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�à¥¤áâ ¢«¥­ë à¥§ã«ìâ âë ¨§¬¥à¥­¨© ­  ç áâ®â¥ 4.6 ��æ íää¥ªâ¨¢­®© ¢å®¤­®© â¥¬¯¥à âãàë

èã¬  Te ¬®áâ¨ª , ¢ë¯®«­¥­­®£® ¨§ ¢ëá®ª®®à¨¥­â¨à®¢ ­­®© ¯«¥­ª¨ YBaCuO. �®áâ¨ª ¯¥à¥¢®¤¨«áï
¢ á« ¡®à¥§¨áâ¨¢­®¥ á®áâ®ï­¨¥ ¯®áâ®ï­­ë¬ â®ª®¬, ��� ¨§«ãç¥­¨¥¬ ç áâ®â®© 9.4 ��æ ¨«¨ ¨å

á®¢¬¥áâ­ë¬ ¤¥©áâ¢¨¥¬. �¤­®¢à¥¬¥­­® á â¥¬¯¥à âãà®© èã¬  ¨§¬¥àï«¨áì ��� ¨ ¨¬¯¥¤ ­á ¬®áâ¨ª 

­  ç áâ®â¥ 4.6 ��æ. �à¨ T = 78 K §­ ç¥­¨ï Te ­¥ ¯à¥¢ëè «¨ 120 K. �­ «¨§ ¯®«ãç¥­­ëå à¥§ã«ìâ â®¢
¯®§¢®«¨« áà ¢­¨âì íªá¯¥à¨¬¥­â «ì­ë¥ §­ ç¥­¨ï Te á ¢¥«¨ç¨­ ¬¨, ®¯à¥¤¥«ï¥¬ë¬¨ à ¢­®¢¥á­ë¬

­ ©ª¢¨áâ®¢áª¨¬ èã¬®¬ ¯¥à¥£à¥âëå ­®à¬ «ì­ëå ¤®¬¥­®¢, ¨ ¯à¥¤¯®«®¦¨âì ­ «¨ç¨¥ ¨§¡ëâ®ç­ëå

èã¬®¢ ¯® ãà®¢­î á®¨§¬¥à¨¬ëå á ­ ©ª¢¨áâ®¢áª¨¬¨ èã¬ ¬¨.

�¢¥¤¥­¨¥

�§¬¥à¥­¨¥ èã¬®¢ëå å à ªâ¥à¨áâ¨ª ï¢«ï¥âáï ­¥-
®âê¥¬«¥¬®© ç áâìî ¨áá«¥¤®¢ ­¨© à §à ¡ âë¢ ¥¬ëå

­  ®á­®¢¥ á¢¥àå¯à®¢®¤­¨ª®¢ëå ¯«¥­®ª ¯à¨¡®à®¢ ¨

ãáâà®©áâ¢ ¬¨ªà®í«¥ªâà®­¨ª¨ ���, â ª ª ª ­ «¨ç¨¥

èã¬®¢ ®¯à¥¤¥«ï¥â ¨å çã¢áâ¢¨â¥«ì­®áâì. �® ¬­®£¨å ¨§
â ª¨å ¯à¨¡®à®¢ ¨á¯®«ì§ã¥âáï à¥§¨áâ¨¢­®¥ á®áâ®ï­¨¥

á¢¥àå¯à®¢®¤­¨ª®¢®£® í«¥¬¥­â : ¡ëáâà®¤¥©áâ¢ãîé¨¥
S−N -ª«îç¨ [1–3], ä¨«ìâàë-®£à ­¨ç¨â¥«¨ [4,5],  ¬-
¯«¨âã¤­ë¥ ¬®¤ã«ïâ®àë [6],   â ª¦¥  ªâ¨¢­ë¥ ¯à¨-
¡®àë — ¡®«®¬¥âàë ¨ á¬¥á¨â¥«¨ [7,8]. �¥§¨áâ¨¢­®¥

á®áâ®ï­¨¥ á¢¥àå¯à®¢®¤­¨ª®¢®£® í«¥¬¥­â  ¨­¨æ¨¨àã-
¥âáï ª ª ¢­¥è­¨¬ ã¯à ¢«ïîé¨¬ á¨£­ «®¬ (¢ ª«îç å,
¬®¤ã«ïâ®à å), â ª ¨ ��� á¨£­ «®¬ ¯®¢ëè¥­­®£®

ãà®¢­ï (®£à ­¨ç¨â¥«¨, á¬¥á¨â¥«¨), ¯®íâ®¬ã ¢ ¦­ë

¨áá«¥¤®¢ ­¨ï èã¬®¢ëå å à ªâ¥à¨áâ¨ª á¢¥àå¯à®¢®¤-
­¨ª®¢®£® í«¥¬¥­â  ¯®¤ ¤¥©áâ¢¨¥¬ ¯®áâ®ï­­®£® ¨ ���

â®ª®¢,   â ª¦¥ ¯à¨ ¨å á®¢¬¥áâ­®¬ ¢®§¤¥©áâ¢¨¨ ­ 

í«¥¬¥­â. � ­ áâ®ïé¥¥ ¢à¥¬ï ­¥ áãé¥áâ¢ã¥â ¥¤¨­®©

â®çª¨ §à¥­¨ï ­  ¯à¨à®¤ã èã¬®¢ ¯«¥­®ª ����, ­ -
å®¤ïé¨åáï ¢ à¥§¨áâ¨¢­®¬ á®áâ®ï­¨¨. �®«ìè¨­áâ¢®
à ¡®â, ¯®á¢ïé¥­­ëå ¨áá«¥¤®¢ ­¨î ¢ëá®ª®ç áâ®â­®£®

èã¬®¢®£® ¨§«ãç¥­¨ï ����, á¢ï§ ­® á ¨áá«¥¤®¢ ­¨¥¬
£à ­ã«¨à®¢ ­­ëå áâàãªâãà, ¢ ª®â®àëå à¥£¨áâà¨àã¥-
¬ë¥ èã¬ë á¢ï§ ­ë á ¤¦®§¥äá®­®¢áª®© £¥­¥à æ¨¥© ¢

á« ¡ëå ¬¥¦£à ­ã«ì­ëå ª®­â ªâ å [9,10]. �ï¤ à ¡®â

¯®á¢ïé¥­ ¨áá«¥¤®¢ ­¨î ­¨§ª®ç áâ®â­®£® 1/f -èã¬ ,
¢®§­¨ª îé¥£® §  áç¥â ä«ãªâã æ¨© á®¯à®â¨¢«¥­¨ï [11]
¨«¨ §  áç¥â ­¥ª®àà¥«¨à®¢ ­­®£® ¤¢¨¦¥­¨ï ¬ £­¨â-
­®£® ¯®â®ª  [12] ¢¡«¨§¨ ªà¨â¨ç¥áª®© â¥¬¯¥à âãàë.
� ¡®«®¬¥âà å ¨ á¬¥á¨â¥«ïå, ®á­®¢ ­­ëå ­  íää¥ªâ¥
à §®£à¥¢  í«¥ªâà®­­®£® £ §  ¢ à¥§¨áâ¨¢­®¬ á®áâ®ï­¨¨

á¢¥àå¯à®¢®¤­¨ª®¢®© ¯«¥­ª¨, ®á­®¢­ë¬ ¬¥å ­¨§¬®¬

èã¬®¢ ï¢«ïîâáï ä«ãªâã æ¨¨ â¥¬¯¥à âãàë í«¥ªâà®­-
­®© ¯®¤á¨áâ¥¬ë [13].
�«¥¤ã¥â ®â¬¥â¨âì, çâ® ã¯®¬ï­ãâë¥ ¢ëè¥ èã¬®¢ë¥

¨§¬¥à¥­¨ï ¯à®¢¥¤¥­ë ¢ à¥§¨áâ¨¢­®¬ á®áâ®ï­¨¨, ¡«¨§-
ª®¬ ª ­®à¬ «ì­®¬ã. � ­ áâ®ïé¥© à ¡®â¥ ¯à¥¤áâ ¢«¥-

­ë à¥§ã«ìâ âë ¨§¬¥à¥­¨© ­  ç áâ®â¥ f0 = 4.6 ��æ

íää¥ªâ¨¢­®© ¢å®¤­®© â¥¬¯¥à âãàë èã¬  Te ¬®áâ¨-
ª , ¢ë¯®«­¥­­®£® ¨§ ¢ëá®ª®®à¨¥­â¨à®¢ ­­®© ¯«¥­ª¨
YBaCuO. �®áâ¨ª ¯¥à¥¢®¤¨«áï ¢ á« ¡®à¥§¨áâ¨¢­®¥

á®áâ®ï­¨¥ (R 6 5 · 10−2RN ) ¯®áâ®ï­­ë¬ â®ª®¬, ���
¨§«ãç¥­¨¥¬ ­  ç áâ®â¥ f1 = 9.4 ��æ ¨«¨ ¨å á®-
¢¬¥áâ­ë¬ ¤¥©áâ¢¨¥¬. �¤­®¢à¥¬¥­­® á â¥¬¯¥à âãà®©
èã¬  Te ¡ë«¨ ¨§¬¥à¥­ë ��� ¨ ¨¬¯¥¤ ­á YBaCuO
¬®áâ¨ª®¢ ­  ç áâ®â¥ f0 = 4.6 ��æ ¯à¨ à §«¨ç­ëå

ãà®¢­ïå ¬®é­®áâ¨ ��� ¨§«ãç¥­¨ï. �­ «¨§ ¯®«ãç¥­-
­ëå ¤ ­­ëå ¯®§¢®«¨« áà ¢­¨âì íªá¯¥à¨¬¥­â «ì­ë¥

§­ ç¥­¨ï Te á ¢¥«¨ç¨­ ¬¨, ®¯à¥¤¥«ï¥¬ë¬¨ à ¢­®¢¥á-
­ë¬ ­ ©ª¢¨áâ®¢áª¨¬ èã¬®¬ ¯¥à¥£à¥âëå ª®à¬ «ì­ëå

N ¤®¬¥­®¢.

�¡à §æë ¨ ¬¥â®¤¨ª  íªá¯¥à¨¬¥­â 

�«¥­ª¨ YBaCuO â®«é¨­®© d = 200 ­¬ ®á ¦¤ -
«¨áì ¬¥â®¤®¬ « §¥à­®£® ¨á¯ à¥­¨ï ­  ¯«®áª®áâì

r-áà¥§  ¬®­®ªà¨áâ ««¨ç¥áª®£® á ¯ä¨à  â®«é¨­®©

h = 500 ¬ª¬. �«¥­ª¨ ¨¬¥«¨ ¬®­®ªà¨áâ ««¨ç¥áªãî

¡«®ç­ãî áâàãªâãàã á ®áìî c, ¯¥à¯¥­¤¨ªã«ïà­®© ¯«®á-
ª®áâ¨ ¯®¤«®¦ª¨. �®¢¥àå­®áâ­®¥ á®¯à®â¨¢«¥­¨¥ ¯«¥-
­®ª ­  ç áâ®â¥ 60 ��æ á®áâ ¢«ï«® 5 · 10−3 �¬ ¯à¨

T = 4.2 K ¨ 5 · 10−2 �¬ ¯à¨ T = 78 K.
�®­ª®¯«¥­®ç­ë¥ ®¡à §æë, ¨á¯®«ì§®¢ ¢è¨¥áï ¢ èã-

¬®¢ëå ¨§¬¥à¥­¨ïå, ¡ë«¨ ¨§£®â®¢«¥­ë ¢ ¢¨¤¥ ¬®-
áâ¨ª®¢ ¤«¨­®© l = 1 ¬¬, è¨à¨­®© w = 20 ¬ª¬

(à¨á. 1) ¬¥â®¤®¬ ä®â®«¨â®£à ä¨¨. YBaCuO ¬®-
áâ¨ª¨ å à ªâ¥à¨§®¢ «¨áì ªà¨â¨ç¥áª®© â¥¬¯¥à âãà®©

Tc = 87−88 K, è¨à¨­®© á¢¥àå¯à®¢®¤ïé¥£® ¯¥à¥å®¤ 

∆Tc = 1.0−1.5 K, ã¤¥«ì­ë¬ á®¯à®â¨¢«¥­¨¥¬ ¯à¨

T = 100 K ρ(100 K) = 1−2 · 10−6 �¬/¬, ®â­®-
è¥­¨¥¬ á®¯à®â¨¢«¥­¨© ¯à¨ T = 300 K ¨ 100 K
ρ(300 K)/ρ(100 K) = 2.5−3, áà¥¤­¥© ¯® á¥ç¥­¨î ªà¨â¨-
ç¥áª®© ¯«®â­®áâìî â®ª  jc = 106 A/á¬2 ¯à¨ T = 78 K.
�«®ª-áå¥¬  ãáâ ­®¢ª¨ ¤«ï èã¬®¢ëå ¨§¬¥à¥­¨© ¯®ª -
§ ­  ­  à¨á. 1. �áâ ­®¢ª  á®¤¥à¦ «  áâ ­¤ àâ­®¥
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�¨á. 1. �«®ª-áå¥¬  ãáâ ­®¢ª¨ ¤«ï ¨áá«¥¤®¢ ­¨ï èã¬®¢ YBaCuO ¬®áâ¨ª .

®¡®àã¤®¢ ­¨¥ ¤«ï ¨§¬¥à¥­¨ï èã¬®¢. � £­¥âà®­­ë©
��� £¥­¥à â®à ®¡¥á¯¥ç¨¢ « ¯®¤ çã ­  YBaCuO ¬®-
áâ¨ª á¨£­ «  ­ ª çª¨ ç áâ®â®© 9.4 ��æ. �¨§ª®ç áâ®â-
­ ï ç áâì áå¥¬ë ¯®§¢®«ï«  ¯à®¯ãáª âì ç¥à¥§ ¬®áâ¨ª

¯®áâ®ï­­ë© â®ª á¬¥é¥­¨ï ¨ à¥£¨áâà¨à®¢ âì ¢®«ìâ-
 ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨ ¬®áâ¨ª  ®¤­®¢à¥¬¥­­® á

¨§¬¥à¥­¨¥¬ èã¬®¢.

�áá«¥¤ã¬ë© YBaCuO ¬®áâ¨ª ¢ª«îç «áï ¢ à §-
àë¢ ¬¨ªà®¯®«®áª®¢®© «¨­¨¨, ï¢«ïîé¥©áï í«¥¬¥­â®¬
��� ¬¨ªà®áå¥¬ë ­  ®á­®¢¥ ¯«¥­®ª ¬¥¤¨. �®¯®«®-
£¨ï ¬¨ªà®áå¥¬ë (à¨á. 1) á®¤¥à¦¨â à §®¬ª­ãâë¥ λ/4-
è«¥©äë ¨ ä¨«ìâà ­¨¦­¨å ç áâ®â, ª®â®àë¥ ®¡¥á¯¥ç¨-
¢ îâ à §¢ï§ªã æ¥¯¥© ��� ­ ª çª¨, èã¬®¢®£® á¨£­ « 
¨ ¯®áâ®ï­­®£® â®ª . �®«®á­®-§ £à ¦¤ îé¨© ä¨«ìâà
­  ¢å®¤¥ ¨§¬¥à¨â¥«ï èã¬  ®¡¥á¯¥ç¨¢ ¥â ¤®¯®«­¨-
â¥«ì­ãî § é¨âã ®â ¢®§¤¥©áâ¢¨ï ¬®é­®£® á¨£­ « 

�¨á. 2. � ¢¨á¨¬®áâì â¥¬¯¥à âãàë èã¬  Te YBaCuO
¬®áâ¨ª  ®â ¯®áâ®ï­­®£® â®ª  Idc (�) ¨  ¬¯«¨âã¤ë â®ª 

��� Iac ¯à¨ Idc = 0 (H) ¨ 45 ¬� (•).

­ ª çª¨. �«®ª¨à®¢®ç­ë¥ ª®­¤¥­á â®àë á«ã¦ â ¤«ï

¨§®«ïæ¨¨ ��� ¯à¨¡®à®¢ ®â ¨áâ®ç­¨ª  ¯®áâ®ï­­®£®

â®ª . �á¥ ¨§¬¥à¥­¨ï ¯à®¢®¤¨«¨áì ¯à¨ T = 78 K.
� ¯à®æ¥áá¥ íªá¯¥à¨¬¥­â®¢ YBaCuO ¬®áâ¨ª ¯¥à¥-

¢®¤¨«áï ¢ à¥§¨áâ¨¢­®¥ á®áâ®ï­¨¥ ¯à®¯ãáª ­¨¥¬ ¯®-
áâ®ï­­®£® â®ª  ¨/¨«¨ â®ª  ��� ­ ª çª¨. �§¬¥àï-
«¨áì íää¥ªâ¨¢­ ï ¢å®¤­ ï èã¬®¢ ï â¥¬¯¥à âãà  TeΣ
¨§¬¥à¨â¥«ì­®© áå¥¬ë (¢ ¯«®áª®áâ¨ a−a ­  à¨á. 1),
  â ª¦¥ ¬®¤ã«ì ª®íää¨æ¨¥­â  ¯¥à¥¤ ç¨ ¬®áâ¨ª  ¨

¯®â¥à¨, ¢­®á¨¬ë¥ ¢å®¤­ë¬ ¨ ¢ëå®¤­ë¬ âà ªâ ¬¨

­  ç áâ®â¥ 4.6 ��æ. �â¨ ¨§¬¥à¥­¨ï ¯®§¢®«ïîâ à á-
áç¨â âì íää¥ªâ¨¢­ãî ¢å®¤­ãî â¥¬¯¥à âãàã èã¬ 

¬®áâ¨ª  Te, íª¢¨¢ «¥­â­ãî â¥¬¯¥à âãà¥ ¯ áá¨¢­®£®

à¥§¨áâ®à , ª®â®àë©, ¡ã¤ãç¨ ¢ª«îç¥­­ë¬ ­  ¢å®¤

­¥èã¬ïé¥£® ¬®áâ¨ª  (¢ ¯«®áª®áâ¨ b−b ­  à¨á. 1),
®¡¥á¯¥ç¨¢ « ¡ë âã ¦¥ ¢ëå®¤­ãî èã¬®¢ãî ¬®é­®áâì,
çâ® ¨ à¥ «ì­ë© ¬®áâ¨ª.

�¨á. 3. � ¢¨á¨¬®áâì  ªâ¨¢­®© ç áâ¨ Rac ¨¬¯¥¤ ­á 

YBaCuO ¬®áâ¨ª  ­  f = 4.6��æ ®â ¯®áâ®ï­­®£® â®ª 

Idc (�) ¨  ¬¯«¨âã¤ë â®ª  ��� Iac ¯à¨ Idc = 0 (H) ¨

45¬� (•).
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�¨á. 4. �¢ï§ì ¬¥¦¤ã â¥¬¯¥à âãà®© èã¬  Te ¨  ªâ¨¢­®©

á®áâ ¢«ïîé¥© Rac ¨¬¯¥¤ ­á  ¬®áâ¨ª , ãáâ ­®¢«¥­­ ï ­ 
®á­®¢¥ íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå, ¯à¥¤áâ ¢«¥­­ëå ­ 

à¨á. 2 ¨ 3.

�¥«¨ç¨­   ªâ¨¢­®© ç áâ¨ ¨¬¯¥¤ ­á  ¬®áâ¨ª  Rac
­  ç áâ®â¥ 4.6 ��æ ¡ë«  ¯®«ãç¥­  ¨§ ¨§¬¥à¥­¨©

ª®íää¨æ¨¥­â  ¯¥à¥¤ ç¨ á ãç¥â®¬ £¥®¬¥âà¨ç¥áª®© ¨­-
¤ãªâ¨¢­®áâ¨ ¬®áâ¨ª . �­¤ãªâ¨¢­®áâì ¬®áâ¨ª  ®æ¥­¨-
¢ « áì ¯® ª®íää¨æ¨¥­âã ¯¥à¥¤ ç¨ ¬®áâ¨ª  ¢ ¬¥©á-
­¥à®¢áª®¬ á®áâ®ï­¨¨ (¢ ®âáãâáâ¢¨¥ ��� ­ ª çª¨ ¨

¯®áâ®ï­­®£® â®ª ) ¨ á®áâ ¢«ï«  L ∼= 0.9 ­�­.

�ªá¯¥à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë

�ªá¯¥à¨¬¥­â «ì­ë¥ § ¢¨á¨¬®áâ¨ íää¥ªâ¨¢­®©

â¥¬¯¥à âãàë èã¬  Te YBaCuO ¬®áâ¨ª  ®â ¢¥«¨ç¨­ë

¢­¥è­¥£® ¢®§¤¥©áâ¢¨ï, ¯¥à¥¢®¤ïé¥£® ¬®áâ¨ª ¢

à¥§¨áâ¨¢­®¥ á®áâ®ï­¨¥, ¯®ª § ­ë ­  à¨á. 2 ¤«ï âà¥å

â¨¯®¢ ¢®§¤¥©áâ¢¨ï: ¯à®¯ãáª ­¨¥ ¯®áâ®ï­­®£® â®ª 

á¬¥é¥­¨ï Idc, ®¡«ãç¥­¨¥ ��� á¨£­ «®¬ ­ ª çª¨

(Iac —  ¬¯«¨âã¤  â®ª  ���), ¢®§¤¥©áâ¢¨¥ ���

á¨£­ «  ®¤­®¢à¥¬¥­­® á ¯à®¯ãáª ­¨¥¬ ¯®áâ®ï­­®£®

â®ª  Idc = 45 ¬�. �® ¢á¥å á«ãç ïå ¨§¬¥à¥­¨ï

¯à®¢®¤¨«¨áì ¢ ¤¨ ¯ §®­¥ â®ª®¢ 0 6 Idc, Iac 6 2Ic,
£¤¥ Ic — ªà¨â¨ç¥áª¨© â®ª ¬®áâ¨ª , à¥£¨áâà¨àã¥¬ë©
­  áâ â¨ç¥áª®© ��� ¢ ®âáãâáâ¢¨¥ ��� ®¡«ãç¥­¨ï

ª ª â®ª, ¯à¨ ª®â®à®¬ ­ ¯àï¦¥­¨¥ ­  ¬®áâ¨ª¥

¤®áâ¨£ «® 5 ¬ª� (¤«ï ¯à¥¤áâ ¢«¥­­®£® §¤¥áì

®¡à §æ  Ic = 45 ¬�). �§ à¨á. 2 ¢¨¤­®, çâ® ¢

à áá¬ âà¨¢ ¥¬®¬ ¤¨ ¯ §®­¥ â®ª®¢ ¤«ï ¨áá«¥¤ã¥¬®£®

í«¥¬¥­â  Te ­¥ ¯à¥¢ëè ¥â 120 K; § ¢¨á¨¬®áâ¨ Te(Idc)
¨ Te(Iac) ¯à ªâ¨ç¥áª¨ ¨¤¥­â¨ç­ë; ¯à®¯ãáª ­¨¥

¯®áâ®ï­­®£® â®ª  ã¢¥«¨ç¨¢ ¥â èã¬®¢®© ®âª«¨ª ­ 

��� ­ ª çªã.
�  à¨á. 3 ¯®ª § ­ë íªá¯¥à¨¬¥­â «ì­ë¥ §­ ç¥­¨ï

 ªâ¨¢­®© ç áâ¨ ¨¬¯¥¤ ­á  ¬®áâ¨ª  Rac, ¨§¬¥à¥­­ë¥

­  ç áâ®â¥ 4.6 ��æ ¯à¨ à §«¨ç­ëå ãà®¢­ïå ¢­¥è-
­¨å ¢®§¤¥©áâ¢¨©,  ­ «®£¨ç­ëå ¯®ª § ­­ë¬ ­  à¨á. 2.
�¨¤­®, çâ® § ¢¨á¨¬®áâ¨ Rac ®â ¯®áâ®ï­­®£® â®ª 

á¬¥é¥­¨ï ¨  ¬¯«¨âã¤ë â®ª  ��� ­ ª çª¨ ¨¤¥­â¨ç­ë

¢ ¯à¥¤¥« å ¯®£à¥è­®áâ¨ ¨§¬¥à¥­¨©.
�¡à é ¥â ­  á¥¡ï ¢­¨¬ ­¨¥ ®¤¨­ ª®¢ë© å à ªâ¥à

§ ¢¨á¨¬®áâ¥© Te ¨ Rac ®â ¢¥«¨ç¨­ë â®ª , çâ® ¯®-
§¢®«ï¥â ãáâ ­®¢¨âì ¯à®áâãî á¢ï§ì ¬¥¦¤ã Te ¨ Rac
¤«ï YBaCuO ¬®áâ¨ª  ¢ á« ¡®à¥§¨áâ¨¢­®¬ á®áâ®ï­¨¨,
¯à®¨««îáâà¨à®¢ ­­ãî ­  à¨á. 4. �â  á¢ï§ì ¬®¦¥â

¡ëâì ¯à¨¡«¨¦¥­­® ®¯¨á ­  ¢ëà ¦¥­¨¥¬ Te = A ·Rac,
£¤¥ A = 5 ± 1 K/�¬ ¨ ­¥ § ¢¨á¨â ®â ¢¥«¨ç¨­ë

â®ª . �«ï ¬®áâ¨ª  á á®¯à®â¨¢«¥­¨¥¬ Rac, ¢ª«îç¥­-
­®£® ¯®á«¥¤®¢ â¥«ì­® ¢ «¨­¨î ¯¥à¥¤ ç¨ á ¢®«­®¢ë¬

á®¯à®â¨¢«¥­¨¥¬ Z0, íää¥ªâ¨¢­ ï ¢å®¤­ ï â¥¬¯¥à -
âãà  èã¬  Te ®¯à¥¤¥«ï¥âáï ¯® ¨§¢¥áâ­®© ä®à¬ã«¥

Te = Ta ·Rac/Z0, £¤¥ Ta — íª¢¨¢ «¥­â­ ï â¥¬¯¥à âãà 

èã¬  ¨áá«¥¤ã¥¬®£® ¬®áâ¨ª , à ¢­ ï ä¨§¨ç¥áª®© â¥¬-
¯¥à âãà¥ ¯ áá¨¢­®£® à¥§¨áâ®à  á á®¯à®â¨¢«¥­¨¥¬ Rac,
¤ îé¥£® âã ¦¥ á¯¥ªâà «ì­ãî ¯«®â­®áâì ¬®é­®áâ¨

èã¬®¢, çâ® ¨ à¥ «ì­ë© ¨áâ®ç­¨ª èã¬  (YBaCuO
¬®áâ¨ª). �®£« á­® íªá¯¥à¨¬¥­â «ì­ë¬ ¤ ­­ë¬, ¢®

¢á¥¬ ¨áá«¥¤®¢ ­­®¬ ¤¨ ¯ §®­¥ â®ª®¢ ¢¥«¨ç¨­  Ta
á®áâ ¢«ï«  Ta = A · Z0 = 250± 50 K.

�¡áã¦¤¥­¨¥ à¥§ã«ìâ â®¢

�â®¡ë ¯à® ­ «¨§¨à®¢ âì ¯®«ãç¥­­ë¥ à¥§ã«ìâ âë

¨§¬¥à¥­¨ï â¥¬¯¥à âãàë èã¬ , à áá¬®âà¨¬ ®á®¡¥­­®-
áâ¨ áâ â¨ç¥áª®© ��� ¬®áâ¨ª . �  à¨á. 5 ¯®ª § ­ 

á¥à¨ï áâ â¨ç¥áª¨å ��� ¯à¨ à §«¨ç­ëå ãà®¢­ïå ¬®é-
­®áâ¨ ��� ¨§«ãç¥­¨ï ç áâ®â®© 9.4 ��æ. �§¢¥áâ­®,
çâ® ¤«ï è¨à®ª¨å ¯«¥­®ª á¢¥àå¯à®¢®¤­¨ª®¢ ¯®ï¢«¥­¨¥

à¥§¨áâ¨¢­®áâ¨ ­  ��� á¢ï§ ­® á ­¥ãáâ®©ç¨¢®áâìî

�¨á. 5. �â â¨ç¥áª¨¥ ��� YBaCuO ¬®áâ¨ª  ¯à¨ à §«¨ç-
­ëå ãà®¢­ïå ¬®é­®áâ¨ P ��� á¨£­ «  ç áâ®â®© 9.4 ��æ.
�  ¢áâ ¢ª¥ ¯à¨¢¥¤¥­ äà £¬¥­â ¯à®¨§¢®¤­®© ­ ç «ì­®£®

ãç áâª  ��� ¤«ï P = 0.
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¬¥©á­¥à®¢áª®£® á®áâ®ï­¨ï ¯à¨ ¤®áâ¨¦¥­¨¨ ªà¨â¨ç¥-
áª®© ¯«®â­®áâ¨ â®ª  à á¯ à¨¢ ­¨ï ­  ªà ïå ¯«¥­ª¨:
¯à¨ â®ª¥ Ic ¢ ¯«¥­ªã ¯à®­¨ª îâ ¢¨åà¨ á®¡áâ¢¥­­®£®
¬ £­¨â­®£® ¯®«ï âà ­á¯®àâ­®£® â®ª . �¨áá¨¯ æ¨ï

í­¥à£¨¨ ­  «¨­¨ïå ¤¢¨¦¥­¨ï ¢¨åà¥© ¯à¨¢®¤¨â ª

«®ª «ì­®¬ã à §®£à¥¢ã ®¡à §æ , á­¨¦ îé¥¬ã ¯®â¥­-
æ¨ «ì­ë© ¡ àì¥à ¤«ï ¢å®¦¤¥­¨ï ¢¨åà¥©, ã¢¥«¨ç¥­¨î
¨å ¯«®â­®áâ¨, à®áâã ¤¨áá¨¯¨àã¥¬®© í­¥à£¨¨ ¨ â.¤. [14].
� ç «ì­ë© à¥§¨áâ¨¢­ë© ãç áâ®ª ��� ®ª §ë¢ ¥âáï

­¥«¨­¥©­ë¬ ¨ ®¡ëç­® ¨¬¥¥â ª¢ ¤à â¨ç­ë© å à ª-
â¥à, çâ® ¯®¤â¢¥à¦¤ ¥âáï «¨­¥©­®áâìî ¥¥ ¯à®¨§¢®¤­®©

(¢áâ ¢ª  ­  à¨á. 5). � ®¡« áâ¨ ­¨§ª¨å â¥¬¯¥à âãà (¢
­ è¨å íªá¯¥à¨¬¥­â å T/Tc 6 0.9) íâ®â ¦¥ « ¢¨­®-
®¡à §­ë© ¯à®æ¥áá ¯à¨¢®¤¨â ª áª çª®®¡à §­®¬ã ¢®§-
­¨ª­®¢¥­¨î ­  «¨­¨¨ ¤¢¨¦¥­¨ï ¢¨åà¥© ­®à¬ «ì­®£®

¤®¬¥­ , â¥¬¯¥à âãà  ¢ æ¥­âà¥ ª®â®à®£® ¯à¥¢ëè ¥â

Tc,   ¬¨­¨¬ «ì­ ï ¤«¨­  à ¢­  ã¤¢®¥­­®© ¤«¨­¥

®áâë¢ ­¨ï lT . �  ��� íâ®â íää¥ªâ ¯à®ï¢«ï¥âáï

ª ª áª ç®ª ­ ¯àï¦¥­¨ï ¯à¨ â®ª¥ Ic1 (à¨á. 5). �¥¯«®-
¢ ï ­¥ãáâ®©ç¨¢®áâì ­ ç «ì­®£® à¥§¨áâ¨¢­®£® á®áâ®ï-
­¨ï ª ª ¯à¨ç¨­  ­ ¡«î¤ ¥¬ëå áª çª®¢ ­ ¯àï¦¥­¨ï

­  ��� ¯®¤â¢¥à¦¤ ¥âáï ­ «¨ç¨¥¬ £¨áâ¥à¥§¨á  ­ 

®¡à â­®¬ å®¤¥ ���,   â ª¦¥ ­¥¨§¬¥­­®áâìî ãà®¢­ï

áã¬¬ à­®© à áá¥¨¢ ¥¬®© ¬®é­®áâ¨ (2.4 ¬�â), ¯à¨

ª®â®à®© ­ ¡«î¤ ¥âáï áª ç®ª ­ ¯àï¦¥­¨ï ­  ���,
¨§¬¥à¥­­ëå ¯à¨ à §«¨ç­ëå ãà®¢­ïå ��� ¬®é­®-
áâ¨. �¥«¨ç¨­  á®¯à®â¨¢«¥­¨ï ¢®§­¨ª îé¥£® áª çª®-
®¡à §­® N -¤®¬¥­  ∆R ­¥ § ¢¨á¨â ®â ¢­¥è­¨å ãá«®-
¢¨© (¯®áâ®ï­­®£® â®ª , ��� ¬®é­®áâ¨) ¨ á®áâ ¢«ï-
¥â ∆R = 0.5 �¬. �â® §­ ç¥­¨¥ å®à®è® á®£« áã¥â-
áï á á®¯à®â¨¢«¥­¨¥¬ N -¤®¬¥­  ¬¨­¨¬ «ì­®© ¤«¨­ë

lmin = 2lT . � à ªâ¥à­ãî â¥¯«®¢ãî ¤«¨­ã ¬®¦­® ®æ¥-
­¨âì ª ª lT = (k · d/α)1/2, £¤¥ k = 10�â/(¬ ·K) — â¥-
¯«®¯à®¢®¤­®áâì ¯«¥­ª¨ ¢ ¯«®áª®áâ¨ ab ¢ â¥¬¯¥à âãà-
­®¬ ¨­â¥à¢ «¥ 78−200 K [7]; α−1 = (heff/ksub) +RT —
â¥à¬¨ç¥áª®¥ á®¯à®â¨¢«¥­¨¥ ¯à¨ â¥¯«®®â¢®¤¥ ¢ ¯®¤-
«®¦ªã; RT = 10−7 K · ¬2/�â [7] — â¥à¬¨ç¥áª®¥

á®¯à®â¨¢«¥­¨¥ £à ­¨æë à §¤¥«  ¬¥¦¤ã ¯«¥­ª®© ¨

¯®¤«®¦ª®©; ksub — â¥¯«®¯à®¢®¤­®áâì ¯®¤«®¦ª¨ (¤«ï
á ¯ä¨à  ksub á®áâ ¢«ï¥â 103�â/(¬ · K) ¯à¨ 78 K ¨

300 �â/(¬ · K) ¯à¨ 100 K [15]); heff — íää¥ªâ¨¢­ ï

â®«é¨­  á«®ï ¯®¤«®¦ª¨, ãç áâ¢ãîé¥£® ¢ â¥¯«®®â-
¢®¤¥ (­ ¯à¨¬¥à, ¤«ï æ¨«¨­¤à¨ç¥áª®£® à áâ¥ª ­¨ï

â¥¯«  ¢ ¯®¤«®¦ª¥ heff
∼= (w/π) · ln(8h/w)). �«ï

¨áá«¥¤ã¥¬ëå ¯«¥­®ª lT (80 K) = 0.5 ¬ª¬, â ª çâ®

á®¯à®â¨¢«¥­¨¥ N -¤®¬¥­  ¬¨­¨¬ «ì­®© ¤«¨­ë ¯à¨

ρ(100 K) = 200¬ª�¬ · á¬ á®áâ ¢«ï¥â ∆R = 0.5 �¬ ¨

á®®â¢¥âáâ¢ã¥â ­ ¡«î¤ ¥¬ë¬ ­  à¨á. 5 áª çª ¬ ���.

�à¨ ã¢¥«¨ç¥­¨¨ â®ª  ¢ëè¥ â®ª  áª çª  ¢®§¬®¦¥­

à §®£à¥¢ á®á®¥¤­¨å ãç áâª®¢ ¯«¥­ª¨, à®¦¤¥­¨¥ ­®¢ëå
æ¥¯®ç¥ª ¢¨åà¥© á ¯®á«¥¤ãîé¨¬ ä®à¬¨à®¢ ­¨¥¬ ­®-
¢®£® í«¥¬¥­â à­®£® N -¤®¬¥­  ¯à¨ â®ª¥ Ic2 (à¨á. 5).
� àï¤ã á N -¤®¬¥­ ¬¨ ¢ ®áâ «ì­ëå ®¡« áâïå ¯«¥­ª¨
¬®¦¥â á®åà ­ïâìáï ¤¢¨¦¥­¨¥ ¢¨åà¥©. �®§¤¥©áâ¢¨¥

��� ®¡«ãç¥­¨ï á¬¥é ¥â ��� ¢ ®¡« áâì ¬¥­ìè¨å

â®ª®¢, ¯à¨ç¥¬ à áá¬ âà¨¢ ¥¬ë¥ ®á®¡¥­­®áâ¨ ���

á®åà ­ïîâáï ¯® ªà ©­¥© ¬¥à¥ ¤® ãà®¢­¥© ¬®é­®áâ¨,

­¥ á¨«ì­® ¯à¥¢ëè îé¨å ªà¨â¨ç¥áª®¥ §­ ç¥­¨¥, ¯à¨
ª®â®à®¬ Ic ®¡à é ¥âáï ¢ ­ã«ì.
�¦¥ ®â¬¥ç¥­­ë© ¢ëè¥ ®¤¨­ ª®¢ë© å à ªâ¥à § ¢¨-

á¨¬®áâ¥© Te ¨ Rac ®â ¯®áâ®ï­­®£® â®ª  ¨  ¬¯«¨âã¤ë
â®ª  ­ ª çª¨ ¤ ¥â ¢®§¬®¦­®áâì ãâ¢¥à¦¤ âì, çâ® ä®à-
¬¨àã¥¬ ï à¥§¨áâ¨¢­ ï N−S-áâàãªâãà  ­¥ § ¢¨á¨â ®â
¢¨¤  ¢®§¤¥©áâ¢¨ï (¯®áâ®ï­­ë© â®ª ¨«¨ ��� ®¡«ãç¥-
­¨¥). �à®¯ãáª ­¨¥ ¯®áâ®ï­­®£® â®ª  ¯à¨ ¢®§¤¥©áâ¢¨¨
��� ­ ª çª¨ ¯à¨¢®¤¨â ª ã¢¥«¨ç¥­¨î ª®«¨ç¥áâ¢  N -
¤®¬¥­®¢ ¯à¨ â®¬ ¦¥ §­ ç¥­¨¨ â®ª  ­ ª çª¨.
�æ¥­¨¬ ä¨§¨ç¥áªãî â¥¬¯¥à âãàã N -¤®¬¥­®¢ ¨

áà ¢­¨¬ ¥¥ á ¯à¨¢¥¤¥­­ë¬¨ §­ ç¥­¨ï¬¨ Ta. �£à ­¨-
ç¨¢ ïáì â®«ìª® â¥¯«®®â¢®¤®¬ ¢ ¯®¤«®¦ªã, ¯¥à¥£à¥¢
∆T N -¤®¬¥­®¢ ¬®¦­® ¯à¨¡«¨¦¥­­® ®æ¥­¨âì, ¨áå®-
¤ï ¨§ ¯«®â­®áâ¨ ¤¨áá¨¯¨àã¥¬®© ¢ ¤®¬¥­¥ ¬®é­®áâ¨

¯à¨ ¯à®¯ãáª ­¨¨ ¯®áâ®ï­­®£® ¨«¨ ��� â®ª®¢ ª ª

∆T = P/(α · w2), £¤¥ P = ρNI
2/d — ¯«®â­®áâì

¤¨áá¨¯¨àã¥¬®© ¬®é­®áâ¨, I — ¯®áâ®ï­­ë© â®ª á¬¥-
é¥­¨ï ¨«¨ ¤¥©áâ¢ãîé¥¥ §­ ç¥­¨¥ â®ª  ��� ­ ª çª¨.
�«ï ¬ ªá¨¬ «ì­®© ¢ ­ è¨å íªá¯¥à¨¬¥­â å ¢¥«¨ç¨-
­ë â®ª  80 ¬� ¯à¨ §­ ç¥­¨ïå ρN ¨ ksub, á®®â¢¥â-
áâ¢ãîé¨å T = 100 K, ®æ¥­ª  ¯¥à¥£à¥¢  N -¤®¬¥­ 
¤ ¥â ∆T = 30 K, â ª çâ® ä¨§¨ç¥áª ï â¥¬¯¥à âãà 

¤®¬¥­  Tph ¢ íªá¯¥à¨¬¥­â å ­¥ ¯à¥¢ëè «  120 K. � -
ª¨¬ ®¡à §®¬, ä¨§¨ç¥áª ï â¥¬¯¥à âãà  ¨áá«¥¤ã¥¬®£®
YBaCuO ¬®áâ¨ª , ¯¥à¥¢¥¤¥­­®£® ¢ à¥§¨áâ¨¢­®¥ á®áâ®-
ï­¨¥ ¯®áâ®ï­­ë¬ ¨«¨ ��� â®ª®¬, ­¨¦¥ ¯®«ãç¥­­®©
íªá¯¥à¨¬¥­â «ì­® íª¢¨¢ «¥­â­®© â¥¬¯¥à âãàë èã¬ 

Ta. �â® ãª §ë¢ ¥â ­  ­ «¨ç¨¥ ¤®¯®«­¨â¥«ì­®£®

¨áâ®ç­¨ª  ¨§¡ëâ®ç­®£® èã¬ , ¯à¨à®¤  ª®â®à®£® ®â-
«¨ç­  ®â ­ ©ª¢¨áâ®¢®©.

� ª«îç¥­¨¥

� à¥§¨áâ¨¢­®¬ á®áâ®ï­¨¨, ®¡ãá«®¢«¥­­®¬ ¯à®¯ãá-
ª ­¨¥¬ ç¥à¥§ ¬®áâ¨ª ¯®áâ®ï­­®£® ¨/¨«¨ ��� â®ª®¢,
­¥ ¡®«¥¥ ç¥¬ ¢ 2 à §  ¯à¥¢ëè îé¨å ªà¨â¨ç¥áª®¥ §­ -
ç¥­¨¥, ¢¥«¨ç¨­  íää¥ªâ¨¢­®© ¢å®¤­®© â¥¬¯¥à âãàë

èã¬  Te ¬®áâ¨ª , ¨§£®â®¢«¥­­®£® ¨§ ¢ëá®ª®®à¥­â¨à®-
¢ ­­®© ¯«¥­ª¨ YBaCuO, ­¥ ¯à¥¢ëè «  120 K,   íª¢¨-
¢ «¥­â­ ï â¥¬¯¥à âãà  èã¬  ¬®áâ¨ª  Ta á®áâ ¢«ï« 
250± 50 K ­¥§ ¢¨á¨¬® ®â ¢¥«¨ç¨­ë â®ª .
� à ªâ¥à­ë¥ ®á®¡¥­­®áâ¨ ��� YBaCuO ¬®áâ¨ª 

¯à¨ ®¤­®¢à¥¬¥­­®¬ ¢®§¤¥©áâ¢¨¨ ��� ®¡«ãç¥­¨ï ¯®-
§¢®«ïîâ § ª«îç¨âì, çâ® ¯à¨ T = 78 K ¢ à áá¬ âà¨-
¢ ¥¬®¬ ¤¨ ¯ §®­¥ â®ª®¢ ¨ ��� ¬®é­®áâ¨ à¥§¨áâ¨¢-
­®¥ á®áâ®ï­¨¥ á¢ï§ ­® á ä®à¬¨à®¢ ­¨¥¬ ¯¥à¥£à¥âëå

­®à¬ «ì­ëå ®¡« áâ¥©, ï¢«ïîé¨åáï ¨áâ®ç­¨ª®¬ à ¢-
­®¢¥á­®£® â¥¯«®¢®£® (­ ©ª¢¨áâ®¢áª®£®) èã¬ .
� ¡«î¤ ¥¬®¥ ª®«¨ç¥áâ¢¥­­®¥ ¯à¥¢ëè¥­¨¥ íªá¯¥-

à¨¬¥­â «ì­ëå §­ ç¥­¨© â¥¬¯¥à âãàë èã¬  ­ ¤ ®æ¥­-
ª ¬¨ èã¬®¢®© â¥¬¯¥à âãàë, ®¡ãá«®¢«¥­­®© ­ ©ª-
¢¨áâ®¢áª¨¬¨ èã¬ ¬¨, ¯®§¢®«ï¥â ¯à¥¤¯®«®¦¨âì ­ -
«¨ç¨¥ ¨§¡ëâ®ç­ëå èã¬®¢ ¢ à¥§¨áâ¨¢­®¬ á®áâ®ï­¨¨

¯«¥­ª¨, ¯® ãà®¢­î á®¨§¬¥à¨¬ëå á ­ ©ª¢¨áâ®¢áª¨¬¨

èã¬ ¬¨. �«ï ãáâ ­®¢«¥­¨ï ¯à¨à®¤ë ¨§¡ëâ®ç­ëå èã-
¬®¢ âà¥¡ãîâáï ¤®¯®«­¨â¥«ì­ë¥ íªá¯¥à¨¬¥­âë.
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