîáîäíîé ýíåðãèè.

1. Ââåäåíèå

Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà ïîñòðîåíèþ òåîðèè

ýôôåêòà Ëèòòëà–Ïàðêñà äëÿ äâóõçîííûõ ñâåðõïðî-

âîäíèêîâ (òàêèõ, íàïðèìåð, êàê íåäàâíî îòêðûòûé [1]

ñâåðõïðîâîäíèê MgB2). Óìåñòíî íàïîìíèòü, ÷òî

êëàññè÷åñêèé ýôôåêò Ëèòòëà–Ïàðêñà äëÿ îäíîçîííûõ

ñâåðõïðîâîäíèêîâ õîðîøî èçâåñòåí â ëèòåðàòóðå

[2–4] êàê îäíà èç íàèáîëåå ÿðêèõ äåìîíñòðàöèé ìàê-

ðîñêîïè÷åñêîé êîãåðåíòíîñòè ôàçû ñâåðõïðîâîäÿùå-

ãî ïàðàìåòðà ïîðÿäêà. Îí íàáëþäàåòñÿ â îòêðûòûõ

òîíêîñòåííûõ ñâåðõïðîâîäÿùèõ öèëèíäðàõ â ïðèñóò-

ñòâèè ïîñòîÿííîãî âíåøíåãî ìàãíèòíîãî ïîëÿ, îðèåí-

òèðîâàííîãî âäîëü îñè öèëèíäðà. Â óñëîâèÿõ, êîãäà

ýêðàíèðîâêà ïîëÿ ïðàêòè÷åñêè îòñóòñòâóåò, òåìïåðà-

òóðà ñâåðõïðîâîäÿùåãî ïåðåõîäà Tc� (�— ìàãíèòíûé

ïîòîê ÷åðåç öèëèíäð) èñïûòûâàåò ñòðîãî ïåðèîäè÷åñ-

êèå îñöèëëÿöèè (îñöèëëÿöèè Ëèòòëà–Ïàðêñà):
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Â òå÷åíèå ïîñëåäíåãî äåñÿòèëåòèÿ íåîäíîêðàòíî

îáñóæäàëñÿ ýôôåêò Ëèòòëà–Ïàðêñà äëÿ îäíîçîííûõ

ñâåðõïðîâîäíèêîâ â íåòðàäèöèîííîé ïîñòàíîâêå.

Òàê, íàïðèìåð, èññëåäîâàëè îñöèëëÿöèè êðèòè÷åñêîé

òåìïåðàòóðû â íåîäíîðîäíîì ñâåðõïðîâîäÿùåì öè-

ëèíäðå [5] è ñâåðõïðîâîäÿùèõ öèëèíäðàõ ñ ìàãíèò-

íûìè âêëþ÷åíèÿìè [6,7], à â ðàáîòå [8] ïðîàíàëèçèðî-

âàëè âîçìîæíîñòü ýôôåêòà äëÿ ñâåðõïðîâîäÿùåé

ïëåíêè â ôîðìå ëèñòà Ìåáèóñà.

Ê ñîæàëåíèþ, äî ñèõ ïîð íå ïðîâåäåíû íè ýêñïåðè-

ìåíòàëüíûå, íè òåîðåòè÷åñêèå èññëåäîâàíèÿ ýôôåêòà

Ëèòòëà–Ïàðêñà â äâóõçîííûõ ñâåðõïðîâîäÿùèõ

ñòðóêòóðàõ. Áîëåå òîãî, èìåþùèåñÿ â òåîðåòè÷åñêîé

ëèòåðàòóðå êðàòêèå çàìå÷àíèÿ íà ýòó òåìó âûçûâàþò

ñåðüåçíûå âîïðîñû: íàïðèìåð, â íåäàâíî îïóáëèêî-

âàííîì îáçîðå [9], âñåöåëî ïîñâÿùåííîì ïðèìåíåíèþ

òåîðèè Ãèíçáóðãà–Ëàíäàó ê äâóõçîííîé ñâåðõïðîâî-

äèìîñòè, óòâåðæäàåòñÿ, ÷òî â «äâóõçîííûõ ñâåðõïðî-

âîäíèêàõ îòñóòñòâóåò ïåðèîäè÷íîñòü îñöèëëÿöèé Tc

Ëèòòëà–Ïàðêñà». Ó÷èòûâàÿ ýòî îáñòîÿòåëüñòâî, ìû

âèäèì îäíó èç öåëåé íàøåé ðàáîòû â òîì, ÷òîáû ïðî-

ÿñíèòü ñèòóàöèþ â ðàìêàõ ïðîñòîãî (è îäíîâðåìåííî

äî ñòàòî÷íî îáùåãî) ïîäõîäà òåîðèè Ãèíçáóð-

ãà–Ëàíäàó.

Èñõîäíûì ïóíêòîì ðàçä. 2 ñëóæèò ôóíêöèîíàë ñâî-

áîäíîé ýíåðãèè Ãèááñà â ïðèáëèæåíèè Ãèíçáóð-

ãà–Ëàíäàó. Óñòàíîâëåíî âàæíîå îãðàíè÷åíèå íà îäèí

èç ôåíîìåíîëîãè÷åñêèõ ïàðàìåòðîâ ôóíêöèîíàëà,

îáåñïå÷èâàþùåå ñóùåñòâîâàíèå àáñîëþòíîãî ìèíè-

ìóìà. Ïóòåì ìèíèìèçàöèè ôóíêöèîíàëà ïîëó÷åíà

ïîëíàÿ ñèñòåìà óðàâíåíèé ñðåäíåãî ïîëÿ. Â ðàçä. 3

ïðîàíàëèçèðîâàíà óñòîé÷èâîñòü òðèâèàëüíîãî ðåøå-

íèÿ óðàâíåíèé ñðåäíåãî ïîëÿ, ñîîòâåòñòâóþùåãî íîð-

ìàëüíîìó ñîñòîÿíèþ, è ïîëó÷åíà îáùàÿ ôîðìóëà äëÿ

òåìïåðàòóðû ñâåðõïðîâîäÿùåãî ïåðåõîäà Tc� , îáíà-

ðóæèâàþùàÿ ñòðîãî ïåðèîäè÷åñêèå îñöèëëÿöèè Ëèò-

òëà–Ïàðêñà. Èññëåäîâàíû âàæíûå ÷àñòíûå ñëó÷àè è

äàíà ãðàôè÷åñêàÿ èëëþñòðàöèÿ. Íàêîíåö, â ðàçä. 4

ïðîâåäåíî îáñóæäåíèå îñíîâíûõ ðåçóëüòàòîâ è

ïðåäëîæåíû íåêîòîðûå âûâîäû.

2. Îñíîâíûå óðàâíåíèÿ

Ðàññìîòðèì ñâåðõïðîâîäÿùóþ ïëåíêó â ôîðìå ïî-

ëîãî êðóãîâîãî öèëèíäðà (òðóáêè) ñ âíóòðåííèì è

âíåøíèì ðàäèóñàìè R1 è R2 ñîîòâåòñòâåííî (ñì.

ðèñ. 1). Ïîñòîÿííîå âíåøíåå ìàãíèòíîå ïîëå H ïðè-

ëîæåíî âäîëü îñè ñèììåòðèè öèëèíäðà: H � ( , , )0 0 H ,

ãäå H ìîæåò èìåòü ïðîèçâîëüíûé çíàê. Äëèíà îáðàçó-

þùåé öèëèíäðà L óäîâëåòâîðÿåò óñëîâèþ

L R�� 2 . (2)

Îãðàíè÷åíèÿ íà âíóòðåííèé ðàäèóñ öèëèíäðà R1 è

òîëùèíó ïëåíêè R R2 1� îáñóæäàþòñÿ íèæå (óñëîâèÿ

(5) è (6) ñîîòâåòñòâåííî).

Áóäåì èñõîäèòü èç ôóíêöèîíàëà ñâîáîäíîé ýíåð-

ãèè Ãèááñà â ïðèáëèæåíèè Ãèíçáóðãà–Ëàíäàó:
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Ðèñ. 1. Ãåîìåòðèÿ çàäà÷è (ñõåìàòè÷åñêè). Âûïîëíÿþòñÿ

óñëîâèÿ L R�� 2, R1 1 20 0�� max { ( ), ( )}" " è R R2 1� ##
## min { , , }, min" $1 2 1R (ñì. îáñóæäåíèå â òåêñòå).
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èíòåãðèðîâàíèå â òðåõ ïåðâûõ ñëàãàåìûõ (3) âûïîë-

íÿåòñÿ ïî îáëàñòè ïëåíêè (� s), à â ñëàãàåìîì ìàã-

íèòíîé ýíåðãèè — ïî îáëàñòè ïëåíêè è îòâåðñòèÿ
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ãäå ïàðàìåòð Tc1
èìååò ñìûñë òåìïåðàòóðû ñâåðõïðî-

âîäÿùåãî ïåðåõîäà äëÿ çîíû 1 â îòñóòñòâèå ìåæçîííî-

ãî âçàèìîäåéñòâèÿ (� �� � 0) è H � 0. (Ïîïóòíî çàìå-

òèì, ÷òî çîíà 2 òàêæå ñòàíîâèòñÿ ñâåðõïðîâîäÿùåé

â îòñóòñòâèå ìåæçîííîãî âçàèìîäåéñòâèÿ, åñëè

a a20 2 1/ # , ïðè òåìïåðàòóðå T T a ac c2 1 20 21� �( / ) äëÿ

H � 0.) ×òîáû íå âûéòè çà ãðàíèöû ïðèáëèæåíèÿ Ãèíç-

áóðãà–Ëàíäàó, ïîä÷èíèì âíóòðåííèé ðàäèóñ öèëèí-

äðà óñëîâèþ
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— íèæíÿÿ ãðàíèöà ãëóáèíû ïðîíèêíîâåíèÿ ìàãíèò-

íîãî ïîëÿ [9] (| |,�1 2 îáîçíà÷àþò íåçàâèñÿùèå îò êîîð-

äèíàò è ðàçìåðîâ îáðàçöà ðàâíîâåñíûå çíà÷åíèÿ ïåðå-

ìåííûõ | |,� 1 2 ïðè H � 0.

Èñïîëüçîâàíèå ôóíêöèîíàëîâ òèïà (3) äëÿ îïèñà-

íèÿ äâóõçîííîé ñâåðõïðîâîäèìîñòè îáñóæäàëîñü, íà-

ïðèìåð, â ðàáîòàõ [9–16], ïðè÷åì â [14,15] èñïîëüçî-

âàëñÿ ìèêðîñêîïè÷åñêèé ïîäõîä. Â ÷àñòíîñòè, áûëî

ïîêàçàíî [14], ÷òî êîýôôèöèåíò � (âîîáùå ãîâîðÿ, îò-

ëè÷íûé îò íóëÿ âíå çàâèñèìîñòè îò íàëè÷èÿ ìåæçîí-

íîãî ðàññåÿíèÿ) ìîæåò èìåòü ïðîèçâîëüíûé çíàê. Êî-

ýôôèöèåíò � íå ðàâåí íóëþ òîëüêî â ïðèñóòñòâèè

ìåæçîííîãî ðàññåÿíèÿ [15]. Â öåëÿõ áîëüøåé îáùíîñ-

òè ìû áóäåì ïðåäïîëàãàòü, ÷òî îí òàêæå ìîæåò èìåòü

ïðîèçâîëüíûé çíàê. Îäíàêî, êàê áóäåò ïîêàçàíî íèæå,

äëÿ ñóùåñòâîâàíèÿ àáñîëþòíîãî ìèíèìóìà (3)

íåîáõîäèìî, ÷òîáû âûïîëíÿëîñü îãðàíè÷åíèå
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è ïîñëåäóþùàÿ ôèêñàöèÿ êàëèáðîâêè, â ïðèíöèïå, äà-

þò ïîëíóþ ñèñòåìó óðàâíåíèé ñðåäíåãî ïîëÿ äëÿ

îïðåäåëåíèÿ ðàâíîâåñíûõ çíà÷åíèé A è � 1 2, . Îäíàêî

óäîáíåå âíà÷àëå óïðîñòèòü (3), èñïîëüçóÿ ñèììåòðèþ

çàäà÷è è óñëîâèÿ (2), (6).

Â ñèëó óñëîâèÿ (2), h H� , ïðàêòè÷åñêè, âñþäó â îá-

ëàñòè � a (îòâåðñòèå). Âûáåðåì êàëèáðîâêó âåê-

òîð-ïîòåíöèàëà òàê, ÷òî â îáëàñòè � a áóäåì èìåòü
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Ââèäó óñëîâèÿ (6) ìîæíî ïðåíåáðå÷ü ýêðàíèðîâêîé

h h� ( ) è èçìåíåíèÿìè A A! !  � ( ) â � c . Òàêèì îáðà-

çîì, âûðàæåíèå (9) îêàçûâàåòñÿ ñïðàâåäëèâûì, ôàê-

òè÷åñêè, âî âñåé îáëàñòè � �s a� , à âêëàä ìàãíèòíîé

ýíåðãèè â (3) ïðåíåáðåæèìî ìàë. Ó÷òåì òàêæå òî îá-

ñòîÿòåëüñòâî, ÷òî ñèììåòðèÿ çàäà÷è è óñëîâèå (6)

îáåñïå÷èâàþò íåçàâèñèìîñòü | |,� 1 2 îò êîîðäèíàò, à êî-

îðäèíàòíàÿ çàâèñèìîñòü ôàç êîìïîíåíò ïàðàìåòðà ïî-

ðÿäêà, ââèäó (9), ñâîäèòñÿ ê çàâèñèìîñòè îò óãëà !
( ( ), ,% % !1 2 1 2� ) ïðè óñëîâèÿõ íåïðåðûâíîñòè
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Çàìåòèì åùå, ÷òî âìåñòî ôàç %1 2, óäîáíî ââåñòè íîâûå

ôóíêöèîíàëüíûå ïåðåìåííûå ! è ( [16]:
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Ïîñêîëüêó D D( , ) / ( , )) ( % %1 2 0* ïðè âñåõ %1 è % 2,

íîâûå ôóíêöèîíàëüíûå ïåðåìåííûå íåçàâèñèìû è

ìîãóò ñ÷èòàòüñÿ ïðîèçâîëüíûìè ãëàäêèìè ôóíêöèÿìè

! (ò.å. ) ) !� ( ) è ( ( !� ( )), óäîâëåòâîðÿþùèìè ãðàíè÷-

íûì óñëîâèÿì:
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ñîîòâåòñòâåííî (ñì. (11)).

Â ðåçóëüòàòå, ïðèõîäèì ê èñêîìîé óïðîùåííîé ôîð-

ìå (3):
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c c1 2 1 2 1 2, , (| | , | | , )� � � ) ,

R R R� �( ) /1 2 2, V RLds � 2� — îáúåì ñâåðõïðîâîäÿ-

ùåãî öèëèíäðà, �0 � ��c e/ — êâàíò ìàãíèòíîãî ïî-

òîêà, � � �HR 2 — ìàãíèòíûé ïîòîê ÷åðåç îòâåðñòèå

öèëèíäðà.

Äîêàæåì òåïåðü, ÷òî óñëîâèå (7) îáåñïå÷èâàåò ñó-

ùåñòâîâàíèå àáñîëþòíîãî ìèíèìóìà (15) (à ñëåäî-

âàòåëüíî, è èñõîäíîãî ôóíêöèîíàëà (3)). Äåéñòâè-

òåëüíî, â ñèëó ýòîãî óñëîâèÿ C(| | , | | , )� � )1 2 0� (åñëè

| | | |� �1 2 0� * ), è, êðîìå òîãî, êâàäðàòè÷íàÿ ôîðìà

ïåðåìåííûõ | |� 1 , | |� 2 , ÿâëÿþùàÿñÿ ìíîæèòåëåì ïðè

ôóíêöèè Q[ ; ]( � , ïîëîæèòåëüíî îïðåäåëåíà. Ïîýòîìó

ïðàâàÿ ÷àñòü (15) îãðàíè÷åíà ñíèçó ïëîòíîñòüþ ðàâ-
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ãäå | |�1 , | |� 2 — ðåøåíèå ñèñòåìû óðàâíåíèé
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1 0| | | | | | | |� � � ,

ìèíèìèçèðóþùåå ïðåäïîñëåäíþþ ñòðîêó (16). Ïîä-

÷åðêíåì, ÷òî â ñëó÷àå íåâûïîëíåíèÿ óñëîâèÿ (7), ò.å.

êîãäà

| |� &
1

2 1 2m m
,

ôóíêöèîíàë (3) è åãî óïðîùåííûå ôîðìû (íàïðèìåð,

(15)) íå îáëàäàþò ñâîéñòâîì ìèíèìèçèðóåìîñòè (íå-

îãðàíè÷åííû ñíèçó) è ïîòîìó íå ìîãóò áûòü èñïîëüçî-

âàíû â ôèçè÷åñêèõ ïðèëîæåíèÿõ.

Âû÷èñëåíèå ôóíêöèîíàëüíûõ ïðîèçâîäíûõ â óñëî-

âèÿõ ñòàöèîíàðíîñòè

'
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�

� 0 ,
'
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ïðè ó÷åòå (13) è (14) äàåò:
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Ïîñêîëüêó íàñ èíòåðåñóåò àáñîëþòíûé ìèíèìóì (15),

óðàâíåíèÿ (18) (óñëîâèå íåïðåðûâíîñòè ñâåðõïðîâî-

äÿùåãî òîêà, öèðêóëèðóþùåãî ïî ïîâåðõíîñòè öèëèí-

äðà [16]) è (19) äîïóñêàþò ñóùåñòâåííîå óïðîùåíèå.

À èìåííî: èç öåïî÷êè íåðàâåíñòâ (16) î÷åâèäíî, ÷òî

àáñîëþòíûé ìèíèìóì (15) áóäåò äîñòèãàòüñÿ â òî÷êå,

ãäå d d) , ! � 0 () � const). Îòñþäà, âìåñòî óðàâíåíèé

(18) è (19), ïîëó÷àåì ýëåìåíòàðíóþ ñèñòåìó
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Âûáîð ôèçè÷åñêè íåýêâèâàëåíòíûõ ðåøåíèé (20)

() �� 0 2mod èëè ) � �� mod2 ) òàêæå îïðåäåëÿåòñÿ òðå-

áîâàíèåì ìèíèìàëüíîñòè (15) (ñì. íåðàâåíñòâà (16))

è ñâîäèòñÿ ê óñëîâèþ [16]

cos min [ ; ]) � � (
(

� ��
��

�
��

sgn �
2 Q � . (23)

Êàê âèäèì, âåëè÷èíà � ìîæåò âëèÿòü íà âûáîð çíà-

÷åíèÿ ) ëèøü â ñëó÷àå � * 0 è ��� 0. Åñëè æå ��- 0

(� * 0) , ïðàâèëüíûì ðåøåíèåì ïðè � # 0 áóäåò

) � �� mod2 , à ïðè � � 0 — ) �� 0 2mod , âíå çàâèñèìîñ-

òè îò çíà÷åíèé�. Ðåøåíèå óðàâíåíèÿ (21) ïðè óñëîâè-

ÿõ (22) î÷åâèäíî:
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3. Îñöèëëÿöèè òåìïåðàòóðû ñâåðõïðîâîäÿùåãî

ïåðåõîäà

Òåìïåðàòóðà ñâåðõïðîâîäÿùåãî ïåðåõîäà ïðè çà-

äàííîì çíà÷åíèè ìàãíèòíîãî ïîòîêà, Tc� , îïðåäå-
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íå÷íî ìàëûå. Ïðè òåìïåðàòóðàõ T Tc� � , î÷åâèäíî,

äîëæíî âûïîëíÿòüñÿ óñëîâèå ' 2 0� � (ïîëîæèòåëüíàÿ

îïðåäåëåííîñòü ' 2
� ). Â òî÷êå T Tc� � êâàäðàòè÷íàÿ

ôîðìà (27) òåðÿåò ñâîéñòâî ïîëîæèòåëüíîé îïðåäå-

ëåííîñòè:

' 2 0� & . (28)

Óñëîâèå (28) îçíà÷àåò, ÷òî íàèìåíüøåå èç ñîáñòâåí-

íûõ ÷èñåë/1, /2 (/ /1 2# ) ìàòðèöû êâàäðàòè÷íîé ôîð-

ìû
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îáðàùàåòñÿ â íóëü (ñì., íàïðèìåð, [17]). Ïîñêîëüêó
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, (30)

ãäå çíàêè «–» è «+» îòíîñÿòñÿ ê /1 è /2 ñîîòâåòñòâåííî, èç óñëîâèÿ /1 0( )Tc� � íàõîäèì:
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, (31)

ãäå ìû ó÷ëè îïðåäåëåíèå (4), à òàêæå âûðàæåíèå [16]

äëÿ êðèòè÷åñêîé òåìïåðàòóðû äâóõçîííîãî ñâåðõïðî-

âîäíèêà ïðè � � 0 (T Tc c� ��



0
):

T T
a

a a a

a

a
c c� �
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�
��
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1
20
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1 2

20
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1
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�
. (32)

Ïðåäñòàâëÿåò èíòåðåñ îòíîñèòåëüíûé ñäâèã êðèòè-

÷åñêîé òåìïåðàòóðû � �t T T Tc c c c
 �( ) / . Äëÿ óäîáñò-

âà àíàëèçà çàâèñèìîñòè � � �t tc c� ( ) ââåäåì áåçðàç-

ìåðíûå ïàðàìåòðû

p
a

a

 20

2

, l
a

a

 1

2

, �
�
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, k
m

m
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,
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 ##
�

R m a2
1

1 1

, � � �
 #2 1m k(| | )

(33)

è áåçðàçìåðíóþ ôóíêöèþ

Q n Q Q Q
n

( ) min ( ) , ( ) ( )�
�
�

� � � �
 �
�

�
��

	



�� - - � ��
�
�

	

0

2

00
1

4
� .

(34)

Â òåðìèíàõ ïàðàìåòðîâ (33) è ôóíêöèè (34) èñêîìàÿ

çàâèñèìîñòü èìååò âèä

� �t

p l p

p l kl Qc �
� � �

� � � �1
2
4

1

2 4

4 1
2 2

2 2 2

�
� " ( ) ( )

� � � � � 5
6
7

[ ( ) ( )] [ ( )]p kl Q l Q" � �"2 2 2 21 4� � . (35)

Ôîðìóëû (31) è (35) äàþò ïîëíîå ìàòåìàòè÷åñêîå

îïèñàíèå ýôôåêòà Ëèòòëà–Ïàðêñà â äâóõçîííûõ

ñâåðõïðîâîäíèêàõ. Â êà÷åñòâå ÷àñòíîãî ñëó÷àÿ îíè ñî-

äåðæàò êëàññè÷åñêèé ýôôåêò Ëèòòëà–Ïàðêñà äëÿ îä-

íîçîííîãî ñâåðõïðîâîäíèêà [2–4]. Äëÿ îïðåäåëåííîñ-

òè áóäåì ðàññìàòðèâàòü äàëåå (35). Ïîëîæèì � �� � 0

(îòñóòñòâèå ìåæçîííîãî âçàèìîäåéñòâèÿ) è p � 1 (çî-

íà 2 íåñâåðõïðîâîäÿùàÿ ïðè âñåõ òåìïåðàòóðàõ). Êàê

è ñëåäîâàëî (ñì. [2–4] è Ââåäåíèå), ïîëó÷àåì:

� �t Qc � " 2 ( ) . (36)

Âîïðåêè óòâåðæäåíèÿì ðàáîòû [9], èç îáùåé ôîð-

ìóëû (35) íåìåäëåííî ñëåäóåò ñòðîãî ïåðèîäè÷åñêàÿ

(ñ ïåðèîäîì �0) çàâèñèìîñòü � � �t tc c� ( ) äëÿ äâóõ-

çîííûõ ñâåðõïðîâîäíèêîâ, ÷òî âïîëíå àíàëîãè÷íî

êëàññè÷åñêîìó ñëó÷àþ (36). Êàê è â êëàññè÷åñêîì ñëó-

÷àå, ñäâèã òåìïåðàòóðû ñâåðõïðîâîäÿùåãî ïåðåõîäà

ðàâåí íóëþ â òî÷êàõ � ,�0 � n (n � � �0 1 2, , ,�) è äîñòè-

ãàåò ìàêñèìàëüíîãî çíà÷åíèÿ â òî÷êàõ � ,�0 1 2� �n /

( , , ,n � � �0 1 2 �), êîãäà îïòèìàëüíûå çíà÷åíèÿ äèñêðåò-

íîé ïåðåìåííîé n ìåíÿþòñÿ íà åäèíèöó. (Â ýòèõ ïî-

ñ ë å ä í è õ ò î ÷ ê à õ ô ó í ê ö è ÿ � � �t tc c� ( ) è ì å å ò

îñîáåííîñòè (íåäèôôåðåíöèðóåìîñòü).)
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Îñíîâíîå êà÷åñòâåííîå îòëè÷èå îò êëàññè÷åñêîãî

ñëó÷àÿ (36) çàêëþ÷àåòñÿ â íåïàðàáîëè÷åñêîì õàðàêòå-

ðå çàâèñèìîñòè � � �t tc c� ( ) â îáëàñòÿõ ñ ôèêñèðîâàí-

íûì îïòèìàëüíûì çíà÷åíèåì n, êîãäà | | /� ,�0 1 2� #n

(ñì. ðèñ. 2). Ýòîò õàðàêòåðíûé ýôôåêò äâóõçîííîé

ñâåðõïðîâîäèìîñòè äîïóñêàåò ýêñïåðèìåíòàëüíóþ

ïðîâåðêó.

Â ðàçäåëå 2 ìû óêàçûâàëè íà âîçìîæíîñòü ÷åðåäî-

âàíèÿ ñîñòîÿíèé ) �� 0 2mod è ) � �� mod 2 , êîãäà

�� � 0 (ñì. îáñóæäåíèå óñëîâèÿ (23)). Òàêîå ÷åðåäîâà-

íèå ïðîèñõîäèò, åñëè 0 42# #| | | | /� � " . Â ÷àñòíîñòè,

åñëè 0 42# #� �" / , â îáëàñòÿõ | | | |� ,�0
2� #n � ,8 � " 9

ñâåðõïðîâîäÿùèé öèëèíäð íàõîäèòñÿ â ñîñòîÿíèè ) �

� 0 2mod �, à â îáëàñòÿõ � ,8 � " 9| | | | /2
0 1 2# � #� , � n

ðåàëèçóåòñÿ ñîñòîÿíèå ) � �� mod 2 . Åñëè æå �" 2 4/ #

# #� 0, ñîñòîÿíèÿ ! �� 0 2mod è ) � �� mod 2 ÷åðåäó-

þòñÿ â îáðàòíîì ïîðÿäêå. Õîòÿ â îáùåì ñëó÷àå ïåðå-

õîäû ìåæäó ñîñòîÿíèÿìè ) �� 0 2mod è ) � �� mod 2

íå ñîïðîâîæäàþòñÿ êàêèìè-ëèáî íîâûìè íàáëþäàå-

ìûìè îñîáåííîñòÿìè çàâèñèìîñòè � � �t tc c� ( ), óêà-

æåì îäèí ñïåöèàëüíûé ñëó÷àé, êîãäà òàêèå îñîáåí-

íîñòè âñå æå âîçíèêàþò.

Ïóñòü ôèçè÷åñêèå ïàðàìåòðû çîí 1 è 2 ïîëíîñòüþ

ñîâïàäàþò:

� � �1 2 1

1

� 
 � � �
�

�

�
�

	




�
�

a
T

Tc

( )a20 0� , m m1 2� ,

� � �1 2� 
 ; p � 0, l k� �1.

(37)

Ïîäñòàíîâêà (37) â îáùóþ ôîðìóëó (35) äàåò:

� � �t Q Qc �
�

� � �
1

1

2 2

| |
[| | ( ) | ( )|]

�
� " � �" . (38)

Åñëè âûïîëíåíû óñëîâèÿ

�� � 0, 0
4

2

# #| |
| |

�
� "

, (39)

íåäèôôåðåíöèðóåìîñòü ïðàâîé ÷àñòè (38) â òî÷êàõ

�
�0

2
� �n

�

� "| |
,n � � �0 1 2, , ,� (40)

(òî÷êè ïåðåõîäà ìåæäó ñîñòîÿíèÿìè ) �� 0 2mod è

) � �� mod 2 ) ïîðîæäàåò íîâûå íàáëþäàåìûå îñîáåí-

íîñòè çàâèñèìîñòè � � �t tc c� ( ), ïîëíîñòüþ îòñóòñò-

âóþùèå â êëàññè÷åñêîì ñëó÷àå [2–4] (ñì. ðèñ. 3).

4. Îáñóæäåíèå è âûâîäû

Â ðàìêàõ ïîäõîäà Ãèíçáóðãà–Ëàíäàó ïîñòðîåíà òå-

îðèÿ ýôôåêòà Ëèòòëà–Ïàðêñà äëÿ äâóõçîííûõ ñâåðõ-

ïðîâîäíèêîâ. Ïîëó÷åíà äîñòàòî÷íî ïðîñòàÿ ôîðìóëà

(35), îïèñûâàþùàÿ çàâèñèìîñòü îòíîñèòåëüíîãî

ñäâèãà òåìïåðàòóðû ñâåðõïðîâîäÿùåãî ïåðåõîäà �t c

îò âåëè÷èíû âíåøíåãî ìàãíèòíîãî ïîòîêà�. Â êà÷åñò-

âå ÷àñòíîãî ñëó÷àÿ ôîðìóëà (35) ñîäåðæèò õîðîøî èç-

âåñòíûé èç ëèòåðàòóðû [2–4] ýôôåêò Ëèòòëà–Ïàðêñà

äëÿ îäíîçîííûõ ñâåðõïðîâîäíèêîâ (36).

Îñíîâíîå îòëè÷èå îò êëàññè÷åñêîãî ýôôåêòà (36),

äîïóñêàþùåå ýêñïåðèìåíòàëüíóþ ïðîâåðêó, çàêëþ÷à-

åòñÿ â íåïàðàáîëè÷åñêîì õàðàêòåðå çàâèñèìîñòè

� � �t tc c� ( ) â îáëàñòÿõ, ãäå | | /� ,�0 1 2� #n (n �
� � �0 1 2, , ,�). Ïðè ýòîì íå ïîäòâåðæäàåòñÿ óòâåðæäå-
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= 1,1765, l = 0,8333, � = 0,7059) ñ � � 0 (ïóíêòèðíàÿ ëèíèÿ)

è � � 0 9, (òî÷å÷íàÿ ëèíèÿ). Çíà÷åíèÿ îñòàëüíûõ ïàðàìåò-
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Ðèñ. 3. Çàâèñèìîñòü � � �t tc c� ( ) äëÿ ñëó÷àÿ ñîâïàäåíèÿ

ôèçè÷åñêèõ ïàðàìåòðîâ çîí 1 è 2: p � 0; l k� �1 è çíà÷å-

íèé �, óêàçàííûõ íà ãðàôèêàõ. Çíà÷åíèÿ îñòàëüíûõ ïàðà-

ìåòðîâ: � � 0 01, è " � 0 5, .



íèå [9] îá îòñóòñòâèè ïåðèîäè÷íîñòè îñöèëëÿöèé

Ëèòòëà–Ïàðêñà ââèäó ðàçëè÷èÿ ôèçè÷åñêèõ ïàðàìåò-

ðîâ çîí 1 è 2: èç îáùåé ôîðìóëû (35) îäíîçíà÷íî ñëå-

äóåò ñòðîãàÿ ïåðèîäè÷íîñòü (ñ ïåðèîäîì �0) çàâèñè-

ìîñòè � � �t tc c� ( ), êàê è â êëàññè÷åñêîì ñëó÷àå (36).

Íàïðîòèâ, íîâûå íàáëþäàåìûå îñîáåííîñòè (íåäèô-

ôåðåíöèðóåìîñòü) çàâèñèìîñòè � � �t tc c� ( ), ïîëíîñ-

òüþ îòñóòñòâóþùèå â êëàññè÷åñêîì ñëó÷àå, ïîÿâëÿ-

þòñÿ èìåííî ïðè ñîâïàäåíèè ïàðàìåòðîâ çîí 1 è 2:

ñì. ôîðìóëó (38) ïðè óñëîâèÿõ (39) è ðèñ. 3.

Èññëåäîâàíèå ýêñòðåìàëüíûõ ñâîéñòâ èñõîäíîãî

ôóíêöèîíàëà ñâîáîäíîé ýíåðãèè (3) ïðèâåëî ê âûâîäó

î ñóùåñòâîâàíèè âàæíîãî îãðàíè÷åíèÿ (7) íà âåëè÷è-

íó ôåíîìåíîëîãè÷åñêîãî ïàðàìåòðà �. Ïðè íåâûïîë-

íåíèè óñëîâèÿ (7) ôóíêöèîíàë (3) íåîãðàíè÷åí ñíèçó,

íå îáëàäàåò ñâîéñòâîì ìèíèìèçèðóåìîñòè è íå ìîæåò

áûòü èñïîëüçîâàí â ôèçè÷åñêèõ ïðèëîæåíèÿõ.

Íàñêîëüêî íàì èçâåñòíî, óñëîâèå (7) ðàíåå íå áûëî

îòìå÷åíî â ëèòåðàòóðå.

Êðîìå òîãî, áûëî ïîêàçàíî, ÷òî àáñîëþòíîìó ìè-

íèìóìó ôóíêöèîíàëà ñâîáîäíîé ýíåðãèè (3) ñîîòâåò-

ñòâóþò ñîñòîÿíèÿ ñ ïîñòîÿííîé ðàçíîñòüþ ôàç ! êîì-

ïëåêñíîçíà÷íûõ êîìïîíåíò ïàðàìåòðà ïîðÿäêà � 1 è

� 2 (! �� 0 2mod èëè ! � �� mod2 ). Ïî ýòîé ïðè÷èíå

ñîëèòîííûå ñîñòîÿíèÿ, ñâÿçàííûå ñ ãðàäèåíòàìè ) è

îáñóæäàâøèåñÿ â ëèòåðàòóðå [18,19], íå äàþò âêëàä â

îñöèëëÿöèè Ëèòòëà–Ïàðêñà.

Ïîäâîäÿ èòîã, àâòîðû íàäåþòñÿ, ÷òî ïîëó÷åííûå â

ðàáîòå ðåçóëüòàòû áóäóò ñòèìóëèðîâàòü ýêñïåðèìåí-

òàëüíûå èññëåäîâàíèÿ ýôôåêòà Ëèòòëà–Ïàðêñà â

äâóõçîííûõ ñâåðõïðîâîäíèêàõ, à òàêæå áóäóò ñïîñîá-

ñòâîâàòü äàëüíåéøåìó ðàçâèòèþ òåîðèè êàê â ðàìêàõ

ïîäõîäà Ãèíçáóðãà–Ëàíäàó, òàê è íà ïîñëåäîâàòåëüíî

ìèêðîñêîïè÷åñêîé îñíîâå.
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Little–Parks effect for two-band superconductors

Y.S. Yerin, S.V. Kuplevakhsky, and

A.N. Omelyanchuk

The theory of the Little–Parks effect for two-

band superconductors is constructed within the

framework of the Ginzburg–Landau approach. A

general formula describing the dependence of rela-

tive shift of the superconducting transition tempe-

rature, �tc, on external magnetic flux, �, is deriv-

ed. As a particular case, this formula contains the

classical Little–Parks effect for one-band supercon-

ductors. Contrary to the statements available in li-

terature, the dependence � � �t tc c� ( ) is strictly

periodic, as in the classical effect. The main dis-

tinction from the classical effect, which allows for

experimental observation, lies in the nonparabolic

character of the dependence � � �t tc c� ( ). In the

case where the physical parameters of both the

bands coincide, the graph � � �t tc c� ( ) exhibits ad-

ditional features. As a result of the investigation

into extremal properties of the free-energy func-

tional we have established an important restriction

on one of the phenomenological parameters unno-

ticed in previous literature.

PACS: 74.25.–q Properties of type I and type II

superconductors;

74.20.De Phenomenological theories (two-

fluid, Ginzburg–Landau, etc.).

Keywords: Little–Parks effect, two-band super-

conductivity, Ginzburg–Landau theory, free energy

functional.
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