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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 14 àâãóñòà 2006 ã.

Èçó÷åíà êèíåòèêà äâóìåðíûõ ýëåêòðîíîâ ïðîâîäèìîñòè ïðè ó÷åòå ñïèí-îðáèòàëüíîãî âçàè-
ìîäåéñòâèÿ â êâàíòóþùåì ìàãíèòíîì è ýëåêòðè÷åñêîì ïîëÿõ. Ïîñòðîåíû è ðåøåíû ìàêðîñêî-
ïè÷åñêèå óðàâíåíèÿ áàëàíñà ýíåðãèè ñïèíîâîé ïîäñèñòåìû è ïîïåðå÷íûõ êîìïîíåíò ñïèíà; îï-
ðåäåëåíà ïîëÿðèçàöèÿ ñïèíîâ íîñèòåëåé ýëåêòðè÷åñêèì ïîëåì â êâàíòóþùåì ìàãíèòíîì ïîëå.
Ïîëó÷åíû îáùèå âûðàæåíèÿ äëÿ ïîïåðå÷íîãî âðåìåíè ðåëàêñàöèè ñïèíîâ ýëåêòðîíîâ ïðîâîäè-
ìîñòè â ñèëüíûõ ìàãíèòíûõ ïîëÿõ. Ïîêàçàíî, ÷òî â êâàíòóþùåì ìàãíèòíîì ïîëå îñöèëëÿöèè
ñïèíîâîé ïîëÿðèçàöèè ñòàíîâÿòñÿ àíîìàëüíî áîëüøèìè.

Âèâ÷åíî ê³íåòèêó äâîâèì³ðíèõ åëåêòðîí³â ïðîâ³äíîñò³ ïðè óðàõóâàíí³ ñï³í-îðá³òàëüíî¿
âçàºìîä³¿ ó êâàíòóþ÷îìó ìàãí³òíîìó é åëåêòðè÷íîìó ïîëÿõ. Ïîáóäîâàíî é âèð³øåíî ìàêðî-
ñêîï³÷í³ ð³âíÿííÿ áàëàíñó åíåðã³¿ ñï³íîâî¿ ï³äñèñòåìè é ïîïåðå÷íèõ êîìïîíåíò ñï³íà; âèçíà÷å-
íî ïîëÿðèçàö³þ ñï³í³â íîñ³¿â åëåêòðè÷íèì ïîëåì ó êâàíòóþ÷îìó ìàãí³òíîìó ïîë³. Îòðèìàíî çà-
ãàëüí³ âèðàæåííÿ äëÿ ïîïåðå÷íîãî ÷àñó ðåëàêñàö³¿ ñï³í³â åëåêòðîí³â ïðîâ³äíîñò³ ó ñèëüíèõ
ìàãí³òíèõ ïîëÿõ. Ïîêàçàíî, ùî ó êâàíòóþþ÷îìó ìàãí³òíîìó ïîë³ îñöèëÿö³¿ ñï³íîâî¿ ïîëÿðè-
çàö³¿ ñòàþòü àíîìàëüíî âåëèêèìè.

PACS: 73.23–b Ýëåêòðîííûé òðàíñïîðò â ìåçîñêîïè÷åñêèõ ñèñòåìàõ.

Êëþ÷åâûå ñëîâà: ñïèíîâàÿ ïîëÿðèçàöèÿ, äâóìåðíàÿ ñèñòåìà Ðàøáû, ýëåêòðîíû ïðîâîäèìîñòè.

Ñïèí-îðáèòàëüíîå âçàèìîäåéñòâèå (ÑÎÂ) ïðèâî-
äèò ê êîððåëÿöèè òðàíñëÿöèîííîãî è ñïèíîâîãî
äâèæåíèé ýëåêòðîíîâ. Èìåííî ýòî îáñòîÿòåëüñòâî
ñëóæèò ïðè÷èíîé âîçíèêíîâåíèÿ ìíîãèõ ýôôåêòîâ,
íàáëþäàâøèõñÿ â êèíåòè÷åñêèõ è äðóãèõ ÿâëåíèÿõ
[1–3]. Ñïèí-îðáèòàëüíîå âçàèìîäåéñòâèå, çàâèñÿ-
ùåå îò êèíåòè÷åñêèõ è ñïèíîâûõ ñòåïåíåé ñâîáîäû,
ïðåäñòàâëÿåò ñîáîé êàíàë, ïî êîòîðîìó ïðîèñõîäèò
ïåðåäà÷à ýíåðãèè âíåøíåãî ïîëÿ, ïîãëîùåííîé ñâî-
áîäíûìè íîñèòåëÿìè, îò ïîäñèñòåìû êèíåòè÷åñêèõ
ñòåïåíåé ñâîáîäû ê ñïèíîâîé ïîäñèñòåìå, è íàîáî-
ðîò. Â ðåçóëüòàòå äåéñòâèÿ òàêîãî êàíàëà ñòàíîâÿò-
ñÿ âîçìîæíûìè ðåçîíàíñíûå ïåðåõîäû ýëåêòðîíîâ
ìåæäó óðîâíÿìè Ëàíäàó íà êîìáèíèðîâàííûõ ÷àñ-
òîòàõ. Âñå ýòî îïðåäåëèëî ïîâûøåííûé èíòåðåñ ê
èññëåäîâàíèþ ÑÎÂ â ïîëóïðîâîäíèêîâûõ äâóìåð-
íûõ (2D) ñòðóêòóðàõ.

Â êâàíòîâûõ ÿìàõ íà îñíîâå ïîëóïðîâîäíèêîâ ñî
ñòðóêòóðîé öèíêîâîé îáìàíêè ñóùåñòâóåò äâà îñ-
íîâíûõ òèïà ñïèí-îðáèòàëüíîé ñâÿçè: âçàèìîäåéñò-

âèå Ðàøáû [4], îáóñëîâëåííîå ñòðóêòóðíîé àñèì-
ìåòðèåé êâàíòîâîé ÿìû, è âçàèìîäåéñòâèå Äðåñ-
ñåëüõàóçà [5], âîçíèêàþùåå èç-çà îòñóòñòâèÿ öåíòðà
èíâåðñèè â îáúåìå ìàòåðèàëà. Â òåõ ñëó÷àÿõ, êîãäà
ÑÎÂ ìàëî â îïðåäåëåííîì ñìûñëå, ìîæíî ïðîèç-
âåñòè êàíîíè÷åñêîå ïðåîáðàçîâàíèå ãàìèëüòîíèàíà
ñèñòåìû, óñòðàíÿþùåå âçàèìîäåéñòâèå êèíåòè÷å-
ñêèõ è ñïèíîâûõ ñòåïåíåé ñâîáîäû ýëåêòðîíîâ. Ïðè
ýòîì ïðåîáðàçóþòñÿ è îñòàëüíûå ÷ëåíû ãàìèëüòî-
íèàíà, îïèñûâàþùèå âçàèìîäåéñòâèå ýëåêòðîíîâ ñ
ðåøåòêîé è âíåøíèìè ïîëÿìè. Â ïîñëåäíåì ñëó÷àå
âîçíèêàåò ýôôåêòèâíîå âçàèìîäåéñòâèå ýëåêòðîíîâ
ñèñòåìû ñ âíåøíèìè ïîëÿìè, êîòîðîå îïðåäåëÿåò
êàëèáðîâî÷íî-èíâàðèàíòíûå óðàâíåíèÿ äâèæåíèÿ
ìàêðîñêîïè÷åñêèõ ïåðåìåííûõ ñèñòåìû.

Ðàçâèòûé â ðàáîòå [6] ìåòîä ïîñòðîåíèÿ êàëèáðî-
âî÷íî-èíâàðèàíòíîãî âçàèìîäåéñòâèÿ ïðèìåíèì â
íàñòîÿùåé ðàáîòå äëÿ îïèñàíèÿ êèíåòèêè 2D-ýëåê-
òðîíîâ ïðîâîäèìîñòè ïðè ó÷åòå ÑÎÂ â êâàíòóþùåì
ìàãíèòíîì è ýëåêòðè÷åñêîì ïîëÿõ. Ïîñòðîèì è
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ðåøèì ìàêðîñêîïè÷åñêèå óðàâíåíèÿ áàëàíñà ýíåð-
ãèè ñïèíîâîé ïîäñèñòåìû è ïîïåðå÷íûõ êîìïîíåíò
ñïèíà; ðàññìîòðèì ìàãíèòîýëåêòðè÷åñêèé ýôôåêò è
îïðåäåëèì ïîëÿðèçàöèþ ñïèíîâ íîñèòåëåé ýëåêòðè-
÷åñêèì ïîëåì â êâàíòóþùåì ìàãíèòíîì ïîëå; ïîëó-
÷èì îáùèå âûðàæåíèÿ äëÿ ïîïåðå÷íîãî âðåìåíè
ðåëàêñàöèè ñïèíîâ ýëåêòðîíîâ ïðîâîäèìîñòè â
ñèëüíûõ ìàãíèòíûõ ïîëÿõ. Ïîêàæåì, ÷òî â êâàí-
òóþùåì ìàãíèòíîì ïîëå îñöèëëÿöèè ñïèíîâîé ïî-
ëÿðèçàöèè ñòàíîâÿòñÿ àíîìàëüíî áîëüøèìè.

Ýôôåêòèâíîå âçàèìîäåéñòâèå

Ãàìèëüòîíèàí 2D-ñèñòåìû ïðåäñòàâèì â âèäå

H H H H H H H� � � � � �k s ks ef v ev. (1)
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H ev — ãàìèëüòîíèàí âçàèìîäåéñòâèÿ ýëåêòðîíîâ ñ ðå-
øåòêîé è H v — ãàìèëüòîíèàí ðåøåòêè; H ks p( ) —
âçàèìîäåéñòâèå ìåæäó êèíåòè÷åñêèìè è ñïèíîâûìè
ñòåïåíÿìè ñâîáîäû; Si

� è pi
� — êîìïîíåíòû îïåðàòîðà

ñïèíà è êèíåòè÷åñêîãî èìïóëüñà i-ãî ýëåêòðîíà. Â ñà-
ìîì îáùåì âèäå H ks p( ) ìîæíî ïðåäñòàâèòü â ôîðìå

H ks j
j

j
j

p f p S s( ) ( ) ,;� �� ��� � � �1 2�

�� � � � � � � �1 2 1 2�
�s sp p p Sj j

j
j j

; � �const , (4)

ãäå f p j( ) — ïñåâäîâåêòîð, êîìïîíåíòû êîòîðîãî
ïðåäñòàâëÿþò ñîáîé ôîðìóëó ïîðÿäêà s îò êîìïî-
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Îïåðàòîð ïðåîáðàçîâàíèÿ T p( ) îïðåäåëèì èç óñ-
ëîâèÿ, ÷òî â ðåçóëüòàòå ïðåîáðàçîâàíèÿ ïîäñèñòåìû
k è s áóäóò íåçàâèñèìûìè. Äëÿ âûïîëíåíèÿ ýòîãî
òðåáîâàíèÿ íåîáõîäèìî âûïîëíåíèå óñëîâèÿ
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Çàìåòèì, ÷òî ïðåîáðàçîâàííûå çíà÷åíèÿ îïåðàòî-
ðîâ H k p( ) è H s îêàçàëèñü èíòåãðàëàìè äâèæåíèÿ
ïðè H ev � 0. Êîíêðåòèçèðóåì âèä âçàèìîäåéñòâèÿ
H ks , ïîëàãàÿ, ÷òî ýòî âçàèìîäåéñòâèå îòëè÷íî îò
íóëÿ óæå â ëèíåéíîì ïðèáëèæåíèè ïî ýëåêòðîííî-
ìó èìïóëüñó (âçàèìîäåéñòâèå Ðàøáû):
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Îïåðàòîð V � — ïðåîáðàçîâàííàÿ ñêîðîñòü ýëåê-
òðîíà â íóëåâîì ïðèáëèæåíèè ïî ïîëþ. Âûðàæåíèå
J E te
� � ( ) ïðåäñòàâëÿåò ñîáîé îïåðàòîð ìîùíîñòè,

ïîãëîùåííîé êàê êèíåòè÷åñêèìè, òàê è ñïèíîâûìè
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Óðàâíåíèÿ áàëàíñà

Èíòåðåñóÿñü ýâîëþöèåé ñïèíîâîé ïîäñèñòåìû,
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Ñîñòîÿíèå íåðàâíîâåñíîé ñèñòåìû áóäåì îïèñû-
âàòü ñðåäíèìè çíà÷åíèÿìè îïåðàòîðîâ H H,k s,
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òåì ýëåêòðîíîâ è ðàâíîâåñíîé òåìïåðàòóðû ðåøåòêè.
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Çäåñü � � � � �A A t A i Av evSp( ( )), � ( ) [ , ]( )
~� �

1 H .
Ïåðâîå ñëàãàåìîå â ïðàâîé ÷àñòè óðàâíåíèÿ (18)

ïðåäñòàâëÿåò ñîáîé äæîóëåâî òåïëî, ïîëó÷àåìîå
ñïèíîâîé ïîäñèñòåìîé ýëåêòðîíîâ ïðîâîäèìîñòè.
Âòîðîå ñëàãàåìîå îïèñûâàåò ðåëàêñàöèþ ïðîäîëü-
íîãî ñïèíà ýëåêòðîíîâ.

Îáðàòèìñÿ ê óðàâíåíèþ (19), îïèñûâàþùåìó
ýâîëþöèþ ïîïåðå÷íûõ êîìïîíåíò ýëåêòðîííîãî
ñïèíà. Ðàññìàòðèâàÿ ñòàöèîíàðíûé ñëó÷àé, óðàâíå-
íèå áàëàíñà ïîïåðå÷íîãî ñïèíà ëåãêî ðåøèòü, åñëè
ïðèíÿòü âî âíèìàíèå, ÷òî ñòîëêíîâèòåëüíûé ÷ëåí
ýòîé ôîðìóëû èìååò ïîðÿäîê âåëè÷èíû � ��S �2
(�2 — ÷àñòîòà ðåëàêñàöèè ïîïåðå÷íîãî ñïèíà). Âû-
ðàæåíèå, îïðåäåëÿþùåå ïîëÿðèçàöèþ ñïèíîâ ýëåê-
òðîíîâ, m g S� �� � �� , ïðåäñòàâèì â âèäå
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� � � �� 	�S f fz 1
2

( )
 




. (21)

Ñòðåëêàìè � �, îáîçíà÷åíà îðèåíòàöèÿ ñïèíîâîãî
ìîìåíòà îòíîñèòåëüíî îñè z.

Èç âûðàæåíèé (20), (21) ñëåäóåò, ÷òî çàâèñè-
ìîñòü ñðåäíåãî ìàãíèòíîãî ìîìåíòà ýëåêòðîíîâ m�

îò ìàãíèòíîãî ïîëÿ îïðåäåëÿåòñÿ âèäîì ïëîòíîñòè
ñîñòîÿíèé � 	( ). Â ðàìêàõ ñàìîñîãëàñîâàííîãî áîð-
íîâñêîãî ïðèáëèæåíèÿ äëÿ ïëîòíîñòè ñîñòîÿíèé
èìååì [7]
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Çäåñü � �0
2� m/� — ïëîòíîñòü ñîñòîÿíèé â íóëå-

âîì ìàãíèòíîì ïîëå; 
0 — âðåìÿ ðåëàêñàöèè â
íóëåâîì ìàãíèòíîì ïîëå. Ïðè çàïèñè ïëîòíîñòè
ñîñòîÿíèé íàìè îïóùåíà âåëè÷èíà ñïèíîâîãî ðàñ-
ùåïëåíèÿ. Èç âûðàæåíèÿ (22) ñëåäóåò, ÷òî ïðè
� 
c 0 1## ïëîòíîñòü ñîñòîÿíèé � 	 �( ) � 0. Ïðè óâå-
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ëè÷åíèè ìàãíèòíîãî ïîëÿ, êîãäà � 
c 0 1$ , â ñóììå
äîñòàòî÷íî îñòàâèòü òîëüêî ïåðâîå ñëàãàåìîå. Â
ýòîì ñëó÷àå îñöèëëèðóþùåå âûðàæåíèå â ïëîòíî-
ñòè ñîñòîÿíèé èìååò ñèíóñîèäàëüíûé âèä.

Ðåçóëüòàòû ÷èñëåííîãî ðàñ÷åòà íàìàãíè÷åííîñòè
m� , âûïîëíåííûå ïðè ñëåäóþùèõ çíà÷åíèÿõ ïàðà-
ìåòðîâ: m m m� 0 067 0 0, ( — ìàññà ñâîáîäíîãî ýëåê-
òðîíà), ýíåðãèÿ Ôåðìè 	F � 10 ìýÂ, ïîäâèæíîñòü
äâóìåðíûõ ýëåêòðîíîâ � � ( ,01–10 107, ) % ñì2/(Â%ñ),
ïðåäñòàâëåíû íà ðèñ. 1. Êàê è ñëåäîâàëî îæèäàòü,
çàâèñèìîñòü íàìàãíè÷åííîñòè ýëåêòðîíîâ îò ìàã-
íèòíîãî ïîëÿ íîñèò îñöèëëèðóþùèé õàðàêòåð, à àì-
ïëèòóäà îñöèëëÿöèé î÷åíü ÷óâñòâèòåëüíà ê òåìïå-
ðàòóðå è íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ.

Ðàññìîòðèì òåïåðü ìîùíîñòü, ïîãëîùåííóþ ñïè-
íîâîé ïîäñèñòåìîé. Èç óðàâíåíèÿ (18) èìååì
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ãäå E E Ex y
/

� � �( )2 2 1 2, à G t� � ( ) — ôóíêöèè Ãðè-
íà:
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&( )t — ôóíêöèÿ Õåâèñàéäà.
Ñîñòàâëÿÿ äëÿ ôóíêöèè Ãðèíà öåïî÷êó óðàâíå-

íèé äâèæåíèÿ è óäåðæèâàÿ â íåé ÷ëåíû äî âòîðîãî
ïîðÿäêà ìàëîñòè ïî âçàèìîäåéñòâèþ H ev , à â ÷ëå-
íàõ ïåðâîãî è âòîðîãî ïîðÿäêîâ ïî H ev îãðàíè÷èâà-
ÿñü íóëåâûì ïðèáëèæåíèåì ïî òåðìîäèíàìè÷åñêèì
ñèëàì, ïîëó÷àåì
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Âåëè÷èíà M � ( )� — ìàññîâûé îïåðàòîð, âû÷èñëåí-
íûé âî âòîðîì ïîðÿäêå ïî âçàèìîäåéñòâèþ è â íó-
ëåâîì ïî òåðìîäèíàìè÷åñêèì ñèëàì:
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Ìíèìàÿ ÷àñòü ìàññîâîãî îïåðàòîðà M � �( )� (�
îïðåäåëÿåò ñäâèã ÷àñòîòû äëÿ ýëåêòðîííûõ ñïèíîâ,
â òî âðåìÿ êàê åãî ðåàëüíàÿ ÷àñòü M � �( ) ( )� � �2 èã-
ðàåò ðîëü îáðàòíîãî âðåìåíè ðåëàêñàöèè ïîïåðå÷íî-
ãî ñïèíà. Êàê âèäíî èç (26), ÷àñòîòà ðåëàêñàöèè ïî-
ïåðå÷íîãî ñïèíà â êâàíòóþùåì ìàãíèòíîì ïîëå
èìååò îñöèëëèðóþùèé õàðàêòåð [8].

Êàíîíè÷åñêîå ïðåîáðàçîâàíèå èñõîäíîãî ãàìèëü-
òîíèàíà ñèñòåìû ïðèâîäèò òàêæå ê ïåðåíîðìèðîâêå
ãàìèëüòîíèàíà ýëåêòðîí-ðåøåòî÷íîãî âçàèìîäåéñò-
âèÿ. Ïðè ýòîì ãàìèëüòîíèàí ýëåêòðîí-ðåøåòî÷íîãî
âçàèìîäåéñòâèÿ èìååò âèä H Hel elT� [ , ]. Çàìåòèì,
÷òî ãàìèëüòîíèàí ýëåêòðîí-ðåøåòî÷íîãî âçàèìîäåé-
ñòâèÿ ìîæíî ïðåäñòàâèòü â âèäå

H H Hel el el� �� �� ,

ãäå �H el — ãàìèëüòîíèàí íå çàâèñÿùåé îò ñïèíà
÷àñòè âçàèìîäåéñòâèÿ ýëåêòðîíîâ ñ ðåøåòêîé, îò-
âåòñòâåííûé, íàïðèìåð, çà ðåëàêñàöèþ ýëåêòðîííî-
ãî èìïóëüñà, à ��H el — ãàìèëüòîíèàí ÷àñòè âçàèìî-
äåéñòâèÿ, çàâèñÿùåé îò ñïèíà, îòâåòñòâåííûé çà
ðåëàêñàöèþ ýëåêòðîííîé íàìàãíè÷åííîñòè. Ïî-
ñêîëüêó îïåðàòîð êàíîíè÷åñêîãî ïðåîáðàçîâàíèÿ
T p( ) çàâèñèò îò ýëåêòðîííîãî ñïèíà, ãàìèëüòîíèàí
ïîëíîãî ñïèí-ðåøåòî÷íîãî âçàèìîäåéñòâèÿ ïðèíè-
ìàåò ñëåäóþùèé âèä

�� ��H Hel elT p[ ( ), ] ,

Çäåñü ìû ïðåíåáðåãëè ÷ëåíàìè âûñøèõ ïîðÿäêîâ ïî
ÑÎÂ, âîçíèêàþùèìè èç êîììóòàòîðà [ ( ), ]T p el�H .
Ìîæíî ïîêàçàòü, ÷òî âîçìîæíû ñèòóàöèè, êîãäà
âêëàä ðåíîðìèðîâàííîé ÷àñòè âçàèìîäåéñòâèÿ ýëåê-
òðîíîâ ïðîâîäèìîñòè ñ ðåøåòêîé îêàçûâàåòñÿ îäíî-
ãî ïîðÿäêà âåëè÷èíû ñ âêëàäîì, îáóñëîâëåííûì
îáû÷íûì ýëåêòðîí-ôîíîííûì âçàèìîäåéñòâèåì, íî
åãî çàâèñèìîñòü îò òåìïåðàòóðû è ìàãíèòíîãî ïîëÿ
áóäåò, î÷åâèäíî, èíîé.
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Spin polarization oscillations in Rashba
two-dimensional system at quantizing magnetic field

I.I. Lyapilin and A.E. Patrakov

The kinetics of two-dimensional conduction
electrons in quantizing magnetic and electric
fields is studied with due account of spin–orbit
interaction. Equations of energy balance for a
spin subsystem and transverse spin components
are derived and solved. Charge carriers spins are
found to be polarized by an electric field in a
quantizing magnetic field. General expressions
for transverse relaxation time of conduction elec-
trons spins in high magnetic fields are obtained.
It is shown that the spin polarization oscillations
in a quantizing magnetic field become anoma-
lously large.

PACS: 73.23.–b Electronic transport in me-
soscopic systems.

Keywords: spin polarization, Rashba two-dimen-
sional system, conduction electrons.
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