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'LIIXVH�5HIOHFWDQFH�,QIUDUHG�)RXULHU�7UDQVIRUP�6SHFWURVFRSLF��'5,)76��6WXG\�RI�

6HOI�$VVHPEOHG�0RQROD\HUV�RI���0HUFDSWREHQ]RLF�$FLG�RQ�$J�3RZGHU

0\XQJKHH�/HH��.\XQJVRR�3DUN��DQG�&KLQNDS�&KXQJ
�

'HSDUWPHQW�RI�&KHPLVWU\��.HLP\XQJ�8QLYHUVLW\��7DHJX����������.RUHD

5HFHLYHG�'HFHPEHU���������

7KH�VHOI�DVVHPEOHG�PRQROD\HUV��6$0V��RI�YDULRXV�RUJDQLF

PROHFXOHV� RQ� PHWDO� VXUIDFHV� KDYH� DWWUDFWHG� FRQVLGHUDEOH

DWWHQWLRQ� LQ� ERWK� EDVLF� XQGHUVWDQGLQJ� RI� PHWDO�DGVRUEDWH

LQWHUDFWLRQ�DQG�SUDFWLFDO�DSSOLFDWLRQV�����7KHUH� LV� WKH� VHOHF�

WLYLW\�EHWZHHQ� WKH�PHWDO� DQG� WKH� DGVRUEDWH�KHDG�JURXS� IRU

WKH�IRUPDWLRQ�RI�6$0V��$X�IRU�WKLROV����DQG�$O�IRU�DONDQRLF

DFLGV����DUH�ZHOO�NQRZQ�H[DPSOHV��2Q�WKH�RWKHU�KDQG��$J�LV

NQRZQ� WR� SURGXFH� 6$0V� ZLWK� ERWK� WKLROV���� DQG� DONDQRLF

DFLGV�������+RZHYHU��WKH�FRPSHWLWLYH�DGVRUSWLRQ�RI�D�WKLRO�DQG

D�FDUER[\OLF�DFLG�RQ�$J�VXUIDFH�ZDV�QRW�UHSRUWHG�\HW�� ,Q�D

SUHYLRXV�VWXG\��ZH�REVHUYHG�WKDW�PHUFDSWRDFHWLF�DFLG��FRQ�

WDLQLQJ�ERWK�D�WKLRO�JURXS�DQG�D�FDUER[\OLF�DFLG�JURXS�LQ�WKH

VDPH� PROHFXOH�� DGVRUEHG� RQ� $J� SRZGHU� DV� WKH� WKLRODWH

H[SRVLQJ�WKH�FDUER[\OLF�DFLG�JURXS�WR�WKH�DLU����7KLV�VKRZHG

WKDW�D�WKLRO�ZDV�SUHIHUUHG�WR�D�FDUER[\OLF�DFLG�IRU�WKH�DGVRUS�

WLRQ�RQ�$J�SRZGHU��

7KH�VWUXFWXUH�RI�6$0�LV�GHSHQGHQW�RQ�WKH�LQWHUFKDLQ�LQWHU�

DFWLRQ� EHWZHHQ� WKH� DGVRUEDWHV� DV� ZHOO� DV� WKH� KHDG� JURXS�

PHWDO�LQWHUDFWLRQ��,Q�WKLV�UHVSHFW��DURPDWLF�FRPSRXQGV�PLJKW

EHKDYH�GLIIHUHQWO\�FRPSDUHG�WR�WKHLU�DOLSKDWLF�FRXQWHUSDUWV�

0RQROD\HUV�RI�DURPDWLF�FRPSRXQGV�� LQ�VSLWH�RI� LQWHUHVWLQJ

SURSHUWLHV�VXFK�DV�UHODWLYHO\�KLJK�HOHFWULFDO�FRQGXFWLYLW\�DQG

UHDFWLYLW\� IRU� GHULYDWL]DWLRQ�� KDYH� EHHQ� OHVV� VWXGLHG� FRP�

SDUHG�WR�WKHLU�DOLSKDWLF�FRXQWHUSDUWV��

+HUH��ZH�SUHVHQW�D�VWXG\�RI�WKH�6$0�RQ�$J�SRZGHU�RI���

PHUFDSWREHQ]RLF� DFLG� ���0%$��ZKLFK� LV� WKH� VLPSOHVW� DUR�

PDWLF�FRPSRXQG�FRQWDLQLQJ�ERWK�D�WKLRO�JURXS�DQG�D�FDUER[�

\OLF� DFLG� JURXS�� 7KH� VWUXFWXUH� RI� WKH� UHVXOWLQJ� PRQROD\HU

ZRXOG�DQVZHU�ZKLFK�JURXS�RI�WKH�FRPSRXQG�SUHGRPLQDQWO\

DGVRUEV�RQ�$J�SRZGHU��:H�DOVR�VWXGLHG�6$0V�RI���QLWUREHQ�

]RLF� DFLG� ���1%$�� DQG� ��QLWURWKLRSKHQRO� ���173�� RQ� $J

SRZGHU� IRU� FRPSDULVRQ�� 6LQFH� WKH� '5,)7� VSHFWUXP� RI� ��

1%$�RQ�$J�SRZGHU�KDV�EHHQ�UHSRUWHG�SUHYLRXVO\����LW�FDQ�EH

XVHG�DV� FULWHULD� IRU� WKH�SURSHU� IDEULFDWLRQ�RI�6$0V�RQ�$J

SRZGHU��

6LQFH�ZH�XVHG�$J�SRZGHU�DV�D�VXEVWUDWH��'5,)7�VSHFWURV�

FRS\�ZDV�XVHG�DV� WKH�FKDUDFWHUL]DWLRQ� WRRO��7KLV� WHFKQLTXH

KDV�SURYHG�WR�EH�YHU\�HIIHFWLYH�LQ�FKDUDFWHUL]LQJ�6$0V�RQ

PHWDO�SRZGHUV������

([SHULPHQWDO�6HFWLRQ

��0HUFDSWREHQ]RLF� DFLG� �$OGULFK��� ��QLWUREHQ]RLF� DFLG

�$OGULFK�����QLWURWKLRSKHQRO��$OGULFK���DEVROXWH�HWKDQRO��&DUOR

(UED���Q�KH[DQH� �0DOOLQFNURGW��� DQG� VRGLXP�K\GUR[LGH� �$OG�

ULFK��!�������ZHUH�XVHG�DV�UHFHLYHG��$J�SRZGHU��������µP�
!������SXULW\��ZDV�SXUFKDVHG� IURP�$OGULFK�DQG�NHSW� LQ�D

QLWURJHQ�DWPRVSKHUH�SULRU�WR�XVH��

3ULRU� WR� WKH� IDEULFDWLRQ� RI� PRQROD\HUV�� $J� SRZGHU� ZDV

FOHDQHG�ZLWK�Q�KH[DQH�DQG�DEVROXWH�HWKDQRO�VXFFHVVLYHO\�LQ

DQ�XOWUDVRQLF�FOHDQHU��7KH�SRZGHU�ZDV�ILOWHUHG�RQ�D�JODVV�ILO�

WUDWLRQ� DVVHPEO\� ZLWK� D� Q\ORQ� PHPEUDQH� ILOWHU� �*HOPDQ�

SRUH�VL]H������µP���WKHQ�ZDV�GULHG�E\�EORZLQJ�QLWURJHQ�JDV�
7KH�FOHDQHG�$J�SRZGHU�ZDV�LPPHUVHG�LQ�WKH�DEVROXWH�HWKD�

QRO�VROXWLRQ�FRQWDLQLQJ�����P0�RI�WKH�DSSURSULDWH�DGVRUEDWH

IRU����K��$Q�DEVROXWH�HWKDQRO�VROXWLRQ�FRQWDLQLQJ�ERWK�����

P0���1%$�DQG������P0���173�ZDV�XVHG�IRU�SUHSDULQJ�D

PL[HG�PRQROD\HU��7KH�VROXWLRQ�ZDV�VWLUUHG�ZLWK�D�PDJQHWLF

VWLUUHU� IRU� WKH� HIILFLHQW� DGVRUSWLRQ�� 7KH� WUHDWHG�$J� SRZGHU

ZDV�ILOWHUHG�DQG�ULQVHG�ZLWK�DEVROXWH�HWKDQRO�RQ�D�JODVV�ILO�

WUDWLRQ� DVVHPEO\�� WKHQ� GULHG� E\� EORZLQJ� QLWURJHQ� JDV�� 7KH

VDPSOH�ZDV�WUDQVIHUUHG�WR�D�'5,)76�VDPSOLQJ�FXS��*UDVE\

6SHFDF��DQG�DQDO\]HG�E\�DQ�LQIUDUHG�VSHFWURSKRWRPHWHU�

,QIUDUHG�VSHFWUD�ZHUH�WDNHQ�ZLWK�D�0DWWVRQ�5HVHDUFK�6HULHV

)7�,5� VSHFWURSKRWRPHWHU� HTXLSSHG� ZLWK� D� OLTXLG� QLWURJHQ

FRROHG�0&7�GHWHFWRU��'5,)7�VSHFWUD�RI�6$0V�ZHUH�REWDLQHG

ZLWK� D� GLIIXVH� UHIOHFWLRQ� DFFHVVRU\� �*UDVE\� 6SHFDF��� )RU

PHDVXULQJ� EDFNJURXQG� VSHFWUD�� HLWKHU� .%U� SRZGHU� RU� $J

SRZGHU�ZDV�XVHG�GHSHQGLQJ�RQ�WKH�FDVH��7KH�.%U�SRZGHU�WR

EH� XVHG� DV� D� EDFNJURXQG� PDWHULDO� DQG� D� GLOXHQW� IRU� VROLG

VDPSOHV�ZDV�PDGH�E\�JULQGLQJ�.%U�FKXQNV��6SHFWUD�7HFK�

ZLWK�D�:LJ�/�%XJ�JULQGHU��7KH�$J�SRZGHU�XVHG�IRU�PHDVXU�

LQJ�EDFNJURXQG�VSHFWUXP�RI�PRQROD\HUV�ZDV�IUHVKO\�FOHDQHG

ZLWK�Q�KH[DQH�DQG�DEVROXWH�HWKDQRO�VXFFHVVLYHO\�MXVW�EHIRUH

PHDVXUHPHQW��(DFK�VSHFWUXP�ZDV�PHDVXUHG�ZLWK�����VFDQV

FRDGGHG�DW���FP−��UHVROXWLRQ�ZLWK�+DSS�*HQ]HO�DSRGL]DWLRQ�

7KH�'5,)7�VSHFWUXP�RI�QHDW���0%$�GLOXWHG�ZLWK�.%U�SRZ�

GHU� ZDV� UHSRUWHG� DV� .XEHOND�0XQN� XQLW���� +RZHYHU�� WKH

'5,)7� VSHFWUD� RI� WKH� PRQROD\HUV� RQ� $J� SRZGHU� ZHUH

UHSRUWHG�DV�DEVRUEDQFH���ORJ�5�5R���ZKHUH�5�ZDV�WKH�UHIOHF�

WLYLW\�RI�WKH�VDPSOH�DQG�5R�ZDV�WKH�UHIOHFWLYLW\�RI�FOHDQHG�$J

SRZGHU���

5HVXOWV�DQG�'LVFXVVLRQ

,W�KDV�EHHQ�ZHOO�NQRZQ�WKDW�ERWK�DURPDWLF�WKLROV���DQG�DUR�

PDWLF�DFLGV���������SURGXFHG�ZHOO�SDFNHG�PRQROD\HUV�RQ�$J

VXUIDFH��)LJXUH���VKRZV�WKH�VFKHPDWLF�GLDJUDPV�RI���1%$�

��173�� ��0%$� DGVRUEHG� RQ� $J� VXUIDFH�� 6LQFH� LW� LV� ZHOO

NQRZQ� WKDW� FDUER[\OLF� DFLGV� DUH� DGVRUEHG� DV� FDUER[\ODWHV

ZLWK�WZR�R[\JHQ�DWRPV�DWWDFKHG�RQ�$J�VXUIDFH���������1%$

ZRXOG� KDYH� VWUXFWXUH� VKRZQ� LQ� )LJXUH� ��D��� ��173�ZRXOG

DGVRUE�DV�D�WKLRODWH�ZLWK�6�DWRP�RQ�$J�VXUIDFH�DV�VKRZQ�LQ


7R�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��(�PDLO��FKLQNDS

#NPX�DF�NU��7HO�������������������)D[�����������������
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)LJXUH���E�����0%$��ZKLFK�KDV�ERWK�D�WKLRO�JURXS�DQG�D�FDU�

ER[\OLF� DFLG� JURXS�� FDQ� EH� DGVRUEHG� DV� HLWKHU� D� WKLRODWH

VKRZQ�LQ�)LJXUH���F��RU�D�FDUER[\ODWH�VKRZQ�LQ�)LJXUH���G��

$QRWKHU�SRVVLELOLW\�LV�WKDW���0%$�ZRXOG�DGVRUE�ZLWK�ERWK

JURXSV�RQ�$J�VXUIDFH�HVSHFLDOO\�LQ�ORZ��FRYHUDJH�PRQROD\�

HUV��7KH�KHDG�JURXS�PHWDO�LQWHUDFWLRQ�ZRXOG�SOD\�D�NH\�UROH

LQ�GHWHUPLQLQJ�WKH�VWUXFWXUH�RI�6$0�LQ�WKLV�FDVH��7R�FRPSDUH

WKH�UHODWLYH�ELQGLQJ�VWUHQJWK�RI�WKH�WZR�IXQFWLRQDO�JURXSV�RQ

$J��ZH�PHDVXUHG�'5,)7�VSHFWUD�RI�6$0V�RI���1%$�DQG���

173�� :H� ZRXOG� QRW� GLVFXVV� DOO� WKH� VSHFWURVFRSLF� GHWDLOV�

,QVWHDG��RQO\�WKRVH�SHDNV�UHOHYDQW�IRU�VWUXFWXUDO�HOXFLGDWLRQ

ZRXOG�EH�H[SODLQHG�

7KH�PRQROD\HU�VSHFWUXP�RI���1%$�VKRZQ�LQ�)LJXUH���D�

LV�DOPRVW�LGHQWLFDO�WR�WKRVH�UHSRUWHG�SUHYLRXVO\����:H�FRXOG

QRW�REVHUYH�DQ\�SHDN�FRUUHVSRQGLQJ� WR�ν �& 2��PRGH� WKDW
ZRXOG�QRUPDOO\� VKRZ�XS�DW�DURXQG������FP−��� ,W� VXSSRUWV

WKH�PRQROD\HU�VWUXFWXUH�VKRZQ�LQ�)LJXUH���D���,Q�WKLV�VWUXF�

WXUH��WKH�PROHFXOH�DGVRUEHG�V\PPHWULFDOO\�ZLWK�WZR�R[\JHQ

DWRPV�RQ�$J�VXUIDFH��7KH�DGVRUSWLRQ�RFFXUV�DV�D�FDUER[\�

ODWH�� VR� WKHUH� LV� QR� FDUERQ\O� JURXS� OHIW� LQ� WKH� VWUXFWXUH�

$PRQJ� WZR� SHDNV� IRU� FDUER[\ODWH� VWUHWFKLQJ�PRGHV�� RQO\

WKDW�IRU�νV�&2�
−��PRGH�DSSHDUV�DW������FP−���7KH�XVXDO�VXU�

IDFH�VHOHFWLRQ�UXOH�KDV�EHHQ�VXFFHVVIXOO\�DSSOLHG�WR�WKH�PHWDO

SRZGHUV� SUHYLRXVO\���� $FFRUGLQJ� WR� WKH� UXOH���� RQO\� WKH

YLEUDWLRQDO�PRGHV�ZLWK�GLSROH�PRPHQW�SHUSHQGLFXODU�WR�WKH

PHWDO�VXUIDFH�ZRXOG�JLYH�DEVRUSWLRQ�SHDNV��6LQFH�WKH�GLSROH

PRPHQWV� RI�νDV�&2�
−��PRGH� OLHV� SDUDOOHO� WR� WKH�PHWDO� VXU�

IDFH��WKH�DEVRUSWLRQ�SHDN�IRU�WKDW�ZRXOG�QRW�VKRZ�XS�LQ�WKH

VSHFWUXP��7KH�SUHVHQFH�RI�D�VWURQJ�SHDN�IRU�νV�12���PRGH�DW

�����FP−��DQG�WKH�DEVHQFH�RI�D�SHDN�IRU�νDV�12���PRGH�DW

DURXQG������FP−��LQGLFDWH�WKDW�WKH�QLWUR�JURXS�LV�SHUSHQGLF�

XODU�WR�WKH�PHWDO�VXUIDFH��

7KH�VSHFWUXP�VKRZQ�LQ�)LJXUH���E��LV�IRU�WKH�PRQROD\HU�RI

��173��7ZR�SHDNV�DW������FP−��DQG������FP−��DUH�IRU�DUR�

PDWLF� ULQJ� VWUHWFKLQJ� PRGHV�� 7KH� SHDN� IRU�νV�12��� PRGH

DSSHDUV�DW������FP−���7KH�SUHVHQFH�RI�WKH�SHDN�IRU�νDV�12��

PRGH�DSSHDUHG�DW������FP−��LQGLFDWHV�WKDW�WKH�QLWUR�JURXS�LV

WLOWHG�D�OLWWOH�ELW��,I�WKH�PDLQ�D[LV�RI�WKH�PROHFXOH�ZHUH�SHU�

SHQGLFXODU�WR�WKH�$J�VXUIDFH��WKH�SHDN�ZRXOG�QRW�VKRZ�XS�

$OWKRXJK�WKH�H[DFW�WLOW�DQJOH�ZDV�QRW�FDOFXODWHG�KHUH��WKH�WLOW

ZDV�GXH�WR�WKH�EHQW�QDWXUH�RI�$J�6�&�ERQG�DV�VKRZQ�LQ�)LJ�

XUH���E��

)LJXUH���F��VKRZV�WKH�VSHFWUXP�RI�D�PL[HG�PRQROD\HU�RI

��1%$�DQG���173�RQ�$J�VXUIDFH��7KLV�VSHFWUXP�LV�DOPRVW

LGHQWLFDO� WR� WKH�PRQROD\HU� VSHFWUXP� RI� ��173� DORQH�� 7KH

DEVHQFH�RI�WKH�SHDN�IRU�νV�&2�
−��DW������FP−��DVVXUHV�WKDW

WKHUH� LV� QR� ��1%$� RQ� WKH� $J� VXUIDFH�� 7KLV� LV� GXH� WR� WKH

VWURQJHU�DGVRUSWLRQ�RI�D�WKLRODWH�RQ�$J�VXUIDFH�WKDQ�WKDW�RI�D

FDUER[\ODWH�

7R�FRQILUP�WKH�IDFW��ZH�VWXGLHG�WKH�PRQROD\HU�VWUXFWXUH�RI

��0%$�RQ�$J�SRZGHU��)LJXUH���D��LV�WKH�'5,)7�VSHFWUXP�RI

QHDW���0%$�GLOXWHG�ZLWK�.%U�SRZGHU��7KH�PROHFXOH�LV�UDQ�

GRPO\� RULHQWHG� LQ� WKLV� HQYLURQPHQW�� 7KH�PRQROD\HU� VSHF�

WUXP� RI� WKH� VDPH� FRPSRXQG� DGVRUEHG� RQ� $J� SRZGHU� LV

SUHVHQWHG� LQ� )LJXUH� ��E��� 7KH� VSHFWUXP� LV� TXLWH� VLPLODU� WR

WKDW� RI� QHDW� VROLG� LQ� )LJXUH� ��D�� DQG� VXSSRUWV� WKH� WKLRODWH

VWUXFWXUH�VKRZQ�LQ�)LJXUH���F���,I�WKH�PRQROD\HU�ZRXOG�KDYH

WKH�FDUER[\ODWH�VWUXFWXUH�VKRZQ�LQ�)LJXUH���G���WKH�SUHVHQFH

RI�D�VWURQJ�DEVRUSWLRQ�SHDN�IRU�ν �& 2��PRGH�DW������FP−�

FRXOG� QRW� EH� H[SODLQHG�� 7R�PDNH� VXUH� WKDW� WKH� FDUER[\OLF

DFLG�JURXS�LV�RQ�WKH�WDLO��IDU�IURP�WKH�PHWDO���ZH�WUHDWHG�WKH

PRQROD\HU� ZLWK� DQ� DTXHRXV� ����0�1D2+� VROXWLRQ� IRU� ��

PLQ��7KH�PRQROD\HU� VSHFWUXP� VKRZQ� LQ�)LJXUH� ��F�� LV� IRU

WKH�1D2+�WUHDWHG�PRQROD\HU��:H�REVHUYHG�WKH�FRPSOHWH�GLV�

)LJXUH �� 6FKHPDWLF�GLDJUDPV�RI�WKH�DGVRUEHG�PROHFXOHV�RQ�$J�
�D����1%$���E����173���F����0%$�DGVRUEHG�DV�D�WKLRODWH��DQG��G����
0%$�DGVRUEHG�DV�D�FDUER[\ODWH��

)LJXUH �� '5,)7� VSHFWUD� RI� WKH� PRQROD\HUV� DGVRUEHG� RQ� $J
SRZGHU�RI��D����1%$���E����173��DQG��F��WKH�PL[HG�PRQROD\HU�RI
��1%$�DQG���173�

)LJXUH �� '5,)7� VSHFWUD� RI� �D�� QHDW� ��0%$� GLOXWHG� ZLWK� .%U
SRZGHU���E��WKH�PRQROD\HU�RI���PHUFDSWREH]RLF�DFLG��DQG��F��1D2+
WUHDWHG�PRQROD\HU�RI���0%$�RQ�$J�SRZGHU�
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DSSHDUDQFH�RI�WKH�SHDNV�IRU�ν �& 2��PRGH�DW������FP−��DQG

IRU�ν �&�2��PRGH�DW�DURXQG������FP−��DV�ZHOO�DV�WKH�DSSHDU�

DQFH�RI� WKH� LQWHQVH�SHDN� IRU�νV�&2�
−��PRGH� DW� ����� FP−��

7KLV�PHDQV�WKDW�WKH�PRQROD\HU�UHPDLQV�RQ�WKH�$J�VXUIDFH�

EXW�WKH�FDUER[\OLF�DFLG�JURXS�LV�FRQYHUWHG�WR�WKH�FRUUHVSRQG�

LQJ�FDUER[\ODWH�VDOW��6LPLODU�EHKDYLRU�RI�H[SRVHG�FDUER[\OLF

DFLG�JURXS�ZDV�UHSRUWHG�IRU�PHUFDSWREHQ]RLF�DFLG�DGVRUEHG

RQ�JROG����

$OO� WKHVH�H[SHULPHQWDO� IDFWV� LQGLFDWH� WKDW� WKH� WKLRODWH�$J

LQWHUDFWLRQ� LV� VWURQJHU� WKDQ� WKH� FDUER[\ODWH�$J� LQWHUDFWLRQ�

&RQVHTXHQWO\��D�WKLRO�JURXS�ZRXOG�DGVRUE�SUHIHUHQWLDOO\�ZKHQ

WKHUH� DUH� ERWK� D� WKLRO� JURXS� DQG� D� FDUER[\OLF� DFLG� JURXS

SUHVHQW� HLWKHU� LQ� WKH� VDPH� PROHFXOH� RU� LQ� GLIIHUHQW� PROH�

FXOHV��

$FNQRZOHGJPHQW��7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�����

.HLP\XQJ�8QLYHUVLW\�*UDGXDWH� 6WXGHQW�5HVHDUFK�6FKRODU�

VKLS��

5HIHUHQFHV

���� 8OPDQ��$��&KHP��5HY�����������������
���� 'XERLV��/��+���1X]]R��5��*��$QQX��5HY��3K\V��&KHP�������

���������
���� 8OPDQ��$��$Q�,QWURGXFWLRQ�WR�8OWUDWKLQ�2UJDQLF�)LOPV��)URP

/DQJPXLU�%ORJHWW�WR�6HOI�$VVHPEO\��$FDGHPLF�3UHVV��6DQ
'LHJR��&$�������
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