
12 ÂÌÓ. Ñåðèÿ 3. ÔÈÇÈÊÀ. ÀÑÒ�ÎÍÎÌÈß. 2009. � 3Âû÷èñëåíèå ïàðàìàãíèòíîé âîñïðèèì÷èâîñòè ðåäêîçåìåëüíûõ ñîåäèíåíèéíà îñíîâå êîíòóðíîãî èíòåãðèðîâàíèÿ è ìåòîäà �óíêöèé �ðèíàÀ.Ì. Ñàâ÷åíêî1a , Å.Ì. Ñîðîêèíà21Ìîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èìåíè Ì.Â. Ëîìîíîñîâà, �èçè÷åñêèé �àêóëüòåò,êà�åäðà êâàíòîâîé ñòàòèñòèêè è òåîðèè ïîëÿ. �îññèÿ, 119991, Ìîñêâà, Ëåíèíñêèå ãîðû, ä. 1, ñòð. 2.E-mail: a a.m.savhenko�gmail.om. 2Ìîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò ïðèáîðîñòðîåíèÿè èí�îðìàòèêè, êà�åäðà âûñøåé ìàòåìàòèêèÑòàòüÿ ïîñòóïèëà 30.11.2008, ïîäïèñàíà â ïå÷àòü 03.01.2009.Íà îñíîâå ìèêðîñêîïè÷åñêîé òåîðèè ñëîæíûõ ñîåäèíåíèé èññëåäóåòñÿ ïàðàìàãíèòíàÿ âîñïðèèì÷è-âîñòü ñîåäèíåíèé ðåäêîçåìåëüíûõ ìåòàëëîâ òèïà Er1�xHoxRh4B4 . Ïîêàçàíî, ÷òî îáðàòíàÿ ñòàòèñòè-÷åñêàÿ âîñïðèèì÷èâîñòü òàêèõ ñèñòåì ïîä÷èíÿåòñÿ çàêîíó Êþðè�Âåéññà, ïðè÷åì òåìïåðàòóðà Êþðèîïðåäåëÿåòñÿ îáìåííûì âçàèìîäåéñòâèåì â ñàìîñîãëàñîâàííîì ïðèáëèæåíèè. Ïðîâåäåíî ñðàâíåíèåïîëó÷åííûõ ðåçóëüòàòîâ ñ ýêñïåðèìåíòàëüíûìè äàííûìè.Êëþ÷åâûå ñëîâà: ïàðàìàãíèòíàÿ âîñïðèèì÷èâîñòü, êîíòóðíîå èíòåãðèðîâàíèå, ìåòîä �óíêöèé �ðèíà.ÓÄÊ: 530.10. PACS: 75.20.�g.Â ðàáîòå [1℄ áûëà ïðåäëîæåíà ìèêðîñêîïè÷åñêàÿòåîðèÿ ñëîæíûõ ñîåäèíåíèé ðåäêîçåìåëüíûõ ìåòàëëîâ.Äàííàÿ òåîðèÿ â äàëüíåéøåì íàøëà ñâîå ïðîäîëæåíèåâî �ëóêòóàöèîííîé òåîðèè ìàãíèòíûõ ñèñòåì, ðàçâèòîéâ ðàáîòàõ [2�5℄. Èç ïîñòðîåííîé ìèêðîñêîïè÷åñêîé òåî-ðèè ñëåäóåò, ÷òî �àçîâûå ïåðåõîäû ìåæäó ñîîòâåòñòâó-þùèìè ñîñòîÿíèÿìè îêàçûâàþòñÿ �àçîâûìè ïåðåõîäàìèâòîðîãî ðîäà. Îäíàêî â òåîðèè íå áûëè ó÷òåíû äëèííî-âîëíîâûå òåðìîäèíàìè÷åñêèå �ëóêòóàöèè, êîòîðûå íà-ðàñòàþò âáëèçè òî÷åê �àçîâûõ ïåðåõîäîâ. Âáëèçè ëèíèé�àçîâûõ ïåðåõîäîâ �ëóêòóàöèè ñâåðõïðîâîäÿùåé êîìïî-íåíòû âîçðàñòàþò, òàê êàê âìåñòå ñî ñâåðõïðîâîäÿùåéêîìïîíåíòîé �ëóêòóèðóþò è âîëíû ñïèíîâîé ïëîòíîñòè.Â íàñòîÿùåé ðàáîòå ïîêàçàíî, êàê äàííàÿ òåîðèÿ ìî-æåò áûòü èñïîëüçîâàíà äëÿ âû÷èñëåíèÿ âîñïðèèì÷èâîñòèñëîæíûõ ìàãíèòíûõ ñèñòåì, â ÷àñòíîñòè ðåäêîçåìåëüíûõñîåäèíåíèé. �àññìîòðèì �ëóêòóàöèè ñïèíîâîé è çàðÿäî-âîé ïëîòíîñòè, êîòîðûå îïðåäåëÿþò ïîâåäåíèå ñèñòåìûêàê â ïàðàìàãíèòíîé, òàê è â óïîðÿäî÷åííûõ �àçàõ [3℄.Áóäåì èññëåäîâàòü ìîäåëü êîëëåêòèâèçèðîâàííûõ ýëåê-òðîíîâ, êîòîðûå âçàèìîäåéñòâóþò ìåæäó ñîáîé, à òàêæåñ êðèñòàëëè÷åñêîé ðåøåòêîé è ïîëåì íåóïîðÿäî÷åííîéñèñòåìû ýëåêòðîííûõ ñïèíîâ �A�(x) [5℄.Â ïàðàìàãíèòíîé �àçå ìàãíèòíûé ïîðÿäîê îòñóòñòâó-åò, è ñïèíû ýëåêòðîíîâ ðàñïðåäåëåíû õàîòè÷íî. Òàêêàê ýëåêòðîíû â íàøåé ìîäåëè ïðåäïîëàãàþòñÿ êîëëåê-òèâèçèðîâàííûìè, òî ïðîñòðàíñòâåííîå ðàñïðåäåëåíèåèõ ñïèíîâ íåïðåðûâíî ìåíÿåòñÿ. Ñëåäîâàòåëüíî, ìîæ-íî ïðåäïîëîæèòü, ÷òî íåóïîðÿäî÷åííàÿ ñèñòåìà ñïèíîâ�ëóêòóèðóåò è ïîýòîìó ïîëå �A� = �A0� +��A� îïèñûâàåòòàêæå �ëóêòóàöèè íåóïîðÿäî÷åííîé ñèñòåìû ñïèíîâ.Â ðàññìàòðèâàåìîé ìîäåëè ðàñïðåäåëåíèå ñïèíîâ ýëåê-òðîíîâ ñâÿçàíî ñ ïðîñòðàíñòâåííûì ðàñïðåäåëåíèåì èõçàðÿäîâ. Òîãäà ýòî îçíà÷àåò, ÷òî �ëóêòóàöèè ñïèíîâîéïëîòíîñòè (��A�) íåðàçðûâíî ñâÿçàíû ñ �ëóêòóàöèÿìèçàðÿäîâîé ïëîòíîñòè.�àìèëüòîíèàí ðàññìàòðèâàåìîé ìîäåëè êîëëåêòèâèçè-ðîâàííûõ ýëåêòðîíîâ, âçàèìîäåéñòâóþùèõ ñ ïîëåì �Anuè ñ êðèñòàëëè÷åñêîé ðåøåòêîé, èìååò âèä [1℄H =N Tr Z dx� 1N �Te(H� �A� dx�)�� +� (x) 12�e �P2x � �(x) +

+ 12gph(x)Xi,� e2i,��b+i,�(x)���(x)�bi,�(x)� +� (x)� �(x)��� 1N �Te(H� �A+� dx�) + 1N �� ÆÆs���2 + I (�)��B(�)�++ 12N Tr Z dx dx0� 1N �Te(H� �A� dx�) � +� (x)� +� (x0)��V (x� x0)� �(x0)� �(x) 1N �Te(H� �A+� dx�)�,ãäå �A� = i2 N 2�1P=1 ��A� + ��A� , �� � ìàòðèöû Ïàóëè,� +� (x), � �(x), �b+i�(x), �bi�(x) � îïåðàòîðû ðîæäåíèÿè óíè÷òîæåíèÿ ýëåêòðîíîâ è �îíîíîâ, �Px� = ��0r����A�, � ,�B(�) = 1N �Te(H� �A� dx�), ÆÆs�� � âàðèàöèîííàÿ ïðîèçâîäíàÿïî ïðèðàùåíèþ ïëîùàäè êîíòóðà � .Ââåäåì �óíêöèè �ðèíà ýëåêòðîíîâ è �îíîíîâG��(x, �j�jx0, �0) = h�T � �(x, �) Tr �B(�)� +�(x0, �0)i,Dik��0(x, �j�jx0, �0) = h�T�bi�(x, �) Tr �B(�)�b+k�0(x0, �0)i.Èñïîëüçóÿ óðàâíåíèÿ äâèæåíèÿ äëÿ �óíêöèé �ðèíàè ïîëåâîãî îïåðàòîðà �B(�) [1℄, ìîæíî çàïèñàòü âûðàæå-íèå äëÿ ïîëíîé ïëîòíîñòè çàðÿäà â ñèñòåìå4��tot(x) = �2N 2 Z�+� dx00 Æ(x� x0)�� Z��2� D�2�C� hhTr �B(�) Tr �B(�)i � hTr �B(�+ �)ii�� i4N 2 limx, �!x0 ,�0 Z��2� D�2�C��rx00 �rx0�G�(x, �j"jx0, �0)�� eR� dx0�0 p0�0 [�℄hhTr �B(�+ �)i � hTr �B(�) Tr �B(�)ii,èç êîòîðîãî ñëåäóåò èíòåãðàëüíîå ñîîòíîøåíèå äëÿ îá-ðàòíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñèñòåìû"�1� (Pj�) = 1+ 2 T"F hh(�l�p?0)i�(p?0) �



ÒÅÎ�ÅÒÈ×ÅÑÊÀß È ÌÀÒÅÌÀÒÈ×ÅÑÊÀß ÔÈÇÈÊÀ 13� �1� hy�[1� f (y�)℄i�(�)�� i�hh(�l�p?0)i�(p?0) ��X! !� Z��12� D�12�C� hTr �B(�1)i2 Im("�1!�(pj�1))y2�1 + �2!2 ��(�), (1)ãäå y� = �[!�(p) + ���(�p0�)℄, � = 1/T , !�(p) � ÷àñòîòàýëåêòðîííîãî ñïåêòðà, f (y�) = (1+ey�)�1 , ���(�p0�) � ý�-�åêòèâíûé õèìè÷åñêèé ïîòåíöèàë, ó÷èòûâàþùèé �ëóê-òóàöèè ïëîòíîñòè ñïèíà è çàðÿäà. Âûðàæåíèå (1) ïîçâî-ëÿåò âû÷èñëèòü äèýëåêòðè÷åñêóþ ïðîíèöàåìîñòü ñèñòå-ìû "�(pj�) â ïàðàìàãíèòíîé îáëàñòè, íà îñíîâå êîòîðîéóäàåòñÿ îïðåäåëèòü ïàðàìàãíèòíóþ âîñïðèèì÷èâîñòü ñè-ñòåìû��1(pj�) = � �20�0s D A(�j"F)1 +A(�j"F )B(pj�)E�(�)��1�� �1� 1h�i2 �20�0sD A(�j"F )Q("F)[1 +A(�j"F)B(pj�)℄2E�(�) ++ 1h�i2 TTC0 D A(�j"F )Q("F)[1 +A(�j"F )B(pj�)℄2E�(�)�. (2)Â ýòîì âûðàæåíèè A(�j"F ) = hTr �B(�)i2hh(�l�p?0)i�(p?0)�� �("F )f [y�("F )℄, �("F ) � ïëîòíîñòü ñîñòîÿíèé íàïîâåðõíîñòè Ôåðìè. Òîãäà �0s = �20hA(�j"F )i�(�) � âîñ-ïðèèì÷èâîñòü Ïàóëè êîëëåêòèâèçèðîâàííûõ ýëåêòðîíîâ,íàõîäÿùèõñÿ â ïîëå �A� , ïðè ýòîì Q("F) = "F�("F ) ��("F )�"F , ïðèýòîì a2h�i2 = DR d(x1 � x2) (x1�x2)2 Tr �J(x1�x2j�x1x2 )hR d(x1�x2) Tr �J(x1�x2j�x1x2 )iE �îáìåííûé ðàäèóñ êîððåëÿöèè �ëóêòóàöèé â ñèñòå-ìå ýëåêòðîííûõ ñïèíîâ [5℄. B(pj�) = V (pj�)G(pj�),ãäå V (pj�) � ý��åêòèâíûé êóëîíîâñêèé ïîòåíöèàë,à G(pj�) � �óíêöèÿ, êîòîðàÿ îïðåäåëÿåòñÿ îáìåííîêîððåëÿöèîííûìè ý��åêòàìè â ýëåêòðîííîé ïîäñèñòåìåè âçàèìîäåéñòâèåì ýëåêòðîíîâ ñ êðèñòàëëè÷åñêîéðåøåòêîé. Èç �îðìóëû (2) ìîæíî ëåãêî âèäåòü, ÷òîîáðàòíàÿ ñòàòèñòè÷åñêàÿ âîñïðèèì÷èâîñòü ñèñòåìûïîä÷èíÿåòñÿ çàêîíó Êþðè�Âåéññà [6℄, ïðè÷åì âåëè÷èíàTC0 ïðåäñòàâëÿåò ñîáîé çàòðàâî÷íóþ òåìïåðàòóðó Êþðè,îïðåäåëÿåìóþ îáìåííûì âçàèìîäåéñòâèåì �J(x1�x2j�x1x2)â ñàìîñîãëàñîâàííîì ïðèáëèæåíèè. Èñòèííàÿ æå òåìïå-ðàòóðà Êþðè îïðåäåëÿåòñÿ èç óñëîâèÿ ��1(0j�) = 0.

Âûðàæåíèå (2) ìîæåò áûòü èñïîëüçîâàíî äëÿ îáú-ÿñíåíèÿ ýêñïåðèìåíòàëüíûõ äàííûõ, ïîëó÷åííûõ ïðèèññëåäîâàíèè òåìïåðàòóðíîé çàâèñèìîñòè âîñïðèèì÷èâî-ñòè ñëîæíûõ ñîåäèíåíèé ðåäêîçåìåëüíûõ ìåòàëëîâ, òèïàEr1�xHoxRh4B4 [7, 8℄. Äåéñòâèòåëüíî, â îáëàñòè äîñòà-òî÷íî âûñîêîé êîíöåíòðàöèè èîíîâ Ho, x � 0.8 � 1.0,�exp ' 0.5 � 1.5 ÷èñëåííûå çíà÷åíèÿ �theor ñîñòàâëÿþòâáëèçè òî÷êè �àçîâîãî ïåðåõîäà ïðè T >TC âåëè÷èíû0.585, 0.8, 1.13, ÷òî áëèçêî ê ýêñïåðèìåíòàëüíûì çíà÷å-íèÿì.Èíòåðåñíî îòìåòèòü, ÷òî â äàííîé îáëàñòè òåìïå-ðàòóð âåëè÷èíà äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñèñòå-ìû "�(pj�) îêàçûâàåòñÿ îòðèöàòåëüíîé, ÷òî ïîçâîëÿåòîöåíèòü âîñïðèèì÷èâîñòü ñèñòåìû ïðè T <TC â óïî-ðÿäî÷åííîé �àçå, êîòîðàÿ ïðè x = 0.813 îêàçûâàåòñÿïîðÿäêà �exp � �0.9, �theor � �0.8, ÷òî òàêæå áëèçêîê ýêñïåðèìåíòàëüíîìó çíà÷åíèþ.Ñëåäîâàòåëüíî, ïðåäëîæåííàÿ ìèêðîñêîïè÷åñêàÿ òåî-ðèÿ ïîçâîëÿåò îïèñûâàòü ïîâåäåíèå ñëîæíûõ ìàãíèòíûõñèñòåì íå òîëüêî â óïîðÿäî÷åííûõ �àçàõ, íî è â ïà-ðàìàãíèòíîé îáëàñòè, ÷òî ñâèäåòåëüñòâóåò î ñèëüíîìâëèÿíèè �ëóêòóàöèé íà �èçè÷åñêèå ñâîéñòâà ñèñòåìû âîâñåõ �àçàõ. Ýòîò âûâîä ñîâïàäàåò ñ ðåçóëüòàòàìè �å-íîìåíîëîãè÷åñêîé òåîðèè �àçîâûõ ïåðåõîäîâ â ñëîæíûõñîåäèíåíèÿõ ðåäêîçåìåëüíûõ ýëåìåíòîâ.Ñïèñîê ëèòåðàòóðû1. Savhenko M.A., Stephanovih A.V. // Sol. State. Commun.1981. 39. P. 725.2. Ñàâ÷åíêî Ì.À., Ñòå�àíîâè÷ À.Â. Ôëóêòóàöèîííàÿ ñâåðõ-ïðîâîäèìîñòü ìàãíèòíûõ ñèñòåì. Ì., 1986.3. Sadovnikov B.I., Savhenko A.M. // Physia A. 1999. 271.P. 411.4. Sadovnikova M.B., Savhenko A.M., Sarpetta G. // Phys.Lett. A. 2000. 274. P. 236.5. Savhenko M.A., Stefanovih A.V. Flutuational Superondu-tivity of Magneti Systems. Springer-Verlag, 1990.6. Johnston D.C., Fertig W.A., Maple M.B. // Sol. State. Com-mun. 1978. 26. P. 141.7. Ku H.C., Braun H.F., Aker F. // Physia C. 1981. 108.P. 1231.8. Chang L.J., Tomy C.V., Paul D.M. // Phys. Rev. B. 1996. 54.P. 9031.Rare-earth ompounds paramagneti suseptibility alulations based on the ontour integrationand Green funtion methodA.M. Savhenko 1a , E.M. Sorokina 21Department of Quantum Statistis and Field Theory, Faulty of Physis, M. V. Lomonosov Mosow State University,Mosow 119991, Russia.2Department of Higher Mathematis, Mosow State University of Instrument Engineering and Informatis, StromynkaStr., Mosow 107996, Russia.E-mail: a a.m.savhenko�gmail.om.The paramagneti suseptibility of magneti systems is alulated with the help of the mirosopi theory of omplexmagneti systems Er 1�xHoxRh 4B 4 . It is shown that inverse stati suseptibility will omply with the Curie�Weisslaw and the Curie temperature is defined by exhange interation in self-onsistent approximation. These results areompared to the experimental data.Keywords: paramagneti suseptibility, ontour integration, Green funtion method.PACS: 75.20.�g.Reeived 30 November 2008.English version: Mosow University Physis Bulletin 3(2009).Ñâåäåíèÿ îá àâòîðàõ1. Ñàâ÷åíêî Àëåêñàíäð Ìèõàéëîâè÷ � ê. �.-ì. í., äîöåíò, ñò. ïðåïîäàâàòåëü; e-mail: a.m.savhenko�gmail.om.2. Ñîðîêèíà Åëåíà Ìèõàéëîâíà � ê. �.-ì. í., äîöåíò; òåë.: 155-32-33.7 ÂÌÓ. Ôèçèêà. Àñòðîíîìèÿ. � 3


