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Ç‚Â‰ÂÌËÂ

 

àÁ‚ÂÒÚÌÓ, ˜ÚÓ ÏÂÚ‡ÎÎË˜ÂÒÍËÂ Ò‚ÂıÔÓ‚Ó‰ÌË-
ÍË ËÏÂ˛Ú ÒÙÂË˜ÂÒÍÛ˛ (

 

S

 

) ÒËÏÏÂÚË˛ Ò‚ÂıÔÓ-
‚Ó‰fl˘Â„Ó Ô‡‡ÏÂÚ‡ ÔÓfl‰Í‡ (

 

S

 

-Ò‚ÂıÔÓ‚Ó‰ÌË-
ÍË). Ç ÏÂÚ‡ÎÎÓÓÍÒË‰Ì˚ı Ò‚ÂıÔÓ‚Ó‰ÌËÍ‡ı, Ì‡-
ÔËÏÂ YBa

 

2

 

Cu

 

3

 

O

 

7

 

 (YBCO), ÔÂÓ·Î‡‰‡ÂÚ -(

 

D

 

)

ÒËÏÏÂÚËfl Ô‡‡ÏÂÚ‡ ÔÓfl‰Í‡ ‚ ·‡ÁÓ‚ÓÈ (

 

ab

 

) ÔÎÓ-
ÒÍÓÒÚË (

 

D

 

-Ò‚ÂıÔÓ‚Ó‰ÌËÍË). ÑÎËÌ‡ ÍÓ„ÂÂÌÚÌÓÒ-
ÚË Ë ˝ÎÂÍÚÓÔÓ‚Ó‰ÌÓÒÚ¸ ‚‰ÓÎ¸ ÔÎÓÒÍÓÒÚË 

 

ab

 

 ÒÛ-
˘ÂÒÚ‚ÂÌÌÓ ÔÂ‚˚¯‡ÂÚ ‰ÎËÌÛ ÍÓ„ÂÂÌÚÌÓÒÚË Ë
ÔÓ‚Ó‰ËÏÓÒÚ¸ ‚ Ì‡Ô‡‚ÎÂÌËË ÓÒË Ò [1, 2]. ë‚ÓÈÒÚ‚‡
ÍÓÌÚ‡ÍÚÓ‚ Ò‚ÂıÔÓ‚Ó‰ÌËÍÓ‚ Ò ‡ÌËÁÓÚÓÔÌ˚Ï 

 

D

 

-
ÚËÔÓÏ Ô‡‡ÏÂÚ‡ ÔÓfl‰Í‡ ÓÚÎË˜‡˛ÚÒfl ÓÚ Ò‚ÓÈÒÚ‚
ÍÓÌÚ‡ÍÚÓ‚ ÏÂÊ‰Û Ò‚ÂıÔÓ‚Ó‰ÌËÍ‡ÏË Ò ËÁÓÚÓÔ-
Ì˚Ï Ô‡‡ÏÂÚÓÏ. í‡Í, 

 

D

 

-ÒËÏÏÂÚËfl Ô‡‡ÏÂÚ‡
ÔÓfl‰Í‡ ‚˚Á˚‚‡ÂÚ ÔÓfl‚ÎÂÌËÂ ‚ÚÓÓÈ „‡ÏÓÌËÍË ‚
ÚÓÍ-Ù‡ÁÓ‚ÓÈ Á‡‚ËÒËÏÓÒÚË (íîá) 

 

I

 

S

 

(

 

ϕ

 

), ‡ Ò‚flÁ‡Ì-
Ì˚Â ‡Ì‰ÂÂ‚ÒÍËÂ ÒÓÒÚÓflÌËfl, ‚ÓÁÌËÍ‡˛˘ËÂ Ì‡ „‡-
ÌËˆÂ 

 

D

 

-Ò‚ÂıÔÓ‚Ó‰ÌËÍ‡, ‰‡˛Ú ‰ÓÔÓÎÌËÚÂÎ¸Ì˚È
Í‡Ì‡Î ÔÓÚÂÍ‡ÌËfl ÚÓÍ‡ [1–3]. àÒÒÎÂ‰Ó‚‡ÎËÒ¸ ˝ÎÂ-
ÍÚÓÙËÁË˜ÂÒÍËÂ ı‡‡ÍÚÂËÒÚËÍË ÍÓÌÚ‡ÍÚÓ‚ 

 

S

 

- Ë

 

D

 

-Ò‚ÂıÔÓ‚Ó‰ÌËÍÓ‚ ‚ 

 

c

 

-Ì‡Ô‡‚ÎÂÌËË [4–7]. ÑÎfl
ÌËı ·˚Î‡ Ó·Ì‡ÛÊÂÌ‡ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ÌÂ·ÓÎ¸-
¯‡fl (ÔÓfl‰Í‡ 10%) ÍÓÏÔÓÌÂÌÚ‡ ‚ÚÓÓÈ „‡ÏÓÌËÍË
‚ íîá, ÍÓÚÓÛ˛ ÌÂ Û‰‡ÂÚÒfl Ó·˙flÒÌËÚ¸ ‚ ÏÓ‰ÂÎË
ÍÓÌÚ‡ÍÚ‡ 

 

S

 

- Ë 

 

D

 

-Ò‚ÂıÔÓ‚Ó‰ÌËÍÓ‚ ‚ Ì‡Ô‡‚ÎÂÌËË
ÓÒË 

 

c

 

 [4, 5]. ÑÎfl ÍÓÌÚ‡ÍÚÓ‚ ‚ Ì‡Ô‡‚ÎÂÌËË ·‡ÁÓ‚ÓÈ
ÔÎÓÒÍÓÒÚË YBCO ËÒÒÎÂ‰Ó‚‡Î‡Ò¸ Í‚‡ÁË˜‡ÒÚË˜Ì‡fl

d
x

2
y

2

 

ÍÓÏÔÓÌÂÌÚ‡ ÚÓÍ‡. ÑÎfl Í‚‡ÁË˜‡ÒÚË˜ÌÓ„Ó ÚÓÍ‡ ˝ÚËı
ÍÓÌÚ‡ÍÚÓ‚ Ì‡·Î˛‰‡ÎÒfl ÔËÍ ÔÓ‚Ó‰ËÏÓÒÚË ÔË Ï‡-
Î˚ı Ì‡ÔflÊÂÌËflı, ‚˚Á‚‡ÌÌ˚È Ò‚flÁ‡ÌÌ˚ÏË ‡Ì‰Â-
Â‚ÒÍËÏË ÒÓÒÚÓflÌËflÏË [8, 9]. ùÚË ÒÓÒÚÓflÌËfl ‚ÓÁÌË-
Í‡˛Ú ‚ ÍÓÌÚ‡ÍÚ‡ı 

 

S

 

-Ò‚ÂıÔÓ‚Ó‰ÌËÍ‡ Í ÔÎÓÒÍÓÒÚË
(1 1 0) ÔÎÂÌÍË YBCO. ç‡ Ì‡ÍÎÓÌÌ˚ı ÔÓ‰ÎÓÊÍ‡ı ÏÓ-
„ÛÚ ‡ÒÚË Ù‡Á˚ ËÌÓÈ ÓËÂÌÚ‡ˆËË, Ì‡ÔËÏÂ (1 0 3),
˜ÚÓ Á‡ÚÛ‰ÌflÂÚ ËÒÒÎÂ‰Ó‚‡ÌËÂ „ÂÚÂÓÒÚÛÍÚÛ [10]. 

Ç ‡·ÓÚÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ËÒÒÎÂ‰Ó‚‡ÎËÒ¸
Ï‡„ÌËÚÌ˚Â Ë ˝ÎÂÍÚË˜ÂÒÍËÂ Ô‡‡ÏÂÚ˚ „ÂÚÂÓÒÚ-
ÛÍÚÛ (Éë) Nb/Au/YBCO, ËÁ„ÓÚÓ‚ÎÂÌÌ˚ı Ì‡
ÔÎÂÌÍÂ YBCO Ò Ì‡ÍÎÓÌÌÓÈ ÓÒ¸˛ 

 

c

 

. ñÂÎ¸ ÒÓÁ‰‡ÌËfl
„ÂÚÂÓÒÚÛÍÚÛ – ÓÒÛ˘ÂÒÚ‚ÎÂÌËÂ ˝ÎÂÍÚÓÌÌÓ„Ó
Ú‡ÌÒÔÓÚ‡ ‚‰ÓÎ¸ ÔÎÓÒÍÓÒÚË 

 

ab

 

 ̃ ÂÂÁ ̃ ÂÂ‰Û˛˘Ë-
ÂÒfl Ì‡ÌÓÔÂÂıÓ‰˚ ‡ÁÎË˜ÌÓ„Ó ÚËÔ‡, ˜ÚÓ ‰ÓÎÊÌÓ
ÔË‚Ó‰ËÚ¸ Í ÌÂÒËÌÛÒÓË‰‡Î¸ÌÓÈ ÚÓÍ-Ù‡ÁÓ‚ÓÈ Á‡‚Ë-
ÒËÏÓÒÚË ÒÚÛÍÚÛ˚. èË ˝ÚÓÏ ÔÎÂÌÍ‡ YBCO
‰ÓÎÊÌ‡ ÓÒÚ‡‚‡Ú¸Òfl Ó‰ÌÓ‰ÓÏÂÌÌÓÈ. é·ÒÛÊ‰‡ÂÚÒfl
‚ÎËflÌËÂ ‚ÚÓÓÈ „‡ÏÓÌËÍË íîá Ì‡ Á‡‚ËÒËÏÓÒÚ¸
ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡ Éë ÓÚ Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl Ë Ì‡ Á‡-
‚ËÒËÏÓÒÚ¸ ‚˚ÒÓÚ˚ ÒÚÛÔÂÌÂÈ ò‡ÔËÓ ÓÚ ÏÓ˘ÌÓÒ-
ÚË ‚ÌÂ¯ÌÂ„Ó ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ËÁÎÛ˜ÂÌËfl. 

 

åÂÚÓ‰ËÍ‡ ˝ÍÒÔÂËÏÂÌÚ‡

 

ÑÎfl ÓÒÚ‡ ÔÎÂÌÓÍ YBCO ·˚ÎË ‚˚·‡Ì˚ ÔÓ‰-
ÎÓÊÍË (7 10 2) NdGaO

 

3

 

 (NGO). éÒ¸ Ò ÔÎÂÌÍË YB-
CO, ˝ÔËÚ‡ÍÒË‡Î¸ÌÓ ‚˚‡˘ÂÌÌÓÈ Ì‡ ˝ÚÓÈ ÔÓ‰ÎÓÊ-
ÍÂ, ÓÚÍÎÓÌflÎ‡Ò¸ ÓÚ ÌÓÏ‡ÎË Í ÔÎÓÒÍÓÒÚË ÔÓ‰ÎÓÊ-
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ÚÂÓÒÚÛÍÚÛ Nb/Au/YBa
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Cu
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7

 

, ËÁ„ÓÚÓ‚ÎÂÌÌ˚ı Ì‡ ˝ÔËÚ‡ÍÒË‡Î¸Ì˚ı ÔÎÂÌÍ‡ı YBa

 

2

 

Cu

 

3

 

O

 

7

 

 (YBCO) c
Ì‡ÍÎÓÌÓÏ ÓÒË 

 

c

 

 Í ÔÎÓÒÍÓÒÚË ÔÓ‰ÎÓÊÍË Ì‡ 11°. èÓÍ‡Á‡ÌÓ, ̃ ÚÓ ‚ ÂÁÛÎ¸Ú‡ÚÂ ÚÂıÏÂÌÓ„Ó ÓÒÚ‡ ÔÎÂÌÓÍ
YBCO Ì‡ ÔÓ‚ÂıÌÓÒÚË Ì‡·Î˛‰‡˛ÚÒfl „‡ÌË, ÔË‚Ó‰fl˘ËÂ Í ÙÓÏËÓ‚‡ÌË˛ ‚ „ÂÚÂÓÒÚÛÍÚÛÂ Ì‡ÌÓ-
‡ÁÏÂÌÓÈ Ù‡ÒÂÚËÓ‚‡ÌÌÓÈ „‡ÌËˆ˚. Ç‚Ë‰Û ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓÈ ‡ÌËÁÓÚÓÔËË Ô‡‡ÏÂÚ‡ ÔÓfl‰Í‡
ÔÎÂÌÍË YBCO „ÂÚÂÓÒÚÛÍÚÛ˚ ÏÓÊÌÓ ‡ÒÒÏ‡ÚË‚‡Ú¸ Í‡Í ˆÂÔÓ˜ÍÛ Ô‡‡ÎÎÂÎ¸ÌÓ ÒÓÂ‰ËÌÂÌÌ˚ı ˜ÂÂ-
‰Û˛˘ËıÒfl Ì‡ÌÓÍÓÌÚ‡ÍÚÓ‚ ‰‚Ûı ÚËÔÓ‚ Ò ‡ÁÎË˜Ì˚ÏË ÚÓÍ-Ù‡ÁÓ‚˚ÏË Á‡‚ËÒËÏÓÒÚflÏË (íîá) Ò‚ÂıÔÓ-
‚Ó‰fl˘Â„Ó ÚÓÍ‡. å‡„ÌËÚÌÓ-ÔÓÎÂ‚˚Â Ë ÏËÍÓ‚ÓÎÌÓ‚˚Â Ô‡‡ÏÂÚ˚ „ÂÚÂÓÒÚÛÍÚÛ ÛÍ‡Á˚‚‡˛Ú Ì‡
ÛÏÂÌ¸¯ÂÌËÂ ı‡‡ÍÚÂÌÓÈ ‰ÎËÌ˚ ÔÓÌËÍÌÓ‚ÂÌËfl Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl Ì‡ ÔÓfl‰ÓÍ ÔÓ Ò‡‚ÌÂÌË˛ Ò ‰ÊÓ-
ÁÂÙÒÓÌÓ‚ÒÍÓÈ „ÎÛ·ËÌÓÈ ÔÓÌËÍÌÓ‚ÂÌËfl. èÂ‰ÎÓÊÂÌ‡ ÏÂÚÓ‰ËÍ‡ ÓÔÂ‰ÂÎÂÌËfl ‚ÂÎË˜ËÌ˚ Ë ÁÌ‡Í‡ ‚ÚÓ-
ÓÈ „‡ÏÓÌËÍË íîá. åÂÚÓ‰ËÍ‡ ÓÒÌÓ‚‡Ì‡ Ì‡ ËÁÏÂÂÌËË Á‡‚ËÒËÏÓÒÚÂÈ ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡, ‡ Ú‡ÍÊÂ
‚˚ÒÓÚ ÔÂ‚ÓÈ Ë ÒÛ·„‡ÏÓÌË˜ÂÒÍÓÈ ÒÚÛÔÂÌÂÈ ò‡ÔËÓ ÓÚ ÏÓ˘ÌÓÒÚË ÏËÍÓ‚ÓÎÌÓ‚Ó„Ó ËÁÎÛ˜ÂÌËfl. é·-
ÒÛÊ‰‡ÂÚÒfl ‚ÓÁ‡ÒÚ‡ÌËÂ ‰ÓÎË ‚ÚÓÓÈ „‡ÏÓÌËÍË íîá Ò Û‚ÂÎË˜ÂÌËÂÏ ‡ÁÏÂÓ‚ „ÂÚÂÓÒÚÛÍÚÛ˚. 
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ÍË Ì‡ Û„ÓÎ 

 

γ

 

 

 

≈

 

 11° ‚ ÔÎÓÒÍÓÒÚË (1 1 0) YBCO.
êÂÌÚ„ÂÌÓ‚ÒÍÓÂ ËÒÒÎÂ‰Ó‚‡ÌËÂ ÔÎÂÌÓÍ YBCO ÔÓÍ‡-
Á‡ÎÓ, ˜ÚÓ ÔË Ëı ÓÒÚÂ ÒÓı‡ÌflÂÚÒfl ÒÎÂ‰Û˛˘ÂÂ
˝ÔËÚ‡ÍÒË‡Î¸ÌÓÂ ÒÓÓÚÌÓ¯ÂÌËÂ (0 0 1)YBCO 

 

||

 

 (1 1
0)NGO, ‡ ÓËÂÌÚ‡ˆËfl ÔÓÎÛ˜ÂÌÌÓÈ ÔÎÂÌÍË ·ÎËÁÍ‡
Í (1 1 20) YBCO [10]. ùÚË ÔÎÂÌÍË ËÏÂÎË Â‰ËÌÒÚ‚ÂÌ-
Ì˚È ‰‚ÓÈÌËÍÓ‚˚È ÍÓÏÔÎÂÍÒ ‚ ÓÚÎË˜ËÂ ÓÚ ÔÎÂÌÓÍ,
ÔÓÎÛ˜ÂÌÌ˚ı Ì‡ Ì‡ÍÎÓÌÌ˚ı ÔÓ‰ÎÓÊÍ‡ı Ò ÔÓ‚ÓÓÚÓÏ
‚ÓÍÛ„ Ó‰ÌÓÈ ËÁ ÓÒÂÈ ·‡ÁÓ‚ÓÈ ÔÎÓÒÍÓÒÚË, „‰Â ÔË
Û„Î‡ı Ì‡ÍÎÓÌ‡ 

 

γ

 

 > 10° Ì‡·Î˛‰‡ÂÚÒfl ‰‚Ûı‰ÓÏÂÌÌ‡fl
ÒÚÛÍÚÛ‡. íÂıÌÓÎÓ„Ëfl ËÁ„ÓÚÓ‚ÎÂÌËfl Éë ÓÔËÒ‡Ì‡ ‚
‡·ÓÚ‡ı [4, 5, 8]; Éë, ËÁ„ÓÚÓ‚ÎÂÌÌ˚Â ÏÂÚÓ‰‡ÏË ËÓÌ-
ÌÓ„Ó Ú‡‚ÎÂÌËfl Ë ÙÓÚÓÎËÚÓ„‡ÙËË, ËÏÂÎË ÙÓÏÛ
Í‚‡‰‡ÚÓ‚ ÒÓ ÒÚÓÓÌÓÈ 

 

L

 

 = 10–50 ÏÍÏ.
àÁÏÂÂÌËfl ‚ÓÎ¸Ú-‡ÏÔÂÌ˚ı ı‡‡ÍÚÂËÒÚËÍ

(ÇÄï) Éë ÔÓ‚Ó‰ËÎËÒ¸ ‚ ÂÊËÏÂ Á‡‰‡ÌËfl ÚÓÍ‡
ÔË ÚÂÏÔÂ‡ÚÛÂ 4.2 K. íÓÍ, ÍÓÚÓ˚È ˝Í‚Ë‚‡ÎÂÌ-
ÚÂÌ ÚÂÔÎÓ‚ÓÏÛ ¯ÛÏÛ ‡ÁÏ˚ÚËfl ÇÄï, ÒÓÒÚ‡‚ÎflÎ
0.4 ÏÍÄ. èË ‡Ì‡ÎÓ„Ó‚ÓÏ ËÁÏÂÂÌËË ‰ËÙÙÂÂÌ-
ˆË‡Î¸ÌÓ„Ó ÒÓÔÓÚË‚ÎÂÌËfl 

 

R

 

d

 

 ÏËÌËÏ‡Î¸Ì‡fl Ó·Ì‡-
ÛÊË‚‡ÂÏ‡fl ‚˚ÒÓÚ‡ ÒÚÛÔÂÌË ò‡ÔËÓ ·˚Î‡ ÓÍÓÎÓ
0.2 ÏÍÄ. Ç˚ÒÓÚ‡ ÒÚÛÔÂÌË ‚˚˜ËÒÎflÎ‡Ò¸ ËÁ ÓÚÌÓ¯Â-
ÌËfl ‰ËÙÙÂÂÌˆË‡Î¸ÌÓ„Ó ÒÓÔÓÚË‚ÎÂÌËfl ‚ ˆÂÌÚÂ
ÒÚÛÔÂÌË 

 

R

 

d

 

0

 

 Í ÌÓÏ‡Î¸ÌÓÏÛ ÒÓÔÓÚË‚ÎÂÌË˛ ÔÂÂ-
ıÓ‰‡ 

 

R

 

N

 

 [11]. á‡‚ËÒËÏÓÒÚË ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡ ÓÚ
Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl 

 

I

 

c

 

(

 

H

 

) ËÁÏÂflÎËÒ¸ ‚ ÔÓÎflı ‰Ó 10 ù
Ë ·˚ÎË ‚ÓÒÔÓËÁ‚Ó‰ËÏ˚ÏË. èË ‚ÓÁ‰ÂÈÒÚ‚ËË Ì‡ „Â-
ÚÂÓÒÚÛÍÚÛ˚ ÔÓÎÂÈ Ò 

 

H

 

 >10 ù ÂÁÛÎ¸Ú‡Ú˚ ËÁÏÂ-
ÂÌËÈ ‚ÓÒÔÓËÁ‚Ó‰ËÎËÒ¸ ıÛÊÂ ËÁ-Á‡ Ó·‡ÁÓ‚‡ÌËfl
‚ËıÂÈ Ä·ËÍÓÒÓ‚‡ ‚ ÔÓ‰‚Ó‰fl˘Ëı ˝ÎÂÍÚÓ‰‡ı. 

àÁÛ˜ÂÌËÂ ÏÓÙÓÎÓ„ËË ÔÎÂÌÓÍ YBCO ÔÓ‚Ó‰Ë-
ÎÓÒ¸ ‰Ó ËÁ„ÓÚÓ‚ÎÂÌËfl „ÂÚÂÓÒÚÛÍÚÛ. èÓÒÎÂ
ÙÓÏËÓ‚‡ÌËfl Éë ÔÓ‚Ó‰ËÎÓÒ¸ ËÁÏÂÂÌËÂ Ëı ̋ ÎÂ-
ÍÚË˜ÂÒÍËı Ô‡‡ÏÂÚÓ‚. 

 

ùÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â ÂÁÛÎ¸Ú‡Ú˚
Ë Ëı Ó·ÒÛÊ‰ÂÌËÂ

 

î‡ÒÂÚËÓ‚‡ÌËÂ ÔÓ‚ÂıÌÓÒÚË (1 1 20) ÔÎÂÌÓÍ YB-
CO.

 

 èÓ‚Â‰ÂÌÌÓÂ Ò ÔÓÏÓ˘¸˛ ÏËÍÓÒÍÓÔ‡ ‡ÚÓÏ-
Ì˚ı ÒËÎ (Äëå) ËÒÒÎÂ‰Ó‚‡ÌËÂ ÔÓ‚ÂıÌÓÒÚË (1 1 20)
ÔÎÂÌÍË YBCO, ‚˚‡˘ÂÌÌÓÈ Ì‡ Ì‡ÍÎÓÌÌÓÈ ÔÓ‰-
ÎÓÊÍÂ (7 10 2) NdGaO

 

3

 

, ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ ÔÓ‚Âı-
ÌÓÒÚ¸ ÔÎÂÌÍË ÒÓÒÚÓËÚ ËÁ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÍÛÔÌ˚ı
„‡ÌÂÈ ÓÒÚ‡, ÁÌ‡˜ËÚÂÎ¸ÌÓ ÔÂ‚ÓÒıÓ‰fl˘Ëı ‡ÁÏÂ-
˚ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚÂÈ ÔÓ‚ÂıÌÓÒÚË ÔÓ‰ÎÓÊÍË, Í‡Í
ÔÓ ¯ËËÌÂ, Ú‡Í Ë ÔÓ ‚˚ÒÓÚÂ. ÖÒÎË ÓËÂÌÚËÓ‚‡Ì-
Ì‡fl ÔÂÔÂÌ‰ËÍÛÎflÌÓ ÓÒË Ò ÔÎÂÌÍ‡ YBCO, ÍÓÚÓ‡fl
ÙÓÏËÛÂÚÒfl Ì‡ ÒÚ‡Ì‰‡ÚÌÓÈ ÔÓ‰ÎÓÊÍÂ, Ì‡ÔËÏÂ
(001) SrTiO

 

3

 

, ÌÂ ËÏÂÂÚ ‚˚‡ÊÂÌÌ˚ı Ì‡Ô‡‚ÎÂÌËÈ
ÓÒÚ‡ (ËÒ. 1‡, 1·), ÚÓ ÔÎÂÌÍË, ÓÒ‡Ê‰ÂÌÌ˚Â Ì‡ Ì‡-
ÍÎÓÌÌ˚Â ÔÓ‰ÎÓÊÍË, ‰ÂÏÓÌÒÚËÛ˛Ú ÒÛ˘ÂÒÚ‚Ó‚‡-
ÌËÂ Ì‡ ÔÓ‚ÂıÌÓÒÚË ‚˚ÚflÌÛÚ˚ı „‡ÌÂÈ (Ù‡ÒÂÚÓÍ),
Ô‡‡ÎÎÂÎ¸Ì˚ı ÓÒÌÓ‚Ì˚Ï ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍËÏ
ÔÎÓÒÍÓÒÚflÏ (ËÒ. 1‚, 1„). ä‡Í ÔÓÍ‡Á‡ÌÓ Ì‡ ËÒ. 1, ÔÓ-
‚ÂıÌÓÒÚ¸ (1 1 20) ÔÎÂÌÍË YBCO ÒÓÒÚÓËÚ ËÁ „‡ÌÂÈ,
ÔÂÔÂÌ‰ËÍÛÎflÌ˚ı Ì‡Ô‡‚ÎÂÌËflÏ [001] Ë [110].
Ç˚ÒÓÚ‡ „‡ÌÂÈ ÓÒÚ‡ ÒÓÒÚ‡‚ÎflÎ‡ 15–20 ÌÏ, ‡ Ëı ̄ Ë-
ËÌ‡ ËÁÏÂÌflÎ‡Ò¸ ÒÓ ÒÏÂÌÓÈ ÓËÂÌÚ‡ˆËË Ù‡ÒÂÚÓÍ Ë

Ì‡ıÓ‰ËÎ‡Ò¸ ‚ ‰Ë‡Ô‡ÁÓÌÂ 20–200 ÌÏ. èË ̋ ÚÓÏ ̄ ÂÓ-
ıÓ‚‡ÚÓÒÚ¸ ÔÓ‚ÂıÌÓÒÚË YBCO ‚‰ÓÎ¸ „‡ÌÂÈ ÌÂ ÔÂ-
‚ÓÒıÓ‰ËÎ‡ 2 ÌÏ [4, 5, 8]. èÓÒÎÂ ËÁ„ÓÚÓ‚ÎÂÌËfl „ÂÚÂ-
ÓÒÚÛÍÚÛ˚ „‡ÌËˆ‡ ‡Á‰ÂÎ‡ Au/YBCO ÔÓ‚ÚÓflÎ‡
ÔÓ‚ÂıÌÓÒÚ¸ ÔÎÂÌÍË YBCO, ÔÓÒÍÓÎ¸ÍÛ ÒÎÓË Au Ë
Nb Ì‡Ô˚ÎflÎËÒ¸ ÔË ÍÓÏÌ‡ÚÌÓÈ ÚÂÏÔÂ‡ÚÛÂ, ‡
ÒÎÓÈ YBCO – ÔË 

 

T

 

 = 780°ë. Ç ÂÁÛÎ¸Ú‡ÚÂ Ù‡ÒÂÚË-
Ó‚‡ÌËfl, „‡ÌËˆ‡ Au/YBCO ÔÂ‰ÒÚ‡‚ÎflÎ‡ ÒÓ·ÓÈ
ÒÓ‚ÓÍÛÔÌÓÒÚ¸ Ì‡ÌÓÍÓÌÚ‡ÍÚÓ‚ Ò ‡ÁÌ˚ÏË ı‡‡ÍÚÂ-
ËÒÚËÍ‡ÏË. 

äÓÌÚ‡ÍÚ˚, Ó·‡ÁÓ‚‡ÌÌ˚Â ÏÂÊ‰Û „‡ÌflÏË {001}
Ë ‰‚ÛıÒÎÓÈÌÓÈ ÔÎÂÌÍÓÈ Au/Nb (ËÒ. 2‡) ·Û‰ÂÏ Ó·Ó-
ÁÌ‡˜‡Ú¸ ·ÛÍ‚‡ÏË 

 

S

 

/

 

D

 

C

 

. äËÚË˜ÂÒÍËÈ ÚÓÍ Ú‡ÍËı ÍÓÌ-
Ú‡ÍÚÓ‚ ÏÂÊ‰Û 

 

S

 

- Ë 

 

D

 

-Ò‚ÂıÔÓ‚Ó‰ÌËÍ‡ÏË ÔÓÔÓ-
ˆËÓÌ‡ÎÂÌ ÔÓÁ‡˜ÌÓÒÚË ·‡¸Â‡ 

 

D

 

. äÓÏÂ ÚÓ„Ó, ÒÛ-
˘ÂÒÚ‚ÂÌÌ˚È ‚ÍÎ‡‰ ‚ Ò‚ÂıÔÓ‚Ó‰fl˘ËÈ ÚÓÍ Ú‡ÍÓÈ
ÒÚÛÍÚÛ˚ ‰‡ÂÚ Ú‡ÍÊÂ ÔËÒÛÚÒÚ‚Û˛˘‡fl ‚ ÔÎÓÒÍÓ-
ÒÚË (001) ÔÎÂÌÍË 

 

S

 

-ÒËÏÏÂÚË˜Ì‡fl ÍÓÏÔÓÌÂÌÚ‡ Ô‡-
‡ÏÂÚ‡ ÔÓfl‰Í‡. Ç ÂÁÛÎ¸Ú‡ÚÂ ˝ÚÓ„Ó íîá ÔÂÂ-
ıÓ‰Ó‚ 

 

S

 

/

 

D

 

C

 

 ÒÓ‰ÂÊËÚ Í‡Í ÔÂ‚Û˛, Ú‡Í Ë ‚ÚÓÛ˛
„‡ÏÓÌËÍË: 

 

I

 

S

 

(

 

ϕ

 

) = 

 

I

 

c1

 

sin(

 

ϕ

 

) + 

 

I

 

c2

 

sin(2

 

ϕ

 

), (1)

á‰ÂÒ¸ ‡ÏÔÎËÚÛ‰˚ ÍÓÏÔÓÌÂÌÚ ÚÓÍ‡, ÒÓ„Î‡ÒÌÓ [5],
ÓÔÂ‰ÂÎfl˛ÚÒfl ÒÎÂ‰Û˛˘ËÏË ‚˚‡ÊÂÌËflÏË: 

 

I

 

Ò1

 

R

 

N

 

 

 

≈

 

 

 

∆

 

S

 

∆

 

Nb

 

/(

 

e

 

∆

 

D

 

), (2)

 

I

 

Ò2

 

R

 

N

 

 

 

≈

 

 

 

∆

 

Nb

 

/

 

e

 

. (3)

èË ˝ÚÓÏ Ô‡‡ÏÂÚ ÔÓfl‰Í‡ ‚ ÔÎÂÌÍÂ YBCO ÓÔË-
Ò˚‚‡ÂÚÒfl ‚˚‡ÊÂÌËÂÏ 

 

∆

 

(

 

θ

 

) = 

 

∆

 

D

 

cos(2

 

θ

 

) + 

 

∆

 

S

 

, „‰Â

 

θ

 

 

 

– Û„ÓÎ ÏÂÊ‰Û ËÏÔÛÎ¸ÒÓÏ ˝ÎÂÍÚÓÌÓ‚ Ë Ì‡Ô‡‚ÎÂ-
ÌËÂÏ ÓÒË 

 

a

 

, 

 

∆

 

S

 

 – 

 

S

 

-ÍÓÏÔÓÌÂÌÚ‡ Ô‡‡ÏÂÚ‡ ÔÓfl‰Í‡.
ì˜ËÚ˚‚‡fl ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â ÁÌ‡˜ÂÌËfl ÔÓÁ‡˜-
ÌÓÒÚË „‡ÌËˆ˚  

 

≈

 

 10

 

–4

 

, ÔÓÎÛ˜‡ÂÏ ÓÚÌÓ¯ÂÌËÂ „‡-

ÏÓÌËÍ 

 

q

 

 = IÒ2/IÒ1 ≈ ∆D/∆S ≈ 10–3 ÔË ÚËÔË˜Ì˚ı ‰Îfl
Nb Ë YBCO ‚ÂÎË˜ËÌ‡ı ∆S/e ≈ 1 ÏÇ Ë ∆D/e ≈ 20 ÏÇ
[1–3]. ëÚÓÎ¸ Ï‡Î˚Â ÓÚÍÎÓÌÂÌËfl íîá ÓÚ ÒËÌÛ-
ÒÓË‰‡Î¸ÌÓÈ ÙÓÏ˚ ÌÂ‚ÓÁÏÓÊÌÓ Ó·Ì‡ÛÊËÚ¸ ˝ÍÒ-
ÔÂËÏÂÌÚ‡Î¸ÌÓ ËÁ-Á‡ ÚÂÏË˜ÂÒÍËı ÙÎÛÍÚÛ‡ˆËÈ
‰‡ÊÂ ÔË „ÂÎËÂ‚ÓÈ ÚÂÏÔÂ‡ÚÛÂ 4.2 K. ç‡·Î˛‰‡Â-
Ï˚Â ‚ ‡·ÓÚ‡ı [4, 5] ÁÌ‡˜ÂÌËfl q = 0.1 ‚˚Á‚‡Ì˚ ÔË-
˜ËÌ‡ÏË, ÌÂ Û˜ÚÂÌÌ˚ÏË ‚ ‰‡ÌÌÓÏ ‡Ò˜ÂÚÂ [5]. 

äÓÌÚ‡ÍÚ˚ ÏÂÊ‰Û „‡ÌflÏË (110) ÔÎÂÌÍË YBCO,
ÍÓÚÓ˚Â ÔÂÔÂÌ‰ËÍÛÎflÌ˚ ÔÎÓÒÍÓÒÚË ab, ÓËÂÌ-
ÚËÓ‚‡ÌÌÓÈ ÔÓ‰ Û„ÎÓÏ 45°, Ë ÔÎÂÌÍÓÈ Nb, Ó·‡ÁÛ-
˛Ú Ò‚ÂıÔÓ‚Ó‰ÌËÍÓ‚˚Â ÔÂÂıÓ‰˚, ÍÓÚÓ˚Â ·Û-
‰ÂÏ Ó·ÓÁÌ‡˜‡Ú¸ S/D45 (ËÒ. 2·). ë‚ÂıÔÓ‚Ó‰fl˘ËÈ
ÚÓÍ Ú‡ÍËı ÍÓÌÚ‡ÍÚÓ‚ ÓÔËÒ˚‚‡ÂÚÒfl ÒÓÓÚÌÓ¯ÂÌËfl-
ÏË, ‡Ì‡ÎÓ„Ë˜Ì˚ÏË ÒÓÓÚÌÓ¯ÂÌËflÏ (1)–(3), ÌÓ ËÁ-Á‡
ÒÔÂˆËÙËÍË ‡Ì‰ÂÂ‚ÒÍÓ„Ó ÓÚ‡ÊÂÌËfl Ì‡ „‡ÌËˆÂ
ÔÎÓÒÍÓÒÚË (110) D-Ò‚ÂıÔÓ‚Ó‰ÌËÍ‡ Ë ÌÓÏ‡Î¸ÌÓ-
„Ó ÏÂÚ‡ÎÎ‡ (ËÎË S-Ò‚ÂıÔÓ‚Ó‰ÌËÍ‡) ‚ÓÁÌËÍ‡ÂÚ
‰ÓÔÓÎÌËÚÂÎ¸Ì˚È Í‡Ì‡Î ÔÓÚÂÍ‡ÌËfl ÚÓÍ‡, ‚˚Á‚‡Ì-
Ì˚È Ò‚flÁ‡ÌÌ˚ÏË ‡Ì‰ÂÂ‚ÒÍËÏË ÒÓÒÚÓflÌËflÏË ÔË
Ï‡Î˚ı ÁÌ‡˜ÂÌËflı ˝ÌÂ„ËË. ùÚÓ ÔË‚Ó‰ËÚ Í ÒÛ˘Â-
ÒÚ‚ÂÌÌÓÏÛ ‚ÓÁ‡ÒÚ‡ÌË˛ ‚ÚÓÓÈ „‡ÏÓÌËÍË ‚ íîá
ÔÂÂıÓ‰Ó‚ S/D45. ëÓ„Î‡ÒÌÓ [12–14], ‚ ˝ÚÓÏ ÒÎÛ˜‡Â

D

D

D
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ÅÓËÒÂÌÍÓ Ë ‰.

ÓÚÌÓ¯ÂÌËÂ ‡ÏÔÎËÚÛ‰ „‡ÏÓÌËÍ q ≈ /(kT∆S∆Nb),
Ë ÔË T = 4.2 K ÔÓÎÛ˜‡ÂÏ q ≈ 0.8. ìÒÚÓÈ˜Ë‚ÓÏÛ ÒÓ-
ÒÚÓflÌË˛ Ú‡ÍËı ÔÂÂıÓ‰Ó‚ ÔË ÚÓÍÂ I = 0 ÓÚ‚Â˜‡ÂÚ
ÌÂ ÌÛÎÂ‚ÓÂ ÁÌ‡˜ÂÌËÂ ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍÓÈ Ù‡Á˚ ϕ = 0,
‡ ÌÂÍÓÚÓÓÂ ÁÌ‡˜ÂÌËÂ ϕ0, Ì‡ıÓ‰fl˘ÂÂÒfl ‚ ‰Ë‡Ô‡ÁÓ-
ÌÂ 0 < ϕ0 < π/2 [13], Í‡Í ÔÓÍ‡Á‡ÌÓ Ì‡ ËÒ. 3. í‡ÍËÏ
Ó·‡ÁÓÏ, ËÒÒÎÂ‰Ó‚‡ÌÌ˚Â „ÂÚÂÓÒÚÛÍÚÛ˚ ÏÓÊÌÓ
ÔÂ‰ÒÚ‡‚ËÚ¸ ÒÂ·Â Í‡Í ˆÂÔÓ˜ÍÛ Ô‡‡ÎÎÂÎ¸ÌÓ ‚ÍÎ˛-
˜ÂÌÌ˚ı 0- Ë ϕ0-Ì‡ÌÓÔÂÂıÓ‰Ó‚.

å‡„ÌËÚÌÓ-ÔÓÎÂ‚˚Â Á‡‚ËÒËÏÓÒÚË ÍËÚË˜ÂÒÍÓ„Ó
ÚÓÍ‡. ÑÎfl Éë Ò L = 20 ÏÍÏ Á‡‚ËÒËÏÓÒÚ¸ ÍËÚË˜ÂÒ-
ÍÓ„Ó ÚÓÍ‡ ÓÚ Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl Ic(H) ·ÎËÁÍ‡ ÔÓ
ÙÓÏÂ Í Ù‡ÛÌ„ÓÙÂÓ‚ÓÈ, Ì‡·Î˛‰‡ÂÏÓÈ ‚ ÒÎÛ˜‡Â
ÒÓÒÂ‰ÓÚÓ˜ÂÌÌ˚ı ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍËı ÔÂÂıÓ‰Ó‚
[15]. Ç Ó·Î‡ÒÚË ˆÂÌÚ‡Î¸ÌÓ„Ó Ï‡ÍÒËÏÛÏ‡ ÓÚÎË˜Ëfl
ÓÚ ̋ ÚÓÈ Á‡‚ËÒËÏÓÒÚË Ï‡Î˚; Ó‰Ì‡ÍÓ ÔË H > 2 ù ÓÌË
ÒÚ‡ÌÓ‚flÚÒfl ÁÌ‡˜ËÚÂÎ¸Ì˚ÏË. ÅÓÎÂÂ ÚÓ˜ÌÓÂ ÓÔËÒ‡-
ÌËÂ Á‡‚ËÒËÏÓÒÚË Ic(H) ‚ Ó·Î‡ÒÚË ÁÌ‡˜ÂÌËÈ ÔÓÎfl
H ≥ 2 ù ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ Ò ÔÓÏÓ˘¸˛ ÏÓ‰ÂÎË, ÔÓ
ÍÓÚÓÓÈ Éë ÔÂ‰ÒÚ‡‚ÎÂÌ‡ ‚ ‚Ë‰Â ˆÂÔÓ˜ÍË Ô‡‡Î-
ÎÂÎ¸Ì˚ı S/DC Ë S/D45 Ì‡ÌÓÔÂÂıÓ‰Ó‚ Ò ‡ÁÌ˚Ï ÚË-
ÔÓÏ íîá. á‡‚ËÒËÏÓÒÚ¸ Ic(H) ‰Îfl ‚ÒÂÈ ÒÚÛÍÚÛ˚

∆D
3 D ‡ÒÒ˜ËÚ˚‚‡ÂÚÒfl Í‡Í Ï‡ÍÒËÏÛÏ ÒÛÏÏ˚:

(4)

å‡ÍÒËÏÛÏ ‰Îfl Í‡Ê‰Ó„Ó ÁÌ‡˜ÂÌËfl ÔÓÎfl H ‰ÓÒÚË„‡-
ÂÚÒfl ÔË ÓÔÂ‰ÂÎÂÌÌÓÏ ÁÌ‡˜ÂÌËË Ò‰‚Ë„‡ Ù‡Á˚
δϕ = δϕ(H) [16]. á‰ÂÒ¸ m = 1, 2 ÓÁÌ‡˜‡ÂÚ ÌÓÏÂ „‡-
ÏÓÌËÍË íîá, jck – ÔÎÓÚÌÓÒÚ¸ ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡,
∆xk – ‡ÁÏÂ k-ÓÈ Ù‡ÒÂÚÍË, N – ÔÓÎÌÓÂ ̃ ËÒÎÓ Ù‡ÒÂ-
ÚÓÍ, p = î0/2HλL, λL – ÎÓÌ‰ÓÌÓ‚ÒÍ‡fl „ÎÛ·ËÌ‡ ÔÓ-
ÌËÍÌÓ‚ÂÌËfl. ê‡Ò˜ÂÚÌ‡fl ÍË‚‡fl, ÔÓÍ‡Á‡ÌÌ‡fl Ì‡
ËÒ. 4, ÔÓÎÛ˜ÂÌ‡ ÔË Ô‡‡ÏÂÚ‡ı: q = 0.23 ‰Îfl Ì‡-
ÌÓÔÂÂıÓ‰Ó‚ S/DC Ë q = 8.3 ‰Îfl Ì‡ÌÓÔÂÂıÓ‰Ó‚
S/D45. ç‡ ËÒ. 5 ÔË‚Â‰ÂÌÓ Ì‡Ë·ÓÎÂÂ ‚ÂÓflÚÌÓÂ
ÏÓ‰ÂÎ¸ÌÓÂ ‡ÒÔÂ‰ÂÎÂÌËÂ Ì‡ÌÓÔÂÂıÓ‰Ó‚ S/DC Ë
S/D45 ‚‰ÓÎ¸ Éë, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÂ ‡Ò˜ÂÚÌÓÈ ÍË-
‚ÓÈ Ic(H) Ì‡ ËÒ. 4. 

á‡‚ËÒËÏÓÒÚË Ic(H) ‰Îfl ÒÚÛÍÚÛ ·ÓÎ¸¯Ëı ‡Á-
ÏÂÓ‚ (L ≥ 30 ÏÍÏ) ÔÓıÓÊË Ì‡ Á‡‚ËÒËÏÓÒÚË, ÚËÔË˜-
Ì˚Â ‰Îfl ‡ÒÔÂ‰ÂÎÂÌÌ˚ı ÔÂÂıÓ‰Ó‚, ıÓÚfl ÛÒÎÓ‚ËÂ

Ic H( ) max jc∆xk

πm∆xk/ p( )sin
πm∆xk/ p

----------------------------------- ×
k 1=

N

∑
m

∑=

∫ × 2πm x〈 〉 k/ p mδϕ+( )sin .
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êËÒ. 1. Äëå-ËÁÓ·‡ÊÂÌËÂ ÔÓ‚ÂıÌÓÒÚË Ò-ÓËÂÌÚËÓ‚‡ÌÌÓÈ (‡) Ë ÓËÂÌÚËÓ‚‡ÌÌÓÈ Ô‡‡ÎÎÂÎ¸ÌÓ (1120) (‚) ÔÎÂÌÍË YB-
CO Ë ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÔÓÙËÎË ÔÓ‚ÂıÌÓÒÚË (·, „) ÒÌflÚ˚Â ‚‰ÓÎ¸ ·ÂÎ˚ı ÎËÌËÈ. ç‡ ‚ÒÚ‡‚ÍÂ ÔÓÍ‡Á‡Ì‡ ÒıÂÏ‡ ÒÚÛÍÚÛ˚
ÔÓ‚ÂıÌÓÒÚË Ò-ÓËÂÌÚËÓ‚‡ÌÌ˚ı ÔÎÂÌÓÍ. 
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ÒÓÒÂ‰ÓÚÓ˜ÂÌÌÓÒÚË ÔÂÂıÓ‰‡ L < 4λJ ıÓÓ¯Ó ‚˚-
ÔÓÎÌflÎÓÒ¸. ÇÂÎË˜ËÌ‡ λJ – ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍ‡fl „ÎÛ-
·ËÌ‡ ÔÓÌËÍÌÓ‚ÂÌËfl. ëÓ„Î‡ÒÌÓ [15], ÓÌ‡ ‡ÒÒ˜Ë-
Ú˚‚‡ÂÚÒfl ÔÓ ÙÓÏÛÎÂ:

(5)

á‰ÂÒ¸ 〈 jc〉  = Ic/A – ÛÒÂ‰ÌÂÌÌÓÂ ÁÌ‡˜ÂÌËÂ ÔÎÓÚÌÓÒÚË
ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡, Ic Ë A – ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÍËÚË-
˜ÂÒÍËÈ ÚÓÍ Ë ÔÎÓ˘‡‰¸ Éë, λLNb Ë λLYBCO – ÎÓÌ‰Ó-
ÌÓ‚ÒÍËÂ „ÎÛ·ËÌ˚ ÔÓÌËÍÌÓ‚ÂÌËfl ‰Îfl Nb Ë YBCO.
èÎÓÚÌÓÒÚ¸ ÚÓÍ‡ 〈 jc〉  ·˚Î‡ 5–10 A/cÏ2, „ÎÛ·ËÌ‡ λJ

ÒÓÒÚ‡‚ÎflÎ‡ 100–150 ÏÍÏ, ̃ ÚÓ ÔÂ‚˚¯‡ÎÓ ‡ÁÏÂ˚
„ÂÚÂÓÒÚÛÍÚÛ L ≤ 50 ÏÍÏ.

ÑÎfl Ó·˙flÒÌÂÌËfl Á‡‚ËÒËÏÓÒÚÂÈ Ic(H) ÒÎÂ‰ÛÂÚ
Û˜ÂÒÚ¸ ÂÁÛÎ¸Ú‡Ú˚ ‡·ÓÚ [17, 18], ‚ ÍÓÚÓ˚ı ÔÓÍ‡-
Á‡Ì‡ ‚ÓÁÏÓÊÌÓÒÚ¸ Ó·‡ÁÓ‚‡ÌËfl “‡Ò˘ÂÔÎÂÌÌ˚ı”
‰ÊÓÁÂÙÒÓÌÓ‚ÒÍËı ‚ËıÂÈ Ò ‰Ó·ÌÓÈ ˜‡ÒÚ¸˛ Í‚‡Ì-
Ú‡ Ï‡„ÌËÚÌÓ„Ó ÔÓÚÓÍ‡ ‚ ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍËı ÔÂÂıÓ-
‰‡ı Ò Ù‡ÒÂÚËÓ‚‡ÌÌÓÈ „‡ÌËˆÂÈ Ë ÁÌ‡ÍÓÔÂÂÏÂÌ-
ÌÓÈ ‚ÂÎË˜ËÌÓÈ ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡ Ù‡ÒÂÚÓÍ, ÍÓ„‰‡
‚˚ÔÓÎÌflÂÚÒfl ÛÒÎÓ‚ËÂ λL � b � λJ (b – ı‡‡ÍÚÂ-
Ì˚È ‡ÁÏÂ Ù‡ÒÂÚÍË). ëÓ„Î‡ÒÌÓ Ì‡¯ËÏ ÓˆÂÌÍ‡Ï,
‡ÁÏÂ ‡Ò˘ÂÔÎÂÌÌÓ„Ó ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍÓ„Ó ‚Ëıfl
2λS ‚ Éë ÓÍ‡Á˚‚‡ÂÚÒfl ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÏÂÌ¸¯Â „ÎÛ·Ë-
Ì˚ ÔÓÌËÍÌÓ‚ÂÌËfl λJ. í‡ÍËÏ Ó·‡ÁÓÏ, ‚ Ï‡Ò¯Ú‡·Â
λS Ú‡ÍÓÈ ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍËÈ ÔÂÂıÓ‰ ÏÓÊÌÓ ‡Ò-
ÒÏ‡ÚË‚‡Ú¸ ÛÊÂ Í‡Í ‡ÒÔÂ‰ÂÎÂÌÌ˚È, ÌÂÒÏÓÚfl Ì‡
ÚÓ, ̃ ÚÓ L < λJ. éÚÏÂÚËÏ, ̃ ÚÓ ÒÛ˘ÂÒÚ‚Û˛˘ËÂ ÚÂÓÂ-
ÚË˜ÂÒÍËÂ ÏÓ‰ÂÎË ÔÂ‰ÒÍ‡Á˚‚‡˛Ú ‚ÓÁÌËÍÌÓ‚ÂÌËÂ
‰Ó·Ì˚ı ‚ËıÂÈ ‰Îfl ÒÎÛ˜‡fl b � λJ [19].

ÇÚÓ‡fl „‡ÏÓÌËÍ‡ ÚÓÍ-Ù‡ÁÓ‚ÓÈ Á‡‚ËÒËÏÓÒÚË.
ÄÌ‡ÎËÁ ÚÓÍ-Ù‡ÁÓ‚ÓÈ Á‡‚ËÒËÏÓÒÚË ÔÓ‚Ó‰ËÎÒfl ÔÛ-
ÚÂÏ ËÒÒÎÂ‰Ó‚‡ÌËfl ÒÚÛÔÂÌÂÈ ò‡ÔËÓ, ÍÓÚÓ˚Â ‚ÓÁ-
ÌËÍ‡ÎË Ì‡ ÇÄï ÔË ‚ÓÁ‰ÂÈÒÚ‚ËË ̋ ÎÂÍÚÓÏ‡„ÌËÚÌÓ-
„Ó ËÁÎÛ˜ÂÌËfl c ˜‡ÒÚÓÚ‡ÏË f = 36–79 ÉÉˆ. àÁ‚ÂÒÚÌÓ,
˜ÚÓ „‡ÏÓÌË˜ÂÒÍËÂ ÒÚÛÔÂÌË ò‡ÔËÓ ÒÓÓÚ‚ÂÚÒÚ‚Û-
˛Ú Ó·Î‡ÒÚflÏ ÒËÌıÓÌËÁ‡ˆËË ˜‡ÒÚÓÚ˚ ‰ÊÓÁÂÙÒÓ-
ÌÓ‚ÒÍÓÈ „ÂÌÂ‡ˆËË fJ = 2eV/h „‡ÏÓÌËÍ‡ÏË ‚ÌÂ¯-
ÌÂ„Ó ÒË„Ì‡Î‡, ÍÓÚÓ˚Â ‚ÓÁÌËÍ‡˛Ú ‚ ÒËÎÛ ÌÂÎËÌÂÈ-
ÌÓÒÚË ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍÓ„Ó ÔÂÂıÓ‰‡. Ç ‡ÏÍ‡ı

λ J
2 h

4πeµ0 λLNb λLYBCO+( ) jc〈 〉
----------------------------------------------------------------.=

ËÁ‚ÂÒÚÌÓÈ ÂÁËÒÚË‚ÌÓÈ (PM) ÏÓ‰ÂÎË ÒÓÒÂ‰ÓÚÓ-
˜ÂÌÌÓ„Ó ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍÓ„Ó ÔÂÂıÓ‰‡ Ò Ï‡ÎÓÈ ÂÏ-
ÍÓÒÚ¸˛ [20] ÒÛ·„‡ÏÓÌË˜ÂÒÍËÂ ÒÚÛÔÂÌË ò‡ÔËÓ
ÓÚÒÛÚÒÚ‚Û˛Ú ‚ÒÎÂ‰ÒÚ‚ËÂ ÒÔÂˆËÙË˜ÂÒÍÓ„Ó ı‡‡Í-
ÚÂ‡ ÙÓÏ˚ ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍÓÈ „ÂÌÂ‡ˆËË [11].
ç‡·Î˛‰‡˛˘ËÂÒfl ‚ ˝ÍÒÔÂËÏÂÌÚÂ ÒÛ·„‡ÏÓÌË˜ÂÒ-
ÍËÂ ÒÚÛÔÂÌË ÔË Ì‡ÔflÊÂÌËË V1/2 = hf/4e [7, 21–23]
Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚Û˛Ú Ó ÒÛ˘ÂÒÚ‚ÂÌÌÓÏ ‚ÎËflÌËË Ù‡ÍÚÓ-
Ó‚, ÌÂ Û˜ËÚ˚‚‡ÂÏ˚ı ‚ ÏÓ‰ÂÎË ÂÁËÒÚË‚ÌÓ-¯ÛÌ-
ÚËÓ‚‡ÌÌÓ„Ó ÔÂÂıÓ‰‡. í‡ÍËÏË Ù‡ÍÚÓ‡ÏË fl‚Îfl-
˛ÚÒfl ÂÏÍÓÒÚ¸ ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍÓ„Ó ÔÂÂıÓ‰‡, ı‡-
‡ÍÚÂËÁÛÂÏ‡fl Ô‡‡ÏÂÚÓÏ å‡Íä‡Ï·Â‡ βc =

4πeIc C/h [11], Ë ÓÚÍÎÓÌÂÌËÂ íîá ÓÚ ÒËÌÛÒÓË-
‰‡Î¸ÌÓ„Ó Á‡ÍÓÌ‡ Á‡ Ò˜ÂÚ ÔËÒÛÚÒÚ‚Ëfl ‚ÚÓÓÈ „‡-
ÏÓÌËÍË (1). é‰ÌÓ‚ÂÏÂÌÌ˚È Û˜ÂÚ Ó·ÓËı Ù‡ÍÚÓÓ‚
‰‡ÂÚ ‚˚‡ÊÂÌËÂ ‰Îfl Á‡‚ËÒËÏÓÒÚË ‚˚ÒÓÚ˚ „‡ÏÓ-
ÌË˜ÂÒÍÓÈ ÒÚÛÔÂÌË ÓÚ ÚÓÍ‡ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó
‚ÓÁ‰ÂÈÒÚ‚Ëfl IRF, ÍÓÚÓ˚È ÌÓÏËÓ‚‡Ì Ì‡ ÍËÚË˜Â-

RN
2

YBCO

Nb

Aua

b
c

(a) (·)

Nb Au YBCO

V
I

I
V

ba

êËÒ. 2. ëıÂÏ‡ÚË˜ÂÒÍÓÂ ÔÂ‰ÒÚ‡‚ÎÂÌËÂ S/DC (‡) Ë S/D45 (·) ÍÓÌÚ‡ÍÚÓ‚ Ò Û˜ÂÚÓÏ D Ë S ÒËÏÏÂÚËË Ò‚ÂıÔÓ‚Ó‰fl˘Â„Ó Ô‡-
‡ÏÂÚ‡ ÔÓfl‰Í‡.

Ic/Icl

3.0

2.5

2.0

1.5

1.0

0.5

0
q

0.76 + q

arccos (1/2q)

ϕ0

π

π/2

0.5 1.0 1.5 2.0
0

êËÒ. 3. á‡‚ËÒËÏÓÒÚË ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡, ÌÓÏËÓ‚‡Ì-
ÌÓ„Ó Ì‡ ‡ÏÔÎËÚÛ‰Û ÔÂ‚ÓÈ „‡ÏÓÌËÍË Ic/Ic1 (ÔÛÌÍÚË),
Ë Ù‡Á˚ ÛÒÚÓÈ˜Ë‚Ó„Ó ÒÓÒÚÓflÌËfl ÒÚÛÍÚÛ˚ ϕ0 (ÒÔÎÓ¯-
Ì‡fl ÎËÌËfl) ÓÚ ‚ÍÎ‡‰‡ ‚ÚÓÓÈ „‡ÏÓÌËÍË q. òÚËı-
ÔÛÌÍÚËÌÓÈ ÎËÌËÂÈ ÔÓÍ‡Á‡Ì‡ ‡ÒËÏÔÚÓÚËÍ‡ Á‡‚ËÒËÏÓ-
ÒÚË ÚÓÍ‡.
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ÅÓËÒÂÌÍÓ Ë ‰.

ÒÍËÈ ÚÓÍ Ic, a = IRF/Ic. ä‡Í ÔÓÍ‡Á‡ÌÓ ‚ [23] ‚˚ÒÓÚ‡
„‡ÏÓÌË˜ÂÒÍÓÈ ÒÚÛÔÂÌË ËÏÂÂÚ ‚Ë‰:

In/Ic = 2 Jn(x)sin(Θ) + qJ2n(2x)sin(2Θ)], (6)

„‰Â x = aω–1(ω2  + 1)–0.5 – ‡„ÛÏÂÌÚ ÙÛÌÍˆËÈ ÅÂÒ-
ÒÂÎfl, ÍÓÚÓ˚È ÔÓÔÓˆËÓÌ‡ÎÂÌ a, ω = 2πf/fc, –
ÌÓÏËÓ‚‡ÌÌ‡fl ˜‡ÒÚÓÚ‡ ‚ÌÂ¯ÌÂ„Ó ‚ÓÁ‰ÂÈÒÚ‚Ëfl,
fc = 2eIcRN/h – ı‡‡ÍÚÂÌ‡fl ˜‡ÒÚÓÚ‡ ‰ÊÓÁÂÙÒÓÌÓ‚-
ÒÍÓ„Ó ÔÂÂıÓ‰‡. Ç ˝ÚÓÏ ‚˚‡ÊÂÌËË Ï‡ÍÒËÏÛÏ
Ë˘ÂÚÒfl ÔÓ ÁÌ‡˜ÂÌËflÏ ‡ÁÌÓÒÚË Ù‡Á Θ ÏÂÊ‰Û ‰ÊÓ-
ÁÂÙÒÓÌÓ‚ÒÍÓÈ „ÂÌÂ‡ˆËÂÈ Ë ‚ÌÂ¯ÌËÏ ‚ÓÁ‰ÂÈÒÚ‚Ë-
ÂÏ. çÛÎÂ‚‡fl ÒÚÛÔÂÌ¸ (n = 0) ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ Ò‚Âı-
ÔÓ‚Ó‰fl˘ÂÏÛ ÒÓÒÚÓflÌË˛ ÔÂÂıÓ‰‡. îÓÏÛÎ‡ ÔÓ-
ÎÛ˜ÂÌ‡ ‚ ÔÂ‰ÔÓÎÓÊÂÌËË, ˜ÚÓ ‚˚ÔÓÎÌflÂÚÒfl ıÓÚfl
·˚ Ó‰ÌÓ ËÁ ÚÂı ÛÒÎÓ‚ËÈ: 

ω2βc � 1, ω � 1, a � 1. (7)

èË q = 0 Ë βc = 0 ‚˚‡ÊÂÌËÂ (6) ÒÓ‚Ô‡‰‡ÂÚ Ò ËÁ‚Â-
ÒÚÌ˚Ï ÂÁÛÎ¸Ú‡ÚÓÏ ‰Îfl ÂÁËÒÚË‚ÌÓÈ ÏÓ‰ÂÎË ‚ ‚˚-
ÒÓÍÓ˜‡ÒÚÓÚÌÓÏ ÔÂ‰ÂÎÂ ‰Îfl ω � 1 [11]. 

ÑÎfl Éë Ï‡Î˚ı ‡ÁÏÂÓ‚ (L = 10 ÏÍÏ) ˝ÍÒÔÂË-
ÏÂÌÚ‡Î¸Ì˚Â Á‡‚ËÒËÏÓÒÚË Ic(a), I1(a) ·ÎËÁÍË Í ‡Ò-
˜ÂÚÌ˚Ï, ÒÎÂ‰Û˛˘ËÏ ËÁ ÂÁËÒÚË‚ÌÓÈ ÏÓ‰ÂÎË. ÑÎfl
ÒÚÛÍÚÛ Ò L = 20–30 ÏÍÏ ÓÚÎË˜ËÂ ˝ÍÒÔÂËÏÂÌ-
Ú‡Î¸ÌÓ Ì‡·Î˛‰‡ÂÏÓÈ Ï‡ÍÒËÏ‡Î¸ÌÓÈ ‚˚ÒÓÚ˚ ÔÂ-
‚ÓÈ ÒÚÛÔÂÌË ÓÚ ‚˚ÒÓÚ˚, ÍÓÚÓ‡fl ‡ÒÒ˜ËÚ‡Ì‡ Í‡Í
ÔÓ ÏÓ‰ÂÎË ÂÁËÒÚË‚ÌÓ-¯ÛÌÚËÓ‚‡ÌÌÓ„Ó ÔÂÂıÓ‰‡,
Ú‡Í Ë ÔÓ ÏÓ‰ÂÎË ÔÂÂıÓ‰‡ Ò ÂÏÍÓÒÚ¸˛ Ë ‚ÚÓÓÈ
„‡ÏÓÌËÍÓÈ íîá, ·˚ÎÓ ÓÍÓÎÓ 25%, Í‡Í ÔÓÍ‡Á‡ÌÓ
Ì‡ ËÒ. 6. ùÚÓ ÓÚÎË˜ËÂ ‚ÓÁ‡ÒÚ‡ÎÓ Ò ‡ÁÏÂÓÏ
ÒÚÛÍÚÛ˚.

[
Θ

max

βc
2

àÁ ‚ÂÎË˜ËÌ˚ „ËÒÚÂÂÁËÒ‡ ÇÄï ËÒÒÎÂ‰Ó‚‡ÌÌ˚ı
Éë ·˚Î‡ ÔÓÎÛ˜ÂÌ‡ ÓˆÂÌÍ‡ ‚ÂÎË˜ËÌ˚ Ô‡‡ÏÂÚ‡
å‡Íä‡Ï·Â‡: βc = 4–6. ÑÎfl ‡Ì‡ÎËÁ‡ ÔËÒÛÚÒÚ‚Ëfl
‚ÚÓÓÈ „‡ÏÓÌËÍË ‚ íîá ËÒÒÎÂ‰ÛÂÏ˚ı ‰ÊÓÁÂÙÒÓ-
ÌÓ‚ÒÍËı Éë ËÁÏÂflÎËÒ¸ Á‡‚ËÒËÏÓÒÚË ÍËÚË˜ÂÒÍÓ-
„Ó ÚÓÍ‡ Ë ÔÂ‚ÓÈ ÒÚÛÔÂÌË ò‡ÔËÓ ÓÚ ‡ÏÔÎËÚÛ‰˚
ëÇó-ÒË„Ì‡Î‡: Ic(a) Ë I1(a). èË ÌÂ·ÓÎ¸¯Ëı ÁÌ‡˜ÂÌË-
flı ‚ÚÓÓÈ „‡ÏÓÌËÍË ‚ÂÎË˜ËÌÛ q ÏÓÊÌÓ ‚˚˜ËÒÎËÚ¸
ËÁ ÙÓÏÛÎ˚ (6), ËÁÏÂflfl ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ÏËÌË-
ÏÛÏ˚ Á‡‚ËÒËÏÓÒÚË Ic(a), (ËÒ. 6). èÂ‚˚È ÏËÌËÏÛÏ
‰ÓÒÚË„‡ÂÚÒfl ÔË x1 – ÔÂ‚ÓÏ ÌÛÎÂ ÙÛÌÍˆËË ÅÂÒÒÂÎfl
J0. íÓ„‰‡ ËÁ (6) ÒÎÂ‰ÛÂÚ, ˜ÚÓ q = Ic(x1)/[Ic(0)J0(2x1)].
í‡Í‡fl ÓˆÂÌÍ‡ ‰Îfl ‰‡ÌÌ˚ı, ÔË‚Â‰ÂÌÌ˚ı Ì‡ ËÒ. 6,
‰‡ÂÚ ÁÌ‡˜ÂÌËÂ |q| = 0.14. Ñ‡ÌÌ˚Â ËÁÏÂÂÌËÈ Ic(a)
ÔÓÁ‚ÓÎfl˛Ú ÓÔÂ‰ÂÎËÚ¸ ÏÓ‰ÛÎ¸ Ô‡‡ÏÂÚ‡ q; ÁÌ‡Í
˝ÚÓ„Ó Ô‡‡ÏÂÚ‡ Ï˚ ÔÓÎÛ˜ËÎË ËÁ Á‡‚ËÒËÏÓÒÚÂÈ
‚˚ÒÓÚ˚ ÒÛ·„‡ÏÓÌË˜ÂÒÍËı ÒÚÛÔÂÌÂÈ ÓÚ ‡ÏÔÎËÚÛ-
‰˚ ‚ÓÁ‰ÂÈÒÚ‚Ëfl. 

Ç˚‡ÊÂÌËÂ ‰Îfl ‚˚ÒÓÚ˚ ÒÛ·„‡ÏÓÌË˜ÂÒÍÓÈ ÒÚÛ-
ÔÂÌË, Û˜ËÚ˚‚‡˛˘ÂÂ ÍÓÌÂ˜ÌÛ˛ ÂÏÍÓÒÚ¸ ÒÓÒÂ‰ÓÚÓ-
˜ÂÌÌÓ„Ó ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍÓ„Ó ÔÂÂıÓ‰‡ Ë ‚ÚÓÛ˛
„‡ÏÓÌËÍÛ ‚ Â„Ó íîá, ‚ ÔÂ‰ÂÎÂ (7) ËÏÂÂÚ ÒÎÂ‰Û˛-
˘ËÈ ‚Ë‰ [23]: 

(8)

Ç Í‚‡‰‡ÚÌ˚ı ÒÍÓ·Í‡ı Ì‡ıÓ‰ËÚÒfl ÁÌ‡ÍÓÔÂÂÏÂÌÌÓÂ
‚˚‡ÊÂÌËÂ, ÔÓ˝ÚÓÏÛ ÒÓ‚ÏÂÒÚÌÓÂ ‚ÎËflÌËÂ Ó·ÓËı
Û˜ËÚ˚‚‡ÂÏ˚ı Ù‡ÍÚÓÓ‚ ÔË‚Ó‰ËÚ Í ÒÛ˘ÂÒÚ‚ÂÌÌÓ
ÌÓ‚ÓÏÛ ı‡‡ÍÚÂÛ Á‡‚ËÒËÏÓÒÚË I1/2(a). èÓÎÛ˜ÂÌÌ‡fl
Á‡‚ËÒËÏÓÒÚ¸ ‚˚ÒÓÚ˚ ÒÛ·„‡ÏÓÌË˜ÂÒÍÓÈ ÒÚÛÔÂÌË

I1/2/Ic 2 Θ( ) qJ1 2x( ) βc

J1 x( )J0 x( )
βcω( )2/4 1+

------------------------------- ++sin




Θ
max=

+ 4q2βc

J2 2x( )J0 2x( )
βcω( )2 1+

--------------------------------- Θ( )cos




Ic(H)/Ic(0), ÓÚÌ. Â‰.
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H/H0, ÓÚÌ. Â‰.

êËÒ. 4. á‡‚ËÒËÏÓÒÚË ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡ ÒÚÛÍÚÛ˚ ÓÚ
Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl Ic(H): Ù‡ÛÌ„ÓÙÂÓ‚‡ Á‡‚ËÒËÏÓÒÚ¸
ÔÓÍ‡Á‡Ì‡ ¯ÚËıÓ‚ÓÈ ÎËÌËÂÈ; ÒÔÎÓ¯ÌÓÈ ÎËÌËÂÈ ÔÓÍ‡-
Á‡Ì ‡Ò˜ÂÚ Ic(H) ÒÓ„Î‡ÒÌÓ ÏÓ‰ÂÎË Ò ÔÂÂÏÂÌÌÓÈ ÔÎÓÚ-
ÌÓÒÚ¸˛ Ò‚ÂıÔÓ‚Ó‰fl˘Â„Ó ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡ ‰Îfl Ù‡-
ÒÂÚËÓ‚‡ÌÌÓ„Ó ÔÂÂıÓ‰‡. 
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êËÒ. 5. ê‡ÒÔÂ‰ÂÎÂÌËÂ ÔÎÓÚÌÓÒÚË ÚÓÍ‡, ÌÓÏËÓ‚‡Ì-
ÌÓÈ Ì‡ ÔÂ‚Û˛ „‡ÏÓÌËÍÛ íîá, ÓÚ ÔÓÎÓÊÂÌËfl Ë ‡Á-
ÏÂ‡ Ù‡ÒÂÚÍË ‚ ÒÚÛÍÚÛÂ. 
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‰Îfl „ÂÚÂÓÒÚÛÍÚÛ Ò βÒ > 1 ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÓÚÎË˜‡ÂÚ-
Òfl ÓÚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ÂÁÛÎ¸Ú‡ÚÓ‚ ‰Îfl ·ËÍË-
ÒÚ‡ÎÎË˜ÂÒÍËı ÔÂÂıÓ‰Ó‚ Ò Ï‡ÎÓÈ ÂÏÍÓÒÚ¸˛: I1/2(a) ~
~ J1(2aω–1) [24]. 

ïÓÓ¯ÂÂ ÒÓ„Î‡ÒËÂ Ò ˝ÍÒÔÂËÏÂÌÚÓÏ ‰‡˛Ú ‡Ò-
˜ÂÚ˚ ÔÓ ÙÓÏÛÎÂ (8) ‚ ÔÂ‰ÔÓÎÓÊÂÌËË, ˜ÚÓ q < 0.
ê‡Ò˜ÂÚÌ˚Â Á‡‚ËÒËÏÓÒÚË ‰Îfl I1/2(a) ‚ ÔÂ‰ÔÓÎÓÊÂ-
ÌËË, ˜ÚÓ q > 0, ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÔÂ‚˚¯‡˛Ú ËÁÏÂÂÌ-
Ì˚Â ÁÌ‡˜ÂÌËfl Ë ÌÂ ‰‡˛Ú ÏËÌËÏÛÏ‡, ÍÓÚÓ˚È Ì‡·Î˛-
‰‡ÂÚÒfl ‚ ̋ ÍÒÔÂËÏÂÌÚÂ ÏÂÊ‰Û ÚÓ˜ÍÓÈ a = 0 Ë ÔÂ‚˚Ï
ÏËÌËÏÛÏÓÏ Ic(a) (ËÒ. 7). ç‡ ˜‡ÒÚÓÚÂ ω = 2.2 ÔÂ‚˚È
ÏËÌËÏÛÏ I1/2(a) ËÁÏÂÂÌ ÔË a = 25, a ÔÂ‚˚È ÏË-
ÌËÏÛÏ Ic(a) Ì‡·Î˛‰‡ÎÒfl ÔË a = 48. èÓÒÍÓÎ¸ÍÛ a =

= xω(ω2  +1)0.5, ‡ βc = 4 ‰Îfl ‰‡ÌÌÓÈ ÒÚÛÍÚÛ˚, ÚÓ
ÏËÌËÏÛÏ Ic(a) Ì‡ıÓ‰ËÚÒfl ÔË a = 48 ‰Îfl ˜‡ÒÚÓÚ˚
ω = 2.2 Ë ÔË a = 25 ‰Îfl ω = 1.6 Ì‡ ËÒ. 7. éÚËˆ‡-
ÚÂÎ¸ÌÓÂ ÁÌ‡˜ÂÌËÂ q ÒÎÂ‰ÛÂÚ Ë ËÁ ÚÂÓÂÚË˜ÂÒÍËı
‡Ò˜ÂÚÓ‚ ‰Îfl S/D45-ÔÂÂıÓ‰Ó‚ [3.12,13] Ë Ì‡·Î˛‰‡-
ÎÓÒ¸ ‚ ·ËÍËÒÚ‡ÎÎË˜ÂÒÍËı ÔÂÂıÓ‰‡ı [12]. çÂ·ÓÎ¸-
¯ËÂ ËÁÏÂÌÂÌËfl ÌÓÏËÓ‚‡ÌÌÓÈ ˜‡ÒÚÓÚ˚ ω ÒËÎ¸ÌÓ
ÏÂÌfl˛Ú ÙÓÏÛ ‡Ò˜ÂÚÌÓÈ Á‡‚ËÒËÏÓÒÚË I1/2(a). í‡-
ÍÓÂ ÔÓ‚Â‰ÂÌËÂ I1/2(a) Ì‡·Î˛‰‡ÂÚÒfl Ë ‚ ̋ ÍÒÔÂËÏÂÌ-
ÚÂ. ÑÎfl ÒÓÔÓÒÚ‡‚ÎÂÌËfl ‰‡ÌÌ˚ı Ì‡ ËÒ. 7 Ò ‡Ò˜ÂÚÓÏ
ÔÓ ÙÓÏÛÎÂ (8) ÌÂ ËÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ ÔÓ‰„ÓÌÓ˜Ì˚Â Ô‡-
‡ÏÂÚ˚. ÇÂÎË˜ËÌ‡ q, ÍÓ˝ÙÙËˆËÂÌÚ ÔÓÔÓˆËÓ-
Ì‡Î¸ÌÓÒÚË ÏÂÊ‰Û ÏÓ˘ÌÓÒÚ¸˛, ÔÓÎÛ˜‡ÂÏÓÈ Ò ‚˚ıÓ-
‰‡ „ÂÌÂ‡ÚÓ‡, Ë ‡ÏÔÎËÚÛ‰ÓÈ a ÓÔÂ‰ÂÎflÎËÒ¸ ÔÓ
ÙÓÏÛÎÂ (6) ËÁ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ‰‡ÌÌ˚ı IÒ(a),
I1(a); ˜‡ÒÚÓÚ‡ ω Á‡‰‡Ì‡ ˜‡ÒÚÓÚÓÈ „ÂÌÂ‡ÚÓ‡, ‰Â-
ÎÂÌÌÓÈ Ì‡ fc .

éˆÂÌÍ‡ ÏÓ‰ÛÎfl q ÔÓ ÓÚÍÎÓÌÂÌË˛ ÏËÌËÏÛÏ‡
‚˚ÒÓÚ˚ ÔÂ‚ÓÈ ÒÚÛÔÂÌË ò‡ÔËÓ ÓÚ ÌÛÎfl ÔÓÎÛ˜‡-
ÂÚÒfl ËÁ ÙÓÏÛÎ˚ (6) ÔË n = 1. ÑÎfl Éë Ò L = 20 ÏÍÏ

βc
2

ËÁ Á‡‚ËÒËÏÓÒÚË IÒ(a) ÔÓÎÛ˜ÂÌ‡ ‚ÂÎË˜ËÌ‡ |q| = 0.14,
˜ÚÓ ·ÎËÁÍÓ Í Ô‡‡ÏÂÚÛ |q| = 0.16, ÍÓÚÓ˚È ‡Ò-
Ò˜ËÚ‡Ì ‰Îfl ÚÓ„Ó ÊÂ ÔÂÂıÓ‰‡ ËÁ ‰‡ÌÌ˚ı I1(a) Ì‡
ËÒ. 6. ÑÎfl ÒÚÛÍÚÛ˚ Ò L = 30 ÏÍÏ ‡Ò˜ÂÚ ÔÓ Ic(a)
‰‡‚‡Î |q| = 0.40, ‡ ÔÓ Á‡‚ËÒËÏÓÒÚË I1(a) – Ô‡‡ÏÂÚ
|q| = 0.34. 

èË Û‚ÂÎË˜ÂÌËË ‡ÁÏÂÓ‚ ÒÚÛÍÚÛ˚, ÍÓ„‰‡
L > λS, ÒÓ„Î‡ÒÌÓ [17, 18], ‰ÓÎfl ‚ÚÓÓÈ „‡ÏÓÌËÍË

íîá ‰ÓÎÊÌ‡ ‚ÓÁ‡ÒÚ‡Ú¸ Í‡Í q ~ L2/  ËÁ-Á‡ Ì‡ÎË-
˜Ëfl ‚ Éë Ô‡‡ÎÎÂÎ¸ÌÓ ‚ÍÎ˛˜ÂÌÌ˚ı 0- Ë ϕ-ÍÓÌÚ‡Í-
ÚÓ‚. ä‡Í ÒÍ‡Á‡ÌÓ ‚˚¯Â, ‰ÓÎfl ‚ÚÓÓÈ „‡ÏÓÌËÍË
|q| = 0.14–0.16 ‰Îfl L = 20 ÏÍÏ ‚ÓÁ‡ÒÚ‡ÂÚ ‰Ó 0.3–0.4
ÔË Û‚ÂÎË˜ÂÌËË ‡ÁÏÂ‡ ‰Ó 30 ÏÍÏ. ÑÎfl ÒÚÛÍÚÛ
‡ÁÏÂÓÏ 40 ÏÍÏ ‡Ò˜ÂÚ ÔÓ ÙÓÏÛÎÂ (6) ‰‡‚‡Î ÏÓ-
‰ÛÎ¸ q ÔÓfl‰Í‡ 1 ÔË ÒÛ˘ÂÒÚ‚ÂÌÌ˚ı ÓÚÍÎÓÌÂÌËflı
˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı Á‡‚ËÒËÏÓÒÚÂÈ ÓÚ ÏÓ‰ÂÎË êå.
áÌ‡Í q ‰Îfl ÔÂÂıÓ‰Ó‚ Î˛·˚ı ‡ÁÏÂÓ‚ ·˚Î ÓÚË-
ˆ‡ÚÂÎ¸Ì˚Ï. 

á‡ÍÎ˛˜ÂÌËÂ

èÓ‚Â‰ÂÌÌÓÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓÂ ËÒÒÎÂ‰Ó‚‡-
ÌËÂ ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍËı „ÂÚÂÓÒÚÛÍÚÛ (Éë) ÔÓÍ‡-
Á‡ÎÓ, ˜ÚÓ ‰‡ÊÂ ‰Îfl ÒÓÒÂ‰ÓÚÓ˜ÂÌÌ˚ı Éë (Ï‡Î˚ı
ÔÓ Ò‡‚ÌÂÌË˛ c ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍÓÈ „ÎÛ·ËÌÓÈ ÔÓ-
ÌËÍÌÓ‚ÂÌËfl) ‡ÒÔÂ‰ÂÎÂÌËÂ ÔÎÓÚÌÓÒÚË ÍËÚË˜ÂÒ-
ÍÓ„Ó ÚÓÍ‡ fl‚ÎflÂÚÒfl ÌÂ‡‚ÌÓÏÂÌ˚Ï ÔÓ ‰ÎËÌÂ ÔÂ-
ÂıÓ‰‡. Ç ‡·ÓÚÂ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ‚ÒÎÂ‰ÒÚ‚ËÂ Ì‡-
·Î˛‰‡ÂÏÓ„Ó Ì‡ÌÓÙ‡ÒÂÚËÓ‚‡ÌËfl ÔÓ‚ÂıÌÓÒÚË
ÔÎÂÌÍË YBCO Ë D-ÒËÏÏÂÚËË Ò‚ÂıÔÓ‚Ó‰fl˘Â„Ó
Ô‡‡ÏÂÚ‡ ÔÓfl‰Í‡ ËÒÒÎÂ‰Ó‚‡ÌÌ˚Â Éë ‰ÓÒÚ‡ÚÓ˜-
ÌÓ ıÓÓ¯Ó ÓÔËÒ˚‚‡˛ÚÒfl ÏÓ‰ÂÎ¸˛ Ô‡‡ÎÎÂÎ¸ÌÓÈ
ˆÂÔÓ˜ÍË “0”- Ë “ϕ0”-ÔÂÂıÓ‰Ó‚. ùÚË ÓÒÓ·ÂÌÌÓÒÚË
‡ÒÒÏ‡ÚË‚‡ÂÏ˚ı Éë ÔË‚Ó‰flÚ Í ‚ÓÁÌËÍÌÓ‚ÂÌË˛

λS
2

I, ÏÍÄ
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êËÒ. 6. á‡‚ËÒËÏÓÒÚË ÓÚ ÚÓÍ‡ ˝ÎÂÍÚÓÏ‡„ÌËÚÌÓ„Ó ‚ÓÁ-
‰ÂÈÒÚ‚Ëfl a: ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡ (ÍÛ„Ë), ‚˚ÒÓÚ˚ ÔÂ-
‚ÓÈ ÒÚÛÔÂÌË ò‡ÔËÓ (ÚÂÛ„ÓÎ¸ÌËÍË), ÒÛ·„‡ÏÓÌË˜ÂÒ-
ÍÓÈ ÒÚÛÔÂÌË (ÓÏ·˚). ëÔÎÓ¯ÌÓÈ ÎËÌËÂÈ ÔÓÍ‡Á‡Ì ‡Ò-
˜ÂÚ ÔÓ ÙÓÏÛÎÂ (6) ‰Îfl IÒ(a), ¯ÚËıÓ‚ÓÈ – ‰Îfl I1(a).
ó‡ÒÚÓÚ‡ ‚ÓÁ‰ÂÈÒÚ‚Ëfl ω = 1.6. |q|– Ô‡‡ÏÂÚ, ‡‚Ì˚È
0.14. 
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êËÒ. 7. á‡‚ËÒËÏÓÒÚ¸ ‚˚ÒÓÚ˚ ÒÛ·„‡ÏÓÌË˜ÂÒÍËı ÒÚÛÔÂ-
ÌÂÈ ÓÚ ÚÓÍ‡ ‚ÓÁ‰ÂÈÒÚ‚Ëfl (‡) ÔË ‡ÁÌ˚ı ˜‡ÒÚÓÚ‡ı. êÂ-
ÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚ‡ ÔÓ ÙÓÏÛÎÂ (7) ÔË q = –0.14 ‰Îfl ˜‡-
ÒÚÓÚ˚ ω = 1.6 ÔÓÍ‡Á‡Ì˚ ÒÔÎÓ¯ÌÓÈ ÎËÌËÂÈ, ‰Îfl ˜‡ÒÚÓ-
Ú˚ ω = 2.2 – ¯ÚËıÓ‚ÓÈ. ùÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â
ÁÌ‡˜ÂÌËfl ‚˚ÒÓÚ˚ ÒÚÛÔÂÌÂÈ ‰Îfl ω = 1.6 – Á‡ÔÓÎÌÂÌÌ˚Â
ÓÏ·˚, ‡ ‰Îfl ω = 2.2 – ÓÚÍ˚Ú˚Â ÓÏ·˚. 
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ÅÓËÒÂÌÍÓ Ë ‰.

‚ ÌËı “‡Ò˘ÂÔÎÂÌÌ˚ı” ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍËı ‚ËıÂÈ,
ÍÓÚÓ˚Â ÒÓ‰ÂÊ‡Ú ‰Ó·Ì˚Â ‰ÓÎË Í‚‡ÌÚ‡ Ï‡„ÌËÚ-
ÌÓ„Ó ÔÓÚÓÍ‡ Ë ËÏÂ˛Ú ‚ ÌÂÒÍÓÎ¸ÍÓ ‡Á ÏÂÌ¸¯ËÂ
‡ÁÏÂ˚, ˜ÂÏ ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍ‡fl „ÎÛ·ËÌ‡ ÔÓÌËÍ-
ÌÓ‚ÂÌËfl Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl. ç‡ÎË˜ËÂ “‡Ò˘ÂÔÎÂÌ-
Ì˚ı” ‰ÊÓÁÂÙÒÓÌÓ‚ÒÍËı ‚ËıÂÈ ‚ „ÂÚÂÓÔÂÂıÓ‰‡ı
˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ÔÓfl‚ÎflÂÚÒfl ‚ Û‚ÂÎË˜ÂÌËË ÓÚ-
ÍÎÓÌÂÌËÈ Ï‡„ÌËÚÌÓ-ÔÓÎÂ‚ÓÈ Á‡‚ËÒËÏÓÒÚË ÍËÚË-
˜ÂÒÍÓ„Ó ÚÓÍ‡ ÓÚ Ù‡ÛÌ„ÓÙÂÓ‚ÓÈ ÙÓÏ˚ Ò ‚ÓÁ‡-
ÒÚ‡ÌËÂÏ ‡ÁÏÂÓ‚ ÔÂÂıÓ‰Ó‚. 

ç‡ ‚ÓÎ¸Ú-‡ÏÔÂÌ˚ı ı‡‡ÍÚÂËÒÚËÍ‡ı „ÂÚÂÓ-
ÒÚÛÍÚÛ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ Ó·Ì‡ÛÊÂÌ˚ ÒÛ·„‡-
ÏÓÌË˜ÂÒÍËÂ ÒÚÛÔÂÌË ò‡ÔËÓ ‚ ‰Ë‡Ô‡ÁÓÌÂ ˜‡ÒÚÓÚ
ω = 1–2.5. á‡‚ËÒËÏÓÒÚË ÍËÚË˜ÂÒÍÓ„Ó ÚÓÍ‡ Ë ‚˚-
ÒÓÚ˚ ÔÂ‚ÓÈ ÒÚÛÔÂÌË ò‡ÔËÓ ÓÚ ëÇó-ÏÓ˘ÌÓÒÚË
ËÏÂ˛Ú ÌÂÌÛÎÂ‚˚Â ÏËÌËÏÛÏ˚. ùÚË fl‚ÎÂÌËfl Ó·ÛÒ-
ÎÓ‚ÎÂÌ˚ Ì‡ÎË˜ËÂÏ ‚ ÚÓÍ-Ù‡ÁÓ‚ÓÈ Á‡‚ËÒËÏÓÒÚË
‚ÚÓÓÈ „‡ÏÓÌËÍË, ËÏÂ˛˘ÂÈ ÓÚËˆ‡ÚÂÎ¸ÌÛ˛ ‚Â-
ÎË˜ËÌÛ Ë ‡·ÒÓÎ˛ÚÌÓÂ ÁÌ‡˜ÂÌËÂ ÔÓfl‰Í‡ 15%. 

ê‡·ÓÚ‡ ‚˚ÔÓÎÌflÎ‡Ò¸ ÔË ˜‡ÒÚË˜ÌÓÈ ÔÓ‰‰ÂÊÍÂ
êÓÒÒËÈÒÍÓ„Ó ÙÓÌ‰‡ ÙÛÌ‰‡ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó‚‡-
ÌËÈ („‡ÌÚ ‹ 04-02-16818‡), INTAS („‡ÌÚ ‹ 2001-
0809 Ë 2001-0249), ISTC-2369, èÓ„‡ÏÏÓÈ PiShift
ESF, „‡ÌÚ‡ èÂÁË‰ÂÌÚ‡ êÓÒÒËË çò-1344.2003. 
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Nb/Au/YBa2Cu3O7 Metal-Oxide Superconductor Heterojunctions
I. V. Borisenko, Yu. V. Kislinskii, F. V. Komissinky, K. I. Constantinyan,

G. A. Ovsyannikov, T. Yu. Karminskaya, V. K. Kornev, I. I. Solov'ev

Nb/Au/YBa2Cu3O7 heterostructures based on the epitaxial YBa2Cu3O7 (YBCO) films with the c-axes tilted 11°
toward the film plane, were fabricated and studied. It is shown that the YBCO film growth result in step forma-
tion on the film surface that results in nanofaceting boundary of the heterosructure formed. Taking into account
spatial anisotropy of the order parameter of the YBCO film, the heterosructure can be modeled by parallel array
of the alternating nano-junctions with different current-phase relation. The heterojunction characteristic depen-
dence on the applied magnetic field and electromagnetic irradiation is an evidence that the effective penetration
depth is much smaller (by an order) than the Josephson penetration depth calculated using mean value of the
junction critical current density. A novel methodic was suggested and used in order to evaluate both the ampli-
tude and sign of the second harmonic of the junction current-phase relation. The methodic is based on charac-
teristic properties of the Shapiro step dependence on the microwave power applied. The second harmonic am-
plitude dependence on the heterojunction size is discussed. 


