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ÓÄÊ 531:530.145+539.2ÔÅÌÒÎÑÅÊÓÍÄÍÀß ÑÏÅÊÒ�ÎÑÊÎÏÈß×ÅÒÛ�ÅÕÂÎËÍÎÂÎ�Î ÑÌÅØÅÍÈßÂ Ê�ÈÑÒÀËËÅ CdSÊ.Â. Èâàíèí, À.Â. Ëåîíòüåâ, Â.Ñ. Ëîáêîâ,Â.�. Íèêè�îðîâ, �.Ì. Ñà�èóëëèí, Â.Â. ÑàìàðöåâÀííîòàöèÿÏðîâåäåíî èññëåäîâàíèå êðèñòàëëà CdS ìåòîäàìè �åìòîñåêóíäíîé ñïåêòðîñêîïèè ÷å-òûðåõâîëíîâîãî ñìåøåíèÿ. Îïðåäåëåíî âðåìÿ �àçîâîé ðåëàêñàöèè, ðàâíîå 180 �ñ. Îñî-áåííîñòè êðèâûõ ñïàäà êîãåðåíòíîãî îòêëèêà ïîçâîëÿþò ïðåäïîëîæèòü, ÷òî ïðè÷èíîéäå�àçèðîâêè ÿâëÿåòñÿ ýêñèòîí-ýêñèòîííîå âçàèìîäåéñòâèå. Äëÿ êðèâûõ ñïàäà ñèãíàëàñòèìóëèðîâàííîãî ýõà õàðàêòåðíî íàëè÷èå äîïîëíèòåëüíîé áûñòðîñïàäàþùåé êîìïîíåí-òû ñ âðåìåíåì ñïàäà 4 ïñ ïðè ýíåðãèè âîçáóæäàþùèõ èìïóëüñîâ, ïðåâûøàþùåé ïîðîãîâîåçíà÷åíèå â 0.4 ìêÄæ.Êëþ÷åâûå ñëîâà: �åìòîñåêóíäíàÿ ñïåêòðîñêîïèÿ, ÷åòûðåõâîëíîâîå ñìåøåíèå, ïî-ëóïðîâîäíèê, âðåìÿ äå�àçèðîâêè, êîìíàòíàÿ òåìïåðàòóðà.ÂâåäåíèåÂ ïîñëåäíåå âðåìÿ ðàçëè÷íûå ìåòîäû �åìòîñåêóíäíîé ëàçåðíîé ñïåêòðîñêî-ïèè ïîëó÷èëè øèðîêîå ðàñïðîñòðàíåíèå ïðè èññëåäîâàíèÿõ áûñòðîïðîòåêàþùèõïðîöåññîâ â ðàçëè÷íûõ ñðåäàõ [1℄. Èñïîëüçîâàíèå òåõíèêè íåëèíåéíîé ñïåêòðî-ñêîïèè äàåò âîçìîæíîñòü ïîëó÷èòü èí�îðìàöèþ î äèíàìèêå �àçîâîé ðåëàêñàöèèè íàñåëåííîñòåé âîçáóæäåííûõ ñîñòîÿíèé â ïîëóïðîâîäíèêàõ, êîòîðóþ çà÷àñòóþíåâîçìîæíî èññëåäîâàòü äðóãèìè ìåòîäàìè ñïåêòðîñêîïèè. Ýòà äèíàìèêà îáÿçàíàêàê âçàèìîäåéñòâèþ ñ ýëåêòðîíàìè è äûðêàìè, òàê è âçàèìîäåéñòâèþ ñ ýêñèòîíà-ìè è �îíîíàìè. Âðåìÿ äå�àçèðîâêè ÿâëÿåòñÿ âàæíûì ïàðàìåòðîì, òàê êàê îíîõàðàêòåðèçóåò âíóòðåííèå è âíåøíèå ïðîöåññû ðàññåÿíèÿ íà ýëåêòðîííûõ íîñè-òåëÿõ, ïðèìåñÿõ è �îíîíàõ. Âîçáóæäåíèå óëüòðàêîðîòêèìè îïòè÷åñêèìè èìïóëü-ñàìè âûðàæàåòñÿ â ðîæäåíèè êîãåðåíòíûõ ñóïåðïîçèöèé è êîãåðåíòíûõ ìíîãî÷à-ñòè÷íûõ ñîñòîÿíèé. Äàííàÿ ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ ïîëóïðîâîäíèêîâîãîêðèñòàëëà CdS, íàõîäÿùåãîñÿ ïðè êîìíàòíîé òåìïåðàòóðå, ìåòîäàìè êîãåðåíòíîéñïåêòðîñêîïèè ÷åòûðåõâîëíîâîãî ñìåøåíèÿ. Íåäàâíî áûëè ïðåäïðèíÿòû ïîïûòêèñîçäàíèÿ âûñîêîòåìïåðàòóðíîãî ýõî-ïðîöåññîðà, îñíîâàííîãî íà ìåòîäàõ �åìòîñå-êóíäíîãî �îòîííîãî ýõà (ÔÔÝ) [1℄. Ñóùåñòâåííûì ìîìåíòîì ýòèõ èññëåäîâàíèéÿâëÿåòñÿ òî, ÷òî îáðàçåö íàõîäèòñÿ ïðè êîìíàòíîé òåìïåðàòóðå è íåò íåîáõîäè-ìîñòè â îõëàæäåíèè ñðåäû. Ñ ïîçèöèé ñîçäàíèÿ �åìòîñåêóíäíîãî ýõî-ïðîöåññîðàýòî îçíà÷àåò ñóùåñòâåííîå óìåíüøåíèå ðàçìåðîâ óñòðîéñòâà. Îäèí èç ïåðâûõ ýêñ-ïåðèìåíòîâ ïî ÔÔÝ â ïîëóïðîâðîäíèêå (GaAs) ïðè êîìíàòíîé òåìïåðàòóðå áûëâûïîëíåí Ï.Áåêêåðîì ñ êîëëåãàìè [2℄. Áûëè èññëåäîâàíû êðèâûå ñïàäà ñèãíà-ëîâ ÔÔÝ äëÿ ðàçëè÷íûõ ïëîòíîñòåé âîçáóæäåííûõ ýëåêòðîíîâ. Ïëîòíîñòü íîñè-òåëåé êîíòðîëèðîâàëàñü ïóòåì èçìåíåíèÿ èíòåíñèâíîñòåé âîçáóæäàþùèõ èìïóëü-ñîâ. Â ðàáîòå [3℄ áûëî ïîêàçàíî, ÷òî ýíåðãèÿ ïåðâè÷íîãî ÔÔÝ ïðîïîðöèîíàëüíàñëåäóþùåìó ýêñïîíåíöèàëüíîìó ìíîæèòåëþ

Ee ∝ exp(−τ12/Te), (1)



ÔÅÌÒÎÑÅÊÓÍÄÍÀß ÑÏÅÊÒ�ÎÑÊÎÏÈß CdS 91ãäå Te = Td/4 , Td � âðåìÿ îïòè÷åñêîé äå�àçèðîâêè, τ12 � èíòåðâàë âðåìåíè ìåæäóâîçáóæäàþùèìè èìïóëüñàìè. Â ðàáîòå [2℄ ïî ñïàäó èíòåíñèâíîñòåé ñèãíàëîâ äëÿðàçëè÷íûõ ïëîòíîñòåé ýëåêòðîííûõ íîñèòåëåé n îò 2 · 1017 äî 7 · 1018 ñì−3 áûëèîïðåäåëåíû çíà÷åíèÿ Te è áûëî óñòàíîâëåíî, ÷òî
Te = 6.8 · N−0.3, (2)à âðåìÿ îïòè÷åñêîé äå�àçèðîâêè ïàäàëî ñ ðîñòîì N îò 44 äî 14 �ñ. Àíàëèç ïîêà-çàë, ÷òî îïòè÷åñêàÿ äå�àçèðîâêà îáÿçàíà ýëåêòðîí-ýëåêòðîííîìó âçàèìîäåéñòâèþíîñèòåëåé.Ñ òåìàòèêîé äàííîé ðàáîòû òåñíî ñâÿçàíû �åìòîñåêóíäíûå ýêñïåðèìåíòû íàêðèñòàëëå CdS, âûïîëíåííûå â ðàáîòàõ [4, 5℄. Â ðàáîòå [4℄ èññëåäîâàíî ìåæçîí-íîå ïîãëîùåíèå (øèðèíà çàïðåùåííîé çîíû ðàâíà 2.48 ýÂ) è áûëî ïîêàçàíî, ÷òîâðåìÿ ýëåêòðîí-äûðî÷íîé ðåêîìáèíàöèè íå ïðåâûøàåò 200 �ñ. Íàèáîëåå áëèçêèé�åìòîñåêóíäíûé ýêñïåðèìåíò ïî íàáëþäåíèþ ïåðâè÷íîãî ÔÔÝ â êðèñòàëëå CdSïîñòàâëåí â ðàáîòå [5℄. Èññëåäîâàíèÿ ïðîâåäåíû íà äëèíàõ âîëí 600�710 íì ñ èì-ïóëüñàìè äëèòåëüíîñòüþ 180�260 �ñ. Ïîêàçàíî, ÷òî îñóùåñòâëÿåòñÿ ïåðåõîä ýëåê-òðîíîâ â çîíó ïðîâîäèìîñòè CdS âñëåäñòâèå äâóõ�îòîííîãî ïîãëîùåíèÿ. Êðîìåòîãî, àâòîðû îáðàùàþò âíèìàíèå íà òî, ÷òî â îáðàçöå âîçáóæäàþòñÿ ýêñèòîíû èýêñèòîííûå ìîëåêóëû [6℄, êîòîðûå âçàèìîäåéñòâóþò ñ ýëåêòðîíàìè, íàõîäÿùèìèñÿâ çîíå ïðîâîäèìîñòè. Òàêèì îáðàçîì, ìîæíî îæèäàòü, ÷òî ïðè÷èíîé äå�àçèðîâêèÿâëÿåòñÿ ýêñèòîí-ýêñèòîííîå âçàèìîäåéñòâèå [5℄.1. Ýêñïåðèìåíò è îáñóæäåíèå åãî ðåçóëüòàòîâÄàííûé ýêñïåðèìåíò ïðîâîäèëñÿ íà �åìòîñåêóíäíîé óñòàíîâêå, ïîäðîáíî îïè-ñàííîé â ðàáîòàõ [7�11℄. Âîçáóæäàþùèå èìïóëüñû èìåëè ñëåäóþùèå ïàðàìåòðû:äëèòåëüíîñòü 50�60 �ñ, ñïåêòð øèðèíîé 40 íì ñ ìàêñèìóìîì íà äëèíå âîëíû790 íì, ýíåðãèÿ èìïóëüñà âàðüèðîâàëàñü â ïðåäåëàõ 0.4 ÷ 0.7 ìêÄæ. Ïó÷êè �î-êóñèðîâàëèñü ëèíçîé ñ �îêóñíûì ðàññòîÿíèåì 110 ìì íà êðèñòàëë CdS òîëùèíîé1 ìì, îñü c êîòîðîãî ïåðïåíäèêóëÿðíà ïëîñêîñòè îáðàçöà è, ñëåäîâàòåëüíî, âåêòî-ðàì ïîëÿðèçàöèè èìïóëüñîâ.Ìåòîäèêà àíàëèçà ñïàäà ñèãíàëà ÔÔÝ äåòàëüíî èçëîæåíà â êíèãå [1℄. Ñóòüìåòîäèêè çàêëþ÷àåòñÿ â îäíîâðåìåííîé ðåãèñòðàöèè êîãåðåíòíûõ îòêëèêîâ â íà-ïðàâëåíèÿõ âîëíîâûõ âåêòîðîâ 2k2 − k1 è 2k1 − k2 (ãäå k1 è k2 � âîëíîâûåâåêòîðû âîçáóæäàþùèõ èìïóëüñîâ) êàê �óíêöèè âðåìåíè çàäåðæêè ìåæäó èì-ïóëüñàìè τ12 [12℄. Çàâèñèìîñòü èíòåíñèâíîñòåé êîãåðåíòíûõ îòêëèêîâ îò τ12 âêðèñòàëëå CdS, ïîëó÷åííàÿ íàìè, ïðèâåäåíà íà ðèñ. 1.Â ïðåäïîëîæåíèè î òîì, ÷òî âûðàæåíèå (1) ïðèìåíèìî ê îïèñàíèþ ñïàäà ÔÔÝâ ðåçóëüòàòå ïîòåðè êîãåðåíòíîñòè ýêñèòîíàìè [5℄, íàáëþäàåìûé ñïàä ñ õàðàêòåð-íûì âðåìåíåì 44 �ñ ñîîòâåòñòâóåò âðåìåíè äå�àçèðîâêè Td = 176 �ñ. Â ñèòóàöèè,êîãäà äëèòåëüíîñòü èìïóëüñîâ ñðàâíèìà èëè ïðåâûøàåò Td , âðåìÿ äå�àçèðîâêèìîæåò áûòü ïîëó÷åíî èç àíàëèçà âðåìåííîãî ñäâèãà Tmax ìåæäó ìàêñèìóìàìè ñèã-íàëîâ â íàïðàâëåíèÿõ 2k2−k1 è 2k1−k2 . Â íàøåì ñëó÷àå ýòî çíà÷åíèå ñîñòàâèëî100 �ñ; èç [12℄ ñëåäóåò, ÷òî äëÿ íàøåãî çíà÷åíèÿ ðàçäâèæêè ìåæäó ìàêñèìóìàìèñèãíàëîâ âðåìÿ äå�àçèðîâêè ñîñòàâëÿåò 180 �ñ, à îäíîðîäíàÿ øèðèíà Γhom ìîæåòáûòü îöåíåíà ïî �îðìóëå Γhom = 1/(πTd) = 1.8 · 1012 ñ−1 .Íà ðèñ. 2 ïðèâåäåíû êðèâûå ñïàäà ñèãíàëà ñòèìóëèðîâàííîãî ÔÔÝ, äëÿ êî-òîðûõ ïðè ýíåðãèè âîçáóæäàþùèõ èìïóëüñîâ, ïðåâûøàþùåé ïîðîãîâîå çíà÷å-íèå 0.4 ìêÄæ, õàðàêòåðíî íàëè÷èå äîïîëíèòåëüíîé áûñòðîñïàäàþùåé êîìïîíåíòû(âðåìÿ ñïàäà 4.5 ïñ). Âðåìÿ ñïàäà ñòèìóëèðîâàííîãî ÔÔÝ ïðåâûøàåò âðåìÿ òåð-ìàëèçàöèè (350 �ñ) è ðåêîìáèíàöèè (200 �ñ) ýëåêòðîíîâ [4, 5℄, ÷òî ñâèäåòåëüñòâóåò
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�èñ. 2. Êðèâûå ñïàäà ñòèìóëèðîâàííîãî ÔÔÝ ïðè ðàçëè÷íûõ çíà÷åíèÿõ ýíåðãèè èìïóëü-ñîâ. Çíà÷åíèå âðåìåííîãî èíòåðâàëà τ12 ñîñòàâëÿëî 120 �ñâ ïîëüçó ýêñèòîííîé ïðèðîäû âîçáóæäåíèÿ. Òåì íå ìåíåå äðóãèå èíòåðïðåòàöèèïðèðîäû ïîëó÷åííûõ ñèãíàëîâ íå èñêëþ÷àþòñÿ.�àáîòà âûïîëíåíà â ðàìêàõ ïðîãðàìì Ïðåçèäèóìà �ÀÍ ¾Êâàíòîâàÿ �èçèêàêîíäåíñèðîâàííûõ ñðåä¿ è ÎÔÍ �ÀÍ ¾Ôóíäàìåíòàëüíàÿ ñïåêòðîñêîïèÿ è åå ïðè-ìåíåíèÿ¿, Ôåäåðàëüíîé Ïðîãðàììû ïî ïîääåðæêå âåäóùèõ íàó÷íûõ øêîë (ÍØ4531.2008.2), à òàêæå ïîääåðæàíà �îññèéñêèì �îíäîì �óíäàìåíòàëüíûõ èññëåäî-âàíèé (ïðîåêò � 09-02-00136à, 08-02-00032à è 08-02-90001-Áåë-à).SummaryK.V. Ivanin, A.V. Leontyev, V.S. Lobkov, V.G. Nikiforov, G.M. Sa�ullin, V.V. Samartsev.Femtoseond Four-Wave Mixing Spetrosopy on CdS Crystal.Femtoseond four-wave mixing oherent spestrosopy in CdS rystal on 790 nm at roomtemperature is analyzed. It is stated that the optial dephasing time is equal to 180 fs. Somespei� features of the oherent responses' deay urves indiate that this optial dephasing isdue to exiton-exiton interation. The stimulated photon eho deay urves appear to have a



ÔÅÌÒÎÑÅÊÓÍÄÍÀß ÑÏÅÊÒ�ÎÑÊÎÏÈß CdS 93fast deay omponent (the time onstant of approximately 4.5 ps), in ase when the energy ofexiting pulses exeeds the threshold value of 0.4 µJ .Key words: femtoseond spetrosopy, four-wave mixing, semiondutor, dephasing time,room temperature. Ëèòåðàòóðà1. Êîçëîâ Ñ.À., Ñàìàðöåâ Â.Â. Îïòèêà �åìòîñåêóíäíûõ ëàçåðîâ. � ÑÏá.: ÈÒÌÎ,2007. � 218 ñ.2. Beker P.C., Fragnito H.L., Brito Cruz C.H., Fork R.L., Cunningham J.E., Henry J.E.,Shank C.V. Femtoseond photon ehoes from band-to-band transitions in GaAs // Phys.Rev. Lett. � 1988. � V. 61, No 14. � P. 1647�1649.3. Yajima T., Taira Y.Spatial optial parametri oupling of pioseond light pulses andtransverse relaxation e�et in resonant media // J. Phys. So. Jpn. � 1979. � V. 47. �P. 1620�1624.4. Lami F., Gilliot P., Hirlimann Ñ. Observation of interband two-photon absorptionsaturation in CdS // Phys. Rev. Lett. � 1996. � V. 77, No 8. � P. 1632�1635.5. Hillmann F., Voigt J.,Redlin H. Two-photon exited photon eho in CdS // App. Phys.Lett. � 2000. � V. 77, No 25. � P. 4181�4183.6. Íîëëü �., Çèãíåð Ó., Øåâåëü Ñ.�., �¼áåëü Ý. Ïèêîñåêóíäíîå ðàçðåøåííîå âî âðåìå-íè �îòîííîå ýõî â ñèñòåìå ñîáñòâåííûõ âîçáóæäåíèé ñðåäû (ñìåøàííûå êðèñòàëëûCdSex S1−x // Ïèñüìà ÆÝÒÔ � 1990. � Ò. 51, � 7. � Ñ. 361�364.7. Konturov S.V. ,Lobkov V.S., Salikhov K.M., Samartsev V.V., Sa�ullin G.M., Zuikov V.A.Femtoseond photon eho in dye-doped polymer �lm at liquid nitrogen temperature //Laser Phys. Lett. � 2005. � V. 2, No 1. � P. 21�24.8. Lobkov V.S., Salikhov K.M., Samartsev V.V., Sa�ullin G.M., Zuikov V.A. Femtoseondphoton eho in dye-doped polymer �lm at room temperature // Laser Phys. Lett. � 2006. �V. 3, No 1. � P. 26�30.9. Lobkov V.S., Leontiev A.V., Salikhov K.M., Samartsev V.V., Sa�ullin G.M., Zuikov V.A.Stimulated femtoseond photon eho in a dye-doped polymer �lm at room temperature //Laser Phys. Lett. � 2006. � V. 3, No 10. � P. 485�489.10. Lobkov V.S., Leontiev A.V., Salikhov K.M., Samartsev V.V., Sa�ullin G.M., VorobyevA.Yu., Zuikov V.A. Femtoseond primary and stimulated photon ehoes in a dye-dopedpolymer �lm at room temperature // Laser Phys. Lett. � 2007. � V. 17, No 10. � P. 332�338.11. Lobkov V.S., Petrushkin S.V., Salikhov K.M., Samartsev V.V., Sa�ullin G.M., VorobyevA.Yu. Femtoseond photon eho in a dye-doped polymer �lm and the possibility ofoherent optial ooling // Laser Phys. Lett. � 2007. � V. 17, No 5. � P. 647�651.12. Weiner A.M., Ippen E.P. Novel transient sattering tehnique for femtoseond dephasingmeasurements// Opt. Lett. � 1984. � V. 9, No 2. � P. 53�55. Ïîñòóïèëà â ðåäàêöèþ26.12.08Èâàíèí Êîíñòàíòèí Âàëåðüåâè÷ � àñïèðàíò Êàçàíñêîãî �èçèêî-òåõíè÷åñêîãî èí-ñòèòóòà èì. Å.Ê. Çàâîéñêîãî ÊàçÍÖ �ÀÍ.Ëåîíòüåâ Àíäðåé Âëàäèìðîâè÷ � àñïèðàíò Êàçàíñêîãî �èçèêî-òåõíè÷åñêîãî èí-ñòèòóòà èì. Å.Ê. Çàâîéñêîãî ÊàçÍÖ �ÀÍ.
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