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7KH� HOHFWURSODVWLF� HIIHFW� LV� NQRZQ� WR� EHPDQLIHVWHG� DV� DQ� DGGLWLRQDO� SODVWLF� VWUDLQVWLPXODWHG� E\� HOHFWULF� FXUUHQW� >�@�� 7KH� HI�IHFW� LV� PDQLIHVWHG� LQ� PDFURVFDOH� RQO\� DWKLJK� VWUHVVHV� QHDU� WR� WKH� HDV\� \LHOG� DQG� LQWKH� FU\VWDOV� >�Ü�@� WKDW� VKRZ�D� FRQVLGHUDEOH\LHOG��VHYHUDO�SHU�FHQW�DQG�HYHQ�VHYHUDO�WHQVSHU�FHQW��DOVR�LQ�WKH�DEVHQFH�RI�WKH�FXUUHQW�$V� WR� GLVORFDWLRQ�IUHH�� HODVWLFDOO\� VWUDLQHGDQG� ORZ�SODVWLF� FU\VWDOV�� WKH� HIIHFW�ZDV�QRWREVHUYHG� XS� WR� QRZ��PRVW� OLNHO\� GXH� WR� LWVORZ�YDOXH�>�@�7KH�EXON�6L FU\VWDOV� DUH� HVVHQWLDOO\�EULW�WOH�DW� URRP�WHPSHUDWXUHV��7KLV� VHHPV� WR�EHWKH� UHDVRQ� ZK\� WKH� HOHFUWRSODVLF� HIIHFW� GLGQRW� REVHUYHG� WKHUHLQ� DW� ����.�� LQ� VSLWH� RIQXPHURXV� DWWHPSWV� WR� VXEMHFW� WKH� VDPSOHVWR� ERWK� FRQVWDQW� DQG� SXOVH� FXUUHQWV� DW� WKHGHQVLW\�YDOXHV� UDQJLQJ� IURP�WKH�PHDVXULQJWR�GHVWUR\LQJ�RQHV�>�@�,Q� ILODPHQWDU\� 6L FU\VWDOV� RU� ZKLVNHUV�)&��� WKH� PDFURVFRSLF� HOHFWURSODVWLF� HIIHFWSKHQRPHQD� ZDV� UHYHDOHG� ILUVW� RQO\� LQ� VSH�FLDO� H[SHULPHQWDO� FRQGLWLRQV� DW� KLJK� WHP�SHUDWXUHV� �DERXW� ����� .�� XQGHU� UHODWLYHO\KLJK� WHQVLOH� ORDGV� �DERXW� ���� WR� ���� 03D�DQG� FRQVWDQW� FXUUHQWV� RI� �� WR� ��� $�PP�GHQVLW\� >�@�� ,Q� VXFK� FRQGLWLRQV�� WKH�6L )&

VKRZ�DQ�DSSUHFLDEOH�SODVWLFLW\�LQ�WKH�QR�FXU�UHQW� VWDWH�� 5HFHQWO\�� WKH� ILUVW� UHVXOWV� KDYHEHHQ� UHSRUWHG� RQ� WKH� HIIHFW� RI� D� VHULHV� RIFXUUHQW� SXOVHV� DQG� D[LDO� WHQVLOH� ORDGLQJ� RQWKH�6L )&�VWUXFWXUH�DQG�SURSHUWLHV��7KH�SXU�SRVH� RI� WKLV�ZRUN� LV� WR� REWDLQ� IXUWKHU�GDWDRQ� WKH� VWXG\� FRQGLWLRQV� DQG� SURFHGXUH� DVZHOO� DV� RQ� WKH� HOHFWURSODVWLF� HIIHFW� QDWXUHDQG�SURSHUWLHV� LQ� VHPLFRQGXFWRUV�XQGHU� DF�WLRQ�RI�VLQJOH�FXUUHQW�SXOVHV�$V� WKH� H[SHULPHQWDO� VDPSOHV�� XVHG�ZHUHWKH� LQLWLDOO\�GLVORFDWLRQ�IUHH�S�6L ����!�)&RI�DERXW���WR��⋅��Ü� PP�LQ�GLD��DQG�DERXW��WR� ��PP� OHQJWK�ZLWK� D� ORZ� FRQLFLW\� �DERXW��Ü��� VKDSHG� DV� D� UHJXODU� KH[DJRQ� LQ� WKHFURVV�VHFWLRQ�� 7KH� )&� ZHUH� JURZQ� LQ� DTXDUW]�DPSRXOH�IURP�6L RI�.'%�DQG�(.'%JUDGHV�XVLQJ�WKH�JDV�WUDQVSRUW�FKHPLFDO�UH�DFWLRQ�>�@��,Q�WKH�FRXUVH�RI�JURZLQJ��WKH�)&ZHUH� GRSHG� ZLWK� 3W�� $X�� %�� ,Q�� DQG� FRP�SRXQGV� WKHUHRI� XS� WR� SUHVHW� VSHFLILF� UHVLV�WDQFH�YDOXHV��7KH�H[SHULPHQWDO�VDPSOHV�DQGFRQWUROV� ZHUH� SUHSDUHG� IURP� RQH� DQG� WKHVDPH�)&�E\�VXEGLYLGLQJ�LW�PHFKDQLFDOO\�LQWRVHYHUDO� SLHFHV�� 7KXV�� WKH� VDPSOHV� ZLWK� DQHVVHQWLDOO\� WKH� VDPH� LPSXULW\� FRQWHQW�ZHUHREWDLQHG�� $V� WKH� FRQWUROV�� WKH� LQLWLDO� VDP�SOHV�ZHUH� XVHG� DV�ZHOO� DV� WKH� )&� VXEMHFWHG
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WR�D�PHFKDQLFDO�DFWLRQ�E\�H[WHUQDO�VWUHVV�RI���� WR� ����� 03D�� 7KH� VWUXFWXUH� RI� WKH� LQ�LWLDO� DQG� WUHDWHG� VDPSOHV� ZDV� H[DPLQHGXVLQJ� ;�UD\� GLIIUDFWLRQ� �;5'��� HWFKLQJ�PHWDOORJUDSK\��LQWHUQDO�IULFWLRQ��DQG�URWDU\FUHHS� E\� WHFKQLTXHV� GHVFULEHG� LQ� >��@�� 7RVWXG\� WKH� HOHFWULF� FXUUHQW� HIIHFW� RQ� WKHVWUXFWXUH�DQG�SURSHUWLHV�RI�WKH�VDPSOHV��WKH6L )&�ZHUH� LQFOXGHG� LQWR�HOHFWULF�FLUFXLW�E\FUHDWLRQ� RI� RKPLF� FRQWDFWV� DV� GHVFULEHG� LQ>��@�� WKH� FXUUHQW� JXLGHV� EHLQJ� PDGH� RI�3WPLFURZLUH�RI����WR����µP�LQ�GLDPHWHU�7KH� H[SHULPHQWDO� VHWXS� LV� VKRZQ� VFKH�PDWLFDOO\�LQ�)LJ���D��7KH�6L )&�����LV�SODFHGEHWZHHQ� WZR� HOHFWURGHV�� �� DQG� ��� PDGH� RIJUDSKLWH� RU� DQRWKHU�PDWHULDO� WKDW� GRHV� QRWFRQWDPLQDWH�VXEVWDQWLDOO\�WKH�)&��(DFK�HOHF�WURGH� FDQ� EH�PRYHG� DORQJ� WKUHH� RUWKRJRQDOFRRUGLQDWH�D[HV�E\�PDQLSXODWRUV�DQG�FDQ�EHEURXJKW�LQWR�FRQWDFW�ZLWK�WKH�)&�VXUIDFH�LQDQ\�SUHVHW�SRLQW��WKXV�SURYLGLQJ�D�FRQVWDQWPHFKDQLFDO� ORDGLQJ� RU� D� F\FOLF� RQH� DQG� WKHVDPSOH�LQFOXVLRQ�LQWR�FORVHG�HOHFWULF�FLUFXLW�$QRWKHU� EXWW� RI� HDFK� HOHFWURGH� �� DQG� �� LVFRQQHFWHG�WR�WKH�FRQWUROOHG�SRZHU�VRXUFH���7KH� YROWDJH�9 RQ� WKH� HOHFWURGHV� �� DQG��� LVPHDVXUHG� E\� D� YROWPHWHU� DW� DQ� HUURU� RIDERXW��������WKH�FXUUHQW�, E\�D�PLOOLDPSHU�PHWHU� DW� DQ� HUURU� RI�≤����� WKH� UHVLVWDQFH�WR� ZLWKLQ� DERXW� ���� ��� WKH� LQVWUXPHQWVEHLQJ� LQWHJUDWHG� LQWR� WKH�VHWXS��7KH�SUHSD�UDWLRQV�DQG�PRQLWRULQJ�RI�WKH�HOHFWULF�SXOVHDFWLRQ� DUH� FDUULHG� RXW� XVLQJ� DQ� RSWLFDO�PL�FURVFRSH���7KH�H[SHULPHQWDO�VDPSOHV�ZHUH�VXEMHFWHGWR�VLQJOH�HOHFWULF�SXOVHV�DW�����.��VHH�)LJ����IORZLQJ�SHUSHQGLFXODUO\��E��F��RU�LQ�SDUDOOHO�G�� WR� WKH�JURZWK� D[LV�QHDU� WKH�)&� VXUIDFH�F��G��RU� LQ� LWV�YROXPH� �E���ZLWK�RU�ZLWKRXWD� FRQVWDQW� �EÜG�� RU� F\FOLF� �E�� PHFKDQLFDOVWUHVV�RI��� WR����03D��7KH�HOHFWULF�YROWDJHZLWKRXW� WKH� PHFKDQLFDO� DFWLRQ� ZDV� �� WR���9��WKXV�SURYLGLQJ�WKH�SXOVH�FXUUHQW�YDO�XHV� RI� ���� ≤ ,L ≤ ���� $� DQG� WKH� UHVSHFWLYHFXUUHQW�GHQVLWLHV�RI��� ≤ ML ≤ ����$�PP��

$W� WKH� VLGH� IDFHW� RI� WKH� 6L )&�� LQ� WKHFRQWDFW�]RQH��DQ�DUWLILFLDO�SRLQW�VXUIDFH�GH�IHFW�KDV�EHHQ�UHYHDOHG�DFFRPSDQLHG�E\�ORFDOFKDQJHV� LQ� WKH� VXUIDFH� UHOLHI� WRSRJUDSK\�7KH� DUHD�� 6O�� RI� WKH� ORFDOO\� GLVWRUWHG� IUHHVXUIDFH�DPRXQWHG�VHYHUDO�WHQWKV�SHU�FHQW�WRVHYHUDO�SHU�FHQW�RI�WKH�VLGH�IDFHW�DUHD��6IF�DQG� GHSHQGHG� RQ� WKH� H[SHULPHQWDO� FRQGL�WLRQV��8VLQJ� WKH� VHOHFWLYH� HWFKLQJ�� WKH� HWFKSLWV�KDYH�EHHQ�IRXQG�DW�WKH�VLGH�IDFHW�RI�WKH6L )&� LQ� WKH� DUWLILFLDO� SRLQW� VXUIDFH� GHIHFWORFDOL]DWLRQ�]RQH��7KH�SLWV�KDYH�EHHQ�LGHQWL�ILHG� DV� GLVORFDWLRQ� RQHV�� 7KLV� LV� FRQILUPHGE\�WKH�IROORZLQJ�H[SHULPHQWDO�IDFWV��1R�SLWVZHUH� REVHUYHG� SULRU� WR� WKH� FXUUHQW� SXOVHDFWLRQ�� VLQFH� RQO\� LQLWLDOO\� GLVORFDWLRQ�IUHHVDPSOHV� ZHUH� VHOHFWHG�� $IWHU� WKH� SXOVH� DF�WLRQ�� WKH� HWFKLQJ� SLWV� ZHUH� ORFDOL]HG� RQO\ZLWKLQ�WKH�DUWLILFLDO�GHIHFW�]RQH�ZKLOH�WKRVHZHUH� DEVHQW� RQ� WKH� UHVW� RI� WKH� ZKROH� VLGHIDFHW��$�JUDGLHQW�RI�WKH�HWFK�SLW�GHQVLW\�ZDVREVHUYHG� IURP� WKH� GHIHFW� SHULSKHU\� WR� LWVFHQWHU��7KH�SLWV�ZHUH�DUUDQJHG�LQ�URZV�RUL�HQWHG� DORQJ� WKH� VOLS� WUDFHV�� 7KH� SLWV� LWVHOIKDG�WKH�VKDSH�DQG�RULHQWDWLRQ�FRUUHVSRQGLQJWR�WKH�GLVORFDWLRQ�RQHV��8VLQJ�WKH�DOWHUQDWHSROLVKLQJ� DQG� VHOHFWLYH� HWFKLQJ�� D� JUDGLHQWRI� WKH� SLW� GHQVLW\� DORQJ� WKH�)&� UDGLXV�ZDVUHYHDOHG�� WKH� PD[LPXP� GHQVLW\� EHLQJ� RE�VHUYHG�DW� WKH�)&� VXUIDFH� DQG�GHFUHDVLQJ� LQLWV� GHSWK�� 7KLV� IDFW� HYLGHQFHG� WKDW� XQGHUWKH� FXUUHQW� SXOVH�� DORQJ� ZLWK� WKH� VXUIDFHGHIHFW� 6O �D��� WKH� FU\VWDO� VWUXFWXUH� EHFDPHGLVWRUWHG� ZLWKLQ� D� PLFURYROXPH� 9O �E�� F�WKDW� LV� ORFDOL]HG� XQGHU� WKH� VXUIDFH� GHIHFWDQG� LV� D� GLVORFDWLRQ� FOXVWHU� ZLWK� D� GHQVLW\JUDGLHQW�� 7KH� GLVORFDWLRQ� FOXVWHU� PLFUR�YROXPH�9O �E��F��VKRZHG�DQ�HORQJDWHG�VKDSHRULHQWHG� PDLQO\� DORQJ� WKH� FXUUHQW� IORZFKDQQHO�� 7KH� PLFURYROXPH� JHRPHWU\�� VL]H�VKDSH��RULHQWDWLRQ��HWF��GHSHQG�VXEVWDQWLDOO\RQ� WKH� WHPSHUDWXUH�� WKH� FKDUDFWHULVWLFV� RI)&��HOHFWURGH��DQG�WKH�FXUUHQW�SXOVH��$V�WKHFXUUHQW� GHQVLW\� ZDV� GHFUHDVHG�� WKH� VL]H� RIWKH� FU\VWDO� VWUXFWXUH� GHWHULRUDWLRQ� ]RQHERWK� DW� WKH� )&� VXUIDFH� DQG� LQ� WKH� YROXPHZDV�GLPLQLVKHG�

)LJ����� 6XUIDFH� UHOLHI� GLVWRUWLRQ� �D�� DQG� WKHGLVORFDWLRQ�FOXVWHU�VKDSHV��E��F��LQ�WKH�FXUUHQWFKDQQHO�LQ�D�S�6L����!�)&�)LJ����� 6FKHPDWLF� YLHZ� RI� VHWXS� IRU� VXEMHFW�LQJ�D�)&�WR�VLQJOH�HOHFWULF�SXOVHV��D��DQG�WKHFXUUHQW�SXOVH�SDVVDJH�VFKHPHV��EÛG��
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7KH� ;5'� VWUXFWXUH� H[DPLQDWLRQ� KDVVKRZQ� WKH� SUHVHQFH� RI� D� VWURQJO\� GLVWRUWHGUHJLRQ�� LQ� FRQWUDVW� WR� WKH� LQLWLDOO\� GLVORFD�WLRQ�IUHH�)&�� WKXV� FRQILUPLQJ� WKH� VXSSRVHGGLVORFDWLRQ�FOXVWHU�IRUPDWLRQ��7KH�DQQHDOLQJDW�DERXW������.�GXULQJ�DERXW����K�UHVXOWVLQ� D� SDUWLDO� VWUXFWXUH� UHFRYHU\� ZKLOH� WKHIXUWKHU� DQQHDO� DW� ����� .� IRU� DERXW� ��� KIDYRUHG� WKH� HVVHQWLDOO\� FRPSOHWH� VWUXFWXUHUHFRYHU\��7KXV�� WKH�GLVORFDWLRQ� LQ� WKH� FOXV�WHU�KDYH�EHHQ�EHOLHYHG�WR�EH�PRELOH�7KH�DGGLWLRQDO�GDWD�RQ�WKH�VWUXFWXUH�DQGSURSHUWLHV�RI�WKH�IRUPHG�GLVORFDWLRQ�FOXVWHUZHUH� REWDLQHG� XVLQJ� WKH� URWDU\� FUHHSPHWKRG� �)LJ����� WKDW� LV� KLJKO\� VHQVLWLYH� WRWKH�VWUXFWXUH�LPSHUIHFWLRQV��,Q�WKH�FXUUHQW�WUHDWHG� )&� �FXUYH� ���� XQOLNHO\� WKH� LQLWLDOGLVORFDWLRQ�IUHH� RQHV� �FXUYH� ���� WKH� URWDU\FUHHS� RQVHW� LV� VKLIWHG� WRZDUGV� ORZHU� WHP�SHUDWXUHV�E\����WR����.��0RUHRYHU��WKH�H[�SHULPHQWDO� FUHHS�FXUYHV�ϕ�W�� RI�)&�FRQWDLQ�LQJ�DQ�DUWLILFLDO�GHIHFW�VKRZ�QHLWKHU�LQFXED�WLRQ� SHULRG� �WKH� FUHHS� RQVHW� GHOD\� W]�� QRUWKH�VWRSSLQJ�FUHHS�UHJLRQ�W\SLFDO�RI�WKH� LQ�LWLDO� )&� �FXUYH� ��� VFKHPH� �′��� 7KH� ϕ�W�� GH�SHQGHQFH� IRU� WKH� FXUUHQW�WUHDWHG� )&� FRQ�WDLQLQJ� ORFDO�GLVORFDWLRQ� FOXVWHU� �VFKHPH��′�UHIOHFWV� WKH� GHYHORSLQJ� FRQWLQXRXV� FUHHSSURFHVV� WKDW� ILQLVKHV� ZLWK� WKH� )&� GHVWUXF�WLRQ��7KLV�DJUHHV�ZHOO�ZLWK�WKH�ϕ�W��GHSHQG�HQFH��FXUYH����IRU�WKH�VDPSOHV�FRQWDLQLQJ�DORFDO� GLVORFDWLRQ� FOXVWHU� �VFKHPH� �′�� WKDW� LVJHQHUDWHG� E\� WKH� FRPELQHG� HIIHFW� RI� WKHWHPSHUDWXUH�DQG�PHFKDQLFDO� ORDG�LQ�WKH�DE�VHQFH� RI� HOHFWULF� SXOVH�� 7KLV� IDFW� DOORZV� WRFRQFOXGH� WKDW� WKH�GLVORFDWLRQV�JHQHUDWHG�E\WKH� FRPELQHG� HIIHFW� RI� WKH� FXUUHQW�� WHP�SHUDWXUH��DQG�PHFKDQLFDO�ORDG�DIIHFW�WKH�)&SODVWLFLW\�LQ�WKH�VDPH�PDQQHU�DV�WKRVH�JHQ�HUDWHG� E\� WKH� FRPELQHG� WKHUPDO� DQG� PH�FKDQLFDO�DFWLRQ�>��@��7KH�DQQHDO�RI�WKH�FXU�

UHQW� SXOVH� WUHDWHG�)&�XQGHU� DEVHQFH� RI� H[�WHUQDO� VWUHVVHV� IDYRUV� WKH� HVVHQWLDOO\� FRP�SOHWH� UHFRYHU\�RI� LWV�PHFKDQLFDO�SURSHUWLHV�7KHVH� H[SHULPHQWDO� UHVXOWV� ZHUH� FRQILUPHGE\� WKH� LQWHUQDO� IULFWLRQ� H[DPLQDWLRQ� �)LJ���� ,Q�6L )&�ORDGHG��E\�EHQGLQJ��WRUVLRQ��WHQ�VLRQ�� DW� ���� .�� D� SODVWLF� VWUDLQ� MXPS� LVFOHDUO\� VHHQ� DW� WKH� PRPHQW� RI� WKH� FXUUHQWSXOVH�SDVVLQJ��6LQFH� WKH� LQLWLDO�)&� LV�GLVOR�FDWLRQ�IUHH��WKH�REVHUYHG�VWUDLQ�MXPS�FDQ�EHH[SODLQHG�RQO\�XQGHU�DVVXPSWLRQ�WKDW�D�GLV�ORFDWLRQ� LV� JHQHUDWHG� LQ� WKH� HODVWLFDOO\VWUDLQHG�VDPSOH��,Q�WKLV�FRQQHFWLRQ��WKH�RE�VHUYHG�SODVWLF�VWUDLQ�MXPS�LV�DQ�H[SHULPHQ�WDO�IDFW�RI�FRQVLGHUDEOH�LPSRUWDQFH�WKDW�QRWRQO\� FRQILUPV� WKH� HIIHFW� RI� WKH� HOHFWULFDOO\VWLPXODWHG� GHIHFW� JHQHUDWLRQ� EXW� DOVR� HYL�GHQFHV� D� QRYHO� W\SH� RI� HOHFWURSODVWLF� HIIHFWWKDW� ZDV� QRW� REVHUYHG� EHIRUH�� 7KH� HOHFWUR�SODVWLF� HIIHFW� EHFRPHV� PRUH� SURQRXQFHG� DVWKH� ORDG� RU� WHPSHUDWXUH� ULVHV�� RU� XQGHUFRPELQHG�DFWLRQ�RI� ERWK��7KH�SODVWLF� VWUDLQMXPS�FDQ�EH�VXSSRVHG�WR�EH�DVVRFLDWHG�ZLWKWKH�FROOHFWLYH� LQMHFWLRQ�RI�GLVORFDWLRQV�IURPWKH�)&�VXUIDFH�LQWR�WKH�VXEVXUIDFH�OD\HUV�DWWKH� FXUUHQW� SXOVH� DFWLRQ� LQVWDQW� >��Ü��@�7KH�HIIHFW�KDV�EHHQ�IRXQG�WR�GHSHQG�DOVR�RQWKH� SXOVH� FXUUHQW� GHQVLW\� ML DV� ZHOO� DV� RQRWKHU�H[SHULPHQWDO�FRQGLWLRQV��)RU�DOO�WKH�6L)&�H[KLELWLQJ�WKH�SODVWLFLW\�MXPS��D�WKUHVK�ROG� YROWDJH�9S �DQG� WKXV� WKH� SXOVH� FXUUHQWGHQVLW\�� EHORZ�ZKLFK�QR� HIIHFW� LV� REVHUYHG�7KH� HIIHFW� YDOXH� LV� LQFUHDVHG� LQ� SDUDOOHOZLWK�9S DQG� WKH�9S YDOXH� LV� LQGLYLGXDO� IRUHDFK� )&�� 7KLV� HYLGHQFHV� WKH� VWDWLVWLFDO� GLV�WULEXWLRQ� RI� GHIHFWV� UHVSRQVLEOH� IRU� WKH� HI�IHFW�QDWXUH�LQ�WKH�)&�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� LQWHUQDOIULFWLRQ� LQ� 6L )&�� 6DPSOHV�� LQLWLDO�� GLVORFD�WLRQ�IUHH� ����� SUHWUHDWHG� ZLWKHOHFWULF� SXOVHV�GLVORFDWLRQ� JHQHUDWLRQ�� ����� DIWHU� KLJK�WHP�SHUDWXUH� DQQHDOLQJ� DQG� SDUWLDO� GLVORFDWLRQRXWSXW� �UHOD[HG� VWUXFWXUH�� �����G  ����µP��γ� ����⋅��Ü����σU!� ��⋅��� 3D��I  �����+]�

)LJ����� .LQHWLF� FXUYHV� RI� WKH� URWDU\� FUHHSFRPSRQHQW� XQGHU� XQLD[LDO� WHQVLRQ� LQ� DS�6L����!�)& DQG�WHPSHUDWXUHV��.����������������� ���� ���� G� ���� µP�� �σS!  ����⋅����3D��[��GHQRWHV�WKH�VDPSOH�IDLOXUH�
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7R� H[SODLQ� WKH� HIIHFWV� REVHUYHG�� OHW� WKHSURFHVVHV� EH� FRQVLGHUHG� RFFXUULQJ� DW� WKHFRQWDFW�VLWH�RI�WKH�PHWDO��3W��HOHFWURGH�ZLWKWKH�6L )&��)LUVW�OHW�WKH�VWUDLQ�EH�FRQVLGHUHGLQ�WKH�FRQWDFW�DUHD�GXH�WR�LQWHUDFWLRQ�RI�WKHVROLG�VXUIDFHV�EHLQJ�LQ�FRQWDFW��/HW�5 EH�WKHFXUYDWXUH� UDGLXV� RI� WKH�3W HOHFWURGH�� $V� DUHVXOW�RI�DWWUDFWLRQ�IRUFHV�EHWZHHQ�WKH�VXU�IDFH� DWRPV� RI� WKH� HOHFWURGH� DQG�)&�� D� FRQ�WDFW� ]RQH� RI� WKH� UDGLXV� U LV� IRUPHG� VXU�URXQGHG� E\� WKH� HODVWLF� VWUDLQ� ILHOG�� 7KHVWUDLQ� FDQ� EH� HVWLPDWH� XQGHU� DVVXPSWLRQWKDW� D� GLVORFDWLRQ� LV� IRUPHG� LQ� WKH� FRQWDFWDUHD�KDYLQJ�WKH�%XHUJHUV�YHFWRUE a�U� ⁄ 5� ���7KH� FKDUDFWHULVWLF� YDOXHV� RI� HODVWLFVWUDLQV�X DQG�VWUHVVHV�τ LQ�WKDW�]RQH�DUHX a�E ⁄ U� σ a�µ ⋅ E ⁄ U� ���UHVSHFWLYHO\��ZKHUH�µ LV�WKH�HIIHFWLYH�HODVWLFPRGXOXV� RI� WKH� V\VWHP� LQ� FRQWDFW�� 7DNLQJLQWR�DFFRXQW�WKDW�WKH�VKHDU�PRGXOL�RI�6L DQG3W DUH� DSSUR[LPDWHO\� WKH� VDPH�� µ FDQ� EHDGRSWHG�WR�EH�HTXDO�WR�WKDW�RI�6L��7KH�HODVWLFVWUDLQ�8 LQ�WKH�FRQWDFW�]RQH�LV�8 a�σ ⋅ X ⋅ U� a µE� ⋅ U = µ ⋅ U� ⁄ 5�� ���7KH� V\VWHP� VXUIDFH� HQHUJ\� ZLWKLQ� WKHFRQWDFW� ]RQH� LV� GHFUHDVHG�� WKH� GHFUHDVH� FDQEH�HVWLPDWHG�DV8σ = −πU� ⋅ σ�� ���
ZKHUH� σ LV� WKH� VXUIDFH� HQHUJ\� GHQVLW\� GLI�IHUHQFH� EHWZHHQ� WKH� FU\VWDOV� EHLQJ� QRW� LQFRQWDFW� DQG� WKRVH� LQ� FRQWDFW�� 7R� ILQG� WKHFRQWDFW� ]RQH� UDGLXV� U�� WKH� PLQLPXP� WRWDOHQHUJ\�LV�WR�EH�GHWHUPLQHG��:H�REWDLQU = (σ ⋅ 5� ⁄ µ)� ⁄ �� ���$VVXPLQJ�σ a�����µ⋅D �D EHLQJ�WKH�ODWWLFHFRQVWDQW���ZH�REWDLQU a�(���D ⋅ 5�)� ⁄ � = ���D� ���ZKHUH� 5 LV� WDNHQ� WR� EH� DERXW� �� µP�� 7KHREWDLQHG�FRQWDFW�]RQH�UDGLXV� LV�RQH�GHFLPDORUGHU� VPDOOHU� WKDQ� WKH� REVHUYHG� GLVWRUWHGUHOLHI� DUHD� RQ� WKH� )&� VXUIDFH�� ,W� FDQ� EHVKRZQ�� KRZHYHU�� WKDW� ZKHQ� WKH� HOHFWURGHFRPHV�LQWR�FRQWDFW�ZLWK�WKH�FU\VWDO��GLVORFD�WLRQ� ORRSV� DULVH� LQ� WKH� ODWWHU�� 7R� WKDW� HQG�OHW� WKH� FKDUDFWHULVWLF� VWUDLQ� LQ� WKH� FRQWDFW]RQH�EH�GHWHUPLQHG�X a�(σ ⁄ µ ⋅ 5)� ⁄ � a��−�� ���

:H�REWDLQ�IRU�WKH�VWUHVV�τ
τ = µ ⋅ X a� ⋅ ���3D� ���WKDW� H[FHHGV� WKH� H[SHULPHQWDO� YDOXH� RI� WKHSODVWLF�VWDLQLQJ�VWUHVV�RI�WKH�)&��7KXV��GLV�ORFDWLRQ�ORRSV�DULVH�LQ�WKH�)&�XQGHU�FRQWDFWZLWK� WKH� PHWDO� HOHFWURGH�� 7KH� QXPEHU� RIWKRVH� ORRSV� VHHPV� WR� EH� UDWKHU� VPDOO� DQGWKRVH�FDQQRW�JR�RXW�RI�WKH�FU\VWDO�DIWHU�WKHHOHFWURGH�LV�UHPRYHG�,W� LV� WR� QRWH� WKDW� D� VLPLODU� FRQWDFWPHFKDQLVP� RI� WKH� PHWDO� HOHFWURGH� DQG� WKH)&� FDQ� UHVXOW� IURP� WKH� 6FKRWWN\� OD\HU� IRU�PDWLRQ��7KLV� OD\HU� LV� GXH� WR� D� SDUWLDO� HOHF�WURQ� WUDQVLWLRQ� IURP� WKH� HOHFWURGH� WR� WKHFRQWDFW� ]RQH� RI� )&�� 7KLV� HIIHFW�� KRZHYHU�PXVW�EH�VLPLODU�WR�WKDW�FRQVLGHUHG�DERYH�LQWKH�RUGHU�RI�PDJQLWXGH�$QRWKHU�PHFKDQLVP�RI�HODVWLF�VWUHVV�IRU�PDWLRQ� LQ� WKH� FRQWDFW� ]RQH� LV� EDVHG� RQ� WKHHOHFWULF� ILHOG� IRUPHG� LQ� WKH� )&� XQGHU� DQH[WHUQDO�VWUHVV��7KH�HOHFWULF�ILHOG�VWUHQJWK�LV( = 9 ⁄ U� ���ZKHUH�9 LV�WKH�HOHFWULF�YROWDJH��7KH�HOHFWULFILHOG�SUHVVXUH��τ��RQ�WKH�)&�VXUIDFH�LV

τ = (� ⁄ �π = 9� ⁄ �πU�� ����7KH�WRWDO��HOHFWULF�SOXV�HODVWLF��HQHUJ\�LQWKH�FRQWDFW�]RQH�LV
8 = µ ⋅ U�5� − 9��π ⋅ U�υ� ����

ZKHUH� υ LV� WKH� YROXPH� FRPSUHVVLRQ� RI� WKH)&�XQGHU� HOHFWULF� WHQVLRQ�SUHVVXUH��:H�FDQDVVXPH�WKDW
υ a�πEU��� ����%\� GLIIHUHQWLDWLRQ� RI� WKH� ����� IRU�U�� ZHREWDLQ U = (9� ⋅ 5� ⁄ µ)� ⁄ �� ����6XEVWLWXWLQJ�WKH�QXPHULFDO�YDOXHV�9  ����9DQG� µ  ��⋅���� 3D� LQWR� ������ ZH� REWDLQ� U a��µP� FRLQFLGHQW� LQ� WKH� RUGHU� RI�PDJQLWXGHZLWK� WKH� GLVWRUWHG� VXUIDFH� DUHD� RI� WKH� )&REVHUYHG� LQ� WKH� H[SHULPHQW�� 7KH� HODVWLFVWUHVV�FDXVHG�E\�WKH�HOHFWULF�ILHOG�WHQVLRQ�LVHVWLPDWHG�DV�

τ = (9� ⋅ µ� ⁄ 5)� ⁄ � a����µ� ����7KHVH�KLJK�YDOXHV�VKRZ�WKDW�WKH�HOHFWULFILHOG� LV� VXIILFLHQWO\�VWURQJ�WR�EH�WKH�VRXUFHRI�GLVORFDWLRQV�UHVXOWLQJ�LQ�WKH�ILHOG�LQGXFHGSODVWLF�SURSHUWLHV�

$�3�(UPDNRY�HW�DO����(OHFWURSODVWLF�HIIHFW�DVVRFLDWHG����

)XQFWLRQDO�PDWHULDOV������������� ���
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