
îÁÃ¦ÏÎÁÌØÎÁ ÁËÁÄÅÍ¦Ñ ÎÁÕË õËÒÁ§ÎÉ���������	
� ¶îóôéôõôæ¶úéëéëïîäåîóï÷áîéèóéóôåí'
&

$
%¶úéî½¶÷óøë¶ þéôáîîñ{97(ìØ×¦×, 12 ÔÒÁ×ÎÑ 1997)ISING LECTURES{97(Lviv, May, 12 1997)ICMP{98{13

ìø÷¶÷
õäë: 530.145PACS: 05.50.+q; 05.70.Fh; 64.60.-i¶úéî½¶÷óøë¶ þéôáîîñ{97 (ìØ×¦×, 12 ÔÒÁ×ÎÑ 1997)áÎÏÔÁÃ¦Ñ. úÂ¦ÒÎÉË Í¦ÓÔÉÔØ ÔÅËÓÔÉ ÌÅËÃ¦Ê ÐÒÏ ËÒÉÔÉÞÎ¦ Ñ×ÉÝÁ, ÐÒÏ-ÞÉÔÁÎÉÈ Ð¦ÄÞÁÓ "¶ÚÉÎ­¦×ÓØËÉÈ ÞÉÔÁÎØ" { ÓÅÍ¦ÎÁÒÕ, ÐÒÉÓ×ÑÞÅÎÏÇÏ 97Ò¦ÞÞÀ ÐÒÏÆÅÓÏÒÁ åÒÎÓÔÁ ¶ÚÉÎ­Á.ISING LECTURES{97 (Lviv, May, 12 1997)Abstract. Texts of lectures on critical phenomena given in the framesof the "Ising lectures" (a workshop dedicated to Professor Ernest Ising97th anniversary).

c
 ¶ÎÓÔÉÔÕÔ Æ¦ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ 1998Institute for Condensed Matter Physics 1998



1 ðÒÅÐÒÉÎÔ
Ernest Ising.

ICMP{98{13 2÷óôõðíÏÄÅÌØ ¶ÚÉÎ­Á | ÏÄÎÁ ¦Ú ÓÔÁÎÄÁÒÔÎÉÈ ÍÏÄÅÌÅÊ ÓÔÁÔÉÓÔÉÞÎÏ§ Æ¦ÚÉËÉ.ýÏÒÏËÕ Ú'Ñ×ÌÑ¤ÔØÓÑ ÐÏÎÁÄ 800 ÐÕÂÌ¦ËÁÃ¦Ê, ÐÒÉÓ×ÑÞÅÎÉÈ Ã¦Ê ÍÏÄÅÌ¦,Á Ë¦ÌØË¦ÓÔØ ÐÕÂÌ¦ËÁÃ¦Ê ÐÒÏ ÍÏÄÅÌØ ¶ÚÉÎ­Á, ÐÏÞÉÎÁÀÞÉ Ú 1969 Ò., ÐÅ-ÒÅ×ÉÝÉÌÁ 13500. 10 ÔÒÁ×ÎÑ 1997 ÒÏËÕ åÒÎÓÔ ¶ÚÉÎ­ ×¦ÄÚÎÁÞÉ× Ó×Ï¤97-Ò¦ÞÞÑ. êÏÇÏ ÖÉÔÔÑ ÔÁËÅ Ö ÂÁÇÁÔÅ ÎÁ ÐÏÄ¦§, ÑË ¦ ÓÔÏÒ¦ÞÞÑ, ÒÏ×ÅÓ-ÎÉËÏÍ ÑËÏÇÏ ×¦Î ¤. îÁÒÏÄÉ×ÓÑ × ëÅÌØÎ¦, ×ÞÉ×ÓÑ × âÏÈÕÍ¦, ½ÅÔÅÎ­ÅÎ¦,çÁÍÂÕÒ­Õ. ð¦Ä ËÅÒ¦×ÎÉÃÔ×ÏÍ ÷¦ÌØÇÅÌØÍÁ ìÅÎÃÁ Õ × 1924 Ò. ÚÁÈÉÓÔÉ×ÄÉÓÅÒÔÁÃ¦À, ÐÒÁÃÀ×Á× Õ ÛËÏÌÁÈ î¦ÍÅÞÞÉÎÉ, ÅÍ¦­ÒÕ×Á× Õ ìÀËÓÅÍ-ÂÕÒ­, Ð¦ÓÌÑ ×¦ÊÎÉ | Õ óûá. äÏ ×ÉÈÏÄÕ ÎÁ ÐÅÎÓ¦À ÂÕ× ÐÒÏÆÅÓÏÒÏÍÆ¦ÚÉËÉ × ÕÎ¦×ÅÒÓÉÓÔÅÔ¦ âÒÅÄÌ¦ (Bradly University, Peoria, IL).97 Ò¦ÞÞÀ åÒÎÓÔÁ ¶ÚÉÎ­Á ÂÕÌÉ ÐÒÉÓ×ÑÞÅÎ¦ ¶ÚÉÎ­¦×ÓØË¦ ÞÉÔÁÎÎÑ, ÏÒ-ÇÁÎ¦ÚÏ×ÁÎ¦ ¶ÎÓÔÉÔÕÔÏÍ Æ¦ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ îáî õËÒÁ§ÎÉÔÁ ËÁÆÅÄÒÏÀ ÔÅÏÒÅÔÉÞÎÏ§ Æ¦ÚÉËÉ ìØ×¦×ÓØËÏÇÏ ÄÅÒÖÁ×ÎÏÇÏ ÕÎ¦×ÅÒÓÉ-ÔÅÔÕ ¦Í. ¶.æÒÁÎËÁ ¦ ÐÒÏ×ÅÄÅÎ¦ Õ ìØ×Ï×¦ 12 ÔÒÁ×ÎÑ 1997.ðÒÏÇÒÁÍÁ ÞÉÔÁÎØ Í¦ÓÔÉÌÁ ÏÇÌÑÄÏ×¦ ÔÁ ÏÒÉ­¦ÎÁÌØÎ¦ ÄÏÐÏ×¦Ä¦ ÔÁË ÞÉ¦ÎÛÅ ÐÏ×'ÑÚÁÎ¦ ¦Ú ÍÏÄÅÌÌÀ ¶ÚÉÎ­Á. óÅÒÅÄ ÎÉÈ:åÒÎÓÔ ¶ÚÉÎ­ | Æ¦ÚÉË ¦ ×ÞÉÔÅÌØ (ó. ëÏÂÅ, ôÅÈÎ¦ÞÎÉÊ ÕÎ¦×ÅÒÓÉÔÅÔ,äÒÅÚÄÅÎ),íÏÄÅÌØ ¶ÚÉÎ­Á | ÓÔÁÔÉÓÔÉËÏ-ÍÅÈÁÎ¦ÞÎ¦ ÏÂÞÉÓÌÅÎÎÑ ÂÅÚ ÎÁÂÌÉ-ÖÅÎØ (ï. äÅÒÖËÏ, ¶æëó, ìØ×¦×),íÏÄÅÌØ ­ÒÁÔËÏ×ÏÇÏ ÇÁÚÕ ÄÌÑ ÐÒÏÔÏÎÎÏ§ Ð¦ÄÓÉÓÔÅÍÉ × ËÒÉÓÔÁÌÁÈ ÚÓÕÐÅÒ¦ÏÎÎÉÍÉ ÆÁÚÏ×ÉÍÉ ÐÅÒÅÈÏÄÁÍÉ (¶.óÔÁÓÀË, î.ðÁ×ÌÅÎËÏ, ¶æëó,ìØ×¦×),íÏÄÅÌØ ¶ÚÉÎ­Á ¦ ÎÅÊÒÏÎÎ¦ Ó¦ÔËÉ (÷. ôËÁÞÕË, ìØ×¦×ÓØËÉÊ ÄÅÒÖÁ×-ÎÉÊ ÕÎ¦×ÅÒÓÉÔÅÔ),½ÒÁÔËÏ×¦ ÓÐ¦ÎÏ×¦ ÍÏÄÅÌ¦ ¦Ú ÓÔÒÕËÔÕÒÎÉÍ ÂÅÚÌÁÄÏÍ (ò. ìÅ×ÉÃØËÉÊ,ò. óÏËÏÌÏ×ÓØËÉÊ, ¶æëó, ìØ×¦×),çÒÁÎÉÞÎÉÊ ÐÅÒÅÈ¦Ä äÅ öÅÎÁ: ×¦Ä ÓÔÁÔÉÓÔÉËÉ ÓÐ¦Î¦× ÄÏ ÓÔÁÔÉÓÔÉËÉÍÁËÒÏÍÏÌÅËÕÌ (à. çÏÌÏ×ÁÞ, ¶æëó, ìØ×¦×).ãÅÊ ÚÂ¦ÒÎÉË Í¦ÓÔÉÔØ ÔÅËÓÔÉ ÌÅËÃ¦Ê ÐÒÏÞÉÔÁÎÉÈ Õ ìØ×Ï×¦ 12 ÔÒÁ×-ÎÑ 1997 Ò. ôÅËÓÔÉ ÐÏÄÁÎÏ ÕËÒÁ§ÎÓØËÏÀ ÁÂÏ ÁÎÇÌ¦ÊÓØËÏÀ ÍÏ×ÏÀ.àÒ¦Ê çÏÌÏ×ÁÞ
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ICMP{98{13 4åòîóô ¶úéî½ | æ¶úéë ôá ðåäáçïçó. ëÏÂÅäÒÅÚÄÅÎÓØËÉÊ ÔÅÈÎ¦ÞÎÉÊ ÕÎ¦×ÅÒÓÉÔÅÔ, ¶Î-Ô ÔÅÏÒ.Æ¦ÚÉËÉ,äÒÅÚÄÅÎ, î¦ÍÅÞÞÉÎÁåÒÎÓÔ ¶ÚÉÎ­ ÎÁÒÏÄÉ×ÓÑ 10 ÔÒÁ×ÎÑ 1900 ÒÏËÕ × ëÅÌØÎ¦ (î¦ÍÅÞÞÉÎÁ)Õ Ó¦Í'§ ËÕÐÃÑ ½ÕÓÔÁ×Á ¶ÚÉÎ­Á ÔÁ ÊÏÇÏ ÄÒÕÖÉÎÉ ôÅËÌ¦, ÕÒÏÄÖÅÎÏ§ ìØÏ-×Å. úÇÏÄÏÍ Ó¦Í'Ñ ÐÅÒÅ§ÈÁÌÁ ÄÏ Í. âÏÈÕÍÁ (÷ÅÓÔÆÁÌ¦Ñ), ÄÅ 1918 ÒÏËÕåÒÎÓÔ ¶ÚÉÎ­ ÚÁË¦ÎÞÉ× Ç¦ÍÎÁÚ¦À. îÅ×ÄÏ×Ú¦ ÊÏÍÕ ÄÏ×ÅÌÏÓÑ ×¦ÄÂÕÔÉ ËÏ-ÒÏÔËÕ ×¦ÊÓØËÏ×Õ ÓÌÕÖÂÕ. õ 1919 ÒÏÃ¦ åÒÎÓÔ ¶ÚÉÎ­ ÒÏÚÐÏÞÁ× ×É×ÞÅÎÎÑÍÁÔÅÍÁÔÉËÉ ÔÁ Æ¦ÚÉËÉ × ½ÅÔÔ¦Î­ÅÎÓØËÏÍÕ ÕÎ¦×ÅÒÓÉÔÅÔ¦. ð¦ÚÎ¦ÛÅ ×¦ÎÐÒÏÄÏ×ÖÉ× ÎÁ×ÞÁÎÎÑ Õ âÏÎÎ¦ ÔÁ çÁÍÂÕÒÚ¦. óÁÍÅ Õ çÁÍÂÕÒÚ¦ ÷¦ÌØ-ÇÅÌØÍ ìÅÎÃ (1888{1957) ÚÁÐÒÏÐÏÎÕ×Á× ¶ÚÉÎ­Ï×¦ ÚÁÊÎÑÔÉÓÑ ÔÅÏÒÅÔÉÞ-ÎÏÀ Æ¦ÚÉËÏÀ. ð¦Ä ËÅÒ¦×ÎÉÃÔ×ÏÍ ìÅÎÃÁ ÍÏÌÏÄÉÊ ÕÞÅÎÉÊ ÒÏÚÐÏÞÁ×ÄÏÓÌ¦ÄÖÅÎÎÑ ÍÏÄÅÌ¦ ÆÅÒÏÍÁÇÎÅÔÉÚÍÕ, ÑËÕ ÊÏÇÏ ËÅÒ¦×ÎÉË Õ×¦× Õ 1920ÒÏÃ¦ [1]. õ Ó×Ï§Ê ÄÉÓÅÒÔÁÃ¦§ åÒÎÓÔ ¶ÚÉÎ­ ÄÏÓÌ¦ÄÉ× ×ÉÐÁÄÏË Ì¦Î¦ÊÎÏÇÏÌÁÎÃÀÖËÁ ÍÁÇÎÅÔÎÉÈ ÍÏÍÅÎÔ¦×, ËÏÖÅÎ Ú ÑËÉÈ ÍÏÖÅ ÐÅÒÅÂÕ×ÁÔÉ ×ÏÄÎÏÍÕ Ú Ä×ÏÈ ÍÏÖÌÉ×ÉÈ ÐÏÌÏÖÅÎØ | \××ÅÒÈ" ÔÁ \×ÎÉÚ", Ú×'ÑÚÁÎÉÈÕÚÁ¤ÍÏÄ¦ÑÍÉ Í¦Ö ÎÁÊÂÌÉÖÞÉÍÉ ÓÕÓ¦ÄÁÍÉ. ÷¦Î ÐÏËÁÚÁ×, ÝÏ ÓÐÏÎÔÁÎÎÅÎÁÍÁÇÎ¦ÞÅÎÎÑ ÎÅ ÍÏÖÎÁ ÐÏÑÓÎÉÔÉ ÏÄÎÏ×ÉÍ¦ÒÎÏÀ ×ÅÒÓ¦¤À Ã¦¤§ ÍÏÄÅÌ¦,ÐÒÏÔÅ ÐÏÍÉÌËÏ×Ï ÐÏÛÉÒÉ× ÃÅÊ ×ÉÓÎÏ×ÏË ¦ ÎÁ ÔÒÉ×ÉÍ¦ÒÎÉÊ ×ÉÐÁÄÏË[3].ð¦ÓÌÑ ÐÒÉÓ×Ï¤ÎÎÑ ÄÏËÔÏÒÓØËÏÇÏ Ú×ÁÎÎÑ åÒÎÓÔ ¶ÚÉÎ­ ÐÅÒÅ§ÖÄÖÁ¤ÄÏ âÅÒÌ¦ÎÁ, ÄÅ Ú 1925 ÒÏËÕ ÐÏ 1926 Ò¦Ë ÐÒÁÃÀ¤ Õ ÐÁÔÅÎÔÎÏÍÕ ×¦ÄÄ¦Ì¦ËÏÍÐÁÎ¦§ Allgemceine Elektrizit�atsgesellschaft (AEG). ðÒÏÔÅ ÃÑ ÐÒÁÃÑÊÏÇÏ ÎÅ ÚÁÄÏ×ÏÌØÎÑÌÁ, ¦ ×¦Î ×ÉÒ¦ÛÉ× ÓÔÁÔÉ ×ÞÉÔÅÌÅÍ. ðÒÏÔÑÇÏÍ ÒÏËÕ×¦Î ÐÒÁÃÀ×Á× Õ ÚÎÁÍÅÎÉÔ¦Ê ÛËÏÌ¦{ÐÁÎÓ¦ÏÎÁÔ¦ Õ Í¦ÓÔ¦ óÁÌÅÍ¦ (ð¦×-ÄÅÎÎÉÊ âÁÄÅÎ) ÐÏÂÌÉÚÕ âÁÄÅÎÓØËÏÇÏ ÏÚÅÒÁ. õ 1928 ÒÏÃ¦ åÒÎÓÔ ¶ÚÉÎ­ÐÏ×ÅÒÔÁ¤ÔØÓÑ ÄÏ âÅÒÌ¦ÎÓØËÏÇÏ ÕÎ¦×ÅÒÓÉÔÅÔÕ, ÝÏÂ ×É×ÞÁÔÉ Æ¦ÌÏÓÏÆ¦ÀÔÁ ÐÅÄÁÇÏÇ¦ËÕ. õ 1930 ÒÏÃ¦ ×¦Î ÓËÌÁÄÁ¤ ÄÅÒÖÁ×Î¦ ¦ÓÐÉÔÉ ÐÅÒÅÄ ÐÅÄÁ-ÇÏÇ¦ÞÎÏÀ ÒÁÄÏÀ Ú ×ÉÝÏ§ ÏÓ×¦ÔÉ.õ ÃØÏÍÕ Ö ÒÏÃ¦ ÍÏÌÏÄÉÊ ÕÞÅÎÉÊ ÏÄÒÕ-ÖÕ¤ÔØÓÑ Ú êÏÇÁÎÎÏÀ åÍÅÒ, ÄÏËÔÏÒÏÍ Õ ÇÁÌÕÚ¦ ÅËÏÎÏÍ¦ËÉ. ðÏÄÒÕÖ-ÖÑ ÐÅÒÅ§ÖÄÖÁ¤ ÄÏ ûÔÒÁÕÓÂÅÒ­Á ÐÏÂÌÉÚÕ âÅÒÌ¦ÎÁ, ÄÅ åÒÎÓÔ ¶ÚÉÎ­ÚÁÊÍÁ¤ ×ÉËÌÁÄÁÃØËÕ ÐÏÓÁÄÕ Õ ÓÅÒÅÄÎ¦Ê ÛËÏÌ¦ ÑË \Studienassessor"(Õ î¦ÍÅÞÞÉÎ¦ ÄÅÒÖÁ×ÎÉÊ ÓÌÕÖÂÏ×ÅÃØ, ÝÏ ÓËÌÁ× ÎÅÏÂÈ¦ÄÎ¦ ÄÌÑ Ó×Ï¤§ÐÏÓÁÄÉ ¦ÓÐÉÔÉ, ÁÌÅ ÝÅ ÎÅ ÚÁ×ÅÒÛÉ× ×ÉÐÒÏÂÕ×ÁÌØÎÉÊ ÔÅÒÍ¦Î). úÇÏ-ÄÏÍ å. ¶ÚÉÎ­Á ÐÅÒÅ×ÏÄÑÔØ ÄÏ Í¦ÓÔÁ ëÒÏÓÓÅÎÁ ÎÁ ïÄÒ¦ (ÔÅÐÅÒ ëÒÏÓÎÏôÅËÓÔ ÄÏÐÏ×¦Ä¦ ÁÎÇÌ¦ÊÓØËÏÀ ÍÏ×ÏÀ ÏÐÕÂÌ¦ËÏ×ÁÎÏ × J. Stat. Phys. 88, 991(1997), ÕËÒÁ§ÎÓØËÏÀ ÍÏ×ÏÀ { × öÕÒÎ. æ¦Ú. äÏÓÌ. 2 (1998)



5 ðÒÅÐÒÉÎÔïÄÖÁÎØÓË¤ × ðÏÌØÝ¦) ÎÁ Í¦ÓÃÅ ×ÞÉÔÅÌÑ, ÑËÉÊ ÚÁÈ×ÏÒ¦×.÷¦ÄÒÁÚÕ Ð¦ÓÌÑ ÐÒÉÈÏÄÕ ÄÏ ×ÌÁÄÉ ç¦ÔÌÅÒÁ Õ Ó¦ÞÎ¦ 1933 ÒÏËÕ ×Ó¦ÈÇÒÏÍÁÄÑÎ ¤×ÒÅÊÓØËÏ§ ÎÁÃ¦ÏÎÁÌØÎÏÓÔÉ Ú×¦ÌØÎÉÌÉ Ú ÄÅÒÖÁ×ÎÏ§ ÓÌÕÖÂÉ.åÒÎÓÔÁ ¶ÚÉÎ­Á ×ÉËÉÎÕÌÉ ÎÁ ×ÕÌÉÃÀ 31 ÂÅÒÅÚÎÑ 1933 ÒÏËÕ. õÐÒÏÄÏ×ÖÒÏËÕ ×¦Î ÂÕ× ÂÅÚÒÏÂ¦ÔÎÉÍ, ÑËÝÏ ÎÅ ÂÒÁÔÉ ÄÏ Õ×ÁÇÉ ËÏÒÏÔËÏÔÒÉ×ÁÌÏ§ÐÒÁÃ¦ Õ ðÁÒÉÖ¦ ×ÉËÌÁÄÁÞÅÍ Õ ÛËÏÌ¦ ÄÌÑ Ä¦ÔÅÊ ¦ÍÍ¦­ÒÁÎÔ¦×. õ 1934ÒÏÃ¦ ÊÏÍÕ ×ÄÁÌÏÓÑ ×ÌÁÛÔÕ×ÁÔÉÓÑ ×ÞÉÔÅÌÅÍ ÐÁÎÓ¦ÏÎÕ ÄÌÑ ¤×ÒÅÊÓØ-ËÉÈ Ä¦ÔÅÊ Õ ëÁÐÕÔ¦ ÎÅÄÁÌÅËÏ ×¦Ä ðÏÔÓÄÁÍÁ. ãÅÊ ÚÁËÌÁÄ ÚÁÓÎÕ×ÁÌÁÐÒÏÇÒÅÓÉ×ÎÉÊ Ä¦ÑÞ Õ ÇÁÌÕÚ¦ ÓÏÃ¦ÑÌØÎÏ§ ÐÅÄÁÇÏÇ¦ËÉ ½ÅÒÔÒÕÄÁ æÁÊ¤Ò-ÔÁ­ (1890{1943?). ðÏÒÕÞ ¦Ú ÐÁÓ¦ÏÎÏÍ ÒÏÚÔÁÛÕ×Á×ÓÑ Ì¦ÔÎ¦Ê ÂÕÄÉÎÏËáÌØÂÅÒÔÁ áÊÎÛÔÁÊÎÁ. õ 1932 ÒÏÃ¦ Ð¦ÓÌÑ ×É§ÚÄÕ áÊÎÛÔÁÊÎÁ ÄÏ óûáÐÁÎÓ¦ÏÎ ×ÉÎÁÊÎÑ× Õ ÎØÏÇÏ ÃÅÊ ÂÕÄÉÎÏË ÄÌÑ ÐÒÏ×ÅÄÅÎÎÑ ÄÏÄÁÔËÏ×ÉÈÚÁÎÑÔØ. ë¦ÌØË¦ÓÔØ ÕÞÎ¦× ÚÂ¦ÌØÛÕ×ÁÌÁÓÑ Ú ËÏÖÎÉÍ ÒÏËÏÍ, ÏÓË¦ÌØËÉ¤×ÒÅÊÓØËÉÈ Ä¦ÔÅÊ ×ÉËÌÀÞÁÌÉ Ú ÄÅÒÖÁ×ÎÉÈ ÛË¦Ì. õ 1937 ÒÏÃ¦ ¶ÚÉÎ­ÓÔÁ¤ ÄÉÒÅËÔÏÒÏÍ Ã¦¤§ ÛËÏÌÉ. úÁ ÐÅÒÅÂÕ×ÁÎÎÑ ¶ÚÉÎ­Á ÎÁ Ã¦Ê ÐÏÓÁÄ¦ 10ÌÉÓÔÏÐÁÄÁ 1938 ÒÏËÕ ÂÕÄ¦×ÌÀ ÛËÏÌÉ ÓÐÌÀÎÄÒÏ×ÁÌÉ Í¦ÓÃÅ×¦ ÍÅÛËÁÎ-Ã¦ ÔÁ Ä¦ÔÉ, ÑË¦ ÄÏÌÕÞÉÌÉÓÑ ÄÏ ×ÅÌÉËÏÇÏ ÁÎÔÉ¤×ÒÅÊÓØËÏÇÏ ÐÏÇÒÏÍÕ ×î¦ÍÅÞÞÉÎ¦.îÁ ÐÏÞÁÔËÕ 1939 ÒÏËÕ åÒÎÓÔ ÔÁ êÏÇÁÎÎÁ ¶ÚÉÎ­É §ÚÄÉÌÉ ÄÏ ìÀË-ÓÅÍÂÕÒ­Á Ú ÎÁÍ¦ÒÏÍ ÅÍ¦­ÒÕ×ÁÔÉ ÄÏ óÐÏÌÕÞÅÎÉÈûÔÁÔ¦× áÍÅÒÉËÉ, ÐÒÏ-ÔÅ ÞÅÒÅÚ ÞÉÎÎ¦ ÎÁ ÔÏÊ ÞÁÓ Õ óûá ¦ÍÍ¦­ÒÁÃ¦ÊÎ¦ Ë×ÏÔÉ ÃØÏÍÕ ÐÌÁ-ÎÏ×¦ ÎÅ ÓÕÄÉÌÏÓØ ÚÄ¦ÊÓÎÉÔÉÓÑ. õ ÄÅÎØ ÓÏÒÏËÁÒ¦ÞÎÏÇÏ À×¦ÌÅÀ ×ÞÅÎÏÇÏÎ¦ÍÅÃØË¦ ×¦ÊÓØËÁ ÚÁÊÎÑÌÉ ìÀËÓÅÍÂÕÒ­. ëÏÎÓÕÌØÓÔ×Ï óûá ÚÁËÒÉÌÏ-ÓÑ ÓÁÍÅ Õ ÔÏÊ ÞÁÓ, ËÏÌÉ ¶ÚÉÎ­ÁÍ ÕÖÅ Ð¦ÄÈÏÄÉÌÁ ÞÅÒÇÁ ÎÁ ×É§ÚÄ. úË×¦ÔÎÑ 1943 ÒÏËÕ ÄÏ ÄÎÑ Ú×¦ÌØÎÅÎÎÑ ×ÏÓÅÎÉ 1944 ÒÏËÕ ×ÞÅÎÉÊ ÂÕ× ÚÍÕ-ÛÅÎÉÊ ÐÒÁÃÀ×ÁÔÉ ÎÁ Î¦ÍÅÃØËÕ ÁÒÍ¦À, ÒÏÚÂÉÒÁÀÞÉ ÚÁÌ¦ÚÎÉÞÎÕ Ì¦Î¦ÀíÁÖÉÎÏ Õ ìÏÔÁÒÉÎ­¦§.þÅÒÅÚ Ä×Á ÒÏËÉ Ð¦ÓÌÑ ÚÁË¦ÎÞÅÎÎÑ ×¦ÊÎÉ ¶ÚÉÎ­ ÚÁÌÉÛÉ× ´×ÒÏÐÕÎÁ ÂÏÒÔÕ ×ÁÎÔÁÖÎÏÇÏ ÓÕÄÎÁ, ÝÏ ÐÒÑÍÕ×ÁÌÏ ÄÏ óûá. ôÁÍ ×¦Î ÏÔÒÉ-ÍÁ× ÐÏÓÁÄÕ ×ÉËÌÁÄÁÞÁ Õ ÐÅÄÁÇÏÇ¦ÞÎÏÍÕ ËÏÌÅÄÖ¦ Í¦ÓÔÁ í¦ÎÏÔ (ÛÔÁÔð¦×Î¦ÞÎÁ äÁËÏÔÁ). ú 1948 ÒÏËÕ ÐÏ 1976 Ò¦Ë åÒÎÓÔ ¶ÚÉÎ­ ÂÕ× ÐÒÏÆÅ-ÓÏÒÏÍ Æ¦ÚÉËÉ × ÕÎ¦×ÅÒÓÉÔÅÔ¦ âÒÅÄÌ¦, ðÅÏÒ¦Ñ, ÛÔÁÔ ¶ÌÌ¦ÎÏÊÓ. ôÕÔ Õ1968 ÒÏÃ¦ ÊÏÍÕ ÐÒÉÓ×Ï§ÌÉ ÓÔÕÐ¦ÎØ ÐÏÞÅÓÎÏÇÏ ÄÏËÔÏÒÁ, Á ÚÇÏÄÏÍ Ú×ÁÎ-ÎÑ \÷ÉÄÁÔÎÉÊ ÐÅÄÁÇÏÇ 1971 ÒÏËÕ". ú 1953 ÒÏËÕ åÒÎÓÔ ¶ÚÉÎ­ | ÇÒÏ-ÍÁÄÑÎÉÎ óûá. ñË ÄÏ, ÔÁË ¦ Ð¦ÓÌÑ ×ÉÈÏÄÕ ÎÁ ÐÅÎÓ¦À ÐÒÏÆÅÓÏÒ ÂÁÇÁÔÏÐÏÄÏÒÏÖÕ×Á×. ÷¦Î ×¦Ä×¦ÄÁ× ÕÓ¦ ÛÔÁÔÉ óûá ÔÁ ÂÁÇÁÔÏ ËÒÁ§Î Ó×¦ÔÕ.ôÅÐÅÒ ÐÒÏÆÅÓÏÒ åÒÎÓÔ ¶ÚÉÎ­ ÐÒÏÖÉ×Á¤ Õ ðÅÏÒ¦§. îÅÝÏÄÁ×ÎÏ ×¦Î×¦ÄÓ×ÑÔËÕ×Á× ÒÑÄ À×¦ÌÅ§×, ÓÅÒÅÄ ÎÉÈ Ó¦ÍÄÅÓÑÔÉÒ¦ÞÞÑ ÐÒÉÓ×Ï¤ÎÎÑ ÊÏ-ÍÕ ÓÔÕÐÅÎÑ ÄÏËÔÏÒÁ ¦ ×ÉÈÏÄÕ Õ Ó×¦Ô ÊÏÇÏ ÐÒÁÃ¦ [3] ÔÁ Û¦ÓÔÄÅÓÑÔ Ð'ÑÔÕÒ¦ÞÎÉÃÀ ÏÄÒÕÖÅÎÎÑ.¶ÚÉÎ­ ÄÏ×¦ÄÁ×ÓÑ, ÝÏ ÐÅÒÛÉÊ ÐÏËÌÉË ÎÁ ÊÏÇÏ ÄÏÓÌ¦ÄÖÅÎÎÑ ÚÒÏÂÉ×
ICMP{98{13 6Õ Ó×Ï§Ê ÓÔÁÔÔ¦ [4] çÁÊÚÅÎÂÅÒ­, ÑËÉÊ ÚÁÐÒÏ×ÁÄÉ× ÐÏÎÑÔÔÑ Ë×ÁÎÔÏ×Ï{ÍÅÈÁÎ¦ÞÎÏ§ ÏÂÍ¦ÎÎÏ§ ×ÚÁ¤ÍÏÄ¦§ ÄÌÑ ÏÐÉÓÕ ÆÅÒÏÍÁÇÎÅÔÉÚÍÕ. ð¦ÚÎ¦ÛÅ¶ÚÉÎ­ ÂÕ× ÎÁÄÏ×ÇÏ ×ÉËÌÀÞÅÎÉÍ Ú ÎÁÕËÏ×ÏÇÏ ÖÉÔÔÑ ÔÁ ÓÐ¦ÌËÕ×ÁÎÎÑ.ìÉÛÅ Õ 1949 ÒÏÃ¦ ×¦Î Ä¦ÚÎÁ×ÓÑ Ú ÎÁÕËÏ×Ï§ Ì¦ÔÅÒÁÔÕÒÉ, ÝÏ ÊÏÇÏ ÄÏ-ÓÌ¦ÄÖÅÎÎÑ ÓÔÁÌÏ ÛÉÒÏËÏ ×¦ÄÏÍÉÍ.óÁÍÁ ÎÁÚ×Á \ÍÏÄÅÌØ ¶ÚÉÎ­Á" ÐÏÈÏÄÉÔØ, ÚÄÁ¤ÔØÓÑ, Ú ÐÒÁÃ¦ ò. ðÁÊ-¤ÒÌÓÁ (R. Peierls) \ðÒÏ ¶ÚÉÎ­Ï×Õ ÍÏÄÅÌØ ÆÅÒÏÍÁÇÎÅÔÉÚÍÕ" [5]. ðÁÊ-¤ÒÌÓ ÒÏÚÇÌÑÄÁ×Á× ÒÏÚÍÅÖÕ×ÁÌØÎ¦ Ì¦Î¦§, ÑË¦ ×¦ÄÏËÒÅÍÌÀÀÔØ ÓÐ¦ÎÏ×¦ÏÂÌÁÓÔ¦ \××ÅÒÈ" ÔÁ \×ÎÉÚ" Õ Ä×Ï×ÉÍ¦ÒÎ¦Ê Ë×ÁÄÒÁÔÎ¦Ê ­ÒÁÔÃ¦ ¶ÚÉÎ­Á.ïÃ¦ÎÀÀÞÉ ×ÅÒÈÎÀ ÍÅÖÕ ÐÏ×ÎÏ§ ÄÏ×ÖÉÎÉ ÚÁÍËÎÅÎÉÈ ËÏÎÔÕÒ¦×, ÄÏ-ÓÌ¦ÄÎÉË ÚÕÍ¦× ÐÏËÁÚÁÔÉ, ÝÏ ÐÒÉ ÄÏÓÔÁÔÎØÏ ÎÉÚØËÉÈ ÔÅÍÐÅÒÁÔÕÒÁÈÌÉÛÅ ÎÅÚÎÁÞÎÁ ÞÁÓÔÉÎÁ ÕÓ¦È ÓÐ¦Î¦× ÏÔÏÞÅÎÁ ËÏÎÔÕÒÁÍÉ. ñË ÎÁÓÌ¦ÄÏËÃØÏÇÏ Â¦ÌØÛ¦ÓÔØ ÓÐ¦Î¦× ÐÏ×ÉÎÎÁ ÍÁÔÉ ÐÒÏÔÉÌÅÖÎÉÊ ÚÎÁË, ÝÏ ×ÅÄÅ ÄÏÓÐÏÎÔÁÎÎÏ§ ÎÁÍÁÇÎ¦ÞÅÎÏÓÔÉ ÓÉÓÔÅÍÉ. ÷ÁÎ ëÁÍÐÅÎ (N. G. van Kamp-en), æ¦ÛÅÒ (M. E. Fisher), ûÅÒÍÁÎ (S. Sherman) ÔÁ ¦ÎÛ¦ ÚÇÏÄÏÍ ×ÓÔÁ-ÎÏ×ÉÌÉ, ÝÏ Õ ÒÏÂÏÔ¦ [5] ÓÕÍÕ×ÁÎÎÑ ÄÏ×ÖÉÎ ËÏÎÔÕÒ¦× ÄÌÑ ÓË¦ÎÞÅÎÎÉÈÓÉÓÔÅÍ ÂÕÌÏ ÎÅÐÒÁ×ÉÌØÎÏ ÒÏÚÛÉÒÅÎÏ ÄÏ ÂÅÚÍÅÖÎÏÓÔÉ, ÐÏÒ¦×Î. [6, 7].õ 1964 ÒÏÃ¦ ÃÅÊ ÎÅÄÏÌ¦Ë ÕÓÕÎÕ× ½Ò¦ÆÆ¦ÔÓ (Gri�ths) ÍÏÄÉÆ¦ËÁÃ¦¤ÀÄÏ×ÅÄÅÎÎÑ ðÁÊ¤ÒÌÓÁ [7]. ðÒÏÔÅ, ÑË ÚÁÕ×ÁÖÕ×Á× ðÁÊ¤ÒÌÓ Õ 1966 ÒÏÃ¦,ÚÎÁÊÄÅÎÁ ÐÏÍÉÌËÁ ÎÅ ÓÐÒÏÓÔÏ×Õ¤ ÊÏÇÏ ÁÒ­ÕÍÅÎÔÁÃ¦§, ÏÓË¦ÌØËÉ ×ÏÎÁ×ÅÄÅ ÌÉÛÅ ÄÏ ÚÁ×ÉÝÅÎÏ§ ÏÃ¦ÎËÉ ÄÏ×ÖÉÎÉ ËÏÎÔÕÒ¦×, Á ×ÓÅ ÒÅÛÔÁ ÚÁÌÉ-ÛÁ¤ÔØÓÑ ÐÒÁ×ÉÌØÎÉÍ [8].îÁÊÂ¦ÌØÛ ÒÁÚÀÞÉÍ ÕÓÐ¦ÈÏÍ ÍÏÄÅÌ¦ ÂÕÌÏ ÔÅ,ÝÏ ×ÏÎÁ ÄÁÌÁ ÐÏÛÔÏ×ÈÄÏ ÐÏÛÕËÕ ÆÁÚÏ×ÏÇÏ ÐÅÒÅÈÏÄÕ Í¦Ö ÆÅÒÏÍÁÇÎÅÔÎÉÍ ÔÁ ÐÁÒÁÍÁÇÎÅÔ-ÎÉÍ ÓÔÁÎÁÍÉ, ÐÏÒ¦×Î. [6]. óÐÒÁ×ÖÎ¦Ê ÐÒÏÒÉ× ÂÕÌÏ ÚÒÏÂÌÅÎÏ ÔÏÄ¦, ËÏ-ÌÉ × ÒÑÄ¦ ÒÏÂ¦Ô ÕÓÔÁÎÏ×ÉÌÉ, ÝÏ ÍÁÔÒÉÞÎÅ ÚÏÂÒÁÖÅÎÎÑ ÚÁÄÁÞ¦ ÍÏÖÎÁ××ÅÓÔÉ ÔÁËÉÍ ÞÉÎÏÍ, ÝÏ ÓÔÁÔÉÓÔÉÞÎÁ ÓÕÍÁ ÂÕÄÅ ÐÏ×'ÑÚÁÎÁ Ú ÎÁÊÂ¦ÌØ-ÛÉÍ ×ÌÁÓÎÉÍ ÚÎÁÞÅÎÎÑÍ ××ÅÄÅÎÏ§ ÍÁÔÒÉÃ¦ [9{11]. ëÒÁÍÅÒÓ ÔÁ ÷ÁÎ'¤(Kramers and Wannier) [9] ÏÂÞÉÓÌÉÌÉ ÚÎÁÞÅÎÎÑ ÔÅÍÐÅÒÁÔÕÒÉ ëÀÒ¦Ä×Ï×ÉÍ¦ÒÎÏ§ ÍÏÄÅÌ¦ ¶ÚÉÎ­Á, ÔÏÄ¦ ÑË ÔÏÞÎÉÊ ¦ ÐÏ×ÎÉÊ ÒÏÚ×'ÑÚÏË ÕÐÅÒ-ÛÅ ÚÁÐÒÏÐÏÎÕ×Á× ïÎÚÁ­ÅÒ (Onsager) [12].óØÏÇÏÄÎ¦ ÍÏÄÅÌØ ¶ÚÉÎ­Á ¤ ÓÔÁÎÄÁÒÔÎÏÀ ÍÏÄÅÌÌÀ, ÑËÕ ÛÉÒÏËÏ ÚÁ-ÓÔÏÓÏ×ÕÀÔØ Õ ÓÔÁÔÉÓÔÉÞÎ¦Ê Æ¦ÚÉÃ¦.ýÏÒ¦ÞÎÏ Ú'Ñ×ÌÑ¤ÔØÓÑ ÂÌÉÚØËÏ 800ÒÏÂ¦Ô, ÄÅ ÃÀ ÍÏÄÅÌØ ×ÉËÏÒÉÓÔÏ×ÕÀÔØ ÄÌÑ ÏÐÉÓÕ Ò¦ÚÎÉÈ ÓÉÓÔÅÍ, ÓÅ-ÒÅÄ ÑËÉÈ ¤ ÎÅÊÒÏÎÎ¦ Ó¦ÔËÉ, Â¦ÌËÏ×¦ ÓÐÏÌÕËÉ, Â¦ÏÌÏÇ¦ÞÎ¦ ÍÅÍÂÒÁÎÉ ÔÁÓÕÓÐ¦ÌØÎ¦ Ñ×ÉÝÁ.õ Ã¦Ê ÓÔÁÔÔ¦ ÐÏÄÁÎÏ ÌÉÛÅ ÄÅÑË¦ ÆÁËÔÉ Ú Â¦ÏÇÒÁÆ¦§ åÒÎÓÔÁ ¶ÚÉÎ­ÁÔÁ ÒÁÎÎÀ ¦ÓÔÏÒ¦À ÍÏÄÅÌ¦ ¶ÚÉÎ­Á. ¶ÎÛ¦ Â¦ÂÌ¦ÏÇÒÁÆ¦ÞÎ¦ ÄÖÅÒÅÌÁ ÍÏÖÎÁÚÎÁÊÔÉ Õ [6], [13{17].á×ÔÏÒ ×ÉÓÌÏ×ÌÀ¤ ÝÉÒÕ ÐÏÄÑËÕ ê. ¶ÚÉÎ­ ÚÁ ÄÏÚ×¦Ì ËÏÒÉÓÔÕ×ÁÔÉÓÑ§§ ÎÅÏÐÕÂÌ¦ËÏ×ÁÎÉÍÉ ÍÅÍÕÁÒÁÍÉ [17].



7 ðÒÅÐÒÉÎÔì¦ÔÅÒÁÔÕÒÁ1. W. Lenz, Phys. Z. 21, 613 (1920).2. E. Ising, Beitrag zur Theorie des Ferro{ und Paramagnetism (Thesis,Hamburg, 1924).3. E. Ising, Z. Phys. 31, 253 (1925).4. W. Heisenberg, Z. Phys. 49, 619 (1928).5. R. Peierls, Proc. Cambridge Philos. Soc. 32, 477 (1936).6. S. G. Brush, Rev. Mod. Phys. 39, 883 (1967).7. R. B. Gri�ths, Phys. Rev. 136, A437 (1964).8. R. E. Peierls, Math. Rev. 32, No 7103, 1206 (1966).9. H. A. Kramers, G. H. Wannier, Phys. Rev. 60, 252 (1941).10. E. Montroll, J. Chem. Phys. 9, 706 (1941); 10, 61 (1942).11. R. Kubo, Busseiron Kenkyu 1, 1 (1943).12. L. Onsager, Phys. Rev. 65, 117 (1944).13. L. Fry, The Isings and the 20th Century (Hilltopics, Bradley Univer-sity, Peoria, October 1991), p. 4.14. H. Feidel{Mertz, A. Paetz, Ein verlorenes Paradies (dipa, Frank-furt/M., 1994).15. S. Kobe, Physikalische Bl�atter 51, 426 (1995).16. S. M. Bhattacharjee, A. Khare, Current Science (India) 69, 816(1995).17. J. Ising, Walk on a Tightrope or Paradise Lasted a Year and a Half(1986, unpublished).
ICMP{98{13 8íïäåìø ¶úéî½á |óôáôéóôéëï{íåèáî¶þî¶ïâþéóìåîîñ âåú îáâìéöåîøï. äÅÒÖËÏ¶æëó îáî õËÒÁ§ÎÉ, ìØ×¦×, õËÒÁ§ÎÁåÒÎÓÔ ¶ÚÉÎÇ ÐÒÉÄÕÍÁ× Ó×ÏÀ ÍÏÄÅÌØ ÐÏÎÁÄ 70 ÒÏË¦× ÔÏÍÕ ÎÁÚÁÄ [1].ú×ÉÞÁÊÎÏ ÐÒÏ ÎÅ§ Ä¦ÚÎÁÀÔØÓÑ ÎÁ ÞÅÔ×ÅÒÔÏÍÕ ËÕÒÓ¦ ÎÁ ÌÅËÃ¦ÑÈ Ú ÓÔÁ-ÔÉÓÔÉÞÎÏ§ Æ¦ÚÉËÉ. ô¦, ÈÔÏ ÐÒÁÃÀ¤ Õ ÔÅÏÒ¦§ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÅÒÅÄÏ×ÉÝ,ÄÕÖÅ ÞÁÓÔÏ ×ÉËÏÒÉÓÔÏ×ÕÀÔØ §§ ÄÌÑ ÔÏÇÏ, ÝÏÂ ÚÒÏÚÕÍ¦ÔÉ Æ¦ÚÉÞÎÕ ËÁÒ-ÔÉÎÕ Õ ÔÏÍÕ ÞÉ ¦ÎÛÏÍÕ ×ÉÐÁÄËÕ. óÁÍ ¶ÚÉÎÇ ÚÁÐÏÞÁÔËÕ×Á× ÔÏÊ ÁÓÐÅËÔ,ÐÒÏ ÑËÉÊ Ñ ÈÏÔ¦× ÂÉ ÚÁÒÁÚ ÐÏÇÏ×ÏÒÉÔÉ: ÊÏÇÏ ÍÏÄÅÌØ ÄÏÐÕÓËÁ¤ ÐÒÏ×Å-ÄÅÎÎÑ ÓÔÁÔÉÓÔÉËÏ-ÍÅÈÁÎ¦ÞÎÉÈ ÏÂÞÉÓÌÅÎØ ÂÅÚ ×ÉËÏÒÉÓÔÁÎÎÑ ÖÏÄÎÉÈÎÁÂÌÉÖÅÎØ. ôÁË¦ ÒÅÚÕÌØÔÁÔÉ ×ÉÎÑÔËÏ×Ï ×ÁÖÌÉ×¦, ÂÏ ×ÏÎÉ ÒÏÚ×É×Á-ÀÔØ ¦ÎÔÕ§Ã¦À ¦ ÒÏÚÕÍ¦ÎÎÑ, ÑË¦ ÄÕÖÅ ËÏÒÉÓÎ¦ Õ ÓËÌÁÄÎ¦ÛÉÈ ×ÉÐÁÄËÁÈ,ÄÅ ÔÏÞÎ¦ ÏÂÞÉÓÌÅÎÎÑ ÎÅÍÏÖÌÉ×¦. úÁ Ë¦ÌØËÁ ÄÅÓÑÔÉÌ¦ÔØ ÚÄÏÂÕÔÏ ÂÁÇÁÔÏÔÏÞÎÉÈ ÒÅÚÕÌØÔÁÔ¦× ÄÌÑ ÍÏÄÅÌ¦ ¶ÚÉÎÇÁ; Ñ ÏÂÍÅÖÕÓØ ÌÉÛÅ ÏÂÇÏ×ÏÒÅÎ-ÎÑÍ ÐÉÔÁÎÎÑ ÐÒÏ ÓÔÁÔÉÞÎ¦ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦ ÌÁÎÃÀÖË¦× ¶ÚÉÎÇÁ, ÑËÅ ÑÎÅÄÁ×ÎÏ ×É×ÞÁ× ÒÁÚÏÍ Ú ïÌÅÓÅÍ úÁÂÕÒÁÎÎÉÍ.îÁÇÁÄÁ¤ÍÏ, ÑË ÆÏÒÍÕÌÀ¤ÔØÓÑ ÍÏÄÅÌØ ¶ÚÉÎÇÁ. îÁ ÐÒÑÍ¦Ê ÍÁ¤ÍÏN ÅÌÅÍÅÎÔÁÒÎÉÈ ÍÁÇÎÅÔÉË¦× | ÓÐ¦Î¦×, ÝÏ ÍÏÖÕÔØ ÍÁÔÉ Ä×¦ ÏÒ¦¤Î-ÔÁÃ¦§; ×ÏÎÉ ×ÚÁ¤ÍÏÄ¦ÀÔØ Ú ÎÁÊÂÌÉÖÞÉÍÉ ÓÕÓ¦ÄÁÍÉ ¦ ÚÏ×Î¦ÛÎ¦Í ÐÏÌÅÍ.çÁÍ¦ÌØÔÏÎ¦ÁÎ ÓÉÓÔÅÍÉ ¤H = H0 +H� = Xn J sxnsxn+1 + h�Xn s�n : (1)ôÕÔ ÓÕÍÕ×ÁÎÎÑ ×ÅÄÅÔØÓÑ ÚÁ N ×ÕÚÌÁÍÉ, J ¤ ÏÂÍ¦ÎÎÁ ×ÚÁ¤ÍÏÄ¦ÑÍ¦Ö ÓÕÓ¦ÄÎ¦ÍÉ ×ÕÚÌÁÍÉ, sx ¤, ÎÁÐÒÉËÌÁÄ, ÐÏÌÏ×ÉÎÁ ÍÁÔÒÉÃ¦ ðÁÕÌ¦� 1 00 �1 �, ÐÏÌÅ h�, � = x; y; z ÐÏÔÒ¦ÂÎÅ ÄÌÑ ÏÂÞÉÓÌÅÎÎÑ ÓÔÁÔÉÞ-ÎÏ§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦ ��� � @m�@h� , m� � 1N Pn < s�n >, Á < (: : :) >�Trhe� HkT (: : :)i=Tr e� HkT | ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÅ ÓÅÒÅÄÎ¤.ðÏÚÄÏ×ÖÎÀ ÓÔÁÔÉÞÎÕ ÓÐÒÉÊÎÑÔÌÉ×¦ÓÔØ �xx ÆÁËÔÉÞÎÏ ÚÎÁÊÄÅÎÏ ÕÒÏÂÏÔ¦ ¶ÚÉÎÇÁ [1]. ·§ ÍÏÖÎÁ ÏÔÒÉÍÁÔÉ, ÑËÝÏ Ä×¦Þ¦ ÐÒÏÄÉÆÅÒÅÎÃ¦À×ÁÔÉÐÏ ÐÏÌÀ hx ×¦ÌØÎÕ ÅÎÅÒÇ¦À çÅÌØÍÇÏÌØÃÁ ÎÁ ÏÄÉÎ ×ÕÚÏÌ f(T; hx) =�kTN ln Tr e� HkT . ëÁÎÏÎ¦ÞÎÕ ÓÔÁÔÉÓÔÉÞÎÕ ÓÕÍÕ Z(T; hx; N ) = Tr e� HkTÍÏÖÎÁ ÏÂÞÉÓÌÉÔÉ ÍÅÔÏÄÏÍ ÍÁÔÒÉÃ¦ ÐÅÒÅÎÏÓÕ [2]. ä¦ÊÓÎÏ,Tr e� HkT = � Xsx1=� 12 Xsx2=� 12 : : : XsxN=� 12 T (sx1 ; sx2)



9 ðÒÅÐÒÉÎÔT (sx2 ; sx3) : : :T (sxN ; sx1) (2)(ÎÁËÌÁÄÅÎÏ ÃÉËÌ¦ÞÎ¦ ÇÒÁÎÉÞÎ¦ ÕÍÏ×É), ÄÅT (sxn; sxn+1) � e� 1kT (Jsxnsxn+1+hx2 sxn+ hx2 sxn+1): (3)óÕÍÕ×ÁÎÎÑ ÚÁ ÚÎÁÞÅÎÎÑÍÉ ÓÐ¦Î¦× ¤ ÍÎÏÖÅÎÎÑ 2�2 ÍÁÔÒÉÃØ ÐÅÒÅÎÏÓÕT � � T ��12 ;�12� T ��12 ;+12�T �+12 ;�12� T �+12 ;+12� � : (4)ôÏÍÕ Z(T; hx; N ) = Tr TN . ñËÝÏ ×ÉÂÒÁÔÉ ÍÁÔÒÉÃÀ U ÔÁËÕ, ÝÏU�1TU = � �1 00 �2 �, ÔÏZ(T; hx; N ) = Tr �U�1TU U�1TU : : : U�1TU�= �N1 + �N2 ; (5)¦ f(T; hx) = �kT ln�1; (6)ÄÅ �1 | Â¦ÌØÛÅ ×ÌÁÓÎÅ ÚÎÁÞÅÎÎÑ ÍÁÔÒÉÃ¦ ÐÅÒÅÎÏÓÕ (×ÎÅÓÏË ×¦Ä ÍÅÎ-ÛÏÇÏ ×ÌÁÓÎÏÇÏ ÚÎÁÞÅÎÎÑ ÚÎÉËÁ¤ Õ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎ¦Ê ÇÒÁÎÉÃ¦ N !1).ôÅÐÅÒ ×¦ÄÒÁÚÕ ÚÎÁÈÏÄÉÍÏ, ÝÏ�xx = � 14kT e J4kT ch hx2kT�e� J2kT sh2 hx2kT + e J2kT �32 : (7)ðÏÐÅÒÅÞÎÁ ÓÔÁÔÉÞÎÁ ÓÐÒÉÊÎÑÔÌÉ×¦ÓÔØ �zz ÂÕÌÁ ÚÎÁÊÄÅÎÁ ÐÒÉ-ÂÌÉÚÎÏ ÞÅÒÅÚ 40 ÒÏË¦× Õ ÍÅÖÁÈ ÍÅÔÏÄÕ, ÒÏÚÒÏÂÌÅÎÏÇÏ ì¦ÂÏÍ, ûÕÌØ-ÃÏÍ ¦ íÁÔÔ¦ÓÏÍ [3]. ëÁÎÏÎ¦ÞÎÕ ÓÔÁÔÉÓÔÉÞÎÕ ÓÕÍÕ ÐÒÉ ÎÁÑ×ÎÏÓÔ¦ ÐÏ-ÐÅÒÅÞÎÏÇÏ ÐÏÌÑ ÞÅÒÅÚ ÎÅËÏÍÕÔÁÔÉ×Î¦ÓÔØ ×ÖÅ ÎÅ ÍÏÖÎÁ ÚÁÐÉÓÁÔÉ ÑË(2.2). õ ÔÅÒÍ¦ÎÁÈ ÏÐÅÒÁÔÏÒ¦× s� � sx � isy (sz = s+s� � 12) ÇÁÍ¦ÌØ-ÔÏÎ¦ÁÎ H0 + Hz ¤ Ë×ÁÄÒÁÔÉÞÎÏÀ ÆÏÒÍÏÀ. ñËÝÏ ÐÅÒÅÊÔÉ ×¦Ä ÏÐÅÒÁ-ÔÏÒ¦× s� ÄÏ ÏÐÅÒÁÔÏÒ¦× æÅÒÍ¦c1 = s�1 ; c2 = (�2sz1) s�2 ; c3 = (�2sz1) (�2sz2) s�3 ; : : : ;c+1 = s+1 ; c+2 = (�2sz1) s+2 ; c+3 = (�2sz1) (�2sz2) s+3 ; : : : ; (8)ÔÏ ÇÁÍ¦ÌØÔÏÎ¦ÁÎ ÚÁÌÉÛÉÔØÓÑ Ë×ÁÄÒÁÔÉÞÎÏÀ ÆÏÒÍÏÀ ÔÅÐÅÒ ×ÖÅ × ÔÅÒ-Í¦ÎÁÈ ÏÐÅÒÁÔÏÒ¦× æÅÒÍ¦, ÑËÕ ÍÏÖÎÁ Ä¦ÁÇÏÎÁÌ¦ÚÕ×ÁÔÉ, ×ÉËÏÎÕÀÞÉ ÐÏ-ÓÌ¦ÄÏ×ÎÏ ÐÅÒÅÔ×ÏÒÅÎÎÑ æÕÒ'¤c+� = 1pN NXj=1 e�i�jc+j ; c� = 1pN NXj=1 ei�jcj (9)
ICMP{98{13 10¦ ÐÅÒÅÔ×ÏÒÅÎÎÑ âÏÇÏÌÀÂÏ×Á�� = x�c� + y�c+��; �+�� = y��c� + x��c+��: (10)ëÁÎÏÎ¦ÞÎÁ ÓÔÁÔÉÓÔÉÞÎÁ ÓÕÍÁ ÄÌÑ ÏÔÒÉÍÁÎÏÇÏ × ÒÅÚÕÌØÔÁÔ¦ ÇÁÍ¦ÌØ-ÔÏÎ¦ÁÎÁ H = NXk=1�k��+� �� � 12� ;�� = qh2z + hzJ cos �+ J24 ÏÂÞÉÓÌÀ¤ÔØÓÑ ÅÌÅÍÅÎÔÁÒÎÏ, Á ×¦ÌØÎÁÅÎÅÒÇ¦Ñ çÅÌØÍÇÏÌØÃÁ ÎÁ ÏÄÉÎ ×ÕÚÏÌ f(T; hz) ÄÁ¤ ÎÁÓÔÕÐÎÉÊ ×ÉÒÁÚÄÌÑ ÐÏÐÅÒÅÞÎÏ§ ÓÔÁÔÉÞÎÏ§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦�zz = � 14kT h 12� Z ��� d� 1ch2 ��2kT �hz + J2 cos ��2�2�+kT� Z ��� d� th ��2kT J24 sin2 ��3� i: (11)äÁÌ¦ Ñ ÇÏ×ÏÒÉÔÉÍÕ ÐÒÏ ÎÅÏÄÎÏÒ¦ÄÎÉÊ ÌÁÎÃÀÖÏË, ËÏÌÉ ÏÂÍ¦ÎÎÁ×ÚÁ¤ÍÏÄ¦Ñ Í¦Ö ×ÕÚÌÁÍÉ n ¦ n+ 1 Õ ÇÁÍ¦ÌØÔÏÎ¦ÁÎ¦ (2.1) ¤ Jn. ÷ ÏÐÉÓÁ-ÎÉÈ ÓÈÅÍÁÈ ÏÂÞÉÓÌÅÎÎÑ �xx ¦ �zz Õ ÃØÏÍÕ ÒÁÚ¦ ×ÉÎÉËÁÀÔØ ÔÒÕÄÎÏÝ¦:×Ó¦ ÍÁÔÒÉÃ¦ T Õ (2.2) Ò¦ÚÎ¦, Á ÐÅÒÅÔ×ÏÒÅÎÎÑ, ÝÏ Ä¦ÁÇÏÎÁÌ¦ÚÕ¤ ÇÁÍ¦ÌØ-ÔÏÎ¦ÁÎ Õ ÔÅÒÍ¦ÎÁÈ ÏÐÅÒÁÔÏÒ¦× æÅÒÍ¦, ¤ ÓËÌÁÄÎ¦ÛÅ Î¦Ö ÐÅÒÅÔ×ÏÒÅÎ-ÎÑ, ×ÉÐÉÓÁÎÅ Ñ×ÎÏ (2.9), (2.10). ïÄÎÁË ÍÉ ÏÂÍÅÖÉÍÏÓÑ ÐÏÞÁÔËÏ×ÉÍÉÓÐÒÉÊÎÑÔÌÉ×ÏÓÔÑÍÉ (ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔÑÍÉ Õ ÎÕÌØÏ×ÏÍÕ ÚÏ×Î¦ÛÎØÏÍÕÐÏÌ¦). ôÏÄ¦ ÏÂÞÉÓÌÅÎÎÑ ÍÏÖÎÁ ÐÒÏ×ÅÓÔÉ ÄÏ Ë¦ÎÃÑ ÔÏÞÎÏ.ðÅÒÛÉÊ ËÒÏË Õ ÃØÏÍÕ ÏÂÞÉÓÌÅÎÎ¦ ¤ ×ÉËÏÒÉÓÔÁÎÎÑ ×¦ÄÏÍÏÇÏ ×ÉÒÁÚÕÄÌÑ ÓÔÁÔÉÞÎÏ§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦ ÞÅÒÅÚ ËÏÒÅÌÑÃ¦ÊÎ¦ ÆÕÎËÃ¦§��� = � 1kT 1N Xn;p hZ 10 d� < s�n�� i�kT � s�p >� < s�n >< s�p > i; (12)ÄÅ s�n(t) � eitHs�ne�itH (ÄÉ×ÉÓØ, ÎÁÐÒÉËÌÁÄ, [4]). äÌÑ ÐÏÞÁÔËÏ×ÉÈÓÐÒÉÊÎÑÔÌÉ×ÏÓÔÅÊ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÅ ÕÓÅÒÅÄÎÅÎÎÑ Õ (2.12) ×ÉËÏÎÕ¤ÔØ-ÓÑ Ú ÇÁÍ¦ÌØÔÏÎ¦ÁÎÏÍ H0; ÊÏÇÏ ÐÏÚÎÁÞÁÔÉÍÅÍÏ < (: : :) >0. äÒÕÇÉÊËÒÏË | ×ÉÒÁÚÉÔÉ ÄÉÎÁÍ¦ÞÎ¦ ËÏÒÅÌÑÃ¦ÊÎ¦ ÆÕÎËÃ¦§ ÞÅÒÅÚ ÓÔÁÔÉÞÎ¦ ¦×ÉËÏÎÁÔÉ ¦ÎÔÅÇÒÕ×ÁÎÎÑ ÐÏ t Õ (2.12). äÌÑ ÃØÏÇÏ ÓÌ¦Ä ×ÉËÏÒÉÓÔÁÔÉÔÏÔÏÖÎ¦ÓÔØ ÄÌÑ ÏÐÅÒÁÔÏÒÁ ÓÐ¦ÎÕ 12 : e�sx = ch �2 + 2 sh �2 sx. ÷ ÒÅ-ÚÕÌØÔÁÔ¦ ×ÉÑ×ÉÔØÓÑ, ÝÏ �zz ÚÁÌÅÖÉÔØ ÌÉÛÅ ×¦Ä ÎÁÓÔÕÐÎÉÈ ÓÔÁÔÉÞ-ÎÉÈ ÓÐ¦ÎÏ×ÉÈ ËÏÒÅÌÑÃ¦ÊÎÉÈ ÆÕÎËÃ¦Ê < sznszp >0, < sxn�1sznsxn+1szp >0,



11 ðÒÅÐÒÉÎÔ< sxn�1synszp >0, < synsxn+1szp >0. ôÒÅÔ¦Ê ËÒÏË | ÃÅ ÏÂÞÉÓÌÅÎÎÑ ÓÐ¦ÎÏ-×ÉÈ ËÏÒÅÌÑÃ¦ÊÎÉÈ ÆÕÎËÃ¦Ê ÎÅÏÄÎÏÒ¦ÄÎÏÇÏ ÌÁÎÃÀÖËÁ ¶ÚÉÎÇÁ ÂÅÚ ÐÏÌÑ.ãÅ ÏÂÞÉÓÌÅÎÎÑ ÍÏÖÎÁ ÚÎÁÊÔÉ Õ ËÎÉÖÃ¦ óÔÅÎÌ¦ [5]. îÁÓÐÒÁ×Ä¦ ÔÒÅÂÁÏÂÞÉÓÌÀ×ÁÔÉ ÌÉÛÅ ËÏÒÅÌÑÃ¦ÊÎ¦ ÆÕÎËÃ¦§ < sxnsxp >0; n < p. ôÁË¦ ËÏ-ÒÅÌÑÃ¦ÊÎ¦ ÆÕÎËÃ¦§ ÍÏÖÎÁ ÚÎÁÊÔÉ, ÄÉÆÅÒÅÎÃ¦ÀÀÞÉ ÐÏ ×ÚÁ¤ÍÏÄ¦ÑÈ Jn,Jn+1, : : : , Jp�1 ËÁÎÏÎ¦ÞÎÕ ÓÔÁÔÉÓÔÉÞÎÕ ÓÕÍÕ. á ÄÌÑ ÓÔÁÔÉÓÔÉÞÎÏ§ÓÕÍÉ ÍÁ¤ Í¦ÓÃÅ ÒÅËÕÒÅÎÔÎÅ ÓÐ¦××¦ÄÎÏÛÅÎÎÑ, Ú ÑËÏ§ §§ ÌÅÇËÏ ÏÂÞÉÓÌÉ-ÔÉ: Z0(T;N ) = 2 � 2 ch �J14 � : : : � 2 ch �JN�14 . ÷ÉËÏÒÉÓÔÁ×ÛÉ ×ÉÒÁÚ ÄÌÑ< sxnsxp >0, Ð¦ÓÌÑ ÄÅÑËÉÈ ÐÅÒÅÔ×ÏÒÅÎØ ÚÎÁÊÄÅÍÏ ÏÓÔÁÔÏÞÎ¦ ×ÉÒÁÚÉ ÄÌÑÐÏÚÄÏ×ÖÎØÏ§ ¦ ÐÏÐÅÒÅÞÎÏ§ ÐÏÞÁÔËÏ×ÉÈ ÓÔÁÔÉÞÎÉÈ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔÅÊ�xx = � 14kT "1 + 2N Xn Xp>n�� th Jn4kT ���� th Jn+14kT � : : :�� th Jp�14kT �� ; (13)�zz = � 12N Xn " th Jn�1�Jn4kTJn�1 � Jn + th Jn�1+Jn4kTJn�1 + Jn+ th Jn�14kT th Jn4kT  th Jn�1+Jn4kTJn�1 + Jn � th Jn�1�Jn4kTJn�1 � Jn !# : (14)ñ Î¦ÞÏÇÏ ÎÅ ÇÏ×ÏÒÉ× ÐÒÏ ¦ÎÛ¦ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦. íÏÖÎÁ ÐÏËÁÚÁÔÉ, ÝÏ�yy = �zz, Á ÒÅÛÔÁ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔÅÊ ���; � 6= � ÄÏÒ¦×ÎÀÀÔØ ÎÕÌÀ.ñËÝÏ ×ÚÁ¤ÍÏÄ¦§ ¤ ÎÅÚÁÌÅÖÎ¦ ×ÉÐÁÄËÏ×¦ ÚÍ¦ÎÎ¦ Ú Ý¦ÌØÎ¦ÓÔÀ ÒÏÚ-ÐÏÄ¦ÌÕ ÊÍÏ×¦ÒÎÏÓÔ¦ p(Jn), ÔÏ ÛÕËÁÀÔØ ÕÓÅÒÅÄÎÅÎÕ ÓÐÒÉÊÎÑÔÌÉ×¦ÓÔØ���, ÐÒÏ¦ÎÔÅÇÒÕ×Á×ÛÉ (2.13), (2.14) Ú p(J1) : : : p(JN ) ÐÏ J1; : : : ; JN . ÷ÒÅÚÕÌØÔÁÔ¦ ÍÁÔÉÍÅÍÏ�xx = � 14kT  1� 2th J4kT1 + th J4kT ! (15)(ÔÕÔ ÂÕÌÏ Ð¦ÄÓÕÍÏ×ÁÎÏ ÇÅÏÍÅÔÒÉÞÎÕ ÐÒÏÇÒÅÓ¦À);�zz = �12 24 th J1�J24kTJ1 � J2 !+  th J1+J24kTJ1 + J2 !+ th J14kT th J24kT th J1+J24kTJ1 + J2 !
ICMP{98{13 12� th J14kT th J24kT th J1�J24kTJ1 � J2 !35 : (16)îÁË¦ÎÅÃØ Ñ ÐÏËÁÖÕ, ÞÏÇÏ ÍÏÖÎÁ ÎÁ×ÞÉÔÉÓÑ, ×ÉËÏÎÁ×ÛÉ Ã¦ ÏÂÒÁ-ÈÕÎËÉ. òÏÚÇÌÑÎÅÍÏ, ÎÁÐÒÉËÌÁÄ, ÐÏÚÄÏ×ÖÎÀ ÓÔÁÔÉÞÎÕ ÐÏÞÁÔËÏ×ÕÓÐÒÉÊÎÑÔÌÉ×¦ÓÔØ ��xx (2.15). äÌÑ ÆÅÒÏÍÁÇÎÅÔÎÏÇÏ ÏÄÎÏÒ¦ÄÎÏÇÏ ÌÁÎ-ÃÀÖËÁ (J < 0) ÐÒÉ T = 0 ×ÓÔÁÎÏ×ÌÀ¤ÔØÓÑ ÆÅÒÏÍÁÇÎÅÔÎÉÊ ÐÏÒÑÄÏË,ÑËÉÊ ÈÁÒÁËÔÅÒÉÚÕ¤ÔØÓÑ ÎÅÎÕÌØÏ×ÏÀ ÎÁÍÁÇÎ¦ÞÅÎ¦ÓÔÀmx; ÚÇ¦ÄÎÏ (2.15)ÐÒÉ T ! 0 ��xx = e� J2kT4kT !1, ÔÏÄ¦ ÑË ÄÌÑ ¦ÄÅÁÌØÎÏÇÏ ÐÁÒÁÍÁÇÎÅÔÉ-ËÁ (J = 0) ��xx = 14kT ! 1. ñËÝÏ ×ÎÅÓÔÉ ÑË ÚÁ×ÇÏÄÎÏ ÍÁÌÏ ÈÁÏÓÕÄÌÑ ÑËÏÇÏ th J4kT > �1 ÐÒÉ T ! 0 (ÎÁÐÒÉËÌÁÄ, ÁÎÔÉÆÅÒÏÍÁÇÎÅÔÎÉÈÚ×'ÑÚË¦× Jn > 0), ÔÏ ÒÏÚÂ¦ÖÎ¦ÓÔØ ÐÒÉ T ! 0 ÑË¦ÓÎÏ ÚÍ¦ÎÀ¤ÔØÓÑ ¦ ÓÔÁ¤ÐÁÒÁÍÁÇÎÅÔÎÏÇÏ ÔÉÐÕ. ã¦ËÁ×Ï ÚÁÚÎÁÞÉÔÉ, ÝÏ ÄÌÑ ÒÅÇÕÌÑÒÎÏÚÍ¦ÎÎÏÇÏÌÁÎÃÀÖËÁ J1 = J3 = : : : < 0, J2 = J4 = : : : > 0 Ú (2.13) ×ÉÐÌÉ×Á¤, ÝÏ�xx = � 14kT  1� th J14kT + th J24kT � 2 th J14kT th J24kT1� th J14kT th J24kT !! 0 (17)ÐÒÉ T ! 0, ÔÏÂÔÏ ÎÅ ÒÏÚÂ¦ÇÁ¤ÔØÓÑ, ÔÏÄ¦ Ö ÑË Õ ×ÉÐÁÄËÏ×ÏÍÕ ÌÁÎ-ÃÀÖËÕ, × ÑËÏÍÕ J1 < 0 ¦ J2 > 0 ×ÉÐÁÄÁÀÔØ Ú ÏÄÎÁËÏ×ÏÀ ÊÍÏ×¦ÒÎ¦ÓÔÀ12 , ÐÒÉ T ! 0 ÍÁ¤ÍÏ ÒÏÚÂ¦ÖÎ¦ÓÔØ ÐÁÒÁÍÁÇÎÅÔÎÏÇÏ ÔÉÐÕ. ÷ÓÅ ÓËÁÚÁÎÅÄÏÂÒÅ ×ÉÄÎÏ ÎÁ ÍÁÌÀÎËÕ 1, ÄÅ ÐÒÉ×ÅÄÅÎ¦ ÔÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦��xx.ðÏÐÅÒÅÞÎÁ ÓÔÁÔÉÞÎÁ ÐÏÞÁÔËÏ×Á ÓÐÒÉÊÎÑÔÌÉ×¦ÓÔØ ��zz ÓË¦ÎÞÅÎÁÐÒÉ ×Ó¦È ÔÅÍÐÅÒÁÔÕÒÁÈ; ÐÒÉ T ! 0 §§ ÚÎÁÞÅÎÎÑ ¤ 12J (ÓÉÓÔÅÍÕ ÔÉÍÔÒÕÄÎ¦ÛÅ ÎÁÍÁÇÎ¦ÔÉÔÉ ×ÚÄÏ×Ö z ÞÉÍ Â¦ÌØÛÁ ËÏÎÓÔÁÎÔÁ ×ÚÁ¤ÍÏÄ¦§ xËÏÍÐÏÎÅÎÔ ÓÐ¦ÎÕ); Ð¦ÓÌÑ ÄÅÑËÏÇÏ ÚÒÏÓÔÁÎÎÑ Ú ÒÏÓÔÏÍ ÔÅÍÐÅÒÁÔÕÒÉ��zz ÎÁÂÌÉÖÁ¤ÔØÓÑ ÄÏ ÔÅÍÐÅÒÁÔÕÒÎÏ§ ÚÁÌÅÖÎÏÓÔ¦ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦¦ÄÅÁÌØÎÏÇÏ ÐÁÒÁÍÁÇÎÅÔÉËÁ. îÁ ÍÁÌÀÎËÕ 2 ÍÏÖÎÁ ÐÏÂÁÞÉÔÉ ×ÉÒÁÚ-ÎÕ Ò¦ÚÎÉÃÀ Í¦Ö ÒÅÇÕÌÑÒÎÏÚÍ¦ÎÎÉÍ ÌÁÎÃÀÖËÏÍ J1 = J3 = : : : ,J2 = J4 = : : : ¦ ×ÉÐÁÄËÏ×ÉÍ ÌÁÎÃÀÖËÏÍ, Õ ÑËÏÍÕ ËÏÎÓÔÁÎÔÉ J1 ¦J2 ×ÉÐÁÄÁÀÔØ Ú ÊÍÏ×¦ÒÎ¦ÓÔÀ 12 ; ÍÏÖÅÍÏ ËÁÚÁÔÉ, ÝÏ ÈÁÏÓ ÐÏÓÌÁÂÌÀ¤ÅÆÅËÔÉ×ÎÕ ÏÂÍ¦ÎÎÕ ×ÚÁ¤ÍÏÄ¦À, ¦ ÎÁÍÁÇÎ¦ÔÉÔÉ ÌÁÎÃÀÖÏË ×ÚÄÏ×Ö ÏÓ¦z ÓÔÁ¤ ÌÅÇÛÅ. ¶ÎÛ¦ ÐÒÉËÌÁÄÉ ×ÐÌÉ×Õ ÂÅÚÌÁÄÕ, Á ÔÁËÏÖ ÄÅÔÁÌ¦ ÄÅÑËÉÈÏÂÞÉÓÌÅÎØ ÍÏÖÎÁ ÚÎÁÊÔÉ Õ ÐÒÁÃÑÈ [6,7].òÏÚÍÏ×Á ÄÏÓ¦ ÓÔÏÓÕ×ÁÌÁÓÑ ÏÄÎÏ×ÉÍ¦ÒÎÏ§ ÍÏÄÅÌ¦ ¶ÚÉÎÇÁ. õ 1944ÒÏÃ¦ ïÎÚÁÇÅÒ ÚÎÁÊÛÏ× ÒÏÚ×'ÑÚÏË ÄÌÑ Ä×Ï×ÉÍ¦ÒÎÏ§ ÍÏÄÅÌ¦ ¶ÚÉÎÇÁ. ÷É-Ñ×ÌÑ¤ÔØÓÑ, ÝÏ ÂÁÇÁÔÏ Ú ÔÏÇÏ, ÐÒÏ ÝÏ ÍÉ ÇÏ×ÏÒÉÌÉ (ÍÁÔÒÉÃÑ ÐÅÒÅÎÏÓÕ,ÆÅÒÍ¦ÏÎ¦ÚÁÃ¦Ñ, ËÁÎÏÎ¦ÞÎÅ ÐÅÒÅÔ×ÏÒÅÎÎÑ), Ú'Ñ×ÌÑ¤ÔØÓÑ ¦ Õ Ä×Ï×ÉÍ¦ÒÎÏ-ÍÕ ×ÉÐÁÄËÕ. úÁ×ÄÑËÉûÕÌØÃÕ, íÁÔÔ¦ÓÕ ¦ ì¦ÂÕ ÔÁ óÕÚÕË¦ ÂÕÌÏ Ú'ÑÓÏ×Á-ÎÏ, ÑË Ä×Ï×ÉÍ¦ÒÎÁ ÍÏÄÅÌØ ¶ÚÉÎÇÁ ÐÏ×'ÑÚÁÎÁ Ú ÏÄÎÏ×ÉÍ¦ÒÎÏÀ ÍÏÄÅÌÌÀ



13 ðÒÅÐÒÉÎÔ

òÉÓ. 1. ôÅÍÐÅÒÁÔÕÒÎÁ ÚÁÌÅÖÎ¦ÓÔØ ÕÓÅÒÅÄÎÅÎÏ§ ÐÏÚÄÏ×ÖÎØÏ§ ÓÔÁÔÉÞÎÏ§ÐÏÞÁÔËÏ×Ï§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦ ÄÌÑ ÌÁÎÃÀÖËÁ Ú Ä×ÏÍÁ ÔÉÐÁÍÉ ÏÂÍ¦Î-ÎÉÈ ×ÚÁ¤ÍÏÄ¦Ê J1 = �1 ¦ J2 = 0:3; 1 | ÊÍÏ×¦ÒÎ¦ÓÔØ ÐÏÑ×É J1 ÄÏÒ¦×ÎÀ¤1, 2 | ÊÍÏ×¦ÒÎ¦ÓÔØ ÐÏÑ×É J1 ¦ J2 ÄÏÒ¦×ÎÀ¤ 12 , 3 | ÒÅÇÕÌÑÒÎÏÚÍ¦ÎÎÉÊÌÁÎÃÀÖÏË J1J2J1J2 : : : , 4 | ÊÍÏ×¦ÒÎ¦ÓÔØ ÐÏÑ×É J2 ÄÏÒ¦×ÎÀ¤ 1, 5 |¦ÄÅÁÌØÎÉÊ ÐÁÒÁÍÁÇÎÅÔÉË (J1 = J2 = 0).
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òÉÓ. 2. ôÅÍÐÅÒÁÔÕÒÎÁ ÚÁÌÅÖÎ¦ÓÔØ ÕÓÅÒÅÄÎÅÎÏ§ ÐÏÐÅÒÅÞÎÏ§ ÓÔÁÔÉÞÎÏ§ÐÏÞÁÔËÏ×Ï§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦ ÄÌÑ ÌÁÎÃÀÖËÁ Ú Ä×ÏÍÁ ÔÉÐÁÍÉ ÏÂÍ¦Î-ÎÉÈ ×ÚÁ¤ÍÏÄ¦Ê J1 = 1 ¦ J2 = 0:3; 1 | ÊÍÏ×¦ÒÎ¦ÓÔØ ÐÏÑ×É J1 ÄÏÒ¦×ÎÀ¤1, 2 | ÊÍÏ×¦ÒÎ¦ÓÔØ ÐÏÑ×É J1 ÄÏÒ¦×ÎÀ¤ 0.7, 3 | ÒÅÇÕÌÑÒÎÏÚÍ¦ÎÎÉÊÌÁÎÃÀÖÏË J1J2J1J2 : : : , 4 | ÊÍÏ×¦ÒÎ¦ÓÔØ ÐÏÑ×É J1 ¦ J2 ÄÏÒ¦×ÎÀ¤ 12 ,5 | ÊÍÏ×¦ÒÎ¦ÓÔØ ÐÏÑ×É J2 ÄÏÒ¦×ÎÀ¤ 0.7, 6 | ÊÍÏ×¦ÒÎ¦ÓÔØ ÐÏÑ×É J2ÄÏÒ¦×ÎÀ¤ 1.



15 ðÒÅÐÒÉÎÔ¶ÚÉÎÇÁ × ÐÏÐÅÒÅÞÎÏÍÕ ÐÏÌ¦. äÕÖÅ ÐÌ¦ÄÎÏÀ ×ÉÑ×ÉÌÁÓÑ ÐÒÁÃÑ íÁËËÏÑ¦ ÷Õ ÓÔÏÓÏ×ÎÏ ÎÅ×ÐÏÒÑÄËÏ×ÁÎÏ§ ×ÅÒÓ¦§ ÍÏÄÅÌ¦. õ ÔÒÉ×ÉÍ¦ÒÎÏÍÕ ×ÉÐÁÄ-ËÕ ÔÏÞÎÉÈ ÒÅÚÕÌØÔÁÔ¦× ÝÅ ÍÅÎÛÅ. èÏÞÁ ÍÏÄÅÌØ ¶ÚÉÎÇÁ ÄÕÖÅ ÐÒÏÓÔÁÚ Æ¦ÚÉÞÎÏ§ ÔÏÞËÉ ÚÏÒÕ, ÓÔÁÔÉÓÔÉËÏ-ÍÅÈÁÎ¦ÞÎ¦ ÏÂÞÉÓÌÅÎÎÑ ×ÉÍÁÇÁÀÔØÚÁÓÔÏÓÕ×ÁÎÎÑ ÄÏÓÉÔØ ÓËÌÁÄÎÏ§ ÍÁÔÅÍÁÔÉËÉ. ôÏÍÕ ÐÏÛÕË ÒÅÚÕÌØÔÁÔ¦×,ÑË¦ ÍÏÖÎÁ ÚÄÏÂÕÔÉ ÂÅÚ ÎÁÂÌÉÖÅÎØ, ÄÕÍÁ¤ÔØÓÑ, ÔÒÉ×ÁÔÉÍÅ.ì¦ÔÅÒÁÔÕÒÁ1. E. Ising, Zs. Phys. Zeitschr. f. Physik Physik. Zeitschr. 31 (1925) 253(ÐÏ-Î¦ÍÅÃØËÉ).2. ò. âÜËÓÔÅÒ, ôÏÞÎÏ ÒÅÛÁÅÍÙÅ ÍÏÄÅÌÉ × ÓÔÁÔÉÓÔÉÞÅÓËÏÊ ÍÅÈÁÎÉËÅ(íÉÒ, íÏÓË×Á, 1985) (ÐÏ-ÒÏÓ¦ÊÓØËÉ).3. à.á.éÚÀÍÏ×,à.î. óËÒÑÂÉÎ, óÔÁÔÉÓÔÉÞÅÓËÁÑ ÍÅÈÁÎÉËÁ ÍÁÇÎÉ-ÔÏÕÐÏÒÑÄÏÞÅÎÎÙÈ ÓÉÓÔÅÍ (îÁÕËÁ, íÏÓË×Á, 1987) (ÐÏ-ÒÏÓ¦ÊÓØËÉ).4. ä. î. úÕÂÁÒÅ×, îÅÒÁ×ÎÏ×ÅÓÎÁÑ ÓÔÁÔÉÓÔÉÞÅÓËÁÑ ÔÅÒÍÏÄÉÎÁÍÉËÁ(îÁÕËÁ, íÏÓË×Á, 1971) (ÐÏ-ÒÏÓ¦ÊÓØËÉ).5. ç. óÔÅÎÌÉ, æÁÚÏ×ÙÅ ÐÅÒÅÈÏÄÙ É ËÒÉÔÉÞÅÓËÉÅ Ñ×ÌÅÎÉÑ (íÉÒ, íÏ-ÓË×Á, 1973) (ÐÏ-ÒÏÓ¦ÊÓØËÉ).6. T. Idogaki, M. Rikitoku, J. W. Tucker, J. Magn. Magn. Mater. 152(1996) 311 (ÐÏ-ÁÎÇÌ¦ÊÓØËÉ).7. O. Derzhko, O. Zaburannyi, ÐÏÄÁÎÏ ÄÏ öÕÒÎÁÌÕ Æ¦ÚÉÞÎÉÈ ÄÏ-ÓÌ¦ÄÖÅÎØ (ìØ×¦×) (ÐÏ-ÁÎÇÌ¦ÊÓØËÉ).
ICMP{98{13 16LATTICE GAS MODEL FOR THEPROTON SUBSYSTEM IN SUPERIONICCRYSTALSI.V.Stasyuk, N.PavlenkoInst. Cond. Matt. Phys., Ukrainian Acad. Sci., Lviv, UkraineIt is common knowledge that the application of the Ising model goesfar beyond the phenomena of magnetism. In particular, using the simpletransformation from pseudospin variables to the occupation numbersthis model can be resresented in the form of the so called lattice gasmodel. In this case the chemical potential which is entered here for thedescription of systems with a varying number of particles plays the roleof external �eld. In this work the lattice gas model is applied to theinvestigation of the triammonium hydrogen diselenate (NH4)3H(SeO4)2which is one of a group of crystals M3H(XO4)2 (M=K, Rb, Cs, NH4;X=Se, S). Phase transitions into superionic phases accompanied withan increase of protonic conductivity are characteristic for these crystals.Protons are distributed randomly within the subsystem of structurallyequivalent positions forming thereby the virtual hydrogen bond network.The structural X-ray studies in [1,2] revealed the following phasetransition sequence in (NH4)3H(SeO4)2: superionic phase I (with trigonalsymmetry R�3m), superionic phase II (space group R�3), ferroelastic phaseIII (triclinic symmetry C�1 or P�1, with small deviations from monoclinic),ferroelastic phase IV (monoclinic symmetry C2/c), ferroelectric phasesV and VI (monoclinic symmetry Cc) with the transition temperatures332K, 302K, 275K, 181K and 101K respectively.Experimental studies [3,4] indicate the signi�cant role of the pro-ton subsystem in superionic phase transitions that motivates the primeimportance of the consideration of hydrogen bond network and its re-construction at the phase transitions for the theoretical description ofthese transitions. Such approach was proposed previously in [5], whereusing the lattice gas model in the mean �eld approximation, the phasetransition in Rb3H(SeO4)2 crystal from superionic phase with R�3m sym-metry to the low-temperature phase of monoclinic symmetry has beendescribed.In this work similarly to [5] the microscopic description of the phasetransitions in (NH4)3H(SeO4)2 from superionic phase II to ferroelasticphases III and IV is developed. The phase diagrams determining theThe lecture presents the results obtained in collaboration with Prof. B.Hilczer,to be published in J. Korean Phys. Soc. 32 (1998).



17 ðÒÅÐÒÉÎÔnecessary conditions for the existence of di�erent proton orderings areconstructed in the mean �eld approximation (MFA) as well as using thecluster expansion method (CEM). The obtained results are comparedwith the conclusions which follow from Landau expansion.Phase transitions from superionic to ferroelastic phases in(NH4)3H(SeO4)2 crystal are connected with the rearrangement of thehydrogen bond network. Whereas in superionic phases the virtual net-work exists with the occupation probability for each bond equal to 1=3(Fig. 1), in phases III and IV the hydrogen bonds are frozen-in, form-ing in this case the dimer sequences which consists of (SeO4)-tetrahedralinked by hydrogen bonds.
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(z=0.58)Figure 1. Projection of (NH4)3H(SeO4)2 crystal rhombohedric primitivecell with lattice vectors ~a1, ~a2, ~a3 on the (001) plane in the hexagonalcoordinate system of phase II. The large and small circles correspond tothe possible positions of O(2) oxygens and protons on H-bonds respec-tively; A (z = 0), B (z = 1=3) and C (z = �1=3) denote the positions oflower SeO04 groups.In particular, the transition to phase III is accompanied by the dou-bling of the primitive unit cell along the lattice vectors ~af . Three possibleorientation states characterized by star f ~k4g=f12~b1, 12~b2, 12~b3g in Kovalevnotations can appear in this phase. For the case f~k4g ! 12~b3 � ~k3 thepositions f = 1 or f = 2 in the unit cell are alternatively occupied atthe translation along the ~a3 direction.Contrary to the phase III in phase IV the proton positions withthe same index f=3 are occupied, forming parallel sequences of dimers(SeO4)0-H-(SeO4)00. Neglecting the hydrogen bond displacement con-nected with (SeO4)-group rotations, we can assume that the ordering
ICMP{98{13 18in phase IV corresponds to vector ~k7 = 0.We will use the lattice gas approach for the consideration of theproton subsystem. In this case the proton interactions are representedin bilinear form:H = 12 Xmm0ff0 �ff 0 (mm0)nmfnm0f 0 �Xmf �nmf ; (1)where nmf = f0; 1g is the proton occupation number of position f in theprimitive unit cell m; �ff 0 (mm0) is the energy of pair interaction. Thechemical potential � is de�ned from the following condition for the givenaverage proton number per unit cell �n:Xmf �nmf = �n; (2)with �n = 1 in the case of (NH4)3H(SeO4)2 crystal.In the MFA the thermodynamical potential of the system has theform: 
 = U0 ��Xmf ln(1 + e��(
f (m)��)); (3)where 
f (m) = Xm0f 0 �ff 0 (mm0)�nm0f 0 ; (4)U0 = �12 Xmm0ff0 �ff 0 (mm0)�nmf �nm0f 0 :The proton average occupation numbers can be represented as �nmf =�n3 + ��nmf , where the deviations ��nmf become nonzero in the orderedphases. Let us consider a transition into phase III with orientation stategiven by the wave vector ~k3. The deviations ��nmf can be written as:��nm;1;2 = � 1p2uei~k3 ~Rm + 1p6v; ��nm3 = � 2p6v: (5)These relations provide a possibility of obtaining the observed protonposition occupancies (�nm1 = 1, �nm2 = 0, �nm3 = 0 or �nm1 = 0, �nm2 = 1,�nm3 = 0) for the saturated values of u and v: u = � 1p2 , v = 1p6 . Theorder parameters u and v are de�ned as:u = � 1p2(�nm1 � �nm2); v = 1p6(�nm1 + �nm2 � 2�nm3): (6)



19 ðÒÅÐÒÉÎÔBesides the phases II (u = v = 0) and III (u 6= 0, v 6= 0), the expressions(5) can describe the proton ordering in phase IV; in this case u = 0,v 6= 0.Substituting (5) into (4), we obtain:
1;2(m) = 
0 + av � bei~k3 ~Rmu; 
3(m) = 
0 � 2av; (7)where a = 1p6[�11(0)� �12(0)]; b = 1p2 [�11(~k3)� �12(~k3)];�ff 0 (~k) is the Fourier transform of the proton interaction potential.The order parameters u and v can be determined from the minimumconditions of the free energy F = 
 + ��nN@@u� 1N F�= 0; @@v� 1N F�= 0: (8)for the given proton concentration �n. Equations (2) and (8) were solvednumerically for di�erent values of ~b = b=a ratio. It turned out that for~b < ~b� = p3 the transition to phase IV occurs, whereas for ~b > ~b� thetransitionto the proton ordering corresponding to phase III takes place. Thephase transition II ! IV is of the �rst order that corresponds to the ex-perimental observations in [6], and the order of II ! III phase transitionis changed from the �rst for ~b� < ~b < ~bc the to second for ~b > ~bc, where~bc ' 2:07 is the tricritical point. The curve of coexistence of phases IIIand IV ~b = ~b� is parallel to the temperature axis (see Fig. 2).The CEM which allows taking into account short-range proton in-teractions is one of the possible steps beyond the frame of MFA. It isnatural to select three hydrogen bonds in the primitive unit cell as theinitial cluster. The energies of the possible proton con�gurations in thecluster are shown in Fig. 3. The free energy of the proton subsystem inthe three-bond cluster approximation equals to:F = U0 � 2N�lnSpe��H(3)m + N�Xf lnSpe��H(1)mf + ��nN; (9)where the three-bond cluster Hamiltonian has the form:H(3)m = Vm + 3Xf=1(
f (m) + �f (m) � �)nmf ; (10)
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21 ðÒÅÐÒÉÎÔ(the term Vm includes the con�gurational energies) andH(1)mf = 2�f (m)nmf + (
f (m) � �)nmf ; (11)is the Hamiltonian of one-bond cluster. The e�ective cluster �elds �f (m)acting on the proton at the cluster boundary have the same symmetryas the internal �elds (7). In this case besides eqs. (2), (8) the additionalminimum conditions for the free energy with respect to �f (m) appears.It should be noted that setting a = b = 0 in the system of equationsfor u, v, � and �f (m) parameters and thereby excluding the long-rangeinteractions, we obtain only the trivial possible solution correspondingto the disordered phase. It means that in our case the long-range pro-ton interactions are of decisive importance in the phase transitions intoferroelastic phases.Comparison of phase diagrams resulting from MFA and CEM (Fig.2) reveals that the critical temperature in the latter case raises with theincrease of the energy � of the two proton con�guration near (SeO4)-group (� = 1jaj ( "0+"22 � "1)). In this case the shift of tricritical point~b = ~bc to the larger values of ~b is observed. The coexistence line ofphases III and IV remains at the value ~b = p3.Using the structural data, we can calculate the ratio ~b = b=a corre-sponding to the (NH4)3H(SeO4)2 crystal by the Ewald method of thelattice series summation of Coulomb contribution to the proton interac-tion potentials. In our case we obtain ~b = ~b0 = 1:69 that is very closeto ~b� = p3; this corresponds to phase transition II-IV. The phase IIIcan appear as intermediate only in the case when the III-IV coexistencecurve would be bent in the vicinity of the triple point. Such possibilityfollows from the consideration based on the general phenomenologicalapproach.For the case of ~k3-orientation state Landau expansion of the freeenergy has the form:1N F = 12�1v2 + 12�2u2 + 
1v3 + 
2vu2 +�1v4 + �2v2u2 + �3u4: (12)The curves of the phases coexistence can be determined from thermody-namical equilibrium conditions and the additional conditions of equalityof free energies in both phases. In particular, for the case of secondorder phase transition II-III equation �2 = 0 gives the critical temper-ature, whereas the temperature of the �rst order phase transition II-IVis determined from the condition 2�1�1 = 
21 . The line determining the
ICMP{98{13 22temperature change of the state of system in phase diagram is describedby equation �1 = A�2 + B. In the case of MFA and CEM A = 1 andthis line is parallel to the III-IV coexistence curve given by the condition�1 = �2 in the case of R�3m symmetry of prototype phase. This doesn'tprovide the possibility to describe the phase transition sequence II-III-IV. Such transition could be realized at A < 1 when the symmetry ofthe prototype phase is lower. So we can describe the II-III-IV sequencein (NH4)3H(SeO4)2 taking into account explicitely the R�3 symmetryof phase II. This can be done by including into microscopic model theinteractions of protons with orientational motion of ionic groups (thefreezing of reorientations of HSeO4 complexes is the reason of I-II phasetransition [1]).Comparing the results of MFA and CEM, it can be noted that themain features of thermodynamical properties of considered system maybe described within the mean-�eld approximation allowing for the long-range proton interactions. In this case the obtained results agree withthe experimental data, but the better quantitative agreement could beobtained by taking into account the molecular �eld 
uctuations. Theshort-range proton correlations considered in CEM don't change quali-tatively the topology of phase diagram but lead to a change in transitiontemperature and favour the transformation of the II-III transition orderfrom second to �rst one.Besides the description of the thermodynamics the proton orderingmodel can be basic for the further investigations of proton transportprocesses in this system.References1. A. Pietraszko, K.  Lukaszewicz and M.A. Augustyniak, Acta Cryst.C 48, 2069 (1992); K.  Lukaszewicz, A. Pietraszko and M.A. Au-gustyniak, ibid. 49, 430 (1993); A. Pietraszko and K.  Lukaszewicz,Bull. Polish Acad. Sci. 41, 157 (1993).2. T. Fukami, K. Tobaru, K. Kaneda, K. Nakasone and K. Furukawa,J. Phys. Soc. Jpn. 63, 2829 (1994).3. B. Hilczer and A. Paw lowski, Ferroelectrics 104, 383 (1990).4. A. Paw lowski, Cz. Pawlaczyk and B. Hilczer, Solid State Ionics 44,17 (1990).5. W. Salejda and N.A. Dzhavadov, phys. stat. sol. (b) 158, 119(1990); ibid. 158, 475 (1990).6. T. Osaka, Y. Makita and K. Gesi, J. Phys. Soc. Jpn. 46, 577 (1979).



23 ðÒÅÐÒÉÎÔäïóì¶äöåîîñîå÷ðïòñäëï÷áîéè ¶úéîç¶÷óøëéèóéóôåí õ ëìáóôåòîïíõ ð¶äèïä¶ò.ï.óÏËÏÌÏ×ÓØËÉÊ, ò.ò.ìÅ×ÉÃØËÉÊ¶æëó îáî õËÒÁ§ÎÉ, ìØ×¦×, õËÒÁ§ÎÁíÁÇÎ¦ÔÎÅ [1] ÞÉ ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÅ [2{7] ×ÐÏÒÑÄËÕ×ÁÎÎÑ × ËÒÉ-ÓÔÁÌÁÈ, ÆÁÚÏ×¦ ÐÅÒÅÈÏÄÉ × ÆÌÀ§ÄÁÈ (ÇÒÁÔËÏ×ÉÊ ÇÁÚ) [8], | ÒÏÚÇÌÑÄÃÉÈ ÔÁ ÂÁÇÁÔØÏÈ ¦ÎÛÉÈ Ñ×ÉÝ ÐÒÉ×ÏÄÉÔØ ÐÒÉ ÐÅ×ÎÏÍÕ ÁÂÓÔÒÁÇÕ×ÁÎÎ¦ÄÏ ÍÏÄÅÌ¦ ¶ÚÉÎÇÁ. îÁÐÒÉËÌÁÄ, Õ ÓÅÇÎÅÔÏÅÌÅËÔÒÉËÁÈ ÔÉÐÕ CsH2PO4ÐÒÏÔÏÎÉ ÎÁ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚËÁÈ O � H:::O ÒÕÈÁÀÔØÓÑ × ÅÆÅËÔÉ×ÎÏ-ÍÕ Ä×ÏÍ¦Î¦ÍÕÍÎÏÍÕ ÐÏÔÅÎÃ¦ÁÌ¦ ¦ ÍÁÀÔØ Ä×Á ÐÏÌÏÖÅÎÎÑ Ò¦×ÎÏ×ÁÇÉ.ïÐÅÒÁÔÏÒ Ë×ÁÚ¦ÓÐ¦ÎÁ Si = �1 ÏÐÉÓÕ¤, × ÑËÏÍÕ Ú ÃÉÈ Í¦Î¦ÍÕÍ¦× ÚÎÁÈÏ-ÄÉÔØÓÑ ÐÒÏÔÏÎ, Á ÅÎÅÒÇ¦Ñ ÐÒÏÔÏÎÎÏ§ ËÏÎÆ¦ÇÕÒÁÃ¦§ ¤H = �X(ij)KijSiSj �Xi �iSi (0.1)| ×¦ÄÏÍÉÊ ÇÁÍ¦ÌØÔÏÎ¦ÁÎ ÍÏÄÅÌ¦ ¶ÚÉÎÇÁ. ðÅÒÛÉÊ ÄÏÄÁÎÏË ÏÐÉÓÕ¤ÐÏÐÁÒÎÕ ×ÚÁ¤ÍÏÄ¦À Ë×ÁÚ¦ÓÐ¦Î¦× | ÎÁÊÂÌÉÖÞÉÈ ÓÕÓ¦Ä¦×, ÄÒÕÇÉÊ |×ÚÁ¤ÍÏÄ¦À Ú ÚÏ×Î¦ÛÎ¦Í ÅÌÅËÔÒÉÞÎÉÍ ÐÏÌÅÍ. õ ×ÉÐÁÄËÕ ¦ÄÅÁÌØÎÏ-ÇÏ ËÒÉÓÔÁÌÕ Ë×ÁÚ¦ÓÐ¦ÎÉ (×ÏÄÎÅ×¦ Ú×'ÑÚËÉ) ÒÏÚÍ¦ÝÅÎ¦ Õ ×ÕÚÌÁÈ ÐÅ×ÎÏ§ÇÒÁÔËÉ ¦ ÓÉÓÔÅÍÁ ¤ ÔÒÁÎÓÌÑÃ¦ÊÎÏ ¦Î×ÁÒ¦ÁÎÔÎÏÀ: Kij = K(~Ri � ~Rj),�i = �. õ ÞÁÓÔËÏ×Ï ÄÅÊÔÅÒÏ×ÁÎÏÍÕ ËÒÉÓÔÁÌ¦ Cs(H1�xDx)2PO4 ÞÁ-ÓÔÉÎÁ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË¦× ÚÁÓÅÌÅÎÁ ÄÅÊÔÒÏÎÁÍÉ ÚÁÍ¦ÓÔØ ÐÒÏÔÏÎ¦×, ÔÏÂ-ÔÏ ÍÁ¤ÍÏ Ä×Á ÓÏÒÔÉ Ë×ÁÚ¦ÓÐ¦Î¦×. óÏÒÔÏ×Á ËÏÎÆ¦ÇÕÒÁÃ¦Ñ ÍÏÖÅ ÂÕÔÉÏÐÉÓÁÎÁ ÐÒÏÅËÃ¦ÊÎÉÍÉ ÏÐÅÒÁÔÏÒÁÍÉXi� = � 1; ÑËÝÏ ÎÁ ×ÕÚÌ¦ i ÚÎÁÈÏÄÉÔØÓÑ Ë×ÁÚ¦ÓÐ¦Î ÓÏÒÔÕ �0; ÑËÝÏ ¦ÎÛÉÊ ÓÏÒÔ� = H ÁÂÏ D. äÅÊÔÅÒÏ×ÁÎ¦ ×ÏÄÎÅ×¦ Ú×'ÑÚËÉ ¦ÎÁËÛÅ ×ÚÁ¤ÍÏÄ¦ÀÔØ ÚÐÏÌÅÍ ÔÁ ¦ÎÛÉÍÉ Ë×ÁÚ¦ÓÐ¦ÎÁÍÉ, ¦ ÃÅ ×ÉÒÁÖÁ¤ÔØÓÑ ÎÁÓÔÕÐÎÉÍÉ ÓÐ¦×-×¦ÄÎÏÛÅÎÎÑÍÉ�i = X� �i�Xi�; Kij = X�� Ki�;j�Xi�Xj� : (0.2)îÉÖÞÅ ÍÉ ÚÕÐÉÎÉÍÏÓØ ÎÁ Ä×ÏÈ ÍÏÖÌÉ×ÉÈ ÅËÓÐÅÒÉÍÅÎÔÁÌØÎÉÈ ÓÉÔÕ-ÁÃ¦ÑÈ.

ICMP{98{13 24îÅÒ¦×ÎÏ×ÁÖÎÉÊ ÂÅÚÌÁÄ (îòâ)úÁ ÞÁÓ ÓÐÏÓÔÅÒÅÖÅÎÎÑ (×ÉÍ¦ÒÀ×ÁÎÎÑ) ÐÒÏÔÏÎÉ ¦ ÄÅÊÔÒÏÎÉ ÎÅ ÐÏËÉ-ÄÁÀÔØ Ó×Ï§È ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË¦×, ÄÏÚ×ÏÌÑ¤ÔØÓÑ ÌÉÛÅ ÐÅÒÅÓËÏË × ¦ÎÛÉÊÐÏÔÅÎÃ¦ÁÌØÎÉÊ Í¦Î¦ÍÕÍ ÎÁ ÔÏÍÕ Ö ×ÏÄÎÅ×ÏÍÕ Ú×'ÑÚËÕ (ÎÁ ÍÏ×¦ ÍÏÄÅÌ¦ÃÅ ÏÚÎÁÞÁ¤, ÝÏ ÍÎÏÖÉÎÁ ÞÉÓÅÌ fXi�g, ÑË¦ ÚÁÄÁÀÔØ ÓÏÒÔÏ×Õ ËÏÎÆ¦ÇÕ-ÒÁÃ¦À, ÚÁÌÉÛÁ¤ÔØÓÑ ÎÅÚÍ¦ÎÎÏÀ), × ÔÏÊ ÞÁÓ ÑË ÓÉÓÔÅÍÁ ×ÓÔÉÇÁ¤ ÐÒÏÊÔÉ×ÅÌÉËÅ ÞÉÓÌÏ ÓÐ¦ÎÏ×ÉÈ ËÏÎÆ¦ÇÕÒÁÃ¦Ê fSig. óÉÓÔÅÍÁ ÏÐÉÓÕ¤ÔØÓÑ ÒÏÚ-ÐÏÄ¦ÌÏÍ ç¦ÂÓÁ ÐÏ ÓÐ¦ÎÏ×ÉÈ ËÏÎÆ¦ÇÕÒÁÃ¦ÑÈ�(fSg) = Z�1 exp(�H=�); Z = SpfSg exp(�H=�); � = kBT; : (0.3)× ÑËÏÍÕ ÍÎÏÖÉÎÁ ÞÉÓÅÌ fXi�g ÚÁÄÁÎÁ ÓÏÒÔÏ×ÏÀ ËÏÎÆ¦ÇÕÒÁÃ¦¤À, ÒÅ-ÁÌ¦ÚÏ×ÁÎÏÀ × ÄÁÎÏÍÕ ËÒÉÓÔÁÌ¦. ôÁË ÑË ÓÐÒÁ×ÖÎÑ ÓÏÒÔÏ×Á ËÏÎÆ¦ÇÕ-ÒÁÃ¦Ñ ÎÅ ÍÏÖÅ ÂÕÔÉ ÄÅÔÁÌØÎÏ ×ÉÚÎÁÞÅÎÁ (ÍÎÏÖÉÎÁ fXi�g Í¦ÓÔÉÔØ ÐÏ-ÒÑÄËÕ ÞÉÓÌÁ á×ÏÇÁÄÒÏ ÎÕÌ¦× ¦ ÏÄÉÎÉÃØ), ÔÏ ÐÏÔÒ¦ÂÎÏ ÓËÏÒÉÓÔÁÔÉÓØ ÎÁ-ÓÔÕÐÎÉÍÉ Í¦ÒËÕ×ÁÎÎÑÍÉ. ëÒÉÓÔÁÌ ¤ ÍÁËÒÏÓËÏÐ¦ÞÎÏÀ ÓÉÓÔÅÍÏÀ, ÑËÕÍÏÖÎÁ ÕÍÏ×ÎÏ ÒÏÚÄ¦ÌÉÔÉ ÎÁ ×ÅÌÉËÅ ÞÉÓÌÏ ÏÂÌÁÓÔÅÊ, ËÏÖÎÁ Ú ÑËÉÈ¤ Õ Ó×ÏÀ ÞÅÒÇÕ ÍÁËÒÏÓËÏÐ¦ÞÎÏÀ ÓÉÓÔÅÍÏÀ. ôÁËÉÍ ÞÉÎÏÍ, Õ ËÒÉÓÔÁÌ¦Í¦ÓÔÉÔØÓÑ Ã¦ÌÉÊ ÁÎÓÁÍÂÌØ ÍÁËÒÏÓËÏÐ¦ÞÎÉÈ ÓÉÓÔÅÍ, ËÏÖÎÁ Ú¦ Ó×Ï¤ÀÓÏÒÔÏ×ÏÀ ËÏÎÆ¦ÇÕÒÁÃ¦¤À. ôÏÄ¦ ÂÕÄØ-ÑËÁ ÓÐÏÓÔÅÒÅÖÕ×ÁÎÁ ×ÅÌÉÞÉÎÁ ¤ÓÅÒÅÄÎ¦Í ÐÏ ÃØÏÍÕ ÁÎÓÁÍÂÌÀ. ïÔÖÅ, ÄÌÑ ÏÂÞÉÓÌÅÎÎÑ ÓÐÏÓÔÅÒÅÖÕ×Á-ÎÉÈ ×ÅÌÉÞÉÎ ÎÅÏÂÈ¦ÄÎÏ ×ÉËÏÎÁÔÉ Ä×Á ÕÓÅÒÅÄÎÅÎÎÑ | ÓÐÅÒÛÕ Ú ÒÏÚ-ÐÏÄ¦ÌÏÍ ç¦ÂÓÁ h:::iH = SpfSg[�(fSg)(:::)]ÐÒÉ ÚÁÄÁÎ¦Ê ÓÏÒÔÏ×¦Ê ËÏÎÆ¦ÇÕÒÁÃ¦§, Á ÐÏÔ¦Í | ÐÏ ÓÏÒÔÏ×ÉÈ ËÏÎÆ¦ÇÕ-ÒÁÃ¦ÑÈ h:::ix = SpfXg[�(fXg)(:::)]Ú ÐÅ×ÎÉÍ ÒÏÚÐÏÄ¦ÌÏÍ �(fXg), ÑËÉÊ ÚÁÌÅÖÉÔØ ×¦Ä ÕÍÏ× ÐÒÉÇÏÔÕ×ÁÎ-ÎÑ ÓÉÓÔÅÍÉ. çÏÌÏ×ÎÕ ÒÏÌØ ×¦Ä¦ÇÒÁÀÔØ ÎÁÊÎÉÖÞ¦ ÍÏÍÅÎÔÉ ÃØÏÇÏ ÒÏÚ-ÐÏÄ¦ÌÕ | ËÏÎÃÅÎÔÒÁÃ¦Ñ Ë×ÁÚ¦ÓÐ¦Î¦× ÓÏÒÔÕ �: c� = hXi�ix ÔÁ ¦ÍÏ×¦Ò-Î¦ÓÔØ ×ÉÑ×ÉÔÉ ÎÁ ÓÕÓ¦ÄÎ¦È ×ÕÚÌÁÈ i, j Ë×ÁÚ¦ÓÐ¦ÎÉ ÓÏÒÔ¦× � ¦ � ×¦ÄÐÏ×¦Ä-ÎÏ: w�� = hXi�Xj�ix.ò¦×ÎÏ×ÁÖÎÉÊ ÂÅÚÌÁÄ (òâ)ñËÝÏ ×ÏÄÎÅ×¦ Ú×'ÑÚËÉ ÍÏÖÕÔØ ÏÂÍ¦ÎÀ×ÁÔÉÓØ ÐÒÏÔÏÎÁÍÉ ¦ ÄÅÊÔÒÏÎÁÍÉ¦ ÚÁ ÞÁÓ ×ÉÍ¦ÒÀ×ÁÎÎÑ ×¦ÄÂÕ×Á¤ÔØÓÑ ÄÏÓÔÁÔÎØÏ ÂÁÇÁÔÏ ÔÁËÉÈ ÏÂÍ¦Î¦×,ÔÏ ÒÅÁÌ¦ÚÕ¤ÔØÓÑ Ò¦×ÎÏ×ÁÖÎÁ ÓÏÒÔÏ×Á ËÏÎÆ¦ÇÕÒÁÃ¦Ñ ¦ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÅÕÓÅÒÅÄÎÅÎÎÑ



25 ðÒÅÐÒÉÎÔ�(fS;Xg) = Z�1 exp(�H=�); Z = SpfS;Xg exp(�H=�) (0.4)ÐÅÒÅÄÂÁÞÁ¤ ÐÅÒÅÂ¦Ò ×Ó¦È ÓÐ¦ÎÏ×ÉÈ ¦ ÓÏÒÔÏ×ÉÈ ËÏÎÆ¦ÇÕÒÁÃ¦Ê.ðÒÉ òâ ÎÁ×ÌÁÓÔÉ×ÏÓÔ¦ ÓÉÓÔÅÍÉ ×ÐÌÉ×Á¤ ÔÁËÏÖ ÎÅÏÂÍ¦ÎÎÁ, ÎÅÚÁÌÅÖÎÁ ×¦Ä ÓÐ¦Î¦××ÚÁ¤ÍÏÄ¦Ñ �X(ij) Vij = �X(ij)X�� Vi�;j�Xi�Xj�;ÑËÕ ÔÅÖ ÓÌ¦Ä ×ËÌÀÞÉÔÉ × ÇÁÍ¦ÌØÔÏÎ¦ÁÎ.´ Ò¦ÚÎ¦ Ð¦ÄÈÏÄÉ ÄÏ ÒÏÚÒÁÈÕÎËÕ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÉÈ ÈÁÒÁËÔÅÒÉÓÔÉËÔÁËÏ§ ÍÏÄÅÌ¦. îÁÊÐÒÏÓÔ¦ÛÅ ÎÁÂÌÉÖÅÎÎÑ ÍÏÌÅËÕÌÑÒÎÏÇÏ ÐÏÌÑ (îíð)ÍÏÖÎÁ ÏÐÉÓÁÔÉ ÎÁÓÔÕÐÎÉÍÉ ÐÅÒÅÔ×ÏÒÅÎÎÑÍÉ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÁ [9]H = �12 Xi�;j�Ki�;j�Si�Sj� �Xi� �i�Si�; Si� = SiXi�;H = �Xi� (�i� + �i�)Si� + 12 Xi�;j�Ki�;j��m(1)i� �m(1)j� ; (0.5)�i� = Xj� Ki�;j�m(1)j� ; �m(1)i� = Si� �m(1)i� ; m(1)i� = hSi�i ;h:::i ÐÏÚÎÁÞÁ¤ ÐÏ×ÎÅ ÕÓÅÒÅÄÎÅÎÎÑ, ÑËÅ ×¦ÄÐÏ×¦ÄÁ¤ ÔÉÐÕ ÂÅÚÌÁÄÕ. õîíð ÎÅÈÔÕÀÔØ ×ÚÁ¤ÍÏÄ¦¤À ÆÌÕËÔÕÁÃ¦Ê, ÑËÁ ÏÐÉÓÕ¤ÔØÓÑ ÏÓÔÁÎÎ¦Í ÄÏ-ÄÁÎËÏÍ Õ (0.5). þÁÓÔËÏ×Å ×ÒÁÈÕ×ÁÎÎÑ ÆÌÕËÔÕÁÃ¦Ê ÍÏÖÅ ÂÕÔÉ ÚÄ¦ÊÓ-ÎÅÎÅ Õ ËÌÁÓÔÅÒÎÏÍÕ Ð¦ÄÈÏÄ¦. ðÒÉ ÃØÏÍÕ ×ÚÁ¤ÍÏÄ¦Ñ ÓÐ¦Î¦× Õ ÍÅÖÁÈËÌÁÓÔÅÒÁ ×ÒÁÈÏ×Õ¤ÔØÓÑ ÔÏÞÎÏ, Á ×ÚÁ¤ÍÏÄ¦Ñ Ú¦ ÓÐ¦ÎÁÍÉ, ÝÏ ÎÁÌÅ-ÖÁÔØ ÓÕÓ¦ÄÎ¦Í ËÌÁÓÔÅÒÁÍ | Ú ÄÏÐÏÍÏÇÏÀ ÅÆÅËÔÉ×ÎÏÇÏ ÐÏÌÑ. îÁÐÒÉ-ËÌÁÄ, Õ ÎÁÂÌÉÖÅÎÎ¦ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ (îäë) Ò¦×ÎÑÎÎÑ ÓÁ-ÍÏÕÚÇÏÄÖÅÎÎÑm(1)i� = hSi�iHi = hSi�iHij ;Hi = � �i +Xr r �'i!Si; r �'i = X� r �'i�Xi�; (0.6)Hij = �0@�i +Xr 6=j r �'i1ASi �0@�j +Xr 6=i r �'j1ASj �KijSiSj×ÉÚÎÁÞÁ¤ ÅÆÅËÔÉ×Î¦ ÐÏÌÑ �' ( r �'i� ÍÁ¤ ÚÍ¦ÓÔ ÅÆÅËÔÉ×ÎÏÇÏ ÐÏÌÑ, ÑËÅÄ¦¤ ÎÁ ÓÐ¦Î i ÓÏÒÔÕ � Ú ÂÏËÕ ÓÐ¦ÎÁ ÄÏ×¦ÌØÎÏÇÏ ÓÏÒÔÕ ÎÁ ×ÕÚÌ¦ r) Ú ÕÍÏ×É
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w12òÉÓ. 1. ôÅÍÐÅÒÁÔÕÒÎÁ ÚÁÌÅÖÎ¦ÓÔØ ÓÅÒÅÄÎØÏÇÏ ÚÎÁÞÅÎÎÑ ÓÐ¦ÎÁ m(1)1 =c1ÒÏÚ×ÅÄÅÎÏ§ ÓÉÓÔÅÍÉ ÎÁ ÐÌÏÓË¦Ê Ë×ÁÄÒÁÔÎ¦Ê ÇÒÁÔÃ¦ (z = 4) ÐÒÉ c1 = 0:6[10]. öÉÒÎÁ Ì¦Î¦Ñ | ÒÅÚÕÌØÔÁÔ îíð (ÎÅ ÒÏÚÒ¦ÚÎÑ¤ ×ÉÐÁÄËÉ Ò¦×ÎÏ-×ÁÖÎÏÇÏ ¦ ÎÅÒ¦×ÎÏ×ÁÖÎÏÇÏ ÂÅÚÌÁÄÕ), ÔÏÎË¦ | îäë. äÌÑ òâ ÐÏËÁÚÁÎÏÔÁËÏÖ ¦ÍÏ×¦ÒÎ¦ÓÔØ w12 ×ÉÑ×ÉÔÉ ÎÁ ÐÁÒ¦ ÓÕÓ¦ÄÎ¦È ×ÕÚÌ¦× ÓÐ¦ÎÉ ÓÏÒÔ¦×1 ¦ 2 (ÓÐÁÄÁ¤ Ú ÐÏÎÉÖÅÎÎÑÍ ÔÅÍÐÅÒÁÔÕÒÉ ÞÅÒÅÚ ÔÅÎÄÅÎÃ¦À ÄÏ ÒÏÚÛÁ-ÒÕ×ÁÎÎÑ ÓÉÓÔÅÍÉ).Ò¦×ÎÏÓÔ¦ ÓÅÒÅÄÎ¦È ÚÎÁÞÅÎØ ÓÐ¦ÎÁ, ÏÂÞÉÓÌÅÎÉÈ Ú ÏÄÎÏÞÁÓÔÉÎËÏ×ÉÍ Hi ¦ËÌÁÓÔÅÒÎÉÍ Hij ÇÁÍ¦ÌØÔÏÎ¦ÁÎÁÍÉ.îíð ¤ ÞÕÔÌÉ×ÉÍ Ô¦ÌØËÉ ÄÏ ÎÁÊÎÉÖÞÏÇÏ ÍÏÍÅÎÔÕ �(fXg) (Ô¦ÌØ-ËÉ ÐÅÒÛÉÊ ÍÏÍÅÎÔ hXi�i = c� ×ÈÏÄÉÔØ Õ ×Ó¦ ÏÓÔÁÔÏÞÎ¦ ×ÉÒÁÚÉ).ãÅ ÐÒÉ×ÏÄÉÔØ ÄÏ ÔÏÇÏ, ÝÏ × ÃØÏÍÕ ÎÁÂÌÉÖÅÎÎ¦ ÎÅ ÒÏÚÒ¦ÚÎÑÀÔØ-ÓÑ ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎ¦ ×ÌÁÓÔÉ×ÏÓÔ¦ ÓÉÓÔÅÍ Ú òâ ¦ Ú îòâ. ëÌÁÓÔÅÒÎÅÎÁÂÌÉÖÅÎÎÑ ×ÒÁÈÏ×Õ¤ ÐÁÒÎ¦ ËÏÒÅÌÑÃ¦§ (ÎÁÐÒÉËÌÁÄ, ÄÒÕÇÉÊ ÍÏÍÅÎÔw�� = hXi�Xj�i) ¦ ÒÏÚÒ¦ÚÎÑ¤ ÓÉÓÔÅÍÉ Ú Ò¦ÚÎÉÍÉ ÔÉÐÁÍÉ ÂÅÚÌÁÄÕ(ÄÉ×., ÎÁÐÒÉËÌÁÄ, ÐÏ×ÅÄ¦ÎËÕ ÓÅÒÅÄÎØÏÇÏ ÚÎÁÞÅÎÎÑ ÓÐ¦ÎÁ | ÒÉÓ. 1).
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òÉÓ. 2. ôÅÍÐÅÒÁÔÕÒÎÁ ÚÁÌÅÖÎ¦ÓÔØ ÐÁÒÎÏÇÏ ËÏÒÅÌÑÔÏÒÁ m(2)11 (~q) ÞÉÓÔÏ§(c1 = 1) ¦ ÒÏÚ×ÅÄÅÎÏ§ (c1 = 0:6) ÓÉÓÔÅÍ ÎÁ ÐÌÏÓË¦Ê Ë×ÁÄÒÁÔÎ¦Ê ÇÒÁÔÃ¦(z = 4) × îíð ¦ × îäë ÐÒÉ Ò¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ È×ÉÌØÏ×ÏÇÏ ×ÅËÔÏÒÁ [11,12]. �~q = 2(cos qxa+cos qya), a | ÐÁÒÁÍÅÔÒ ÇÒÁÔËÉ. �~q = 4 ×¦ÄÐÏ×¦ÄÁ¤~q = 0 | ÃÅÎÔÒÕ ÚÏÎÉ âÒ¦ÌÌÀÅÎÁ, �~q = �4 | ×ÅÒÛÉÎÁÍ ÐÅÒÛÏ§ ÚÏÎÉâÒ¦ÌÌÀÅÎÁ.òÏÚÇÌÑÎÅÍÏ ÄÁÌ¦ ×ÉÐÁÄÏË ÒÏÚ×ÅÄÅÎÏ§ ÓÉÓÔÅÍÉ, ËÏÌÉ ÏÄÉÎ ÓÏÒÔ ÓÐ¦Î¦×¤ ×ÚÁ¤ÍÏÄ¦ÀÞÉÍ (K11 6= 0), Á ×Ó¦ ¦ÎÛ¦ ÏÐÉÓÕÀÔØ ÎÅÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎ¦(ÁÂÏ, ÑËÝÏ ÍÉ ÒÏÚÇÌÑÄÁ¤ÍÏ ÍÁÇÎ¦ÔÎÕ ÓÉÓÔÅÍÕ, | ÎÅÍÁÇÎ¦ÔÎ¦) ÄÏÍ¦ÛËÉ(K1� = 0 8� 6= 1). õ ×ÉÐÁÄËÕ ÎÅÒ¦×ÎÏ×ÁÖÎÏÇÏ ÂÅÚÌÁÄÕ îíð ÐÅÒÅÄ-ÂÁÞÁ¤ Ì¦Î¦ÊÎÅ ÓÐÁÄÁÎÎÑ ÔÅÍÐÅÒÁÔÕÒÉ ÆÁÚÏ×ÏÇÏ ÐÅÒÅÈÏÄÕ Tc Ú ÒÏÚ×Å-ÄÅÎÎÑÍ: Tc = zK11c1=kB, ÄÅ c1 | ËÏÎÃÅÎÔÒÁÃ¦Ñ ÓÐ¦Î¦× ÓÏÒÔÕ 1, z |ÐÅÒÛÅ ËÏÏÒÄÉÎÁÃ¦ÊÎÅ ÞÉÓÌÏ ÇÒÁÔËÉ. õ îäë
ICMP{98{13 28Tc = 2K11�kB ln (z � 1)w11 + c1(z � 1)w11 � c1��1 :úÁÕ×ÁÖÉÍÏ, ÝÏ Õ ×ÉÐÁÄËÕ w11 = c1 Tc ÎÅ ÚÍ¦ÎÀ¤ÔØÓÑ ÐÒÉ ÒÏ-Ú×ÅÄÅÎÎ¦. úÁËÏÎÎ¦ÓÔØ ÔÁËÏ§ ÐÏ×ÅÄ¦ÎËÉ ÏÞÅ×ÉÄÎÁ | ÐÒÉ w11 = c1(w1� = 0 8� 6= 1) ×Ó¦ ×ÚÁ¤ÍÏÄ¦ÀÞ¦ ÓÐ¦ÎÉ Ú¦ÂÒÁÎ¦ × ÏÄÉÎ ËÌÁÓÔÅÒ,ÄÏÍ¦ÛËÉ ÎÅ ×ÔÏÒÇÁÀÔØÓÑ Í¦Ö ÎÉÍÉ ¦ ÎÅ ×ÐÌÉ×ÁÀÔØ ÎÁ ×ÌÁÓÔÉ×ÏÓÔ¦ÓÉÓÔÅÍÉ. õ ÃØÏÍÕ ×ÉÐÁÄËÕ ¦ ÔÅÍÐÅÒÁÔÕÒÎÁ ÐÏ×ÅÄ¦ÎËÁ ÓÅÒÅÄÎØÏÇÏ ÚÎÁ-ÞÅÎÎÑ ÓÐ¦ÎÁ m(1)1 =c1, ¦ ÓÐÒÉÊÎÑÔÌÉ×¦ÓÔØ, ×ÚÑÔÁ ÎÁ ÏÄÉÎ ×ÚÁ¤ÍÏÄ¦ÀÞÉÊÓÐ¦Î (�=c1) ÎÅ Í¦ÎÑÀÔØÓÑ ÐÒÉ ÒÏÚ×ÅÄÅÎÎ¦ [12]. ñËÝÏ Ö Õ ÓÉÓÔÅÍ¦ ÍÁ¤Í¦ÓÃÅ ÐÏ×ÎÉÊ ÓÏÒÔÏ×ÉÊ ÈÁÏÓ | ÓÏÒÔÉ ÓÐ¦Î¦× ÎÁ ÓÕÓ¦ÄÎ¦È ×ÕÚÌÁÈ ÎÅËÏÒÅÌÀÀÔØ: w�� = c�c� (ÔÁËÁ ÓÉÔÕÁÃ¦Ñ ÍÏÖÅ ÍÁÔÉ Í¦ÓÃÅ, ÑËÝÏ ÚÒÁ-ÚÏË ÓÉÌØÎÏ ÎÁÇÒ¦ÔÉ ¦ Û×ÉÄËÏ ÏÈÏÌÏÄÉÔÉ ÄÏ ÔÅÍÐÅÒÁÔÕÒÉ, ÐÒÉ ÑË¦ÊÍÁ¤ Í¦ÓÃÅ îòâ ¦ ÓÏÒÔÏ×Á ËÏÎÆ¦ÇÕÒÁÃ¦Ñ ÎÅ Í¦ÎÑ¤ÔØÓÑ), ÔÏ îäë ÏÐÉ-ÓÕ¤ ÐÅÒËÏÌÑÃ¦ÊÎ¦ Ñ×ÉÝÁ: Tc ÓÐÁÄÁ¤ Û×ÉÄÛÅ, Î¦Ö c1 ¦ ÐÒÉ ÓÉÌØÎÏÍÕÒÏÚ×ÅÄÅÎÎ¦ �c1 < 1z�1� ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÅ ×ÐÏÒÑÄËÕ×ÁÎÎÑ ×ÚÁÇÁÌ¦ ÎÅ×ÉÎÉËÁ¤. úÎÉËÎÅÎÎÑ ×ÐÏÒÑÄËÕ×ÁÎÎÑ ÐÏ×'ÑÚÁÎÅ Ú ÔÉÍ,ÝÏ Õ ÓÉÌØÎÏ ÒÏ-Ú×ÅÄÅÎ¦Ê ÓÉÓÔÅÍ¦ ÚÎÉËÁ¤ ÎÅÓË¦ÎÞÅÎÎÉÊ ËÌÁÓÔÅÒ ×ÚÁ¤ÍÏÄ¦ÀÞÉÈ ÓÐ¦Î¦×, ¤ÌÉÛÅ §È ÓË¦ÎÞÅÎÎ¦ ÏÓÔÒ¦×ËÉ, ¦ÚÏÌØÏ×ÁÎ¦ ÏÄÉÎ ×¦Ä ÏÄÎÏÇÏ ÎÅ×ÚÁ¤ÍÏÄ¦À-ÞÉÍÉ ÄÏÍ¦ÛËÁÍÉ (ÓË¦ÎÞÅÎ¦ ËÌÁÓÔÅÒÉ). úÒÏÚÕÍ¦ÌÏ, ÝÏ ÐÅÒËÏÌÑÃ¦ÊÎÁËÏÎÃÅÎÔÒÁÃ¦Ñ cp (ÐÒÉ ÑË¦Ê ÚÎÉËÁ¤ ÎÅÓË¦ÎÞÅÎÎÉÊ ËÌÁÓÔÅÒ ¦ Tc ÚÁÎÕ-ÌÀ¤ÔØÓÑ) ÚÁÌÅÖÉÔØ ÌÉÛÅ ×¦Ä ÇÅÏÍÅÔÒ¦§ ÇÒÁÔËÉ, Á ÔÏÍÕ ÞÁÓÔÏ ÍÏÖÅÂÕÔÉ ÒÏÚÒÁÈÏ×ÁÎÁ ÁÎÁÌ¦ÔÉÞÎÏ ¦ × ÕÓ¦È ×ÉÐÁÄËÁÈ (¦ Ú ÄÏÂÒÏÀ ÔÏÞÎ¦ÓÔÀ)| ËÏÍÐ'ÀÔÅÒÎÉÍÉ ÍÅÔÏÄÁÍÉ. úÎÁÞÅÎÎÑ cp, ÑËÅ ÄÁ¤ îäë, ¤ ÞÉÓÅÌØÎÏÎÅ ÄÕÖÅ ÄÏÂÒÉÍ, ÁÌÅ ÑË¦ÓÎÏ îäë Â¦ÌØÛ ÐÏÓÌ¦ÄÏ×ÎÅ ×¦Ä ÂÁÇÁÔØÏÈ ¦Î-ÛÉÈ, Â¦ÌØÛ ÇÒÏÍ¦ÚÄËÉÈ, ÍÅÔÏÄ¦× [13{15].ýÅ ÏÄÉÎ ÅÆÅËÔ Õ ÒÏÚ×ÅÄÅÎ¦ÊÓÉÓÔÅÍ¦ ÐÏËÁÚÁÎÉÊ ÎÁ ÒÉÓ. 2 | ËÏÒÅÌÑÃ¦ÊÎÁ ÆÕÎËÃ¦Ñm(2)11 (~q) = Xj ei~q ~Rij hSi1Sj1icÎÅ ÚÁÎÕÌÀ¤ÔØÓÑ ÐÒÉ T ! 0. ïÔÖÅ ÓÐÒÉÊÎÑÔÌÉ×¦ÓÔØ ÒÏÚ×ÅÄÅÎÏ§ ÓÉÓÔÅ-ÍÉ � � m(2)11 (~q)=T ÒÏÚÂ¦ÇÁ¤ÔØÓÑ ÐÒÉ ÎÉÚØËÉÈ ÔÅÍÐÅÒÁÔÕÒÁÈ. ãÅ Ñ×ÉÝÅÔÅÖ ÍÏÖÅ ÂÕÔÉ ÏÂÇÒÕÎÔÏ×ÁÎÅ ÑË¦ÓÎÉÍÉ Í¦ÒËÕ×ÁÎÎÑÍÉ. òÏÚÇÌÑÎÅÍÏÓÐ¦Î ÓÏÒÔÕ 1, ÏÔÏÞÅÎÉÊ Ú×¦ÄÕÓ¦ÌØ ÄÏÍ¦ÛËÁÍÉ. ÷¦Î ÎÅ ×ÚÁ¤ÍÏÄ¦¤ Ú ÒÅÛ-ÔÏÀ ÓÉÓÔÅÍÉ. ëÏÒÅÌÑÔÏÒ ÓÉÓÔÅÍÉ ÎÅ×ÚÁ¤ÍÏÄ¦ÀÞÉÈ ÓÐ¦Î¦× ÍÏÖÅ ÂÕÔÉÒÏÚÒÁÈÏ×ÁÎÉÊ ÔÏÞÎÏ: m(2)(~q) = 1� th2 �kT �=0= 1. ïÓË¦ÌØËÉ ÄÏÌÑ ÔÁËÉÈ¦ÚÏÌØÏ×ÁÎÉÈ ÓÐ¦Î¦× Õ ÓÉÓÔÅÍ¦ ÎÅ ¤ ÎÅÓË¦ÎÞÅÎÎÏ ÍÁÌÏÀ (x = c1(1�c1)z),ÔÏ §È ×ÎÅÓÏË ÐÏÑÓÎÀ¤ ÎÅÓË¦ÎÞÅÎÎÕ ÓÐÒÉÊÎÑÔÌÉ×¦ÓÔØ ÐÒÉ T ! 0. ôÁËÉÊ×ÎÅÓÏË ÄÁÀÔØ ÎÅ Ô¦ÌØËÉ ¦ÚÏÌØÏ×ÁÎ¦ ÓÐ¦ÎÉ, Á ×ÚÁÇÁÌ¦, ÂÕÄØ-ÑË¦ ÓË¦ÎÞÅÎÎ¦
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c1òÉÓ. 3. ôÅÍÐÅÒÁÔÕÒÉ ÓÐ¦ÎÏ×ÏÇÏ ×ÐÏÒÑÄËÕ×ÁÎÎÑ (ÔÅÍÐÅÒÁÔÕÒÉ ëÀÒ¦,ÔÏÎË¦ Ì¦Î¦§) ¦ ÒÏÚÛÁÒÕ×ÁÎÎÑ (Â¦ÎÏÄÁÌ¦, ÖÉÒÎ¦ Ì¦Î¦§) ÒÏÚ×ÅÄÅÎÏ§ ÓÉÓÔÅ-ÍÉ (K11 = 1, K12 = K22 = 0) ÎÁ ÐÌÏÓË¦Ê Ë×ÁÄÒÁÔÎ¦Ê ÇÒÁÔÃ¦ ÐÒÉ Ò¦Ú-ÎÉÈ ÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒÁ ÎÅÏÂÍ¦ÎÎÏ§ ×ÚÁ¤ÍÏÄ¦§ ~V = V11 + V22� 2V12:ÒÅÚÕÌØÔÁÔÉ îíð ¦ îäë. ì¦Î¦§ ÒÏÚÄ¦ÌÑÀÔØ ÐÁÒÁÍÁÇÎ¦ÔÎÕ (I), ÆÅÒÏ-ÍÁÇÎ¦ÔÎÕ (II) ¦ ÒÏÚÛÁÒÏ×ÁÎÕ (III) ÆÁÚÉ.ËÌÁÓÔÅÒÉ. ýÅ ÏÄÉÎ ÐÒÏÑ× ÓË¦ÎÞÅÎÎÉÈ ËÌÁÓÔÅÒ¦× ÂÁÞÉÍÏ ÎÁ ÐÏ×ÅÄ¦ÎÃ¦m(1)1 (ÒÉÓ. 1).õ ÒÏÚ×ÅÄÅÎ¦Ê ÓÉÓÔÅÍ¦m(1)1 =c1 < 1, ÂÏ ÓË¦ÎÞÅÎÎ¦ ËÌÁÓÔÅÒÉÎÅ ÄÁÀÔØ ×ÎÅÓËÕ × ÓÐÏÎÔÁÎÎÕ ÐÏÌÑÒÉÚÁÃ¦À. ôÁË ÑË îíð ÎÅÞÕÔÌÉ×ÅÄÏ ËÏÎÃÅÎÔÒÁÃ¦ÊÎÉÈ ÆÌÕËÔÕÁÃ¦Ê, ÔÏ ×ÏÎÏ ÎÅ ×¦ÄÔ×ÏÒÀ¤ ÃÉÈ ÅÆÅËÔ¦×.õ ×ÉÐÁÄËÕ òâ ÒÏÚ×ÅÄÅÎÁ ÍÏÄÅÌØ ÏÐÉÓÕ¤ ÍÁÇÎ¦ÔÎÉÊ ÇÒÁÔËÏ×ÉÊ ÇÁÚ.õ Ã¦Ê ÍÏÄÅÌ¦, ËÒ¦Í ÍÁÇÎ¦ÔÎÏÇÏ ÆÁÚÏ×ÏÇÏ ÐÅÒÅÈÏÄÕ, ¤ ÝÅ Ê ÐÅÒÅÈ¦Ä,ÐÏ×'ÑÚÁÎÉÊ Ú ÒÏÚÛÁÒÕ×ÁÎÎÑÍ ÓÉÓÔÅÍÉ. ðÒÉ ÎÉÚØËÉÈ ÔÅÍÐÅÒÁÔÕÒÁÈÄ×ÏÓÏÒÔÎÁ ÓÉÓÔÅÍÁ ÒÏÚÐÁÄÁ¤ÔØÓÑ ÎÁ Ä×¦ ÆÁÚÉ: ÏÄÎÁ Ú ÎÉÈ ("Ò¦ÄÉÎÁ")ÚÂÁÇÁÞÅÎÁ ÓÏÒÔÏÍ 1, ÄÒÕÇÁ ("ÐÁÒÁ") ÂÁÇÁÔÁ ÎÁ ÓÏÒÔ 2. ôÅÍÐÅÒÁÔÕ-ÒÁ ÐÅÒÅÈÏÄÕ ¦ ËÏÎÃÅÎÔÒÁÃ¦§ ÓÐ¦×¦ÓÎÕÀÞÉÈ ÆÁÚ ×ÉÚÎÁÞÁÀÔØÓÑ ËÒÉ×ÏÀÂ¦ÎÏÄÁÌ¦. ÷ÅÒÛÉÎÁ Â¦ÎÏÄÁÌ¦ ×¦ÄÐÏ×¦ÄÁ¤ ËÒÉÔÉÞÎ¦Ê ÔÅÍÐÅÒÁÔÕÒ¦, ×ÉÝÅÑËÏ§ ÚÎÉËÁ¤ Ò¦ÚÎÉÃÑ Í¦Ö Ò¦ÄÉÎÏÀ ¦ ÐÁÒÏÀ. îÁ ÒÉÓÕÎËÕ 3 ÚÏÂÒÁÖÅÎÁÆÁÚÏ×Á Ä¦ÁÇÒÁÍÁ ÍÏÄÅÌ¦ × îíð ¦ × îäë. ÷ÉÄÎÏ, ÝÏ × îäë ÎÅÏÂÍ¦Î-ÎÁ ×ÚÁ¤ÍÏÄ¦Ñ ÚÍ¦ÎÀ¤ ÔÅÍÐÅÒÁÔÕÒÕ ëÀÒ¦. ãÅ Ñ×ÉÝÅ ÍÏÖÎÁ ÐÏÑÓÎÉÔÉÔÁË: ÐÒÉ ~V > 0 ÒÏÚÛÁÒÕ×ÁÎÎÑ ÓÔÁ¤ ÅÎÅÒÇÅÔÉÞÎÏ ÝÅ Â¦ÌØÛ ×ÉÇ¦ÄÎÅ,ÂÏ ÓÐ¦ÎÉ ÏÄÎÁËÏ×ÉÈ ÓÏÒÔ¦× ×ÚÁ¤ÍÏÄ¦ÀÔØ ÓÉÌØÎ¦ÛÅ, Î¦Ö Ò¦ÚÎÏÓÏÒÔÎ¦ÓÐ¦ÎÉ; ÃÅ ÐÒÉ×ÏÄÉÔØ ÄÏ ÔÏÇÏ, ÝÏ ÓÐ¦ÎÉ ÓÏÒÔÕ 1 ÇÒÕÐÕÀÔØÓÑ ¦ ×ÓÔÕ-ÐÁÀÔØ Õ ×ÚÁ¤ÍÏÄ¦À, ×ÐÌÉ× ÒÏÚ×ÅÄÅÎÎÑ ÏÓÌÁÂÌÀ¤ÔØÓÑ, ÔÅÍÐÅÒÁÔÕÒÁëÀÒ¦ Ð¦Ä×ÉÝÕ¤ÔØÓÑ.
ICMP{98{13 30ì¦ÔÅÒÁÔÕÒÁ1. ä.úÁÊÍÁÎ. íÏÄÅÌÉ ÂÅÓÐÏÒÑÄËÁ. íÏÓË×Á, íÉÒ, 1982, 591Ó.2. ÷.ç.÷ÁËÓ, î.å.úÅÊÎ. ë ÔÅÏÒÉÉ ÆÁÚÏ×ÙÈ ÐÅÒÅÈÏÄÏ× × Ô×ÅÒÄÏÍ ÒÁÓÔ×ÏÒÅ.// öüôæ, 1974, Ô. 67, °9, Ó. 1082-1100.3. K.Deguchi, E.Okaue, E.Nakamura. E�ect of deuteration on the dielectricproperties of ferroelectric CsH2PO4. I. Static dielectric properties. // J.Phys. Soc. Jpn., 1982, vol. 51, No 11, p. 3575-3582.4. K.Deguchi, E.Nakamura, E.Okaue, N.Aramaki. E�ect of deuteration onthe dielectric properties of ferroelectric CsH2PO4. II. Dynamic dielectricproperties. // J. Phys. Soc. Jpn., 1982, vol. 51, No 11, p. 3583-3590.5. E.Kanda, M.Yoshizava, T.Yamakami, T.Fujimura. Speci�c heat study offerroelectric CsH2PO4 and CsD2PO4. // J. Phys. C, 1982, vol. 15, p.6823-6831.6. N.Kojyo, Y.Onodera. Proton tunnelling model for the ferroelectric phasetransition in CsH2PO4. // J. Phys. Soc. Jpn., 1988, vol. 57, No 12, p.4391-4402.7. N.Kojyo, Y.Onodera. Theory of the ferroelectric phase transition inCs(H1�xDx)2PO4. // J. Phys. Soc. Jpn., 1989, vol. 58, No 9, p. 3212-3218.8. á.éÓÉÈÁÒÁ. óÔÁÔÉÓÔÉÞÅÓËÁÑ ÆÉÚÉËÁ. í, íÉÒ, 1974, 471Ó.9. â.ñ.âÁÌÁÇÕÒÏ×, ÷.ç.÷ÁËÓ, ò.ï.úÁÊÃÅ×. óÔÁÔÉÓÔÉËÁ ÏÄÎÏÍÅÒÎÏÊ ÍÏÄÅÌÉÔ×ÅÒÄÏÇÏ ÒÁÓÔ×ÏÒÁ. // æôô, 1974, Ô. 16, °8, Ó. 2302-2309.10. R.R.Levitskii, S.I.Sorokov, R.O.Sokolovskii. Correlation functions of qu-enched and annealed Ising systems. // Condensed Matter Physics, 1995,vol. 5, p. 81-104.11. R.R.Levitskii, S.I.Sorokov, R.O.Sokolovskii. Relaxational dynamics andthermodynamics of disordered Ising model: two-particle cluster approxi-mation. // JMMM, 1995, vol. 140-144, p. 271-272.12. ò.ò.ìÅ×ÉÃØËÉÊ, ó.¶.óÏÒÏËÏ×, ò.ï.óÏËÏÌÏ×ÓØËÉÊ. îÅ×ÐÏÒÑÄËÏ×ÁÎÁ ÍÏ-ÄÅÌØ ¶ÚÉÎÇÁ Ú ÎÅÒ¦×ÎÏ×ÁÖÎÉÍ ÂÅÚÌÁÄÏÍ Õ ÎÁÂÌÉÖÅÎÎ¦ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏËÌÁÓÔÅÒÁ. // öÕÒÎÁÌ Æ¦ÚÉÞÎÉÈ ÄÏÓÌ¦ÄÖÅÎØ, 1996, Ô. 1, °1, Ó. 70-89.13. H.Mano. A new cluster approximation to the diluted Ising and Heisenbergferromagnet. // Progr. Theor. Phys., 1977, vol. 57, No 6, p. 1848-1861.14. H.Sato, A.Arrott. Remarks on magnetically dilute systems. // J. Phys.Chem. Solids, 1959, vol. 10, p. 19-34.15. T.Kaneyoshi, I.Tamura, R.Honmura. Diluted Ising ferromagnet: Its phys-ical properties. // Phys. Rev. B, 1984, vol. 29, p. 2769-2776.



31 ðÒÅÐÒÉÎÔDE GENNES LIMIT: FROM SPINSTATISTICS TO THEMACROMOLECULESYu. HolovatchInst. Cond. Matt. Phys., Ukrainian Acad. Sci., Lviv, UkraineIn this lecture we will show how the statistics of the (generalized)Ising model leads to important results in physics of polymers. This anal-ogy was �rst realized in the early 70-ies mainly due to works of P.G.de Gennes [1] and now the limit m ! 0 of the m vector model we willconsider here is often called the polymer or self-avoiding walk (SAW)limit.So let us start considering one of the generalizations of the Isingmodel, the m vector model, describing a system of N interacting classicalvectors ("spins") ~Si of dimension m located in the sites Ri, i = 1 : : :Nof d-dimensional hypercubic lattice. The Hamiltonian of the m vectormodel given by: H = �Xi>j Kij ~Si~Sj ; (1)~Si = fS(1)i ; S(2)i ; : : : ; S(m)i g;and let us take that the interaction Kij is be the nearest neighbours one:Kij = � K sites i; j are the nearest neighbours;0 otherwise: (2)We take the following spin normalization:j~Sij2 = m: (3)The equation for the partition function reads [2,3]:ZN = Spe��H ; (4)here the trace means integration over the surface of a (m-dimensionalhypersphereSp(: : :) = NYj=1Z d
j Z 10 dSjSm�1j �(j~Sj j � pm)(: : :); (5)
ICMP{98{13 32where R d
j stands for the integration over (m � 1) angles in m-dimensional polar coordinates. Introducing the average over angles by:< (: : :) >0= 1
 NYj=1 Z d
j Z 10 dSjSm�1j �(j~Sj j � pm)(: : :); (6)where 
 = SNm is the volume of the spin phase spaceSm = 2�m=2Lm�1�(m=2) ;we can rewrite the partition function as:ZN = Spe��H = 
 < e��H >0 : (7)For the thermodynamic averaging with the Boltzmann factor e��H wewill keep the notation < : : : > and for any function of spin variablesG(f~Sjg) the thermodynamic average is de�ned in terms of the averageover angles (6) by: < G >= 1ZN < Ge��H >0 : (8)Our purpose now is to show that the expression (4) for the partitionfunction is essentially simpli�ed if we pass to the limit m ! 0. To dothis let us look on the expansion of ZN in the form of so-called high-temperature series: ZN = 
 < 1Xj=0 (��H)jj! >0 : (9)Substituting the Hamiltonian (1) we get:ZN = 
 < 1� �Xi>j Kij ~Si~Sj +�22! Xi>jXk>lKijKlm(~Si ~Sj)(~Sk ~Sl) + : : : >0 : (10)In order to calculate arising in (10) averages on one site j which are oftype: < S�1S�2 : : : S�l >j;0; (11)



33 ðÒÅÐÒÉÎÔ(S� � S�j ) let us introduce the generation function:f(k) = < ei~k~S >j;0; (12)~k~S = mX�=1k�S�: (13)Then the averages (11) will be given by:< S�1S�2 : : :S�l >j;0= (i)l @@k�1 @@k�2 : : : @@k�l f(k)jk=0: (14)To calculate (12) we pass to the m-dimensional polar coordinates andget:f(k) =< ei~k~S >j;0= 1Sm Z 2�0 d� Z �0 d�1 sin �1 Z �0 d�2(sin �2)2 : : :Z �0 d�m�2(sin �m�2)m�2 Z 10 dSSm�1�(S �pm)eikS cos �m�2 =�(m=2)�1=2 1Xp=0(�)p k2pmp(2p)! �(p+ 1=2)�(p+ m=2) : (15)Let us write several terms of the series (15):p = 0 : �(m=2)�1=2 �(1=2)�(m=2) = 1; (16)p = 1 : ��(m=2)�1=2 k2m2! �(3=2)�(m=2 + 1) = �k22 ; (17)p = 2 : �(m=2)�1=2 k4m24! �(5=2)�(m=2 + 2) = mk48(m+ 2) ; (18): : : :For the general term a2p in (15) at m! 0 we have [3]:limm!0 a2p(m) = limm!0 (2l � 1)!!ml(2l)!m(m + 2) : : : (m+ 2l � 2) = 0; (19)l � 2:Returning back to the function f(k) we see that in the limit m ! 0 ithas the following form: f(k) = 1� k22 ; m = 0: (20)
ICMP{98{13 34And for the averages (11) we have:< S�1S�2 >j;0= ��1;�2 ; m = 0; (21)< S� >j;0=< S�1S�2S�3 >j;0= : : : = 0; m = 0: (22)Equations (21), (22) we have just proven are sometimes called the the-orem of moments and they lead to crucial simpli�cations in the calcula-tion of the partition function (10). Rewriting series (10) for the partitionfunction we get in the limit m! 0:ZN
 = <Yi>j e�KijP� S�i S�j >0=<Yi>j(1 + �KijX� S�i S�j + 12!(�KijX� S�i S�j )2 >0 : (23)All the rest terms in the expansion of the exponent are equal to zerobecause of the condition (22). Really the next term in (23) reads:13!(�KijX� S�i S�j )3 (24)and will obviously contain the contribution S�1i S�2i S�3i which after av-eraging over the angles appears to be equal to zero.Looking on the expression (23) we can see that typical term there isof the form: X�1;:::�l �Ki1i01S�1i1 S�1i01 : : :�Kili0lS�lil S�li0l : (25)Because of the conditions (21), (22) only those terms will give non-zerocontributions, which contain the products of two spin variables S�ii S�jion one site. The succesive contributions to ZN can be represented ina form of graphs on a lattice. Let us put in correspondence to eachbond Kij joining the nearest neighbours the line and each site i will berepresented by the product S�ii S�ji . The above construction leads to theresult that the only allowed graphs are those, represented by the closedloops on the lattice, as shown in the Fig. 1. The four-bond loop shownthere is represented by the following term of the perturbation theoryexpansion:(�)4 < X�1;:::�4 S�11 S�12 S�22 S�23 S�33 S�34 S�44 S�41 K12K23K34K41 >1;2;3;4;0=(�K)4 X�1;:::�4 ��1;�2��2;�3��3;�4��4;�1 = (�K)4m: (26)



35 ðÒÅÐÒÉÎÔNote that each of the above described loops can not intersect itself:the intersection would mean the appearance of term< S�1i S�2i S�3i S�4i >i;0 (27)which is to be equal to zero because of (22).
K12 K23K41 K341q K12 3 4Figure 1. Closed loops on the lattice correponding to the only allowedgraphs entering expansion of the m vector model partition function ZNin the limit m ! 0 (23). The four-bond loop in the lower left cornercorresponds to the term (26). To each of the sites f1,2,3,4g there corre-spond terms S�11 S�11 , S�22 S�22 , S�33 S�33 , S�44 S�44 . And the sum P�1;:::�4is to be taken.So the expression for the partition function is represented as a sumof all possible loops of di�erent number of bonds (changing from 2 to N )

ICMP{98{13 36and reads: ZN
 = 1 + NXi�2N (L)i m; (28)whereN (L)i is the number of distinct loops of i steps without intersectionswhich can be placed on the lattice. Recalling that we are working in thelimit m! 0 we rewrite (28) as:ZN
 = 1: (29)To some extend we obtained the trivial result: correspondingly normal-ized partition function of the system of vectors with m = 0 componentsequals 1. But as far as we have seen how the statistics of SAWs doesappear in the spin problem at m! 0 let us study now in the same limitthe spin-spin correlation function:< S�i S�j >= 1ZN < S�i S�j e��H >0 : (30)Again we put the exponent into series and represent the result in the formof graphs as it was done above. But now every term of our expansionwill contain also the factor S�i S�j and typical contribution will be of theform:(�K)l < S�i � X�1;:::�l S�1i S�1i+1S�2i+1S�2i+2 : : :S�lj�1S�lj �S�j >i;i+1;:::j;0=(�K)l X�1;:::�l ��;�1��1;�2 : : : ��l;� = (�K)l : (31)In graphic form this will correspond to a path of non-intersectcing walks(=SAWs) of l steps joining points i and j, as shown in the Fig. 2. Andthe resulting expression for the spin-spin correlation function < S�i S�j >will be represented in a form of a sum (over l) of all possible walks of lsteps joining points i and j. So we have proven the fundamental theorem:< S�i S�j > jm=0 = NXl�1Nl(i; j)(�K)l ; (32)where Nl(i; j) is the number of distinct SAWs of l steps joining points iand j in l steps.Total number of distinct SAWs of l steps which start at point i, Nlis connected with Nl(i; j) by:



37 ðÒÅÐÒÉÎÔNl = NXj=1Nl(i; j); (33)
� Ki jFigure 2. Self avoiding walk on the lattice correponding to one of theallowed graphs entering expansion of the m vector model spin-spin paircorrelation function < S�i S�j > jm=0 (32). In this particular case pointsi and j are linked by the SAW consisting of l = 22 steps. Due to (31)the contribution of this graph equals (�K)22.and in the limit of large l � N � 1 the following asymptotic expres-sioin is expected for this number (see e.g. [2]):NN � ~zNN
�1; (34)~z being non-universal constant. Let us show now that the exponent 
entering (34) is the magnetic susceptibility critical exponent of the mvector model in the limit m! 0.

ICMP{98{13 38First let us prove the relation between the magnetic susceptibility �Tand the spin-spin pair correlation function S�i S�j . Let the Hamiltonianof the m vector model at the presence of external magnetic �eld be givenby: H = �Xi>j Kij ~Si~Sj �HXi S�i ; (35)where H is the external magnetic �eld applied in such a way that itcouples only the component S�i of the vector ~Si. Then de�ning the mag-netization by: M =<Xi S�i >� 1ZN Sp(Xi S�i e��H); (36)we can derive the following relation for the isothermal magnetic suscep-tibility: �T = �@M@H �T = @@Hn 1ZN Sp(Xi S�i e��H)o =� 1Z2N �@ZN@H �TSp(Xi S�i e��H) + �ZN Sp(Xi;j S�i S�j e��H) =�n 1ZN Sp(Xi;j S�i S�j e��H) � 1Z2N �Sp(Xi S�i e��H)�2o: (37)Or, returning to the de�nition of the averages we get:�T = �n < (Xi S�i )2 > � <Xi S�i >2 o: (38)This relation connects isothermal susceptibility with the 
uctuations ofmagnetization and is called the 
uctuation-dissipation theorem.Returning back to the formula (32) we can express the isothermalsusceptibility at zero external magnetic �eld at T > Tc in terms of thecorrelation function < S�i S�j > and connect it with the total numberof SAWs of l steps which start at the point i. The following qualitativeproof belongs to P.G. de Gennes [2]. For the magnetic susceptibility onehas: �T = �Xj < S�i S�j >= � NXl�1Nl(�K)l '� NXl�1 l
�1(�K~z)l = 1kBT Xl ( K~zkBT )ll
�1; (39)



39 ðÒÅÐÒÉÎÔwhere in the last equality Nl is substituted by its asymptotic value (34).The series (39) is convergent for the small values of T and diverges whenT reaches the critical value T = Tc = K~zkB (40)Considering temperatures close to Tc: T � Tc one can write:T = Tc(1 + � ) ' Tce� ; (41)with � = T � TcTcand �T ' 1kBTc Xl ( TcTce� )ll
�1 = 1kBTc Xl e��l l
�1: (42)Or, passing from the sum Pl to the integral R10 dl we get:�T ' ��
 ; (43)which identi�es the exponent 
 introduced by (34) with the critical ex-ponent for isothermal susceptibility.Similary it may be shown that the size of the region accesible for theSAW which is de�ned by the mean square end-to-end distance < R2 >corresponds to the correlation length of the magnetic system and theexponent � introduced for l � N � 1 as< R2 >� N2�; (44)equals to the correlation length � critical exponent � of the m! 0 vectormodel: � � (� )�� : (45)Thus the main result we obtain in thislecture is that the statistics oflong polymer chains (= SAWs) at N � 1 can be described in terms ofthat of m! 0 vector model at � ! 0. Let us note as well that the tem-perature of magnetic system is not connected with those of the polymersystem: whereas the magnetic system posesses the critical behaviour at� ! 0, the cirtical behaviour of the polymer system we were consideringhere appears in the limit of long chains N � 1.The last analogy allowed for a lot of important results in the physicsof polymers based, in particilar, of the application of the �eld theoreticalapproach to the theory of critical phenomena [2,4,5].
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