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5HFHLYHG�1RYHPEHU���������
7KH� HIIHFW� RI� DQLRQLF� WHWUDKHGUDO� VXEVWLWXWLRQ� LQ� K\GUR[\DSDWLWH� VWUXFWXUHV� RQ� WKH

FU\VWDO�DQG�HOHFWURQ�VWUXFWXUH�RI�&D���32��[�92��\�$V2��]�2+����FRPSRXQGV��[� ���������\� ����������]� ����������[���\���]� ����KDV�EHHQ�VWXGLHG��7KH�,5�DQG�0$6�105�DQDO\VHV
LQGLFDWH�WKDW�SURJUHVVLYHO\�WKH�SKRVSKRUXV�VXEVWLWXWLRQ�E\�YDQDGLXP�DQG�DUVHQLF�UHVXOWV�LQ
LQFUHDVLQJ�ODWWLFH�SDUDPHWHUV�WKDW��LQ�WXUQ��LV�DFFRPSDQLHG�E\�FKDQJHV�LQ�GLVWDQFHV�DQG�E\
DQ� HOHFWURQ� GHQVLW\� UHGLVWULEXWLRQ� LQ� ;2��±� DQLRQV�� %DVLQJ� RQ� WKH� ;36� DQG� 0$6� 105GDWD�� LW� KDV� EHHQ� HVWDEOLVKHG� WKDW� WKH� GLVWDQFH� LQFUHDVH� EHWZHHQ� SKRVSKRUXV� DQG� R[\JHQ
UHVXOWV� LQ� D� VXEVWDQWLDOO\� LQFUHDVLQJ� LRQLF� FRPSRQHQW� RI� FKHPLFDO� ERQG�� KRZHYHU�� WKH
FKDUJH�UHGLVWULEXWLRQ�RFFXUV�RQO\�EHWZHHQ�R[\JHQ�DQG�DSSURSULDWH�FKHPLFDO�HOHPHQW�LQVLGH
RI�;2��±�DQG�GRHV�QRW�DIIHFW�WKH�PHWDO�VXEODWWLFH�
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7HWUDKHGUDO� VXEVWLWXWLRQ� LQ� WKH� DSDWLWH
VWUXFWXUH�DWWUDFW�WRGD\�D�FRQVLGHUDEOH�LQWHU�
HVW� LQ� WKH� VWXG\� ILHOG� RI� DSDWLWH�W\SH� V\V�
WHPV�� $V� LV� NQRZQ� >�@�� WKH� HOHFWURQ� VWUXF�
WXUH�RI�K\GUR[\DSDWLWH�LV�PDLQO\�GHWHUPLQHG
E\� WKH� WHWUDKHGUDO� VXEODWWLFH� RI� 32��±� DQL�RQV��ZKHUH�SDUWLDO�LVRPRUSKRXV�VXEVWLWXWLRQ
DOORZV� WR� FRQWURO� SXUSRVHIXOO\� WKH�PDWHULDO
SURSHUWLHV�� ,Q� RXU� SUHYLRXV� ZRUN� >�@�� ZH
KDYH� VWXGLHG� WKH� HIIHFW� RI� 92��±� VXEVWLWX�WLRQ�IRU�32��±�JURXSV�RQ�WKH�HOHFWURQ�VWUXF�WXUH� DQG�SURSHUWLHV�RI� FDOFLXP�K\GUR[\DSD�
WLWH��&DOFLXP�K\GUR[\DSDWLWH�ZLWK�D�YDU\LQJ

GHJUHH�RI�VXEVWLWXWLRQ�RI�SKRVSKDWH�WHWUDKH�
GURQ� E\� WKH� DQLRQ� RI�92��±� RU�$V2��±� ZDVVWXGLHG� LQ� >�Ü�@�� ,Q� SDUWLFXODU�� LQ� >�@� WKH
&D���32���±[�92��[�2+��� ZDV� LQYHVWLJDWHGZKHUH� [� ������ ����� ����� ����� ����� LQ� >�@
&D��3[$V�±[2����2+��ZLWK�D�ZLGH�UDQJH�RI�[YDOXHV�ZDV�V\QWKHVL]HG�DQG�VWXGLHG�

+RZHYHU��SUHVHQWO\��RI�D�VFLHQWLILF�LQWHU�
HVW� LV� WR� VWXG\� WKH� SK\VLFDO� DQG� FKHPLFDO
SURSHUWLHV�RI�DSDWLWH�ZLWK�32��±��92��±�DQG$V2��±��VLPXOWDQHRXVO\�SUHVHQWHG�LQ�WKH�WHW�UDKHGUDO� VXEODWWLFH�� 7KHUHIRUH�� WKH� SXUSRVH
RI�WKLV�ZRUN�ZDV�WR�VWXG\�V\VWHPDWLFDOO\�WKH
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HIIHFW� RI� DQLRQ� VXEVWLWXWLRQ� RQ� DWRPLF� DQG
HOHFWURQ� VWUXFWXUH� RI� WKH� DSDWLWH� RI� PL[HG
FRPSRVLWLRQ� &D���32��[�92��\�$V2��]�2+���ZKHUH�[� ����������\� ����������]� ����������[
��\���]� ����� GHSHQGLQJ�RQ� WKH�YDULDWLRQ�RI
;2��±� DQLRQV�� ;� �3�9�$V�� DV� ZHOO� DV� RIDUVHQDWDSDWLWH��&D���$V2����2+����

���7KH�UHVHDUFK�PHWKRGV
7KH� LQIUDUHG� �,5�� VSHFWURVFRS\�� QXFOHDU

PDJQHWLF�UHVRQDQFH� �105���DQG�;�UD\�SKR�
WRHOHFWURQ� VSHFWURVFRS\� �;36��ZHUH� XVHG� LQ
WKLV�ZRUN��7R�REWDLQ�,5�VSHFWUD��WKH�VDPSOHV
ZHUH� VKDSHG� DV� WDEOHWV�� 7KH� WUDQVPLVVLRQ
VSHFWUD�ZHUH�UHFRUGHG�LQ�DEVRUSWLRQ�EDQG�RI
;2��±� DQLRQ� IURP� ����� FP��� WR� ���� FPÜ�
XVLQJ� D� �6SHFRUG� 0���� GRXEOH�EHDP� VSHF�
WURSKRWRPHWHU� �UHFRUGLQJ� UDQJH� ����Ü
����FPÜ����7KH�;�UD\�SKRWRHOHFWURQ�VSHFWUD
ZHUH� REWDLQHG� XVLQJ� D� -(2/� -630�����
SKRWRHOHFWURQ� VSHFWURPHWHU� ZLWK� D� QRQ�
PRQRFKURPDWLF� 0J.D� �������� H9�� ;�UD\VRXUFH��'XULQJ�WKH�H[SHULPHQW��WKH�YDFXXP
LQ� WKH� DQDO\WLFDO� FKDPEHU�ZDV���Ü��3D��WKH
DFFXUDF\�RI�WKH�HOHFWURQ�ELQGLQJ�HQHUJ\�ZDV
GHWHUPLQHG� WR� ���� H9�� 7KH� WHVW� VDPSOHV� RI
WKH� DUVHQDWDSDWLWH� DQG� WKH� PL[HG� FRPSRVL�
WLRQ� DSDWLWHV� ZHUH� SUHSDUHG� DV� D� GLVSHUVH
SRZGHU�GHSRVLWHG�RQ�DOXPLQXP�VXEVWUDWH��,Q
RUGHU� WR� DYRLG� WKH� LQIOXHQFH� RI� WKH� FKDUJH
DFFXPXODWLRQ�RQ� WKH� LQVXODWLQJ� VDPSOH� VXU�
IDFH� GXULQJ� WKH� H[SHULPHQWV�� D� WKLQ� JROG
OD\HU� ZDV� DSSOLHG� RQ� LWV� VXUIDFH�� 7KH� FDOL�
EUDWLRQ� RI�;�UD\� SKRWRHOHFWURQ� VSHFWUD� ZDV
FDUULHG� RXW� DJDLQVW� WKH� ELQGLQJ� HQHUJ\� RI
JROG�$X�I� OLQHV�� WKXV� SURYLGLQJ� WR� REWDLQ� D
KLJK� GHWHUPLQDWLRQ� DFFXUDF\� RI� HOHFWURQ
ELQGLQJ�HQHUJLHV�IRU�HOHPHQWV�RI�WKH�VDPSOH
XQGHU� VWXG\�� 7KH� 105� VSHFWUD� ZHUH� UH�
FRUGHG�RQ�D�%UXNHU�$YDQFH����� VSHFWURPH�
WHU��DW�URRP�WHPSHUDWXUH��7KH�105�VSHFWUD
ZHUH� REWDLQHG� IRU� ERWK� VWDWLF� VDPSOHV� DQG
WKRVH� EHLQJ� URWDWHG� XQGHU� PDJLF� DQJOH
�0$6�105��DW����N+]�DQG����N+]�IUHTXHQ�
FLHV�� 7KH�0$6�105� DOORZV� WR� H[FOXGH� WKH
HIIHFWV�UHODWHG�WR�WKH�DQLVRWURS\�DQG�WR�WKH
GLSROH�GLSROH� LQWHUDFWLRQ�� EXW� GRHV� QRW� H[�
FOXGH� WKH� VHFRQG� RUGHU� TXDGUXSROH� LQWHUDF�
WLRQ�� 7R� WDNH� LQWR� DFFRXQW� WKH� SRVVLEOH� HI�
IHFW�RI�D�VPDOO�TXDGUXSROH�PRPHQW�RI�YDQD�
GLXP�QXFOHL�RQ� WKH���9�0$6�105�VSHFWUD�
WKH� PHDVXUHPHQWV� RI� ORQJLWXGLQDO� DQG
WUDQVYHUVH�UHOD[DWLRQ�WLPHV�KDG�EHHQ�FDUULHG
RXW� IRU� VWDWLF� VDPSOHV�� 0DJQHWLF� ILHOG� ZDV
UHIHUHQFHG� DJDLQVW� WKH� ��&� 105� VSHFWUXP
RI�DGDPDQWDQH��ZKLFK�ZDV�XVHG�DV�DQ�H[WHU�
QDO�VWDQGDUG�IRU�PDJQHWLF�ILHOG�FDOLEUDWLRQ�

���5HVXOWV�DQG�GLVFXVVLRQ
)LJ����VKRZV�WKH�,5�DEVRUSWLRQ�VSHFWUD�RI

WKH� VDPSOHV� LQ� WKH� IUHTXHQF\� UDQJH� RI
����Ü����FPÜ��� %DVLQJ� RQ� UHODWLYH� LQWHQ�
VLW\� FKDQJHV� RI� WKH� GLIIHUHQW� VSHFWUDO� IHD�
WXUHV�ZLWK� WKH�VWUXFWXUH�FKDQJHV�RI� WKH� LQ�
YHVWLJDWHG�FRPSRXQGV�DV�ZHOO�DV�RQ� WKH� OLW�
HUDWXUH�GDWD�IRU�VLPLODU�FRPSRXQGV�>�Ü�@��LW
LV�SRVVLEOH� WR�GHILQH�XQDPELJXRXVO\�WKH�SR�
VLWLRQV� RI� YDULRXV� YLEUDWLRQDO� PRGH� JURXSV
IRU�32��±��92��±��$V2��±� LRQV��7KH�QXPEHURI� YLEUDWLRQDO� PRGHV� LQ� HDFK� JURXS� FDQ� EH
WKXV�XVHV� DV� D� EDVLV� WR� GHWHUPLQH� WKH� V\P�
PHWU\� JURXS� RI� ;2��±� LRQ� LQ� WKH� LQYHVWL�JDWHG�FRPSRXQG��6R� WKH� IUHH�;2��±� LRQ�KDVWHWUDKHGUDO� V\PPHWU\� DQG� EHORQJV� WR� SRLQW
JURXS�7G��7KH�QRUPDO�PRGHV�RI�WHWUDKHGUDOLRQV�DUH��Q���V\PPHWULF�3±2�VWUHWFKLQJ��Q��
2±3±2�EHQGLQJ��Q���3±2�VWUHWFKLQJ��DQG�Q��2±3±2� EHQGLQJ�� )RU� XQGLVWRUWHG� WHWUDKH�
GURQ�� WKH� DEVRUSWLRQV� FRUUHVSRQGLQJ� WR� Q�
DQG� Q�� YLEUDWLRQDO� PRGHV� FDQ� EH� REVHUYHG

)LJ�����,5�DEVRUSWLRQ�VSHFWUXP�RI�DSDWLWHV�
��Ü�&D���32���92����$V2���2+����
��Ü�&D���32����92����$V2����2+����
��Ü�&D���32���92���$V2����2+����
��Ü�&D���$V2����2+���

9�/�.DUERYVNLL�HW�DO����(OHFWURQ�VWUXFWXUH�RI�WULSOH����

��� )XQFWLRQDO�PDWHULDOV�������������



RQO\�� 7KH� Q�� DQG� Q�� YLEUDWLRQDO� PRGHV� EH�FRPH� LQIUDUHG� DFWLYH� ZLWK� D� V\PPHWU\� UH�
GXFH�RI�;2��±�DQLRQ�GXH�WR�WKH�LQIOXHQFH�RIFU\VWDO� ODWWLFH��6LQFH�� LQ� WKH�DSDWLWH� ODWWLFH�
32��±�LRQ�PXVW�KDYH�&V�V\PPHWU\��WKH�SRV�VLEOH�SRLQW�JURXSV�IRU�32��±��92��±��$V2��±DQLRQV� LQ� WKH� FRPSRXQG� DUH� &V�� &�Y�� &�Y�'�G�DQG�7G�>�@��7KH�QXPEHU�RI�DFWLYH�LQIUD�UHG�PRGHV� IRU� SRVVLEOH� V\PPHWU\� JURXSV� LV
SUHVHQWHG�LQ�7DEOH���

7KH�DEVRUSWLRQ�EDQGV�IRU�DSDWLWHV�RI�PL[HG
FRPSRVLWLRQ� FRUUHVSRQGLQJ� WR� a����� FPÜ�
DQG� a���� FPÜ�� EHORQJ� WR� WKH� Q�� DQG� Q�YLEUDWLRQDO�PRGHV� RI�32��±� LRQ� �)LJ������ ,QWKH�UDQJH�RI����Ü����FPÜ��� WKH�YLEUDWLRQDO
PRGH� Q�� LV� REVHUYHG� IRU� DOO� LQYHVWLJDWHGFRPSRXQGV� DQG� LV� LQIUDUHG� DFWLYH�� WKDW� LV
FKDUDFWHULVWLF�RQO\� IRU�PROHFXOHV�SRVVHVVLQJ
D�GLSROH�PRPHQW��7KH�YLEUDWLRQ�FRUUHVSRQG�
LQJ�WR�Q��PRGH� LV�REVHUYHG�IRU�DOO� WKH�FRP�SRXQGV� LQ� WKH� UDQJH�RI����Ü���� FPÜ��� 7KH
SUHVHQFH� RI� Q�� DQG� Q��PRGHV� LQ� DOO� LQYHVWL�JDWHG� FRPSRXQGV� LQGLFDWHV� WKH� GHIRUPDWLRQ
RI�;2��±�WHWUDKHGURQV��7DEOH�����DQG��WKHUH�IRUH�� LQ� DOO� VWXGLHG� FRPSRXQGV�� ;2��±� LRQPD\� KDYH� D� SRLQW� V\PPHWU\� &V�� &�Y�� &�Y�EXW�QRW�KLJKHU�

7KH� FRQYHQWLRQDO� ,5� VSHFWURVFRS\� IRU
WKHVH�FRPSRXQGV�GRHV�QRW�DOORZ�WR�HVWLPDWH
XQLTXHO\� WKH� H[DFW� QXPEHU� RI� LQIUDUHG� DF�
WLYH� PRGHV� LQ� HDFK� VXEJURXS� DQG�� FRQVH�
TXHQWO\�� WKH� V\PPHWU\�RI� WKH� LRQ�EHLQJ� LQ�
YHVWLJDWHG�� 6R�� WKH� YLEUDWLRQDO�PRGH� Q�� IRU32��±� DQLRQ� LV�SDUWLDOO\�RYHUODSSHG�ZLWK�Q�PRGH� IRU� 92��±� DQG� $V2��±�DQLRQV�� KRZ�HYHU��D�QRWLFHDEOH�VKLIW�RI�Q��PRGH�WR�ORZHUIUHTXHQFLHV� ZLWK� LQFUHDVLQJ� 92��±� DQG
$V2��±� FRQWHQW� DOORZV� WR� DVVXPH� >�@� DQ� LQ�FUHDVH� LQ�3±2� GLVWDQFHV� LQ�32��±�DQLRQV� DWLQFUHDVLQJ� 92��±� DQG� $V2��±� FRQWHQW�� 7KHFKDQJH�RI�9±2�GLVWDQFHV�LQ�92��±�DQLRQ�FDQEH� UHYHDOHG� XVLQJ� 105�� 7KH� VKLIW� RI� LVR�
WURSLF� SHDN� LQ� 105� VSHFWUD�� VXJJHVWV� LQ
JHQHUDO� D� FKDQJH� RI�PDJQHWLF� VKLHOGLQJ� IRU

QXFOHL� RI� HOHPHQWV� EHLQJ� LQYHVWLJDWHG�� WKDW
LV�FDXVHG�WXUQ�E\�WKH�HOHFWURQ�GHQVLW\�UHGLV�
WULEXWLRQ� EHWZHHQ� DWRPV� RI� WKH� FRPSRXQG
DQG� LQGLFDWHV� WKH� FKDQJH� LQ� WKH� FKHPLFDO
ERQG� QDWXUH� RI�� $FFRUGLQJ� WR� 6DWRVKL
+D\DNDZD� HW� DO�� >�@�� GLVSODFHPHQW� RI� LVR�
WURSLF� SHDN� DQG�� FRQVHTXHQWO\�� FKDQJHV� LQ
HOHFWURQ�GHQVLW\�QHDU�YDQDGLXP�QXFOHL�LV�DV�
VRFLDWHG� ZLWK� FKDQJHV� LQ� 9±2� GLVWDQFHV� RI
92��±� WHWUDKHGURQV�� 6R�� DFFRUGLQJ� WR� WKHLUUHVHDUFKHV�� WKH� GHFUHDVH� RI� ��9� 0$6� 105
LVRWURSLF� VKLIW� LV� DFFRPSDQLHG� E\� D� QHDUO\
OLQHDU�LQFUHDVH�LQ�DYHUDJH�9±2�ERQG�OHQJWK�
,Q� WKH� VSHFWUD� REWDLQHG� IRU� WKHVH� VDPSOHV
�7DEOH���� )LJ���F��� WKH� LVRWURSLF� YDQDGLXP
SHDN� VKLIWV� WR� KLJKHU� IUHTXHQFLHV� DV� WKH
92��±�DQG�$V2��±�FRQWHQW�LQFUHDVHV��WKXV�LWFDQ�EH�VXJJHVWHG�WKDW�WKH�PHQWLRQHG�FRQWHQW
LQFUHDVH� UHVXOWV� LQ� LQFUHDVLQJ� GLVWDQFH� EH�
WZHHQ�WKH�YDQDGLXP�DQG�R[\JHQ�DWRPV��7KH
VLPXOWDQHRXV� LQFUHDVH� RI�9±2� DQG�3±2�GLV�
WDQFHV� VXJJHVWV� WKDW� LQWURGXFWLRQ� RI� ODUJH�
VL]H� 92��±� DQG� $V2��±� LRQV� UHVXOWV� LQ� DQLQFUHDVH�RI�WKH� ODWWLFH�SDUDPHWHUV�DQG��FRQ�
VHTXHQWO\�� LQ� LQFUHDVH� RI� 3±2� GLVWDQFHV� LQ
32��±� WHWUDKHGURQ��7KLV� DVVXPSWLRQ� LV� FRQ�ILUPHG� LQ� >�@�� ZKHUH� DQ� LQFUHDVH� RI� ODWWLFH
SDUDPHWHUV� ZDV� REVHUYHG� DV� D� FRQVHTXHQFH
RI� LQFUHDVHG�92��±�DQLRQ�FRQWHQW�� ,W�VKRXOGEH� QRWHG� WKDW�� EDVLQJ� RQ� 105� GDWD�� WKH
LQWURGXFWLRQ� RI� VPDOOHU� VL]H� $V2��±� LRQV

7DEOH���� 3RVVLEOH� SRLQW� JURXSV� DQG� YLEUD�
WLRQDO�PRGHV�RI�32��±�LRQV�>�@

3RLQW
JURXS

1XPEHU�RI�LQIUDUHG�DFWLYH
YLEUDWLRQDO�PRGHV�

Q� Q� Q� Q�
7G � � � �
'�G � � � �
&�Y � � � �
&�Y � � � �
&V � � � �

7DEOH���� &KHPLFDO� VKLIW� GLVR� �SSP��� KDOI�ZLGWK� 'G� �SSP�� RI� 0$6� 105� VSHFWUXP� OLQHV� DQG� ��9'V�&6$��IRU�VWDWLF�VDPSOHV�

&RPSRXQG ��3 ��9 �+
GLVR�����'G GLVR������'G 'V�&6$ GLVR����'G

&D���32���92����$V2���2+�� ������������ Ü������������� �� �����������
&D���32����92����$V2����2+�� ������������ Ü������������� �� �����������
&D���32���92���$V2����2+�� ������������ Ü������������� �� ����������
&D���32����92���$V2���2+�� ����������� Ü������������� �� �����������

&D���$V2����2+�� Ü�����Ü Ü���������Ü Ü �����������
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FDXVHV� D� VPDOOHU� LQFUHDVH� RI� 9±2� DQG� 3±2
GLVWDQFHV� LQ� WKH� WHWUDKHGURQV� DQG�� FRQVH�
TXHQWO\�� WR� VPDOOHU� LQFUHDVH� LQ� WKH� ODWWLFH
SDUDPHWHUV�

$V� LW� IROORZV� IURP� WKH� FKDQJH� LQ� WKH
EDQG� KDOI�ZLGWK� RI� Q�� DEVRUSWLRQ� PRGH� IRU32��±� DQLRQV� �)LJ����� DQG� 105� GDWD�� WKHFKDQJH�RI� ODWWLFH� SDUDPHWHUV� LV� DOVR� DFFRP�
SDQLHG�E\�VRPH�GLVWRUWLRQ�RI�;2��±�WHWUDKH�GURQV��GHSHQGLQJ�RQ�UHODWLYH�FRQWHQW�RI�LRQV
RI� WKH� DSSURSULDWH� W\SH��'XH� WR� VLJQLILFDQW
RYHUODS� RI� ,5� DEVRUSWLRQ� VSHFWUD� RI� 92��±DQG� $V2��±� WHWUDKHGURQV�� WKH� ��9� 105
VSHFWUD� REWDLQHG� IRU� VWDWLRQDU\� VDPSOHV
�7DEOH����ZHUH�XVHG�WR�GHWHUPLQH�WKH�GHJUHH
RI�92��±� WHWUDKHGURQ� GLVWRUWLRQ�� $FFRUGLQJWR�WKHVH�GDWD�DV�ZHOO�EHLQJ�RQ�WKH�YDOXHV�RI
��9� 0$6� 105� LVRWURSLF� VKLIWV� DQG� WKH
/RUHQW]� EURDGHQLQJ� DVVRFLDWHG� ZLWK� WKH
VSLQ�VSLQ� UHOD[DWLRQ� WLPH� �7DEOH���� E\� WKH
UHODWLRQ���7�� �S'Q��WKH�DQLVRWURS\�SDUDPH�WHUV� RI� WKH� FKHPLFDO� VKLIW� WHQVRU� IRU� YDQD�
GLXP�ZHUH�HVWLPDWHG�IRU�HDFK�RI�WKH�VDPSOHV
�7DEOH����� 7KH� VPDOO� DQLVRWURS\� VL]H
�'V������� SSP�� HYLGHQFHV� WKDW� YDQDGLXP� LQ
DOO� VDPSOHV� LV� LQ� D� WHWUDKHGUDO� R[\JHQ� HQYL�
URQPHQW�RI�4��W\SH�DQG�KDV�D�QHDUO\�VSKHULFDOV\PPHWU\�RI�WKH�FKHPLFDO�VKLIW�WHQVRU�>�@���

7KH�DQLVRWURS\�SDUDPHWHU� LQ� WKLV� FDVH� LV
GHILQHG� E\� WKH� GLIIHUHQW� VKLHOGLQJ� RI� YDQD�

GLXP�� GHSHQGLQJ� RQ� WKH� RULHQWDWLRQ� RI
92��±� WHWUDKHGURQV� ZLWK� UHVSHFW� WR� WKH� H[�WHUQDO� PDJQHWLF� ILHOG�� 6LQFH�� DFFRUGLQJ� WR
WKH� ;36� �7DEOH����� WKH� FKDUJH� RQ� FDOFLXP
UHPDLQV� XQFKDQJHG� DW�92��±� DQG�$V2��� UH�
SODFHPHQW� IRU�32��±�� WKH�GLIIHUHQFHV� LQ�YD�QDGLXP� VKLHOGLQJ� IRU� WKHVH� VXEVWLWXWLRQV
PD\� EH� H[SODLQHG� E\� FKDQJHV� RI� 9±2� GLV�
WDQFHV�LQVLGH�RI�WKH�92��±WHWUDKHGURQ��

)LJ�������3��D����+��E�����9��F��0$6�105�VSHFWUD�RI�FRPSRXQGV���Ü&D���32���92����$V2���2+���������Ü�&D���32����92����$V2����2+������Ü�&D���32���92���$V2����2+������Ü�&D���32����92���$V2���2+���� ���Ü�&D���$V2����2+���

)LJ����� ,QWHQVLW\�UHGXFHG� ,5� DEVRUSWLRQ� VSHF�
WUXP�RI�32��±�LRQV�IRU�FRPSRXQGV�
��Ü�&D���32���92����$V2���2+������Ü�&D���32���92���$V2����2+�����Ü�&D���32����92����$V2����2+���
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7KXV��LW�ZDV�IRXQG�WKDW�WKH�PD[LPXP�GLV�
WRUWLRQ�RI�92��±�WHWUDKHGURQV�LV�REVHUYHG�IRUWKH�FRPSRXQG�&D���32����92���$V2���2+����$IXUWKHU� LQFUHDVH� LQ� WKH� VXEVWLWXWLRQ� GHJUHH
E\�YDQDGLXP�ZKLFK��DV�LW�KDV�EHHQ�VKRZQ�LQ
>�@��LV�DFFRPSDQLHG�E\�D�JUDGXDO�LQFUHDVH�RI
WKH�ODWWLFH�SDUDPHWHUV��UHVXOWV�LQ�D�GHFUHDVH
RI�GLVWRUWLRQV�ERWK�LQ�SKRVSKDWH��)LJ�����DQG
YDQDGLXP�WHWUDKHGURQV�

7KH� UHODWLYHO\� VPDOO� GHIRUPDWLRQV� LQ
;2��±� WHWUDKHGURQV� FDQQRW�� KRZHYHU�� H[�SODLQ� WKH� VLJQLILFDQW� FKDQJHV� LQ� WKH� KDOI�
ZLGWK�RI� WKH�0$6�105�VSHFWUD��%DVLQJ�RQ
WKH� VSLQ�VSLQ� UHOD[DWLRQ� YDOXHV�� LW� LV� SRVVL�
EOH� WR�FRQFOXGH� WKDW� WKH�KDOI�ZLGWK�RI�0$6
105� VSHFWUDO� EDQG� LQ� WKLV� FDVH� LQGLFDWHV
WKH� SUHVHQFH� RI� FORVH� QRQHTXLYDOHQW� SRVL�
WLRQV�RI�SKRVSKRUXV�DQG�YDQDGLXP�QXFOHL�LQ
WKH� VWUXFWXUHV� XQGHU� VWXG\�� 7R� HOLPLQDWH
WKH� SRVVLELOLW\� RI� QRQ�XQLIRUP� GLVWULEXWLRQ

RI�32��±� LRQV�� WKDW� FRXOG� UHVXOW� LQ� LQWHUDF�WLRQ� EHWZHHQ� WKH� QHLJKERULQJ� DQLRQV� DQG
WKXV� WR� EURDGHQLQJ� RI� ,5� DEVRUSWLRQ� EDQGV
LQ� RQH� RI� WKH� VDPSOHV�� WKXV� PDVNLQJ� WKH
32��±� WHWUDKHGURQ� GHIRUPDWLRQ�� WKH� VSLQ�VSLQ�UHOD[DWLRQ�WLPHV�RQ���3�QXFOHL�KDG�EHHQ
PHDVXUHG� IRU� &D���32���92����$V2���2+��DQG� &D���32���92���$V2����2+��� VDPSOHV
FRQWDLQLQJ� WKH� VDPH� DPRXQW� RI� 32��±� LRQV�7DEOH����

6LQFH� WKH� UHOD[DWLRQ� WLPHV� IRU� WKHVH� WZR
VDPSOHV�DUH�SUDFWLFDOO\�WKH�VDPH��LW�LV�SRVVL�
EOH� WR� VWDWH� WKDW� WKH�KDOI�ZLGWK�RI� ,5�VSHF�
WUD� FRUUHVSRQGV� WR� WKH� UHODWLYH� GLVWRUWLRQ
GHJUHH� RI� 32��±� LRQV� LQ� WKH� VDPSOHV�� 7KHKDOI�ZLGWK� RI� 105� VSHFWUD� FDQQRW� EH� H[�
SODLQHG�E\�WKH�FKDQJH�LQ�FU\VWDOOLQLW\�GHJUHH
UHVXOWLQJ� IURP� VXFK� VXEVWLWXWLRQV�� DV� WKH
PD[LPXP� YDOXH� IRU� YDQDGLXP� FRUUHVSRQGV
WR� WKH� PLQLPXP� YDOXH� IRU� WKH� SKRVSKRUXV

7DEOH����7KH�ORQJLWXGLQDO��7���DQG�WUDQVYHUVH��7���UHOD[DWLRQ�RI�YDQDGLXP�DQG�SKRVSKRUXV�QXFOHLRI�VWXGLHG�FRPSRXQGV�
&RPSRXQG 9 9 3 3�

7���V 7���PV 7���V 7���PV
&D���32���92����$V2���2+�� ��� ��� ���� ��
&D���32����92����$V2����2+�� ��� ��� ���� ��
&D���32���92���$V2����2+�� ��� ��� ���� ��
&D���32����92���$V2���2+�� ��� ��� ���� ��

7DEOH���� � %LQGLQJ� HQHUJ\� �H9�� DQG� KDOI�ZLGWK� �LQ� SDUHQWKHVHV�� H9�� IRU� FRUH� OHYHOV� OLQHV� RI� WKH
DWRPV�RI�VWXGLHG�FRPSRXQGV

&RPSRXQG 2�V 3�S &D�V &D�S���&D�S��� 9�S��� 9�S��� $V�S��� $V�S���
&D���32���92����$V2���2+�� ����� ����� ����� ����� ����� ����� ����� ����� �����

����� ����� ����� ����� ����� ����� ����� ����� �����
&D���32����92����$V2����2+�� ����� ����� ����� ����� ����� ����� ����� ����� ������

����� ����� ����� ����� ����� ����� ����� ����� �����
&D���32���92���$V2����2+�� ����� ����� ����� ����� ��� ����� ����� ����� �����

����� ����� ����� ����� ����� ����� ����� ����� �����
&D���32����92���$V2���2+�� ����� ����� ����� ����� ����� ����� Ü ����� �����

����� ����� ����� ����� ����� �����
&D���$V2����2+�� ����� Ü ����� ����� ����� Ü Ü ����� �����

����� ����� ����� ����� ����� �����
&D���32����2+���>�@ ����� ����� ����� ����� Ü Ü Ü Ü Ü

����� ����� �����
&D���92����2+���>�@ ����� Ü ����� ����� ����� ����� Ü Ü Ü

����� ����� �����
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QXFOHL��7DEOH�����,W�VHHPV�WKDW�VXFK�EURDGHQ�
LQJ� FDQ� EH� H[SODLQHG� E\� WKH� URWDWLRQ� RI
;2��±� DQLRQV� SURYLGLQJ� WKHP� WKH� RSSRUWX�QLW\�WR�RFFXS\�WKH�PD[LPXP�YROXPH�LQ�WKH
VWUXFWXUH�� $FFRUGLQJO\�� GLIIHUHQW� URWDWLRQ
GLUHFWLRQV� DQG� GHJUHHV� RI� WKH� WHWUDKHGURQV
GHILQH�WKH�VHW�RI�SRVVLEOH�QRQHTXLYDOHQW�SR�
VLWLRQV� RI� WKHVH� HOHPHQWV�� 7KH� SUHVHQFH� RI
92��±� DQG� $V2��±� DQLRQV� LQ� WKH
&D���32����92����$V2����2+��� LQ� HTXDO� SUR�SRUWLRQV� KDV� WKH� JUHDWHVW� LQIOXHQFH� RQ� WKH
VWUXFWXUH�RUGHULQJ�GHJUHH��7KXV��LW�LV�SRVVL�
EOH� WR� DVVXPH� WKDW� $V2��±� LRQV� KDYLQJ� DVPDOOHU� VL]H� LQ� FRPSDULVRQ� ZLWK� 92��±� LRQDQG� RFFXS\LQJ� DQ� LQWHUPHGLDWH� SRVLWLRQ� LQ
WKH�DSDWLWH�VWUXFWXUH�LQFUHDVH�WKH�GHJUHH�RI
WKHLU�PXWXDO�LQIOXHQFH�

$FFRUGLQJ�WR��+�0$6�105�VSHFWUD��)LJ�
�E�� 7DEOH����� WKH� VWUXFWXUH� GLVRUGHULQJ� LV
DFFRPSDQLHG� E\� WKH� FKDQJH� RI� �+� FKHPLFDO
VKLIW�EHORQJLQJ�WR�2+±�JURXSV��WKXV�GHPRQ�
VWUDWLQJ�WKH�FKDQJH�LQ�PDJQHWLF�VKLHOGLQJ�RI
K\GURJHQ� QXFOHL�� 7KH� PLQLPXP� PDJQHWLF
VKLHOGLQJ� RI� SURWRQV� IRU� &D���$V2����2+��LQFUHDVHV� ZLWK� UHSODFHPHQW� RI� DUVHQLF� LRQV
E\� YDQDGLXP� DQG� SKRVSKRUXV�� DWWDLQLQJ� LWV
PD[LPXP� YDOXH� IRU� WKH� FRPSRXQG
&D���32���92����$V2���2+���� 'XH� WR� WKH
IDFW� WKDW�� DFFRUGLQJ� WR� WKH�;36�� VXFK� VXE�
VWLWXWLRQV�GR�QRW�LQIOXHQFH�WKH�PHWDO�VXEODW�
WLFH��ZLWKLQ�WKH�PHDVXUHPHQW�DFFXUDF\���WKH
FKDQJH� LQ� SURWRQV� VKLHOGLQJ� FDQ� HYLGHQFH
HLWKHU�D�ZHDN�FKDUJH�UHGLVWULEXWLRQ�EHWZHHQ
FDOFLXP� LRQV� DQG� K\GUR[\O� JURXS� LQVXIIL�
FLHQW� IRU� UHJLVWUDWLRQ� E\� ;�UD\� SKRWRHOHF�
WURQ� VSHFWURVFRS\�� RU� WKH� FKDQJHV� LQ� WKH
VWUHQJWK�RI�K\GURJHQ�ERQG�2+������2;2��7KH� SUHYLRXV� VWXGLHV� >�@�� EDVLQJ� RQ� WKH
GLVSODFHPHQWV� RI� WKH� ,5� PRGH� PDWFKHG� WR
2+±�JURXS��LQGLFDWH�DQ�LQFUHDVH�LQ�K\GURJHQ
ERQG� VWUHQJWK� ZLWK� LQFUHDVLQJ� YDQDGLXP
FRQWHQW� IRU� WKH� &D���32���±[�92��[�2+���[� ������ ����� ����� ����� ������ $Q� HVVHQWLDO
RYHUODSSLQJ�RI�OLEUDWLRQ�PRGH�RI�2+±�JURXS�
KDYLQJ�D�YDOXH�RI�����FPÜ��IRU�DUVHQDWDSD�
WLWH�� ZLWK� Q�� EHORQJLQJ� WR� 32��±� LQ� PL[HGFRPSRVLWLRQ�DSDWLWHV��GRHV�QRW�DOORZ�WR�FRQ�
FOXGH�XQDPELJXRXVO\�LWV�GLVSODFHPHQW��+RZ�
HYHU��GXH�WR�WKH�IDFW�WKDW�K\GURJHQ�ERQG�LV
XVXDOO\� DFFRPSDQLHG� E\� D� GHFUHDVH� LQ�PDJ�
QHWLF� VKLHOGLQJ� RI� K\GURJHQ� QXFOHL� RI� 2+±
JURXSV� >��@��IRU�DSDWLWHV�ZLWK�VLPXOWDQHRXV
VXEVWLWXWLRQ� RI� SKRVSKRUXV� E\� YDQDGLXP
DQG� DUVHQLF�� LQFUHDVH� LQ�PDJQHWLF� VKLHOGLQJ
RI�2+±�JURXS�SURWRQV��DV�LW�IROORZV�IURP��+
0$6� 105�� LQGLFDWHV� D� VWUHQJWK� UHGXFWLRQ
RI�2+������2;2��K\GURJHQ�ERQG�ZLWK�LQFUHDV�LQJ�YDQDGLXP�DQG�DUVHQLF�LRQ�FRQWHQW�

7KH�DERYH�GHVFULEHG�FKDQJHV�LQ�WKH�VWUXF�
WXUH� RI� LQYHVWLJDWHG� FRPSRXQGV� LQIOXHQFH
QDWXUDOO\� WKHLU� HOHFWURQ� VWUXFWXUH�� 6R� WKH
;36� GDWD� �7DEOH���� LQ� FRPELQDWLRQ� ZLWK
105�RQHV�LQGLFDWH�D�VXEVWDQWLDO�UHGLVWULEX�
WLRQ� RI� HOHFWURQ� GHQVLW\� GHSHQGLQJ� RQ� WKH
VXEVWLWXWLRQ�GHJUHH�

7KH� VKLIW� RI� ��3� 0$6� 105� LVRWURSLF
SHDN� WRZDUGV� KLJKHU� IUHTXHQFLHV� �)LJ���D�
DQG�LQFUHDVH�LQ�WKH�HQHUJ\�RI�SKRVSKRUXV��S
FRUH� HOHFWURQV� DW� WKH� LQFUHDVH� RI� ERWK� DUVH�
QLF�DQG�YDQDGLXP�LRQ�FRQWHQW�HYLGHQFHV�WKH
HOHFWURQ�GHQVLW\�GHFUHDVH�RQ�SKRVSKRUXV�

6LQFH�WKH�;36�VSHFWUXP�LV�WKH�VXSHUSRVL�
WLRQ�RI� VLJQDOV� IURP� WKH� HQWLUH� VDPSOH� VXU�
IDFH�RI�WKH��WKH�FKDQJH�LQ�ELQGLQJ�HQHUJ\�RI
2�V� R[\JHQ� FRUH� OHYHO� FDQQRW� LQGLFDWH� XQ�
HTXLYRFDOO\� WKH� HOHFWURQ� GHQVLW\� FKDQJH� RQ
R[\JHQ� IRU� D� SDUWLFXODU� W\SH� RI� WHWUDKH�
GURQV�� +RZHYHU�� WDNLQJ� LQWR� FRQVLGHUDWLRQ
WKH�IDFW�WKDW�WKH�HQHUJ\�RI�FRUH�HOHFWURQ�RI
FDOFLXP�LV�SUDFWLFDOO\�WKH�VDPH�IRU�DOO�FRP�
SRXQGV�VWXGLHG��LW�LV�SRVVLEOH�WR�DVVXPH�WKH
FKDUJH�WUDQVIHU�IURP�SKRVSKRUXV�WR�R[\JHQ
LQ�32��±�WHWUDKHGURQ��6XFK�DQ�HOHFWURQ�GHQ�VLW\�UHGLVWULEXWLRQ�LQGLFDWHV�WKH�GHFUHDVH�RI
LQLWLDOO\� VWURQJO\�SURQRXQFHG� FRYDOHQW� FRP�
SRQHQW� RI� WKH� SKRVSKRUXV�R[\JHQ� ERQG� LQ
K\GUR[\DSDWLWH��7KXV��WKLV�VXEVWLWXWLRQ�W\SH
UHVXOWV�LQ�D�PDUNHG�LQFUHDVH�RI�LRQLF�FRPSR�
QHQW�LQ�WKH�3±2�FKHPLFDO�ERQG�IRU�VXEVWLWX�
WLRQV� RI� SKRVSKRUXV� E\� YDQDGLXP� DQG� E\
DUVHQLF�� WKRXJK� VXEVWLWXWLRQV� E\� YDQDGLXP
LQIOXHQFH� HVVHQWLDOO\� JUHDWHU� WKH� FKHPLFDO
ERQG�LRQLFLW\��,QFUHDVH�RI�92��±�LRQ�FRQWHQWUHVXOWV� LQ� VRPH� LQFUHDVH� RI� WKH� DUVHQLF� �S
FRUH� HOHFWURQ� HQHUJ\� WKDW� LV� SRVVLEO\� H[�
SODLQHG�E\�WKH�LQFUHDVH�RI�ODWWLFH�SDUDPHWHUV
DQG�� DV� LQ� WKH� FDVH� RI� SKRVSKRUXV�� FDXVHV
VRPH�LQFUHDVH�LQ�WKH�FKHPLFDO�ERQG�LRQLFLW\�

6XSHUSRVLWLRQV�RI�GLIIHUHQW�ELQGLQJ�HQHU�
JLHV� LQ� WKH� ;36� VSHFWUD� FDXVH� WKDW� ZLWK
LQFUHDVH� RI� 92��±� DQLRQ� FRQWHQW� WKH� KDOI�ZLGWK� RI� R[\JHQ� 2�V� FRUH� OHYHO� LQFUHDVHV
VLJQLILFDQWO\�� 7KLV� VHHPV� WR� EH� FDXVHG� E\
WKH� GLIIHUHQW� LRQLFLW\� RI� WKH� R[\JHQ�YDQD�
GLXP� ERQG� RQ� WKH� RQH� KDQG�� DQG� R[\JHQ
ZLWK� SKRVSKRUXV� DQG� DUVHQLF� RQ� WKH� RWKHU
RQH��7KXV��WKH�HOHFWURQ�GHQVLW\�RQ�WKH�R[\�
JHQ�LRQV�GHSHQGV�RQ�WKH�WHWUDKHGURQ�W\SH�WR
ZKLFK�LW�EHORQJV��DQG�SUREDEO\�LW�LV�GHILQHG
E\� WKH� IDFW� WKDW�� LQ� DGGLWLRQ� WR� WKH� PD[L�
PXP� LRQLF� UDGLXV�� YDQDGLXP� KDV� D� VLJQLIL�
FDQWO\� GLIIHUHQW� HOHFWURQLF� FRQILJXUDWLRQ�
3DUWLFLSDWLRQ� RI� PRUH� ORFDOL]HG� �G�RUELWDOV
RI�YDQDGLXP�LQ�WKH�FKHPLFDO�ERQG�UHVXOWV�LQ
WKDW� DV� WKH�GLVWDQFH�EHWZHHQ�YDQDGLXP�DQG
R[\JHQ�LRQV�LQFUHDVHV��WKH�RYHUODS�GHJUHH�RI
�G� YDQDGLXP� RUELWDOV� ZLWK� �S� R[\JHQ� RQHV
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LV� UHGXFHG� E\� D� PXFK� JUHDWHU� H[WHQW� WKDQ
WKH� RYHUODS� RI� FRUUHVSRQGLQJ� SKRVSKRUXV
DQG� DUVHQLF� RUELWDOV� ZLWK� R[\JHQ�� 3HUKDSV
WKLV�H[SODLQV�WKH�ERQG�LRQLFLW\�GLIIHUHQFH�LQ
WKH�WHWUDKHGURQV�RI�LQYHVWLJDWHG�FRPSRXQGV�

7KH�ELQGLQJ�HQHUJ\�RI�FDOFLXP�FRUH�OHYHO
HOHFWURQV� LV� DOPRVW� WKH� VDPH� IRU� DOO� VXEVWL�
WXWLRQ� W\SHV�� KHQFH� LW� IROORZV� WKDW� WKH
FKDUJH� UHGLVWULEXWLRQ� WDNHV� SODFH� VROHO\� EH�
WZHHQ�WKH�DWRPV�RI�DQ�LQGLYLGXDO�DQLRQ�DQG
GRHV�QRW�DIIHFW�WKH�PHWDO�VXEODWWLFH�

���&RQFOXVLRQV
7KH� VXEVWLWXWLRQ� RI� SKRVSKRUXV� LRQV� E\

WKH�YDQDGLXP�DQG�DUVHQLF�RQHV�LQ�WKH�VWUXF�
WXUHV� RI� PL[HG� FRPSRVLWLRQ� DSDWLWHV� KDV
EHHQ� IRXQG� WR� LQFUHDVH� WKH� ODWWLFH� SDUDPH�
WHUV�DQG�WR�FKDQJH�WKH�GLVWDQFHV�ZLWKLQ�WKH
WHWUDKHGURQV�� ,W� LV� VKRZQ� WKDW� DQ� LQFUHDVH
RI� 3±2� GLVWDQFHV� LQ� 32��±� WHWUDKHGURQ� LVLQIOXHQFHG� WR� PXFK� KLJKHU� GHJUHH� E\� WKH
LQWURGXFWLRQ� RI� 92��±� DQLRQV� LQ� WKH� VWUXF�WXUH�RI� LQYHVWLJDWHG�FRPSRXQGV��WKDW�VHHPV
WR�EH�H[SODLQHG�E\�ODUJH�VL]H�RI�92��±�DQLRQ�,W� KDV� EHHQ� QRWHG� WKDW� VXFK� VXEVWLWXWLRQV
UHVXOW� LQ� VRPH� VL]H� FKDQJH� RI� LQYHVWLJDWHG
WHWUDKHGURQV�� EXW� LQIOXHQFH� PXFK� VWURQJHU
WKH� VSDWLDO� WRSRORJ\� RI� WHWUDKHGUDO� VXEODW�
WLFH�� ,W� KDV� EHHQ� VXSSRVHG� WKDW� K\GURJHQ
ERQG�2+������2;2��VWUHQJWK�UHGXFHV�ZLWK�LQ�FUHDVLQJ� YDQDGLXP� DQG� DUVHQLF� FRQWHQW� LQ
WKH�PL[HG�FRPSRVLWLRQ�DSDWLWHV��,W�LV�VKRZQ
WKDW� WKH�FKDUJH�UHGLVWULEXWLRQ� LQ�WKH�PL[HG
FRPSRVLWLRQ� DSDWLWHV� RFFXUV� H[FOXVLYHO\� EH�

WZHHQ�VXEODWWLFHV�RI�DQLRQV��ZLWKRXW�DIIHFW�
LQJ� WKH�PHWDO� VXEODWWLFH�� 7KH� HOHFWURQ� GHQ�
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