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1 ðÒÅ�ÒÉÎÔ

Ernest Ising (10.05.1900 { 11.05.1998).
ICMP{00{16 2÷ó�õððÏÞÉÎÁÀÞÉ Ú 1997 ÒÏËÕ ¶ÎÓÔÉÔÕÔ Æ�ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ îáîõËÒÁ§ÎÉ Ó��ÌØÎÏ Ú ËÁÆÅÄÒÏÀ ÔÅÏÒÅÔÉÞÎÏ§ Æ�ÚÉËÉ ìØ×�×ÓØËÏÇÏ ÎÁ��-ÏÎÁÌØÎÏÇÏ ÕÎ�×ÅÒÓÉÔÅÔÕ �ÍÅÎ� ¶×ÁÎÁ æÒÁÎËÁ �ÒÏ×ÏÄÑÔØ ÝÏÒ�ÞÎÉÊ ÓÅ-Í�ÎÁÒ �Ú Æ�ÚÉËÉ ÆÁÚÏ×ÉÈ �ÅÒÅÈÏÄ�× � ËÒÉÔÉÞÎÉÈ Ñ×ÉÝ | ¶ÚÉÎ�×ÓØË�ÞÉÔÁÎÎÑ. ãØÏÇÏÒ�ÞÎ� ÞÉÔÁÎÎÑ ÂÕÌÉ �ÒÉÓ×ÑÞÅÎ� ÓÔÏÒ�ÞÞÀ Ú ÄÎÑ ÎÁÒÏ-ÄÖÅÎÎÑ åÒÎÅÓÔÁ ¶ÚÉÎÁ (10.05.1900 { 11.05.1998). õ ÎÉÈ ×ÚÑÌÉ ÕÞÁÓÔØÓ��×ÒÏÂ�ÔÎÉËÉ ¶æëó îáîõ, ìîõ �Í. ¶×ÁÎÁ æÒÁÎËÁ ÔÁ ÓÔÕÄÅÎÔÉ Æ�-ÚÉÞÎÏÇÏ ÆÁËÕÌØÔÅÔÕ. âÕÌÏ ÚÁÓÌÕÈÁÎÏ ÔÒÉ ÄÏ�Ï×�Ä�: "æÁÚÏ×� �ÅÒÅÈÏÄÉÕ ÒÁÎÎØÏÍÕ ÷ÓÅÓ×�Ô�" (Ä.Æ.-Í.Î. âÏÇÄÁÎ çÎÁÔÉË, ¶ÎÓÔÉÔÕÔ �ÒÉËÌÁÄ-ÎÉÈ �ÒÏÂÌÅÍ ÍÁÔÅÍÁÔÉËÉ ÔÁ ÍÅÈÁÎ�ËÉ �Í. ñ.ó. ð�ÄÓÔÒÉÇÁÞÁ îáîõ),"÷�ÌÉ× ÚÏ×Î�ÛÎØÏÇÏ �ÏÌÑ � Ç�ÄÒÏÓÔÁÔÉÞÎÏÇÏ ÔÉÓËÕ ÎÁ ÆÁÚÏ×� �ÅÒÅ-ÈÏÄÉ Õ ÓÅÎÅÔÏÅÌÅËÔÒÉËÁÈ" (Ë.Æ.-Í.Î. áÌÌÁ íÏ§ÎÁ, ¶æëó îáîõ) ÔÁ"íÏÌÅËÕÌÑÒÎÁ ÄÉÎÁÍ�ËÁ ÍÁÇÎ�ÔÎÉÈ Ò�ÄÉÎ" (Ë.Æ.-Í.Î. ¶ÇÏÒ ïÍÅÌÑÎ,¶æëó îáîõ). äÏ ÚÂ�ÒÎÉËÁ "¶ÚÉÎ�×ÓØË� ÞÉÔÁÎÎÑ{2000" Õ×�ÊÛÌÉ ÍÁ-ÔÅÒ�ÁÌÉ Ä×ÏÈ ÏÓÔÁÎÎ�È ÄÏ�Ï×�ÄÅÊ.



3 ðÒÅ�ÒÉÎÔúÍ�ÓÔ÷ó�õð 2÷ðìé÷ ðïúäï÷öîøïçï åìåë�òéþîïçï ðïìñ�á ç¶äòïó�á�éþîïçï �éóëõ îá óåçîå�ï-åìåë�òéëé ó¶í'· KH2PO4 (á.ð.íÏ§ÎÁ) 41. ÷ÓÔÕ� 42. ÷�ÌÉ× �ÏÌÑ. æÅÎÏÍÅÎÏÌÏÇ�ÞÎÉÊ ÁÎÁÌ�Ú 83. í�ËÒÏÓËÏ��ÞÎÁ ÍÏÄÅÌØ 104. ïÂÇÏ×ÏÒÅÎÎÑ 15MOLECULAR DYNAMICS OF MAGNETIC LIQUIDS(I.P. Omelyan, I.M. Mryglod, and R. Folk) 201. Introdution 202. Numerial integration of the equations of motion 213. Appliations to a Heisenberg ferrouid 244. Conlusion 285. Aknowledgements 28
ICMP{00{16 4÷ðìé÷ ðïúäï÷öîøïçïåìåë�òéþîïçï ðïìñ �áç¶äòïó�á�éþîïçï �éóëõ îáóåçîå�ïåìåë�òéëé ó¶í'· KH2PO4á.ð.íÏ§ÎÁ¶ÎÓÔÉÔÕÔ Æ�ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍîÁ��ÏÎÁÌØÎÏ§ ÁËÁÄÅÍ�§ ÎÁÕË õËÒÁ§ÎÉ79011, õËÒÁ§ÎÁ, Í. ìØ×�×, ×ÕÌ. ó×¤Î���ØËÏÇÏ 1,1. ÷ÓÔÕ�äÏÓÌ�ÄÖÅÎÎÑ �Ï×ÅÄ�ÎËÉ Æ�ÚÉÞÎÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË ÓÅÇÎÅÔÏÁËÔÉ×ÎÉÈËÒÉÓÔÁÌ�× ��Ä ×�ÌÉ×ÏÍ ÚÏ×Î�ÛÎ�È ÆÁËÔÏÒ�×, ÔÁËÉÈ, ÑË ÔÉÓË ÞÉ ÅÌÅË-ÔÒÉÞÎÅ �ÏÌÅ, ÎÁÄÁ¤ ×ÁÖÌÉ×Õ �ÎÆÏÒÍÁ��À �ÒÏ ÍÅÈÁÎ�ÚÍ ÆÁÚÏ×ÏÇÏ �Å-ÒÅÈÏÄÕ × �ÉÈ ËÒÉÓÔÁÌÁÈ, ÔÁ §È Ä�ÅÌÅËÔÒÉÞÎÏÇÏ ×�ÄÇÕËÕ. ÷ ��Ê ÌÅË��§ÍÏ×Á ÊÔÉÍÅ, �ÅÒÅ×ÁÖÎÏ, �ÒÏ ÓÅÇÎÅÔÏÅÌÅËÔÒÉËÉ ÔÉ�Õ KH2PO4, × ÑËÉÈ× ÏÂÌÁÓÔ� ÔÅÍ�ÅÒÁÔÕÒ ÔÁ ÔÉÓË�×, ÑË� ÎÁÓ ��ËÁÔÉÍÕÔØ, ÍÁ¤ Í�Ó�Å ÏÄÉÎÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä Í�Ö ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÏÀ ÔÁ �ÁÒÁÅÌÅËÔÒÉÞÎÏÀ ÆÁ-ÚÁÍÉ, Á �ÁÒÁÍÅÔÒ �ÏÒÑÄËÕ �ÒÏ�ÏÒ��ÊÎÉÊ ÄÏ �ÏÌÑÒÉÚÁ��§. �ÁË� ËÒÉÓ-ÔÁÌÉ ¤ �'¤ÚÏÅÌÅËÔÒÉËÁÍÉ × ÏÂÉÄ×ÏÈ ÆÁÚÁÈ.ç�ÄÒÏÓÔÁÔÉÞÎÉÊ ÔÉÓË ÍÏÖÅ ÑË �ÏÎÉÖÕ×ÁÔÉ, ÔÁË � ��Ä×ÉÝÕ×ÁÔÉÔÅÍ�ÅÒÁÔÕÒÕ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ. úÓÕ× ÔÅÍ�ÅÒÁÔÕÒÉ ÆÁÚÏ×ÏÇÏ �ÅÒÅ-ÈÏÄÕ ÄÒÕÇÏÇÏ ÒÏÄÕ Ú Ç�ÄÒÏÓÔÁÔÉÞÎÉÍ ÔÉÓËÏÍ, ÑË ÓÌ�ÄÕ¤ Ú ÆÏÒÍÕÌÉåÒÅÎÆÅÓÔÁ [1℄ dTCdp = (�� � �+)TC(�p � +p )� ;×ÉÚÎÁÞÁ¤ÔØÓÑ Ó��××�ÄÎÏÛÅÎÎÑÍ Í�Ö ÓÔÒÉÂËÁÍÉ ËÏÅÆ���¤ÎÔÁ ÏÂ'¤ÍÎÏ-ÇÏ ÒÏÚÛÉÒÅÎÎÑ � � ÔÅ�ÌÏ¤ÍÎÏÓÔ� p × ÔÏÞ�� �ÅÒÅÈÏÄÕ. îÁÔÏÍ�ÓÔØ, ÄÌÑÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ �ÅÒÛÏÇÏ ÒÏÄÕ Ó�ÒÁ×ÅÄÌÉ×Á ÆÏÒÍÕÌÁ ëÌÁÕÚ�ÕÓÁ-ëÌÁ�ÅÊÒÏÎÁ [1℄ dTCdp = TC �v�Q;ÄÅ �v - ÓÔÒÉÂÏË ÏÂ'¤ÍÕ × ÔÏÞ�� �ÅÒÅÈÏÄÕ, Á �Q { �ÒÉÈÏ×ÁÎÁ ÔÅ�ÌÏÔÁ�ÅÒÅÈÏÄÕ. ú Í�ËÒÏÓËÏ��ÞÎÏ§ ÔÏÞËÉ ÚÏÒÕ, ÚÍ�ÎÁ ÔÅÍ�ÅÒÁÔÕÒÉ �ÅÒÅÈÏÄÕ× ÓÅÇÎÅÔÏÅÌÅËÔÒÉËÁÈ ÔÉ�Õ ÌÁÄ-ÂÅÚÌÁÄ Ú ÔÉÓËÏÍ ×ÉÚÎÁÞÁ¤ÔØÓÑ ÚÍ�ÎÏÀÓ��××�ÄÎÏÛÅÎÎÑ Í�Ö ËÏÒÏÔËÏÓÑÖÎÉÍÉ ÔÁ ÄÁÌÅËÏÓÑÖÎÉÍÉ ×ÚÁ¤ÍÏÄ�Ñ-ÍÉ (×ÎÁÓÌ�ÄÏË ÚÍ�ÎÉ ×�ÄÄÁÌÅÊ Í�Ö ÁÔÏÍÁÍÉ), ÑË� Ó�ÒÉÑÀÔØ ×�ÏÒÑÄ-ËÕ×ÁÎÎÀ ÞÉ ÒÏÚ×�ÏÒÑÄËÕ×ÁÎÎÀ × ÓÉÓÔÅÍ�. ñË �ÒÁ×ÉÌÏ, ÄÁÌÅËÏÄ�Ñ



5 ðÒÅ�ÒÉÎÔÇÒÁ¤ ÄÅÓÔÁÂ�Ì�ÚÕÀÞÕ, Á ËÏÒÏÔËÏÄ�Ñ { ÓÔÁÂ�Ì�ÚÕÀÞÕ ÒÏÌØ, ÏÄÎÁË × ËÏÎ-ËÒÅÔÎÉÈ ËÒÉÓÔÁÌÁÈ ÍÏÖÌÉ×Á � Ú×ÏÒÏÔÎÑ ÓÉÔÕÁ��Ñ. úÂ�ÌØÛÅÎÎÎÑ ÒÏÌ�ÄÅÓÔÁÂ�Ì�ÚÕÀÞÉÈ ÓÉÌ �Ï×ÉÎÎÏ �ÒÉ×ÏÄÉÔÉ ÄÏ �ÏÎÉÖÅÎÎÑ ÔÅÍ�ÅÒÁÔÕÒÉ�ÅÒÅÈÏÄÕ, � ÎÁ×�ÁËÉ.÷ ËÒÉÓÔÁÌÁÈ ÔÉ�Õ KH2PO4 �ÒÉËÌÁÄÁÎÎÑ Ç�ÄÒÏÓÔÁÔÉÞÎÏÇÏ ÔÉÓËÕ�ÒÉ×ÏÄÉÔØ ÄÏ ÚÎÉÖÅÎÎÑ ÔÅÍ�ÅÒÁÔÕÒÉ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ, �ÒÉÞÏÍÕ�Å ÚÎÉÖÅÎÎÑ ¤ ÔÉÍ �Ï×�ÌØÎ�ÛÉÍ, ÞÉÍ ×ÉÝÉÊ ÓÔÕ��ÎØ ÄÅÊÔÅÒÕ×ÁÎÎÑËÒÉÓÔÁÌÕ. ó�ÏÞÁÔËÕ �Å ÚÉÖÅÎÎÑ ¤ Ì�Î�ÊÎÉÍ, ÁÌÅ, �ÏÞÉÎÁÀÞÉ Ú ÄÅ-ÑËÏÇÏ ÔÉÓËÕ, × ÎÅÄÅÊÔÅÒÏ×ÁÎÏÍÕ KH2PO4 ÚÎÉÖÅÎÎÑ ÓÔÁ¤ ÎÅÌ�ÊÎ�ÎÉÍ,Á �ÒÉ 17kbar ÔÅÍ�ÅÒÁÔÕÒÉ �ÅÒÅÈÏÄÕ × �ØÏÍÕ ËÒÉÓÔÁÌ� ÏÂÅÒÔÁ¤ÔØÓÑ ×ÎÕÌØ Ú �TC=�p!1.äÌÑ ËÒÉÓÔÁÌ�× Ú ×ÏÄÎÅ×ÉÍÉ Ú×'ÑÚËÁÍÉ ÓÕÔÔ¤×Õ ÒÏÌØ Õ ×ÉÚÎÁÞÅÎ-Î� ×ÅÌÉÞÉÎÉ ËÏÒÏÔËÏÓÑÖÎÉÈ � ÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ�Ê ×�Ä�ÇÒÁÀÔØÇÅÏÍÅÔÒÉÞÎ� �ÁÒÁÍÅÔÒÉ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË�×, ÚÏËÒÅÍÁ ÊÏÇÏ ÄÏ×ÖÉÎÁ �,ÏÓÏÂÌÉ×Ï, ×�ÄÄÁÌØ Í�Ö Ä×ÏÍÁ �ÏÌÏÖÅÎÎÑÍÉ Ò�×ÎÏ×ÁÇÉ �ÒÏÔÏÎÁ ÎÁÚ×'ÑÚËÕ. ïÓË�ÌØËÉ Ç�ÄÒÏÓÔÁÔÉÞÎÉÊ ÔÉÓË ¤ ¤ÄÉÎÉÍ ÍÏÖÌÉ×ÉÍ Ó�ÏÓÏÂÏÍÎÅ�ÅÒÅÒ×ÎÏ ÚÍ�ÎÀ×ÁÔÉ ÇÅÏÍÅÔÒÉÞÎ� ÈÁÒÁËÔÅÒÉÓÔÉËÉ Ú×'ÑÚËÕ, ×�Î ÄÁ¤ÕÎ�ËÁÌØÎÕ ÍÏÖÌÉ×�ÓÔØ ÄÏÓÌ�ÄÉÔÉ §§ ÒÏÌØ Õ ×ÉÚÎÁÞÅÎÎ� ÔÅÍ�ÅÒÁÔÕÒÉ�ÅÒÅÈÏÄÕ ÔÁ �ÎÛÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË ËÒÉÓÔÁÌ�×. �ÁË, ×É×ÞÅÎÎÑ ÚÁÌÅÖ-ÎÏÓÔ� ÔÅÍ�ÅÒÁÔÕÒÉ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ ×�Ä ÇÅÏÍÅÔÒ�§ ×ÏÄÎÅ×ÏÇÏ Ú×'ÑÚËÁ× ËÒÉÓÔÁÌÁÈ Ó�'Í§ KH2PO4 ×ÉÑ×ÉÌÉ ÕÎ�×ÅÒÓÁÌØÎÕ �ÒÑÍÕ ÚÁÌÅÖÎ�ÓÔØÍ�Ö ×�ÄÄÁÌÌÀ Í�Ö Ò�×ÎÏ×ÁÖÎÉÍÉ �ÏÌÏÖÅÎÎÑÍÉ �ÒÏÔÏÎÁ (ÄÅÊÔÒÏÎÁ)ÎÁ Ú×'ÑÚËÕ ÔÁ ÔÅÍ�ÅÒÁÔÕÒÏÀ �ÅÒÅÈÏÄÕ × ÕÓ�È ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÉÈ � ÁÎ-ÔÉÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÉÈ ËÒÉÓÔÁÌÁÈ �ØÏÇÏ ÔÉ�Õ, ÑË� ÍÁÀÔØ ÔÒÉ×ÉÍ�ÒÎÕÇÒÁÔËÕ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË�× [2,3℄ (ÄÉ×. ÒÉÓÕÎÏË ÎÉÖÞÅ).ðÏÄ�ÂÎÏ, ×�ÄÄÁÌØ Æ ×�Ä�ÇÒÁ¤ ×ÁÖÌÉ×Õ ÒÏÌØ Õ ×ÉÚÎÁÞÅÎÎ� ×ÅÌÉÞÉ-ÎÉ �ÎÄÕËÏ×ÁÎÏÇÏ ÅÌÅËÔÒÉÞÎÉÍ �ÏÌÅÍ ÞÉ Ó�ÏÎÔÁÎÎÏÇÏ ÅÆÅËÔÉ×ÎÏÇÏÄÉ�ÏÌØÎÏÇÏ ÍÏÍÅÎÔÁ ËÏÍ�ÒËÉ ËÒÉÓÔÁÌ�× ÔÉ�Õ KH2PO4 (ÑËÉÊ ÓÔ×Ï-ÒÀ¤ÔØÓÑ ÚÍ�ÝÅÎÑÍÉ ×ÁÖËÉÈ �ÏÎ�× × ÎÁ�ÒÑÍËÕ, �ÅÒ�ÅÎÄÉËÕÌÑÒÎÏÍÕÄÏ �ÌÏÝÉÎÉ ×ÏÄÎÅ×ÉÈ Ú×'ÑÚË�×). úÍÅÎÛÅÎÎÑ ×�ÄÄÁÌ� Æ Ú Ç�ÄÒÏÓÔÁÔÉÞ-ÎÉÍ ÔÉÓËÏÍ �ÒÉ×ÏÄÉÔØ ÄÏ ÚÍÅÎÛÅÎÎÑ �ÏÌÑÒÉÚÁ��§ ÎÁÓÉÞÅÎÎÑ � ÓÔÁÌÏ§ëÀÒ� �ÉÈ ËÒÉÓÔÁÌ�×, �ÒÉÞÏÍÕ �ÒÉ�ÕÝÅÎÁ Ì�Î�ÊÎÁ ÚÁÌÅÖÎ�ÓÔØ Í�Ö×�ÄÄÁÌÌÀ Æ � ÄÉ�ÏÌØÎÉÍ ÍÏÍÅÎÔÏÍ ÄÁ¤ ÈÏÒÏÛÅ ÕÚÇÏÄÖÅÎÎÑ Í�Ö ÔÅÏ-Ò�¤À � ÅËÓ�ÅÒÉÍÅÎÔÏÍ ÄÌÑ ÂÁÒÉÞÎÉÈ ÚÁÌÅÖÎÏÓÔÅÊ �ÉÈ Ä�ÅÌÅËÔÒÉÞÎÉÈÈÁÒÁËÔÅÒÉÓÔÉË [3℄.åÆÅËÔÉ, ×ÉËÌÉËÁÎ� ÚÏ×Î�ÛÎ�Í ÅÌÅËÔÒÉÞÎÉÍ �ÏÌÅÍ ÔÁËÏÖ ÓÕÔÔ¤-×Ï ÚÁÌÅÖÁÔØ ×�Ä ÒÏÄÕ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ. úÏ×Î�ÛÎ¤ ÅÌÅËÔÒÉÞÎÅ �ÏÌÅ,�ÁÒÁÌÅÌØÎÅ ÄÏ ÎÁ�ÒÑÍËÕ Ó�ÏÎÔÁÎÎÏ§ �ÏÌÑÒÉÚÁ��§, �ÎÄÕËÕ¤ ÎÅÎÕÌØÏ×Õ�ÏÌÑÒÉÚÁ��À Õ ×ÉÓÏËÏÔÅÍ�ÅÒÁÔÕÒÎ�Ê ÆÁÚ�. ñËÝÏ ÚÁ ×�ÄÓÕÔÎÏÓÔ� ÚÏ×-Î�ÛÎØÏÇÏ �ÏÌÑ ×�ÄÂÕ×Á¤ÔØÓÑ ÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä ÄÒÕÇÏÇÏ ÒÏÄÕ (ÓÔÒÉÂÏË�ÏÌÑÒÉÚÁ��§ × ÔÏ�� �ÅÒÅÈÏÄÕ ÄÏÒ�×ÎÀ¤ ÎÕÌÀ), ÔÏ �ÒÉ ÏÈÏÌÏÄÖÅÎÎ� ÔÁ-
ICMP{00{16 6

0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.52 0.54
140

160

180

200

220

240

260

280

KD2PO4 (1bar)

KD2PO4 (10kbar)

RbD2AsO4 (p=10kbar)

 hydrostatic pressure
 uniaxial pressure p=-σ3
 experimental points for KD2PO4 

           (hydrostatic pressure, Ref. 2)

K(H0.13D0.87)2PO4 (p=1kbar)

K(H0.13D0.87)2PO4 (p=1bar)

RbD2AsO4 (p=1bar)

KD2AsO4 (p=10kbar)

KD2AsO4 (p=1bar) RbD2PO4 (p=10kbar)

RbD2PO4 (p=1bar)

ND4D2PO4 (p=10kbar)

ND4D2PO4 (p=1bar)

ND4D2AsO4 (p=1bar)

ND4D2AsO4 (p=10kbar)

tr
an

si
tio

n 
te

m
pe

ra
tu

re
 (

K
)

D-site distance δ(A)òÉÓ. 1. úÁÌÅÖÎ�ÓÔØ ÔÅÍ�ÅÒÁÔÕÒÉ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ × ÄÅÊÔÅÒÏ×ÁÎÉÈ ËÒÉÓ-ÔÁÌÁÈ Ó�Í'§ KH2PO4 ×�Ä ×�ÄÄÁÌ� Æ Í�Ö �ÏÌÏÖÅÎÎÑÍÉ Ò�×ÎÏ×ÁÇÉ ÄÅÊÔÒÏÎÁÎÁ Ú×'ÑÚËÕ. ñËÝÏ ÎÅ ÚÁÚÎÁÞÅÎÏ �ÎÁËÛÅ, ÚÎÁÞËÉ { ÒÅÚÕÌØÔÁÔÉ ÞÉÓÌÏ×ÏÇÏÒÏÚÒÁÈÕÎËÕ [3℄.ËÏÇÏ ËÒÉÓÔÁÌÕ × ÚÏ×Î�ÛÎØÏÍÕ �ÏÌ�, �ÎÄÕËÏ×ÁÎÁ �ÏÌÑÒÉÚÁ��Ñ �ÌÁ×ÎÏ�ÅÒÅÈÏÄÉÔØ × Ó�ÏÎÔÁÎÎÕ ÂÅÚ ÓÔÒÉÂË�× ÔÅÒÍÏÄÉÎÁÍ�ÞÎÉÈ ÈÁÒÁËÔÅÒÉÓ-ÔÉË { ÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä ÒÏÚÍÉ×Á¤ÔØÓÑ. ñËÝÏ Ö ÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä Í�Ö�ÁÒÁ- � ÓÅÇÎÅÔÏÆÁÚÏÀ ¤ �ÅÒÅÈÏÄÏÍ �ÅÒÛÏÇÏ ÒÏÄÕ (ÏÓÏÂÌÉ×Ï Ú� ÚÎÁÞÎÉÍÓÔÒÉÂËÏÍ �ÏÌÑÒÉÚÁ��§ × ÔÏÞ�� �ÅÒÅÈÏÄÕ), ÔÏ ÓÉÔÕÁ��Ñ ¤ �ÎÛÏÀ. îÅ×Å-ÌÉË� �ÏÌÑ �ÎÄÕËÕÀÔØ �ÏÌÑÒÉÚÁ��À Õ ×ÉÓÏËÏÔÅÍ�ÅÒÁÔÕÒÎ�Ê ÆÁÚ�, ÔÏ-ÍÕ ÓÔÒÉÂÏË �ÏÌÑÒÉÚÁ��§ × ÔÏÞ�� �ÅÒÅÈÏÄÕ ÚÍÅÎÛÕ¤ÔØÓÑ. �ÅÍ�ÅÒÁÔÕÒÁ�ÅÒÅÈÏÄÕ �ÒÉ �ØÏÍÕ ÚÒÏÓÔÁ¤ �ÒÏ�ÏÒ��ÊÎÏ ÄÏ ×ÅÌÉÞÉÎÉ �ÒÉËÌÁÄÅÎÏÇÏ�ÏÌÑ. ðÒÉ ÄÅÑËÏÍÕ ÚÎÁÞÅÎÎ� �ÏÌÑ ÓÔÒÉÂÏË �ÏÌÑÒÉÚÁ��§ ÏÂÅÒÔÁ¤ÔØÓÑ ×ÎÕÌØ { ÍÁ¤ Í�Ó�Å ËÒÉÔÉÞÎÁ ÔÏÞËÁ; ×ÉÝ� Ö �ÏÌÑ ÒÏÚÍÉ×ÁÀÔØ ÆÁÚÏ×ÉÊ�ÅÒÅÈ�Ä.ñË �ÒÉËÌÁÄ ÔÅÍ�ÅÒÁÔÕÒÎÉÈ ÚÁÌÅÖÎÏÓÔÅÊ �ÏÌÑÒÉÚÁ��§ × ÚÏ×Î�Û-ÎØÏÍÕ ÅÌÅËÔÒÉÞÎÏÍÕ �ÏÌ� ÎÁ ÒÉÓÕÎËÕ ÎÉÖÞÅ ÎÁ×ÅÄÅÎÏ ×�Ä�Ï×�ÄÎ� ÅËÓ-�ÅÒÉÍÅÎÔÁÌØÎ� ÔÏÞËÉ ÄÌÑ Ä×ÏÈ ËÒÉÓÔÁÌ�× { KD2PO4 (ÄÅ ×�ÄÂÕ×Á¤ÔÓØÑÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä �ÅÒÛÏÇÏ ÒÏÄÕ) � KH2PO4 (ÄÅ Ò�Ä ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕÂÌÉÚØËÉÊ ÄÏ ÄÒÕÇÏÇÏ. ì�Î�§ { ÒÅÚÕÌØÔÁÔÉ ÔÅÏÒÅÔÉÞÎÏÇÏ ÒÏÚÒÁÈÕÎËÕ ×ÒÁÍËÁÈ ÍÏÄÅÌ� �ÒÏÔÏÎÎÏÇÏ ×�ÏÒÑÄËÕ×ÁÎÎÑ [4℄.�É�Ï×Á ÆÁÚÏ×Á Ä�ÁÇÒÁÍÁ TC � E ÓÅÇÎÅÔÏÅÌÅËÔÒÉËÁ, ÑËÉÊ ÚÎÁÈÏ-ÄÉÔØÓÑ × ÚÏ×Î�ÛÎØÏÍÕ �ÏÌ�, Ó�ÒÑÖÅÎÏÍÕ ÄÏ �ÁÒÁÍÅÔÒÁ �ÏÒÑÄËÕ, ÎÁ-×ÅÄÅÎÁ ÎÁ ÒÉÓ.3.ä�ÁÇÒÁÍÁ Í�ÓÔÉÔØ ÔÒÉ ÆÁÚÉ - Ä×� ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎ�, ÑË� ×�ÄÒ�Ú-ÎÑÀÔØÓÑ ÎÁ�ÒÑÍËÏÍ �ÏÌÑÒÉÚÁ��§, ÔÁ Ô.Ú×. �ÓÅ×ÄÏ�ÁÒÁÅÌÅËÔÒÉÞÎÁ ÚÎÅÎÕÌØÏ×ÉÍ ÚÎÁÞÅÎÎÑÍ �ÏÌÑÒÉÚÁ��§, �ÎÄÕËÏ×ÁÎÉÍ ÚÏ×Î�ÛÎ�Í �ÏÌÅÍ.
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òÉÓ. 2. ÷�ÄÎÏÛÅÎÎÑ �ÏÌÑÒÉÚÁ��§ P3 ÄÏ �ÏÌÑÒÉÚÁ��§ ÎÁÓÉÞÅÎÎÑ ÄÅÊÔÅÒÏ×Á-ÎÏÇÏ KD2PO4 (ÚÌ�×Á) � ÎÅÄÅÊÔÅÒÏ×ÁÎÏÇÏ KH2PO4 (Ó�ÒÁ×Á) ÑË ÆÕÎË��§ ÔÅÍ-�ÅÒÁÔÕÒÉ �ÒÉ Ò�ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÅÌÅËÔÒÉÞÎÏÇÏ �ÏÌÑ E3 (kV/m): (ÚÌ�×Á) 1{ 0; 2 { 2.82; 3 { 5.64; 4 { 8.46; 5 { 11.28 � (Ó�ÒÁ×Á) 1 { 0; 2 { 5.813; 3 { 12.54 { 20.31. åËÓ�ÅÒÉÍÅÎÔÁÌØÎ� ÔÏÞËÉ ×ÚÑÔÏ Ú [5℄ (KD2PO4) � [6℄ (KH2PO4).
E

( , )* *E T( , )* *−E T

TC

òÉÓ. 3. �É�Ï×Á TC � E ÆÁÚÏ×Á Ä�ÁÇÒÁÍÁ ×ÌÁÓÎÏÇÏ ÓÅÇÎÅÔÏÅÌÅËÔÒÉËÁ (ÎÁ-�ÒÉËÌÁÄ, KH2PO4).

ICMP{00{16 8÷ �ÏÌÑÈ, ×ÉÝÉÈ ×�Ä ËÒÉÔÉÞÎÉÈ, �ÅÒÅÈ�Ä Í�Ö ÆÁÚÁÍÉ ×�ÄÂÕ×Á¤ÔØÓÑ�ÌÁ×ÎÏ ÂÅÚ ÓÔÒÉÂË�× ÔÅÒÍÏÄÉÎÁÍ�ÞÎÉÈ ×ÅÌÉÞÉÎ - ÆÁÚÏ×� �ÅÒÅÈÏÄ� ×�Ä-ÓÕÔÎ�.äÁÌ� ÍÉ �ÏËÁÖÅÍÏ, ÑË �� ÅÆÅËÔÉ Ï�ÉÓÕÀÔØÓÑ ÆÅÎÏÍÅÎÏÌÏÇ�ÞÎÏÀÔÅÏÒ�¤À ìÁÎÄÁÕ. í�ËÒÏÓËÏ��ÞÎÉÊ Ö ��ÄÈ�Ä ÄÏ ��¤À �ÒÏÂÌÅÍÉ ÂÕÄÅÏ�ÉÓÁÎÏ ÄÌÑ ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÏÇÏ ËÒÉÓÔÁÌÕ ÔÉ�Õ KH2PO4 [4℄. í�Ë-ÒÏÓËÏ��ÞÎÁ ÍÏÄÅÌØ ÄÌÑ �ÉÈ ËÒÉÓÔÁÌ�× �Ï×ÉÎÎÁ ×ÒÁÈÏ×Õ×ÁÔÉ ÔÁËÏÖ �ÚÎÁÞÎÉÊ �'¤ÚÏÅÌÅËÔÒÉÞÎÉÊ ÅÆÅËÔ, �Ï×'ÑÚÁÎÉÊ Ú ÅÌÅËÔÒÉÞÎÉÍ �ÏÌÅÍ×ÚÄÏ×Ö ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÏ§ ÏÓ�. ÷ÎÁÓÌ�ÄÏË �ØÏÇÏ ÅÆÅËÔÕ ÅÌÅËÔÒÉÞ-ÎÅ �ÏÌÅ �ÎÄÕËÕ¤ ÚÓÕ×ÎÕ ÄÅÆÏÒÍÁ��À "6, � �Ñ Ö ÄÅÆÏÒÍÁ��Ñ ×ÉÎÉËÁ¤Ó�ÏÎÔÁÎÎÏ × ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎ�Ê ÆÁÚ�.æÁÚÏ×Á TC�p�E Ä�ÁÇÒÁÍÁ ËÒÉÓÔÁÌÕ, × ÑËÏÍÕ ÍÁ¤ Í�Ó�Å ÆÁÚÏ×ÉÊ�ÅÒÅÈ�Ä �ÅÒÛÏÇÏ ÒÏÄÕ Í�Ö �ÁÒÁ- � ÓÅÇÎÅÔÏÆÁÚÏÀ ¤ ÎÅ ÍÅÎÛ ��ËÁ×ÏÀ.ðÒÉ ÏÄÎÏÞÁÓÎÏÍÕ �ÒÉËÌÁÄÁÎÎ� Ç�ÄÒÏÓÔÁÔÉÞÎÏÇÏ ÔÉÓËÕ ÔÁ ÅÌÅËÔÒÉÞ-ÎÏÇÏ �ÏÌÑ ÍÏÖÅ ×ÉÎÉËÁÔÉ ÔÒÉËÒÉÔÉÞÎÁ ÔÏÞËÁ, × ÑË�Ê Ò�Ä ÆÁÚÏ×ÏÇÏ�ÅÒÅÈÏÄÕ ÚÍ�ÎÀ¤ÔØÓÑ Ú �ÅÒÛÏÇÏ ÎÁ ÄÒÕÇÉÊ. òÏÚÇÌÑÎÅÍÏ ËÒÉÓÔÁÌ, ×ÑËÏÍÕ ÔÅÍ�ÅÒÁÔÕÒÁ �ÅÒÅÈÏÄÕ ÔÁ ÓÔÒÉÂÏË �ÏÌÑÒÉÚÁ��§ × ÔÏÞ�� �ÅÒÅÈÏ-ÄÕ Ú Ç�ÄÒÏÓÔÁÔÉÞÎÉÍ ÔÉÓËÏÍ �ÏÎÉÖÕÀÔØÓÑ. ðÒÉËÌÁÄÁÎÎÑ Ç�ÄÒÏÓÔÁ-ÔÉÞÎÏÇÏ ÔÉÓËÕ, ÔÏÍÕ, ÚÍÅÎÛÕ¤ ×ÅÌÉÞÉÎÕ ËÒÉÔÉÞÎÏÇÏ �ÏÌÑ; �ÒÉ �Å×-ÎÏÍÕ ÚÎÁÞÅÎÎ� ÔÉÓËÕ Ì�Î�§ ËÒÉÔÉÞÎÉÈ ÔÏÞÏË, ÑË� ×�Ä�Ï×�ÄÁÀÔØ Ò�ÚÎÉÍÚÎÁËÁÍ �ÏÌÑ, ÓÈÏÄÑÔØÓÑ × ÏÄÎ�Ê ÔÏÞ��. �É�Ï×Á TC � p � E ÆÁÚÏ×ÁÄ�ÁÇÒÁÍÁ ×ÌÁÓÎÏÇÏ ÓÅÇÎÅÔÏÅÌÅËÔÒÉËÁ Ú ÔÒÉËÒÉÔÉÞÎÏÀ ÔÏÞËÏÀ (ÎÁ-�ÒÉËÌÁÄ, KH2PO4 [7℄) �ÏËÁÚÁÎÁ ÎÁ ÒÉÓÕÎËÕ ÎÉÖÞÅ. ÷ÓÔÁÎÏ×ÌÅÎÏ, ÝÏ× KH2PO4 ÔÒÉËÒÉÔÉÞÎÁ ÔÏÞËÁ ÍÁ¤ Í�Ó�Å �ÒÉ ÔÉÓËÁÈ �ÏÒÑÄËÕ 2-3kbar[7℄.2. ÷�ÌÉ× �ÏÌÑ. æÅÎÏÍÅÎÏÌÏÇ�ÞÎÉÊ ÁÎÁÌ�Ú÷ÉËÏÒÉÓÔÁ¤ÍÏ ÒÏÚËÌÁÄ ÔÅÒÍÏÄÉÎÁÍ�ÞÎÏÇÏ �ÏÔÅÎ��ÁÌÕ ÚÁ ÓÔÅ�ÅÎÑÍÉ�ÏÌÑÒÉÚÁ��§ P3G = G0 + a0(T � T0)2 P 2 + b4P 4 + 6P 6 �EP: (1)÷ÚÁÇÁÌ� ËÁÖÕÞÉ, ÓÔÒÏÇÏ ËÏÒÅËÔÎÉÍ ÄÌÑ ËÒÉÓÔÁÌ�× ÔÉ�Õ KH2PO4 ¤ÒÏÚËÌÁÄ ÔÅÒÍÏÄÉÎÁÍ�ÞÎÏÇÏ �ÏÔÅÎ��ÁÌÕ G ÚÁ �ÁÒÁÍÅÔÒÏÍ �ÏÒÑÄËÕ �ÔÁ ÄÅÆÏÒÍÁ��¤À "6, ÑËÉÊ ÍÁ¤ ×ÉÇÌÑÄG = G0 + 12 �a1�2 + a2�"6 + a3"26�+ 14 �b1�4 + b2�3"6 + b3�2"26�++ 16 �1�6 + 2�5"6 + 3�4"26�� 2�v E� � �v�6"6; (2)
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òÉÓ. 4. �É�Ï×Á TC � p�E ÆÁÚÏ×Á Ä�ÁÇÒÁÍÁ ×ÌÁÓÎÏÇÏ ÓÅÇÎÅÔÏÅÌÅËÔÒÉËÁ ÚÔÒÉËÒÉÔÉÞÎÏÀ ÔÏÞËÏÀ (ÎÁ�ÒÉËÌÁÄ, KH2PO4).�ÏÄ� �ÓÔÉÎÎÉÍ (\relevant") �ÁÒÁÍÅÔÒÏÍ �ÏÒÑÄËÕ, ÚÁ ÑËÉÍ ×�ÄÂÕ×Á¤-ÔØÓÑ ÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä ¤ ÄÅÑËÁ Ì�Î�ÊÎÁ ËÏÍÂ�ÎÁ��Ñ � � "6. ýÏÂ §§ ×É-ÚÎÁÞÉÔÉ, ÚÄ�ÊÓÎÀÀÔØ Ì�Î�ÊÎÅ �ÅÒÅÔ×ÏÒÅÎÎÑ (�; "6) ! (�; �), ÑËÅ Ä�Á-ÇÏÎÁÌ�ÚÕ¤ Ë×ÁÄÒÁÔÉÞÎÕ ÆÏÒÍÕ ÚÁ (�; "6) Õ ÒÏÚËÌÁÄ� (2). óÅÒÅÄ � � ��ÓÔÉÎÎÉÍ �ÁÒÁÍÅÔÒÏÍ �ÏÒÑÄËÕ ¤ ÔÏÊ, ËÏÅÆ���¤ÎÔ �ÒÉ Ë×ÁÄÒÁÔ� ÑËÏÇÏÏÂÅÒÔÁ¤ÔØÓÑ × ÎÕÌØ × ÔÏÞ�� ëÀÒ�.÷ ÏËÏÌ� ÔÅÍ�ÅÒÁÔÕÒÉ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ �ÒÉ E = 0, ÔÅÒÍÏÄÉÎÁ-Í�ÞÎÉÊ �ÏÔÅÎ��ÁÌ G(P ) ÍÁ¤ ÔÒÉ Í�Î�ÍÕÍÉ P 21;3 = (�b�pb2 � 4a)=2� P2 = 0, ÇÌÉÂÉÎÉ ÑËÉÈ ÚÒ�×ÎÀÀÔØÓÑ × ÔÏÞ�� �ÅÒÅÈÏÄÕ. ïÔÖÅ, ÔÅÍ�Å-ÒÁÔÕÒÁ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ �ÅÒÛÏÇÏ ÒÏÄÕ TC0 �ÒÉ E = 0 ×ÉÚÎÁÞÁ¤ÔØÓÑÚ ÕÍÏ× �G�P = 0; G(P1;3) = G(0);ÝÏ ÅË×�×ÁÌÅÎÔÎÏ 3b2 = 16a; TC0 = T0 + 3b216a0 :�ÏÞËÉ ÅËÓÔÒÅÍÕÍÕ ÔÅÒÍÏÄÉÎÁÍ�ÞÎÏÇÏ �ÏÔÅÎ��ÁÌÁ G(P ) �ÒÉ E 6= 0×ÉÚÎÁÞÁÀÔØÓÑ Ò�×ÎÑÎÎÑÍE = aP + bP 3 + P 5: (3)
ICMP{00{16 10ú �'ÑÔÉ ÒÏÚ×'ÑÚË�× �ØÏÇÏ Ò�×ÎÑÎÎÑ, Ä×Á ×�Ä�Ï×�ÄÁÀÔØ ÍÁËÓÉÍÕÍÁÍ, ÁÔÒÉ { P1 < 0, P2 ' 0, � P3 > 0 { Í�Î�ÍÕÍÁÍ G(P ). ú ÕÍÏ×ÉG(P2) = G(P3)× Ì�Î�ÊÎÏÍÕ �Ï E ÎÁÂÌÉÖÅÎÎ� ÚÎÁÈÏÄÉÍÏ ÚÁÌÅÖÎ�ÓÔØ ÔÅÍ�ÅÒÁÔÕÒÉÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ �ÅÒÛÏÇÏ ÒÏÄÕ ×�Ä �ÏÌÑ E (ËÒÉ×Õ Ò�×ÎÏ×ÁÇÉ ÆÁÚ)TC = TC0 �E 127a0br 4�3b :ëÒÉ×� Ò�×ÎÏ×ÁÇÉ ÆÁÚ (Ì�Î�§ ÆÁÚÏ×ÉÈ �ÅÒÅÈÏÄ�× �ÅÒÛÏÇÏ ÒÏÄÕ) ÚÁ-Ë�ÎÞÕÀÔØÓÑ × Ä×ÏÈ ËÒÉÔÉÞÎÉÈ ÔÏÞËÁÈ, ËÏÏÒÄÉÎÁÔÉ (�E�; T �) ÑËÉÈ×É�ÌÉ×ÁÀÔØ Ú ÔÅÒÍÏÄÉÎÁÍ�ÞÎÉÈ ÕÍÏ× { Ò�×ÎÑÎÎÑ ÓÔÁÎÕ � ÕÍÏ×É Ò�×-ÎÏ×ÁÇÉ ��G�P �E = 0; �E�P = 0; �2E�P 2 = 0:÷ �ÉÈ ÔÏÞËÁÈ ÚÎÉËÁ¤ Ò�ÚÎÉ�Ñ Í�Ö �ÓÔÉÎÎÏ ÓÅÇÎÅÔÏÅÌÅËÔÒÉÞÎÏÀ � \�Á-ÒÁÅÌÅËÔÒÉÞÎÏÀ" Ú ÎÅÎÕÌØÏ×ÏÀ �ÏÌÑÒÉÚÁ��¤À ÆÁÚÁÍÉ, ÔÁË ÝÏ �ÅÒÅÈ�ÄÚ ÏÄÎ�¤§ × �ÎÛÕ ×�ÄÂÕ×Á¤ÔØÓÑ �ÌÁ×ÎÏ ÂÅÚ ÓÔÒÉÂË�× ÔÅÒÍÏÄÉÎÁÍ�ÞÎÉÈ×ÅÌÉÞÉÎ.3. í�ËÒÏÓËÏ��ÞÎÁ ÍÏÄÅÌØòÏÚÇÌÑÄÁ¤ÍÏ ËÒÉÓÔÁÌ ÔÉ�Õ KD2PO4, ÄÏ ÑËÏÇÏ �ÒÉËÌÁÄÅÎÏ ÚÏ×Î�ÛÎ¤ÅÌÅËÔÒÉÞÎÅ �ÏÌÅ E3, ÑËÅ × ËÒÉÓÔÁÌ� �ÎÄÕËÕ¤ �ÏÌÑÒÉÚÁ��À P3 � ÄÅ-ÆÏÒÍÁ��À "6. òÏÚÒÁÈÕÎËÉ �ÒÏ×ÏÄÉÍÏ × ÒÁÍËÁÈ ÍÏÄÅÌ� �ÒÏÔÏÎÎÏÇÏ×�ÏÒÑÄËÕ×ÁÎÎÑ, ÑËÕ ÍÉ ÍÏÄÉÆ�ËÕ¤ÍÏ Ú ÔÉÍ, ÝÏÂ ×ÒÁÈÕ×ÁÔÉ ÅÆÅËÔÉ�Ï×'ÑÚÁÎ� Ú �'¤ÚÏÅÌÅËÔÒÉÞÎÏÀ ÄÅÆÏÒÍÁ��¤À "6.ðÏ×ÎÉÊ ÇÁÍ�ÌØÔÏÎ�ÁÎ ÍÏÄÅÌ� ÓËÌÁÄÁ¤ÔØÓÑ Ú ÚÁÔÒÁ×ÏÞÎÏ§ ÞÁÓÔÉÎÉ,ÑËÁ ÎÅ ÚÁÌÅÖÉÔØ ×�Ä ËÏÎÆ�ÇÕÒÁ��§ �ÒÏÔÏÎÎÏ§ ��ÄÓÉÓÔÅÍÉ � ×�Ä�Ï×�ÄÁ¤ÇÒÁÔ�� ×ÁÖËÉÈ �ÏÎ�×, ÔÁ �ÓÅ×ÄÏÓ��ÎÏ×ÉÈ ÇÁÍ�ÌØÔÏÎ�ÁÎ�× ËÏÒÏÔËÏÓÑÖ-ÎÉÈ � ÄÁÌÅËÏÓÑÖÎÉÈ Í�Ö�ÒÏÔÏÎÎÉÈ ×ÚÁ¤ÍÏÄ�Ê, ÔÕÎÅÌÀ×ÁÎÎÑÍ ÎÅÈÔÕ-¤ÍÏ [4℄ H = N�v�E0662 "26 � e036E3"6 � �0332 E23�+Hlong +Hshort: (4)\úÁÔÒÁ×ÏÞÎÁ" ÅÎÅÒÇ�Ñ,×ÉÒÁÖÅÎÁ ÞÅÒÅÚ ÅÌÅËÔÒÉÞÎÅ �ÏÌÅ E3 � ÄÅÆÏÒ-ÍÁ��À "6 ×ËÌÀÞÁ¤ × ÓÅÂÅ �ÒÕÖÎÕ, �'¤ÚÏÅÌÅËÔÒÉÞÎÕ � ÅÌÅËÔÒÉÞÎÕ ÞÁÓ-ÔÉÎÉ. E066 , e036 � �033 { Ô. Ú×. \ÚÁÔÒÁ×ÏÞÎ�" �ÒÕÖÎÁ ÓÔÁÌÁ, ËÏÅÆ���¤ÎÔ



11 ðÒÅ�ÒÉÎÔ�'¤ÚÏÅÌÅËÔÒÉÞÎÏ§ ÎÁ�ÒÕÇÉ � Ä�ÅÌÅËÔÒÉÞÎÁ Ó�ÒÉÊÎÑÔÌÉ×�ÓÔØ, ×�Ä�Ï×�Ä-ÎÏ; �v = v=kB, v { ÏÂ'¤Í �ÒÉÍ�ÔÉ×ÎÏ§ ËÏÍ�ÒËÉ; kB { ÓÔÁÌÁ âÏÌØ�ÍÁÎÁ;N { Ë�ÌØË�ÓÔØ �ÒÉÍ�ÔÉ×ÎÉÈ ËÏÍ�ÒÏË.Hlong { �Å ÇÁÍ�ÌØÔÏÎ�ÁÎ ÓÅÒÅÄÎØÏÇÏ �ÏÌÑ ÚÁ ÄÁÌÅËÏÓÑÖÎÉÍÉ ÄÉ-�ÏÌØ-ÄÉ�ÏÌØÎÉÍÉ � ÎÅ�ÒÑÍÉÍÉ (ÞÅÒÅÚ ËÏÌÉ×ÁÎÎÑ ÇÒÁÔËÉ) ×ÚÁ¤ÍÏÄ�-ÑÍÉ Í�Ö ÄÅÊÔÒÏÎÁÍÉ �ÌÀÓ Ì�Î�ÊÎÅ ÚÁ ÄÅÆÏÒÍÁ��¤À "6 ÍÏÌÅËÕÌÑÒÎÅ�ÏÌÅ [8,4℄, �ÎÄÕËÏ×ÁÎÅ �'¤ÚÏÅÌÅËÔÒÉÞÎÏÀ ×ÚÁ¤ÍÏÄ�¤ÀHlong = 12 Xq0f 0qf Jff 0(qq0) h�qf i2 h�q0f 0i2�Xqf 240�Xq0f 0 Jff 0(qq0) h�q0f 0i2 1A �qf2 � 2 6"6�qf2 35= 2N��2 �Xqf (2�� � 2 6"6) �qf2 ; (5)ÄÅ 4� = J11 + 2J12 + J13×ÌÁÓÎÅ ÎÁÞÅÎÎÑ ÆÕÒ'¤-ÏÂÒÁÚÕ ÍÁÔÒÉ�� ÄÁÌÅËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ�ÊJff 0 =PRq�Rq0 Jff 0(qq0);� = h�q1i = h�q2i = h�q3i = h�q4i{ ÓÅÒÅÄÎ¤ ÚÎÁÞÅÎÎÑ �Ú�ÎÇ�×ÓØËÏÇÏ �ÓÅ×ÄÏÓ��ÎÁ �qf = �1, ÞÉ§ Ä×Á ×ÌÁÓ-Î� ÚÎÁÞÅÎÎÑ ×�Ä�Ï×�ÄÁÀÔØ Ä×ÏÍ Ò�×ÎÏ×ÁÖÎÉÍ �ÏÌÏÖÅÎÎÑÍ �ÒÏÔÏÎÁ(ÄÅÊÔÒÏÎÁ) ÎÁ f -ÏÍÕ Ú×'ÑÚËÕ × q-�Ê ËÏÍ�Ò��.çÁÍ�ÌØÔÏÎ�ÁÎ ËÏÒÏÔËÏÓÑÖÎÉÈ ËÏÎÆ�ÇÕÒÁ��ÊÎÉÈ ×ÚÁ¤ÍÏÄ�Ê Í�Ö�ÒÏÔÏÎÁÍÉ Ú×ÉÞÁÊÎÏ ×ÉÂÉÒÁÀÔØ ÔÁË ÝÏÂ ×�ÄÔ×ÏÒÉÔÉ ÅÎÅÒÇÅÔÉÞÎ� Ò�×-Î� ÍÏÄÅÌ� ÔÉ�Õ óÌÅÔÅÒÁ ÄÌÑ KDP (ÄÉ×., ÎÁ�ÒÉËÌÁÄ, [12℄) { ÅÎÅÒÇ�§×ÅÒÈÎ�È/ÎÉÖÎ�È "s (Ä×�Þ� ×ÉÒÏÄÖÅÎ� �ÒÉ "6 = 0 � E3 = 0), Â�ÞÎÉÈ "a (4-ËÒÁÔÎÏ ×ÉÒÏÄÖÅÎ�), ÏÄÎÏËÒÁÔÎÏ-�ÏÎ�ÚÏ×ÁÎÉÈ "1 (8-ËÒÁÔÎÏ-×ÉÒÏÄÖÅÎ�),� Ä×ÏËÒÁÔÎÏ-�ÏÎ�ÚÏ×ÁÎÉÈ "0 (Ä×�Þ� ×ÉÒÏÄÖÅÎ�) �ÒÏÔÏÎÎÉÈ ËÏÎÆ�ÇÕÒÁ-��Ê ("s < "a � "1 � "0).úÁ�ÉÓÁÎÉÊ × �ÓÅ×ÄÏÓ��ÎÏ×ÏÍÕ �ÒÅÄÓÔÁ×ÌÅÎÎ� ÚÁ ÓÔÁÎÄÁÒÔÎÉÍÉ�ÒÁ×ÉÌÁÍÉ [12℄ ÇÁÍ�ÌØÔÏÎ�ÁÎ ËÏÒÏÔËÏÓÑÖÎÉÈ ×ÚÁ¤ÍÏÄ�Ê, × ÑËÏÍÕ ×ÒÁ-ÈÏ×ÁÎÅ ÒÏÚÝÅ�ÌÅÎÎÑ ×ÎÁÓÌ�ÄÏË ×ÔÒÁÔÉ ÓÉÓÔÅÍÏÀ ÓÉÍÅÔÒ�§ ÄÚÅÒËÁÌØ-ÎÏÇÏ �Ï×ÏÒÏÔÕ S4 ÎÁ×ËÏÌÏ ÏÓ�  ÅÎÅÒÇ�Ê ×ÅÒÈÎ�È � ÎÉÖÎ�È, Â�ÞÎÉÈ �ÔÁ ÏÄÎÏËÒÁÔÎÏ �ÏÎ�ÚÏ×ÁÎÉÈ ËÏÎÆ�ÇÕÒÁ��Ê, �ÒÉ ÎÁÑ×ÎÏÓÔ� ÄÅÆÏÒÍÁ��§"6 ÔÁ × ÅÌÅËÔÒÉÞÎÏÍÕ �ÏÌ� E3, × ÎÁÂÌÉÖÅÎÎ� ÞÏÔÉÒÉÞÁÓÔÉÎËÏ×ÏÇÏËÌÁÓÔÅÒÁ, ÑËÅ ¤ ÎÁÊÂ�ÌØÛ ÁÄÅË×ÁÔÎÉÍ ÄÌÑ �ÉÈ ËÒÉÓÔÁÌ�×, ÍÁ¤ ÔÁËÉÊ
ICMP{00{16 12×ÉÇÌÑÄ [4℄^Hshort =Xq nU h�q12 �q32 + �q22 �q42 i+��q12 �q22 �q32 �q42 +�"6(Æs6+2Æ16)h�q12 �q22 �q32 + �q12 �q22 �q42 + �q12 �q32 �q42 + �q22 �q32 �q42 i+ (V + Æa6"6)h�q12 �q22 + �q32 �q42 i+ (V � Æa6"6)h�q22 �q32 + �q42 �q12 io� ��+ �3E3 � 2Æ16 � Æs64 "6�Xq 4Xf=1 �qf2 : (6)÷ (6) ×ÉËÏÒÉÓÔÁÎÏ ÔÁË� �ÏÚÎÁÞÅÎÎÑV = �12w1; U = 12w1 � "; � = 4"+ 2w1 � 8w;ÄÅ " = "a � "s; w = "1 � "s; w1 = "0 � "s{ Ô. Ú×. ÓÌÅÔÅÒ�×ÓØË� ÅÎÅÒÇ�§.ú ÕÍÏ×É Ò�×ÎÏÓÔ� ÓÅÒÅÄÎ�È ÚÎÁÞÅÎØ �ÓÅ×ÄÏÓ��Î�× � = h�qf i, ÒÏÚÒÁ-ÈÏ×ÁÎÉÈ Ú ÞÏÔÉÒÉÞÁÓÔÉÎËÏ×ÉÍ � ÏÄÎÏÞÁÓÔÉÎËÏ×ÉÍ �ÒÏÔÏÎÎÉÍÉ ÇÁÍ�-ÌØÔÏÎ�ÁÎÁÍÉ, ÍÏÖÎÁ ×ÉËÌÀÞÉÔÉ �ÁÒÁÍÕÔÒ ÓÁÍÏÕÚÇÏÄÖÅÎÎÑ �. ðÁ-ÒÁÍÅÔÒ �ÏÒÑÄËÕ � ÔÁ ÄÅÆÏÒÍÁ��À "6 ÍÏÖÎÁ ÚÎÁÊÔÉ, Í�Î�Í�ÚÕÀÞÉ ÔÅÒ-ÍÏÄÉÎÁÍ�ÞÎÉÊ �ÏÔÅÎ��ÁÌ (Gibbs' funtion) g1E(T; �6; E3; �)g1E(T; �6; E3; �) = �v2E066 "26 � �ve036"6E3 � �v2�"033E23 (7)+ 2T ln 2 + 2��2 � 2T ln(1� �2)� 2T lnD � �v�6"6;ÄÅ D = h(2z + �Æs6"6) + 4b h(z � �Æ16"6) + aa6 + aa6 ;z = 12 ln 1 + �1� � + ��� � � 6"6 + ��3E32 ;a = exp(��"); b = exp(��w); a6 = exp(��Æa6"6):÷ÉËÏÒÉÓÔÏ×ÕÀÞÉ ÓÉÓÔÅÍÕ Ò�×ÎÑÎØ�6 = E066 "6 � e036E3 + 4 6�v mD + 2M6�vD ; (8)P3 = e036"6 + �"033E3 + 2�3v mD;



13 ðÒÅ�ÒÉÎÔÑËÁ ×É�ÌÉ×Á¤ Ú ÕÍÏ× ÔÅÒÍÏÄÉÎÁÍ�ÞÎÏ§ Ò�×ÎÏ×ÁÇÉ1�v ��g1E�"6 �E3;�6 = 0; 1�v ��g1E�E3 ��6 = �P3ÚÎÁÈÏÄÉÍÏ �ÚÏÔÅÒÍ�ÞÎÕ Ä�ÅÌÅËÔÒÉÞÎÕ Ó�ÒÉÊÎÑÔÌÉ×�ÓÔØ ×�ÌØÎÏÇÏËÒÉÓÔÁÌÕ (�ÒÉ �6 = onst)�T�33 = � �P3�E3��6 = �"33 + e236E66 ; (9)ÑËÁ ×ÉÒÁÖÁ¤ÔØÓÑ ÞÅÒÅÚ �ÚÏÔÅÒÍ�ÞÎÕ Ä�ÅÌÅËÔÒÉÞÎÕ Ó�ÒÉÊÎÑÔÌÉ×�ÓÔØÚÁÔÉÓÎÕÔÏÇÏ ËÒÉÓÔÁÌÕ (�ÒÉ "6 = onst)�T"33 = � �P3�E3�"6 = �033 + �23v 2��D � 2�'; (10)�ÚÏÔÅÒÍ�ÞÎÉÊ ËÏÅÆ���¤ÎÔ �'¤ÚÏÅÌÅËÔÒÉÞÎÏ§ ÎÁ�ÒÕÇÉeT36 = ���P3�"6 �E3 = e036 + 2�3v ��D � 2�'; (11)�ÚÏÔÅÒÍ�ÞÎÕ �ÒÕÖÎÕ ÓÔÁÌÕ �ÒÉ �ÏÓÔÊÎÏÍÕ �ÏÌ�TE66 = ���6�"6�E3 = E066 + 8� 6�v �� 6 + rD � 2�' + 2��vDM26� 2��vD �Æ2s6 h(2z + �Æs6"6) + Æ2a6(aa6 + aa6 ) + (12)+ 4bÆ216 h(z � �Æ16"6)�� 4'r2�vTD(D � 2�') :¶ÎÛ� �ÚÏÔÅÒÍ�ÞÎ� Ä�ÅÌÅËÔÒÉÞÎ� � �'¤ÚÏÅÌÅËÔÒÉÞÎ� ÈÁÒÁËÔÅÒÉÓÔÉËÉ ÍÏ-ÖÕÔØ ÂÕÔÉ �ÅÒÅÒÁÈÏ×ÁÎ� ÞÅÒÅÚ ×ÖÅ ÚÎÁÊÄÅÎ� ÚÁ ÄÏ�ÏÍÏÇÏÀ ×�ÄÍÉÈÆÏÒÍÕÌ:ËÏÎÓÔÁÎÔÁ �'¤ÚÏÅÌÅËÔÒÉÞÎÏ§ ÎÁ�ÒÕÇÉ h36h36 = ���E3�"6 �TP3 = ����6�P3�T"6 = e36�T"33 (13)�ÒÕÖÎÁ ÓÔÁÌÕ P66 �ÒÉ �ÏÓÔ�ÊÎ�Ê �ÏÌÑÒÉÚÁ��§P66 = ���6�"6�TP3 = TE66 + eT36h36: (14)
ICMP{00{16 14�ÏÄÁÔÌÉ×�ÓÔØ �ÒÉ �ÏÓÔ�ÊÎÏÍÕ �ÏÌ�sTE66 = � �"6��6�TE3 = 1TE66 ; (15)ËÏÅÆ���¤ÎÔ �'¤ÚÏÅÌÅËÔÒÉÞÎÏ§ ÄÅÆÏÒÍÁ��§dT36 = ��P3��6�TE3 = eT36sTE66 ; (16)ËÏÎÓÔÁÎÔÁ �'¤ÚÏÅÌÅËÔÒÉÞÎÏ§ ÄÅÆÏÒÍÁ��§g36 = ���E3��6 �TP3 = h36TP66 : (17)õ ×ÉÒÁÚÁÈ (8)-(17) ×ÉËÏÒÉÓÔÁÎÏ ÔÁË� �ÏÚÎÁÞÅÎÎÑ.M6 = �Æs6 sh(2z + �Æs6"6) + Æa6�aa6 � aa6�+ 4bÆ16 sh(z � �Æ16"6);� = h(2z + �Æs6"6) + b h(z � �Æ16"6)� �m;r = Æs6 h(2z + �Æs6"6)� 2bÆ16 h(z � �Æ16"6) + �M6;� = �2� 6 + r;' = 11� �2 + ��:ðÒÉ ×ÉËÏÒÉÓÔÁÎÎ� ÄÉÎÁÍ�ÞÎÉÈ ÍÅÔÏÄ�× ×ÉÍ�ÒÀ×ÁÎØ, ÅËÓ�ÅÒÉÍÅÎ-ÔÁÌØÎÏ ×ÉÚÎÁÞÁÀÔØ ÎÅ �ÚÏÔÅÒÍ�ÞÎ�, Á ÁÄ�ÁÂÁÔÉÞÎ� ÈÁÒÁËÔÅÒÉÓÔÉËÉ. ÷�ÁÒÁÆÁÚ� �ÒÉ ×�ÄÓÕÔÎÏÓÔ� ÚÏ×Î�ÛÎØÏÇÏ ÅÌÅËÔÒÉÞÎÏÇÏ �ÏÌÑ ÁÄ�ÁÂÁÔÉÞ-Î� ÔÁ �ÚÏÔÅÒÍ�ÞÎ� ×ÅÌÉÞÉÎÉ Ó��×�ÁÄÁÀÔØ, ÏÄÎÁË �ÒÉ ÎÁÑ×ÎÏÓÔ� ÏÓÔÁÎ-ÎØÏÇÏ, ×ÏÎÉ ÍÏÖÕÔØ ÓÕÔÔ¤×Ï ×�ÄÒ�ÚÎÑÔÉÓÑ. áÄ�ÁÂÁÔÉÞÎ� ×ÅÌÉÞÉÎÉ ÍÏ-ÖÕÔØ ÂÕÔÉ �ÅÒÅÒÁÈÏ×ÁÎ� ÞÅÒÅÚ ×�Ä�Ï×�ÄÎ� �ÚÏÔÅÒÍ�ÞÎ� ÚÁ ÄÏ�ÏÍÏÇÏÀÔÁËÉÈ Ó��××�ÄÎÏÛÅÎØ [1℄1�S�33 = 1�T�33 �1 + 1�T�33 (�P3=�T )2E3(�S=�T )P3 � = 1�T�33 �1 + T�T�33 p2�P3 � ;dS36 = dT36 �S�33�T�33 ; (18)sSE66 = sTE66 ��1� �S�33�T�33 � (dT36)2�T�33 ; (19)ÄÅ S = R��2 ln 2 + 2 ln[1� �2℄ + 2 lnD + 4T'T� + 2 �M6D �



15 ðÒÅ�ÒÉÎÔ{ ÅÎÔÒÏ��Ñ �ÒÏÔÏÎÎÏ§ ��ÄÓÉÓÔÅÍÉ ËÒÉÓÔÁÌÕ, p� { ��ÒÏÅÌÅËÔÒÉÞÎÉÊ ËÏ-ÅÆ���¤ÎÔ, P3 { �ÉÔÏÍÁ ÔÅ�ÌÏ¤ÍÎ�ÓÔØ �ÒÉ ÓÔÁÌ�Ê �ÏÌÑÒÉÚÁ��§. ú (18)×ÉÄÎÏ, ÝÏ ÎÁÊ�ÏÍ�ÔÎ�ÛÏÀ Ò�ÚÎÉ�Ñ Í�Ö ÁÄ�ÁÂÁÔÉÞÎÉÍÉ � �ÚÏÔÅÒÍ�ÞÎÉ-ÍÉ ×ÅÌÉÞÉÎÁÍÉ ¤ × ÏÂÌÁÓÔ� Û×ÉÄËÏ§ ÔÅÍ�ÅÒÁÔÕÒÎÏ§ ÚÍ�ÎÉ �ÏÌÑÒÉÚÁ��§{ × ÏËÏÌ� ÔÏÞËÉ �ÅÒÅÈÏÄÕ ÁÂÏ ÍÁËÓÉÍÕÍÕ �ÒÏÎÉËÎÏÓÔ�.4. ïÂÇÏ×ÏÒÅÎÎÑäÌÑ ×ÉÓÏËÏÄÅÊÔÅÒÏ×ÁÎÏÇÏ ËÒÉÓÔÁÌÕK(H1�xDx)2PO4 Ú ÔÅÍ�ÅÒÁÔÕÒÏÀ�ÅÒÅÈÏÄÕ × ÎÕÌØÏ×ÏÍÕ �ÏÌ� TC0 = 211:73 K (ÎÏÍ�ÎÁÌØÎÉÊ Ò�×ÅÎØ ÄÅÊ-ÔÅÒÕ×ÁÎÎÑ x = 0:89, ÎÁÄÁÌ� ÓËÏÒÏÞÅÎÏ KD2PO4), Á ÔÁËÏÖ ÎÅÄÅÊÔÅÒÏ-×ÁÎÏÇÏKH2PO4 ÂÕÄÅÍÏ ×ÉËÏÒÉÓÔÏ×Õ×ÁÔÉ ÚÎÁÞÅÎÎÑ �ÁÒÁÍÅÔÒ�× ÔÅÏÒ�§,ÚÎÁÊÄÅÎ� × ÒÏÂÏÔ� [9,4℄, ÑË� ÚÁÂÅÚ�ÅÞÕÀÔØ ÚÁÄÏ×�ÌØÎÉÊ Ë�ÌØË�ÓÎÉÊ Ï�ÉÓÔÅÍ�ÅÒÁÔÕÒÎÏ§ �Ï×ÅÄ�ÎËÉ ÒÑÄÕ �Ï×'ÑÚÁÎÉÈ Ú ÄÅÆÏÒÍÁ��¤À "6 Ä�ÅÌÅËÔ-ÒÉÞÎÉÈ, �'¤ÚÏÅÌÅËÔÒÉÞÎÉÈ � �ÒÕÖÎÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË �ØÏÇÏ ËÒÉÓÔÁÌÕ�ÒÉ ÁÔÍÏÓÆÅÒÎÏÍÕ ÔÉÓËÕ.îÁ ÒÉÓÕÎËÕ 5 ÚÏÂÒÁÖÅÎÏ TC � E3 ÆÁÚÏ×� Ä�ÁÇÒÁÍÉ ËÒÉÓÔÁÌ�×KD2PO4 �KH2PO4. �ÏÞËÉ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ, Á ÔÁËÏÖ ËÒÉÔÉÞÎ� �ÏÌÅ� ÔÅÍ�ÅÒÁÔÕÒÕ ×ÉÚÎÁÞÁÌÉ ÚÁ �Ï×ÅÄ�ÎËÏÀ ÍÁËÓÉÍÕÍÁ �ÚÏÔÅÒÍ�ÞÎÏ§ Ä�-ÅÌÅËÔÒÉÞÎÏ§ �ÒÏÎÉËÎÏÓÔ� ×�ÌØÎÏÇÏ ËÒÉÓÔÁÌÕ. ëÒÉÔÉÞÎÉÍ ××ÁÖÁÌÉ ÔÅ�ÏÌÅ, �ÒÉ ÑËÏÍÕ ÍÁËÓÉÍÕÍ �ÚÏÔÅÒÍ�ÞÎÏ§ Ä�ÅÌÅËÔÒÉÞÎÏ§ �ÒÏÎÉËÎÏÓÔ��ÏÞÉÎÁ× ÚÍÅÎÛÕ×ÁÔÉÓÑ.
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E3(V/cm)òÉÓ. 5. TC � E3 ÆÁÚÏ×� Ä�ÁÇÒÁÍÉ ËÒÉÓÔÁÌ�× KD2PO4 � KH2PO4. åËÓ�ÅÒÉ-ÍÅÎÔÁÌØÎ� ÔÏÞËÉ ×ÚÑÔÏ Ú [10℄.ïÓË�ÌØËÉ Ò�Ä ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ × ÎÅÄÅÊÔÅÒÏ×ÁÎÏÍÕ ËÒÉÓÔÁÌ� ÂÌÉ-ÚØËÉÊ ÄÏ ÄÒÕÇÏÇÏ, Á × ÄÅÊÔÅÒÏ×ÁÎÏÍÕ KD2PO4 ÍÁ¤ Í�Ó�Å ÚÎÁÞÎÉÊÓÔÒÉÂÏË �ÏÌÑÒÉÚÁ��§ × ÔÏÞ�� �ÅÒÅÈÏÄÕ, ËÒÉÔÉÞÎÅ �ÏÌÅ × KH2PO4 ÎÁ�ÏÒÑÄÏË ÍÅÎÛÅ, Î�Ö × KD2PO4.

ICMP{00{16 16ñË ÂÁÞÉÍÏ, ÄÌÑ ÄÅÊÔÅÒÏ×ÁÎÏÇÏ ËÒÉÓÔÁÌÕ ÏÔÒÉÍÕ¤ÔØÓÑ ÚÁÄÏ×�ÌØÎÅÕÚÇÏÄÖÅÎÎÑ Ú ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÉÍÉ ÄÁÎÉÍÉ ÄÌÑ ÚÒÏÓÔÁÎÎÑ ÔÅÍ�ÅÒÁ-ÔÕÒÉ ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ Ú �ÏÌÅÍ E3 ÔÁ ËÒÉÔÉÞÎÏÇÏ �ÏÌÑ E�3 , �ÒÉÑËÏÍÕ ÚÎÉËÁ¤ ÆÁÚÏ×ÉÊ �ÅÒÅÈ�Ä × ÓÉÓÔÅÍ� (ÔÅÏÒÅÔÉÞÎÅ 7.0 kV/m �ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÅ [10℄ 7:1� 0:6 kV/m).äÌÑ ÎÅÄÅÊÔÅÒÏ×ÁÎÏÇÏ ËÒÉÓÔÁÌÕ, ÒÏÚÒÁÈÏ×ÁÎ� ËÏÏÒÄÉÎÁÔÉ ËÒÉÔÉÞ-ÎÏ§ ÔÏÞËÉ ÚÎÁÈÏÄÑÔØÓÑ × ÍÅÖÁÈ, ×ÉÚÎÁÞÅÎÉÈ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÏ ÞÅÒÅÚÒÏÚËÌÁÄÉ ìÁÎÄÁÕ. óÌ�Ä, ÏÄÎÁË, ÚÁÚÎÁÞÉÔÉ, ÝÏ Í�ËÒÏÓËÏ��ÞÎ� ËÏÏÒÄÉ-ÎÁÔÉ ËÒÉÔÉÞÎÏ§ ÔÏÞËÉ �ÓÔÏÔÎÏ ÚÁÌÅÖÁÔØ ×�Ä ×ÉÂÏÒÕ �ÁÒÁÍÅÔÒ�× ÔÅÏÒ�§,×�Ä ÔÏÞÎÏÓÔ� ÒÏÚÒÁÈÕÎË�× ÔÁ ×�Ä ×ÅÌÉÞÉÎÉ ÓÔÒÉÂËÁ �ÁÒÁÍÅÔÒÁ �ÏÒÑÄ-ËÕ × ÔÏÞ�� �ÅÒÅÈÏÄÕ �ÒÉ ÎÕÌØÏ×ÏÍÕ �ÏÌ� (×�Ä ÓÔÕ�ÅÎÑ �ÅÒÛÏÒ�ÄÎÏÓÔ�ÆÁÚÏ×ÏÇÏ �ÅÒÅÈÏÄÕ). �ÁË �ÒÉ �� = 0:31 ÍÁ¤ÍÏ E� = 110 V/m, Á �ÒÉ�� = 0:347 ×ÖÅ E� = 170 V/m. ÷ÅÌÉÞÉÎÁ �� ÚÁÄÁ¤ÔØÓÑ Ó��××�ÄÎÏ-ÛÅÎÎÑÍÉ Í�Ö �ÁÒÁÍÅÔÒÁÍÉ ÔÅÏÒ�§, �ÒÉÞÏÍÕ ÄÌÑ ÚÍ�ÎÉ �� ×�Ä 0.3 ÄÏ0.35 × KH2PO4 ÄÏÓÔÁÔÎØÏ ÎÁ×�ÔØ ÎÅ×ÅÌÉËÉÈ ÚÍ�Î Õ �ÁÒÁÍÅÔÒÁÈ, ÔÁËÝÏ ÒÏÚÒÁÈÏ×ÁÎ� ÍÁËÒÏÓËÏ��ÞÎ� ÈÁÒÁËÔÅÒÉÓÔÉËÉ, ÑË� Â�ÌØÛ-ÍÅÎÛ ÄÏ-ÓÔÏ×�ÒÎÏ ×ÉÍ�ÒÀÀÔØÓÑ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÏ, �ÒÉ �ØÏÍÕ �ÒÁËÔÉÞÎÏ ÎÅÚÍ�ÎÀÀÔØÓÑ. ïÓË�ÌØËÉ ÔÏÞÎÏ ×ÉÚÎÁÞÉÔÉ ÅËÓ�ÅÒÉÍÅÎÔÁÌØÎÕ ×ÅÌÉÞÉÎÕ×�ÄÎÏÛÅÎÎÑ ÓÔÒÉÂËÁ �ÏÌÑÒÉÚÁ��§ ÄÏ �ÏÌÑÒÉÚÁ��§ ÎÁÓÉÞÅÎÎÑ (ÓÔÒÉÂËÁ�ÁÒÁÍÅÔÒÁ �ÏÒÑÄËÕ) ÎÅÍÏÖÌÉ×Ï (ÒÏÚËÉÄ ÚÎÁÞÅÎØ ×�Ä 0.3 ÄÏ 0.35), Í�Ë-ÒÏÓËÏ��ÞÎÁ ÔÅÏÒ�Ñ ÄÁ¤ ÌÉÛÅ Ï��ÎÏÞÎ� ÚÎÁÞÅÎÎÑ ËÏÏÒÄÉÎÁÔ ËÒÉÔÉÞÎÏ§ÔÏÞËÉ { ×�Ä 110 V/m ÄÏ 170 V/m.îÁ ÒÉÓÕÎËÕ 6 ÎÁ×ÅÄÅÎÏ ÔÅÍ�ÅÒÁÔÕÒÎ� ÚÁÌÅÖÎÏÓÔ� Ä×ÏÈ ÈÁÒÁËÔÅ-ÒÉÓÔÉË { �ÚÏÔÅÒÍ�ÞÎÏ§ ÓÔÁÔÉÞÎÏ§ Ä�ÅÌÅËÔÒÉÞÎÏ§ �ÒÏÎÉËÎÏÓÔ� ×�ÌØÎÏÇÏËÒÉÓÔÁÌÕ �T�33 ÔÁ �'¤ÚÏÍÏÄÕÌÑ h36 ÄÅÊÔÅÒÏ×ÁÎÏÇÏ ËÒÉÓÔÁÌÕ �ÒÉ Ò�Ú-ÎÉÈ ÚÎÁÞÅÎÎÑÈ ÚÏ×Î�ÛÎØÏÇÏ ÅÌÅËÔÒÉÞÎÏÇÏ �ÏÌÑ. ñË�ÓÎÏ �ÏÄ�ÂÎÉÍÉ ÄÏ�T�33 ¤ ÔÁËÏÖ ÔÅÍ�ÅÒÁÔÕÒÎ� ËÒÉ×� �ÎÛÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË ËÒÉÓÔÁÌ�×, ÑË�ÍÁÀÔØ ÏÓÏÂÌÉ×�ÓÔØ × ÔÏÞ�� �ÅÒÅÈÏÄÕ { �ÏÄÁÔÌÉ×ÏÓÔ� sE66 � �'¤ÚÏÍÏÄÕ-Ì�× d36 � e36. áÎÁÌÏÇ�ÞÎÏÀ ÄÏ h36 ¤ ÔÅÍ�ÅÒÁÔÕÒÎÁ � �ÏÌØÏ×Á �Ï×ÅÄ�ÎËÁ�'¤ÚÏÍÏÄÕÌÑ g36.íÁËÓÉÍÁÌØÎÅ ÚÎÁÞÅÎÎÑ ÔÁ �ÏÄ�ÂÎÉÈ ×ÅÌÉÞÉÎ Ú ÒÏÓÔÏÍ �ÏÌÑ ÚÍ�-ÝÕ¤ÔØÓÑ × ÏÂÌÁÓÔØ ×ÉÝÉÈ ÔÅÍ�ÅÒÁÔÕÒ. ðÒÉ ÎÁÂÌÉÖÅÎÎ� �ÏÌÑ ÄÏ ËÒÉ-ÔÉÞÎÏÇÏ, §È ��ËÏ×� ÚÎÁÞÅÎÎÑ × ÔÏÞËÁÈ �ÅÒÅÈÏÄÕ ÚÒÏÓÔÁÀÔØ � ¤ ÍÁËÓÉ-ÍÁÌØÎÉÍÉ �ÒÉ ËÒÉÔÉÞÎÏÍÕ �ÏÌ�. ÷ÉÝ� �ÏÌÑ ÒÏÚÍÉ×ÁÀÔØ ÆÁÚÏ×ÉÊ�ÅÒÅÈ�Ä, ÚÇÌÁÄÖÕÀÔØ ÔÁ �ÏÎÉÖÕÀÔØ ��ËÉ �ÉÈ ×ÅÌÉÞÉÎ. ÷�ÌÉ× �ÏÌÑÎÁ �'¤ÚÏÍÏÄÕÌ� h36 � g36 ¤ �ÏÄ�ÂÎÉÍ ÄÏ ÊÏÇÏ ×�ÌÉ×Õ ÎÁ �ÏÌÑÒÉÚÁ��À.ðÒÉ ��Ä×ÉÝÅÎÎ� �ÏÌÑ ÓÔÒÉÂÏË �ÉÈ ×ÅÌÉÞÉÎ × ÔÏÞ�� �ÅÒÅÈÏÄÕ ÚÍÅÎ-ÛÕ¤ÔØÓÑ � ÏÂÅÒÔÁ¤ÔØÓÑ × ÎÕÌØ × ËÒÉÔÉÞÎÏÍÕ �ÏÌ�. ðÒÉ ×ÉÝÉÈ �ÏÌÑÈÄÌÑ �ÉÈ ×ÅÌÉÞÉÎ ÈÁÒÁËÔÅÒÎ� ÇÌÁÄË� ÔÅÍ�ÅÒÁÔÕÒÎ� ÚÁÌÅÖÎÏÓÔ�.ã�ËÁ×Ï ×�ÄÚÎÁÞÉÔÉ, ÝÏ �ÏÌØÏ×� ÚÁÌÅÖÎÏÓÔ� ÁÄ�ÁÂÁÔÉÞÎÉÈ ×ÅÌÉÞÉÎ¤ ÚÎÁÞÎÏ ÓÉÌØÎ�ÛÉÍÉ, Î�Ö �ÚÏÔÅÒÍ�ÞÎÉÈ. �ÁË, ÑË ×ÉÄÎÏ Ú ÒÉÓ. 6, ÄÅ



17 ðÒÅ�ÒÉÎÔÎÁ×ÅÄÅÎ� ÔÅÍ�ÅÒÁÔÕÒÎ� ËÒÉ×� ÁÄ�ÁÂÁÔÉÞÎÏÇÏ � �ÚÏÔÅÒÍ�ÞÎÏÇÏ �'¤ÚÏÍÏ-ÄÕÌÑ dS36 ÎÅÄÅÊÔÅÒÏ×ÁÎÏÇÏ KH2PO4, × �ÏÌÑÈ, ×ÉÝÉÈ ×�Ä ËÒÉÔÉÞÎÏÇÏ,ÊÏÇÏ ��ËÏ×� ÚÎÁÞÅÎÎÑ (�, ×�Ä�Ï×�ÄÎÏ, ��ËÏ×� ÚÎÁÞÅÎÎÑ sSE66 , eS36, �S33)Ó�ÁÄÁÀÔØ Ú ÚÏ×Î�ÛÎ�Í �ÏÌÅÍ ÚÎÁÞÎÏ ÓÉÌØÎ�ÛÅ, Î�Ö ��ËÏ×� ÚÎÁÞÅÎÎÑ�ÚÏÔÅÒÍ�ÞÎÏÇÏ dT36 (ÞÉ ×�Ä�Ï×�ÄÎÉÈ �ÚÔÅÒÍ�ÞÎÉÈ ×ÅÌÉÞÉÎ), Á ÍÁËÓÉ-ÍÕÍÉ ÁÄ�ÁÂÁÔÉÞÎÉÈ ×ÅÌÉÞÉÎ ÚÍ�ÝÕÀÔØÓÑ �ÒÉ �ÒÉËÌÁÄÁÎÎ� �ÏÌÑ ÄÏ×ÉÝÉÈ ÔÅÍ�ÅÒÁÔÕÒ ÚÎÁÞÎÏ �ÏÍ�ÔÎ�ÛÅ, Î�Ö �ÚÏÔÅÒÍ�ÞÎÉÈ.
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òÉÓ. 6. ¶ÚÏÔÅÒÍ�ÞÎÁ ÓÔÁÔÉÞÎÁ Ä�ÅÌÅËÔÒÉÞÎÁ �ÒÏÎÉËÎ�ÓÔØ ×�ÌØÎÏÇÏ ËÒÉÓÔÁÌÕ�T�33 ÔÁ �'¤ÚÏÍÏÄÕÌØ h36 ÄÅÊÔÅÒÏ×ÁÎÏÇÏ KD2PO4 ÑË ÆÕÎË��§ ÔÅÍ�ÅÒÁÔÕÒÉ�ÒÉ Ò�ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÅÌÅËÔÒÉÞÎÏÇÏ �ÏÌÑ E3 (kV/m): 1 { 0; 2 { 3.82; 3 {5.64; 4 { E� = 7:0; 5 { 8.46; 6 { 11.28.òÉÓ. 8 �ÌÀÓÔÒÕ¤ �ÏÌØÏ×� ÚÁÌÅÖÎÏÓÔ� ÁÄ�ÁÂÁÔÉÞÎÉÈ ÏÂÅÒÎÅÎÏ§ �Ï-ÚÄÏ×ÖÎÏ§ ÓÔÁÔÉÞÎÏ§ Ä�ÅÌÅËÔÒÉÞÎÏ§ Ó�ÒÉÊÎÑÔÌÉ×ÏÓÔ� ×�ÌØÎÏÇÏ ËÒÉÓÔÁ-ÌÕ ÔÁ �ÒÕÖÎÏ§ ÓÔÁÌÏ§ SE66 × ÎÅÄÅÊÔÅÒÏ×ÁÎÏÍÕ KH2PO4 [11℄ ÔÁ §È Ï�ÉÓ× ÒÁÍËÁÈ ÎÁ×ÅÄÅÎÏ§ ×ÉÝÅ ÔÅÏÒ�§.ì�ÔÅÒÁÔÕÒÁ1. W. Kanzig, Ferroeletris and antiferroeletris (Aademi Press,New York, 1957).2. R.O. Piltz, M.I. MMahon, and R.J. Nelmes. // Ferroeletris, 1990,vol. 108, p. 271.3. I.V.Stasyuk, R.R.Levitskii, A.P.Moina. // Phys. Rev. B., 1999, vol.59, p. 8530-8540.4. I.V.Stasyuk, R.R.Levitskii, I.R.Zahek, A.P.Moina. // Phys. Rev. B,2000, vol. 62, p. 6198-6207.
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òÉÓ. 7. ¶ÚÏÔÅÒÍ�ÞÎÉÊ ÔÁ ÁÄ�ÁÂÁÔÉÞÎÉÊ �'¤ÚÏÍÏÄÕÌØ d36 ÎÅÄÅÊÔÅÒÏ×ÁÎÏÇÏKH2PO4 ÑË ÆÕÎË�Ñ ÔÅÍ�ÅÒÁÔÕÒÉ �ÒÉ Ò�ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ ÅÌÅËÔÒÉÞÎÏÇÏ �ÏÌÑE3 (kV/m): 1 { 0; 2 { 1; 3 { 2; 4 { 3; 4 { 5.
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∆T(K)òÉÓ. 8. áÄ�ÁÂÁÔÉÞÎ� �ÒÕÖÎÁ ÓÔÁÌÁ SE66 ÔÁ ÏÂÅÒÎÅÎÁ �ÏÚÄÏ×ÖÎÁ ÓÔÁÔÉÞÎÁÄ�ÅÌÅËÔÒÉÞÎÁ Ó�ÒÉÊÎÑÔÌÉ×�ÓÔØ �S�33 ÎÅÄÅÊÔÅÒÏ×ÁÎÏÇÏ KH2PO4 ÑË ÆÕÎË��§ÔÅÍ�ÅÒÁÔÕÒÉ �ÒÉ Ò�ÚÎÉÈ ÚÎÁÞÅÎÎÑÈ �ÏÌÑ E3 (kV/m). åËÓ�ÅÒÉÍÅÎÔÁÌØÎ�ÔÏÞËÉ ×ÚÑÔÏ Ú [11℄.



19 ðÒÅ�ÒÉÎÔ5. V.V. Gladkii and E.V. Sidnenko.// Sov. Phys. Solid State, 1973, vol.17, p. 861.6. M. Chabin, F.Giletta. // Ferroeletris, 1977, vol. 15, p. 149-154.7. A. Western, A.G. Baker, C.P. Baon, V.H. Shmidt. // Phys. Rev.B, 1978, vol. 17, p.4461.8. I.V. Stasyuk and I.N. Biletskii. // Bull. Aad. Si. USSR. Phys. Ser.,1983, vol. 4, p.79.9. I.V.Stasyuk, R.R.Levitskii, A.P.Moina, B.M. Lisnii. To be publishedin Ferroeletris.10. V.V. Gladkii and E.V. Sidnenko.// Sov. Phys. Solid State, 1972, vol.13, p. 2592.11. E.Litov, C.W.Garland. // Phys. Rev. B., 1970, vol.2, p. 4597-4602.12. R. Blin and B. �Zek�s, Soft modes in ferroeletris and antiferro-eletris (Elseviers, New York, 1974).

ICMP{00{16 20MOLECULAR DYNAMICS OFMAGNETIC LIQUIDSI.P. Omelyan1, I.M. Mryglod1, and R. Folk21Institute for Condensed Matter Physis, UkrainianAademy of Sienes, UA-290011 Lviv, Ukraine2Institute for Theoretial Physis, University of Linz,A-4040 Linz, Austria1. IntrodutionComputer experiment remains an important tool for the predition andtheoretial understanding of various phenomena in magneti materials.The methods of Monte-Carlo (MC) and moleular dynamis (MD) wereintensively exploited over the years for the investigation of phase dia-grams, ritial phenomena, saling, and the dynami behavior of lattiesystems suh as the Ising, the XY, and the Heisenberg model [1{3℄.The neessity to extend these studies to disordered models of mag-neti liquids was motivated by a great amount of additional physialproperties arising when both spin (orientational) and liquid (transla-tional) degrees of freedom are taken into aount [4{9℄. Computer ex-periments for suh systems have been restrited to MC simulations [5,7℄in whih only stati quantities ould be alulated. Dynami phenom-ena, in partiular, spin and density relaxations, and the e�ets onnetedwith the mutual inuene of magneti and liquid subsystems an be in-vestigated in MD simulations.Until now, there have been no attempts to simulate spin liquidswithin the MD approah. This an be explained by the absene of anMD algorithm for handling the orresponding equations of motion. Thetraditional numerial methods [10℄ for solving di�erential equations areunsuitable beause they beome highly unstable on time sales used inMD simulations. As has been well established for pure liquid systems[11,12℄, even standard preditor-orretor shemes are not eÆient be-ause of poor total energy onservation.The properties of an aeptable algorithm for long-time observationsof a many-body system should be: stability, auray, speed and ease ofimplementation. There exists only a small group of integrators satisfyingthese riteria. An important one is the veloity Verlet (VV) algorithm[13,14℄ whih allows a high auray with minimal osts in terms of time-onsuming fore evaluations. However, the VV and other similar shemes



21 ðÒÅ�ÒÉÎÔ[11,15℄ were designed to simulate pure liquid dynamis. In the ase ofmagneti liquids the situation is more ompliated sine the translationalpositions and momenta are oupled with spin orientations in a harater-isti way and, hene, all these dynamial variables must be onsideredsimultaneously. This requires substantial revision of the liquid dynamialgorithms.Reently, new algorithms have been devised for spin dynamis sim-ulations of lattie systems [16℄. They are based (like the VV integrator)on the Suzuki-Trotter (ST) deomposition method and appear to bemuh more eÆient than preditor-orretor shemes. These algorithmsare appliable to spin systems if the deomposition on two (or several)noninterating sublatties is possible. However, they annot be used formodels with arbitrary spatial spin distributions and, therefore, not forspin liquids.In the present study we develop the idea of using ST-like deompo-sitions for spin liquid dynamis and derive the desired MD algorithm.This allows quantitative measurement of dynamial struture fators of aHeisenberg ferrouid. The main result obtained (reeting the inueneof the liquid sybsystem on spin dynamis) is the identi�ation of a newpropagative sound-like mode in the spetrum of olletive longitudinalspin exitations.2. Numerial integration of the equations of motionConsider a lassial system omposed of N magneti partiles of massm, desribed by the HamiltonianH = NXi=1 mvi22 + NXi<j �'(rij)� J(rij) si�sj� : (1)Here ri and vi are the translational position and veloity, respetively, ofpartile i arrying spin si; the liquid potential is denoted by '(rij ), andJ(rij) > 0 is the exhange integral for a pair of spins with interpartiledistane rij = jri � rj j. The lassial approah treats si as a three-omponent ontinuous vetor with a �xed length for eah site i (puttingfor onveniene jsij = 1, so that J will be measured in energy units).Although the results presented below an easily be adapted to a largerlass of Hamiltonians, we restrit ourselves to the basi model (1) whihrepresents a typial isotropi Heisenberg ferrouid [7,8℄.In order to study the dynami properties, the equations of motion
ICMP{00{16 22given by d�=dt = L�(t) must be integrated numerially, whereL = NXi=1 �vi� ��ri + ai� ��vi + [!i�si℄� ��si�� NXi=1 �Lri + Lvi + Lsi� � Lr + Lv + Ls ; (2)is the Liouville operator; i.e., L� = [�; H ℄ with [ ; ℄ being the Poissonbraket; � � fri;vi; sig denotes the full set of dynamial variables; ai =fi=m and !i = �gi=�h are the aeleration and loal Larmor frequeny,respetively, fi = �Pj(j 6=i)(d'(rij )=drij � dJ(rij)=drij si�sj)rij=rij isthe fore and gi = Pj(j 6=i) J(rij )sj the internal magneti �eld. Notethat the omponents Lr, Lv and Ls at only on position, veloity andspin, respetively, and the quantum Poisson braket was used to obtainLs [8,16℄.The desired solutions an be ast in the form �(t + h) = eLh�(t) =e(Lr+Lv+Ls)h�(t), where h is the time step. Sine the exponential prop-agator eLh annot be evaluated exatly, one introdues some approxi-mations whih take advantage of the smallness of h. Assuming for themoment that the spin variables are frozen, i.e. setting Ls ! 0, we ometo the usual (liquid-like) equations of motion. They an be solved in aquite eÆient way using the seond-order VV integrator [13,14℄ whih isbased on the ST formula e(Lr+Lv)h = eLvh=2eLrheLvh=2+O(h3). Takinginto aount the fat that this formula is valid for arbitrary two op-erators and unfreezing now the spin variables, we obtain immediately:e(Lr+Lv+Ls)h = eLvh=2e(Lr+Ls)heLvh=2 +O(h3), where the sum Lr + Lswas treated as one operator. The spin-position subpropagator an furtherbe deomposed in a similar way, e(Lr+Ls)h = eLrh=2eLsheLrh=2 +O(h3),resulting in a full propagation of the form�(t+ h) = eLv h2 eLr h2 eLsheLr h2 eLv h2 �(t) +O(h3) : (3)Note that other deompositions are also possible, but then the loal �eldsgi and/or fores fi have to be updated (the most time-onsuming opera-tions) more frequently, whih redues the eÆieny of the omputations.The main idea of the deompositions is to obtain subpropagatorswhih an be evaluated analytially. It an be shown [14℄ that the posi-tion eLr� = Qi eLri� and veloity eLv� = Qi eLvi� propagations repre-sent shift operators, namely, eLri�ri = ri + vi� and eLvi�vi = vi + ai� ,where the equalities LriLrj = LrjLri , LviLvj = LvjLvi have been used.Sine the omponents Lr and Lv (as well as Ls) do not ommute, suh



23 ðÒÅ�ÒÉÎÔshifts must be performed in a rigorous order (as spei�ed by Eq. (3))and applied to the urrent values of ri and vi within the time step.The spin subdynamis is desribed in Eq. (3) by the exponential op-erator eLsh. This operator has no simple expliit form, given that theLarmor frequeny !i for eah partile depends in general on the orien-tations of all other spins of the system. In other words, it is itself timedependent and is, therefore, not known a priori. The expliit solution,nevertheless, may be found as follows. Sine all the partial omponentsLsi do not ommute eah other, it is quite natural to �nd an ST-likedeomposition for the whole set (i = 1; : : : ; N) of these nonommuta-tive operators. Conseutively (k = 1; : : : ; N � 1) dividing the subsets(i = k; : : : ; N) into groups omposed of only two operators (Lsk andPNj=k+1 Lsj ) and using the usual ST formula for them, one obtainseLsh = eLs1 h2 : : : eLsN�1 h2 eLsN heLsN�1 h2 : : : eLs1 h2 : (4)Eq. (4) onstitutes an ST analog for arbitrary number of operators andit is aurate to the same order O(h3) as the terms already trunated.Again, other O(h3) deompositions may be introdued. However, onlyEq. (4) will lead to a sheme with minimal number of loal �eld real-ulations.The problem is now onsiderably simpli�ed beause, aording toEq. (4), eah urrent value of si is updated spin by spin at a �xedinstantaneous Larmor frequeny !i, and this ase allows analytialsolutions. The result is: eLsi�si(t) = Di(t; �)si(t), where Di(t; �) =I+Wi sin(!i�)+W2i (1� os(!i�)) denotes an orthonormal (DD+ = I)matrix (whih rotates around axis !i on angle !i�) and Wi = W(^!i)is a skewsymmetri matrix (W�� = �W��), with WXY = �^!Z ,WXZ = ^!Y , WY Z = �^!X and ^! = !=!. Sine the deompositionsused are orret within an unertainty of order O(h3), the trigonomet-ri funtions an be replaed by their rational ounterparts, os � =(1 � �2=4)=(1 + �2=4) +O(�3) and sin � = �=(1 + �2=4) + O(�3), whihmaintain the orthonormality of D. Then the spin rotation redues toeLsi�si(t) = �si(t) + [!i�si(t)℄� + �22 �!i(!i�si(t))� 12(!i�!i)si(t)��.�1 + �!i�2 �2� : (5)This ompletes the new algorithm.We note that our basi equations of motion are time-reversible andexat solutions behave sympletially. As an be shown, the algorithm
ICMP{00{16 24derived reprodues these features, even though the trajetories are gen-erated with a limited auray. Indeed, the initial propagator was de-omposed (Eqs. (3) and (4)) into subparts symmetrially, and, as a on-sequene, the �nal expressions for ri, vi and si will be invariant withrespet to the transformation h ! �h. Furthermore, simple shifts (ap-plied separately in position and veloity spae) do not hange the phasevolume. These properties are very important for our purpose beause,as is now well established [11,14℄, the stability of an algorithm normallyfollows from its time reversibility and sympletiity. Another property ofthe algorithm is its exat onservation of spin lengths (rotations given byEq. (5) do not hange the norm of vetors). This is ruial as well, sinethe ondition jsij = onst is of major importane in the de�nition ofthe model. Symmetries of the Hamiltonian (1) impose also onservationlaws on the total momentum P = mPi vi, total spin S =Pi si and to-tal energy E � H . These three integrals of motion annot be onservedperfetly at the same time within any approximate sheme (exat on-servation an be ahieved only for some of the integrals). This a typialsituation in MD simulations.3. Appliations to a Heisenberg ferrouidIn our MD study of the Heisenberg ferrouid, a magneti interationvia the Yukawa funtion J(r) = ��r exp[(� � r)=�℄ [7℄ and a soft-oreliquid potential [11℄, '(r) = 4"[(�=r)12 � (�=r)6℄ + " at r < 21=6� and'(r) = 0 at r � 21=6� (where � and " desribe the intensities of spin andore interations, respetively) have been used. The funtion J(r) wastrunated at R = 2:5� and shifted to be zero at the trunation point (toavoid fore singularities). The simulations were arried out for N = 1000partiles (employing periodi boundary onditions) at a redued densityn� = NV �3 = 0:6, a redued temperature T � = kBT=� = 1:5 < T �(where T � � 2:06 is the ritial temperature of the system [17℄), aredued ore intensity "=� = 1, and a dynamial oupling parameterd = �(m�)1=2=�h = 2. This parameter presents, in fat, the ratio �tr=�s,where �tr = �(m=�)1=2 and �s = �h=� are the harateristi time intervalsof varying translational and spin variables, respetively. Sine we areinvestigating a ferrophase and dealing with a miroanonial (NVES)ensemble, a non-zero magnetization of the system must be spei�ed ad-ditionally. This quantity was taken from our single MC simulation [17℄,hSi0=N = 0:6536� 0:0001, where h i0 denotes the anonial averaging.All test runs were started from an idential well equilibrated on-�guration. The realulation of loal magneti �elds (during spin sub-



25 ðÒÅ�ÒÉÎÔdynamis (4)) took approximately the same proessor time as that oftranslational fores, spending in total 0.5 se per step on the Origin2000 workstation. It is worth emphasizing that ontrary to pure spindynamis [16℄ (when auxiliary MC yles are invoked to generate equi-librium on�gurations as initial onditions for the equations of motion),the equilibration of our system an be performed within NVES MD sim-ulations exlusively (at the spei�ed value for S � hSi0). This is possiblebeause of the energy exhange between the spin and liquid subsystems.The MD results for the total energy E� = E=� (subsets (a){(d) andthe total spin S (subsets (e){(h)) as funtions of the length of the sim-ulations are presented in Fig. 1. Four time steps, namely, h� = h=�tr =0:00125, 0.0025, 0.005 and 0.01, were used to integrate the equationsof motion within our approah (Eqs. (3){(5), solid urves of Fig. 1).These results are ompared with those obtained by us using the well es-tablished Adams-Bashforth-Moulton (ABM) preditor-orretor sheme[10℄ of fourth-order (dashed urves in subsets (a) and (b)). As an be seenfrom Fig. 1 (a), the ABM integrator ful�lls energy onservation up to asimilar auray as our algorithm at the smallest time step h� = 0:00125.However, for larger step sizes (see Fig. 1 (b)) the ABM sheme is un-stable and, thus, annot be used. Note that very small step sizes areimpratial beause then too muh time-onsuming fore and �eld eval-uations have to be done during the typial observation times. Moreover,the ABM sheme is neither reversible nor sympleti and it turns out tobe about twie as slow even if one iteration only is applied within theorretor proedure.No systemati drift in E(t) and S(t) was observed within our al-gorithm at time steps up to h� = 0:01 over a length of t=h = 100000. The preision of the algorithm was measured in terms of the ra-tio �E = (h(E(t) � E(0))2i=h(U(t) � U(0))2i)1=2 of total and poten-tial (U) energy utuations. Taking into aount that for our system(hU(t) � U(0)i2)1=2 � 0:0335, we have obtained: �E � 0.12%, 0.28%,0.98% and 7.7% for the time steps h� = 0:00125, 0.0025, 0.005 and 0.01,respetively. In order to reprodue properly the features of miroanoni-al ensembles the ratio �E should not exeed one or two per ent. As wean see, time steps of h� < 0:01 satisfy this requirement and, thus, anbe used for preise alulations. The ase h� � 0:01 may also be aept-able if preision is not of great importane, for example, in hybrid MCsimulations [18℄ (where only the time reversibility is required to satisfydetailed balane).Note that the deomposition and ABM methods onserve the to-tal momentum P to within mahine auray. The reason is that all
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Figure 1. Redued total energy E�=N (subsets (a){(d)) and magnetiza-tion S=N ((e){(h)) per spin as funtions of the length t=h of the simu-lations performed on a Heisenberg ferrouid within the deomposition(solid urves) and preditor-orretor (dashed urves in (a) and (b)) al-gorithms at four �xed time steps: h� = 0.00125 ((a), (e)); 0.0025 ((b),(f)); 0.005 ((), (g)); and 0.01 ((d), (h)). The initial levels E�(0)=N andS(0)=N are plotted by the horizontal thin lines.



27 ðÒÅ�ÒÉÎÔveloities are updated simultaneously and the interpartile fores areevaluated exploiting Newton's third law. For similar reasons, the ABMintegration maintains the total magnetization S (but it does not on-serve individual spin lengths). During our deomposed integration, themagnetization is not onserved exatly. However, the utuations ap-pear to be very small (see Fig. 1 (e){(h)) and lead to the valuesh(S(t)�S(0))2i1=2=N � 10�7; 5 �10�7; 2 �10�6 and 10�5 at h� = 0:00125,0.0025, 0.005 and 0.01, respetively.Finally, the spetra F (k; !) = 12� R1�1 F (k; t)e�i!tdt of the spin-spinFL;Tss (k; t) = hPi;j sL;Ti (0)� sL;Tj (t)nij(k; t)i, density-density Fnn(k; t) =hPi;j nij(k; t)i and spin-density FLsn(k; t) = hPi;j sLi (0)nij(k; t)i timeorrelation funtions are shown in Fig. 2. The supersripts (L) and(T) refer to the longitudinal and transverse omponents of si with re-spet to the vetor S, and nij(k; t) = 1N eik�(ri(0)�rj(t)). These spe-tra were obtained within our deomposition integration at h� = 0:005,and the miroanonial averaging h i was taken over 100 000 steps foreah of 10 independent runs. A dimensionless representation has beenused for F �(k; !) = F (k; !)=�tr with !� = !�tr, k� = k=kmin andkmin = 2�=V 1=3.
Figure 2. Transverse (a) and longitudinal (b) spin-spin, density-density(), and spin-density (d) dynami struture fators for a Heisenberg fer-rouid as funtions of frequeny !�. The urves orresponding to thewavevetors k� = 1; 2; 3, and 5 are marked by "1", "2", "3", and "5",respetively.One peak an be identi�ed for the funtion FTss(k; !) at eah waveve-tor k. This peak is very sharp at small k and shifts to the right with in-

ICMP{00{16 28reasing k. Suh a quasipartile behavior should be assoiated with theexistene of transverse spin waves in the spin liquid. Up to three maximawere observed for the omponent FLss(k; !). While the �rst maximum at! = 0 orresponds to pure di�usive relaxation proesses, the position ofthe seond peak oinides with that of the transverse spin wave peak,indiating the possibility of propagating longitudinal spin waves as wellwhih, however, are damped muh more strongly. The origin of the thirdmaximum in FLss(k; !) an be explained by the diret inuene of the liq-uid sybsystem on the spin subsystem, beause its position oinides witha peak position in Fnn(k; !). This last peak should be assoiated witha propagative sound mode, whih is well established for liquid systems[19℄, whereas a maximum of Fnn(k; !) at ! = 0 represents the well-known di�usive heat mode. The funtion FLsn(k; !) behaves similarly toFnn(k; !). In general the results obtained are in good agreement withthe preditions of Ref. [9℄. The additional possibility of longitudinal spinwave propagation in magneti liquids at sound frequeny an be on-sidered as a new e�et whih has yet to be quantitatively desribed intheory and observed experimentally.4. ConlusionIn onlusion, we list the hief advantages of the new algorithm overexisting numerial shemes: (i) time-reversibility and sympletiity, (ii)expliitness (no iteration); (iii) exat onservation of spin lengths, (iv)muh more auray in total energy onservation. Moreover, its exellentstability (allowing appliations with muh larger time steps) may lead toa substantial improvement in the speed of MD simulations for magnetiliquids. It an also be used for latties (then only Eqs. (4) and (5) mustbe employed) with arbitrary strutures. These and related problems willbe onsidered in a separate publiation.5. AknowledgementsPart of this work was supported by the Fonds zur F�orderung der wis-senshaftlihen Forshung under Projet No. P12422-TPH.Referenes1. H.G. Evertz and D.P. Landau, Phys. Rev. B 54, 12302 (1996).2. A. Bunker, K. Chen, and D.P. Landau, Phys. Rev. B 54, 9259 (1996).3. D.P. Landau and M. Kreh, J. Phys. Cond. Mat. 11, R179 (1999).
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