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WLPH�GHSHQGHQFH� RI� WKH� PDJQHWLF� ILHOG� LQGXFHG� VWUDLQ� DQG� PDJQHWL]DWLRQ� LQ� WKH� 1L±0Q±*D
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WLPH� HYROXWLRQ� RI� WKH�PDJQHWLFDOO\� DQG�PHFKDQLFDOO\� LQGXFHG� GHIRUPDWLRQV� LQ� WKH� VWDWLRQDU\
FRQGLWLRQV�LV�VKRZQ��(IIHFWV�RI�WHPSHUDWXUH��WKH�PDJQHWLF�ILHOG�PDJQLWXGH�DQG�LWV�GLUHFWLRQ�DUH
DQDO\]HG��3K\VLFDO�SURFHVVHV�UHVSRQVLEOH�IRU�WKH�WLPH�GHSHQGHQW�HYROXWLRQ�RI�PDUWHQVLWLF�VWUXF�
WXUH� DQG� FRUUHVSRQGHQWO\� WKH� PDJQHWLF� ILHOG� LQGXFHG� VWUDLQ� XQGHU� VWDWLRQDU\� FRQGLWLRQV� DUH
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VLWHV�� $FWLYDWLRQ� RI� WKH� QHZ� WZLQQLQJ� V\VWHPV� DQG� WKHLU� HYROXWLRQ� GHWHUPLQHV� WKH� ORQJ�WLPH
HYROXWLRQ�RI�PDUWHQVLWH�LQ�WKH�VWDWLRQDU\�FRQGLWLRQV�LQ�WKH�FDVH�RI�DSSOLFDWLRQ�RI�WKH�PDJQHWLF
ILHOG�WR�WKH��KDUG�RU�VRPH�DUELWUDU\�GLUHFWLRQ�RI�PDJQHWL]DWLRQ��
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$V� LW� LV� NQRZQ�� D� JLDQW�PDJQHWLFDOO\�LQ�
GXFHG�GHIRUPDWLRQ�RI�1L±0Q±*D�PDUWHQVLWHV
ZDV� GLVFRYHUHG� QRW� VR� ORQJ� DJR� �>�Ü�@� DQG

WKH� RWKHUV�� DQG� GHQRPLQDWHG� DV� PDJQH�
WRVWUDLQ�HIIHFW��06(��DQG�RU�PDJQHWLF�VKDSH
PHPRU\� HIIHFW� �060(��� 7KH�06(� HIIHFW� LV
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FDXVHG� E\� WKH� UHRULHQWDWLRQ� RI� WKH� WZLQQHG
PDUWHQVLWLF�YDULDQWV�XQGHU�WKH�DFWLRQ�RI�H[�
WHUQDO� PDJQHWLF� ILHOG� DSSOLHG� WR� WKH� VSHFL�
PHQ��,Q� WKH�FDVH�RI�TXDVL�VWRLFKLRPHWULF�1L±
0Q±*D�DOOR\V�ZLWK�F�D����� �F��D�DUH�WKH� ODW�
WLFH� SDUDPHWHUV� RI� WKH� WHWUDJRQDO� IFW
PDUWHQVLWH� >�Ü�@�� WKH� VWUDLQ� DULVHV� GXH� WR
WKH� LQFUHDVH� RI� WKH� YROXPH� IUDFWLRQ� RI
PDUWHQVLWH� YDULDQW� ZLWK� F�D[LV� SDUDOOHO� WR
WKH�ILHOG�DQG�WKHUHIRUH��LV�FKDUDFWHUL]HG�E\�WKH
FRQWUDFWLRQ� RI� WKH� VLQJOH� FU\VWDO� LQ� WKH� ILHOG
GLUHFWLRQ�DQG�HORQJDWLRQ�LQ�WKH�D�GLUHFWLRQ��

$� VORZ� YDULDWLRQ� RI� WKH�PDJQHWLFDOO\�LQ�
GXFHG� VWUDLQ� H�+�� DQG� HIIHFW� RI� WLPH� H[SR�
VXUH�ZDV� UHSRUWHG� ILUVWO\� LQ� WKH� >�@� IRU� WKH
1L±0Q±*D�DOOR\�H[KLELWLQJ�FRPSDUDWLYHO\�VPDOO
PDJQHWRVWUDLQ� HIIHFW� ZLWK� H�+6��a����Ü������+6� LV�D�VDWXUDWLRQ�ILHOG���$�ORQJ�WLPH�HYR�OXWLRQ�RI�WKH�PDUWHQVLWLF�VWUXFWXUH�DQG�FRU�
UHVSRQGHQW� PDJQHWLFDOO\�LQGXFHG� VWDLQ� ZDV
REVHUYHG� DQG� VWXGLHG� H[SHULPHQWDOO\� LQ� WKH
PDUWHQVLWLF�VLQJOH�FU\VWDO�GLVSOD\LQJ�WKH�PDJ�
QHWRVWUDLQ� RI� DERXW� RI� IHZ� SHU� FHQWV� >�Ü��@�
)LUVW� WKHRUHWLFDO� LQYHVWLJDWLRQV� RI� WLPH�GH�
SHQGHQW� SKHQRPHQRQ� LQ� FRQVWDQW� PDJQHWLF
ILHOG�ZHUH�LQWURGXFHG�YHU\�UHFHQWO\�>������@�
,W�ZDV�VKRZQ��WKDW�WKH�PDJQHWLFDOO\�LQGXFHG
GHIRUPDWLRQ� YDULHV� QRWLFHDEO\� ZLWKLQ� WKH
ZLGH� LQWHUYDO�RI� WLPH� �IURP�D� IUDFWLRQ�RI�D
VHFRQG�WR�WKH�IHZ�KRXUV�RU�GD\V��GHSHQGLQJ
RQ� WKH� H[SHULPHQWDO� FRQGLWLRQV� DQG� DOOR\
VSHFLPHQ���,W�LV�TXLWH�REYLRXV�WKDW�WKH�VWXG�
LHV� RI� WKH� WLPH� HYROXWLRQ� RI� WKH� PDJQHWL�
FDOO\� LQGXFHG� GHIRUPDWLRQ� LV� RI� D� VSHFLDO
LPSRUWDQFH�LQ�YLHZ�RI�WKH�H[SHFWHG�DSSOLFD�
WLRQV� RI� WKH� 1L±0Q±*D� DOOR\V� DV� WKH� QHZ
HOHPHQWV� RI�PDJQHWR�PHFKDQLFDO� WUDQVIRUP�
HUV��DFWXDWRUV�DQG�FRQWUROOHUV�

3UHVHQW�SDSHU�LV�GHGLFDWHG�WR�WKH�V\VWHP�
DWLF� UHYLHZ� DQG� SK\VLFDO� LQWHUSUHWDWLRQ� RI
WKH� WLPH�GHSHQGHQW� HIIHFWV� FDXVHG� E\� WKH
PDJQHWLF� ILHOG� XQGHU� WKH� VWDWLRQDU\� FRQGL�
WLRQV� LQ� WKH� PDJQHWLF� VKDSH� PHPRU\
PDUWHQVLWHV� RI� 1L±0Q±*D�� $� VSHFLDO� DWWHQ�
WLRQ� LV� SDLG� WR� WKH� FODULILFDWLRQ� RI� PHFKD�
QLVPV� RI� WLPH�GHSHQGHQW� HYROXWLRQ� RI
PDUWHQVLWLF� VWUXFWXUH� DQG� FRUUHVSRQGHQW
VWUDLQ� DQG� LWV� LQWHUSUHWDWLRQ� DV� WKH� LQWHU�
QDOO\�VWUHVVHG�VWDWH�

6LQJOH�FU\VWDO�VSHFLPHQV�GLVSOD\LQJ�PDJ�
QHWLF�ILHOG�LQGXFHG�VWUDLQ�PRUH�WKHQ�����DW
URRP� WHPSHUDWXUH� LQ� HOHYDWHG� PDJQHWLF
ILHOG� ZHUH� VWXGLHG�� &KHPLFDO� FRPSRVLWLRQV
RI�DOOR\V�DUH�VKRZHG�LQ�WKH�7DEOH�

9DULRXV� PHWKRGV� RI� VWXGLHV� ZHUH� XVHG�
WHQVRPHWU\� LQ� WKH� PDJQHWLF� ILHOG�� QHXWURQ
GLIIUDFWLRQ�� ;�UD\� GLIIUDFWLRQ� �WKHWD�WZR
WKHWD�PHWKRG� DQG� WH[WXUH� DQDO\VLV�� DQG� DQ
RSWLFDO� PLFURVFRS\�� $OO� H[SHULPHQWV� FRQ�

FHUQLQJ�VWXG\�RI�WKH�WLPH�GHSHQGHQW�EHKDY�
LRXU� LQ� WKH� H[WHUQDO� PDJQHWLF� ILHOG� ZHUH
SHUIRUPHG� �LQ�VLWX��� 'HWDLOV� RI� WKH� VSHFL�
PHQ�V� SUHSDUDWLRQ� DQG� H[SHULPHQWDO� SURFH�
GXUHV� DUH� H[SODLQHG� LQ� >�Ü��@�� 7KH� VLQJOH
FU\VWDOOLQH� VSHFLPHQV�ZLWK� VXUIDFHV�SDUDOOHO
WR�WKH�^���`�FU\VWDO�SODQHV�ZHUH�SUHOLPLQDU\
PDJQHWL]HG� LQ� WKH� ILHOG� ���� 7� RU� ���� 7� LQ
WKH�GLUHFWLRQ�FRLQFLGHV�ZLWK�WKH�>���@��GLUHF�
WLRQ� RI� HDV\� PDJQHWL]DWLRQ�� LQ� RQH� RI� WKH
WZLQQHG� YDULDQWV�� 7KHQ�PDJQHWLF� ILHOG� ZDV
DSSOLHG� LQ� WKH� SHUSHQGLFXODU� GLUHFWLRQ� GXU�
LQJ�WKH�H[SHULPHQWV�IRU�VWXG\�HIIHFW�RI�WKH
PDJQHWLF� ILHOG� RQ� VWUDLQ� RU� WKH� VWUXFWXUH
HYROXWLRQ��6WUDLQ�ZDV�PHDVXUHG�SHUSHQGLFX�
ODU� WR� WKH� DSSOLHG� ILHOG� GLUHFWLRQ��6WUDLQ� LQ
WKH�PDJQHWLF� ILHOG�SURGXFHG�E\� HOHFWURPDJ�
QHWV�ZDV�PHDVXUHG�E\�XVLQJ�DQ�XQLFLDO�PDJ�
QHWLF� GLODWRPHWHU� >��@�� $Q� RSWLFDO� PLFURV�
FRS\�VWXG\�RI�WKH�PDUWHQVLWH�VWUXFWXUH�HYR�
OXWLRQ� LQ� WKH� VWHDG\� PDJQHWLF� ILHOG� LV
FDUULHG� RXW� XVLQJ� WKH�1G±)H±%� SHUPDQHQWV
PDJQHWV�� ([SHULPHQWDO� SURFHGXUH� RI� WKH
QHXWURQ� GLIIUDFWLRQ� VWXG\� LV� H[SODLQHG� LQ
>������@��

6WUXFWXUH� RI� PDJQHWLF� VKDSH� PHPRU\
PDUWHQVLWHV�� ,W� LV� ZHOO� NQRZQ� WKDW� FU\VWDO
VWUXFWXUH�RI�PDUWHQVLWH� LQ�1L±0Q±*D� DOOR\V
GHSHQGV�VWURQJO\�RQ�FRPSRVLWLRQV��7KH�PDLQ
W\SHV�RI�WKH�FU\VWDO�VWUXFWXUH�RI�PDUWHQVLWH
H[LVWLQJ� LQ� EXON� VSHFLPHQV� RI� 1L±0Q±*D
+HXVOHU� DOOR\V� DUH� EFW� QRQ�PRGXODWHG�� �0�
�0�DQG�WKH\�UH�PL[WXUH��2XU�H[SHULHQFH� LQ
VWXG\� RI� WKH� PDJQHWLF� VKDSH� PHPRU\� LQ
1L±0Q±*D�DQG�VRPH�RWKHU�SXEOLVKHG�UHVXOWV
FRQYLQFHG� XV� WKDW� RQO\� PDUWHQVLWHV� KDYLQJ
�0� RU� �0� FU\VWDO� VWUXFWXUH� W\SH� GLVSOD\
JLDQW� PDJQHWLF� ILHOG� LQGXFHG� VWUDLQ�� )LJ���
UHSUHVHQWV� VRPH� H[DPSOHV� RI� WKH� FU\VWDO
VWUXFWXUH�VWXG\�LQ�WKH�PDJQHWLF�VKDSH�PHP�
RU\�PDUWHQVLWHV�VWXGLHG�LQ�WKH�SUHVHQW�ZRUN
XVLQJ� GLIIUDFWLRQ� PHWKRGV�� 7KH� UHFLSURFDO
VSDFH� �LQVHUW� LQ� WKH�)LJ����� IRU� WKH�PDUWHQ�
VLWH� $� �7DEO�� UHSUHVHQWV� UHVXOW� RI� QHXWURQ
GLIIUDFWLRQ� VWXG\� >������@�� $GGLWLRQDO� VSRWV
ORFDWHG�EHWZHHQ�PDLQ�VSRWV� FKDUDFWHUL]H�WKH

7DEOH��&KHPLFDO�FRPSRVLWLRQV�DQG�WUDQVIRU�
PDWLRQ� WHPSHUDWXUHV� LQ� WKH� VWXGLHG� VLQJOH
FU\VWDOV
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FORVH�SDFNHG�SODQHV�ZLWK�SHULRGLFLW\�RI��� ODW�
WLFH� SDUDPHWHUV� DQG� LQGLFDWH� WKH� ��OD\HUHG
PRGXODWHG�VWUXFWXUH��7KH�XQLW�FHOO�RI�PDUWHQ�
VLWH� ODWWLFH� LV� GHWHUPLQHG� DV� RUWKRUKRPELF� �0
ZLWK� ODWWLFH� SDUDPHWHUV�� Èc� �������QP�� Ec� 
������ QP�� Fc� ������� QP� DW� ���� .�� )LJ���
VKRZV� SRZGHU� GLIIUDFWLRQ� SDWWHUQ� IRU
PDUWHQVLWH�RI�DOOR\�&��,Q�WKLV�FDVH�PDUWHQVLWH
DOVR�KDV��0�PRGXODWHG�VWUXFWXUH��6WUXFWXUH�RI
WKDW�PDUWHQVLWH�ZDV� GHWHUPLQHG� LQ� >��@� DV� ��
OD\HUHG� PRQRFOLQLF� ZLWK� FHOO� SDUDPHWHUV�� D� 
������� QP�� E� �������� QP�� F� ��������QP
DQG�E� �������DW�7� �����.�

%HFDXVH� 0),6� LV� OLPLWHG� E\� WKH
WHWUDJRQDOLW\� >�Ü�@� RU� E\� WKH� ODWWLFH�GLVWRU�
WLRQ���Ü�F�D� WKDW� LV� FRQILUPHG�E\�PDQ\� H[�
SHULPHQWDO� UHVXOWV� SXEOLVKHG� E\� GLIIHUHQW
DXWKRUV�� LW� LV� FRQYHQLHQW� WR� VLPSOLI\� GH�
VFULSWLRQ� RI� WKH� UHDO� �0� FU\VWDO� ODWWLFH� LQ
WKH� PDJQHWLF� VKDSH� PHPRU\� PDUWHQVLWH� DV
WHWUDJRQDO� FHOO� E\� LJQRULQJ� RI� WKH� ��OD\HU
VWUXFWXUH��7KH�PDUWHQVLWH�ODWWLFH�FDQ�EH�DS�
SUR[LPDWHG�E\�IFW�FHOO�IROORZLQJ�E\�>�Ü�����
DQG� RWKHUV� DXWKRUV@� UHODWLQJ� WR� WKH� SDUHQW
IFF� DXVWHQLWH� SKDVH� �)LJ������ ,Q� WKDW� FDVH
PDUWHQVLWH� ODWWLFH� SDUDPHWHUV� IRU� DOOR\� $
DUH�� D� �E� �������QP�DQG�F� �������QP�DW
7� ����� .� LQ� WKH� WHUPV� RI� IFW� FHOO�� 7KH
VKLIWLQJ� V\VWHP� LV� ������ >�Ü��@IFW� IRU� WKLVIFW� ODWWLFH�� &U\VWDOORJUDSKLF� UHODWLRQ� EH�
WZHHQ� IFW�D��E��F� D[HV�DQG�Dc��Ec��Fc�D[LV� LQ
��OD\HUHG�PRGXODWHG� VWUXFWXUH� DUH� JLYHQ� LQ
>��@�� ,QGH[HV� IRU� ��OD\HUHG� RUWKRUKRPELF

VWUXFWXUH�DUH�WUDQVIRUPHG�LQ�FDVH�RI�IFW�FHOO
DV� LW� LV� VKRZQ� LQ� WKH� )LJ����
�������OD\HUG�o������IFW�� �������OD\HUG�o������IFW�,QGH[HV���������DQG���������EHORQJLQJ�WR�WKH
��OD\HUHG� VWUXFWXUH� DUH� LJQRUHG� IRU� WKH� DS�
SUR[LPDWLRQ�E\�IFW�ODWWLFH��:H�DOVR�ZLOO�XVH
GHVFULSWLRQ� RI� D�PDUWHQVLWH� LQ� WHUPV� RI� IFW
WHWUDJRQDO� ODWWLFH� LQ� WKH� EHJLQQLQJ� RI� WKH
SUHVHQW� SDSHU� IRU� VLPSOLFLW\� DV� LV� WKH� FRQ�
YHQWLRQ��KRZHYHU�ZLOO�VKRZ�EHORZ��WKDW�WKLV
NLQG� RI� DSSUR[LPDWLRQ� GRHV� QRW� H[SODLQ
VRPH� LPSRUWDQW� SK\VLFDO� SURFHVVHV� ZKLFK
DUH� UHVSRQVLEOH� IRU� WKH� PDJQHWLF� ILHOG� LQ�
GXFHG�VWUDLQ�DQG�LWV�WLPH�GHSHQGHQFH��

(YROXWLRQ� RI� WKH� PDJQHWLF� ILHOG� LQGXFHG
VWUDLQ� LQ� VWHDG\�PDJQHWLF� ILHOG� DW� FRQVWDQW
WHPSHUDWXUH�� )LJ���D� VKRZV� DQ� H[DPSOHV� RI
WKH�PDJQHWLF�ILHOG�LQGXFHG�VWUDLQ�LQ�WKH�HOH�
YDWHG� PDJQHWLF� ILHOG� LQ� WKH� PDUWHQVLWHV� RI
VLQJOH�FU\VWDOV�$�DQG�%��7DEO����0),6�LQ�WKH
PDUWHQVLWH� LV� FDXVHG� HVVHQWLDOO\� E\� D� UH�
DOLJQPHQW�RI� WZLQV� >�Ü��������@�� VR� WKHUH� LV
DQ�H[FHVVLYH�SURSRUWLRQ�RI�WKH�F�D[LV�FRQWUL�
EXWLRQ� WR� WKH� GLPHQVLRQV� RI� WKH� VSHFLPHQ
DORQJ� WKH� GLUHFWLRQ� RI� WKH� DSSOLHG� ILHOG�
5DWLR� F�D����� LQ� WKH� IFW� DSSUR[LPDWLRQ� RI
FU\VWDO�VWUXFWXUH��KHQFH�WKH�VSHFLPHQ�LV�FRQ�
WUDFWHG�LQ�WKH�GLUHFWLRQ�RI�WKH�DSSOLHG�PDJ�
QHWLF� ILHOG�� EHFDXVH� >���@� PDUWHQVLWLF� YDUL�
DQW�ZLWK� LWV� F� VKRUW� D[LV� LV� RULHQWHG� WR� WKH
DSSOLHG� ILHOG�� ,Q� WKH� VDPH� WLPH� WKH� VLQJOH
FU\VWDO�VSHFLPHQ�ULVHV�LQ�VL]H�LQ�WKH�D�GLUHF�
WLRQ�QRUPDO�WR�WKH�ILHOG��ZKLFK�FRQVLVWV�ZLWK
WKH� GLUHFWLRQ� RI� VWUDLQ� PHDVXUHPHQW� �)LJ�
�D���$IWHU�WKLV�H[SHULPHQW�WKH�VSHFLPHQ�ZDV
UH�PDJQHWL]HG� LQ� WKH� SHUSHQGLFXODU� GLUHF�
WLRQ� DQG� WKHUHDIWHU� WKH� PDJQHWLF� ILHOG� ZDV
DJDLQ� DSSOLHG� TXLFNO\� XS� WR� ����7� �)LJ���E�
LQ� WKH� VDPH� GLUHFWLRQ� DV� LQ� WKH� FDVH� SUH�
VHQWHG� LQ� WKH� )LJ���D�� 0HDVXUHPHQW� RI
VWUDLQ� ZDV� FRQWLQXHG� DIWHU� WKH� PDJQHWLF
ILHOG�VWDELOL]DWLRQ��$V�IROORZV�IURP�WKH�)LJ�
�E�WKH�VWDLQ�JURZQ�DW�������GXULQJ����PLQ
LQ�VWHDG\�PDJQHWLF�ILHOG�����7�ZLWKRXW�VDWX�
UDWLRQ�� 7KH� VDPH� LQFUHPHQW� RI� VWUDLQ� LV
DFKLHYHG� GXH� WR� ULVH� LQ� WKH� PDJQHWLF� ILHOG
XS� WR���7� LQ�WKH�FDVH�RI� WKH�TXLFN� LQFUHDVH
PDJQHWLF�ILHOG��)LJ���D���,Q�VRPH�FDVHV��)LJ�
�G��VWUDLQ�DFKLHYHV�ODUJH�PDJQLWXGHV������
GXULQJ� WKH� VKRUW� H[SRVXUH� ���� PLQ�� LQ� WKH
VPDOO� ILHOG� ����� 7� �)LJ���G��� GLVSOD\LQJ� WKH
RYHUDOO� VWUDLQ� �� �� WKDW� LV� HTXDO� WR� WKH
VWUDLQ� LQ� WKH� HOHYDWHG� XS� WR� �� 7� PDJQHWLF
ILHOG��)LJ���G��

9DOXH� RI� VWUDLQ� FDXVHG� E\� WKH� FRQVWDQW
PDJQHWLF� ILHOG� FDQ�EH�TXLWH� VPDOO�� RU�PXFK
ELJJHU�GXULQJ�WKH�VDPH�WLPH�H[SRVXUH�LQ�WKH
PDJQHWLF�ILHOG�)LJ���E���G�DQG�>�Ü��@��7LPH�
GHSHQGHQW� SKHQRPHQRQ� LV� REVHUYHG� DV� IRU

)LJ����� &U\VWDO� VWUXFWXUH� RI� PDJQHWLF� VKDSH
PHPRU\� PDUWHQVLWHV� DV� UHVXOW� RI� VWXG\� ZLWK
GLIIUDFWLRQ� PHWKRGV�� ;�UD\� GLIIUDFWLRQ� SDW�
WHUQ� RI� PDUWHQVLWH� RI� SRZGHU� VSHFLPHQ� SUH�
SDUHG�IURP�WKH�VLQJOH�FU\VWDO�&��,QGLFDWLRQ�RI
SHDNV� LV� JLYHQ� IRU� �0� PRGXODWHG� VWUXFWXUH
DQG� IRU� LWV� DSSUR[LPDWLRQ� E\� IFW� XQLW� FHOO
�EROG��� 7KH� UHFLSURFDO� VSDFH� �O� ���� IRU� �0
PDUWHQVLWH� LQ� WKH� VLQJOH� FU\VWDOOLQH
1L�����0Q�����*D����� DFFRUGLQJ� WR� WKH� QHXWURQGLIIUDFWLRQ� GDWD� DW� 7� ����� .�� LQGH[HV� KNO
DUH�JLYHQ� LQ� WHUPV� RI� IFW� VWUXFWXUH� LV� VKRZQ
LQ�WKH�LQVHUW�
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SRO\�� DV� ZHOO� IRU� VLQJOH� FU\VWDOV� 1L±0Q±*D
GLVSOD\LQJ� WKH� PDJQHWLF� VKDSH� PHPRU\
>�Ü��@��,W�ZDV�VKRZQ�ZLWK�;�UD\�GLIIUDFWLRQ
DQG� RSWLFDO� PLFURVFRS\� VWXG\� >�Ü��@� WKDW
WLPH�GHSHQGHQW� HYROXWLRQ� RI� WKH� WZLQQHG
PDUWHQVLWH� DQG� WZLQV�� UHGLVWULEXWLRQ� XQGHU
VWHDG\�PDJQHWLF�ILHOG�UHVSRQVHV�RQ�WKH�WLPH�
GHSHQGHQW� VWUDLQ�� 'HIHFWV� �GLVORFDWLRQV�� YD�
FDQFLHV��RWKHU�ERXQGDULHV�DQG�WKHLU�LQWHUVHF�
WLRQV� FDXVH� SLQLQJ� HIIHFW� DQG� EORNH� WZLQ
ERXQGDULHV�� 'HQVLW\� RI� WKH� SLQQLQJ� FHQWHUV
LV� YDULRXV� LQ� GLIIHUHQW� VSHFLPHQV� DQG� GH�
SHQGV� RQ� WKHLU� KLVWRU\�� WKHUHIRUH� DV� WKH
PDJQLWXGH�RI�WLPH�GHSHQGHQW�VWUDLQ��DV�ZHOO
DV� LWV� NLQHWLFV� LV� GLIIHUHQW��+RZHYHU�� WKHUH
DUH� FRPPRQ� WHQGHQFLHV� DQG� UHJXODULW\� LQ
WKH� WLPH�GHSHQGHQW� EHKDYLRU� LQ� WKH� FRQVWDQW

PDJQHWLF� ILHOG�� QDPHO\�� WKH� PDJQHWLF� ILHOG
YDOXH�� HIIHFW� RI� WHPSHUDWXUH�� FU\VWDO�
ORJUDSKLF� GLUHFWLRQ� RI� WKH� DSSOLHG� PDJQHWLF
ILHOG�� 7KHVH� FRPPRQ� WHQGHQFLHV� IRU� WKH
WLPH�GHSHQGHQW� EHKDYLRU� LQ� WKH� PDJQHWLF
VKDSH� PHPRU\� PDUWHQVLWHV� DUH� DQDO\]HG
EHORZ�

5HVHPEODQFH�LQ�DQ�HIIHFW�RI�WKH�PDJQHWLF
ILHOG� DQG�PHFKDQLFDO� VWUHVV� RQ� WKH� WLPH�GH�
SHQGHQW�EHKDYLRXU�RI�IHUURPDJQHWLF�PDUWHQ�
VLWHV�� 7KHUH� LV� DQ� DQDORJ\� LQ� WKH� VWUDLQ� RI
WKH�1L±0Q±*D� FU\VWDO� LQ� WKH� HOHYDWHG�PDJ�
QHWLF�ILHOG�ZLWK�WKDW�XQGHU�DSSOLHG�PHFKDQL�
FDO� VWUHVV� DSSOLHG� WR� WKH� VDPH� FU\VWDO�
ORJUDSKLF�GLUHFWLRQ�IRU�WKH�VDPH�VLQJOH�FU\V�
WDO� �)LJ���D���0DUWHQVLWH� JUDGXDOO\� GHIRUPV
XQGHU� FRQVWDQW�PDJQHWLF� ILHOG� DQG�VHW� WHP�
SHUDWXUH� LQ� D� PDQQHU� DQDORJRXV� WR� FUHHS
XQGHU� WKH� FRQVWDQW� DSSOLHG� FRPSUHVVLYH
VWUHVV� �)LJ���E��� WKHUHIRUH�� %DVLQJ� RQ
IRXQGHG�DQDORJ\�ZLWK�PHFKDQLFDO�FUHHS��WKH
WLPH�GHSHQGHQW� VWUDLQ� LQ� FRQVWDQW�PDJQHWLF
ILHOG� DW� IL[HG� WHPSHUDWXUH� ZDV� GHQRWHG� DV
�PDJQHWLF�FUHHS��>�����@���

0DJQHWLF� ILHOG�VWUDLQ� LQ� WKH� HODYDWHG
PDJQHWLF� ILHOG� DQG� VWUHVV�VWUDLQ� FXUYHV�
ZHUH�DQDO\VHG�LQ�D�IHZ�DUWLFOHV�>IRU�H[DPSOH
�Ü��� ��Ü��� DQG� UHIHUHQFHV� WKHUHLQ@�
$XWKRUV� >��@� KDYH� VKRZQ� WKDW� WKHUH� LV� DQ
DQDORJ\� EHWZHHQ� VWUDLQ� FDXVHG� E\�PHFKDQL�
FDO�DQG�E\�PDJQHWLF�GULYLQJ�IRUFHV�IRU�WZLQ
ERXQGDU\� PRWLRQ� LQ� PDUWHQVLWH� 1L±0Q±*D�
7KH� UHVHPEODQFH� RI� WKH� ILHOG�LQGXFHG� DQG
VWUHVV�LQGXFHG� VWUDLQ� �)LJ���D�� DOORZV� WR
UHIHU� WR� WKH� HTXLYDOHQFH� SULQFLSOH�� ZKLFK
ZDV�VWDWHG�HDUOLHU�>������@�IRU�WKH�PDJQHWLF
DQG�PHFKDQLFDO�VWUHVVLQJ�RI�WKH�VKDSH�PHP�
RU\� DOOR\V� �VHH� DOVR� >��@� DQG� UHIHUHQFHV
WKHUHLQ���,Q�WKH�SUHVHQW�DUWLFOH�ZH�DFFHQW�RQ
VRPH� SHFXOLDULWLHV� RI� VWUDLQ� EHKDYLRXU�
ZKLFK� DUH� LPSRUWDQW� IRU� DQDO\VLV� WKH� WLPH�
GHSHQGHQW� SKHQRPHQRQ� WKDW� LV� D� VXEMHFW� RI
SUHVHQW� LQYHVWLJDWLRQ� EHFDXVH� LW� LV� DVVLVWHV
WR� XQGHUVHW� RI� DQ� D� SK\VLFDO� QDWXUH� WKH
PDJQHWLF�FUHHS��

7KHUH� DUH� VRPH� FULWLFDO� PDJQLWXGHV� DV
IRU� WKH� PDJQHWLF� ILHOG� FDXVHG� TXLFN� UH�
VSRQVH�RI�WKH�ILHOG�VWUHVV�UHOD[DWLRQ��6WUDLQ
ULVHV� TXLFNO\� DQG� PRUH� QRWDEO\� XQGHU
ILHOG�VWUHVV�YDOXH�FORVH�WR�WKHVH�FULWLFDO�YDO�
XHV� �)LJ���D��� 7KHUHDIWHU� VWUDLQ� ULVHV
VOLJKWO\� GXH� WR� WKH� LQFUHDVH� WKH� PDJQHWLF
ILHOG�VWUHVV� YDOXH�� 7KH� ODWWLFH� GLVWRUWLRQ
OLPLWHG� WKHRUHWLFDO�PD[LPXP�IRU� WKH�VLQJOH
FU\VWDO� $� LV� ��ÜF�D������ ����� �� DW
���� .� >��@�� %LJ� YDOXHV� RI� VWUDLQ� DFKLHYHG
XQGHU�VPDOO�ILHOG�VWUHVV�PDJQLWXGHV�DQG�DO�
PRVW�PD[LPDO�YDOXHV�RI�ILHOG�VWUHVV�LQGXFHG
VWUDLQ� DW� XVHG� WHPSHUDWXUH�� LQGLFDWHV� WKDW

)LJ����� 6WUDLQ� LQGXFHG� E\� WKH�PDJQHWLF� ILHOG
LQ�WKH�PDUWHQVLWLF�VLQJOH�FU\VWDOV�DW�FRQVWDQW
WHPSHUDWXUH���D��VWUDLQ�LQ�WKH�HYDOXDWHG�PDJ�
QHWLF�ILHOG���VLQJOH�FU\VWDO�$���E��WLPH�GHSHQG�
HQW� VWUDLQ� LQ� WKH� FRQVWDQW� PDJQHWLF� ILHOG
���� 7�� VLQJOH� FU\VWDO� $�� �F�� PDJQHWLFDOO\� LQ�
GXFHG�VWUDLQ�LQ�WKH�TXLFNO\�������PLQ��DSSOLHG
HOHYDWHG� ILHOG� IRU� VLQJOH� FU\VWDO� %�� �G�� FRP�
SOHWH�VWUDLQ�YDOXH�LQ�WKH�TXLFNO\�DSSOLHG�PDJ�
QHWLF� ILHOG� DQG� LWV±� ULVH� ZLWK� WLPH� DIWHU� WKH
ILHOG�VWDELOL]DWLRQ��FU\VWDO�%��
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XVHG� VLQJOH� FU\VWDO� KDV� TXLWH� VPDOO� GHQVLW\
RI� GHIHFWV� EORFNHG� WZLQ� ERXQGDU\� PRWLRQ�
5LVH�LQ�WKH�ILHOG�VWUHVV�YDOXH�FDXVHV�GH�SLQ�
QLQJ� HIIHFW� RI� WZLQ� ERXQGDULHV� DQG� VWUDLQ
ILGHV� XQWLO� VDWXUDWLRQ� �)LJ���D��� )LJ���E
GHPRQVWUDWHV�UHVHPEODQFH�LQ�WKH�WLPH�HYROX�
WLRQ� RI� WKH� PDJQHWLFDOO\� DQG� PHFKDQLFDOO\
LQGXFHG�GHIRUPDWLRQV�LQ�WKH�VWDWLRQDU\�PDJ�
QHWLF�ILHOG�DQG�XQGHU�WKH�FRQVWDQW�PHFKDQL�
FDO� ORDGLQJ� DW� IL[HG� WHPSHUDWXUH� IRU� WKH
VDPH� VSHFLPHQ�� )LUVWO\� DQ� DQDORJ\� LQ� WKH
WLPH�GHSHQGHQW� EHKDYLRU� XQGHU� IL[HG� PDJ�
QHWLF� ILHOG� DW� URRP� WHPSHUDWXUH� ZLWK� WKDW
XQGHU�FRQVWDQW�PHFKDQLFDO�VWUHVV�ZDV�IRXQG
LQ� >��@��0DJQLWXGHV� RI� WKH� ILHOG� DQG� VWUDLQ
�)LJ���E��ZHUH� ERWK� FKRVHQ� WR� EH� FRUUHVSRQ�
GHQW� WR� WKH� VORZ� ULVH� RI� VWUDLQ� LQ� WKH� HOH�
YDWHG� ILHOG� DQG� VWUHVV� �)LJ���D��� 6WUDLQ� RI
DERXW� �Ü����� �� DULVHV� PRPHQWDU\� RQ� WKH
TXLFN� ILHOG�VWUHVV� DSSOLFDWLRQ� DQG� WKHQ� WKH
GHIRUPDWLRQ� VPRRWKO\� LQFUHDVHV� ZLWK� WKH
YDOXHV� H[FHHGLQJ� ���Ü���� ��� :H� FDQ� VHH
WKDW�QRW�RQO\�ULVH�LQ�VWUHVV�RU�WKH�PDJQHWLF
ILHOG�FDXVHV�GH�SLQQLQJ�HIIHFW��EXW� WKH� WLPH
H[SRVXUH�LQ�WKH�FRQVWDQW�ILHOG�VWUHVV�DOVR�

7KH�WKHRUHWLFDO�LQWHUSUHWDWLRQ�RI�WKH�WLPH�
GHSHQGHQW�SKHQRPHQRQ��7KH�ILUVW�DWWHPSW�RI
D� WKHRUHWLFDO� LQWHUSUHWDWLRQ� RI� WKLV� HIIHFW
ZDV�PDGH�LQ�>��@��$V�D�UHVXOW��WKH�IROORZLQJ
SK\VLFDO� SLFWXUH� RI� WLPH�GHSHQGHQW� 06(� LQ
WKH� 1L±0Q±*D� PDJQHWLF� VKDSH� PHPRU\
PDUWHQVLWHV�ZDV�VXEVWDQWLDWHG�

�L��D�PDJQHWLF�ILHOG�DSSOLFDWLRQ�UHVXOWV�LQ
DQ�LQWHUQDO�PDJQHWR�PHFKDQLFDO�VWUHVVLQJ�RI
PDUWHQVLWLF� DOOR\� VSHFLPHQ� ZLWK� VWUHVVHV
EHLQJ� GLIIHUHQW� IRU� WKH� GLIIHUHQWO\� RULHQWHG
PDUWHQVLWH� YDULDQWV�� DQG� WKHUHIRUH�� D� PL�
FURVWUHVVHG�PDUWHQVLWLF�VWDWH�DULVHV�

�LL�� TXLFN� SDUWLDO� UHOD[DWLRQ� RI� WKH� PL�
FURVWUHVVHV� WDNHV� SODFH� GXH� WR� WKH� GLVSODFH�
PHQWV� RI� PRELOH� FRKHUHQW� LQWHUIDFHV�� WKXV�
WKH� TXLFN� PDJQHWR�PHFKDQLFDO� UHVSRQVH
DULVHV�

�LLL�� WKH� TXLFN� UHOD[DWLRQ� RI� WKH� ILHOG�LQ�
GXFHG�PLFURVWUHVVHV�LV�QRW�FRPSOHWH�EHFDXVH
RI� LPSHUIHFWLRQV� RI� WKH� FU\VWDO� ODWWLFH� DQG
WKH�LQFRKHUHQW�FKDUDFWHU�RI�VRPH�LQWHUIDFHV�

�LY�� WKHUPDO� IOXFWXDWLRQV� RI� WKH� UHVLGXDO
PLFURVWUHVVHV� UHVXOW� LQ� LWV� VORZ� UHOD[DWLRQ
DQG� WKH�UHOHYDQW� VORZ� LQFUHDVH�RI� WKH� ILHOG�
LQGXFHG�GHIRUPDWLRQV�XS�WR�VDWXUDWLRQ��

7KH�FRPSXWLQJ�RI�SURFHVVHV�EDVHG�RQ�WKH
WKHRU\� SURSRVHG� VKRZV� �)LJ����� WKDW� WKH
VWUDLQ� HYDOXDWHG� ZLWK� WLPH� LQ� WKH� FRQVWDQW
PDJQHWLF�ILHOG�GRHV�QRW�UHDFK�WKH�VDWXUDWLRQ
HYHQ� DIWHU� RQH� \HDU� DQG� PRUH�� KRZ� LW� ZDV
FRPSXWHG�LQ�>��@�DQG�LV�VKRZQ�LQ�WKH�)LJ����

7KH�QH[W�VWHS�LQ�WKH�WKHRUHWLFDO�H[SODQD�
WLRQ�RI�WLPH�GHSHQGHQW�SKHQRPHQRQ�ZH�WDON
DERXW��ZDV�PDGH� LQ� >��@��7KH�FRQFHSWLRQ�RI
VORZ� PDJQHWR�PHFKDQLFDO� UHVSRQVH� >��@� LV
VSHFLILHG� DV� WKH�GHIRUPDWLRQ��ZKLFK� IROORZV
WKH�PDJQHWLF� ILHOG�DSSOLFDWLRQ�DIWHU� WKH�SH�
ULRG�RI�WLPH�H[FHHGLQJ�E\�WKH�RUGHU�RI�PDJ�
QLWXGH�D�FKDUDFWHULVWLF�SHULRG�RI�WUDQVYHUVDO
VRXQG�� 7KH� GHIRUPDWLRQ� DULVLQJ� EHIRUH� WKLV
SHULRG� RI� WLPH� LV� FRQYHQWLRQDOO\� DWWULEXWHG
WR� WKH�PRPHQW� RI� WKH� ILHOG� DSSOLFDWLRQ� DQG
LV� UHIHUUHG� WR� DV� WKH� TXLFN� PDJQHWRHODVWLF
UHVSRQVH��$�VWDWLVWLFDO�PRGHO�GHVFULELQJ�WKH
WLPH�GHSHQGHQW� SKHQRPHQRQ� RI� VWUDLQ� ULVH
LQ� WKH�FRQVWDQW�PDJQHWLF�ILHOG�KDV�EHHQ�GH�
GXFHG�IURP�WKH�PDWKHPDWLFDO�WKHRU\�RI�UDQ�
GRP�SURFHVVHV� >��@��:H�FRQFOXGHG�>��@�WKDW
WKHUPDO� IOXFWXDWLRQV� RI� PLFURVWUHVVHV
VWURQJO\� DIIHFW� WKH� PDJQHWR�PHFKDQLFDO� RI

)LJ�����$QDORJ\�LQ�WKH�PDJQHWLF�ILHOG�LQGXFHG�VWUDLQ�DQG�VWUHVV�VWUDLQ�EHKDYLRU�LQ�WKH�VLQJOH�FU\VWDO
$���D��VWUDLQ�LQGXFHG�E\�WKH�HOHYDWHG�PDJQHWLF�ILHOG�����DQG�PHFKDQLFDO�VWUHVV�������E��WLPH�GHSHQG�
HQW�VWUDLQV�LQGXFHG�E\�WKH�VWDWLRQDU\�PDJQHWLF�ILHOG�����7�����DQG�PHFKDQLF�VWUHVV������03D������,W
LV�VKRZQ�D�PRGXOH�RI�WKH�VWUDLQ�PDJQLWXGH�FDXVHG�E\�WKH�FRPSUHVVLYH�PHFKDQLFDO�VWUHVV��
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EHKDYLRU� RI� WKH� PDJQHWLF� VKDSH� PHPRU\
PDUWHQVLWHV�LQ�1L±0Q±*D�DOOR\V��7KH�UHOD[D�
WLRQ� RI� IOXFWXDWLQJ� PLFURVWUHVVHV� DQG� WKH
WHQGHQF\� WR� WKH� PLQLPL]DWLRQ� RI� PDJQHWR�
VWDWLF� HQHUJ\� GHWHUPLQHV� DQ� RULJLQ� RI� WKH
GLVFXVVHG� WLPH�GHSHQGHQW� SKHQRPHQRQ�
(ODERUDWHG�WKHRU\�>��@�VXJJHVWV�D�MXPS�OLNH
PDJQHWR�PHFKDQLFDO� UHVSRQVH� RI� PDUWHQVLWH
GXH� WR� WKH� UDQGRPO\� RFFXUUHG�PLFUR� VWUHVV
IOXFWXDWLRQV� FDXVLQJ� GH�SLQQLQJ�� 7KLV� WKH�
RU\�LV�LQ�WKH�JRRG�DJUHHPHQW�ZLWK�WKH�MXPS�
OLNH�EHKDYLRXU� LQ�WKH�WLPH�GHSHQGHQW�VWUDLQ
LQ� WKH�FRQVWDQW�PDJQHWLF� ILHOG� �)LJ���D��RE�
VHUYHG� H[SHULPHQWDOO\�� -XPS�OLNH� GHIRUPD�
WLRQ� RFFXUV� TXLFNO\� �DW� ����� VHF�� DW� H[SR�
VXUH� LQ� WKH� FRQVWDQW�PDJQHWLF� ILHOG� DW� FRQ�
VWDQW� WHPSHUDWXUH��7KH�HIIHFWV� RI� WKLV�NLQG
SRLQW� WR� WKH� DYDODQFKH� GLVSODFHPHQW� RI� WKH

GLIIHUHQW� HOHPHQWV� RI� PDUWHQVLWH� PLFUR�
VWUXFWXUH� FDXVHG� E\� WKH� FRQFHQWUDWLRQ� RI
ORFDO� PLFURVWUHVVHV� LQ� VRPH� GRPDLQ� RI� WKH
VSHFLPHQ�� 7KH� FRQFHQWUDWLRQ� RI� PLFURV�
WUHVVHV� FDQ� EH� FRQGLWLRQHG�� LQ� LWV� WXUQ�� E\
WKH� FUHHS� RI� GLVORFDWLRQV� DQG� SRLQW� GHIHFWV
RI�WKH�FU\VWDO�ODWWLFH�

2QH�RI� WKH� LPSRUWDQW� HIIHFWV�RI� WLPH�GH�
SHQGHQW� EHKDYLRU� RI� WKH� PDJQHWLF� VKDSH
PHPRU\� PDUWHQVLWHV� LV� ULVH� RI� PDJQHWL]D�
WLRQ�ZLWK� H[SRVXUH� DW� IL[HG� WHPSHUDWXUH� LQ
WKH� FRQVWDQW� PDJQHWLF� ILHOG� �)LJ���E��� 7DN�
LQJ�LQWR�DFFRXQW�FRUUHVSRQGHQFH�RI�����PDJ�
QHWLF� GRPDLQV� ZLWK� WZLQV� >��@� LQ� VWXGLHG
PDUWHQVLWHV�DQG�DQDORJ\�LQ�WKH�WLPH�GHSHQG�
HQW� EHKDYLRU� RI� VWUDLQ� DQG� PDJQHWL]DWLRQ
LQFOXGLQJ�MXPS�OLNH�FKDQJHV��)LJ���D��E���ZH
FDQ�FRQFOXGH��WKDW�RULJLQ�RI�ULVH�LQ�PDJQHWL�
]DWLRQ� ZLWK� WLPH� LV� GHWHUPLQHG� DOVR� E\� WKH
WLPH�GHSHQGHQW�PRYHPHQW�RI�WZLQV�RULHQWHG
E\�HDV\�D[LV�RI�PDJQHWL]DWLRQ�WR�WKH�DSSOLHG
ILHOG��+RZHYHU�FODULILFDWLRQ�RI�GHWDLOV�LQ�WKH
WLPH�GHSHQGHQW�FKDQJHV�LQ�WKH�GRPDLQ�PDJ�
QHWLF� VWUXFWXUH� LQ� WKH� FRQVWDQW� PDJQHWLF
ILHOG�UHTXLUHV�VRPH�DGGLWLRQDO�VWXG\��

(IIHFW�RI�WHPSHUDWXUH��7KH�HIIHFW�RI�WHP�
SHUDWXUH� RQ�0),6� XQGHU� WKH� HOHYDWHG�PDJ�
QHWLF� ILHOG� LV� UHSRUWHG� LQ� >������@�� ,W� ZDV
VKRZQ� WKDW� ULVH� LQ� WHPSHUDWXUH� FDXVHV� GH�
FUHDVH� RI� WKH� FULWLFDO�PDJQHWLF� ILHOG�QHHGHG
IRU�WZLQ�ERXQGDU\�PRWLRQ��7KHUHIRUH�ZH�FDQ
H[SHFW�DQ�LQIOXHQFH�RI�WHPSHUDWXUH�RQ�WLPH�
GHSHQGHQW�EHKDYLRXU�RI�WZLQV�LQ�WKH�VWDWLRQ�
DU\� ILHOG�� 5HDOO\�� WKH� PDJQHWR�PHFKDQLFDO
UHVSRQVH� WR� WKH� IL[HG� PDJQHWLF� ILHOG� VORZV
GRZQ� ZLWK� WKH� WHPSHUDWXUH� GHFUHDVH
�)LJ�� ���� 6WUHVV� UHOD[DWLRQ� RFFXUV� PRUH

)LJ�����-XPS�OLNH�PDJQHWLFDOO\�LQGXFHG�VWUDLQ�DQG�PDJQHWL]DWLRQ�LQ�WKH�FRQVWDQW�PDJQHWLF�ILHOG�DW
IL[HG� WHPSHUDWXUH� LQ� PDUWHQVLWH� RI� DOOR\� &�� �D�� WLPH�GHSHQGHQW� VWUDLQ�� �E�� PDJQHWL]DWLRQ�� ,QVHUW
VKRZV�WKH�MXPS�OLNH�EHKDYLRU�RI�PDJQHWL]DWLRQ��

)LJ����� 0DJQHWLF�ILHOG�LQGXFHG� VWUDLQ� YHUVXV
WKH� FRPPRQ� ORJDULWKP� RI� WLPH� >��@�� &XUYHV
DUH�FRPSXWHG�IRU�PDJQHWLF�ILHOG�+� ������7�
�� Ü� HU�  � ����� 03D�� �� Ü� HU�  � ���� 03D�
��Ü�HU� �����03D�
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TXLFNO\�DW�KLJKHU�WHPSHUDWXUH��7HPSHUDWXUH
GHSHQGHQFH�RI�UHGLVWULEXWLRQ�RI�WZLQV�LQ�WKH
PDJQHWLF�ILHOG��DV�ZHOO�DV�HIIHFW�RI�WHPSHUD�
WXUH� RQ� WKH� FULWLFDO�PDJQHWLF� ILHOG�YDOXH�DV
ZHOO�DV�� LV�VWXGLHG�LQ�VLWX�ZLWK�QHXWURQ�GLI�
IUDFWLRQ� LQ� >��@�� ,W�ZDV�VKRZQ�WKDW�D�YDOXH
RI� WKH�PDUWHQVLWLF�YDULDQW�RULHQWHG� LWV� HDV\
D[LV� QRUPDO� WR� WKH� DSSOLHG� ILHOG� GHFUHDVHV
PRUH�LQWHQVLYHO\�DW�KLJKHU�WHPSHUDWXUH��(I�
IHFW� RI� HOHYDWLQJ� WHPSHUDWXUH� RQ� WKH� DFFHO�
HUDWLRQ� RI� WKH� WLPH�GHSHQGHQW� SURFHVVHV� UH�
VSRQGLQJ�RQ�VWUDLQ�FDQ�EH�FDXVHG�E\�IROORZ�
LQJ� UHDVRQV�� ZHOO� NQRZQ� GHFUHDVHV� RI� WKH
DFWLYDWLRQ� HQHUJ\� IRU� WZLQV�� GLVORFDWLRQV
DQG�KLJKHU�PRELOLW\�RI�WZLQV�DW�KLJKHU�WHP�
SHUDWXUHV�� LQWHQVLILFDWLRQ� RI� WKHUPDO� IOXF�
WXDWLRQV� >��@� DULVLQJ� IURP� WKH� WHPSHUDWXUH
LQFUHDVH�FDXVHV�GH�SLQQLQJ�RI�WZLQV�PRUH�LQ�
WHQVLYHO\� DQG� HQDEOHG� MXPSV� RI� WKH� GH�
SLQQHG�ERXQGDULHV�

(IIHFW� RI� WKH� PDJQHWLF� ILHOG� PDJQLWXGH�
0DJQLWXGH� RI� WKH� FRQVWDQW� PDJQHWLF� ILHOG
DOVR� QRWDEO\� DIIHFWV� RQ� WKH� WLPH�GHSHQGHQW
HYROXWLRQ� LQ� VWUDLQ� DW� IL[HG� WHPSHUDWXUH
>������@��)LJ���G���6WUDLQ�HYDOXDWHG�ZLWK�WLPH
PDUNHGO\� LI� WKH�PDJQHWLF� ILHOG�PDJQLWXGH� LV
FORVH�WR�WKH�FULWLFDO�PDJQHWLF�ILHOG�YDOXH��)LJ�
�F�� G��)LJ������ ,I� WKH� ILHOG�YDOXH� DUH� FORVH� WR
VDWXUDWLRQ� RU� VPDOOHU� WKHQ� D� FULWLFDO� ILHOG
YDOXH��VWUDLQ�ULVHV�ZLWK�WLPH�VORZO\�DQG�YDOXH
RI� VWUDLQ� LV� OHVV� DW� WKH� VDPH� H[SRVXUH� �)LJ�
�G�� )LJ���D��� 7ZLQ� ERXQGDULHV� FRQWLQXH� VORZ
WUDQVODWLRQ�DIWHU�VWDUW�RI�PRYHPHQW�XQGHU�WKH
FRQVWDQW� PDJQHWLF� ILHOG� WKDW� LV� KLJKHU� WKDQ
FULWLFDO� YDOXH�� UHTXLUHG� IRU� VWDUW� RI� WZLQV
������7�LQ�WKH� FDVH�)LJ���� (IIHFW� RI� WKH�PH�
FKDQLFDO� VWUHVV� GLUHFWLRQ� RQ� WKH� WLPH�GH�
SHQGHQW�VWUDLQZDV��VWXGLHG�LQ�>��@��,I�H[SR�
VXUH�RFFXUV�DW�WKH�ILHOG�RU�PHFKDQLFDO�VWUHVV
YDOXH� KLJKHU� WKDQ� FULWLFDO� PDJQHWLF
ILHOG�VWUHVV��KRZHYHU�PXFK�VPDOOHU�WKHQ�VDWX�
UDWHG� ILHOG�VWUHVV� �)LJ���F�� G�� )LJ���D�� E��

WKHUH� DUH� IROORZLQJ� IDFWRUV� HIIHFWLQJ�PRYH�
PHQW� RI� WZLQV�� VWUHVV� FDXVHG� E\� WKH� PDJ�
QHWLF� ILHOG� LV� KLJKHU� WKDQ� FULWLFDO� VWUHVV� RI
WZLQQLQJ� GLVORFDWLRQ�� VWUHVV� LV� HQRXJK� WR
SURYLGH� GH�SLQQLQJ� HIIHFW�� ORFDO� VWUHVV� UH�
OD[DWLRQ� FDXVHV� WKH� QRQ�HTXLOLEULXP� PDJ�
QHWLFDOO\�GHIRUPHG�VWDWH�DQG�VWUHVV�IOXFWXD�
WLRQ� UHVSRQGV� RQ� WLPH�GHSHQGHQW� VWUDLQ�� ,I
WKH� PDJQHWLF� ILHOG� PDJQLWXGH� VPDOOHU� WKHQ
FULWLFDO� PDJQHWLF� ILHOG�� WLPH�GHSHQGHQW
VWUDLQ� RFFXUV� RQO\� GXH� WR� UHOD[DWLRQ� RI� WKH
WKHUPDO� IOXFWXDWLRQ� RI� ORFDO� VWUHVV�� � 6WUDLQ
YDOXH� LV� YHU\� VPDOO� LQ� WKLV� FDVH�� ,I� D� FRQ�
VWDQW� ILHOG� LV� PXFK� PRUH� WKDQ� WKH� FULWLFDO
ILHOG�VWUHVV� YDOXH�� VWUHVV� IOXFWXDWLRQV� SUR�
GXFH�VPDOO� LQFUHDVH�LQ�VWUDLQ�ZLWK�WLPH��EH�
FDXVH�FDUGLQDO�GH�SLQQLQJ�RI�WZLQV�RFFXUUHG
HDUO\��GXULQJ�WKH�PDJQHWLF�ILHOG�HYDOXDWLRQ�
+RZHYHU��UHGXFWLRQ�RI�WKH�LQWHQVLW\�RI�VWUHVV
IOXFWXDWLRQV� UHVXOWV� LQ� GHFUHDVH� RI� PDJQH�
WRVWUDLQ�ZLWK�WLPH�LQ�DOO�FDVHV��)LJ���G��)LJ�����

(IIHFW� RI� WKH� PDJQHWLF� ILHOG� GLUHFWLRQ�
+RZ�LW�ZDV�VKRZQ�ZLWK�;�UD\�GLIIUDFWLRQ�RI
1L±0Q±*D� PDJQHWLF� VKDSH� PHPRU\� VLQJOH
FU\VWDOV�� HYROXWLRQ� RI�PDUWHQVLWH� XQGHU� WKH
FRQVWDQW� PDJQHWLF� ILHOG� FDQ� FRQWLQXH� IURP
PLQXWHV� XS� WR� WLPHV� KRXUV� GHSHQGLQJ� IURP
WKH� PDJQHWLF� ILHOG� GLUHFWLRQ� >�Ü��@�� 5HGLV�
WULEXWLRQ�RI�WKH�PDUWHQVLWLF�YDULDQWV�RFFXUV
UDSLGO\� LI� PDJQHWLF� ILHOG� LV� DSSOLHG� WR� WKH
GLUHFWLRQ� RI� HDV\� PDJQHWLVDWLRQ� LQ� RQH� RI
WKH� WZLQ�YDULDQWV�DQG�� LQ�FRQWUDVW�� LW� WDNHV
VHYHUDO�KRXUV�RU�GD\V�LI�WKH�FRQVWDQW�ILHOG�LV
DSSOLHG� LQ� WKH� �SRVVLEOH�� RU� VRPH� DUELWUDU\
GLUHFWLRQ��5DWLR�RI�PDUWHQVLWLF�YDULDQW�SUHI�
HUDEOH� RULHQWHG� WR� WKH� ILHOG� ULVHV� LQVLJQLIL�
FDQWO\� ZLWK� WLPH� LI� ILHOG� LV� DSSOLHG� WR� WKH
�HDV\�� D[LV� >�Ü��@�� 7KHVH� UHVXOWV� DUH� LQ� DQ
DJUHHPHQW�ZLWK�VWXG\�RI�WLPH�GHSHQGHQFH�RI
VWUDLQ�� 5HVXOWV� RI� PHDVXUH� WLPH�GHSHQGHQW
VWUDLQ��XQGHU�ILHOG�DSSOLHG�WR�WKH��SRVVLEOH�

)LJ�����(IIHFW� RI� WHPSHUDWXUH� RQ� WKH� WLPH�
GHSHQGHQW� VWUDLQ� LQ� PDUWQHVLWH� RI� WKH
DOOR\�$� LQ� WKH� FRQVWDQW�PDJQHWLF� ILHOG�
��Ü�7 ����.����Ü�7 ����.����Ü�����.�

)LJ�����(IIHFW�RI�PDJQLWXGH�RI� WKH�FRQVWDQW
PDJQHWLF� ILHOG� RQ� VWUDLQ� LQ� WKH� PDUWHQVLWH
RI�VLQJOH�FU\VWDOV�$�DW�����.����Ü�+ �����7�
��Ü�+ ������7����Ü�+ ������7����Ü�+ �����
7����Ü�+ ������7�
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DQG� �HDV\�� D[LV� RI� PDJQHWL]DWLRQ� IRU� WKH
VDPH� VLQJOH� FU\VWDO� SUHVHQW� )LJ���D�� E� DQG
)LJ����� FRUUHVSRQGHQWO\��(IIHFW� RI� WKH�PDJ�
QHWLF� ILHOG� GLUHFWLRQ� RQ� VWUDLQ� LQ� HOHYDWHG
ILHOG� LV� DQDO\]HG� LQ� WKH� OLWHUDWXUH� QRW
HQRXJK�� 6RPH� DVSHFWV� RI� WKH� DSSOLHG� ILOHG
GLUHFWLRQ� RQ� VWUDLQ� ZHUH� DQDO\VHG� LQ� >��@�
&ULWLFDO�ILHOG�DV�ZHOO�DV�ILHOG�IRU�WKH�VWUDLQ
VDWXUDWLRQ� DUH� H[WUHPHO\� VPDOO� LQ� WKH� FDVH
SUHVHQWHG� LQ� WKH� )LJ���D� WR� FRPSDUH� ZLWK
WKHVH� LQ� WKH� )LJ���D�� 7KHVH� GLIIHUHQFHV� DW�
WUDFWLQJ� D� W\SLFDO� EHKDYLRXU� RI� PDJQHWLF
VKDSH� PHPRU\� PDUWHQVLWHV� DUH� RXW� RI� WKH
VXEMHFW� RI� SUHVHQW� SDSHU� DQG�ZLOO� GLVFXVVHG
LQ� RXU� VSHFLDO� DUWLFOH�� 7DNLQJ� LQWR� DFFRXQW
WKHVH� GLIIHUHQFHV�� ZH� FKRRVH� PDJQLWXGH� RI
WKH�FRQVWDQW�PDJQHWLF�ILHOG�IRU�VWXG\�RI�WKH
WLPH�GHSHQGHQW� VWUDLQ� �)LJ���E� DQG� )LJ���E�
WR�EH�HTXDO�WKH�VDPH�FRQGLWLRQV�DOPRVW�PLG�
GOH�PDJQLWXGHV�VLWXDWHG�EHWZHHQ�WKH�FULWLFDO
PDJQHWLF� ILHOG� YDOXH� DQG� ILHOG� UHTXLUHG� IRU
WKH�VWUDLQ�VDWXUDWLRQ��������7��)LJ���D��DQG
���� 7� �)LJ���D��� 7KH� VWUDLQ� HYROXWLRQ� ZLWK
WLPH� LQ� WKH� FRQVWDQW� ILHOG� LV� GLIIHUHQW� IRU
WKHVH� GLUHFWLRQV�� 5LVH� LQ� VWUDLQ� LV� LQ
���� WLPHV� ODUJHU� LI� ILHOG� LV� DSSOLHG� WR� WKH
�SRVVLEOH�� GLUHFWLRQ� WR� FRPSDUH� ZLWK� WKDW
DSSOLHG�WR�WKH��HDV\��>���@�GLUHFWLRQ�GXULQJ
WKH� VDPH� H[SRVXUH� ��� PLQ�� ���� �� DQG
��������FRUUHVSRQGHQWO\��)LJ���E�DQG�)LJ���E��
,Q�ERXJK�FDVHV�DQDO\]HG�DERYH��)LJ�����)LJ����
HYROXWLRQ� RI�PDUWHQVLWH� LV� FDXVHG� E\�PRYH�
PHQW� RI� WZLQV� EHORQJLQJ� WR� WKH� SUHIHUDEOH
RULHQWHG� YDULDQW� GXH� WR� GH�SLQQLQJ� RI
EORFNHG�ERXQGDULHV�RFFXUULQJ�ZLWK�WLPH��5H�

GLVWULEXWLRQ� RI� WZLQ� YDULDQWV� ZLWK� WLPH� LQ
WKH�FRQVWDQW�ILHOG�RFFXUV�LQ�WKH�VDPH�ZD\�DV
LQ� WKH� HOHYDWHG� PDJQHWLF� ILHOG�� EXW� VORZO\
GXH�WR�GH�SLQQLQJ�RI�EORFNHG�ERXQGDULHV�DQG
IOXFWXDWLQJ� VWUHVVHV�� 9DOXH� RI� PDUWHQVLWLF
YDULDQW� H[SDQGLQJ� ZLWK� H[SRVXUH� LQ� WKH
ILHOG� ULVHV� LQVLJQLILFDQW� LI� WKH� PDJQHWLF
ILHOG� LV� DSSOLHG� WR� WKH� >���@� HDV\� GLUHFWLRQ
�)LJ������

+RZHYHU�� PDUWHQVLWH� GHPRQVWUDWHV� YHU\
SHFXOLDU� EHKDYLRXU� LQ� WKH� WLPH�GHSHQGHQW
HYROXWLRQ� LQ� D� FDVH� RI� WKH� FRQVWDQW� ILHOG
DSSOLFDWLRQ� WR� WKH� �KDUG�� D[LV� RU� WR� VRPH
DUELWUDU\�GLUHFWLRQV��)LJ�����VKRZV�UHVXOW�RI
;�UD\� GLIIUDFWLRQ� VWXG\� RI� DQ� HIIHFW� RI� H[�
SRVXUH� LQ� WKH� FRQVWDQW� PDJQHWLF� ILHOG� DS�
SOLHG� SDUDOOHO� WR� WKH� GLUHFWLRQ� >���@IFW� RQPDUWHQVLWLF� VWUXFWXUH�� &U\VWDO� KDG� DOPRVW
VLQJOH� YDULDQW� VWDWH� ������ LQ� WKH� VWXGLHG
VXUIDFH� EHIRUH� DSSOLFDWLRQ� RI� WKH� PDJQHWLF
ILHOG� �)LJ����D��� 7KHUHDIWHU� WKH� VSHFLPHQ
ZDV�FODPSHG�E\�LWV�VXUIDFH�SDUDOOHO�WR������
RQ�D�SHUPDQHQW�PDJQHW�DQG�VWXGLHG� LQ�VLWX
�)LJ����E�� ZLWK� WLPH�� ,W� LV� VHHQ� �)LJ����D
DQG� E��� WKDW� LQWHQVLW\� RI� WKH� �����IFW� SHDNGHFUHDVHV� GUDVWLFDOO\� DV� ZHOO� DV� LQ� WKH� FDVH
VKRZQ�LQ�WKH�)LJ�����DIWHU�ILHOG�DSSOLFDWLRQ�
+RZHYHU�LQ�WKLV�FDVH�WKHUH�LV�QR�UH�RULHQWD�
WLRQ� EHWZHHQ� �����IFW� DQ� �����IFW� YDULDQWV�,QVWHDG� RI� WKDW� QHZ� YDULDQWV� DUH� DSSHDUHG�
7KHVH� YDULDQWV� FDQ�QRW� EH� H[SODLQHG� LQ� WKH
IUDPH�RI�DSSUR[LPDWLRQ�RI�UHDO�VWUXFWXUH�LQ
PDUWHQVLWH� E\� WKH� WHWUDJRQDO� IFW� XQLW� FHOO
�)LJ������ZKLFK�ZH� XVHG� DERYH� IROORZLQJ� E\
RWKHUV� DXWKRUV�� 7KHVH� QHZ� SHDNV� EHORQJ� WR
WKH��0�PRGXODWHG�ODWWLFH�DQG�FRUUHVSRQG�WR
WKH� ���� ��� ��� DQG� ���� ���� ��� �)LJ����� 7KHVH

)LJ�����6WUDLQ� LQ�PDUWHQVLWH�RI� VLQJOH� FU\VWDO
$�DW� ����.� LQ� WKH�PDJQHWLF� ILHOG� DSSOLHG� WR
WKH� HDV\� GLUHFWLRQ�� ,QVHUW�� VWUDLQ� LQ� WKH� HOH�
YDWHG�PDJQHWLF�ILHOG��

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQ� RI� VLQJOH
FU\VWDO�'�VWXGLHG�LQ�VLWX�ZLWK�H[SRVXUH�LQ�WKH
PDJQHWLF�ILHOG�DSSOLHG�WR�WKH�>���@�GLUHFWLRQ�
,QVHUWHG�IUDJPHQW�VKRZV�FKDQJH� LQ�WKH������
SHDN� LQWHQVLW\� GXULQJ� ��� KRXUV� LQ� WKH� PDJ�
QHWLF�ILHOG��&X.D�LUUDGLDWLRQ�
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RULHQWDWLRQV� DUH� WZLQQHG� WR� WKH� HDFK�RWKHU�
&U\VWDOORJUDSK\� RI� WZLQQLQJ� LQ� WKH� �0
PDUWHQVLWH� RI�1L±0Q±*D�ZDV� VWXGLHG� ILUVWO\
LQ�>��@��,QWHQVLW\�RI�ERWK�RI�WKHP�ULVHV�ZLWK
H[SRVXUH� LQ�WKH�PDJQHWLF�ILHOG��ZKHUHDV� LQ�
WHQVLW\� RI� WKH� LQLWLDO� ���� ���� ��� �0� SHDN�
ZKLFK� FRUUHVSRQGV� WR� WKH� ������ IRU� WKH� IFW
DSSUR[LPDWLRQ�� FRQWLQXHV� WR� GHFUHDVH� ZLWK
WLPH� �)LJ����E��� 3UHVHQWHG� UHVXOWV� �)LJ�����
VKRZ� QHFHVVLW\� WR� XVH� WKH� FRUUHFW� GHVFULS�
WLRQ�RI�PDJQHWLF�VKDSH�PHPRU\�PDUWHQVLWHV
LQ� WHUPV�RI� UHDO���OD\HUHG�PRGXODWHG�VWUXF�
WXUH� QRW� RQO\� IRU� WKH� WLPH�GHSHQGHQW� SURF�
HVVHV�� EXW� IRU� PDJQHWR�SODVWLFLW\� LQ
1L±0Q±*D�LQ�WKH�HOHYDWHG�ILHOG��,JQRULQJ�RI
WKH� UHDO� �0�VWUXFWXUH�GRHV�QRW� OHW� WR�XQGHU�
VWDQG�QDWXUH�RI�SURFHVVHV�RFFXUULQJ�LQ�IHUUR�
PDJQHWLF�PDUWHQVLWHV�LQ�WKH�PDJQHWLF�ILHOG��

)LJ����� VKRZV� WKH� VWUXFWXUH� HYROXWLRQ
ZLWK� WLPH� LQ� WKH� FRQVWDQW�PDJQHWLF� IRU� WKH
FDVH�GLVFXVVHG�MXVW�QRZ��([SHULPHQW�LV�SHU�
IRUPHG� LQ�VLWX�� WKH� VSHFLPHQ� '� OLHV� RQ� WKH

SHUPDQHQW�PDJQHW�GXULQJ�ZKROH�WLPH�RI�WKH
H[SHULPHQW��'LUHFWLRQ�RI�WKH�PDJQHWLF�ILHOG
LV� QRUPDO� WR� WKH� VWXGLHG� VXUIDFH� )LJ����� D
GHPRQVWUDWHV�D�QHZ�WZLQV��V\VWHP�FRQVLVWHG
WKLQ� SDUDOOHO� WZLQV� DSSHDULQJ� LQ� WKH� ULJKW
DUHD� RI� SLFWXUH� DV� UHVXOW� RI� WKH� PDJQHWLF
ILHOG� DSSOLFDWLRQ�� 7KLV� SRO\�WZLQ� GHYHORSV
ZLWK� WLPH�DV� WKH� VLQJOH�ZKROH� V\VWHP�RFFX�
S\LQJ�WKH�OHIW�DUHD��)LJ����E���0RUHRYHU��WKH
QHZ�SRO\�WZLQ� V\VWHP�GHYRXUV� WKH� ROG� WZLQ
ERXQGDU\� �DUURZ� LQ� WKH� )LJ����E�� DQG� WKDW
ERXQGDU\� GLVDSSHDUV� ZLWK� ORQJ� WLPH� H[SR�
VXUH�LQ�PDJQHWLF�ILHOG��

5HVXOWV�GLVFXVVHG�DERYH��)LJ�����DQG�)LJ�����
WHVWLI\� WR� H[LVWHQFH� DQ� DQRWKHU� PHFKDQLVP
RI�VWUXFWXUH�HYROXWLRQ�LQ�WKH�PDJQHWLF�ILHOG
WKDW� LV� GLIIHUHQW� IURP�ZHOO� NQRZQ� UHGLVWUL�
EXWLRQ� RI� WZR� WZLQ� PDUWHQVLWLF� YDULDQWV
SURSRVHG� LQ� >�Ü�@� DQG� FRQILUPHG� HDUO\� IRU
H[DPSOH� LQ� >�������������� DQG� RWKHUV@�� 1HZ
PHFKDQLVP� FRQFHUQV� WKH� VWUXFWXUH� UHOD[D�
WLRQ� LQ� WKH� PDJQHWLF� ILHOG� DSSOLHG� WR� WKH

)LJ������0DUWHQVLWH� VWUXFWXUH� HYROXWLRQ� RI� WKH� FU\VWDO� '�ZLWK� H[SRVXUH� LQ� WKH� FRQVWDQW�PDJQHWLF
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