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7KH� SRWHQWLDO� DSSOLFDWLRQ� RI� IXOOHUHQHILOPV�DV� VXSHUKDUG�FRDWLQJV� >����@�RU�EXLOG�LQJ� PDWHULDO� WR� HODERUDWH� FRPSRVLWH� PHP�EUDQH� IRU� JDV� VHSDUDWLRQ� >����@� ULVHV� WR� DTXHVWLRQ� FRQFHUQLQJ� LQWHUDFWLRQ� EHWZHHQIXOOHUHQH� DQG� GLIIHUHQW� JDVHV�� $V� LW� ZDVVKRZQ� HDUOLHU� >�Ü�@�� LPSRUWDQW� LQGXVWULDOJDVHV� VXFK� DV� QLWURJHQ�� R[\JHQ�� DQG�PHWK�DQH�FKHPLFDOO\�XQUHDFW�ZLWK�IXOOHUHQH�XQGHUDPELHQW� FRQGLWLRQV�� %XW� LQIOXHQFH� RI� VXFKUHDFWLYH� JDV� DV� DPPRQLD� RQ�&�� ILOPV� GRHVQRW�VWXG\�XS�WRGD\���$Q�HIIHFW�RI�1+� DGVRUSWLRQ�RQ�WKH�HOHF�WURQLF�DQG�VWUXFWXUDO�SURSHUWLHV�RI�IXOOHUHQHVDOWV� OLNH� $�&���� ZKHUH� $ LV� DONDOL� PHWDO�KDV� EHHQ� LQYHVWLJDWHG� HDUOLHU� >�Ü��@�� 7KHVRUSWLRQ� RI� DPPRQLD� E\� WKHVH� VXEVWDQFHVOHDGV� WR� FKDUJH� WUDQVIHU� DQG� H[SDQGLQJ� RUGLVWRUWLRQ� FU\VWDO� ODWWLFH�� 1R� QXFOHRSKLOLF

DGGLWLRQ� RI� DPPRQLD� WR� IXOOHUHQH�ZLWK� IRU�PDWLRQ� &±1 DQG� &±+ ERQGV� ZDV� UHSRUWHG�3XUH� DPPRQLD� GRHV� QRW� GLVVROYH�&�� XQGHUDPELHQW� FRQGLWLRQV� >��@�� EXW� HDV\� GLVVROYHIXOOHUHQH� LQ� WKH� SUHVHQFH� RI� UHGXFWLRQDJHQWV� ZKHQ� VROYDWHG� HOHFWURQ� DSSHDUHG>��@��7KHUHIRUH�GLVVROXWLRQ�HIIHFWV�RI�IXOOHU�HQH�ILOPV�KDYH�WR�SD\�DWWHQWLRQ�WRR�&�� LQ�JURXQG�VWDWH�KDV�D�FORVHG�VKHOO�RIHOHFWURQV� DQG� KHQFH� LW� LV� FKHPLFDOO\� VWDEOHFRPSRXQG�� &KHPLFDO� SURSHUWLHV� RI�&�� DUHGHWHUPLQHG�PDLQO\�E\����FRQMXJDWHG�GRXEOHFDUERQ� ERQGV�� 3KRWRSRO\PHUL]HG� IXOOHUHQHFRQVLVWV�RQ�FKDLQV�RI�&�� PROHFXOHV�IXVHG�E\F\FOREXWDQH�ULQJV�>��@��(DFK�IXVLQJ�UHGXFHVRQ� �� WKH� QXPEHU� RI� GRXEOH� ERQGV� LQ� &��PROHFXOH��,Q�SRO\PHUL]HG�IXOOHUHQH�HDFK�&��PROHFXOH� ERQGV� ZLWK� �� DGMDFHQW� PROHFXOHV�VR� WKH� QXPEHU� RI� GRXEOH� ERQGV� UHGXFHV� WR
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���� QRW� GLVWXUELQJ� FRQMXJDWLRQ� RI� RWKHU
π�HOHFWURQV�� 6R� SRO\PHUL]DWLRQ� PXVW� QRWKDYH� D� VXIILFLHQW� LQIOXHQFH� RQ� FKHPLFDOSURSHUWLHV� RI� IXOOHUHQH�� ,Q� WKH� VDPH� WLPH�SRO\PHUL]DWLRQ� EULQJV� WRJHWKHU� &�� PROH�FXOHV�� ZKDW� UHVXOWV� LQ� GLIIHUHQW� GLIIXVLRQFRHIILFLHQW� DQG� JDV� VROYLQJ� LQ� RULJLQDO� DQGSRO\PHUL]HG� FU\VWDOV� RU� ILOPV� RI� IXOOHUHQH�VR� FDQ� EH� UHDVRQ� IRU� GLIIHUHQFH� LQ� WKHLUFKHPLFDO�DFWLYLW\�,Q� WKLV� VWXG\� ZH� UHSRUW� ;36� LQYHVWLJD�WLRQ� RI� RULJLQDO� DQG� SKRWRSRO\PHUL]HGIXOOHUHQH� ILOPV� DIWHU� H[SRVLQJ� WR� JDV� DQGOLTXLG� DPPRQLD� DW� URRP� WHPSHUDWXUH� DQGLQFUHDVHG�SUHVVXUH�7KH� &�� ILOPV� a���� QP� WKLFN� ZHUH� GH�SRVHG�RQWR�6L VXEVWUDWH�LQ�YDFXXP��&�� SRZ�GHU� �SXULW\� �����PDVV����� SXUFKDVHG� IURP)XOOHUHQH� 7HFKQRORJ\� &R�� 6W�� 3HWHUVEXUJ�5XVVLD�� ZDV� HYDSRUDWHG� IURP� D� JUDSKLWH.QXGVHQ� FHOO� DW� WHPSHUDWXUHV� ���Ü����&�3KRWRSRO\PHUL]HG� &�� ILOPV� ZHUH� JURZQXVLQJ� VLPXOWDQHRXV� GHSRVLWLRQ� DQG� LUUDGLD�WLRQ� ZLWK� XOWUDYLROHW� OLJKW�� 2EWDLQHG� ILOPVZHUH� SRO\FU\VWDOOLQH� RU� DPRUSKRXV�� 'HWDLOVRI� ILOPV� SUHSDUDWLRQ� KDYH� EHHQ� UHSRUWHG� LQ>������@��7KH�GHJUHH�RI�SKRWRSRO\PHUL]DWLRQZDV�HVWLPDWHG�DV�a�����DIWHU����K�RI�LUUD�GLDWLRQ� >��@�� 2ULJLQDO� DQG� SRO\PHUL]HG� &��ILOPV�ZHUH�H[SRVHG�IRU��Ü���GD\V�WR�DPPR�QLD� DWPRVSKHUH� DW� ���� .� DQG� SUHVVXUH��� DWP��� ���� DWP��� ��� DWP�� ,W� LV� VKRXOG� EHQRWHG� WKDW� WKH� ODWHVW� DPPRQLD� SUHVVXUHHTXDOV�WR�SUHVVXUH�RI�LWV�VDWXUDWHG�YDSRU�DWWKLV� WHPSHUDWXUH�� VR� DPPRQLD� YDSRU� FRXOGFRQGHQVH� RQ� WKH� ILOP� VXUIDFH�� %HWZHHQSUHSDUDWLRQ� DQG� ;36� LQYHVWLJDWLRQV� ILOPVZHUH�RQ�DLU��7KHUH�ZHUH�QR�DQ\�VSHFLDO�FRQ�GLWLRQV�WR�GHIHQVH�ILOPV�DJDLQVW�DLU�KXPLGLW\�;36�VWXG\�ZDV�FRQGXFWHG�RQ�D�VSHFWURPH�WHU� ;36����� .UDWRV�� 7KH� YDFXXP� LQ� WKHFKDPEHU� ZDV� ��Ü� 7RUU��3KRWRHOHFWURQV�ZHUHH[FLWHG�E\�0J.α�UDGLDWLRQ��Kγ  ��������H9�� ;�UD\JXQ� SRZHU� ZDV� ��� N9×��� P$�� 7KH� KHPL�VSKHULFDO� HOHFWURVWDWLF� DQDO\]HU� DQDO\]HGSKRWRHOHFWURQ� NLQHWLF� HQHUJ\�� ,QVWUXPHQWUHVROXWLRQ� ZDV� DERXW� �� H9�� DFFXUDF\� RIELQGLQJ� HQHUJ\� GHWHUPLQDWLRQ� ZDV� ���� H9�7KH� VSHFWUD� ZHUH� WUHDWHG� RQ� FRPSXWHU�VPRRWKLQJ�� VXEWUDFWLRQ� RI� D� FRQVWDQW� DQGYDULDEOH� EDFNJURXQG� �6KLUOH\�V�PHWKRG��� UH�PRYLQJ� H[SDQGLQJ� HIIHFW� RI� WKH� ;�UD\� OLQH�LWHUDWLYH� GHFRQYROXWLRQ�� DQG� GHFRPSRVLWLRQRI� FRPSOH[� OLQH� RQ� LWV�*DXVVLDQ� FRPSRQHQWZHUH�PDGH��7KH�VDPSOH�VXUIDFH�FRPSRVLWLRQZDV�GHWHUPLQHG�XVLQJ�UDWLR�RI�DUHDV�RI�SKR�WRHOHFWURQ� OLQHV� LQ� VSHFWUD�RI &�V��2�V��1�VFRUH� OHYHOV� WDNLQJ� LQWR� DFFRXQW� WKHLU� VHQVL�WLYLW\�IDFWRUV��

)LJ���� VKRZV� ;36� VSHFWUD� RI� &�V FRUHOHYHO�IRU�WKH�RULJLQDO�&�� ILOP�PHDVXUHG�IRUWKH� ILUVW� ��� PLQ�� �VROLG� OLQH�� DQG� IRU���PLQ�� DIWHU� �� K� RI�PHDVXUHPHQW� �GDVKHGOLQH��� 7KH� &�V�VSHFWUXP� RI� &�� FRQVLVWVIURP� D� PDLQ� OLQH� �ELQGLQJ� HQHUJ\� (E  ����H9� IXOO�ZLGWK�DW�KDOI�PD[LPXP�):+0
∆(E  ����� H9�� DQG� D� �VKDNH�XS�� VDWHOOLWHSHDN� �(E  ����Ü���� H9��� 7KLV� VDWHOOLWHVWUXFWXUH�FKDUDFWHUL]HV�&�� DQG�DSSHDUV�GXHWR� WKH� π�HOHFWURQ� WUDQVLWLRQ� IURP� RFFXSLHGWR�XQRFFXSLHG�YDOHQFH�PROHFXODU�RUELWDOV�DV�VRFLDWHG�ZLWK� WKH�&�V FRUH�KROH�JHQHUDWLRQ�7KH� WUHDWPHQW� RI� WKLV� VSHFWUD� VKRZV� WKHVDPH�VDWHOOLWH�VWUXFWXUH�DQG�LQWHQVLW\�DV�UH�SRUWHG� LQ� >��@�� 'XULQJ� PHDVXUHPHQW� DW;�UD\� LUUDGLDWLRQ� VRPH� VPDOO� VKRXOGHU� RQPDLQ� SHDN� DSSHDUHG� DW� WKH� KLJKHU� ELQGLQJHQHUJ\� VLGH� �pE≈ ���� H9��� ,QWHQVLW\� RI� WKLVVKRXOGHU� LQFUHDVHG� DQG� VDWXUDWHG� DW� PHDV�XUHPHQW�WLPH�DERXW���K��7KH� &�V VSHFWUXP� RI� SKRWRSRO\PHUL]HGIXOOHUHQH�LV�YHU\�VLPLODU�WR�RQH�IRU�RULJLQDOIXOOHUHQH� ZLWK� VPDOO� �DERXW� �� ��� GHFUHDVHRI� WKH� LQWHQVLW\� RI� WKH� VKDNH�XS� VDWHOOLWHGXH�WR�WKH�UHGXFWLRQ�RI�π�HOHFWURQV�RQ�D� &��PROHFXOH� LQ� WKH� SROLPHUL]DWLRQ� >��@�� 6KRXO�GHU� DW� WKH� KLJKHU� ELQGLQJ� HQHUJ\� DOVR� DS�SHDUHG� LQ� &�V�VSHFWUD� RI� SKRWRSRO\PHUL]HGIXOOHUHQH� GXULQJ� PHDVXUHPHQW�� EXW� LW� ZDVVPDOOHU�DQG�QRW� IRU�DOO� VDPSOHV��7KH� LQWHQ�VLW\� RI� WKLV� VKRXOGHU� IRU� GLIIHUHQW� VDPSOHVFRUUHODWHG� ZLWK� WKH� LQWHQVLW\� RI� 2�V FRUHOHYHO�SHDN��7DEOH���2�V FRUH� OHYHO� VSHFWUD� IRU� DOO� VDPSOHV�RULJLQDO� DQG� SRO\PHUL]HG�� SUHVHQWHG� DVLQJOH� SHDN� ZLWK�(E  ������±���� H9�� DQG
∆(E  ����±���� H9�� 7KH� RULJLQ� RI� WKLV� OLQHZDV�GLVFXVVHG� LQ� >��@�DQG� LW�ZDV�DWWULEXWHGWR�R[\JHQ�LQ�+�2 PROHFXOHV�DGVRUEHG�RQ�WKH

)LJ�����;36� VSHFWUD� RI�&�V FRUH� OHYHO� RI� WKHRULJLQDO�&�� ILOP��VDPSOH�1R�����6ROLG�OLQH�ÛWKH�ILUVW����PLQ�RI�PHDVXUHPHQW��GDVKHG�OLQH�ÛDIWHU���K�RI�;�UD\�LUUDGLDWLRQ�
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&�� ILOP�� $XWKRUV� RI� >������@� FRQVLGHUHGWKDW�DGVRUEHG�2� PRVWO\�GHVRUEHG�IURP�WKHILOP� DW� ����z� DQG� KLJK� YDFXXP� FRQGLWLRQ�7KLV� OLQH� DOVR� FDQ� EH� DWWULEXWHG� WR�&±2±+JURXSV�� ZKLFK� KDYH� ELQGLQJ� HQHUJ\� RI�2�VFRUH�OHYHO�LQ�WKH�VDPH�UHJLRQ�>��@��7KH�VKRXO�GHU� DW� pE  ����� H9� �VHH� )LJ����� DOVR� FDQ� EHDOVR�FRQQHFWHG�ZLWK�&±2±+ JURXSV�>��@��'XULQJ� ;36� PHDVXUHPHQW� XQGHU� ;�UD\LUUDGLDWLRQ� D� ORW� RI� VHFRQGDU\� HOHFWURQV� DS�SHDU�LQ�IXOOHUHQH�ILOP��,W�ZDV�VKRZQ�LQ�>��@WKDW� VHFRQGDU\� ORZ� HQHUJ\� HOHFWURQV��ZKLFKDSSHDU� LQ� WKH� V\VWHP�� VROLG� 2��&���*D$VVXEVWUDWH� GXULQJ� SKRWRQ� LUUDGLDWLRQ� DW�  ���� z�� FDQ� EH� FDSWXUHG� E\� R[\JHQ�$XWKRUV�RI�>��@�SD\�QR�DWWHQWLRQ�WR�SURFHVVRI�HOHFWURQ�FDSWXULQJ�E\�D�&�� PROHFXOH��,QRXU�RSLQLRQ�VXFK�SURFHVV�SOD\V�DQ�LPSRUWDQWUROH� LQ�WKH�IXOOHUHQH�R[LGDWLRQ�UHDFWLRQ��EH�FDXVH�HOHFWURQ�DIILQLWLHV�RI�2� DQG�&�� HTXDOWR������H9�>��@�Ò������H9�>��@��UHVSHFWLYHO\�KHQFH� IXOOHUHQH� FDQ� FDSWXUH� HOHFWURQ� HDVLHUWKDQ�R[\JHQ��7KH�GHFD\�RI�FDUEDQLRQ�&��� DWWKH� SUHVHQFH� RI� DGVRUEHG� +�2 PROHFXOHVOHDGV� WR� SDUWO\� IXOOHUHQH� R[LGDWLRQ�ZLWK� UH�DFWLRQ�SURGXFWV�FRQWDLQLQJ�K\GUR[\O�JURXSV�6R��WKH�IXOOHUHQH�R[LGDWLRQ�UHDFWLRQ�ZLWKUHDFWLRQ� SURGXFWV� FRQWDLQLQJ� K\GUR[\OJURXSV� FDQ� RFFXU� RQ� WKH� VXUIDFH� RI� &��ILOPV�QRW� H[SRVHG� WR� DPPRQLD�XQGHU�;�UD\LUUDGLDWLRQ�GXULQJ�;36�PHDVXUHPHQW���7KLVSURFHVV� OHDGV�WR� LQFUHDVLQJ�RI�WKH�2�V SHDNLQWHQVLW\� LQ� ;36� VSHFWUD� GXULQJ� PHDVXUH�

PHQW�� (OHPHQW� DWRPLF� FRQFHQWUDWLRQV� LQDQDO\]HG� OD\HU� �ZKLFK� WKLFNQHVV� ZDV� HVWL�PDWHG� LQ� >��@�DV����c��DQG�FRQWHQW�RI�R[\�JHQ� DQG� QLWURJHQ� DWRPV� SHU� RQH�&�� PROH�FXOH�DUH�VKRZQ�LQ�7DEOH���7KH� PHDQ� YDQ� GHU� :DDOV� GLDPHWHU� RIZDWHU�KDV�EHHQ�UHSRUWHG�DV������c >��@��7KHGLDPHWHUV� RI� WHWUDKHGUDO� DQG� RFWDKHGUDOFDYLWLHV� IRU� WKH� ODWWLFH�SDUDPHWHU� RI� IXOOHU�HQH� DUH� ����� c DQG� ����� c�� UHVSHFWLYHO\>��@��6R��+�2 PROHFXOH� FDQ�RFFXS\�RQO\�RF�WDKHGUDO� FDYLWLHV� RI� IXOOHUHQH� ODWWLFH� DQGRQO\�RQH�+�2 PROHFXOH�FDQ�EH�LQ�RQH�FDYLW\�KHQFH�WKH�UDWLR�EHWZHHQ�R[\JHQ�DQG�&�� FDQQRW� EH� PRUH� WKDQ� ��� %XW� LW� ZDV� ���� IRURULJLQDO� ILOP� �7DEOH�� VDPSOH�1R���� WKH�ILUVW��� PLQ�� RI� PHDVXUHPHQW��� $SSDUHQWO\�� WKHPRVW�DPRXQW�RI�ZDWHU�ZDV�DGVRUEHG�RQ�WKHVXUIDFH�HGJHV�RI�FU\VWDOOLWHV�IRUPLQJ�IXOOHU�HQH� ILOPV�� )XUWKHU� ;�UD\� LUUDGLDWLRQ� OHDGVWR� LQFUHDVLQJ� RI� R[\JHQ� FRQWHQW� DQG� LWVVDWXUDWLRQ� RQ� WKH� OHYHO� RI� DERXW� �� R[\JHQDWRPV�SHU�RQH�&�� PROHFXOH�7KLV� LQFUHDVLQJ� VXJJHVWV� WKDW�� DW� ILUVW�ZDWHU�DGVRUEHG�RQ�WKH�FU\VWDOOLWH�VXUIDFH�UH�DFWV� ZLWK� IXOOHUHQH�� WKHQ� ZDWHU�� DGVRUEHGGHHSHU�LQ�ILOP��/RZ�GLIIXVLRQ�FRHIILFLHQW�IRUZDWHU� LQ� IXOOHUHQH� ODWWLFH� OLPLWV� WKLV� SURF�HVV����3RO\PHUL]HG� ILOPV� FRQWHQWHG� VXIILFLHQWO\OHVV� DPRXQW� RI� R[\JHQ� �VHH� 7DEOH�� VDPSOH1R���� DQG� ZHUH� PRUH� VWDEOH� WR� ;�UD\� LUUD�GLDWLRQ�GXULQJ�;36�PHDVXUHPHQW��7KLV� FDQ
7DEOH��$WRPLF�FRQFHQWUDWLRQ�RI�HOHPHQWV�DQG�WKHLU�UDWLR�WR�&�� PROHFXOH��HVWLPDWLRQ�RI�VWRFKDVWLFHUURU�VKRZQ�
6DPSOH &RQGLWLRQ &���DW��

±��� 2��DW��
±��� 1��DW��

±��� &����PRO� 2��PRO� 1��PRO�
±���1R����RULJLQDO�� ���PLQ�;�UD\ ���� ��� ��� � ��� ���1R����RULJLQDO�� ��K�;�UD\ ���� ��� ��� � ��� ���1R����SRO\PHU� ���PLQ��;�UD\ ���� ��� � � ��� ��1R����RULJLQDO� 1+� ����DWP�����PLQ��;�UD\ ���� ��� ��� � ��� ���

1R����RULJLQDO� 1+� ���DWP�����PLQ��;�UD\ ���� ��� ��� � ��� ���
1R����RULJLQDO� 1+� ���DWP�����K�;�UD\ ���� ��� ��� � ��� ���
1R����SRO\PHU� 1+� ��DWP�����PLQ��;�UD\ ���� ��� ��� � ��� ���
1R����SRO\PHU� 1+� ����DWP�����PLQ��;�UD\ ���� ��� ��� � ��� ���
1R����SRO\PHU� 1+� ���DWP�����PLQ��;�UD\ ���� ��� ��� � ��� ����
1R����SRO\PHU� 1+� ���DWP�����K�;�UD\ ���� ��� ��� � ��� ���
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