
�îññèéñêàÿ Àêàäåìèÿ ÍàóêÍàó÷íûé ñîâåò �ÀÍ ïî �èçèêå ïîëóïðîâîäíèêîâÍàó÷íûé ñîâåò �ÀÍ ïî �èçèêå êîíäåíñèðîâàííîãî ñîñòîÿíèÿÓðàëüñêîå îòäåëåíèå �ÀÍÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍÓðàëüñêèé �îñóäàðñòâåííûé Óíèâåðñèòåò èì. À.Ì. �îðüêîãîÍîâîóðàëüñêèé ãîñóäàðñòâåííûé òåõíîëîãè÷åñêèé èíñòèòóò
XVIII Óðàëüñêàÿ ìåæäóíàðîäíàÿ çèìíÿÿøêîëà ïî �èçèêå ïîëóïðîâîäíèêîâ
Ýëåêòðîííûå ñâîéñòâà íèçêîðàçìåðíûõ ñèñòåìÑòðóêòóðà è ñâîéñòâà ïîëóïðîâîäíèêîâñ ïðèìåñÿìè ïåðåõîäíûõ ýëåìåíòîâÍîâûå ýëåêòðîííûå ÿâëåíèÿ è ìàòåðèàëû

15 �åâðàëÿ � 20 �åâðàëÿ 2010 ã.Åêàòåðèíáóðã � ÍîâîóðàëüñêÏ�Î��ÀÌÌÀ È ÒÅÇÈÑÛ ÄÎÊËÀÄÎÂ
Åêàòåðèíáóðã 2010



Russian A
ademy of S
ien
esS
ienti�
 Coun
il RAS on Physi
s of the semi
ondu
torsUral Division of the Russian A
ademy of S
ien
esInstitute of Metal Physi
s of UD RASUral State University
XVIII Ural International Winter S
hoolon the Physi
s of Semi
ondu
tors

Ele
troni
 properties of low dimensional systemsStru
ture and properties of the semi
ondu
torswith impurities of transition elementsNew Ele
troni
 phenomena and materials
February 15 to 20, 2010Ekaterinburg � NovouralskPROGRAM AND ABSTRACT BOOK

Ekaterinburg 2010



3Îðãàíèçàöèîííûé è ïðîãðàììíûé êîìèòåòûXVIII Óðàëüñêîé ìåæäóíàðîäíîé çèìíåé øêîëûïî �èçèêå ïîëóïðîâîäíèêîâ15�20 �åâðàëÿ 2010 ã., ÅêàòåðèíáóðãÎðãàíèçàöèîííûé êîìèòåòÂ.È. Îêóëîâ (ïðåäñåäàòåëü) ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÞ.�. Àðàïîâ (çàì. ïðåäñåäàòåëÿ) ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÑ.�. Íîâîêøîíîâ(îòâåòñòâåííûé ñåêðåòàðü) ÈÔÌ ÓðÎ �ÀÍ, Åêàòåðèíáóðã�.À. Àëüøàíñêèé ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÀ.Â. �åðìàíåíêî Óð�Ó, ÅêàòåðèíáóðãÂ.Ë. Êîíñòàíòèíîâ ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÂ.Í. Íåâåðîâ ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÒ.Å. �îâîðêîâà ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÈ.Â. Æåâñòîâñêèõ ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÒ.Ï. Ñóðêîâà ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÒ.Á. ×àðèêîâà ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÀ.À. Øåðñòîáèòîâ ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÏðîãðàììíûé êîìèòåò�.Â. Ïàð�åíüåâ (ñîïðåäñåäàòåëü) ÔÒÈ èì. À.Ô. Èî��å, Ñàíêò-ÏåòåðáóðãÌ.Â. Ñàäîâñêèé (ñîïðåäñåäàòåëü) ÈÝÔ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÌ.Â. ßêóíèí (ñîïðåäñåäàòåëü) ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÍ.�. Øåëóøèíèíà(ó÷åíûé ñåêðåòàðü) ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÍ.Ñ. Àâåðêèåâ ÔÒÈ èì. À.Ô. Èî��å, Ñàíêò-ÏåòåðáóðãÁ.À. Àðîíçîí �ÍÖ "Êóð÷àòîâñêèé èíñòèòóò ÌîñêâàÈ.À. Âîëêîâ È�Ý �ÀÍ, ÌîñêâàÌ. �îäëåâñêèé Èíñòèòóò �èçèêè ÏÀÍ, Âàðøàâà, ÏîëüøàÂ.ß. Äåìèõîâñêèé ÍÍ�Ó, Íèæíèé ÍîâãîðîäÂ.Ò. Äîëãîïîëîâ ÈÔÒÒ �ÀÍ, ×åðíîãîëîâêàÈ.Ë. Äðè÷êî ÔÒÈ èì. À.Ô. Èî��å, Ñàíêò-ÏåòåðáóðãÌ.Ñ. Êàãàí È�Ý �ÀÍ, ÌîñêâàÇ.Ä. Êâîí ÈÔÏ ÑÎ �ÀÍ, ÍîâîñèáèðñêÊ.À. Êèêîèí Óíèâåðñèòåò Áåí �óðèîí, ÈçðàèëüÇ.Ô. Êðàñèëüíèê ÈÔÌ �ÀÍ, Íèæíèé Íîâãîðîä�.Â. Ëàøêàð¼â ÈÏÌ ÍÀÍÓ, Êèåâ, ÓêðàèíàÀ.Ò. Ëîí÷àêîâ ÈÔÌ ÓðÎ �ÀÍ, Åêàòåðèíáóðã�.Ì. Ìèíüêîâ ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÅ.À. Ïàìÿòíûõ Óð�Ó, ÅêàòåðèíáóðãÂ.Â. �îáóø Ëàáîðàòîðèÿ Ôðàñêàòè, ÈòàëèÿÍ.Í. Ñèáåëüäèí ÔÈÀÍ èì. Ï.Í. Ëåáåäåâà, ÌîñêâàÄ.�. Õîõëîâ Ì�Ó, Ìîñêâà�.È. Õàðóñ ÈÔÌ ÓðÎ �ÀÍ, ÅêàòåðèíáóðãÔèíàíñîâàÿ ïîääåðæêà øêîëû:�îññèéñêèé �îíä �óíäàìåíòàëüíûõ èññëåäîâàíèéÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍÔîíä íåêîììåð÷åñêèõ ïðîãðàìì ¾Äèíàñòèÿ¿
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5�åîãðà�èÿ Óðàëüñêèõ Çèìíèõ Øêîëïî �èçèêå ïîëóïðîâîäíèêîâ1. 1966 ãîä, ò.á. "Õðóñòàëüíàÿ" , Ïåðâîóðàëüñê, Ñâåðäëîâñêàÿ îáëàñòü2. 1 � 6 ìàðòà 1969 ãîäà, ñàí. ÓðàëÂÎ "×åáàðêóëü" , ×åáàðêóëü,×åëÿáèíñêàÿ îáëàñòü3. 15 � 21 ìàðòà 1970 ãîäà, á.î. "Òðóáíèê" , Êóðãàíîâî,Ñâåðäëîâñêàÿ îáëàñòü4. 1975 ãîä, á.î. "ÊóíãóðêàÊóíãóðêà, Ñâåðäëîâñêàÿ îáëàñòü5. 14 � 19 ìàðòà 1977 ãîäà, á.î. "Ñåëåí" , Ñðåäíåóðàëüñê,Ñâåðäëîâñêàÿ îáëàñòü6. 1 � 7 ìàðòà 1980 ãîäà, á.î. "Ñâåòî�îð" , Áèëèìáàé,Ñâåðäëîâñêàÿ îáëàñòü7. 28 �åâðàëÿ � 5 ìàðòà 1982 ãîäà, á.î. "Ñâåòî�îð" , Áèëèìáàé,Ñâåðäëîâñêàÿ îáëàñòü8. 28 �åâðàëÿ � 3 ìàðòà 1985 ãîäà, á.î. "Òðóáíèê" , Êóðãàíîâî,Ñâåðäëîâñêàÿ îáëàñòü9. 3 � 8 ìàðòà 1987 ãîäà, á.î. "Òðóáíèê" , Êóðãàíîâî,Ñâåðäëîâñêàÿ îáëàñòü10. 27 �åâðàëÿ � 3 ìàðòà 1989 ãîäà, á.î. "Òðóáíèê" , Êóðãàíîâî,Ñâåðäëîâñêàÿ îáëàñòü11. 2 � 10 ìàðòà 1991 ãîäà, ïàíñèîíàò "Çåëåíûé ìûñ" , Âåðõ-Íåéâèíñê,Ñâåðäëîâñêàÿ îáëàñòü12. 3 � 7 ìàðòà 1997 ãîäà, á.î. "Ýíåðãåòèê" , Êîïòÿêè,Ñâåðäëîâñêàÿ îáëàñòü13. 15 � 20 �åâðàëÿ 1999 ãîäà, ñàí. "Äàëüíÿÿ äà÷à" , Êûøòûì,×åëÿáèíñêàÿ îáëàñòü14. 18 � 22 �åâðàëÿ 2002 ãîäà, á.î. "Çâåçäíûé" , Í.Òàãèë (Ëåíåâêà),Ñâåðäëîâñêàÿ îáëàñòü15. 16 � 21 �åâðàëÿ 2004 ãîäà, ñàí. "Äàëüíÿÿ äà÷à" , Êûøòûì,×åëÿáèíñêàÿ îáëàñòü16. 27 �åâðàëÿ � 4 ìàðòà 2006 ãîäà, ñàí. "Äàëüíÿÿ äà÷à" , Êûøòûì,×åëÿáèíñêàÿ îáëàñòü17. 18 � 23 �åâðàëÿ 2008 ãîäà, ñàí. "Çåë¼íûé ìûñ" , Íîâîóðàëüñê,Ñâåðäëîâñêàÿ îáëàñòü18. 15 � 20 �åâðàëÿ 2010 ãîäà, ñàí. "Çåë¼íûé ìûñ" , Íîâîóðàëüñê,Ñâåðäëîâñêàÿ îáëàñòü
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7Èí�îðìàöèÿ äëÿ ó÷àñòíèêîâ øêîëûØêîëà ïðîâîäèòñÿ â ñàíàòîðèè "Çåë¼íûé ìûñ" , ðàñïîëîæåííîì âîêðåñòíîñòÿõ ã. Íîâîóðàëüñêà Ñâåðäëîâñêîé îáëàñòè. Ìåñòî ðàñïîëîæåíèÿñàíàòîðèÿ îòíîñèòñÿ ê ëåñíîìó ðàéîíó Ñðåäíåãî Óðàëà.�àñïîðÿäîê äíÿ â ñàíàòîðèè:Çàâòðàê 8:45 � 9:30Îáåä 14:00 � 15:00Óæèí 19:30 � 20:00Â ïåðåðûâàõ çàñåäàíèé áóäåò ïîäàâàòüñÿ ÷àé è êî�å.Ó÷àñòíèêè øêîëû ìîãóò âîñïîëüçîâàòüñÿ óñëóãàìè, ïðåäîñòàâëÿåìûìèñàíàòîðèåì, âêëþ÷àÿ ìåäèöèíñêîå îáñëóæèâàíèå, ïðîêàò ëûæ è äð.�àñïèñàíèå ðàáîòû øêîëû:15.02.10ïîíåäåëüíèê 16.02.10âòîðíèê 17.02.10ñðåäà 18.02.10÷åòâåðã 19.02.08ïÿòíèöàÏðèáûòèå èçÅêàòåðèíáóðãàê 17:00�åãèñòðàöèÿ,ïîñåëåíèå.18:00îòêðûòèåøêîëû âáîëüøîì çàëå19:30òîâàðèùåñêèéóæèí

Áîëüøîé çàë9:30�13:50ÄîêëàäûNM-01, NM-02,T-01, L-01,L-02, NM-0316:00�19:30ÄîêëàäûT-02, L-03,L-04 �L-06,
Áîëüøîé çàë9:30�13:50ÄîêëàäûL-07 �L-10,NM-04, L-11,L-12, L-13,Ìàëûé çàë9:30�13:50ÄîêëàäûT-03, NM-05,T-04, NM-06,NM-07, T-05,T-06, T-07Ñòåíä. ñåññèÿ17:30�19:30ÄîêëàäûL-23 �L-43T-12 �T-18NM-20 �NM-44

Áîëüøîé çàë9:30�13:50ÄîêëàäûNM-08 �NM-10,L-14 �L-17,16:00�17:30ÄîêëàäûNM-11, L-18,L-19Áàíêåò 20:00
Áîëüøîé çàë9:30�13:50ÄîêëàäûT-08 �T-10,L-20,NM-14 �NM-17,Ìàëûé çàë9:30�13:50ÄîêëàäûNM-12, L-21,L-22, NM-13,Áîëüøîé çàë16:00�17:30ÄîêëàäûNM-18, NM-19,T-11

Íà óñòíûõ çàñåäàíèÿõ äîêëàä÷èêàì äëÿ äåìîíñòðàöèé áóäóò ïðåäîñòàâ-ëåíû ìóëüòèìåäèéíûå ïðîåêòîðû. Íà ñòåíäîâîé ñåññèè ïðåäîñòàâëÿþòñÿìåòàëëè÷åñêèå ñòåíäû ñ ìàãíèòàìè, íà êîòîðûõ ìîæíî ðàçìåñòèòü ïëàêàò�îðìàòà À0 â ïîïåðå÷íîì è ïðîäîëüíîì íàïðàâëåíèÿõ.Îòúåçä ó÷àñòíèêîâ øêîëû â Åêàòåðèíáóðã áóäåò ïðîâîäèòüñÿ â ñóááîòó20 �åâðàëÿ äî 12:00.



8 Information for parti
ipantsThe S
hool will be held in the sanatorium "Zelenyi Mys" ("The GreenCape" ) lo
ated in the outskirts of Novouralsk 
ity, Sverdlovskaya obl. (region).This pla
e is within the forest area of Middle Ural region.The daily routine in the sanatorium is as follows:Breakfast 8:45 � 9:30Dinner 14:00 � 15:00Supper 19:30 � 20:00Co�ee and tea will be served during the session breaks.The S
hool parti
ipants may use the servi
es j�ered by the sanatoriumin
luding medi
al 
are, hire of skies et
.The S
hool program:15.02.10Monday 16.02.10Tuesday 17.02.10Wednesday 18.02.10Thursday 19.02.08 FridayArrival fromEkaterinburgê 17:00Registration,taking up therooms18:00S
hool openingat the Big hall19:30 Friendlysupper

Big Hall9:30�13:50Le
turesNM-01, NM-02,T-01, L-01,L-02, NM-0316:00�19:30Le
turesT-02, L-03,L-04 �L-06,
Big hall9:30�13:50Oral SessionL-07 �L-10,NM-04, L-11,L-12, L-13,Small hall9:30�13:50Oral SessionT-03, NM-05,T-04, NM-06,NM-07, T-05,T-06, T-07Poster Session17:30�19:30ReportsL-23 �L-43T-12 �T-18NM-20 �NM-44

Big hall9:30�13:50le
turesNM-08 �NM-10,L-14 �L-17,16:00�17:30Oral SessionNM-11, L-18,L-19Banquet 20:00
Big hall9:30�13:50Oral SessionT-08 �T-10,L-20,NM-14 �NM-17,Small hall9:30�13:50Oral SessionNM-12, L-21,L-22, NM-13,Big hall16:00�17:30Oral SessionNM-18, NM-19,T-11

Multimedia proje
tors will be provided for oral presentations. Metalli
stands with magnetswill be provided for the poster session of the size suitableto put posters of A0 format either verti
ally or horizontally.Departure of the parti
ipants to Ekaterinburg will be on Saturday, February20, before 12:00.



Ï�Î��ÀÌÌÀ � PROGRAM



10 Âòîðíèê 16 �åâðàëÿ 2010 ã.Ïëåíàðíîå çàñåäàíèå Áîëüøîé çàë 09:30�13:50Ïðåäñåäàòåëü È.Â. Êóêóøêèí 09:30�11:30NM-01 09:30�10:10Â.Á. Òèìî�ååâ ïëåíàðíûé äîêëàäÁîçå�Ýéíøòåéíîâñêàÿ êîíäåíñàöèÿ äè-ïîëÿðíûõ ýêñèòîíîâNM-02 10:10�10:50Â.Ô. �àíòìàõåð ïëåíàðíûé äîêëàäÏåðåõîäû ñâåðõïðîâîäíèê�èçîëÿòîð êàêïðèìåð êâàíòîâûõ �àçîâûõ ïåðåõîäîâT-01 10:50�11:30Í.Ñ. Àâåðêèåâ ïëåíàðíûé äîêëàäÍîâûå ý��åêòû, âîçíèêàþùèå â ñòðóê-òóðàõ GaAs:MnÏåðåðûâ 20 ìèíÏðåäñåäàòåëü Â.Á. Òèìî�ååâ 11:50�13:50L-01 11:50�12:30È.Â. Êóêóøêèí ïëåíàðíûé äîêëàäÊîìïîçèòíûå Ôåðìèîíû è ÄðîáíûéÊâàíòîâûé Ý��åêò ÕîëëàL-02 12:30�13:10Â.Ò. Äîëãîïîëîâ ïëåíàðíûé äîêëàäÎ íåêîòîðûõ ýêñïåðèìåíòàëüíûõ ìåòî-äàõ è òðþêàõNM-03 13:10�13:50G.V. Lashkarev ïëåíàðíûé äîêëàäZin
 Oxide as Semi
ondu
tor Material ofNonrealized Possibilities



11Tuesday, February 16, 2010 YearPlenary Le
tures Conferen
e Hall 09:30�13:50Chairman I.V. Kukushkin 09:30�11:30NM-01 09:30�10:10V.B. Timofeev plenary talkBose-Einstein Condensation of DipolarEx
itonsNM-02 10:10�10:50V.F. Gantmakher plenary talkThe super
ondu
tor-insulator transition asa typi
al example of the quantum phasetransitionT-01 10:50�11:30N.S. Averkiev plenary talkNew e�e
ts arising in GaAs:Mn stru
turesCo�ee-Break 20 minutesChairman V.B. Timofeev 11:50�13:50L-01 11:50�12:30I.V. Kukushkin plenary talkComposite Fermions and Fra
tionalQuantum Hall E�e
tL-02 12:30�13:10V.T. Dolgopolov plenary talkSome experimental methods and tri
ksNM-03 13:10�13:50G.V. Lashkarev plenary talkZin
 Oxide as Semi
ondu
tor Material ofNonrealized Possibilities



12 Âòîðíèê 16 �åâðàëÿ 2010 ã.Âå÷åðíåå çàñåäàíèå Áîëüøîé çàë 16:00�19:20Ïðåäñåäàòåëü Ä.�. Õîõëîâ 16:00�18:00T-02 16:00�16:30�.Â. Ïàð�åíüåâ ïðèãëàøåííûé äîêëàä�îëü ìàãíèòíûõ ñîñòîÿíèé δ-ñëîÿ Mn âñïèí-çàâèñèìîé òóííåëüíîé ïðîâîäèìîñòè÷åðåç ãåòåðîãðàíèöó <Mn>GaInSbAs/p-InAs â êâàíòóþùèõ ìàãíèòíûõ ïîëÿõL-03 16:30�17:00È.Ë. Äðè÷êî ïðèãëàøåííûé äîêëàäÌàãíåòîñîïðîòèâëåíèå è àêóñòîýëåêòðîí-íûå ý��åêòû â íàêëîííîì ìàãíèòíîì ïîëåâ ñòðóêòóðàõ p-Si/SiGe/Si ñ àíèçîòðîïíûì
g-�àêòîðîìL-04 17:00�17:30Ý.Â. Äåâÿòîâ ïðèãëàøåííûé äîêëàäÝêñïåðèìåíòàëüíàÿ ðåàëèçàöèÿ êâàíòî-âîãî èíòåð�åðîìåòðà ïðè ïîìîùè ñî-íàïðàâëåííûõ êðàåâûõ ñîñòîÿíèé â ðåæè-ìå êâàíòîâîãî ý��åêòà ÕîëëàL-05 17:30�18:00Â.Ñ. Õðàïàé Òåðìîäèíàìè÷åñêèå èçìåðåíèÿ â äðîáíîìêâàíòîâîì ý��åêòå Õîëëà è ìîäåëü êîì-ïîçèòíûõ �åðìèîíîâÏåðåðûâ 20 ìèíÏðåäñåäàòåëü È.Â. �îðíûé 18:20�19:20L-06 18:20�18:50È.Ñ. Áóðìèñòðîâ ïðèãëàøåííûé äîêëàäÏåðåõîä ìåòàëë-èçîëÿòîð â äâóìåðíîé íåó-ïîðÿäî÷åííîé ýëåêòðîííîé æèäêîñòè: ðîëüñïèíîâûõ è äîëèííûõ ñòåïåíåé ñâîáîäûÊðóãëûé ñòîë: Ïåðñïåêòèâû �èçèêè 2D ñèñòåì 18:50�19:20



13Tuesday, February 16, 2010 YearEvening Oral Session Conferen
e Hall 16:00�19:20Chairman D.R. Khokhlov 16:00�18:00T-02 16:00�16:30R.V. Parfeniev invited talkIn�uen
e of Mn δ-layer magneti
 states onthe spin-dependent tunnelling 
ondu
tivitythrough the GaInAsSb<Mn>/p-InAs<Mn>heterostru
ture in quantised magneti
 �eldsL-03 16:30�17:00I.L. Dri
hko invited talkMagnetoresistan
e and a
oustoele
troni
e�e
ts in tilted magneti
 �eld in p-Si/SiGe/Siwith anisotropi
 g-fa
torL-04 17:00�17:30E.V. Deviatov invited talkExperimental realization of a quantuminterferometer by 
o-propagating edge statesin the quantum Hall e�e
t regimeL-05 17:30�18:00V.S. Khrapai Thermodynami
 measurements in Fra
tionalQuantum Hall e�e
t and a Composite-Fermions approa
hCo�ee Break 20 minutesChairman I.V. Gornyi 18:20�19:20L-06 18:20�18:50I.S. Burmistrov invited talkMetal-insulator transition in twodimensionaldisordered ele
tron liquid: spin-valleyinterplayRound-Table Conferen
e: Outlook for 2D-systems Physi
s 18:50�19:20



14 Ñðåäà 17 �åâðàëÿ 2010 ã.Óòðåííåå çàñåäàíèå Áîëüøîé çàë 09:30�13:50Ïðåäñåäàòåëü Â.À. Âîëêîâ 09:30�11:30L-07 M.A. Zudov ïðèãëàøåííûé äîêëàä 09:30�10:00Role of e�e intera
tions in magnetore-sistan
e os
illations in very high Landaulevels of quantum Hall systemsL-08È.À.Äìèòðèåâ ïðèãëàøåííûé äîêëàä 10:00�10:30Íåðàâíîâåñíûå ìàãíåòîîñöèëëÿöèèòðàíñïîðòíûõ êîý��èöèåíòîâ äâóìåð-íîãî ýëåêòðîííîãî ãàçàL-09 S.A. Studenikin ïðèãëàøåííûé äîêëàä 10:30�11:00Non-linear transport in high mobilitystru
tures in quantizing magneti
 �eldsL-10 À.À. Áûêîâ ïðèãëàøåííûé äîêëàä 11:00�11:30Íåëèíåéíûé òðàíñïîðò â GaAs êâàíòî-âûõ ÿìàõ ïðè áîëüøèõ �àêòîðàõ çàïîë-íåíèÿÏåðåðûâ 20 ìèíÏðåäñåäàòåëü �.Â. Ïàð�åíüåâ 11:50�13:50NM-04 11:50�12:20Â.À. Êóëüáà÷èíñêèé ïðèãëàøåííûé äîêëàäÑâåðõïðîâîäèìîñòü è ñïåêòðîñêîïèÿ ãå-òåðî�óëëåðèäîâ ùåëî÷íûõ, ùåëî÷íî-çåìåëüíûõ è ïåðåõîäíûõ ìåòàëëîâL-11 12:20�12:50Ñ.Â. Çàéöåâ-Çîòîâ ïðèãëàøåííûé äîêëàäÏðîâîäèìîñòü è ýíåðãåòè÷åñêèå ñîñòîÿ-íèÿ öåïî÷å÷íûõ ñòðóêòóðL-12 12:50�13:20À.Þ. Êóíöåâè÷ Òåðìîäèíàìè÷åñêàÿ ñïèíîâàÿ íàìàãíè-÷åííîñòü 2D ýëåêòðîííîé ñèñòåìûL-13 13:20�13:50À.À. Âàñèëü÷åíêî Ñòàáèëüíîñòü êâàíòîâîãî õîëëîâñêîãîñîñòîÿíèÿ â äâîéíîé êâàíòîâîé òî÷êå



15Wednesday, February 17, 2010 YearMorning Oral Session Conferen
e Hall 09:30�13:50Chairman V.A. Volkov 09:30�11:30L-07 M.A. Zudov invited talk 09:30�10:00Role of e�e intera
tions in magnetore-sistan
e os
illations in very high Landaulevels of quantum Hall systemsL-08 I.À.Dmitriev invited talk 10:00�10:30Nonequilibrium magnetoos
illations oftransport 
oe�
ients in a 2D ele
tron gasL-09 S.A. Studenikin invited talk 10:30�11:00Non-linear transport in high mobilitystru
tures in quantizing magneti
 �eldsL-10 A.A. Bykov invited talk 11:00�11:30Nonlinear transport in GaAs quantumwells at large �lling fa
torsCo�ee Break 20 minutesChairman R.V. Parfeniev 11:50�13:50NM-04 11:50�12:20V.A. Kulba
hinskii invited talkSuper
ondu
tivity and spe
tros
opyheterofullerides of alkali, alkali-earth andtransition metalsL-11 12:20�12:50S.V. Zaitsev-Zotov invited talkCondu
tion and energy states of atomi

hain stru
turesL-12 12:50�13:20A.Yu. Kuntsevi
h Thermodynami
 spin magnetization of atwo-dimensional ele
tron systemL-13 13:20�13:50A.A. Vasil
henko Stability of the quantum Hall state in adouble quantum dot



16 Ñðåäà 17 �åâðàëÿ 2010 ã.Óòðåííåå çàñåäàíèå Ìàëûé çàë 09:30�13:50Ïðåäñåäàòåëü M.Godlevski 09:30�11:30T-03 B.V. Robou
h ïðèãëàøåííûé äîêëàä 09:30�10:00Elemental stru
ture parameters of ternary
(CC′)mIm′ alloys from EXAFS data �formal and pra
ti
al limitsNM-05 A. Polimeni ïðèãëàøåííûé äîêëàä 10:00�10:30Hydrogen-mediated nanostru
turing ofdilute nitride semi
ondu
torsT-04 A. Su
ho
ki ïðèãëàøåííûé äîêëàä 10:30�11:00High pressure spe
tros
opy of ytterbiumdoped InPNM-06V.V. Kabanov ïðèãëàøåííûé äîêëàä 11:00�11:30Magneti
 quantum os
illations in dopedantiferromagneti
 semi
ondu
torsÏåðåðûâ 20 ìèíÏðåäñåäàòåëü Á.À. Àðîíçîí 11:50�13:50NM-07 11:50�12:20Ò.À. Êîìèññàðîâà Ýëåêòðîííûå ñâîéñòâà íàíîêîìïîçèòíî-ãî ìàòåðèàëà InN:InT-05Å.Ï. Ñêèïåòðîâ ïðèãëàøåííûé äîêëàä 12:20�12:50Ýëåêòðîííàÿ ñòðóêòóðà è ìàãíèòíûåñâîéñòâà ðàçáàâëåííûõ ìàãíèòíûõ ïîëó-ïðîâîäíèêîâ íà îñíîâå òåëëóðèäà ñâèíöàñ ïðèìåñüþ õðîìàT-06 Â.Â. �óäêîâ ïðèãëàøåííûé äîêëàä 12:50�13:20Îïðåäåëåíèå ïîòåíöèàëüíîãî áàðüåðà,ëèíåéíîé âèáðîííîé êîíñòàíòû è äå-�îðìàöèîííîãî ïîòåíöèàëà â êðèñòàëëåZnSe:Fe2+ â óëüòðàçâóêîâîì ýêñïåðèìåíòåT-07 À.Þ. Ìîëëàåâ 13:20�13:50Êîìïëåêñíûå èññëåäîâàíèÿ êèíåòè÷å-ñêèõ è ìàãíèòíûõ ñâîéñòâ �åððîìàãíèò-íîãî ïîëóïðîâîäíèêà Cd1−xMnxGeAs2ïðè âûñîêîì äàâëåíèè



17Wednesday, February 17, 2010 YearMorning Oral Session Small Conferen
e Hall 09:30�13:50Chairman M.Godlevski 09:30�11:30T-03 B.V. Robou
h invited talk 09:30�10:00Elemental stru
ture parameters of ternary
(CC′)mIm′ alloys from EXAFS data �formal and pra
ti
al limitsNM-05 A. Polimeni invited talk 10:00�10:30Hydrogen-mediated nanostru
turing ofdilute nitride semi
ondu
torsT-04 A. Su
ho
ki invited talk 10:30�11:00High pressure spe
tros
opy of ytterbiumdoped InPNM-06V.V. Kabanov invited talk 11:00�11:30Magneti
 quantum os
illations in dopedantiferromagneti
 semi
ondu
torsCo�ee Break 20 minutesChairman B.A. Aronzon 11:50�13:50NM-07 11:50�12:20T.A. Komissarova Ele
troni
 properties of InN:In nano
om-posite materialT-05 E.P. Skipetrov invited talk 12:20�12:50Ele
troni
 stru
ture and magneti
 proper-ties of the 
hromium doped lead telluride-based diluted magneti
 semi
ondu
torsT-06 V.V. Gudkov invited talk 12:50�13:20Evaluation of the potential barrier,linear vibroni
 
onstant and deformationpotential in ZnSe:Fe2+ 
rystal in anultrasoni
 experimentT-07 A.Yu. Mollaev 13:20�13:50Complex investigation of kineti
and magneti
 properties for hightemperature ferromagneti
 semi
ondu
tor
Cd1−xMnxGeAs2 at high pressure



18 Ñðåäà 17 �åâðàëÿ 2010 ã.Ñòåíäîâàÿ ñåññèÿ 17:30�19:30Ïðåäñåäàòåëü À.Â. �åðìàíåíêîL-23 À.À. Áëîøêèí Äâóõ÷àñòè÷íûå äûðî÷íûå ñîñòîÿíèÿ â íàïðÿæåííûõâåðòèêàëüíî-ñâÿçàííûõ êâàíòîâûõ òî÷êàõ Ge/SiL-24 À.Í. Ñåìåíîâ Îñîáåííîñòè ðîñòà è èññëåäîâàíèå ãåòåðîñòðóêòóð íàîñíîâå InSb (îáúåìíûå ñëîè, êâàíòîâûå ÿìû è òî÷êè)L-25 È.À. Êîêóðèí Îñîáåííîñòè àêóñòîýëåêòðè÷åñêîãî ý��åêòà â êâàçè-îäíîìåðíûõ ñèñòåìàõ ñî ñïèí-îðáèòàëüíûì âçàèìî-äåéñòâèåìL-26À.Â. Òåëåæíèêîâ Çîííûé ñïåêòð ìóëüòèñëîéíûõ ñâåðõðåøåòîê ñî ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåìL-27 À.Â. Âîëêîâ Äèíàìèêà âîëíîâûõ ïàêåòîâ â äâóìåðíîì ýëåêòðîí-íîì ãàçå ñî ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåì, íàõî-äÿùåìñÿ â ýëåêòðè÷åñêîì ïîëåL-28 Ä.À. Êîçëîâ Êâàçèêëàññè÷åñêèé è êâàíòîâûé òðàíñïîðò â äâóìåð-íîì ýëåêòðîííîì ãàçå ñ ðåøåòêîé àíòèòî÷åê ñ ïåðèî-äîì 80 íì è 180 íìL-29Ò.Â. Êîñòþ÷åíêî Ýëåêòðîí-ýëåêòðîííîå ðàññåÿíèå â äâóìåðíûõ áàëëè-ñòè÷åñêèõ ìèêðîêîíòàêòàõ â ìàãíèòíîì ïîëåL-30 Ñ.Â. Ìóòèëèí Ïðîâîäÿùèå îáîëî÷êè ñ InAs êâàíòîâîé ÿìîéL-31 �.È. Õàðóñ Ìàãíèòîòðàíñïîðò â ãåòåðîñòðóêòóðàõ p-Ge/GeSiâáëèçè ïåðåõîäà ìåòàëë�äèýëåêòðèêL-32 Ë.À. Ìîðãóí Äè��óçèîííàÿ êâàíòîâàÿ ïîïðàâêà ê ïðîâîäèìîñòèîò ýëåêòðîí-ýëåêòðîííîãî âçàèìîäåéñòâèÿ â äâóìåð-íûõ êðåìíèåâûõ ñèñòåìàõL-33Þ.�. Àðàïîâ Ïåðåõîä "ìåòàëë" -äèýëåêòðèê â êâàçèäâóìåðíîìýëåêòðîííîì ãàçå â n-InGaAs/GaAs ñ äâîéíûìè êâàí-òîâûìè ÿìàìèL-34 Ì.Â. ßêóíèí Îñîáåííîñòè îñöèëëÿöèé ìàãíèòîñîïðîòèâëåíèÿ âñèììåòðè÷íîé è àñèììåòðè÷íîé êâàíòîâûõ ÿìàõ n-HgTe/CdHgTe ñ èíâåðòèðîâàííûì çîííûì ñïåêòðîìL-35 Â.Ì. Ìèõååâ Ïîäâèæíîñòü äâóìåðíûõ ýëåêòðîíîâ ïðè ðàññåÿíèè íàêîððåëèðîâàííîì ðàñïðåäåëåíèè ïðèìåñíûõ èîíîâ âòîíêèõ ëåãèðîâàííûõ ñëîÿõ



19Ñðåäà 17 �åâðàëÿ 2010 ã.L-36À.À. Âàñèëü÷åíêî Ñïèíîâàÿ ïîëÿðèçàöèÿ ýëåêòðîíîâ â äâîéíîé êâàíòî-âîé ÿìå ïðè �àêòîðå çàïîëíåíèÿ ν = 2L-37 Â.Í. Íåâåðîâ Çàâèñèìîñòü ùåëè â ñïåêòðå äâîéíîé êâàíòîâîé ÿìûInGaAs/GaAs îò ïàðàìåòðîâ èí�ðàêðàñíîé ïîäñâåòêèL-38 È.È. Àíòîíîâà �åçîíàíñíîå òóííåëèðîâàíèå íîñèòåëåé ÷åðåç óðîâíèðàçìåðíîãî êâàíòîâàíèÿ â ñòðóêòóðàõ Si/SiGe/Si ñîäèíî÷íîé êâàíòîâîé ÿìîéL-39 Â.�. Êðèøòîï Íàáëþäåíèå ïîëÿðîííûõ ñîñòîÿíèé â ðåçîíàíñíî-òóííåëüíûõ äèîäàõ ìåòîäîì ìàãíèòîòóííåëüíîé ñïåê-òðîñêîïèèL-40 È.Â. Ñîëäàòîâ �àçîãðåâ äâóìåðíîãî äûðî÷íîãî ãàçà â ñòðóêòóðàõ ñêâàíòîâîé ÿìîé íà îñíîâå GaAsL-41À.À. Øåðñòîáèòîâ Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ïðîñòðàíñòâåííîãîðàñïðåäåëåíèÿ ýëåêòðîííîãî ãàçà â ñèëüíîíåóïîðÿäî-÷åííûõ äâóìåðíûõ ñèñòåìàõL-42 Ë.Þ. Ùóðîâà Âû÷èñëåíèå ïðî�èëÿ êîíöåíòðàöèé íîñèòåëåé çàðÿäàâ øèðîêîé êâàíòîâîé ÿìå â ýëåêòðè÷åñêèõ è ìàãíèò-íûõ ïîëÿõL-43Ñ.�. Íîâîêøîíîâ Îñöèëëÿöèè Øóáíèêîâà�äå �ààçà êèíåòè÷åñêèõ êîý�-�èöèåíòîâ 2D ýëåêòðîííîé ñèñòåìû �àøáûT-12Å.Ï. Ñêèïåòðîâ Ïåðåñòðîéêà ýëåêòðîííîé ñòðóêòóðû Pb1−x−ySnxVyTeïðè èçìåíåíèè ñîñòàâà ñïëàâà è ïîä äàâëåíèåìT-13 È.À. Ïðóäàåâ Àðñåíèä ãàëëèÿ, ëåãèðîâàííûé õðîìîì è æåëåçîì, âêà÷åñòâå ìàòåðèàëà äëÿ áûñòðîäåéñòâóþùèõ ïåðåêëþ-÷àòåëåéT-14 Ò.Ï. Ôåäîðîâà Âû÷èñëåíèå òåïëîåìêîñòåé êðèñòàëëîâ ñ ðåøåòêîé�ëþîðèòàT-15 À.Ò. Ëîí÷àêîâ Î ïðèðîäå íèçêîòåìïåðàòóðíûõ àíîìàëèé ïîãëîùåíèÿóëüòðàçâóêà è äèíàìè÷åñêèõ ìîäóëåé óïðóãîñòè â êó-áè÷åñêèõ êðèñòàëëàõA2B6 ñ ïðèìåñÿìè 3d-ïåðåõîäíûõìåòàëëîâ



20 Ñðåäà 17 �åâðàëÿ 2010 ã.T-17 À.Þ. Ìîëëàåâ Âëèÿíèå âûñîêîãî äàâëåíèÿ íà ìàãíèòíóþ âîñ-ïðèèì÷èâîñòü è ìàãíèòîñîïðîòèâëåíèå âûñîêî-òåìïåðàòóðíîãî �åððîìàãíèòíîãî ïîëóïðîâîäíèêà
Cd1−xMnxGeP2T-18 Ò.Ï. Ñóðêîâà Ýëåêòðîííàÿ ñòðóêòóðà è ìàãíåòèçì ïëåíîê è òâåð-äûõ ðàñòâîðîâ íà îñíîâå ïîëóïðîâîäíèêîâ ZnO èCu2O, ëåãèðîâàííûõ ïðèìåñÿìè 3d ïåðåõîäíûõ ìåòàë-ëîâ (Mn,Co) Â çàâèñèìîñòè îò óñëîâèé ñèíòåçàNM-20 Ë.Ê. Îðëîâ �åòåðîêîìïîçèöèè 3Ñ-SiC/SiGeÑ/Si: �èçè÷åñêèå ñâîé-ñòâà, ïåðñïåêòèâû ïðèìåíåíèéNM-21Í.À. Áàéäàêîâà Îñîáåííîñòè �îòîëþìèíåñöåíöèè ñòðóêòóð ñ ñàìî-�îðìèðóþùèìèñÿ íàíîîñòðîâêàìè Ge(Si)/s-SiNM-22 Ì.Ñ. Êàãàí Ïðîöåññû ãåíåðàöèè è çàõâàòà äûðîê äëÿ ìåëêèõ àê-öåïòîðîâ â Ge â ãðåþùåì ýëåêòðè÷åñêîì ïîëå ïðè îä-íîîñíîì ñæàòèèNM-23Î.Å. Òåðåùåíêî Ñïèí-äåòåêòîð íà îñíîâå ìàãíèòíûõ áàðüåðîâ ØîòòêèNM-24Þ.À. Àëüãàåð Èññëåäîâàíèå àâòîýìèññèîííûõ ñâîéñòâ óãëåðîäíûõíàíîìàòåðèàëîâNM-25Ï.Â. Ñåðåäèí Äèàãíîñòèêà íèçêîòåìïåðàòóðíûõ ýïèòàêñèàëüíûõ ãå-òåðîñòðóêòóð AlxGa1−xAs/GaAs(100)NM-26À.À. Ëÿìêèíà Èññëåäîâàíèå íà÷àëüíîé ñòàäèè ðîñòà è ìåõàíèçìîâçàðîäûøåîáðàçîâàíèÿ è ðåëàêñàöèè íà ïîâåðõíîñòè(001) GaAs ìåòîäîì äè�ðàêöèè áûñòðûõ ýëåêòðîíîâNM-27À.Â. �àëååâà Ñòðóêòóðà è òðàíñïîðòíûå ñâîéñòâà ñëîæíûõ îêñèäîâ
Sr0.75−xCaxY0.25Co0.25Mn0.75O3−δ (0 ≤ x ≤ 0.6)NM-28Å.Â. Òèõîíîâ Ýëåêòðîííàÿ ñòðóêòóðà ìîëåêóë �òàëîöèàíèíà ýðáèÿ(ìåòîä �óíêöèîíàëà ïëîòíîñòè)NM-29Â.Ô. �àäàíöåâ �èãàíòñêîå ìàãíèòîñîïðîòèâëåíèå â Pb-pHgCdTe áà-ðüåðàõNM-30A.S. Moskvin Opti
al response in rare-earth perovskite manganites:interplay of p-d and d-d 
harge transfer transitionsNM-31Ê.À. Îêóëîâà Ïðîÿâëåíèÿ ðàññåÿíèÿ íîñèòåëåé òîêà íà ìàãíèòíûõïðèìåñÿõ â êèíåòè÷åñêèõ ñâîéñòâàõ ïñåâäîùåëåâîãîïîëóïðîâîäíèêà Fe1.9V1.1Al



21Ñðåäà 17 �åâðàëÿ 2010 ã.NM-32Ä.Ñ. Ïåòóõîâ Ý��åêò Õîëëà â ýëåêòðîííîì ñâåðõïðîâîäíèêå
Nd2−xCexCuO4+δ ñ ðàçíîé ñòåïåíüþ áåñïîðÿäêàNM-33Î.Å. Ñî÷èíñêàÿ Èçìåíåíèå òèïà ñïàðèâàíèÿ â ýëåêòðîííîì ñâåðõïðî-âîäíèêå Nd2−xCexCuO4+δ â çàâèñèìîñòè îò óðîâíÿ ëå-ãèðîâàíèÿ öåðèåìNM-34Í.�. Øåëóøèíèíà Íàíîìàñøòàá äëèíû êîãåðåíòíîñòè â ýëåêòðîííîìñâåðõïðîâîäíèêå Nd2−xCexCuO4+δNM-35È.Â. Çàâîäüêî Ôîòîïðèåìíîå óñòðîéñòâî íà îñíîâå êðåìíèåâîãî îïòî-ýëåêòðîííîãî êîîðäèíàòî-÷óâñòâèòåëüíîãî ëèíåéíîãî�îòîïðèåìíèêàNM-36 Ñ.Á. Áîéêî Âëèÿíèå ýíåðãåòè÷åñêîãî ðàñïðåäåëåíèÿ íîñèòåëåé çà-ðÿäà â ïîëèêðèñòàëëè÷åñêèõ ïëåíêàõ ñåëåíèäà ñâèíöàNM-37Ë.À. Ñàéïóëàåâà Îöåíêà Tc ñïîíòàííîé ïîëÿðèçàöèè â èîííûõ êðèñòàë-ëàõNM-38Ë.À. Ñàéïóëàåâà Áàðè÷åñêèå çàâèñèìîñòè êèíåòè÷åñêèõ êîý��èöèåí-òîâ íåêîòîðûõ áèíàðíûõ ïîëóïðîâîäíèêîâ ïðè âûñî-êîì äàâëåíèèNM-39È.Ñ. Óñòèíîâà Áàðè÷åñêèå è òåìïåðàòóðíûå çàâèñèìîñòè ýëåêòðè-÷åñêèõ ñâîéñòâ íîâîé �àçû âûñîêîãî äàâëåíèÿ
Er0.73Cu3V4O12NM-40Î.Ë. Õåé�åö Ýëåêòðè÷åñêèå ñâîéñòâà èîííûõ ïîëóïðîâîäíèêîâ âñèñòåìå Cu-Ag-Ge-As-Se ïðè âûñîêèõ äàâëåíèÿõNM-41Î.Ë. Õåé�åö Ýëåêòðè÷åñêèå ñâîéñòâà ñóëü�èäîâ ñåðåáðà ïðè òåì-ïåðàòóðàõ 78 ÷ 400Ê è äàâëåíèÿõ äî 42�ÏàNM-42Þ.À. Êàíäðèíà Ýëåêòðî�èçè÷åñêèå ñâîéñòâà ZnSe. Ïðèìåíåíèå ìåòî-äà èìïåäàíñíîé äèýëåêòðè÷åñêîé ñïåêòðîñêîïèè ïðèâûñîêèõ äàâëåíèÿõNM-43�.Â. Òèõîìèðîâà Ôàçîâûå ïðåâðàùåíèÿ â óãëåðîäíûõ ìàòåðèàëàõ ïðèâûñîêèõ äàâëåíèÿõ, ïðîÿâëÿþùèåñÿ â ïðîâîäèìîñòèNM-44 Í.Í. Øàáó-ðîâà Òåìàòè÷åñêîå èíäåêñèðîâàíèå èí�îðìàöèè ïî �èçèêåïîëóïðîâîäíèêîâ ñ ïîìîùüþ òåçàóðóñàêëàññè�èêàöè-îííûõ ðóáðèê



22 Wednesday, February 17, 2010 YearPoster Session 17:30�19:30Chairman A.V. GermanenkoL-23 A.A. Bloshkin Two-hole states in strained Ge/Si verti
aly-
oupledquantum dotsL-24 A.N. Semenov Mole
ular beam epitaxy growth and studies of InSb-basedheterostru
tures (bulk layers, quantum wells and dots)L-25 I.A. Kokurin Features of a
oustoele
tri
 e�e
t in quasi-one-dimensionalsystems with spin-orbit intera
tionL-26À.Â. Òåëåæíèêîâ Çîííûé ñïåêòð ìóëüòèñëîéíûõ ñâåðõðåøåòîê ñî ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåìL-27 A.V. Volkov Wave pa
ket dynami
s in a two-dimensional ele
tron gaswith spin orbit 
oupling at the presen
e of ele
tri
 �eldL-28 D.A. Kozlov Semi
lassi
al and quantum transport in the 2D ele
trongas in an antidot latti
e with period 80 nm and 180 nmL-29T.V. Kostyu
henko Ele
tron-ele
tron intera
tion in two-dimensional ballisti
mi
ro
onta
t in magneti
 �eldL-30 S.V. Mutilin Ñondu
ting shells with InAs quantum wellL-31 G.I. Kharus Magnetotransport in p-Ge/GeSi heterostru
tures in avi
inity of metal-insulator transitionL-32 L.A. Morgun Di�usion Quantum Corre
tion to Condu
tivity from e-eIntera
tion in Si-MOSFETL-33 Yu.G. Arapov "Metal" -insulator transition in quasi-two-dimensionalele
tron gas in a n-InGaAs/GaAs with double quantumwellsL-34 M.V. Yakunin Spe
i�
ity of magnetoresistan
e os
illations in symmetri
and asymmetri
 n-HgTe/CdHgTe quantum wells withinverted band stru
tureL-35 V.M. Mikheev Mobility of Two-Dimensional Ele
trons upon S
atterlingby a Correlated Distribution of Impurity Ions in the ThinDoped LayersL-36A.A. Vasil
henko Spin polarization of ele
trons in double quantum well at�lling fa
tor ν = 2L-37 V.N. Neverov Dependen
e of energy gap on infrared illumination inInGaAs/GaAs double quantum well



23Wednesday, February 17, 2010 YearL-38 I.I. Antonova Resonan
e tunneling in stru
tures Si/SiGe/Si with asingle quantum wellL-39 V.G. Krishtop Polaron states in resonant-tunneling diodes observed bymagnetotunneling spe
tros
opyL-40 I.V. Soldatov Hot holes in GaAs/InGaAs/GaAs quantum wellL-41A.A. Sherstobitov Experimental investigations of ele
tron gas distribution indisordered two dimentional systemsL-42L.Yu. Sh
hurova Cal
ulation of pro�le of 
harge 
arrier 
on
entration in awide potential well in ele
tri
 and magneti
 �eldsL-43S.G. Novokshonov The Shubnikov�de Haase os
illations of kineti
 
oe�
ientsof 2D Rashba ele
tron systemT-12 E.P. Skipetrov Rearrangement of ele
troni
 stru
ture of
Pb1−x−ySnxVyTe under variation of alloy 
ompositionand under pressureT-13 I.A. Prudaev Gallium arsenide doped by 
hromium and iron as materialfor fast-a
ting swit
hT-14 T.P. Fedorova Cal
ulation of the heat 
apa
ities of 
rystals with �uoritestru
tureT-15A.T. Lon
hakov Study of the temperature anomalies nature of ultrasoni
attenuation and dynami
 elasti
 moduli in 
ubi
 II-VI
ompounds doped with 3d-transition metalsT-17 A.Yu. Mollaev In�uen
e of high pressure on magneti
 sus
eptibilityand magnetoresistan
e of high temperature ferromagneti
semi
ondu
tor Cd1−xMnxGeP2T-18 T.P. Surkova Ele
troni
 stru
ture and magnetism of �lms and solidsolutions based on ZnO and Cu2O semi
ondu
tors:in�uen
e of synthesis 
onditionsNM-20 L.K. Orlov 3Ñ-SiC/SiGeÑ/Si hetero
ompositions: physi
alproperties, appli
ation prospe
tsNM-21N.A. Baydakova Photolumines
en
e features of Ge(Si)/s-Si self-assemblednanoislandsÎñîáåííîñòè



24 Wednesday, February 17, 2010 YearNM-22 M.S. Kagan Hole generation and 
apture pro
esses for shallowa

eptors in Ge in heating ele
tri
 �elds at uniaxial
ompressionNM-23O.E. Teresh
henko Spin-dete
tor basedon magneti
 S
hottky barriersNM-24 J.A. Algaer Investigation of autoemission properties of 
arbonnanomaterialsNM-25 P.V. Seredin large Diagnosti
s of low temperatur epitaxial
AlxGa1−xAs/GaAs(100) heterostru
turesNM-26A.A. Lyamkina The investigation of growth initial stage and nu
leationand relaxation me
hanisms on (001)GaAs surfa
e byRHEED methodNM-27 A.V.Galeeva Stru
ture and Transport Properties of the ComplexOxides Sr0.75−xCaxY0.25Co0.25Mn0.75O3−δ (0 ≤ x ≤ 0.6)NM-28E.V. Tikhonov Ele
troni
 stru
ture of Erbium Phthalo
yanine (DensityFun
tional Theory)NM-29V.F. Radantsev Giant magnetoresistan
e in Pb-pHgCdTe barriersNM-30A.S. Moskvin Opti
al response in rare-earth perovskite manganites:interplay of p-d and d-d 
harge transfer transitionsNM-31K.A. Okulova Manifestation of 
urrent 
arrier s
attering by themagneti
 impurities in kineti
 properties of Fe1.9V1.1Alpseudogap semi
ondu
torNM-32D.S. Petukhov Hall e�e
t states in ele
tron doped super
ondu
tor
Nd2−xCexCuO4+δ with di�erent nonstoi
hiometri
disorderNM-33O.E. So
hinskaya Change of types of the paring in ele
tron dopedsuper
ondu
tor Nd2−xCexCuO4+δ with di�erent 
erium
ontentNM-34N.G. Shelushinina Nanos
ale of 
oheren
e length in ele
tron dopedsuper
ondu
tor Nd2−xCexCuO4+δNM-35I.V. Zavodko Photosensitive devi
e based on sili
on optoele
troni

oordinate sensitive linear photodete
torNM-36 S.B. Boiko A
tion of energy distribution of 
arriers of a 
harge inpoly
rystalline �lms



25Wednesday, February 17, 2010 YearNM-37L.A. Saypulaeva Estimation Tc for spontaneous polarization for ion 
rystalsNM-38L.A. Saypulaeva Bari
 dependen
ies of kineti
 
oe�
ients for some binarysemi
ondu
tors at high pressureNM-39I.S. Ustinova Bari
 and temperature dependen
es of the ele
tri
alproperties of new high-pressure phase Er0.73Cu3V4O12NM-40O.L. Kheifets Ele
tri
al properties of ioni
 semi
ondu
tors in systemCu-Ag-Ge-As-Se at high pressureNM-41O.L. Kheifets Ele
tri
al properties of sulphides of silver at temperatures
78 ÷ 400K and pressure up to 42GPaNM-42Yu.A. Kandrina Ele
tri
al Properties of ZnSe. An Impedan
eSpe
tros
opy Study at High PressuresNM-43G.V. Tikhomirova Phase transformations in 
arbon materials at highpressures, found from 
ondu
tivityNM-44N.N. Shaburova Subje
t indexing of semi
ondu
tor physi
s informationusing a thesaurus of 
lassi�
ation headings



26 ×åòâåðã 18 �åâðàëÿ 2010 ã.Ïëåíàðíîå çàñåäàíèå Áîëüøîé çàë 09:30�11:30Ïðåäñåäàòåëü Â.Ô. �àíòìàõåðNM-08 09:30�10:10M.V. Sadovskii ïëåíàðíûé äîêëàäMultiple Bands � a Key to High-Temperature Super
ondu
tivity in IronArsenides?NM-09 Ä.�. Õîõëîâ ïëåíàðíûé äîêëàä 10:10�10:50Âûñîêî÷óâñòâèòåëüíûå ïðèåìíèêè òåðà-ãåðöîâîãî èçëó÷åíèÿNM-10 10:50�11:30M. Godlewski ïëåíàðíûé äîêëàäZin
 Oxide for photovoltai
 and optoele
-troni
 appli
ationsÏåðåðûâ 20 ìèíÓòðåííåå çàñåäàíèå Áîëüøîé çàë 11:50�13:50Ïðåäñåäàòåëü Í.Ñ. ÀâåðêèåâL-14 Â.À. Âîëêîâ ïðèãëàøåííûé äîêëàä 11:50�12:20�àçìåðíîå êâàíòîâàíèå äèðàêîâñêèõ 2D�åðìèîíîâL-15 I.V. Gornyi ïðèãëàøåííûé äîêëàä 12:20�12:50Topologi
ally prote
ted metalli
 state of 2DDira
 fermions: graphene and topologi
alinsulatorsL-16 12:50�13:20V.Yu. Ka
horovskii ïðèãëàøåííûé äîêëàäAharonov-Bohm 
ondu
tan
e through asingle-
hannel quantum ring: novel type ofintera
tion-indu
ed os
illationsL-17 12:50�13:20D.G. Polyakov ïðèãëàøåííûé äîêëàäKineti
 theory of nonequilibrium Luttingerliquids



27Thursday, February 18, 2010 YearPlenary Le
tures Conferen
e Hall 09:30�11:30Chairman V.F. GantmakherNM-08 09:30�10:10M.V. Sadovskii plenary talkMultiple Bands � a Key to High-Temperature Super
ondu
tivity in IronArsenides?NM-09 D.R.Khokhlov plenary talk 10:10�10:50High-performan
e dete
tors of terahertzradiationNM-10 10:50�11:30M. Godlewski plenary talkZin
 Oxide for photovoltai
 and optoele
-troni
 appli
ationsCo�ee-Break 20 minutesMorning Oral Session Conferen
e Hall 11:50�13:50Ïðåäñåäàòåëü Í.Ñ. ÀâåðêèåâL-14 V.A. Volkov invited talk 11:50�12:20Size quantization of 2D Dira
 fermionsL-15 I.V. Gornyi invited talk 12:20�12:50Topologi
ally prote
ted metalli
 state of 2DDira
 fermions: graphene and topologi
alinsulatorsL-16 12:50�13:20V.Yu. Ka
horovskii invited talkAharonov-Bohm 
ondu
tan
e through asingle-
hannel quantum ring: novel type ofintera
tion-indu
ed os
illationsL-17 12:50�13:20D.G. Polyakov invited talkKineti
 theory of nonequilibrium Luttingerliquids



28 ×åòâåðã 18 �åâðàëÿ 2010 ã.Âå÷åðíåå çàñåäàíèå Áîëüøîé çàë 16:00�17:30Ïðåäñåäàòåëü Â.Ò. ÄîëãîïîëîâNM-11 16:00�16:30Ñ.À. Äâîðåöêèé ïðèãëàøåííûé äîêëàäÊîíòðîëü è ðîñò HgTe êâàíòîâûõ ÿìL-18 Ç.Ä. Êâîí ïðèãëàøåííûé äîêëàä 16:30�17:00Äâóìåðíûé ïîëóìåòàëë è òîïîëîãè÷å-ñêèé èçîëÿòîð â HgTe êâàíòîâûõ ÿìàõL-19 17:00�17:30Ì.Â. ßêóíèí ïðèãëàøåííûé äîêëàäÑïèíîâûå ðàñùåïëåíèÿ â èíâåðòèðî-âàííîì çîííîì ñïåêòðå êâàíòîâîé ÿìû
n-HgTe/CdHgTe

Thursday, February 18, 2010 YearEvening Oral Session Conferen
e Hall 16:00�17:30Chairman V.T. DolgopolovNM-11 16:00�16:30S.A. Dvoretsky invited talkControl and growth of HgTe quantum wellsL-18 Z.D. Kvon invited talk 16:30�17:00Two-dimensional semimetal and topolo-gi
al insulator in HgTe quantum wellsL-19 17:00�17:30M.V. Yakunin invited talkSpin splittings in the inverted bandspe
trum of the n-HgTe/CdHgTe quantumwell



29Ïÿòíèöà 19 �åâðàëÿ 2010 ã.Óòðåííåå çàñåäàíèå Áîëüøîé çàë 09:30�13:50Ïðåäñåäàòåëü G.V. Lashkarev 09:30�11:30T-08 M. Sawi
ki ïðèãëàøåííûé äîêëàä 09:30�10:00Experimental probing of the interplaybetween ferromagnetism and lo
alization in(Ga, Mn)AsT-09 Á.À.Àðîíçîí ïðèãëàøåííûé äîêëàä 10:00�10:30Ìåõàíèçìû �åððîìàãíèòíîãî óïîðÿäî-÷åíèÿ è àíîìàëüíûé ý��åêò Õîëëà â2D ñòðóêòóðàõ GaAs/InGaAs/GaAs ñ δ-ñëîåì MnT-10Â.È. Ñîêîëîâ 10:30�11:00Îïòè÷åñêèå ñïåêòðû Zn1−xMnxO è ñî-ñòîÿíèÿ òèïà Æàíãà��àéñàL-20È.Â. �îæàíñêèé 11:00�11:30Âçàèìîäåéñòâèå àêóñòè÷åñêèõ ñîëèòîíîâñ ëîêàëèçîâàííûìè íîñèòåëÿìè çàðÿäà âïîëóïðîâîäíèêàõÏåðåðûâ 20 ìèíÏðåäñåäàòåëü Â.À. Êóëüáà÷èíñêèé 11:50�13:50NM-14 11:50�12:20A.S. Moskvin ïðèãëàøåííûé äîêëàäEle
tron stru
ture of hole 
enters in CuO2planes of 
upratesNM-15 12:20�12:50Ò.Á. ×àðèêîâà ïðèãëàøåííûé äîêëàäÑîïðîòèâëåíèå è ý��åêòÕîëëà â ñìåøàí-íîìèíîðìàëüíîì ñîñòîÿíèÿõ â ýëåêòðîí-íîì ñâåðõïðîâîäíèêå Nd2−xCexCuO4+δNM-16À.Í.Ëàâðîâ ïðèãëàøåííûé äîêëàä 12:50�13:20Îñîáåííîñòè ýëåêòðîííîãî òðàíñïîðòà âäîïèðîâàííûõ ìîòòîâñêèõ èçîëÿòîðàõNM-17 A.V. Mitin ïðèãëàøåííûé äîêëàä 13:20�13:50Pseudogap indi
ations of gossamer super-
ondu
tivity well above room temperature



30 Friday, February 19, 2010 YearMorning Oral Session Conferen
e Hall 09:30�13:50Chairman G.V. Lashkarev 09:30�11:30T-08 M. Sawi
ki invited talk 09:30�10:00Experimental probing of the interplaybetween ferromagnetism and lo
alization in(Ga, Mn)AsT-09 B.A.Aronzon invited talk 10:00�10:30Nature of ferromagneti
 ordering andanomalous Hall e�e
t in 2D stru
turesGaAs/InGaAs/GaAs with Mn delta layerT-10 V.I. Sokolov 10:30�11:00Opti
al spe
tra of Zn1−xMnxO and Zhang-Ri
e like statesL-20 I.V. Rozhansky 11:00�11:30Intera
tion of a
ousti
 solitons withlo
alized 
harge 
arriers in semi
ondu
torsCo�ee-Break 20 minutesChairman V.A. Kulba
hinskii 11:50�13:50NM-14 11:50�12:20A.S. Moskvin invited talkEle
tron stru
ture of hole 
enters in CuO2planes of 
upratesNM-15 12:20�12:50T.B. Charikova invited talkResistivity and Hall e�e
t in mixedand normal states in ele
tron dopedsuper
ondu
tor Nd2−xCexCuO4+δNM-16A.N. Lavrov invited talk 12:50�13:20Pe
uliarities of ele
tron transport in dopedMott insulatorsNM-17 A.V. Mitin invited talk 13:20�13:50Pseudogap indi
ations of gossamer super-
ondu
tivity well above room temperature



31Ïÿòíèöà 19 �åâðàëÿ 2010 ã.Óòðåííåå çàñåäàíèå Ìàëûé çàë 09:30�13:50Ïðåäñåäàòåëü Ì.Â. ßêóíèí 09:30�11:30NM-12Ñ.Â. Èâàíîâ ïðèãëàøåííûé äîêëàä 09:30�10:00Ìîëåêóëÿðíî-ïó÷êîâàÿ ýïèòàêñèÿ ñïëàçìåííîé àêòèâàöèåé, ñâîéñòâà èîïòîýëåêòðîííûå ïðèìåíåíèÿ íàíîãåòå-ðîñòðóêòóð íèòðèäîâ III ãðóïïûL-21È.È. Çàñàâèöêèé ïðèãëàøåííûé äîêëàä 10:00�10:30Êâàíòîâûå êàñêàäíûå ëàçåðû äëÿ ÈÊ îá-ëàñòè ñïåêòðàL-22Â.Ë. Àëüïåðîâè÷ 10:30�11:00Ýëåêòðîííûå ñîñòîÿíèÿ íà ðåêîíñòðó-èðîâàííûõ ïîâåðõíîñòÿõ ïîëóïðîâîäíè-êîâ A3B5 ñ àäñîðáàòàìèNM-13Þ.�. Ñàäî�üåâ ïðèãëàøåííûé äîêëàä 11:00�11:30Ôîòîëþìèíåñöåíöèÿ è ñòðóêòóðà çîí íà-ïðÿæåííûõ êâàíòîâûõ ÿì GaAsSb/GaAs



32 Friday, February 19, 2010 YearMorning Oral Session Snall Conferen
e Hall 09:30�13:50Chairman M.V. Yakunin 09:30�11:30NM-12 S.V. Ivanov invited talk 09:30�10:00Plasma-assisted mole
ular-beam epitaxy,properties, and appli
ations of III-Nitridenanoheterostru
turesL-21È.È. Çàñàâèöêèé invited talk 10:00�10:30Quantum 
as
ade lasers for the IRspe
trum regionL-22Â.Ë. Àëüïåðîâè÷ 10:30�11:00Ele
troni
 states on re
onstru
ted III-Vsemi
ondu
tor surfa
es with adsorbatesNM-13Þ.�. Ñàäî�üåâ invited talk 11:00�11:30Photolumines
en
e and the band stru
tureof strained GaAsSb/GaAs quantum wells



33Ïÿòíèöà 19 �åâðàëÿ 2010 ã.Âå÷åðíåå çàñåäàíèå Áîëüøîé çàë 16:00�18:00Ïðåäñåäàòåëü Â.È. ÎêóëîâNM-18Ì.�. Òðóíèí ïðèãëàøåííûé äîêëàä 16:00�16:30Ìèêðîâîëíîâàÿ ïðîâîäèìîñòü íîâûõñâåðõïðîâîäíèêîâT-18 Â.Â. �ûëüêîâ 16:30�17:00Àíîìàëüíûé ý��åêò Õîëëà è âûñî-êîòåìïåðàòóðíûé �åððîìàãíåòèçì â
Si1−xMnx (x ≈ 0.35) ïëåíêàõNM-19 È.�. Êóëååâ 17:00�17:30Âëèÿíèå çàòóõàíèÿ �îíîííûõ ñîñòîÿíèéíà àíèçîòðîïèþ ïîãëîùåíèÿ ïðîäîëüíî-ãî óëüòðàçâóêà â êóáè÷åñêèõ êðèñòàëëàõT-11 Â.È. Îêóëîâ ïðèãëàøåííûé äîêëàä 17:30�18:00Íàáëþäåíèå è èíòåðïðåòàöèÿ ìàêñèìóìàòåïëîåìêîñòè ýëåêòðîíîâ â ãèáðèäèçèðî-âàííûõ ñîñòîÿíèÿõ íà ïðèìåñÿõ ïåðåõîä-íûõ ýëåìåíòîâ



34 Friday, February 19, 2010 YearEvening Oral Session Conferen
e Hall 16:00�18:00Chairman V.I. OkulovNM-18 16:00�16:30M.R. Trunin invited talkMi
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e features of Ge(Si)/s-Si self-assembled nanois-landsN.A. Baydakova, A.V. Novikov, M.V. Stepikhova,M.V. Shaleev . . . . . . . . . . . . . . . . . . . . . . . . . . . 223NM-22 Ïðîöåññû ãåíåðàöèè è çàõâàòà äûðîê äëÿ ìåëêèõ àêöåï-òîðîâ â Ge â ãðåþùåì ýëåêòðè÷åñêîì ïîëå ïðè îäíîîñíîìñæàòèèÌ.Ñ. Êàãàí, È.Â. Àëòóõîâ, Ñ.Ê. Ïàïðîöêèé, Â.Ï. ÑèíèñHole generation and 
apture pro
esses for shallow a

eptors inGe in heating ele
tri
 �elds at uniaxial 
ompressionM.S. Kagan, I.V. Altukhov, S.K. Paprotskiy, V.P. Sinis . . . 225NM-23 Ñïèí-äåòåêòîð íà îñíîâå ìàãíèòíûõ áàðüåðîâ ØîòòêèÎ.Å. Òåðåùåíêî, À.È. Òîðîïîâ, Ä.Ä. Äìèòðèåâ, Ò.Ñ. Øà-ìèðçàåâ, À.Ì. �èëèíñêèé, G. Lampel, Y. Lassailly, D. Paget,J. PerettiSpin-dete
tor basedon magneti
 S
hottky barriersO.E. Teresh
henko, A.I. Toropov, D.V. Dmitriev,T.S. Shamirzaev, A.M. Gilinsky, G. Lampel, Y. Lassailly, D. Paget,J. Peretti . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227NM-24 Èññëåäîâàíèå àâòîýìèññèîííûõ ñâîéñòâ óãëåðîäíûõ íàíî-ìàòåðèàëîâÞ.À. Àëüãàåð, À.Â. �óñåëüíèêîâ, À.Â. ÎêîòðóáInvestigation of autoemission properties of 
arbon nanomaterialsJ.A. Algaer, A.V. Guselnikov., A.V. Okotrub . . . . . . . . . 229NM-25 Äèàãíîñòèêà íèçêîòåìïåðàòóðíûõ ýïèòàêñèàëüíûõ ãåòå-ðîñòðóêòóð AlxGa1−xAs/GaAs(100)Ï.Â. Ñåðåäèí, Ý.Ï. Äîìàøåâñêàÿ, À.Â. �ëîòîâ, È.Í. Àð-ñåíòüåâ, Ä.À. Âèíîêóðîâ, È.Ñ. Òàðàñîâ



Ñîäåðæàíèå 53Diagnosti
s of low temperatur epitaxialAlxGa1−xAs/GaAs(100)heterostru
turesP.V. Seredin, E.P. Domashevskaya, A.V. Glotov, I.N. Arsentyev,D.A. Vinokurov, I.S. Tarasov . . . . . . . . . . . . . . . . . . 231NM-26 Èññëåäîâàíèå íà÷àëüíîé ñòàäèè ðîñòà è ìåõàíèçìîâ çàðî-äûøåîáðàçîâàíèÿ è ðåëàêñàöèè íà ïîâåðõíîñòè (001) GaAsìåòîäîì äè�ðàêöèè áûñòðûõ ýëåêòðîíîâÀ.À. Ëÿìêèíà, Þ.�. �àëèöûí, Ä.Â. Äìèòðèåâ, Ñ.Ï. Ìî-ùåíêî, À.È. ÒîðîïîâThe investigation of growth initial stage and nu
leation andrelaxation me
hanisms on (001)GaAs surfa
e by RHEEDmethodA.A. Lyamkina, Yu.G. Galitsyn, D.V. Dmitriev, S.P. Mosh
henko,A.I. Toropov . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233NM-27 Ñòðóêòóðà è òðàíñïîðòíûå ñâîéñòâà ñëîæíûõ îêñèäîâ
Sr0.75−xCaxY0.25Co0.25Mn0.75O3−δ (0 ≤ x ≤ 0.6)À.Â. �àëååâà, Ô.Ñ. Íàïîëüñêèé, Ñ.ß. Èñòîìèí, Ä.�. ÕîõëîâStru
ture and Transport Properties of the Complex Oxides
Sr0.75−xCaxY0.25Co0.25Mn0.75O3−δ (0 ≤ x ≤ 0.6)A.V. Galeeva, Ph.S. Napolsky, S.Ya. Istomin, D.R. Khokhlov 235NM-28 Ýëåêòðîííàÿ ñòðóêòóðà ìîëåêóë �òàëîöèàíèíà ýðáèÿ (ìå-òîä �óíêöèîíàëà ïëîòíîñòè)Å.Â. Òèõîíîâ, È.À. Áåëîãîðîõîâ, Ä.�. Õîõëîâ, Ë.�. Òîìè-ëîâàEle
troni
 stru
ture of Erbium Phthalo
yanine (Density Fun
tionalTheory)E.V. Tikhonov, I.A. Belogorokhov, D.R. Khokhlov,L.G. Tomilova . . . . . . . . . . . . . . . . . . . . . . . . . . . 237NM-29�èãàíòñêîå ìàãíèòîñîïðîòèâëåíèå â Pb-pHgCdTe áàðüåðàõÂ.Ô. �àäàíöåâ, Â.Â. Çàâüÿëîâ, À.Ì. ß�ÿñîâGiant magnetoresistan
e in Pb-pHgCdTe barriersV.F. Radantsev, V.V. Zav'ialov, A.M. Yafyasov . . . . . . . 238NM-30 Opti
al response in rare-earth perovskite manganites: interplayof p-d and d-d 
harge transfer transitionsA.S. Moskvin, A.A. Makhnev, L.V. Nomerovannaya,N.N. Loshkareva, A.M. Balbashov . . . . . . . . . . . . . . . . 240



54 ÑîäåðæàíèåNM-31 Ïðîÿâëåíèÿ ðàññåÿíèÿ íîñèòåëåé òîêà íà ìàãíèòíûõ ïðè-ìåñÿõ â êèíåòè÷åñêèõ ñâîéñòâàõ ïñåâäîùåëåâîãî ïîëóïðîâîä-íèêà Fe1.9V1.1AlÂ.Â. Ìàð÷åíêîâ, Â.È. Îêóëîâ, Ê.À. Îêóëîâà, Õ.Â. ÂåáåðManifestation of 
urrent 
arrier s
attering by the magneti
impurities in kineti
 properties of Fe1.9V1.1Al pseudogap semi
on-du
torV.V. Mar
henkov, V.I. Okulov, K.A. Okulova, H.W. Weber . 242NM-32 Ý��åêò Õîëëà â ýëåêòðîííîì ñâåðõïðîâîäíèêå
Nd2−xCexCuO4+δ ñ ðàçíîé ñòåïåíüþ áåñïîðÿäêàÄ.Ñ. Ïåòóõîâ, Ò.Á. ×àðèêîâà, Í.�. Øåëóøèíèíà, �.È. Õà-ðóñ, Â.Â. Íåâåðîâ, À.À. ÈâàíîâHall e�e
t states in ele
tron doped super
ondu
tor
Nd2−xCexCuO4+δ with di�erent nonstoi
hiometri
 disorderD.S. Petukhov, T.B. Charikova, N.G. Shelushinina, G.I. Harus,V.N. Neverov, A.A. Ivanov . . . . . . . . . . . . . . . . . . . . 244NM-33 Èçìåíåíèå òèïà ñïàðèâàíèÿ â ýëåêòðîííîì ñâåðõïðîâîä-íèêå Nd2−xCexCuO4+δ â çàâèñèìîñòè îò óðîâíÿ ëåãèðîâàíèÿöåðèåìÎ.Å. Ñî÷èíñêàÿ, Ò.Á. ×àðèêîâà, Í.� .Øåëóøèíèíà, �.È. Õà-ðóñ, Â.Í. Íåâåðîâ, À.À. ÈâàíîâChange of types of the paring in ele
tron doped super
ondu
tor
Nd2−xCexCuO4+δ with di�erent 
erium 
ontentO.E. So
hinskaya, T.B. Charikova, N.G. Shelushinina, G.I. Harus,V.N. Neverov, A.A. Ivanov . . . . . . . . . . . . . . . . . . . . 246NM-34 Íàíîìàñøòàá äëèíû êîãåðåíòíîñòè â ýëåêòðîííîì ñâåðõ-ïðîâîäíèêå Nd2−xCexCuO4+δÍ.�. Øåëóøèíèíà, Ò.Á. ×àðèêîâà, �.È. Õàðóñ, À.À. Èâà-íîâNanos
ale of 
oheren
e length in ele
tron doped super
ondu
tor
Nd2−xCexCuO4+δN.G. Shelushinina, T.B. Charikova, G.I. Harus, A.A. Ivanov 248NM-35 Ôîòîïðèåìíîå óñòðîéñòâî íà îñíîâå êðåìíèåâîãî îïòî-ýëåêòðîííîãî êîîðäèíàòî-÷óâñòâèòåëüíîãî ëèíåéíîãî �îòî-ïðèåìíèêàÈ.Â. Çàâîäüêî,, À.À. Êàðïîâ



Ñîäåðæàíèå 55Photosensitive devi
e based on sili
on optoele
troni
 
oordinatesensitive linear photodete
torI.V. Zavodko, A.A. Karpov . . . . . . . . . . . . . . . . . . . 250NM-36 Âëèÿíèå ýíåðãåòè÷åñêîãî ðàñïðåäåëåíèÿ íîñèòåëåé çàðÿäàâ ïîëèêðèñòàëëè÷åñêèõ ïëåíêàõ ñåëåíèäà ñâèíöàÑ.Á. Áîéêî, È.È. ÇàâîäüêîA
tion of energy distribution of 
arriers of a 
harge in poly
rystalline�lmsS.B. Boiko, I.V. Zavodko . . . . . . . . . . . . . . . . . . . . 252NM-37 Îöåíêà Tc ñïîíòàííîé ïîëÿðèçàöèè â èîííûõ êðèñòàëëàõÀ.Ì. Àãàëàðîâ, È.Ê. Êàìèëîâ, Ñ.Í. Êàëëàåâ, À.Þ. Ìîëëàåâ,Ë.À. Ñàéïóëàåâà, À.�. Àëèáåêîâ, Í.Â. ÌåëüíèêîâàEstimation Tc for spontaneous polarization for ion 
rystalsA.M. Agalarov, I.K. Kamilov, S.N. Kallaev, A.Yu. Mollaev,L.A. Saypulaeva, A.G. Alibekov, N.V. Melnikova . . . . . . . 254NM-38, Áàðè÷åñêèå çàâèñèìîñòè êèíåòè÷åñêèõ êîý��èöèåíòîâíåêîòîðûõ áèíàðíûõ ïîëóïðîâîäíèêîâ ïðè âûñîêîì äàâëå-íèèÀ.Þ. Ìîëëàåâ,Ë.À. Ñàéïóëàåâà, À.�. Àëèáåêîâ, �.�. Äæà-ìàìåäîâ, �.Ñ. ÀõìåäîâBari
 dependen
ies of kineti
 
oe�
ients for some binary semi
on-du
tors at high pressureA.Yu. Mollaev, L.A. Saypulaeva, A.G. Alibekov,R.G. Djamamedov, G.S. Akmedov . . . . . . . . . . . . . . . . 256NM-39 Áàðè÷åñêèå è òåìïåðàòóðíûå çàâèñèìîñòè ýëåêòðè÷åñêèõñâîéñòâ íîâîé �àçû âûñîêîãî äàâëåíèÿ Er0.73Cu3V4O12Í.È. Êàäûðîâà, Í.Â. Ìåëüíèêîâà,È.Ñ. Óñòèíîâà, Þ.�. Çàé-íóëèí, À.Í. ÁàáóøêèíBari
 and temperature dependen
es of the ele
tri
al propertiesof new high-pressure phase Er0.73Cu3V4O12N.I. Kadyrova, N.V. Melnikova, I.S. Ustinova, Yu.G. Zaynulin,A.N. Babushkin . . . . . . . . . . . . . . . . . . . . . . . . . . 258NM-40 Ýëåêòðè÷åñêèå ñâîéñòâà èîííûõ ïîëóïðîâîäíèêîâ â ñèñòå-ìå Cu-Ag-Ge-As-Se ïðè âûñîêèõ äàâëåíèÿõÎ.Ë. Õåé�åö, Í.Â. Ìåëüíèêîâà, À.Ë. Ôèëèïïîâ, Ë.Ë. Íó-ãàåâà, À.Í. Áàáóøêèí



56 ÑîäåðæàíèåEle
tri
al properties of ioni
 semi
ondu
tors in system Cu-Ag-Ge-As-Se at high pressureO.L. Kheifets, N.V. Melnikova, A.L. Filippov, L.N. Nugaeva,A.N. Babushkin . . . . . . . . . . . . . . . . . . . . . . . . . . 259NM-41 Ýëåêòðè÷åñêèå ñâîéñòâà ñóëü�èäîâ ñåðåáðà ïðè òåìïåðà-òóðàõ 78 ÷ 400Ê è äàâëåíèÿõ äî 42�ÏàÎ.Ë. Õåé�åö, Í.Â. Ìåëüíèêîâà, Ý.Ô. Øàêèðîâ, À.Í. Áà-áóøêèí, Ê.Ñ. Ïèíèãèíà, Å.À. ÒóðóòèíàEle
tri
al properties of sulphides of silver at temperatures
78 ÷ 400K and pressure up to 42GPaO.L. Kheifets, N.V. Melnikova, E.F. Shakirov, A.N. Babushkin,K.S. Pinigina, E.A. Turutina . . . . . . . . . . . . . . . . . . . 260NM-42 Ýëåêòðî�èçè÷åñêèå ñâîéñòâà ZnSe. Ïðèìåíåíèå ìåòîäàèìïåäàíñíîé äèýëåêòðè÷åñêîé ñïåêòðîñêîïèè ïðè âûñîêèõäàâëåíèÿõÞ.À. Êàíäðèíà, À.Í. ÁàáóøêèíEle
tri
al Properties of ZnSe. An Impedan
e Spe
tros
opy Studyat High PressuresYu.A. Kandrina, A.N. Babushkin . . . . . . . . . . . . . . . 262NM-43 Ôàçîâûå ïðåâðàùåíèÿ â óãëåðîäíûõ ìàòåðèàëàõ ïðè âû-ñîêèõ äàâëåíèÿõ, ïðîÿâëÿþùèåñÿ â ïðîâîäèìîñòè�.Â. Òèõîìèðîâà, ß.Þ. ÂîëêîâàPhase transformations in 
arbon materials at high pressures,found from 
ondu
tivityG.V. Tikhomirova, Y.Y. Volkova . . . . . . . . . . . . . . . 263NM-44 Òåìàòè÷åñêîå èíäåêñèðîâàíèå èí�îðìàöèè ïî �èçèêå ïî-ëóïðîâîäíèêîâ ñ ïîìîùüþ òåçàóðóñà êëàññè�èêàöèîííûõðóáðèêÂ.Í. Áåëîîçåðîâ, Í.Í. ØàáóðîâàSubje
t indexing of semi
ondu
tor physi
s information using athesaurus of 
lassi�
ation headingsV.N. Beloozerov, N.N. Shaburova . . . . . . . . . . . . . . . 265Àâòîðñêèé óêàçàòåëü 267



LÝëåêòðîííûå ñâîéñòâàíèçêîðàçìåðíûõ ñèñòåìEle
troni
 Properties ofLow-Dimensional Systems





Low-Dimensional Systems 59L-01Êîìïîçèòíûå Ôåðìèîíû è Äðîáíûé ÊâàíòîâûéÝ��åêò ÕîëëàÈ.Â. ÊóêóøêèíÈíñòèòóò Ôèçèêè Òâåðäîãî òåëà �îññèéñêîé Àêàäåìèè Íàóê, 142432×åðíîãîëîâêà, Ìîñêîâñêàÿ îáëàñòüÏðåäñòàâëåíû èññëåäîâàíèÿ òðàíñïîðòíûõ, îïòè÷åñêèõ è ìèêðîâîëíî-âûõ ñâîéñòâ ñèñòåìû ñèëüíî âçàèìîäåéñòâóþùèõ äâóìåðíûõ ýëåêòðîíîâ âñòðóêòóðàõ GaAs/AlGaAs â ïåðïåíäèêóëÿðíîì ìàãíèòíîì ïîëå ïðè ñâåðõ-íèçêèõ òåìïåðàòóðàõ. Èçó÷åíû íîâûå êîëëåêòèâíûå ýëåêòðîííûå ñîñòî-ÿíèÿ, âîçíèêàþùèå â ðåæèìå äðîáíîãî êâàíòîâîãî ý��åêòà Õîëëà. Èñ-ñëåäîâàíû ñâîéñòâà íîâûõ ÷àñòèö � êîìïîçèòíûõ �åðìèîíîâ, ñîñòîÿùèõèç ýëåêòðîíà è äâóõ êâàíòîâ ïîòîêà ìàãíèòíîãî ïîëÿ. Îáíàðóæåí öèêëî-òðîííûé ðåçîíàíñ íà êîìïîçèòíûõ ÷àñòèöàõ è èçìåðåíû äèñïåðñèè êîëëåê-òèâíûõ âîçáóæäåíèé âî âñåõ êîãåðåíòíûõ ñîñòîÿíèÿõ ñèñòåìû äâóìåðíûõýëåêòðîíîâ. Âïåðâûå èçìåðåíà äèñïåðñèÿ ùåëåâûõ âîçáóæäåíèé â ðåæèìåäðîáíîãî êâàíòîâîãî ý��åêòà Õîëëà è îáíàðóæåíû ðîòîííûå ìèíèìóìû.Äëÿ ðàçíûõ äðîáíûõ ñîñòîÿíèé ëà�ëèíîâñêîé æèäêîñòè èçìåðåíû ðîòîí-íûå ùåëè, à òàêæå ðîòîííûå ìàññû. Äëÿ èçìåðåíèÿ äèñïåðñèè âîçáóæäå-íèé ïðè áîëüøèõ èìïóëüñàõ íàìè áûë ðàçðàáîòàí ìåòîä êîìáèíèðîâàííîãîàêóñòî�ìèêðîâîëíîâîãî ðåçîíàíñà, ñ ïîìîùüþ êîòîðîãî èññëåäîâàíà òàê-æå äèñïåðñèÿ êîìïîçèòíûõ �åðìèîíîâ âáëèçè ïîëóöåëîãî �àêòîðà çàïîë-íåíèÿ. Óñòàíîâëåíî, ÷òî ïðè äðîáíûõ �àêòîðàõ çàïîëíåíèÿ íàáëþäàåòñÿðåçîíàíñíîå óâåëè÷åíèå öèêëîòðîííîé ýíåðãèè êîìïîçèòíûõ ÷àñòèö, êîòî-ðîå ñîïðîâîæäàåòñÿ çíà÷èòåëüíûì óìåíüøåíèåì øèðèíû ðåçîíàíñà. Îá-íàðóæåííûå îñöèëëÿöèè óêàçûâàåò íà çíà÷èòåëüíûå êîððåëÿöèè ìåæäóÊîìïîçèòíûìè Ôåðìèîíàìè, âçàèìîäåéñòâèå ìåæäó êîòîðûìè ñ÷èòàëîñüñëàáûì. Ïîêàçàíî, ÷òî îñöèëëÿöèè â äèñïåðñèè Êîìïîçèòíûõ Ôåðìèîíîâèñ÷åçàþò ïðè ïîâûøåíèè òåìïåðàòóðû îò 50ìÊ äî 400ìÊ, à òàêæå ïðèîòêëîíåíèè �àêòîðà çàïîëíåíèÿ îò ëà�ëèíîâñêîãî çíà÷åíèÿ. Ïîäðîáíîåîïèñàíèå ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ ìîæíî íàéòè â ðà-áîòå [1℄.[1℄ I.V. Kukushkin, J.H. Smet, V.W. S
arola, V. Umansky, K. von Klitzing,"Dispersion of the Ex
itations of Fra
tional Quantum Hall States"S
ien
e,324, 1044 (2009).



60 Íèçêîðàçìåðíûå ñèñòåìûL-02Î íåêîòîðûõ ýêñïåðèìåíòàëüíûõ ìåòîäàõ è òðþêàõÂ.Ò. ÄîëãîïîëîâÈÔÒÒ �ÀÍ, ×åðíîãîëîâêà, Ìîñêîâñêàÿ îáë., 142432, Èíñòèòóòñêàÿ, 2Â äîêëàäå îáñóæäàþòñÿ ðàçëè÷íûå ýêñïåðèìåíòàëüíûå ìåòîäû è ïðèå-ìû, èñïîëüçîâàííûå àâòîðîì è åãî êîëëåãàìè ïðè èññëåäîâàíèè äâóìåðíûõýëåêòðîííûõ ñèñòåì. Â îñíîâíîì îíè ïðèìåíÿëèñü (è ïðèãîäíû) ïðè ðàáî-òå â äîñòàòî÷íî íèçêèõ òåìïåðàòóðàõ, õîòÿ íåêîòîðûå ìåòîäû ìîãóò áûòüèñïîëüçîâàíû äàæå ïðè êîìíàòíîé òåìïåðàòóðå.Ïåðâûì îáñóæäàåòñÿ ìåòîä áåñêîíòàêòíîãî èçìåðåíèÿ ïðîâîäèìîñòè ñïîìîùüþ òåõíèêè åìêîñòíîé ñâÿçè. Îí ñòàíîâèòñÿ íåòðèâèàëüíûì â ñòðóê-òóðàõ ñ çàòâîðîì. �àññìàòðèâàþòñÿ âîçìîæíîñòè èçìåðåíèÿ ïðîâîäèìîñòèâ ïðèñóòñòâèè ìàãíèòíîãî ïîëÿ, è ëîêàëüíîãî èçìåðåíèÿ ïðîâîäèìîñòè.Ïîäðîáíî ïðèìåíåíèå ìåòîäà åìêîñòíîé ñâÿçè â êâàíòóþùåì ìàãíèòíîìïîëå äåìîíñòðèðóåòñÿ íà äâóìåðíûõ ñèñòåìàõ ñî øíóðîì õîëëîâñêîãî òî-êà.Ñëåäóþùèì ðàññìàòðèâàåìûì ìåòîäîì ÿâëÿåòñÿ ìåòîä ïðÿìîãî èçìå-ðåíèÿ õîëëîâñêîé ïðîâîäèìîñòè. Îí òåñíî ñâÿçàí ñ âîçìîæíîñòüþ ýêñïå-ðèìåíòàëüíîé ðåàëèçàöèè ìûñëåííîãî îïûòà Ëà�ëèíà è èññëåäîâàíèåìïåðåíîñà çàðÿäà ïîä óðîâíåì Ôåðìè.Êàê ïðè ïîÿâëåíèè øíóðà õîëëîâñêîãî òîêà, òàê è ïðè ïåðåíîñå êîíå÷íî-ãî çàðÿäà ïîä óðîâíåì Ôåðìè ñóùåñòâåííûì ÿâëÿåòñÿ òîò �àêò, ÷òî ïëàòîêâàíòîâîãî ý��åêòà Õîëëà èìååò êîíå÷íóþ øèðèíó äàæå â èäåàëüíîé, áåçïðèìåñåé, ýëåêòðîííîé ñèñòåìå. Ýêñïåðèìåíòàëüíîé ïðîâåðêå ïîñëåäíåãîóòâåðæäåíèÿ ïîñâÿùåíà ñëåäóþùàÿ ÷àñòü äîêëàäà.Â ñëåäóþùåé ÷àñòè äîêëàäà îáñóæäàåòñÿ âîïðîñ îá èçìåðåíèè èçìå-íåíèé õèìè÷åñêîãî ïîòåíöèàëà ïðè ìîäóëÿöèè ðàçëè÷íûõ âíåøíèõ ïàðà-ìåòðîâ. Â ÷àñòíîñòè, îá èçìåðåíèè ñêà÷êîâ õèìè÷åñêîãî ïîòåíöèàëà ïðèöåëî÷èñëåííûõ è äðîáíûõ çàïîëíåíèÿõ, èçìåðåíèè ìàãíèòíîãî ìîìåíòàäâóìåðíîãî ýëåêòðîííîãî ãàçà è ïðÿìîì èçìåðåíèè �àêòîðà Ëàíäå.Ïîñëåäíÿÿ ÷àñòü äîêëàäà èìååò äåëî ñ ïðîáëåìîé ¾õâîñòà¿ ïëîòíîñòèñîñòîÿíèé çà ñ÷åò ëîêàëèçîâàííûõ ýëåêòðîíîâ è ìåòîäîì îáíàðóæåíèÿ òà-êîãî ¾õâîñòà¿.



Low-Dimensional Systems 61L-03Ìàãíåòîñîïðîòèâëåíèå è àêóñòîýëåêòðîííûå ý��åêòûâ íàêëîííîì ìàãíèòíîì ïîëå â ñòðóêòóðàõp-Si/SiGe/Si ñ àíèçîòðîïíûì g-�àêòîðîìÈ.Ë. Äðè÷êî 1, È.Þ. Ñìèðíîâ 1, À.Â. Ñóñëîâ 2, Î.À. Ìèðîíîâ 3,D.R. Leadley 4

1 Ôèçèêî-òåõíè÷åñêèé èíñòèòóò èì. À.Ô.Èî��å �ÀÍ, 194021,Ñàíêò-Ïåòåðáóðã, Ïîëèòåõíè÷åñêàÿ 26
2 National High Magneti
 Field Laboratory, Tallahassee, Florida 32310, USA
3 Warwi
k SEMINANO R&D Centre, Coventry CV4 7EZ, UK
4 Department of Physi
s, University of Warwi
k, Coventry CV4 7AL, UKÂ ñòðóêòóðàõ p�Si/SiGe/Si áûë îá-

�èñ. 1: Çàâèñèìîñòü σxx îò B⊥ äëÿ ðàç-íûõ óãëîâ íàêëîíà ìàãíèòíîãî ïîëÿ.

íàðóæåí [1℄ è îáñóæäàëñÿ âî ìíîãèõ ðà-áîòàõ ò.í. "âîçâðàòíûé" ïåðåõîä Ì-Ä âíàêëîííîì ìàãíèòíîì ïîëå ïðè ÷èñëåçàïîëíåíèÿ ν = 3/2 [2℄. Âîçíèêíîâåíèåýòîé àíîìàëèè àâòîð ðàáîòû [2℄ ñâÿ-çûâàë ñ íàëè÷èåì ïëàâíûõ äëèííîìàñ-øòàáíûõ �ëóêòóàöèé ïîòåíöèàëà 
 àì-ïëèòóäîé, ñðàâíèìîé ñ ýíåðãèåé Ôåð-ìè. Îäíàêî â ðàáîòàõ [3-4℄ ýòè àíîìà-ëèè â ìàãíåòîñîïðîòèâëåíèè îáúÿñíÿ-ëèñü ïåðåñå÷åíèåì óðîâíåé Ëàíäàó ñðàçíûì íàïðàâëåíèåì ñïèíîâ 0↑ è 1↓ïðè èçìåíåíèè íàïðÿæåííîñòè ìàãíèò-íîãî ïîëÿ. Îäíàêî, â ñèëó òîãî, ÷òî âýòîì ìàòåðèàëå íàáëþäàåòñÿ ñèëüíàÿàíèçîòðîïèÿ g-�àêòîðà è áîëüøîå ñïè-íîâîå ðàñùåïëåíèå â ìàãíèòíîì ïîëå, ïåðïåíäèêóëÿðíîì ïëîñêîñòè êâàí-òîâîé ÿìû, òî÷êà ν = 3/2, êàê íàì êàæåòñÿ, íå èìååò �èçè÷åñêîãî ñìûñëà.Ñ íàøåé òî÷êè çðåíèÿ íåîáõîäèìî èçó÷àòü àíîìàëèþ â ïðîâîäèìîñòè ïðè
ν = 2. Ñ ýòîé öåëüþ ìàãíåòîñîïðîòèâëåíèå ρxx è ρxy, à òàêæå àêóñòîýëåê-òðîííûå ý��åêòû áûëè èçìåðåíû â íàêëîííîì ìàãíèòíîì ïîëå äî 18Òë,ïðè (0.3÷ 2)Ê.Íàèáîëåå ïîäðîáíî èññëåäîâàëñÿ îáðàçåö ñ êîíöåíòðàöèåé p = 1.99 ·
1011 ñì−2 è ïîäâèæíñòüþ 7 · 103 ñì2/Âñ ñ öåëî÷èñëåííûì êâàíòîâûì ý�-�åêòîì Õîëëà. Äåéñòâèòåëüíî, çàâèñèìîñòü ρxx îò ïåðïåíäèêóëÿðíîé ñî-ñòàâëÿþùåé ìàãíèòíîãî ïîëÿ B⊥ äëÿ ðàçíûõ óãëîâ íàêëîíà ìàãíèòíî-ãî ïîëÿ θ âáëèçè B⊥ = 5.2Òë (ν = 3/2) äåìîíñòðèðóåò àíîìàëèþ, î



62 Íèçêîðàçìåðíûå ñèñòåìûêîòîðîé óïîìèíàëîñü ðàíåå: ρxx âîçðàñòàåò áîëåå, ÷åì â ïÿòü ðàç ïðèóâåëè÷åíèè óãëà θ îò 0◦ äî 70◦. Îäíàêî ïðè ν = 3/2 íà çàâèñèìîñòè
σxx(θ) = ρxx(θ)/[ρ

2
xx(θ) + ρ2

xy(θ)] íå íàáëþäàåòñÿ àíîìàëèè (σxx ìåíÿåòñÿíà 30% ïðè èçìåíåíèè óãëà íàêëîíà θ îò 0◦ äî 75◦. Êðîìå òîãî, åñëè ïîëî-æåíèå ìèíèìóìîâ σxx ïî ìàãíèòíîìó ïîëþ äëÿ ν = 1, 3 è 5 íå çàâèñèò îòóãëà íàêëîíà, òî äëÿ ν = 2 ïðè θ > 50◦ ìèíèìóìû íà÷èíàþò ñäâèãàòüñÿâ ñòîðîíó áîëåå íèçêèõ ìàãíèòíûõ ïîëåé. Êîãäà óãîë íàêëîíà äîñòèãàåòâåëè÷èíû ∼ 59.50◦, íà êðèâîé âîçíèêàþò äâå îñöèëëÿöèè: ïðåæíÿÿ, êîòî-ðàÿ ñìåùàëàñü ïðè âîçðàñòàíèè θ è îêàçàëàñü ïðè B = 3.6Òë, è "íîâàÿ" ,êîòîðàÿ âîçíèêëà ïðè B ∼ 4Të. Ïðè äàëüíåéøåì óâåëè÷åíèè θ ìèíèìó-ìû "íîâûõ" îñöèëëÿöèé ñíîâà ñìåùàþòñÿ â ñòîðîíó íèçêèõ ìàãíèòíûõïîëåé è ðàñòóò ïî àìïëèòóäå ïðè òîì, ÷òî ïðåæíèå îñöèëëÿöèè èñ÷åçàþò.Èìååòñÿ îáëàñòü óãëîâ θ = (59.5 ÷ 61)◦, â êîòîðîé îáà òèïà îñöèëëÿöèéñîñóùåñòâóþò. Íà ðèñ. 1 ïðåäñòàâëåíû çàâèñèìîñòè σxx îò B⊥ äëÿ ðàçíûõóãëîâ θ, ñäâèíóòûå ñ øàãîì 5 · 10−6Oì−1 îòíîñèòåëüíî êðèâîé ñ θ = 55.7◦(äëÿ íàãëÿäíîñòè). Èç ýêñïåðèìåíòàëüíûõ äàííûõ äâóìÿ ñïîñîáàìè áûëàîïðåäåëåíà çàâèñèìîñòü g-�àêòîðà îò óãëà íàêëîíà ìàãíèòíîãî ïîëÿ θ: çà-âèñèìîñòåé σxx(θ) ïðè ν = 3 è σxx(B) ïðè ðàçíûõ θ. Îêàçàëîñü, ÷òî îíàîòëè÷àåòñÿ îò çàâèñèìîñòè g∗ =
√

g2
⊥ cos2 θ + g2

|| sin
2 θ, ïðèíÿòîé â ñëó÷àåàíèçîòðîïíîãî g-�àêòîðà. Áûëî ïîêàçàíî, ÷òî g∗-�àêòîð óìåíüøàåòñÿ ñóâåëè÷åíèåì óãëà θ áûñòðåå, ÷åì ïðåäïîëàãàåò ïðèâåäåííàÿ çäåñü çàâèñè-ìîñòü. Äëÿ îáúÿñíåíèÿ íàáëþäàåìîé íàìè àíîìàëèè âîñïîëüçóåìñÿ èäååé,êîòîðàÿ ïðåäïîëàãàåò èçìåíåíèå îòíîñèòåëüíîãî ïîëîæåíèÿ óðîâíåé Ëàí-äàó 0 ↑ è 1 ↓ èç-çà çàâèñèìîñòè g-�àêòîðà îò óãëà íàêëîíà ìàãíèòíîãîïîëÿ θ. Åñëè èñïîëüçîâàòü ïîëó÷åííóþ â ýêñïåðèìåíòå âåëè÷èíó ýíåðãèèàêòèâàöèè, îïðåäåëåííóþ èç çàâèñèìîñòè σxx ∝ exp(−∆/2kT ) = 0.28ìýÂïðè θ = 0◦ è B⊥ = 4.15Òë (ν = 2), òî ìîæíî îöåíèòü g∗ = 5.3 ïðè θ = 0◦.

�èñ. 2: Çàâèñèìîñòü îòíîñèòåëüíîãîðàñïîëîæåíèÿ óðîâíåé Ëàíäàó îò θ.

Ïðè÷åì ìîæíî ïîêàçàòü, ÷òî ïåðåñå-÷åíèå óðîâíåé 0 ↑ è 1 ↓ ïðè èçìåíåíèèóãëà θ ìîæåò ïðîèñõîäèòü òîëüêî, åñ-ëè óðîâåíü 0 ↑ ëåæèò âûøå ïî ýíåðãèè,÷åì óðîâåíü 1 ↓ óæå ïðè θ = 0◦. Åñëèâîñïîëüçîâàòüñÿ çàâèñèìîñòüþ g∗ îò óã-ëà θ èç ýêñïåðèìåíòà è g∗ = 5.3 ïðè θ =
0◦, òî ìîæíî ðàññ÷èòàòü îòíîñèòåëüíîåïîëîæåíèå óðîâíåé 0 ↑ è 1 ↓ â çàâè-ñèìîñòè îò óãëà θ. Íà ðèñ. 2 ïðåäñòàâ-ëåíû ðåçóëüòàòû ýòèõ ðàñ÷åòîâ. Âèäíî,÷òî âïëîòü äî θ = 60◦ â ñèñòåìå íàáëþ-äàåòñÿ �åððîìàãíèòíîå óïîðÿäî÷åíèå,ò.ê. ïîä óðîâíåì Ôåðìè íàõîäÿòñÿ äâà



Low-Dimensional Systems 63çàïîëíåííûõ óðîâíÿ Ëàíäàó ñ îäíèì íàïðàâëåíèåì ñïèíà. Ïðè θ ≈ 60◦óðîâíè ïåðåñåêàþòñÿ è ïðè θ > 60◦ èçìåíÿþò ñâîå îòíîñèòåëüíîå ïîëîæå-íèå, ðàçðóøàÿ �åððîìàãíèòíûé ïîðÿäîê. Èìååòñÿ íåêîòîðûé èíòåðâàë îò
59.5◦ äî 61◦, ãäå îáà ñîñòîÿíèÿ ñîñóùåñòâóþò. Ò.î. îñóùåñòâëÿåòñÿ ïåðå-õîä �åððîìàãíåòèê-ïàðàìàãíåòèê. Àêóñòîýëåêòðîííûå ý��åêòû ïîäòâåð-æäàþò ñäåëàííûå âûâîäû. Ïîääåðæêà: �ÔÔÈ 080200852, Ïðåçèäèóì �ÀÍ,ïðîãðàììà ÎÔÍ �ÀÍ "Ñïèíòðîíèêà" , NSF DMR-0084173.[1℄ P.T. Coleridge, et al., Sol. St. Com., 102, 755 (1997).[2℄ S.I. Dorozhkin, et al., JETP Lett., 62, 534 (1995).[3℄ M.R. Sakr, et al., Phys. Rev. B, 64, 161308 (2001).[4℄ P.T. Coleridge, Sol. St. Com., 127, 777 (2003).



64 Íèçêîðàçìåðíûå ñèñòåìûL-04Ýêñïåðèìåíòàëüíàÿ ðåàëèçàöèÿ êâàíòîâîãîèíòåð�åðîìåòðà ïðè ïîìîùè ñî-íàïðàâëåííûõêðàåâûõ ñîñòîÿíèé â ðåæèìå êâàíòîâîãî ý��åêòàÕîëëàÝ.Â. ÄåâÿòîâÈÔÒÒ �ÀÍ, ×åðíîãîëîâêà, Ìîñêîâñêàÿ îáë., 142432, Èíñòèòóòñêàÿ 2Â ïîñëåäíåå âðåìÿ çíà÷èòåëüíûé èíòåðåñ âûçûâàþò èíòåð�åðåíöèîí-íûå ý��åêòû â òðàíñïîðòíûõ ýêñïåðèìåíòàõ â äâóìåðíûõ ýëåêòðîííûõñèñòåìàõ [1,2℄. �àçëè÷íûå èíòåð�åðåíöèîííûå ñõåìû ðåàëèçóþòñÿ ïðè ïî-ìîùè êðàåâûõ ñîñòîÿíèé [3℄, âîçíèêàþùèõ íà êðàþ îáðàçöà â ðåæèìå êâàí-òîâîãî ý��åêòà Õîëëà (ÊÝÕ). Äî ñèõ ïîð äëÿ ðåàëèçàöèè èíòåð�åðåíöè-îííîãî ýêñïåðèìåíòà èñïîëüçîâàëèñü êðàåâûå ñîñòîÿíèÿ, âñòðå÷íî íàïðàâ-ëåííûå â îáëàñòè êâàíòîâîãî òî÷å÷íîãî êîíòàêòà. Ïðè ýòîì â èíòåð�å-ðîìåòðå òèïà Ìàõà�Öåíäåðà [1℄ îêàçàëîñü íåâîçìîæíûì èññëåäîâàòü èí-òåð�åðåíöèþ â ðåæèìå äðîáíîãî ÊÝÕ, â òî âðåìÿ êàê â èíòåð�åðîìåòðåòèïà Ôàáðè�Ïåðî [2℄ óñëîâèÿ èíòåð�åðåíöèè ïðèíöèïèàëüíî íåîòëè÷èìûîò óñëîâèé âíåñåíèÿ çàðÿäà â êâàíòîâóþ òî÷êó. Â äîêëàäå ïðåäïîëàãàåòñÿäàòü îáçîð ñîñòîÿíèÿ èññëåäîâàíèé â ýòîé îáëàñòè.Â äàííîé ðàáîòå ðåàëèçîâàí êâàíòîâûé èíòåð�åðîìåòð íîâîãî òèïàïðè ïîìîùè ñî-íàïðàâëåííûõ êðàåâûõ ñîñòîÿíèé â ðåæèìå ÊÝÕ [4℄. Ñî-íàïðàâëåííîñòü êðàåâûõ ñîñòîÿíèé ïîçâîëèëà ðàçäåëèòü óñëîâèÿ çàðÿäêèàêòèâíîé îáëàñòè èíòåð�åðîìåòðà è óñëîâèÿ èíòåð�åðåíöèè, ñ îäíîé ñòî-ðîíû, è íàáëþäàòü èíòåð�åðåíöèþ ïðè äðîáíûõ �àêòîðàõ çàïîëíåíèÿ ñäðóãîé.Êðîìå òîãî, èíòåð�åðåíöèÿ â ñî-íàïðàâëåííîé ãåîìåòðèè ÿâëÿåòñÿ íî-âîé �èçè÷åñêîé çàäà÷åé, ÷òî îñîáåííî âàæíî â ðåæèìå äðîáíîãî ÊÝÕ,ãäå êðàåâîé òðàíñïîðò îïèñûâàåòñÿ ìîäåëüþ õèðàëüíîé Ëàòòèíæåðîâñêîéæèäêîñòè [5℄. Ñèòóàöèÿ åùå áîëåå îñëîæíÿåòñÿ íàëè÷èåì ïîëîñîê ñæèìà-åìîé è íåñæèìàåìîé ýëåêòðîííîé æèäêîñòè íà êðàþ îáðàçöà â ðåæèìåÊÝÕ [6,7℄. Äëÿ ðåæèìà äðîáíîãî ÊÝÕ âîçíèêàåò âîïðîñ î òîì, êàê íàëè-÷èå ñæèìàåìûõ ïîëîñîê, îáðàçîâàííûõ íîðìàëüíûìè ýëåêòðîíàìè, âëèÿåòíà ñîõðàíåíèå �àçîâîé êîãåðåíòíîñòè.Èñïîëüçîâàííàÿ ýêñïåðèìåíòàëüíàÿ ãåîìåòðèÿ ïîçâîëèëà íàáëþäàòü [4℄èíòåð�åðåíöèîííûå ý��åêòû â òðàíñïîðòå ïîïåðåê îòäåëüíîé íåñæèìàå-ìîé ïîëîñû ñ öåëî÷èñëåííûì èëè äðîáíûì ëîêàëüíûì �àêòîðîì çàïîë-íåíèÿ g = 3, 1, 4/3, 2/3 ïðè âûñîêèõ ðàçáàëàíñàõ, ïðåâûøàþùèõ ñïåê-òðàëüíûå ùåëè. Ñ äðóãîé ñòîðîíû, íå ïîëó÷åíî óáåäèòåëüíûõ äîêàçà-òåëüñòâ ñóùåñòâîâàíèÿ èíòåð�åðåíöèè â òðàíñïîðòå ÷åðåç ïðîñòåéøóþ



Low-Dimensional Systems 65äðîáü g = 1/3. Àíàëèç ýêñïåðèìåíòàëüíûõ äàííûõ ïîêàçûâàåò, ÷òî äà-æå â ðåæèìå äðîáíîãî ÊÝÕ èíòåð�åðåíöèÿ îïðåäåëÿåòñÿ íîðìàëüíûìèýëåêòðîíàìè, à èçìåíåíèå ïåðèîäà èíòåð�åðåíöèîííûõ îñöèëëÿöèé � èç-ìåíåíèåì ý��åêòèâíîé ïëîùàäè èíòåð�åðîìåòðà â ñèëó èçìåíåíèÿ ýêðà-íèðîâêè â ðåæèìå ÊÝÕ.[1℄ Y. Ji, Y. Chung, et al., Nature (London) 422, 415 (2003).[2℄ F.E. Camino, W. Zhou, and V.J. Goldman, Phys. Rev. B, 72, 075342(2005); Phys. Rev. B, 72, 155313 (2005).[3℄ M. Buttiker, Phys. Rev. B, 38, 9375 (1988).[4℄ E.V. Deviatov, et al., Phys. Rev. B, 79, 125312 (2009).[5℄ Xiao-Gang Wen, Phys. Rev. B, 41, 12838 (1990).[6℄ D.B. Chklovskii, B.I. Shklovskii, and L.I. Glazman, Phys. Rev. B, 46, 4026(1992).[7℄ C.d.C. Chamon and X.G. Wen, Phys. Rev. B, 49, 8227 (1994).



66 Íèçêîðàçìåðíûå ñèñòåìûL-05Òåðìîäèíàìè÷åñêèå èçìåðåíèÿ â äðîáíîì êâàíòîâîìý��åêòå Õîëëà è ìîäåëü êîìïîçèòíûõ �åðìèîíîâÌ.�. Ïðîêóäèíà 1,2, Â.Ñ. Õðàïàé 1

1 Èíñòèòóò �èçèêè òâåðäîãî òåëà �ÀÍ, 142432, ×åðíîãîëîâêà,óë. Èíñòèòóòñêàÿ, 2
2 Ìîñêîâñêèé �èçèêî-òåõíè÷åñêèé èíñòèòóò (ãîñ. óíèâåðñèòåò),141700, Äîëãîïðóäíûé, Èíñòèòóòñêèé ïåð., 9Ñ÷èòàåòñÿ, ÷òî êâàíòîâàíèå Õîëëîâñêîãî ñîïðîòèâëåíèÿ ÷èñòûõ äâó-ìåðíûõ ñèñòåì ïðè äðîáíûõ çàïîëíåíèÿõ (ν) óðîâíåé Ëàíäàó [1℄ íåëüçÿîáúÿñíèòü â îäíî÷àñòè÷íîì ïðèáëèæåíèè. Ñóùåñòâóåò äâà îñíîâíûõ ïîä-õîäà ê ó÷åòó âçàèìîäåéñòâèÿ ìåæäó ÷àñòèöàìè â ìàãíèòíîì ïîëå: âàðèà-öèîííûé ìåòîä Ëà�ëèíà [2℄ è ìîäåëü êîìïîçèòíûõ �åðìèîíîâ [3℄. Â îáîèõñëó÷àÿõ âçàèìîäåéñòâèå ïðèâîäèò ê ñíÿòèþ âûðîæäåíèÿ óðîâíÿ Ëàíäàó èîòêðûòèþ ýíåðãåòè÷åñêîé ùåëè äëÿ çàðÿæåííûõ âîçáóæäåíèé ïðè îïðåäå-ëåííûõ äðîáíûõ �àêòîðàõ çàïîëíåíèÿ. Íåñìîòðÿ íà êà÷åñòâåííîå ñîãëàñèåñ ìîäåëÿìè, ñóùåñòâóþò ñåðüåçíûå ïðîáëåìû ñ îáúÿñíåíèåì âåëè÷èí ýíåð-ãåòè÷åñêèõ ùåëåé èçìåðÿåìûõ â ýêñïåðèìåíòå. Áîëåå òîãî, è ñàìè ðåçóëüòà-òû èçìåðåíèé, ïðîâåäåííûõ ðàçíûìè ìåòîäàìè è íà îáðàçöàõ ðàçëè÷íîãîêà÷åñòâà òàêæå ïëîõî ñîãëàñóþòñÿ ìåæäó ñîáîé. Õîòÿ ýòè ïðîòèâîðå÷èÿïðèíÿòî ïðèïèñûâàòü ïðîÿâëåíèþ áåñïîðÿäêà â äâóìåðíîé ñèñòåìå, äî ñèõïîð ïîïûòêè èõ óñòðàíåíèÿ áûëè áåçóñïåøíûìè.Íåäàâíî íàìè ñ ñîàâòîðàìè áûëà ïðîâåäåíà ñåðèÿ èçìåðåíèé òåðìîäèíà-ìè÷åñêîé ïëîòíîñòè ñîñòîÿíèé ýëåêòðîíîâ â äâóìåðíûõ ñèñòåìàõ âûñîêîãîêà÷åñòâà [4℄. Â ýòèõ ðàáîòàõ áûë ïðåäëîæåí íîâûé ìåòîä ó÷åòà äëèííîïå-ðèîäíîãî áåñïîðÿäêà è âïåðâûå èçâëå÷åíà áëèçêàÿ ê êîðíåâîé (îæèäàåìîéâ òåîðèè) �óíêöèîíàëüíàÿ çàâèñèìîñòü ñêà÷êà õèìïîòåíöèàëà ýëåêòðîíîâïðè ν = 1/3 è 2/5 îò âåëè÷èíû ìàãíèòíîãî ïîëÿ. Áûëî òàêæå îáíàðóæå-íî, ÷òî òåìïåðàòóðíàÿ çàâèñèìîñòü ñêà÷êà õèìïîòåíöèàëà óñèëèâàåòñÿ ñðîñòîì ìàãíèòíîãî ïîëÿ è/èëè çíàìåíàòåëÿ äðîáè.Â äîêëàäå áóäóò ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà òåìïåðàòóðíîé çàâè-ñèìîñòè ñêà÷êà è òåðìîäèíàìè÷åñêîé ïëîòíîñòè ñîñòîÿíèé â ðàìêàõ äâóõ-óðîâíåâîãî ïðèáëèæåíèÿ ê ìîäåëè êîìïîçèòíûõ �åðìèîíîâ [5℄. Áóäåò ïî-êàçàíî, ÷òî ñ ó÷åòîì áåñïîðÿäêà ýêñïåðèìåíò êîëè÷åñòâåííî ñîãëàñóåòñÿ ñìîäåëüþ êàê â îêðåñòíîñòè äðîáíûõ ν = 1/3 è 2/5, òàê è â ñæèìàåìîé îá-ëàñòè ìåæäó íèìè. Èíòåðåñíî, ÷òî ýòî ñîãëàñèå íàáëþäàåòñÿ íåñìîòðÿ íàîñòàþùååñÿ ðàñõîæäåíèå ñ òåîðèåé â ÷àñòè àáñîëþòíûõ çíà÷åíèé ñêà÷êîâ.Ïðè ýòîì, òåìïåðàòóðíàÿ çàâèñèìîñòü îêàçûâàåòñÿ çíà÷èòåëüíî ñèëüíåå,



Low-Dimensional Systems 67÷åì â ñëó÷àå öåëî÷èñëåííîãî ý��åêòà Õîëëà è, ïî ñóòè, ÿâëÿåòñÿ ñâèäå-òåëüñòâîì â ïîëüçó ñóùåñòâîâàíèÿ ¾äðîáíûõ¿ âîçáóæäåíèé [1℄ â ñïåêòðåâçàèìîäåéñòâóþùåé äâóìåðíîé ñèñòåìû.[1℄ D.C. Tsui, et al., Phys. Rev. Lett., 48, 1559 (1982).[2℄ R.B. Laughlin, Phys. Rev. Lett., 50, 1395 (1983).[3℄ V. S. Khrapai, et al., Phys. Rev. Lett., 99, 086802 (2007); Phys. Rev.Lett., 100, 196805 (2007).[4℄ Ì.�. Ïðîêóäèíà, Â.Ñ. Õðàïàé, Ïèñüìà â ÆÝÒÔ, 89, 670 (2009).



68 Íèçêîðàçìåðíûå ñèñòåìûL-06Ïåðåõîä ìåòàëë-èçîëÿòîð â äâóìåðíîéíåóïîðÿäî÷åííîé ýëåêòðîííîé æèäêîñòè: ðîëüñïèíîâûõ è äîëèííûõ ñòåïåíåé ñâîáîäûÈ.C. Áóðìèñòðîâ 1,2

1 Èíñòèòóò òåîðåòè÷åñêîé �èçèêè èì. Ë.Ä. Ëàíäàó, �îññèÿ 142432,ã. ×åðíîãîëîâêà, ïðîñ. àêàä. Ñåìåíîâà, 1à
2 Êà�åäðà òåîðåòè÷åñêîé �èçèêè, Ìîñêîâñêèé �èçèêî-òåõíè÷åñêèéèíñòèòóò, ã. Äîëãîïðóäíûé 141700, �îññèÿÄâóìåðíûå ýëåêòðîííûå ñèñòå-
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Dv�èñ. 1: Òåìïåðàòóðíàÿ çàâèñèìîñòü ñîïðî-òèâëåíèÿ ρ = 1/σ ïðè íàëè÷èå äîëèííîãîðàñùåïëåíèÿ. Âàðèàíòû a) è b) ðåàëèçóþò-ñÿ â çàâèñèìîñòè îò çíà÷åíèé ýëåêòðîííîéêîíöåíòðàöèè è ïîäâèæíîñòè.

ìû íà îñíîâå Si ÌÎÏ òðàíçèñòî-ðà è â øèðîêèõ n-AlAs êâàíòîâûõÿìàõ ïîçâîëÿþò ýêñïåðèìåíòàëüíîèññëåäîâàòü ðîëü ñïèíîâûõ è äî-ëèííûõ ñòåïåíåé ñâîáîäû íà ïå-ðåõîä ìåòàëë-èçîëÿòîð â äâóìåð-íîé íåóïîðÿäî÷åííîé ýëåêòðîííîéæèäêîñòè. Íàìè ðàññìîòðåíî âëè-ÿíèå ñïèíîâîãî, äîëèííîãî ðàñùåï-ëåíèé è óïðóãîãî âðåìåíè ðàññåÿ-íèÿ èç äîëèíû â äîëèíó íà òàêèå�èçè÷åñêèå íàáëþäàåìûå äâóìåð-íîé íåóïîðÿäî÷åííîé ýëåêòðîííîéæèäêîñòè êàê ñîïðîòèâëåíèå, ñïè-íîâàÿ è äîëèííàÿ âîñïðèèì÷èâîñòè [1,2℄. Â ïðåäïîëîæåíèè áîëüøîé âåëè-÷èíû ïðîâîäèìîñòè ñèñòåìû σ (â åäèíèöàõ e2/h) ïî ñðàâíåíèþ ñ åäèíèöåéâûâåäåíû óðàâíåíèÿ ðåíîðì-ãðóïïû (��), êîòîðûå îïèñûâàþò çàâèñèìîñòüïðîâîäèìîñòè, ñïèíîâîãî (γs), äîëèííîãî (γv) g-�àêòîðîâ è òåïëîåìêîñòè(z) ïðè T = 0 îò ðàçìåðà L äâóìåðíîé ñèñòåìû. Îêàçûâàåòñÿ, ÷òî âèäýòèõ óðàâíåíèé çàâèñèò îò ñîîòíîøåíèé ìåæäó âåëè÷èíîé ñïèíîâîãî (∆s),äîëèííîãî (∆v) ðàñùåïëåíèé, îáðàòíîãî âðåìåíè óïðóãîãî ðàññåÿíèÿ èçäîëèíû â äîëèíó (1/τv) è ýíåðãèåé Òàóëåññà D/L2, ãäå D � êîý��èöè-åíò äè��óçèè. Íàïðèìåð, â ñëó÷àå τ−1
v ≪ ∆s ≪ D/L2 ≪ ∆v, óðàâíåíèÿðåíîðì-ãðóïïû èìåþò âèä

dσxx

dξ
= −2

π
[2 + 1 + 6f(γs) + f(γv)] ,

dγs

dξ
=

1 + γs

πσxx
(1 + 2γs − γv),

dγv

dξ
=

1 + γv

πσxx
(1 − 6γs − γv),

d ln z

dξ
= − 1

πσxx
[1 − 6γs − γv] , (1)



Low-Dimensional Systems 69ãäå f(x) = 1 − (1 + x−1) ln(1 + x) è ξ = lnL/l (l - äëèíà ñâîáîäíîãî ïðîáå-ãà). Ñóùåñòâåííîé îñîáåííîñòüþ ýòèõ óðàâíåíèé �� îêàçûâàåòñÿ ãåíåðàöèÿäâóõ íåçàâèñèìûõ ïàðàìåòðîâ γs è γv, äàæå åñëè íà ìåíüøèõ ìàñøòàáàõ
D/L2 ≫ ∆v îáà g-�àêòîðà, ñïèíîâûé è äîëèííûé, ñîâïàäàëè. Íà îñíîâåóðàâíåíèé (1) êà÷åñòâåííî îáúÿñíåíà íåìîíîòîííàÿ çàâèñèìîñòü ñîïðîòèâ-ëåíèÿ îò òåìïåðàòóðû, èçìåðåííàÿ â ïðèñóòñòâèå ìàãíèòíîãî ïîëÿ ïàðàë-ëåëüíîãî äâóìåðíîìó ñëîþ [3℄. Â ñëó÷àå íàëè÷èÿ òîëüêî ñïèíîâîãî (çååìà-íîâñêîãî) èëè òîëüêî äîëèííîãî ðàñùåïëåíèÿ ïðåäñêàçàíî ñóùåñòâîâàíèåíåìîíîòîííîé òåìïåðàòóðíîé çàâèñèìîñòè ñîïðîòèâëåíèÿ ñ äâóìÿ ìàêñè-ìóìàìè (ñì. �èñ.). Ïîëó÷åííûå ðåçóëüòàòû íàõîäÿòñÿ â êà÷åñòâåííîì ñî-ãëàñèè ñ ýêñïåðèìåíòàëüíûìè äàííûìè [4,5℄.Äðóãîé èíòåðåñíûé ñëó÷àé ðåàëèçóåòñÿ ïðè ∆s = 0. Â ìåòàëëè÷åñêîéîáëàñòè (σ ≫ 1) íàìè âû÷èñëåíà òåìïåðàòóðíàÿ çàâèñèìîñòü ïðîâîäèìî-ñòè ñ ó÷åòîì êîíå÷íûõ ∆v è τv ïðè íàëè÷èè ñëàáîãî ïåðïåíäèêóëÿðíîãîìàãíèòíîãî ïîëÿ:

σ(T ) = σ(1/τ)− 1

π
[1 + 15f(γ)] ln

1

Tτ
+ δσ(T ),

δσ(T ) =
2

π

∫ ∞

−∞

dω

ω

∂

∂ω

(

ω coth
ω

2T

)

∑

µ=x,y,z

[

f(γ)− f

(

γωτv
ωτv + iφµ

)

]

. (2)Çäåñü τ - óïðóãîå âðåìÿ ðàññåÿíèÿ, γ = γv = γs, à φµ - êîðíè óðàâíåíèÿ
2φ(φ− 1)2 +

(1 + γ)2∆2
vτ

2
v

4
(2φ− 1) = 0. (3)Óðàâíåíèÿ (2)-(3) ïîêàçûâàþò, ÷òî ïðè ïîíèæåíèè òåìïåðàòóðû ïðî-èñõîäèò ïåðåõîä îò 15 ê 7, à ïîòîì ê 3 òðèïëåòàì. Îäíàêî, õàðàêòåðíûåòåìïåðàòóðû, ïðè êîòîðûõ ïðîèñõîäÿò ýòè êðîññîâåðû, îïðåäåëÿþòñÿ íåñîîòíîøåíèÿìè T ∼ (1 + γ)∆v è T ∼ τ−1

v êàê ìîæíî áûëî áû äóìàòü, àñîîòíîøåíèÿìè T ∼ |φx|/2τv, è T ∼ φz/2τv, ãäå φx = φ∗y - ýòî êîìïëåêñíûåêîðíè óð. (3). Íàïðèìåð, ïðè (1+γ)∆vτv ≪ 1, ïåðåõîä îò 15 ê 7 òðèïëåòàìïðîèñõîäèò ïðè õàðàêòåðíîé òåìïåðàòóðå T ∼ 1/2τv, à îò 7 ê 3 òðèïëåòàìïðè òåìïåðàòóðå T ∼ (1 + γ)2∆2
vτv/16 ≪ ∆v.�àáîòà ïîääåðæàíà ãðàíòàìè �ÔÔÈ 09-02-00247-à è 09-02-12206-î�è-ì.[1℄ È.Ñ. Áóðìèñòðîâ, Í.Ì. Ùåëêà÷åâ, Ïèñüìà â ÆÝÒÔ 84, 775 (2006).[2℄ I.S. Burmistrov, N.M. Cht
helkat
hev, Phys. Rev. B 77, 195319 (2008).[3℄ D. Simonian et al., Phys. Rev. Lett. 79, 2304 (1997).[4℄ O.Gunawan et al., Nature Phys. 3, 388 (2007).[5℄ D.A.Knyazev et al, Phys. Rev. Lett. 100, 046405 (2008).



70 Íèçêîðàçìåðíûå ñèñòåìûL-07Role of e�e intera
tions in magnetoresistan
e os
illationsin very high Landau levels of quantum Hall systemsM.A. ZudovS
hool of Physi
s and Astronomy, University of Minnesota, Minneapolis, MN55455, USA When a 
lean 2D ele
tron
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2�èñ. 1: . Magnetoresistivity ρ(B) underirradiation of mi
rowaves of frequen
y f = 81GHz measured at T from 1.0 K to 5.5 K, in0.5 K steps. Integers mark the harmoni
s ofthe 
y
lotron resonan
e.

system is subje
t to a weakmagneti
 �eld and mi
rowaveradiation, the resistan
e will os
illatedramati
ally [1℄, depending on theratio of mi
rowave and 
y
lotronfrequen
ies, ǫa
 = ω/ω
. Remarkably,at the minima of these mi
rowave-indu
ed resistan
e os
illations(MIRO) the resistan
e 
an virtuallyvanish forming exoti
 zero-resistan
estates [2, 3℄.MIRO were dis
ussed in terms ofthe �displa
ement� model [4℄, whi
his based on the impurity s
attering,and the �inelasti
� model [5℄,stepping from the os
illatory ele
trondistribution fun
tion. The 
orre
tionto the resistivity due to eitherme
hanism 
an be written as [5℄:
δρ ∝ −ǫa
τ̄ δ2 sin(2πǫa
), (1)where δ = e−π/ω
τq is the Dingle fa
tor. In the �displa
ement� model

τ̄ = 3τ imq (impurity quantum lifetime) and in the �inelasti
� model τ̄ =
τin ∝ T−2 (inelasti
 time). One 
an favor the �inelasti
� me
hanism overthe �displa
ement� be
ause for typi
al experimental and sample parameters,
τin ≫ τ imq , and be
ause it 
an naturally explain the high temperature de
ay ofMIRO.In our re
ent experiments [6℄ we have found that MIRO de
ay exponentiallywith temperature, as exp(−αT 2), where α s
ales with the inverse magneti
�eld. This observation indi
ates that the temperature dependen
e originatesprimarily from the modi�
ation of τq entering the square of the Dingle fa
tor.We attribute this modi�
ation to the ele
tron-ele
tron intera
tion e�e
ts.



Low-Dimensional Systems 71Fig. 1 shows magnetoresistivity ρ(B) a
quired for f = 81 GHz and T , from
1.0 K to 5.5 K in 0.5 K in
rements. The low-temperature data reveal welldeveloped MIRO extending up to the tenth order. With in
reasing T , MIROweaken and eventually disappear at higher temperatures. This disappearan
eis not due to the thermal smearing of the Fermi surfa
e, known to govern thetemperature dependen
e of the Shubnikov-de Haas os
illations.We analyze the temperature
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�èñ. 2: . (a) �Dingle� plots for T = 1, 2, 3, 4K.(b) Temperature dependen
e of the extra
teds
attering rate.

dependen
e by 
onstru
ting Dingleplots and obtaining the quantumlifetimes τq. Using the data presentedin Fig. 1 we extra
t the normalizedMIRO amplitude, δρ/ǫa
, whi
h,regardless of the model, is expe
tedto s
ale with δ2 = exp(−2πǫa
/ωτq).The results for T = 1, 2, 3, 4 K arepresented in Fig. 2 (a) as a fun
tionof ǫa
. Having observed exponentialdependen
es over about two orders ofmagnitude in all data sets we maketwo important observations. First,the slope, −2π/ωτq, monotoni
ally grows with T by absolute value, markingthe in
rease of the quantum s
attering rate. Se
ond, all data sets 
an be �ttedto 
onverge to a single point at ǫa
 = 0, indi
ating that the pre-fa
tor in Eq. (1)is essentially temperature independent. Fig. 2 (b) shows quadrati
 temperaturedependen
e of 1/τq over the whole temperature range, signaling important
ontribution from ele
tron-ele
tron s
attering, 1/τ eeq ∝ T 2. We note that su
ha s
enario was 
onsidered a few years ago [7℄.This talk will further dis
uss relative 
ontributions from both me
hanisms,roles of ele
tron-phonon s
attering and short-range disorder, as well asmore re
ent studies [8℄ of the temperature evolution of phonon- [9℄ and Hall�eld-indu
ed resistan
e os
illations [10℄. Taken together, our �nding suggestthat sensitivity to ele
tron-ele
tron intera
tions is a generi
 property ofmagnetoresistan
e os
illations appearing in the se
ond order of the Dinglefa
tor. This is in 
ontrast to Shubnikov os
illations where the Dingle fa
tordoes not 
ontain the 1/τ eeq ∝ T 2 term [11℄.[1℄ Zudov et al, PRB 64, 201311(R) (2001).[2℄ Mani et al, Nature 420, 646 (2002).[3℄ Zudov et al, PRL 90, 046807 (2003).[4℄ Vavilov and Aleiner, PRB 69, 035303 (2004).[5℄ Dmitriev et al, PRB 71, 115316 (2005).[6℄ Hatke et al, PRL 102, 066804 (2009).



72 Íèçêîðàçìåðíûå ñèñòåìû[7℄ Ryzhii, Chaplik, and Suris, JETP Lett. 80, 363 (2004).[8℄ Hatke et al, PRL 102, 086808 (2009); PRB 79, 161308(R) (2009).[9℄ Zudov et al, PRL 86, 3614 (2001).[10℄ Yang et al, PRL 89, 076801 (2002).[11℄ Martin et al, PRB 68 241309(R) (2003).
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1 Institute of Nanote
hnology, Karlsruhe Institute of Te
hnology, 76021Karlsruhe
2 Ôèçèêî-òåõíè÷åñêèé èíñòèòóò èìåíè À.Ô.Èî��å, 194021 Ñàíêò-Ïåòåðáóðã Äîêëàä ïîñâÿùåí íåðàâíîâåñíîé

�èñ. 1: Ïîëîæåíèå äíà çîíû ïðîâîäèìîñòè
eϕ(x), ýëåêòðîõèìè÷åñêîãî ïîòåíöèàëà η(x)(æèðíûå ëèíèè), è óðîâíåé Ëàíäàó (ïóíê-òèðíûå ëèíèè) â ñëó÷àå îäíîðîäíîãî ýëåê-òðè÷åñêîãî ïîëÿ (à) è íåîäíîðîäíîãî ýëåê-òðè÷åñêîãî ïîëÿ âáëèçè êîíòàêòà (b).

êèíåòèêå äâóìåðíîãî ýëåêòðîííîãîãàçà íà âûñîêèõ óðîâíÿõ Ëàíäàóâ óñëîâèÿõ ìèêðîâîëíîâîãî îáëó÷å-íèÿ è/èëè ñèëüíîãî (â òîì ÷èñëåíåîäíîðîäíîãî) ýëåêòðè÷åñêîãî ïî-ëÿ. Áóäåò ïðåäñòàâëåíà òåîðèÿ (îñ-íîâàííàÿ íà ðåøåíèè êâàíòîâîãîêèíåòè÷åñêîãî óðàâíåíèÿ â ïðèñóò-ñòâèè ïëàâíîãî è êîðîòêîäåéñòâóþ-ùåãî ïîòåíöèàëà ïðèìåñåé, à òàêæåýëåêòðîí-ýëåêòðîííîãî è ýëåêòðîí-�îíîííîãî âçàèìîäåéñòâèÿ), ïîçâî-ëÿþùàÿ â ðàìêàõ åäèíîãî ïîäõî-äà îïèñàòü ðàçëè÷íûå òèïû ðàâíî-âåñíûõ è íåðàâíîâåñíûõ ìàãíåòîîñ-öèëëÿöèé, íàáëþäàåìûõ â ýêñïåðè-ìåíòå. Ïîìèìî Øóáíèêîâñêèõ îñ-öèëëÿöèé, ñþäà îòíîñÿòñÿ îñöèëëÿöèè ìàãíåòîñîïðîòèâëåíèÿ, èíäóöèðî-âàííûå ñèëüíûì ïîñòîÿííûì òîêîì, ìèêðîâîëíîâûì îáëó÷åíèåì, è ðåçî-íàíñíûì âçàèìîäåéñòâèåì ñ òåïëîâûìè �îíîíàìè, à òàêæå êâàíòîâûå îñ-öèëëÿöèè êîý��èöèåíòà ïîãëîùåíèÿ ìèêðîâîëí è ñæèìàåìîñòè ýëåêòðîí-íîãî ãàçà. Òàêæå áóäåò ïðåäñòàâëåíà òåîðèÿ �îòîãàëüâàíè÷åñêèõ ÿâëåíèéâ íåîäíîðîäíîì ýëåêòðîííîì ãàçå. Áóäåò ïîêàçàíî, ÷òî �îòîýäñ â òàêèõíåðàâíîâåñíûõ ñèñòåìàõ âîçíèêàåò âñëåäñòâèå íàðóøåíèÿ ñîîòíîøåíèÿ Ýí-øòåéíà ìåæäó ïðîâîäèìîñòüþ è êîý��èöèåíòîì äè��óçèè.Áîëåå ïîäðîáíî áóäóò îáñóæäàòüñÿ îñöèëëÿöèè ìàãíåòîñîïðîòèâëåíèÿïîä ìèêðîâîëíîâûì îáëó÷åíèåì â ñòðóêòóðàõ ñ áåñïîðÿäêîì, âêëþ÷àþ-ùèì êàê êîðîòêîìàñøòàáíûå, òàê è äëèííîìàñøòàáíûå ðàññåèâàòåëè. Áó-äåò ïîêàçàíî, ÷òî �îòîîòêëèê â ðåøàþùåé ñòåïåíè çàâèñèò îò óäåëüíîãî



74 Íèçêîðàçìåðíûå ñèñòåìûâåñà êîðîòêîìàñøòàáíîé êîìïîíåíòû ïîòåíöèàëà áåñïîðÿäêà. Â çàâèñèìî-ñòè îò äåòàëåé ïîòåíöèàëà áåñïîðÿäêà, òåîðèÿ äàåò âîçìîæíîñòü âûäåëèòüäèàïàçîí òåìïåðàòóð, â êîòîðîì â �îòîîòêëèêå äîìèíèðóåò îäèí ëèáî äðó-ãîé èç îïèñàííûõ ðàíåå ìåõàíèçìîâ ìàãíåòîîñöèëÿöèé �îòîïðîâîäèìîñòè.Ïðè âûñîêèõ òåìïåðàòóðàõ êâàíòîâûå ïîïðàâêè ê ïðîâîäèìîñòè ýêñïîíåí-öèàëüíî ïîäàâëåíû ýëåêòðîí-ýëåêòðîííûì âçàèìîäåéñòâèåì [1℄.Â íåäàâíåì ýêñïåðèìåíòå [2℄ íà äâóìåðíûõ ñòðóêòóðàõ ñ ñèëüíî àñèì-ìåòðè÷íîé êîí�èãóðàöèåé êîíòàêòîâ áûëè îáíàðóæåíû ìàãíèòîîñöèëëÿ-öèè �îòîòîêà è �îòîíàïðÿæåíèÿ, èíäóöèðîâàííûå ìèêðîâîëíîâûì èçëó-÷åíèåì â îòñóòñòâèå ïðèëîæåííîãî ïîñòîÿííîãî íàïðÿæåíèÿ. Íàìè ïîêà-çàíî [3℄, ÷òî â îáëó÷åííîì îáðàçöå êâàíòîâàíèå Ëàíäàó ïðèâîäèò ê íàðó-øåíèþ ñîîòíîøåíèÿ Ýéíøòåéíà ìåæäó ïðîâîäèìîñòüþ è êîý��èöèåíòîìäè��óçèè. Ïðè íàëè÷èè âñòðîåííîãî ýëåêòðè÷åñêîãî ïîëÿ â îáðàçöå (êàêíà ðèñ. 1b), ìèêðîâîëíîâîå îñâåùåíèå ïðèâîäèò ê �îòîãàëüâàíè÷åñêîìóñèãíàëó, êîòîðûé îñöèëëèðóåò ñ ïåðèîäîì, îïðåäåëÿåìûì îòíîøåíèåì ÷à-ñòîòû ìèêðîâîëí è öèêëîòðîííîé ÷àñòîòû, êàê ýòî íàáëþäàëîñü â ýêñïå-ðèìåíòå [2℄.Òàêæå áóäóò êðàòêî çàòðîíóòû ìàãíåòîîñöèëëÿöèè [4℄, íàáëþäàåìûå âïîãëîùåíèè ìèêðîâîëíîâîãî èçëó÷åíèÿ äâóìåðíûì ýëåêòðîííûì ãàçîì [5℄,à òàêæå íåëèíåéíûé ýëåêòðîííûé òðàíñïîðò íà �îíîíàõ íà âûñîêèõ óðîâ-íÿõ Ëàíäàó (â óñëîâèÿõ ãåîìåòðè÷åñêèõ è ñïåêòðàëüíûõ ðåçîíàíñîâ â äî-çâóêîâîé è ñâåðõçâóêîâîé îáëàñòÿõ)[6℄.[1℄ I.A. Dmitriev, M. Khodas, A.D. Mirlin, D.G. Polyakov, and M.G. Vavilov,Phys. Rev. B, 80, 165327 (2009).[2℄ S.I. Dorozhkin, I.V. Pe
henezhskiy, L.N. Pfei�er, K.W. West, V. Umansky,K. von Klitzing, and J.H. Smet, Phys. Rev. Lett., 102, 036602 (2009).[3℄ I.A. Dmitriev, S.I. Dorozhkin, and A.D. Mirlin, Phys. Rev. B, 80, 125418(2009).[4℄ I.A. Dmitriev, A.D. Mirlin, and D.G. Polyakov, Phys. Rev. Lett., 91,226802 (2003).[5℄ O.M. Fedory
h, M. Potemski, S.A. Studenikin, J.A. Gupta,Z.R. Wasilewski, and I.A. Dmitriev, in preparation.[6℄ I.A. Dmitriev, R. Gellmann, and M.G. Vavilov, in preparation.
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rostru
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 �eld dependen
e ofdi�erential resistan
e rxx = dVxx/dIfor di�erent magnitudes of d
 driving
urrent Idc.

high mobility 2DEG stru
tures attra
t
onsiderable 
urrent interest. The interestwas ignited by the observation of mi
rowave-indu
ed resistan
e os
illations (MIROs)and zero resistan
e states in very highmobility samples of GaAs/AlGaAs [1,2℄.These studies led to other interestingexperiments, in parti
ular, strong non-lineare�e
ts driven by d
 
urrent su
h as the e�e
tof zero di�erential resistan
e and 
urrentinstabilities [3℄. Theoreti
ally, it was shownthat both mi
rowave and d
 driven non-linearphenomena have the same origin stemmingfrom non-equilibrium distribution fun
tionand Landau quantization [4℄.So far, the above mentioned non-linearphenomena have been studied only in high mobility 2DEGs in GaAs/AlGaAsstru
tures. In this work we study non-linear di�erential resistan
e in quantizingmagneti
 �elds in InxGa1−xAs/InP quantum well stru
tures grown by 
hemi
albeam epitaxy. For d
 transport measurements a 100 µm wide Hall bar wasprepared by standard opti
al lithography and wet et
hing. After illuminationwith a red LED, the 2D ele
tron gas attained the following 
on
entration andmobility: 5.3×1011 
m−2 and 190,000 
m2/Vs, 
orrespondingly. A sum of d
and small modulating a
 
urrent was fed through one of the 
urrent 
onta
ts,and the a
 voltage proportional to di�erential resistan
e, rxx = dVxx/dI, wasmeasured between potential 
onta
ts by standard lo
k-in te
hnique. Figure 1shows three rxx tra
es at di�erent magnitudes of the d
 
urrent. Tra
es for
Idc=30 and 50 µA are shifted verti
ally for 
larity. All 
urves 
oin
ide at zeromagneti
 �eld. Regular Shubnikov-de Haas (SdH) os
illations are observed for
Idc=0.
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�èñ. 2: Grey-s
ale plot of the di�erentialresistan
e vs. d
 
urrent and magneti
 �eld B.

os
illations are strongly distortedand at Idc=50 µA fully 
hangephase. It is evident that su
hbehavior 
annot be des
ribed bysimple heating within the e�e
tiveele
tron temperature approximation.Apparently, a non-equilibriumdistribution fun
tion is importantto des
ribe this phenomenon. Notethat di�erent e�e
ts are observed insimilar experiments on high mobilityGaAs/AlGaAs samples [3,5℄. In veryhigh mobility samples an os
illatorybehavior of rxx is observed originating from either magneto-phonon resonan
eson a
ousti
 phonons emitted by the 2DEG with the wave ve
tor kq = 2kF ,or Hall-e�e
t driven resonan
e transitions between Landau levels [5℄. In highdensity GaAs stru
tures zero di�erential resistan
e and non-linear variationof rxx are reported due to so-
alled spe
tral di�usion e�e
t leading to anos
illating distribution fun
tion [3℄.Figure 2 presents a grey-s
ale plot of the di�erential resistan
e as a fun
tionof normal magneti
 �eld and d
 
urrent. Diamond-shape features are 
learlyobserved at the SdH minima. At high d
 
urrents the minima invert to maximathat is also seen in Fig. 1. Quantitative theory of the observed phenomenon inFig.2 is not available for 
areful 
omparison. Our measurements on Hall barsof di�erent widths show that the observed e�e
t is governed by the energyattained by ele
trons in Hall �eld over the ele
tron mean free path and the
y
lotron energy.We also observe spin e�e
ts whi
h are manifested as a sharp dark line at
Idc=0 in Fig. 2 and spin "diamonds"at higher magneti
 �elds (not shown). Wewill present a detailed dis
ussion of the observed phenomena as a fun
tion ofele
tron 
on
entration and mobility varied by illumination.S.A.S. would like to thank P. Coleridge, Ch. Dharma-Wardana, andS. Vitkalov for their interest in these experiments and helpful dis
ussions.[1℄ R.G. Mani et al., Nature 420, 646 (2002).[2℄ M.A. Zudov et al., Phys. Rev. Lett. 90, 046807 (2003).[3℄ Zhang Jing Qiao et al., Phys. Rev. B 80, 045310 (2009).[4℄ I.A. Dmitriev et al., Phys. Rev. B 71, 115316 (2005).[5℄ W. Zhang et al., Phys. Rev. B 75, 041304 (2007).



Low-Dimensional Systems 77L-10Íåëèíåéíûé òðàíñïîðò â GaAs êâàíòîâûõ ÿìàõ ïðèáîëüøèõ �àêòîðàõ çàïîëíåíèÿÀ.À. ÁûêîâÈíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ Ñèáèðñêîãî îòä. �ÀÍ, ïð. ÀêàäåìèêàËàâðåíòüåâà 13, Íîâîñèáèðñê, 630090 �îññèÿÈíòåðåñ ê èññëåäîâàíèþ íåëèíåéíûõ ñâîéñòâ íèçêîðàçìåðíûõ ýëåêòðîí-íûõ ñèñòåì îáóñëîâëåí, ñ îäíîé ñòîðîíû, èõ �óíäàìåíòàëüíîé çíà÷èìî-ñòüþ, à ñ äðóãîé � âîçìîæíûì ïðàêòè÷åñêèì ïðèìåíåíèåì â íàíîýëåêòðî-íèêå. Â ïîñëåäíåå äåñÿòèëåòèå â GaAs/AlGaAs ãåòåðîñòðóêòóðàõ ñ óëüòðà-âûñîêîé ýëåêòðîííîé ïîäâèæíîñòüþ è íèçêîé êîíöåíòðàöèåé áûëè îòêðû-òû òàêèå ÿðêèå íåëèíåéíûå ÿâëåíèÿ, êàê èíäóöèðîâàííûå ìèêðîâîëíîâûìèçëó÷åíèåì ãèãàíòñêèå îñöèëëÿöèè ìàãíåòîñîïðîòèâëåíèÿ è òóííåëèðîâà-íèå Çèíåðà ìåæäó óðîâíÿìè Ëàíäàó ïðè áîëüøèõ �àêòîðàõ çàïîëíåíèÿ[1,2℄. Ìíîãèå àñïåêòû ýòèõ ÿâëåíèé îñòàþòñÿ äî ñèõ ïîð äèñêóññèîííûìèè òðåáóþò äàëüíåéøåãî èçó÷åíèÿ, à òàêæå ðàñøèðåíèÿ êðóãà ýëåêòðîííûõñèñòåì â êîòîðûõ îíè ïðîÿâëÿþòñÿ.Â äîêëàäå ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèéíåëèíåéíûõ ÿâëåíèé, âîçíèêàþùèõ â ñåëåêòèâíî-ëåãèðîâàííûõ GaAs êâàí-òîâûõ ÿìàõ ñ âûñîêîé ýëåêòðîííîé ïëîòíîñòüþ è ñðåäíåé ïîäâèæíîñòüþâ ñêðåùåííûõ ýëåêòðè÷åñêîì è ìàãíèòíîì ïîëÿõ. Ïîêàçàíî, ÷òî â èçó÷àå-ìûõ ñèñòåìàõ ïðè áîëüøèõ �àêòîðàõ çàïîëíåíèÿ ïîä äåéñòâèåì ïîñòîÿí-íîãî ýëåêòðè÷åñêîãî ïîëÿ âîçíèêàåò îòðèöàòåëüíîå ìàãíåòîñîïðîòèâëåíèå[3℄, à òàêæå ñîñòîÿíèå ñ íóëåâûì äè��åðåíöèàëüíûì ñîïðîòèâëåíèåì [4℄.Îáíàðóæåíî, ÷òî â GaAs êâàíòîâûõ ÿìàõ ñ äâóìÿ çàïîëíåííûìè óðîâ-íÿìè ðàçìåðíîãî êâàíòîâàíèÿ ïîä äåéñòâèåì ìèêðîâîëíîâîãî èçëó÷åíèÿâîçíèêàþò îñöèëëÿöèè ìàãíåòîñîïðîòèâëåíèÿ ñ äâóìÿ ïåðèîäàìè [5℄, à ïîääåéñòâèåì ïîñòîÿííîãî ýëåêòðè÷åñêîãî ïîëÿ ïðîèñõîäèò èíâåðñèÿ ìàãíåòî-ìåæïîäçîííûõ îñöèëëÿöèé [6℄. Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå ðåçóëüòà-òû àíàëèçèðóåòñÿ â òåðìèíàõ íåðàâíîâåñíîé �óíêöèè ðàñïðåäåëåíèÿ ýëåê-òðîíîâ ïî ýíåðãèè [7,8℄[1℄ M.A. Zudov, et al., Phys. Rev. B, 64, 201311(R) (2001).[2℄ C.L. Yang, et al., Phys. Rev. Lett., 89, 076801 (2002).[3℄ A.A. Bykov, et al., JETP Lett., 81, 406 (2005).[4℄ A.A. Bykov, et al., Phys. Rev. Lett., 99, 116801 (2007).[5℄ A.A. Bykov, et al., JETP Lett., 87, 477 (2008).[6℄ A.A. Bykov, JETP Lett., 88, 64 (2008).[7℄ S.I. Dorozhkin, JETP Lett., 77, 577 (2003).[8℄ I.A. Dmitriev et al., Phys. Rev. B, 71, 115316 (2005).



78 Íèçêîðàçìåðíûå ñèñòåìûL-11Ïðîâîäèìîñòü è ýíåðãåòè÷åñêèå ñîñòîÿíèÿöåïî÷å÷íûõ ñòðóêòóðÑ.Â. Çàéöåâ-Çîòîâ
1 Èíñòèòóò ðàäèîòåõíèêè è ýëåêòðîíèêè èì. Â.À. Êîòåëüíèêîâà �ÀÍ,125009 Ìîñêâà, Ìîõîâàÿ 11, ñòð. 7Íà ïðîòÿæåíèè ìíîãèõ ëåò ïîëèìåðû è êâàçèîäíîìåðíûå ïðîâîäíèêè ñâîëíàìè çàðÿäîâîé è ñïèíîâîé ïëîòíîñòè îñòàâàëèñü åäèíñòâåííûìè ìàòå-ðèàëàìè èìåâøèìè öåïî÷å÷íóþ ñòðóêòóðó, è, ñëåäîâàòåëüíî, îáëàäàâøèìèáëèçêèì ê îäíîìåðíîìó ýíåðãåòè÷åñêèì ñïåêòðîì ýëåêòðîíîâ. Â ïîñëåäíååäåñÿòèëåòèå ïîÿâèëñÿ è íà÷àë àêòèâíî èçó÷àòüñÿ íîâûé êëàññ ìàòåðèàëîâñ êâàçèîäíîìåðíûì ýëåêòðîííûì ñïåêòðîì. Ýòî ïîâåðõíîñòíûå öåïî÷å÷-íûå àòîìíûå ñòðóêòóðû. Òàêèå ñòðóêòóðû ìîæíî ñîçäàâàòü íà ïîâåðõíî-ñòè ïîëóïðîâîäíèêîâ, è îíè ÿâëÿþòñÿ äâóìåðíûìè îáúåêòàìè, ò.å. çàíè-ìàþò ïðîìåæóòî÷íîå ïîëîæåíèå ìåæäó òðåõìåðíûìè êâàçèîäíîìåðíûìèïðîâîäíèêàìè è ¾îäíîìåðíûìè¿ ïîëèìåðàìè. Â íàñòîÿùåì äîêëàäå ðàñ-ñìîòðåíû îñíîâíûå ñâîéñòâà ïåðå÷èñëåííûõ âûøå öåïî÷å÷íûõ ñòðóêòóð.Îñíîâíûå ñâîéñòâà êâàçèîäíîìåðíûõ ïðîâîäíèêîâ õîðîøî èçó÷åíû.Íàèáîëåå èíòåðåñíûìè ÿâëÿþòñÿ ý��åêòû, îáóñëîâëåííûå âîçíèêíîâåíè-åì â ýòèõ ìàòåðèàëàõ êîëëåêòèâíîãî ñîñòîÿíèÿ � âîëíû çàðÿäîâîé [1℄ èëèñïèíîâîé ïëîòíîñòè [2℄. Ñóùåñòâîâàíèå êîëëåêòèâíîãî ñîñòîÿíèÿ ïðèâîäèòê ïîÿâëåíèþ íèçêî÷àñòîòíîé ïðîíèöàåìîñòè äî âåëè÷èí ïîðÿäêà 109. Ïðèïðèëîæåíèè ýëåêòðè÷åñêîãî ïîëÿ áîëüøå ïîðîãîâîãî ET (òèïè÷íûå çíà-÷åíèÿ ET ∼ 0.01 ÷ 1 Â/ñì) âîëíû ïëîòíîñòè ìîãóò ñêîëüçèòü âäîëü êðè-ñòàëëà, ïåðåíîñÿ ýëåêòðè÷åñêèé òîê. Ïî ñóùåñòâóþùèì ïðåäñòàâëåíèÿì, âêà÷åñòâå íîñèòåëåé òîêà ìîãóò âûñòóïàòü òàêæå è êîëëåêòèâíûå âîçáóæ-äåíèÿ âîëíû ïëîòíîñòè � àìïëèòóäíûå èëè çàðÿäîâûå ñîëèòîíû, îäíàêîíàäåæíûõ äîêàçàòåëüñòâ èõ ñóùåñòâîâàíèÿ äî ñèõ ïîð íå ïîëó÷åíî.×òî êàñàåòñÿ ýíåðãåòè÷åñêîé ñòðóêòóðû êâàçèîäíîìåðíûõ ïðîâîäíèêîâ,òî îíà ïîêà åùå ñðàâíèòåëüíî ìàëî èçó÷åíà. Èññëåäîâàíèå ñïåêòðîâ �îòî-ïðîâîäèìîñòè [3℄ ïîêàçàëî, ÷òî êðàé �óíäàìåíòàëüíîãî ïîãëîùåíèÿ â êâà-çèîäíîìåðíûõ ïðîâîäíèêàõ ìîæåò áûòü ñðàâíèòåëüíî ðåçêèì, ÷òî ÿâÿåòñÿïðèçíàêîì ìàëîñòè îäíîìåðíûõ �ëóêòóàöèé. Òàêæå áûëè îáíàðóæåíû ñî-ñòîÿíèÿ âíóòðè è íà êðàþ çàïðåùåííîé çîíû. Áîëåå òîãî, îêàçàëîñü, ÷òîïî êðàéíåé ìåðå íåêîòîðûå èç ýòèõ ñîñòîÿíèé çàâèñÿò îò ýëåêòðè÷åñêîãîïîëÿ, ÷òî óêàçûâàåò íà èõ ñâÿçü ñ âîëíîé çàðÿäîâîé ïëîòíîñòè. Ïèêîâ,êîòîðûå ìîæíî áûëî áû ïðèïèñàòü ñîëèòîííûì ñîñòÿíèÿì, â îïòè÷åñêèõñïåêòðàõ è ñïåêòðàõ �îòîïðîâîäèìîñòè êâàçèîäíîìåðíûõ ïðîâîäíèêîâ äîíàñòîÿùåãî âðåìåíè îáíàðóæèòü íå óäàëîñü.



Low-Dimensional Systems 79Ïðè óìåíüøåíèè ïîïåðå÷íûõ ðàçìåðîâ êâàçèîäíîìåðíûõ ïðîâîäíèêîâïðîèñõîäèò ïîñòåïåííûé ïåðåõîä ê îäíîìåðíîìó ïîâåäåíèþ, ïðîÿâëÿþ-ùèéñÿ â ïîÿâëåíèè ñòåïåííûõ çàâèñèìîñòåé ïðîâîäèìîñòè îò òåìïåðàòóðûè ýëåêòðè÷åñêîãî ïîëÿ [4℄, îæèäàþùèõñÿ äëÿ îäíîìåðíûõ ñèñòåì ñ ïðèìå-ñÿìè [5℄.Êîëëåêòèâíûé ìåõàíèçì ïðîâîäèìîñòè, àíàëîãè÷íûé ñêîëüæåíèþ âîë-íû ïëîòíîñòè, íåèçâåñòåí äëÿ ïîëèìåðîâ. Â ïîëèàöåòèëåíå íàáëþäàåòñÿïðîñòåéøèé ñëó÷àé ñïèí-çàðÿäîâîãî ðàçäåëåíèÿ, ïðèñóùèé îäíîìåðíûìñèñòåìàì: íîñèòåëÿìè çàðÿäà ÿâëÿþòñÿ ñîëèòîíû � òîïîëîãè÷åñêèå âîç-áóæäåíèÿ, ïåðåíîñÿùèå çàðÿä, íî èìåþùèå íóëåâîé ñïèí [6℄. Ïåðåõîäûìåæäó ýëåêòðîííûìè ñîñòîÿíèÿìè, îáóñëîâëåííûìè íàëè÷èåì ñîëèòîíîâ,âèäíû â îïòè÷åñêèõ ñïåêòðàõ. Ïðîâîäèìîñòü îäèíî÷íûõ ïîëèìåðíûõ öåïî-÷åê îïèñûâàåòñÿ ðàçëè÷íûìè çàâèñèìîñòÿìè, îò ïðûæêîâîé äî ñòåïåííîé[7℄.Â ïîâåðõíîñòíûõ öåïî÷íûõ ñòðóêòóðàõ íàáëþäàåòñÿ �àçîâûé ïåðåõîä,ñîïðîâîæäàþùèéñÿ ðåçêèì ïàäåíèåì ïðîâîäèìîñòè ïðè îõëàæäåíèè è ñâÿ-çûâàåìûé ñ îáðàçîâàíèåì âîëíû çàðÿäîâîé ïëîòíîñòè [8℄. Â òàêèõ ñòðóê-òóðàõ îáíàðóæåíî ñïèí-çàðÿäîâîå ðàçäåëåíèå [9℄ è ñîëèòîíû [10℄.Íàðÿäó ñ óïîðÿäî÷åííûìè àòîìíûìè öåïî÷êàìè, íà ïîâåðõíîñòè ïîëó-ïðîâîäíèêîâ ìîæíî ñîçäàâàòü è îäèíî÷íûå öåïî÷êè è èññëåäîâàòü èõ ñâîé-ñòâà. Â îòëè÷èå îò ïîëèìåðíûõ öåïî÷åê, òàêèå öåïî÷êè îáëàäàþò äàëüíèìïîðÿäêîì. Íà êðàÿõ òàêèõ îäèíî÷íûõ öåïî÷åê âîçíèêàþò êðàåâûå ñîñòîÿ-íèÿ [11℄, à ïðè ïðîòåêàíèè ÷åðåç íèõ ýëåêòðè÷åñêîãî òîêà ìîæíî îæèäàòüãåíåðàöèþ âûñîêî÷àñòîòíûõ êîëåáàíèé [12℄.�àáîòà âûïîëíåíà ïðè ïîääåðæêå �ÔÔÈ (ïðîåêòû 09-02-12192-î�è-ì è10-02-01079-à).[1℄ G. Gr�uner, Rev. Mod. Phys., 60, 1129 (1988).[2℄ G. Gr�uner, Rev. Mod. Phys., 66, 1 (1994).[3℄ Â.Ô. Íàñðåòäèíîâà, Ñ.Â. Çàéöåâ-Çîòîâ, Ïèñüìà â ÆÝÒÔ, 89, 607(2009)[4℄ Ñ.Â. Çàéöåâ-Çîòîâ, Ïèñüìà â ÆÝÒÔ, 80, 503 (2004).[5℄ C. L. Kane and Matthew P. A. Fisher, Phys. Rev. Lett. 68, 1220 (1992).[6℄ A.J. Heeger et al., Rev. Mod. Phys., 60, 781 (1988).[7℄ A.N. Aleshin, Adv. Mat., 18, 17 (2005).[8℄ T. Tanikawa et al., Phys. Rev. Lett. 93, 016801 (2004).[9℄ P. Segovia et al.,Nature, 402, 504 (1999).[10℄ H. Morikawa, I. Matsuda, Sh. Hasegawa, Phys. Rev. B 70, 085412 (2004)[11℄ J.N. Crain and D.T. Pier
e, S
ien
e, 307, 703 (2005).[12℄ S.N. Artemenko, S.V. Remizov, D.S. Shapiro, Ïèñüìà ÆÝÒÔ, 87, 792(2008).



80 Íèçêîðàçìåðíûå ñèñòåìûL-12Òåðìîäèíàìè÷åñêàÿ ñïèíîâàÿ íàìàãíè÷åííîñòüäâóìåðíîé ýëåêòðîííîé ñèñòåìûÀ.Þ. Êóíöåâè÷ 1, Ì. �åçíèêîâ 2, Í. Òåíåõ 2, Â.Ì. Ïóäàëîâ 1

1 Ôèçè÷åñêèé èíñòèòóò èì. Ï.Í. Ëåáåäåâà �ÀÍ, 119991, Ìîñêâà,Ëåíèíñêèé ïð. 53
2 Department of Physi
s and Solid State Institute, Te
hnion, 3200, Haifa, IsraelÂ ðàáîòå ñîîáùàåòñÿ îá èçìå-
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�èñ. 1: Ïðèìåðû èçìåðÿìûõ êðèâûõ ïðèðàçëè÷íûõ òåìïåðàòóðàõ ( a - 1.5Ê; b -3Ê). Ýëåêòðîííûå ïëîòíîñòè â åäèíèöàõ
1011 ñì−2 îáîçíà÷åíû öâåòîì íà ðèñóíêå à).

ðåíèÿõ òåðìîäèíàìè÷åñêîé ñïèíî-âîé âîñïðèèì÷èâîñòè χ äâóìåðíîéñèñòåìû â ÷èñòûõ (100) Si�ÌÄÏñòðóêòóðàõ (ïèêîâàÿ ïîäâèæíîñòü
(2÷3)ì2/Âñ ïðè òåìïåðàòóðå 4.2Ê)ïðè òåìïåðàòóðàõ 1.7÷ 13Ê â ìàã-íèòíûõ ïîëÿõ 0÷4Òåñëà. Ìåòîä èç-ìåðåíèÿ çàêëþ÷àåòñÿ â ñëåäóþùåì:ïðè ïîñòîÿííîì íàïðÿæåíèè çàòâîð� 2D ãàç, ìîäóëÿöèÿ âíåøíåãî ïà-ðàìåòðà (â íàøåì ñëó÷àå ýòî ìàã-íèòíîå ïîëå ïàðàëëåëüíîå 2D ïëîñ-êîñòè) âåäåò ê ïåðåçàðÿäêå çàòâî-ðà. Òîê ïåðåçàðÿäêè ìîæíî âûðà-çèòü ÷åðåç ñîîòíîøåíèå Ìàêñâåë-ëà ∂µ/∂B|| = −∂M||/∂n. Ïðèìåðûýêñïåðèìåíòàëüíûõ äàííûõ ïîêà-çàíû íà ðèñ. 1. Èíòåãðèðóÿ ∂M||/∂nïî êîíöåíòðàöèè n, ìîæíî îïðåäå-ëèòü ïîëíûé ìîìåíò M|| è âîñïðè-èì÷èâîñòü χ, ïîäîáíî òîìó êàê ýòî äåëàëîñü â ðàáîòàõ [1,2℄. Â îòëè÷èå îò[1,2℄ âûñîêèå òåìïåðàòóðû è, êàê ñëåäñòâèå, íèçêîîìíûå êîíòàêòû ïîçâî-ëèëè ïðîâîäèòü èçìåðåíèÿ íà÷èíàÿ ñ êîíöåíòðàöèé n = 2 · 1010 ñì−2, òîåñòü èç äèýëåêòðè÷åñêîé îáëàñòè. Ýòî, â ñâîþ î÷åðåäü ïîçâîëèëî ïðîèíòå-ãðèðîâàòü ∂µ/∂B|| îò n = 0. Áûëè ïîëó÷åíû ñëåäóþùèå ðåçóëüòàòû:1. χ íå çàâèñèò îò B||, â ïîëÿõ, ìåíüøèõ B∗ ∝ T , B∗ â ïðåäåëàõ òî÷íîñòèèçìåðåíèé íå çàâèñèò îò êîíöåíòðàöèè ýëåêòðîíîâ (ñì. �èñ. 1).
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T(K)�èñ. 2: Òåìïåðàòóðíûå çàâèñèìîñòè âîñïðè-èì÷èâîñòè íà îäèí ýëåêòðîí ïðè ðàçëè÷íûõêîíöåíòðàöèÿõ. Ýëåêòðîííûå ïëîòíîñòè âåäèíèöàõ 1011 ñì−2 îáîçíà÷åíû öâåòîì. Ëè-íèÿ � çàâèñèìîñòü χ ∝ 1/T 2, ïðèâåä¼ííàÿäëÿ ñðàâíåíèÿ.

2. χ â íóëåâîì ïîëå â 40 ðàçïðåâûøàåò ïàóëèåâñêóþ âîñïðèèì-÷èâîñòü ïðè ñàìûõ íèçêèõ òåìïåðà-òóðàõ (1.5Ê) è ñïàäàåò ñ òåìïåðàòó-ðîé êàê ∝ T−α (ãäå α = 2.2 ÷ 2.6),â òîì ÷èñëå è ïðè áîëüøèõ ïëîòíî-ñòÿõ (ñì �èñ. 2).3. Ïðè íèçêèõ òåìïåðàòóðàõ âïîëÿõ B|| > 2Ò, èçìåðåííàÿ âîñ-ïðèèì÷èâîñòü ñîãëàñóåòñÿ ñ ðåçóëü-òàòàìè ïðåäûäóùèõ òðàíñïîðòíûõè òåðìîäèíàìè÷åñêèõ èçìåðåíèé [1-4℄. Ïîëó÷åííàÿ ïîëåâàÿ è òåìïåðà-òóðíàÿ çàâèñèìîñòè âîñïðèèì÷èâî-ñòè íå ñîãëàñóþòñÿ ñ �åðìèæèä-êîñòíûìè ïðåäñòàâëåíèÿìè î 2D ñè-ñòåìå, ÷òî ÿâëÿåòñÿ, ïî âèäèìîìó,ðåçóëüòàòîì ñóùåñòâîâàíèÿ â ñèñòåìå ëîêàëèçîâàííûõ ñîñòîÿíèé, êîòîðûåíå ïðîÿâëÿþòñÿ â òðàíñïîðòå íà âðåìåíàõ ïîðÿäêà ïñ, íî ïðîÿâëÿþòñÿ âòåðìîäèíàìèêå. Áîëåå ïîäðîáíî ðåçóëüòàòû îïèñàíû â ðàáîòå [5℄.[1℄ O. Prus, et al., Phys. Rev. B, 67, 205407 (2003).[2℄ A.A. Shashkin, et. al., Phys. Rev. Lett., 96, 036403 (2006)[3℄ V.M. Pudalov, et al., Phys. Rev. Lett., 88, 196404 (2002).[4℄ A.A. Shashkin, et al., Phys. Rev. Lett., 87, 86801 (2001).[5℄ N. Teneh, et al., arxiv:0910.5724 (2009).



82 Íèçêîðàçìåðíûå ñèñòåìûL-13Ñòàáèëüíîñòü êâàíòîâîãî õîëëîâñêîãî ñîñòîÿíèÿ âäâîéíîé êâàíòîâîé òî÷êåÀ.À. Âàñèëü÷åíêîÊóáàíñêèé ãîñóäàðñòâåííûé òåõíîëîãè÷åñêèé óíèâåðñèòåò, 350072,Êðàñíîäàð, óë. Ìîñêîâñêàÿ, 2Èñïîëüçóåòñÿ òåîðèÿ �óíêöèîíàëà ïëîòíîñòè äëÿ èçó÷åíèÿ ýëåêòðîí-íûõ ñâîéñòâ äâóõ âåðòèêàëüíî-ñâÿçàííûõ äâóìåðíûõ êâàíòîâûõ òî÷åê âïåðïåíäèêóëÿðíîì ìàãíèòíîì ïîëå.Äëÿ äâóõ îäèíàêîâûõ êâàíòîâûõ òî÷åê ïîëíàÿ ýíåðãèÿ äâóìåðíûõ ýëåê-òðîíîâ çàïèøåòñÿ â ñëåäóþùåì âèäå (èñïîëüçóåòñÿ àòîìíàÿ ñèñòåìà åäè-íèö)
E = T + 2

∫

V (r)n(r) dr +

∫

[

2Ex(n) + Vc(r, 0) + Vc(r, d)
]

n(r) dr−

−
∑

m

∫

[

2Ex(nm) + Vc,m(r, 0) + Vc,m(r, d)
]

nm(r) dr + ∆Na , (1)ãäå T � êèíåòè÷åñêàÿ ýíåðãèÿ íåâçàèìîäåéñòâóþùèõ ýëåêòðîíîâ âìàãíèòíîì ïîëå B, êîòîðîå çàäàåòñÿ âåêòîðíûì ïîòåíöèàëîì A =
B(−y/2, x/2, 0), ∆ � âåëè÷èíà òóííåëüíîé ùåëè, Na � ÷èñëî ýëåêòðîíîââ ïîäçîíå àíòèñèììåòðè÷íîãî ñîñòîÿíèÿ.

Vc(r, d) = 2

∫

n(r′) dr′
√

|r − r′|2 + d2
, Vc,m(r, d) = 2

∫

nm(r′) dr′
√

|r− r′|2 + d2
,

d � ðàññòîÿíèå ìåæäó êâàíòîâûìè òî÷êàìè.Â âûðàæåíèè (1) èñêëþ÷àåòñÿ ñàìîäåéñòâèå ýëåêòðîíîâ, à äëÿ ó÷åòàìíîãî÷àñòè÷íûõ ý��åêòîâ èñïîëüçóåòñÿ òîëüêî îáìåííàÿ ýíåðãèÿ, êîòîðàÿáåðåòñÿ â ïðèáëèæåíèè ëîêàëüíîé ïëîòíîñòè. Äëÿ ñïèí-ïîëÿðèçîâàííûõýëåêòðîíîâ îáìåííàÿ ýíåðãèÿ íà îäèí ýëåêòðîí èìååò âèä Ex(n) = αn(r),ãäå α = −
√

2ππL , L � ìàãíèòíàÿ äëèíà.Äëÿ ìàãíèòíûõ ïîëåé, ïðè êîòîðûõ çàíÿò òîëüêî íèæíèé ñïèíîâûé óðî-âåíü Ëàíäàó, èç âûðàæåíèÿ (1) ïîëó÷àåì óðàâíåíèÿ Êîíà�Øýìà
[

− ∂2

∂r2
− 1

r

∂

∂r
+

r2

4L4
+
m2

r2
− m

L2
+ Veff(r)

]

ψm(r) = Emψm(r)ñ ý��åêòèâíûì îäíî÷àñòè÷íûì ïîòåíöèàëîì:
Veff(r) = V (r)+Vc(r, 0)+Vc(r, d)−Vc,m(r, 0)−Vc,m(r, d)+2α[n(r)−nm(r)] ,



Low-Dimensional Systems 83ãäå nm(r) = |ψm(r)|2/2, n(r) =
∑

occ m nm(r), m � óãëîâîé ìîìåíò ýëåê-òðîíà. Çäåñü â êà÷åñòâå âíåøíåãî ïîòåíöèàëà V (r) âçÿò ïàðàáîëè÷åñêèéóäåðæèâàþùèé ïîòåíöèàë V (r) = ω2
0r

2/4.

�èñ. 1: Ïåðåõîä èç ñîñòîÿíèÿ ñ êîí�èãóðà-öèåé ýëåêòðîíîâ (0, 1, . . . , N − 1) â ñîñòî-ÿíèå ñ êîí�èãóðàöèåé (1, 2, . . . , N) ïðè
d = 1.

�èñ. 2: Çàâèñèìîñòü âåëè÷èíû ìèíèìàëü-íîé òóííåëüíîé ùåëè îò ìàãíèòíîãî ïîëÿ(d = 1).

Ñèñòåìà íåëèíåéíûõ óðàâíåíèéÊîíà�Øýìà äëÿ N äâóìåðíûõ ýëåê-òðîíîâ áûëà ðåøåíà ÷èñëåííî. Âñëó÷àå îäèíàêîâûõ êâàíòîâûõ òî-÷åê óðàâíåíèå Øðåäèíãåðà ðåøàëîñüäëÿ ýëåêòðîíîâ íàõîäÿùèõñÿ â îäíîéêâàíòîâîé òî÷êå.Â êâàíòîâîì õîëëîâñêîì ñîñòîÿ-íèè (ÊÕÑ) ïðè ν = 1 âñå ýëåêòðî-íû çàíèìàþò òîëüêî óðîâåíü ýíåð-ãèè ñèììåòðè÷íîãî ñîñòîÿíèÿ è èìå-þò ìèíèìàëüíûé ïîëíûé óãëîâîé ìî-ìåíò M = N(N − 1)/2, ïðè ýòîìâñå ýëåêòðîíû â ïðîñòðàíñòâå óãëî-âîãî ìîìåíòà èìåþò êîí�èãóðàöèþ
(0, 1, . . . , N − 1). Èçó÷àëñÿ ïåðåõîäèç ýòîãî ñîñòîÿíèÿ â ñîñòîÿíèå ñ áîëü-øèì óãëîâûì ìîìåíòîì ïðè áîëüøèõâåëè÷èíàõ ∆ (ïåðåõîä èç ÊÕÑ äëÿñèëüíî ñâÿçàííûõ êâàíòîâûõ òî÷åê).Êðèâûå B1(ω0) íà ðèñ. 1 ïîêàçûâàþòñòðóêòóðíûé ïåðåõîä (0, 1, . . . , N −
1) → (1, 2, . . . , N), êîòîðûé áëèçîêê ïåðåõîäó èç ñîñòîÿíèÿ ñ ν = 1 â ñî-ñòîÿíèå ñ ν < 1.Äàëåå âáëèçè êðèâîé B1(ω0) (ïðè
B < B1) íàõîäèëàñü ìèíèìàëüíàÿ âå-ëè÷èíà òóííåëüíîé ùåëè, ïðè êîòîðîé ÊÕÑ ñ ν = 1 ÿâëÿåòñÿ ñòàáèëüíûì.�åçóëüòàòû âû÷èñëåíèé ïðèâåäåíû íà ðèñ. 2. Âèäíî, ÷òî ïðè íåáîëüøèõìàãíèòíûõ ïîëÿõ (íèçêèõ ïëîòíîñòÿõ ýëåêòðîíîâ) ÊÕÑ ÿâëÿåòñÿ ýíåðãå-òè÷åñêè âûãîäíûì ïðè ëþáûõ çíà÷åíèÿõ ∆. Îòìåòèì, ÷òî ïåðåõîä èç ÊÕÑâñåãäà ïðîèñõîäèò â ñîñòîÿíèå ñ Na = 1, à ïðè äàëüíåéøåì óâåëè÷åíèè

B çíà÷åíèå Na óâåëè÷èâàåòñÿ. Ïîäîáíîå ïîâåäåíèå ñèñòåìû â ìàêðîñêîïè-÷åñêîì ïðåäåëå ïðèâåäåò ê âîçíèêíîâåíèþ õîëëîâñêîãî ïëàòî ïðè íèçêèõïëîòíîñòÿõ ýëåêòðîíîâ â ñòðóêòóðå ñ íóëåâîé òóííåëüíîé ùåëüþ [1℄.�àáîòà âûïîëíåíà ïðè ïîääåðæêå �ÔÔÈ è àäìèíèñòðàöèè Êðàñíîäàð-ñêîãî êðàÿ (ïðîåêòû �09-02-96508 è �09-02-96518)[1℄ M. Kellogg et al., Phys. Rev. Lett., 93, 36801 (2004).



84 Íèçêîðàçìåðíûå ñèñòåìûL-14�àçìåðíîå êâàíòîâàíèå äèðàêîâñêèõ 2D �åðìèîíîâÂ.À. Âîëêîâ, Â.Â. Åíàëäèåâ, È.Â. ÇàãîðîäíåâÈ�Ý èì. Â.À. Êîòåëüíèêîâà �ÀÍ, 125009, Ìîñêâà, Ìîõîâàÿ, 11, êîðï.7Â ñâÿçè ñ îòêðûòèåì ãðà�åíà ñòàëè àêòóàëüíûìè èññëåäîâàíèÿ 2D �åð-ìèîíîâ, îáëàäàþùèõ â êàêîì-òî ïðèáëèæåíèè óëüòðàðåëÿòèâèñòñêèì ýíåð-ãåòè÷åñêèì ñïåêòðîì. Êâàíòîâàÿ äèíàìèêà òàêèõ áåçìàññîâûõ �åðìèî-íîâ, ÷àñòî íàçûâàåìûõ äèðàêîâñêèìè, îïèñûâàþòñÿ óðàâíåíèÿìè Âåéëÿ�Äèðàêà èëè (â ãðà�åíå) èõ äâóõäîëèííûì îáîáùåíèåì. �ðà�åí ÿâëÿåòñÿïîëóìåòàëëîì, ïîýòîìó èíòåíñèâíî îáñóæäàåìûå â ïîñëåäíåå âðåìÿ ïåð-ñïåêòèâû åãî èñïîëüçîâàíèÿ â íàíîýëåêòðîíèêå ñâÿçàíû ñ èíäóöèðîâàíèåìçàïðåùåííîé çîíû â àêòóàëüíûõ ãðà�åíîâûõ ñèñòåìàõ çà ñ÷åò ëàòåðàëüíî-ãî îãðàíè÷åíèÿ è ñâÿçàííîãî ñ íèì ðàçìåðíîãî êâàíòîâàíèÿ êâàçèèìïóëü-ñà è ýíåðãèè äèðàêîâñêèõ ýëåêòðîíîâ. Ê ïðèìåðó, íàèáîëåå îáñóæäàåìîéñèñòåìîé äëÿ ñîçäàíèÿ ïîëåâîãî òðàíçèñòîðà ÿâëÿåòñÿ ãðà�åíîâàÿ íàíîïî-ëîñà ("nanoribbon"). Â äîêëàäå ïðîàíàëèçèðîâàíû îñîáåííîñòè ïîâåäåíèÿäèðàêîâñêèõ �åðìèîíîâ ðàçíîãî òèïà â 2D ñèñòåìå, èìåþùåé êîíå÷íûåëàòåðàëüíûå ðàçìåðû. Îñîáîå âíèìàíèå óäåëåíî ýíåðãåòè÷åñêîìó ñïåêòðóäèðàêîâñêèõ 2D ýëåêòðîíîâ â îáðàçöå, èìåþùåì �îðìó ïîëóïëîñêîñòè, ïî-ëîñû, êâàíòîâîé òî÷êè è "êâàíòîâîé àíòèòî÷êè".Äëÿ îïèñàíèÿ ðàçìåðíîãî êâàíòîâàíèÿ íåîáõîäèìî çíàòü ïîâåäåíèå ý�-�åêòèâíîé (îãèáàþùåé) ìíîãîêîìïîíåíòíîé âîëíîâîé �óíêöèè äèðàêîâ-ñêîãî ýëåêòðîíà âáëèçè ëàòåðàëüíîãî êðàÿ îáðàçöà. Íàéäåí îáùèé êëàññêðàåâûõ óñëîâèé, êîòîðûå îïèñûâàþò âëèÿíèå íåïðîíèöàåìîãî êðàÿ ñè-ñòåìû íà îãèáàþùèå �óíêöèè. Ýòè óñëîâèÿ îòëè÷àþòñÿ îò íóëåâûõ è íà-êëàäûâàþò ëèíåéíóþ ñâÿçü íà êîìïîíåíòû ñïèíîðà, ñîñòàâëåííîãî èç îãè-áàþùèõ �óíêöèé. Ïðîàíàëèçèðîâàíû çíà÷åíèÿ, êîëè÷åñòâî è �èçñìûñëêðàåâûõ ïàðàìåòðîâ, âõîäÿùèå â ãðàíè÷íûå óñëîâèÿ. Â ïðåíåáðåæåíèèìåæäîëèííûì âçàèìîäåéñòâèåì ýòè óñëîâèÿ ðåçêî óïðîùàþòñÿ è çàâèñÿòòîëüêî îò îäíîãî äåéñòâèòåëüíîãî ïàðàìåòðà, íî â îáùåì ñëó÷àå êîëè÷å-ñòâî ïàðàìåòðîâ âîçðàñòàåò äî òðåõ. Ñðàâíèâàþòñÿ äâà ñëó÷àÿ: èñòèííûéäèðàêîâñêèé �åðìèîí è ïñåâäîäèðàêîâñêèé ýëåêòðîí â ãðà�åíå. �åçóëüòà-òû êîððåëèðóþò ëèøü â ïðåíåáðåæåíèè ìåæäîëèííûì ðàññåÿíèåì íà êðàþãðà�åíà. Â îáùåì âèäå íàéäåíî äèñïåðñèîííîå óðàâíåíèå äëÿ îïðåäåëåíèÿñïåêòðà êðàåâûõ ñîñòîÿíèé (ñîñòîÿíèé Òàììà�Äèðàêà) â ïîëóáåñêîíå÷íîìîáðàçöå ãðà�åíà ñ ó÷åòîì ìåæäîëèííûõ ïðîöåññîâ, ïðîâåäåí àíàëèç ðÿ-äà ÷àñòíûõ ðåøåíèé ýòîãî óðàâíåíèÿ. Ïîêàçàíî, ÷òî âáëèçè ëèíåéíîãîêðàÿ ïîëóáåñêîíå÷íîé ñèñòåìû ëîêàëèçîâàíû äâå âåòâè êðàåâûõ ñîñòîÿ-íèé Òàììà-Äèðàêà, è íàéäåíà èõ äèñïåðñèÿ. Â ãðà�åíîâîé íàíîïîëîñå ñ



Low-Dimensional Systems 85íåýêâèâàëåíòíûìè êðàÿìè 1D ðàçìåðíûå ïîäçîíû ðàñùåïëåíû íî íîìåðóäîëèíû èç-çà äîëèí-îðáèòàëüíîãî âçàèìîäåéñòâèÿ. Â àíòèòî÷êå, èìåþùåé�îðìó äûðû â ãðà�åíå, êðàåâûå ñîñòîÿíèÿ êâàíòóþòñÿ è îáðàçóþò ñå-ðèþ äèñêðåòíûõ êâàçèñòàöèîíàðíûõ ñîñòîÿíèé, íóìåðóåìûõ îðáèòàëüíûìêâàíòîâûì ÷èñëîì. Â ýòîì ñìûñëå àíòèòî÷êà ÿâëÿåòñÿ êâàíòîâîé.



86 Íèçêîðàçìåðíûå ñèñòåìûL-15Topologi
ally prote
ted metalli
 state of 2D Dira
fermions: graphene and topologi
al insulatorsI.V. GornyiInstitut f�ur Nanote
hnologie, Fors
hungszentrum Karlsruhe, 76021 Karlsruhe,GermanyI will review re
ent advan
es in the study of disordered Dira
 fermions ingraphene as well as in topologi
al insulators with a strong spin-orbit intera
tion(HgTe/HgCdTe and BiSb). I will address the me
hanisms responsible forthe absen
e of lo
alization in these systems whi
h lead to the formation oftopologi
ally prote
ted metalli
 states [1,2℄. In parti
ular, I will dis
uss a novel
riti
al state [2℄ whi
h is predi
ted to emerge in a 2D system due to the interplayof nontrivial topology and the Coulomb intera
tion between Dira
 fermions.[1℄ P.M. Ostrovsky, I.V. Gornyi, and A.D. Mirlin, Phys. Rev. B, 74, 235443(2006); Phys. Rev. Lett., 98, 256801 (2007); Euro. Phys. J.: Spe
ial Topi
s,148(1), 63 (2007); Phys. Rev. B, 77, 195430 (2008).[2℄ P.M. Ostrovsky, I.V. Gornyi, and A.D. Mirlin, preprint LANLarXiv:0910.1338 (2009).
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ondu
tan
e through a single-
hannelquantum ring: novel type of intera
tion-indu
edos
illationsA.P. Dmitriev1, I.V. Gornyi1,2, V.Yu.Ka
horovskii1, D.G.Polyakov2

1A.F.Io�e Physi
o-Te
hni
al Institute, 194021 St.Petersburg, Russia
2Institut f�ur Nanote
hnologie, Karlsruhe Institute of Te
hnology, 76021Karlsruhe, GermanyA major fo
us of interest in nanophysi
s has been quantum interferen
ee�e
ts on one hand and 
harge-quantization e�e
ts on the other, both ofwhi
h be
ome more prominent with de
reasing dimensionality and size of thedevi
e. The prime devi
e for spe
i�
ally probing the interferen
e of ele
tronsis a quantum ring 
onne
ted to the leads. The 
ondu
tan
e of the ring G(Φ)exhibits the Aharonov-Bohm (AB) e�e
t, i.e., 
hanges periodi
ally with themagneti
 �ux Φ threading the ring-with a period Φ0 = hc/e�entirely due tothe interferen
e of ele
tron traje
tories winding around the hole.In this talk we
�èñ. 1: S
hemati
 evolution of G(Φ) with in
reasing intera
tionstrength. (a) α ≪ (Γ2/∆T )1/2: a single deep antiresonan
eat half-integer �ux through the ring; (b) (Γ2/∆T )1/2 ≪
α ≪ ΓT/∆2: suppression of the antiresonan
e; (
) α ≫
ΓT/∆2: breaking up of the antiresonan
e into �persistent-
urrentblo
kade" os
illations.

dis
uss the AB
ondu
tan
e of asingle-
hannel ringweakly 
oupled bytunneling 
onta
tsto the leads. Wedemonstrate that thebasi
 physi
s of thisde
eptively simplesetup is essentiallynon-trivial due toele
tron-ele
tronintera
tion.Throughout the talk we fo
us on the high-temperature regime,
T ≫ ∆ ≫ Γ, (1)where ∆ is the level spa
ing inside the ring, Γ is the tunneling rate. Our �ndingsare summarized in Fig. 1. The evolution of G(Φ) with in
reasing intera
tion
onstant α is governed by two e�e
ts spe
i�
 to the single-
hannel setup: (i) thedestru
tive interferen
e at Φ = Φ0/2, inherited from the nonintera
ting problem



88 Íèçêîðàçìåðíûå ñèñòåìû[1,2℄, and (ii) a pe
uliar type of intera
tion of ele
trons with the 
ir
ular 
urrentinside the ring, whi
h dramati
ally 
hanges the shape of the interferen
e pattern.The interplay of (i) and (ii) manifests itself already in an isolated ring. Theintera
tion with the persistent 
urrent J (quantized due to 
harge quantization)leads to a shift δΦJ ∝ αJ of the e�e
tive �ux a
ting on ele
trons. Thisresults in the interferen
e-indu
ed blo
king of the tunneling 
urrent throughthe ring for spe
i�
 values of Φ determined by the quantized values of J . We
all this phenomenon Persistent-Current Blo
kade (PCB). In a tunnel-
oupledring, the 
ir
ular 
urrent J is no longer stri
tly 
onserved. Its dynami
s (�zero-mode �u
tuations") is responsible for both the pe
uliar shape of G(Φ) andthe AB dephasing. The novel type of intera
tion-indu
ed os
illations of G(Φ)that we predi
t (Fig. 1
)�with a distan
e between minima 
ontrolled by α�arises as a series of the PCB antiresonan
es, ea
h of whi
h 
orrresponds toone of the quantized values of J . The PCB os
illations�in 
ontrast to theCoulomb-blo
kade os
illations �survive thermal averaging at large T and areonly suppressed by dephasing. We demonstrate that the dominant me
hanismof dephasing in a single-
hannel ring is provided by thermal �u
tuations of the
ir
ular 
urrent (whi
h translates into �u
tuations of δΦJ). Our main result forthe dephasing rate is
γϕ = 4ΓT/∆ . (2)The dephasing is strongly a�e
ted by quantization of 
harge inside the ring:

γϕ is seen to vanish for Γ → 0. Another remarkable feature of γϕ is that it doesnot depend on the intera
tion strength. We stress that this zero-mode dephasingis qualitatively di�erent from dephasing in the mu
h better studied ele
troni
Ma
h-Zehnder interferometer [3℄, where for non
hiral arms the dephasing rateis given by the single-parti
le de
ay rate in a homogeneous Luttinger liquid(∼ α2T for spinless ele
trons).To summarize, we have demonstrated that e-e intera
tions lead to profoundand unusual e�e
ts in transport through a single-
hannel quantum ringinterferometer tunnel-
oupled to the leads. We have shown that the AB
ondu
tan
eG(Φ) exhibits a series of sharp resonan
es broadened by dephasing,the distan
e between whi
h is 
ontrolled by the intera
tion strength. Wehave 
al
ulated the main 
ontribution to the dephasing rate, whi
h is due totunneling-indu
ed �u
tuations of the 
ir
ular 
urrent inside the ring.The work was supported by the DFG/CFN, the EUROHORCS/ESF EURYIAward, GIF Grant No. 965, the RFBR, Programs of the RAS, the DynastyFoundation, and Rosnauka Grant 02.740.11.5072.[1℄ M. B�uttiker, Y. Imry, and M.Ya. Azbel, Phys. Rev. A 30, 1982 (1984).[2℄ Y. Gefen, Y. Imry, and M.Ya. Azbel, Phys. Rev. Lett. 52, 139 (1984).[3℄ Y. Ji et al., Nature 422, 415 (2003).
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 theory of nonequilibrium Luttinger liquidsD.A. Bagrets1, I.V. Gornyi1,2, D.G. Polyakov1

1Institut f�ur Nanote
hnologie, Fors
hungszentrum Karlsruhe, 76021 Karlsruhe,Germany
2A.F.Io�e Physi
o-Te
hni
al Institute, 194021 St.Petersburg, RussiaI will outline re
ent progress in our understanding of the nonequilibriumproperties of strongly 
orrelated single-
hannel quantum wires, with emphasison the Luttinger liquid model. Typi
al examples of the systems to whi
h ourtheory applies are semi
ondu
tor nanowires or 
arbon nanotubes driven out ofequilibrium by a �nite bias voltage.In stark 
ontrast to Fermi liquids in higher dimensions, a homogeneousLuttinger liquid is 
ompletely integrable�in terms of bosoni
 ex
itations�andas su
h exhibits no relaxation to equilibrium. Relaxation of an ex
ited state ina Luttinger liquid is thus only possible in the presen
e of inhomogeneities.We formulate a kineti
-theory framework [1℄ to study inhomogeneousLuttinger liquids. In parti
ular, we derive kineti
 equations for ele
tron andplasmon distribution fun
tions in the presen
e of impurities and 
al
ulatethe equilibration rate γE. Remarkably, for not too low temperature and biasvoltage, γE is given by the elasti
 ba
ks
attering rate γ: the ratio γE/γ ∼ 1 isindependent of the strength of ele
tron-ele
tron intera
tion, temperature, andbias.[1℄ D.A. Bagrets, I.V. Gornyi, and D.G. Polyakov, Phys. Rev. B 80, 113403(2009).



90 Íèçêîðàçìåðíûå ñèñòåìûL-18Äâóìåðíûé ïîëóìåòàëë è òîïîëîãè÷åñêèé èçîëÿòîð âHgTe êâàíòîâûõ ÿìàõÇ.Ä. ÊâîíÈÔÏ ÑÎ �ÀÍ, 630090, Íîâîñèáèðñê, ïð. Ëàâðåíòüåâà, 13Â äîêëàäå îáñóæäàþòñÿ ñâîéñòâà äâóõ íîâûõ ðàçíîâèäíîñòåé äâóìåð-íûõ ýëåêòðîííûõ ñèñòåì (ÄÝÑ), îáíàðóæåííûõ íåäàâíî â êâàíòîâûõ ÿìàõíà îñíîâå òåëëóðèäà ðòóòè (HgTe) � äâóìåðíîãî ïîëóìåòàëëà [1,2℄ è òîïî-ëîãè÷åñêîãî èçîëÿòîðà [3,4℄. Ïåðâàÿ ÷àñòü äîêëàäà ïîñâÿùåíà äâóìåðíî-ìó ïîëóìåòàëëó (ÄÏ). Îí ðåàëèçóåòñÿ â êâàíòîâûõ ÿìàõ (Êß), èìåþùèõèíâåðñíûé ýíåðãåòè÷åñêèé ñïåêòð è îãðàíè÷åííûõ ïîâåðõíîñòÿìè ïîíè-æåííîé ñèììåòðèè. Íà îñíîâå àíàëèçà ýíåðãåòè÷åñêîãî ñïåêòðà îáúåìíî-ãî òåëëóðèäà ðòóòè ïîêàçûâàåòñÿ, ÷òî ñóùåñòâîâàíèå ÄÏ â òàêèõ ÿìàõÿâëÿåòñÿ ñëåäñòâèåì òîãî, ÷òî ýíåðãåòè÷åñêèé ñïåêòð HgTe çàâèñèò ïðèí-öèïèàëüíûì îáðàçîì îò íàïðàâëåíèÿ âîëíîâîãî âåêòîðà k: âäîëü [100℄ íåíàáëþäàåòñÿ íèêàêîãî ïåðåêðûòèÿ çîí, òîãäà êàê âäîëü íàïðàâëåíèé òèïà[110℄ è [111℄ ïîòîëêè âàëåíòíîé çîíû ëåæàò âûøå äíà çîíû ïðîâîäèìîñòè,ðàñïîëîæåííîãî â öåíòðå çîíû Áðèëëþýíà (ÇÁ). Ýòî ïîçâîëÿåò ïðåäïîëî-æèòü, ÷òî â êâàíòîâûõ ÿìàõ ñ èíâåðñíîé çîííîé ñòðóêòóðîé, âûðàùåííûõâ íàïðàâëåíèÿõ, îòëè÷íûõ îò [100℄ âåëèêà âåðîÿòíîñòü òîãî, ÷òî ðàçìåð-íîå êâàíòîâàíèå, ïðèâåäÿ ê âîçíèêíîâåíèþ ùåëè ïðè k = 0, íå óäàëèòïåðåêðûòèÿ çîí. Â ðåçóëüòàòå ýòî äîëæíî ïðèâåñòè ê âîçíèêíîâåíèþ äâó-ìåðíîãî ïîëóìåòàëëà, ïîäîáíîãî êëàññè÷åñêèì òðåõìåðíûì ïîëóìåòàëëàì,òàêèõ êàê Bi, Sb èëè ãðà�èò, è, êàê ñëåäñòâèå, ê îäíîâðåìåííîìó ñóùåñòâî-âàíèþ äâóìåðíûõ ýëåêòðîíîâ (ÄÝ) è äûðîê (ÄÄ). Ýêñïåðèìåíòû ñ HgTeÊß òîëùèíîé 18 ÷ 21 íì, èìåþùèõ ïîâåðõíîñòè (013) è (112) è ýíåðãå-òè÷åñêèé ñïåêòð êîòîðûõ íîñèò ÿðêî âûðàæåííûé èíâåðñèîííûé õàðàê-òåð, ïîäòâåðæäàþò óêàçàííîå ïðåäïîëîæåíèå. Íàèáîëåå ÿðêèì è óáåäè-òåëüíûì àðãóìåíòîì â ïîëüçó ñóùåñòâîâàíèÿ ÄÏ â òàêèõ ÿìàõ ÿâëÿåò-ñÿ íàáëþäåíèå íå çàâèñÿùåãî îò òåìïåðàòóðû çíàêîïåðåìåííîãî ý��åêòàÕîëëà, ñóùåñòâóþùåãî êàê ðàç èç-çà îäíîâðåìåííîãî âêëàäà â �îðìèðî-âàíèå õîëëîâñêîãî ñèãíàëà ýëåêòðîíîâ è äûðîê. Íàðÿäó ñî çíàêîïåðåìåí-íûì ý��åêòîì Õîëëà âîçíèêàåò òàêæå áîëüøîå ïîëîæèòåëüíîå ìàãíèòî-ñîïðîòèâëåíèå, ïðè ÷åì îáà ÿâëåíèÿ õîðîøî îïèñûâàþòñÿ êëàññè÷åñêîéìîäåëüþ äâóõ ãðóïï íîñèòåëåé çàðÿäà ðàçíûõ çíàêîâ. Ýòî ïîçâîëÿåò îïðå-äåëèòü êàê êîíöåíòðàöèþ ÄÝ è ÄÄ, òàê è èõ ïîäâèæíîñòü. Äëÿ íåëåãè-ðîâàííûõ Êß ñ îðèåíòàöèåé (013) ïîëó÷àåì: Ns = (4 ÷ 6) · 1010 ñì−2, àèõ ïîäâèæíîñòü µn = (4 ÷ 6) · 105 ñì2/Âñ; Ps = (0.7 ÷ 1.5) · 1011 ñì−2,ïîäâèæíîñòü µp = (5 ÷ 7) · 104 ñì2/Âñ; äëÿ òàêèõ æå ÿì ñ (112) îðèåíòà-öèåé: Ns = (4 ÷ 6) · 1010 ñì−2, à èõ ïîäâèæíîñòü µn = (4 ÷ 5) · 104 ñì2/Âñ;
Ps = (0.5 ÷ 1.0) · 1011 ñì−2, ïîäâèæíîñòü µp = (5 ÷ 7) · 103 ñì2/Âñ. Çàòåì



Low-Dimensional Systems 91êðàòêî èçëàãàåòñÿ òåõíîëîãèÿ èçãîòîâëåíèÿ ïîëåâîãî òðàíçèñòîðà íà îñ-íîâå HgTe êâàíòîâûõ ÿì, ïîçâîëÿþùåãî ïðîñòûì èçìåíåíèåì çàòâîðíîãîíàïðÿæåíèÿ ðåàëèçîâàòü ïåðåõîä äâóìåðíûé ýëåêòðîííûé ìåòàëë � ÄÏ �äâóìåðíûé äûðî÷íûé ìåòàëë. Îñíîâíîé îñîáåííîñòüþ òàêîé òåõíîëîãèèÿâëÿåòñÿ èñïîëüçîâàíèå íèçêèõ (âñåãî îêîëî 100
◦C) òåìïåðàòóð äëÿ âû-ðàùèâàíèÿ ïîäçàòâîðíîãî äèýëåêòðèêà, ñîñòîÿùåãî èõ 100 íì ñëîÿ SiO2 è200 íì ñëîÿ SiN3. Èñïîëüçîâàíèå îïèñàííîãî òðàíçèñòîðà ïîçâîëèëî îáíà-ðóæèòü öåëûé ðÿä íîâûõ ý��åêòîâ â ïðîöåññàõ ðàññåÿíèÿ â ÄÏ: 1) ñêà-÷îê ýëåêòðîííîé ïîäâèæíîñòè ïðè ïåðåõîäå ýëåêòðîííûé ìåòàëë � ÄÏ,âîçíèêàþùèé â ðåçóëüòàòå ýêðàíèðîâêè äûðêàìè ïðèìåñíîãî ðàññåÿíèÿýëåêòðîíîâ, 2) àíîìàëüíûé ðîñò ïðîâîäèìîñòè äâóìåðíîãî ïîëóìåòàëëàñ ïîíèæåíèåì òåìïåðàòóðû, îáóñëîâëåííûé ðàññåÿíèåì äâóìåðíûõ ýëåê-òðîíîâ íà áîëåå òÿæåëûõ äâóìåðíûõ äûðêàõ. Óêàçàííûé ðîñò ÿâëÿåòñÿ,ïî-âèäèìîìó, ïåðâûì ïðÿìûì íàáëþäåíèåì ñóùåñòâåííîãî âëèÿíèÿ ìåæ-÷àñòè÷íîãî ðàññåÿíèÿ íà ñîïðîòèâëåíèå ìåòàëëîâ. Èíòåðåñíûå ñâîéñòâàÄÏ íàáëþäàþòñÿ â ðåæèìå êâàíòîâîãî ý��åêòà Õîëëà (ÊÝÕ). Â ÷àñòíî-ñòè, â òî÷êå ðàâåíñòâà êîíöåíòðàöèé ÄÝ è ÄÄ è âáëèçè íåå îáíàðóæåíîïîäàâëåíèå ý��åêòîâ ëîêàëèçàöèè â ÄÏ â ñèëüíîì ìàãíèòíîì ïîëå, âû-çâàííîãî ïðèíöèïèàëüíî èíîé ñòðóêòóðîé òîêîâûõ ñîñòîÿíèé â äâóõêîì-ïîíåòíîé äâóìåðíîé ýëåêòðîííîé ñèñòåìå, ÷åì â îáû÷íîé îäíîêîìïîíåíò-íîé ÄÝÑ. Íàèáîëåå èíòðèãóþùèì ðåçóëüòàòîì ýêñïåðèìåíòîâ ñ ÄÏ â ìàã-íèòíîì ïîëå ÿâëÿåòñÿ ïîâåäåíèå åãî åìêîñòíîãî îòêëèêà, óêàçûâàþùåãîíà ñóùåñòâîâàíèå ýêñèòîííîãî èçîëÿòîðà â òî÷êå ðàâåíñòâà êîíöåíòðàöèéÄÝ è ÄÄ è âáëèçè íåå. Âòîðàÿ ÷àñòü äîêëàäà ïîñâÿùåíà òàê íàçûâàå-ìîìó òîïîëîãè÷åñêîìó èçîëÿòîðó (ÒÈ). Ýòîò òåðìèí ïîÿâèëñÿ íåäàâíî èïîä íèì ïîäðàçóìåâàåòñÿ ðàçäåëåíèå ëîêàëèçîâàííûõ è äåëîêàëèçîâàííûõýëåêòðîííûõ ñîñòîÿíèé, âîçíèêàþùåãî ïðè ïåðåõîäå îò ïðîñòðàíñòâà áîëü-øåé ðàçìåðíîñòè ê ïðîñòðàíñòâó ìåíüøåé ðàçìåðíîñòè â îäíîé è òîé æåñèñòåìå êîíå÷íûõ ðàçìåðîâ. Ôàêòè÷åñêè, äëÿ 3D ñèñòåìû ýòî ïåðåõîä îáú-åì � ïîâåðõíîñòü, à äëÿ 2D ñèñòåìû ýòî ïåðåõîä äâóìåðíûé ñëîé � êðàé. Ñòî÷êè çðåíèÿ âûøåñêàçàííîãî êëàññè÷åñêèì ÒÈ ÿâëÿåòñÿ ÄÝÑ â ðåæèìåêâàíòîâîãî Õîëëà, êîãäà â îáúåìå âñå ñîñòîÿíèÿ ëîêàëèçîâàíû, à ïåðåíîñçàðÿäà èäåò ïî êðàåâûì òîêîâûì ñîñòîÿíèÿì. Áóì ïîñëåäíèõ íåñêîëüêèõëåò, ñâÿçàííûé ñ ÒÈ, âûçâàí âîçìîæíîñòüþ ðåàëèçîâàòü åãî â îòëè÷èå îòÊÝÕ�ÒÈ, â îòñóòñâèå ìàãíèòíîãî ïîëÿ. Îíà ýêñïåðèìåíòàëüíî ðåàëèçóåò-ñÿ êàê ðàç â Êß íà îñíîâå HgTe, èìåþùèõ èíâåðñíóþ çîííóþ ñòðóêòóðó,íî òîëùèíà êîòîðûõ áëèçêà ê êðèòè÷åñêîé òîëùèíå Êß (dc = 6.3 íì äëÿ(100) Êß), ïðè êîòîðîé ïðîèñõîäèò ïåðåõîä îò ïðÿìîé çîííîé ñòðóêòóðû êèíâåðñíîé. Äàí êðèòè÷åñêèé àíàëèç ïåðâûõ ýêñïåðèìåíòîâ, ïðåòåíäóþùèõíà íàáëþäåíèå îïèñàííîãî ÒÈ.[1℄ Ç.Ä. Êâîí è äð., Ïèñüìà â ÆÝÒÔ, 87, 588 (2008).[2℄ Å.Á. Îëüøàíåöêèé è äð., Ïèñüìà â ÆÝÒÔ, 89, 338 (2009).[3℄ M. Konig, et al., S
ien
e, 318, 766 (2007).[4℄ A. Roth, et al½ S
ien
e, 318, 766 (2007).
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1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2Èíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ ÑÎ �ÀÍ, 630090, Íîâîñèáèðñê,ïð. Ëàâðåíòüåâà, 13Ñâîéñòâî òâåðäîãî ðàñòâîðà CdxHg1−xTe èçìåíÿòü âèä ýíåðãåòè÷åñêîéñòðóêòóðû îò èíâåðñíîãî ÷åðåç áåñùåëåâîå ñîñòîÿíèå ê ïðÿìîçîííîìó ïðèèçìåíåíèè ìîëÿðíîãî ñîäåðæàíèÿ CdTe ïðèâîäèò ê óíèêàëüíîé çîííîéñòðóêòóðå êâàíòîâûõ ÿì â ãåòåðîñèñòåìå HgTe/CdxHg1−xTe. Çäåñü èíâåð-ñèÿ çîí ïðîèñõîäèò ñ ðîñòîì øèðèíû ÿìû çà ñ÷åò ðàçìåðíîãî êâàíòîâàíèÿ,òàê ÷òî ïðè øèðèíå áîëüøå êðèòè÷åñêîé dw > dc = 6.3 íì êðàé çîíû ïðî-âîäèìîñòè �îðìèðóåòñÿ p-ñîñòîÿíèÿìè çîíû Γ8, êîòîðàÿ â òðàäèöèîííûõïîëóïðîâîäíèêàõ åñòü âàëåíòíàÿ çîíà [1℄.Ìû ïðåäñòàâëÿåì ðåçóëüòàòû èññëåäîâàíèé êâàíòîâîãî ìàãíèòîòðàíñ-ïîðòà â ïåðïåíäèêóëÿðíîì è íàêëîííûõ ìàãíèòíûõ ïîëÿõ â êâàíòîâîé ÿìå
CdxHg1−xTe/HgTe/CdxHg1−xTe øèðèíîé 20.3 íì, ñ îáåèõ ñòîðîí ëåãèðî-âàííîé èíäèåì íà ðàññòîÿíèè ñïåéñåðîâ ïðèìåðíî ïî 10 íì. Â ïåðïåíäè-êóëÿðíîì ìàãíèòíîì ïîëå ñïåöè�èêîé ïîëó÷åííîé ñòðóêòóðû êâàíòîâîãîý��åêòà Õîëëà (ÊÝÕ) ÿâëÿåòñÿ òî, ÷òî îñîáåííîñòè ñ íå÷åòíûìè âåëè÷è-íàìè �àêòîðà çàïîëíåíèÿ ìàãíèòíûõ óðîâíåé ν âûðàæåíû ñèëüíåå, ÷åìäëÿ ÷åòíûõ. Ýòî îçíà÷àåò, ÷òî ñïèíîâûå ùåëè â äàííîì îáðàçöå áîëüøåïîëîâèíû öèêëîòðîííûõ, òî åñòü áîëüøå ùåëåé ìåæäó áëèæàéøèìè ñïè-íîâûìè ïîäóðîâíÿìè ñîñåäíèõ óðîâíåé Ëàíäàó, è ïðèâîäèò ê óñëîâèþ äëÿý��åêòèâíîãî g-�àêòîðà: g∗ > 42 (èñïîëüçîâàëàñü ïîëó÷åííàÿ èç öèê-ëîòðîííîãî ðåçîíàíñà ý��åêòèâíàÿ ìàññà m∗/m0 = 0.024 äëÿ ïëîòíîñòèýëåêòðîííîãî ãàçà â îáðàçöå 1.5 ·1015ì−2 [2℄). Ñîïîñòàâëÿÿ âåëè÷èíû ïîëÿ,â êîòîðîì íà÷èíàþòñÿ îñöèëëÿöèè ìàãíèòîñîïðîòèâëåíèÿ (ÌÑ), è ïîëÿ,ãäå íà÷èíàþòñÿ èõ ðàñùåïëåíèÿ, ïîëó÷àåì |g∗| = 58. Èç àêòèâàöèîííîãîàíàëèçà òåìïåðàòóðíûõ èçìåíåíèé ÌÑ â ìèíèìóìàõ ñ íå÷åòíûìè ν ïîëó-÷àåì |g∗| = 51, à ñ ÷åòíûìè ν � m∗/m0 = 0.024, áëèçêî ê ðåçóëüòàòàì[2℄. Â íàêëîííûõ ìàãíèòíûõ ïîëÿõ ÿðêî ïðîÿâëÿåòñÿ ý��åêò ñîâïàäåíèÿìàãíèòíûõ óðîâíåé. Íà ìåñòå ìèíèìóìà äëÿ ν = 2 �îðìèðóåòñÿ îñòðûéïèê, ìàêñèìóì êîòîðîãî ëåæèò íà òîì æå ëó÷å, ãäå íàõîäÿòñÿ è ìàêñèìó-ìû íà ìåñòàõ äðóãèõ ÷åòíûõ ìèíèìóìîâ (ðèñ.1). Èç óãëà íàêëîíà ýòîãîëó÷à îïðåäåëåíà âåëè÷èíà |g∗| = 33, êîòîðàÿ ìåíüøå ïðåäûäóùåé. Åùåìåíüøàÿ âåëè÷èíà |g∗| = 8 ïîëó÷àåòñÿ èç àêòèâàöèîííîãî àíàëèçà çàâèñè-ìîñòè ÌÑ îò ïàðàëëåëüíîé ñëîÿì êîìïîíåíòû ïîëÿ B|| ïðè �èêñèðîâàííîì
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ν = 2. Ýòè ðåçóëüòàòû óêàçûâàåò íà ãèãàíòñêóþ àíèçîòðîïèþ g-�àêòîðàâ çîíå ïðîâîäèìîñòè Γ8 äâóìåðíîãî HgTe. Åñëè ïðåäñòàâèòü g-�àêòîð ñî-ñòîÿùèì èç äâóõ êîìïîíåíò, ïåðïåíäèêóëÿðíîé è ïàðàëëåëüíîé ñëîþ, òîïîëó÷èì g⊥/g|| ≈ 5. Ïðè óâåëè÷åíèè ïëîòíîñòè ýëåêòðîííîãî ãàçà ïðèìåð-íî íà ÷åòâåðòü, ÷òî äîñòèãàåòñÿ çà ñ÷åò ý��åêòà îñòàòî÷íîé �îòîïðîâîäè-ìîñòè ïîñëå ÈÊ ïîäñâåòêè, ìàêñèìóìû ñîâïàäåíèé ñìåùàþòñÿ â áîëüøèåïîëÿ ïðèìåðíî âäîëü òåõ æå ëó÷åé. Òàêèì îáðàçîì, ýêñïåðèìåíòàëü-
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íûå ðåçóëüòàòû óêàçûâàþò íà òî,÷òî ìîäåëü ñîâïàäåíèé â íàêëîí-íûõ ïîëÿõ äàåò êà÷åñòâåííî àäåê-âàòíûå ðåçóëüòàòû, îäíàêî èìå-þò ìåñòî ñóùåñòâåííûå ðàçíîãëà-ñèÿ ìåæäó âåëè÷èíàìè g-�àêòîðà,ïîëó÷åííûìè èç èçìåðåíèé â ÷è-ñòî ïåðïåíäèêóëÿðíîì ïîëå è ïðèäîáàâëåíèè êîìïîíåíòû ïîëÿ, ïà-ðàëëåëüíîé ñëîÿì. Ïîñëåäíåå, âå-ðîÿòíî, ñâÿçàíî ñî ñïåöè�èêîé çî-íû ïðîâîäèìîñòè â äàííîé ñèñòåìå,îáóñëîâëåííîé åå ïðèðîäîé � òåì,÷òî ýòî âåòâü çîíû Γ8, à íå çîíà
Γ6, êàê â òðàäèöèîííûõ ïîëóïðî-âîäíèêàõ. Äåéñòâèòåëüíî, èç èññëå-äîâàíèé êâàíòîâîãî ìàãíèòîòðàíñïîðòà â òðàäèöèîííûõ ãåòåðîñèñòåìàõ

p-òèïà, ãäå âàëåíòíàÿ çîíà òàêæå ÿâëÿåòñÿ çîíîé Γ8, áûëî íàéäåíî, ÷òîñïèíîâûå ðàñùåïëåíèÿ ñóùåñòâåííî ñëàáåå óâåëè÷èâàþòñÿ (ëèáî íå ìåíÿ-þòñÿ âîâñå) ñ íàêëîíîì ïîëÿ [3℄.�àáîòà âûïîëíåíà ïðè ïîääåðæêå �ÔÔÈ, ïðîåêòû 08-02-00222, 09-02-96518.[1℄ M. Konig, et al., J. Phys. So
. Japan, 77, 031007 (2008).[2℄ Ze-Don Kvon, et al., Physi
a E, 40, 1885 (2008).[3℄ R.W. Martin, et al., Phys. Rev. B, 42, 9237 (1990); R.J. Warburton, etal., Semi
ond. S
i. Te
hnol, 6, 359 (1991); N.A. Gorodilov, et al., JETPLett., 56, 394 (1992).



94 Íèçêîðàçìåðíûå ñèñòåìûL-20Âçàèìîäåéñòâèå àêóñòè÷åñêèõ ñîëèòîíîâ ñëîêàëèçîâàííûìè íîñèòåëÿìè çàðÿäà âïîëóïðîâîäíèêàõÈ.Â. �îæàíñêèé 1, Ì.Á. Ëè�øèö 1,2, Ñ.À. Òàðàñåíêî 1, Í.Ñ. Àâåðêèåâ 1

1 Ôèçèêî-Òåõíè÷åñêèé èíñòèòóò èì. À.Ô.Èî��å, Ñàíêò-Ïåòåðáóðã,194021, Ïîëèòåõíè÷åñêàÿ, 26
2 Universite Montpellier II, Montpellier, CEDEX 5, Fran
eßâëåíèÿ, îáóñëîâëåííûå óïðóãîé äå�îðìàöèåé, ÷ðåçâû÷àéíî ý��åêòèâ-íû ïðè èçó÷åíèè �óíäàìåíòàëüíûõ ñâîéñòâ ïîëóïðîâîäíèêîâ è ïîëóïðî-âîäíèêîâûõ íàíîñòðóêòóð. Îíè íåñóò èí�îðìàöèþ î ñèììåòðèè ñèñòåìû,çîííîé ñòðóêòóðå, âåëè÷èíå ñïèí-îðáèòàëüíîãî âçàèìîäåéñòâèÿ è ò.ä. Âïîñëåäíåå äåñÿòèëåòèå ïîÿâèëàñü âîçìîæíîñòü èññëåäîâàòü ÿâëåíèÿ, ñâÿ-çàííûå ñ óïðóãîé äå�îðìàöèåé, íà ìàëîì âðåìåííîì ìàñøòàáå ïîðÿäêàïèêîñåêóíä. Òàêèå ý��åêòû èçó÷àþòñÿ ñ ïîìîùüþ óåäèíåííûõ àêóñòè÷å-ñêèõ âîëí (àêóñòè÷åñêèõ ñîëèòîíîâ) [1,2℄.Â íàñòîÿùåé ðàáîòå ïðåäëîæåí
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íîâûé ìåõàíè÷åñêèé ñïîñîá ïåðå-êëþ÷åíèÿ ìåæäó âûðîæäåííûìèñîñòîÿíèÿìè íîñèòåëåé çàðÿäà â ïî-ëóïðîâîäíèêå. Ìû ïîêàçàëè, ÷òîàêóñòè÷åñêèé ñîëèòîí ý��åêòèâíîâçàèìîäåéñòâóåò ñ ëîêàëèçîâàííîéäûðêîé, ïðè ýòîì ïðîõîæäåíèå àêó-ñòè÷åñêîãî èìïóëüñà ÷åðåç îáëàñòüëîêàëèçàöèè ïðèâîäèò ê ïåðåêëþ-÷åíèþ ìåæäó ñîñòîÿíèÿìè äûðîê, õàðàêòåðèçóåìûìè ðàçëè÷íûìè ïðîåê-öèÿì óãëîâîãî ìîìåíòà. Ý��åêò ðàññìîòðåí íà ïðèìåðå òÿæåëîé äûðêè,ëîêàëèçîâàííîé íà ìåëêîé ïðèìåñè àêöåïòîðíîãî òèïà â êâàíòîâîé ÿìå íàîñíîâå êðåìíèÿ. Â òàêîé ñèñòåìå îñíîâíîé óðîâåíü òÿæåëûõ äûðîê äâó-êðàòíî âûðîæäåí (áåç ó÷åòà ñïèíà). Ìèêðîñêîïè÷åñêè ý��åêò ïåðåêëþ-÷åíèÿ âûçâàí ðàñùåïëåíèåì äûðî÷íûõ ñîñòîÿíèé ïîä äåéñòâèåì óïðóãîéäå�îðìàöèè. Ýòî ðàñùåïëåíèå âíîñèò îïðåäåëåííûé �àçîâûé ñäâèã ìåæäóðàñùåïëåííûìè ñîñòîÿíèÿìè, ïîýòîìó êîíå÷íîå ñîñòîÿíèå, ïîñëå äåéñòâèÿäå�îðìàöèîííîãî âîçìóùåíèÿ îòëè÷àåòñÿ îò íà÷àëüíîãî. Â ÷àñòíîñòè, àêó-ñòè÷åñêèé ñîëèòîí îïðåäåëåííîé àìïëèòóäû ïåðåêëþ÷àåò ñîñòîÿíèÿ ëîêà-ëèçîâàííûõ äûðîê ñ ïðîòèâîïîëîæíûìè çíà÷åíèÿìè ïðîåêöèè óãëîâîãîìîìåíòà.



Low-Dimensional Systems 95Äåòàëüíûé ìèêðîñêîïè÷åñêèé ðàñ÷¼ò [3℄ ïîçâîëÿåò óñòàíîâèòü çàâèñè-ìîñòü âåëè÷èíû �àçîâîãî ñäâèãà ìåæäó âûðîæäåííûìè ñîñòîÿíèÿìè îòàìïëèòóäû ïðîøåäøåãî ñîëèòîíà (ïðèâåäåíà íà ðèñóíêå). Ïîëíîìó ïåðå-êëþ÷åíèþ ñîîòâåòñòâóåò ñäâèã, ðàâíûé π/2. Âèäíî, ÷òî àìïëèòóäà èìïóëü-ñà äå�îðìàöèè äëÿ òàêîãî ïåðåêëþ÷åíèÿ äîëæíà ñîñòàâëÿòü ïîðÿäêà 10−4,÷òî ÿâëÿåòñÿ òèïè÷íûì çíà÷åíèåì äëÿ àêóñòè÷åñêèõ ñîëèòîíîâ, èçó÷àåìûõýêñïåðèìåíòàëüíî.Ïåðåêëþ÷åíèå ïðîèñõîäèò ìåæäó ñîñòîÿíèÿ ñ ðàçëè÷íûìè çíà÷åíèÿìèóãëîâîãî ìîìåíòà, êîòîðûå õîðîøî ðàçëè÷èìû. Â ÷àñòíîñòè, êàæäîå èçíèõ ý��åêòèâíî âçàèìîäåéñòâóåò òîëüêî ñî ñâåòîì öèðêóëÿðíîé ïîëÿðèçà-öèè îïðåäåëåííîãî çíàêà. Ïîýòîìó, ý��åêò ïåðåêëþ÷åíèÿ, èññëåäîâàííûéâ íàñòîÿùåé ðàáîòå ïðåäñòàâëÿåò íå òîëüêî �óíäàìåíòàëüíûé èíòåðåñ, íîìîæåò ðàññìàòðèâàòüñÿ ñ òî÷êè çðåíèÿ âîçìîæíîãî ïðèìåíåíèÿ â îáëàñòèîáðàáîòêè è õðàíåíèÿ èí�îðìàöèè.[1℄ H.-Y. Hao, H.J. Maris, Phys. Rev. B, 64, 064302 (2001).[2℄ A.V. S
herbakov, et al., Phys. Rev. Lett., 99, 057402 (2007).[3℄ I.V. Rozhansky, M.B. Lifshits, S.A. Tarasenko, N.S. Averkiev, Phys. Rev.B, 80, 085314 (2009).



96 Íèçêîðàçìåðíûå ñèñòåìûL-21Êâàíòîâûå êàñêàäíûå ëàçåðû äëÿ ÈÊ îáëàñòè ñïåêòðàÈ.È. ÇàñàâèöêèéÓ÷ðåæäåíèå �îññèéñêîé Àêàäåìèè íàóê Ôèçè÷åñêèé èíñòèòóòèì. Ï.Í. Ëåáåäåâà �ÀÍ, 119991, Ìîñêâà, Ëåíèíñêèé ïðîñïåêò, 53Äàí îáçîð ïî êâàíòîâûì êàñêàäíûì ëàçåðàì (ÊÊË), êîòîðûå ïðåäñòàâ-ëÿþò ñîáîé âûäàþùååñÿ äîñòèæåíèå â �èçèêå è òåõíîëîãèè ïîëóïðîâîä-íèêîâûõ ëàçåðîâ. Äàííûé óñïåõ îáóñëîâëåí âîçìîæíîñòüþ âûðàùèâàíèÿìíîãîñëîéíûõ ýïèòàêñèàëüíûõ íàíîãåòåðîñòðóêòóð è çîííîé èíæåíåðèåéýëåêòðîííûõ ñîñòîÿíèé. Òàêèå ëàçåðû áûëè ïðåäëîæåíû â 1971 ã. [1℄ è ñî-çäàíû â 1994 ã. [2℄. Êëàññè÷åñêàÿ êîíöåïöèÿ ÊÊË [3-5℄ âêëþ÷àåò â ñåáÿ ïå-ðèîäè÷åñêîå ïîâòîðåíèå (∼ 30) àêòèâíûõ îáëàñòåé è ïðèìûêàþùèõ ê íèìèíæåêòîðîâ. Â àêòèâíûõ îáëàñòÿõ ãåíåðèðóþòñÿ �îòîíû, â òî âðåìÿ êàêèíæåêòîðíûå îáëàñòè îáåñïå÷èâàþò ïðîõîæäåíèå ýëåêòðîíîâ ñêâîçü ñòðóê-òóðó. Àêòèâíàÿ îáëàñòü ÊÊË ïðåäñòàâëÿåò ñîáîé ãåòåðîñòðóêòóðó, ñîñòîÿ-ùóþ îáû÷íî èç òðåõ êâàíòîâûõ ÿì øèðèíîé 2÷ 6 íì. �ëóáèíà ÿì, îïðåäå-ëÿåìàÿ ðàçðûâàìè çîí, ñîñòàâëÿåò îò 0.3 äî ∼ 1.5 ýÂ, ïîýòîìó îïòè÷åñêèåïåðåõîäû ìåæäó êâàíòîâîðàçìåðíûìè óðîâíÿìè ïðèõîäÿòñÿ íà ñðåäíþþÈÊ îáëàñòü ñïåêòðà. Íàêà÷êà âåðõíåãî ëàçåðíîãî óðîâíÿ îñóùåñòâëÿåòñÿïóòåì òóííåëüíîé èíæåêöèè â ýëåêòðè÷åñêîì ïîëå, à îïóñòîøåíèå íèæíå-ãî ëàçåðíîãî óðîâíÿ ïðîèñõîäèò áëàãîäàðÿ ðåçîíàíñíîìó ðàññåÿíèþ ýëåê-òðîíà ñ ó÷àñòèåì ïðîäîëüíîãî îïòè÷åñêîãî �îíîíà. Áëàãîäàðÿ âûñîêîìóóðîâíþ ëåãèðîâàíèÿ 3 · 1017 ñì−3 èíæåêòîð ñëóæèò â êà÷åñòâå ðåçåðâóà-ðà ýëåêòðîíîâ è îáåñïå÷èâàåò ñòàáèëüíîñòü òîêà. Êðîìå òîãî, èíæåêòîðïðåäîòâðàùàåò óõîä ýëåêòðîíîâ ñ âåðõíåãî ëàçåðíîãî óðîâíÿ.�àçðàáîòàíû ðàçëè÷íûå ñõåìû àêòèâíîé îáëàñòè (äèàãîíàëüíûå è âåð-òèêàëüíûå ïåðåõîäû, ìåæìèíèçîííûå ïåðåõîäû, ìåæäóçîííûå ÊÊË, ïåðå-õîäû "ñâÿçàííîå ñîñòîÿíèå-êîíòèíóóì"). Ïîïóëÿðíîé ñòàëà ñõåìà ñ äâóõ-�îíîííûì îïóñòîøåíèåì íèæíåãî ëàçåðíîãî óðîâíÿ. Â ïåðñïåêòèâå ðàñ-ñìàòðèâàåòñÿ ñîçäàíèå ÊÊË íà êâàíòîâûõ òî÷êàõ, ÷òî ïðèâåäåò ê ñíèæå-íèþ ïîðîãîâîãî òîêà.Ïîñêîëüêó ÊÊË ÿâëÿåòñÿ óíèïîëÿðíûì ïðèáîðîì, òî ìåæïîäçîí-íûå ïåðåõîäû îòëè÷àþòñÿ óçêîé, δ-îáðàçíîé ëèíèåé óñèëåíèÿ, è îæå-ðåêîìáèíàöèÿ â íåì ïîäàâëåíà, ÷òî ïîçâîëÿåò ïîâûñèòü ðàáî÷óþ òåìïå-ðàòóðó ÊÊË.Îñíîâíûì òåõíîëîãè÷åñêèì ìåòîäîì âûðàùèâàíèÿ ãåòåðîñòðóêòóð äëÿÊÊË ÿâëÿåòñÿ ìåòîä ÌËÝ. Îäíàêî â òå÷åíèå ïîñëåäíèõ ïÿòè ëåòñòàë àêòèâíî ïðèìåíÿòüñÿ òàêæå ìåòîä ìåòàëë-îðãàíè÷åñêîé ýïèòàêñèè(MOVPE), ïðè ýòîì äîñòèãíóòûå õàðàêòåðèñòèêè ëàçåðîâ óæå ñðàâíèìûñ õàðàêòåðèñòèêàìè ëàçåðîâ, ïîëó÷àåìûõ ìåòîäîì ÌËÝ. Òàê, íàïðèìåð,áûë ðåàëèçîâàí íåïðåðûâíûé ðåæèì ïðè òåìïåðàòóðå áîëåå 400Ê, è ïðè300Ê ïîëó÷åíà ìîùíîñòü èçëó÷åíèÿ 204ìÂò íà äëèíå âîëíû 8,4ìêì. Äàí-íàÿ òåõíîëîãèÿ ìîæåò ïðèâåñòè ê ñóùåñòâåííîìó óäåøåâëåíèþ ÊÊË.



Low-Dimensional Systems 97Äëèíà âîëíû èçëó÷åíèÿ ÊÊË â íàñòîÿùåå âðåìÿ îõâàòûâàåò øèðîêóþîáëàñòü ñïåêòðà îò 3 äî 440ìêì, ÷òî äîñòèãàåòñÿ ïóòåì èñïîëüçîâàíèÿ ðàç-ëè÷íûõ ãåòåðîïàð (InAs/AlSb, GaInAs/AlInAs, GaAs/AlGaAs) è âàðüèðî-âàíèåì äèçàéíà ãåòåðîñòðóêòóð, à òàêæå áëàãîäàðÿ èñïîëüçîâàíèþ íàïðÿ-æåííûõ ãåòåðîñòðóêòóð è ïðèìåíåíèþ ñèëüíîãî ìàãíèòíîãî ïîëÿ. Ñ öåëüþóâåëè÷åíèÿ ðàáî÷åãî äèàïàçîíà ñïåêòðà ÊÊË ðàññìàòðèâàþòñÿ è äðóãèåãåòåðîïàðû (GaN/AlGaN, II-VI, Si/Ge). Óñïåøíî âåäóòñÿ ðàáîòû â òåðà-ãåðöîâîé îáëàñòè ñïåêòðà, ãäå ñîçäàíû ÊÊË ñ äëèíîé âîëíû èçëó÷åíèÿîò 67 äî 440ìêì (0.7 ÷ 4.5Ò�ö). Ïðè ýòîì òåðàãåðöîâûå (∼ 3Ò�ö) ÊÊËðàáîòàþò óæå ïðè òåìïåðàòóðàõ äî 225Ê â èìïóëüñíîì ðåæèìå è äî 117Êâ íåïðåðûâíîì ðåæèìå. Ïðèìåíèòåëüíî ê òåðàãåðöîâîé îáëàñòè ñïåêòðàðàçâèâàþòñÿ òàêæå ìåòîäû íåëèíåéíîé îïòèêè íà îñíîâå ÊÊË.Øèðèíà ëèíèè èçëó÷åíèÿ ÊÊË ìåíüøå ÷åì ó äðóãèõ ïîëóïðîâîäíèêî-âûõ ëàçåðîâ, òàê êàê �àêòîð α, îòðàæàþùèé âàðèàöèè ïîêàçàòåëÿ ïðåëîì-ëåíèÿ àêòèâíîé ñðåäû (�ëóêòóàöèè èíâåðñèè íàñåëåííîñòåé), èç-çà íèçêîéðàçìåðíîñòè çäåñü ìàë (α = 0.5 ÷ 2). Â ðåæèìå ñâîáîäíîé ãåíåðàöèè íàäëèíå âîëíû λ = 8.5ìêì ïîëó÷åíà øèðèíà ëèíèè δν = 12 ê�ö (4·10−7 ñì−1)[4℄. Áëàãîäàðÿ âûñîêîé ðàáî÷åé òåìïåðàòóðå è âûñîêîé âûõîäíîé ìîù-íîñòè ÊÊË âåñüìà ïåðñïåêòèâíû äëÿ ðàçëè÷íûõ ïðàêòè÷åñêèõ ïðèëîæå-íèé. Èìè ÿâëÿþòñÿ ïðåæäå âñåãî ìîëåêóëÿðíàÿ ñïåêòðîñêîïèÿ âûñîêîãîðàçðåøåíèÿ, âûñîêî÷óâñòâèòåëüíûé ñïåêòðàëüíûé ãàçîàíàëèç, ìåäèöèíàè äð. Êîðîòêèå âðåìåíà ðåëàêñàöèè ýëåêòðîíîâ è âðåìåíè æèçíè �îòîíîââ ðåçîíàòîðå (∼ 1 ÷ 3 ïñ) ïîçâîëÿþò ãåíåðèðîâàòü êîðîòêèå (τ = 89 ïñ,
f = 100Ì�ö) èìïóëüñû èçëó÷åíèÿ, à òàêæå îñóùåñòâëÿòü âûñîêî÷àñòîò-íóþ ìîäóëÿöèþ âïëîòü äî 100��ö.Òèïè÷íûé ÊÊË ñîäåðæèò 500 ÷ 1000 ðàçëè÷íûõ ñëîåâ â âèäå ñîãëàñî-âàííîé ïî ïîñòîÿííîé ðåøåòêè ãåòåðîñòðóêòóðû. Ñëîè ïðè äîêðèòè÷åñêèõòîëùèíàõ ìîãóò áûòü è íàïðÿæåííûìè. Ïîýòîìó âàæíà ïðîáëåìà ñðîêàñëóæáû òàêèõ ïðèáîðîâ.Â ÔÈÀÍå ñîçäàíû ïåðâûå ÊÊË äëÿ ñðåäíåé ÈÊ îáëàñòè ñïåêòðà (λ ∼
8ìêì). �åòåðîñòðóêòóðû íà îñíîâå ãåòåðîïàðû GaInAs/AlInAs âûðàùèâà-ëèñü íà ïîäëîæêàõ InP ìåòîäîì ÌÎÑ-ãèäðèäíîé ýïèòàêñèè. Àêòèâíàÿ îá-ëàñòü ñîñòîÿëà èç òðåõ êâàíòîâûõ ÿì [6℄. Ëàçåðû ðàáîòàëè â èìïóëüñíîìðåæèìå ïðè òåìïåðàòóðå îò 77 äî 250Ê. Ïîðîãîâàÿ ïëîòíîñòü òîêà âîçðàñ-òàëà îò 3 êÀ/ñì2 ïðè 77Ê äî 6 êÀ/ñì2 ïðè 250Ê. Ìîùíîñòü èçëó÷åíèÿ âìíîãîìîäîâîì ðåæèìå ñîñòàâëÿëà îêîëî 45ìÂò ïðè 77Ê.[1℄ �.Ô. Êàçàðèíîâ, �.À. Ñóðèñ, ÔÒÏ, 5, 797 (1971).[2℄ J. Faist, et al., S
ien
e, 264, 553 (1994).[3℄ C. Gma
hl, et al., Rep. Prog. Phys., 64, 1533 (2001).[4℄ F. Capasso, et al., IEEE J. Quantum Ele
tron., 38, 511 (2002).[5℄ J. Co
kburn. In Mid-Infrared Semi
ondu
tor Optoele
troni
s, Spr. Ser. inOpt. S
i., Springer, Berlin, Heidelberg, 2006, vol. 118, p. 323.[6℄ C. Gma
hl, et al., Appl. Phys. Lett., 72, 3130 (1998).



98 Íèçêîðàçìåðíûå ñèñòåìûL-22Ýëåêòðîííûå ñîñòîÿíèÿ íà ðåêîíñòðóèðîâàííûõïîâåðõíîñòÿõ ïîëóïðîâîäíèêîâ A3B5 ñ àäñîðáàòàìèÀ.�. Æóðàâëåâ 1,2, È.Î. Àõóíäîâ 1, Ê.Â. Òîðîïåöêèé 1,2, Î.Å. Òåðåùåíêî 1,2,�.Ý. Øàéáëåð 1, À.Ñ. ßðîøåâè÷ 1, Â.Ë. Àëüïåðîâè÷ 1,2

1 Èíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ èì. À.Â. �æàíîâà, Íîâîñèáèðñê,630090, ïð. àê. Ëàâðåíòüåâà, 13
2 Íîâîñèáèðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Íîâîñèáèðñê, 630090,Ïèðîãîâà 2Ýëåêòðîííûå ñîñòîÿíèÿ, ëîêàëèçîâàííûå íà ïîâåðõíîñòè ïîëóïðîâîäíè-êîâûõ êðèñòàëëîâ è ïðèâîäÿùèå ê çàðÿäêå ïîâåðõíîñòè è �îðìèðîâàíèþèçãèáà çîí, ïðåäñòàâëÿþò ñîáîé èñòîðè÷åñêè ïåðâóþ ýëåêòðîííóþ ñèñòåìóïîíèæåííîé ðàçìåðíîñòè â �èçèêå ïîëóïðîâîäíèêîâ. Ñîñòîÿíèÿ, èíäóöè-ðîâàííûå àäàòîìàìè íà ïîâåðõíîñòè ïîëóïðîâîäíèêîâûõ ñîåäèíåíèé A3B5â óñëîâèÿõ ñâåðõâûñîêîãî âàêóóìà, èçó÷àþòñÿ ýêñïåðèìåíòàëüíî è òåîðå-òè÷åñêè óæå íåñêîëüêî äåñÿòèëåòèé, îäíàêî ÿñíàÿ è óáåäèòåëüíàÿ êàðòè-íà �îðìèðîâàíèÿ òàêèõ ñîñòîÿíèé íå ïîñòðîåíà äàæå äëÿ ñèñòåì, êîòîðûåâàæíû äëÿ ïðèìåíåíèé è ñ÷èòàþòñÿ ìîäåëüíûìè, òàêèõ êàê Cs/GaAs(001).Îñòàþòñÿ îòêðûòûìè âîïðîñû î ñâÿçè àòîìíîé ñòðóêòóðû è ýëåêòðîííûõñîñòîÿíèé ãðàíèö ðàçäåëà, î âëèÿíèè âçàèìîäåéñòâèÿ àäàòîìîâ ìåæäó ñî-áîé è ñ ïîäëîæêîé íà ñïåêòð îäíî÷àñòè÷íûõ è êîëëåêòèâíûõ ýëåêòðîííûõâîçáóæäåíèé, î ñòàáèëüíîñòè ïîâåðõíîñòíûõ �àç ñ àäñîðáàòàìè. Èìåþùè-åñÿ â ëèòåðàòóðå äàííûå ïî ýâîëþöèè èçãèáà çîí ïðè íàíåñåíèè àäñîðáà-òîâ íà ïîâåðõíîñòè ïîëóïðîâîäíèêîâ A3B5 íåäîñòàòî÷íî ïîëíû è íå íà-õîäÿò óäîâëåòâîðèòåëüíîãî òåîðåòè÷åñêîãî îáúÿñíåíèÿ äàæå íà êà÷åñòâåí-íîì óðîâíå.Â äîêëàäå ïðåäñòàâëåíû íåäàâíèå ðåçóëüòàòû ïî ðàçâèòèþ ìåòîäîâïðèãîòîâëåíèÿ àòîìíî-ãëàäêèõ ïîëÿðíûõ ïîâåðõíîñòåé àðñåíèäà ãàëëèÿè óïðàâëåíèÿ ñîñòàâîì è ñâåðõñòðóêòóðíûìè ðåêîíñòðóêöèÿìè òàêèõ ïî-âåðõíîñòåé, à òàêæå ïî èññëåäîâàíèþ èõ ýëåêòðîííûõ ñâîéñòâ [1-4℄. Íàé-äåí íîâûé ñïîñîá ïîëó÷åíèÿ ïîâåðõíîñòè GaAs(001) ñ óïîðÿäî÷åííîé ñè-ñòåìîé àòîìíî-ãëàäêèõ òåððàñ â ðàâíîâåñíûõ óñëîâèÿõ, êîãäà îòñóòñòâóåòè ðîñò, è ñóáëèìàöèÿ [1℄. Ñîñòàâ è àòîìíàÿ ñòðóêòóðà ïîâåðõíîñòè îïðå-äåëÿëèñü ìåòîäîì ðåíòãåíîâñêîé �îòîýëåêòðîííîé ñïåêòðîñêîïèè è äè-�ðàêöèè ìåäëåííûõ ýëåêòðîíîâ, ñîîòâåòñòâåííî, à ýëåêòðîííûå ñâîéñòâà� ìåòîäîì ñïåêòðîñêîïèè �îòîîòðàæåíèÿ (ÔÎ). Ïîêàçàíà âîçìîæíîñòüóïðàâëåíèÿ ñîñòàâîì, àòîìíûìè ðåêîíñòðóêöèÿìè è ýëåêòðîííûìè ñâîé-ñòâàìè ïîëÿðíûõ ãðàíåé ïîëóïðîâîäíèêîâ ñ ïîìîùüþ èçîâàëåíòíîãî çà-ìåùåíèÿ, à òàêæå àäàòîì-èíäóöèðîâàííîãî ñåëåêòèâíîãî óäàëåíèÿ àòîìîâýëåìåíòîâ III è V ãðóïï ïðè ñðàâíèòåëüíî íèçêèõ (T ≤ 500 ◦C) òåìïåðàòó-ðàõ. Îáíàðóæåíî Cs-èíäóöèðîâàííîå ïîíèæåíèå òåìïåðàòóðû ïåðåõîäà îò



Low-Dimensional Systems 99As-ñòàáèëèçèðîâàííîé (2×4) ê Ga-ñòàáèëèçèðîâàííîé (4×2) ïîâåðõíîñòèGaAs(001) [2℄. Ïîêàçàíî, ÷òî ñåëåêòèâíîå âçàèìîäåéñòâèå àòîìîâ éîäà èöåçèÿ ñ ïîâåðõíîñòüþ GaAs(001) ïîçâîëÿåò îñóùåñòâëÿòü îáðàòèìûå íèç-êîòåìïåðàòóðíûå ïåðåõîäû ìåæäó ñâåðõñòðóêòóðàìè (2× 4) è (4× 2), àòàêæå àòîìíî-ñëîåâîå òðàâëåíèå ïîëóïðîâîäíèêà ñ �èçè÷åñêè ïðåäåëüíîé,ìîíîñëîéíîé òî÷íîñòüþ [3℄.Äëÿ äåòàëüíîãî èçìåðåíèÿ çàâèñèìîñòåé èçãèáà çîí ϕS îò êîíöåíòðà-öèè àäñîðáàòîâ θ, íàìè ïðåäëîæåíà è ðåàëèçîâàíà ìîäè�èêàöèÿ ñïåêòðî-ñêîïèè �îòîîòðàæåíèÿ, ñîñòîÿùàÿ â èçìåðåíèè ñïåêòðîâ îäíîâðåìåííî ñíåïðåðûâíûì íàíåñåíèåì öåçèÿ. Â ðåçóëüòàòå ïîëó÷àëñÿ äâóìåðíûé ìàñ-ñèâ âåëè÷èíû ñèãíàëà ÔÎ êàê �óíêöèè ýíåðãèè �îòîíîâ è âðåìåíè íàíå-ñåíèÿ öåçèÿ, êîòîðîå îïðåäåëÿåò âåëè÷èíó ïîêðûòèÿ. Ñïåêòð ÔÎ, ñîîòâåò-ñòâóþùèé ëþáîìó çàäàííîìó ïîêðûòèþ, îïðåäåëÿëñÿ èíòåðïîëÿöèåé ïî-ëó÷åííîãî ìàññèâà. Äàííûé ìåòîä ïîçâîëèë ïîâûñèòü òî÷íîñòü èçìåðåíèÿçàâèñèìîñòè ϕS(θ) è â íåñêîëüêî ðàç ñîêðàòèòü ïîëíîå âðåìÿ ýêñïåðèìåíòà.Ýòîò ìåòîä ïðèìåíèì äëÿ ñïåêòðîñêîïè÷åñêîãî èññëåäîâàíèÿ ðàçëè÷íûõñèñòåì ñ ïàðàìåòðàìè, èçìåíÿþùèìèñÿ âî âðåìåíè. Â ÷àñòíîñòè, îí ïîç-âîëÿåò èçó÷àòü ïðîöåññû ðåëàêñàöèè ïîâåðõíîñòíîãî ýëåêòðè÷åñêîãî ïîëÿè �îòîýäñ, ïðîèñõîäÿùèå ïîñëå íàíåñåíèÿ àäñîðáàòà.Â äàííîé ðàáîòå ýêñïåðèìåíòàëüíî èññëåäîâàíà ýâîëþöèÿ èçãèáà çîíè �îòîýäñ ïðè àäñîðáöèè ñóðüìû è öåçèÿ íà As-ñòàáèëèçèðîâàííîé,Ga-ñòàáèëèçèðîâàííîé è Sb-ñòàáèëèçèðîâàííîé ïîâåðõíîñòÿõ GaAs(001).Îáíàðóæåíû êà÷åñòâåííûå îòëè÷èÿ çàâèñèìîñòåé èçãèáà çîí îò êîí-öåíòðàöèè ñóðüìû θSb ïðè àäñîðáöèè íà As- è Ga-ñòàáèëèçèðîâàííûõïîâåðõíîñòÿõ GaAs(001). Óñòàíîâëåíî, ÷òî íà As-ñòàáèëèçèðîâàííîé èSb-ñòàáèëèçèðîâàííîé ïîâåðõíîñòÿõ çàâèñèìîñòè èçãèáà çîí îò êîí-öåíòðàöèè àäàòîìîâ öåçèÿ èìåþò ñõîäíóþ �îðìó, õàðàêòåðíóþ äëÿàíèîí-òåðìèíèðîâàííûõ ïîâåðõíîñòåé GaAs(001). Íàïðîòèâ, íà Ga-ñòàáèëèçèðîâàííîé ïîâåðõíîñòè ýòà çàâèñèìîñòü èìååò êà÷åñòâåííî èíîéâèä è ñîäåðæèò "òîíêóþ ñòðóêòóðó" â âèäå íåñêîëüêèõ ìàêñèìó-ìîâ è ìèíèìóìîâ, îáóñëîâëåííûõ �îðìèðîâàíèåì êâàçèäèñêðåòíîãîñïåêòðà àäàòîì-èíäóöèðîâàííûõ ïîâåðõíîñòíûõ ñîñòîÿíèé â ñèñòåìåCs/GaAs(001)-(4× 2) [4℄. Ýêñïåðèìåíòàëüíî èçó÷åíà ðåëàêñàöèÿ ïîâåðõ-íîñòíîãî ïîëÿ è �îòîýäñ, íàáëþäàâøàÿñÿ ïîñëå íàíåñåíèÿ öåçèÿ è îáóñëîâ-ëåííàÿ, ïî-âèäèìîìó, ïðîöåññàìè àêêîìîäàöèè àäàòîìîâ íà ïîâåðõíîñòè.[1℄ V.L. Alperovi
h, et al., Appl. Phys. Lett. 94, 101908 (2009).[2℄ O.E. Teresh
henko, et al., Phys. Rev. B, 71, 155315 (2005).[3℄ Î.Å. Òåðåùåíêî è äð., Ïèñüìà ÆÝÒÔ, 87, 41 (2008).[4℄ À.�. Æóðàâëåâ, Â.Ë. Àëüïåðîâè÷, Ïèñüìà ÆÝÒÔ, 88, 702 (2008).



100 Íèçêîðàçìåðíûå ñèñòåìûL-23Äâóõ÷àñòè÷íûå äûðî÷íûå ñîñòîÿíèÿ â íàïðÿæåííûõâåðòèêàëüíî-ñâÿçàííûõ êâàíòîâûõ òî÷êàõ Ge/SiÀ. À. Áëîøêèí, À.È. ßêèìîâ, À.Â. Äâóðå÷åíñêèéÈíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ èìåíè �æàíîâà ÑÎ �ÀÍ, 630090Íîâîñèáèðñê, ïð. Àêàäåìèêà Ëàâðåíòüåâà, 18Êâàíòîâûå òî÷êè (ÊÒ) ïðåäñòàâëÿþò ñîáîé ïðåäåëüíûé ñëó÷àé ñèñòåìïîíèæåííîé ðàçìåðíîñòè, ïîñêîëüêó îãðàíè÷åíèå äâèæåíèÿ íîñèòåëÿ çà-ðÿäà ïðîèñõîäèò â íèõ âî âñåõ òðåõ íàïðàâëåíèÿõ. Íàëè÷èå äèñêðåòíîãîýíåðãåòè÷åñêîãî ñïåêòðà íîñèòåëåé çàðÿäà ïîçâîëÿåò ãîâîðèòü î êâàíòîâûõòî÷êàõ êàê îá èñêóññòâåííûõ àòîìàõ. Ïðèìåðîì äðóãîé ñèñòåìû íóëåâîéðàçìåðíîñòè ìîæåò ñëóæèòü ïàðà òóííåëüíî-ñâÿçàííûõ ÊÒ, êîòîðàÿ ïîç-âîëÿåò ðàñøèðèòü àíàëîãèþ ìåæäó èñêóññòâåííûìè è åñòåñòâåííûìè àòî-ìàìè íà èñêóññòâåííûå è åñòåñòâåííûå ìîëåêóëû. Îäíèì èç èíòåðåñíûõÿâëåíèé, îáíàðóæåííûõ â ñèñòåìå èç äâóõ âåðòèêàëüíî-ñâÿçàííûõ êâàíòî-âûõ òî÷åê, ÿâëÿåòñÿ ñóùåñòâîâàíèå àíòèñâÿçâàþùåãî îñíîâíîãî ñîñòîÿíèÿäûðêè [1℄. Äàííûé ý��åêò î÷åíü âàæåí äëÿ �èçèêè êîíäåíñèðîâàííîãî ñî-ñòîÿíèÿ, ïîñêîëüêó íå èìååò àíàëîãîâ ñðåäè íàòóðàëüíûõ ìîëåêóë. Ñóùå-ñòâîâàíèå àíòèñâÿçûâàþùåãî îñíîâíîãî ñîñòîÿíèÿ â ñïåêòðå îäíî÷àñòè÷-íûõ ñîñòîÿíèé äîëæíî ïðèâîäèòü ê ñóùåñòâåííîé ìîäè�èêàöèè ñïåêòðàäâóõ äûðîê ïî ñðàâíåíèþ ñî ñïåêòðîì äâóõ ýëåêòðîíîâ [2℄.Ñèñòåìà èç äâóõ âåðòèêàëüíî ñâÿçàííûõ êâàíòîâûõ òî÷åê ìîäåëèðîâà-ëàñü äâóìÿ ïèðàìèäàìè Ge, âñòðîåííûìè â ìàòðèöó Si. �àçìåð îñíîâàíèÿïèðàìèä âàðüèðîâàëñÿ îò 10 äî 20 íì, âûñîòà ñîñòàâëÿëà 1/10 îñíîâàíèÿïèðàìèäû. Êàæäàÿ ïèðàìèäêà ðàñïîëàãàëàñü íà ñìà÷èâàþùåì ñëîå Ge,òîëùèíîé 4 ìîíîñëîÿ Ge. �àññòîÿíèå ìåæäó ïèðàìèäêàìè âàðüèðîâàëîñüîò 2 äî 8 íì îò ñìà÷èâàþùåãî ñëîÿ äî ñìà÷èâàþùåãî ñëîÿ. Òàêàÿ ñèòó-àöèÿ ñîîòâåòñòâóåò ðåàëüíûì ñòðóêòóðàì, ïîëó÷àåìûì â ðåçóëüòàòå ãå-òåðîýïèòàêñèè ãåðìàíèÿ íà êðåìíèé. �àñïðåäåëåíèå óïðóãèõ äå�îðìàöèéâû÷èñëÿëîñü ñ ïîìîùüþ ïðîãðàììíîãî ïàêåòà Comsol Multiphysi
s â ïðè-áëèæåíèå ñïëîøíîé ñðåäû â ñî÷åòàíèè ñ ìåòîäîì êîíå÷íûõ ýëåìåíòîâ. Ìî-äåëèðîâàíèå äûðî÷íîãî ñïåêòðà ïðîèçâîäèëîñü â 6-çîííîì ïðèáëèæåíèè.Ý��åêòû ñâÿçàííûå ñ äå�îðìàöèÿìè áûëè â âêëþ÷åíû â ðàññìîòðåíèå ñïîìîùüþ ãàìèëüòîíèàíà Áèðà�Ïèêóñà. Äëÿ òîãî, ÷òîáû ïîêàçàòü, ÷òî îñ-íîâíîé âêëàä â îñîáåííîñòè îäíî- è äâóõ÷àñòè÷íîãî ñïåêòðà äûðîê âíîñèòâçàèìîäåéñòâèå ìåæäó ïîäçîíàìè âàëåíòíîé çîíû, ìû ïðîâåëè ìîäåëèðî-âàíèå ñïåêòðà äûðîê â îäíîçîííîì ïðèáëèæåíèè, ó÷èòûâàÿ ëèøü ïîäçîíó



Low-Dimensional Systems 101òÿæåëûõ äûðîê. Ìíîãî÷àñòè÷íàÿ çàäà÷à ðåøàëàñü ìåòîäîì êîí�èãóðàöè-îííîãî âçàèìîäåéñòâèÿ, â êîòîðîì ìíîãî÷àñòè÷íàÿ âîëíîâàÿ �óíêöèÿ ðàñ-êëàäûâàåòñÿ ïî äåòåðìèíàíòàì Ñëýéòåðà, ïîñòðîåííûõ èç îäíî÷àñòè÷íûõâîëíîâûõ �óíêöèé.Ïîêàçàíî, ÷òî îäíîçîííîå ïðèáëèæåíèå äëÿ äûðîê õîðîøî âîñïðîèçâî-äèò îñíîâíûå çàêîíîìåðíîñòè ñïåêòðà ýëåêòðîíîâ, ëîêàëèçîâàííûõ â êâàí-òîâûõ òî÷êàõ[2℄. Óñòàíîâëåíî, ÷òî êàê è äëÿ ýëåêòðîíîâ, îñíîâíîå ñîñòîÿ-íèå äâóõ äûðîê ÿâëÿåòñÿ ñïèíîâûì ñèíãëåòîì, ïåðâîå âîçáóæäåííîå ñïèíî-âûì òðèïëåòîì, îäíàêî â äàííîì ñëó÷àå ðîëü ñïèíà èãðàåò ïîëíûé óãëîâîéìîìåíò. Îáíàðóæåíî, ÷òî àñèììåòðèÿ ðàñïðåäåëåíèÿ äå�îðìàöèé â òàêîéñòðóêòóðå è ñïèí-îðáèòàëüíîå âçàèìîäåéñòâèå â âàëåíòíîé çîíå ïðèâîäÿòê ïîÿâëåíèþ àñèììåòðèè êàê îäíî÷àñòè÷íûõ, òàê è ìíîãî÷àñòè÷íûõ äû-ðî÷íûõ ñîñòîÿíèé, äàæå åñëè êâàíòîâûå òî÷êè îäèíàêîâû ïî ðàçìåðó è�îðìå. Âî-ïåðâûõ, ðàñùåïëåíèå ìåæäó ñâÿçûâàþùåé è àíòèñâÿçûâàþùåéìîëåêóëÿðíûìè îðáèòàëÿìè íå ÿâëÿåòñÿ ñèììåòðè÷íûì: Ñðåäíÿÿ ýíåðãèÿäûðêè óìåíüøàåòñÿ ñ óìåíüøåíèåì ðàññòîÿíèÿ ìåæäó êâàíòîâûìè òî÷êà-ìè, ÷òî ñâèäåòåëüñòâóåò î íàëè÷èè âíóòðåííåé ñòðóêòóðíîé àñèììåòðèè.Âî-âòîðûõ, óâåëè÷åíèå òîëùèíû ñëîÿ Si ìåæäó êâàíòîâûìè òî÷êàìè Geïðèâîäèò ê ïåðåñå÷åíèþ ýíåðãåòè÷åñêèõ óðîâíåé, ñîîòâåòñòâóþùèõ îäíî-÷àñòè÷íûì ñîñòîÿíèÿì ðàçëè÷íîé ñèììåòðèè. Â ðåçóëüòàòå, ïðè áîëüøîéäèñòàíöèè ìåæäó íàíîêëàñòåðàìè Ge îñíîâíûì ñîñòîÿíèåì ñòàíîâèòñÿ àí-òèñâÿçûâàþùàÿ äûðî÷íàÿ îðáèòàëü. Â-òðåòüèõ, â òî÷êå ïåðåñå÷åíèÿ (êðîñ-ñèíãà) óðîâíåé îäíî÷àñòè÷íûõ ñîñòîÿíèé îáíàðóæåí àíòèêðîññèíã äâóõ÷à-ñòè÷íûõ ñîñòîÿíèé ñèíãëåòà è òðèïëåòà ñ íóëåâîé ýíåðãåòè÷åñêîé ùåëüþ.Ïîêàçàíî, ÷òî îáà ÿâëåíèÿ � êðîññèíã îäíî÷àñòè÷íûõ ñîñòîÿíèé è àíòè-êðîññèíã ìíîãî÷àñòè÷íûõ � ÿâëÿþòñÿ ñëåäñòâèåì ëîêàëèçàöèè äûðîê âïðîòèâîïîëîæíûõ êâàíòîâûõ òî÷êàõ, âûçâàííîé àñèììåòðèåé ðàñïðåäåëå-íèÿ äå�îðìàöèîííûõ ïîëåé. Äëÿ íèçøåãî ïî ýíåðãèè ñïèíîâîãî ñèíãëåòàîáíàðóæåíî ÿâëåíèå, ñâÿçàííîå ñ êóëîíîâñêèìè êîððåëÿöèÿìè â äâèæå-íèè äâóõ äûðîê è ïðîÿâëÿþùååñÿ â ëîêàëèçàöèè äâóõ÷àñòè÷íîé âîëíîâîé�óíêöèè äûðîê â ïðîòèâîïîëîæíûõ êâàíòîâûõ òî÷êàõ ïðè óäàëåíèè òî÷åêäðóã îò äðóãà. Ïîêàçàíî, ÷òî ñòåïåíü ïåðåïóòûâàíèÿ êâàíòîâûõ ñîñòîÿíèéñèíãëåòà â óñëîâèÿõ ïðîÿâëåíèÿ òàêèõ ïðîñòðàíñòâåííûõ êîððåëÿöèé äî-ñòèãàåò 100%.�àáîòà âûïîëíåíà ïðè �èíàíñîâîé ïîääåðæêå �îññèéñêîãî �îíäà �óí-äàìåíòàëüíûõ èññëåäîâàíèé (ãðàíò � 09-02-00050). À.À. Áëîøêèí áëàãî-äàðèò �îíä "Äèíàñòèÿ".[1℄ A.I. Yakimov, A.A. Bloshkin, A.V. Dvure
henskii, Phys. Rev. B, 78,165310 (2008).[2℄ L. He, G. Bester, and A. Zunger, Phys. Rev. B, 72, 195307 (2005).



102 Íèçêîðàçìåðíûå ñèñòåìûL-24Îñîáåííîñòè ðîñòà è èññëåäîâàíèå ãåòåðîñòðóêòóð íàîñíîâå InSb (îáúåìíûå ñëîè, êâàíòîâûå ÿìû è òî÷êè)À.Í. Ñåìåíîâ, Á.ß. Ìåëüöåð, Â.À. Ñîëîâüåâ, ß.Â. Òåðåíüòüåâ,Ò.À. Êîìèñ
àðîâà, Ä.À. Êèðèëåíêî, À.À. Ñèòíèêîâà À.Ì. Íàäòî÷èé,Ñ.Â. ÈâàíîâÔÒÈ èì. À.Ô. Èî��å, Ñàíêò-Ïåòåðáóðã, 194021, Ïîëèòåõíè÷åñêàÿ, 26Îãðîìíûé èíòåðåñ ê èññëåäîâàíèþ ãåòåðîñòðóêòóð íà îñíîâå InSb, èìå-þùåãî íàèìåíüøóþ øèðèíó çàïðåùåííîé çîíû èç âñåõ III-V ñîåäèíåíèé,îáóñëîâëåí ïåðñïåêòèâíîñòüþ ïðèìåíåíèÿ òàêèõ ñòðóêòóð äëÿ êàê äëÿ öå-ëåé ñîçäàíèÿ îïòîýëåêòðîííûõ ïðèáîðîâ (èíæåêöèîííûõ ëàçåðîâ è äåòåê-òîðîâ èçëó÷åíèÿ ñðåäíåãî ÈÊ äèàïàçîíà), òàê è ïðèáîðîâ ÑÂ× ìèêðîýëåê-òðîíèêè. Êðîìå òîãî, íàèáîëüøèé ñðåäè ïîëóïðîâîäíèêîâ A3B5 g-�àêòîð,ïðèñóùèé InSb, äåëàåò ýòîò ìàòåðèàë ÷ðåçâû÷àéíî èíòåðåñíûì îáúåêòîìäëÿ �óíäàìåíòàëüíûõ èññëåäîâàíèé ñïèíîâûõ ðàñùåïëåíèé ýíåðãåòè÷å-ñêèõ ñîñòîÿíèé â äâóìåðíîì ýëåêòðîííîì ãàçå, à òàêæå äëÿ èçó÷åíèÿ ìàã-íèòîòðàíñïîðòíûõ ý��åêòîâ. �åòåðîñòðóêòóðû 
 äâóìåðíûì êàíàëîì InSbïîçâîëÿþò äîñòè÷ü ðåêîðäíûõ çíà÷åíèé ïîäâèæíîñòè ýëåêòðîíîâ ïðè êîì-íàòíîé òåìïåðàòóðå, ÷òî íàðÿäó ñ ìàêñèìàëüíîé èç âñåõ A3B5 ñêîðîñòüþíàñûùåíèÿ ýëåêòðîíîâ â InSb, äåëàåò âåñüìà ïðèâëåêàòåëüíîé çàäà÷ó ñî-çäàíèÿ ñâåðõáûñòðîäåéñòâóþùèõ ÑÂ× ïîëåâûõ òðàíçèñòîðîâ íà èõ îñíîâå[1℄. �åòåðîñòðóêòóðû ñ êâàíòîâûìè òî÷êàìè (ÊÒ) InSb â ìàòðèöå InAs, âû-ðàùåííûå ìåòîäîì ìîëåêóëÿðíî-ïó÷êîâîé ýïèòàêñèè (ÌÏÝ), äåìîíñòðèðó-þò ÷ðåçâû÷àéíî èíòåíñèâíóþ �îòîëþìèíåñöåíöèþ ïðè êîìíàòíîé òåìïå-ðàòóðå â ñïåêòðàëüíîì äèàïàçîíå 3.9÷ 4.4ìêì â çàâèñèìîñòè îò òîëùèíûâñòàâîê InSb [2℄. Ëèøü òîëüêî îòñóòñòâèå êîìïëèìåíòàðíûõ ïàð ìàòåðèà-ëîâ A3B5, ñîãëàñîâàííûõ ñ InSb ïî ïåðèîäó êðèñòàëëè÷åñêîé ðåøåòêè íåïîçâîëÿåò ñîçäàâàòü ãåòåðîñòðóêòóðû ñ âûñîêèì ñòðóêòóðíûì ñîâåðøåí-ñòâîì è îãðàíè÷èâàåò ïðèìåíåíèå InSb â îïòî- è ìèêðîýëåêòðîíèêå.Â äàííîé ðàáîòå ñîîáùàåòñÿ îá îñîáåííîñòÿõ �îðìèðîâàíèÿ ìåòîäîìÌÏÝ è èññëåäîâàíèè îáúåìíûõ ñëîåâ AlxIn1−xSb, à òàêæå êâàíòîâîðàç-ìåðíûõ ãåòåðîñòðóêòóð: ñ äâóìåðíûì êàíàëîì â ñèñòåìå AlInSb/InSb è ñÊÒ InSb â ìàòðèöå InAs.Èññëåäóåìûå ñòðóêòóðû áûëè âûðàùåíû íà óñòàíîâêå ÌÏÝ "RIBER32P" , îáîðóäîâàííîé ñòàíäàðòíûìè ý��óçèîííûìè ÿ÷åéêàìè çà èñêëþ-÷åíèåì ìûøüÿêà. Â êà÷åñòâå èñòî÷íèêà ìûøüÿêà èñïîëüçîâàëñÿ êðåêèí-ãîâûé êëàïàííûé èñòî÷íèê VAC-500, îáåñïå÷èâàþùèé â çàâèñèìîñòè îòòåìïåðàòóðû êðåêèíãîâîé çîíû ïîòîêè ÷åòûðåõ-, äâóõàòîìíûõ ìîëåêóëèëè àòîìîâ ìûøüÿêà. Èçìåðåíèå ýëåêòðî�èçè÷åñêèõ ïàðàìåòðîâ îòäåëü-íûõ ñëîåâ è ãåòåðîñòðóêòóð ïðîâîäèëîñü ñ ïîìîùüþ ý��åòêà Õîëëà ïðè



Low-Dimensional Systems 103òåìïåðàòóðàõ 300 è 77Ê. Èññëåäîâàíèÿ îñîáåííîñòåé ðîñòà ïðîâîäèëèñü ñèñïîëüçîâàíèåì äè�ðàêöèè áûñòðûõ ýëåêòðîíîâ íà îòðàæåíèå (ÄÁÎÝ), âòîì ÷èñëå â ðåæèìå ðåãèñòðàöèè îñöèëëÿöèé èíòåíñèâíîñòè îòðàæåííîãîïó÷êà. Èññëåäîâàíèÿ ñòðóêòóðíûõ è îïòè÷åñêèõ ñâîéñòâ ïðîâîäèëèñü ìå-òîäàìè ïðîñâå÷èâàþùåé ýëåêòðîííîé ìèêðîñêîïèè (ÏÝÌ), ðåíòãåíîâñêîéäè�ðàêòîìåòðèè è �îòîëþìèíåñöåíöèè.Îïðåäåëåíû óñëîâèÿ, ïîçâîëÿþùèå �îðìèðîâàòü ñëîè òâåðäûõ ðàñ-òâîðîâ AlxIn1−xSb è InSb ñ äîñòàòî÷íî âûñîêèì ñòðóêòóðíûì ñîâåðøåí-ñòâîì â óñëîâèÿõ áîëüøîãî ðàññîãëàñîâàíèÿ ïåðèîäîâ êðèñòàëëè÷åñêèõðåøåòîê ñ ïîäëîæêàìè GaAs. Èñïîëüçîâàíèå áó�åðíîé ñòðóêòóðû ñ ïå-ðåõîäíûìè ñëîÿìè AlSb, AlxIn1−xSb è êîðîòêîïåðèîäíîé ñâåðõðåøåòêîé
AlxIn1−xSb/InSb ïîçâîëèëî ñíèçèòü ïëîòíîñòü äå�åêòîâ âáëèçè ïîâåðõíî-ñòè íà 2 ïîðÿäêà, ÷òî ïîäòâåðæäàåòñÿ ðåçóëüòàòàìè ÏÝÌ. Óñòàíîâëåíûîïòèìàëüíûå òåìïåðàòóðû ðîñòà ñëîåâ InSb (390 ◦C) è AlxIn1−xSb (420 ◦C)è ñîîòâåòñòâóþùèå èì îòíîøåíèÿ ïîòîêîâ ýëåìåíòîâ III è V ãðóïï. Èñ-ñëåäîâàíà �àçîâàÿ äèàãðàììà ïîâåðõíîñòè InSb è óñòàíîâëåíû îñíîâíûåðåêîíñòðóêöèè, íàáëþäàåìûå íà ïîâåðõíîñòè InSb. Ëó÷øèå, èç äîñòèãíó-òûõ íà ñåãîäíÿøíèé äåíü, ýëåêòðî�èçè÷åñêèå ïàðàìåòðû ñëîåâ InSb ïðèêîìíàòíîé òåìïåðàòóðå ñîñòàâèëè µ = 40000 ñì2/Â·ñ, n = 3.6·1012 ñì−2. Èñ-ñëåäîâàíà çàâèñèìîñòü ýëåêòðî�èçè÷åñêèõ ñâîéñòâ AlInSb îò ñîäåðæàíèÿàëþìèíèÿ. Íà îñíîâå ïîëó÷åííûõ ðåçóëüòàòîâ áûëè âûðàùåíû ñòðóêòóðûñ äâóìåðíûì êàíàëîì AlInSb/InSb, ïîäâèæíîñòü è êîíöåíòðàöèÿ íîñèòå-ëåé çàðÿäà â êîòîðûõ ïðè êîìíàòíîé òåìïåðàòóðå ñîñòàâèëè ñîîòâåòñòâåí-íî 20500 ñì2/Â · ñ è 3.6 · 1012 ñì−2. Ýòà çíà÷åíèÿ ñîïîñòàâèìû ñ ëó÷øèìèðåçóëüòàòàìè, ïîëó÷åííûìè â ñèñòåìå ñ äâóìåðíûì ýëåêòðîííûì ãàçîì âÊß AlSb/InAs [3℄.Îïèñàíû îñîáåííîñòè �îðìèðîâàíèÿ ÊÒ InSb â ìàòðèöå InAs áåç ïðè-íóäèòåëüíîãî îñàæäåíèÿ InSb ìåòîäîì ÌÏÝ. Èññëåäîâàíà êèíåòèêà �îð-ìèðîâàíèÿ ÊÒ InSb è ñìà÷èâàþùåãî ñëîÿ InAsSb è âëèÿíèå òåìïåðàòóðûïîäëîæêè, î÷åðåäíîñòè âêëþ÷åíèÿ ïîòîêîâ ýëåìåíòîâ è ââåäåíèÿ ïðåðû-âàíèé ðîñòà íà ñâîéñòâà ìàññèâà ÊÒ InSb. Ïðåðûâàíèå ðîñòà ñðàçó ïîñëåâûäåðæêè ïîâåðõíîñòè InAs ïîä ïîòîêîì ñóðüìû ïðèâîäèò ê óìåíüøåíèþíîìèíàëüíîé òîëùèíû InSb è óëó÷øàåò îäíîðîäíîñòü ìàññèâà ÊÒ. Ïîêàçà-íî, ÷òî â ñëó÷àå îñàæäåíèÿ ÊÒ InSb/InAs ñóáìîíîñëîéíîé òîëùèíû, ðîëüñìà÷èâàþùåãî ñëîÿ âûïîëíÿåò ñåãðåãàöèîííûé ñëîé InAsSb.�àáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòîâ �ÔÔÈ 08-02-00222, 08-02-01272, 09-02-01500.[1℄ T. Ashley, et al., Ele
tron. Lett., 43, 14 (2007).[2℄ À.Í. Ñåìåíîâ è äð., ÔÒÏ, 42, 75 (2008).[3℄ B.R. Bennett, et al., J. Va
. S
i. Te
hnol. B, 22, 688 (2004).



104 Íèçêîðàçìåðíûå ñèñòåìûL-25Îñîáåííîñòè àêóñòîýëåêòðè÷åñêîãî ý��åêòà âêâàçèîäíîìåðíûõ ñèñòåìàõ ñî ñïèí-îðáèòàëüíûìâçàèìîäåéñòâèåìÈ.À. Êîêóðèí, Â.À. ÌàðãóëèñÌîðäîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Í.Ï. Îãàðåâà,430005, Ñàðàíñê, óë. Áîëüøåâèñòñêàÿ, 68Ïîëóïðîâîäíèêîâûå ñòðóêòóðû ñ äâóìåðíûì ýëåêòðîííûì ãàçîì (ÄÝ�),à òàêæå ñèñòåìû ìåíüøåé ðàçìåðíîñòè (êâàíòîâûå ïðîâîëîêè è òî÷êè),ïîëó÷àåìûå äîïîëíèòåëüíûì îãðàíè÷åíèåì ÄÝ�, ïðåäñòàâëÿþò áîëüøîéèíòåðåñ äëÿ ñîâðåìåííîé ñïèíòðîíèêè. Ýòî ñâÿçàíî, â ïåðâóþ î÷åðåäü, ñíàëè÷èåì â òàêèõ ñèñòåìàõ ñïèí-îðáèòàëüíîãî âçàèìîäåéñòâèÿ (ÑÎÂ), êî-òîðîå äàåò âîçìîæíîñòü óïðàâëÿòü ñïèíîâûìè ñòåïåíÿìè ñâîáîäû íîñèòå-ëåé ñ ïîìîùüþ ýëåêòðè÷åñêîãî ïîëÿ. Â ñèñòåìàõ ñ ÄÝ� îäíèì èç îñíîâíûõìåõàíèçìîâ ÑÎÂ ÿâëÿåòñÿ ÑÎÂ �àøáû [1℄, îïèñûâàåìîå ãàìèëüòîíèàíîì
HSO =

α

~
(σxpy − σypx), (1)ãäå σi � ìàòðèöû Ïàóëè, p = (px, py) � îïåðàòîð äâóìåðíîãî èìïóëüñà, α� êîíñòàíòà ÑÎÂ �àøáû.Öåëü íàñòîÿùåé ðàáîòû � òåîðåòè÷åñêîå èññëåäîâàíèå àêóñòîýëåêòðè÷å-ñêîãî (ÀÝ) ý��åêòà â êâàçèîäíîìåðíûõ ýëåêòðîííûõ ñèñòåìàõ ñ ÑÎÂ �àø-áû ïðè áàëëèñòè÷åñêîì òðàíñïîðòíîì ðåæèìå. Ê ÷èñëó òàêèõ ñèñòåì ñëå-äóåò îòíåñòè, â ïåðâóþ î÷åðåäü, êâàíòîâûå ïðîâîëîêè, ïîëó÷àåìûå ýëåê-òðîñòàòè÷åñêèì îãðàíè÷åíèåì ÄÝ�. Â ñëó÷àå êâàíòîâûõ ïðîâîëîê ñ ÑÎÂïðè íàõîæäåíèè ñïåêòðà è ñîáñòâåííûõ �óíêöèé ïðèõîäèòñÿ ïîëüçîâàòüñÿ÷èñëåííûìè ìåòîäàìè äàæå äëÿ ïðîñòûõ ìîäåëåé óäåðæèâàþùåãî ïîòåí-öèàëà [2-4℄, ïîýòîìó äëÿ óñòàíîâëåíèÿ îáùèõ çàêîíîìåðíîñòåé ÀÝ-ý��åêòàâîñïîëüçóåìñÿ ÿâíî ðåøàåìîé ìîäåëüþ ïîëîé öèëèíäðè÷åñêîé ïðîâîëîêè(íàíîòðóáêè). Òàêàÿ ìîäåëü [5℄ (ÄÝ� ñ ÑÎÂ �àøáû íà ïîâåðõíîñòè öè-ëèíäðà) ïðåäñòàâëÿåò è ñàìîñòîÿòåëüíûé èíòåðåñ, â ÷àñòíîñòè, îíà ïðèìå-íÿëàñü äëÿ îïèñàíèÿ ýëåêòðîííûõ ñîñòîÿíèé â íàíîòðóáêàõ, ïîëó÷àåìûõñâîðà÷èâàíèåì íàïðÿæåííûõ ãåòåðîñòðóêòóð íà îñíîâå ïîëóïðîâîäíèêîâ

AIIIBV [6℄.Ïðè íèçêèõ òåìïåðàòóðàõ âçàèìîäåéñòâèå ýëåêòðîíîâ ñ óëüòðàçâóêîììîæíî ðàññìàòðèâàòü íåïîñðåäñòâåííî êàê ïîãëîùåíèå (ýìèññèþ) àêóñòè-÷åñêèõ �îíîíîâ ýëåêòðîíàìè ñèñòåìû. Â äàííîì ïðèáëèæåíèè, ïîäõîä äëÿðàñ÷åòà íàâåäåííîãî ïîòîêîì óëüòðàçâóêîâûõ àêóñòè÷åñêèõ �îíîíîâ ïî-ñòîÿííîãî ýëåêòðè÷åñêîãî òîêà (ÀÝ-òîêà) áûë ðàçâèò â ðàáîòå [7℄ äëÿ ñèñòå-ìû áåññïèíîâûõ ýëåêòðîíîâ ñ ïðîñòûì êâàäðàòè÷íûì çàêîíîì äèñïåðñèè.



Low-Dimensional Systems 105�àññ÷èòàííûé â [7℄ ÀÝ-òîê îòëè÷åí îò íóëÿ ëèøü ïðè çâóêîâûõ ÷àñòîòàõâûøå ïîðîãîâîé
ωth =

2mw2

~
, (2)ãäåm, w � ý��åêòèâíàÿ ìàññà ýëåêòðîíà è ñêîðîñòü çâóêà ñîîòâåòñòâåííî.Íàìè ïðåäëîæåíî îáîáùåíèå ïîäõîäà [7℄ íà ñëó÷àé áîëåå ñëîæíîãî ñïåê-òðà îäíîìåðíûõ ïîäçîí, ÷òî èìååò ìåñòî â ñèñòåìàõ ñ ÑÎÂ. Ïîêàçàíî, ÷òîâ ñèëó ñëîæíîé ñòðóêòóðû ýíåðãåòè÷åñêîãî ñïåêòðà, à òàêæå âîçìîæíî-ñòè èíäóöèðîâàííûõ çâóêîì ìåæïîäçîííûõ ïåðåõîäîâ, â ñèñòåìàõ ñ ÑÎÂñíèìàåòñÿ âûøåóïîìÿíóòîå îãðàíè÷åíèå íà ïîðîãîâóþ ÷àñòîòó çâóêà. Ýòîòàêæå âîçìîæíî â ñèëó òîãî, ÷òî, ïðè îïðåäåëåííûõ ÷àñòîòàõ óëüòðàçâó-êà ωq, ñòàíîâÿòñÿ âîçìîæíûìè ïåðåõîäû èç ñîñòîÿíèé (â ñîñòîÿíèÿ), äëÿêîòîðûõ çíàê ñêîðîñòè ýëåêòðîíà v = ∂E/∂(~k) ïðîòèâîïîëîæåí çíàêó èì-ïóëüñà ~k. Îòìåòèì, ÷òî óêàçàííîå îãðàíè÷åíèå òàêæå ìîæåò áûòü ñíÿòîïðè íàëè÷èè â ñèñòåìå äîïîëíèòåëüíîãî òèïà ðàññåÿíèÿ [8℄.Íàéäåííàÿ çàâèñèìîñòü ÀÝ-òîêà îò õèìè÷åñêîãî ïîòåíöèàëà ýëåêòðîí-íîãî ãàçà ñóùåñòâåííî îòëè÷àåòñÿ îò ãèãàíòñêèõ îñöèëëÿöèé ÀÝ-òîêà, èìå-þùèõ ìåñòî â ñèñòåìå áåññïèíîâûõ ýëåêòðîíîâ [7℄. Óñòàíîâëåíî, ÷òî íàðÿäóñ çàðÿäîâûì ÀÝ-òîêîì â ñèñòåìå âîçíèêàþò è ñïèíîâûå òîêè. Êàê çàðÿ-äîâûé, òàê è ñïèíîâûå òîêè ïðîÿâëÿþò íåìîíîòîííûå çàâèñèìîñòè ñ èç-ìåíåíèåì ÷àñòîòû çâóêà, êîíñòàíòû ÑÎÂ (âîçìîæíîñòü åå èçìåíåíèÿ äëÿïëàíàðíûõ ñòðóêòóð ñ ÄÝ� áûëà ïîêàçàíà â [9℄) è ìàãíèòíîãî ïîëÿ, ïðèëî-æåííîãî âäîëü îñè íàíîòðóáêè. Óïðàâëÿÿ âíåøíèìè ïàðàìåòðàìè ìîæíîäîáèòüñÿ ñèòóàöèè, êîãäà â ñèñòåìå ñóùåñòâóþò òîëüêî ñïèíîâûå òîêè. Îá-ñóæäàþòñÿ âîçìîæíûå ïðèëîæåíèÿ óêàçàííîãî ý��åêòà.×òî êàñàåòñÿ ïîñòàíîâêè ýêñïåðèìåíòà ïî ÀÝ-ý��åêòó ñ ïîëóïðîâîä-íèêîâûìè íàíîòðóáêàìè: çäåñü ìû íå âèäèì ïðèíöèïèàëüíûõ òðóäíîñòåé,ïîñêîëüêó ïîäîáíîãî ðîäà ýêñïåðèìåíò áûë ïîñòàâëåí äëÿ áëèçêèõ ïî ãåî-ìåòðèè íàíîñòðóêòóð � óãëåðîäíûõ íàíîòðóáîê [10℄.�àáîòà âûïîëíåíà ïðè ïîääåðæêå �ÔÔÈ (ãðàíò �08-02-01035).[1℄ Þ.À. Áû÷êîâ, Ý.È. �àøáà, Ïèñüìà ÆÝÒÔ, 39, 66 (1984).[2℄ A.V. Moroz, C.H.W. Barnes, Phys. Rev. B, 60, 14272 (1999).[3℄ J. Knobbe, Th. S
h�apers, Phys. Rev. B, 71, 035311 (2005).[4℄ C.A. Perroni et al., J. Phys.: Condens. Matter, 19, 186227 (2007).[5℄ Ë.È. Ìàãàðèëë è äð., Ïèñüìà ÆÝÒÔ, 64, 421 (1996).[6℄ V.Ya. Prinz, Physi
a E, 24, 54 (2004).[7℄ V.L. Gurevi
h et al., Phys. Rev. Lett., 77, 3881 (1996).[8℄ V.L. Gurevi
h et al., Phys. Rev. B, 58, 13088 (1998).[9℄ J. Nitta et al., Phys. Rev. Lett., 78, 1335 (1997).[10℄ J. Ebbe
ke et al., Phys. Rev. B, 70, 233401 (2004).



106 Íèçêîðàçìåðíûå ñèñòåìûL-26Çîííûé ñïåêòð ìóëüòèñëîéíûõ ñâåðõðåøåòîê ñîñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåìÂ.ß. Äåìèõîâñêèé, À.Â. ÒåëåæíèêîâÍèæåãîðîäñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Í.È. Ëîáà÷åâñêîãî603950 ã. Íèæíèé Íîâãîðîä, ïð. �àãàðèíà, 23Â ïîñëåäíåå âðåìÿ íàáëþäàåòñÿ íàðàñòàþùèé èíòåðåñ ê èçó÷åíèþ ñïè-íîâûõ ÿâëåíèé â ïîëóïðîâîäíèêîâûõ ãåòåðîñòðóêòóðàõ [1℄. �àñ÷¼ò êâàíòî-âûõ ñîñòîÿíèé è èçó÷åíèå òðàíñïîðòíûõ ÿâëåíèé òàêèõ ñèñòåì ïðåäñòàâëÿ-åò ñîáîé àêòóàëüíóþ ïðîáëåìó òâåðäîòåëüíîé �èçèêè â ñâÿçè ñ ñåðü¼çíûìèïåðñïåêòèâàìè èõ èñïîëüçîâàíèÿ â çàäà÷àõ ýëåêòðîíèêè.Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàþòñÿ ìóëüòèñëîéíûå ãåòåðîñòðóêòó-ðû (ñâåðõðåø¼òêè) ñî ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåì Äðåññåëüõàó-çà, ìîäåëèðóåìûå ïåðèîäè÷åñêèìè ïîòåíöèàëàìè ðàçëè÷íîãî âèäà. �àíååêâàíòîâûå ñîñòîÿíèÿ è òðàíñïîðò â ëàòåðàëüíûõ ñâåðõðåøåòêàõ ñî ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåì �àøáû ðàññìàòðèâàëèñü â [2℄.Áëîõîâñêèå ñïèíîðû, çîííûå ñïåêòðû è ñïèíîâûå ïëîòíîñòè ýíåðãåòè-÷åñêèõ óðîâíåé íàéäåíû äëÿ 3D-ýëåêòðîííîãî ãàçà ñî ñïèí-îðáèòàëüíûìâçàèìîäåéñòâèåì Äðåññåëüõàóçà, ïîìåù¼ííîãî â ïîëå îäíîìåðíîé ñâåðõðå-ø¼òêè. Ñïèí-îðáèòàëüíîå âçàèìîäåéñòâèå îïèñûâàåòñÿ èçâåñòíûì ãàìèëü-òîíèàíîì Äðåññåëüõàóçà [3℄, êîòîðûé â ñëó÷àå îðèåíòàöèè ñâåðõðåø¼òêèâäîëü îñè z óäîáíî çàïèñàòü â âèäå:
HD = γk||

{

[

0 eiϕ

e−iϕ 0

]

∂2

∂z2
− ik|| cos 2ϕ

[

1 0
0 −1

]

∂

∂z
+

+
ik2

|| sin 2ϕ

2

[

0 e−iϕ

−eiϕ 0

]

}

, (1)ãäå γ � êîíñòàíòà âçàèìîäåéñòâèÿ Äðåññåëüõàóçà, k2
|| = k2

x + k2
y, ϕ � ïî-ëÿðíûé óãîë âåêòîðà k||. Çàìåòèì, ÷òî ãàìèëüòîíèàí (1) äèàãîíàëèçóåòñÿñïèíîðàìè 〈c + | = (1, b+), 〈c− | = (1, b−), ãäå

b± =
k||kz cos 2ϕ∓

√

(k2
|| + k2

z)k
2
z + k2

|| sin
2 ϕ cos2 ϕ(k2

|| − 8k2
z)

cosϕ(k2
z − k2

|| sin
2 ϕ) + i sinϕ(k2

z − k2
|| cos2 ϕ)

. (2)Äëÿ ïåðèîäè÷åñêîãî ïîòåíöèàëà, ïðåäñòàâëåííîãî íà �èñ. 1(à), ãðàíè÷-íûå óñëîâèÿ íà ãðàíèöå ÿìû è áàðüåðà çàïèñûâàþòñÿ â âèäå:






u±(a+ 0) − u±(a− 0) = 0 ,
1

m±,2

u′±(a+ 0) − 1

m±,1

u′±(a− 0) = i
k2

x

~2
(γ1 − γ2)u±(a) .

(3)
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�èñ. 1: Ïåðèîäè÷åñêèé ïîòåíöèàë (a) è çîííûé ñïåêòð ãåòåðîñòðóêòóðû ñî ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåì Äðåññåëüõàóçà (b). Ñïëîøíûìè ëèíèÿìè ïîêàçàíû âåò-âè ñ ïîëÿðèçàöèåé ¾−¿, ïóíêòèðíûìè � ¾+¿.

�èñ. 2: Ñïèíîâûå ïîëÿðèçàöèè Sx (a) è Sz (b) â ãåòåðîñòðóêòóðå ñî ñïèí-îðáèòàëüíûìâçàèìîäåéñòâèåì Äðåññåëüõàóçà. Ñïëîøíûìè ëèíèÿìè ïîêàçàíû âåòâè ñ ïîëÿðèçàöèåé¾−¿, ïóíêòèðíûìè � ¾+¿.Çäåñü u±(z) � �óíêöèè, óäîâëåòâîðÿþùèå óñëîâèÿì òåîðåìû Áëîõà, àèìåííî u±(z) = u±(z − a − b) exp[iK(a + b)], ãäå K � êâàçèèìïóëüñ,
a + b � ïåðèîä ñâåðõðåøåòêè. Ý��åêòèâíûå ìàññû äàþòñÿ âûðàæåíèåì
m±1,2 = m∗

1,2/
(

1 ± 2m∗
1,2γ1,2k||/~

2
).Íà �èñ. 1(b) ïðèâåäåí ðåçóëüòàò ðàñ÷¼òà çîííîãî ñïåêòðà äëÿ ãåòåðî-ñòðóêòóðû ñ îäèíàêîâûìè çíà÷åíèÿìè γ1 = γ2 = γ. Íà �èñ. 2 ïðåäñòàâëåíûíåíóëåâûå ñïèíîâûå ïîëÿðèçàöèè Sx è Sz.Ñïèí-îðáèòàëüíîå âçàèìîäåéñòâèå, òàêèì îáðàçîì, äîëæíî ñêàçàòüñÿ íàõàðàêòåðå áëîõîâñêèõ îñöèëëÿöèé â ðàññìîòðåííûõ ñâåðõðåøåòêàõ, ïðèâå-ñòè ê èçìåíåíèþ õàðàêòåðèñòèê êàñêàäíûõ ëàçåðîâ, èçëó÷àþùèõ â òåðà-ãåðöåâîì äèàïàçîíå è ò.ä.[1℄ I. Zuti
, J. Fabian, S. Das Sarma, Rev. Mod. Phys., 76 (2004).[2℄ V.Ya. Demikhovskii, D.V. Khomitsky, JETP Letters, 83, 8 (2006).[3℄ G. Dresselhaus, Phys. Rev., 100, 580 (1955).



108 Íèçêîðàçìåðíûå ñèñòåìûL-27Äèíàìèêà âîëíîâûõ ïàêåòîâ â äâóìåðíîìýëåêòðîííîì ãàçå ñî ñïèí-îðáèòàëüíûìâçàèìîäåéñòâèåì, íàõîäÿùåìñÿ â ýëåêòðè÷åñêîì ïîëåÂ.ß. Äåìèõîâñêèé, À.Â. ÂîëêîâÍèæåãîðîäñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Í.È. Ëîáà÷åâñêîãî,603950, Íèæíèé Íîâãîðîä, ïð. �àãàðèíà, 23Äèíàìèêà âîëíîâûõ ïàêåòîâ ñî ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåì�àøáû, èçó÷àëàñü â ðàáîòå [1℄. Â ÷àñòíîñòè â ýòîé ðàáîòå àíàëèòè÷åñêè èáûëà ðàññ÷èòàíà ýâîëþöèÿ äâóìåðíûõ ïàêåòîâ â ñâîáîäíîì ïðîñòðàíñòâåè â îäíîðîäíîì ìàãíèòíîì ïîëå. Â íàñòîÿùåé ðàáîòå èçó÷àåòñÿ äèíàìèêàâîëíîâûõ ïàêåòîâ â ïîòåíöèàëüíûõ ïîëÿõ. Ïîñêîëüêó â òàêîé çàäà÷å ìåòîäðàçëîæåíèÿ ïî ñîáñòâåííûì �óíêöèÿì îïåðàòîðà �àìèëüòîíà íå óäîáåí,íàìè áûë ðàçâèò ÷èñëåííûé ìåòîä, ïîçâîëÿþùèé ðàññìàòðèâàòü øèðîêèéêëàññ çàäà÷, âêëþ÷àÿ ðàññåÿíèå âîëíîâûõ ïàêåòîâ, òóííåëèðîâàíèå ÷åðåçïîòåíöèàëüíûå áàðüåðû è äâèæåíèå â êàíàëàõ.�àññìàòðèâàåòñÿ âðåìåííàÿ ýâîëþöèÿ äâóìåðíûõ âîëíîâûõ ïàêåòîâ âñèñòåìàõ ñ ëèíåéíûì ïî k âçàèìîäåéñòâèåì �àøáû [2℄, íàõîäÿùèõñÿ âîâíåøíåì ïîòåíöèàëüíîì ïîëå. �àìèëüòîíèàí äàííîé ñèñòåìû èìååò âèä:
H = H0 +HR + V (x, y) =

p̂2

2m∗ + α
(

p̂yσ̂x − p̂xσ̂y

)

+ V (x, y) (1)ãäå m∗ � ý��åêòèâíàÿ ìàññà ýëåêòðîíà, α � êîíñòàíòà ñïèí-îðáèòàëüíîãîâçàèìîäåéñòâèÿ, σ � ìàòðèöû Ïàóëè.Â äîêëàäå áóäåò ïîêàçàíî, êàê ðàçíîñòíàÿ ñõåìà, ïðåäëîæåííàÿ â ðàáî-òå [2℄, ìîæåò áûòü àäàïòèðîâàíà äëÿ ðåøåíèÿ íåñòàöèîíàðíîãî óðàâíåíèÿØðåäèíãåðà ñ ãàìèëüòîíèàíîì (1).Â êà÷åñòâå èëëþñòðàöèè ïðèâåäåì ïðèìåð ðàñ÷åòà ýâîëþöèè â îäíîðîä-íîì ýëåêòðè÷åñêîì ïîëå, íàïðàâëåííîì ïî îñè y: V (y) = eEyy äëÿ íà÷àëü-íîãî ñîñòîÿíèÿ
ψ(r, 0) =

1

d
√
π

exp

(

− r2

2d2
− i

p0xx

~

)

·
[

1
exp

(

iπ/4
)

] (2)è ïàðàìåòðîâ ãàìèëüòîíèàíà: m∗ = 0.05m0, d = 10−5 ñì, k0 = 5 · 10−5 
ì−1,
α = 11.2 · 106 ñì/ñ, E = 25~

2/4m∗d3e.Íà÷àëüíîå ñîñòîÿíèå (2) ñîîòâåòñòâóåò ïîëÿðèçàöèè ñïèíà ãàóññîâà ïà-êåòà â íàïðàâëåíèè [110℄. Ïðè ýòîì y êîìïîíåíòà ñðåäíåãî èìïóëüñà ïåðâî-íà÷àëüíîãî ïàêåòà ðàâíî íóëþ. Êàê ñëåäóåò èç ðèñóíêà, ïåðâîíà÷àëüíûé
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�èñ. 1: �àñïðåäåëåíèÿ ïîëíîé ïëîòíîñòè âåðîÿòíîñòè ρ(x, y, t) è ñïèíîâîé ïëîòíîñòè szâ ìîìåíò âðåìåíè t = 5 (â åäèíèöàõ t = d/α) äëÿ âîëíîâîãî ïàêåòà ñ íà÷àëüíûì ñîñòîÿ-íèåì (20) è k0xd = 2, ïîìåùåííîãî â îäíîðîäíîå ýëåêòðè÷åñêîå ïîëå ñ íàïðÿæåííîñòüþ
E = 25~

2/4m∗d3e, íàïðàâëåííîå ïî y.ãàóññîâ ïàêåò ïðè t > 0 ðàñùåïëÿåòñÿ íà äâå ðàçëè÷íûå ïî àìïëèòóäå ÷à-ñòè, êîòîðûå ñ òå÷åíèåì âðåìåíè ðàçáåãàþòñÿ â ïðîòèâîïîëîæíûõ íàïðàâ-ëåíèÿõ è ðàñïëûâàþòñÿ. Ïðè ýòîì ðàñùåïèâøèåñÿ ÷àñòè âîëíîâîãî ïàêåòàèìåþò ïðîòèâîïîëîæíûå çíàêè êîìïîíåíòû sz ïðîåêöèè ñïèíà. Ïðè èçìå-íåíèè çíàêà ñðåäíåãî çíà÷åíèÿ p0x ïåðâîíà÷àëüíûé ïàêåò ïåðåìåùàåòñÿ âïðîòèâîïîëîæíîì ïî x íàïðàâëåíèè. Â ðåçóëüòàòå êàê â ñïèíîâîì ý��åêòåÕîëëà íà ëåâîé ãðàíèöå ñðåäíÿÿ ïðîåêöèÿ sz ñïèíà áóäåò èìåòü ïîëîæè-òåëüíîå çíà÷åíèå, à ñïðàâà � îòðèöàòåëüíîå.Â äîêëàäå áóäåò ðàññìîòðåíà ýâîëþöèÿ âîëíîâûõ ïàêåòîâ, ñ ðàçëè÷íîéíà÷àëüíîé ñïèíîâîé ïîëÿðèçàöèåé, äâèæóùèõñÿ â êàíàëàõ, òóííåëèðóþ-ùèõ ÷åðåç áàðüåðû è ðàññåèâàþùèõñÿ íà ëîêàëèçîâàííûõ ïîòåíöèàëàõ.[1℄ V.Ya. Demikhovskii et al., Phys. Rev. B, 78, 115401 (2008).[2℄ Þ.À. Áû÷êîâ, Ý.È. �àøáà, Ïèñüìà â ÆÝÒÔ, 39, 66 (1984).[3℄ T. Iita
a, Phys. Rev. E, 49, 5 (1994).



110 Íèçêîðàçìåðíûå ñèñòåìûL-28Êâàçèêëàññè÷åñêèé è êâàíòîâûé òðàíñïîðò âäâóìåðíîì ýëåêòðîííîì ãàçå ñ ðåøåòêîé àíòèòî÷åê ñïåðèîäîì 80 íì è 180 íìÄ.À. Êîçëîâ 1, Ç.Ä. Êâîí 1,2, À.Å. Ïëîòíèêîâ 1, À.Â. Ëàòûøåâ 1,2

1 Èíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ ÑÎ �ÀÍ, 630090 Íîâîñèáèðñê,ïð. Ëàâðåíòüåâà, 13
2 Íîâîñèáèðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, 630090 Íîâîñèáèðñê,óë. Ïèðîãîâà, 2 Äâóìåðíûé ýëåêòðîííûé ãàç
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�èñ. 1: Ìàãíèòîñîïðîòèâëåíèå ñâåðõðåøåò-êè àíòèòî÷åê ñ ïåðèîäîì 180 íì (ââåðõó) è80 íì (âíèçó). Öè�ðàìè óêàçàí íîìåð ñî-ñòîÿíèÿ, êàæäîå èç ïîñëåäóþùèõ ïîëó÷åíîïîäñâåòêîé ðàçëè÷íîé èíòåíñèâíîñòè.

(ÄÝ�) ñî ñâåðõðåøåòêîé àíòèòî÷åêîáëàäàåò öåëûì ðÿäîì èíòåðåñíåé-øèõ ñâîéñòâ, îáóñëîâëåííûõ êàêêëàññè÷åñêèì, òàê è êâàíòîâûìõàîñîì. Â äàííîé ðàáîòå âïåðâûåóäàëîñü èññëåäîâàòü òðàíñïîðòíûåñâîéñòâà ÄÝ� â ðåøåòêå àíòèòî÷åêñ ðåçêîé ãðàíèöåé ïîòåíöèàëà ÄÝ�� àíòèòî÷êà, à òàêæå îáëàäàþùåéðåêîðäíî ìàëûì ïåðèîäîì.Ïðîâåäåíî ýêñïåðèìåíòàëüíîåèññëåäîâàíèå ÄÝ� ñ ðåøåòêîé àí-òèòî÷åê ñ ïåðèîäîì 80 íì è 180 íìè äèàìåòðîì àíòèòî÷åê 20 ÷ 40 íì.Â êà÷åñòâå îñíîâû áðàëñÿ ÄÝ�â ãåòåðîïåðåõîäå AlGaAs/GaAs,ðàñïîëîæåííîì íà ðàññòîÿíèè25 íì îò ïîâåðõíîñòè ñòðóêòóðû.Ìàëàÿ ãëóáèíà çàëåãàíèÿ ÄÝ�ïîçâîëèëà äîñòè÷ü ðåçêîñòè ïîòåí-öèàëà ÄÝ� � àíòèòî÷êà, à òàêæåçíà÷èòåëüíî óìåíüøèòü ïåðèîäðåøåòêè è ðàäèóñ àíòèòî÷åê äîðàçìåðîâ, ñðàâíèìûõ ñ äåáðîé-ëåâñêîé äëèíîé âîëíû ýëåêòðîíà.Ñëåäóåò òàêæå îòìåòèòü, ÷òî äîíàñòîÿùåé ðàáîòû íàèìåíüøèé ïåðèîä ðåøåòêè àíòèòî÷åê, ïîëó÷åííûéàâòîðàìè [1℄, áûë 150 íì, òî åñòü â äâà ðàçà áîëüøå. Ïàðàìåòðû èñõîäíîãî



Low-Dimensional Systems 111ÄÝ�, èçìåíÿâøèåñÿ ïðè ïîìîùè ìåæçîííîé ïîäñâåòêè, áûëè ñëåäóþùè-ìè: êîíöåíòðàöèÿ ýëåêòðîíîâ Ns = (6.5 ÷ 8) × 1011 ñì−2, ïîäâèæíîñòü
µ = (2.6 ÷ 2.7) × 105 ñì2/Â·ñ ñ ñîîòâåòñòâóþùèìè äëèíàìè ñâîáîäíîãîïðîáåãà ltr = (3.4÷ 3.8)µì, è �åðìèåâñêîé äëèíîé âîëíû λF = 28÷ 38 íì.Èçìåðåíèÿ ìàãíèòîñîïðîòèâëåíèÿ äëÿ ñâåðõðåøåòêè ñ ïåðèîäîì 180 íìïðåäñòàâëåíû íà ðèñ. 1 ââåðõó. Õîðîøî âèäíî, ÷òî îáðàçåö äåìîíñòðèðóåòäâà ïèêà ñîèçìåðèìîñòè: îñíîâíîé, ñîîòâåòñòâóþùèé óñëîâèþ 2.1×Rc = a,è çíà÷èòåëüíî ìåíüøèé ïî âåëè÷èíå, ñîîòâåòñòâóþùèé óñëîâèþ Rc =
1.8 × a. Íàø ðåçóëüòàò ñîãëàñóåòñÿ ãîðàçäî ëó÷øå ñ ìîäåëüþ äåëîêàëè-çîâàííûõ "óáåãàþùèõ" òðàåêòîðèé, ÷åì â ïðåäûäóùèõ ðàáîòàõ. Â ìàã-íèòîñîïðîòèâëåíèè òàêæå íàáëþäàþòñÿ èíòåð�åðåíöèîííûå îñîáåííîñòè.Âî-ïåðâûõ, ýòè îñîáåííîñòè íàáëþäàþòñÿ êàê â îáëàñòè ñëàáûõ ìàãíèòíûõïîëåé, òàê è â îáëàñòè îñíîâíîãî ñîèçìåðèìîãî ïèêà. Ýòî ãîâîðèò î âûñî-êîì êà÷åñòâå èññëåäóåìîé ðåøåòêè. Âî-âòîðûõ, â äàííîé ðàáîòå óäàëîñüîáíàðóæèòü ñèëüíóþ çàâèñèìîñòü àìïëèòóäû îñöèëëÿöèé îò ìàãíèòíîãîïîëÿ â îáëàñòè ñîèçìåðèìîãî ïèêà, ñâèäåòåëüñòâóþùóþ î ñòðîãîì ðàçãðà-íè÷åíèè òðàåêòîðèé âîêðóã àíòèòî÷åê è ñòàëêèâàþùèõñÿ ñ íèìè áëàãîäàðÿðåçêîñòè ãðàíè÷íîãî ïîòåíöèàëà ÄÝ�-àíòèòî÷êà.Èçìåðåíèÿ ìàãíèòîñîïðîòèâëåíèÿ äëÿ ðåøåòêè ñ ïåðèîäîì 80 íì ïðåä-ñòàâëåíû íà ðèñ. 1 âíèçó. Íà ïîëó÷åííûõ çàâèñèìîñòÿõ òàêæå íàáëþäàþòñÿîñíîâíûå ïèêè ìàãíèòîñîïðîòèâëåíèÿ ïðè âûïîëíåíèè óñëîâèÿ 2×Rc = d.Ïðè äàëüíåéøåì óâåëè÷åíèè ìàãíèòíîãî ïîëÿ ñðàçó ïîñëå îñíîâíîé ñî-èçìåðèìîé îñöèëëÿöèè âîçíèêàåò õîðîøî âûðàæåííûé ðåæèì êâàíòîâîãîý��åêòà Õîëëà. Îñòàâøèéñÿ ïèê â ìåíüøèõ ìàãíèòíûõ ïîëÿõ íå ñîîòâåò-ñòâóåò íèêàêîìó óñëîâèþ ñîèçìåðèìîñòè è ñâÿçàí ñ ý��åêòàìè íåìîíîòîí-íîãî ðàññåÿíèÿ. Òàêæå â äàííîì îáðàçöå áûëè îáíàðóæåíû àíîìàëüíûåîñöèëëÿöèè Øóáíèêîâà�äå �ààçà. Âî-ïåðâûõ, àìïëèòóäà ýòèõ îñöèëëÿöèéïàäàëà ïðè ïåðåõîäå îò 2-ãî ê 3-ìó ñîñòîÿíèþ. Ñâÿçàíî ýòî, ïî-âèäèìîìó, ñèñ÷åçíîâåíèåì àíòèòî÷åê è âîçíèêíîâåíèåì íà èõ ìåñòàõ îáëàñòåé ñ ñèëü-íî ïîíèæåííîé êîíöåíòðàöèåé ÄÝ�. Ýòî ïðåäïîëîæåíèå ïîäòâåðæäàåòñÿðàñ÷åòàìè òðàíñïîðòíîé äëèíû ñâîáîäíîãî ïðîáåãà, êîòîðàÿ óâåëè÷èâàåò-ñÿ ïî÷òè â 2 ðàçà ïðè ïåðåõîäå îò ñîñòîÿíèÿ 2 ê ñîñòîÿíèþ 3. Â ðåçóëüòàòåïðîèñõîäèò óâåëè÷åíèå òðàíñïîðòíîãî âðåìåíè τtr ñ îäíîâðåìåííûì óìåíü-øåíèåì êâàíòîâîãî âðåìåíè τq èç-çà óâåëè÷åíèÿ âåðîÿòíîñòè ðàññåÿíèÿ íàìàëûå óãëû â îáëàñòÿõ ñ ïîíèæåííîé êîíöåíòðàöèåé ÄÝ�. Âî-âòîðûõ, âòðåòüåì ñîñòîÿíèè íàáëþäàëñÿ ïëàâíûé ïåðåõîä îò íîðìàëüíîé ïåðèîäè÷-íîñòè â îáðàòíîì ìàãíèòíîì ïîëå 1/B ê àíîìàëüíîé ïåðèîäè÷íîñòè â ïðÿ-ìîì ìàãíèòíîì ïîëå B â ïîëÿõ B < 2Ò.[1℄ A. Dorn, E. Bieri, T. Ihn et al., Phys. Rev. B, 71, 035343 (2005).



112 Íèçêîðàçìåðíûå ñèñòåìûL-29Ýëåêòðîí-ýëåêòðîííîå ðàññåÿíèå â äâóìåðíûõáàëëèñòè÷åñêèõ ìèêðîêîíòàêòàõ â ìàãíèòíîì ïîëåÊ.Ý. Íàãàåâ, Ò.Â. Êîñòþ÷åíêîÈ�Ý èì. Â.À. Êîòåëüíèêîâà �ÀÍ, Ìîñêâà, óë. Ìîõîâàÿ, 11, êîðï. 7Â êâàçèêëàññè÷åñêîì ïðèáëèæåíèè ýëåêòðîí-ýëåêòðîííîå ðàññåÿíèå íåâëèÿåò íà ïðîâîäèìîñòü ìàêðîñêîïè÷åñêè îäíîðîäíûõ ïðîâîäíèêîâ ñ ïà-ðàáîëè÷åñêèì ñïåêòðîì âñëåäñòâèå çàêîíà ñîõðàíåíèÿ èìïóëüñà. Îäíàêîîíî áóäåò äàâàòü ïîïðàâêó ê ïðîâîäèìîñòè â ñëó÷àå ãåîìåòðè÷åñêîé îãðà-íè÷åííîñòè ñèñòåìû èëè íàëè÷èÿ â íåé ñëó÷àéíûõ íåîäíîðîäíîñòåé.Âî âòîðîì ñëó÷àå ïîïðàâêà îáóñëîâëåíà êâàíòîâûì ý��åêòîì � ðàññå-ÿíèåì ýëåêòðîíîâ íà �ðèäåëåâñêèõ îñöèëëÿöèÿõ ýëåêòðîííîé ïëîòíîñòèâáëèçè íåîäíîðîäíîñòåé, è äîñòàòî÷íî ïîäðîáíî èññëåäîâàíà êàê äëÿ ñëó-÷àÿ íóëåâîãî ìàãíèòíîãî ïîëÿ, òàê è äëÿ ñëó÷àÿ íåíóëåâîãî ïîëÿ [2,3℄. Íîýòè òåîðèè íå îáúÿñíÿþò ïîëîæèòåëüíîãî ìàãíåòîñîïðîòèâëåíèÿ â ñëàáûõìàãíèòíûõ ïîëÿõ, íåäàâíî íàáëþäàâøåãîñÿ â ýêñïåðèìåíòå �åíàðà è ñîàâ-òîðîâ [1℄. Îíè èññëåäîâàëè ýëåêòðè÷åñêèé òðàíñïîðò â øèðîêèõ äâóìåðíûõêâàíòîâûõ êîíòàêòàõ â ãåòåðîñòðóêòóðàõ GaAs 
 âûñîêîé ïîäâèæíîñòüþ.Â ñëàáûõ ìàãíèòíûõ ïîëÿõ áûëî îáíàðóæåíî ïîëîæèòåëüíîå ìàãíåòîñî-ïðîòèâëåíèå, âîçðàñòàþùåå ñ óâåëè÷åíèåì òåìïåðàòóðû. Â áîëåå ñèëüíûõïîëÿõ îíî ñìåíÿëîñü îòðèöàòåëüíûì ìàãíåòîñîïðîòèâëåíèåì, òàê ÷òî íàêðèâûõ R(H) íàáëþäàëñÿ çàâèñÿùèé îò òåìïåðàòóðû ìàêñèìóì. Çàâèñè-ìîñòü ñîïðîòèâëåíèÿ îò òåìïåðàòóðû çàñòàâèëà �åíàðà è ñîàâòîðîâ ïðåä-ïîëîæèòü, ÷òî îíè èìåþò äåëî ñ ýëåêòðîí-ýëåêòðîííûì âçàèìîäåéñòâèåì,îäíàêî åãî êîíêðåòíûé ìåõàíèçì, äàþùèé êîëè÷åñòâåííîå ñîãëàñèå ñ ýêñ-ïåðèìåíòîì, ïðåäëîæåí íå áûë.Òàê êàê â ýêñïåðèìåíòå [1℄ ðàçìåð êîíòàêòà ïðèìåðíî â 50 ðàç ìåíüøåäëèíû ñâîáîäíîãî ïðîáåãà, òî ìû ïðåäïîëàãàåì, ÷òî ïîëîæèòåëüíîå ìàã-íåòîñîïðîòèâëåíèå îáóñëîâëåíî íå íåîäíîðîäíîñòÿìè, à ãåîìåòðè÷åñêîéîãðàíè÷åííîñòüþ ñèñòåìû. Â ýòîì ñëó÷àå ý��åêòû, âîçíèêàþùèå èç-çàýëåêòðîí-ýëåêòðîííîãî âçàèìîäåéñòâèÿ, ìîæíî ïîëó÷èòü óæå â êâàçèêëàñ-ñè÷åñêîì ïðèáëèæåíèè [4℄. Â äàííîé ðàáîòå èñïîëüçóåòñÿ ïðåäëîæåííàÿ â[4℄ ìîäåëü êîíòàêòà äëÿ ðàñ÷åòà âêëàäà ýëåêòðîí-ýëåêòðîííîãî ðàññåÿíèÿâ ìàãíåòîñîïðîòèâëåíèå äâóìåðíîãî áàëëèñòè÷åñêîãî êîíòàêòà.Ïðåäëîæåíî ñëåäóþùåå îáúÿñíåíèå ý��åêòà. Â ãåîìåòðè÷åñêè îãðàíè-÷åííûõ ñèñòåìàõ ýëåêòðîí-ýëåêòðîííîå âçàèìîäåéñòâèå äàåò îòðèöàòåëü-íóþ ïîïðàâêó ê ñîïðîòèâëåíèþ. Â íóëåâîì ìàãíèòíîì ïîëå ýòà ïîïðàâêàîêàçûâàåòñÿ ñóùåñòâåííî áîëüøîé èç-çà ðåçîíàíñíîãî âêëàäà ýëåêòðîíîâ,ëåòÿùèõ ÷åðåç êîíòàêò òî÷íî íàâñòðå÷ó äðóã äðóãó. Â íåíóëåâîì ìàãíèò-íîì ïîëå òðàåêòîðèè ýëåêòðîíîâ èñêðèâëÿþòñÿ, è â òî÷êó ñòîëêíîâåíèÿðàíåå ïðîòèâîïîëîæíî íàïðàâëåííûå ýëåêòðîíû ïðèõîäÿò ïîä óãëîì. Ýòî



Low-Dimensional Systems 113ðàçðóøàåò ðåçîíàíñ, è ïðèâîäèò ê óìåíüøåíèþ âåëè÷èíû ïîïðàâêè ê ñî-ïðîòèâëåíèþ ñ ðîñòîì ìàãíèòíîãî ïîëÿ, ò.å. ê ïîëîæèòåëüíîìó ìàãíåòîñî-ïðîòèâëåíèþ â ìàëûõ ìàãíèòíûõ ïîëÿõ.

�èñ. 1: Òåîðåòè÷åñêàÿ çàâèñèìîñòüïîïðàâêè ê ñîïðîòèâëåíèþ îò ìàã-íèòíîãî ïîëÿ.

�èñ. 2: Ýêñïåðèìåíòàëüíûå çàâèñè-ìîñòè ìàãíåòîñîïðîòèâëåíèÿ.

Âû÷èñëåíèå äàåò ñëåäóþùèå ðåçóëüòà-òû, çàâèñÿùèå îò áåçðàçìåðíîãî ìàãíèò-íîãî ïîëÿ h = aeH/mcνF : ïðè îòíîñè-òåëüíî ìàëûõ òåìïåðàòóðàõ (T/EF ≪
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h) �

δG/G0 ∼ T ln
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√
h
). Çäåñü G0 � ïðî-âîäèìîñòü Øàðâèíà. Ïîëó÷åííûå òåîðåòè-÷åñêèå çàâèñèìîñòè ïîïðàâêè ê ñîïðîòèâ-ëåíèþ ïðè ïîñòîÿííîé òåìïåðàòóðå èçîáðà-æåíû íà ðèñ. 1.Ïîëó÷åííàÿ íàìè ïîïðàâêà îáóñëîâëå-íà ýëåêòðîí-ýëåêòðîííûì âçàèìîäåéñòâè-åì, îíà ïðèâîäèò ê ïîëîæèòåëüíîìó ìàã-íåòîñîïðîòèâëåíèþ â ìàëûõ ìàãíèòíûõïîëÿõ. Â ðàáîòå [5℄ âû÷èñëÿëîñü ñîïðî-òèâëåíèå êîíòàêòà áåç ó÷åòà ýëåêòðîí-ýëåêòðîííîãî âçàèìîäåéñòâèÿ. Ýòî ñîïðî-òèâëåíèå ìîíîòîííî óáûâàåò ñ ðîñòîì ìàã-íèòíîãî ïîëÿ, ÷òî îáóñëîâëåíî ïîäàâëå-íèåì ñîïðîòèâëåíèÿ â áîëüøèõ ìàãíèò-íûõ ïîëÿõ âñëåäñòâèå èçìåíåíèÿ ãåîìåò-ðèè òðàåêòîðèé ýëåêòðîíîâ. ×òîáû ïîëó-÷èòü ïîëíîå ñîïðîòèâëåíèå êîíòàêòà, ñëî-æèì íàøó ïîïðàâêó ñ ñîïðîòèâëåíèåì [5℄ èïîëó÷èì çàâèñèìîñòüR(H), èìåþùóþ ìàê-ñèìóì. Îöåíêà âåëè÷èíû ýòîãî ìàêñèìóìàäàåò íàì âîçìîæíîñòü ñðàâíèòü ïîëó÷åí-íûå ðåçóëüòàòû ñ ýêñïåðèìåíòîì. Íàïðè-ìåð, ïðè òåìïåðàòóðå T = 1.5K ìàêñèìóì íàõîäèòñÿ â òî÷êå 10mT, ÷òîõîðîøî ñîãëàñóåòñÿ ñ ýêñïåðèìåíòîì [1℄ (ñì. ðèñ. 2).[1℄ V.T. Renard, et al., Phys. Rev. Lett., 100, 186801 (2008).[2℄ I.V. Gonyi, A.D. Mirlin, Phys. Rev. Lett., 90, 076801 (2003); ibid. 69,045313 (2004).[3℄ T.A. Sedrakyan, M.E. Raikh, Phys. Rev. Lett., 100, 106806 (2008).[4℄ K.E. Nagaev, O.S. Ayvazyan, Phys. Rev. Lett., 101, 216807 (2008).[5℄ H. van Houten, C.W.J. Beenakker, et al., Phys. Rev. B, 37, 8534 (1988).



114 Íèçêîðàçìåðíûå ñèñòåìûL-30Ïðîâîäÿùèå îáîëî÷êè ñ InAs êâàíòîâîé ÿìîéÑ.Â. Ìóòèëèí, Þ.Ñ. Þêå÷åâà, À.Á. Âîðîáü¼â, Ì.À. Ïóòÿòî, Â.ß. ÏðèíöÈíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ ÑÎ �ÀÍ, 630090, Íîâîñèáèðñê,ïð. àê. Ëàâðåíòüåâà, 13Òðàíñïîðòíûå ñâîéñòâà ïëàíàðíûõ ñòðóêòóð, ñîäåðæàùèõ äâóìåðíûéýëåêòðîííûé ãàç (ÄÝ�), â îäíîðîäíîì ìàãíèòíîì ïîëå õîðîøî èçó÷åíû[1℄. Ñîçäàíèå òðåõìåðíûõ ýëåìåíòîâ èç äâóìåðíûõ ãåòåðîñòðóêòóð [2℄ ïîç-âîëèò íàáëþäàòü áîëåå øèðîêèé ñïåêòð êâàíòîâûõ ñâîéñòâ. Ïåðâûå ýêñ-ïåðèìåíòû ïî èññëåäîâàíèþ ìàãíèòîòðàíñïîðòà â ìèêðîòðóáêàõ íà îñíî-âå GaAs ñâèäåòåëüñòâóþò î íåîáû÷íûõ íîâûõ ÿâëåíèÿõ [3℄, ñâÿçàííûõ ñêðèâèçíîé èññëåäóåìîãî îáúåêòà. Èññëåäîâàíèå îáîëî÷åê ñ InAs êâàíòîâîéÿìîé ïðèâëåêàòåëüíî â ñèëó ðÿäà óíèêàëüíûõ ñâîéñòâ ýòîãî ìàòåðèàëà,òàêèõ êàê ìàëàÿ ý��åêòèâíàÿ ìàññà ýëåêòðîíîâ è îáîãàùåíèå íà ïîâåðõ-íîñòè InAs [4℄. Óíèêàëüíàÿ îñîáåííîñòü InAs � àêêóìóëèðîâàíèå çàðÿäàíà ïîâåðõíîñòè � ñïîñîáñòâóåò ïîëó÷åíèþ ÄÝ� â òîíêèõ ïëåíêàõ, ÷òî,â ñâîþ î÷åðåäü, ïîçâîëÿåò ñîçäàâàòü òðåõìåðíûå îáîëî÷êè, ñîäåðæàùèåÄÝ�, ñ áîëüøîé êðèâèçíîé. Îòñóòñòâèå îáåäíåííûõ ñëîåâ íà ïîâåðõíîñòèInAs äàåò âîçìîæíîñòü ñòðóêòóðèðîâàíèÿ ñ çàìåòíî ìåíüøèìè ëàòåðàëü-íûìè ðàçìåðàìè, ÷åì â GaAs.Öåëüþ ðàáîòû ÿâëÿåòñÿ �îðìèðîâàíèå îáîëî÷åê ñ InAs êâàíòîâîé ÿìîéè èññëåäîâàíèå ìàãíèòîòðàíñïîðòà â íèõ. Äëÿ ñîçäàíèÿ òàêèõ îáîëî÷åê ñêîíòàêòàìè, ïðèãîäíûìè äëÿ ìàãíèòîòðàíñïîðòíûõ èçìåðåíèé áûëà ïî-äîáðàíà ñèñòåìà ìàòåðèàëîâ è âûñîêîñåëåêòèâíûé òðàâèòåëü æåðòâåííîãîñëîÿ. Íàéäåíî ïîêðûòèå ïëåíêè, ïðåäîòâðàùàþùåå ìåõàíè÷åñêîå ðàçðó-øåíèå ïðè ñâîðà÷èâàíèè. �àäèóñ êðèâèçíû ïîëó÷åííûõ îáîëî÷åê ðàâåí10ìêì. Ïðè òåìïåðàòóðå æèäêîãî ãåëèÿ ïðîâåäåíû ìàãíèòîòðàíñïîðò-íûå èçìåðåíèÿ íà ïëîñêèõ ãåòåðîñòðóêòóðàõ è èçîãíóòûõ îáîëî÷êàõ. Ïîïîëó÷åííûì îñöèëëÿöèÿì Øóáíèêîâà�äå �ààçà ñäåëàí âûâîä î íàëè÷èèÄÝ� â îáîëî÷êàõ. Îïðåäåëåíû êîíöåíòðàöèè ÄÝ� èç ïåðèîäà îñöèëëÿöèéØóáíèêîâà�äå �ààçà, ñäåëàíû îöåíêè ïîäâèæíîñòåé. Ìàêñèìàëüíàÿ ïî-äâèæíîñòü â ïëîñêèõ ñòðóêòóðàõ ðàâíà 1.2·105 ñì2/Â·ñ, êîíöåíòðàöèÿ ÄÝ�� 1012 ñì−2. Â îáîëî÷êàõ íàáëþäàëñÿ ÄÝ� ñ êîíöåíòðàöèåé îò 8.6·1011 ñì−2äî 1012 ñì−2. Ïîäâèæíîñòü ÄÝ� â îáîëî÷êå ñ InAs êâàíòîâîé ÿìîé, óäàëåí-íîé îò îáåèõ ïîâåðõíîñòåé íà ðàññòîÿíèå 30 íì, ðàâíà 2.5 · 104 ñì2/Â · ñ. ÂInAs êâàíòîâîé ÿìå, ðàñïîëîæåííîé íåïîñðåäñòâåííî ó îäíîé èç ïîâåðõíî-ñòåé îáîëî÷êè, ïîäâèæíîñòü ÄÝ� ñîñòàâëÿåò âñåãî 200 ñì2/Â ·ñ, ÷òî íà äâàïîðÿäêà ìåíüøå, ÷åì â óäàëåííîé îò îáåèõ ïîâåðõíîñòåé êâàíòîâîé ÿìå. Îñ-íîâíîé ïðè÷èíîé òàêîãî ðàçëè÷èÿ ïîäâèæíîñòåé â îáîëî÷êàõ ñ êâàíòîâîé



Low-Dimensional Systems 115ÿìîé InAs ïðåäïîëîæèòåëüíî ÿâëÿåòñÿ ðàññåÿíèå íà çàðÿæåííûõ öåíòðàõ,ñâÿçàííûõ ñ ïîâåðõíîñòíûìè ñîñòîÿíèÿìè.Ïîêàçàíà âîçìîæíîñòü èçìåíåíèÿ ðàäèóñà êðèâèçíû óæå ñ�îðìèðîâàí-íûõ îáîëî÷åê InAs/AlSb/GaSb/SiO2 ñ�îêóñèðîâàííûì ýëåêòðîííûì ïó÷-êîì ïî ìåòîäó, èçëîæåííîìó â [5℄. Óäàëîñü çàðåãèñòðèðîâàòü èçìåíåíèåêðèâèçíû â òàêèõ îáúåêòàõ áîëüøå, ÷åì â òðè ðàçà. Â îáîëî÷êàõ ïîñëå ýêñ-ïîíèðîâàíèÿ òàêæå íàáëþäàëèñü îñöèëëÿöèè Øóáíèêîâà�äå �ààçà ñ òåìæå ïåðèîäîì, ÷òî è â îáîëî÷êàõ äî ýêñïîíèðîâàíèÿ.[1℄ C.W.J. Beenaker, et al., Sol. St. Phys., 44, (1991).[2℄ V.Ya. Prinz, et al., Physi
a E, 6, 828 (2000).[3℄ A.B. Vorob'ev, et al., Phys. Rev. B, 75, 205309 (2007).[4℄ V. Heine, Phys. Rev. A, 138, 1689 (1965).[5℄ Yu.S. Yuke
heva, et al., Semi
ond. S
i. Te
hnol., 23, 105007 (2008).



116 Íèçêîðàçìåðíûå ñèñòåìûL-31Ìàãíèòîòðàíñïîðò â ãåòåðîñòðóêòóðàõ p�Ge/GeSiâáëèçè ïåðåõîäà ìåòàëë�äèýëåêòðèêÞ.�. Àðàïîâ, Â.Í. Íåâåðîâ, �.È. Õàðóñ, Í.�. ØåëóøèíèíàÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18Äëÿ äâóìåðíîé (2D) äûðî÷íîé ñèñòåìû ñ áîëüøîé âåëè÷èíîé g-�àêòîðà(ãåòåðîñòðóêòóðû p�Ge/Ge1−xSix, g = 20) ïðîâåäåíî ðàçäåëåíèå êâàíòîâûõèíòåð�åðåíöèîííûõ âêëàäîâ â ïðîâîäèìîñòü îò ý��åêòà ñëàáîé ëîêàëè-çàöèè è îò ìîäè�èöèðîâàííîãî áåñïîðÿäêîì ýëåêòðîí-ýëåêòðîííîãî (e-e)âçàèìîäåéñòâèÿ. Ïðè ó÷åòå ñèëüíîãî çååìàíîâñêîãî ðàñùåïëåíèÿ óðîâíåéýíåðãèè äûðîê âûäåëåíû âêëàäû ñèíãëåòíîãî (S = 0 ) è òðèïëåòíîãî(S = 1) êàíàëîâ â e-e êâàíòîâîé ïîïðàâêå. Îïðåäåëåí ïàðàìåòð �åðìè-æèäêîñòíîãî âçàèìîäåéñòâèÿ |F σ
0 | = 0.6 ± 0.1.Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû è èõ îáñóæäåíèå.Îäíîâðåìåííûé ó÷åò áåñïîðÿäêà(ý��åêòîâ ëîêàëèçàöèè) è e-e âçàè-ìîäåéñòâèÿ â 2D-ñèñòåìå ïðèâîäèòê ïåðåíîðìèðîâêå ïàðàìåòðà �åðìè-æèäêîñòíîãî âçàèìîäåéñòâèÿ F σ

0 , àèìåííî, ê ìîíîòîííîìó ðîñòó âåëè÷è-íû |F σ
0 | ïðè ïîíèæåíèè òåìïåðàòóðû[1℄. Êàê ïîêàçàíî â [2℄, òàêàÿ ïåðå-íîðìèðîâêà îñîáåííî ñóùåñòâåííà âîáëàñòè ïåðåõîäà ìåòàëë-äèýëåêòðèê,îïðåäåëÿåìîãî óñëîâèåì kF l ≈ 1 (kF �èìïóëüñ Ôåðìè, l � äëèíà ñâîáîäíîãîïðîáåãà).Â èññëåäîâàííûõ íàìè ãåòåðîñòðóê-òóðàõ p�Ge/Ge1−xSix ñ ïðîâîäèìîñòüþ

σ ≈ e2/h (kF l = 1.7) â îòñóòñòâèå ìàãíèòíîãî ïîëÿ íàáëþäàåòñÿ ïåðåõîäîò äèýëåêòðè÷åñêîãî (dρ/dT < 0) ê "ìåòàëëè÷åñêîìó" (dρ/dT > 0) ïîâå-äåíèþ ñîïðîòèâëåíèÿ ρ ïðè ïîíèæåíèè òåìïåðàòóðû (ñì. ðèñóíîê).Íàáëþäàåìîå íåìîíîòîííîå ïîâåäåíèå ρ(T ) ìû ñâÿçûâàåì ñ óñèëåíèåìðîëè "àíòèëîêàëèçàöèîííîãî" òðèïëåòíîãî êàíàëà â e-e êâàíòîâîé ïîïðàâ-êå ïî ìåðå ïîíèæåíèÿ òåìïåðàòóðû. Óâåëè÷åíèå âêëàäà òðèïëåòíîãî êàíà-ëà, â ñâîþ î÷åðåäü, ìîæåò áûòü îáóñëîâëåíî ïðåäñêàçàííîé â òåîðèè [1,3℄ïåðåíîðìèðîâêîé ïàðàìåòðà �åðìè-æèäêîñòíîãî âçàèìîäåéñòâèÿ F σ
0 .



Low-Dimensional Systems 117Â ñîîòâåòñòâèè ñ ðåíîðì-ãðóïïîâûì àíàëèçîì â ñèëüíîì ìàãíèòíîì ïî-ëå (gµBB/kT ≫ 1) [3℄ çååìàíîâñêîå ðàñùåïëåíèå óðîâíåé ýíåðãèè äûðîêïðèâîäèò ê ý��åêòèâíîìó ïîäàâëåíèþ òðèïëåòíîãî êàíàëà, ÷òî âîññòàíàâ-ëèâàåò äèýëåêòðè÷åñêîå ïîâåäåíèå ρ(T ) âïëîòü äî ñàìûõ íèçêèõ òåìïåðà-òóð (ñì. ðèñóíîê).�àáîòà âûïîëíåíà ïî ïëàíó �ÀÍ (òåìà � ã.ð. 01.2.006 13395), ïðè÷àñòè÷íîé ïîääåðæêå �ÔÔÈ (ãðàíòû �08-02-00222, 09-02-96518, 10-02-00893).[1℄ A.M. Finkelstein, Z. Phys. B, 56, 189 (1984).[2℄ À. Punnoose and À.Ì. Finkelstein, Phys. Rev. Lett., 88, 016802 (2002).[3℄ I.S. Burmistrov, N.M. Cht
helkat
hev, Ïèñüìà â ÆÝÒÔ, 84, 775 (2006).



118 Íèçêîðàçìåðíûå ñèñòåìûL-32Äè��óçèîííàÿ êâàíòîâàÿ ïîïðàâêà ê ïðîâîäèìîñòèîò ýëåêòðîí-ýëåêòðîííîãî âçàèìîäåéñòâèÿ âäâóìåðíûõ êðåìíèåâûõ ñèñòåìàõË.À. Ìîðãóí 1,2, À.Þ. Êóíöåâè÷ 1, Â.Ì. Ïóäàëîâ 1

1 Ôèçè÷åñêèé èíñòèòóò èì. Ï.Í. Ëåáåäåâà �ÀÍ (ÔÈÀÍ), 119991 �ÑÏ-1Ìîñêâà, Ëåíèíñêèé ïðîñïåêò, 53
2 Ìîñêîâñêèé �èçèêî-òåõíè÷åñêèé èíñòèòóò (�îñóäàðñòâåííûéóíèâåðñèòåò), 141700, Ìîñêîâñêàÿ îáëàñòü, ã. Äîëãîïðóäíûé,Èíñòèòóòñêèé ïåðåóëîê, 9 Ïîïðàâêè ê ïðîâîäèìîñòè Äðó-

�èñ. 1: Èçìåðåííûå ñîïðîòèâëåíèÿ âçàâèñèìîñòè îò ìàãíèòíîãî ïîëÿ

äå äâóìåðíûõ ñèñòåì, îáóñëîâëåííûåýëåêòðîí-ýëåêòðîííûì âçàèìîäåéñòâè-åì [1℄, èññëåäóþòñÿ óæå äàâíî. Â ðà-áîòå [2℄ áûëî ïîêàçàíî, ÷òî ïîïðàâêàñîñòîèò èç äè��óçèîííîé (Tτ < 1)è áàëëèñòè÷åñêîé (Tτ > 1) ÷àñòåé,ïðè ýòîì îáå ýòè ñîñòàâëÿþùèå îáúÿñ-íÿþòñÿ êîãåðåíòíûì ðàññåÿíèåì ýëåê-òðîíîâ íà �ðèäåëåâñêèõ îñöèëëÿöèÿõýëåêòðîííîé ïëîòíîñòè âáëèçè ïðèìå-ñåé. Â ðÿäå ðàáîò (â ÷àñòíîñòè, â ðàáî-òå [3℄) ïîêàçàíî, ÷òî ýòè ÷àñòè ìîæíîðàçäåëèòü, àíàëèçèðóÿ òåíçîð ìàãíèòî-ñîïðîòèâëåíèÿ ñèñòåìû â ïåðïåíäèêó-ëÿðíîì ïîëå B⊥. Ïðåäûäóùèå ýêñïåðè-ìåíòû, â êîòîðûõ òàêèì ñïîñîáîì âû-äåëÿëàñü êâàíòîâàÿ ïîïðàâêà, ïðîâîäè-ëèñü íà 2D ñèñòåìàõ íà îñíîâå GaAs.Â 2D ñèñòåìàõ íà îñíîâå (100)�Si èìå-åòñÿ äâóêðàòíîå äîëèííîå âûðîæäåíèå,êîòîðîå ìîäè�èöèðóåò ïîïðàâêè îò e-eâçàèìîäåéñòâèÿ, ÷òî îáúÿñíÿåò èíòåðåñ ê äàííîé ðàáîòå.Â äàííîé ðàáîòå áûëè ïðîâåäåíû èçìåðåíèÿ òåíçîðà ìàãíèòîñîïðîòèâ-ëåíèÿ 2D ãàçà â Si ÌÄÏ ñòðóêòóðàõ (ïîäâèæíîñòü µ = 1000÷2000 ñì2/Â·ñ)ïðè òåìïåðàòóðàõ îò 2 äî 30Ê è êîíöåíòðàöèÿõ (0.8÷ 2.8) · 1012 ñì−2. Ïðè-ìåð äàííûõ ïîêàçàí íà �èñ. 1. �àçëè÷íûå êðèâûå ñîîòâåòñòâóþò ðàçëè÷-íûì òåìïåðàòóðàì. Êîíöåíòðàöèÿ ýëåêòðîíîâ ðàâíà n = 1.4 · 1012 ñì−2.
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�èñ. 2: Çàâèñèìîñòü êâàíòîâîé ïîïðàâêè îòòåìïåðàòóðû.

Ïðè T < 10K ñèñòåìà íàõîäèòñÿ âäè��óçèîííîì ðåæèìå ïî å-å âçà-èìîäåéñòâèþ (Tτ < 1). Ïîïðàâêà,âûäåëåííàÿ àíàëîãè÷íî [3,4℄ ïîêà-çàíà íà �èñ. 2, îíà ïîëó÷àåòñÿ ìåíü-øå, ÷åì ïðåäñêàçûâàåò òåîðèÿ [2℄äëÿ ñèñòåìû ñ äâóìÿ íåçàâèñèìû-ìè äîëèíàìè, íî áîëüøå ÷åì ìîæ-íî îæèäàòü äëÿ îäíîäîëèííîé ñè-ñòåìû. Ïî âñåé âèäèìîñòè, óìåíü-øåíèå ïîïðàâêè ñâÿçàíî ñ ïåðåìå-øèâàíèåì äâóõ äîëèí èç-çà ìåæäîëèííûõ ïåðåõîäîâ, ÷òî êà÷åñòâåííî ñî-ãëàñóåòñÿ ñ òåîðåòè÷åñêèìè ïðåäñêàçàíèÿìè [5℄. Äëÿ êîëè÷åñòâåííîãî ñî-ãëàñèÿ íåîáõîäèì ó÷¼ò âðåìåíè ìåæäîëèííîãî ðàññåÿíèÿ.[1℄ B.L. Altshuler, A.G. Aronov, Ele
tron-Ele
tron Intera
tion in DisorderedSystems, North-Holland, Amsterdam (1985).[2℄ G. Zala, B.N. Narozhny, and I.L. Aleiner, Phys. Rev. B, 64, 214204 (2001);65, 020201 (2002).[3℄ G.M. Minkov et al., Phys. Rev. B, 76, 165314 (2007).[4℄ V.T. Renard et al., Phys. Rev. B, 72, 075313 (2005).[5℄ I.S. Burmistrov, N.M. Cht
helkat
hev, Phys. Rev. B, 77, 195319 (2008).
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�èñ. 1: Òåìïåðàòóðíûå çàâèñèìîñòè êîíöåí-òðàöèé è ïîäâèæíîñòåé â ïîäçîíàõ S- è AS-ñîñòîÿíèé.

�èñ. 2: Òåìïåðàòóðíûå çàâèñèìîñòè ïî-äâèæíîñòè â ïîäçîíå AS- ñîñòîÿíèé ïðèðàçëè÷íûõ óðîâíÿõ îñâåùåíèÿ.

Â ñèëüíî-ñâÿçàííûõ ñèììåò-ðè÷íûõ äâîéíûõ êâàíòîâûõ ÿìàõ(ÑÄÊß) â áàëàíñå âîçíèêàþòñèììåòðè÷íûå (S) è àíòèñèììåò-ðè÷íûå (AS) ñîñòîÿíèÿ, îáðàçóÿ äâåïîäçîíû 
 ýíåðãèÿìè ñîîòâåòñòâåí-íî ES è EAS (EAS − ES = ∆SAS� òóííåëüíàÿ ùåëü, îïðåäåëÿåìàÿïàðàìåòðàìè áàðüåðà ÑÄÊß è ðàç-íîñòüþ êîíöåíòðàöèé ýëåêòðîíîâ âýòèõ ñîñòîÿíèÿõ). Â ëèòåðàòóðå âîñíîâíîì èññëåäóþòñÿ îñîáåííîñòè,êîòîðûå ïðè ýòîì âîçíèêàþò âðåæèìå ÊÝÕ. Â ñëàáûõ ìàãíèòíûõïîëÿõ, êàê ïðàâèëî, îãðàíè÷èâà-þòñÿ àíàëèçîì ý��åêòà Õîëëà èîñöèëëÿöèé Øóáíèêîâà�äå �ààçà(Ø�Î) äëÿ îïðåäåëåíèÿ ïàðàìåò-ðîâ íîñèòåëåé çàðÿäà â ïîäçîíàõS- è AS-ñîñòîÿíèé (ni, µi, τq,i èò.ä., i = 1, 2) [1℄. Òåìïåðàòóðíûåçàâèñèìîñòè êîíöåíòðàöèé èïîäâèæíîñòåé íîñèòåëåé íå èññëå-äóþòñÿ, òàê êàê Ø�Î óæå ïðè
T ≃ 4.2K ñòàíîâÿòñÿ ñëàáûìè èâîçíèêàþò òðóäíîñòè ñ ðàçäåëåíèåìâêëàäà íîñèòåëåé çàðÿäà äâóõ ïîäçîí â øèðîêîì äèàïàçîíå òåìïåðàòóð.Ñ äðóãîé ñòîðîíû, â îäèíî÷íûõ êâàíòîâûõ ÿìàõ äî ñèõ ïîð èíòåíñèâíîèññëåäóþòñÿ ïåðåõîäû "ìåòàëë" -äèýëåêòðèê (ÏÌÄ) â íóëåâîì ìàãíèòíîìïîëå [2℄. Ìû íàáëþäàëè àíàëîãè÷íûé ÏÌÄ â ïîäçîíå ÀS-ñîñòîÿíèé (ñìå-íó çíàêà ïðîèçâîäíîé dµ2(T )/dT ) ñ ðîñòîì êîíöåíòðàöèè â ñòðóêòóðàõ n-InGaAs/GaAs ñ CÄÊß. Ïðè ýòîì ïðîâîäèìîñòü â ïîäçîíå S-ñîñòîÿíèé èìå-ëà äèýëåêòðè÷åñêèé õàðàêòåð (ðèñ. 1b) âî âñåì äèàïàçîíå (T = 20÷ 70Ê).



Low-Dimensional Systems 121Â äàííîé ðàáîòå áûëè èññëåäîâàíû îáðàçöû n-InGaAs/GaAs ñ CÄÊßïðè 1.8 < T < 77K è â ìàãíèòíûõ ïîëÿõ äî B = 9.0T. Êâàíòîâûå ÿìû
n-InGaAs èìåëè øèðèíó dw = 5 íì, áàðüåð GaAs � db = 10 íì [3℄. Èçàíàëèçà Ø�Î, ý��åêòà Õîëëà â ñëàáîì (RH0(T )) è â ñèëüíîì ìàãíèò-íîì ïîëå (RH(B, T )), à òàêæå ïîëîæèòåëüíîãî ìàãíèòîñîïðîòèâëåíèÿ ìûîïðåäåëèëè ïàðàìåòðû íîñèòåëåé â ïîäçîíàõ S- è AS-ñîñòîÿíèé (n1,2(T )è µ1,2(T ) è ñîîòâåòñòâóþùèå èì ýíåðãèè Ôåðìè. �àçíîñòü EF,1 − EF,2 =
∆SAS = 3.0ìýÂ. Êîíöåíòðàöèè n1 è n2 èçìåíÿëèñü îñâåùåíèåì ñòðóê-òóð ÈÊ-èçëó÷åíèåì. Òåìíîâàÿ êîíöåíòðàöèÿ ýëåêòðîíîâ nT = n1 + n2 =
2.3 · 1011 
ì−2 (ðèñ. 1à) è ý��åêòèâíàÿ ïîäâèæíîñòü µn = 1.1 · 104 
ì2/Â · ñïðè T = 20Ê (ðèñ. 1b), òóííåëüíàÿ ùåëü ∆SAS ≈ 3.0ìýÂ [3,4℄. Áåç îñâå-ùåíèÿ çàâèñèìîñòü µ2(T ) èìåëà "ìåòàëëè÷åñêèé" õàðàêòåð (ðèñ. 1b) [2℄.Ñ ðîñòîì êîíöåíòðàöèè çàâèñèìîñòè µ2(T ) èçìåíÿëñÿ íà äèýëåêòðè÷åñêèé(ðèñ. 2). Äèýëåêòðè÷åñêèé õàðàêòåð ïðîâîäèìîñòè µ1(T ) (ðèñ. 1b) ïðè ýòîìñîõðàíÿëñÿ.Àíàëèç ïðîâîäèìîñòè äëÿ S- è ÀS-ñîñòîÿíèé â ÑÄÊß â ðàìêàõ òåîðèè[4,5℄ äëÿ êâàíòîâûõ ïîïðàâîê îò ý��åêòîâ ýëåêòðîí-ýëåêòðîííîãî âçàè-ìîäåéñòâèÿ (ÝÝÂ) â áàëëèñòè÷åñêîì ðåæèìå â ïðèíöèïå ïîçâîëÿåò ïî-êàçàòü, ÷òî ñìåíà çíàêà ïðîèçâîäíîé dµ2(T )/dT ñâÿçàíà ñ óìåíüøåíèåìêîíñòàíòû ÝÝÂ F σ

02 â ïîäçîíå AS-ñîñòîÿíèé 
 ðîñòîì n2 (ðèñ. 2) [5℄. Îäíà-êî ñëåäóåò îòìåòèòü, ýòè òåîðèè áûëè ïîëó÷åíû äëÿ ñòðîãî äâóìåðíîãî èñèëüíî âûðîæäåííîãî ýëåêòðîííîãî ãàçà (çàïîëíåíà òîëüêî îäíà ïîäçîíàïðîñòðàíñòâåííîãî êâàíòîâàíèÿ è T ≪ TF ). Â êâàçè-2D ñòðóêòóðàõ â ïðî-âîäèìîñòè ó÷àñòâóþò íîñèòåëè èç äâóõ ïîäçîí. Êðîìå òîãî, äëÿ íîñèòåëåéâ AS-ñîñòîÿíèÿõ íàðóøàåòñÿ óñëîâèå ñèëüíîãî âûðîæäåíèÿ. Ïîýòîìó âîâñåõ òåîðèÿõ, îïèñûâàþùèõ êâàíòîâûå ý��åêòû Ø�Î, ñëàáîé ëîêàëèçà-öèè è ÝÝÂ â äè��óçèîííîì è áàëëèñòè÷åñêîì ðåæèìàõ, íóæíî ó÷èòûâàòüìåæïîäçîííîå ðàññåÿíèå [1,6℄ è êâàçèêëàññè÷åñêèå ý��åêòû [7℄. Ïðè àíà-ëèçå ìåõàíèçìîâ ïðîâîäèìîñòè â ïîäçîíàõ ìû ó÷èòûâàëè ýòó êà÷åñòâåííîíîâóþ ñèòóàöèþ, êîòîðàÿ âîçíèêàåò â êâàçè-2D ñòðóêòóðàõ â ðàìêàõ òåî-ðèé [1,6,7℄.�àáîòà ïîääåðæàíà: �ÔÔÈ (ãðàíòû � 08-02-00222, � 09-02-96518, 10-02-96005) è ïðîãðàììîé Ïðåçèäèóìà �ÀÍ "Íèçêîðàçìåðíûå êâàíòîâûå ãå-òåðîñòðóêòóðû".[1℄ R. Flet
her, et al., Phys. Rev. B, 71, 155310 (2005).[2℄ S.V. Krav
henko, V.M. Pudalov, et al., Phys. Rev. B, 50, 8039 (1994).[3℄ Þ.�. Àðàïîâ, Â.Í. Íåâåðîâ è äð., â íàñò. ñá., ñ.[4℄ I.V. Gornyi, et al., Phys. Rev. B, 69, 045313 (2004).[5℄ G. Zala, et al., Phys. Rev. B, 64, 214204 (2001); 65, R0220 (2002).[6℄ Í.Ñ. Àâåðêèåâ è äð., ÆÝÒÔ, 117, 407 (2000); ÔÒÏ, 32, 1219 (1998);M.E. Raikh, T.V. Shahbazyan, Phys. Rev. B, 49, 5531 (1994).[7℄ D.S. Novikov, Phys. Rev. B, 79, 235304 (2009); B. Spivak, S.A. Kivelson,Ann. Phys. 321, 2071 (2006).
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1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2Èíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ ÑÎ �ÀÍ, 630090, Íîâîñèáèðñê,ïð. Ëàâðåíòüåâà, 13Óíèêàëüíîé îñîáåííîñòüþ êâàíòîâîé ÿìû HgTe ÿâëÿåòñÿ òî, ÷òî ïðèäîñòàòî÷íî áîëüøîé åå øèðèíå êðàé çîíû ïðîâîäèìîñòè �îðìèðóåòñÿ p-ñîñòîÿíèÿìè çîíû Γ8, à íå s-ñîñòîÿíèÿìè çîíû Γ6, êàê â òðàäèöèîííûõãåòåðîñèñòåìàõ [1,2℄. Ýòî ïðèâîäèò ê ðÿäó óíèêàëüíûõ ñâîéñòâ ãåòåðîñèñòå-ìû HgTe/CdxHg1−xTe. Îäíîé èç ïðè÷èí áåñùåëåâîé ñòðóêòóðû ýíåðãåòè-÷åñêîãî ñïåêòðà HgTe ÿâëÿåòñÿ ñèëüíîå ñïèí-îðáèòàëüíîå âçàèìîäåéñòâèå.Ïî òîé æå ïðè÷èíå â HgTe äîëæåí ÿðêî ïðîÿâëÿòüñÿ ý��åêò �àøáû, òîåñòü ñíÿòèå ñïèíîâîãî âûðîæäåíèÿ çîí â íóëåâîì ìàãíèòíîì ïîëå çà ñ÷åòðåëÿòèâèñòñêîãî âêëàäà â ýíåðãèþ äâèæåíèÿ ýëåêòðîíà â ýëåêòðè÷åñêîìïîëå. Ïîñëåäíåå îçíà÷àåò, ÷òî â îòñóòñòâèå ñèëüíîãî âíåøíåãî ýëåêòðè÷å-ñêîãî ïîëÿ ý��åêò äîëæåí îòñóòñòâîâàòü â ñèììåòðè÷íîì ïðî�èëå ïîòåí-öèàëà ãåòåðîñòðóêòóðû, íî ïîÿâëÿòüñÿ è óñèëèâàòüñÿ ñ ðîñòîì àñèììåòðèèêâàíòîâîé ÿìû, ïîñêîëüêó àñèììåòðèÿ ÿìû îçíà÷àåò íàëè÷èå âñòðîåííîãîýëåêòðè÷åñêîãî ïîëÿ. Äåéñòâèòåëüíî, â ðàáîòå [3℄ èç Ôóðüå-àíàëèçà ñëîæ-íîé ñòðóêòóðû îñöèëëÿöèé ìàãíèòîñîïðîòèâëåíèÿ (ÌÑ) è åå èçìåíåíèé ñíàïðÿæåíèåì íà çàòâîðå áûëî íàéäåíî, ÷òî â ÿìå HgTe âåëè÷èíà ñïèíîâûõðàñùåïëåíèé â íóëåâîì ïîëå ìîæåò äîñòèãàòü íà óðîâíå Ôåðìè âåëè÷èíâ 10ìýÂ è áîëåå. Â ðàáîòå [3℄ ïëîòíîñòü ýëåêòðîííîãî ãàçà â ñëîå HgTeäîñòèãàëà ïðèìåðíî 1012 ñì−2.Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû àíàëîãè÷íûå èññëåäîâàíèÿ ñèììåò-ðè÷íîé (ëåãèðîâàííîé ñ îáåèõ ñòîðîí ñî ñïåéñåðàìè ∼ 10 íì, øèðèíàÿìû dw = 10.5 íì) è àñèììåòðè÷íîé (ëåãèðîâàííîé ñ îäíîé ñòîðîíû,
dw = 15 íì) êâàíòîâûõ ÿì HgTe ñ ïëîòíîñòüþ äâóìåðíîãî ýëåêòðîííîãî ãà-çà ns äî 5 ·1012 ñì−2. Â ñèììåòðè÷íîé ÿìå íàáëþäàåòñÿ ðåãóëÿðíàÿ êàðòèíàîñöèëëÿöèé ÌÑ Rxx (ðèñ.1), òàê ÷òî Ôóðüå-ñïåêòð ñîäåðæèò îäèí óçêèéïèê, ñîîòâåòñòâóþùèé ns = 3.43 ·1012 ñì−2, ÷òî áëèçêî ê âåëè÷èíå, ñëåäóþ-ùåé èç íàêëîíà õîëëîâñêîãî ñîïðîòèâëåíèÿ â ñëàáûõ ïîëÿõ (3.4 ·1012 ñì−2).Â îáëàñòè ñëàáûõ ïîëåé ïðîÿâëÿåòñÿ îäèí óçåë áèåíèé â ïîëå B1 = 0.85Ò,÷òî óêàçûâàåò íà íàëè÷èå äâóõ áëèçêîðàñïîëîæåííûõ ïîäçîí, çàñåëåííûõíîñèòåëÿìè ñ áëèçêèìè ïîäâèæíîñòÿìè, è ðàçíîñòü èõ çàñåëåííîñòè ñîñòàâ-ëÿåò âñåãî δns = eB1/h = 0.2 ·1011 ñì2 [4℄. Â òî æå âðåìÿ íàëè÷èå çàìåòíîé
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�èñ. 1: Ïðîäîëüíîå è õîëëîâñêîå ÌÑ â ñèììåòðè÷íîé (a) è àñèììåòðè÷íîé (b) ÿìàõHgTe. Íà âñòàâêàõ � ðåçóëüòàòû Ôóðüå ïðåîáðàçîâàíèé: äëÿ ñèììåòðè÷íîé ÿìû ïðîÿâ-ëÿåòñÿ òîëüêî îäíà ñåðèÿ îñöèëëÿöèé, òîãäà êàê äëÿ àñèììåòðè÷íîé ñëîæíàÿ êàðòèíàîñöèëëÿöèé äàåò òðè ïèêà Ôóðüå ïðåîáðàçîâàíèÿ..ïàðàáîëè÷åñêîé ñîñòàâëÿþùåé â Rxx(B) è îòêëîíåíèå õîäà õîëëîâñêîãîñîïðîòèâëåíèÿ Rxy(B) îò ëèíåéíîãî ìîæåò óêàçûâàòü íà íàëè÷èå òðåòüåéãðóïïû íîñèòåëåé ñ ñóùåñòâåííî ìåíüøåé ïîäâèæíîñòüþ. Â àñèììåòðè÷-íîé ÿìå ñëîæíûé ñïåêòð îñöèëëÿöèé äàåò òðè ïèêà â Ôóðüå-ñïåêòðå, òàê÷òî ns = 5.03 · 1012 ñì−2 (1.01+1.51+2.51), ïàðàáîëè÷åñêàÿ ñîñòàâëÿþùàÿ
Rxx(B) âûðàæåíà ñèëüíåé è õîä çàâèñèìîñòè Rxy(B) ñèëüíî îòêëîíÿåò-ñÿ îò ëèíåéíîãî. Íàëè÷èå çäåñü òðåõ ñóùåñòâåííî ðàçëè÷íûõ çàïîëíåííûõïîäçîí óêàçûâàåò íà ñèëüíîå ðàñùåïëåíèå �àøáû, ïî êðàéíåé ìåðå, îäíîéèç çîí ðàçìåðíîãî êâàíòîâàíèÿ.�àáîòà âûïîëíåíà ïðè ïîääåðæêå �ÔÔÈ, ïðîåêòû 08-02-00222, 09-02-96518.[1℄ M. Konig, et al., J. Phys. So
. Japan, 77, 031007 (2008).[2℄ Ç.Ä. Êâîí è äð., ÔÍÒ, 35, 10 (2009).[3℄ X.C. Zhang, et al., Phys. Rev. B, 63, 245305 (2001).[4℄ G.S. Boebinger, et al., Phys. Rev. B, 43, 12673 (1991).



124 Íèçêîðàçìåðíûå ñèñòåìûL-35Ïîäâèæíîñòü äâóìåðíûõ ýëåêòðîíîâ ïðè ðàññåÿíèèíà êîððåëèðîâàííîì ðàñïðåäåëåíèè ïðèìåñíûõ èîíîââ òîíêèõ ëåãèðîâàííûõ ñëîÿõÂ.Ì. ÌèõååâÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18Íèçêîòåìïåðàòóðíàÿ ïîäâèæíîñòü 2D-ýëåêòðîíîâ â êâàíòîâûõ ÿìàõîãðàíè÷èâàåòñÿ ðàññåÿíèåì íà èîíèçèðîâàííûõ ïðèìåñÿõ. Êîððåëÿöèè âðàñïîëîæåíèè èîíîâ ïðèâîäÿò ê ñóùåñòâåííîìó óâåëè÷åíèþ ïîäâèæíî-ñòè ýëåêòðîíîâ. Îáû÷íî, âëèÿíèå êîððåëÿöèè â ðàñïîëîæåíèè ïðèìåñíûõèîíîâ íà ýëåêòðîííóþ ïîäâèæíîñòü ó÷èòûâàþò ÷èñëåííûìè ìåòîäàìè. Âðàáîòàõ [1-2℄ ìû ïðîèçâåëè ó÷åò ýòèõ êîððåëÿöèé â ìîäåëè æåñòêèõ ñ�åð.Â ïðèíÿòîé íàìè ìîäåëè äèàìåòð æåñòêîé ñ�åðû îòîæäåñòâëÿåòñÿ ñ ìè-íèìàëüíûì ðàññòîÿíèåì ìåæäó èîíàìè, à êîíöåíòðàöèÿ èîíîâ, îòîæäåñòâ-ëÿåòñÿ ñ êîíöåíòðàöèåé ñ�åð. Â ýòèõ ðàáîòàõ ìû îãðàíè÷èëèñü ðàññìîò-ðåíèåì ãåòåðîñòðóêòóð, â êîòîðûõ ëåãèðîâàííûé ñëîé äîñòàòî÷íî øèðîê,òàê ÷òî êîððåëèðîâàííîå ðàñïðåäåëåíèå ïðèìåñíûõ èîíîâ ìîæíî ðàññìàò-ðèâàòü êàê îáúåìíîå.Äîêëàä ïðåäñòàâëÿåò ðàáîòó, â êîòîðîé ðàññìàòðèâàåòñÿ ïðîòèâîïîëîæ-íûé ñëó÷àé ãåòåðîñòðóêòóð ñ òîíêèìè ëåãèðîâàííûìè ñëîÿìè, êîãäà äëÿîïèñàíèÿ êîððåëÿöèé â ñèñòåìå ïðèìåñíûõ èîíîâ íåïðèìåíèìû îáúåìíûåêîððåëÿöèîííûå �óíêöèè. Ìû ðàçâèëè äëÿ îïèñàíèÿ ïðîñòðàíñòâåííûõêîððåëÿöèé èîíîâ â òîíêèõ ñëîÿõ ìîäåëü æåñòêèõ ñ�åð, öåíòðû êîòîðûõëåæàò â îäíîé ïëîñêîñòè. Â ýòîé ìîäåëè êîððåëÿöèîííàÿ �óíêöèÿ âû÷èñ-ëÿëàñü ñ ïîìîùüþ âèðèàëüíîãî ðàçëîæåíèÿ ïî ñòåïåíÿì ïëîòíîñòè. �å-çóëüòàòû âû÷èñëåíèé ïîçâîëÿþò ñäåëàòü ñëåäóþùèå çàêëþ÷åíèÿ:1. �àçìåðíîñòü ñèñòåìû ïðèìåñíûõ èîíîâ ñóùåñòâåííî âëèÿåò íà õà-ðàêòåð ïðîñòðàíñòâåííûõ êîððåëÿöèé â ñèñòåìå èîíîâ. Ïðè ïðî÷èõ ðàâíûõóñëîâèÿõ êîððåëÿöèè â ïëîñêîñòè çíà÷èòåëüíî ñèëüíåå, ÷åì êîððåëÿöèè âîáúåìå.2. Îñíîâíîé ïàðàìåòð ñèñòåìû èîíîâ â ñëîå � Wdn
1/3
d (Wd � øèðèíàëåãèðîâàííîãî ñëîÿ, nd � êîíöåíòðàöèÿ äîíîðîâ). Â ñëó÷àå Wdn

1/3
d > 1,ðàñïðåäåëåíèå èîíîâ ìîæíî ðàññìàòðèâàòü êàê îáúåìíîå. Â îáðàòíîì ñëó-÷àå Wdn

1/3
d < 1 íåîáõîäèìî èñïîëüçîâàòü ìîäåëü, â êîòîðîé ïðèìåñíûåöåíòðû ðàñïðåäåëåíû â ïëîñêîñòè ñ ïëîòíîñòüþ Nd = ndWd.[1℄ Â.Ì. Ìèõååâ, ÔÒÒ, 49, 1770 (2007).[2℄ Â.Ì. Ìèõååâ, ÔÒÒ, 50, 1877 (2008).



Low-Dimensional Systems 125L-36Ñïèíîâàÿ ïîëÿðèçàöèÿ ýëåêòðîíîâ â äâîéíîéêâàíòîâîé ÿìå ïðè �àêòîðå çàïîëíåíèÿ ν= 2À.Â. Áóíÿêèí, À.À. Âàñèëü÷åíêîÊóáàíñêèé ãîñóäàðñòâåííûé òåõíîëîãè÷åñêèé óíèâåðñèòåò, 350072,Êðàñíîäàð, óë. Ìîñêîâñêàÿ, 2Öåëüþ íàñòîÿùåãî ñîîáùåíèÿ ÿâëÿåòñÿ îöåíêà óñëîâèÿ ïåðåõîäà ýëåê-òðîíîâ â ñïèí-ïîëÿðèçîâàííîå ñîñòîÿíèå â äâîéíîé äâóìåðíîé êâàíòîâîéÿìå ïðè ñóììàðíîì �àêòîðå çàïîëíåíè óðîâíÿ Ëàíäàó ν = 2. Â ðàìêàõòåîðèè �óíêöèîíàëà ïëîòíîñòè (ÒÔÏ) íàéäåì óñëîâèå ïåðåõîäà â ñïèí-ïîëÿðèçîâàííîå ñîñòîÿíèå ïðè ν = 2.Ñîãëàñíî ÒÔÏ ïîëíàÿ ýíåðãèÿ ìíîãîýëåêòðîííîé ñèñòåìû åñòü îäíî-çíà÷íûé �óíêöèîíàë ïëîòíîñòè ýëåêòðîíîâ n(r)

E[n] = T [n] +Ec[n] +Exc[n
↑, n↓] +EZ [n↑, n↓] + ∆Na , (1)ãäå n(r) = n↑(r) + n↓(r), nσ(r) � ïëîòíîñòü äâóìåðíûõ ýëåêòðîíîâ ñ äàí-íûì íàïðàâëåíèåì ñïèíà, T � êèíåòè÷åñêàÿ ýíåðãèÿ, Ec � êóëîíîâñêàÿýíåðãèÿ, Exc � îáìåííî-êîððåëÿöèîííàÿ ýíåðãèÿ, EZ � çååìàíîâñêàÿ ýíåð-ãèÿ, ∆ � âåëè÷èíà òóííåëüíîé ùåëè, Na � ÷èñëî ýëåêòðîíîâ â ïîäçîíåàíòèñèììåòðè÷íîãî ñîñòîÿíèÿ.Â äàëüíåéøåì â Exc íàìè ó÷èòûâàåòñÿ òîëüêî îáìåííàÿ ýíåðãèÿ è äëÿíåå èñïîëüçóåòñÿ ïðèáëèæåíèå ëîêàëüíîé ïëîòíîñòè (àòîìíàÿ ñèñòåìà åäè-íèö)

Ex[n
σ] =

∫

Ex(n
σ)nσ(r) dr , (2)

Ex(n
σ) = αnσ(r) , (3)(2) ãäå α = −

√
2ππL, L � ìàãíèòíàÿ äëèíà.�àññìîòðèì äâà ñîñòîÿíèÿ ïðè ν = 2: â ïåðâîì ñîñòîÿíèè ñèñòåìà ÿâ-ëÿåòñÿ ïîëíîñòüþ ñïèí-ïîëÿðèçîâàííîé è ïëîòíîñòè ýëåêòðîíîâ â ñèììåò-ðè÷íîé è àíòèñèììåòðè÷íîé ïîäçîíàõ ðàâíû, âî âòîðîì ñëó÷àå ýëåêòðîíûíàõîäÿòñÿ â îáîèõ ñïèíîâûõ ñîñòîÿíèÿõ è èìåþò ðàâíûå ïëîòíîñòè.Ïðè n(r) = const äëÿ îäèíàêîâûõ êâàíòîâûõ ÿì ðàçëè÷èå â êèíåòè÷å-ñêîé è êóëîíîâñêîé ýíåðãèÿõ äëÿ îáîèõ ñîñòîÿíèé ïðåäïîëàãàåòñÿ íåáîëü-øèì, ïîýòîìó îñíîâíóþ ðîëü â èçìåíåíèè ýíåðãèè áóäóò èãðàòü ïîñëåäíèåòðè ñëàãàåìûõ â âûðàæåíèè (1). Ñ ó÷åòîì ýòîãî è èñïîëüçóÿ âûðàæåíèÿ



126 Íèçêîðàçìåðíûå ñèñòåìû(2-3), ïîëó÷àåì óñëîâèå âîçíèêíîâåíèÿ ñïèíîâîé ïîëÿðèçàöèè ýëåêòðîíîââ äâîéíîé êâàíòîâîé ÿìå ïðè
∆ <

√

π/2/L+ gµBB/2 ,ãäå g � �àêòîð Ëàíäå, µB � ìàãíåòîí Áîðà.Îòìåòèì, ÷òî èç ýòîãî óñëîâèÿ ìîæíî íàéòè ðàññòîÿíèå ìåæäó êâàíòî-âûìè ÿìàìè, ïðè êîòîðîì ïðîèñõîäèò ñïèíîâàÿ ïîëÿðèçàöèÿ ýëåêòðîíîâ âêàæäîé èç êâàíòîâûõ ÿì.�àáîòà âûïîëíåíà ïðè ïîääåðæêå �ÔÔÈ è àäìèíèñòðàöèè Êðàñíîäàð-ñêîãî êðàÿ (ïðîåêòû �09-02-96508 è �09-02-96518).



Low-Dimensional Systems 127L-37Çàâèñèìîñòü ùåëè â ñïåêòðå äâîéíîé êâàíòîâîé ÿìûInGaAs/GaAs îò ïàðàìåòðîâ èí�ðàêðàñíîé ïîäñâåòêèÞ.�. Àðàïîâ, Â.Í. Íåâåðîâ, Í.�. Øåëóøèíèíà, �.È. Õàðóñ,Ì.Â. ßêóíèíÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18

�èñ. 1: Êîý��èöèåíò Õîëëà è ìàãíèòî-ñîïðîòèâëåíèå ïðè T = 40K â îáðàçöåñ ïðîìåæóòî÷íîé çàñâåòêîé

�èñ. 2: Êîíöåíòðàöèîííûå çàâèñèìîñòèäëÿ ðàçëè÷íûõ ñòåïåíåé çàñâåòêè

Èññëåäîâàííàÿ äâîéíàÿ êâàíòî-âàÿ ÿìà (ÄÊß) In0.2Ga0.8As/GaAsïðåäñòàâ-ëÿåò ñîáîé äâå îäèíî÷íûåêâàíòîâûå ÿìû InGaAs øèðèíîé5 íì, êîòîðûå ðàçäåëåíû áàðüåðîìGaAs øèðèíîé 10 íì. Ýíåðãåòè÷åñêèéñïåêòð òàêîé ñòðóêòóðû ïðåäñòàâëÿåòñîáîé àíòèñèììåòðè÷íîå ñîñòîÿíèå,ñîâïàäàþùåå ñ îñíîâíûì ñîñòîÿíè-åì îäèíî÷íîé ÿìû, è ñèììåòðè÷íîå,êîòîðîå îòùåïëÿåòñÿ âíèç íà âåëè-÷èíó òóííåëüíîé ùåëè. Âåëè÷èíàîòùåïëåíèÿ îïðåäåëÿåòñÿ òóííåëüíîéïðîçðà÷íîñòüþ áàðüåðà.Íàìè áûëè ïðîâåäåíû èçìåðåíèÿãàëüâàíîìàãíèòíûõ ý��åêòîâ â ìàã-íèòíûõ ïîëÿõ äî 3T è òåìïåðàòóðàõ
4.2÷ 60Ê, äëÿ òðåõ ðàçëè÷íûõ êîíöåí-òðàöèé íîñèòåëåé çàðÿäà. Êîíöåíòðà-öèÿ íîñèòåëåé çàðÿäà â ñòðóêòóðå ìå-íÿëàñü çà ñ÷åò èí�ðàêðàñíîé ïîäñâåòêèîáðàçöîâ ïðè íàèâûñøåé òåìïåðàòóðåýêñïåðèìåíòà (60Ê). Èñïîëüçóÿ ïîëå-âûå çàâèñèìîñòè õîëëîâñêîé è ïðîäîëü-íîé êîìïîíåíò òåíçîðà ìàãíèòîñîïðî-òèâëåíèÿ (�èñ. 1), ìû ðàçäåëèëè âêëà-äû îò äâóõ òèïîâ íîñèòåëåé çàðÿäà, îòíîñÿùèõñÿ ê ñèììåòðè÷íîé (S) è àí-òèñèììåòðè÷íîé (AS) ïîäçîíàì ïðîñòðàíñòâåííîãî êâàíòîâàíèÿ. Íà �èñ. 2ïðåäñòàâëåíû êîíöåíòðàöèè íîñèòåëåé çàðÿäà äëÿ ïåðâîé (òåìíûå òî÷êè)è âòîðîé (ñâåòëûå) ïîäçîí ïðîñòðàíñòâåííîãî êâàíòîâàíèÿ. Ïî ïîëîæåíèþ



128 Íèçêîðàçìåðíûå ñèñòåìûóðîâíÿ Ôåðìè E
(i)
F (i = 1, 2) îòíîñèòåëüíî äíà ñîîòâåòñòâóþùåé ïîäçî-íû ìîæíî îïðåäåëèòü âåëè÷èíó ùåëè ìåæäó óðîâíÿìè ïðîñòðàíñòâåííîãîêâàíòîâàíèÿ:

∆tot = E
(1)
F − E

(2)
F =

π~
2

m
(n1 − n2) ,ãäå m � ý��åêòèâíàÿ ìàññà íîñèòåëåé çàðÿäà, à n1 è n2 � êîíöåíòðàöèÿýëåêòðîíîâ â íèæíåé è âåðõíåé ïîäçîíàõ. Äàííûå äëÿ îáðàçöà â çàâèñè-ìîñòè îò êîíöåíòðàöèè íîñèòåëåé çàðÿäà (1 - èñõîäíàÿ êîíöåíòðàöèÿ; 2 è3 - îáðàçåö ñ ðàçíîé ñòåïåíüþ çàñâåòêè) ïðèâåäåíû â òàáëèöå. Âèäíî, ÷òîñ óâåëè÷åíèåì êîíöåíòðàöèè âåëè÷èíà ùåëè ìåæäó óðîâíÿìè ïðîñòðàí-ñòâåííîãî êâàíòîâàíèÿ äîñòàòî÷íî ñèëüíî ðàñòåò.Òàêàÿ çàâèñèìîñòü âåëè÷èíû ùåëè ìåæäó óðîâíÿìè ïðîñòðàíñòâåííî-ãî êâàíòîâàíèÿ îò ïîëíîé êîíöåíòðàöèè ýëåêòðîíîâ íåñîìíåííî ñâÿçàíà ñèçìåíåíèåì ïðî�èëÿ ïîòåíöèàëà ñòðóêòóðû ïðè çàñâåòêå îáðàçöà. Ìû ïî-ëàãàåì, ÷òî èí�ðàêðàñíàÿ ïîäñâåòêà âíîñèò àñèììåòðèþ â âèä ïîòåíöèàëàÄÊß âñëåäñòâèå íåîäèíàêîâîñòè çàñâåòêè ëåãèðóþùèõ ñëîåâ äîíîðîâ.Â òåìíîâîì ñëó÷àå âåëè÷èíà ùåëè ìèíèìàëüíà è ñîîòâåòñòâóåò ðàñ÷åò-íûì çíà÷åíèÿì òóííåëüíîé ùåëè, ∆sas, äëÿ äàííîé ñòðóêòóðû. Òîãäà èçâûðàæåíèÿ äëÿ ïîëíîé âåëè÷èíû ùåëè ìåæäó óðîâíÿìè ïðîñòðàíñòâåííî-ãî êâàíòîâàíèÿ

∆tot =
√

∆2
sas + ∆2ìîæíî îïðåäåëèòü âåëè÷èíó ïåðåêîñà ÄÊß, ∆ (ñì. òàáëèöó)� nïîëí · 1015ì−2 n1 · 1015 ì−2 n2 · 1015ì−2 ∆sas, ìýÂ ∆, ìýÂ1 2.4 1.8 0.6 2.4 02 4.2 3.4 0.8 5.4 4.83 6.7 5.8 0.9 9.8 9.5Áîëåå ïîëíûå âûâîäû î ïðèðîäå âîçäåéñòâèÿ èí�ðàêðàñíîãî îñâåùå-íèÿ íà èññëåäîâàííóþ ñèñòåìó (èçìåíåíèå âåðîÿòíîñòè òóííåëèðîâàíèÿèëè âíåñåíèå àñèììåòðèè â âèä ïîòåíöèàëà ÄÊß) ìîæíî ñäåëàòü, ëèøüèñõîäÿ èç àíàëèçà ýêñïåðèìåíòàëüíûõ çàâèñèìîñòåé êîíöåíòðàöèé ýëåê-òðîíîâ â S- è AS- ïîäçîíàõ ïðè ðàçíîé ñòåïåíè èí�ðàêðàñíîé ïîäñâåòêèîò íàïðÿæåíèÿ íà çàòâîðå.�àáîòà âûïîëíåíà ïî ïëàíó �ÀÍ (òåìà �ã.ð. 01.2.006 13395), ïðè ÷àñòè÷-íîé ïîääåðæêå �ÔÔÈ (ãðàíòû �08-02-00222, 09-02-96518, 10-02-96005).



Low-Dimensional Systems 129L-38�åçîíàíñíîå òóííåëèðîâàíèå íîñèòåëåé ÷åðåç óðîâíèðàçìåðíîãî êâàíòîâàíèÿ â ñòðóêòóðàõ Si/SiGe/Si ñîäèíî÷íîé êâàíòîâîé ÿìîéÈ.Â. Àíòîíîâà 1, Å.Ï. Íåóñòðîåâ 2, Ñ.À. Ñìàãóëîâà 2, Ì.Ñ. Êàãàí 3,Ï.Ñ. Àëåêñååâ 4, S.K. Ray 5, J. Kolodzey 6

1 ÈÔÏ ÑÎ �ÀÍ, 630090, Íîâîñèáèðñê, Ëàâðåíòüåâà, 13.
2 ßêóòñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, 677000, ßêóòñê,óë. Áåëèíñêîãî, 58.
3Èíñòèòóò ðàäèî�èçèêè è ýëåêòðîíèêè �ÀÍ, 103907, Ìîñêâà,Ìîõîâàÿ, 11.
4 Ôèçèêî-òåõíè÷åñêèé èíñòèòóò �ÀÍ èì. À.Ô. Èî��å, 194021,Ñàíêò-Ïåòåðáóðã, óë. Ïîëèòåõíè÷åñêàÿ, 26.
5 Indian Institute of Te
hnology, Kharagpur, India.
6 University of Delaware, Newark, DE 19716, USA.

�èñ. 1: Ñõåìàòè÷íîå èçîá-ðàæåíèå ñòðóêòóð ñ êâàí-òîâîé ÿìîé SiGe, èññëåäî-âàííûõ â ðàáîòå.

Äèçàéí ñòðóêòóð, ñîäåðæàùèõ êâàíòîâûå ÿìûSiGe, è ïðåäíàçíà÷åííûõ äëÿ êîíêðåòíûõ ïðèëî-æåíèé, ìîæåò áûòü äîâîëüíî ñëîæíûì, è îíè ìî-ãóò ñîäåðæàòü íåñêîëüêî ñëîåâ ðàçíîãî ñîñòàâà èòèïà ëåãèðîâàíèÿ. Òàê ñòðóêòóðû, èññëåäóåìûå âêà÷åñòâå èñòî÷íèêîâ èçëó÷åíèÿ òåðàãåðöîâîãî äèà-ïàçîíà [1℄ ñîäåðæàò p�n ïåðåõîä ïîä ðàáî÷èì ñëîåìñ îäíîé èëè íåñêîëüêèì êâàíòîâûìè ÿìàìè SiGe.Ýêñïåðèìåíòàëüíîå îïðåäåëåíèå óðîâíåé ðàçìåð-íîãî êâàíòîâàíèÿ â òàêèõ ñòðóêòóðàõ ïðåäñòàâ-ëÿåò ñîáîé äîñòàòî÷íî ñëîæíóþ çàäà÷ó. Â äàí-íîé ðàáîòå ïîêàçàíà âîçìîæíîñòü íàáëþäåíèÿ ðå-çîíàíñíîãî òóííåëèðîâàíèÿ íîñèòåëåé ÷åðåç óðîâ-íè â êâàíòîâîé ÿìå ïðè îòíîñèòåëüíî âûñîêèõ òåì-ïåðàòóðàõ (80÷100Ê), êîòîðûå ïðîÿâëÿþòñÿ â âè-äå ñòóïåíåê íà âîëüò-àìïåðíûõ õàðàêòåðèñòèêàõ,ïðè ïðîòåêàíèè òîêà ïîïåðåê ñòðóêòóðû.Íà ðèñ. 1 ïðåäñòàâëåíî ñõåìàòè÷íîå èçîáðàæåíèå èññëåäîâàííûõ ñòðóê-òóð. Ñòðóêòóðû áûëè âûðàùåíû ìåòîäîì ìîëåêóëÿðíî-ëó÷åâîé ýïèòàê-ñèè íà (100) êðåìíèåâûõ ïîäëîæêàõ ïðè òåìïåðàòóðå 400 ◦C. Ñîäåðæà-íèå ãåðìàíèÿ â èññëåäîâàííûõ ñòðóêòóðàõ âàðüèðîâàëîñü îò 7 äî 15%.Áëàãîäàðÿ ñåãðåãàöèè ãåðìàíèÿ íà ïîâåðõíîñòè ïðè ðîñòå ñòðóêòóð, íàïîâåðõíîñòè áûë îáíàðóæåí áîëüøîé ïîëîæèòåëüíûé çàðÿä, ïðèâîäÿùèéê ñèëüíîìó (∼ 0.35 ýÂ) îáåäíÿþùåìó èçãèáó çîí. Ïîëîæèòåëüíûé çàðÿäíà ïîâåðõíîñòè ñòðóêòóð ìîæåò áûòü óäàëåí ïóòåì íàíåñåíèÿ íà ïîâåðõ-íîñòü ñïåöèàëüíîãî ïàññèâèðóþùåãî ïîêðûòèÿ. Â êà÷åñòâå ïàññèâèðóþ-ùåãî ïîêðûòèÿ â äàííîé ðàáîòå áûë èñïîëüçîâàí ìîíîñëîé 1-îêòàäåöåíà



130 Íèçêîðàçìåðíûå ñèñòåìû(CH2 = CH − (CH2)15CH3) òîëùèíîé 2 íì. Òàêîå ïîêðûòèå [2℄ ÿâëÿåòñÿñòàáèëüíûì, íå ìåíÿåò ñâîèõ ñâîéñòâ íà ïðîòÿæåíèè íåñêîëüêèõ ëåò, çà-ùèùàÿ ïîâåðõíîñòü îò îêèñëåíèÿ, è çà ñ÷åò îáðàçîâàíèÿ õèìè÷åñêîé ñâÿçèñ àòîìàìè êðåìíèÿ èëè ãåðìàíèÿ íà ïîâåðõíîñòè îáåñïå÷èâàåò ñîñòîÿíèåáëèçêîå ê ïëîñêèì çîíàì. Êðîìå òîãî, ïàññèâèðóþùåå ïîêðûòèå îáëàäà-åò èçîëèðóþùèìè ñâîéñòâàìè, ñíèæàÿ òîê, ïðîòåêàþùèé ÷åðåç ñòðóêòó-ðó. Âàðüèðóÿ ðåæèì íàíåñåíèÿ ìîæíî îñóùåñòâëÿòü ÷àñòè÷íîå çàïîëíåíèåîáîðâàííûõ ñâÿçåé íà ïîâåðõíîñòè ìîëåêóëàìè îêòàäåöåíà, ïîëó÷àÿ ïðîìå-æóòî÷íûé ñëó÷àé. Â äàííîé ðàáîòå èññëåäîâàíû ñòðóêòóðû ñ åñòåñòâåííûìñëîåì îêèñëà, ïîëíîñòüþ è ÷àñòè÷íî ïàññèâèðîâàííûå îêòàäåöåíîì.

�èñ. 2: Ôðàãìåíòû âîëüò-àìïåðíûõ õà-ðàêòðèñòèê ïàññèâèðîâàííîé ñòðóêòó-ðû ñ 15% Ge â ÿìå, èçìåðåííûå ïðèòåìïåðàòóðàõ 80 ÷ 110Ê.

Íà ðèñ. 2 äëÿ ïðèìåðà ïðèâåäå-íû �ðàãìåíòû âîëüò-àìïåðíûõ õàðàê-òåðèñòèê îäíîé èç ïàññèâèðîâàííûõñòðóêòóð, íà êîòîðîé âèäíû ñòóïåíü-êè, íàáëþäàåìûå â èíòåðâàëå òåìïåðà-òóð 80 ÷ 110Ê. Óâåëè÷åíèå òåìïåðà-òóðû ïðèâîäèò ê ðîñòó âåëè÷èíû òî-êà è èñ÷åçíîâåíèþ ñòóïåíåê. Äëÿ ïàñ-ñèâèðîâàííûõ ñòðóêòóð ñòóïåíüêè òî-êà íàáëþäàþòñÿ ïðè îáåèõ ïîëÿðíîñòÿõïðèëîæåííîãî íàïðÿæåíèÿ â èíòåðâàëå
9 ÷ 11Â. Â ñëó÷àå ÷àñòè÷íîé ïàññèâà-öèè ïîâåðõíîñòè ñòóïåíüêè íàáëþäàþò-ñÿ òîëüêî ïðè ïîëîæèòåëüíîì ñìåùå-íèè íà ñòðóêòóðå è èíòåðâàë íàïðÿæå-íèé ñäâèãàåòñÿ äî 7 ÷ 9Â. Â íåïàññèâèðîâàííûõ ñòðóêòóðàõ èíòåðâàë íà-ïðÿæåíèé ñíèæàëñÿ äî 1 ÷ 3Â. Òàêîé ñäâèã íàïðÿæåíèé êîððåëèðóåò ñïîÿâëåíèåì îáåäíÿþùåãî èçãèáà çîí â íåïàññèâèðîâàííûõ ñòðóêòóðàõ.Â ïðåäïîëîæåíèè, ÷òî ñòóïåíüêè òîêà ñâÿçàíû ñ ïðÿìûì òóííåëèðî-âàíèåì íîñèòåëåé èç ìåòàëëè÷åñêîãî ýëåêòðîäà ÷åðåç óðîâíè ðàçìåðíîãîêâàíòîâàíèÿ â ÿìå, ïðîâåäåíî ñðàâíåíèå âåëè÷èí íàïðÿæåíèé, ïðè êîòî-ðûõ íàáëþäàþòñÿ ñòóïåíüêè ñ ðàññ÷èòàííîé ñèñòåìîé óðîâíåé â êâàíòîâîéÿìå. �àñ÷åò óðîâíåé ïðîâîäèëñÿ â ïðèáëèæåíèè øåñòè-çîííîé ìîäåëè ñó÷åòîì ñïèí-îðáèòàëüíîãî âçàèìîäåéñòâèÿ. Îáíàðóæåíî õîðîøåå ñîãëàñèåìåæäó òåîðåòè÷åñêîé ñèñòåìîé óðîâíåé è ýêñïåðèìåíòàëüíî ïîëó÷åííûìèíàïðÿæåíèÿìè ñ ó÷åòîì äåëåíèÿ íàïðÿæåíèÿ ìåæäó ñëîåì ñ êâàíòîâîéÿìîé è îñòàëüíîé ñòðóêòóðîé. Âîçìîæíîñòü íàáëþäàòü ïðÿìîå òóííåëèðî-âàíèå ÷åðåç óðîâíè â ÿìå ïðè îòíîñèòåëüíî âûñîêîé òåìïåðàòóðå ñâÿçàíîñ îãðàíè÷åíèåì òîêà â ñòðóêòóðå ïðè åå ïàññèâàöèè è íèçêîé ïëîòíîñòüþïîâåðõíîñòíûõ ñîñòîÿíèé.[1℄ M.S. Kagan, et al., Phys. Stat. Sol. (b), 235, 135 (2003).[2℄ I.V. Antonova, et al., Appl. Phys. Let., 91, 102116, 2007.



Low-Dimensional Systems 131L-39Íàáëþäåíèå ïîëÿðîííûõ ñîñòîÿíèé âðåçîíàíñíî-òóííåëüíûõ äèîäàõ ìåòîäîììàãíèòîòóííåëüíîé ñïåêòðîñêîïèèÂ.�. Ïîïîâ 1,2, Â.�. Êðèøòîï 2, Î.Í. Ìàêàðîâñêèé 3, M. Henini 3

1 Èíñòèòóò ïðîáëåì òåõíîëîãèè ìèêðîýëåêòðîíèêè �ÀÍ, ÍÎÖ,×åðíîãîëîâêà, 142432, �îññèÿ
2 Ôàêóëüòåò �èçè÷åñêîé è êâàíòîâîé ýëåêòðîíèêè, Ìîñêîâñêîãî�èçèêî-òåõíè÷åñêîãî èíñòèòóòà, Äîëãîïðóäíûé, 141700, �îññèÿ
3 S
hool of Physi
s and Astronomy of Nottingham University, NottinghamNG7 2RD, UKÌåòîä ìàãíèòîòóííåëüíîé ñïåêòðîñêîîïèè ïîçâîëÿåò ïîëó÷èòü èí�îð-ìàöèþ î äèñïåðñèè íîñèòåëåé â íèçêîðàçìåðíûõ ñèñòåìàõ. Îí óñïåøíî èñ-ïîëüçîâàëàñü äëÿ èññëåäîâàíèÿ ñïåêòðîâ êâàíòîâûõ ÿì â âàëåíòíîé çîíåGaAs [1℄ è ÿì, 
 ðàñòâîðàìè àçîòà â GaAs [2℄, ïîäîáíàÿ ìåòîäèêà ïðèìåíÿ-åòñÿ äëÿ èññëåäîâàíèÿ âîëíîâûõ �óíêöèé â êâàíòîâûõ òî÷êàõ [3℄.Ôîíîííûå ðåïëèêè íàáëþäàþòñÿ äîâîëüíî ÷àñòî â âîëüòàìïåðíûõ õà-ðàêòåðèñòèêàõ (ÂÀÕ) òóííåëüíûõ êîíòàêòîâ, ñîçäàííûõ íà îñíîâå ïîëÿð-íûõ ìàòåðèàëîâ. Â ñëó÷àå ïîëóïðîâîäíèêîâ äàííûå îñîáåííîñòè ðàññìàò-ðèâàþò â ðàìêàõ ìîäåëè ñòèìóëèðîâàííîãî îïòè÷åñêèìè �îíîíàìè òóí-íåëèðîâàíèåì (ÑÎÔÒ) [4℄. Â ðàìêàõ äàííîé ìîäåëè òóííåëèðîâàíèå ýëåê-òðîíà ñîïðîâîæäàåòñÿ îäíîâðåìåííûì èñïóñêàíèåì èëè ïîãëîùåíèåì îï-òè÷åñêîãî ïðîäîëüíîãî �îíîíà.Â äàííîé ðàáîòå ýêñïåðèìåíòàëüíî èññëåäóþòñÿ �îíîííûå ðåïëèêè íàâîëüòàìïåðíûõ õàðàêòåðèñòèêàõ ðåçîíàíñíî-òóííåëüíîãî äèîäà ñ àñèììåò-ðè÷íûìè áàðüåðàìè. Îñîáîå âíèìàíèå óäåëÿåòñÿ çàâèñèìîñòè ïîëîæåíèé�îíîííûõ ðåïëèê îò ìàãíèòíîãî ïîëÿ, ïàðàëëåëüíîãî ñëîþ êâàíòîâîé ÿìû,ñ�îðìèðîâàííîé ìåæäó äâóìÿ òóííåëüíûìè áàðüåðàìè äèîäà. Áûëè îáíà-ðóæåíû ñëàáàÿ ìàãíèòíàÿ çàâèñèìîñòü �îíîííûõ îñîáåííîñòåé â ìàëûõïîëÿõ, àíòèêðîññèíã ðåçîíàíñíîãî ïèêà è �îíîííûõ ðåïëèê. Ïåðâûé àíòè-êðîññèíã íàáëþäàåòñÿ â îáëàñòè îêîëî B∗ = 5Òë, ñëåäóþùèé àíòèêðîññèíãíàáëþäàåòñÿ â ïîëå îêîëî B∗∗ = 7Òë (�èñ. 1).Èññëåäîâàíèå âòîðîé ïðîèçâîäíîé ïîçâîëÿåò îáåñïå÷èòü áîëåå òî÷íîåðàçðåøåíèå è óìåíüøèòü âëèÿíèå �îíîâîé, íåðåçîíàíñíîé ìîíîòîííîé ÷à-ñòè òîêà. Â ýòîì ñëó÷àå ìèíèìóìàì âòîðîé ïðîèçâîäíîé ñîîòâåòñòâóþòìàêñèìóìû òîêà. Ïîëîæåíèå îñíîâíîãî ðåçîíàíñà ìîæíî íàéòè êàê ïîëî-æåíèå ïèêà â òîêå íà âîëüòàìïåðíîé õàðàêòåðèñòèêå. Èç-çà áîëüøèõ çíà-÷åíèé â îáëàñòè àíòèêðîññèíãà çàòðóäíèòåëüíî îáåñïå÷èòü äîñòàòî÷íóþ



132 Íèçêîðàçìåðíûå ñèñòåìûêîíòðàñòíîñòü òîïîãðà�è÷åñêîé êàðòèíû âíå îáëàñòè àíòèêðîññèíãà, íà�èñ. 1 ïîëîæåíèå ìèíèìóìîâ äîïîëíèòåëüíî îáîçíà÷åíî êðóæêàìè, êâàä-ðàòàìè è òðåóãîëüíèêàìè. Ïîëó÷åííûå ðåçóëüòàòû èññëå-

�èñ. 1: Òîïîãðà�è÷åñêàÿ êàðòà çàâèñèìîñòèâòîðîé ïðîèçâîäíîé òîêà ïî íàïðÿæåíèþ îòíàïðÿæåíèÿ ñìåùåíèÿ è ìàãíèòíîãî ïîëÿ

äîâàíèÿ �îíîííûõ ðåïëèê â ïëà-íàðíîì ìàãíèòíîì ïîëå íå îáú-ÿñíÿþòñÿ ìîäåëüþ ÑÎÔÒ. Îá-íàðóæåííûå ìàãíèòíûå çàâèñèìî-ñòè ìîæíî îáúÿñíèòü, ðàññìàò-ðèâàÿ ìîäè�èêàöèþ äâóìåðíîãîñïåêòðà ýëåêòðîíîâ â êâàíòîâîéÿìå ýëåêòðîí-�îíîííûì âçàèìî-äåéñòâèåì èëè �îðìèðîâàíèåì ïî-ëÿðîíîâ. �àíåå ïîëÿðîííûå ñîñòîÿ-íèå íàáëþäàëèñü â êâàíòîâûõ ÿìàõè èññëåäîâàëèñü â êâàíòóþùèõ ìàã-íèòíûõ ïîëÿõ, ïðè ýòîì íàáëþ-äàëñÿ àíòèêðîñèíã �îíîííûõ ðå-ïëèê è óïðóãèõ ðåïëèê, ñâÿçàí-íûõ ñ òóííåëèðîâàíèåì ýëåêòðîíîâìåæäó óðîâíÿìè Ëàíäàó ñ ðàçíûìèèíäåêñàìè [5℄. Ïîëÿðîííûõ æå ý�-�åêòîâ â íóëåâîì è ïëàíàðíîì ìàã-íèòíîì ïîëå ðàíåå íå îáíàðóæèâàëè.[1℄ R.K. Hayden, et al., Phys. Rev. Lett., 66, 1749 (1991).[2℄ J. Endi
ott, et al., Phys. Rev. Lett., 91, 126802 (2003).[3℄ E.E. Vdovin, et al., S
ien
e, 290, 122 (2000).[4℄ H. Mizuta and T. Tanoue, The Physi
s and Appli
ations of ResonantTunneling Diodes, (Cambridge Univ. Press, Cambridge, 1995), p. 53.[5℄ G.S. Boebinger, et al., Phys. Rev. Lett., 65, 235 (1990).



Low-Dimensional Systems 133L-40�àçîãðåâ äâóìåðíîãî äûðî÷íîãî ãàçà â ñòðóêòóðàõ ñêâàíòîâîé ÿìîé íà îñíîâå GaAsÈ.Â. Ñîëäàòîâ 1, À.Â. �åðìàíåíêî 1, �.Ì. Ìèíüêîâ 2, Î.Ý. �óò 1,À.À. Øåðñòîáèòîâ 2

1 ÍÈÈ ÔÏÌ Óð�Ó, Åêàòåðèíáóðã, 620083, ïð. Ëåíèíà 51
2 ÈÔÌ ÓðÎ �ÀÍ, Åêàòåðèíáóðã, 620043, Ñ. Êîâàëåâñêîé 18Ïðè íèçêèõ òåìïåðàòóðàõ â äâóìåðíûõ ñòðóêòóðàõ â ïîëÿõ ïîðÿäêàíåñêîëüêèõ Â/ñì íàáëþäàåòñÿ çàâèñèìîñòü ïðîâîäèìîñòè îò âåëè÷èíû ïðè-ëîæåííîãî ïîëÿ. Ìåõàíèçìû òàêîé íåîìè÷íîñòè â ñëó÷àå äè��óçèîííîéè ïðûæêîâîé ïðîâîäèìîñòè ñóùåñòâåííî ðàçëè÷íû. Â ïåðâîì � íåëèíåé-íîñòü ñâÿçàíà òîëüêî ñ ïîâûøåíèåì òåìïåðàòóðû ýëåêòðîííîãî ãàçà, à âîâòîðîì � äîïîëíèòåëüíî, ñ èçìåíåíèåì âåðîÿòíîñòè ïðûæêà â ñèëüíîìýëåêòðè÷åñêîì ïîëå èëè ñ óäàðíîé èîíèçàöèåé ëîêàëèçîâàííûõ íà ïðè-ìåñÿõ ñîñòîÿíèé. Òàêîå ðàçëè÷èå ïîçâîëÿåò ýêñïåðèìåíòàëüíî îïðåäåëèòüóñëîâèÿ (ñòåïåíü áåñïîðÿäêà, òåìïåðàòóðà), ïðè êîòîðûõ ïðîèñõîäèò ñìåíàìåõàíèçìà ïðîâîäèìîñòè.Â ñòðóêòóðàõ n-òèïà íåîìè÷íîñòü ïðè ïåðåõîäå ê ïðûæêîâîé ïðîâîäè-ìîñòè áûëà ïîäðîáíî èññëåäîâàíà [1℄. Îòäåëüíûé èíòåðåñ ïðåäñòàâëÿþòñòðóêòóðû p-òèïà, â êîòîðûõ ìîãóò ïîÿâèòüñÿ îñîáåííîñòè ïðè ïåðåõîäåê ïðûæêîâîé ïðîâîäèìîñòè, ñâÿçàííûå ñ áîëåå ñëîæíûì ýíåðãåòè÷åñêèìñïåêòðîì äûðîê.Â íàñòîÿùåé ðàáîòå ýêñïåðèìåíòàëüíî èññëåäîâàí ðàçîãðåâ äâóìåðíîãîäûðî÷íîãî ãàçà íà ñòðóêòóðàõ GaAs/InGaAs/GaAs, â êîòîðûõ ëåãèðóþùèé
δ-ñëîé àêöåïòîðîâ áûë îòäåëåí îò êâàíòîâîé ÿìû ñïåéñåðîì. Íàïðÿæåíèå,ïðèëîæåííîå ê ïîëåâîìó ýëåêòðîäó, ïîçâîëÿëî èçìåíÿòü êîíöåíòðàöèþ íî-ñèòåëåé è, ñîîòâåòñòâåííî, ïðîâîäèìîñòü ñòðóêòóð â øèðîêîì äèàïàçîíå:îò 100 äî 10−4G0 (G0 = e2/πh). Áûëà îïðåäåëåíà çàâèñèìîñòü ñêîðîñòèðåëàêñàöèè ýíåðãèè P îò ïðîâîäèìîñòè äâóìåðíîãî ñëîÿ ïðè òåìïåðàòó-ðàõ ðåøåòêè îò 1.4Ê äî 4.2Ê. Ïîêàçàíî, ÷òî ïðè ïðîâîäèìîñòÿõ áîëåå
(0.1 ÷ 1) · G0 îíà êîëè÷åñòâåííî îïèñûâàåòñÿ òåîðèåé ðåëàêñàöèè ýíåð-ãèè íà ïüåçîýëåêòðè÷åñêîì è äå�îðìàöèîííîì ïîòåíöèàëàõ àêóñòè÷åñêèõ�îíîíîâ [2℄. Â ñëó÷àå ïðîâîäèìîñòè ïî äåëîêàëèçîâàííûì ñîñòîÿíèÿì Pèìååò âèä: P (TL, Te) = F (Te) − F (TL), ãäå TL � òåìïåðàòóðà ðåøåòêè, Te� òåìïåðàòóðà äûðî÷íîãî ãàçà. Èç âèäà �óíêöèè ñëåäóåò, ÷òî ïðîèçâîä-íàÿ ∂P/∂Te íå çàâèñèò îò òåìïåðàòóðû ðåøåòêè, è ïîýòîìó çàâèñèìîñòè
∂P/∂Te ïðè ðàçíûõ TL äîëæíû ëîæèòüñÿ íà îäíó êðèâóþ. Ïðè ïðîâîäèìî-ñòÿõ (10−3÷ 10−1)G0 P (TL, Te) îòêëîíÿåòñÿ îò òåîðåòè÷åñêîé çàâèñèìîñòè,



134 Íèçêîðàçìåðíûå ñèñòåìûíî ïðîèçâîäíûå ∂P/∂Te ïðîäîëæàþò "ïàäàòü" íà îäíó êðèâóþ, è òîëü-êî ïðè ïîíèæåíèè ïðîâîäèìîñòè ìåíåå 10−3G0 íà÷èíàþò ðàñõîäèòüñÿ, ÷òîñâèäåòåëüñòâóåò î ñìåíå ìåõàíèçìà ïðîâîäèìîñòè.�àáîòà ïîääåðæàíà ãðàíòàìè �ÔÔÈ 08-02-00662, 07-02-00528, 08-02-91962, 08-02-91962.[1℄ À.À. Øåðñòîáèòîâ, �.Ì. Ìèíüêîâ, Î.Ý. �óò, À.Â. �åðìàíåíêî,Á.Í. Çâîíêîâ, ÔÒÏ, 39 237 (2005).[2℄ P.J. Pri
e, J. Appl. Phys., 53 6863 (1982).



Low-Dimensional Systems 135L-41Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ïðîñòðàíñòâåííîãîðàñïðåäåëåíèÿ ýëåêòðîííîãî ãàçà âñèëüíîíåóïîðÿäî÷åííûõ äâóìåðíûõ ñèñòåìàõÀ.À. Øåðñòîáèòîâ 1, �.Ì. Ìèíüêîâ 1, À.Â. �åðìàíåíêî 2, Î.Ý. �óò 2,È.Â. Ñîëäàòîâ 2, Á.Í. Çâîíêîâ 3

1 ÈÔÌ ÓðÎ �ÀÍ, Åêàòåðèíáóðã, 620043, Ñ. Êîâàëåâñêîé 18
2 ÍÈÈ ÔÏÌ Óð�Ó, Åêàòåðèíáóðã, 620083, ïð. Ëåíèíà 51
3 ÍÈÔÒÈ ÍÍ�Ó èì. Í.È. Ëîáà÷åâñêîãî, Íèæíèé Íîâãîðîä, 603950,ïð. �àãàðèíà 23/3Èç-çà ñëàáîãî ýêðàíèðîâàíèÿ â äâóìåðíûõ ñèñòåìàõ íåîäíîðîäíîñòü èã-ðàåò îïðåäåëÿþùóþ ðîëü. Â ðåçóëüòàòå ïðè ïîíèæåíèè êîíöåíòðàöèè ðàñ-ïðåäåëåíèå ýëåêòðîííîãî ãàçà ìîæåò ñòàòü ñèëüíî íåîäíîðîäíûì. Ýòîò ý�-�åêò áûë ðàññìîòðåí òåîðåòè÷åñêè â ðàáîòå [1℄ è ýêñïåðèìåíòàëüíî [2℄. Âðàáîòå [2℄ áûëî ïîêàçàíî, ÷òî â ñòðóêòóðàõ ñ âûñîêîé ïîäâèæíîñòüþ, ðàñ-ïðåäåëåíèå ýëåêòðîííîãî ãàçà ñòàíîâèòñÿ ñèëüíî íåîäíîðîäíûì óæå ïðèäîñòàòî÷íî áîëüøîé ïðîâîäèìîñòè, ïîðÿäêà íåñêîëüêèõ e2/h. �àíåå ìûèññëåäîâàëè ïåðåõîä îò ñëàáîé ê ñèëüíîé ëîêàëèçàöèè â ñèëüíî íåóïîðÿ-äî÷åííûõ äâóìåðíûõ ñòðóêòóðàõ. Áûëî ïîêàçàíî, ÷òî âñå òðàíñïîðòíûåÿâëåíèÿ îïèñûâàþòñÿ â ðàìêàõ ìîäåëè îäíîðîäíîé äè��óçèîííîé ïðîâî-äèìîñòè, äî ïðîâîäèìîñòè ïîðÿäêà 10−3e2/h. Äëÿ âûÿñíåíèÿ ðîëè íåîä-íîðîäíîñòè â íàøèõ ñòðóêòóðàõ ìû ïðîâåëè èññëåäîâàíèå C-V õàðàêòå-ðèñòèê, íà òåõ æå ñòðóêòóðàõ, íà êîòîðûõ áûëè ïðîâåäåíû òðàíñïîðòíûåèññëåäîâàíèÿ. Îáíàðóæåíî, ÷òî çàâèñèìîñòè åìêîñòè îò íàïðÿæåíèÿ íàïîëåâîì ýëåêòðîäå î÷åíü ïîõîæè, íà òå ÷òî íàáëþäàëèñü ðàíåå � ïðè çàïè-ðàíèè ¼ìêîñòü ñíà÷àëà ñëàáî çàâèñèò îò íàïðÿæåíèÿ íà ïîëåâîì ýëåêòðî-äå, çàòåì íàáëþäàåòñÿ ðåçêîå ïàäåíèå åìêîñòè. Êðîìå, ïîÿâëåíèÿ ñèëüíîéíåîäíîðîäíîñòè, ê ïàäåíèþ åìêîñòè ìîæåò ïðèâåñòè óâåëè÷åíèå ñîïðîòèâ-ëåíèÿ 2D ãàçà. Äëÿ ïðîâåðêè ýòîé âîçìîæíîñòè ìû èçìåðèëè çàâèñèìîñòüñîïðîòèâëåíèÿ 2D ãàçà îò íàïðÿæåíèÿ íà ïîëåâîì ýëåêòðîäå, ñðàçó ïîñëåèçìåðåíèÿ ¼ìêîñòè, áåç îòîãðåâà îáðàçöà. Â ðåçóëüòàòå, áûëî ïîêàçàíî, ÷òîâñ¼ ïàäåíèå ¼ìêîñòè â ñèëüíî íåóïîðÿäî÷åííûõ ñòðóêòóðàõ ñâÿçàíî òîëüêîñ óâåëè÷åíèåì ñîïðîòèâëåíèÿ 2D ãàçà.Òàêèì îáðàçîì, ïîêàçàíî, ÷òî èññëå-äîâàííûå ñòðóêòóðû äî ïðîâîäèìîñòè, ïîðÿäêà 10−3e2/h îñòàþòñÿ îäíî-ðîäíûìè. Ýòî ïîääåðæèâàåò âûâîäû íàøåé ðàáîòû � äî ïðîâîäèìîñòèïîðÿäêà 10−2e2/h, ìåõàíèçì ïðîâîäèìîñòè îñòàåòñÿ äè��óçèîííûì, ïðèäàëüíåéøåì ïîíèæåíèè ïðîâîäèìîñòè ïðîèñõîäèò ëîêàëèçàöèÿ íîñèòåëåé,çà ñ÷åò àíäåðñîíîâñêîé ëîêàëèçàöèè.



136 Íèçêîðàçìåðíûå ñèñòåìû�àáîòà ïîääåðæàíà ãðàíòàìè �ÔÔÈ 08-02-00662, 07-02-00528, 08-02-91962.[1℄ Mi
hael M. Fogler, Phys. Rev. B, 69, 121409 (2004).[2℄ G. Allison, et al., Phys. Rev. Lett., 96, 216407 (2006).[3℄ G.M. Minkov, et al., Phys. Rev. B, 75, 235316 (2007).



Low-Dimensional Systems 137L-42Âû÷èñëåíèå ïðî�èëÿ êîíöåíòðàöèé íîñèòåëåé çàðÿäàâ øèðîêîé êâàíòîâîé ÿìå â ýëåêòðè÷åñêèõ èìàãíèòíûõ ïîëÿõË. ÙóðîâàÔèçè÷åñêèé èíñòèòóò èì. Ï.Í. Ëåáåäåâà �ÀÍ, 119991, Ìîñêâà,Ëåíèíñêèé ïðîñïåêò, 53Èññëåäóåòñÿ ðàâíîâåñíîå ñîñòîÿíèå ýëåêòðîííîé ñèñòåìû ñ Ôåðìè ñòàòè-ñòèêîé â ìîäóëèðîâàíî ëåãèðîâàííîé ñòðóêòóðå ñ øèðîêîé êâàíòîâîé ÿìîé.Íîñèòåëè çàðÿäà â äâóìåðíîì êàíàëå ïðîâîäèìîñòè îáðàçóþòñÿ âñëåäñòâèåèîíèçàöèè ïðèìåñåé ëåãèðóþùåãî ñëîÿ, îòäåëåííîãî îò êâàíòîâîé ÿìû, ÷å-ðåç ñïåéñåð.Ìîäåëü ñ�îðìóëèðîâàíà äëÿ ýëåêòðîííîé ñèñòåìû ñ äîñòàòî÷íî âûñî-êîé ïëîòíîñòüþ, êîãäà äëèíà âîëíû äå-Áðîéëÿ íîñèòåëåé çàðÿäà, λB, îêà-çûâàåòñÿ ìåíüøå øèðèíû êâàíòîâîé ÿìû L (λB ≤ L) è óðîâíè ðàçìåðíîãîêâàíòîâàíèÿ íå �îðìèðóþòñÿ. Âñëåäñòâèå âçàèìîäåéñòâèé íîñèòåëåé çàðÿ-äà ñ ýëåêòðè÷åñêèìè ïîëÿìè èîíîâ â ïîòåíöèàëüíîé ÿìå îáðàçóåòñÿ àñèì-ìåòðè÷íîå îòíîñèòåëüíî öåíòðà êâàíòîâîé ÿìû ñîñòîÿíèå ñ íåîäíîðîäíîéïëîòíîñòüþ.�àñïðåäåëåíèå êîíöåíòðàöèé íîñèòåëåé çàðÿäà ïî øèðèíå ÿìû, n(z),âû÷èñëÿëîñü èç óðàâíåíèÿ
−eEi +

4πe2

χ

∫ z

0

n(ξ) dξ = n−1/3(z)
3(3π2)2/3

2

~
2

m

dn

dz
, (1)ãäå Ei � íåýêðàíèðîâàííîå ñâîáîäíûìè íîñèòåëÿìè çàðÿäà ýëåêòðè÷åñêîåïîëå ëåãèðóþùåãî ñëîÿ, z � êîîðäèíàòà â ïîïåðå÷íîì íàïðàâëåíèè êâàí-òîâîé ÿìû, z = 0 � êîîðäèíàòà ãðàíèöû êâàíòîâîé ÿìû è ñïåéñåðà, îòäå-ëÿþùåãî ïîòåíöèàëüíóþ ÿìó îò ëåãèðóþùåãî ñëîÿ, χ � äèýëåêòðè÷åñêàÿïðîíèöàåìîñòü ìàòåðèàëà êâàíòîâîé ÿìû.Óðàâíåíèå (1) îïèñûâàåò, â ðàìêàõ ãèäðîäèíàìè÷åñêîãî ïîäõîäà, ðàâíî-âåñèå ñèë ïðèòÿæåíèÿ íîñèòåëåé çàðÿäà ê ñëîþ çàðÿæåííûõ èîíîâ è ñèëîòòàëêèâàíèÿ íîñèòåëåé çàðÿäà îò ãðàíèöû ðàçäåëà áàðüåðà è ÿìû âñëåä-ñòâèå �åðìèåâñêîãî äàâëåíèÿ â êàæäîì èíòåðâàëå dz ïîòåíöèàëüíîé ÿìû.Äëÿ óðàâíåíèÿ (1) ñ ãðàíè÷íûìè óñëîâèÿìè dn/dz

∣

∣

z=L
= 0 è n(z =

L) = nL ìû ïîëó÷èëè àíàëèòè÷åñêîå ðåøåíèå, êîòîðîå âûðàæàåòñÿ ÷åðåçãèïåðãåîìåòðè÷åñêèå �óíêöèè [1℄.Âáëèçè ëåâîé ãðàíèöû áàðüåðà è ÿìû, ãäå òåðÿåòñÿ ïðèìåíèìîñòü ãèäðî-äèíàìè÷åñêîãî ïðèáëèæåíèÿ, äëÿ îïðåäåëåíèÿ n(z) ìû ðåøàëè óðàâíåíèå



138 Íèçêîðàçìåðíûå ñèñòåìûØðåäèíãåðà, ñ ó÷åòîì âçàèìîäåéñòâèé íîñèòåëåé çàðÿäà ñ èîííûì ñëîåì âïðèáëèæåíèè ñðåäíåãî ïîëÿ è ÷àñòè÷íîãî ïðîíèêíîâåíèÿ ÷àñòèö â áàðüåð.Òàêæå â ðàìêàõ ãèäðîäèíàìè÷åñêîãî ïîäõîäà âû÷èñëåí ïðî�èëü êîí-öåíòðàöèé n(z) â êâàíòîâîé ÿìå âî âíåøíåì ìàãíèòíîì ïîëå Hx, ïðèëî-æåííîì ïàðàëëåëüíî ïëîñêîñòè êâàíòîâîé ÿìû. Âî âíåøíåì ìàãíèòíîìïîëå íà ñâîáîäíûå íîñèòåëè çàðÿäà, ïîìèìî ñèë ýëåêòðè÷åñêîãî ïðîèñõîæ-äåíèÿ, äåéñòâóåò ñèëà Ëîðåíöà, è óðàâíåíèå ðàâíîâåñèÿ ñèë ïðèîáðåòàåòâèä
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. (2)Âëèÿíèå ìàãíèòíîãî ïîëÿ íà ïåðåðàñïðåäåëåíèå ïðî�èëÿ êîíöåíòðàöèé

n(z) îáóñëîâëåíî äèàìàãíèòíûìè ñâîéñòâàìè �åðìèåâñêîé ñèñòåìû íîñè-òåëåé çàðÿäà, îáÿçàííûìè êâàíòîâàíèþ äâèæåíèÿ ýëåêòðîíîâ â ïëîñêîñòè,ïåðïåíäèêóëÿðíîé ïðèëîæåííîìó ìàãíèòíîìó ïîëþ.Ìû ïîëó÷èëè ðåøåíèå óðàâíåíèÿ (2) äëÿ òåõ æå ãðàíè÷íûõ óñëîâèé.×èñëåííûå îöåíêè ïðî�èëÿ êîíöåíòðàöèé n(z) áûëè ïðîâåäåíû äëÿ ìî-äóëèðîâàíî ëåãèðîâàííîé ñòðóêòóðû Si(B)/SiGe/Si ñ øèðîêîé êâàíòîâîéÿìîé (30 íì) è ñðåäíåé ïëîòíîñòüþ íîñèòåëåé çàðÿäà â êâàíòîâîé ÿìå
2 · 1011 ñì−2, äëÿ êîòîðîé èìåþòñÿ ýêñïåðèìåíòàëüíûå äàííûå äëÿ ìàãíå-òîñîïðîòèâëåíèÿ â ñèëüíîì ïàðàëëåëüíîì ìàãíèòíîì ïîëå [2℄. Ïîëó÷åíî,÷òî â ìîäóëèðîâàíî ëåãèðîâàííûõ ñòðóêòóðàõ ñ øèðîêîé ïîòåíöèàëüíîéÿìîé è îòíîñèòåëüíî âûñîêîé ïëîòíîñòüþ íîñèòåëåé çàðÿäà âñëåäñòâèå èõâçàèìîäåéñòâèé ñ ýëåêòðè÷åñêèìè ïîëÿìè èîíîâ è âíåøíèì ìàãíèòíûì ïî-ëåì îáðàçóåòñÿ ñîñòîÿíèå ñ íåîäíîðîäíîé ïëîòíîñòüþ, ñóùåñòâåííî îòëè-÷àþùååñÿ îò ñîñòîÿíèÿ â äâóìåðíûõ êâàíòîâûõ ÿìàõ è â íåîãðàíè÷åííûõòðåõìåðíûõ ñèñòåìàõ.Ñîïðîòèâëåíèå â ýòîé ñòðóêòóðå äîëæíî îïðåäåëÿòüñÿ óçêîé êâàçèêëàñ-ñè÷åñêîé îáëàñòüþ ñ âûñîêîé êîíöåíòðàöèåé íîñèòåëåé çàðÿäà. Âû÷èñëåí-íûå çíà÷åíèÿ ìàãíåòîñîïðîòèâëåíèÿ ñðàâíèâàþòñÿ ñ ðåçóëüòàòàìè èçìåðå-íèé, ïîëó÷åííûìè â Ôèçèêî-Òåõíè÷åñêîì èíñòèòóòå èì. Èî��å [2℄.[1℄ L.Yu. Sh
hurova, Annalen der Physik, 18, 928 (2009).[2℄ I.L. Dri
hko, et al., Phys. Rev. B, 79, 205310 (2009).



Low-Dimensional Systems 139L-43Îñöèëëÿöèè Øóáíèêîâà�äå �ààçà êèíåòè÷åñêèõêîý��èöèåíòîâ 2D ýëåêòðîííîé ñèñòåìû �àøáûÑ.�. ÍîâîêøîíîâÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18Ñïèí-îðáèòàëüíîå (ÑÎ) âçàèìîäåéñòâèå ñíèìàåò äâóêðàòíîå âûðîæäå-íèå ýëåêòðîííûõ óðîâíåé ýíåðãèè. Â ðåçóëüòàòå ñïåêòð 2D ýëåêòðîíîâ ðàñ-ùåïëÿåòñÿ íà äâå ïîäçîíû ñ çàêîíàìè äèñïåðñèè E±(k) = ~
2k2/2m ± ~αk(α � êîíñòàíòà ñïèí-îðáèòàëüíîé ñâÿçè �àøáû), êîòîðûå â ñèëüíîì (êâàí-òóþùåì) ïîïåðå÷íîì ìàãíèòíîì ïîëå òðàíñ�îðìèðóþòñÿ â äâå ïîäñèñòå-ìû íåýêâèäèñòàòíûõ äèñêðåòíûõ óðîâíåé. Ýòî ÿâëÿåòñÿ ïðè÷èíîé õîðîøîèçâåñòíûõ áèåíèé àìïëèòóä îñöèëëÿöèé Øóáíèêîâà�äå �ààçà (Øä�) êè-íåòè÷åñêèõ êîý��èöèåíòîâ, íàáëþäàåìûõ â 2D ïðîâîäíèêàõ.Ïîñëåäîâàòåëüíîå àíàëèòè÷åñêîå îïèñàíèå îñöèëëÿöèé Øä� â äâóìåð-íûõ ñèñòåìàõ ñî ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåì �àøáû áûëî ïðåä-ëîæåíî â ðàáîòå [1℄. Â ÷àñòíîñòè, â [1℄ áûëî ïîêàçàíî, ÷òî íåçàâèñèìî îòâåëè÷èíû ÑÎ âçàèìîäåéñòâèÿ îñíîâíîé ïåðèîä îñöèëëÿöèé ñâÿçàí ñ ïîë-íîé êîíöåíòðàöèåé íîñèòåëåé çàçÿäà îáû÷íûì ñîîòíîøåíèåì ∆(1/B) =

|e|/πc~n. Ïîëó÷åíî, ïðîñòîå âûðàæåíèå, ñâÿçûâàþùåå ïîëîæåíèÿ óçëîâáèåíèé îñöèëëÿöèé ñ ïàðàìåòðàìè ýëåêòðîííîãî ýíåðãåòè÷åñêîãî ñïåêòðà.Â äàííîé ðàáîòå â îòëè÷èå îò [1℄ àíàëèçèðóåòñÿ êàðòèíà øóáíèêîâñêèõîñöèëëÿöèé ìàãíèòîñîïðîòèâëåíèÿ â îáëàñòè ñèëüíûõ ìàãíèòíûõ ïîëåé(ωcτ > 1), ãäå áèåíèÿ ïðèîáðåòàþò âèä íà ïåðâûé âçãëÿä íåðåãóëÿðíûõ èç-ìåíåíèé àìïëèòóä îñöèëëÿöèé. Ïîêàçàíî, ÷òî è â ýòîì ñëó÷àå èõ ïîëåâàÿè òåìïåðàòóðíàÿ çàâèñèìîñòü õîðîùî îïèñûâàåòñÿ óðàâíåíèÿìè, ïîëó÷åí-íûìè â [1℄.�àáîòà âûïîëíåíà ïî ïëàíó �ÀÍ (òåìà �01.2.006 13395) ïðè ÷àñòè÷íîéïîääåðæêå �ÔÔÈ (ãðàíò �08-02-00662).[1℄ S.G. Novokshonov, A.G. Groshev, Phys. Rev. B, 74, 245333 (2006).
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T-01Íîâûå ý��åêòû, âîçíèêàþùèå â ñòðóêòóðàõ GaAs:MnÍ.Ñ. Àâåðêèåâ 1, Â.Ô. Ñàïåãà 1, Ê. Ïëóã 2

1 Ôèçèêî-òåõíè÷åñêèé èíñòèòóò èì.À.Ô.Èî��å, Ñàíêò-Ïåòåðáóðã,194021, Ïîëèòåõíè÷åñêàÿ, 26
2 Èíñòèòóò èì.Ïàóëÿ Äðóäå, Áåðëèí, �åðìàíèÿÎáíàðóæåíèå �åððîìàãíèòíîãî óïîðÿäî÷åíèÿ â êðèñòàëëàõ Ga1−xAs :
Mnx (x ∼ 1%) äàëî íîâûé èìïóëüñ èññëåäîâàíèÿì ïîëóïðîâîäíèêîâ, ñî-äåðæàùèõ ïàðàìàãíèòíûå èîíû [1℄. Àðñåíèä ãàëëèÿ è ñòðóêòóðû íà åãîîñíîâå îêàçàëèñü íàèáîëåå ïðèâëåêàòåëüíûìè äëÿ ýòèõ öåëåé, ïîñêîëüêóñâîéñòâà îäèíî÷íîãî èîíà Mn â îáúåìíîì GaAs áûëè õîðîøî èçó÷åíûâ êîíöå 80-õ ãîäîâ ïðîøëîãî âåêà. Íà îñíîâàíèè ìíîãî÷èñëåííûõ ýêñïå-ðèìåíòîâ òàêèõ, êàê ïîëÿðèçîâàííàÿ ãîðÿ÷àÿ è õîëîäíàÿ �îòîëþìèíåñ-öåíöèÿ, îáóñëîâëåííàÿ ðåêîìáèíàöèåé îïòè÷åñêè îðèåíòèðîâàííûõ ýëåê-òðîíîâ ñ äûðêîé, ñâÿçàííîé íà Mn [2℄, ïîëÿðèçàöèîííàÿ ïüåçîñïåêòðîñêî-ïèÿ [3℄, íàëè÷èå ñèãíàëà ÝÏ� ñ ý��åêòèâíûì g-�àêòîðîì îòëè÷íûì îò1 è 2 [4℄, ðåëàêñàöèîííîå ïîãëîùåíèå çâóêà â êðèñòàëëàõ GaAs:Mn, òåì-ïåðàòóðíàÿ è êîíöåíòðàöèîííàÿ çàâèñèìîñòü ìàãíèòíîé âîñïðèèì÷èâîñòèGaAs:Mn, áûëî óáåäèòåëüíî ïîêàçàíî [3,5℄, ÷òî äûðêà, ëîêàëèçîâàííàÿ íàèîíå Mn, îáìåííî ñâÿçàíà ñ 3d5�ýëåêòðîíàìè Mn (ïîëíûé ñïèí SMn = 5/2).Îñíîâíûì ñîñòîÿíèåì ñèñòåìû (äûðêà)+ (3d5-ýëåêòðîíû) ÿâëÿåòñÿ àíòè-�åððîìàãíèòíîå ñîñòîÿíèå ñ ïîëíûì ìîìåíòîì ñèñòåìû F = 1, ðàäèóñëîêàëèçàöèè ñîñòàâëÿåò ∼ 15�A, âîçáóæäåííîå ñîñòîÿíèå îòñòîèò îò îñíîâ-íîãî íà 2 ÷ 4ìýÂ, g-�àêòîð îñíîâíîãî ñîñòîÿíèÿ ïðèáëèçèòåëüíî ðàâåí2.75. Ýòà ìîäåëü ïîçâîëÿåò êà÷åñòâåííî è êîëè÷åñòâåííî èíòåðïðåòèðî-âàòü ýêñïåðèìåíòàëüíûå äàííûå ïî ñâîéñòâàì îáúåìíûõ Ga1−xAs : Mnx(x ∼ 1 ÷ 4%), êâàíòîâûõ ÿì GaAs/GaAlAs [6,7℄ è GaAs/InGaAs [8℄, ñîäåð-æàùèõ Mn â áàðüåðå.Â äîêëàäå áóäåò ñäåëàí îáçîð äàííûõ ïî ñâîéñòâàì îäèíî÷íîãî öåíòðàMn â GaAs è äàíî îáúÿñíåíèå íîâûõ ðåçóëüòàòîâ ïî ãîðÿ÷åé �îòîëþìèíåñ-öåíöèè â Ga1−xAs : Mnx è ý��åêòó ãèãàíòñêîé ðàâíîâåñíîé ïîëÿðèçàöèèñâîáîäíûõ äûðîê â êâàíòîâûõ ÿìàõ InAs/GaAs:Mn.[1℄ H. Ohne, et al., Appl. Phys. Lett., 64, 363 (1996).[2℄ È.ß. Êàðëèê è äð., ÔÒÒ, 24, 3550 (1982).[3℄ Í.Ñ. Àâåðêèåâ è äð., "Ìîäåëü ãëóáîêîãî öåíòðà MnGa â GaAs" , ïðå-ïðèíò ÔÒÈ èì.À.Ô.Èî��å �1201, Ëåíèíãðàä 1988.[4℄ J. S
hneider, et al., Phys. Rev. Lett., 59, 240 (1981).



144 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâ[5℄ Í.Ñ.Àâåðêèåâ è äð., "Âçàèìîäåéñòâèå öåíòðà MnGa â GaAs ñýëåêòðîìàãíèòíûì è àêóñòè÷åñêèì èçëó÷åíèåì" , ïðåïðèíò ÔÒÈèì.À.Ô.Èî��å �1548, Ëåíèíãðàä 1991.[6℄ V.F. Sapega, et al., Phys. Rev. B, 80, 041202 (2009).[7℄ V.F. Sapega, et al., Phys. Rev. B, 75, 113310 (2007).[8℄ Ñ.Â. Çàéöåâ è äð. Ïèñüìà â ÆÝÒÔ, 90, 730 (2009).



Transition Metal Impurities 145T-02�îëü ìàãíèòíûõ ñîñòîÿíèé äåëüòà-ñëîÿ Mn âñïèí-çàâèñèìîé òóííåëüíîé ïðîâîäèìîñòè ÷åðåçãåòåðîãðàíèöó II òèïà <Mn>GaInSbAs/p-InAs âêâàíòóþùèõ ìàãíèòíûõ ïîëÿõ�.Â. Ïàð�åíüåâ 1, Í.Ñ. Àâåðêèåâ 1, Â.À. Áåðåçîâåö 1,2, Ê.Ä. Ìîèñååâ 1,Ì.Ï. Ìèõàéëîâà 1, Â.È. Íèæàíêîâñêèé 2, È.Â. �îæàíñêèé 1

1 ÔÒÈ èì. À.Ô. Èî��å �ÀÍ, 194021 Ñ.-Ïåòåðáóðã, óë. Ïîëèòåõíè÷åñêàÿ26, �îññèÿ
2 Ìåæäóíàðîäíàÿ ëàáîðàòîðèÿ ñèëüíûõ ìàãíèòíûõ ïîëåé è íèçêèõòåìïåðàòóð, 53-421 ã. Âðîöëàâ, óë. �à¼âèöêà 95, �åñïóáëèêà ÏîëüøàÑëîè òâåðäûõ ðàñòâîðîâ Ga1−xInxAsySb1−y (x = 0.09 è y = 0.15) áû-ëè ïîëó÷åíû íà ïîäëîæêàõ p-InAs(100) ìåòîäîì æèäêî�àçíîé ýïèòàêñèèïðè T = 600 ◦C. Îäèíî÷íûå ðàçúåäèíåííûå ãåòåðîñòðóêòóðû II òèïà p-GaInAsSb/p-InAs âûðàùèâàëèñü íà âûñîêîîìíûõ (σ ∼ 0.2Îì−1 ·ñì−1) ïîä-ëîæêàõ p-InAs:Mn ñ êîíöåíòðàöèåé äûðîê p ∼ 2 · 1017 ñì−3 ïðè T = 300Ê.Ïðåäíàìåðåííî íåëåãèðîâàííûå ñëîè GaInAsSb äåìîíñòðèðîâàëè p-òèïïðîâîäèìîñòè ñ êîíöåíòðàöèåé äûðîê íå ïðåâûøàþùåé p = 2 · 1016 ñì−3ïðè T = 77Ê. Íà ïîâåðõíîñòü ÷åòâåðíîãî òâåðäîãî ðàñòâîðà ëàçåðíûì îñà-æäåíèåì àòîìàðíîãî ìàðãàíöà ñîçäàâàëñÿ δ-ñëîé òîëùèíîé 10�A, êîòîðûéçàðàùèâàëñÿ ïðè T = 200 ◦C ñëîåì íåëåãèðîâàííîãî GaSb òîëùèíîé 25 nmâ ïðîöåññå ÌÎÑ-ãèäðèäíîé ýïèòàêñèè.Íà îáðàçöàõ ñ δ-ñëîåì Mn è áåç íåãî ïðè ãåëèåâûõ òåìïåðàòóðàõ (T =
1.45 ÷ 4.2Ê) â ìàãíèòíûõ ïîëÿõ äî 14.5Ò èçìåðÿëèñü êîìïîíåíòû òåíçî-ðà ñîïðîòèâëåíèÿ (ρxx(B) è ρxy(B)) è ýëåêòðîïðîâîäíîñòü ïîïåðåê ñòðóê-òóð (σtun). Èçìåðåíèÿ σtun ïðîâîäèëèñü â îðèåíòàöèè B||j ⊥ �, êàê ïðè�èêñèðîâàííûõ çíà÷åíèÿõ èíäóêöèè ìàãíèòíîãî ïîëÿ (ÂAX), òàê è ïðèèçìåíåíèè èíäóêöèè ìàãíèòíîãî ïîëÿ, íî ïðè �èêñèðîâàííîì çíà÷åíèèíàïðÿæåíèÿ ñìåùåíèÿ íà ñòðóêòóðå (I(B)).Íà ãåòåðîñòðóêòóðàõ p-GaIn0,09As0,15Sb/p-InAs áåç äîïîëíèòåëüíîãî δ-ñëîÿ Mn íàáëþäàëñÿ óæå îïèñàííûé ðàíåå êâàíòîâûé ý��åêò Õîëëà(ÊÝÕ) [1℄. Â ìàãíèòíûõ ïîëÿõB ≥ 10Ò äèññèïàòèâíàÿ êîìïîíåíòà òåíçîðàñîïðîòèâëåíèÿ îáðàùàëàñü â íóëü, à íåäèññèïàòèâíàÿ êîìïîíåíòà ïðèíè-ìàëà �èêñèðîâàííîå çíà÷åíèå, áëèçêîå ê çíà÷åíèþ äëÿ êâàíòîâîãî õîëëîâ-ñêîãî ïëàòî ñ ν = 2 (ν � �àêòîð çàïîëíåíèÿ). Â îáëàñòè ìàãíèòíûõ ïî-ëåé B ≥ 10Ò âåðòèêàëüíàÿ ïðîâîäèìîñòü (σtun) �àêòè÷åñêè îáíóëÿëàñü,à ïðè äàëüíåéøåì óâåëè÷åíèè èíäóêöèè ìàãíèòíîãî ïîëÿ B íàðàñòàëà,ïîñêîëüêó íîâûé óðîâåíü Ëàíäàó ïåðåñåêàë óðîâåíü ýëåêòðîõèìè÷åñêîãîïîòåíöèàëà.Íà îáðàçöå ñ δ-ñëîåì Mn δ-ñëîé âêëþ÷åí ïîñëåäîâàòåëüíî ñ ïðîâîäè-ìîñòüþ ðàçìåðíî-êâàíòîâàííûõ ýëåêòðîíîâ è âëèÿíèå ìàãíèòíîãî ïîëÿ íà
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�èñ. 1: à � ñòóïåí÷àòàÿ ÂÀÕ äëÿ âåðòèêàëüíîãî òîêà; b � äè��åðåíöèàëüíûé êîíäàê-òàíñ â îáëàñòè ïëàòî ÊÝÕ ν = 2.âåðòèêàëüíóþ ýëåêòðîïðîâîäíîñòü áûëî ïîõîæèì íà ñëó÷àé ãåòåðîñòðóê-òóðû áåç δ-ñëîÿ [1℄. Ïðè B = 0 ÂÀÕ îáðàçöîâ íå èìåëè ïðèíöèïèàëüíûõîòëè÷èé, íî ïðè äîñòèæåíèè âåëè÷èíû B > 10Ò âåðòèêàëüíàÿ ïðîâîäè-ìîñòü îáðàùàåòñÿ â íóëü è ïîâåäåíèå ÂÀÕ äëÿ îáðàçöîâ ñ δ-ñëîåì è áåç

�èñ. 2: Òîíêàÿ ñòðóêòóðà ïåðåõîäà âäèýëåêòðè÷åñêîå ñîñòîÿíèå ñ �àêòî-ðîì çàïîëíåíèÿ ν = 2.

íåãî ñòàëî ïðèíöèïèàëüíî îòëè÷àòüñÿ.Íà ðèñ. 1à âèäíî, ÷òî òîê ÷åðåç ñòðóê-òóðó ñ δ-ñëîåì ïîÿâëÿåòñÿ è íàðàñòàåò ñðîñòîì íàïðÿæåíèÿ ñìåùåíèÿ ñêà÷êîîá-ðàçíî, ïðè÷åì, ïîëîæåíèå äâóõ ñêà÷êîâíà øêàëå ïðèëîæåííîãî íàïðÿæåíèÿ çà-âèñèò îò âåëè÷èíû èíäóêöèè ìàãíèòíîãîïîëÿ è íå çàâèñèò îò çíàêà ïîëÿ.Ý��åêò õîðîøî íàáëþäàëñÿ ïðè òåì-ïåðàòóðàõ íèæå 2.5Ê, à ïðè 4.2Ê ïðàê-òè÷åñêè ïðîïàäàë. Ñêà÷êîîáðàçíîå èçìå-íåíèå òîêà áûëî îáíàðóæåíî è ïðè èç-ìåðåíèÿõ σtun(B), êîãäà íàïðÿæåíèå ñìå-ùåíèÿ íà ñòðóêòóðå äîñòèãàëè çíà÷åíèé
U ≥ 1V (ðèñ. 2). Íàáëþäàåìóþ ñòðóêòóðó èçìåíåíèÿ êîíäàêòàíñà ìîæíîñâÿçàòü ñ ìàãíèòíûìè ñîñòîÿíèÿìè δ-ñëîÿ, ñîñòîÿùåãî èç îòäåëüíûõ èîíîâè êëàñòåðîâ Mn. Òàêèì îáðàçîì, èññëåäîâàíèå ãåòåðîñòðóêòóð GaInAsSb/p-InAs ñ δ-ñëîÿìè ìàãíèòíîãî ìàòåðèàëà Mn âáëèçè èíòåð�åéñà ïîçâîëÿåòèçó÷àòü íå òîëüêî âëèÿíèå áîëüøîé êîíöåíòðàöèè ìàãíèòíîé ïðèìåñè íàâçàèìîäåéñòâèå ìàãíèòíûõ ìîìåíòîâ Mn ñ íîñèòåëÿìè çàðÿäà, íî è ìàã-íèòíûå ñâîéñòâà δ-ñëîÿ â çàâèñèìîñòè îò åãî çàðÿäîâîãî ñîñòîÿíèÿ è òîë-ùèíû.�àáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòîâ Ïðåçèäèóìà �ÀÍ è ÍØ-2184.2008.2.[1℄ Â.À. Áåðåçîâåö è äð., ÔÍÒ, 33, 194 (2007).
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ture parameters of ternary (CC′)mI
m′alloys from EXAFS data � formal and pra
ti
al limitsB.V. Robou
h 1, A. Mar
elli 1, A. Kisiel 2

1 INFN - Laboratori Nazionali di Fras
ati, Via E. Fermi 40, I-00044 Fras
ati,Italy
2 Instytut Fizyki, Universytet Jagiellonski, Reymonta 4, 30-059 Krakow,PolandEXAFS is a powerful diagnosti
 te
hnique to investigate the lo
al stru
tureof 
rystalline and amorphous phases. Investigations performed on 
rystallinesystems return the averages of the observed 
oordination numbers and of theinter-ion/atom bond distan
es. In the past we performed a

urate analyses offar-IR spe
tra [1℄ and of EXAFS observations of prototype groups as zin
blende(B3), wurtzite (B4), intermetallide (L12) (see ref. [1℄ ), and of 
ubi
 Laves(C15) stru
tures [2℄. Elemental values for ea
h of the 
omponent 
on�gurationswere obtained. Here we present an extension of the model to a generi
 ternary(C1−xC

′
x)mIm′ alloy derived by doping a binary CmIm′ 
ompound, limitingthe analysis to nearest neighbor (NN) observations of both EXAFS or far-IR spe
tra. Our model addresses systems, in whi
h on a mi
ros
opi
 s
aleall atomi
 sites are o

upied only by elements I, or C, negle
ting impuritiesand va
an
ies. No ion/atoms are present outside a 
rystalline site and nointersites are 
onsidered. An ordered o

upation is 
onsidered between thetwo distin
t sublatti
es, one with ex
lusively sites C and the other withsites I free of both antisites and point defe
ts. These restri
tions limit theappli
ation of the model. Crystals of the 
ovalent Group IV-IV 
ompounds(with atoms free to o

upy both sublatti
es); 
omplex Group II-V metal-pni
tide (D53) stru
tures (with va
an
ies distributed periodi
ally throughoutthe 
rystal); and, at the present stage, stru
tures with asymmetri
al sitedistributions as (B81) or similar requiring extra parameters to a

ount for theasymmetry 
annot be 
onsidered. It will be also shown that the limitation toNN observations redu
es the experimental freedom. In return, a wide varietyof systems 
an now be interpreted and in many real systems we may quantifythe departure, due to site o

upation preferen
es, of the distribution of ea
h
omponent 
on�guration of a ternary 
rystal from a random distribution. Theanalysis improves the understanding of many a 
rystal response and behavior[3℄. Be
ause the o

upation preferen
es of ea
h 
omponent 
an be obtainedindependently both from EXAFS and from far-IR spe
tra, when possible the
omparison provides an independent validation of the extent of the deviationfrom a random preferen
e distribution.
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h, E.M. Sheregii, A. Kisiel, Fiz. Nizkikh Temp, 30, 1225(2004); idem: Low Temp. Phys., 30, 921 (2004); idem: ITEP, 29, 175(2004); idem: phys. stat. sol. (
) 1, 3015 (2004).[2℄ B.V. Robou
h, et al., Fiz. Niz. Temp, 35, 116 (2009); idem: Low Temp.Phys., 35, 89 (2009)[3℄ B.V. Robou
h, et al., J. Appl. Phys., 104, 73508 (2008).
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troni
 potential appli
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tri
ally-pumped LEDs or lasers as well asfor fundamental studies. Among the RE doped III-V semi
ondu
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en
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ovalen
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f -levels of Yb3+, limits further in
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ien
e and Higher Edu
ations for years 2007�2010.



150 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâT-05Ýëåêòðîííàÿ ñòðóêòóðà è ìàãíèòíûå ñâîéñòâàðàçáàâëåííûõ ìàãíèòíûõ ïîëóïðîâîäíèêîâ íà îñíîâåòåëëóðèäà ñâèíöà ñ ïðèìåñüþ õðîìàÅ.Ï. Ñêèïåòðîâ, Í.À. Ïè÷óãèíÌîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èìåíè Ì.Â. Ëîìîíîñîâà,119992, Ìîñêâà, Ëåíèíñêèå ãîðû, 1�àçáàâëåííûå ìàãíèòíûå ïîëóïðîâîäíèêè (�ÌÏ) íà îñíîâå óçêîùåëå-âûõ ñîåäèíåíèé A4B6 ñ ïðèìåñÿìè ñ ïåðåìåííîé âàëåíòíîñòüþ (Eu,Gd,Yb,Ti, V,Cr è äð.) ñóùåñòâåííî îòëè÷àþòñÿ ïî ñâîèì ñâîéñòâàì îò òðàäèöè-îííûõ �ÌÏ ñ ïðèìåñüþ ìàðãàíöà. Ïðèìåñíûå èîíû â íèõ ýëåêòðè÷åñêèàêòèâíû, ëåãèðîâàíèå âûçûâàåò êàê èçìåíåíèå êîíöåíòðàöèé íîñèòåëåéçàðÿäà, òàê è ïîÿâëåíèå ãëóáîêèõ óðîâíåé (ïðèìåñíûõ çîí), ïîëîæåíèå êî-òîðûõ îòíîñèòåëüíî êðàåâ ðàçðåøåííûõ çîí çàâèñèò îò òèïà è êîíöåíòðà-öèè ïðèìåñè, ñîñòàâà ìàòðèöû, äàâëåíèÿ, ìàãíèòíîãî ïîëÿ [1℄. Ïðè ýòîììàãíèòíàÿ àêòèâíîñòü ïðèìåñíûõ èîíîâ îêàçûâàåòñÿ íåïîñðåäñòâåííî ñâÿ-çàííîé ñ èõ çàðÿäîâûì ñîñòîÿíèåì, êîòîðîå çàâèñèò îò ýíåðãåòè÷åñêîãîïîëîæåíèÿ ïðèìåñíîãî óðîâíÿ è ñòåïåíè åãî çàïîëíåíèÿ ýëåêòðîíàìè [2,3℄.Ïîýòîìó ìàãíèòíûå ñâîéñòâà òàêèõ �ÌÏ äîëæíû îïðåäåëÿòüñÿ íå òîëüêîñîäåðæàíèåì ìàãíèòíîé ïðèìåñè, íî è ìàãíèòíûìè ìîìåíòàìè è ñîîòíî-øåíèåì êîíöåíòðàöèé èîíîâ ïðèìåñè â ðàçíûõ çàðÿäîâûõ ñîñòîÿíèÿõ.Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èñ-ñëåäîâàíèÿ ñòðóêòóðû, ñîñòàâà, ãàëüâàíîìàãíèòíûõ è ìàãíèòíûõ ñâîéñòâëåãèðîâàííûõ õðîìîì òâåðäûõ ðàñòâîðîâ íà îñíîâå òåëëóðèäà ñâèíöà ïðèâàðèàöèè êîíöåíòðàöèè ïðèìåñè, ñîñòàâà ìàòðèöû è ãèäðîñòàòè÷åñêîìñæàòèè. Îáñóæäàþòñÿ äàííûå î ïåðåñòðîéêå ýëåêòðîííîé ñòðóêòóðû è ñâÿ-çè ýëåêòðîííîé ñòðóêòóðû ñ ìàãíèòíûìè ñâîéñòâàìè èññëåäîâàííûõ �ÌÏ.Ìîíîêðèñòàëëè÷åñêèå ñëèòêè òâåðäûõ ðàñòâîðîâ Pb1−x−yGexCryTe è
Pb1−x−ySnxCryTe ñ íîìèíàëüíûìè êîíöåíòðàöèÿìè x = 0.12, y = 0.015è x = 0, 0.08, 0.15, y = 0.01, ñîîòâåòñòâåííî, áûëè ñèíòåçèðîâàíû ìåòî-äîì Áðèäæìåíà â ×åðíîâèöêîì îòäåëåíèè Èíñòèòóòà ïðîáëåì ìàòåðèàëî-âåäåíèÿ (Óêðàèíà). Ñòðóêòóðà è ñîñòàâ îáðàçöîâ èññëåäîâàíû ìåòîäàìèðåíòãåíîñòðóêòóðíîãî àíàëèçà, ðåíòãåíî�ëþîðåñöåíòíîãî àíàëèçà è ñêà-íèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè. Âî âñåõ ñëèòêàõ êîíöåíòðàöèè ãåð-ìàíèÿ è îëîâà â ìàòðèöå ìîíîòîííî âîçðàñòàëè îò íà÷àëà ê êîíöó ñëèòêà,ïåðåêðûâàÿ øèðîêèå äèàïàçîíû ñîñòàâîâ x = 0.03 ÷ 0.20 è x = 0 ÷ 0.30,ñîîòâåòñòâåííî. Êîíöåíòðàöèÿ ïðèìåñè õðîìà ñíà÷àëà óâåëè÷èâàëàñü, íîçàòåì âûõîäèëà íà íàñûùåíèå íà óðîâíå y ≈ 0.01. Â êîíöå ñëèòêîâ îäíî-ðîäíîñòü ðàñïðåäåëåíèÿ õðîìà íàðóøàëàñü è ðåãèñòðèðîâàëîñü ïîÿâëåíèå



Transition Metal Impurities 151îáëàñòåé ñ ïîâûøåííûì ñîäåðæàíèåì õðîìà è ìèêðîâêëþ÷åíèé ñîåäèíå-íèé õðîìà ñ òåëëóðîì.Â ñïëàâàõ Pb1−x−yGexCryTe îáíàðóæåíû ïåðåõîäû ìåòàëë-äèýëåêòðèêïðè óâåëè÷åíèè êîíöåíòðàöèè ãåðìàíèÿ â ñïëàâå è äèýëåêòðèê-ìåòàëëïîä äåéñòâèåì äàâëåíèÿ, ñâÿçàííûå ñî ñòàáèëèçàöèåé óðîâíÿ Ôåðìè ïðè-ìåñíûì óðîâíåì õðîìà è ïåðåðàñïðåäåëåíèåì ýëåêòðîíîâ ìåæäó çîíîéïðîâîäèìîñòè è ïðèìåñíîé çîíîé. Â îêðåñòíîñòè ïåðåõîäîâ òèïà ìåòàëë-äèýëåêòðèê ïî ýêñïåðèìåíòàëüíûì äàííûì â ðàìêàõ äâóõçîííîãî çàêî-íà äèñïåðñèè Êåéíà ðàññ÷èòàíû çàâèñèìîñòè êîíöåíòðàöèè ýëåêòðîíîâ èýíåðãèè Ôåðìè îò ñîäåðæàíèÿ ãåðìàíèÿ â ñïëàâå è äàâëåíèÿ. Îïðåäåëåíûñêîðîñòè äâèæåíèÿ óðîâíÿ õðîìà îòíîñèòåëüíî äíà çîíû ïðîâîäèìîñòè èïðåäëîæåíû ìîäåëè ïåðåñòðîéêè ýëåêòðîííîé ñòðóêòóðû ïðè èçìåíåíèèñîñòàâà ìàòðèöû, òåìïåðàòóðû è ïîä äàâëåíèåì.Â ñïëàâàõ Pb1−x−ySnxCryTe îáíàðóæåíû óìåíüøåíèå êîíöåíòðàöèè äû-ðîê, èíâåðñèÿ òèïà ïðîâîäèìîñòè è ñòàáèëèçàöèÿ óðîâíÿ Ôåðìè óðîâíåìïðèìåñè ñ ðîñòîì ñîäåðæàíèÿ õðîìà. Îïðåäåëåíû ñêîðîñòè èçìåíåíèÿ êîí-öåíòðàöèè íîñèòåëåé çàðÿäà ïðè ëåãèðîâàíèè. Ïðåäëîæåíà äèàãðàììà äâè-æåíèÿ ãëóáîêîãî óðîâíÿ õðîìà îòíîñèòåëüíî êðàåâ ýíåðãåòè÷åñêèõ çîí ïðèóâåëè÷åíèè ñîäåðæàíèÿ îëîâà â ñïëàâàõ. Ïîêàçàíî, ÷òî â ñïëàâàõ ñ èíâåðñ-íûì ñïåêòðîì (x > 0.35) îí äîëæåí ïîñëåäîâàòåëüíî ïåðåñåêàòü êðàÿ çîíûïðîâîäèìîñòè è âàëåíòíîé çîíû è äâèãàòüñÿ â ãëóáü âàëåíòíîé çîíû. Ïðèýòîì âîçìîæíû èçìåíåíèÿ çàðÿäîâîãî è ìàãíèòíîãî ñîñòîÿíèé èîíîâ õðîìàè ìàãíèòíûõ ñâîéñòâ èññëåäîâàííûõ �ÌÏ.Âî âñåõ ëåãèðîâàííûõ õðîìîì òâåðäûõ ðàñòâîðàõ êðîìå òðàäèöèîííî-ãî ïàðàìàãíèòíîãî âêëàäà â ìàãíèòíóþ âîñïðèèì÷èâîñòü, îáóñëîâëåííîãîñóùåñòâîâàíèåì èîíîâ õðîìà â ñîñòîÿíèè Cr3+, îáíàðóæåí äîïîëíèòåëü-íûé âûñîêîòåìïåðàòóðíûé �åððîìàãíèòíûé âêëàä. Ïî ìåðå óâåëè÷åíèÿñîäåðæàíèÿ õðîìà àìïëèòóäà �åððîìàãíèòíîãî âêëàäà ìîíîòîííî óâåëè-÷èâàåòñÿ ïðèìåðíî íà ïîðÿäîê, à òåìïåðàòóðà Êþðè � îò 140 äî 370K. Âêîíöå ñëèòêîâ ïðîèñõîäèò ðåçêîå óâåëè÷åíèå àìïëèòóäû �åððîìàãíèòíîãîâêëàäà åùå áîëåå ÷åì íà ïîðÿäîê, ñâÿçàííîå, ñêîðåå âñåãî, ñ ïðåâûøåíèåìïðåäåëà ðàñòâîðèìîñòè õðîìà è ïîÿâëåíèåì �åððîìàãíèòíûõ âêëþ÷åíèéñîåäèíåíèé õðîìà ñ òåëëóðîì, à íèçêîòåìïåðàòóðíûé ó÷àñòîê ïàðàìàãíèò-íîãî ïîâåäåíèÿ ìàãíèòíîé âîñïðèèì÷èâîñòè èñ÷åçàåò. Îáñóæäàþòñÿ ñâÿçüýëåêòðîííîé ñòðóêòóðû ñïëàâîâ ñ èõ ìàãíèòíûìè ñâîéñòâàìè è âîçìîæíûåìåõàíèçìû �åððîìàãíèòíîãî óïîðÿäî÷åíèÿ.[1℄ Á.À. Âîëêîâ è äð., ÓÔÍ, 172, 875 (2002).[2℄ T. Story, A
ta Phys. Polon. A, 94, 189 (1998).[3℄ E.P. Skipetrov, et al., Phys. Rev. B, 66, 085204 (2002).



152 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâT-06Îïðåäåëåíèå ïîòåíöèàëüíîãî áàðüåðà, ëèíåéíîéâèáðîííîé êîíñòàíòû è äå�îðìàöèîííîãî ïîòåíöèàëàâ êðèñòàëëå ZnSe:Fe2+ â óëüòðàçâóêîâîì ýêñïåðèìåíòåÂ.Â. �óäêîâ 1,2, È.Â. Æåâñòîâñêèõ 3, Â.Ò. Ñóðèêîâ 3

1 Óðàëüñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò�ÓÏÈ, 620002,Åêàòåðèíáóðã, óë. Ìèðà, 19
2 �îññèéñêèé ãîñóäàðñòâåííûé ïðî�åññèîíàëüíî-ïåäàãîãè÷åñêèéóíèâåðñèòåò, 620012, Åêàòåðèíáóðã, óë. Ìàøèíîñòðîèòåëåé, 11
3 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
4 Èíñòèòóò õèìèè òâåðäîãî òåëà ÓðÎ �ÀÍ, 620041, Åêàòåðèíáóðã,óë. Ïåðâîìàéñêàÿ, 91Èññëåäîâàíèÿ ZnSe:Ni2+, ZnTe:Ni2+, ZnSe:Cr2+, ZnSe:V2++, ZnSe:Mn2+ èZnSe:Fe2+ (ñì. [1-3℄ è ïðèâåäåííûå òàì ññûëêè) ïîêàçàëè, ÷òî â êðèñòàëëàõñî ñòðóêòóðîé öèíêîâîé îáìàíêè ñ ïðèìåñÿìè çàìåùåíèÿ, îáëàäàþùèìèîðáèòàëüíî âûðîæäåííûìè ñîñòîÿíèÿìè, íà òåìïåðàòóðíîé çàâèñèìîñòèïîãëîùåíèÿ óëüòðàçâóêà α(T ) íàáëþäàåòñÿ íèçêîòåìïåðàòóðíûé ìàêñè-ìóì. Â ýòèõ ðàáîòàõ áûëî ýêñïåðèìåíòàëüíî äîêàçàíî, ÷òî íàáëþäàåìûéìàêñèìóì ñâÿçàí ñ ïðèìåñüþ 3d ýëåìåíòà, è ïîãëîùåíèå èìååò ðåëàêñàöè-îííóþ ïðèðîäó. �àíåå ïîäîáíûé ìàêñèìóì áûë îáíàðóæåí â Al2O3 : Ni3+[4℄ è èíòåðïðåòèðîâàí êàê ïèê ïîãëîùåíèÿ, îáóñëîâëåííûé ïåðåîðèåíòàöè-åé ëîêàëüíûõ èñêàæåíèé ÿí-òåëëåðîâñêèõ êîìïëåêñîâ. Ïðåäïîëîæèâ, ÷òîíàáëþäàåìàÿ â êðèñòàëëàõ II-VI:3d àíîìàëèÿ òàêæå åñòü ïðîÿâëåíèå ý�-�åêòà ßíà�Òåëëåðà, è â òîé æå �îðìå, êàê è â Al2O3 : Ni3+, ìîæíî ïðèìå-íèòü îáùóþ �îðìóëó äëÿ ðåëàêñàöèîííîãî ïîãëîùåíèÿ óëüòðàçâóêà, îáó-ñëîâëåííîãî ÿí�òåëëåðîâñêîé ñèñòåìîé, íàïðèìåð, â âèäå [4℄:

α(ω, T ) =
4knF 2〈Q2〉
CkBT

ωτ

1 + ω2τ 2
, (1)ãäå k � âîëíîâîå ÷èñëî, n� êîíöåíòðàöèÿ ïðèìåñåé, F � ëèíåéíàÿ âèáðîí-íàÿ êîíñòàíòà, C � ìîäóëü óïðóãîñòè, kB � ïîñòîÿííàÿ Áîëüöìàíà, ω �êðóãîâàÿ ÷àñòîòà âîëíû, τ � âðåìÿ ðåëàêñàöèè, 〈Q2〉 � �àêòîð, ó÷èòûâà-þùèé ïîëÿðèçàöèþ è íàïðàâëåíèå ðàñïðîñòðàíåíèÿ âîëíû [5℄. Âûðàæåíèå(1) ìîæåò áûòü èñïîëüçîâàíî äëÿ îïðåäåëåíèÿ çíà÷åíèÿ ìîäóëÿ ëèíåéíîéâèáðîííîé êîíñòàíòû, ïîñêîëüêó ïðè ωτ = 1 â ïðàâîé ÷àñòè âñå âåëè÷èíû,
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�èñ. 1: (Ñëåâà) Òåìïåðàòóðíàÿ çàâèñèìîñòü ïîãëîùåíèÿ óëüòðàçâóêà â ZnSe:Fe2+. ∆α =
α(T ) − α(T → 0).�èñ. 2: (Ñïðàâà) Òåìïåðàòóðíàÿ çàâèñèìîñòü âðåìåíè ðåëàêñàöèè (ýêñïåðèìåíòàëüíûåòî÷êè) è ìîäåëèðóþùàÿ êðèâàÿ.êðîìå F , èçâåñòíû èëè ìîãóò áûòü îïðåäåëåíû èç íåçàâèñèìûõ ýêñïåðè-ìåíòîâ. Òåìïåðàòóðó T1, ñîîòâåòñòâóþùóþ óñëîâèþ ωτ = 1, ìîæíî îïðå-äåëèòü ñïîñîáîì, îïèñàííûì â [3℄. Íà ðèñ. 1 ïîêàçàíà òåìïåðàòóðíàÿ çàâè-ñèìîñòü ïîãëîùåíèÿ ìåäëåííîé ïîïåðå÷íîé ìîäû â ZnSe:Fe2+ íà ÷àñòîòå53MHz, ðàñïðîñòðàíÿþùåéñÿ âäîëü îñè [110℄, à ñòðåëêîé óêàçàíî çíà÷å-íèå T1. Â ðåçóëüòàòå çíà÷åíèå |F | îêàçàëîñü ðàâíûì 1.9 · 10−6 dyn. Çíàÿâåëè÷èíó ìîäóëÿ ëèíåéíîé âèáðîííîé êîíñòàíòû, ìîæíî îïðåäåëèòü ìî-äóëü äå�îðìàöèîííîãî ïîòåíöèàëà β, ñìîäåëèðîâàòü òåìïåðàòóðíóþ çàâè-ñèìîñòü âðåìåíè ðåëàêñàöèè, àíàëîãè÷íî ñäåëàííîìó â [4℄, è îñóùåñòâèòüïîäãîíêó ê ýêñïåðèìåíòàëüíîé êðèâîé ñ ïîìîùüþ ÷åòûðåõ ïîäãîíî÷íûõïàðàìåòðîâ: ïðåäåëüíîé (âûñîêîòåìïåðàòóðíîé) ñêîðîñòè ðåëàêñàöèè 2ν0,âûñîòû ïîòåíöèàëüíîãî áàðüåðà V0, âåëè÷èíû òóííåëüíîãî ðàñùåïëåíèÿ Γè ýíåðãèè ñëó÷àéíûõ äå�îðìàöèé êðèñòàëëè÷åñêîé ðåøåòêè u0. �åçóëü-òàò òàêîé ïîäãîíêè ñ óñòàíîâëåííûì çíà÷åíèåì |β| = 1.7 · 10 cm−1 ïîêàçàííà ðèñ. 2. Ïðè ýòîì áûëè èñïîëüçîâàíû ñëåäóþùèå çíà÷åíèÿ ïàðàìåòðîâ:
ν0 = 10GHz, V0 = 24 cm−1, Γ = 1.4 cm−1, u0 = 10−2 cm−1.�àáîòà âûïîëíåíà ïðè ÷àñòè÷íîé ïîääåðæêå �ÔÔÈ (ãðàíò � 09-02-01389).[1℄ V.V. Gudkov, et al., Phys. Rev. B, 77, 155210 (2008).[2℄ V.V. Gudkov, et al., J. Korean So
., 53, 63 (2008).[3℄ Â.Â. �óäêîâ è äð., ÔÍÒ, 35, 99 (2009).[4℄ M.D. Sturge, in Solid State Physi
s, Vol. 20, New York�London, A
ademi
Press (1967), p. 91.[5℄ A.S. Nowi
k and W.R. Heller, Adv. Phys., 14, 101 (1965).



154 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâT-07Êîìïëåêñíûå èññëåäîâàíèÿ êèíåòè÷åñêèõ èìàãíèòíûõ ñâîéñòâ âûñîêîòåìïåðàòóðíîãî�åððîìàãíèòíîãî ïîëóïðîâîäíèêà Cd1−xMnxGeAs2ïðè âûñîêîì äàâëåíèèÀ.Þ. Ìîëëàåâ 1, È.Ê. Êàìèëîâ 1, �.Ê. Àðñëàíîâ 1, Ñ.Ô. Ìàðåíêèí 2,Ó.Ç. Çàëèáåêîâ 1, Ò.�. Àðñëàíîâ 1

1 Ó÷ðåæäåíèå �ÀÍ Èíñòèòóò �èçèêè èì. Õ.È. ÀìèðõàíîâàÄàãåñòàíñêîãî íàó÷íîãî öåíòðà �ÀÍ, 367003 Ìàõà÷êàëà, �îññèÿ
2 Ó÷ðåæäåíèå �ÀÍ Èíñòèòóò îáùåé è íåîðãàíè÷åñêîé õèìèèèì. Í.Ñ. Êóðíàêîâà �ÀÍ, 119991 Ìîñêâà, �îññèÿ
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P, G Pa�èñ. 1: Çàâèñèìîñòè îòíîñè-òåëüíîé ìàãíèòíîé âîñïðèèì÷è-âîñòè χ(P )/χ0 îò äàâëåíèÿ äëÿ
Cd0.7Mn0.3GeAs2 ïðè ïîäúåìå (òåì-íûå ñèìâîëû) è ñáðîñå äàâëåíèÿ(ñâåòëûå ñèìâîëû).

Ïðîâåäåíû êîìïëåêñíûå èññëåäîâàíèÿâûñîêîòåìïåðàòóðíîãî �åððîìàãíèòíîãîïîëóïðîâîäíèêà Cd1−xMnxGeAs2, îáëà-äàþùåãî êàê ïîëóïðîâîäíèêîâûìè, òàêè ìàãíèòíûìè ñâîéñòâàìè, ÷òî äåëà-åò åãî ïåðñïåêòèâíûì äëÿ ïðèìåíåíèÿâ ñïèíòðîíèêå. Èçìåðåíû áàðè÷åñêèåçàâèñèìîñòè óäåëüíîãî ýëåêòðîñîïðîòèâ-ëåíèÿ ρ(P ), êîý��èöèåíòà Õîëëà RH(P ),ïîïåðå÷íîãî ∆ρxx(P )/ρ, ïðîäîëüíîãî
∆ρzz(P )/ρ ìàãíåòîñîïðîòèâëåíèé, îòíî-ñèòåëüíîé ìàãíèòíîé âîñïðèèì÷èâîñòè
χ(P )/χ0 è ìàãíåòîîáúåìíîãî ý��åêòà
∆V (P )/V0 ïðè âûñîêîì ãèäðîñòàòè÷åñêîìäàâëåíèè äî 7�Ïà â ìîíî- è ïîëèêðè-ñòàëëè÷åñêèõ îáðàçöàõ p-Cd1−xMnxGeAs2
 (x = 0 ÷ 0.36) ïðè ïîäúåìå è ñáðîñåäàâëåíèÿ â îáëàñòè êîìíàòíûõ òåìïåðà-òóð. Èçìåðåíèÿ ïðîâîäèëèñü â àïïàðàòàõâûñîêîãî äàâëåíèÿ òèïà "Òîðîèä" [1,2℄ñ ïðèìåíåíèåì íåñêîëüêèõ ìåòîäèê: áà-ðè÷åñêîé çàâèñèìîñòè óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ êîý��èöèåíòàÕîëëà è ìàãíåòîñîïðîòèâëåíèÿ. Èçìåðåíèå ìàãíèòíîé âîñïðèèì÷èâî-ñòè ïðîâîäèëîñü ÷àñòîòíûì ìåòîäîì [3℄, èçìåðåíèå ìàãíåòîîáúåìíîãîý��åêòà òåíçîìåòðè÷åñêèì ìåòîäîì. Âî âñåõ èññëåäîâàííûõ îáðàçöàõ

p-Cd1−xMnxGeAs2 íà áàðè÷åñêèõ çàâèñèìîñòÿõ ρ(P ) è RH(P ) ïðè ïîäúåìåè ñáðîñå äàâëåíèÿ ïðè äàâëåíèÿõ P = 5.9 ÷ 4.8�Ïà è P = 2.9 ÷ 2.3�Ïàñîîòâåòñòâåííî íàáëþäàëèñü ñòðóêòóðíûå îáðàòèìûå �àçîâûå ïåðåõîäû,ïîëîæåíèÿ êîòîðûõ ñäâèãàþòñÿ â ñòîðîíó íèçêèõ äàâëåíèé ñ óâåëè÷åíèåìïðîöåíòíîãî ñîäåðæàíèÿ ëåãèðóþùåé ïðèìåñè (ìàðãàíöà).



Transition Metal Impurities 155Âî âñåõ èññëåäîâàííûõ îáðàçöàõ Cd1−xMnxGeAs2 êðîìå áàçîâîãî(CdGeAs2) íàáëþäàëèñü ìàãíèòíûå �àçîâûå ïåðåõîäû ïðè ïîäúåìåè ñáðîñå äàâëåíèÿ (ðèñ. 1). Ñ óâåëè÷åíèåì ïðîöåíòíîãî ñîäåðæàíèÿìàðãàíöà ìàêñèìóì χ(P )/χ0 ñäâèãàåòñÿ â ñòîðîíó íèçêèõ äàâëåíèé
P = 2 ÷ 1.6�Ïà (x = 0.06 ÷ 0.3). Âåëè÷èíà ìàêñèìóìà íàîáî-ðîò ðàñòåò ñ óâåëè÷åíèåì ïðîöåíòíîãî ñîäåðæàíèÿ ìàðãàíöà. Íàáëþäà-åìûé �àçîâûé ïåðåõîä âåðîÿòíî ìîæíî èíòåðïðåòèðîâàòü êàê ïåðåõîä
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P, GPa�èñ. 2: Áàðè÷åñêèå çàâèñèìîñòè ìàãíå-òî îáúåìíîãî ý��åêòà äëÿ îáðàçöîâ p-
Cd1−xMnxGeAs2 ñ x = 0.06 � (1), 0.18� (2), è 0.30 � (3).

�åððîìàãíåòèê�àíòè�åððîìàãíåòèê,î ÷åì ñâèäåòåëüñòâóåò íàëè÷èå ïëå-÷à âîñïðèèì÷èâîñòè, õàðàêòåðíîãîäëÿ àíòè�åððîìàãíèòíîãî ñîñòîÿ-íèÿ. Âî âñåõ èññëåäîâàííûõ îáðàçöàõ
p-Cd1−xMnxGeAs2 êðîìå áàçîâîãî(CdGeAs2) íàáëþäàëèñü ïîïåðå÷íîåè ïðîäîëüíîå ìàãíåòîñîïðîòèâëåíèÿèíäóöèðîâàííûå äàâëåíèåì, êîòîðûåñíà÷àëà ïîëîæèòåëüíû è â îáëàñòèìàãíèòíîãî �àçîâîãî ïåðåõîäà ñòàíî-âÿòñÿ îòðèöàòåëüíûìè. Óâåëè÷åíèåäàâëåíèÿ è ìàãíèòíîãî ïîëÿ ïðèâîäÿòê óâåëè÷åíèþ âåëè÷èíû ìàãíåòîñîïðî-òèâëåíèÿ. Íà çàâèñèìîñòÿõ χ(P )/χ0,
∆ρxx(P )/ρ è ∆ρzz(P )/ρ íàáëþäàåòñÿçíà÷èòåëüíûé ãèñòåðåçèñ, êîòîðûé âîòëè÷èå îò ãèñòåðåçèñà ρ(P ) è RH(P )ïðîõîäèò ñâåðõó ïðÿìîãî õîäà. Â�åððîìàãíèòíûõ ïîëóïðîâîäíèêàõ êîý��èöèåíò Õîëëà ñîñòîèò èç äâóõñîñòàâëÿþùèõ: íîðìàëüíîãî è àíîìàëüíîãî êîý��èöèåíòîâ Õîëëà. Ïóòåìèíòåðàêòèâíûõ ãðà�è÷åñêèõ ïîñòðîåíèé èç ìàãíåòîïîëåâûõ çàâèñèìîñòåéõîëîâñêîãî ñîïðîòèâëåíèÿ äëÿ ðàçëè÷íûõ òåìïåðàòóð ðàññ÷èòàíû òåìïå-ðàòóðíûå çàâèñèìîñòè íîðìàëüíîãî è àíîìàëüíîãî êîý��èöèåíòîâ Õîëëà.Èç áàðè÷åñêèõ çàâèñèìîñòåé ìàãíåòîîáúåìíîãî ý��åêòà ðàññ÷èòàíûêîý��èöèåíòû ñæèìàåìîñòè (K) è ñïîíòàííîé íàìàãíè÷åííîñòè (ωS)(ðèñ. 2). �àáîòà âûïîëíåíà ïðè �èíàíñîâîé ïîääåðæêå ïðîãðàììû Ïðå-çèäèóìà �ÀÍ "Òåïëî�èçèêà è ìåõàíèêà ýêñòðåìàëüíûõ ýíåðãåòè÷åñêèõâîçäåéñòâèé è �èçèêå ñèëüíî ñæàòîãî âåùåñòâà" ñåêöèÿ "Ôèçèêà ñèëüíîñæàòîãî âåùåñòâà".[1℄ L.G. Khvostantsev, et al., phys. status solidi (a), 64, 379 (1981).[2℄ À.Þ. Ìîëëàåâ è äð., ÔÒÂÄ, 11, 4, 61, (2001).[3℄ À.Þ. Ìîëëàåâ è äð., Íåîðãàíè÷. ìàòåðèàëû, 37, 4327, (2001).



156 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâT-08Experimental probing of the interplay betweenferromagnetism and lo
alization in (Ga, Mn)AsM. Sawi
kiInstitute of Physi
s, Polish A
ademy of S
ien
es, PL-02 668 Warsaw, PolandThe question whether the Anderson-Mott lo
alization enhan
es orredu
es magneti
 
orrelations is 
entral to the physi
s of magneti
 alloys.Parti
ularly intriguing is the 
ase of (Ga,Mn)As, the 
anoni
al dilutedmagneti
 semi
ondu
tor, in whi
h the spin-spin 
oupling is mediated byholes. In order to �nd out how magnetism evolves when the 
arrierdensity is diminished, magnetisation 
hanges indu
ed by an ele
tri
 �eldin metal/insulator/(Ga,Mn)As stru
tures were probed dire
tly by SQUIDmagnetometry [1℄. Our �ndings show that the 
hannel depletion results ina monotoni
 de
rease of the Curie temperature and spontaneous magneti
moment, with no eviden
e for the maximum expe
ted within the impurity-band models but explained theoreti
ally in terms of the appropriately modi�ed
p�d Zener model [1℄. We have found that this transformation pro
eeds via theemergen
e of a hitherto non-revealed superparamagneti
-like spin arrangement,whi
h points to a fragmentation of long range spin order into ferromagneti
and nonmagneti
 regions, whi
h are driven by 
riti
al �u
tuations in the lo
aldensity of states, spe
i�
 to the Anderson-Mott quantum transition. Finally,our studies provide a dire
t magneti
 eviden
e for spontaneous 90 deg swit
hingof the in-plane uniaxial easy axis upon gate-voltage-indu
ed redu
tion of thehole density in the 
hannel [2℄. The work was done in 
ollaboration withD. Chiba, Y. Nishitani, F. Matsukura, and H. Ohno in Sendai and with A.Korbe
ka, J.A. Majewski, and T. Dietl in Warsaw. The support from Japanese:Grant-in-Aids from MEXT/JSPS, the GCOE program, the Resear
h andDevelopment for Next-Generation Information Te
hnology Program (MEXT),and EU: the FunDMS Advan
ed Grant of the European Resear
h Coun
ilwithin the "Ideas" 7th Framework Programme and InTe
hFun (POIG.01.03.01-00-159/08) is gratefully a
knowledged.[1℄ M. Sawi
ki, D. Chiba, A. Korbe
ka, Y. Nishitani, J.A. Majewski,F. Matsukura, T. Dietl, H. Ohno, Nature Phys., 6, 22 (2010).[2℄ D. Chiba, M. Sawi
ki, Y. Nishitani, Y. Nakatani, F. Matsukura, andH. Ohno, Nature 455, 515 (2008).



Transition Metal Impurities 157T-09Ìåõàíèçìû �åððîìàãíèòíîãî óïîðÿäî÷åíèÿ èàíîìàëüíûé ý��åêò Õîëëà â 2D ñòðóêòóðàõGaAs/InGaAs/GaAs ñ äåëüòà ñëîåì MnÁ.À. Àðîíçîí�ÍÖ ¾Êóð÷àòîâñêèé èíñòèòóò¿, Ìîñêâà, 123182, ïë. Êóð÷àòîâà, 1Â ñâÿçè ñ çàäà÷àìè ñïèíòðîíèêè ðàçáàâëåííûå ìàãíèòíûå ïîëóïðîâîä-íèêè (�ÌÏ), è îñîáåííî ëåãèðîâàííûå Mn ïîëóïðîâîäíèêè òèïà AIIIBVïðèâëåêàþò ñåðüåçíîå âíèìàíèå èññëåäîâàòåëåé. Îäíàêî, èññëåäîâàíèÿäâóìåðíûõ ñòðóêòóð íà èõ îñíîâå êðàéíå îãðàíè÷åíû. Áîëåå òîãî, äî ñèõïîð èññëåäîâàíèÿ ïðîâîäèëèñü íà ñòðóêòóðàõ ëèáî ñ î÷åíü íèçêèìè çíà-÷åíèÿìè òåìïåðàòóðû Êþðè, ëèáî ñ íèçêèìè (< 5 ñì2/Â · ñ) çíà÷åíèÿìèïîäâèæíîñòè íîñèòåëåé çàðÿäà [1,2℄. Â ïîñëåäíåì ñëó÷àå ñòðóêòóðû íå ÿâ-ëÿëèñü ðåàëüíî äâóìåðíûìè, â ñèëó ñîîòíîøåíèÿ íåîïðåäåëåííîñòè ðàçìû-òèå óðîâíåé ðàçìåðíîãî êâàíòîâàíèÿ ïðåâûøàëî ýíåðãåòè÷åñêîå ðàññòîÿ-íèå ìåæäó íèìè. Ìû ïðåäñòàâëÿåì ðåçóëüòàòû èññëåäîâàíèÿ êâàíòîâûõÿì GaAs/InGaAs/GaAs ñ δ-ñëîåì Mn ñ îòíîñèòåëüíî âûñîêîé ïîäâèæíî-ñòüþ íîñèòåëåé (2000 ñì2/Â · ñ), â êîòîðûõ íàáëþäàëè ìàãíèòíîå óïîðÿ-äî÷åíèå è ïðîÿâëåíèÿ ñïèíîâîé ïîëÿðèçàöèè íîñèòåëåé çàðÿäà â êàíàëå.Äâóìåðíûé ñïåêòð íîñèòåëåé çàðÿäà äîêàçûâàåòñÿ íàáëþäåíèåì îñöèëëÿ-öèé Øóáíèêîâà�äå �ààçà è êâàíòîâîãî ý��åêòà Õîëëà, íàðÿäó ñ êîòîðûìíàáëþäàëñÿ àíîìàëüíûé ý��åêò Õîëëà äî îòíîñèòåëüíî âûñîêèõ òåìïå-ðàòóð (T = 140Ê). Êðèâûå íàìàãíè÷èâàíèÿ ñîäåðæàò ïåòëþ ãèñòåðåçèñà,íåîáû÷íîãî òèïà (ex
hange bias of the histeresys loop).Â ýòîì äîêëàäå áóäóò îáñóæäåíû âîçìîæíûå ìåõàíèçìû îáìåííîãî âçà-èìîäåéñòâèÿ, ïðèâîäÿùèå ê �åððîìàãíèòíîìó óïîðÿäî÷åíèþ â ñòðóêòóðå.Äëÿ ýòîãî áûëè âûïîëíåíû èçìåðåíèÿ íà ñòðóêòóðàõ ñ ðàçëè÷íîé êîíöåí-òðàöèåé Mn, ãëóáèíîé êâàíòîâîé ÿìû è òîëùèíîé ñïåéñåðà, ðàçäåëÿþùåãîñëîé Mn è êâàíòîâóþ ÿìó. Ìû ïîëàãàåì, ÷òî ïðè íèçêîì ñîäåðæàíèè Mn èòîëùèíå ñïåéñåðà ìåíåå 3÷ 4 íì, âçàèìîäåéñòâèå ìåæäó èîíàìè Mn ãëàâ-íûì îáðàçîì ïðîèñõîäèò ÷åðåç ñâîáîäíûå íîñèòåëè çàðÿäîâ â êâàíòîâîéÿìå. Îöåíêè çíà÷åíèÿ òåìïåðàòóðû Êþðè â ýòèõ óñëîâèÿõ íàõîäÿòñÿ âñîãëàñèè ñ ýêñïåðèìåíòîì. Ïðè áîëüøèõ ñîäåðæàíèÿõ Mn îñíîâíûì ìåõà-íèçìîì �åððîìàãíèòíîãî óïîðÿäî÷åíèÿ ÿâëÿåòñÿ çîííûé ìàãíåòèçì â ñëîå
Mn. Âëèÿíèå ìàãíèòíîãî óïîðÿäî÷åíèÿ â ýòîì ñëîå íà òðàíñïîðòíûå ñâîé-ñòâà íîñèòåëåé â êâàíòîâîé ÿìå, îïðåäåëÿåòñÿ èçìåíåíèåì ýíåðãèè Ôåðìèïðè �åððîìàãíèòíîì ïåðåõîäå, ÷òî âûçûâàåò èçìåíåíèå êîíöåíòðàöèè íî-ñèòåëåé â ïðîâîäÿùåì êàíàëå, è ìàãíèòíûì âçàèìîäåéñòâèåì îáðàçîâàâ-øåãîñÿ äâóìåðíîãî ìàãíèòíîãî ñëîÿ ñ íîñèòåëÿìè â êâàíòîâîé ÿìå. Ïîêà-çàíî, ÷òî àíîìàëüíûé ý��åêò Õîëëà â ïîäîáíûõ ñòðóêòóðàõ îïðåäåëÿåòñÿ



158 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâòàê íàçûâàåìûì, ñîáñòâåííûì ìåõàíèçìîì (intrinsi
 mt
hnism). Âåëè÷èíààíîìàëüíîãî ý��åêòà Õîëëà è åãî ïîâåäåíèå ñ èçìåíåíèåì òåìïåðàòóðû(èçìåíåíèå çíàêà ñ ðîñòîì òåìïåðàòóðû) õîðîøî ñîãëàñóåòñÿ ñ òåîðåòè÷å-ñêèìè ïðåäñêàçàíèÿìè äëÿ äâóìåðíûõ ñòðóêòóð [3℄ íà îñíîâå ðàçáàâëåííûõìàãíèòíûõ ïîëóïðîâîäíèêîâ.[1℄ T. Wojtowi
z, et al., Appl. Phys. Lett., 83, 4220 (2003).[2℄ A.M. Nazmul, et al., Phys. Rev. Lett., 95, 017201 (2005).[3℄ V.K. Dugaev, et al., Phys. Rev. B, 71, 224423 (2005).



Transition Metal Impurities 159T-10Îïòè÷åñêèå ñïåêòðû Zn1−xMnxO è ñîñòîÿíèÿ òèïàÆàíãà��àéñàÂ.È. Ñîêîëîâ 1, À.Å. Åðìàêîâ 1, Ì.À. Óéìèí 1, À.À. Ìûñèê 1,Í.Á. �ðóçäåâ 1, Â.À. Ïóñòîâàðîâ 2

1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2 Óðàëüñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåòèì. Á.Í. Åëüöèíà, Åêàòåðèíáóðã 620002, �îññèÿÏîëóïðîâîäíèêîâûé êðèñòàëë Zn1−xMnxO ïðèâëåêàåò çíà÷èòåëüíûéèíòåðåñ çà ñ÷¼ò ïîòåíöèàëüíîé âîçìîæíîñòè ïîëó÷èòü ïîëóïðîâîäíèê ñ�åððîìàãíèòíûì óïîðÿäî÷åíèåì ñ òåìïåðàòóðîé Êþðè TC âûøå êîìíàò-íîé. Íî èññëåäîâàòåëè ñòîëêíóëèñü ñî ñëîæíîé ñèòóàöèåé. Ôåððîìàãíèò-íîå óïîðÿäî÷åíèå íàáëþäàåòñÿ íå âñåãäà, ïîíèìàíèå ïðè÷èí åãî íåñòà-áèëüíîñòè ïðîòèâîðå÷èâî. Êðîìå òîãî, îïòè÷åñêèå ñâîéñòâà Zn1−xMnxOñóùåñòâåííî îòëè÷àþòñÿ îò ñâîéñòâ ðîäñòâåííûõ ñîåäèíåíèé Zn1−xMnxSeè Zn1−xMnxS. Äëÿ ïîñëåäíèõ íàáëþäàþòñÿ âíóòðèöåíòðîâûå ïåðåõîäû âñïåêòðàõ ïîãëîùåíèÿ è �îòîëþìèíåñöåíöèè. Äëÿ Zn1−xMnxO íàáëþäàåò-ñÿ î÷åíü èíòåíñèâíîå ïîãëîùåíèå â îáëàñòè (2.2 ÷ 3.0) eV áåç ïðèçíàêîââíóòðèöåíòðîâûõ ïåðåõîäîâ è íåò �îòîëþìèíåñöåíöèè â îáëàñòè âíóòðè-öåíòðîâîãî ïåðåõîäà 4T1�6A1, õàðàêòåðíîé äëÿ Zn1−xMnxSe è Zn1−xMnxS.Àâòîð [1℄ âûäâèíóë êîíöåïöèþ î òîì, ÷òî íèòðèä ãàëëèÿ è îêñèä öèíêà,ëåãèðîâàííûå 3d-ïðèìåñÿìè, îòíîñÿòñÿ ê ìàëîèçó÷åííîìó êëàññó ðàñòâî-ð¼ííûõ ìàãíèòíûõ ïîëóïðîâîäíèêîâ ñ ñèëüíîé ãèáðèäèçàöèåé. Â çàïðå-ù¼ííîé ùåëè òàêèõ ñîåäèíåíèé âîçíèêàåò ñîñòîÿíèå òèïà Æàíãà��àéñà(Æ�), äëÿ êîòîðîãî õàðàêòåðíà ëîêàëèçàöèÿ äûðêè â áëèæàéøåì îêðóæå-íèè èîíà Mn2+. Äûðêè ìîãóò áûòü îáðàçîâàíû çà ñ÷¼ò ïåðåíîñà ýëåêòðîíàèç áëèæàéøåé ê Mn2+ ñâÿçè â çîíó ïðîâîäèìîñòè. Â ðåçóëüòàòå äûðêà ëî-êàëèçóåòñÿ â âèäå ñîñòîÿíèÿÆ� è âîçíèêàåò øèðîêàÿ ïîëîñà èíòåíñèâíîãîïîãëîùåíèÿ.Â ðàáîòå ïðåäñòàâëåíû ñïåêòðû ïîãëîùåíèÿ, �îòîëþìèíåñöåíöèè è âîç-áóæäåíèÿ �îòîëþìèíåñöåíöèè íàíîêðèñòàëëîâ Zn1−xMnxO. Â ñïåêòðàõîïòè÷åñêîãî ïîãëîùåíèÿ ýòèõ ìàòåðèàëîâ îáíàðóæåíû ýêñèòîííûå ëèíèè.Çàðåãèñòðèðîâàí ïèê �îòîëþìèíåñöåíöèè (ÔË) 2.9 eV äëÿ íàíîïîðîøêîâ
Zn0.99Mn0.01O, ïîëó÷åííûõ ìåòîäîì ãàçî�àçíîãî ñèíòåçà. Â ñïåêòðå âîç-áóæäåíèÿ ýòîãî èçëó÷åíèÿ íàáëþäàþòñÿ òðè øèðîêèõ ïèêà â îáëàñòè ìåæ-äóçîííûõ ïåðåõîäîâ ïðè ýíåðãèÿõ 3.9, 4.5 è 5.3 eV.



160 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâ�åçóëüòàòû ïîçâîëÿþò ñ÷èòàòü, ÷òî â Zn1−xMnxO âîçíèêàåò ñåðèÿ ñâÿ-çàííûõ ñîñòîÿíèé, îïòè÷åñêèå ïåðåõîäû ìåæäó êîòîðûìè è îñíîâíûì ñî-ñòîÿíèåì êðèñòàëëà ñîçäàþò êàê ïèê 2.9 eV â ñïåêòðå ÔË, òàê è îñîáåííî-ñòè â ñïåêòðå âîçáóæäåíèÿ ýòîãî èçëó÷åíèÿ ïðè ýíåðãèÿõ 3.9, 4.5 è 5.3 eVâ îáëàñòè ìåæäóçîííûõ ïåðåõîäîâ. Äàííàÿ ñåðèÿ âîçíèêàåò â ðåçóëüòàòåñèëüíîé ãèáðèäèçàöèè d-ñîñòîÿíèé èîíîâ ìàðãàíöà ñ p-ñîñòîÿíèÿìè áëè-æàéøèõ èîíîâ êèñëîðîäà [1℄.[1℄ T. Dietl, Phys. Rev. B, 77, 085208 (2008).



Transition Metal Impurities 161T-11Íàáëþäåíèå è èíòåðïðåòàöèÿ ìàêñèìóìàòåïëî¼ìêîñòè ýëåêòðîíîâ â ãèáðèäèçèðîâàííûõñîñòîÿíèÿõ íà ïðèìåñÿõ ïåðåõîäíîãî ýëåìåíòàÀ.Ò. Ëîí÷àêîâ 1, Ò.Å. �îâîðêîâà 1, Â.È. Îêóëîâ 1, Ê.À. Îêóëîâà 1,Ë.Ä. Ïàðàí÷è÷ 2, Ñ.Þ. Ïàðàí÷è÷ 2, Ñ.Ì. Ïîäãîðíûõ 1

1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620990, Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2 ×åðíîâèöêèé íàöèîíàëüíûé óíèâåðñèòåò, 58012, ×åðíîâöû,óë Êîöþáèíñêîãî, 2, ÓêðàèíàÂ íàñòîÿùåì ñîîáùåíèè èçëîæåíû ðåçóëüòàòû èññëåäîâàíèÿ òåìïåðà-òóðíîé çàâèñèìîñòè ýëåêòðîííîãî âêëàäà â òåïëî¼ìêîñòü îò ãèáðèäèçè-ðîâàííûõ äîíîðíûõ ñîñòîÿíèé íà ïðèìåñÿõ ïåðåõîäíîãî ýëåìåíòà â ïîëó-ïðîâîäíèêå. ßâëåíèå ãèáðèäèçàöèè ýëåêòðîííûõ ñîñòîÿíèé èìååò ìåñòî âóñëîâèÿõ, êîãäà äîíîðíûé ýíåðãåòè÷åñêèé óðîâåíü àòîìîâ ïðèìåñåé îêàçû-âàåòñÿ â ïîëîñå ïðîâîäèìîñòè êðèñòàëëà è ñòàíîâèòñÿ ðåçîíàíñíûì. �èáðè-äèçèðîâàííûå ýëåêòðîííûå ñîñòîÿíèÿ ñóùåñòâóþò â îïðåäåë¼ííûõ èíòåð-âàëàõ ýíåðãèé ε âáëèçè ðåçîíàíñíûõ çíà÷åíèé εrr, èì îòâå÷àåò ýëåêòðîííàÿïëîòíîñòü, ðàçäåë¼ííàÿ íà âêëàäû ëîêàëèçàöèè è ñâîáîäíîãî äâèæåíèÿ.Òåîðåòè÷åñêîå îïèñàíèå ðÿäà íèçêîòåìïåðàòóðíûõ ý��åêòîâ ïðîÿâëåíèéòàêèõ ñîñòîÿíèé èçëàãàëîñü â ñòàòüÿõ [1℄. Â òåîðèè ýëåêòðîííîé òåïëî¼ì-êîñòè, ðàçâèòîé â íàñòîÿùåé ðàáîòå, ãèáðèäèçàöèÿ îïèñûâàåòñÿ ìîäè�è-êàöèåé ïëîòíîñòè ñîñòîÿíèé ñ äàííûì çíà÷åíèåì ýíåðãèè g(ε), êîòîðàÿ âèíòåðâàëå ãèáðèäèçàöèè εr − Γ < ε < εr + Γ ñîäåðæèò ñëàãàåìûå, îòâå÷à-þùèå ñâîáîäíîìó äâèæåíèþ, ge(ε), è ëîêàëèçàöèè, gi(ε):

g(ε) = ge(ε) + gi(ε) = ge(ε) +
nd

π

∆

(ε− εr)
2 + ∆2

+
nd

πΓ

(π

2
− arctg

Γ

∆

)Ôóíêöèÿ gi(ε) ïðîïîðöèîíàëüíà êîíöåíòðàöèè äîíîðíûõ ýëåêòðîíîâ nd ñî-ãëàñíî òåîðèè ðåçîíàíñíîãî ðàññåÿíèÿ èìååò âèä ïèêà øèðèíîé 2∆ åäè-íè÷íîé èíòåíñèâíîñòè â óïîìÿíóòîì èíòåðâàëå. Ïðè âû÷èñëåíèè òåïëî-¼ìêîñòè èñïîëüçîâàëàñü èñõîäíàÿ �îðìóëà, ó÷èòûâàþùàÿ ìåæýëåêòðîí-íîå âçàèìîäåéñòâèå â ðàìêàõ �åðìè-æèäêîñòíîãî ïîäõîäà, âûâîä êîòîðîéïðèâåä¼í â ðàáîòå [2℄. Ôóíêöèÿ �åðìè-æèäêîñòíîãî âçàèìîäåéñòâèÿ, çàâè-ñÿùàÿ îò ýíåðãèé ýëåêòðîíîâ â èíòåðâàëå ãèáðèäèçàöèè, àïïðîêñèìèðóåòñÿêîíñòàíòàìè, õàðàêòåðèçóþùèìè âçàèìîäåéñòâèå ëîêàëèçîâàííûõ è äåëî-êàëèçîâàííûõ êîìïîíåíò ñîñòîÿíèé è èõ ñìåøèâàíèå. Äëÿ òåìïåðàòóð T ,



162 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâìàëûõ ïî ñðàâíåíèþ ñ ýíåðãèåé Ôåðìè εF , ðàñïîëîæåííîé â èíòåðâàëå ãè-áðèäèçàöèè, ïîëó÷åííàÿ �îðìóëà äëÿ òåïëî¼ìêîñòè âûãëÿäèò ñëåäóþùèìîáðàçîì:
c = ce +

K2

T
+

K2
1

TD1

(

1 +
1

D2

)ãäå D1 = 1 + AK0; D2 = ge + (1 + Age)K0; A � ýíåðãåòè÷åñêèé ïàðàìåòð,õàðàêòåðèçóþùèé âëèÿíèå ìåæýëåêòðîííîãî âçàèìîäåéñòâèÿ íà âêëàä ëî-êàëèçàöèè, ge � ïëîòíîñòü ñîñòîÿíèé ge(εF ), ïåðåíîðìèðîâàííàÿ çà ñ÷¼òâçàèìîäåéñòâèÿ, ce = γT � èçâåñòíàÿ òåïëî¼ìêîñòü ýëåêòðîíîâ ïðîâîäèìî-ñòè, ïðîïîðöèîíàëüíàÿ íåïåðåíîðìèðîâàííîé ïëîòíîñòè ñîñòîÿíèé ge(εF ),
Kn =

∫

Engi(E + ε0)

4T ch2(E/2T )
dE .Èíòåãðèðîâàíèå ïðîâîäèòñÿ ïî èí-òåðâàëó îò −Γ − ε0 äî Γ − ε0; ε0 =

εF − εr.Ýêñïåðèìåíòû ïðîâåäåíû íàêðèñòàëëàõ ñåëåíèäà ðòóòè ñïðèìåñÿìè æåëåçà. Òåïëî¼ìêîñòüîáðàçöà Hg1−xFexSe (x = 0.1%,
ni = 2 · 1019 ñì−3) è ÷èñòîãî êðè-ñòàëëà HgSe áûëà èçìåðåíà â èíòåðâàëå òåìïåðàòóð (1.8 ÷ 300)Ê ñïîìîùüþ ñïåöèàëüíîé îïöèè íà óñòàíîâêå PPMS-9 ( Physi
al PropertiesMeasurements System) �èðìû "Quantum Design". Èçìåðåíèÿ ïðîâåäåíû íàîáúåìíûõ îáðàçöàõ ìàññîé îêîëî 40ìã, ðàçìåðàìè 2 × 2× 2ìì3. Â îñíîâóèçìåðåíèÿ òåïëî¼ìêîñòè ïîëîæåí ðåëàêñàöèîííûé ìåòîä. Àáñîëþòíàÿïîãðåøíîñòü èçìåðåíèÿ òåïëî¼ìêîñòè ïðè íèçêèõ òåìïåðàòóðàõ íå ïðåâû-øàëà (1-2)%. Âêëàä â òåïëî¼ìêîñòü îò ïðèìåñåé æåëåçà c îïðåäåëÿëñÿ èçñîîòíîøåíèÿ c = cexp − cl, ãäå cexp è cl � ñîîòâåòñòâåííî èçìåðåííûå òåï-ëîåìêîñòè ëåãèðîâàííîãî æåëåçîì è ÷èñòîãî ñåëåíèäà ðòóòè. Ïîëó÷åííûåâ íèçêîòåìïåðàòóðíîì èíòåðâàëå çíà÷åíèÿ âåëè÷èíû c (Äæ · ìîëü−1K−1)ïðèâåäåíû íà ðèñóíêå.Îáíàðóæåííûé â ýêñïåðèìåíòàõ ìàêñèìóì òåïëî¼ìêîñòè îïèñûâàåòñÿïðèâåä¼ííîé âûøå �îðìóëîé ïðè ε0 > 0. Îí îáóñëîâëåí ñóùåñòâîâàíè-åì ëîêàëèçàöèîííîãî ïèêà â ïëîòíîñòè ñîñòîÿíèé è âîçíèêàåò èç-çà íåìî-íîòîííîñòè èçìåíåíèÿ çàñåë¼ííîñòè ýòîãî ïèêà ñ ðîñòîì òåìïåðàòóðû.Ñïëîøíàÿ êðèâàÿ íà ðèñóíêå ïîëó÷åíà ïîäãîíêîé òåîðåòè÷åñêîé çàâèñèìî-ñòè. Ïðè ýòîì ïàðàìåòðû ïèêà ïëîòíîñòè ñîñòîÿíèé ε0 = 8, 5K, ∆ = 3, 2K,

Γ = 40K îêàçàëèñü ïðàêòè÷åñêè ñîâïàäàþùèìè ñ îïðåäåë¼ííûìè ðàíååïðè èññëåäîâàíèÿõ äðóãèõ ý��åêòîâ ãèáðèäèçàöèè íà êðèñòàëëàõ ñ òîéæå êîíöåíòðàöèåé ïðèìåñåé. Â äîïîëíåíèå ê ýòîìó óñòàíîâëåíî, ÷òî �îð-



Transition Metal Impurities 163ìà òåìïåðàòóðíîãî ìàêñèìóìà òåïëî¼ìêîñòè ñóùåñòâåííûì îáðàçîì îïðå-äåëÿåòñÿ âëèÿíèåì ìåæýëåêòðîííîãî âçàèìîäåéñòâèÿ, òàê ÷òî óäîâëåòâî-ðèòåëüíî âîñïðîèçâåñòè å¼ ïðè A = 0 íå óäà¼òñÿ. Ïîëó÷åííîå çíà÷åíèåâåëè÷èíû Age îêàçàëîñü ðàâíûì -6. Âêëàä â òåïëî¼ìêîñòü äåëîêàëèçàöèè
ce ÿâëÿåòñÿ ñðàâíèòåëüíî ìàëûì è íå âëèÿåò íà ïîëîæåíèå è �îðìó ìàê-ñèìóìà.�àáîòà ïîääåðæåíà �ÔÔÈ (ïðîåêò � 09-02-01389) è Ïðîãðàììîé îòäå-ëåíèÿ �èçè÷åñêèõ íàóê �ÀÍ (�26).[1℄ Â.È. Îêóëîâ, ÔÍÒ, 30, 1194 (2004); ÔÌÌ, 100, 23 (2005).[2℄ Â.È. Îêóëîâ, Å.À. Ïàìÿòíûõ, Â.Ï. Ñèëèí, ÔÍÒ, 35, 891 (2009).



164 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâT-12Ïåðåñòðîéêà ýëåêòðîííîé ñòðóêòóðû Pb1−x−ySnxVyTeïðè èçìåíåíèè ñîñòàâà ñïëàâà è ïîä äàâëåíèåìÅ.Ï. Ñêèïåòðîâ 1, À.Í. �îëîâàíîâ 1, Á.Á. Êîâàëåâ 1, Å.È. Ñëûíüêî 2,Â.Å. Ñëûíüêî 2

1 Ìîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èìåíè Ì.Â. Ëîìîíîñîâà,119992, Ìîñêâà, Ëåíèíñêèå ãîðû, 1
2 Èíñòèòóò ïðîáëåì ìàòåðèàëîâåäåíèÿ ÍÀÍ Óêðàèíû, Óêðàèíà, 58001,×åðíîâöû, óë. Âèëüäå, 5Ïîëóïðîâîäíèêè A4B6 ñ ïðèìåñÿìè ðåäêîçåìåëüíûõ (Eu,Gd, Yb è äð.) èïåðåõîäíûõ (Ti, Cr è äð.) ýëåìåíòîâ ÿâëÿþòñÿ ðàçáàâëåííûìè ìàãíèòíûìèïîëóïðîâîäíèêàìè, ìàãíèòíûå ñâîéñòâà êîòîðûõ çàâèñÿò îò èõ ýëåêòðîí-íîé ñòðóêòóðû (ïîëîæåíèÿ ãëóáîêîãî ïðèìåñíîãî óðîâíÿ, óðîâíÿ Ôåðìè èêðàåâ ðàçðåøåííûõ çîí) [1℄. Íåäàâíî îáíàðóæåíî, ÷òî ëåãèðîâàíèå PbTeâàíàäèåì òàêæå èíäóöèðóåò ïîÿâëåíèå ãëóáîêîãî ïðèìåñíîãî óðîâíÿ ïîääíîì çîíû ïðîâîäèìîñòè (∆EV = Ec − EV ≈ 20 meV) [2,3℄. B ñïëàâàõ
Pb1−xMnxTe (x ≈ 0.05) ýíåðãèÿ àêòèâàöèè óðîâíÿ ∆EV îêàçàëàñü ïðèìåð-íî 100meV, íî çàâèñèìîñòü ïîëîæåíèÿ óðîâíÿ âàíàäèÿ îò ñîñòàâà ñïëàâàíå îïðåäåëåíà [4℄.Äëÿ îïðåäåëåíèÿ õàðàêòåðà ïåðåñòðîéêè ýëåêòðîííîé ñòðóêòóðû ïðèèçìåíåíèè ñîñòàâà ñïëàâà è ïîä äàâëåíèåì â íàñòîÿùåé ðàáîòå èññëåäîâàíûãàëüâàíîìàãíèòíûå (T = 4.2 ÷ 300 K, B ≤ 7Òë) ñâîéñòâà Pb1−x−ySnxVyTeïðè àòìîñ�åðíîì äàâëåíèè è ãèäðîñòàòè÷åñêîì ñæàòèè äî 15 êáàð.Ìîíîêðèñòàëëè÷åñêèé ñëèòîê Pb1−x−ySnxVyTe ñ íîìèíàëüíûì ñîñòàâîì
x = 0.08, y = 0.01 áûë ñèíòåçèðîâàí ìåòîäîì Áðèäæìåíà. Ïî äàííûì ðåíò-ãåíî�ëþîðåñöåíòíîãî àíàëèçà ðàñïðåäåëåíèå îëîâà è âàíàäèÿ ïî äëèíåñëèòêà áëèçêî ê ýêñïîíåíöèàëüíîìó (x = 0.05÷ 0.14, y ≤ 0.015).Óñòàíîâëåíî, ÷òî ïðè óâåëè÷åíèè êîíöåíòðàöèè âàíàäèÿ ïðîèñõîäèòóìåíüøåíèå êîíöåíòðàöèè äûðîê è p − n êîíâåðñèÿ òèïà ïðîâîäèìîñòè.Â ñèëüíîëåãèðîâàííûõ îáðàçöàõ óðîâåíü Ôåðìè îêàçûâàåòñÿ ñòàáèëèçè-ðîâàííûì ãëóáîêèì óðîâíåì âàíàäèÿ è íà òåìïåðàòóðíûõ çàâèñèìîñòÿõóäåëüíîãî ñîïðîòèâëåíèÿ ρ(1/T ) è êîý��èöèåíòà Õîëëà RH(1/T ) îò÷åòëè-âî âèäíû àêòèâàöèîííûå ó÷àñòêè ñîáñòâåííîé èîíèçàöèè, ïðèìåñíîé àêòè-âàöèè è ïðîâîäèìîñòè ïî ïðèìåñíûì ñîñòîÿíèÿì. Ïðè ïåðåõîäå ê ïðûæêî-âîé ïðîâîäèìîñòè êîý��èöèåíò Õîëëà è ìàãíèòîñîïðîòèâëåíèå ïðîõîäÿò÷åðåç ìàêñèìóì, óêàçûâàÿ íà ðåçêîå óìåíüøåíèå ïîäâèæíîñòè íîñèòåëåéçàðÿäà ïðè íèçêèõ òåìïåðàòóðàõ. Ïî íàêëîíó àêòèâàöèîííûõ ó÷àñòêîâ íàçàâèñèìîñòÿõ ρ(1/T ) îïðåäåëåíû ýíåðãèè àêòèâàöèè óðîâíÿ âàíàäèÿ è ïî-êàçàíî, ÷òî ñ ðîñòîì x óðîâåíü âàíàäèÿ äâèæåòñÿ â ãëóáü çàïðåùåííîé
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�èñ. 1: (Ñëåâà) Òåìïåðàòóðíûå çàâèñèìîñòè óäåëüíîãî ñîïðîòèâëåíèÿ Pb1−x−ySnxVyTeïîä äàâëåíèåì.�èñ. 2: (Ñïðàâà) Çàâèñèìîñòü ýíåðãèè àêòèâàöèè ãëóáîêîãî óðîâíÿ âàíàäèÿ â ñïëàâå
Pb1−x−ySnxVyTe îò äàâëåíèÿ.çîíû è ïðè âûñîêèõ êîíöåíòðàöèÿõ îëîâà äîëæåí ïîïàäàòü â âàëåíòíóþçîíó.Äëÿ èññëåäîâàíèÿ ïîä äàâëåíèåì áûë âûáðàí îáðàçåö, íàõîäÿùèé-ñÿ â äèýëåêòðè÷åñêîé �àçå, ñ ìàêñèìàëüíûì çíà÷åíèåì ýíåðãèè àêòèâà-öèè óðîâíÿ âàíàäèÿ (x ≈ 0.14). Óñòàíîâëåíî, ÷òî ïîä äåéñòâèåì äàâëå-íèÿ ïðîèñõîäèò óìåíüøåíèå ýíåðãèè àêòèâàöèè ãëóáîêîãî óðîâíÿ âàíà-äèÿ ∆EV = Ec − EV (ðèñ. 1). Ïðè êðèòè÷åñêîì äàâëåíèè P ∗ ≈ 7 êáàðâåëè÷èíà ∆EV îáðàùàåòñÿ â íóëü (ðèñ. 2), óðîâåíü âàíàäèÿ ïåðåñåêàåòäíî çîíû ïðîâîäèìîñòè è ïðîèñõîäèò ïåðåõîä òèïà äèýëåêòðèê-ìåòàëë.Äàëüíåéøåå óâåëè÷åíèå äàâëåíèÿ ïðèâîäèò ê óìåíüøåíèþ óäåëüíîãî ñî-ïðîòèâëåíèÿ ïðè T = 4.2K è óâåëè÷åíèþ êîíöåíòðàöèè íîñèòåëåé çàðÿ-äà, ðàññ÷èòàííîé ïî âåëè÷èíàì êîý��èöèåíòà Õîëëà è ïåðèîäà îñöèëëÿ-öèé Øóáíèêîâà�äå �ààçà. Îïðåäåëåíà ñêîðîñòü äâèæåíèÿ óðîâíÿ âàíàäèÿîòíîñèòåëüíî êðàÿ çîíû ïðîâîäèìîñòè ïîä äàâëåíèåì, ñîîòâåòñòâóþùàÿïðàêòè÷åñêè íåèçìåííîìó ïîëîæåíèþ óðîâíÿ âàíàäèÿ îòíîñèòåëüíî ñåðå-äèíû ùåëè: d(Ec −EV )/dP ≈ −4.4ìýÂ/êáàð.[1℄ T. Story, A
ta Phys. Polon. A, 92, 663 (1997).[2℄ À.À. Âèíîêóðîâ è äð., Íåîðã. Ìàòåð., 44, 666 (2008).[3℄ E.P. Skipetrov, et al., Solid State Phenom., 152�153, 291 (2009).[4℄ A.A. Dobrovolsky, et al., Semi
ond. S
i. Te
hnol., 23, 055004 (2008).



166 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâT-13Àðñåíèä ãàëëèÿ, ëåãèðîâàííûé õðîìîì è æåëåçîì, âêà÷åñòâå ìàòåðèàëà äëÿ áûñòðîäåéñòâóþùèõïåðåêëþ÷àòåëåéÈ.À. Ïðóäàåâ, Ñ.Ñ. Õëóäêîâ, Ì.Ñ. Ñêàêóíîâ, Î.Ï. ÒîëáàíîâÑèáèðñêèé �èçèêî-òåõíè÷åñêèé èíñòèòóò ïðè Òîìñêîì ãîñóäàðñòâåí-íîì óíèâåðñèòåòå, �îññèÿ, 634050, Òîìñê, ïë. Íîâîñîáîðíàÿ, 1Àòîìû Cr è Fe â GaAs âñòðàèâàþòñÿ â ïîäðåøåòêó ãàëëèÿ è ñîçäàþòâ çàïðåùåííîé çîíå ãëóáîêèå àêöåïòîðíûå óðîâíè ñ ýíåðãèÿìè ∼ 0.75 è
∼ 0.5 ýÂ ñîîòâåòñòâåííî. Ïðè îäíîâðåìåííîì ëåãèðîâàíèè GaAs ìåëêèìäîíîðîì è ãëóáîêèì àêöåïòîðîì Cr (Fe) òàê, ÷òî ND < NA (ND, NA � êîí-öåíòðàöèè äîíîðîâ è àêöåïòîðîâ) ìîæíî êîíòðîëèðóåìî èçìåíÿòü óäåëü-íîå ñîïðîòèâëåíèå ìàòåðèàëà â ïðåäåëàõ îò ∼ 109 äî ∼ 104Îì · ñì.Ïðè íåîäíîðîäíîì ëåãèðîâàíèè GaAs n-òèïà ïðèìåñüþ Cr (Fe) �îðìè-ðóåòñÿ ñòðóêòóðà π�ν�n-òèïà, êîòîðàÿ ëåæèò â îñíîâå èìïóëüñíîãî ëàâèí-íîãî S-äèîäà. Äàííûé ïðèáîð ÿâëÿåòñÿ ïîðîãîâûì ýëåìåíòîì ñ S-îáðàçíîéâîëüò-àìïåðíîé õàðàêòåðèñòèêîé (ÂÀÕ). Íàëè÷èå S-ó÷àñòêà ïðè îáðàòíîìñìåùåíèè îïðåäåëÿåòñÿ ïåðåçàðÿäêîé ãëóáîêèõ öåíòðîâ Cr (Fe) â óñëîâèÿõëàâèííîãî ìèêðîïëàçìåííîãî ïðîáîÿ π�ν-ïåðåõîäà [1℄.Õàðàêòåðíûå âðåìåíà ïåðåêëþ÷åíèÿ S-äèîäà èç çàêðûòîãî â îòêðûòîåñîñòîÿíèå ñîñòàâëÿþò 0, 05 ÷ 0, 5 íñ, à ïîðîãîâûå çíà÷åíèÿ íàïðÿæåíèÿ îò50 äî 1000Â. Îí ìîæåò ïðèìåíÿòüñÿ â ñõåìàõ âîçáóæäåíèÿ àíòåíí íåñè-íóñîèäàëüíîé ëîêàöèè, èìïóëüñíîãî ïèòàíèÿ ìîùíûõ ïîëóïðîâîäíèêîâûõäèîäîâ, ëàçåðîâ, äèîäîâ �àííà è ïðî÷èõ óñòðîéñòâàõ [2℄.�àíåå áûëî ïîêàçàíî, ÷òî â ïåðåêëþ÷åíèè òàêèõ ïðèáîðîâ âàæíóþ ðîëüèãðàåò èíæåêöèÿ íîñèòåëåé â îáëàñòü îáúåìíîãî çàðÿäà (ÎÎÇ). À èìåííî,áûëî îáíàðóæåíî, ÷òî ñóáíàíîñåêóíäíîå ïåðåêëþ÷åíèå èìååò ìåñòî òîëü-êî äëÿ ñòðóêòóð ñ èíæåêòèðóþùèì êîíòàêòîì ê π-ñëîþ [3℄. Òàê æå áû-ëî óñòàíîâëåíî, ÷òî çàâèñèìîñòü íàïðÿæåíèÿ ïåðåêëþ÷åíèÿ (Uï) S-äèîäîâîò òîëùèíû π-ñëîÿ îïðåäåëÿåòñÿ äðåé�îì èíæåêòèðîâàííûõ ñ êîíòàêòàýëåêòðîíîâ äî ÎÎÇ [4℄. Â íàñòîÿùåé ðàáîòå èññëåäîâàíû ÂÀÕ âûñîêî-âîëüòíûõ S-äèîäîâ (Uï > 200Â), èçãîòîâëåííûõ èç GaAs, ëåãèðîâàííî-ãî Cr (GaAs:Cr). Ïîëó÷åííûå ðåçóëüòàòû îáúÿñíÿþòñÿ ñ ó÷åòîì èíæåêöèèýëåêòðîíîâ ñî ñòîðîíû êîíòàêòà ê π-îáëàñòè.Àíàëèç ÂÀÕ π�ν�n-ñòðóêòóð èç GaAs:Cr ïîêàçàë, ÷òî ïðè îáðàòíîì ñìå-ùåíèè èìååò ìåñòî ïàäåíèå áîëüøåé ÷àñòè ïðèëîæåííîãî íàïðÿæåíèÿ íàâûñîêîîìíîé π-îáëàñòè, à íå íà ÎÎÇ. Ýòî ÿâëÿåòñÿ ïðè÷èíîé îòñóòñòâèÿ âÎÎÇ òîé íàïðÿæåííîñòè ïîëÿ, ïðè êîòîðîé äîñòèãàåòñÿ êðèòè÷åñêàÿ ïëîò-íîñòü òîêà, èíèöèèðóþùàÿ ëàâèííûé ìèêðîïëàçìåííûé ïðîáîé ñ çàõâàòîìíîñèòåëåé çàðÿäà íà ãëóáîêèå óðîâíè. Ïðè ýòîì ðåçêèé ðîñò òîêà îáóñëîâ-ëåí èíæåêöèåé ýëåêòðîíîâ ñ ïðÿìî-ñìåùåííîãî êîíòàêòà ê π-ñëîþ, à íåëàâèííûì ïðîáîåì.



Transition Metal Impurities 167Â ðåçóëüòàòå íàìè ïðåäëîæåíû, èçãîòîâëåíû è èññëåäîâàíû S-äèîäûíà îñíîâå íîâîé ìíîãîñëîéíîé ñòðóêòóðû (ñòðóêòóðû GaAs:Cr,Fe), â êî-òîðîé ââåäåí äîïîëíèòåëüíûé ïðèêîíòàêòíûé ñëîé, ëåãèðîâàííûé æåëå-çîì, ñ íèçêèì óäåëüíûì ñîïðîòèâëåíèì (ρπ(Cr) ≈ 109Îì · ñì, ρπ(Fe) ≈
105Îì·ñì). Òàêèì îáðàçîì, â äèîäàõ íà îñíîâå ñòðóêòóðû GaAs:Cr,Fe áûëàîãðàíè÷åíà èíæåêöèÿ ñ êîíòàêòà, ÷òî ïîçâîëèëî äîáèòüñÿ ñóùåñòâåííîãîñíèæåíèÿ òîêîâ ïðè îáðàòíîì ñìåùåíèè (íà äâà�òðè ïîðÿäêà).Àíàëèç îáðàòíûõ âåòâåé ÂÀÕ äè-
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U, B�èñ. 1: Îáðàòíûå âåòâè ÂÀÕ äëÿGaAs:Cr,Fe ñòðóêòóð: 1 � = 266Ê, 2� = 279Ê, 3 � = 297Ê, 4 � T = 318Ê,5 � T = 345K.

îäîâ èç GaAs:Cr,Fe ïîêàçàë, ÷òî äîíàïðÿæåíèé ≈ 30Â èìååò ìåñòî ãå-íåðàöèîííàÿ ñîñòàâëÿþùàÿ òîêà. Íàýòî, ñ îäíîé ñòîðîíû, óêàçûâàåò ñëà-áàÿ ñòåïåííàÿ çàâèñèìîñòü òîêà îò íà-ïðÿæåíèÿ, à ñ äðóãîé, ýêñïîíåíöèàëü-íàÿ çàâèñèìîñòü ñèëû òîêà îò T−1íà ýòîì ó÷àñòêå. Ïðè íàïðÿæåíèÿõ
30Â < U < 170Â íàèáîëåå âåðî-ÿòíûé ìåõàíèçì ïðîòåêàíèÿ òîêà ñâÿ-çàí ñ ý��åêòîì Ïóëà�Ôðåíêåëÿ. Âýòîì ñëó÷àå, â ïðåäïîëîæåíèè ïëàâíî-ãî ýëåêòðîííî-äûðî÷íîãî ïåðåõîäà, îá-ðàòíàÿ ÂÀÕ îïèñûâàåòñÿ âûðàæåíèåì
I = Ig exp

(

αU 1/3
), ãäå Ig è α � ïîñòî-ÿííûå âåëè÷èíû. Âåëè÷èíà α ïðîïîð-öèîíàëüíà T−1, ÷òî òàêæå óêàçûâàåò íà íàëè÷èå äàííîãî ìåõàíèçìà. Ïðèíàïðÿæåíèÿõ áîëåå 150 ÷ 200Â â ñòðóêòóðå ïðîòåêàåò òîê, îáóñëîâëåí-íûé ëàâèííûì ìèêðîïëàçìåííûì ïðîáîåì, ÷òî ïîäòâåðæäàåòñÿ íàëè÷è-åì ýêñïîíåíöèàëüíîé çàâèñèìîñòè òîêà îò íàïðÿæåíèÿ. Ïðè íàïðÿæåíèÿõ

250÷650Â ïðîèñõîäèò ïåðåêëþ÷åíèå äèîäîâ â îòêðûòîå ñîñòîÿíèå. Èçìåðå-íèå èìïóëüñíûì ìåòîäîì ïîêàçàëè, ÷òî îñòàòî÷íîå íàïðÿæåíèå ñîñòàâëÿåò
15 ÷ 20% îò íàïðÿæåíèÿ ïåðåêëþ÷åíèÿ, à çàâèñèìîñòü òîêà îò íàïðÿæå-íèÿ áëèçêà ê ëèíåéíîé. Îñòàòî÷íîå ñîïðîòèâëåíèå S-äèîäîâ â îòêðûòîìñîñòîÿíèè ∼ 10 ÷ 30Îì.S-äèîäû íà îñíîâå GaAs:Cr,Fe èñïûòàíû â ñõåìå îáîñòðåíèÿ èìïóëüñà.Íà íàãðóçêå 50Îì ïîëó÷åíû ñëåäóþùèå ïàðàìåòðû ãåíåðàöèè: ïåðåäíèé�ðîíò èìïóëüñà � 0,5 íñ; àìïëèòóäà � äî 1000Â, ìàêñèìàëüíàÿ ÷àñòîòàñëåäîâàíèÿ èìïóëüñîâ � 5ê�ö (ïðè ñêâàæíîñòè 105).�àáîòà âûïîëíåíà ïðè ïîääåðæêå �ÔÔÈ (ãðàíò � 07-02-00314) è Ìè-íîáðíàóêè �Ô (ÀÂÖÏ 2.1.2/3800).[1℄ Ä.Ä. Êàðèìáàåâ è äð., Ýëåêòðîí. ïðîì., � 9, 62 (1993).[2℄ Ñ.Ñ. Õëóäêîâ, ÏÒÝ, � 2, 1 (2009).[3℄ Ñ.Ñ. Õëóäêîâ è äð., Èçâ. âóç. Ôèçèêà., � 4, 54 (1986).[4℄ È.À. Ïðóäàåâ, Ñ.Ñ. Õëóäêîâ, Èçâ. âóç. Ôèçèêà., � 2, 48 (2009).



168 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâT-14Âû÷èñëåíèå òåïëîåìêîñòåé êðèñòàëëîâ ñ ðåøåòêîé�ëþîðèòàÒ.Ï. Ôåäîðîâà, À.Ñ. ÏîïëàâíîéÊåìåðîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, 650043, Êåìåðîâî,óë. Êðàñíàÿ, 6Ñòðóêòóðà �ëþîðèòîâ MeF2 (Me = Ca, Cd, Sr, Pb, Ba) ïðåäñòàâëÿåòñóïåðïîçèöèþ äâóõ êóáè÷åñêèõ ïîäðåøåòîê, îáðàçîâàííûõ êàòèîíàìè èàíèîíàìè. Àíèîíû îáðàçóþò ïðèìèòèâíóþ êóáè÷åñêóþ ïîäðåøåòêó, â òîâðåìÿ êàê êàòèîíû ðàñïîëàãàþòñÿ â öåíòðàõ êóáîâ, îáðàçîâàííûõ âîñåìüþàíèîíàìè, çàíèìàÿ ìåñòà ëèøü â ïîëîâèíå âñåõ àíèîííûõ êóáîâ è îáðàçóÿãðàíåöåíòðèðîâàííóþ êóáè÷åñêóþ ïîäðåøåòêó. Âî �ëþîðèòîâîé ðåøåòêåìîæíî âûäåëèòü òàêæå ãðàíåöåíòðèðîâàííóþ êóáè÷åñêóþ ïîäðåøåòêó, îá-ðàçîâàííóþ ïóñòûìè ïîçèöèÿìè (ìåæäîóçëèÿìè). Â ÷àñòíîñòè, áëàãîäàðÿòàêîé äîñòàòî÷íî "ðûõëîé" êàòèîííîé ñòðóêòóðå âîçìîæåí àíèîííûé ïå-ðåíîñ â ýòèõ êðèñòàëëàõ [1℄.Â ðàáîòå [2℄ ðàçâèò ìåòîä èññëåäîâàíèÿ îñîáåííîñòåé �îíîííûõ ñïåê-òðîâ êðèñòàëëîâ, ñîñòàâëåííûõ èç ïîäðåøåòîê Áðàâå. Óñòàíîâëåíû ìåõà-íèçìû �îðìèðîâàíèÿ �îíîííûõ ñïåêòðîâ, â ÷àñòíîñòè, êâàçèâûðîæäåíèé,çà ñ÷åò ñâåðòûâàíèÿ ñïåêòðîâ ïîäðåøåòîê. Ó÷èòûâàÿ ðàçëè÷íûé õàðàêòåðïîâåäåíèÿ ïîäðåøåòîê â ñóïåðèîííûõ êðèñòàëëàõ, ìû ïðèìåíèëè ìåòîä,ðàçâèòûé â [2℄, ê ãðóïïå êðèñòàëëîâ ñ ðåøåòêîé �ëþîðèòà.�àñ÷åò �îíîííûõ ñïåêòðîâ ïðîèçâîäèëñÿ â ìîäåëè æåñòêèõ èîíîâ. Â êà-÷åñòâå ìîäåëè ìåæèîííîãî âçàèìîäåéñòâèÿ áûë âûáðàí ïîòåíöèàë â �îðìåÁîðíà�Ìàéåðà�Õàããèíñà (Born�Mayer�Huggins).Áûëè ðàññ÷èòàíû �îíîííûå ñïåêòðû ïîäðåøåòêè �òîðà â "çàìîðîæåí-íîé" ïîäðåøåòêå Ìå è ïîäðåøåòêè Ìå â "çàìîðîæåííîé" ïîäðåøåòêå �òî-ðà, à òàêæå ñîîòâåòñòâóþùèå ïëîòíîñòè �îíîííûõ ÷àñòîò êðèñòàëëà è ïîä-ðåøåòîê ìåòàëëà è �òîðà. "Çàìîðàæèâàíèå" îçíà÷àåò îáðàùåíèå â íîëüñìåùåíèé ñîîòâåòñòâóþùåé ïîäðåøåòêè. Â �îíîííîì ñïåêòðå ïîäðåøåò-êè �òîðà â òî÷êå L ÇÁ èìååò ìåñòî âûðîæäåíèå ÷àñòîò, îáóñëîâëåííîå"ñâåðòûâàíèåì" âåòâåé èç ÇÁ �òîðà â ÇÁ êðèñòàëëà. "�àçìîðàæèâàíèå"ïîäðåøåòîê è âçàèìîäåéñòâèå èõ êîëåáàíèé ïðèâîäèò ê ñíÿòèþ âûðîæäå-íèÿ.Ñðàâíåíèå �îíîííûõ ñïåêòðîâ êðèñòàëëîâ ñî ñïåêòðàìè ïîäðåøåòîê ïî-êàçûâàåò, ÷òî îïòè÷åñêèå âåòâè êðèñòàëëîâ ÷ðåçâû÷àéíî áëèçêè ê ñïåê-òðàì ïîäðåøåòêè �òîðà â "çàìîðîæåííîé" ïîäðåøåòêå ìåòàëëà. Òàêæå
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�èñ. 1: Òåïëîåìêîñòü êðèñòàëëè÷åñêàÿ (ñïëîøíàÿ ëèíèÿ) è ïîäðåøåòêè èîíîâ �òîðà(ïóíêòèðíàÿ ëèíèÿ) â êðèñòàëëàõ MeF2 (Me = Ca, Sr, Cd, Ba, Pb).è îñíîâíûå îñîáåííîñòè âûñîêî÷àñòîòíîé ÷àñòè �îíîííîé ïëîòíîñòè êðè-ñòàëëà êîððåëèðóþò ñ îñîáåííîñòÿìè �óíêöèè ïëîòíîñòè ÷àñòîò ïîäðå-øåòêè �òîðà. Èç èçëîæåííîãî ÿñíî, ÷òî êîëåáàíèÿ ïîäðåøåòêè �òîðà â"çàìîðîæåííîé" ïîäðåøåòêå ìåòàëëà äîñòàòî÷íî õîðîøî îïèñûâàþò âû-ñîêî÷àñòîòíóþ ÷àñòü �îíîííîãî ñïåêòðà êðèñòàëëà â öåëîì. Ýòî ïîçâîëÿåòîïèñûâàòü ñòàòèñòè÷åñêèå è òåðìîäèíàìè÷åñêèå õàðàêòåðèñòèêè êðèñòàë-ëîâ MeF2, îòíîñÿùèåñÿ ê �òîðó, ðàññìàòðèâàÿ òîëüêî ýòó ïîäðåøåòêó, êàêïîäðåøåòêó Áðàâå. Â ÷àñòíîñòè, âû÷èñëåíèÿ ìîëÿðíîé òåïëîåìêîñòè êðè-ñòàëëà è ïîäðåøåòêè �òîðà ìîæíî âûïîëíèòü ïî �îðìóëå:
CV = NAkB

∫ ω
max

ω
min

(

~ω

2kBT

)2

csch2
(

~ω

2kBT

)

g(ω) dω (1)ãäå g(ω) � �îíîííàÿ ïëîòíîñòü ñîñòîÿíèé êðèñòàëëà èëè ïîäðåøåòêè �òî-ðà, ωmin è ωmax � ãðàíè÷íûå ÷àñòîòû ñîîòâåòñòâóþùåãî ñïåêòðà, ~, kB è
NA � èçâåñòíûå ñòàíäàðòíûå êîíñòàíòû.Âû÷èñëåíèÿ ïî �îðìóëå (1) íàìè âûïîëíåíû è ïðåäñòàâëåíû íà ðèñ. 1.Íà ðèñ. 1 êðîìå ðåçóëüòàòîâ äàííûõ ðàñ÷åòîâ òàêæå ïðåäñòàâëåíû ýêñ-ïåðèìåíòàëüíûå äàííûå äëÿ PbF2 (â îáëàñòè âûñîêèõ òåìïåðàòóð: � � [3℄,
© � [4℄, â îáëàñòè íèçêèõ òåìïåðàòóð: ♦ � [5℄), äëÿ BaF2 (äëÿ òåìïåðàòó-ðû îò 25 äî 300Ê: � � [6℄), ðåçóëüòàòû ðàñ÷åòîâ â ìîäåëè Äåáàÿ äëÿ CdF2(� � [7℄) è â îáîëî÷å÷íîé ìîäåëè äëÿ CaF2 (� � [8℄).�àáîòà âûïîëíåíà ïðè ïîääåðæêå öåëåâîé ïðîãðàììû "�àçâèòèå íàó÷-



170 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâíîãî ïîòåíöèàëà âûñøåé øêîëû (2009-2010 ãã.)" ïðîåêò 2.1.1./1230.[1℄ Â.Ï. Æóêîâ, Â.Ì. Çàéíóëëèíà, ÔÒÒ, 40, 2019 (1998).[2℄ À.Ñ. Ïîïëàâíîé, Èçâ. âóçîâ. Ôèçèêà, 51, 31 (2008).[3℄ L.M. Volodkovi
h, et al., Thermo
himi
a A
ta, 88, 497 (1985).[4℄ D.S. Rimai, R.J. Sladek, Solid State Commun., 31, 473 (1979).[5℄ D.P. Dandekar et al., Phys. Rev. B, 20, 3523 (1979).[6℄ K.S. Pitzer, et al., J. Am. Chem. So
., 60, 1826 (1938).[7℄ D. Shaharabany, et al., J. Phys. Chem. Solids, 37, 577 (1976).[8℄ Y. Cheng, et al., Commun. Theor. Phys., 51, 904 (2009)



Transition Metal Impurities 171T-15Î ïðèðîäå íèçêîòåìïåðàòóðíûõ àíîìàëèé ïîãëîùåíèÿóëüòðàçâóêà è äèíàìè÷åñêèõ ìîäóëåé óïðóãîñòè âêóáè÷åñêèõ êðèñòàëëàõ A2B6 ñ ïðèìåñÿìè3d-ïåðåõîäíûõ ìåòàëëîâÀ.Ò. Ëîí÷àêîâÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18Â ðàáîòàõ [1℄ (
ì. òàêæå ññûëêè â íèõ) âïåðâûå ïðîâåäåíî êîìïëåêñ-íîå èññëåäîâàíèå àêóñòè÷åñêèõ ñâîéñòâ (�àçîâîé ñêîðîñòè è ïîãëîùåíèÿóëüòðàçâóêà) â øèðîêîçîííûõ ïîëóìàãíèòíûõ ïîëóïðîâîäíèêàõ A2B6 : 3d.Îáíàðóæåíû òåìïåðàòóðíûå àíîìàëèè ïîãëîùåíèÿ è ñèììåòðèéíûõ ìîäó-ëåé óïðóãîñòè, êîòîðûå íå íàáëþäàëèñü ðàíåå â ïîëóïðîâîäíèêàõ. Íàèáî-ëåå çíà÷èìûìè èç íèõ ÿâëÿþòñÿ: 1. Íàëè÷èå ïðè îïðåäåëåííîé òåìïåðàòó-ðå ðåëàêñàöèîííîãî ïèêà â ïîãëîùåíèè ïîïåðå÷íûõ óëüòðàçâóêîâûõ âîëíîïðåäåëåííîé ïîëÿðèçàöèè, çàâèñÿùåé ïðè çàäàííîé ÷àñòîòå óëüòðàçâóêàòîëüêî îò ñîðòà 3d-èîíà; 2. Óìåíüøåíèå äèíàìè÷åñêèõ ìîäóëåé óïðóãîñòèâ êðèñòàëëàõ A2B6, ëåãèðîâàííûõ ÿí-òåëëåðîâñêèìè 3d-èîíàìè, ïî ñðàâíå-íèþ ñ ìîäóëÿìè óïðóãîñòè ÷èñòûõ êðèñòàëëîâ A2B6. Â íàñòîÿùåì äîêëàäåïðåäëàãàþòñÿ îñíîâû òåîðåòè÷åñêîé èíòåðïðåòàöèè ïåðå÷èñëåííûõ îñîáåí-íîñòåé.1. Â äîêëàäå îáñóæäàåòñÿ ðîëü ñïèí-ðåøåòî÷íîé ðåëàêñàöèè (ìåõà-íèçì Îðáàõà�Àìèíîâà [2℄), êàê ãëàâíîé ïðè÷èíû àíîìàëüíîãî ðåëàê-ñàöèîííîãî ïîãëîùåíèÿ óëüòðàçâóêà â êðèñòàëëàõ A2B6, ëåãèðîâàííûõÿí-òåëëåðîâñêèìè 3d-èîíàìè. Ïîêàçàíî, ÷òî ãëàâíûì óñëîâèåì ïðîÿâëå-íèÿ òàêîé ðåëàêñàöèè ÿâëÿåòñÿ ñèëüíàÿ âèáðîííàÿ ñâÿçü (ý��åêò ßíà-Òåëëåðà). Èç àíàëèçà ïîëó÷åííîé â ýêñïåðèìåíòå àêòèâàöèîííîé òåìïå-ðàòóðíîé çàâèñèìîñòè âðåìåíè ñïèí-ðåøåòî÷íîé ðåëàêñàöèè îïðåäåëåíûýíåðãèè íèçêîëåæàùèõ âíóòðèöåíòðîâûõ ñîñòîÿíèé äëÿ ñëåäóþùèõ èîíîâ:
Ni2+ (65 ñì−1), Cr2+ (50 ñì−1), Fe2+ (25 ñì−1), V2+ (5.5 ñì−1) â ZnSe è Ni2+(20 ñì−1) â ZnTe. Ýòè ýíåðãèè îïðåäåëÿþò ïîëîæåíèå ïðîìåæóòî÷íûõ ñïè-íîâûõ ñîñòîÿíèé â ïðîöåññå ðåëàêñàöèè Îðáàõà�Àìèíîâà. Íåîáõîäèìî ïîä-÷åðêíóòü, ÷òî äëÿ èîíà Ni2+ â ìàòðèöàõ A2B6, à äëÿ èîíîâ Cr2+, Fe2+

V2+ çíà÷åíèÿ ýíåðãèé ñîãëàñóþòñÿ ñ äàííûìè, ïîëó÷åííûìè äðóãèìè àâ-òîðàìè èç îïòè÷åñêèõ èçìåðåíèé. Ïî âåëè÷èíå ìàêñèìóìà ïîãëîùåíèÿóëüòðàçâóêà ñäåëàíà îöåíêà ïàðàìåòðà ñïèí-�îíîííîãî âçàèìîäåéñòâèÿ
Q ≈ 5 ·10−14 ýðã äëÿ èîíà Ni2+ â ZnSe. Ýòî çíà÷åíèå ñîãëàñóåòñÿ ïî ïîðÿäêóâåëè÷èíû ñ ïàðàìåòðîì Q äëÿ äðóãèõ ÿí-òåëëåðîâñêèõ èîíîâ, íàïðèìåð,
Fe2+ â MgO [3℄.



172 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâ2. Äëÿ èíòåðïðåòàöèè âòîðîé ãðóïïû àíîìàëèé âû÷èòàíèåì ìîäóëÿóïðóãîñòè ÷èñòîãî êðèñòàëëà A2B6 èç ìîäóëÿ óïðóãîñòè ïàðàìàãíèòíîãîêðèñòàëëà A2B6 : 3d âûäåëåí ÷èñòî ïàðàìàãíèòíûé âêëàä â òåìïåðàòóð-íîå èçìåíåíèå ñèììåòðèéíûõ ìîäóëåé óïðóãîñòè êðèñòàëëîâ A2B6 : 3d. Âñîîòâåòñòâèè ñ èäååé Ëþòè [4℄ îí îïðåäåëåí, êàê ïàðàìàãíèòíàÿ óïðóãàÿèëè, áîëåå êðàòêî, � ïàðàóïðóãàÿ âîñïðèèì÷èâîñòü. Ïðîâåäåíî îáîáùåíèåêîíöåïöèè ïàðàóïðóãîé âîñïðèèì÷èâîñòè, ðàçâèòîé â [4℄ äëÿ ðåäêîçåìåëü-íûõ àíòèìîíèäîâ, íà ñëó÷àé 3d-èîíîâ â ðåøåòêå A2B6. Â ðàìêàõ ýòîé êîí-öåïöèè äàíà èíòåðïðåòàöèÿ íàáëþäàåìîé íà ýêñïåðèìåíòå íèçêîòåìïåðà-òóðíîé çàâèñèìîñòè ïàðàóïðóãîé âîñïðèèì÷èâîñòè äëÿ êðàìåðñîâñêèõ èíåêðàìåðñîâñêèõ 3d-èîíîâ: óìåíüøåíèå îáðàòíîé ïàðàóïðóãîé âîñïðèèì-÷èâîñòè ñ óáûâàíèåì òåìïåðàòóðû â ñëó÷àå ëåãèðîâàíèÿ êðàìåðñîâñêèìè
3d-èîíàìè è åå íàñûùåíèå ïðè ëåãèðîâàíèè ñîåäèíåíèé A2B6 íåêðàìåð-ñîâñêèìè èîíàìè îáúÿñíåíî, ñîîòâåòñòâåííî, âêëàäîì Êþðè îò äèàãîíàëü-íûõ (íèçêî÷àñòîòíûõ) è âêëàäîì Âàí Ôëåêà îò íåäèàãîíàëüíûõ (âûñîêî÷à-ñòîòíûõ) ìàòðè÷íûõ ýëåìåíòîâ îïåðàòîðîâ, îïèñûâàþùèõ âçàèìîäåéñòâèåóëüòðàçâóêîâûõ êîëåáàíèé ñ ìàãíèòíûì èîíîì. Êàê ïîäòâåðæäåíèå èíòåð-ïðåòàöèè, âïåðâûå èç àíàëèçà óïðóãèõ ñâîéñòâ ñäåëàíà îöåíêà êîíñòàíòûäå�îðìàöèîííîãî ïîòåíöèàëà äëÿ èîíà Cr2+ â ZnSe. Íàéäåííîå çíà÷åíèå1.1 ýÂ õîðîøî êîððåëèðóåò ñ ëèòåðàòóðíûìè äàííûìè èç èçìåðåíèé ÝÏ�ïîä äàâëåíèåì [5℄.Ïîëó÷åííûå ðåçóëüòàòû îòêðûâàþò ïåðñïåêòèâû èñïîëüçîâàíèÿ óëüòðà-çâóêîâûõ ìåòîäîâ äëÿ îïðåäåëåíèÿ ýíåðãèé ñïèíîâûõ (âèáðîííûõ) ñîñòî-ÿíèé 3d-èîíîâ â ðàçíûõ ìàòðèöàõ è äëÿ îöåíîê êîíñòàíò ñïèí-�îíîííîãîè âèáðîííîãî âçàèìîäåéñòâèÿ.[1℄ Â.Â. �óäêîâ, À.Ò. Ëîí÷àêîâ è äð., ÔÍÒ, 35, 99 (2009); V.V. Gudkov, etal., Phys. Rev. B, 77, 155210 (2008).[2℄ R. Orba
h, Pro
. Roy. So
. A., 264, 458 (1961); Ë.Ê. Àìèíîâ, ÆÝÒÔ,42, 783 (1962).[3℄ C. Kittel, Phys. Rev. Lett., 6, 449 (1961).[4℄ B. L�uthi, Physi
al a
ousti
s in the solid state, Berlin-Heidelberg: Springer(2004).[5℄ J.T. Vallin, G.D. Watkins, Phys. Rev., B9, 2051 (1974).



Transition Metal Impurities 173T-16Àíîìàëüíûé ý��åêò Õîëëà è âûñîêîòåìïåðàòóðíûé�åððîìàãíåòèçì â Si1−xMnx (x ≈ 0.35) ïëåíêàõÂ.Â. �ûëüêîâ 1, Á.À. Àðîíçîí 1, Ñ.Í. Íèêîëàåâ 1, Â.Â. Òóãóøåâ 1,Å.Ñ. Äåìèäîâ 2, À.Ñ. Ëåâ÷óê 2, Â.Ï. Ëåñíèêîâ 2, Â.Â. Ïîäîëüñêèé 2

1 �îññèéñêèé íàó÷íûé öåíòð "Êóð÷àòîâñêèé Èíñòèòóò 123182 Ìîñêâà
2 Íàó÷íî-èññëåäîâàòåëüñêèé �èçèêî-òåõíè÷åñêèé èíñòèòóò Í�Óèì. Í.È. Ëîáà÷åâñêîãî, 603950 Íèæíèé ÍîâãîðîäÂ ïîñëåäíåå âðåìÿ çíà÷èòåëüíîå âíèìàíèå óäåëÿåòñÿ èññëåäîâàíèþñâîéñòâ ìàãíèòíûõ ïîëóïðîâîäíèêîâ (ÌÏ) íà îñíîâå ýëåìåíòîâ IV ãðóïïû(Ge è Si), ïîñêîëüêó òàêèå ìàòåðèàëû ìîãóò áûòü èñïîëüçîâàíû ïðè ñîçäà-íèè óñòðîéñòâ ñïèíòðîíèêè è ëåãêî ìîãóò áûòü èíòåãðèðóåìû â ñóùåñòâóþ-ùóþ ìèêðîýëåêòðîííóþ òåõíîëîãèþ. Â îñíîâíîì, ïîëó÷åííûå ðåçóëüòàòû(â ÷àñòíîñòè, äëÿ MnxSi1−x áàçèðóþòñÿ íà èçó÷åíèè íàìàãíè÷åííîñòè ýòèõìàòåðèàëîâ, êîòîðàÿ ìîæåò îäíîçíà÷íî óêàçûâàòü íà íàëè÷èè ñïèíîâîéïîëÿðèçàöèè íîñèòåëåé â îäíî�àçíûõ ÌÏ. Â äâóõ�àçíûõ ñèñòåìàõ (ïðèíàëè÷èè �åððîìàãíèòíûõ (ÔÌ) êëàñòåðîâ) ãèñòåðåçèñ â íàìàãíè÷åííîñòèìîæåò íàáëþäàòüñÿ äàæå ïðè òåìïåðàòóðàõ ≥ 300K. Ïðè ýòîì, îäíàêî,ý��åêò Õîëëà (ÝÕ) ìîæåò èìåòü íîðìàëüíûé (ëèíåéíûé) õàðàêòåð, êàê âíåìàãíèòíîì ïîëóïðîâîäíèêå â îòñóòñòâèå ñïèíîâîé ïîëÿðèçàöèè íîñèòå-ëåé [1℄.Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ òðàíñïîðòíûõ è ìàã-íèòíûõ ñâîéñòâ MnxSi1−x ïëåíîê ñ ñîäåðæàíèåì Mn îêîëî 35%, ïîëó÷åí-íûõ ìåòîäîì ëàçåðíîãî îñàæäåíèÿ íà Al2O3 è GaAs ïîäëîæêàõ ïðè òåìïå-ðàòóðàõ ðîñòà Tg = 300÷350 ◦C. Èññëåäîâàíèÿ âûïîëíåíû ïðè òåìïåðàòó-ðàõ 5÷300Ê â ìàãíèòíûõ ïîëÿõ äî 2.5Òë. Ïîêàçàíî, ÷òî ïîëó÷åííûå ñëîèîáëàäàþò ìåòàëëè÷åñêèì òèïîì ïðîâîäèìîñòè, äåìîíñòðèðóÿ ñëàáîå èçìå-íåíèå íàìàãíè÷åííîñòè â äèàïàçîíå T = 50 ÷ 200Ê. Âïåðâûå â MnxSi1−xñèñòåìå îáíàðóæåí àíîìàëüíûé ý��åêò Õîëëà (ÀÝÕ), èìåþùèé â îáëà-ñòè òåìïåðàòóð ≥ 50Ê ñóùåñòâåííî ãèñòåðåçèñíûé õàðàêòåð (ðèñ. 1), êî-òîðûé íå íàáëþäàåòñÿ â ñèëèöèäàõ Mn (ñëàáûõ çîííûõ ÔÌ) òèïà Mn4Si7 ñ
Tc ≈ 43Ê. Ïðè ýòîì äëÿ MnxSi1−x/Al2O3 îáðàçöîâ çíàê àíîìàëüíîé êîìïî-íåíòû ÝÕ ïðîòèâîïîëîæåí çíàêó åãî íîðìàëüíîé êîìïîíåíòû, îòâå÷àþùåéäûðî÷íîìó òèïó ïðîâîäèìîñòè MnxSi1−x. Óñòàíîâëåíî òàêæå, ÷òî â ýòîìñëó÷àå àíîìàëüíàÿ êîìïîíåíòà ÝÕ ïîëíîñòüþ îïðåäåëÿåò åãî ïîâåäåíèåâïëîòü äî 300K, ñîõðàíÿÿ ãèñòåðåçèñíûé õàðàêòåð äî ≈ 230Ê (ðèñ. 2).Äëÿ MnxSi1−x ïëåíîê, ïîëó÷åííûõ íà GaAs ïîäëîæêàõ, ãèñòåðåçèñ â ÀÝÕïðàêòè÷åñêè îòñóòñòâóåò. Îäíàêî, ÀÝÕ â ýòîì ñëó÷àå ïðîÿâëÿåòñÿ íà ïî-ðÿäîê ñèëüíåå ïðè T = 300Ê, à ìàãíèòíûé ìîìåíò íà àòîì Mn âîçðàñòàåòâ íåñêîëüêî ðàç.
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�èñ. 1: (Ñëåâà) Ìàãíèòîïîëåâûå çàâèñèìîñòè õîëëîâñêîãî ñîïðîòèâëåíèÿ RH äëÿ
MnxSi1−x/Al2O3 îáðàçöà 1 ïðè íèçêèõ òåìïåðàòóðàõ (T ≤ 100Ê) â ïîëÿõ äî 2.5Òë.�èñ. 2: (Ñïðàâà) Òî æå ïðè âûñîêèõ òåìïåðàòóðàõ ( ≥ 77Ê) è â ïîëÿõ äî 1Òë.Ñèëüíûé ÔÌ ïîëó÷åííûõ ïëåíîê íåâîçìîæíî îáúÿñíèòü çà ñ÷åò �îð-ìèðîâàíèÿ ñèëèöèäîâ Mn, ïîñêîëüêó âåëè÷èíà Tc ïîñëåäíèõ < 50K. Ìûïîëàãàåì, ÷òî èññëåäîâàííàÿ ñèñòåìà íå ÿâëÿåòñÿ îäíî�àçíîé, ïðè÷åì âàæ-íóþ ðîëü â åå ìàãíèòíîì óïîðÿäî÷åíèè èãðàþò ÔÌ êëàñòåðû, ñîäåðæàùèåìåæäîóçåëüíûå èîíû Mn ñ ëîêàëüíûì ñïèíîì S = 1÷1.5 (ñì. [2℄) è íàõîäÿ-ùèåñÿ â ìàòðèöå ñëàáîãî çîííîãî ÔÌ òèïà MnSi2−x (x ≈ 0.25). ÄàëüíèéÔÌ ïîðÿäîê ïðè âûñîêîé òåìïå-
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�èñ. 3: Ìàãíèòîïîëåâûå çàâèñèìîñòè õîë-ëîâñêãî ñîïðîòèâëåíèÿ RH MnxSi1−x/Al2O3îáðàçöà 2, ïîëó÷åííîãî ïðè Tg = 350◦C. Íàâñòàâêå � òåìïåðàòóðíûå çàâèñèìîñòè ñî-ïðîòèâëåíèÿ îáðàçöîâ 1,2.

ðàòóðå îáóñëîâëåí êàê îáû÷íûì�ÊÊÈ-îáìåíîì ýòèõ êëàñòåðîâ ÷å-ðåç ñâîáîäíûå íîñèòåëè, êîíöåíòðà-öèÿ êîòîðûõ â ìàòðèöå äîñòèãàåò ≈
1022 ñì−3, òàê è îáìåíîì ÷åðåç ñïè-íîâûå �ëóêòóàöèè ìàòðèöû [3℄. Îáý��åêòå âûìîðàæèâàíèÿ ýòèõ ñïè-íîâûõ �ëóêòóàöèé ïðè ïîíèæåíèèòåìïåðàòóðû ñâèäåòåëüñòâóåò ðåç-êîå óìåíüøåíèå ñîïðîòèâëåíèÿ îá-ðàçöîâ íèæå 40Ê è íåîáû÷íîå ïî-âåäåíèå ïåòëè ãèñòåðåçèñà ÀÝÕ âýòèõ óñëîâèÿõ � âïëîòü äî óìåíü-øåíèÿ êîýðöèòèâíîãî ïîëÿ ñ ïîíè-æåíèåì òåìïåðàòóðû â îáðàçöå ñìèíèìàëüíûì ñîäåðæàíèåì äå�åêòîâ (ðèñ. 3).�àáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòîâ �ÔÔÈ (09-02-12108, 09-07-13594, 09-07-12151).[1℄ Â.Â. �ûëüêîâ, Á.À. Àðîíçîí è äð., ÆÝÒÔ, 127, 838 (2005).[2℄ Qinghua Liu, et al., Phys. Rev. B, 77, 245211 (2008).[3℄ V.V. Tugushev, E. Kulatov, et al., Physi
a B, 378�380, P1100 (2006).



Transition Metal Impurities 175T-17Âëèÿíèå âûñîêîãî äàâëåíèÿ íà ìàãíèòíóþâîñïðèèì÷èâîñòü è ìàãíèòîñîïðîòèâëåíèåâûñîêîòåìïåðàòóðíîãî �åððîìàãíèòíîãîïîëóïðîâîäíèêà Cd1−xMnxGeP2À.Þ. Ìîëëàåâ 1, È.Ê. Êàìèëîâ 1, �.Ê. Àðñëàíîâ 1, Ñ.Ô. Ìàðåíêèí 2,Ó.Ç. Çàëèáåêîâ 1, Ò.�. Àðñëàíîâ 1, À.À. Àáäóëëàåâ 1

1 Ó÷ðåæäåíèå �ÀÍ Èíñòèòóò �èçèêè èì. Õ.È. ÀìèðõàíîâàÄàãåñòàíñêîãî íàó÷íîãî öåíòðà �ÀÍ, 367003 Ìàõà÷êàëà, �îññèÿ
2 Ó÷ðåæäåíèå �ÀÍ Èíñòèòóò îáùåé è íåîðãàíè÷åñêîé õèìèèèì. Í.Ñ. Êóðíàêîâà �ÀÍ, 119991 Ìîñêâà, �îññèÿÕàðàêòåðíûìè ñâîéñòâàìè íîâûõ �åððîìàãíåòèêîâ íà îñíîâå ïîëóïðî-âîäíèêîâ ãðóïïû AIIBIVCV

2 ñ Tc = 355K äëÿ CdGeAs2 < Mn > [1℄ è
Tc = 320K äëÿ CdGeP2 < Mn > [2,3℄ ÿâëÿþòñÿ âûñîêèå ïîäâèæíîñòè íî-ñèòåëåé çàðÿäà, ìàëûå ý��åêòèâíûå ìàññû ýëåêòðîíîâ è áîëüøèå îòíîøå-íèÿ ïîäâèæíîñòè ýëåêòðîíîâ ê ïîäâèæíîñòè äûðîê. Êîíòðîëèðóåìîå ââå-äåíèå àòîìîâ ïåðåõîäíûõ ýëåìåíòîâ (Mn, Fe, Cr è äð.) â êðèñòàëëè÷åñêóþðåøåòêó, â ïðèíöèïå, ïîçâîëÿåò îáåñïå÷èòü ïåðåõîä ýòèõ ïîëóïðîâîäíèêîââ �åððîìàãíèòíîå ñîñòîÿíèå ñ äîñòàòî÷íî âûñîêîé òî÷êîé Êþðè.
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P, GPa�èñ. 1: Çàâèñèìîñòè îòíîñèòåëü-íîé ìàãíèòíîé âîñïðèèì÷èâî-ñòè χ(P )/χ0 îò äàâëåíèÿ äëÿ
Cd1−xMnxGeP2.

Â ñèëó íåäîñòàòî÷íîé ÿñíîñòè ïðèðî-äû �åððîìàãíåòèçìà â ìàðãàíåö çàìåùåí-íûõ õàëüêîïèðèòàõ CdGeP2{Mn}, ïðåä-ñòàâëÿåò èíòåðåñ èññëåäîâàíèå �èçè÷åñêèõñâîéñòâ âáëèçè Tc ýòèõ òâåðäûõ ðàñòâî-ðîâ ñ öåëüþ áîëåå äåòàëüíîãî ïîíèìà-íèÿ ïðè÷èí, �îðìèðóþùèõ ìàãíèòíîå ñî-ñòîÿíèå. Èçìåðåíû áàðè÷åñêèå çàâèñèìî-ñòè óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ ρ(P ),êîý��èöèåíòà Õîëëà RH(P ), ïîïåðå÷íî-ãî ∆ρxx(P )/ρ ìàãíåòîñîïðîòèâëåíèÿ è îò-íîñèòåëüíîé ìàãíèòíîé âîñïðèèì÷èâîñòè
χ(P )/χ0 ïðè âûñîêîì ãèäðîñòàòè÷åñêîìäàâëåíèè äî 6�Ïà íà ïîëèêðèñòàëëè÷åñêèõîáðàçöàõ Cd1−xMnxGeP2 
 x = 0.09 è 0.18ïðè ïîäúåìå äàâëåíèÿ â îáëàñòè êîìíàò-íûõ òåìïåðàòóð.Èçìåðåíèÿ ïðîâîäèëèñü â àïïàðàòàõ âû-ñîêîãî äàâëåíèÿ òèïà "Òîðîèä" [4,5℄ ñ ïðè-ìåíåíèåì íåñêîëüêèõ ìåòîäèê: áàðè÷åñêîé



176 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâçàâèñèìîñòè óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ êîý��èöèåíòà Õîëëà è ìàã-íåòîñîïðîòèâëåíèÿ. Èçìåðåíèå ìàãíèòíîé âîñïðèèì÷èâîñòè ïðîâîäèëîñü÷àñòîòíûì ìåòîäîì [6℄.Âî âñåõ èññëåäîâàííûõ îáðàçöàõ Cd1−xMnxGeP2 êðîìå áàçîâîãî(CdGeP2) íàáëþäàëèñü ìàãíèòíûå �àçîâûå ïåðåõîäû ïðè ïîäúåìå äàâëå-íèÿ (ðèñ. 1). Ñ óâåëè÷åíèåì ïðîöåíòíîãî ñîäåðæàíèÿ ìàðãàíöà ìàêñèìóì
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P, GPa�èñ. 2: Çàâèñèìîñòü ïîïåðå÷íî-ãî ìàãíåòîñîïðîòèâëåíèÿ îò äàâëå-íèÿ â ìàãíèòíîì ïîëå H = 5 kOeäëÿ Cd1−xMnxGeP2 ñ x = 0.18.

χ(P )/χ0 ñäâèãàåòñÿ â ñòîðîíó âûñîêèõäàâëåíèé. Âåëè÷èíà ìàêñèìóìà ðàñòåòñ óâåëè÷åíèåì ïðîöåíòíîãî ñîäåðæàíèÿìàðãàíöà. Íàáëþäàåìûé ìàãíèòíûé �à-çîâûé ïåðåõîä âåðîÿòíî ìîæíî èíòåð-ïðåòèðîâàòü êàê ïåðåõîä �åððîìàãíåòèê�àíòè�åððîìàãíåòèê, î ÷åì ñâèäåòåëüñòâó-åò íàëè÷èå ïëå÷à âîñïðèèì÷èâîñòè, õàðàê-òåðíîãî äëÿ àíòè�åððîìàãíèòíîãî ñîñòîÿ-íèÿ. Ïîëó÷åííûå ðåçóëüòàòû èíòåðïðåòè-ðóþòñÿ â ïðåäïîëîæåíèè, ÷òî ìàãíåòèçìâ òâåðäûõ ðàñòâîðàõ �îðìèðóåòñÿ â ðå-çóëüòàòå êîíêóðåíöèè äâóõ ïðîòèâîïîëîæ-íûõ ý��åêòîâ: àíòè�åððîìàãíèòíîãî ñâåð-õîáìåíîãî âçàèìîäåéñòâèÿ Mn+2�Mn+2 è�åððîìàãíèòíîãî äâîéíîãî îáìåííîãî âçà-èìîäåéñòâèÿ Mn+2�Mn+3 [7℄. Îäíàêî, äëÿäåòàëüíîãî âûÿñíåíèÿ ïðèðîäû ý��åêòà æåëàòåëüíî ïðîâåñòè íåéòðî-íîãðà�è÷åñêèå è ñïåêòðîñêîïè÷åñêèå èññëåäîâàíèÿ òâåðäîãî ðàñòâîðà
Cd1−xMnxGeP2 âáëèçè òåìïåðàòóðû Êþðè. Âî âñåõ èññëåäîâàííûõ îáðàç-öàõ Cd1−xMnxGeP2 êðîìå áàçîâîãî (CdGeP2) íàáëþäàëîñü ïîïåðå÷íîå ìàã-íåòîñîïðîòèâëåíèå, èíäóöèðîâàííîå äàâëåíèåì, êîòîðîå ñíà÷àëà ïîëîæè-òåëüíî è â îáëàñòè ìàãíèòíîãî �àçîâîãî ïåðåõîäà ñòàíîâèòñÿ îòðèöàòåëü-íûì (ðèñ. 2). Óâåëè÷åíèå äàâëåíèÿ è ìàãíèòíîãî ïîëÿ ïðèâîäÿò ê óâåëè-÷åíèþ âåëè÷èíû ìàãíåòîñîïðîòèâëåíèÿ.�àáîòà âûïîëíåíà ïðè �èíàíñîâîé ïîääåðæêå ïðîãðàììû Ïðåçèäèó-ìà �ÀÍ "Òåïëî�èçèêà è ìåõàíèêà ýêñòðåìàëüíûõ ýíåðãåòè÷åñêèõ âîçäåé-ñòâèé è �èçèêå ñèëüíî ñæàòîãî âåùåñòâà" ñåêöèÿ "Ôèçèêà ñèëüíî ñæàòîãîâåùåñòâà".[1℄ Â.Ì. Íîâîòîðöåâ è äð., Æóðíàë Íåîðãàíè÷. Õèìèè, 50, 4, 552 (2005).[2℄ G.A. Medvedkin, et al., Jap. J. Appl. Phys., 39, L949 (2000).[3℄ �. À. Ìåäâåäêèí è äð., ÔÒÏ, 35, 3, 305 (2001).[4℄ L.G. Khvostantsev, et al., phys. status solidi (a), 64, 379 (1981).[5℄ À.Þ. Ìîëëàåâ è äð., ÔÒÂÄ, 11, 4, 61 (2001).[6℄ À.Þ. Ìîëëàåâ è äð., Íåîðãàíè÷. ìàòåðèàëû , 37, 4327 (2001).[7℄ Y.-J. Zhao, et al., Phys. Rev. B, 63, 201202 (2001).



Transition Metal Impurities 177T-18Ýëåêòðîííàÿ ñòðóêòóðà è ìàãíåòèçì ïëåíîê èòâåðäûõ ðàñòâîðîâ íà îñíîâå ïîëóïðîâîäíèêîâ ZnO è
Cu2O, ëåãèðîâàííûõ ïðèìåñÿìè 3d ïåðåõîäíûõìåòàëëîâ (Mn, Co) â çàâèñèìîñòè îò óñëîâèé ñèíòåçàÝ.Ç. Êóðìàåâ, Â.�. �àëàõîâ, Ò.Ï. ÑóðêîâàÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620990 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18Íàáëþäàåìûå ìàãíèòíûå ý��åêòû â ïîëóìàãíèòíûõ ïîëóïðîâîäíèêàõçàâèñÿò îò ýíåðãåòè÷åñêîãî ïîëîæåíèÿ 3d ïðèìåñåé, èõ âçàèìîäåéñòâèÿ ñàòîìàìè îñíîâíîé ðåøåòêè è, êàê íàìè áûëî ïîêàçàíî, ñóùåñòâåííî çàâè-ñÿò îò óñëîâèé ñèíòåçà. Â ðàáîòå âûïîëíåíû èññëåäîâàíèÿ ðåçîíàíñíûõ èíåðåçîíàíñíûõ ðåíòãåíîâñêèõ ýìèññèîííûõ L-ñïåêòðîâ ïðèìåñåé â ZnO:Co,ZnO:Mn è Cu2O:Mn, âûðàùåííûõ ïðè ðàçëè÷íûõ òåìïåðàòóðàõ ïîäëîæêè.Àíàëèç îòíîñèòåëüíûõ èíòåíñèâíîñòåé L2,3 ïîëîñ ïîçâîëèë îïðåäåëèòü ëî-êàëüíóþ àòîìíóþ ñòðóêòóðó è ñäåëàòü ïðåäïîëîæåíèÿ î íàëè÷èè ëèáî îò-ñóòñòâèè �åððîìàãíåòèçìà â ýòèõ ñîåäèíåíèÿõ. Èçìåðåíèÿ ðåíòãåíîâñêèõñïåêòðîâ áûëè âûïîëíåíû íà ëèíèè 8.0.1 ALS Áåðêëèåâñêîé íàöèîíàëü-íîé ëàáîðàòîðèè (ÑØÀ) è ëèíèè 1511 Max-lab íàöèîíàëüíîé ëàáîðàòîðèè(Øâåöèÿ), ìàãíèòíûå èçìåðåíèÿ � íà SQUID ìàãíèòîìåòðå.Ýíåðãåòè÷åñêèå ïîëîæåíèÿ èçìåðåííûõ ðåíòãåíîâñêèõ Co 2p-ñïåêòðîâïîãëîùåíèÿ äëÿ Zn1−xCoxO äëÿ x = 0.02, 0.06, 0.10 è èíòåíñèâíîñòè îñî-áåííîñòåé èõ ìóëüòèïëåòíîé ñòðóêòóðû íàõîäÿòñÿ â õîðîøåì ñîãëàñèè ñðàñ÷åòàìè òàêèõ ñïåêòðîâ äëÿ èîíîâ Ñî2+ â òåòðàýäðè÷åñêîì êëàñòåðå íàîñíîâå êëàñòåðíîé ìîäåëè êîí�èãóðàöèîííîãî âçàèìîäåéñòâèÿ. Ýòî îçíà-÷àåò, ÷òî îñíîâíàÿ ÷àñòü àòîìîâ êîáàëüòà çàìåùàåò óçëû öèíêà. Ñ äðó-ãîé ñòîðîíû, îòíîñèòåëüíàÿ èíòåíñèâíîñòü I(L2)/I(L3) ýìèññèîííûõ Ñî L-ñïåêòðîâ, ñèëüíî çàâèñÿùàÿ îò ÷èñëà ñâîáîäíûõ íîñèòåëåé, îêðóæàþùèõèçëó÷àþùèé ýëåìåíò, äëÿ Zn1−xCoxO ïðàêòè÷åñêè òàêàÿ æå, êàê äëÿ ÑîÎ,è íå çàâèñèò îò êîíöåíòðàöèè êîáàëüòà. Ýòî ïîçâîëÿåò ñäåëàòü âûâîä, ÷òîñâîáîäíûå íîñèòåëè, êîòîðûå îòâåòñòâåííû çà íàëè÷èå îáìåííîãî âçàèìî-äåéñòâèÿ ìåæäó èîíàìè êîáàëüòà, îòñóòñòâóþò â îáðàçöàõ Zn1−xCoxO.Îäíàêî, ïðè ñèíòåçå â íåðàâíîâåñíûõ óñëîâèÿõ, ÷àñòî èìåþùèõ ìå-ñòî, íàïðèìåð, â òîíêèõ ïëåíêàõ, 3d-ïðèìåñè íàðÿäó ñ óçëàìè öèíêà,ìîãóò çàíèìàòü ïîçèöèè â ìåæäîóçëèÿõ. Îòíîøåíèå èíòåíñèâíîñòåé ëè-íèé I(L2)/I(L3) Mn L2,3 ýìèññèîííûõ ñïåêòðîâ ýïèòàêñèàëüíûõ ïëåíîêZn0.8Mn0.2O, âûðàùåííûõ ïðè ðàçëè÷íûõ òåìïåðàòóðàõ ïîäëîæêè, óêàçû-âàåò íà íàëè÷èå ñåãðåãàöèè àòîìîâ Mn ïðè T > 600 ◦Ñ, ïðèâîäÿùåå ê ñèëü-



178 Ïðèìåñè ïåðåõîäíûõ ýëåìåíòîâíîìó Mn�Mn àíòè�åððîìàãíèòíîìó îáìåííîìó âçàèìîäåéñòâèþ, ïîäàâëÿ-þùåìó �åððîìàãíèòíûé ïîðÿäîê, íàáëþäàåìûé â ïëåíêàõ, âûðàùåííûõïðè áîëåå íèçêèõ òåìïåðàòóðàõ ïîäëîæêè.Äëÿ ëåãèðîâàííûõ Mn ïîðîøêî-
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�èñ. 1: �åçîíàíñíûå (a) è íåðåçîíàñíûå (b)Mn L2,3 ðåíòãåíîâñêèå ýìèññèîííûå ñïåê-òðû ïîðîøêîâûõ îáðàçöîâ Cu1.966Mn0.034O,ñèíòåçèðîâàííûõ ïðè 650 ◦C (ñïëîøíûåêðèâûå) and 800 ◦C (ñèìâîëû).

âûõ îáðàçöîâ Cu1.966Mn0.034O, ñèí-òåçèðîâàííûõ ïðè 650 ◦Ñ (TC =
300 Ê) è 800 ◦Ñ (TC = 215 Ê) [1℄,óñòàíîâëåíî, ÷òî àòîìû Mn íàõî-äÿòñÿ êàê â ìåæäîóçëèÿõ, òàê è çà-ìåùàþò óçëû Cu, îäíàêî, êîí�è-ãóðàöèÿ ýòèõ äå�åêòîâ çàâèñèò îòòåìïåðàòóðû ñèíòåçà. Óìåíüøåíèå
TC ñ óâåëè÷åíèåì òåìïåðàòóðû ñèí-òåçà ìîæåò áûòü îáúÿñíåíî ïîÿâ-ëåíèåì àíòè�åððîìàãíèòíîãî ñâåð-õîáìåíà ìåæäó çàìåùàþùèìè àòî-ìàìè Mn ÷åðåç êèñëîðîä.�àáîòà ÷àñòè÷íî ïîääåðæà-íà ãðàíòàìè �ÔÔÈ 08-02-00148,Ïðåçèäåíòà �Ô ÍØ-3572.2010.2Ïðîãðàììû II.4 ÎÔÍ �ÀÍ.

[1℄ G.S. Chang, E.Z. Kurmaev, D.W. Boukhvalov, A. Moewes,L.D. Finkelstein, M. Wei, and J.L. Ma
Manus-Dris
oll, J. Phys.:Condens. Matter, 20, 215216 (2008).
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181NM-01Áîçå-Ýéíøòåéíîâñêàÿ êîíäåíñàöèÿ äèïîëÿðíûõýêñèòîíîâÂ.Á. Òèìî�ååâÈíñòèòóò �èçèêè òâåðäîãî òåëà �ÀÍ, 142432 ã.×åðíîãîëîâêà, Ìîñêîâ-ñêîé îáëÂ ðàáîòàõ À. Ýéíøòåéíà åùå â 1924-25 ã.ã. ïðåäñêàçàíî, ÷òî ïðè äîñòà-òî÷íî íèçêèõ òåìïåðàòóðàõ â ìàêðîñêîïè÷åñêîé, ðàâíîâåñíîé ñèñòåìå áî-çîíîâ äîëæíà ïðîèñõîäèòü ñïîíòàííàÿ êîíäåíñàöèÿ ÷àñòèö â íèæàéøåå ïîýíåðãèè êâàíòîâîå ñîñòîÿíèå ñ íóëåâûì èìïóëüñîì. À. Ýéíøòåéí ðàññìàò-ðèâàë èäåàëüíûé àòîìíûé, áåññïèíîâûé ãàç è èñïîëüçîâàë â ñâîåì ïîäõî-äå ñòàòèñòè÷åñêèé ìåòîä Ñ. Áîçå, ðàíåå óñïåøíî ïðèìåíåííûé ïðè âûâîäå�îðìóëû Ïëàíêà äëÿ òåìïåðàòóðíîãî èçëó÷åíèÿ ÷åðíîãî òåëà. �àáîòû [1-3℄ è ñîñòàâèëè �óíäàìåíò ñòàòèñòèêè Áîçå�Ýéíøòåéíà. Íà âîëíîâîì ÿçûêåÁîçå�Ýéíøòåéíîâñêàÿ êîíäåíñàöèÿ (ÁÝÊ) ïðîèñõîäèò â ìíîãî÷àñòè÷íûõñèñòåìàõ áîçîíîâ, êîãäà äå-Áðîéëåâñêàÿ äëèíà âîëíû íà÷èíàåò ïðåâîñõî-äèòü ñðåäíèå ìåæ÷àñòè÷íûå ðàññòîÿíèÿ. Íàèáîëåå âïå÷àòëÿþùèì ñëåä-ñòâèåì Áîçå�Ýéíøòåéíîâñêîé êîíäåíñàöèè ÿâëÿåòñÿ òî, ÷òî ìàêðîñêîïè-÷åñêèå ñâîéñòâà ÷àñòèö â êîíäåíñàòå îïèñûâàþòñÿ åäèíîé âîëíîâîé �óíê-öèåé è, êàê ñëåäñòâèå, êâàíòîâûå ñâîéñòâà íà÷èíàþò ïðîÿâëÿòüñÿ íà êëàñ-ñè÷åñêèõ ìàñøòàáàõ âðåìåíè è äëèíû. Ìàêðîñêîïè÷åñêèå ìàñøòàáû êâàí-òîâîé êîãåðåíòíîñòè íàìíîãî ïðåâîñõîäÿò ìåæ÷àñòè÷íûå ðàññòîÿíèÿ â ñà-ìîì êîíäåíñàòå. Êðóïíîìàñøòàáíàÿ êîãåðåíòíîñòü Áîçå�Ýéíøòåéíîâñêîãîêîíäåíñàòà èìååò �èçè÷åñêèå ïîñëåäñòâèÿ ïðèíöèïèàëüíîé çíà÷èìîñòè, è,ñðåäè íèõ, íàèáîëåå âïå÷àòëÿþùèìè îêàçàëèñü òàêèå ìàêðîñêîïè÷åñêèåêâàíòîâûå ÿâëåíèÿ, êàê ñâåðõòåêó÷åñòü He4 è ñâåðõïðîâîäèìîñòü êóïåðîâ-ñêèõ ïàð (êîìïîçèòíûõ áîçîíîâ) � ÿâëåíèÿ, ñâÿçàííûå ñ áåçäèññèïàòèâíûìïðîòåêàíèåì ìàòåðèè â ñðåäå. Íà íåïîñðåäñòâåííóþ ñâÿçü ñâåðõòåêó÷åñòè
He4 
 ÿâëåíèåì ÁÝÊ âïåðâûå îáðàòèë âíèìàíèå Ô. Ëîíäîí åùå â 1938 ã.[4℄.Â ðàçðåæåííûõ, ñëàáî âçàèìîäåéñòâóþùèõ àòîìíûõ áîçå-ãàçàõ ÿâëåíèåÁÝÊ íàáëþäàëîñü ñðàâíèòåëüíî íåäàâíî [5℄, ïî÷òè 70 ëåò ñïóñòÿ ïîñëåòîãî, êàê À. Ýéíøòåéíîì áûëà ïîñòðîåíà ñîîòâåòñòâóþùàÿ òåîðèÿ êîí-äåíñàöèè. Ýòî âûäàþùååñÿ äîñòèæåíèå ÿâèëîñü ðåçóëüòàòîì ýëåãàíòíîéðåàëèçàöèè òåõíèêè ëàçåðíîãî è èñïàðèòåëüíîãî îõëàæäåíèÿ àòîìíûõ ãà-çîâ, íàêàïëèâàåìûõ â ìàãíèòíûõ ëîâóøêàõ. ßâëåíèå ÁÝÊ â àòîìíûõ áîçå-ãàçàõ îáíàðóæèâàåòñÿ ïðè ÷ðåçâû÷àéíî íèçêèõ òåìïåðàòóðàõ èç-çà áîëü-øîé ìàññû àòîìîâ (äèàïàçîí ìèêðî- è ñóáìèêðî ãðàäóñîâ Êåëüâèíà).Âîäîðîäîïîäîáíûé ýêñèòîí â ïîëóïðîâîäíèêå ÿâëÿåòñÿ ñâÿçàííûì ñî-ñòîÿíèåì ýëåêòðîíà è äûðêè. Îïòè÷åñêè ñîçäàâàåìûå ýêñèòîíû � îáúåêòû



182 Íîâûå ìàòåðèàëûý�åìåðíûå â òîì ñìûñëå, ÷òî áûñòðî àííèãèëèðóþò, èçëó÷àÿ ñâåò. Ýëåê-òðîíû è äûðêè � �åðìèîíû, îäíàêî ñàìè ýêñèòîíû ÿâëÿþòñÿ êîìïîçèòíû-ìè áîçîíàìè. Ïîñëå 1957 ã., êîãäà ïðåäñòàâëåíèÿ î ñïàðèâàíèè (êóïåðîâ-ñêîì ñïàðèâàíèè) ýëåêòðîíîâ â ñâåðõïðîâîäíèêå ñòàëè îáùåïðèçíàííûìè,ïîÿâèëèñü òåîðåòè÷åñêèå ðàáîòû, â êîòîðûõ ðàññìàòðèâàëàñü ïðèíöèïè-àëüíàÿ âîçìîæíîñòü ÁÝÊ ýêñèòîíîâ [6,7℄. Ìàññà ýêñèòîíîâ â ïîëóïðîâîä-íèêå áîëåå, ÷åì íà ÷åòûðå ïîðÿäêå ìåíüøå àòîìíûõ ìàññ, ïîýòîìó ïðèíåòðóäíî äîñòèæèìûõ ýêñèòîííûõ êîíöåíòðàöèÿõ, ïðè êîòîðûõ ýêñèòîí-íûé ãàç âñå åùå îñòàåòñÿ äîñòàòî÷íî ðàçðåæåííûì è ñëàáî âçàèìîäåéñòâó-þùèì, ÁÝÊ ýêñèòîíîâ äîëæíà ïðîèñõîäèòü ïðè äîñòóïíûõ êðèîãåííûõòåìïåðàòóðàõ (ãðàäóñû Ê).Â ïîñëåäíèå ãîäû ïðîèçîøåë íåñîìíåííûé ïðîðûâ â ýòîé îáëà-ñòè, ñâÿçàííûé ñ îáíàðóæåíèåì ÿâëåíèÿ ÁÝÊ â ðàçëè÷íûõ ýêñèòîííûõêâàçèäâóìåðíûõ ñèñòåìàõ. Ïðåæäå âñåãî, ðå÷ü ïîéäåò îá ýêñèòîíàõ âïðîñòðàíñòâåííî-ðàçäåëåííûõ ýëåêòðîííî-äûðî÷íûõ ñëîÿõ, êîòîðûå âîç-íèêàþò â äâîéíûõ è îäèíî÷íûõ êâàíòîâûõ ÿìàõ â óñëîâèÿõ �îòîâîçáóæ-äåíèÿ è ïðèëîæåííîì ýëåêòðè÷åñêîì ñìåùåíèè ìåæäó äâóìåðíûìè ñëîÿ-ìè [8,9℄. Ýêñèòîíû â ýòîì ñëó÷àå íàçûâàþòñÿ ïðîñòðàíñòâåííî íåïðÿìû-ìè, èëè äèïîëÿðíûìè, ïîñêîëüêó èìåþò äèïîëüíûé ìîìåíò â îñíîâíîìñîñòîÿíèè. Âðåìåíà èçëó÷àòåëüíîé àííèãèëÿöèè òàêèõ ýêñèòîíîâ âåëèêè,ïî ñðàâíåíèþ ñ áîëåå êîðîòêèìè âðåìåíàìè òåðìàëèçàöèè. Ïîýòîìó äèïî-ëÿðíûå ýêñèòîíû íåòðóäíî íàêàïëèâàòü â ëàòåðàëüíûõ ëîâóøêàõ è îõëà-æäàòü äî ðåøåòî÷íûõ òåìïåðàòóð. Â ðàáîòàõ [9℄ áûëî ïðîäåìîíñòðèðîâà-íî, ÷òî ïðè ïðåâûøåíèè êðèòè÷åñêèõ óñëîâèé êîíäåíñàöèè äèïîëÿðíûåýêñèòîíû íàêàïëèâàþòñÿ â íèæàéøåì ñîñòîÿíèè ñ íóëåâûìè èìïóëüñàìèâ ñïåöèàëüíî ïðèãîòîâëåííûõ ëàòåðàëüíûõ ëîâóøêàõ. Ïðè ýòîì â êàðòèíåëþìèíåñöåíöèè, íàáëþäàåìîé ñ âûñîêèì ïðîñòðàíñòâåííûì ðàçðåøåíèåì,îáíàðóæèâàþòñÿ ïðîñòðàíñòâåííî-ïåðèîäè÷åñêèå ñòðóêòóðû ïÿòåí ñâå÷å-íèÿ, êîãåðåíòíî ñâÿçàííûõ ìåæäó ñîáîé. Âïåðâûå îáíàðóæåííûå áîëüøèåìàñøòàáû ïðîñòðàíñòâåííîé êîãåðåíòíîñòè îçíà÷àþò, ÷òî ýêñïåðèìåíòàëü-íî íàáëþäàåìûå ïðîñòðàíñòâåííî-ïåðèîäè÷åñêèå ñòðóêòóðû ëþìèíåñöåí-öèè â óñëîâèÿõ Áîçå-êîíäåíñàöèè äèïîëÿðíûõ ýêñèòîíîâ â ëàòåðàëüíûõêîëüöåâûõ ëîâóøêàõ îïèñûâàþòñÿ åäèíîé âîëíîâîé �óíêöèåé. Íàáëþäå-íèå ïðîñòðàíñòâåííî-ïåðèîäè÷åñêèõ ñòðóêòóð â ðåàëüíîì ïðîñòðàíñòâå, àòàêæå èõ Ôóðüå-îáðàçîâ â k-ïðîñòðàíñòâå ÿâëÿåòñÿ ïðÿìûì ñâèäåòåëü-ñòâîì ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè â óñëîâèÿõ áîçå-êîíäåíñàöèè äè-ïîëÿðíûõ ýêñèòîíîâ: ìàêðîñêîïè÷åñêàÿ êîãåðåíòíàÿ �àçà áîçå-êîíäåíñàòàâîçíèêàåò ñïîíòàííî â ðåçåðâóàðå òåðìàëèçîâàííûõ íåêîãåðåíòíûõ ýêñè-òîíîâ. Ïðÿìûå èçìåðåíèÿ êîððåëÿòîðîâ ïåðâîãî ïîðÿäêà (èíòåð�åðåíöè-îííîå ñëîæåíèå àìïëèòóä) è êîððåëÿòîðîâ âòîðîãî ïîðÿäêà (êîððåëÿöèè�îòîíîâ èëè ñëîæåíèå êâàíòîâûõ àìïëèòóä) ñâèäåòåëüñòâóþò î âûñîêîé



New Materials 183ïðîñòðàíñòâåííî-âðåìåííîé êîãåðåíòíîñòè ýêñèòîííîãî áîçå-êîíäåíñàòà.Íåäàâíî áûëà îáíàðóæåíà êðóïíîìàñøòàáíàÿ êîãåðåíòíîñòü Áîçå-êîíäåíñàòà äâóìåðíûõ ýêñèòîííûõ ïîëÿðèòîíîâ â ìèêðîðåçîíàòîðàõ[10,11℄. Ïðè óñëîâèè âûñîêîé äîáðîòíîñòè ìèêðîðåçîíàòîðà, �îòîíû ñèëü-íî âçàèìîäåéñòâóþò ñ äâóìåðíûìè ýêñèòîííûìè âîçáóæäåíèÿìè è ñîçäà-þò äâóìåðíûå ýêñèòîííûå ïîëÿðèòîíû, ìàññà êîòîðûõ ïî÷òè íà äåâÿòüïîðÿäêîâ ìåíüøå àòîìíûõ ìàññ. Ïðè äîñòèæåíèè êðèòè÷åñêèõ ïëîòíîñòåéâ êâàçèðàâíîâåñíîì ãàçå ýêñèòîííûõ ïîëÿðèòîíîâ íàáëþäàëîñü ãèãàíòñêîåçàïîëíåíèå íèæàéøåãî ñîñòîÿíèÿ ñ íóëåâûìè èìïóëüñàìè, à òàêæå ïîðî-ãîâîå âîçðàñòàíèå âðåìåííîé è êðóïíîìàñøòàáíîé ïðîñòðàíñòâåííîé êîãå-ðåíòíîñòè. Íàðÿäó ñ îáíàðóæåíèåì ëèíåéíîé ïîëÿðèçàöèè èçëó÷åíèÿ ýòèýêñïåðèìåíòû òàêæå óêàçûâàþò íà ñïîíòàííîå âîçíèêíîâåíèå ìàêðîñêîïè-÷åñêîãî êîãåðåíòíîãî êâàíòîâîãî ñîñòîÿíèÿ â óñëîâèÿõ Áîçå-êîíäåíñàöèèäâóìåðíûõ ýêñèòîííûõ ïîëÿðèòîíîâ. Â äàííîì ñëó÷àå, îäíàêî, ðå÷ü èäåòñêîðåå î Áîçå-êîíäåíñàöèè â äóõå ëàçåðíîãî ý��åêòà.Â çàêëþ÷åíèå ïîä÷åðêíåì, ÷òî êðóïíî-ìàñøòàáíàÿ êîãåðåíòíîñòü ýêñè-òîííûõ áîçå-êîíäåíñàòîâ ìîæåò îêàçàòüñÿ âîñòðåáîâàííîé â èí�îðìàöè-îííûõ òåõíîëîãèÿõ.[1℄ A. Einstein, Part 1. Sber. Preuss. A
ad. Wiss. 22, 261-267 (1924).[2℄ A. Einstein, Part II. Sber. Preuss. A
ad. Wiss. 1, 3-14 (1925).[3℄ S.N. Bose, Z. Phys., 26, 178-181 (1924).[4℄ F. London, Nature 141, 643-644 (1938).[5℄ M.N. Anderson, et al., S
ien
e, 269, 198-201 (1995); W. Ketterle, Rev.Mod. Phys., 74, 1131-1151 (2002); A.J. Leggett, Rev. Mod. Phys., 73,307 (2001).[6℄ A.A. Moskalenko S.A., Sov. Phys. Solid State, 4, 199 (1962).[7℄ L.V. Keldysh and A.N. Kozlov, Sov. Phys. JETP, 27, 521-528 (1968).[8℄ L.V. Butov, J. Phys. Condens. Matter, 16, R1577-R1613 (2004).[9℄ A.V. Gorbunov, V.B. Timofeev, JETP Lett., 83, 146-151 (2006); 84, 390-396 (2006); V.B. Timofeev and A.V. Gorbunov, J. Appl. Phys., 101,081708 (2007) ; A.V. Gorbunov, V.B. Timofeev, et. al., JETP Lett., 90,156 (2009).[10℄ J. Kasprzak, et al., Nature, 443, 409 (2006).[11℄ Balili, et al., S
ien
e, 316, 1007-1010 (2007).



184 Íîâûå ìàòåðèàëûNM-02Ïåðåõîäû ñâåðõïðîâîäíèê-èçîëÿòîð êàê ïðèìåðêâàíòîâûõ �àçîâûõ ïåðåõîäîâÂ.Ô. �àíòìàõåðÈíñòèòóò �èçèêè òâåðäîãî òåëà �ÀÍ, 142432 ×åðíîãîëîâêàÏåðåõîäû ñâåðõïðîâîäíèê-èçîëÿòîð ÿâèëèñü çàðîäûøåì, âîêðóã êîòî-ðîãî ñ�îðìèðîâàëàñü íîâàÿ ñïåöè�è÷åñêàÿ îáëàñòü �èçèêè íèçêèõ òåìïå-ðàòóð. Ýòó îáëàñòü ìîæíî óñëîâíî íàçâàòü "íèçêîòåìïåðàòóðíûå êðèòè-÷åñêèå ÿâëåíèÿ â ñèñòåìàõ âçàèìîäåéñòâóþùèõ ýëåêòðîíîâ". Çàäà÷à ïðåä-ëàãàåìîé ëåêöèè � îïèñàòü è êëàññè�èöèðîâàòü ñàìè ïåðåõîäû è èõ ñâÿçüñ äðóãèìè �èçè÷åñêèìè ÿâëåíèÿìè, ò.å. ïðîÿñíèòü èí�ðàñòðóêòóðó íîâîéîáëàñòè, è óêàçàòü íà ïðîáëåìû, îñòàþùèåñÿ íåðåøåííûìè. Ëåêöèÿ â îñ-íîâíîì áàçèðóåòñÿ íà ìàòåðèàëå íåäàâíî îïóáëèêîâàííîãî îáçîðà [1℄, íî âíåå áóäóò òàêæå âêëþ÷åíû è íåêîòîðûå ïîñëåäíèå ðåçóëüòàòû.Âñå íàáëþäàåìûå ïåðåõîäû ñâåðõïðîâîäíèê�èçîëÿòîð äëÿ óäîáñòâàêëàññè�èöèðîâàíû ïî òèïó ìàòåðèàëà: óëüòðàòîíêèå ïëåíêè, ìàòåðèàëû ñèçìåíÿåìûì ñîñòàâîì, âûñîêîòåìïåðàòóðíûå è îðãàíè÷åñêèå ñâåðõïðîâîä-íèêè, ãåòåðîñòðóêòóðû, à òàêæå ïåðåõîäû ñâåðõïðîâîäíèê�"ïëîõîé" ìå-òàëë. Â ãåòåðîñòðóêòóðàõ ñàìà ñâåðõïðîâîäèìîñòü áûëà îáíàðóæåíà íåäàâ-íî [2℄, òàê ÷òî ýòî ñðàâíèòåëüíî íîâûé ðàçäåë êëàññè�èêàöèè.Òåîðåòè÷åñêèå ïîäõîäû ê ïðîáëåìå ìîæíî ðàçáèòü íà ìèêðîñêîïè÷å-ñêèå è �åíîìåíîëîãè÷åñêèå. Ìèêðîñêîïè÷åñêèå áàçèðóþòñÿ êàê íà êëàññè-÷åñêîé òåîðèè ñâåðõïðîâîäèìîñòè ÁÊØ (ïîäàâëåíèå òåìïåðàòóðû ñâåðõ-ïðîâîäÿùåãî ïåðåõîäà áåñïîðÿäêîì, ðåøàþùàÿ ðîëü êóëîíîâñêîé áëîêà-äû â âûñîêîðåçèñòèâíûõ ãðàíóëèðîâàííûõ ñâåðõïðîâîäíèêàõ, ñâåðõïðîâî-äÿùèå �ëóêòóàöèè â ñèëüíîì ìàãíèòíîì ïîëå), òàê è íà òåîðèè Áîçå�Ýéíøòåéíîâñêîé êîíäåíñàöèè (ÁÝÊ). Ïîñëåäíÿÿ óñïåøíî êîíêóðèðóåò ñÁÊØ â ýëåêòðîííûõ ñèñòåìàõ ìàëîé ïëîòíîñòè, êîãäà êóïåðîâñêèå ïàðûñðàâíèòåëüíî ìàëî ïåðåêðûâàþòñÿ â êîîðäèíàòíîì ïðîñòðàíñòâå.Â òåîðèè ÁÝÊ áîçîíû (ýëåêòðîííûå ïàðû) ñóùåñòâóþò ïî îáå ñòîðîíûïåðåõîäà, òàê ÷òî ýòà òåîðèÿ ïðåäïîëàãàåò ñîõðàíåíèå ìåæýëåêòðîííîãîñïàðèâàíèÿ è íà íåñâåðõïðîâîäÿùåé ñòîðîíå ïåðåõîäà. Â ïðèìåíåíèè ê ïå-ðåõîäàì ñâåðõïðîâîäíèê-èçîëÿòîð ýòî îçíà÷àåò âîçìîæíîñòü ñóùåñòâîâà-íèÿ ëîêàëèçîâàííûõ ïàð. Ýêñïåðèìåíòàëüíîå íàáëþäåíèå ãèãàíòñêîãî ïè-êà ìàãíåòîñîïðîòèâëåíèÿ ïðè ðàçðóøåíèè ñâåðõïðîâîäèìîñòè ñ ïîñëåäóþ-ùèì îòðèöàòåëüíûì ìàãíåòîñîïðîòèâëåíèåì ÿâëÿåòñÿ äîêàçàòåëüñòâîì ñó-ùåñòâîâàíèÿ òàêèõ ïàð. Ýòî ïîçâîëèëî Ëàðêèíó [3℄ ñ�îðìóëèðîâàòü èäåþî ñóùåñòâîâàíèè äâóõ ñöåíàðèåâ ïåðåõîäà: ýëåêòðîííîãî è áîçîííîãî.



New Materials 185Ñóùåñòâîâàíèå ëîêàëèçîâàííûõ ïàð îçíà÷àåò íàëè÷èå ùåëè íà óðîâíåÔåðìè â ñïåêòðå èçîëÿòîðà. Ýòî ïðîñòåéøèé âàðèàíò ïñåâäîùåëè, íåîñëîæíåííûé, êàê â âûñîêîòåìïåðàòóðíûõ ñâåðõïðîâîäíèêàõ, íè âîëíà-ìè çàðÿäîâîé èëè ñïèíîâîé ïëîòíîñòè, íè ñòðóêòóðíûìè ïåðåñòðîéêàìèñ �àçîâûì ðàññëîåíèåì, íè êàêèìè-ëèáî èíûìè ïðîÿâëåíèÿìè àíèçîòðî-ïèè êðèñòàëëè÷åñêîé ðåøåòêè. Íåäàâíî ïîÿâèëèñü òóííåëüíûå ìèêðîñêî-ïû, ðàáîòàþùèå â ðå�ðèæåðàòîðå ðàñòâîðåíèÿ è ïîçâîëÿþùèå èçìåðÿòüëîêàëüíûå äè��åðåíöèàëüíûå âîëüò�àìïåðíûå õàðàêòåðèñòèêè â ìèëëè-êåëüâèíîâîì äèàïàçîíå òåìïåðàòóð. Ñ èõ ïîìîùüþ ñåé÷àñ âåäóòñÿ èçìå-ðåíèÿ ïñåâäîùåëè è äèñïåðñèè åå çíà÷åíèÿ âäîëü ïîâåðõíîñòè äâóìåðíûõîáðàçöîâ.Ôåíîìåíîëîãè÷åñêèå ñêåéëèíãîâûå òåîðèè èñõîäÿò èç îáùåé òåîðèèêâàíòîâûõ �àçîâûõ ïåðåõîäîâ, ïðîèñõîäÿùèõ ïðè òåìïåðàòóðå T = 0. Âêâàíòîâîì âàðèàíòå ñêåéëèíãîâîé ãèïîòåçû ÷èñëî íåçàâèñèìûõ ïåðåìåí-íûõ â êðèòè÷åñêîé îáëàñòè óäâîåíî: íàðÿäó ñ êîððåëÿöèîííîé äëèíîé ξåñòü åùå è äëèíà ñáîÿ �àçû Lϕ. Â ïðîñòåéøåé îäíîïàðàìåòðè÷åñêîé ñêåé-ëèíãîâîé ñõåìå â êðèòè÷åñêîé îêðåñòíîñòè êâàíòîâîãî ïåðåõîäà çíà÷åíèÿ�èçè÷åñêèõ âåëè÷èí îïðåäåëÿþòñÿ ñêåéëèíãîâîé ïåðåìåííîé, ïðîïîðöèî-íàëüíîé îòíîøåíèþ ýòèõ äâóõ äëèí. Ìíîãî÷èñëåííûå ýêñïåðèìåíòû ïîêà-çàëè, ÷òî â áîëüøèíñòâå ñëó÷àåâ íåäîñòàòî÷íî îäíîïàðàìåòðè÷åñêîãî ñêåé-ëèíãà äëÿ îïèñàíèÿ èçìåíåíèé ñîïðîòèâëåíèÿ â îêðåñòíîñòè ïåðåõîäà.Ïåðåõîäû ñâåðõïðîâîäíèê-èçîëÿòîð îáû÷íî èäåíòè�èöèðóþòñÿ ïî çàâè-ñèìîñòÿì ñîïðîòèâëåíèÿ îò òåìïåðàòóðû, ïðè ðàçíûõ çíà÷åíèÿõ óïðàâëÿ-þùåãî ïàðàìåòðà, èëè îò ìàãíèòíîãî ïîëÿ. Ïðè èõ èíòåðïðåòàöèè íåîá-õîäèìî ó÷èòûâàòü, ïîìèìî îñîáåííîñòåé ñâåðõïðîâîäèìîñòè â ìàòåðèà-ëàõ ñ ïîíèæåííîé ýëåêòðîííîé ïëîòíîñòüþ, òðàíñïîðò è ìàãíåòîñîïðî-òèâëåíèå â ñâåðõïðîâîäÿùèõ îñòðîâêîâûõ ïëåíêàõ è ãðàíóëèðîâàííûõ âû-ñîêîðåçèñòèâíûõ ìàòåðèàëàõ ñî ñâåðõïðîâîäÿùèìè ãðàíóëàìè, ïåðåõîäÁåðåçèíñêîãî�Êîñòåðëèöà�Òàóëåñà, êóëîíîâñêóþ áëîêàäó, ñòåïåíü áëèçî-ñòè ïåðåõîäîâ ñâåðõïðîâîäíèê�èçîëÿòîð è íîðìàëüíûé ìåòàëë�èçîëÿòîð è�ðàêòàëüíûé õàðàêòåð âîëíîâûõ �óíêöèé â îêðåñòíîñòè ïîñëåäíåãî. Âñåýòî äåëàåò èçó÷åíèå êâàíòîâûõ ïåðåõîäîâ ñâåðõïðîâîäíèê�èçîëÿòîð òðóä-íûì è óâëåêàòåëüíûì, íî â òî æå âðåìÿ âàæíûì è àêòóàëüíûì.[1℄ Â.Ô. �àíòìàõåð, Â.Ò. Äîëãîïîëîâ, ÓÔÍ, 180, 3 (2010); èìååòñÿ â îò-êðûòîì äîñòóïå íà ñàéòå http://ufn.ru/ru/arti
les/2010/1/[2℄ A.D. Caviglia, S. Gariglio, N. Reyren, D. Ja

ard, T. 
hneider, M. Gabay,S. Thiel, G. Hammerl, J. Mannhart, and J.-M. Tris
one, Nature, 456, 624(2008).[3℄ A.I. Larkin, Ann. Phys. (Leipzig), 8, 7-9, 794 (1999).



186 Íîâûå ìàòåðèàëûNM-03Zin
 Oxide as Semi
ondu
tor Material of NonrealizedPossibilitiesG.V. Lashkarev, V.I. Karpyna, V.D. Khranovskyy, A.I. Ievtushenko,I.I. Shtepliuk, P.V. Demydyuk, V.I. Lazorenko, L.I. Petrosyan, I.I. PoznyakFrantsevi
h Institute for Problems of Material S
ien
e, NASU, 03680,Kiev-142ZnO is an analogue of GaN with energy gap ∼ 3.4 eV. Its 
rystal latti
edoes not possess inversion symmetry. The latter 
auses piezoele
tri
 properties.Doping by impurities with small ioni
 radius transforms ZnO to ferroele
tri
.Diluted magneti
 semi
ondu
tors on its basis are 
onsidered as prospe
tivespintroni
 materials. ZnO doped by donors (Al, Ga, In) is a transparent high
ondu
tive degenerated semi
ondu
tor for appli
ations in solar 
ells, displaysand transparent �eld transistors. E�e
tive ele
tron �eld emission out of ZnO�lms and nanostru
tures 
an be used in displays, generators of terahertzfrequen
ies and portable X-ray sour
es. The possibility for 
ontrol type and
on
entration of defe
ts in ZnO by 
hange of surrounding media allows touse this semi
ondu
tor as gas sensor. ZnO permits the development �eldemission display on the basis of this semi
ondu
tor (emitters, multi
olor
athodoluminophores, 
ondu
tors for ele
tri
al 
ir
uit). For this purpose it isne
essary to develop phosphors based on ZnO by doping a
tivators for red,green and blue lightening.ZnO is the most publi
able semi
ondu
tor. The number of papers in su
hjournals as Thin solid �lms and Physi
a status solidi ex
eeds the ones for GaNand 
arbon nanotubes. The tens of s
ienti�
 meeting are held ea
h year on ZnOor 
onsisting presentations on this material.In spite of wide area of appli
ations ZnO is not applied for fabri
ationindustrial devi
es now. Only varistors for stabilizing 
urrent and voltage inele
tri
al 
ir
uits were pro
essed using poly
rystalline ZnO.Nevertheless zin
 oxide has attra
tive e
onomi
al, e
ologi
al andte
hnologi
al advantages in 
omparison with its semi
ondu
ting analogue GaNsu
h as low 
ost of ZnO world sto
ks, available and not sophisti
ated te
hnologyfor �lms and nanostru
rures pro
essing, nontoxi
ity and bio
ompability withhuman organism.Photolumines
en
e of ZnO �lms deposited by magnetron sputtering andPEMOCVD was studied. The e�e
t of �lm texture on PL spe
tra was revealed.The most intensive ultraviolet ex
itoni
 photolumines
en
e was observed forZnO �lms deposited on Si substrates with SiNx:H bu�er layer. The obtained low



New Materials 187dimentional stru
tures (ZnO nanopillars/Si and ZnO hexagons/SiC) revealedperfe
t stru
tural quality and unambiguous lumines
ent spe
tral purity (onlyUV 
athode- and photolumines
en
e were registrated).The existing light emitting devi
es are reviewed. A heterojun
tion lightemitting diode (LED) using p-type ZnO on n-type GaN with an emission peakat 409 nm was reported. p-n homojun
tion ZnO LEDs demonstrated re
tifying
I�V 
hara
teristi
s and ele
trolumines
en
e (EL) at room temperature with athreshold voltage of 3.2V and an EL emission peak at 380 nm.ZnO nanostru
tures display good ele
tron �eld emission obliged to its highgeometri
 form-fa
tor. It was found also that ZnO �lms doped by galliumdisplay larger 
urrent density than undoped ZnO �lms due to diminishing workfun
tion of ZnO �lm at gallium doping. Properties of ZnO thin �lms dopedby nitrogen were studied and photodete
tors based on Ni/ZnO:N/Al MSMstru
tures were prepared. The maximal responsivity and the time 
onstantwere 0.1À/W (at about 365 nm) and 100 ns, respe
tively.The possibility of hydrogen obtaining via Zn nanoparti
les is 
onsidered.



188 Íîâûå ìàòåðèàëûNM-04Ñâåðõïðîâîäèìîñòü è ñïåêòðîñêîïèÿãåòåðî�óëëåðèäîâ ùåëî÷íûõ, ùåëî÷íî-çåìåëüíûõ èïåðåõîäíûõ ìåòàëëîâÂ.À. Êóëüáà÷èíñêèé, Á.Ì. Áóëû÷åâ, Â.�. Êûòèí, �.À. ËóíèíÌîñêîâñêèé �îñóäàðñòâåííûé Óíèâåðñèòåò èì. Ì.Â. Ëîìîíîñîâà, 119991�ÑÏ-1, ÌîñêâàÂ äàííîé ðàáîòå îïèñàíû ñèíòåç è ðåçóëüòàòû èññëåäîâàíèÿ ðåíòãå-íîñòðóêòóðíîãî àíàëèçà, ðàìàíîâñêîãî ðàññåÿíèÿ, ñâåðõïðîâîäèìîñòè, èýëåêòðîííîãî ïàðàìàãíèòíîãî ðåçîíàíñà ðàçëè÷íûõ íîâûõ ãåòåðî�óëëåðè-äîâ. 1. Õîðîøî èçâåñòíî, ÷òî êðè-
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T(K)�èñ. 1: Òåìïåðàòóðíûå çàâèñèìîñòè ìàã-íèòíîé âîñïðèèì÷èâîñòè ãåòåðî�óëëåðèäîâ
RbCsTlC60, KCsTlC60 è Rb2TlC60.

òè÷åñêàÿ òåìïåðàòóðà ñâåðõïðî-âîäÿùåãî ïåðåõîäà (Tc) ùåëî÷íî-èíòåðêàëèðîâàííûõ �óëëåðèäîâçàâèñèò îò ïàðàìåòðà êðèñòàëëè-÷åñêîé ðåøåòêè [1℄. Çíà÷åíèå Tcóâåëè÷èâàåòñÿ ñ ðîñòîì ïàðàìåòðàðåøåòêè a â íåêîòîðîì èíòåðâàëå.Òàêèì îáðàçîì, ìîæíî îæèäàòü,÷òî ãåòåðî�óëëåðèäû ñ Cs ìî-ãóò èìåòü çíà÷åíèÿ Tc âûøå, ïîñðàâíåíèþ ñ �óëëåðèäàìè ñ K èRb, èç-çà áîëüøèõ çíà÷åíèé a.Íàìè èññëåäîâàíû ãåòåðî�óëëå-ðèäû A3−xMxC60 (A=K,Rb,Cs,M=Be,Mg,Ca,Al, Fe, Tl; x = 1, 2); à òàêæå RbCsTlC60, KCsTlC60 è
KMg2C60. Âñå �óëëåðèäû áûëè ñèíòåçèðîâàíû ïóòåì îáìåííûõ ðåàêöèéùåëî÷íûõ �óëëåðèäîâ ñ áåçâîäíûìè ãàëîãåíèäàìè ìåòàëëîâ. Ñâåðõ-ïðîâîäèìîñòü áûëà îáíàðóæåíà â RbCsTlC60 è KCsTlC60. Íà ðèñ. 1ïðèâåäåíû ñâåðõïðîâîäÿùèå ïåðåõîäû äëÿ ýòèõ ãåòåðî�óëëåðèäîâ èñèíòåçèðîâàííîãî íàìè Rb2TlC60. Ôóëëåðèäû ñ ñîñòàâîì Cs3−xMxC60 (M� ìåòàëë, x = 1, 2) íå ÿâëÿþòñÿ ñâåðõïðîâîäíèêàìè. Íà îñíîâå ðåíò-ãåíîâñêîãî è ðàìàíîâñêîãî ñïåêòðîâ ìîæíî çàêëþ÷èòü, ÷òî �óëëåðèäûöåçèÿ ÿâëÿþòñÿ ïîëèìåðàìè. Ñóùåñòâóåò êîððåëÿöèÿ ìåæäó ïîñòîÿííîéðåøåòêè �óëëåðèäîâ è èõ Tc, à èìåííî, ïîñòîÿííàÿ ðåøåòêè �óëëåðèäîâ
K2MC60 ìåíüøå, ÷åì ïîñòîÿííàÿ ðåøåòêè â K3C60 èç-çà ìåíüøåãî ðàäèóñàèîíà çàìåíÿþùåãî èîí K+. Ñëåäóåò îòìåòèòü, ÷òî RbCsTlC60 è Rb2TlC60ïåðåõîäÿò â ñâåðõïðîâîäÿùåå ñîñòîÿíèå ïðè òåìïåðàòóðàõ âûøå çíà÷åíèé
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Tc íàøèõ ðàíåå èçó÷åííûõ ãåòåðî�óëëåðèäîâ, ñèíòåçèðîâàííûõ òåì æåìåòîäîì. Çíà÷åíèå Tc = 24.5 K â Rb2BeC60 áûëî ìàêñèìàëüíûì, êîòîðîåáûëî äîñòèãíóòî ðàíåå [2℄. Ôóëëåðèä KCsTlC60 îáëàäàåò ñàìîé âûñîêîé
Tc = 21.7 K ñðåäè âñåõ ñèíòåçèðîâàííûõ íà äàííûé ìîìåíò ãåòåðî�óë-ëåðèäîâ ñ êàëèåì. Îí èìååò ìàêñèìàëüíîå çíà÷åíèå a (a = 1.442 íì,ïî ñðàâíåíèþ ñ K3C60 a = 1.431 íì) ñðåäè âñåõ ñâåðõïðîâîäÿùèõ ãåòå-ðî�óëëåðèäîâ ñ êàëèåì. Òî æå ñàìîå äëÿ RbCsTlC60 (a = 1.467 íì, ïîñðàâíåíèþ ñ Rb2BeC60 (a = 1.445 íì). Òàêîå çàìåòíîå óâåëè÷åíèå ïàðàìåò-ðà ðåøåòêè �ÖÊ âïîëíå åñòåñòâåííî, è ÿâëÿåòñÿ îäíèì èç äîêàçàòåëüñòâèíòåðêàëèðîâàíèÿ àòîìîâ áîëüøèõ ðàçìåðîâ â ñòðóêòóðó �óëëåðèäà. Âãåòåðî�óëëåðèäàõ ñ áîëåå ÷åì îäíèì àòîìîì Cs íà �óëëåðåí C60 íåòñâåðõïðîâîäÿùèõ ïåðåõîäîâ.2. Èññëåäîâàíû �óëëåðèäû AnHgxC60 (A=K,Rb,Cs; n = 2, 3; x < 1),ñèíòåçèðîâàííûå íîâûì ìåòîäîì, ñ èñïîëüçîâàíèåì æèäêèõ ñïëàâîâ ìå-òàëëîâ ñî ðòóòüþ (àìàëüãàì). Áûëî óñòàíîâëåíî, ÷òî �óëëåðèä K2HgxC60ÿâëÿåòñÿ ñâåðõïðîâîäíèêîì ñ òåìïåðàòóðîé ïåðåõîäà Tc = 22 K, ÷òî ïðå-âûøàåò Tc äëÿ K3C60 (19K). Ôóëëåðèä K3HgxC60 íå ÿâëÿåòñÿ ñâåðõïðî-âîäíèêîì è èìååò ìîíîêëèííóþ êðèñòàëëè÷åñêóþ ðåøåòêó. Ôóëëåðèäû
RbnHgxC60 (n = 2, 3) ÿâëÿþòñÿ ñâåðõïðîâîäíèêàìè ñ Tc = 24 ÷ 25 K,÷òî ìåíüøå, ÷åì Tc = 28 K äëÿ Rb3C60. Ôóëëåðèäû ñîñòàâà CsnHgxC60(n = 2, 3) íå ÿâëÿþòñÿ ñâåðõïðîâîäíèêàìè è êðèñòàëëèçóþòñÿ â ðîìáè÷å-ñêóþ ðåøåòêó. Îöåíåíà ïëîòíîñòü ýëåêòðîííûõ ñîñòîÿíèé íà óðîâíå Ôåðìèïî äàííûì ÝÏ�.3. Ôóëëåðèäû AnTlmHgxC60 (A=K,Rb,Cs; n = 1, 2; m = 0.25÷2; x < 1)òàêæå áûëè ñèíòåçèðîâàíû èç àìàëüãàì. Ïåðåõîä â ñâåðõïðîâîäÿùåå ñî-ñòîÿíèå íàáëþäàëñÿ ïðè òåìïåðàòóðå Tc â èíòåðâàëå 16.5 K < Tc < 28.2 K.Â �óëëåðèäàõ íà îñíîâå êàëèÿ K2TlmHgxC60 îáíàðóæåíî, ÷òî ìàêñèìàëü-íàÿ òåìïåðàòóðà ñâåðõïðîâîäÿùåãî ïåðåõîäà Tc = 22 K íàáëþäàåòñÿ ïðèîïòèìàëüíîé äîëå òàëëèÿ m = 0.5, ÷òî âûøå òåìïåðàòóðû ñâåðõïðîâî-äÿùåãî ïåðåõîäà â K3C60 (19K) è K2LuC60 (20K). Ôóëëåðèäû ñîñòàâà
CsnTlmHgxC60 (n = 1 ÷ 3; m = 1, 2) íå ÿâëÿþòñÿ ñâåðõïðîâîäíèêàìè èïðè êðèñòàëëèçàöèè îáðàçóþò ðîìáè÷åñêóþ ðåøåòêó.4. Ôóëëåðèäû íàòðèÿ NanC60 (n = 2, 3) áûëè ñèíòåçèðîâàíû ïóòåì æèä-êî�àçíûõ ðåàêöèé è èññëåäîâàíû ïðè ïîìîùè ðåíòãåíîâñêîé äè�ðàêöèè(�Ä), ÿäåðíîãî ìàãíèòíîãî ðåçîíàíñà (ßÌ�), ýëåêòðîííîãî ïàðàìàãíèò-íîãî ðåçîíàíñà è äè��åðåíöèàëüíîãî òåðìè÷åñêîãî àíàëèçà [3℄. Ïî äàí-íûì �Ä êðèñòàëëè÷åñêàÿ ñòðóêòóðà Na2C60 ïðè 300Ê ïðåäñòàâëÿåò ñî-áîé ãðàíåöåíòðèðîâàííóþ êóáè÷åñêóþ ðåøåòêó (�ÖÊ). Ôàçîâûé ïåðåõîä
Na2C60 èç ïðèìèòèâíîé êóáè÷åñêîé â �ÖÊ ðåøåòêó ïðîèñõîäèò ïðè òåìïå-ðàòóðå 290Ê. Ïåðåõîä ñîïðîâîæäàåòñÿ ñòóïåí÷àòûì èçìåíåíèåì ïàðàìàã-íèòíîé âîñïðèèì÷èâîñòè. Êðèñòàëëè÷åñêàÿ ñòðóêòóðà Na3C60 ÿâëÿåòñÿ áî-



190 Íîâûå ìàòåðèàëûëåå ñëîæíîé è îòëè÷àåòñÿ îò óêàçàííîé ðàíåå â ëèòåðàòóðå. Â �óëëåðèäå
Na3C60 â äèàïàçîíå 240 ÷ 260K íàáëþäàåòñÿ óâåëè÷åíèå ïàðàìàãíèòíîéâîñïðèèì÷èâîñòè ïðèìåðíî â ñåìü ðàç ïðè ðîñòå òåìïåðàòóðû. Â òîì æåòåìïåðàòóðíîì äèàïàçîíå â 23Na ßÌ� ñïåêòðå ïîÿâëÿåòñÿ íîâàÿ ëèíèÿîêîëî 225 ppm, ñâèäåòåëüñòâóþùàÿ î ñóùåñòâåííîì óâåëè÷åíèè ýëåêòðîí-íîé ïëîòíîñòè âáëèçè ÿäðà Na. Íàáëþäàåìûé ý��åêò ìîæåò áûòü îáúÿñ-íåí ïåðåõîäîì ìåòàëë-äèýëåêòðèê, âûçâàííûì èçìåíåíèåì ñòðóêòóðû.�àáîòà ïîääåðæàíà ãðàíòîì �ÔÔÈ � 08-03-00237-à.[1℄ O. Gunnarsson, Rev. Mod. Phys., 69, 575 (1997).[2℄ B.M. Buly
hev, et al., J. of Phys. and Chem. of Solids, 65, 337 (2004).[3℄ V.A. Kulba
hinskii, et al., Cent. Eur. J. Phys., 8, (�1), 101 (2010).



New Materials 191NM-05Hydrogen-mediated nanostru
turing of dilute nitridesemi
ondu
torsAntonio Polimeni, Rinaldo Trotta, Mario CapizziDipartimento di Fisi
a, Sapienza Universit�a di Roma, Piazzale A. Moro 2,00185 Roma, ItalyDilute nitrides are semi
ondu
tor alloys in whi
h a small amount (∼ 1%) ofnitrogen is in
orporated on the pni
tide site of III-V 
ompounds, su
h as GaAsand GaP. The large size and ele
tronegativity mismat
h between nitrogen andarseni
 (or phosphorus) leads to a number of qualitatively new alloy phenomenathat are of interest for both basi
 and applied resear
h. In GaAsN, it wasobserved a great redu
tion of the band gap energy and a large distortion ofthe 
ondu
tion band stru
ture, with sizable 
hanges in the transport, spin, andstru
tural properties of the GaAs host 
rystal [1-5℄.Even more surprising it was the dis
overy that the formation of hydrogen-nitrogen bonds in dilute nitride semi
ondu
tors 
auses the ele
troni
 passivationof N and an ensuing restoration of the physi
al properties of the N-free 
rystal[5-8℄.Firstly, we will review the main experimental and theoreti
al results
on
erning the e�e
ts of hydrogen on the ele
troni
 (band gap energy, ele
tronmass and gyromagneti
 ratio) [5,6℄, opti
al (refra
tive index) [9℄ and stru
tural(strain and lo
al bonding) [7,10℄ properties of GaAsN and GaPN.Then, we will show how hydrogen-related e�e
ts in GaAsN 
ombined withele
tron-beam lithography o�er the possibility of tailoring in the growth planethe 
arrier potential pro�le and the strain �elds at the interfa
es betweenhydrogen-free and hydrogen-
ontaining regions. To this end, by using massspe
trometry measurements we establish the optimal experimental 
onditionsne
essary to attain a stri
t 
ontrol over deuterium/hydrogen di�usion in GaAsNand, hen
e, a spatial 
ontrol at a nanometer s
ale of the GaAsN physi
alproperties [10℄. Su
h a spatial 
ontrol is exempli�ed in the fabri
ation ofarbitrarily shaped nanostru
tures, su
h as dots or wires. These are obtainedby letting hydrogen di�use into a GaAsN epilayer or quantum well, ex
ept inareas shielded by Ti patterns having di�erent shapes [6℄. By means of mi
ro-photolumines
en
e spe
tros
opy measurements (either under time-resolvedregime or under high magneti
 �eld) we address the quantum 
on�nementproperties of H-mediated GaAsN nanostru
tures. Finally, by polarization-resolved photolumines
en
e we demonstrate that, by the same approa
h, it ispossible to 
ontrol the polarization of the light emitted from the sample surfa
evia strain-engineering [11℄.



192 Íîâûå ìàòåðèàëûThese results represent a prominent example of defe
t engineering insolids and provide the opportunity to �nely 
ontrol the ele
troni
 andstru
tural properties of a 
lass of semi
ondu
tors featuring great potential forphotovoltai
s, tele
ommuni
ations, and Terahertz ele
troni
s [1℄.[1℄ Dilute Nitride Semi
ondu
tors, edited by M. Henini (Elsevier, Oxford, UK,2005).[2℄ W. Shan, et al., Phys. Rev. Lett., 82, 1221 (1999).[3℄ P.R.C. Kent and A. Zunger, Phys. Rev. Lett., 86, 2613 (2001).[4℄ J. Endi
ott, et al., Phys. Rev. Lett., 91, 126802 (2003).[5℄ F. Masia, et al., Phys. Rev. B, 73, 73201 (2006); G. Pettinari, et al., Phys.Rev. B, 74, 245202 (2006); G. Pettinari, et al., Phys. Rev. Lett., 98, 146402(2007).[6℄ M. Feli
i, et al., Adv. Mater., 18, 1993 (2006).[7℄ M. Berti, et al., Phys. Rev. B, 76, 205323 (2007).[8℄ F. Jiang, et al., Phys. Rev. B, 69, 041309(R) (2004).[9℄ M. Geddo, et al., Appl. Phys. Lett., 90, 091907 (2007).[10℄ G. Ciatto, et al., Phys. Rev. B, 79, 165205 (2009).[11℄ R. Trotta, et al., Phys. Rev. B, 80, 195206 (2009); R. Trotta, et al., Appl.Phys. Lett., 94, 261905 (2009).



New Materials 193NM-06Magneti
 quantum os
illations in dopedantiferromagneti
 semi
ondu
torsV.V. Kabanov 1, A.S. Alexandrov 2

1Jozef Stefan Institute 1001, Ljubljana, Slovenia
2Department of Physi
s, Loughborough University, Loughborough LE11 3TU,United KingdomQuantum os
illations of magnetization and resistivity with the magneti
 �eldare of a great experimental and theoreti
al value providing reliable and detailedFermi-surfa
es. Spe
i�
ally interest in dHvA and SdH e�e
ts in almost two-dimensional (2D) Fermi-liquids has re
ently gone through a vigorous revival dueto experimental dis
overies of magneto-os
illations in a few high-temperature
uprate super
ondu
tors[1℄. Their des
ription in the framework of the standardtheory for a metal has led to a small ele
tron-like Fermi-surfa
e area of a fewper
ent of the �rst Brillouin zone and to a surprisingly low Fermi energy ofabout the room temperature [1℄, somewhat in
onsistent with the �rst-prin
iple(LDA) band stru
tures and angle-resolved photoemission (ARPES) spe
tra of
uprates.Using a tight-binding Hamiltonian [2℄ we have shown that the ele
troni
spe
trum of the 2D antiferromagneti
 semi
ondu
tor in magneti
 �eld may bedes
ribed as:

E(k) ≈ ~
2k2

x

2mx
+

~
2k2

y

2my
± µB

[

B2
‖ + γ2(k)B2

⊥

]1/2

. (1)Here kx, ky are deviations of the wave ve
tor perpendi
ular and parallel to theantiferromagneti
 Brillouin zone boundary, respe
tively, and the energy of theextremum point is taken as zero, mx, my are e�e
tive masses. B⊥ and B‖ aretransverse and longitudinal 
omponents of the magneti
 �eld with respe
t tothe latti
e magnetization n and γ(k) = γkx ∼ (EF/∆)1/2 ≪ 1.The orbital quantization of the spe
trum, Eq.(1), is readily obtained viathe Peierls substitution, k ⇒ −i∇ + eA with the ve
tor potential A(r) inEq.(1). In the lowest order with respe
t to EF/∆ we 
an use the e�e
tive massapproximation, Eq.(1), whi
h yields the 
onventional Fo
k-Landau levels splitby the longitudinal �eld. Now the os
illating part of the magnetization, M̃ , is
al
ulated following the standard route by applying the Poisson summation[2℄:
M̃ =

∞
∑

r=1

Mr sin
2πrF

B
. (2)



194 Íîâûå ìàòåðèàëûHere
Mr = Ar(Θ) cos

[

πr(mxmy)
1/2 tan(Θ) cos(Φ)

me

] (3)is the amplitude of r-harmoni
 where Ar(Θ) has the standard form and dependson B cos (Θ) only. F = (mxmy)
1/2EF/e~ cos(Θ) is the fundamental frequen
yof os
illations. Θ and Φ are the polar and the azimuthal in-plane angle 
ountedfrom the magnetization dire
tion, respe
tively. Both angles Θ and Φ in Eq.(2)are 
hanging in the interval 0 6 Θ,Φ 6 π/2.As follows from Eq.(2) the essential anisotropy of the g-fa
tor 
auses a strongdependen
e of the os
illation amplitude on the azimuthal in-plane angle of the�eld with respe
t to the magnetization dire
tion, whi
h is absent in ordinarynon-magneti
 layered metals. The novel dependen
e on Φ and Θ, Eq.(2), isextremely pronoun
ed at low temperatures.If magneti
 �eld ex
eeds the spin �op �eld H > Hf the magnetization axeis perpendi
ular to the dire
tion of the �eld. As a results the g-fa
tor be
omessmall and no-longer anisotropi
. The angular dependen
e of the amplitude ofquantum os
illation is no longer dependent on azimuthal angle Φ as des
ribedby the Eq.(2) with Φ = π/2.In summary the pe
uliar dependen
e of dHvA/SdH magneto-os
illationamplitudes on the azimuthal in-plane angle from the magnetization dire
tionand on the polar angle from the out-of-plane dire
tion is found [2℄, whi
h 
ouldbe instrumental as a sensitive probe of the antiferromagneti
 order in dopedMott-Hubbard, spin-density wave (SDW), and 
onventional band-stru
tureinsulators.[1℄ N. Doiron-Leyraud, C. Proust, D.LeBoef, J. Levalois, J.-B. Bonnemaison,R. Liang, D.A. Bonn, W.N. Hardy, L. Taillefer, Nature 447, 565 (2007).[2℄ V.V. Kabanov, A.S. Alexandrov, Phys. Rev. B, 77, 132403 (2008).



New Materials 195NM-07Ýëåêòðîííûå ñâîéñòâà íàíîêîìïîçèòíîãî ìàòåðèàëàInN:InÒ.À. Êîìèññàðîâà, Ì.À. Øàõîâ, À.Ì. Ìèçåðîâ, Â.Í. Æìåðèê,�.Â. Ïàð�åíüåâ, Ñ.Â. ÈâàíîâÔÒÈ èì. À.Ô. Èî��å, Ïîëèòåõíè÷åñêàÿ, 26, 194021 Ñàíêò-ÏåòåðáóðãÍèòðèä èíäèÿ ÿâëÿåòñÿ íàèìåíåå èññëåäîâàííûì ìàòåðèàëîì ñðåäèíèòðèäîâ III ãðóïïû. Îäíèì èç îñíîâíûõ ïðåïÿòñòâèé íà ïóòè èçó÷åíèÿñâîéñòâ äàííîãî ñîåäèíåíèÿ ÿâëÿåòñÿ ñïîíòàííîå îáðàçîâàíèå êëàñòåðîâìåòàëëè÷åñêîãî èíäèÿ â îáúåìå ïëåíîê InN â ïðîöåññå èõ ðîñòà. Â íåäàâíèõðàáîòàõ áûëî ïîêàçàíî, ÷òî êëàñòåðû In îêàçûâàþò ñóùåñòâåííîå âëèÿíèåíà îïòè÷åñêèå [1℄ è ýëåêòðè÷åñêèå [2℄ ñâîéñòâà ïëåíîê InN. Ñëåäîâàòåëü-íî, íèòðèä èíäèÿ íå ÿâëÿåòñÿ îáû÷íûì ïîëóïðîâîäíèêîì, à ïðåäñòàâëÿåòñîáîé êîìïîçèòíûé ìàòåðèàë, ñîñòîÿùèé èç ïîëóïðîâîäíèêîâîé ìàòðèöûInN è íàíîêëàñòåðîâ In.Â äàííîé ðàáîòå áûëà èññëåäîâàíà ñåðèÿ ïëåíîê InN ðàçëè÷íîé òîëùè-íû, âûðàùåííûõ ìåòîäîì ìîëåêóëÿðíî-ïó÷êîâîé ýïèòàêñèè ñ ïëàçìåííîéàêòèâàöèåé àçîòà. Òîëùèíà ïëåíîê âàðüèðîâàëàñü îò 0.25 äî 2ìêì. Àíàëèçýêñïåðèìåíòàëüíûõ äàííûõ ïðîâîäèëñÿ â ðàìêàõ ðàññìîòðåíèÿ íèòðèäàèíäèÿ êàê ìåòàëë/ïîëóïðîâîäíèêîâîãî íàíîêîìïîçèòà [2℄.Äëÿ ïîäòâåðæäåíèÿ íàëè÷èÿ íàíîêëàñòåðîâ ìåòàëëè÷åñêîãî In â èññëå-äóåìûõ îáðàçöàõ áûëè ïðîâåäåíû èçìåðåíèÿ ïîëåâûõ è òåìïåðàòóðíûõçàâèñèìîñòåé ñîïðîòèâëåíèÿ ïðè íèçêèõ òåìïåðàòóðàõ (4.2 ÷ 1.6)Ê è âñëàáûõ ìàãíèòíûõ ïîëÿõ (äî 1Òë), ÷òî ïîçâîëèëî íàáëþäàòü íà÷àëî ñâåðõ-ïðîâîäÿùåãî ïåðåõîäà â íàíîêëàñòåðàõ In ïðè òåìïåðàòóðàõ (3.6 ÷ 3.9)Êäëÿ ðàçíûõ îáðàçöîâ. Äàííûé òåìïåðàòóðíûé äèàïàçîí ñîîòâåòñòâóåò ìè-íèìàëüíûì ðàçìåðàì êëàñòåðîâ In ∼ (10 ÷ 30) íì.Ñ öåëüþ ó÷åòà âëèÿíèÿ íàíîêëàñòåðîâ ìåòàëëè÷åñêîãî In íà èçìåðÿåìûåòðàíñïîðòíûå ïàðàìåòðû è îïðåäåëåíèÿ çíà÷åíèé êîíöåíòðàöèè è ïîäâèæ-íîñòè ýëåêòðîíîâ â ïîëóïðîâîäíèêîâîé ìàòðèöå InN ïðîâåäåíû èçìåðåíèÿïîëåâûõ çàâèñèìîñòåé êîý��èöèåíòà Õîëëà â ïëåíêàõ InN â øèðîêîì äèà-ïàçîíå òåìïåðàòóð (4.2 ÷ 300)Ê â ñèëüíûõ ìàãíèòíûõ ïîëÿõ (äî 30Ò).Â òåìïåðàòóðíîì èíòåðâàëå (1.6÷ 50)Ê áûëè îáíàðóæåíû îñöèëëÿöèèØóáíèêîâà�äå �ààçà â îáðàçöàõ ñ ïîäâèæíîñòüþ ýëåêòðîíîâ â ïîëóïðîâîä-íèêîâîé ìàòðèöå InN, ïðåâûøàþùåé 1000 ñì2Â−1ñ−1. Èçìåðåíèÿ îñöèëëÿ-öèé ìàãíèòîñîïðîòèâëåíèÿ ïðè ðàçëè÷íîé âçàèìíîé îðèåíòàöèè âåêòîðîâýëåêòðè÷åñêîãî òîêà, ìàãíèòíîãî ïîëÿ è ïëîñêîñòè ïîâåðõíîñòè îáðàçöàïîçâîëèëè îöåíèòü õàðàêòåð ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ êâàíòîâàí-íûõ ýëåêòðîíîâ â èññëåäîâàííûõ ïëåíêàõ InN.[1℄ T.V. Shubina et al., Phys. Rev. B, 79, 153105 (2009).[2℄ T.A. Komissarova et al., Appl. Phys. Lett., 95, 012107 (2009).



196 Íîâûå ìàòåðèàëûNM-08Multiple Bands � A Key to High-TemperatureSuper
ondu
tivity in Iron Arsenides?M.V. SadovskiiInstitute for Ele
trophysi
s, Russian A
ademy of S
ien
es, Ural Bran
h, 620016Ekaterinburg, Amundsen str. 106, RussiaWe present a brief review of the physi
al properties and ele
troni
 stru
tureof newly dis
overed FeAs high-temperature super
ondu
tors.In the framework of four-band model of super
ondu
tivity in iron arsenideswe analyze the gap ratios on hole-like and ele
tron-like Fermi-surfa
e 
ylinders.It is shown that experimentally observed (ARPES) gap ratios 
an be obtainedonly within rather stri
t limits on the values of intraband and interbandpairing 
oupling 
onstants. The di�eren
e of Tc values in 1111 and 122 FeAssystems is reasonably explained by the relative values of partial densities ofstates, obtained from LDA 
al
ulations. The main 
on
lusion following fromour analysis is the simple fa
t that the value of Tc in multiple bands systemsis determined by the relations between partial densities of states on di�erentsheets of the Fermi surfa
e, and not only by the total density of states atthe Fermi level as in the standard BCS model. The multiple bands ele
troni
stru
ture of iron arsenides leads to a signi�
ant enhan
ement of e�e
tive pairing
oupling 
onstant determining Tc, so that high enough Tc values 
an be a
hievedeven for the 
ase of rather small intraband and interband pairing intera
tions.[1℄ M.V. Sadovskii, Usp. Fiz. Nauk 178, 1243 (2008) [Physi
s Uspekhi 51,1201 (2008)℄[2℄ E.Z. Ku
hinskii, M.V. Sadovskii, Pis'ma ZhETF 89, 176 (2009) [JETPLett. 89, 156 (2009)℄[3℄ E.Z. Ku
hinskii, M.V. Sadovskii, Physi
a C (2009),DOI:10.1016/j.phys
.2009.08.005



New Materials 197NM-09Âûñîêî÷óâñòâèòåëüíûå ïðèåìíèêè òåðàãåðöîâîãîèçëó÷åíèÿÄ.�. ÕîõëîâÔèçè÷åñêèé �àêóëüòåò Ìîñêîâñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà,Ëåíèíñêèå ãîðû, 1, ñòð. 2, Ìîñêâà 119991Òåðàãåðöîâûé äèàïàçîí ýëåêòðîìàãíèòíûõ âîëí ÿâëÿåòñÿ îäíèì èç íàè-ìåíåå îñâîåííûõ. Ýòî ñâÿçàíî, â îñíîâíîì, ñ òåì, ÷òî â ýòîé ñïåêòðàëüíîéîáëàñòè ïëîõî ðàáîòàþò êàê ðàäèî�èçè÷åñêèå ìåòîäû � ñî ñòîðîíû áîëååäëèííûõ âîëí, òàê è îïòè÷åñêèå � ñî ñòîðîíû áîëåå êîðîòêèõ. Â ÷àñòíî-ñòè, ÷óâñòâèòåëüíîñòü ñóùåñòâóþùèõ ïðèåìíèêîâ èçëó÷åíèÿ òåðàãåðöîâî-ãî äèàïàçîíà ñóùåñòâåííî íèæå, ÷åì ïðèåìíèêîâ èí�ðàêðàñíîãî è ðàäèî-äèàïàçîíîâ.Ñ äðóãîé ñòîðîíû, áîëüøîå êîëè÷åñòâî âàæíûõ çàäà÷ âî ìíîãèõ ñ�åðàõäåÿòåëüíîñòè ñâÿçàíî ñ èññëåäîâàíèåì èçëó÷åíèÿ òåðàãåðöîâîãî äèàïàçîíà.Ïðèâåäåì íåêîòîðûå ïðèìåðû.Ñèñòåìû áåçîïàñíîñòè â îáùåñòâåííûõ ìåñòàõ. Êàê óêàçûâàëîñü ðà-íåå, õàðàêòåðíûå ÷àñòîòû ñîîòâåòñòâóþò âðàùàòåëüíî-êîëåáàòåëüíûõ ìîäòÿæåëûõ ìîëåêóë, âêëþ÷àÿ îðãàíè÷åñêèå, òåðàãåðöîâîìó äèàïàçîíó ýëåê-òðîìàãíèòíûõ âîëí. Ïîýòîìó ðåãèñòðèðóÿ õàðàêòåðíûå ñïåêòðû ïðîïóñ-êàíèÿ è îòðàæåíèÿ â òåðàãåðöîâîì äèàïàçîíå äëèí âîëí ìîæíî äèñòàíöè-îííî îïðåäåëÿòü íàëè÷èå òåõ èëè èíûõ âåùåñòâ, ïðè÷åì ñ âûñîêîé ñåëåê-òèâíîñòüþ. Ñîçäàíèå ìàòðè÷íîãî �îòîïðèåìíîãî óñòðîéñòâà, ðàáîòàþùå-ãî â äàííîì ñïåêòðàëüíîì äèàïàçîíå, ïîçâîëèò ïîëó÷èòü ïðîñòðàíñòâåííîåèçîáðàæåíèå îáúåêòà. Ñëåäóåò òàêæå îñîáî îòìåòèòü, ÷òî ìíîãèå íåïðîâî-äÿùèå ìàòåðèàëû, èç êîòîðûõ, â ÷àñòíîñòè, ñîñòîèò îäåæäà, ïðîçðà÷íû âòåðàãåðöîâîì ñïåêòðàëüíîì äèàïàçîíå, ÷òî äåëàåò èäåþ òåðàãåðöîâîãî ìî-íèòîðèíãà â ñèñòåìàõ áåçîïàñíîñòè åùå áîëåå ïðèâëåêàòåëüíîé. Ñëåäóåòîòìåòèòü òàêæå, ÷òî òåðàãåðöîâîå èçëó÷åíèå íå ÿâëÿåòñÿ èîíèçóþùèì, èïîýòîìó ýêîëîãè÷åñêè áåçîïàñíî.Àñòðîíîìèÿ êîñìè÷åñêîãî áàçèðîâàíèÿ. Ñóùåñòâóåò áîëüøîå êîëè÷å-ñòâî àñòðî�èçè÷åñêèõ çàäà÷, ñâÿçàííûõ ñ èññëåäîâàíèåì èçëó÷åíèÿ òåðà-ãåðöîâîãî ñïåêòðàëüíîãî äèàïàçîíà â êîñìè÷åñêîì ïðîñòðàíñòâå. Â ÷àñòíî-ñòè, ýòî çàäà÷è, ñâÿçàííûå ñ èçó÷åíèåì òåìíîé ìàòåðèè è òåìíîé ýíåðãèè.Ïðîâåäåííûå íàìè ïðÿìûå ýêñïåðèìåíòû ïîêàçàëè, ÷òî ðàçðàáàòûâàåìûåïðèåìíèêè òåðàãåðöîâîãî èçëó÷åíèÿ ïî ñâîèì ïàðàìåòðàì íà íåñêîëüêîïîðÿäêîâ âåëè÷èíû ïðåâûøàþò ëó÷øèå ìèðîâûå àíàëîãè, èñïîëüçóåìûå â



198 Íîâûå ìàòåðèàëûàñòðîíîìè÷åñêèõ èññëåäîâàíèÿõ. Ýêñïåðèìåíòû ïðîâåäåíû â ñîòðóäíè÷å-ñòâå ñ àìåðèêàíñêèìè êîëëåãàìè, çàíèìàþùèìèñÿ ðàçðàáîòêîé ïðèåìíè-êîâ èçëó÷åíèÿ òåðàãåðöîâîãî äèàïàçîíà äëÿ òåëåñêîïîâ êîñìè÷åñêîãî áà-çèðîâàíèÿ.Ýêîëîãè÷åñêèé ìîíèòîðèíã. Ñïåêòðàëüíûå ñèñòåìû íà îñíîâå ðàçðàáà-òûâàåìûõ �îòîïðèåìíèêîâ ìîãóò áûòü ñ óñïåõîì èñïîëüçîâàíû äëÿ ýêî-ëîãè÷åñêîãî ìîíèòîðèíãà, ïîñêîëüêó ìíîæåñòâî âðåäíûõ òÿæåëûõ îðãàíè-÷åñêèõ ìîëåêóë èìåþò õàðàêòåðíûå ýíåðãèè ïîãëîùåíèÿ â òåðàãåðöîâîìñïåêòðàëüíîì äèàïàçîíå.Ìåäèêî-áèîëîãè÷åñêèå ïðèëîæåíèÿ. Áèîëîãè÷åñêàÿ àêòèâíîñòü â æè-âîé ìàòåðèè ìîæåò áûòü ñâÿçàíà ñ õèìè÷åñêèìè ðåàêöèÿìè, êîòîðûå, âñâîþ î÷åðåäü, ìîãóò ñîïðîâîæäàòüñÿ ïåðåõîäàìè ìåæäó ðàçëè÷íûìè êî-ëåáàòåëüíûìè è âðàùàòåëüíûìè ñîñòîÿíèÿìè òÿæåëûõ îðãàíè÷åñêèõ ìî-ëåêóë. Ýòî îçíà÷àåò, ÷òî áèîëîãè÷åñêàÿ àêòèâíîñòü ìîæåò ñîïðîâîæäàòüñÿðåçîíàíñíûì èçëó÷åíèåì èç áèîëîãè÷åñêèõ îáúåêòîâ â òåðàãåðöîâîì ñïåê-òðàëüíîì äèàïàçîíå, ïðåâûøàþùèì ïëàíêîâñêèé �îí. Èññëåäîâàíèå òàêî-ãî èçëó÷åíèÿ ìîæåò áûòü èñïîëüçîâàíî â ìåäèêî-áèîëîãè÷åñêèõ ïðèëîæå-íèÿõ.Äîêëàä ïîñâÿùåí îáçîðó îñíîâíûõ ñîâðåìåííûõ ÷óâñòâèòåëüíûõ ìåòî-äîâ ðåãèñòðàöèè òåðàãåðöîâîãî èçëó÷åíèÿ, îáñóæäàþòñÿ ïðåèìóùåñòâà èíåäîñòàòêè ýòèõ ìåòîäîâ.



New Materials 199NM-10Zin
 Oxide for photovoltai
 and optoele
troni
appli
ationsM. Godlewski 1,2, E. Guziewi
z 1, G. Luka 1, T. Krajewski 1, K. Kopalko 1

1 Institute of Physi
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ademy of S
ien
es, Al. Lotnik�ow 32/46,Warsaw, Poland
2 Dept. Math. and Natural S
ien
es College of S
ien
e, Cardinal S. Wyszy�nskiUniv., Warsaw, PolandRevolution of organi
 ele
troni
s, opto-ele
troni
s and photo-voltai
s is stilldelayed by problems with stability of su
h devi
es. This may be solved by
oating organi
 �lms with prote
tive layers a
ting as transparent 
onta
ts(transparent 
ondu
tive oxides (TCO)) and simultaneously as n-type partnersof p-type polymers. Films with a required ele
tron 
on
entration and mobilityfor 
oating appli
ations should be deposited at low growth temperature.ZnO is one of the most promising transparent 
ondu
tive oxide (TCO)materials to repla
e widely used indium-tin-oxide (ITO). In our study wedeposited thin �lms of ZnO by the Atomi
 Layer Deposition (ALD) and bysputtering. We demonstrate that the ALD te
hnique has large potential to bewidely used in a produ
tion of photovoltai
 devi
es, for deposition of not onlymaterials used as transparent 
onta
ts of solar 
ells (TCO materials), but alsoto deposit a
tive parts of solar 
ells of the se
ond generation (CdTe, CdS, et
).Low growth temperature makes the ALD-grown ZnO �lms suitable for
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tion of various semi
ondu
tor/organi
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tures. Thisopens possibilities of 
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tion of novel PV panels based on very 
heaporgani
 materials developed as so-
alled PV 
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200 Íîâûå ìàòåðèàëûNM-11Êîíòðîëü è ðîñò HgTe êâàíòîâûõ ÿìÍ.Í. Ìèõàéëîâ 1, Ñ.À. Äâîðåöêèé 1, Â.À. Øâåö 1, Ç.Ä. Êâîí 1,Å.Á. Îëüøàíåöêèé 1, Ñ.Í. Äàíèëîâ 2, Ñ.Ä. �àíè÷åâ 2

1 Ó÷ðåæäåíèå �îññèéñêîé àêàäåìèè íàóê Èíñòèòóò �èçèêè ïîëóïðîâîä-íèêîâ èì. À.Â. �æàíîâà ÑÎ �ÀÍ, ïð. àê. Ëàâðåíòüåâà 13, 630090 Íîâî-ñèáèðñê,�îññèÿ
2 Terahertz Center, University of Regensburg, Universit�atsstrasse 31, 93040Regensburg, GermanyÈíòåðåñ ê íàíîñòðóêòóðàì íà îñíîâå óçêîçîííûõ ïîëóïðîâîäíèêîâûõðòóòüñîäåðæàùèõ ñîåäèíåíèé A2B6 êàê ñ òî÷êè çðåíèÿ ïîëó÷åíèÿ íîâûõçíàíèé î �èçè÷åñêèõ ïðîöåññàõ ïðè êâàíòîâàíèè, òàê è ñ òî÷êè çðåíèÿïðàêòè÷åñêîãî ïðèìåíåíèÿ â èçëó÷àþùèõ è ïðèåìíûõ óñòðîéñòâàõ èí�ðà-êðàñíîãî (ÈÊ) è òåðàãåðöîâîãî (Ò�ö) äèàïàçîíîâ. Ý��åêòèâíàÿ ìàññàäâóõìåðíûõ ýëåêòðîíîâ â êâàíòîâûõ ÿìàõ (Êß) íà îñíîâå HgTe çíà÷è-òåëüíî ìåíüøå, ÷åì â Êß íà îñíîâå ñîåäèíåíèé A3B5. Ýòî ïðèâîäèò êáîëüøåìó ðàñùåïëåíèþ óðîâíåé Ëàíäàó, îñëàáëåíèþ ý��åêòà ëîêàëèçà-öèè ýëåêòðîíîâ, óâåëè÷åíèþ àìïëèòóäû îñöèëëÿöèé Øóáíèêîâà äå �àçà,óâåëè÷åíèþ âåëè÷èíû ý��åêòà �àøáà. Çîííàÿ ñòðóêòóðà HgTe ïîçâîëÿåòïîëó÷àòü ïðÿìîçîííûå è èíâåðñíûå íàíîñòðóêòóðû. Òàêæå ñîçäàíèå ñèì-ìåòðè÷íûõ è àññèìåòðè÷íûõ êâàíòîâûõ ÿì, êàê çà ñ÷åò èçìåíåíèÿ óðîâíÿëåãèðîâàíèÿ, òàê è èçìåíåíèÿ ñîñòàâà ïîçâîëèò ðàñøèðèòü îáëàñòü èññëå-äîâàíèé è ïðèìåíåíèé íàíîñòðóêòóð.Óíèêàëüíûå ïðåèìóùåñòâà ìåòîäà ìîëåêóëÿðíî-ëó÷åâîé ýïèòàêñèè(ÌËÝ) òåëëóðèäîâ êàäìèÿ è ðòóòè (Ê�Ò) è ðàçðàáîòàííûå òåõíîëîãèèïîçâîëèëè â ïîñëåäíåå âðåìÿ âûðàùèâàòü ðàçëè÷íûå íàíîñòðóêòóðû ñ òðå-áóåìûìè ñîñòàâàìè è òîëùèíàìè íàíîñëîåâ, ÷òî ïîçâîëÿåò ñîçäàâàòü òðå-áóåìûé äèçàéí çîííîé ñòðóêòóðû. Îäíàêî ðàáîòû, ïîñâÿùåííûå èññëåäî-âàíèþ ïðîöåññîâ ðîñòà íàíîñòðóêòóð è îñîáåííî ðàçðàáîòêå êîíòðîëÿ âðåàëüíîì ìàñøòàáå âðåìåíè, ïðàêòè÷åñêè îòñóòñòâóþò.Íàìè ïðåäñòàâëåíû ðåçóëüòàòû ïî êîíòðîëèðóåìîìó ñ ïîìîùüþ ýëëèï-ñîìåòðèè ðîñòó ñèììåòðè÷íûõ è àññèìåòðè÷íûõ îäèíî÷íûõ è ìíîæåñòâåí-íûõ (013) HgCdTe/HgTe/HgCdTe êâàíòîâûõ ÿì (Êß) íà CdTe/ZnTe/GaAsìåòîäîì ÌËÝ. Òàêîé ìåòîä ïîçâîëÿåò, âîñïðîèçâîäèìî ñîçäàâàòü íàíî-ñòðóêòóðû íà îñíîâå HgCdTe ñ ïðåöèçèîííûì êîíòðîëåì in situ òîëùèíûè ñîñòàâà. Ñèììåòðè÷íîå è àññèìåòðè÷íîå ëåãèðîâàíèå èíäèåì öíòðàëüíûõîáëàñòåé øèðîêîçîííûõ ñïåéñåðîâ HgCdTe ïðîâîäèëîñü â ïðîöåññå ðîñòà
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�èñ. 1: à) Ñõåìà ñëîåâ HgTe; á) ýâîëþöèÿýëëèïñîìåòðè÷åñêèõ ïàðàìåòðîâ ∆ è Ψ ïðèðîñòå HgTe Êß. ÎÀ è ÂÑ � ðîñò øèðîêî-çîííîãî ñëîÿ. ÀÂ � ðîñò Êß. ÑÄ � ðîñòCdTe.

�èñ. 2: Ñïåêòðàëüíàÿ �îòî ÷óâñòâèòåëü-íîñòü HgTe Êß.

HgTe Êß. Ïðè âûðàùèâàíèèñèììåòðè÷íûõ Ê�Ò Êß ñî ñòóïåí-÷àòûì èçìåíåíèåì ñîñòàâà (ðåçêè-ìè ãðàíèöàìè ðàçäåëà) ýëëèïñîìåò-ðè÷åñêèå ïàðàìåòðû Ψ è ∆ â ïëîñ-êîñòè Ψ�∆ îïèñûâàþòñÿ êóñî÷íî-ñïèðàëüíûìè êðèâûìè. Íà ðèñ. 1ïîêàçàíà ñõåìà ñëîåâ äëÿ îäèíî÷-íîé HgTe Êß è ýâîëþöèÿ ýëëèï-ñîìåòðè÷åñêèõ ïàðàìåòðîâ ïðè ðî-ñòå òàêîé ñòðóêòóðû. Ïîëîæåíèåòî÷åê èçëîìîâ è õàðàêòåð èçìåíå-íèÿ ïàðàìåòðîâ íà êðèâîé ïîçâî-ëÿþò îïðåäåëèòü òîëùèíó è ñîñòàâñëîÿ.Òîëùèíà ñëîÿ îïðåäåëÿåòñÿ ñòî÷íîñòüþ íå õóæå îäíîãî ìîíî-ñëîÿ. Òî÷íîñòü îïðåäåëåíèÿ ñîñòàâàíå õóæå 0.002. Âûðàùåíû îäèíî÷-íûå è ìíîæåñòâåííûå HgTe Êß òîë-ùèíîé 5÷22 íì â îáêëàäêàõ ñïåéñå-ðà ñ ñîñòàâîì 0.6÷ 0.8 ìîëüíûõ äî-ëåé è òîëùèíîé 25÷35 íì. Óðîâåíüëåãèðîâàíèÿ ñïåéñåðîâ â öåíòðàëü-íîé ÷àñòè ñîñòàâëÿë 1014÷1017 ñì−3[1℄. Â âûðàùåííûõ Êß íàáëþäàë-ñÿ 2D ýëåêðîííûé ãàç ñ ïîäâèæíî-ñòüþ 5 · 105 ñì2/Â · ñ äëÿ êîíöåíòðà-öèè ýëåêòðîíîâ 3 · 1011 ñì−2 (ëåãè-ðîâàíèå èíäèåì ñïåéñåðîâ äî êîí-öåíòðàöèè ∼ 3 · 1015 ñì−3) [2℄. Ïðèíèçêîì óðîâíå ëåãèðîâàíèÿ ñïåéñå-ðîâ (< 5·1014 ñì−3) äâóìåðíàÿ ýëåê-òðîííàÿ ñèñòåìà â (013) HgTe Êßïðåäñòàâëÿåò ñîáîé äâóìåðíûé ïî-ëóìåòàëë, âîçíèêàþùèé â ðåçóëüòàòå ïåðåêðûòèÿ çîíû ïðîâîäèìîñòè è âà-ëåíòíîé çîíû [3℄. Äëÿ îäèíî÷íûõ [4℄ è ìíîæåñòâåííûõ (äî 30) HgTe Êß íà-áëþäàëñÿ �îòîãàëüâàíè÷åñêèé ý��åêò (Ô�Ý) äëÿ ëèíåéíî- è öèðêóëÿðíî-ïîëÿðèçîâàííîãî èçëó÷åíèÿ â äèàïàçîíå îò 6ìêì äî 400ìêì. �åçóëüòà-òû èçìåðåíèÿ Ô�Ý ïðåäñòàâëåíû íà ðèñ. 2 äëÿ ÈÊ (a) è Ò�ö îáëàñòåéñïåêòðà. Âðåìÿ ðåëàêñàöèè íîñèòåëåé çàðÿäà ñîñòàâëÿåò íåñêîëüêî ïèêî-



202 Íîâûå ìàòåðèàëûñåêóíä ïðè êîìíàòíîé òåìïåðàòóðå, ÷òî ïîçâîëÿåò èçìåðÿòü ïîëÿðèçàöèþëàçåðíîãî èçëó÷åíèÿ ñ ñóáíàíîñåêóíäíûì ðàçðåøåíèåì. Óâåëè÷åíèå �îòî-÷óâñâòâèòåëüíîñòè íàáëþäàåòñÿ äëÿ ìíîæåñòâåííûõ HgTe Êß. Òàê äëÿ 30HgTe Êß íàáëþäàëîñü óâåëè÷åíèå ñèãíàëà �îòîîòâåòà â 25 ðàç ïî ñðàâ-íåíèþ ñ îäèíî÷íîé HgTe Êß. Ïðè âûðàùèâàíèè HgTe Êß ñ ãðàäèåíòîìñîñòàâà èçìåíåíèå Ψ è ∆ â ïëîñêîñòè Ψ�∆ íå èìååò õàðàêòåðíûõ èçëî-ìîâ. Àíàëèç ïîêàçûâàåò, ÷òî õàðàêòåðíûå èçëîìû íà êðèâîé íàáëþäàþòñÿâ ïëîñêîñòÿõ dΨ/d∆�Ψ(∆) èëè d∆/dΨ�Ψ(∆) [5℄. �àñ÷åòû è ýêñïåðèìåíòïîêàçàëè, ÷òî òàêîé ìåòîä îáåñïå÷èâàåò êîíòðîëü ïðè ðîñòå àññèìåòðè÷-íûõ HgTe Êß êîíòðîëü ïðè ðîñòå Êß ñ ãðàäèåíòîì ñîñòàâà â èíòåðâàëå
0.06 ÷ 0.6ìîë.äîë.CdTe/íì.[1℄ Ñ.À. Äâîðåöêèé è äð., Àâòîìåòðèÿ, 43, 104, (2007).[2℄ E.B. Olshanetsky, et al., Ïèñüìà â ÆÝÒÔ, 84, 666 (2006).[3℄ Ç.Ä. Êâîí è äð, Ïèñüìà â ÆÝÒÔ, 89, 338 (2009).[4℄ Ñ.À. Äâîðåöêèé è äð., Îïòè÷åñêèé æóðíàë, 12, 69, (2009).[5℄ Â.À. Øâåö è äð., ÆÒÔ, 79, 41 (2009).



New Materials 203NM-12Ìîëåêóëÿðíî-ïó÷êîâàÿ ýïèòàêñèÿ ñ ïëàçìåííîéàêòèâàöèåé, ñâîéñòâà è îïòîýëåêòðîííûå ïðèìåíåíèÿíàíîãåòåðîñòðóêòóð íèòðèäîâ III ãðóïïûÑ.Â. Èâàíîâ 1, Â.Í. Æìåðèê 1, Å.Â. Ëóöåíêî 2

1 ÔÒÈ èì. À.Ô. Èî��å, 194021, Ñ.-Ïåòåðáóðã, Ïîëèòåõíè÷åñêàÿ óë., 26
2 ÈÎÔ èì. Á.ß.Ñòåïàíîâà, 220072, Ìèíñê, ïð. Íåçàâèñèìîñòè, 68Áûñòðîå ðàçâèòèå òåõíîëîãèè ïîëóïðîâîäíèêîâûõ èñòî÷íèêîâ èçëó÷å-íèÿ âèäèìîãî è ÓÔ äèàïàçîíà íà îñíîâå íàíîãåòåðîñòðóêòóð ñîåäèíåíèé
A3N ÿâëÿåòñÿ íàèáîëåå õàðàêòåðíîé ÷åðòîé ïîëóïðîâîäíèêîâîé îïòîýëåê-òðîíèêè ïîñëåäíåãî äåñÿòèëåòèÿ. Áàçèðóÿñü â îñíîâíîì íà òåõíîëîãèè ãà-çî�àçíîé ýïèòàêñèè èç ìåòàëë-îðãàíè÷åñêèõ ñîåäèíåíèé (�ÔÝ ÌÎÑ), çàêîðîòêîå âðåìÿ áûë îñâîåí ìàññîâûé ïðîìûøëåííûé âûïóñê âûñîêîý�-�åêòèâíûõ, ýêîíîìè÷íûõ ñâåòî- (ÑÄ) è ëàçåðíûõ äèîäîâ (ËÄ) â äèàïà-çîíàõ 370 ÷ 525 íì è 380 ÷ 440 íì, ñîîòâåòñòâåííî [1℄. Âìåñòå ñ òåì ïî-òåíöèàëüíî âîçìîæíàÿ îáëàñòü èçëó÷åíèÿ äëÿ ïðÿìîçîííûõ ìàòåðèàëîâAlN-GaN-InN ñóùåñòâåííî øèðå � 210 ÷ 1800 íì. �àñøèðåíèå äèàïàçî-íà äëèí âîëí èçëó÷åíèÿ â îáå ñòîðîíû âñòðå÷àåò ðÿä �óíäàìåíòàëüíûõïðîáëåì êàê ñ òî÷êè çðåíèÿ �ÔÝ ÌÎÑ òåõíîëîãèè, òàê è ñàìîé ñèñòåìûìàòåðèàëîâ AlGaInN, è ïðåæäå âñåãî äëÿ èñòî÷íèêîâ ñòèìóëèðîâàííîãîèçëó÷åíèÿ.×ðåçâû÷àéíî àêòóàëüíîé ÿâëÿåòñÿ çàäà÷à ñîçäàíèÿ RGB ÑÄ áåëîãî ñâå-òà íà îñíîâå ìíîãîÿìíûõ ãåòåðîñòðóêòóð AlGaN/InGaN, à òàêæå çåëåíûõ(530 ÷ 550 íì) ïîëóïðîâîäíèêîâûõ ËÄ, ïðèíöèïèàëüíî íåîáõîäèìûõ äëÿðÿäà ïðèìåíåíèé (ïðîåêöèîííîå ÒÂ, ïëàñòèêîâûå ÂÎËÑ è ò.ä.). Íåñìîòðÿíà ñîîáùåíèÿ î ïîëó÷åíèè ëàáîðàòîðíûõ îáðàçöîâ øèðîêîïîëîñíûõ æåë-òûõ ÑÄ íà îñíîâå ñëîåâ InGaN ñ âûñîêèì ñîäåðæàíèåì In [2℄, èõ èíòåí-ñèâíîñòü ñóùåñòâåííî óñòóïàåò çåëåíûì è ñèíèì ÑÄ, à ìàêñèìàëüíàÿ äî-ñòèãíóòàÿ ìåòîäîì ÌÎ�ÔÝ äëèíà âîëíû ËÄ ñîñòàâèëà λ = 515 íì [3℄ ïðèêàðäèíàëüíî âîçðîñøåì ïîðîãîâîì òîêå. Ïðè÷èíîé ýòîãî ÿâëÿåòñÿ ñèëüíîå�àçîâîå ðàçóïîðÿäî÷åíèå òâåðäîãî ðàñòâîðà InGaN ïðè âûñîêèõ òåìïåðà-òóðàõ �ÔÝ ÌÎÑ, ñîïðîâîæäàåìîå óøèðåíèåì êîíòóðà óñèëåíèÿ è ðåçêèìñïàäîì âíóòðåííåé êâàíòîâîé ý��åêòèâíîñòè âñëåäñòâèå ðåëàêñàöèè óïðó-ãèõ íàïðÿæåíèé ñ îáðàçîâàíèåì ñòðóêòóðíûõ äå�åêòîâ. Êðîìå òîãî, íåóòèõàåò äèñêóññèÿ î ïðèðîäå êðàÿ ïîãëîùåíèÿ ýïèòàêñèàëüíûõ ñëîåâ InNè In�îáîãàùåííîãî InGaN è èõ îïòè÷åñêèõ ñâîéñòâàõ âñëåäñòâèå ëåãêîñòè�îðìèðîâàíèÿ â ýòèõ ìàòåðèàëàõ ìåòàëëè÷åñêèõ íàíîïðåöèïèòàòîâ In [4℄.Â ïîëóïðîâîäíèêîâîé îïòîýëåêòðîíèêå ÓÔ äèàïàçîíà íà îñíîâå ñîåäè-íåíèé AlGaN äîñòèæåíèå Â è Ñ äèàïàçîíîâ (210÷320 íì) ÿâëÿåòñÿ ÷ðåçâû-÷àéíî âîñòðåáîâàííûì äëÿ áèîìåäèöèíñêèõ, äåçèí�åêöèîííûõ è äð. ïðè-ìåíåíèé. Â íàñòîÿùåå âðåìÿ íàèáîëüøèå óñïåõè â ýòîé îáëàñòè ñâÿçàíû ñ



204 Íîâûå ìàòåðèàëûïîëó÷åíèåì ìåòîäîì èìïóëüñíîé �ÔÝ ÌÎÑ ÑÄ ñ λ = 226÷280 íì è âûõîä-íîé ìîùíîñòüþ îäíîãî ÷èïà 0.1÷5ìÂò, ñîîòâåòñòâåííî [5,6℄. Îäíàêî, äî ñèõïîð âñå âûïóñêàåìûå ÓÔ�ÑÄ õàðàêòåðèçóþòñÿ îòíîñèòåëüíî ìàëîé êâàí-òîâîé ý��åêòèâíîñòüþ ∼ 1%, êîòîðàÿ ðåçêî ñíèæàåòñÿ (êàê è âûõîäíàÿìîùíîñòü) ñ óìåíüøåíèåì λ, à òàêæå èìåþò îãðàíè÷åííûé ñðîê ñëóæáû(< 2000 ÷). Åùå áîëüøèå ñëîæíîñòè ñóùåñòâóþò äëÿ ÓÔ ËÄ, äëÿ êîòîðûõìèíèìàëüíàÿ äîñòèãíóòàÿ λ ñîñòàâëÿåò ëèøü 336 íì, à äëÿ ìåíüøèõ λ ëà-çåðíîå èçëó÷åíèå íàáëþäàëîñü ëèøü ïðè îïòè÷åñêîé íàêà÷êå ñ ïîðîãîâîéïëîòíîñòüþ ìîùíîñòè áîëåå 1ÌÂò/ñì2 ïðè êîìíàòíîé òåìïåðàòóðå [7,8℄.Ïðîáëåìû â ýòîé îáëàñòè ñâÿçàíû, â ïåðâóþ î÷åðåäü, ñ ðåçêèì ñíèæåíèåìñòðóêòóðíîãî êà÷åñòâà AlGaN ãåòåðîñòðóêòóð ïðè óâåëè÷åíèè ñîäåðæàíèÿAl âûøå 20%, îòñóòñòâèè ý��åêòîâ ëîêàëèçàöèè íîñèòåëåé, ÷òî ïðèâîäèòê ðåçêîìó ñíèæåíèþ ý��åêòèâíîñòè èçëó÷àòåëüíîé ðåêîìáèíàöèè. Êðîìåòîãî, èìåþòñÿ ñëîæíîñòè â ïîëó÷åíèè âûñîêèõ ïðîâîäèìîñòåé n è p-òèïàâ AlGaN ñëîÿõ 
 âûñîêèì ñîäåðæàíèåì Al, à òàêæå â ñëó÷àå �ÔÝ ÌÎÑèìåþò ìåñòî ïàðàçèòíûå ðåàêöèè TMAl�NH3 â ãàçîâîé �àçå.Â äîêëàäå áóäóò ïðåäñòàâëåíû îðèãèíàëüíûå ðåçóëüòàòû àâòîðîâ ïî èñ-ïîëüçîâàíèþ íèçêîòåìïåðàòóðíîé òåõíîëîãèè ìîëåêóëÿðíî-ïó÷êîâîé ýïè-òàêñèè ñ ïëàçìåííîé àêòèâàöèåé àçîòà (ÌÏÝ ÏÀ) äëÿ ðîñòà íàíîãåòåðî-ñòðóêòóð 
 êâàíòîâûìè ÿìàìè (Êß) íà îñíîâå InGaN è AlGaN äëÿ èç-ëó÷àòåëåé æåëòî-çåëåíîãî è ãëóáîêîãî ÓÔ äèàïàçîíîâ è èññëåäîâàíèþ èõñòðóêòóðíûõ è îïòè÷åñêèõ ñâîéñòâ. Áóäóò òàêæå ðàññìîòðåíû ðàçðàáîòàí-íûå ìåòîäû ïðåöèçèîííîãî óïðàâëåíèÿ ïðî�èëåì ñîñòàâà, ëåãèðîâàíèåì,ñòðóêòóðíûì è îïòè÷åñêèì êà÷åñòâîì ýòèõ íàíîãåòåðîñòðóêòóð ïðè ÌÏÝÏÀ, ïîçâîëÿþùèå äîáèâàòüñÿ ñîïîñòàâèìîé ñ �ÔÝ ÌÎÑ ý��åêòèâíîñòèÔË Êß ãåòåðîñòðóêòóð â çåëåíîì äèàïàçîíå [9℄, à â ñëó÷àå ÓÔ ëàçåðîâ íà
λ = 300 íì äàæå ïðåâîñõîäèòü ñòðóêòóðû �ÔÝ ÌÎÑ ïî ïîðîãîâûì õàðàê-òåðèñòèêàì ïðè îïòè÷åñêîé íàêà÷êå [10℄.�àáîòà ïîääåðæàíà �ÔÔÈ (09-02-01397) è ïðîãðàììîé ÎÔÍ �ÀÍ "Íî-âûå ìàòåðèàëû è ñòðóêòóðû".[1℄ http://www.ni
hia.
om, http://www.lumiled.
om,http://www.toshiba.
om[2℄ S. Nakamura, et al., IWN2008, Montreux, Switzerland.[3℄ T. Miyoshi, et al., Appl. Phys. Expr., 2, 062201 (2009).[4℄ T.V. Shubina, et al., Phys. Rev. B. 79, 153105 (2009).[5℄ V. Adivarahan, et al., Appl. Phys. Expr., 2, 092102 (2009).[6℄ H. Hirayama, et al., phys. stat. sol. (
), 5, 2969 (2008).[7℄ H. Yoshida, et al., Appl. Phys. Lett., 93, 241106, (2008).[8℄ M. Shatalov, et al., Jpn. J. Appl. Phys., 45, L1286 (2006).[9℄ S.V. Ivanov, et al., J. Crystal Growth, 301�302, 465 (2007).[10℄ V.N. Jmerik, et al., J. Crystal Growth, 311, 2080 (2009).



New Materials 205NM-13Ôîòîëþìèíåñöåíöèÿ è ñòðóêòóðà çîí íàïðÿæåííûõêâàíòîâûõ ÿì GaAsSb/GaAsÞ.�. Ñàäî�üåâTrion Te
hnology, Tempe, AZ 85281, USAÍàïðÿæåííûå êâàíòîâûå ÿìû GaAs1−xSbx/GaAs ñ ìîëÿðíîé äîëåéñóðüìû x ≈ 0.36 ïåðñïåêòèâíû äëÿ èçãîòîâëåíèÿ èíæåêöèîííûõ ëàçå-ðîâ ñ äëèíîé âîëíû èçëó÷åíèÿ 1.3ìêì. Ñóùåñòâóåò íåñêîëüêî ïðîáëåì,îãðàíè÷èâàþùèõ ïðèìåíåíèå äàííûõ ÿì. ×àñòü èõ îòíîñèòñÿ ê îñîáåí-íîñòÿì ýïèòàêñèàëüíîãî ðîñòà òâåðäîãî ðàñòâîðà GaAsSb â ïðåäñêàçûâà-åìîé òåðìîäèíàìèêîé çîíå íåñìåøèâàåìîñòè äëÿ ìîëÿðíîé äîëè ñóðüìû
x = 0.25÷0.75. Äîïîëíèòåëüíûì �àêòîðîì ÿâëÿåòñÿ ñóùåñòâåííîå (> 7%)íåñîîòâåòñòâèå ïåðèîäîâ êðèñòàëëè÷åñêîé ðåøåòêè GaAs è GaSb. Ýòè ïðè-÷èíû ñîçäàþò ïðåäïîñûëêè äëÿ ñïèíîäàëüíîãî ðàñïàäà òâåðäîãî ðàñòâî-ðà è ïîÿâëåíèÿ ñóùåñòâåííûõ �ëóêòóàöèé ïîòåíöèàëà â êâàíòîâîé ÿìå(Êß), êîòîðûå äîëæíû ïðèâîäèòü ê óøèðåíèþ ñïåêòðà �îòîëþìèíåñöåí-öèè (ÔË). Êðîìå òîãî, óøèðåíèå ñïåêòðà ÔË âîçìîæíî òàêæå è âñëåä-ñòâèå íàêîïëåíèÿ çàðÿäîâ ïðîòèâîïîëîæíîãî çíàêà â Êß è â áàðüåðíûõñëîÿõ â ñëó÷àå, åñëè Êß GaAs1−xSbx/GaAs õàðàêòåðèçóåòñÿ âòîðûì òè-ïîì ñòðóêòóðû ýíåðãåòè÷åñêèõ çîí. Â ëèòåðàòóðå äî íàñòîÿùåãî âðåìåíèíåò åäèíñòâà ìíåíèé ïî ïîâîäó òèïà çîííîé ñòðóêòóðû ðàññìàòðèâàåìîéñèñòåìû. Ñóùåñòâóåò êîíñåíñóñ î íàëè÷èè Êß äëÿ äûðîê â ñëîå GaAsSb.Îäíàêî â ðàçëè÷íûõ èñòî÷íèêàõ ïðèâîäÿòñÿ äàííûå, ñâèäåòåëüñòâóþùèåêàê î ïåðâîì èëè âòîðîì òèïå ãåòåðîïåðåõîäà, òàê è î íóëåâîì ðàçðûâåïîòåíöèàëà â çîíå ïðîâîäèìîñòè.Â äàííîé ðàáîòå áûëà ïðåäïðèíÿòà ïîïûòêà îïòèìèçàöèè ðîñòîâûõóñëîâèé äëÿ ïîëó÷åíèÿ ìåòîäîì ìîëåêóëÿðíî-ïó÷êîâîé ýïèòàêñèè Êß
GaAs1−xSbx/GaAs ìàêñèìàëüíî äîñòèæèìîãî êà÷åñòâà, è èçâëå÷åíèÿ èí-�îðìàöèè è òèïå çîííîé ñòðóêòóðû íà îñíîâàíèè èññëåäîâàíèÿ ñïåêòðîâÔË. Îáðàçöû ïðåäñòàâëÿëè ñîáîé Êß GaAsSb øèðèíîé 7 íì, îãðàíè÷åí-íóþ GaAs áàðüåðàìè è äîïîëíèòåëüíî Al0.3Ga0.7As âîëíîâîäîì ïî âíåøíèìñòîðîíàì GaAs áàðüåðíûõ ñëîåâ. Â ñâÿçè ñ òåì, ÷òî ðàçðûâ ïîòåíöèàëà âçîíå ïðîâîäèìîñòè ìîæåò áûòü îòíîñèòåëüíî íåáîëüøèì è çíàê åãî çàðà-íåå íåèçâåñòåí, îñîáîå âíèìàíèå óäåëÿëè êîí�èãóðàöèè ñëîåâ ñòðóêòóð.Ïðè ìàëîé òîëùèíå GaAs áàðüåðîâ è âòîðîì òèïå çîííîé ñòðóêòóðû ðàñ-ñìàòðèâàåìîãî ãåòåðîïåðåõîäà â çîíå ïðîâîäèìîñòè ìîæåò ñ�îðìèðîâàòü-ñÿ ñòóïåí÷àòàÿ Êß GaAs/GaAsSb/GaAs, îãðàíè÷åííàÿ âîëíîâîäíûìè ñëî-ÿìè AlGaAs. Âûçâàííîå ðàçìåðíûì êâàíòîâàíèåì â òàêîé ÿìå èçìåíåíèåýíåðãåòè÷åñêîãî ñïåêòðà ýëåêòðîíîâ ìîæåò ïðèâåñòè ê îøèáî÷íîé èíòåð-ïðåòàöèè èí�îðìàöèè î õàðàêòåðèñòèêàõ ãåòåðîïåðåõîäà GaAsSb/GaAs,èçâëåêàåìîé èç äàííûõ ÔË.



206 Íîâûå ìàòåðèàëûÒðè ðàçëè÷íûõ êîí�èãóðàöèè ñòðóêòóð áûëî èñïîëüçîâàíî â äàííîéðàáîòå. Â ïåðâîé èç íèõ òîëùèíà áàðüåðíûõ ñëîåâ GaAs âûáðàíà ðàâíîé50 íì ñ òåì, ÷òîáû èçáåæàòü âîçìîæíîñòü êâàíòîâàíèÿ ýíåðãèè ýëåêòðî-íîâ â íèõ. Âî âòîðîé êîí�èãóðàöèè áàðüåðíûå ñëîè GaAs áûëè çàìåíåíûñëîÿìè AlGaAs ñ ìîëÿðíîé äîëåé àëþìèíèÿ y, èçìåíÿþùåéñÿ îò îáðàç-öà ê îáðàçöó â ïðåäåëàõ 0.045 ÷ 0.2. Òàêîé äèçàéí ïîçâîëÿë äîñòè÷ü ïðèíåêîòîðîì çíà÷åíèè y ðåàëèçàöèè ïåðâîãî òèïà çîííîé äèàãðàìì äëÿ êâàí-òîâîé ÿìû AlGaAs/GaAsSb, è èçâëå÷ü èí�îðìàöèþ î êà÷åñòâå ñîáñòâåííîGaAsSb, èñêëþ÷èâ íåîïðåäåëåííîñòü çíàíèÿ î ñòðîåíèè çîí ãåòåðîïåðåõî-äà GaAs/GaAsSb. Â òðåòüåé êîí�èãóðàöèè ñëîè GaAs èìåëè îòíîñèòåëüíîìàëóþ òîëùèíó (∼ 3 íì) ïîäîáíî äèçàéíó àêòèâíîé îáëàñòè ñòðóêòóð èí-æåêöèîííûõ ëàçåðîâ, âêëþ÷àÿ âåðòèêàëüíî èçëó÷àþùèå (ÂÈË, VCSEL)ëàçåðû, â êîòîðûõ ñõîäíûì îáðàçîì îãðàíè÷èâàþò îáëàñòü ðåêîìáèíàöèèýëåêòðîííî-äûðî÷íûõ ïàð.Âàðèàöèÿ óñëîâèé âûðàùèâàíèÿ êâàíòîâûõ ÿì ñ GaAs áàðüåðàìè òîë-ùèíîé 50 íì ïîêàçàëà, ÷òî â ëó÷øåì ñëó÷àå ïîëóøèðèíà êðèâîé ÔË, èç-ìåðåííîé ïðè 300Ê, ñîñòàâëÿåò 58-60ìýÂ. Ýòî äîñòèãàåòñÿ ïðè èñïîëüçî-âàíèè òåìïåðàòóðû ýïèòàêñèè 470 ± 10 ◦C. Ïðè ïîâûøåíèè òåìïåðàòóðûðîñòà êðèâûå ÔË ñóùåñòâåííî (äî 140ìýÂ) óøèðÿþòñÿ. Ñòðêòóðû, âûðà-ùåííûå â îïòèìàëüíûõ óñëîâèÿõ ñ çàìåíîé áàðüåðîâ GaAs íà AlyGa1−yAsñ ìîëÿðíîé äîëåé àëþìèíèÿ y ≥ 0.1 èìåþò ïîëóøèðèíó ïèêà ÔË 31ìýÂ.Ïðè ýòîì ïèê ÔË ñìåùåí â ñèíþþ ñòîðîíó ñïåêòðà îòíîñèòåëüíî ñòðóêòóðñ òîëñòûìè áàðüåðàìè. Îáà ýòèõ ý��åêòà óêàçûâàþò íà âòîðîé òèï çîí-íîé äèàãðàììû ãåòåðîïåðåõîäà GaAs/GaAsSb. �àçðûâ ïîòåíöèàëà â çîíåïðîâîäèìîñòè ìîæåò áûòü îöåíåí ïî ðàçëè÷èþ ïîëóøèðèí ïèêîâ �îòî-ëþìèíåñöåíöèè êâàíòîâûõ ÿì äëÿ ýòèõ äâóõ êîí�èãóðàöèé ñòðóêòóð, ò.å.
58 − 31 = 27 (ìÂ).Ïèê ÔË ñòðóêòóð ñ GaAs áàðüåðîì òîëùèíîé 3 íì èìåë ïîëóøèðèíó37ìýÂ. Ñëåäîâàòåëüíî, ñâîéñòâà êâàíòîâîé ÿìû GaAs/GaAsSb ñ òîíêèìèGaAs áàðüåðàìè, èñïîëüçóåìîé â àêòèâíîé îáëàñòè èíæåêöèîííûõ ëàçåðîâ,íå ñîîòâåòñòâóþò ñâîéñòâàì ñîáñòâåííî ãåòåðîïåðåõîäà GaAs/GaAsSb èç-çàêâàíòîâàíèÿ ýíåðãèè ýëåêòðîíîâ â ñîñòàâíîé êâàíòîâîé ÿìå, îáðàçîâàííîéòâåðäûì ðàñòâîðîì GaAsSb è òîíêèìè áàðüåðíûìè ñëîÿìè GaAs. Äàííîåîáñòîÿòåëüñâî íåîáõîäèìî ó÷èòûâàòü ïðè ðàçðàáîòêå ÂÈË, â ÷àñòíîñòèïðè îïðåäåëåíèè çíàêà è âåëè÷èíû ðàññòðîéêè ðåçîíàíñíîé äëèíû âîë-íû áðåããîâñêîãî îòðàæàòåëÿ îòíîñèòåëüíî ñïåêòðàëüíîãî ïîëîæåíèÿ ïèêàÔË êâàíòîâîé ÿìû. Íåèçáåæíîå ïðè ðàáîòå ïðèáîðà ïîâûøåíèå òåìïåðà-òóðû ðàáî÷åé îáëàñòè äëÿ ãåòåðîïåðåõîäà ïåðâîãî òèïà ïðèâåäåò ê êðàñíî-ìó ñäâèãó ïèêà �îòîëþìèíåñöåíöèè èç-çà ñóæåíèÿ øèðèíû çàïðåùåííîéçîíû GaAsSb, à â ãåòåðîïåðåõîäàõ âòîðîãî òèïà ïðè ïîâûøåííûõ óðîâíÿõíàêà÷êè äîìèíèðóþùèì áóäåò ñèíèé ñäâèã èç-çà íàêîïëåíèÿ çàðÿäîâ âáëè-çè èíòåð�åéñîâ êâàíòîâîé ÿìû, à òàêæå �ëóêòóàöèé ýëåêòðîñòàòè÷åñêîãîïîòåíöèàëà âñëåäñòâèå íåîäíîðîäíîñòè ñîñòàâà òâåðäîãî ðàñòâîðà GaAsSb.



New Materials 207NM-14Ele
tron stru
ture of hole 
enters in CuO2 planes of
upratesA.S. Moskvin, Yu.D. PanovUral State University, 620083, EkaterinburgThe nature of the doped-hole state in the 
uprates is a matter of greatimportan
e in understanding both the normal state behavior of the 
upratesand the me
hanism leading to the high-temperature super
ondu
tivity. Zhangand Ri
e [1℄ proposed in parti
ular that the doped hole forms a lo
al 1A1gsinglet state whi
h involves a phase 
oherent 
ombination of the 2ps orbitalsof the four nearest neighbor oxygens with the same b1g ∝ dx2−y2 symmetryas for a bare hole. Although this des
ription of the doped-hole state in the
uprates is widely a

epted, there is still a la
k of straightforward experimentaleviden
e that su
h a lo
al singlet state forms when holes are doped into the
uprates. An unique opportunity to study the doped-hole state in isolatedCuO4 
lusters without the 
onfounding 
ontributions of the nearest neighborantiferromagneti
ally 
orrelated CuO4 
lusters is provided in La2Cu1−xLixO4at x = 0.5. At this 
omposition the Li and Cu ions form an ideally orderedsuperlatti
e in whi
h all Cu ions are surrounded by four in-plane Li ionsand thus 
reate isolated CuO4 
lusters. However, �rst experimental studiesof La2Cu0.5Li0.5O4 [2,3℄, parti
ularly a 63,65Cu nu
lear quadrupole resonan
e(NQR) study [3℄ have un
overed several unexpe
ted properties indi
ating theimportan
e of phenomena not previously appre
iated. From the one hand,the uniform magneti
 sus
eptibility of La2Cu0.5Li0.5O4 is diamagneti
 [2℄ thatstrongly suggests that the doped-hole ground state is indeed singlet. However,from the other hand, analysis of the temperature dependen
e of the 63,65CuNQR relaxation rates unambiguously points to this singlet state has a 130meV gap to magneti
 ex
itations. The energy of the ex
ited spin-triplet staterelative to the ground state is radi
ally smaller than predi
ted by Zhang andRi
e and many other authors. More interestingly, the NQR data fall into twotemperature regimes. Above 170 K, the nu
lear relaxation is due entirely tomagneti
 ex
itations; below this temperature the me
hanism swit
hes abruptlyto one dominated by quadrupolar �u
tuations. The relevant 
harge �u
tuations
ould arise from distortions or from 
harge �u
tuations within the CuO4
lusters. However, the authors [3℄ point to the presen
e of an intrinsi
magnetic
ontribution to relaxation at low T having the same T dependen
e as the
harge-�u
tuation me
hanism. This implies a 
oupling between the 
harge andspin �u
tuations whi
h would suggest that the me
hanism responsible for the
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harge �u
tuation also introdu
es a weak magneti
 
omponent into the doped-hole state. The observed temperature dependen
e of T−1
1 is unusually slow:

T−1
1 ∝

√
T , and strongly deviates from T−1

1 ∝ T 2 
hara
teristi
 of a phononi
nu
lear spin relaxation me
hanism. The distribution of T−1
1 's demonstratesthat not all Cu sites are equivalent. While νQ in
reases essentially monotoni
allywith de
reasing T, the NQR linewidth exhibits an anomaly near 170 K, wherethe relaxation me
hanism 
hanges, thus indi
ating in
reased inhomogeneity.In our opinion, these and many other experimental observations point toan in
onsisten
y of a 
onventional model of the well isolated spin and orbitalZhang-Ri
e (ZR) singlet 1A1g believed to be a ground state of the hole-dopedCuO4 
enter in the CuO2 layers. We do present the both experimental data andtheoreti
al model 
onsiderations eviden
ing in favor of the more 
ompli
atedstru
ture of the valen
e multiplet for the hole-doped CuO4 
enter rather thansimple ZR singlet. A
tually, we deal with a 
ompetition of 
onventional hybridCu 3d-O 2p b1g ∝ dx2−y2 state and purely oxygen nonbonding state with

eux,y ∝ px,y symmetry. This immediately results in a formation of a pseudo-Jahn-Teller CuO4 
enter with a strong 
oupling of ele
troni
 1A1g and 1,3Euterms with a
tive B1g, B2g and Eu distortion modes [4℄. Su
h a vibrational
enter is 
hara
terized by a multi
omponent order parameter whi
h is 
omposedof a spin magneti
 moment, orbital magneti
 moment, thoroidal moment,ele
tri
 dipole and quadrupole moments [5℄. In other words, the CuO2 planesin La2Cu0.5Li0.5O4 should be addressed to be a system of relatively weakly
oupled pseudospin 
enters. A 
ompetition between di�erent Coulomb, kineti
,magneti
, strain intera
tions in this 
omplex oxide is believed to result information of nonuniform stru
tures and experimental eviden
e for glassiness.Theoreti
ally, the nonuniform nature of these states easily allows for theproliferation of many metastable and low lying states. This proliferation ofmetastable states allows, in prin
iple, for a glass to naturally emerge. The Cu-NQR data [3℄ give 
lear indi
ations for a glass-like ordering at Tg ∼ 170K. Spingap ∆ ≈ 130meV found experimentally indi
ates a position of the spin triplet
3Eu term. Weak magneti
 
ontribution to low-T nu
lear relaxation is relatedwith partially nonquen
hed orbital magnetism 
hara
teristi
 for orbital doublet
1Eu.This work was partially supported by the RFBR Grant No.08-02-00633.[1℄ F.C. Zhang and T.M. Ri
e, Phys. Rev. B 37, 3759 (1988).[2℄ A.I. Rykov et al., Physi
a (Amsterdam) 247C, 327 (1995).[3℄ Y. Yoshinari et al., Phys. Rev. Lett. 77, 2069 (1996).[4℄ A.S. Moskvin, Yu.D. Panov, J. Phys. Chem. Solids, 60, 607 (1999).[5℄ A.S. Moskvin, JETP Lett. 80, 697 (2004).



New Materials 209NM-15Ñîïðîòèâëåíèå è ý��åêò Õîëëà â ñìåøàííîì èíîðìàëüíîì ñîñòîÿíèÿõ â ýëåêòðîííîìñâåðõïðîâîäíèêå Nd2−xCexCuO4+δÒ.Á. ×àðèêîâà 1, Í.�. Øåëóøèíèíà 1, �.È. Õàðóñ 1, Â.Í. Íåâåðîâ 1,Ä.Ñ. Ïåòóõîâ 1, Î.Å. Ñî÷èíñêàÿ 1, À.À. Èâàíîâ 2

1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219, Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2 ÌÈÔÈ, 115410, Êàøèðñêîå øîññå, 31, Ìîñêâà, �îññèÿÏðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ìàãíèòîñîïðîòèâëåíèÿ è ý�-�åêòà Õîëëà â ìîíîêðèñòàëëè÷åñêèõ ïëåíêàõ Nd2−xCexCuO4+δ ñ x =
0.14; 0.15 è 0.18 è ðàçíîé ñòåïåíüþ îòæèãà â áåñêèñëîðîäíîé àòìîñ�å-ðå â ìàãíèòíûõ ïîëÿõ äî B = 9T (B||c J ||ab) â èíòåðâàëå òåìïåðàòóð
T = (0.4 ÷ 4.2)Ê. Ïîêàçàíî, ÷òî îòæèã ïðèâîäèò ê óìåíüøåíèþ ñòåïå-íè áåñïîðÿäêà â ñèñòåìå, óâåëè÷åíèþ äëèíû ñâîáîäíîãî ïðîáåãà íîñèòåëåéçàðÿäà ℓ è óìåíüøåíèþ äëèíû êîãåðåíòíîñòè ξ. Ïîâåäåíèå êîý��èöèåí-òà Õîëëà â îáëàñòè ñìåøàííîãî ñîñòîÿíèÿ ðàññìîòðåíî â ðàìêàõ òåîðèèÁàðäèíà�Ñòå�åíà [1℄.Èçó÷åíèå ý��åêòà Õîëëà èìååò âàæíåéøåå çíà÷åíèå ïðè îïðåäåëåíèèêîíöåíòðàöèè è ïîäâèæíîñòè íîñèòåëåé çàðÿäà, ïðè èçó÷åíèè ïîâåäåíèÿðàçëè÷íûõ ïðèìåñåé â ñîåäèíåíèÿõ, â òîì ÷èñëå íåñòåõèîìåòðè÷åñêèõ. Íåìåíåå âàæíî èññëåäîâàòü òåìïåðàòóðíûå è ïîëåâûå çàâèñèìîñòè êîý��è-öèåíòà Õîëëà, ò.ê. òàêîãî ðîäà èññëåäîâàíèÿ ïîçâîëÿþò ñóäèòü îá èçìå-íåíèè êîíöåíòðàöèè íîñèòåëåé çàðÿäà è èõ ïîäâèæíîñòè ïðè èçìåíåíèèòåìïåðàòóðû è âíåøíåãî ìàãíèòíîãî ïîëÿ.Èçìåðåíèÿ ìàãíèòîñîïðîòèâëåíèÿ è ý��åêòà Õîëëà â ìàãíèòíûõ ïî-ëÿõ äî 9T è â èíòåðâàëå òåìïåðàòóð T = (0.4 ÷ 4.2)K áûëè âûïîëíå-íû 4-õ êîíòàêòíûì ìåòîäîì â ñîëåíîèäå "Oxford Instruments" (ÈÔÌ ÓðÎ�ÀÍ). Èññëåäîâàíèå ïîñòîÿííîé Õîëëà ïðè íèçêèõ òåìïåðàòóðàõ ïîçâîëÿ-åò ïðàêòè÷åñêè îäíîçíà÷íî ãîâîðèòü î êîíöåíòðàöèè íîñèòåëåé â äàííîìñîåäèíåíèè, íàðÿäó ñ ýòèì ñóùåñòâóåò âîçìîæíîñòü ïðîñëåäèòü èçìåíåíèåïîñòîÿííîé Õîëëà ñîâìåñòíî ñ ñîïðîòèâëåíèåì ïðè èçìåíåíèè ìàãíèòíîãîïîëÿ è ñòåïåíè áåñïîðÿäêà.Èçìåðåíèÿ ý��åêòà Õîëëà áûëè ïðîâåäåíû íà ìîíîêðèñòàëëè÷åñêèõïëåíêàõ Nd2−xCexCuO4+δ ñ îðèåíòàöèåé (001) è x = 0.14, 0.15, 0.18. Ïëåí-êè áûëè ïîäâåðãíóòû ðàçëè÷íîé òåðìè÷åñêîé îáðàáîòêå.Ïîñëå òåðìè÷åñêîé îáðàáîòêè äëÿ ñîñòàâà x = 0.15 (îáëàñòü îïòèìàëü-íîãî ëåãèðîâàíèÿ) áûëî ïîëó÷åíî òðè ãðóïïû îáðàçöîâ: "as grown" � òîëü-êî ÷òî âûðàùåííûå, áåç îòæèãà; "redu
ed" � îïòèìàëüíî-îòîææåííûå â



210 Íîâûå ìàòåðèàëûâàêóóìå (t = 60ìèí, T = 780 ◦C, p = 10−2ìì.ðò.ñò.); íåîïòèìàëüíûé �ïðîìåæóòî÷íûé îòæèã (t = 30 ÷ 50ìèí, T = 780 ◦C, p = 10−2ìì.ðò.ñò.).Äëÿ ïëåíîê Nd2−xCexCuO4+δ ñ x = 0.14 (íåäîëåãèðîâàííàÿ îáëàñòü)áûëè ïîëó÷åíû ñëåäóþùèå ãðóïïû îáðàçöîâ: áåç îòæèãà � "as grown" ;"optimally redu
ed" � îïòèìàëüíî-îòîææåííûå â âàêóóìå (t = 25ìèí, T =
780 ◦C, p = 10−2ìì.ðò.ñò.); "non optimally redu
ed" � íåîïòèìàëüíî îòî-ææåííûå â âàêóóìå (t = 5, 20, 30, 64ìèí, T = 780 ◦C, p = 10−2ìì.ðò.ñò.).Äëÿ ïëåíîê Nd2−xCexCuO4+δ ñ x = 0.18 (ïåðåëåãèðîâàííàÿ îáëàñòü)òàêæå áûëî ïîëó÷åíî òðè ãðóïïû îáðàçöîâ: áåç îòæèãà � "as grown" ;"optimally redu
ed" � îïòèìàëüíî-îòîææåííûå â âàêóóìå (t = 35ìèí, T =
600 ◦C, p = 10−5ìì.ðò.ñò.); "non optimally redu
ed" � íåîïòèìàëüíî îòî-ææåííûå â âàêóóìå (t = 10, 15, 25, 60ìèí, T = 600 ◦C, p = 10−5ìì.ðò.ñò.).Êàê áûëî óñòàíîâëåíî, ñ ðîñòîì ñòåïåíè áåñïîðÿäêà (ïàðàìåòð 1/kFℓñëóæèò ìåðîé áåñïîðÿäêà ñèñòåìû è óâåëè÷èâàåòñÿ ñ ðîñòîì ñîäåðæàíèÿêèñëîðîäà) ðàñòåò âåëè÷èíà óäåëüíîãî ñîïðîòèâëåíèÿ è óìåíüøàåòñÿ âå-ëè÷èíà âòîðîãî êðèòè÷åñêîãî ïîëÿ. Ïîñòîÿííàÿ Õîëëà RH òàêæå ÷óâñòâè-òåëüíà ê ñîäåðæàíèþ êèñëîðîäà â ñòðóêòóðå Nd2−xCexCuO4+δ, ïðè÷åì çíà-÷åíèÿ RH â îïòèìàëüíî è íåîïòèìàëüíî îòîææåííûõ ïëåíêàõ áëèçêè ïîâåëè÷èíå, à êîíöåíòðàöèÿ íîñèòåëåé ñîñòàâëÿåò: n ∼ 1022 ñì−3. Äëÿ ïëåí-êè áåç îòæèãà ïîñòîÿííàÿ Õîëëà ïî ìîäóëþ íà ïîðÿäîê áîëüøå, à êîí-öåíòðàöèÿ íîñèòåëåé (åñëè îöåíèâàòü â ìîäåëè ñ îäíèì òèïîì íîñèòåëåé)
n ∼ 1021 ñì−3. Òàêèì îáðàçîì, õàîòè÷åñêèé ïðèìåñíûé ïîòåíöèàë, êîòî-ðûé ñîçäàåòñÿ èçáûòî÷íûì êèñëîðîäîì, íàñòîëüêî âåëèê, ÷òî ëîêàëèçóåòíîñèòåëè çàðÿäà.Íàáëþäàåìûå îñîáåííîñòè ïîâåäåíèÿ êîý��èöèåíòà Õîëëà â ñìåøàí-íîì ñîñòîÿíèè â ýëåêòðîííîì ñâåðõïðîâîäíèêå Nd2−xCexCuO4+δ áûëè ïðî-àíàëèçèðîâàíû â ìîäåëè Áàðäèíà�Ñòå�åíà äëÿ äâèæåíèÿ ðåøåòêè àáðè-êîñîâñêèõ âèõðåé [1℄ ñ ó÷åòîì ý��åêòîâ ïèííèíãà [2℄.�àáîòà âûïîëíåíà ïî ïëàíó �ÀÍ (òåìà �01.2.006 13394, øè�ð "Èì-ïóëüñ"), ïðè ÷àñòè÷íîé ïîääåðæêå �ÔÔÈ (ãðàíòû �09-02-96518, 10-02-96005).[1℄ J. Bardeen and M.J. Stephen, Phys.Rev. 140, A1197 (1965).[2℄ Y.X. Jia, et al., Phys. Rev. B, 47, 6043 (1993).



New Materials 211NM-16Îñîáåííîñòè ýëåêòðîííîãî òðàíñïîðòà âäîïèðîâàííûõ ìîòòîâñêèõ èçîëÿòîðàõÀ.Í. ËàâðîâÈíñòèòóò íåîðãàíè÷åñêîé õèìèè ÑÎ �ÀÍ, ïð. Ëàâðåíòüåâà 3, 630090Íîâîñèáèðñê, �îññèÿÑîåäèíåíèÿ ñ ñèëüíûìè ýëåêòðîííûìè êîððåëÿöèÿìè, áåðóùèå íà÷àëîîò ìîòòîâñêèõ èçîëÿòîðîâ, ïðèâëåêàþò âíèìàíèå öåëûì ðÿäîì íåîáû÷-íûõ ñâîéñòâ, âêëþ÷àþùèì âûñîêîòåìïåðàòóðíóþ ñâåðõïðîâîäèìîñòü, êî-ëîññàëüíîå ìàãíåòîñîïðîòèâëåíèå, à òàêæå ðàçëè÷íûå âèäû çàðÿäîâîãî,îðáèòàëüíîãî è ñïèíîâîãî óïîðÿäî÷åíèÿ. Äâèæåíèå íîñèòåëåé çàðÿäà âñèëüíî-êîððåëèðîâàííûõ ñèñòåìàõ ÿâëÿåòñÿ êðàéíå ñëîæíûì ïðîöåññîì,è äëÿ åãî òåîðåòè÷åñêîãî îïèñàíèÿ íåîáõîäèìî âûÿñíèòü ðîëü ðàçëè÷íûõ�àêòîðîâ. Â ÷àñòíîñòè, äëÿ ïîíèìàíèÿ
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�èñ. 1: Ýëåêòðîñîïðîòèâëåíèå ìîíî-êðèñòàëëà GdBaCo2O5.5 âäîëü è ïîïå-ðåê ïëîñêîñòåé CoO2 [1℄. Ñòðåëî÷êîéîòìå÷åíû òåìïåðàòóðà Íååëÿ è òåìïå-ðàòóðà ïåðåõîäà ìåòàëë-èçîëÿòîð. Íàâñòàâêå ïîêàçàíû ïîëåâûå çàâèñèìîñòèñîïðîòèâëåíèÿ (H||a), èçìåðåííûå ïðèðàçëè÷íûõ òåìïåðàòóðàõ.

ðîëè ñïèíîâîé êîìïîíåíòû ýëåêòðîí-íûõ êîððåëÿöèé ìîæíî ïðîàíàëèçèðî-âàòü ïîâåäåíèå ðàçëè÷íûõ ñîåäèíåíèé,ó êîòîðûõ ñ ïîìîùüþ âíåøíèõ âîçäåé-ñòâèé ìîæíî óïðàâëÿòü ñïèíîâûìè ñî-ñòîÿíèÿìè.Îäíèì èç ìîäåëüíûõ ñîåäèíå-íèé äëÿ òàêîãî àíàëèçà ÿâëÿåòñÿêàòèîí-óïîðÿäî÷åííûé êîáàëüòàò
GdBaCo2O5.5, â êîòîðîì âñå èîíûêîáàëüòà íàõîäÿòñÿ â ñîñòîÿíèè Co3+è îòñóòñòâóþò êàêèå-ëèáî çàðÿäîâûåíåîäíîðîäíîñòè [1℄. Èçìåíåíèÿ ñîñòî-ÿíèÿ ïîëîâèíû èîíîâ êîáàëüòà Co3+èç âûñîêî-ñïèíîâîãî â íèçêî-ñïèíîâîåñîñòîÿíèå ïðè ïîíèæåíèè òåìïåðàòó-ðû íèæå TMIT ≈ 365K îêàçûâàåòñÿäîñòàòî÷íûì, ÷òîáû âûçâàòü ïåðå-õîä ìåòàëë-èçîëÿòîð (�èñ. 1). Ïðèäàëüíåéøåì îõëàæäåíèè, àíòè�åððî-ìàãíèòíîå (ÀÔÌ) óïîðÿäî÷åíèå íèæåòåìïåðàòóðû Íååëÿ TN çàòðóäíÿåòäâèæåíèå çàðÿäîâ â îïðåäåëåííûõ íàïðàâëåíèÿõ è ïðèâîäèò ê ïîÿâëåíèþâ èçíà÷àëüíî èçîòðîïíîì êðèñòàëëå çíà÷èòåëüíîé àíèçîòðîïèè ïðîâî-äèìîñòè ρc/ρab. �îëü ñïèíîâîãî ïîðÿäêà â âîçíèêíîâåíèè òðàíñïîðòíîé
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�èñ. 2: (Ñëåâà) Ýëåêòðîñîïðîòèâëåíèå ìîíîêðèñòàëëà La2−xSrxCuO4 âäîëü è ïîïåðåêïëîñêîñòåé CuO2 [2℄. Ñòðåëî÷êîé îòìå÷åíà òåìïåðàòóðà Íååëÿ. Íà âñòàâêå ïîêàçàíûïîëåâûå (H||c) çàâèñèìîñòè ñîïðîòèâëåíèÿ, èçìåðåííûå ïðè ðàçëè÷íûõ òåìïåðàòóðàõ�èñ. 3: (Ñïðàâà) Àíèçîòðîïèÿ ýëåêòðîñîïðîòèâëåíèÿ ìîíîêðèñòàëëà TmBa2Cu3O6+xïðè ðàçëè÷íûõ ñîäåðæàíèÿõ êèñëîðîäà.àíèçîòðîïèè ïðîÿâëÿåòñÿ ïðè ïðèëîæåíèè ìàãíèòíîãî ïîëÿ, ñóùåñòâåííîóìåíüøàþùåãî ρc (âñòàâêà íà �èñ. 1) è ñëàáî âëèÿþùåãî íà ρab.Àíàëîãè÷íîå ïîâåäåíèå � óâåëè÷åíèå àíèçîòðîïèè ïðîâîäèìîñòè ïî ìå-ðå óñòàíîâëåíèÿ ÀÔÌ ïîðÿäêà è âûñîêàÿ ÷óâñòâèòåëüíîñòü òðàíñïîðò-íîé àíèçîòðîïèè äàæå ê íåçíà÷èòåëüíîìó èçìåíåíèþ ñïèíîâîé ñòðóêòó-ðû, íàáëþäàåòñÿ è â ÂÒÑÏ êóïðàòàõ (�èñ. 2 è 3). Îñîáåííîñòüþ êóïðàòîâÿâëÿåòñÿ êâàçèäâóìåðíîñòü ñïèíîâîé ïîäñèñòåìû, îïðåäåëÿþùàÿ ïëàâíîåðàçâèòèå ÀÔÌ ïîðÿäêà è, ñîîòâåòñòâåííî, ïëàâíîå èçìåíåíèå ýëåêòðîí-òðàíñïîðòíûõ ñâîéñòâ ïðè óìåíüøåíèè òåìïåðàòóðû èëè êîíöåíòðàöèèíîñèòåëåé. Â ÷àñòíîñòè, â ñëàáî-äîïèðîâàííîì La2−xSrxCuO4 àíèçîòðîïèÿñîïðîòèâëåíèÿ óâåëè÷èâàåòñÿ â äåñÿòêè ðàç ïðè èçìåíåíèè òåìïåðàòóðûè ìîæåò áûòü â íåñêîëüêî ðàç óìåíüøåíà ïðèëîæåíèåì ìàãíèòíîãî ïîëÿ(âñòàâêà íà �èñ. 2).Â êóïðàòàõ RBa2Cu3O6+x àíèçîòðîïèÿ ñîïðîòèâåíèÿ ïëàâíî óâåëè÷è-âàåòñÿ áîëåå, ÷åì íà äâà ïîðÿäêà, êàê ïðè ïîíèæåíèè òåìïåðàòóðû, òàêè ïðè ïîíèæåíèè êîíöåíòðàöèè íîñèòåëåé (�èñ. 3), òî åñòü ïðè ïåðåõî-äå îò ïàðàìàãíèòíîãî ê ÀÔÌ ñîñòîÿíèþ. Ñìåùåíèå òåìïåðàòóðû Íååëÿ â
RBa2Cu3O6+x ìàãíèòíûì ïîëåì òàêæå ïðèâîäèò ê çíà÷èòåëüíîìó èçìåíå-íèþ ρc.Âëèÿíèå ñïèíîâîãî ïîðÿäêà íà ýëåêòðîííûé òðàíñïîðò â ñîåäèíåíèÿõ ñ



New Materials 213ñèëüíûìè ýëåêòðîííûìè êîððåëÿöèÿìè ìîæåò áûòü ñâÿçàíî êàê ñ îãðàíè-÷åíèÿìè íà ïåðåõîäû ýëåêòðîíîâ ìåæäó èîíàìè, ïðèíàäëåæàùèìè ðàçíûììàãíèòíûì ïîäðåøåòêàì, òàê è ñ ïîëÿðèçàöèåé íîñèòåëÿìè òîêà èõ ñïè-íîâîãî îêðóæåíèÿ, ïðèâîäÿùåé ê îáðàçîâàíèþ ñïèíîâûõ ïîëÿðîíîâ, ìàã-íèòíûõ òåêñòóð è, â ïðåäåëüíîì ñëó÷àå, ê ýëåêòðîííîìó ðàçäåëåíèþ �àç[3℄.�àáîòà ïîääåðæèâàëàñü èíòåãðàöèîííûì ïðîåêòîì ÑÎ �ÀÍ �53.[1℄ A.A. Taskin et al., Phys. Rev. B, 71, 134414 (2005).[2℄ Y. Àíäî et al., Phys. Rev. Lett., 90, 247003 (2003).[3℄ Ý.Ë. Íàãàåâ, Ôèçèêà ìàãíèòíûõ ïîëóïðîâîäíèêîâ, � Ì.: Íàóêà(1979).



214 Íîâûå ìàòåðèàëûNM-17Pseudogap indi
ations of gossamer super
ondu
tivitywell above room temperatureA.V. MitinP.L. Kapitza Institute for Physi
al Problems of the RAS, Kosygin Str., 2,119334, Mos
ow, RussiaRe
ent experimental �ndings [1,2℄ have improved the argumentation thatsome hole pairs (
omposite bosons) persist well above the domelike edge Tc(np)of per
olation super
ondu
tivity in the generi
 T�np diagram of 
uprates, where
T is the temperature and np denotes the mean hole density in the oxygensublatti
e of CuO2 layers per their unit 
ell. Moreover there is in
reasingeviden
e that underdoped 
uprates with np < 0.16 are 
hara
terized by aspatially inhomogeneous distribution of holes whi
h demonstrate a tenden
yto quasi one-dimensional alignment in CuO2 layers [3℄. The similar segregationin the form of hole-ri
h stripes was supposed to be extending up to the border
T ∗(np) of pseudogap fadeaway [4℄.There are solid grounds to believe that the underlying physi
s ofmysterious pseudogap regime between Tc(np) and T ∗(np) may hold the key tounderstanding the basi
 phenomenology of high-temperature super
ondu
tivity(HTSC). Besides, identifying the pseudogap genesis itself is 
onsidered as one ofthe most 
hallenging problems in 
ondensed matter physi
s. The present workis aimed to dis
uss the origin of pseudogap anomalies and their relevan
e forthe nature of HTSC. In this 
ontext, the 
onsiderable attention will be paid toanalysis of experimental data in the framework of the string model [5, 6℄.Along with dire
t observations of a partial suppression of spe
tral weightin ele
troni
 spe
tra at low binding energies EB < 0.15 eV, the pseudogap�ngerprints were found to be displaying in temperature dependen
es oftransport and magneti
 properties as an onset of departure from their hightemperature behavior [7℄. As was earlier 
on
luded [8℄ this departure 
annot be attributed 
ompletely to thermodynami
 �u
tuations, and a weighty
ontribution from the presen
e of super
ondu
ting in
lusions with lo
al 
riti
altemperatures Tci > Tc(np) must be taken into a

ount. In the YBa2Cu3O6+δsamples with δ < 0.4, su
h in
lusions were suggested to be originating due tothe quasi-one-dimensional 
ondensation of hole pairs within extended potentialwells generated by oxygen ions belonging to the 
hain remains from basal CuOδplanes [9℄.A

ording to the string model [5,6℄, the nanosized segregation of 
hargeand spin degrees of freedom in layered 
uprates and related oxides has to be
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ompanied by 
onvolution of one axis belonging to the 
oordinate se
tor ofgeneralized phase spa
e. Su
h a 
on�nement in 
ondu
ting layers of transitionmetal oxides implies a quasi-one-dimensional alignment of paired holes intoextended quantum prote
torates � nanosized bosoni
 stripes (NBS), whosehierar
hy is de�ned by the rank η. When the holes population is lowered,the dis
rete width wη = ηa of dominating NBS tends to shrink, while theirthermostability rises, where a is the averaged size of unit 
ell in CuO2 layers.As was dedu
ed for YBa2Cu3O6+δ with δ < 0.3, the narrowest NBS ofse
ond rank should be stable under heating up to 1200K [5,6℄. In
reasing δfrom 0.22 to 0.96 is a

ompanied by the threefold expansion of wη = ηa upto 6a among the dominant NBS. The doping-depended evolution of the hole
ommunity 
an be simulated by means of the predi
ted �ve-level diagram [5,6℄with the api
al values T ∗
cη(δ) ≈ 1200, 570, 330, 220, and 150K of parabolaslimiting the threshold of NBS thermostability at δ ≈ 0.22, 0.33, 0.45, 0.6, and0.8, respe
tively. These predi
ted values were veri�ed in experiments [5,6℄.Sin
e the string approa
h [5℄ takes into 
onsideration mainly the strong
orrelations between overlapping 2p-like states of oxygen sublatti
e, the s
opeof the proposed model 
an be extended to analyze the NBS indi
ations notonly in 
uprates but also in "
opperless" oxides. In the 
ase of lightly dopedoxides, one 
an expe
t the formation of a frustrated network of super
ondu
tingnano
hannels 
omposed of NBS pier
ing the almost diele
tri
 matrix � thesituation of so-
alled �lamentary or gossamer super
ondu
tivity.Along with numerous manifestations of pe
uliarities at T ≈ 155 and 220K,whi
h were often interpreted as indi
ations of �lamentary super
ondu
tivity,there are intriguing observations of anomalies in oxide ele
troni
 properties
orrespondding to the higher thermostability levels of NBS with η ≤ 4,i.e., at T ≈ 330, 570 and 1200K. For example, the χ(T ) dependen
es oftenorite CuO1−δ demonstrate a broad maximum at T ≈ 570K in addition tothe "sagging" of χ(T ) below 220K [10℄. Note that this simple 
upri
 oxideis 
hara
terized by a propensity to the formation of quasi one-dimensional(zigzagged) 
harge stripes [11℄.The inferen
e about a super
ondu
ting origin of anomalies dete
ted in thebehavior of transport properties above 300K was supported in the study ofCuO single 
rystals with 
opper �lms deposited on their natural fa
es [12℄.In summary, the proposed analysis in the light of NBS formation is intendedto 
larify the nature of abnormal ele
troni
 properties observed above roomtemperature by various te
hniques in 
uprates and related "
opperless" oxides.One 
an hope that the developed s
enario implying the hierar
hy of NBS wouldprovide novel insight into phenomenology of HTSC.[1℄ K.K. Gomes, et al., Nature, 447, 569 (2007).[2℄ O. Yuli, et al., Phys. Rev. Lett., 103, 197003 (2009).



216 Íîâûå ìàòåðèàëû[3℄ Y. Kohsaka, et al., S
ien
e, 315, 1380 (2007).[4℄ H. Oyanagi, et al., Int. J. Mod. Phys. B, 14, 3623 (2000).[5℄ A.V. Mitin, Low Temp. Phys., 33, 245 (2007).[6℄ A.V. Mitin, J. Super
ond. Nov. Magn., 20, 591 (2007).[7℄ T. Timusk and B. Statt, Rep. Prog. Phys., 62, 61 (1999).[8℄ N.E. Alekseevski�i, et al., JETP, 70, 148 (1990).[9℄ A.V. Mitin, et al., JETP, 80, 1075 (1995).[10℄ T. Shimizu, et al., Phys. Rev. B, 68, 224433 (2003).[11℄ X.G. Zheng, et al., Phys. Rev. Lett., 85, 5170 (2000).[12℄ V.V. Osipov, I.V. Ko
hev and S.V. Naumov, JETP, 93, 1082 (2001).



New Materials 217NM-18Ìèêðîâîëíîâàÿ ïðîâîäèìîñòü íîâûõñâåðõïðîâîäíèêîâÌ.�. ÒðóíèíÈíñòèòóò �èçèêè òâåðäîãî òåëà �ÀÍ, 142432, ×åðíîãîëîâêàÌîñêîâñêèé �èçèêî-òåõíè÷åñêèé èíñòèòóò, 141700, ÄîëãîïðóäíûéÊ "íîâûì" ñâåðõïðîâîäíèêàì (ÍÑ) áóäåì îòíîñèòü âûñîêîòåìïåðàòóð-íûå (ÂÒÑÏ), îðãàíè÷åñêèå è íåäàâíî îòêðûòûå ñîåäèíåíèÿ íà îñíîâå Fe�As (ïíèêòèäû). Ýòè ÍÑ îáðàçóþò òðè îáøèðíûõ êëàññà ñîåäèíåíèé, ñà-ìûì îáùèì è âàæíûì ïðèçíàêîì êîòîðûõ ÿâëÿåòñÿ êâàçèäâóìåðíîñòü,ïðèâîäÿùàÿ ê ñèëüíîé àíèçîòðîïèè ýëåêòðîííûõ ñâîéñòâ. Áëåñòÿùèå ÷åð-íîãî öâåòà êðèñòàëëû ÍÑ ÿâëÿþòñÿ ñëîèñòûìè ñ ïëîùàäüþ ïîâåðõíîñòè
∼ 1ìì2 è òîëùèíîé ∼ 0.1ìì.Â ñîâðåìåííîé ïðîáëåìàòèêå ÍÑ âûäåëÿþòñÿ äâå àêòóàëüíûå çàäà÷è:(i) âûÿñíåíèå ìåõàíèçìîâ òðàíñïîðòà êâàçè÷àñòèö âäîëü êðèñòàëëîãðà�è-÷åñêèõ íàïðàâëåíèé ýòèõ àíèçîòðîïíûõ ñîåäèíåíèé è (ii) èçó÷åíèå ïðèðî-äû è ñâîéñòâ ñâåðõïðîâîäÿùåãî è ïñåâäîùåëåâîãî ñîñòîÿíèé èõ �àçîâîéäèàãðàììû. Ê ÷èñëó ýêñïåðèìåíòàëüíûõ ìåòîäîâ èññëåäîâàíèÿ ýòèõ çàäà÷îòíîñÿòñÿ áåñêîíòàêòíûå èçìåðåíèÿ òåìïåðàòóðíûõ çàâèñèìîñòåé ïîâåðõ-íîñòíîãî èìïåäàíñà Z(T ) = R(T ) + iX(T ) íà ñâåðõâûñîêèõ ÷àñòîòàõ ω âøèðîêîé îáëàñòè òåìïåðàòóð (íèæå è âûøå êðèòè÷åñêîé Tc). Â ñàíòèìåòðî-âîì è ìèëëèìåòðîâîì äèàïàçîíàõ äëèí âîëí äëÿ èçìåðåíèÿ âñåõ êîìïîíåíòòåíçîðà èìïåäàíñà (â ab-ïëîñêîñòÿõ è âäîëü 
-îñè) îáðàçöîâ ìàëûõ ðàçìå-ðîâ áûë ðàçðàáîòàí òàê íàçûâàåìûé "hot �nger" ìåòîä, êîãäà êðèñòàëë íàñàï�èðîâîì ñòåðæíå ïîìåùàåòñÿ â öåíòð öèëèíäðè÷åñêîãî ðåçîíàòîðà èçNb èëè Pb, ðàáîòàþùåãî íà ìîäå H011, ò.å. â ìàêñèìóì êâàçèîäíîðîäíîãîÑÂ× ìàãíèòíîãî ïîëÿ. Òåìïåðàòóðà ñòåðæíÿ è îáðàçöà ìåíÿþòñÿ îò ãå-ëèåâûõ äî êîìíàòíûõ òåìïåðàòóð áåç íàãðåâà ñàìîãî ðåçîíàòîðà, êîòîðûéñíàðóæè îìûâàåòñÿ æèäêèì ãåëèåì è âñåãäà íàõîäèòñÿ â ñâåðõïðîâîäÿ-ùåì ñîñòîÿíèè. Ïðè íåêîòîðîé óñòàíîâèâøåéñÿ òåìïåðàòóðå T ðåãèñòðè-ðóåòñÿ çàâèñèìîñòü ïðîøåäøåé ÷åðåç ðåçîíàòîð ìîùíîñòè ÑÂ× îò ÷àñòî-òû (ðåçîíàíñíàÿ êðèâàÿ), èç êîòîðîé îïðåäåëÿþòñÿ äîáðîòíîñòü Q(T ) è÷àñòîòà f(T ) ðåçîíàòîðà, ñâÿçàííûå ïðîñòûìè ñîîòíîøåíèÿìè ñ R(T ) è
X(T ) êðèñòàëëà [1℄. Ïðåöèçèîííûå èçìåðåíèÿ èìïåäàíñà â êëàññè÷åñêèõ(îïèñûâàåìûõ òåîðèåé ÁÊØ [2℄) ñâåðõïðîâîäíèêàõ áûëè î÷åíü èí�îðìà-òèâíûìè: âåëè÷èíà ñâåðõïðîâîäÿùåé ùåëè ∆ èçâëåêàëàñü èç òåìïåðàòóð-íîé çàâèñèìîñòè ïîâåðõíîñòíîãî ñîïðîòèâëåíèÿ R(T ) ∝ exp(−∆/kBT ) ïðè
T < Tc/2, ãëóáèíà ïðîíèêíîâåíèÿ λ(T ) ïîëÿ â ñâåðõïðîâîäíèê � èç ðåàê-òàíñà X(T ) = ωµ0λ(T ) ïðè T < Tc, äëèíà ñâîáîäíîãî ïðîáåãà ýëåêòðîíîâ



218 Íîâûå ìàòåðèàëû� èç èçìåðåíèé R(T ) è X(T ) â íîðìàëüíîì ñîñòîÿíèè (T > Tc). Äåìîí-ñòðàöèåé ïðèìåíèìîñòè òåîðèè ÁÊØ äëÿ îáúÿñíåíèÿ ñâîéñòâ êëàññè÷å-ñêèõ ñâåðõïðîâîäíèêîâ áûëî íàáëþäåíèå íåìîíîòîííîãî ïîâåäåíèÿ (êîãå-ðåíòíîãî ïèêà) äåéñòâèòåëüíîé ÷àñòè ìèêðîâîëíîâîé ïðîâîäèìîñòè σ′(T )â îáëàñòè 0.8 < T/Tc ≤ 11.Â ñëó÷àå ëîêàëüíîé ýëåêòðîäèíàìèêè, ïðèìåíèìîé äëÿ ÍÑ, êîìïëåêñ-íàÿ ïðîâîäèìîñòü ñâåðõïðîâîäíèêà ìîæåò áûòü ëåãêî íàéäåíà èç èçìå-ðåííûõ â àáñîëþòíûõ åäèíèöàõ (îìàõ) êîìïîíåíò èìïåäàíñà: σ(T ) =
σ′(T )− iσ′′(T ) = iωµ0/[R

2(T )+X2(T )]. Ìíèìàÿ ÷àñòü σ′′ îïðåäåëÿåò ïëîò-íîñòü ñâåðõïðîâîäÿùåãî êîíäåíñàòà. Ïðè íå î÷åíü áëèçêèõ ê Tc òåìïåðà-òóðàõ â ñâåðõïðîâîäíèêå R(T ) ≪ X(T ). Ñëåäîâàòåëüíî, êðèâûå σ′′(T )îïðåäåëÿþòñÿ òîëüêî âèäîì �óíêöèè X(T ) = ωµ0λ(T ) è îòðàæàþò îñ-íîâíûå ñâîéñòâà òåìïåðàòóðíîé çàâèñèìîñòè ãëóáèíû ïðîíèêíîâåíèÿ ïîëÿ
λ(T ). Äåéñòâèòåëüíàÿ ÷àñòü ïðîâîäèìîñòè σ′ ñâÿçàíà ñ ïîãëîùåíèåì ýíåð-ãèè êâàçè÷àñòè÷íûìè âîçáóæäåíèÿìè â ñâåðõïðîâîäíèêå. Ôîðìà êðèâûõ
σ′(T ) â ÍÑ çàâèñèò îò âåëè÷èíû îñòàòî÷íîãî (íå ðàâíîãî íóëþ) ïîâåðõ-íîñòíîãî ñîïðîòèâëåíèÿ Rres = R(T → 0). σ′(T ) áóäåò èìåòü ìàêñèìóìïðè T < Tc/2, åñëè çíà÷åíèå Rres äîñòàòî÷íî ìàëî [1℄, íî â σ′

ab(T ) ÍÑ íåíàáëþäàåòñÿ ÁÊØ êîãåðåíòíûé ïèê. Äëÿ ÍÑ õàðàêòåðåí àíèçîòðîïíûéïàðàìåòð ïîðÿäêà (d-ñèììåòðèÿ â ÂÒÑÏ èëè s±-ñèììåòðèÿ â �åððîïíèê-òèäàõ), êîòîðûé îáðàùàåòñÿ â íóëü ëèáî íà ëèíèÿõ �åðìè-ïîâåðõíîñòè,ëèáî ìåíÿåò çíàê íà ýëåêòðîííûõ è äûðî÷íûõ åå ëèñòàõ, ÷òî ïðèâîäèòê ñòåïåííûì òåìïåðàòóðíûì çàâèñèìîñòÿì êîìïîíåíò èìïåäàíñà ∆R(T ),
∆X(T ) è ìèêðîâîëíîâîé ïðîâîäèìîñòè ïðè T < Tc/3.Â èññëåäîâàíèÿõ ìèêðîâîëíîâîé ïðîâîäèìîñòè ÍÑ î÷åíü èí�îðìàòèâ-íûìè îêàçàëèñü èçìåðåíèÿ èìïåäàíñà îäíîãî êðèñòàëëà ñ ðàçíûìè óðîâíÿ-ìè äîïèðîâàíèÿ. Òàê, íàïðèìåð, â ðàáîòå [3℄ ìû îáíàðóæèëè, ÷òî ïðè óâå-ëè÷åíèè ñîäåðæàíèÿ êàëèÿ â êðèñòàëëàõ Ba1−xKxBiO3 çàâèñèìîñòè R(T )è λ(T ) óêàçûâàþò íà ðåçêóþ ñìåíó òèïà ñâåðõïðîâîäèìîñòè: îò âûñîêî-òåìïåðàòóðíîé ïðè 0.35 < x < 0.45 (Tc âûøå 20Ê) ê ñòàíäàðòíîé ÁÊØïðè 0.55 < x < 0.65 (Tc íèæå 15Ê). Ýòîò �àêò ïðåäñòàâëÿåò èñêëþ÷èòåëü-íûé èíòåðåñ, ïîñêîëüêó â èññëåäîâàííîé îáëàñòè äîïèðîâàíèÿ ñîåäèíåíèÿ
Ba1−xKxBiO3 íåèçâåñòíî íèêàêèõ ñòðóêòóðíûõ ïåðåõîäîâ, êîòîðûå ìîãëèáû èíèöèèðîâàòü èçìåíåíèÿ ýëåêòðîííûõ ñâîéñòâ. Â äðóãîé ðàáîòå [4℄ âêðèñòàëëå YBa2Cu3O7−x ñ ðàçíûìè óðîâíÿìè äîïèðîâàíèÿ êèñëîðîäîì íà-áëþäàëèñü îñîáåííîñòè ó êðèâûõ ìíèìîé ÷àñòè ïðîâîäèìîñòè σ′′

ab(T ) ïðè
T < Tc/2, ïîäòâåðæäàþùèå âûâîäû DDW (d-density wave) ìîäåëè ïñåâäî-ùåëè â ÂÒÑÏ.[1℄ Ì.�. Òðóíèí, ÓÔÍ 168, 931 (1998); 175, 1017 (2005).[2℄ J. Bardeen, L. Cooper, J.R. S
hrie�er, Phys. Rev. 108, 1175 (1957).[3℄ �.Ý. Öûäûíæàïîâ è äð., Ïèñüìà â ÆÝÒÔ, 83, 473 (2006).[4℄ M.R. Trunin, Yu.A. Nefyodov, A.F. Shev
hun, Phys. Rev. Lett., 92,067006 (2004).



New Materials 219NM-19Âëèÿíèå çàòóõàíèÿ �îíîííûõ ñîñòîÿíèé íààíèçîòðîïèþ ïîãëîùåíèÿ ïðîäîëüíîãî óëüòðàçâóêà âêóáè÷åñêèõ êðèñòàëëàõÈ.�. Êóëååâ, È.È. ÊóëååâÈíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18Â ìîäåëè àíèçîòðîïíîãî êîíòèíóóìà ïðîàíàëèçèðîâàíî âëèÿíèå çàòó-õàíèÿ �îíîííûõ ñîñòîÿíèé íà ïîãëîùåíèå ïðîäîëüíîãî óëüòðàçâóêà â êó-áè÷åñêèõ êðèñòàëëàõ ñ ïîëîæèòåëüíîé (Ge, Si, InSb,MgO) è îòðèöàòåëüíîéàíèçîòðîïèåé (KCl) ìîäóëåé óïðóãîñòè âòîðîãî ïîðÿäêà. �àññìîòðåíû àí-ãàðìîíè÷åñêèõ ïðîöåññîâ ðàññåÿíèÿ ñ ó÷àñòèåì òðåõ ïðîäîëüíûõ �îíîíîâ(ìåõàíèçì LLL), à òàêæå ïðîöåññîâ ðàññåÿíèÿ ïðîäîëüíîãî �îíîíà äâóìÿïîïåðå÷íûìè òåïëîâûìè �îíîíàìè (ìåõàíèçì LTT ). Â îòëè÷èå îò ðàíååîïóáëèêîâàííûõ ðàáîò [1-3℄, â íàñòîÿùåì èññëåäîâàíèè òî÷íî ó÷òåíî âëè-ÿíèå êóáè÷åñêîé àíèçîòðîïèè ãàðìîíè÷åñêîé è àíãàðìîíè÷åñêîé ýíåðãèé�îíîíîâ íà ðåëàêñàöèîííûå ïðîöåññû. Îñíîâíîå âíèìàíèå óäåëåíî èññëå-äîâàíèþ îñîáåííîñòåé ðàññåÿíèÿ ïðîäîëüíûõ �îíîíîâ è èçìåíåíèÿ àíè-çîòðîïèè ïîãëîùåíèÿ óëüòðàçâóêà â çàâèñèìîñòè îò âåëè÷èíû ïàðàìåòðîâçàòóõàíèÿ �îíîííûõ ñîñòîÿíèé γL,t = 1/ωqLτL,t(T ) (τL,t(T ) � ïîëíûå âðå-ìåíà ðåëàêñàöèè òåïëîâûõ ïðîäîëüíûõ (L) è ïîïåðå÷íûõ (t) �îíîíîâ, �òåìïåðàòóðà, ωqL � ÷àñòîòà ïðîäîëüíîãî �îíîíà ñ âîëíîâûì âåêòîðîì q).Ïðîàíàëèçèðîâàíû óãëîâûå çàâè-
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ñèìîñòè êîý��èöèåíòîâ ïîãëîùå-íèÿ ïðè ðàçëè÷íûõ çíà÷åíèÿõ ïà-ðàìåòðîâ çàòóõàíèÿ. �àññ÷èòàíûçàâèñèìîñòè êîý��èöèåíòîâ ïî-ãëîùåíèÿ óëüòðàçâóêà äëÿ ñèì-ìåòðè÷íûõ íàïðàâëåíèé îò ïàðà-ìåòðîâ çàòóõàíèÿ â èíòåðâàëàõçíà÷åíèé 10−4 < γ < 1 (ñì. ðèñ.1 äëÿ Ge). Ïðè γL ≪ 1 êîý�-�èöèåíòû ïîãëîùåíèÿ äëÿ ìåõà-íèçìà LLL â êðèñòàëëàõ Ge, Si èInSb, äîñòèãàþò ìàêñèìóìîâ â íà-ïðàâëåíèÿõ [101℄, à ìèíèìóìîâ �â [001℄. Òîãäà êàê â èîííûõ êðè-ñòàëëàõ MgO è KCl îíè äîñòèãàþò ìàêñèìóìîâ â íàïðàâëåíèÿõ [001℄, àìèíèìóìîâ � â [101℄. Ïðè áîëüøèõ çíà÷åíèÿõ ïàðàìåòðà çàòóõàíèÿ àíèçî-òðîïèÿ ïîãëîùåíèÿ óìåíüøàåòñÿ, è êîý��èöèåíòû ïîãëîùåíèÿ â êðèñòàë-ëàõ Ge, Si è InSb ñòàíîâÿòñÿ ïî÷òè èçîòðîïíûìè ïðè γL ≃ 0.3, à â KCl �



220 Íîâûå ìàòåðèàëûïðè γL ≃ 0.9 (ñì. ðèñ. 1). Ïðè÷åì, äëÿ ìåõàíèçìà LLL ïðè γL = 10−3 àíè-çîòðîïèè ïîãëîùåíèÿ óëüòðàçâóêà âåëèêà: îòíîøåíèå ìàêñèìàëüíûõ çíà-÷åíèé êîý��èöèåíòîâ ïîãëîùåíèÿ ê ìèíèìàëüíûì äëÿ Ge, Si, InSb è MgOñîñòàâëÿåò ïîðÿäîê âåëè÷èíû, à äëÿ KCl � äâà ïîðÿäêà âåëè÷èíû. Ïîêà-çàíî, ÷òî ñóùåñòâåííîå èçìåíåíèå àíèçîòðîïèè ïîãëîùåíèÿ óëüòðàçâóêà âìåõàíèçìå ðåëàêñàöèè LLL ñ óâåëè÷åíèåì çàòóõàíèÿ �îíîííûõ ñîñòîÿíèéñâÿçàíî ñ èçìåíåíèåì õàðàêòåðà ðàññåÿíèÿ �îíîíîâ. Ïðè ìàëîì çàòóõàíèè�îíîííûõ ñîñòîÿíèé â ìåõàíèçìå LLL äîìèíèðóåò ìàëîóãëîâîå ðàññåÿíèå�îíîíîâ, ò.å. ðàññåÿíèå ïî÷òè êîëëèíåàðíûõ �îíîíîâ, è àíèçîòðîïèÿ ïî-ãëîùåíèÿ îáóñëîâëåíà àíãàðìîíè÷åñêîé ýíåðãèåé. Ïîýòîìó ïðè γL ≪ 1 îò-íîøåíèÿ êâàäðàòîâ ìàòðè÷íûõ ýëåìåíòîâ âî âñåõ èññëåäîâàííûõ êðèñòàë-ëàõ äëÿ ðàññåÿíèÿ êîëëèíåàðíûõ �îíîíîâ ILLL(θ1, ϕ1, θ2, ϕ2) = Icol
LLL ïðàê-òè÷åñêè ñîâïàäàþò ñ îòíîøåíèÿìè êîý��èöèåíòîâ ïîãëîùåíèÿ óëüòðàçâó-êà äëÿ ñèììåòðè÷íûõ íàïðàâëåíèé: α[110] : α[111] : α[001] ≈ Icol

[110] : Icol
[111] : Icol

[001].Ñ óâåëè÷åíèåì ïàðàìåòðà γL ðàñøèðÿåòñÿ îáëàñòü óãëîâ, íà êîòîðûå ìîãóòðàññåèâàòüñÿ �îíîíû â ïðîöåññàõ ðåëàêñàöèè LLL, è ïðè γL ≈ 1 çíà÷è-òåëüíóþ ðîëü èãðàåò ðàññåÿíèå �îíîíîâ íà áîëüøèå óãëû. Â ñâÿçè ñ ýòèìïðè äîñòàòî÷íî áîëüøîì çàòóõàíèè àíèçîòðîïèÿ ïîãëîùåíèÿ ñóùåñòâåííîóìåíüøàåòñÿ çà ñ÷åò óñðåäíåíèÿ êâàäðàòîâ ìàòðè÷íûõ ýëåìåíòîâ, îïðåäå-ëÿþùèõ âåðîÿòíîñòü òðåõ�îíîííûõ ïðîöåññîâ ðàññåÿíèÿ. Â ýòîì ñëó÷àåîíà îáóñëîâëåíà àíèçîòðîïèåé êàê ãàðìîíè÷åñêîé, òàê è àíãàðìîíè÷åñêîéýíåðãèé. Äëÿ ìåõàíèçìà ðåëàêñàöèè L êîý��èöèåíòû ïîãëîùåíèÿ â èññëå-äîâàííûõ êðèñòàëëàõ äîñòèãàþò ìàêñèìóìîâ â íàïðàâëåíèÿõ [001℄, à ìèíè-ìóìîâ � â [111℄. Àíèçîòðîïèè ïîãëîùåíèÿ äëÿ ýòîãî ìåõàíèçìà çíà÷èòåëü-íî ìåíüøå, ÷åì äëÿ LLL. Äëÿ ìåõàíèçìà ðåëàêñàöèè L àíèçîòðîïèÿ ïî-ãëîùåíèÿ óëüòðàçâóêà ñëàáî çàâèñèò îò âåëè÷èíû çàòóõàíèÿ, à êîý��èöè-åíòû ïîãëîùåíèÿ ÿâëÿþòñÿ ëèíåéíûìè �óíêöèÿìè ïàðàìåòðà çàòóõàíèÿ
γt â èíòåðâàëå 10−4 < γt ≤ 0.3 (ñì. ðèñ. 1). Åñëè ìåõàíèçì L ÿâëÿåòñÿ äî-ìèíèðóþùèì è îñíîâíîé âêëàä â ðåëàêñàöèþ ïîïåðå÷íûõ �îíîíîâ âíîñÿòíîðìàëüíûå ïðîöåññû �îíîí-�îíîííîãî ðàññåÿíèÿ, òî ïàðàìåòð çàòóõàíèÿ
γt ∝ T 5 [4℄, è êîý��èöèåíò ïîãëîùåíèÿ ñëåäóåò çàâèñèìîñòè αLTT ∝ T 9.Ñðàâíåíèå ïîëó÷åííûõ ðåçóëüòàòîâ ïî àíèçîòðîïèè ïîãëîùåíèÿ óëüòðà-çâóêà ñ ýêñïåðèìåíòàëüíûìè äàííûìè ïîêàçàëî, ÷òî ìåõàíèçì ðåëàêñàöèè
LLL ÿâëÿåòñÿ äîìèíèðóþùèì ìåõàíèçìîì ïîãëîùåíèÿ óëüòðàçâóêà â êðè-ñòàëëàõ MgO è Ge. Äëÿ ïîãëîùåíèÿ ïðîäîëüíîãî óëüòðàçâóêà â êðèñòàëëàõSi è InSb èç ýêñïåðèìåíòàëüíûõ äàííûõ íå óäàåòñÿ ñäåëàòü îäíîçíà÷íûéâûâîä â ïîëüçó îäíîãî èç ìåõàíèçìîâ ðåëàêñàöèè.[1℄ H.J. Maris, Phys. A
ousti
s VII, 280 (1971).[2℄ B. Truel, C. Elbaum, B.B. Chi
k, Ultrasoni
 methods in sold state physi
s,A
ademi
 press, NY�London (1969).[3℄ Â.Â. Ëåìàíîâ, �.À. Ñìîëåíñêèé, ÓÔÍ 108, 465, (1972).[4℄ S.L. M
Bride, H.J. Maris, B. Truel, J A
. So
. Am. 45, 1385 (1969).



New Materials 221NM-20�åòåðîêîìïîçèöèè 3Ñ-SiC/SiGeÑ/Si: �èçè÷åñêèåñâîéñòâà, ïåðñïåêòèâû ïðèìåíåíèéË.Ê. Îðëîâ 1,2, Î.Ï. Ïîäúÿ÷åâà 2, Ì.Í. Äðîçäîâ 1

1 Èíñòèòóò �èçèêè ìèêðîñòðóêòóð �ÀÍ, 603950, Í. Íîâãîðîä, �ÑÏ-105
2 Íèæåãîðîäñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåòèì. �.Å. Àëåêñååâà, 603950, Í. Íîâãîðîä, óë.Ìèíèíà, 24Àêòèâíîå ïðîäâèæåíèå Si ýëåêòðîíèêè â êîðîòêîâîëíîâóþ îáëàñòü ñïåê-òðàëüíîãî äèàïàçîíà, íàáëþäàåìîå â òå÷åíèå ïîñëåäíèõ äâóõ äåñÿòèëåòèé,òåñíî ñâÿçàíî ñ èñïîëüçîâàíèåì òâåðäûõ ðàñòâîðîâ íà îñíîâå êðåìíèÿ èãåðìàíèÿ. Äàëüíåéøèé ïðîãðåññ âèäèòñÿ â èñïîëüçîâàíèè áîëåå ñëîæíûõóãëåðîäñîäåðæàùèõ ãåòåðîêîìïîçèöèé, â òîì ÷èñëå è âêëþ÷àþùèõ êàð-áèäíûå ñîåäèíåíèÿ. Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿëîñü ïðîàíàëèçèðîâàòüâîçìîæíîñòè è óñëîâèÿ �îðìèðîâàíèÿ ñòðóêòóð 3C�SiC/Si1−x−yGex/Si, ñî-äåðæàùèõ ïîä ñëîåì êàðáèäà êðåìíèÿ òîíêèé ñëîé SiGe íàíîìåòðîâîéòîëùèíû. Ïîñëåäíèé ìîæåò áûòü èñïîëüçîâàí êàê â êà÷åñòâå áàðüåðíîãîáàçîâîãî ñëîÿ, òàê è â êà÷åñòâå äâóìåðíîãî òðàíñïîðòíîãî êàíàëà. Âàæ-íåéøèì óñëîâèåì ðåàëèçàöèè òàêîé ñòðóêòóðû ÿâëÿåòñÿ ïîëó÷åíèå ðåç-êîé áåçäå�åêòíîé ãðàíèöûìåæäó ñëîåì êàðáèäà êðåìíèÿ è òîíêèì ñëîåìòâåðäîãî ðàñòâîðà SiGe Â ñîîòâåòñòâèå ñ ýòèì âûÿñíåíèþ ìåõàíèçìîâ ðî-ñòà ñëîÿ 3C�SiC íà Si, îñîáåííîñòÿì äè��óçèè ïîâåðõíîñòíîãî óãëåðîäàâãëóáü ñòðóêòóðû è íàõîæäåíèþ òåõíîëîãè÷åñêèõ óñëîâèé �îðìèðîâàíèÿðåçêîãî ãåòåðîïåðåõîäà ìåæäó ñëîÿìè ñèñòåìû è ïîñâÿùåíà íàñòîÿùàÿ ðà-áîòà.Â ðàáîòå îáñóæäàþòñÿ îñîáåííîñòè íèçêîòåìïåðàòóðíîé âàêóóìíîé ãà-çî�àçíîé ãåòåðîýïèòàêñèè ïëåíîê 3C�SiC è SiGeC íà êðåìíèè. �îñò ïëåíîêîñóùåñòâëÿëñÿ â âûñîêîì âàêóóìå ïðè òåìïåðàòóðàõ îò 600 ◦C äî 1100 ◦Cêàê ïóòåì ïðîñòîé êàðáèäèçàöèè ïîâåðõíîñòè ïîäëîæå÷íîãî êðåìíèÿ, òàêè èç ñìåñè ãèäðèäîâ ñ óãëåâîäîðîäàìè [1℄. Ôàçîâûé ñîñòàâ âûðàùèâàåìûõïëåíîê àíàëèçèðîâàëñÿ ìåòîäàìè ðåíòãåíîñòðóêòóðíîãî àíàëèçà, ýëåêòðî-íîãðà�èè, âòîðè÷íîé èîííîé ìàññ-ñïåêòðîìåòðèè, �îòîëþìèíåñöåíöèè,÷òî ïîçâîëèëî îïðåäåëèòü óñëîâèÿ ðîñòà, ñîîòâåòñòâóþùèå �àçîâîìó ïåðå-õîäó: êóáè÷åñêèé êàðáèä êðåìíèÿ � òðîéíîé òâåðäûé ðàñòâîð. Ìîð�îëîãèÿïîâåðõíîñòè âûðàùèâàåìûõ ñëîåâ, îïðåäåëÿþùàÿ â çíà÷èòåëüíîé ñòåïåíèõàðàêòåðèñòèêè âíóòðåííèõ èíòåð�åéñîâ ñòðóêòóðû, èññëåäîâàëàñü ìåòî-äàìè èíòåð�åðåíöèîííîé îïòè÷åñêîé (WLI), ñêàíèðóþùåé çîíäîâîé (SPM)è ïðîñâå÷èâàþùåé ýëåêòðîííîé (TEM) ìèêðîñêîïèè. Îñîáîå âíèìàíèå âðàáîòå óäåëåíî ïðîáëåìå ïîëó÷åíèÿ ðåçêîãî ãåòåðîïåðåõîäà ìåæäó ñëîåì�îðìèðóåìîãî êàðáèäà êðåìíèÿ è ìîíîêðèñòàëëè÷åñêèì ñëîåì Si1−xGexãåòåðîñòðóêòóðû. Ñòðóêòóðà ãåòåðîïåðåõîäà èçó÷àëàñü ìåòîäîì âòîðè÷íîéèîííîé ìàññ-ñïåêòðîìåòðèè, äîïîëíåííîé èññëåäîâàíèÿìè ÿìîê òðàâëåíèÿ



222 Íîâûå ìàòåðèàëûWLI ìåòîäîì. �åçóëüòàòû ýêñïåðèìåíòîâ ñîïîñòàâëÿþòñÿ ñ äàííûìè ÷èñ-ëåííûõ îöåíîê òîëùèíû âûðàùèâàåìîé ïëåíêè è øèðèíû äè��óçèîííîãîïåðåõîäà. Òåîðåòè÷åñêèé àíàëèç âûïîëíåí íà îñíîâå ìîäåëè, àíàëîãè÷íîéìîäåëÿì, ðàçðàáîòàííûì äëÿ òåðìè÷åñêîãî îêèñëåíèÿ ñëîÿ êðåìíèÿ.Õàðàêòåðíûé âèä êðèâûõ ðàñïðå-
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tetch, c�èñ. 1: �àñïðåäåëåíèå êîìïîíåíò ñëîåâ Si,C, SiC è Ge ïî òîëùèíå ñòðóêòóðû 3C�
SiC/SiGeC/Si(100): îáðàçåö �803 (dSiC ≈
14 nm).

äåëåíèÿ àòîìîâ Si, C è Ge ïî òîë-ùèíå ñòðóêòóðû äëÿ îäíîãî èç îá-ðàçöîâ (�803) ïðåäñòàâëåí íà ðèñ.1.Äëÿ âñåõ ñòðóêòóð ìàêñèìàëüíîå(ìèíèìàëüíîå) ñîäåðæàíèå óãëåðî-äà (êðåìíèÿ) (ðèñ.1) íàáëþäàëîñü âîêðåñòíîñòè �îðìèðóåìîãî âåðõíåãîñëîÿ 3C�SiC. �ðàíèöà ñëîÿ îïðåäå-ëÿåòñÿ ñêà÷êîì êîíöåíòðàöèè êîìïî-íåíò ñëîÿ. Ïîä êàðáèäíûì ñëîåì âîâñåõ ñëó÷àÿõ ìû íàáëþäàëè �îðìè-ðîâàíèå òîíêîãî ñëîÿ òâåðäîãî ðàñ-òâîðà Si1−x−yGexCy. Àòîìû ãåðìà-íèÿ â ãåòåðîñòðóêòóðå, ñîãëàñíî äàí-íûì ÂÈÌÑ, íåçàâèñèìî îò ñïîñîáà èõ ââåäåíèÿ â ðåøåòêó êðèñòàëëà, ïðè-ñóòñòâîâàëè òîëüêî íà ãðàíèöå ãåòåðîïåðåõîäà 3C�SiC/Si. Âûòåñíåíèå îñ-íîâíîé ìàññû àòîìîâ ãåðìàíèÿ â îáëàñòü ãåòåðîïåðåõîäà ïîä êàðáèäíûéñëîé ïðîèñõîäèò âñëåäñòâèå ý��åêòà ãåòòåðèðîâàíèÿ è ïëîõîé ðàñòâîðè-ìîñòè àòîìîâ ãåðìàíèÿ â êàðáèäíîì ñëîå SiC. Îáðàçåö �803 ñ x = 0.03áûë âûðàùåí ïðè îòíîñèòåëüíî íèçêîé (Tgr = 700 ◦C) òåìïåðàòóðå è íèç-êîì óðîâíå ìîëåêóëÿðíûõ ïîòîêîâ, ïîäàâàåìûõ íà ïîäëîæêó Si. Ïîâûøå-íèå äàâëåíèÿ ãàçîâ â ðåàêòîðå â óñëîâèÿõ íèçêèõ ðîñòîâûõ òåìïåðàòóðïðèâîäèëî ê çàïîëíåíèþ ïîâåðõíîñòè ðàñòóùåãî ñëîÿ íåðàçëîæèâøèìè-ñÿ ïðîäóêòàìè ðàñïàäà ìîëåêóë óãëåâîäîðîäà, ÷òî ïðåïÿòñòâîâàëî ðîñòóñëîåâ êàê òâåðäîãî ðàñòâîðà SiGe, òàê è 3C�SiC. Ïîâûøåíèå òåìïåðàòóðûðîñòà äî 1000 ◦C ïðèâîäèëî ê áîëåå ý��åêòèâíîìó êàðáèäîîáðàçîâàíèþíà ïîâåðõíîñòè êðåìíèÿ è, êàê ñëåäñòâèå, ê �îðìèðîâàíèþ áîëåå ðåçêîãîãåòåðîïåðåõîäà, ÷òî ñîãëàñóåòñÿ ñ äàííûìè ðàáîòû [2℄. �àñòâîðèìîñòü óãëå-ðîäà ïîâûøàåòñÿ â ñèëüíî íàïðÿæåííûõ ñëîÿõ òâåðäîãî ðàñòâîðà SiGe [3℄.Â íàøåì ñëó÷àå ïîä ñëîåì 3C�SiC �îðìèðîâàëñÿ ñëîé òâåðäîãî ðàñòâîðà
SiGeC, ñîäåðæàíèå óãëåðîäà â êîòîðîì ïîíèæàëîñü ñ ðîñòîì êîíöåíòðàöèèãåðìàíèÿ â ñëîå.�àáîòà âûïîëíåíà ïðè �èíàíñîâîé ïîääåðæêå ãðàíòîâ �ÔÔÈ 08-02-00065 è 08-02-97017�"ïîâîëæüå".[1℄ Ë.Ê. Îðëîâ è äð., ÔÒT, 51, 446, 1018 (2009).[2℄ Ch. Zgheib, et.al., Appl. Phys. Lett., 88, 211909 (2006).[3℄ H.J. Osten, et.al., J. Cryst. Growth, 142, 322 (1994).



New Materials 223NM-21Îñîáåííîñòè �îòîëþìèíåñöåíöèè ñòðóêòóð ññàìî�îðìèðóþùèìèñÿ íàíîîñòðîâêàìè Ge(Si)/s-SiÍ.À. Áàéäàêîâà, À.Â. Íîâèêîâ, Ì.Â. Ñòåïèõîâà, Ì.Â. ØàëååâÈíñòèòóò �èçèêè ìèêðîñòðóêòóð �ÀÍ, 603950, Íèæíèé Íîâãîðîä,�ÑÏ-105Ïðàêòè÷åñêèé èíòåðåñ ê ñòðóêòóðàì ñ ñàìî�îðìèðóþùèìèñÿ íàíîîñò-ðîâêàìè Ge(Si) âî ìíîãîì ñâÿçàí ñ ïîòåíöèàëüíîé âîçìîæíîñòüþ èõ èñ-ïîëüçîâàíèÿ äëÿ ñîçäàíèÿ îïòîýëåêòðîííûõ ïðèáîðîâ, èíòåãðèðóåìûõ âïðèáîðû è óñòðîéñòâà ñîâðåìåííîé ìèêðîýëåêòðîíèêè è ñîâìåñòèìûõ ñòåõíîëîãèåé èçãîòîâëåíèÿ ñîâðåìåííûõ ìèêðîñõåì. Íàèáîëüøèé èíòåðåñçäåñü âûçûâàþò, ïðåæäå âñåãî, èçëó÷àòåëüíûå ñâîéñòâà ðàçðàáàòûâàåìûõíàíîñòðóêòóð â äèàïàçîíå äëèí âîëí 1, 3 ÷ 2ìêì.Îäíîé èç ïðè÷èí íèçêîé ý��åêòèâíîñòè èçëó÷àòåëüíîé ðåêîìáèíàöèèíîñèòåëåé çàðÿäà â ñòðóêòóðàõ ñ íàíîîñòðîâêàìè Ge(Si), â ÷àñòíîñòè âñòðóêòóðàõ ñ íàíîîñòðîâêàìè Ge(Si), âûðàùåííûõ íà êðåìíèåâûõ ïîäëîæ-êàõ (òàê íàçûâàåìûå ñòðóêòóðû ñ íàíîîñòðîâêàìè Ge(Si)/Si(001)), ÿâëÿåò-ñÿ ñëàáàÿ ïðîñòðàíñòâåííàÿ ëîêàëèçàöèÿ ýëåêòðîíîâ âáëèçè íàíîîñòðîâ-êîâ, ÷òî îáóñëàâëèâàåò íèçêóþ âåðîÿòíîñòü íåïðÿìûõ â ðåàëüíîì ïðî-ñòðàíñòâå èçëó÷àòåëüíûõ ïåðåõîäîâ [1℄. Â êà÷åñòâå ðåøåíèÿ ïðîáëåìû âäàííîé ðàáîòå ðàññìàòðèâàåòñÿ âîçìîæíîñòü èçìåíåíèÿ ñòåïåíè ïðîñòðàí-ñòâåííîé ëîêàëèçàöèè ýëåêòðîíîâ â àêòèâíîé îáëàñòè ñòðóêòóðû ïóòåìâñòðàèâàíèÿ ñëîÿ íàíîîñòðîâêîâ â íàïðÿæåííûé êðåìíèåâûé ñëîé (s�Si),�îðìèðóåìûé íà ðåëàêñèðîâàííîì áó�åðå SiGe (ñòðóêòóðû ñ òàê íàçû-âàåìûìè îñòðîâêàìè Ge(Si)/s�Si [2℄). Â ñòðóêòóðàõ ýòîãî òèïà ïðè òåìïå-ðàòóðå æèäêîãî àçîòà íàáëþäàåòñÿ ñóùåñòâåííîå óâåëè÷åíèå ñèãíàëà �î-òîëþìèíåñöåíöèè (ÔË), ïî ñðàâíåíèþ ñî ñòðóêòóðàìè ñ íàíîîñòðîâêàìèGe(Si), âûðàùåííûìè íà ïîäëîæêàõ Si. Êðîìå òîãî, áëàãîäàðÿ ý��åêòèâ-íîé ïðîñòðàíñòâåííîé ëîêàëèçàöèè ýëåêòðîíîâ â íàïðÿæåííûõ ñëîÿõ Si,óâåëè÷èâàåòñÿ âåðîÿòíîñòü èçëó÷àòåëüíîé ðåêîìáèíàöèè íîñèòåëåé çàðÿ-äà áåç ó÷àñòèÿ �îíîíà, ÷òî ïðèâîäèò ê ñóùåñòâåííîìó îáóæåíèþ ëèíèèÔË [3℄. Èñïîëüçîâàíèå ñòðóêòóð ñ íàíîîñòðîâêàìè Ge(Si)/s�Si ïîçâîëÿåòðåøèòü çàäà÷ó ý��åêòèâíîãî óïðàâëåíèÿ ïîëîæåíèåì è øèðèíîé ëèíèèÔË. Îäíàêî èíòåíñèâíîñòü ÔË íàíîîñòðîâêîâ Ge(Si)/s�Si áûñòðî óáûâàåòñ ðîñòîì òåìïåðàòóðû è, â îòëè÷èå îò ñòðóêòóð áåç áó�åðíîãî ñëîÿ SiGe,ïðè êîìíàòíîé òåìïåðàòóðå ñèãíàë ÔË â ñòðóêòóðàõ ýòîãî òèïà íå ðåãè-ñòðèðóåòñÿ.



224 Íîâûå ìàòåðèàëû

�èñ. 1: Ñïåêòð ÔË ñòðóêòóðû ñ ðåêîðäíîóçêîé ëèíèåé ÔË. íà âñòàâêå ïîêàçàíà ýíåð-ãåòè÷åñêàÿ äèàãðàììà è ìåõàíèçìû èçëó-÷àòåëüíîé ðåêîìáèíàöèè, èìåþùèå ìåñòî âñòðóêòóðàõ ñ íàíîîñòðîâêàìè Ge(Si)/s�Si

Â ïðåäñòàâëÿåìîé ðàáîòå èññëå-äîâàíî âëèÿíèå ïàðàìåòðîâ ñòðóê-òóð ñ íàíîîñòðîâêàìè Ge(Si)/s�Si(òîëùèíû ñëîåâ s�Si, òåìïåðàòó-ðû ðîñòà, ñîäåðæàíèÿ Ge â áó�åð-íîì ñëîå SiGe, ïðî�èëÿ çàïðåùåí-íîé çîíû) íà òåìïåðàòóðíîå ãàøå-íèå ñèãíàëà ÔË, çàâèñèìîñòü ñèã-íàëà ÔË îò óñëîâèé âîçáóæäåíèÿ,îáñóæäàþòñÿ îñíîâíûå ìåõàíèçìûèçëó÷àòåëüíîé è áåçûçëó÷àòåëüíîéðåêîìáèíàöèè íîñèòåëåé çàðÿäà âèññëåäîâàííûõ ñòðóêòóðàõ. Ïîêà-çàíî, ÷òî ïðè÷èíîé ñòîëü áûñòðî-ãî òåìïåðàòóðíîãî ãàøåíèÿ ñèãíàëàÔË ÿâëÿåòñÿ "óõîä" íîñèòåëåé çà-ðÿäà èç àêòèâíîé îáëàñòè ñòðóêòó-ðû ñ èõ ïîñëåäóþùèì çàõâàòîì íàöåíòðû áåçûçëó÷àòåëüíîé ðåêîìáèíàöèè â áó�åðíîì ñëîå SiGe. Â ðàáîòåèçó÷åíî âëèÿíèå ñîîòíîøåíèÿ òîëùèí ñëîåâ s�Si íàä è ïîä ñëîåì ñ íàíîîñò-ðîâêàìè Ge(Si) íà øèðèíó ëèíèè ÔË, ïîêàçàíî, ÷òî óøèðåíèå ëèíèè ÔËâ ñòðóêòóðàõ ñ íàíîîñòðîâêàìè Ge(Si)/s�Si âûçâàíî, ïîìèìî íåîäíîðîäíî-ñòè îñòðîâêîâ ïî ïàðàìåòðàì, âîâëå÷åííîñòüþ â ïðîöåññ ÔË ìåõàíèçìîâèçëó÷àòåëüíîé ðåêîìáèíàöèè íîñèòåëåé çàðÿäà íà îáåèõ ãåòåðîãðàíèöàõíàíîîñòðîâêîâ Ge(Si) ñî ñëîÿìè s�Si. Äåìîíñòðèðóåòñÿ âîçìîæíîñòü ïîëó-÷åíèÿ ñòðóêòóð ñ ðåêîðäíî óçêîé (äëÿ ñòðóêòóð ñ íàíîîñòðîâêàìè Ge(Si))ëèíèåé ÔË (ðèñ. 1). Øèðèíà ëèíèè ÔË íà ïîëóâûñîòå â ñòðóêòóðàõ ýòîãîòèïà äîñòèãàåò ∼ 45ìýÂ.�àáîòà âûïîëíåíà â ðàìêàõ ðåàëèçàöèè Ôåäåðàëüíîé öåëåâîé ïðîãðàì-ìû "Íàó÷íûå è íàó÷íî-ïåäàãîãè÷åñêèå êàäðû èííîâàöèîííîé �îññèè".[1℄ A.I. Yakimov, et al., Semi
ond. S
i. and Te
hnol., 15, 1125 (2000).[2℄ A. Beyer et al., Mi
roele
troni
s Journal, 33, 525 (2002).[3℄ M.V. Shaleev et al., Appl. Phys. Lett., 88, 011914 (2006).



New Materials 225NM-22Ïðîöåññû ãåíåðàöèè è çàõâàòà äûðîê äëÿ ìåëêèõàêöåïòîðîâ â Ge â ãðåþùåì ýëåêòðè÷åñêîì ïîëå ïðèîäíîîñíîì ñæàòèèÌ.Ñ. Êàãàí, È.Â. Àëòóõîâ, Ñ.Ê. Ïàïðîöêèé, Â.Ï. ÑèíèñÈíñòèòóò ðàäèîòåõíèêè è ýëåêòðîíèêè èì. Â.À. Êîòåëüíèêîâà �ÀÍ,125009 Ìîñêâà, �ÑÏ-9, Ìîõîâàÿ 11, ñòðîåíèå 7Èññëåäîâàëèñü ïåðåõîäíûå ïðîöåññû â îáðàçöàõ p-Ge, ëåãèðîâàííûõ Gañ êîíöåíòðàöèåé 2 · 1012 ÷ 1014 ñì−3 è ñ ðàçíîé ñòåïåíüþ êîìïåíñàöèè, ïðèîäíîîñíîì ñæàòèè. Èñïîëüçîâàëèñü îáðàçöû äâóõ òèïîâ: ñ ïðîìåæóòî÷íîéêîìïåíñàöèåé (10 ÷ 30%) è ñèëüíî êîìïåíñèðîâàííûé (> 90%) ìàòåðèàë.Îáðàçöû, èìåâøèå �îðìó ñïè÷êè äëèíîé 6÷10ìì è ïëîùàäüþ ïîïåðå÷íî-ãî ñå÷åíèÿ (0.5÷ 1)ìì2, áûëè âûðåçàíû â êðèñòàëëîãðà�è÷åñêîì íàïðàâ-ëåíèè [111℄. Äàâëåíèå P è ïàðàëëåëüíîå åìó ýëåêòðè÷åñêîå ïîëå E ïðèêëà-äûâàëèñü âäîëü ýòîãî íàïðàâëåíèÿ. Èìïóëüñû íàïðÿæåíèÿ äëèòåëüíîñòüþ
0.2÷1ìêñåê ïîäâîäèëèñü ê êîíòàêòàì, íàíåñåííûì íà áîêîâóþ (äëèííóþ)ãðàíü îáðàçöà. �àññòîÿíèå ìåæäó êîíòàêòàìè ñîñòàâëÿëî 4 ÷ 9ìì. Èçìå-ðåíèÿ ïðîâîäèëèñü ïðè òåìïåðàòóðå æèäêîãî ãåëèÿ.Äëÿ îïðåäåëåíèÿ âðåìåíè èîíèçàöèè ïðèìåñåé ïîëåì èçó÷àëàñü êèíå-òèêà ðîñòà òîêà íà ïåðåäíåì �ðîíòå èìïóëüñà íàïðÿæåíèÿ. Äëÿ îáðàç-öîâ ñ NA = 2 · 1014 
m−3, ND ∼ 7 · 1013 
m−3 (NA è ND � êîíöåíòðàöèèàêöåïòîðîâ è êîìïåíñèðóþùèõ äîíîðîâ, ñîîòâåòñòâåííî) âîëüòàìïåðíûåõàðàêòåðèñòèêè (ÂÀÕ) â äèàïàçîíå èñïîëüçîâàííûõ äàâëåíèé 0 ÷ 6 êáàðèìåëè âåðòèêàëüíûå ó÷àñòêè, âûçâàííûå îáðàçîâàíèåì òîêîâîãî øíóðàïðè ïðîáîå ïðèìåñè. Çàâèñèìîñòè òîêà ÷åðåç îáðàçåö îò âðåìåíè íà ïåðåä-íåì �ðîíòå èìïóëüñà íàïðÿæåíèÿ èìåëè ýêñïîíåíöèàëüíûé âèä ñ õàðàê-òåðíûì âðåìåíåì, óìåíüøàþùèìñÿ ñ ðîñòîì ïðèëîæåííîãî íàïðÿæåíèÿ.Óðàâíåíèå êèíåòèêè ãåíåðàöèè-ðåêîìáèíàöèè äëÿ ýòîãî ñëó÷àÿ èìåååò âèä:
dp/dt = β(E)p(NA−ND)−α(E)pND, ãäå p � êîíöåíòðàöèÿ ñâîáîäíûõ äû-ðîê, β è α � êîý��èöèåíòû óäàðíîé èîíèçàöèè è çàõâàòà. Â óñëîâèÿõïðîáîÿ β ≫ α è p(t) = pst exp(t/τ(E)), ãäå pst � ñòàöèîíàðíîå çíà÷åíèå p è
1/τ = β(E)(NA − ND). Îòñþäà îïðåäåëåíà ïîëåâàÿ çàâèñèìîñòü êîý��è-öèåíòà óäàðíîé èîíèçàöèè, êîòîðàÿ èìååò âèä β(E) ∝ exp(E/Eth), ãäå Eth� ïîëå ïðîáîÿ.Èíåðöèîííîñòü ðåëàêñàöèè òîêà íà çàäíåì �ðîíòå èìïóëüñà îáóñëîâ-ëåíà ðåêîìáèíàöèåé íîñèòåëåé, ñîçäàííûõ èîíèçàöèåé ïîëåì, íà ïðèìå-ñÿõ. Äëÿ îïðåäåëåíèÿ ïîëåâîé çàâèñèìîñòè âðåìåíè ðåêîìáèíàöèè èñïîëü-çîâàëñÿ èìïóëüñ íàïðÿæåíèÿ ñòóïåí÷àòîé �îðìû, ãäå áîëüøåå íàïðÿæå-íèå (ñîçäàâàâøåå èçáûòî÷íûå íîñèòåëè) ïîääåðæèâàëîñü ïîñòîÿííûì, à



226 Íîâûå ìàòåðèàëûìåíüøåå ìîæíî áûëî ìåíÿòü. Çàòóõàíèå òîêà ìåæäó ñòóïåíÿìè èìïóëüñàíàïðÿæåíèÿ òàêæå èìåëî ýêñïîíåíöèàëüíûé âèä. Íà çàâèñèìîñòè õàðàê-òåðíîãî âðåìåíè ýòîãî çàòóõàíèÿ îò íàïðÿæåíèÿ íàáëþäàëñÿ ìàêñèìóì,ñîâïàäàþùèé ñ ïîðîãîì ïðèìåñíîãî ïðîáîÿ. Íà÷àëüíûé ðîñò âðåìåíè ðå-êîìáèíàöèè ïðåäñòàâëÿåòñÿ åñòåñòâåííûì, òàê êàê âåðîÿòíîñòü çàõâàòà íàïðèòÿãèâàþùèå ïðèìåñè äîëæíà ðàñòè ñ ðîñòîì ýíåðãèè íîñèòåëåé. Ïîñëå-äóþùåå óìåíüøåíèå âðåìåíè æèçíè íîñèòåëåé ïðè ïîëÿõ âûøå ïðîáîéíûõîáóñëîâëåíî êàê ðàç òåì, ÷òî ñêîðîñòü óäàðíîé èîíèçàöèè ñòàíîâèòñÿ áîëü-øå ñêîðîñòè çàõâàòà. �àñ÷åò ïîêàçûâàåò, ÷òî â ýòîì ñëó÷àå îáðàòíîå âðåìÿóñòàíîâëåíèÿ ãåíåðàöèîííî-ðåêîìáèíöèîííîãî ðàâíîâåñèÿ åñòü ñóììà îá-ðàòíûõ âðåìåí ãåíåðàöèè (óäàðíîé èîíèçàöèè) è çàõâàòà. Òàêèì îáðàçîì,ïðè ïîëÿõ âûøå ïðîáîéíîãî âðåìÿ óñòàíîâëåíèÿ ðåêîìáèíàöèîííîãî áà-ëàíñà îïðåäåëÿåòñÿ ñêîðîñòüþ óäàðíîé èîíèçàöèè.Êèíåòèêà ðåëàêñàöèè òîêà â ñèëüíî êîìïåíñèðîâàííîì ìàòåðèàëå îêà-çàëàñü êàðäèíàëüíî îòëè÷íîé îò ñëó÷àÿ îáðàçöîâ ñ ïðîìåæóòî÷íîé èëèñëàáîé êîìïåíñàöèåé. Íà íà÷àëüíîì ó÷àñòêå òîê ëèíåéíî óâåëè÷èâàëñÿñî âðåìåíåì. Çàòåì, ïðè òîêå âûøå íåêîòîðîãî êðèòè÷åñêîãî, íàáëþäàëñÿýêñïîíåíöèàëüíûé ðîñò òîêà. Îòìåòèì, ÷òî ñèëüíàÿ êîìïåíñàöèÿ ïðèìåñåéïðèâîäèò ê ñèëüíîìó óâåëè÷åíèþ ïîðîãîâîãî ïîëÿ óäàðíîé èîíèçàöèè. Íà-÷àëüíûé ëèíåéíûé ðîñò òîêà ñâÿçàí ñ óâåëè÷åíèåì ñêîðîñòè �îòîèîíèçà-öèè ïðèìåñåé (çà ñ÷åò �îíîâîé ïîäñâåòêè), ÷òî îáóñëîâëåíî óìåíüøåíèåìýíåðãèè ñâÿçè ïðèìåñè çà ñ÷åò ý��åêòà Ôðåíêåëÿ�Ïóëà, êîòîðûé ñîñòîèòâ ïîíèæåíèè ïîòåíöèàëüíîãî áàðüåðà ïðèìåñè âî âíåøíåì ýëåêòðè÷åñêîìïîëå. Ýòî ïîäòâåðæäàåòñÿ âèäîì ÂÀÕ ñèëüíî êîìïåíñèðîâàííûõ îáðàç-öîâ, íà êîòîðûõ âåðòèêàëüíûé ó÷àñòîê îòñóòñòâóåò, à çàâèñèìîñòü òîêà îòíàïðÿæåíèÿ èìååò âèä exp(AE1/2).Äëÿ îïðåäåëåíèÿ âðåìåíè óäàðíîé èîíèçàöèè â ýòèõ îáðàçöàõ ìû èñ-ïîëüçîâàëè ýêñïîíåíöèàëüíûé ó÷àñòîê âðåìåííîé çàâèñèìîñòè òîêà. Îïðå-äåëåííàÿ îòñþäà ïîëåâàÿ çàâèñèìîñòü β(E) èìåëà òîò æå ýêñïîíåíöèàëü-íûé õàðàêòåð, ÷òî è äëÿ ïðåäûäóùèõ îáðàçöîâ. Îäíàêî ïîëåâàÿ çàâèñè-ìîñòü âðåìåíè ðåêîìáèíàöèè îêàçàëàñü ñîâåðøåííî îòëè÷íîé. Îíà ñîñòîèòèç äâóõ ó÷àñòêîâ ýêñïîíåíöèàëüíîé çàâèñèìîñòè îò êâàäðàòà ïîëÿ. Èçëîìíà ýòèõ çàâèñèìîñòÿõ ñâÿçûâàåòñÿ ñî ñìåíîé ìåõàíèçìà ðàçîãðåâà íîñèòå-ëåé îò äè��óçèîííîãî ê áàëëèñòè÷åñêîìó (ñòðèìèíã).Òàêèì îáðàçîì, èçó÷åíèå ïåðåõîäíûõ òîêîâ â óñëîâèÿõ ïðèìåñíîãî ïðî-áîÿ äàåò âîçìîæíîñòü ïðÿìîãî èçìåðåíèÿ õàðàêòåðíûõ âðåìåí óäàðíîéèîíèçàöèè è çàõâàòà äëÿ ìåëêèõ ïðèìåñåé. Õàðàêòåð ïåðåõîäíûõ ïðîöåññîâîêàçûâàåòñÿ äîâîëüíî ñëîæíûì è ñóùåñòâåííî çàâèñèò îò óðîâíÿ ëåãèðî-âàíèÿ è êîìïåíñàöèè.�àáîòà ïîääåðæàíà �ÔÔÈ (ãðàíòû 08-02-01464 è 08-02-91323-ÈÍÄ) èïðîãðàììàìè �ÀÍ "Îñíîâû �óíäàìåíòàëüíûõ èññëåäîâàíèé íàíîòåõíî-ëîãèé è íàíîìàòåðèàëîâ" è "Ñîâðåìåííûå ïðîáëåìû ðàäèî�èçèêè" .



New Materials 227NM-23Ñïèí-äåòåêòîð íà îñíîâå ìàãíèòíûõ áàðüåðîâ ØîòòêèÎ.Å. Òåðåùåíêî 1,2, À.È. Òîðîïîâ 1, Ä.Ä. Äìèòðèåâ 1,Ò.Ñ. Øàìèðçàåâ 1,2, À.Ì. �èëèíñêèé 1, G. Lampel 3, Y. Lassailly 3,D. Paget 3, J. Peretti 3

1 Èíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ ÑÎ �ÀÍ, 630090, Íîâîñèáèðñê,ïð. Ëàâðåíòüåâà, 13
2 Íîâîñèáèðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, 630090, Íîâîñèáèðñê,óë. Ïèðîãîâà, 2
3 Laboratoire de Physique de la Mati�ere Condens�ee, E
ole Polyte
hnique, 91128,Palaiseau, Fran
eÎñíîâíîé öåëüþ ðàáîòû ÿâëÿëîñü ñîçäàíèå è èçó÷åíèå ýëåêòðè÷åñêèõè ìàãíèòíûõ ñâîéñòâ áàðüåðîâ Øîòòêè (ÁØ), à òàêæå òðàíñïîðòà ñïèí-ïîëÿðèçîâàííûõ ýëåêòðîíîâ â ñòðóêòóðàõ Pd/Fe/GaAs(001). Äåòåêòîð ñïè-íà ýëåêòðîíîâ (ñïèí-�èëüòð) íà îñíîâå ñòðóêòóðû Pd/Fe/GaAs(001) ÿâëÿ-åòñÿ àëüòåðíàòèâîé èçâåñòíûì äåòåêòîðàì Ìîòòà [1,2℄ è ìîæåò èñïîëüçî-âàòüñÿ äëÿ èçìåðåíèÿ ñðåäíåãî ñïèíà ñâîáîäíûõ ýëåêòðîíîâ â âàêóóìå, àòàêæå êàê ñïèí-èíæåêòîð â òâåðäîòåëüíîé ñïèíòðîíèêå [3℄.Èçãîòîâëåíû ÁØ íà îñíîâå Fe/GaAs(001) ñ ýëåêòðè÷åñêèìè (ïëîòíîñòüîáðàòíîãî òîêà ìåíåå 10−6À/ñì2, ïðè çàïèðàþùåì íàïðÿæåíèè 0.5Â) èìàãíèòíûìè (çíà÷åíèå êîýðöèòèâíîãî ïîëÿ ìåíåå 100�ñ) ñâîéñòâàìè, ïîç-âîëÿþùèìè äîñòèãàòü ý��åêòèâíîñòè äåòåêòîðà (F ∼ 10−4) ñðàâíèìîé ñëó÷øèìè äåòåêòîðàìè Ìîòòà. Íàèìåíüøåå çíà÷åíèå êîýðöèòèâíîãî ïîëÿïîëó÷åíû ïðè íàïûëåíèè æåëåçà íà àòîìàðíî-÷èñòóþ, ðåêîíñòðóèðîâàí-íóþ ïîâåðõíîñòü GaAs(001). Òàêèå ñòðóêòóðû îáëàäàëè íàèìåíüøåé àíè-çîòðîïèåé íàìàãíè÷åííîñòè. Ìåòîäàìè äè�ðàêöèè ðåíòãåíîâñêèõ ëó÷åé èàòîìíî-ñèëîâîé ìèêðîñêîïèè ïîêàçàíî, ÷òî ðîñò Fe íà ðåêîíñòðóèðîâàííîéïîâåðõíîñòè GaAs(001) èäåò ýïèòàêñèàëüíî ñ íàèìåíüøåé âåëè÷èíîé øåðî-õîâàòîñòè ïîâåðõíîñòè (rms = 0.3 íì). Íàìàãíè÷åííîñòü ïëåíêè Fe ÿâëÿåò-ñÿ ëèíåéíîé �óíêöèåé å¼ òîëùèíû è ñîîòâåòñòâóåò íàìàãíè÷åííîñòè îáú-åìíîãî æåëåçà (îòñóòñòâèå â ñëîå Fe íåìàãíèòíîãî ñëîÿ). Ìåòîäàìè �îòî-è ýëåêòðîîòðàæåíèÿ èçìåðåíà çàâèñèìîñòü âåëè÷èíû ïðèïîâåðõíîñòíîãîýëåêòðè÷åñêîãî ïîëÿ îò ïðèêëàäûâàåìîãî íàïðÿæåíèÿ íà áàðüåðå. Óñòà-íîâëåíî, ÷òî îòæèã ñòðóêòóð Fe/GaAs(001) â âàêóóìå ïðèâîäèò ê ïàññèâà-öèè ïîâåðõíîñòíûõ ñîñòîÿíèé íà ãðàíèöå ðàçäåëà ìåòàëë/ïîëóïðîâîäíèê.Èçìåðåíà ñòåïåíü ïîëÿðèçàöèè ñâîáîäíûõ ýëåêòðîíîâ â ïó÷êå ïî ñïè-íó, ýìèòèðîâàííûõ èç GaAs �îòîêàòîäà ñ îòðèöàòåëüíûì ýëåêòðîííûìñðîäñòâîì. Â ðàáîòå îáñóæäàåòñÿ ìîäåëü òðàíñïîðòà ñïèí-ïîëÿðèçîâàííûõ



228 Íîâûå ìàòåðèàëûýëåêòðîíîâ ÷åðåç áàðüåð ìåòàëë/ïîëóïðîâîäíèê. Ïðåäëîæåí ìåòîä èçìåðå-íèÿ ñïèíà ýëåêòðîíîâ ïî ðåãèñòðàöèè èíòåíñèâíîñòè ïîëÿðèçîâàííîé êà-òîäîëþìèíåñöåíöèè îò ïîãëîùåííûõ ñïèí-ïîëÿðèçîâàííûõ ýëåêòðîíîâ âñòðóêòóðå Pd/Fe/GaAs(001) ñ äâóìÿ êâàíòîâûìè ÿìàìè InGaAs âáëèçè ãå-òåðîãðàíèöû.[1℄ N. Rougemaille, et al., Phys. Rev. B, 77, 094409 (2008).[2℄ O.E. Teresh
henko, et al., Appl. Surf. S
i. (2009) a

epted for publi
ation.[3℄ O.E. Teresh
henko, et al., Pro
. 17 Int. Symp. "Nanostru
tures: Physi
sand te
hnology" Minsk, Belarus, June 22�26, 2009, p. 332.



New Materials 229NM-24Èññëåäîâàíèå àâòîýìèññèîííûõ ñâîéñòâ óãëåðîäíûõíàíîìàòåðèàëîâÞ.À. Àëüãàåð, À.Â. �óñåëüíèêîâ, À.Â. ÎêîòðóáÈíñòèòóò íåîðãàíè÷åñêîé õèìèè èì. À.Â. Íèêîëàåâà ÑÎ �ÀÍ, 630090,Íîâîñèáèðñê, ïðîñï. àê. Ëàâðåíòüåâà, 3Îäíîé èç âàæíûõ ïðîáëåì ñîâðåìåííîé òåõíîëîãèè â îáëàñòè âàêóóì-íîé ýëåêòðîíèêè ÿâëÿåòñÿ ñîçäàíèå ïëîñêèõ èñòî÷íèêîâ ñâåòà áîëüøîéïëîùàäè, âûñîêîé ÿðêîñòè è ñ âûñîêèì êîý��èöèåíòîì ïðåîáðàçîâàíèÿýëåêòðè÷åñêîé ýíåðãèè â ñâåò. Òàêèå äèñïëåè ìîãóò èñïîëüçîâàòüñÿ äëÿîñâåùåíèÿ, â êà÷åñòâå ïîäñâåòêè â æèäêîêðèñòàëëè÷åñêèõ äèñïëåÿõ è òå-ëåâèçîðàõ. Îäíèì èç âîçìîæíûõ íàïðàâëåíèé â ýòèõ òåõíîëîãèÿõ ÿâëÿåòñÿèñïîëüçîâàíèå ý��åêòà ïîëåâîé ýìèññèè êàòîäîâ èç óãëåðîäíûõ íàíîìà-òåðèàëîâ. Âûäàþùèåñÿ ýìèññèîííûå ñâîéñòâà íàíîòðóáîê (ÓÍÒ) îïðåäå-ëÿþòñÿ, â ïåðâóþ î÷åðåäü, âûñîêèì çíà÷åíèåì àñïåêòíîãî ñîîòíîøåíèÿ,õàðàêòåðèçóþùèì ýòè îáúåêòû [1,2℄. Áëàãîäàðÿ ýòîìó ýëåêòðè÷åñêîå ïîëåâ îêðåñòíîñòè êîí÷èêà íàíîòðóáêè â ñîòíè ðàç ïðåâûøàåò ñðåäíåå ïî îáú-åìó çíà÷åíèå, îöåíèâàåìîå êàê îòíîøåíèå ïàäåíèÿ íàïðÿæåíèÿ ê âåëè÷èíåìåæýëåêòðîäíîãî ïðîìåæóòêà. Â ðåçóëüòàòå ýìèññèîííûé òîê èç ÓÍÒ âîç-íèêàåò ïðè ñóùåñòâåííî áîëåå íèçêèõ çíà÷åíèÿõ ïðèëîæåííîãî íàïðÿæå-íèÿ ïî ñðàâíåíèþ ñ òðàäèöèîííî èñïîëüçóåìûìè ýìèññèîííûìè êàòîäà-ìè, èçãîòîâëåííûìè íà îñíîâå ìàêðîñêîïè÷åñêèõ ìåòàëëè÷åñêèõ îñòðèé.ÓÍÒ âûãîäíî îòëè÷àþòñÿ îò ìåòàëëè÷åñêèõ ýëåêòðîííûõ ýìèòòåðîâ âû-ñîêîé ìåõàíè÷åñêîé ïðî÷íîñòüþ. Èñïîëüçîâàíèå ýìèòòåðîâ íà îñíîâå ÓÍÒâìåñòî òðàäèöèîííûõ ìåòàëëè÷åñêèõ ïîäîãðåâíûõ êàòîäîâ ïîçâîëèò ïðèí-öèïèàëüíî óëó÷øèòü �óíêöèîíàëüíûå è ýêñïëóòàöèîííûå õàðàêòåðèñòèêèýëåêòðîâàêóóìíûõ ïðèáîðîâ. Òàêæå èçìåðåíû àâòîýìèññèîííûå ñâîéñòâà�òîðãðà�èòîâûõ ñëîåâ âîññòàíîâëåííûõ ãèäðàçèíîì-ãèäðàòîì â òå÷åíèåðàçëè÷íîãî âðåìåíè. Îæèäàíèå ïîÿâëåíèÿ àâòîýìèññèîííûõ ñâîéñòâ, îò-ëè÷íûõ îò ãðà�èòà, ñâÿçàíî ñ âîçìîæíîé ðàçîðèåíòàöèåé �òîðãðà�èòîâûõ÷àñòèö ñ âîññòàíîâëåííûì è ýëåêòðîïðîâîäÿùèì óãëåðîäíûì ñëîåì íà ïî-âåðõíîñòè êðåìíèåâîé ïîäëîæêè. Ïîëåâîé ýìèññèè íà èñõîäíîé ïîäëîæêå ñíåâîññòàíîâëåííûì óãëåðîäíûì ñëîåì íà ïîâåðõíîñòè ÷àñòèö �òîðèäà ãðà-�èòà çà�èêñèðîâàíî íå áûëî. Ïðè îáðàáîòêå ïîäëîæêè ïàðàìè ãèäðàçèí-ãèäðàòà ïîâåðõíîñòü ÷àñòèö ïðèîáðåòàåò ýëåêòðîïðîâîäèìîñòü, ÷òî ïðèâî-äèò ê ïîÿâëåíèþ àâòîýìèññèîííîãî òîêà. Àâòîýìèññèîííûìè öåíòðàìè âòàêîì êàòîäå, ñêîðåå âñåãî, ÿâëÿþòñÿ êðàÿ ÷àñòèö îòñòîÿùèå îò ïîâåðõ-íîñòè. Óâåëè÷åíèå âðåìåíè îáðàáîòêè ÷àñòèö ïàðàìè âîññòàíîâèòåëÿ ïðè-âîäèò ê äàëüíåéøåìó óâåëè÷åíèþ àâòîýìèññèîííûõ ñâîéñòâ, ÷òî ïðåæäå



230 Íîâûå ìàòåðèàëûâñåãî ñêàçûâàåòñÿ íà óìåíüøåíèå ïîðîãîâîãî ïîëÿ. Óâåëè÷åíèå òîëùèíûòîêîïðîâîäÿùåãî ñëîÿ ïðèâîäèò ê óìåíüøåíèþ ý��åêòà óñèëåíèÿ ïîëÿ íàãðàíèöå ÷àñòèö. Ïîëíîå âîññòàíîâëåíèå �òîðèäà ãðà�èòà äî ãðà�èòîâîéñòðóêòóðû äîëæíî ïðèâåñòè ê ïîÿâëåíèþ àâòîýìèññèîííîãî òîêà ïîäîá-íîãî ãðà�èòîâîìó êàòîäó. �ðà�èòîâûé êàòîä èìååò âåëè÷èíó ïîðîãîâîãîïîëÿ çíà÷èòåëüíî áîëüøóþ, ÷åì äëÿ èññëåäóåìûõ ñòðóêòóð.[1℄ J.M. Bonard, et al., Solid State Ele
troni
s, 45, 893 (2001).[2℄ À.Â. Åëåöêèé, ÓÔÍ, 172, 401 (2002).



New Materials 231NM-25Äèàãíîñòèêà íèçêîòåìïåðàòóðíûõ ýïèòàêñèàëüíûõãåòåðîñòðóêòóð AlxGa1−xAs/GaAs(100)Ï.Â. Ñåðåäèí 1, Ý.Ï. Äîìàøåâñêàÿ 1, À.Â. �ëîòîâ 1, È.Í. Àðñåíòüåâ 2,Ä.À. Âèíîêóðîâ 2, È.Ñ. Òàðàñîâ 2

1 Âîðîíåæñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, 394006, Âîðîíåæ,Óíèâåðñèòåòñêàÿ ïë., 1
2 Ôèçèêî-òåõíè÷åñêèé èíñòèòóò èì. À.Ô. Èî��å, 194021,Ñàíêò-Ïåòåðáóðã, Ïîëèòåõíè÷åñêàÿ, 26Ýïèòàêñèàëüíûå òâåðäûå ðàñòâîðû AlGaAs, âûðàùåííûå íà ïîäëîæêàõGaAs, ïðåäñòàâëÿþò ñîáîé íàèáîëåå ñîãëàñîâàííóþ ïî ïàðàìåòðó ðåøåòêèãåòåðîñòðóêòóðó, êîòîðàÿ ÿâëÿåòñÿ îäíèì èç íàèáîëåå èñïîëüçóåìûõ êîì-ïîíåíòîâ ýëåêòðîííîé è îïòîýëåêòðîííîé ïðîìûøëåííîñòè. Èññëåäîâàíèÿñèñòåìû AlAs�GaAs âåäóòñÿ äîñòàòî÷íî äàâíî, îäíàêî âëèÿíèå ðàçëè÷íûõ�àêòîðîâ, òàêèõ êàê íåðàâíîâåñíûå òåðìîäèíàìè÷åñêèå ïðîöåññû â ðåàê-òîðàõ, íàëè÷èå ïîëåé äå�îðìàöèè, âîçíèêàþùèõ èç-çà ìàëåéøèõ ðàññîãëà-ñîâàíèé ïàðàìåòðîâ ðåøåòêè ïëåíêè è ïîäëîæêè è äð. ïîçâîëÿåò ïîëó÷àòüó ýòîãî òèïà ãåòåðîñòðóêòóð ïðèíöèïèàëüíî íîâûå ñâîéñòâà.Òåñòèðóåìûå îáðàçöû, ïîëó÷åííûå â ÔÒÈ èì. À.Ô. Èî��å, ïðåäñòàâëÿ-ëè ñîáîé ãåòåðîñòðóêòóðû AlGaAs/GaAs(100), âûðàùåííûå ñ öåëüþ èññëå-äîâàíèÿ ïðîöåññîâ àâòîëåãèðîâàíèÿ äëÿ äîñòèæåíèÿ ìàêñèìàëüíîé êîí-öåíòðàöèè óãëåðîäíîãî àêöåïòîðà. Äëÿ ýòîãî ïðîâîäèëèñü ýêñïåðèìåíòûïðè ïîíèæåííîé òåìïåðàòóðå è ìèíèìàëüíîì ñîîòíîøåíèè 5 è 3 ãðóïïýëåìåíòîâ â çàâèñèìîñòè îò ñîñòàâà òâåðäîãî ðàñòâîðà. Îáðàçöû ïîëó-÷àëè íà óñòàíîâêå ÌÎÑ-ãèäðèäíîé ýïèòàêñèè "EMCORE GS 3/100" ââåðòèêàëüíîì ðåàêòîðå ñ âûñîêîé ñêîðîñòüþ âðàùåíèÿ ïîäëîæêîäåðæàòå-ëÿ, òåìïåðàòóðà êîòîðîãî ïîääåðæèâàëàñü ∼ 550 ◦C. Äàâëåíèå â ðåàêòîðå77Òîðð, ñêîðîñòü âðàùåíèÿ ïîäëîæêîäåðæàòåëÿ 1000 îá/ìèí. Ñòðóêòóðíîåêà÷åñòâî îáðàçöîâ è îïðåäåëåíèå ïàðàìåòðîâ ðåøåòîê òâåðäûõ ðàñòâîðîâïðîâîäèëè ñ èñïîëüçîâàíèåì ðåíòãåíîâñêîé äè�ðàêöèè íà äè�ðàêòîìåò-ðå ARL X'TRA Thermo Te
hno. ÈÊ-ñïåêòðû îòðàæåíèÿ îò ãåòåðîñòðóê-òóð áûëè ïîëó÷åíû ñ èñïîëüçîâàíèåì ÈÊ-�óðüå ñïåêòðîìåòðà Vertex-70Bruker. Èçó÷åíèå ìîð�îëîãèè ïîâåðõíîñòè áûëî ïðîâåäåíî íà ðàñòðîâîìýëåêòðîííîì ìèêðîñêîïå JOEL, êîíöåíòðàöèè ýëåìåíòîâ â òâåðäîì ðàñòâî-ðå áûëè óòî÷íåíû ìåòîäîì ðåíòãåíîâñêîãî ìèêðîàíàëèçà ñ èñïîëüçîâàíèåìïðèñòàâêè Oxford Instruments. Ñïåêòðû �àìàíîâñêîãî ðàññåÿíèÿ ïîëó÷àëè,èñïîëüçóÿ �àìàíîâñêèé ìèêðîñêîï SENTERRA Bruker ñ ëèíèé âîçáóæäå-íèÿ 532 nm è ìîùíîñòüþ ëàçåðíîãî èçëó÷åíèÿ 20ìÂò. Ñïåêòðû �îòîëþ-ìèíåñöåíöèè áûëè ïîëó÷åíû ïðè êîìíàòíîé òåìïåðàòóðå íà ñïåêòðîìåòðåHoriba Jobin HR800 ñ âîçáóæäåíèåì íà 633 íì.Àíàëèçèðóÿ ïîëó÷åííûå â ýêñïåðèìåíòå äàííûå, ìîæíî ñäåëàòüíåñêîëüêî âàæíûõ âûâîäîâ î ñòðóêòóðå òâåðäûõ ðàñòâîðîâ AlGaAs, âû-ðàùåííûõ ìåòîäîì íèçêîòåìïåðàòóðíîé ýïèòàêñèè. Íèçêîòåìïåðàòóðíûå



232 Íîâûå ìàòåðèàëûïëåíêè AlGaAs, êàê è íåóïîðÿäî÷åííûå ãîìîìîð�íûå òâåðäûå ðàñòâîðû,èìåþò ñòðóêòóðó ñ�àëåðèòà, ÷òî äîñòàòî÷íî õîðîøî ïðîñëåæèâàëîñü âñëó÷àå ðîñòà ãîìîýïèòàêñèàëüíîé ñòðóêòóðû GaAs/GaAs(100), ïîñêîëüêóèç ðåçóëüòàòîâ ðåíòãåíîâñêîé äè�ðàêöèè ñëåäîâàëî, ÷òî êðèñòàëëè÷åñêèåðåøåòêè òâåðäîãî ðàñòâîðà è ïîäëîæêè ïðåêðàñíî ñîãëàñîâàíû. Íî, êàêáûëî ïîêàçàíî ýêñïåðèìåíòàëüíî, ðîñò ÌÎÑ-ãèäðèäíûõ òâåðäûõ ðàñòâî-ðîâ AlGaAs ïîëó÷åííûõ íàìè ïðè ïîíèæåííîé òåìïåðàòóðå è ìèíèìàëü-íîì ñîîòíîøåíèè 5 è 3 ãðóïï ýëåìåíòîâ ñîïðîâîæäàåòñÿ óìåíüøåíèåì ïà-ðàìåòðà êðèñòàëëè÷åñêîé ðåøåòêè. Äëÿ òîãî, ÷òîáû îáúÿñíèòü ýòîò �àêò,ïðèõîäèòñÿ äîïóñòèòü, ÷òî èëè àòîìû ãàëëèÿ â ìåòàëëè÷åñêîé ïîäðåøåòêåíå çàìåùàþòñÿ àòîìàìè àëþìèíèÿ èëè ìûøüÿê óõîäèò èç íåìåòàëëè÷å-ñêîé ïîäðåøåòêè, à îñâîáîæäåííûå ìåñòà îñòàþòñÿ âàêàíòíûìè. Îäíàêîäëÿ ýòîãî âàêàíñèè äîëæíû îáðàçîâûâàòüñÿ ëèøü â öåíòðàõ ãðàíåé ñ�à-ëåðèòíîé ðåøåòêè, ò.ê. òîëüêî ïðè òàêîì óñëîâèè ïàðàìåòð êðèñòàëëè÷å-ñêîé ðåøåòêè òâåðäîãî ðàñòâîðà ìîæåò áûòü ìåíüøå ïàðàìåòðà GaAs. Âïîëüçó äàííîãî ïðåäïîëîæåíèÿ ñâèäåòåëüñòâóþò íåñêîëüêî óñòàíîâëåííûõ�àêòîâ. Âî-ïåðâûõ, êàê áûëî ïîêàçàíî ìåòîäîì ðåíòãåíîâñêîãî ìèêðîàíà-ëèçà, â ïðèïîâåðõíîñòíûõ ñëîÿõ íèçêîòåìïåðàòóðíûõ ïëåíîê íàáëþäàåò-ñÿ íåáîëüøîé èçáûòîê àòîìîâ ãàëëèÿ, âèäèìî óøåäøèõ èç ìåòàëëè÷åñêîéïîäðåøåòêè, íî íåçàìåùåííûõ àëþìèíèåì. Âñëåäñòâèå ýòîãî èçìåíèëñÿ õà-ðàêòåð ÈÊ-îòðàæåíèÿ îò òàêèõ ïëåíîê â ñðàâíåíèè ñî ñïåêòðàìè îò íåóïî-ðÿäî÷åííûõ òâåðäûõ ðàñòâîðîâ, ÷òî ïîäòâåðæäàþò è ðàñ÷åòû â ìîäåëèïëåíêà�ïîäëîæêà. À âî-âòîðûõ, àíàëèçèðóÿ ðåçóëüòàòû ðåíòãåíîâñêîé äè-�ðàêöèè, ìîæíî îòìåòèòü, ÷òî ïîëóøèðèíû äè�ðàêöèîííûõ ëèíèé (600)îò íèçêîòåìïåðàòóðíûõ òâåðäûõ ðàñòâîðîâ çàìåòíî áîëüøå, ÷åì äëÿ òâåð-äîãî ðàñòâîðà âûðàùåííîãî ïî ñòàíäàðòíîé òåõíîëîãèè. À, êàê èçâåñòíîèçìåíåíèå ïîëóøèðèí äè�ðàêöèîííûõ ëèíèé â áîëüøóþ ñòîðîíó ìîæåòñâèäåòåëüñòâîâàòü î äå�åêòíîñòè ñòðóêòóðû, ò.å. îá îáðàçîâàíèè âàêàíñèéâ êðèñòàëëè÷åñêîé ðåøåòêå.Èñõîäÿ èç ðåçóëüòàòîâ �àìàíîâñêîé ñïåêòðîñêîïèè, ìîæíî óòâåðæäàòü,÷òî âîçíèêíîâåíèå äîïîëíèòåëüíîé ìîäû ñ ÷àñòîòîé ∼ 1350 ñì−1, ïðèñóò-ñòâóþùåé â ñïåêòðàõ íèçêîòåìïåðàòóðíûõ îáðàçöîâ, ìîæåò áûòü îáúÿñíå-íî ïîÿâëåíèåì â ïëåíêàõ AlGaAs íàíîêðèñòàëëè÷åñêîé ãðà�èòîâîé �àçû,âîçíèêàþùåé âåðîÿòíåå âñåãî â ìåñòàõ äå�åêòîâ êðèñòàëëè÷åñêîé ðåøåò-êè. Â ñïåêòðàõ �îòîëþìèíåñöåíöèè íèçêîòåìïåðàòóðíûõ ýïèòàêñèàëüíûõãåòåðîñòðóêòóð ïîìèìî ìåæçîííûõ è àêöåïòîðíûõ ðåêîìáèíàöèîííûõ ïî-ëîñ ïðèñóòñòâóþò ýìèññèîííûå ìàêñèìóìû, ñäâèíóòûå â âûñîêîýíåðãåòè-÷åñêóþ îáëàñòü îòíîñèòåëüíî òâåðäîãî ðàñòâîðà è ïîäëîæêè. Ïîÿâëåíèåäîïîëíèòåëüíûõ ýìèññèîííûõ ïîëîñ, â ñïåêòðàõ �îòîëþìèíåñöåíöèè íèç-êîòåìïåðàòóðíûõ ãåòåðîñòðóêòóð íà íàø âçãëÿä îáóñëîâëåíî îáðàçîâàíè-åì íàíîêëàñòåðîâ óãëåðîäà, êîíöåíòðèðóþùèõñÿ íà äå�åêòàõ êðèñòàëëè-÷åñêîé ðåøåòêè, ÷òî áûëî ïîäòâåðæäåíî ìåòîäîì �àìàíîâñêîé ñïåêòðî-ñêîïèè.



New Materials 233NM-26Èññëåäîâàíèå íà÷àëüíîé ñòàäèè ðîñòà è ìåõàíèçìîâçàðîäûøåîáðàçîâàíèÿ è ðåëàêñàöèè íà ïîâåðõíîñòè(001) GaAs ìåòîäîì äè�ðàêöèè áûñòðûõ ýëåêòðîíîâÀ.À. Ëÿìêèíà 1,2, Þ.�. �àëèöûí 2, Ä.Â. Äìèòðèåâ 2, Ñ.Ï. Ìîùåíêî 2,À.È. Òîðîïîâ 2

1 Íîâîñèáèðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, 630090, Íîâîñèáèðñê,óë. Ïèðîãîâà, 2
2 Èíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ ÑÎ �ÀÍ, 630090, Íîâîñèáèðñê,ïð. Ëàâðåíòüåâà, 13Äëÿ ïîëó÷åíèÿ êâàíòîâûõ òî÷åê ñ çàäàííûìè ïàðàìåòðàìè (ïëîòíîñòü,ðàçìåðû) â êàïåëüíîé ýïèòàêñèè âàæíî êîíòðîëèðîâàòü êîëè÷åñòâî öåí-òðîâ çàðîäûøåîáðàçîâàíèÿ íà èñõîäíîé ïîâåðõíîñòè. Îáû÷íî äëÿ ðîñòàèñïîëüçóåòñÿ ïîâåðõíîñòü ñ ðåêîíñòðóêöèåé beta(2x4), íî â ïðîöåññå íàíå-ñåíèÿ ìàòåðèàëà ïðîèñõîäÿò èçìåíåíèÿ ïîâåðõíîñòè, ñâÿçàííûå ñî âñòðà-èâàíèåì íîâûõ àòîìîâ â ïîäëîæêó. Âñòðàèâàíèå çàâèñèò îò áîëüøîãî êî-ëè÷åñòâà ïàðàìåòðîâ: òåìïåðàòóðà, ñêîðîñòü íàíåñåíèÿ, �îíîâîå äàâëåíèå
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�èñ. 1: �åëàêñàöèîííûå êðèâûå, ñîîòâåòñòâó-þùèå äîçå GaAs F=0.12 ìîíîñëîÿ. T =
550, 552, 555, 557, 561, 564, 557, 560◦C.

As è ò.ä. Òàêèì îáðàçîì, �îðìè-ðîâàíèå êâàíòîâûõ òî÷åê ïðî-èñõîäèò íà îòëè÷íîé îò èñõîä-íîé ïîâåðõíîñòè, ñòðóêòóðó êî-òîðîé æåëàòåëüíî çíàòü è êîí-òðîëèðîâàòü. Öåëüþ äàííîé ðà-áîòû ÿâëÿåòñÿ èññëåäîâàíèå íà-÷àëüíîé ñòàäèè ðîñòà è ìåõà-íèçìîâ çàðîäûøåîáðàçîâàíèÿ èðåëàêñàöèè â ãîìîýïèòàêñèè íàïîâåðõíîñòè (001) GaAs.Äëÿ èçó÷åíèÿ êèíåòèêèðåëàêñàöèè ïîâåðõíîñòè èññëå-äîâàëàñü ýâîëþöèÿ èíòåíñèâíî-ñòè äðîáíîãî äè�ðàêöèîííîãîðå�ëåêñà (0 1/4) îò êðèñòàë-ëè÷åñêîãî àðñåíèäà ãàëëèÿ âäè�ðàêöèè áûñòðûõ ýëåêòðî-íîâ íà îòðàæåíèå. Íà èñõîäíóþ ïîâåðõíîñòü ñ ðåêîíñòðóêöèåé beta(2x4)ïðè ðàçëè÷íûõ òåìïåðàòóðàõ íàíîñèëîñü çàäàííîå êîëè÷åñòâî GaAs (ñêî-ðîñòü íàíåñåíèÿ v = 0, 03 ìîíîñëîÿ â ñåêóíäó). Ïðè ýòîì èíòåíñèâíîñòüñèãíàëà ñíà÷àëà óâåëè÷èâàåòñÿ ïðè âñòðàèâàíèè àòîìîâ Ga â beta(2x4),
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�èñ. 2: Çàâèñèìîñòü âðåìåíè ðåëàêñàöèè îò òåì-ïåðàòóðû â Àððåíèóñîâñêèõ êîîðäèíàòàõ.

ïîòîì ïàäàåò (îáðàçîâàíèåíåñòàáèëüíîé ïðîìåæóòî÷íîé�àçû) è çàòåì âîçðàñòàåòäî íåêîòîðîãî çíà÷åíèÿ ñîñêîðîñòüþ, îïðåäåëÿåìîéðåëàêñàöèåé ïîâåðõíîñòè êèñõîäíîé ðåêîíñòðóêöèè. Äëÿêàæäîé äîçû ïðîâîäèëàñü ñåðèÿýêñïåðèìåíòîâ ñ ðàçëè÷íûìèòåìïåðàòóðàìè ïîäëîæêè (îò550 äî 570 ◦C). Çàâèñèìîñòè,èçìåðåííûå äëÿ ðàçëè÷íûõ äîçãàëëèÿ àðñåíèäà, ïðåäñòàâëåíûíà ðèñ. 1.Êèíåòè÷åñêèå êðèâûå áûëèîáðàáîòàíû àïïðîêñèìàöèåéýêñïîíåíòîé âèäà y = y0 + A exp[−(x − x0)/τ ]. Ýòî ïîçâîëèëî îïðåäåëèòüõàðàêòåðíîå âðåìÿ ðåëàêñàöèè â çàâèñèìîñòè îò òåìïåðàòóðû. Ïîñòðîèâïîëó÷åííóþ çàâèñèìîñòü â Àððåíèóñîâñêèõ êîîðäèíàòàõ (ðèñ. 2), ìîæíîîöåíèòü ýíåðãèþ àêòèâàöèè, êîòîðàÿ ñîñòàâèëà 1.84 ýÂ.Íà îñíîâàíèè ñðàâíåíèÿ ïîëó÷åííûõ ðåçóëüòàòîâ ñ õàðàêòåðíûìè ýíåð-ãèÿìè ñâÿçåé è âçàèìîäåéñòâèÿ â ñèñòåìå îáñóæäàåòñÿ ìîäåëü çàðîäûøå-îáðàçîâàíèÿ â ãîìîýïèòàêñèè àðñåíèäà ãàëëèÿ.



New Materials 235NM-27Ñòðóêòóðà è òðàíñïîðòíûå ñâîéñòâà ñëîæíûõ îêñèäîâ
Sr0.75−xCaxY0.25Co0.25Mn0.75O3−δ

(0 ≤ x ≤ 0.6)À.Â. �àëååâà 1, Ô.Ñ. Íàïîëüñêèé 2, Ñ.ß. Èñòîìèí 3, Ä.�. Õîõëîâ 1Ì�Ó èì. Ì.Â. Ëîìîíîñîâà, Ìîñêâà, Ëåíèíñêèå ãîðû, 1
1 Ôèçè÷åñêèé �àêóëüòåò
2 Ôàêóëüòåò íàóê î ìàòåðèàëàõ
3 Õèìè÷åñêèé �àêóëüòåòÑèíòåç è èññëåäîâàíèå íîâûõ ñëîæíûõ îêñèäîâ êîáàëüòà-ìàðãàíöà ñ èñ-êàæåííîé ïåðîâñêèòîïîäîáíîé ñòðóêòóðîé ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé âñâÿçè ñ ïåðñïåêòèâîé ñîçäàíèÿ íà èõ îñíîâå êàòîäíûõ ìàòåðèàëîâ äëÿ òâåð-äîîêñèäíûõ òîïëèâíûõ ýëåìåíòîâ. Ìåíÿÿ ñòåïåíü èñêàæåíèÿ ñòðóêòóðûïåðîâñêèòà ïóòåì êàòèîííîãî çàìåùåíèÿ, ìîæíî îêàçûâàòü öåëåíàïðàâ-ëåííîå âîçäåéñòâèå íà êîý��èöèåíò òåðìè÷åñêîãî ðàñøèðåíèÿ (ÊÒ�) è,òàêèì îáðàçîì, íèâåëèðîâàòü îñíîâíîé íåäîñòàòîê êîáàëüòèòîâ êàê êàòîä-íûõ ìàòåðèàëîâ [1℄. Â ðàìêàõ îïèñàííîé ïðèêëàäíîé çàäà÷è èññëåäîâàíèåâûñîêîòåìïåðàòóðíûõ ñòðóêòóðíûõ è òðàíñïîðòíûõ ñâîéñòâ îêñèäîâ èñ-êëþ÷èòåëüíî âàæíî. Îäíàêî äëÿ ïîíèìàíèÿ ìåõàíèçìîâ òðàíñïîðòà íåîá-õîäèìî èçó÷åíèå ïðîâîäèìîñòè â áîëåå øèðîêîì òåìïåðàòóðíîì äèàïàçîíå.Â ðàáîòå èññëåäîâàíû ñëîæíûå îêñèäû Sr0.75−xCaxY0.25Co0.25Mn0.75O3−δ(0 ≤ x ≤ 0.6), ñèíòåçèðîâàííûå òâåðäî�àçíûì ìåòîäîì. Èññëåäîâàíèÿìåòîäàìè ðåíòãåíîñòðóêòóðíîãî àíàëèçà è ýëåêòðîííîé äè�ðàêöèè ïîêà-çàëè, ÷òî ïðè T = 300Ê ñîåäèíåíèÿ èìåþò îðòîðîìáè÷åñêóþ ïåðîâñêèòî-ïîäîáíóþ ñòðóêòóðó, ñòåïåíü èñêàæåíèÿ êîòîðîé óìåíüøàåòñÿ ïðè óìåíü-øåíèè ñîäåðæàíèÿ êàëüöèÿ x è ïðè óâåëè÷åíèè òåìïåðàòóðû. Äëÿ ñîñòàâà

x = 0 ïðè T = 670Ê áûë îáíàðóæåí ñòðóêòóðíûé ïåðåõîä èç ðîìáè÷å-ñêîé â êóáè÷åñêóþ �àçó. Óâåëè÷åíèå ÊÒ� îáðàçöà ñ áîëåå ñèììåòðè÷íîéñòðóêòóðîé áûëî ïîäòâåðæäåíî ðåçóëüòàòàìè äèëàòîìåòðè÷åñêèõ è ðåíò-ãåíîãðà�è÷åñêèõ èññëåäîâàíèé. Òàêèì îáðàçîì, ïîêàçàíî, ÷òî çàìåùåíèåáîëåå êðóïíîãî êàòèîíà ñòðîíöèÿ íà ìåíüøèé êàëüöèé ïðèâîäèò ê �îðìè-ðîâàíèþ ñòðóêòóðû ñ áîëåå ñèëüíûì èñêàæåíèåì è, ñîîòâåòñòâåííî, áîëååíèçêèì ÊÒ�.Ïðîâîäèìîñòü îáðàçöîâ èññëåäîâàíà â ñòàòè÷åñêèõ ýëåêòðè÷åñêèõ ïîëÿõâ èíòåðâàëå òåìïåðàòóð îò 4.2Ê äî 1173Ê è â ïåðåìåííûõ ýëåêòðè÷åñêèõïîëÿõ â èíòåðâàëå òåìïåðàòóð îò 4.2Ê äî 300Ê, â ÷àñòîòíîì äèàïàçîíåîò 20�ö äî 1Ì�ö. Õàðàêòåð òåìïåðàòóðíîé çàâèñèìîñòè ñîïðîòèâëåíèÿ
ρ îáðàçöîâ ïîçâîëÿåò óñëîâíî ðàçäåëèòü òåìïåðàòóðíûé äèàïàçîí íà äâåîáëàñòè: 1) íèçêîòåìïåðàòóðíóþ, 4.2Ê< T .250K è 2) âûñîêîòåìïåðàòóð-íóþ, ∼ 250 K < T < 1173K. Ïðè âûñîêèõ òåìïåðàòóðàõ ïðîâîäèìîñòü
σ ìîæåò áûòü îïèñàíà â ðàìêàõ ïðåäñòàâëåíèÿ î äâèæåíèè ïîëÿðîíîâ âñîîòâåòñòâèè ñ çàêîíîì
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Y' ~ f s, s<1 �èñ. 1: (Ñëåâà) Çàâèñèìîñòü ρ(T 1/4) äëÿ ñîñòàâîâ x = 0; 0.2; 0, 6.�èñ. 2: (Ñïðàâà) Çàâèñèìîñòü Y ′(f) äëÿ ñîñòàâîâ x = 0, 0.2, 0.6 ïðè T = 30Ê; 40Ê; 50Ê.
σ ∝ 1

T
exp

(

− Ea

kT

)

,ãäå ýíåðãèÿ àêòèâàöèè Ea ïðèáëèçèòåëüíî ðàâíà ïîëîâèíå ýíåðãèè ñâÿ-çè ïîëÿðîíà. Íà çàâèñèìîñòè T · σ(1000/T ) íàáëþäàþòñÿ äâà òåìïåðàòóð-íûõ ó÷àñòêà 250K< T .670K è ∼670K< T <1173K ñ ðàçíûìè ýíåðãè-ÿìè àêòèâàöèè. Èçìåíåíèå ýíåðãèè àêòèâàöèè, ïî-âèäèìîìó, îáóñëîâëåíîñòðóêòóðíûìè èçìåíåíèÿìè â îáðàçöàõ. Îïðåäåëåííûå â èíòåðâàëå òåìïå-ðàòóð 300Ê÷670Ê çíà÷åíèÿ Ea óâåëè÷èâàþòñÿ îò 170ìýÂ äî 210ìýÂ ïðèóâåëè÷åíèè x îò 0 äî 0,6, ÷òî ìîæåò áûòü ñâÿçàíî ñ óâåëè÷åíèåì ñòåïå-íè èñêàæåíèÿ ñòðóêòóðû. Îöåíêà ðàäèóñà ïîëÿðîíà (∼ 0.17 íì) ïîêàçàëà,÷òî òðàíñïîðò íîñèòåëåé ïðåäñòàâëÿåò ñîáîé äâèæåíèå ïîëÿðîíîâ ìàëîãîðàäèóñà [2℄. Ïðè òåìïåðàòóðàõ íèæå 250Ê çàâèñèìîñòü ρ(T ) ìîæåò áûòüàïïðîêñèìèðîâàíà çàêîíîì Ìîòòà äëÿ ïðûæêîâîé ïðîâîäèìîñòè (ðèñ. 1)
ρ ∝ exp

[

(T0

T

)1/4
]Íà ïðûæêîâûé õàðàêòåð ïðîâîäèìîñòè óêàçûâàåò òàêæå ñòåïåííàÿ ÷àñòîò-íàÿ çàâèñèìîñòü äåéñòâèòåëüíîé ÷àñòè ïðîâîäèìîñòè Y ′ ïðè T < 77K(ðèñ. 2) [3℄.�åçóëüòàòû èçìåðåíèé ÷àñòîòíûõ è òåìïåðàòóðíûõ çàâèñèìîñòåé êîì-ïîíåíò ïîëíîãî èìïåäàíñà îáñóæäàþòñÿ â ðàìêàõ àïïðîêñèìàöèè ïàðàë-ëåëüíûì RC-êîíòóðîì.[1℄ Y. Zhao, D.J. Weidner, Phys. Chem. Minerals, 18, 294 (1991).[2℄ M. Salamon, et al., Phys. Rev. B, 54, 11914 (1996).[3℄ Â.Ë. Áîí÷-Áðóåâè÷, È.Ï. Çâÿãèí, �. Êàéïåð è äð., Ýëåêòðîííàÿ òåî-ðèÿ íåóïîðÿäî÷åííûõ ïîëóïðîâîäíèêîâ, Ì.: Íàóêà (1981).



New Materials 237NM-28�àñ÷åò ñâîéñòâ ìîëåêóë �òàëîöèàíèíà ýðáèÿ ìåòîäîì�óíêöèîíàëà ïëîòíîñòèÅ.Â. Òèõîíîâ 1, È.À. Áåëîãîðîõîâ 1, Ä.�. Õîõëîâ 1, Ë.�. Òîìèëîâà 2

1 Ìîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ì.Â. Ëîìîíîñîâà, �èçè-÷åñêèé �àêóëüòåò 119992, Ìîñêâà
2 Ìîñêîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ì.Â. Ëîìîíîñîâà, õèìè-÷åñêèé �àêóëüòåò 119992, ÌîñêâàÎðãàíè÷åñêèå ïîëóïðîâîäíèêè íà îñíîâå �òàëîöèàíèíîâûõ êîìïëåê-ñîâ ïðåäñòàâëÿþò áîëüøîé èíòåðåñ äëÿ ñîâðåìåííîé ìèêðîýëåêòðîíèêè.Âàðüèðóÿ ïðèðîäó êîìïëåêñîîáðàçîâàòåëÿ è ïåðè�åðèéíûõ çàìåñòèòåëåé,ìîæíî óïðàâëÿòü îïòè÷åñêèìè, �îòîýëåêòðîííûìè, ìàãíèòíûìè è êàòà-ëèòè÷åñêèìè ñâîéñòâàìè óêàçàííûõ êîìïëåêñîâ, ÷òî ïîçâîëÿåò ñîçäàâàòüðàçíîîáðàçíûå ïðèáîðû è óñòðîéñòâà íà îñíîâå �òàëîöèàíèíîâûõ ñòðóê-òóð.Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ðàñ÷åò ýëåêòðîííîé ñòðóêòóðû è îï-òè÷åñêèõ ñïåêòðîâ ìîíî�òàëîöèàíèíîâ ýðáèÿ. �àñ÷åò ïðîâîäèëñÿ íà ïåð-ñîíàëüíîì êîìïüþòåðå ñ ïîìîùüþ ïðîãðàììû GAMESS [1℄ ìåòîäîì �óíê-öèîíàëà ïëîòíîñòè ñ èñïîëüçîâàíèåì �óíêöèîíàëîâ SVWN [2,3℄ è M06 [4℄â áàçèñå 6-311G. Áûëè ðàññ÷èòàíû ãåîìåòðèÿ ìîëåêóëû, ñïåêòð ïëîòíî-ñòè ñîñòîÿíèé, ýíåðãåòè÷åñêèå óðîâíè, ñïåêòð âèáðîííûõ ÷àñòîò è ñïåêòðêîìáíàöèîííîãî ðàññåÿíèÿ.[1℄ M.W. S
hmidt, et al., J. Comput. Chem. 14, 1347 (1993).[2℄ J.C. Slater Phys. Rev. 81, 385 (1951).[3℄ S.H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 58, 1200 (1980).[4℄ Y. Zhao, D.G. Truhlar, Theoret. Chem. A

. 120, 215 (2008).



238 Íîâûå ìàòåðèàëûNM-29Giant magnetoresistan
e in Pb-pHgCdTe barriersV.F. Radantsev1, V.V. Zav'ialov2 and A.M. Yafyasov3

1Gorky Ural State University, Pr. Lenina 51, Ekaterinburg, 620083 Russia
2Department of Physi
s, University of Utah, Salt Lake City, Utah 84112 USA
3St.Petersburg State University, Universitetskaya nab. 7/9, St. Petersburg,198504 RussiaStrong magneti
 �eld e�e
t on tunneling 
urrent in Pb-pHgCdTe barrierswe observed earlier [1℄ is due to two 
ir
umstan
e: i) prevalen
e of lightholes in tunnel 
urrent be
ause of high transmission S
hottky barrier for light
arriers; ii) high 
y
lotron energy of light holes be
ause of theirs small e�e
tivemass. Here we report the results of the study of magnetotransport in Pb-
pHg1−xCdxTe barriers at higher temperatures when the above-barrier 
urrentpredominates. At �rst sight the thermioni
 emission should be weakly sensitiveto a magneti
 �eld be
ause the heavy holes (having small 
y
lotron energy)
ontribute primary to above-barrier 
urrent. In this 
ase we are to expe
t thepronoun
ed e�e
t only at extremely strong magneti
 �elds B for both diode(B > 50T) and di�usion (B > 20T) model. However experimentally morethan twofold de
rease of thermioni
 
urrent is observed even at B < 1T.The e�e
t of magneti
 �eld
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�èñ. 1: Ratio Js(B)/Js(B = 0) = 0.8 as afun
tion of magneti
 �eld and parameter θ(insert) for samples 1 and 2 (the doping and
omposition of samples investigated are listedin Fig. 2.)

is independent of biases V andredu
es to the de
rease of saturation
urrent Js, whereas the idealityfa
tor is un
hanged. Be
ause oflarge magnitude the e�e
t 
annotbe attributed to the heavy holes.This it is in agreement with the fa
tthat B, 
orresponding to the samevalue of Js(B)/Js(0), is twi
e aslarger for HgCdTe with x = 0, 29than for sample with x = 0, 2 ina

ording with the ratio of e�e
tivemass of light 
arriers in these sampleswhereas the mass of heavy holes arethe same.The domination of light 
arriers intotal thermioni
 
urrent 
an be understand if we assume the existen
e of thinoxide layer at Pb-HgCdTe interfa
e whi
h is transparent to light 
arriers but



New Materials 239impassable for heavy holes. The assumption that Js at high T is due to thelight 
arriers explains the experimental values of Ri
hardson 
onstants and thein
reasing of the slope in the dependen
ies ln(Js/T
2)−T−1 at high temperatures

T > 100 ÷ 150K we observed previously [1℄.The saturation of reverse 
urrent and theoreti
al estimations show thatdi�usion theory is inappli
able and the ballisti
 above-barriers transportpredominates. Thus the de
rease of Js in magneti
 �eld is not due to thede
rease of the mobility. This is supported by the fa
t that the in�uen
eof magneti
 �eld o

urred not only in 
rossed (B ⊥ J) but also inlongitudinal (B ‖ J) magneti
 �eld and e�e
t depends almost not at all onthe orientation. This suggests that the magneto�eld e�e
t owes its origin tomagneti
 quantization of the bulk spe
trum leading to the in
rease of thee�e
tive Kane gap and as a result to the de
rease of the 
on
entration ofthe light holes and ele
trons be
ause the Fermi level is mainly 
ontrolled bythe heavy holes and remains invariant to a magneti
 �eld. In this model theexpression for Js is expe
ted as following
Js(B)/Js(0) = nθ/ sinh(nθ) (1)where θ = ~ωc/kBT , ωc is the 
y
lotron energy, without spin-splitting n = 1/2.As shown in Fig. 2, the
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         N    x      NA-ND, 1015 cm-3

 1  0,22 4,0
 2  0,29 1,5
 3  0,29 6,0

B
,T

mlhT/m0 ,K�èñ. 2: Magneti
 �eld 
orrespondingto de
rease of saturation 
urrent
Js(B)/Js(B = 0) = 0.8 as a fun
tion oftemperature and light 
arriers e�e
tive masse.

experimental values of magneti
�eld 
orresponding to the same
Js(B)/Js(0) value are linearlyproportional to the produ
t ofe�e
tive mass and temperature , i.e.the magnitude of e�e
t is indeed
hara
terized by the parameter θ.And what is more the experimentaldependen
ies Js(H)/Js(0) − θ forall x, T and orientations �t 
ommonuniversal 
urve (insert in Fig. 1). Atsmall Js(H)/Js(0) ≤ 0.7 this 
urveis approximated by (1) but the fa
tor
n is too large (n ∼ 8). For larger
Js(H)/Js(0) values the dependen
e

Js(H) is not des
ribed by (1) whatever fa
tor n is 
hosen. The reason ofdis
repan
y and may be the origin of the phenomena in itself remains amystery.[1℄ V.V. Zav'ialov and V.F. Radantsev, Semi
ond. S
i. Te
hnol., 9, 281 (1999).



240 Íîâûå ìàòåðèàëûNM-30Opti
al response in rare-earth perovskite manganites:interplay of p-d and d-d 
harge transfer transitionsA.S. Moskvin1, A.A. Makhnev2, L.V. Nomerovannaya2, N.N. Loshkareva2,and A.M. Balbashov3

1Ural State University, 620083, Ekaterinburg
2Institute of Metal Physi
s, 620219 Ekaterinburg
3Mos
ow Power Engineering Institute, 105835 Mos
owWe have performed both theoreti
al and experimental study of opti
alresponse of parent perovskite manganites RMnO3 with a main goal toelu
idate nature of 
learly visible opti
al features. Starting with a simple
luster model approa
h we addressed the both one-
enter (p-d) and two-
enter (d-d) 
harge transfer (CT) transitions, their polarization properties,the role played by stru
tural parameters, orbital mixing, and spin degree offreedom. Opti
al 
omplex diele
tri
 fun
tion of single 
rystalline samples ofperovskite manganites RMnO3 was measured by ellipsometri
 te
hnique atroom temperature in the spe
tral range from 1.0 to 5.0 eV for two lightpolarizations: E ‖ c and E ⊥ c. The 
omparative analysis of the spe
tralbehavior of ε1 and ε2 is believed to provide a more reliable assignement ofspe
tral features. Fig. 1 shows the ε1 and ε2 room temperature spe
tra ofRMnO3 (R= Nd, Pr, Sm, Eu) for two main light polarizations together withearlier data for LaMnO3 [1℄. In the same �gure we have presented the results ofa semi-quantitative analysis of the spe
tra in the energy range 
overed by ourexperiment based on a dispersion analysis of the 
omplex diele
tri
 fun
tion ε,whi
h was �tted by a set of 8 Lorentzian os
illators. We have found an overallagreement between experimental spe
tra and theoreti
al predi
tions based onthe theory of the one-
enter p-d CT transitions in MnO6 o
tahedra [2℄ and inter-site d-d CT transitions. Both the spe
tral weight, polarization properties, andtemperature behavior of the intensive and broad 2 eV band in all the manganitesinvestigated point to its inter-site d-d CT 
hara
ter, or stri
tly speaking, to thelow energy high-spin (HS) deg-deg CT transition. The intensity and energyposition of four narrow bands forming the �ne stru
ture of 2 eV feature agreesurprizingly well with the theoreti
al predi
tions made earlier by one of theauthors [2℄ for the forbidden t1g(π) → eg and weakly-allowed t2u(π) → eg one-
enter p-d CT transitions splitted by a near tetragonal 
rystal �eld. Spe
tralfeatures at 3.0 and 3.8 eV are assigned to a weak dipole-allowed t1u(π) → eg p-dCT transition of the π−σ type with a 
learly resolved low-symmetry splitting.Strong dipole-allowed p-d CT transitions t1u(π) → t2g and t1u(σ) → eg of the
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�èñ. 1: Real and imaginary part of the diele
tri
 fun
tion ε in RMnO3. The left hand panelpresents the spe
tra for E ⊥ c polarization, the right hand panel does for E ‖ c polarization.The Lorentzian �tting data are shown by solid lines. A proper Lorentzian de
ompositionwith assignment of all the peaks is shown for ε2.
π − π and σ − σ type, respe
tively, are observed as the most intensive bandswith an unresolved stru
ture at 4.7 and 5.3 eV. Weak low-spin 
ounterparts ofthe HS deg-deg CT transition are seemingly superimposed on these strong p-dCT bands. We argue that the both dipole-allowed d-d and p-d CT transtionsare equally sensitive to the temperature-dependent spin 
orrelations, only witha di�erent relative 
hange of the opti
al response through the onset of themagneti
 order, relatively large for the former and relatively small for the latter.Our experimental data and theoreti
al analysis eviden
e a dual nature ofthe diele
tri
 gap in nominally stoi
hiometri
 matrix of perovskite manganitesRMnO3, it is formed by a superposition of forbidden or weak dipole allowed p-dCT transitions and inter-site d-d CT transitions. In fa
t, the parent perovskitemanganites RMnO3 should rather be sorted neither into the CT insulator northe Mott-Hubbard insulator in the Zaanen, Sawatzky, Allen s
heme [3℄.This work was partially supported by the RFBR Grant No.08-02-00633 andthe DPS program "Physi
s of new materials and stru
tures".[1℄ N.N. Loshkareva et al., JETP 94, 350 (2002).[2℄ A.S. Moskvin, Phys. Rev. B 65, 205113 (2002).[3℄ J. Zaanen, G.A. Sawatzky, and J.W. Allen, Phys. Rev. Lett. 55, 418 (1985).



242 Íîâûå ìàòåðèàëûNM-31Ïðîÿâëåíèÿ ðàññåÿíèÿ íîñèòåëåé òîêà íà ìàãíèòíûõïðèìåñÿõ â êèíåòè÷åñêèõ ñâîéñòâàõ ïñåâäîùåëåâîãîïîëóïðîâîäíèêà Fe1.9V1.1AlÂ.Â. Ìàð÷åíêîâ 1, Â.È. Îêóëîâ 1, Ê.À. Îêóëîâà 1, Õ.Â. Âåáåð 2

1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219, Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2 Vienna University of Te
hnology, Atominstitute, 1020 Vienna, AustriaÍàñòîÿùåå ñîîáùåíèå ïîñâÿùåíî èññëåäîâàíèþ çàâèñèìîñòåé îò íàïðÿ-æåííîñòè ìàãíèòíîãî ïîëÿ êîý��èöèåíòà Õîëëà è ïîïåðå÷íîãî ìàãíåòîñî-ïðîòèâëåíèÿ â ñïëàâå Fe1.9V1.1Al. Äàííûé ñïëàâ ïî ñîñòàâó áëèçîê ê ñòå-õèîìåòðè÷åñêîìó (Fe2VAl). Èìåííî â íåì íàáëþäàëèñü ïîëóïðîâîäíèêî-âûå ñâîéñòâà [1,2℄. Ñâÿçàííûå ñ ýòèì àíîìàëèè â òåìïåðàòóðíûõ çàâèñè-ìîñòÿõ ïðîâîäèìîñòè, õîëëîâñêîé êîíöåíòðàöèè è ìàãíèòíîé âîñïðèèì÷è-âîñòè [2℄ îáúÿñíÿþòñÿ ïðîÿâëåíèÿìè ñóùåñòâîâàíèÿ ïñåâäîùåëè â ýëåê-òðîííîé ïëîòíîñòè ñîñòîÿíèé. Òàêîå îáúÿñíåíèå îòíîñèëîñü ê èíòåðâàëóïðåäåëüíî íèçêèõ òåìïåðàòóð, òîãäà êàê ñïàäàíèå ýëåêòðîñîïðîòèâëåíèÿ ñðîñòîì òåìïåðàòóðû íàáëþäàåòñÿ â áîëåå øèðîêîì èíòåðâàëå. Òàêàÿ çàêî-íîìåðíîñòü ìîæåò áûòü îáóñëîâëåíà ñîîòâåòñòâóþùèì ìåõàíèçìîì ðàññå-ÿíèÿ ýëåêòðîíîâ. Ïîäòâåðæäåíèå ýòîãî ïðåäïîëîæåíèÿ áûëî öåëüþ íàøåéðàáîòû. Èçìåðåíèÿ ãàëüâàíîìàãíèòíûõ ñâîéñòâ ïðîâîäèëèñü ñòàíäàðòíû-ìè ìåòîäàìè â øèðîêîì èíòåðâàëå ìàãíèòíûõ ïîëåé âïëîòü äî 15Ò ïðèòåìïåðàòóðàõ îò 2.5 äî 100K.Ýêñïåðèìåíòàëüíûå äàííûå, ïðèâåäåííûå íà �èñ. 1, ïîêàçûâàþò ñïàäà-íèå ñ ðîñòîì ìàãíèòíîãî ïîëÿ ïîïåðå÷íîãî ìàãíåòîñîïðîòèâëåíèÿ ∆ρ/ρ (a)è êîý��èöèåíòà Õîëëà RH (b) ïðè ðàçëè÷íûõ òåìïåðàòóðàõ. Ìàãíåòîñî-ïðîòèâëåíèå îòðèöàòåëüíî è äîñòèãàåò 45%, åùå íå íàñûùàÿñü. Àíîìàëèèïîëåâûõ çàâèñèìîñòåé RH è ∆ρ/ρ íàáëþäàþòñÿ â òîì æå ñàìîì òåìïåðà-òóðíîì äèàïàçîíå (íèæå 30K), ãäå ñîãëàñíî [2℄ ïðîÿâëÿåòñÿ ïñåâäîùåëü âêèíåòè÷åñêèõ ñâîéñòâàõ. Ìû ïîëàãàåì, ÷òî ýëåêòðîííûå ñâîéñòâà ñïëàâàïðè äîñòàòî÷íî íèçêèõ òåìïåðàòóðàõ îïðåäåëÿþòñÿ õàðàêòåðîì çàïîëíå-íèÿ ýëåêòðîíàìè ñîñòîÿíèé âáëèçè ãëóáîêîãî óçêîãî ìèíèìóìà (ïñåâäîùå-ëè). Âêëàä òàêèõ ýëåêòðîíîâ â ïðîâîäèìîñòü èìååò àíîìàëüíûé õàðàêòåðâ ñèëó èõ áîëüøåé ïîäâèæíîñòè, ÷åì ó ýëåêòðîíîâ óçêèõ ýíåðãåòè÷åñêèõïîëîñ. Ïðè ýòîì îñíîâíûì ìåõàíèçìîì ðàññåÿíèÿ äëÿ íèõ ìîæåò áûòü ðàñ-ñåÿíèå íà ïðèìåñÿõ ñ õàîòè÷åñêè îðèåíòèðîâàííûìè ñïèíàìè. Ìàãíèòíîåïîëå îðèåíòèðóåò ìàãíèòíûå ìîìåíòû ïðèìåñåé, è ðàññåÿíèå íà ëîêàëèçî-âàííûõ ñïèíàõ îñëàáëÿåòñÿ. Åñëè ìàãíèòíîå ïîëå íå ñëèøêîì âåëèêî, òîçàâèñÿùèé îò íåãî âêëàä óïîìÿíóòîãî âûøå ìåõàíèçìà ðàññåÿíèÿ ìîæíî
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�èñ. 1: (a) Ïîëåâàÿ çàâèñèìîñòü ìàãíåòîñîïðîòèâäåíèÿ; (b) Ïîëåâàÿ çàâèñèìîñòü êîý�-�èöèåíòà Õîëëà. Ñïëîøíûå ëèíèè � êðèâûå ïîäãîíêè ïî �îðìóëå (2) äëÿ T=2.5K èT=10.6K.ñ÷èòàòü ïðîïîðöèîíàëüíûì H2. Â ýòîì ñëó÷àå óðàâíåíèÿ äëÿ ïîïåðå÷íîé
σ11 è õîëëîâñêîé σ12 ïðîâîäèìîñòåé çàïèñûâàþòñÿ ñëåäóþùèì îáðàçîì:

σ11 = σ0 + σ1p

(

1 +H2/H2
1

)

, σ12 = σ2p ·H/H2 . (1)Çäåñü σ1p è σ2p � âêëàäû â ïðîâîäèìîñòü îò ñîñòîÿíèé ïñåâäîùåëè, à çíà÷å-íèÿ ïîëåé H1 è H2 ÿâëÿþòñÿ õàðàêòåðèñòè÷åñêèìè ïàðàìåòðàìè ïðîöåññàðàññåÿíèÿ, çàâèñÿùèìè îò ìàãíèòíîãî ïîëÿ. Íà îñíîâå �îðìóë (1) ñ ó÷å-òîì ìàëîñòè σ2p ìîæíî çàïèñàòü ñëåäóþùåå âûðàæåíèå äëÿ êîý��èöèåíòàÕîëëà:
RH = R0

[

1 +
(

H/H3

)2
]−1 (2)�åçóëüòàò ïîäãîíêè ïî �îðìóëå (2) ïðèâîäèòñÿ íà �èñ. 1. Ïîëåâóþ çàâè-ñèìîñòü ìàãíåòîñîïðîòèâëåíèÿ ìîæíî òàêæå îïèñàòü íà îñíîâå (1). Òàêèìîáðàçîì, ìû ïîêàçàëè, ÷òî îñíîâíûì ìåõàíèçìîì ðàññåÿíèÿ ýëåêòðîíîâ ÿâ-ëÿåòñÿ ðàññåÿíèå íà ìàãíèòíûõ ïðèìåñÿõ. Ïîýòîìó òåìïåðàòóðíîå ïîâåäå-íèå ýëåêòðîñîïðîòèâëåíèÿ â èññëåäóåìîì ñïëàâå òàêæå ñëåäóåò ñâÿçûâàòüñ ïðîÿâëåíèåì ïîäîáíîãî ìåõàíèçìà.�àáîòà ïîääåðæèâàåòñÿ �ÔÔÈ (ïðîåêò �09-02-01389), Ïðîãðàììîé îò-äåëåíèÿ �èçè÷åñêèõ íàóê �ÀÍ (�26) è Àêàäåìèåé íàóê Àâñòðèè.[1℄ Y. Nishino, et al., Phys. Rev. Lett., 79, 1909 (1997).[2℄ V.I. Okulov, et al., Low Temp. Phys., 33, 692 (2007).



244 Íîâûå ìàòåðèàëûNM-32Ý��åêò Õîëëà â ýëåêòðîííîì ñâåðõïðîâîäíèêå
Nd2−xCexCuO4+δ

ñ ðàçíîé ñòåïåíüþ áåñïîðÿäêàÄ.Ñ. Ïåòóõîâ 1, Ò.Á. ×àðèêîâà 1, Í.�. Øåëóøèíèíà 1, �.È. Õàðóñ 1,Â.Â. Íåâåðîâ 1, À.À. Èâàíîâ 2

1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2 Ìîñêîâñêèé ãîñóäàðñòâåííûé èíæåíåðíî-�èçè÷åñêèé èíñòèòóò,115410, ÌîñêâàÈçó÷åíèå ý��åêòà Õîëëà èìååò âàæíåéøåå çíà÷åíèå ïðè îïðåäåëåíèèêîíöåíòðàöèè è ïîäâèæíîñòè íîñèòåëåé çàðÿäà, ïðè èçó÷åíèè ïîâåäåíèÿðàçëè÷íûõ ïðèìåñåé â ñîåäèíåíèÿõ, â òîì ÷èñëå íåñòåõèîìåòðè÷åñêèõ. Íåìåíåå âàæíî èññëåäîâàòü òåìïåðàòóðíûå è ïîëåâûå çàâèñèìîñòè êîý��è-öèåíòà Õîëëà, ò.ê. òàêîãî ðîäà èññëåäîâàíèÿ ïîçâîëÿþò ñóäèòü îá èçìå-íåíèè êîíöåíòðàöèè íîñèòåëåé çàðÿäà è èõ ïîäâèæíîñòè ïðè èçìåíåíèèòåìïåðàòóðû è âíåøíåãî ìàãíèòíîãî ïîëÿ.Ïîÿâëåíèå ñâåðõïðîâîäèìîñòè â Nd2−xCexCuO4+δ çàâèñèò îò óðîâíÿ ëå-ãèðîâàíèÿ è îò ñòåïåíè áåñïîðÿäêà (ñîäåðæàíèÿ êèñëîðîäà). Èçìåíåíèåóðîâíÿ ëåãèðîâàíèÿ è ñòåïåíè íåñòåõèîìåòðè÷åñêîãî áåñïîðÿäêà ïðèâîäèòêàê ê èçìåíåíèþ âåëè÷èíû ñîïðîòèâëåíèÿ, òàê è ê èçìåíåíèþ õàðàêòåðàïðîâîäèìîñòè. Ïîýòîìó èññëåäîâàíèå ý��åêòà Õîëëà â ýëåêòðîííîì ñâåðõ-ïðîâîäíèêå Nd2−xCexCuO4+δ ñ öåëüþ ïîëó÷åíèÿ äàííûõ îá èçìåíåíèè êîí-öåíòðàöèè è äëèíû ñâîáîäíîãî ïðîáåãà íîñèòåëåé çàðÿäà â çàâèñèìîñòè îòóðîâíÿ ëåãèðîâàíèÿ è ñòåïåíè áåñïîðÿäêà â ñèñòåìå ïîçâîëèò ïðîàíàëèçè-ðîâàòü îñîáåííîñòè ïåðåíîñà íîñèòåëåé çàðÿäà â äàííîì ñîåäèíåíèè.Èññëåäîâàíèÿ ý��åêòà Õîëëà â îïòèìàëüíî ëåãèðîâàííûõ (x = 0.15)ýëåêòðîííûõ ñâåðõïðîâîäíèêàõ Nd2−xCexCuO4+δ è Pr2−xCexCuO4+δ [1-4℄äàþò ïðîòèâîðå÷èâûå ðåçóëüòàòû: çíàê ý��åêòà Õîëëà ìîæåò áûòü êàêïîëîæèòåëüíûì, òàê è îòðèöàòåëüíûì â çàâèñèìîñòè îò ñîäåðæàíèÿ êèñëî-ðîäà â ýòèõ ñîåäèíåíèÿõ. Îäíàêî äî ñèõ ïîð íå âûÿâëåíî çàêîíîìåðíîñòåéèçìåíåíèÿ çíàêà ý��åêòà Õîëëà â çàâèñèìîñòè îò ñòåïåíè íåñòåõèîìåòðè-÷åñêîãî áåñïîðÿäêà.Òàêèì îáðàçîì, öåëüþ ðàáîòû áûëî ýêñïåðèìåíòàëüíîå èññëåäîâàíèå çà-âèñèìîñòè êîý��èöèåíòà Õîëëà îò ìàãíèòíîãî ïîëÿ â ýëåêòðîííîì ñâåðõ-ïðîâîäíèêå Nd2−xCexCuO4+δ ñ ðàçíîé ñòåïåíüþ áåñïîðÿäêà.Â ýêñïåðèìåíòàõ áûëè èñïîëüçîâàíû ìîíîêðèñòàëëè÷åñêèå ïëåíêè
Nd2−xCexCuO4+δ ñ ñîäåðæàíèåì öåðèÿ x = 0.15. Îáðàçöû èìåëè îðèåí-òàöèþ (001) � c-îñü ïåðïåíäèêóëÿðíà ïîäëîæêå SrTiO3. Ïëåíêè áûëè ïîä-âåðãíóòû òåðìîîáðàáîòêå (îòæèãó) ïðè ðàçëè÷íûõ óñëîâèÿõ äëÿ ïîëó÷å-íèÿ îáðàçöîâ ñ ðàçíûì ñîäåðæàíèåì êèñëîðîäà. Áûëî ïîëó÷åíî òðè âèäà
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�èñ. 1: Çàâèñèìîñòü êîý��èöèåíòà Õîëëà îò ìàãíèòíîãî ïîëÿ äëÿ ñâåðõïðîâîäíèêà
Nd2−xCexCuO4+δ ñ ðàçíîé ñòåïåíüþ áåñïîðÿäêà ïðè ðàçëè÷íûõ òåìïåðàòóðàõ: (a) äëÿîáðàçöà ñ îïòèìàëüíûì îòæèãîì; (b) äëÿ îáðàçöà ñ íåîïòèìàëüíûì îòæèãîì.îáðàçöîâ: "as grown" � áåç îòæèãà; "optimally redu
ed" � îïòèìàëüíî îòî-ææåííûå â âàêóóìå; "non optimally redu
ed" � íåîïòèìàëüíî îòîææåííûåâ âàêóóìå.Èçìåðåíèÿ ý��åêòà Õîëëà áûëè âûïîëíåíû 4-õ êîíòàêòíûì ìåòîäîì âñîëåíîèäå "Oxford Instruments"(ÈÔÌ ÓðÎ �ÀÍ) â ìàãíèòíûõ ïîëÿõ äî 9Òâ èíòåðâàëå òåìïåðàòóð T = (0.4 ÷ 4.2)Ê. Èññëåäîâàíèå ïîñòîÿííîé Õîë-ëà ïðè íèçêèõ òåìïåðàòóðàõ ïîçâîëÿåò ïðàêòè÷åñêè îäíîçíà÷íî ãîâîðèòüî êîíöåíòðàöèè íîñèòåëåé â äàííîì ñîåäèíåíèè, íàðÿäó ñ ýòèì ñóùåñòâó-åò âîçìîæíîñòü ïðîñëåäèòü èçìåíåíèå ïîñòîÿííîé Õîëëà ïðè èçìåíåíèèìàãíèòíîãî ïîëÿ è ñòåïåíè áåñïîðÿäêà.Â ðåçóëüòàòå áûëè ïîëó÷åíû çàâèñèìîñòè RH(B) äëÿ îáðàçöîâ ñ x =
0.15 è ðàçëè÷íûì âðåìåíåì îòæèãà (ðèñ. 1a, 1b).Â îïòèìàëüíî îòîææåííîì (ðèñ. 1a) è â íåîïòèìàëüíî îòîææåííîì(ðèñ. 1b) ñîåäèíåíèÿõ ñ óìåíüøåíèåì òåìïåðàòóðû ðàñòåò âåëè÷èíà ïî-ëÿ, ïðè êîòîðîì ïîñòîÿííàÿ Õîëëà ñòàíîâèòñÿ îòëè÷íîé îò íóëÿ. Îäíàêî âíåîïòèìàëüíî îòîææåííîì ñîåäèíåíèè âåëè÷èíà ïîëÿ, â êîòîðîì RH 6= 0,ìåíüøå, ÷åì â îïòèìàëüíî îòîææåííîì ñîåäèíåíèè.Â ìàãíèòíûõ ïîëÿõ B > Bc2 êîý��èöèåíò Õîëëà ïðàêòè÷åñêè íå çàâè-ñèò îò ìàãíèòíîãî ïîëÿ è óìåíüøàåòñÿ ñ ðîñòîì òåìïåðàòóðû.Â ñîåäèíåíèÿõ ñ íåîïòèìàëüíûì îòæèãîì êîíöåíòðàöèÿ íîñèòåëåé çà-ðÿäà ïðàêòè÷åñêè íå èçìåíÿåòñÿ, îäíàêî â ïÿòü ðàç óâåëè÷èâàåòñÿ âåëè-÷èíà óäåëüíîãî ñîïðîòèâëåíèÿ. Ýòî ñâèäåòåëüñòâóåò î ðîñòå áåñïîðÿäêà âñèñòåìå è óìåíüøåíèè äëèíû ñâîáîäíîãî ïðîáåãà íîñèòåëåé çàðÿäà.�àáîòà âûïîëíåíà ïî ïëàíó �ÀÍ (òåìà � 01.2.006 13394, øè�ð "Èì-ïóëüñ"), ïðè ÷àñòè÷íîé ïîääåðæêå �ÔÔÈ (ãðàíòû � 09-02-96518, 10-02-96005).[1℄ J.S. Higgins, et al., Phys. Rev. Â, 73, 104510 (2006).[2℄ Wu Jiang, et al., Phys. Rev. Â, 47, 8151 (1993).[3℄ M. Suzuki, et al., Phys.Rev. Â, 50, 9434 (1994).[4℄ Wu Jiang, et al., Phys. Rev. Lett., 73, 1291 (1994).



246 Íîâûå ìàòåðèàëûNM-33Èçìåíåíèå òèïà ñïàðèâàíèÿ â ýëåêòðîííîìñâåðõïðîâîäíèêå Nd2−xCexCuO4+δ
â çàâèñèìîñòè îòóðîâíÿ ëåãèðîâàíèÿ öåðèåìÎ.Å. Ñî÷èíñêàÿ 1, Ò.Á. ×àðèêîâà 1, Í.� .Øåëóøèíèíà 1, �.È. Õàðóñ 1,Â.Í. Íåâåðîâ 1, À.À. Èâàíîâ 2

1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219 Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2 Ìîñêîâñêèé ãîñóäàðñòâåííûé èíæåíåðíî-�èçè÷åñêèé èíñòèòóò,115410, ÌîñêâàÑèììåòðèÿ ïàðàìåòðà ïîðÿäêà â ýëåêòðîííî-ëåãèðîâàííûõ ñâåðõïðî-âîäíèêàõ äî íàñòîÿùåãî âðåìåíè ÿâëÿåòñÿ ïðåäìåòîì äåáàòîâ èññëåäîâà-òåëåé. �åøåíèå ýòîé çàäà÷è ìîæåò ïðèâåñòè ê ñîçäàíèþ òåîðèè ÂÒÑÏ, ÷òîèìååò âàæíîå ïðèêëàäíîå çíà÷åíèå.Îñòàåòñÿ ìíîãî âîïðîñîâ îòíîñèòåëüíî òèïà êóïåðîâñêîãî ñïàðèâàíèÿ âÂÒÑÏ ìàòåðèàëàõ. Òàê, äëÿ ýëåêòðîííûõ îïòèìàëüíî ëåãèðîâàííûõ ñâåðõ-ïðîâîäíèêîâ Nd2−xCexCuO4+δ â ýêñïåðèìåíòàõ ïî òóííåëüíîé ñïåêòðîñêî-ïèè, ïðè èññëåäîâàíèè ñïåêòðà êîíäàêòàíñà [1℄ è ïðè èçìåðåíèè ãëóáèíûïðîíèêíîâåíèÿ ìàãíèòíîãî ïîëÿ [2℄, áûëà ïîëó÷åíà s-âîëíîâàÿ ñèììåòðèÿïàðàìåòðà ïîðÿäêà. Îäíàêî áîëåå ïîçäíèå èññëåäîâàíèÿ ñâèäåòåëüñòâóþòëèáî î ñóùåñòâîâàíèè àíèçîòðîïíîãî s-ñïàðèâàíèÿ [3℄, ëèáî d-ñïàðèâàíèÿ[4℄ èëè íåìîíîòîííîãî d-ñïàðèâàíèÿ, ëèáî îá èçìåíåíèè òèïà ñïàðèâàíèÿñ èçìåíåíèåì óðîâíÿ ëåãèðîâàíèÿ.Öåëüþ ðàáîòû áûëî ýêñïåðèìåíòàëüíîå îïðåäåëåíèå òèïà ñïàðèâàíèÿ âýëåêòðîííîì ñâåðõïðîâîäíèêå Nd2−xCexCuO4+δ â çàâèñèìîñòè îò óðîâíÿëåãèðîâàíèÿ öåðèåì.Â òåîðåòè÷åñêîé ðàáîòå [5℄ ïîêàçàíî, ÷òî çàâèñèìîñòü íàêëîíà âåðõíåãîêðèòè÷åñêîãî ïîëÿ (dBc2/dT )T

c

îò ñòåïåíè áåñïîðÿäêà â ñèñòåìå ìåíÿåò-ñÿ ïðè èçìåíåíèè ñèììåòðèè ñïàðèâàíèÿ íîñèòåëåé çàðÿäà. Â ñâåðõïðî-âîäíèêàõ ñ d-ñïàðèâàíèåì âåëè÷èíà íàêëîíà âåðõíåãî êðèòè÷åñêîãî ïîëÿäîëæíà áûñòðî óìåíüøàòüñÿ ñ ðîñòîì ñòåïåíè ðàçóïîðÿäî÷åíèÿ, à â ñëó-÷àå àíèçîòðîïíîãî s-ñïàðèâàíèÿ âåëè÷èíà íàêëîíà ïîëÿ óâåëè÷èâàåòñÿ ñðîñòîì ñòåïåíè áåñïîðÿäêà.Òàêèì îáðàçîì, äëÿ îïðåäåëåíèÿ òèïà ñïàðèâàíèÿ áûëè ïðîâåäåíû èç-ìåðåíèÿ íàêëîíà âåðõíåãî êðèòè÷åñêîãî ïîëÿ â çàâèñèìîñòè îò ñòåïåíèðàçóïîðÿäî÷åíèÿ. Â ýêñïåðèìåíòàõ èñïîëüçîâàëèñü ìîíîêðèñòàëëè÷åñêèåïëåíêè Nd2−xCexCuO4+δ ñ ðàçëè÷íûì ñîäåðæàíèåì öåðèÿ (x = 0.14 �íåäîëåãèðîâàííàÿ îëàñòü, x = 0.15 � îïòèìàëüíî ëåãèðîâàííàÿ îáëàñòü,
x = 0.18 � ïåðåëåãèðîâàííàÿ îáëàñòü) è ðàçëè÷íîé ñòåïåíüþ áåñïîðÿäêà(ò.å. ñ ðàçëè÷íûì ñîäåðæàíèåì êèñëîðîäà δ, êîòîðîå èçìåíÿëîñü âñëåä-ñòâèå îòæèãà â âàêóóìå).



New Materials 247Äëÿ îïðåäåëåíèÿ íàêëîíà (dBc2/dT )Tc

áûë èñïîëüçîâàí ðåçèñòèâíûéìåòîä îïðåäåëåíèÿ âåðõíåãî êðèòè÷åñêîãî ïîëÿ ïðè èññëåäîâàíèè òåìïå-ðàòóðíûõ çàâèñèìîñòåé ñîïðîòèâëåíèÿ ìîíîêðèñòàëëîâ Nd2−xCexCuO4+δâ ìàãíèòíûõ ïîëÿõ B = (0 ÷ 9)Ò (B||c, J ||ab) â èíòåðâàëå òåìïåðàòóð
T = (0.4 ÷ 40)Ê. Â ðåçóëüòàòå áûëè ïîëó÷åíû çàâèñèìîñòè Bc2(T ) äëÿîáðàçöîâ ñ x = 0.14, x = 0.15 è x = 0.18 è ðàçëè÷íûì âðåìåíåì îòæèãà(ðèñ. 1). Óñòàíîâëåíî: 1) Äëÿ îáðàçöîâ ñ x = 0.14
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�èñ. 1: Òåìïåðàòóðíàÿ çàâèñèìîñòü âåðõ-íåãî êðèòè÷åñêîãî ïîëÿ Nd2−xCexCuO4+δ ñðàçíîé ñòåïåíüþ áåñïîðÿäêà è ðàçíûì óðîâ-íåì ëåãèðîâàíèÿ: a � îáëàñòü îïòèìàëüíîãîëåãèðîâàíèÿ; b � íåäîëåãèðîâàííàÿ îáëàñòü;
 � ïåðåëåãèðîâàííàÿ îáëàñòü.

íàêëîí âåðõíåãî êðèòè÷åñêîãî ïî-ëÿ ïðàêòè÷åñêè íå ìåíÿåòñÿ ñ èç-ìåíåíèåì âðåìåíè îòæèãà, íåìíî-ãî óìåíüøàÿñü ïðè áîëåå ñèëüíîìðàçóïîðÿäî÷åíèè. Â ñëó÷àå íåäî-ëåãèðîâàííîé îáëàñòè íåâîçìîæ-íî îäíîçíà÷íî ñêàçàòü î õàðàêòåðåñïàðèâàíèÿ.2) Èç çàâèñèìîñòè Bc2(T ) äëÿîáðàçöîâ ñ x = 0.15 âèäíî, ÷òîíàêëîí âåðõíåãî êðèòè÷åñêîãî ïî-ëÿ ïàäàåò ñ ðîñòîì áåñïîðÿäêà,÷òî õàðàêòåðíî äëÿ ñèñòåì ñ d-ñïàðèâàíèåì. Îäíàêî óìåíüøåíèåíàêëîíà (dBc2/dT )T
c

íå ÿâëÿåòñÿòàêèì ðåçêèì, êàê äëÿ ñèñòåì ñ d-ñïàðèâàíèåì ïðè èçîòðîïíîì ðàñ-ñåÿíèè. Îäíîé èç ïðè÷èí ýòîãî ÿâ-ëÿåòñÿ íàëè÷èå â ñâåðõïðîâîäíèêåñèëüíîãî àíèçîòðîïíîãî ïðèìåñíî-ãî ðàññåÿíèÿ.3) Â ñëó÷àå îáðàçöîâ ñ x = 0.18 íàêëîí âåðõíåãî êðèòè÷åñêîãî ïîëÿóâåëè÷èâàåòñÿ ñ ðîñòîì ïàðàìåòðà áåñïîðÿäêà, ÷òî óêàçûâàåò íà ðåàëè-çàöèþ â äàííîé îáëàñòè ëåãèðîâàíèÿ ñâåðõïðîâîäèìîñòè ñ àíèçîòðîïíûìñïàðèâàíèåì s-òèïà.�àáîòà âûïîëíåíà ïî ïëàíó �ÀÍ (òåìà � 01.2.006 13394, øè�ð "Èì-ïóëüñ"), ïðè ÷àñòè÷íîé ïîääåðæêå �ÔÔÈ (ãðàíòû � 09-02-96518, 10-02-96005).[1℄ S. Kashiwaya, et al., Phys. Rev. B, 57, 8680 (1998).[2℄ A. Andreone, et al., Phys. Rev. B, 49, 6392 (1994).[3℄ Y. Dagan, et al., Phys. Rev. Lett., 99, 147004 (2007).[4℄ N.P. Armitage, et al., Phys. Rev. Lett., 87, 147003 (2001).[5℄ À.È. Ïîñàæåííèêîâà, Ì.Â. Ñàäîâñêèé, Ïèñüìà â ÆÝÒÔ, 63, 347(1996).



248 Íîâûå ìàòåðèàëûNM-34Íàíîìàñøòàá äëèíû êîãåðåíòíîñòè â ýëåêòðîííîìñâåðõïðîâîäíèêå Nd2−xCexCuO4+δÍ.�. Øåëóøèíèíà 1, Ò.Á. ×àðèêîâà 1, �.È. Õàðóñ 1, À.À. Èâàíîâ 2

1 Èíñòèòóò �èçèêè ìåòàëëîâ ÓðÎ �ÀÍ, 620219, Åêàòåðèíáóðã,óë. Ñ. Êîâàëåâñêîé, 18
2 ÌÈÔÈ, 115410, Êàøèðñêîå øîññå, 31, Ìîñêâà, �îññèÿÏðåäñòàâëåíû ðåçóëüòàòû èçìåðåíèé âåðõíåãî êðèòè÷åñêîãî ïîëÿ â ìî-íîêðèñòàëëè÷åñêèõ ïëåíêàõ ýëåêòðîííîãî âûñîêîòåìïåðàòóðíîãî ñâåðõ-ïðîâîäíèêà (ÂÒÑÏ) Nd2−xCexCuO4+δ ñ ðàçíûì ñîäåðæàíèåì öåðèÿ. Îïðå-äåëåíû äëèíû êîãåðåíòíîñòè ξ, à òàêæå ïàðàìåòð kF ξ, ãäå kF � êâàçèèì-ïóëüñ Ôåðìè. Ïîêàçàíî, ÷òî â èññëåäîâàííûõ ìîíîêðèñòàëëè÷åñêèõ ïëåí-êàõ kFξ ≫ 2π è, ñëåäîâàòåëüíî, ñèñòåìà Nd2−xCexCuO4+δ ñîîòâåòñòâóåòêðèòåðèþ óñòîé÷èâîñòè îñíîâíîãî ñîñòîÿíèÿ òèïà ÁÊØ (�îðìèðîâàíèåêóïåðîâñêèõ ïàð).Â òåîðèè Áàðäèíà�Êóïåðà�Øðè��åðà (ÁÊØ) äëèíà êîãåðåíòíîñòè â÷èñòûõ ìåòàëëàõ îïðåäåëÿåòñÿ âûðàæåíèåì ξ0 ∼ ~νF/kTc. Â îáû÷íûõñâåðõïðîâîäíèêàõ ñ êîíöåíòðàöèåé íîñèòåëåé n ∼ 1023 ñì−3 è íèçêèìè
Tc âåëè÷èíà ξ0 ∼ (102 ÷ 103) íì, òî åñòü ìíîãî áîëüøå ïîñòîÿííîé ðå-øåòêè, à òàêæå ñðåäíåãî ðàññòîÿíèÿ ìåæäó íîñèòåëÿìè: kF ξ0 ≫ 1. Âäûðî÷íî-äîïèðîâàííûõ ÂÒÑÏ ñ n ∼ 1021 ñì−3 è Tc ∼ 102K ýêñïåðèìåí-òàëüíî íàéäåííûå äëèíû êîãåðåíòíîñòè èìåþò àòîìíûé ìàñøòàá, à ïàðà-ìåòð kF ξ ≃ 10 [1℄.Â òåîðåòè÷åñêèõ ðàáîòàõ [2,3℄ ïîêàçàíî, ÷òî ñîîòíîøåíèå kF ξ = 2π ñî-îòâåòñòâóåò ãðàíèöå ìåæäó äâóìÿ ñöåíàðèÿìè ñâåðõïðîâîäÿùåãî ïåðåõî-äà: ÁÊØ-òèïà (�îðìèðîâàíèå êóïåðîâñêèõ ïàð, kF ξ > 2π) è ÁÝÊ (áîçå-ýéíøòåéíîâñêàÿ êîíäåíñàöèÿ êîìïàêòíûõ áîçîíîâ, kF ξ < 2π).Öåëüþ íàøåé ðàáîòû ÿâëÿåòñÿ îïðåäåëåíèå äëèíû êîãåðåíòíîñòè,à òàêæå îöåíêà ïàðàìåòðà kF ξ â ýëåêòðîííî-äîïèðîâàííîì ÂÒÑÏ
Nd2−xCexCuO4+δ. Äëÿ ýòîãî ïðîâåäåíû èçìåðåíèÿ ñîïðîòèâëåíèÿ â CuO2-ïëîñêîñòè (J ||ab) â çàâèñèìîñòè îò ìàãíèòíîãî ïîëÿ (B||c) â ïîëÿõ äî 12Tâ îáëàñòè íèçêèõ òåìïåðàòóð T = (0.4 ÷ 1.3)K äëÿ ìîíîêðèñòàëëè÷åñêèõïëåíîê Nd2−xCexCuO4+δ ñ ðàçëè÷íûìè x (ðèñ.1). Îïðåäåëåííûå èç ýòèõèçìåðåíèé çíà÷åíèÿ âåðõíåãî êðèòè÷åñêîãî ïîëÿ Bc2 äëÿ îïòèìàëüíî îòî-ææåííûõ (δ → 0) îáðàçöîâ Nd2−xCexCuO4+δ ñ x = 0.14 (íåäîëåãèðîâàí-íàÿ îáëàñòü), x = 0.15 (îïòèìàëüíîå ëåãèðîâàíèå), x = 0.18 è x = 0.20(ïåðåëåãèðîâàííàÿ îáëàñòü) ïðåäñòàâëåíû â òàáëèöå:
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�èñ. 1: Ñîïðîòèâëåíèå â ïëîñêîñòè CuO2 (J ||ab) â çàâèñèìîñòè îò ìàãíèòíîãî ïîëÿ(B||c) äëÿ îáðàçöîâ Nd2−xCexCuO4 ñ ðàçëè÷íûì ñîäåðæàíèåì öåðèÿ ïðè íèçêèõ òåì-ïåðàòóðàõ.Îáðàçöû Tc, K Bc2, T kF · 10−7, ñì−1 ℓ, íì ξ, íì ξ0, íì kF ξ0
x = 0.14 11 3.1 3.2 0,8 10.2 128.9 412.5
x = 0.15 21 6.6 8.7 6.0 7.4 9.0 78.3
x = 0.18 6 0.9 5.7 7.8 18.6 44.4 253.1
x = 0.20 <1.3 0.4 6.1 25.4 27.3 29.3 178.7Èñïîëüçóÿ ñîîòíîøåíèå 2πBc2ξ

2 = Φ0 (Φ0 = πc~/e � êâàíò ìàãíèò-íîãî ïîòîêà), à òàêæå âûðàæåíèå ξ = (ξ0ℓ)
1/2, ñïðàâåäëèâîå ïðè ℓ < ξ(ℓ � äëèíà ñâîáîäíîãî ïðîáåãà), ìû íàøëè âåëè÷èíû ξ è ξ0 äëÿ êàæäîãî

x (ñì. òàáëèöó). Îòìåòèì, ÷òî äëèíû êîãåðåíòíîñòè èìåþò íàíîìàñøòàáè íà îäèí�äâà ïîðÿäêà ìåíüøå, ÷åì õàðàêòåðíûå çíà÷åíèÿ ξ0 â îáû÷íûõñâåðõïðîâîäíèêàõ.Â òàáëèöå ïðèâåäåíû òàêæå çíà÷åíèÿ ïàðàìåòðà kF ξ0. Âèäíî, ÷òî äëÿìîíîêðèñòàëëè÷åñêèõ ïëåíîê Nd2−xCexCuO4+δ ñ ðàçíûì ñîäåðæàíèåì öå-ðèÿ âåëè÷èíà kF ξ0 ≥ 78 è, ñëåäîâàòåëüíî, äàííàÿ ñèñòåìà íå ïåðåõîäèòãðàíèöó óñòîé÷èâîñòè ÁÊØ-ðåæèìà kF ξ0 = 2π äàæå â îïòèìàëüíî äîïè-ðîâàííûõ è îïòèìàëüíî îòîææåííûõ ïëåíêàõ.�àáîòà âûïîëíåíà ïî ïëàíó �ÀÍ (òåìà � 01.2.006 13394, øè�ð "Èì-ïóëüñ"), ïðè ÷àñòè÷íîé ïîääåðæêå �ÔÔÈ (ãðàíòû � 10-02-96005 è � 09-02-96518).[1℄ M. Randeria, in Bose-Einstein 
ondensation, Cambrige Univ. Press, 355(1995).[2℄ P. Nozieres, S. S
hmitt-Rink, J. Low. Temp. Phys., 59, 195 (1985).[3℄ F. Pistolesi, G.C. Strinati, Phys. Rev. B, 49, 6356 (1994).



250 Íîâûå ìàòåðèàëûNM-35Ôîòîïðèåìíîå óñòðîéñòâî íà îñíîâå êðåìíèåâîãîîïòîýëåêòðîííîãî êîîðäèíàòî-÷óâñòâèòåëüíîãîëèíåéíîãî �îòîïðèåìíèêàÈ.Â. Çàâîäüêî, À.À. ÊàðïîâÎòêðûòîå àêöèîíåðíîå îáùåñòâî "Íàó÷íî-èññëåäîâàòåëüñêèéèíñòèòóò "�èðèêîíä" , 194223, Ñàíêò-Ïåòåðáóðã, óë. Êóð÷àòîâà, 10Ôîòîïðèåìíîå óñòðîéñòâî (ÔÏÓ) óñòàíàâëèâàåòñÿ â îïòè÷åñêîì áëîêåïðèåìîïåðåäàþùåãî óñòðîéñòâà ó÷åòà èçãèáà (ÓÓÈ) [1℄. ÔÏÓ ñîñòîèò èçîñíîâíûõ óçëîâ: ïå÷àòíîé ïëàòû ñ ãåðìåòè÷íûì ìîäóëåì è êîðïóñà ñ öè-ëèíäðè÷åñêîé ëèíçîé.�åðìåòè÷íûé ìîäóëü (ìîäóëü) âûïîëíåí ïî òåõíîëîãèè ãèáðèäíûõ èíòå-ãðàëüíûõ ñõåì. Íà îñíîâàíèè êîðïóñà íà ñèòàëëîâîé ïîäëîæêå ñ êîììóòà-öèåé óñòàíîâëåíû àêòèâíûå êîìïîíåíòû (ìèêðîñõåìû) è êðåìíèåâûé îïòî-ýëåêòðîííûé êîîðäèíàòî-÷óâñòâèòåëüíûé ëèíåéíûé �îòîïðèåìíèê (äàò-÷èê). �åðìåòèçàöèÿ îáåñïå÷èâàåòñÿ ëàçåðíîé ñâàðêîé êðûøêè ñ îñíîâàíè-åì êîðïóñà. Â êðûøêå ïðîðåçàíà ùåëü, îðèåíòèðîâàííàÿ ïî ðàñïîëîæåíèþäàò÷èêà. Ê ùåëè ãåðìåòè÷íî ïðèêëååíî ñòåêëÿííîå âõîäíîå îêíî.Ìîäóëü óñòàíîâëåí íà ïå÷àòíîé ïëàòå ñ ýëåêòðîííûìè ÷èï-êîìïîíåíòàìè (ðåçèñòîðàìè è êîíäåíñàòîðàìè), ïàéêà êîòîðûõ îñó-ùåñòâëåíà ïî òåõíîëîãèè ïîâåðõíîñòíîãî ìîíòàæà (ÏÌ). ÒåõíîëîãèÿÏÌ ïîçâîëèëà óìåíüøèòü îáúåì, ïîâûñèòü óäàðíóþ è âèáðàöèîííóþïðî÷íîñòü è óñòîé÷èâîñòü, à òàêæå íàäåæíîñòü èçäåëèÿ.Êîðïóñ è öèëèíäðè÷åñêàÿ ëèíçà, êîòîðàÿ �îðìèðóåò âõîäíîé îïòè÷å-ñêèé ñèãíàë â âèäå ñâåòîâîé ïîëîñêè, îáåñïå÷èâàþò ïîïàäàíèå ïîñëåäíåéíà �îòî÷óâñòâèòåëüíûé ñëîé äàò÷èêà. Ôîòî÷óâñòâèòåëüíûé ñëîé è ñâåòî-âàÿ ïîëîñêà ðàñïîëîæåíû ïîä óãëîì 90◦.Äàò÷èê ïðåîáðàçóåò ïîëîæåíèå ýíåðãåòè÷åñêîãî öåíòðà îñâåùåííîé çî-íû â ýëåêòðè÷åñêîå íàïðÿæåíèå. Ñõåìà äàò÷èêà ïîñòðîåíà ïî ïðèíöèïóñðàâíåíèÿ �îòîòîêîâ âñòðå÷íî âêëþ÷åííûõ �îòîäèîäîâ. Â äàò÷èêå ïðî-èñõîäèò àâòîìàòè÷åñêîå óñòàíîâëåíèå ïîòåíöèàëà ñèãíàëüíîé øèíû â ñî-îòâåòñòâèå ñ ïîëîæåíèåì öåíòðà îñâåùåííîé çîíû. Èçìåíåíèå âåëè÷èíûïîòåíöèàëà ñèãíàëüíîé øèíû ïðîèñõîäèò â ìàñøòàáå íàïðÿæåíèÿ èñòî÷-íèêà ïèòàíèÿ, ïîäêëþ÷åííîãî ê äåëèòåëüíîìó ñëîþ ïðèáîðà, ÷òî ïîçâîëÿåò�îðìèðîâàòü âûõîäíîé àíàëîãîâûé ñèãíàë [2℄.Ïðè ëèíåéíîì ñìåùåíèè (èçãèáå) èçëó÷àòåëÿ íà îáúåêòå ñâåòîâàÿ ïî-ëîñêà ïåðåìåùàåòñÿ âäîëü �îòî÷óâñòâèòåëüíîãî ñëîÿ äàò÷èêà, ñèãíàëû ñ



New Materials 251êîòîðîãî, ïðîéäÿ îáðàáîòêó â ýëåêòðîííîé ñõåìå ÔÏÓ, �îðìèðóþò íàïðÿ-æåíèå âûõîäà U , êîòîðîå ìîæåò èçìåíÿòüñÿ îò ¾−¿ äî ¾+¿ óñòàíîâëåííûõçíà÷åíèé, ïðîéäÿ ÷åðåç íîëü.Ïðè ðàññîãëàñîâàíèè êîîðäèíàò ýíåðãåòè÷åñêîãî öåíòðà îïòè÷åñêîãîñèãíàëà è ýêâèïîòåíöèàëè äàò÷èêà íà âûõîäå ÔÏÓ ïîÿâëÿåòñÿ íàïðÿæåíèåïðÿìîóãîëüíîé �îðìû (ìåàíäð), �àçà êîòîðîãî çàâèñèò îò íàïðàâëåíèÿðàññîãëàñîâàíèÿ.Îñíîâíûå ýëåêòðè÷åñêèå ïàðàìåòðû ÔÏÓ:Íàïðÿæåíèå ïèòàíèÿ: ±15Â�àáî÷åå íàïðÿæåíèå äåëèòåëÿ: ±7.5Â×óâñòâèòåëüíîñòü: íå ìåíåå 0.15À/ÂòÊîîðäèíàòíàÿ ÷óâñòâèòåëüíîñòü: 0.2 ìêìÌèíèìàëüíàÿ ìîùíîñòü ñâåòîâîãî ñèãíàëà íà �îòîïðèåìíîé ïëîùàäêå:
5 · 10−7ÂòÌàêñèìàëüíîå âûõîäíîå íàïðÿæåíèå: íå ìåíåå 0.2ÂÏðèìåíåíèå ÔÏÓ ïîçâîëèëî ðåøèòü àêòóàëüíóþ çàäà÷ó àâòîìàòèçàöèèó÷åòà òåïëîâîãî èçãèáà è äèíàìè÷åñêèõ êîëåáàíèé ÓÓÈ çà ñ÷åò ïîâûøå-íèÿ òî÷íîñòè èçìåðåíèÿ îïòè÷åñêîãî ñèãíàëà, óëó÷øåíèÿ áûñòðîäåéñòâèÿ,èñïîëüçîâàíèÿ è âûäåëåíèÿ ìîäóëèðîâàííûõ îïòè÷åñêèõ ñèãíàëîâ íà �îíåïîñòîÿííûõ çàñâåòîê.[1℄ À.Â. Ïîëóáàðèíîâ è äð., Àêòóàëüíûå ïðîáëåìû çàùèòû è áåçîïàñíî-ñòè, 3, 140 (2007).[2℄ Á.�. Ïîäëàñêèí è äð., Èçìåðèòåëüíàÿ òåõíèêà, 8, 31 (2005).



252 Íîâûå ìàòåðèàëûNM-36Âëèÿíèå ýíåðãåòè÷åñêîãî ðàñïðåäåëåíèÿ íîñèòåëåéçàðÿäà â ïîëèêðèñòàëëè÷åñêèõ ïëåíêàõ ñåëåíèäàñâèíöàÑ.Á. Áîéêî, È.È. Çàâîäüêî"ÎÀÎ" ÍÈÈ �èðèêîíä" , Ñàíêò-Ïåòåðáóðã, óë. Êóð÷àòâà, 10Â äàííîé ðàáîòå èññëåäîâàëèñü �îòî÷óâñòâèòåëüíûå ïîëèêðèñòàëëè÷å-ñêèå ïëåíêè PbSe ëåãèðîâàííûå âèñìóòîì â êîíöåíòðàöèÿõ 0÷ 0.03 âåñ.%.Öåëüþ èññëåäîâàíèé ÿâëÿëîñü âûÿñíåíèå ìåõàíèçìà âëèÿíèÿ ýíåðãåòè-÷åñêîãî ðàñïðåäåëåíèÿ íîñèòåëåé íà ýëåêòðè÷åñêèå è �îòîýëåêòðè÷åñêèåñâîéñòâà ñëîåâ ñåëåíèäà ñâèíöà.Ïîëó÷åí ðÿä ýêñïåðèìåíòàëüíûõ �àêòîâ:1. Ëåãèðîâàíèå ñåëåíèäà ñâèíöà âèñìóòîì ïðèâîäèò ê ðîñòó �îòî÷óâñòâè-òåëüíîñòè.2. Óâåëè÷åíèå ñòåïåíè ëåãèðîâàíèÿ ïðèâîäèò ê ðîñòó òåìíîâîãî ñîïðîòèâ-ëåíèÿ.3. Ïðîãðåâ àêòèâèðîâàííûõ ñëîåâ ñåëåíèäà ñâèíöà â âàêóóìå ïðèâîäèòê ðîñòó òåìíîâîãî ñîïðîòèâëåíèÿ è óìåíüøåíèþ �îòîïðîâîäèìîñòè.�îñò òåìíîâîãî ñîïðîòèâëåíèÿ è óìåíüøåíèå �îòîïðîâîäèìîñòè ïðî-èñõîäèò òåì ñèëüíåå, ÷åì âûøå óðîâåíü ëåãèðîâàíèÿ âèñìóòîì.4. Îáðàáîòêà â ïàðàõ éîäà ïðèâîäèò ê ðîñòó �îòîïðîâîäèìîñòè òåì çíà-÷èòåëüíåå, ÷åì ìåíüøå ñòåïåíü ëåãèðîâàíèÿ âèñìóòîì.5. Îáðàáîòêà ðàñòâîðîì ïåðåêèñè âîäîðîäà ñëîåâ ñåëåíèäà ñâèíöà ïðèâî-äèò ê óìåíüøåíèþ òåìíîâîãî ñîïðîòèâëåíèÿ è óâåëè÷åíèþ �îòîïðî-âîäèìîñòè òåì çàìåòíåå, ÷åì âûøå ñòåïåíü ëåãèðîâàíèÿ âèñìóòîì.6. Ïðè âàêóóìíîì ïðîãðåâå ïðîèñõîäèò óìåíüøåíèå âðåìåíè æèçíè íåðàâ-íîâåñíûõ. íîñèòåëåé7. Ëåãèðîâàíèå âèñìóòîì óâåëè÷èâàåò âðåìÿ æèçíè íåðàâíîâåñíûõ íîñè-òåëåé.Â ðàáîòå [1℄ áûëà ïðåäëîæåíà ìîäåëü ïîëèêðèñòàëëè÷åñêîé àêòèâèðî-âàííîé íà âîçäóõå ïëåíêè ñåëåíèäà ñâèíöà â âèäå çåðåí îêðóæåííûõ îêèñ-íîé �àçîé, à íàëè÷èå ãðàíèöû ðàçäåëà äâóõ �àç ïðèâîäèò ê èñêðèâëåíèþçîí âíóòðè çåðíà ïëåíêè. ×åì îáóñëîâëåíî ñèëüíîå âëèÿíèå íà ïàðàìåò-ðû ñëîåâ âíåøíèõ âîçäåéñòâèé âíîñÿùèõ èçìåíåíèå â îêèñíóþ �àçó, è òåìñàìûì íà ýíåðãåòè÷åñêîå ïîëîæåíèå íîñèòåëåé çàðÿäà â çåðíå. Ïîëó÷åí-íûå ýêñïåðèìåíòàëüíûå �àêòû âïèñûâàþòñÿ â òàêóþ ìîäåëü. Òàê, ïî ìåðå



New Materials 253óâåëè÷åíèÿ ñòåïåíè ëåãèðîâàíèÿ ïðîèñõîäèò óâåëè÷åíèå èçãèáà çîí ïîñëåàêòèâàöèè, ÷òî ïðèâîäèò ê îáîãàùåíèþ ïðèïîâåðõíîñòíîãî ñëîÿ äûðêà-ìè, à äëÿ ýëåêòðîíîâ ýíåðãåòè÷åñêèé áàðüåð âîçðàñòàåò. Áëàãîäàðÿ òàêîìóýíåðãåòè÷åñêîìó ðàñïðåäåëåíèþ ïðîèñõîäèò ïðîñòðàíñòâåííîå ðàçäåëåíèåýëåêòðîíîâ è äûðîê â çåðíå, ÷òî óâåëè÷èâàåò âðåìÿ æèçíè è ñîîòâåòñòâåí-íî �îòîïðîâîäèìîñòü. Âàêóóìíûé ïðîãðåâ áëàãîäàðÿ äåñîðáöèè êèñëîðî-äà ïðèâîäèò ê óìåíüøåíèþ èçãèáà çîí, à îáðàáîòêà â ïåðåêèñè âîäîðîäà,è â ïàðàõ éîäà ê óâåëè÷åíèþ èçãèáà çîí. ×òî, â ïåðâîì ñëó÷àå, îáúÿñíÿ-åò óìåíüøåíèå âðåìåíè æèçíè, �îòîïðîâîäèìîñòè è óâåëè÷åíèå òåìíîâîãîñîïðîòèâëåíèÿ. À âî âòîðîì ñëó÷àå, óìåíüøåíèå ñîïðîòèâëåíèÿ è ðîñò �î-òîïðîâîäèìîñòè ïðè îáðàáîòêå ïåðåêèñüþ, ïðè îáðàáîòêå éîäîì ðîñò òåì-íîâîãî ñîïðîòèâëåíèÿ ñâÿçàí ñ åãî äîíîðíûì äåéñòâèåì â ñåëåíèäå ñâèíöà.[1℄ Ñ.Á. Áîéêî, Á.À. Òàëëåð÷èê, Cáîðíèê òåçèñîâ äîêëàäîâ, 11-àÿ âñåðîñ-ñèéñêàÿ ìîëîäåæíàÿ êîí�åðåíöèÿ ïî �èçèêå ïîëóïðîâîäíèêîâ è íà-íîñòðóêòóð, ïîëóïðîâîäíèêîâîé îïòî- è íàíîýëåêòðîíèêå. ÑÏá�ÏÓ-2009.



254 Íîâûå ìàòåðèàëûNM-37Îöåíêà Tc ñïîíòàííîé ïîëÿðèçàöèè â èîííûõêðèñòàëëàõÀ.Ì. Àãàëàðîâ 1, È.Ê. Êàìèëîâ 1, Ñ.Í. Êàëëàåâ 1, À.Þ. Ìîëëàåâ 1,Ë.À. Ñàéïóëàåâà 1, À.�. Àëèáåêîâ 1, Í.Â. Ìåëüíèêîâà 2

1 Ó÷ðåæäåíèå �ÀÍ Èíñòèòóò �èçèêè èì. Õ.È. ÀìèðõàíîâàÄàãåñòàíñêîãî íàó÷íîãî öåíòðà �ÀÍ, 367003 Ìàõà÷êàëà, �îññèÿ
2 Óðàëüñêèé �îñóäàðñòâåííûé Óíèâåðñèòåò, Åêàòåðèíáóðã, �îññèÿÂ ìèêðîñêîïè÷åñêîé òåîðèè èîííûõ êðèñòàëëîâ ìåõàíèçìîì âîçíèêíî-âåíèÿ ñïîíòàííîé ïîëÿðèçàöèè (�àçîâîãî ïåðåõîäà (ÔÏ) ïðè T = Tc) ñëó-æèò ñöåíàðèé "ìÿãêîé ìîäû ïðåäëîæåííûé âïåðâûå Â.Ë. �èíçáóðãîì [1℄.Ñîãëàñíî ýòîé òåîðèè â êðèòè÷åñêîé òî÷êå Tc ïðîèñõîäèò ãàøåíèå "ìÿãêîéìîäû" (ò.å. îáðàùåíèå â íóëü ïîëþñà �óíêöèè êîìïëåêñíîé äèýëåêòðè-÷åñêîé ïðîíèöàåìîñòè ε(ω) = ε′(ω) + iε′′(ω)). Ýòîò ìåõàíèçì ðàáîòàåò âîáîèõ êëàññàõ ñåãíåòîêðèñòàëëîâ ñ ÔÏ òèïà ïîðÿäîê�áåñïîðÿäîê è òèïàñìåùåíèÿ [2℄.Îäíàêî, øèðîêî èçâåñòíàÿ èç òåîðèè ñðåäíåãî ïîëÿ, �îðìóëà Êþðè�Âåéññà Tc = βC/4π (β � �àêòîð Ëîðåíòöà) ëèøü êà÷åñòâåííî (ïî ïî-ðÿäêó âåëè÷èíû Tc) ñîãëàñóåòñÿ ñ ýêñïåðèìåíòîì â ñëó÷àå ÔÏ ïîðÿäîê�áåñïîðÿäîê è íå ñîãëàñóåòñÿ â ñëó÷àå ÔÏ òèïà ñìåùåíèÿ [3℄. Äâà ïðèìå-ðà öåíòðîñèììåòðè÷íûõ êðèñòàëëîâ (β = 4π/3): KH2PO4 (ÔÏ ïîðÿäîê�áåñïîðÿäîê, T exp

c = 123K, C = 3600); BaTiO3 (ÔÏ òèïà ñìåùåíèÿ,
T exp

c = 403K, C = 1.7 · 105) [2,4℄.Â äàííîé ðàáîòå, äëÿ ðàñ÷åòà Tc ÔÏ òèïà ïîðÿäîê�áåñïîðÿäîê è òèïàñìåùåíèÿ, ïðåäëîæåíà íîâàÿ �îðìóëà
Tc =

6.421

M
1/2
eff〈a〉2

· 104 K , (1)ïðåäñêàçûâàþùàÿ ðåàëèñòè÷íûå âåëè÷èíû Tc â ñëó÷àå ñëîæíûõ èîííûõñîåäèíåíèé (ñì. Òàáë.).Êàê âèäíî èç (1), â îòëè÷èå îò �îðìóëû Êþðè�Âåéññà, òî÷êà Tc ñïîí-òàííîé ïîëÿðèçàöèè ÿâíî çàâèñèò îò ý��åêòèâíîé ìàññû íåêîòîðîé "÷à-ñòèöû" , àññîöèèðîâàííîé ñ ýëåìåíòàðíûì íîñèòåëåì çàðÿäà me è àòî-ìîì (ìîëåêóëîé, èîíîì, ðàäèêàëîì) MA [µeff = (meMeff)
1/2℄. Çäåñü Meff� "ïðèâåäåííàÿ" ìàññà äèïîëüíî�àêòèâíûõ ýëåìåíòîâ â êîîðäèíàöèîí-íîé ÿ÷åéêå äàííîãî èîííîãî ñîåäèíåíèÿ, äëÿ êîòîðîé, ñ ó÷åòîì ìíîãî÷à-ñòè÷íîé ìåõàíèêè ïîëó÷àåì âûðàæåíèå Meff(N) = M

1/2N−1

AN

∏N−1
n=1 M

1/2n

An ,ñîãëàñîâàííîå ñ îáîáùåííûì ñîîòíîøåíèåì Ëèääåíà�Ñàêñà�Òåëëåðà [13℄,
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ε0/ε∞ =

∏

i

(

ω0
i /ωi

)2, ãäå ωi � ÷àñòîòû, ïðè êîòîðûõ äèýëåêòðè÷åñêàÿ ïðî-íèöàåìîñòü êðèñòàëëà ε′(ω) îáðàùàåòñÿ â áåñêîíå÷íîñòü ( ìÿãêèå ìîäû).� Õèì. ñîåä. Meff 〈a〉 , �A Tc, K, �-ëà (1) T exp
c , K1 PbTiO3 (MTiMO)1/2 4.141 703 700 , [6℄2 LiNbO3 MLi 4.105 1475 1470 , [7℄3 KH2PO4 (MKMO)1/2 10.18 123 123 , [2℄4 Cs2HgCl4 (MCsMCl)

1/2 7.585 187 191 , [8℄5 Bi2NiMnO6 M
1/2
Mn (MBiMMn)

1/4 3.878 484 485 , [9℄6 SnBi3Ti2NbO12 MNb 3.851 446 441 , [10℄7 RbH2PO4 M
1/2
Rb (MOMRb)

1/4 7.608 147 147 , [11℄8 CuSnSbSe3 (MCuMSe)
1/2 8.501 1069 AgPbSbSe3 M

1/2
Se (MSbMPb)

1/4 5.920 17310 AgSnSbSe3 M
1/2
Se (MSnMSb)

1/4 5.799 193Â çàêëþ÷åíèå îòìåòèì, ÷òî íîâàÿ �îðìóëà (1) â êîîïåðàöèè ñ ýêñïå-ðèìåíòîì ïîçâîëÿåò èäåíòè�èöèðîâàòü (êàê âèäíî èç Òàáë.) äèïîëüíî-àêòèâíûå ýëåìåíòû, îòâåòñòâåííûå çà ÔÏ (ñïîíòàííóþ ïîëÿðèçàöèþ) âñèñòåìå è, ñëåäîâàòåëüíî, ìîæåò îêàçàòüñÿ ïîëåçíîé â äåëå äèâåðñè�è-êàöèè òåõíîëîãèé ñîçäàíèÿ íîâîãî õèìè÷åñêîãî ñîåäèíåíèÿ ñ çàäàííûìèñâîéñòâàìè.[1℄ Â.Ë. �èíçáóðã, ÓÔÍ, 38, 490 (1949).[2℄ Á.À. Ñòðóêîâ, À.Ï. Ëåâàíþê, Ôèçè÷åñêèå îñíîâû ñåãíåòîýëåêòðè÷å-ñêèõ ÿâëåíèé â êðèñòàëëàõ. � Ì.:Íàóêà (1995).[3℄ �.À. Ñìîëåíñêèé, Â.À. Áîêîâ, Â.À. Èñóïîâ, Ôèçèêà ñåãíåòîýëåêòðè-÷åñêèõ ÿâëåíèé. � Ë.:Íàóêà (1985).[4℄ È.Ê. Êàìèëîâ, Ñ.Í. Êàëëàåâ, Ôàçîâûå ïåðåõîäû â ñåãíåòîýëåêòðè-êàõ ñ íåñîðàçìåðíûìè ñòðóêòóðàìè. - Ìàõà÷êàëà.:Èçä-âî ÄÍÖ �ÀÍ,(2002).[5℄ Í. Àøêðî�ò, Í. Ìåðìèí, Ôèçèêà òâåðäîãî òåëà.� Ì.:Ìèð (1979).[6℄ Young-Han Shin, et al½ J. Phys.: Condens. Matter, 20, 015224 (2008).[7℄ ×. Êèòåëü, Ââåäåíèå â �èçèêó òâåðäîãî òåëà. � Ì.:Íàóêà (1978).[8℄ S.N. Kallaev, V.V. Gladkii, I.K. Kamilov, Ferroele
tri
s, 106, 209 (1990).[9℄ I. Inbar, R.E. Cohen., Phys. Rev. B, 53, 1193 (1996).[10℄ I.A. Trifonov, et al., Inorgani
 materials, 36, 183 (2000).[11℄ Y. LeGrand, et al½ Opti
s Comm., 200, 249 (2001).



256 Íîâûå ìàòåðèàëûNM-38Áàðè÷åñêèå çàâèñèìîñòè êèíåòè÷åñêèõêîý��èöèåíòîâ íåêîòîðûõ áèíàðíûõïîëóïðîâîäíèêîâ ïðè âûñîêîì äàâëåíèèÀ.Þ. Ìîëëàåâ, Ë.À. Ñàéïóëàåâà, À.�. Àëèáåêîâ, �.�. Äæàìàìåäîâ,�.Ñ. ÀõìåäîâÓ÷ðåæäåíèå �ÀÍ Èíñòèòóò �èçèêè èì. Õ.È. ÀìèðõàíîâàÄàãåñòàíñêîãî íàó÷íîãî öåíòðà �ÀÍ, 367003 Ìàõà÷êàëà, �îññèÿÁûëè èçìåðåíû óäåëüíîå ýëåêòðîñîïðîòèâëåíèå ρ(P ) è ý��åêò Õîë-ëà RH(P ) ïðè ïîäúåìå è ñáðîñå äàâëåíèÿ â îáëàñòè êîìíàòíûõ òåìïå-ðàòóð íà ìîíî- è ïîëèêðèñòàëëè÷åñêèõ îáðàçöàõ CdAs2, ZnAs2, CdSb èCdTe. Èçìåðåíèÿ ïðîâîäèëèñü â àïïàðàòàõ âûñîêîãî äàâëåíèÿ òèïà "Òî-ðîèä" [1-2℄. Îáðàçöû n�CdAs2 áûëè îðèåíòèðîâàíû ïî êðèñòàëëîãðà�è-÷åñêèì íàïðàâëåíèÿì [100℄ è [001℄ è èìåëè ñîîòâåòñòâåííî ïàðàìåòðû:
n = (3÷4) ·1014 cm−3 è n = (1.1÷1.8) ·1015 cm−3. Ñ ðîñòîì äàâëåíèÿ óäåëü-íîå ñîïðîòèâëåíèå è êîý��èöèåíò Õîëëà äëÿ îáðàçöîâ n�CdAs2, âûðåçàí-íûõ ïî íàïðàâëåíèþ [100℄, ïàäàþò è íà êðèâûõ ρ(P ) è RH(P ) íàáëþäàþòñÿàíîìàëèè â âèäå äâóõ ìàêñèìóìîâ ïðè P = 3GPa è P = 5.5GPa. Áàðè-÷åñêèå çàâèñèìîñòè ρ(P ) äëÿ îáðàçöîâ, îðèåíòèðîâàííûõ ïî íàïðàâëåíèþ[001℄, íîñÿò áîëåå ñëîæíûé õàðàêòåð. Ñ óâåëè÷åíèåì äàâëåíèÿ óäåëüíîåýëåêòðîñîïðîòèâëåíèå ðàñòåò. Íà êðèâûõ ρ(P ) âûÿâëåíî òðè ìàêñèìóìà:
P = 1.8GPa, 3GPa è 5.5GPa. Íà ðèñ. 2 ïðåäñòàâëå-
�èñ. 1: Çàâèñèìîñòü óäåëüíîãî ñîïðîòèâëåíèÿ è êî-ý��èöèåíòà Õîëëà îò äàâëåíèÿ äëÿ îáðàçöîâ n-CdAs2, âûðåçàííûõ â íàïðàâëåíèÿõ [001℄ (a) è [100℄(b).

íû áàðè÷åñêèå çàâèñèìîñòèóäåëüíîãî ýëåêòðîñîïðîòèâ-ëåíèÿ ρ(P ) è êîý��èöèåí-òà Õîëëà RH(P ) â îáëà-ñòè �àçîâîãî ïðåâðàùåíèÿíà ìîíîêðèñòàëëàõ p�CdSbîðèåíòèðîâàííûõ ïî êðè-ñòàëëîãðà�è÷åñêèì íàïðàâ-ëåíèÿì [001℄ (îáðàçåö � 1)è [010℄ (îáðàçåö � 2) â îáëà-ñòè êîìíàòíûõ òåìïåðàòóðïðè ïîäúåìå è ñáðîñå äàâëå-íèÿ. Èç ðèñ. 2 âèäíî, ÷òî óäåëüíîå ýëåêòðîñîïðîòèâëåíèå îáðàçöà �1 ñíà-÷àëà ñëàáî ðàñòåò, äî äàâëåíèé P ∼ 1.0GPa è çàòåì ïðàêòè÷åñêè íå ìåíÿ-åòñÿ äî äàâëåíèé P ∼ 4GPa è ïðè äàâëåíèè P > 4.0GPa îíî ðåçêî ïàäàåòáîëüøå ÷åì íà äâà ïîðÿäêà � íà÷èíàåòñÿ �àçîâûé ïåðåõîä, è ïðè äàâëåíèè
P > 6.5GPa ρ(P ) âûõîäèò íà íàñûùåíèå, �àçîâûé ïåðåõîä çàêàí÷èâàåò-ñÿ. Â îáëàñòè íàñûùåíèÿ óäåëüíàÿ ýëåêòðîïðîâîäíîñòü σ = 86 Ω−1 · cm−1.
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�èñ. 2: Áàðè÷åñêèå çàâèñèìîñòè ïðèâåäåííîãî ê àòìîñ�åðíîìó äàâëåíèþ óäåëüíîãîýëåêòðîñîïðîòèâëåíèÿ è êîý��èöèåíòà Õîëëà äëÿ p�CdSb îðèåíòèðîâàííîìó ïî íà-ïðàâëåíèÿì [001℄ è [010℄ (÷åðíûå òî÷êè - ïîäúåì äàâëåíèÿ, ñâåòëûå - ñáðîñ).Èçìåíåíèå óäåëüíîãî ñîïðîòèâëåíèÿ ïðè ñáðîñå äàâëåíèÿ ïðîèñõîäèò ñîçíà÷èòåëüíûì ãèñòåðåçèñîì. Ïðè ñáðîñå äàâëåíèÿ íà ãèñòåðåçèñíîé êðè-âîé óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ ïðè P ≈ 2.0GPa òàêæå íàáëþäàëñÿ�àçîâûé ïåðåõîä. Áàðè÷åñêàÿ çàâèñèìîñòü êîý��èöèåíòà Õîëëà RH(P )äî äàâëåíèé P ≈ 1.0GPa, ñëàáî âîçðàñòàåò òàêæå â äèïàçîíå äàâëåíèé
P = 1 ÷ 3.8GPa ïðàêòè÷åñêè íå ìåíÿåòñÿ ñ ðîñòîì ñîïðîòèâëåíèÿ è ïðè
P > 3.8GPa ðåçêî ïàäàåò ïî÷òè íà äâà ïîðÿäêà. Ïðè ñáðîñå äàâëåíèÿ çàâè-ñèìîñòü RH(P ) òàêæå èñïûòûâàåò ãèñòåðåçèñ è ïðè P = 2.1GPa íà êðèâîé
RH(P ) íàáëþäàåòñÿ �àçîâûé ïåðåõîä.Òàêèì îáðàçîì, ìû ìîæåì óòâåðæäàòü, ÷òî â îáðàçöå �1 p�CdSb îðèåí-òèðîâàííîì ïî íàïðàâëåíèþ [001℄ íà çàâèñèìîñòÿõ ρ(P ) è RH(P ) ïðè ïîäú-¼ìå è ñáðîñå äàâëåíèÿ íàáëþäàåòñÿ �àçîâûé ïåðåõîä. Â îáðàçöå �2 ñöåíà-ðèé �àçîâîãî ïåðåõîäà íåñêîëüêî èíîé. Áàðè÷åñêàÿ çàâèñèìîñòü óäåëüíî-ãî ýëåêòðîñîïðîòèâëåíèÿ äî P = 3.5GPa ïðàêòè÷åñêè íå ìåíÿåòñÿ, à ïðè
P = 3.5GPa íà÷èíàåòñÿ �àçîâûé ïåðåõîä, óäåëüíîå ýëåêòðîñîïðîòèâëåíèåïàäàåò áîëåå ÷åì íà äâà ïîðÿäêà è ïðè P = 6.5GPa âûõîäèò íà íàñûùåíèå.Â îáëàñòè íàñûùåíèÿ óäåëüíàÿ ýëåêòðîïðîâîäíîñòü σ = 370 Ω−1cm−1. Ôà-çîâûé ïåðåõîä íàáëþäàåòñÿ è ïðè ñáðîñå äàâëåíèÿ ïðè P ≈ 2GPa. Êîý�-�èöèåíò Õîëëà äî äàâëåíèé P = 2.8GPa ìåíÿåòñÿ ñëàáî, ïðè P > 2.8GPa,êîý��èöèåíò Õîëëà ðåçêî ïàäàåò áîëåå ÷åì íà ïîðÿäîê.Ïîâåäåíèå óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ CdTe â äèàïàçîíå äàâëåíèé
P ≤ 4GPa èìååò áîëåå ñëîæíûé õàðàêòåð. Íà êðèâûõ ρ(P ) â îáëàñòèäàâëåíèé P = (0÷4)GPa íàáëþäàëèñü äâà ÷åòêèõ ìàêñèìóìà ïðè P = 1.8è 3.2GPa. Ïðè ñáðîñå äàâëåíèÿ íà êðèâûõ ρ(P ) çà�èêñèðîâàí òîëüêî îäèí�àçîâûé ïåðåõîä ïðè P = 2GPa.[1℄ L.G. Khvostantsev, V.A. Sidorov, phys. stat. sol. (a), 64, 379 (1991).[2℄ À.Þ. Ìîëëàåâ, è äð., Íåîðãàíè÷åñêèå ìàòåðèàëû 37, 4, 405 (2001).



258 Íîâûå ìàòåðèàëûNM-39Áàðè÷åñêèå è òåìïåðàòóðíûå çàâèñèìîñòèýëåêòðè÷åñêèõ ñâîéñòâ íîâîé �àçû âûñîêîãî äàâëåíèÿ
Er0.73Cu3V4O12Í.È. Êàäûðîâà 1, Í.Â. Ìåëüíèêîâà 2, È.Ñ. Óñòèíîâà 2, Þ.�. Çàéíóëèí 1,À.Í. Áàáóøêèí 2

1 Èíñòèòóò õèìèè òâåðäîãî òåëà ÓðÎ �ÀÍ, 620219, Åêàòåðèíáóðã,óë. Ïåðâîìàéñêàÿ, 91
2 Óðàëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. À.Ì. �îðüêîãî, 620083,Åêàòåðèíáóðã, ïð. Ëåíèíà, 51Öåëü ðàáîòû � èññëåäîâàíèå ýëåêòðè÷åñêèõ ñâîéñòâ íîâîé ïåðîâñêè-òîïîäîáíîé �àçû âûñîêîãî äàâëåíèÿ Er0.73Cu3VO12 â áàðè÷åñêîé îáëàñòè
10÷45GPa ïðè êîìíàòíîé òåìïåðàòóðå è ïðè òåìïåðàòóðàõ 10÷300K ïðèàòìîñ�åðíîì äàâëåíèè.Ñèíòåç îáðàçöîâ ïðîâîäèëè â êàìåðå âûñîêîãî äàâëåíèÿ òèïà "òîðîèä"ïðè äàâëåíèÿõ äî 9.0GPa è òåìïåðàòóðàõ äî 1200 ◦C[1,2℄. Ñîåäèíåíèå êðè-ñòàëëèçóåòñÿ â êóáè÷åñêîé ñèíãîíèè (ïð. ãð. Im�3, Z = 2) ñ ïàðàìåòðîìðåøåòêè a = 0.7266 nm. Èçìåðåíèÿ ýëåêòðè÷åñêèõ ñâîéñòâ ïðîâîäèëè ìå-òîäîì èìïåäàíñíîé ñïåêòðîñêîïèè â îáëàñòè ÷àñòîò 200 Hz÷ 200 kHz è íàïîñòîÿííîì òîêå â ÿ÷åéêå ñ äâóìÿ ýëåêòðîäàìè. Äëÿ ãåíåðàöèè äàâëåíèéèñïîëüçîâàëè êàìåðó âûñîêîãî äàâëåíèÿ ñ àëìàçíûìè íàêîâàëüíÿìè òèïà"çàêðóãëåííûé êîíóñ - ïëîñêîñòü". Äëÿ ïðîâåäåíèÿ èññëåäîâàíèé â èíòåð-âàëå òåìïåðàòóð 10÷300Ê èñïîëüçîâàëè àâòîíîìíûé êðèîñòàò çàìêíóòîãîöèêëà ñ äâóõñòóïåí÷àòûì êðèîãåííûì ðå�ðèæåðàòîðîì DE-204SL, îñíî-âàííûì íà öèêëå �è��îðäà�ÌàêÌàãîíà.Óñòàíîâëåí ïîëóïðîâîäíèêîâûé õàðàêòåð òåìïåðàòóðíîé çàâèñèìîñòèóäåëüíîé ýëåêòðîïðîâîäíîñòè â èíòåðâàëå òåìïåðàòóð 10 ÷ 300K. Àíàëèçâëèÿíèÿ âûñîêèõ äàâëåíèé íà ïîâåäåíèå êîìïëåêñíîé ýëåêòðîïðîâîäíîñòè,êîìïëåêñíîãî ñîïðîòèâëåíèÿ, òàíãåíñà óãëà äèýëåêòðè÷åñêèõ ïîòåðü ïîçâî-ëèë óñòàíîâèòü áàðè÷åñêèå îáëàñòè ñóùåñòâåííûõ èçìåíåíèé â ïîâåäåíèèñâîéñòâ ìàòåðèàëà â îáëàñòè 27 ÷ 29GPa.Èññëåäîâàíèÿ âûïîëíåíû ïðè ÷àñòè÷íîé �èíàíñîâîé ïîääåðæêå Ôåäå-ðàëüíîé öåëåâîé ïðîãðàììû "Íàó÷íûå è íàó÷íî-ïåäàãîãè÷åñêèå êàäðû èí-íîâàöèîííîé �îññèè" íà 2009-2013 ãîäû.[1℄ Í.È. Êàäûðîâà è äð., Èçâåñòèÿ �ÀÍ. Ñåðèÿ �èç., 73, 1639 (2009).[2℄ Í.Â. Ìåëüíèêîâà è äð., ÔÒÂÄ, 19, 54, (2009).



New Materials 259NM-40Ýëåêòðè÷åñêèå ñâîéñòâà èîííûõ ïîëóïðîâîäíèêîâ âñèñòåìå Cu-Ag-Ge-As-Se ïðè âûñîêèõ äàâëåíèÿõÎ.Ë. Õåé�åö, Í.Â. Ìåëüíèêîâà, À.Ë. Ôèëèïïîâ, Ë.Ë. Íóãàåâà,À.Í. ÁàáóøêèíÓðàëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. À.Ì. �îðüêîãî, 620083,Åêàòåðèíáóðã, ïð. Ëåíèíà, 51, �èçè÷åñêèé �àêóëüòåòCèíòåçèðîâàíû íîâûå õàëüêîãåíèäû ñ îáùåé �îðìóëîé
Cu1−xAgxGeAsSe3, ïîëó÷åííûå çàìåíîé â ïðàêòè÷åñêè 100% èîííîìïðîâîäíèêå AgGeAsSe3 [1℄ ÷àñòè àòîìîâ Ag íà Cu. Ïî äàííûì ðåíòãå-íîñòðóêòóðíîãî àíàëèçà ìàòåðèàëû ðåíòãåíîàìîð�íû. Ýòè ñîåäèíåíèÿïðè íîðìàëüíîì äàâëåíèè ÿâëÿþòñÿ ñìåøàííûìè ýëåêòðîííî-èîííûìèïðîâîäíèêàìè [2℄. �àáîòà ïîñâÿùåíà èññëåäîâàíèþ ýëåêòðè÷åñêèõ ñâîéñòâ
Cu1−xAgxGeAsSe3 (x = 0.85 ÷ 0.95) ïðè äàâëåíèÿõ äî 42�Ïà.Áûëè èññëåäîâàíû ýëåêòðè÷åñêèå ñâîéñòâà ìàòåðèàëîâ ïðè äàâëåíèÿõ
15 ÷ 45�Ïà ïðè òåìïåðàòóðå 300Ê. Èññëåäîâàíèå ýëåêòðè÷åñêèõ ñâîéñòâïðîâîäèëîñü ìåòîäîì èìïåäàíñíîé ñïåêòðîñêîïèè ñ ïîìîùüþ èçìåðèòåëÿ-àíàëèçàòîðà èìïåäàíñà RLC-2000 â îáëàñòè ÷àñòîò 100�ö ÷ 200 ê�ö. Äëÿãåíåðàöèè äàâëåíèé äî 45�Ïà èñïîëüçîâàëè êàìåðó âûñîêîãî äàâëåíèÿ ñíàêîâàëüíÿìè òèïà "çàêðóãë¼ííûé êîíóñ - ïëîñêîñòü" èç èñêóññòâåííûõïîëèêðèñòàëëè÷åñêèõ àëìàçîâ "êàðáîíàäî".Áûë ïðîâåäåí àíàëèç ãîäîãðà�îâ, áàðè÷åñêèõ çàâèñèìîñòåé ñîïðîòèâ-ëåíèÿ è òàíãåíñà óãëà äèýëåêòðè÷åñêèõ ïîòåðü. Îáíàðóæåíû îáëàñòè ñó-ùåñòâåííûõ èçìåíåíèé ñâîéñòâ îáðàçöîâ. Ïî ïðåäâàðèòåëüíûì äàíû, îáëà-ñòè íà÷àëà ñóùåñòâåííûõ èçìåíåíèé ýëåêòðè÷åñêèõ ñâîéñòâ, îïðåäåëåííûåèç èññëåäîâàíèé, ñîñòàâëÿþò 30 ÷ 32�Ïà, 34 ÷ 35�Ïà è 36 ÷ 37�Ïà äëÿ
x = 0.95, 0.9 è 0.85, ñîîòâåòñòâåííî. Áûëî ïðîâåäåíî ñðàâíåíèå ñ ýëåêòðè-÷åñêèìè ñâîéñòâàìè ïðè âûñîêèõ äàâëåíèÿõ ñîåäèíåíèé AgGeAsSe3 [3℄,
AgGeAsS3 [4℄ è CuGeAsS3.Èññëåäîâàíèÿ âûïîëíåíû ïðè ÷àñòè÷íîé �èíàíñîâîé ïîääåðæêå ÔÖÏ"Íàó÷íûå è íàó÷íî-ïåäàãîãè÷åñêèå êàäðû èííîâàöèîííîé �îññèè" íà 2009-2013 ãîäû è ãðàíòà �ÔÔÈ �09-02-01316-a.[1℄ Þ.Ô. �îðèí è è äð., Ïèñüìà â ÆÝÒÔ, 23, 35 (1997).[2℄ Í.Â. Ìåëüíèêîâà è äð., Ñáîðíèê òðóäîâ Ìåæäóíàðîäíî ñåìèíàðàÌÍÒ-Õ, 57 (2009).[3℄ Î.Ë. Õåé�åö, À.Í. Áàáóøêèí, Èçâåñòèÿ �ÀÍ. Ñåðèÿ �èçè÷åñêàÿ, 68,668 (2004).[4℄ Î.Ë. Êîáåëåâà, À.Í. Áàáóøêèí, ÔÒÂÄ, 13, 36 (2003).



260 Íîâûå ìàòåðèàëûNM-41Ýëåêòðè÷åñêèå ñâîéñòâà ñóëü�èäîâ ñåðåáðà ïðèòåìïåðàòóðàõ 78÷ 400Ê è äàâëåíèÿõ äî 42 �ÏàÎ.Ë. Õåé�åö, Í.Â. Ìåëüíèêîâà, Ý.Ô. Øàêèðîâ, À.Í. Áàáóøêèí,Ê.Ñ. Ïèíèãèíà, Å.À. ÒóðóòèíàÓðàëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. À.Ì. �îðüêîãî, 620083,Åêàòåðèíáóðã, ïð.Ëåíèíà, 51, �èçè÷åñêèé �àêóëüòåòÂ ðàìêàõ èññëåäîâàíèÿ âëèÿíèÿ íåñòåõèîìåòðèè íà ýëåêòðè÷åñêèå ñâîé-ñòâà èîííûõ ïîëóïðîâîäíèêîâ ñ öåëüþ ïîèñêà ìàòåðèàëîâ, êîòîðûå ìîæíîèñïîëüçîâàòü â êà÷åñòâå ýëåêòðîäîâ ñ îïòèìàëüíîé ýëåêòðîííî-èîííîé ïðî-âîäèìîñòüþ, îáåñïå÷èâàþùèõ ñîîòâåòñòâóþùèé ïîòåíöèàë îáðàçîâàíèÿ,èëè ýëåêòðîëèòíîé ñðåäû äëÿ èñòî÷íèêà òîêà, áûëè ñèíòåçèðîâàíû íîâûåõàëüêîãåíèäû ñ îáùåé �îðìóëîé AgGe1+xAs1−xS3 (x = 0.4 ÷ 0.7).Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ ýëåêòðè÷åñêèõ ñâîéñòâ ñèí-òåçèðîâàííûõ ñîåäèíåíèé ïðè òåìïåðàòóðàõ 78 ÷ 400Ê è äàâëåíèÿõ äî42�Ïà è èçó÷åíèþ âëèÿíèÿ ñîñòàâà ñîåäèíåíèé íà èõ ñâîéñòâà.Äëÿ ãåíåðàöèè äàâëåíèé â äèàïàçîíå 15 ÷ 45�Ïà èñïîëüçîâàëè êàìåðóâûñîêîãî äàâëåíèÿ ñ íàêîâàëüíÿìè òèïà "çàêðóãë¼ííûé êîíóñ�ïëîñêîñòü"èç èñêóññòâåííûõ ïîëèêðèñòàëëè÷åñêèõ àëìàçîâ "êàðáîíàäî". Ýëåêòðè÷å-ñêèå ñâîéñòâà ïîëó÷åííûõ îáðàçöîâ èññëåäîâàëèñü ñ ïîìîùüþ èçìåðèòåëÿ-àíàëèçàòîðà èìïåäàíñà RLC-2000 â îáëàñòè ÷àñòîò 500 Hz ÷ 200 kHz ìåòî-äîì èìïåäàíñíîé ñïåêòðîñêîïèè.Ñèíòåç ñîåäèíåíèé îñóùåñòâëÿëñÿ ñïëàâëåíèåì èñõîäíûõ êîìïîíåíò âêâàðöåâûõ àìïóëàõ. Ïîëó÷åííûå ìàòåðèàëû èìåþò ìåòàëëè÷åñêèé öâåò

�èñ. 1: Äè�ðàêòîãðàììû ñîåäèíåíèé AgGe1+xAs1−xS3.



New Materials 261è áëåñê, ðàêîâèñòûé èçëîì, à òàêæå â íèõ îòñóòñòâóþò êðèñòàëëè÷åñêèåâêëþ÷åíèÿ, ÷òî õàðàêòåðíî äëÿ àìîð�íûõ ñîåäèíåíèé. �åíòãåíîñòðóêòóð-íûé àíàëèç ïîêàçàë, ÷òî ìàòåðèàëû ðåíòãåíîàìîð�íû. Äè�ðàêòîãðàììàòèïè÷íà äëÿ ñòåêëîîáðàçíûõ ñîåäèíåíèé ñèñòåìû Ag-Ge-As(Sb)-S-(Se) [1℄(
ì. �èñ. 1).Ìàòåðèàëû ÿâëÿþòñÿ èîííûìè ïðîâîäíèêàìè ñ äîëåé èîííîé ïðîâîäè-ìîñòè, çàâèñÿùåé îò ñîñòàâà. Äàííûå ïî îáëàñòÿì íà÷àëà èîííîãî ïåðåíîñàè äîëÿì èîííîé ïðîâîäèìîñòè ïðèâåäåíû â òàáëèöå 1.Òàáëèöà 1: Îáëàñòè òåìïåðàòóð íà÷àëà èîííîãî ïåðåíîñà è äîëè èîííîé ïðîâîäèìîñòè.Ñîåäèíåíèå Îáëàñòü òåìïåðàòóð íà÷àëà Äîëÿ èîííîéèîííîãî ïåðåíîñà ïðîâîäèìîñòè, %
AgGeAsS3 120 ÷ 150Ê 99,7

AgGe1.1As0.9S3 150 ÷ 200Ê 96
AgGe1.4As0.6S3 160 ÷ 220Ê 73
AgGe1.5As0.5S3 180 ÷ 190Ê 54
AgGe1.6As0.4S3 170 ÷ 180Ê 67
AgGe1.9As0.1S3 220 ÷ 250Ê 85Â ðåçóëüòàòå èññëåäîâàíèé áûëè ïîëó÷åíû è ïðîàíàëèçèðîâàíû ãîäî-ãðà�û èìïåäàíñà, áàðè÷åñêèå çàâèñèìîñòè ñîïðîòèâëåíèÿ è òàíãåíñà óãëàäèýëåêòðè÷åñêèõ ïîòåðü. Îáíàðóæåíû îáëàñòè ñóùåñòâåííûõ èçìåíåíèéýëåêòðè÷åñêèõ ñâîéñòâ îáðàçöîâ. Îáëàñòè ñóùåñòâåííûõ èçìåíåíèé ýëåê-òðè÷åñêèõ ñâîéñòâ AgGe1+xAs1−xS3 (x = 0, 0.1, 0.4, 0.5, 0.6, 0.9) ïðèâåäå-íû â Òàáëèöå 2.Òàáëèöà 2: Îáëàñòè èçìåíåíèÿ ýëåêòðè÷åñêèõ ñâîéñòâ ñîåäèíåíèé AgGe1+xAs1−xS3(x = 0, 0.1, 0.4, 0.5, 0.6, 0.9).Ñîåäèíåíèå P , GPa

AgGeAsS3 37GPa � îáðàòèìûé
AgGe1.1As0.9S3 38 ÷ 40GPa � íåîáðàòèìûé
AgGe1.4As0.6S3 31 ÷ 35GPa � íåîáðàòèìûé
AgGe1.5As0.5S3 35 ÷ 38GPa � íåîáðàòèìûé
AgGe1.6As0.4S3 27 ÷ 30GPa � íåîáðàòèìûé
AgGe1.9As0.1S3 38 ÷ 40GPa � íåîáðàòèìûéÈññëåäîâàíèÿ âûïîëíåíû ïðè ÷àñòè÷íîé �èíàíñîâîé ïîääåðæêå ÔÖÏ"Íàó÷íûå è íàó÷íî-ïåäàãîãè÷åñêèå êàäðû èííîâàöèîííîé �îññèè" íà 2009-2013 ãîäû è ãðàíòà �ÔÔÈ �09-02-01316-a.[1℄ M. Krbaf et al., J. of Phys. and Chem. of Solids, 68, 958 (2007).



262 Íîâûå ìàòåðèàëûNM-42Ýëåêòðî�èçè÷åñêèå ñâîéñòâà ZnSe. Ïðèìåíåíèåìåòîäà èìïåäàíñíîé äèýëåêòðè÷åñêîé ñïåêòðîñêîïèèïðè âûñîêèõ äàâëåíèÿõÞ.À. Êàíäðèíà, À.Í. ÁàáóøêèíÓðàëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. À.Ì. �îðüêîãî, 620083,Åêàòåðèíáóðã, ïð. Ëåíèíà, 51Îäèí èç øèðîêî ïðèìåíÿåìûõ ïîäõîäîâ ê èçó÷åíèÿ ýëåêòðè÷åñêèõñâîéñòâ íåîäíîðîäíûõ ìàòåðèàëîâ ÿâëÿåòñÿ èñïîëüçîâàíèå ìåòîäà ïîëíîãîêîìïëåêñíîãî ñîïðîòèâëåíèÿ (èìïåäàíñíîé äèýëåêòðè÷åñêîé ñïåêòðîñêî-ïèè), ïîçâîëÿþùåãî èç îòêëèêà ìàòåðèàëà íà âíåøíåå ýëåêòðè÷åñêîå ïîëåèçâëå÷ü âêëàäû, ñâÿçàííûå ñ ýëåêòðîïðîâîäíîñòüþ ðàçíûõ �àç, ãðàíèöàìèìåæäó �àçàìè, ýëåêòðîäíûìè ïðîöåññàìè, ýëåêòðè÷åñêîé ïîëÿðèçàöèåé âîáúåìå, âêëàäîì èçìåðèòåëüíîé ÿ÷åéêè è ò.ï.Öåëü ðàáîòû � ïðèìåíåíèå ìåòîäà èìïåäàíñíîé äèýëåêòðè÷åñêîé ñïåê-òðîñêîïèè äëÿ èçó÷åíèÿ ýëåêòðî�èçè÷åñêèõ ñâîéñòâ ZnSe ïðè âûñîêèõäàâëåíèÿõ 20 ÷ 50�Ïà, âûÿâëåíèå êîððåëÿöèé áàðè÷åñêèõ çàâèñèìîñòåéèññëåäîâàííûõ õàðàêòåðèñòèê ñ èçâåñòíûìè �àçîâûìè ïðåâðàùåíèÿìè.Äëÿ ãåíåðàöèè äàâëåíèé èñïîëüçîâàëàñü êàìåðà âûñîêîãî äàâëåíèÿ ñíàêîâàëüíÿìè òèïà "çàêðóãëåííûé êîíóñ�ïëîñêîñòü" , âûïîëíåííûìè èçèñêóññòâåííûõ ïîëèêðèñòàëëè÷åñêèõ àëìàçîâ êàðáîíàäî, âïåðâûå ïðåäëî-æåííûìè Å.Í. ßêîâëåâûì, Ë.Ô. Âåðåùàãèíûì ñ ñîàâòîðàìè. Èçìåðåíèÿïîëíîé ïðîâîäèìîñòè ïðîâîäèëè â äèàïàçîíå ÷àñòîò 1�ö ÷ 100 ê�ö ïðèêîìíàòíîé òåìïåðàòóðå. Èñïîëüçóåìàÿ ìåòîäèêà ïîçâîëÿåò èçó÷àòü îäèíè òîò æå îáðàçåö ïðè ïîñëåäîâàòåëüíîì óâåëè÷åíèè è ñíèæåíèè äàâëåíèÿ,âûäåðæèâàòü ïîä íàãðóçêîé äëèòåëüíîå âðåìÿ. Îáðàçåö èìåëè äèàìåòð
≈ 2ìì, òîëùèíó ≈ 20ìêì.Â ñåëåíèäå öèíêà èç èçìåðåíèé íà ïîñòîÿííîì òîêå èçâåñòíî, ÷òî ýíåð-ãèÿ àêòèâàöèè ïðîâîäèìîñòè óìåíüøàåòñÿ ñ ðîñòîì äàâëåíèÿ â èíòåðâàëå
20÷ 35�Ïà, ïðè äàâëåíèÿõ âûøå 35�Ïà ýíåðãèÿ àêòèâàöèè ïðîâîäèìîñòèèñ÷åçàåò. Ïðè äàâëåíèÿõ âûøå 35�Ïà ðåçêî óìåíüøàåòñÿ øèðèíà çàïðå-ùåííîé çîíû, íî ïåðåêðûâàíèÿ âàëåíòíîé çîíû è çîíû ïðîâîäèìîñòè íåïðîèñõîäèò. Â ZnSe ïðè äàâëåíèÿõ 35÷50�Ïà íàáëþäàåòñÿ ìåòàëëîïîäîá-íàÿ �àçà.Èç àíàëèçà ãîäîãðà�îâ èìïåäàíñà ìîæíî îïðåäåëèòü, ÷òî îáðàçåö îïè-ñûâàåòñÿ ýêâèâàëåíòíîé ýëåêòðè÷åñêîé ñõåìîé, ñîäåðæàùåé ýëåìåíò ñ ïî-ñòîÿííûì �àçîâûì óãëîì. Ïîêàçàòåëü ñòåïåíè ýëåìåíòà ñ ïîñòîÿííûì �à-çîâûì óãëîì óìåíüøàåòñÿ ïðè óâåëè÷åíèè äàâëåíèÿ äî 40�Ïà, à ïîòîìïðàêòè÷åñêè íå ìåíÿåòñÿ. Âåðîÿòíî, â îáðàçöå ZnSe ïðè äàâëåíèÿõ âûøå35�Ïà ïðîèñõîäèò �àçîâîå èçìåíåíèå.�àáîòà âûïîëíåíà ïðè ÷àñòè÷íîé ïîääåðæêå ãðàíòà �ÔÔÈ �09-02-01316.



New Materials 263NM-43Ôàçîâûå ïðåâðàùåíèÿ â óãëåðîäíûõ ìàòåðèàëàõ ïðèâûñîêèõ äàâëåíèÿõ, ïðîÿâëÿþùèåñÿ â ïðîâîäèìîñòè�.Â. Òèõîìèðîâà, ß.Þ. ÂîëêîâàÓðàëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, 620000, Åêàòåðèíáóðã,ïð. Ëåíèíà, 51Èññëåäîâàíî ñîïðîòèâëåíèå ïðåäâàðèòåëüíî íåîáðàáîòàííûõ îáðàçöîâ�óëëåðåíà C60 è îäíîñòåííûõ óãëåðîäíûõ íàíîòðóáîê (ÎÓÍÒ) ïðè äàâëå-íèÿõ (20 ÷ 50)�Ïà â èíòåðâàëå òåìïåðàòóð 77 ÷ 450Ê. Èçó÷åíà êèíåòèêàðåëàêñàöèè ñîïðîòèâëåíèÿ C60 ïðè èçìåíåíèè äàâëåíèÿ. Äàííûå äëÿ C60è ÎÓÍÒ ñîïîñòàâëåíû ñ ïðîâîäèìîñòüþ ãðà�èòà, èññëåäîâàííîé ïðè òåõæå óñëîâèÿõ.Èçìåðåíèÿ ïðîâîäèëèñü â êàìåðå âûñîêîãî äàâëåíèÿ ñ àëìàçíûìè íà-êîâàëüíÿìè, èçãîòîâëåííûìè èç ñèíòåòè÷åñêèõ ïîëèêðèñòàëëè÷åñêèõ àë-ìàçîâ "êàðáîíàäî" [1℄. Ýòè íàêîâàëüíè õîðîøî ïðîâîäÿò ýëåêòðè÷åñêèéòîê è ìîãóò áûòü èñïîëüçîâàíû â êà÷åñòâå ýëåêòðè÷åñêèõ êîíòàêòîâ ê îá-ðàçöó. Ñîïðîòèâëåíèå êîðîòêîçàìêíóòûõ íàêîâàëåí ñîñòàâëÿåò íåñêîëüêîÎì è ñëàáî ìåíÿåòñÿ ñ òåìïåðàòóðîé. Ìåòîäèêà ïîçâîëÿåò èçó÷àòü îäèí èòîò æå îáðàçåö ïðè ïîñëåäîâàòåëüíîì óâåëè÷åíèè è ñíèæåíèè äàâëåíèÿ,âûäåðæèâàòü ïîä íàãðóçêîé äëèòåëüíîå âðåìÿ.Èññëåäîâàíèÿ èìïåäàíñà ïðîâîäèëè íà èçìåðèòåëå-àíàëèçàòîðå èìïå-äàíñà RLC-2000 ïðè êîìíàòíîé òåìïåðàòóðå â îáëàñòè ÷àñòîò 1÷ 200 ê�ö.Â ïðîöåññå îáðàáîòêè äàâëåíèåì è òåìïåðàòóðîé �óëëåðåí èñïûòûâàåòïîñëåäîâàòåëüíîñòü �àçîâûõ ïðåâðàùåíèé. Ýòè �àçû ñèëüíî îòëè÷àþòñÿêàê ïî âåëè÷èíå ñîïðîòèâëåíèÿ (îò ñîòåí Îì äî ñîòåí ÌÎì), òàê è ïî åãîòåìïåðàòóðíîé çàâèñèìîñòè.Èäåíòè�èöèðîâàíû îñîáåííîñòè, ñîîòâåòñòâóþùèå èçâåñòíûì èç ëèòå-ðàòóðû �àçîâûì ïðåâðàùåíèÿì �óëëåðåíà. Ïðåäëîæåíà ñõåìà ïîñëåäîâà-òåëüíîñòè �àçîâûõ ïðåâðàùåíèé �óëëåðåíà ïîä äåéñòâèåì âûñîêèõ äàâ-ëåíèé è/èëè òåìïåðàòóð: ìîëåêóëÿðíûé êðèñòàëë C60 (ãöê-ñòðóêòóðà) →ïîëèìåðíûå 2D è 3D ïðîâîäÿùèå �àçû → ñìåñü ïîëèìåðíûõ è àìîð�íûõ�àç → àìîð�íàÿ �àçà.Îïðåäåëåíî âðåìÿ ðåëàêñàöèè ñîïðîòèâëåíèÿ �óëëåðåíà ïîñëå èçìå-íåíèÿ äàâëåíèÿ: îíî ñîñòàâëÿåò ∼ 140ìèí è ïðàêòè÷åñêè íå çàâèñèò îòäàâëåíèÿ. Çàâèñèìîñòü êðèòè÷åñêèõ äàâëåíèé îò óñëîâèé è äëèòåëüíîñòèïðåäâàðèòåëüíîé îáðàáîòêè �óëëåðåíà äàâëåíèåì è òåìïåðàòóðîé, à òàêæåðàçìûòûé õàðàêòåð �àçîâûõ ïåðåõîäîâ ñâÿçûâàþòñÿ ñ áîëüøîé äëèòåëü-íîñòüþ ýòèõ ïåðåõîäîâ.



264 Íîâûå ìàòåðèàëûÈññëåäîâàíû ýëåêòðè÷åñêèå ñâîéñòâà (ïðîâîäèìîñòü íà ïîñòîÿííîì òî-êå, òåðìîýäñ è èìïåäàíñ) ãðà�èòà ïðè äàâëåíèÿõ 15 ÷ 50�Ïà, â îáëàñòèòåìïåðàòóð 77 ÷ 450K.Îáíàðóæåíî, ÷òî áàðè÷åñêèé ãèñòåðåçèñ ñîïðîòèâëåíèÿ îòñóòñòâóåò.Òåìïåðàòóðíûå çàâèñèìîñòè ñîïðîòèâëåíèÿ ãðà�èòà èìåëè ðàçíûé õàðàê-òåð äëÿ ðàçëè÷íûõ öèêëîâ óâåëè÷åíèÿ-óìåíüøåíèÿ äàâëåíèÿ: ïðè ïåð-âîì íàãðóæåíèè îáðàçöà íàáëþäàëñÿ ìèíèìóì â çàâèñèìîñòè R(T ) (ïðè
T ≈ 330Ê), à ïîñëå îáðàáîòêè íåñêîëüêèìè ïîñëåäîâàòåëüíûìè öèêëàìèóâåëè÷åíèÿ-óìåíüøåíèÿ äàâëåíèÿ çàâèñèìîñòè R(T ) ñòàíîâèëèñü ìîíîòîí-íûìè. �àçëè÷èå òåìïåðàòóðíûõ çàâèñèìîñòåé ïðè äàâëåíèÿõ äî 20�Ïà ïðèïåðâîì íàãðóæåíèè îáðàçöà è ïðè áîëåå âûñîêèõ äàâëåíèÿõ (à òàêæå âñëåäóþùåì öèêëå óâåëè÷åíèÿ-óìåíüøåíèÿ äàâëåíèÿ) ìîæåò áûòü ñâÿçàíîñ �àçîâûì ïåðåõîäîì â ãðà�èòå ïðè äàâëåíèÿõ 15 ÷ 20�Ïà [2-3℄.Ñîïðîòèâëåíèå ãðà�èòà çàâèñèò îò âðåìåíè îáðàáîòêè äàâëåíèåì. Äëÿðàçíûõ äàâëåíèé âðåìÿ óñòàíîâëåíèÿ ñòàöèîíàðíîé ïðîâîäèìîñòè íå ïðå-âûøàåò ìèíóòû.Èç ðåçóëüòàòîâ èññëåäîâàíèé òåðìîýäñ è èìïåäàíñà ïîëó÷èëè, ÷òî â ãðà-�èòå, â îáëàñòè äàâëåíèé, îò ∼ 16 äî ∼ 30�Ïà ïðè ýòèõ ìåòîäàõ èññëåäî-âàíèÿ íàáëþäàþòñÿ îñîáåííîñòè, óêàçûâàþùèå íà ïåðåõîä â äðóãîå ñîñòî-ÿíèå, ÷òî êîððåëèðóåò ñ äàííûìè äëÿ èçìåðåíèé íà ïîñòîÿííîì òîêå.Ïðîâåäåíî ñðàâíåíèå ñ ðàíåå ïîëó÷åííûìè äàííûìè ïî �óëëåðèòó C60.Ïîêàçàíî, ÷òî ïðè äàâëåíèÿõ â èíòåðâàëå 15÷50�Ïà è òåìïåðàòóðàõ 80÷
450Ê ïðåâðàùåíèÿ �óëëåðåíà â ãðà�èò íå ïðîèñõîäèò.Èññëåäîâàíû îáðàçöû ÎÓÍÒ, ïîëó÷åííûå òðåìÿ ñïîñîáàìè: òåðìè÷åñêî-ãî ðàñïûëåíèÿ ãðà�èòà (ñîäåðæàíèå ÎÓÍÒ ∼ 40%), ãàçî�àçíîãî õèìè÷å-ñêîãî îñàæäåíèÿ (ñîäåðæàíèå ÎÓÍÒ ∼ 80%) è ìåòîäîì HiP
o (ñîäåðæàíèåÎÓÍÒ ∼ 90%). Îáíàðóæåí ðÿä îñîáåííîñòåé â ïîâåäåíèè ýëåêòðè÷åñêèõõàðàêòåðèñòèê îáðàçöîâ (ýëåêòðîñîïðîòèâëåíèÿ è àêòèâàöèîííîé ýíåðãèè)â èíòåðâàëå äàâëåíèé (27 ÷ 42)�Ïà. Íàáëþäàåìûå èçìåíåíèÿ ýëåêòðè÷å-ñêèõ ñâîéñòâ íåîáðàòèìû. Ïðîöåíòíîå ñîäåðæàíèå ÎÓÍÒ â îáðàçöå âëèÿåòíà õàðàêòåð èçìåíåíèÿ åãî ýëåêòðè÷åñêèõ ñâîéñòâ ïîä äåéñòâèåì âûñîêèõäàâëåíèé. Â îáðàçöàõ ñ áîëüøèì ñîäåðæàíèåì ÎÓÍÒ ýòè îñîáåííîñòè âû-ðàæåíû ñèëüíåå. Óñòàíîâëåíî, ÷òî íàáëþäàåìûå îñîáåííîñòè îòðàæàþò ïî-âåäåíèå ýëåêòðè÷åñêèõ õàðàêòåðèñòèê íåïîñðåäñòâåííî êîìïàêòà ÎÓÍÒ, àíå ïðèìåñåé, ñîäåðæàùèõñÿ â îáðàçöå.�àáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòà �ÔÔÈ � 09-02-01316, è ãîñ-êîíòðàêòà � Ï645 Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè �îññèéñêîé Ôåäåðà-öèè. ÔÖÏ "Íàó÷íûå è íàó÷íî-ïåäàãîãè÷åñêèå êàäðû èííîâàöèîííîé �îñ-ñèè" , íà 2009�2013 ãîäû.[1℄ Ë.Ô. Âåðåùàãèí è äð., Ïèñüìà â ÆÝÒÔ, 16, 240 (1972).[2℄ T.L. S
hindler, Y.K. Vohra, J. Phys. Condens. Matter, 7, 637 (1995).[3℄ Quan Li, et al., Phys. Rev..Lett., 102, 175506 (2009).



New Materials 265NM-43Òåìàòè÷åñêîå èíäåêñèðîâàíèå èí�îðìàöèè ïî �èçèêåïîëóïðîâîäíèêîâ ñ ïîìîùüþ òåçàóðóñàêëàññè�èêàöèîííûõ ðóáðèêÂ.Í. Áåëîîçåðîâ 1, Í.Í. Øàáóðîâà 2

1 Âñåðîññèéñêèé èíñòèòóò íàó÷íîé è òåõíè÷åñêîé èí�îðìàöèè �ÀÍ,125190, Ìîñêâà, óë. Óñèåâè÷à, 20
2 Èíñòèòóò �èçèêè ïîëóïðîâîäíèêîâ ÑÎ �ÀÍ, 630090, Íîâîñèáèðñê,ïð. Ëàâðåíòüåâà, 13Ïî ðàçëè÷íûì èñòîðè÷åñêèì ïðè÷èíàì íà ñåãîäíÿøíèé äåíü íå ñó-ùåñòâóåò åäèíîé êëàññè�èêàöèîííîé ñèñòåìû òåìàòè÷åñêîãî êîäèðîâà-íèÿ íàó÷íîé èí�îðìàöèè, èõ ìíîæåñòâî: �îñóäàðñòâåííûé ðóáðèêàòîðíàó÷íî-òåõíè÷åñêîé èí�îðìàöèè � ��ÍÒÈ (îáÿçàòåëåí äëÿ àâòîìàòèçè-ðîâàííûõ èí�îðìàöèîííûõ ñèñòåì), Óíèâåðñàëüíàÿ äåñÿòè÷íàÿ êëàññè-�èêàöèÿ � ÓÄÊ (èñïîëüçóåòñÿ â ìîñêîâñêèõ áèáëèîòåêàõ - ÁÅÍ �ÀÍ,�ÏÍÒÁ �îññèè; â öåíòðàëèçîâàííîé áèáëèîòå÷íîé ñèñòåìå ÓðÎ �ÀÍ),Áèáëèîòå÷íî-áèáëèîãðà�è÷åñêàÿ êëàññè�èêàöèÿ � ÁÁÊ (ïðèìåíÿåòñÿ âöåíòðàëèçîâàííîé áèáëèîòå÷íîé ñèñòåìå ÑÎ �ÀÍ), �óáðèêàòîð ÂÈÍÈÒÈ(ðàçðàáîòàí ÂÈÍÈÒÈ äëÿ ñèñòåìàòèçàöèè ðå�åðàòèâíîé èí�îðìàöèè),Opti
al Classi�
ation and Indexing S
heme � OCIS, Physi
s and AstronomyClassi�
ation S
heme � PACS (èñïîëüçóþòñÿ ìíîãèìè ìåæäóíàðîäíûìè èç-äàòåëÿìè, â �îññèè � ïðè èçäàíèè àíãëîÿçû÷íûõ âåðñèé îòå÷åñòâåííûõæóðíàëîâ). Òàêîé ðàçáðîñ ìîæåò çàòðóäíÿòü âçàèìîäåéñòâèå �îíäîâ ðàç-íûõ ðåãèîíîâ: â íåêîòîðûõ ñëó÷àÿõ óñòàíîâèòü ñîîòâåòñòâèÿ ìåæäó ðàç-ëè÷íûìè êëàññè�èêàöèÿìè óäàåòñÿ òîëüêî íà ñàìîì îáùåì óðîâíå, ïðèêîòîðîì ïîèñê ñòàíîâèòñÿ áåññîäåðæàòåëüíûì. Òàêæå èçíà÷àëüíîå èíäåê-ñèðîâàíèå íàó÷íûõ ðåçóëüòàòîâ â çàâèñèìîñòè îò òðåáîâàíèé îäíîé ïóáëè-êóþùåé îðãàíèçàöèè ìîæåò ïðè ïîñëåäóþùåì èõ ïîèñêå ñòàòü ïðè÷èíîéïîòåðè íåîáõîäèìîé èí�îðìàöèè èç-çà �îðìóëèðîâêè çàïðîñà â êîäèðîâêåèíîé èçäàþùåé îðãàíèçàöèè.Ñ äðóãîé ñòîðîíû, êàæäàÿ èç êëàññè�èêàöèé áàçèðóåòñÿ íà ñîáñòâåí-íûõ ïîäõîäàõ ê õàðàêòåðèñòèêå îáúåêòà è âûäåëÿåò â òåìå ñâîè àñïåê-òû. Íàïðèìåð, â ÁÁÊ âûäåëåí ñïåöèàëüíûé êëàññ äëÿ îïèñàíèÿ ñâîéñòâïîëóïðîâîäíèêîâ è ÿâëåíèé, ñâÿçàííûõ ñ íèìè. Â ÓÄÊ ñîîòâåòñòâóþùàÿòåìàòèêà ðàññûïàíà ïî ðàçäåëàì èçó÷àåìûõ ÿâëåíèé è èõ ïðèìåíåíèé âòåõíèêå. PACS, òàê æå êàê è ÓÄÊ, íå èìååò ñïåöèàëüíîãî ðàçäåëà �èçè-êè ïîëóïðîâîäíèêîâ, ýòà òåìàòèêà îáîçíà÷åíà êîíêðåòíûìè ïîäðóáðèêàìèòåõ ðàçäåëîâ �èçèêè, äëÿ êîòîðûõ ñâîéñòâà ïîëóïðîâîäíèêîâ ïðåäñòàâëÿ-þò ñóùåñòâåííûé èíòåðåñ. Íàèáîëåå ïîäðîáíî �èçèêà ïîëóïðîâîäíèêîâ



266 Íîâûå ìàòåðèàëûðàçðàáîòàíà â �óáðèêàòîðå ÂÈÍÈÒÈ, ãäå åé ïîñâÿùåíî áîëåå 200 ðóáðèê(ïðîòèâ 51 ðóáðèêè â PACS è 36 � â ÁÁÊ). �àçðàáîòàííîñòü òåìàòèêèèñêëþ÷àåò íåîáõîäèìîñòü èñïîëüçîâàòü ñî÷åòàíèå ðóáðèê äëÿ îáîçíà÷åíèÿâîïðîñîâ, âîçíèêàþùèõ íà ñòûêàõ ðàçëè÷íûõ íàïðàâëåíèé èññëåäîâàíèÿ,îíè îáû÷íî óæå îòðàæåíû ñîîòâåòñòâóþùåé ïîäðóáðèêîé äàííîãî ðàçäåëà.Íî â ñâîåé ñóùåñòâåííîé ÷àñòè êëàññè�èêàöèîííûå ïîäðàçäåëåíèÿ �óá-ðèêàòîðà âûäåëåíû ïî îòëè÷íûì îò ÁÁÊ îñíîâàíèÿì. Òàê, â ïîñëåäíåìèìååòñÿ íåñêîëüêî êëàññîâ èçó÷åíèÿ ñòðóêòóðû ïîëóïðîâîäíèêîâ, à â �óá-ðèêàòîðå âîïðîñû ñòðóêòóðû ðàññìàòðèâàþòñÿ â ðàçíûõ ðóáðèêàõ â ñâÿçèñ äðóãèìè àñïåêòàìè. Âìåñòå ñ òåì, â ÁÁÊ íåò êëàññîâ äëÿ îáùåãî ðàñ-ñìîòðåíèÿ êèíåòè÷åñêèõ ý��åêòîâ, êîëëåêòèâíûõ ïðîöåññîâ, íåîäíîðîä-íûõ ñèñòåì è äðóãèõ âîïðîñîâ, âûäåëåííûõ â �óáðèêàòîðå íà ïåðåäíåìïëàíå.Óñòàíîâèòü òî÷íîå ñîîòâåòñòâèå òåðìèíîâ âñåãäà âîçìîæíî íà óðîâíåêîíêðåòíûõ ïîíÿòèé, íåñìîòðÿ íà òî, ÷òî â ñðàâíèâàåìûõ êëàññè�èêàöè-ÿõ îíè îòíåñåíû ê ðóáðèêàì ñ ðàçëè÷íûì îáùèì ñîäåðæàíèåì. Áîëåå òîãî,èìåííî ñîâìåùåíèå èíäåêñîâ ðàññìàòðèâàåìûõ êëàññè�èêàöèé õàðàêòåðè-çóåò ïðåäìåò èññëåäîâàíèÿ ñ ðàçíûõ òî÷åê çðåíèÿ, ÷òî îòêðûâàåò âîçìîæ-íîñòü áîëåå òî÷íîãî ïîèñêà äàííûõ. Äëÿ îòðàæåíèÿ ñëîæíûõ ñìûñëîâûõîòíîøåíèé ìåæäó ïÿòüþ óêàçàííûìè âûøå êëàññè�èêàöèîííûìè ñèñòå-ìàìè â áèáëèîòåêå ÈÔÏ ÑÎ �ÀÍ ðàçðàáîòàí èí�îðìàöèîííî-ïîèñêîâûéòåçàóðóñ òåìàòè÷åñêèõ ðóáðèê ïî �èçèêå ïîëóïðîâîäíèêîâ,1 êàê òåõíî-ëîãè÷åñêèé èíñòðóìåíò îäíîâðåìåííîãî ïðèìåíåíèÿ ñðåäñòâ òåçàóðóñíîãîîïèñàíèÿ è êëàññè�èêàöèîííîãî èíäåêñèðîâàíèÿ íà îñíîâå ëåêñèêè êëàñ-ñîâ ïî òåìàòèêå îäíîé îáëàñòè çíàíèÿ. Ôîðìà ïðåäñòàâëåíèÿ è ìåòîäèêàðàçðàáîòêè â öåëîì ñîîòâåòñòâóþò ñòàíäàðòàì ÈÑÎ 2788 [1℄ è �ÎÑÒ 7.25-2001 [2℄. Ñîãëàñíî èí�îðìàöèîííîé òåîðèè è äàííûì çàðóáåæíîé ïðàêòè-êè ýòîò èíñòðóìåíò ìîæåò áûòü ÿçûêîì-ïîñðåäíèêîì è ñâÿçóþùèì çâåíîìâ ñåòè âçàèìîäåéñòâóþùèõ èí�îðìàöèîííûõ ðåñóðñîâ, êîòîðûå îáìåíè-âàþòñÿ äàííûìè íà îñíîâå òåìàòè÷åñêîãî îïèñàíèÿ äîêóìåíòîâ è èí�îð-ìàöèîííûõ çàïðîñîâ. Â äîêëàäå ïîêàçàíû âîçìîæíîñòè èñïîëüçîâàíèÿ èàëãîðèòì ïðèìåíåíèÿ òåçàóðóñà òåìàòè÷åñêèõ ðóáðèê ïî �èçèêå ïîëóïðî-âîäíèêîâ.[1℄ ISO 2788:1986 Do
umentation � Guidelines for the Establishment andDevelopment of Monolingual Thesauri, - Geneve: ISO (1986).[2℄ �ÎÑÒ 7.25-2001 Ñèñòåìà ñòàíäàðòîâ ïî èí�îðìàöèè, áèáëèîòå÷íîìóè èçäàòåëüñêîìó äåëó. Òåçàóðóñ èí�îðìàöèîííî-ïîèñêîâûé îäíîÿçû÷-íûé. Ïðàâèëà ðàçðàáîòêè, ñòðóêòóðà, ñîñòàâ è �îðìà ïðåäñòàâëåíèÿ,- Ì.: Èçä-âî ñòàíäàðòîâ (2001).1Òåçàóðóñ çàðåãèñòðèðîâàí Àíàëèòè÷åñêîé ñëóæáîé âåäåíèÿ èí�îðìàöèîííûõ ÿçûêîâ �îñóäàð-ñòâåííîé ñèñòåìû íàó÷íî-òåõíè÷åñêîé èí�îðìàöèè (�ÑÍÒÈ) ÂÈÍÈÒÈ �ÀÍ � �132.09, âêëþ÷åíâ �îíä ÿçûêîâûõ ñðåäñòâ �ÑÍÒÈ è ðåêîìåíäîâàí äëÿ èñïîëüçîâàíèÿ â èí�îðìàöèîííûõ îðãàíàõ
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