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7KH�GHYHORSPHQW� RI�PRGHUQ� WHFKQRORJ\� EDVHG� RQ�PXOWLIXQFWLRQDO�PDWHULDOV� LV� VKRZLQJ

WKH� SDWK� WR� QHZ� DSSOLFDWLRQV� IRU WHFKQRORJLFDO� FKDOOHQJHV OLNH GDWD� VWRUDJH�� VSLQWURQLF��

VHQVRU��DFWXDWRU HWF >(HUHQVWHLQ�HW�DO� ��������:DQJ�HW�DO��������@� 0XOWLIHUURLF�PDWHULDOV�

KDYH�H[SHULHQFHG�D�UHVXUJHQFH�RI�LQWHUHVW�DIWHU�WKH�GLVFRYHU\�LQ�����������RI�FRPSRXQGV�

WKDW� GLVSOD\� ODUJH� FURVV�FRXSOLQJ� HIIHFWV� EHWZHHQ� PDJQHWLF� DQG� IHUURHOHFWULF� RUGHU�

SDUDPHWHUV LQ 7E0Q2��7E0Q�2���+R0Q2� HWF�>.LPXUD HW�DO�� ������� +XU HW�DO�� �������

DQG� /RWWHUPRVHU HW� DO�� ������@� 3DUWLFXODU� LQWHUHVW� DURXVHG� E\� WKH� SRVVLELOLW\� RI� QHZ�

PDJQHWRHOHFWULF�FRXSOLQJ�PHFKDQLVPV�OLNH�HOHFWULF�SRODUL]DWLRQ�FDQ�EH�LQGXFHG�DW�GRPDLQ�

ZDOOV� DQG� WKDW� PDJQHWLF YRUWLFHV� FDUU\� HOHFWULF� FKDUJH� ZKHUHDV� LQ� DQRWKHU� FDVH�

PDJQHWLVP� FDQ� GULYH� IHUURHOHFWULFLW\� ZLWKRXW� EUHDNLQJ� WKH LQYHUVLRQ� V\PPHWU\� RI� WKH�

PDJQHWLF� RUGHULQJ� >0RVWRYR\ ��������%HWRXUDV HW� DO�� ������� DQG� &KHRQJ HW� DO�� ������@

DQG� LWV SRWHQWLDO� IRU� WHFKQRORJLFDO� DSSOLFDWLRQV� >)LHELJ ������� 7RNXUD ������ DQG�

(HUHQVWHLQ HW�DO��������@� $PRQJVW� WKH�PDJQHWRHOHFWULF�PXWLIHUURLF�FRPSRXQGV��%L)H2��

�%)�� LV� WKH� RQO\� URRP� WHPSHUDWXUH� PXOWLIHUURLF� ZLWK� YHU\� KLJK� IHUURHOHFWULF� �)(�� DQG�

DQWLIHUURPDJQHWLF� �$)0�� WUDQVLWLRQ� WHPSHUDWXUHV� RI� 7F  � ����� .� DQG� 71  � ���� .��

UHVSHFWLYHO\ >(HUHQVWHLQ HW�DO����������)LHELJ HW�DO��������@� 7KLV�PDWHULDO�WKHUHIRUH�KROGV�

FRQVLGHUDEOH�SURPLVH�IRU�PXOWLIXQFWLRQDO�GHYLFHV�RSHUDWLQJ�DW�URRP�WHPSHUDWXUH >)LHELJ HW�

DO�� �������� (HUHQVWHLQ HW� DO�� �������&KHRQJ HW� DO�������@� 6ROLG� VROXWLRQV� RI� %)� ZLWK�

RWKHU� SHUYRVNLWH� R[LGHV� KDYH� UHFHLYHG� FRQVLGHUDEOH� DWWHQWLRQ� IURP� WKH� SRLQW� RI� YLHZ�RI�

PHOWLQJ�RI�WKH�VSLQ�F\FORLG�RI�%) 6ROLG�VROXWLRQ�IRUPDWLRQ�ZLWK�RWKHU�$%2� SHURYVNLWHV LV�

NQRZQ� WR� GHVWUR\� WKH� VSLQ� F\FORLG GXH� WR� LQWURGXFWLRQ RI� GLVRUGHU� LQ� WKH� )H��VXEODWWLFH

>6LQJK HW�DO��������� ��������%KDWWDFKDUMHH HW�DO��������� ��������3DWHO HW�DO��������@� ,Q�WKLV�

FRQWH[W��WKH�VROLG�VROXWLRQV RI�%)�ZLWK�)(�SHURYVNLWH�OLNH�%D7L2� �%7��DQG�3E7L2� �37��
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KDYH� DWWUDFWHG�PXFK� DWWHQWLRQ� QRW�RQO\� EHFDXVH� RI� WKHLU�ZHDNO\� IHUURPDJQHWLF� EHKDYLRU�

EXW�DOVR�GXH�WR�WKH�HPHUJHQFH�RI�QHZ�W\SHV�RI�SKDVH�WUDQVLWLRQV�OLNH�WULFULWLFDO�WUDQVLWLRQ��

PRUSKRWURSLF�SKDVH�WUDQVLWLRQ��LVRVWUXFWXUDO�IHUURHOHFWULF�WR�IHUURHOHFWULF�WUDQVLWLRQ��FULWLFDO�

HQG� SRLQW�� VSLQ� UHRULHQWDWLRQ� WUDQVLWLRQ DQG� VSLQ� JODVV� WUDQVLWLRQ >6LQJK HW� DO� �������

%KDWWDFKDUMHH HW�DO�������� ��������=KX HW�DO��������@��3E7L2� EDVHG�VROLG�VROXWLRQV�DOVR�

GLVSOD\�LQWHUHVWLQJ�PHWD SURSHUWLHV�OLNH�QHJDWLYH��QHDU�]HUR�DQG�SRVLWLYH�WKHUPDO�H[SDQVLRQ�

LQ WKH�VDPH�PDWHULDO� LQ�GLIIHUHQW�WHPSHUDWXUH�UDQJH >%KDWWDFKDUMHH HW�DO����������&KHQ HW�

DO�� ������@� 6LPLODUO\�� WKH� %D7L2� EDVHG� VROLG� VROXWLRQV� DUH� HPHUJLQJ� DV� SRWHQWLDO� KLJK�

WHPSHUDWXUH� SLH]RHOHFWULF EHFDXVH� RI� WKHLU� H[WUHPHO\� KLJK� GHSROLQJ� WHPSHUDWXUHV�

FRPSDUHG� WR� H[LVWLQJ� SLH]RHOHFWULF� FHUDPLF� PDWHULDOV >/HH HW� DO�� �������� +RMR HW� DO��

������@� ,W�KDV�EHHQ� VKRZQ� WKDW� WKH�ZHDN�)0�FRPSRQHQW�RI� WKH�FDQWHG�VSLQV�RI�%)�FDQ�

DOVR�EH�UHFRYHUHG�RQ�UHGXFLQJ�WKH�VL]H�EHORZ����QP�DV�D�UHVXOW�RI�GHVWUXFWLRQ�RI�WKH�VSLQ�

F\FORLG >3DUN HW�DO��������@� 7KH�UHFRYHU\�RI�ODWHQW�)0�PDJQHWL]DWLRQ�KDV�EHHQ�FRQILUPHG

LQ�QDQRFU\VWDOOLQH�%)�VROLG�VROXWLRQV >3DUN HW�DO��������@� 7KH�ILQLWH�VL]H�DIIHFWV�WKH�SKDVH�

WUDQVLWLRQ� DOVR� DV� LV� ZHOO� NQRZQ� LQ� WKH� FRQWH[W� RI� IHUURHOHFWULF�� PDJQHWLF� DQG�

VXSHUFRQGXFWLQJ� WUDQVLWLRQV� ZKHUH� VL]H� UHGXFWLRQ� EHORZ� D� FULWLFDO� YDOXH� UHGXFHV� WKH�

WUDQVLWLRQ�WHPSHUDWXUH��7F��DV�SHU� WKH�SUHGLFWLRQV�RI� WKH�VFDOLQJ�WKHRULHV >,VKLNDZD HW�DO��

��������%RVH HW�DO�������� +RMR HW�DO��������@�

7KH� SUHVHQW� WKHVLV� GHDOV� ZLWK� D� FRPSUHKHQVLYH� VWXG\� RI V\QWKHVLV�� FU\VWDO� VWUXFWXUHV��

PDJQHWLF� SURSHUWLHV DQG QDWXUH� RI� IHUURLF� WUDQVLWLRQV LQ QDQR�SDUWLFOHV� RI ��� [�%L)H2��

[3E7L2� �%)�[37��VROLG�VROXWLRQV��ZKRVH�RQH�HQG�PHPEHU��%L)H2�� LV�RQH�RI� WKH�PRVW�

LPSRUWDQW PXOWLIHUURLF PDWHULDO� ZKLOH�WKH�RWKHU RQH��3E7L2��� LV�D� IHUURHOHFWULF PDWHULDO��

%HIRUH�� GHVFULELQJ� WKH� GHWDLOV RXU� LQYHVWLJDWLRQV� ZH� ZLOO� EULHIO\� LQWURGXFH� VRPH� EDVLF�

WHUPV�DQG�WKH�UHOHYDQW� LGHDV LQ WKLV�FKDSWHU��6XEVHTXHQWO\��ZH�ZLOO� WU\�WR VXPPDUL]H�WKH�
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UHVXOWV� RQ� WKH� VWUXFWXUH� DQG� PXOWLIHUURLF� SURSHUWLHV� RI� SXUH� %L)H2� DV� ZHOO� DV�

FRPSRVLWLRQDOO\�PRGLILHG�%L)H2��

��� )HUURLF�RUGHULQJ�

7KH� ZRUG� IHUURLFV� LV� GHULYHG� IURP� ³IHUUXP´�� D /DWLQ� ZRUG� ZKLFK� PHDQV ³LURQ´ LV� WKH�

ROGHVW� NQRZQ� IHUURLF� PDWHULDO�� ,W� LV� WKH PRVW� LPSRUWDQW� FODVV� RI� PDWHULDOV� ZLWK� KDYLQJ�

XQLTXH�SURSHUWLHV�ZKLFK�PDNH LW D OHDGLQJ�FDQGLGDWH LQ�WKH PRGHUQ�WHFKQRORJLHV�VXFK�DV�

GDWD� VWRUDJH� HOHFWURQLFV� DQG VHQVRU� GHYLFHV�� $� FRPPRQ� IHDWXUH� REVHUYH E\� IHUURLF�

PDWHULDOV�LV�WKHLU�DELOLW\�WR�XQGHUJR�D�SKDVH�WUDQVLWLRQ�IURP�D�QRQ�IHUURLF�WR�D�IHUURLF�VWDWH

ZLWK�FKDQJH�LQ�WKH�WHPSHUDWXUH�RU�SUHVVXUH��)RU�IHUURPDJQHWLF�DQG�IHUURHOHFWULF�PDWHULDOV��

WKLV� SKDVH� WUDQVLWLRQ� RFFXUV� DW� D� ZHOO�GHILQHG� WHPSHUDWXUH� NQRZQ� DV� WKH� &XULH�

WHPSHUDWXUH�� ,Q� WKH� IROORZLQJ�GLVFXVVLRQ�� FRQFHSWV� RI� WKH� IHUURHOHFWULFV� DQG IHUUR� �IHUUL��

PDJQHWLF�PDWHULDOV�ZLOO�EH�GLVFXVVHG�LQ�GHWDLO�

�����)HUURHOHFWULF�DQG�$QWLIHUURHOHFWULF�0DWHULDOV

$�PDWHULDO� VKRZLQJ VSRQWDQHRXV�SRODUL]DWLRQ ZKLFK�FDQ�EH�UHYHUVHG�ZLWK�WKH�DSSOLFDWLRQ�

RI� DQ H[WHUQDO HOHFWULF� ILHOG LV� NQRZQ� DV IHUURHOHFWULF PDWHULDO�� 7KH� IHUURHOHFWULF

SKHQRPHQRQ� LV�XVXDOO\�REVHUYHG� LQ�SRODU�FODVV�RI�QRQ�FHQWURV\PPHWULF�FU\VWDO� >-DIIH�HW�

DO��������@� )HUURHOHFWULFV DUH GHILQHG E\ D�K\VWHUHVLV�FXUYH EHWZHHQ�HOHFWULF�ILHOG��(��DQG�

SRODUL]DWLRQ� �3�� GHYHORSV IURP� WKH� VSRQWDQHRXV� SRODUL]DWLRQ� �3V�� LQ� HDFK� XQLW� FHOO� RI�

IHUURHOHFWULF�PDWHULDO� 7KH�HOHFWULF�GLSROHV�LQ�WKH�GRPDLQV�EHJLQ�WR�RULHQWDWH ZKHQ HOHFWULF�

ILHOG LV� DSSOLHG� RQ� WKHVH PDWHULDOV�� 7KH� YDOXH� RI� QHW� SRODUL]DWLRQ� GHFUHDVHV�� ZLWK� WKH�

UHYHUVDO� RI� WKH� HOHFWULF� ILHOG� 6RPH�SRODUL]DWLRQ� UHPDLQ� SUHVHQW� HYHQ� DIWHU� DSSOLHG� ILHOG�

UHWXUQ�WR�]HUR� NQRZQ�DV�UHPQDQW�SRODUL]DWLRQ�3U��7KH�QHW�SRODUL]DWLRQ�UHGXFHV�WR�]HUR�E\�

DSSOLHG�HOHFWULF��QHJDWLYH�ILHOG���ZKLFK�LV�NQRZQ�DV�FRHUFLYH�ILHOG�(&��7KH�PHFKDQLVP�LV�

GLVSOD\HG�LQ�WKH�ILJ������
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)LJ���� +\VWHUHVLV�ORRS�IRU�IHUURHOHFWULF�PDWHULDO��3ROOD�������

7KH� RWKHU� LQWULQVLF� SURSHUW\� LV� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH GLHOHFWULF� FRQVWDQW� �İU ��

DERYH�WKH�&XULH�WHPSHUDWXUH�L�H��LQ�SDUDHOHFWULF�UHJLRQ�JRYHUQHG�E\�WKH�&XULH�:HLVV�ODZ�

$� IHUURHOHFWULF� PDWHULDO� JR� WKURXJK D� SKDVH� WUDQVLWLRQ� IURP� D� SDUDHOHFWULF� SKDVH� WR

IHUURHOHFWULF�SKDVH� E\� WKH� HYROXWLRQ RI�D�SRODU�D[LV� YLD D� VWUXFWXUDO�SKDVH WUDQVLWLRQ�DW�D�

FKDUDFWHULVWLF� WHPSHUDWXUH� FDOOHG� µ&XULH� SRLQW¶� �7���� $ERYH�&XULH� SRLQW�� K\VWHUHVLV� ORRS�

GLVDSSHDUV��7KH�SKDVH WUDQVLWLRQ�IURP�SDUDHOHFWULF�WR�IHUURHOHFWULF� LV�DFFRPSDQLHG�ZLWK�D�

SURQRXQFHG�GLHOHFWULF�DQRPDO\��$ERYH�WKH�WUDQVLWLRQ�WHPSHUDWXUH��WKH�GLHOHFWULF�FRQVWDQW�

REH\V�&XULH�:HLVV�ODZ��L�H�

ݎߝ ൌ
ܥ
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ZKHUH� İU� LV� GLHOHFWULF� FRQVWDQW RI�PDWHULDO��&� LV� WKH�&XULH� FRQVWDQW� DQG�7& LV� WKH�&XULH�

:HLVV WHPSHUDWXUH��)RU�VHFRQG�RUGHU�IHUURHOHFWULF�WUDQVLWLRQV��LQ ZKLFK�SURSHUWLHV VXFK�DV�

ODWWLFH� FRQVWDQW�� SRODUL]DWLRQ� HWF�� FKDQJH� FRQWLQXRXVO\� ZLWK WHPSHUDWXUH�� WKH� WZR�
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WHPSHUDWXUHV� DUH� LGHQWLFDO� L�H�� 7& 7��� :KHUHDV� LQ� WKH ILUVW RUGHU� IHUURHOHFWULF� SKDVH�

WUDQVLWLRQ�� LQ�ZKLFK�ODWWLFH�FRQVWDQW��SRODUL]DWLRQ HWF��FKDQJHV�GLVFRQWLQXRXVO\���WKH�&XULH�

SRLQW�DQG�&XULH�WHPSHUDWXUH�DUH�QRW VDPH EXW�WKH�&XULH�WHPSHUDWXUH��7&��LV�DOZD\V�ORZHU�

WKDQ�&XULH�SRLQW��7���>/LQHV�HW�DO��������@�

��� )HUURPDJQHWLF�DQG�DQWLIHUURPDJQHWLF�PDWHULDOV

)HUURPDJQHWLVP�LV�GHILQHG�DV�WKH�SUHVHQFH�RI�VSRQWDQHRXV�PDJQHWL]DWLRQ�LQ�DEVHQFH�RI�DQ�

H[WHUQDO�PDJQHWLF�ILHOG�ZKRVH�RULHQWDWLRQ�FDQ�EH�VZLWFKHG�E\�WKH�DSSOLHG�PDJQHWLF�ILHOG

IROORZHG�E\�D�K\VWHUHVLV��$V�SURSRVHG�E\�:HLVV��RULJLQ�RI�WKLV VSRQWDQHRXV PDJQHWL]DWLRQ�

FDQ�EH�H[SODLQHG GXH�WR�DQ�LQWHUQDO�µHTXLYDOHQW�PROHFXODU�ILHOG¶�ZKLFK�WHQGV�WR�DOLJQ�WKH�

PDJQHWLF� PRPHQWV� SDUDOOHO� WR� HDFK� RWKHU� >&XOOLW\� ������@�� 7KH� RULJLQ� RI� WKH PROHFXODU�

ILHOG�KDV� EHHQ� IRXQG� WR�EH�TXDQWXP�PHFKDQLFDO�H[FKDQJH�HQHUJ\��ZKLFK�FDXVHV� VSLQ�RI�

WKH�HOHFWURQV�WR�DOLJQ�SDUDOOHO�RU�DQWL SDUDOOHO��:LWK�WKH�LQFUHDVH�LQ�WKH�WHPSHUDWXUH��GHJUHH�

RI�DOLJQPHQW�RI� WKH�DWRPLF�PDJQHWLF�PRPHQWV�GHFUHDVHV� L�H�� LW� EHFRPHV�GLVRUGHUHG� DQG�

WKH� IHUURPDJQHWLF� VWDWH WUDQVIRUP� WR� D� SDUDPDJQHWLF VWDWH DW� KLJKHU WHPSHUDWXUHV�� 7KH�

WHPSHUDWXUH�DW�ZKLFK�WKLV� WUDQVLWLRQ�WDNHV�SODFH� LV�NQRZQ�DV� WKH�&XULH�WHPSHUDWXUH��7&���

$ERYH�7& WKH�VXVFHSWLELOLW\ YDULHV�DFFRUGLQJ�WR�WKH�&XULH� :HLVV�ODZ�JLYHQ�E\

߯ ൌ
ܥ
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$V�V\QWKHVL]HG�VDPSOHV�RI�IHUURPDJQHWLF�PDWHULDOV�RIWHQ�VKRZ�DEVHQFH�RI D�PDFURVFRSLF

PDJQHWL]DWLRQ�EHFDXVH�GRPDLQV�RI�PDJQHWL]DWLRQ�DUH�RULHQWHG LQ GLIIHUHQW�GLUHFWLRQV��7KH

IROORZLQJ DOLJQPHQW� DQG� UHRULHQWDWLRQ� RI� WKH� GRPDLQV� UHVXOWV� LQ� D� K\VWHUHVLV� LQ� WKH

PDJQHWL]DWLRQ��0��YV DSSOLHG�PDJQHWLF�ILHOG��+��DV VKRZQ�LQ�)LJ������
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)LJ����0�+�K\VWHUHVLV�ORRS�RI�D�IHUURPDJQHWLF�PDWHULDO�

:KHQ� WKH�DOLJQPHQW�RI� WKH� VSLQ�PRPHQWV RI� QHLJKERXULQJ�DWRPV� LV DQWLSDUDOOHO� WR�HDFK�

RWKHU�� LW� LV� WHUPHG�DV�DQWLIHUURPDJQHWLVP��1R�QHW�PDJQHWLF PRPHQW� LV�DVVRFLDWHG� LQ�WKLV�

FDVH� 7KHUH� DUH� VHYHUDO� PHWKRGV RI� RUJDQL]LQJ DQ� HTXDO� QXPEHU� RI GRZQ DQG XS VSLQV�

GHSHQGLQJ�RQ� WKH� W\SHV RI� FU\VWDO� ODWWLFH V\VWHP LQ ZKLFK� WKH� VSLQV� DUH� WR EH� DUUDQJHG��

7KHVH�W\SHV�RI�RUGHULQJ UHVXOW�LQ�GLIIHUHQW�W\SHV�RI DQWLIHUURPDJQHWLF�DUUDQJHPHQW �$��&��

*� RU� (�W\SH�� DV� VKRZQ� LQ� )LJ�� ���� $QWLIHUURPDJQHWLF� RUGHU� YDQLVKHV� DERYH� D� FULWLFDO�

WHPSHUDWXUH� NQRZQ� DV� WKH� 1pHO WHPSHUDWXUH�� $ERYH� WKH� 1pHO� WHPSHUDWXUH� �71��� WKH�

PDWHULDO�EHKDYHV�OLNH�D W\SLFDO�SDUDPDJQHW� $�SORW�RI�LQYHUVH�RI�VXVFHSWLELOLW\ �Ȥ����YHUVXV�

WHPSHUDWXUH� �7�� LV D� VWUDLJKW� OLQH� LQ�DQWLIHUURPDJQHWV�� DERYH�71 WKLV� OLQH�H[WUDSRODWHV� WR�

QHJDWLYH�&XULH�WHPSHUDWXUH���7&��DW���Ȥ  ���$ERYH�71��LW REH\V�WKH�&XULH�:HLVV�ODZ�
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)LJ����� 'LIIHUHQW�W\SH�RI�DQWLIHUURPDJQHWLF�RUGHULQJ >GUDZQ�XVLQJ�FRQYHQWLRQ�RI�:ROOHQ�HW�DO��

������@�

$OWKRXJK�� RQH� GRHV� QRW� H[SHFW� QHW� PDJQHWL]DWLRQ� LQ� WKH� DQWLIHUURPDJQHWLF PDWHULDOV�� LW�

PD\�H[KLELW�QHW�PDJQHWL]DWLRQ�GXH� WR� VSLQ�FDQWLQJ�� ODWWLFH�GHIHFWV DQG IUXVWUDWHG�VXUIDFH�

VSLQV� LQ� WKH�DEVHQFH RI DSSOLHG PDJQHWLF� ILHOG��$W� VXIILFLHQWO\� KLJK PDJQHWLF� ILHOGV�� WKH�

VSLQ� GLUHFWLRQ� RI� RQH� RI� WKH�PDJQHWLF� VXEODWWLFHV�PD\� URWDWH DQG� HYHQWXDOO\� OHDG� WR� WKH�

µVSLQ� IORS¶� ZKHUH� DOO� WKH� VSLQV�ZRXOG� EH� DOLJQHG� LQ� D SDUDOOHO� IDVKLRQ�� %HFDXVH� RI� WKLV�

URWDWLRQ�DQG�VSLQ�IORS��PDJQHWL]DWLRQ�PD\�EH LQIOXHQFH E\�DQ�H[WULQVLF PDJQHWLF�ILHOG��7KH�

WHPSHUDWXUH� GHSHQGHQFH� RI� WKH PDJQHWL]DWLRQ� �0�� DQG� Ȥ�� IRU� IHUURPDJQHWLF� DQG� DQWL

IHUURPDJQHWLF�PDWHULDOV DUH�VKRZQ�LQ�)LJ����� �D��DQG��E� UHVSHFWLYHO\�
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)LJ���� 7HPSHUDWXUH� GHSHQGHQFH� RI� PDJQHWL]DWLRQ� �0�� DQG� WKH� LQYHUVH� RI� WKH� PDJQHWLF

VXVFHSWLELOLW\� �Ȥ���� IRU� �D�� IHUURPDJQHWLF� DQG� �E�� DQWLIHUURPDJQHWLF� PDWHULDO� �VFKHPDWLF��� $)�  �

DQWLIHUURPDJQHWLF�DQG�3� �SDUDPDJQHWLF�>DIWHU�&XOOLW\�������@�

��� 0DJQHWLF�H[FKDQJH�LQWHUDFWLRQV

([FKDQJH� LQWHUDFWLRQV� DUH� DFFRXQWDEOH IRU� ORQJ UDQJH� RUGHULQJ RI� PDJQHWLF� PRPHQWV��

7KH� FRXSOLQJ� RI� PDJQHWLF� PRPHQWV� LV� NQRZQ DV� H[FKDQJH� LQWHUDFWLRQ� HVVHQWLDOO\� DQ�

RXWFRPH�RI�RYHUODS�RI�HOHFWURQLF�RUELWDOV�DQG�JLYHQ�E\�H[FKDQJH�LQWHJUDO��:H�OLVW�EHORZ�

WKH�GLIIHUHQW�W\SHV�RI H[FKDQJH�LQWHUDFWLRQV�ZKLFK�OHDG�WR�ORQJ�UDQJH�PDJQHWLF�RUGHU�VWDWH�

�������'LUHFW�H[FKDQJH�LQWHUDFWLRQ�

:KHQ�WKH�HOHFWURQV�RQ�DGMDFHQW PDJQHWLF�LRQV DUH�FORVH�HQRXJK WR�KDYH�VXIILFLHQW�RYHUODS�

RI� WKHLU� ZDYH� IXQFWLRQV� WKH\� LQWHUDFW� YLD� H[FKDQJH LQWHUDFWLRQ�� 6XFK� DQ� LQWHUDFWLRQ� LV�
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NQRZQ�DV�GLUHFW�H[FKDQJH��,W�DOORZV D�VWURQJ�VKRUW�UDQJH�FRXSOLQJ� ZKLFK�UHGXFHV�TXLFNO\

RQ�LQFUHDVLQJ�WKH�VHSDUDWLRQ�EHWZHHQ�WKH�PDJQHWLF�LRQV� )RU�GLUHFW�H[FKDQJH�LQWHUDFWLRQ��

WKH�H[FKDQJH�LQWHJUDO�-H[�FDQ�EH�QHJDWLYH�RU�SRVLWLYH�GHSHQGLQJ�XSRQ�WKH�VWDELOLW\ EHWZHHQ�

&RXORPELF�DQG�NLQHWLF HQHUJLHV �.�(����,Q�WKH�IUDPH�ZRUN�RI�,VLQJ�PRGHO�

(H[ �� -H[6L�6M �����

:KHUH (H[ LV� WKH�H[FKDQJH� HQHUJ\��6L DQG�6M DUH� WKH�HOHFWURQLF� VSLQV�DW� WKH�DWRPLF VLWHV�

ZKLFK�FDQ�WDNH�YDOXHV������RU�������>&XOOLW\�������@

������,QGLUHFW�H[FKDQJH�LQWHUDFWLRQ

7KH�LQGLUHFW� LQWHUDFWLRQ DPRQJVW PDJQHWLF�LRQV FDQ�EH�DUELWUDWHG WKURXJK WKH�FRQGXFWLRQ

HOHFWURQV DV� ZHOO� LQ� VRPH� FDVHV�� 7KH� VSLQ�SRODUL]HV� WKH� FRQGXFWLRQ� HOHFWURQV WKURXJK�

ORFDOL]HG�PDJQHWLF�PRPHQW DQG�WKLV�SRODUL]DWLRQ�FRXSOHV�WR�WKH�DGMDFHQW FRQILQH PDJQHWLF

PRPHQW� DW� µU¶ GLVWDQFH�� 7KXV� WKH� H[FKDQJH� LQWHUDFWLRQ� LV� DQ� LQGLUHFW� RQH DQG� LW� QRW

DVVRFLDWHG�ZLWK GLUHFW�FRXSOLQJ�EHWZHHQ�WKH�PDJQHWLF�PRPHQWV��7KLV W\SH�RI�LQWHUDFWLRQ�LV�

FRPPRQO\� NQRZQ� DV� 5XGHUPDQ�.LWWHO�.DVXD�<RVKLGD �5..<� LQWHUDFWLRQ� �RU� DOVR� DV�

LWLQHUDQW� H[FKDQJH� LQWHUDFWLRQ�� >5XGHUPDQ� HW� DO� �������� .DVX\D� �������� <RVLGD� HW� DO��

������@�� QDPHG� DIWHU� WKH� GLVFRYHUHUV RI� WKH HIIHFW��7KH�5..<� W\SH� H[FKDQJH� FRXSOLQJ�

-5..<�U��LV�JLYHQ�E\�>%OXQGHO�������@�

-5..<��U��Į &RV ��N)U��U
� �����

:KHUH U��DVVXPLQJ�VSKHULFDO�)HUPL�VXUIDFH�RI�UDGLXV�N)�� 7KH�5..< FRUUHODWLRQ� VKRZQ�

LQ� )LJ����� LV� D� ORQJ� UDQJHG� DQG� KDV� GDPSHG� RVFLOODWRU\ GHSHQGHQFH� RQ� WKH� VHSDUDWLRQ�

EHWZHHQ WKH� PDJQHWLF� PRPHQWV�� 6R�� GHSHQGLQJ� RQ� WKH VHSDUDWLRQ� EHWZHHQ� D� SDLU� RI�

PDJQHWLF� LRQV�� FRXSOLQJ� EHWZHHQ� WKHP�FDQ� EH� RI� IHUURPDJQHWLF� RU� DQWLIHUURPDJQHWLF� LQ�

QDWXUH�
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)LJ���� 7KH�FRHIILFLHQW�RI�5..<�YHUVXV�WKH�LQWHU�DWRPLF�GLVWDQFH�U�>DIWHU�+RQHU�������@

������6XSHUH[FKDQJH�LQWHUDFWLRQ

6XSHUH[FKDQJH�GHVFULEHV�WKH�LQWHUDFWLRQ�EHWZHHQ�PRPHQWV�RI�LRQV�ZKLFK�DUH�WRR�IDU�DSDUW�

WR�EH� LQIOXHQFH�E\�GLUHFW�H[FKDQJH��EXW�FRXSOH�RYHU�D�UHODWLYHO\� ORQJ�GLVWDQFH�WKURXJK�D�

QRQ�PDJQHWLF�LRQ�ZKLFK�LV�VLWXDWHG LQ�EHWZHHQ�WKH�PDJQHWLF�LRQV�>$QGHUVRQ�������@��)RU�

H[DPSOH��0Q2� DQG�0Q)� DUH� ERWK� DQWLIHUURPDJQHWV�� LQ� YLHZ� RI� WKDW QR� GLUHFW� RYHUODS�

EHWZHHQ� WKH� HOHFWURQV�RQ�0Q�� LRQV� LQ�HDFK�V\VWHP�� ,I� WKH� V\VWHP� LV� LGHDOO\ LRQLF�� WKHQ�

VLQJOH�XQSDLUHG�HOHFWURQ� LQ�D�G�RUELWDO�ZLOO�EH�SUHVHQW� LQ�HDFK�PHWDO� LRQ�ZKHUHDV�R[\JHQ�

VKRZV WZR� S� HOHFWURQV� RFFXSLHG� LQ� RXWHU� PRVW� VWDWHV�� 7KH� VWUHQJWK� RI� WKH� DQWL�SDUDOOHO�

FRXSOLQJ�EHWZHHQ�PHWDO�LRQV��0��GHSHQGV�RQ�WKH ERQG�OHQJWK�DQG�ERQG DQJOH�0�2�0�DQG�

LV�JHQHUDOO\�PD[LPXP�ZKHQ�WKLV�ERQG�DQJOH�LV����� L�H��WKH�VSLQV�DUH�FROOLQHDU�

������'RXEOH�H[FKDQJH�LQWHUDFWLRQ

,Q�IHZ R[LGHV��WKH�IHUURPDJQHWLF�H[FKDQJH�LQWHUDFWLRQ LV�SRVVLEOH�GXH�WR�WKH�RFFXUUHQFH�RI�

PDJQHWLF�LRQV�VKRZLQJ�PL[HG�YDOHQFH L�H��� LW�FDQ�SUHVHQW� LQ R[LGDWLRQ�VWDWH�RI�PRUH�WKDQ�

RQH�� )RU� H[DPSOH� WKH LRQ� RI�0Q� FDQ� H[LVW� LQ� R[LGDWLRQ VWDWHV� DV�0Q�� RU�0Q���� LQ� WKH�

PL[HG�PDQJDQLWH�V\VWHP�/D��[6U[0Q2���7KH�IHUURPDJQHWLF�DOLJQPHQW�LQ�VXFK�V\VWHPV�LV�

EHFDXVH�RI GRXEOH H[FKDQJH�PHFKDQLVP�>=HQHU�������@� 7KLV�FDQ�EH�XQGHUVWRRG�ZLWK�KHOS�

RI�)LJ����� ,Q�WKH�FDVH�RI�PL[HG�YDOHQFH RI�0Q�LRQ��HJ�HOHFWURQ�RQ�0Q�� LRQ�FDQ�KRS�WR�D



ϭϭ

QHLJKERXULQJ� VLWH� 0Q�� YLD� R[\JHQ� E\� LQWHUDFWLQJ� ZLWK� �S� HOHFWURQV� RI� 2���� 7KLV LV�

SRVVLEOH� RQO\� LI� WKHUH� LV� D� YDFDQF\� RI� WKH� VDPH� VSLQ�� +RZHYHU�� EHFDXVH� RI� WKH VWURQJ�

+XQG
V�FRXSOLQJ��WKH�WKUHH�HOHFWURQV�LQ�WKH�W�J OHYHO�ZDQW�WR�NHHS�WKH�HJ HOHFWURQ�DOLJQHG�WR�

WKHP��+HQFH LW�LV�QRW�VXLWDEOH IRU�DQ�HOHFWURQ �HJ� WR�KRS�WR�DQ DGMDFHQW LRQ�LQ�ZKLFK�LW�LV�

DQWLSDUDOOHO� WR� WKH� W�J� VSLQV�� 7KH� IHUURPDJQHWLF� DOLJQPHQW� RI� DGMDFHQW LRQV� LV� QHHGHG WR�

FRQWLQXH WKH�KLJK�VSLQ�DUUDQJHPHQW�RQ�ERWK�WKH�UHFHLYLQJ�DQG�GRQDWLQJ�LRQV��7KLV PRGHO�

LV� VXSHUILFLDOO\� VLPLODU� WR� VXSHUH[FKDQJH�� ,Q� VXSHUH[FKDQJH�� DQ DQWLIHUURPDJQHWLF� �LQ�

JHQHUDO�� RU� IHUURPDJQHWLF� DOLJQPHQW� RFFXUV� EHWZHHQ� WZR DWRPV�ZLWK� WKH� VDPH� YDOHQFH��

ZKLOH� LQ� GRXEOH� H[FKDQJH�� WKH� LQWHUDFWLRQ� RFFXUV RQO\� ZKHQ� RQH� DWRP� KDV� DQ� H[WUD�

HOHFWURQ�FRPSDUHG�WR�WKH�RWKHU�

)LJ����� 'RXEOH�H[FKDQJH�LQWHUDFWLRQ�>DIWHU�=HQHU�HW�DO��������@�



ϭϮ

������$QLVRWURSLF�H[FKDQJH�LQWHUDFWLRQ

,Q�DQ DQWLIHUURPDJQHWLF�V\VWHP�WKH�DSSHDUDQFH�RI�ZHDN�VSRQWDQHRXV�PDJQHWL]DWLRQ�DULVHV�

GXH� WR� WKH� PDJQHWLF� PRPHQWV� ZKLFK� DUH� QRW� FROOLQHDU� L�H�� FDQWHG�ZLWK� UHVSHFW� WR� HDFK�

RWKHU��7KLV�W\SH�RI�FDQWHG�DQWLIHUURPDJQHWLF�DUH�FDOOHG DV�ZHDN�IHUURPDJQHWV� 7ZR�LQSXWV

DUH� FRPSXOVRU\ IRU� FDQWLQJ RI� VSLQ� �L�� WKH� H[LVWHQFH RI� WZR� QRQV\PPHWU\� DVVRFLDWHG

QHDUHVW�QHLJKERXU� PDJQHWLF� LRQV DQG� �LL�� DQWLV\PPHWULF� H[FKDQJH� DQG�RU� VLQJOH� LRQ�

DQLVRWURS\�� $QWLV\PPHWULF H[FKDQJH� GHSHQGV XSRQ� V\PPHWU\� DUJXPHQWV� GHILQHG E\�

']\DORVKLQVNLL �������� ZKLOH� 0RUL\D� ������� H[SODLQHG� WKH� SKHQRPHQRQ� DV LQGLYLGXDO�

VSLQV� LQWHUDFWLQJ WKURXJK VSLQ�RUELW� FRXSOLQJ� 7KH� IXVLRQ RI� WKHVH DUJXPHQWV� VKRZV WKH�

DQLVRWURSLF� H[FKDQJH� LQWHUDFWLRQ�� ZKLFK� LV� FRPPRQO\� NQRZQ� DV WKH� ']\DORVKLQVNLL�

0RUL\D��'0�� LQWHUDFWLRQ��)RU�GHVFULELQJ�WKH�V\PPHWULF�H[FKDQJH��VSLQ�VSLQ� LQWHUDFWLRQ�

WKH� JHQHUDO�+DPLOWRQLDQ� XVHG� LV�+�  � �-Ȉ6L�6M� ZKLFK� GRHV� QRW DOORZ� WKH FDQWLQJ� RI� WKH�

VSLQV� DQG� SURGXFH� QDWXUDO SDUDOOHO� RU� DQLWLSDUDOOHO DOLJQPHQWV� RI� VSLQV�� 7KH� '�0�

LQWHUDFWLRQ��RQ�WKH�RWKHU�KDQG��LV�H[SUHVVHG E\�DQ�DGGLWLRQDO WHUP�LQ�WKH�+DPLOWRQLDQ�JLYHQ�

DV�>0RUL\D�������@

+'�0  �'LM� _6L î 6M_� �����

:KHUH 'LM LV D�'0 FRQVWDQW� YHFWRU��'XH� WR LQWHUSOD\� EHWZHHQ� VXSHUH[FKDQJH� DQG� VSLQ�

RUELW FRXSOLQJ WKH '0 LQWHUDFWLRQ� DULVHV�� 7KLV� LQWHUDFWLRQ� EHJLQV� WKH� VSLQ� WR� FDQW� WKXV

UHGXFLQJ� WKH� FRXSOLQJ HQHUJ\� EHWZHHQ� 6L DQG� 6M�� 6LQFH� WKH PDJQLWXGH� RI� 'LM LV�

SURSRUWLRQDO� WR� �J����J� ZKHUH� J� LV� /DQGH� J�IDFWRU�� LW� LV� QRWLFHDEOH ZKHQ J� FKDQJHV

VLJQLILFDQWO\�IURP����:KHQ�WKH�VXSHUH[FKDQJH�LQWHUDFWLRQ�LV�PHGLDWHG�WKURXJK�R[\JHQ��LW�

LV� DOVR SURSRUWLRQDO� WR� WKH� SRVLWLRQ� RI� R[\JHQ�EHWZHHQ� WKH� WZR�PDJQHWLF� LRQV� L�H�� 'LM ߙ

[îU�� ZKHUH� U�� LV� WKH� YHFWRU� OLQH� FRQQHFWLQJ� DORQJ� WKH� WZR�PDJQHWLF� LRQV� DQG� [ LV WKH�

GLVSODFHPHQW�RI�R[\JHQ�IURP�WKLV�OLQH��VHH�)LJ�������
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)LJ���� (IIHFW�RI�DV\PPHWULF�']\DORVKLQVNLL�0RUL\D��'�0��LQWHUDFWLRQ�>DIWHU�&KHRQJ�HW

DO��������@�

��� 0XOWLIHUURLF�0DWHULDOV

0XOWLIHUURLF�PDWHULDOV�PD\�EH�GHILQHG�DV�VLQJOH�SKDVH�PDWHULDOV��LQ�ZKLFK�WZR�RU�DOO�WKUHH�

RI�SULPDU\�IHUURLF�SURSHUWLHV�VXFK�DV��IHUURHOHFWULFLW\��IHUURPDJQHWLVP��DQG�IHUURHODVWLFLW\�

RFFXU� LQ� WKH� VDPH� SKDVH�� +RZHYHU�� LQ� UHFHQW� \HDUV�� DQWL�IHUURPDJQHWLVP�� DQWL

IHUURHOHFWULFLW\�� IHUULPDJQHWLVP� DQG� IHUULHOHFWULFLW\� KDV� DOVR� EHHQ� LQFOXGHG LQ� WKH�

GHILQLWLRQ� RI� PXOWLIHUURLFV� >(HUHQVWHLQ� ������@�� ,Q� WKH� PXOWLIHUURLFV�� LI� WKHUH� H[LVWV� D�

FRXSOLQJ�EHWZHHQ�DW�OHDVW�WZR�IHUURLF�SURSHUWLHV H�J��D�FRXSOLQJ�EHWZHHQ�IHUURHOHFWULF�DQG�

PDJQHWLF� RUGHU� SDUDPHWHUV� VXFK� WKDW� WKH PDJQHWLF� SRODUL]DWLRQ� FDQ� EH� VZLWFKHG� E\� WKH�

DSSOLFDWLRQ� RI� DQ� HOHFWULF� ILHOG� DQG IHUURHOHFWULF� SRODUL]DWLRQ� E\� WKH� DSSOLFDWLRQ� RI� D�

PDJQHWLF�ILHOG�DUH�NQRZQ�DV PDJQHWRHOHFWULFV�

��� 0DJQHWRHOHFWULF�FRXSOLQJ�LQ�PXOWLIHUURLF�PDWHULDOV

7KH�FRXSOLQJ�EHWZHHQ�WZR�IHUURLF�RUGHUV�VXFK�DV�SRODUL]DWLRQ��3��DQG�PDJQHWL]DWLRQ��0�

LQ�D�PDWHULDO� LV�JHQHUDOO\�WHUPHG�DV�PDJQHWRHOHFWULF�HIIHFW� L�H�� WKH�DSSOLFDWLRQ�RI�HOHFWULF�

ILHOG� �(�� FDQ� LQGXFH PDJQHWL]DWLRQ� �0�� DQG WKH� DSSOLFDWLRQ� RI� PDJQHWLF� ILHOG� �+�� FDQ�



ϭϰ

LQGXFH�SRODUL]DWLRQ��3���$FFRUGLQJ�WR�/DQGDX�WKHRU\��WKH�IUHH�HQHUJ\ RI�D�PDJQHWRHOHFWULF�

PXOWLIHUURLF�FDQ�EH�H[SUHVVHG�DV�IROORZLQJ >)LHELJ���������:DQJ�HW�DO��������@�L�H�

ሻܪǡܧሺܨ ൌ Ͳܨ െ ݏ݅ܲ െ ݅ܯ
݅ܪݏ െ

ͳ

ʹ
݆݅ߝͲߝ ݅ܧ ܧ݆ െ

ͳ

ʹ
݆݅ߤͲߤ ݅ܪ ܪ݆ െ ݆݅ߙ ܪ݆݅ܧ

ͳ

ʹ
݆݇݅ߚ ܪ݆݅ܧ ݇ܪ െ

ͳ

ʹ
݆݇݅ߛ ݅ܪ ܧ݆ ݇ܧ െ �����

:KHUH� )�� GHQRWHV� WKH JURXQG� VWDWH� IUHH� HQHUJ\ RI� WKH� V\VWHP� DQG� WKH� FRPSRQHQWV� RI�

HOHFWULF��(��DQG�PDJQHWLF��0��ILHOGV�DUH�GHQRWHG�E\��(L��(M��(N DQG�+L��+M��+N��UHVSHFWLYHO\�

7KH�FRUUHVSRQGLQJ�FRPSRQHQWV�RI VSRQWDQHRXV�PDJQHWL]DWLRQ� �0V��DQG SRODUL]DWLRQ��3V��

DQG�DUH�GHQRWHG�E\ 0L
V DQG 3L

V��7KH�HQWLWLHV�İLM DQG�ȝLM DUH�VHFRQG�UDQN�WHQVRU�DQG�VWDQG�IRU�

WKH�HOHFWULF�DQG�PDJQHWLF�VXVFHSWLELOLW\�RI�PDWHULDO�ZKLOH�İ� DQG�ȝ� DUH�WKH�VXVFHSWLELOLWLHV�

RI� YDFXXP�� 7KH� FRHIILFLHQW ĮLM� LV� DJDLQ� D� VHFRQG� UDQN� WHQVRU� WKDW� GHILQHV� WKH OLQHDU�

PDJQHWRHOHFWULF HIIHFW DQG� WKH� FRHIILFLHQWV� ȕLMN DQG� ȖLMN�� D WKLUG� UDQN� WHQVRU� GHILQH� WKH�

TXDGUDWLF PDJQHWRHOHFWULF�FRXSOLQJ��%\�GLIIHUHQWLDWLQJ HTXDWLRQ�������SDUWLDOO\ Z�U�W��(L RU�

+L�DQG�VHWWLQJ�(L RU�+L  ���ZH�FDQ�REWDLQ�WKH�PDJQHWRHOHFWULF�HIIHFWV�LQ�WHUPV�RI 3L�+L��RU�

0L�(L��

7KH� DELOLW\� WR� FRXSOH� WKH� PDJQHWLF� DQG� WKH� HOHFWULF� SRODUL]DWLRQ� LQ PDJQHWRHOHFWULF�

PXOWLIHUURLFV�RIIHUV�DQ�H[WUD�GHJUHH�RI�IUHHGRP�LQ�WKH�GHVLJQ�RI DFWXDWRUV��WUDQVGXFHUV��DQG�

VWRUDJH� GHYLFHV�� 6SHFLILF� GHYLFH� DSSOLFDWLRQV� WKDW KDYH� EHHQ� VXJJHVWHG� IRU� VXFK

PDJQHWRHOHFWULF�PXOWLIHUURLFV� LQFOXGH�PXOWLSOH�VWDWH PHPRU\�HOHPHQWV��FRUUHVSRQGLQJ�WR�

�3�� �3�� �0� DQG� ±0� VWDWHV��� HOHFWULF�ILHOG FRQWUROOHG IHUURPDJQHWLF� UHVRQDQFH� GHYLFHV��

WUDQVGXFHUV� ZLWK� PDJQHWLFDOO\ PRGXODWHG� SLH]RHOHFWULFLW\� >)LHELJ� �������� 5DPHVK� DQG�

6SDOGLQ���������:DQJ�HW�DO���������@�HWF�
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��� ,QFRPSDWLELOLW\�EHWZHHQ�PDJQHWLVP�DQG�IHUURHOHFWULFLW\�

7KH� FRH[LVWLQJ� IHUURHOHFWULFLW\� DQG� PDJQHWLVP� LQ� D� VLQJOH� SKDVH� PDJQHWRHOHFWULF�

PXOWLIHUURLF�PDWHULDO�RIIHUV�JUHDW�FKDOOHQJHV�WR�WKH�FRQGHQVH�PDWWHU�SK\VLFLVWV��,W�KDV�EHHQ�

SURYHG� WKDW� LQ� $%2� SHURYVNLWHV� V\VWHP� IHUURHOHFWULFLW\� LV� GULYHQ� E\� WKH� RII�FHQWHULQJ�

GLVSODFHPHQW�RI�%�VLWH�WUDQVLWLRQ�PHWDO��70��LRQV�WKDW�UHTXLUHV�YDFDQW�G�RUELWDOV��G����VR�

WKDW� LW��70��FRXOG�HVWDEOLVKHG�FRYDOHQW�ERQGLQJ�ZLWK�QHLJKERULQJ�R[\JHQ�DWRPV�YLD�WKH�

K\EULGL]DWLRQ�RI��G� RUELWDO�RI�7L�DQG��S�RUELWDOV�RI�R[\JHQ LQ�FDVH�RI�%D7L2� DQG�3E7L2�

>&RKHQ�������@� ,Q�DGGLWLRQ�WR�WKLV�� WKH�HYROXWLRQ RI� IHUURHOHFWULF�VWDWH EUHDNV WKH�VSDWLDO

LQYHUVLRQ� V\PPHWU\ DOVR�� 2Q� WKH� RWKHU� KDQG� HYROXWLRQ� RI� PDJQHWLF� RUGHULQJ� UHTXLUHV�

WUDQVLWLRQ�PHWDO�FDWLRQV KDYLQJ SDUWLDOO\�RFFXSLHG�G�RUELWDOV��GQ HOHFWURQV��DORQJ�ZLWK WKH�

EURNHQ WLPH� UHYHUVDO V\PPHWU\�� 7KHVH WZR� SKHQRPHQD�� ZKLFK� VHHP WR� EH� PXWXDOO\�

IRUELGGHQ�LQ�D�VLQJOH�SKDVH�PDWHULDO��KDYH�EHHQ�VKRZQ WR�FRH[LVW�LQ� IHZ PDJQHWRHOHFWULF

PXOWLIHUURLFV� WKDW VKRXOG� YLRODWH� ERWK WKH� V\PPHWULHV RI VSDFH� DQG� WLPH L�H�� VSDWLDO�

LQYHUVLRQ�DQG� WLPH� UHYHUVDO��7KLV LPSOLHV� WKDW� LQ�PDJQHWRHOHFWULF�PDWHULDOV� LQ�ZKLFK� WKH�

IHUURHOHFWULF� GLVWRUWLRQ LV� QRW� FDXVHG� E\� WKH� K\EULGL]DWLRQ� RI� WUDQVLWLRQ�PHWDO� LRQV� LQ� D�

QREOH�JDV FRQILJXUDWLRQ�

��� $SSURDFKHV�WR�WKH�FR�H[LVWHQFH�RI�WKH�PDJQHWLVP�DQG�IHUURHOHFWULFLW\

$V�ZH�KDYH�GLVFXVVHG�LQ�WKH�SUHFHGLQJ�VHFWLRQ��WKH�YDFDQW�G�RUELWDO�RI�WKH�%�VLWH�WUDQVLWLRQ�

PHWDO� LRQV� DUH WKH� UHTXLUHPHQW� WR� VWDELOL]H� WKH� IHUURHOHFWULF� VWDWH� LQ� $%2� 3HURYVNLWHV��

6XFK� NLQG� RI� %�VLWH� FDWLRQ H[FOXGHV WKH PDJQHWLVP LQ� PDWHULDO�� :KLOH� WKLV� DUJXPHQW�

VXJJHVWV� WKDW� IHUURHOHFWULF� DQG� PDJQHWLF� RUGHULQJ� DUH� DEVROXWHO\� LQFRPSDWLEOH�� QHZ�

PHFKDQLVPV�RI�IHUURHOHFWULFLW\�GLIIHUHQW�IURP�WKH�FRQYHQWLRQDO�RQH�KDYH�EHHQ�LGHQWLILHG�LQ

UHFHQW�\HDUV�ZKLFK�PDNH�WKH�WZR RWKHUZLVH�PXWXDOO\�H[FOXVLYH�SKHQRPHQD WR RFFXU�LQ�WKH�

VDPH�PDWHULDO�
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���� 3DUDPDJQHWLF GRSLQJ

,QLWLDO� VWHS� WRZDUGV� WKH� VWXG\� RI� PXOWLIHUURLFV SHURYVNLWH ZDV� SUHFHGHG� E\� 5XVVLDQ�

VFLHQWLVWV� >9HQHYVWHY� ������@� 7KH\� VXJJHVW� WR� FRPELQH WKH�%�VLWH� RI� $%2� SHURYVNLWH�

ZLWK�WUDQVLWLRQ�PHWDO�FDWLRQV�KDYLQJ�ERWK�WKH�SDUWLDOO\�ILOOHG��GQ��DQG�HPSW\��G���G�RUELWDOV��

ZKHUH� GQ DQG� G� HOHFWURQLF� FRQILJXUDWLRQ� RI� WKH� WUDQVLWLRQ� PHWDO� FDWLRQV� GULYH� WKH�

IHUURPDJQHWLVP� DQG� IHUURHOHFWULFLW\� UHVSHFWLYHO\�� ,W� ZDV� KRSHG� WKDW� D� FRH[LVWHQFH� RI�

µFRQYHQWLRQDO¶� IHUURHOHFWULFLW\� DQG� PDJQHWLVP� LV� SRVVLEOH� �L�H�� 3DUWLDO� VXEVWLWXWLRQ� RI�

IHUURHOHFWULFDOO\�DFWLYH� WUDQVLWLRQ�PHWDO� LRQV� �G���E\�PDJQHWLFDOO\� DFWLYH� WUDQVLWLRQ�PHWDO�

LRQV� �GQ HOHFWURQLF�FRQILJXUDWLRQ��ZLWK�PDLQWDLQLQJ� WKH�VWDELOLW\�RI�SHURYVNLWH� VWUXFWXUH��

7KLV�LGHD�KDV�ZRUNHG�DQG�PXOWLIHUURLFLW\�KDV�EHHQ�UHSRUWHG�LQ�VLWH�GLVRUGHUHG�FRPSRXQGV�

OLNH� 3E�)H���1E����2� �3)1�� DQG� 3E�)H���1E����2�� �3):�� LQ� ZKLFK� IHUURHOHFWULFLW\ LV�

GULYHQ� E\� 1E�� DQG�:�� LRQV� ZKLOH� PDJQHWLVP� LV� GULYHQ� E\� )H�� LRQV >)LHELJ� ��������

:DQJ�HW�DO����������6LQJK�HW�DO�������@��+RZHYHU� WKH�PDJQHWLF�WUDQVLWLRQ�WHPSHUDWXUH�LQ�

WKHVH�PDWHULDOV�RFFXUV�ZHOO�EHORZ�WKH URRP�WHPSHUDWXUH�

���� 0XOWLIHUURLF�PDWHULDOV�ZLWK�LPSURSHU�IHUURHOHFWULFLW\

,Q�WKH�SUHYLRXV VHFWLRQ�� LW�KDV�EHHQ�GLVFXVVHG�WKDW� WKH�HOHFWULF�SRODUL]DWLRQ�LV�WKH�SULPDU\�

RUGHU�SDUDPHWHU� WKDW�GULYH�WKH� IHUURHOHFWULF� WUDQVLWLRQ��7KHVH� IHUURHOHFWULFV DUH�WHUPHG�DV

µSURSHU¶� IHUURHOHFWULFV�� 7KHUH� DUH� VRPH� RWKHU� W\SHV� RI� WKH� IHUURHOHFWULFV� LQ� ZKLFK

SRODUL]DWLRQ LV� LQGXFHG�E\� VRPH� VHFRQGDU\�HIIHFW� �QRW� WKH�SRODUL]DWLRQ�DV�SULPDU\�RUGHU�

SDUDPHWHU� VXFK� DV� ODWWLFH� GLVWRUWLRQV�� FKDUJH� RUGHULQJ� DQG� VRPH� NLQG� RI� PDJQHWLF�

RUGHULQJ� HWF�� 7KLV� JURXS� RI PDWHULDOV� ZDV WHUPHG� DV� µLPSURSHU¶ IHUURHOHFWULFV�� 6RPH�

H[DPSOH� RI� WKH� SURSHU� DQG� LPSURSHU� IHUURHOHFWULFLW\� LV� JLYHQ LQ� WKH� 7DEOH� ���� >$IWHU�

&KHRQJ�DQG�0RVWRYR\�������@�



ϭϳ

7DEOH������&ODVVLILFDWLRQ�RI�IHUURHOHFWULFV�>DIWHU�&KHRQJ�HW�DO��������@

���� )HUURHOHFWULFLW\�LQGXFHG�E\�ORQH�SDLU�HOHFWURQV

7KH� PHFKDQLVP� RI� IHUURHOHFWULFLW\� LV� EDVHG� RQ� FDWLRQV� WKDW� KDYH� DQ� �QV�� �ORQH� SDLU��

YDOHQFH� HOHFWURQ� FRQILJXUDWLRQ�� 6XFK� ORQH�SDLU� LV� JHQHUDOO\� XQVWDEOH� DQG� KHQFH� WR� JHW� D�

VWDEOH�VWDWH�LW�PL[HG�LWVHOI�ZLWK D�ORZ�O\LQJ��QV���QS�� H[FLWHG�VWDWH WKDW�EUHDNV�WKH�VSDWLDO�

LQYHUVLRQ� V\PPHWU\� DOVR >$WDQDVRY� ������@�� 7KLV� µVWHUHRFKHPLFDO� DFWLYLW\� RI� WKH� ORQH�

SDLU¶�LV�WKH�GULYLQJ�IRUFH�IRU�WKH�RII�FHQWUH�GLVWRUWLRQ�DQG��LQ�WXUQ��WKH�IHUURHOHFWULFLW\ >+LOO�

������@�� ([DPSOHV� RI� VXFK� NLQG� RI� V\VWHPV� DUH� %L)H2� DQG� SUREDEO\� %L0Q2��� ZKHUH

PDJQHWLVP�DQG� IHUURHOHFWULFLW\�DUH�FDXVHG� E\ %�VLWH�FDWLRQV�DQG� VWHUHRFKHPLFDOO\�DFWLYH�

ORQH�SDLU RI�$�VLWH�FDWLRQ��UHVSHFWLYHO\�>:DQJ�HW�DO����������+LOO�������@��,Q�WKLV FODVV�RI�

PDWHULDOV��%L)H2� LV�XQLTXH�DV�LW�VKRZV�WKH�PXOWLIHUURLFLW\�DW�URRP WHPSHUDWXUH�EHFDXVH�RI�

LWV� VKRZV�KLJK� WHPSHUDWXUH�PDJQHWLF� WUDQVLWLRQ� DW� ���.� >5RJLQVND\D� HW� DO�� ������@ DQG�

IHUURHOHFWULF�WUDQVLWLRQ�DW�����.�>.DF]PDUHN�HW�DO��������@�

&ODVVLILFDWLRQ�RI�IHUURHOHFWULFV
0HFKDQLVP�RI�LQYHUVLRQ�V\PPHWU\�EUHDNLQJ 0DWHULDOV

3URSHU

&RYDOHQW�ERQGLQJ�
EHWZHHQ��G� WUDQVLWLRQ�
PHWDO��7L��DQG�R[\JHQ

%D7L2�

3RODUL]DWLRQ�RI��6� ORQH�
SDLU�RI�%L�RU�3E

%L0Q2���%L)H2���
3E�)H���:����2�

,PSURSHU

6WUXFWXUDO�WUDQVLWLRQ
µ*HRPHWULF�IHUURHOHFWULFV¶

.�6H2���&V&GO�
+H[DJRQDO�50Q2�

&KDUJH�RUGHULQJ
µ(OHFWURQLF�IHUURHOHFWULFV¶

/X)H�2�

0DJQHWLF�RUGHULQJ
µ0DJQHWLF�IHUURHOHFWULFV¶

2UWKRUKRPELF�50Q2���
50Q�2���&R&U�2�



ϭϴ

���� %L)H2� DV�D�PXOWLIHUURLF�PDWHULDO

$V� PHQWLRQHG� HDUOLHU�� PDJQHWRHOHFWULF� PXOWLIHUURLFV� %L)H2� KDV� UHFHLYHG� WUHPHQGRXV�

DWWHQWLRQ RXW� RI� DOO� PXOWLIHUURLF� PDWHULDOV�� DV D� PXOWLIHUURLF� PDWHULDO� DYDLODEOH� DW� URRP�

WHPSHUDWXUH� ,W VKRZV IHUURHOHFWULF WUDQVLWLRQ��7&��a�����.�>.DF]PDUHN�HW�DO��������@�DQG�

DQWLIHUURPDJQHWLF� RUGHULQJ� �71�� DW a���� .� >5RJLQVND\D� HW� DO�� ������@� ZHOO� DERYH� WKH�

URRP� WHPSHUDWXUH�� 7KLV� LQFUHDVHV� WKH� SRVVLELOLW\� RI� GHYHORSLQJ� QHZ� NLQGV� RI� SRWHQWLDO�

GHYLFHV�EDVHG�RQ�PDJQHWRHOHFWULF�FRXSOLQJ�

%L)H2� VKRZV� UKRPERKHGUDOO\ GLVWRUWHG� SHURYVNLWH FU\VWDO VWUXFWXUH� ZKLFK� EHORQJV� WR�

5�F�VSDFH�JURXS >-DFREVRQ�HW�DO��������� )LVFKHU�HW�DO����������.XEHO���������6RVQRZVND�

HW� DO�� ������@�� 7KH� KH[DJRQDO� ODWWLFH� SDUDPHWHU� DUH� DKH[  EKH[ ������������ FKH[

 ������������ Į ȕ ���� DQG� Ȗ ࡈ��� >3DOHZLF]� HW� DO�� ������@�� 7KH� KH[DJRQDO� XQLW� FHOO�

FRQWDLQV�VL[�IRUPXOD�XQLWV�ZKHUHDV�XQLW�FHOO�RI�UKRPERKHGUDO��FRQWDLQV�WZR�IRUPXOD�XQLWV�

DSSHDULQJ IURP� FRXQWHU�URWDWLRQV� RI� QHLJKERULQJ� R[\JHQ� RFWDKHGUD� DERXW� WKH� WULJRQDO�

>���@SF D[LV DV VKRZQ� LQ�)LJ�������7KH�VSRQWDQHRXV�SRODUL]DWLRQ�GHYHORSHG�DORQJ�>���@SF

LQ� 5�F V\PPHWU\� DQG� %L�� )H�� DQG� 2� DUH� GLVSODFHG� UHODWLYH� WR� RQH� DQRWKHU� DORQJ� WKLV�

WKUHHIROG�D[LV�>3DOHZLF]�HW�DO��������@�

7KH� IHUURHOHFWULF FKDUDFWHUL]DWLRQ� RI� %L)H2� KDV� VKRZ D� YHU\� GLIILFXOW� WDVN IURP�

H[SHULPHQWDO� SRLQW� RI� YLHZ�� EHFDXVH� RI KLJK� FRQGXFWLYLW\� RI� %L)H2��� ,Q� VSLWH� RI� ODUJH�

LRQLF� GLVSODFHPHQWV� LQ� WKH� IHUURHOHFWULF� SKDVH� DQG� KLJK� IHUURHOHFWULF� &XULH� WHPSHUDWXUH��

WKH� PHDVXUHPHQW� RQ� EXON� VLQJOH� FU\VWDO� VKRZV D� YHU\� VPDOO� SRODUL]DWLRQ� 7HDJXH� HO� DO��

������ LQLWLDOO\�UHSRUWHG WKH�YDOXH�RI VSRQWDQHRXV�SRODUL]DWLRQ�L�H� ����ȝ&�FP� ZKLFK ZDV�

PHDVXUHG� DORQJ� WKH� >���@SF GLUHFWLRQ� LQ� WKH� VLQJOH� FU\VWDO� RI�%L)H2� DW� OLTXLG� QLWURJHQ�

WHPSHUDWXUH��



ϭϵ

)LJ���� &U\VWDO�VWUXFWXUH�RI�EXON %L)H2� DW�URRP�WHPSHUDWXUH��7ZR�VLPSOH�SHURYVNLWH�XQLW�FHOO�DUH�

VKRZQ� WR� LOOXVWUDWH� WKDW� WKH� VXFFHVVLYH�R[\JHQ� RFWDKHGUDO� DORQJ� WKH�SRODU� >���@� D[LV� URWDWH�ZLWK�

RSSRVLWH�VHQVH��$UURZV�RQ�)H�DWRPV�LQGLFDWH�WKH�RULHQWDWLRQ�RI�WKH�PDJQHWLF�PRPHQWV�LQ�WKH�������

SODQH�>DIWHU�/XEN�HW�DO��������@�

7KLV�YDOXH�LV�VLJQLILFDQWO\�OHVV WKDQ�WKH�H[SHFWHG�YDOXH EDVHG�RQ�WKH�VWUXFWXUDO�GDWD��:DQJ�

HW� DO�� ������� KDYH� UHSRUWHG� D� YHU\� KLJK� YDOXH� RI�36 a���ȝ&�FP
� �VHH�)LJ�� ����� DQG� ����

ȝ&�FP� ><XQ�HW�DO��������@�IRU�WKH�WKLQ�ILOP�RI %L)H2�� 7KLV�HQKDQFHPHQW�RI�SRODUL]DWLRQ�

YDOXH IRU WKLQ� ILOP� RYHU� EXON� VDPSOH� RI� %L)H2� LV� GXH� WR� WKH� VWUXFWXUDO� FKDQJH� DV WKH�

V\PPHWU\� RI� WKLQ ILOP� RI� %L)H2� ZDV� IRXQG� WR� EHFRPH SVHXGR�WHWUDJRQDO� �VWULFWO\�

VSHDNLQJ� PRQRFOLQLF�� GXH� WR� WKH LQWURGXFWLRQ� RI VWUDLQ� E\� WKH� VXEVWUDWH� RU� HOHFWURGH��

,QLWLDOO\�ILUVW�SULQFLSOHV�FDOFXODWLRQV�KDYH�VKRZQ�WKDW�WKH�VSRQWDQHRXV SRODUL]DWLRQ�RI�HYHQ�

WKH� UKRPERKHGUDO� VWUXFWXUH� RI�%L)H2� FDQ� UHDFK� ��±����ȝ&�FP
� >1HDWRQ� HW� DO�� ��������

5DYLQGUDQ�HW�DO��������@��



ϮϬ

)LJ������)HUURHOHFWULF�K\VWHUHVLV�ORRS�PHDVXUHG�DW����N+]�IRU�WKLQ�ILOP�JURZQ�RQ�������RULHQWHG�

VXEVWUDW�6U7L2� >DIWHU�:DQJ�HW�DO��������@�

7KH SRODUL]DWLRQ�YDOXHV�DV�KLJK�DV�����ȝ&�FP� KDV�EHHQ�UHSRUWHG�>/HEHXJOH�HW�DO��������@�

DORQJ� WKH� GLUHFWLRQ� RI� >���@SF RQ� VLQJOH� FU\VWDO RI� %L)H2��� 7KH� FU\VWDOV�ZHUH� SUHSDUHG�

IURP WKH�IOX[�RI�%L�2��)H�2� KDYLQJ�D�JURZWK WHPSHUDWXUH�RI������.� 7KLV�ZRUN�VKRZV�

%L)H2� KDYH� KLJK� SRODUL]DWLRQ�� VXJJHVWLQJ LW WR� EH DQ� LQWULQVLF SURSHUW\� RI� LW UDWKHU� WKH�

HIIHFW�RI�VWUDLQ�DV�UHSRUWHG�IRU %L)H2� WKLQ�ILOPV�

$SDUW� IURP� IHUURHOHFWULF� EHKDYLRXU�� %L)H2� LV� DOVR� ZHOO� NQRZQ� WR� UHYHDO DQ�

DQWLIHUURPDJQHWLF� RUGHULQJ�� 6RVQRZVND� HW� DO�� ������� VWXGLHG� WKH� PDJQHWLF� VWUXFWXUH� RI�

%L)H2� DQG�VKRZHG�WKDW�WKH�)H�PDJQHWLF�PRPHQWV�DUH�FRXSOHG�IHUURPDJQHWLFDOO\�ZLWKLQ�

WKH� SVHXGRFXELF� >���@SF SODQHV� DQG� DQWLIHUURPDJQHWLFDOO\� EHWZHHQ� DGMDFHQW� SODQHV�� DV�

VKRZQ�LQ�)LJ�������



Ϯϭ

)LJ����� %L)H2� ODWWLFH�ZLWK�ELVPXWK��ODUJH�FLUFOHV��� LURQ��ODUJH�FLUFOHV�ZLWK�DUURZ��DQG�R[\JHQ�

LRQV��VPDOO�FLUFOHV��DUH�VKRZQ�LQ�KH[DJRQDO�VHWWLQJV�>DIWHU�3DUN�HW�DO��������@��7KH�DUURZ�DW�WKH�)H�

VLWHV� LQGLFDWHV� WKH�PDJQHWLF�PRPHQWV�� 7KH�PDJQHWLF� FHOO� �GDVKHG� OLQHV�� LV� VKRZQ� IRU� D�*�W\SH�

DQWLIHUURPDJQHWLF� VWUXFWXUH�� 7KH� SURSDJDWLRQ� ZDYH� YHFWRU� RI� WKH� LQFRPPHQVXUDWH� VSLUDO� VSLQ�

VWUXFWXUH�N�LV�DORQJ�WKH�>���@K�GLUHFWLRQ�DQG�OLHV�LQ�WKH�SODQH�RI�VSLQ�URWDWLRQ�������K��

7KLV�PDJQHWLF�RUGHU�FRUUHVSRQGV�WR�*�W\SH�DQWLIHUURPDJQHWLF�VWUXFWXUH�ZLWK�UHVSHFW�WR�WKH�

HOHPHQWDU\� SHURYRVNLWH� FHOO�� ,I� WKH�PDJQHWLF�PRPHQWV� DUH� RULHQWHG� SHUSHQGLFXODU� WR� WKH�

>���@SF GLUHFWLRQ� �L�H�� LQ� WKH� �����SF SODQH�� WKH� V\PPHWU\� DOVR� SHUPLWV� FDQWLQJ� RI� WKH�

PDJQHWLF� PRPHQWV� GXH� WR� ']\DORVKLQVNL�0RUL\D� LQWHUDFWLRQ UHVXOWLQJ� D� ZHDN�

IHUURPDJQHWLVP� +RZHYHU� LW�ZDV�DOVR�IRXQG�WKDW�VXSHULPSRVHG�RQ�WKH�DQWLIHUURPDJQHWLF�

RUGHULQJ� WKHUH� LV� D� VSDWLDOO\� PRGXODWHG� VSLUDO� VSLQ� VWUXFWXUH� LQ� ZKLFK� WKH�

DQWLIHUURPDJQHWLF� D[LV� URWDWHV� WKURXJK� WKH� FU\VWDO� ZLWK� DQ� LQFRPPHQVXUDWH� ORQJ�

ZDYHOHQJWK�SHULRG�RI�a����c�>6RVQRZDVND HW�DO��������@��7KH�SURSDJDWLRQ�ZDYH�YHFWRU�N

OLHV�LQ�WKH�SODQH�RI�VSLQ�URWDWLRQ�������K DQG�DORQJ�WKH�>���@K GLUHFWLRQ�DV�VKRZQ�LQ�)LJ��

������



ϮϮ

)LJ������ 7KH�SURSDJDWLRQ�YHFWRU�LV�DORQJ�WKH�GLUHFWLRQ�>���@�DQG�WKH�SODQH�RI�VSLQ�URWDWLRQ�LV����

����>/HEHXJOH�HW�DO��������@�

7KH�SUHVHQFH RI�WKH�PRGXODWHG�PDJQHWLF�RUGHULQJ�KDV�DOVR�FRQILUPHG�E\�105�>=DOHVVN\�

HW�DO�� ��������.R]KHHY�HW�DO�� ������@�DQG�(35�>5XHWWH�HW�DO�� ������@� VWXGLHV� LQ�%L)H2��

7KH� VSLUDO� PRGXODWHG� VSLQ� VWUXFWXUH� OHDGV� WR� FDQFHOODWLRQ� RI� DQ\� PDFURVFRSLF�

PDJQHWL]DWLRQ�GXH�WR�WKLV�FDQWLQJ��'XH WR�WKH�H[LVWHQFH RI�VSLUDO�VSLQ�VWUXFWXUH��WKH ILHOG�

GHSHQGHQW�PDJQHWL]DWLRQ�YDOXHV UHYHDOHG�D�SXUH DQWLIHUURPDJQHWLF�UHVSRQVH�>/HEHXJOH�HW�

DO��������@�DV�VKRZQ�LQ�)LJ�������� LQ�WKH�DEVHQFH�RI DQ\�VLJQ RI�ZHDN�IHUURPDJQHWLVP�LQ�

VLQJOH� FU\VWDO� SXUH�%L)H2���:HDN� IHUURPDJQHWLVP� UHSRUWHG� LQ� SXUH�%L)H2� VDPSOHV� LQ�

SRO\FU\VWDOOLQH�IRUP�>=KDQJ�HW�DO��������@ LV�PRVWO\�GXH�WR�WKH�SUHVHQFH�RI�VRPH�PDJQHWLF�

LPSXULW\�

)LJ�����0DJQHWL]DWLRQ�YHUVXV�DSSOLHG�PDJQHWLF�ILHOG FXUYH RI�WKH�SRZGHU�VDPSOH�PHDVXUHG�DW�

���. >DIWHU�/HEHXJOH�HW�DO��������@�



Ϯϯ

���� +LJK�WHPSHUDWXUH�VWXG\�RI�%L)H2�

7KHUH� DUH� VWLOO� PDQ\� FRQWUDGLFWLRQV� DERXW� WKH� KLJK�WHPSHUDWXUH� SKDVHV RI EXON�%L)H2���

>3DODL� HW� DO�� ������@ KDYH FDUULHG� RXW� FRPSOHWH� VWXG\� RI� WKH� SKDVH� GLDJUDP� RI� %L)H2�

EDVHG�RQ�VSHFWURVFRSLF�� WKHUPDO�DQDO\VLV��GLIIUDFWLRQ�DQG�RWKHU�PHWKRGV��7KHUH�DUH WKUHH

GLVWLQFW�VROLG�SKDVHV�DERYH URRP�WHPSHUDWXUH�DQG�EHORZ�WKH�PHOWLQJ�SRLQW��a��� ��&ࡈ�WKH�

UKRPERKHGUDO�D�SKDVH�� EHORZ�7&�� DQ� LQWHUPHGLDWH�E SKDVH�� LQ� WKH� UHJLRQ ��� ��&ࡈ�� ��&ࡈ

DQG� D� FXELF� J�SKDVH� LQ� WKH� UHJLRQ� ��� ��&ࡈ�� &ࡈ EHIRUH GHFRPSRVLWLRQ� DQG� VXEVHTXHQW�

PHOWLQJ�� %DVHG� RQ� SRODUL]HG� OLJKW� DQG� 5DPDQ� PHDVXUHPHQWV� WKH\� VXJJHVWHG WKDW� WKH�

V\PPHWULHV� RI� E DQG� J SKDVHV� DUH� RUWKRUKRPELF DQG� FXELF�� UHVSHFWLYHO\� >3DODL� HW� DO��

������@� :KHUHDV� >+DXPRQW� HW� DO�������@� SURSRVHG D� FXELF� V\PPHWU\� IRU�E�SKDVH��7KH�

WHWUDJRQDO� SKDVH� �VSDFH� JURXS� ,��PFP�� � ZDV� SUHGLFWHG� E\� XVLQJ� ILUVW� SULQFLSOHV�

FDOFXODWLRQV� DERYH� 7& ZKLFK� LV� VLPLODU ZLWK� DQWLIHUURGLVWRUWLYH PRWLRQV�� EHIRUH�

WUDQVIRUPLQJ�WR�D�FXELF�SKDVH�DW�DSSUR[LPDWHO\����� &ࡈ >.RUQHY�HW DO�������@��+DXPRQW�HW�

DO���������KDYH�SURSRVHG�IURP�D�KLJK�WHPSHUDWXUH�[�UD\�GLIIUDFWLRQ VWXG\��WKH�PRQRFOLQLF�

SKDVH�ZLWK�SVHXGRWHWUDJRQDO�FKDUDFWHU�LQ�WKH�VSDFH JURXS�&��P��)XUWKHU��LW�ZDV�VXJJHVWHG

WKDW�WKH�WUXH�VSDFH JURXS�DV�3���P��6HOEDFK�HW�DO���������IRXQG D�ILUVW�RUGHU�SKDVH�FKDQJH�

DW�7& DQG� WKH\� SURSRVHG WKDW� WKH� SDUDHOHFWULF E�SKDVH� FRUUHVSRQGV� WR� WKH� UKRPERKHGUDO�

V\PPHWU\� ZLWK FHQWURV\PPHWULF�� VSDFH� JURXS� 5�F XVLQJ� KLJK� WHPSHUDWXUH� [�UD\�

GLIIUDFWLRQ VWXG\�

���� 0DJQHWRHOHFWULF�FRXSOLQJ�LQ�%L)H2�

7KH� SUHVHQFH� RI� VSDWLDOO\� PRGXODWHG� VSLUDO� VSLQ� VWUXFWXUH� LQKLELWV� OLQHDU� PDJHWRHOHFWULF�

�0(�� FRXSOLQJ� LQ� %L)H2� EXW� LW� FDQ� H[KLELW� TXDGUDWLF� FRXSOLQJ� FRHIILFLHQW >6FKPLG�

������@�ZKLFK�LV�TXLWH�ZHDN��%L)H2� GRHV�QRW�H[KLELW�DQ\�PDFURVFRSLF�PDJQHWL]DWLRQ�DQG�

OLQHDU� PDJQHWRHOHFWULF� FRXSOLQJ GXH� WR� SUHVHQFH� RI� VXSHULPSRVHG� VSLUDO� VSLQ� VWUXFWXUH��



Ϯϰ

7KH�PDFURVFRSLF�PDJQHWL]DWLRQ�DQG� OLQHDU�PDJQHWRHOHFWULF�FRXSOLQJ FDQ�EH�REWDLQHG�E\

WKH VXSSUHVVLRQ WKH�PDJQHWLF� VSLQ� VSLUDO� VR� WKDW� WKH� ODWHQW�PDJQHWL]DWLRQ� GXH� WR� FDQWHG�

VSLQV�LV�UHOHDVHG��6R�LQ�WKH�OLWHUDWXUH� IRU�WKH�GHVWUXFWLRQ�RI�WKH�VSLUDO�VSLQ�VWUXFWXUH�RI SXUH�

%L)H2���ILYH GLIIHUHQW�ZD\V�KDYH�EHHQ�SURSRVHG�

������ 0DNLQJ�RI�WKLQ�ILOP

7KH VXSSUHVVLRQ� RI� VSLUDO� VSLQ� VWUXFWXUH� PD\� DOVR� SRVVLEOH XQGHU� HSLWD[LDO FRQVWUDLQWV�

>(HUHQVWHLQ� HW� DO�� ������@�� 6DWXUDWLRQ� PDJQHWL]DWLRQ� YDOXH� RI� 0V a����ȝ%�)H� KDV� EHHQ�

UHSRUWHG� LQ� HSLWD[LDO� ILOPV� RI� %L)H2� >(HUHQVWHLQ� HW� DO� ������@�� 7KH� YDOXHV� RI�

PDJQHWL]DWLRQ� QRWLFHG IRU� %L)H2� QDQRSDUWLFOHV� DQG HSLWD[LDO� WKLQ� ILOPV DUH� LQ� JRRG�

DJUHHPHQW�ZLWK�WKH� WKHRUHWLFDOO\�FDOFXODWHG�YDOXH RI����ȝ%�XVLQJ� ILUVW�SULQFLSOHV�GHQVLW\�

IXQFWLRQDO� WKHRU\� >(GHUHU� HW� DO�� ������@� :DQJ� HW� DO� DOVR� UHSRUWHG� WKDW� VDWXUDWLRQ�

PDJQHWL]DWLRQ YDOXH�RI a�����HPX��FP� IRU����QP�WKLFN�ILOP�RI�%L)H2���DV�ILOP WKLFNQHVV�

LQFUHDVHV�WR�����QP��PDJQHWL]DWLRQ GHFUHDVHV�WR�a��HPX�FP� > :DQJ�HW�DO��������@� 7KH�

WKLQ� ILOP� RI� %L)H2� GHSRVLWHG� RQ� �/D$O2������6U�$O7D2����� ����� VXEVWUDWH� DOVR VKRZV

VXSSUHVVHG VSLUDO� VSLQ� VWUXFWXUH�� 7KH� PDJQHWLF� PRPHQW HQKDQFHV� ZLWK� GHFUHDVLQJ� ILOP�

WKLFNQHVV��ILJ���������L�H��IRU����QP�LW�KDV�EHHQ�UHSRUWHG�a��HPX�FP� �a����ȝ%��WKDW�IXUWKHU�

LQFUHDVHV�WR�a���HPX�FP� �a���ȝ%� IRU�WKH ���QP�ILOP >5DQD�HW�DO�������@�



Ϯϱ

)LJ����� 0DJQHWL]DWLRQ� YV�PDJQHWLF�ILHOG� DW� ���.� IRU� GLIIHUHQW� VL]H� RI� %L)H2� WKLQ� ILOPV�� 7KH�

LQVHW� GHSLFWV� WKDW� WKH� OLQHDU� SDUW� ZKLFK� DULVLQJ� IURP� DQWLIHUURPDJQHWLF� FRQWULEXWLRQ>5DQD� HW�

DO�������@�

�������$SSOLFDWLRQ�RI�KLJK�PDJQHWLF�ILHOG

$ERYH� WKH� FHUWDLQ� FULWLFDO� ILHOG�� WKH� PDJQHWRHOHFWULF� FRXSOLQJ� FKDQJHV� WKH� VLJQ� WKURXJK

FKDQJH� LQ� VSLQ� FRQILJXUDWLRQ�� 7KH� ILHOG� GHSHQGHQFH� RI� WKH� ORQJLWXGLQDO� SRODUL]DWLRQ LQ

ZKLFK PDJQHWLF�ILHOG�LV�DSSOLHG�DORQJ�>���@�D[LV LV�VKRZQ�LQ�)LJ�������D���$W�+���+& WKH�

SRODUL]DWLRQ� LV�DQ�HVVHQWLDOO\�TXDGUDWLF� IXQFWLRQ�RI� WKH� ILHOG��+RZHYHU��RQ� LQFUHDVLQJ�WKH�

PDJQHWLF� ILHOG�DERYH�D�FULWLFDO� YDOXH�+� �+& a�����N2H�� WKH� VSDWLDOO\�PRGXODWHG�VSLUDO�

VSLQ� VWUXFWXUH� LV� GHVWUR\HG� DQG� OHDGV� WR� D� UHPDQHQW� PDJQHWL]DWLRQ� DV� VKRZQ� LQ� )LJ��

�����E���$ERYH�WKLV FULWLFDO�ILHOG�+& a�����N2H��WKH�HOHFWULF�SRODUL]DWLRQ�FKDQJHV�VLJQ�DQG�

EHFRPHV�OLQHDUO\�GHSHQGHQW�RQ�PDJQHWLF�ILHOG�>3RSRY�HW�DO�������@� 7KLV�H[SHULPHQW�KDV�

FRQFOXVLYHO\�HVWDEOLVKHG�WKDW� OLQHDU�PDJQHWRHOHFWULF�FRXSOLQJ�LQ�%L)H2� FDQ�EH�REVHUYHG�

E\� WKH� EUHDNLQJ WKH� VSDWLDOO\�PRGXODWHG� VSLQ� VSLUDO� VWUXFWXUH� OHDGLQJ� WR� D� KRPRJHQHRXV�

FDQWHG�*�W\SH�DQWLIHUURPDJQHWLF� VWUXFWXUH��7KH� OLQHDU�PDJQHWRHOHFWULF�HIIHFW LV�DEVHQW LQ�

%L)H2��� ZKLFK KDV� EHHQ� HVWDEOLVKHG� H[SHULPHQWDOO\� E\� VHYHUDO� RWKHU� ZRUNHUV� DV� ZHOO

>7DEDUHV�0XQR]�HW�DO����������.DGRPWVHYD�HW�DO��������@�IRU�ILHOG�EHORZ�+&�



Ϯϲ

)LJ����� �D��/RQJLWXGLQDO�SRODUL]DWLRQ�YHUVHV�WKH�VWUHQJWK�RI�WKH�PDJQHWLF�ILHOG�DW����.�>3RSRY�HW�

DO�� ������@�� �E��0DJQHWL]DWLRQ� YV SXOVHG�PDJQHWLF�ILHOG�IRU�+�൑��7�IRU�D�%L)H2� DW����.�>DIWHU�

&DWDODQ�HW�DO��������@�

�������'RSLQJ�LQ�%L)H2�

7R�JHW�EHWWHU UHVXOWV�LQ IHUURHOHFWULF�DQG�PDJQHWLF�SURSHUWLHV��%L�� DQG�)H���LRQ�KDYH�EHHQ�

GRSHG�ZLWK�UDUH� HDUWK�HOHPHQW��OLNH�0Q��/D��1E��%D��7E�HWF�� $WWHPSWV�KDYH EHHQ�PDGH�WR�

V\QWKHVL]H�SXUH�SKDVH�RI %L)H2� LQ�RUGHU WR�VXSSUHVV�WKH�VSLUDO�VSLQ�VWUXFWXUH�DQG�LPSURYH

WKH� IHUURHOHFWULF� SURSHUWLHV� DV� ZHOO E\� LQFUHDVLQJ� WKH� UHVLVWLYLW\�� )RU� H[DPSOH�� /D�

VXEVWLWXWHG�%L)H2� FHUDPLF SRZGHU�ZDV�V\QWKHVL]HG�E\� VROLG�VWDWH� UHDFWLRQ� URXWH VKRZV�

WKDW� /D� VXEVWLWXWLRQ LQ� %L)H2� LQFUHDVHV ERWK� WKH� IHUURHOHFWULF� DQG� IHUURPDJQHWLF�

SURSHUWLHV� ,W�KDV�EHHQ�UHSRUWHG�WKDW�����/D�GRSHG�%L)H2� VKRZV�UHPQDQW�PDJQHWL]DWLRQ�

RI�a�������HPX�J��ZKLFK�LV�PXFK�EHWWHU�WKDQ�SXUH�%L)H2� SRZGHU�>'DV�HW�DO� ������@� ,Q�

/D[%L��[)H2� SRZGHU ZLWK� [�  ���� VKRZV� PD[LPXP� PDJQHWLF� UHPDQHQFH �0U��� LQ� WKH�

RUGHU� RI� ������ HPX�J� DW� URRP� WHPSHUDWXUH �VHH� ILJ������� >6XUHVK� HW� DO�������@� ,Q�

%L�í[%D[)H2� DW [ ���� H[KLELW� PDJQHWLVP� DQG� IHUURHOHFWULFLW\� VLPXOWDQHRXVO\� DW� URRP



Ϯϳ

WHPSHUDWXUH�� %L)H2� ZLWK� WKH� UKRPERKHGUDOO\ GLVWRUWHG� VWUXFWXUH� DOORZV� D� ZHDN�

IHUURPDJQHWLF�RUGHULQJ�GXH�WR�FDQWLQJ�RI�WKH�VSLQV��

)LJ�������0�+�FXUYHV�RI�/D[%L��[)H2� �[ ��������������DQG������DW��D�����.�DQG�DW��E���.�>DIWHU�

6XUHVK�HW�DO�������@�

:LWK�GRSLQJ RI�%D WKH�VWUXFWXUH�RI�%L)H2� PD\ EH�GLVWRUWHG��WKDW�FDXVHG ERQG�DQJOH�RI�

)H±2±)H� WR�FKDQJH� ZKLFK�FDQ� LQFUHDVH� LWV�PDJQHWL]DWLRQ >:DQJ�HW�DO�������@� 7KH����

1E�GRSHG� %L)H2� VKRZHG� D� IHUURPDJQHWLF�OLNH� EHKDYLRU� ZLWK 0U ����� HPX�J� DQG

+F ��� 2H >-XQ�HW�DO�������@��7KH�GRSLQJ�RI�0Q�LQ %L�� VLWHV�LQ�WKH�%L)H2���FDQ HQKDQFHV

ERWK� LWV VDWXUDWLRQ� PDJQHWL]DWLRQ� �IURP� ����� WR� ���� HPX�J�� DQG� UHPQDQW� HOHFWULF�

SRODUL]DWLRQ��IURP��������WR������� ȝ&�PP���GXH�WR�WKH�PDJQHWLFDOO\�GULYHQ�GLVWRUWLRQ�RI�

VSLUDO� VSLQ� F\FORLG >'KDQDODNVKPL HW� DO�� ������@� ,Q� %L)H����0Q����2� WKLQ� ILOP� WKH�



Ϯϴ

UHPQDQW�PDJQHWL]DWLRQ�YDOXH�RI�ZDV�IRXQG�WR�EH�DSSUR[LPDWHO\�VL[�WLPHV�WKDQ�WKDW�RI�SXUH�

%L)H2� WKLQ� ILOP� �L�H�� a������ HPX�FP
��� XQGHU DQ� DSSOLHG PDJQHWLF� ILHOG� RI� �� N2H�� ,W�

PD\�EH GXH� WR�WKH� HQKDQFHPHQW�RI� VXSHU�H[FKDQJH� LQWHUDFWLRQ� EHWZHHQ� WKH�)H�� �0Q����

DQG�2�� LRQV RU�PD\�EH VWUXFWXUDO�GLVWRUWLRQ�RI�VSLQ�F\FORLG >=KDQJ HW�DO��������@�

�������6ROLG�VROXWLRQV�RI�%L)H2� ZLWK�RWKHU�SHURYVNLWH

7KH� VSLUDO� VSLQ� VWUXFWXUH VXSSUHVVHG ZLWK� D QRQ�]HUR� UHPDQHQW� PDJQHWL]DWLRQ� KDV� EHHQ�

IRXQG LQ� VHYHUDO� RWKHU FRPSRXQGV�� ZKLFK� PRGLILHG� %L)H2� VROLG� VROXWLRQV�� 7KH

VXSSUHVVLRQ�RI�VSLUDO�VSLQ�VWUXFWXUH�LQ�%L)H2��EDVHG�VROLGV�ZDV�SUHGLFWHG�WKHRUHWLFDOO\�E\�

XVLQJ�ILUVW�SULQFLSOHV�FDOFXODWLRQV�RQ�/D GRSHG�%L)H2� >/HH�HW�DO� ������@��$SDUW�IURP�WKH�

HQKDQFLQJ�PDJQHWLF�SURSHUWLHV� WKH�VROLG VROXWLRQ RI�%L)H2� H[KLELWV�GLIIHUHQW�VWUXFWXUDO�

WUDQVIRUPDWLRQV� DQG� VRPH� LPSRUWDQW� LQWHUHVWLQJ� SKHQRPHQRQ� ZLWK� LQFUHDVLQJ

FRQFHQWUDWLRQ� RI� WKH� DOOR\LQJ� FRPSRQHQW >%KDWWDFKUMHH� HW� DO�� �������� 5XVDNRY� HW� DO��

������@��)RUPDWLRQ�RI�VROLG�VROXWLRQV�RI %L)H2� ZLWK�VHYHUDO�RWKHU�SHURYVNLWH�R[LGHV�ZLWK�

VXSHULRU� GLHOHFWULF� SURSHUWLHV� KDV EHHQ� UHSRUWHG� XVLQJ� 3E=U2� >,YDQRY� HW� DO� ������@�

3E�)H���1E����2� >.LVHOHY�HW�DO��������@� 3E�=U[7L��[�2� >.RUFKDJLQD�HW�DO��������@��3/=7

>.DQDL� HW� DO�� ������@�� &KRXGKDU\� HW� DO�� ������@��%D7L2� >.XPDU� HW� DO�� ������@��3E7L2�

>=KX�HW�DO����������%KDWWDFKDUMHH�HW�DO��������@��%L&R2� >'LHJXH]�HW�DO��������@��1D1E2�

>5DHYVNL�HW DO��������@��.���%L����7L2� >%HQQHWW�HW�DO��������@ DQG�%L0Q2� >3iORYi�HW�DO��

������@� 3DUN�HW�DO���������UHSRUWHG�WKDW�WKH�VROLG�VROXWLRQ�%L)H2� ZLWK�K\VWHUHWLF�EHKDYLRU�

KDYLQJ WKH� YDOXHV� RI� 0U ������ HPX�J�� ZKLFK� VKRZV� WKDW� WKH� PDJQHWL]DWLRQ� LV� UHOHDVHG�

WKURXJK�GHVWUXFWLRQ�RI�� VSLUDO�VSLQ�VWUXFWXUH�E\�LQWURGXFWLRQ�RI�HYHQ�D�YHU\�VPDOO�DPRXQW�

RI� IHUURHOHFWULF�PDWHULDO�%D7L2� �VHH�ILJ��������



Ϯϵ

)LJ������ +\VWHUHVLV�ORRSV�IRU�DV�SUHSDUHG��%L)H2��[��%D7L2���í[ VROLG�VROXWLRQV�ZLWK�LQGLFDWHG�[�

YDOXHV�DW�URRP�WHPSHUDWXUH>3DUN HW�DO��������@�

6LQJK� HW� DO�� ������� DOVR� REVHUYHG� WKDW RI� WKH� 0�+� FXUYH ZLWK� D� VPDOO� UHPDQHQW�

PDJQHWL]DWLRQ�LQ�%)�[%7�FRPSRVLWLRQV�ZLWK�[������VXJJHVWV�WKDW�WKH�VSLUDO�VSLQ�VWUXFWXUH�

RI� %L)H2� LV� PHOWHG� DZD\� E\� WKH� VXEVWLWXWLRQ� RI� %D7L2�� )RUP� WKH� ILJ������� ZH� FDQ�

REVHUYH WKDW�� KRZ� WKH� PDJQHWL]DWLRQ� YDOXH� FKDQJH� ZLWK� LQFUHDVLQJ� FRQFHQWUDWLRQ� RI�

%D7L2��

)LJ������ 9DULDWLRQ�RI�UHPQDQW�PDJQHWL]DWLRQ��0U��RI�%)�[%7�DV�D�IXQFWLRQ�RI�[�DW�URRP�

WHPSHUDWXUH >6LQJK�HW�DO��������@�



ϯϬ

�������1DQR�VWUXFWXUHG %L)H2�

7KH VSLUDO�VSLQ�VWUXFWXUH�LQ�%L)H2� FDQ�DOVR�EH�VXSSUHVVHG�E\�UHGXFWLRQ�RI�SDUWLFOH�VL]H��

7KH� YDOXH RI� VDWXUDWLRQ� PDJQHWL]DWLRQ� �06 �� ZLWK� VL]H� KDV� EHHQ� UHSRUWHG� E\� GLIIHUHQW�

UHVDUFKHUV >3DUN�HW�DO����������0DMXPGHU�HW�DO����������*RVZDPL�HW�DO����������+XDQJ�HW�

DO��������� +DVDQ�HW�DO�������@� 3DUN�HW�DO� KDYH�UHSRUWHG VWURQJ�VL]H�GHSHQGHQW�PDJQHWLF�

SURSHUWLHV >3DUN� HW� DO�� ������@� 7KH\� UHSRUWHG WKDW� ZLWK� GHFUHDVLQJ� SDUWLFOH� VL]H�� WKH�

VXSSUHVVLRQ RI� WKH VSLUDO� VSLQ� VWUXFWXUH� LQFUHDVHV DQG XQFRPSHQVDWHG VSLQV� DQG� VWUDLQ�

DQLVRWURSLHV� DUH� SUHVHQW� DW� WKH� VXUIDFH�� )LJ�� ���� VKRZV� WKDW WKH� PDJQHWLF UHVSRQVH� LQ�

%L)H2��FDQ EH�GHYHORSHG�ZKHQ�WKH�SDUWLFOH�VL]H�LV�OHVV�WKDQ����QP�DQG�LW UDSLGO\�LQFUHDVHV�

LQ�WKH�UDQJH�RI����������IRU�VDPSOHV�KDYLQJ�SDUWLFOHV�VL]H�EHORZ ���QP FRPSDUHG�ZLWK�

WKDW�RI�WKH�EXON SRZGHU��7KH�YDOXH�RI�VDWXUDWLRQ�PDJQHWL]DWLRQ�ZDV������HPX�J IRU��QP�

RI�%L)H2���0DMXPGHU�HW�DO��KDYH�REWDLQHG�VDWXUDWLRQ�PDJQHWL]DWLRQ�YDOXH�RI�a������ȝ% �)H�

IRU�WKH�VL]H�UDQJH�RI������QP RI�%L)H2� QDQR�SDUWLFOHV� ZKHUHDV LQ�FDVH�RI�EXON�LW�VKRZV�

ZHDN�PDJQHWL]DWLRQ�RI�WKH�RUGHU�RI�a�������ȝ% �)H�>0DMXPGHU�HW�DO��������@�

)LJ�� ���� +\VWHUHVLV� ORRSV� DW� ���� .� IRU� %L)H2� QDQRSDUWLFOHV� ZLWK� LQGLFDWHG� VL]HV�� 7KH� LQVHW�

VKRZV�WKH�PDJQHWL]DWLRQ�EHKDYLRU�RI�DV�SUHSDUHG�%L)H2� QDQRSDUWLFOHV�DW����N2H�DV�D�IXQFWLRQ�RI�

VL]H >3DUN�HW�DO��������@



ϯϭ

+DVDQ�HW�DO� DOVR�REVHUYH�VDPH�NLQG�RI�HQKDQFHPHQW� LQ� VDWXUDWLRQ�PDJQHWL]DWLRQ� IRU� WKH

VRO�JHO� V\QWKHVL]HG� %L)H2� SRZGHU�� 7KH� PDJQHWL]DWLRQ� YDOXH� IRU� ��� QP� SRZGHUV ZDV�

���HPX�J�DQG�LWV YDOXH�FKDQJHV�WR�����HPX�J�IRU����QP�RI�%L)H2� >+DVDQ�HW�DO� ������@

���� 6ROLG�VROXWLRQV�RI�%L)H2� ZLWK�3E7L2�

$PRQJ�WKH�DOO� IHUURHOHFWULFV�PDWHULDOV��3E7L2� LV�RI�SDUWLFXODU� LQWHUHVW�RZLQJ�WR�LWV KLJK�

&XULH� WHPSHUDWXUH�� ODUJH� DQLVRWURS\ DQG� UHODWLYHO\� ORZ� GLHOHFWULF� FRQVWDQW�� 3E7L2�

XQGHUJRHV�VWUXFWXUDO�SKDVH�WUDQVLWLRQ�DW� ��� ��IURP�D�KLJK�WHPSHUDWXUH�SDUDHOHFWULF�SKDVH&ࡈ

WR D� ORZ WHPSHUDWXUH� IHUURHOHFWULF� SKDVH >5HPHLND HW� DO�� ������@� ,W� VKRZV� ERWK� ODUJH�

YDOXHV�RI�WHWUDJRQDOLW\��F�D �������DQG�VSRQWDQHRXV�SRODUL]DWLRQ��3V§��ȝ&�FP
���DORQJ�WKH�

F�D[LV�RI� WHWUDJRQDO�VWUXFWXUH�DW�URRP�WHPSHUDWXUH�>*DYULO\DWFKHQNR HW�DO��������@�� � 7KH�

VROLG�VROXWLRQ�VHULHV�RI�%)�[37 ZHUH�ILUVW�UHSRUWHG�E\�9HQHYVWHY�HW�DO���������,W� VKRZV�D�

0RUSKRWURSLF 3KDVH�%RXQGDU\��03%��>)HGHORY�HW�DO����������6PLWK�HW�DO����������=KX�HW�

DO��������� &RUUHDV�HW�DO�������@��7KLV�VROLG�VROXWLRQ�EHFRPH LPSRUWDQW GXH�WR FR�H[LVWHQFH�

RI� GLIIHUHQW� IHUURLF� RUGHUV� DQG� FRXSOLQJ� EHWZHHQ WKHVH� IHUURLF� RUGHUV�� 7KHUH� LV� ORWV� RI�

UHVHDUFK�ZRUN�FDUULHG�RXW�E\�GLIIHUHQW� UHVHDUFKHU�RQ�WKLV�V\VWHP��6RPH�RI�WKH�ZRUNV�DUH

GLVFXVVHG�XQGHU�IROORZLQJ�KHDGLQJV

����6WDELOLW\ RI�GLIIHUHQW�VWUXFWXUDO�SKDVHV�DV�D�IXQFWLRQ�RI�FRPSRVLWLRQ

����0DJQHWLF�VWXGLHV�

����+LJK�WHPSHUDWXUH�VWXGLHV

������6WDELOLW\�RI�GLIIHUHQW�VWUXFWXUDO�SKDVHV�DV�D�IXQFWLRQ�RI

FRPSRVLWLRQ

,Q�JHQHUDO�� DQ�03%�FDQ�EH�GHILQHG DV�FRH[LVWHQFH�RI� WZR�SKDVHV�DURXQG�D�FRPSRVLWLRQ�

>-DIIH�HW�DO��������@� 7KH�VWDELOLW\�RI� WHWUDJRQDO�DQG SVHXGR�UKRPERKHGUDO�SKDVHV��ZKLFK�

DUH�SUHVHQW�LQ�%)�[37�VROLG�VROXWLRQ� DUH�VHSDUDWHG�E\�03%�UHJLRQ >)HGHORY�HW�DO����������

6PLWK�HW�DO����������:RRGZDUG�HW�DO��������� %KDWWDFKDUMHH�HW�DO����������=KX�HW�DO� ��������



ϯϮ

&RUUHDV� HW� DO�� ������� .RWKDL� HW� DO�� �������� ������@�� 7KH� SUHFLVH ORFDWLRQ� RI� WKH� 03%�

UHJLRQ� KDV� EHHQ� D VXEMHFW� RI� LQWHQVH� LQYHVWLJDWLRQ�� 'LIIHUHQW� UHVHDUFKHUV� KDYH UHSRUWHG�

GLIIHUHQW� FRPSRVLWLRQ UDQJH� RI� FRH[LVWHQFH� UHJLRQ� LQ� VDPSOHV� SUHSDUHG� E\� WKH�

FRQYHQWLRQDO� FHUDPLF� URXWH�� )HGHORY� HW� DO�� ������� UHSRUWHG� D� FRPSRVLWLRQ� UDQJH� RI�

FRH[LVWHQFH RI�WZR�SKDVHV�ZKLFK� OLH EHWZHHQ �� �� ��[�� ������+H�KDV�JLYHQ�RQH�RI� WKH�

HDUO\� FRPSUHKHQVLYH UHVXOWV� UHJDUGLQJ� WKH� VWDELOLW\� RI� ERWK� IHUURHOHFWULF� DQG� PDJQHWLF�

SKDVHV� DJDLQVW FRPSRVLWLRQ� DQG� WHPSHUDWXUH�� $FFRUGLQJ� WR� WKLV� VWXG\� D� ZHDN�

IHUURPDJQHWLF�SKDVH FRH[LVW�ZLWK� WKH IHUURHOHFWULF�SKDVH�EHORZ�URRP� WHPSHUDWXUH� LQ� WKH�

FRPSRVLWLRQ�UDQJH VWDUWLQJ�IURP�[a���� WR�WKH�%L)H2� HQG��6PLWK�HW�DO���������KDYH�DOVR�

FDUULHG� RXW� GHWDLOV VWXGLHV� RQ� WKH VWUXFWXUDO� SURSHUWLHV� RI�%)�[37 ZLWK� FRPSRVLWLRQ� DQG�

UHSRUWHG� GHWDLOV� RI� YDULDWLRQ� RI� XQLW FHOO� SDUDPHWHUV� DJDLQVW� FRPSRVLWLRQ� DW� URRP�

WHPSHUDWXUH�� ,Q� WKLV� VWXG\� WKH� WZR� SKDVH UHJLRQ� LV� VKRZQ� WR� FRQVLVW� RI� HOHPHQWDU\�

WHWUDJRQDO�SKDVH�DQG�XQLW�FHOO�GRXEOHG UKRPERKHGUDO�SKDVH� KDYLQJ TXDOLWDWLYH� VLPLODULW\�

WR� WKH�ZRUN� E\� )HGHORY� HW� DO� >)HGHORY HW� DO�� ������@��7KH� SKDVH� GLDJUDP�SUHVHQWHG� E\�

6PLWK� HW� DO� LV� UHSUHVHQWHG� LQ� ILJ�� �����D�� %KDWWDFKDUMHH� HW� DO�� VKRZQ WKDW� LQ� FDUHIXOO\�

SUHSDUHG�VDPSOHV��WKH�PRQRFOLQLF�DQG�WHWUDJRQDO�SKDVHV�DUH�VWDEOH�IRU�[ �����DQG�[ ������

UHVSHFWLYHO\�DQG�WKH�ZLGWK�RI�03%�UHJLRQ�LV�DERXW��� >%KDWWDFKDUMHH�HW�DO��������@��=KX�

HW�DO��UHSRUWHG WKDW�WKH�03%�UHJLRQ�H[WHQGV�WR�KDYH�XQXVXDOO\�ODUJH�ZLGWK�ZLWK�ǻ[ �����LQ�

WKH�%)�[37�V\VWHP FRQVLVWV�RI�WHWUDJRQDO��UKRPERKHGUDO DQG�RUWKRUKRPELF�SKDVHV >=KX�HW�

DO��������@��7KH�SKDVH�GLDJUDP�LV�VKRZQ�LQ�)LJ����� �E�� 7KH�FRQWURYHUV\�UHODWHG�WR�ZLGWK�

RI�03%�DQG�WKH�VWDELOLW\�RI�GLIIHUHQW�FU\VWDOORJUDSKLF�SKDVHV�VWLOO� QRZ�QRW�UHVROYHG� 7KH�

UHSRUWHG�ZRUNV�E\�)HGHORY�HW�DO����������6PLWK�HW DO��������� %KDWWDFKDUMHH�HW�DO�� �������

DQG� =KX� HW� DO�� ������� KDYH� XVHG� VROLG� VWDWH� UHDFWLRQ� URXWH� WR V\QWKHVL]H� WKH� YDULRXV�

FRPSRVLWLRQV� IRU� %)�[37� VROLG� VROXWLRQ�� 2Q� WKH� RWKHU� KDQG� LQ� D UHFHQW� UHSRUW��



ϯϯ

FRPSRVLWLRQV� RI� %)�[37�� LQ� HQWLUH� FRPSRVLWLRQ� UDQJH� KDV� EHHQ V\QWKHVL]HG� E\�

PHFKDQRV\VWKHVLV�PHWKRG�>&RUUHDV�HW�DO��������@�DQG�WKH\�KDYH�UHSRUWHG�D SKDVH�GLDJUDP�

TXDOLWDWLYH� VLPLODU� WR� WKH� HDUO\� UHSRUWV�� EXW� GLIIHUV� IURP� WKDW� RI� =KX� HW� DO� �������� 7KH�

SKDVH�GLDJUDP�LV�VKRZQ�LQ�)LJ�������F��

)LJ����� 9DULDWLRQ� RI� ODWWLFH� SDUDPHWHUV� ZLWK� FRPSRVLWLRQ� LQ� %)�[37� V\VWHP� DV� UHSRUWHG� E\�

GLIIHUHQW�ZRUNHUV��D��6PLWK�HW�DO����������E��=KX�HW�DO����������F��&RUUHDV�HW�DO���������



ϯϰ

�������0DJQHWLF�VWXGLHV�

=KX�HW�DO��XVHG '&�PDJQHWL]DWLRQ�WR�VWXG\�PDJQHWLF�EHKDYLRU�RI�%)�[37�V\QWKHVL]HG�E\�

VROLG� VWDWH� URXWH�� 7KH� ILUVW� H[WHQVLYH� PDJQHWLF� SKDVH� GLDJUDP� RI� WKLV� V\VWHP� ZDV

HVWDEOLVKHG�E\ WKHP�DQG�VKRZQ�LQ�)LJ����� >=KX�HW�DO��������@ � 7KH�YDULDWLRQ�RI�PDJQHWLF�

PRPHQW ZLWK�WHPSHUDWXUH�VKRZV�WKUHH�PDJQHWLF�WUDQVLWLRQV�DQG�WKH\�KDYH�DWWULEXWHG�WKHVH�

WKUHH� WUDQVLWLRQV� WR WKH�RQVHW�RI� ORQJ� UDQJH�DQWLIHUURPDJQHWLF�RUGHULQJ� LQ� WKUHH�GLIIHUHQW�

SKDVHV LQ�03%�UHJLRQ �VHH�ILJ������� )UHLWDV�HW�DO��UHSRUWHG�WKDW�WKH�UHPQDQW�PDJQHWL]DWLRQ�

LQFUHDVHV ZLWK�WKH�GHFUHDVLQJ RI�WKH�3E7L2� FRQFHQWUDWLRQ��7KH�PDJQHWL]DWLRQV�ZHUH�QRW�

VDWXUDWHG HYHQ� DIWHU� LQFUHDVLQJ� PDJQHWLF� ILHOG�� LQGLFDWLQJ� DQ� DQWLIHUURPDJQHWLF QDWXUH��

7KH�REVHUYHG�UHPQDQW�PDJQHWL]DWLRQV�UDQJLQJ�IURP��î��í� HPX�J�WR���î��í� HPX�J IRU�

DOO�FRPSRVLWLRQV >)UHLWDV�HW�DO�������@�

%KDWWDFKDUMHH� HW� DO� KDYH� VKRZQ� ZLWK� KHOS� RI� QHXWURQ� GLIIUDFWLRQ� VWXG\�� WKDW� DQ� DEUXSW�

FKDQJH� LQ�PDJQHWLF� VWUXFWXUH� IURP�D� FROOLQHDU�*�W\SH� DQWLIHUURPDJQHWLF� WR� QRQFROOLQHDU

DQWLIHUURPDJQHWLF� RQH� DV� WKH� QXFOHDU� VWUXFWXUH� RI� WKH IHUURHOHFWULF� SKDVH� FKDQJHV� IURP�

WHWUDJRQDO� LQ�3�PP VSDFH�JURXS�WR�PRQRFOLQLF� LQ�&F� VSDFH�JURXS DFURVV�WKH�03%��VHH�

ILJ�������� 7KH\�KDYH�DOVR�UHSRUWHG�DQ DQRPDO\ EHORZ�WKH�1HHO�WUDQVLWLRQ �71� WHPSHUDWXUH�

ZKLFK� LV�WHUPHG�DV� VSLQ�UHRULHQWDWLRQ�SKDVH�WUDQVLWLRQ �7237� DQG�LW�LV�GXH�WR�VSLQ�IORS RI�

IHUURPDJQHWLF� FRPSRQHQW ZKLFK� DUH� QRQ�FROOLQHDU �VHH� ILJ�� ����� >%KDWWDFKDUMHH� HW� DO��

��������%KDWWDFKDUMHH�HW�DO�������@� *RORVRYVN\�HW�DO��KDYH UHSRUWHG�ZLWK�KHOS�RI�QHXWURQ�

GLIIUDFWLRQ�VWXGLHV�WKDW�WKH�QDQRFU\VWDOOLQH�SRZGHU RI�%)�[37�RI�VL]H����WR����QP�H[KLELWV�

ERWK�WHWUDJRQDO DQG�UKRPERKHGUD SKDVHV� $�VWURQJ�PDJQHWLF�FRXSOLQJ�EHWZHHQ�WZR�SDUHQW

SKDVHV REVHUYHG GXH�WR�VL]H�RI�FU\VWDOOLQH >*RORVRYVN\�HW�DO��������@� .DWRFK HW�DO� KDYH�

UHSRUWHG�WZR�DQRPDOLHV SUHVHQW�GXULQJ�=)&�)&�PHDVXUHPHQWV�IRU� VLQJOH�SKDVH�����%)±

����37�VDPSOH DW ����.�DQG ����.��ZKHUHDV� IRU�����%)±����37�VDPSOH ZKLFK�FRQVLVW�
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WZR�SKDVH�VWUXFWXUH�VKRZV�WKH�DQRPDO\�DW����. �VHH�ILJ������� 7KH�PDJQHWLF�DQRPDOLHV RI�

GLIIXVH� QDWXUH� LQGLFDWHV D ORFDO� VKRUW� UDQJH� UHDUUDQJHPHQW� RI� VSLQV RUGHULQJ ZLWKLQ� WKH

DQWLIHUURPDJQHWLF�VWDWH >.DWRFK HW�DO�������@�

)LJ������0DJQHWLF�SKDVH�GLDJUDP�RI�%)�[37�DV�UHSRUWHG�E\�=KX�HW�DO�>DIWHU�=KX�HW�DO�������@�

)LJ����� 7KH�YDULDWLRQ�RI�PDJQHWL]DWLRQ�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�IRU��D��UKRPERKHGUDO��E��

WHWUDJRQDO�SKDVHV�RI�%)�[37��DV�UHSRUWHG�E\�=KX�HW�DO��>=KX�HW�DO�������@



ϯϲ

)LJ����� 3RZGHU� QHXWURQ� GLIIUDFWLRQ� SDWWHUQ� RI� �D� %)�����37� DQG� �E�� %)� ����37� LQ� WKH�

SDUDPDJQHWLF��XSSHU�SDQHO��DQG�PDJQHWLF��ORZHU�SDQHO��SKDVHV���F� 7KH�PDJQHWLF�SKDVH�GLDJUDP�

RI�%)�[37�LQ�WKH�YLFLQLW\�RI�WKH�03% >%KDWWDFKDUMHH�HW�DO��������@��

)LJ����� 7HPSHUDWXUH�GHSHQGHQFH�RI�GF�PDJQHWL]DWLRQ��0��RI�%)�[37�IRU��D��[� ������DQG��E��[� �

����� VKRZLQJ� WZR� WUDQVLWLRQV� DW�71 DQG�7237 �&� WKH� )�DQG�*�FRPSRQHQWV� RI� WKH� WZR�PDJQHWLF�

VWUXFWXUHV�RI�%)�����37�DERYH�DQG EHORZ�7237��>DIWHU�%KDWWDFKDUMHH�HW�DO�������@
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7KHUH� LV� D� VLJQLILFDQW� LPSURYHPHQW� LQ� WKH�PDJQHWLF� SURSHUW\� RI�%)�[37� WKLQ� ILOP RYHU�

EXON�SRZGHU�ZDV�REVHUYHG��+RQJUL HW�DO��KDYH UHSRUWHG�WKDW����QP�WKLFN�ILOP�RI�%)�[37�

�[ ������ H[KLELWV�WKH ODUJH YDOXH�RI�VDWXUDWLRQ�PDJQHWL]DWLRQ�RI�������HPX� FP� >+RQJUL

HW�DO��������@� *XSWD�HW�DO��DOVR�UHSRUWHG�WKDW�WKLQ� ILOP�RI�%)�[37�RI WKLFNQHVV�EHWZHHQ�

��������QP�� VKRZV� VDWXUDWHG� PDJQHWLF� K\VWHUHVLV� ORRS�� 7KH� KLJKHVW� PDJQHWL]DWLRQ� RI�

����HPX�FP׽ LV�H[KLELWHG�IRU�WKH�[� �������ZKLFK�LQGLFDWHV WKH�PHOWLQJ�RI�VSLQ�VSLUDO� LQ

WKH�ILOP�RI�%)�[37 >*XSWD�HW�DO��������@�

)LJ����� )LHOG�FRROHG�]HUR�ILHOG�FRROHG��)&�=)&��PDJQHWL]DWLRQ�GDWD�IRU�%)±[37�� ��������

VDPSOHV >DIWHU .DWRFK HW�DO�������@�



ϯϴ

������ +LJK�WHPSHUDWXUH�VWXGLHV

%)�[37� VROLG� VROXWLRQ� VKRZV� LQWHUHVWLQJ� WKHUPDO� H[SDQVLRQ� SURSHUWLHV DQG� FRXSOLQJ�

EHWZHHQ� ODWWLFH� GHJUHH� RI� IUHHGRP DQG� PDJQHWLF�� 6DL� 6XQGDU� HW� DO� KDYH� VWXGLHG� ODUJH�

FKDQJH�RI�XQLW�FHOO�SDUDPHWHUV�RYHU�D�YHU\�QDUURZ�WHPSHUDWXUH�UDQJH�QHDU�WKH�IHUURHOHFWULF�

WUDQVLWLRQ� WHPSHUDWXUH� LQ� WKH WHWUDJRQDO SKDVH >6DL� 6XQGDU� HW� DO� ������@� 7KLV WKHUPDO�

H[SDQVLRQ�EHKDYLRU� LQ�WHWUDJRQDO�SKDVH� LV� UHSRUWHG�E\ >&KHQ�HW�DO�� ������@�� LQ�ZKLFK�WKH�

WKHUPDO� H[SDQVLRQ� EHKDYLRU� RI� WKH WHWUDJRQDO� SKDVHV� DUH� VWXGLHG� E\� XVLQJ� KLJK�

WHPSHUDWXUH�QHXWURQ�SRZGHU�GLIIUDFWLRQ��7KH WHPSHUDWXUH�YDULDWLRQV�RI� ODWWLFH�SDUDPHWHUV�

DV�REVHUYHG E\�&KHQ�HW�DO� DUH�VKRZQ�LQ�)LJ� �����D�	 E���5DQMDQ�HW�DO� KDYH�DOVR�FDUULHG�

RXW�KLJK WHPSHUDWXUH�[�UD\�GLIIUDFWLRQ VWXGLHV� LQ�WKH�WHWUDJRQDO�FRPSRVLWLRQV�RI�%)�[37

>5DQMDQ� HW�DO� ������@��9DULDWLRQV�RI� ODWWLFH�SDUDPHWHUV�DV� UHSRUWHG�E\�5DQMDQ�HW�DO� KDYH

VKRZQ� LQ� )LJ������.RWKDL HW� DO� KDYH� UHSRUWHG� XVLQJ� QHXWURQ� SRZGHU� GLIIUDFWLRQ� VWXG\��

WKDW %)�����37� VKRZV� GLIIHUHQW� VWUXFWXUDO� WUDQVLWLRQV� EHWZHHQ� FXELF�� WHWUDJRQDO� DQG�

UKRPERKHGUDO��7KH�GHWDLOV�RI�WUDQVLWLRQV�DUH�JLYHQ�LQ�ILJ����� >.RWKDL HW�DO��������@�

)LJ������ �D� 9DULDWLRQ�RI�ODWWLFH�SDUDPHWHUV�DQG�FHOO�YROXPH�RI��D�����3E7L2�±���%L)H2� DQG��E��

���3E7L2�±���%L)H2��>&KHQ�HW�DO��������@�
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)LJ������ 9DULDWLRQ�RI�ODWWLFH�SDUDPHWHUV�ZLWK�WHPSHUDWXUH�>5DQMDQ�HW�DO�������@

)LJ����� 9DULDWLRQ�RI�WKH�ODWWLFH�SDUDPHWHU��FHOO�YROXPH�DQG�YROXPH�IUDFWLRQ�RI�7���WHWUDJRQDO���7��

�WHWUDJRQDO�� DQG� 5� �UKRPERKHGUDO�� SKDVHV� REWDLQHG� IURP� 5LHWYHOG� UHILQHPHQW� >.RWKDL� HW�

DO�������@��



ϰϬ

���� 2EMHFWLYH�RI�WKH�3UHVHQW�7KHVLV

,Q�WKH�SUHYLRXV�VWXG\�ZH�KDYH�REVHUYHG�WKDW�ZLWK�GHFUHDVLQJ�SDUWLFOH�VL]H��WKH�VXSSUHVVLRQ�

RI� WKH� VSLUDO� VSLQ� VWUXFWXUH� LQFUHDVHV�� ZKLFK SOD\� FUXFLDO� UROH� WR� LPSURYH� WKH� PDJQHWLF�

SURSHUW\�RI�%L)H2���7KHVH QDQR�VWUXFWXUHG�PXOWLIHUURLF�V\VWHPV SURYLGH QHZ�SRVVLELOLWLHV

LQ�GHYHORSPHQW�RI� QHW�JHQHUDWLRQ�GHYLFHV� LQ� WKH� DUHD�RI�DFWXDWRUV�� VHQVRUV��GDWD� VWRUDJH�

DQG�QHZ�PHPRU\�V\VWHPV�

7KH�PDLQ�REMHFWLYHV�RI�WKH�SUHVHQW�ZRUN�DUH�DV�IROORZV�

���7R�V\QWKHVL]H�SXUH�SKDVH RI�QDQRFU\VWDOOLQH RI�%L)H2��[3E7L2� �%)�[37� SRZGHU�ZLWK�

YDU\LQJ VL]HV�

���7R�VWXG\�WKH�VL]H GHSHQGHQW�VWUXFWXUH�FKDQJHV DW�URRP WHPSHUDWXUH�IRU�WKH FRPSRVLWLRQ�

UDQJH�RI������[�����

���7R�VWXG\�WKH�VL]H GHSHQGHQW�VWUXFWXUDO�DQG�PDJQHWLF�SURSHUWLHV RI�FRPSRVLWLRQ�DERYH�

WKH�03%�E\�WDNLQJ�WKH�H[DPSOH�RI�%)�����37�

���7R�VWXG\�WKH�VL]H GHSHQGHQW�VWUXFWXUDO�DQG�PDJQHWLF�SURSHUWLHV�RI�FRPSRVLWLRQ�EHORZ�

WKH�03%�E\�WDNLQJ�WKH�H[DPSOH�RI�%)�����37�

���(IIHFW�RI�VL]H�RQ�WKH�WHPSHUDWXUH�LQGXFHG�LVRVWUXFWXUDO�SKDVH WUDQVLWLRQ�LQ�WKH�WHWUDJRQDO�

SKDVH�RI %)�[37�


