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ILHOG� EXW� DOVR� LWV� VHSDUDWLRQ� IURP� WKH� /&�8QOLNH�>�@��ZH�KDYH�VWXGLHG�WKH�SRO\PHU�HI �IHFW� RQ� /&$� HOHFWURRSWLFDO� DQG� GLHOHFWULFSURSHUWLHV� ZLWKLQ� D� ZLGH� UDQJH� RI� LWV� FRQ �FHQWUDWLRQV�7KH� /&$�SRO\PHU� �/&$3�� VWUXFWXUHVZHUH�SUHSDUHG�DV�IROORZV��$W�WKH�ILUVW�VWDJH�/&$�PL[WXUHV�ZHUH�REWDLQHG�XVLQJ�WKH�SUR �FHGXUH� GHVFULEHG� LQ� >�Ü�@�� 7KH� DHURVLO� FRQ �FHQWUDWLRQ��F$��ZDV�YDULHG�ZLWKLQ�OLPLWV�RI��WR� ����� �E\�PDVV��ZLWK� UHVSHFW� WR� WKH�/&�+\GURSKRELF� 5���� DHURVLO� IURP� 'HJXVVD�*HUPDQ\�� >�@�DQG�WKH�(��/&�PL[WXUH�IURP0HUFN� ZHUH� XVHG�� 7KH� (�� SDUDPHWHUV� DW����.��GLHOHFWULF�FRQVWDQW�DW�WKH�SODQDU�PR �OHFXODU� RULHQWDWLRQ� ε|  ������ WKH� GLHOHFWULFFRQVWDQW�DQLVRWURS\� ∆ε  ��������$W�WKH�VHF�RQG� VWDJH�� WKH� SKRWRSRO\PHU� 1R���� IURP1RUODQG� �86$��ZDV�DGGHG� WR� WKH�/&$�PL[ �WXUH�� 7KH� SKRWRSRO\PHU� FRQFHQWUDWLRQ� ZDVYDULHG� IURP� �� WR� ����� �E\�PDVV�� ZLWK� UH �VSHFW� WR� WKH� /&�� 0RUHRYHU�� WKH� SKRWRSR �O\PHU�PL[WXUH�GHVFULEHG� LQ� >�@�ZDV�XVHG�WRSUHSDUH�3'/&�VDPSOHV�� ,WV�FRQFHQWUDWLRQ�LQ(��ZDV�������E\�PDVV���7KH�/&�DHURVLO�SKR �WRSRO\PHU� FRPSRVLWLRQV� ZHUH� PL[HG� WKRU �RXJKO\�DQG�SODFHG�EHWZHHQ�WZR�JODVV�SODWHGZLWK� WUDQVSDUHQW� FRQGXFWLYH� ,72� OD\HUV� RQLQQHU�VXUIDFHV��7R�SURYLGH�WKH�GHVLUHG�FRP �SRVLWLRQ� OD\HU� WKLFNQHVV�� IHZ� VSDFHUV� ZHUHSODFHG�RQWR�RQH�SODWH��7KH�PL[WXUH�ZDV�GLV �WULEXWHG� XQLIRUPO\� RYHU� WKH� VDPSOH� DUHD�WKHQ�WKH�SODWHV�ZHUH�SUHVVHG�WRJHWKHU� LQ�DQXQLIRUP�PDQQHU�DQG�VR�IL[HG�XVLQJ�DQ�HSR[ �LGH� DGKHVLYH�� $OO� RSHUDWLRQV� ZHUH� FDUULHGRXW� XQGHU� UHG� OLJKW� LOOXPLQDWLRQ� WR� DYRLGWKH� SKRWRSRO\PHU� SRO\PHUL]DWLRQ�� 7KH� SKR �WRSRO\PHUL]DWLRQ� ZDV� PDGH� XVLQJ� D� ORZSUHVVXUH� PHUFXU\� ODPS� RI� �� P:�FP� IRU���PLQ�7KH�WUDQVPLVVLRQ��7��DV�D�IXQFWLRQ�RI�WKHYROWDJH� DSSOLHG�� 8�� ZDV� PHDVXUHG� XVLQJ� DVHWXS�ZLWK�VPDOO�SKRWRUHFHLYHU�DSHUWXUH�>���@�� 7KH� LQFLGHQW� OLJKW� EHDP� IURP� D� +H�1HODVHU� SDVVLQJ� WKURXJK� WKH� JODVV� SODWH� ZDVQRUPDO� WR� WKH� VDPSOH� XQGHU� VWXG\�� 7KHEHDP� UHIOHFWHG� IURP� WKH� SODWH� ZDV� XVHG� WRPRQLWRU�WKH�ODVHU�SRZHU��7KH�7�8��PHDVXUH �PHQWV� ZHUH� PDGH� DW� �� N+]� IUHTXHQF\�� WKHYROWDJH�FKDQJH�UDWH�ZDV�OHVV�WKDQ������9�V�7KH�7�8��GHSHQGHQFHV�ZHUH�UHJLVWHUHG�XVLQJD� WZR�FRRUGLQDWH� UHFRUGHU�� 7KUHH� PHDVXUH �PHQW� F\FOHV�ZHUH�FDUULHG�RWX�IRU� HDFK�VDP �SOH�� XQGHU� LQFUHDVLQJ�8� XS� WR�8V �L�H��� WKHYROWDJH� FRUUHVSRQGLQJ� WR� 7� VDWXUDWLRQ��XQGHU�8�GHFUHDVLQJ� GRZQ� WR� �� DW� WKH� VDPHUDWH�� DQG� XQGHU� UHSHDWHG� 8� LQFUHUDVLQJ� WR8V�� 7KH� H[SHULPHQWV� KDYH� VKRZQ� WKDW� WKH

GDWD�REWDLQHG�DW� WKH� �QG�DQG��UG�PHDVXUH �PHQW�F\FOHV�DUH�UHSURGXFLEOH�WR�ZLWKLQ�����,W�LV�MXVW�WKRVH�GDWD�WKDW�ZLOO�EH�FRQVLGHUHGLQ� ZKDW� IROORZV�� 7KH� IROORZLQJ� SDUDPHWHUVZHUH�GHWHUPLQHG�IURP�WKH�REWDLQHG�7�8��GH �SHQGHQFHV�� 7��� WKH� WUDQVPLVVLRQ� DW� 8� ���7PD[�� WKH� PD[LPXP� 7� YDOXH�� ∆8����� WKH7�8�� FXUYH� K\VWHUHVLV� H[SUHVVHG� DV� WKH� GLI �IHUHQFH� EHWZHHQ� 8� YDOXHV� FRUUHVSRQGLQJ� WR7� ����7PD[ LQ�FXUYHV�FRUUHVSRQGLQJ�WR��QGDQG� �UG� F\FOHV�� 8����� WKH� YROWDJH� FRUUH�VSRQGLQJ�WR�7� ����7PD[�7R� DQDO\VH� WKH� WUDQVPLVVLRQ� NLQHWLFV� DWWKH�YROWDJH�VZLWFKLQJ�RQ�DQG�VZLWFKLQJ�RII�VTXDUH�YROWDJH�SXOVHV�RI�WKH�IUHTXHQF\�IURP���� WR� ��� +]� DQG� ZLWK� DPSOLWXGH� HTXDO� WR87 ZHUH� DSSOLHG� WR� WKH� VDPSOH��:KHQ� FRQ �VLGHULQJ� WKH� RVFLOORJUDPV� VR� REWDLQHG�� ERWKWUDQVPLVVLRQ� LQFUHDVH� DQG� GURS� NLQHWLFVZHUH� DVVXPHG� WR� PHW� DQ� H[SRQHQWLDO� ODZ�3URFHHGLQJ� WKHUHIURP�� WKH� WLPH� FRQVWDQWVIRU�WUDQVPLVVLRQ�LQFUHDVH�DQG�GURS�� τRQ DQG
τRI�� UHVSHFWLYHO\�� FRUUHVSRQGLQJ� WR� WKH�YROW �DJH�VZLWFKLQJ�RQ�DQG�VZLWFKLQJ�RII�ZHUH�GH �WHUPLQHG��7KH�IUHTXHQF\�GHSHQGHQFHV�RI�WKHFRPSOH[� GLHOH[FWULF� FRQVWDQW� FRPSRQHQWV� ε′DQG�ε′′ ZHUH�GHWHUPLQHG�XVLQJ�WKH�SURFHGXUHGHVFULEHG�LQ�>�@�7KH�SKDVH�VHSDUDWLRQ�LQ�WKH�VDPSOHV�ZDVILUVW�WHVWHG��7R�WKDW�HQG��WKH�����9�YROWDJHDW����+]�DQG���N+]� IUHTXHQF\�ZDV� DSSOLHGWR� WKRVH� IRU� �� PLQ�� 7KH� SKDVH� VHSDUDWLRQH[WHQW� ZDV� MXGJHG� FRPSDULQJ� WKH� VDPSOHVWUXFWXUH� REVHUYHG� E\� RSWLFDO� PLFURVFRS\SULRU� WR� DQG� DIWHU� WKH� WHVW�� 1R� VXEVWDQWLDOVWUXFWXUH� FKDQGHV� ZHUH� VHHQ� IRU� VDPSOHVFRQWDLQLQJ� WKH� SKRWRSRO\PHU�� ,Q� WKH� SRO\ �PHU�IUHH� RQHV�� WKH� DHURVLO� VHSDUDWLRQ� WRRNSODFH�� EHLQJ� SDUWLFXODUO\� LQWHQFH� DW� WKH���+]� IUHTXHQF\�� 7KLV� UHVXOWHG� LQ� DQ� LUUH �YHUVLEOH�VDPSOH�EULJKWHQLQJ�DQG�LWV�KRPRJH �QHLW\� ORVV�� )RU� WKDW� UHDVRQ�� DOO� VXEVHTXHQWPHDVXUHPHQWV� ZHUH�PDGH� XVLQJ� �� N+]� IUH �TXHQF\�7KH� HOHFWURRSWLFDO� DQG� WLPH� SDUDPHWHUVIRU� /&$� DQG� /&$3� VDPSOHV� DW� GLIIHUHQWDHURVLO� DQG� SKRWRSRO\PHU� FRQWHQWV� DUH� SUH �VHQWHG� LQ� WKH� 7DEOH� EHORZ�� 7KH� GDWD� DUHJURXSHG� DFFRUGLQJ� WR� WKH� VDPH� SKRWRSR �O\PHU� FRQFHQWUDWLRQ� EXW� GLIIHUHQW� DHURVLORQHV��,Q�HDFK�JURXS��WKH�DHURVLO�FRQWHQW�LQ �FUHDVH�UHVXOWV�LQ�DQ�DSSUHFLDEOH�GURS�RI�WKHLQLWLDO� WUDQVPLVVLRQ�� ZKLOH� WKH� VDWXUDWLRQRQH�YDULHV� RQO\�VOLJKWO\��7KLV�FDXVHV�D�FRQ �VLGHUDEOH� LQFUHDVH�RI�WKH�VZLWFKLQJ�FRQWUDVW�H[FHHGLQJ�RQH�GHFLPDO�RUGHU�IRU�VRPH�VDP �SOHV���$W�WKH�VDPH�WLPH��WKH�VZLWFKLQJ�YROW �DJH�YDOXH�LQFUHDVHV��,W�LV�DOVR�VHHQ�IURP�WKH
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7DEOH� WKDW� WKH� LQFUHDVH� LQ� WKH� DHURVLO� FRQ �WHQW�HIIHFWV�RQO\�VOLJKWO\� WKH�UHVSRQVH� WLPHDW� WKH� HOHFWULF� ILHOG� DSSOLFDWLRQ�� τRQ�� EXWFDXVHV� D� GHFUHDVH� LQ� WKH� UHOD[DWLRQ� WLPH�
τRI�� E\� D� IHFWRU� RI� ���� WR� ��� ,Q� SKRWRSR�O\PHU�IUHH�VDPSOH�VHULHV��DQ�HIIHFWLYH�PHP �RU\� LV� REVHUYHG� DW� WKH� DHURVLO� FRQWHQW� RI�� �� WKDW� GLVDSSHDUV� HVVHQWLDOO\� DV� WKHDHURVLO� FRQFHQWUDWLRQ� LV� LQFUHDVHG� WR� �����1R� PHPRU\� HIIHFW� ZDV� REVHUYHG� IRU� SKR �WRSRO\PHU�FRQWDLQLQJ� VDPSOHV�� WKDW� IDFWDJUHHV�ZHOO�ZLWK�UHVXOWV�REWDLQHG�LQ�>�@�7KH� SKRWRSRO\PHU� LQWURGXFWLRQ� FDXVHV� DYHU\�LQWHUHVWLQJ�FKDQJH�LQ�WKH�HOHFWURRSWLFDOSURSHUWLHV��$W� ORZ� FRQFHQWUDWLRQV� ������� LWUHGXFHV�WKH�FRQWUDVW�FRQVLGHUDEO\�GXH�WR�LQ �FUHDVHG� LQLWLDO� WUDQVPLVVLRQ�� $W� WKH� VDPHWLPH�� WKH� VZLWFKLQJ� YROWDJH� LQFUHDVHV�� 7KHSRO\PHU� LQWURGXFWLRQ� UHVXOWV� LQ� WKDW� WKHVZLWFKLQJ�RQ�WLPH�FRQVWDQW� τRQ LQFUHDVHV�DO�PRVW� E\� RQH� GHFLPDO� RUGHU�� ZKLOH� WKH� τRIYDOXH� LV� LQIOXHQFHG�RQO\� VOLJKWO\��7KH�SRO\ �PHU� FRQFHQWUDWLRQ� LQFUHDVH� XS� WR� ��Ü����FDXVHV� D� VKDUS� FRQWUDVW� LQFUHDVH� ZKLOH� WKHVZLWFKLQJ� YROWDJH� EHFRPHV� ORZHUHG�� 7KHWLPH� SDUDPHWHU� RI� WKH� VDPSOHV� DUH� YHU\FORVH� WR� WKRVH� IRU� SRO\PHU�IUHH� RQHV�� 7KH

IXUWKHU� SRO\PHU� FRQWHQW� LQFUHDVH� XS� WR��� �� UHVXOWV� LQ� D� VOLJKW� FRQWUDVW� FKDQJHEXW� WKH� VZLWFKLQJ� YROWDJH� LV� LQFUHDVHG� VXE �VWDQWLDOO\�� ,Q� FRQWUDVW� WR� WKH� VDPSOHV� ZLWKORZ� SRO\PHU� FRQWHQW�� WKH� UHOD[DWLRQ� FRQ �VWDQW�τRI LV�VHYHUDO�WLPHV�VKRUWHU��,Q�WKH�ODVWVHULHV� RI� 3'/&�� WKH� DHURVLO� LQFRUSRUDWLRQUHVXOWV�LQ�DQ�LPSURYHG�VDPSOH�KRPRJHQHLW\�LQFUHDVHG� VZLWFKLQJ� FRQWUDVW� DV� ZHOO� DV� UH �GXFHG� UHOD[DWLRQ� WLPH�� ,Q� SDUDOOHO�� WKHVZLWFKLQJ�YROWDJH�LQFUHDVHV�&RQVLGHULQJ� WKH� GDWD� REWDLQHG� IURP� WKHSUDFWLFDO�DSSOLFDWLRQ�VWDQGSRLQW�� LW� LV�WR�QRWHWKDW� IRU� WKH� /&�� DHURVLO� DQG� SRO\PHU� NLQGVXVHG�LQ�WKLV�ZRUN��WKH�RSWLPXP�SDUDPHWHU�VHWLV�DWWDLQHG�LQ�WKH�FRPSRVLWLRQ�ZLWK� F$  ���WR��� �� �E\� PDVV�� DQG� F3  ���� �� �E\� PDVV��7KLV� FRPSRVLWLRQ� SURYLGHV� D� UDWKHU� KLJKFRQWUDVW� YDOXH� �DERXW� ������� DW� UHODWLYHO\ORZ� VZLWFKLRQJ� YROWDJHV� ���� WR� ��� 9��� 7KHIDFW� WKDW� WKH� DHURVLO� LQFRUSRUDWLRQ� LQWR� WKH3'3/� VDPSOHV� LPSURYHV� WKHLU� KRPRJHQHLW\DQG� FRQWUDVW� DV�ZHOO�DV� UHGXFHV� WKH� VZLWFK �LQJ�RII�WLPH�LV�DOVR�RI�SUDFWLFDO�LPSRUWDQFH�7R�LPSURYH�IXUWKHU�WKH�FRPSRVLWLRQ�SDUDPH �WHUV�� FRPSRQHQWV� ZLWK� FKDUDFWHULVWLFV� PRVWVXLWDEOH� IRU� VSHFLILF� DSSOLFDWLRQV� DUH� WR� EHVHOHFWHG��)RU�H[DPSOH��/&�ZLWK�JUHDW�GLHOHF �
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