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êîòîðàÿ ñîñòàâëÿåò ïðèáëèçèòåëüíî 23–35 Ý ïðè T =
77 K. Ýòî çíà÷åíèå ñîãëàñóåòñÿ ñ âåëè÷èíîé Hirr íàñòîÿ-
ùåé ðàáîòû. Ïîýòîìó ìîæíî ïîëàãàòü Hirr = Hc2j. Â
íåïðåðûâíîé öåïè äæîçåôñîíîâñêèõ âèõðåé ïðè óâåëè-
÷åíèè âíåøíåãî ìàãíèòíîãî ïîëÿ (H– ≥ Hc2j) âîçíèêàåò
ñëàáîå çâåíî, ñâÿçàííîå ñ êðèòè÷åñêèì òîêîì äæîçåôñî-
íîâñêîãî êîíòàêòà, êðèòè÷åñêèé òîê êîòîðîãî ìåíüøå
òîêà, âîçáóæäàåìîãî âíåøíèì ìàãíèòíûì ïîëåì. Â ìàã-
íèòíûõ ïîëÿõ H– > Hc2j ïðîèñõîäèò ðàçðûâ íåïðåðûâíîé
öåïè äæîçåôñîíîâñêèõ âèõðåé, è ñëàáûå ñâÿçè ìåæäó
ãðàíóëàìè íà÷èíàþò ïåðåõîäèòü â ðåçèñòèâíîå ñîñòîÿ-
íèå, âñëåäñòâèå ÷åãî íà çàâèñèìîñòÿõ 1( )H−ε , 1( )H−′ε  è

1( )H−′′ε  íàáëþäàåòñÿ íåîáðàòèìîñòü (ðèñ. 1). Â ïîëÿõ H– =
30–100 Ý îñíîâíàÿ ÷àñòü äæîçåôñîíîâñêèõ ñâÿçåé óæå íå
ïåðåíîñèò ñâåðõïðîâîäÿùåãî òîêà. Ïðè óìåíüøåíèè
ïîñòîÿííîãî ìàãíèòíîãî ïîëÿ (Hmax > Hc2j) â îáðàçöå
îñòàåòñÿ ìàãíèòíûé ïîòîê, îáóñëîâëåííûé çàìêíóòûìè
òîêîâûìè ïåòëÿìè â ñåòêå ñëàáûõ ñâÿçåé. Â ýòîì ñëó÷àå
íåîáðàòèìîñòü íàìàãíè÷åííîñòè  ïîëíîñòüþ îáóñëîâëåíà
äèññèïàòèâíûìè ïðîöåññàìè, ïðîòåêàþùèìè â äæîçåô-
ñîíîâñêîé ñðåäå.

Ðèñ. 2. Çàâèñèìîñòü âåëè÷èí '
1ε∆  è ''

1ε∆  îò ìàêñèìàëüíîãî
çíà÷åíèÿ íàïðÿæåííîñòè ïîñòîÿííîãî ìàãíèòíîãî ïîëÿ Hmax çà
öèêë ïðè H– = 0.

Íà ðèñ. 2 ïðåäñòàâëåíà âåëè÷èíà íåîáðàòèìîñòè '
1∆ε

è ''
1∆ε  îò Hmax çà öèêë ïðè H–  = 0. Â îáëàñòè  ìàãíèòíûõ

ïîëåé (100 Ý ≤ H– ≤ 250 Ý) íàáëþäàåòñÿ ðåçêîå óâåëè÷åíèå
çíà÷åíèé '

1∆ε  è ''
1∆ε . Â ýòèõ ìàãíèòíûõ ïîëÿõ ïîëå ïðîíè-

êàåò â ãðàíóëû êåðàìèêè. Ïðîöåññ ïðîíèêíîâåíèÿ ìàãíèò-
íîãî ïîëÿ âíóòðü ãðàíóë êåðàìèêè ñîïðîâîæäàåòñÿ äèññè-
ïàöèåé è çàõâàòîì ìàãíèòíîãî ïîòîêà â âèäå âèõðåé
Àáðèêîñîâà. Âåëè÷èíà íåîáðàòèìîñòè '

1∆ε â îñíîâíîì
îáóñëîâëåíà çàõâàòîì ìàãíèòíîãî ïîòîêà â ãðàíóëàõ, à
âåëè÷èíà ''

1∆ε  ÿâëÿåòñÿ ñëåäñòâèåì ðåëàêñàöèè ìàãíèòíîãî
ìîìåíòà ãðàíóë è äèññèïàöèåé â íèõ. Ïîñòîÿííîå ìàãíèò-
íîå ïîëå H– ≈ 100 Ý ñîîòâåòñòâóåò çíà÷åíèþ êðèòè÷åñêîãî
ïîëÿ ñâåðõïðîâîäÿùèõ ãðàíóë (Hc1g) îáðàçöîâ YBaCuO.
Èíòåðâàë ìàãíèòíîãî ïîëÿ, ãäå ïðîèñõîäèò ðåçêîå óâåëè-
÷åíèå âåëè÷èíû '

1∆ε  è ''
1∆ε , çàâèñèò îò àíèçîòðîïèè íèæ-

íèõ êðèòè÷åñêèõ ïîëåé ãðàíóë ïîëèêðèñòàëëîâ YBaCuO

[25]. Ïðè H– ≈ Hc1g íà÷èíàåòñÿ ïðîöåññ ïðîíèêíîâåíèÿ
àáðèêîñîâñêèõ âèõðåé â ñâåðõïðîâîäÿùèå ãðàíóëû. Ýòî
ïðèâîäèò ê ïåðåðàñïðåäåëåíèþ ìàãíèòíîãî ïîòîêà ìåæäó
ãðàíóëàìè è ìåæãðàíóëÿðíîé îáëàñòüþ è ñîïðîâîæäàåòñÿ
óâåëè÷åíèåì äèññèïàöèè. Ïðè ýòîì íàáëþäàåòñÿ ìàêñè-
ìóì íà çàâèñèìîñòè ''

1( )maxH∆ε  (ðèñ. 2). Ïðè H– > 250 Ý

çíà÷åíèÿ '
1∆ε  è ''

1∆ε ïðàêòè÷åñêè íå çàâèñÿò îò Hmax. Â
óìåíüøàþùåìñÿ ìàãíèòíîì ïîëå ïîñëå äîñòèæåíèÿ çíà-
÷åíèÿ H_ = Hmax  > Hc1g â îáðàçöå YBaCuO îñòàåòñÿ ìàãíèò-
íûé ïîòîê, ñâÿçàííûé çàìêíóòûìè òîêîâûìè ïåòëÿìè â
ñëàáîñâÿçàííîé ìåæãðàíóëÿðíîé ñðåäå è çàõâà÷åííûé â
ãðàíóëàõ áëàãîäàðÿ ïèííèíãó íà âíóòðèãðàíóëüíûõ äåôåê-
òàõ â âèäå âèõðåé Àáðèêîñîâà. Ìàêñèìóì íà çàâèñèìîñòÿõ

1( )H−ε  è 1( )H−′ε  ñîîòâåòñòâóåò ìàêñèìàëüíîìó çàõâàòó
ìàãíèòíîãî ïîòîêà îáðàçöîì. Ïðè óìåíüøåíèè ìàãíèò-
íîãî ïîëÿ (Hmax > Hc1g) íà çàâèñèìîñòè 1( )H−′′ε íàáëþäàåòñÿ
ìèíèìóì (ðèñ. 1). Ñîãëàñíî ðàáîòàì [26–28] ïðè
ïðîíèêíîâåíèè àáðèêîñîâñêèõ âèõðåé â ãðàíóëû  èíäó-
öèðîâàííûé ìàãíèòíûì ïîëåì ïîâåðõíîñòíûé òîê â
ãðàíóëàõ áóäåò îïðåäåëÿòüñÿ îáðàòèìîé ìåéñíåðîâñêîé
êîìïîíåíòîé è êîìïîíåíòîé ïîâåðõíîñòíîãî òîêà,
îáóñëîâëåííîé ãðàäèåíòîì ïëîòíîñòè àáðèêîñîâñêèõ
âèõðåé. Ñ èçìåíåíèåì íàïðàâëåíèÿ ìàãíèòíîãî ïîëÿ
íåîáðàòèìàÿ ñîñòàâëÿþùàÿ ïîâåðõíîñòíîãî òîêà â
ãðàíóëàõ èçìåíÿåò ñâîå íàïðàâëåíèå. Ñëåäîâàòåëüíî,
âåëè÷èíà ïîâåðõíîñòíîãî òîêà óìåíüøàåòñÿ, ÷òî ïðèâîäèò
ê óìåíüøåíèþ ïîòåðü.

Ëèíåéíàÿ ÷àñòü â âûðàæåíèè (4) äëÿ íà÷àëüíîé
íàìàãíè÷åííîñòè îòâå÷àåò çà ìåéññíåðîâñêîå ñîñòîÿíèå
ãðàíóë. Âòîðîé ÷ëåí â âûðàæåíèè (4) îòâå÷àåò çà âåëè÷èíó
íàìàãíè÷åííîñòè ìåæãðàíóëüíîé ñðåäû. Ñ ó÷åòîì
âûøåñêàçàííîãî èìååì ñëåäóþùóþ çàâèñèìîñòü
íàìàãíè÷åííîñòè ñëàáîñâÿçàííîé ñðåäû îò âåëè÷èíû
ïîñòîÿííîãî ìàãíèòíîãî ïîëÿ:

0 *
( ) th ( ).in

HH M
H

−
−Μ = −

Êðîìå çàâèñèìîñòè (4) íà÷àëüíóþ êðèâóþ íàìàãíè-
÷åííîñòè èçó÷àåìûõ îáðàçöîâ àïïðîêñèìèðîâàëè è
äðóãèìè ôóíêöèîíàëüíûìè çàâèñèìîñòÿìè. Íî îíè õóæå
îïèñûâàëè ïîëåâîå ïîâåäåíèå âûñøèõ ãàðìîíèê
íàìàãíè÷åííîñòè.

Äëÿ ÝÄÑ-ñèãíàëà îòêëèêà ñâåðõïðîâîäíèêà èìååì  òî,
÷òî äåéñòâèòåëüíàÿ ÷àñòü àìïëèòóäû m-îé ãàðìîíèêè
ðàâíà [10]:

'
0

2 (2 )

0

( , )

12 ( ) ( )
!( )! 2

m

n m n m

n

H h m NS

h M H
n n m

−

∞
+ +

−
=

ε = µ ω ×

 
× 

+ 
∑ .

Èñïîëüçóÿ ôîðìóëó (6), äëÿ äåéñòâèòåëüíîé ÷àñòè
àìïëèòóäû ïåðâîé ãàðìîíèêè íà ñëó÷àé ìàëûõ àìïëèòóä
ìîäóëÿöèè ïîñòîÿííîãî ìàãíèòíîãî ïîëÿ (2) è ñ ó÷åòîì
îïðåäåëåííîé çàâèñèìîñòè íàìàãíè÷åííîñòè îáðàçöà îò
ìàãíèòíîãî ïîëÿ (4) è (5) èìååì ñëåäóþùåå âûðàæåíèå:

'
1 0

0
* 2 *

( , )
1( )

ch ( )

H h NSh
MA
H H H

−

−

ε = −µ ω ×

× + .

(5)

(6)

(7)
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Ó÷èòûâàÿ ñóììó ïåðâûõ ñåìè ÷ëåíîâ ðÿäà â ôîðìóëå (6),
ïîëó÷àåì âûðàæåíèå äëÿ ïåðâîé ãàðìîíèêè ñèãíàëà
îòêëèêà. Àíàëîãè÷íûì îáðàçîì èç (6) ïîëó÷àåì âûðàæå-
íèÿ äëÿ ðàñ÷åòà âûñøèõ ãàðìîíèê ñèãíàëà îòêëèêà
îáðàçöà. Íà ðèñ. 3 ïðåäñòàâëåíà òåîðåòè÷åñêàÿ êðèâàÿ

'
3( , )H h−ε è ýêñïåðèìåíòàëüíàÿ çàâèñèìîñòü âåëè÷èíû

òðåòüåé ãàðìîíèêè íàìàãíè÷åííîñòè îáðàçöà ¹ 1 îò
çíà÷åíèÿ ïîñòîÿííîãî ìàãíèòíîãî ïîëÿ ïðè àìïëèòóäå
ìîäóëÿöèè ïîëÿ h = 11 Ý. Àíàëèç ýêñïåðèìåíòàëüíûõ
çàâèñèìîñòåé ( , )n H h−ε ïîçâîëÿåò áîëåå òî÷íî îïðåäåëèòü

àíàëèòè÷åñêèé âèä ôóíêöèè ( )inM H − .

Ðèñ. 3. Çàâèñèìîñòü ìîäóëÿ òðåòüåé ãàðìîíèêè îò âåëè÷èíû ïîñ-
òîÿííîãî ìàãíèòíîãî ïîëÿ ïðè h = 11 Ý (îáðàçåö ¹ 1; ♦♦♦♦♦  – ♦♦♦♦♦  – ♦♦♦♦♦  –
ýêñïåðèìåíòàëüíûå äàííûå; −•−•−• òåîðåòè÷åñêàÿ çàâè-
ñèìîñòü).

Çàêëþ÷åíèå
Èññëåäîâàíèå ñèíôàçíîé è êâàäðàòóðíîé ñîñòàâ-

ëÿþùèõ ïåðâîé ãàðìîíèêè ÝÄÑ-ñèãíàëà îòêëèêà ïîëè-
êðèñòàëëè÷åñêèõ îáðàçöîâ YBaCuO ÿâëÿåòñÿ ýôôåêòèâ-
íûì ìåòîäîì èçó÷åíèÿ äèíàìèêè ïðîíèêíîâåíèÿ è çàõâàòà
ìàãíèòíîãî ïîëÿ â ìåæãðàíóëÿðíóþ îáëàñòü è ñâåðõ-
ïðîâîäÿùèå ãðàíóëû. Ïîëó÷åííûå äàííûå óêàçûâàþò íà
îòñóòñòâèå ýôôåêòà ïèííèíãà äæîçåôñîíîâñêèõ âèõðåé â
ñèñòåìå ñëàáûõ ñâÿçåé â ìàãíèòíûõ ïîëÿõ äî Hc2J. Âåëè-
÷èíà  Hc2J ñîâïàäàåò ñ ïîëåâûì ïîëîæåíèåì ìàêñèìóìà
íà çàâèñèìîñòè ε1(H–). Ýòî îáúÿñíÿåòñÿ çàâåðøåíèåì
ïðîöåññà ïðîíèêíîâåíèÿ ìàãíèòíîãî ïîëÿ â îáëàñòü ñëà-
áûõ ñâÿçåé. Ïîëó÷åííàÿ çàâèñèìîñòü Min(H–) ïîçâîëèëà
îïèñàòü íåëèíåéíóþ ÷àñòü íàìàãíè÷åííîñòè èçó÷àåìûõ

îáðàçöîâ. Ýòî äàåò âîçìîæíîñòü áîëåå ñòðîãîé ïðîâåðêè
ïðèìåíèìîñòè èñïîëüçóåìîé ìîäåëè äëÿ èññëåäîâàíèÿ
ôèçè÷åñêèõ ïðîöåññîâ, ïðîèñõîäÿùèõ â ñëàáîñâÿçàííîé
ñðåäå ïðè âîçäåéñòâèè íà íèõ ïåðåìåííûõ è ïîñòîÿííûõ
ìàãíèòíûõ ïîëåé. Â ðàáîòå òàêæå îïðåäåëåíû êðèòè-
÷åñêèå ïàðàìåòðû Hp, Hc2j è Hc1g.
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Study of the vortex structure of polycrystalline YBa2Cu3O7–x compounds
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There have been experimental studies in-phase and quadrature components of the first harmonic response
of polycrystalline YBa2Cu3O7–x, in constant magnetic field. The absence of pinning effect of Josephson vortices
in a loosely coupled environment in magnetic fields less Hc2j where Hc2j is the value of the upper critical field
of Josephson weak links is observed. Some initial curve of magnetization allowed to describe non-linear part
of the magnetization due to weak ties of ceramics.
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Keywords: Josephson’s and Abrikosov’s vortices, granular superconductor, mixed state, critical fields, diamagnetic
response.
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