
îÁÃ¦ÏÎÁÌØÎÁ ÁËÁÄÅÍ¦Ñ ÎÁÕË õËÒÁ§ÎÉ

���������	
� ¶îóôéôõôæ¶úéëéëïîäåîóï÷áîéèóéóôåí

'
&

$
%

¶.÷. óÔÁÓÀË, î. ðÁ×ÌÅÎËÏí¶ëòïóëïð¶þîéê ïðéó ðòïôïîîï· ðòï÷¶äîïóô¶÷ óõðåò¶ïîîéè ëòéóôáìáè
ICMP{98{30U

ìø÷¶÷

PACS: 64.60.Cn, 66.10.Ed, 66.30.Dn, 66.30.Hsí¦ËÒÏÓËÏÐ¦ÞÎÉÊ ÏÐÉÓ ÐÒÏÔÏÎÎÏ§ ÐÒÏ×¦ÄÎÏÓÔ¦ × ÓÕÐÅÒ¦ÏÎÎÉÈËÒÉÓÔÁÌÁÈ¶.÷.óÔÁÓÀË, î.ðÁ×ÌÅÎËÏáÎÏÔÁÃ¦Ñ. úÁÐÒÏÐÏÎÏ×ÁÎÁ Í¦ËÒÏÓËÏÐ¦ÞÎÁ ÍÏÄÅÌØ ÄÌÑ ÏÐÉÓÕ ÄÉ-ÎÁÍ¦ËÉ ÐÒÏÔÏÎÎÏ§ Ð¦ÄÓÉÓÔÅÍÉ × ÓÕÐÅÒ¦ÏÎÎÉÈ ËÒÉÓÔÁÌÁÈ Ú ×ÏÄÎÅ×ÉÍÉÚ×'ÑÚËÁÍÉ, × ÑË¦Ê ×ÒÁÈÏ×ÁÎÏ Ä×ÏÓÔÁÄ¦ÊÎÉÊ ÏÒ¦¤ÎÔÁÃ¦ÊÎÏ-ÔÕÎÅÌØÎÉÊÍÅÈÁÎ¦ÚÍ ÐÒÏÔÏÎÎÏÇÏ ÔÒÁÎÓÐÏÒÔÕ. ðÒÉ ÃØÏÍÕ ÄÏÓÌ¦ÄÖÅÎÏ ×ÐÌÉ× ÄÉ-ÎÁÍ¦ËÉ ËÉÓÎÅ×Ï§ Ð¦ÄÓÉÓÔÅÍÉ, ÑËÉÊ ÐÒÉ×ÏÄÉÔØ ÄÏ ÓÉÌØÎÏÇÏ ÐÏÌÑÒÏÎÎÏ-ÇÏ ÅÆÅËÔÕ, Á ÔÁËÏÖ ×¦ÒÔÕÁÌØÎÉÊ (× ÓÕÐÅÒ¦ÏÎÎÉÈ ÆÁÚÁÈ) ÁÂÏ ×ÐÏÒÑÄ-ËÏ×ÁÎÉÊ ÈÁÒÁËÔÅÒ ÓÉÓÔÅÍÉ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË¦×. ðÒÏÔÏÎÎÁ ÐÒÏ×¦ÄÎ¦ÓÔØÏÂÞÉÓÌÅÎÁ × ÒÁÍËÁÈ ÔÅÒ¦§ Ì¦Î¦ÊÎÏÇÏ ×¦ÄÇÕËÕ (ÑË ÐÒÉËÌÁÄ ÒÏÚÇÌÑÄÁ-ÌÉÓØ ËÒÉÓÔÁÌÉ ËÌÁÓÕ M3H(XO4)2). ðÒÏÁÎÁÌ¦ÚÏ×ÁÎÏ ÔÅÍÐÅÒÁÔÕÒÎ¦ ÔÁÞÁÓÔÏÔÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÐÒÏ×¦ÄÎÏÓÔ¦.Microscopic Description of the Protonic Conductivity in Supe-rionic CrystalsI.V. Stasyuk, N. PavlenkoAbstract. Microscopic model with taking into account the two-stagemechanism of the proton transport is proposed for the description of theproton subsystem dynamics in superionic crystals with hydrogen bonds.The inuence of the oxygens subsystem dynamics which leads to thestrong polaronic e�ect as well as the virtual (in superionic phases) orordered (in low-temperature phases) character of the hydrogen-bondedsystem is studied. The protonic conductivity is evaluated in the frame oflinear response theory (as an example the M3H(XO4)2 -class of crystalsis considered). Temperature and frequency dependences of conductivityare analyzed.
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1 ðÒÅÐÒÉÎÔ1. ÷ÓÔÕÐóÕÐÅÒ¦ÏÎÎ¦ ËÒÉÓÔÁÌÉ Ú ×ÏÄÎÅ×ÉÍÉ Ú×'ÑÚËÁÍÉ Ã¦ËÁ×¦ ÑË ÐÒÏÔÏÎÎÉÍÉ×ÐÏÒÑÄËÕ×ÁÎÎÑÍÉ ÐÒÉ ÎÉÚØËÉÈ ÔÅÍÐÅÒÁÔÕÒÁÈ, ÔÁË ¦ ÄÏÓÉÔØ ×ÉÓÏËÏÀÐÒÏÔÏÎÎÏÀ ÐÒÏ×¦ÄÎ¦ÓÔÀ, ÑËÁ ÚÎÁÞÎÏ ÚÒÏÓÔÁ¤ × ×ÉÓÏËÏÔÅÍÐÅÒÁÔÕÒÎÉÈÓÕÐÅÒ¦ÏÎÎÉÈ ÆÁÚÁÈ. óÁÍÅ Ñ×ÉÝÅ ÐÒÏ×¦ÄÎÏÓÔ¦ ÐÒÉ ÃØÏÍÕ ¤ ÐÏ×'ÑÚÁÎÅÚ ÄÉÎÁÍ¦ÞÎÉÍ ÒÏÚ×ÐÏÒÑÄËÕ×ÁÎÎÑÍ Ó¦ÔËÉ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË¦×, ÝÏ ÓÕ-ÐÒÏ×ÏÄÖÕ¤ÔØÓÑ ÚÂ¦ÌØÛÅÎÎÑÍ Ë¦ÌØËÏÓÔ¦ ÍÏÖÌÉ×ÉÈ ÐÏÚÉÃ¦Ê ÄÌÑ ÐÒÏ-ÔÏÎ¦×. åËÓÐÅÒÉÍÅÎÔÉ Ú ÒÏÚÓ¦ÑÎÎÀ ÎÅÊÔÒÏÎ¦× [1{3] Ð¦ÄÔ×ÅÒÄÖÕÀÔØ ÔÏÊÆÁËÔ, ÝÏ ÔÒÁÎÓÐÏÒÔ ÐÒÏÔÏÎ¦× ×¦ÄÂÕ×Á¤ÔØÓÑ × ÒÁÍËÁÈ Ä×ÏÓÔÁÄ¦ÊÎÏ-ÇÏ ÍÅÈÁÎ¦ÚÍÕ ½ÒÏÔÔÈÕÓÁ (ÐÅÒÅÎÏÓ ÐÒÏÔÏÎÕ ×ÚÄÏ×Ö ×ÏÄÎÅ×ÏÇÏ Ú×'ÑÚ-ËÁ, Á ÔÁËÏÖ ÒÅÏÒ¦¤ÎÔÁÃ¦Ñ ¦ÏÎÎÉÈ ÇÒÕÐ ÒÁÚÏÍ Ú ÐÒÏÔÏÎÏÍ, ÝÏ ÓÕÐÒÏ-×ÏÄÖÕ¤ÔØÓÑ ÒÕÊÎÕ×ÁÎÎÑÍ Ú×'ÑÚËÁ ÔÁ ÕÔ×ÏÒÅÎÎÑÍ ÎÏ×ÏÇÏ). îÅÚ×ÁÖÁ-ÀÞÉ ÎÁ ÄÅÔÁÌØÎÅ ÅËÓÐÅÒÉÍÅÎÔÁÌØÎÅ ×É×ÞÅÎÎÑ, ×ÓÅ ÝÅ ¦ÓÎÕÀÔØ ÎÅÒÏ-Ú×'ÑÚÁÎ¦ ÐÒÏÂÌÅÍÉ × ÔÅÏÒÅÔÉÞÎÏÍÕ ÏÐÉÓ¦ ÐÒÏÔÏÎÎÏ§ Ë¦ÎÅÔÉËÉ, ÝÏ ÚÕ-ÍÏ×ÌÅÎÏ ÓËÌÁÄÎ¦ÓÔÀ ÏÐÉÓÕ ÃÉÈ Ñ×ÉÝ ÄÌÑ Ä×Ï- ÁÂÏ ÔÒÉ×ÉÍ¦ÒÎÏ§ Ó¦ÔËÉ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË¦×.÷ ÄÁÎ¦Ê ÒÏÂÏÔ¦ ÑË ÏÂ'¤ËÔÉ ÄÌÑ ÏÐÉÓÕ ÐÒÏÔÏÎÎÏ§ ÐÒÏ×¦ÄÎÏÓÔ¦ ×É-ÂÒÁÎ¦ ËÒÉÓÔÁÌÉ ÇÒÕÐÉ M3H(XO4)2 (M=K, Rb, Cs, NH4; X=Se, S).ðÅÒÅÂÕÄÏ×Á Ó¦ÔËÉ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË¦× ÐÒÉ ÓÔÒÕËÔÕÒÎÉÈ ÆÁÚÏ×ÉÈ ÐÅÒÅ-ÈÏÄÁÈ × ÃÉÈ ÓÉÓÔÅÍÁÈ ×É×ÞÁÌÁÓØ × ÒÁÍËÁÈ ÍÏÄÅÌ¦ ÔÉÐÕ ÇÒÁÔËÏ×ÏÇÏÇÁÚÕ × [4{6]. ðÒÉ ÃØÏÍÕ ÇÁÍ¦ÌØÔÏÎ¦ÁÎ ÍÁ× ÎÁÓÔÕÐÎÉÊ ×ÉÇÌÑÄ:H = 12 Xmm0ff0 �ff 0(mm0)nmfnm0f 0 � �Xmf nmf (1.1)ÄÅ nmf = f0; 1g{ÓÅÒÅÄÎÑ ÚÁÓÅÌÅÎ¦ÓÔØ f -ÇÏ ×ÏÄÎÅ×ÏÇÏ Ú×'ÑÚËÁ × ÐÒÉ-Í¦ÔÉ×Î¦Ê ËÏÍ¦ÒÃ¦ Ú ×ÅËÔÏÒÏÍ Rm; �ff 0(mm0){ÅÎÅÒÇ¦Ñ Í¦ÖÐÒÏÔÏÎÎÏ§×ÚÁ¤ÍÏÄ¦§, �{È¦Í¦ÞÎÉÊ ÐÏÔÅÎÃ¦ÁÌ, ÑËÉÊ ×ÉÚÎÁÞÁ¤ÔØÓÑ Ú ×¦ÄÐÏ×¦ÄÎÏÇÏÒ¦×ÎÑÎÎÑ ÐÒÉ ÚÁÄÁÎ¦Ê ÐÒÏÔÏÎÎ¦Ê ËÏÎÃÅÎÔÒÁÃ¦§. ÷ ÐÏÐÅÒÅÄÎ¦Ê ÒÏÂÏÔ¦[7] ÄÌÑ ÏÐÉÓÕ ÐÒÏÔÏÎÎÏÇÏ ÔÒÁÎÓÐÏÒÔÕ ÂÕÌÁ ÚÁÐÒÏÐÏÎÏ×ÁÎÁ ÍÏÄÅÌØ,× ÑË¦Ê ÐÅÒÅÎÏÓ ÐÒÏÔÏÎ¦× ÒÏÚÇÌÑÄÁ¤ÔØÓÑ ÑË ÄÉÎÁÍ¦ÞÎÅ ÒÕÊÎÕ×ÁÎÎÑ ¦ÕÔ×ÏÒÅÎÎÑ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË¦× ×ÎÁÓÌ¦ÄÏË ÒÅÏÒ¦¤ÎÔÁÃ¦Ê ÇÒÕÐ XO4, ÐÒÉÊ-ÍÁÀÞÉ ÏÄÎÏÍ¦Î¦ÍÕÍÎÅ ÎÁÂÌÉÖÅÎÎÑ ÄÌÑ ÐÒÏÔÏÎÎÏÇÏ ÐÏÔÅÎÃ¦ÁÌÕ ÎÁÚ×'ÑÚËÕ. äÁÎÁ ÒÏÂÏÔÁ ¤ ÕÚÁÇÁÌØÎÅÎÎÑÍ [7], ÏÓË¦ÌØËÉ ÐÏÒÑÄ Ú ÒÅÏÒ¦¤Î-ÔÁÃ¦ÑÍÉ ÔÕÔ ×ËÌÀÞÅÎÏ × ÒÏÚÇÌÑÄ ÐÒÏÃÅÓÉ ÔÕÎÅÌÀ×ÁÎÎÑ ÐÒÏÔÏÎÁ Í¦ÖÄ×ÏÍÁ ÐÏÔÅÎÃ¦ÁÌØÎÉÍÉ Í¦Î¦ÍÕÍÁÍÉ. ðÒÉ ÃØÏÍÕ ÄÏÓÌ¦ÄÖÅÎÏ ×ËÌÁÄÏÂÏÈ ÐÒÏÃÅÓ¦× × ÚÁÇÁÌØÎÕ ÐÒÏ×¦ÄÎ¦ÓÔØ, Á ÔÁËÏÖ §È ×ÐÌÉ× ÎÁ ÞÁÓÔÏÔÎ¦ÔÁ ÔÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ �.

ICMP{98{30U 22. ÷ÒÁÈÕ×ÁÎÎÑ Ä×ÏÍ¦Í¦ÍÕÍÎÏÇÏ ÐÒÏÔÏÎÎÏÇÏ ÐÏÔÅÎ-Ã¦ÁÌÕ ÎÁ ×ÏÄÎÅ×ÏÍÕ Ú×'ÑÚËÕïÓË¦ÌØËÉ ÒÅÁÌØÎÏ × ÓÉÓÔÅÍ¦ ÐÏÔÅÎÃ¦ÁÌ ÐÒÏÔÏÎÁ ÎÁ ×ÏÄÎÅ×ÏÍÕ Ú×'ÑÚ-ËÕ ¤ Ä×ÏÍ¦Î¦ÍÕÍÎÉÊ, ÔÏ ÄÏÃ¦ÌØÎÏ ÒÏÚÇÌÑÎÕÔÉ ×ÐÌÉ× ÔÕÎÅÌÀ×ÁÎÎÑ ÎÁÐÒÏÔÏÎÎÕ ÐÒÏ×¦ÄÎ¦ÓÔØ. ú Ã¦¤À ÍÅÔÏÀ ÎÁ ËÏÖÎÏÍÕ Ú×'ÑÚËÕ (m, f) ÒÏÚ-ÇÌÑÄÁÀÔØÓÑ ÎÁÓÔÕÐÎ¦ ÓÔÁÎÉ:j0imf = j00imf (×¦ÄÓÕÔÎ¦ÓÔØ ×ÏÄÎÅ×ÏÇÏ Ú×'ÑÚËÁ)jaimf = j10imf (ÐÒÏÔÏÎ × ÐÒÁ×¦Êjbimf = j01imf ÁÂÏ Ì¦×¦Ê ÐÏÔÅÎÃ¦ÁÌØÎ¦Ê ÑÍ¦ ÎÁ Ú×'ÑÚËÕ). (2.1)óÔÁÎ j11imf ×ÉËÌÀÞÁ¤ÍÏ, ÃÅ ÏÚÎÁÞÁ¤, ÝÏ ÅÎÅÒÇ¦Ñ ÔÁËÏ§ ËÏÎÆ¦ÎÕÒÁÃ¦§Ú Ä×ÏÍÁ ÐÒÏÔÏÎÁÍÉ ¤ ÂÅÚÍÅÖÎÏ ×ÅÌÉËÏÀ. ÷×ÏÄÑÞÉ ÐÒÏÅËÃ¦ÊÎ¦ ÏÐÅÒÁ-ÔÏÒÉ (ÏÐÅÒÁÔÏÒÉ èÁÂÂÁÒÄÁ) ÎÁ ÓÔÁÎÁÈ (2.1)Xpqmf = jpimf hqjmf ; (2.2)ÐÒÏÃÅÓ ÔÕÎÅÌÀ×ÁÎÎÑ ÍÏÖÎÁ ÏÐÉÓÁÔÉ ÎÁÓÔÕÐÎÉÍ ÄÏÄÁÎËÏÍ:
0Xmf (Xabmf +Xbamf ); (2.3)ÄÅ 
0{¦ÎÔÅÇÒÁÌ ÔÕÎÅÌÀ×ÁÎÎÑ, ÔÏÄ¦ ÑË ÒÅÏÒ¦¤ÎÔÁÃ¦ÊÎÉÊ ÄÏÄÁÎÏË [7]ÔÅÐÅÒ ÎÁÂÕÄÅ ×ÉÇÌÑÄÕ:
R Xff 6=f0 (Xa0mfX0amf 0 +Xb0mfX0bm+af�af0 ;f 0); (2.4)ÔÕÔ af{×ÅËÔÏÒÉ ÔÒÁÎÓÌÑÃ¦Ê ËÒÉÓÔÁÌ¦ÞÎÏ§ ÇÒÁÔËÉ.ïÐÅÒÁÔÏÒÉ ÚÁÓÅÌÅÎÏÓÔÅÊ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË¦× ÐÒÅÄÓÔÁ×ÌÑÀÔØÓÑ ÞÅ-ÒÅÚ ÏÐÅÒÁÔÏÒÉ èÁÂÂÁÒÄÁ:nmf = Xaamf +Xbbmf : (2.5)áÎÁÌÏÇ¦ÞÎÏ ÑË ¦ × ×ÉÐÁÄËÕ ÏÄÎÏÑÍÎÏÇÏ ÐÏÔÅÎÃ¦ÁÌÕ [7] ×ÒÁÈÕ¤ÍÏÚÍ¦ÎÕ ÐÒÏÔÏÎÎÏÇÏ ÐÏÔÅÎÃ¦ÁÌÕ, Á ÔÁËÏÖ ¦ÎÔÅÇÒÁÌÕ ÔÕÎÅÌÀ×ÁÎÎÑ × ÒÅ-ÚÕÌØÔÁÔ¦ ×ÐÌÉ×Õ ËÏÌÉ×ÎÏ§ Ð¦ÄÓÉÓÔÅÍÉ ËÉÓÎ¦×:Xmf Xkj=2;4 �mf (kj)(bkj + b+�kj)nmf ; (2.6)Xmf Xkj=2;4 �mf (kj)(bkj + b+�kj)(Xabmf +Xbamf ); (2.7)



3 ðÒÅÐÒÉÎÔÄÅ ÒÏÚÇÌÑÄÁ¤ÔØÓÑ Ú×'ÑÚÏË ÐÒÏÔÏÎÎÏ§ Ð¦ÄÓÉÓÔÅÍÉ Ú Ç¦ÌËÁÍÉ j = 2; 4ÁÎÔÉÆÁÚÎÉÈ ËÏÌÉ×ÁÎØ ÓÕÓ¦ÄÎ¦È ¦ÏÎ¦× ËÉÓÎÀ.úÒÏÂÉ×ÛÉ ÕÎ¦ÔÁÒÎÅ ÐÅÒÅÔ×ÏÒÅÎÎÑ ÎÁ Ú×'ÑÚËÕ~Hmf = UHmfUT ; U = 1p2 0@ p2 0 00 1 10 �1 1 1A ; (2.8)ÐÅÒÅÊÄÅÍÏ ÄÏ ÎÏ×ÉÈ ÓÔÁÎ¦× ÓÉÓÔÅÍÉ, ÎÁ ÑËÉÈ ÞÁÓÔÉÎÉ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÁ(2.3) ÔÁ (2.7) Ä¦ÁÇÏÎÁÌ¦ÚÕÀÔØÓÑ:~H = 12 Xmfm0f0 �ff 0(mm0)nmfnm0f 0 + (
0 � �)Xmf ~Xaamf �(
0 + �)Xmf ~Xbbmf +Xmf Xkjs=a;b �smf (kj)(bkj + b+�kj) ~Xssmf +Xkj �h!j(k)b+kjbkj + ~HR; (2.9)ÄÅ �a=bmf (kj) = �mf (kj)� �mf (kj): (2.10)ðÏÄ¦ÂÎÏ ÄÏ [7], ×ÉËÏÎÁ¤ÍÏ ËÁÎÏÎ¦ÞÎÅ ÐÅÒÅÔ×ÏÒÅÎÎÑ ÚÓÕ×Õ ~H =eiSHe�iS , ÐÒÉÞÏÍÕ S =Xmfs vmfs ~Xssmf ; (2.11)Ð¦ÓÌÑ ÞÏÇÏ ÐÒÅÄÓÔÁ×ÉÍÏ ÐÒÏÔÏÎÎÕ ÞÁÓÔÉÎÕ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÁ ËÒ¦Í ÒÏ-ÔÁÃ¦ÊÎÏÇÏ ÞÌÅÎÁ × ÎÁÂÌÉÖÅÎÎ¦ ÓÅÒÅÄÎØÏÇÏ ÐÏÌÑ:~H 0MF = Xmf f(
0 � �) ~Xaamf � (
0 + �) ~Xbbmfg+Xmfs fs(m) ~Xssmf +Xkj �h!j(k)b+kjbkj + ~H 0R + U0; (2.12)ÄÅ ×ÎÕÔÒ¦ÛÎ¦ ÐÏÌÑ × ÓÔÁÎ¦ j~si, ÐÅÒÅÎÏÒÍÏ×ÁÎ¦ ËÏÌÉ×ÎÏÀ Ð¦ÄÓÉÓÔÅÍÏÀfs(m) = f (m)� �smf ��smf ;�smf = Xm0f 0s0Xkj �smf (kj)�s0m0f 0(�kj)�h!j(k) h ~Xs0s0m0f 0i;
ICMP{98{30U 4�smf = Xkj j�smf (kj)j2�h!j(k) ;U0 = �12 Xmfm0f0 �ff 0(mm0)�nmf �nm0f 0 + (2.13)Xmfsm0f0s0 Xkj �smf (kj)�s0m0f 0(�kj)�h!j(k) h ~Xssmf ih ~Xs0s0m0f 0i:òÏÔÁÃ¦ÊÎÁ ÞÁÓÔÉÎÁ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÁ ÐÒÏÔÏÎÎÏÇÏ ÐÅÒÅÎÏÓÕ ÐÒÅÄÓÔÁ-×ÌÑ¤ÔØÓÑ ÎÁ ÎÏ×ÉÈ ÓÔÁÎÁÈ j~si ÎÁÓÔÕÐÎÉÍ ÄÏÄÁÎËÏÍ:~H 0R = 
R2 Xmf 6=f0 Xss0 f(�1)�ss0+1 ~Xs0mf ~X0s0mf 0Xss0ff 0(mm) + (2.14)~Xs0mf ~X0s0m+af�af0 ;f 0Xss0ff 0(m;m+ af � af 0)g;ÄÅ ÚÁÐÒÏ×ÁÄÖÅÎ¦ ÅËÓÐÏÎÅÎÃ¦ÁÌØÎ¦ ÆÏÎÏÎÎ¦ ÏÐÅÒÁÔÏÒÉXss0ff 0(mm0) = exp8<:�Xkj ��ss0ff 0(kjjmm0)(bkj � b+�kj)�h!j(k) 9=; : (2.15)ðÏÂÕÄÕ¤ÍÏ ÏÐÅÒÁÔÏÒ ÐÒÏÔÏÎÎÏÇÏ ÓÔÒÕÍÕ, ÑËÉÊ ÓËÌÁÄÁ¤ÔØÓÑ × ÎÁ-ÛÏÍÕ ×ÉÐÁÄËÕ Ú Ä×ÏÈ ÞÁÓÔÉÎ~J = ~JT + ~JR: (2.16)ðÅÒÛÉÊ ÄÏÄÁÎÏË ÏÐÉÓÕ¤ ÐÒÏÃÅÓÉ ÒÅÏÒ¦¤ÎÔÁÃ¦ÊÎÉÈ ÐÅÒÅÈÏÄ¦× ÐÒÏÔÏÎ¦××ÎÁÓÌ¦ÄÏË ÄÉÎÁÍ¦ËÉ ¦ÏÎÎÉÈ ÇÒÕÐ, ÔÏÄ¦ ÑË ÄÒÕÇÁ ÞÁÓÔÉÎÁ ×¦ÄÐÏ×¦ÄÁ¤ÐÒÏÃÅÓÁÍ ÔÕÎÅÌÀ×ÁÎÎÑ ÎÁ Ú×'ÑÚËÁÈ. ð¦ÓÌÑ ÕÎ¦ÔÁÒÎÉÈ ÐÅÒÅÔ×ÏÒÅÎØÔÕÎÅÌØÎÁ ÞÁÓÔÉÎÁ ÏÐÅÒÁÔÏÒÁ ÓÔÒÕÍÕ ÍÁ¤ ÎÁÓÔÕÐÎÉÊ ×ÉÇÌÑÄ:~JT = ei�hXmf Rabf 0@
mfXbaff (mm) + 12Xkj �mf (kj)[BkjXbaff (mm)+Xbaff (mm)Bkj ]� ~Xbamf +H:c:; (2.17)ÄÅ Rabf = Ramf �Rbmf{×ÅËÔÏÒÉ-×¦ÄÓÔÁÎ¦ Í¦Ö ÐÏÔÅÎÃ¦ÁÌØÎÉÍÉ ÑÍÁÍÉÎÁ f -ÍÕ Ú×'ÑÚËÕ, Bkj = bkj + b+�kj , ¦
mf = 
0 + 2 Xm0f 0s0Xkj �s0m0f 0(�kj)�h!j(k) �mf (kj)h ~Xs0s0m0f 0i =
0 + �amf � �bmf + 12(�amf ��bmf ); (2.18)



5 ðÒÅÐÒÉÎÔÁ ÒÏÔÁÃ¦ÊÎÁ ÞÁÓÔÉÎÁ ÐÒÅÄÓÔÁ×ÌÑ¤ÔØÓÑ Õ ×ÉÇÌÑÄ¦:~JR = � ei�h 
R2 Xmf 6=f0 Xs6=s0 Rff 0 � ~Xs0mf ~X0smf 0Xssff 0(mm)�~Xs0mf ~X0s0mf 0Xss0ff 0(mm)� ~Xs0mf ~X0sm+af�af0 ;f 0Xssff 0(m;m+ af � af 0)�~Xs0mf ~X0s0m+af�af0 ;f 0Xss0ff 0(m;m+ af � af 0)�+H:c:; (2.19)ÄÅ Rff 0 = Ramf �Ramf 0 = �(Rbmf �Rbm+af�af0 ;f 0).ú ×ÉÒÁÚ¦× (2.17) ÔÁ (2.19) ÂÁÞÉÍÏ, ÝÏ ÏÐÅÒÁÔÏÒÉ ~JR ¦ ~JT ÏÐÉÓÕÀÔØÓÔÒÕÍ, ÁËÔÉ×Ï×ÁÎÉÊ ÆÏÎÏÎÎÉÍÉ ÐÒÏÃÅÓÁÍÉ ÒÏÚÓ¦ÑÎÎÑ × ÒÅÚÕÌØÔÁÔ¦×ÚÁ¤ÍÏÄ¦§ Ú¦ ÚÍ¦ÝÅÎÎÑÍÉ ËÉÓÎ¦× O(2). ôÏÄ¦ ÚÇ¦ÄÎÏ Ú ÆÏÒÍÕÌÏÀ ëÕÂÏ,ÚÁ ÑËÏÀ ÏÂÞÉÓÌÀ¤ÔØÓÑ ÐÒÏ×¦ÄÎ¦ÓÔØ,�(!; T ) = 1V Z 10 dtei(!+i")t Z �0 d�hJ(t� i�h�)J(0)i; (2.20)ÏÔÒÉÍÕ¤ÍÏ: �(!) = �T + �R + �TR; (2.21)ÄÅ �T -ÃÅ ×ÎÅÓÏË, ÝÏ ÐÏÈÏÄÉÔØ Ú ÔÕÎÅÌÀ×ÁÎÎÑ, �R{Ú ÒÅÏÒ¦¤ÎÔÁÃ¦Ê, Á�TR ÏÐÉÓÕ¤ ÚÍ¦ÛÁÎ¦ Ä×ÏÓÔÁÄ¦ÊÎ¦ ÐÒÏÃÅÓÉ ÔÕÎÅÌÀ×ÁÎÎÑ ÐÌÀÓ ÒÅÏÒ¦¤Î-ÔÁÃ¦§, ÝÏ ¦ ×¦ÄÐÏ×¦ÄÁ¤ ÍÅÈÁÎ¦ÚÍÕ çÒÏÔÔÈÕÓÁ.òÏÚÇÌÑÎÅÍÏ ÓÐÏÞÁÔËÕ ÞÌÅÎ �T . áÎÁÌÏÇ¦ÞÎÏ ÑË × [7], ÐÒÉ ÏÂÞÉ-ÓÌÅÎÎ¦ ËÏÒÅÌÑÔÏÒ¦× h ~J ~Ji ÚÁ ÔÅÏÒ¦¤À ÚÂÕÒÅÎØ ÄÏ ÄÒÕÇÏÇÏ ÐÏÒÑÄËÕ ÚÁÐÅÒÅÎÏÓÏÍ 
R ÚÁÄÁÞÁ Ú×ÏÄÉÔØÓÑ ÄÏ ÚÎÁÈÏÄÖÅÎÎÑ ÏËÒÅÍÏ ÐÒÏÔÏÎÎÏ§¦ ÆÏÎÏÎÎÏ§ ÞÁÓÔÉÎ ÎÁ ÏÓÎÏ×¦ ÇÁÍ¦ÌØÔÏÎ¦ÁÎÁ (2.12) ÂÅÚ ÒÏÔÁÃ¦ÊÎÏ§ ÞÁ-ÓÔÉÎÉ ~H 0R. æÏÎÏÎÎÁ ÞÁÓÔÉÎÁ ËÏÒÅÌÑÔÏÒ¦× ÏÂÞÉÓÌÀ¤ÔØÓÑ ÐÏÄ¦ÂÎÏ ÄÏ[7] × ÎÁÂÌÉÖÅÎÎ¦ ÓÉÌØÎÏÇÏ ÐÒÏÔÏÎ-ÆÏÎÏÎÎÏÇÏ Ú×'ÑÚËÕ. ðÒÏÔÏÎÎ¦ ËÏ-ÒÅÌÑÃ¦ÊÎ¦ ÆÕÎËÃ¦§ Ð¦ÓÌÑ ÐÅÒÅÈÏÄÕ ÄÏ ÐÒÅÄÓÔÁ×ÌÅÎÎÑ ûÒÅÄ¦ÎÇÅÒÁ ÄÌÑÏÐÅÒÁÔÏÒ¦× ~Xabmf (z) ¦ ~Xbamf (z) (z = t� i�h�) ÍÁÀÔØ ÎÁÓÔÕÐÎÉÊ ×ÉÇÌÑÄ:h ~Xabmf (z) ~Xbam1f1i = �ff1(m�m1)h ~Xaamf i � (2.22)exp( iz�h [2
0 ��amf +�bmf � fb(m) + fa(m)]);h ~Xbamf (z) ~Xabm1f1i = �ff1(m�m1)h ~Xbbmf i �exp(� iz�h [2
0 ��amf +�bmf � fb(m) + fa(m)]):ôÏÄ¦ × ÒÅÚÕÌØÔÁÔ¦ ÏÔÒÉÍÁ¤ÍÏ ÎÁÓÔÕÐÎÉÊ ×ÉÒÁÚ ÄÌÑ �T :�rT = e2�h2 p�vc �abP ab0 sh��h!=2�h!=2 Xf (Rabf (r))2(s(1)f h ~Xbbmf i+ s(2)f h ~Xaamf i);(2.23)
ICMP{98{30U 6ÄÅ s(1=2)f = 
2f � 29 �n0(1 + �n0)(Eab0 )2 + (2.24)19(Eab0 )2 �(1 + �n0)2c(1=2)f;�2 + �n20c(1=2)f;2 �+13Eab0 �(�2
f + 12�h!0)(1 + �n0)c(1=2)f;�1+(�2
f + 12�h!0)�n0c(1=2)f;1 � ;ÔÕÔ ËÏÅÆ¦Ã¦¤ÎÔÉ c(1=2)f;l = exp �� 12��h
f;l � �2ab(! � 
f;l)2�, (�h
f;l =�2
0 +�af ��bf + fb � fa + l � �h!0).óÅÒÅÄÎ¦Ê ÞÁÓ ÐÅÒÅÓËÏËÕ ÐÒÏÔÏÎÁ Í¦Ö Ä×ÏÍÁ Í¦Î¦ÍÕÍÁÍÉ ÎÁ Ú×'ÑÚ-ËÕ �ab ÚÁÄÁ¤ÔØÓÑ ÓÐ¦××¦ÄÎÏÛÅÎÎÑÍ �2ab = 38��h2=Eab0 , ÄÅ Eab0 = (�hrvab)2M(�h!0)2 {ÅÎÅÒÇ¦Ñ, ÎÅÏÂÈ¦ÄÎÁ ÄÌÑ ÄÉÓÏÃ¦ÁÃ¦§ ÐÒÏÔÏÎÎÏÇÏ ÐÏÌÑÒÏÎÁ ÐÒÉ ÁËÔÉ-×Ï×ÁÎÏÍÕ ÆÏÎÏÎÁÍÉ ÐÅÒÅÎÏÓ¦ ÎÁ Ú×'ÑÚËÕ, rvab = rva � rvb =2r
0{ÈÁÒÁËÔÅÒÉÚÕ¤ ÚÍ¦ÎÕ ¦ÎÔÅÇÒÁÌÕ ÔÕÎÅÌÀ×ÁÎÎÑ ÐÒÉ ÚÍ¦Î¦ ×¦ÄÄÁÌ¦Í¦Ö ËÉÓÎÑÍÉ O(2)0-O(2)00. ôÕÔ ××ÅÄÅÎ¦ ÐÏÚÎÁÞÅÎÎÑ ÄÌÑ ÐÁÒÁÍÅÔÒ¦×rva=b = rV �r
0, ÝÏ ×ÉÎÉËÁÀÔØ × ÒÅÚÕÌØÔÁÔ¦ ÕÎ¦ÔÁÒÎÏÇÏ ÐÅÒÅÔ×Ï-ÒÅÎÎÑ (2.8). úÎÁÞÅÎÎÑ ÐÁÒÁÍÅÔÒ¦× rV ÔÁ r
0 ÏÔÒÉÍÁÎÏ Ú [8,9] ×É-ËÏÒÉÓÔÏ×ÕÀÞÉ ÏÔÒÉÍÁÎ¦ × ÃÉÈ ÒÏÂÏÔÁÈ ÄÁÎ¦ ÐÒÏ ÚÁÌÅÖÎÏÓÔ¦ ÐÒÏÔÏÎ-ÎÏÇÏ ÐÏÔÅÎÃ¦ÁÌÕ ÔÁ ÅÎÅÒÇ¦§ ÔÕÎÅÌØÎÏÇÏ ÒÏÚÝÅÐÌÅÎÎÑ ÎÁ Ú×'ÑÚËÕ ×¦Ä×¦ÄÓÔÁÎ¦ Í¦Ö ËÉÓÎÑÍÉ. ðÒÉ ÃØÏÍÕ ÛÌÑÈÏÍ ÄÉÆÅÒÅÎÃ¦À×ÁÎÎÑ ÍÏÖ-ÎÁ Ä¦ÓÔÁÔÉ rV = 2:4 eV/�A, r
0 = �0:5 eV/�A. æÏÎÏÎÎÁ ÅËÓÐÏÎÅÎ-ÔÁ P ab0 = e��Eab0 =6, Á ÓÅÒÅÄÎ¤ ÞÉÓÌÏ ÆÏÎÏÎ¦× �n0 Ú ÞÁÓÔÏÔÏÀ !0 ÚÁ-ÄÁ¤ÔØÓÑ ÒÏÚÐÏÄ¦ÌÏÍ âÏÚÅ. úÎÁÞÅÎÎÑ ÅÎÅÒÇ¦§ ÏÐÔÉÞÎÏ§ Ç¦ÌËÉ �h!0 ÂÒÁ-ÌÏÓØ Ú ÒÏÂÏÔÉ [7] Ú ÐÏÒ¦×ÎÑÎÎÑ ÏÔÒÉÍÁÎÉÈ ÔÁÍ ËÏÅÆ¦Ã¦¤ÎÔ¦× ÐÒÏ×¦Ä-ÎÏÓÔ¦ Ú ÅËÓÐÅÒÉÍÅÎÔÏÍ, ÝÏ ÄÁÌÏ ÍÏÖÌÉ×¦ÓÔØ ×ÉÚÎÁÞÉÔÉ �h!0=jaj � 0:6(a = 1p6 [�11(k = 0)� �12(k = 0)]).ú ×ÉÒÁÚ¦× (2.22) ×ÉÄÎÏ, ÝÏ ÐÒÏÔÏÎÎ¦ ËÏÒÅÌÑÔÏÒÉ ×ÉÚÎÁÞÁÀÔØÚÂÕÄÖÅÎÎÑ Ú ÅÎÅÒÇ¦¤À ÔÕÎÅÌÀ×ÁÎÎÑ, ÐÅÒÅÎÏÒÍÏ×ÁÎÏÀ ÎÁÑ×Î¦ÓÔÀ×ÎÕÔÒ¦ÛÎ¦È ÄÁÌÅËÏÄ¦ÀÞÉÈ ÐÏÌ¦×, Á ÔÁËÏÖ ×ÐÌÉ×ÏÍ ËÏÌÉ×ÎÏ§ Ð¦ÄÓÉ-ÓÔÅÍÉ ËÉÓÎ¦× O(2).ðÅÒÅÊÄÅÍÏ ÔÅÐÅÒ ÄÏ ÒÏÚÇÌÑÄÕ ÞÁÓÔÉÎÉ �R. ðÒÉ ÏÂÞÉÓÌÅÎÎ¦ ÐÒÏ-ÔÏÎÎÏ§ ÞÁÓÔÉÎÉ ËÏÒÅÌÑÃ¦ÊÎÏ§ ÆÕÎËÃ¦§ h ~JR(z) ~JRi ÏÚÎÁÞÉÍÏ ÆÕÒ'¤-ÏÂÒÁÚÉ ÏÐÅÒÁÔÏÒ¦× ~Xs0mf , ~X0smf ÎÁ Ð¦ÄÇÒÁÔÃ¦ (f , i), ÄÅ i = f+;�g ×¦Ä-ÐÏ×¦ÄÁ¤ ÐÁÒÎÏÍÕ ÁÂÏ ÎÅÐÁÒÎÏÍÕ ¦ÎÄÅËÓÕ m3 × m-Ê ËÏÍ¦ÒÃ¦:~Xs0mf = 1pN=2Xk ~Xs0kf eikRm ; (2.25)



7 ðÒÅÐÒÉÎÔ¦ ×ÉËÏÒÉÓÔÁ¤ÍÏ Ò¦ÚÎÏÞÁÓÏ×Å ÒÏÚÝÅÐÌÅÎÎÑ, ÐÒÉ ÑËÏÍÕh ~Xs0kf 0(z) ~X0s0k0f (z) ~Xs00k1f ~X0sk01;f 0i ! (2.26)�k;k01�k0k1h ~Xs0kf 0(z) ~X0skf 0ih ~X0s0k0f (z) ~Xs00k0f i:ëÒ¦Í ÔÏÇÏ, ×ÉÑ×ÌÑ¤ÔØÓÑ, ÝÏ ÐÒÉ ÏÂÞÉÓÌÅÎÎ¦ ÆÏÎÏÎÎÉÈ ËÏÒÅÌÑÃ¦Ê-ÎÉÈ ÆÕÎËÃ¦Ê ÓÕÔÔ¤×¦ ×ÎÅÓËÉ ÄÁÀÔØ ÌÉÛÅ ËÏÒÅÌÑÔÏÒÉhXss0ff 0(mm0)jt=zXs0sf 0f (m1;m01)i (2.27)ÐÒÉ m = m01 ¦ m0 = m1:hXssff 0(mm0)jzXssf 0f (m0m)i � hXssff 0(mm0)ihXssf 0f (m0m)i =P sff 0e�(z+ 12 i�h�)2=4�2s ;hXss0ff 0(mm0)jzXs0sf 0f (m0m)i � hXss0ff 0(mm0)ihXs0sf 0f (m0m)i =P ss0ff 0e�(z+ 12 i�h�)2=4� 02ab ; (2.28)ÄÅ m = m0 ÁÂÏ m+ af � af 0 = m0. ôÕÔP sff 0 = P s = e�5�Es=12; P ss0ff 0 = P ab = e��Eab=6;�2s = 320��h2=Es; � 02ab = 38��h2=Eab; (2.29)Es = (�hrvs)2M(�h!0)2 ; Eab = �h2((rva)2 + (rvb)2 +rvarvb=2M(�h!0)2 ;ÅÎÅÒÇ¦§, ÎÅÏÂÈ¦ÄÎ¦ ÄÌÑ ÄÉÓÏÃ¦ÁÃ¦§ ÐÏÌÑÒÏÎÁ ÐÒÉ ÁËÔÉ×Ï×ÁÎÏÍÕ ÆÏ-ÎÏÎÁÍÉ ÒÅÏÒ¦¤ÎÔÁÃ¦ÊÎÏÍÕ ÐÅÒÅÓËÏËÏ×¦ ÐÒÏÔÏÎÁ Í¦Ö ÓÔÁÎÁÍÉ j~sif !j~sif 0 (s = a; b) ÁÂÏ ÐÒÉ ÐÅÒÅÓËÏËÏ×¦ ÚÍ¦ÛÁÎÏÇÏ ÔÉÐÕ j~aif ! j~bif 0 ,j~bif ! j~aif 0 . óÌ¦Ä ×¦ÄÚÎÁÞÉÔÉ, ÝÏ ÄÌÑ ÓÅÒÅÄÎ¦È ÞÁÓ¦× ÐÅÒÅÓËÏË¦××ÉËÏÎÕ¤ÔØÓÑ ÓÐ¦××¦ÄÎÏÛÅÎÎÑ �ab > � 0ab, Ú×¦ÄËÉ ×ÉÐÌÉ×Á¤, ÝÏ Û×ÉÄ-Ë¦ÓÔØ ÐÒÏÔÏÎÎÉÈ ÐÅÒÅÓËÏË¦× ÎÁ Ú×'ÑÚËÁÈ ¤ ÍÅÎÛÏÀ ÚÁ Û×ÉÄË¦ÓÔØ ÒÅ-ÏÒ¦¤ÎÔÁÃ¦Ê. ãÅÊ ÆÁËÔ ÔÁËÏÖ Ð¦ÄÔ×ÅÒÄÖÕ¤ ÄÁÎÎ¦ ÅËÓÐÅÒÉÍÅÎÔÁÌØÎÉÈ×ÉÍ¦ÒÀ×ÁÎØ × [1] ÔÁ ÒÏÚÒÁÈÕÎË¦× ÍÅÔÏÄÏÍ ÍÏÌÅËÕÌÑÒÎÏ§ ÄÉÎÁÍ¦ËÉ[12]. ÷Ó¦ ¦ÎÛ¦ ËÏÒÅÌÑÔÏÒÉ (2.27) (ÐÒÉ m 6= m01, m1 6= m0) ÅËÓÐÏÎÅÎ-Ã¦ÊÎÏ ÚÁÔÕÈÁÀÔØ Ú ÔÅÍÐÅÒÁÔÕÒÏÀ ÚÁ ÒÁÈÕÎÏË ÐÒÏÃÅÓ¦× ÒÏÚÓ¦ÑÎÎÑ ÎÁÆÏÎÏÎÁÈ. îÁÐÒÉËÌÁÄ, ËÏÒÅÌÑÔÏÒ ÐÒÉ s = s0, m = m0, m1 = m01,m = m1 � af ÍÁ¤ ÎÁÓÔÕÐÎÉÊ ×ÉÇÌÑÄ:hXssff 0(mm)jzXssf 0f (m+ af ;m+ af )i � hXssff 0(mm0)i � (2.30)hXssf 0f (m+ af ;m+ af )i = P s2 e�(z+ 12 i�h�)2=4�22s ;
ICMP{98{30U 8ÄÅ �22s = 12��h2=Es, Á ÆÏÎÏÎÎÉÊ ÍÎÏÖÎÉËP s2 = exp�� Es�(�h!0)2 (103 ch��h!0=2� 1)�ÚÍÅÎÛÕ¤ÔØÓÑ ÐÒÉ Ð¦Ä×ÉÝÅÎÎ¦ ÔÅÍÐÅÒÁÔÕÒÉ × ÐÏÒ¦×ÎÑÎÎ¦ Ú (2.29), ÚÏ-ËÒÅÍÁ, P s2 < 0:1 ÐÒÉ � > 37 (�h!0)2Es , ÝÏ ÍÁ¤ Í¦ÓÃÅ ÐÒÉ ÔÅÍÐÅÒÁÔÕÒÁÈ� > �0 � 0:1 (� = kT=jaj).ôÁËÉÍ ÞÉÎÏÍ, ÚÂÉÒÁÀÞÉ ×Ó¦ ÓÕÔÔ¤×¦ ÄÏÄÁÎËÉ, × ÒÅÚÕÌØÔÁÔ¦ ÏÔ-ÒÉÍÁ¤ÍÏ ÎÁÓÔÕÐÎÉÊ ×ÉÒÁÚ ÄÌÑ ÒÅÏÒ¦¤ÎÔÁÃ¦ÊÎÏ§ ÞÁÓÔÉÎÉ ÐÒÏ×¦ÄÎÏÓÔ¦(ÔÕÔ ×Ó¦ ÐÒÏÔÏÎÎ¦ ËÏÒÅÌÑÔÏÒÉ ×ÉÚÎÁÞÅÎ¦ ÎÁ Ð¦ÄÇÒÁÔËÁÈ Ú i = +):�rR = e2�h2 p�vc 
R2N2 Xf 6=f 0(Rrff 0)2 �Z 10 dtei(!+i")t Z �0 d�Xk;k1(Xs P se�(z+ 12 i�h�)2=4�2shh ~Xs0k;f (z) ~X0sk;f i � h ~X0sk1;f 0(z) ~Xs0k1;f 0i+h ~Xs0k;f 0(z) ~X0sk;f 0i � h ~X0sk1;f (z) ~Xs0k1;f ii+ (2.31)Xs6=s0 P ss0e�(z+ 12 i�h�)2=4� 02ab hh ~Xs0k;f (z) ~X0sk;f i � h ~X0s0k1;f 0(z) ~Xs00k1;f 0i+h ~Xs0k;f 0(z) ~X0sk;f 0i � h ~X0s0k1;f (z) ~Xs00k1;f iio :äÌÑ ÏÂÞÉÓÌÅÎÎÑ �R ÚÁ ÆÏÒÍÕÌÏÀ (2.31) ÎÅÏÂÈ¦ÄÎÏ ÚÎÁÊÔÉ ËÏÒÅ-ÌÑÃ¦ÊÎ¦ ÆÕÎËÃ¦§ ÔÉÐÕ h ~Xs0k;f (z) ~X0sk;f i, ÝÏ ÂÕÄÅ ÄÅÔÁÌØÎÏ ÒÏÚÇÌÑÎÕÔÏ ×ÎÁÓÔÕÐÎÏÍÕ ÐÕÎËÔ¦ 3.ðÒÉ ÁÎÁÌ¦Ú¦ ÚÍ¦ÛÁÎÏ§ ÞÁÓÔÉÎÉ ÐÒÏ×¦ÄÎÏÓÔ¦ �TR ×ÉÑ×ÌÑ¤ÔØÓÑ, ÝÏÎÅÀ ÍÏÖÎÁ ÚÎÅÈÔÕ×ÁÔÉ, ÏÓË¦ÌØËÉ ×Ó¦ §§ ÄÏÄÁÎËÉ ÄÁÀÔØ ÁÎÁÌÏÇ¦ÞÎÏÄÏ (2.30) ×ÎÅÓËÉ, ÝÏ ¤ ÍÁÌÉÍÉ × ÐÏÒ¦×ÎÑÎÎ¦ Ú (2.23) ÔÁ (2.31). ôÏÍÕÎÁÄÁÌ¦ ÄÏÓÔÁÔÎØÏ ÏÂÞÉÓÌÉÔÉ ÓÕÍÕ �R + �T , ÝÏÂ ÏÔÒÉÍÁÔÉ ÐÒÏÔÏÎÎÕÐÒÏ×¦ÄÎ¦ÓÔØ × ÐÌÏÝÉÎ¦ (001).3. åÎÅÒÇÅÔÉÞÎÉÊ ÓÐÅËÔÒ ÏÄÎÏÞÁÓÔÉÎËÏ×ÉÈ ÚÂÕ-ÄÖÅÎØ ÐÒÏÔÏÎÎÏ§ Ð¦ÄÓÉÓÔÅÍÉòÏÚÇÌÑÎÅÍÏ ÄÅÔÁÌØÎ¦ÛÅ ÏÂÞÉÓÌÅÎÎÑ ËÏÒÅÌÑÃ¦ÊÎÉÈ ÆÕÎËÃ¦Êh ~Xs0k;f (z) ~X0sk;f i. ÷¦ÄÏÍÏ, ÝÏ §È ÍÏÖÎÁ ÐÒÅÄÓÔÁ×ÉÔÉ ÞÅÒÅÚ ÕÑ×Î¦ ÞÁÓÔÉÎÉ



9 ðÒÅÐÒÉÎÔÆÕÒ'¤-ÏÂÒÁÚ¦× ÆÕÎËÃ¦Ê ½Ò¦ÎÁ:h ~Xs0kf (z) ~X0skf i = ��h� Z 1�1 d!e�i!z=mhh ~X0skf j ~Xs0kf ii!e��h! + 1 : (3.1)ôÁËÉÍ ÞÉÎÏÍ, ÚÁÄÁÞÁ Ú×ÏÄÉÔØÓÑ ÄÏ ÚÎÁÈÏÄÖÅÎÎÑ ÆÕÎËÃ¦Ê ½Ò¦ÎÁhh ~X0sk;f j ~Xs0k;f ii!. úÁÐÉÛÅÍÏ Ò¦×ÎÑÎÎÑ ÒÕÈÕ ÄÌÑ ÆÕÎËÃ¦Ê ½Ò¦ÎÁ, ÐÏÂÕ-ÄÏ×ÁÎÉÈ ÎÁ ÏÐÅÒÁÔÏÒÁÈ ~X0smf , ÝÏ ×ÉÚÎÁÞÅÎ¦ ÎÁ ÐÒÑÍ¦Ê ÇÒÁÔÃ¦:�h!hh ~X0smf j ~Xs00mf 0ii! = h[ ~X0smf ; ~Xs00mf 0 ]i+ hh[ ~X0smf ; ~H 0MF ]j ~Xs00mf 0ii!; (3.2)Ú×¦ÄËÉ ÏÔÒÉÍÕ¤ÍÏ ÎÁÓÔÕÐÎÕ ÓÉÓÔÅÍÕ Ò¦×ÎÑÎØ ÄÌÑ Gss0ff 0(mm0) =hh ~X0smf j ~Xs00mf 0ii!:(�h! � 
0 + �� fa(m))Gaaff 0(mm0) = h ~X00mf + ~Xaamf i f�ff 0(m�m0)+
R2 Xf 01 6=fXs01 h(�1)1+�s01;ahXas01ff 01 (mm)iGs01af 01;f 0(mm0)+hXas01ff 01 (m;m+ af � af 01)iGs01af 01 ;f 0(m+ af � af 01 ;m0)io ; (3.3)(�h! +
0 � �� fb(m))Gbaff 0(mm0) = h ~X00mf + ~Xbbmf i �
R2 Xf 01 6=fXs01 h(�1)1+�s01;bhXbs01ff 01(mm)iGs01af 01 ;f 0(mm0)+hXbs01ff 01(m;m+ af � af 01)iGs01af 01 ;f 0(m+ af � af 01 ;m0)iáÎÁÌÏÇ¦ÞÎÏ ÏÄÅÒÖÕ¤ÔØÓÑ ÄÒÕÇÁ ÞÁÓÔÉÎÁ Ò¦×ÎÑÎØ ÄÌÑ ÆÕÎËÃ¦Ê ½Ò¦-ÎÁ Gbbff 0(mm0) ÔÁ Gabff 0(mm0). ðÒÉ ÚÁÍÉËÁÎÎ¦ ÌÁÎÃÀÖËÁ Ò¦×ÎÑÎØ (3.2)×ÉËÏÒÉÓÔÁÎÏ ÒÏÚÞÅÐÌÅÎÎÑ ÆÕÎËÃ¦Ê ½Ò¦ÎÁ, ÐÏÂÕÄÏ×ÁÎÉÈ ÎÁ ÔÒØÏÈ ÏÐÅ-ÒÁÔÏÒÁÈ èÁÂÂÁÒÄÁ, ÝÏ ×ÉÎÉËÁÀÔØ × ÐÒÁ×¦Ê ÞÁÓÔÉÎ¦ Ò¦×ÎÑÎØ ÒÕÈÕ~Xss1mf ~X0s0m0f 0 ! h ~Xss1mf i ~X0s0m0f 0 ;ÝÏ ×¦ÄÐÏ×¦ÄÁ¤ ÎÁÂÌÉÖÅÎÎÀ ÔÉÐÕ èÁÂÂÁÒÄ-I.úÁÐÉÛÅÍÏ ÓÉÓÔÅÍÕ Ò¦×ÎÑÎØ (3.3) × k{ÐÒÏÓÔÏÒ¦ ÄÌÑ ÆÕÒ'¤-ÏÂÒÁÚ¦×ÆÕÎËÃ¦Ê ½Ò¦ÎÁ Gss0ff 0(ii0jk) = hh ~X0skf j ~Xs0kf ii! :(�h! � 
0 + �� ifa)Gaaff 0(ii0jk) = (1� h ~Xbbfii) f�ff 0(i� i0)+
R2 Xf 01 6=fXs01 hXas01ff 01 i h(�1)1+�s01;aGs01af 01;f 0(ii0jk)+ (3.4)
ICMP{98{30U 10e�ik(af�af01 )Gs01af 01;f 0(i01i0jk)io ;(�h! +
0 + �� ifb)Gbaff 0(ii0jk) = (1� h ~Xaafi i)�
R2 Xf 01 6=fXs01 hXbs01ff 01i h(�1)1+�s01;bGs01af 01;f 0(ii0jk)+e�ik(af�af01 )Gs01af 01;f 0(i01i0jk)i ;ÄÅ ¦ÎÄÅËÓ i01 = � i; f ÁÂÏ f 0 6= 3;�i; f ÁÂÏ f 0 = 3; Á (�i = +) ÐÒÉ (i = �) ¦ ÎÁ×ÐÁ-ËÉ.ôÁËÉÍ ÞÉÎÏÍ, × Ã¦ÌÏÍÕ ÏÔÒÉÍÁÎÏ ÚÁÍËÎÅÎÕ ÓÉÓÔÅÍÕ Ò¦×ÎÑÎØ ÄÌÑ×ÉÚÎÁÞÅÎÎÑ 24 ÎÅ×¦ÄÏÍÉÈ ÆÕÎËÃ¦Ê ½Ò¦ÎÁ. óÌ¦Ä ÚÁÚÎÁÞÉÔÉ, ÝÏ ÄÏÄÁÔ-ËÏ×Õ ÚÁÄÁÞÕ ÓÔÁÎÏ×ÉÔØ ÏÂÞÉÓÌÅÎÎÑ ÓÅÒÅÄÎ¦È ×¦Ä ÏÐÅÒÁÔÏÒ¦× èÁÂÂÁÒÄÁh ~Xssmf i, ÑË¦ Æ¦ÇÕÒÕÀÔØ × (3.4). ëÒ¦Í ÔÏÇÏ, Ã¦ ÓÅÒÅÄÎ¦ ÐÏÔÒ¦ÂÎ¦ ÎÁÍ ÔÁ-ËÏÖ ¦ ÄÌÑ ÏÂÞÉÓÌÅÎÎÑ ÞÁÓÔÉÎÉ �T ÚÁ ÆÏÒÍÕÌÏÀ (2.23).÷¦ÄÐÏ×¦ÄÎÏ ÄÏ (3.1) ÓÅÒÅÄÎ¦ ÍÏÖÎÁ ÐÒÅÄÓÔÁ×ÉÔÉ ÑËh ~Xssfi i = h ~Xssmf i = 2N Xm h ~Xs0mf ~X0smf i = 2N Xk h ~Xs0kf ~X0skf i; (3.5)ÄÅ ÓÕÍÁ ÂÅÒÅÔØÓÑ ÐÏ m Ú ÐÁÒÎÉÍÉ ÁÂÏ ÎÅÐÁÒÎÉÍÉ ¦ÎÄÅËÓÁÍÉ m3, ÐÒÉ-ÞÏÍÕ h ~Xss1+i = h ~Xss2�i, h ~Xss2+i = h ~Xss1�i, h ~Xss3+i = h ~Xss3�i.ëÒ¦Í ÔÏÇÏ, ÓÅÒÅÄÎ¦ h ~Xssmf i ÐÏ×ÉÎÎ¦ ÚÁÄÏ×ÏÌØÎÑÔÉ Ò¦×ÎÑÎÎÑ ÎÁÈ¦Í¦ÞÎÉÊ ÐÏÔÅÎÃ¦ÁÌ:1N Xmf �nmf = 1N Xmfsh ~Xssmf i = �n: (3.6)÷ Ã¦ÌÏÍÕ ÚÁÄÁÞÁ Ú×ÏÄÉÔØÓÑ ÄÏ ÓÁÍÏÕÚÇÏÄÖÅÎÏÇÏ ÒÏÚ×'ÑÚÕ×ÁÎÎÑ ÓÉ-ÓÔÅÍÉ (3.5), (3.6), ÐÒÉÞÏÍÕ ËÏÒÅÌÑÔÏÒÉ h ~Xs0kf ~X0skf i ×ÉÒÁÖÁÀÔØÓÑ ÞÅÒÅÚÆÕÎËÃ¦§ ½Ò¦ÎÁ (3.4). ÷¦ÄÏÍÏ, ÝÏ ÐÏÌÀÓÉ ÆÕÎËÃ¦Ê ½Ò¦ÎÁ Gss0ff 0(ii0jk) ×É-ÚÎÁÞÁÀÔØ ÓÐÅËÔÒ ÏÄÎÏÞÁÓÔÉÎËÏ×ÉÈ ÚÂÕÄÖÅÎØ. îÁ ÒÉÓ. 1 ÐÒÅÄÓÔÁ×ÌÅÎÏÚÁÌÅÖÎÏÓÔ¦ ÚÏÎÎÏÇÏ ÓÐÅËÔÒÕ ÏÄÎÏÐÒÏÔÏÎÎÉÈ (ÐÏÌÑÒÏÎÎÉÈ) ÚÂÕÄÖÅÎØ"sfi(k) (× ÎÁÛÏÍÕ ×ÉÐÁÄËÕ ÍÁ¤ÍÏ 12 ÚÏÎ) ×¦Ä ÔÅÍÐÅÒÁÔÕÒÉ. ëÏÖÅÎÚ ÅÎÅÒÇÅÔÉÞÎÉÈ Ò¦×Î¦× "sfi(k), ÝÏ ÕÔ×ÏÒÀ¤ ÚÏÎÕ, ×¦ÄÐÏ×¦ÄÁ¤ ÓÕÐÅÒ-ÐÏÚÉÃ¦§ ÓÔÁÎ¦× j~sikfi. ÷ ×ÉÐÁÄËÕ 
R = 0 × ÓÕÐÅÒ¦ÏÎÎ¦Ê ÆÁÚ¦, × ÑË¦ÊÚÁÓÅÌÅÎÏÓÔ¦ Ú×'ÑÚË¦× ÄÌÑ ÐÁÒÎÏÇÏ ÔÁ ÎÅÐÁÒÎÏÇÏ m3 ÔÁ ÄÌÑ ÄÏ×¦ÌØ-ÎÏÇÏ f ×Ó¦ ÏÄÎÁËÏ×¦, ÍÁ¤ÍÏ ÌÉÛÅ Ä×Á ÛÅÓÔÉËÒÁÔÎÏ ×ÉÒÏÄÖÅÎÉÈ Ò¦×-ÎÑ, ÑË¦ ÒÏÚÝÅÐÌÀÀÔØÓÑ ¦ ÕÔ×ÏÒÀÀÔØ Ä×¦ ÚÏÎÉ ÐÒÉ 
R 6= 0. õ ×ÐÏ-ÒÑÄËÏ×ÁÎ¦Ê ÆÁÚ¦ IV (�n1i = �n2i = 0, �n3i = 1 × ÓÔÁÎ¦ ÎÁÓÉÞÅÎÎÑ)"s1i = "s2i 6= "s3i, ÔÏÂÔÏ ¦ÓÎÕ¤ 2 Ä×ÏËÒÁÔÎÏ ×ÉÒÏÄÖÅÎÉÈ Ò¦×Î¦ "s3 ÔÁ 2
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τ(a) (Â)Figure 1. úÍ¦ÎÁ ÚÏÎÎÏÇÏ ÓÐÅËÔÒÕ "sfi=jaj Ú ÔÅÍÐÅÒÁÔÕÒÏÀ ÐÒÉ (Á) ~b = 1¦ (Â) ~b = 3 (~b = b=jaj, b = 1p2 [�11(k3) � �12(k3)], k3 = 12b3, b3{×ÅËÔÏÒ ÔÒÁÎÓÌÑÃ¦§ ÏÂÅÒÎÅÎÏ§ ÇÒÁÔËÉ) ÄÌÑ ×ÉÐÁÄËÕ ~
0 = 
0=jaj =0:1, ~
R = 
R=jaj = 0:6, ~�h!0 = �h!0=jaj = 0:67, E00 = E0=jaj = 4:2 ¦�0
0 = �
0=jaj = 0:2, ÄÅ �
0 = (�hr
0)2M(�h!0)2 , E0 = (�hrV )2M(�h!0)2 . ¶ÎÄÅËÓÉ 2, 4,6 ×¦ÄÐÏ×¦ÄÁÀÔØ Ë¦ÌØËÏÓÔ¦ ÂÌÉÚØËÉÈ ÚÏÎ.

ICMP{98{30U 12ÞÏÔÉÒÉËÒÁÔÎÏ ×ÉÒÏÄÖÅÎÉÈ Ò¦×Î¦ "s1 = "s2, Ú ÑËÉÈ ÕÔ×ÏÒÀÀÔØÓÑ ÚÏÎÉÐÒÉ 
R 6= 0 (ÒÉÓ. 1Á). äÌÑ ×ÐÏÒÑÄËÏ×ÁÎÏ§ ÆÁÚÉ III (�n1+ = �n2� = 1,�n1� = �n2+ = 0 ÁÂÏ �n1+ = �n2� = 0, �n1� = �n2+ = 1 ¦ �n3i = 0 ×ÓÔÁÎ¦ ÎÁÓÉÞÅÎÎÑ) ¦ÓÎÕ¤ 6 Ä×ÏËÒÁÔÎÏ ×ÉÒÏÄÖÅÎÉÈ Ò¦×Î¦× "s1+ = "s2�,"s2+ = "s1� ÔÁ "s3+ = "s3� (ÒÉÓ. 1Â). óÌ¦Ä ×¦ÄÚÎÁÞÉÔÉ, ÝÏ × ÄÁÎÏÍÕ×ÉÐÁÄËÕ ÍÉ ÍÁ¤ÍÏ ÓÐÒÁ×Õ Ú ÐÏÌÑÒÏÎÎÉÍÉ ÚÏÎÁÍÉ. ãÅ ÏÚÎÁÞÁ¤, ÝÏÛÉÒÉÎÁ ËÏÖÎÏ§ ÚÏÎÉ ¤ ÐÅÒÅÎÏÒÍÏ×ÁÎÁ ÐÏÌÑÒÏÎÎÉÍ ÍÎÏÖÎÉËÏÍ ¦ ¤ÐÏÒÑÄËÕ �" � 
RhXss0ff 0i = 
Re� 12Pkj j��ss0ff0 (kj)j2(�h!0)2 cth��h!0=2, ÚÁ ÒÁÈÕÎÏËÞÏÇÏ ÚÏÎÉ ¤ ÄÕÖÅ ×ÕÚØËÉÍÉ, ÏÓË¦ÌØËÉ ÐÏÌÑÒÏÎÎÉÊ ÆÁËÔÏÒ Ú×ÕÖÅÎÎÑÚÏÎ hXss0ff 0i < 0:1 ÐÒÉ � > �0 � 0:1, ÝÏ ×ÉÐÌÉ×Á¤
(a) (Â)Figure 2. úÍ¦ÎÁ ÚÁÓÅÌÅÎÏÓÔÅÊ ÓÔÁÎ¦× ÓÉÓÔÅÍÉ ~Xssf+ (s = a; b) Ú ÔÅÍÐÅ-ÒÁÔÕÒÏÀ ÐÒÉ ~b = 3.Ú ÏÃ¦ÎËÉ ÐÏËÁÚÎÉËÁ ÅËÓÐÏÎÅÎÔÉ × hXss0ff 0i. ãÅ ¤ ×¦ÄÏÍÉÊ ÆÁËÔ ×ÔÅÏÒ¦§ ÐÏÌÑÒÏÎ¦× [10], ÝÏ ÚÕÍÏ×ÌÅÎÉÊ ÚÍÅÎÛÅÎÎÑÍ ¦ÎÔÅÇÒÁÌÕ ÐÅÒÅ-ËÒÉÔÔÑ È×ÉÌØÏ×ÉÈ ÆÕÎËÃ¦Ê ÚÁ ÒÁÈÕÎÏË Ò¦ÚÎÉÃ¦ ÆÁÚ ËÏÌÉ×ÁÎØ Ä×ÏÈÏÓÃÉÌÑÃ¦ÊÎÉÈ È×ÉÌØÏ×ÉÈ ÆÕÎËÃ¦Ê ÓÕÓ¦ÄÎ¦È ËÉÓÎ¦×. í¦ÖÚÏÎÎÁ Ö ×¦Ä-ÓÔÁÎØ �" � 2=3(Eb � Ea) + �bf � �af ¤ ÐÏÒÑÄËÕ ×ÅÌÉÞÉÎÉ ÐÏÌÑÒÏÎÎÏ§ÅÎÅÒÇ¦§ ÄÉÓÏÃ¦ÁÃ¦§, ÔÏÂÔÏ�"=jaj � 1, ÝÏ ÏÚÎÁÞÁ¤, ÝÏ ÄÌÑ ÐÏÌÑÒÏÎÎÏÇÏÚÏÎÎÏÇÏ ÓÐÅËÔÒÕ ¤ ÈÁÒÁËÔÅÒÎÉÍ ÓÐ¦××¦ÄÎÏÛÅÎÎÑ �" << �".ðÒÉ ÓÕÐÅÒ¦ÏÎÎÏÍÕ ÆÁÚÏ×ÏÍÕ ÐÅÒÅÈÏÄ¦ Í¦ÖÚÏÎÎÁ ×¦ÄÓÔÁÎØ Ò¦ÚËÏÚÍÅÎÛÕ¤ÔØÓÑ, ÐÒÉÞÏÍÕ È¦Í¦ÞÎÉÊ ÐÏÔÅÎÃ¦ÁÌ ×ÈÏÄÉÔØ × ÎÉÖÎÀ ÚÏÎÕ,ÝÏÐÏ×'ÑÚÁÎÏ ¦Ú ÚÒÏÓÔÁÎÎÑÍ Ë¦ÌØËÏÓÔ¦ ×ÁËÁÎÔÎÉÈ ÐÏÚÉÃ¦Ê ÄÌÑ ÐÒÏÔÏÎ¦× ×ÓÕÐÅÒ¦ÏÎÎ¦Ê ÆÁÚ¦. ãÅÊ ÆÁËÔ ÚÒÏÚÕÍ¦ÌÉÊ Ú ÒÉÓ. 2, 3 ÎÁ ÑËÉÈ ÐÒÉ×ÅÄÅÎÏ
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(a) (Â)Figure 3. úÍ¦ÎÁ ÚÁÓÅÌÅÎÏÓÔÅÊ ÓÔÁÎ¦× ÓÉÓÔÅÍÉ ~Xssf+ Ú ÔÅÍÐÅÒÁÔÕÒÏÀ ÐÒÉ~b = 1.ÔÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÓÅÒÅÄÎ¦È ÚÁÓÅÌÅÎÏÓÔÅÊ ÓÔÁÎ¦×. ðÒÉ � > �crÔÒÉ ÎÉÖÎ¦ ÚÏÎÉ ¤ ÎÅÚÁÐÏ×ÎÅÎ¦, ÝÏ Ó×¦ÄÞÉÔØ ÐÒÏ ¦ÓÎÕ×ÁÎÎÑ ÐÒÏ×¦ÄÎÏÇÏÓÔÁÎÕ × ÓÉÓÔÅÍ¦ ¦ ÑË ÍÉ ÐÏÂÁÞÉÍÏ ÄÁÌ¦, ×ÅÄÅ ÄÏ Ð¦Ä×ÉÝÅÎÎÑ ÐÒÏ×¦Ä-ÎÏÓÔ¦.4. áÎÁÌ¦Ú ÔÅÍÐÅÒÁÔÕÒÎÉÈ ÔÁ ÞÁÓÔÏÔÎÉÈ ÚÁÌÅÖÎÏ-ÓÔÅÊ ÐÒÏÔÏÎÎÏ§ ÐÒÏ×¦ÄÎÏÓÔ¦ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÐÒÏÔÏÎÎÏ§ ÐÒÏ×¦ÄÎÏÓÔ¦, ÏÂÞÉÓÌÅÎ¦ ÚÁ ×ÉÒÁ-ÚÁÍÉ (2.23), (2.31), ÐÒÉ×ÅÄÅÎ¦ ÎÁ ÒÉÓ. 4{6 ÐÒÉ Ò¦ÚÎÉÈ ÓÐ¦××¦ÄÎÏÛÅÎÎÑÈÍ¦Ö 
0 ¦ 
R, Á ÔÁËÏÖ ÄÌÑ Ò¦ÚÎÉÈ ÚÎÁÞÅÎØ ÐÏÌÑÒÏÎÎÉÈ ÅÎÅÒÇ¦Ê Eab0 ,Eab ÔÁ Es (s=a,b).ðÒÉ ÃØÏÍÕ ×ÉÄÎÏ, ÝÏ ÚÁÌÅÖÎ¦ÓÔØ �(T ) × ×ÉÐÁÄËÕ 
0 < 
R,�
0 < E0 (ÄÉ×. ÒÉÓ. 4) ÓÕÔÔ¤×Ï ×¦ÄÒ¦ÚÎÑ¤ÔØÓÑ ×¦Ä ÔÉÈ, ÝÏ ÏÔÒÉÍÕ-ÀÔØÓÑ × ÒÅÖÉÍÁÈ 
0 > 
R (ÒÉÓ. 5) ÁÂÏ �
0 � E0 (ÒÉÓ. 6). úÏËÒÅÍÁ,× ÐÅÒÛÏÍÕ ×ÉÐÁÄËÕ ÐÒÏ×¦ÄÎ¦ÓÔØ ÍÁ¤ ÈÁÒÁËÔÅÒÎÉÊ ÚÌÁÍ (× ×ÉÐÁÄËÕÆÁÚÏ×ÏÇÏ ÐÅÒÅÈÏÄÕ ÄÒÕÇÏÇÏ ÒÏÄÕ, ÒÉÓ. 4Â) ÁÂÏ ÓÔÒÉÂÏË (ÐÅÒÛÉÊ Ò¦ÄÐÅÒÅÈÏÄÕ, ÒÉÓ. 4Á) ÐÒÉ � = �cr, ÑË¦ ÐÏÄ¦ÂÎ¦ ÄÏ ÔÏÇÏ, ÝÏ ÓÐÏÓÔÅÒ¦ÇÁ¤ÔØ-ÓÑ ÎÁ ÅËÓÐÅÒÉÍÅÎÔ¦. äÌÑ ÒÅÛÔÉ ×ÉÐÁÄË¦× � ¤ ÍÏÎÏÔÏÎÎÏÀ ÆÕÎËÃ¦¤À� , ÐÒÉÞÏÍÕ §§ ÍÁËÓÉÍÕÍ ÐÏ×'ÑÚÁÎÉÊ Ú ÐÏÌÑÒÏÎÎÉÍ ÅÆÅËÔÏÍ ¦ ÄÏÓÑ-ÇÁ¤ÔØÓÑ ÐÒÉ ÍÁËÓÉÍÁÌØÎ¦Ê ÄÅÌÏËÁÌ¦ÚÁÃ¦§ ÐÒÏÔÏÎ¦×. ðÒÉ ÄÁÌØÛÏÍÕÐ¦Ä×ÉÝÅÎÎ¦ ÔÅÍÐÅÒÁÔÕÒÉ � ÓÐÁÄÁ¤ ×ÎÁÓÌ¦ÄÏË ÂÁÇÁÔÏÆÏÎÏÎÎÉÈ ÐÒÏ-
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0 = 0:2.
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τ(a) (Â)Figure 6. ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÐÒÏÔÏÎÎÏ§ ÐÒÏ×¦ÄÎÏÓÔ¦ ~� = �=c1ÄÌÑ (Á) ~b = 1 ¦ (Â) ~b = 3 ÐÒÉ ~
0 = 0:1, ~
R = 0:6, E00 = 4:2 ¦ �0
0 = 1:2.ÃÅÓ¦× ÒÏÚÓ¦ÑÎÎÑ. ôÁËÉÍ ÞÉÎÏÍ, ÍÏÖÎÁ ÚÒÏÂÉÔÉ ×ÉÓÎÏ×ÏË ÐÒÏ ÔÅ, ÝÏ,ÐÏ-ÐÅÒÛÅ, × ÓÕÐÅÒ¦ÏÎÎÉÈ ÐÒÏ×¦ÄÎÉËÁÈ Ú ×ÏÄÎÅ×ÉÍÉ Ú×'ÑÚËÁÍÉ Ä¦ÊÓÎÏÒÅÁÌ¦ÚÕ¤ÔØÓÑ ÒÅÖÉÍ 
0 < 
R (ÐÒÁËÔÉÞÎÏ ÂÅÚÂÁÒ'¤ÒÎÅ ÔÕÎÅÌÀ×ÁÎÎÑÐÏÍ¦ÞÅÎÏ ÔÁËÏÖ ÎÁ ÅËÓÐÅÒÉÍÅÎÔ¦ × [1,11], Á ÓÐ¦××¦ÄÎÏÛÅÎÎÑ Í¦Ö ÃÉÍÉÄ×ÏÍÁ ¦ÎÔÅÇÒÁÌÁÍÉ ÐÅÒÅÎÏÓÕ ×ÉÐÌÉ×Á¤ Ú ÒÏÚÒÁÈÕÎË¦× × [12] ÍÅÔÏÄÏÍÍÏÌÅËÕÌÑÒÎÏ§ ÄÉÎÁÍ¦ËÉ), ¦ ÐÏ-ÄÒÕÇÅ, ÝÏ ÈÁÒÁËÔÅÒÎÁ ÔÅÍÐÅÒÁÔÕÒÎÁÚÁÌÅÖÎ¦ÓÔØ � Ú¦ ÚÌÁÍÏÍ ÁÂÏ ÓÔÒÉÂËÏÍ × ÔÏÞÃ¦ ÆÁÚÏ×ÏÇÏ ÐÅÒÅÈÏÄÕ ×ÓÉÓÔÅÍÁÈ Ú ×ÏÄÎÅ×ÉÍÉ Ú×'ÑÚËÁÍÉ ÚÁÂÅÚÐÅÞÕ¤ÔØÓÑ ÓÁÍÅ ÚÁ ÒÁÈÕÎÏË ÒÅ-ÏÒ¦¤ÎÔÁÃ¦ÊÎÏÇÏ ÐÅÒÅÎÏÓÕ ÐÒÏÔÏÎ¦× Í¦Ö Ú×'ÑÚËÁÍÉ. ôÉÍ ÓÁÍÉÍ Ô×ÅÒ-ÄÖÅÎÎÑ ÐÒÏ ÒÅÏÒ¦¤ÎÔÁÃ¦§ ¦ÏÎÎÉÈ ÇÒÕÐ ÒÁÚÏÍ Ú ÐÒÏÔÏÎÁÍÉ ÑË ÎÅÏÂ-È¦ÄÎÕ ÓËÌÁÄÏ×Õ ÍÅÈÁÎ¦ÚÍÕ ÐÒÏÔÏÎÎÏÇÏ ÔÒÁÎÓÐÏÒÔÕ, ÝÏ ÂÕÌÏ ÎÁ×ÅÄÅÎÅÒÁÎ¦ÛÅ × [1,13,14], Ä¦ÓÔÁ¤ ÒÅÁÌØÎÅ ÔÅÏÒÅÔÉÞÎÅ ÏÂÇÒÕÎÔÕ×ÁÎÎÑ.äÌÑ ÞÁÓÔÏÔÎÉÈ ÚÁÌÅÖÎÏÓÔÅÊ �(!) ÐÒÉ Ò¦ÚÎÉÈ ÔÅÍÐÅÒÁÔÕÒÁÈ ¦ ÓÐ¦×-×¦ÄÎÏÛÅÎÎÑÈ Í¦Ö ¦ÎÔÅÇÒÁÌÁÍÉ ÐÅÒÅÎÏÓÕ ÔÁ ÐÏÌÑÒÏÎÎÉÍÉ ÅÎÅÒÇ¦ÑÍÉ,ÐÒÉ×ÅÄÅÎÉÈ ÎÁ ÒÉÓ. 7, 8 ÈÁÒÁËÔÅÒÎÉÍ ¤ ¦ÓÎÕ×ÁÎÎÑ ÑË ÐÒÁ×ÉÌÏ Ä×ÏÈÍÁËÓÉÍÕÍ¦× ÐÒÏ×¦ÄÎÏÓÔ¦. ðÅÒÛÉÊ Ú ÎÉÈ ÐÒÉ ÎÉÖÞÉÈ ÞÁÓÔÏÔÁÈ ×¦Ä-ÐÏ×¦ÄÁ¤ ÁËÔÉ×Ï×ÁÎÉÍ ÆÏÎÏÎÁÍÉ ÐÒÏÃÅÓÁÍ ÔÕÎÅÌÀ×ÁÎÎÑ (�T ), ¦ ×¦ÎÓÐÏÓÔÅÒ¦ÇÁ¤ÔØÓÑ × ÄÁÎÏÍÕ ×ÉÐÁÄËÕ × ÏËÏÌ¦ ÞÁÓÔÏÔÉ !T = 
f;1, ÝÏ×¦ÄÐÏ×¦ÄÁ¤ ÅÎÅÒÇ¦§ ÔÕÎÅÌÀ×ÁÎÎÑ, ÅËÒÁÎÏ×ÁÎ¦Ê ÑË ×ÎÕÔÒ¦ÛÎ¦ÍÉ ÄÁÌÅ-ËÏÄ¦ÀÞÉÍÉ ÐÏÌÑÍÉ, ÔÁË ¦ ×ÚÁ¤ÍÏÄ¦¤À Ú¦ ÚÍ¦ÝÅÎÎÑÍÉ ËÉÓÎ¦×, ÔÏÄ¦ ÑËÄÒÕÇÉÊ ÐÏÈÏÄÉÔØ ×¦Ä ÒÅÏÒ¦¤ÎÔÁÃ¦ÊÎÉÈ ÒÕÈ¦× ÇÒÕÐ HXO4 (�R) × ÏÂÌÁÓÔ¦ÞÁÓÔÏÔÉ !R = ��h2=4�2b , ÝÏ ÐÏ×'ÑÚÁÎÁ Ú ÓÅÒÅÄÎ¦Í ÞÁÓÏÍ ÒÅÏÒ¦¤ÎÔÁÃ¦Ê-ÎÏÇÏ ÐÅÒÅÎÏÓÕ ÐÒÏÔÏÎ¦×. ðÒÉ Ð¦Ä×ÉÝÅÎÎ¦ ÔÅÍÐÅÒÁÔÕÒÉ ÏÂÉÄ×Á ÍÁËÓÉ-
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0 = 0:1, ~
R = 0:6, E00 = 4:2 ¦ �0
0 = 0:2.ÍÕÍÉ ÚÓÕ×ÁÀÔØÓÑ × ÏÂÌÁÓÔØ ÎÉÖÞÉÈ ÞÁÓÔÏÔ. ôÁËÁ ÞÁÓÔÏÔÎÁ ÚÁÌÅÖ-Î¦ÓÔØ ÐÒÉ Ä×ÏÓÔÁÄ¦ÊÎÏÍÕ ÐÒÏÃÅÓ¦ ¦ÏÎÎÏÇÏ ÔÒÁÎÓÐÏÒÔÕ ÐÏÄ¦ÂÎÁ ÄÏ ÔÏ§,ÝÏ ÏÔÒÉÍÁÎÁ ÛÌÑÈÏÍ ËÏÍÐ'ÀÔÅÒÎÉÈ ÓÉÍÕÌÑÃ¦Ê ÍÅÔÏÄÏÍ ÍÏÌÅËÕÌÑÒ-ÎÏ§ ÄÉÎÁÍ¦ËÉ × [15]. ã¦ËÁ×Á ÄÏÄÁÔËÏ×Á ÏÓÏÂÌÉ×¦ÓÔØ ×ÉÎÉËÁ¤ ÚÁ ÒÁÈÕ-ÎÏË ÐÒÏÔÏÎÎÉÈ ×ÐÏÒÑÄËÕ×ÁÎØ × ÎÉÚØËÏÔÅÍÐÅÒÁÔÕÒÎÉÈ ÆÁÚÁÈ (ÄÉ×.ÒÉÓ. 7Á, 8Á), ËÏÌÉ ÄÁÌÅËÏÄ¦ÀÞ¦ ÐÏÌÑ ÒÏÚÝÅÐÌÀÀÔØ ÎÉÚØËÏÞÁÓÔÏÔ-ÎÉÊ Ð¦Ë ÎÁ Ä×Á ÍÁËÓÉÍÕÍÉ, ÐÒÉÞÏÍÕ ×ÏÎÉ ÚÌÉ×ÁÀÔØÓÑ × ÏÄÉÎ ×ÉÝÅ� = �cr.5. ÷ÉÓÎÏ×ËÉ÷ ÄÁÎ¦Ê ÒÏÂÏÔ¦ ÚÁÐÒÏÐÏÎÏ×ÁÎÁ ÒÁÎ¦ÛÅ ÍÏÄÅÌØ ÐÒÏÔÏÎÎÏÇÏ ÔÒÁÎÓÐÏÒÔÕÕÚÁÇÁÌØÎÅÎÁ Ú ×ÒÁÈÕ×ÁÎÎÑÍ Ä×ÏÍ¦Î¦ÍÕÍÎÏÇÏ ÐÏÔÅÎÃ¦ÁÌÕ ÄÌÑ ÐÒÏÔÏÎ¦×ÎÁ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚËÁÈ. ðÒÉ ÃØÏÍÕ ÐÒÏÃÅÓ ÐÅÒÅÎÏÓÕ ÐÒÏÔÏÎ¦× ÏÐÉÓÁÎÉÊ× ÒÁÍËÁÈ Ä×ÏÓÔÁÄ¦ÊÎÏÇÏ ÍÅÈÁÎ¦ÚÍÕ çÒÏÔÔÈÕÓÁ, ÝÏ ×ËÌÀÞÁ¤ ÑË Ë×ÁÎ-ÔÏ×Å ÔÕÎÅÌÀ×ÁÎÎÑ ÎÁ ×ÏÄÎÅ×ÏÍÕ Ú×'ÑÚËÕ, ÔÁË ¦ ÄÉÎÁÍ¦ÞÎÅ ÕÔ×ÏÒÅÎÎÑ¦ ÒÕÊÎÕ×ÁÎÎÑ Ú×'ÑÚË¦× × ÒÅÚÕÌØÔÁÔ¦ ÒÅÏÒ¦¤ÎÔÁÃ¦Ê ÇÒÕÐ XO4. äÌÑ ÒÏÚ-ÒÁÈÕÎËÕ Ë¦ÎÅÔÉÞÎÉÈ ËÏÅÆ¦Ã¦¤ÎÔ¦× ÚÎÁÊÄÅÎÏ ÓÐÅËÔÒ ÏÄÎÏÞÁÓÔÉÎËÏ×ÉÈÚÂÕÄÖÅÎØ ÐÒÏÔÏÎÎÏ§ Ð¦ÄÓÉÓÔÅÍÉ. ôÅÍÐÅÒÁÔÕÒÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÐÒÏ×¦Ä-ÎÏÓÔ¦ ÏÂÞÉÓÌÅÎÏ ÐÒÉ Ò¦ÚÎÉÈ ÓÐ¦××¦ÄÎÏÛÅÎÎÑÈ Í¦Ö ¦ÎÔÅÇÒÁÌÁÍÉ ÐÅ-ÒÅÎÏÓÕ (×ÉÐÁÄËÉ 
0 > 
R ÔÁ 
0 < 
R), ÐÒÏÁÎÁÌ¦ÚÏ×ÁÎÏ ×ËÌÁÄ ×ÐÒÏ×¦ÄÎ¦ÓÔØ ÒÏÔÁÃ¦ÊÎÏ§ ÞÁÓÔÉÎÉ, ÞÁÓÔÉÎÉ, ÝÏ ÏÐÉÓÕ¤ ÔÕÎÅÌÀ×ÁÎÎÑ
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(a) (Â)Figure 8.äÉÎÁÍ¦ÞÎ¦ ÚÁÌÅÖÎÏÓÔ¦ ÐÒÏÔÏÎÎÏ§ ÐÒÏ×¦ÄÎÏÓÔ¦ �(~!) ÐÒÉ ~b = 1,E00 = 4:2 ¦ �0
0 = 0:2 ÔÁ Ò¦ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ¦ÎÔÅÇÒÁÌ¦× ÐÅÒÅÎÏÓÕ ÄÌÑ(Á) � = 0:5 ¦ (Â) � = 0:8.ÔÁ ÚÍ¦ÛÁÎÏ§ ÞÁÓÔÉÎÉ, ÝÏ ×¦ÄÐÏ×¦ÄÁ¤ ÍÅÈÁÎ¦ÚÍÕ çÒÏÔÔÈÕÓÁ. ðÏËÁÚÁ-ÎÏ, ÝÏ ÐÒÏÔÏÎÎÁ ÐÒÏ×¦ÄÎ¦ÓÔØ ÍÁ¤ Ò¦ÚÎÉÊ ×ÉÇÌÑÄ × ÒÅÖÉÍÁÈ 
0 < 
RÔÁ 
0 > 
R. óÁÍÅ ÐÅÒÛÉÊ Ú ÎÉÈ ÐÒÉ×ÏÄÉÔØ ÄÏ ÈÁÒÁËÔÅÒÎÉÈ ÔÅÍ-ÐÅÒÁÔÕÒÎÉÈ ÚÁÌÅÖÎÏÓÔÅÊ ÐÒÏÔÏÎÎÏ§ ÐÒÏ×¦ÄÎÏÓÔ¦, ÑË¦ ÓÐÏÓÔÅÒ¦ÇÁÀÔØ-ÓÑ ÎÁ ÅËÓÐÅÒÉÍÅÎÔ¦. äÌÑ ÞÁÓÔÏÔÎÉÈ ÚÁÌÅÖÎÏÓÔÅÊ �(!) ÈÁÒÁËÔÅÒÎÉÍ¤ ¦ÓÎÕ×ÁÎÎÑ ÑË ÐÒÁ×ÉÌÏ Ä×ÏÍ ÍÁËÓÉÍÕÍ¦×, ÏÄÉÎ Ú ÑËÉÈ ×¦ÄÐÏ×¦ÄÁ¤ÐÒÏÃÅÓÁÍ ÔÕÎÅÌÀ×ÁÎÎÑ ÐÒÏÔÏÎ¦× ÎÁ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚËÁÈ, Á ÄÒÕÇÉÊ{ÒÅÏÒ¦¤ÎÔÁÃ¦ÊÎÉÍ ÒÕÈÁÍ ÇÒÕÐ HXO4.äÁÎÁ ÒÏÂÏÔÁ ÂÕÌÁ ÞÁÓÔËÏ×Ï ÐÒÏÆ¦ÎÁÎÓÏ×ÁÎÁ × ÒÁÍËÁÈ ÐÒÏÅËÔÕäææä í¦ÎÎÁÕËÉ 2.4/174.References1. Belushkin A.V., Carlile C.J. and Shuvalov L.A. A quasielastic neu-tron scattering study of protonic transport in hydrogen-bonded al-kali metal hydrogen sulphates and selenates // Ferroelectrics-1995.-167.-P. 21{31.2. Lechner R.E. Neutron investigations of superprotonic conductors// Ferroelectrics-1995.-167.-P. 83{98.3. Yamada Y. Proton dynamics in hydrogen-bonded systems stud-ied by neutron incoherent scattering // Ferroelectrics-1995.-170.-P. 23{35.
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