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õäë: 548:573.611.4PACS: 75.10.JmôÅÒÍÏÄÉÎÁÍ¦ËÁ XXZ{ÍÏÄÅÌ¦ × ÎÁÂÌÉÖÅÎÎ¦ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏËÌÁÓÔÅÒÁò.ò.ìÅ×ÉÃØËÉÊ, ó.¶.óÏÒÏËÏ×, ï.ò.âÁÒÁÎ, ¶.í.ðÉÎÄÚÉÎáÎÏÔÁÃ¦Ñ. ÷ ÎÁÂÌÉÖÅÎÎ¦ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ Ú Ä×ÏÍÁ ×ÁÒ¦Á-Ã¦ÊÎÉÍÉ ÐÁÒÁÍÅÔÒÁÍÉ 'z, 'x ÄÏÓÌ¦ÄÖÅÎÁ XXZ{ÍÏÄÅÌØ. äÁÌÅËÏÓÑÖ-ÎÁ ×ÚÁ¤ÍÏÄ¦Ñ J ×ÒÁÈÏ×Õ¤ÔØÓÑ × ÎÁÂÌÉÖÅÎÎ¦ ÍÏÌÅËÕÌÑÒÎÏÇÏ ÐÏÌÑ.ðÒÉ Ò¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒÁ ÁÎ¦ÚÏÔÒÏÐ¦§ � (Kzz = K,Kxx = Kyy = �K, Jzz = J , Jxx = Jyy = �J , K { ËÏÒÏÔËÏÑÖÎÁ×ÚÁ¤ÍÏÄ¦Ñ) ÔÁ ÄÁÌÅËÏÓÑÖÎÏ§ ×ÚÁ¤ÍÏÄ¦§ J ÐÏÂÕÄÏ×ÁÎ¦ ÆÁÚÏ×¦ Ä¦ÁÇÒÁÍÉ ¦ÏÔÒÉÍÁÎ¦ ÔÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ hSzi, hSxi, ÅÎÔÒÏÐ¦§, ÔÅÐÌÏ¤ÍÎÏÓÔ¦ÔÁ ÓÔÁÔÉÞÎÏ§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦. ðÏËÁÚÁÎÏ, ÝÏ ÐÒÉ � � 1 ÎÁÂÌÉÖÅÎÎÑÄ×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ ÄÁ¤ ÎÅËÏÒÅËÔÎ¦ ÒÅÚÕÌØÔÁÔÉ × ÎÉÚØËÏÔÅÍ-ÐÅÒÁÔÕÒÎ¦Ê ÏÂÌÁÓÔ¦.Thermodynamics of XXZ{model within two-particle clusterapproximationR.R.Levitskii, S.I.Sorokov, O.R.Baran, I.M.PyndsynAbstract. The XXZ{model was investigated within two{particle clus-ter approximation with two variational parameters 'z , 'x. The long{range interaction J was taken into account in the framework of mean{�eld approximation.At various values of the anisotropy parameter � (Kzz = K,Kxx = Kyy = �K, Jzz = J , Jxx = Jyy = �J , K { short{range inter-action) and long{range interaction J , phase diagrams were constructedand temperature dependences of hSzi, hSxi, entropy, speci�c heat, andstatic susceptibility were calculated. It was shown that at � � 1 two{particle cluster approximation gave qualitatively incorrect results in alow{temperature region.ðÏÄÁ¤ÔØÓÑ × öÕÒÎÁÌ æ¦ÚÉÞÎÉÈ äÏÓÌ¦ÄÖÅÎØSubmitted to Journal of Physical Studiesc ¶ÎÓÔÉÔÕÔ Æ¦ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ 1997Institute for Condensed Matter Physics 1997



1 ðÒÅÐÒÉÎÔ1. ÷ÓÔÕÐ÷ ÓÕÞÁÓÎ¦Ê ÓÔÁÔÉÓÔÉÞÎ¦Ê Æ¦ÚÉÃ¦ ÚÎÁÞÎÁ Õ×ÁÇÁ ÐÒÉÄ¦ÌÑ¤ÔØÓÑ ÄÏ-ÓÌ¦ÄÖÅÎÎÀ ÓÅÇÎÅÔÏÁËÔÉ×ÎÉÈ ¦ ÍÁÇÎ¦ÔÎÉÈ ÍÁÔÅÒ¦ÁÌ¦×.ôÁË, ÄÌÑ ÐÓÅ×ÄÏ-ÓÐ¦ÎÏ×ÉÈ ÓÉÓÔÅÍ Ú ÄÁÌÅËÏÓÑÖÎÉÍÉ ×ÚÁ¤ÍÏÄ¦ÑÍÉ, Á ÔÁËÏÖ Ú ËÏÒÏÔËÏ-ÓÑÖÎÉÍÉ ËÏÒÅÌÑÃ¦ÑÍÉ ÐÒÉ ÎÁÑ×ÎÏÓÔ¦ ×ÅÌÉËÏÇÏ ÞÉÓÌÁ ÎÁÊÂÌÉÖÞÉÈÓÕÓ¦Ä¦× ÛÉÒÏËÏ ×ÉËÏÒÉÓÔÏ×Õ×Á×ÓÑ ÒÏÚËÌÁÄ ÐÏ ÏÂÅÒÎÅÎÏÍÕ ÒÁÄ¦ÕÓÕ×ÚÁ¤ÍÏÄ¦§ [1{4].õ ×ÉÐÁÄËÕ ÐÓÅ×ÄÏÓÐ¦ÎÏ×ÉÈ ÓÉÓÔÅÍ Ú ËÏÒÏÔËÏÓÑÖÎÉÍÉ×ÚÁ¤ÍÏÄ¦ÑÍÉ (ÐÅÒÅ×ÁÖÎÏ Ú ×ÒÁÈÕ×ÁÎÎÑÍ ÌÉÛÅ ÎÁÊÂÌÉÖÞÉÈ ÓÕÓ¦Ä¦×)ÄÏÓÔÁÔÎØÏ ÅÆÅËÔÉ×ÎÉÍ (ÏÓÏÂÌÉ×Ï ÄÌÑ ÎÉÚØËÏÒÏÚÍ¦ÒÎÉÈ ÓÉÓÔÅÍ) ¤ ÍÅ-ÔÏÄ ËÌÁÓÔÅÒÎÉÈ ÒÏÚ×ÉÎÅÎØ [5{16]. ðÒÏÔÅ ¤ Ã¦ÌÉÊ ÒÑÄ ÒÅÞÏ×ÉÎ, ÄÌÑÑËÉÈ ÓÕÔÔ¤×ÉÍÉ ¤ ¤ÆÅËÔÉ×Î¦ ÄÁÌÅËÏÓÑÖÎ¦ ¦ ËÏÒÏÔËÏÓÑÖÎ¦ ×ÚÁ¤ÍÏÄ¦§Í¦Ö ÐÓÅ×ÄÏÓÐ¦ÎÁÍÉ. óÅÒÅÄ ÎÉÈ ÓÌ¦Ä ×ÉÄ¦ÌÉÔÉ ÐÅÒÛ ÚÁ ×ÓÅ ÓÅÇÎÅÔÏ-ÁËÔÉ×Î¦ ÍÁÔÅÒ¦ÁÌÉ ÔÉÐÕ ÐÏÒÑÄÏË{ÂÅÚÌÁÄ, × ÔÏÍÕ ÞÉÓÌ¦ ÓÅÇÎÅÔÏÁË-ÔÉ×Î¦ ÓÐÏÌÕËÉ Ú ×ÏÄÎÅ×ÉÍÉ Ú×'ÑÚËÁÍÉ, Á ÔÁËÏÖ Ë×ÁÚ¦ÏÄÎÏ×ÉÍ¦Ò¦Î¦ ¦Ë×ÁÚ¦Ä×Ï×ÉÍ¦ÒÎ¦ ÍÁÇÎ¦ÔÎ¦ ¦ ÓÅÇÎÅÔÏÁËÔÉ×Î¦ ÓÐÏÌÕËÉ. íÉ ÔÕÔ ÎÅ ÂÕÄÅ-ÍÏ ÚÕÐÉÎÑÔÉÓÑ ÎÁ ×ÉÑÓÎÅÎÎ¦ Æ¦ÚÉÞÎÏ§ ÐÒÉÒÏÄÉ ÏÂÏÈ ÔÉÐ¦× ×ÚÁ¤ÍÏÄ¦Ê.÷ ËÏÖÎ¦Ê ËÏÎËÒÅÔÎ¦Ê ÚÁÄÁÞ¦ ÃÅ ÐÉÔÁÎÎÑ ÐÏÔÒÅÂÕ¤ ÓÐÅÃ¦ÁÌØÎÏÇÏ ÒÏÚ-ÇÌÑÄÕ. äÌÑ ÁÄÅË×ÁÔÎÏÇÏ ÏÐÉÓÕ ÔÁËÉÈ ÏÂ'¤ËÔ¦× ÎÅÏÂÈ¦ÄÎÉÊ ÔÅÏÒÅÔÉÞ-ÎÉÊ Ð¦ÄÈ¦Ä, ÑËÉÊ ÂÉ ÐÏÚ×ÏÌÉ× ÚÁÓÔÏÓÏ×Õ×ÁÔÉ Ò¦ÚÎÏÍÁÎ¦ÔÎÕ ÔÅÈÎ¦ËÕÐÒÉ ×ÒÁÈÕ×ÁÎÎ¦ ËÏÒÏÔËÏÓÑÖÎÉÈ ¦ ÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦Ê. ÷ÁÒÔÏÚÁÕ×ÁÖÉÔÉ, ÝÏ ÚÇÁÄÁÎÁ ×ÉÖÞÅ ÍÁÔÅÍÁÔÉÞÎÁ ÐÒÏÂÌÅÍÁ ¤ ÔÉÐÏ×ÏÀÄÌÑ ÂÁÇÁÔÏÞÁÓÔÉÎËÏ×ÉÈ ÓÉÓÔÅÍ. ÷ÏÎÁ ÕÓÐ¦ÛÎÏ ×ÉÒ¦ÛÕ×ÁÌÁÓÑ ÐÒÉ ÐÏ-ÂÕÄÏ×¦ Í¦ËÒÏÓËÏÐ¦ÞÎÏ§ ÔÅÏÒ¦§ ÍÅÔÁÌ¦× [17{20] ÔÁ ËÌÁÓÉÞÎÉÈ ÓÉÓÔÅÍ[21,22]. ÷ ÃÉÈ ÒÏÂÏÔÁÈ ÄÁÌÅËÏÓÑÖÎ¦ ×ÚÁ¤ÍÏÄ¦§ ÏÐÉÓÕÀÔØÓÑ × ÆÁÚÏ-×ÏÍÕ ÐÒÏÓÔÏÒ¦ ËÏÌÅËÔÉ×ÎÉÈ ÚÍ¦ÎÎÉÈ, Á ËÏÒÏÔËÏÓÑÖÎ¦ { × ÆÁÚÏ×ÏÍÕÐÒÏÓÔÏÒ¦ ¦ÎÄÉ×¦ÄÕÁÌØÎÉÈ ËÏÏÒÄÉÎÁÔ. ëÏÒÏÔËÏÓÑÖÎ¦ ×ÚÁ¤ÍÏÄ¦§, ÔÁËÉÍÞÉÎÏÍ, ×¦Ä¦ÇÒÁÀÔØ Î¦ÂÉ ÂÁÚÉÓÎÕ ÒÏÌØ ÐÏ ×¦ÄÎÏÛÅÎÎÀ ÄÏ ÄÁÌÅËÏÓÑÖ-ÎÉÈ ×ÚÁ¤ÍÏÄ¦Ê. ôÏÍÕ ÐÅÒÅ×ÁÖÎÏ [21,22] ÓÉÓÔÅÍÕ Ú ËÏÒÏÔËÏÓÑÖÎÉÍÉ×ÚÁ¤ÍÏÄ¦ÑÍÉ ÎÁÚÉ×ÁÀÔØ ÂÁÚÉÓÎÏÀ ÓÉÓÔÅÍÏÀ, ÁÂÏ ÓÉÓÔÅÍÏÀ ×¦ÄÌ¦ËÕ.úÁÓÔÏÓÏ×ÕÀÞÉ ¦ÄÅÀ ×ÉÄ¦ÌÅÎÎÑ ÂÁÚÉÓÎÏ§ ÓÉÓÔÅÍÉ [21,22], × ÒÏÂÏÔÁÈ[23,24] ÄÌÑ ËÒÉÓÔÁÌ¦ÞÎÉÈ ÓÔÒÕËÔÕÒ ÂÕÌÁ ÐÏÂÕÄÏ×ÁÎÁ ÐÏÓÌ¦ÄÏ×ÎÁ ÔÅ-ÏÒ¦Ñ ÐÓÅ×ÄÏÓÐ¦ÎÏ×ÉÈ ÓÉÓÔÅÍ Ú ËÏÒÏÔËÏÓÑÖÎÉÍÉ ÔÁ ÄÁÌÅËÏÓÑÖÎÉÍÉ×ÚÁ¤ÍÏÄ¦ÑÍÉ. óÌ¦Ä ÚÁÕ×ÁÖÉÔÉ, ÝÏ ÏÔÒÉÍÁÎ¦ × ÃÉÈ ÒÏÂÏÔÁÈ ÚÁÇÁÌØÎ¦×ÉÒÁÚÉ ÄÌÑ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÉÈ ÔÁ ÄÉÎÁÍ¦ÞÎÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË ÓÉÓÔÅÍ,ÝÏ ÒÏÚÇÌÑÄÁÌÉÓÑ, Í¦ÓÔÑÔØ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎ¦ ÔÁ ËÏÒÅÌÑÃ¦ÊÎ¦ ÆÕÎËÃ¦§ ÂÁ-ÚÉÓÎÏ§ ÓÉÓÔÅÍÉ. äÏÓÉÔØ ÕÓÐ¦ÛÎÉÊ ÏÐÉÓ ÂÁÚÉÓÎÏ§ ÓÉÓÔÅÍÉ ÍÏÖÅ ÂÕÔÉÄÏÓÑÇÎÕÔÉÍ ÎÁ ÏÓÎÏ×¦ ÍÅÔÏÄÕ ËÌÁÓÔÅÒÎÉÈ ÒÏÚ×ÉÎÅÎØ [5{15]. ïÄÎÁË,ÎÁÖÁÌØ, ËÌÁÓÔÅÒÎÉÊ Ð¦ÄÈ¦Ä ÒÏÚ×ÉÎÕÔÉÊ ÌÉÛÅ ÄÌÑ ÒÏÚÒÁÈÕÎËÕ ÓÔÁ-ÔÉÞÎÉÈ ×ÌÁÓÔÉ×ÏÓÔÅÊ ÐÓÅ×ÄÏÓÐ¦ÎÏ×ÉÈ ÓÉÓÔÅÍ. ÷ Ú×'ÑÚËÕ Ú ÔÉÍ ÄÕÖÅ×ÁÖÌÉ×ÏÀ ÐÒÏÂÌÅÍÏÀ ¤ ÕÚÁÇÁÌØÎÅÎÎÑ ÒÏÚ×ÉÎÕÔÏÇÏ × ÒÏÂÏÔÁÈ [5{15]
ICMP{97{21U 2ËÌÁÓÔÅÒÎÏÇÏ Ð¦ÄÈÏÄÕ ÄÌÑ ÒÏÚÒÁÈÕÎËÕ ÄÉÎÁÍ¦ÞÎÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË ÂÁ-ÚÉÓÎÏ§ ÓÉÓÔÅÍÉ. ÷ ÒÏÂÏÔi [25] ÄÌÑ ÍÏÄÅÌ¦ ¶Ú¦ÎÇÁ ÃÑ ÐÒÏÂÌÅÍÁ ÂÕÌÁ×ÉÒ¦ÛÅÎÏÀ ÐÒÉ ÏÂÍÅÖÅÎÎ¦ ÐÅÒÛÉÍ ÐÏÒÑÄËÏÍ ËÌÁÔÅÒÎÏÇÏ ÒÏÚ×ÉÎÅÎÎÑÐÏ Ä×ÏÞÁÓÔÉÎËÏ×ÏÍÕ ËÌÁÓÔÅÒÕ (ÔÅ Ö ÓÁÍÅ ÝÏ ÎÁÂÌÉÖÅÎÎÑ Ä×ÏÞÁÓÔÉÎ-ËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ (îäë)). úÁÐÒÏÐÏÎÏ×ÁÎÁ × [25] ÍÅÔÏÄÉËÁ ÒÏÚÒÁÈÕÎËÕËÏÒÅÌÑÃ¦ÊÎÉÈ ÆÕÎËÃ¦Ê ÂÕÌÁ ÕÚÁÇÁÌØÎÅÎÏÀ ÄÌÑ ×ÉÐÁÄËÕ Ë×ÁÎÔÏ×ÉÈÐÓÅ×ÄÏÓÐ¦ÎÏ×ÉÈ ÓÉÓÔÅÍ ¦Ú ÓÐ¦ÎÏÍ 12 (×ÉÒÁÚÉ ÄÌÑ ËÏÒÅÌÑÃ¦ÊÎÉÈ ÆÕÎË-Ã¦Ê Õ Ñ×ÎÏÍÕ ×ÉÇÌÑÄ¦ ÏÔÒÉÍÁÎ¦ ÄÌÑ ÍÏÄÅÌ¦ çÅÊÚÅÎÂÅÒÇÁ) [26], ÔÁ ×ÒÏÂÏÔÁÈ [27,28] ÄÌÑ ×ÉÐÁÄËÕ ¶Ú¦ÎÇ¦×ÓØËÉÈ ÍÏÄÅÌÅÊ Ú ÄÏ×¦ÌØÎÉÍ ÚÎÁ-ÞÅÎÎÑÍ ÓÐ¦ÎÁ (×ÉÒÁÚÉ ÄÌÑ ËÏÒÅÌÑÃ¦ÊÎÉÈ ÆÕÎËÃ¦Ê Õ Ñ×ÎÏÍÕ ×ÉÇÌÑÄ¦ÏÔÒÉÍÁÎ¦ ÄÌÑ ÍÏÄÅÌ¦ âÌÀÍÁ{åÍÅÒ¦{çÒ¦Æ¦ÔÓÁ).íÅÔÏÀ ÄÁÎÏ§ ÒÏÂÏÔÉ ¤ ÄÏÓÌ¦ÄÖÅÎÎÑ ÍÅÖ ÚÁÓÔÏÓÕ×ÁÎÎÑ ÎÁÂÌÉ-ÖÅÎÎÑ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ Ú Ä×ÏÍÁ ×ÁÒ¦ÁÃ¦ÊÎÉÍÉ ÐÁÒÁÍÅÔÒÁ-ÍÉ ÐÏ ËÏÒÏÔËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ ÐÒÉ ×ÒÁÈÕ×ÁÎÎÎ¦ ÄÁÌÅËÏÓÑÖÎÉÈ×ÚÁ¤ÍÏÄ¦Ê × ÎÁÂÌÉÖÅÎÎ¦ ÍÏÌÅËÕÌÑÒÎÏÇÏ ÐÏÌÑ (îíð) ÄÌÑ XXZ{ÍÏÄÅÌ¦ ¦Ú ÓÐ¦ÎÏÍ 12 . ôÕÔ ÂÕÄÕÔØ ÒÏÚÒÁÈÏ×ÁÎ¦ ÌÉÛÅ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎ¦ÈÁÒÁËÔÅÒÉÓÔÉËÉ ÍÏÄÅÌ¦, Á ÄÏÓÌ¦ÄÖÅÎÎÑ ÄÉÎÁÍ¦ÞÎÉÈ ×ÌÁÓÔÉ×ÏÓÔÅÊ (×ÏÂÌÁÓÔÑÈ ÄÅ îäë ÄÁ¤ ËÏÒÅËÔÎ¦ ÒÅÚÕÌØÔÁÔÉ ÄÌÑ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÉÈ ÈÁ-ÒÁËÔÅÒÉÓÔÉË) ÂÕÄÅ ÐÒÏ×ÅÄÅÎÅ ÎÁÍÉ × ÎÁÓÔÕÐÎ¦Ê ÒÏÂÏÔ¦.2. ðÏÓÔÁÎÏ×ËÁ ÚÁÄÁÞ¦âÕÄÅÍÏ ÒÏÚÇÌÑÄÁÔÉ ÐÓÅ×ÄÏÓÐ¦ÎÏ×¦ ÓÉÓÔÅÍÉ Ú Sz = (�12 ; 12 ), ÑË¦ ÏÐÉÓÕ-ÀÔØÓÑ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÏÍH�fhz; hxg� = ��H = NXi=1 hhziSzi + hxi Sxi i (2.1)+12Xi;� KhSzi Szi+� + ��Sxi Sxi+� + Syi Syi+��i+12Xi;j JijhSzi Szj + ��Sxi Sxj + Syi Syj �i:ôÕÔ ÐÅÒÛÉÊ ÄÏÄÁÎÏË ÏÐÉÓÕ¤ ×ÚÁ¤ÍÏÄ¦À ÌÏËÁÌ¦ÚÏ×ÁÎÉÈ ÁÔÏÍÎÉÈ ÍÁÇ-Î¦ÔÎÉÈ ÍÏÍÅÎÔ¦× Ú ÎÅÏÄÎÏÒ¦ÄÎÉÍÉ ÍÁÇÎ¦ÔÎÉÍÉ ÐÏÌÑÍÉ, ÄÒÕÇÉÊ ÄÏÄÁ-ÎÏË { ÏÂÍ¦ÎÎÕ ×ÚÁ¤ÍÏÄ¦À ÁÔÏÍÎÉÈ ÍÁÇÎ¦ÔÎÉÈ ÍÏÍÅÎÔ¦×, Á ÏÓÔÁÎÎ¦ÊÄÏÄÁÎÏË ÏÐÉÓÕ¤ ÄÁÌÅËÏÓÑÖÎ¦ ×ÚÁ¤ÍÏÄ¦§ Í¦Ö ÍÁÇÎ¦ÔÎÉÍÉ ÍÏÍÅÎÔÁÍÉ.Sai (a=x;y;z) { Ä×ÏÒÑÄÎ¦ ÍÁÔÒÉÃ¦ ðÁÕÌ¦, , � { ÐÁÒÁÍÅÔÒÉ ÁÎ¦ÚÏÔÒÏ-Ð¦§ (×ÉÐÁÄÏË  = 0 ×¦ÄÐÏ×¦ÄÁ¤ XY{ÍÏÄÅÌ¦, � = 0 { ÍÏÄÅÌ¦ ¶Ú¦ÎÇÁ,Á  = � ×¦ÄÐÏ×¦ÄÁ¤ ÍÏÄÅÌ¦ çÅÊÚÅÎÂÅÒÇÁ). úÁÕ×ÁÖÉÍÏ, ÝÏ ÍÎÏÖÎÉË� = (kBT )�1 ÂÕÄÅÍÏ ×ÉÄ¦ÌÑÔÉ Ñ×ÎÏ (ÊÏÇÏ Í¦ÓÔÑÔØ hzi , hxi , K, Jij)ÌÉÛÅ × ÒÑÄ¦ Ë¦ÎÃÅ×ÉÈ ÓÐ¦××¦ÄÎÏÛÅÎØ.



3 ðÒÅÐÒÉÎÔíÅÔÏÀ ÄÁÎÏ§ ÒÏÂÏÔÉ ¤ ÄÏÓÌ¦ÄÖÅÎÎÑ ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÉÈ ×ÌÁÓÔÉ×Ï-ÓÔÅÊ XXZ{ÍÏÄÅÌ¦ × ÐÅÒÛÏÍÕ ÐÏÒÑÄËÕ ËÌÁÓÔÅÒÎÏÇÏ ÒÏÚ×ÉÎÅÎÎÑ ÐÏËÏÒÏÔËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ ÔÁ × ÎÁÂÌÉÖÅÎÎ¦ ÍÏÌÅËÕÌÑÒÎÏÇÏ ÐÏÌÑ ÐÏÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ.÷ ÒÁÍËÁÈ îíð ÐÏ ÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ ÇÁÍ¦ÌØÔÏÎ¦ÁÎ (2.1)ÐÒÅÄÓÔÁ×ÉÍÏ Õ ×ÉÇÌÑÄ¦H�fhz; hxg� = kH�f�z;�xg� (2.2)�12Xi;j JijhhSzi ihSzj i + �hSxi ihSxj ii :ôÕÔ ×ÉËÏÒÉÓÔÁÎÅ ÐÏÚÎÁÞÅÎÎÑ ÄÌÑ ÂÁÚÉÓÎÏÇÏ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÕ:kH�f�z;�xg� = NXi=1 h�ziSzi + �xi Sxi i (2.3)+12Xi;� KhSzi Szi+� + ��Sxi Sxi+� + Syi Syi+��i ;�zi = hzi +  NXj=1 JijhSzj i ; �xi = hxi + � NXj=1 JijhSxj i : (2.4)úÁÕ×ÁÖÉÍÏ, ÝÏ hSyi i � 0, ÝÏ ÌÅÇËÏ ÂÁÞÉÔÉ Ú ÓÉÍÅÔÒ¦§ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÕ(2.1) ×¦ÄÎÏÓÎÏ ÚÁÍ¦ÎÉ Syi �! �Syi .äÌÑ F�fhz; hxg�{ÆÕÎËÃ¦§ (ÌÏÇÁÒÉÆÍÁ ÓÔÁÔÉÓÔÉÞÎÏ§ ÓÕÍÉ) × îíðÐÏ ÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ ÎÁ ÏÓÎÏ×¦ (2.2) ÏÔÒÉÍÁ¤ÍÏ:F�fhz; hxg� = ln SpfSgeH (2.5)= kF�f�z;�xg�� 12Xi;j JijhhSzi ihSzj i+�hSxi ihSxj ii;ÄÅ kF�f�z;�xg�{ÆÕÎËÃ¦Ñ { ÌÏÇÁÒÉÆÍ ÓÔÁÔÉÓÔÉÞÎÏ§ ÓÕÍÉ ÂÁÚÉÓÎÏ§ÓÉÓÔÅÍÉ (2.3).ëÏÒÅÌÑÃ¦ÊÎ¦ ÆÕÎËÃ¦§ (ËÕÍÕÌÑÎÔÎ¦ ÓÅÒÅÄÎ¦ ×¦Ä ÐÓÅ×ÄÏÓÐ¦ÎÏ×ÉÈ ÏÐÅ-ÒÁÔÏÒ¦× ÐÏ ÒÏÚÐÏÄ¦ÌÕ ç¦ÂÂÓÁ Ú H ) ÍÏÄÅÌ¦, ÝÏ ÒÏÚÇÌÑÄÁ¤ÔØÓÑ, ÛÕËÁ-ÔÉÍÅÍÏ ÔÁËÉÍ ÞÉÎÏÍ:hSa1i1 : : :Sakik ic = ��ha1i1 : : : ��hakik F�fhz; hxg� : (2.6)
ICMP{97{21U 4á ëæ ÂÁÚÉÓÎÏ§ ÍÏÄÅÌ¦ {khSa1i1 : : :Sakik ic = ���a1i1 : : : ���akik F�f�z;�xg� : (2.7)÷ÉÈÏÄÑÞÉ Ú ×ÉÇÌÑÄÕ F{ÆÕÎËÃ¦§ (2.5), ÌÅÇËÏ ÏÔÒÉÍÁÔÉ ÓÐ¦××¦ÄÎÏÛÅÎÎÑÍ¦Ö ÕÎÁÒÎÉÍÉ ëæ ÂÁÚÉÓÎÏ§ ÍÏÄÅÌ¦ (2.3) ÔÁ ÐÏ×ÎÏ§ ÍÏÄÅÌ¦ × îíð ÐÏÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ (2.2):hSai i = ��hai F�fhz; hxg� (2.8)= ���ai kF�f�z;�xg� = khSai i ; (a=z;x) :3. îÁÂÌÉÖÅÎÎÑ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ Ú Ä×Ï-ÍÁ ×ÁÒ¦ÁÃ¦ÊÎÉÍÉ ÐÁÒÁÍÅÔÒÁÍÉ÷ ÄÁÎÏÍÕ ÒÏÚÄ¦Ì¦ ÍÉ ÒÏÚÇÌÑÎÅÍÏ ÐÓÅ×ÄÏÓÐ¦ÎÏ×¦ ÓÉÓÔÅÍÉ, ÑË¦ ÏÐÉÓÕ-ÀÔØÓÑ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÏÍ (2.3) (ÂÁÚÉÓÎÁ ÚÁÄÁÞÁ). ðÒÏ×ÅÄÅÍÏ ËÌÁÓÔÅÒÎÅÒÏÚ×ÉÎÅÎÎÑ ÐÒÉ ÒÏÚÂÉÔÔ¦ ÇÒÁÔËÉ ÎÁ Ä×ÏÞÁÓÔÉÎËÏ×¦ ËÌÁÓÔÅÒÉ [16]. ðÏ-ÚÎÁÞÉÍÏ ÞÅÒÅÚ r'zi Szi + r'xi Sxi (r'ai Í¦ÓÔÉÔØ ÍÎÏÖÎÉË �) ÏÐÅÒÁÔÏÒÅÆÅËÔÉ×ÎÏÇÏ ÐÏÌÑ, ÑËÅ Ä¦¤ ÎÁ ×ÕÚÏÌ i Ú ÂÏËÕ ×ÕÚÌÁ r, ÝÏ ÎÁÌÅÖÉÔØÄÏ ÎÁÊÂÌÉÖÞÏÇÏ ÏÔÏÞÅÎÎÑ i (r 2 �i). ïÞÅ×ÉÄÎÏ, ÝÏ ÎÁ ÄÏ×¦ÌØÎÉÊ×ÕÚÏÌ i ÐÒÉ ÒÏÚÂÉÔÔ¦ ÇÒÁÔËÉ ÎÁ Ä×ÏÞÁÓÔÉÎËÏ×¦ ËÌÁÓÔÅÒÉ Ä¦¤ z ÐÏÌ¦×(z { ÞÉÓÌÏ ÎÁÊÂÌÉÖÞÉÈ ÓÕÓ¦Ä¦×) Ú ÂÏËÕ ËÌÁÓÔÅÒ¦×, ÝÏ Í¦ÓÔÑÔØ ÄÁÎÉÊ×ÕÚÏÌ. ðÅÒÅÊÄÅÍÏ ×¦Ä ×ÕÚÏÌØÎÏÇÏ ÄÏ ËÌÁÓÔÅÒÎÏÇÏ ÓÕÍÕ×ÁÎÎÑ [16].12 Xi;� KSai Sai+�=X(1;2)KSa1Sa2 ; (a=x;y;z) ; (3.1)Xi Xr2�i r'ai Sai =X(1;2)�2'a1Sa1 + 1'a2Sa2 � ; (a=x;z) :ð¦ÓÌÑ ÔÏÔÏÖÎØÏÇÏ ÐÅÒÅÔ×ÏÒÅÎÎÑ Ú ×ÒÁÈÕ×ÁÎÎÑÍ (3.1) ÂÁÚÉÓÎÉÊ ÇÁ-Í¦ÌØÔÏÎ¦ÁÎ (2.3) ÍÁÔÉÍÅ ×ÉÇÌÑÄ:kH�f�z;�xg; f'z; 'xg� =X1 H1�~�z1; ~�x1� (3.2)+X(1;2)U12�2'z1; 2'x1 ; 1'z2; 1'x2� ;ÐÒÉÞÏÍÕ H1�~�z1; ~�x1� = ~�z1Sz1 + ~�x1Sx1 ; (3.3)



5 ðÒÅÐÒÉÎÔ~�a1 = �a1 + Xr2�1 r'a1 ; (a=x;z) ;U12 = �2'z1Sz1 � 2'x1Sx1 � 1'z2Sz2 � 1'x2Sx2 (3.4)+KhSz1Sz2 + ��Sx1Sx2 + Sy1Sy2�i :äÌÑ kF�f�z;�xg; f'z; 'xg�{ÆÕÎËÃ¦§ ÂÕÄÅÍÏ ÍÁÔÉkF�f�z;�xg; f'z; 'xg� (3.5)= ln SpfSg exp hkH�f�z;�xg; f'z; 'xg�i= ln SpfSg exp hX1 H1�~�z1; ~�x1�+X(1;2)U12�f'z; 'xg�i :ðÒÏ×ÅÄÅÍÏ ÒÏÚÐÕÔÕ×ÁÎÎÑ ÏÐÅÒÁÔÏÒ¦× ÚÁ ÄÏÐÏÍÏÇÏÀ T� ÅËÓÐÏÎÅÎÔÉ,ÔÏÄ¦ (3.5) ÐÅÒÅÐÉÛÅÔØÓÑkF�f�z;�xg; f'z; 'xg� (3.6)= ln SpfSgneH0 T� exp hX(1;2)Z 10 d�U12(� )io=X1 F1�~�z1; ~�x1�+lnhT� Y(1;2)exph Z 10 d�U12(� )ii�0 ;U12(� ) = e��H0 U12 e�H0 ; (3.7)H0�f~�z; ~�xg� =X1 H1�~�z1; ~�x1� ;hAi�0 = SpfSg��0(fSg) �A� ; (3.8)�0(fSg) =Y1 �1(S1) =Y1 exp(H1)Z1 :ôÕÔ ×ÉËÏÒÉÓÔÁÎ¦ ÐÏÚÎÁÞÅÎÎÑ ÄÌÑ ÏÄÎÏÞÁÓÔÉÎËÏ×Ï§ F1{ÆÕÎËÃ¦§:F1�~�z1; ~�x1� = lnZ1�~�z1; ~�x1� ; (3.9)Z1�~�z1; ~�x1� = SpS1 exp hH1�~�z1; ~�x1�i :
ICMP{97{21U 6ïÂÍÅÖÉÍÏÓÑ ÐÅÒÛÉÍ ÐÏÒÑÄËÏÍ ËÌÁÓÔÅÒÎÏÇÏ ÒÏÚ×ÉÎÅÎÎÑ [16], ÝÏ×¦ÄÐÏ×¦ÄÁ¤ ÎÁÂÌÉÖÅÎÎÀ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ. ôÏÄ¦ ÄÌÑ kF{ÆÕÎËÃ¦§ ÂÕÄÅÍÏ ÍÁÔÉ:kF�f�z;�xg; f'z; 'xg� =X1 F1�~�z1; ~�x1� (3.10)+X(1;2) lnh T� exp hZ 10 d�U12(� )ii�0 :÷ÒÁÈÏ×ÕÀÞÉU12(� ) = e��H0 U12 e�H0 = e��(H1+H2) U12 e�(H1+H2) ; (3.11)ÂÕÄÅÍÏ ÍÁÔÉkF�f�z;�xg; f'z; 'xg� (3.12)=X1 F1�~�z1; ~�x1�+ X(1;2) lnn 1Z1Z2Sp eH1+H2 T� exp hZ 10 d�U12(� )io=X1 F1�~�z1; ~�x1�+ 12X1;2 lnn 1Z1Z2 Sp eH1+H2+U12o= (1� z)X1 F1�~�z1; ~�x1�+ 12 X1;2 F12�2 ~�z1; 2~�x1 ; 1~�z2; 1~�x2� :÷ îäë kF{ÆÕÎËÃ¦Ñ ×ÉÒÁÖÁ¤ÔØÓÑ ÞÅÒÅÚ ÏÄÎÏÞÁÓÔÉÎËÏ×¦ ÔÁ Ä×ÏÞÁ-ÓÔÉÎËÏ×¦ ×ÎÕÔÒ¦ÛÎØÏËÌÁÓÔÅÒÎ¦ ÆÕÎËÃ¦§, ÐÒÉÞÏÍÕ Ä×ÏÞÁÓÔÉÎËÏ×Á F12{ÆÕÎËÃ¦Ñ ÍÁ¤ ×ÉÇÌÑÄ:F12�2~�z1; 2~�x1 ; 1~�z2; 1~�x2� (3.13)= lnZ12�2~�z1; 2~�x1; 1~�z2; 1~�x2� = lnSpS1 ;S2eH12 ;H12�2~�z1; 2~�x1; 1~�z2; 1~�x2� (3.14)= H1�~�z1; ~�x1�+H2�~�z2; ~�x2�+ U12= 2~�z1Sz1 + 1~�z2Sz2 + 2 ~�x1Sx1 + 1 ~�x2Sx2 +KhSz1Sz2+��Sx1Sx2+Sy1Sy2�i;1~�a2 = ~�a2 � 1'a2 = �a2 + Xr2�2r 6=1 r'a2 ; (a=z;x) : (3.15)



7 ðÒÅÐÒÉÎÔúÎÁÊÄÅÍÏ Ò¦×ÎÑÎÎÑ ÄÌÑ hSa1 i = khSa1 i ÔÁ ÄÌÑ ËÌÁÓÔÅÒÎÉÈ ÐÏÌ¦× r'a1(a=z;x). îÁ ÏÓÎÏ×¦ (2.7), (3.12) ÔÁ ÕÍÏ×É ÅËÓÔÒÅÍÕÍÕ kF{ÆÕÎËÃ¦§ ÐÏr'ai @ kF@ r'ai = 0 ; (3.16)ÏÔÒÉÍÁ¤ÍÏ@ kF@ r1'(n)i = (1�z)� @ Fi@ ~�ai +Xr2�i @ Fir@ r ~�ai � @ Fir1@ r1 ~�ai = 0; (r12�i) ; (3.17)@ kF@ �(n)1 = (1� z) � @ F1@ ~�a1 + Xr2�1 @ F1r@ r ~�a1 = hSa1 i : (3.18)ïÞÅ×ÉÄÎÏ,ÝÏ Ú ×ÒÁÈÕ×ÁÎÎÑÍ (3.17) ÓÐÒÏÓÔÉÔØÓÑ ¦ (3.18).÷ ÒÅÚÕÌØÔÁÔ¦Ú (3.17) ÔÁ (3.18) ÏÔÒÉÍÁ¤ÍÏ ÓÉÓÔÅÍÕ 2N (z + 1) Ò¦×ÎÑÎØ ÄÌÑ hSa1 i ÔÁr'a1 (a=z;x). hSa1 i = @ F1@ ~�a1 (3.19)@ F1@ ~�a1 = @ F1r@ r ~�a1 (3.20)ú ¦ÎÛÏÇÏ ÂÏËÕ, ×ÒÁÈÏ×ÕÀÞÉ ÓÐ¦××¦ÄÎÏÛÅÎÎÑ (3.9), (3.13), Á ÔÁËÏÖÏÚÎÁÞÅÎÎÑ ÏÄÎÏÞÁÓÔÉÎËÏ×ÏÇÏ ÔÁ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ×ÎÕÔÒ¦ÛÎØÏËÌÁ-ÓÔÅÒÎÉÈ ÓÅÒÅÄÎ¦È hAi�1 = SpS1 [�1(S1) �A] ; (3.21)hAi�1r = SpS1;Sr [�1r(S1;Sr) �A] ;ÌÅÇËÏ ÏÔÒÉÍÁÔÉ ÄÌÑ ÕÎÁÒÎÉÈ ×ÎÕÔÒ¦ÛÎØÏËÌÁÓÔÅÒÎÉÈ ëæ ÓÐ¦××¦ÄÎÏ-ÛÅÎÎÑ @ F1@ ~�a1 = hSa1 i�1 ; @ F1r@ r ~�a1 = hSa1 i�1r ; (3.22)ÄÅ ÕÓÅÒÅÄÎÅÎÎÑ ÐÒÏ×ÏÄÉÔØÓÑ ÐÏ ×ÎÕÔÒ¦ÛÎØÏËÌÁÓÔÅÒÎÉÈ ÏÄÎÏÞÁÓÔÉÎ-ËÏ×¦Ê ÔÁ Ä×ÏÞÁÓÔÉÎËÏ×¦Ê ÍÁÔÒÉÃÑÈ ÇÕÓÔÉÎÉ�1(S1) = exp hH1�~�z1; ~�x1�iZ1�~�z1; ~�x1� ; (3.23)�1r(S1;Sr) = exp hH1r�2~�z1; 2~�x1 ; 1~�z2; 1~�x2�iZ1r�2~�z1; 2~�x1 ; 1~�z2; 1~�x2� :
ICMP{97{21U 8ôÏÂÔÏ Ú ÕÍÏ×É ÅËÓÔÒÅÍÕÍÕ kF{ÆÕÎËÃ¦§ (3.16) ÍÉ ÏÔÒÉÍÁÌÉ (ÄÉ×. ÓÉ-ÓÔÅÍÕ Ò¦×ÎÑÎØ (3.19), (3.20)) 2zN Ò¦×ÎÑÎØhSa1 i�1 = hSa1 i�1r ; (a=z;x) : (3.24)óÉÓÔÅÍÁ 2zN Ò¦×ÎÑÎØ (3.24), ÑË ×ÉÄÎÏ Ú ÏÚÎÁÞÅÎÎÑ ÓÅÒÅÄÎØÏÇÏ (3.21),ÅË×¦×ÁÌÅÎÔÎÁ 2zN ÎÅÚÁÌÅÖÎÉÍ ÓÐ¦××¦ÄÎÏÛÅÎÎÑÍ Í¦Ö ÍÁÔÒÉÃÑÍÉ ÇÕ-ÓÔÉÎÉ �1(S1) = SpSr [�1r(S1;Sr)] (3.25)(¦Ú 3zN ÓÐ¦××¦ÄÎÏÛÅÎØ (3.25) ÎÅÚÁÌÅÖÎÉÍÉ ¤ 2zN , ÏÓË¦ÌØËÉ Ú Ñ×ÎÏÇÏ×ÉÇÌÑÄÕ �1(S1), �1r(S1;Sr) ×ÉÐÌÉ×Á¤ ÔÏÔÏÖÎ¤ ×ÉËÏÎÁÎÎÑ zN ÕÍÏ×SpS1 [�1(S1)] = SpS1;Sr [�1r(S1;Sr)] = 1). ïÔÖÅ, × îäë ÕÍÏ×Á ÅËÓ-ÔÒÅÍÕÍÕ kF{ÆÕÎËÃ¦§ (3.16) ÄÁ¤ ÓÐ¦××¦ÄÎÏÛÅÎÎÑ (3.25) Í¦Ö ×ÎÕÔÒ¦Û-ÎØÏÛÎØÏËÌÁÓÔÅÒÎÉÍÉ ÍÁÔÒÉÃÑÍÉ ÇÕÓÔÉÎÉ.ïÓË¦ÌØËÉ ÎÁÛÉÍ ÚÁ×ÄÁÎÎÑÍ × ÄÁÎ¦Ê ÒÏÂÏÔ¦ ¤ ÄÏÓÌ¦ÄÖÅÎÎÑ ÌÉÛÅÔÅÒÍÏÄÉÎÁÍ¦ÞÎÉÈ ×ÌÁÓÔÉ×ÏÓÔÅÊXXZ{ÍÏÄÅÌ¦, ÔÏ ÍÉ ÄÁÌ¦ ÏÂÍÅÖÉÍÏÓÑ×ÉÐÁÄËÏÍ ÏÄÎÏÒ¦ÄÎÏÇÏ ÐÏÌÑ (hzi = hz, hxi = hx, hSzi i = hSzi, hSxi i =hSxi).ìÏÇÁÒÉÆÍ ÓÔÁÔÉÓÔÉÞÎÏ§ ÓÕÍÉ ÎÁ ÅÌÅÍÅÎÔÁÒÎÕ ËÏÍ¦ÒËÕ ËÒÉÓÔÁÌÕ(f{ÆÕÎËÃ¦Ñ) × îíð ÐÏ ÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ ÔÁ × îäë ÐÏ ËÏ-ÒÏÔËÏÓÑÖÎ¦Ê ×ÚÁ¤ÍÏÄ¦§ ÍÁÔÉÍÅ ×ÉÇÌÑÄ (ÔÕÔ ¦ ÄÁÌ¦ ÍÎÏÖÎÉË � = 1kBTÂÕÄÅÍÏ ×ÉÄ¦ÌÑÔÉ Ñ×ÎÏ):f�hz; hx� = kf��z ;�x; 'z; 'x�� 18�J0h�mz�2 + ��mx�2i ; (3.26)�z = hz + 12J0mz ; �x = hx + 12�J0mx ; (3.27)J0 = NXj=1 Jij ; ma = 2hSai :kf{ÆÕÎËÃ¦Ñ (ÌÏÇÁÒÉÆÍ ÓÔÁÔÉÓÔÉÞÎÏ§ ÓÕÍÉ ÎÁ ÅÌÅÍÅÎÔÁÒÎÕ ËÏÍ¦ÒËÕËÒÉÓÔÁÌÕ ÂÁÚÉÓÎÏ§ ÍÏÄÅÌ¦)kf��z;�x; 'z; 'x� = (1� z)F1�~�z; ~�x�+ z2F12�~~�z ; ~~�x� (3.28)×ÉÒÁÖÁ¤ÔØÓÑ ÞÅÒÅÚ ÏÄÎÏÞÁÓÔÉÎËÏ×Õ ×ÎÕÔÒ¦ÛÎØÏËÌÁÓÔÅÒÎÕ F1{ÆÕÎË-Ã¦À F1�~�z; ~�x� = lnZ1�~�z; ~�x� = ln SpS1eH1 ; (3.29)H1�~�z; ~�x� = � Xa=x;z ~�aSa1 ; ~�a = �a + z'a ; (a=z;x) ; (3.30)



9 ðÒÅÐÒÉÎÔÔÁ Ä×ÏÞÁÓÔÉÎËÏ×Õ ×ÎÕÔÒ¦ÛÎØÏËÌÁÓÔÅÒÎÕ F12{ÆÕÎËÃ¦ÀF12�~~�z ; ~~�x� = lnZ12�~~�z; ~~�x� = ln SpS1;S2 exp(H12) ; (3.31)H12�~~�z; ~~�x� = � Xa=x;z ~~�a�Sa1 + Sa2� (3.32)+�KhSz1Sz2 + ��Sx1Sx2 + Sy1Sy2�i;~~�a = �a + (z � 1)'a ; (a=z;x) : (3.33)äÌÑ ×ÉÚÎÁÞÅÎÎÑ ma ÔÁ 'a (a=z;x) Õ ×ÉÐÁÄËÕ ÏÄÎÏÒ¦ÄÎÏÇÏ ÐÏÌÑ ÎÁÏÓÎÏ×¦ (3.19) ÔÁ (3.20) ÂÕÄÅÍÏ ÍÁÔÉ ÞÏÔÉÒÉ Ò¦×ÎÑÎÎÑ:ma = 2 @ F1@(� ~�a) (3.34)@ F1@(� ~�a) = @ F1r@(� ~~�a) (3.35)ôÅÐÅÒ ÚÕÐÉÎÉÍÏÓÑ ÎÁ ÏÔÒÉÍÁÎÎ¦ ÏÄÎÏÞÁÓÔÉÎËÏ×Ï§ F1{ÆÕÎËÃ¦§ ÔÁÒ¦×ÎÑÎØ ÄÌÑ ÕÎÁÒÎÉÈ ËÏÒÅÌÑÔÏÒ¦× Õ Ñ×ÎÏÍÕ ×ÉÇÌÑÄ¦. çÁÍ¦ÌØÔÏÎ¦ÁÎH1 Ä¦¤ ÎÁ ÂÁÚÉÓ¦ Ä×ÏÈ ÆÕÎËÃ¦Ê ÓÔÁÎÕ ÏÄÎ¦¤§ ÞÁÓÔÉÎËÉ1 +2 � (3.36)÷ ÐÒÅÄÓÔÁ×ÌÅÎÎ¦ (3.36) ÇÁÍ¦ÌØÔÏÎ¦ÁÎ H1 ÍÁ¤ ×ÉÇÌÑÄ:H1 = 12�� ~�z ~�x~�x �~�z � : (3.37)ðÒÉÊÍÁÀÞÉ ÄÏ Õ×ÁÇÉ (3.29), ÌÅÇËÏ ÏÔÒÉÍÁÔÉ × Ñ×ÎÏÍÕ ×ÉÇÌÑÄ¦ ×ÉÒÁÚÄÌÑ F1{ÆÕÎËÃ¦§:F1�~�z ; ~�x� = ln h2ch�12���i ; � =p(~�z)2 + (~�x)2 : (3.38)îÁ ÏÓÎÏ×¦ (3.34) ÏÔÒÉÍÁ¤ÍÏ Ò¦×ÎÑÎÎÑ ÄÌÑ ma, (a = z; x):ma = ~�a� th�12��� : (3.39)÷ÒÁÈÏ×ÕÀÞÉ (3.30), ÎÁ ÏÓÎÏ×¦ Ò¦×ÎÑÎØ (3.39) ÍÏÖÎÁ ×ÓÅ Ú×ÅÓÔÉ ÄÏ mzÔÁ mx Ú×¦ÌØÎÉ×ÛÉÓØ ×¦Ä 'z, 'x.'a = 1z �kBT maM ln�1 +M1�M �� �a� ; (3.40)
ICMP{97{21U 10ÄÅ M =p(mz)2 + (mx)2 : (3.41)ôÅÐÅÒ ÚÕÐÉÎÉÍÏÓÑ ÎÁ ÏÔÒÉÍÁÎÎ¦ Ä×ÏÞÁÓÔÉÎËÏ×Ï§ F12{ÆÕÎËÃ¦§. çÁ-Í¦ÌØÔÏÎ¦ÁÎ H12 Ä¦¤ ÎÁ ÂÁÚÉÓ¦ ÞÏÔÉÒØÏÈ ÆÕÎËÃ¦Ê ÓÔÁÎÕ Ä×ÏÞÁÓÔÉÎËÏ-×ÏÇÏ ËÌÁÓÔÅÒÁ 1 + +2 + �3 � +4 � � (3.42)÷ ÐÒÅÄÓÔÁ×ÌÅÎÎ¦ (3.42) ÇÁÍ¦ÌØÔÏÎ¦ÁÎ H12 ÍÁ¤ ×ÉÇÌÑÄ:H12 = �0BBBBBB@ ~~�z+ 14K 12 ~~�x 12 ~~�x 012 ~~�x � 14K 12�K 12 ~~�x12 ~~�x 12�K � 14K 12 ~~�x0 12 ~~�x 12 ~~�x � ~~�z+ 14K 1CCCCCCA (3.43)îÁ ÏÓÎÏ×¦ (3.31) ÔÁ (3.43) ÏÔÒÉÍÁ¤ÍÏ ÄÌÑ Ä×ÏÞÁÓÔÉÎËÏ×Ï§ F12{ÆÕÎËÃ¦§F12�~~�z; ~~�x� = lnh 4X�=1 e�E(12)� i ; (3.44)ÄÅ E(12)4 = �14K � 12�K ; (3.45)Á ÔÒÉ ¦ÎÛ¦ ×ÌÁÓÎ¦ ÚÎÁÞÅÎÎÑ E(12)1;2;3 ÍÁÔÒÉÃ¦ (3.43) ¤ ËÏÒÅÎÑÍÉ ËÕÂ¦ÞÎÏÇÏÒ¦×ÎÑÎÎÑ, ÑËÅ ÚÒÕÞÎÏ ÚÁÐÉÓÁÔÉ Õ ×ÉÇÌÑÄ¦:�14K� E(12)�2�14K� 12�K+ E(12)� (3.46)��14K� 12�K+E(12)��~~�z�2 + �14K� E(12)��~~�x�2 = 0 :4. äÏÓÌ¦ÄÖÅÎÎÑ ×¦ÌØÎÏ§ ÅÎÅÒÇ¦§ôÅÐÅÒ ÚÕÐÉÎÉÍÏÓÑ ÎÁ ÄÏÓÌ¦ÄÖÅÎÎ¦ ×¦ÌØÎÏ§ ÅÎÅÒÇ¦§XXZ{ÍÏÄÅÌ¦ × îäëÚ Ä×ÏÍÁ ×ÁÒ¦ÁÃ¦ÊÎÉÍÉ ÐÁÒÁÍÅÔÒÁÍÉ ÐÏ ËÏÒÏÔËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ ÔÁ× îíð ÐÏ ÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ¦ÑÈ.F (mz ;mx; 'z; 'x) = �kBTN�f(mz ;mx; 'z; 'x)� (4.1)



11 ðÒÅÐÒÉÎÔ÷ÒÁÈÏ×ÕÀÞÉ, ÝÏ 'a ×ÉÒÁÖÁ¤ÔØÓÑ ÞÅÒÅÚ mz, mx (3.40), ÏÔÒÉÍÁ¤ÍÏ×¦ÌØÎÕ ÅÎÅÒÇ¦À ÑË ÆÕÎËÃ¦À Ä×ÏÈ ÐÁÒÁÍÅÔÒ¦× mz, mx:F (mz;mx) = �kBTN n(1�z) ln h2ch��2p(~�z)2 + (~�x)2�i (4.2)+ 12z ln he��K( 14+ 12�) + 3X�=1 e�E(12)� io+ 18J0Nh(mz)2 + �(mx)2i ;ÄÅ E(12)1;2;3 ¤ ËÏÒÅÎÑÍÉ ËÕÂ¦ÞÎÏÇÏ Ò¦×ÎÑÎÎÑ (3.46) ( P3n=0 an(E(12))n =0 ), ÐÒÉÞÏÍÕa3 = 1 ; a2 = �K(12�+ 14) ; (4.3)a1 = � 116 (K)2+ 14�K2 � (~~�z)2� (~~�x)2 ;a0 = K(14 � 12�)h 116(K)2 � (~~�z)2i+ 14K(~~�x)2 :îÁ ÒÉÓÕÎËÁÈ 1, 2 ÐÒÉ×ÅÄÅÎÁ ×¦ÌØÎÁ ÅÎÅÒÇ¦Ñ (4.2) (z = 4, J0 = 0:1,hz = hx = 0) ÑË ÆÕÎËÃ¦Ñ ÐÁÒÁÍÅÔÒ¦× mz, mx ÄÌÑ � = 0:5,  = 1ÐÒÉ t = 4kBTzK = 0:75, t = 0:55 ÔÁ ÄÌÑ � = 1,  = 0:25 ÐÒÉ t = 0:65,t = 0:4 ÔÁ t = 0:1 ×¦ÄÐÏ×¦ÄÎÏ. òÉÓÕÎÏË 1 ¤ ÈÁÒÁËÔÅÒÎÉÍ ÄÌÑ ×ÉÐÁÄËÕ� < , Á ÒÉÓÕÎÏË 2 { ÄÌÑ ×ÉÐÁÄËÕ � >  ÐÒÉ ÄÏ×¦ÌØÎÉÈ z, J0 � 0(z = 2, J0 > 0), hz = hx = 0. äÌÑ � <  ÁÂÓÏÌÀÔÎÉÊ Í¦Î¦ÍÕÍ ×¦ÌØÎÏ§ÅÎÅÒÇ¦§ ÂÕÄÅ ÐÒÉ mx � 0, Á ÄÌÑ � >  { ÐÒÉ mz � 0. õ ×ÉÐÁÄËÕ� =  (¦ÚÏÔÒÏÐÎÁ ÍÏÄÅÌØ çÅÊÚÅÎÂÅÒÇÁ) ××ÏÄÉÍÏ ¦ÎÆ¦Î¦ÔÅÚÉÍÁÌØÎÅ ÐÏ-ÌÅ hz �! 0 (hx � 0) [29], ÔÏÄ¦ mx � 0, ÁÂÏ ¦ÎÆ¦Î¦ÔÅÚÉÍÁÌØÎÅ ÐÏÌÅhx �! 0 (hz � 0), ÔÏÄ¦ mz � 0. úÁÕ×ÁÖÉÍÏ ÔÁËÏÖ, ÝÏ ÄÌÑ ÁÎ¦ÚÏÔÒÏÐ-ÎÏ§ ÍÏÄÅÌ¦ çÅÊÚÅÎÂÅÒÇÁ (� 6= ) ÍÉ ××ÏÄÉÍÏ ¦ÎÆ¦Î¦ÔÅÚÉÍÁÌØÎ¦ ÐÏÌÑhz �! 0, hx �! 0, ÏÓË¦ÌØËÉ ÐÒÉ hz � 0, hx � 0, ÑË ×ÉÄÎÏ Ú ÓÉÍÅÔÒ¦§ÇÁÍ¦ÌØÔÏÎ¦ÁÎÕ ×¦ÄÎÏÓÎÏ ÚÁÍ¦ÎÉ Sa �! �Sa, ma � 0 (a = x; y; z).ôÏÂÔÏ, Ú ×ÒÁÈÕ×ÁÎÎÑÍ (3.40), ×ÉÄÎÏ, ÝÏ ÄÌÑ � < , hz = hx �! 0ÔÁ ÄÌÑ � = , hz �! 0, hx � 0 ÍÁ¤ÍÏ 'x = mx � 0, Á ÄÌÑ � > ,hz = hx �! 0 ÔÁ ÄÌÑ � = , hx �! 0, hz � 0 ÍÁ¤ÍÏ 'z = mz � 0.5. îÁÂÌÉÖÅÎÎÑ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ Ú ×Á-Ò¦ÁÃ¦ÊÎÉÍ ÐÁÒÁÍÅÔÒÏÍ 'zðÒÏ×ÅÄÅÎÅ ÞÉÓÌÏ×Å ÄÏÓÌ¦ÄÖÅÎÎÑ ×¦ÌØÎÏ§ ÅÎÅÒÇ¦§ ÑË ÆÕÎËÃ¦§ mz ÔÁ mxÐÏËÁÚÕ¤, ÝÏ ÄÏÃ¦ÌØÎÏ ÒÏÚÇÌÑÄÁÔÉ ÏËÒÅÍÏ ÔÁË¦ Ä×Á ×ÉÐÁÄËÉ:1) � � , hx � 0, 'x = mx � 0;2) � � , hz � 0, 'z = mz � 0.
ICMP{97{21U 12(a) FkBN

mzmx1 0.5 0 0.5 1-0.65
-0.3-0.25 (b) FkBN

mzmx1 0.5 0 0.5 1-0.55
-0.3-0.25

òÉÓ. 1: ÷¦ÌØÎÁ ÅÎÅÒÇ¦Ñ ÑË ÆÕÎËÃ¦Ñ ÐÁÒÁÍÅÔÒ¦× mx ÔÁ mz ÄÌÑz = 4, J0 = 0:1, � = 0:5,  = 1:0 ÐÒÉ t = 4 kBTzK = 0:75(a) ÔÁ t = 0:55 (b).÷ ÄÁÎÏÍÕ ÒÏÚÄ¦Ì¦ ÍÉ ÒÏÚÇÌÑÎÅÍÏ ÐÅÒÛÉÊ ×ÉÐÁÄÏË. îÁ ÏÓÎÏ×¦(3.26), (3.28), (3.38), ÔÁ (3.42) { (3.44) ÏÔÒÉÍÁ¤ÍÏ f(hz){ÆÕÎËÃ¦À ÕÑ×ÎÏÍÕ ×ÉÇÌÑÄ¦:f(hz)= (1�z)F1(~�z)+ z2F12(~~�z)� 18�J0�mz�2; (5.1)ÄÅ F1(~�z) = lnZ1(~�z) ; Z1(~�z) = 2ch(12� ~�z) ; (5.2)F12(~~�z) = lnZ12(~~�z) ; Z12(~~�z) = 2e 14�KL(~~�z) ; (5.3)L(~~�z) = hch(� ~~�z) + e� 12�Kch(12��K)i : (5.4)îÁ ÏÓÎÏ×¦ Ò¦×ÎÑÎØ (3.34) (ÁÂÏ (3.39)) ÔÁ (3.35), ÏÔÒÉÍÁ¤ÍÏ ÓÉÓÔÅÍÕÒ¦×ÎÑÎØ ÄÌÑ mz ÔÁ 'z. mz = th(12� ~�z) (5.5)th(12� ~�z) = sh(� ~~�z)L(~~�z) (5.6)



13 ðÒÅÐÒÉÎÔ(a) FkBN
mxmz1 0.5 0 0.5 1-0.65

-0.2-0.1
(b) FkBN

mxmz1 0.5 0 0.5 1-0.6
-0.2-0.1 (c) FkBN

mxmz1 0.5 0 0.5 1-0.7
-0.2-0.1

òÉÓ. 2: ÷¦ÌØÎÁ ÅÎÅÒÇ¦Ñ ÑË ÆÕÎËÃ¦Ñ ÐÁÒÁÍÅÔÒ¦× mx ÔÁ mz ÄÌÑz = 4, J0 = 0:1, � = 1:0,  = 0:25 ÐÒÉ t = 4 kBTzK = 0:65(a), t = 0:4 (b) ÔÁ t = 0:1 (c).
ICMP{97{21U 14ðÒÉÊÍÁÀÞÉ ÄÏ Õ×ÁÇÉ, ÝÏ Ú ÄÏÐÏÍÏÇÏÀ (3.40) ÍÏÖÎÁ ×ÉËÌÀÞÉÔÉ 'z,ÏÔÒÉÍÁ¤ÍÏ Ò¦×ÎÑÎÎÑ ÄÌÑ mz:mz = sh�� ~~�z(mz)�L(mz) ; (5.7)ÄÅ ~~�z(mz) = 1z �(z � 1)kBT ln�1 +mz1�mz �+ 12J0mz + hz� : (5.8)óÐÒÉÊÎÑÔÌÉ×¦ÓÔØ, ÅÎÔÒÏÐ¦À ¦ ÔÅÐÌÏ¤ÍÎ¦ÓÔØ ÍÏÖÎÁ ÒÏÚÒÁÈÕ×ÁÔÉÔÁËÉÍ ÞÉÎÏÍ [16]:� = d mzd hz = k�1� J0 � k� ; k� = �0B@kf�� � �kf�'�2kf'' 1CA ; (5.9)S = d Fd T = kS ; kS = kBN �kf � � @ kf@ � � ; (5.10)C = T d Sd T (5.11)= kC + kB�J01� J0 � k� ��� @ kf�@ � + kf�'kf'' �kf'+ � @ kf'@ � ��2 ;kC = kB (�2 @2 kf@ �2 ��kf' + � @ kf'@ � �2 1kf'') :ôÕÔ ×ÉËÏÒÉÓÔÁÎ¦ ÐÏÚÎÁÞÅÎÎÑ:kf� : : :�| {z }l1 ' : : :'| {z }l2 = @l1@(��z)l1 @l2@(�'z)l2 kf(�z ; 'z) (5.12)ðÒÉ×ÅÄÅÍÏ ÔÁËÏÖ ÎÅÏÂÈ¦ÄÎ¦ ÎÁÍ ÞÁÓÔÉÎÎ¦ ÐÏÈ¦ÄÎ¦ Õ Ñ×ÎÏÍÕ ×ÉÇÌÑÄ¦:kf' = 12(1� z)zZ 01 + 12(z � 1)zZ 012 ; (5.13)kf� = 12 (1� z)Z 01 + 12zZ 012 ;kf'' = 14 (1� z)z2Z001 + 12(z � 1)2zZ 0012 ;kf�� = 14 (1� z)Z 001 + 12zZ 0012 ;



15 ðÒÅÐÒÉÎÔkf�' = 14 (1� z)zZ 001 + 12 (z � 1)zZ 0012 ;@ kf@ � = 12(1 � z)~�zZ01 + 12zZ(�)12 ;@2 kf@ �2 = 14(1� z)(~�z)2Z001 + 12zZ(��)12 ;@ kf�@ � = 14 (1� z)~�zZ 001 + 12zZ(��)12 ;@ kf'@ � = 14 (1�z)z~�zZ 001 + 12 (z�1)zZ(�')12 ;ÄÅZ 01 = th(12� ~�z) ; Z012 = 2e 14�K sh(� ~~�z)=Z12 ; (5.14)Z 001 = �ch(12� ~�z)��2 ;Z 0012 = 4�e 12�K + ch(� ~~�z)ch(12��K)�=Z212 ;Z(�)12 = 2ne 14�Kh14Kch(� ~~�z) + ~~�zsh(� ~~�z)i+e� 14�Kh12�Ksh(12��K) � 14Kch(12��K)io =Z12 ;Z(��)12 = 2ne 14�K h� 1162K2 + (~~�z)2�ch(� ~~�z) + 12K ~~�zsh(� ~~�z)i+e� 14�Kh14K2��2+ 142�ch(12��K)�14�K2sh(12��K)io=Z12 ��Z(�)12 �2 ;Z(�')12 = Z(��)12 = 2h14Ke 14�K sh(� ~~�z)+~~�ze 14�Kch(� ~~�z)i=Z12 � Z(�)12 Z012 :îÁ ÏÓÎÏ×¦ (5.9), (5.13), (5.14) ÏÔÒÉÍÁ¤ÍÏ ×ÉÒÁÚ ÄÌÑ ÓÔÁÔÉÞÎÏ§ ÍÁÇ-Î¦ÔÎÏ§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦.� = � ( 2zL21 + e� 12�Kch(� ~~�z)ch(12��K) + 4(1� z)1� (mz)2 � �J0)�1 (5.15)ú ÕÍÏ×É ��(mz = 0; T = Tc)��1 = 0 ÏÔÒÉÍÁ¤ÍÏ Ò¦×ÎÑÎÎÑ ÄÌÑ Tc.12z�1 + e� 12�cK ch(12�c�K)�+ (1� z)� 14�cJ0 = 0 (5.16)
ICMP{97{21U 16÷ÉÒÁÚÉ ÄÌÑ ÅÎÔÒÏÐ¦§ ÔÁ ÔÅÐÌÏ¤ÍÎÏÓÔ¦ ÎÅ ÐÒÉ×ÏÄÉÍÏ ÞÅÒÅÚ ÇÒÏÍ¦ÚÄ-Ë¦ÓÔØ.6. îÁÂÌÉÖÅÎÎÑ Ä×ÏÞÁÓÔÉÎËÏ×ÏÇÏ ËÌÁÓÔÅÒÁ Ú ×Á-Ò¦ÁÃ¦ÊÎÉÍ ÐÁÒÁÍÅÔÒÏÍ 'xòÏÚÇÌÑÎÅÍÏ ÔÅÐÅÒ ×ÉÐÁÄÏË � � , hz � 0, 'z = mz � 0.îÁ ÏÓÎÏ×¦ (3.26), (3.28), (3.38), ÔÁ (3.42) { (3.44) ÏÔÒÉÍÁ¤ÍÏ f(hx){ÆÕÎËÃ¦À Õ Ñ×ÎÏÍÕ ×ÉÇÌÑÄ¦:f(hx)= (1�z)F1(~�x)+ z2F12(~~�x)� 18��J0�mx�2; (6.1)ÄÅ F1(~�x) = lnZ1(~�x) ; Z1(~�x) = 2ch(12� ~�x) ; (6.2)F12(~~�x) = lnZ12(~~�x) ; (6.3)Z12(~~�x) = e 14�K + 2e 14��Kch(�r) + e�( 14+ 12�)�K ;r(~~�x) =q(~~�x)2 + 116(�� )2K2 : (6.4)îÁ ÏÓÎÏ×¦ Ò¦×ÎÑÎØ (3.34) (ÁÂÏ (3.39)) ÔÁ (3.35), ÏÔÒÉÍÁ¤ÍÏ ÓÉÓÔÅÍÕÒ¦×ÎÑÎØ ÄÌÑ mx ÔÁ 'x.mx = th(12� ~�x) (6.5)th(12� ~�x) = 2~~�xe 14��Ksh(�r)r(~~�x)Z12(~~�x) (6.6)ðÒÉÊÍÁÀÞÉ ÄÏ Õ×ÁÇÉ, ÝÏ Ú ÄÏÐÏÍÏÇÏÀ (3.40) ÍÏÖÎÁ ×ÉËÌÀÞÉÔÉ 'x,ÏÔÒÉÍÁ¤ÍÏ Ò¦×ÎÑÎÎÑ ÄÌÑ mx:mx = 2~~�x(mx)e 14��Ksh(�r)r(mx)Z12(mx) ; (6.7)ÄÅ ~~�x(mx) = 1z �(z�1)kBT ln�1 +mx1�mx�+ 12�J0mx + hx� : (6.8)óÐÒÉÊÎÑÔÌÉ×¦ÓÔØ, ÅÎÔÒÏÐ¦À ¦ ÔÅÐÌÏ¤ÍÎ¦ÓÔØ ÍÏÖÎÁ ÒÏÚÒÁÈÕ×ÁÔÉ×ÉËÏÒÉÓÔÏ×ÕÀÞÉ (5.9) { (5.11), ÚÒÏÂÉ×ÛÉ × ÎÉÈ ÚÁÍ¦ÎÕ  �! �, ÔÁ×ÒÁÈÏ×ÕÀÞÉ, ÝÏ ÔÅÐÅÒ ×ÉËÏÒÉÓÔÁÎ¦ ÔÁË¦ ÐÏÚÎÁÞÅÎÎÑ:kf� : : :�| {z }l1 ' : : :'| {z }l2 = @l1@(��x)l1 @l2@(�'x)l2 kf(�x; 'x): (6.9)



17 ðÒÅÐÒÉÎÔðÒÉ×ÅÄÅÍÏ ÔÁËÏÖ ÎÅÏÂÈ¦ÄÎ¦ ÎÁÍ ÞÁÓÔÉÎÎ¦ ÐÏÈ¦ÄÎ¦ Õ Ñ×ÎÏÍÕ ×ÉÇÌÑÄ¦:kf' = 12(1� z)zZ 01 + 12 (z � 1)zZ 012 ; (6.10)kf� = 12(1� z)Z 01 + 12zZ 012 ;kf'' = 14(1� z)z2Z 001 + 12 (z � 1)2zZ 0012 ;kf�� = 14 (1� z)Z 001 + 12zZ 0012 ;kf�' = 14 (1� z)zZ 001 + 12 (z � 1)zZ 0012 ;@ kf@ � = 12 (1� z)~�xZ01 + 12zZ(�)12 ;@2 kf@ �2 = 14(1� z)(~�x)2Z001 + 12zZ(��)12 ;@ kf�@ � = 14 (1� z)~�xZ001 + 12zZ(��)12 ;@ kf'@ � = 14 (1�z)z~�xZ001 + 12 (z�1)zZ(�')12 ;ÄÅZ01 = th(12� ~�x) ; Z012 = 2e 14��K ~~�xsh(�r)=(rZ12) ; (6.11)Z001 = �ch(12� ~�x)��2 ;Z0012 = 2e 14��Kh� ~~�xr �2ch(�r) + (��)2K216�r3 sh(�r)i=Z212��Z012�2 ;Z(�)12 = n14Ke 14�K � �14 + 12��Ke��( 14+ 12�)K+e 14��Kh12�Kch(�r) + 2r sh(�r)io =Z12 ;Z(��)12 = n�14K�2e 14 �K + �14 + 12��2K2e��( 14+ 12�)K+e 14��Kh�18(�K)2 + 2r2�ch(�r) + �Kr sh(�r)io=Z12 ��Z(�)12 �2 ;Z(�')12 = Z(��)12 = 2~~�xr e 14��Kh14�Ksh(�r) + r ch(�r)i=Z12�Z(�)12 Z012 :îÁ ÏÓÎÏ×¦ (5.9), (6.10), (6.11) ÏÔÒÉÍÁ¤ÍÏ ×ÉÒÁÚ ÄÌÑ ÓÔÁÔÉÞÎÏ§ ÍÁÇ-Î¦ÔÎÏ§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦.� = � � 2zZ0012 � 4(1� z)Z 001 � ��J0��1 (6.12)
ICMP{97{21U 18ú ÕÍÏ×É ��(mx = 0; T = Tc)��1 = 0 ÏÔÒÉÍÁ¤ÍÏ Ò¦×ÎÑÎÎÑ ÄÌÑ Tc.2e 14�c�Ksh(14�c(� � )K)h�c�J0 � 4 + 4zi (6.13)�zK(� � )e 14 �cKh1 + e� 12�cKch(12�c�K)i = 0÷ÉÒÁÚÉ ÄÌÑ ÅÎÔÒÏÐ¦§ ÔÁ ÔÅÐÌÏ¤ÍÎÏÓÔ¦ ÎÅ ÐÒÉ×ÏÄÉÍÏ ÞÅÒÅÚ ÇÒÏÍ¦ÚÄ-Ë¦ÓÔØ.7. òÅÚÕÌØÔÁÔÉ ÞÉÓÌÏ×ÉÈ ÒÏÚÒÁÈÕÎË¦×÷ ÄÁÎÏÍÕ ÒÏÚÄ¦Ì¦ ÚÕÐÉÎÉÍÏÓÑ ÎÁ ÒÅÚÕÌØÔÁÔÁÈ ÞÉÓÌÏ×ÉÈ ÒÏÚÒÁÈÕÎË¦×(ÐÒÉ �z ! 0, �x ! 0) ÔÅÒÍÏÄÉÎÁÍ¦ÞÎÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË XXZ{ÍÏÄÅÌ¦.úÁÕ×ÁÖÉÍÏ, ÝÏ × ÄÁÎÏÍÕ ÒÏÚÄ¦Ì¦ ×ÉËÏÒÉÓÔÏ×Õ×ÁÔÉÍÅÍÏ ÐÏÚÎÁÞÅÎ-ÎÑ ÄÌÑ ×¦ÄÎÏÓÎÉÈ ×ÅÌÉÞÉÎ:t = 4kBTzK ; mz = 2hSzi ; mx = 2hSxi ;s = 1kBT S ; c = 1kBT C :úÕÐÉÎÉÍÏÓÑ ÓÐÏÞÁÔËÕ ËÏÒÏÔËÏ ÎÁ ×ÉÐÁÄËÕ ÏÄÎÏ×ÉÍ¦ÒÎÏ§ ÍÏÄÅÌ¦(z = 2) ÐÒÉ J0 = 0. îÁ ÒÉÓÕÎËÁÈ 3 (a), (c), (e) ÐÒÉ×ÅÄÅÎÏ ÔÅÍÐÅ-ÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÏÂÅÒÅÎÎÏ§ ÓÐÒÉÊÎÑÔÌÉ×ÏÓÔ¦ ��1, ÅÎÔÒÏÐ¦§ s, ÔÁÔÅÐÌÏ¤ÍÎÏÓÔ¦ c ÏÔÒÉÍÁÎÉÈ × îäë ÐÒÉ  = 1 � 2 [0; 1]. ðÒÉ � ! 1× ÎÉÚØËÏÔÅÍÐÅÒÁÔÕÒÎ¦Ê ÏÂÌÁÓÔ¦ ÄÌÑ s × îäë ÏÔÒÉÍÕÀÔØÓÑ ÑË¦ÓÎÏÎÅ×¦ÒÎ¦ ÒÅÚÕÌØÔÁÔÉ (s(t = 0) > 0). îÁ ÒÉÓÕÎËÁÈ 3 (b), (d), (f) ÐÒÉ×Å-ÄÅÎ¦ ÔÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ��1, s, c ÏÔÒÉÍÁÎ¦ × îäë ÐÒÉ � = 1 2 [0; 1]. ïÔÒÉÍÁÎ¦ ÒÅÚÕÌØÔÁÔÉ ÄÌÑ s ÐÒÉ  2 [0; 1] ÔÁ ÄÌÑ ��1 ÐÒÉ 2 [0; k] (k ! 1) × ÎÉÚØËÏÔÅÍÐÅÒÁÔÕÒÎ¦Ê ÏÂÌÁÓÔ¦ ¤ ÑË¦ÓÎÏ ÎÅ×¦ÒÎÉ-ÍÉ. úÏËÒÅÍÁ ÐÒÉ  ! 1 s(t = 0) 6= 0. ðÒÉ  < 1 ÅÎÔÒÏÐ¦Ñ ¤ ×¦Ä'¤ÍÎÏÀÐÒÉ ÎÉÚØËÉÈ ÔÅÍÐÅÒÁÔÕÒÁÈ. îÁ ÒÉÓÕÎËÕ 4 ÐÒÉ×ÅÄÅÎÏ ÒÅÚÕÌØÔÁÔÉ ÄÌÑÍÏÄÅÌ¦ çÅÊÚÅÎÂÅÒÇÁ ÔÁ XY{ÍÏÄÅÌ¦ ÏÔÒÉÍÁÎ¦ Ò¦ÚÎÉÍÉ ÍÅÔÏÄÁÍÉ.òÏÚÇÌÑÎÅÍÏ ÔÅÐÅÒ ËÏÒÏÔËÏ ÒÅÚÕÌØÔÁÔÉ ÏÔÒÉÍÁÎ¦ × îäë ÄÌÑ ÏÄÎÏ-×ÉÍ¦ÒÎÏ§ ÍÏÄÅÌ¦ (z = 2) ÐÒÉ J0 > 0 ¦ ÄÌÑ Ä×Ï×ÉÍ¦ÒÎÏ§ ÔÁ ÔÒÉ×ÉÍ¦ÒÎÏ§ÍÏÄÅÌÅÊ (z = 3; 4; 6) ÐÒÉ J0 � 0. úÕÐÉÎÉÍÏÓÑ ÓÐÏÞÁÔËÕ ÎÁ ×ÉÐÁÄËÕ = 1, ÐÒÉ � 2 [0; 1]. îÁ ÒÉÓÕÎËÕ 5 ÐÒÉ×ÅÄÅÎÏ ÆÁÚÏ×¦ Ä¦ÁÇÒÁÍÉ ÄÌÑÒ¦ÚÎÉÈ ÇÒÁÔÏË ÐÒÉ Ò¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÄÁÌÅËÏÓÑÖÎÏ§ ×ÚÁ¤ÍÏÄ¦§ J0. úÁ-Õ×ÁÖÉÍÏ, ÝÏ ÄÌÑ z = 4, J0 = 0, � = 1 îäë, ÎÁ ×¦ÄÍ¦ÎÕ ×¦Ä îíð, ÎÅÐÅÒÅÄÂÁÞÁ¤ ÆÁÚÏ×ÏÇÏ ÐÅÒÅÈÏÄÕ. îÁ ÒÉÓÕÎËÁÈ 6 { 9 ÐÒÉ×ÅÄÅÎ¦ ÔÅÍÐÅ-ÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÐÁÒÁÍÅÔÒÁ ÐÏÒÑÄËÕ mz , ÏÂÅÒÎÅÎÏ§ ÓÐÒÉÊÎÑÔÌÉ-×ÏÓÔ¦ ��1, ÅÎÔÒÏÐ¦§ s, ÔÁ ÔÅÐÌÏ¤ÍÎÏÓÔ¦ c ÄÌÑ Ë×ÁÄÒÁÔÎÏ§ ¦ ËÕÂ¦ÞÎÏ§
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tòÉÓ. 3: ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÏÂÅÒÎÅÎÏ§ ÓÔÁÔÉÞÎÏ§ ÓÐÒÉÊ-ÎÑÔÌÉ×ÏÓÔ¦ ��1, ÅÎÔÒÏÐ¦§ s = 1kBN S, ÔÅÐÌÏ¤ÍÎÏÓÔ¦c = 1kBNC ÄÌÑ z = 2, J0 = 0 ÐÒÉ Ò¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈÐÁÒÁÍÅÔÒÁ ÁÎ¦ÚÏÔÒÏÐ¦§:(a), (c), (e) {  = 1, � = 0.0, 0.5, 0.9, 1.0;(b), (d), (f) { � = 1,  = 0.0, 0.5, 0.9, 1.0.
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ÍÄÊòÉÓ. 4: ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÔÅÐÌÏ¤ÍÎÏÓÔ¦ c = 1kBNC ÐÒÉz = 2, J0 = 0, ÄÌÑ ÍÏÄÅÌ¦ çÅÊÚÅÎÂÅÒÇÁ (a) ÔÁ ÄÌÑXY{ÍÏÄÅÌ¦ (b). òÅÚÕÌØÔÁÔÉ îäë, ÞÉÓÅÌØÎÉÊ ÒÅÚÕÌØ-ÔÁÔ âÏÎÎÅÒÁ ¦ æ¦ÛÅÒÁ (ÄÉ×. [30]), ÒÅÚÕÌØÔÁÔÉ ÞÉÓÅÌØ-ÎÏÇÏ ÍÅÔÏÄÕ ÎÁ ÏÓÎÏ×¦ ÐÅÒÅÔ×ÏÒÅÎÎÑ (Suzuki{Trotterformula) ÏÄÎÏ×ÉÍ¦ÒÎÏ§ ÍÏÄÅÌ¦ ÄÏ Ä×Ï×ÉÍ¦ÒÎÏ§ (N �m)ÍÏÄÅÌ¦ ¶Ú¦ÎÇÁ [30].ÇÒÁÔÏË. ïÔÒÉÍÁÎ¦ ÒÅÚÕÌØÔÁÔÉ ¤ ÑË¦ÓÎÏ ×¦ÒÎÉÍÉ, ÚÁ ×ÉÊÎÑÔËÏÍ ×É-ÐÁÄËÕ J0 ! 0, � ! 1 × ÎÉÚØËÏÔÅÍÐÅÒÁÔÕÒÎ¦Ê ÏÂÌÁÓÔ¦ (ÄÌÑ z = 4; 6s(t = 0) > 0; ÄÌÑ z = 6 mz(t = 0) < 1, ��1 ÚÒÏÓÔÁ¤ Ú ÒÏÓÔÏÍ ÔÅÍÐÅÒÁ-ÔÕÒÉ).ðÒÉ � = 1,  2 [0; 1] (ÄÌÑ ÄÏ×¦ÌØÎÉÈ ÇÒÁÔÏË ÐÒÉ J0 � 0 ¦ ÄÌÑ z = 2ÐÒÉ J0 > 0) ÒÅÚÕÌØÔÁÔÉ ÏÔÒÉÍÁÎ¦ × îäë ¤ ÑË¦ÓÎÏ ÎÅ×¦ÒÎÉÍÉ × ÎÉÚØ-ËÏÔÅÍÐÅÒÁÔÕÒÎ¦Ê ÏÂÌÁÓÔ¦ (ÄÉ×. ÒÉÓÕÎËÉ 10 { 12). äÁÎÅ ÎÁÂÌÉÖÅÎÎÑÐÅÒÅÄÂÁÞÁ¤ ÎÉÚØËÏÔÅÍÐÅÒÁÔÕÒÎÉÊ ÆÁÚÏ×ÉÊ ÐÅÒÅÈ¦Ä (ÚÁ ×ÉËÌÀÞÅÎÎÑÍ×ÉÐÁÄËÕ  ! 1 ÐÒÉ J0 > 0), Â¦ÌØÛÅ ÔÏÇÏ, ÅÎÔÒÏÐ¦Ñ × ÃØÏÍÕ ÒÅÇ¦ÏÎ¦ ¤×¦Ä'¤ÍÎÏÀ.
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òÉÓ. 6: ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÐÁÒÁÍÅÔÒÁ mz = 2hSzi ÐÒÉÒ¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒÁ ÁÎ¦ÚÏÔÒÏÐ¦§ � ( = 1) ÄÌÑ:(a) { z = 4, J0 = 0; (b) { z = 4, J0 = 0:1;(c) { z = 6, J0 = 0; (d) { z = 6, J0 = 0:3.
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òÉÓ. 7: ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÏÂÅÒÎÅÎÏ§ ÓÔÁÔÉÞÎÏ§ ÓÐÒÉÊ-ÎÑÔÌÉ×ÏÓÔ¦ ��1 ÐÒÉ Ò¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒÁ ÁÎ¦-ÚÏÔÒÏÐ¦§ � ( = 1) ÄÌÑ: (a) { z = 4, J0 = 0;(b) { z = 4, J0 = 0:1; (c) { z = 6, J0 = 0; (d) { z = 6,J0 = 0:3.
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òÉÓ. 8: ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÅÎÔÒÏÐ¦§ s = 1kBN S ÐÒÉ Ò¦Ú-ÎÉÈ ÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒÁ ÁÎ¦ÚÏÔÒÏÐ¦§ � ( = 1) ÄÌÑ:(a) { z = 4, J0 = 0; (b) { z = 4, J0 = 0:1; (c) { z = 6,J0 = 0; (d) { z = 6, J0 = 0:3.
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òÉÓ. 9: ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÔÅÐÌÏ¤ÍÎÏÓÔ¦ c = 1kBNC ÐÒÉÒ¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒÁ ÁÎ¦ÚÏÔÒÏÐ¦§ � ( = 1) ÄÌÑ:(a) { z = 4, J0 = 0; (b) { z = 4, J0 = 0:1;(c) { z = 6, J0 = 0; (d) { z = 6, J0 = 0:3.
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òÉÓ. 10: æÁÚÏ×¦ Ä¦ÁÇÒÁÍÉ ÐÒÉ Ò¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÄÁÌÅËÏÓÑÖÎÏ§×ÚÁ¤ÍÏÄ¦§ J0 (� = 1) ÄÌÑ Ò¦ÚÎÉÈ ÇÒÁÔÏË: (a) z = 2;(b) z = 4; (c) z = 6.
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tòÉÓ. 11: ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÐÁÒÁÍÅÔÒÁ mx = 2hSxi ÐÒÉÒ¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒÁ ÁÎ¦ÚÏÔÒÏÐ¦§  (� = 1) ÄÌÑ:(a) { z = 4, J0 = 0; (b) { z = 6, J0 = 0; (c) { z = 6,J0 = 0:3.
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tòÉÓ. 12: ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÏÂÅÒÎÅÎÏ§ ÓÔÁÔÉÞÎÏ§ ÓÐÒÉÊ-ÎÑÔÌÉ×ÏÓÔ¦ ��1, ÅÎÔÒÏÐ¦§ s = 1kBN S, ÔÅÐÌÏ¤ÍÎÏÓÔ¦c = 1kBNC ÄÌÑ z = 6, J0 = 0 (� = 1) ÐÒÉ Ò¦ÚÎÉÈÚÎÁÞÅÎÎÑÈ ÐÁÒÁÍÅÔÒÁ ÁÎ¦ÚÏÔÒÏÐ¦§ .
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