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hAbstra
t. Texts of le
tures on 
riti
al phenomena given in the framesof the "Ising le
tures" (a workshop in 
ommemoration of the 99th an-niversary of Ernest Ising).
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1 ðÒÅ�ÒÉÎÔ

Ernest Ising (10.05.1900 { 11.05.1998).
ICMP{99{16 2÷ó�õðîÁ �ÒÏÔÑÚ� ÔÒØÏÈ ÏÓÔÁÎÎ�È ÒÏË�× ¶ÎÓÔÉÔÕÔ Æ�ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓ-ÔÅÍ îáî õËÒÁ§ÎÉ Ó��ÌØÎÏ Ú ËÁÆÅÄÒÏÀ ÔÅÏÒÅÔÉÞÎÏ§ Æ�ÚÉËÉ ìØ×�×ÓØ-ËÏÇÏ ÄÅÒÖÁ×ÎÏÇÏ ÕÎ�×ÅÒÓÉÔÅÔÕ �Í. ¶×ÁÎÁ æÒÁÎËÁ �ÒÏ×ÏÄÑÔØ ¶ÚÉÎ­�×-ÓØË� ÞÉÔÁÎÎÑ { ÓÅÍ�ÎÁÒ, �ÒÉÞ×ÑÞÅÎÉÊ Æ�ÚÉ�� ËÒÉÔÉÞÎÉÈ Ñ×ÉÝ. ãØÏ-ÇÏÒ�ÞÎ� ¶ÚÉÎ­�×ÓØË� ÞÉÔÁÎÎÑ ×�ÄÒ�ÚÎÑÌÉÓÑ ×�Ä �Ï�ÅÒÅÄÎ�È: ×ÉÓÔÕ�ÁÌÉÌÉÛÅ ÍÏÌÏÄ� ÎÁÕËÏ×��, ÑË� Ô�ÌØËÉ �ÏÞÉÎÁÀÔØ ÄÏÓÌ�ÄÖÅÎÎÑ Õ Æ�ÚÉ��ËÒÉÔÉÞÎÉÈ Ñ×ÉÝ � ÆÁÚÏ×ÉÈ �ÅÒÅÈÏÄ�×. ïÞ�ËÕ×ÁÌÏÓÑ, ÝÏ ÄÏ�Ï×�ÄÁÞ�ÏÂÇÏ×ÏÒÑÔØ ÆÏÒÍÕÌÀ×ÁÎÎÑ ÚÁÄÁÞ, ÑË� ×ÏÎÉ ÒÏÚ×'ÑÚÕÀÔØ, �ÏËÁÖÕÔØÍ�Ó�Å �ÉÈ ÚÁÄÁÞ Õ ÓÔÁÔÉÓÔÉÞÎ�Ê Æ�ÚÉ�� � Æ�ÚÉ�� ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓ-ÔÅÍ. îÅ ÓÅËÒÅÔ, ÝÏ ÄÏÂÒÅ ÓÆÏÒÍÕÌØÏ×ÁÎÁ ÚÁÄÁÞÁ ¤ ÚÁ�ÏÒÕËÏÀ ÕÓ��ÈÕ�ÏÄÁÌØÛÏÇÏ ÄÏÓÌ�ÄÖÅÎÎÑ, ÔÏÍÕ ÚÁ×ÖÄÉ ËÏÒÉÓÎÏ ÏÂÇÏ×ÏÒÉÔÉ ÝÅ ÒÁÚ�ÅÊ ×ÁÖÌÉ×ÉÊ ÆÒÁ­ÍÅÎÔ ËÏÖÎÏÇÏ ÎÁÕËÏ×ÏÇÏ �ÒÏÅËÔÕ. õ ��ÌÏÍÕ ÄÏ-�Ï×�ÄÁÞ� �ÒÏÄÅÍÏÎÓÔÒÕ×ÁÌÉ ÄÏÓÉÔØ ÛÉÒÏËÅ ÒÏÚÕÍ�ÎÎÑ �ÒÏÂÌÅÍ, ÄÏ-ÓÔÕ�ÎÏ �ÏÑÓÎÀÀÞÉ � Ó×Ï§ ÒÅÚÕÌØÔÁÔÉ, � ÒÅÚÕÌØÔÁÔÉ �ÎÛÉÈ ÄÏÓÌ�ÄÎÉË�×.îÁ ÓÅÍ�ÎÁÒ� ÂÕÌÉ �ÒÉÓÕÔÎ� ÎÅ ÌÉÛÅ Ó��×ÒÏÂ�ÔÎÉËÉ ¶ÎÓÔÉÔÕÔÕ Æ�ÚÉËÉËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ îáî õËÒÁ§ÎÉ ÔÁ ËÁÆÅÄÒÉ ÔÅÏÒÅÔÉÞÎÏ§ Æ�ÚÉ-ËÉ ìØ×�×ÓØËÏÇÏ ÄÅÒÖÁ×ÎÏÇÏ ÕÎ�×ÅÒÓÉÔÅÔÕ �ÍÅÎ� ¶×ÁÎÁ æÒÁÎËÁ, ÁÌÅ ÊÓÔÕÄÅÎÔÉ, ÑË� ÔÁËÏÖ �ÏÞÉÎÁÀÔØ Ó×Ï§ ÎÁÕËÏ×� ÓÔÕÄ�§. äÕÍÁ¤ÔØÓÑ, ÝÏÓÅÍ�ÎÁÒ ÂÕ× ËÏÒÉÓÎÉÊ, Á Ò�ÚÎ� ÄÅÔÁÌ� ×ÉÇÏÌÏÛÅÎÉÈ ÄÏ�Ï×�ÄÅÊ ÝÅ ÎÅÒÁÚ ÂÕÄÕÔØ �ÒÅÄÍÅÔÏÍ ÎÅÆÏÒÍÁÌØÎÉÈ ÏÂÇÏ×ÏÒÅÎØ.îÁÚ×ÅÍÏ ÄÏ�Ï×�ÄÁ-Þ�× ÔÁ ÔÅÍÉ §ÈÎ�È ×ÉÓÔÕ��×: ïÓÔÁ� âÁÒÁÎ \¶ÚÉÎ­�×ÓØË� ÍÏÄÅÌ� Ú� Ó��ÎÏÍ1"; �ÁÒÁÓ ñ×ÏÒÓØËÉÊ \ðÏËÁÚÎÉË �Ï�ÒÁ×ËÉ ÄÏ ÓËÅÊÌ�Î­Õ × ÒÏÚ×ÅÄÅ-ÎÉÈ ÓÉÓÔÅÍÁÈ"; òÏÍÁÎ íÅÌØÎÉË \ëÒÉÔÉÞÎÁ �Ï×ÅÄ�ÎËÁ Â�ÎÁÒÎÏ§ ÓÉ-ÍÅÔÒÉÞÎÏ§ ÓÕÍ�Û�"; ó×ÑÔÏÓÌÁ× ëÏÎÄÒÁÔ \äÅÑË� �ÉÔÁÎÎÑ ÓÔÁÔÉÓÔÉÞ-ÎÏ§ ÔÅÏÒ�§ ÓÁÍÏÁÓÏ��ÊÏ×ÁÎÉÈ ÓÉÓÔÅÍ"; áÎÄÒ�Ê òÏ×ÅÎÞÁË \ðÏÔÅÎ��ÑÌ×ÚÁ¤ÍÏÄ�§ Í�Ö ÁÔÏÍÁÍÉ ÇÅÌ�À"; ëÉÒÉÌÏ �ÁÂÕÎÝÉË \�ÅÒÍÏÄÉÎÁÍ�ËÁ�ÓÅ×ÄÏÓ��Î{ÅÌÅËÔÒÏÎÎÏ§ ÍÏÄÅÌ�".ïÌÅÇ äÅÒÖËÏ



3 ðÒÅ�ÒÉÎÔúÍ�ÓÔæáúï÷á ðï÷åä¶îëá â¶îáòîï· óéíå�òéþîï·óõí¶û¶ ( ò.C.íÅÌØÎÉË, ï.÷.ðÁ�ÁÇÁÎ ) 41. ÷ÓÔÕ� 42. íÏÄÅÌØ Â�ÎÁÒÎÏ§ ÓÉÍÅÔÒÉÞÎÏ§ ÓÕÍ�Û� 53. áÎÁÌ�Ú � ÚÁÕ×ÁÖÅÎÎÑ 8ðï�åîã¶áì ÷úá´íïä¶· í¶ö á�ïíáíé çåì¶à(á. òÏ×ÅÎÞÁË) 12THE CORRECTION-TO-SCALING EXPONENT IN DI-LUTE SYSTEMS (R. Folk, Yu. Holovat
h, T. Yavors'kii) 19ðòïâìåíé ó�á�éó�éþîï· �åïò¶· óáíïáóïã¶-êï÷áîéè óéó�åí (ó.÷. ëÏÎÄÒÁÔ, í.æ. çÏÌÏ×ËÏ) 261. ÷ÓÔÕ� 262. í�ËÒÏÓËÏ��ÞÎ� ÍÏÄÅÌ� 283. íÅÔÏÄ ÆÕÎË��ÏÎÁÌÕ ÇÕÓÔÉÎÉ ½�ÎÚÂÕÒÇÁ-ìÁÎÄÁÕ 314. íÅÍÂÒÁÎÎ� ÔÅÏÒ�§ 345. ÷ÉÓÎÏ×ËÉ 39THERMODYNAMICS OF A PSEUDOSPIN-ELECTRONMODEL ( Tabunsh
hyk K.V. ) 411. Dire
t intera
tion between pseudospins. 421.1. Ferroele
tri
 type intera
tion. . . . . . . . . . . . . . . . . 421.1.1. � = 
onst regime. . . . . . . . . . . . . . . . . . . 431.1.2. n = 
onst regime. . . . . . . . . . . . . . . . . . . 441.2. Antiferroele
tri
 type intera
tion. . . . . . . . . . . . . . . 461.2.1. � = 
onst regime. . . . . . . . . . . . . . . . . . . 461.2.2. n = 
onst regime. . . . . . . . . . . . . . . . . . . 472. Intera
tion between pseudospins via 
ondu
ting ele
-tron. 48
ICMP{99{16 4æáúï÷á ðï÷åä¶îëá â¶îáòîï·óéíå�òéþîï· óõí¶û¶ò.C.íÅÌØÎÉË, ï.÷.ðÁ�ÁÇÁÎ¶ÎÓÔÉÔÕÔ Æ�ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ îáî õËÒÁ§ÎÉ,290011 Í. ìØ×�×, ×ÕÌ. ó×¤Î���ØËÏÇÏ, 11. ÷ÓÔÕ�ëÒÉÔÉÞÎ� Ñ×ÉÝÁ × Ò�ÄËÉÈ ÓÕÍ�ÛÁÈ Ó×Ï¤À Ò�ÚÎÏÍÁÎ�ÔÎ�ÓÔÀ ×ÒÁÖÁÀÔØÕÑ×Õ ÂÕÄØ-ÑËÏÇÏ ÄÏÓÌ�ÄÎÉËÁ, ÑËÏÍÕ ÄÏ×ÏÄÉÔØÓÑ Ú ÎÉÍÉ ÚÕÓÔÒ�ÞÁÔÉÓØ.îÁÓ�ÒÁ×Ä�, × ÔÏÊ ÞÁÓ, ÑË ÏÄÎÏËÏÍ�ÏÎÅÎÔÎ� ÆÌÀ§ÄÉ ÄÅÍÏÎÓÔÒÕÀÔØ ÌÉ-ÛÅ ËÒÉ×Õ ÆÁÚÏ×Ï§ Ò�×ÎÏ×ÁÇÉ Ò�ÄÉÎÁ-�ÁÒÁ (òð), ÑËÁ ÚÁË�ÎÞÕ¤ÔØÓÑ ×ËÒÉÔÉÞÎ�Ê ÔÏÞ�� òð, ÔÏ ×ÖÅ × Ä×ÏËÏÍ�ÏÎÅÎÔÎÉÈ (Â�ÎÁÒÎÉÈ) ÓÕÍ�ÛÁÈ�ÓÎÕÀÔØ ��Ì� Ì�Î�§ ËÒÉÔÉÞÎÉÈ ÔÏÞÏË òð, Ò�ÄÉÎÁ-Ò�ÄÉÎÁ (òò) � ÇÁÚ-ÇÁÚ(çç). ëÒ�Í ÔÏÇÏ, × Â�ÎÁÒÎÉÈ ÆÌÀ§ÄÎÉÈ ÓÕÍ�ÛÁÈ ÍÏÖÕÔØ �ÓÎÕ×ÁÔÉ:Ë�Î�Å×Á ËÒÉÔÉÞÎÁ ÔÏÞËÁ (ëë�) (ÔÏÞËÁ �ÅÒÅÔÉÎÕ ËÒÉ×Ï§ ÆÁÚÏ×Ï§ Ò�×-ÎÏ×ÁÇÉ òð � Ì�Î�§ ËÒÉÔÉÞÎÉÈ ÔÏÞÏË òò ÁÂÏ çç), ÁÚÅÏÔÒÏ�ÎÁ ËÒÉÔÉÞÎÁÔÏÞËÁ (ÔÏÞËÁ, × ÑË�Ê ÚÁË�ÎÞÕ¤ÔØÓÑ ËÒÉ×Á ÔÏÞÏË Ò�×ÎÉÈ ËÏÎ�ÅÎÔÒÁ��Ê),Á ÔÁËÏÖ Ì�Î�§ �ÏÔÒ�ÊÎÉÈ ÔÏÞÏË, ÎÁ ÑËÉÈ Ó��×�ÓÎÕÀÔØ ÔÒÉ ÆÁÚÉ � Ì�Î�§ÔÒÉËÒÉÔÉÞÎÉÈ ÔÏÞÏË (�ë�), ÎÁ ÑËÉÈ ÔÒÉ ÆÁÚÉ ÓÔÁÀÔØ �ÄÅÎÔÉÞÎÉÍÉ[1℄.îÁ òÉÓ.1, ÄÌÑ �ÒÉËÌÁÄÕ, ÓÈÅÍÁÔÉÞÎÏ �ÒÅÄÓÔÁ×ÌÅÎÉÊ ÏÄÉÎ Ú ÔÉ��×ÆÁÚÏ×ÉÈ Ä�ÁÇÒÁÍ Â�ÎÁÒÎÉÈ ÆÌÀ§ÄÎÉÈ ÓÕÍ�ÛÅÊ. îÁ ÎØÏÍÕ ÚÏÂÒÁÖÅÎÁÂ�ÌØÛ�ÓÔØ Ú �ÅÒÅÒÁÈÏ×ÁÎÉÈ ×ÉÝÅ ËÒÉÔÉÞÎÉÈ ÔÏÞÏË.ïÓÎÏ×ÎÉÍÉ ÆÁËÔÏÒÁÍÉ, ÝÏ �ÒÉÚ×ÏÄÑÔØ ÄÏ ÔÁËÏ§ Ò�ÚÎÏÍÁÎ�ÔÎÏÓÔ�ËÒÉÔÉÞÎÏ§ �Ï×ÅÄ�ÎËÉ × Ò�ÄËÉÈ ÓÕÍ�ÛÁÈ ¤ ×�ÄÎÏÓÎÁ �ÎÔÅÎÓÉ×Î�ÓÔØ ×ÚÁ-¤ÍÏÄ�§ Í�Ö ËÏÍ�ÏÎÅÎÔÁÍÉ ÓÕÍ�Û� � Ó��××�ÄÎÏÛÅÎÎÑ Í�Ö ÒÏÚÍ�ÒÁÍÉÞÁÓÔÉÎÏË.íÁÊÖÅ Ä×Á ÄÅÓÑÔÉÌ�ÔÔÑ ÔÏÍÕ ÷ÁÎ ëÏÎ�ÎÅÎÂÅÒÇ � óËÏÔÔ [2℄ ÎÁ ÏÓ-ÎÏ×� ÕÚÁÇÁÌØÎÅÎÏÇÏ ÎÁ ×É�ÁÄÏË Â�ÎÁÒÎÉÈ ÓÕÍ�ÛÅÊ Ò�×ÎÑÎÎÑ ÓÔÁÎÕ ÷ÁÎÄÅÒ ÷ÁÁÌØÓÁ �ÒÏËÌÁÓÉÆ�ËÕ×ÁÌÉ ×ÓÀ ÍÏÖÌÉ×Õ ÆÁÚÏ×Õ ÔÏ�ÏÌÏÇ�À Â�-ÎÁÒÎÉÈ ÆÌÀ§Ä�×. ïÄÎÁË, ÎÁ ÓØÏÇÏÄÎ� ÚÁÌÉÛÁ¤ÔØÓÑ ÎÅÚÒÏÚÕÍ�ÌÉÍ (ÎÁ-×�ÔØ ÎÁ Ò�×Î� ÓÅÒÅÄÎØÏ�ÏÌØÏ×ÉÈ ��ÄÈÏÄ�×), ÑËÁ Ú Í�ËÒÏÓËÏ��ÞÎÉÈ ÈÁ-ÒÁËÔÅÒÉÓÔÉË ¤ ×ÉÚÎÁÞÁÌØÎÏÀ ÄÌÑ ËÏÖÎÏÇÏ ÔÉ�Õ Ä�ÁÇÒÁÍ. �ÁËÏÖ ÎÅ×�ÄÏÍÏ, ÑËÏÀ Í�ÒÏÀ ×ÒÁÈÕ×ÁÎÎÑ ËÒÉÔÉÞÎÉÈ ÆÌÕËÔÕÁ��Ê �ÁÒÁÍÅÔÒÁ�ÏÒÑÄËÕ ×�ÌÉÎÅ ÎÁ ÓÔÒÕËÔÕÒÕ Ä�ÁÇÒÁÍ. ÷ Ú×'ÑÚËÕ Ú �ÉÍ ÁËÔÕÁÌØÎÉÍ¤ ÚÁ×ÄÁÎÎÑ �ÏÂÕÄÏ×É ÔÅÏÒ�§ ÆÁÚÏ×Ï§ �Ï×ÅÄ�ÎËÉ Ú �ÅÒÛÉÈ �ÒÉÎ�É��×,ÑËÁ Â ×ÒÁÈÏ×Õ×ÁÌÁ ÆÌÕËÔÕÁ��§ � ÑËÁ Â ÄÏÚ×ÏÌÉÌÁ ÏÔÒÉÍÕ×ÁÔÉ �Ï×Î�ÆÁÚÏ×� Ä�ÁÇÒÁÍÉ.



5 ðÒÅ�ÒÉÎÔ

òÉÓ. 1. óÈÅÍÁÔÉÞÎÁ ÆÁÚÏ×Á Ä�ÁÇÒÁÍÁ Â�ÎÁÒÎÏ§ ÓÕÍ�Û�, ÝÏ ÄÅÍÏÎÓÔÒÕ¤V ÔÉ� ÆÁÚÏ×Ï§ �Ï×ÅÄ�ÎËÉ. óÕ��ÌØÎÏÀ Ì�Î�¤À �ÏÚÎÁÞÅÎ� ËÒÉ×� Ó��×�Ó-ÎÕ×ÁÎÎÑ ÞÉÓÔÉÈ ËÏÍ�ÏÎÅÎÔ � ËÒÉ×Á ÁÚÅÏÔÒÏ�ÎÏ§ ÓÕÍ�Û�, ÛÔÒÉÈÏ×ÏÀ -ËÒÉ×Á Ó��×�ÓÎÕ×ÁÎÎÑ ÔÒØÏÈ ÆÁÚ, �ÕÎËÔÉÒÎÏÀ - Ì�Î�§ ËÒÉÔÉÞÎÉÈ ÔÏÞÏË.1; 2 - ËÒÉÔÉÞÎ� ÔÏÞËÉ ÞÉÓÔÉÈ ËÏÍ�ÏÎÅÎÔ, áë� - ÁÚÅÏÔÒÏ�ÎÁ ËÒÉÔÉÞÎÁÔÏÞËÁ, 1; 2 - Ë�Î�Å×� ËÒÉÔÉÞÎ� ÔÏÞËÉ.ðÅÒÛÉÍ ËÒÏËÏÍ × ÚÄ�ÊÓÎÅÎÎ� ÔÁËÏÇÏ ÚÁ×ÄÁÎÎÑ ¤ �ÏÂÕÄo×Á ÔÅÏÒ�§ÄÌÑ �ÒÏÓÔÉÈ ÍÏÄÅÌØÎÉÈ ÓÉÓÔÅÍ. ÷ ÄÁÎ�Ê ÌÅË��§ ÍÉ �ÒÏ�ÏÎÕ¤ÍÏ ÒÏÚ-ÇÌÑÎÕÔÉ ÍÏÄÅÌØ Â�ÎÁÒÎÏ§ ÓÉÍÅÔÒÉÞÎÏ§ ÓÕÍ�Û� (âóó).2. íÏÄÅÌØ Â�ÎÁÒÎÏ§ ÓÉÍÅÔÒÉÞÎÏ§ ÓÕÍ�Û�òÏÚÇÌÑÄÁ¤ÔØÓÑ Ä×ÏËÏÍ�ÏÎÅÎÔÎÁ ÓÉÓÔÅÍÁ Ô×ÅÒÄÉÈ ÓÆÅÒ ÏÄÎÁËÏ×ÏÇÏÒÏÚÍ�ÒÕ �, ÝÏ ×ÚÁ¤ÍÏÄ�ÀÔØ Í�Ö ÓÏÂÏÀ ÞÅÒÅÚ �ÏÔÅÎ��ÁÌ �ÒÑÍÏËÕÔÎÏ§ÑÍÉ. ðÏÔÅÎ��ÁÌ ×ÚÁ¤ÍÏÄ�§ Í�Ö ÞÁÓÔÉÎËÁÍÉ �ÒÅÄÓÔÁ×ÌÑ¤ÔØÓÑ Õ ×ÉÇÌÑ-Ä� ÓÕÍÉ Ä×ÏÈ ÄÏÄÁÎË�×:U
Æ(r) = U (r) + �
Æ(r); (
; Æ = a; b)ÄÅ U (r) = � 1; r < �0; r � �- ÄÏÄÁÎÏË, ÝÏ Ï�ÉÓÕ¤ ×ÚÁ¤ÍÎÕ ÎÅ�ÒÏÎÉËÎ�ÓÔØ Ô×ÅÒÄÉÈ ÓÆÅÒ,�
Æ(r) = � ��
Æ; 0 < r � ��0; r > ��- ÄÏÄÁÎÏË, ÝÏ Ï�ÉÓÕ¤ �ÒÉÔÑÇÁÎÎÑ Í�Ö Ô×ÅÒÄÉÍÉ ÓÆÅÒÁÍÉ.
ICMP{99{16 6äÏÄÁÔËÏ×Ï ××ÁÖÁ¤ÔØÓÑ, ÝÏ �aa = �bb = � 6= �ab. íÏÄÅÌØÎÉÊ �ÁÒÁ-ÍÅÔÒ r = ~�ab(k)~�(k) = �ab� ÈÁÒÁËÔÅÒÉÚÕ¤ ÓÉÌÕ ×�ÄÎÏÓÎÏ§ ×ÚÁ¤ÍÏÄ�§ Í�ÖÞÁÓÔÉÎËÁÍÉ � ×ÉÚÎÁÞÁ¤ ÆÁÚÏ×Õ ÔÏ�ÏÌÏÇ�À ÔÁËÏ§ ÍÏÄÅÌØÎÏ§ ÓÉÓÔÅÍÉ.ðÒÉ r > 1 ÎÁ ÆÁÚÏ×�Ê Ä�ÁÇÒÁÍ�, ÔÁË ÓÁÍÏ ÑË � ÎÁ Ä�ÁÇÒÁÍÁÈ ÏÄ-ÎÏËÏÍ�ÏÎÅÎÔÎÉÈ ÆÌÀ§Ä�×, �ÓÎÕ×ÁÔÉÍÅ ÌÉÛÅ ËÒÉ×Á Ó��×�ÓÎÕ×ÁÎÎÑ òð,ÑËÁ ÚÁË�ÎÞÕ¤ÔØÓÑ ËÒÉÔÉÞÎÏÀ ÔÏÞËÏÀ òð. õ ×É�ÁÄËÕ r < 1 �ÓÎÕ¤ ÄÏ-ÄÁÔËÏ×Á ÔÅÎÄÅÎ��Ñ ÄÏ ÒÏÚÛÁÒÕ×ÁÎÎÑ �, ËÒ�Í ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ òð, ×ÓÉÓÔÅÍ� ×�ÄÂÕ×Á¤ÔØÓÑ ÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä ÚÍ�ÛÕ×ÁÎÎÑ-ÎÅÚÍ�ÛÕ×ÁÎÎÑ [3℄.æÁÚÏ×Á Ä�ÁÇÒÁÍÁ Â�ÎÁÒÎÏ§ ÓÉÍÅÔÒÉÞÎÏ§ ÓÕÍ�Û� ×ÉÚÎÁÞÁ¤ÔØÓÑ ÔÒØÏ-ÍÁ ÔÅÒÍÏÄÉÎÁÍ�ÞÎÉÍÉ �ÏÌÑÍÉ (T; �; h), ÄÅ � - ÔÅÍ�ÅÒÁÔÕÒÁ, �- ÚÁ-ÇÁÌØÎÉÊ È�Í�ÞÎÉÊ �ÏÔÅÎ��ÁÌ, �Ï×'ÑÚÁÎÉÊ �Ú ÚÁÇÁÌØÎÏÀ ÇÕÓÔÉÎÏÀ, h -×�ÏÒÑÄËÏ×ÕÀÞÅ �ÏÌÅ, �Ï×'ÑÚÁÎÅ Ú ×�ÄÎÏÓÎÏÀ ËÏÎ�ÅÎÔÒÁ��¤À ËÏÍ�Ï-ÎÅÎÔ ÓÕÍ�Û�. ó×ÏÀ Õ×ÁÇÕ ÍÉ ÚÏÓÅÒÅÄÉÍÏ ÎÁ ÓÉÍÅÔÒÉÞÎÏÍÕ ×É�ÁÄËÕr < 1 � h = 0, ÔÏÂÔÏ ××ÁÖÁÔÉÍÅÍ, ÝÏ ×ÚÁ¤ÍÏÄ�Ñ Í�Ö ÞÁÓÔÉÎËÁÍÉÏÄÎÏÇÏ ÓÏÒÔÕ ¤ ÅÎÅÒÇÅÔÉÞÎÏ ×ÉÇ�ÄÎ�ÛÏÀ, Î�Ö ×ÚÁ¤ÍÏÄ�Ñ Í�Ö ÞÁÓÔÉÎ-ËÁÍÉ Ò�ÚÎÉÈ ÓÏÒÔ�× , � ÓÅÒÅÄÎ� Ë�ÌØËÏÓÔ� ÞÁÓÔÉÎÏË ÓÏÒÔÕ "a" � ÓÏÒÔÕ"b" ÏÄÎÁËÏ×�. úÁ ÔÁËÉÈ ÕÍÏ× �Ï×ÅÄ�ÎËÁ âóó × ÏËÏÌ� ËÒÉÔÉÞÎÏ§ ÔÏÞËÉÚÍ�ÛÕ×ÁÎÎÑ - ÎÅÚÍ�ÛÕ×ÁÎÎÑ ÂÕÄÅ ÁÎÁÌÏÇ�ÞÎÏÀ ÄÏ �Ï×ÅÄ�ÎËÉ �ÒÏÓÔÏ§Ó��Î-1/2 ÍÏÄÅÌ� ¶Ú�ÎÇÁ × ÏËÏÌ� ËÒÉÔÉÞÎÏ§ ÔÏÞËÉ. ò�ÚÎÉ�Ñ �ÏÌÑÇÁ¤ ÌÉ-ÛÅ × ÔÏÍÕ, ÝÏ Õ ÆÌÀ§ÄÎ�Ê ÍÏÄÅÌ� ËÒÉÔÉÞÎÁ ÔÅÍ�ÅÒÁÔÕÒÁ ÚÁÌÅÖÉÔØ×�Ä ÇÕÓÔÉÎÉ, � ÔÏÍÕ ÎÁ ÆÁÚÏ×ÉÈ Ä�ÁÇÒÁÍÁÈ �ÓÎÕ×ÁÔÉÍÅ ��ÌÁ Ì�Î�Ñ ËÒÉ-ÔÉÞÎÉÈ ÔÏÞÏË T
(�) (ÁÂÏ T
(�)) - ÔÁË Ú×ÁÎÁ �-Ì�Î�Ñ.îÁÑ×Î�ÓÔØ ÆÌÕËÔÕÁ��Ê ËÏÎ�ÅÎÔÒÁ��§ × ÔÁËÉÈ ÓÉÓÔÅÍÁÈ, ÑË ÂÕÄÅ�ÏËÁÚÁÎÏ ÎÉÖÞÅ, ÓÕÔÔ¤×Ï ×�ÌÉ×Á¤ ÎÁ ÈÁÒÁËÔÅÒ ËÒÉ×Ï§ Ó��×�ÓÎÕ×ÁÎÎÑòð. óÌ�Ä ÚÁÕ×ÁÖÉÔÉ, ÝÏ �ÒÉÓÕÔÎ�ÓÔØ ÔÁËÏÇÏ ×�ÌÉ×Õ ¤ ÈÁÒÁËÔÅÒÎÏÀÒÉÓÏÀ ÆÁÚÏ×Ï§ �Ï×ÅÄ�ÎËÉ Ò�ÚÎÉÈ ÍÏÄÅÌÅÊ, ÑË�, ÎÁ �ÅÒÛÉÊ �ÏÇÌÑÄ, ÎÅÍÁÀÔØ Î�ÞÏÇÏ Ó��ÌØÎÏÇÏ Ú ÍÏÄÅÌÌÀ Â�ÎÁÒÎÏ§ ÓÉÍÅÔÒÉÞÎÏ§ ÓÕÍ�Û�. úÏ-ËÒÅÍÁ, ËÌÁÓÉÞÎÁ Ó��ÎÏ×Á ÍÏÄÅÌØ çÁÊÚÅÎÂÅÒÇÁ [4,5℄, ÄÉ�ÏÌØÎÁ ÍÏÄÅÌØÆÌÀ§ÄÕ [6,7℄, ÍÏÄÅÌØ ÆÌÀ§ÄÕ ÷ÁÎ ÄÅÒ ÷ÁÁÌØÓÁ-ðÏÔÔÓÁ [8℄ ÔÁ ÄÅÑË�ÇÒÁÔËÏ×� ÍÏÄÅÌ� ÆÌÀ§Ä�× [9,10℄.îÁ òÉÓ.2Á-2Ç ÚÏÂÒÁÖÅÎ� ÆÁÚÏ×� Ä�ÁÇÒÁÍÉ âóó �ÒÉ � = 1:5 [11℄, ÑË�ÄÅÍÏÎÓÔÒÕÀÔØ ÔÒÉ ÍÏÖÌÉ×� ÔÏ�ÏÌÏÇ�ÞÎ� ÔÉ�É ÄÁÎÏ§ ÍÏÄÅÌ�. �Ï�ÏÌÏ-Ç�Ñ Ä�ÁÇÒÁÍ ÚÍ�ÎÀ¤ÔØÓÑ × ÚÁÌÅÖÎÏÓÔ� ×�Ä Í�ËÒÏÓËÏ��ÞÎÏÇÏ �ÁÒÁÍÅÔÒÁr. îÁ òÉÓ.2Á ÍÏÄÅÌØÎÉÊ �ÁÒÁÍÅÔÒ ��Ä�ÂÒÁÎÉÊ ÔÁËÉÍ ÞÉÎÏÍ (r = 0:7),ÝÏ �-Ì�Î�Ñ ��ÄÈÏÄÉÔØ ÄÏ ËÒÉ×Ï§ òð ÚÎÁÞÎÏ ÎÉÝÅ ×�Ä ËÒÉÔÉÞÎÏ§ ÔÏÞ-ËÉ òð, �ÅÒÅÔÉÎ ×�ÄÂÕ×Á¤ÔØÓÑ × ëë�, ÄÅ Ó��×�ÓÎÕ¤ ËÒÉÔÉÞÎÁ Ò�ÄÉ-ÎÁ Ú ÎÅËÒÉÔÉÞÎÏÀ �ÁÒÏÀ. îÉÖÞÅ ×�Ä ÔÅÍ�ÅÒÁÔÕÒÉ ëë� Ó��×�ÓÎÕÀÔØÎÅËÒÉÔÉÞÎ� �ÁÒÁ � ÎÅÚÍ�ÛÁÎÁ Ò�ÄÉÎÁ (ÇÕÓÔÉÎÉ ÏÂÉÄ×ÏÈ ÆÁÚ, ÚÁ×ÄÑËÉÓÉÍÅÔÒÉÞÎÏÓÔ� ÍÏÄÅÌ�, ÏÄÎÁËÏ×�).óÕÔÔ¤×Ï �ÎÛÏÀ ¤ ÓÉÔÕÁ��Ñ, ÚÏÂÒÁÖÅÎÁ ÎÁ òÉÓ.2Ç. íÏÄÅÌØÎÉÊ �Á-
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òÉÓ. 2. óÈÅÍÁÔÉÞÎÅ �ÒÅÄÓÔÁ×ÌÅÎÑ ÆÁÚÏ×ÉÈ Ä�ÁÇÒÁÍ Â�ÎÁÒÎÏ§ ÓÉÍÅÔ-ÒÉÞÎÏ§ ÓÕÍ�Û� �ÒÉ Ò�ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ Í�ËÒÏÓËÏ��ÞÎÏÇÏ �ÁÒÁÍÅÔÒÁ r[11℄: (a) r = 0:72, (Â) r = 0:68, (×) r = 0:65, (Ç) r = 0:57. óÕ��ÌØÎÏÀÌ�Î�¤À �ÏÚÎÁÞÅÎÁ ËÒÉ×Á Ó��×�ÓÎÕ×ÁÎÎÑ Ò�ÄÉÎÁ-�ÁÒÁ, ÛÔÒÉÈÏ×ÏÀ Ì�Î�-¤À �ÏÚÎÁÞÅÎÁ Ì�Î�Ñ ËÒÉÔÉÞÎÉÈ ÔÏÞÏË ÚÍ�ÛÕ×ÁÎÎÑ-ÎÅÚÍ�ÛÕ×ÁÎÎÑ. úò- ÚÍ�ÛÁÎÁ Ò�ÄÉÎÁ, îò - ÎÅÚÍ�ÛÁÎÁ Ò�ÄÉÎÁ.

ICMP{99{16 8ÒÁÍÅÔÒ ��Ä�ÂÒÁÎÉÊ ÔÁË (r = 0:57), ÝÏ �-Ì�Î�Ñ �ÅÒÅÔÉÎÁ¤ ËÒÉ×Õ Ó��×-�ÓÎÕ×ÁÎÎÑ òð × ËÒÉÔÉÞÎ�Ê ÔÏÞ�� òð, ÕÔ×ÏÒÀÀÞÉ �ë�. ÷ ��Ê ÔÏÞ��ÓÔÁÀÔØ ËÒÉÔÉÞÎÉÍÉ ÔÒÉ ÆÁÚÉ: �ÁÒÁ, Ò�ÄÉÎÁ ÓÏÒÔÕ "a" � Ò�ÄÉÎÁ ÓÏÒÔÕ"b".ðÒÏÍ�ÖÎÁ ÓÉÔÕÁ��Ñ ÚÏÂÒÁÖÅÎÁ ÎÁ òÉÓ.2Â � 2×. îÁ �ÉÈ ÒÉÓÕÎËÁÈ�-Ì�Î�Ñ �ÅÒÅÔÉÎÁ¤ ËÒÉ×Õ Ó��×�ÓÎÕ×ÁÎÎÑ òð �ÒÉ ÔÅÍ�ÅÒÁÔÕÒÁÈ, ÎÅ ÎÁ-ÂÁÇÁÔÏ ÎÉÖÞÉÈ ×�Ä ËÒÉÔÉÞÎÏ§ ÔÅÍ�ÅÒÁÔÕÒÉ òð. ÷ �ØÏÍÕ ×É�ÁÄËÕ ÆÁ-ÚÏ×Á Ä�ÁÇÒÁÍÁ ¤ ËÏÍÂ�ÎÁ��¤À �Ï�ÅÒÅÄÎ�È Ä×ÏÈ ×É�ÁÄË�×. ðÒÉ r = 0:68ÁÎÏÍÁÌ�Ñ ëë� �ÅÒÅÈÏÄÉÔØ Õ ÍÁÌÉÊ ��Ë � ×ÉÎÉËÁ¤ �ÏÔÒ�ÊÎÁ ÔÏÞËÁ, ×ÑË�Ê Ó��×�ÓÎÕÀÔØ ÔÒÉ ÎÅËÒÉÔÉÞÎ� ÆÁÚÉ. ðÒÉ ÔÅÍ�ÅÒÁÔÕÒÁÈ, ×ÉÝÉÈ ÚÁÔÅÍ�ÅÒÁÔÕÒÕ �ÏÔÒ�ÊÎÏ§ ÔÏÞËÉ � ÎÉÚØËÉÈ ÇÕÓÔÉÎÁÈ Ó��×�ÓÎÕÀÔØ ÚÍ�ÛÁ-ÎÁ Ò�ÄÉÎÁ � �ÁÒÁ. ðÒÉ ×ÉÝÉÈ ÇÕÓÔÉÎÁÈ Ó��×�ÓÎÕÀÔØ ÚÍ�ÛÁÎÁ � ÎÅÚÍ�-ÛÁÎÁ Ò�ÄÉÎÉ.ðÏÄÁÌØÛÅ ÚÍÅÎÛÅÎÎÑ r ÎÅ �ÒÉÚ×ÏÄÉÔØ ÄÏ ÑË�ÓÎÏ ÎÏ×ÉÈ ÔÏ�ÏÌÏ-Ç�ÞÎÉÈ ÚÍ�Î.3. áÎÁÌ�Ú � ÚÁÕ×ÁÖÅÎÎÑã�ËÁ×Ï ¤ ÚÒÏÚÕÍ�ÔÉ, ÑËÁ �ÒÉÞÉÎÁ ÔÁËÏ§ Ò�ÚÎÏÍÁÎ�ÔÎÏÓÔ� ÆÁÚÏ×Ï§ �Ï×Å-Ä�ÎËÉ Õ ×�ÄÎÏÓÎÏ �ÒÏÓÔ�Ê ÍÏÄÅÌ� âóó. ó�ÒÏÂÕ¤ÍÏ �Å Ú'ÑÓÕ×ÁÔÉ, ÁÎÁ-Ì�ÚÕÀÞÉ ÍÏÄÅÌØ ÎÁ ÏÓÎÏ×� ÒÏÚËÌÁÄÕ ìÁÎÄÁÕ ÄÌÑ ×ÅÌÉËÏÇÏ ÔÅÒÍÏÄÉ-ÎÁÍ�ÞÎÏÇÏ �ÏÔÅÎ��ÁÌÕ. �ÁË� ÒÏÚËÌÁÄÉ × Ò�ÚÎÉÈ ËÏÎÔÅËÓÔÁÈ ÄÅÔÁÌØÎÏÁÎÁÌ�ÚÕ×ÁÌÉÓØ òÏÕËÓÏÍ � Ó��×Á×ÔÏÒÁÍÉ [12℄.ðÒÉ ÁÎÁÌ�ÔÉÞÎÉÈ ÒÏÚÒÁÈÕÎËÁÈ × ÄÁÎ�Ê ÍÏÄÅÌ� �ÓÎÕ¤ �ÒÏÂÌÅÍÁÄ×ÏÈ �ÁÒÁÍÅÔÒ�× �ÏÒÑÄËÕ: ÇÕÓÔÉÎÉ � = N=V � Ò�ÚÎÉ�� ËÏÎ�ÅÎÔÒÁ��Êm = Na�NbN . çÁÍ�ÌØÔÏÎ�ÁÎ ÔÁËÏ§ ÓÉÓÔÅÍÉ �Ï×ÉÎÅÎ ÂÕÔÉ ÓÉÍÅÔÒÉÞÎÉÍ×�ÄÎÏÓÎÏ ÚÍ�ÎÉ ÚÎÁËÕ m. òÏÚËÌÁÄ ìÁÎÄÁÕ ÄÌÑ ×ÅÌÉËÏÇÏ ÔÅÒÍÏÄÉÎÁ-Í�ÞÎÏÇÏ �ÏÔÅÎ��ÁÌÕ âóó ÍÁ¤ ×ÉÇÌÑÄ [11℄:F = a (�� �0)22 + (�� �0)44 + �(�� �0)+ Am22 + m44 � B2 m2(�� �0); (1)ÄÅ �- È�Í�ÞÎÉÊ �ÏÔÅÎ��ÁÌ, �0 - ÄÅÑËÅ ÚÎÁÞÅÎÎÑ ÇÕÓÔÉÎÉ, ×ÉÂÒÁÎÅ ÔÁË,ÝÏ ÄÏÄÁÎÏË � (�� �0)3 ÚÎÉËÁ¤.õÍÏ×ÏÀ �ÓÎÕ×ÁÎÎÑ ËÒÉÔÉÞÎÏ§ ÔÏÞËÉ òð ¤ a = 0. ñËÝÏ ÓÉÓÔÅÍÕÚÁÆ�ËÓÕ×ÁÔÉ �ÒÉ ÇÕÓÔÉÎ� � = �0, ÔÏ �ÒÉ A = 0 ÒÏÚËÌÁÄ (1) Ï�ÉÓÕ¤ËÒÉÔÉÞÎÕ ÔÏÞËÕ ÚÍ�ÛÕ×ÁÎÎÑ - ÎÅÚÍ�ÛÕ×ÁÎÎÑ.äÌÑ �ÒÉËÌÁÄÕ ÒÏÚÇÌÑÎÅÍÏ ÄÅÔÁÌØÎ�ÛÅ �ÅÒÅÈ�Ä ×�Ä ÔÏ�ÏÌÏÇ�§ Úëë� (òÉÓ.2Á) ÄÏ ÔÏ�ÏÌÏÇ�§ Ú �ÏÔÒ�ÊÎÏÀ ÔÏÞËÏÀ (òÉÓ.2Â, 2×). ÷×Á-ÖÁÔÉÍÅÍ, ÝÏ ÔÅÍ�ÅÒÁÔÕÒÁ ëë� ¤ ÚÎÁÞÎÏ ÎÉÖÞÏÀ ×�Ä ÔÅÍ�ÅÒÁÔÕÒÉ



9 ðÒÅ�ÒÉÎÔËÒÉÔÉÞÎÏ§ ÔÏÞËÉ òð, ÔÏÂÔÏ a < 0. ðÅÒÅ�ÉÛÅÍÏ ÒÏÚËÌÁÄ (1) × ÆÏÒÍ�:F = � ^m22 + ^m44 � ^�22 + ^�44 � ^�^�+ k(1� ^�) ^m2; (2)ÄÅ ^� = �=(p�a)3, ^� = (�� �0)=p�a, ^m = m=p�a, ÔÅÒÍÏÄÉÎÁÍ�ÞÎÉÊ�ÏÔÅÎ��ÁÌ F ÚÁ�ÉÓÁÎÉÊ × ÏÄÉÎÉ�ÑÈ a2. ðÁÒÁÍÅÔÒ k = B=2p�a Ï�ÉÓÕ¤ÅÆÅËÔÉ×ÎÉÊ Ú×'ÑÚÏË Í�Ö �ÁÒÁÍÅÔÒÏÍ �ÏÒÑÄËÕ ^m � ÇÕÓÔÉÎÏÀ �. ðÁÒÁ-ÍÅÔÒ � = (A=(�a)�2k) ÍÁ¤ ÒÏÚÍ�ÒÎ�ÓÔØ ÔÅÍ�ÅÒÁÔÕÒÉ, � � (T �T), ÄÅT - ÔÅÍ�ÅÒÁÔÕÒÁ ËÒÉÔÉÞÎÏ§ ÔÏÞËÉ ÎÅÚÍ�ÛÕ×ÁÎÎÑ �ÒÉ ^� = 1. æÁÚÏ×Õ�Ï×ÅÄ�ÎËÕ ÓÉÓÔÅÍÉ ÏÔÒÉÍÕ¤Í, Í�Î�Í�ÚÕÀÞÉ F ÚÁ ÚÍ�ÎÎÉÍÉ ^� � ^m.ðÒÉ ÔÁËÏÍÕ Ï�ÉÓ� ÓÉÓÔÅÍÉ �ÁÒÁÍÅÔÒ k ×�Ä�ÇÒÁ¤ ×ÉÚÎÁÞÁÌØÎÕ ÒÏÌØ.ó�ÒÁ×Ä�, �ÒÉ k = 0 ÆÁÚÏ×� �ÅÒÅÈÏÄÉ Ò�ÄÉÎÁ-�ÁÒÁ � ÚÍ�ÛÕ×ÁÎÎÑ-ÎÅÚÍ�ÛÕ×ÁÎÎÑ ×�ÄÂÕ×ÁÀÔØÓÑ, ÎÅ ×�ÌÉ×ÁÀÞÉ ÏÄÉÎ ÎÁ ÏÄÎÏÇÏ. ò�ÄÉÎÁ�ÒÉ ^� = 1 � �ÁÒÁ �ÒÉ ^� = �1 Ó��×�ÓÎÕÀÔØ �ÒÉ ^� = 0, �-Ì�Î�Ñ �ÅÒÅ-ÔÉÎÁ¤ ËÒÉ×Õ Ó��×�ÓÎÕ×ÁÎÎÑ × ÔÏÞ�� � = 0. ðÒÉ ×ËÌÀÞÅÎÎ� ÍÁÌÏÇÏ kÔÅÍ�ÅÒÁÔÕÒÁ ëë� ÚÒÏÓÔÁ¤ Ú ÇÕÓÔÉÎÏÀ:�
(�) = 2k(�� 1) (3)� �-Ì�Î�Ñ ÚÍ�ÝÕ¤ÔØÓÑ ×�ÄÎÏÓÎÏ ËÒÉ×Ï§ Ó��×�ÓÎÕ×ÁÎÎÑ òð.ú ÕÍÏ×É ÓÔ�ÊËÏÓÔ� Ò�ÄËÏ§ ÆÁÚÉ � ÕÍÏ×É ÄÌÑ �ÁÒÁÍÅÔÒÕ �ÏÒÑÄËÕ^m2 = �
(�) � � ÚÎÁÈÏÄÉÍÏ, ÝÏ ×ÉÚÎÁÞÎÉË ÍÁÔÒÉ�� ÓÔ�ÊËÏÓÔ� ÍÁ¤ ×É-ÇÌÑÄ: C = 4m2((3�2 � 1)=2� k2):óÉÓÔÅÍÁ ÓÔÁ¤ ÎÅÓÔ�ÊËÏÀ �ÒÉ � < �
, ÄÅ �
 =p(2k2 + 1)=3 ×ÉÚÎÁÞÅÎÅÚ Ò�×ÎÑÎÎÑ C = 0.÷ ÔÒÉËÒÉÔÉÞÎ�Ê ÔÏÞ�� Ì�Î�Ñ Ó��ÎÏÄÁÌ� � ËÒÉÔÉÞÎÁ Ì�Î�Ñ (3) �ÅÒÅ-ÔÉÎÁÀÔØÓÑ. ãÅ ×�ÄÂÕ×Á¤ÔØÓÑ �ÒÉ �
 > 1 ÁÂÏ k > k0 (k0 = 1). �ÒÉËÒÉ-ÔÉÞÎÁ ÔÏÞËÁ ÎÁ ÆÁÚÏ×�Ê Ä�ÁÇÒÁÍ� ÍÁÔÉÍÅ ËÏÏÒÄÉÎÁÔÉ:�t = �
(�); �t = �
; �t = 23r2k2 + 13 (k2 � 1): (4)÷Ó� ×ÅÌÉÞÉÎÉ × (5) ×ÉÒÁÖÅÎ� ÞÅÒÅÚ k. ïÔÖÅ, �ÁÒÁÍÅÔÒ, ÝÏ Ï�ÉÓÕ¤ËÏÒÅÌÑ��§ Í�Ö �ÁÒÁÍÅÔÒÏÍ �ÏÒÑÄËÕ ^m � ÇÕÓÔÉÎÏÀ � ¤ ×ÉÚÎÁÞÁÌØÎÉÍ× ÆÁÚÏ×�Ê ÔÏ�ÏÌÏÇ�§ ÓÉÓÔÅÍÉ. îÅÈÔÕ×ÁÎÎÑ ÔÁËÉÍÉ ËÏÒÅÌÑ��ÑÍÉ ÍÏÖÅ�ÒÉÚ×ÅÓÔÉ ÄÏ ÑË�ÓÎÏ ÎÅ×�ÒÎÉÈ Ä�ÁÇÒÁÍ.îÁ ÖÁÌØ, ÝÏÄÏ Ë�ÌØË�ÓÎÉÈ Ï��ÎÏË �Ï×ÅÄ�ÎËÉ ÓÉÓÔÅÍÉ ÓÅÒÅÄÎØÏ�Ï-ÌØÏ×� ��ÄÈÏÄÉ � ÔÅÏÒ�Ñ ìÁÎÄÁÕ ¤ ÍÅÎÛ ÕÓ��ÛÎÉÍÉ. ð�ÄÔ×ÅÒÄÖÅÎÎÑÍ�ØÏÍÕ ÍÏÖÕÔØ ÂÕÔÉ �ÒÏ×ÅÄÅÎ� ÎÁÍÉ ÒÏÚÒÁÈÕÎËÉ �ÁÒÁÍÅÔÒ�× ËÒÉÔÉÞ-ÎÏ§ ÔÏÞËÉ òð ÄÌÑ ÍÏÄÅÌ� âóó ÑË ÆÕÎË��Ê Í�ËÒÏÓËÏ��ÞÎÏÇÏ �ÁÒÁÍÅÔ-ÒÁ r, Á ÔÁËÏÖ ÁÎÁÌÏÇ�ÞÎ� ÒÅÚÕÌØÔÁÔÉ, ÏÔÒÉÍÁÎ� ÍÅÔÏÄÏÍíÏÎÔÅ-ëÁÒÌÏ
ICMP{99{16 10(íë) [11,13℄. îÁÛ� ÒÏÚÒÁÈÕÎËÉ �ÒÏ×ÏÄÉÌÉÓØ Ú ÄÏ�ÏÍÏÇÏÀ ÍÅÔÏÄÕ ËÏ-ÌÅËÔÉ×ÎÉÈ ÚÍ�ÎÎÉÈ (ëú) Ú ×ÉÄ�ÌÅÎÏÀ ÓÉÓÔÅÍÏÀ ×�ÄÌ�ËÕ [14℄. íÅÔÏÄÄÏÚ×ÏÌÑ¤ ×É×ÞÁÔÉ ËÒÉÔÉÞÎÕ �Ï×ÅÄ�ÎËÕ ÓÉÓÔÅÍÉ Ú �ÅÒÛÉÈ �ÒÉÎ�É-��×, ×ÒÁÈÏ×ÕÀÞÉ ÆÌÕËÔÕÁ��§ �ÁÒÁÍÅÔÒÁ �ÏÒÑÄËÕ (× ÄÁÎÏÍÕ ×É�ÁÄËÕÆÌÕËÔÕÁ��§ ×ÒÁÈÏ×ÁÎ� × ÎÁÂÌÉÖÅÎÎ� ÍÏÄÅÌ� �4) [15℄. îÁ òÉÓ.3 ÚÏÂÒÁ-ÖÅÎÁ �Ï×ÅÄ�ÎËÁ ËÒÉÔÉÞÎÏ§ ÔÅÍ�ÅÒÁÔÕÒÉ òð ÑË ÆÕÎË��Ñ Í�ËÒÏÓËÏ��Þ-ÎÏÇÏ �ÁÒÁÍÅÔÒÁ r, Á × �ÁÂÌ.1 �ÏÄÁÎ� ÄÌÑ �ÏÒ�×ÎÑÎÎÑ ÞÉÓÌÏ×� ÚÎÁÞÅÎÎÑÄÌÑ ~T
 � �
, ÒÏÚÒÁÈÏ×ÁÎ� ÍÅÔÏÄÏÍ íë � ÍÅÔÏÄÏÍ ëú.

òÉÓ. 3. ëÒÉÔÉÞÎÁ ÔÅÍ�ÅÒÁÔÕÒÁ Ò�ÄÉÎÁ-�ÁÒÁ ~T
 Â�ÎÁÒÎÏ§ ÓÉÍÅÔÒÉÞÎÏ§ÓÕÍ�Û� ÑË ÆÕÎË��Ñ Í�ËÒÏÓËÏ��ÞÎÏÇÏ �ÁÒÁÍÅÔÒÁ r �ÒÉ � = 1:5.�ÁÂÌ. 1. ëÒÉÔÉÞÎ� ÔÅÍ�ÅÒÁÔÕÒÉ ~T
 � ËÒÉÔÉÞÎ� ÇÕÓÔÉÎÉ �
, ÏÔÒÉÍÁÎ�ÍÅÔÏÄÏÍ íë � ÍÅÔÏÄÏÍ ëú.� r ~T
 ~T
 �
 �
1.5 0.72 1.06 [11℄ 1.055 - -2.0 1.0 2.684 [13℄ 2.753 0.123 [2℄ 0.129�ÕÔ ××ÅÄÅÎ� ÎÁÓÔÕ�Î� �ÏÚÎÁÞÅÎÎÑ: ~T
 = kT
� , �
 = ���36 .óÌ�Ä ÚÁÕ×ÁÖÉÔÉ ÄÏÂÒÕ ÕÚÇÏÄÖÅÎ�ÓÔØ ÎÁÛÉÈ ÒÅÚÕÌØÔÁÔ�× Ú ÒÅÚÕÌØ-ÔÁÔÁÍÉ ÍÅÔÏÄÕ íë. òÏÚÒÁÈÏ×ÁÎ� × ÎÁÂÌÉÖÅÎÎ� ÍÏÄÅÌ� �4 ÔÅÍ�ÅÒÁÔÕ-ÒÉ ¤ ÎÁ � 10 � 15% ÎÉÖÞ� ×�Ä Ë�ÌØË�ÓÎÉÈ Ï��ÎÏË ÓÅÒÅÄÎØÏ�ÏÌØÏ×ÉÈ��ÄÈÏÄ�×.
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ICMP{99{16 12ðï�åîã¶áì ÷úá´íïä¶·í¶ö á�ïíáíé çåì¶àá. òÏ×ÅÎÞÁËëÁÆÅÄÒÁ ÔÅÏÒÅÔÉÞÎÏ§ Æ�ÚÉËÉìØ×�×ÓØËÉÊ ÄÅÒÖÁ×ÎÉÊ ÕÎ�×ÅÒÓÉÔÅÔ�ÍÅÎ� ¶×ÁÎÁ æÒÁÎËÁ×ÕÌ. äÒÁÇÏÍÁÎÏ×Á, 12, 290005 ìØ×�×úÁÄÁÞÁ Ï�ÉÓÕ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ × 4He ÍÁ¤ ×ÖÅ �ÏÎÁÄ Û�ÓÔÄÅÓÑÔÒÏË�×, ×�ÄËÏÌÉ ÷. ç. ëÅ¤ÚÏÍ ×�ÄËÒÉ× ÊÏÇÏ Õ 1932 Ò. äÏ �ØÏÇÏ ÞÁÓÕ ÎÅ×ÄÁÌÏÓÑ ÓÔ×ÏÒÉÔÉ ÔÅÏÒ�À, ÑËÁ ÂÉ ÄÁ×ÁÌÁ ÄÏÂÒÉÊ Ï�ÉÓ �ØÏÇÏ Ñ×ÉÝÁÎÅ ÌÉÛÅ ÑË�ÓÎÏ, ÁÌÅ Ê Ë�ÌØË�ÓÎÏ.÷�ÄÏÍÏ, ÝÏ �{�ÅÒÅÈ�Ä ×ÉÑ×ÌÑ¤ÔØÓÑ ÚÏËÒÅÍÁ ÑË ÚÎÁÞÎÅ ÚÒÏÓÔÁÎÎÑÔÅ�ÌÏ¤ÍÎÏÓÔÉ 
V ÓÉÓÔÅÍÉ. óÕÔÔ¤×Á �ÒÏÂÌÅÍÁ �ÏÌÑÇÁ¤ × ÔÏÍÕ, ÝÏ ÅËÓ-�ÅÒÉÍÅÎÔÁÌØÎ� ÄÁÎ� Ú �ÒÉ×ÏÄÕ �ØÏÇÏ ¤ ÄÕÖÅ ÎÅÏÄÎÏÚÎÁÞÎÉÍÉ, ÄÏÔÅ-�ÅÒ ÎÅ×�ÄÏÍÏ, ÎÁ�ÒÉËÌÁÄ, ÞÉ × ÔÏÞ�� �ÅÒÅÈÏÄÕ T� ÔÅ�ÌÏ¤ÍÎ�ÓÔØ ÍÁ¤ÓË�ÎÞÅÎÅ ÚÎÁÞÅÎÎÑ [1℄. ò�ÚÎ� ��ÄÈÏÄÉ ÄÏ ÔÅÏÒÅÔÉÞÎÏÇÏ Ï�ÉÓÕ ÄÁÀÔØ×�Ä�Ï×�ÄÎÏ Ò�ÚÎ� ÒÅÚÕÌØÔÁÔÉ.ðÏ×ÅÄ�ÎËÕ ÔÅ�ÌÏ¤ÍÎÏÓÔÉ × ÏËÏÌ� T� �ÏÄÁÀÔØ �ÅÒÅ×ÁÖÎÏ Õ ×ÉÇÌÑÄ�
V � j1 � T=T�j�. ïÄÉÎ Ú ÍÅÔÏÄ�× Ï�ÉÓÕ �{�ÅÒÅÈÏÄÕ, ÑËÉÊ ­ÒÕÎÔÕ¤-ÔØÓÑ ÎÁ Ó��××�ÄÎÏÛÅÎÎÑÈ ÄÌÑ ÂÁÇÁÔÏÞÁÓÔÉÎËÏ×ÉÈ ÆÕÎË��Ê ÒÏÚ�ÏÄ�ÌÕ,ÂÕ× ÚÁ�ÒÏ�ÏÎÏ×ÁÎÉÊ ¶. ï. ÷ÁËÁÒÞÕËÏÍ [2℄. ðÏ�ÅÒÅÄÎ� Ï��ÎËÉ ÒÅÚÕÌØ-ÔÁÔ�× ÊÏÇÏ ÚÁÓÔÏÓÕ×ÁÎÎÑ ×ËÁÚÕÀÔØ ÎÁ ÔÅ, ÝÏ ÆÕÎË��Ñ ÔÅ�ÌÏ¤ÍÎÏÓÔÉÍÁ¤ ÒÏÚÂ�ÖÎ�ÓÔØ, �ÒÉÎÁÊÍÎ� �ÒÉ ÎÁÂÌÉÖÅÎÎ� ÄÏ T� Ó�ÒÁ×Á. ðÒÉ �ØÏ-ÍÕ �ÏËÁÚÎÉË � ¤ ÍÁÌÉÍ ×�Ä'¤ÍÎÉÍ ÞÉÓÌÏÍ. äÌÑ ×ÓÔÁÎÏ×ÌÅÎÎÑ ÊÏÇÏÚÎÁÞÅÎÎÑ �ÏÔÒ�ÂÎÏ ÄÅÔÁÌ�ÚÕ×ÁÔÉ ÒÏÚÒÁÈÕÎËÉ, ÚÏËÒÅÍÁ ÏÔÒÉÍÁÔÉ ÔÏÞ-Î�Û� ×ÉÒÁÚÉ ÄÌÑ ÆÕÒ'¤-ÚÏÂÒÁÖÅÎÎÑ �ÏÔÅÎ��ÁÌÕ Í�ÖÁÔÏÍÎÏ§ ×ÚÁ¤ÍÏÄ�§× 4He, ÑËÅ Æ�­ÕÒÕ¤ × ÂÁÇÁÔØÏÈ Ò�×ÎÑÎÎÑÈ ÔÅÏÒ�§.÷ÉÄÁ¤ÔØÓÑ �ÒÉ×ÁÂÌÉ×ÉÍ ÔÁËÉÊ Ï�ÉÓ ÓÉÓÔÅÍÉ, ÑËÉÊ �ÏÂÕÄÏ×ÁÎÉÊÚ �ÅÒÛÉÈ �ÒÉÎ�É��×, ÔÏÂÔÏ ÄÌÑ ÎØÏÇÏ ×ÉËÏÒÉÓÔÁÎ� Ô�ÌØËÉ �Å×Î� ÚÁ-ÇÁÌØÎÉ� Ò�×ÎÑÎÎÑ, ÑË ÎÁ�ÒÉËÌÁÄ Ò�×ÎÑÎÎÑ ûÒÅÄ�Î­ÅÒÁ, � �ÒÉ �ØÏÍÕË�ÌØË�ÓÔØ ÄÁÎÉÈ, ×ÚÑÔÉÈ Ú ÅËÓ�ÅÒÉÍÅÎÔÕ, �Ï×ÉÎÎÁ ÂÕÔÉ ÑËÎÁÊÍÅÎ-ÛÏÀ.õ ÄÁÎ�Ê ÒÏÂÏÔ� ÆÕÒ'¤-ÚÏÂÒÁÖÅÎÎÑ �(q) �ÏÔÅÎ��ÁÌÕ �(r) ÏÔÒÉÍÕ-¤ÔØÓÑ Ú ×ÉËÏÒÉÓÔÁÎÎÑÍ �Å×ÎÉÈ Ë×ÁÎÔÏ×Ï-ÍÅÈÁÎ�ÞÎÉÈ Ó��××�ÄÎÏÛÅÎØÎÁ ��ÄÓÔÁ×� ÓÔÒÕËÔÕÒÎÏÇÏ ÆÁËÔÏÒÁ Sq, ×ÉÍ�ÒÑÎÏÇÏ × ÅËÓ�ÅÒÉÍÅÎÔÁÈ ÚÒÏÚÓ�ÑÎÎÑ ÔÅ�ÌÏ×ÉÈ ÎÅÊÔÒÏÎ�× Õ ÎÁÄ�ÌÉÎÎÏÍÕ 4He [3℄.÷�Ä�Ï×�ÄÎ� ×ÉÒÁÚÉ × ÎÁÂÌÉÖÅÎÎ� Ä×ÏÈ ÓÕÍ ÚÁ È×ÉÌØÏ×ÉÍ ×ÅËÔÏÒÏÍÍÏÖÎÁ ÏÔÒÉÍÁÔÉ ÎÁ ��ÄÓÔÁ×� ÒÅÚÕÌØÔÁÔ�× ÒÏÂ�Ô [4,5℄, Õ ÑËÉÈ ÒÏÚÇÌÑÄÁ-ÌÁÓÑ ÂÁÇÁÔÏÂÏÚÏÎÎÁ ÎÅ�ÄÅÁÌØÎÁ ÓÉÓÔÅÍÁ �ÒÉ T = 0 K (ÔÏÂÔÏ × ÏÓÎÏ×-



13 ðÒÅ�ÒÉÎÔÎÏÍÕ ÓÔÁÎ�). ÷ [4℄ ÂÕÌÏ ÏÔÒÉÍÁÎÏ ÌÁÎ�ÀÇ Ò�×ÎÑÎØ ÄÌÑ ËÏÅÆ���¤ÎÔÎÉÈÆÕÎË��Ê a2; a3; a4; : : : Õ ÒÏÚËÌÁÄ� ÌÏ­ÁÒÉÆÍÕ È×ÉÌØÏ×Ï§ ÆÕÎË��§ ÏÓ-ÎÏ×ÎÏÇÏ ÓÔÁÎÕ ÂÁÇÁÔÏÂÏÚÏÎÎÏ§ ÓÉÓÔÅÍÉ ÚÁ \ÓÔÅ�ÅÎÑÍÉ" ËÏÌÅËÔÉ×ÎÉÈÚÍ�ÎÎÉÈ:	(r1; : : : ; rN ) = C exp(Xn�2 N1�n=2n! Xk1 6=0 : : :: : : Xkn 6=0 Æ(k1 + : : :+ kn)an(k1; : : : ;kn)�k1 : : : �kn);�k = 1pN NXj=1 e�ikrj :õ ÎÁÂÌÉÖÅÎÎ� \Ä×ÏÈ ÓÕÍ ÚÁ È×ÉÌØÏ×ÉÍ ×ÅËÔÏÒÏÍ" Ú Ò�×ÎÑÎÎÑ ûÒÅ-Ä�Î­ÅÒÁ Ú ÇÁÍ�ÌØÔÏÎ�ÁÎÏÍH = NXj=1 ^p2j2m + 12 Xj1 6=j2�(jrj1 � rj2 j)ÏÔÒÉÍÁ¤ÍÏ ÔÁËÕ ÓÉÓÔÅÍÕ Ò�×ÎÑÎØ (1{3):NV m�(k)�h2 + k2 a2(k)� k2 a22(k)� (1)� 12N Xq6=0q2 a4(q;�q;k;�k) ++ 1N Xq6=0q(�k� q) a3(k;q;�k� q) = 0;a3(k1;k2;k3) = nk1k2 a2(k1)a2(k2) + (2)+k1k3 a2(k1)a2(k3) + k2k3 a2(k2)a2(k3)o�� �2k21 [1� 2a2(k1)℄ + k22 [1� 2a2(k2)℄ + k23 [1� 2a2(k3)℄ ;a4(k;�k;q;�q) = 1k2 [1� 2a2(k)℄ + q2 [1� 2a2(q)℄ � (3)�n(k + q)2a23(k+ q;�k;�q) + (k� q)2a23(k� q;�k;q)++2 [k(k+ q)a2(k) + q(q + k)a2(q)℄ a3(k+ q;�k;�q)++2 [k(k� q)a2(k) + q(q � k)a2(q)℄ a3(k� q;�k;+q)o:
ICMP{99{16 14÷ ÒÏÂÏÔÁÈ [5℄ ÂÕÌÉ ÏÔÒÉÍÁÎ� ×ÉÒÁÚÉ ÄÌÑ s-ÞÁÓÔÉÎËÏ×ÉÈ ÍÁÔÒÉ�Ø ÇÕÓ-ÔÉÎÉ Fs(r1; : : : ; rs) ÞÅÒÅÚ ÆÕÎË��§ a2; a3; a4. �ÁËÉÍ ÞÉÎÏÍ, ×ÒÁÈÏ×ÕÀ-ÞÉ �ÒÏÓÔÉÊ Ú×'ÑÚÏË �ÁÒÎÏ§ ÆÕÎË��§ ÒÏÚ�ÏÄ�ÌÕ Ú �ÁÒÎÉÍ ÓÔÒÕËÔÕÒÎÉÍÆÁËÔÏÒÏÍ ÓÉÓÔÅÍÉ, ÆÁËÔÉÞÎÏ ÍÁ¤ÍÏ Ó��××�ÄÎÏÛÅÎÎÑ Í�Ö a2; a3, a4 �Sq �ÒÉ ÁÂÓÏÌÀÔÎÏÍÕ ÎÕÌ� ÔÅÍ�ÅÒÁÔÕÒÉ:11� 2a2(q) = 12�(q) �q1 + 4Sq�(q)� 1� ; (4)ÄÅ �(q) ¤ ÓËÌÁÄÎÉÍ ÆÕÎË��ÏÎÁÌÏÍ a2:�(q) = 2N Xk1 6=0 Xk2 6=0k1+k2+q=0 1[1� 2a2(k1)℄ [1� 2a2(k2)℄ � (5)� na2(k1)a2(k2) + a3(k1;k2;q) [1 + a3(k1;k2;q)℄o++ 1N Xk6=0 a4(k;�k;q;�q)[1� 2a2(k)℄òÏÚ×'ÑÚÕÀÞÉ (4) Õ �ÒÉÊÎÑÔÏÍÕ ÎÁÂÌÉÖÅÎÎ� (Ä×� ÓÕÍÉ ÚÁ È×ÉÌØÏ-×ÉÍ ×ÅËÔÏÒÏÍ), ÏÔÒÉÍÁ¤ÍÏa2(q) = 12 �1� 1Sq�� 12�(0)(q); (6)�ÎÄÅËÓ (0) ÏÚÎÁÞÁ¤, ÝÏ ÆÕÎË��ÏÎÁÌ �(q) ÒÏÚÒÁÈÏ×ÁÎÉÊ ÎÁ ÆÕÎË��ÑÈa2(q) = a(0)2 (q);a(0)2 (q) = 12 �1� 1Sq�| ÒÏÚ×'ÑÚËÉ (1{4) Õ ÎÁÂÌÉÖÅÎÎ� ÈÁÏÔÉÞÎÉÈ ÆÁÚ. �ÁËÉÍ ÞÉÎÏÍ, ÍÏÖ-ÎÁ ÏÔÒÉÍÁÔÉ ÆÕÒ'¤-ÚÏÂÒÁÖÅÎÎÑ �ÏÔÅÎ��ÁÌÕ �(q), Á ÔÁËÏÖ �ÅÒÅÊÔÉ ÄÏ�(r): �(r) = 1V Xq eiqr�(q): (7)äÌÑ ÏÂÞÉÓÌÅÎØ ÍÉ ×ÉËÏÒÉÓÔÏ×Õ×ÁÌÉ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎ� ÚÎÁÞÅÎÎÑÓÔÒÕËÔÕÒÎÏÇÏ ÆÁËÔÏÒÁ ÎÁÄ�ÌÉÎÎÏÇÏ 4He �Ú ÒÏÂÏÔÉ [3℄, ÑË� ×�Ä�Ï×�-ÄÁÀÔØ ÇÕÓÔÉÎ� � = 0:02185 �A�3 � ÔÅÍ�ÅÒÁÔÕÒ� T = 1 K. ïÓË�ÌØËÉ Õ×ÉÈ�ÄÎ� ×ÉÒÁÚÉ ×ÈÏÄÉÔØ Sq �ÒÉ T = 0 K, ÍÉ \�ÒÏÄÏ×ÖÉÌÉ" �� ÚÎÁÞÅÎ-ÎÑ × T = 0 K ÎÁ ��ÄÓÔÁ×� Ó��××�ÄÎÏÛÅÎÎÑ [6℄ (ÄÉ×. òÉÓ. 1)Sq(�) = Sq(1)th �2Eq ; Eq = �h2q22mSq(1) :



15 ðÒÅ�ÒÉÎÔ

òÉÓ. 1. óÔÒÕËÔÕÒÎÉÊ ÆÁËÔÏÒ 4HeòÅÚÕÌØÔÁÔÉ ÒÏÚÒÁÈÕÎË�× ÎÁ×ÅÄÅÎ� ÎÁ òÉÓ. 2{3 � × ÔÁÂÌ. 1. ðÏÒ�×-ÎÑÎÎÑ ÚÄ�ÊÓÎÀ¤ÔØÓÑ Ú ÍÏÄÅÌØÎÉÍ �ÏÔÅÎ��ÁÌÏÍ áÚ�ÚÁ [7℄.îÁÂÌÉÖÅÎÎÑ ÈÁÏÔÉÞÎÉÈ ÆÁÚ ×�Ä�Ï×�ÄÁ¤ ÔÏÍÕ, ÝÏ × (1) �ÏÔÒ�ÂÎÏ×�ÄËÉÎÕÔÉ ×Ó� ÄÏÄÁÎËÉ, ÝÏ Í�ÓÔÑÔØ ÓÕÍÉ ÚÁ È×ÉÌØÏ×ÉÍ ×ÅËÔÏÒÏÍ ��ÏËÌÁÓÔÉ a2(q) = a(0)2 (q), ÔÏÂÔÏ�(q) = �h2q22m 12� � 1S2q � 1� : (8)ñË ×ÉÄÎÏ Ú òÉÓ. 2{3, ÎÁÂÌÉÖÅÎÎÑ Ä×ÏÈ ÓÕÍ ÚÁ È×ÉÌØÏ×ÉÍ ×ÅËÔÏ-ÒÏÍ ÓÕÔÔ¤×Ï �ÏËÒÁÝÕ¤ ÒÅÚÕÌØÔÁÔÉ �ÏÒ�×ÎÑÎÏ Ú ÎÁÂÌÉÖÅÎÎÑÍ ÈÁÏÔÉÞ-ÎÉÈ ÆÁÚ, ÔÏÂÔÏ ×�ÌÉ× ÔÒÉ- � ÞÏÔÉÒÉÞÁÓÔÉÎËÏ×ÉÈ ËÏÒÅÌÑ��Ê ¤ ÚÎÁÞÎÉÍ.ïÔÒÉÍÁÎÉÊ ÎÁÍÉ �ÏÔÅÎ��ÁÌ ÄÅÝÏ ×�ÄÒ�ÚÎÑ¤ÔØÓÑ ×�Ä ÎÁ×ÅÄÅÎÏÇÏ× [7℄. áÌÅ �Ï×ÎÏÇÏ ÚÂ�ÇÕ ÎÅ ÓÌ�Ä ÂÕÌÏ ÏÞ�ËÕ×ÁÔÉ, ÏÓË�ÌØËÉ ÎÁ×ÅÄÅ-Î� ÒÅÚÕÌØÔÁÔÉ ×�Ä�Ï×�ÄÁÀÔØ �ÁÒÎ�Ê ×ÚÁ¤ÍÏÄ�§ Í�Ö ÁÔÏÍÁÍÉ 4He, ÑËÁÆ�­ÕÒÕ¤ Õ ×ÉÈ�ÄÎÉÈ Ò�×ÎÑÎÎÑÈ ÔÅÏÒ�§ [4℄ � ¤, ÆÁËÔÉÞÎÏ, ÅÆÅËÔÉ×ÎÏÀ,Á ÍÏÄÅÌØÎ� �ÏÔÅÎ��ÁÌÉ ÒÏÚÒÁÈÏ×ÕÀÔØ ÎÁ ��ÄÓÔÁ×� ÕÚÇÏÄÖÅÎÎÑ Ò�ÚÎÏ-ÍÁÎ�ÔÎÉÈ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÉÈ ÄÁÎÉÈ, ××ÁÖÁÀÞÉ Í�ÖÁÔÏÍÎ� ×ÚÁ¤ÍÏÄ�§�ÁÒÎÉÍÉ. ýÏÄÏ ÔÁËÏ§ ÓÉÓÔÅÍÉ ÑË Ò�ÄËÉÊ 4He �ÒÉ ÎÉÚØËÉÈ ÔÅÍ�Å-ÒÁÔÕÒÁÈ, ÔÏ ÄÌÑ ÎÅ§, ÍÁÂÕÔØ, ¤ ÓÕÔÔ¤×ÉÍÉ ÔÒÉ- � ÞÏÔÉÒÉÞÁÓÔÉÎËÏ×�×ÚÁ¤ÍÏÄ�§, ÄÏÓÌ�ÄÖÅÎÎÑ ÑËÉÈ ÓÔÁÎÏ×ÉÔØ ÚÎÁÞÎÕ ÓËÌÁÄÎ�ÓÔØ.
ICMP{99{16 16�ÁÂÌ. 1. ðÏÒ�×ÎÑÎÎÑ ÒÅÚÕÌØÔÁÔ�× ÏÂÞÉÓÌÅÎØrmin, �A �(rmin), K �(0), K0-×Å ÎÁÂÌÉÖÅÎÎÑ 3.31 {17.08 ' 2421-ÛÅ ÎÁÂÌÉÖÅÎÎÑ 3.34 {10.58 ' 230íÏÄÅÌØÎÉÊ �ÏÔÅÎ��ÁÌ áÚ�ÚÁ [7℄ 2.99 {11.04 ' 2 � 106ðÒÉÞÉÎÏÀ ÏÓ�ÉÌÑ��Ê ÎÁÛÏÇÏ �ÏÔÅÎ��ÁÌÕ ÎÁ ×ÅÌÉËÉÈ ×�ÄÓÔÁÎÑÈ ¤Ë×ÁÎÔÏ×ÉÊ ÒÏÚÇÌÑÄ �ÒÏÂÌÅÍÉ, ×�ÄÏÍÏ, ÝÏ ÔÁËÁ �Ï×ÅÄ�ÎËÁ Ó�ÏÓÔÅÒ�ÇÁ-¤ÔØÓÑ × Ò�ÄËÉÈ ÍÅÔÁÌÁÈ.ýÏÄÏ ÏÓ�ÉÌÑ��Ê ÎÁ ÍÁÌÉÈ ×�ÄÄÁÌÑÈ, ÔÏ �ÏÑÓÎÉÔÉ §È �ÏËÉ ÝÏ ÎÅ×ÄÁ¤ÔØÓÑ, ÍÏÖÌÉ×Ï, ×ÏÎÉ ÂÕÄÕÔØ ÚÇÌÁÄÖÅÎ� ��ÓÌÑ ÚÁÓÔÏÓÕ×ÁÎÎÑ ÎÁ-ÓÔÕ�ÎÉÈ ÎÁÂÌÉÖÅÎØ.äÅÝÏ �ÎÛÉÊ ��ÄÈ�Ä ÄÏ ÒÏÚ×'ÑÚËÕ Ò�×ÎÑÎÎÑ ÄÌÑ �(q) �ÏÌÑÇÁ¤ ÕÌ�ÎÅÁÒÉÚÁ��§ ÚÁ ÄÏ�ÏÍÏÇÏÀ ÍÅÔÏÄÕ îØÀÔÏÎÁ, ÔÏÂÔÏ ÍÏÖÎÁ ÚÁ�ÉÓÁÔÉ�(q) = �(0)(q) +Xk0 Æ�(0)(k0)ÆX(k0) �����X(k0)=Sk0 �X(k0)� Sk0�+ : : : ;X(k0) = 11� 2a2(k0) :ïÄÎÁË, ×ÒÁÈÏ×ÕÀÞÉ ÓËÌÁÄÎ�ÓÔØ ÆÕÎË��ÏÎÁÌÕ �(q), �ÒÏ×ÅÓÔÉ ÔÏÞÎ�ÞÉÓÅÌØÎ� ÒÏÚÒÁÈÕÎËÉ ÄÌÑ ×ÁÒ�Á��ÊÎÏ§ �ÏÈ�ÄÎÏ§ ÂÕÄÅ ÄÏÓÉÔØ ÓËÌÁÄÎÏ.ïÔÒÉÍÁÎ� × ��Ê ÒÏÂÏÔ� ÒÅÚÕÌØÔÁÔÉ, ÑË� ×�Ä�Ï×�ÄÁÀÔØ ÎÁÂÌÉÖÅÎÎÀ\Ä×ÏÈ ÓÕÍ ÚÁ È×ÉÌØÏ×ÉÍ ×ÅËÔÏÒÏÍ", ÍÏÖÕÔØ ÂÕÔÉ ×ÉËÏÒÉÓÔÁÎ� ÄÌÑÒÏÚÒÁÈÕÎËÕ ÔÅÒÍÏÄÉÎÁÍ�ÞÎÉÈ ÆÕÎË��Ê ÇÅÌ�À � ÄÌÑ �ÏÄÁÌØÛÏ§ �ÏÂÕ-ÄÏ×É ÔÅÏÒ�§ Ú �ÅÒÛÉÈ �ÒÉÎ�É��×.á×ÔÏÒ ×ÉÓÌÏ×ÌÀ¤ �ÏÄÑËÕ Ó×Ï¤ÍÕ ÎÁÕËÏ×ÏÍÕ ËÅÒ�×ÎÉËÏ×�, �ÒÏÆÅ-ÓÏÒÕ ¶. ï. ÷ÁËÁÒÞÕËÕ, Á ÔÁËÏÖ ÁÓ��ÒÁÎÔÕ ËÁÆÅÄÒÉ ÔÅÏÒÅÔÉÞÎÏ§ Æ�-ÚÉËÉ ÷. ÷. âÁÂ�ÎÕ, Ó��ÌØÎÏ Ú ÑËÉÍ ÂÕÌÉ ×ÉËÏÎÁÎ� ÒÏÚÒÁÈÕÎËÉ ÄÏ ��¤§ÒÏÂÏÔÉ.
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òÉÓ. 2. ðÏÔÅÎ��ÁÌ ×ÚÁ¤ÍÏÄ�§ Í�Ö ÁÔÏÍÁÍÉ He, Ò�ÚÎ� ÎÁÂÌÉÖÅÎÎÑì�ÔÅÒÁÔÕÒÁ1. Lipa J. A., Swanson D. R., Nissen J. A. Phys. Rev. Lett., 76, No. 8,944{947 (1996)2. ÷ÁËÁÒÞÕË ¶. ï. öÕÒÎ. Æ�Ú. ÄÏÓÌ., 1, °. 2, 156{168 (1997)3. Svensson E. C., Sears V. F., Woods A. D. B., Martel P. Phys. Rev. B,21, 8, (1980)4. é. á. ÷ÁËÁÒÞÕË, é. ò. àÈÎÏ×ÓËÉÊ. �íæ, �ÏÍ 40, °. 1, 100{111(1979); é. á. ÷ÁËÁÒÞÕË, é. ò. àÈÎÏ×ÓËÉÊ. �íæ, �ÏÍ 42, °. 1,112{123 (1980)5. é. á. ÷ÁËÁÒÞÕË. �íæ, �ÏÍ 80, °. 3, 439{451 (1989); é. á. ÷Á-ËÁÒÞÕË. �íæ, �ÏÍ 82, °. 3, 438{449 (1990)6. âÏÇÏÌÀÂÏ× î. î., úÕÂÁÒÅ× ä. î. öü�æ, 28, ×Ù�. 2, 129{139(1955)7. A. R. Janzen and R .A. Aziz J. Chem. Phys.107, 914 (1997)8. R. A. Aziz, V. P. S. Nain, J. S. Carley, W. L. Taylor, and G. T. M
-Conville J. Chem. Phys. 70, 4430 (1979)
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19 ðÒÅ�ÒÉÎÔTHE CORRECTION-TO-SCALINGEXPONENT IN DILUTE SYSTEMS1R. Folk1, Yu. Holovat
h2;3, T. Yavors'kii31Institute for Theoreti
al Physi
s, University of Linz,A-4040 Linz, Austria2Institute for Condensed Matter Physi
s, UkrainianA
ademy of S
ien
es, UA-290011 Lviv, Ukraine3Ivan Franko State University of Lviv, UA-290005 Lviv,UkraineFrom renormalization group (RG) theory one knows that in theasymptoti
 region the values of the 
riti
al exponents are universal ands
aling laws between them hold. There the 
ouplings of the model Hamil-tonian des
ribing the 
riti
al system have rea
hed their �xed point val-ues. In the nonasymptoti
 region deviations from the �xed point valuesare present. They die out a

ording to a universal power law governed bythe 
orre
tion-to-s
aling exponent !. E.g. for the zero �eld sus
eptibilitythe approa
h from above to the 
riti
al temperature T
 is 
hara
terizedby the so-
alled Wegner expansion [1℄� ' �0��
 �1 + �1�!� + �2�2!� + : : :� ; (1)where � = (T � T
)=T
 and the �i are the non-universal amplitudes.
 and � are the asymptoti
 values of the sus
eptibility and 
orrelationlength 
riti
al exponents. The smaller the exponent !, the larger is theregion where 
orre
tions to the asymptoti
 power laws have to be takeninto a

ount. Being even further away from the �xed point it is ne
essaryto 
onsider the 
omplete non linear 
rossover fun
tions. This exponenthas been 
al
ulated with high a

ura
y for the O(n) symmetri
 model(in parti
ular for the 3d-Ising model, see Table 1), but is mu
h less knownfor the 
orresponding diluted model. As a result of a 3d-
al
ulation of the�eld theoreti
 fun
tions within the minimal subtra
tion s
heme [2℄ and athorough analysis of di�erent methods for 
al
ulating 
riti
al exponents[3℄, we are able to present a

urate values of the 
orre
tion-to-s
alingexponent for weakly diluted quen
hed 3d-Ising model.The impli
ation of quen
hed dilution on the 
riti
al behavior is along-standing problem attra
ting theoreti
al, experimental and numeri-
al e�orts. In the 3d-Ising model quen
hed disorder 
hanges the asymp-toti
 
riti
al exponents 
ompared to the pure ones [4,5℄. In prin
iple this1R. Folk, Yu. Holovat
h, T. Yavors'kii. Pis'ma v ZhETF, 69, 698 (1999); [JETPLett. 69, 747 (1999)℄.

ICMP{99{16 20statement should hold for arbitrary weak dilution. But in order to ob-serve this 
hange one should approa
h the 
riti
al point 
lose enough.The width of this region turns out to be dilution dependent.In parti
ular Monte Carlo (MC) 
al
ulations of the 
riti
al expo-nents in the dilute 3d-Ising model are more diÆ
ult to perform than forthe pure model sin
e they need mu
h larger sizes of latti
es [6℄. Eventhen the exponents were found to be non-universal and varying 
onti-nously with dilution, i.e. they were e�e
tive ones [7℄. It be
ame 
learthat a 
orre
tion-to-s
aling analysis is unavoidable and indeed univer-sal exponents were found [8℄. Without it one still obtains 
on
entrationdependent e�e
tive exponents [9℄.The value of the 
orre
tion-to-s
aling exponent ! found in MC 
al
u-lations from an analysis invoking the �rst 
orre
tion term in (1) turnedout to be [8℄ ! = 0:37� 0:06 : (2)Thus it is almost half as large as its 
orresponding value in the puremodel (see Table 1) and this smallness of ! in the dilute 
ase explainsits importan
e for an analysis of the asymptoti
 
riti
al behavior. It istherefore highly desirable to have an independent quantitative theoreti-
al predi
tion for the value of the 
orre
tion-to-s
aling exponent in thedilute system.In theoreti
al 
al
ulations the value of ! found by s
aling �eld RG[10℄ is ! = 0:42. So far �eld theoreti
al RG studies mainly 
on
entratedon the asymptoti
 values of the leading exponents. Corre
tion-to-s
alingexponents have been 
al
ulated within massive RG in two loop approx-imation in Ref. [11℄ (! = 0:450) and within the minimal subtra
tions
heme in three loop approximation in Ref. [12℄ (! = 0:366). Here, weimprove this value in the massive RG s
heme up to four loop order withthe result ! = 0:372 (3)in ex
ellent agreement with (2). In the minimal subtra
tion s
heme weobtain ! = 0:390 remaining with in the bandwidth of MC a

ura
y.The 
riti
al behavior of the quen
hed weakly dilute Ising model inthe Eu
lidian spa
e of d = 4�" dimensions is governed by a Hamiltonianwith two 
ouplings [13℄:H(�) = Z ddRn12 nX�=1 �jr��j2 +m20�2��� v04!  nX�=1 �2�!2 + u04! nX�=1�4�o;(4)



21 ðÒÅ�ÒÉÎÔin repli
a limit n! 0. Here �� are the 
omponents of order parameter;u0 > 0; v0 > 0 are bare 
ouplings; m0 is bare mass.We des
ribe the long-distan
e properties of the model (4) in the vi
in-ity of the phase transition point using a �eld-theoreti
al RG approa
h.The results presented in this paper are obtained on the basis of two dif-ferent RG s
hemes: the normalization 
onditions of massive renormalizedtheory at �xed [14℄ d = 3 and the minimal subtra
tion s
heme [15℄. Thelast approa
h allows both �xed d = 3 
al
ulations [16℄ as well as an"-expansion.In the RG method the 
hange of the 
ouplings u and v under renor-malization is des
ribed by two �-fun
tions�u(u; v) = ���u���0 ; �v(u; v) = �� �v���0 ; (5)where � 
orresponds to the mass in the massive �eld theory approa
h andto the s
ale parameter in the minimal subtra
tion s
heme. The subs
riptin (5) indi
ates that the derivatives are taken at 
onstant unrenormal-ized parameters. The �-fun
tions di�er for di�erent RG s
hemes and in
onsequen
e the �xed point 
oordinates u�, v�, de�ned by the simultan-ious zeros of both �-fun
tions, are s
heme dependent. The asymptoti

riti
al exponents as well as the 
orre
tion-to-s
aling exponent do notdepend on the RG s
heme and take universal values.The 
orre
tion-to-s
aling exponent ! is de�ned by the smallest eigen-value of the matrix of derivatives of the �-fun
tions0B� ��u�u ��u�v��v�u ��v�v 1CA (6)Method dilute pures
aling �eld 0:42[10℄ 0:87[10℄" expansion see text 0:814� 0:018[26℄massive RG, d = 3 0:372 0:799� 0:011[26℄min. sub. RG, d = 3 0:390 0:7910:8� 0:1[16℄;MC 0:37� 0:06[8℄ 0:8� 0:85[31℄;0:87� 0:09[32℄Table 1. Values of 
orre
tion-to-s
aling exponent ! as obtained fromdi�erent methods in dilute and pure 3d-Ising models. For the a

ura
yof our values see text and Fig. 1.

ICMP{99{16 22taken at the stable �xed point. For the stable �xed point both eigenvaluesof this matrix have a positive real part.Our results for the 
orre
tion-to-s
aling exponent are based on theknown high order expansions for the fun
tions �u and �v. In the massives
heme they are known in four loop approximation [17℄. In the minimalsubtra
tion s
heme one 
an obtain these fun
tions in �ve loop approxi-mation in the repli
a limit from those of a 
ubi
 model [2℄. In the limiting
ase of the pure model only the 
oupling u is present. The 
orresponding�-fun
tion results from putting v = 0 in �u(u; v) and the 
orre
tion-to-s
aling exponent is simply the derivative ��u(u; 0)=�u taken at the stable�xed point u�. Note that for the pure model the �-fun
tions in the mas-sive s
heme are known in six loop approximation [18℄ and the �ve loopresults for the RG fun
tions in the minimal subtra
tion s
heme [19℄ agreewith those re
overed from Ref. [2℄.It is known that the series obtained in the perturbational RG ap-proa
h are at best asymptoti
 (for the dilute model see however Ref.[20℄). An appropriate resummation pro
edure has to be applied to the� fun
tions in order to obtain reliable information. The 
hoi
e of the re-summation pro
edure depends on the information about the high orderbehavior of the expansion series. This information is not available for the
ase of the �-fun
tions (5). In this situation we have used in our anal-ysis several resummation pro
edures. In parti
ular we tried Pad�e-Borelresummation [18℄ for resolvent series [21℄ as well as Chisholm-Borel re-summation te
hnique [11,22℄. Simple Pad�e-tables were analyzed as well.Then, spe
ial attention was payed to the 
hoi
e of the �t parameter (en-tering Borel-Leroy transform). We observed the standard 'ben
hmarks',namely fastest 
onvergen
e of the perturbation theory results, reprodu
-tivity of the best a

ura
y known for exponent values of the pure model.Moreover di�erent forms of the approximants were tried and analyzedon the base of a model fun
tion [3℄.The steps whi
h we follow in the 
al
ulation of the 
orre
tion-to-s
aling exponent ! are the following: First the �-fun
tions (5) are re-summed and the system of equations for the �xed points, �u(u�; v�) = 0,�v(u�; v�) = 0, is solved. Then the matrix of derivatives (6) is 
al
ulatedfor the resummed �-fun
tions. The stability of the �xed points is 
he
ked.The �xed point with both u� 6= 0 and v� 6= 0 is the stable one at d = 3and the smallest eigenvalue gives the desired 
orre
tion-to-s
aling expo-nent. Note that the eigenvalues might be 
omplex, in this 
ase both havethe same positive real part de�ning !.In Fig. 1 we present our results for the exponent ! obtained in su
-
essive orders of perturbation theory in number of loops. To perform the



23 ðÒÅ�ÒÉÎÔresummation the Borel transforms of the trun
ated lth order perturba-tion theory expansion for the �-fun
tions were presented in the form of[(l � 1)=1℄ rational approximants of two variables [22℄. This form of ra-tional approximants appeared to give the most reliable results. The fourloop results for the exponent ! obtained in both RG s
hems are given inthe se
ond 
olumn of Tab. 1. The behavior of ! in su

esive numbers ofloops shown in Fig. 1. The un
ertainty in ! may be estimated by takingthe di�eren
e between the four loop and the three loop result. It givesin all 
ases the typi
al a

ura
y of lower then 10%. Although both RGs
hemes lead to 
omparable values for !, the 
onvergen
e of the values inthe massive s
heme is mu
h faster. Note that the result for ! 
ombinedwith the 
orresponding four loop results for the asymptoti
 
riti
al expo-nents [17,24℄ 
on�rms the 
onje
tured inequality, ��! < � < 0, for therandom models 
riti
al exponents involving the spe
i�
 heat exponent �[23℄.

2 3 4
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MC
massive RG

minimal subtraction RG

ω

number of loopsFigure 1. Corre
tion-to-s
aling exponent ! of the dilute 3d Ising model inin
reasing number of loops. Open square with error bar shows the regionof a

ura
y of the MC data [8℄; full squares: our values in the minimalsubtra
tion RG s
heme; full diamonds: our values in the massive RGs
heme.As it was noted above �ve loop results for the minimal subtra
-tion s
heme are available [2℄. In parti
ular applying the resumations
heme [25℄ to the pure Ising model 
ase, v = 0, we get the follow-ing values for ! in in
reasing number of loops starting from two loop:! = 0:566; 0:852; 0:756; 0:791. This leads to an improvement in a

u-ra
y of the previously 
al
ulated d = 3 �ve loop value [16℄ (see the third
olumn of Tab. 1).The degenera
y of the dilute Ising model �-fun
tions on the one looplevel leads to the p"-expansion [13,27℄. For the 
riti
al exponents this
ICMP{99{16 24expansion is known up to O("2) [28℄. Starting from the �ve loop resultsof Ref. [2℄ in the repli
a limit we get the following expansions [29℄ forthe eigenvalues !1 and !2 of the stability matrix (5) in the �xed pointu� 6= 0, v� 6= 0:!1 = 2 "+ 3:704011194 "3=2+ 11:30873837 "2 ; (7)!2 = 0:6729265850 "1=2� 1:925509085 "� 0:5725251806 "3=2� 13:93125952 "2 :From naively adding the su

essive perturbational 
ontributions one ob-serves that already in three loop approximation (� ") !2 be
omes nega-tive and therefore no stable �xed point exists in stri
t p"-expansion.Even the resummation pro
edures we applied above, do not 
hange thispi
ture [24℄. This 
an be 
onsidered as indire
t eviden
e that the p"-expansion is not Borel summable, as may be expe
ted from Ref. [20℄. Aphysi
al reason might be the existen
e of the GriÆth singularities 
ausedby the zeros of the partition fun
tion of the pure system [30℄. The �xed dapproa
h, both within the massive [14℄ and minimal subtra
tion [15,16℄s
hemes, seems to be the only reliable way to study 
riti
al behaviour ofthe model by means of RG te
hnique.We a
knowledge valuable 
orrespondan
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ICMP{99{16 26ðòïâìåíé ó�á�éó�éþîï· �åïò¶·óáíïáóïã¶êï÷áîéè óéó�åíó.÷. ëÏÎÄÒÁÔ, í.æ. çÏÌÏ×ËÏ¶ÎÓÔÉÔÕÔ Æ�ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ îáî õËÒÁ§ÎÉ,290011 Í. ìØ×�×, ×ÕÌ. ó×¤Î���ØËÏÇÏ, 11. ÷ÓÔÕ�ñË ÄÏÂÒÅ ×�ÄÏÍÏ, ÓÕÍ�Û ×ÏÄÉ ÔÁ ÎÁÆÔÏ�ÏÄ�ÂÎÉÈ ÞÁÓÔÉÎÏË ÒÏÚÛÁÒÏ-×Õ¤ÔØÓÑ ÎÁ Ä×� ÆÁÚÉ - ÆÁÚÕ ÎÁÆÔÉ ÔÁ ×ÏÄÉ. ïÄÎÁË ÔÁËÉÊ ÒÏÚÞÉÎÍÏÖÅ ÒÏÚÍ�ÛÕ×ÁÔÉÓÑ, ÑËÝÏ ÄÏ ÓÕÍ�Û� ÄÏÄÁÔÉ �Ï×ÅÒÈÎÅ×Ï-ÁËÔÉ×Î�ÞÁÓÔÉÎËÉ, ÑË� ÝÅ ÎÁÚÉ×ÁÀÔØ ÁÍÆ�Æ�ÌØÎÉÍÉ (×�Ä ÇÒÅ�ØËÏÇÏ ÌÀÂÉÔÉÏÂÏÈ), ÞÉ �ÎÁËÛÅ ÓÕÒÆÁËÔÁÎÔÁÍÉ. õ ÔÁËÉÈ ÔÒÉÓÏÒÔÎÉÈ ÓÉÓÔÅÍÁÈ ×É-ÎÉËÁ¤ Ò�ÚÎÏÍÁÎ�ÔÔÑ ÆÁÚ, ÒÏÚÇÌÑÄÏÍ ÑËÉÈ ÔÁ ÏÇÌÑÄÏÍ ÍÏÖÌÉ×ÉÈ ��Ä-ÈÏÄ�× ÄÏ §È Ï�ÉÓÕ � �ÒÉÓ×ÑÞÅÎÁ ÄÁÎÁ ÒÏÂÏÔÁ. òÅÚÕÌØÔÁÔÉ ÄÁÎÏÇÏÏÇÌÑÄÕ × ÚÎÁÞÎ�Ê Í�Ò� ÂÁÚÕ×ÁÔÉÍÕÔØÓÑ ÎÁ ÍÏÎÏÇÒÁÆ�§ çÏÍÌÅÒÁ � û�ËÁ[1℄.ðÅÒÛ ÚÁ ×ÓÅ Ú×ÅÒÎÅÍÏ Õ×ÁÇÕ ÎÁ ÓÔÒÕËÔÕÒÕ ÁÍÆ�Æ�ÌØÎÉÈ ÞÁÓÔÉ-ÎÏË. �ÁË� ÞÁÓÔÉÎËÉ ÍÁÀÔØ �ÏÌÑÒÎÕ ÇÏÌÏ×ËÕ (ÝÏ ÄÏÂÒÅ ×ÚÁ¤ÍÏÄ�¤ �Ú×ÏÄÏÀ) ÔÁ ÎÅ�ÏÌÑÒÎÉÊ È×�ÓÔ, ÄÏÂÒÅ ×ÚÁ¤ÍÏÄ�ÀÞÉÊ �Ú ÎÁÆÔÏÀ. ðÒÉ-ËÌÁÄÏÍ ÔÁËÏ§ ÞÁÓÔÉÎËÉ ÍÏÖÅ ÂÕÔÉ ÍÏÌÅËÕÌÁ, ÝÏ Ï�ÉÓÕ¤ÔØÓÑ ÈÅÍ�Þ-ÎÏÀ ÆÏÒÍÕÌÏÀ CH3(CH2)i�1(OCH2CH2)jOH , ÁÂÏ ÓËÏÒÏÞÅÎÏ CiEj .ëÏÒÏÔËÏ ÒÏÚÇÌÑÎÅÍÏ ÆÁÚÏ×Õ �Ï×ÅÄ�ÎËÕ ÓÉÓÔÅÍÉ ÔÁËÉÈ ÍÏÌÅËÕÌ. ðÒÉÄÅÑË�Ê ÔÅÍ�ÅÒÁÔÕÒ� ÔÁ ÎÅ×ÅÌÉË�Ê Ë�ÌØËÏÓÔ� ÁÍÆ�Æ�ÌØÎÉÈ ÞÁÓÔÉÎÏËÍÁ¤ÍÏ Ä×� ÒÏÚÄ�ÌÅÎ� ÆÁÚÉ, �Ú ÓÕÒÆÁËÔÁÎÔÏÍ, ÝÏ ÚÎÁÈÏÄÉÔØÓÑ, ÓËÁ-Ö�ÍÏ, �ÅÒÅ×ÁÖÎÏ Õ ×ÏÄ�. ðÒÉ ÚÂ�ÌØÛÅÎÎ� ÔÅÍ�ÅÒÁÔÕÒÉ ÄÏ ÄÅÑËÏ§ ËÒÉ-ÔÉÞÎÏ§ TL (ÑËÕ ÝÅ ÎÁÚÉ×ÁÀÔØ ÔÅÍ�ÅÒÁÔÕÒÏÀ ëÒÁÆÔÁ) �ÏÑ×ÌÑ¤ÔØÓÑÔÒÅÔÑ ÆÁÚÁ (ÚÂÁÇÁÞÅÎÁ ×ÏÄÏÀ), ÑËÁ Æ�ÚÉÞÎÏ ÒÏÚÔÁÛÏ×ÁÎÁ Í�Ö ×ÏÄÏÀÔÁ ÎÁÆÔÏÀ, ×�Ä ÞÏÇÏ �ÎÛÁ ÎÁÚ×Á - ÓÅÒÅÄÎÑ ÆÁÚÁ. ðÒÉ �ÏÄÁÌØÛÏÍÕÒÏÓÔ� ÔÅÍ�ÅÒÁÔÕÒÉ ÁÍÆ�Æ�ÌØÎ� ÞÁÓÔÉÎËÉ ÓÔÁÀÔØ ×ÓÅ Â�ÌØÛ ÒÏÚÞÉÎÎ�Õ ÎÁÆÔ� ÔÁ ÍÅÎÛ - Õ ×ÏÄ� � �ÒÉ ÄÅÑË�Ê ÔÅÍ�ÅÒÁÔÕÒ� ×ÉÒ�×ÎÀÀÔØÓÑ ËÏÎ-�ÅÎÔÒÁ��§ ×ÏÄÉ ÔÁ ÎÁÆÔÉ Õ ÓÅÒÅÄÎ�Ê ÆÁÚ�. úÎÏ×Õ ÚÂ�ÌØÛÕÀÞÉ ÔÅÍ�ÅÒÁ-ÔÕÒÕ ÓÅÒÅÄÎÑ ÆÁÚÁ ÓÔÁ¤ ×ÓÅ Â�ÌØÛ � Â�ÌØÛ ÎÁÓÉÞÅÎÁ ÎÁÆÔÏÀ, ÁÖ �ÏËÉ�ÒÉ ÄÅÑË�Ê ÔÅÍ�ÅÒÁÔÕÒ� Tn (ÔÅÍ�ÅÒÁÔÕÒÁ �ÏÍÕÔÎ�ÎÎÑ), ÓÔÁ¤ �ÄÅÎÔÉÞ-ÎÏÀ ÄÏ ÆÁÚÉ ÎÁÆÔÉ � ÓÉÓÔÅÍÁ ÚÎÏ×Õ ÓÔÁ¤ Ä×ÏÆÁÚÎÏÀ. ãÅ ÓÈÅÍÁÔÉÞÎÏÚÏÂÒÁÖÅÎÏ ÎÁ ÒÉÓ. 1. ðÒÉ ÄÏÓÔÁÔÎØÏ ×ÅÌÉË�Ê ËÏÎ�ÅÎÔÒÁ��§ ÓÕÒÆÁË-ÔÁÎÔÕ Ó�ÏÓÔÅÒ�ÇÁ¤ÔØÓÑ ÔÅÎÄÅÎ��Ñ ÄÏ ÓÔ×ÏÒÅÎÎÑ ÁÇÒÅÇÁÔ�× Ò�ÚÎÉÈ ÆÏÒÍÔÁ ÒÏÚÍ�Ò�×, ÝÏ ÚÎÁÈÏÄÑÔØÓÑ Õ ×ÏÄ� ÞÉ ÎÁÆÔ� (× ÚÁÌÅÖÎÏÓÔ� ×�Ä §È ËÏÎ-�ÅÎÔÒÁ��§). îÁÊ�ÒÏÓÔ�ÛÉÍ �ÒÉËÌÁÄÏÍ ÔÁËÉÈ ÁÇÒÅÇÁÔ�× ÍÏÖÕÔØ ÂÕÔÉÍ��ÅÌÉ, ÝÏ �ÌÁ×ÁÀÔØ Õ ×ÏÄ� (Õ ×É�ÁÄËÕ ×ÅÌÉËÉÈ ËÏÎ�ÅÎÔÒÁ��Ê ×ÏÄÉ)
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Figure 1. óÈÅÍÁÔÉÞÎÁ �ÏÓÌiÄÏ×ÎiÓÔØ ÆÁÚÏ×ÉÈ ÄiÁÇÒÁÍ, ËÏÖÎÁ �ÒÉ �Ï-ÓÔiÊÎiÊ ÔÅÍ�ÅÒÁÔÕÒi, ÄÌÑ ÔÒÉÎÁÒÎÏ§ ÓÕÍiÛi ×ÏÄÉ, ÎÁÆÔÉ ÔÁ ÓÕÒÆÁË-ÔÁÎÔÕ [1℄.ÞÉ ÏÂÅÒÎÅÎ� Í��ÅÌÉ (Õ ×É�ÁÄËÕ ×ÅÌÉËÉÈ ËÏÎ�ÅÎÔÒÁ��Ê ÎÁÆÔÉ).ðÒÉ ÄÕÖÅ ×ÅÌÉËÉÈ ËÏÎ�ÅÎÔÒÁ��ÑÈ ÓÕÒÆÁËÔÁÎÔÕ ÕÔ×ÏÒÀ¤ÔØÓÑ ÔÁËÚ×ÁÎÁ Ì�ÏÔÒÏ�ÎÁ ÆÁÚÁ (Õ ÑË�Ê ×�ÄÂÕ×Á¤ÔØÓÑ �Å×ÎÅ ×�ÏÒÑÄËÕ×ÁÎÎÑ ÁÇ-ÒÅÇÁÔÎÉÈ ÓÔÒÕËÔÕÒ). ðÒÉËÌÁÄÁÍÉ ÔÁËÏ§ ÆÁÚÉ ÍÏÖÕÔØ ÂÕÔÉ ËÕÂ�ÞÎÁÞÉ ÇÅËÓÁÇÏÎÁÌØÎÁ ÆÁÚÉ. úÁ×ÄÑËÉ ÂÁÇÁÔÓÔ×Õ ÔÁ Ò�ÚÎÏÍÁÎ�ÔÔÀ ÆÁÚÏ-×Ï§ �Ï×ÅÄ�ÎËÉ Ï�ÉÓ ÔÁËÉÈ ÓÉÓÔÅÍ ¤ ÄÏ×ÏÌ� ÓËÌÁÄÎÉÍ. ¶ÓÎÕ¤ ÄÅË�ÌØËÁ��ÄÈÏÄ�× ÝÏÄÏ §È Ï�ÉÓÕ. ðÅÒÛÏÏÓÎÏ×ÏÀ §È ¤ ËÏÎËÒÅÔÉÚÁ��Ñ ÍÁÓÛÔÁÂ�×ÄÏ×ÖÉÎ ÞÉ �ÎÛÉÈ Æ�ÚÉÞÎÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË: (i) òÏÚÇÌÑÄ ÓÉÓÔÅÍÉ ÎÁÍÁÓÛÔÁÂÁÈ �ÏÒÑÄËÕ ÒÏÚÍ�Ò�× ×ÚÁ¤ÍÏÄ�ÀÞÉÈ ÍÏÌÅËÕÌ, ÍÁÂÕÔØ, �ÏÔÒÅ-ÂÕ¤ ××ÅÄÅÎÎÑ ÇÁÍ�ÌØÔÏÎÏ×Ï§ ÆÕÎË��§ ÓÉÓÔÅÍÉ. ïÄÎ�¤À �Ú ÍÏÖÌÉ×ÉÈÒÅÁÌ�ÚÁ��Ê ÔÁËÏÇÏ ��ÄÈÏÄÕ ¤ �ÏÂÕÄÏ×Á ÇÒÁÔËÏ×Ï§ ÍÏÄÅÌ� ÔÒÉÎÁÒÎÏ§ ÓÕ-Í�Ûi; (ii) úÂ�ÌØÛÕÀÞÉ ÍÁÓÛÔÁÂ ÄÏ×ÖÉÎ (ÎÁ�ÒÉËÌÁÄ ÛÌÑÈÏÍ ÕÓÅÒÅÄ-ÎÅÎÎÑ (�ÎÔÅÇÒÁ��§) Í�ËÒÏÓËÏ�Ï×ÉÈ ×ÅÌÉÞÉÎ �Ï ÎÅ×ÅÌÉË�Ê ÏÂÌÁÓÔ�) �ÒÉ-ÊÄÅÍÏ ÄÏ ÔÅÏÒ�Ê Ï�ÉÓÕ ÓÉÓÔÅÍÉ × ÔÅÒÍ�ÎÁÈ �ÁÒÁÍÅÔÒÁ �ÏÒÑÄËÕ. ðÏ-ÂÕÄÏ×Á ÆÕÎË��ÏÎÁÌÕ ×�ÌØÎÏ§ ÅÎÅÒÇ�§ ÑË ÆÕÎË��§ �ÁÒÁÍÅÔÒÁ �ÏÒÑÄËÕ i¤ ÓÕÔÔÀ ÍÅÔÏÄÕ ÆÕÎË��ÏÎÁÌÕ ½�ÎÚÂÕÒÇÁ-ìÁÎÄÁÕ. ÷ �ÒÉÎ�É�� ×�ÌØÎÕÅÎÅÒÇ�À ½�ÎÚÂÕÒÇÁ-ìÁÎÄÁÕ ÍÏÖÅÍÏ ÏÄÅÒÖÁÔÉ �Ú Í�ËÒÏÓËÏ�Ï×ÉÈ ÔÅÏ-
ICMP{99{16 28Ò�Ê, ÏÄÎÁË ÞÁÓÔ�ÛÅ ×ÏÎÁ ËÏÎÓÔÒÕÀ¤ÔØÓÑ �Ú ÓÉÍÅÔÒ�ÊÎÉÈ Í�ÒËÕ×ÁÎ; (iii)ðÒÉ ÄÏÄÁ×ÁÎÎ� Õ Ä×ÏËÏÍ�ÏÎÅÎÔÎÕ ÓÕÍ�Û (ÎÁÆÔÉ ÔÁ ×ÏÄÉ) ÁÍÆ�Æ�ÌØ-ÎÉÈ ÞÁÓÔÉÎÏË ×ÏÎÉ ÒÏÚÔÁÛÏ×Õ×ÁÔÉÍÕÔØÓÑ Õ Í�ÖÆÁÚÎ�Ê ÏÂÌÁÓÔ�, � �ÒÉÄÏÓÔÁÔÎØÏ ×ÉÓÏËÉÈ ËÏÎ�ÅÎÔÒÁ��ÑÈ ÕÔ×ÏÒÑÔØ ÛÁÒ, ÞÉ �ÏÄ×�ÊÎÉÊ ÛÁÒÕ ×É�ÁÄËÕ Â�ÎÁÒÎÉÈ ÄÏÍ�ÛÏË), ÑËÉÊ ÍÏÖÅÍÏ ÔÒÁËÔÕ×ÁÔÉ ÑË ÇÎÕÞËÕÍÅÍÂÒÁÎÕ. äÏÓÌ�ÄÖÅÎÎÑ ×ÌÁÓÔÉ×ÏÓÔÅÊ ÓÉÓÔÅÍ ÑË ÍÅÍÂÒÁÎ ÒÏÚ×É×Á¤-ÔØÓÑ Õ ÒÁÍËÁÈ ÔÁË Ú×ÁÎÉÈ ÍÅÍÂÒÁÎÎÉÈ ÔÅÏÒ�Ê.ëÏÒÏÔËÏ ÚÕ�ÉÎÉÍÏÓØ ÎÁ �ÉÈ ÔÒØÏÈ ��ÄÈÏÄÁÈ.2. í�ËÒÏÓËÏ��ÞÎ� ÍÏÄÅÌ�òÏÚÇÌÑÎÅÍÏ �ÒÏÓÔÕ ÓÉÓÔÅÍÕ Ú×ÉÞÁÊÎÏ§ ÔÒÉÎÁÒÎÏ§ ÓÕÍ�Û�, ÝÏ Õ ÇÒÁÔ-ËÏ×�Ê ÍÏÄÅÌ� Ï�ÉÓÕ¤ÔØÓÑ ÇÁÍ�ÌØÔÏÎÏ×ÏÀ ÆÕÎË��¤À [2,3℄:H0 = � 3X�;�Xhiji E��P�i P �j �X� Xi ��P�i ; (1)ÄÅ �; � ÎÕÍÅÒÕ¤ ÓÏÒÔÉ (a,b,
), i; j - ×ÕÚÌÉ ÇÒÁÔËÉ; P�i = 1, ÑËÝÏ �Ïi-ÔÏÍÕ ×ÕÚÌ� ÚÎÁÈÏÄÉÔØÓÑ ÞÁÓÔÉÎËÁ ÓÏÒÔÕ � ÔÁ ÎÕÌØ Õ �ÒÏÔÉ×ÎÏÍÕ×É�ÁÄËÕ; E�� - ÅÎÅÒÇiÑ, �� { ÈÅÍiÞÎÉÊ �ÏÔÅÎ�iÁÌ. õÍÏ×ÏÀX� P�i = 1;8i (2)ÚÁÂÅÚ�ÅÞÕ¤ÔØÓÑ ÎÁÑ×Î�ÓÔØ ÞÁÓÔÉÎÏË Õ ×Ó�È ×ÕÚÌÁÈ.úÄ�ÊÓÎÉ×ÛÉ �ÅÒÅÔ×ÏÒÅÎÎÑ ×ÉÄÕP ai = (1 + Si)Si2P bi = � (1 + Si)Si2P 
i = �(1� S2i ) (3)�ÒÉÊÄÅÍÏ ÄÏ ÄÏÂÒÅ ×�ÄÏÍÏ§ ÍÏÄÅÌ� Blume-Emerg-GriÆths (BEG) [4℄:HBEG = �Xhiji �JSiSj +KS2i S2j + C(S2i Sj + SiS2j )	�Xi (HSi��S2i )(4)ÄÅ J = 14(Eaa +Ebb � 2Eab)
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); (5)Si = (0; 1;�1), � d - ×ÉÍ�ÒÎ�ÓÔØ Ç��ÅÒËÕÂ�ÞÎÏ§ ÇÒÁÔËÉ. ãÅ ¤ ÏÄÎÁ �Ú ÎÁÊ-�ÒÏÓÔ�ÛÉÈ ÍÏÄÅÌÅÊ ÓÁÍÏÁÓÏ��ÊÏ×ÁÎÉÈ ÓÉÓÔÅÍ �, ÚÒÏÚÕÍ�ÌÏ, ÎÅ ×ÒÁÈÏ-×Õ¤ ÂÁÇÁÔØÏÈ ×ÌÁÓÔÉ×ÏÓÔÅÊ, �ÒÉÔÁÍÁÎÎÉÈ ÔÁËÉÍ ÓÉÓÔÅÍÁÍ. ïÄÎÁË ÎÁ-×�ÔØ ÔÁËÁ �ÒÏÓÔÁ ÍÏÄÅÌØ ÄÁ¤ ÎÅ�ÏÇÁÎ� (�ÒÉÎÁÊÍ�, ÑË�ÓÎÏ) ÒÅÚÕÌØÔÁÔÉ� ÛÉÒÏËÏ ×É×ÞÁÌÁÓÑ Õ ÂÁÇÁÔÏÈ ÒÏÂÏÔÁÈ, ÚÏËÒÅÍÁ Õ ÎÁÂÌÉÖÅÎÎi ÓÅ-ÒÅÄÎØÏÇÏ �ÏÌÑ [5℄. íÏÖÌÉ×ÉÍ ×ÄÏÓËÏÎÁÌÅÎÎÑÍ ÍÏÄÅÌ� ¤ ×ÒÁÈÕ×ÁÎÎÑÚÄÁÔÎÏÓÔ� ÁÍÆ�Æ�ÌØÎÉÈ ÞÁÓÔÉÎÏË ÄÏ ÓÔ×ÏÒÅÎÎÑ �Ï×ÅÒÈÎ� Í�Ö ÎÁÆÔÏÀÔÁ ×ÏÄÏÀ [6℄:H = H0 � LXhijki(P ai P 
j P ak + P bi P 
j P bk � P ai P 
j P bk � P bi P 
j P ak ); (6)ÄÅ ��ÄÓÕÍÏ×Õ×ÁÎÎÑ ÚÄ�ÊÓÎÀ¤ÔØÓÑ ÚÁ ÔÒØÏÍÁ ÎÁÊÂÌÉÖÞÉÍÉ "ÓÕÓ�ÄÁ-ÍÉ" ÔÁ L < 0. �ÁËÉÊ ÄÏÄÁÎÏË ÚÍÅÎÛÕ¤ ÅÎÅÒÇ�À ËÏÎÆ�ÇÕÒÁ��§, × ÑË�ÊÓÕÒÆÁËÔÁÎÔ ÚÎÁÈÏÄÉÔØÓÑ Í�Ö ÎÁÆÔÏÀ ÔÁ ×ÏÄÏÀ � ÚÂ�ÌØÛÕ¤ Õ ×É�ÁÄËÕÚÎÁÈÏÄÖÅÎÎÑ ÓÕÒÆÁËÔÁÎÔÁ Í�Ö ×ÏÄÏÀ ÞÉ ÎÁÆÔÏÀ. �ÏÄi ÇÁÍ�ÌØÔÏÎ�ÁÎÚ ×ÒÁÈÕ×ÁÎÎÑÍ ÎÏ×ÏÇÏ ÄÏÄÁÎËÕ ÎÁÂÕÄÅ ×ÉÇÌÑÄÕH = H0 � LXijk Si(i� S2j )Sk : (7)îÅ×ÁÖËÏ ÂÁÞÉÔÉ, ÝÏ �ÅÊ ÄÏÄÁÎÏË Ó�ÒÉÑ¤ ÕÔ×ÏÒÅÎÎÀ ÌÁÍ�ÌÑÒ-ÎÏ§ ÆÁÚÉ �Ú ËÏÎÆ�ÇÕÒÁ��ÑÍÉ ÔÉ�Õ ÎÁÆÔÁ-ÓÕÒÆÁËÔÁÎÔ-×ÏÄÁ-ÎÁÆÔÁ-ÓÕÒÆÁËÔÁÎÔ... æÁÚÏ×Á �Ï×ÅÄ�ÎËÁ ÔÁËÏ§ ÍÏÄÅÌ�, ÄÏÓÌ�ÄÖÅÎÁ × ÎÁÂÌÉ-ÖÅÎÎ� ÓÅÒÅÄÎØÏÇÏ �ÏÌÑ Õ ÒÏÂÏÔ� [7℄, ÔÕÔ �ÒÅÄÓÔÁ×ÌÅÎÁ Õ ×ÉÇÌÑÄ� ÆÁ-ÚÏ×ÉÈ Ä�ÁÇÒÁÍ Õ ÚÍ�ÎÎÉÈ L � � (ÈÅÍ�ÞÎÉÊ �ÏÔÅÎ��ÁÌ ÓÕÒÆÁËÔÁÎÔÕ)(ÒÉÓ. 2) ÔÁ L � hP 
i (ËÏÎ�ÅÎÔÒÁ��§ ÓÕÒÆÁËÔÁÎÔÕ) (ÒÉÓ. 3) ÄÌÑ ÓÉÓÔÅÍÉ�Ú ÏÄÎÁËÏ×ÏÀ ËÏÎ�ÅÎÔÒÁ��¤À ÎÁÆÔÉ ÔÁ ×ÏÄÉ. âÁÞÉÍÏ, ÝÏ ÌÁÍ�ÌÑÒÎÁÆÁÚÁ Ú'Ñ×ÌÑ¤ÔØÓÑ Ô�ÌØËÉ �ÒÉ ×ÉÓÏËÉÈ ÁÍÆ�Æ�ÌØÎÏÓÔ� (ÄÏÓÔÁÔÎØÏ ×Å-ÌÉËÉÈ ÚÎÁÞÅÎÎÑÈ jLj) ÔÁ ËÏÎ�ÅÎÔÒÁ��ÑÈ ÓÕÒÆÁËÔÁÎÔÕ. ðÒÉ ÍÁÌÉÈ jLj�ÅÒÅÈ�Ä ×�Ä ÆÁÚÉ Ó��×�ÓÎÕ×ÁÎÎÑ ÆÁÚ ×ÏÄÉ ÔÁ ÎÁÆÔÉ ÄÏ ÎÅ×�ÏÒÑÄËÏ-×ÁÎÏ§ ÆÁÚÉ ¤ �ÅÒÅÈÏÄÏÍ �ÅÒÛÏÇÏ �ÏÒÑÄËÕ. äÏÓÌ�ÄÖÅÎÎÑ ÓÔÒÕËÔÕÒÉÎÅ×�ÏÒÑÄËÏ×ÁÎÏ§ ÆÁÚÉ ÍÏÖÅÍÏ ÚÄ�ÊÓÎÉÔÉ ÛÌÑÈÏÍ ÏÂÞÉÓÌÅÎÎÑ ÓÔÒÕË-
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Figure 2. æÁÚÏ×Á ÄiÁÇÒÁÍÁ ÔÒÉËÏÍ�ÏÎÅÎÔÎÏ§ ÍÏÄÅÌi �ÒÉ Òi×ÎÉÈ ËÏÎ-�ÅÎÔÒÁ�iÑÈ ×ÏÄÉ ÔÁ ÎÁÆÔÉ, �ÏÓÔiÊÎiÊ ÔÅÍ�ÅÒÁÔÕÒi ( T=J=4.2 ) ÔÁK=J = 0:5. äiÁÇÒÁÍÁ ÎÁÍÁÌØÏ×ÁÎÁ Õ ÚÍiÎÎÉÈ L (ÁÍÆiÆiÌØÎiÓÔØ) ÔÁÈÅÍ�ÞÎÏÇÏ �ÏÔÅÎ�iÁÌÕ ÓÕÒÆÁËÔÁÎÔÕ ( � Õ ÏÄÉÎÉ�ÑÈ J) [7℄.ÔÕÒÎÏÇÏ ÆÁËÔÏÒÕ ÞÉ ËÏÒÅÌÑ��ÊÎÏ§ ÆÕÎË��§. áÓÉÍ�ÔÏÔÉÞÎÁ ÆÏÒÍÁ ËÏ-ÒÅÌÑ��ÊÎÏ§ ÆÕÎË��§ ÍÁ¤ ×ÉÇÌÑÄ:h(P a0 � P b0 )(P ar � P br )ixe� r� 
os(qr + �) (8)ÄÅ � { ÚÓÕ× ÆÁÚ. ÷ÅÌÉÞÉÎÁ � ÄÁ¤ ÔÉ�Ï×� ÒÏÚÍ�ÒÉ ÏÂÌÁÓÔÅÊ ËÏÒÅÌÑ��§,ÔÏÄ� ÑË q�1 �ÏËÁÚÕ¤ ÒÏÚÍ�ÒÉ �ÏÍ�ÔÎÉÈ ÚÍ�Î × ÓÔÒÕËÔÕÒ� ÒÅÞÏ×ÉÎÉ.ì�Î�À, × ÑË�Ê q �ÅÒÅÔ×ÏÒÀ¤ÔØÓÑ × ÎÕÌØ, ÎÁÚÉ×ÁÀÔØ ÌiÎi¤À ÎÅ×�Ï-ÒÑÄËÏ×ÁÎÏÓÔ� (disordered line) - ÎÁ ÒÉÓ. 2 �ÏÚÎÁÞÅÎÏ (...). âÁÞÉÍÏ, ÝÏÕ ×ÅÌÉË�Ê ÏÂÌÁÓÔ� ÆÁÚÏ×Ï§ Ä�ÁÇÒÁÍÉ (Ó�ÒÁ×Á ×�Ä Ì�Î�§ ÎÅ×�ÏÒÑÄËÏ×Á-ÎÏÓÔ�) q 6= 0. äÌÑ ×ÅÌÉËÉÈ ÚÎÁÞÅÎØ jLj ÔÁ hP 
i ÍÁ¤ÍÏ ÄÏÂÒÅ ×�ÏÒÑÄËÏ-×ÁÎÕ ÌÁÍ�ÌÑÒÎÕ ÆÁÚÕ, (ÒÉÓ. 3), ÏÄÎÁË �ÒÉ ÍÁÌÉÈ jLj (ÞÉ hP 
i) q 6= 0ÄÌÑ ÎÅ×�ÏÒÑÄËÏ×ÁÎÏ§ ÆÁÚÉ, ÔÏÂÔÏ �Ñ ÆÁÚÁ ¤ ÎÅ×�ÏÒÑÄËÏ×ÁÎÁ, ÁÌÅ ÎÅÂÅÚÓÔÒÕËÔÕÒÎÁ. �ÁËÕ ÆÁÚÕ, ÍÁÂÕÔØ, ÍÏÖÅÍÏ �ÄÅÎÔÉÆ�ËÕ×ÁÔÉ ÑË ÆÁÚÕÍ�ËÒÏÅÍÕÌØÓ�ÊÎÕ.íÁÂÕÔØ ÏÄÎÁ �Ú ÎÁÊËÒÁÝÉÈ ÍÏÄÅÌÅÊ ÂÕÌÁ ÚÁ�ÒÏ�ÏÎÏ×ÁÎÁ Õ ÒÏÂÏÔ�[8℄. ¶ÄÅÑ �ÏÌÑÇÁ¤ Õ ×ÒÁÈÕ×ÁÎÎ� ÁÓÉÍÅÔÒ�§ ×ÚÁ¤ÍÏÄ�§ ÁÍÆ�Æ�ÌØÎÏ§ ÞÁÓ-ÔÉÎËÉ �Ú ×ÏÄÏÀ ÔÁ ÎÁÆÔÏÀ. çÁÍ�ÌØÔÏÎÏ×Á ÆÕÎË��Ñ ¤ ÎÁÓÔÕ�ÎÏÀ:H = H0 +HampHamp = �Xhiji �P ai P 
j (LaÆ(rji; �j) + L
Æ(rij ; �i)+
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Figure 3. æÁÚÏ×Á ÄiÁÇÒÁÍÁ ÄÌÑ ÔÉÈ ÖÅ ÄÁÎÉÈ, ÝÏ i ÎÁ ÒÉÓ. 2, ÏÄÎÁË ÕÚÍiÎÎÉÈ ÁÍÆiÆiÌØÎÏÓÔi ÔÁ ËÏÎ�ÅÎÔÒÁ�i§ ÓÕÒÆÁËÔÁÎÔÕ < P 
 > [7℄.+ LaÆ(rii; �j)Æ(rij ; �i)�Ea
) + : : :g (9)�ÕÔ rij - ÏÄÉÎÉÞÎÉÊ ×ÅËÔÏÒ × ÎÁ�ÒÑÍ� i! j, �i - ÏÒ�¤ÎÔÁ��Ñ ÞÁÓÔÉÎËÉ,Æ(a; b) - ÄÅÌØÔÁ-ÓÉÍ×ÏÌ ëÒÏÎÅËÅÒÁ; ËÏÅÆ���¤ÎÔÉ La, Lb - �ÏËÁÚÎÉËÉÓÉÌÉ ×ÚÁ¤ÍÏÄ�§ Í�Ö Ò�ÚÎÉÍÉ ÏÒ�¤ÎÔÁ��ÑÍÉ ÍÏÌÅËÕÌ. òÅÚÕÌØÔÁÔÉ ÄÁÎÏ§ÍÏÄÅÌ� ÄÕÖÅ ÄÏÂÒÅ Ó��×�ÁÄÁÀÔØ �Ú ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÉÍÉ ÄÁÎÉÍÉ. îÁÒÉÓ. 4 �ÒÅÄÓÔÁ×ÌÅÎÏ �ÅÒÅÒ�Ú �ÒÉÚÍÉ ½�ÂÓÁ �ÒÉ Ó��××�ÄÎÏÛÅÎÎ� ËÏÎ-�ÅÎÔÒÁ��§ ×ÏÄÉ ÄÏ ËÏÎ�ÅÎÔÒÁ��§ ÎÁÆÔÉ ÑË 1:1, ÏÔÒÉÍÁÎÅ �Ú ÍÏÄÅÌ�Motsena, Á ÎÁ ÒÉÓ. 5 ÒÅÚÕÌØÔÁÔÉ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÉÈ ÄÁÎÉÈ [9℄ �ÒÉÔÉÈ ÖÅ Ó��××�ÄÎÏÛÅÎÎÑÈ; ÂÁÞÉÍÏ, ÝÏ ÍÏÄÅÌØ Motsena ÄÏÂÒÅ Ï�ÉÓÕ¤ÓÉÓÔÅÍÕ �Ú ÓÌÁÂÏ ÁÍÆ�Æ�ÌØÎ�ÓÔÀ �Ú ÓÕÒÆÁËÔÁÎÔÏÍ ÔÉ�Õ C4E1.3. íÅÔÏÄ ÆÕÎË��ÏÎÁÌÕ ÇÕÓÔÉÎÉ ½�ÎÚÂÕÒÇÁ-ìÁÎÄÁÕóÔÁÎÄÁÒÔÎÏ ÆÕÎË��ÏÎÁÌ ½�ÎÚÂÕÒÇÁ-ìÁÎÄÁÕ ÍÁ¤ ×ÉÇÌÑÄF [�(r)℄ = Z d~rfg0(5�)2 + f(�)� ��g; (10)ÄÅ f(�) - ÇÕÓÔÉÎÁ ×�ÌØÎÏ§ ÅÎÅÒÇ�§ ÓÉÓÔÅÍ, �(r) - �ÁÒÁÍÅÔÒ �ÏÒÑÄËÕ (ÕÎÁÓ �Å, ÎÁ�ÒÉËÌÁÄ, ÍÏÖÅ ÂÕÔÉ Ò�ÚÎÉ�Ñ ÇÕÓÔÉÎ ÎÁÆÔÉ ÔÁ ×ÏÄÉ), � - Ò�Ú-ÎÉ�Ñ ÈÅÍ�ÞÎÏÇÏ �ÏÔÅÎ��ÁÌÕ ÎÁÆÔÉ ÔÁ ×ÏÄÉ. ðÏÂÌÉÚÕ ËÒÉÔÉÞÎÏ§ ÔÏÞËÉÇÕÓÔÉÎÕ ×�ÌØÎÏ§ ÅÎÅÒÇ�§ Á�ÒÏËÓÉÍÕÀÔØ �ÅÒÛÉÍÉ Ë�ÌØËÏÍÁ ÄÏÄÁÎËÁÍÉ
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Figure 4. ÷ÅÒÔÉËÁÌØÎÉÊ �ÅÒÅÒiÚ �ÒÉÚÍÉ ½iÂÓÁ �ÒÉ Òi×ÎÉÈ ËÏÎ�ÅÎÔÒÁ-�iÑÈ ×ÏÄÉ ÔÁ ÎÁÆÔÉ [8℄.ÒÏÚËÌÁÄÕ ÚÁ ÓÔÅ�ÅÎÑÍÉ �f(�) = a2�2 + a3�3 + a4�4: (11)óÔÁÂ�ÌØÎ�ÓÔØ ÏÄÎÏÒ�ÄÎÏ§ ÆÁÚÉ �ÏÔÒÅÂÕ¤ a4 > 0. úÁÕ×ÁÖÉÍÏ, ÝÏÄÌÑ ÓÉÍÅÔÒÉÞÎÏ§ ÓÉÓÔÅÍÉ ÎÅÏÂÈ�ÄÎÏ, ÝÏÂ a3 = 0. �ÏÄ� ÄÌÑ a2 < 0ÍÁÔÉÍÅÍÏ Ó��×�ÓÎÕ×ÁÎÎÑ ÆÁÚ ÎÁÆÔÉ ÔÁ ×ÏÄÉ, �ÒÉ � = 0. �ÏÄ� ÑË ÄÌÑa2 > 0 - ¤ÄÉÎÕ ÎÅ×�ÏÒÑÄËÏ×ÁÎÕ ÆÁÚÕ.æÕÎË��ÏÎÁÌ ÇÕÓÔÉÎÉ Õ ÆÏÒÍ� (10) �ÅÒÅÄÂÁÞÁ¤ ÚÍÏÞÕ×ÁÎÎÑ ÇÒÁÎÉ��ÒÏÚÄ�ÌÕ ÆÁÚÁ ÎÁÆÔÉ ÔÁ ×ÏÄÉ ÔÒÅÔØÏÀ ÆÁÚÏÀ [10℄, ÝÏ ÏÄÎÁË ÓÕ�ÅÒÅ-ÞÉÔØ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÉÍ ÄÁÎÉÍ. îÅ�ÒÉÄÁÔÎ�ÓÔØ (10) ÄÏ Ï�ÉÓÕ ÏÂÌÁÓ-ÔÅÊ ÔÒÉÆÁÚÎÏÇÏ Ó��×�ÓÎÕ×ÁÎÎÑ ÓÌ�ÄÕ¤ �Ú �ÒÏÓÔÏÇÏ ÁÎÁÌ�ÚÕ (10). ò�×-ÎÑÎÎÑ ÒÕÈÕ ËÌÁÓÉÞÎÏ§ ÞÁÓÔÉÎËÉ, �ÏÂÕÄÏ×ÁÎ� ÎÁ ÏÓÎÏ×� (10) ¤ ÎØÀÔÏ-Î�×ÓØËÉÍÉ �Ú �ÏÔÅÎ��ÁÌÏÍ - f(�)+��. �ÒÉÆÁÚÎÅ Ó��×�ÓÎÕ×ÁÎÎÑ �ÅÒÅÄ-ÂÁÞÁ¤ ÎÁÑ×Î�ÓÔØ ÔÒØÏÈ Í�Î�ÍÕÍ�× f(�) ÏÄÎÁËÏ×Ï§ ÇÌÉÂÉÎÉ. ïÓË�ÌØËÉ� = 0, ÔÏ ËÌÁÓÉÞÎÁ ÞÁÓÔÉÎËÁ �Ï×ÉÎÎÁ �ÅÒÅÊÔÉ �Ú ÓÔÁÎÕ z ! �1 ÄÏz ! +1 (ÄÅ z Õ ËÌÁÓÉÞÎ�Ê ÁÎÁÌÏÇ�§ ÞÁÓ), ÝÏ ÎÅÍÏÖÌÉ×Ï ÚÁ ÓË�ÎÞÅÎ-ÎÉÊ �ÒÏÍ�ÖÏË ÞÁÓÕ, ÏÓË�ÌØËÉ ÍÁ¤ÍÏ ÔÒÉ "ÇÏÒÂÉ" ÏÄÎÁËÏ×Ï§ ×ÉÓÏÔÉ.÷ÉÈ�Ä �ÏÌÑÇÁ¤ Õ ×ÒÁÈÕ×ÁÎÎ� ÆÌÀËÔÕÁ��Ê ×ÉÝÏÇÏ �ÏÒÑÄËÕ. õ 1990ÒÏ�� çÏÍ��ÅÒ � û�Ë ÔÁ [11℄ ÚÁ�ÒÏ�ÏÎÕ×ÁÌÉ ÎÁÓÔÕ�ÎÉÊ, ÕÚÁÇÁÌØÎÅÎÉÊ
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Figure 5. ÷ÅÒÔÉËÁÌØÎÉÊ �ÅÒÅÒiÚ �ÒÉÚÍÉ ½iÂÓÁ �ÒÉ Òi×ÎÉÈ ËÏÎ�ÅÎÔ-ÒÁ�iÑÈ ×ÏÄÉ ÔÁ ÎÁÆÔÉ ÄÌÑ ÓÉÓÔÅÍÉ ×ÏÄÁ, ÄÅËÁÎ ÔÁ CiEj ÌÑ ÒiÚÎÏ§ÁÍÆiÆiÌØÎÏÓÔi ÓÕÒÆÁËÔÁÎÔÕ [9℄.

ICMP{99{16 34×ÉÇÌÑÄ ÆÕÎË��ÏÎÁÌÕ ÇÕÓÔÉÎÉ:F [�℄ = Z d3rfC[�2�(r)℄2 + g(�)[��(r)℄2 + f(�)� ��g: (12)ðÏËÌÁÄÁÀÞÉ g(�) = g0, f(�) = a2�2 ÏÔÒÉÍÁ¤ÍÏ ÆÕÎË��ÏÎÁÌ, ÚÁ�ÒÏ-�ÏÎÏ×ÁÎÉÊ �ÅÂÎÅÒÏÍ � óÔÒÅ¤Í [12℄.ëÏÒÅÌÑ��ÊÎÁ ÆÕÎË��Ñ �ÁÒÁÍÅÔÒ �ÏÒÑÄËÕ - �ÁÒÁÍÅÔÒ �ÏÒÑÄËÕ(ÄÌÑ g20 < g2+0 � 4
a2) ÏÂÞÉÓÌÅÎÎÑ Õ ÒÁÍËÁÈ ÍÏÄÅÌ� [12℄ ÍÁ¤ ×ÉÇÌÑÄG(r) = �2�r e� r� sin1�r� ; (13)ÄÅ � = f12 �ar
 � 12 + 14 g0
 g� 12� = 2�f12 �a2
 � 12 � 14 g0
 g� 12 (14)ÁÎÁÌÏÇ�ÞÎÉÊ ÄÏ (8). ñËÝÏ g0 Â�ÌØÛÅ ÚÁ g+0, ËÏÒÅÌÑ��ÊÎÁ ÆÕÎË��ÑÓ�ÁÄÁ¤ ÍÏÎÏÔÏÎÎÏ. ì�Î�Ñ g0 = g+0 ÎÁÚÉ×Á¤ÔØÓÑ Ì�Î�¤À ÎÅ×�ÏÒÑÄËÏ-×ÁÎÏÓÔ� (disordered line), ÔÏÂÔÏ �Å Ì�Î�Ñ �ÏÑ×É �Å×ÎÉÈ ÓÔÒÕËÔÕÒÎÉÈ×ÌÁÓÔÉ×ÏÓÔÅÊ Õ ÓÉÓÔÅÍ�. ðÏÞÉÎÁÀÞÉ Ú ÔÏÞËÉ g0 = 0 (ÑËÕ ÎÁÚÉ×ÁÀÔØÌ�Î�¤À ì�ÆÛ��Á), ��Ë ÓÔÒÕËÔÕÒÎÏÇÏ ÆÁËÔÏÒÁ ÚÓÕ×Á¤ÔØÓÑ ×�ÒÁ×Ï ×�Äk = 0, ÝÏ ÏÚÎÁÞÁ¤ �ÅÒÅ×ÁÖÁÀÞÕ ÏÓ�ÉÌÑ��ÊÎÕ �Ï×ÅÄ�ÎËÕ ËÏÒÅÌÑ��ÊÎÏ§ÆÕÎË��§.çÏÍ��ÅÒ � ëÒÁÕÓ [13℄ ÚÁ�ÒÏ�ÏÎÕ×ÁÌÉ ÔÁËÉÊ ×ÉÂ�Ò f(�) ÔÁ g(�) ÄÌÑ×ÉÒÁÚÕ (8) (ÄÌÑ � = 0 ÔÁ 
 = 1):f(�) = (�2 � 1)2(�2 + f0)g(�) = g(�) + g2�2; (15)ÄÅ g2 = 4p1 + f0 � g(0) + 0:01: (16)f(�) ÍÁ¤ ÔÒÉ Í�Î�ÍÕÍÉ × ÔÏÞËÁÈ �1;2;3 = 0;�1. ðÅÒÅÈ�Ä ÄÏ ÏÂÌÁÓÔ�ÔÒÉÆÁÚÎÏÇÏ Ó��×�ÓÎÕ×ÁÎÎÑ ×�ÄÂÕ×Á¤ÔØÓÑ �ÒÉ f0 = 0 ( f(�1;2;3) = 0). æÁÚÏ×Á Ä�ÁÇÒÁÍÁ Õ ÎÁÂÌÉÖÅÎÎ� ÓÅÒÅÄÎØÏÇÏ �ÏÌÑ ÔÁ ÒÅÚÕÌØÔÁÔÉíÏÎÔÅ-ëÁÒÌÏ �ÒÅÄÓÔÁ×ÌÅÎ� ÎÁ ÒÉÓ. 6.4. íÅÍÂÒÁÎÎ� ÔÅÏÒ�§õ ÓÉÓÔÅÍÁÈ ÔÉ�Õ ÎÁÆÔÁ-ÓÕÒÆÁËÔÁÎÔ-×ÏÄÁ ÚÁ×ÖÄÉ ×ÉÎÉËÁÀÔØ ÇÒÁ-ÎÉ�� ÒÏÚÄ�ÌÕ ÏÂÌÁÓÔÅÊ �ÓÎÕ×ÁÎÎÑ ×ÏÄÉ ÔÁ ÎÁÆÔÏ�ÏÄ�ÂÎÉÈ ÞÁÓÔÉÎÏË.
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Figure 6. (a) æÁÚÏ×Á ÄiÁÇÒÁÍÁ ÏÔÒÉÍÁÎÁ Õ �iÄÈÏÄi ìÁÎÄÁÕ-çiÎÚÂÕÒÇÁÕ ÎÁÂÌÉÖÅÎÎi ÓÅÒÅÄÎØÏÇÏ �ÏÌÑ; (b) òÅÚÕÌØÔÁÔ ÍÅÔÏÄÕ íÏÎÔÅ-ëÁÒÌÏ[11℄.

ICMP{99{16 36ðÒÉ ÄÏÓÔÁÔÎØÏ ÎÉÚØËÉÈ ËÏÎ�ÅÎÔÒÁ��ÑÈ �Å �ÒÏÓÔÏ ÇÒÁÎÉ�Ñ ÒÏÚÄ�ÌÕÆÁÚÉ, ÚÂÁÇÁÞÅÎÏ§ ×ÏÄÏÀ, ÔÁ ÆÁÚÉ, ÚÂÁÇÁÞÅÎÏ§ ÎÁÆÔÏÀ. ðÒÉ ÚÒÏÓÔÁÎÎ�ËÏÎ�ÅÎÔÒÁ��§ ÓÕÒÆÁËÔÁÎÔÕ ÞÁÓÔÉÎËÉ ÓÕÒÆÁËÔÁÎÔÕ ÒÏÚÔÁÛÏ×Õ×ÁÔÉ-ÍÕÔØÓÑ Õ Í�ÖÆÁÚÎ�Ê ÏÂÌÁÓÔ�, ÚÍÅÎÛÕÀÞÉ �Ï×ÅÒÈÎÅ×ÉÊ ÎÁÔÑÇ ÚÁ×ÄÑËÉ×ÌÁÓÔÉ×ÏÓÔ� ÁÍÆ�Æ�ÌØÎÏÓÔ�. úÍÅÎÛÅÎÎÑ �Ï×ÅÒÈÎÅ×ÏÇÏ ÎÁÔÑÇÕ �ÒÏÄÏ×-ÖÕ×ÁÔÉÍÅÔØÓÑ ÄÏ ÔÉÈ ��Ò, ÄÏ�ÏËÉ �Ú ÚÒÏÓÔÁÎÎÑÍ ÞÉÓÌÁ ÍÏÌÅËÕÌ ÓÕÒ-ÆÁËÔÁÎÔÕ ÚÍÅÎÛÕ×ÁÔÉÍÅÔØÓÑ �ÌÏÝÁ, ÝÏ �ÒÉ�ÁÄÁ¤ ÎÁ ÏÄÎÕ ÞÁÓÔÉÎËÕ.äÁÌ� ÍÏÖÅ ÓÔÁÔÉÓÑ, ÝÏ ÆÏÒÍÕ×ÁÎÎÑ ËÏÍ�ÌÅËÓ�× ÁÍÆ�Æ�ÌØÎÉÈ ÞÁÓÔÉ-ÎÏË (Í��ÅÌ, ÔÏÝÏ) Õ ÏÂ'¤ÍÎ�Ê ÆÁÚ� ÓÔÁÎÅ Â�ÌØÛ ÅÎÅÒÇÅÔÉÞÎÏ ×ÉÇ�ÄÎÉÍ(×ÌÁÓÎÅ ×�ÌØÎÏ-ÅÎÅÒÇÅÔÉÞÎÏ), Î�Ö ÚÂ�ÌØÛÅÎÎÑ ÞÉÓÌÁ ÞÁÓÔÉÎÏË Õ Í�Ö-ÆÁÚÎ�Ê ÏÂÌÁÓÔ�. �ÁËÕ ÔÏÞËÕ ÍÏÖÅÍÏ �ÄÅÎÔÉÆ�ËÕ×ÁÔÉ, ÑË óíó (ËÒÉ-ÔÉÞÎÕ ÔÏÞËÕ Í��ÅÌÏÕÔ×ÏÒÅÎÎÑ). ðÏ×ÅÒÈÎÅ×ÉÊ ÎÁÔÑÇ, ÏÄÎÁË, ×ÓÅ ÏÄÎÏÂÕÄÅ ÚÍÅÎÛÕ×ÁÔÉÓÑ (ÎÅ ÔÁË Û×ÉÄËÏ, ÑË ÒÁÎ�ÛÅ), � ÄÏ ÔÉÈ ��Ò, ÄÏËÉ ÎÅ�ÏÞÎÅ ÕÔ×ÏÒÀ×ÁÔÉÓÑ ÁÂÏ ÓÅÒÅÄÎÑ ÆÁÚÁ, ÓËÁÖ�ÍÏ, Õ ×ÉÇÌÑÄ� Í�ËÒÏÅÍÕ-ÌØÓ�Ê, ÞÉ ÌÁÍ�ÌÑÒÎÏ§ ÆÁÚÉ, � ÓÉÓÔÅÍÁ �ÅÒÅÊÄÅ ÄÏ ÏÂÌÁÓÔ� ÔÒÉÆÁÚÎÏÇÏÓ��×�ÓÎÕ×ÁÎÎ.ó�ÒÏÂÕ¤ÍÏ ÓËÏÎÓÔÒÕÀ×ÁÔÉ ×ÉÒÁÚ ÄÌÑ ×�ÌØÎÏ§ ÅÎÅÒÇ�§ Ä×Ï×ÉÍ�Ò-ÎÏ§ ÆÌÀ§ÄÎÏ§ �Ï×ÅÒÈÎ� (ÎÁÄÁÌ� ÍÅÍÂÒÁÎÉ), ÝÏ �ÓÎÕ¤ Õ ÔÒÉ×ÉÍ�ÒÎÏÍÕ�ÒÏÓÔÏÒ�. íÅÍÂÒÁÎÕ ÂÕÄÅÍÏ Ï�ÉÓÕ×ÁÔÉ ÚÁ ÄÏ�ÏÍÏÇÏÀ ÔÒÉ×ÉÍ�ÒÎÏÇÏ×ÅËÔÏÒÁ X(�1; �2), ÄÅ �1, �2 { ×ÎÕÔÒ�ÛÎ� ËÏÏÒÄÉÎÁÔÉ ÍÅÍÂÒÁÎÉ. ðÒÉ×�ÄÓÕÔÎÏÓÔ� ÂÕÄØ-ÑËÉÈ ×ÎÕÔÒ�ÛÎ�È ÓÔÕ�ÅÎ�× ×�ÌØÎÏÓÔ� ×�ÌØÎÁ ÅÎÅÒÇ�ÑÔÁËÏ§ ÆÌÀ§ÄÎÏ§ ÍÅÍÂÒÁÎÉ �Ï×ÉÎÎÁ ÂÕÔÉ �Î×ÁÒ�ÁÎÔÎÁ ×�ÄÎÏÓÎÏ ÔÒÁÎÓ-ÌÑ��Ê ÔÁ �Ï×ÏÒÏÔ�×, Á ÔÁËÏÖ ÒÅ�ÁÒÁÍÅÔÒÉÚÁ��ÊÎÏ �Î×ÁÒ�ÁÎÔÁ (×ÎÁÓÌ�-ÄÏË �ÌÉÎÎÏÓÔ� ÍÅÍÂÒÁÎÉ Î�ÑËÁ ÓÉÓÔÅÍÁ ËÏÏÒÄÉÎÁÔ ÎÅ ¤ ×ÉÄ�ÌÅÎÏÀ).óËÏÎÓÔÒÕÀ¤ÍÏ ×�ÌØÎÕ ÅÎÅÒÇ�À ÍÅÍÂÒÁÎÉ, ÑË ÒÏÚ×ÉÎÅÎÎÑ �Ï �ÏÈ�ÄÎÉÈ×ÅËÔÏÒÎÏÇÏ �ÏÌÑ X(�); � = (�1; �2), ÏÂÍÅÖÉ×ÛÉÓØ ÄÒÕÇÉÍ �ÏÒÑÄËÏÍ.¶Î×ÁÒ�ÁÎÔÁÍÉ (×�ÄÎÏÓÎÏ ×ÉÝÅÚÇÁÄÁÎÉÈ �ÅÒÅÔ×ÏÒÅÎØ) ÂÕÄÕÔØ ×ÅÌÉÞÉÎÉ1, n�X , (�X)2 ÔÁ R, ÄÅ n - ÏÄÉÎÉÞÎÉÊ ×ÅËÔÏÒ, ÎÏÒÍÁÌØÎÉÊ ÄÏ �Ï×ÅÒ-ÈÎ�, R - ÓËÁÌÑÒÎÁ ËÒÉ×ÉÚÎÁ (¤ÄÉÎÁ ÎÅÚÁÌÅÖÎÁ ËÏÍ�ÏÎÅÎÔÁ ÔÅÎÚÏÒÁËÒÉ×ÉÚÎÉ), � = DiDi, ÄÅ Di - �Î×ÁÒ�ÁÎÔÎÁ �ÏÈ�ÄÎÁDiV k = �iV k + �jikV k; (17)Vk - k-ÔÁ ËÏÍ�ÏÎÅÎÔÁ ÄÏ×�ÌØÎÏÇÏ ×ÅËÔÏÒÎÏÇÏ �ÏÌÑ, �jik - ÓÉÍ×ÏÌÉ ëÒ�Ó-ÔÏÆÅÌÑ; ÍÁ¤ÔØÓÑ ÎÁ Õ×ÁÚ� ��ÄÓÕÍÏ×Õ×ÁÎÎÑ ÚÁ ÏÄÎÁËÏ×ÉÍÉ �ÎÄÅËÓÁÍÉ.�ÏÄ� ×ÉÒÁÚ ÄÌÑ ×�ÌØÎÏ§ ÅÎÅÒÇ�§ ÍÅÍÂÒÁÎÉ ÍÁÔÉÍÅ ×ÉÇÌÑÄ [14{17℄H = Z d2�pg�� + �s2 n�X + k2 (�X)2 + �k2R� (18)ÄÅ g = det(g(�1; �2)), g(�1; �2) - ÍÅÔÒÉÞÎÉÊ ÔÅÎÚÏÒ. ÷×�×ÛÉ ×ÅÌÉÞÉÎÉK = det(DiDjX)



37 ðÒÅ�ÒÉÎÔH = 12Sp(DiDjX) (19)×ÉÒÁÚ ÄÌÑ ×�ÌØÎÏ§ ÅÎÅÒÇ�§ ÍÅÍÂÒÁÎÉ ÍÏÖÎÁ ÚÁ�ÉÓÁÔÉ ÑËH = Z d2�pg �� + �sH + 2kH2 + �kK	 (20)äÌÑ Ó�ÒÏÝÅÎÎÑ ÒÏÚÇÌÑÎÅÍÏ ÍÁÊÖÅ �ÌÏÓËÕ ÍÅÍÂÒÁÎÕ. îÅÈÁÊ�ÌÏÓËÁ ÍÅÍÂÒÁÎÁ �ÁÒÁÌÅÌØÎa ÄÏ �ÌÏÝÉÎÉ (x1; x2), ÔÏÂÔÏX(x1; x2) = (x1; x2; f(x1; x2)) (21)�ÏÄ� Õ ÎÁÂÌÉÖÅÎÎ� �ÅÒÛÏÇÏ ÎÅÚÎÉËÁÀÞÏÇÏ ÄÏÄÁÎËÕ Õ ÒÏÚËÌÁÄ� �Ï�ÏÈ�ÄÎÉÈ f ×ÉÒÁÚ ÄÌÑ ×�ÌØÎÏ§ ÅÎÅÒÇ�§ ÎÁÂÕÄÅ ×ÉÇÌÑÄÕH = k2 Z d2x(52f)2 (22)Õ �ÒÉ�ÕÝÅÎÎ� � = 0. äÌÑ ÔÁËÏÇÏ H ÍÏÖÅÍÏ ÏÂÞÉÓÌÉÔÉ ÆÌÀËÔÕÁ��§×�ÄÈÉÌÅÎÎÑ ÎÏÒÍÁÌ� ×�Ä x3 [18℄h�2i = TK ln�La� ; (23)ÄÅ a - ×ÅÌÉÞÉÎÁ �ÏÒÑÄËÕ ÒÏÚÍ�Ò�× ÍÏÌÅËÕÌ ÔÁ L - Ì�Î�ÊÎÅ ÒÏÚÛÉÒÅÎÎÑÍÅÍÂÒÁÎÉ (linear extension). âÁÞÉÍÏ, ÝÏ ÄÌÑ ÒÏÚÍ�Ò�× ÍÅÍÂÒÁÎÉ �Ï-ÒÑÄËÕ L0 = a exp��2nT � (24)ÎÁÂÌÉÖÅÎÎÑ �ÌÏÓËÉÈ ÍÅÍÂÒÁÎ ÎÅ ÇÏÄÉÔØÓÑ. ú �ÎÛÏÇÏ ÂÏËÕ, ÏÂÞÉÓ-ÌÉ×ÛÉ ËÏÒÅÌÑ��ÊÎÕ ÆÕÎË��À ÔÉ�Õ ÎÏÒÍÁÌØ-ÎÏÒÍÁÌØh�n(0)�n(�)i � exp� j�j�p � ;�p = a exp�4�k3T � (25)ÂÁÞÉÍÏ, ÝÏ ÄÌÑ ×�ÄÓÔÁÎÅÊ ÍÅÎÛÉÈ �p ÎÏÒÍÁÌ� Õ Ò�ÚÎÉÈ ÔÏÞËÁÈ ÍÅÍÂ-ÒÁÎÉ ÄÏÂÒÅ ÓËÏÒÅÌØÏ×ÁÎ�, ÔÏÄ� ÑË ÄÌÑ ×�ÄÓÔÁÎÅÊ Â�ÌØÛÉÈ �p ÎÏÒÍÁÌ�¤ ÓÕÔÔ¤×Ï ÎÅÓËÏÒÅÌØÏ×ÁÎ�. ãÅ ÏÚÎÁÞÁ¤, ÝÏ ÄÏ×�ÌØÎÁ ÄÏÓÔÁÔÎØÏ ×ÅÌÉËÁÍÅÍÂÒÁÎÁ ÂÕÄÅ "ÓËÒÕÞÕ×ÁÔÉÓÑ". îÅ ÚÕ�ÉÎÑÀÞÉÓØ ÎÁ ×ÉÒ�ÛÅÎÎ� ��¤§�ÒÏÂÌÅÍÉ, ÚÁÕ×ÁÖÉÍÏ,ÝÏ �ÓÎÕÀÔØ Ä×Á ��ÄÈÏÄÉ ÄÏ §§ ×ÉÒ�ÛÅÎÎÑ: (i)×ÒÁÈÕ×ÁÎÎÑ ×ÉÝÉÈ �ÏÒÑÄË�× Õ ÒÏÚËÌÁÄÁÈ �Ï �ÏÈ�ÄÎÉÈ f(x1; x2); (ii)
ICMP{99{16 38�ÅÒÅÎÏÒÍÕ×ÁÎÎÑ ËÏÅÆ���¤ÎÔÕ k (rigidity - ÔÁË Ú×ÁÎÏ§ Ú×'ÑÚÎÏÓÔ�). úÁ-Õ×ÁÖÉÍÏ, ÝÏ ×�ÌØÎÕ ÅÎÅÒÇ�À ÇÎÕÞËÏ§ ÍÅÍÂÒÁÎÉ ÍÏÖÅÍÏ ÏÄÅÒÖÁÔÉ�Ú ÔÅÏÒ�§ ½�ÎÚÂÕÒÇÁ-ìÁÎÄÁÕ. ó�ÒÁ×Ä�, ÆÕÎË��ÏÎÁÌ ½�ÎÚÂÕÒÇÁ-ìÁÎÄÁÕÄÌÑ ÓÆÅÒÉÞÎÉÈ ÞÉ �ÉÌ�ÎÄÒÉÞÎÉÈ Í��ÅÌ ÒÁÄ�ÕÓÕ R ÍÏÖÎÁ ÚÁ�ÉÓÁÔÉ Õ×ÉÇÌÑÄ� [19,20℄FA = R 1d Z dr rd(
� �2�r2�R(r) + dr ��r�R(r)�2++ g(�R)���r(2)�r �2 + f(�R)) ; (26)ÄÅ d = 1(2) ÄÌÑ �ÉÌ�ÎÄÒÉÞÎÉÈ (ÓÆÅÒÉÞÎÉÈ) Í��ÅÌ, Á �R - �ÒÏÆ�ÌØ,ÝÏ Í�Î�Í�ÚÕ¤ F . �ÏÄ� ÄÌÑ ×ÅÌÉËÉÈ R ÍÏÖÅÍÏ ÚÁ�ÉÓÁÔÉ�R(r) = �(�)(r �R) + �1(r �R)R + : : : (27)ÄÅ ��(r �R) - �ÌÁÎÁÒÎÉÊ �ÒÏÆ�ÌØ (R!1).�ÏÄ�, ×ÒÁÈÏ×ÕÀÞÉ Ô�ÌØËÉ �ÅÒÛÉÊ ÄÏÄÁÎÏË Õ ÒÏÚËÌÁÄ� (P ) ÔÁ××�×ÛÉ �ÏÚÎÁÞÅÎÎÑ � = +1Z�1 dz Ps(z);�s = 2 +1Z�1 dz zPs(z);k = +1Z�1 dz; 2
[ ��0℄2;�k = +1Z�1 dz(z2Ps(z)� 4
[ ��0℄2);Ps(z) = 2g(��)(��0)2 + 4
[ ��00℄2 (28)ÄÌÑ ×�ÌØÎÏ§ ÅÎÅÒÇ�§ ËÒÉ×Ï§ �Ï×ÅÒÈÎ� ÏÄÅÒÖÉÍÏH = Z dSf� + �sH + 2kH2 + �kKg; (29)H = C1+C22 , k = C1C2, � C1, C2 - ×ÌÁÓÎ� ÚÎÁÞÅÎÎÑ ÔÅÎÚÏÒÁ ËÒÉ×ÉÚÎÉ.çÒÁÆ�Ë ÚÁÌÅÖÎÏÓÔ� ×�ÌØÎÏ§ ÅÎÅÒÇ�§ ÎÁ ÏÄÉÎÉ�À �ÌÏÝ� ×�Ä ÒÁÄ�ÕÓÁ Í�-�ÅÌÉ �ÒÅÄÓÔÁ×ÌÅÎÉÊ ÎÁ ÒÉÓ.7.
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Figure 7. ÷iÌØÎÁ ÅÎÅÒÇiÑ ÓÆÅÒÉÞÎÉÈ ÔÁ �ÉÌiÎÄÒÉÞÎÉÈ Íi�ÅÌ ÑË ÆÕÎ-Ë�iÑ ÒÁÄiÕÓÁ R [20℄.5. ÷ÉÓÎÏ×ËÉíÉ ÚÕ�ÉÎÉÌÉÓØ ÎÁ ÔÒØÏÈ ×ÚÁ¤ÍÏÄÏ�Ï×ÎÀÀÞÉÈ ��ÄÈÏÄÁÈ × ÔÅÏÒ�§ ÓÁ-ÍÏÁÓÏ��ÊÏ×ÁÎÉÈ ÓÉÓÔÅÍ. ëÏÖÅÎ Ú ÎÉÈ ÍÁ¤ Ó×Ï§ �ÅÒÅ×ÁÇÉ � ÎÅÄÏÌ�ËÉ.1). í�ËÒÏÓËÏ��ÞÎ� ��ÄÈÏÄÉ × ÏÓÎÏ×ÎÏÍÕ ×ÉËÏÒÉÓÔÏ×ÕÀÔØÓÑ ÄÌÑÏ�ÉÓÕ ÆÁÚÏ×ÉÈ Ä�ÁÇÒÁÍ � ÎÁÊÞÁÓÔ�ÛÅ Á�ÒÏÂÕÀÔØÓÑ ÎÁ ÇÒÁÔÞÁÓÔÉÈ ÍÏ-ÄÅÌÑÈ, ÈÏÞÁ ÏÓÔÁÎÎ�Í ÞÁÓÏÍ ÒÏÂÌÑÔØÓÑ Ó�ÒÏÂÉ Ï�ÉÓÕ � ÎÅ�ÅÒÅÒ×ÎÉÈÍÏÄÅÌÅÊ [21℄. îÏ×� ÍÏÖÌÉ×ÏÓÔ� Í�ËÒÏÓËÏ��ÞÎÉÈ ��ÄÈÏÄ�× ×ÉÎÉËÁÀÔØ ÚÒÏÚ×ÉÔËÏÍ ÍÅÔÏÄ�× ËÏÍ�'ÀÔÅÒÎÏÇÏ ÍÏÄÅÌÀ×ÁÎÎÑ.2) ð�ÄÈ�Ä ½�ÎÚÂÕÒÇÁ-ìÁÎÄÁÕ ÚÎÁÞÎÏ Ó�ÒÏÝÕ¤ ÓÉÓÔÅÍÕ, Ï�ÉÓÕÀÞÉ§§ × ÔÅÒÍ�ÎÁÈ Ë�ÌØËÏÈ �ÁÒÁÍÅÔÒ�× �ÏÒÑÄËÕ � ËÏÅÆ���¤ÎÔ�×, ÝÏ ÍÏÖÕÔØÂÕÔÉ ×ÚÑÔ� ÂÅÚ�ÏÓÅÒÅÄÎØÏ Ú ÅËÓ�ÅÒÉÍÅÎÔÕ.3) íÅÍÂÒÁÎÎ� ��ÄÈÏÄÉ Ï�ÉÓÕÀÔØ ÓÉÓÔÅÍÉ, × ÑËÉÈ ÁÍÆ�Æ�ÌØÎ� ÍÏ-ÌÅËÕÌÉ ¤ ÎÁÓÔ�ÌØËÉ ÎÅÒÏÚÞÉÎÎÉÍÉ, ÝÏ ×ÏÎÉ ÍÏÖÕÔØ ÔÒÁËÔÕ×ÁÔÉÓØÑË ÍÅÍÂÒÁÎÉ. ¶ÎÄÉ×�ÄÕÁÌØÎ�ÓÔØ ÁÍÆ�Æ�ÌØÎÉÈ ÍÏÌÅËÕÌ �ÒÉ �ØÏÍÕ ×�-ÄÏÂÒÁÖÁ¤ÔØÓÑ ÞÅÒÅÚ ÅÌÁÓÔÉÞÎ� ÍÏÄÕÌ� ÍÅÍÂÒÁÎ, ÝÏ ÚÎÁÞÎÏ Ó�ÒÏÝÕ¤Ï�ÉÓ ÚÍ�Î ÏÂÕÍÏ×ÌÅÎÉÊ §È ÆÏÒÍÏÀ ÔÁ ËÏÎÆ�ÇÕÒÁ��¤À. ïÓË�ÌØËÉ �ÒÉ�ØÏÍÕ ÍÁÓÛÔÁÂÉ ÄÏ×ÖÉÎ ÎÅ ¤ Í�ËÒÏÓËÏ��ÞÎÉÍÉ, ×ÉÎÉËÁ¤ ÍÏÖÌÉ×�ÓÔØÏ�ÉÓÕ ÅÆÅËÔ�× ÄÁÌÅËÏÓÑÖÎÉÈ ËÏÒÅÌÑ��Ê.
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41 ðÒÅ�ÒÉÎÔTHERMODYNAMICS OF APSEUDOSPIN-ELECTRON MODELTabunsh
hyk K.V.Institute for Condensed Matter Physi
s Nat. A
ad. S
i. Ukr.1 Svientsitskii Str., UA{79011 Lviv, UkraineIntrodu
tionPseudospin-ele
tron (PE) model is one of theoreti
al models whi
h 
on-siders the intera
tion of ele
trons with lo
al latti
e vibrations where ananharmoni
 variables are represented by pseudospins. The theoreti
alinvestigation of the PE model is an enduring subje
t of interest at thequantum statisti
s department.The model is used to des
ribe the strongly 
orrelated ele
trons ofCuO2 sheets 
oupled with the vibrational states of apex oxygen ionsOIV (whi
h move in the double-well potential) in YBaCuO type high-T
super
ondu
tors (HTSC) [1℄. Re
ently a similar model has been appliedfor investigation of the proton-ele
tron intera
tion in mole
ular and 
rys-talline systems with hydrogen bonds [2℄.The model Hamiltonian is the following:H =Xi Hi +Xij� tija+i�ai� � 12Xij JijSzi Szj ; (1)Hi = Uni"ni# � �X� ni� + gX� ni�Szi � hSzi ;where the strong single-site ele
tron 
orrelation U , intera
tion with theanharmoni
 mode (g-term), and the energy of the anharmoni
 potentialasymmetry (h-term) are in
luded in the single-site part. Hamiltonian (1)also 
ontains terms, whi
h des
ribe ele
tron transfer tij and dire
t inter-a
tion between pseudospins Jij . The energy of the ele
tron states at thelatti
e site is a

ounted from the level of 
hemi
al potential �.In the 
ase of strong 
oupling (g � t) and 
orrelation (U � t)the perturbation theory 
an not be applied. It is reasonable to in
ludethese one in zero order Hamiltonian (single-site Hamiltonian Hi). Itseigenfun
tions are build of the ve
tors jni"; ni#; Szi i, whi
h form the fullunit 
ell state basis [3℄:j1i = j0; 0; 12 i; j2i = j1; 1; 12 i; j3i = j0; 1; 12 i; j4i = j1; 0; 12 i; (2)j~1i = j0; 0;�12i; j~2i = j1; 1;�12i; j~3i = j0; 1;�12i; j~4i = j1; 0;�12i:
ICMP{99{16 42In the early works the main attention at the investigation of thismodel has been paid to the examination of ele
tron states, e�e
tive el-e
tron-ele
tron intera
tion, to the elu
idation of additional possibilitiesof o

urren
e of super
ondu
ting pair 
orrelations. On the basis of PEmodel a possible 
onne
tion between the super
ondu
tivity and latti
einstability of the ferroele
tri
 type in HTSC has been dis
ussed [4,5℄. Aseries of works has been 
arried out in whi
h the pseudospin hSzSzi,mixed hSzni and 
harge hnni 
orrelation fun
tions were 
al
ulated. Ithas been shown with the use of the generalized random phase approxima-tion (GRPA) in the limit U !1 [3,6℄, that there exists a possibility ofdivergen
es of these fun
tions at some values of temperature. This e�e
twas interpreted as a manifestation of diele
tri
 instability or ferroele
-tri
 type anomaly. The tenden
y to the spatially modulated 
harge andpseudospin ordering at the 
ertain model parameter values was foundout. The analysis of ferroele
tri
 type instabilities in the two-sublatti
emodel of high temperature super
ondu
ting systems has been made [7℄.The in
uen
e of oxygen nonstoi
hiometry on lo
alization of apex oxygenin YBa2Cu3O7�x type 
rystals is studied in the work [8℄.The purpose of this arti
le (le
ture) is to present the thermodynami
sof the PE model in the 
ase of the di�erent type intera
tions betweenpseudospins. First, we provide an overview of the results of works whi
hdeal with the theoreti
al investigation of the PE model with the in
lusionof the dire
t pseudospin-pseudospin intera
tion (but without the ele
trontransfer (tij = 0)). Se
ond, we present the results of the investigation ofthe model in the 
ase of the absen
e of the dire
t pseudospin-pseudospinintera
tion and Hubbard 
orrelation (Jij = 0, U = 0), when intera
tionbetween pseudospins via 
ondu
ting ele
tron is done.1. Dire
t intera
tion between pseudospins.1.1. Ferroele
tri
 type intera
tion.The work [9℄ is devoted to the study of the PE model in the 
ase of zeroele
tron transfer (tij = 0). The dire
t intera
tion between pseudospinsis taken into a

ount. It is supposed to be a long-ranged that allows oneto use the mean �eld approximation (MFA). In this approximation, themodel Hamiltonian has the following form:H=Xi ~Hi+N2 J�2; ~Hi=��X� ni�+Uni"ni#+gX� ni�Szi �(h+J�)Szi :The intera
tion (Jij � J=N) is taken as the ferroele
tri
 type one;



43 ðÒÅ�ÒÉÎÔthe order parameter � = hSzi i does not depend on the unit 
ell index.Grand 
anoni
al potential and partition fun
tion of the model, 
al-
ulated per one latti
e site are equal to
N = �T lnZi + 12J�2; (3)Zi = 2 h
osh�hn+e��(U�2�) 
osh�(hn�g)+2e�� 
osh� �hn�g2�i ;where hn = h=2 + J�=2.Then, all thermodynami
 properties 
an be derived from the pre-sented formulae (3).The average number of ele
trons is determined as follows [9℄:� 1N ��
���T;h;� = * 1N Xi ni+ � hni: (4)The equation for the order parameter is obtained from the thermo-dynami
al relation [9℄: ��
�� �T;h;� = 0: (5)For the investigation of equilibrium 
onditions one should separate tworegimes: � = 
onst and n = 
onst. We would like to note that hereafterwe shall demonstrate the results of numeri
al investigation whi
h showthe main features of the 
onsidered model.1.1.1. � = 
onst regime.The � = 
onst regime 
orresponds to the 
ase when, for example, 
hargeredistribution between the 
ondu
ting sheets CuO2 and other stru
turalelements is allowed. For this regime the equilibrium is de�ned by theminimum of the grand 
anoni
al potential that form an equation forpseudospin mean value (5) and expression for hni (4).At some regions of h values the �eld dependen
ies �(h) possesses S -like behaviour Fig. 1 (the �rst order phase transition with the jump oforder parameter and ele
tron 
on
entration take pla
e at the 
hange of�eld h). The phase transition point is presented by a 
rossing point onthe dependen
e 
(h).The phase diagram T
 � h is shown in Fig. 2. One 
an see that withrespe
t to Ising model the phase 
oexisten
e 
urve is shifted in �eld anddistorted from the verti
al line and hen
e the possibility of the �rst orderphase transition with the temperature 
hange exists in PE model.
ICMP{99{16 44

Figure 1. Field dependen
ies of the order parameter and grand 
anoni
alpotential (T = 0).
Figure 2. T
 � h and �� h phase diagrams.The phase diagram ��h (Fig. 2) indi
ate stability regions for stateswith � = �1=2 (U < g and T = 0). The form of diagram depends onthe relation between U and g parameter values [9℄. Transitions betweenregions jri $ jpi, j~ri $ j~pi lead to the 
hange of the average number ofele
trons only. At transitions jri $ j~ri the 
ipping of pseudospin takespla
e, and at jri $ j~pi (r 6= p) both pro
esses o

ur.Hen
e, the possibility of the �rst order phase transition with the
hange of �eld h and/or 
hemi
al potential � takes pla
e and is shownby thi
k line on phase diagram in Fig. 2.1.1.2. n = 
onst regime.

Figure 3. Field dependen-
y of the order parameter(T = 0).

In the regime of the �xed ele
tron 
on
en-tration value the equilibrium is determinedby the minimum of free energy F = 
+�Nand form a set of equations (4), (5) for the
hemi
al potential and order parameter.Typi
al example of the �(h) depen-den
e is shown in Fig. 3 whi
h 
orrespondsto the hni value in the interval 0 � n � 1.



45 ðÒÅ�ÒÉÎÔPhases � = � 12 (phase 1), � = 12 � n (phase 2), � = 12 � n2 (phase 3),� = 12 (phase 4) exist between phase transition points (whi
h is deter-mined a

ording to the Maxwell rule from the range of S-like behaviour(between the spinodal points Zi)) and outside of them. At the 
hange ofthe model parameter values the regions, where metastable phases exist,
an overlap, some phase transitions disappear (some intermediate phases
an not be realized). In 
ase 1 � n � 2 the dependen
e �(h) is generallysimilar. The phase 3 and phase 2' at � = 32 � n, whi
h now appearsinstead of phase 2, may play the role of the intermediate phases.
Figure 4. n�h phase tran-sition diagram (T = 0).

On the phase diagram n� h Fig. 4 thethi
k solid line indi
ates the phase 
oex-isten
e 
urve and hen
e the possibility ofthe �rst order phase transition with the
hange of the longitudinal �eld h and/orele
tron 
on
entration hni takes pla
e.More detail analyse of a free energy be-haviour shows that the above presented (inthis paragraph) results are not realized.The investigation of the equilibrium 
on-ditions shows that the �rst order phase transition transforms into thephase separation. One 
an see regions where state with homogenous dis-tribution of parti
les is unstable (d�=dn � 0), and the phase separationinto the regions with di�erent 
on
entrations exists (Fig. 5). The phasediagram n� h (Fig. 5) illustrates the separation phases.

Figure 5. Dependen
e of the 
hemi
al potential � on the ele
tron 
on-
entration and n� h phase separation diagram (T = 0).The phase 3 splits into phase 4 (with 
on
entration n = 0, orderparameter � = 12 ) and phase 1 (n = 2, � = � 12 ) with weight 
oeÆ
ients1� n and n respe
tively (thin dotted lines in Fig. 4 and Fig. 5).Therefore, more 
onvenient and thermodynami
ally stable is the pha-se separated state, whi
h is the mixture of states with di�erent ele
tron
on
entrations and di�erent values of order parameters.
ICMP{99{16 461.2. Antiferroele
tri
 type intera
tion.In the 
ase of antiferroele
tri
 type intera
tion it is 
onvenient to in-trodu
e two kinds of sites (A-sites, B-sites). These 
orresponds to thedoubling of the latti
e period [10℄.Within the framework of the MFA we shall write:SzASzB = ��A�B + �ASzB + �BSzA; (6)where �A = hSzAi, �B = hSzBi.Then, we obtain the following expression for the model Hamiltonian:H = Xi ~HiA +Xj ~HjB +N �J12 �A�B + J24 (�2A + �2B)� ;~HiA = ��(niA# + niA") + UniA#niA" + g(niA# + niA")SziA ��(h+ J1�B + J2�A)SziA;~HjB = ~HjA��A$B : (7)The Hilbert spa
e forms as a dire
t produ
t of the eigenfun
tions (2) for~HA and ~HB operators (7) fjniA"NiA#; SziAig � fjniB"NiB#; SziBig. Theanalyti
al 
onsideration in this 
ase in general is very similar to the previ-ous (ferromagneti
 intera
tion) one, but formulae are more 
ompli
ated(see in details [10℄).Grand 
anoni
al potential 
an be written in the form:
 = J1�A�B + J22 (�2A + �2B) + T ln���2A � 12���2B � 12���T ln�1 + e��(�2�+U+g) + 2e��(��+ g2 )��T ln�1 + e��(�2�+U�g) + 2e��(��� g2 )� : (8)1.2.1. � = 
onst regime.

Figure 6. J1-J2area.

The set of equations for �A, �B is de�ned by theminimum of the grand 
anoni
al potential (8). Theexpression for the ele
tron mean values is determinedfrom the thermodynami
al relation (4).The form of the grand 
anoni
al potential �elddependen
e 
(h) (and therefore the type and numberof phase transitions) depends on the relation betweenparameters J1 and J2 values (Fig. 6). There are no any spe
i�
 behaviourwhen J1 and J2 are pla
ed in the regions 5 and 6. The 
ase when J1



47 ðÒÅ�ÒÉÎÔand J2 are pla
ed in the domains 1, 7, 8 is similar to ferroele
tri
 typeintera
tion.
Figure 7. Field dependen
ies of grand 
anoni
al potential within the2 and 4 regions respe
tively (T = 0).The lo
ation of J1 and J2 parameters within the area 4 leads to thepossibility of the two sequential se
ond order phase transitions: fromthe ferroele
tri
 phase (FP) with the one pseudospin mean value to theantiferroele
tri
 phase (AP) and then to the FP with the another orderparameter value (Fig. 7).

Figure 8. � � h phase dia-gram (T = 0).

The 
ase when J1 and J2 belong tothe region 2, 3 is shown in Fig. 7 andthe 
orresponding phase diagram �{h inFig. 8.One 
an see that two �rst order phasetransitions with the 
hange of the �eld hand/or 
hemi
al potential � take pla
e.With respe
t to ferroele
tri
 type inter-a
tion between pseudospins (Fig. 2) thephase 
oexisten
e 
urve is split and oneobtains the range (the range width is equal J1) where the AP exists(Fig. 8). With the temperature in
rease the �rst order phase transitionstransform into the se
ond order phase transitions. Hen
e the possibilityof the �rst order phase transition from FP into AP and then the se
-ond order phase transition from AP into FP exist with the temperaturein
rease for the narrow range of h values.1.2.2. n = 
onst regime.As it was mentioned above, in the 
ase of the �xed value of the ele
-tron 
on
entration (regime n =
onst) the �rst order phase transitiontransform into the phase separation.

ICMP{99{16 48In Fig. 9 one present the phase diagram n{h when J1, J2 are pla
edin the region 2. Within the area surrounded by the lines the phase sep-aration into the regions with di�erent 
on
entrations and phases FP(solid lines) and AP (dotted lines) takes pla
e. Outside of these bound-aries (whi
h surround the phase separated states) the state with thespa
e homogeneity of ele
tron 
on
entration (FP) is stable. Between theboundaries one have the AP.
Figure 9. n� h phase diagram (T = 0 and T 6= 0).We would like to remind that in the � =
onst regime with the tem-perature in
rease the �rst order phase transitions transform into these
ond order (J1, J2 2 domain 2,3). On the other hand, in the n =
onstregime this 
orrespond to the narrowing of the range of the phase sepa-rated states and transform into the se
ond order phase transition 
urves.Then the phase transition 
urves approa
h one to another and, �nally,disappear at the 
ertain value of temperature.The lo
ation of J1, J2 within the area 4 leads to the possibility of thetwo se
ond order phase transitions with the 
hange of the �eld (similarto the � =
onst regime).2. Intera
tion between pseudospins via 
ondu
ting el-e
tron.In the U = 0 and Jij = 0 limit operator (1) 
an be transformed tothe Hamiltonian of the ele
tron subsystem of binary alloy in the 
aseof equilibrium disorder. Model (1) is 
lose to the Fali
ov-Kimball (FK)model but di�er in thermodynami
 equilibrium 
onditions, i.e. in a wayhow self-
onsisten
y is a
hieved (hSzi = 
onst for the FK model andh = 
onst for the PE one).In the present part of work we propose (for the 
ase of the U = 0 andJij = 0 limit) the self-
onsistent s
heme for 
al
ulation of mean values ofpseudospin and parti
le number operators, grand 
anoni
al potential as
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orrelation fun
tions. The approa
h is based on the GRPA withthe in
lusion of the mean �eld 
orre
tions. The possibilities of the phaseseparation and 
hess-board phase appearan
e are investigated [11℄.The 
al
ulation is performed in the strong 
oupling 
ase (g � t) usingof single-site states as the basi
 one. The formalism of ele
tron 
reation(annihilation) operators ai� = bi�P+i ; ~ai� = bi�P�i (P�i = 12 � Szi )a
ting at a site with the 
ertain pseudospin orientation is introdu
ed.Expansion of the 
al
ulated quantities in terms of ele
tron transfer leadsto the in�nite series of terms 
ontaining the averages of the T -produ
tsof the ai� , ~ai� operators. The evaluation of su
h averages is made usingthe 
orresponding Wi
k's theorem. The averages of the produ
ts of theproje
tion operators P�i are expanded in semi-invariants [11℄.Nonperturbated ele
tron Green fun
tion is equal tog(!n) = hgi(!n)i; gi(!n) = P+ii!n � " + P�ii!n � ~" ; (9)where " = �� + g=2; ~" = �� � g=2 are single-site energies. Single-ele
tron Green fun
tion (
al
ulated in Hubbard-I type approximation)is = Gk(!n) = �g�1(!n) � tk��1 and its poles determine theele
tron spe
trum"I;II(tk) = 12(2E0 + tk)� 12qg2 + 4tkhSzig + t2k : (10)In the adopted approximation the diagrammati
 series for the pseu-dospin mean value 
an be presented in the formhSzi = = − −+ _1
2!

... . (11)Here we use the following diagrammati
 notations: � Sz;� gi(!n); wavy line is the Fourier transform of hopping tk. Semi-invari-ants are represented by ovals and 
ontain the Æ-symbols on site indexes.In the spirit of the traditional mean �eld approa
h [11℄ the renormal-ization of the basi
 semi-invariant by the insertion of independent loopfragments is taken into a

ount in (11).The analyti
al expression for the loop is the following:= 2N Xn;k t2k �P+i (i!n � ")�1 + P�i (i!n � ~")�1�g�1(!n)� tk= �(�1P+i + �2P�i ): (12)
ICMP{99{16 50It should be noted that within the self-
onsistent s
heme of theGRPA, the 
hain fragments form the single-ele
tron Green fun
tion inthe Hubbard-I approximation and in the sequen
es of loop diagrams inthe expressions for grand 
anoni
al potential 
 and pair 
orrelation fun
-tions (hSzi Szj i, hSzi nji, hninji) the 
onne
tions between any two loops bymore than one semi-invariant are omitted. This pro
edure in
ludes therenormalization of the higher order semi-invariants, whi
h is similar tothe one given by expression (11).From (11) and (12) follows the equation for pseudospin mean valuehSzi = 12 tanh��2 (h+ �2(hSzi)� �1(hSzi)) + ln 1 + e��"1 + e��~"� : (13)The grand 
anoni
al potential in the 
onsidered approximation has theform:�
=
�
���t=0=� 2N�Xk ln (
osh �2 "I(tk))(
osh �2 "II(tk))(
osh �2 ")(
osh �2 ~") +hSzi(�2��1)� 1� ln 
osh��2 (h+�2��1)+ ln 1+e��"1+e��~"�+1� ln 
osh��2h+ ln 1+e��"1+e��~"�The solution of equation (13) and 
al
ulation of potential 
 were per-formed numeri
ally.In the � = 
onst regime (in the uniform 
ase) there exists a possibilityof the �rst order phase transition with the jump of the pseudospin meanvalue and re
onstru
tion of the ele
tron spe
trum [11℄.In the n = 
onst regime one 
an see (Fig. 10) that the regions withd�=dn � 0, where states with a homogeneous distribution of parti
les areunstable, exist. This 
orresponds to the phase separation into the stateswith di�erent ele
tron 
on
entrations and pseudospin mean values. Inthe phase separated region the free energy as a fun
tion of n de
e
tsup (Fig. 10) and 
on
entrations of the separated phases are determinedby the tangent line tou
h points (these points are also the points ofbinodal lines whi
h are determined a

ording to the Maxwell rule fromthe fun
tion �(n)).The analysis of the hSzSziq 
orrelator temperature behaviour showsthat the high temperature phase be
ome unstable with respe
t to 
u
tu-ations with q 6= 0 for 
ertain values of model parameters. The maximaltemperature of instability is a
hieved for q = 0 or q = (�; �) (in the
ase of square latti
e with nearest-neighbor hopping) and indi
ates thepossibility of phase transition into a modulated (
hess-board) phase.
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Figure 10. Dependen
e of the 
hemi
al potential � on the ele
tron 
on-
entration n and deviation of the free energy from linear dependen
e�F = F (n)� [n2F (2) + (1� n2 )F (0)℄ for di�erent T values.The analyti
al 
onsideration of the 
hess-board phase within theframework of the presented above approximation 
an be performed in asimilar way.
Figure 11. �-h phase diag-ram. I { uniform phase, II {
hess-board phase.

From the 
omparison of the grand
anoni
al potential 
 values for uniformand 
hess-board phases, the (�; h) phasediagram is obtained (Fig. 11). One 
ansee that 
hess-board phase exists as anintermediate one between the uniformphases with the di�erent hSzi and nvalues. The transition between di�er-ent uniform phases (bistability) is of the�rst order (Fig. 11, dashed line), whilethe transition between the uniform andmodulated ones is of the �rst (dotted line) or se
ond (solid line) order.Appearan
e of various phases in the 
onsidered model remind the sit-uation known for the FK model with a ri
h phase diagram [12℄. However,
ontrary to this model, an existen
e of uniform phases is possible in our
ase. This results from the another regime of thermodynami
 averaging(�xation of h �eld whi
h is analogous to the 
hemi
al potential in theFK model).Referen
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