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Unravelling� crystal� superstructures� and� transformations� in� the��
La6ǦxMoO12ǦG� (0.6d�x�d�3.0)�series.�A�system�with� tailored� ionic/elecǦ
tronic�conductivity.�
$GULiQ�/ySH]�9HUJDUD���/XFtD�9L]FDtQR�$QD\D���-RVp�0��3RUUDV�9i]TXH]��
�*LDQJXLGR�%DOGLQR]]L���/XFtD�
GRV�6DQWRV�*yPH]���-HV~V�&DQDOHV�9D]TXH]���'DYLG�0DUUHUR�/ySH]���(QULTXH�5��/RVLOOD���
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$%675$&7��&U\VWDOOLQH�/D��[0R2���G�PDWHULDOV�ZLWK�GLIIHUHQW�ODQWKDQXP�PRO\EGHQXP�UDWLRV������d�[�d������KDYH�EHHQ�SUHSDUHG�
YLD�D� IUHH]H�GU\LQJ�SUHFXUVRU� URXWH��7KH� LQIOXHQFH�RI� WKH� ODQWKDQXP�FRQWHQW�� VLQWHULQJ� WHPSHUDWXUH�DQG�FRROLQJ�UDWH�RQ� WKH�SKDVH�
H[LVWHQFH�UDQJH�DQG�SRO\PRUSKLVP�ZDV�HYDOXDWHG��/DQWKDQXP�ULFK�FRPSRXQGV�SUHVHQW�WKUHH�GLIIHUHQW�SRO\PRUSKV��D�FXELF��GLVRU�
GHUHG��IOXRULWH�DQG�WZR�FRPSOH[�UKRPERKHGUDO�VXSHUVWUXFWXUHV�UHODWHG�WR�WKH�IOXRULWH��)RU�WKH�ILUVW�WLPH��WKH�VWUXFWXUDO�UHVROXWLRQ�RI�
WKHVH�UKRPERKHGUDO�VXSHUVWUXFWXUHV���î�î��DQG��î�î���KDV�EHHQ�VXFFHVVIXOO\�DFFRPSOLVKHG�E\�QHXWURQ�SRZGHU�GLIIUDFWLRQ�DQG�WUDQV�
PLVVLRQ�HOHFWURQ�PLFURVFRS\�VWXGLHV��$V�WKH�/D�0R�UDWLR�GHFUHDVHV��WKH�FXELF�V\PPHWU\�LV�VWDELOL]HG��DOWKRXJK�D�SKDVH�WUDQVIRUPDWLRQ�
IURP�FXELF�WR�PRQRFOLQLF�RFFXUV�DW�D�ORZ�FRROLQJ�UDWH��,PSHGDQFH�VSHFWURVFRS\�PHDVXUHPHQWV�XQGHU�GLIIHUHQW�DWPRVSKHUHV��GU\�DQG�
ZHW�1��DQG����+��$U��VKRZ�WKDW�DOO�PDWHULDOV�H[KLELW�PL[HG�SURWRQ�HOHFWURQLF�FRQGXFWLYLW\��7KH�Q�W\SH�HOHFWURQLF�FRQGXFWLYLW\�LV�
DWWULEXWHG�WR�0R���UHGXFWLRQ�DQG�LQFUHDVHV�IRU�WKRVH�SKDVHV�ZLWK�ORZHU�ODQWKDQXP�FRQWHQW��L�H��IRU�TXHQFKHG�VDPSOHV��IURP���P6�FP�

��IRU�/D���0R2�����WR�����P6�FP���IRU�/D�0R2��DW������&�LQ�YHU\�UHGXFLQJ�DQG�ZHW�FRQGLWLRQV��ZKLFK�DUH�VLJQLILFDQWO\�EHWWHU�WKDQ�WKH�
YDOXHV�SXEOLVKHG�WR�GDWH�IRU�PL[HG�ODQWKDQXP�WXQJVWDWHV�PRO\EGDWHV��7KLV�PDNH�WKHVH�PDWHULDOV�SRWHQWLDO�FDQGLGDWHV�IRU�K\GURJHQ�
VHSDUDWLRQ�PHPEUDQHV��

���,QWURGXFWLRQ�
+\GURJHQ�LV�DQ�H[FHOOHQW�HQHUJ\�YHFWRU�GXH�WR�LWV�KLJK�JUDYL�

PHWULF�SRZHU�GHQVLW\�FRPSDUHG�WR�IRVVLO�IXHOV�����,W�FDQ�EH�RE�
WDLQHG�YLD�ZDWHU�VSOLWWLQJ�RU��PRUH�FRPPRQO\��YLD�WKH�UHIRUPLQJ�
RI� K\GURFDUERQV����� +RZHYHU�� WKH� ODWWHU� SURFHGXUH� OHDGV� WR� D�
PL[WXUH�RI�JDVHV�FRPSULVHG�PDLQO\�RI�+���&2�DQG�&2���FRQ�
VWUDLQLQJ� WKH� VHSDUDWLRQ� DQG� SXULILFDWLRQ� RI�+���ZKLFK� LV� SHU�
IRUPHG� E\� D� K\GURJHQ� VHSDUDWLRQ� PHPEUDQH�� 6XFK�PDWHULDOV�
PXVW�H[KLELW�KLJK�SURWRQ�FRQGXFWLYLW\�� WKHUHIRUH�� VWDWH�RI�WKH�
DUW�SURWRQ�FRQGXFWRUV�� �%D�6U��&H�=U�2��DUH� LQ�SULQFLSOH�JRRG�
FDQGLGDWHV�IRU�WKLV�DSSOLFDWLRQ������+RZHYHU��D�PDMRU�GUDZEDFN�
RI�WKHVH�PDWHULDOV�LV�WKHLU�ORZ�VWDELOLW\�LQ�+�2�DQG�&2��ULFK�DW�
PRVSKHUHV�� DQ� LPSRUWDQW� LVVXH� ZKHQ� K\GURJHQ� LV� REWDLQHG�
WKURXJK�WKH�UHIRUPLQJ�RI�K\GURFDUERQV�������2YHU�WKH�ODVW�\HDUV��
QHZ� FDQGLGDWHV� IRU� K\GURJHQ� VHSDUDWLRQ� PHPEUDQHV� KDYH�
DULVHQ�� VXFK� DV� WKRVH� EDVHG� RQ� ODQWKDQLGH� WXQJVWDWHV�PRO\E�
GDWHV�� /Q��[:��\0R\2���G� �/Q /D�/X��� GXH� WR� WKHLU� HQKDQFHG�
SKDVH� VWDELOLW\� LQ�GLIIHUHQW�HQYLURQPHQWV��$PRQJ� WKHP��PRUH�
DWWHQWLRQ�LV�EHLQJ�GUDZQ�WR�PDWHULDOV�ZKHUH�WXQJVWHQ�LV�FRPSOHWH�
UHSODFHG�E\�PRO\EGHQXP��GXH�WR�WKH�KLJKHU�UHGXFLELOLW\�RI�0R���
FRPSDUHG�WR�:����ZKLFK�OHDGV�WR�DQ�LQFUHDVH�RI�WKH�HOHFWURQLF�
FRQGXFWLYLW\�������

/DQWKDQLGH�PRO\EGDWHV��ZLWK�JHQHUDO� IRUPXOD�/Q��[0R2���G��
���[��������SUHVHQW�GLIIHUHQW�VWUXFWXUHV�GHSHQGLQJ�RQ�WKH�ODQWKD�
QLGH� VL]H� DQG� WKH� V\QWKHWLF� FRQGLWLRQV������� )RU� LQVWDQFH��
/D���0R2�����FHUDPLFV�SUHSDUHG�E\�WKH�IUHH]H�GU\LQJ�PHWKRG�DW�
������&�DQG�TXHQFKHG�GRZQ�WR�URRP�WHPSHUDWXUH��57��FU\VWDO�
OL]H�DV�D�VLPSOH�FXELF�IOXRULWH��$W�VORZHU�FRROLQJ�UDWHV�����DQG�
���� �&� PLQ���� WZR� UKRPERKHGUDO� SRO\PRUSKV� DUH� LVRODWHG��
+57(0� VWXGLHV� FRQILUPHG� WKDW� WKHVH� SRO\PRUSKV� SUHVHQW�
�u�u���5���DQG��u�u���5���VXSHUVWUXFWXUHV�UHODWLYH�WR�D�EDVLF�
XQLW�FHOO�ZLWK�IOXRULWH�W\SH�VWUXFWXUH��+RZHYHU��GXH�WR�WKH�FRP�
SOH[LW\�DQG� ODUJH�XQLW�FHOO�YROXPH�RI� WKHVH�FRPSRXQGV��PRUH�
WKDQ������DQG������c���IRU�5��DQG�5���UHVSHFWLYHO\��D�FRPSOHWH�
VWUXFWXUDO� GHWHUPLQDWLRQ�ZDV�QRW�SRVVLEOH�E\�FRQYHQWLRQDO�;�
UD\�GLIIUDFWLRQ�VWXGLHV�����
7KH�V\PPHWU\�RI� WKHVH�FRPSRXQGV�FDQ�DOVR�EH� WDLORUHG�E\�

PRGLI\LQJ�WKH�FDWLRQLF�DQG�DQLRQLF� IUDPHZRUNV��)RU� LQVWDQFH��
1E�GRSLQJ�RQ�/D���0R2�����OHDGV�WR�WKH�VWDELOL]DWLRQ�RI�WKH�5��
SRO\PRUSK�UHJDUGOHVV�RI�WKH�SUHSDUDWLRQ�FRQGLWLRQV��LQ�DGGLWLRQ�
WR�DQ�LPSURYHPHQW�RI�WKH�GHQVLILFDWLRQ�DQG�HOHFWULFDO�SURSHUWLHV��
IURP� ����� WR� ����� P6� FP��� IRU� /D���0R2����� DQG�
/D���0R���1E���2�������UHVSHFWLYHO\��DW������&�LQ�D�GU\�1��DWPRV�
SKHUH��EHFDXVH�RI� WKH�JHQHUDWLRQ�RI� DGGLWLRQDO�R[\JHQ�YDFDQ�
FLHV����2Q�WKH�RWKHU�KDQG��PRGLILFDWLRQ�RI�WKH�DQLRQLF�QHWZRUN�
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RI�/D���0R2�����DQG�/D���0R���1E���2������E\�PHDQV�RI�IOXRULQD�
WLRQ�OHDGV�WR�WKH�VWDELOL]DWLRQ�RI�WKH�FXELF�SRO\PRUSK�DW�WHPSHU�
DWXUHV�DV�ORZ�DV�������&��ZKHUH�QRQ�IOXRULQDWHG�VDPSOHV�DUH�D�
PL[WXUH�RI�SKDVHV����+RZHYHU��WKHVH�PDWHULDOV�VKRZHG�D�PDUNHG�
GHFUHDVH�RI�WKH�LRQLF�FRQGXFWLYLW\�XQGHU�GU\�ZHW�1��DQG�2��DW�
PRVSKHUHV�� )RU� LQVWDQFH�� EHWZHHQ� WKH� QRQ�IOXRULQDWHG� DQG�
IOXRULQDWHG� /D���0R���1E���2������ VDPSOHV�� ERWK� ZLWK� 5�� V\P�
PHWU\��WKH�FRQGXFWLYLW\�GHFUHDVHG�IURP������WR������P6�FP���DW�
�����&�LQ�D�GU\�1��DWPRVSKHUH��GXH�WR�WKH�ILOOLQJ�RI�WKH�R[LGH�
YDFDQFLHV�E\�IOXRULQH��0RUHRYHU��DQ�LQFUHDVH�RI�WKH�Q�W\SH�HOHF�
WURQLF�FRQGXFWLYLW\�ZDV�REVHUYHG�XQGHU�UHGXFLQJ�DWPRVSKHUHV��
IURP�����WR�����P6�FP���DW������&��IRU�QRQ�IOXRULQDWHG�DQG�IOXRU�
LQDWHG�/D���0R2������UHVSHFWLYHO\��
7KH�DLP�RI�WKLV�ZRUN�LV�WR�IXUWKHU�H[SORUH�WKH�SKDVH�GLDJUDP��

FU\VWDO�VWUXFWXUHV�DQG�HOHFWULFDO�SURSHUWLHV�RI�ODQWKDQXP�PRO\E�
GDWHV�ZLWK�/D�0R�PRODU�UDWLRV������d�[�d������DQG�LWV�GHSHQG�
HQFH�RQ�GLIIHUHQW�V\QWKHVLV�VLQWHULQJ�FRQGLWLRQV��
)RU�WKH�ILUVW�WLPH��ZLWK�6$('�DQG�WKH�5LHWYHOG�UHILQHPHQW�RI�

QHXWURQ�SRZGHU�GLIIUDFWLRQ�GDWD��WKH�WDVN�RI�VROYLQJ�WKHVH�FRP�
SOH[�VWUXFWXUHV��ZLWK��î�î��DQG�D��î�î��VXSHUFHOOV��KDV�EHHQ�
DGGUHVVHG��7KH�V\PPHWU\�DVVHVVPHQW�LV�SHUIRUPHG�XVLQJ�WKH�VX�
SHUVSDFH� IRUPDOLVP���� RULJLQDOO\� GHYHORSHG� IRU� LQFRPPHQVX�
UDWHO\�PRGXODWHG�V\VWHPV��EXW�RIWHQ�DOVR�XVHG�WR�GHVFULEH�FRP�
SOH[�FRPPHQVXUDWH�PRGXODWLRQV�����
)LQDOO\�� PLFURVWUXFWXUDO� DQG� HOHFWULFDO� FKDUDFWHUL]DWLRQ�ZDV�

FDUULHG� RXW� E\� VFDQQLQJ� HOHFWURQ� PLFURVFRS\� DQG� LPSHGDQFH�
VSHFWURVFRS\�XQGHU�GLIIHUHQW�DWPRVSKHUHV��UHVSHFWLYHO\��WR�HYDO�
XDWH�WKH�SRWHQWLDO�XVH�RI�WKHVH�PDWHULDOV�DV�K\GURJHQ�VHSDUDWLRQ�
PHPEUDQH��
���([SHULPHQWDO�
�����6\QWKHVLV�
6DPSOHV�ZLWK�FRPSRVLWLRQ�/D��[0R2���G��[� ����������������DQG�

���ZHUH�SUHSDUHG�E\�WKH�IUHH]H�GU\LQJ�SUHFXUVRU�PHWKRG�XVLQJ�
/D�2�����������$OGULFK��DQG�0R2����������$OGULFK��DV�VWDUWLQJ�
UHDJHQWV�� IROORZLQJ� WKH� V\QWKHWLF� SURFHGXUH� GHWDLOHG� IRU�
/D���0R2��������
,Q�RUGHU�WR�RSWLPL]H�WKH�ILQDO�VLQWHULQJ�WHPSHUDWXUH��WKH�SUH�

FXUVRU�SRZGHUV�REWDLQHG�DW������&�IRU���K�ZHUH�FRPSDFWHG�LQWR�
SHOOHWV�RI����DQG���PP�RI�GLDPHWHU�DQG�WKLFNQHVV��UHVSHFWLYHO\��
DQG�VLQWHUHG�EHWZHHQ������DQG�������&�IRU���K�ZLWK�KHDWLQJ�DQG�
FRROLQJ�UDWHV�RI����DQG����&�PLQ���� UHVSHFWLYHO\��7KH�VDPSOHV�
VLQWHUHG�DW�������&�ZHUH�DOVR�FRROHG�GRZQ�DW�WZR�GLIIHUHQW�UDWHV��
TXHQFKLQJ��VXGGHQ�FRROLQJ��DQG������&�PLQ���WR�VWXG\�WKH�HIIHFW�
RI�WKH�VLQWHULQJ�WUHDWPHQW�RQ�WKH�SKDVH�IRUPDWLRQ�DQG�SRO\PRU�
SKLVP��7KH�UHVXOWLQJ�SHOOHWV�ZHUH�JURXQG�LQWR�ILQH�SRZGHUV�IRU�
VWUXFWXUDO�FKDUDFWHUL]DWLRQ��+HUHDIWHU��WKH�/D��[0R2���G�VDPSOHV�
DUH� ODEHOOHG� DV�/D��[7�&��ZKHUH� ��[� UHSUHVHQWV� WKH� ODQWKDQXP�
FRQWHQW��7�LV�WKH�VLQWHULQJ�WHPSHUDWXUH�DQG�&�LV�WKH�FRROLQJ�UDWH��
�����6WUXFWXUDO�DQG�PLFURVWUXFWXUH�FKDUDFWHUL]DWLRQ�
7KH�FRPSRVLWLRQ�DQG�VWUXFWXUH�RI�DOO�VDPSOHV�ZHUH�URXWLQHO\�

DQDO\]HG�E\�ODERUDWRU\�;�UD\�SRZGHU�GLIIUDFWLRQ��;53'��XVLQJ�
DQ�(PS\UHDQ�3$1DO\WLFDO� GLIIUDFWRPHWHU�ZLWK�&X.Į���� UDGLD�
WLRQ��6WUXFWXUDO�VWXGLHV�ZHUH�FDUULHG�RXW�XVLQJ�D�;¶3HUW�3UR�03'�
�3$1DO\WLFDO��DXWRPDWHG�GLIIUDFWRPHWHU�HTXLSSHG�ZLWK�D�*H���
�����SULPDU\�PRQRFKURPDWRU��&X.Į��UDGLDWLRQ��DQG�DQ�;¶&HO�
HUDWRU�GHWHFWRU��7KH�DFTXLVLWLRQ�WLPH�ZDV�DSSUR[LPDWHO\�RI���K�

RYHU�LQ�WKH����������T�UDQJH��7KH�SKDVH�LGHQWLILFDWLRQ�DQG�VWUXF�
WXUDO�DQDO\VLV�ZHUH�SHUIRUPHG�XVLQJ�WKH�;
3HUW�+LJK6FRUH�3OXV�
DQG�*6$6�VRIWZDUHV�������
5RRP�WHPSHUDWXUH�QHXWURQ�GLIIUDFWLRQ��13'��GDWD�ZHUH�FRO�

OHFWHG� LQ� WKH� +537� GLIIUDFWRPHWHU� XVLQJ� WKH� 6,14� QHXWURQ�
VRXUFH�DW�WKH�3DXO�6FKHUUHU�,QVWLWXW��9LOOLJHQ��6ZLW]HUODQG���7KH�
QHXWURQ�ZDYHOHQJWK׽�������c��ZDV�VHOHFWHG�E\�WKH�����UHIOHF�
WLRQ�RI�WKH�YHUWLFDOO\�IRFXVLQJ�*H�PRQRFKURPDWRU�DQG�WKH�VDP�
SOHV�ZHUH�ORDGHG�LQ�D�YDQDGLXP�FDQ��7KH�RYHUDOO�PHDVXUHPHQW�
WLPH�ZDV���K�SHU�SDWWHUQ�LQ�RUGHU�WR�REWDLQ�JRRG�VWDWLVWLFV�RYHU�
WKH��ș�UDQJH�RI���±�������±����c��ZLWK�D�VWHS�VL]H�RI��������
7KH�FU\VWDO�VWUXFWXUH�RI�WKH�PDWHULDOV�ZDV�DOVR�LQYHVWLJDWHG�E\�

VHOHFWHG�DUHD�HOHFWURQ�GLIIUDFWLRQ��6$('��DQG�KLJK�UHVROXWLRQ�
WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\� �+57(0���7KH�6$('�SDW�
WHUQV�DQG�WKH�FRUUHVSRQGLQJ�LPDJHV�ZHUH�UHFRUGHG�XVLQJ�D�-HRO�
-(0������HOHFWURQ�PLFURVFRSH�RSHUDWLQJ�DW�����N9��7(0�LP�
DJHV�ZHUH�IXUWKHU�DQDO\]HG�XVLQJ�WKH�'LJLWDO�0LFURJUDSK��VRIW�
ZDUH�IURP�*DWDQ����
7KH�PRUSKRORJ\�DQG�FRPSRVLWLRQ�RI�GHQVH� VLQWHUHG�SHOOHWV�

ZHUH�LQYHVWLJDWHG�E\�ILHOG�HPLVVLRQ�VFDQQLQJ�HOHFWURQ�PLFURV�
FRS\��)(,�6(0��+HOLRV�1DQRODE�������FRPELQHG�ZLWK�HQHUJ\�
GLVSHUVLYH�VSHFWURVFRS\��('6��2[IRUG�,QVWUXPHQWV���*UDLQ�VL]H�
ZDV�HVWLPDWHG�IURP�WKH�6(0�PLFURJUDSKV��XVLQJ�WKH�OLQHDU�LQ�
WHUFHSW�PHWKRG�ZLWK�WKH�(VWHUHRORJLD�VRIWZDUH����
�����(OHFWULFDO�FKDUDFWHUL]DWLRQ�
,PSHGDQFH�VSHFWUD�ZHUH�DFTXLUHG�XVLQJ�D�6RODUWURQ������IUH�

TXHQF\�UHVSRQVH�DQDO\]HU�LQ�GU\�DQG�ZHW����YRO���+�2��1��DQG�
���+��$U��7KH�GDWD�ZHUH�FROOHFWHG� LQ� WKH������+]� WR���0+]�
IUHTXHQF\�UDQJH�ZLWK�DQ�DF�SHUWXUEDWLRQ�RI�����P9�RQ�FRROLQJ��
IURP�����WR������&�DQG�D�GZHOO�WLPH�RI����PLQ�DW�HDFK�PHDV�
XUHPHQW�WHPSHUDWXUH��3W�FXUUHQW�FROOHFWRUV�ZHUH�IRUPHG�E\�FRDW�
LQJ�WKH�SHOOHW�VXUIDFHV�ZLWK�3W�LQN��0(7$/25��������DQG�WKHQ�
ILUHG�DW������&�IRU���K�LQ�DLU��7KH�GDWD�ZHUH�DQDO\]HG�E\�HTXLY�
DOHQW�FLUFXLW�PRGHOV�XVLQJ�WKH�=9LHZ�SURJUDP����
���5HVXOWV�DQG�GLVFXVVLRQ�
�����6LQJOH�SKDVH�H[LVWHQFH�UDQJH�
;53'�SDWWHUQV�RI�/D��[0R2���G� �����d� [�d� ����� FDOFLQHG� DW�

WHPSHUDWXUHV�EHWZHHQ�����DQG�������&�IRU���K�DQG�FRROHG�GRZQ�
DW����&�PLQ���DUH�VKRZQ�LQ�)LJXUH���DQG�6���7DEOH�6��VXPPD�
UL]HV�WKH�GLIIHUHQW�SRO\PRUSKV�DQG�VHFRQGDU\�SKDVHV�REWDLQHG�
IRU�DOO�FRPSRVLWLRQV�DW�WKH�GLIIHUHQW�VLQWHULQJ�WHPSHUDWXUHV��7KH�
DV�SUHSDUHG�SRZGHUV�DW������&�VKRZ�EURDG�GLIIUDFWLRQ�SHDNV�IRU�
DOO�FRPSRVLWLRQV��DWWULEXWHG�WR�WKH�QDQRFU\VWDOOLQH�QDWXUH�RI�WKH�
SRZGHUV�� DQG� WKH� SDWWHUQV� FDQ� EH� LQGH[HG� DV� D� VLPSOH� FXELF�
IOXRULWH��H[FHSW�IRU�/D��������ZKHUH�WKH�UHIOHFWLRQV�DUH�DVVLJQHG�
WR�D�PRQRFOLQLF�SKDVH��VLPLODU�WR�WKDW�UHFHQWO\�UHSRUWHG�E\�'DQ�
9X�et al��ZLWK�FRPSRVLWLRQ�/D��0R�2������$W�KLJKHU� VLQWHULQJ�
WHPSHUDWXUHV�� GLIIHUHQW� EHKDYLRUV� DUH� REVHUYHG� GHSHQGLQJ� RQ�
WKH�/D�0R�UDWLR��)RU�WKH�KLJKHVW�ODQWKDQXP�FRQWHQW��/D�7����DQG�
D�WHPSHUDWXUH�UDQJH�RI������������&��VLQJOH�SKDVHV�DUH�QRW�RE�
WDLQHG�IRU����&�PLQ���FRROLQJ�UDWHV��)LJXUH��D���'LIIHUHQW�SKDVHV��
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�
)LJXUH����;53'�SDWWHUQV�IRU�/D��[0R2���į��[� ���������������DQG������KHDWHG�
IRU��K�DW�WHPSHUDWXUHV�EHWZHHQ�����DQG�������&�DQG�FRROHG�GRZQ�DW����&�
PLQ����7KH�PDMRULW\�SKDVH�IRU�HDFK�VDPSOH�LV�GHQRWHG�DW�WKH�ERWWRP�OHIW�RI�
WKH�GLIIUDFWLRQ�SDWWHUQV�DQG�WKH�PLQRU�VHFRQGDU\�SKDVHV�DUH�ODEHOOHG��

DUH�LGHQWLILHG��LQFOXGLQJ�5���5��DQG�/D�2���D�VLPLODU�EHKDYLRXU�
WR�WKDW�SUHYLRXVO\�REVHUYHG�IRU�/D���0R2��������
,Q� WKH� FDVH� RI� /D���7��� LQ� WKH� ���������� �&� WHPSHUDWXUH�

UDQJH��PL[WXUHV�RI�D�FXELF�IOXRULWH��LVRVWUXFWXUDO�ZLWK�3')����
�����������5���/D�0R2�� �3')�������������� DQG� WKH�PRQR�
FOLQLF� SKDVH���� ZLWK� FRPSRVLWLRQ� /D��0R�2���� ZHUH� LGHQWLILHG�
�)LJXUH� �E���$W� KLJKHU� WHPSHUDWXUHV�� L�H��7�t� ����� �&�� VLQJOH�
SKDVHV�ZLWK�D�FXELF�V\PPHWU\�ZHUH�REWDLQHG��7KHUHIRUH��ORZHU�
LQJ�WKH�ODQWKDQXP�FRQWHQW�OHDGV�WR�WKH�VWDELOL]DWLRQ�RI�D�FXELF�
SKDVH�LQ�OHVV�GHPDQGLQJ�V\QWKHVLV�FRQGLWLRQV��FRROLQJ�UDWH�RI����

�
)LJXUH����;53'�SDWWHUQV�IRU�/D��[0R2���į��[� ���������������DQG������KHDWHG�
IRU��K�DW�������&�DQG�FRROHG�GRZQ�DW�WZR�GLIIHUHQW�UDWHV��TXHQFKLQJ�DQG�����
�&�PLQ����7KH�PDMRULW\�SKDVH�IRU�HDFK�VDPSOH�LV�GHQRWHG�DW�WKH�ERWWRP�OHIW�
RI�WKH�GLIIUDFWLRQ�SDWWHUQV�DQG�WKH�PLQRU�VHFRQGDU\�SKDVHV�DUH�ODEHOOHG��
�

�&�PLQ�����LQ�FRQWUDVW�WR�/D���0R2��������ZKLFK�UHTXLUHG�TXHQFK�
LQJ�IURP�������&�WR�UHQGHU�WKH�FXELF�SRO\PRUSK��
,Q� WKH� FDVH�RI�/D�7��� �)LJXUH��F��� VLQJOH�SKDVHV�ZHUH� SUR�

GXFHG� LQ� WKH�ZKROH� WHPSHUDWXUH� UDQJH�� WKH�PRQRFOLQLF� SKDVH�
IRUPHG�DW�WHPSHUDWXUHV�EHWZHHQ������DQG�������&��ZKHUHDV�D�
PRQRFOLQLFoFXELF� SKDVH� WUDQVIRUPDWLRQ� LV� REVHUYHG� DERYH�
������&��
)LQDOO\��ERWK�/D���7���DQG�/D�7���SUHVHQW�D�VLPLODU�EHKDYLRXU�

�)LJXUH���DQG�6���DQG�QR�VLQJOH�SKDVHV�FRXOG�EH�REWDLQHG�DW�DQ\�
VLQWHULQJ� WHPSHUDWXUH�� 0L[WXUHV� RI� ORZ� /D�0R� FRPSRVLWLRQV�
ZHUH�LGHQWLILHG��VXFK�DV�/D�0R2��DQG�/D�0R�2����3')��������
�������LQ�DGGLWLRQ�WR�WKH�PRQRFOLQLF�DQG�FXELF�W\SH�VWUXFWXUHV�
DW�ORZ�RU�KLJK�WHPSHUDWXUH��UHVSHFWLYHO\��,W�KDV�WR�EH�QRWHG�WKDW�
WKH�PRQRFOLQLF�SKDVH�UHSRUWHG�E\�'DQ�9X�et al����FRUUHVSRQGV�
WR�D������/D�0R�UDWLR��WKHUHIRUH�LW�IRUPV�LQ�VDPSOHV�ZLWK�ORZ�
ODQWKDQXP�FRQWHQWV��ZKLFK�LV�QRW�WKH�FDVH�RI�/D��DQG�/D�������
)LJXUH���VKRZV�WKH�;53'�SDWWHUQV�RI�/D��[0R2���G������d�[�

d������FDOFLQHG�DW�������&�IRU���K�DQG�FRROHG�GRZQ�DW�WZR�FRRO�
LQJ�UDWHV��TXHQFKLQJ��)LJXUH��D��DQG������&�PLQ����)LJXUH��E���
7DEOH�6��VXPPDUL]HV�WKH�SKDVHV�REWDLQHG�IRU�DOO�FRPSRVLWLRQV�
DW�WKH�WZR�FRROLQJ�UDWHV��7KH�VDPSOHV�TXHQFKHG�LQ�DLU�DUH�VLPSOH�
FXELF� IOXRULWHV�� ZLWK� WKH� SUHVHQFH� RI� VHFRQGDU\� SKDVHV��
/D�0R2��DQG�/D�0R�2����IRU�[�t������)RU�WKH�VORZHU�FRROLQJ�
UDWH�������&�PLQ����LQ�DOO�FDVHV�VHFRQGDU\�SKDVHV�ZHUH�GHWHFWHG��
H[FHSW�IRU�/D��WKDW�UHQGHUV�D�VLQJOH�SKDVH�ZLWK�PRQRFOLQLF�VWUXF�
WXUH���
7KH�ODUJH�QXPEHU�RI�SKDVHV�WKDW�FDQ�EH�LVRODWHG�DV�D�IXQFWLRQ�

RI� WKH� VLQWHULQJ� WHPSHUDWXUH� DQG� WKH� FRROLQJ� UDWH� FDQ� EH� DW�
WULEXWHG�WR�WKH�KLJKHU�LRQLF�UDGLL�RI�ODQWKDQXP�LQ�DQ�HLJKW�IROG�
FRRUGLQDWLRQ��U� ������c��LQ�FRPSDULVRQ�WR�WKDW�RI�PRO\EGHQXP�
�U� ������c���ZKHUH�ERWK�RFFXS\�WKH�VDPH�FU\VWDOORJUDSKLF�SR�
VLWLRQ�LQ�D�IOXRULWH�W\SH�VWUXFWXUH��7KHUHIRUH��DV�WKH�ODQWKDQXP�
FRQWHQW�GHFUHDVHV��VLQJOH�SKDVHV�JUDGXDOO\�WHQG�WR�FXELF�V\P�
PHWU\�GXH�WR�WKH�VPDOOHU�PLVPDWFK�LQ�WKH�LRQLF�UDGLL�RI�WKH�FDWL�
RQLF�QHWZRUN��+RZHYHU��ZKHQ�WKH�QXPEHU�RI�FDWLRQLF�YDFDQFLHV�
LV�WRR�ODUJH��WKH�V\VWHP�LV�QR�ORQJHU�VWDEOH�DQG�SKDVHV�ZLWK�ORZ�
/D�0R�UDWLRV�DUH�VHJUHJDWHG��0RUHRYHU��IRU�/D���0R2�������DQG�
/D���QR�VLQJOH�SKDVHV�DUH�REWDLQHG�DW�D�FRROLQJ�UDWH�RI����&�PLQ�
���DQG�HLWKHU�TXHQFKLQJ�RU�VORZ�FRROLQJ�UDWHV�DUH�UHTXLUHG�WR�VWD�
ELOL]H�WKH�GLIIHUHQW�SRO\PRUSKV��ZKLFK�LV�IXUWKHU�HYLGHQFH�RI�WKH�
LQVWDELOLW\�RI�V\VWHPV�ZLWK�KLJK�ODQWKDQXP�FRQWHQWV��
&RQVLGHULQJ� WKH� SRWHQWLDO� DSSOLFDWLRQ� RI� WKHVH� PDWHULDOV� DW�

KLJK�WHPSHUDWXUHV��/D���/D����DQG�/D��ZHUH�DQQHDOHG�DW������&�
LQ����+��$U�IRU����K�WR�HYDOXDWH�SKDVH�VWDELOLW\��)LJXUH�6����$OO�
PDWHULDOV� UHWDLQ� WKH� RULJLQDO� VWUXFWXUH�� ZLWK� WKH� H[FHSWLRQ� RI�
/D���������ZKHUH�PLQRU�VHJUHJDWLRQV�RI�/D�0R2��DUH�GHWHFWHG��
����� &U\VWDO� VWUXFWXUH� GHWHUPLQDWLRQ� RI� 5�� DQG� 5�� SRO\�
PRUSKV�IRU�/D���0R2�����
6$('�SDWWHUQV�RI�PRGXODWHG�VWUXFWXUHV�RIWHQ�GLVSOD\�D�VHW�RI�

VWURQJ� UHIOHFWLRQV�� IURP� WKH� SDUHQW� VWUXFWXUH�� DQG� VXEVHWV� RI�
ZHDNHU�UHIOHFWLRQV�FRUUHVSRQGLQJ�WR�RUGHUHG�PRGXODWLRQV��,Q�WKH�
PRVW�JHQHUDO�FDVH�� WKH�FRPSOHWH� VHWV�RI�PDLQ�DQG�VDWHOOLWH� UH�
IOHFWLRQV�FDQ�EH�LQGH[HG�E\�WKH�UHFLSURFDO�YHFWRU�G�E\�DSSO\LQJ�
'H� :ROII
V� WKHRU\� ZLWKLQ� WKH� ���G��GLPHQVLRQDO� VXSHUVSDFH�
JURXS�DSSURDFK����
*� �KD
���NE
���OF
���P�T����P�T����P�T��� � ����
�

�� �� �� �� ��

�

�
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�
)LJXUH����6$('�SDWWHUQV�RI� �D��/D���0R2�����ZLWK�D�5��V\PPHWU\� LQ� WKH�
>���@)� ]RQH� D[LV�� ZKHUH� WKH� PRGXODWLRQ� YHFWRUV� DUH� RI� WKH� W\SH� T)��  �
ͳ
͹ൗ ሺʹʹͲሻǢ�DQG�RI��E��/D���0R2�����ZLWK�D�5��V\PPHWU\�LQ�WKH�>���@)�]RQH�

D[LV��ZKHUH�WKH�PRGXODWLRQ�YHFWRUV�DUH�RI�WKH�W\SH�T)�� �ͳ ͷൗ ሺʹʹͲሻ��

7KLV�UHFLSURFDO�VSDFH�YHFWRU�LV�XQLTXHO\�LGHQWLILHG�ZLWK���LQ�
WHJHU�LQGLFHV��hklm1m2m3���'LIIHUHQW�VDWHOOLWH�RUGHUV�FDQ�EH�RE�
VHUYHG��HVSHFLDOO\�ZKHQ�WKH�RULJLQ�RI�WKH�PRGXODWLRQ�LV�D�ORFDO�
L]HG� FRPSRVLWLRQ� IOXFWXDWLRQ�� 7KH� QXPEHU� RI� LQGHSHQGHQW� qi 

YHFWRUV�DQG�WKHLU�V\PPHWU\�SURSHUWLHV�DUH�GHILQHG�E\�WKH�VXSHU�
VSDFH�JURXS�RI�WKH�FU\VWDO��)RU�WKH�5��DQG�5��SKDVHV��WKH�PRG�
XODWHG�YHFWRUV�DUH�FRPPHQVXUDWH��PHDQLQJ�WKDW�WKH\�DOO�KDYH�D�
UDWLRQDO�UHODWLRQ�ZLWK�WKH�YHFWRUV�RI�WKH�DYHUDJH�VWUXFWXUH���
)LJXUH� �� VKRZV� WKH� 6$('� SDWWHUQV� DORQJ� WKH� >���@F� DQG�

>���@F ]RQH�D[HV�IRU�5��DQG�5���UHVSHFWLYHO\��%HVLGHV�WKH�VWURQJ�
UHIOHFWLRQV�FRUUHVSRQGLQJ�WR�WKH�SDUHQW�IOXRULWH�VWUXFWXUH��ZHDN�
EXW�TXLWH�VKDUS�VDWHOOLWH�UHIOHFWLRQV�DUH�DOVR�REVHUYHG��7KH�SDUHQW�
VWUXFWXUH� UHIOHFWLRQV� VWLOO� IXOILO� WKH� )�ODWWLFH� H[WLQFWLRQ� UXOHV��
7KHVH�FRUUHVSRQG�ZLWK�WKH�VWURQJHVW�UHIOHFWLRQV�REVHUYHG�LQ�WKH�
;53'�SDWWHUQV�DQG�WKH\�FDQ�EH�LQGH[HG�DFFRUGLQJ�WR�WKH�SDUHQW�
DYHUDJH�IOXRULWH�W\SH�VWUXFWXUH��7KHUH�LV�QR�DSSDUHQW�YLRODWLRQ�
RI�WKH�)�ODWWLFH�UXOH�E\�WKH�VHW�RI�ZHDNHU�UHIOHFWLRQV��7KLV�LV�DQ�
LQWHUHVWLQJ�SRLQW�EHFDXVH�D�GLVWRUWLRQ�RI�WKH�ODWWLFH�ZRXOG�OLIW�WKH�
DFFLGHQWDO�)�W\SH�H[WLQFWLRQV�OHDYLQJ�RQO\�WKH�QRUPDO�VLWH�V\P�
PHWU\�UHIOHFWLRQ�FRQGLWLRQV��
7KH�VDWHOOLWH�UHIOHFWLRQV�LQ�ERWK�6$('�LPDJHV�FDQ�EH�LQGH[HG�

ZLWK�UDWLRQDO�IUDFWLRQV�RI�WKH�SDUHQW�VWUXFWXUH�UHFLSURFDO�YHFWRUV��
7KH�VDWHOOLWH�UHIOHFWLRQV�LQ�)LJXUH��D�FRUUHVSRQGLQJ�WR�WKH�>���@F�

]RQH�D[LV�DSSHDU�WR�EH�DOLJQHG�DORQJ�WKH�>KK�@�DQG�>K�ത�@�GLUHF�
WLRQ� DQG� FDQ�EH� LQGH[HG� DV� �DD��F�� �DDഥ��F�ZLWK�D n����7KLV�
FKRLFH�RI�YHFWRUV�LV�LQ�JRRG�DJUHHPHQW�ZLWK�6$('�SDWWHUQV�FRO�
OHFWHG�LQ�RWKHU�]RQH�D[HV��7KH�VDWHOOLWH�UHIOHFWLRQV�LQ�WKLV�RULHQ�
WDWLRQ�FDQ�EH�LQGH[HG�DFFRUGLQJ�WR�D�ZDYH�YHFWRU�qF1��

T)�� �ͳ ͹ൗ ܽிכ ���ͳ ͹ൗ ܾிכ �� � � � ����
$W�WKLV�SRLQW�LW�EHFRPHV�PRUH�LQWHUHVWLQJ�WR�OHDYH�WKH�FRQYHQ�

WLRQDO�IOXRULWH�GHVFULSWLRQ�RI�7DEOH�6��DQG�XVH�WKH�OD\HUHG�GH�
VFULSWLRQ�RI�7DEOH�6��LQVWHDG��7KH�GLUHFW�ODWWLFH�WUDQVIRUPDWLRQ�
IURP�WKH�XVXDO�IOXRULWH�WR�WKH�WULJRQDO�5ത͵P�VXEJURXS�LV��

+� �

ۉ

ۈ
ۇ
ͳത
ʹൗ Ͳ ͳ

ͳ
ʹൗ

ͳത
ʹൗ ͳ

Ͳ ͳ
ʹൗ ͳی

ۋ
ۊ
�� � � � ����

7KLV�VXEJURXS�VWLOO�HQIRUFHV�WKH�SUHYLRXV�)�ODWWLFH�UXOH�RQ�WKH�
PDLQ�UHIOHFWLRQV��7KH�FKDQJH�RI�WKH�SRLQW�JURXSV�DOVR�RSHQV�WKH�
SRVVLELOLW\�WR�SURGXFH���IHUURHODVWLF�YDULDQWV�WKDW�PLJKW�VKRZ�XS�
DV�GLIIHUHQW�GRPDLQV�������LQ�WKH�6$('V��,Q�WKH�5 ത͵P�VXEJURXS��
WKH�qF1�YHFWRU�LV�H[SUHVVHG�DV�qR1� �ͳ ͹ൗ ܾோכ ��7DNLQJ�LQWR�DFFRXQW�
WKH�SRLQW�JURXS� ത͵P��WKH�VWDU�RI�PRGXODWLRQ�YHFWRUV�FRQWDLQV���
EUDQFKHV��H�J���qR2� �ͳ ͹ൗ ܽோכ �DQG�qR3 =�ͳത ͹ൗ ܽோכ ���ͳ

ത
͹ൗ ܾோכ ���7KH�

VDPH�DQDO\VLV�FDQ�EH�SHUIRUPHG�RQ�WKH�5��SRO\PRUSK��WKRXJK�
ZLWK�D� �݊ ͷൗ ���

8VLQJ�WKLV�LQIRUPDWLRQ��ZH�FDQ�EXLOG�VXSHUFHOOV�RI�WKH�DYHUDJH�
5ത͵P�MXVW�PXOWLSO\LQJ�ERWK�aR�DQG�bR�E\���IRU�WKH�5��DQG�E\���
IRU�WKH�5��SRO\PRUSKV��
,Q�WKH�FDVH�RI�WKH��u�u��VXSHUVWUXFWXUH�WKH�IROORZLQJ�ODWWLFH�

WUDQVIRUPDWLRQ�PXVW�EH�DSSOLHG�WR�VSDFH�JURXS�*�� �5ത͵P��

ோܲ՜ோ଻଻ଵ� �൭
͹ Ͳ Ͳ
Ͳ ͹ Ͳ
Ͳ Ͳ ͳ

൱�� � � � ����

7KLV� ODWWLFH� WUDQVIRUPDWLRQ� KDV� WKH� HIIHFW� RI� JHQHUDWLQJ� D�
VSDFH�JURXS�*��IRU�WKH��u�u��VXSHUFHOO�WKDW�KDV������V\PPHWU\�
RSHUDWLRQV��$JDLQ��WKH�VXSSOHPHQWDU\�HOHPHQWV�FRPH�IURP�WKH�
WUDQVODWLRQ�VXEJURXS�WKDW�QRZ�FRQVLVWV�RI�����YHFWRUV�ZKLOH�WKH�
SRLQW�JURXS�RSHUDWLRQV�DUH�VWLOO�WKH�VDPH��7KH�HTXLYDOHQFH�FODVV�
RI�WKH�VXEJURXS�5ത͵P�RI�*��FRQVLVWV�RI����FRVHWV�WR�SURGXFH�WKH�
LQGHSHQGHQW�DWRP�VLWHV� LQ� WKLV� ODUJH�FHOO��7KH���� LQGHSHQGHQW�
DWRPLF� SRVLWLRQV� RI� WKH� IOXRULWH� VWUXFWXUH� LQ� WKH� 5ത͵P� VSDFH�
JURXS�RI�WKH��u�u��VXSHUFHOO�DUH�VXPPDUL]HG�LQ�7DEOH�6����
,Q� WKH� FDVH� RI� WKH� �u�u�� VXSHUVWUXFWXUH�� WKH� ILUVW� VWHS� LV� WR�

DSSO\�WKH�IROORZLQJ�ODWWLFH�WUDQVIRUPDWLRQ�WR�WKH�VSDFH�JURXS�*��
 �5ത͵P��

ோܲ՜ோହହଵ� �൭
ͷ Ͳ Ͳ
Ͳ ͷ Ͳ
Ͳ Ͳ ͳ

൱�� � � � ����

7KLV� ODWWLFH� WUDQVIRUPDWLRQ� KDV� WKH� HIIHFW� RI� JHQHUDWLQJ� D�
VSDFH�JURXS�*��IRU�WKH��u�u��VXSHUFHOO�WKDW�KDV�����V\PPHWU\�
RSHUDWLRQV��7KH�VXSSOHPHQWDU\�HOHPHQWV�FRPH�IURP�WKH�WUDQV�
ODWLRQ�VXEJURXS�WKDW�QRZ�FRQVLVWV�RI����YHFWRUV�ZKLOH�WKH�SRLQW�
JURXS�RSHUDWLRQV�DUH�VWLOO�WKH�VDPH��7KH�VHFRQG�VWHS�RI�WKH�SUR�
FHVV�LQYROYHV�D�SURSHU�FKRLFH�RI�WKH�V\PPHWU\�HOHPHQWV�RI�WKH�
WUDQVODWLRQ� VXEJURXS� FRPSDWLEOH� ZLWK� WKH� GHVLUHG� ILQDO� V\P�
PHWU\�WKDW�LV�VWLOO�5ത͵P�EHFDXVH�WKH�PRGXODWHG�GLIIUDFWLRQ�SDW�
WHUQ�VWLOO�UHVSHFWV�WKH�)�FHQWHU�UXOH��7KH�HTXLYDOHQFH�FODVV�RI�WKH�
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)LJXUH����F�D[LV�YLHZ�RI�WKH�FU\VWDO�VWUXFWXUHV�RI�/D���0R2������D��FXELF��IOXRULWH�VWUXFWXUH���E��UKRPERKHGUDO�5��SKDVH��DQG�F��UKRPERKHGUDO�5��SKDVH��VKRZLQJ�
WKH�HLJKW�IROG�FXELF�FRRUGLQDWLRQ�RI�WKH�FDWLRQV��G��F�D[LV�YLHZ�IRU�WKH�PRQRFOLQLF�SKDVH�SXEOLVKHG�E\�'DQ�9X�HW�DO����/D�DQG�0R�FRRUGLQDWLRQ�VSKHUHV�DUH�
UHSUHVHQWHG�E\�JUHHQ�DQG�SXUSOH�FXEHV��UHVSHFWLYHO\��$WRPLF�SRVLWLRQV�RFFXSLHG�E\�ERWK�ODQWKDQXP�DQG�PRO\EGHQXP�DUH�LQ�OLJKWHU�JUHHQ�FRORU��
VXEJURXS�5ത͵P�RI�*��FRQVLVWV�RI����FRVHWV�WKDW�DUH�XVHG�WR�SUR�
GXFH�WKH�LQGHSHQGHQW�DWRP�VLWHV�LQ�WKLV�ODUJH�FHOO��GLIIHULQJ�RQO\�
E\� WUDQVODWLRQV�� 7KH� ��� LQGHSHQGHQW� DWRPLF� SRVLWLRQV� RI� WKH�
IOXRULWH�VWUXFWXUH�LQ�WKH�5ത͵P�VSDFH�JURXS�RI�WKH��u�u��VXSHUFHOO�
DUH�VXPPDUL]HG�LQ�7DEOH�6����
$OO�FDWLRQLF�HQYLURQPHQWV�LQ�ERWK�PRGHOV�SRVVHVV�DQ���IROG�

FXELF�FRRUGLQDWLRQ��ZKHUH�WKH�FXEHV�DUH�VKDULQJ�HGJHV��)LJXUH�
����7DNLQJ�LQWR�DFFRXQW�WKH�DEVHQFH�RI�VHFRQGDU\�SKDVHV�DQG�WKH�
QRPLQDO�VWRLFKLRPHWU\��ERWK�PRGHOV�DOORZ�WKH�WHVWLQJ�RI�GLIIHU�
HQW�RUGHUHG�GLVWULEXWLRQV�DQG�RFFXSDQFLHV�RI�WKH�PHWDO�VLWHV�XV�
LQJ�13'�GDWD�DQG�WKH�5LHWYHOG�PHWKRG��ZKHUH�VFDWWHULQJ�IDFWRUV�
IURP�WKH�R[\JHQ�DWRPV�DUH�PXFK�PRUH�VLJQLILFDQW�WKDQ�LQ�;�UD\�
GLIIUDFWLRQ��
7KH�GHGXFHG�WKHRUHWLFDO�DWRPLF�SRVLWLRQV��7DEOHV�6��DQG�6���

ZHUH�XVHG�DV�LQLWLDO�VWUXFWXUDO�PRGHOV��3DUDPHWHUV�VXFK�DV�XQLW�
FHOO��VFDOH�IDFWRU��EDFNJURXQG��SHDN�VKDSH�FRHIILFLHQWV��DWRPLF�
SRVLWLRQV�DQG�LVRWURSLF�GLVSODFHPHQW�SDUDPHWHUV�ZHUH�UHILQHG��
5HJDUGLQJ� WKH� W\SH� RI� DWRP� DW� WKH�PHWDO� SRVLWLRQV� DQG� RFFX�
SDQF\�IDFWRUV��D�FRPSUHKHQVLYH�DQDO\VLV�ZDV�FDUULHG�RXW��ZKHUH�
HDFK�FDWLRQ�ZDV�FRQVLGHUHG� WR�EH� ODQWKDQXP�RU�PRO\EGHQXP��
DGMXVWLQJ�LWV�RFFXSDQF\�WR�UHIOHFW�WKH�WKHRUHWLFDO�IRUPXOD��7KHQ��
WKH� RFFXSDQFLHV�ZHUH� IUHHO\� UHILQHG� DQG�RQO\� WKRVH� VFHQDULRV�
ZLWK� UHDVRQDEOH� 0�2� GLVWDQFHV� DQG� JRRG� DJUHHPHQW� IDFWRUV�
ZHUH�FKRVHQ��)LQDOO\��R[\JHQ�RFFXSDQF\� IDFWRUV�ZHUH� UHILQHG�
DQG�WKRVH�YHU\�FORVH�WR�WKH�XQLW�ZHUH�VHW�WR���DQG�UHPDLQHG�IL[HG��
7KH�ILQDO�UHILQHPHQW�RI�WKH�5��SKDVH��V�J���5ത͵P��=� ����D� �

�����������c��F� �����������c��9� �����������c���FRQYHUJHG�
WR�5ZS� ��������5)� ��������7KH�UHILQHG�DWRPLF�SDUDPHWHUV�DUH�
FROOHFWHG�LQ�7DEOH�6���GLVWDQFHV�LQ�7DEOH�6���D�SRO\KHGUDO�YLHZ�
LQ�)LJXUH���DQG�WKH�5LHWYHOG�SORW�LQ�)LJXUH��D��0R�ZDV�SODFHG�

LQ�WZR�SRVLWLRQV��RQH�DW�WKH�RULJLQ�RI�FRRUGLQDWHV��0�����������D�
SRVLWLRQ�FRQILUPHG�E\�WKH�VKRUWHU�0�2�GLVWDQFHV��LQGLFDWLYH�RI�
D�0R�2�ERQG��DQG�WKH�RWKHU�RQH�LQ�0���2Q�WKH�RWKHU�KDQG��0���
0���0���0��DQG�0��ZHUH�DVVLJQHG�WR�ODQWKDQXP��$OO�WKHVH�SR�
VLWLRQV��0��0���SRVVHVV�D�IXOO�RFFXSDQF\��7DEOH�6����7KH�0��
SRVLWLRQ�ZDV�VSOLWWHG�EHWZHHQ�/D�DQG�0R��ZLWK�ILQDO�RFFXSDQF\�
IDFWRUV�RI���������DQG����������UHVSHFWLYHO\��7KHUHIRUH��WKHUH�DUH�
HLJKW�02��GLVWRUWHG�FXEHV�VKDULQJ�HGJHV����RI�ODQWKDQXP����RI�
PRO\EGHQXP�DQG���VKDUHG�E\�ODQWKDQXP�DQG�PRO\EGHQXP���$OO�
RI�WKHP�ZLWK�UHDVRQDEOH�ERQG�GLVWDQFHV�RI�����������c��/D�2��
DQG�����������c��0R�2��WDNLQJ�LQWR�DFFRXQW�WKH�VWUXFWXUDO�FRP�
SOH[LW\��WKH�KLJK�QXPEHU�RI�DWRPV�LQ�WKH�XQLW�FHOO�������DQG�WKH�
ODUJH�FHOO�YROXPH��FORVH�WR������c���)LQDOO\��LW�LV�LPSRUWDQW�WR�
XQGHUOLQH� WKDW� WKH�FU\VWDOORJUDSKLF� IRUPXOD�REWDLQHG� IURP� WKH�
UHILQHPHQW��7DEOH�6����/D����0R2��������LV�YHU\�FORVH�WR�WKH�FRU�
UHFWO\�EDODQFHG�VWRLFKLRPHWU\��/D����0R2�������DQG�WKH�QRPLQDO�
RQH�� /D���0R2������ 0RUHRYHU�� WKH� FU\VWDOORJUDSKLF� GHQVLW\�
�������J�FP����LV�TXLWH�FORVH�ZLWK�WKDW�PHDVXUHG�H[SHULPHQWDOO\�
LQ�GHQVH�FHUDPLF�SHOOHWV�����������J�FP����FRQILUPLQJ�WKH�YDOLG�
LW\�RI�WKH�SURSRVHG�VWUXFWXUDO�PRGHO���
7KH�ILQDO�UHILQHPHQW�RI�WKH�5��SKDVH��V�J���5ത͵P��=� ����D� �

�����������c��F� �����������c��9� �����������c����FRQYHUJHG�
WR�5ZS� ��������5)� ��������7KH�DWRPLF�SDUDPHWHUV�DUH�FRO�
OHFWHG�LQ�7DEOH�6���GLVWDQFHV�LQ�7DEOH�6����D�SRO\KHGUDO�YLHZ�LQ�
)LJXUH���DQG�WKH�5LHWYHOG�SORW�LQ�)LJXUH��E��,Q�DGGLWLRQ�WR�PR�
O\EGHQXP�LQ�WKH�RULJLQ�RI�FRRUGLQDWHV��0����0���0��DQG�0��
ZHUH�DVVLJQHG�WR�ODQWKDQXP�ZLWK�D�IXOO�RFFXSDQF\�DQG�0��ZDV�
VSOLWWHG�EHWZHHQ�/D�DQG�0R��ZLWK�ILQDO�RFFXSDQFLHV�RI���������
DQG���������� UHVSHFWLYHO\��7KHUH�DUH� ILYH�02��GLVWRUWHG�FXEHV�
VKDULQJ�HGJHV����RI�ODQWKDQXP����RI�PRO\EGHQXP�DQG���VKDUHG��
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)LJXUH����13'�5LHWYHOG�SORWV�IRU�/D���0R2�������D��UKRPERKHGUDO�5��SKDVH�
DQG��E��UKRPERKHGUDO�5��SKDVH�XVLQJ�WKH�VWUXFWXUDO�PRGHOV�REWDLQHG�LQ�WKLV�
ZRUN��
E\�ODQWKDQXP�DQG�PRO\EGHQXP��ZLWK�UHDVRQDEOH�ERQG�GLVWDQFHV�
RI�����������c��/D�2��DQG�����������c��0R�2��FRQVLGHULQJ�WKDW�
WKH�VWUXFWXUH�KDV�����DWRPV�DQG�D�FHOO�YROXPH�FORVH�WR������c���
7KH�FU\VWDOORJUDSKLF�IRUPXOD��/D����0R2������DQG�GHQVLW\��������
JāFP����REWDLQHG�IURP�WKH�UHILQHPHQW��7DEOH�6���LV�YHU\�FORVH�WR�
WKH� FRUUHFWO\�EDODQFHG� VWRLFKLRPHWU\�� /D����0R2������� DQG� WKH�
H[SHULPHQWDO�GHQVLW\�����������JāFP����VXJJHVWLQJ� WKH�YDOLGLW\�
RI�WKH�5��PRGHO���
%RWK�FU\VWDO�VWUXFWXUHV�KDYH�EHHQ�GHSRVLWHG�ZLWK�WKH�&&'&��

ZLWK�QXPEHUV���������DQG����������IRU�WKH�5��DQG�5��PRGHOV��
UHVSHFWLYHO\�� ,W� KDV� WR� EH� VDLG� WKDW�� DOWKRXJK� WKH� IRUPXOD� RE�
WDLQHG� IURP� WKH�5��DQG�5��PRGHOV�DUH�QRW� LGHQWLFDO�� WKH\�DUH�
TXLWH� FORVH� WR� WKH� WKHRUHWLFDO��)LQDOO\��GHVSLWH� WKH�DFFXUDF\�RI�
ERWK�PRGHOV��WKH�EURDG�UDQJH�LQ�WKH�/D�0R��2�GLVWDQFHV�PLJKW�
LQGLFDWH� D� KLJKHU� OHYHO� RI� GLVRUGHU� LQ� WKH� FDWLRQLF� SRVLWLRQV��
ZKLFK�LV�GLIILFXOW�WR�DGGUHVV�ZLWK�GLIIUDFWLRQ�SRZGHU�WHFKQLTXHV��
EHLQJ�QHFHVVDU\�WKH�XVH�RI�VLQJOH�FU\VWDO�GLIIUDFWLRQ�VWXGLHV��
2QFH� WKH�FDWLRQLF�GLVWULEXWLRQ�RI� WKH�5��DQG�5��SKDVHV� IRU�

/D���0R2�����KDV�EHHQ�GHILQHG��LW�FDQ�EH�XQGHUVWRRG�KRZ�WKH�GLI�
IHUHQW� SRO\PRUSKV� IRUP� E\� WDLORULQJ� WKH� V\QWKHVLV�VLQWHULQJ�
FRQGLWLRQV��$W�YHU\�KLJK�WHPSHUDWXUH��������&��GXH�WR�WKH�WKHU�
PDO�DJLWDWLRQ��ODQWKDQXP�DQG�PRO\EGHQXP�DUH�GLVRUGHUHG�LQ�D�
VLQJOH� FU\VWDOORJUDSKLF� SRVLWLRQ� 0�� ��������� FUHDWLQJ� D� FXELF�
IUDPHZRUN� WKDW� FDQ� RQO\� EH� LVRODWHG� IRU� WKLV� FRPSRVLWLRQ� E\�

TXHQFKLQJ��)RU�WKDW�V\PPHWU\��HDFK�/D�0R��LV�VXUURXQGHG�E\�
HLJKW�R[\JHQV�DW�D�GLVWDQFH�RI������c��+RZHYHU��ZKHQ�WKH�FRRO�
LQJ�UDWH�LV�VHW�WR�D�VORZHU�SDFH��WKH�PRO\EGHQXP�RUGHULQJ�EH�
FRPHV� TXLWH� HYLGHQW�� )RU� 5��� ZKLFK� FDQ� EH� REWDLQHG� IRU�
/D���0R2����� DW� D� FRROLQJ� UDWH�RI���� �&āPLQ������ RU� IRU� FDWLRQ�
GRSHG�VDPSOHV��/D���0R���1E���2������DQG�/D���0R���7L���2����DW�
���&āPLQ������DOO�IURP�������&��PRO\EGHQXP�GRSDQW�LV�ORFDWHG�
LQ�WKUHH�GLIIHUHQW�SRVLWLRQV��WKH�LQLWLDO�RQH��0����������DQG�WZR�
QHZ�RQHV��0���ͳ ͹ൗ ��ͳ ͹ൗ �����DQG�0���ʹ ͹ൗ ��ͷ ͹ൗ ������7DEOH�6����
7KH�VORZHVW�FRROLQJ�UDWH�������&āPLQ����IDYRUV�WKH�PRVW�WKHUPR�
G\QDPLFDOO\�VWDEOH� VWUXFWXUDO� DUUDQJHPHQW��ZKHUH�RQH�PRO\E�
GHQXP�UHPDLQV�LQ�WKH�0��SRVLWLRQ�DQG�WKH�RWKHU�WZR�FRQYHUJH�
WR�WKH�QHZ�DQG�ILQDO�0��SRVLWLRQ��െʹ ͳͷൗ ��െͳ ͳͷൗ ��ͳ ͵ൗ ���7DEOH�
6����7KH�VLPLODULWLHV�EHWZHHQ�WKH�WKUHH�SKDVHV�LV�TXLWH�HYLGHQW��
DV�FDQ�EH�VHHQ�LQ�)LJXUH��D�F��ZKHUH�LQ�DQ\�SKDVH�WUDQVIRUPDWLRQ�
WKHUH� LV� QR� EUHDNLQJ� RI� FKHPLFDO� ERQGV�� RQO\� VOLJKW� UHDGMXVW�
PHQWV�WR�HIILFLHQWO\�DFFRPPRGDWH�WKH�PRO\EGHQXP��7KHUHIRUH��
HDFK�SRO\PRUSK�LV�FRQYHUWLEOH�LQWR�WKH�RWKHU�WZR�E\�KHDWLQJ�DW�
KLJK�WHPSHUDWXUH�DQG�FRQWUROOLQJ�WKH�FRROLQJ�UDWH��
�����/RFDO�DQG�DYHUDJH�VWUXFWXUH�RI�/D��[0R2���G����d�[�d����
7KH�ORFDO�VWUXFWXUH�RI�/D��������DQG�/D����������ZHUH�LQYHV�

WLJDWHG�E\�FRPELQHG�HOHFWURQ�GLIIUDFWLRQ�DQG�+57(0�WR�REWDLQ�
IXUWKHU�LQVLJKWV�LQWR�WKH�VWUXFWXUH��+57(0�LPDJHV�RI�ERWK�VDP�
SOHV��)LJXUH����UHYHDOV�D�FRPSOH[�WH[WXUH�ZLWK�GRPDLQV�RI�FXELF�
DQG�UKRPERKHGUDO�5��FRKDELWLQJ��7KLV�LV�FRQILUPHG�E\�WKH�HOHF�
WURQ�GLIIUDFWLRQ�SDWWHUQV�FDOFXODWHG�LQ�GLIIHUHQW�GRPDLQV��ZKLFK�
UHYHDO�GLIIHUHQW�RUGHULQJ�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�VWUXFWXUDO�
VLPLODULWLHV�RI�WKH�SRO\PRUSKV�SUHYLRXVO\�GLVFXVVHG��DV�WKH�WUDQ�
VLWLRQ� EHWZHHQ� WKHP� MXVW� UHTXLUHV�PLQRU� UHDGMXVWPHQWV� RI� WKH�
VXEODWWLFHV��+RZHYHU�� LW�PXVW�EH�VWUHVVHG�RXW� WKDW� WKH�DYHUDJH�
V\PPHWU\�RI�ERWK�VDPSOHV�LV�FXELF��DV�GLVFXVVHG�LQ�VHFWLRQ�����
E\�;53'��1R�VSOLWWLQJ�RI�DQ\�;�UD\�GLIIUDFWLRQ�SHDN�ZDV�GH�
WHFWHG��LQGLFDWLQJ�WKDW�WKH�PDMRULW\�RI�WKH�FU\VWDOV�SUHVHQW�D�FX�
ELF� V\PPHWU\�� KRZHYHU�� VPDOO� UHIOHFWLRQV� DUH� GHWHFWHG� LQ� WKH�
EDFNJURXQG�� DVVLJQHG� WR� WKH� UKRPERKHGUDO�PLFURGRPDLQV�� DV�
FDQ�EH�VHHQ�LQ�)LJXUH�6��IRU�/D�����������
7KH�6$('�SDWWHUQV�RI�/D�����������ZLWK�D�PRQRFOLQLF�VWUXF�

WXUH��ZHUH� LQGH[HG�DFFRUGLQJ� WR� WKH�VWUXFWXUDO�PRGHO� UHFHQWO\�
SURSRVHG�E\�'DQ�9X�et al���V�J��&���P���D ��������c��E �������
c��F ������c�DQG�E �������������)LJXUH�6�D�VKRZ�WKH�6$('�
SDWWHUQ�FRUUHVSRQGLQJ�WR�WKH�>���@�]RQH�D[LV�DQG�LQWHQVH�UHIOHF�
WLRQV�DUH�REVHUYHG��ZKLFK�DUH�UHPLQLVFHQW�RI�WKH�FXELF�IOXRULWH�
W\SH�VWUXFWXUH�DORQJ�WKH�������GLUHFWLRQ��7KH�+57(0�LPDJH�RI�
/D�����������)LJXUH�6�E��DQG�WKH�FHOO�SDUDPHWHUV�RI�WKH�XQLW�FHOO�
LV� LQ� DJUHHPHQW� ZLWK� WKH� UHSRUWHG� PRQRFOLQLF� VWUXFWXUH���� ,W�
VKRXOG�EH�QRWLFHG�WKDW�WKLV�LV�QRW�D�VXSHUVWUXFWXUH��XQOLNH�WKH�5��
SRO\PRUSK�ZKHUH���ZHDN�UHIOHFWLRQV�DUH�REVHUYHG�EHWZHHQ�WKH�
PRVW�LQWHQVH��)LJXUH�6�F�DQG�G����
7DEOH���VKRZV�WKH�XQLW�FHOO�SDUDPHWHUV�DQG�DJUHHPHQW�IDFWRUV�

REWDLQHG�E\�WKH�5LHWYHOG�PHWKRG�IRU�/D��[0R2���G������d�[�d����
VLQJOH�SKDVH�VDPSOHV�REWDLQHG�DW�GLIIHUHQW�FRROLQJ�UDWHV�XVLQJ�
WKH�DSSURSULDWH�VWUXFWXUDO�PRGHOV��L��D�VLPSOH�FXELF�IOXRULWH��DQG�
LL��WKH�VWUXFWXUH�SXEOLVKHG�E\�'DQ�9X�et al.���IRU�WKH�PRQRFOLQLF�
VDPSOH��3DUDPHWHUV�VXFK�DV�XQLW�FHOO��VFDOH�IDFWRU��EDFNJURXQG��
DQG�SHDN�VKDSH�FRHIILFLHQWV�DQG�LVRWURSLF�GLVSODFHPHQW�SDUDP�
HWHUV�ZHUH�UHILQHG��2FFXSDQF\�IDFWRUV�LQ�HDFK�PRGHO�ZHUH�FRQ�
YHQLHQWO\�PRGLILHG�WR�UHIOHFW�WKH�WKHRUHWLFDO�VWRLFKLRPHWULHV��5H�
ILQHPHQWV� DUH� TXLWH� JRRG�ZLWK� ORZ�GLVDJUHHPHQW� IDFWRUV��5ZS�
DQG�5)�RI�����DQG��������UHVSHFWLYHO\�
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)LJXUH����+57(0�LPDJHV�DQG�6$('�SDWWHUQV�IRU� �D��/D��������DQG��E��
/D�����������
)RU�/D��������DQG�/D���������� WKH�FXELF�PRGHO�DGHTXDWHO\�

DGMXVWV�ERWK�VDPSOHV��UHIOHFWHG�E\�WKH�UHDVRQDEOH�5)�YDOXHV��7D�
EOH�����KRZHYHU��LQ�WKH�FDVH�RI�WKH�ODWWHU�LV�VLJQLILFDQWO\�ZRUVH��
GRXEOLQJ� LWV� YDOXH�� GXH� WR� WKH� SUHVHQFH� RI� UKRPERKHGUDO�
QDQRGRPDLQV�DV�REVHUYHG�E\�7(0��,W�PXVW�EH�PHQWLRQHG�WKDW�
WKH� UHILQHPHQW� RI� /D���������� ZLWK� D� VLPSOH� UKRPERKHGUDO�
SKDVH��7DEOH�6���OHDGV�WR�HYHQ�ZRUVH�5)�YDOXHV����������LQGL�
FDWLQJ�WKDW�WKLV�VDPSOH�LV�PXFK�FORVHU�WR�D�FXELF�V\PPHWU\���
)RU�DOO�TXHQFKHG�VDPSOHV��WKH�UHILQHPHQWV�DUH�JRRG�XVLQJ�D�

VLPSOH�IOXRULWH�PRGHO��7DEOH�����/D��������4�SUHVHQWV�D�EHWWHU�
5)�YDOXH�WKDQ�/D����������DV�TXHQFKLQJ�IURP�������&�KDPSHUV�
DQ\�RUGHULQJ�DQG�GLVWRUWLRQ�LQ�WKH�VWUXFWXUH��OHDGLQJ�WR�WKH�KLJK�
HVW�V\PPHWU\��
2Q�WKH�RWKHU�KDQG��IRU�WKH�PRQRFOLQLF�VDPSOH��GHVSLWH�WKH�SUR�

ILOH� LV�DGHTXDWHO\�ILW�� WKH�UHILQHPHQW�GRHV�QRW� OHDG�WR�JRRG�5)�
YDOXHV��7DEOH�����7KLV�LV�GXH�WR�WKH�KLJK�VWUXFWXUDO�FRPSOH[LW\�
RI�WKH�VDPSOH�DQG�KHQFH�QHXWURQ�SRZGHU�GLIIUDFWLRQ�GDWD�DUH�UH�
TXLUHG��7KLV�VWUXFWXUH�SRVVHVVHV���LQGHSHQGHQW�FU\VWDOORJUDSKLF�
SRVLWLRQV� IRU� ODQWKDQXP� �WKUHH� ��IROG�� WZR� ��IROG� DQG� WZR� ��
IROG��DQG���PRO\EGHQXP�ZLWK�DQ�XQXVXDO�R[\JHQ�FRRUGLQDWLRQ�
���IROG���ZLWK�D�S\UDPLGDO�V\PPHWU\��$V�PHQWLRQHG�LQ�VHFWLRQ�
�����WKH�PRQRFOLQLF�SKDVH�LV�VWDEOH�EHWZHHQ������DQG�������&�
IRU�/D���ZKLFK�FDQ�EH�WUDQVIRUPHG�LQWR�D�FXELF�IOXRULWH�E\�KHDW�
LQJ�DW�������&�DQG�FRROLQJ�E\�TXHQFKLQJ�RU�DW����&�PLQ����7KHVH�
FRQGLWLRQV�DOORZ�WKH�/D�0R�DWRPV�WR�EH�FRPSOHWHO\�GLVRUGHUHG�
RFFXS\LQJ� WKH�0�� SRVLWLRQ� ��������� 7KH� UHODWLRQVKLS� EHWZHHQ�
WKH�PRQRFOLQLF�VWUXFWXUH�DQG�WKH�FXELF�IOXRULWH�LV�QRW�HDV\����DQG�
LQ�RUGHU�WR�PDNH�WKH�WUDQVLWLRQ�SRVVLEOH�DQG�UHYHUVLEOH��LW�LV�QHF�
HVVDU\�WKH�EUHDNLQJ�RI�DW�OHDVW�DOO�QRQ���IROG�SRO\KHGUD�E\�KHDW�
LQJ�DW�������&�DQG�FRROLQJ�YHU\�VORZO\�DW������&�PLQ����SHUPLW�
WLQJ�WKH�DUUDQJHPHQW�RI�WKH�PRO\EGHQXP�DWRPV�LQ�D�S\UDPLGDO�
FRRUGLQDWLRQ�� $� VLPLODU� EHKDYLRXU� ZDV� UHSRUWHG� IRU� WKH� IRU�
PDWLRQ�RI�WKH�5��SKDVH�IRU�/D���0R2�����LQ�WKH�SUHYLRXV�VHFWLRQ��

ZKHUH�RQO\�D�YHU\�VORZ�FRROLQJ�SHUPLWWHG� WKH�VWDELOL]DWLRQ�RI�
WKDW�V\PPHWU\���
)RU�DQ\�V\QWKHVLV�VLQWHULQJ�FRQGLWLRQ��FHOO�SDUDPHWHUV�VKRZ�D�

FOHDU�LQFUHDVH�DV�WKH�ODQWKDQXP�FRQWHQW�GHFUHDVHV��7DEOH�����)RU�
LQVWDQFH��LQ�WKH�FDVH�RI�WKH�TXHQFKHG�VDPSOHV��/D�������/D���/D����
DQG�/D���WKH�FHOO�YROXPHV�DUH������������������������������DQG�
���������c���UHVSHFWLYHO\��7KLV�YDULDWLRQ�LV�VPDOO�DQG�FRPSOH[�
OLNHO\�GXH�WR�WKH�LQWHUSOD\�RI�WZR�IDFWRUV���L��WKH�GHFUHDVH�LQ�ODQ�
WKDQXP�FRQWHQW�VKRXOG�VOLJKWO\�FRQWUDFW� WKH�VWUXFWXUH��DQG��LL��
WKH�GHFUHDVH�LQ�R[\JHQ�FRQWHQW�WKDW�ZHDNHQV�WKH�IUDPHZRUN��DO�
ORZLQJ�LWV�H[SDQVLRQ��ZKLFK�FRXQWHUEDODQFHV�WKH�YROXPH�UHGXF�
WLRQ�GXH�WR�ODQWKDQXP�FRQWHQW��7KH�VPDOO�GLIIHUHQFHV�LQ�FHOO�YRO�
XPHV�EHWZHHQ�VDPSOHV�ZLWK�WKH�VDPH�FRPSRVLWLRQ�EXW�GLIIHUHQW�
VLQWHULQJ�FRQGLWLRQV�PLJKW�EH�DVFULEHG�WR�VOLJKW�GHYLDWLRQV�LQ�WKH�
R[\JHQ�FRQWHQWV�FDXVHG�E\�WKH�GLIIHUHQW�FRROLQJ�SURFHVVHV��
�����0LFURVWUXFWXUDO�DQG�HOHFWULFDO�FKDUDFWHUL]DWLRQ��
)LJXUH� 6�� VKRZV�6(0�PLFURJUDSKV� REWDLQHG� IRU� DOO� VLQJOH�

SKDVHV�VLQWHUHG�DW�������&��7KH�SHOOHWV�H[KLELW�QHJOLJLEOH�SRURV�
LW\�ZLWKRXW�YLVLEOH�SKDVH�VHJUHJDWLRQV�DW�WKH�JUDLQ�ERXQGDULHV��
FRQILUPLQJ�WKDW�WKH\�DUH�VLQJOH�SKDVH�FRPSRXQGV��7KHVH�UHVXOWV�
DUH�IXUWKHU�FRQILUPHG�E\�('6�DQDO\VLV��)LJXUH�6���ZKHUH�LW�FDQ�
EH�VHHQ�WKDW� WKH�VDPSOHV�DUH�KRPRJHQHRXV�IRU�ODQWKDQXP�DQG�
PRO\EGHQXP��
7KH�6(0�PLFURJUDSKV�ZHUH�DQDO\]HG�WR�HYDOXDWH�WKH�DYHUDJH�

JUDLQ�VL]H��7DEOH�����ZKLFK�VHHPV�WR�LQFUHDVH�VOLJKWO\�ZLWK�WKH�
GHFUHDVH� RI� WKH� ODQWKDQXP� FRQWHQW� DQG� FRROLQJ� UDWH�� )RU� LQ�
VWDQFH��WKH�ODUJHVW�DYHUDJH�JUDLQ�VL]H�LV�IRXQG�IRU�/D�����������
ZLWK������PP��DQ�H[SHFWHG�YDOXH�GXH�WR�WKH�ORQJHU�VLQWHULQJ�WLPH�
DW�KLJK�WHPSHUDWXUHV��DOORZLQJ�D�PRUH�VLJQLILFDQW�JUDLQ�JURZWK��
DQG�WKH� ORZHVW�DYHUDJH�JUDLQ�VL]H�LV� IRU�/D������4��ZLWK�a���
PP��
7DEOH����8QLW�FHOO�SDUDPHWHUV��FHOO�YROXPHV�DQG�DJUHHPHQW�IDFWRUV�IRU�/D��
[0R2���į��[� ����������DQG������VLQWHUHG�DW�������&�DQG�FRROHG�GRZQ�DW�GLI�
IHUHQW�UDWHV��TXHQFKLQJ����DQG������&�PLQ����� 

� D��c�� 9�=��c��� 5ZS����� 5)�����

/D��������4��� ���������� ��������� ����� �����

/D������4� ���������� ��������� ����� �����

/D��������4� ���������� ��������� ����� �����

/D���������� ���������� ��������� ����� �����

/D������4� ���������� ��������� ����� �����

/D�������� ���������� ��������� ����� �����

/D����������
D� ������������
E� ������������
F� �����������
E� ����������

��������� ����� �����
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��
)LJXUH����$UUKHQLXV�SORWV�IRU��D��/D�0R2��DQG��E��/D���0R2�����VLQWHUHG�DW�������&�IRU��K�DQG�FRROHG�GRZQ�DW�GLIIHUHQW�UDWHV�XQGHU�GU\�DQG�ZHW�1��DQG����
+��$U�DWPRVSKHUHV�

,PSHGDQFH�VSHFWURVFRS\�PHDVXUHPHQWV�RI�WKH�VLQJOH�DQG�VWD�
EOH� SKDVHV� XQGHU� UHGXFLQJ� FRQGLWLRQV�ZHUH� FDUULHG� RXW� XQGHU�
WZR�GLIIHUHQW�IORZLQJ�DWPRVSKHUHV��GU\�ZHW�1��DQG����+�í$U���
)LJXUH� 6�� VKRZV� UHSUHVHQWDWLYH� 1\TXLVW� SORWV� DW� ���� �&� IRU�
/D������4�DQG�/D��������4�LQ�GU\�DQG�ZHW�1���2QO\�RQH�FRQ�
WULEXWLRQ�DW�KLJK�IUHTXHQF\�LV�GHWHFWHG��ZKLFK�FDQ�EH�ILWWHG�ZLWK�
D��54��HTXLYDOHQW�FLUFXLW��ZKHUH�4�LV�D�FRQVWDQW�SKDVH�HOHPHQW�
VXEVWLWXWLQJ�WKH�LGHDO�FDSDFLWLYH�HOHPHQW�WR�JLYH�D�PRUH�DFFXUDWH�
ILW��7KH�DVVRFLDWHG�FDSDFLWDQFH�RI� WKLV�SURFHVV� LV� DERXW����S)�
FPí��DQG�FDQ�DVVLJQHG�WR�WKH�EXON�FRQGXFWLRQ��1R�JUDLQ�ERXQG�
DU\�FRQWULEXWLRQ�LV�GHWHFWHG�DW�DQ\�VLQWHULQJ�WHPSHUDWXUH�RU�FRP�
SRVLWLRQ��OLNHO\�GXH�WR�WKH�ODUJH�DYHUDJH�JUDLQ�VL]H�RI�WKH�VDP�
SOHV�DQG�WKH�DEVHQFH�RI�VHJUHJDWLRQV�DW�WKH�JUDLQ�OLPLWV��6LPLODU�
VSHFWUD�DUH�REWDLQHG�IRU�WKH�UHPDLQLQJ�VDPSOHV��
7KH�$UUKHQLXV�SORWV�VKRZ�D�YHU\�VLJQLILFDQW�HQKDQFHPHQW�RI�

WKH�FRQGXFWLYLW\�IRU�WKH�VDPSOHV�PHDVXUHG�LQ�ZHW�1��UHVSHFW�WR�
GU\�1���)LJXUH���DQG�7DEOH�����LQGLFDWLQJ�DQ�LPSRUWDQW�SURWRQ�
FRQWULEXWLRQ� WR� WKH� FRQGXFWLYLW\��ZKLFK� LV�PRUH� VLJQLILFDQW� DW�
WHPSHUDWXUHV�ORZHU�WKDQ������&��D�EHKDYLRXU�DOUHDG\�REVHUYHG�
IRU�/D���0R2��������1RWLFH�WKDW�WKLV�YDULDWLRQ�LV�PRUH�DFFXVHG�LQ�
TXHQFKHG�VDPSOHV�WKDW�LQ�WKRVH�FRROHG�DW����&āPLQ����$FWLYDWLRQ�

HQHUJLHV�UHJDUGOHVV�RI�WKH�ODQWKDQXP�FRQWHQW��SUHVHQW�YDOXHV�RI�
a�����H9�DQG������LQ�GU\�1��DQG�RI�a�����DQG�a�����H9�LQ�ZHW�
1���UHVSHFWLYHO\��,W�KDV�WR�EH�PHQWLRQHG�WKDW�WKH�TXHQFKHG�VDP�
SOHV�DW� WHPSHUDWXUHV�KLJKHU� WKDQ����� �&��SUHVHQW�YHU\� VLPLODU�
FRQGXFWLYLWLHV�LQ�GU\�DQG�ZHW�DWPRVSKHUHV��KRZHYHU��IRU�WKRVH�
FRROHG�GRZQ�DW����&�PLQ���WKHUH�LV�D�VOLJKW�LQFUHDVH�LQ�FRQGXF�
WLYLW\�DW�KLJK�WHPSHUDWXUHV�LQ�ZHW�1��OLNHO\�GXH�WR�D�KLJKHU�ZDWHU�
DEVRUSWLRQ��
0RUHRYHU��D�FOHDU�UHODWLRQVKLS�EHWZHHQ�WKH�FRQGXFWLYLW\��ODQ�

WKDQXP�FRQWHQW�DQG�FRROLQJ�FRQGLWLRQV�FDQ�EH�HVWDEOLVKHG�IURP�
7DEOH��� DQG�)LJXUH� ���)RU� VDPSOHV� FRROHG�GRZQ� LQ� WKH� VDPH�
FRQGLWLRQV�DQG�PHDVXUHG�LQ�WKH�VDPH�IORZLQJ�DWPRVSKHUH��WKH�
FRQGXFWLYLW\�LQFUHDVHV�ZLWK�WKH�ODQWKDQXP�FRQWHQW��/D��[0R2���

į��[� �������OLNHO\�GXH�WR�WKH�IDFW�WKDW�DQ�LQFUHDVLQJ�QXPEHU�RI�
R[LGH�YDFDQFLHV��KLJKHU�[�YDOXHV��/D��[0R2���į��[� �������GLVUXSW�
WKH�LRQLF�FRQGXFWLRQ�SDWKZD\V��KLQGHULQJ�WKH�R[LGH�DQG�SURWRQ�
PRELOLW\��,PSRUWDQWO\��DV�SUHYLRXVO\�GHPRQVWUDWHG��FXELF�VDP�
SOHV� DOZD\V� H[KLELW� FRQGXFWLYLW\� YDOXHV� DOPRVW� RQH� RUGHU� RI�
PDJQLWXGH� KLJKHU� WKDQ� WKRVH� RI� UKRPERKHGUDO� RU� PRQRFOLQLF�
SRO\PRUSKV�����ā�����P6āFP���DW�����&�LQ�DLU�IRU�/D��0R�2������
GXH�WR�WKH�KLJK�V\PPHWU\�ZKLFK�RSWLPL]H�WKH�LRQLF�WUDMHFWRULHV��

7DEOH����$YHUDJH�JUDLQ�VL]HV�DQG�FRQGXFWLYLW\�YDOXHV�DW�����DQG������&�IRU�/D��[0R2���į��[� �����DQG������VLQWHUHG�DW�������&�DQG�FRROHG�GRZQ�DW�GLIIHUHQW�
UDWHV��TXHQFKLQJ����DQG������&�PLQ�����

6DPSOH� 6WUXFWXUH�
$YHUDJH�
JUDLQ�VL]H�

�c��

GU\�1�� ZHW�1�� GU\���+��$U� ZHW���+��$U�

ı�����&�
�P6�FP��

ı�����&�
�P6�FP��

ı�����&�
�P6�FP��

ı�����&�
�P6�FP��

ı�����&�
�P6�FP��

ı�����&�
�P6�FP��

ı�����&�
�P6�FP��

ı�����&�
�P6�FP��

/D��������4��� &XELF� ����� ��������� ��������� ��������� ��������� ����� ���� ���� ���ā�����

/D��������4� &XELF� ����� ��������� ��������� ��������� ��������� ����� ���� ���� ���ā�����

/D���������� &XELF� ����� ��������� ��������� ��������� ��������� ����� ��������� ���� ���ā�����

/D������4� &XELF� ����� ��������� ��������� ��������� ��������� ����� ���� ���� ���ā�����

/D�������� &XELF� ����� ��������� ��������� ��������� ��������� ����� ���� ���� ���ā�����

/D���������� 0RQRFOLQLF� ����� ��������� ��������� ��������� ��������� ���� ��������� ���� ���ā�����

D� E�

��� ��� ��� ��� ���

��

��

��

��

��

��

��

�

��� ��� ��� ���
�/D�����B4BGU\�1�

�/D�����B4BZHW�1�

�/D�����B4BGU\�+�

�/D�����B4BZHW�1�

�/D�����B�BGU\�1�

�/D�����B�BZHW�1�

�/D�����B�BGU\�+�

�/D�����B�BZHW�+�

�

OR
JV
��6

�F
P

��
�

�����7��.���

7��R&�

��� ��� ��� ��� ���

��� ��� ��� ���
�/D�������B4BGU\�1�

�/D�������B4BZHW�1�

�/D�������B4BGU\�+�

�/D�������B4BZHW�+�

�/D�������B�BGU\�1�

�/D�������B�BZHW�1�

�/D�������B�BGU\�+�

�/D�������B�BZHW�+�
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�
)LJXUH����2YHUDOO�FRQGXFWLYLW\�SORWV�YHUVXV�ODQWKDQXP�FRQWHQW�DW�����DQG������&�IRU�/D��[0R2���į��[� ����������DQG����VLQWHUHG�DW�������&�IRU���K�DQG�FRROHG�
GRZQ�E\�TXHQFKLQJ�LQ�GU\�DQG�ZHW�1��DQG����+�±$U�
)LJXUH���DOVR�VKRZV�WKH�$UUKHQLXV�SORWV�IRU�DOO�WKH�VLQJOH�DQG�

UHGR[�VWDEOH�SKDVHV�DQG�7DEOH���WKH�FRQGXFWLYLW\�YDOXHV�DW�����
DQG������&��,Q�D����+��$U�DWPRVSKHUH��GU\�DQG�ZHW��WKHUH�LV�D�
VLJQLILFDQW�LQFUHDVH�RI�WKH�FRQGXFWLYLW\�GXH�WR�DQ�Q�W\SH�FRQWUL�
EXWLRQ��FDXVHG�E\�D�PLQRU�UHGXFWLRQ�RI�0R���WR�0R����DFFRUGLQJ�
WR�WKH�IROORZLQJ�GHIHFW�FKHPLVWU\�HTXDWLRQ��
ெ௢௫݋ܯʹ ��ܱை௫�ĺ�ʹ݋ܯெ௢ᇱ �� ைܸ

൉൉��ͳȀʹ�ܱଶ�� � ����
7KH�KLJKHVW� FRQGXFWLYLWLHV� DUH�REVHUYHG� IRU� WKH� FXELF� VDP�

SOHV�� ,Q� ZHW� FRQGLWLRQV�� /D������4� DQG� /D��������4� SUHVHQW�
YDOXHV�RI�����DQG�����P6�FP����UHVSHFWLYHO\��DW������&��DQG�RI�
���������DQG����������P6�FP����UHVSHFWLYHO\��DW������&��2Q�WKH�
RWKHU� KDQG�� WKH� ORZHVW� FRQGXFWLYLW\� YDOXHV� DUH� REVHUYHG� IRU�
/D�����������ZLWK�����P6�FP���DW������&�DQG����������DW������&��
GXH�WR�WKH�OHVV�V\PPHWULF�PRQRFOLQLF�SKDVH��ZKLFK�KLQGHUV�WKH�

�
)LJXUH����'HSHQGHQFH�RI�WKH�RYHUDOO�FRQGXFWLYLW\�DV�D�IXQFWLRQ�RI�WKH�R[\�
JHQ�SDUWLDO�SUHVVXUH�DW������&�IRU�/D������4��/D��������4�DQG�/D��������
4����7KH�VROLG�OLQH�LV�WKH�ILWWLQJ�ZLWK�(T�����

FRQGXFWLQJ�SDWKZD\V��,W�VKRXOG�EH�PHQWLRQHG�WKDW�WKHUH�LV�D�VLJ�
QLILFDQW�GLIIHUHQFH�LQ�FRQGXFWLYLW\�EHWZHHQ�GU\�DQG�ZHW����+��
$U��ZKHUH�WKH�GU\�PHDVXUHPHQWV�SUHVHQW�KLJKHU�YDOXHV��7KLV�LV�
GXH� WR� WKH�SUHVHQFH�RI�ZDWHU� LQ�WKH�JDV��ZKLFK�OHDGV�WR�D�OHVV�
UHGXFLQJ�HQYLURQPHQW�DQG��WKHUHIRUH��WR�D�VPDOOHU�Q�W\SH�HOHF�
WURQLF�FRQWULEXWLRQ�LQ�ZHW�FRQGLWLRQV��
,W�VKRXOG�EH�QRWLFHG�WKDW�LQ�D�UHGXFLQJ�DWPRVSKHUH��IRU�VDP�

SOHV�REWDLQHG�LQ�WKH�VDPH�FRQGLWLRQV��WKH�FRQGXFWLYLW\�LQFUHDVHV�
DV�WKH�ODQWKDQXP�FRQWHQW�GHFUHDVHV��)LJXUH�����)RU�LQVWDQFH��WKH�
FRQGXFWLYLW\� YDOXHV� LQ� ZHW� FRQGLWLRQV� IRU� /D��������4��
/D��������4��DQG�/D������4�DW������&�DUH����������DQG�����P6�
FP���� UHVSHFWLYHO\�� 7KLV� EHKDYLRXU� LV� WKH� RSSRVLWH� IRXQG� LQ�
GU\�ZHW�1��DQG�LV�OLNHO\�GXH�WR�D�KLJKHU�UHGXFLELOLW\�RI�WKH�VDP�
SOHV�ZLWK�ORZHU�/D�0R�UDWLRV�DQG�WKH�GHFUHDVH�LQ�WKH�FHOO�YRO�
XPHV��ZKLFK�PDNHV�WKH�PRO\EGHQXP�DWRPV�WR�EH�FORVHU�WR�HDFK�
RWKHU�� IDFLOLWDWLQJ� WKH� HOHFWURQLF� FRQGXFWLRQ� E\� HOHFWURQ� KRS�
SLQJ��,W�LV�ZRUWK�PHQWLRQLQJ�WKDW�WKLV�LQFUHDVH�LQ�FRQGXFWLYLW\�LV�
PRUH�VLJQLILFDQW�LQ�WKH�ORZ�WHPSHUDWXUH�UDQJH��GRPLQDWHG�E\�WKH�
SURWRQ�FRQGXFWLRQ��ZKHQ�FRPSDUHG�WR�WKH�KLJK�WHPSHUDWXUH�UH�
JLRQ��GRPLQDWHG�E\�WKH�R[LGH�DQG�HOHFWURQ�FRQGXFWLRQ��,Q�DGGL�
WLRQ��D�GHFUHDVH�RI�WKH�DFWLYDWLRQ�HQHUJLHV�LV�DOVR�REVHUYHG�DV�WKH�
ODQWKDQXP�FRQWHQW�GHFUHDVHV��ZLWK�YDOXHV�RI������������DQG������
H9�IRU�/D�������B4��/D�������B4�DQG�/D�����B4��UHVSHFWLYHO\��
GXH�WR�WKH�KLJKHU�HOHFWURQLF�FRQGXFWLYLW\�FRQWULEXWLRQ��)XUWKHU�
PRUH��QR�VLJQLILFDQW�GLIIHUHQFHV�DUH�REVHUYHG�LQ�WKH�DFWLYDWLRQ�
HQHUJLHV�EHWZHHQ�GU\�DQG�ZHW����+��$U��LQGLFDWLQJ�WKDW�LQ�WKRVH�
FRQGLWLRQV�WKH�FRQGXFWLRQ�LV�GRPLQDWHG�E\�WKH�Q�W\SH�HOHFWURQLF�
FRQWULEXWLRQ�LQ�WKH�ZKROH�WHPSHUDWXUH�UDQJH��
7KH�GHSHQGHQFH�RI�WKH�FRQGXFWLYLW\�YHUVXV�WKH�R[\JHQ�SDUWLDO�

SUHVVXUH�IRU�/D������4��/D��������4�DQG�/D��������4�LV�SORWWHG�
LQ�)LJXUH����,W�FDQ�EH�FOHDUO\�VHHQ�DQ�LQFUHDVH�LQ�FRQGXFWLYLW\�DV�
WKH�R[\JHQ�SDUWLDO�SUHVVXUH�GHFUHDVHV�GXH�WR�D�YHU\�LPSRUWDQW�Q�
W\SH�HOHFWURQLF�FRQWULEXWLRQ��PRUH�VLJQLILFDQW�IRU�/D������4�LQ�
FRPSDULVRQ�WR�/D��������4��ZKHUH� WKH�GLIIHUHQFH�EHWZHHQ�WKH�
LRQLF�SODWHDXV�DQG�WKH�PRVW�UHGXFHG�SRLQWV�LV�KLJKHU�IRU�WKH�IRU�
PHU��7KH�Q�W\SH�EUDQFKHV�RI�WKH�SORWV�VKRZ�D�GHSHQGHQFH�ZLWK�
WKH�FRQGXFWLYLW\�IROORZLQJ�WKH�QH[W�HTXDWLRQ��
V� �V௢��V௡ሺܱ݌ଶሻିଵȀ଺��V௉ሺܱ݌ଶሻଵȀ଺�� � ����

��� ��� ��� ���

�(��

�(��

�(��

�(��

�����

�GU\�1�
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�GU\����+��$U
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�����&
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�����&
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ZKHUH�Vo�LV�WKH�LRQLF�FRQGXFWLYLW\��DQG�Vn�DQG�Vp�DUH�WKH�SDU�
WLDO�Q�W\SH�DQG�S�W\SH�HOHFWURQLF�FRQGXFWLYLW\��UHVSHFWLYHO\��$V�
FDQ�EH�REVHUYHG��WKH�Q�W\SH�FRQWULEXWLRQ�LV�WKH�PDLQ�FRQGXFWLRQ�
PHFKDQLVP�DW� ORZ�R[\JHQ�SDUWLDO�SUHVVXUH�DQG�D�VPDOO�S�W\SH�
FRQWULEXWLRQ� LV� REVHUYHG� DW� KLJK� S2�� YDOXHV�� 7KHVH� FXUYHV�
FOHDUO\� FRQILUP� WKDW� VDPSOHV� ZLWK� KLJK� /D�FRQWHQW� H[KLELW�
KLJKHU�LRQLF�FRQGXFWLYLW\�ZLWK�D�SODWHDX�UHJLRQ�DW�LQWHUPHGLDWH�
S2�� YDOXHV�� KRZHYHU�� VDPSOHV� ZLWK� ORZ� /D�FRQWHQW� H[KLELWV�
ORZHU� LRQLF� FRQGXFWLYLW\� DQG� KLJKHU� Q�W\SH� DQG� S�W\SH� HOHF�
WURQLF�FRQGXFWLYLWLHV���
,W�KDV�WR�EH�VDLG�WKDW��WR�WKH�EHVW�RI�RXU�NQRZOHGJH��RQO\�0R�

GRSHG� ODQWKDQXP� WXQJVWDWHV�� ZLWK� JHQHUDO� IRUPXOD� /D����[:��

\0R\2���G��[� ���DQG������\� �����������KDYH�EHHQ�WHVWHG�DV�K\�
GURJHQ� VHSDUDWLRQ� PHPEUDQHV������� +RZHYHU�� LQ� WKLV� ZRUN�
/D������4�SUHVHQWV�D�FRQGXFWLYLW\�RI�����P6�FP���DW������&�LQ�
D� ��� +��$U� DWPRVSKHUH�� VLJQLILFDQWO\� EHWWHU� WKDQ�
/D���:���0R���2�������ZLWK�a���P6�FP���LQ�WKH�VDPH�PHDVXUHPHQW�
FRQGLWLRQV�������LQGLFDWLQJ�WKDW�ODQWKDQXP�PRO\EGDWHV�ZLWK�ORZ�
/D�FRQWHQW�DUH�PRUH�VXLWDEOH�IRU�K\GURJHQ�VHSDUDWLRQ�DSSOLFD�
WLRQV��7KXV��IXUWKHU�VWXGLHV�WR�H[SORUH�WKLV�SRLQW�DUH�SODQQHG��
���&RQFOXVLRQV�
/D��[0R2���G�PDWHULDOV��[� ����������������DQG����ZHUH�SUHSDUHG�
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