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7KH� QHHG� IRU� ELW�UDWH� FDSDFLW\� LQ� WHOHFRP� V\VWHPV� JURZV� H[SORVLYHO\�� ZKLOH� ILEHU� WHFKQRORJ\� DQG�RU�

LQWHJUDWHG�JODVV�ZDYHJXLGHV�SURYLGH�D�PHDQV�WR�LPSOHPHQW�YHU\�ORZ�FRVW�GHYLFHV�ZLWK�ORZ�LQVHUWLRQ�ORVVHV�DQG�

ILEHU�FRPSDWLELOLW\��%XW�*ODVV�EDVHG�GHYLFHV�DUH�YHU\�OLPLWHG�ZKHQ�LW�FRPHV�WR�DFWLYH�IXQFWLRQV�DV�PRGXODWLRQ��

DQG�LW�LV�WKHUHIRUH�FXVWRPDU\�WR�HPSOR\�DQLVRWURSLF�FU\VWDOOLQH�PDWHULDOV��VXFK�DV�OLWKLXP�QLREDWH��6R�WKH�RYHUDOO�

REMHFWLYH� RI� JODVV�PDNHUV� LV� WR� LQFUHDVH� WKH� QRQOLQHDULW\� LQ� JODVVHV� WKURXJK� SROLQJ��7KH� WHFKQLTXH� FRQVLVWV� RI�

DSSO\LQJ�D�KLJK�VWDWLF�ILHOG�LQ�WKH�SUHVHQFH�RI�KHDW�DQG�RU�89�OLJKW��7KH�DLP�LV�WR�LQGXFH�LQ�JODVV�V\VWHPV�D�QRQ�

OLQHDU�FRHIILFLHQW� VXIILFLHQWO\�KLJK� �H�J��!��SP�9�� OHDGLQJ� WR�HOHFWUR�RSWLFDO� �GHYLFHV��)LUVW�SROLQJ�H[SHULPHQWV�

KDG� VWDUWHG� �ZLWK� VLOLFD�JODVV� DURXQG� WHQ� \HDUV� DJR��3UHVHQWO\� �� VHQVLEOH� SURJUHVV� IRU� XQGHUVWDQGLQJ� WKH�SROLQJ��

PHFKDQLVPV�KDYH�EHHQ�DFFRPSOLVKHG���2Q�WKH�RWKHU�KDQG�LQWHUHVWLQJ�UHVXOWV��KDYH�EHHQ�REWDLQHG�IRU�PRUH�H[RWLF�

JODVV� FRPSRVLWLRQV�� 1HYHUWKHOHVV� WKH� DFKLHYHPHQW� RI� FRPELQHG� QRQOLQHDU� HIILFLHQFLHV� DQG� RSWLF� JODVV� TXDOLW\�

UHPDLQV�D�FKDOOHQJH��

�
*HQHUDO�,QWURGXFWLRQ�

7KH� PHUJLQJ� QHHG� IRU� JURZLQJ� FDSDFLW\� RI� LQIRUPDWLRQ� WUDQVSRUW� LQ� WKH� ILHOG� RI�
WHOHFRPPXQLFDWLRQV�GXULQJ�WKH�WHQ�ODVW�\HDUV�LV�OHDGLQJ�SKRWRQV�WR�EH�WKH�LGHDO�IXWXUH�LQIRUPDWLRQ�
FDUULHU�� 6ZLWFKLQJ� DQG� WUDQVPLVVLRQ� WLPHV� DUH� HIIHFWLYHO\� GUDPDWLFDOO\� VKRUW� ZKHQ� FRPSDUHG� WR�
WKHLU�HOHFWURQLF�FRXQWHUSDUWV��$V�QHZ�QHWZRUNV�XVLQJ�JODVV�ILEHUV�DUH�GHYHORSHG�DFURVV�WKH�ZRUOG��
QHZ�DOO�RSWLFDO�RU�HOHFWUR�RSWLFDO�DFWLYH�V\VWHPV�KDYH�WR�EH�LPSOHPHQWHG�WR�HQVXUH�IXQFWLRQV�OLNH�
RSWLFDO� VLJQDO� VZLWFKLQJ��PRGXODWLRQ�� URXWLQJ�� UHVWRUDWLRQ««�HWF��7KLV�SUHVHQWDWLRQ� LV� IRFDOL]HG�
RQ�DFWLYH�GHYLFHV�IRU�HOHFWUR�RSWLFDO�PRGXODWLRQ��ILJXUH������
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)LJXUH���

6FKHPDWLF�UHSUHVHQWDWLRQ�RI�DQ�HOHFWUR�RSWLFDO�PRGXODWRU��

7KH�JUD\�]RQH�ZKLFK�LV�VXEPLWWHG�WR�D�'�&��ILHOG�LV�WKH�QRQOLQHDU�PDWHULDO��7KH�RXWSXW�OLJKW�LV�

PRGXODWHG�WKURXJK�DSSOLFDWLRQ�RI�D�9�ELDV�RQ�RQH�DUP�RI�WKH�LQWHUIHURPHWHU��

�
)RU�FRPSDFWQHVV�DQG�JXLGLQJ�UHDVRQV��WKLV�GHYLFH�KDV�WR�EH�UHDOL]HG�LQ�SODQDU�WHFKQRORJ\�DQG�ZLOO�
EH� LQ� VLQJOH�PRGH� RSHUDWLRQ� ZLWKLQ� WKH� ZDYHOHQJWKV� ZKLFK� DUH� XVHG� IRU� WHOHFRPPXQLFDWLRQV��

WRGD\�DURXQG�����µ��

'LIIHUHQW�PDWHULDOV�FDQ�EH�FRQVLGHUHG��FU\VWDOV��SRO\PHUV��JODVVHV�RU�K\EULG�PDWHULDOV��$OO�RI�WKHP�
PXVW�EH�FKDUDFWHUL]HG�E\�ODUJH�VHFRQG�RUGHU�QRQOLQHDU�RSWLFDO��21/��FRHIILFLHQWV��3RO\PHUV�KDYH�
XQGRXEWHGO\�WKH�EHVW�HIILFLHQFLHV�DQG�VRPH�FRPSRQHQWV�KDYH�DOUHDG\�EHHQ�FRPPHUFLDOL]HG��QGO��



3DFLILF� :DYH� ,QGXVWULHV� ,QF��� 7KH� PDMRU� GLVDGYDQWDJH� IRU� WKHVH� PDWHULDOV� LV� WKHLU� WKHUPDO�
LQVWDELOLW\�DQG�ORZ�LUUDGLDWLRQ�GDPDJH�WKUHVKROG��&U\VWDOV�DUH�DOVR�LQWHUHVWLQJ�FDQGLGDWHV�IRU�WKHLU�
ODUJH�21/�FRHIILFLHQWV�DQG�WKHLU�JUHDW�RSWLFDO�DQG�WKHUPDO�VWDELOLW\��&RPSRQHQWV�/L1E2��EDVHG�
KDYH� DOUHDG\� EHHQ� FRPPHUFLDOL]HG� �1GO�� 3LUHOOL� 6RFLHW\��� %XW� WKHLU� HODERUDWLRQ� FRVW� UHPDLQV�
SURKLELWLYH��DQG�WKH\�DUH�IUDJLOH�IURP�D�PHFKDQLFDO�SRLQW�RI�YLHZ���

,QRUJDQLF� � JODVVHV� EDVHG� GHYLFHV� DUH� D� SRVVLEOH� DOWHUQDWLYH� IRU� WKHLU� ORZ� FRVW� HODERUDWLRQ�� JRRG�
WKHUPDO��RSWLFDO�DQG�PHFKDQLFDO� VWDELOLWLHV��$QRWKHU�DGYDQWDJH� LV� WKH�HDVLHU�RSWLFDO�FRPSDWLELOLW\�
RI�VXFK�JODVV�SODQDU�V\VWHP��IRU�FRQQHFWLRQ�ZLWK�JODVV�ILEHU��$V�FHQWUR�V\PPHWULFDO�PDWHULDOV�JODVV�
GRHV� QRW� H[KLELW� QRQ� ]HUR� VHFRQG�RUGHU� 21/� FRHIILFLHQWV�� 7KLV� � � � ZHDN� SRLQW� � FDQ� EH�
FLUFXPYHQWHG��E\�VXEMHFWLQJ�WKH�JODVV�WR�WKH�SROLQJ�WHFKQLTXHV��$W�WKH�SUHVHQW�WLPH��ZKDWHYHU�WKH�
WHFKQLTXH�XVHG�IRU�SROLQJ���WKHUPDO�RU�LUUDGLDWLRQ�DVVLVWHG����21/�FRHIILFLHQWV�UHPDLQ�ORZHU�WKDQ�
WKH�YDOXHV�UHTXLUHG��LQ�SKRWRQLF�V\VWHPV��
7KLV�SDSHU�EULHIO\�VXPPDUL]HV�WKH�EDVLF�FRQFHSWV�RI�21/��DQG�WKH�ILUVW��LQYHVWLJDWLRQV�RI�SROHG�
JODVVHV��,Q�D�VHFRQG�SDUW��WKH�H[SHULPHQWDO�SURFHGXUHV��XVHG�IRU�VWXG\LQJ��WKUHH�W\SHV�RI�JODVVHV�
ZLOO� EH� GHVFULEHG�� )LQDOO\� WKH� QXPHULFDO� GDWD� ZLOO� EH� GLVFXVVHG� LQ� FRQQHFWLRQ� ZLWK� D� WHQWDWLYH�
VWUXFWXUDO��FKDUDFWHUL]DWLRQ����

7KHRUHWLFDO�JHQHUDOLWLHV�DQG�6WDWH�RI�WKH�DUW�IRU�JODVVHV�SRWHQWLDOLWLHV�

%DVLFDOO\�� D� SRODUL]DWLRQ� � 3
ρ
�� LV� LQGXFHG� LQ� D�PHGLXP� E\� H[WHUQDO� RVFLOODWLQJ� HOHFWULF� ILHOGV�

(
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�ω���7KLV�SRODUL]DWLRQ�FDQ�EH�H[SDQGHG�LQ�D�SRZHU�VHULHV�RI�WKH�HOHFWULF�ILHOG��
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ZKHUH�ε��LV�WKH�YDFXXP�SHUPLWWLYLW\��χ
���
�LV�WKH�OLQHDU�VXVFHSWLELOLW\�ZKLFK�DFFRXQWV�IRU�WKH�OLQHDU�

RSWLFDO� LQGH[� λ

ρ
3 � WKH�SRODUL]DWLRQ� WHUP�ZKLFK� LV�SURSRUWLRQDO� WR� WKH�DSSOLHG� ILHOG� DQG� λ

ρ
Q3 WKH�

QRQOLQHDU�SRODUL]DWLRQ��χ����DQG�DQG�χ(���FRUUHVSRQG�UHVSHFWLYHO\�WR�WKH�VHFRQG�DQG�WKLUG�RUGHU�

QRQOLQHDU� VXVFHSWLELOLW\� WHQVRUV��)RU� ODUJH� LQWHQVLWLHV�RI� DQ�RVFLOODWLQJ� ILHOG� (
ρ
�ω)�� WKH� VHFRQG�

WHUP�LV�UHVSRQVLEOH�IRU�WKH�JHQHUDWLRQ�RI�D�GRXEOH�IUHTXHQF\��ω�RVFLOODWLQJ�ILHOG�FDOOHG�6HFRQG�
+DUPRQLF� *HQHUDWLRQ� �6+*�� DQG� DOVR� IRU� 3RFNHOV� HIIHFW� ZKLFK� LV� XVHG� LQ� HOHFWUR�RSWLFDO�
PRGXODWRUV��+RZHYHU�LQ�FHQWURV\PPHWULF�PDWHULDOV�ZKLFK�LV�WKH�FDVH�RI�WKH��JODVV��DOO�WKH�FRPSRQHQWV�

RI�WKH�VHFRQG�RUGHU�VXVFHSWLELOLW\�WHQVRU�χ���
�DUH�]HUR�DQG�VHFRQG�KDUPRQLF�JHQHUDWLRQ��6+*��

LV�FRQVHTXHQWO\�IRUELGGHQ��1HYHUWKHOHVV���6+*��LQ�EXON�JODVVHV�KDV�EHHQ�LQGXFHG�E\�WKHUPDO�RU�
XOWUD�YLROHW�DVVLVWHG�SROLQJ�WUHDWPHQW������%DVLFDOO\�WKHVH�WHFKQLTXHV�DOORZ��WKH�FHQWUR�V\PPHWU\�
WR�EH�EURNHQ��,Q�SDUWLFXODU��WKH�WKHUPDO�SROLQJ�FRQVLVWV�LQ�DSSO\LQJ�D�GF�HOHFWULF�ILHOG�EHORZ�WKH�
JODVV�WUDQVLWLRQ�WHPSHUDWXUH��7J��DQG��LQ�FRROLQJ�WKH�JODVV�EHIRUH�UHPRYLQJ�WKH�GF�ELDV��7KH�RQO\�
V\PPHWU\�HOHPHQW�ZKLFK�LV�JHQHUDWHG�GXULQJ�WKH�SROLQJ�WUHDWPHQW�LV�DQ�LQILQLWH�RUGHU�V\PPHWU\�
D[LV� ZKLFK� LV� DOLJQHG� DORQJ� WKH� DSSOLHG� ]� ILHOG� GLUHFWLRQ�� 7KXV� RQO\� WZR� FRHIILFLHQWV� LQ� WKH�
VHFRQG�RUGHU� VXVFHSWLELOLW\� WHQVRU� DUH� QRQ�]HUR� DQG� LQGHSHQGHQW�� G]]� DQG� G][�� 7KH� 0DNHU�
IULQJHV� DQDO\VLV� LV� WKH�RQO\�ZD\� WR�FKDUDFWHUL]H� WKH� ORZ�6+*�VLJQDOV� LQ�SROHG�JODVVHV� �����7KH�

LQWHQVLW\�RI� WKH�WUDQVPLWWHG�JHQHUDWHG��ω�RSWLFDO�VLJQDO� LV�UHFRUGHG� IRU�YDULDEOH�DQJOHV�EHWZHHQ�
WKH� JODVV� VDPSOH� DQG� WKH�ω� LQFLGHQW� EHDP�� 6LPXODWLRQV� RI� WKH� IULQJHG�VKDSH� VLJQDO� DOORZV� WR�
HVWLPDWH�WKH�G]]�DQG�G][�YDOXHV�WRJHWKHU�ZLWK�WKH�JHQHUDWHG�QRQOLQHDU�]RQH�ZLGWK��
7KH�PHFKDQLVP�XQGHUO\LQJ�WKH�IRUPDWLRQ�RI�WKH�QRQOLQHDULW\�LQ�EXON�JODVV�LV�QRW�\HW�FRPSOHWHO\�
XQGHUVWRRG�� $FFRUGLQJ� WR�0\HUV� HW� DO��� D� FRPELQDWLRQ� RI� WZR� GLIIHUHQW�PHFKDQLVPV� FRXOG� EH�
UHVSRQVLEOH�IRU�WKH�LQGXFHG�VHFRQG�RUGHU�QRQOLQHDU�HIIHFW���D�PRGHO�EDVHG�RQ�FKDUJH�WUDQVSRUW�RI�
PRELOH� LRQV� FUHDWLQJ� D� GHSOHWLRQ� UHJLRQ�� IROORZHG� E\� UHRULHQWDWLRQ� RI� GLSROHV�� 7KH� SHUPDQHQW�
LQGXFHG�VHFRQG�RUGHU�OLQHDULW\�FDQ�EH�H[SUHVVHG�DV�WKH�VXP�RI�ERWK�WHUPV����

χ���
�∝�χ���

(GF������1Sβ

���N7�(ORF����������



7KH� ILUVW� WHUP� LV� UHODWHG� WR� WKH� LQWHUDFWLRQ� EHWZHHQ� WKH� UHVLGXDO� HOHFWULF� ILHOG� (GF� LQVLGH� WKH�
PDWHULDO�DIWHU�UHPRYLQJ�WKH�DSSOLHG�GF�ILHOG�DQG�WKH�WKLUG�RUGHU�QRQOLQHDULW\��7KH�VHFRQG�WHUP�LV�
WKH� UHVXOWLQJ�PDFURVFRSLF� VHFRQG�RUGHU� QRQOLQHDULW\� LQGXFHG� E\� UHRULHQWDWLRQV� RI� SRODU� ERQGV�
GXULQJ�WKH�SROLQJ�WUHDWPHQW��HDFK�RI�WKHP�ZLWK�D�SHUPDQHQW�GLSROH�PRPHQW�S��1�LV�WKH��QXPEHU�

RI�SHUPDQHQW�GLSROH�SHU�YROXPH�ZLWK�D�PLFURVFRSLF�K\SHUSRODUL]DELOLW\�β∗
�FRUUHFWHG�IURP�D�ORFDO�

ILHOG�(ORF�ZKLFK�LV�HIIHFWLYHO\�VHHQ�E\�HDFK�GLSROH���

7KH� LPSOHPHQWDWLRQ� RI� WKH� ILHOG� (GF� KDV� EHHQ� UHODWHG� WR� WKH� PLJUDWLRQ� RI� PRELOH� LRQV� �LQ�
SDUWLFXODU�1D���WRZDUGV�WKH�FDWKRGH�]RQH�RI�WKH�SROHG�PDWHULDO��7KH�UHVXOW�LV�DQ�DFFXPXODWLRQ�RI�

VRGLXP� WRZDUGV� WKH� FDWKRGH� VLGH� DQG� WKH� FUHDWLRQ� RI� D� IHZ�µPV�GHSWK� GHSOHWLRQ� ]RQH� DW� WKH��
DQRGH�VLGH��0RGHOV�KDYH�DWWULEXWHG�WKH�VHFRQG�RUGHU�RSWLFDO�QRQOLQHDULW\�WR�WKH�FRUUHODWLRQ�RI�WKH�
WKLUG�RUGHU� VXVFHSWLELOLW\� DQG� WKH�(GF� ILHOG� LQ� WKH�GHSOHWLRQ� ]RQH�

���7KH� FUHDWLRQ�RI� D�GHSOHWLRQ�
]RQH�QHDU� WKH�DQRGLF� IDFH�ZLWK�D� IHZ�PLFURQV�GHSWK�KDV�EHHQ�H[SHULPHQWDOO\�SURYHG�PDLQO\� LQ�
VLOLFD�JODVV�E\�/,33��/DVHU�,QGXFHG�3UHVVXUH�3UREH��PHDVXUHPHQWV�EXW�DOVR�LQ�PRUH�H[RWLF�R[LGH�
JODVVHV�E\�;36�PHDVXUHPHQWV���������$Q�H[SHQGHG�PRGHO� LQFOXGLQJ�LRQ�H[FKDQJH�EHWZHHQ�D�KLJK�
PRELOLW\� LRQ�DQG�D�PXFK�ORZHU�PRELOLW\� LRQ��UHODWHG�WR�+���GULYHQ�E\�WKH�KLJK�HOHFWULF�ILHOG�KDV�
DOVR�EHHQ�UHSRUWHG������

7KH� UHRULHQWDWLRQ� RI� GLSRODU� HQWLWLHV� LV� GHGXFHG� IURP� WKH� EHKDYLRU� � RI� WKH� SROHG� SRO\PHUV��
$FFRUGLQJO\�WKH�UDWLR�G][�G]]�YDOXH�FDQ�EH�WKH�VLJQDWXUH�RI�UHRULHQWDWLRQ�SKHQRPHQD��(IIHFWLYHO\��
WKLV� UDWLR� LV� HTXDO� WR� ���� IRU� ERWK� PLJUDWLRQ� DQG� VPDOO� GLSRODU� PRPHQWV�LQWHUQDO� ILHOG�
PHFKDQLVPV��+RZHYHU�WKLV�YDOXH�FRXOG�EH�VPDOOHU�WKDQ�����LI�WKH�FRXSOLQJ�EHWZHHQ�WKH�GLSRODU�
PRPHQW�DQG�WKH�LQWHUQDO�ILHOG�LV�ODUJH�HQRXJK�����

3ROLQJ�RI�IXVHG�VLOLFD�JODVV�KDV�EHHQ�DOUHDG\�ODUJHO\�VWXGLHG������)LUVWO\�0\HUV�HW�DO��DQQRXQFHG�DQ�

1/2� FRHIILFLHQW� DURXQG� �� SP�9� LQ� D� ����µP� GHSWK� QRQOLQHDU� XQGHU� WKH� DQRGH� GXULQJ� WKH�
WKHUPDO�SROLQJ��7KHQ�.D]DQVN\�HW�DO��VWXGLHG�WKH�LQIOXHQFH�RI�SUHVVXUH��SROLQJ�GXUDWLRQ��YROWDJH�
DQG� WHPSHUDWXUH� SDUDPHWHUV�� WKH� 1D�� DQG�2+�� LPSXULWLHV� UROH� LQ� WKH� QRQOLQHDU� UHVSRQVH� DQG�
VXFFHHGHG� WR�VOLJKWO\� LPSURYH� WKH�1/2�FRHIILFLHQW� �������7KH\�DOVR�GHPRQVWUDWH�E\� WKH�XVH�RI�D�
/DVHU� ,QGXFHG�3UHVVXUH�3UREH� WKH�H[LVWHQFH�RI�QHJDWLYHO\� FKDUJHG�GHSOHWLRQ�]RQH�DW� WKH�DQRGH�
]RQH�ZKLFK�LV�LQ�DFFRUGDQFH�ZLWK�WKH�FKDUJHV�PLJUDWLRQ�PRGHO��4LX�0��HW�DO��WULHG�WR�LPSURYH�WKH�
VLJQDO�E\� LQMHFWLRQ�RI�DQLRQV� OLNH�2+��RU�)�� ����:KDWHYHU�WKH�FRPSRVLWLRQ�WKH�1/2�FRHIILFLHQWV�
QHYHU�H[FHHG����SP�9��)LQDOO\�1D]DEDO�9��HW�DO���DV�4XLTXHPSRLV�<��HW�DO��FRPSDUH��WKH�EHKDYLRU�
RI�KHUDVLO�RU� LQIUDVLO� �HODERUDWHG�E\�TXDUW]� IXVLRQ��DQG� WKH� VXSUDVLO� �HODERUDWHG�E\� VRO�JHO� URXWH��
YDULHWLHV�RI�VLOLFD�JODVV�XQGHU�WKHUPDO�SROLQJ��������5HRULHQWDWLRQV�RI�KDQJLQJ�6L�2��XQGHU�WKH�DQRGH�
KDYH�EHHQ�HYLGHQFH�EXW�FDQQRW�EH�SURYHG�WR�EH�LQYROYHG�LQ�WKH�QRQOLQHDULW\�����)XMLZDUD�7��HW�DO��
DQQRXQFHG�1/2� FRHIILFLHQWV� XS� WR� ��SP�9� LQ� JODVV\� WKLQ� ILOPV� RI� 6L2��*H2�� V\VWHP�ZKLFK�
KDYH�EHHQ�SROHG�XQGHU�89�LUUDGLDWLRQ��7KH\�LQYRNHG��WKH�DSSHDUDQFH�RI�FU\VWDOV���WKH�VWUXFWXUH�RI�
ZKLFK� VHHPV� WR� EH� GHULYHG� IURP� WKH� FULVWREDOLWH��1HYHUWKHOHVV� WKHLU� H[SHULPHQWDO� SURWRFRO� IRU�
6+*�FDOLEUDWLRQ��DQG�WKHLU�VLPXODWLRQ�PHWKRG�FDQ�EH�TXHVWLRQHG��

7KHUPDO� SROLQJ� RI� FRPSOH[� JODVV� FRPSRVLWLRQV� KDYH� DOVR� EHHQ� SURVSHFWHG�� 1D]DEDO� 9�� HW� DO��
VWXGLHG�ERURSKRVSKDWH�DQG�ERUDWH�JODVVHV�DQG�DQQRXQFH�1/2�FRHIILFLHQWV�ZLWK�WKH�VDPH�RUGHU�
RI�PDJQLWXGH�FRPSDUHG�WR�VLOLFD�JODVV�ZKHQ�ODUJH�UDWH�RI�WLWDQLXP�RU�QLRELXP�R[LGH�DUH�LQWURGXFHG�
LQ�WKH�JODVVHV�FRPSRVLWLRQV��������7DQDND�.��HW�DO��VWXGLHG�WHOOXULWH�JODVVHV�DQG�UHFHQWO\�SXEOLVKHG�D�
�SP�9�1/2�FRHIILFLHQW�����4XLTXHPSRLV�<��HW�DO��DV�/LX�4��HW�DO��XVHG�SKRWRQLF�YHUVXV�HOHFWURQLF�
LUUDGLDWLRQ�DVVLVWHG�WKHUPDO�SROLQJ�RQ�FKDOFRJHQLGH�JODVVHV�DQG�REWDLQHG�OHVV�WKDQ��SP�9�IRU�WKH�
1/2�FRHIILFLHQW��������

$V�WKH�GLIIHUHQW�DXWKRUV�XVH�YDULRXV��SURFHGXUHV�IRU�VDPSOHV�FRQGLWLRQLQJ��SROLQJ�SURFHVV��6+*�
PHDVXUHPHQWV� FDOLEUDWLRQ� DQG� VLPXODWLRQ�� D� FRPSDUDWLYH� LQYHVWLJDWLRQ� RI� WKUHH� W\SHV� RI� JODVVHV�
ZDV�FDUULHG�RXW�� WKH� VHOHFWHG�JODVVHV�ZHUH� � WKH� � LQIUDVLO� DQG� VXSUDVLO� VLOLFD� FRPPHUFLDO� JODVVHV�� D�
WHOOXULWH� JODVV�ZLWK� ���7H2�����3E�32������6E�2��PRODU� FRPSRVLWLRQ�� DQG� D� ERURSKRVSKDWH�



JODVV�ZLWK�����&D�32��������&D%�2�������1E�2��FRPSRVLWLRQ��7KH\��KDYH�EHHQ�VWXGLHG�VWULFWO\�
ZLWK�WKH�VDPH�H[SHULPHQWDO�FRQGLWLRQV��DQG�21/�FRHIILFLHQWV�VLPXODWLRQ�SURFHGXUH��

([SHULPHQWDO��

��*ODVV�SUHSDUDWLRQV�DQG�SROLQJ�

,QIUDVLO� DQG� VXSUDVLO� VLOLFD� �PP� WKLFN� JODVV� VDPSOHV� ZHUH� REWDLQHG� IURP�+(5$(86�� 7KH�
RWKHU� VDPSOHV� ZHUH� HODERUDWHG� E\� WKH� FODVVLFDO� PHOWLQJ� RI� KLJK� SXULW\� UHDJHQW� SRZGHUV� LQ�
FRQYHQLHQW� SURSRUWLRQV� DQG� TXHQFKLQJ�� 6DPSOHV� �PP� WKLFN� ZHUH� FXW� ZLWKLQ� WKH� VDPH� EORFN��
SROLVKHG�RQ�ERWK�IDFHV�DQG�FDUHIXOO\�FOHDQHG�EHIRUH�SROLQJ��

7KHUPDO�SROLQJV�ZHUH� FDUULHG�RXW� LQ� D�KRPH�PDGH� DSSDUDWXV�ZRUNLQJ�XQGHU�KLJK�YDFXXP�
������ EDU��� 7KH� �PP� WKLFN� JODVV� LV� VDQGZLFKHG� EHWZHHQ� D� 6L� ZDIHU� DW� WKH� DQRGH� � DQG� D� WKLQ�
ERURVLOLFDWH�SODWH�DW�WKH�FDWKRGH��WKHQ�SUHVVHG�RQ�ERWK�VLGHV�E\�WKH�VWDLQOHVV�VWHHO�SODWH�HOHFWURGHV��

WKH�G�F��ELDV�∆9�EHLQJ�HTXDO�WR��N9�DQG�WKH�WHPSHUDWXUH�DGMXVWHG��2QFH�WKH�ILHOG���N9��LV�DSSOLHG�
IRU���KRXU��WKH�VDPSOH�LV�FRROHG�GRZQ�WR�URRP�WHPSHUDWXUH�DQG�WKH�GF�ELDV�LV�WKHQ�UHPRYHG��7KH�
QRQOLQHDULW\�RI�D�SROHG�VDPSOH�FDQ�EH�HUDVHG�E\��DQ�DQQHDOLQJ�WUHDWPHQW�DW�����&�ZLWKRXW�ELDV��
7KH� UHSURGXFLELOLW\� RI� WKH� SROLQJ� WUHDWPHQW� DQG� WKH� TXDOLW\� RI� WKH� HOHFWULF� FRQWDFWV� ZHUH�
VLPXOWDQHRXVO\� FRQWUROOHG� E\� WKH� PHDVXUHPHQW� RI� WKH� SROLQJ� FXUUHQW� ZKLFK� LV� SURSDJDWLQJ��
WKURXJK�WKH�VDPSOH���
�

��/LQHDU�UHIUDFWLYH�LQGLFHV�DQG�VHFRQG�RUGHU�QRQOLQHDULW\�PHDVXUHPHQWV�

7KH�VRXUFH�ZDV�D�4�VZLWFKHG�1G�<$*�ODVHU�RSHUDWLQJ�DW�ZDYHOHQJWK������QP��7KH�SXOVH�
ZLGWK� DQG� WKH� UHSHWLWLRQ� UDWH� RI� RXWSXW� SXOVHV� IURP� WKH� ODVHU� ZHUH� ���� QV� DQG� ���� +]��
UHVSHFWLYHO\�� 7KH� SRODUL]HG� VRXUFH� EHDP�ZDV� VSOLW� LQWR� WZR� EUDQFKHV� E\� D� EHDP� VSOLWWHU�� 2QH�
EUDQFK� UHFRUGHG� WKH� IXQGDPHQWDO� LQWHQVLW\� ZLWK� D� ILUVW� SKRWRPXOWLSOLHU�� WKH� RWKHU�� ZKLFK� ZDV�

ILUVWO\�SRODUL]HG��ZDV�IRFXVHG�RQ�WKH�VDPSOH�ZLWK�D�VSRW�RI�����P��7KH��ω�WUDQVPLWWHG�VLJQDO�ZDV�
GHWHFWHG� E\� D� VHFRQG� SKRWRPXOWLSOLHU� DQG� DYHUDJHG� RYHU� ��� SXOVHV�� 7KH� SXOVH� HQHUJLHV� DW� WKH�
VDPSOH�ZHUH�QR�PRUH� WKDQ�����-� IRU� WKH� LQIUDUHG�EHDP��7KH� DEVROXWH� FDOLEUDWLRQ�RI� WKH�6+*�

LQWHQVLWLHV� LV� REWDLQHG� XVLQJ� D� TXDUW]� ]�FXW� WDNLQJ� χ�� ���SP�9� IRU� � UHIHUHQFH�� 7KLV� YHUVDWLOH�

H[SHULPHQWDO� VHWXS� DOORZV� OLQHDU� UHIUDFWLYH� LQGH[� WR� EH� HVWLPDWHG� DW� ω� RU� �ω�� ZLWK� D� WKLUG�
SKRWRPXOWLSOLHU��E\�FROOHFWLQJ�WKH�FRUUHVSRQGLQJ���WKHWD�UHIOHFWHG�ZDYH�DURXQG�WKH�EUHZVWHU�DQJOH�
RYHU�WKH�������GHJUHHV�WKHWD�UDQJH��$�/L1E2��FU\VWDO�LQ�SKDVH�PDWFKLQJ�FRQGLWLRQ�ZDV�XVHG�DV�D�
����QP�VRXUFH� WR� UHFRUG� � WKH� UHIOHFWLRQ� VLJQDO��7KH�6+*�0DNHU� IULQJHV�ZHUH�DQDO\]HG�XVLQJ�D�
QHZ� JHQHUDO� PXOWL�OD\HUHG� 6+*� XQLD[LDO� PRGHO� LQFOXGLQJ� ELUHIULQJHQFH� DQG� DQLVRWURSLF�
DEVRUSWLRQ�DW� WKH� IXQGDPHQWDO�DQG�KDUPRQLF� IUHTXHQFLHV��7KH�ZKROH�0DNHU� IULQJH�VSHFWUXP� LQ�
SS�DQG�VS�SRODUL]DWLRQ�FRQILJXUDWLRQV��ZKHUH�SS��UHVS��VS��PHDQV�S�SRODUL]HG��UHVS��V�SRODUL]HG��
LQFLGHQW�SXPS�EHDP�DQG�S�SRODUL]HG� WUDQVPLWWHG�VHFRQG�KDUPRQLF�EHDP��ZDV� UHFRUGHG�IRU� WKH�
VWXGLHG�JODVV�DORQH�DQG��WKHQ�VDQGZLFKHG�EHWZHHQ�WZR�KHPLF\OLQGULFDO�OHQVHV��ILJXUH����WR�LQFUHDVH�
WKH�FRPSOHWH�VFDQQLQJ�DQJOH� UDQJH� LQVLGH� WKH�PDWHULDO��7KH�UHJLVWHUHG�0DNHU�IULQJHV�VLJQDO� �KDV�
EHHQ�VLPXODWHG�IRU�HDFK�FRQILJXUDWLRQ��

7KH� OLQHDU� UHIUDFWLYH� LQGLFHV�ZHUH�SUHYLRXVO\�GHWHUPLQHG�E\� WKH�%UHZVWHU� DQJOH� UHIOHFWLRQ�
PHWKRG�UHVSHFWLYHO\�DW������DQG�����QP�DOORZLQJ�WR��HVWLPDWH��WKH�GLVSHUVLRQ���WDEOH������



�
)LJXUH���

8VLQJ�OHQVHV�DOORZV�WR�VFDQ�D�ODUJHU�SUREHG�DQJOH�UDQJH���

7KH�RSWLFDO�URXWH�RI�WKH�OLJKW�LV�UHSUHVHQWHG�E\�GDVKHG�OLQHV��

�

7KH�PHDVXUHPHQWV�RI� WKH�WKLUG�RUGHU�QRQOLQHDU�RSWLFDO�VXVFHSWLELOLWLHV�χ����JLYHQ� LQ�WDEOH���ZHUH�
REWDLQHG�XVLQJ�D�WUDQVLHQW�DEVRUSWLRQ�H[SHULPHQW�GHVFULEHG�HOVHZKHUH������
�

��,5�0HDVXUHPHQWV�

5HIOHFWDQFH�,5�VSHFWUD�ZHUH�UHFRUGHG�RQ�D�1LFROHW�����VSHFWURSKRWRPHWHU�HTXLSSHG�ZLWK�D�
'7*6�GHWHFWRU�DQG�D�JHUPDQLXP�FRDWHG�.%U�EHDPVSOLWWHU��$�WRWDO�RI�����VFDQV�ZHUH�DYHUDJHG�DW�
�FP��� UHVROXWLRQ��7KH� VSHFWURPHWHU�ZDV�SXUJHG�ZLWK�GU\� DLU� WR�PLQLPL]H�DWPRVSKHULF�&2�� DQG�
ZDWHU� YDSRU�� 5HIOHFWDQFH� H[SHULPHQWV� ZHUH� SHUIRUPHG� XVLQJ� DQ� H[WHUQDO� UHIOHFWLRQ� DWWDFKPHQW�
�*UDVHE\��6SHFDF��DW�DQ�DQJOH�RI�LQFLGHQFH�RI������7KH�RSWLFDO�FRQVWDQWV��UHDO�DQG�LPDJLQDU\�SDUWV�

RI�WKH�GLHOHFWULF�FRQVWDQW�ε��KDYH�EHHQ�FDOFXODWHG��IURP�WKH�UHIOHFWDQFH�VSHFWUD�E\�WKH�.UDPHUV�
.U|QLJ� DQDO\VLV�� 7KHQ�� WKH� PD[LPD� RI� WKH� ν,P�ε�� VSHFWUD� JLYH� GLUHFWO\� WKH� IUHTXHQF\� RI� WKH�
DEVRUSWLRQ� EDQGV�� 7KH� ERWK� XQSROHG� JODVV� VXUIDFHV� ZHUH� DQDO\]HG� EHIRUH� D� SROLQJ� WUHDWPHQW�
�ILJXUH� �D��� DQG� LPPHGLDWHO\� DQDO\]HG� DJDLQ� DIWHU� FRQWURO� RI� 6+*� VLJQDO� LQ� WKH� SROHG� JODVV��
6WUXFWXUDO�PRGLILFDWLRQV�DIWHU�SROLQJ�FDQ�EH�HYLGHQFHG�E\�FDOFXODWLQJ�WKH�VXEVWUDFWLRQ�EHWZHHQ�WKH�
SROHG�DQRGH�RU�FDWKRGH�IDFH�UHIOHFWDQFH�VLJQDO�DQG�WKH�FRUUHVSRQGLQJ�XQSROHG�IDFH�VLJQDO��

5HVXOWV�

��/LQHDU�DQG�QRQOLQHDU�RSWLFDO�FKDUDFWHUL]DWLRQV�

7KH�PHDVXUHG� UHIUDFWLYH� LQGLFHV��SROLQJ�FRQGLWLRQV�� VHFRQG�RUGHU�QRQOLQHDU� FRHIILFLHQWV�G]]�
DQG�G][�GHGXFHG�IURP�WKH�EHVW�6+*�0DNHU�IULQJHV�VLJQDOV�VLPXODWLRQV��DQG�PHDVXUHG�WKLUG�RUGHU�
VXVFHSWLELOLWLHV�DUH�VXPPHUL]HG�LQ�WDEOH����

$W� ILUVW� YLHZ�� WKH� PHFKDQLVP� DW� WKH� RULJLQ� RI� WKH� VHFRQG�RUGHU� QRQOLQHDULW\� LV� TXLWH� GLIIHUHQW�
EHWZHHQ� WKH� WZR� VLOLFD�JODVV� YDULHWLHV��7KLV�REVHUYDWLRQ�KDV� DOUHDG\�EHHQ� UHSRUWHG� ����8VXDOO\�� D�
SXUH� FKDUJH� PLJUDWLRQ� PRGHO� LV� VXSSRVHG� WR� H[SODLQ� WKH� ,QIUDVLO� VLOLFD� JODVV� EHKDYLRU�� 1D��
LPSXULWLHV�PLJUDWLQJ� WR� WKH� FDWKRGH� GXULQJ� SROLQJ� LQGXFH� D� GHSOHWLRQ� ]RQH� QHDU� WKH� DQRGH� WKH�
GHSWK� RI� ZKLFK� LV� LQFUHDVLQJ� ZLWKLQ� SROLQJ� GXUDWLRQ�� 7KH� VXSUDVLO� VLOLFD� JODVV� ORZHU� HIILFLHQF\�
FRXOG� EH� H[SODLQHG� E\� D� ORZHU� 1D�� FRQFHQWUDWLRQ�� %XW� UHFHQWO\�� RWKHU� PHFKDQLVPV�� LQGXFLQJ�
ODUJHU� HIILFLHQFLHV� DQG� � LQYROYLQJ� D� QRQ�EORFNLQJ� DQRGH� ZHUH� SURSRVHG� IRU� VR� KLJK� SROLQJ�
WHPSHUDWXUHV��:KLOH� WKH� ,QIUDVLO� VLOLFD� JODVV� 6+*� VLJQDO� VLPXODWLRQ� LV� XQDPELJXRXV� VLQFH� � WZR�
IULQJHV�ZHUH�REVHUYHG�ZKHQ�XVLQJ�OHQVHV��LW�LV�QRW�WKH�FDVH�IRU�WKH�6XSUDVLO�JODVV��ILJXUH�����,Q�WKLV�
ODVW� FDVH�� RQO\� WKH�SURGXFW�RI�21/�]RQH�GHSWK�/� DQG�G]]�SDUDPHWHUV� FDQ�EH� VWULFWO\� FDOFXODWHG��
DVVXPLQJ� � /� LQIHULRU� WR� WKH� YDOXH�ZKLFK� LV� UHSRUWHG� LQ�7DEOH� ���$Q� H[SHULPHQWDO� LQGHSHQGHQW�
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PHDVXUH� RI� WKH� GHSOHWLRQ� ]RQH� GHSWK� LV� VWLOO� QHFHVVDU\� WR� FRQILUP� WKH� SXEOLVKHG� YDOXHV� E\�
GLIIHUHQW�DXWKRUV��
�
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0DNHU�IULQJHV�DQG�WKH�EHVW�VLPXODWLRQV�IRU�LQIUDVLO�DQG�VXSUDVLO�VLOLFD�JODVVHV�

�

%RWK�ERURSKRVSKDWH�DQG�WHOOXULWH�JODVVHV�DOORZ�WR�JDLQ�DW�OHDVW�DQ�RUGHU�RI�PDJQLWXGH�IRU�WKH�G]]�
SDUDPHWHU�� )RU� WKH� WHOOXULWH� JODVV�� WKH� GHSWK� RI� WKH� DFWLYH� ]RQH� LV� FRQWLQXRXVO\� LQFUHDVLQJ�ZLWK�

WHPSHUDWXUH�� $VVXPLQJ� D� PHDQ� ILHOG� (GF� LQ� WKH� QRQOLQHDU� DQRGLF� ]RQH� ∆9�/� IRU� IXOO� FKDUJH�
VFUHHQLQJ�� WKH� FRPSDULVRQ� ZLWK� WKH� FDOFXODWHG� YDOXH� �χ�����χ��� � �G]]�χ���� GHGXFHG� IURP� D� SXUH�

PLJUDWLRQ�PRGHO�FDQ�EH�WHPSWHG��$V�IDU�DV�WKH�WHPSHUDWXUH�LV�≤�����&�∆9�/�UHPDLQV�ORZHU�WKDQ�
�G]]�χ����DQG�WKH�UHVXOW�LV�LQYHUWHG�DW�����&��,W�FDQ�EH�LQWHUSUHWHG�E\�LQFRPSOHWH�VFUHHQLQJ�RI�WKH�
ELDV� DW� ORZ� WHPSHUDWXUH� ZKHUHDV� DW� KLJK� WHPSHUDWXUH�� D� FRQWULEXWLRQ� RI� WKH� PHFKDQLVP� RI�
UHRULHQWDWLRQ�FRXOG�EH�SRVWXODWHG�HYHQ�LI�WKH�VFUHHQLQJ�LV�FRPSOHWH��%XW�WKH�G][�G]]�UDWLR�LV�FORVH�
WR�����DQG�FDQQRW�EH�LQYRNHG�DV�D�SURRI�RI�WKHVH�UHRULHQWDWLRQV��
��)RU� WKH� ERURSKRVSKDWH� JODVV�� D� WHPSHUDWXUH� HYROXWLRQ� RI� ERWK� G� DQG� /� SDUDPHWHUV� LV� QRW�
GHWHFWHG��1HYHUWKHOHVV� WKH�G][�G]]� UDWLR� LV� GLIIHUHQW� IURP�����ZKLFK� LV� D� FOHDU� LQGLFDWLRQ�RI� WKH�

FRQWULEXWLRQ�RI� WKH� UHRULHQWDWLRQ�PHFKDQLVP�� ,Q� WKLV� FDVH� WKH� FDOFXODWHG�PHDQ� ILHOG�∆9�/�DQG�
�G]]�χ����GHGXFHG�IURP�D�SXUH�PLJUDWLRQ�PRGHO�DUH�LGHQWLFDO���

��6WUXFWXUDO�FKDUDFWHUL]DWLRQV�DQG�PHFKDQLVPV�LQGXFHG�E\�WKH�SROLQJ�WUHDPHQW�

)HZ�VWUXFWXUDO�FKDUDFWHUL]DWLRQV�RI�SROHG�JODVVHV�KDYH�EHHQ�UHSRUWHG�� WKRXJK�&��&DEULOOR�HW�
DO�� KDYH� � SXEOLVKHG� D� QHXWURQ� LQYHVWLJDWLRQ� RI� WKH� � EXON� SROHG� ,QIUDVLO� VLOLFD� JODVV� ���� 7KH\�

FRQFOXGHG�WR�ODUJH�PLFURVFRSLF�DOWHUDWLRQV�RI�WKH�DQRGLF�SROHG�UHJLRQ��DERXW��µP�GHHS�EHORZ�WKH�
DQRGH�VXUIDFH��DORQJ�WKH�GLUHFWLRQ�RI�WKH�SROLQJ�ILHOG��LQYROYLQJ�DW�OHDVW�QH[W�QHDUHVW�6L�QHLJKERUV��
WKH�VKRUWHVW�6L�6L�GLVWDQFH�DUH�HORQJDWHG�IURP�����c�WR�����c� LQ�WKLV�]�GLUHFWLRQ�DQG�WKH�6L�2�6L�
ERQG�DQJOHV�DUH�RSHQHG�LQ�WKH�VDPH�GLUHFWLRQ��0RUH�UHFHQWO\�WKH�VWUXFWXUDO�UHRUJDQL]DWLRQV�LQ�WKH�
,QIUDVLO� VLOLFD� JODVV� ZDV� VWXGLHG� E\� 9�� 1D]DEDO� HW� DO�� E\� ;$1(6� DQG� ,5� VSHFWURVFRS\� �� 7KH�
H[SHULPHQWV�DQG�FRUUHVSRQGLQJ� �VLPXODWLRQV�GHPRQVWUDWH�D�PRGLILFDWLRQ�RI�WKH�QHWZRUN�DQG�RI��
WKH� GHIHFWV� GXULQJ� WKH� SROLQJ� ���� %ULGJLQJ� �6L�2�6L�� ERQGV� DUH� EURNHQ� DQG�SDUWO\� UHVWRUHG� DIWHU�
WKHUPDO� WUHDWPHQW�� 6XFK� WUDQVIRUPDWLRQV� ZKLFK� RFFXU� RQ� H[WUHPH� VXUIDFHV� LQ� FRQWDFW� ZLWK�
HOHFWURGHV� DUH� QRW� FRPSOHWHO\� UHYHUVLEOH�� $W� WKH� VDPH� WLPH� 7�*�� $OOH\� HW� DO� ��� LQWHUSUHWHG� WKH�
SURWRQ� FRQGXFWLRQ�REVHUYHG�GXULQJ�SROLQJ�� E\� D�GHFUHDVH�RI�K\GUR[\O� 6L�2+�ERQGV� DVVRFLDWHG�
ZLWK�DQ�LQFUHDVH�RI�QRQ�EULGJLQJ�R[\JHQ��6L�2�����6LPXOWDQHRXVO\��DQ�LQFUHDVH�RI�OHVV�WHQVHG�6L�2�
6L� JURXSV� LV� REVHUYHG� SHUSHQGLFXODUO\� WR� WKH� SROHG� VXUIDFHV�ZKLFK� LV� LQ� DJUHHPHQW� WKH� � UHVXOWV�
JLYHQ� E\�&��&DEULOOR� HW� DO�� LOOXVWUDWLQJ� WKH� VWUXFWXUDO� DQLVRWURSLF�PRGLILFDWLRQV� SURGXFHG�E\� WKH�
SROLQJ�����

7KH� SROHG� ERURSKRVSKDWH� JODVV� � VWXGLHG� E\� WKH� 5$0$1�� ;$)6� DQG� ;36� WHFKQLTXHV��
VKRZHG� D� SURJUHVVLYHO\� RSHQLQJ� RI� WKH� ERURSKRVSKDWH� QHWZRUN� ZLWK� WKH� DSSHDUDQFH� RI� PRUH�
QRQ�EULGJLQJ�R[\JHQ�DWRPV�RQ�WKH�DQRGLF�VXUIDFH�����$IWHU�DQ�DQQHDOLQJ��WUHDWPHQW�SURGXFLQJ�WKH�
HUDVXUH�RI�WKH�6+*��WKH�EULGJLQJ�ERQGV�DUH�SDUWO\�UHVWRUHG��,5�UHIOHFWDQFH�PHDVXUHPHQWV�VKRZ�D�
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VOLJKW�EXW�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�SROHG�DQG�XQSROHG�VXUIDFHV�VLJQDOV�LQ�WKH�����WR�����FP�

��UHJLRQ��)LJXUH������

),*85(����

6XEVWUDFWLRQ�RI�WKH�,5�UHIOHFWDQFH�VLJQDO�RI�SROHG�DQRGH�RU�FDWKRGH�VXUIDFH��

IURP�WKH�FRUUHVSRQGLQJ�XQSROHG�VXUIDFH�VLJQDO�IRU�WKH�QLRELXP�ERURSKRVSKDWH�JODVV��

�
7KH�FRUUHVSRQGLQJ�WUDQVLWLRQV�DUH�DWWULEXWHG�WR�V\PPHWULFDO�DQG�DQWLV\PPHWULFDO�YLEUDWLRQ�PRGHV�
RI�WHUPLQDO�>32�

�@�JURXSV�RI�WKH��SKRVSKDWH�FKDLQV�FRQVWLWXWLQJ�WKH�JODVV�QHWZRUN��7KH�GHFUHDVH�
RI�WKH�VLJQDO�LQ�WKLV�GRPDLQ�FDQ�EH�H[SODLQHG�E\�DQ�RULHQWDWLRQ�RI�WKHVH�JURXSV�SHUSHQGLFXODUO\�WR�
WKH�DQRGLF�VXUIDFH�LI�WKH�JODVV��2Q�WKH�EDVLV�RI�WKHVH�UHVXOWV��WKH�EUHDNGRZQ�RI�LVRWURS\�LQGXFHG�
E\�SROLQJ�LV�HYLGHQFHG��:KHWKHU�VXFK�DOWHUDWLRQV�FDQ�DFFRXQW�RI�WKH�PHDVXUHG�6+*�HIILFLHQF\�LQ�
QLRELXP�ERURSKRVSKDWH�JODVVHV�QHHGV�WR�EH�FODULILHG��

6LPLODUO\�� ,5� UHIOHFWDQFH� VSHFWUD� UHVXOWLQJ� IURP�ERWK�SROHG�DQG�XQSROHG�DQRGLF� UHJLRQV�RQ�
WKH�WHOOXULWH�JODVV�FRPSRVLWLRQ�DUH�SUHVHQWHG�LQ�7DEOH����6LJQLILFDQW���GLIIHUHQFHV�DUH�REVHUYHG�IRU�
WKH�SKRVSKDWH�EDQGV�EHWZHHQ����FP��� DQG�����FP���� L�H� LQ� UHJLRQ� �ZKLWKRXW� WHOOXULWH�EDQGV��$�
GHFUHDVLQJ�RI�WKH��EDQG�LQWHQVLWLHV�DUH�REVHUYHG�ZKHQ�WKH�JODVV�LV�SROHG��DQG�RQO\�LQ�WKH�DQRGLF�
UHJLRQ��7KLV�FRXOG�EH�H[SODLQHG�E\�D�JOREDOO\�GHFUHDVLQJ�RVFLOODWRUV�VWUHQJWK�GXH�WR�WKH�UHPDLQLQJ�
LQWHUQDO�ILHOG�ZLWKLQ�WKH�DQRGLF�UHJLRQ��RU�WKH�UHRULHQWDWLRQ�RI�DOO�WKH�GLSRODU�PRPHQWV�GXULQJ�WKH�
SROLQJ�WUHDWPHQW��
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5HIOHFWDQFH�,QIUD�UHG�6SHFWUXP�DQG�GLIIHUHQWLDO�VSHFWUD�EHWZHHQ�WKH�XQSROHG�DQG�WKHQ�SROHG�FDWKRGLF�

DQG�DQRGLF�IDFHV�IRU�WKH�WHOOXULWH�JODVV�RI����7H2�����3E�32������6E�2��PRODU�FRPSRVLWLRQ��

&RQFOXVLRQ�

7KH�FUHDWLRQ�RI�VHFRQG�RUGHU�QRQ�OLQHDULW\��E\�SROLQJ��UHTXLUHG�VWULFW�H[SHULPHQWDO�FRQGLWLRQV��
IRU�SUHSDUDWLRQ�RI�WKH�VDPSOH�DQG�FKDUDFWHUL]DWLRQ�RI�WKH�PDWHULDO��7KH�JODVVHV�ZHUH�VHOHFWHG�WR�
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