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5HFHLYHG�2FWREHU���������
7KH� FU\VWDO� VWUXFWXUH�� HOHFWULFDO� FRQGXFWLYLW\� DQG� WKHUPR�H�P�I�� RI� OD\HUHG� R[LGHV

/Q%D&X�&R�)H2��G� �/Q /D��1G�� 6P��*G�� RI� SHURYVNLWH� VWUXFWXUH� KDYH� EHHQ� VWXGLHG�� 7KH/Q%D&X�&R�)H2��G�FRPSRXQGV�KDYH�FXELF�VWUXFWXUH�IRU�/Q� �/D�DQG�WHWUDJRQDO�RQH�IRU�WKH/Q� �1G±*G� DQG� DUH� S�W\SH� VHPLFRQGXFWRUV� �H[FHSW� IRU�/D%D&R)H2��G� KDYLQJ� QHJDWLYH�6YDOXHV��� 7KH� DFWLYDWLRQ� HQHUJ\� RI� HOHFWULF� WUDQVSRUW�� WKHUPRHOHFWULF� FRHIILFLHQWV� �6HHEHFN�
3HOWLHU� DQG�7KRPVRQ�� DQG� WKH� SRZHU� IDFWRU� RI� WKH� R[LGHV� VWXGLHG�KDYH� EHHQ�GHWHUPLQHG�
7KH�SRZHU�IDFWRU�RI�/Q%D&X�&R�)H2��G�SKDVHV�KDV�EHHQ�IRXQG�WR�GHSHQG�RQ�WKH�QDWXUH�RIUDUH� HDUWK� HOHPHQWV� DQG� �G�PHWDOV� LQ� WKHLU� VWUXFWXUH� DQG� WR� EH� PD[LPXP� IRU
6P%D&X)H2��G��*G%D&X)H2��G�DQG�1G%D&R)H2��G��7KH�OD\HUHG�SHURYVNLWHV�FDQ�EH�FRQVLG�HUHG�DV�D�EDVH�IRU�GHYHORSPHQW�RI�WKH�QHZ�WKHUPRHOHFWULF�R[LGH�PDWHULDOV�
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7KH� GLUHFW� FRQYHUVLRQ� RI� KHDW� LQWR� HOHF�
WULF� SRZHU� LV� EDVHG� RQ� WKH� 6HHEHFN� HIIHFW
DQG�LV�UHDOL]HG�LQ�WKH�WKHUPR�HOHFWURJHQHUD�
WRUV� �7(*���7KH�7(*� HIILFLHQF\� GHSHQGV� RQ
WKH� ILJXUH�RI�PHULW� �=7�� RI� WKHUPRHOHFWULF
PDWHULDOV� �7(0�� XVHG� LQ� WKH� 7(*�� 7KH� =7
YDOXH�RI�D�7(0�LV�GHWHUPLQHG�DV�����

=7� �6�VN 7� ���

,W�LV�VHHQ�IURP�(T������WKDW�WR�UHDFK�KLJK
=7� YDOXHV�� D� 7(0� VKRXOG� H[KLELW� KLJK
WKHUPR�H�P�I�� �6�� DQG� HOHFWULFDO� FRQGXFWLY�
LW\� �V�� DQG� ORZ� WKHUPDO� FRQGXFWLYLW\� �N��

6XFK� SRVVHVV� LW� LV� MXVW� WKH� OD\HUHG� ELVPXWK
DQG� DQWLPRQ\� WHOOXULGHV� DV�ZHOO� DV� VLOLFLGHV
RI� LURQ� DQG� RWKHU�PHWDOV� WKDW� VKRZ� VXFK� D
FRPSOH[� RI� SURSHUWLHV�� 7KHVH� PDWHULDOV� DUH
XVHG�LQ�WKH�WKHUPRHOHFWURFRQYHUWHUV��>�@�
$V� WR� WKH� KLJK�WHPSHUDWXUH� RSHUDWLRQ� LQ

DLU�� PHWDO� R[LGHV� KDYH� REYLRXV� DGYDQWDJHV
GXH�WR�WKHLU�KLJK�WKHUPDO�DQG�FKHPLFDO�VWD�
ELOLW\�� ,W� LV� NQRZQ� WKDW� WKH� OD\HUHG� FREDO�
WLWHV� �1D[&R2�� >�Ü�@�� &D�&R�2�� >����Ü�@�&D�&R�2�� >�@�� DQG� VRPH� SHURYVNLWHV
�%D3E2�� >�@�� /D&R2�� >����@�� VKRZ� D� KLJKWKHUPRHOHFWULF� HIILFLHQF\�� EXW� VHDUFK� IRU
DQG� GHYHORSPHQW� RI� WKH� QHZ� R[LGH� WKHUPR�
HOHFWULF�PDWHULDOV��27(��LV�D�YHU\�LPSRUWDQW

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

)XQFWLRQDO�PDWHULDOV������������� ��



SUREOHP�� ,Q� WKLV� ZRUN�� WKH� WKHUPRHOHFWULF
SURSHUWLHV� RI� WKH� OD\HUHG� SHURYVNLWH� R[LGHV
/Q%D&X�&R�)H2��G� �/Q� �/D��1G��6P��*G�� LVVWXGLHG� DQG� WKH� SUDFWLFDO�XVDELOLW\� RI� WKHVH
SKDVHV�DV�27(�LV�HVWLPDWHG�
7KH�/Q%D&X�&R�)H2��G��/Q� �/D��1G��6P�*G�� FRPSRXQGV� ZHUH� SUHSDUHG� E\� FHUDPLF

PHWKRG� IURP� WKH� %D&2�� �SXUH� JUDGH�� DQGRWKHU�PHWDO�R[LGHV��SXUH�RU�EHWWHU�WKDQ�SXUH
JUDGH�� LQ�DLU�ZLWKLQ�����Ü�����z�WHPSHUD�
WXUH�UDQJH�>�����@��7KH�VDPSOHV�ZHUH�LGHQWL�
ILHG� XVLQJ�;�UD\� DQDO\VLV� �%UXNHU�'��;5'
GLIIUDFWRPHWHU�� &X.D�UDGLDWLRQ�� ��� N9����P$�� �Ü����� �T� UDQJH�� ������ VFDQ� VWHS�
DQG� ,5� DEVRUSWLRQ� VSHFWURVFRS\� �)RXULHU
VSHFWURPHWHU� 1H[XV� 7KHUPR1LFROHW�� ���Ü
�����FPÜ�� IUHTXHQF\� UDQJH�� LQ� SHOOHWV� FRQ�
WDLQLQJ�ILQHO\�JURXQG�PL[WXUH�RI�R[LGH�FRP�
SRXQG�ZLWK�.%U� LQ� D�PDVV� UDWLR� RI� �������
7KH� R[\JHQ� FRQWHQW� LQ� WKH� VDPSOHV� �����G�
ZDV�GHWHUPLQHG�LRGRPHWULFDOO\��'G� �r������
7KH� HOHFWULFDO� FRQGXFWLYLW\� �V�� RI� WKH� VLQ�
WHUHG� VDPSOHV� ZDV� PHDVXUHG� XVLQJ� '&
�,d���P$�� IRXU�SUREH�PHWKRG� �GLJLWDO� YROW�
PHWHUV� 9������ 9������ SRZHU� VXSSO\� %�����
LQ�DLU�ZLWKLQ����Ü�����.�UDQJH�LQ�G\QDPLF
PRGH� DW� KHDWLQJ� DQG� FRROLQJ� UDWH� RI� �� WR
��.�PLQÜ�� DW� DQ� HUURU� G�V�dr�� �� >�����@�
7KH�V�YDOXHV� IRU� WKH�FHUDPLFV� VWXGLHG�ZHUH
UHFDOFXODWHG�WR�]HUR�SRURVLW\�DV�GHVFULEHG�LQ
>������@��7KH� WKHUPR�H�P�I��RI� WKH�FHUDPLFV
ZDV� GHWHUPLQHG� ZLWK� UHIHUHQFH� WR� VLOYHU
�GLJLWDO� YROWPHWHU� 9�������� LQ� DLU� ZLWKLQ
���Ü�����.� UDQJH� DW� DQ� HUURU� G�6�dr����
>�����@�� 7KH� WHPSHUDWXUH� JUDGLHQW� EHWZHHQ
WKH�KRW�DQG�WKH�FROG�HQGV�RI�WKH�VDPSOH�ZDV
PDLQWDLQHG�DW�WKH���Ü���.�OHYHO�GXULQJ�WKH
PHDVXUHPHQWV�� 3ULRU� WR� PHDVXUHPHQWV� RI
WKH�HOHFWURSK\VLFDO�SURSHUWLHV��$J�HOHFWURGHV
ZHUH� GHSRVLWHG� RQ� WKH� VDPSOH� VXUIDFH� E\
IXVLQJ� VLOYHU� SDVWH� DW� ����� .� IRU� ���PLQ�
7KH�FKURPHO�DOXPHO�WKHUPRFRXSOHV�ZHUH�HP�
SOR\HG� WR� PHDVXUH� WKH� WHPSHUDWXUH�� 8VLQJ
UHIHUHQFH�GDWD�RI�WKH�DEVROXWH�6HHEHFN�FRHI�
ILFLHQWV� IRU� VLOYHU� �6$J�� >������@�� WKH� DEVR�OXWH� 6HHEHFN� FRHIILFLHQWV� RI� OD\HUHG� R[LGHV
/Q%D&X�&R�)H2��G�ZHUH� IRXQG� IURP� WKH� UH�VXOWV� RI� WKHUPR�H�P�I��PHDVXUHPHQWV��)URP
WKHVH� YDOXHV�� WKH� YDOXHV� RI� WKH� DEVROXWH
3HOWLHU�V� �3��DQG�7KRPVRQ�V�FRHIILFLHQWV��P�
RI�WKH�/Q%D&X�&R�)H2��G�R[LGHV�DW�GLIIHUHQWWHPSHUDWXUHV�KDG�EHHQ�FDOFXODWHG�XVLQJ� WKH
HTXDWLRQV�����>��@�

3� �67����P� �7G6G7�
���

7KH� SRZHU� IDFWRUV� �3�� RI� WKH� FHUDPLF
VDPSOHV�ZHUH�FDOFXODWHG�DV�

3� �6�V� ���
$IWHU�WKH�ILQDO�V\QWKHVLV�VWDJH�LQ�DLU��WKH

VDPSOHV� RI� WKH� /Q%D&X�&R�)H2��G� SKDVHVZHUH� VLQJOH�SKDVH� RQHV� ZLWKLQ� WKH� HUURU� RI
;�UD\� GLIIUDFWLRQ� DQDO\VLV�� DQG� KDG
SHURYVNLWH� VWUXFWXUH� ZLWK� UHIOHFWLRQV� LQ�
GH[HG� LQ� WKH� FXELF� FU\VWDO� V\VWHP� �VSDFH
JURXS� 3P�P�� IRU� /Q� �/D� DQG� LQ� WKH
WHWUDJRQDO� FU\VWDO� V\VWHP� �VSDFH� JURXS
3��PPP��IRU�/Q� �1G��6P��*G��)LJ������7KH
XQLW� FHOO� SDUDPHWHUV� RI� WKH� VDPSOHV� GLPLQ�
LVKHG� DW� GHFUHDVLQJ� UDUH�HDUWK� HOHPHQW
�5((��LRQLF�UDGLL� >��@�DQG�DV�D�ZKROH��ZHUH
ODUJHU� IRU� WKH� IHUURFXSUDWHV� WKDQ� IRU� WKH
IHUURFREDOWLWHV�GXH�WR�WKH�KLJKHU�FRQFHQWUD�
WLRQV�RI�WKH�ZHDNO\�ERXQG�R[\JHQ��G��LQ�WKH
IHUURFREDOWLWHV� �VHH� 7DEOH��� 7KH� XQLW� FHOO� SD�
UDPHWHUV�RI�WKH�IHUURFXSUDWHV�/Q%D&X)H2��GDJUHH�ZHOO�ZLWK�WKH�OLWHUDWXUH�GDWD�>��Ü��@�
,5� DEVRUSWLRQ� VSHFWUXP� RI� WKH� /D%D�

&R)H2����� SKDVH� KDV� D� GLIIXVH� FKDUDFWHUZLWK� WKH�SRRUO\� H[SUHVVHG� DEVRUSWLRQ�PD[L�
PXP�QHDU�����FPÜ���Q�
���7KH�,5�DEVRUSWLRQ
VSHFWUD�RI�WKH�/Q%D&R)H2��G� �/Q� �1G��6P�*G�� IHUURFREDOWLWHV� DQG� /D%D&X)H2����SKDVH�H[KLELW� WZR�GLVWLQFW�EDQGV�ZLWK�PD[�
LPD�DW����Ü�����Q���DQG����Ü�����Q�
��FPÜ��

)LJ����� ;�UD\� SRZGHU� GLIIUDFWLRQ� SDWWHUQV
�&X.D�UDGLDWLRQ��DQG�,5�DEVRUSWLRQ�VSHFWUD�RIWKH� /D%D&R)H2����� ����� 1G%D&R)H2����� ����6P%D&R)H2����� ���� DQG� 6P%D&X)H2����� ���SKDVHV�
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DQG� ,5� DEVRUSWLRQ� VSHFWUD� RI� WKH
/Q%D&X)H2��G� �/Q� �1G�� 6P�� *G�� IHUURFX�SUDWHV� H[KLELW� WKUHH� GLVWLQFW� EDQGV� ZLWK
PD[LPD� DW� ���Ü���� �Q���� ���Ü���� �Q��� DQG
���Ü���� �Q��� FPÜ�� �)LJ������ZKLFK�DUH�DVVR�
FLDWHG�ZLWK� WKH� EHQGLQJ� �Q��� DQG� VWUHWFKLQJ
�Q���YLEUDWLRQV�RI�WKH�PHWDO�R[\JHQ�ERQGV�LQWKH� >&X)H2�@� OD\HUV� DQG� WKH� VWUHWFKLQJ� YL�EUDWLRQV��Q���RI�WKH��&X�)H�±2±�&X�)H��ERQGVFRQWDLQLQJ�DSH[�R[\JHQ�DWRPV� LQ�WKH�VWUXF�
WXUHV�RI�/Q%D&X)H2��G�SKDVHV�>������@�7KH� DEVHQFH� RI� EDQG�SHDNHG�DW�Q�� LQ� WKHDEVRUSWLRQ�VSHFWUD�RI�WKH�IHUURFREDOWLWHV�DQG

WKH� IDFW� WKDW� Q����Q�
���Q�� OHW� XV� FRQFOXGH
WKDW� �G�PHWDO�R[\JHQ� ��G�PHWDO� � �)H�� &R�
&X�� LQWHUDFWLRQV� LQ�WKH�IHUURFREDOWLWHV�VWXG�
LHG��DV�ZHOO�DV�LQ�WKH�/D%D&X)H2�����SKDVH�DUH� TXDVL�LVRWURSLF�� ZKHUHDV� WKH� �G�PHWDO�
R[\JHQ� GLVWDQFHV� LQ� WKH� >�&X�&R�)H2�@� OD\�HUV� RI� WKH� IHUURFXSUDWHV� DUH� ODUJHU� WKDQ� LQ
WKH� °� GLUHFWLRQ� �SHUSHQGLFXODU� WR� WKH
>&X)H2�@�OD\HUV��$OO� WKH� R[LGHV� VWXGLHG� DUH� WKH� S�W\SH
VHPLFRQGXFWRUV� �H[FHSW� IRU� /D%D&R)H2��GZLWK�6�YDOXHV�EHLQJ�QHJDWLYH�DW�7�������z�
�)LJ����� DQG� WKHLU�V� YDOXHV�� DV� D�ZKROH��GH�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� WKH� HOHFWULFDO� FRQGXFWLYLW\� �V�� �D�� F�� DQG� 6HHEHFN� FRHIILFLHQW� �6�
�E��G��RI�WKH�/Q%D&X)H2��G��D��E��DQG�/Q%D&R)H2��G��F��G��SKDVHV��/Q� �/D������1G������6P������*G�����

7DEOH��9DOXHV� RI� WKH�XQLW� FHOO� SDUDPHWHUV� �È�� °�� DQG�YROXPH� �9��� DFWLYDWLRQ�HQHUJ\�RI� HOHFWULFDO
WUDQVSRUW��(6��(P��DV�ZHOO�DV�SRZHU�IDFWRU��3��DQG�3HOWLHU�V��3��DQG�7KRPVRQ�V�FRHIILFLHQWV��P��DW�� ������z�IRU�WKH�OD\HUHG�R[LGHV�/D%D&X�&R�)H2��G
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/D%D&X)H2���� ������ Ü ����� ����� ����� ���� ���� �����
1G%D&X)H2���� ������ ������ ����� ����� ����� ���� ��� �����
6P%D&X)H2���� ������ ������ ����� Ü Ü ���� ��� �����
*G%D&X)H2���� ������ ������ ����� Ü Ü ���� ��� �����
/D%D&R)H2���� ������ Ü ����� ����� ����� ����� ���� �����
1G%D&R)H2���� ������ ������ ����� ����� ����� ���� ���� �����
6P%D&R)H2���� ������ ������ ����� ����� ����� ���� ���� �����
*G%D&R)H2���� ������ ������ ����� ����� ����� ���� ���� �����
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FUHDVHG� EXW� 6� YDOXHV� LQFUHDVHG� ZKHQ� 5((
LRQLF� UDGLL� LQFUHDVHG�� 7KH� IHUURFREDOWLWHV
KDYH� KLJKHU� V� YDOXHV� �VPD[|��������6�PÜ�
QHDU�����.�IRU�1G%D&R)H2��G��)LJ���F���EXWWKH� IHUURFXSUDWHV� KDYH� KLJKHU� 6� YDOXHV
�6PD[|���Ü����P9�.Ü�� QHDU� ����Ü����� .
IRU�*G%D&X)H2��G��)LJ���E���$W�KLJK�WHPSHUDWXUHV��WKH�HOHFWULFDO�FRQ�
GXFWLYLW\� FKDUDFWHU� RI� WKH� IHUURFREDOWLWHV
DQG� /Q%D&X)H2��G� �/Q� �/D�� 1G�� SKDVHV
FKDQJHV� IURP� VHPLFRQGXFWLQJ� �wV�e�w7�!���
WR� PHWDOOLF� �wV�e�w7������ �)LJ���D�F��� ZKLOH
WKH� 6� YDOXHV� VWDUW� WR� ULVH� VKDUSO\
�)LJ���E�G���7KLV�LV�FDXVHG�E\�WKH�UHOHDVH�RI
WKH�ZHDNO\�ERXQG�R[\JHQ��G��IURP�WKH�FU\V�
WDO�ODWWLFH�RI�WKHVH�SKDVHV�>��@�
,Q�WKH�6� �I�7��GHSHQGHQFHV�IRU�6P%D)H�

&R2��G� DQG�*G%D)H&R2��G� SKDVHV�� D�PD[L�PXP� LV� REVHUYHG� QHDU� ���� z� DQG� ���� z�
UHVSHFWLYHO\��)LJ���G���7KH�6� LQFUHDVLQJ�IRU
/Q%D&R)H2��G� �/Q� �6P�� *G�� ZLWKLQ� ���Ü����������z�UDQJH�VHHPV�WR�EH�FDXVHG�E\�D
FKDQJH� LQ� WKH� VSLQ� VWDWH� RI� WKH� FREDOW� FDW�
LRQV� &R���� &R��� LQ� WKHLU� FU\VWDO� VWUXFWXUH
IURP� LQWHUPHGLDWH�VSLQ� �,6�� WR� KLJK�VSLQ
VWDWH��+6�

&R,6���W�J� HJ���o�&R+6�� �W�J� HJ���
&R,6���W�J� HJ���o�&R+6�� �W�J� HJ����

VLPLODUO\�WR�WKH�VSLQ�VWDWH�WUDQVLWLRQ�RI�&R��
FDWLRQV� LQ� WKH� SHURYVNLWH� FREDOWLWHV� RI�5((
/Q&R2��>��@�7KH� WHPSHUDWXUH� GHSHQGHQFHV� RI� HOHFWUL�
FDO�FRQGXFWLYLW\�DQG�6HHEHFN�FRHIILFLHQW�IRU
PDWHULDOV� ZLWK� SRODURQLF� FKDUJH� WUDQVSRUW
�WKH� SHURYVNLWH� OD\HUHG� R[LGHV� EHORQJ� WR
WKHVH�PDWHULDOV�>���������@��FDQ�EH�GHVFULEHG
E\�UHODWLRQV�����

V� �$�e�7���H[S���(6���(P��e�N7��
6� �rN�e�H��(6�e�N7���%��

���

ZKHUH� p6� LV� WKH� H[FLWDWLRQ� HQHUJ\� RI� WKHFKDUJH�FDUULHU��SRODURQ��DQG�(P�LV�LWV�WUDQV�
SRUW� HQHUJ\� �(P�|��� IRU� QRQ�DFWLYDWHG
FKDUJH� WUDQVSRUW� ZLWK� ODUJH� SRODURQV� �/3��
LI�(P�!����WKH�FKDUJH�WUDQVSRUW�LV�WKHUPDOO\DFWLYDWHG� DQG� LV� GXH� WR� WKH� VPDOO�SRODURQ
�63��KRSSLQJ�>��@��

7KH�p6� DQG�(P� YDOXHV� GHWHUPLQHG� IURP
OLQHDU� IUDFWLRQV� RI� WKH� OQ�V�7�� �I���7�� DQG
6� �I���7�� SORWV� IRU� WKH� R[LGHV� VWXGLHG� DUH
SUHVHQWHG� LQ� WKH� 7DEOH�� $V� LV� VHHQ�� WKH
FKDUJH� FDUULHUV� LQ� WKH� /Q%D&X�&R�)H2��GSKDVHV�DUH�WKH�VPDOO�SRODURQV��(P�!�����7KHHOHFWULFDO�WUDQVSRUW�DFWLYDWLRQ�HQHUJ\�YDOXHV
�p6� DQG�(P�� LQ� WKHVH�SKDVHV� LQFUHDVH�ZKHQWKH� 5((� LRQLF� UDGLXV� GHFUHDVHV� DQG�� DV� D

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�SRZHU�IDFWRU��3���D��F��DQG�3HOWLHU�FRHIILFLHQW��3���E��G��RI
WKH�/Q%D&X)H2��G��D��E��DQG�/Q%D&R)H2��G��F��G��SKDVHV��/Q� �/D������1G������6P������*G�����
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ZKROH��DUH�ODUJHU�IRU�WKH�IHUURFXSUDWHV�WKDQ
IRU�WKH�IHUURFREDOWLWHV��VHH�7DEOH��
7KH� SRZHU� IDFWRUV� �3�� FDOFXODWHG� XVLQJ

WKH� H[SHULPHQWDO� V� DQG� 6� YDOXHV� IRU� WKH
/Q%D&X�&R�)H2��G� R[LGHV� DUH� VKRZQ� LQ)LJ�� �D�F� DQG� LQ� WKH�7DEOH�� ,W� LV� VHHQ� WKDW�
DV�D�ZKROH��WKH�c�YDOXHV�IRU�WKH�R[LGHV�VWXG�
LHG� LQFUHDVH� DW� WHPSHUDWXUH� LQFUHDVLQJ� DQG
GHSHQG� KHDYLO\� RQ� WKH� QDWXUH� RI� WKH� 5((
DQG��G�PHWDOV� LQ� WKH�FU\VWDO� VWUXFWXUH��7KH
PD[LPXP�3�YDOXHV��DPRQJ�WKH�R[LGHV�VWXG�
LHG�� DUH� REVHUYHG� IRU� 6P%D&X)H2��G�*G%D&X)H2��G�� DQG� 1G%D&R)H2��G� ������������DQG������P:�PÜ��.Ü���UHVSHFWLYHO\��DW
7� ������ .�� VHH� 7DEOH��� 7KHVH� YDOXHV� DUH
FRQVLGHUDEO\� ORZHU� WKDQ� SRZHU� IDFWRUV� IRU
WKH� VRGLXP�FREDOW� R[LGH� EURQ]HV� �IRU
1D&R���&X���2��� IRU� H[DPSOH�� c� 
�����P:�PÜ��.Ü�� DW� ����� z� >�@��� EXW� DUH
FORVH� WR�WKH�c�YDOXHV�IRU�FHUDPLFV�EDVHG�RQ
&D�&R�2���IRU��&D�%L���&R�&X��2��VROLG�VROX�WLRQV�� c�|���Ü���P:�PÜ��.Ü�� QHDU� ����� z
>����@�� ZKLOH� IRU� &D����(U����&R�2�� SKDVHV�c� �������P:�PÜ��.Ü�� DW� 7� ������ .� >�@�
DQG� /D&R2�� �IRU� /D&R����7L����2����� DQG/D&R����1L����2������ WKH� SRZHU� IDFWRU� YDOXHVDUH� ����� DQG�����P:�PÜ��.Ü��� UHVSHFWLYHO\�
DW������z�>�@��
7KXV��DOWKRXJK�/Q%D&X�&R�)H2��G�R[LGHVFDQQRW�FRPSHWH�ZLWK�HIIHFWLYH�27(�EDVHG�RQ

1D&R�2��� FRPSDULVRQ� RI� RXU� UHVXOWV� ZLWKWKH� GDWD� IURP� >�Ü�@� OHW� XV� FRQFOXGH� WKDW
OD\HUHG�SHURYVNLWH� R[LGHV�PD\�EH�XVHG� DV�D
EDVLV�IRU�GHYHORSPHQW�RI�QHZ�WKHUPRHOHFWULF
PDWHULDOV�
7KH�DEVROXWH�3HOWLHU��3��DQG�7KRPVRQ��P�

FRHIILFLHQWV� IRU� WKH� /Q%D&X�&R�)H2��G� R[�LGHV�FDOFXODWHG�XVLQJ�(TV�� ����DUH�SUHVHQWHG
LQ�)LJ���E�G�����DQG�LQ�WKH�7DEOH��$V�LV�VHHQ�
WKH� 3� YDOXHV� IRU� /Q%D&X)H2��G� SKDVHV� LQ�FUHDVH� ZKHQ� 5((� LRQLF� UDGLL� GHFUHDVH� DQG
WHPSHUDWXUH�ULVHV��IRU�/Q� �6P��*G��WKH�3� 
I�7�� GHSHQGHQFHV� DUH� QHDUO\� OLQHDU�� �)LJ�
�E��� 9DOXHV� RI�3� IRU� /Q%D&R)H2��G� SKDVHVZHUH� FRQVLGHUDEO\� ORZHU� WKDQ� IRU
/Q%D&X)H2��G�RQHV��E\�PRUH�WKDQ����WLPHVIRU�/Q� �/D��*G�QHDU������z��DQG�WKHLU�WHP�
SHUDWXUH� GHSHQGHQFHV� ZHUH� OHVV� SURQRXQFHG
WKDQ�IRU�WKH�IHUURFXSUDWHV��)LJ���G��
7KH� 7KRPVRQ� FRHIILFLHQW� �P�� YDOXHV� IRU

/Q%D&X�&R�)H2��G�SKDVHV�YDU\�QRQ�PRQRWR�QRXVO\�ZKHQ�WHPSHUDWXUH�LQFUHDVHV�DQG�KDYH
D� PLQLPXP� �IRU� 6P%D&X)H2��G� SKDVH�� DPD[LPXP�� LQ� WKH� WHPSHUDWXUH� UHJLRQ� ���Ü
���� z� �)LJ������ 7KH� P� YDOXHV� IRU� IHUURFX�
SUDWHV� /Q%D&X)H2��G� �/Q� �6P�� *G�� DUH
SRVLWLYH�ZLWKLQ�WKH�ZKROH�WHPSHUDWXUH�UDQJH

VWXGLHG��)RU�RWKHU�R[LGHV�VWXGLHG��WKH�P�YDO�
XHV�DUH�SRVLWLYH�QHDU�URRP�WHPSHUDWXUH�DQG
DW� KLJK� WHPSHUDWXUHV� �QHDU� ����� .�� EXW
QHJDWLYH�DW�LQWHUPHGLDWH�WHPSHUDWXUHV��)LJ�����
7KH� 7KRPVRQ� FRHIILFLHQWV� IRU� WKH� IHUURFX�
SUDWHV� DUH� FRQVLGHUDEO\�KLJKHU� WKDQ�IRU� WKH
IHUURFREDOWLWHV� �E\� PRUH� WKDQ� ��� WLPHV� IRU
/Q� �*G�QHDU������z���)LJ�����7DEOH��
7KH� PDLQ� UHVXOWV� RI� WKH� H[SHULPHQWDO

VWXG\� RI� WKHUPRHOHFWULF� SURSHUWLHV� RI� OD\�
HUHG� R[LGHV� /Q%D&X�&R�)H2��G� FDQ� EH� VXP�PDUL]HG� DV� IROORZV�� 7KH� /Q%D&X�&R�)H2��GFRPSRXQGV� DUH� VHPLFRQGXFWRUV� RI� Q±�/D%D�
&R)H2��G�� DQG� S�W\SH� �WKH� RWKHU� R[LGHV�ZLWK� HOHFWURSK\VLFDO� SURSHUWLHV� GHSHQGLQJ
VWURQJO\�RQ� WKH�QDWXUH� RI� WKH�5((�DQG��G�
PHWDOV�LQ�WKHLU�VWUXFWXUH��7KH�FKDUJH�WUDQV�
SRUW�LQ�/Q%D&X�&R�)H2��G�SKDVHV�RFFXUV�GXHWR�KRSSLQJ�RI�VPDOO�SRODURQV��WKH�DFWLYDWLRQ
HQHUJ\� RI� VPDOO�SRODURQ� KRSSLQJ� LQFUHDVLQJ
ZKHQ� 5((� LRQLF� UDGLL� GHFUHDVH�� 7KH� SRZHU
IDFWRU� YDOXHV� RI� /Q%D&X�&R�)H2��G� R[LGHVOHW�XV�FRQVLGHU�WKRVH�DV�D�SRWHQWLDO�EDVH�IRU
GHYHORSPHQW� RI� QHZ� R[LGH� WKHUPRHOHFWULF
PDWHULDOV���

$°NQRZOHGJHPHQWV�� 7KLV� ZRUN� KDV� EHHQ
FDUULHG� RXW� LQ� WKH� IUDPH�RI� WKH�6WDWH�&RP�
SOH[� 3URJUDP� RI� WKH� 6FLHQWLILF� 5HVHDUFKHV
RI�%HODUXV�5HSXEOLF��&U\VWDO�DQG�0ROHFXODU

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�7KRP�
VRQ�V� FRHIILFLHQW� �P�� RI� WKH� /Q%D&X)H2��G� �D�DQG� /Q%D&R)H2��G� �E�� OD\HUHG� R[LGHV��/Q� �/D�����1G������6P������*G�����
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6WUXFWXUHV�� �WDVN����� DQG� VXSSRUWHG�E\� WKH
)XQG�RI�)XQGDPHQWDO�5HVHDUFKHV�RI�%HODUXV
5HSXEOLF��*UDQWV�.K��0������.K��0������

5HIHUHQFHV
� ���&5&� +DQGERRN� RI� 7KHUPRHOHFWULFV�� HG�� E\

'�0�5RZH�� &5&� 3UHVV�� %RFD� 5DWRQ�� )/�
�������

� ���2[LGH�7KHUPRHOHFWULFV��5HVHDUFK�6LJQSRVW��HG�
E\�.�.RXPRWR��,�7HUDVDNL��1�0XUD\DPD��7UL�
YDQGUXP��,QGLD��������

� ���,�7HUDVDNL�� <�6DVDJR�� .�8FKLQRNXUD�� 3K\V�
5HY��%�����,,���5�������������

� ���.�3DUN��.�8�-DQJ��+��&�.ZRQ�HW�DO���-��$OOR\V
DQG�&RPS�������������������

� ���.�,ZDVDNL��+�<DPDQH�� -�7DNDKDVKL� HW� DO���-�
3K\V��&KHP��6ROLGV�����������������

� ���0�0LNDPL��5�)XQDKDVKL��-��6ROLG�6WDWH�&KHP��
�����������������

� ���'�/X��*�&KHQ��-�3HL�HW�DO���-��5DUH�(DUWKV�����
�����������

� ���5�5REHUW�� /�%RFKHU�� 0�7URWWPDQQ� HW� DO��� -�
6ROLG�6WDWH�&KHP��������������������

� ���(�$�&KL]KRYD�� $�,�.O\QG\XN�� /�$�%DVKNLURY
HW�DO���,QRUJ��0DWHU�������������������

����$�,�.O\QG\XN��(�$�&KL]KRYD��=K��1HRUJ��.KLP��
���������������

����$�.�7ULSDWKL�� +�%�/DO��0DWHU��5HV��%XOO��� ���
�����������

����1�&XVDFN��3�.HQGDOO��3URF��3K\V��6RF����������
�������

����3K\VLFDO� 9DOXHV�� HG�� E\� ,�6�*U\JRU\HY�
(�=�0HLOLNKRY�� (QHUJRDWRPL]GDW�� 0RVFRZ
�������>LQ�5XVVLDQ@�

����5�'�6KDQQRQ��&�7�3UHZLWW��$FWD�&U\VW��%�����
�����������

����0�3LVVDV�� &�0LWURV�� *�.DOOLDV� HW� DO���3K\VLFD
&�����������������

����-�/LQGHQ��0�.RFKL��.�/HKPXV� HW� DO���-��6ROLG
6WDWH�&KHP�������������������

����+�3DUGR�� :�$�2UWL]�� )�0�$UDXMR�0RUHLUD� HW
DO���3K\VLFD�&������������������

����/�(U�5DNKR�� 1�1JX\HQ�� $�'XFRXUHW� HW� DO��
6ROLG�6WDWH�6FLHQFHV����������������

����<�.�$WDQDVVRYD��9�1�3RSRY��*�*�%RJDFKHY�HW
DO���3K\V��5HY��%�������������������

����$�,�.O\QG\XN�� (�$�&KL]KRYD�� ,QRUJ��0DWHU��
���������������

����0�,WRK�� -�+DVKLPRWR�� 6�<DPDJXFKL�� <�7RNXUD�
3K\VLFD�%�����	����������������

����1�)�0RWW�� (�$�'DYLV�� (OHFWURQ� 3URFHVVHV� LQ
1RQ�&U\VWDOOLQH� 0DWHULDOV�� &ODUHQGRQ� 3UHVV�
2[IRUG��������
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