
0ROHFXOHV�ZLWK�D�;H±2 W\SH�LQWHUIUDJPHQWDU\ERQG��'LD]RQLXP�VDOWV�DQG�D]LGHV
3�$�.RQGUDWHQNR��<X�0�/RSDWNLQ
��1�3�.RQGUDWHQNR



6XSUHPH�&HUWLI\LQJ�&RPPLVVLRQ�RI�8NUDLQH�
6XP\�6WDWH�8QLYHUVLW\�

7�6KHYFKHQNR�1DWLRQDO�.\LY�8QLYHUVLW\����9RORG\P\UVND�6W���.\LY��8NUDLQH
5HFHLYHG�2FWREHU���������

0ROHFXOHV� FRQWDLQLQJ� D� ;H±2 W\SH� ERQG� EHWZHHQ� WKHLU� IUDJPHQWV� KDYH� EHHQ� VWXGLHG�GLD]RTXLQRQHV��GLD]RQLXP�VDOWV��D]LGHV��HWF���WKDW�DUH�KLJKO\�DFWLYH�LQ�ORZHU�H[FLWHG�VWDWHVRU� ZKHQ� DQ� DGGLWLRQDO� HOHFWURQ� LV� WUDQVIHUUHG� WKHUHWR�� 7KH� VHQVLWL]HG� SKRWRO\VLV� RI� GLD �]RQLXP�VDOWV�LQ�OLTXLG�DQG�VROLG�VROXWLRQV�KDV�EHHQ�VWXGLHG�WKHRUHWLFDOO\�DQG�LQ�H[SHULPHQW�4XDQWXP�\LHOG�YDOXHV�KDYH�EHHQ�IRXQG�IRU�VHQVLWL]HG�SKRWRO\VLV�RI�GLD]RQLXP�VDOWV�GHSHQG �LQJ�RQ�WKH� VROYHQW�QDWXUH�� WKH�G\H��VHQVLWL]HU��XVHG��DQG�WKH� VXEVWLWXHQW� LQ�SDUD�SRVLWLRQDW� WKH�SKHQ\OGLD]RQLXP�FDWLRQ��7KH� VHQVLWL]DWLRQ� HIIHFW�KDV�EHHQ� VKRZQ� WR� EH�SUHVHQW� LQOLTXLG� VROXWLRQV� DQG� LQ� SODVWLFL]HG� SRO\PHU� OD\HUV� EXW� QRW� LQ� VROLG� SRO\PHULF� VROXWLRQV�4XDQWXP�FKHPLFDO�FDOFXODWLRQV�KDYH�EHHQ�SHUIRUPHG�WKDW�PDGH�LW�SRVVLEOH�WR�GHVFULEH�WKHH[SHULPHQWDO� UHVXOWV� RQ� FRQGLWLRQ� WKDW� WKH�GLVVRFLDWLRQ�RI� UHGXFHG�GLD]RQLXP�FDWLRQ�SUR �FHHGV� IURP� QRQ�WKHUPDOL]HG� VWDWH�� 7KHUPDOL]DWLRQ� RI� WKH� UHGXFHG� FDWLRQ� RFFXUV� LQ� VROLGVROXWLRQV�WKDW�SUHGHWHUPLQH�WKH�IXOO�EUDNLQJ�RI�WKH�GLVVRFLDWLRQ�SURFHVV�
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'LD]RQLXP� VDOWV� DQG� D]LGHV� DUH� ZHOO�NQRZQ�SKRWRVHQVLWLYH� FRPSRQHQWV�RI� VLOYHU�IUHH� SKRWRJUDSKLF� PDWHULDOV� >�@�� $OWKRXJKWKRVH� FRPSRXQGV� DUH�NQRZQ� DV� ORQJ�DJR�DVLQ� WKH� ODVW� GHFDGHV� RI� ��WK� FHQWXU\�� WKHLUSKRWRFKHPLFDO� SURSHUWLHV� DUH� LQVXIILFLHQWO\SUHVHQWHG�LQ�OLWHUDWXUH�,Q� WKLV� ZRUN�� WKH� SURSHUWLHV� RI� H[FLWHGVWDWHV� RI� WKRVH� FRPSRXQGV� DUH� FRQVLGHUHGZLWKLQ� WKH� IUDPH� RI� D� QRYHO� FODVV� RI� FRP �SRXQGV��7KLV�PD\�FRQWULEXWH�WR�D�EHWWHU�XQ �

GHUVWDQGLQJ� RI� SKRWRFKHPLFDO� SURSHUWLHV� RID�ZLGH�FODVV�RI�FRPSRXQGV�DQG�WR�XVH�WKHPPRUH� ZLGHO\� DV� OLJKW� VHQVLWLYH� FRPSRQHQWVLQ� SKRWRJUDSK\� DQG� SKRWRWHFKQRORJ\�� 7KHQRYHO� FODVV� PHQWLRQHG� DERYH� LQFOXGHV� FRP �SRXQGV� ZLWK� WKH� ;H±2 W\SH� ERQG� EHWZHHQPROHFXODU�IUDJPHQWV�7KH� FODVVLILFDWLRQ� RI� FKHPLFDO� ERQGV� LQPROHFXOHV� �FRYDOHQW�� LRQLF�� GRQRU�DFFHSWRU�K\GURJHQ��LV�HODERUDWHG�ZHOO�HQRXJK��,Q�WKLVFODVVLILFDWLRQ�� FKHPLFDO� ERQG� EHWZHHQ� DQ
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DWRP� ZLWK� IXOO\� RFFXSLHG� DWRPLF� RUELWDOV�$2���H�J���DQ� LQHUW�JDV�DWRP��[HQRQ��NU\S �WRQ��RU�D�KDORJHQ�DQLRQ��&O±��%U±��,±���DQG�DQR[\JHQ� DWRP� LV� FRQVLGHUHG� DV� D� VSHFLILFERQG� W\SH�� 7KH� IRUPDWLRQ� RI� FKHPLFDO�GRQRU�DFFHSWRU��ERQG�VKRXOG�EH�SUHFHGHG�E\H[FLWDWLRQ� RI� WKH� R[\JHQ� DWRP� IURP� WKHVWDWH� ZLWK� ��S]����S[����S\�� HOHFWURQ� FRQ�ILJXUDWLRQ� WR� WKDW� ZLWK� ��S]����S[����S\��RQH�� )RUPDWLRQ� RI� VXFK� D� ERQG� UHVXOWV� LQPROHFXOHV� RI� &O2Q± RU� ,2Q± �Q  ��Ü��� W\SHDQG��DV�D�FRQVHTXHQFH��LQ�;H2Q PROHFXOH��,WLV�NQRZQ�>�@�WKDW�PROHFXOHV�RI�&O2Q± RU�,2Q±W\SH� DFW� DV� HOHFWURQ� DFFHSWRUV� LQ� DTXHRXVVROXWLRQV�LQ�VSLWH�RI�LQWHUHOHFWURQ�UHSXOVLRQ�7KH� QHXWUDO� PROHFXOH� ;H2Q LV� QDWXUDOO\� DFRQVLGHUDEO\� VWURQJHU� R[LGDQW� FDXVLQJ� DQH[SORVLRQ�LQ�FRQWDFW�ZLWK�HYHQ�ZHDN�GRQRUV�H�J���ZLWK�SDSHU��>�@�,Q�WKLV�ZRUN��WKH�SRVVLELOLWLHV�RI�PROHFXOHIRUPDWLRQ�LQFOXGLQJ�ERQGV�RI�WKH�DERYH�W\SHDUH�ZLGHQHG��,QVWHDG�RI�;H DQG�2 DWRPV��ZHKDYH� VHOHFWHG� PROHFXOHV� KDYLQJ� WKH� VDPHIHDWXUHV� DV� WKRVH� DWRPV�� WKDW� LV�� RQH�PROH �FXOH�VKRXOG�FRQWDLQ�D�IXOO\�RFFXSLHG�PROHFX �ODU�RUELWDO� �02���LQFOXGLQJ� Q�02��ZKLOH�DQ�RWKHU��WR�EH�LQ�WULSOHW�VWDWH�7KH� ILUVW� W\SH� RI�PROHFXOHV� LQFOXGHV�PR �OHFXODU� QLWURJHQ�� PROHFXOHV� �LQFOXGLQJ� F\FOLF�ZLWK�D�KHWHURDWRP�ZKHUH�WKH�Q�02�LV�ORFDOL]HG�5�±2±5��� 5�±6±5��� 5�±1 5��� 5�±1+±5��5�±&2±5���HWF���ZKHUH�5���5� DUH�DUELWUDU\PROHFXODU�IUDJPHQWV��DQG�WKH�OLNH��7KH�VHF �RQG�W\SH� LV�UHSUHVHQWHG�E\�PROHFXODU�VWUXF �WXUHV� VXFK� DV� FDUEHQHV� �5�5�&��� QLWUHQHV�51��� DU\O� FDWLRQV� �5��� HWF�� 0RUHRYHU�� DKDORJHQ� DQLRQ� RU� R[\JHQ� DWRP�PD\� EH� RQHRI�WKH�IUDJPHQWV�PHQWLRQHG�,Q� WKLV� ZRUN�� PROHFXOHV� RI� WKH� DERYHW\SHV�� QDPHO\�� GLD]RPHWKDQH� �,��� PHWK\OGLD]RQLXP� FDWLRQ� �,,�� GLD]RTXLQROLQH� �,,,��GLD]RQLXP� VDOWV� �,9��� DQG� D]LGHV� �9�� KDYHEHHQ� LQYHVWLJDWHG� WKHRUHWLFDOO\� DQG� LQ� H[ �SHULPHQWV�

,Q� WKH� H[SHULPHQWDO� VWXGLHV� WKH� VSHFWUR �VFRSLF� DQG� SKRWRFKHPLFDO� SURSHUWLHV� RI� WKHFRPSRXQGV� ZHUH� FRQVLGHUHG� ZKLOH� LQ� WKHR �UHWLFDO� RQHV�� WKH� TXDQWXP�FKHPLFDO� FDOFXOD �WLRQV� RI� H[FLWHG� PROHFXODU� VWDWHV� �01'2DQG�$0��PHWKRGV�>�@���)RU�FRPSDULVRQ��FDO �FXODWLRQV�ZHUH�SHUIRUPHG�IRU�&O2Q± DQG�,2Q±PROHFXOHV� WKDW� FRXOG� FRQWULEXWH� WR� XQGHU �VWDQGLQJ�RI�;H2Q PROHFXOH�

7KH� H[SHULPHQWDO� PHDVXUHPHQWV� ZHUHPDGH� RQ� VROXWLRQV� XVLQJ� D� 6SHFRUG� 0���VSHFWURSKRWRPHWHU�DQG�D�PHUFXU\�ODPS��RQHHPLVVLRQ�OLQH�ZDV�LVRODWHG�E\�OLJKW�ILOWHUV�&O2Q± DQG�;H2Q PROHFXOHV��&DOFXODWLRQ�RIHQHUJ\�GLDJUDP�IRU�&O2± KDV�VKRZQ�WKDW�DOO
π�02� LQ� WKH�PROHFXOH� DUH�RFFXSLHG� E\� HOHF �WURQV�� 7KH� ORZHU� VLQJOHW� VWDWH� 6� FRUUH�VSRQGV�WR� WUDQVIHU�RI�RQH�HOHFWURQ�IURP� π
�02� WR�σ
�02�� WKH� ODWWHU�EHLQJ� IRUPHG�DV�DOLQHDU� FRPELQDWLRQ� RI� S]�$2� RI� LQWHUDFWLQJDWRPV�� $� SRWHQWLDO� ZHOO� RI� DERXW� ���� H9GHSWK�ZLWK�D�PLQLPXP�DW� U&O±2  � �����c LVFOHDUO\�VHHQ�RQ�VXUIDFHV�RI�6� DQG�7� VWDWHV�LQ�JURXQG� VWDWH�� U&O±2  ������c���7KLV�ZHOOLV� GXH� WR� R[\JHQ� DWRP� SRODUL]DWLRQ� LQ� WKHFKORULQH� DQLRQ� ILHOG� DW� ORQJ� GLVWDQFHV�� 7KHSUHVHQFH�RI�WKH�SRWHQWLDO�ZHOO�UHVXOWV�LQ�WKDWWKH� SKRWRGLVVRFLDWLRQ� RI� H[FLWHG� &O2± PROH�FXOH� LV�SRVVLEOH�RQO\�IURP�WKH�KRW� 6� RU�7�VWDWH�� 7KLV� SURFHVV� LV� SRVVLEOH� LQ� JDV� SKDVHZKLOH�EHLQJ�VXEVWDQWLDOO\�KLQGHUHG�LQ�D�FRQ �GHQVHG�RQH��$Q�HIIHFWLYH�GLVVRFLDWLRQ�LQ�FRQ �GHQVHG�SKDVH�PD\�RFFXU� RQO\� XQGHU� σ → σ
H[FLWDWLRQ� �HQHUJ\� VXUIDFHV� RI� 6�σσ
�� DQG7�σσ
��VWDWHV�DUH�SXUHO\�GLVVRFLDWLYH��6LQFH�+DO2Q± PROHFXOHV� �+DO  �D� KDORJHQDWRP�� LQ� VROXWLRQV� DUH� HOHFWURQ� DFFHSWRUV�WKH�HQHUJ\�VXUIDFH�IRU�+DO2Q�± ZDV�DOVR�FDO�FXODWHG�� ,W� WXUQHG�RXW�WR�EH�D�SXUHO\�GLVVR �FLDWLYH�� WKDW� LV�� WKH� HOHFWURQ� WUDQVIHU� RQWR+DO2Q�± UHVXOWV� LQ� WKDW� DQ� R[\JHQ� DQLRQ� LVVSOLWWHG� RII� �&O2Q± ��HÜ → &O2Q±�± ��2±��7KH� HOHFWURQ� WUDQVIHU� SURFHVV� LV� LPSRVVLEOHLQ� YDFXXP�� VLQFH� WKLV� UHDFWLRQ� RFFXUV� ZLWKWKH�V\VWHP�HQHUJ\�LQFUHDVH�GXH�WR�LQWHUHOHF �WURQ�UHSXOVLRQ��1HYHUWKHOHVV��LQ�DTXHRXV�VR �OXWLRQV�� DQ� HQHUJ\� JDLQ� WDNHV� SODFH� GXH� WRLQWHUDFWLRQ� RI� +DO2Q�± ZLWK� WKH� VROYHQWPROHFXOHV��WKH�VROYHQW�SRODUL]DWLRQ��,Q�;H2Q��HOLPLQDWLRQ�RI�WKH�LQWHUHOHFWURQUHSXOVLRQ� HIIHFW� UHVXOWV� LQ� D� VXEVWDQWLDO� LQ �FUHDVH� RI� R[LGDWLYH� SURSHUWLHV�� 7KDW� LV�ZK\;H2Q LQ�DQ\�DJJUDJDWH�VWDWH�H[SORGHV�LQ�WKHSUHVHQFH� RI� HYHQ� WUDFH� DPRXQWV� RI� DQ� HOHF �WURQ�GRQRU�,Q�ZKDW�IROORZV��LQ�FRQQHFWLRQ�ZLWK�VXFKGLVWLQFWLRQ� LQ� SURSHUWLHV� RI� +DO2Q± DQG;H2Q��ZH�ZLOO�FRPSDUH�WKH�SURSHUWLHV�RI�WZRVLPLODU� VWUXFWXUHV� GLIIHULQJ� LQ� WKH� JURXQGVWDWH�FKDUJH�DV�ZHOO�DV�RI�RQH�DQG�WKH�VDPHVWUXFWXUH� LQ� WKH� JURXQG� DQG� UHGXFHG� �FRQ �WDLQLQJ�RQH�HOHFWURQ�PRUH��VWDWHV�'LD]RPHWKDQH� PROHFXOH� DQG� PHWK\O� GLD �]RQLXP� FDWLRQ� 7KH� GLD]RPHWKDQH� PROHFXOH�,��DQG�LWV�SURWRQDWHG�IRUP��,,��DUH�VLPSOHVWV\VWHPV��&DOFXODWLRQV�RI�HQHUJ\�VXUIDFHV�IRU
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,�XQGHU�YDU\LQJ�&±1 ERQG�OHQJWK�VKRZ�WKDWVXFK� D�PROHFXOH� KDV� DQ� DEVRUSWLRQ� EDQG� LQ89� VSHFWUDO� UHJLRQ� UHODWHG� WR� π → π
 TXDQ�WXP� WUDQVLWLRQ� DV� ZHOO� DV� ZHDN� DEVRUSWLRQEDQGV� DW� WKH� ERXQGDU\� EHWZHHQ� YLVLEOH� DQG89� UHJLRQV� UHODWHG� WR� π → σ
 DQG� π → π\TXDQWXP� WUDQVLWLRQV� �)LJ������ 7KH� PHQ �WLRQHG�σ
 02� LV� ORFDOL]HG� RQ� WKH� &±1 ERQGZKLOH�WKH�π\��RQ�WKH�GLD]R�JURXS��,W�LV�VHHQIURP�WKH�HQHUJ\�GLDJUDP� WKDW� WKH�PROHFXOHGLVVRFLDWLRQ� LV� SRVVLEOH� ERWK� IURP� WKH� KRW6�πσ
�� VWDWH� �WKH� PROHFXOH� H[FLWDWLRQ� DWVPDOO� &±1 ERQG� OHQJWK�� DQG� IURP� 7�πσ
�RQH��7KH�ODWWHU�LV�IRUPHG�PRVW�OLNHO\�GXH�WRHQHUJ\� WUDQVIHU� IURP� 6�ππ\�� VWDWH� WR�7�πσ
�RQH� �SUH�GLVVRFLDWLRQ�� DQG� FDXVHV� WKH� PROH �FXOH� GLVVRFLDWLRQ� HYHQ� IURP� WKHUPDOL]HGVWDWH��ORZ�SRWHQWLDO�ZHOO�GHSWK��UHVXOWLQJ�LQIRUPDWLRQ�RI�FDUEHQH�LW�WULSOHW�VWDWH�DQG� 1�PROHFXOH�7KH�FDOFXODWLRQ�KDV�VKRZQ�WKDW�FDSWXULQJRI�RQH�HOHFWURQ�E\�WKH�PROHFXOH�DOPRVW�GRHVQRW� FKDQJH� WKH� PROHFXODU� HQHUJ\� LQ� WKHJURXQG�VWDWH��WKH�DIILQLW\�HQHUJ\�LV�FORVH�WR]HUR��� 7KXV�� UHGXFWLRQ� RI� PROHFXOH� ,� GRVHQRW�UHVXOW�LQ�LWV�GLVVRFLDWLRQ�7KH� GLD]RPHWKDQH� SURWRQDWLRQ� ZLWKPHWK\O� GLD]RQLXP� �,,�� IRUPDWLRQ� FKDQJHV

VXEVWDQWLDOO\� WKH� HQHUJ\� VXUIDFH� VWUXFWXUHIRU� WKH� JURXQG� DQG� H[FLWHG� VWDWHV�� 6XFKPROHFXOH� GLVVRFLDWHV� HDVLO\� IURP� 6�πσ
�� DQG7�πσ
�� VWDWHV� WKDW� DUH� IRUPHG� E\� SUH�GLVVR �FLDWLRQ� IURP�WKH�6�ππ
�� VWDWH��7KLV�SURFHVV�KRZHYHU�� UHTXLUHV� D� KLJKHU� H[FLWLQJ� TXDQ �WXP�HQHUJ\�WKDQ�LQ�WKH�FDVH�RI�PROHFXOH�,�7KH� PHWK\O� GLD]RQLXP� WXUQHG� RXW� WRKDYH� D� KLJKHU� DIILQLW\� HQHUJ\� WR� HOHFWURQ�H[FHHGLQJ� �� H9��� WKLV� HQHUJ\� LQFUHDVLQJZLWK�WKH�&±1 ERQG� OHQJWK��$V�D�UHVXOW��WKH&±1 ELQGLQJ�HQHUJ\�GHFUHDVHV�IURP������H9�LQ�PHWK\O�GLD]RQLXP��WR������H9��LQ�LWV�UH �GXFHG� IRUP��� 7KLV� HIIHFW� LV� VXIILFLHQW� IRUGLVVRFLDWLRQ� RI� WKH� UHGXFHG� PROHFXOH� DWURRP� WHPSHUDWXUH�� WKDW� LV�� WKH�PHWK\O� GLD �]RQLXP�GLVVRFLDWLRQ�FDQ�EH�VHQVLWL]HG�E\�WKHSKRWRLQGXFHG�HOHFWURQ�WUDQVIHU�'LD]RTXLQRQH�DQG�GLD]RQLXP�FDWLRQ ��1RZOHW�WKH�VWUXFWXUHV�,,,�DQG�,9�EH�FRQVLGHUHG�7KH�FDOFXODWLRQ�UHVXOWV�VKRZ�WKDW�WKH�GLD]R �TXLQRQH� GLVVRFLDWLRQ� LV� SRVVLEOH� RQO\� IURPLWV�6�ππ
�� VWDWH� WKDW� LV� WKH� 6� VWDWH� RI� WKHPROHFXOH��)LJ������7KH�HQHUJ\�EDUULHU�KHLJKWIRU�GLVVRFLDWLRQ�IURP�WKDW�VWDWH�LV�DV�ORZ�DV�����H9��WKXV�SURYLGLQJ�D�KLJK�GLVVRFLDWLRQHIILFLHQF\��$OO�RWKHU�VWDWHV�KDYH�EHHQ�IRXQG

)LJ����� (QHUJ\� GLDJUDPV� IRU� +�&1� �$�� DQG+�&1�� �%�� )LJ����� (QHUJ\� GLDJUDP� RI� GLD]RTXLQRQH� �$��∆(>6��ππ
�@� ������� H9�� DQG� S�K\�GUR[\SKHQ\O� GLD]RQLXP� �%�� �∆(>7�πσ
�@� ������H9��
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WR� EH� LQDFWLYH� IRU� WKH� GLVVRFLDWLRQ� SURFHVV�0ROHFXOH�,,�H[KLELWV�D�KLJK�HOHFWURQ�DIILQLW\HQHUJ\� �DERXW� �� H9�� WKDW� LV� DOPRVW� LQGH �SHQGHQW�RI�WKH�&±1 ERQG�OHQJWK��VLQFH�WKH�σ
02� LV� QRW� LQYROYHG�� WKHUHIRUH�� WKH� &±1ELQGLQJ� HQHUJ\� UHPDLQV� DOPRVW� XQFKDQJHG�7KDW� LV�ZK\� WKH�PROHFXOH� FDQQRW� GLVVRFLDWHDIWHU�WKH�HOHFWURQ�FDSWXULQJ�3URWRQDWLRQ� RI� ,,,� XQGHU� IRUPDWLRQ� RIFDWLRQ�,9�FKDQJHV�GUDPDWLFDOO\�WKH�PROHFXOHSURSHUWLHV��1RZ�LW�LV�MXVW� 6�πσ
��DQG�7�πσ
�VWDWHV� WKDW� EHFRPH� GLVVRFLDWLYH�� WKH� FDWLRQWUDQVLWV� WR� WKRVH� VWDWHV�GXH� WR�SUH�GLVVRFLD �WLRQ�IURP�WKH�6�ππ
��RQH��7KH�PDLQ�GLVVRFLD�WLRQ� SURGXFW� LV�PRVW� OLNHO\�K\GUR[\�SKHQ\OFDWLRQ� LQ� H[FLWHG� VLQJOHW� VWDWH� WKDW� LV� UH �OD[HG�WKHQ�LQWR�WKH�JURXQG�WULSOHW�RQH��7KHHQHUJ\� EDUULHU� IRU� GLVVRFLDWLRQ� IURP� 6�πσ
�VWDWH� LV� DV� ORZ� DV� ���� H9� DQG� IURP� WKH7�πσ
��RQH�������H9�7KH� UHVXOW� RI� HOHFWURQ� FDSWXULQJ� E\� FDW �LRQ�,9�LV�WR�EH�H[SHFWHG��7KH�FDWLRQ�,9�HOHF �WURQ� DIILQLW\� HQHUJ\� LQ� WKH� HTXLOLEULXP� JH �RPHWU\� WXUQV� RXW� WR� DPRXQW� ���� H9� DQG� WRLQFUHDVH� XS� WR� ����� H9� DV� WKH� &±1 ERQGOHQJWK� LQFUHDVHV� XS� WR� ���� QP�� 7KH� HQHUJ\VXUIDFH�RI�UHGXFHG�FDWLRQ�,9�KDV�QR�EDUULHUDV�WKH�&±1 ERQG�OHQJWK�LQFUHDVHV��7KXV��WKHSKRWRLQGXFHG� WUDQVIHU� RI� HOHFWURQ� WR� FDWLRQ,9�SURYLGHV�LWV�GLVVRFLDWLRQ�LQWR�DU\O�UDGLFDODQG�QLWURJHQ�PROHFXOH�9DULDWLRQ� RI� VXEVWLWXHQW� LQ� FDWLRQ� ,9GRHV�QRW�FKDQJH�WKH�GLVVRFLDWLRQ�PHFKDQLVPIURP� GLVVRFLDWLYH� VLQJOHW� DQG� WULSOHW� πσ
VWDWHV�� WKH� FDWLRQ� WUDQVLWLQJ� LQWR� WKRVHVWDWHV� GXH� WR� SUH�GLVVRFLDWLRQ� IURP� WKH6�ππ
��RQH�([SHULPHQWDO�VWXGLHV�DQG�WKHRUHWLFDO�FDO �FXODWLRQV�VKRZ�WKDW�WKH�HQHUJ\�RI�H[FLWDWLRQLQWR�6�ππ
�� VWDWH� LQFUHDVHV� UHJXODUO\� DV� WKHHOHFWURQ�DFFHSWLQJ� SURSHUWLHV� RI� WKH� VXEVWL �

WXHQW� EHFRPH� VWURQJHU� �IURP� 1+� WR�12���%RWK� π → π
 TXDQWXP� WUDQVLWLRQV� DQG
π → σ
 RQHV� DUH� REVHUYDEOH� LQ� H[SHULPHQW�)LJ�����EHFDXVH�ZHDN�π → σ
 TXDQWXP�WUDQ�VLWLRQV��YLVLEOH�RQO\�DV�ORQJ�ZDYHOHQJWK�NQHHLQ�WKH�π → π
 DEVRUSWLRQ�EDQG�DW�URRP�WHP�SHUDWXUH�DQG�DV�D�ZHDO�EDQG�LQ�IUR]HQ�VROXWLRQV� >����@�� DUH� ZLWKLQ� WKH� UHJLRQ� RI� ORZHUHQHUJ\� WKDQ� WKH� ORQJ�ZDYHOHQJWK� π → π
WUDQVLWLRQ�� ,W� LV� VHHQ� IURP� )LJ���� WKDW� WKHH[WLQFWLRQ� FRHIILFLHQW� IRU� π → σ
 WUDQVLWLRQLV�VHYHUDO�RUGHUV�ORZHU�WKDQ�WKDW�IRU� π → π
RQH�� 6LQFH� WKH� πσ
 VWDWH� LV� GLVVRFLDWLYH�� DGLUHFW�H[FLWDWLRQ�WR�WKH�ZHDN�EDQG�UHVXOWV�LQWKH� GLD]RQLXP� FDWLRQ� GLVVRFLDWLRQ� ZLWK� WKHVDPH� TXDQWXP� \LHOG� DV� WKDW� DW� H[FLWDWLRQLQWR� 6�ππ
�� VWDWH� >�@�� 7KXV�� WKH� HQHUJ\VWUXFWXUH� RI� GLD]RQLXP� FDWLRQ� SURYLGHV� WKHFDWLRQ� H[FLWDWLRQ� UHOD[DWLRQ� RQO\� YLD� πσ
VWDWH�,Q�DOO�FDVHV��WKHUH�LV�D�ORZ�HQHUJ\�EDUULHUIRU� WKH� FDWLRQ� GLVVRFLDWLRQ� IURP� WKH� 6�πσ
�VWDWH�� ,Q� ULJLG� VROYHQWV�� HVSHFLDOO\� LQ� WKHIUR]HQ�RQHV��WKH�GLVVRFLDWLRQ�SURFHVV�PD\�EHVORZHG� GXH� WR� VWHULF� KLQGUDQFHV�� 7KLV� UH �VXOWV�LQ�WKH�6�πσ
� → 7�πσ 
��FRQYHUVLRQ�DQGWKH� FDWLRQ� GLVVRFLDWLRQ� IURP� WKH� 7�πσ
�VWDWH��:H�KDYH�SURYHQ�WKDW� WKH�SKRWRGLVVR �FLDWLRQ� SURFHVV� HIILFLHQF\� LV� KLJK� HYHQ� LQVROXWLRQV�IUR]HQ�DW�����.�,QGHSHQGHQW�RI�WKH�VXEVWLWXHQW�QDWXUH�LQFDWLRQ� ,9�� LW� KDV� D� KLJK� HOHFWURQ� DIILQLW\HQHUJ\� �IURP� ���� H9� IRU� DPLQR� VXEVWLWXWHGSKHQ\O�GLD]RQLXP��3K'��WR�����H9�IRU�QLWURVXEVWLWXWHG� RQH��� 7KH� HOHFWURQ� FDSWXULQJ� DWURRP� WDPSHUDWXUH� UHVXOWV� LQ� GLVVRFLDWLRQLQWR� QLWURJHQ� PROHFXOH� DQG� DU\O� UDGLFDO�7KXV�� SKRWRO\VLV� RI� DQ\� GLD]R� FDWLRQ� �'&�FDQ�EH�VHQVLWL]HG�E\�G\HV��6LQFH�WKH�'&�HOHF �WURQ�DIILQLW\�GHSHQGV�RQ�WKH�VXEVWLWXHQW�QD �WXUH�� DQ\� G\H� PD\� DFW� DV� SKRWRO\VLV� VHQVL �WL]HG� RQO\� IRU� D� '&� ZLWK� D� FHUWDLQ� VHW� RIVXEVWLWXHQWV� SURYLGLQJ� DQ� HQHUJ\� JDLQ� DWWKH� HOHFWURQ� WUDQVIHU� IURP� WKH� H[FLWHG� G\HPROHFXOH� WR� WKH� '&�� )RU� H[DPSOH�� H[SHUL �PHQWV� >�@� KDYH� VKRZQ� WKDW� [DQWKHQH� G\HVVHQVLWL]H� HIILFLHQWO\� '&� ZLWK� VXEVWLWXHQWVUDQJLQJ� IURP� 2&+� WR� 12��� ZKLOH� LQ� WKHFDVH�RI�S±1�&�+���±3K'� WKH�TXDQWXP�\LHOGRI�HOHFWURQ�SKRWRLQGXFHG�WUDQVIHU� LV���GHFL �PDO�RUGHU�ORZHU�$]LGHV��$]LGHV��9��IRUP�DQRWKHU�JURXS�RIVXEVWDQFHV�ZLWK� D� ;H±2 W\SH� ERQG� EHWZHHQPROHFXODU� IUDJPHQWV�� 7KRVH� PROHFXOHV� FRQ �VLVW�RI�D�OLQHDU�1� JURXS�DQG�D�IUDJPHQW�5�7KH�ODWWHU�FDQ�EH�D�K\GURJHQ�RU�DONDOL�PHWDODWRP� DV� ZHOO� DV� DQ\� SRO\DWRPLF� IUDJPHQW

)LJ�����$EVRUSWLRQ�VSHFWUD�RI�DTXHRXV�VROXWLRQVRI�S�VXEVWLWXWHG�GLD]RQLXP�VDOWV��6XEVWLWXHQWV�1�&�+��� �����2&+� �����%U �����+ ����
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�UDGLFDO��� ,W� LV� MXVW� VXEVWLWXWHG� SKHQ\O� D] �LGHV��3K$��WKDW�DUH�XVHG�PRVW�ZLGHO\�$V� ZHOO� DV� GLD]RQLXP� VDOWV�� D]LGHV� DUHVLPLODU�WR�;H2Q LQ�WKDW�WKRVH�DUH�H[SORVLYH�,W�ZDV�VKRZQ�DERYH�WKDW�WKH�HOHFWURQ�WUDQV �IHU� WR� ;H2Q DQG� '&� FDXVHV� WKH� PROHFXOHGLVVRFLDWLRQ�WKDW�FDQ�JLYH�ULVH�WR�H[SORVLRQ�1RZ� OHW� VLPLODU� SURFHVVHV� LQ� D]LGHV�EH� FRQ �VLGHUHG�� ,QYHVWLJDWLRQ� RI� +1� DQG� /L1� DVPRGHO�V\VWHPV�KDV�VKRZQ�WKDW�LQ�ERWK�FDVHVWKH�PROHFXOH�HOHFWURQ�DIILQLW\�HQHUJ\�LV�ORZ���WR�����H9�LQ�+1� DQG���WR�����H9�LQ�/L1��GHSHQGLQJ�RQ�WKH�GLVVRFLDWLQJ�ERQG�OHQJWK��&DOFXODWLRQ�RI�WKH�H[FLWHG�VWDWH�HQHUJ\�GLD �JUDP� IRU� WKRVH� PROHFXOHV� KDV� VKRZQ� WKDW+1� FDQ� GLVVRFLDWH� IURP� WKH� WULSOHW� 7 �π�π\��σ
�� VWDWH� RU� IURP� KRW� 6�π�π\ ��σ
�� RQH� DWDUELWUDU\� WHPSHUDWXUH�� )RU� ERWK� WKRVHVWDWHV�� LW� LV� MXVW� DQ�02�EHLQJ� D� K\EULG�EH �WZHHQ�π\ DQG�σ
 RQHV�WKDW�LV�DFWLYH��$�VLPL�ODU� FDOFXODWLRQ� IRU� /L1� KDV� VKRZQ� WKDW� LWFDQ� GLVVRFLDWH� RQO\� IURP� WKH� KRW� 7�π�σ
�VWDWH��EHFDXVH�WKH�HQHUJ\�EDUULHU�LV�DV�KLJKDV���H9��7KH�SRODU�VROYHQW�HIIHFW�LV�WKH�RQO\IDFWRU� IDYRULQJ� WKH� /L1� GLVVRFLDWLRQ�� ,W� LVVHHQ�WKDW� WKH�HOHFWURQ�WUDQVIHU�RU�SKRWRGLV �VRFLDWLRQ�FDQQRW�H[SODLQ�WKH�H[SORVLYH�SURS �HUWLHV�RI�/L1� ZLWKRXW�DFFRXQW�IRU�RWKHU�IDF�WRUV�(QHUJ\� GLDJUDP� IRU� SKHQ\O� D]LGH� DUHVLPLODU� WR� WKDW� IRU� +1��� ,Q� WKLV� FDVH�� WKHSKRWRGLVVRFLDWLRQ� HIILFLHQF\� LV� KLJK� ERWKIURP�6�π�σ
��DQG�7�π�σ
��VWDWHV��7KH�HQHUJ\EDUULHU� LQ� WKH� 7�π�σ
�� VWDWH� LV� DV� ORZ� DV�����H9��WKXV�PDNLQJ�WKH�SKRWRGLVVRFLDWLRQSRVVLEOH� DW� VXEVWDQWLDOO\� DQ\� WHPSHUDWXUH�([SHULPHQWDO�LQYHVWLJDWLRQV�RI�SKHQ\O�D]LGHLQ� IUR]HQ� ����� .�� DOFRKROLF� VROXWLRQV� RU� LQSRO\PHU� OD\HUV� KDYH� VKRZQ� WKDW� WKH� SKRWR �GLVVRFLDWLRQ�UHDOO\�RFFXUV��7KH�PROHFXODU�QL �WURJHQ�KDV�EHHQ�IRXQG�WR�FU\VWDOOL]H�LQ�FHU �WDLQ�DUHDV�RI�WKH�VROYHQW��RU�SRO\PHU�OD\HU��$V� WKH� VDPSOH� LV� KHDWHG�� QLWURJHQ� IRUPVKLJK�SUHVVXUH�JDV�EXEEOHV� �YHVLFXOHV�� LQ�WKHSRO\PHU� PDWUL[�� 7KXV�� WKHRUHWLFDO� FDOFXOD �WLRQV�RI�HQHUJ\�VWUXFWXUH�DQG�SKRWRGLVVRFLD �WLRQ� PHFKDQLVPV� LQ� D]LGHV� KDYH� EHHQ� ZHOOFRQILUPHG�LQ�H[SHULPHQW�7\KH�HOHFWURQ�WUDQVIHU�RQWR�SKHQ\O�D]LGHPROHFXOH� UHVXOWV� LQ� DQ� LQFUHDVH� RI� WKH� HOHF �WURQ� V\VWHP� HQHUJ\� E\� �� H9�DW� WKH� HTXLOLE �ULXP�PROHFXODU�JHRPHWU\��7KH�SKHQ\O�D]LGHHQHUJ\�VXUIDFH�ZLWK�RQH�H[FHVV�HOHFWURQ�DQ �VZHUV� WR� WKH�GLVVRFLDWLYH�RQH��7KXV��SKHQ\OD]LGH� GLVVRFLDWHV� XQGHU� HOHFWURQ� WUDQVIHU�1HYHUWKHOHVV�� LW� IROORZV� ERWK� IURP� FDOFX �ODWHG� DQG� H[SHULPHQWDO� GDWD� WKDW� WKH� G\HVHQVLWL]DWLRQ� RI� WKDW� SURFHVV� LV� LPSRVVLEOH�

7KH� HOHFWURQ� WUDQVIHU� IURP� WKH� PDWUL[� RUG\H� LV� SRVVLEOH� PRVW� OLNHO\� RQO\� XQGHU� DKLJK�HQHUJ\�H[FLWDWLRQ�6HQVLWL]DWLRQ� RI� GLD]RQLXP� VDOW� �'6�SKRWRVHQVLWLYLW\�� 'XULQJ� WKUHH� OHVW� GHFDGHV�VHYHUDO� WHQV� RI� ZRUNV� ZHUH� SXEOLVKHG� GHDO �LQJ�ZLWK� VHQVLWL]DWLRQ� RI�'6�SKRWRO\VLV� >�Ü��@�ZKHUH�OLJKW�VHQVLWLYLW\�RI�VHQVLWL]HG�GLD �]RW\SLF� PDWHULDOV� ZDV� FRQVLGHUHG�� ,W� ZDVVKRZQ� WKDW� WKH� '6� SKRWRO\VLV� VHQVLWL]DWLRQLV� GXH� WR� HOHFWURQ� WUDQVIHU� IURP� WKH� VHQVL �WL]HU� WR� '6�� ERWK� PROHFXOHV� EHLQJ� ERXQGLQWR� DQ� DVVRFLDWLRQ� GXH� WR� HOHFWURVWDWLFIRUFHV��DFFRUGLQJ�WR�WKH�IROORZLQJ�VFKHPH���
$U1�+ + ' → ($U1�+���') →Kν

← ($U1�����'+�)� ���
$U1�� → $U � + 1��� ���

$U � + 5+ → $U+ + 5 �� ���ZKHUH�$U LV�WKH�DU\O�IUDJPHQW�RI�'&��'��WKHHOHFWURQ�GRQRU��VHQVLWL]HU���5+��WKH�VROYHQW�7KH� '&� DVVRFLDWLRQ� ZLWK� WKH� VHQVLWL]HUPROHFXOH� LV� FRQILUPHG� E\� WKH� FKDUJH� WUDQV �IHU� DEVRUSWLRQ� EDQGV� >�@�� E\� WKH� VHQVLWL]D �WLRQ� HIILFLHQF\� GHSHQGHQFH� RQ� WKH� VROYHQWGLHOHFWULF� FRQVWDQW� >��@� DV� ZHOO� DV� E\� WKHRSWLFDO� GHQVLW\� GHSHQGHQFH� LQ� WKH� G\H� DE �VRUSWLRQ� VSHFWUXP� RQ� WKH�'6� FRQFHQWUDWLRQ>��@��7KRVH�UHVXOWV�DOORZHG�WR�ILQG�WKH�HOHF �WURQ�DIILQLW\�HQHUJ\�IRU�'&�EHDULQJ�YDULRXVVXEVWLWXHQWV� DW� WKH� SKHQ\O� IUDJPHQW� >��@�7KH� HOHFWURQ� DIILQLW\� HQHUJ\� WXUQHG� RXW� WRLQFUHDVH�UHJXODUO\�DV�WKH�*DPHW�σ� FRQVWDQWLQFUHDVHV� �IURP� ���� H9� IRU� S±1�&+���± WR���� H9� IRU� S±12��SKHQ\O� GLD]RQLXP��� ,W� LVFOHDU� WKDW� IRU� WKH� HOHFWURQ� SKRWRLQGXFHGWUDQVIHU�IURP�WKH�VHQVLWL]HU�PROHFXOH�WR�'&ZDV�SRVVLEOH��WKH�LRQL]DWLRQ�SRWHQWLDO�RI�WKHH[FLWHG� PROHFXOH� �,*
  �,* Ü�Kν�� VKRXOG� EHORZHU� WKDQ� WKH�'&� HOHFWURQ� DIILQLW\� HQHUJ\�($�� ZKLOH� WKH� SRWHQWLDO� ,* VKRXOG� H[FHHG($ VR� WKDW� WKH� HOHFWURQ� WUDQVIHU� ZRXOG� EHLPSRVVLEOH�LQ�GDUN�FRQGLWLRQV��6XFK�LQWHUUH �ODWLRQV�UHVWULFW�WKH�VHQVLWL]HU�VHOHFWLRQ�2XU� VWXGLHV� KDYH� VKRZQ� WKDW� HIILFLHQWVHQVLWL]DWLRQ� RI�'6� SKRWRO\VLV� �SDUD� VXEVWL �WXWHG� SKHQ\O� GLD]RQLXP� ERURQ� IOXRULGHVZHUH� LQYHVWLJDWHG�� FDQ� EH� UHDOL]HG� XVLQJG\HV�� LQ� SDUWLFXODU�� [DQWKHQH�� WKLD]LQH�R[D]LQH��SRO\PHWKLQH�RQHV��HWF��,Q�FRQWUDVW�DURPDWLF� FRPSRXQGV� �SRO\DFHQHV�� DUH� XQ �VXLWDEOH�IRU�'6�VHQVLWL]DWLRQ�6LQFH�WKH�'&�HOHFWURQ�DIILQLW\�HQHUJ\�GH �SHQGV� RQ� WKH� VXEVWLWXHQW�QDWXUH�� WKH� VHQVL �WL]DWLRQ� HIILFLHQF\� LQFUHDVHV� UHJXODUO\� ZLWKWKH�WKH�*DPHW�σ� FRQVWDQW�>��@��VHH�7DEOH��
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$V�D�UXOH��WKH�RSWLFDO�GHQVLW\� LQ�WKH�G\HDEVRUSWLRQ�UHJLRQ�GHFUHDVHV�LQ�WKH�FRXUVH�RIVHQVLWL]HG� '6� SKRWRO\VLV� DFFRUGLQJ� WR� UHDF �WLRQ������7KLV�HIIHFW�LV�REVHUYHG�QRW�RQO\�LQDTXHRXV�VROXWLRQV�EXW�DOVR�LQ�HWKDQRO�RU�DFH �WRQH��1R� G\H� FRQFHQWUDWLRQ� GHFUHDVH� RFFXUVRQO\�LQ�IRUPDPLGH��+�1&+2��GXH�WR�IRUPD�WLRQ� RI� WKH� VROYHQW� DFWLYH� UDGLFDO� �5•  +�1&• 2��� 0RUHRYHU�� WKH� DFWLYLW\� RI� WKDWUDGLFDO�KDV�IRXQG�WR�EH�VXIILFLHQW�WR�UHGXFHDOO� '&� H[FHSW� IRU� S±�&�+���1±3K'�� WKXVPDNLQJ� LW� SRVVLEOH� WR� UHDOL]H� WKH� FKDLQ�GLV �VRFLDWLRQ�UHDFWLRQ�RI�WKRVH�'&�5 � + $U1�+ → 5+ + $U � + 1�� ���
,Q� RWKHU� VROYHQWV�� WKH� DFWLYLW\� RI� WKH� 5•UDGLFDO�ZDV�ORZ�-XGJLQJ� IURP� WKH� GDWD� SUHVHQWHG�� WKHVHQVLWL]DWLRQ� ZRXOG� EH� H[SHFWHG� WR� WDNHSODFH�ERWK�LQ�OLTXLG�DQG�VROLG�VROYHQW�DQG�WREH� WHPSHUDWXUH�LQGHSHQGHQW�� 1HYHUWKHOHVV�89�DEVRUSWLRQ�VSHFWUD�DQG�(35�RQHV�RI� LU �UDGLDWHG� VROXWLRQV� PHDVXUHG� E\� XV� KDYHVKRZQ� WKDW� WKHUH� LV� QR� HOHFWURQ� SKRWRLQ �GXFHG�WUDQVIHU�IURP�WKH�VHQVLWL]HU�PROHFXOHWR�'&�LQ�IUR]HQ�VROXWLRQV�2Q� WKH� RWKHU�KDQG�� LQYHVWLJDWLRQ�RI� VHQ �VLWL]HG�'&�SKRWRO\VLV� LQ�SRO\PHU�OD\HUV�KDVVKRZQ�WKDW�DW�URRP�WHPSHUDWXUH�LQ�WKH�VROLGSRO\PHU� VROXWLRQ� WKH� HOHFWURQ� SKRWRLQGXFHGWUDQVIHU� UHDFWLRQ� GRHV� QRW� RFFXU� DQG� WKXVWKHUH� LV� QR� '6� VHQVLWL]DWLRQ� HIIHFW�� ,QWUR �GXFWLRQ�RI�D�SODVWLFL]HU��SRO\HWK\OHQH�JO\FRO�3(*�� LQWR� WKH� SRO\PHU� OD\HU� SURYLGHV� WKHVHQVLWL]HG� '6� SKRWRO\VLV�� WKH� UHDFWLRQ� UDWHLQFUHDVLQJ� ZLWK� WKH� SODVWLFL]HU� FRQFHQWUD �WLRQ� LQ� WKH� OD\HU�� 7KH�GHSHQGHQFH� RI� VHQVL �WL]HG�'6�SKRWRO\VLV�UDWH�RQ�WKH�SRO\PHU�PD �WUL[�QDWXUH�LV�H[SODLQHG�E\�WKDW�3(*�SODVWL �FL]HV� GLIIHUHQW� PDWULFHV� LQ� GLIIHUHQW� ZD\V�7KH�EHVW�SODVWLFL]DWLRQ�LV�DWWDLQHG�LQ�SRO\YL �Q\O�DFHWDWH��39$��DQG�SRO\YLQ\O�S\UUROLGRQH�393��� LW� LV� VRPHZKDW� ZRUVH� LQ� PHWK\OPHWDFU\ODWH�PHWDFU\OLF� DFLG� FRSRO\PHU�00&��DQG� LQ�SRO\YLQ\O�HWK\ODO� �39(���7KHSODVWLFL]HG� SRO\PHU� LV� VLPLODU� WR� D� JHO� VXE �VWDQWLDOO\� LQ� DOO� FDVHV�� 7KXV�� WKH� HIILFLHQF\

RI�VHQVLWL]HG�'6�SKRWRO\VLV�LQFUHDVHV�DV�WKHSRO\PHU�VROXWLRQ�ULJLGLW\�GURSV�7R� HOXFLGDWH� WKLV� HIIHFW� RI� WKH� SRO\PHUVROYHQW�RQ�WKH�VHQVLWL]HG�'6�SKRWRO\VLV�UDWH�TXDQWXP�FKHPLFDO� FDOFXODWLRQV� RI� HOHFWURQV\VWHP�HQHUJ\�VXUIDFH�KDYH�EHHQ�SHUIRUPHGIRU� '&� DQG� LWV� UHGXFHG� IRUP� �$U1�•�� DVIXQFWLRQ�RI�WKH�GLVVRFLDWLQJ�ERQG�OHQJWK� U&±1�� 7R� WKDW� HQG�� 01'2� DQG� $0�� PHWKRGV>��@�ZHUH�XVHG��7KH� FDOFXODWLRQV�ZHUH� GRQHIRU� RSWLPL]HG� '&� JHRPHWU\�� WKHQ�� DQ� DGGL �WLRQDO� HOHFWURQ�ZDV� LQWURGXFHG� DQG� WKH� GLV �VRFLDWLQJ� &±1 ERQG� OHQJWK� ZDV� VSHFLILHG�7KH�FDOFXODWHG�UHVXOWV�DUH�SUHVHQWHG�LQ�)LJ����,W� LV� VHHQ� WKDW� ZKHQ� DQ� HOHFWURQ� LV� WUDQV �IHUUHG� WR� '&�� LWV� JHRPHWU\� EHFRPHV� QRQ�

)LJ����� 3RWHQWLDO� VXUIDFH� FXUYHV� IRU� UHGXFHGS�VXEVWLWXWHG�SKHQ\O�GLD]RQLXP�FDWLRQV�RI�OLQ�HDU� ���� DQG� RSWLPL]HG� ���� JHRPHWU\�� ,QVHWV�&±1±1�DQJOH�YDOXH�DV�D�IXQFWLRQ�RI�&±1 ERQGOHQJWK�DW�RSWLPL]HG�UDGLFDO�JHRPHWU\�

7DEOH��4XDQWXP�\LHOGV�RI�SKRWRGLVVRFLDWLRQ�VHQVLWL]DWLRQ� IRU� DTXHRXV� VROXWLRQV� �S+� ��� RI�GLD�]RQLXP�VDOWV
'\H '6 S±�&�+���1±3K' S±&+�2±3K')OXRUHVFHLQH ���⋅��Ü� ���� ����(RVLQH ���⋅��Ü� ���� ����%HQJDOLD�SLQN ���⋅��Ü� ���� ����
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HTXLOLEULXP� RQH�� WKH� OLQHDU� &±1±1 JURXSVWUXFWXUH� VKRXOG� EH� FKDQJHG� WR� D� EURNHQRQH�� WKH� &11� DQJOH� EHLQJ� GHILQHG� ERWK� E\WKH� VXEVWLWXHQW�QDWXUH� LQ� WKH� SDUD� SRVLWLRQRI� 3K'� DQG� E\� WKH� &±1 ERQG� OHQJWK� �VHHLQVHW�LQ�)LJ�����6LQFH�WKH�HOHFWURQ�WUDQVIHU�WR�'&�UHVXOWVLQ� IRUPDWLRQ� RI� D� UDGLFDO� ZLWK� QRQ�HTXLOLE �ULXP� �OLQHDU�� &±1±1 JURXS� VWUXFWXUH�� ERWKWKH� &±1 ERQG� EUHDNGRZQ� UHDFWLRQ� GLUHFWO\IURP� WKLV� VWDWH� �$U1�•�
 DQG� WKHUPDOL]DWLRQWR� WKH� HTXLOLEULXP� $U1�• JHRPHWU\� EHFRPHSRVVLEOH��7KH�SRVVLELOLW\�RI�WKH�UDGLFDO�GLVVR �FLDWLRQ�IURP�QRQ�WKHUPDOL]HG��KRW��VWDWH�IRO �ORZV�IURP�WKH�IDFW�WKDW�WKH�SRWHQWLDO�EDUULHUIRU� WKH� &±1 ERQG� HORQJDWLRQ� LV� ORZ� LQ� DOOFDVHV� DQG� WKH� IRUPDWLRQ� SUREDELOLW\� RI� DVWDWH� ZLWK� HQHUJ\� H[FHHGLQJ� WKH� EDUULHU� LVKLJK�HQRXJK��EHFDXVH�($ !�,*
 IRU�PDQ\�LQ�VWDQWDQHRXV�VWDWHV�7KH�SUHVHQFH�RI�RWKHU�PROHFXOHV�QHDU�WKH�$U1�•�
 UDGLFDO� LQWHUDFWLQJ� ZLWK� WKH� ODWWHUUHVXOWV�LQ�WKHUPDOL]DWLRQ�WR�WKH�$U1�• VWDWH�7KH� ODWWHU�PHDQV�WKDW�WKH�UDGLFDO�JHRPHWU\FKDQJHV� WR� WKH�HTXLOLEULXP�RQH�DQG�WKH�H[ �FHVV�HQHUJ\�WUDQVIRUPV�LQWR�WKHUPDO�HQHUJ\RI�WKH�PROHFXODU�V\VWHP��7KH�WKHUPDOL]DWLRQSUREDELOLW\� PXVW� LQFUHDVH� DV� VWHULF� KLQ �GUDQFHV�DULVH�GXH�WR�WKH�SRO\PHU�PDWUL[�UL �JLGLW\��7KLV��LQ�WXUQ��KLQGHUV�WKH�&±1 ERQGHORQJDWLRQ�DQG�GLVVRFLDWLRQ�RI�$U1�•�,W� LV� VHHQ� IURP� )LJ���� WKDW� WKH� EDUULHUKLQGHULQJ� WKH� $U1�• GLVVRFLDWLRQ� LV� DERXW��H9�KLJK��7KLV�LV�VXIILFLHQW�WR�SUHYHQW�WKHGLVVRFLDWLRQ�FRPSOWHO\�DW�URRP�WHPSHUDWXUH�,Q� WKLV� FDVH�� WKH� HOHFWURQ�PXVW� EH�H[SHFWHGWR�UHWXUQ�LQWR�WKH�R[LGL]HG�G\H�PROHFXOH�7KXV�� WKH� IXOO� VFKHPH� RI� VHQVLWL]HG� '6SKRWRO\VLV�LV�DV�IROORZV�
���

ZKHUH� $�  ��'���$U1���� LV� WKH� DVVRFLDWH� LQWKH� JURXQG� VWDWH��$�
  ��'
���$U1����� WKH�DV�VRFLDWH� ZLWK� H[FLWHG� G\H� PROHFXOH�� $�
  �'�•����$U1�•�
���DVVRFLDWH�DIWHU�$U1�• IRUPD�WLRQ�LQ�KRW�VWDWH��$�
  ��'�•���$U1�•���WKH�DV�VRFLDWH�DIWHU�WKHUPDOL]DWLRQ�,Q�WKLV�FDVH��WKH�VHQVLWL]HG�'6�SKRWRO\VLVNLQHWLFV�LV G >$U �@GW = −
G >$�@GW =

=
N�N� + N� N�τ� + N�τ ε >$�@,� = ϕ�ϕ�ε>$�@,��

���

ZKHUH� ϕ�  �N�τ������N� τ�� LV� TXDQWXP� \LHOGRI� HOHFWURQ� SKRWRLQGXFHG� WUDQVIHU� IURP� '
WR� '&� LQ� WKH� DVVRFLDWH�� ϕ�  �N���N� ��N���TXDQWXP�\LHOG�RI��$U1�•�
 GLVVRFLDWLRQ�LQ�WKHDVVRFLDWH�7KH�ϕ� YDOXH�LV�LQGHSHQGHQW�RI�WKH�VHQVL �WL]HU� QDWXUH� IRU� RQH� DQG� WKH� VDPH�'&� LQ� DVSHFLILHG� VROYHQW�� 7KXV�� WKH� GLVWLQFWLRQV� LQWKH� TXDQWXP� \LHOG� RI� VHQVLWL]HG� '6� SKR �WRO\VLV� LQ� WKH� SUHVHQFH� RI� GLIIHUHQW� G\HV� LVGXH� RQO\� WR� WKH� ϕ� YDOXH� GHSHQGLQJ� RQ� WKHUDWLR� EHWZHHQ�($ DQG� ,*
��7KDW� LV�ZK\� WKHTXDQWXP�\LHOG�LV�VR�ORZ�IRU� S�1�&�+����3K'SKRWRO\VLV�VHQVLWL]HG�E\�G\HV��LQ�SDUWLFXODU�E\�IOXRUHVFHLQH��VHH�7DEOH��,Q�WKH�SURFHVV�VFKHPH������WKH�DPRXQW�RIR[LGL]HG� �GLVFRORUHG��G\H�PROHFXOHV� LV�HTXDOWR� WKDW� RI� GHVWUR\HG� '&� RQHV�� WKXV�� WKHVHFRPSRQHQWV� DUH� WR� EH� LQWURGXFHG� LQ� HTXDOFRQFHQWUDWLRQV�� 7KLV� IDFW� UHVWULFWV� WKH� XVHRI�VHQVLWL]HG�GLD]R�PDWHULDOV�WR�UHFRUGLQJ�RIKLJK�FRQWUDVWLQJ� SLFWXUH� RQO\�� VLQFH� D� KDOI �WRQH� SLFWXUH� ZRXOG� FRQWDLQ� D� KLJK� EDFN �JURXQG� RI� WKH� G\H� DEVRUSWLRQ�� 7KH� EDFN �JURXQG� FDQ� EH� HOLPLQDWHG� RQO\� E\� UHGXFLQJVXEVWDQWLDOO\� WKH� G\H� FRQFHQWUDWLRQ� DQGXVLQJ� VROYHQWV� �SODVWLFL]HUV�� FDSDEOH� RI� UH �GXFWLRQ� RI� R[LGL]HG� G\H�PROHFXOHV� DQG�SUR �YLGLQJ�D�UDGLFDO�FKDLQ�SURFHVV�7KXV��LQ�WKLV�ZRUN��PROHFXOHV�ZLWK� ;H±2ERQG� W\SH� EHWZHHQ� WKHLU� IUDJPHQWV� KDYHEHHQ� VWXGLHG� WKHRUHWLFDOO\� DQG� LQ� H[SHUL �PHQW��7KH�LQYHVWLJDWLRQV�PDGH�LW�SRVVLEOH�WRHVWDEOLVK� WKH� SKRWRGLVVRFLDWLRQ� PHFKDQLVPVRI� VDLG� FRPSRXQGV� DQG� WR� VWXG\� WKHLU� DF �FHSWLQJ� SURSHUWLHV� WKDW� SURYLGH� WKH� SKR �WRO\VLV� VHQVLWL]DWLRQ� SRVVLELOLW\� E\� G\HV�&RPSDULQJ� WKH� SURSHUWLHV� RI� FRPSRXQGVXQGHU� VWXG\� ZLWK� WKH� SURWRW\SHV� �&O2Q±�,2Q± DQG�;H2Q��DOORZHG�WR�XQGHUVWDQG�D�VXE�VWDQWLDO� GLVWLQFWLRQ� LQ� SURSHUWLHV� EHWZHHQGLD]RTXLQRQHV�DQG�GLD]RQLXP�VDOWV�GLIIHULQJRQO\�LQ�WKH�SUHVHQFH�RI�D�SRVLWLYH�FKDUJH�RQGLD]RQLXP� FDWLRQ�� 7KH� FRQVLGHUDWLRQ� RI� UH �VXOWV� REWDLQHG� KDV� VKRZQ� WKDW� WKHUH� DUHZLGH� FODVVHV� RI� PROHFXOHV� �LQFOXGLQJ� GLD �]RQLXP�VDOWV�DQG�D]LGHV��WKDW�DUH�FDSDEOH�RISKRWRGLVVRFLDWLRQ� XQGHU� H[FLWDWLRQ� LQWR� WKHORQJ�ZDYHOHQJWK� DEVRUSWLRQ� EDQG� GXH� WRSUH�GLVVRFLDWLRQ� WR� πσ
 VWDWH�� WKH� σ
 02EHLQJ� ORFDOL]HG� RQ� WKH� GLVVRFLDWLYH� ERQG�7KHVH� FRPSRXQGV� DUH� QRW� IOXRUHVFHQW� QRUSKRVSKRUHVFHQW� GXH� WR� HIILFLHQW� H[FLWDWLRQUHOD[DWLRQ� YLD� WKH� πσ
 VWDWH�� 7KH� HOHFWURQWUDQVIHU� WR� SKHQ\O� GLD]RQLXP� VDOWV� DQGSKHQ\O� D]LGHV� SURYLGHV� FRQGLWLRQV� IRU� WKHPROHFXODU� GLVVRFLDWLRQ�� QHYHUWKHOHVV�� RQO\GLD]RQLXP� VDOWV� DUH� VHQVLWL]DEOH� WR� YLVLEOH
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VSHFWUDO� UDQJH� E\� G\HV� ZKLOH� D]LGHV� FDQ� EHVHQVLWL]HG� WR� KLJK�HQHUJ\� UDGLDWLRQ� RQO\�7KH�SKRWRLQGXFHG�UHDFWLRQ�RI�HOHFWURQ�WUDQV �IHU� IURP� WKH� H[FLWHG� G\H� PROHFXOH� WR� '&SURYLGHV�WKH�VHQVLWL]HG�'6�SKRWRO\VLV�LQ�OLT �XLG� VROXWLRQV� EXW�QRW� LQ�SRO\PHU� OD\HUV�� ,QSODVWLFL]HG� SRO\PHU� OD\HUV�� WKH� VHQVLWL]HG'6� SKRWRO\VLV� RFFXUV�� WKH� UHDFWLRQ� UDWH� LQ �FUHDVLQJ�LQ�SDUDOOHO�ZLWK�WKH�SODVWLFL]HU�FRQ �WHQW�� 4XDQWXP�FKHPLFDO� FDOFXODWLRQV� RI� UH �GXFHG�'&�KDYH�VKRZQ�WKDW�WKH�SKRWRLQGXFHGHOHFWURQ� WUDQVIHU� UHVXOWV� LQ� IRUPDWLRQ� RI$U1�• LQ� KRW� VWDWH�� ,W� LV� MXVW� WKH� JHRPHWU\ZLWK� EURNHQ� &±1±1 JURXS� WKDW� DQVZHUV� WRWKH�WKHUPDOL]HG�$U1�• VWDWH��7KH�$U1�• WKHU�PDOL]DWLRQ�UHVXOWV� LQ� VWRSSLQJ�RI� $U1�• GLV�VRFLDWLRQ��DW�WKH�VDPH�WLPH��WKH�UHDFWLRQ�RIWKH� UHFLSURFDO� HOHFWURQ� WUDQVIHU� WR� WKH� R[L �GL]HG� G\H� PROHFXOH� WDNHV� SODFH�� 7KH� VHQVL �WL]HG� '6� SKRWRO\VLV� LV� SRVVLEOH� RQO\� LI� WKHLRQL]DWLRQ� HQHUJ\� RI� H[FLWHG� G\H� PROHFXOHV�,*
  �,* Ü�Kν�� LV� ORZHU� WKDQ� WKH� '&� HOHF�WURQ�DIILQLW\�HQHUJ\��WKH�ODWWHU�EHLQJ�ZLWKLQOLPLWV� RI� ���� H9� IRU� S±1�&�+���±3K' WR����H9�IRU�S±12�±3K'�5HIHUHQFHV���0�6�'LQDEXUJ�� 3KRWRVHQVLWLYH� 'LD]R� &RP�SRXQGV� DQG� 7KHLU� 8VHV�� /RQGRQ�� 1HZ� <RUN�)RFDO�3UHVV��������

���*�&�3LPHQWDO�� 5�'�6SUDWOH\�� 8QGHUVWDQGLQJ&KHPLVWU\��+ROGHQ�DQG�'D\�����������0�-�6�'HZDU�� (�*�=RHELVFK�� (�)�+HDO\�-�-�3�6WHZDUW�� -��$P��&KHP��6RF��� ����� ��������������,�3�=KDUNRY�� 3�$�.RQGUDWHQNR�� 2SWLND� L6SHNWU���������������������,�3�=KDUNRY�� 3�$�.RQGUDWHQNR�� 0�9�.XULN�8NU��)L]��=K����������������������,�3�=KDUNRY��3�$�.RQGUDWHQNR��7HRU��L�(NVSHU�.KLP���������������������+�*�2�%HFNHU��-��6LJQDO�$0��������������������+�*�2�%HFNHU�� *�6FKXNDW�� 0�*�.X]PLQ�� -�)XU�3UDNW��&KHPLH�����������������������3�(�0DNUDH�� 7�5�:ULJKW�� -��&KHP��6RF��&KHP�&RPP���1R�������������������,�3�=KDUNRY�� 3�$�.RQGUDWHQNR�� 8NU��)L]��=K������������������������� 3�$�.RQGUDWHQNR�� 7HRU��L� (NVSHU��.KLP���������������������9�9�.DPSDU�� 9�5�.RNDUV�� 2�<D�1H\ODQG� HWDO���=K��1DXFKQ��3ULNO��)RWRJU��.LQHPDWRJU���������������������$�-�*RUGRQ�� 5�$�)RUG�� 7KH� &KHPLVW�V� &RP�SDQLRQ�� $� :LOH\�,QWHUVFLHQFH� 3XEOLFDWLRQ�1HZ�<RUN�/RQGRQ�6\GQH\�7RURQWR������������0�-�6�'HZDU�� (�*�=RHELVFK�� (�)�+HDO\�-�-�3�6WHZDUW�� -��$P��&KHP��6RF��� ����� �����������
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