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ÇÇÖÑÖçàÖ

 

Ç ÔÓÒÎÂ‰ÌÂÂ ‚ÂÏfl ÁÌ‡˜ËÚÂÎ¸Ì˚È ËÌÚÂÂÒ ‚˚-
Á˚‚‡˛Ú ÒÎÓËÒÚ˚Â ÔÂÓ‚ÒÍËÚÓÔÓ‰Ó·Ì˚Â ÓÍÒË‰˚
ÚËÔ‡ Ä'A''B

 

2

 

O

 

5.5 

 

± δ

 

 (A' – êáù; A'' – ôáù; Ç – 3

 

d

 

-ÏÂ-
Ú‡ÎÎ). ä ˝ÚÓÏÛ ÍÎ‡ÒÒÛ ÒÓÂ‰ËÌÂÌËÈ ÓÚÌÓÒËÚÒfl Ë
ÍËÒÎÓÓ‰‰ÂÙËˆËÚÌ˚È ÔÂÓ‚ÒÍËÚÓÔÓ‰Ó·Ì˚È ÒÎÓ-
ËÒÚ˚È ÙÂÓÍÛÔ‡Ú ËÚÚËfl-·‡Ëfl YBaCuFeO

 

5 + 

 

δ

 

,
ÔÓÎÛ˜ÂÌÌ˚È ‚ÔÂ‚˚Â ‚ [1].

ëÓÂ‰ËÌÂÌËÂ YBaCuFeO

 

5

 

 ËÏÂÂÚ ÚÂÚ‡„ÓÌ‡Î¸-
ÌÛ˛ ÍËÒÚ‡ÎÎË˜ÂÒÍÛ˛ fl˜ÂÈÍÛ Ò Ô‡‡ÏÂÚ‡ÏË 

 

a

 

 =
= 0.3867, 

 

c

 

 = 0.7656 ÌÏ (Ô. „. 

 

P

 

4

 

mm

 

, 

 

Z

 

 = 1) [2], ıÓ-
Úfl, ÔÓ ÏÌÂÌË˛ ‡‚ÚÓÓ‚ [3], ˝ÚÓ ÒÓÂ‰ËÌÂÌËÂ ÔË-
Ì‡‰ÎÂÊËÚ Í Ô. „. 
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4/

 

mmm

 

. èË ÔÓÏÓ˘Ë Ï‡„ÌËÚ-
Ì˚ı ËÁÏÂÂÌËÈ Ë ÏÂÒÒ·‡Û˝Ó‚ÒÍÓÈ ÒÔÂÍÚÓÒÍÓÔËË
Ó·Ì‡ÛÊÂÌÓ ‡ÌÚËÙÂÓÏ‡„ÌËÚÌÓÂ ÛÔÓfl‰Ó˜ÂÌËÂ
ËÓÌÓ‚ ÊÂÎÂÁ‡ ‚ YBaCuFeO
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 ÔË 460 [1], 446 [2],
440 K [4]. ÑÂÚ‡Î¸ÌÓÂ ÛÚÓ˜ÌÂÌËÂ Ï‡„ÌËÚÌÓÈ ÒÚÛÍ-
ÚÛ˚ YBaCuFeO

 

5

 

, ÔÓ‚Â‰ÂÌÌÓÂ ‚ [3], ÔÓÍ‡Á‡ÎÓ Ì‡-
ÎË˜ËÂ Û ˝ÚÓÈ Ù‡Á˚ ÌÂÒÍÓÎ¸ÍËı Ï‡„ÌËÚÌ˚ı Ù‡ÁÓ-
‚˚ı ÔÂÂıÓ‰Ó‚, ‰‚‡ ËÁ ÍÓÚÓ˚ı ÓÚÌÂÒÂÌ˚ ‡‚ÚÓ‡ÏË
Í ÔÂÂıÓ‰‡Ï Ô‡‡Ï‡„ÌÂÚËÍ  ‡ÌÚËÙÂÓÏ‡„ÌÂÚËÍ

 

I

 

 (‚·ÎËÁË 475 ä) Ë ‡ÌÚËÙÂÓÏ‡„ÌÂÚËÍ 

 

I

 

  ‡ÌÚË-
ÙÂÓÏ‡„ÌÂÚËÍ II (‚·ÎËÁË 240 ä). ç‡ÎË˜ËÂ Ï‡„-
ÌËÚÌÓ„Ó ÔÂÂıÓ‰‡ Û YBaCuFeO

 

5

 

 ÌËÊÂ ÍÓÏÌ‡ÚÌÓÈ
ÚÂÏÔÂ‡ÚÛ˚ ÔÓ‰Ú‚ÂÊ‰‡ÂÚÒfl ÂÁÛÎ¸Ú‡Ú‡ÏË ‡-
·ÓÚ˚ [5], ‡‚ÚÓ˚ ÍÓÚÓÓÈ ÔË ÔÓÏÓ˘Ë ÌÂÈÚÓÌ-
ÌÓÈ ‰ËÙ‡ÍÚÓÏÂÚËË Ó·Ì‡ÛÊËÎË Û YBaCuFeO

 

5

 

Ì‡fl‰Û Ò ÔÂÂıÓ‰ÓÏ Ô‡‡Ï‡„ÌÂÚËÍ  ‡ÌÚËÙÂ-
ÓÏ‡„ÌÂÚËÍ ÔË 442 ä ‰ÓÔÓÎÌËÚÂÎ¸Ì˚È ÔÂÂıÓ‰
ÔË 190 ä, ÓÚÌÂÒÂÌÌ˚È ËÏË Í ÔÂÂıÓ‰‡Ï ÒÓ‡ÁÏÂ-
Ì‡fl  ÌÂÒÓ‡ÁÏÂÌ‡fl Ù‡Á‡. èÓ‰Ó·Ì˚È Ù‡ÁÓ‚˚È
ÔÂÂıÓ‰ ‚·ÎËÁË 200 ä Á‡ÙËÍÒËÓ‚‡Ì Ú‡ÍÊÂ ‚ [4].

Ç [6] Ó·Ì‡ÛÊÂÌ˚ ‡ÌÓÏ‡ÎËË ‰Ë˝ÎÂÍÚË˜ÂÒÍËı
Ò‚ÓÈÒÚ‚ Ù‡Á˚ YBaCuFeO

 

5

 

 ‚·ÎËÁË 460 Ë 560 ä, ÔË
˝ÚÓÏ ÂÁÛÎ¸Ú‡Ú˚ ‰ËÎ‡ÚÓÏÂÚË˜ÂÒÍËı ËÒÒÎÂ‰Ó‚‡-
ÌËÈ ÛÍ‡Á˚‚‡˛Ú Ì‡ ÓÚÒÛÚÒÚ‚ËÂ ÒÚÛÍÚÛÌ˚ı ÔÂÂ-
ıÓ‰Ó‚ ‚ YBaCuFeO

 

5

 

 Ì‡ ‚ÓÁ‰ÛıÂ ‚ ËÌÚÂ‚‡ÎÂ 300–
1000 ä.

 

ëÚÛÍÚÛ‡ Ë Ò‚ÓÈÒÚ‚‡ Ù‡Á RBaCuFeO

 

5 + 

 

δ

 

 (R –
Â‰ÍÓÁÂÏÂÎ¸Ì˚È ˝ÎÂÏÂÌÚ), ‡ Ú‡ÍÊÂ Ú‚Â‰˚ı ‡Ò-
Ú‚ÓÓ‚ La

 

1 – 

 

x

 

Pr

 

x

 

BaCuFeO

 

5 + 

 

δ

 

 ËÁÛ˜‡ÎË ‚ [7, 8]. àÏÂ-
˛ÚÒfl ‰‡ÌÌ˚Â Ó ‚ÎËflÌËË ˜‡ÒÚË˜ÌÓ„Ó Á‡ÏÂ˘ÂÌËfl
ËÚÚËfl Í‡Î¸ˆËÂÏ Ì‡ Ï‡„ÌËÚÌÛ˛ ÒÚÛÍÚÛÛ Ë Ò‚ÓÈ-
ÒÚ‚‡ [3]. Ç [9] ÓÔËÒ‡Ì˚ ÒÚÛÍÚÛ‡, ÚÂÏË˜ÂÒÍ‡fl
ÒÚ‡·ËÎ¸ÌÓÒÚ¸ Ë ÌÂÍÓÚÓ˚Â Ò‚ÓÈÒÚ‚‡ Ú‚Â‰˚ı ‡Ò-
Ú‚ÓÓ‚ YBaCu
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Co

 

x

 

FeO
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, YBaCuFe

 

1 – 
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Co

 

x

 

O

 

5 + 

 

δ

 

Ë YBaCoCu

 

1 – 

 

x

 

Fe

 

x

 

O

 

5 + 

 

δ

 

.

ñÂÎ¸˛ Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚ˚ ·˚ÎÓ ËÒÒÎÂ‰Ó‚‡ÌËÂ
‚ÎËflÌËfl Á‡ÏÂ˘ÂÌËfl ÊÂÎÂÁ‡ ÌËÍÂÎÂÏ Ì‡ Ô‡‡ÏÂÚ˚
ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ ÒÚÛÍÚÛ˚ Ë ÙËÁËÍÓ-ıËÏË˜ÂÒÍËÂ
Ò‚ÓÈÒÚ‚‡ Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚ YBaCuFe

 

1 – 

 

x

 

Ni

 

x

 

O
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.

 

åÖíéÑàäÄ ùäëèÖêàåÖçíÄ

 

é·‡Áˆ˚ YBaCuFe
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 (0 

 

≤

 

 

 

x 

 

≤

 

 1) ÔÓÎÛ˜‡ÎË
ÍÂ‡ÏË˜ÂÒÍËÏ ÏÂÚÓ‰ÓÏ [6] ËÁ Y

 

2

 

O

 

3

 

 (àÚé-ãûå7),
Fe

 

2

 

O

 

3

 

 (

 

ÓÒ˜

 

 2-4), CuO (

 

ÓÒ˜

 

 9–2) Nié (

 

ÓÒ˜

 

 10-2)
Ë BaCO

 

3

 

 (˜.) Ì‡ ‚ÓÁ‰ÛıÂ ÔË 1170–1270 ä ‚ ÚÂ˜ÂÌËÂ
40–80 ˜. ÑÎfl ËÒÒÎÂ‰Ó‚‡ÌËfl ÚÂÏË˜ÂÒÍÓ„Ó ‡Ò¯Ë-
ÂÌËfl, ˝ÎÂÍÚÓÔÓ‚Ó‰ÌÓÒÚË Ë ÍÓ˝ÙÙËˆËÂÌÚ‡ ÚÂ-
ÏÓ-˝.‰.Ò. ËÁ ÔÓÎÛ˜ÂÌÌ˚ı ÔÓÓ¯ÍÓ‚ ÔÂÒÒÓ‚‡ÎË
Ú‡·ÎÂÚÍË ‰Ë‡ÏÂÚÓÏ 10, ÚÓÎ˘ËÌÓÈ 3–5 ÏÏ Ë ·ÛÒ-
ÍË ‡ÁÏÂÓÏ 5 

 

× 

 

5 

 

×

 

 30 ÏÏ, ÍÓÚÓ˚Â Á‡ÚÂÏ ÒÔÂÍ‡ÎË
Ì‡ ‚ÓÁ‰ÛıÂ ‚ ÚÂ˜ÂÌËÂ 2–8 ˜ ÔË 1270 ä.

êÂÌÚ„ÂÌÓÙ‡ÁÓ‚˚È ‡Ì‡ÎËÁ ÔÓÎÛ˜ÂÌÌ˚ı Ó·‡ÁˆÓ‚
ÔÓ‚Ó‰ËÎË Ì‡ ‰ËÙ‡ÍÚÓÏÂÚÂ Ñêéç-3 (Cu

 

K

 

α

 

-,
CÓ

 

K

 

α

 

-ËÁÎÛ˜ÂÌËÂ). àä-ÒÔÂÍÚ˚ ÔÓ„ÎÓ˘ÂÌËfl Ú‚Â-
‰˚ı ‡ÒÚ‚ÓÓ‚ YBaCuFe
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 Á‡ÔËÒ˚‚‡ÎË ‚
Ú‡·ÎÂÚËÓ‚‡ÌÌ˚ı ÒÏÂÒflı Ò KBr (ı. ˜.) ‚ ËÌÚÂ‚‡ÎÂ
˜‡ÒÚÓÚ 300–1500 ÒÏ

 

–1

 

 Ì‡ ÔË·Ó‡ı Specord 75 IR,
Specord M80 Ë Nexus ÙËÏ˚ Thermo Nicolet. íÂ-
ÏË˜ÂÒÍÛ˛ ÒÚ‡·ËÎ¸ÌÓÒÚ¸, ÚÂÏË˜ÂÒÍÓÂ ‡Ò¯ËÂ-
ÌËÂ Ë ˝ÎÂÍÚÓÔÓ‚Ó‰ÌÓÒÚ¸ Ó·‡ÁˆÓ‚ ËÒÒÎÂ‰Ó‚‡ÎË
Ì‡ ‚ÓÁ‰ÛıÂ ‚ ËÌÚÂ‚‡ÎÂ ÚÂÏÔÂ‡ÚÛ 293–1020 ä ÔÓ
ÏÂÚÓ‰ËÍÂ, ÓÔËÒ‡ÌÌÓÈ ‚ [10]. íÂÏÓ-˝.‰.Ò. ËÁÏÂflÎË
ÓÚÌÓÒËÚÂÎ¸ÌÓ ÒÂÂ·‡ ÔË ÔÓÏÓ˘Ë ˆËÙÓ‚Ó„Ó
‚ÓÎ¸ÚÏÂÚ‡ ô301/1. èË ÓÔÂ‰ÂÎÂÌËË ÔÂÂÔ‡‰‡

 

ëÇéâëíÇÄ íÇÖêÑõï êÄëíÇéêéÇ YBaCuFe

 

1 – 

 

x

 

Ni

 

x

 

O

 

5

 

 (0 

 

<

 

 

 

x

 

 

 

≤
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 ÔË 
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 0.3. éÔÂ‰ÂÎÂÌ˚ Ô‡‡ÏÂÚ˚
ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ ÒÚÛÍÚÛ˚ Ù‡Á YBaCuFe
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, ËÒÒÎÂ‰Ó‚‡Ì˚ Ëı ÚÂÏË˜ÂÒÍ‡fl ÒÚ‡·ËÎ¸ÌÓÒÚ¸, ÚÂ-
ÏË˜ÂÒÍÓÂ ‡Ò¯ËÂÌËÂ, ˝ÎÂÍÚÓÔÓ‚Ó‰ÌÓÒÚ¸, ÍÓ˝ÙÙËˆËÂÌÚ ÚÂÏÓ-˝.‰.Ò., Ï‡„ÌËÚÌ‡fl ‚ÓÒÔËËÏ˜Ë-
‚ÓÒÚ¸ Ë ‰Ë˝ÎÂÍÚË˜ÂÒÍËÂ Ò‚ÓÈÒÚ‚‡. èÓÍ‡Á‡ÌÓ, ˜ÚÓ Á‡ÏÂ˘ÂÌËÂ ÊÂÎÂÁ‡ ÌËÍÂÎÂÏ ÔË‚Ó‰ËÚ Í ÁÌ‡˜Ë-
ÚÂÎ¸ÌÓÏÛ Û‚ÂÎË˜ÂÌË˛ ˝ÎÂÍÚÓÔÓ‚Ó‰ÌÓÒÚË Ë ÛÏÂÌ¸¯ÂÌË˛ ÍÓ˝ÙÙËˆËÂÌÚÓ‚ ÚÂÏÓ-˝.‰.Ò. Ë ÎËÌÂÈÌÓ-
„Ó ÚÂÏË˜ÂÒÍÓ„Ó ‡Ò¯ËÂÌËfl, ‡ Ú‡ÍÊÂ ÚÂÏÔÂ‡ÚÛ Ù‡ÁÓ‚Ó„Ó ÔÂÂıÓ‰‡ ‡ÌÚËÙÂÓÏ‡„ÌÂÚËÍ–
Ô‡‡Ï‡„ÌÂÚËÍ Ë ‡ÌÓÏ‡ÎËÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ Ù‡Á YBaCuFe
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ìÑä 54-165:536.413.2:537.226:537.31:537.32:537.621.4



 

1516

 

çÖéêÉÄçàóÖëäàÖ åÄíÖêàÄãõ      ÚÓÏ 40      ‹ 12      2004

 

óËÊÓ‚‡ 

 

Ë ‰

 

.

 

ÚÂÏÔÂ‡ÚÛ ÔËÏÂÌflÎË ‰ËÙÙÂÂÌˆË‡Î¸ÌÓÂ ÔÓ‰-
ÍÎ˛˜ÂÌËÂ ÚÂÏÓÔ‡. íÂÏÔÂ‡ÚÛÌ˚È „‡‰ËÂÌÚ Ë
ÚÂÏÔÂ‡ÚÛÛ „Ófl˜Â„Ó ÍÓÌˆ‡ Ó·‡Áˆ‡ ÍÓÌÚÓÎË-
Ó‚‡ÎË ÔË ÔÓÏÓ˘Ë ‚ÓÎ¸ÚÏÂÚ‡ Ç7-38. èÂÂ‰ ËÁ-
ÏÂÂÌËflÏË Ì‡ ÚÓˆ˚ Ó·‡ÁˆÓ‚ Ì‡ÌÓÒËÎË ˝ÎÂÍÚÓ-
‰˚ ÔÛÚÂÏ ‚ÊË„‡ÌËfl ÒÂÂ·flÌÓÈ Ô‡ÒÚ˚ ÔË 1070 ä ‚
ÚÂ˜ÂÌËÂ 15 ÏËÌ. ÑË˝ÎÂÍÚË˜ÂÒÍÛ˛ ÔÓÌËˆ‡ÂÏÓÒÚ¸
Ë ‰Ë˝ÎÂÍÚË˜ÂÒÍËÂ ÔÓÚÂË Ù‡Á YBaCuFe
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ËÒÒÎÂ‰Ó‚‡ÎË ‚ ËÌÚÂ‚‡ÎÂ 293–1020 ä ÔÓ ÏÂÚÓ‰ËÍÂ
[6]. å‡„ÌËÚÌÛ˛ ‚ÓÒÔËËÏ˜Ë‚ÓÒÚ¸ ÔÓÓ¯ÍÓÓ·‡Á-
Ì˚ı Ó·‡ÁˆÓ‚ ËÒÒÎÂ‰Ó‚‡ÎË ÔË ÔÓÏÓ˘Ë ÏÂÚÓ‰‡
î‡‡‰Âfl ‚ Ï‡„ÌËÚÌÓÏ ÔÓÎÂ 400 ÍÄ/Ï ‚ ËÌÚÂ‚‡ÎÂ
ÚÂÏÔÂ‡ÚÛ 77–700 ä.

 

êÖáìãúíÄíõ à àï éÅëìÜÑÖçàÖ

 

é‰ÌÓÙ‡ÁÌ˚Â Ó·‡Áˆ˚ Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚
YBaCuFe

 

1 – 

 

x

 

Ni

 

x

 

O

 

5

 

 ·˚ÎË ÔÓÎÛ˜ÂÌ˚ ‰Ó ÁÌ‡˜ÂÌËÈ 

 

x

 

 =
= 0.3. äËÒÚ‡ÎÎË˜ÂÒÍ‡fl ÒÚÛÍÚÛ‡ Ú‚Â‰˚ı ‡Ò-
Ú‚ÓÓ‚ YBaCuFe
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 (0 < 

 

x

 

 

 

≤

 

 0.3) ÒÓÓÚ‚ÂÚÒÚ‚Û-
ÂÚ ÒÚÛÍÚÛÂ ÒÓÂ‰ËÌÂÌËfl YBaCuFeO

 

5

 

, ‡ Ô‡‡ÏÂÚ-
˚ ˝ÎÂÏÂÌÚ‡ÌÓÈ fl˜ÂÈÍË ËÁÏÂÌfl˛ÚÒfl ÌÂÁÌ‡˜Ë-
ÚÂÎ¸ÌÓ Ë ÌÂÏÓÌÓÚÓÌÌÓ, ÔÓıÓ‰fl ˜ÂÂÁ Ï‡ÍÒËÏÛÏ
ÔË 

 

x

 

 = 0.025 (Ú‡·Î. 1). ëÎÓÊÌ˚È ı‡‡ÍÚÂ Á‡‚ËÒË-
ÏÓÒÚÂÈ 

 

a

 

 = 

 

f

 

(

 

x

 

) Ë 

 

c

 

 = 
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(

 

x

 

) ‰Îfl Ù‡Á YBaCuFe
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Ò‚flÁ‡Ì, ‚Ë‰ËÏÓ, Ò ÚÂÏ, ˜ÚÓ ‚ ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ Â-
¯ÂÚÍÂ YBaCuFe

 

1 – 
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x
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 ÔËÒÛÚÒÚ‚Û˛Ú Í‡Í Ni

 

3+

 

,

Ú‡Í Ë Ni2+. ì˜ËÚ˚‚‡fl ‡ÁÏÂ˚ ËÓÌÓ‚ (  =

= 0.0645 ÌÏ,  = 0.0600 ÌÏ,  = 0.0700 ÌÏ ‰Îfl

Í. ˜. 6 [11]), Ï‡ÍÒËÏÛÏ Ì‡ Á‡‚ËÒËÏÓÒÚflı a = f(x) Ë
c = f(x) ÏÓÊÌÓ Ó·˙flÒÌËÚ¸ ÚÂÏ, ̃ ÚÓ ÔË x < 0.025 ÌË-
ÍÂÎ¸ ‚ YBaCuFe1 – xNixO5 Ì‡ıÓ‰ËÚÒfl ‚ ‚Ë‰Â Ni2+

(  > ), ‡ ÔË x > 0.025 – ‚ ‚Ë‰Â Ni3+ (  <

< ). ëÚÂÔÂÌ¸ ÚÂÚ‡„ÓÌ‡Î¸ÌÓ„Ó ËÒÍ‡ÊÂÌËfl (η =

= c/2a) Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚ YBaCuFe1 – xNixO5 ÛÏÂÌ¸-
¯‡ÂÚÒfl Ò ÓÒÚÓÏ x (Ú‡·Î. 1), Ú.Â. Á‡ÏÂ˘ÂÌËÂ ÊÂÎÂÁ‡
ÌËÍÂÎÂÏ ÔË‚Ó‰ËÚ Í ÔÂËÏÛ˘ÂÒÚ‚ÂÌÌÓÏÛ ÒÊ‡ÚË˛
fl˜ÂÈÍË ‚ Ì‡Ô‡‚ÎÂÌËË ÓÒË c.

ç‡ àä-ÒÔÂÍÚ‡ı Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚
YBaCuFe1 – xNixO5 (ËÒ. 1) Ó·Ì‡ÛÊÂÌ˚ ÚË ÔÓÎÓ-
Ò˚ ÔÓ„ÎÓ˘ÂÌËfl: ÔË 370–380 (ν1), 560–580 (ν2) Ë
650–660 ÒÏ–1 (ν3), ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ, ÒÓ„Î‡ÒÌÓ [12],
‚‡ÎÂÌÚÌ˚Ï (ν2) Ë ‰ÂÙÓÏ‡ˆËÓÌÌ˚Ï (ν1) ÍÓÎÂ·‡ÌË-
flÏ Ò‚flÁÂÈ Cu(Fe)–O–Cu(Fe) ‚ ·‡Á‡Î¸Ì˚ı ÔÎÓÒÍÓ-
ÒÚflı [Cu(Fe)O2]∞, ‡ Ú‡ÍÊÂ ‚‡ÎÂÌÚÌ˚Ï ÍÓÎÂ·‡ÌËflÏ
‡ÔËÍ‡Î¸ÌÓ„Ó ÍËÒÎÓÓ‰‡ Ò‚flÁÂÈ Cu–O–Fe (ν3). á‡-
ÏÂ˘ÂÌËÂ ÊÂÎÂÁ‡ ÌËÍÂÎÂÏ ÔË‚Ó‰ËÚ Í ÒÏÂ˘ÂÌË˛
ÔÓÎÓÒ ν1 Ë ν2 ‚ ÒÚÓÓÌÛ ÏÂÌ¸¯Ëı, ‡ ν3 – ‚ ÒÚÓÓÌÛ
·óÎ¸¯Ëı ÁÌ‡˜ÂÌËÈ ˜‡ÒÚÓÚ˚. í‡ÍËÏ Ó·‡ÁÓÏ, Û‚Â-
ÎË˜ÂÌËÂ x ‚ YBaCuFe1 – xNixO5 ÔË‚Ó‰ËÚ Í ËÁÏÂÌÂ-
ÌË˛ ˝ÌÂ„ËË Ò‚flÁÂÈ ÏÂÚ‡ÎÎ–ÍËÒÎÓÓ‰: ÛÏÂÌ¸¯Â-
ÌË˛ ‚ [Cu(Fe)O2]∞-ÒÎÓflı Ë Û‚ÂÎË˜ÂÌË˛ ‚ Cu–O–Fe-
ˆÂÔÓ˜Í‡ı ÒÚÛÍÚÛ˚ YBaCuFeO5.

r
Fe3+

r
Ni3+ r

Ni2+

r
Ni2+ r

Fe3+ r
Ni3+

r
Fe3+

í‡·ÎËˆ‡ 1.  ëÚÛÍÚÛÌ˚Â Ô‡‡ÏÂÚ˚ Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚ YBaCuFe1 – xNixO5

x a, ÌÏ c, ÌÏ V × 103, ÌÏ3 η ρÂÌÚ, „/ÒÏ3 ρ˝ÍÒÔ, „/ÒÏ3 ρ, % α × 106, K–1

0 0.3865 0.7656 114.4 0.9904 6.18 5.96 96 14.3 ± 0.7

0.001 0.3869 0.7656 114.6 0.9894 6.17 4.59 74 –

0.025 0.3873 0.7664 115.0 0.9894 6.15 4.91 80 –

0.050 0.3870 0.7649 114.6 0.9882 6.17 5.02 81 14.4 ± 0.7

0.100 0.3864 0.7626 113.9 0.9868 6.21 5.03 81 13.4 ± 0.7

0.200 0.3859 0.7611 113.3 0.9861 6.22 4.37 70 13.7 ± 0.7

0.300 0.3878 0.7618 114.5 0.9822 6.19 5.02 81 12.5 ± 0.6
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êËÒ. 1. àä-ÒÔÂÍÚ˚ ÔÓ„ÎÓ˘ÂÌËfl Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚
YBaCuFe1 – xNixO5 Ò x = 0 (1), 0.1 (2), 0.2 (3), 0.3 (4).
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èÓÓ¯ÍÓÓ·‡ÁÌ˚Â Ó·‡Áˆ˚ Ú‚Â‰˚ı ‡ÒÚ‚Ó-
Ó‚ YBaCuFe1 – xNixO5 ·˚ÎË ÚÂÏË˜ÂÒÍË ÛÒÚÓÈ˜Ë-
‚˚ Ì‡ ‚ÓÁ‰ÛıÂ ‰Ó 1090 ä (ÓÚÒÛÚÒÚ‚ËÂ ÔÓÚÂ¸ Ï‡ÒÒ˚
Ë ÚÂÏË˜ÂÒÍËı ˝ÙÙÂÍÚÓ‚ Ì‡ ÍË‚˚ı ÑíÄ). ç‡
ÚÂÏÔÂ‡ÚÛÌ˚ı Á‡‚ËÒËÏÓÒÚflı ÓÚÌÓÒËÚÂÎ¸ÌÓ„Ó Û‰-
ÎËÌÂÌËfl ÌÂ Ó·Ì‡ÛÊÂÌÓ ÌËÍ‡ÍËı ‡ÌÓÏ‡ÎËÈ, ˜ÚÓ
ÛÍ‡Á˚‚‡ÂÚ Ì‡ ÓÚÒÛÚÒÚ‚ËÂ ÒÚÛÍÚÛÌ˚ı ÔÂÂıÓ‰Ó‚
‚ ˝ÚËı Ù‡Á‡ı Ì‡ ‚ÓÁ‰ÛıÂ ‚ ËÌÚÂ‚‡ÎÂ 293–1020 ä.
äÓ˝ÙÙËˆËÂÌÚ ÎËÌÂÈÌÓ„Ó ÚÂÏË˜ÂÒÍÓ„Ó ‡Ò¯ËÂ-
ÌËfl (α) Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚ YBaCuFe1 – xNixO5

ÛÏÂÌ¸¯‡ÂÚÒfl Ò ÓÒÚÓÏ x (Ú‡·Î. 1).

ùÎÂÍÚÓÔÓ‚Ó‰ÌÓÒÚ¸ Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚
YBaCuFe1 – xNixO5 ÌÓÒËÚ ÔÓÎÛÔÓ‚Ó‰ÌËÍÓ‚˚È ı‡-

‡ÍÚÂ (∂σ/∂T > 0) Ë ‚ÓÁ‡ÒÚ‡ÂÚ ÔË Û‚ÂÎË˜ÂÌËË
ÒÚÂÔÂÌË Á‡ÏÂ˘ÂÌËfl ÊÂÎÂÁ‡ ÌËÍÂÎÂÏ (ËÒ. 2‡). èÓ-
‚Ó‰ËÏÓÒÚ¸ Ó·‡ÁˆÓ‚ Ò x = 0.2 Ë 0.3 ÔË T � 1000 ä
ÔÓ˜ÚË ÌÂ Á‡‚ËÒËÚ ÓÚ ÚÂÏÔÂ‡ÚÛ˚, ˜ÚÓ, ‚Ë‰ËÏÓ,
Ó·ÛÒÎÓ‚ÎÂÌÓ “ËÒÚÓ˘ÂÌËÂÏ” ÔËÏÂÒÌ˚ı ÌÓÒËÚÂ-
ÎÂÈ Á‡fl‰‡. ç‡ Á‡‚ËÒËÏÓÒÚflı σ = f(x) ‰Îfl Ú‚Â‰˚ı
‡ÒÚ‚ÓÓ‚ YBaCuFe1 – xNixO5 (ËÒ. 2·) ÔË ‚˚ÒÓÍËı

ÚÂÏÔÂ‡ÚÛ‡ı í > 400 K ÔË ı = 0.2 Ì‡·Î˛‰‡ÂÚÒfl
Ï‡ÍÒËÏÛÏ. áÌ‡˜ÂÌËfl ˝ÌÂ„ËË ‡ÍÚË‚‡ˆËË ˝ÎÂÍÚÓ-

101

100

10–1

10–2

σ, ëÏ/ÒÏ

5

6
4

3

2

1

σ, ëÏ/ÒÏ

101

100

10–1

10–2

0 0.1 0.2 0.3
x

1000 ä

500 ä

300 ä

400 600 800 1000 T, K

êËÒ. 2. íÂÏÔÂ‡ÚÛÌ˚Â (‡) Ë ÍÓÌˆÂÌÚ‡ˆËÓÌÌ˚Â (·) Á‡-
‚ËÒËÏÓÒÚË ˝ÎÂÍÚÓÔÓ‚Ó‰ÌÓÒÚË Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚
YBaCuFe1 – xNixO5 Ò x = 0 (1), 0.025 (2), 0.05 (3), 0.1 (4),
0.2 (5), 0.3 (6).
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êËÒ. 3. íÂÏÔÂ‡ÚÛÌ˚Â Á‡‚ËÒËÏÓÒÚË ÍÓ˝ÙÙËˆËÂÌÚ‡
ÚÂÏÓ-˝.‰.Ò. Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚ YBaCuFe1 – xNixO5 Ò
x = 0 (1), 0.025 (2), 0.05 (3), 0.1 (4), 0.2 (5), 0.3 (6).

í‡·ÎËˆ‡ 2.  áÌ‡˜ÂÌËfl ÚÂÏÔÂ‡ÚÛ ËÁÎÓÏ‡ (íσ) Ì‡ Á‡‚ËÒËÏÓÒÚflı ln(σT) = f(1/T) Ë ˝ÌÂ„ËÈ ‡ÍÚË‚‡ˆËË ÔÓˆÂÒÒÓ‚ ÔÂ-
ÂÌÓÒ‡ Á‡fl‰‡ (Eσ, ES, Em) ‚ Ú‚Â‰˚ı ‡ÒÚ‚Ó‡ı YBaCuFe1 – xNixO5, ‡ÒÒ˜ËÚ‡ÌÌ˚Â ÔÓ ÂÁÛÎ¸Ú‡Ú‡Ï ËÁÏÂÂÌËfl ˝ÎÂÍ-
ÚÓÔÓ‚Ó‰ÌÓÒÚË Ë ÚÂÏÓ-˝.‰.Ò.

x
Eσ, ˝Ç

Tσ, ä ES = Ep, ˝Ç Em, ˝Ç
300 K – Tσ Tσ – 1100 K

0 0.240 ± 0.001 – 0.120 ± 0.002 0.120 ± 0.002

0.025 0.302 ± 0.004 0.232 ± 0.003 630 0.069 ± 0.003 0.233 ± 0.004

0.050 0.226 ± 0.005 0.104 ± 0.001 610 0.118 ± 0.003 0.108 ± 0.005

0.100 0.230 ± 0.002 0.207 ± 0.001 785 0.081 ± 0.002 0.149 ± 0.002

0.200 0.237 ± 0.001 0.116 ± 0.002 700 0.054 ± 0.002 0.183 ± 0.002

0.300 0.188 ± 0.001 0.080 ± 0.001 775 0.016 ± 0.002 0.172 ± 0.001

(a)

(·)
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óËÊÓ‚‡ Ë ‰.

ÔÓ‚Ó‰ÌÓÒÚË (Eσ), ‡ÒÒ˜ËÚ‡ÌÌ˚Â ËÁ ÎËÌÂÈÌ˚ı Û˜‡-
ÒÚÍÓ‚ Á‡‚ËÒËÏÓÒÚÂÈ ln(σT) = f(1/T), ‡ Ú‡ÍÊÂ ÚÂÏÔÂ-
‡ÚÛ˚ ËÁÎÓÏÓ‚ (Tσ) Ì‡ ˝ÚËı Á‡‚ËÒËÏÓÒÚflı ÔË‚Â-
‰ÂÌ˚ ‚ Ú‡·Î. 2. ÇË‰ÌÓ, ˜ÚÓ Eσ Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚
YBaCuFe1 – xNixO5 ÔË T < Tσ ·ÎËÁÍ‡ Í Eσ YBaCuFeO5

(Á‡ ËÒÍÎ˛˜ÂÌËÂÏ ÒÓÒÚ‡‚‡ Ò ı = 0.025), ‡ ÔË T > Tσ –
ÛÏÂÌ¸¯‡ÂÚÒfl ÔË Û‚ÂÎË˜ÂÌËË x.

äÓ˝ÙÙËˆËÂÌÚ ÚÂÏÓ-˝.‰.Ò. (S) Ù‡Á
YBaCuFe1 − xNixO5 ‚Ó ‚ÒÂÏ ËÒÒÎÂ‰Ó‚‡ÌÌÓÏ ËÌÚÂ-
‚‡ÎÂ ÚÂÏÔÂ‡ÚÛ ·˚Î ÔÓÎÓÊËÚÂÎ¸Ì˚Ï (ËÒ. 3).
ùÚÓ ÛÍ‡Á˚‚‡ÂÚ Ì‡ ÚÓ, ˜ÚÓ ÓÒÌÓ‚Ì˚ÏË ÌÓÒËÚÂÎflÏË
Á‡fl‰‡ ‚ ̋ ÚËı Ù‡Á‡ı, Í‡Í Ë ‚ YBaCuFeO5, fl‚Îfl˛ÚÒfl
‰˚ÍË, Ú.Â. Ú‚Â‰˚Â ‡ÒÚ‚Ó˚ fl‚Îfl˛ÚÒfl ÔÓ‚Ó‰-
ÌËÍ‡ÏË p-ÚËÔ‡. ÇÂÎË˜ËÌ‡ ÍÓ˝ÙÙËˆËÂÌÚ‡ ÚÂÏÓ-
˝.‰.Ò. Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚ ÛÏÂÌ¸¯‡ÂÚÒfl Ò ÓÒÚÓÏ
ÚÂÏÔÂ‡ÚÛ˚ Ë Ò Û‚ÂÎË˜ÂÌËÂÏ ÒÚÂÔÂÌË Á‡ÏÂ˘ÂÌËfl

ÊÂÎÂÁ‡ ÌËÍÂÎÂÏ (ËÒ. 3). áÌ‡˜ÂÌËfl ˝ÌÂ„ËË ‡ÍÚË-
‚‡ˆËË ÚÂÏÓ-˝.‰.Ò. (ES) Ù‡Á YBaCuFe1 – xNixO5, ‡Ò-
Ò˜ËÚ‡ÌÌ˚Â ËÁ Á‡‚ËÒËÏÓÒÚÂÈ S = f(1/T), Ú‡ÍÊÂ
ÛÏÂÌ¸¯‡˛ÚÒfl Ò ÓÒÚÓÏ x (Ú‡·Î. 2).

í‡ÌÒÔÓÚÌ˚Â Ò‚ÓÈÒÚ‚‡ ÏÌÓ„Ëı ÒÎÓÊÌ˚ı ÓÍÒË-
‰Ó‚ ÒÓ ÒÚÛÍÚÛÓÈ ÔÂÓ‚ÒÍËÚ‡ ËÎË ÔÓ‰Ó·ÌÓÈ ÂÈ
˜‡ÒÚÓ ÓÔËÒ˚‚‡˛Ú ‚ ‡ÏÍ‡ı ÏÓ‰ÂÎË ÔÓÎflÓÌÓ‚ Ï‡-
ÎÓ„Ó ‡‰ËÛÒ‡ (èåê) [13]. íÓ„‰‡ ËÁ ÂÁÛÎ¸Ú‡ÚÓ‚ ËÁ-
ÏÂÂÌËÈ ˝ÎÂÍÚÓÔÓ‚Ó‰ÌÓÒÚË Ë ÍÓ˝ÙÙËˆËÂÌÚ‡
ÚÂÏÓ-˝.‰.Ò. ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ Ô‡‡ÏÂÚ˚ ÔÓ-
ˆÂÒÒÓ‚ ÔÂÂÌÓÒ‡ Á‡fl‰‡: ˝ÌÂ„Ë˛ ‡ÍÚË‚‡ˆËË (‚ÓÁ-
·ÛÊ‰ÂÌËfl) ÌÓÒËÚÂÎfl Á‡fl‰‡ – èåê (Ep = ES), ‡ Ú‡Í-
ÊÂ ˝ÌÂ„Ë˛ ‡ÍÚË‚‡ˆËË ÏË„‡ˆËË (ÔÓ‰‚ËÊÌÓÒÚË)
èåê (Em = Eσ – Ep). ä‡Í ‚Ë‰ÌÓ ËÁ ‰‡ÌÌ˚ı, ÔË‚Â-
‰ÂÌÌ˚ı ‚ Ú‡·Î. 2, ˜‡ÒÚË˜ÌÓÂ Á‡ÏÂ˘ÂÌËÂ ÊÂÎÂÁ‡
ÌËÍÂÎÂÏ ‚ ˆÂÎÓÏ ÔË‚Ó‰ËÚ Í ÛÏÂÌ¸¯ÂÌË˛ ˝ÌÂ„ËË
‚ÓÁ·ÛÊ‰ÂÌËfl ÌÓÒËÚÂÎÂÈ Á‡fl‰‡ – ‰˚ÓÍ (Ep) Ë Û‚Â-
ÎË˜ÂÌË˛ ˝ÌÂ„ËË ‡ÍÚË‚‡ˆËË Ëı ÔÓ‰‚ËÊÌÓÒÚË (Em),
˜ÚÓ, ‚ÂÓflÚÌÓ, Ë Ó·ÛÒÎ‡‚ÎË‚‡ÂÚ ÔÓfl‚ÎÂÌËÂ Ï‡ÍÒË-
ÏÛÏ‡ Ì‡ Á‡‚ËÒËÏÓÒÚflı σ = f(x) ‰Îfl YBaCuFe1 – xNixO5

ÔË x = 0.2.

á‡ÏÂ˘ÂÌËÂ ÊÂÎÂÁ‡ ÌËÍÂÎÂÏ ÒÎ‡·Ó ‚ÎËflÂÚ Ì‡
‚ÂÎË˜ËÌÛ Ï‡„ÌËÚÌÓÈ ‚ÓÒÔËËÏ˜Ë‚ÓÒÚË (χ) ÙÂÓ-
ÍÛÔ‡ÚÓ‚ (ËÒ. 4‡), Ó‰Ì‡ÍÓ ÔË‚Ó‰ËÚ Í ÒÌËÊÂÌË˛
ÚÂÏÔÂ‡ÚÛ Ï‡„ÌËÚÌ˚ı Ù‡ÁÓ‚˚ı ÔÂÂıÓ‰Ó‚ (Ô‡‡-
Ï‡„ÌÂÚËÍ  ‡ÌÚËÙÂÓÏ‡„ÌÂÚËÍ (TN) Ë ÒÓ‡Á-
ÏÂÌ‡fl  ÌÂÒÓ‡ÁÏÂÌ‡fl Ù‡Á‡ (T*)) (Ú‡·Î. 3).
Ç Ô‡‡Ï‡„ÌËÚÌÓÈ Ó·Î‡ÒÚË Á‡‚ËÒËÏÓÒÚ¸ Ï‡„ÌËÚÌÓÈ
‚ÓÒÔËËÏ˜Ë‚ÓÒÚË ÓÚ ÚÂÏÔÂ‡ÚÛ˚ ‰Îfl Ú‚Â‰˚ı
‡ÒÚ‚ÓÓ‚ YBaCuFe1 – xNixO5 ÔÓ‰˜ËÌflÂÚÒfl Á‡ÍÓÌÛ
ä˛Ë – ÇÂÈÒ‡ χ = C/(T – Θ), ÍÓÌÒÚ‡ÌÚ˚ ÍÓÚÓÓ„Ó
(C Ë Θ) ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 3.

ç‡ ÚÂÏÔÂ‡ÚÛÌÓÈ Á‡‚ËÒËÏÓÒÚË ‰Ë˝ÎÂÍÚË˜ÂÒ-
ÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË Ë Ú‡Ì„ÂÌÒ‡ Û„Î‡ ‰Ë˝ÎÂÍÚË˜ÂÒ-
ÍËı ÔÓÚÂ¸ ‰Îfl Ú‚Â‰Ó„Ó ‡ÒÚ‚Ó‡ YBaCuFe0.9Ni0.1O5,
Í‡Í Ë ‰Îfl Ù‡Á˚ YBaCuFeO5, Ó·Ì‡ÛÊÂÌ˚ ‡ÌÓÏ‡-
ÎËË (ËÒ. 4·, 4‚), ÚÂÏÔÂ‡ÚÛ˚ ÍÓÚÓ˚ı (Tε) ÔË-
‚Â‰ÂÌ˚ ‚ Ú‡·Î. 3.

èÂ‰‚‡ËÚÂÎ¸Ì‡fl ÔÓ‚ÂÍ‡ ÒÂÌÒÓÌ˚ı Ë Í‡Ú‡-
ÎËÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ËÒÒÎÂ‰Ó‚‡ÌÌ˚ı Ú‚Â‰˚ı ‡Ò-
Ú‚ÓÓ‚ ÔÓÍ‡Á‡Î‡ ‚ÓÁÏÓÊÌÓÒÚ¸ Ëı ËÒÔÓÎ¸ÁÓ‚‡ÌËfl ‚
Í‡˜ÂÒÚ‚Â ̃ Û‚ÒÚ‚ËÚÂÎ¸Ì˚ı ̋ ÎÂÏÂÌÚÓ‚ ÔÓÎÛÔÓ‚Ó‰ÌË-
ÍÓ‚˚ı ÒÂÌÒÓÓ‚ „‡ÁÓ‚ Ë Í‡Ú‡ÎËÁ‡ÚÓÓ‚ ÓÍËÒÎÂÌËfl
ÌËÁ¯Ëı Û„ÎÂ‚Ó‰ÓÓ‰Ó‚ ÍËÒÎÓÓ‰ÓÏ ‚ÓÁ‰Ûı‡ [14].

áÄäãûóÖçàÖ

àÒÒÎÂ‰Ó‚‡ÌÓ ‚ÎËflÌËÂ Á‡ÏÂ˘ÂÌËfl ÊÂÎÂÁ‡ ÌËÍÂ-
ÎÂÏ Ì‡ ÒÚÛÍÚÛÛ Ë Ò‚ÓÈÒÚ‚‡ Ú‚Â‰˚ı ‡ÒÚ‚ÓÓ‚
YBaCuFe1 – xNixO5 (0 < x ≤ 0.3). ì‚ÂÎË˜ÂÌËÂ ÒÓ‰Â-
Ê‡ÌËfl ÌËÍÂÎfl ÔË‚Ó‰ËÚ Í Û‚ÂÎË˜ÂÌË˛ ˝ÎÂÍÚÓ-
ÔÓ‚Ó‰ÌÓÒÚË, ÛÏÂÌ¸¯ÂÌË˛ ÍÓ˝ÙÙËˆËÂÌÚ‡ ÚÂÏÓ-
˝.‰.Ò. Ë äãíê Ó·‡ÁˆÓ‚, ‡ Ú‡ÍÊÂ ÛÏÂÌ¸¯ÂÌË˛ ÚÂÏ-
ÔÂ‡ÚÛ Ï‡„ÌËÚÌ˚ı Ù‡ÁÓ‚˚ı ÔÂÂıÓ‰Ó‚ Ë ‡ÌÓÏ‡-
ÎËÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚.
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êËÒ. 4. íÂÏÔÂ‡ÚÛÌ˚Â Á‡‚ËÒËÏÓÒÚË Ó·‡ÚÌÓÈ Ï‡„-
ÌËÚÌÓÈ ‚ÓÒÔËËÏ˜Ë‚ÓÒÚË (‡), ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌË-
ˆ‡ÂÏÓÒÚË (·) Ë Ú‡Ì„ÂÌÒ‡ Û„Î‡ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı ÔÓÚÂ¸
(‚) Ù‡Á˚ YBaCuFeO5 (1) Ë Ú‚Â‰Ó„Ó ‡ÒÚ‚Ó‡
YBaCuFe0.9Ni0.1O5 (2).

í‡·ÎËˆ‡ 3.  èÓÒÚÓflÌÌ˚Â ‚ Á‡ÍÓÌÂ ä˛Ë–ÇÂÈÒ‡ (ë, Θ)
Ë ÚÂÏÔÂ‡ÚÛ˚ Ï‡„ÌËÚÌ˚ı Ù‡ÁÓ‚˚ı ÔÂÂıÓ‰Ó‚ (TN,
T*) Ë ‡ÌÓÏ‡ÎËÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ (Tε) Ù‡Á
YBaCuFe1 – xNixO5

x C × 103, ˝ÏÂ ä/„ Θ, K TN, K T*, K Tε, K

0 8.90 –460 480 290 455

0.1 9.98 –660 435 250 315
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