
6WXG\�RI�QDQRVWUXFWXUHG�OD\HUV�RIVLQJOH�FU\VWDO�VLOLFRQ�E\�VFDQQLQJ�WXQQHOVSHFWURVFRS\
6�3�.XO\N��0�0�0HOQLFKHQNR�.�9�6YH]KHQWVRYD��2�0�6KP\U\RYD

7�6KHYFKHQNR�.\LY�1DWLRQDO�8QLYHUVLW\�
��$FDG��*OXVKNRY�$YH��������.\LY��8NUDLQH9�/DVKNDU\RY�,QVWLWXWH�RI�6HPLFRQGXFWRU�3K\VLFV��1DWLRQDO�$FDGHP\�RI

6FLHQFHV�RI�8NUDLQH�����1DXN\�$YH��������.\LY��8NUDLQH.\LY�1DWLRQDO�7HFKQLFDO�8QLYHUVLW\�RI�8NUDLQH��.3,��
���3HUHPRJD�$YH���������.\LY��8NUDLQH

5HFHLYHG�6HSWHPEHU���������
7KH�QDQRVWUXFWXUHG�VLOLFRQ�VXUIDFH�KDV�EHHQ�VWXGLHG�XVLQJ�WKH�VFDQQLQJ�WXQQHO�PLFURV�

FRS\�DQG�VSHFWURVFRS\� LQ�DLU��7KH� ORFDO�GHQVLW\�RI�HOHFWURQ�VWDWHV�ZDV�GHILQHG�DV�QRUPDO�
L]HG� GLIIHUHQWLDO� WXQQHO� FRQGXFWLYLW\� �G,�G8���,�8��� 7KH� VXUIDFH� PRUSKRORJ\� KDV� EHHQ
IRXQG�WR�EH�FKDUDFWHUL]HG�E\�WKH�SUHVHQFH�RI�D�KRPRJHQHRXV�QDQRVWUXFWXUH�RQ�WKH� LQLWLDO
VXEVWUDWH�PLFURUHOLHI��)RU�WKH�ILUVW�WLPH� LW�KDV�EHHQ�VKRZQ�WKDW�WKH�VSHFWUXP�RI�HOHFWURQ
VWDWHV�FKDQJHV�FRQVLGHUDEO\�GXULQJ�WKH�JURZWK�RI�D�QDQRVWUXFWXUHG�VLOLFRQ�ILOP��

lË�º�ºä�°}ÈÓÒ¯�
�Ë®���ÓÓËã	Óº®�äÒ}¯º°}º¹ÒÒ�Ò�°¹Ë}�¯º°}º¹ÒÒ�ÓÈ�mºÏ��²Ë�Ò°°ãË�
�ºmÈÓÈ�¹ºmË¯²Óº°�	�ÓÈÓº°�¯�}��¯Ò¯ºmÈÓÓº�º�}¯ËäÓÒ«���º}Èã	ÓÈ«�¹ãº�Óº°�	� ªãË}�¯ºÓ�
Ó©²�°º°�º«ÓÒ®�º¹¯Ë�Ëã«ãÈ°	�}È}�Óº¯äÒ¯ºmÈÓÓÈ«��ÒÁÁË¯ËÓ�ÒÈã	ÓÈ«���ÓÓËã	ÓÈ«�¹¯ºmº�
�Òäº°�	� �G,�G8���,�8����°�ÈÓºmãËÓº����º�äº¯Áºãº�Ò«�¹ºmË¯²Óº°�Ò�²È¯È}�Ë¯ÒÏ�Ë�°«�ÓÈ�
ãÒ�ÒËä�º�Óº¯º�Óº®�ÓÈÓº°�¯�}��¯©�ÓÈ�¹ºmË¯²Óº°�Ò�Ò°²º�Óº�º�äÒ}¯º¯Ëã	ËÁÈ�¹º�ãºÎ}Ò�
{¹Ë¯m©Ë� ¹º}ÈÏÈÓº�� ��º� m� ¹¯º�Ë°°Ë� ¯º°�È� ¹ãËÓ}Ò� ÓÈÓº°�¯�}��¯Ò¯ºmÈÓÓº�º� }¯ËäÓÒ«
°¹Ë}�¯�ªãË}�¯ºÓÓ©²�°º°�º«ÓÒ®��°��Ë°�mËÓÓº�ÒÏäËÓ«Ë�°«��

7KH� GHYHORSPHQW� RI� QDQRWHFKQRORJLHV
VWLPXODWHV� D� KXJH� LQWHUHVW� LQ� VWXGLHV� RI
QDQRVWUXFWXUHG�PDWHULDOV�� GXH� WR� WKH� XQLTXH
SK\VLFRFKHPLFDO�SURSHUWLHV�WKHUHRI��6R�GXULQJ
IRUPDWLRQ�RI�QDQRVWUXFWXUHG�VLOLFRQ��QV�6L��RQ
VLQJOH�FU\VWDO� VLOLFRQ� VXEVWUDWHV�� FKDQJHV
RFFXU� QRW� RQO\� LQ� VWUXFWXUDO� SURSHUWLHV�� UH�
VXOWLQJ� LQ� FKDQJHG�EDQG�JDS�ZLGWK�DQG�DS�
SHDUDQFH� RI� TXDQWXP� VL]H� HIIHFWV�� EXW� DOVR
LQ�IRUPDWLRQ�RI�QHZ�FRPSRXQGV�RQ�WKH�VLOL�
FRQ� VXUIDFH� ZLWK� LQFUHDVHG� FRQWHQW� RI� K\�
GURJHQ�DQG�DPRUSKRXV�VLOLFRQ��/DVW�\HDUV��D
FRQVLGHUDEOH� DWWHQWLRQ� LV� IRFXVHG� RQ� UH�
VHDUFK� RI� SKRWR�� DQG� HOHFWUROXPLQHVFHQFH
SURSHUWLHV�RI�QDQRVWUXFWXUHG�VLOLFRQ�DQG�XVH
RI�WKDW�PDWHULDO�LQ�VXFK�DUHDV�DV�ELRWHFKQRO�

RJ\�� JDV� GHWHFWRUV�� HWF�� >�Ü�@��$W� WKH� VDPH
WLPH�� D�JUHDW� DWWHQWLRQ� LV� DOVR�JLYHQ� WR�GH�
YHORSPHQW� RI� PHWKRGV� WR� FRQWURO� DQG�PDQ�
DJH� WKH� SDUDPHWHUV� RI� QDQRVL]HG� PDWHULDOV
ZLWK� WKH� DLP� WR� VWDELOL]H� WKHLU� FKDUDF�
WHULVWLFV�� 2I� D� VSHFLDO� LQWHUHVW� IURP� WKH
YLHZSRLQW�RI�SUDFWLFDO�XVH�RI�QDQRVWUXFWXUHG
VLOLFRQ� OD\HUV� LQ� PLFURHOHFWURQLFV� LV� WKH
SUREOHP� RI� HOHFWURQ� VWDWH� VSHFWUXP� DV� RI� D
VSDWLDOO\� YDULDEOH� FKDUDFWHULVWLF��ZKLFK�ZDV
QRW�FRQVLGHUHG� LQ�WKH� OLWHUDWXUH�WLOO�QRZ��,W
LV� NQRZQ� WKDW� LQIRUPDWLRQ� RQ� ORFDO� GHQVLW\
RI� VWDWHV� QHDU� WR� WKH� )HUPL� OHYHO� FDQ� EH
REWDLQHG�LQ�H[SHULPHQW�XVLQJ�VFDQQLQJ�WXQ�
QHO� VSHFWURVFRS\�� ,Q�WKLV�PHWKRG��ERWK�GHQ�
VLW\� RI� RFFXSLHG� DQG� IUHH� VWDWHV� �YDOHQFH
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EDQG� DQG� FRQGXFWLRQ� EDQG�� LV� SUREHG�� WKH
EDQG�JDS�ZLGWK�FDQ�EH�GHWHUPLQHG��WRR� >�@�
7KH� WDVN� RI� WKLV� ZRUN� ZDV� WR� PHDVXUH� WKH
ORFDO� GHQVLW\� RI� VWDWHV� LQ� QDQRVWUXFWXUHG
VLOLFRQ� OD\HUV� XVLQJ� WKH� VFDQQLQJ� WXQQHO
VSHFWURVFRS\� LQ� DLU� DQG� WR� GHWHUPLQH� WKH
H[WHQW�RI�WKH�FKDQJHV�LQ�WKH�ORFDO�GHQVLW\�RI
VWDWHV�GHSHQGLQJ�RQ�WKLFNQHVV�RI�WKH�VWXGLHG
OD\HUV�
:H�KDYH�XVHG�ERURQ�GRSHG�VLQJOH�FU\VWDO

VLOLFRQ� VTXDUH� ZDIHUV� ZLWK� UHVLVWLYLW\� RI
��:�FP��RI�����FP��DUHD�DQG�����PP�WKLFN�
QHVV�� 7KH� VXUIDFH� RI� WKH� ZDIHUV� ZDV� QRW
SROLVKHG��7KH�QV�6L� OD\HUV�ZHUH�SUHSDUHG�E\
HWFKLQJ� LQ�+)�+12�� VROXWLRQ� DW� URRP� WHP�SHUDWXUH��QDWXUDO�GD\�WLPH�LOOXPLQDWLRQ�DQG
WLPH�GXUDWLRQ�IURP���WR����PLQ��7KH�QDQRV�
WUXFWXUDO� VLOLFRQ� OD\HU� WKLFNQHVV�ZDV�YDULHG
IURP� �� XS� WR� ��� QP�� FRQWUROOHG� E\� WHFKQR�
ORJLFDO� SURFHVV� SDUDPHWHUV� RI� FKHPLFDO
PRGLILFDWLRQ� RI� WKH� VLQJOH�FU\VWDO� VLOLFRQ
VXUIDFH� DQG� GHWHUPLQHG� XVLQJ� WKH� $XJHU
HOHFWURQ� VSHFWURVFRS\��7R� VWXG\� WKH� VXUIDFH
PRUSKRORJ\� DQG� DFFHVV� WKH� FKDUDFWHULVWLF
VL]HV� RI� WKH� OD\HU� VWUXFWXUH�� WKH� VFDQQLQJ
WXQQHO� PLFURVFRS\� ZDV� XVHG�� 7KH� WXQQHO
FXUUHQW�YROWDJH� FKDUDFWHULVWLFV� ZHUH� PHDV�
XUHG� LQ� DLU� XVLQJ� D� VFDQQLQJ� WXQQHO�PLFUR�
VFRSH� LQ� WKH� ELDV� YROWDJH� UDQJH� EHWZHHQ� D
SUREH�DQG�VDPSOH�IURP�Ü��XS�WR����9��ZLWK
WKH� SRVLWLYH� YROWDJH� FRUUHVSRQGLQJ� WR� SRVL�
WLYH�SRWHQWLDO� RQ� WKH� VDPSOH��$V�D�SUREH��D
SODWLQXP� QLE� ZDV� XVHG�� 7KH� PHDVXUHPHQWV
ZHUH�FDUULHG�RXW�DW�D�FRQVWDQW�JDS��7KH�UH�
SHDWHG� PHDVXUHPHQWV� RI� FXUUHQW�YROWDJH
FKDUDFWHULVWLFV� LQ� HDFK� SRLQW� DW� GLIIHUHQW
DUHDV� RI� WKH� QDQRVWUXFWXUHG� VLOLFRQ� OD\HU
VXUIDFH�ZHUH�FDUULHG�RXW��7KH�DYHUDJHG�FXU�
UHQW�YROWDJH� FKDUDFWHULVWLFV� �IURP� ���PHDV�
XUHPHQWV�� ZHUH� VPRRWKHG� RXW� DGGLWLRQDOO\
XVLQJ� D� WKH� )RXULHU� ILOWHU�� DQG� QRUPDOL]HG
GLIIHUHQWLDO� FRQGXFWLRQ� �G,�G8���,�8�� ZDV
FDOFXODWHG��$FFRUGLQJ�WR�>�@��WKH�GHSHQGHQFH
�G,�G8���,�8�� RQ� WKH� ELDV� YROWDJH� UHIOHFWV
WKH�GLVWULEXWLRQ�RI�HOHFWURQ�VWDWH�GHQVLW\�LQ
HQHUJ\� (� �H9� �H� LV� WKH� HOHFWURQ� FKDUJH��
WKXV�8� ��� FRUUHVSRQGV� WR� WKH� )HUPL� OHYHO
�()���WKH�QHJDWLYH�ELDVHV�FRUUHVSRQG�WR�RFFX�SLHG� VWDWHV� �(�()��� ZKLOH� WKH� SRVLWLYH� EL�DVHV��WR�IUHH�VWDWHV��(!()��6WXG\� RI� WKH� VXUIDFH�PRUSKRORJ\� E\� WKH
VFDQQLQJ� WXQQHO�PLFURVFRSH�KDV� VKRZQ�WKDW
QV�6L� KDV� DQ� RUGHUHG� VWUXFWXUH� DQG� UHSHDWV
H[DFWO\� WKH� VXUIDFH�PRUSKRORJ\� RI� WKH� VLQ�
JOH�FU\VWDO�VLOLFRQ�VXEVWUDWHV��IRUPLQJ�SRUHV
RQ� HYHU\� VLQJOH� UHOLHI� SLHFH� �)LJ������ 7R
VWXG\� WKH� ORFDO�GHQVLW\�GLVWULEXWLRQ�RI�HOHF�
WURQ�VWDWHV�RQ�WKH�VXUIDFH�RI�QV�6L�OD\HU��WKH
VDPSOHV� ZLWK� GLIIHUHQW� WKLFNQHVV� RI� QDQRV�

WUXFWXUHG� VLOLFRQ� IURP� �� QP� XS� WR� ��� QP
ZHUH� XVHG�� 7KH� REWDLQHG� FXUUHQW�YROWDJH
FKDUDFWHULVWLFV�KDYH�VKRZQ�WKDW�YDULDWLRQ�RI
WKH�FXUUHQW�YROWDJH�FKDUDFWHULVWLF�GHSHQGLQJ
RQ� WKLFNQHVV� RI� QV�6L� OD\HU� LV� QRQ�OLQHDU�
7KH� FKDUDFWHULVWLF� GHSHQGHQFHV� RI� WKH� QRU�
PDOL]HG� GLIIHUHQWLDO� FRQGXFWLYLW\
�G,�G8���,�8��RQ�WKH�ELDV�YROWDJH�8�IRU�QV�
6L�OD\HUV�DUH�JLYHQ�LQ�)LJV���WKURXJK����7KH
HGJH� RI� RFFXSLHG� VWDWHV� DQG� HGJH� RI� IUHH
VWDWHV� �FRQGLWLRQDOO\� YDOHQFH� EDQG� DQG� WKH
FRQGXFWLRQ� EDQG�� FDQ� EH� HDVLO\� REVHUYHG�
$SSUR[LPDWLQJ� VWUDLJKW� OLQHV� WR� WKH� ULJKW
DQG� WR� WKH� OHIW� RI� D� )HUPL� OHYHO� KDYH� WKH
VDPH� VORSH�� 7KH� ODWWHU� HYLGHQFHV� WKDW� WKH
HOHFWURQ� VWDWH� GLVWULEXWLRQV� LQ� HQHUJ\� DW
(�()� DQG� (!()� DUH� LGHQWLFDO� �)LJ���Ü���'LVSODFHPHQW� RI� WKH� )HUPL� OHYHO� �()�� ZLWKUHVSHFW� WR� WKH� EDQG� HGJHV� LV� DOVR� REVHUYHG�
6R�� IRU� FXUYH� RI� )LJ����� WKH� )HUPL� OHYHO� LV
VKLIWHG� WR� WKH� YDOHQFH� EDQG� HGJH�� DQG� IRU
FXUYH� RI� )LJ����� WR� WKH� FRQGXFWLRQ� EDQG
HGJH�� 7KXV�� WKH� RI� HOHFWURQ� VWDWH� VSHFWUXP
IRU�QV�6L�OD\HUV�RI�YDULRXV�WKLFNQHVV�FKDQJHV
HVVHQWLDOO\�
'HVSLWH�RI�GLVWLQFWLRQV� LQ� W\SLFDO� VSHFWUD

RI�QRUPDOL]HG�GLIIHUHQWLDO� FRQGXFWLYLW\�SUH�
VHQWHG�LQ�)LJ���Ü���LW�LV�SRVVLEOH�WR�UHYHDO�D
QXPEHU� RI� FRPPRQ� UHJXODULWLHV� IRU� VWXGLHG
QV�6L� OD\HUV�� ,Q� WKH� ILHOG� RI� QHJDWLYH� ELDV
�(�()��� VKDUS� FKDQJH� LQ� �G,�G8���,�8�� LVVHHQ� LQ� FXUYHV� RI� )LJ���� DQG� )LJ���� ZKLFK
FDQ� EH� DVFULEHG� WR� WKH� YDOHQFH� EDQG� HGJH�
0RUHRYHU�� WKH� FURVVLQJ� RI� FRQGLWLRQDO� DS�
SUR[LPDWLQJ� VWUDLJKW� OLQH� ZLWK� WKH� OLQH
�G,�G8���,�8�� ��� IRU� WKRVH� FXUYHV� JLYHV
FORVH� YDOXHV� RI� D� YROWDJH� FXW�RIIV�� DERXW� Ü
��9��,W�PHDQV�WKDW�WKHUH�LV�DQ�REYLRXV�WUHQG
WR� D� VWHDG\�DUUDQJHPHQW�RI� WKH�)HUPL� OHYHO
DW� HQHUJ\� a�� H9� KLJKHU� WKDQ� WKH� YDOHQFH

)LJ����� 6FDQQLQJ� WXQQHO�PLFURVFRSH� LPDJH� RI
WKH� QV�6L� VXUIDFH�� WKH� VFDQQHG� DUHD� LV
�u��PP���
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EDQG�HGJH��$W�WKH�VDPH�WLPH��LQ�WKH�ILHOG�RI
SRVLWLYH�ELDV��(!()��LQ�WKH�FXUYH�RI�)LJ����D� VKDUS� �G,�G8���,�8�� FKDQJH� LV� DOVR� RE�
VHUYHG�ZKLFK�FDQ�EH�DVFULEHG�WR�WKH�FRQGXF�
WLRQ� EDQG� HGJH�� 7KH� FURVVLQJ� ZLWK� WKH� OLQH
�G,�G8���,�8�� ��� IRU� WKLV� FXUYH� JLYHV� D
FORVH�YDOXH�RI�D�YROWDJH�FXW�RII��DERXW����9�
7KH�)HUPL�OHYHO�IRU�QV�6L�OD\HUV�FXUYH��)LJ����
LV� VRPHZKDW� FORVHU� WR� WKH� YDOHQFH� EDQG
UDWKHU� WKDQ� WR� WKH� FRQGXFWLRQ� RQH�� WKXV
VKRZLQJ� VRPH� SUHYDOHQFH� RI� S�W\SH� FRQGXF�
WLYLW\� LQ�WKHVH�QV�6L� OD\HUV��:KLOH�IRU�QV�6L
OD\HUV� RI� RWKHU� WKLFNQHVV�YDOXHV�� WKH�)HUPL
OHYHO� LV� ORFDWHG�VRPHZKDW�FORVHU�WR�WKH�FRQ�
GXFWLRQ� EDQG� UDWKHU� WKDQ� WR� YDOHQFH� RQH
�)LJV����� ���� WKXV� HYLGHQFLQJ� VRPH� SUHYD�
OHQFH�RI�Q�W\SH�FRQGXFWLYLW\��7KXV��DQ�REYL�
RXV� WUHQG� WR� FRQGXFWLYLW\� W\SH� FKDQJH� LV
REVHUYHG�GXULQJ�IRUPDWLRQ�RI�QV�6L�OD\HU�GH�
SHQGLQJ� RQ� LWV� WKLFNQHVV�� $W� ILUVW�� WKH
Q�W\SH� FRQGXFWLYLW\� LV� REVHUYHG� �)LJ�����
7KHQ��ZKHQ�WKLFNQHVV�RI�QV�6L�OD\HU�UHDFKHV
�� QP�� WKH� S�W\SH� FRQGXFWLYLW\� LV� REVHUYHG�
)XUWKHU��DW�WKLFNQHVV�H[FHHGLQJ����QP��WKH
Q�W\SH�FRQGXFWLYLW\�LV�REVHUYHG�DJDLQ�
7KXV��WKH�QV�6L�OD\HUV�EHKDYH�DV�KRPRJH�

QHRXV� ILOPV� LQ� PHDVXUHPHQWV� RI� HOHFWURQ
VWDWH� ORFDO� GHQVLW\�� 7KH� JHQHUDO� SLFWXUH� RI
HOHFWURQ� VWDWH� ORFDO� GHQVLW\� LQ� WKH� OD\HUV� LV
DV� IROORZV�� 7KH� YDOHQFH� EDQG� HGJH� �VKDUS
FKDQJH�RI�HOHFWURQ�VWDWH�GHQVLW\�DW�(�()��LVUHYHDOHG� LQ� PRVW� REWDLQHG� VSHFWUD�� $W
(!()�� WKH� HQHUJ\� GHSHQGHQFH� RI� HOHFWURQVWDWH� GHQVLW\� LV� RI� D� GLIIHUHQW� NLQG�� EXW
PRUH� RIWHQ� LW� LV� SRVVLEOH� WR� LQWHUSUHW� WKLV
ZLGH� VPRRWK� GLVWULEXWLRQ� ZLWKRXW� VKDUS
FKDQJHV� DV� WKH� FRQGXFWLRQ� EDQG� HGJH��2QO\
RFFDVLRQDOO\� WKHUH� DUH� VSHFWUD� ZKHUH� ERWK

YDOHQFH�EDQG�HGJH�DQG� WKH�FRQGXFWLRQ�EDQG
HGJH� DUH� REVHUYDEOH� FOHDUO\�� 7KH� FKDQJH� RI
FRQGXFWLYLW\�W\SH�LQ�WKH�IRUPHG�QV�6L�OD\HUV
LV�REVHUYHG�GHSHQGLQJ�RQ�WKHLU�WKLFNQHVV�

5HIHUHQFHV
� ���&�%DUDWWR�� *�)DJOLD�� *�6KHUYHUJOLHUL� HW� DO��

6HQVRUV����������������
� ���&�$�%HWW\��5�/DO��'�.�6KDUPD�HW�DO���6HQVRUV

DQG�$FWXDWRUV��%���������������
� ���&�%DUDWWR��*�)DJOLD��(�&RPLQL� HW�DO���6HQVRUV

DQG�$FWXDWRUV�%��&KHPLFDO����������������
� ���0�<�*KDQQDP�� $�$�$ERXHOVDRRG�� *�)�1LMV�

6RO��(QHUJ\�0DWHU��6RO��&HOOV����������������
� ���$�,�/XFKHQNR�� 0�0�0HOQLFKHQNR�� .�9�6YH�

]KHQWVRYD��2�0�6KP\U\HYD��LQ��1DQRHQJLQHHU�
LQJ�� )DEULFDWLRQ�� 3URSHUWLHV�� 2SWLFV� DQG
'HYLFHV� ,,,�� HG�� E\� (�6�'RELV]�� /�$�(OGDGD�
3URF��RI�63,(�����������������������

)LJ����� 1RUPDOL]HG� GLIIHUHQWLDO� FRQGXFWLYLW\
DV� D� IXQFWLRQ� RI� ELDV� YROWDJH� REWDLQHG� IURP
DYHUDJHG� FXUUHQW�YROWDJH� FKDUDFWHULVWLF�� IRU
QV�6L�OD\HU����QP��

)LJ����� 1RUPDOL]HG� GLIIHUHQWLDO� FRQGXFWLYLW\
DV� D� IXQFWLRQ� RI� ELDV� YROWDJH� REWDLQHG� IURP
DYHUDJHG� FXUUHQW�YROWDJH� FKDUDFWHULVWLF�� IRU
QV�6L�OD\HU�����QP��

)LJ����� 1RUPDOL]HG� GLIIHUHQWLDO� FRQGXFWLYLW\
DV� D� IXQFWLRQ� RI� ELDV� YROWDJH� REWDLQHG� IURP
DYHUDJHG� FXUUHQW�YROWDJH� FKDUDFWHULVWLF�� IRU
QV�6L�OD\HU����QP��
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