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çàâèñèìîñòè âòîðîãî êðèòè÷åñêîãî ïîëÿ òîíêèõ ïë¼íîê

íèòðèäà íèîáèÿ

c⃝ Í.Ä. Êóçüìè÷åâ 1 Ì.À. Âàñþòèí2 Å.À. Ëàïøèíà 3 Ä.À. Øèëêèí 4

Àííîòàöèÿ. Â ðàìêàõ òåîðèè WHH (Werthamer, Helfand, Hohenberg) âûïîëíåíî ìàòåìàòè-
÷åñêîå ìîäåëèðîâàíèå çàâèñèìîñòè âòîðîãî êðèòè÷åñêîãî ïîëÿ îò òåìïåðàòóðû Hc2(T ) ñâåðõ-
ïðîâîäíèêîâ äëÿ ðàçíûõ çíà÷åíèé ïàðàìåòðà Ìàêè è ïàðàìåòðà ñïèí-îðáèòàëüíîãî ðàññåÿ-
íèÿ. Èññëåäîâàíû òåìïåðàòóðíûå çàâèñèìîñòè ïåðåõîäà â ñâåðõïðîâîäÿùåå ñîñòîÿíèå òîíêèõ
ïë¼íîê íèòðèäà íèîáèÿ (NbN) ïî ïåðâîé ãàðìîíèêå íàïðÿæåíèÿ â ïîñòîÿííûõ ìàãíèòíûõ ïî-
ëÿõ äî 8 T. Ñ ïîìîùüþ àïïðîêñèìàöèè ýêñïåðèìåíòàëüíîé çàâèñèìîñòè âòîðîãî êðèòè÷åñêîãî
ïîëÿ ïë¼íîê NbN îò òåìïåðàòóðû òåîðåòè÷åñêîé çàâèñèìîñòüþ Hc2(T ) íàéäåí ïàðàìåòð Ìà-
êè, ó÷èòûâàþùèé âëèÿíèå ñïèíîâîãî ïàðàìàãíåòèçìà â äàííîì ìàòåðèàëå. Èç òðàíñïîðòíûõ
è îïòè÷åñêèõ èçìåðåíèé èç íàøèõ è äðóãèõ ðàáîò îöåíåíû âàæíåéøèå ïàðàìåòðû ñâåðõïðî-
âîäíèêà NbN, ñîãëàñóþùèåñÿ ñ äàííûìè íàñòîÿùåé ðàáîòû.

Êëþ÷åâûå ñëîâà: òåîðèÿ WHH, âòîðîå êðèòè÷åñêîå ïîëå, íèòðèä íèîáèÿ, ñïèíîâîé
ïàðàìàãíåòèçì, äëèíà êîãåðåíòíîñòè Ãèíçáóðãà-Ëàíäàó, ïàðàìåòð Ìàêè, ïàðàìåòð ñïèí-
îðáèòàëüíîãî ðàññåÿíèÿ, ïàðàìåòð Èîôôå-Ðåãåëÿ.

1. Ââåäåíèå

Â ïîñëåäíåå âðåìÿ âîçðîñ èíòåðåñ ê íèòðèäó íèîáèÿ (NbN) â ñâÿçè ñ âîçìîæíîñòüþ åãî
ïðèìåíåíèÿ â êà÷åñòâå áîëîìåòðà, ïîçâîëÿþùåãî äåòåêòèðîâàòü îòäåëüíûå ôîòîíû (ñì.,
íàïðèìåð, [1]), ðàäèî÷àñòîòíîãî ðåçîíàòîðà [2] è ìàòåðèàëà äëÿ ñâåðõïðîâîäÿùèõ ìàã-
íèòîâ [3]. Ïðîñòàÿ òåõíîëîãèÿ èçãîòîâëåíèÿ, õèìè÷åñêàÿ è ðàäèàöèîííàÿ óñòîé÷èâîñòü,
ìåõàíè÷åñêàÿ ïðî÷íîñòü è âûñîêîå âòîðîå êðèòè÷åñêîå ïîëå ïðè íóëåâîé òåìïåðàòóðå
(Hc2(0) > 20T äëÿ ïë¼íîê ñ Tc > 15K ) [4,5] äåëàþò NbN ïðèâëåêàòåëüíûì äëÿ ïðàêòè-
÷åñêèõ öåëåé. Ôóíäàìåíòàëüíûå èññëåäîâàíèÿ NbN òàêæå àêòóàëüíû. Íàïðèìåð, âáëèçè
êâàíòîâîé êðèòè÷åñêîé òî÷êè ýíåðãèÿ âèõðåâîãî êîðà ñâÿçàíà ñ ýíåðãåòè÷åñêîé ùåëüþ, à
íå ñî ñâåðõòåêó÷åé ïëîòíîñòüþ [6]. Â íèòðèäå íèîáèÿ êîíöåíòðàöèÿ ýëåêòðîíîâ ïðîâîäè-
ìîñòè ìàëà [7], êàê è êîíöåíòðàöèÿ íîñèòåëåé â Y Ba2Cu3O7−x(Y BCO) . Äëèíà êîãåðåíò-
íîñòè è ãëóáèíà ïðîíèêíîâåíèÿ ìàãíèòíîãî ïîëÿ â NbN òàêæå áëèçêè ê èõ çíà÷åíèÿì
â Y BCO (äëÿ NbN - ξ = 5nm , λ = 200nm [8]; äëÿ Y BCOξab = 3.1nm , λc = 180nm
[9]). Ïîýòîìó èçó÷åíèå ïë¼íîê NbN ìîæåò ïîìî÷ü â ïîíèìàíèè ìåõàíèçìà ðàçðóøåíèÿ
ñâåðõïðîâîäèìîñòè òîêîì, ìàãíèòíûì ïîëåì è òåïëîâûìè âèõðÿìè âáëèçè òåìïåðàòóðû
ïåðåõîäà â ñâåðõïðîâîäÿùåå ñîñòîÿíèå Tc â Y BCO [10-13]. Áîëüøîé èíòåðåñ âûçûâàåò è
îáíàðóæåííûé íåäàâíî â NbN îáðàòíûé ñïèíîâîé ýôôåêò Õîëëà [14], íàáëþäàâøèéñÿ ïðè
òåìïåðàòóðàõ T < Tc . Ýòî ÿâëåíèå âàæíî êàê äëÿ ïîíèìàíèÿ ôèçèêè ñâåðõïðîâîäèìîñòè
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â NbN, òàê è äëÿ ïåðñïåêòèâ åãî èñïîëüçîâàíèÿ â ñïèíòðîíèêå. Èññëåäîâàíèå òåìïåðàòóð-
íîé çàâèñèìîñòè âòîðîãî êðèòè÷åñêîãî ïîëÿ Hc2(T ) ïëåíî÷íûõ îáðàçöîâ NbN ïðåäîñòàâ-
ëÿåò âîçìîæíîñòü îïðåäåëèòü ïðàêòè÷åñêè çíà÷èìûå ïàðàìåòðû: Hc2(0) , ñòåïåíü âëèÿíèÿ
ñïèíîâîãî ïàðàìàãíåòèçìà Ïàóëè íà ñâåðõïðîâîäÿùåå ñîñòîÿíèå, îöåíèòü âðåìÿ ðåëàêñà-
öèè, ñêîðîñòü Ôåðìè, äëèíó ñâîáîäíîãî ïðîáåãà, äëèíó êîãåðåíòíîñòè Ãèíçáóðãà-Ëàíäàó
è ïëîòíîñòü ñîñòîÿíèé íà óðîâíå Ôåðìè.

2. Ìàòåìàòè÷åñêàÿ ìîäåëü çàâèñèìîñòè Hc2(T )

Êàê èçâåñòíî, íà âåëè÷èíó âòîðîãî êðèòè÷åñêîãî ïîëÿ âëèÿþò ñïèíîâîé ïàðàìàã-
íåòèçì Ïàóëè è ñïèí-îðáèòàëüíîå âçàèìîäåéñòâèå ýëåêòðîíîâ. Ñïèíîâîé ïàðàìàãíåòèçì
ñíèæàåò ïîëå Hc2(0) , â òî âðåìÿ êàê ñïèí-îðáèòàëüíîå âçàèìîäåéñòâèå ïðåïÿòñòâóåò åãî
óìåíüøåíèþ. Â òåîðèè WHH (Werthamer, Helfand, Hohenberg) [15] ó÷èòûâàþòñÿ ñïèíîâûå
ýôôåêòû ïðè ðåøåíèè óðàâíåíèé Ãîðüêîâà äëÿ âåðõíåãî êðèòè÷åñêîãî ìàãíèòíîãî ïîëÿ
ìàññèâíîãî ñâåðõïðîâîäíèêà 2-ãî ðîäà. Â ìîäåëè WHH â íåÿâíîì âèäå áûëî ïîëó÷åíî
óðàâíåíèå, ñâÿçûâàþùåå òåìïåðàòóðó T è âòîðîå êðèòè÷åñêîå ïîëå Hc2 ñâåðõïðîâîäíèêà
(ðàçìåðíîñòè ñîõðàíåíû):
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t

)
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∞∑
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|2ν + 1|
−

[
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t
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]−1
 , (2.1)

ãäå h = 2eHc2 ( v
2
F τ/(6πTc) ) � áåçðàçìåðíûé ïàðàìåòð, ïðîïîðöèîíàëüíûé íàïðÿæ¼ííî-

ñòè ìàãíèòíîãî ïîëÿ Hc2 , t = T/Tc � áåçðàçìåðíàÿ òåìïåðàòóðà, e - çàðÿä ýëåêòðîíà,
vF - ñêîðîñòü Ôåðìè, τ - âðåìÿ ðåëàêñàöèè, α = 3/(2mv2F τ ) - ïàðàìåòð, ó÷èòûâàþùèé
ñïèíîâûé ïàðàìàãíåòèçì Ïàóëè (ïàðàìåòð Ìàêè [16]), m - ìàññà ñâîáîäíîãî ýëåêòðîíà,
λso = 1(/3πTcτ2 ) � ïàðàìåòð ñïèí-îðáèòàëüíîãî ðàññåÿíèÿ, τ 2 - âðåìÿ ðåëàêñàöèè ïðè
ñïèí-îðáèòàëüíîì ðàññåÿíèè. Çäåñü âðåìÿ τ è τ 2 âûðàæåíû â îáðàòíûõ ýíåðãåòè÷åñêèõ
åäèíèöàõ.

Ðåøàÿ óðàâíåíèå (2.1), ìîæíî îïðåäåëèòü çàâèñèìîñòü h(t) ò.å. âòîðîãî êðèòè÷åñêîãî
ïîëÿ îò òåìïåðàòóðû Hc2(T ) ïðè ðàçíûõ çíà÷åíèÿõ ïàðàìåòðîâ α è λso .

Ðåøåíèå íåÿâíîãî óðàâíåíèÿ WHH (2.1) áûëî âûïîëíåíî â ñèñòåìå MathCad ìåòîäîì
äèõîòîìèè è ñ ïîìîùüþ âñòðîåííîé ôóíêöèè root. Îáà ìåòîäà äàëè îäèíàêîâûé ðåçóëüòàò.
Â ìåñòî óðàâíåíèÿ (2.1) ðåøàëîñü ïðèáëèæåííîå óðàâíåíèå:

ln t+
M∑

n=−M

 1

|2n+ 1|
−

[
|2n+ 1|+ h

t
+

(αh/t)2

|2n+ 1|+ (h+ λso) /t

]−1
 = 0 . (2.2)

Êîðíè óðàâíåíèÿ (2.2) h(t) äëÿ çàäàííûõ âåëè÷èí ïàðàìåòðîâ α , λso ïðè ôèêñèðîâàí-
íûõ çíà÷åíèÿõ áåçðàçìåðíîé òåìïåðàòóðû t ∈ (0, 1] íàõîäèëèñü c òî÷íîñòüþ δ = 0.0001 .
Ïðè M ≥ 10000 êîðíè óðàâíåíèÿ h(t) èçìåíÿëèñü â ïðåäåëàõ òî÷íîñòè δ . Ðåçóëüòàòû
ïðèâåäåíû íà ðèñ. 2.1. Íà ðèñ. 2.1 ïîêàçàíà çàâèñèìîñòü áåçðàçìåðíîãî ïàðàìåòðà h (áåç-
ðàçìåðíîãî âòîðîãî êðèòè÷åñêîãî ïîëÿ Hc2 ) îò áåçðàçìåðíîé òåìïåðàòóðû t äëÿ íåñêîëü-
êèõ çíà÷åíèé ïàðàìåòðà α ïðè λso = 0 . Èç ðèñóíêà âèäíî, ÷òî ñ ðîñòîì α çàâèñèìîñòè
h(t) ðàñïîëàãàþòñÿ íèæå, ò.å. ñïèíîâîé ïàðàìàãíåòèçì ïîäàâëÿåò ñâåðõïðîâîäèìîñòü.
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Ð è ñ ó í î ê 2.1

Çàâèñèìîñòü áåçðàçìåðíîãî âòîðîãî êðèòè÷åñêîãî ïîëÿ h îò áåçðàçìåðíîé òåìïåðàòóðû

t = T/Tc äëÿ íåñêîëüêèõ çíà÷åíèé ïàðàìåòðà Ìàêè α ïðè ïàðàìåòðå ñïèí-îðáèòàëüíîãî

ðàññåÿíèÿ ðàâíîì λso = 0

Íà ðèñóíêå 2.2 ïîêàçàíà çàâèñèìîñòü áåçðàçìåðíîãî ïàðàìåòðà h (áåçðàçìåðíîãî âòî-
ðîãî êðèòè÷åñêîãî ïîëÿ Hc2 ) îò áåçðàçìåðíîé òåìïåðàòóðû t äëÿ íåñêîëüêèõ çíà÷åíèé
ïàðàìåòðà λso ïðè α = 6 . Çíà÷åíèå α = 6 âûáðàíî âñëåäñòâèå äîâîäîâ, ïðèâåäåííûõ
íèæå, ñëåäóþùèõ èç ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ ïî èçìåðåíèþ çàâèñèìîñòè Hc2(T )
äëÿ íèòðèäà íèîáèÿ. Èç ðèñóíêà 2.2 ñëåäóåò, ÷òî â îòëè÷èå îò ðåçóëüòàòîâ äëÿ α , ïðèâå-
äåííûõ íà ðèñ. 2.1, ðîñò ïàðàìåòðà λso , íàîáîðîò, ïðèâîäèò ê ðîñòó Hc2(T ) .

Ð è ñ ó í î ê 2.2

Çàâèñèìîñòü áåçðàçìåðíîãî ïàðàìåòðà h (áåçðàçìåðíîãî âòîðîãî êðèòè÷åñêîãî ïîëÿ Hc2 ) îò

áåçðàçìåðíîé òåìïåðàòóðû t äëÿ íåñêîëüêèõ çíà÷åíèé ïàðàìåòðà λso ïðè α = 6

Íà ðèñóíêå 2.3 ïðèâåäåíà òåìïåðàòóðíàÿ çàâèñèìîñòü ïðîèçâîäíîé dHc2/dT â áåç-
ðàçìåðíûõ åäèíèöàõ, ò.å. dh/dt . Ïðîèçâîäíàÿ ïîëó÷åíà â ðåçóëüòàòå ÷èñëåííîãî äèôôå-
ðåíöèðîâàíèÿ äàííûõ, ïðèâåäåííûõ íà ðèñ. 2.1, êîòîðûå áûëè ïîëó÷åíû ñ áîëåå ìåëêèì
øàãîì è ñ áîëüøåé òî÷íîñòüþ.

Æóðíàë ÑÂÌÎ. 2016. Ò. 18, � 4



Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå òåìïåðàòóðíîé çàâèñèìîñòè âòîðîãî . . . 137

Ð è ñ ó í î ê 2.3

Òåìïåðàòóðíàÿ çàâèñèìîñòü ïðîèçâîäíîé áåçðàçìåðíîãî âòîðîãî êðèòè÷åñêîãî ïîëÿ îò

òåìïåðàòóðû dh/dt . Ïàðàìåòðû: α = 10 ( o ), 8(•) , 6(� ), 4(♢ ), 2(� ), 1(∆ ), 0.5(× ), 0.1(+ ) è

λso = 0

Èç ðèñóíêà 2.3 âèäíî, ÷òî çàâèñèìîñòü dh/dt ïðè èçìåíåíèè α îò 1 äî 2 ìåíÿåò
ñòåïåíü âûïóêëîñòè. Çíà÷èò, íà ýòîì ïðîìåæóòêå çíà÷åíèé α çàâèñèìîñòü dh/dt îò t
èìååò ëèíåéíóþ çàâèñèìîñòü, ò.å. dh/dt ∼ a+bt . Âñëåäñòâèå óêàçàííîãî çàìå÷àíèÿ âòîðàÿ
ïðîèçâîäíàÿ äîëæíà áûòü ïîñòîÿííîé, ò.å. d2h/dt2 = const = a . Íà ðèñ. 2.4 ýòî õîðîøî
ïîêàçàíî. Èç ðèñ. 2.4 âèäíî, ÷òî ïðè α = 2 ôóíêöèÿ d2h/dt2 ìåäëåííî óìåíüøàåòñÿ, à
äëÿ α = 1 ìåäëåííî ðàñòåò. Çíà÷èò ïðè α ≈ 1.5 âòîðàÿ ïðîèçâîäíàÿ íå çàâèñèò îò t ò.å.
d2h/dt2 = const . Áîëåå òî÷íûé ðàñ÷åò ïðèâîäèò ê α ≈ 1.56 . Òàêèì îáðàçîì, èç óðàâíåíèÿ
(1) ñëåäóåò, ÷òî äëÿ α < 2 ïðè λso = 0 çàâèñèìîñòü Hc2(T ) ïåðåõîäèò îò êóáè÷åñêîé ê
êâàäðàòè÷íîé è, ïðè α ≈ 1.56 , ñíîâà ñòàíîâèòñÿ êóáè÷åñêîé.

Ð è ñ ó í î ê 2.4
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Òåìïåðàòóðíàÿ çàâèñèìîñòü âòîðîé ïðîèçâîäíîé áåçðàçìåðíîãî âòîðîãî êðèòè÷åñêîãî ïîëÿ îò

òåìïåðàòóðû d2h/dt2 . Ïàðàìåòðû: α = 10(o) , 8( • ), 6(� ), 4(♢ ), 2(� ), 1(∆ ), 0.5(× ), 0.1(+ ) è

λso = 0

3. Ýêñïåðèìåíò è îáðàáîòêà ðåçóëüòàòîâ

Ïë¼íêè NbN , èçó÷àåìûå â äàííîé ñòàòüå, äîâîëüíî ñèëüíî îòëè÷àþòñÿ îò èññëåäî-
âàííûõ ðàíåå îáðàçöîâ ïðåæäå âñåãî, ñî÷åòàíèåì âûñîêîé òåìïåðàòóðû ïåðåõîäà â ñâåðõ-
ïðîâîäÿùåå ñîñòîÿíèå Tc è âûñîêèì óäåëüíûì ñîïðîòèâëåíèåì â íîðìàëüíîì ñîñòîÿíèè
ρn . Èçó÷àëèñü ïë¼íêè òîëùèíîé d = 400nm , íàïûëåííûå íà ïîäëîæêó èç ïîëèðîâàííîãî
ïëàâëåíîãî êâàðöà ìåòîäîì ðåàêòèâíîãî êàòîäíîãî ðàñïûëåíèÿ [17]. Ñòðóêòóðà ïë¼íîê �
ñòîëá÷àòàÿ. Êðèñòàëëè÷åñêàÿ ñòðóêòóðà � B1 . Õàðàêòåðíûé ðàçìåð ñòîëá÷àòûõ ãðàíóë
� 100nm . Ôîðìèðîâàíèå ñòîëáèêîâ ïðîèñõîäèëî, â îñíîâíîì, ïåðïåíäèêóëÿðíî ïëîñêîñòè
ïîäëîæêè. Ïîñòîÿííàÿ ðåø¼òêè a = 4.39A . Äëèíà îáðàçöîâ ïë¼íîê � 9.0mm . Øèðèíà
� 4.5mm . Èññëåäîâàíèÿ ïðîâîäèëèñü ñòàíäàðòíûì ÷åòûð¼õêîíòàêòíûì ìåòîäîì ïðè àì-
ïëèòóäå ïåðåìåííîãî òîêà 0.21mA íà ÷àñòîòå 1kHz . Âåëè÷èíà Tc îáðàçöîâ ìåíÿëàñü â
ïðåäåëàõ òåìïåðàòóð 16.2− 16.5K . Øèðèíà ïåðåõîäà ñîñòàâëÿëà ïðèìåðíî 0.1K . Óäåëü-
íîå ñîïðîòèâëåíèå â íîðìàëüíîì ñîñòîÿíèè âáëèçè ïåðåõîäà ñîñòàâëÿëî ∼ 1000 µΩcm .
Îòíîøåíèå ñîïðîòèâëåíèÿ îáðàçöîâ ïðè êîìíàòíîé òåìïåðàòóðå ê ñîïðîòèâëåíèþ â íîð-
ìàëüíîì ñîñòîÿíèè ïðè òåìïåðàòóðå, áëèçêîé ê Tc , R295/R18 ≈ 0.93 .

Äëÿ ýêñïåðèìåíòîâ èñïîëüçîâàëàñü áåçæèäêîñòíàÿ êðèîìàãíèòíàÿ ñèñòåìà
8TCryoFree − 404 , ïîçâîëÿþùàÿ îõëàæäàòü îáðàçöû äî 6K â ïîñòîÿííîì ìàãíèò-
íîì ïîëå ñ èíäóêöèåé äî 8 T . Òåìïåðàòóðíûå èçìåðåíèÿ ïðîâîäèëèñü ñ ïîìîùüþ
êîíòðîëëåðà LakeShore335 . Äàò÷èê òåìïåðàòóðû � Cernox CX-1050. Ïîãðåøíîñòü ïðè
èçìåðåíèè òåìïåðàòóðû íå ïðåâûøàëà 0.01K .

Íà ðèñ. 2.5 ïîêàçàíà òåìïåðàòóðíàÿ çàâèñèìîñòü ýêñïåðèìåíòàëüíîãî è òåîðåòè÷åñêîãî
ïðèâåä¼ííîãî âòîðîãî êðèòè÷åñêîãî ïîëÿ h∗ . Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ h∗ íàõîäè-
ëèñü ïî ôîðìóëå [15]: h∗ = Hc2/(−dHc2/dt)t=1 , ãäå t = T/Tc � ïðèâåä¼ííàÿ òåìïåðàòóðà,
( dHc2/dt)t=1 � ïðîèçâîäíàÿ Hc2 ïî t ïðè T = Tc . Äëÿ íàõîæäåíèÿ ïðîèçâîäíîé â òî÷êå
t = 1 ýêñïåðèìåíòàëüíàÿ òåìïåðàòóðíàÿ çàâèñèìîñòü Hc2(t) àïïðîêñèìèðîâàëàñü òåîðå-
òè÷åñêîé çàâèñèìîñòüþ, ïîëó÷åííîé èç óðàâíåíèÿ (1) (ñì. ðèñ. 2.1 è 2.2).

Ïî ñðàâíåíèþ ñ ðåçóëüòàòàìè, íàïðèìåð, ðàáîòû [18] ((−dHc2/dt)t=1 = 120T ,
(−dHc2/dT )T=Tc = 7.28T/K ) ïîëó÷åííîå çíà÷åíèå, (−dHc2/dt)t=1 ∼ 21.6T ) ÿâëÿåòñÿ áî-
ëåå âûñîêèì. Òàêîå îòëè÷èå ìîæåò áûòü ñâÿçàíî ñ ðàçíîé òîëùèíîé è ñòðóêòóðîé ïë¼íîê.

Ð è ñ ó í î ê 3.1
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Çàâèñèìîñòü ïðèâåä¼ííîãî âòîðîãî êðèòè÷åñêîãî ìàãíèòíîãî ïîëÿ îò ïðèâåä¼ííîé òåìïåðàòóðû

(òî÷êè � ýêñïåðèìåíò, ñïëîøíàÿ ëèíèÿ � òåîðèÿ WHH). Íà âñòàâêå ïðèâåäåíà òåìïåðàòóðíàÿ

çàâèñèìîñòü âòîðîãî êðèòè÷åñêîãî ìàãíèòíîãî ïîëÿ (òî÷êè), àïïðîêñèìèðîâàííàÿ ïîëèíîìîì

òðåòüåé ñòåïåíè (ñïëîøíàÿ ëèíèÿ), è (äëÿ ñðàâíåíèÿ) òåìïåðàòóðíàÿ çàâèñèìîñòü âòîðîãî

êðèòè÷åñêîãî ìàãíèòíîãî ïîëÿ (êâàäðàòèêè), âçÿòàÿ èç ðàáîòû [19]

Òåìïåðàòóðà ïåðåõîäà Tc íàõîäèëàñü ïîñåðåäèíå ñêà÷êà (10 - 90 ïðîöåíòîâ îò âåëè-
÷èíû íàïðÿæåíèÿ â íîðìàëüíîì ñîñòîÿíèè âáëèçè ïåðåõîäà). Òåîðåòè÷åñêèå çíà÷åíèÿ h∗
íàõîäèëèñü ïî ôîðìóëå [15]: h∗ ≡ h/(−dh/dt)t=1 = (π2/4)h . Íàèëó÷øåå ñîãëàñèå ýêñ-
ïåðèìåíòàëüíîé è òåîðåòè÷åñêîé çàâèñèìîñòåé h∗(T ) äîñòèãàåòñÿ ïðè çíà÷åíèè ïàðà-
ìåòðîâ: α = 6.00 , λso = 0 (ðèñ. 2.5). Ïðè ýòîì âåðõíåå êðèòè÷åñêîå ìàãíèòíîå ïîëå
Hc2(0) = 13.7T .

4. Îáñóæäåíèå

Çíà÷åíèå ïàðàìåòðà α ìîæíî îöåíèòü, ïî êðàéíåé ìåðå, äâóìÿ ðàçíûìè ìåòîäàìè: ïî âå-
ëè÷èíå óäåëüíîãî ñîïðîòèâëåíèÿ â íîðìàëüíîì ñîñòîÿíèè ρn è ïî çíà÷åíèþ ïðîèçâîäíîé
(dHc2/dT )T=Tc .

Â ïåðâîì ñëó÷àå:
α = 2.35ρnγ, (4.1)

ãäå γ - êîýôôèöèåíò ýëåêòðîííîé òåïëî¼ìêîñòè. Èñïîëüçóÿ çíà÷åíèÿ ðàçìåðîâ èññëåäóå-
ìîãî îáðàçöà, ñîïðîòèâëåíèÿ íà ïîñòîÿííîì òîêå R = 12Ω , âåëè÷èíó γ = 2.1·103erg/(cm3·
K2 ) [19, 20] è, ïîëàãàÿ ðàññòîÿíèå ìåæäó ïîòåíöèàëüíûìè êîíòàêòàìè b = 0.2± 0.05cm ,
ïîëó÷èì çíà÷åíèÿ ρn = 1080 ± 270µΩ · cm è, ñîîòâåòñòâåííî, α = 5.3± 1.3. Ïîëó÷åííîå
α áëèçêî ê ýêñïåðèìåíòàëüíîìó (α = 6.00 ).

Âî âòîðîì ñëó÷àå:
α = 5.322 · 10−5(−dHc2/dT )T=Tc. (4.2)

Ïîäñòàâëÿÿ çíà÷åíèå ýêñïåðèìåíòàëüíîé ïðîèçâîäíîé íàøåãî îáðàçöà ( 7.28 · 104Oe/K ),
ïîëó÷èì α ≈ 3.9 . Çàíèæåííîå çíà÷åíèå ïîëó÷åííîé âåëè÷èíû α îáóñëîâëåíî å¼ ¾óñðåä-
íåíèåì¿ ïî âñåì ýêñïåðèìåíòàëüíûì òî÷êàì ïðè ïîäãîíêå ïîëèíîìîì òðåòüåé ñòåïåíè
(ñì. ï.2 è ðèñ.2.4, âñòàâêà íà ðèñ. 2.5) ïðîèçâîäíîé (−dHc2/dT )T=Tc , âõîäÿùåé â (3). Ïðè
ïðèáëèæåíèè ê Tc çíà÷åíèå ïðîèçâîäíîé óâåëè÷èâàåòñÿ â 1,5 � 2 ðàçà. Êîððåêòíîå îïðå-
äåëåíèå çíà÷åíèÿ (−dHc2/dT )T=Tc èç ýêñïåðèìåíòàëüíûõ äàííûõ çàòðóäíèòåëüíî.

Êðîìå ýòîãî, ïàðàìåòð ñïèíîâîãî ïàðàìàãíåòèçìà α (è äðóãèå ïàðàìåòðû ñâåðõïðî-
âîäÿùåãî ñîñòîÿíèÿ) ìîæåò áûòü íàéäåí èç îïòè÷åñêèõ èññëåäîâàíèé [7]. Èñïîëüçóÿ çíà-
÷åíèÿ ïëàçìåííîé ÷àñòîòû ωp è ÷àñòîòû ðåëàêñàöèè ν , ïîëó÷åííûå íà ïîäîáíûõ îá-
ðàçöàõ â ðàáîòå [7], ïîëó÷èì óäåëüíîå ñîïðîòèâëåíèå (â ñèñòåìå ÑÈ): ρn = 1/(ω2

pτε0 ),
ãäå ε0 = 8.85 · 10−12F/m � ýëåêòðè÷åñêàÿ ïîñòîÿííàÿ. Ïðèíèìàÿ ω2

p = 0.72 · 1030s−2 è
t = 12.95 · 10−15s , ïîëó÷èì ρn = 1200 ± 75µΩ · cm . Ïîäñòàâëÿÿ ýòî çíà÷åíèå â ôîðìóëó
(2), îïðåäåëÿåì a = 5.9± 0.4 . Ýòà âåëè÷èíà ïðàêòè÷åñêè ñîâïàäàåò ñ ýêñïåðèìåíòàëüíûì
çíà÷åíèåì.

Îöåíêà âåðõíåãî êðèòè÷åñêîãî ïîëÿ òàêæå ìîæåò áûòü ñäåëàíà äâóìÿ ñïîñîáàìè. Áåç
ó÷¼òà ñïèíîâîãî ïàðàìàãíåòèçìà (α = 0) : 1)Hc2 ∗ (0) ≈ 0.69(dHc2/dt)t=1 è 2) Hc2 ∗ (0) ≈
3.1ρnγTc . Äëÿ íåíóëåâîãî çíà÷åíèÿ ïàðàìåòðà Ìàêè: Hc2(0) = Hc2 ∗ (0)(1 + α2)−1/2 . Ïðè
ýòîì â ïåðâîì ñëó÷àå (α = 6 ) µ0Hc2(0) = 13.6± 1T , âî âòîðîì � µ0Hc2(0) = 19± 5T , ÷òî
â ïðåäåëàõ îøèáîê ñîãëàñóåòñÿ ñ òåîðèåé WHH .

Â ðàáîòå [18] ïë¼íêè NbN äåìîíñòðèðóþò îòñóòñòâèå ñïèíîâîãî ïàðàìàãíåòèçìà Ïà-
óëè (α = 0 ), ÷òî äîëæíî ïðèâîäèòü ê çíà÷èòåëüíîìó óâåëè÷åíèþ âåðõíåãî êðèòè÷åñêîãî
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ïîëÿ. Òåì íå ìåíåå, ïîëó÷åííîå àâòîðàìè çíà÷åíèå Hc2(0) = 14.6T íà ïîäîáíîì îáðàçöå
áëèçêî ê îöåíêàì Hc2(0) íàøèõ îáðàçöîâ, ÷òî ñâÿçàíî ñ íåáîëüøèì çíà÷åíèåì íàêëîíà
Hc2(T )T=Tc (âñòàâêà íà ðèñ.2.5). Íåâûñîêîå çíà÷åíèå (dHc2/dt)t=1 ñâÿçàíî ñ âûñîêîé êîí-
öåíòðàöèåé ýëåêòðîíîâ ïðîâîäèìîñòè, îáóñëàâëèâàþùåé, ïî-âèäèìîìó, ñèëüíîå ýëåêòðîí-
ýëåêòðîííîå îòòàëêèâàíèå.

Îöåíèâàÿ ïàðàìåòð Èîôôå-Ðåãåëÿ [21] ÷åðåç çíà÷åíèå α ( kF l = 3π/α ), ïîëó÷åííîå â
íàøåé ðàáîòå, ïðèõîäèì ê kF l = 1.57 , ÷òî ñîîòâåòñòâóåò �ãðÿçíîìó� ïðåäåëó.

Äëèíà êîãåðåíòíîñòè Ãèíçáóðãà-Ëàíäàó, îöåíåííàÿ ïî ôîðìóëå ξGL(0) =
[Φ0/(2πHc2(0))]

1/2 ïðè çíà÷åíèè Hc2(0) , ïîëó÷åííîì â íàøåé ðàáîòå, äà¼ò âåëè÷èíó
49A , ÷òî ñîâïàäàåò ñ ëèòåðàòóðíûìè äàííûìè [8].

Ïëîòíîñòü ñîñòîÿíèé íà óðîâíå Ôåðìè, íàéäåííàÿ ïî ôîðìóëå [18]: N(0) =
πHc2(0)/(0, 69Tc.4ekBρn ), èìååò âåëè÷èíó ∼ 5.7 · 1027states/(m3 · eV ).

Âî ìíîãèõ ðàáîòàõ [5,8,14,18] çàâèñèìîñòü Hc2(T ) õîðîøî àïïðîêñèìèðóåòñÿ ëèíåéíîé
çàâèñèìîñòüþ îò T äî òåìïåðàòóð 0, 6 − 0, 7Tc . Ïðè ýòîì íàêëîí àïïðîêñèìèðóþùåé
ïðÿìîé (ïðîèçâîäíàÿ Hc2 ïî T ) â íåñêîëüêî ðàç ìåíüøå íàêëîíà ïðÿìîé, ïîëó÷åííîé â
íàñòîÿùåé ðàáîòå. Âëèÿíèå ïàðàìàãíèòíîãî ýôôåêòà (ïîäàâëåíèå Hc2 , âûðàæàþùååñÿ â
çàãèáå êðèâîé) íà÷èíàåòñÿ â íàøåé ðàáîòå óæå â ïîëÿõ 3−−4T , òîãäà êàê â óïîìÿíóòûõ
ñòàòüÿõ ïàðàìàãíèòíûé ýôôåêò âîîáùå íå ïðîÿâëÿåòñÿ èëè ïðîÿâëÿåòñÿ â ïîëÿõ, áîëüøèõ
10T .

Ïðè÷èíîé òàêîé ðàçíèöû ñâîéñòâ ïë¼íîê îäèíàêîâîãî ñîñòàâà ÿâëÿåòñÿ áîëüøàÿ ðàç-
íèöà óäåëüíîãî ñîïðîòèâëåíèÿ îáðàçöîâ NbN. Â ñâîþ î÷åðåäü, áîëüøîå óäåëüíîå ñîïðî-
òèâëåíèå íàøèõ îáðàçöîâ íèòðèäà íèîáèÿ âûçâàíî íèçêîé êîíöåíòðàöèåé ýëåêòðîíîâ ïðî-
âîäèìîñòè.

Êîíöåíòðàöèþ ýëåêòðîíîâ ïðîâîäèìîñòè Ne â îáðàçöàõ, ïîäîáíûõ íàøèì ïë¼íêàì,
ìîæíî ïîëó÷èòü èç ðàáîòû [22]. Ïðèâåä¼ííûå â íåé ýêñïåðèìåíòàëüíûå çàâèñèìîñòè ïî-
ñòîÿííîé Õîëëà îò óäåëüíîãî ñîïðîòèâëåíèÿ (äëÿ îáðàçöà ñ ïàðàìåòðîì Èîôôå-Ðåãåëÿ
kF l = 1.68 ) ïîçâîëÿþò îïðåäåëèòü çíà÷åíèå Ne , ñîîòâåòñòâóþùåå îïðåäåë¼ííîìó ρn . Äëÿ
óäåëüíîãî ñîïðîòèâëåíèÿ ρn = 1200µΩ · cm êîíöåíòðàöèÿ Ne = 3, 48 × 1022e/cm3 . Ò.å. â
5−−6 ðàç ìåíüøå, ÷åì â îáðàçöå ñ áëèçêèì çíà÷åíèåì Tc = 16, 1K [19], è óäåëüíûì ñî-
ïðîòèâëåíèåì, ìåíüøèì òîæå â 5−−6 ðàç. Ïàðàìåòð Ìàêè äëÿ äàííîãî îáðàçöà α ≈ 5.6 .

Ìîäóëü âîëíîâîãî âåêòîðà Ôåðìè ìîæíî íàéòè èç êîíöåíòðàöèè íîñèòåëåé: kF ≈
1.01 × 108cm−1 . Òîãäà äëèíà ñâîáîäíîãî ïðîáåãà (ñ ó÷¼òîì çíà÷åíèÿ ïàðàìåòðà Èîôôå-
Ðåãåëÿ) l ≈ 1.66A .

5. Çàêëþ÷åíèå

Òàêèì îáðàçîì, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå òåìïåðàòóðíîé çàâèñèìîñòè âòîðîãî êðè-
òè÷åñêîãî ïîëÿ òîíêèõ ïë¼íîê NbN , ýêñïåðèìåíòàëüíî èññëåäîâàííûõ â äàííîé ðàáîòå,
ïîêàçàëî, ÷òî âêëàä â ñâåðõïðîâîäèìîñòü NbN îïðåäåëÿåòñÿ, â îñíîâíîì, ýôôåêòîì ñïè-
íîâîãî ïàðàìàãíåòèçìà Ïàóëè ñ ïàðàìåòðîì Ìàêè α = 6.00 . Äàííûé ïàðàìåòð, îïðåäå-
ë¼ííûé èç òðàíñïîðòíûõ, ìàãíèòíûõ è îïòè÷åñêèõ èçìåðåíèé, èìååò áëèçêèå çíà÷åíèÿ,
÷òî ïîäòâåðæäàåò ñèëüíûé ñïèíîâûé ïàðàìàíåòèçì. Ïàðàìåòð Èîôôå-Ðåãåëÿ èçó÷åííûõ
îáðàçöîâ ñîîòâåòñòâóåò �ãðÿçíîìó� ïðåäåëó. Çàâèñèìîñòü Hc2(T )NbN íàõîäèòñÿ â ñîãëà-
ñèè ñ òåîðèåé WHH .
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Mathematical modeling of temperature dependence of the

second critical �eld of thin �lms of niobium nitride

c⃝ N.D. Kuzmichev 5 M.A. Vasyutin 6 E.A. Lapshina 7 D.A. Shilkin 8

Abstract. Temperature dependence of the second critical �eld Hc2(T ) for superconductors
due to di�erent values of Maki parameter and of spin-orbit scattering parameter is modeled
mathematically within the framework of WHH-theory (Werthamer, Helfand, Hohenberg).
Temperature dependencies of superconducting transition for the �rst harmonic of voltage of thin
niobium nitride (NbN) �lms are investigated in dc magnetic �elds up to 8 T. By approximating
experimental temperature dependence of the upper critical �eld of NbN �lms by theoretical
dependence Hc2(T ) Maki parameter is obtained, that takes into account the spin paramagnetism
e�ect in this material. From transport and optical measurements done in this and other studies
the most important parameters of NbN superconductor are evaluated that are consistent with the
data of present work.

Key Words: WHH theory, second critical �eld, niobium nitride, spin paramagnetism,
Ginsburg�Landau coherence length, Maki parameter, spin-orbit scattering parameter, Io�e�Regel
parameter
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