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7KH� VHDUFK� IRU� QHZ� VXSHUKDUG�PDWHULDOV
LV� WUDGLWLRQDOO\� FRQFHQWUDWHG� RQ� FRPSRXQGV
ZLWK�VKRUW�ERQG�OHQJWKV��L�H���WKRVH�FRQVLVW�
LQJ� RI� OLJKW� HOHPHQWV� %��&��2�� DQG�1� DQG
KDYLQJ�KLJK�FRKHVLYH�HQHUJLHV�>�@��$Q�DOWHU�
QDWLYH� DSSURDFK� LV� WR� ORRN� IRU� FRPSRXQGV
WKDW� LQFOXGH� KHDYLHU� HOHPHQWV� EXW� KDYH� D
KLJK�FRRUGLQDWLRQ�QXPEHU�DV� LW�ZDV� VKRZQ�
IRU� H[DPSOH�� IRU� WUDQVLWLRQ� PHWDO� QLWULGHV
>�@��%HVLGHV��UHFHQW�H[SHULPHQWDO�HIIRUWV�DUH
SDUWO\�UHIRFXVHG�RQ�WKRVH�PDWHULDOV�WKDW�DUH
QRW� H[WUHPHO\� KDUG� EXW� DUH� WKHUPDOO\� DQG
FKHPLFDOO\� UHVLVWDQW�� 7KLV� LV� WUXH�� LQ� SDU�
WLFXODU�� IRU� LQWHUPHWDOOLF� FRPSRXQGV� ZLWK
KLJK� ERURQ� FRQWHQW� FKDUDFWHUL]HG� E\� KLJK
DEUDVLRQ�DQG�FKHPLFDO�UHVLVWDQFH�>�@��$PRQJ
WKHP�� ]LUFRQLXP� GRGHFDERULGH� KDV� UHFHQWO\
UHFHLYHG� PXFK� DWWHQWLRQ� VLQFH� ODUJH� KLJK�
TXDOLW\� VLQJOH� FU\VWDOV� RI� PHWDOOLF� =U%��ZHUH� JURZQ� E\� 3DGHUQR� HW� DO�� >�@�� ,W� ZDV

IRXQG�WKDW�EXON�VXSHUFRQGXFWLQJ�SURSHUWLHV
RI� WKH� FRPSRXQG� DUH� VLPLODU� WR� WKRVH� RI
VLPSOH�WUDGLWLRQDO�PDWHULDOV�EXW��LQ�FRQWUDVW
WR�WKHP��WKH�HQHUJ\�JDS�LV�HQKDQFHG�UDWKHU
WKDQ� GHJUDGHG� DW� WKH� VXUIDFH�� DV� LW� ZRXOG
JHQHUDOO\�EH�LQ�WKH�FDVH�RI�FRQYHQWLRQDO�VX�
SHUFRQGXFWRUV�>�@��7KLV�ILUVW�GLUHFW�REVHUYD�
WLRQ�RI�D�HQKDQFHG�VXUIDFH�VXSHUFRQGXFWLQJ
RUGHU� SDUDPHWHU� ZDV� H[SODLQHG� E\� 7VLQ�
GOHNKW�HW�DO�� >�@�DV�DQ�HIIHFW�RI�XQLTXH�PD�
WHULDO� FKDUDFWHULVWLFV� RI� GRGHFDERULGHV� H[�
FHHGLQJ� FRQYHQWLRQDO� VXSHUFRQGXFWRUV� GXH
WR� WKHLU� RXWVWDQGLQJ� UHVLVWDQFH� WR� H[WHUQDO
PHFKDQLFDO�DQG�FKHPLFDO�IDFWRUV��'LUHFW�PH�
FKDQLFDO� H[SHULPHQWV� >�@� RQ� =U%��� VLQJOHFU\VWDOV� KDYH� VKRZQ� WKDW� LW� LV� UHDOO\� D� VX�
SHUKDUG� �QHDUO\� ��� *3D�� FRPSRXQG� ZLWK
YDULRXV� SRWHQWLDO� DSSOLFDWLRQV�� 7KH� DLP� RI
WKLV� ZRUN� LV� WR� JLYH�PRUH� LQVLJKW� LQWR� WKH
QDWXUH�RI�FKHPLFDO�ERQGLQJ�LQ�]LUFRQLXP�GR�
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GHFDERULGH��DQG�WKXV�LWV�KDUGQHVV��E\�FDOFX�
ODWLQJ� WKH� VSDWLDO� YDOHQFH� HOHFWURQ� GHQVLW\
GLVWULEXWLRQ� XVLQJ� D� PRGLILHG� 7KRPDV�)HUPL
VWDWLVWLFDO�PHWKRG�SURSRVHG�E\�,�0�5H]QLN�>�@�

=LUFRQLXP� GRGHFDERULGH� EHORQJV� WR� WKH
8%��� VWUXFWXUH� W\SH� WKDW� FDQ� EH� IRUPDOO\UHSUHVHQWHG� DV� D� URFN�VDOW� VWUXFWXUH� ZLWK
FXER�RFWDKHGUDO�%���FOXVWHUV�RFFXS\LQJ�FKOR�ULQH�VLWHV�DQG�PHWDO�DWRPV�SRVLWLRQHG�DW�VR�
GLXP�VLWHV�>����@��,WV�HOHFWURQLF�EDQG�VSHFWUD
ZHUH�FDOFXODWHG�E\�6KHLQ�DQG�,YDQRYVNLL�>��@
ZLWKLQ�WKH�IUDPHZRUN�RI�WKH�VHOI�FRQVLVWHQW
IXOO�SRWHQWLDO� OLQHDUL]HG� PXIILQ�WLQ� RUELWDO
PHWKRG��7KRVH�DXWKRUV�KDYH�VKRZQ�WKDW�VX�
SHUFRQGXFWLQJ� SURSHUWLHV� RI� WKH� FRPSRXQG
VKRXOG� EH� VWDEOH� DJDLQVW� FKDQJHV� LQ� WKH
FKHPLFDO� FRPSRVLWLRQ� RI� WKH� V\VWHP� WKDW
GRHV� FRUUHVSRQG� WR� RXU� H[SHULHQFH� >�@�� ,Q
ZKDW� IROORZV�� ZH� VKDOO� SUHVHQW� ILUVW�SULQFL�
SOHV� VHOI�FRQVLVWHQW� VLPXODWLRQV� RI� WKH� YD�
OHQFH� HOHFWURQ� GHQVLW\� LQ� =U%��� WKDW� ZHUHFDUULHG�RXW�XVLQJ�D�VLPSOH�DQG�HIIHFWLYH�WKH�
RU\� >�@�� 7KH� PHWKRG� >�@� LV� EDVHG� RQ� WKH
FRQFHSWV�RI�WKH� ORFDO�GHQVLW\�DSSUR[LPDWLRQ
DQG� JHQHUDOL]HV� WKH� ZHOO�NQRZQ� 7KRPDV�
)HUPL� �7)�� VWDWLVWLFDO� DSSURDFK� E\� WDNLQJ
LQWR� DFFRXQW� VPDOO� DUELWUDU\� DGGLWLRQV� WR� D
VPRRWKO\�YDU\LQJ�SRWHQWLDO�LQ�D�FU\VWDO��7KH
HOHFWURQ�GHQVLW\�LV�UHSUHVHQWHG�DV�D�VHULHV�RI
FRUUHFWLRQV�WR�WKH�7)�UHVXOW�WKDW�FDQ�EH�SDU�
WLDOO\�VXPPDUL]HG��)RU�VRPH�FRPSRXQGV� LQ�
YHVWLJDWHG� EHIRUH� E\� RWKHU� DXWKRUV�� LW� ZDV
VKRZQ� >�@� WKDW� WKH� GDWD� REWDLQHG� E\� WKLV
PHWKRG� DJUHH� ZHOO� ZLWK�PRUH� UHILQHG� WKHR�
UHWLFDO� FDOFXODWLRQV� DQG� WKXV� LW� FDQ� EH� UH�

JDUGHG� DV� DQ� HIIHFWLYH� WRRO� WR� VWXG\� FKHPL�
FDO�ERQGLQJ�HIIHFWV��HVSHFLDOO\�LQ�FRPSRXQGV
ZLWK� D� ODUJH� QXPEHU� RI� DWRPV� LQ� XQLW� FHOO�
7KH�LQLWLDO�FKDUDFWHULVWLFV�UHTXLUHG�WR�REWDLQ
WKH� YDOHQFH� HOHFWURQ� GLVWULEXWLRQ� DUH� LRQLF
SVHXGR�SRWHQWLDOV� ZHOO� NQRZQ� LQ� OLWHUDWXUH
DQG� D� SDUWLFXODU� IRUP� RI� WKH� H[FKDQJH�FRU�
UHODWLRQ�SRWHQWLDO�WKDW�ZDV�DSSUR[LPDWHG�DF�
FRUGLQJ� WR� >��@�� 7KH� YDOXHV� RI� WKH� FU\VWDO
ODWWLFH� SDUDPHWHUV� IRU� ]LUFRQLXP� GRGH�
FDERULGH� ZLWK� WKH� XQLW� FHOO� FRQWDLQLQJ� ��
DWRPV�ZHUH� WDNHQ� IURP� WKH� UHFHQW� VWXG\�RI
LWV�FU\VWDO�VWUXFWXUH�>��@�DW�7� �����.�

7KH� FKDUJH� GHQVLW\� PDSV� IRU� WZR� �����
SODQHV�LQ�=U%���DUH�SUHVHQWHG�LQ�)LJV����DQG���7KH� ILUVW� RQH� LQFOXGHV� ILYH� ]LUFRQLXP� DQG
HLJKW�ERURQ�DWRPV�ZKHUHDV�WKH�VHFRQG�SODQH
�SDUDOOHO�DQG�VKLIWHG�DORQJ�WKH�]�D[LV��LQFRU�
SRUDWHV� RQO\� ERURQ� DWRPV�� 7KH� SURILOHV� UH�
YHDO� WKDW� WKH� %±%� FRYDOHQW� ERQG� EHWZHHQ
QHDUHVW� LQWUD�� DQG� LQWHUFOXVWHU� ERURQ�DWRPV
KROGV� D� FRQVLGHUDEOH� DPRXQW� RI� FKDUJH�
ZKLOH�DW�WKH�FHQWHU�RI�WKH�ERURQ�FOXVWHU�DQG
LQ� WKH� YLFLQLW\� RI� ]LUFRQLXP� DWRPV�� WKH
FKDUJH� GURSV� WR� TXLWH� D� ORZ� YDOXH�� 7KH� HI�
IHFWLYH� FKDUJHV� RI� =U� DQG� %� FDOFXODWHG
ZLWKLQ� :LJQHU�6HLW]� FHOOV� DURXQG� WKH� LRQV
WKH�ERURQ�DWRPV��7KH�GLIIHUHQW�FKDUDFWHU�RI
FKHPLFDO� ERQGLQJ� ZLWKLQ� ERURQ� DQG� ]LUFR�
QLXP� VXEV\VWHPV� DQG� EHWZHHQ� WKHP� VXS�
SRUWV� WKH� LGHD� DERXW� WZR� WRWDOO\� GLIIHUHQW
FRQWULEXWLRQV� WR� WKH� SKRQRQ� VSHFWUXP�� D
TXDVL�'HE\H�EDFNJURXQG�IURP�WKH�ERURQ�RQH
DQG� DQ� LQGHSHQGHQW� (LQVWHLQ�OLNH� FRQWULEX�
WLRQ�DVVRFLDWHG�ZLWK�RVFLOODWLRQV�RI�=U�DWRPV
>��@�� $W� WKH� VDPH� WLPH�� DQ� DVVXPSWLRQ
DERXW� WKH� QDWXUH� RI� D� ORZ�O\LQJ� SKRQRQ
PRGH� IRUPLQJ� D� VXSHUFRQGXFWLQJ� VWDWH� LQ
=U%��� �DWWULEXWHG� LQ� >��@� WR� YLEUDWLRQV� RI]LUFRQLXP� LRQV�� VKRXOG�EH�YLHZHG�ZLWK�FDX�
WLRQ�DV�LW�GLVDJUHHV�ZLWK�RXU�GDWD�LQGLFDWLQJ
WKDW�WKH�PDLQ�HOHFWURQ�WUDQVSRUW�LQ�WKH�FRP�

)LJ����� (OHFWURQ�GHQVLW\� PDS� RI� WKH� �����
SODQH� WKURXJK� ILYH� =U� DQG� HLJKW� %� DWRPV�
+HUH� DQG� EHORZ�� WKH� GLVWDQFHV� DUH� JLYHQ� LQ
DWRPLF� XQLWV� DQG� WKH� FKDUJH� GHQVLW\� YDOXHV
U�U��DUH�JLYHQ�LQ�H�FHOO�

)LJ����� (OHFWURQ�GHQVLW\� PDS� RI� D� SDUDOOHO
������SODQH�WKURXJK�VL[WHHQ�%�DWRPV��
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SRXQG� VWXGLHG� VKRXOG� RFFXU� ZLWKLQ� WKH
ERURQ�VXEV\VWHP�

5HVXPLQJ�� XVLQJ� ILUVW�SULQFLSOHV� FDOFXOD�
WLRQV� EDVHG� RQ� D� PRGLILHG� 7KRPDV�)HUPL
VWDWLVWLFDO�PHWKRG� >�@��ZH� KDYH� VWXGLHG� WKH
YDOHQFH�HOHFWURQ�GHQVLW\�GLVWULEXWLRQ� LQ�]LU�
FRQLXP� GRGHFDERULGH� DQG� VKRZQ� WKDW� HOHF�
WURQV�DUH�SDUWO\�GURZQ�DZD\�IURP�=U�DWRPV
DQG� LQMHFWHG� LQWR� WKH� ERURQ� VXEV\VWHP
ZKHUH� WKH�PDLQ� SDUW� RI� WKH� YDOHQFH� FKDUJH
LV� FRQILQHG�WR�D�JUHDW�H[WHQW�EHWZHHQ�QHDU�
HVW�%� DWRPV��PDNLQJ� WKH� ERQGLQJ� FRYDOHQW�
6XFK�D�FRYDOHQW� VXEV\VWHP�ZLWK�VKRUW�ERQG
OHQJWKV�� LQ� FRQWUDVW� WR� LRQLF� FRPSRXQGV
ZLWK� RPQLGLUHFWLRQDO� HOHFWURVWDWLF� LQWHUDF�
WLRQV��LV�FKDUDFWHUL]HG�E\�KLJK�ERQG�EHQGLQJ
IRUFH�FRQVWDQWV��2XU�FDOFXODWLRQV�VKRZ�WKDW�
DFFRUGLQJ� WR� WKH� FODVVLILFDWLRQ� >��@�� ]LUFR�
QLXP� GRGHFDERULGH� EHORQJV� WR� D� WKLUG� FODVV
RI�VXSHUKDUG�PDWHULDOV��QDPHO\��WR�SDUWLDOO\
FRYDOHQW� FRPSRXQGV� RI� WUDQVLWLRQ� PHWDOV
ZLWK�OLJKW�HOHPHQWV�ZKHUH�WKH�SUHVHQFH�RI�D
WKUHH�GLPHQVLRQDO�GLUHFWLRQDO�FRYDOHQW�ERQG�
LQJ� ERURQ� QHWZRUN� LV� UHVSRQVLEOH� IRU� DG�
YDQFHG� PDWHULDO� SURSHUWLHV�� :H� KRSH� WKDW
RXU�UHVXOWV�ZLOO�VWLPXODWH�D�VHDUFK�RI�KDUGHU
FRQGXFWLQJ� PDWHULDOV� DPRQJ� RWKHU� KH[D�
DQG�GRGHFDERULGHV��

$FNQRZOHGJHPHQWV�� 7KLV� ZRUN� ZDV� VXS�
SRUWHG� E\� WKH� ,VUDHOL� 0LQLVWU\� RI� 6FLHQFH
DQG�7HFKQRORJ\�DQG�WKH�8NUDLQLDQ�0LQLVWU\
RI�(GXFDWLRQ� DQG�6FLHQFH�ZLWKLQ�D� MRLQW� ,V�
UDHOL�8NUDLQLDQ� SURMHFW� �=LUFRQLXP� GRGH�
FDERULGH�� D� QRYHO� VXSHUFRQGXFWLQJ�PDWHULDO
ZLWK�DGYDQFHG�VXUIDFH�FKDUDFWHULVWLFV��
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