
DXU� c_\YTc� QbU� dXU� ceRcdQ^SUc� gXYSX� XQfU� TUVY^YdU� f_\e]U� Q^T� TUVY^YdU�
cXQ`U�� 8]� cTa\b� ^U� ZX]TcXR�\^[TRd[Pa� \^ST[�� b^[XSb� WPeT� aTVd[Pa� ^aSTa� ^U�

cWTXa� R^]bcXcdT]c� _PacXR[Tb� �Pc^\b�� \^[TRd[Tb� ^a� X^]b��� CWTbT� _PacXR[Tb�
PaT�WT[S�c^VTcWTa�Qh�UPXa[h�bca^]V�U^aRTb��cWTaTU^aT��cWTh�PaT�_aTbT]c�Pc�
UXgTS� _^bXcX^]b�� CWT�_a^_TacXTb�^U� cWT� b^[XSb�]^c�^][h� ST_T]S�d_^]�
cWT�]PcdaT�^U� cWT�R^]bcXcdT]cb� Qdc�P[b^� ^]� cWTXa� PaaP]VT\T]cb� P]S�
cWT� ch_Tb� ^U� U^aRTb�fWXRW� W^[S� cWT� R^]bcXcdT]c�_PacXR[Tb� c^VTcWTa�
X]�P�cXVWc[h�_PRZTS�PaaP]VT\T]c�
CWT�b^[XSb�PaT�bYWYT�P]S�\PX]cPX]�cWTXa�^f]�bWP_T�fWT]�bdQYTRcTS�
c^�̂ dcbXST�U^aRT��>]�cWT�̂ cWTa�WP]S��[X`dXSb�P]S�VPbTb�RWP]VT�cWTXa�
bWP_Tb�X]�aTb_^]bT�c^�^dcbXST�U^aRTb��CWTaTU^aT��[X`dXSb�P]S�VPbTb�
PaT� RP[[TS� V\eYTc� QTRPdbT� ^U� cWTXa� PQX[Xch� c^� U[^f��CWT� U[dXSXch�^U�
[X`dXSb�P]S�VPbTb�Xb�SdT�c^�cWT�UPRc�cWPc�cWTXa�R^]bcXcdT]c�_PacXR[Tb�
PaT�UaTT�c^�\^eT�PQ^dc��>]�cWT�^cWTa�WP]S��cWT�aXVXSXch�^U�cWT�b^[XSb�
Xb�QTRPdbT� cWTXa�R^]bcXcdT]c�_PacXR[Tb�WPeT� UXgTS�_^bXcX^]b�P]S�RP]�

^][h�^bRX[[PcT�PQ^dc�cWTXa�\TP]�_^bXcX^]b�

*(1(5$/�&+$5$&7(5,67,&6�2)�62/,'�67$7(
$V�ZH�KDYH�OHDUQW�WKDW�PDWWHU�FDQ�H[LVW�LQ�WKUHH�GLIIHUHQW�SK\VLFDO�

VWDWHV�QDPHO\�VROLG��OLTXLG��DQG�JDV��8QGHU�D�JLYHQ�VHW�RI�FRQGLWLRQV�RI�
WHPSHUDWXUH�DQG�SUHVVXUH��WKH�PRVW�VWDEOH�VWDWH�RI�D�VXEVWDQFH�GHSHQGV�XSRQ�

WKH�QHW� HIIHFW� RI� WZR�RSSRVLQJ� IRUFHV�� LQWHUPROHFXODU� IRUFHV�DQG� WKHUPDO� HQHUJ\��
,QWHUPROHFXODU�IRUFHV�WHQG�WR�NHHS�WKH�FRQVWLWXHQW�SDUWLFOHV��DWRPV��LRQV�RU�PROHFXOHV��FORVHU�ZKHUHDV�WKHUPDO�HQHUJ\�
WHQGV�WR�NHHS�WKHP�DSDUW�E\�PDNLQJ�WKHP�PRYH�IDVWHU��7KH�FRPSHWLWLRQ�EHWZHHQ�PROHFXODU�LQWHUDFWLRQ�HQHUJ\�GXH�
WR� LQWHUPROHFXODU� IRUFHV� DQG�WKHUPDO�HQHUJ\�GHWHUPLQHV�ZKHWKHU�D�JLYHQ� VXEVWDQFH�XQGHU�JLYHQ� VHW�RI� FRQGLWLRQV�
LV�D�JDV�� D� OLTXLG�RU� D�VROLG��$W� VXIILFLHQWO\� � ORZ�WHPSHUDWXUH��WKH� WKHUPDO� HQHUJ\� LV� ORZ�DQG�PROHFXODU� IRUFHV�DUH�
YHU\�VWURQJ��$V�D�UHVXOW��WKH�LQWHUPROHFXODU�IRUFHV�NHHS�WKH�FRQVWLWXHQWV�VR�FORVH�WKDW�WKH\�FOLQJ�WR�RQH�DQRWKHU�DQG�
RFFXS\�IL[HG�SRVLWLRQV�DQG�WKH�VXEVWDQFH�H[LVWV�LQ�VROLG�VWDWH�

���

62/,'�67$7(

UN
IT

�
2%-(&7,9(6
%XLOGLQJ�RQ����� $VVHVVLQJ����� 3UHSDULQJ�IRU�&RPSHWLWLRQ�����
u� 8QGHUVWDQGLQJ�7H[W� �

u� &RQFHSWXDO�4XHVWLRQV� ������
u�$GYDQFHG�/HYHO�3UREOHPV� ����

������
62/87,21�),/(
u� +LQWV�	�6ROXWLRQV�IRU�3UDFWLFH��
� � 3UREOHPV� ��

&+$37(5�6800$5<�	�48,&.
&+$37(5�5281'�83� ��
1&(57�),/(
u� �,Q�WH[W�4V�	�([HUFLVHV�ZLWK��

6ROXWLRQV� ��
u� �1&(57�([HPSODU�3UREOHPV�ZLWK�

$QVZHUV�	�6ROXWLRQV��6XEMHFWLYH�� ��

u� 4XLFN�0HPRU\�7HVW�ZLWK�
� � $QVZHUV� ��
u� �+276�	�$GYDQFH�/HYHO�
����4XHVWLRQ�ZLWK�$QVZHU�� ��

5(9,6,21�(;(5&,6(6�
� � �ZLWK�3UHYLRXV�<HDUVu�&%6(�4V�
� ��	�2WKHU�6WDWH�%RDUGV�4V�� ��
u��+LQWV�	�$QVZHUV�IRU�5HYLVLRQ�

([HUFLVHV� ��

81,7�35$&7,&(�7(67� ���

u�$GGLWLRQDO�8VHIXO�,QIRUPDWLRQ� ��
u� 7RSLFZLVH�0&4V� ��
u� &RPSHWLWLYH�([DPLQDWLRQ�4V
� �$,307�	�2WKHU��6WDWH�%RDUGVu�

0HGLFDO�(QWUDQFH� ��
� �-((��0DLQ��	�2WKHU�6WDWH�

%RDUGVu�(QJLQHHULQJ�(QWUDQFH� ��
�-((��$GYDQFH��IRU�,,7�(QWUDQFH
� ��
u� �1&(57�([HPSODU�3UREOHPV�

�2EMHFWLYH�4XHVWLRQV�� ��
u� �+LQWV�	�([SODQDWLRQV�IRU��

'LIILFXOW�4XHVWLRQV� ��
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6RPH�RI�WKH�LPSRUWDQW�FKDUDFWHULVWLF�SURSHUWLHV�RI�VROLGV�DUH����
� �L���6ROLGV�KDYH�GHILQLWH�PDVV��YROXPH�DQG�VKDSH�
� �LL���7KH�LQWHUPROHFXODU�GLVWDQFHV�LQ�VROLGV�DUH�VKRUW�DQG�LQWHUPROHFXODU�

IRUFHV�DUH�VWURQJ�
� �LLL���7KH�FRQVWLWXHQW�SDUWLFOHV� �DWRPV�� LRQV� RU�PROHFXOHV�� RI� VROLGV�KDYH�

IL[HG�SRVLWLRQV�DQG�FDQ�RQO\�RVFLOODWH�DERXW�WKHLU�PHDQ�SRVLWLRQV�
� �LY���6ROLGV�DUH�DOPRVW�LQFRPSUHVVLEOH�DQG�ULJLG�
� �Y���7KH�GHQVLW\�RI�VROLGV�LV�JUHDWHU�WKDQ�WKDW�RI�OLTXLGV�DQG�JDVHV�
� �YL���6ROLGV�GLIIXVH�YHU\�VORZO\�DV�FRPSDUHG�WR�OLTXLGV�DQG�JDVHV�
� �YLL���0RVW�VROLGV�EHFRPH�OLTXLGV�ZKHQ�KHDWHG��7KLV�SURFHVV� LV�NQRZQ�DV�

PHOWLQJ�DQG�WKH�WHPSHUDWXUH�DW�ZKLFK�D�VROLG�FKDQJHV�LQWR�D�OLTXLG�
LV�FDOOHG� WKH�PHOWLQJ�SRLQW��7KH�PHOWLQJ�SRLQW�RI�D�VROLG�GHSHQGV�
XSRQ�WKH�QDWXUH�RI�WKH�VROLG�DQG�PHOWLQJ�SRLQWV�RI�VROLGV�YDU\�ZLGHO\�

&/$66,),&$7,21�2)�62/,'6
6ROLGV� FDQ�EH� FODVVLILHG� RQ� WKH� EDVLV� RI� QDWXUH� RI� RUGHU� SUHVHQW� LQ� WKH�

DUUDQJHPHQW�RI�FRQVWLWXHQW�SDUWLFOHV��DWRPV��LRQV�RU�PROHFXOHV��LQWR�WZR�W\SHV�DV�
���&U\VWDOOLQH�VROLGV
���$PRUSKRXV�VROLGV
���&U\VWDOOLQH�VROLGV
7KH�VXEVWDQFHV�ZKRVH�FRQVWLWXHQW�SDUWLFOHV��DWRPV��LRQV�RU�PROHFXOHV��
DUH�DUUDQJHG�LQ�D�GHILQLWH�JHRPHWULF�SDWWHUQ�LQ�WKUHH�GLPHQVLRQDO�
VSDFH�DUH�FDOOHG�FU\VWDOOLQH�VROLGV�
;�UD\� GLIIUDFWLRQ� VWXGLHV� RI� FU\VWDOOLQH� VROLGV� UHYHDO� WKDW� LQ� WKHVH� VROLGV��

WKH� FRQVWLWXHQWV� �DWRPV�� LRQV�RU�PROHFXOHV��DUH�DUUDQJHG�LQ�D�GHILQLWH�RUGHUO\�
DUUDQJHPHQW��7KH�UHJXODU�DUUDQJHPHQW�RI�WKH�FRQVWLWXHQWV�H[WHQGV�WKURXJKRXW�
WKH� WKUHH� GLPHQVLRQDO� QHWZRUN� RI� FU\VWDOV�� ,Q� RWKHU� ZRUGV�� WKH� FU\VWDOOLQH�
VXEVWDQFHV�DUH�VDLG�WR�KDYH�ORQJ�UDQJH�RUGHU��7KLV�PHDQV�WKDW�LQ�FU\VWDOOLQH�
VROLGV�� WKHUH� LV�D�UHJXODU� SDWWHUQ�RU�DUUDQJHPHQW�RI� SDUWLFOHV�ZKLFK�UHSHDWV�
LWVHOI�SHULRGLFDOO\�RYHU�WKH�HQWLUH�FU\VWDO��,Q�IDFW��D�FU\VWDOOLQH�VROLG�FRQVLVWV�RI�
D�ODUJH�QXPEHU�RI�VPDOO�FU\VWDOV��HDFK�RI�WKHP�KDYLQJ�D�GHILQLWH�FKDUDFWHULVWLF�
JHRPHWULFDO�VKDSH��

0RVW�RI�WKH�VXEVWDQFHV��HOHPHQWV�DQG�FRPSRXQGV��IRUP�FU\VWDOOLQH�VROLGV��
)RU�H[DPSOH��WKH�HOHPHQWV�OLNH�FRSSHU��VLOYHU��LURQ��VXOSKXU��SKRVSKRUXV�DQG�
LRGLQH� DQG� FRPPRQ� FRPSRXQGV� VXFK�DV� VRGLXP� FKORULGH�� SRWDVVLXP�QLWUDWH��
]LQF�VXOSKLGH��TXDUW]��HWF��DOO�IRUP�FU\VWDOOLQH�VROLGV�
���$PRUSKRXV�VROLGV

7KH�VXEVWDQFHV�ZKRVH�FRQVWLWXHQW�SDUWLFOHV�DUH�QRW�DUUDQJHG�LQ�DQ\�
UHJXODU�DUUDQJHPHQW�DUH�FDOOHG�DPRUSKRXV�VROLGV��*UHHN�DPRUSKRV�
PHDQLQJ�QR�IRUP��
7KH� DPRUSKRXV� VROLGV� KDYH� D� UDQGRP�� GLVRUGHUHG� DUUDQJHPHQW� RI�

FRQVWLWXHQWV��7KHUHIRUH��WKH\�GR�QRW�KDYH�GHILQLWH�VKDSH�RU�IRUP�OLNH�FU\VWDOOLQH�
VROLGV��,W�LV�REVHUYHG�WKDW�VRPH�DPRUSKRXV�VROLGV�KDYH�VRPH�RUGHUO\�DUUDQJHPHQW�
EXW�LW�LV�QRW�H[WHQGHG�WR�PRUH�WKDQ�D�IHZ�$QJVWURP�XQLWV��7KXV��WKH�DPRUSKRXV�
VROLGV� DUH�VDLG�WR�KDYH�VKRUW�UDQJH�RUGHU�� 7KLV�PHDQV� WKDW� LQ�DPRUSKRXV�
VROLGV�� D� UHJXODU� DQG� SHULRGLFDOO\� UHSHDWLQJ� SDWWHUQ� LV� REVHUYHG� RYHU� VKRUW�
GLVWDQFHV� RQO\�� 7KHVH� UHJXODU� SDWWHUQV� DUH� VFDWWHUHG� DQG� LQ� EHWZHHQ�� WKH�
DUUDQJHPHQW�LV�GLVRUGHUHG��

7KH�FRPPRQ�H[DPSOHV�RI�DPRUSKRXV�VROLGV�DUH�JODVV��UXEEHU��SODVWLF��FRDO�HWF�

'LIIHUHQFHV�EHWZHHQ�&U\VWDOOLQH�DQG�$PRUSKRXV�VROLGV
7KH�LPSRUWDQW�GLIIHUHQFHV�EHWZHHQ�FU\VWDOOLQH�DQG�DPRUSKRXV�VROLGV�DUH��
���&KDUDFWHULVWLF�JHRPHWU\��7KH�FU\VWDOOLQH�VROLGV�KDYH�GHILQLWH�UHJXODU�

JHRPHWU\�EHFDXVH�RI�RUGHUO\�DUUDQJHPHQW�RI�FRQVWLWXHQWV��DWRPV��PROHFXOHV�RU�
LRQV��LQ�WKUHH�GLPHQVLRQDO�VSDFH��2Q�WKH�RWKHU�KDQG��DPRUSKRXV�VROLGV�GR�QRW�
SRVVHVV� DQ\� UHJXODU� DUUDQJHPHQW� RI� FRQVWLWXHQW� SDUWLFOHV� DQG� WKHUHIRUH�� GR�
QRW�KDYH�DQ\�GHILQLWH�JHRPHWULF�VKDSH�

7KUHH� VWDWHV� RI�PDWWHU� DULVH� GXH� WR�
FRPSHWLWLRQ�EHWZHHQ

��,QWHUPROHFXODU�IRUFHV���7KH�IRUFHV�
RI� DWWUDFWLRQ�DQG� UHSXOVLRQ�EHWZHHQ�
SDUWLFOHV��DWRPV�RU�PROHFXOHV��

�7KHUPDO�HQHUJ\���(QHUJ\�SRVVHVVHG�
E\� WKH�SDUWLFOHV� GXH� WR� WHPSHUDWXUH�
ZKLFK�WHQG�WR�PDNH�WKHP�PRYH�

3UHGRPLQDQFH�RI�LQWHUPROHFXODU�
IRUFHV�UHVXOWV�LQWR�FKDQJH�RI�JDVHRXV�
WR�OLTXLG�WR�VROLG�VWDWH

*DV� �/LTXLG� �6ROLG

3UHGRPLQDQFH�RI�WKHUPDO�HQHUJ\�
UHVXOWV� LQWR�FKDQJH�RI�VROLG�WR� OLTXLG�
WR�JDV

6ROLG� �/LTXLG� �*DV

7KH� FRQVWLWXHQW� SDUWLFOHV� LQ�
WKH�VROLG�VWDWH�KDYH�QR�WUDQVODWRU\�
PRWLRQ� DQG� FDQ� RQO\� RVFLOODWH�
DERXW� WKHLU� PHDQ� SRVLWLRQV��
7KHUHIRUH��WKH�VROLGV�FDQ�KDYH�
RQO\�YLEUDWRU\�PRWLRQ�
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6WUXFWXUH�RI�TXDUW]��FU\VWDOOLQH��DQG�TXDUW]�JODVV��DPRUSKRXV�
4XDUW]�LV�D�IRUP�RI�6L2���VLOLFD���,W�KDV�WHWUDKHGUDO�6L2��XQLWV�ZKLFK�DUH�RUGHUO\�
DUUDQJHG�LQ�FU\VWDOOLQH�TXDUW]�DV�VKRZQ�LQ�)LJ�����D���,Q�WKLV�DUUDQJHPHQW��
6L2��WHWUDKHGUD�DUH�FRQQHFWHG�WR�RQH�DQRWKHU�VXFK�WKDW�R[\JHQ�DWRP�RI�HDFK�
6L2�� WHWUDKHGUDO� LV� VKDUHG�ZLWK� DQRWKHU� DWRP��:KHQ�6L2�� LV�PHOWHG� DQG�
WKH�PHOW�LV�FRROHG��LW�IRUPV�TXDUW]�JODVV�ZKLFK�LV�DPRUSKRXV��,Q�WKLV�VWDWH��
WKH�6L2��XQLWV�DUH�UDQGRPO\�MRLQHG�>)LJ����E�@��7KXV��LQ�TXDUW]��FU\VWDOOLQH���
6L2��XQLWV�DUH�RUGHUO\�DUUDQJHG�ZKLOH�LQ�TXDUW]�JODVV��DPRUSKRXV���WKH�6L2��
XQLWV�DUH�UDQGRPO\�DUUDQJHG��:KLOH�WKH�WZR�VWUXFWXUHV�DUH�DOPRVW�LGHQWLFDO��
\HW� LQ� FDVH� RI� DPRUSKRXV�TXDUW]�JODVV��WKHUH� LV� QR� ORQJ� UDQJH� RUGHU��7KH�
VWUXFWXUH�RI�DPRUSKRXV�VROLGV�LV�VLPLODU�WR�WKDW�RI�OLTXLGV�

�����������������������������������D��&U\VWDOOLQH�TXDUW]����������������E��$PRUSKRXV�TXDUW]�JODVV�

)LJ����7ZR�GLPHQVLRQDO�VWUXFWXUH�RI��D��FU\VWDOOLQH�TXDUW]�DQG��E��TXDUW]�JODVV�

���0HOWLQJ�SRLQWV��7KH�FU\VWDOOLQH� VROLGV�KDYH�VKDUS�PHOWLQJ�SRLQWV��2Q�
WKH�RWKHU�KDQG��DPRUSKRXV�VROLGV�GR�QRW�KDYH�VKDUS�PHOWLQJ�SRLQWV��7KHUHIRUH��
FU\VWDOOLQH�VROLGV�KDYH�GHILQLWH�HQWKDOSLHV�RI�IXVLRQ�ZKHUHDV�DPRUSKRXV�VROLGV�
GR�QRW�KDYH�GHILQLWH� HQWKDOSLHV� RI� IXVLRQ��7KH�DPRUSKRXV� VROLGV�� LQ� IDFW�� RQ�
KHDWLQJ� ILUVW� VRIWHQ� DQG� WKHQ�PHOW� RYHU� D� UDQJH� RI� WHPSHUDWXUH�� 7KHUHIRUH��
DPRUSKRXV�VROLGV�FDQ�EH�PRXOGHG�DQG�EORZQ�LQWR�YDULRXV�VKDSHV��)RU�H[DPSOH��
ZKHQ�JODVV�LV�KHDWHG�JUDGXDOO\��LW�VRIWHQV�DQG�VWDUWV�WR�IORZ�ZLWKRXW�XQGHUJRLQJ�
D�GHILQLWH�DQG�DEUXSW�FKDQJH�LQWR�OLTXLG�VWDWH��7KHUHIRUH��JODVV�FDQ�EH�PRXOGHG�
DQG�JLYHQ�DQ\�GHVLUHG�VKDSH�

,W�KDV�EHHQ�REVHUYHG�WKDW�RQ�KHDWLQJ�DQG�WKHQ�FRROLQJ�VORZO\��L�H���DQQHDOLQJ��
VRPH�DPRUSKRXV�VROLGV�EHFRPH�FU\VWDOOLQH�DW�VRPH�WHPSHUDWXUH��,W�LV�IRU�WKLV�
UHDVRQ�WKDW�VRPH�JODVV�REMHFWV�IURP�DQFLHQW�FLYLOL]DWLRQV�DUH�IRXQG�WR�
EHFRPH�PLON\�LQ�DSSHDUDQFH��0LONLQHVV�RI�JODVV�LV�GXH�WR�WKH�IDFW�WKDW�LW�
XQGHUJRHV�KHDWLQJ�GXULQJ�WKH�GD\�DQG�FRROLQJ�DW�QLJKW� �L�H���DQQHDOLQJ��RYHU�
D�QXPEHU�RI�\HDUV��$V�D�UHVXOW��LW�DFTXLUHV�VRPH�FU\VWDOOLQH�FKDUDFWHU�

��� ,VRWURS\� DQG� DQLVRWURS\�� ,Q� FU\VWDOOLQH� VXEVWDQFHV�� VRPH� RI� WKH�
SK\VLFDO�SURSHUWLHV� VXFK�DV�HOHFWULFDO� FRQGXFWLYLW\�RU� UHIUDFWLYH� LQGH[�KDYH�
GLIIHUHQW� YDOXHV� ZKHQ� PHDVXUHG� DORQJ� GLIIHUHQW� GLUHFWLRQV� LQ� WKH� VDPH�
FU\VWDOV��6XFK�VXEVWDQFHV�ZKLFK�KDYH�SK\VLFDO�SURSHUWLHV�GLIIHUHQW�LQ�
GLIIHUHQW�GLUHFWLRQV�DUH�FDOOHG�DQLVRWURSLF��7KXV��FU\VWDOOLQH�VXEVWDQFHV�
DUH�DQLVRWURSLF��

2Q�WKH�RWKHU�KDQG��DPRUSKRXV�VXEVWDQFHV�KDYH�SK\VLFDO�SURSHUWLHV�
VDPH�LQ�DOO�GLUHFWLRQV�DQG�DUH�FDOOHG�LVRWURSLF��)RU�H[DPSOH��WKH�YHORFLW\�
RI� OLJKW� SDVVLQJ� WKURXJK� D� FU\VWDO� YDULHV�ZLWK� WKH� GLUHFWLRQ� LQ�ZKLFK� LW� LV�
PHDVXUHG��7KXV��DQLVRWURS\�LV�D�VWURQJ�HYLGHQFH�IRU�WKH�H[LVWHQFH�RI�RUGHUO\�
DUUDQJHPHQW� LQ� FU\VWDOOLQH� VROLGV�� 7KLV� LV� VKRZQ� LQ� )LJ� ��� ,Q� WKLV� ILJXUH��
D� VLPSOH� WZR� GLPHQVLRQDO� DUUDQJHPHQW� RI� WZR� GLIIHUHQW� NLQGV� RI� DWRPV� LV�
VKRZQ��,W� LV� FOHDU� IURP� WKH�ILJXUH� WKDW� LI� WKH�SURSHUWLHV�DUH�PHDVXUHG�DORQJ�
WZR�GLIIHUHQW�GLUHFWLRQV�$$′�DQG�%%′��GLIIHUHQW�W\SHV�RI�SDUWLFOHV�FRPH�RQ�WKH�
ZD\��$ORQJ�$$′� GLUHFWLRQ� RQO\� RQH� W\SH� RI� SDUWLFOHV� FRPH�RQ� WKH�ZD\�ZKLOH�

/HDUQLQJ�3OXV
3VHXGR� VROLGV� RU� 6XSHU� FRROHG��
OLTXLGV
/LNH�OLTXLGV��DPRUSKRXV�VROLGV�KDYH�D�
WHQGHQF\�WR�IORZ��7KHUHIRUH��VRPHWLPHV�
WKHVH� DUH� DOVR� FDOOHG� SVHXGR� VROLGV�
RU� VXSHU� FRROHG� OLTXLGV�� *ODVV� LV�
D� FRPPRQ� H[DPSOH� RI� SVHXGR� VROLG��
,W� VRIWHQV� RQ� KHDWLQJ� WR� D� FHUWDLQ�
WHPSHUDWXUH��,W�EHKDYHV�PRUH�RU�OHVV�
OLNH�D�IOXLG��3LWFK�LV�DQRWKHU�H[DPSOH�
RI�SVHXGR�VROLG�

7KXV�� WKH� SVHXGR� VROLGV� SRVVHVV� WKH�
IROORZLQJ�FKDUDFWHULVWLFV��

� ��L�� 7KH\�GR�QRW�KDYH�VKDUS�PHOWLQJ�
SRLQW�EXW�VRIWHQ�RYHU�D�UDQJH�RI�
WHPSHUDWXUH��

� �LL���7KH\�FDQ�EH�HDVLO\�GLVWRUWHG�E\�
DSSO\LQJ�IRUFH�

� �LLL�� 7KH\�FDQ�IORZ�VORZO\�XQGHU�WKHLU�
RZQ�ZHLJKW�DQG�ORVH�VKDSH�

)LJ�����$QLVWURS\�LQ�FU\VWDOOLQH�
VXEVWDQFHV�

�q�*ODVV�ZLQGRZ�SDQHV�RI�YHU\�
ROG�EXLOGLQJV�DUH� IRXQG�WR�
EH� VOLJKWO\� WKLFNHU� DW� WKH�
ERWWRP�WKDQ�DW�WKH�WRS�

�*ODVV�LV�DQ�DPRUSKRXV�VROLG�ZKLFK�
LV�VXSHU�FRROHG�OLTXLG�RI�YHU\�KLJK�
YLVFRVLW\�DQG�EHKDYHV�PRUH�RU�OHVV�
OLNH�D�OLTXLG��7KH�JODVV�IORZV�GRZQ�
YHU\�VORZO\�DQG�KHQFH�PDNHV�WKH�
ERWWRP�SRUWLRQ�VOLJKWO\�WKLFNHU��

5�8�&XULRXV���
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DORQJ�%%′�GLUHFWLRQ��DOWHUQDWH�W\SHV�RI�SDUWLFOHV�FRPH�RQ�WKH�ZD\��+HQFH��WKH�
FU\VWDOOLQH�VROLGV�KDYH�GLIIHUHQW�SK\VLFDO�SURSHUWLHV�LQ�GLIIHUHQW�GLUHFWLRQV��,Q�
DPRUSKRXV� VROLGV�� WKH� FRQVWLWXHQW� SDUWLFOHV� DUH� DUUDQJHG�DW� UDQGRP� DQG� LQ�
GLVRUGHUO\�PDQQHU�DQG�WKHUHIRUH��DOO�GLUHFWLRQV�DUH�LGHQWLFDO�DQG�DOO�SURSHUWLHV�
DUH�VDPH�LQ�DOO�GLUHFWLRQV�

���&OHDYDJH��&U\VWDOOLQH�VROLGV�FDQ�EH�FOHDYHG�DORQJ�GHILQLWH�SODQHV�:KHQ�

FXW�ZLWK�D�VKDUS�HGJHG�WRRO��H�J��NQLIH��WKH\�VSOLW�LQWR�WZR�SLHFHV�DQG�WKH�QHZO\�
JHQHUDWHG�VXUIDFHV�DUH�SODLQ�DQG�VPRRWK��2Q�WKH�RWKHU�KDQG��DPRUSKRXV�VROLGV�
FDQQRW� EH� FOHDYHG� DORQJ�GHILQLWH�SODQHV��:KHQ�FXW�ZLWK� D� VKDUS� HGJHG� WRRO�
�H�J��� NQLIH�� WKH\�XQGHUJR� LUUHJXODU� EUHDNDJH� DQG� VSOLW� LQWR� WZR�SLHFHV�ZLWK�
LUUHJXODU�VXUIDFHV��7KLV�LV�VKRZQ�LQ�)LJ���

(D)�Crystalline�solid�undergoes����������������������(b)�Amorphous�solid�undergoes�irregular
� a�clean�cleavage� � � �cleavage

)LJ�����&OHDYDJH�RI��D��FU\VWDOOLQH�DQG��E��DPRUSKRXV�VROLG

7KH�LPSRUWDQW�GLIIHUHQFHV�EHWZHHQ�FU\VWDOOLQH�VROLGV�DQG�DPRUSKRXV�VROLGV�
DUH�VXPPHG�XS�EHORZ��

��������������������������&U\VWDOOLQH�VROLGV

7KH�FU\VWDOOLQH�VROLGV�KDYH�GHILQLWH�FKDUDFWHULVWLF�VKDSH�

7KH\� KDYH� UHJXODU� DUUDQJHPHQW� RI� WKH� FRQVWLWXHQW��
SDUWLFOHV��7KH\�DUH�VDLG�WR�H[KLELW�ORQJ�UDQJH�RUGHU�

7KH\�KDYH�VKDUS�DQG�FKDUDFWHULVWLF�PHOWLQJ�SRLQW�

7KH\�KDYH�D�GHILQLWH�DQG�FKDUDFWHULVWLF�HQWKDOS\�RI�IXVLRQ�

:KHQ�FXW�ZLWK�D�VKDUS�HGJHG�WRRO��WKH\�VSOLW�LQWR�WZR�SLHFHV�
DQG�WKH�QHZO\�JHQHUDWHG�VXUIDFHV�DUH�SODLQ�DQG�VPRRWK�

7KH\�DUH�DQLVRWURSLF�DQG�KDYH�GLIIHUHQW�SK\VLFDO�SURSHUWLHV�
LQ�GLIIHUHQW�GLUHFWLRQV�

7KH\�DUH�WUXH�VROLGV

&RSSHU��VLOYHU��LURQ��FRPPRQ�VDOW��]LQF�VXSKLGH��SRWDVVLXP�
QLWUDWH��HWF�

7DEOH����'LVWLQFWLRQ�EHWZHHQ�FU\VWDOOLQH�DQG�DPRUSKRXV�VROLGV�

� �3URSHUW\� ���������������������� PRUSKRXV�VROLGV

�����6KDSH� 7KH�DPRUSKRXV�VROLGV�KDYH�LUUHJXODU�VKDSHV�

�����2UGHU�LQ� 7KH\�GRQRW�KDYH�DQ\�UHJXODU�DUUDQJHPHQW�RI�
� � DUUDQJHPHQW�RI� WKH�FRQVWLWXHQW�SDUWLFOHV��7KH\�PD\�KDYH�VKRUW�
� � FRQVWLWXHQW� UDQJH�RUGHU�
� � SDUWLFOHV�

�����0HOWLQJ�SRLQW� 7KH\�GRQRW� KDYH� VKDUS�PHOWLQJ� SRLQW��7KH\�
JUDGXDOO\�VRIWHQ�RYHU�D�UDQJH�RI�WHPSHUDWXUH�

�����(QWKDOS\�RI�� 7KH\�GRQRW�KDYH�GHILQLWH�HQWKDOS\�RI�IXVLRQ�
� � IXVLRQ

�����&OHDYDJH�� :KHQ� FXW�ZLWK� D� VKDUS� HGJHG� WRRO� WKH\� FXW�
� � SURSHUW\� LQWR�WZR�SLHFHV�ZLWK�LUUHJXODU�VXUIDFHV��

������$QLVRWURS\� 7KH\�DUH�LVRWURSLF�DQG�KDYH�VDPH�SK\VLFDO�
SURSHUWLHV�LQ�DOO�GLUHFWLRQV�

�������1DWXUH� 7KH\�DUH�SVHXGR�VROLGV�DQG�VXSHUFRROHG�OLTXLGV�

������&RPPRQ�� *ODVV��UXEEHU��SODVWLFV��HWF�
� � H[DPSOHV�

8VHV�RI�$PRUSKRXV�6ROLGV
$PRUSKRXV�VROLGV�VXFK�DV�JODVV��UXEEHU��SODVWLF��HWF�� ILQG�PDQ\�XVHV� LQ�

RXU�GDLO\�OLYHV�EHFDXVH�RI�WKHLU�XQLTXH�FKDUDFWHULVWLFV��)RU�H[DPSOH�
� �L���7KH�PRVW�ZLGHO\�XVHG�DPRUSKRXV�VROLGV�DUH�LQRUJDQLF�JODVVHV�ZKLFK�

DUH�XVHG�LQ�FRQVWUXFWLRQ��KRXVHZDUH��ODERUDWRU\ZDUH��HWF��
� �LL���$PRUSKRXV�VLOLFRQ�LV�WKH�EHVW�SKRWRYROWDLF�PDWHULDO�IRU�FRQYHUWLQJ�

WKH�VXQOLJKW�LQWR�HOHFWULFLW\��LQ�SKRWRYROWDLF�FHOOV���
� �LLL���5XEEHU�LV�DOVR�DQ�DPRUSKRXV�VROLG�ZKLFK�LV�XVHG�LQ�PDNLQJ�W\UHV��

VKRH�VROHV��HWF�
� �LY���$�ODUJH�QXPEHU�RI�SODVWLFV�ZKLFK�DUH�DPRUSKRXV�VROLGV�DUH�XVHG�LQ�

PDNLQJ�DUWLFOHV�RI�GDLO\�XVH�

� 7KH�VXEVWDQFHV�ZKLFK�VKRZ�VDPH�
SK\VLFDO� SURSHUWLHV� �HOHFWULFDO�
FRQGXFWLYLW\��WKHUPDO�FRQGXFWLYLW\��
UHIUDFWLYH� LQGH[�� HWF��� LQ� DOO�
GLUHFWLRQV� DUH� FDOOHG� LVRWURSLF�
VXEVWDQFHV�

� 7KH� VXEVWDQFHV� ZKLFK� VKRZ�
GLIIHUHQW� SK\VLFDO� SURSHUWLHV�
�HOHFWULFDO� FRQGXFWLYLW\�� WKHUPDO�
FRQGXFWLYLW\��UHIUDFWLYH�LQGH[���HWF���
LQ� GLIIHUHQW� GLUHFWLRQV� DUH� FDOOHG�
DQLVRWURSLF�VXEVWDQFHV��

⇒��&U\VWDOOLQH�VXEVWDQFHV�H[KLELW�
DQLVRWURS\� ZKLOH� DPRUSKRXV�
VXEVWDQFHV�H[KLELW�LVRWURS\�

⇒� /LTXLGV� DQG� JDVHV� DUH� DOVR�
LVRWURSLF�

4'/'/$'4
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7KH�FU\VWDOOLQH�VROLGV�FDQ�EH�FODVVLILHG�LQWR�IROORZLQJ�IRXU�W\SHV�GHSHQGLQJ�

XSRQ�WKH�QDWXUH�RI�LQWHUPROHFXODU�IRUFHV�RSHUDWLQJ�LQ�WKHP�
���0ROHFXODU�VROLGV� ���,RQLF�VROLGV
���0HWDOOLF�VROLGV� ���&RYDOHQW�RU�QHWZRUN�VROLGV

���0ROHFXODU�VROLGV
7KHVH�DUH�FU\VWDOOLQH�VXEVWDQFHV�LQ�ZKLFK�WKH�FRQVWLWXHQW�SDUWLFOHV�

DUH�PROHFXOHV��7KH�PROHFXOHV�DUH�KHOG�WRJHWKHU�E\�GLVSHUVLRQ�IRUFHV�RU�/RQGRQ�
IRUFHV��GLSROH�GLSROH� IRUFHV�RU�K\GURJHQ�ERQGV��7KHVH�DUH� IXUWKHU� VXEGLYLGHG�
LQWR�WKH�IROORZLQJ�FDWHJRULHV��

�D��1RQ�SRODU�PROHFXODU�VROLGV��7KHVH�DUH�WKRVH�FU\VWDOOLQH�VXEVWDQFHV�LQ�
ZKLFK�WKH�FRQVWLWXHQW�SDUWLFOHV�DUH�HLWKHU�DWRPV�OLNH�WKRVH�RI�QREOH�JDVHV��KHOLXP��
QHRQ��DUJRQ��HWF���RU�QRQ�SRODU�PROHFXOHV��)RU�H[DPSOH��VROLG�KHOLXP��VROLG�DUJRQ��
VROLG�K\GURJHQ�� VROLG� FDUERQ�GLR[LGH�� LRGLQH�� HWF�� ,Q� WKHVH� VROLGV�� WKH� DWRPV�RU�
PROHFXOHV�DUH�KHOG�E\�ZHDN�GLVSHUVLRQ�IRUFHV�RU�/RQGRQ�IRUFHV��7KHVH�VROLGV�KDYH�
WKH�IROORZLQJ�FKDUDFWHULVWLFV�

� �L���7KH\�DUH�JHQHUDOO\�VRIW�
� �LL���7KH\�KDYH�ORZ�PHOWLQJ�SRLQWV�
� �LLL�� 7KH\�DUH�XVXDOO\�LQ�OLTXLG�RU�JDVHRXV�VWDWH�DW�URRP�WHPSHUDWXUH�DQG�

SUHVVXUH�
� �LY���7KH\�DUH�QRQ�FRQGXFWRUV�RI�HOHFWULFLW\�EHFDXVH�WKH\�FRQVLVW�RI�QHXWUDO�

PROHFXOHV�LQ�VROLG�DV�ZHOO�DV�LQ�GLVVROYHG�VWDWH�

�E��3RODU�PROHFXODU�VROLGV��7KHVH� FRPSULVH� RI�PROHFXOHV�RI� VXEVWDQFHV�
IRUPHG�E\�SRODU�FRYDOHQW�ERQGV��)RU�H[DPSOH��VROLG�+&O��VROLG�62���VROLG�1+���
HWF�� 7KH� PROHFXOHV� LQ� VXFK� VROLGV� DUH� KHOG� WRJHWKHU� E\� UHODWLYHO\� VWURQJHU�
GLSROH��GLSROH� IRUFHV��7KH\�KDYH�FKDUDFWHULVWLFV�VLPLODU� WR�QRQ�SRODU�FRYDOHQW�
PROHFXOHV�DV�JLYHQ�EHORZ��

� �L�� 7KHVH�VROLGV�DUH�DOVR�VRIW��
� �LL�� 7KH\�DUH�QRQ�FRQGXFWRUV�RI�HOHFWULFLW\��
� �LLL�� 7KH\� KDYH� ORZ�PHOWLQJ� DQG� ERLOLQJ� SRLQWV�� %XW� WKHLU�PHOWLQJ� DQG�

ERLOLQJ�SRLQWV�DUH�KLJKHU�WKDQ�WKRVH�RI�QRQ�SRODU�PROHFXODU�VROLGV�
� �LY�� %HFDXVH� WKHLU�PHOWLQJ� DQG� ERLOLQJ� SRLQWV� DUH� QRW� YHU\� KLJK��PRVW�

RI�WKHVH�DUH�JDVHV�RU�OLTXLGV�XQGHU�URRP�WHPSHUDWXUH�DQG�SUHVVXUH�
FRQGLWLRQV��

�F�� +\GURJHQ� ERQGHG�PROHFXODU� VROLGV�� 7KH� PROHFXOHV� RI� VXFK� VROLGV�
FRQWDLQ�K\GURJHQ�ERQGV�EHWZHHQ�WKHP��)RU�H[DPSOH��LQ�FDVH�RI�VROLG�ZDWHU��LFH���
WKH�QHJDWLYH�HQG�RI�RQH�PROHFXOH��2δy��DWWUDFWV�WKH�SRVLWLYH�HQG�RI�D�QHLJKERXULQJ�
PROHFXOH��+δ���IRUPLQJ�K\GURJHQ�ERQG�EHWZHHQ�2�DQG�+��7KHVH�VROLGV�FRQWDLQ�
K\GURJHQ� ERQGV� EHWZHHQ� +� DQG� KLJKO\� HOHFWURQHJDWLYH� HOHPHQWV�� )��2� RU� 1��
7KHVH�VROLGV�KDYH�WKH�IROORZLQJ�FKDUDFWHULVWLFV��

� �L�� 7KH\� DUH� JHQHUDOO\� YRODWLOH� OLTXLGV� RU� VRIW� VROLGV� XQGHU� URRP�
WHPSHUDWXUH�DQG�QRUPDO�SUHVVXUH�FRQGLWLRQV��

� �LL�� 7KH\�DUH�QRQ�FRQGXFWRUV�RI�HOHFWULFLW\�
� �LLL�� 7KHLU�PHOWLQJ�DQG�ERLOLQJ�SRLQWV�DUH�JHQHUDOO\�KLJKHU�WKDQ�WKRVH�RI�

QRQ�SRODU�PROHFXODU�VROLGV�DQG�SRODU�PROHFXODU�VROLGV�

���,RQLF�6ROLGV
,RQLF� VROLGV� FRQVLVW� RI� SRVLWLYHO\� DQG� QHJDWLYHO\� FKDUJHG� LRQV� DUUDQJHG� LQ� D�
UHJXODU� PDQQHU� WKURXJKRXW� WKH� VROLG��7KH� LRQV� DUH� KHOG� WRJHWKHU� E\� VWURQJ�
FRXORPELF��RU�HOHFWURVWDWLF��IRUFHV��7KXV��LQ�LRQLF�VROLGV��WKH�FRQVWLWXHQW�SDUWLFOHV�
DUH�LRQV�

7KH� UHJXODU� DUUDQJHPHQW� RI� LRQV� H[WHQGV� FRQWLQXRXVO\� WKURXJKRXW� WKH�
FU\VWDO�� )RU� H[DPSOH�� LQ� VRGLXP� FKORULGH��1D�� DQG� &Oy� LRQV� KDYH� D� GHILQLWH�
UHJXODU� DUUDQJHPHQW� DV� VKRZQ� LQ� )LJ�� ��� ,Q� WKLV� DUUDQJHPHQW�� HDFK� 1D�� LV�

VXUURXQGHG�E\�VL[�&Oy�LRQV�DQG�HDFK�&Oy�LV�VXUURXQGHG�E\�VL[�1D��LRQV��6LPLODU�
UHJXODU� DUUDQJHPHQWV� DUH� DOVR� REVHUYHG� LQ� RWKHU� LRQLF� VROLGV�� 7KH� PDLQ�
FKDUDFWHULVWLFV�RI�LRQLF�FU\VWDOV�DUH��

� �L�� ,RQLF�VROLGV�DUH�YHU\�KDUG�DQG�EULWWOH�
� �LL�� �7KH\�KDYH�YHU\�KLJK�PHOWLQJ�DQG�ERLOLQJ�SRLQWV�

/HDUQLQJ�3OXV
� •�� ,W� PD\� EH� QRWHG� WKDW� VRPH��

VXEVWDQFHV�DGRSW�GLIIHUHQW�VWUXFWXUDO�
DUUDQJHPHQWV� � XQGHU� GLIIHUHQW�
FRQGLWLRQV�� 6XFK� DUUDQJHPHQWV�
DUH� FDOOHG�SRO\PRUSKV��PHDQLQJ�
PDQ\�IRUPV���)RU�H[DPSOH��GLDPRQG�
DQG� JUDSKLWH� DUH� WZR� GLIIHUHQW�
SRO\PRUSKLF�IRUPV�RI�FDUERQ�

� � 3RO\PRUSKLF� IRUPV�DUH�DOVR�FDOOHG�
DOORWURSHV �� � 7KHVH� GLIIHUHQW�
VWUXFWXUHV�KDYH�GLIIHUHQW�SURSHUWLHV�
VXFK�DV�PHOWLQJ�SRLQW��GHQVLW\��HWF��
)RU�H[DPSOH��DV�ZH�NQRZ��JUDSKLWH�
LV� VRIW� DQG� D� JRRG� FRQGXFWRU� RI�
HOHFWULFLW\� �ZKLOH�GLDPRQG� LV�KDUG�
DQG�D�SRRU�FRQGXFWRU�RI�HOHFWULFLW\�

,VRPRUSKLVP�DQG�3RO\PRUSKLVP
� •��7KH� H[LVWHQFH� RI� WZR� RU� PRUH�

FU\VWDOOLQH� VROLGV� KDYLQJ� VLPLODU�
FKHPLFDO�FRPSRVLWLRQ�LQ�WKH�VDPH�
FU\VWDOOLQH� IRUP� RU� VWUXFWXUH��
LV� FDOOHG� � LVRPRUSKLVP� �LVRy
VDPH�� PRUSKRXVyIRUP��� )RU�
H[DPSOH�� 1D�32�� DQG� 1D�$V2��
DUH�LVRPRUSKV�

� •� 7KH� H[LVWHQFH� RI� D� SDUWLFXODU�
VXEVWDQFH� LQ� PRUH� WKDQ� RQH�
FU\VWDO O LQH� IRUPV � LV � FDO OHG�
SRO\PRUSKLVP�� )RU� H[DPSOH��
FDOFLXP� FDUERQDWH� H[LVWV� LQ� WZR�
FU\VWDOOLQH�IRUPV�NQRZQ�DV�FDOFLWH�
DQG�DUDJRQLWH�

� � ,Q�FDVH�RI�HOHPHQWV��SRO\PRUSKLVP�
LV�DOVR�FDOOHG�DOORWURS\�

:HDN�GLVSHUVLRQ�RU�/RQGRQ�IRUFHV�

LQ�VROLG�+H

)RUFH�RI�DWWUDFWLRQ

0RPHQWDU\�GLSROH�
LQ�+H�DWRP�

,QGXFHG�GLSROH�
LQ�+H�DWRP�

d+ d+d- d-
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� �LLL�� 7KH\�DUH�SRRU�FRQGXFWRUV�RI�HOHFWULFLW\�DQG��WKHUHIRUH��DUH�LQVXODWRUV�
LQ�VROLG�VWDWH��7KLV�LV�EHFDXVH�LQ�WKH�VROLG�VWDWH��WKH�LRQV�DUH�QRW�IUHH�
WR�PRYH�DERXW��+RZHYHU�� LQ� WKH�PROWHQ�VWDWH�RU�ZKHQ�GLVVROYHG�LQ�
ZDWHU� �DTXHRXV� VROXWLRQ��� WKH� LRQV� EHFRPH� IUHH� WR�PRYH�DERXW� DQG�
WKH\�FRQGXFW�HOHFWULFLW\�

� �LY��7KH\�KDYH�KLJK�HQWKDOSLHV�RI�YDSRULVDWLRQ�
� �Y�� ,RQLF�FU\VWDOV�DUH�VROXEOH�LQ�ZDWHU�DQG�DOVR�LQ�RWKHU�SRODU�VROYHQWV��

7KH\�DUH�LQVROXEOH�RU�YHU\�VOLJKWO\�VROXEOH�LQ�QRQ�SRODU�VROYHQWV�VXFK�
DV�EHQ]HQH��FDUERQ�WHWUDFKORULGH��FDUERQ�GLVXOSKLGH�

7KH�FRPPRQ�H[DPSOHV�RI�LRQLF�FU\VWDOV�DUH���VDOWV�OLNH�1D&O��.12���/L)��
1D�62���HWF�

���0HWDOOLF�VROLGV�RU�FU\VWDOV
,Q�PHWDOOLF�FU\VWDOV��WKH�FRQVWLWXHQW�SDUWLFOHV�DUH�SRVLWLYH�LRQV��FDOOHG�NHUQHOV��
LPPHUVHG�LQ�D�VHD�RI�PRELOH�HOHFWURQV��7KLV�LV�VKRZQ�LQ�)LJ�����7KH�HOHFWURQV�
LQ�PHWDOOLF�FU\VWDOV�DUH�PRELOH�DQG�DUH�HYHQO\�VSUHDG�WKURXJKRXW�WKH�FU\VWDO��
(DFK�PHWDO�DWRP�FRQWULEXWHV�RQH�RU�PRUH�HOHFWURQV�WRZDUGV�WKLV�VHD�RI�PRELOH�
HOHFWURQV��7KHVH�IUHH�PRELOH�HOHFWURQV�DUH�UHVSRQVLEOH� IRU�KLJK�HOHFWULFDO�DQG�
WKHUPDO�FRQGXFWLYLWLHV�RI�PHWDOV��:KHQ�HOHFWULF�ILHOG�LV�DSSOLHG��WKHVH�HOHFWURQV�
IORZ� WKURXJK� WKH� QHWZRUN� RI� SRVLWLYH� LRQV� �FDOOHG� NHUQHOV��� 6LPLODUO\�� ZKHQ�
KHDW� LV� VXSSOLHG� WR� RQH�SRUWLRQ�RI� D�PHWDO�� WKH� WKHUPDO� HQHUJ\� LV�XQLIRUPO\�
VSUHDG�WKURXJKRXW�WKH�FU\VWDO�E\�IUHH�HOHFWURQV��7KH�IRUFHV�SUHVHQW�EHWZHHQ�
WKH�PHWDO� LRQV� DUH�PHWDOOLF� ERQGV�� 7KH� PDLQ� FKDUDFWHULVWLFV� RI� PHWDOOLF�
FU\VWDOV�DUH��

� �L�� �0HWDOOLF�FU\VWDOV�PD\�EH�KDUG�DV�ZHOO�DV�VRIW�
� �LL��7KH\�DUH�JRRG�FRQGXFWRUV�RI�KHDW�DQG�HOHFWULFLW\�
� �LLL��7KH\�KDYH�PHWDOOLF�OXVWUH�DQG�FRORXU�LQ�FHUWDLQ�FDVHV�
� �LY�� �7KH\�DUH�PDOOHDEOH�DQG�GXFWLOH��'XH�WR�PDOOHDEOH�QDWXUH��WKH\�FDQ�

EH�EHDWHQ�LQWR�VKHHWV�DQG�GUDZQ�LQWR�ZLUHV�
� �Y��7KH\�KDYH�PRGHUDWH�HQWKDOSLHV�RI�IXVLRQ�
7KH�H[DPSOHV�RI�PHWDOOLF�FU\VWDOV�DUH�FRPPRQ�PHWDOV�VXFK�DV�QLFNHO���

FRSSHU�DQG�DOOR\V�
���&RYDOHQW�RU�QHWZRUN�VROLGV�RU�FU\VWDOV

,Q�FRYDOHQW�FU\VWDOV�� WKH�FRQVWLWXHQW�SDUWLFOHV�DUH�QRQ�PHWDO�DWRPV�ZKLFK�DUH�
OLQNHG� WR� WKH� DGMDFHQW� DWRPV� E\� FRYDOHQW� ERQGV� WKURXJKRXW� WKH� FU\VWDO�� ,Q�
RWKHU�ZRUGV��WKHUH�LV�D�FRQWLQXRXV�QHWZRUN�RI�FRYDOHQW�ERQGV�IRUPLQJ�D�JLDQW�
WKUHH�GLPHQVLRQDO�VWUXFWXUH��7KH\�DUH�DOVR�FDOOHG�JLDQW�PROHFXOHV��&RYDOHQW�
ERQGV� DUH� VWURQJ� DQG� GLUHFWLRQDO� LQ� QDWXUH� DQG� WKHUHIRUH�� DWRPV� LQ� WKHVH�
VROLGV�DUH�KHOG�YHU\�VWURQJO\�DW�WKHLU�SRVLWLRQV��7KH�LPSRUWDQW�FKDUDFWHULVWLFV�
RI�FRYDOHQW�FU\VWDOV�DUH��

� �L�� �7KH�FRYDOHQW�FU\VWDOV�DUH�KDUG�
� �LL�� �7KH\�KDYH�H[WUHPHO\�KLJK�PHOWLQJ�SRLQWV�DQG�PD\�HYHQ�GHFRPSRVH�

EHIRUH�PHOWLQJ�
� �LLL�� �7KH\�DUH�SRRU�FRQGXFWRUV�RI�HOHFWULFLW\�DQG�DUH�LQVXODWRUV��
7KH�FRPPRQ� H[DPSOHV�RI� FRYDOHQW�FU\VWDOV�DUH� �� GLDPRQG��FDUERUXQGXP�

�VLOLFRQ�FDUELGH���TXDUW]��6L2����ERURQ�QLWULGH��%1���HWF�
'LDPRQG�LV�D�W\SLFDO�H[DPSOH�RI�FRYDOHQW�FU\VWDO��,W�KDV�D�QHWZRUN�VWUXFWXUH�

FRQVLVWLQJ�RI�D�YHU\�ODUJH�QXPEHU�RI�FDUERQ�DWRPV�ERQGHG�WR�HDFK�RWKHU��(DFK�
FDUERQ�DWRP�LV�ERQGHG�WR�IRXU�RWKHU�FDUERQ�DWRPV�E\�VLQJOH�FRYDOHQW�ERQGV��,W�
LV�FOHDU�IURP�)LJ�����D���WKDW�HDFK�FDUERQ�DWRP�OLHV�DW�WKH�FHQWUH�RI�D�UHJXODU�
WHWUDKHGURQ�DQG�WKH�RWKHU�IRXU�FDUERQ�DWRPV�DUH�SUHVHQW�DW�WKH�FRUQHUV�RI�WKH�
WHWUDKHGURQ��7KHUHIRUH��WKHUH�LV�D�WKUHH�GLPHQVLRQDO�QHWZRUN�RI�VWURQJ�FRYDOHQW�
ERQGV��7KLV�PDNHV�GLDPRQG�DQ�H[WUHPHO\�KDUG�FU\VWDO�ZLWK�YHU\�KLJK�PHOWLQJ�
SRLQW�������.���6LQFH�DOO� WKH�YDOHQFH�HOHFWURQV�RI�FDUERQ�DUH�VWURQJO\�KHOG�LQ�
FDUERQ�FDUERQ�ERQGV��GLDPRQG�LV�D�SRRU�FRQGXFWRU�RI�HOHFWULFLW\�

*UDSKLWH� LV� DOVR�D� FRYDOHQW� VROLG� EXW� LW� LV�VRIW� DQG�D� JRRG�FRQGXFWRU� RI�
HOHFWULFLW\�� ,WV� H[FHSWLRQDO� SURSHUWLHV� DUH� GXH� WR� LWV� W\SLFDO� VWUXFWXUH� DV�
VKRZQ�LQ�)LJ�����E��

,Q�JUDSKLWH�� FDUERQ�DWRPV�DUH� DUUDQJHG�LQ�GLIIHUHQW� OD\HUV� FRQVLVWLQJ�RI�
KH[DJRQDO�ULQJV��,Q�WKHVH�OD\HUV��HDFK�FDUERQ�DWRP�LV�FRYDOHQWO\�ERQGHG�WR�WKUHH�

0C


%NŌ

)LJ�����6WUXFWXUH�RI�VRGLXP�FKORULGH�

5GC�QH�GNGEVTQPU

-GTPGN

)LJ�����(OHFWURQ�VHD�PRGHO�IRU�D�PHWDO�
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RWKHU�QHLJKERXULQJ�FDUERQ�DWRPV�E\�VLQJOH�FRYDOHQW�ERQGV�LQ�WKH�VDPH�OD\HU��
7KH�IRXUWK�YDOHQFH�HOHFWURQ�RI�HDFK�FDUERQ�DWRP�LV�SUHVHQW�EHWZHHQ�GLIIHUHQW�
OD\HUV� DQG� LV� IUHH� WR�PRYH�DERXW��%HFDXVH� RI� WKH�SUHVHQFH�RI� IUHH�HOHFWURQV��
JUDSKLWH� LV�D� JRRG� FRQGXFWRU� RI� HOHFWULFLW\�� )XUWKHU�� WKH� GLIIHUHQW� OD\HUV� DUH�
VHSDUDWHG�E\�D�ODUJH�GLVWDQFH������SP���ZKLFK�LV�JUHDWHU�WKDQ�FDUERQ�FDUERQ�
ERQG�OHQJWK��7KLV�VXJJHVWV�WKDW�RQO\�ZHDN�YDQ�GHU�:DDOV�IRUFHV�DUH�SUHVHQW�
EHWZHHQ�WKHVH�OD\HUV�DQG�WKHUHIRUH��WKHVH�OD\HUV�FDQ�VOLGH�RQH�RYHU�WKH�RWKHU��
7KLV�PDNHV�JUDSKLWH�D�VRIW�VROLG�DQG�D�JRRG�VROLG�OXEULFDQW�

������RO

��
��
RO

)LJ�����6WUXFWXUH�RI��D��GLDPRQG�DQG��E��JUDSKLWH

�D��'LDPRQG �E��*UDSKLWH

����RO

7KH�PDLQ� FKDUDFWHULVWLFV� RI� YDULRXV� W\SHV�RI� FU\VWDOV�DUH� VXPPHG�XS� LQ�
7DEOH���
� 7DEOH����6XPPDU\�RI�WKH�FKDUDFWHULVWLFV�RI�YDULRXV�W\SHV�RI�VROLGV�

� � � � � �����3K\VLFDO�SURSHUWLHV

� &RQVWLWXHQW� %RQGLQJ�� ([DPSOHV� 3K\VLFDO� 0HOWLQJ� $SSUR[� ��(OHFWULFDO�FRQGXFWLYLW\�
�7\SH�RI�6ROLG� SDUWLFOHV� DWWUDFWLYH� � QDWXUH� SRLQW� ELQGLQJ� �
� � IRUFHV� � � � HQHUJ\�
� � � � � � ���N-�PROy��� �

�����0ROHFXODU� 6PDOO�FRYDOHQW
� PROHFXOHV� � � � � ���/HVV�WKDQ������,QVXODWRUV
����L���1RQ�SRODU� 1RQ�SRODU�PROH�� 'LVSHUVLRQ�RU� 6ROLG�&2���DUJRQ�� 6RIW� 9HU\�ORZ
� FXOHV�RU�DWRPV� /RQGRQ�IRUFHV� +���,���&&O���&+�
� RI�QREOH�JDVHV�

���LL��3RODU� 3RODU�PROHFXOHV� 'LSROH��GLSROH� +&O��62�� 6RIW� /RZ
� � LQWHUDFWLRQV�

���LLL��+\GURJHQ� 0ROHFXOHV�FRQW�� +\GURJHQ� ,FH��+�2�� +DUG� /RZ
���������ERQGHG�� DLQLQJ�+�ERQGHG� ERQGLQJ� �
� WR�)��2�RU�1

�����,RQLF�VROLGV� 3RVLWLYH�DQG� 6WURQJ�HOHFWUR�� 1D&O��0J2��%D2�� +DUG�EXW� 9HU\�KLJK� ���y����� ��,QVXODWRUV�LQ�VROLG�VWDWH�
� QHJDWLYH�LRQV� VWDWLF�RU�FRXORPELF�� &D)���=Q6��.&O�� EULWWOH� �a�����.�� � ��EXW�FRQGXFWRUV�LQ�PROWHQ�
� � IRUFHV� %D62���/L)� � � � ��VWDWH�DQG�LQ�DTXHRXV�
� � � � � � � ��VROXWLRQ�

�����0HWDOOLF� 3RVLWLYH�LRQV�LQ� 0HWDOOLF�ERQGLQJ� &RPPRQ�PHWDOV� +DUG�EXW� 0RGHUDWH�WR� � y����� ��*RRG�FRQGXFWRUV�RI�KHDW�
�����VROLGV� D�VHD�RI�GHORFD�� >HOHFWULF�DWWUDFWLRQ� � &X��$J��)H��0J�� PDOOHDEOH� KLJK�P�SW�� � ��DQG�HOHFWULFLW\�
� OL]HG�HOHFWURQV� EHWZHHQ�NHUQHOV�� DQG�VRPH�DOOR\V� DQG� ����y�����.�� �
� � �SRVLWLYH�LRQV��DQG�� � GXFWLOH

� � HOHFWURQV@�

�����&RYDOHQW�� $WRPV� &RYDOHQW��HOHFWURQ�� 4XDUW]��6L2��� +DUG� 9HU\�KLJK� ���y���� ��,QVXODWRUV
�����RU�QHWZRUN� � VKDULQJ���ERQGLQJ� 6L&��GLDPRQG��&�� � � � ���H[FHSW�JUDSKLWH�ZKLFK�
�����VROLGV� � � $O1� � � � � LV�FRQGXFWRU�
� � � JUDSKLWH��&�� 6RIW� �a�����.�

/HDUQLQJ�3OXV
� •��,Q�GLDPRQG��HDFK�FDUERQ�DWRP�

LV�VS��K\EULGLVHG�

� •��,Q�JUDSKLWH��HDFK�FDUERQ�DWRP��
LV�VS��K\EULGLVHG�

��*UDSKLWH�LV�D�JRRG�FRQGXFWRU�
RI�HOHFWULFLW\��WKRXJK�LW�LV�D�
QRQ�PHWDO�
� *UDSKLWH�LV�D�FRYDOHQW�VROLG�EXW�
LW� LV�VRIW�DQG�D�JRRG�FRQGXFWRU�
RI� HOHFWULFLW\�� ,WV� H[FHSWLRQDO�
EHKDYLRXU�LV�EHFDXVH�RI�LWV�W\SLFDO�
VWUXFWXUH�KDYLQJ�π�GHORFDOLVHG�
HOHFWURQV� LQ� KH[DJRQDO� ULQJV�
ZKLFK�DUH�IUHH�WR�PRYH��

5�8�&XULRXV���
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�� ([DPSOH���

� &ODVVLI\� WKH� IROORZLQJ�DV�DPRUSKRXV� RU� FU\VWDOOLQH�
VROLGV���

� �L�� 1DSKWKDOHQH� �LL�� 7HIORQ� �LLL�� 3RO\XUHWKDQH��

�LY��%HQ]RLF�DFLG��Y��3RWDVVLXP�QLWUDWH��YL��&HOORSKDQH��
�YLL��3RO\YLQ\O� FKORULGH��YLLL��)LEUH� JODVV� �L[��&RSSHU��
�[��=LQF�VXOSKLGH�

6ROXWLRQ���

$PRUSKRXV� VROLGV� �� � �LL�� 7HIORQ� �LLL�� 3RO\XUHWKDQH��

�YL��&HOORSKDQH��YLL��3RO\YLQ\O�FKORULGH��YLLL��)LEUH�JODVV�

&U\VWDOOLQH�VROLGV��� �L�� 1DSKWKDOHQH� �LY�� %HQ]RLF� DFLG��

�Y��3RWDVVLXP�QLWUDWH���L[��&RSSHU���[��=LQF�VXOSKLGH�

�� ([DPSOH���

� &ODVVLI\� WKH� IROORZLQJ� VROLGV� DV� LRQLF��PHWDOOLF��
PROHFXODU��QHWZRUN��FRYDOHQW��RU�DPRUSKRXV��

� �L��7HWUDSKRVSKRUXV�GHFDR[LGH� �3�2���� �LL�� *UDSKLWH��

�LLL��6L&��LY��%UDVV��Y��5XELGLXP��YL��,���YLL��$PPRQLXP�
SKRVSKDWH�� �1+���32�� �YLLL��/L%U� �L[��6L� �[��3ODVWLFV��
�[L��3���[LL��6ROLG�&2���

6ROXWLRQ���7KH�VROLGV�DUH�FODVVLILHG�DV��

,RQLF�� ��� �1+���32���/L%U

0HWDOOLF�� �� %UDVV��5XELGLXP

0ROHFXODU� �� 3�2����,���3���VROLG�&2�

1HWZRUN��FRYDOHQW����*UDSKLWH��6L&��6L

$PRUSKRXV����3ODVWLFV�

&5<67$/�/$77,&(�25�63$&(�/$77,&(�$1'�81,7�&(//

7KH�FU\VWDOOLQH�VROLGV�KDYH�GHILQLWH�RUGHUO\�DUUDQJHPHQW�RI�WKHLU�FRQVWLWXHQW�

SDUWLFOHV� LQ� WKUHH� GLPHQVLRQV�� 7KH� SRVLWLRQV� RI� WKHVH� SDUWLFOHV� LQ� D� FU\VWDO��
UHODWLYH� WR� RQH� DQRWKHU�� DUH� XVXDOO\� VKRZQ� E\� SRLQWV�� 7KH� DUUDQJHPHQW� RI�
DQ�LQILQLWH�VHW� RI�WKHVH�SRLQWV� LV� FDOOHG� �VSDFH� ODWWLFH��7KH�SRVLWLRQV�ZKLFK�
DUH�RFFXSLHG�E\�WKH�DWRPV��LRQV�RU�PROHFXOHV�LQ�WKH�FU\VWDO�ODWWLFH�DUH�FDOOHG�
ODWWLFH�SRLQWV�RU� ODWWLFH�VLWHV�

7R� XQGHUVWDQG� VSDFH� ODWWLFH�� OHW� XV� ILUVW� OHDUQ� DERXW� WZR� GLPHQVLRQDO�
ODWWLFHV�DQG�WKHQ�WKUHH�GLPHQVLRQDO�ODWWLFHV�

$��7ZR�'LPHQVLRQDO�/DWWLFHV

$� WZR� GLPHQVLRQDO� ODWWLFH� LV� D� UHJXODU� DUUDQJHPHQW� RI� FRQVWLWXHQW�
SDUWLFOHV� �DWRPV��LRQV�RU�PROHFXOHV��LQ�D�SODQH��$�WZR�GLPHQVLRQDO�SDWWHUQ�LV�
VKRZQ�LQ�)LJ�����D��DQG�WKH�ODWWLFH�LV�VKRZQ�E\�SRLQWV�LQ�)LJ�����E�

7KHUH�DUH� ILYH�W\SHV�RI�WZR�GLPHQVLRQDO� ODWWLFHV��7KHVH�DUH��VTXDUH��
UHFWDQJXODU��SDUDOOHORJUDP��UKRPELF�DQG�KH[DJRQDO�ODWWLFH�DV�VKRZQ�LQ�)LJ�����
7KHVH�GLIIHU�LQ�V\PPHWU\�RI�WKH�DUUDQJHPHQW�RI�SRLQWV��7KH�KH[DJRQDO�ODWWLFH�

KDV� WKH�PRVW� V\PPHWULFDO�DUUDQJHPHQW�RI� SRLQWV�ZKLOH�SDUDOOHORJUDP� ODWWLFH�
KDV�WKH�OHDVW�V\PPHWULFDO�DUUDQJHPHQW�RI�SRLQWV�

)LJ�����7ZR�GLPHQVLRQDO�SDWWHUQ

�D��3DWWHUQ

�E��/DWWLFH�SRLQWV

)LJ�����)LYH�GLIIHUHQW�WZR�GLPHQVLRQDO�ODWWLFHV�

�D��6TXDUH�ODWWLFH �F��3DUDOOHORJUDP�
ODWWLFH

�G���5KRPELF�ODWWLFH���
5HFWDQJXODU�ZLWK�
�LQWHULRU�SRLQW

�E��5HFWDQJXODU��
ODWWLFH

�H��+H[DJRQDO�
�ODWWLFH
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%HFDXVH� RI� WKH� UHJXODU� UHSHDWLQJ� DUUDQJHPHQW� RI� WKH� SRLQWV� LQ� D� WZR�

GLPHQVLRQDO�ODWWLFH��ZH�QHHG�RQO\�WR�GHVFULEH�D�VPDOO�SDUW�RI�WKH�ODWWLFH��FDOOHG�
PRWLI�� LQ� RUGHU� WR� VSHFLI\� LW� FRPSOHWHO\��)RU� H[DPSOH��ZH� VHOHFW� IRXU�SRLQWV�
LQ� WZR� GLPHQVLRQDO� ODWWLFH� DQG� FRQQHFW� WKHP� WR� JLYH� D� SDUDOOHORJUDP�� 7KLV�

VPDOOHVW�SDUW� LV� NQRZQ� DV�XQLW� FHOO��:H� FDQ� JHQHUDWH� WKH� FRPSOHWH� ODWWLFH�
E\�UHSHDWHGO\�PRYLQJ�WKH�XQLW�FHOO�LQ�WKH�GLUHFWLRQ�RI�LWV�HGJHV�E\�D�GLVWDQFH�
HTXDO�WR�WKH�FHOO�HGJH�DV�VKRZQ�LQ�)LJ����

)LJ������D��$�XQLW�FHOO��E��7KH�FRPSOHWH�ODWWLFH�JHQHUDWHG�E\�
UHSHDWHGO\�PRYLQJ�WKH�XQLW�FHOO�LQ�WKH�GLUHFWLRQ�RI�LWV�FHOO�

HGJHV�E\�GLVWDQFH�HTXDO�WR�FHOO�HGJH�

7KXV��WKH�XQLW�FHOO�JLYHV�WKH�VKDSH�RI�WKH�HQWLUH�ODWWLFH��+RZHYHU�� LW�
PD\�EH�QRWHG�WKDW�IRU�DQ\�JLYHQ�ODWWLFH��WKH�XQLW�FHOOV�PD\�EH�FKRVHQ�LQ�PDQ\�
GLIIHUHQW�ZD\V��7KLV�LV�EHFDXVH�D�ODWWLFH�FRQWDLQV�D�YHU\�ODUJH�QXPEHU�RI�DWRPV�
DQG� QXPHURXV� LGHQWLFDO� SRLQWV� PD\� EH� IRXQG�� 1DWXUDOO\�� D� TXHVWLRQ� DULVHV��
v:KDW�DUH�WKH�FKDUDFWHULVWLFV�RI�WKLV�XQLW�FHOO�"w�7KH�PRVW�FRQYHQLHQW�FHOO�LV�WKH�
VPDOOHVW�XQLW�FHOO�ZKLFK�KDV�WKH�IXOO�V\PPHWU\�RI�WKH�ODWWLFH��)RU�WKH�VTXDUH��
UHFWDQJXODU�DQG�SDUDOOHORJUDP�ODWWLFHV��WKH�XQLW� FHOOV�FKRVHQ�DUH�WKH�VTXDUH��
WKH�UHFWDQJOH�DQG�WKH�SDUDOOHORJUDP�UHVSHFWLYHO\��+RZHYHU��IRU�WKH�KH[DJRQDO�
ODWWLFH�WKH�XQLW�FHOO�LV�D�UKRPEXV�ZLWK�DQ�DQJOH�RI���“�

)RU�WKH�UKRPELF�ODWWLFHV��D�UHFWDQJXODU�XQLW�FHOO�ZLWK�DQ�LQWHULRU�SRLQW�LV�
JHQHUDOO\�VHOHFWHG��$�FHOO�ZLWK�DQ�LQWHULRU�SRLQW�LV�FDOOHG�D�FHQWHUHG�XQLW�FHOO��
7KH�XQLW� FHOOV�ZKLFK�GR�QRW� FRQWDLQ�DQ\� LQWHULRU�SRLQW� DUH�FDOOHG�SULPLWLYH�
XQLW�FHOOV�

7KXV��ZH�VHH�WKDW�IRU�GHVFULELQJ�D�WZR�GLPHQVLRQDO�ODWWLFH��ZH�PXVW�VSHFLI\�
WKH�XQLW�FHOO�E\�WKH�OHQJWKV�RI�WKH�HGJHV�DQG�WKH�DQJOHV�EHWZHHQ�WKHP�

7KXV��WKH�ILYH�WZR�GLPHQVLRQDO�ODWWLFHV�DQG�WKHLU�XQLW�FHOOV�DUH��

�7ZR�GLPHQVLRQDO�ODWWLFH� 8QLW�FHOO

��D�� 6TXDUH�ODWWLFH� 6TXDUH

��E�� 5HFWDQJXODU�ODWWLFH� 5HFWDQJOH

��F�� 3DUDOOHORJUDP�ODWWLFH� 3DUDOOHORJUDP

��G�� 5KRPELF�ODWWLFH� 5HFWDQJXODU�ZLWK�DQ�LQWHULRU�SRLQW

��H�� +H[DJRQDO�ODWWLFH� 5KRPEXV�ZLWK�DQ�DQJOH�RI���“

%��7KUHH�'LPHQVLRQDO�&U\VWDO�/DWWLFH

7KH� FU\VWDOOLQH� VROLGV� KDYH� GHILQLWH� WKUHH� GLPHQVLRQDO� DUUDQJHPHQW� RI�
FRQVWLWXHQW� SDUWLFOHV� �DWRPV�� LRQV� RU� PROHFXOHV��� ,I� WKH� WKUHH� GLPHQVLRQDO�
DUUDQJHPHQW�RI�FRQVWLWXHQW�SDUWLFOHV�LQ�D�FU\VWDO�LV�UHSUHVHQWHG�GLDJUDPPDWLFDOO\�
E\�GHSLFWLQJ�HDFK�SDUWLFOH�E\�D�SRLQW��WKH�DUUDQJHPHQW�LV�FDOOHG�FU\VWDO�ODWWLFH�
RU�VSDFH�ODWWLFH��7KXV��D�FU\VWDO�ODWWLFH�LV�D

UHJXODU� DUUDQJHPHQW� RI� WKH� FRQVWLWXHQW� SDUWLFOHV� �DWRPV�� LRQV� RU�
PROHFXOHV��RI�D�FU\VWDOOLQH�VROLG�LQ�WKUHH�GLPHQVLRQDO�VSDFH�
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$�WKUHH�GLPHQVLRQDO�FU\VWDO�ODWWLFH�LV�VKRZQ�LQ�)LJ������/LNH�WZR�GLPHQVLRQDO�
ODWWLFH��LI�ZH�FDUHIXOO\�ORRN�D�FU\VWDO�ODWWLFH��LW�LV�REVHUYHG�WKDW�ZH�FDQ�VHOHFW�D�
JURXS�RI�ODWWLFH�SRLQWV���D�VPDOOHVW�WKUHH�GLPHQVLRQDO�SRUWLRQ��ZKLFK�LV�UHSHDWHG�
RYHU� DQG� RYHU� DJDLQ� LQ� WKH� ZKROH� FU\VWDO� ODWWLFH�� 7KLV� VPDOOHVW� UHSHDWLQJ�
SDWWHUQ��PRWLI��LV�FDOOHG�WKH�XQLW�FHOO��7KXV��D�XQLW�FHOO�PD\�EH�GHILQHG�DV��

WKH�VPDOOHVW�WKUHH�GLPHQVLRQDO�UHSHDWLQJ�SRUWLRQ�RI�D�VSDFH�ODWWLFH�
ZKLFK�ZKHQ�UHSHDWHG�RYHU�DQG�DJDLQ�LQ�GLIIHUHQW�GLUHFWLRQV�SURGXFHV�
WKH�FRPSOHWH�FU\VWDO�ODWWLFH�

7KLV� VPDOOHVW� UHSHDWLQJ� SDWWHUQ� �XQLW� FHOO�� UHSUHVHQWV� WKH� VKDSH� RI� WKH�
HQWLUH� FU\VWDO�� :H� FDQ� JHQHUDWH� WKH� FRPSOHWH� ODWWLFH� E\� UHSHDWHGO\�PRYLQJ�
WKH�XQLW�FHOO�LQ�WKH�GLUHFWLRQ�RI�LWV�HGJHV�E\�D�GLVWDQFH�HTXDO�WR�WKH�FHOO�HGJH��
,Q�IDFW��WKH�FU\VWDO�PD\�EH�FRQVLGHUHG�WR�FRQVLVW�RI�DQ�LQILQLWH�QXPEHU�RI�XQLW�
FHOOV��7KH�XQLW�FHOO�LQ�WKH�DERYH�FU\VWDO�ODWWLFH�LV�VKRZQ�E\�VROLG�OLQHV�

3DUDPHWHUV�RI�D�8QLW�FHOO

$�XQLW�FHOO�LV�FKDUDFWHUL]HG�E\

� �L�� LWV�GLPHQVLRQV��OHQJWKV��DORQJ�WKH�WKUHH�HGJHV�DV�D��E�DQG�F��7KHVH�
HGJHV�PD\�RU�PD\�QRW�EH�PXWXDOO\�SHUSHQGLFXODU�

� �LL�� DQJOHV�α��β�DQG�γ�EHWZHHQ�WKH�SDLU�RI�HGJHV��7KH�DQJOH�α�LV�EHWZHHQ�
WKH�HGJHV�E�DQG�F��DQJOH�β� LV�EHWZHHQ�WKH�HGJHV�F�DQG�D�DQG�DQJOH�
γ� LV�EHWZHHQ� WKH� HGJHV�D� DQG�E��7KXV�� D�XQLW� FHOO� LV� FKDUDFWHUL]HG�
E\�VL[�SDUDPHWHUV��D��E��F��α��β�DQG�γ��7KH�SDUDPHWHUV�RI�D�XQLW�FHOO�
DUH�VKRZQ�LQ�)LJ������7KH�FRPSOHWH�FU\VWDO� ODWWLFH�FDQ�EH� REWDLQHG�
E\�H[WHQGLQJ�WKH�XQLW�FHOO�LQ�DOO�WKH�WKUHH�GLUHFWLRQV�

&KDUDFWHULVWLFV�RI�D�&U\VWDO�/DWWLFH
/HW�XV� VXP�XS� WKH� FKDUDFWHULVWLFV�RI�D� FU\VWDO� ODWWLFH��7KH� IROORZLQJ�DUH�

WKH�FKDUDFWHULVWLFV�RI�D�FU\VWDO�ODWWLFH�

� �L�� (DFK�SRLQW�LQ�D�FU\VWDO�ODWWLFH�LV�FDOOHG�ODWWLFH�SRLQW�RU�ODWWLFH�VLWH�

� �LL�� �(DFK� SRLQW� LQ� D� FU\VWDO� ODWWLFH� UHSUHVHQWV� RQH� FRQVWLWXHQW� SDUWLFOH�
ZKLFK�PD\�EH�DQ�DWRP��D�PROHFXOH��JURXS�RI�DWRPV��RU�DQ�LRQ�

� �LLL�� �7KH� WKUHH� GLPHQVLRQDO� DUUDQJHPHQW� RI� ODWWLFH� SRLQWV� UHSUHVHQWV� D�
FU\VWDO�ODWWLFH�

� �LY�� �/DWWLFH�SRLQWV�DUH�MRLQHG�E\�VWUDLJKW�OLQHV�WR�EULQJ�RXW�WKH�JHRPHWU\�
RI�WKH�ODWWLFH�

7\SHV�RI�8QLW�&HOOV
7KHUH� DUH�EDVLFDOO\� WZR� W\SHV� RI� XQLW� FHOOV� FRQVWLWXWLQJ�GLIIHUHQW� FU\VWDO�

V\VWHPV��7KHVH�DUH��

� �L��3ULPLWLYH�RU�VLPSOH�XQLW�FHOOV

� �LL���1RQ�SULPLWLYH�RU�FHQWUHG�XQLW�FHOOV�

� �L��3ULPLWLYH� XQLW� FHOOV��7KHVH� DUH� XQLW� FHOOV� ZKLFK� KDYH� SRLQWV� �RU�
SDUWLFOHV��RQO\�DW�WKH�FRUQHUV��7KHVH�DUH�DOVR�FDOOHG�VLPSOH�XQLW�FHOOV�

� �LL���1RQ�SULPLWLYH�RU�FHQWUHG�XQLW�FHOOV��7KHVH� DUH�XQLW� FHOOV�ZKLFK��
KDYH�SRLQWV��RU�SDUWLFOHV��DW�WKH�FRUQHUV�DV�ZHOO�DV�DW�VRPH�RWKHU�SRVLWLRQV��

7KH�FHQWUHG�XQLW�FHOOV�DUH�RI�WKUHH�W\SHV��

� �D��)DFH� FHQWUHG� XQLW� FHOOV� LQ� ZKLFK� WKH� SRLQWV� DUH� SUHVHQW� DW� WKH�
FRUQHUV�DV�ZHOO�DV�DW�WKH�FHQWUH�RI�HDFK�IDFH�

� �E���%RG\�FHQWUHG�XQLW�FHOOV�LQ�ZKLFK�WKH�SRLQWV�DUH�SUHVHQW�DW�DOO�WKH�
FRUQHUV�DV�ZHOO�DV�DW�WKH�ERG\�FHQWUH�RI�WKH�XQLW�FHOO�

� �F���(QG�FHQWUHG�XQLW�FHOOV�LQ�ZKLFK�WKH�SRLQWV�DUH�SUHVHQW�DW�DOO� WKH�
FRUQHUV�DQG�DW�WKH�FHQWUH�RI�WZR�RSSRVLWH�IDFHV���

6HYHQ�&U\VWDO�6\VWHPV�
:KHQ�D�XQLW�FHOO�LQ�D�FU\VWDO�ODWWLFH�KDV�ODWWLFH�SRLQWV�RQO\�DW�LWV�FRUQHUV�

LW�LV�FDOOHG�D�VLPSOH�RU�SULPLWLYH�XQLW�FHOO��,Q�DOO��WKHUH�DUH�VHYHQ�W\SHV�RI�
VLPSOH�RU�SULPLWLYH�XQLW�FHOOV�DPRQJ�FU\VWDOV��7KHVH�XQLW�FHOOV�DUH�FKDUDFWHULVHG�

b

c

a

)LJ������3DUDPHWHUV�RI�D�XQLW�FHOO�

)LJ������7KUHH�GLPHQVLRQDO�ODWWLFH�
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E\� WKH� D[LDO� OHQJWKV�D��E� DQG�F� DQG� WKH� DQJOHV�α��β� DQG� γ��7KHVH� DUH� FDOOHG�
VHYHQ�FU\VWDO�V\VWHPV�RU�FU\VWDO�KDELWV��7KHVH�DUH�VKRZQ� LQ�)LJ������$OO�
FU\VWDOV�FDQ�EH�SODFHG�LQ�RQH�RI�WKHVH�VHYHQ�FU\VWDO�V\VWHPV��7KHVH�DUH��

���&XELF��$OO�WKH�WKUHH�D[HV�DUH�RI�HTXDO� OHQJWK�DQG�DUH�DW�ULJKW�DQJOHV�
WR�HDFK�RWKHU��D� �E� �F��DOO�DQJOHV� ���“��

���7HWUDJRQDO��7KH�WKUHH�D[HV�DUH�DW�ULJKW�DQJOHV�WR�HDFK�RWKHU�EXW�RQO\�
WKH�WZR�D[HV�DUH�HTXDO��D� �E�≠�F��DOO�DQJOHV� ���“��

���2UWKRUKRPELF�� ,W�KDV� WKUHH�XQHTXDO�D[HV�ZKLFK�DUH�DW� ULJKW�DQJOHV�
WR�HDFK�RWKHU��D�≠�E�≠�F��DOO�DQJOHV� ���“��

���0RQRFOLQLF��7KH�WKUHH�D[HV�DUH�RI�XQHTXDO�OHQJWK�DQG�WZR�DQJOHV�DUH�
RI���“��D�≠�E�≠�F��WZR�DQJOHV� ���“�DQG�RQH�DQJOH�≠���“��

���+H[DJRQDO��,W�KDV�WZR�HGJHV�RI�HTXDO�OHQJWK���D� �E��DQG�WZR�DQJOHV�RI�
��“�DQG�RQH�DQJOH�RI����“��D� �E�≠�F��WZR�DQJOHV�RI���“�DQG�RQH�DQJOH�RI����“��

���5KRPERKHGUDO�RU�WULJRQDO��7KH�WKUHH�D[HV�DUH�RI�HTXDO�OHQJWK�ZKLFK�
DUH�LQFOLQHG�DW�WKH�VDPH�DQJOH�EXW�WKH�DQJOH�LV�QRW�HTXDO�WR���“��D� �E� �F��DOO�
WKUHH�DQJOHV�HTXDO�EXW�QRW�HTXDO�WR���“��

��� 7ULFOLQLF��7KH� WKUHH� D[HV� DUH� RI� XQHTXDO� OHQJWK�� DQG� DOO� DQJOHV� DUH�
GLIIHUHQW�EXW�QRQH�LV�SHUSHQGLFXODU�WR�DQ\�RI�WKH�RWKHUV��D�≠�E�≠�F��DOO�DQJOHV�
GLIIHUHQW�DQG�QRQH�HTXDO�WR���“��

7KHVH�VHYHQ�FU\VWDO�V\VWHPV�DUH�VKRZQ�LQ�)LJ�����DQG�DUH�VXPPHG�XS�LQ��
7DEOH���

� %7$+%� 6'64#)10#.� 146*14*1/$+%� 101%.+0+%
� C���D���E� C���D�≠�E� C�≠�D�≠�E� C�≠�D�≠�E�
� α���β���γ�����u� α���β���γ�����u� α���β���γ�����u� α���γ�����u���β�≠���u�

� *':#)10#.� 4*1/$1*'&4#.�14�64+)10#.� 64+%.+0+%�
� C���D�≠�E� C���D���E� C�≠�D�≠�E�
� α���β�����u��γ������u� α���β���γ�≠���u� α�≠�β�≠�γ�≠���u�

�)LJ������7KH�VHYHQ�FU\VWDO�V\VWHPV�

,W�PD\�EH�QRWHG�WKDW�DPRQJ�WKH�VHYHQ�
FU\VWDO�V\VWHPV��

⇒��&XELF�LV�WKH�PRVW�V\PPHWULFDO�
ZKLOH

⇒��7ULFOLQLF�LV�WKH�PRVW��
XQV\PPHWULFDO�V\VWHP

4'/'/$'4
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7DEOH����7KH�VHYHQ�FU\VWDO�V\VWHPV��

6\VWHP� 3RVVLEOH�9DULDWLRQV��$[LDO�GLVWDQFHV� $ LDO�DQJOHV� ([DPSOHV

&XELF� 3ULPLWLYH� D� �E� �F� α� �β� �γ� ���“� 1D&O��.&O��=LQF�EOHQGH��&X��$J

� %RG\�FHQWUHG

� )DFH�FHQWUHG� �

7HWUDJRQDO� 3ULPLWLYH� D� �E�≠�F� α� �β� �γ� ���“� :KLWH�WLQ��6Q2���7L2���&D62�

� %RG\�FHQWUHG�
2UWKRUKRPELF� 3ULPLWLYH� D�≠�E�≠�F� α� �β� �γ� ���“� 5KRPELF�VXOSKXU��.12���3E&2���%D62�

� %RG\�FHQWUHG

� )DFH�FHQWUHG

� (QG�FHQWUHG�
0RQRFOLQLF� 3ULPLWLYH� D�≠�E�≠�F� α� �γ� ���“��β�≠���“� 0RQRFOLQLF�VXOSKXU��3E&U2���1D�62�

����+�2

� (QG�FHQWUHG

+H[DJRQDO� 3ULPLWLYH� D� �E�≠�F� α� �β� ���“��γ� ����“�*UDSKLWH��=Q2��%H2��&G6�
5KRPERKHGUDO�RU�7ULJRQDO� 3ULPLWLYH� D� �E� �F� α� �β� �γ�≠���“� &DOFLWH��&D&2����1D12���FLQQDEDU��+J6���TXDUW]��6E

7ULFOLQLF� 3ULPLWLYH� D�≠�E�≠�F� α�≠�β�≠�γ� �≠���“� &X62�
��+�2��.�&U�2���+�%2��

7KH�FKDUDFWHULVWLFV�RI�WKH�VHYHQ�FU\VWDO�V\VWHPV�DUH�VXPPHG�XS�LQ�7DEOH���

,W� PD\� EH� QRWHG� WKDW� DOO� FU\VWDOV� GR� QRW� KDYH� VLPSOH� ODWWLFHV� L�H��� KDYLQJ�
ODWWLFH�SRLQWV�RQO\�DW�WKH�FRUQHUV��,Q�DGGLWLRQ��WKHUH�DUH�VRPH�ODWWLFHV�ZKLFK�DUH�
GLIIHUHQW� IURP� WKH� VLPSOH� ODWWLFH�� )RU� H[DPSOH�� LI� ZH� FRQVLGHU� D� FXELF� V\VWHP��
ZKLFK�LV�VLPSOHVW�RI�DOO�WKHVH�VHYHQ�V\VWHPV��LW�LV�REVHUYHG�WKDW�D�FXEH�KDV�WKUHH�
W\SHV�RI�ODWWLFHV�

7\SHV�RI�&XELF�/DWWLFHV

7KHUH�DUH�WKUHH�W\SHV�RI�FXELF�XQLW�FHOOV�RU�ODWWLFHV��7KHVH��DUH��

���6LPSOH�RU�3ULPLWLYH��,W�KDV�SRLQWV�DW�DOO� WKH�FRUQHUV�RI�WKH�XQLW�FHOO��
$�SULPLWLYH�FXELF�XQLW�FHOO�LV�VKRZQ�LQ�)LJ������D��� ,W�FRQVLVWV�RI�RQH�DWRP�DW�
HDFK�RI�WKH�HLJKW�FRUQHUV�

���%RG\�FHQWUHG�FXELF�XQLW�FHOO� �EFF�� ,W�KDV�SRLQWV�DW�DOO�WKH�FRUQHUV�
DV�ZHOO�DV�DW�WKH�ERG\�FHQWUH�RI�WKH�FXEH�>)LJ������E�@��,W�LV�ODEHOOHG�DV�EFF��$V�
VKRZQ�LQ�WKH�ILJXUH��LQ�D�ERG\�FHQWUHG�FXELF�XQLW�FHOO��WKHUH�DUH�HLJKW�DWRPV�
DW�WKH�FRUQHUV�DQG�RQH�DW�WKH�FHQWUH�

���)DFH�FHQWUHG�FXELF�XQLW�FHOO� �IFF���,Q�WKLV�FDVH��WKHUH�DUH�SRLQWV�DW�
DOO�WKH�FRUQHUV�DV��ZHOO�DV�DW�WKH�FHQWUH�RI�HDFK�IDFH��,W�LV�VKRZQ�LQ�)LJ�����F���
,W�LV�ODEHOOHG�DV�IFF��$V�VKRZQ�LQ�WKH�ILJXUH��LW�KDV�HLJKW�DWRPV�DW�WKH�FRUQHUV�
DQG�VL[�DWRPV�DW�WKH�FHQWUH�RI�IDFHV�

)LJ������7KUHH�W\SHV�RI�FXELF�ODWWLFHV�

�D���6LPSOH�RU�SULPLWLYH�FXELF���
$WRPV�DW�HLJKW�FRUQHUV�RQO\�

�E���%RG\�FHQWUHG�FXELF��$WRPV�
DW� WKH� FRUQHUV� DQG� DW� WKH� ERG\�
FHQWUH�RI�WKH�FXEH��$WRP���LV�DW�
WKH�ERG\�FHQWUH�RI�WKH�FXEH�

�F���)DFH�FHQWUHG�FXELF��$WRPV�DW�WKH�
FRUQHUV�DQG�FHQWUH�RI�HDFK�IDFH��$WRPV����
������������DQG���DUH�SUHVHQW�DW�WKH�FHQWUHV�
RI�VL[�IDFHV��DWRP���FRUUHVSRQGV�WR�DWRP�
DW�WKH� FHQWUH�RI�EDFN�IDFH�DQG�DWRP���
FRUUHVSRQGV�WR�WKH�FHQWUH�RI�IURQW�IDFH��

�

�

�
�

�

�

�
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6LPLODUO\��LI�ZH�FRQVLGHU�WKH�RWKHU�ODWWLFHV��LQ�DGGLWLRQ�
WR� VLPSOH� ODWWLFHV� IRU� RWKHU� V\VWHPV�� LW� LV� REVHUYHG� WKDW�
WKHUH� DUH� ��� GLIIHUHQW� W\SHV� RI� VSDFH� ODWWLFHV�� 7KHVH� DUH�
NQRZQ�DV����%UDYDLV� ODWWLFHV�DIWHU� WKH�QDPH�RI�)UHQFK�
PDWKHPDWLFLDQ�ZKR�ILUVW�GHVFULEHG�WKHP��7KHVH�DUH�JLYHQ�
LQ�)LJ�����

127(

,W�PD\�EH�QRWHG�WKDW�WKHUH�LV�DQRWKHU�W\SH�RI�QRQ�SULPLWLYH�

XQLW� FHOO� NQRZQ�DV�HQG� FHQWUHG�XQLW� FHOO�� ,Q� WKLV� FDVH��
WKHUH� DUH�SRLQWV� �RU� DWRPV�� DW� DOO� WKH� FRUQHUV�DQG� DW� WKH�

FHQWUHV�RI�DQ\�WZR�RSSRVLWH�IDFHV��

� 7KHUH�LV�QR�HQG��FHQWUHG�FXELF�XQLW�FHOO�

� 2QO\�RUWKRUKRPELF�DQG�PRQRFOLQLF�FU\VWDO�V\VWHPV�KDYH�
HQG�FHQWUHG�XQLW�FHOOV�

)LJ������8QLW�FHOOV�RI����%UDYDLV�ODWWLFHV�

3ULPLWLYH� %RG\�FHQWUHG� )DFH�FHQWUHG

3ULPLWLYH� %RG\�FHQWUHG�

3ULPLWLYH�����������������������������������%RG\�FHQWUHG� ������ )DFH�FHQWUHG� (QG�FHQWUHG

3ULPLWLYH� � � (QG�FHQWUHG

3ULPLWLYH

3ULPLWLYH

3ULPLWLYH

7KH�IXOO�KH[DJRQDO�SULVP�LV�VKRZQ��
DOWKRXJK�WKH�XQLW�FHOO�LV�MXVW�WKH�SDUW�
VKRZQ�LQ�VROLG�OLQHV�

&XELF

D� �E� �F
α� �β� �γ� ���“

7HWUDJRQDO

D� �E�≠�F
α� �β� �γ� ���“

2UWKRUKRPELF

D�≠�E�≠�F
α� �β� �γ� ���“

0RQRFOLQLF

D�≠�E�≠�F
α� �γ� ���“
β�≠���“

+H[DJRQDO

D� �E�≠�F
α� �β� ���“
γ� ����“

5KRPERKHGUDO�
RU�WULJRQDO

D� �E� �F
α� �β� �γ�≠���“

7ULFOLQLF

D�≠�E�≠�F
α�≠�β�≠�γ�≠���“

D�
E�

F�

7KHUH� DUH� VHYHQ� FU\VWDO� V\VWHPV� DQG�
IRXUWHHQ�%UDYDLV�ODWWLFHV

4'/'/$'4
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7<3(6�2)�&8%,&�&5<67$/6�$1'�180%(5�2)�$7206
3(5�81,7�&(//

:H�NQRZ�WKDW�D�FU\VWDO�ODWWLFH�LV�PDGH�XS�RI�D�YHU\�ODUJH�QXPEHU�RI�XQLW�FHOOV�
DQG�HYHU\�ODWWLFH�SRLQW�LV�RFFXSLHG�E\�RQH�FRQVWLWXHQW�SDUWLFOH��DWRP��PROHFXOH�RU�
LRQ���,Q�GLIIHUHQW�W\SHV�RI�XQLW�FHOOV��WKH�SDUWLFOHV�PD\�EH�DW�WKH�FRUQHUV��DW�WKH�
ERG\�FHQWUH�RU��DW�WKH�FHQWUH�RI�IDFHV��6LQFH�HYHU\�XQLW�FHOO�LQ�D�FU\VWDOOLQH�VROLG�
LV�DGMDFHQW�WR�RWKHU�XQLW�FHOOV��PRVW�RI�WKH�DWRPV��RU�FRQVWLWXHQW�SDUWLFOHV��DUH�
VKDUHG�E\�QHLJKERXULQJ�XQLW�FHOOV��$V�D�UHVXOW��RQO\�VRPH�SRUWLRQ�RI�HDFK�DWRP�
EHORQJV�WR�D�SDUWLFXODU�XQLW�FHOO��)RU�H[DPSOH��LQ�DOO�W\SHV�RI�FXELF�FHOOV��HDFK�
FRUQHU�DWRP�EHORQJV�WR�HLJKW�DGMDFHQW�XQLW�FHOOV�DV�VKRZQ�LQ�)LJ�����IRXU�XQLW�
FHOOV�LQ�WKH�VDPH�OD\HU�DQG�IRXU�XQLW�FHOOV�RI�WKH�XSSHU�OD\HU��7KHUHIRUH��RQO\�
���WK�RI�DQ�DWRP��RU�PROHFXOH�RU�LRQ��DFWXDOO\�EHORQJV�WR�D�SDUWLFXODU�XQLW�FHOO�

6LPLODUO\��HDFK� IDFH� FHQWUHG�DWRP� LV� VKDUHG�E\� WZR�XQLW� FHOOV� �VKRZQ� LQ��
)LJ������DQG�RQO\�����RI�DQ�DWRP��RU�PROHFXOH�RU�LRQ��EHORQJV�WR�D�SDUWLFXODU�
XQLW�FHOO�

$Q�DWRP�DW�WKH�ERG\�FHQWUH�RI�D�XQLW�FHOO�LV�QRW�VKDUHG�E\�RWKHU�XQLW�FHOOV�
DQG�LW�FRPSOHWHO\�EHORQJV�WR�WKH�XQLW�FHOO� �)LJ�������

7KXV��WKH�FRQWULEXWLRQ�RI�HDFK�DWRP�WR�WKH�XQLW�FHOO�LV��

DW�FRUQHU� �
1
8 ����DW�WKH�IDFH� �

1
2
����ZLWKLQ�WKH�ERG\� ��

)RU�VLPSOLFLW\�DVVXPH�WKDW�WKH�FRQVWLWXHQW�SDUWLFOH�LV�DQ�DWRP��7KH�XQLW�
FHOO�PD\�EH�UHSUHVHQWHG�LQ�WKUHH�GLIIHUHQW�ZD\V�

� �D���(DFK�VPDOO�VSKHUH� LQ� ILJXUH�UHSUHVHQWV�RQO\�WKH�FHQWUH�RI� WKH�SDU�
WLFOH� RFFXS\LQJ� WKDW� SRVLWLRQ�DQG�QRW� LWV� DFWXDO� VL]H��6XFK� W\SH� RI�
VWUXFWXUHV� DUH� FDOOHG�RSHQ� VWUXFWXUHV�� ,W� LV� HDVLHU� WR� IROORZ� WKH�
DUUDQJHPHQW�RI��SDUWLFOHV�LQ�RSHQ�VWUXFWXUHV�>)LJ������D�@�

� �E���6SDFH�ILOOLQJ�UHSUHVHQWDWLRQ�RI�WKH�XQLW�FHOO�ZLWK�DFWXDO�SDUWLFOH�
VL]H� >)LJ�� ��� �E�@��7KLV� JLYHV�D�PRUH� UHDOLVWLF� SLFWXUH� VKRZLQJ�KRZ�
WKH�SDUWLFOHV�DFWXDOO\�SDFN�ZLWKLQ�WKH�VROLG�

� �F��$FWXDO�SRUWLRQ�RI�GLIIHUHQW�DWRPV�SUHVHQW�LQ�D�XQLW�FHOO�>)LJ������F�@��

/HW�XV�QRZ�FDOFXODWH�QXPEHU�RI�DWRPV�LQ�GLIIHUHQW�W\SHV�RI�FXELF�XQLW�
FHOOV���

� �L���6LPSOH�RU�SULPLWLYH�FXELF�XQLW�FHOO
,Q� WKLV�XQLW� FHOO��WKH� SRLQWV� �DWRPV�� LRQV� RU�PROHFXOHV��DUH� SUHVHQW� DW� DOO��

WKH�FRUQHUV�RI�D�FXEH��7KLV�LV�VKRZQ�LQ�)LJ������D���,W�LV�FOHDU�IURP�)LJ������F��
WKDW�DWRP�SUHVHQW� DW�HDFK� FRUQHU�FRQWULEXWHV�����WR� HDFK� FXEH�EHFDXVH� LW� LV�
VKDUHG�E\���FXEHV��1RZ��WKHUH�DUH���DWRPV�DW�WKH�FRUQHUV��

7KXV��WKH�QXPEHU�RI�DWRPV�SUHVHQW�LQ�HDFK�XQLW�FHOO� 

� � � � � � � � � � � ����FRUQHU�DWRPV�º�
1
8
�DWRP�SHU�XQLW�FHOO� ���DWRP�

)LJ������$�FRUQHU�DWRP�LQ�FXELF�XQLW�
FHOO�LV�VKDUHG�E\���XQLW�FHOOV�

)LJ������$�IDFH�FHQWUHG�DWRP�LQ�D�FXELF�
XQLW�FHOO�LV�VKDUHG�E\�WZR�XQLW�FHOOV�

)LJ������$�ERG\�FHQWUHG�DWRP�LQ�DQ\�
FXELF�XQLW�FHOO�LV�QRW�VKDUHG�E\�DQ\�

RWKHU�XQLW�FHOO�

�

� �

�

�

� �

�

� �

)LJ������6LPSOH�FXELF�DUUDQJHPHQW�DQG�QXPEHU�RI�VSKHUHV�SHU�XQLW�FHOO�

�D��2SHQ�VWUXFWXUH �E��6SDFH�ILOOLQJ�VWUXFWXUH �F��$FWXDO�SRUWLRQ�RI�DWRPV�EHORQJLQJ�WR�
RQH�XQLW�FHOO

1
8
�DWRP
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7KXV��VLPSOH�RU�SULPLWLYH�FXELF�XQLW�FHOO�KDV�RQH�DWRP�SHU�XQLW�FHOO�
�LL��%RG\�FHQWUHG�FXELF�XQLW�FHOO
,W�KDV�SRLQWV�DW�DOO�WKH�FRUQHUV�DV�ZHOO�DV�DW�WKH�ERG\�FHQWUH�RI�WKH�FXEH��,W�

LV�VKRZQ� LQ�)LJ������,W� LV�FOHDU�IURP�WKH�ILJXUH�WKDW�WKHUH�DUH�HLJKW�DWRPV�DW�
WKH�FRUQHUV�DQG�HDFK�LV�VKDUHG�E\���XQLW�FHOOV�VR�WKDW�WKH�FRQWULEXWLRQ�RI�HDFK�
DWRP�DW�FRUQHU� LV������,Q�DGGLWLRQ��WKHUH�LV�RQH�DWRP�LQ�WKH�ERG\�RI�WKH�FXEH�
DV�VKRZQ�LQ�)LJ������F��ZKLFK�LV�QRW�VKDUHG�E\�DQ\�RWKHU�FXEH��

7KXV��WKH�QXPEHU�RI�DWRPV�SUHVHQW�DW�FRUQHUV�SHU�XQLW�FHOO� 

����FRUQHU�DWRPV�º�
1
8
�DWRP�SHU�XQLW�FHOO� ��

7KH�QXPEHU�RI�DWRPV�SUHVHQW�DW�IDFHV�SHU�XQLW�FHOO� 

���DWRPV�DW�WKH�IDFHV�º�
1
2
�DWRP�SHU�XQLW�FHOO� ��

)LJ������%RG\�FHQWUHG�FXELF�XQLW�FHOO�

�F��$FWXDO�SRUWLRQ�RI�DWRPV�EHORQJLQJ�
WR�RQH�XQLW�FHOO

�E��6SDFH�ILOOLQJ�VWUXFWXUH�D��2SHQ�VWUXFWXUH

7KXV��WKH�QXPEHU�RI�DWRPV�SUHVHQW�DW�WKH�FRUQHUV�SHU�XQLW�FHOO

�� � � � � � � � �  ���FRUQHU�DWRPV�º�
1
8 �DWRP�SHU�XQLW�FHOO� ��

7KH�QXPEHU�RI�DWRPV�SUHVHQW�DW�WKH�FHQWUH�RI�WKH�FXEH� ��
∴���7RWDO�QXPEHU�RI�DWRPV�LQ�EFF�DUUDQJHPHQW� ������� ���
7KXV��D�ERG\�FHQWUHG�FXELF�XQLW�FHOO�KDV�WZR�DWRPV�SHU�XQLW�FHOO�
�LLL��)DFH�FHQWUHG�FXELF�XQLW�FHOO�
7KLV�LV�DOVR�FDOOHG�FXELF�FORVH�SDFNHG�XQLW�FHOO��,W�KDV�SRLQWV�DW�DOO�WKH�FRUQHUV�

DV�ZHOO�DV�DW�WKH�FHQWUH�RI�HDFK�RI�WKH�VL[�IDFHV��,W�LV�VKRZQ�LQ�)LJ������,Q�WKLV�
DUUDQJHPHQW�� WKHUH�LV�RQH�DWRP�DW�HDFK�RI�WKH�HLJKW�FRUQHUV��,W� LV�FOHDU� IURP��
)LJ�� ��� �F�� WKDW� DWRP� SUHVHQW� DW� HDFK� FRUQHU� FRQWULEXWHV� ���� WR� HDFK� FXEH�
EHFDXVH� LW�LV�VKDUHG�E\���FXEHV��,Q�DGGLWLRQ��WKHUH�DUH�VL[�DWRPV�DW� WKH�IDFHV�
RI� WKH�FXEH�DQG�HDFK� LV�VKDUHG�E\�WZR�XQLW� FHOOV��7KHUHIRUH�� WKH�FRQWULEXWLRQ�
RI�HDFK�DWRP�DW�WKH�IDFH�SHU�XQLW�FHOO�LV�����>)LJ������F�@�

)LJ������&XELF�FORVH�SDFNHG�RU�IDFH�FHQWUHG�FXELF�DUUDQJHPHQW�DQG�VKDUH�RI�HDFK�DWRP�SHU�XQLW�FHOO�

�D��2SHQ�VWUXFWXUH �E��6SDFH�ILOOLQJ�VWUXFWXUH �F��$FWXDO�SRUWLRQ�RI�DWRPV�EHORQJLQJ�
WR�RQH�XQLW�FHOO
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∴�7RWDO�QXPEHU�RI�DWRPV�LQ�FFS�RU�IFF�DUUDQJHPHQW� ������ ���
7KXV��D�IDFH�FHQWUHG�FXELF�XQLW�FHOO�KDV�IRXU�DWRPV�SHU�XQLW�FHOO�

)LJ������&RQWULEXWLRQ�RI�DWRPV�LQ�D�FXELF�XQLW�FHOO��

� �

DW�FRUQHU

DW�IDFH�
FHQWUH

�� DW�ERG\�FHQWUH

&RQWULEXWLRQ�
1
8
�DW�FRUQHUV�DQG�

1
2
�DW�IDFH� &RQWULEXWLRQ�RI���DW�WKH�ERG\�FHQWUH

FHQWUHV�RI�WKH�DWRPV�LQ�D�IDFH�FHQWUHG�FHOO

7KH�FRQWULEXWLRQ�RI�DWRPV�DQG�WRWDO�QXPEHU�RI�DWRPV�LQ�GLIIHUHQW�W\SHV�
RI�FXELF�XQLW�FHOOV�DUH�VXPPDUL]HG�EHORZ��

8QLW�FHOO� 1R��RI�DWRPV����1R��RI�DWRPV� 1R��RI�DWRPV� 7RWDO�
� DW�FRUQHUV� DW�IDFHV� LQ�FHQWUH�

6LPSOH�FXELF�RU�SULPLWLYH�FHOO� ��º�
1
8
� �� �� �

%RG\�FHQWUHG�FXELF� ��º�
1
8
� �� �� �

)DFH�FHQWUHG�FXELF� ��º�
1
8
� ��º�

1
2
� �� �

� �&DQ�\RX�JXHVV�WKH�FRQWULEXWLRQ�
RI�DQ�DWRP��DW�WKH�HGJH�FHQWUH"�

� �$Q� DWRP� SUHVHQW� RQ� WKH� HGJH� LV�
VKDUHG�E\�IRXU�XQLW�FHOOV�DV�VKRZQ�
EHORZ�

� �7KHUHIRUH��FRQWULEXWLRQ�RI�HDFK�
DWRP�RQ�WKH�HGJH� ����

� �+RZ� PDQ\� DWRPV� ZLOO� EH�
SUHVHQW� LQ� DQ� HQG� FHQWUHG�
RUWKRUKRPELF�XQLW�FHOO"

� �$Q�HGJH�FHQWUHG�RUWKRUKRPELF�XQLW�
FHOO�KDV�HLJKW�DWRPV�DW�WKH�FRUQHUV�
DQG�WZR�DWRPV�DW�WKH�FHQWUHV�RI�WZR�
HQG�IDFHV��

� �7KHUHIRUH�� WRWDO� QXPEHU� RI� DWRPV�
SHU� XQLW� FHOO� LQ� HQG� FHQWUHG� XQLW�
FHOO�LV

� ����FRUQHUV��º�
1
8
������HQG�FHQWUHV��

º�
1
2
� ���DWRPV��

� �,W�PD\�EH�QRWHG� WKDW� WKHUH� LV�QR�
HQG�FHQWUHG�FXELF�XQLW�FHOO�

/HDUQLQJ�3OXV

7KH�EOXH�FRORXUHG�VSKHUHV�UHSUHVHQW�WKH�VSKHUHV�ZKLFK�DUH�WRXFKLQJ�HDFK�RWKHU�

�127(

)LJ����

�D��6LPSOH�FXELF �E��)DFH�FHQWUHG�FXELF �F��%RG\�FHQWUHG�FXELF

,W� LV� LPSRUWDQW� WR� UHPHPEHU� WKDW� WKH�DWRPV� �RU� VSKHUHV�� DW� WKH� FRUQHUV� RI� D�
VLPSOH�FXEH�WRXFK�HDFK�RWKHU�>)LJ������D�@��+RZHYHU��WKH�DWRPV�DW�WKH�FRUQHUV�RI�
IDFH�FHQWUHG�FXEH��DQG�ERG\�FHQWUHG�FXEH�GRQRW�WRXFK�HDFK�RWKHU��,W�PD\�EH�VHHQ�WKDW�

• LQ� WKH� IDFH� FHQWUHG� FXEH�� WKH� DWRPV� DORQJ� WKH� IDFH� GLDJRQDO� RI� WKH� FXEH�
WRXFK�HDFK�RWKHU�>)LJ�����E�@�

• LQ� WKH�ERG\� FHQWUHG� FXEH�� WKH�DWRPV�DORQJ�WKH�ERG\�GLDJRQDO�RI� WKH�FXEH�
WRXFK�HDFK�RWKHU�>)LJ�����F�@�

� +RZHYHU��IRU�VLPSOLFLW\��WKH�DWRPV��RU�VSKHUHV��DUH�VKRZQ�RQO\�DW�WKH�FRUQHUV�LQ�
WKH�ILJXUHV�
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���)DFH�FHQWUHG�FXELF
,Q�D� IDFH�FHQWUHG� FXELF� DUUDQJHPHQW�� WKH� WKUHH� DWRPV�DORQJ� WKH�IDFH�
GLDJRQDO�WRXFK�HDFK�RWKHU�>)LJ����@��7KHUHIRUH�

'LVWDQFH�EHWZHHQ�WKH�QHDUHVW�QHLJKERXUV��G� �
AC
2

1RZ�LQ�ULJKW�DQJOHG�∆$%&
� $&��� �$%����%&�

� $&��� �D����D�� ��D�� RU� $&� � 2 D

∴� G� �
2
2
a
� �

a
2

5DGLXV�� U� �
d
2
 �

a
2 2

)LJ�����6LPSOH�FXELF�

� ���6LPSOH�FXELF
� ,Q�D�VLPSOH�FXELF�DUUDQJHPHQW��WKH�DWRPV�DW�WKH�

FRUQHUV�WRXFK�HDFK�RWKHU�>)LJ����@��7KHUHIRUH�

� 'LVWDQFH�EHWZHHQ�WKH�QHDUHVW�QHLJKERXUV�
� �� �������G� �$%� �D
� 5DGLXV�� U� �G��� �D��

���%RG\�FHQWUHG�FXELF
,Q� D� ERG\� FHQWUHG� FXELF� DUUDQJHPHQW�� WKUHH� DWRPV� DORQJ� WKH� ERG\�
GLDJRQDO�WRXFK�HDFK�RWKHU�>)LJ����@��7KHUHIRUH�

'LVWDQFH�EHWZHHQ�QHDUHVW�QHLJKERXUV��G� �
AD
2

,Q�ULJKW�DQJOHG�∆$%&
� $&��� �$%����%&�

� $&��� �D����D��RU�$&� � 2 D
1RZ�LQ�ULJKW�DQJOHG�∆$'&�
� $'���  �$&����'&�

� $'���  � 2 2� �a ��D�� ��D��RU�$'� � 3 �D

∴� G�� �
3
2
a

� 5DGLXV��U� �
d
2
� �

3
4
D�

)LJ�����%RG\�
FHQWUHG�FXELF�

)LJ�����)DFH�
FHQWUHG�FXELF�

�� ([DPSOH���

� $�FXELF�XQLW�FHOO�LV�PDGH�XS�RI�;�DQG�<�HOHPHQWV��,I�;�
DUH�SUHVHQW�RQ�WKH�FRUQHUV�RI�WKH�FXEH�DQG�<�DUH�SUHVHQW�
RQ�FHQWUHV�RI�IDFHV�RI�FXEH��WKHQ�ILQG�WKH�IRUPXOD�RI�WKH�
FRPSRXQG��� �+U��6�%�������

� � 6ROXWLRQ����,Q�D�FXEH��;�DWRPV�DUH�DW�WKH���FRUQHUV��HDFK�
VKDUHG�E\���FXEHV��7KHUHIRUH��

� 7KH�QXPEHU�RI�;�DWRPV�LQ�WKH�XQLW�FHOO�LV����� ���

� <�DWRPV�DUH�DW�WKH�FHQWUHV�RI���IDFHV�DQG�HDFK�IDFH�LV�VKDUHG�
E\�WZR�FXEHV��7KHUHIRUH�

� 7KH�QXPEHU�RI�<�DWRPV� ����� ��

� 7KH�IRUPXOD�RI�WKH�FRPSRXQG� �;<��

�� ([DPSOH���
� ,I�WKUHH�HOHPHQWV�3��4�DQG�5�FU\VWDOOLVH�LQ�D�FXELF�VROLG�

ODWWLFH�ZLWK�3�DWRPV�DW�WKH�FRUQHUV��4�DWRPV�DW�WKH�FXEH�
FHQWUHV�DQG�5�DWRPV�DW�WKH�FHQWUH�RI�WKH�HGJHV�� WKHQ�
ZULWH�WKH�IRUPXOD�RI�WKH�FRPSRXQG��� �
� �3E��6�%�������
6ROXWLRQ����$V�3�DWRPV�DUH�SUHVHQW�DW�WKH���FRUQHUV�RI�WKH�

FXEH��7KHUHIRUH��

1R��RI�3�DWRPV�LQ�WKH�XQLW�FHOO� ���º�
1
8
� ��

4�DWRPV�DUH�SUHVHQW�DW�WKH�FXEH�FHQWUHV�

1R��RI�4�DWRPV�LQ�WKH�XQLW�FHOO� ��

5�DWRPV�DUH�SUHVHQW�DW�WKH�HGJHV��6LQFH�WKHUH�DUH����HGJHV�
DQG�DWRP�DW�HDFK�HGJH�LV�VKDUHG�E\�IRXU�DWRPV�

4'/'/$'4
7KH� UHODWLRQVKLS� EHWZHHQ� WKH� QHDUHVW�
QHLJKERXU�GLVWDQFH�DQG�UDGLXV�RI�DWRP��IRU�
FU\VWDOV�RI�SXUH�HOHPHQWV��DQG�WKH�HGJH�RI�
XQLW�FHOO��D�� LV�VXPPHG�XS�EHORZ��

8QLW�FHOO� 'LVWDQFH��� 5DGLXV��
� EHWZHHQ� ����U��
� QHDUHVW�
� QHLJKERXU�
� ��� G��

6LPSOH�FXELF�� �D�
a
2

)DFH�FHQWUHG�� �
a
2
�

a
2 2

FXELF�
� RU� RU

� ������D� �������D

%RG\�FHQWUHG�FXELF��
3
2
D�

3
4
D

� RU� � RU�

� ���� D� ������D

,W�PD\�EH�QRWHG�WKDW�IRU�SXUH�HOHPHQWV��

U� �
d
2
�
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7KHUHIRUH�

1R��RI�5�DWRPV�LQ�WKH�XQLW�FHOO� ����º�
1
4
� ��

∴�7KH�IRUPXOD�RI�WKH�FRPSRXQG� �345��

�� ([DPSOH���
� &DOFXODWH�WKH�QXPEHU�RI�XQLW�FHOOV�LQ�����J�RI�DOXPLQLXP�LI�

LW�FU\VWDOOL]HV�LQ�D�IDFH�FHQWUHG�FXELF��I�F�F��VWUXFWXUH���$WRPLF�
PDVV�RI�$O� ����J�PROy���� �$�,�6�%��������'�6�%�������
6ROXWLRQ���

� � 0ROHV�RI�DOXPLQLXP�� �
8 1
27
.
mol �

��� 1R��RI�DWRPV�RI�$O�LQ�����J�� �
8.1
27 �º�������º���

��

� �� 1R��RI�DWRPV�LQ�RQH�XQLW�FHOO�� ���IFF�

� ������������������������1R��RI�XQLW�FHOOV� �
8.1
27

�º�
6.022 10

4

23×

� �� ������ �����º������
�� ([DPSOH���
� 7XQJVWHQ�FU\VWDOOL]HV�LQ�ERG\�FHQWUHG�FXELF�XQLW�FHOO��

,I�HGJH�RI�WKH�XQLW�FHOO�LV�������SP��ZKDW�LV�WKH�UDGLXV�
RI�WKH�WXQJVWHQ�DWRP�"��

� �'�6�%��������&%6(�6DPSOH�3DSHU���������

6ROXWLRQ���,I�D�LV�WKH�HGJH�OHQJWK�RI�EFF�XQLW�FHOO��WKHQ�UDGLXV�
RI�DQ�DWRP�

� �� U�  ��
3
4

a

� +HUH�� D�  ��������SP

� ∴� U�  ��
3
4
������SP

� �� ��� �������SP

�� ([DPSOH���

� $OXPLQLXP� FU\VWDOOL]HV� LQ� D� IFF� VWUXFWXUH�� $WRPLF�

UDGLXV�RI�WKH�PHWDO�LV�����SP��&DOFXODWH�WKH�HGJH�OHQJWK�

RI�WKH�XQLW�FHOO�RI�WKH�PHWDO"� ��

� �$�,�6�%��������.DUQDWDND�6�%������
� 6ROXWLRQ���,Q�D�IDFH�FHQWUHG�FXELF�VWUXFWXUH��UDGLXV��U���LV�

UHODWHG�WR�OHQJWK�RI�WKH�VLGH��D��DV�

� � U�  �
a

2 2

� RU� D�  � 2 2r

� � U�  � ��� SP

�∴� D�  � ��º�����º�����

� � �  � ������QP�

� � � $�FXELF�VROLG�LV�PDGH�XS�RI�WZR�HOHPHQWV�;�DQG�<��$WRPV�<�DUH�SUHVHQW�DW�WKH�
FRUQHUV�RI�WKH�FXEH�DQG�DWRPV�;�DW�WKH�ERG\�FHQWUH��:KDW�LV�WKH�IRUPXOD�RI�WKH�
FRPSRXQG�"�� �'�6�%�������&%6(�6DPSOH�3DSHU�������

� ����:KHQ�DWRPV�DUH�SODFHG�DW�WKH�FRUQHUV�RI�DOO����HGJHV�RI�D�FXEH��KRZ�PDQ\�DWRPV�
DUH�SUHVHQW�SHU�XQLW�FHOO�"

� ����$ XQLW�FHOO�FRQVLVWV�RI�D�FXEH� LQ�ZKLFK� WKHUH�DUH�$�DWRPV�DW� WKH�FRUQHUV�DQG��
%�DWRPV�DW�WKH�IDFH�FHQWUHV�DQG�$�DWRPV�DUH�PLVVLQJ�IURP���FRUQHUV�LQ�HDFK�XQLW�
FHOO��:KDW�LV�WKH�VLPSOHVW�IRUPXOD�RI�WKH�FRPSRXQG�"� �3E��6�%�������

� ����$�FRPSRXQG�RI�;�DQG�<�FU\VWDOOL]HV�LQ�WKH�FXELF�VWUXFWXUH�LQ�ZKLFK�<�DWRPV�DUH�DW�
WKH�FRUQHUV�DQG�;�DWRPV�DUH�DW�WKH�DOWHUQDWH�IDFHV�RI�WKH�FXEH��)LQG�WKH�IRUPXOD�
RI�WKH�FRPSRXQG�� � � � �3E��6�%��������0HJKDOD\D�6�%��������

� ����*ROG�FU\VWDOOL]HV� LQ� WKH� IDFH�FHQWUHG� FXELF� ODWWLFH��&DOFXODWH� WKH�DSSUR[LPDWH�
QXPEHU�RI�XQLW�FHOOV�LQ���PJ�RI�JROG���DWRPLF�PDVV�RI�JROG� �����X���

� ����;HQRQ�FU\VWDOOL]HV�LQ�WKH�IDFH�FHQWUHG�FXELF�ODWWLFH�DQG�WKH�HGJH�RI�WKH�XQLW�FHOO�
LV�����SP��:KDW�LV�WKH�QHDUHVW�QHLJKERXU�GLVWDQFH�DQG�UDGLXV�RI�[HQRQ�DWRP�"

� ����7KH�OHQJWK�RI�WKH�XQLW�FHOO�HGJH�RI�D�ERG\�FHQWUHG�FXELF�PHWDO�FU\VWDO�LV�����SP��
&DOFXODWH�WKH�UDGLXV�RI�DQ�DWRP�RI�WKH�FU\VWDO�� � �1DJDODQG�6�%�������

� ����&DOFXODWH�WKH�DWRPLF�UDGLXV�RI�HOHPHQWDU\�VLOYHU�ZKLFK�FU\VWDOOLVHV�LQ�IDFH�FHQWUHG�
FXELF�ODWWLFH�ZLWK�XQLW�FHOO�HGJH�OHQJWK�������×���y��P��� ����$VVDP�6�%�������

� ����$�VROLG�KDV�D�VWUXFWXUH�LQ�ZKLFK�:�DWRPV�DUH�SUHVHQW�DW�WKH�FRUQHUV�RI�WKH�FXELF�
XQLW�FHOO��2�DWRPV�DUH�ORFDWHG�DW�WKH�FXEH�HGJHV�DQG�1D�DWRPV�DUH�SUHVHQW�DW�
FXEH�FHQWUHV��:KDW�LV�WKH�IRUPXOD�RI�WKH�FRPSRXQG�"

� �����&V&O�FU\VWDOOL]HV�LQ�FXELF�VWUXFWXUH�LQ�ZKLFK�&Oy�LRQV�DUH�DW�WKH�FRUQHUV�DQG�&V��
LRQV�RFFXS\�FHQWUH�RI�WKH�XQLW�FHOO��,I�UDGLL�RI�&V��DQG�&Oy�LRQV�DUH�����¨�DQG�����¨�
UHVSHFWLYHO\��FDOFXODWH�WKH�HGJH�OHQJWK�RI�WKH�XQLW�FHOO�

� �� ��7XQJVWHQ�FU\VWDOOL]HV�LQ�ERG\�FHQWUHG�FXELF�ODWWLFH��&DOFXODWH�WKH�QXPEHU�RI�XQLW�
FHOOV�LQ�����J�RI�WXQJVWHQ��$WRPLF�PDVV�RI�WXQJVWHQ� �����X��� ����3E��6�%�������

� �����6RGLXP�FU\VWDOOL]HV�LQ�D�EFF�XQLW�FHOO��&DOFXODWH�WKH�DSSUR[LPDWH�QXPEHU�RI�XQLW�
FHOOV�LQ�����J�RI�VRGLXP��$WRPLF�PDVV�RI�1D� ����X���

� � ������������������������������������������������&�%�6�(��6DPSOH�3DSHU�������$VVDP�6�%��������
� �����*ROG��DWRPLF�UDGLXV� �������QP��FU\VWDOOL]HV�LQ�IDFH�FHQWUHG�XQLW�FHOO��:KDW�LV�

WKH�OHQJWK�RI�WKH�VLGH�RI�WKH�FHOO"�������������������������������������������0HJKDOD\D�6�%��������
� �����,Q�D�IDFH�FHQWUHG�FXELF�DUUDQJHPHQW�RI�$�DQG�%�DWRPV��$�DWRPV�RFFXS\�WKH�FRUQHUV�

DQG�%�DWRPV�RFFXS\�WKH�IDFH�FHQWUHV�RI�WKH�XQLW�FHOO��,I�RQH�RI�WKH�DWRPV�LV�PLVVLQJ�
IURP�WKH�FRUQHU�LQ�HDFK�XQLW�FHOO��ZKDW�LV�WKH�VLPSOHVW�IRUPXOD�RI�WKH�FRPSRXQG"

� ����;<

� �� ��

� ����$%�

� ����;<

� ����������º�� ���XQLW�FHOOV

� ����������SP���������SP

� ������������SP

� ���������º�� y���P

� ����1D:2�

� ����������¨

� ����������º������XQLW�FHOOV

� ������������º������XQLW�FHOOV

� �����������PP

� �����$�%��

�+LQWV�	�6ROXWLRQV�RQ�SDJH���
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,Q� WKH� IRUPDWLRQ� RI� FU\VWDOV�� WKH� FRQVWLWXHQW� SDUWLFOHV� �DWRPV�� LRQV� RU�

PROHFXOHV�� JHW� FORVHO\� SDFNHG� WRJHWKHU�� 7KH� FORVHO\� SDFNHG� DUUDQJHPHQW� LV�
WKDW�LQ�ZKLFK�PD[LPXP�DYDLODEOH�VSDFH�LV�RFFXSLHG�OHDYLQJ�PLQLPXP�YDFDQW�
VSDFH�� 7KLV� FRUUHVSRQGV� WR�D� VWDWH� RI�PD[LPXP�SRVVLEOH� GHQVLW\��7KH� FORVHU�
WKH�SDFNLQJ��WKH�JUHDWHU�LV�WKH�VWDELOLW\�RI�WKH�SDFNHG�V\VWHP�

:H�NQRZ�WKDW�WKH�FRQVWLWXHQW�SDUWLFOHV�RI�FU\VWDOV�PD\�EH�RI�YDU\LQJ�VKDSHV�
DQG�� WKHUHIRUH�� WKH�PRGH� RI� FORVHVW� SDFNLQJ� RI� SDUWLFOHV�ZLOO� YDU\� DFFRUGLQJ�
WR� WKHLU�VKDSHV�DQG� VL]HV��+RZHYHU� IRU�XQGHUVWDQGLQJ��ZH� FDQ�XVH� LGHQWLFDO�
KDUG�VSKHUHV�RI�HTXDO�VL]H�WR�UHSUHVHQW�DWRPV�LQ�D�PHWDO�LQ�WHUPV�RI�FORVHVW�
SDFNLQJ�RI�LGHQWLFDO�VSKHUHV�

:H�FDQ�EXLOG�XS�WKH�WKUHH�GLPHQVLRQDO�VWUXFWXUH�LQ�WKUHH�VWHSV��

�D��&ORVH�3DFNLQJ�LQ�RQH�'LPHQVLRQ
7KHUH�LV�RQO\�RQH�ZD\�RI�DUUDQJLQJ�VSKHUHV�LQ�RQH�GLPHQVLRQDO�FORVH�SDFNHG�

VWUXFWXUH�LQ�ZKLFK�WKH�VSKHUHV�DUH�SODFHG�LQ�D�KRUL]RQWDO�URZ�WRXFKLQJ�HDFK�
RWKHU��7KLV�LV�VKRZQ�LQ�)LJ�����

)LJ������&ORVH�SDFNLQJ�RI�VSKHUHV�LQ�RQH�GLPHQVLRQ�

$V�FDQ�EH�VHHQ�LQ�WKLV�DUUDQJHPHQW��HDFK�VSKHUH�LV�LQ�FRQWDFW�ZLWK�WZR�RI�LWV�QHLJKERXUV�
7KH� QXPEHU� RI� QHDUHVW� QHLJKERXUV� RI� D� SDUWLFOH� LV� FDOOHG� LWV� FR�
RUGLQDWLRQ�QXPEHU�
7KXV�� LQ�RQH�GLPHQVLRQDO�FORVH�SDFNHG�DUUDQJHPHQW��WKH�FRRUGLQDWLRQ�

QXPEHU�LV���
�E��&ORVH�3DFNLQJ�LQ�WZR�'LPHQVLRQV
7ZR�GLPHQVLRQDO�FORVH�SDFNHG�VWUXFWXUH�FDQ�EH�JHQHUDWHG�E\�SODFLQJ�WKH�

URZV�RI�FORVH�SDFNHG�VSKHUHV��7KH�URZV�FDQ�EH�FRPELQHG�LQ�WKH�IROORZLQJ�WZR�
ZD\V�ZLWK�UHVSHFW�WR�WKH�ILUVW�URZ�WR�EXLOG�D�FU\VWDO�SODQH�

�L�� 6TXDUH� FORVH� SDFNLQJ� RU� $$$���� W\SH� DUUDQJHPHQW� LQ� WZR�
GLPHQVLRQV�

7KH�VSKHUHV�DUH�SDFNHG�LQ�VXFK�D�ZD\�WKDW�WKH�URZV�KDYH�D�KRUL]RQWDO�DV�
ZHOO� DV� YHUWLFDO� DOLJQPHQW�� ,Q� WKLV� DUUDQJHPHQW�� WKH� VSKHUHV� RI� VHFRQG� URZ�
DUH�H[DFWO\�DERYH�WKRVH� RI� WKH�ILUVW� URZ��7KH� VHFRQG� URZ� LV�H[DFWO\� VDPH�DV�
WKH�ILUVW�RQH�� ,I�ZH� ODEHO� WKH�ILUVW� URZ�DV� t$u� W\SH��WKH�VHFRQG�URZ�LV�DOVR� t$u�
W\SH��6LPLODUO\��ZH�PD\�SODFH�PRUH�URZV�WR�JHW�$$$�����������W\SH�DUUDQJHPHQW�
DV�VKRZQ�LQ�)LJ������D��� ,Q�WKLV�DUUDQJHPHQW�� WKH�VSKHUHV�DUH� IRXQG�WR� IRUP�
VTXDUHV��7KLV� W\SH� RI� SDFNLQJ� LV� DOVR� FDOOHG�VTXDUH� FORVH� SDFNLQJ� LQ� WZR�
GLPHQVLRQV�

�LL��+H[DJRQDO�FORVH�SDFNLQJ�RU�$%$%$����W\SH�DUUDQJHPHQW�LQ�WZR�
GLPHQVLRQV�

7KH�VSKHUHV�DUH�SDFNHG�LQ�VXFK�D�ZD\�WKDW�WKH�VSKHUHV�LQ�WKH�VHFRQG�URZ�
DUH�SODFHG�LQ�WKH�GHSUHVVLRQV�EHWZHHQ�WKH�VSKHUHV�RI�WKH�ILUVW�URZ��6LPLODUO\��
WKH�VSKHUHV�LQ�WKH�WKLUG�URZ�DUH�SODFHG�LQ�WKH�GHSUHVVLRQV�EHWZHHQ�WKH�VSKHUHV�
RI�WKH�VHFRQG�URZ�DQG�VR�RQ��,Q�WKLV�DUUDQJHPHQW��WKH�VHFRQG�URZ�LV�GLIIHUHQW�
IURP�WKH�ILUVW�URZ��%XW�WKH�VSKHUHV�LQ�WKLUG�URZ�DUH�DOLJQHG�ZLWK�WKRVH�RI�WKH�
ILUVW�URZ��6LPLODUO\��WKH�VSKHUHV�RI�IRXUWK�URZ�DUH�DOLJQHG�ZLWK�WKRVH�RI�VHFRQG�
URZ��,I�WKH�DUUDQJHPHQW�RI�VSKHUHV�LQ�ILUVW�URZ�LV�FDOOHG�t$u�W\SH��WKH�RQH�LQ�WKH�
VHFRQG�URZ�LV�GLIIHUHQW�DQG�PD\�EH�FDOOHG�t%u�W\SH��1RZ��WKH�DUUDQJHPHQW�RI�
VSKHUHV�RI�WKLUG�URZ�LV�VDPH�DV�WKDW�RI�ILUVW�URZ��DQG�WKHUHIRUH��LW�LV�DOVR�FDOOHG�
t$u� W\SH�� 6LPLODUO\�� IRXUWK� URZ� LV� FDOOHG� t%u� W\SH��+HQFH� WKH� DUUDQJHPHQW� LV

� $UUDQJHPHQW�,� $UUDQJHPHQW�,,
� �D��6TXDUH�FORVH�SDFNLQJ�RFFXSLHV�������RI�DYDLODEOH�VSDFH� �E��+H[DJRQDO�FORVH�SDFNLQJ�RFFXSLHV�������RI�DYDLODEOH�VSDFH

)LJ������3DFNLQJ�RI�VSKHUHV�LQ�WZR�GLPHQVLRQV�
�
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FDOOHG�$%$%���������W\SH��7KLV�W\SH�RI�DUUDQJHPHQW�LV�DOVR�FDOOHG�KH[DJRQDO�FORVH�

SDFNLQJ�RI�VSKHUHV�LQ�WZR�GLPHQVLRQV�DQG�LV�VKRZQ�LQ�)LJ������E���DUUDQJHPHQW�,,��

$�FRPSDULVRQ�RI�WZR�ZD\V�RI�SDFNLQJ�RI�VSKHUHV�VKRZV�WKDW�LQ�DUUDQJHPHQW�

,�� WKH� VSKHUHV� DUH� OHVV� FORVHO\� SDFNHG� WKDQ� LQ� DUUDQJHPHQW� ,,�� ,W� KDV� EHHQ�

FDOFXODWHG�WKDW�LQ�DUUDQJHPHQW�,��RQO\�������RI�WKH�DYDLODEOH�VSDFH�LV�RFFXSLHG�

E\� WKH� VSKHUHV�� ,Q� WKH� VHFRQG�DUUDQJHPHQW�� ������RI� WKH� VSDFH� LV� RFFXSLHG��

7KHUHIRUH��WKH�DUUDQJHPHQW�,,�LV�PRUH�HIILFLHQW�DQG�OHDYHV�OHVV�VSDFH�XQRFFXSLHG�

E\�VSKHUHV��7KXV��DUUDQJHPHQW�,,�LV�PRUH�HFRQRPLFDO�DQG�LW�UHSUHVHQWV�D�FORVH�

SDFNLQJ�RI�VSKHUHV�

,W�FDQ�EH�VHHQ�WKDW�LQ�DUUDQJHPHQW�,��HDFK�VSKHUH�LV�LQ�FRQWDFW�ZLWK�IRXU�RWKHU�

VSKHUHV�DV�VKRZQ�LQ�)LJ������D���2Q�WKH�RWKHU�KDQG��HDFK�VSKHUH�LV�LQ�FRQWDFW�ZLWK�

VL[�RWKHU�VLPLODU�VSKHUHV�LQ�DUUDQJHPHQW�,,�DV�VKRZQ�LQ�)LJ������E���

7KXV��LQ�WZR�GLPHQVLRQDO�FORVH�SDFNLQJ��WKH�FR�RUGLQDWLRQ�QXPEHU�RI�HDFK�

VSKHUH�LQ�DUUDQJHPHQW�,��VTXDUH�FORVH�SDFNLQJ��LV�IRXU�DQG�LQ�DUUDQJHPHQW�

,,� �KH[DJRQDO� FORVH� SDFNLQJ�� LV� VL[�� 7KXV�� WKH� DUUDQJHPHQW� ,,� UHSUHVHQWV�

FORVHVW�SDFNLQJ�RI�VSKHUHV�LQ�D�OD\HU�

�F��&ORVH�3DFNLQJ�LQ�7KUHH�'LPHQVLRQV
:H�FDQ�QRZ�EXLOG�RWKHU�OD\HUV�RYHU�WKH�ILUVW�OD\HU�WR�H[WHQG�WKH�SDFNLQJ�

LQ� WKUHH�GLPHQVLRQV��7KLV� FDQ�EH�GRQH�E\�EXLOGLQJ� OD\HUV� RQ� VTXDUH�SDFNHG�

DQG�KH[DJRQDO�FORVH�SDFNHG�DUUDQJHPHQW�RI�ILUVW�OD\HU��/HW�XV�VHH�ZKDW�W\SHV�

RI� WKUHH�GLPHQVLRQDO�FORVH� SDFNLQJ� FDQ�EH�REWDLQHG� IURP�WKHVH� WZR� W\SHV�RI�

DUUDQJHPHQWV��/HW�XV�PDUN�WKH�VSKHUH�LQ�WKH�ILUVW�OD\HU�DV�$�

�L�� 7KUHH�GLPHQVLRQDO�FORVH�SDFNLQJ�IURP�WZR�GLPHQVLRQDO�VTXDUH�
FORVH�SDFNHG�OD\HUV

)RU�SODFLQJ�WKH�VHFRQG�VTXDUH�FORVH�SDFNHG�OD\HUV�DERYH�WKH�ILUVW�URZ��IROORZ�

WKH�VDPH�SURFHGXUH�WKDW�ZDV�IROORZHG�ZKHQ�RQH�URZ�ZDV�SODFHG�DGMDFHQW�WR�WKH�

RWKHU�URZ��7KH�VHFRQG�OD\HU�LV�SODFHG�RYHU�WKH�ILUVW�OD\HU�VXFK�WKDW�WKHVH�VSKHUHV�

RI�WKH�VHFRQG�OD\HUV�DUH�H[DFWO\�DERYH�WKRVH�RI�ILUVW�OD\HU��,Q�WKLV�DUUDQJHPHQW��

VSKHUHV�RI�ERWK�OD\HUV�DUH�SHUIHFWO\�DOLJQHG�KRUL]RQWDOO\�DV�ZHOO�DV�YHUWLFDOO\��

6LPLODUO\��ZH�PD\�SODFH�PRUH� OD\HUV� RQH� DERYH� WKH�RWKHU��7KLV� LV� VKRZQ� LQ��

)LJ������D���,I�WKH�DUUDQJHPHQW�RI�VSKHUHV�LQ�WKH�ILUVW�OD\HU�LV�FDOOHG�t$u�W\SH��

WKH�RWKHU� OD\HUV�ZLOO� DOVR�EH� t$u� W\SH�EHFDXVH� WKH\�KDYH� VDPH�DUUDQJHPHQW��

7KLV� W\SH� RI� SDFNLQJ� LV� UHIHUUHG� WR� DV�$$$������W\SH��7KLV� W\SH� RI� SDFNLQJ� LV�

DOVR�FDOOHG�VLPSOH�FXELF�SDFNLQJ�DQG�LWV�XQLW�FHOO�LV�WKH�SULPLWLYH�XQLW�FHOO�

DV�VKRZQ�LQ�)LJ������E��

�LL��7KUHH� GLPHQVLRQDO� FORVH� SDFNLQJ� IURP� WZR� GLPHQVLRQDO�
KH[DJRQDO�FORVH�SDFNHG�OD\HUV�

$V� ZH� KDYH� DOUHDG\� VHHQ� WKDW� IRU� WZR� GLPHQVLRQDO� SDFNLQJ�� KH[DJRQDO�

FORVH�SDFNLQJ�LV�PRUH�HIILFLHQW�SDFNLQJ��/HW�XV�FRQVLGHU�D�WKUHH�GLPHQVLRQDO�

SDFNLQJ�DERYH�WKLV�OD\HU�

/HW�XV�PDUN�WKH�VSKHUHV�LQ�WKH�ILUVW�OD\HU�DV�$��,W�LV�FOHDU�IURP�)LJ�����D��

WKDW�LQ�WKH�ILUVW� OD\HU�WKHUH�DUH�VRPH�HPSW\�VSDFHV�RU�KROORZV�FDOOHG�YRLGV��
7KHVH�DUH�WULDQJXODU�LQ�VKDSH��7KHVH�WULDQJXODU�YRLGV�DUH�RI�WZR�W\SHV�PDUNHG�

DV�D�DQG�E��$OO�WKH�KROORZV�DUH�HTXLYDOHQW�EXW�WKH�VSKHUHV�RI�VHFRQG�OD\HU�PD\�

EH�SODFHG� HLWKHU�RQ� KROORZV�ZKLFK� DUH�PDUNHG� D� RU� RQ� RWKHU� VHW� RI� KROORZV�

PDUNHG� E�� ,W�PD\� EH� QRWHG� WKDW� LW� LV� QRW� SRVVLEOH� WR�SODFH� VSKHUHV� RQ� ERWK�

W\SHV�RI�KROORZV��/HW�XV�SODFH�WKH�VSKHUHV�RQ�KROORZV�PDUNHG�E�WR�PDNH�WKH�

VHFRQG� OD\HU�ZKLFK�PD\�EH� ODEHOOHG�DV�%� OD\HU��2EYLRXVO\�WKH�KROHV�PDUNHG�

D� UHPDLQ� XQRFFXSLHG� ZKLOH� EXLOGLQJ� WKH� VHFRQG� OD\HU�� 7KH� VHFRQG� OD\HU� LV�

LQGLFDWHG�DV�GRWWHG�FLUFOHV�LQ�)LJ������E��

1

2

3

4

)LJ�� ���� �D�� $� VSKHUH� LQ� VTXDUH�
FORVH�SDFNLQJ�LV�LQ�FRQWDFW�ZLWK�IRXU�
VSKHUHV�� �E��$� VSKHUH� LQ� KH[DJRQDO�
FORVH�SDFNLQJ� LV� LQ�FRQWDFW�ZLWK� VL[�
VSKHUHV�

#

#

#

#


D�


E�

)LJ������6LPSOH�FXELF�ODWWLFH�IRUPHG�
E\�$$$�����DUUDQJHPHQW�


D�


E�
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,W� LV� FOHDU� IURP�)LJ�� ��� �E�� WKDW� WKH� WZR� W\SHV� RI� YRLGV� DUH� QRW� VLPLODU��
7KH� tFu� W\SH� RI� YRLGV� DUH� WULDQJXODU� EXW� tDu� W\SH� RI� YRLGV� RI� WKH� VHFRQG� OD\HU�
DUH�D�FRPELQDWLRQ�RI�WZR�WULDQJXODU�YRLGV��RQH�HDFK�RI�ILUVW�OD\HU�DQG�VHFRQG�
OD\HU��ZLWK�WKH�YHUWH[�RI�RQH�WULDQJOH�XSZDUGV�DQG�WKH�YHUWH[�RI�RWKHU�WULDQJOH�
GRZQZDUGV�

:KHQHYHU� D� VSKHUH� RI� VHFRQG� OD\HU�
LV�SODFHG�DERYH�WKH�YRLG�RI�ILUVW�OD\HU��D�
WHWUDKHGUDO�YRLG� LV� IRUPHG��7KHVH� YRLGV�
DUH�FDOOHG�WHWUDKHGUDO�YRLGV�EHFDXVH�D�
WHWUDKHGURQ�LV�IRUPHG�ZKHQ�WKH�FHQWUHV�
RI� WKHVH� IRXU� VSKHUHV� DUH� MRLQHG�� 7KH�
YRLGV�tFu�UHSUHVHQW�WHWUDKHGUDO�YRLGV�

7KH� YRLGV� tDu� DUH� GRXEOH� WULDQJXODU�
YRLGV��7KH�WULDQJXODU�YRLG�LQ�WKH�VHFRQG��
OD\HU� DUH�DERYH� WKH� WULDQJXODU� YRLGV� LQ�
WKH�ILUVW�OD\HU�DQG�WKH�WULDQJXODU�VKDSHV�
RI�WKHVH�YRLGV�GRQRW�RYHUODS��6XFK�YRLGV�
DUH� VXUURXQGHG� E\� VL[� VSKHUHV� DQG� DUH�
FDOOHG�RFWDKHGUDO�YRLGV�

1RZ�WKH�WKLUG�OD\HU�FDQ�EH�EXLOG�XS�
E\� SODFLQJ� VSKHUHV� DERYH� WHWUDKHGUDO�
YRLGV�PDUNHG��F��RU�RFWDKHGUDO�YRLGV�PDUNHG��D��

�L��&RYHULQJ�WHWUDKHGUDO�YRLGV
:KHQ�D� WKLUG� OD\HU� LV�WR� EH�DGGHG��DJDLQ� WKHUH�DUH�WZR�W\SHV�RI�KROORZV��

DYDLODEOH��2QH�W\SH�RI�KROORZV�PDUNHG�tDu�DUH�XQRFFXSLHG�KROORZV�RI�WKH�ILUVW��
OD\HU��7KH�RWKHU� W\SH�RI�KROORZV�DUH�KROORZV� LQ� WKH�VHFRQG�OD\HU� �PDUNHG�F���
7KXV��WKHUH�DUH�WZR�DOWHUQDWLYHV�WR�EXLOG�WKH�WKLUG�OD\HU�

7KH�WKLUG�OD\HU�RI�VSKHUHV�PD\�EH�SODFHG�RQ�WKH�WHWUDKHGUDO�YRLGV�PDUNHG���F��
RI� WKH� VHFRQG� OD\HU�� ,Q� WKLV� DUUDQJHPHQW�� WKH� VSKHUHV� RI� WKH� WKLUG� OD\HU� OLH�
GLUHFWO\� DERYH� WKRVH� LQ� WKH� ILUVW� OD\HU�� ,Q� RWKHU� ZRUGV�� WKLUG� OD\HU� EHFRPHV�
H[DFWO\�LGHQWLFDO�WR�WKH�ILUVW�OD\HU��ODEHOOHG�$���7KLV� LV�VKRZQ�LQ�)LJ������7KLV�
W\SH�RI�SDFNLQJ�LV�UHIHUUHG�WR�DV�$%$%$�����DUUDQJHPHQW��7KLV�W\SH�RI�SDFNLQJ�
LV� DOVR�NQRZQ�DV�KH[DJRQDO� FORVH�SDFNLQJ��,W� LV� DEEUHYLDWHG�DV�KFS��)RU�
VLPSOLFLW\��KFS�DUUDQJHPHQW�FDQ��EH�GUDZQ�DV�VKRZQ�LQ�)LJ������E��

0HWDOV�OLNH�PDJQHVLXP��PRO\EGHQXP��EHU\OOLXP��]LQF��HWF��DGRSW�WKLV�W\SH�RI�
DUUDQJHPHQW��

�LL��&RYHULQJ�RFWDKHGUDO�YRLGV
7KH� VHFRQG� ZD\� WR� SDFN� VSKHUHV� LQ� WKH� WKLUG� OD\HU� LV� WR� SODFH� WKHP�

RYHU�RFWDKHGUDO�YRLGV�PDUNHG� tDu� �XQRFFXSLHG�KROORZV�RI� ILUVW� OD\HU���7KLV�
JLYHV�ULVH�WR�D�QHZ�OD\HU�ODEHOOHG�DV�&��+RZHYHU��LW�FDQ�EH�VKRZQ�WKDW�WKH�
VSKHUHV�LQ�WKH�IRXUWK�OD\HU�ZLOO�FRUUHVSRQG�WR�WKRVH�LQ�WKH�ILUVW�OD\HU��7KLV�
LV� VKRZQ� LQ� )LJV�� ��� �D�� DQG� ��� �E��� 7KLV� JLYHV� WKH�$%&$%&$�����W\SH� RI�

)LJ������3DFNLQJ�RI�VHFRQG�OD\HU��E��RQ�ILUVW�OD\HU��D��

a a a

aa

b b

bbb

�D� �E�

#�NC[GT

$�NC[GT

D D
C

/HDUQLQJ�3OXV
�1XPEHU�RI�DWRPV�SHU�XQLW� FHOO�

LQ�KFS�
q� ,Q� KFS� DUUDQJHPHQW�� )LJ�� ��� �E���

WKHUH�DUH����DWRPV�DW�WKH�FRUQHUV��
��DW� IDFH�FHQWUHV� DQG���DWRPV�DUH�
SUHVHQW� LQ� WKH� ERG\�� ,Q�KFS�� HDFK�
FRUQHU� LV� VKDUHG� E\� VL[� XQLW� FHOOV��
WKHUHIRUH�� FRQWULEXWLRQ� RI� DWRP� DW�
WKH�FRUQHU�LV������HDFK�DWRP�DW�WKH�
IDFH�FHQWUH�LV�VKDUHG�E\���XQLW�FHOOV�
DQG�WKHUHIRUH��FRQWULEXWLRQ�RI�DWRP�
DW�WKH� IDFH�FHQWUH� LV������WKH�DWRP�
ZLWKLQ�WKH�ERG\�FRQWULEXWHV�WR�WKDW�
XQLW�FHOO�RQO\��7KXV�

� 1R��RI�DWRPV�SHU�XQLW�FHOO� 

� ����DW�FRUQHUV��º
1
6
������IDFH��º

1
2

� �����ERG\��º��

 ����������� ���DWRPV�XQLW�FHOO�

)LJ�������$%$%$����RU�KFS�DUUDQJHPHQW�RI�VSKHUHV��0HWDOV�OLNH�PDJQHVLXP��]LQF��
HWF��DGRSW�WKLV�W\SH�RI�DUUDQJHPHQW�

KFS�DUUDQJHPHQW�D�
�E�
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DUUDQJHPHQW��,W�LV�DOVR�NQRZQ�DV�FXELF�FORVH�SDFNLQJ�DQG�LV�DEEUHYLDWHG�DV�
FFS��)RU�VLPSOLFLW\�FFS�DUUDQJHPHQW�FDQ�EH�GUDZQ�DV�VKRZQ�LQ�)LJ�����F���,W�LV�
FOHDU�IURP�)LJ������F��WKDW�WKHUH�LV�D�VSKHUH�DW�WKH�FHQWUH�RI�HDFK�IDFH�RI�WKH�FXEH��
7KHUHIRUH��WKLV�DUUDQJHPHQW�LV�DOVR�NQRZQ�DV�IDFH�FHQWUHG�FXELF�DUUDQJHPHQW�
DQG�LV�DEEUHYLDWHG�DV�IFF��0HWDOV�OLNH�FRSSHU��LURQ��QLFNHO��DOXPLQLXP��JROG�DQG�
VLOYHU�FU\VWDOOLVH�LQ�WKLV�W\SH�RI�VWUXFWXUH�

,W�PD\�EH�QRWHG�WKDW�ERWK�W\SHV�RI�SDFNLQJ�DUH�HTXDOO\�HFRQRPLFDO�WKRXJK�
WKHVH� KDYH� GLIIHUHQW� IRUPV�� ,Q� ERWK� FDVHV�� ���� RI� WKH� DYDLODEOH� YROXPH� LV�
RFFXSLHG�E\�WKH�VSKHUHV�

)LJ������7HWUDKHGUDO�DQG�RFWDKHGUDO�
YRLGV�LQ�FORVH�SDFNLQJ�DUUDQJHPHQW�

Q���QEVCJGFTCN�XQKF
V���VGVTCJGFTCN�XQKF

7KH�SUHVHQFH�RI�LQWHUVWLWLDO�YRLGV�RU�
LQWHUVWLWLDO�VLWHV�SOD\�DQ�LPSRUWDQW�
UROH� LQ� FKHPLVWU\� RI� WUDQVLWLRQ�
PHWDOV�� 7KH� WUDQVLWLRQ�PHWDOV� FDQ�
HDVLO\�DFFRPPRGDWH�WKH�VPDOO�QRQ��
PHWDOOLF� DWRPV� VXFK� DV� K\GURJHQ��
ERURQ��FDUERQ�DQG�QLWURJHQ�EHFDXVH�
RI�VSDFHV�EHWZHHQ�WKH�PHWDO�DWRPV��
7KHVH � FRPSRXQGV� DUH � FDOOHG�
LQWHUVWLWLDO�FRPSRXQGV�

/HDUQLQJ�3OXV

)LJ������$%&$%&$����RU�FFS�DUUDQJHPHQW�RI�VSKHUHV�

�D� �E� �F�

FFS�DUUDQJHPHQW

,17(567,7,$/�92,'6�25�,17(567,7,$/�6,7(6
,Q�WKH�FORVH�SDFNLQJ�RI�VSKHUHV��FHUWDLQ�KROORZV�RU�YRLGV�DUH� OHIW�YDFDQW��

7KHVH�KROHV�RU�YRLGV�LQ�WKH�FU\VWDOV�DUH�FDOOHG�LQWHUVWLWLDO�YRLGV�RU�LQWHUVWLWLDO�
VLWHV��7ZR�LPSRUWDQW�LQWHUVWLWLDO�YRLGV�DUH��L��WHWUDKHGUDO��LL��RFWDKHGUDO�

:H�KDYH�OHDUQW�GXULQJ�SDFNLQJ�RI�VSKHUHV�WKDW�DIWHU�DUUDQJLQJ�WZR�OD\HUV�
�$�DQG�%��ZH�ILQG�WZR�W\SHV�RI�YRLGV��PDUNHG�D�DQG�F���7KH�YRLG�tFu�LV�FUHDWHG�
E\� IRXU�VSKHUHV�DQG�LV� FDOOHG� WHWUDKHGUDO�YRLG��7KH�YRLG� tDu� LV� FUHDWHG�E\�VL[�
VSKHUHV� LQ�FRQWDFW�DQG�LV�FDOOHG�RFWDKHGUDO�YRLG��7KHVH�DUH�VKRZQ�LQ�)LJ�����
PDUNLQJ�WKHP�DV� W�DQG�R��7KHVH�DUH�GLVFXVVHG�EHORZ��
�L��7HWUDKHGUDO�YRLG�RU�VLWH���$�VSKHUH�LQ�WKH�VHFRQG�OD\HU�LV�SODFHG�DERYH��WKUHH�
VSKHUHV� WRXFKLQJ�RQH�DQRWKHU� LQ� WKH�ILUVW� OD\HU��7KLV� LV�VKRZQ�LQ�)LJ�����7KH�
FHQWUHV�RI�WKHVH�VSKHUHV�OLH�DW�WKH�DSLFHV�RI�D�WHWUDKHGURQ��,W�PD\�EH�QRWHG�WKDW�
WKH�VKDSH�RI�WKH�YRLG�LV�QRW�WHWUDKHGUDO��EXW�WKH�DUUDQJHPHQW�DURXQG�WKLV�YRLG�

LV�WHWUDKHGUDO��7KXV� WKH�YDFDQW�VSDFH�DPRQJ�IRXU�VSKHUHV�KDYLQJ� WHWUDKHGUDO�
�DUUDQJHPHQW�LV�FDOOHG�WHWUDKHGUDO�YRLG�RU�WHWUDKHGUDO�VLWH�

)LJ������7HWUDKHGUDO�YRLG�

6GVTCJGFTCN�XQKF 6GVTCJGFTCN�XQKF

)GQOGVTKECN�UJCRG�QH�XQKF

�LL��2FWDKHGUDO� YRLG� RU� VLWH�� 7KLV� W\SH� RI� YRLG� RU� VLWH� LV� IRUPHG� DW� WKH�
FHQWUH� RI� VL[� VSKHUHV�� ,W� LV� VKRZQ� LQ� )LJ�� ����)URP� WKH� ILJXUH�� LW� LV� FOHDU� WKDW�
HDFK�RFWDKHGUDO�YRLG�LV�SURGXFHG�E\�WZR�VHWV�RI�HTXLODWHUDO�WULDQJOHV�ZKLFK�SRLQW�
LQ� RSSRVLWH� GLUHFWLRQV��7KXV�� WKH� YRLG� IRUPHG�E\� WZR� HTXLODWHUDO� WULDQJOHV�ZLWK
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DSLFHV�LQ�RSSRVLWH�GLUHFWLRQ�LV�FDOOHG�RFWDKHGUDO�YRLG�RU�RFWDKHGUDO�VLWH��
7KLV�YRLG�LV��WKHUHIRUH��VXUURXQGHG�E\���VSKHUHV�O\LQJ�DW�WKH�YHUWLFHV�RI�D�

UHJXODU�RFWDKHGURQ�
1XPEHU� RI� RFWDKHGUDO� DQG� WHWUDKHGUDO� YRLGV� RU� VLWHV�� 7KHUH� DUH�

WZR�WHWUDKHGUDO� YRLGV� IRU� HDFK�VSKHUH� DQG� WKHUH� LV�RQO\�RQH� RFWDKHGUDO�YRLG�
IRU�HDFK�VSKHUH��7KXV��LQ�D�FORVH�SDFNHG�VWUXFWXUH�RI�1�VSKHUHV��WKHUH�DUH��

WHWUDKHGUDO�YRLGV� ��1
RFWDKHGUDO�YRLGV�� �1�
�WRWDO�QXPEHU�RI�WHWUDKHGUDO�DQG�RFWDKHGUDO�YRLGV� ��1

&RRUGLQDWLRQ�1XPEHU
7KH�QXPEHU�RI� VSKHUHV�ZKLFK�DUH�WRXFKLQJ�D� JLYHQ�VSKHUH� LV� FDOOHG� WKH�

FRRUGLQDWLRQ�QXPEHU��7KXV��FRRUGLQDWLRQ�QXPEHU�LV
WKH� QXPEHU� RI� FORVHVW� �RU� QHDUHVW�� QHLJKERXUV� RI� DQ\� FRQVWLWXHQW�
SDUWLFOH�LQ�WKH�FU\VWDO�ODWWLFH�
$V� DOUHDG\�GLVFXVVHG� LQ�KFS� DQG� FFS� DUUDQJHPHQWV�� D� VSKHUH� LV� LQ�GLUHFW�

FRQWDFW�ZLWK���RWKHU�VSKHUHV�LQ�WKH�VDPH�SODQH�RI�WKH�FHQWUDO�DWRP��,W�WRXFKHV�
WKUHH�VSKHUHV�LQ�WKH�OD\HU�DERYH�LW�DQG�WKUHH�VSKHUHV�LQ�WKH�OD\HU�EHORZ�LW��7KXV��
LWV�FRRUGLQDWLRQ�QXPEHU�LQ�KFS�DQG�FFS�DUUDQJHPHQWV�LV����DV�VKRZQ�LQ�)LJ�����

,W� PD\� EH� QRWHG� WKDW� FRRUGLQDWLRQ� QXPEHUV� RI� ��� ��� �� DQG� ��� DUH� YHU\�
FRPPRQ�LQ�YDULRXV�W\SHV�RI�FU\VWDOV�

()),&,(1&<�2)�3$&.,1*�25�3$&.,1*�()),&,(1&<
,Q�ZKDWHYHU�ZD\��WKH�FRQVWLWXHQW�SDUWLFOHV��DWRPV��PROHFXOHV�RU�LRQV��DUH�

SDFNHG��WKHUH�LV�DOZD\V�VRPH�IUHH�VSDFH�OHIW�LQ�WKH�IRUP�RI�YRLGV��7KH�SDFNLQJ�
HIILFLHQF\�LV�

WKH�SHUFHQWDJH�RI�WRWDO�VSDFH�ILOOHG�E\�WKH�SDUWLFOHV�

$OWHUQDWLYHO\�� LW�PD\�DOVR�EH�H[SUHVVHG�DV�SDFNLQJ�IUDFWLRQ�� ,W� LV� WKH�
IUDFWLRQ�RI�WRWDO�VSDFH�ILOOHG�E\�WKH�SDUWLFOHV��%RWK�W\SHV�RI�FORVH�SDFNLQJ�
�KFS�DQG�FFS��DUH�HTXDOO\�HIILFLHQW�DQG�RFFXS\�����RI�WKH�DYDLODEOH�YROXPH��2Q�
WKH�RWKHU�KDQG�� LQ�ERG\�FHQWUHG� FXELF�VWUXFWXUH�� WKH�HIILFLHQF\� LV�����ZKLOH�
LQ�VLPSOH�FXELF�VWUXFWXUH��LW�LV�RQO\�������

/HW�XV�FDOFXODWH�WKH�SDFNLQJ�HIILFLHQFLHV�LQ�GLIIHUHQW�VWUXFWXUHV�

�D��,Q�FXELF�FORVH�SDFNLQJ�RU�IDFH�FHQWUHG�FXELF�DUUDQJHPHQW
6XSSRVH�WKH�HGJH�OHQJWK�RI�WKH�XQLW�FHOO� �D
DQG�UDGLXV�RI�HDFK�VSKHUH� �U
,W�LV�FOHDU�IURP�WKH�ILJXUH�WKDW�WKHUH�DUH���VSKHUHV�DW�WKH�FRUQHUV�DQG�VL[�

VSKHUHV�DW�WKH�IDFHV�

� 1R��RI�VSKHUHV�LQ�XQLW�FHOO�� � �� ��º�
1
8
�����º�

1
2
� ��

$V�VSKHUHV�DORQJ�IDFH�GLDJRQDO�DUH�WRXFKLQJ��LW�LV�HYLGHQW�IURP�WKH�ILJXUH��
� $&�  � �U
&RQVLGHU�∆$%&��6LQFH�LW�LV�ULJKW�DQJOHG�WULDQJOH�
� $&���  �� $%����%&�� �D����D�� ��D�

∴������� ����������)DFH�GLDJRQDO�� $&�  � 2 ��D

∴�� 2 �D� ��U��RU��D��  ��
4
2
r
�� ��� 2 U

)LJ�������2FWDKHGUDO�YRLG�

1EVCJGFTCN�XQKF

)GQOGVTKECN�UJCRG�QH�XQKF

Octahedral
hole

1EVCJGFTCN�XQKF

)LJ������&RRUGLQDWLRQ�QXPEHU�RI����
LQ�KFS�DQG�FFS�DUUDQJHPHQW�

FFS�DUUDQJHPHQW

WRS�YLHZ�RI�FFS�DUUDQJHPHQW
�VSKHUHV�DORQJ�IDFH�GLDJRQDO�DUH�

WRXFKLQJ�

)DFH�
GLDJRQDO
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� 9ROXPH�RI�D�XQLW�FHOO�  �� D�� ��� 2 U��� ��� 2 U�

� 7RWDO�YROXPH�RI���VSKHUHV��  �� ��º�
4

3
πU�� �

16
3
πU�

� 3DFNLQJ�HIILFLHQF\��� ��Volume of four spheres in the unit cell
Total volume of unitt cell

�º����

� �  �

16
3
πr

r

3

316 2
�º�����

� �  ��
�

3 2"
�º����� �

3 142
3 1 414
.
.×

�º����� ����

∴�� 9ROXPH�RFFXSLHG�LQ�IFF�RU�FFS�DUUDQJHPHQW� ����

�E��,Q�KH[DJRQDO�FORVH�SDFNLQJ��KFS��DUUDQJHPHQW
� �6XSSRVH�UDGLXV�RI�HDFK�VSKHUH��  �� U
����)URP�WKH�ILJXUH��LW�LV�FOHDU��WKDW�D� ��U
�9ROXPH�RI�XQLW�FHOO�FDQ�EH�FDOFXODWHG�DV��
� 9ROXPH�RI�XQLW�FHOO��  �� %DVH�DUHD�º�+HLJKW��K�
� %DVH�DUHD�RI�UHJXODU�KH[DJRQ�� �����º�$UHD�RI�HTXLODWHUDO�WULDQJOH

� �  � ��º�
3
4
D��

� �  � ��º� 3
4
��U��� ����º� 3 U��

� +HLJKW�RI�XQLW�FHOO�  �� �U�
2
3

� 9ROXPH�RI�XQLW�FHOO�  � � 3 U��º��U� 2
3
� ��� 2 U��

� 1R��RI�DWRPV�LQ�KFS�XQLW�FHOO��  �� ���
1
6
�FRUQHUV������º�1

2
�IDFH�FHQWUHV���

� � �
� � � �����LQ�ERG\�� ��

� 9ROXPH�RI���VSKHUHV�  �� ��
4
3
π�U�� ��π�U��

� 3DFNLQJ�HIILFLHQF\��� ��
Volume occupied by spheres in unit cell

Volume of  unit hcp ccell
º����

� �  �
8 3

3

πr

r24 2
�º����� �

π
3 2

�º����� �
3 142
3 1 414
.
.×

�º�����

� �  � �����º����  ����
∴�9ROXPH�RFFXSLHG�LQ�KFS�DUUDQJHPHQW� ����

�F����,Q�ERG\�FHQWUHG�FXELF��EFF��DUUDQJHPHQW
� 6XSSRVH�WKH�HGJH�OHQJWK��  � D
� 5DGLXV�RI�HDFK�VSKHUH��  �� U
,W�LV�FOHDU�IURP�ILJXUH�WKDW�WKHUH�DUH���VSKHUHV�DW�WKH�FRUQHUV�DQG�RQH�LQ�WKH�

ERG\�RI�WKH�XQLW�FHOO�
� 1R��RI�VSKHUHV�SHU�XQLW�FHOO��  �� ��º

1
8
����� ��

,W�LV�HYLGHQW�IURP�WKH�ILJXUH�WKDW�VSKHUHV�DORQJ�ERG\�GLDJRQDO�DUH�WRXFKLQJ�
VR�WKDW�

� $'�  � �U
&RQVLGHU�ULJKW�DQJOHG�∆$%&�
� $&���  � $%����%&�� �D����D�

∴� $&��  � �D�

6LPLODUO\�LQ�ULJKW�DQJOHG�∆$&'�
%RG\�GLDJRQDO�� $'��  � $&����&'�

� $'��  � �D����D�� ��D�

∴� $'�  � 3 �D
∴� 3 �D�  � �U

YLHZ�RI�$'�
EFF�DUUDQJHPHQW��VSKHUHV�DORQJ�ERG\�

GLDJRQDO�DUH�WRXFKLQJ�

#

U

�U

U
&

KH[DJRQDO�FORVH�SDFNHG�DUUDQJHPHQW

%RG\
GLDJRQDO
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RU�� D��  ��
4r
3

� 9ROXPH�RI�XQLW�FHOO��  �� D�� �
4
3

3
r r)

+*
/
10
=
64
3 3

3

�

� 9ROXPH�RI�D�VSKHUH�  �
4

3
�πU��

�7RWDO�YROXPH�RI�WZR�VSKHUHV� ����º�
4

3
πU�� � 8

3
πU�

� 3DFNLQJ�HIILFLHQF\��� ��
Volume of two spheres in the unit cell

Total volume of unit  cell
�º����

� �  �

8
3
64
3 3

3

3

π r

r
�º����� �

π 3
8

�º�����

� �  ��
3 142 1 732

8
. .×

�º����� ����

∴�������9ROXPH�RFFXSLHG�LQ�EFF�DUUDQJHPHQW� ����
�G��,Q�D�VLPSOH�FXELF�XQLW�FHOO

6XSSRVH�WKH�HGJH�OHQJWK�RI�WKH�XQLW�FHOO� �D
5DGLXV�RI�WKH�VSKHUH� �U
6LQFH�WKH�VSKHUHV�DUH�WRXFKLQJ�HDFK�RWKHU�DORQJ�WKH�HGJH��D� ��U
1RZ��WKHUH�DUH�HLJKW�VSKHUHV�DW�WKH�FRUQHUV�RI�WKH�FXEH�
(DFK�VSKHUH�DW�WKH�FRUQHU�LV�VKDUHG�E\�HLJKW�XQLW�FHOOV�DQG�WKH�FRQWULEXWLRQ�

SHU�XQLW�FHOO�LV�����VR�WKDW�

�1XPEHU�RI�VSKHUHV�SHU�XQLW�FHOO�LV���º�
1
8 � ��

� 9ROXPH�RI�VSKHUH�� ��
4

3 πU
�

� 9ROXPH�RI�FXEH�� ��D�� ���U�
�� ��U��

� 3DFNLQJ�HIILFLHQF\��� ��
Volume of one sphere

Total volume of cubic unit cell
�º����

� �  �

4
3
πr

r

3

38
�º����� ��

π
6
�º����� �

3 142 100
6

. ×
�

� �  ������������RU���������
∴�9ROXPH�RFFXSLHG�LQ�VLPSOH�FXELF�DUUDQJHPHQW� ������

6,=(6�2)�7(75$+('5$/�$1'�2&7$+('5$/�92,'6
$V�ZH� KDYH� DOUHDG\� OHDUQW�� LQ� WKH� FORVH� SDFNHG� VWUXFWXUHV� �KFS� RU� FFS���

WKHUH�DUH�WZR�FRPPRQ�W\SHV�RI�YRLGV��
�L��RFWDKHGUDO�YRLGV
�LL��WHWUDKHGUDO�YRLGV
7KH�UDGLL�RI�WKH�YRLGV�LQ�WKHVH�FORVH�SDFNHG�VWUXFWXUHV�DUH�UHODWHG�WR�WKH�

VL]HV�RI�WKH�VSKHUHV�SUHVHQW�LQ�WKH�SDFNLQJ��/HW�XV�FDOFXODWH�WKH�UDGLL�RI�WKHVH�
YRLGV�LQ�UHODWLRQ�WR�WKH�UDGLL�RI�WKH�DWRPV�LQ�FORVH�SDFNLQJ�

5HODWLRQVKLS� EHWZHHQ� UDGLXV� RI� RFWDKHGUDO� YRLG� DQG� UDGLXV� RI�
DWRPV�LQ�FORVH�SDFNLQJ�

$Q� RFWDKHGUDO� YRLG� LV� VKRZQ� LQ� )LJ�� ���� 7KRXJK� DQ� RFWDKHGUDO� YRLG� LV�
VXUURXQGHG�E\�VL[�VSKHUHV��RQO\�IRXU� DUH�VKRZQ��7KH�VSKHUHV�SUHVHQW�DERYH�
DQG�EHORZ�WKH�YRLG�DUH�QRW�VKRZQ��/HW�XV�DVVXPH�WKDW�WKH�OHQJWK�RI�WKH�XQLW�
FHOO� LV� D� FP� DQG� UDGLXV� RI� RFWDKHGUDO� YRLG� �VKRZQ� E\� VSKHUH�� LV� U� DQG� WKH�
UDGLXV�RI�VSKHUH�LV�5�

,I�WKH�OHQJWK�RI�WKH�XQLW�FHOO�LV�D�FP��WKHQ�
,Q�ULJKW�DQJOHG�∆$%&�
� � � $%� �%&� �D�FP

)LJ������$�FURVV�VHFWLRQ�RI�DQ�
RFWDKHGUDO�YRLG�

1EVCJGFTCN�XQKF�YKVJ�TCFKWU�T

D

# $U U

D

�VSKHUHV�DORQJ�WKH�HGJH�DUH�
WRXFKLQJ�

VLPSOH�FXELF�DUUDQJHPHQW
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7KH�GLDJRQDO�$&�LV��

� $&�� �� AB BC2 2+ � � a a2 2+ � � 2 �D

DOVR�� AC
AB

�� ��
2 a
a

� �
2 
1

1RZ��� $%�� ���5
� $&�� ��5����U���5� ��5����U

∴� �
2R + 2

2R
r 
�� ��

2 
1

RU�� ��
 r 
R
�� ��

2 
1

RU��
 r 
R
�� �� 2 �y���� �������y��� ������

RU�� U�� ��������5

7KXV���IRU�DQ�DWRP�WR�RFFXS\�DQ�RFWDKHGUDO�YRLG��LWV�UDGLXV�PXVW�EH�������
WLPHV�WKH�UDGLXV�RI�WKH�VSKHUH�

5HODWLRQVKLS�EHWZHHQ�UDGLXV�RI�WKH�WHWUDKHGUDO�YRLG�DQG�UDGLXV�RI�
DWRPV�LQ�FORVH�SDFNLQJ�

$� WHWUDKHGUDO� YRLG� PD\� EH� UHSUHVHQWHG� E\� SODFLQJ� IRXU� VSKHUHV� DW� WKH�
DOWHUQDWH�FRUQHUV�RI�D�FXEH�DV�VKRZQ�LQ�)LJ������,W�PD\�EH�QRWHG�WKDW�D�VWDEOH�
WHWUDKHGUDO�DUUDQJHPHQW�KDV�IRXU�VSKHUHV�DW�WKH�FRUQHUV�WRXFKLQJ�HDFK�RWKHU��
+RZHYHU��IRU�VLPSOLFLW\��WKH�VSKHUHV�DUH�VKRZQ�E\�GLVWDQW�FLUFOHV��$FWXDOO\�DOO�
WKH�VSKHUHV�DUH�WRXFKLQJ�RQH�DQRWKHU��/HW�XV�DVVXPH�WKDW�WKH�OHQJWK�RI�HDFK�
VLGH�RI� WKH�FXEH� LV�D�FP�DQG� UDGLXV�RI� WHWUDKHGUDO�YRLG� �VKRZQ�E\�D�VSKHUH���
LV�U�DQG�WKH�UDGLXV�RI�VSKHUH�LV�5�

,Q�WKH�ILJXUH��$&�LV�D�IDFH�GLDJRQDO��

,Q�ULJKW�DQJOHG�∆$%&�
� $&��� �� %����%&�

RU�� &�� �� AB BC2 2+

� � �� a a2 2+ � � 2 D
$V�VSKHUHV�$�DQG�&�DW�WKH�IDFH�GLDJRQDO��WKRXJK�VKRZQ�E\�GLVWDQW�FLUFOHV��

DUH�DFWXDOO\�WRXFKLQJ�HDFK�RWKHU�VR�WKDW

� $&�� �5���5� ��5

∴� �5� � 2 D�RU�5� �
2
2
a
� ����L�

1RZ�LQ�WKH�ULJKW�DQJOHG�WULDQJOH��∆$&'��$'�LV�ERG\�GLDJRQDO�DQG�
� $'�� �$&����&'�

� $'� � AC CD2 2+ � � 2 2a a+ 2 � � 3 ��D
7KH�WHWUDKHGUDO�YRLG�LV�SUHVHQW�DW�WKH�FHQWUH�RI�WKH�ERG\�GLDJRQDO�$'�VR�WKDW�

KDOI�WKH�OHQJWK�RI�WKLV�GLDJRQDO�LV�HTXDO�WR�WKH�VXP�RI�WKH�UDGLL�RI�5�DQG�U��7KXV�

� 5���U�� ��
AD
2

� �
3a
2

� ����LL�

'LYLGLQJ�HT���LL��E\�HT���L���ZH�JHW

�
R +
R

r
� �

3
2
a
�º�

2

2a
� �

3

2

� ����
r
R
� �

3
2

RU�
r
R
� �

3
2
�y��� �

3 2
2
−

)LJ������$�WHWUDKHGUDO�YRLG�
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� �  �
1 732 1 414
1 414

. .
.
−

� ������

RU� U� ����� 5

7KXV���IRU�DQ�DWRP�WR�RFFXS\�D�WHWUDKHGUDO�YRLG��LWV�UDGLXV�PXVW�EH�������
WLPHV�WKH�UDGLXV�RI�WKH�VSKHUH��

7KXV��ZH�REVHUYH�WKDW�D�WHWUDKHGUDO�YRLG�LV�PXFK�VPDOOHU�WKDQ�WKH�
RFWDKHGUDO�YRLG�

5DGLXV�5DWLR�RI�&DWLRQV�DQG�$QLRQV�DQG�6WDELOLW\�RI�,RQLF�6ROLGV�
,Q� FDVH�RI� LRQLF� VROLGV��XVXDOO\� DQLRQV�DUH� SUHVHQW� LQ� WKH� FORVH�SDFNHG�

DUUDQJHPHQW�DQG�FDWLRQV�RFFXS\�YRLGV��7KH�QXPEHU�RI�RSSRVLWHO\�FKDUJHG�
LRQV�VXUURXQGLQJ�HDFK�LRQ�LV�FDOOHG�LWV�FRRUGLQDWLRQ�QXPEHU��7KHUHIRUH��
WKH�UHODWLRQ�EHWZHHQ�WKH�VL]H�RI�WKH�YRLG�DQG�WKH�VSKHUH�LQ�WKH�FORVH�SDFNHG�
DUUDQJHPHQW�LV�H[SUHVVHG�LQ�WHUPV�RI�UDGLXV�RI�FDWLRQ�WR�WKDW�RI�DQLRQ��

7KH�UDWLR�RI�WKH�UDGLXV�RI�WKH�FDWLRQ�WR�WKH�UDGLXV�RI�WKH�DQLRQ�
LV�FDOOHG�UDGLXV�UDWLR�

7KXV�� � 5DGLXV�UDWLR� �
Radius of the cation
Radius of the anion

� �
r
r
�

�

)RU�FDWLRQV�RFFXS\LQJ�WKH�WHWUDKHGUDO�YRLGV�

U�� �������Uy�� ��������RU������ ���U��Uy�
�
� ������

)RU�FDWLRQV�RFFXS\LQJ�WKH�RFWDKHGUDO�YRLGV�

U�� �������Uy
��� � � � � ����RU����� �����U��Uy

�
� ������

7KH�UDWLR�RI�WKH�UDGLXV�RI�FDWLRQ�DQG�WKH�UDGLXV�RI�DQLRQ�L�H���UDGLXV�UDWLR�
�U��Uy�

�SOD\V�DQ�LPSRUWDQW�UROH�LQ�GHWHUPLQLQJ�WKH�VWUXFWXUHV�RI�LRQLF�VROLGV�DQG�
FRRUGLQDWLRQ�QXPEHU�RI�LRQV��$V�LV�FOHDU��IRU�WKH�FDWLRQV�WR�RFFXS\�WHWUDKHGUDO�
YRLG�� WKH� OLPLWLQJ� ORZHVW�YDOXH�RI� �U��Uy

�
�LV�������DQG�WR�RFFXS\�RFWDKHGUDO�

YRLG��LW�LV��������,Q�RWKHU�ZRUGV��IRU�WHWUDKHGUDO�FRRUGLQDWLRQ��WKH�UDGLXV�UDWLR�
VKRXOG�EH�LQ�WKH�UDQJH�RI�������y��������6LPLODUO\��LW�KDV�EHHQ�FDOFXODWHG�WKDW�
IRU�VWDEOH�DUUDQJHPHQW�RI�FDWLRQV�RFFXS\LQJ�RFWDKHGUDO�YRLGV��L�H���FRRUGLQDWLRQ��
QXPEHU� ���� WKH� UDGLXV� UDWLR� VKRXOG� EH� PRUH� WKDQ� ������ LQ� WKH� UDQJH� RI��
�����y������� ,I� WKH�UDGLXV�UDWLR� �U��Uy�� � LV�PRUH� WKDQ������� � �LQ�WKH�UDQJH��
�����y������WKH�FDWLRQV�RFFXS\�FXELF�YRLGV��FRRUGLQDWLRQ�QXPEHU�����6LPLODUO\��
EHORZ��������WKH�FDWLRQV�RFFXS\�VLPSOH�WULJRQDO�YRLGV��7KH�SRVVLEOH�FRRUGLQDWLRQ�
QXPEHUV�DQG�VWUXFWXUDO�DUUDQJHPHQWV�RI�DQLRQV�DURXQG�FDWLRQV�IRU�GLIIHUHQW�
U��Uy

�
�YDOXHV�DUH�JLYHQ�EHORZ��

5DGLXV�UDWLR�� 3RVVLEOH�FRRUGLQDWLRQ�� 6WUXFWXUDO�� 6WUXFWXUDO�W\SH� ([DPSOHV

� � �U��Uy�� QXPEHU�� DUUDQJHPHQW

������y������� �� 7ULJRQDO�SODQDU�� %�2�� %�2�

������y������� �� 7HWUDKHGUDO� =Q6� =Q6��&X&O��&X%U��&X,
� � � � %D6��+J6
������y������� �� 2FWDKHGUDO� 1D&O� 1D&O��0J2��1D%U�
� � � � &D6��&D2
������y����� �� &XELF� &V&O� &V&O��&V%U��7O%U��1+�%U

7KH�DSSOLFDWLRQ�RI�UDGLXV�UDWLR�UXOH�PD\�EH�LOOXVWUDWHG�E\�WKH�IROORZLQJ�H[DPSOHV��

�� ([DPSOH���

� 7KH�UDGLXV�RI�1D��LRQ�LV����SP�DQG�WKDW�RI�&Oy�
LRQ�LV�����SP��3UHGLFW�ZKHWKHU�WKH�FRRUGLQDWLRQ�
QXPEHU�RI�1D��LRQ�LV���RU���� �3E��6�%�������

6ROXWLRQ��� 5DGLXV�RI�1D���  �� � SP

� � 5DGLXV�RI�&Oy��  �� ��� SP

� � 5DGLXV�UDWLR��
r
r
�

�
��  ��

 r  

 r

Na

Cl

�

�

� �
� � � �

95
181

� ������

7KH�UDGLXV�UDWLR�OLHV�EHWZHHQ�������y��������+HQFH��1D��LRQV�
SUHIHU� WR� RFFXS\�RFWDKHGUDO�KROHV� KDYLQJ� FRRUGLQDWLRQ�
QXPEHU���

7KH� VWUXFWXUHV� RI� FU\VWDOV� DUH�
DOVR� H[SUHVVHG� E\� YDULRXV� SODQHV�
GHVFULEHG�E\�D�VHW�RI�LQWHJHUV�NQRZQ�
DV�0LOOHU�LQGLFHV��)RU�GHWDLO��UHIHU
&RPSHWLWLRQ�)LOH��3DJH�����
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�� ([DPSOH���

� %Uy� LRQV� IRUP�D� FORVH� SDFNHG� VWUXFWXUH�� ,I� WKH�
UDGLXV�RI�%Uy�LRQ�LV�����SP��FDOFXODWH�WKH�UDGLXV�
RI�WKH�FDWLRQ�WKDW�MXVW�ILWV�LQWR�WKH�WHWUDKHGUDO�
KROH��&DQ�D�FDWLRQ�KDYLQJ�D�UDGLXV�RI����SP�EH�
VOLSSHG� LQWR� WKH�RFWDKHGUDO�KROH�RI� WKH� FU\VWDO�
$�%Uy�"� �$�,�6�%�������
6ROXWLRQ���� 5DGLXV� RI� WKH� FDWLRQ� MXVW� ILWWLQJ� LQWR� WKH�

WHWUDKHGUDO�KROH

� � �  ��5DGLXV�RI�WHWUDKHGUDO�KROH� �������º�U%Uy�

� � �  ��������º��  ��������SP

)RU�WKH�FDWLRQ�$��ZLWK�UDGLXV�����SP

� � 5DGLXV�UDWLR�� ��
r
r
�

�
 �

82
195

 pm
 pm

� ��������

6LQFH� WKH� UDGLXV� UDWLR� �U��Uy� � OLHV� LQ� WKH� UDQJH��
�����y�������KHQFH�WKH�FDWLRQ�$��FDQ�EH�VOLSSHG�LQWR�RFWDKHGUDO�

KROH�RI�WKH�FU\VWDO�$�%Uy�

� �� 7KH�DWRPLF�UDGLL�RI�&V��DQG�&Oy�LRQV�DUH������¨�DQG������¨�UHVSHFWLYHO\��3UHGLFW�
WKH�FRRUGLQDWLRQ�QXPEHU�RI�&V��LRQ�DQG�VWUXFWXUH�RI�&V&O�

� ����� $�VROLG�$%�KDV�1D&O�VWUXFWXUH��,I�WKH�UDGLXV�RI�FDWLRQ�$�LV�����SP��ZKDW�LV�WKH�
UDGLXV�RI�DQLRQ�%�"�� �3E�6�%������

� ����� ,I� WKH�UDGLXV� RI�%Uy� LRQ� LV� ������QP��KRZ�ODUJH�D�FDWLRQ�FDQ� ILW� LQ� HDFK�RI� WKH�
WHWUDKHGUDO�KROH�"

)2508/$�2)�$�&203281'�$1'�180%(5�2)�92,'6�),//('
,Q�WKH�FDVH�RI�VLPSOH�LRQLF�FRPSRXQGV��JHQHUDOO\�WZR�W\SHV�RI�DUUDQJHPHQWV�

DUH� SRVVLEOH�� 7KHVH� DUH� FXELF� FORVH� SDFNHG� �FFS�� RU� IDFH� FHQWUHG� FXELF� �IFF��
DUUDQJHPHQW�DQG�KH[DJRQDO�FORVH�SDFNHG��KFS��DUUDQJHPHQW��7KH�ODUJHU�LRQV�
�L�H���DQLRQV��DGRSW�WKHVH�DUUDQJHPHQWV��7KH�RWKHU�NLQGV�RI�LRQV��L�H���FDWLRQV��
RFFXS\� GLIIHUHQW� YRLGV�� $V� ZH� KDYH� OHDUQW�� WKHUH� DUH� WZR� W\SHV� RI� YRLGV� ��
WHWUDKHGUDO�DQG�RFWDKHGUDO��ZKLFK�DUH�JHQHUDOO\�RFFXSLHG�

)URP�WKH�GHVFULSWLRQ�RI�WKH�FORVH�SDFNHG�VWUXFWXUHV�DQG�WKH�W\SHV�RI�YRLGV�
RFFXSLHG��ZH� FDQ� HDVLO\� GUDZ� LQIHUHQFHV� UHJDUGLQJ� WKH� VWUXFWXUHV� RI� VLPSOH�
LRQLF�FRPSRXQGV���)RU�H[DPSOH��FRQVLGHU�D�FRPSRXQG�RI�JHQHUDO� IRUPXOD�$%�
LQ�ZKLFK�WKH�%�LRQV�IRUP�D�FORVH�SDFNHG�ODWWLFH��7KHUH�DUH�WZR�SRVVLELOLWLHV��

� �L���6LQFH�WKHUH� LV�RQO\�RQH�RFWDKHGUDO�YRLG�SHU�DWRP�LQ�D�FORVH�SDFNHG�
ODWWLFH��DOO�WKH�RFWDKHGUDO�YRLGV�ZLOO�EH�RFFXSLHG�E\�$��LRQV��,Q�WKLV�
FDVH��WKH�QXPEHU�RI�$��LRQV�DQG�%y�LRQV�ZLOO�EH�VDPH��6RGLXP�FKORULGH�
KDV�WKLV�W\SH�RI�VWUXFWXUH�LQ�ZKLFK�&Oy�LRQV�IRUP�D�FXELF�FORVH�SDFNHG�
VWUXFWXUH�DQG�1D��LRQV�RFFXS\�DOO�WKH�RFWDKHGUDO�YRLGV�

� �LL���7KHUH�DUH�WZR�WHWUDKHGUDO�YRLGV�SHU�DWRP�LQ�D�FORVH�SDFNHG�ODWWLFH��
7KLV�PHDQV�WKDW�WKHUH�DUH�WZR�WHWUDKHGUDO�YRLGV�DYDLODEOH�IRU�HYHU\�
%y�LRQ��7R� IRUP�WKH�FRPSRXQG�$%��RQO\�RQH�KDOI�RI�WKH�WHWUDKHGUDO�
YRLGV�ZLOO�EH�RFFXSLHG��=LQF�EOHQGH��=Q6��KDV�WKLV�W\SH�RI�VWUXFWXUH��
LQ�ZKLFK�6�y�LRQV�IRUP�FXELF�FORVH�SDFNHG�ODWWLFH�DQG�=Q���LRQV�RFFXS\�
RQH�KDOI�RI�WKH�WHWUDKHGUDO�YRLGV�

,I��RQ�WKH�RWKHU�KDQG��WKH�IRUPXOD�RI�WKH�FRPSRXQG�LV�$�%�LQ�ZKLFK�%
y�LRQV�

DGRSW�FXELF�FORVH�SDFNHG�ODWWLFH��WKHQ�DOO�WKH�WHWUDKHGUDO�YRLGV�ZLOO�EH�RFFXSLHG�
E\�$��LRQV��6LQFH�WKHUH�DUH�WZR�WHWUDKHGUDO�YRLGV�SHU�DWRP��DQG�DOO�WKH�YRLGV�
DUH�RFFXSLHG��WKHUH�ZLOO�EH�WZR�$��LRQV�IRU�HDFK�%y�LRQ��6RGLXP�R[LGH�DGRSWV�
WKLV�W\SH�RI�VWUXFWXUH��7KLV�VWUXFWXUH�LV�DOVR�NQRZQ�DV�DQWLIOXRULWH�VWUXFWXUH�

$OWHUQDWLYHO\��LI�$��LRQV��WKRXJK�VPDOOHU�LQ�VL]H�WKDQ�%y�LRQV��DGRSW�FXELF�
FORVH�SDFNHG�VWUXFWXUH�DQG�%y�LRQV�RFFXS\�DOO�WKH�WHWUDKHGUDO�YRLGV��WKHQ�WKH�
IRUPXOD�RI�WKH�FRPSRXQG�LV�$%���&DOFLXP�IOXRULGH�KDV�VLPLODU�W\SH�RI�VWUXFWXUH��
7KH�VWUXFWXUH�LV�NQRZQ�DV�IOXRULWH�VWUXFWXUH�

7KH� VWUXFWXUHV� RI� VRPH� FRPPRQ� LRQLF� VROLGV� DUH� VXPPHG� XS�LQ� 7DEOH� ��
DKHDG�



�7KHVH�VWUXFWXUHV�DUH�QRW� LQ�&%6(�V\OODEXV��7KHVH�DUH�JLYHQ�WR�VXSSOHPHQW�\RXU�NQRZOHGJH�

� ���������FXELF

� ������������WR�������SP�

� �������������º���y��QP

�+LQWV�	�6ROXWLRQV�RQ�SDJH���

7KH� DUUDQJHPHQW� RI� DWRPV�� LRQV� RU�
PROHFXOHV�LQ�FU\VWDOV�LV�GHWHUPLQHG�E\�
;�UD\V�GLIIUDFWLRQ�VWXGLHV��)RU�GHWDLO��
UHIHU�&RPSHWLWLRQ�)LOH��3DJH�����
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%NŌ�
%U


%U
�KQP�
UWTTQWPFGF�D[���

%NŌ� KQPU

%NŌ�KQP�UWTTQWPFGF�
D[���%U
�KQPU
C�


D�

&HVLXP�FKORULGH��&V&O�

&HVLXP�FKORULGH��&V&O�
� &Oy�LRQV�KDYH�VLPSOH�FXELF�DUUDQJHPHQW
��� ��L�H��SUHVHQW�DW�DOO�WKH�FRUQHUV�RI�WKH�FXEH�
� &V��LRQV�RFFXS\�FXELF�VLWHV
��� �� �L�H��RFFXS\�WKH�FHQWUH�RI�WKH�FXEH�

�� &�1��RI�&V�� ��
�� &�1��RI�&Oy� ��

6758&785(6�2)�620(�&20021�,21,&�&203281'6

6RGLXP�FKORULGH��1D&O�

%NŌ�KQP�
1EVCJGFTCNN[�
UWTTQWPFGF�D[�
UKZ�0C
�KQPU

0C
�KQP�QEVCJGFTCNN[�
UWTTQWPFGF�D[�UKZ�

%NŌ� KQPU

%NŌ�

0C


6RGLXP�FKORULGH��1D&O�
�&Oy�LRQV�KDYH�FFS�RU�IFF�DUUDQJHPHQW
� �L�H��&Oy�LRQV�RFFXS\�DOO�WKH�FRUQHUV�DQG�DOO�
WKH�IDFH�FHQWUHV�RI�WKH�FXEH�

�1D��LRQV�RFFXS\�DOO�RFWDKHGUDO�VLWHV
� �L�H��1D��LRQV�DUH�SUHVHQW�DW�WKH�ERG\�FHQWUH�

DQG�HGJH�FHQWUHV�
�&�1��RI�1D�� ��
�&�1��RI�&Oy� ��

<P�
� KQP�
VGVTCJGFTCNN[�
UWTTQWPFGF�D[�
HQWT�5�Ō�KQPU 5�Ō�KQP�

VGVTCJGFTCNN[�
UWTTQWPFGF�D[�
HQWT�<P�
�KQPU

<P�
�KQPU�QH�UGEQPF�
WPKV�EGNN�

5�Ō�
<P�


=LQF�VXOSKLGH��=Q6�

=LQF�VXOSKLGH��=Q6�

� 6�y�LRQV�KDYH�FFS�RU�IFF�DUUDQJHPHQW
� �L�H��6�y�LRQV�RFFXS\�DOO�WKH�FRUQHUV�

DQG�DOO�WKH�IDFH�FHQWUHV�RI�WKH�FXEH�
� =Q���LRQV�RFFXS\�KDOI�RI�WKH�WHWUDKHGUDO�

VLWHV
�� &�1��RI�=Q��� ��
�� &�1��RI�6�y� ��

�� ,W�PD\�EH�QRWHG�WKDW�=Q6�H[LVWV�LQ�WZR��
IRUPV�� ]LQF� EOHQGH� DQG� ZXUW]LWH�� ,Q�
]LQF� EOHQGH�� 6�y� LRQV� KDYH� FFS� RU� IFF�
DUUDQJHPHQW��DV�VKRZQ��EXW�LQ�ZXUW]LWH�
6�y� LRQV� KDYH� KFS� DUUDQJHPHQW�� 7KH�
DUUDQJHPHQW�RI�=Q���LRQV�LV�VDPH�LQ�ERWK�
L�H��RFFXS\�KDOI�WKH�WHWUDKHGUDO�VLWHV�

(Ō�

%C�


&DOFLXP�IOXRULGH��&D)��

&DOFLXP�IOXRULGH��&D)��
� &D���LRQV�LQ�FFS�DUUDQJHPHQW
��� � ��L�H��&D���LRQV�RFFXS\�DOO�WKH�FRUQHUV�

DQG�DOO�WKH�IDFH�FHQWUHV�RI�WKH�FXEH�
� )y�LRQV�RFFXS\�DOO�WHWUDKHGUDO�VLWHV
�� &�1��RI�&D��� ��
�� &�1��RI�)y� ��

� 7KLV�VWUXFWXUH�LV�FDOOHG�IOXRULWH�VWUXFWXUH��
6RGLXP� R[LGH� �1D�2�� KDV� VWUXFWXUH� UHYHUVH�
RI� IOXRULWH� VWUXFWXUH�� 2�y� LRQV� DUH� DUUDQJHG�
LQ�FFS�DUUDQJHPHQW�DQG�1D��LRQV�RFFXS\�DOO�
WKH�WHWUDKHGUDO�VLWHV��,W�LV�FDOOHG�DQWLIOXRULWH�
VWUXFWXUH�

(Ō�KQP�UWTTQWPFGF�D[
��%C�
�KQPU
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7DEOH����6XPPDU\�RI�WKH�VWUXFWXUHV�RI�LRQLF�VROLGV�

� &RPSRXQG� � � � 'HVFULSWLRQ� &R�RUGLQDWLRQ�QXPEHU� 2WKHU�([DPSOHV

� 1D&O� FFS�DUUDQJHPHQW�RI�&Oy��� 1D��� ���� /L��1D��.
� � � 1D��LQ�DOO�WKH�RFWDKHGUDO�VLWHV� &Oy�� ����� KDOLGHV��$J&O��
� � � � � � � J%U��0J2��&D2

� =Q6�� FFS�DUUDQJHPHQW�RI�6�y��� =Q���� ���� %H6��&X&O�
� �=LQF�EOHQGH�� =Q���LQ�DOWHUQDWLYH�WHWUDKHGUDO�VLWHV� 6�y�� ���� &X%U��&X,

� &V&O� 6LPSOH�FXELF�DUUDQJHPHQW�RI�&Oy��� &V��� ���� &V%U��&V,

� � � &V��LQ�FXELF�VLWHV� &Oy�� ���� 7O&O��7O%U

� &D)�� FFS�DUUDQJHPHQW�RI�&D������ &D���� ���� 6U)���%D)���

� � � )y�RFFXS\�DOO�WHWUDKHGUDO�VLWHV� )y�� ���� &D)���&G)�

� 1D�2� FFS�DUUDQJHPHQW�RI�2�y�� 1D��� ���� /L�2��.�6

� � � 1D��RFFXS\�DOO�WHWUDKHGUDO�VLWHV� 2�y�  ���

(IIHFW�RI�7HPSHUDWXUH�DQG�3UHVVXUH�RQ�&U\VWDO�6WUXFWXUHV
$W�RUGLQDU\�WHPSHUDWXUHV�DQG�SUHVVXUHV��FKORULGHV��EURPLGHV�DQG�LRGLGHV�RI�/L��1D��.�DQG�5E�DV�ZHOO�DV�VRPH�RI�WKH�KDOLGHV�

RI� VLOYHU�SRVVHVV� WKH�VRGLXP�FKORULGH�W\SH�VWUXFWXUH��,Q�WKLV�� WKH�FRRUGLQDWLRQ�QXPEHU�RI�ERWK�WKH�QHJDWLYH�DQG�SRVLWLYH� LRQV�
DUH��������2Q�WKH�DSSOLFDWLRQ�RI�KLJK�SUHVVXUH��WKHVH�FKDQJH�WR�&V&O� W\SH�VWUXFWXUH�LQ�ZKLFK�WKH�FRRUGLQDWLRQ�QXPEHU�RI�LRQV�
EHFRPH��������7KHUHIRUH��WKH�KLJK�SUHVVXUH�LQFUHDVHV�WKH�FRRUGLQDWLRQ�QXPEHU��2Q�WKH�RWKHU�KDQG��RQ�KHDWLQJ�WR�DERXW�
����.��WKH�&V&O�VWUXFWXUH�WUDQVIRUPV�WR�WKH�1D&O�VWUXFWXUH�

� 1D&O�VWUXFWXUH�
High pressure

K760
� &V&O�VWUXFWXUH

� �������FRRUGLQDWLRQ�� � �������FRRUGLQDWLRQ�

6LPLODUO\�� 1+�&O�� 1+�%U� DQG�1+�,� WUDQVIRUP� IURP�&V&O� VWUXFWXUH� WR� WKH� 1D&O� VWUXFWXUH� DW� ���� .�� ����.� DQG� ����.�
UHVSHFWLYHO\�

�� ([DPSOH����
� $� FRPSRXQG� LV� IRUPHG�E\� WZR� HOHPHQWV� 3�DQG�4��

$WRPV�RI�4��DV�DQLRQV��PDNH�KFS�ODWWLFH�DQG�WKRVH�RI�
WKH�HOHPHQW�3��DV�FDWLRQV��RFFXS\�DOO�WKH�WHWUDKHGUDO�
YRLGV��:KDW�LV�WKH�IRUPXOD�RI�WKH�FRPSRXQG"�� �

� � � � �.HUDOD�6�%�������

6ROXWLRQ���$WRPV�4�DGRSW�KFS�DUUDQJHPHQW�DQG�WKHUH�DUH�
WZR�WHWUDKHGUDO�VLWHV�SHU�4�DWRP���6LQFH�DOO�WKH�WHWUDKHGUDO�VLWHV�
DUH�RFFXSLHG�E\�3�DWRPV��WKLV�PHDQV�WKDW�WKHUH�DUH�WZR�3�DWRPV�
IRU�HDFK��4�DWRP��

7KXV��WKH�IRUPXOD�RI�WKH�FRPSRXQG� �3�4�

�� ([DPSOH����
� $WRPV�RI�HOHPHQW�%�IRUP�KFS�ODWWLFH�DQG�WKRVH�RI�WKH�

HOHPHQW� $� RFFXS\� ���UG� RI� WKH� WHWUDKHGUDO� YRLGV��
:KDW�LV�WKH�IRUPXOD�RI�WKH�FRPSRXQG�IRUPHG�E\�WKHVH�
HOHPHQWV�$�DQG�%�"�� ��$VVDP�6�%�������
6ROXWLRQ���$WRPV�%�DGRSW�KFS�DUUDQJHPHQW�DQG�WKHUH�DUH�

WZR�WHWUDKHGUDO�VLWHV�SHU�DWRP�RI�%��6LQFH����UG�RI�WKH�WHWUDKHGUDO�

VLWHV�DUH�RFFXSLHG�E\�DWRPV�RI�HOHPHQW�$��WKHQ�IRU�HDFK�DWRP�RI�
%��WKH�QXPEHU�RI�$�DWRPV�ZLOO�EH���º����� �����

5DWLR�RI�DWRPV�$�DQG�%� �
4
3
1: � ������

∴�)RUPXOD�RI�FRPSRXQG���$�%��

�� ([DPSOH����

� ,Q� D� FXELF� FORVH� SDFNHG� VWUXFWXUH� RI�PL[HG� R[LGHV��
WKH� ODWWLFH� LV�PDGH� XS� RI� R[LGH� LRQV�� RQH�HLJKWK� RI�
WHWUDKHGUDO�YRLGV�DUH�RFFXSLHG�E\�GLYDOHQW�LRQV��$����
ZKLOH� RQH�KDOI� RI� RFWDKHGUDO� YRLGV� DUH� RFFXSLHG�E\�
WULYDOHQW�LRQV��%�����:KDW�LV�WKH�IRUPXOD�RI�WKH�R[LGH�"
6ROXWLRQ� �� ,Q�D� FORVH�SDFNHG� DUUDQJHPHQW�� WKHUH� LV� RQH�

RFWDKHGUDO�DQG�WZR�WHWUDKHGUDO�YRLGV�FRUUHVSRQGLQJ�WR�HDFK�DWRP�
FRQVWLWXWLQJ�WKH�ODWWLFH��7KHUHIRUH��LI

1XPEHU�RI�R[LGH�LRQV��2��SHU�XQLW�FHOO� �Q

1XPEHU�RI�WHWUDKHGUDO�YRLGV�SHU�R[LGH�LRQ�LQ�ODWWLFH�
� � � � ����������� �Q�º��� ��Q

SOLVED EXAMPLES

/HDUQLQJ�3OXV
�6WUXFWXUH�RI�GLDPRQG�
q� 'LDPRQG�KDV�VDPH�RYHUDOO�JHRPHWU\�DV�]LQF�EOHQGH�EXW�ZLWK�DOO�DWRPV� LGHQWLFDO�� ,W�KDV� IDFH�FHQWUHG�FXELF� �IFF��VWUXFWXUH�

ZLWK�IRXU�PRUH�DWRPV�ZKLFK�DUH�SUHVHQW�LQ�DOWHUQDWH�WHWUDKHGUDO�YRLGV�
� 7KHUH�DUH���FDUERQ�DWRPV�SHU�XQLW�FHOO�LQ�GLDPRQG�DV�FDOFXODWHG�EHORZ�
� 'LDPRQG�KDV��� FDUERQ�DWRPV�DW�WKH� FRUQHUV� �HDFK�FRQWULEXWLQJ������� ��DWRPV�DW� IDFHV� �HDFK� FRQWULEXWLQJ������ RI� WKH� FXEH�

DQG���DWRPV�DW�WHWUDKHGUDO�VLWHV��QRW�VKDUHG�E\�DQ\�RWKHU���7KXV

� 7RWDO�QXPEHU�RI�DWRPV�SHU�XQLW�FHOO� ����DW�FRUQHUV��º�
1
8
������DW�IDFHV��º�

1
2
������DW�WHWUDKHGUDO�VLWHV��º��

� �  � ���������� ���DWRPV
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� 1R��RI�GLYDOHQW��$����LRQV��� ��
1
8
�º��Q� �

n
4

1XPEHU�RI�RFWDKHGUDO�YRLGV�SHU�R[LGH�LRQ�LQ�ODWWLFH�

� �  ��Q�º��� �Q

� 1R��RI�WULYDOHQW��%����LRQV��� ��Q�º�
1
2
� �

n
2

� 5DWLR�RI�$���%���2�  �
n n

n
4 2
: :

� RU�  � ���������

∴� )RUPXOD�RI�WKH�FRPSRXQG�� ��$%�2��

�� ([DPSOH����

� 7KH� PLQHUDO� VSLQHO� KDV� WKH� PROHFXODU� IRUPXOD�
0J� $O�2��� ,Q� WKLV�� R[LGH� LRQV� DUH� SUHVHQW� LQ� FFS�
DUUDQJHPHQW��0J���LRQV�RFFXS\�WKH�WHWUDKHGUDO�YRLGV�

ZKLOH�$O���LRQV�RFFXS\�WKH�RFWDKHGUDO�YRLGV��&DOFXODWH�
WKH�SHUFHQWDJH�RI�

�L��WHWUDKHGUDO�YRLGV�RFFXSLHG�E\�0J���LRQV
�LL��RFWDKHGUDO�YRLGV�RFFXSLHG�E\�$O���LRQV��
6ROXWLRQ� ��$FFRUGLQJ� WR� WKH� IRUPXOD�0J$O�2��� WKHUH�DUH��

��R[LGH�LRQV���0J���DQG���$O���LRQV�SHU�IRUPXOD�XQLW��,I���R[LGH�
LRQV�DUH�LQ�FFS�DUUDQJHPHQW��WKHUH�ZLOO�EH���RFWDKHGUDO�YRLGV�DQG�
��WHWUDKHGUDO�YRLGV��7KXV����0J���LRQ�LV�SUHVHQW�LQ�RQH�RI�WKH�
��WHWUDKHGUDO�YRLGV�DQG���$O���LRQV�DUH�SUHVHQW�LQ���RFWDKHGUDO�
YRLGV�RXW�RI���DYDLODEOH�

�L��3HUFHQWDJH�RI�WHWUDKHGUDO�YRLGV�RFFXSLHG�E\�0J���LRQV

�  �
1
8
�º����� ������

�LL��3HUFHQWDJH�RI�RFWDKHGUDO�YRLGV�RFFXSLHG�E\�$O���LRQV

�  �
2
4
�º����� ����

/2&$7,1*�7(75$+('5$/�$1'�2&7$+('5$/�92,'6

:H�KDYH� OHDUQW� WKDW� FORVH�SDFNHG�VWUXFWXUHV�KDYH�ERWK�WHWUDKHGUDO�DQG�RFWDKHGUDO�YRLGV��/HW�XV�YLVXDOL]H� WKHVH�YRLGV� LQ�
FFS��RU�IFF��VWUXFWXUHV�

�/RFDWLQJ�7HWUDKHGUDO�9RLGV

/HW�XV�FRQVLGHU�D�XQLW�FHOO�RI�FFS�RU�IFF�ODWWLFH��,W�KDV�DWRPV�DW�DOO�WKH�FRUQHUV�RI�WKH�FXEH�DQG�DW�WKH�FHQWUH�RI�HDFK�IDFH�DV�
VKRZQ�LQ�)LJ���D���,I�ZH�VHH�FDUHIXOO\��ZH�REVHUYH�WKDW�WKH�XQLW�FHOO�KDV�HLJKW�VPDOO�FXEHV��(DFK�VPDOO�FXEH�KDV�DWRPV�DW�DOWHUQDWH�
FRUQHUV��7KHUHIRUH��HDFK�VPDOO�FXEH�KDV���DWRPV��:KHQ�MRLQHG�WR�HDFK�RWKHU��WKH\�PDNH�D�UHJXODU�WHWUDKHGURQ��7KH�FHQWUH�RI�
WKH�VPDOO�FXEH�EHFRPHV�WHWUDKHGUDO�YRLG��7KXV��WKHUH�LV�RQH�WHWUDKHGUDO�YRLG�LQ�HDFK�VPDOO�FXEH��6LQFH�WKHUH�DUH�HLJKW�VPDOO�
FXEHV�DQG�WKHUHIRUH��WKHUH�DUH�HLJKW�WHWUDKHGUDO�YRLGV�LQ�FFS�XQLW�FHOO�

:H�NQRZ�WKDW�FFS�VWUXFWXUH�KDV���DWRPV�SHU�XQLW�FHOO��7KXV��WKH�QXPEHU�RI�WHWUDKHGUDO�YRLGV�LV�WZLFH�WKH�QXPEHU�RI�

DWRPV��,Q�)LJ����D��RQO\�RQH�WHWUDKHGUDO�VLWH�LV�VKRZQ�ZKLOH�LQ�)LJ����E��HLJKW�WHWUDKHGUDO�YRLGV�LQ�FFS�VWUXFWXUH�DUH�VKRZQ�

�������������������D��2QH�WHWUDKHGUDO�YRLG�LQ�FFS�VWUXFWXUH�� �E��(LJKW�WHWUDKHGUDO�YRLGV�LQ�FFS�VWUXFWXUH�
)LJ����/RFDWLQJ�WHWUDKHGUDO�YRLGV�LQ�FFS�VWUXFWXUH�

�/RFDWLQJ�2FWDKHGUDO�9RLGV
/HW�XV�FRQVLGHU�WKH�XQLW�FHOO�RI�FFS�RU�IFF�ODWWLFH��,W�KDV�DWRPV�DW�DOO�WKH�FRUQHUV�DQG�DW�WKH�FHQWUH�RI�HDFK�IDFH�DV�VKRZQ�LQ��

)LJ����D���,I�ZH�FDUHIXOO\�VHH��ZH�REVHUYH�WKDW�WKH�ERG\�FHQWUH�RI�WKH�FXEH��2��LV�QRW�RFFXSLHG�EXW�LW�LV�VXUURXQGHG�E\�VL[�DWRPV�
RQ�FHQWUH�RI�VL[�IDFHV��,I�WKHVH�IDFH�FHQWUHV�DUH�MRLQHG��WKH\�PDNH�DQ�RFWDKHGURQ��7KXV��WKH�FHQWUH�RI�WKLV�RFWDKHGURQ�L�H���SRLQW�2�
EHFRPHV�RFWDKHGUDO�YRLG�

,Q�DGGLWLRQ�WR�ERG\�FHQWUH��WKHUH�LV�DQ�RFWDKHGUDO�YRLG�DW�WKH�FHQWUH�RI�HDFK�HGJH�DV�VKRZQ�)LJ����E���,W�LV�DOVR�VXUURXQGHG�E\�
VL[�DWRPV�DV�VKRZQ�LQ�)LJ����E��

7KXV�LQ�D�FFS�XQLW�FHOO��WKHUH�DUH����RFWDKHGUDO�YRLGV�ORFDWHG�RQ�HGJHV�DQG���DW�WKH�ERG\�FHQWUH�RI�WKH�FXEH��1RZ��HDFK�HGJH�
RI�WKH�FXEH�LV�VKDUHG�EHWZHHQ�IRXU�DGMDFHQW�XQLW�FHOOV��VR�LV�WKH�RFWDKHGUDO�YRLG�ORFDWHG�RQ�LW��7KLV�PHDQV�WKDW����WK�RI�HDFK�YRLG�
EHORQJV�WR�D�SDUWLFXODU�XQLW�FHOO�

7KXV��LQ�FFS�VWUXFWXUH��WKH�QXPEHU�RI�RFWDKHGUDO�YRLGV�DUH��

2FWDKHGUDO�YRLG�DW�WKH�ERG\�FHQWUH�RI�WKH�FXEH� ��

t
t

t

t

t

t
t

t

6GVTCJGFTCN
XQKF

6GVTCJGFTCN�
XQKF
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� �����$�VROLG�LV�PDGH�RI�WZR�HOHPHQWV�;�DQG�<��$WRPV�;�DUH�LQ�IFF�DUUDQJHPHQW�DQG�
<�DWRPV�RFFXS\�DOO�WKH�RFWDKHGUDO�VLWHV�DQG�DOWHUQDWH�WHWUDKHGUDO�VLWHV��:KDW�LV�
WKH�IRUPXOD�RI�WKH�FRPSRXQG�"

� �����$ FRPSRXQG�LV�IRUPHG�E\�WZR�HOHPHQWV�;�DQG�<��$WRPV�RI�HOHPHQW�<��DV�DQLRQV��
PDNH� FFS� DQG� WKRVH� RI� WKH� HOHPHQW� ;� �DV� FDWLRQV�� RFFXS\� DOO� WKH� RFWDKHGUDO�

YRLGV��:KDW�LV�WKH�IRUPXOD�RI�WKH�FRPSRXQG"�
� �����$ FRPSRXQG� LV� IRUPHG� E\� WZR� HOHPHQWV�0�DQG�1��7KH� HOHPHQW�1� IRUPV� FFS�

DQG�0� DWRP� RFFXS\����� RI� WKH� WHWUDKHGUDO� YRLGV��:KDW� LV� WKH� IRUPXOD� RI� WKH��
FRPSRXQG�"� ��3E�6�%��������'�6�%�������

� �����,Q� D� FU\VWDOOLQH� VROLG�� DQLRQV�<�DUH� DUUDQJHG� LQ� FFS� DUUDQJHPHQW�� &DWLRQV�;�
DUH� HTXDOO\� GLVWULEXWHG� EHWZHHQ� WHWUDKHGUDO� DQG� RFWDKHGUDO� YRLGV�� ,I� DOO� WKH��
RFWDKHGUDO�YRLGV�DUH�RFFXSLHG��ZKDW�LV�WKH�IRUPXOD�RI�WKH�VROLG�"

� ���� ,Q�D�PHWDOOLF�R[LGH��R[LGH� LRQV�DUH�DUUDQJHG� LQ�FXELF�FORVH�SDFNLQJ��2QH� VL[WK�RI�
WKH�WHWUDKHGUDO�YRLGV�DUH�RFFXSLHG�E\�FDWLRQV�3�DQG�RQH�WKLUG�RI�RFWDKHGUDO�YRLGV�
DUH�RFFXSLHG�E\�WKH�FDWLRQV�4��'HGXFH�WKH�IRUPXOD�RI�WKH�FRPSRXQG���3E�6�%�������

� ���� ,Q�FRUUXQGXP��R[LGH�LRQV�DUH�DUUDQJHG�LQ�KFS�DUUDQJHPHQW�DQG�WKH�DOXPLQLXP�
LRQV�RFFXS\�����RI�WKH�RFWDKHGUDO�YRLGV��:KDW�LV�WKH�IRUPXOD�RI�FRUUXGXP�"

� �� �� ;<��

� ������ ;<�

� �� �� 0�1��

� ������ ;�<�

� ������ 342��

� ������ $O�2��

+LQWV�	�6ROXWLRQV�RQ�SDJH���

1EVCJGFTCN�XQKF

1EVCJGFTCN�CTTCPIGOGPV�
CTQWPF�QPG�XQKF�CV�VJG�

GFIG

2FWDKHGUDO�YRLGV�DW�WKH�HGJHV� ����º�
1

4
� ��

∴�7RWDO�QXPEHU�RI�RFWDKHGUDO�YRLGV� ������� ��
:H�NQRZ�WKDW�LQ�FFS�VWUXFWXUH��HDFK�XQLW�FHOO�KDV���DWRPV��7KHUHIRUH��WKH�QXPEHU�RI�RFWDKHGUDO�YRLGV�DUH�VDPH�DV�WKH�

QXPEHU�RI�DWRPV�

�����������D��2FWDKHGUDO�YRLG�DW�ERG\�FHQWUH�RI�FFS�XQLW�FHOO� �E�����RFWDKHGUDO�YRLGV�DW�WKH�HGJHV�LQ�FFS�XQLW�FHOO��VKRZQ� �

)LJ����/RFDWLQJ�RFWDKHGUDO�YRLGV�LQ�FFS�VWUXFWXUH�

3UREOHP�� �� � ,Q�D�FU\VWDOOLQH�VROLG��DQLRQV�<y�DUH�DUUDQJHG�
LQ�KFS��&DWLRQ�;��DUH�HTXDOO\�GLVWULEXWHG�EHWZHHQ�
RFWDKHGUDO�DQG�WHWUDKHGUDO�YRLGV��,I�DOO�WKH�RFWDKHGUDO�
YRLGV�DUH�RFFXSLHG��ZKDW�LV�WKH�IRUPXOD�RI�WKH�FRPSRXQG�"
6ROXWLRQ � 6XSSRVH�WKH�QXPEHU�RI�DQLRQV��<

y� �1

� 7KHQ�QXPEHU�RI�RFWDKHGUDO�YRLGV�� ��1

� 1XPEHU�RI�WHWUDKHGUDO�YRLGV�� ���1

6LQFH�RFWDKHGUDO�DQG�WHWUDKHGUDO�YRLGV�DUH�HTXDOO\�RFFXSLHG�
E\�FDWLRQV�;��DQG�DOO�WKH�RFWDKHGUDO�YRLGV�DUH�RFFXSLHG��WKHQ�1�
FDWLRQV�;��DUH�SUHVHQW�LQ�RFWDKHGUDO�YRLGV�DQG�1�FDWLRQV�;��DUH�
SUHVHQW�LQ�WHWUDKHGUDO�YRLGV��7KXV�

� 1R��RI�FDWLRQV�SUHVHQW�� ��1���1� ��1

� 5DWLR�RI�FDWLRQV�DQG�DQLRQV�� �������

∴�� )RUPXOD�RI�WKH�FRPSRXQG�� ��;�<�

3UREOHP�� �� � ,Q�D�IDFH�FHQWUHG�ODWWLFH�RI�;�DQG�<��;�DWRPV�
DUH�SUHVHQW�DW�WKH�FRUQHUV�ZKLOH�<�DWRPV�DUH�DW�IDFH�FHQWUHV�
� � �D��:KDW�LV�WKH�IRUPXOD�RI�WKH�FRPSRXQG�"
� � �E��:KDW�ZRXOG�EH�WKH�IRUPXOD�RI�WKH�FRPSRXQG�LI���
� � � �L���RQH�RI�WKH�;�DWRPV�LV�PLVVLQJ�IURP�D�FRUQHU�

LQ�HDFK�XQLW�FHOO�
� � � LL���WZR�DWRPV�RI�;�DUH�PLVVLQJ�IURP�WKH�FRUQHUV�
� � � �LLL�� RQH�RI�WKH�;�DWRPV�IURP�D�FRUQHU�LV�UHSODFHG�E\��

=�DWRPV��DOVR�PRQRYDOHQW��"
6ROXWLRQ � �D��1R��RI��;�DWRPV�LQ�WKH�XQLW�FHOO� ���º����� ��

� � 1R��RI�<�DWRPV�LQ�WKH�XQLW�FHOO� ���º�
1
2
� ��

� � � )RUPXOD�  � ;<�

� � �L��,I�RQH�;�DWRP�LV�PLVVLQJ��QR��RI�;�DWRPV� ����

� � )RUPXOD�;���<��RU�;�<��

352%/(06$GYDQFHG�/HYHO $FFHOHUDWH�<RXU�3RWHQWLDO
�IRU�-((�$GYDQFH�
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�

� 4���� $�PHWDO�FU\VWDOOL]HV�LQ�D�ERG\�FHQWUHG�FXELF�VWUXFWXUH��,I�
D
�LV�WKH�HGJH�OHQJWK�RI�LWV�XQLW�FHOO��
U
�LV�WKH�
UDGLXV�RI�WKH�VSKHUH��:KDW�LV�WKH�UHODWLRQVKLS�EHWZHHQ�
U
�DQG�
D
"� �&%6(�6DPSOH�3DSHU���������

� $QV�� U� �
�

�
�D

� 4���� ,I�WKH�UDGLXV�RI�WKH�RFWDKHGUDO�YRLG�LV�
U
�DQG�UDGLXV�RI�WKH�DWRPV�LQ�FORVH�SDFNLQJ�LV�
5
��:KDW�LV�WKH�
UHODWLRQ�EHWZHHQ�
U
�DQG�
5
"� �&%6(�6DPSOH�3DSHU���������

� $QV�� U� �������5�

� 4���� ,Q�D�FORVH�SDFNLQJ�RI�1�VSKHUHV��KRZ�PDQ\�

� � �L��WHWUDKHGUDO��DQG��� ��LL��RFWDKHGUDO�VLWHV�DUH�SUHVHQW�"

� $QV��� ��L��7HWUDKHGUDO� ��1��� ��LL���2FWDKHGUDO� �1�

� 4���� $UUDQJH� VLPSOH� FXELF�� ERG\� FHQWUHG� FXELF�� IDFH� FHQWUHG� FXELF� DQG�KH[DJRQDO� FORVH� SDFNLQJ� LQ� WKH�
LQFUHDVLQJ�RUGHU�RI�SDFNLQJ�HIILFLHQF\�

� $QV�� 6LPSOH�FXELF���ERG\�FHQWUHG�FXELF���IDFH�FHQWUHG�FXELF� �KH[DJRQDO�FORVH�SDFNLQJ�

� 4���� �D��:KDW�LV�PHDQW�E\�WKH�WHUP�FRRUGLQDWLRQ�QXPEHU�"

� � �E��:KDW�LV�WKH�FRRUGLQDWLRQ�QXPEHU�RI�DWRPV�

� � �� �L�� LQ�D�FXELF�FORVH�SDFNHG�VWUXFWXUH� � � �LL�� LQ�D�ERG\�FHQWUHG�FXELF�VWUXFWXUH�"�

� $QV�� �D��&RRUGLQDWLRQ�QXPEHU�LV�WKH�QXPEHU�RI�QHDUHVW�QHLJKERXUV�RI�DQ\�FRQVWLWXHQW�SDUWLFOH�LQ�WKH�FU\VWDO�ODWWLFH�

� � �E����L����� � �LL����

� 4���� 7KH�LRQV�RI�1D)�DQG�0J2�DOO�KDYH�WKH�VDPH�QXPEHU�RI�HOHFWURQV�DQG�WKH�LQWHUQXFOHDU�GLVWDQFHV�DUH�
DERXW�WKH�VDPH������SP�DQG�����SP���:K\�WKHQ�DUH�WKH�PHOWLQJ�SRLQWV�RI�1D)�DQG�0J2�VR�GLIIHUHQW�
�����&�DQG������&��"�

� $QV�� ,Q�0J2��ERWK�WKH�LRQV�FDUU\�WZR�XQLWV�RI�FKDUJH��0J����2�y��ZKHUHDV�LQ�1D)��HDFK�LRQ�FDUULHV�RQO\�RQH�XQLW�FKDUJH�
�1D�)y���7KHUHIRUH��WKHUH�DUH�VWURQJHU�HOHFWURVWDWLF�IRUFHV�RI�DWWUDFWLRQ�LQ�0J2�DQG��KHQFH��PRUH�HQHUJ\�LV�UHTXLUHG�
WR�RYHUFRPH�WKHVH�IRUFHV��7KXV��LWV�PHOWLQJ�SRLQW�LV�KLJK�

� 4���� 1DPH�WKH��L��PRVW�V\PPHWULFDO�DQG��LL��PRVW�XQV\PPHWULFDO�FU\VWDO�V\VWHP�
� $QV�� �L��� 0RVW�V\PPHWULFDO�FU\VWDO�V\VWHP���&XELF

� � �LL��� 0RVW�XQV\PPHWULFDO�FU\VWDO�V\VWHP���7ULFOLQLF�

� 4���� +RZ�PDQ\�DWRPV�FDQ�EH�DVVLJQHG�WR�LWV�XQLW�FHOO�LI�DQ�HOHPHQW�IRUPV��L��D�ERG\�FHQWUHG�FXELF�FHOO�DQG��
�LL��IDFH�FHQWUHG�FXELF�FHOO�"� �$�,�6�%�������

� $QV�� �L����� � �������LL����

� 4���� :KDW�LV�WKH�PD[LPXP�FRRUGLQDWLRQ�QXPEHU�RI�DQ�DWRP�LQ�D�KFS�FU\VWDO�VWUXFWXUH�RI�DQ�HOHPHQW��"
� �'�6�%�������

� $QV�� ���

� 4����� :KLFK�QHWZRUN�VROLG�LV�DQ�H[FHSWLRQDOO\�JRRG�FRQGXFWRU�RI�HOHFWULFLW\"

� $QV�� *UDSKLWH��D�QHWZRUN�VROLG�LV�D�JRRG�FRQGXFWRU�RI�HOHFWULFLW\�

� 4���� +RZ�DUH�XQLW�FHOO�DQG�VSDFH�ODWWLFH�UHODWHG�"

� $QV�� 6SDFH�ODWWLFH�LV�REWDLQHG�E\�UHSHDWLQJ�WKH�XQLW�FHOO�LQ�WKUHH�GLPHQVLRQV��7KH�VSDWLDO�DUUDQJHPHQW��VWRLFKLRPHWU\�
DQG�GHQVLW\�RI�XQLW�FHOO�DQG�VSDFH�ODWWLFH�DUH�HTXLYDOHQW�

� � �LL��,I�WZR�;�DWRPV�DUH�PLVVLQJ��QR��RI�;�DWRPV� ����� ����

� � � )RUPXOD�  � ;���<��RU� �;<�

� � �LLL��1R��RI�;�DWRPV� ������1R��RI�=�DWRPV� ����

� � 1R��RI�<�DWRPV� ��

� � � )RUPXOD�  � ;���<�=����RU�;�<��=

3UREOHP�� �� �,Q�D�QRUPDO�VSLQHO�VWUXFWXUH��2�y�LRQV�IRUP�
IFF�SDFNLQJ�DQG�����RI�WKH�WHWUDKHGUDO�VLWHV�DUH�RFFXSLHG�
E\�GLYDOHQW�PHWDO��$���LRQV�DQG�KDOI�RI�WKH�RFWDKHGUDO�VLWHV�
DUH�RFFXSLHG�E\�WULYDOHQW�PHWDO�%���LRQV��ZKDW�LV�WKH�UDWLR�
RI�WHWUDKHGUDO�RFWDKHGUDO�VLWHV�
� �L�� RFFXSLHG�LQ�VSLQHO�VWUXFWXUH
� �LL�� QRW�RFFXSLHG�LQ�VSLQHO�VWUXFWXUH

6ROXWLRQ � �6LQFH�2�y�LRQV�IRUP�IFF�VWUXFWXUH��WKHUH�ZLOO�EH�IRXU�
2�y�LRQV�SHU�XQLW�FHOO��7KHUHIRUH�

� 1R��RI�RFWDKHGUDO�VLWHV�  � �

� 1R��RI�WHWUDKHGUDO�VLWHV�  � ��º��� ��

� �L�� ��1R��RI�WHWUDKHGUDO�VLWHV�RFFXSLHG�  � 8
1
8

× � ��

� � �� 1R��RI�RFWDKHGUDO�VLWHV�RFFXSLHG�  � 4
1
2

× � ��

� � ∴� �
Tetrahedral sites
Octahedral sites

�  �
1
2
�RU������

� �LL�� ��1R��RI�WHWUDKHGUDO�VLWHV�XQRFFXSLHG�  � ��y��� ��

� � �� 1R��RI�RFWDKHGUDO�VLWHV�XQRFFXSLHG�  � � y��� ��

� � ∴� �
Tetrahedral sites
Octahedral sites

�  �
7
2
�RU������
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� 4����� 3LFN�RXW�WKH�RGG�RQHV�IURP�WKH�IROORZLQJ�VHWV��
� � �L��6XOSKXU��$UJRQ��6ROLG�&2���'LDPRQG������LL��6L&��4XDUW]��%D2��*UDSKLWH
� $QV�� �L��'LDPRQG�EHFDXVH�DOO�RWKHUV�DUH�PROHFXODU�VROLGV�
� � �LL��%D2�EHFDXVH�DOO�RWKHUV�DUH�FRYDOHQW�VROLGV��

� 4����� �:KDW�LV�WKH�WZR�GLPHQVLRQDO�FRRUGLQDWLRQ�QXPEHU�RI�D�PROHFXOH�LQ�VTXDUH�SDFNHG�OD\HU�"

� ��0HJKDOD\D�6�%�������
� $QV�� ���

� 4������6ROLG�$� LV�YHU\�KDUG�HOHFWULFDO� LQVXODWRU� LQ�VROLG�DV�ZHOO�DV� LQ�PROWHQ�VWDWH�DQG�PHOWV�DW�H[WUHPHO\�

KLJK�WHPSHUDWXUH��:KDW�W\SH�RI�VROLG�LV�LW�"
� $QV�� �&RYDOHQW�RU�QHWZRUN�VROLG�OLNH�TXDUW]��6L2���RU�6L&�

� 4������:KDW�W\SH�RI�VROLGV�DUH�HOHFWULFDO�FRQGXFWRUV��PDOOHDEOH�DQG�GXFWLOH�"
� $QV�� �0HWDOOLF�VROLGV�

� 4���� +RZ� PDQ\� RFWDKHGUDO� YRLGV� DUH� WKHUH� LQ� �� PROH� RI� D� FRPSRXQG� KDYLQJ� FXELF� FORVHG� SDFNHG��
VWUXFWXUH�"� � � � �&%6(�6DPSOH�3DSHU������

� $QV�� ���PROH

� 4������:KDW�LV�WKH�WRWDO�QXPEHU�RI�DWRPV�SHU�XQLW�FHOO�LQ�D�IDFH�FHQWUHG�FXELF�VWUXFWXUH�"� �
�$�,�6�%���������'�6�%�������

� $QV�� ��

� 4������6RPH�RI�WKH�YHU\�ROG�JODVV�REMHFWV�DSSHDU�VOLJKWO\�PLON\�LQVWHDG�RI�EHLQJ�WUDQVSDUHQW��:K\�"
� �$�,�6�%������

� $QV���7KLV�LV�EHFDXVH�RI�VRPH�FU\VWDOOL]DWLRQ�LQ�WKDW�UHJLRQ�
� 4����� $Q�LRQLF�FRPSRXQG�$%��SRVVHVVHV�&D)��W\SH�FU\VWDO�VWUXFWXUH��:ULWH�WKH�FR�RUGLQDWLRQ�QXPEHUV�RI�$���

DQG�%y�LRQV�LQ�FU\VWDOV�RI�$%��� �'�6�%�������
� $QV�� &��1��RI�$��� �����&��1��RI�%y� ���
� 4����� $Q�LURQ�R[LGH�FU\VWDOOL]HV�LQ�D�KH[DJRQDO�FORVH�SDFNHG�DUUDQJHPHQW�RI�R[LGH�LRQV�ZLWK�WZR�RXW�RI�HYHU\�

WKUHH�RFWDKHGUDO�YRLGV�RFFXSLHG�E\�LURQ��*LYH�WKH�IRUPXOD�RI�WKH�LURQ�R[LGH�� ��0HJKDOD\D�6�%�������
� $QV�� ,Q�D�FORVH�SDFNHG�DUUDQJHPHQW��WKHUH�LV�RQH�RFWDKHGUDO�VLWH�FRUUHVSRQGLQJ�WR�HDFK�DWRP�FRQVWLWXWLQJ�WKH�ODWWLFH��

7KHUHIRUH�

� � �� 1R��RI�R[LGH�LRQV�SHU�XQLW�FHOO�LQ�KFS�DUUDQJHPHQW�� �� �
� � �� 1R��RI�RFWDKHGUDO�KROHV��  �� ��º��� ��

� � �� 1R��RI�LURQ�LRQV��  �� ��º�
2
3
� ��

� � �� )RUPXOD�RI�WKH�FRPSRXQG��  ��)H�2��RU�)H�2��

��$�DWRPV�DORQJ�RQH�D[LV�DUH�UHPRYHG�

� 4����� ,I�WKUHH�HOHPHQWV�;��<�DQG�=�FU\VWDOOL]H�LQ�D�FXELF�VROLG�ZLWK�;�DWRPV��DW�WKH�FRUQHUV��<�DWRPV�DW�WKH�FXEH�
FHQWUHV�DQG�=�DWRPV�DW�WKH�IDFHV�RI�WKH�FXEH��WKHQ�ZULWH�WKH�IRUPXOD�RI�WKH�FRPSRXQG�

� $QV�� $WRP�;�SHU�XQLW�FHOO� ���º�
1
8
� ��

� � $WRP�<�SHU�XQLW�FHOO� ��

� � $WRP�=�SHU�XQLW�FHOO� ���º�
1
2  ��

� � ∴�)RUPXOD�RI�WKH�FRPSRXQG� �;<=�
� 4����� ,Q�D�VROLG�t$%u��′$′�DWRPV�KDYH�FFS�DUUDQJHPHQW�DQG�%�DWRPV�

RFFXS\�DOO�WKH�RFWDKHGUDO� VLWHV��,I�DOO�WKH�IDFH�FHQWUHG�
DWRPV�DORQJ�RQH�RI�WKH�D[HV�DUH�UHPRYHG��WKHQ�ZKDW�ZLOO�
EH�WKH�UHVXOWDQW�VWRLFKLRPHWU\�RI�WKH�FRPSRXQG"�

� $QV�� ,Q�FFS�W\SH�VWUXFWXUH��WKHUH�DUH��$�DW�WKH�FRUQHUV�RI�WKH�FXEH�
DQG��$�DWRPV�RQ�WKH�IDFH�FHQWUHV��,I�DOO�WKH�IDFH�FHQWUHG�DWRPV�
DORQJ� RQH� RI� WKH�D[HV� DUH� UHPRYHG�� LW�PHDQV� UHPRYDO� RI� �$�
DWRPV��7KHUHIRUH��RQO\���DWRPV�ZLOO�EH�OHIW�RQ�IDFHV��

� � 1R��RI�$�DWRPV�SHU�XQLW�FHOO��� ����º�
1
8
�����º�

1
2
� ��

� � 1R��RI�%�DWRPV�LQ�FFS�VWUXFWXUH�DUH����DW�HGJH�FHQWUHG�DQG���DW�
ERG\�FHQWUH��7KHUHIRUH�

� � 1R��RI�%�DWRPV�SHU�XQLW�FHOO� ����º�
1
4
����� ��

� � ∴�6WRLFKLRPHWU\�RI�FRPSRXQG� �$�%��

� 4����� %RWK�GLDPRQG�DQG�UKRPELF�VXOSKXU�DUH�FRYDOHQW�VROLGV�EXW�WKH�ODWWHU�KDV�YHU\�ORZ�PHOWLQJ�SRLQW�WKDQ�
WKH�IRUPHU��([SODLQ�ZK\�"�

� $QV�� 'LDPRQG�LV�D�QHWZRUN�FRYDOHQW�VROLG�ZLWK�VWURQJ�LQWHUDWRPLF�IRUFHV�ZKHUHDV�VXOSKXU�LV�D�PROHFXODU�VROLG�FRQVLVWLQJ�
RI�SXFNHUHG�HLJKW�PHPEHUHG�ULQJV��6���KHOG�WRJHWKHU�E\�ZHDN�YDQ�GHU�:DDOV�IRUFHV�
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&$/&8/$7,216�,192/9,1*�81,7�&(//�',0(16,216
)URP�WKH�GLPHQVLRQV�RI�WKH�XQLW�FHOO��LW�LV�SRVVLEOH�WR�FDOFXODWH�WKH�YROXPH�

RI�WKH�XQLW�FHOO��)URP�WKH�NQRZOHGJH�RI�WKH�GHQVLW\�RI�XQLW�FHOO��ZH�FDQ�FDOFXODWH�
WKH�PDVV�RI�DWRPV�LQ�WKH�XQLW�FHOO�RU�YLFH�YHUVD��

,I�ZH�NQRZ�WKH�HGJH�RI�D�FXELF�FU\VWDO�RI�DQ�HOHPHQW�RU�FRPSRXQG��ZH�FDQ�
HDVLO\�FDOFXODWH�LWV�GHQVLW\�DV�GHVFULEHG�EHORZ��

�&RQVLGHU�D�XQLW�FHOO�RI�HGJH�tDu��FP�
� 7KH�OHQJWK�RI�WKH�HGJH�RI�WKH�FHOO� ��D�FP
� 9ROXPH�RI�XQLW�FHOO� ��D��FP�

� 'HQVLW\�RI�XQLW�FHOO� �
Mass of unit cell

Volume of unit cell
� �����L�

0DVV�RI�XQLW�FHOO�� �
 �1XPEHU�RI�DWRPV�LQ�D�XQLW�FHOO�º�0DVV�RI�HDFK�DWRP� �=�º�P� �����LL�
ZKHUH� � =�� ��QXPEHU�RI�DWRPV�LQ�XQLW�FHOO�DQG�
� P�� ��PDVV�RI�HDFK�DWRP
0DVV�RI�DQ�DWRP�SUHVHQW�LQ�XQLW�FHOO��

� P�� ��
Atomic mass

Avogadro number
� �

M
NΑ

� 0DVV�RI�XQLW�FHOO�� ��=�º�
M
NΑ

6XEVWLWXWLQJ�LQ�HT���L���ZH�JHW

� 'HQVLW\� �
Z M
N
"
"	a A

�J�FPy�

� 4����� :ULWH�D�IHDWXUH�ZKLFK�ZLOO�GLVWLQJXLVK�D�PHWDOOLF�VROLG�IURP�DQ�LRQLF�VROLG�� �'�6�%�������
� $QV�� 0HWDOOLF�VROLGV�DUH�JRRG�FRQGXFWRUV�RI�KHDW�DQG�HOHFWULFLW\�ZKHUHDV� LRQLF�VROLGV�DUH�LQVXODWRUV� LQ�VROLG�VWDWH�EXW�

FRQGXFWRUV�LQ�PROWHQ�VWDWH�DQG�LQ�DTXHRXV�VROXWLRQ�
� 4����� :ULWH�D�GLVWLQJXLVKLQJ�IHDWXUH�RI�PHWDOOLF�VROLGV�� �$�,�6�%�������
� $QV�� 0HWDOOLF�VROLGV�DUH�JRRG�FRQGXFWRUV�RI�KHDW�DQG�HOHFWULFLW\�
� 4����� :KDW�LV�WKH�GLIIHUHQFH�EHWZHHQ�JODVV�DQG�TXDUW]�ZKLOH�ERWK�DUH�PDGH�XS�IURP�6L2��WHWUDKHGUDO�"�8QGHU�

ZKDW�FRQGLWLRQV�FRXOG�TXDUW]�EH�FRQYHUWHG�LQWR�JODVV�"�

� $QV�� *ODVV�LV�DQ�DPRUSKRXV�VROLG�ZKLOH�TXDUW]�LV�D�FU\VWDOOLQH�VROLG��2Q�PHOWLQJ�TXDUW]�DQG�WKHQ�UDSLGO\�FRROLQJ�L�H����
DQQHDOLQJ��TXDUW]�LV�FRQYHUWHG�WR�JODVV�

� 4����� :KDW�GLIIHUHQFH�LQ�EHKDYLRXU�EHWZHHQ�WKH�JODVV�DQG�VRGLXP�FKORULGH�ZRXOG�\RX�H[SHFW�WR�REVHUYH�LI�
\RX�EUHDN�RII�D�SLHFH�RI�HLWKHU�FXEH�"

� $QV�� 7KH�JODVV��DQ�DPRUSKRXV�VROLG��ZRXOG�EUHDN�LUUHJXODUO\��XVXDOO\�LQ�FXUYHG�VKDSHV�EHFDXVH�LWV�FRPSRQHQW�PROHFXOHV�
DUH�QRW�DUUDQJHG�LQ�DQ�RUGHUHG�SDWWHUQ��2Q�WKH�RWKHU�KDQG��VRGLXP�FKORULGH��DQ�LRQLF�VROLG��ZRXOG�EUHDN�RII�DORQJ�
IODW�VXUIDFHV�SDUDOOHO�WR�WKH�IDFHV�RI�WKH�FXEH�EHFDXVH�WKH�SODQHV�RI�LWV�FRPSRQHQW�LRQV�DUH�SDUDOOHO�WR�WKH�IDFHV�RI�WKH�
FU\VWDOOLQH�FXEH�

� 4����� .)�KDV�FFS�VWUXFWXUH��&DOFXODWH�WKH�UDGLXV�RI�WKH�XQLW�FHOO�LI�WKH�VLGH�RI�WKH�FXEH�RU�HGJH�OHQJWK�LV�����
SP��+RZ�PDQ\�)y�LRQV�DQG�RFWDKHGUDO�YRLGV�DUH�WKHUH�LQ�WKH�XQLW�FHOO�"� �&%6(�6DPSOH�3DSHU������

� $QV�� )RU�FFS�ODWWLFH�� � � U� �
a

2 2
� �

400
2 1.414×

� �������SP

� � 7KHUH�DUH�IRXU�)y�LRQV�DQG�IRXU�RFWDKHGUDO�YRLGV��

� 4����� :KDW�LV�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�HGJH�OHQJWK��D��RI�WKH�XQLW�FHOO�DQG�UDGLXV��U��RI�DQ�DWRP�LQ�D�IDFH�
FHQWUHG�XQLW�FHOO"� � � � �0HJKDOD\D�6�%�������

� $QV�� �� � � U� �
a

2 2
� 4����� +RZ�ZLOO�\RX�VKRZ�WKDW�JODVV�LV�D�VXSHUFRROHG�OLTXLG�"
� $QV�� 2Q�EHLQJ�KHDWHG��JODVV�KDV�WKH�SURSHUW\�WR�IORZ�OLNH�OLTXLGV��,I�ZH�H[DPLQH�FDUHIXOO\�WKH�ZLQGRZ�SDQHV�RI�ROG�EXLOGLQJV��

ZH�REVHUYH�WKDW�WKH\�EHFRPH�VOLJKWO\�WKLFNHU�DW�WKH�ERWWRP�WKDQ�DW�WKH�WRS��7KLV�LV�EHFDXVH�JODVV�IORZV�GRZQ�YHU\�
VORZO\�DQG�PDNHV�WKH�ERWWRP�SRUWLRQ�VOLJKWO\�WKLFNHU��+HQFH��JODVV�LV�FDOOHG�VXSHUFRROHG�OLTXLG�

HGJH� �D�FP

,W� PD\� EH� QRWHG� WKDW� WKH� UHODWLRQ�
FRQVLGHUV� WKH� FXELF� FU\VWDOV� RI�
HOHPHQWV��+RZHYHU��IRU�FXELF�FU\VWDOV�
RI� LRQLF� FRPSRXQGV�� WKH� IRUPXOD� LV�
WKH� VDPH� H[FHSW� WKDW� LQ� WKH� FDVH� RI�
LRQLF�FRPSRXQGV��=�LV�WKH�QXPEHU�RI�
IRUPXOD�XQLWV�SUHVHQW�LQ�RQH�XQLW�FHOO�
DQG�0�LV�IRUPXOD�PDVV�

�127(



���� /1&'40ŏ5�CDE�
�1(�%*'/+564;Ō:++

,I�HGJH�OHQJWK�tDu�LV�LQ�SP��WKHQ�
� (GJH� OHQJWK�� ��D�SP
� � ��D�º���y���P� �D�º���y���FP
� 9ROXPH�RI�XQLW�FHOO�� ���D�º���y���FP��� �D��º���y���FP�

6R��WKH�IRUPXOD�EHFRPHV

� 'HQVLW\�RI�XQLW�FHOO� � ��
Z M
10 N3 30

"
" "a �

�

�J�FPy�

ZKHUH�tDu�LV�LQ�SP��
,Q�WHUPV�RI�6,�XQLWV��LI�D�LV�LQ�PHWUHV�DQG�0�LV�LQ�NJ�PROy���WKHQ

� 'HQVLW\� �
Z M
N
"
"	a A

�NJ�Py�

'HQVLW\� RI� XQLW� FHOO� LV� WKH� VDPH� DV� WKH�GHQVLW\� RI� WKH� VXEVWDQFH�� ,I� WKH�
GHQVLW\�RI�WKH�HOHPHQW�LV�NQRZQ�E\�RWKHU�PHWKRG��$YRJDGUR�QXPEHU�RU�QXPEHU�
RI�DWRPV�LQ��D�JLYHQ�DPRXQW�RI�HOHPHQW�FDQ�EH�HDVLO\�FDOFXODWHG��

7KH�GHQVLW\�RI�VROLGV�FDQ�EH�XVHG�LQ�GLIIHUHQW�ZD\V�

� #�� 7PKV�%GNN�&KOGPUKQPU�CPF�&GPUKV[

�([DPSOH����

� $Q�HOHPHQW�KDYLQJ�EFF�JHRPHWU\�KDV�DWRPLF�PDVV���X��

&DOFXODWH�WKH��GHQVLW\�RI�WKH�XQLW�FHOO��LI�LWV�HGJH�OHQJWK�

LV�����SP�� �0L]RUDP�6�%��������3E��6�%�������������

� 6ROXWLRQ���� /HQJWK�RI�HGJH��D��  �� ����SP��

� � �  �� ����º���y���FP

� 6LQFH�LW�LV�EFF�DUUDQJHPHQW�

� � 1R��RI�DWRPV�LQ�WKH�XQLW�FHOO��=��  �� �

� � $WRPLF�PDVV�RI�WKH�HOHPHQW��0��  �� ���J�PROy�

� � 'HQVLW\�  �
Z M
N
"
"	a A

� �� �  �
2 50

290 10 6 022 10

1

10 3 23 1

"

"� � " "� �
�

� �

 g mol

cm mol.

� � �  �������J�FPy��

�� ([DPSOH�����

� &RSSHU�FU\VWDOOL]HV�ZLWK�IDFH�FHQWUHG�FXELF�XQLW�FHOO��

,I�WKH�UDGLXV�RI�FRSSHU�DWRP�LV�������SP��FDOFXODWH�WKH�

GHQVLW\�RI�FRSSHU�PHWDO���$WRPLF�PDVV�RI�&X� �������X�

DQG�$YRJDGURuV�QXPEHU��1$� ������×���
���PROy���

�$�,�6�%�������

6ROXWLRQ���)RU�D�IFF�XQLW�FHOO��HGJH�OHQJWK��D��LV�UHODWHG�WR�
UDGLXV�RI�DWRP�DV��

� � U�  �
a

2 2

� RU� D� � 2 2 .r �  ���×�������×������

� � �  ��������SP

� RU� �  � �������×���y���FP
6LQFH� WKH� ODWWLFH� LV� IFF�� WKH� QXPEHU� RI� FRSSHU� DWRPV� SHU�

XQLW�FHOO��=� ����

� 'HQVLW\�� �  �
Z M
N
"
"	a A

� �0� �������X��1$� ������×���
��

� ∴ � � �
4 63 55

361 42 10 6 02 1010 3 23
×

× × ×−

.
( . ) ( . )

� � � ������J�FPy�

�� ([DPSOH����

� 6RGLXP� KDV� ERG\� FHQWUHG� FXELF� VWUXFWXUH� KDYLQJ�
QHDUHVW� QHLJKERXU�GLVWDQFH� ������ SP��&DOFXODWH� LWV�
GHQVLW\���$WRPLF�PDVV�RI�VRGLXP� ����J�PROy���
6ROXWLRQ���)RU�WKH�EFF�VWUXFWXUH��HGJH�OHQJWK�LV�UHODWHG�WR�

QHDUHVW�QHLJKERXU�GLVWDQFH��G��DV

� � G�  �
3
2

a � RU� D� �
2
3
d

∴� D�  �
2 365 9
1 732
 .
.

 �������SP� �������º���y���FP

'HQVLW\��� ρ�  � Z M
N
"
"	a A

� � =�  � ���IRU�EFF��� 0� ����J�PROy��� 1$� ������º���
��

� ∴� ρ�  � 2 23
422 5 10 6 02 1010 3 23

×

× × ×−
−

( . ) ( . )
= 1.01g cm 3

-';�(14/7.#'�#0&�70+65
�'HQVLW\�RI�XQLW�FHOO��DQG�KHQFH�GHQ�
VLW\�RI�D�FU\VWDO��

ρ� �
Z M
N
"
"	a A

�ZKHUH�D�LV�HGJH�RI�XQLW�FHOO�LQ�FP

�1$�� ��$YRJDGUR� QXPEHU� ������� º�
�����

� 0�� �� WRPLF� PDVV� RI� HOHPHQW�
RU� IRUPXOD� PDVV� RI� WKH� �
FRPSRXQG�

� =�� ��1R��RI�DWRPV�SUHVHQW�SHU�XQLW�
FHOO�RU�IRUPXOD�XQLWV�

� � � H�J��IRU�IFF��=� ����

� � � IRU�EFF��=� ����

� � � IRU�VLPSOH�FXELF��=� ���

6ROYLQJ�1XPHULFDO�3UREOHPV
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��([DPSOH����

� �$Q�HOHPHQW�FU\VWDOOL]HV�LQ�D�IFF�ODWWLFH�ZLWK�FHOO�HGJH�
RI�����SP��&DOFXODWH�LWV�GHQVLW\�LI�����J�RI�WKLV�HOHPHQW�
FRQWDLQ���º������DWRPV�� �'�6�%�������

6ROXWLRQ���/HQJWK�RI�HGJH��D� �����SP� �����º���y���P��

� �  �����º���y���FP

� � 9ROXPH�RI�XQLW�FHOO�� �� �����º���y���FP���

� � �  �� �������º���y���FP�

� � 0DVV�RI�XQLW�FHOO�� ��1R��RI�DWRPV�LQ�XQLW�FHOO�

� � � � º�0DVV�RI�HDFK�DWRP

� 6LQFH�WKH�HOHPHQW�KDV�IFF�DUUDQJHPHQW��WKH�QXPEHU�RI�DWRPV�
SHU�XQLW�FHOO��=� ��

� � 0DVV�RI�DQ�DWRP�� ��
300
2 1024×

�J

� ∴� 0DVV�RI�XQLW�FHOO�� ��
300
2 1024×

�º��� �����º���y���J

� � 'HQVLW\�RI�XQLW�FHOO�  � Mass of  unit cell
Volume of  unit cell

� � �  �
6.0 10 g

15.625 10 cm

22 

24 3
"
"

�

�

� � �  � �����J�FPy�

� ([DPSOH����

� $�PHWDO�KDYLQJ�DWRPLF�PDVV����J�PROy��KDV�D�ERG\�
FHQWUHG�FXELF�FU\VWDO�VWUXFWXUH��7KH�GHQVLW\�RI�PHWDO�
LV������J�FPy���)LQG�WKH�YROXPH�RI�WKH�XQLW�FHOO�

�+�3�6�%��������3E�6�%�������0L]RUDP�6�%�������������
� 6ROXWLRQ���,I�D�LV�WKH�HGJH�OHQJWK�RI�WKH�XQLW�FHOO��WKHQ�YROXPH�
RI�XQLW�FHOO��9� �D�

'HQVLW\�RI�XQLW�FHOO��ρ� ������J�FPy�

$WRPLF�PDVV�RI�WKH�PHWDO��0� ����J�PROy�

1R��RI�DWRPV�SHU�XQLW�FHOO��=� ����EFF�

� 1RZ�� 'HQVLW\�  �
Z M
N
"
"	a A

��

� RU�� ρ�  �
Z M
V N

A

×
×

�

� RU�� 9�� ��
Z M
N
A

"
"�

� ∴� 9ROXPH�� ��
2 50

5 96 6 022 103 23 1
"
" "

�

� �
( )

( . ) ( . )
g  mol

 g cm mol

1

� � �  ��������º���y���FP��

�$��.CVVKEG�6[RG�HTQO�&GPUKV[�CPF�7PKV�%GNN�&KOGPUKQPU

� ([DPSOH����

� 7KH�GHQVLW\�RI�FKURPLXP�PHWDO�LV�����J�FPy���,I�WKH�XQLW�
FHOO�LV�FXELF�ZLWK�HGJH�OHQJWK�RI�����SP��GHWHUPLQH�WKH�
W\SH�RI�XQLW�FHOO��VLPSOH��ERG\�FHQWUHG�RU�IDFH�FHQWUHG��
>$WRPLF�PDVV�RI��&U� ����D�P�X���1$� ������º���

���PROy�@�
� � � � � �������3E��6��%�������������

� 6ROXWLRQ���/HQJWK�RI�WKH�HGJH� �����SP� �����º���y���P��
 �����º���y���FP�

$WRPLF�PDVV�RI�&U��$� ����J�PROy�

'HQVLW\�RI�PHWDO��ρ� �����J�FPy�

� 1RZ�� � ρ�  �
Z M
N
A

×
×a3

��

����J�FPy�� �
Z
cm mol
"

" " "

�

� �
5

6 022 10

1

3 23 1
2 g mol

(289 10 10 ) ( . )

RU�=� �
( . ) ( ) ( . )

( )
7 2 289 10 6 022 10

52

3 10 3 23 1

1
 g cm

  mol

� � �

�
" " " "cm mol

g

�������� �����

� 6LQFH�WKH�XQLW�FHOO�FRQWDLQV���DWRPV�� LW� LV�ERG\�FHQWUHG�
FXELF��EFF��

� ([DPSOH����

� $Q�HOHPHQW�ZLWK�PRODU�PDVV����J�PROy��IRUPV�D�FXELF�
XQLW�FHOO�ZLWK�HGJH�OHQJWK������º���y��FP��,I�LWV�GHQVLW\�
LV�����J�FPy���ZKDW�LV�WKH�QDWXUH�RI�WKH�XQLW�FHOO�"

�'�6�%�������

� 6ROXWLRQ���'HQVLW\�RI�XQLW�FHOO��ρ� �
Z M
NA

×
×a3

� ρ� �����J�FPy���D� ������º���y��FP��0� ����J�PROy���

� 1$� �������º���
��

� ∴� ����  �
Z 27

6.022 1023
"

" " "�( . )4 05 10 8 3

� RU� =�  �
2 7 4 05 10

27

8 3. ( . )" " " "� 6.022 1023
� ����

� 6LQFH�=� ����WKH�XQLW�FHOO�LV�IDFH�FHQWUHG�FXELF��IFF��XQLW�FHOO�

� %��#VQOKE�/CUU�CPF�0WODGT�QH�#VQOU�HTQO�&GPUKV[�
CPF�7PKV�%GNN�&KOGPUKQPU

��([DPSOH����

� $Q�HOHPHQW�ZLWK�GHQVLW\������J�FPy��IRUPV�D�IFF�ODWWLFH�
ZLWK�HGJH�OHQJWK�RI���º���y��FP��&DOFXODWH�WKH�DWRPLF�
PDVV�RI�WKH�HOHPHQW�� �'��6��%��������3E��6�%�������

� 6ROXWLRQ����(GJH�OHQJWK�RI�WKH�XQLW�FHOO�

� � D�  �� ��º���y��FP

� � 'HQVLW\�  � ��� J�FPy���

� 1R��RI�DWRPV�SHU�XQLW�FHOO�LQ�IFF�ODWWLFH��=� ��

� 'HQVLW\�� ρ�  �
Z M
N
A

×
×a3

��

� � �����J�FPy��  � 4
4 6 02 103 23

×M
( ) ( . )×10 cm × × mol8 1− −

�

� RU�0� �
( . ( ) ( . )11 2 4 10 6 02 10

4

3 8 3 23 1g cm ) cm mol� � �" " " "

� �  � ������J�PROy�

� $WRPLF�PDVV�RI�HOHPHQW� �������X�

�� ([DPSOH����

� $Q�HOHPHQW�KDV�D�ERG\�FHQWUHG�FXELF��EFF��VWUXFWXUH�
ZLWK�D�FHOO�HGJH�RI�����SP��7KH�GHQVLW\�RI�WKH�HOHPHQW�
LV�����J�FPy���+RZ�PDQ\�DWRPV�DUH�SUHVHQW�LQ�����J�RI�
WKH�HOHPHQW�"� ����'�6�%��������3E�6�%�������
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6ROXWLRQ����(GJH�OHQJWK�RI�WKH�XQLW�FHOO� ������SP�
� � �  � ����º�� y���FP

� � 9ROXPH�RI�WKH�XQLW�FHOO�  � �����º���y�����FP��

� � �  �������º���y���FP�

�� � 0DVV�RI�HOHPHQW�  � ����J

� � 'HQVLW\�RI�HOHPHQW�  � ����J�FPy�

� 9ROXPH�RI�����J�RI�WKH�HOHPHQW� �
Mass
Density

� � 9ROXPH�RI�HOHPHQW�  �
208 g

7.2 g cm−3
� �������FP�

1XPEHU�RI�XQLW�FHOOV�LQ�WKLV�YROXPH

� �  �
Volume of element
Volume of unit cell

� � �  �
28.89 cm

2.39 10  unit cell

3

23 3" � �cm /

� � �  � ������º�� ���XQLW�FHOOV

6LQFH�WKH�VWUXFWXUH�LV�EFF��QXPEHU�RI�DWRPV�SUHVHQW�LQ�D�XQLW�
FHOO� ��

7KH�QXPEHU�RI�DWRPV�LQ�����J�RI�WKH�HOHPHQW

� � �  � ��º�������º�� ��� �������º������DWRPV

� RU� � � ������º������DWRPV

�� ([DPSOH����

� $Q� HOHPHQW� (� FU\VWDOOL]HV� LQ� ERG\� FHQWUHG� FXELF�
VWUXFWXUH��,I�WKH�HGJH�OHQJWK�RI�WKH�FHOO�LV�������º���y���P�
DQG� WKH�GHQVLW\� LV� �����J� FPy��� FDOFXODWH� WKH�DWRPLF�
PDVV�RI�WKLV�HOHPHQW��$OVR�FDOFXODWH�WKH�UDGLXV�RI�DQ�
DWRP�RI�WKH�HOHPHQW�� �&%6(�6DPSOH�3DSHU������

� 6ROXWLRQ���(GJH�OHQJWK�RI�WKH�XQLW�FHOO��D� �������º���y���P�
 �������º���y��FP

'HQVLW\��ρ� ������J�FPy��

6LQFH�LW�LV�ERG\�FHQWUHG��=� ��

������ �������ρ� �
Z M
NA

×
×a3

�����J�FPy��� �
2

(1.469  mol
"

" " "� �
M

cm10 6 022 108 3 23 1) ( . )

���RU�0� �
( . ) ) ( . )19 3 10 6 022 10

2

3 8 3 23 1 g cm (1.469  mol� � �" " " "cm

����� �������J�PROy�

∴����$WRPLF�PDVV� �������X�
)RU�D�EFF�VWUXFWXUH��UDGLXV�RI�DQ�DWRP�

� U�  �
3
4

��D� �
1 732 1 469 10

4

10. ." " � m

� �  � �����º���y���P

� &���6JG�#XQICFTQ�%QPUVCPV�HTQO�&GPUKV[�CPF�7PKV�%GNN�
&KOGPUKQPU

�� ([DPSOH����

� &DOFXODWH� WKH� YDOXH� RI� $YRJDGUR�QXPEHU� IURP� WKH�
IROORZLQJ�GDWD��

� 'HQVLW\�RI�1D&O� �������J�FPy���GLVWDQFH�EHWZHHQ�1D��
DQG�&Oy��LRQV�LQ�1D&O�FU\VWDO� �����SP�

� �$�,�6�%��������+�3�6�%��������3E��6�%��������+U��6�%�������
1DJDODQG�6�%�������

�6ROXWLRQ����6RGLXP�FKORULGH�KDV�IDFH�FHQWUHG�FXELF�VWUXFWXUH��
7KHUHIRUH�� WKH�QXPEHU�RI�IRUPXOD�XQLWV�RU�PROHFXOHV�SHU�XQLW�
FHOO��=� ��

� � /HW�$YRJDGUR�QXPEHU�� ���1$

� � 0RODU�PDVV�RI�1D&O�  � ���������� ������J�PROy�

� 6LQFH� GLVWDQFH� EHWZHHQ�1D�� DQG� &Oy� LRQV� LV� ���� SP��
WKH� OHQJWK� RI� HGJH� LV�GRXEOH� WKH�GLVWDQFH� EHWZHHQ�1D�� DQG��
&Oy�LRQV��

� � (GJH�RI�XQLW�FHOO�� ����º���� SP� �����SP

� RU������������������������������  ������º�� y���P� �����º���y���FP

� 'HQVLW\�� ρ�  �
Z M
N
A

×
×a3

� � ������J�FPy��  �
4 58 5

562 10

1

10 3
"
" "

�

�
( . )

( )
 g mol
cm N

A

� RU�� 1$�  �
4 58 5

2 165 562 10

1

3 10 3
"

" "

�

� �
( . )

( . ) ( )
 g mol

g cm cm
�

� � �  �������º������PROy��

� '���7PKV�%GNN�&KOGPUKQPU�CPF�+QPKE�4CFKK�HTQO�&GPUKV[

�� ([DPSOH����

� 7KH� FRPSRXQG�&X&O�KDV� IFF� VWUXFWXUH� OLNH�=Q6�� ,WV�
GHQVLW\�LV�����J�FPy���:KDW�LV�WKH�OHQJWK�RI�WKH�HGJH�RI�
WKH�XQLW�FHOO�"� �0L]RUDP�6�%�������

�6ROXWLRQ���&X&O�KDV�FXELF�FORVH�SDFNHG�RU�IDFH�FHQWUHG�FXELF�
VWUXFWXUH�OLNH�=Q6��7KH�QXPEHU�RI�IRUPXOD�XQLWV�RU�PROHFXOHV�RI�
&X&O�SHU�XQLW�FHOO� ���

� �/HW�OHQJWK�RI�HDFK�HGJH�� �� D�FP

� ∴����9ROXPH�RI�WKH�FXEH�� �� D��FP�

� ��������'HQVLW\�RI�WKH�FHOO��  �� � J�FPy�

)RUPXOD�PDVV�RI�&X&O��0� ������������� ���

'HQVLW\� ρ�  �
Z M
NA

×
×a3

��

�� ����J�FPy��  ��
4
6 022 10

1

3 23 1
"

" "

�

�
(99 g mol )

( . )a mol
�� �

RU� D��� ��
4

6 022 10

1

3 23 1
"
" "

�

� �
(99 g mol

(3.4 g cm
)

( . )) mol

� �  ��������º�� y���FP�

∴�� D�  �������º�O�y��FP�RU�����SP�

�� ([DPSOH����

� $Q�HOHPHQW�$�FU\VWDOOLVHV�LQ�IFF�VWUXFWXUH������J�RI�WKLV�
HOHPHQW�KDV� �����º� �����DWRPV�� 7KH� GHQVLW\� RI�$� LV��
����J�FPy���&DOFXODWH�WKH�HGJH�OHQJWK�RI�WKH�XQLW�FHOO���
� �$�,�6�%�������

6ROXWLRQ����/HW�OHQJWK�RI�HDFK�HGJH�  � D�FP

� � 9ROXPH�RI�XQLW�FHOO�  � D��FP�

� � 'HQVLW\�  � ����J�FPy�

� � 0DVV�RI�HDFK�DWRP�  �
200

4 12 1024. ×
�

� � �  ��������º���y���J

� � 1R��RI�DWRPV�SHU�XQLW�FHOO�  � ���IFF�
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� � 0DVV�RI�XQLW�FHOO�  � ��º�������º� y��

� � �  � �������º���y���J

� � 1RZ��GHQVLW\�  �
Mass
Volume

� � ����  � 194 16 10
24. " �

a

� RU� D��  �
194 16 10 24. " �

7.2
� ��������º���y���FP�

� RU� D�  � ������º���y��FP� ��������SP�

�� ([DPSOH����
� 1LRELXP�FU\VWDOOL]HV�LQ�ERG\�FHQWHUHG�FXELF�VWUXFWXUH��

,I�GHQVLW\�LV������J�FPy���FDOFXODWH��DWRPLF�UDGLXV�RI�
QLRELXP�JLYHQ�LWV�DWRPLF�PDVV����X�� � � � � �
6ROXWLRQ���'HQVLW\� ������J�FPy�

� �/HW�OHQJWK�RI�WKH�HGJH�  �D�FP

1XPEHU�RI�DWRPV�SHU�XQLW�FHOO��=� ����EFF�

� � $WRPLF�PDVV��0�  ����J�PROy��

'HQVLW\� ρ�  �
Z M
NA

×
×a3

��

� ��� J�FPy��� ��
2 93
6 022 10

1

3 23 1
"

" "

�

�
( )

( . )
 g mol

mola

∴�� D��� ��
2 93

6 022 10

1

3 23 1
"
" "

�

� �
( )
) ( . )

 g mol
(8.55 g cm mol

�� �  ��������º� y���FP�

� (GJH�OHQJWK��D�  � �������º���y�������� �������º���y��FP�

� �  ��������º���y���P

1RZ��UDGLXV�LQ�ERG\�FHQWUHG�FXELF��U� ��
3
4

�D

� �  �
3 3 306 10

4

10" " �. m � �������º���y���P

� �  �������QP�

�� ([DPSOH����
� .)�KDV�1D&O�VWUXFWXUH��:KDW�LV�WKH�GLVWDQFH�EHWZHHQ�

.��DQG�)y�LQ�.)�LI�GHQVLW\�LV������J�FPy��"� �
� �+U��6�%�������

6ROXWLRQ� ��.)�KDV�1D&O� �IFF�� VWUXFWXUH�� WKHUHIRUH�� WKH��
QXPEHU�RI�.)�PROHFXOHV�SHU�XQLW�FHOO��=� ��

� 0RODU�PDVV�RI�.)�� �����J�PROy�

� /HW�WKH�HGJH�RI�XQLW�FHOO�� ��D�FP�

� 'HQVLW\��ρ�� �������J�FPy�

� 'HQVLW\��ρ�  �
Z M
NA

×
×a3

���(Ō��������������������-
���������������������(Ō

T(�y�����T-
���T(�y

� �����J�FPy��� ��
4 58
6 022 10

1

3 23 1
"

" "

�

�
 g mol

a ( . )mol

� D��� �
4 58

6 022 10

1

3 23 1
"
" "

�

� �
 g mol

(2.48 g cm ) ( . )mol

� �  ��������º���y���FP�

∴�� D�� ���������º���y������

RU��� D�� ��������º���y���FP�RU�������SP

1RZ�� LI� UDGLXV� RI�)y� LV� U)y� � DQG� UDGLXV�RI�.
�� LV� U.��� WKHQ��

DFFRUGLQJ�WR�WKH�ILJXUH��HGJH�RI�XQLW�FHOO�

� D�� ��U)y����U.����U)y

� �  ����U.����U)y�

RU�� �U.����U)y�� �
a
2

7KXV��GLVWDQFH�EHWZHHQ�.��DQG�)y�LRQV�ZLOO�EH�KDOI�WKH�HGJH�
OHQJWK�LQ�WKH�XQLW�FHOO�

7KXV��WKH�GLVWDQFH�EHWZHHQ�.��DQG�)y�LRQV� �
537 5
2
.

� � � � � � � � � � � � � � � � � � � �  �������SP�

�� ([DPSOH����
� $OXPLQLXP� FU\VWDOOL]HV� LQ� D� FXELF� FORVH� SDFNHG�

VWUXFWXUH��,WV�PHWDOOLF�UDGLXV�LV�����SP�

� �D��:KDW�LV�WKH�OHQJWK�RI�WKH�VLGH�RI�XQLW�FHOO"

� �E�� +RZ�PDQ\� XQLW� FHOOV� DUH� WKHUH� LQ� ����� FP���
RI�$O�"

� �'�6�%��������$�,�6�%��������0HJKDOD\D�6�%�������

6ROXWLRQ���)RU�D�FXELF�FORVH�SDFNHG�VWUXFWXUH��OHQJWK�RI�WKH�
VLGH�RI�XQLW�FHOO�LV�UHODWHG�WR�UDGLXV�

� � U�  �
a

2 2

RU� D�  � U�º��� 2
� � �  � ����º���º�������SP� �������SP

� 9ROXPH�RI�XQLW�FHOO�  � �������º���y���FP��� ������º���y���FP�

� �1R��RI�XQLW�FHOOV�LQ���FP��  �
1

4 42 10 23. " �

� �  � �����º������XQLW�FHOOV�

�� ([DPSOH����

� 6LOYHU� KDV� DWRPLF� PDVV� ���� D�P�X�� DQG� GHQVLW\��
�����J�FPy���,I�WKH�HGJH�OHQJWK�RI�LWV�XQLW�FHOO�LV�����SP��
LGHQWLI\�WKH�W\SH�RI�XQLW�FHOO��$OVR�FDOFXODWH�WKH�UDGLXV�
RI�DQ�DWRP�RI�VLOYHU���

6ROXWLRQ���(GJH�OHQJWK�RI�XQLW�FHOO�

� � D�  � ����SP

� � �  � ����º���y���FP

'HQVLW\��� ρ�� � ���� J�FPy�

� �$WRPLF�PDVV�RI�VLOYHU� �����X

1RZ�� ρ�  �
Z M×
× NAa3

�

� � �����J�FPy�� �
Z (

( ) )
× gmol )

× cm × (6.022 × 10 mol

1

23
108

409 10 10 3 1

−

− −

RU�=� �
( . ) ( . )10 5 6 022 10

108

1g cm (409 10 cm) mol
gmol

3 10 3 23

1

� � �

�
" " " "

�

� ���=� ����
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� ���� $Q�HOHPHQW�t;u��$W��PDVV� ����J�PROy���KDYLQJ�I�F�F��VWUXFWXUH��KDV�XQLW�FHOO�HGJH�
OHQJWK�RI�����SP��&DOFXODWH�WKH�GHQVLW\�RI�t;u�DQG�WKH�QXPEHU�RI�XQLW�FHOOV�LQ���J�
RI�t;u���1$� �������º���

���PROy���� �$�,�6�%�������

� ���� $Q�HOHPHQW�FU\VWDOOL]HV�LQ�D�I�F�F��ODWWLFH�ZLWK�FHOO�HGJH�RI�����SP��7KH�GHQVLW\�RI�
WKH�HOHPHQW�LV���J�FPy���+RZ�PDQ\�DWRPV�DUH�SUHVHQW�LQ�����J�RI�WKH�HOHPHQW"����
� �$�,�6�%�������

� ���� 7XQJVWHQ�KDV�ERG\�FHQWUHG�FXELF�ODWWLFH��(DFK�HGJH�RI�WKH�XQLW�FHOO�LV�����SP�DQG�
GHQVLW\�RI�WKH�PHWDO�LV�������J�FPy���+RZ�PDQ\�DWRPV�DUH�SUHVHQW�LQ����J�RI�WKH�
HOHPHQW�"� �3E�6�%�������

� ���� &V&O�KDV�ERG\�FHQWUHG�FXELF�ODWWLFH�ZLWK�WKH�OHQJWK�RI�D�VLGH�RI�D�XQLW�FHOO�������
SP�DQG�DOXPLQLXP�LV�IDFH�FHQWUHG�FXELF�ODWWLFH�ZLWK�OHQJWK�RI�WKH�VLGH�RI�XQLW�
FHOO�����SP��:KLFK�RI�WKH�WZR�KDV�ODUJHU�GHQVLW\�"��$WRPLF�PDVV�RI�&V� ���������
$O� �������&O� ������

� ���� 8QLW�FHOO�RI�DQ�HOHPHQW��DWRPLF�PDVV� �����DPX�DQG�GHQVLW\� ������J�FPy���KDV�
HGJH�OHQJWK�����SP��'HGXFH�WKH�W\SH�RI�WKH�FU\VWDO�ODWWLFH�

� � �� �1DJDODQG�6�%��������3E�6�%������

� ���� ,URQ�KDV�D�ERG\�FHQWUHG�FXELF�XQLW�FHOO�ZLWK�D�FHOO�GLPHQVLRQ�RI��������SP��7KH�
GHQVLW\�RI�LURQ�LV�������J�FPy���8VH�WKLV�LQIRUPDWLRQ�WR�FDOFXODWH�$YRJDGUR�QXPEHU��
�$W��PDVV�RI�)H� ��������X�� �$�,�6�%��������'�6�%�������

� ���� *ROG��DWRPLF�PDVV� �����X��DWRPLF�UDGLXV� �������QP��FU\VWDOOL]HV�LQ�D�IDFH�FHQWUHG�
XQLW�FHOO��'HWHUPLQH�WKH�GHQVLW\�RI�JROG���1$� �������×���

���PROy���

�&�%�6�(��6DPSOH�3DSHU������

� ���� $Q�HOHPHQW��DWRPLF�PDVV� �����KDYLQJ�IDFH�FHQWUHG�FXELF�VWUXFWXUH�KDV�D�GHQVLW\��
RI������J�FPy���:KDW�LV�WKH�HGJH�OHQJWK�RI�WKH�XQLW�FHOO�"� �3E�6�%��������

� ���� $Q�HOHPHQW�ZLWK�GHQVLW\����J�FPy��IRUPV�D�FXELF�XQLW�FHOO�ZLWK�HGJH�OHQJWK�RI�
��×���y��FP��:KDW�LV�WKH�QDWXUH�RI�WKH�FXELF�XQLW�FHOO�LI�WKH�DWRPLF�PDVV�RI�WKH�
HOHPHQW�LV����J�PROy��"� �$�,�6�%�������

� ���� /HDG��,,��VXOSKLGH�FU\VWDO�KDV�1D&O�VWUXFWXUH��:KDW�LV�LWV�GHQVLW\�"�7KH�HGJH�
OHQJWK� RI� WKH� XQLW� FHOO� RI� 3E6� FU\VWDO� LV� ����SP�� �DWRPLF�PDVVHV� ��3E� � ������
6� ����� �3E�6�%�������

� �� ����� J�FPy���������º�����

� ��������� ×������DWRPV
� �����������º�� ���DWRPV�

� ������'HQVLW\�RI�&V&O� �������J�FPy���

GHQVLW\�RI�$O� ������J�FPy���&V&O�

KDV�ODUJHU�GHQVLW\�

� ������=� ����IFF

� ������������º×�����

� ������������J�FPy�

� ��������� SP

� ������EFF

� ��������� J�FPy�

+LQWV�	�6ROXWLRQV�RQ�SDJH���

6LQFH�WKH�XQLW�FHOO�FRQWDLQV���DWRPV�SHU�XQLW�FHOO��LW�LV�IDFH�
FHQWUHG�FXELF��IFF��XQLW�FHOO�

)RU�IFF�� U�  �
a

2 2
� �
409
2 1 414

pm
× .

=144.6pm

�� ([DPSOH����

� 6LOYHU�PHWDO� FU\VWDOOLVHV�ZLWK� D� IDFH� FHQWUHG� FXELF�
ODWWLFH�� 7KH� OHQJWK� RI� WKH�XQLW� FHOO� LV� IRXQG� WR� EH

� ������×���y��FP��&DOFXODWH�DWRPLF�UDGLXV�DQG�GHQVLW\�
RI�VLOYHU���$WRPLF�PDVV�RI�$J� ����X��1$� ������×���

���
PROy���� �&�%�6�(��6DPSOH�3DSHU�������+�3�6�%�������

� 6ROXWLRQ���(GJH�OHQJWK�RI�XQLW�FHOO��D� �������×���y��FP
� )RU�IFF�ODWWLFH��UDGLXV�RI�DQ�DWRP�LV�UHODWHG�WR�HGJH�OHQJWK��

D�DV��

� U� �
a

2 2
� ��
4 077 10
2 1 414

8.
.
×

×
=

−
−1.441×10 8 �FP� � �

� 'HQVLW\� �  �
Z M
N



a3 A

� �  �
4 108

4 077 10 6 02 108 3 23
×

× × ×−( . ) ( . )

� � � � � � �=� ���IRU�IFF�

� � �  � ������J�FPy�

�� ([DPSOH����
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1$� ������º���

���PROy��� �'�6�%�������
� 6ROXWLRQ��� /HW�OHQJWK�RI�HGJH�  �D�FP

� �� 'HQVLW\�  � ������J�FPy�
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� ���� )RUPXOD�PDVV� RI�1D&O� LV� ������ J�PROy�� DQG� GHQVLW\� RI� LWV� SXUH� IRUP� LV��
������J�FPy���7KH�DYHUDJH�GLVWDQFH�EHWZHHQ�DGMDFHQW�VRGLXP�DQG�FKORULGH�LRQV�
LQ�WKH�FU\VWDO�LV�������º���y��FP��&DOFXODWH�WKH�$YRJDGUR�QXPEHU��

� ���� &RSSHU�FU\VWDOOL]HV�LQWR�D�IFF�ODWWLFH�ZLWK�HGJH�OHQJWK������º���y��FP��6KRZ�WKDW�
WKH�FDOFXODWHG�GHQVLW\�LV�LQ�DJUHHPHQW�ZLWK�LWV�PHDVXUHG�YDOXH�RI������J�FPy��

� ���� &U\VWDOOLQH�&V%U�KDV�D�FXELF�VWUXFWXUH��&DOFXODWH�WKH�XQLW�FHOO�HGJH�OHQJWK�LI�WKH�
GHQVLW\�RI�&V%U�FU\VWDO�LV������J�FPy���DWRPLF�PDVVHV���&V� ������%U� ������

� ���� 7KH�XQLW� FHOO� RI� DQ� HOHPHQW� RI� DWRPLF�PDVV� ����DQG� GHQVLW\� ����� J� FPy�� LV�
D� FXEH�ZLWK� HGJH� OHQJWK� RI� ����SP��)LQG� WKH� VWUXFWXUH� RI� WKH� FU\VWDO� ODWWLFH��
�VLPSOH�FXEH��IFF�RU�EFF���$YRJDGURuV�QXPEHU� �������º�������

�3E��6�%��������0HJKDOD\D�6�%�������

� �����:KDW�LV�WKH�GLVWDQFH�EHWZHHQ�1D��DQG�&Oy�LRQV�LQ�1D&O�FU\VWDO�LI�WKH�GHQVLW\�LV�
������J�FPy���0RODU�PDVV�RI�1D&O� �������J�PROy����1$� ������º���

���PROy����� ��
� ���$�,�6�%�������

� �����$�FRPSRXQG�$%�FU\VWDOOL]HV�LQ�EFF�ODWWLFH�ZLWK�XQLW�FHOO�HGJH�OHQJWK�RI�����SP��
&DOFXODWH�

� �L���WKH�GLVWDQFH�EHWZHHQ�RSSRVLWHO\�FKDUJHG�LRQV�LQ�WKH�ODWWLFH�

� �LL���UDGLXV�RI�$��LI�UDGLXV�RI�%y�LV�����SP�

� ���� 7KDOOLXP� FKORULGH�7O&O� FU\VWDOOLVHV� LQ� HLWKHU�D� VLPSOH� FXELF� ODWWLFH� RU� D� IDFH�
FHQWUHG�FXELF�ODWWLFH�RI�&Oy��LRQV�ZLWK�7O��LRQV�LQ�WKH�KROHV��,I�WKH�GHQVLW\�RI�WKH��
VROLG�LV������J�FPy��DQG�HGJH�RI�WKH�XQLW�FHOO�LV������º���y��FP��ZKDW�LV�WKH�XQLW�
FHOO�JHRPHWU\�"��$WRPLF�PDVV�RI�7O� ��������DQG�RI�&O� ��������

� ���� &HVLXP�FKORULGH�FU\VWDOOL]HV�DV� FXELF� ODWWLFH�DQG�KDV� D�GHQVLW\� RI� ����J� FPy���
&DOFXODWH�WKH�OHQJWK�RI�WKH�HGJH�RI�WKH�XQLW�FHOO�RI�FHVLXP�FKORULGH���0RODU�PDVV�
RI�&V&O� �������J�PROy������ �'�6�%�������

� ���� $Q�HOHPHQW�KDYLQJ�DWRPLF�PDVV�������X�KDV�)&&�ODWWLFH��7KH�HGJH�OHQJWK�RI�LWV�
XQLW�FHOO�LV�������SP�&DOFXODWH�GHQVLW\�RI�WKH�XQLW�FHOO��>*LYHQ��1$� �������º���

���
PROy�@�� �.DUQDWDND�6�%�������

� ���� &DOFXODWH�WKH�$YRJDGUR�QXPEHU�IURP�WKH�IROORZLQJ�GDWD�RI�$%�ZKHQ�$%�KDV�1D&O�
W\SH�VWUXFWXUH��

� � 'HQVLW\�RI�$%� ������J�FPy���0� ���

� � 'LVWDQFH�EHWZHHQ�$
�
�DQG�%

y
�LRQV�LQ�$%� �����SP� �+U�6�%�������

� ���� ;�UD\�GLIIUDFWLRQ�VWXGLHV�VKRZ�WKDW�FRSSHU�FU\VWDOOL]HV�LQ�D�IFF�XQLW�FHOO�ZLWK�FHOO�
HGJH�RI������º���y��FP��,Q�D�VHSDUDWH�H[SHULPHQW�FRSSHU�LV�GHWHUPLQHG�WR�KDYH�D�
GHQVLW\�RI������J�FPy���&DOFXODWH�WKH�PRODU�PDVV�RI�FRSSHU�� �+�3�6�%��������

� ���� &KURPLXP� FU\VWDOOL]HV� LQ� D� ERG\� FHQWUHG� FXELF� ODWWLFH�ZKRVH� GHQVLW\� LV��
�����J��FP���7KH�OHQJWK�RI�WKH�HGJH�RI�XQLW�FHOO�LV�������SP��&DOFXODWH�WKH�$YRJDGUR�
QXPEHU��DWRPLF�PDVV�RI�FKURPLXP� ������ �3E�6�%��������0HJKDOD\D�6�%�������

� ���� $Q�HOHPHQW�KDV�DWRPLF�PDVV����J�PROy��DQG�GHQVLW\������J�FPy���,I�WKH�HGJH�OHQJWK�
RI�LWV�XQLW�FHOO�LV�����SP��LGHQWLI\�WKH�W\SH�RI�XQLW�FHOO�� �'�6�%�������

� �����������º������

� ����������J�FPy�

� ����������� SP�

� ������IFF�W\SH

� ��������� SP

� ���� �L��������SP�

� � LL��������SP

� �����=� ����6LPSOH�FXELF�

� �������� SP

� ������������J�FPy�

� �����������º� ���

� �����������J�PROy�

� ����������º�����

� �����EFF�

+LQWV�	�6ROXWLRQV�RQ�SDJH���

352%/(06$GYDQFHG�/HYHO $FFHOHUDWH�<RXU�3RWHQWLDO
�IRU�-((�$GYDQFH�

3UREOHP�� �� ��/LWKLXP�ERURK\GULGH��/L%+���FU\VWDOOL]HV�
LQ�DQ�RUWKRUKRPELF�V\VWHP�KDYLQJ���PROHFXOHV�SHU�XQLW�
FHOO��7KH�XQLW�FHOO�GLPHQVLRQV�DUH���D� ������̈ ��E� ������̈ �DQG��
F� �����¨��&DOFXODWH�WKH�GHQVLW\�RI�WKH�FU\VWDO��$W��PDVV�RI�/L� �����
%� �����+� ��X��

6ROXWLRQ � 6LQFH�RUWKRUKRPELF�XQLW�FHOO�KDV�DOO�WKH�DQJOHV���
α� �β� �γ� ���“��WKHQ

� 9ROXPH�RI�XQLW�FHOO�  �D�º�E�º�F

�0RODU�PDVV�RI�/L%+��  ������������º��� ����J�PRO
y���
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3UREOHP�� �� �,URQ�FU\VWDOOL]HV�LQ�VHYHUDO�IRUPV��$W������.��
WKH�ERG\�FHQWUHG�FXELF�α�IRUP�RI�LURQ�FKDQJHV�WR�WKH�IDFH�
FHQWUHG�FXELF�γ�IRUP�RI�LURQ��$VVXPLQJ�WKDW�WKH�GLVWDQFH�
EHWZHHQ�WKH�QHDUHVW�QHLJKERXUV�LV�WKH�VDPH�LQ�WZR�IRUPV�
DW�WKH�WUDQVLWLRQ�WHPSHUDWXUH��FDOFXODWH�WKH�UDWLR�RI�
WKH�GHQVLW\�RI�α�IRUP�WR�WKDW�RI�γ�IRUP�DW�WKH�WUDQVLWLRQ�
WHPSHUDWXUH�
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6ROXWLRQ � )RU�ERG\�FHQWUHG�α�IRUP
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,03(5)(&7,216�,1�62/,'6
&U\VWDOOLQH� VROLGV� DUH� IRUPHG� E\� UHJXODU� UHSHWLWLRQ� RI� ODUJH� QXPEHU� RI�

XQLW� FHOOV� LQ� DOO� GLUHFWLRQV�� $Q� LRQLF� FU\VWDO� ZKLFK� KDV� WKH� VDPH� XQLW�
FHOO� FRQWDLQLQJ� WKH� VDPH� ODWWLFH� SRLQWV� WKURXJKRXW� WKH� ZKROH� RI�
FU\VWDO� LV� NQRZQ� DV� LGHDO� FU\VWDO�� +RZHYHU�� VXFK� LGHDO� FU\VWDOV� H[LVW�
RQO\� DW� DEVROXWH� ]HUR� ��� .�� WHPSHUDWXUH�� $W� DQ\� WHPSHUDWXUH� DERYH� �� .��
WKH� FU\VWDOV� KDYH� VRPH� GHSDUWXUH� IURP� FRPSOHWH� RUGHUHG� DUUDQJHPHQW�� ,Q�
DFWXDO� SUDFWLFH�� LW� LV� YHU\� GLIILFXOW� WR� JURZ� D� SHUIHFW� RU� DQ� LGHDO� FU\VWDO���
$� VROLG� FRQVLVWV� RI� D� QXPEHU� RI� PDQ\� VPDOO� LQGLYLGXDO� FU\VWDOV� RU� JUDLQV��
HDFK�RI�ZKLFK�LV�GHIRUPHG�EHFDXVH�LW�LV�KLJKO\�SDFNHG�DPRQJ�RWKHU�GHIRUPHG�
FU\VWDOV��(YHQ�VLQJOH�FU\VWDOV�ZKLFK�DUH�JURZQ�ZLWK�DOO�FDUH�DQG�ZKLFK�DSSHDU�
WR�EH�SHUIHFW�PD\�FRQWDLQ�VRPH�LQWHUQDO�LUUHJXODULWLHV��

$Q\�GHYLDWLRQ�IURP�FRPSOHWHO\�RUGHUHG�DUUDQJHPHQW�RI�FRQVWLWXHQW�
SDUWLFOHV�LQ�D�FU\VWDO� LV�FDOOHG�GLVRUGHU�RU�D�GHIHFW�



51.+&�56#6' ����

7KH� FU\VWDO� PD\� KDYH� DGGLWLRQDO� GHIHFWV� GXH� WR� WKH� SUHVHQFH� RI� VRPH�
LPSXULWLHV��7KH�WHUP�GLVRUGHU�RU�LPSHUIHFWLRQ� LV�JHQHUDOO\�XVHG�WR�GHQRWH�
GHSDUWXUH� IURP� SHUIHFWO\� RUGHUHG� VWDWH� RI� WKH� FRQVWLWXHQWV� RI� WKH� FU\VWDOV��
7KHVH� LPSHUIHFWLRQV�ZLOO� QRW� RQO\� FKDQJH� WKH� SURSHUWLHV� RI� WKH� FU\VWDOV� EXW�
DOVR�JLYH�ULVH�WR�QHZ�SURSHUWLHV�

7<3(6�2)�'()(&76

%URDGO\�VSHDNLQJ��WKHUH�DUH�WZR�W\SHV�RI�GHIHFWV�

�L��3RLQW�GHIHFWV� �LL��/LQH�GHIHFWV

�L��3RLQW�GHIHFWV

7KH�GHIHFWV�ZKLFK�DULVH� GXH� WR� WKH� LUUHJXODULW\�RU�GHYLDWLRQV� IURP�
LGHDO�DUUDQJHPHQW�RI�DWRPV�DURXQG�D�SRLQW�RU�DQ�DWRP�LQ�D�FU\VWDOOLQH�
VXEVWDQFH�DUH�FDOOHG�SRLQW�GHIHFWV�RU�DWRPLF�LPSHUIHFWLRQV�

�LL��/LQH�GHIHFWV

7KH�GHIHFWV�ZKLFK�DULVH�GXH�WR�LUUHJXODULWLHV�RU�
GHYLDWLRQV�IURP�LGHDO�DUUDQJHPHQW�LQ�HQWLUH�URZ�RI�
ODWWLFH�SRLQWV�DUH�FDOOHG�OLQH�GHIHFWV�

7KHVH� LUUHJXODULWLHV� DUH� FDOOHG� FU\VWDO� GHIHFWV� RU�
FU\VWDO�LPSHUIHFWLRQV��,Q�WKH�SUHVHQW�XQLW�ZH�VKDOO�FRQILQH�
RXU�GLVFXVVLRQ�WR�SRLQW�GHIHFWV�RQO\�

32,17�'()(&76�,1�62/,'6

7KH�SRLQW� GHIHFWV� DULVH� GXH� WR�DQ\� RQH�RI� WKH� IROORZLQJ�
FDXVHV��

�L��9DFDQF\�GHIHFW��:KHQ�VRPH�RI�WKH�ODWWLFH�VLWHV�DUH�
YDFDQW��WKH�FU\VWDO�LV�VDLG�WR�KDYH�YDFDQF\�GHIHFW��)LJ�������
7KH�XQRFFXSLHG�SRVLWLRQV�DUH�FDOOHG�YDFDQFLHV��7KLV�GHIHFW�
UHVXOWV�LQ�GHFUHDVH�LQ�GHQVLW\�RI�WKH�VXEVWDQFH��7KLV�W\SH�
RI� GHIHFW� PD\� DOVR� GHYHORS�ZKHQ� D� VXEVWDQFH� LV� KHDWHG�
DQG�WKHUHIRUH��LW�LV�DOVR�FDOOHG�WKHUPRG\QDPLF�GHIHFW�

��LL���,QWHUVWLWLDO� GHIHFW�� :KHQ� VRPH� FRQVWLWXHQW�
SDUWLFOHV� �DWRPV� RU� PROHFXOHV�� RFFXS\� YDFDQW� LQWHUVWLWLDO�
SRVLWLRQV�� WKH� FU\VWDO� LV� VDLG� WR�KDYH� LQWHUVWLWLDO�GHIHFW��
�)LJ�������7KLV�GHIHFW�LQFUHDVHV�WKH�GHQVLW\�VOLJKWO\�

,W�PD\�EH�QRWHG�WKDW�YDFDQF\�DQG�LQWHUVWLWLDO�GHIHFWV�
DUH� VKRZQ� E\� QRQ�LRQLF� VROLGV�� 2Q� WKH� RWKHUKDQG�� LRQLF�
VROLGV�PXVW�DOZD\V�PDLQWDLQ�HOHFWULFDO�QHXWUDOLW\�

7KH�SRLQW�GHIHFWV�LQ�LRQLF�FU\VWDOV�PD\�EH�FODVVLILHG�DV�

$��'HIHFWV�LQ�VWRLFKLRPHWULF�FU\VWDOV�

%��'HIHFWV�LQ�QRQ�VWRLFKLRPHWULF�FU\VWDOV�

&��,PSXULW\�GHIHFWV
$��3RLQW�'HIHFWV�LQ�6WRLFKLRPHWULF�&U\VWDOV

6WRLFKLRPHWULF�FRPSRXQGV�DUH� WKRVH� LQ�ZKLFK� WKH�QXPEHU� RI� SRVLWLYH�
DQG�QHJDWLYH�LRQV�DUH�H[DFWO\�LQ�WKH�UDWLRV�LQGLFDWHG�E\�WKHLU�FKHPLFDO�IRUPXODH��
)RU� VLPSOLFLW\��ZH�FDQ�FRQVLGHU�WKH�FRPSRXQGV�RI�WKH� W\SH�$%�KDYLQJ�HTXDO�
QXPEHU�RI�$��DQG�%y�LRQV��7KH�GHIHFWV�LQ�WKHVH�W\SHV�RI�FRPSRXQGV�DUH�FDOOHG�
VWRLFKLRPHWULF�GHIHFWV��,Q�WKHVH�FRPSRXQGV�WZR�W\SHV�RI�GHIHFWV�DUH�JHQHUDOO\�
REVHUYHG��7KHVH�DUH��

��� �6FKRWWN\�GHIHFW���
��� �)UHQNHO�GHIHFW�

���6FKRWWN\�GHIHFW�

7KLV�GHIHFW�ZDV�GLVFRYHUHG�E\�*HUPDQ�VFLHQWLVW�6FKRWWN\�LQ�������,W�DULVHV�
LI� VRPH�RI� WKH�DWRPV�RU� LRQV� DUH�PLVVLQJ�IURP�WKHLU�QRUPDO� ODWWLFH� VLWHV��7KH�
ODWWLFH�VLWHV�ZKLFK�DUH�XQRFFXSLHG�DUH�FDOOHG�ODWWLFH�YDFDQFLHV�RU�KROHV��6LQFH�
WKH� FU\VWDO� LV� WR� UHPDLQ� HOHFWULFDOO\� QHXWUDO�� HTXDO� QXPEHU� RI� FDWLRQV� DQG�
DQLRQV�DUH�PLVVLQJ��7KH�LGHDO�$%�FU\VWDO� LV�VKRZQ�LQ�)LJ������7KH�H[LVWHQFH�

)LJ������$Q�LGHDO�FU\VWDO�

)LJ������9DFDQF\�GHIHFW�

8CECPE[

8CECPE[

)LJ������,QWHUVWLWLDO�GHIHFW�

2CTVKENG�
QEEWR[KPI�
KPVGTUVKVKCN�
RQUKVKQP

2CTVKENG�
QEEWR[KPI�
KPVGTUVKVKCN�
RQUKVKQP
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RI�WZR�KROHV�RQH�GXH�WR�D�PLVVLQJ�FDWLRQ�DQG�WKH�RWKHU�GXH�WR�D�PLVVLQJ�DQLRQ�
LV�VKRZQ�LQ�)LJ������7KLV�LV�EDVLFDOO\�D�YDFDQF\�GHIHFW�LQ�LRQLF�VROLGV�

&RQGLWLRQV�FDXVLQJ�6FKRWWN\�GHIHFWV�� 7KLV� W\SH� RI� GHIHFW� LV� XVXDOO\�
REVHUYHG�LQ�VWURQJO\�LRQLF�FRPSRXQGV�KDYLQJ

� �L���KLJK�FR�RUGLQDWLRQ�QXPEHU��DQG

� �LL���LRQV��FDWLRQV�DQG�DQLRQV��RI�DOPRVW�VLPLODU�VL]HV�

)RU�H[DPSOH��1D&O��.&O��.%U��&V&O�DQG�$J%U�LRQLF�VROLGV�KDYH�6FKRWWN\�
GHIHFWV�� ,W� KDV� EHHQ� REVHUYHG� WKDW� LQ�1D&O�� WKHUH� DUH� DERXW� ���� 6FKRWWN\�
SDLUV�SHU�FP��DW�URRP�WHPSHUDWXUH��,Q�RQH�FP���WKHUH�DUH�DERXW������LRQV�
DQG� WKLV�PHDQV� WKDW� WKHUH� ZLOO� EH� RQH� 6FKRWWN\� GHIHFW� SHU� ����� LRQV� LQ�
1D&O��%HFDXVH�RI� WKH�SUHVHQFH�RI� ODUJH�QXPEHU�RI� YDFDQFLHV� LQ� FU\VWDOV��
LWV�GHQVLW\�LV�PDUNHGO\�ORZHUHG�

���)UHQNHO�GHIHFW�

7KLV�GHIHFW�ZDV�GLVFRYHUHG�E\�D�5XVVLDQ�VFLHQWLVW�)UHQNHO�LQ�������,W�DULVHV�
ZKHQ�DQ�LRQ�LV�PLVVLQJ�IURP�LWV�QRUPDO�SRVLWLRQ��FDXVLQJ�D�YDFDQF\�RU�D�KROH��
DQG� RFFXSLHV� DQ� LQWHUVWLWLDO� VLWH� EHWZHHQ� WKH� ODWWLFH� SRLQWV��7KH� H[LVWHQFH� RI�
RQH�KROH�GXH�WR�D�PLVVLQJ�FDWLRQ� IURP�LWV�QRUPDO�SRVLWLRQ�DQG�RFFXS\LQJ�DQ�
LQWHUVWLWLDO�SRVLWLRQ�LV�VKRZQ�LQ�)LJ������,Q�WKLV�FDVH�DOVR��WKH�FU\VWDO�UHPDLQV�
HOHFWULFDOO\�QHXWUDO�EHFDXVH�WKH�QXPEHU�RI�DQLRQV�DQG�FDWLRQV�UHPDLQV�WKH�VDPH�

7KLV�GHIHFW�LV�DOVR�NQRZQ�DV�LQWHUVWLWLDO�GHIHFW��,W�FUHDWHV�D�YDFDQF\�GHIHFW�
DW�LWV�RULJLQDO�SRVLWLRQ�DQG�DQ�LQWHUVWLWLDO�GHIHFW�LQ�LWV�QHZ�ORFDWLRQ�

&RQGLWLRQV� FDXVLQJ�)UHQNHO�GHIHFWV��7KLV�GHIHFW� JHQHUDOO\� RFFXUV� LQ�
FRPSRXQGV�LQ�ZKLFK�

� �L���FR�RUGLQDWLRQ�QXPEHU�LV�ORZ�

� �LL���DQLRQV�DUH�PXFK�ODUJHU�LQ�VL]H�WKDQ�WKH�FDWLRQV�

,Q�SXUH�DONDOL�PHWDO�KDOLGHV��WKHVH�GHIHFWV�DUH�QRW�YHU\�FRPPRQ�EHFDXVH�
WKH� LRQV�FDQQRW�JHW� LQWR� LQWHUVWLWLDO�SRVLWLRQV�GXH�WR� WKHLU� ODUJH�VL]HV��7KHVH�
GHIHFWV� FDQ� EH� IRXQG� LQ� VLOYHU� KDOLGHV� VXFK� DV� $J&O�� $J%U�� $J,�� =Q6�� HWF��
%HFDXVH�RI�WKH�VPDOO�VL]H�RI�WKH�$J��LRQ�DQG�=Q���LRQ��WKHVH�LRQV�FDQ�JR�LQWR�
WKH�LQWHUVWLWLDO�VLWHV�

:H�REVHUYH�WKDW�YDFDQFLHV�RU�KROHV�DUH�SUHVHQW�LQ�FU\VWDOV�ZLWK�6FKRWWN\�DV�
ZHOO�DV�)UHQNHO�GHIHFW�EXW�WKH�IRUPHU�OHDGV�WR�GHFUHDVH�LQ�WKH�RYHUDOO�GHQVLW\�RI�
WKH�VXEVWDQFH�EXW�WKH�ODWWHU�GRHV�QRW�

,W�PD\�EH�QRWHG�WKDW�LQ�DGGLWLRQ�WR�WZR�EDVLF�W\SHV�RI�GHIHFWV��6FKRWWN\�DQG�
)UHQNHO���DQRWKHU�K\EULG�W\SH�RI�GHIHFW�FDQ�DOVR�DULVH�IURP�D�FRPELQDWLRQ�RI�WKH�WZR��

&RQVHTXHQFHV�RI�6FKRWWN\�DQG�)UHQNHO�'HIHFWV��6FKRWWN\�DQG�)UHQNHO�
GHIHFWV� LQ� FU\VWDOV� OHDG� WR� VRPH� LQWHUHVWLQJ� FRQVHTXHQFHV�� 7KHVH� DUH� JLYHQ��
EHORZ��

���%HFDXVH�RI�WKH�SUHVHQFH�RI� WKHVH�GHIHFWV��WKH�HOHFWULFDO�FRQGXFWLYLW\�RI�
FU\VWDOV�LQFUHDVHV��:KHQ�DQ�HOHFWULF�ILHOG�LV�DSSOLHG��D�QHDUE\�LRQ�PRYHV�IURP�
LWV� ODWWLFH� VLWH� WR� RFFXS\� D� tKROHu�� 7KLV� UHVXOWV� LQ� FUHDWLQJ� D� QHZ� tKROHu� DQG�
DQRWKHU�QHDUE\�LRQ�PRYHV�LQWR�LW�DQG�VR�RQ��7KLV�SURFHVV�FRQWLQXHV�DQG�D�KROH��
WKHUHE\��PRYHV�IURP�RQH�HQG�WR�WKH�DQRWKHU�HQG��7KXV��LW�FRQGXFWV�HOHFWULFLW\�
DFURVV�WKH�ZKROH�RI�WKH�FU\VWDO�

���'XH�WR�WKH�SUHVHQFH�RI�KROHV�LQ�WKH�FU\VWDO��LWV�GHQVLW\�GHFUHDVHV��+RZHYHU��
LW�PD\�EH�QRWHG�WKDW�GHQVLW\�GHFUHDVHV�RQO\�IRU�FU\VWDOV�KDYLQJ�6FKRWWN\�GHIHFWV�

���7KH�SUHVHQFH� RI� tKROHVu� DOVR� GHFUHDVHV� WKH� ODWWLFH� HQHUJ\� RU� WKH� VWDELOLW\�
RI� WKH� FU\VWDO��7KH�SUHVHQFH� RI� WRR�PDQ\�KROHV�PD\� FDXVH� D� SDUWLDO� FROODSVH�
RI�WKH�ODWWLFH�

���7KH� FORVHQHVV� RI� VLPLODU� FKDUJHV� LQ� )UHQNHO� GHIHFWV� WHQGV� WR� LQFUHDVH�
WKH�GLHOHFWULF�FRQVWDQW�RI�WKH�FU\VWDOV��

)LJ������7KH�6FKRWWN\�GHIHFW�LQ�
FU\VWDOV�

%CVKQP�XCECPE[ #PKQP�XCECPE[

)LJ������$�)UHQNHO�GHIHFW�

%CVKQP�KP�
+PVGTUVKVKCN�UKVG%CVKQP�XCECPE[

,W�PD\�EH�QRWHG�WKDW��LQ�FHUWDLQ�LRQLF�
VROLGV� VXFK� DV� $J%U�� ERWK� 6FKRWWN\�
DQG�)UHQNHO�GHIHFWV�RFFXU�
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'LIIHUHQFHV�EHWZHHQ�6FKRWWN\�DQG�)UHQNHO�'HIHFWV

�,W�LV�SURGXFHG�ZKHQ�VRPH�DWRPV�RU�LRQV�
DUH�GLVSODFHG�IURP�WKHLU�QRUPDO�VLWHV�DQG�
RFFXS\�LQWHUVWLWLDO�VLWHV���

,W�GRHV�QRW�DIIHFW�WKH�GHQVLW\�RI�WKH�FU\VWDO��

�,W� LV�JHQHUDOO\�H[KLELWHG�E\�LRQLF�VROLGV�
KDYLQJ� ORZ� FR�RUGLQDWLRQ� QXPEHU� DQG�
LQ�ZKLFK�DQLRQV�DUH�ODUJHU�LQ�VL]H�WKDQ�
FDWLRQV�H�J���$J&O��=Q6�

� ����,W� LV� SURGXFHG� EHFDXVH� RI� PLVVLQJ�
DWRPV� RU� LRQV� IURP� WKHLU� QRUPDO�
FU\VWDO�VLWHV��

� ����7KH� SUHVHQFH� RI� 6FKRWWN\� GHIHFW�
ORZHUV�WKH�GHQVLW\�RI�WKH�FU\VWDO��

� ����,W�LV�JHQHUDOO\�VKRZQ�E\�LRQLF�VROLGV�
KDYLQJ�KLJK� FR�RUGLQDWLRQ�QXPEHU�
DQG�LQ�ZKLFK�FDWLRQV�DQG�DQLRQV�DUH�

RI�HTXDO�VL]HV�H�J���1D&O��&V&O�

� � � � 6FKRWWN\�GHIHFW� � � � � � � � � � )UHQNHO�GHIHFW

%��3RLQW�'HIHFWV�LQ�1RQ�6WRLFKLRPHWULF�&U\VWDOV

7KH� FRPSRXQGV� LQ�ZKLFK� WKH� UDWLR� RI� SRVLWLYH� DQG� QHJDWLYH� LRQV� SUHVHQW�
LQ� WKH� FRPSRXQG�GLIIHUV� IURP� WKDW� UHTXLUHG�E\� LGHDO�FKHPLFDO� IRUPXOD� RI� WKH�
FRPSRXQG� DUH� FDOOHG� QRQ�VWRLFKLRPHWULF� FRPSRXQGV�� 
� 7KH� GHIHFWV� LQ�
WKHVH� FRPSRXQGV�DUH�FDOOHG�QRQ�VWRLFKLRPHWULF�GHIHFWV��9DQDGLXP�R[LGH��
IRU�H[DPSOH�KDV��WKH�IRUPXOD�92[�ZKHUH�[�OLHV�EHWZHHQ�����DQG������6LPLODUO\���
LURQ� �,,��R[LGH�RI� LGHDO�FRPSRVLWLRQ�)H2�DUH�GLIILFXOW�WR�REWDLQ��1RUPDOO\��ZH�
JHW�VDPSOHV�RI�PRUH� R[\JHQ�DWRPV� WKDQ�LURQ�DWRPV� �FRPSRVLWLRQ�RI�)H�����2�
EXW� LW�PD\� UDQJH� IURP�)H�����2� WR�)H�����2���=Q2�XVXDOO\�KDV�H[FHVV� RI� ]LQF�
DWRPV�WKDQ�R[\JHQ�DWRPV��=Q2[��[�������+RZHYHU��LW�PD\�EH�QRWHG�WKDW�LQ�HDFK�
FDVH��WKH�HOHFWULFDO�QHXWUDOLW\�RI�WKH�FU\VWDO�LV�PDLQWDLQHG��1RQ�VWRLFKLRPHWULF��
EHKDYLRXU�LV�PRVW�FRPPRQO\�IRXQG�IRU�WUDQVLWLRQ�PHWDO�FRPSRXQGV��,W�LV�DOVR�
IRXQG�IRU�VRPH�ODQWKDQRLGV�DQG�DFWLQRLGV�

7KHVH�DUH�RI�WZR�W\SHV�GHSHQGLQJ�XSRQ�ZKHWKHU�SRVLWLYH�LRQV�DUH�LQ�H[FHVV�
RU�QHJDWLYH�LRQV�DUH�LQ�H[FHVV��7KHVH�DUH�DOVR�NQRZQ�DV�PHWDO�H[FHVV�GHIHFWV�
DQG�PHWDO� GHILFLHQF\� GHIHFWV� UHVSHFWLYHO\�� 6RPH� RI� WKHVH� H[DPSOHV� DUH�
JLYHQ�EHORZ��

�$��0HWDO�([FHVV�'HIHFWV
,Q�WKHVH�GHIHFWV�� WKH�SRVLWLYH� LRQV� DUH� LQ�H[FHVV��7KHVH�PD\�DULVH�GXH� WR�

WKH�IROORZLQJ�WZR�ZD\V��
� �L���DQLRQLF�YDFDQFLHV
� �LL�� SUHVHQFH�RI�H[WUD�FDWLRQV�LQ�LQWHUVWLWLDO�VLWHV��
�L�� $QLRQ� YDFDQFLHV�� ,Q� WKLV� FDVH��QHJDWLYH� LRQV�PD\� EH� PLVVLQJ� IURP�

WKHLU� ODWWLFH� VLWHV� OHDYLQJ� KROHV� LQ� ZKLFK� WKH� HOHFWURQV� UHPDLQ� HQWUDSSHG� WR�
PDLQWDLQ�WKH�HOHFWULFDO�QHXWUDOLW\��7KLV�LV�VKRZQ�LQ�)LJ������(YLGHQWO\��WKHUH�LV�
DQ�H[FHVV�RI�SRVLWLYH��PHWDO��LRQV�DOWKRXJK��WKH�FU\VWDO�DV�D�ZKROH�LV�HOHFWULFDOO\�
QHXWUDO��7KLV�W\SH�RI�GHIHFW� LV�REVHUYHG�LQ�WKRVH�FU\VWDOV�ZKLFK�DUH�� OLNHO\�WR�
IRUP�6FKRWWN\�GHIHFWV��

,Q�DONDOL�PHWDO�KDOLGHV��DQLRQ�YDFDQFLHV�DUH�SURGXFHG�ZKHQ�DONDOL�PHWDO�
KDOLGH�FU\VWDOV�DUH�KHDWHG�LQ�WKH�DWPRVSKHUH�RI�WKH�DONDOL�PHWDO�YDSRXUV��)RU�
H[DPSOH��ZKHQ�FU\VWDO�RI�1D&O�DUH�KHDWHG�LQ�DQ�DWPRVSKHUH�RI�VRGLXP�YDSRXU��
WKH�H[FHVV�RI� VRGLXP�DWRPV�DUH�GHSRVLWHG� RQ�WKH� VXUIDFH�RI� WKH� FU\VWDO��7KH��
&Oy� LRQV�GLIIXVH� WR� WKH�VXUIDFH�RI� WKH� FU\VWDO� DQG� FRPELQH�ZLWK�1D�DWRPV�WR�
JLYH�1D&O�� 7KLV� KDSSHQV� E\� WKH� ORVV� RI� HOHFWURQV� E\� VRGLXP� DWRPV� WR� IRUP�
1D��LRQV��7KH�HOHFWURQV��WKXV�SURGXFHG�E\�WKH�LRQLVDWLRQ�RI�WKH�VRGLXP�DWRPV�
GLIIXVH�LQWR�WKH�FU\VWDO�DQG�JHW�WUDSSHG�DW�WKH�DQLRQ�YDFDQFLHV��7KH�HOHFWURQV�
WUDSSHG�LQ�DQLRQ�YDFDQFLHV�DUH�UHIHUUHG�WR�DV�)�FHQWUHV��IURP�*HUPDQ�ZRUG�
IDUEHQ]HQWHU��PHDQLQJ�FRORXU�FHQWUH���7KH\�LPSDUW�\HOORZ�FRORXU�WR�WKH�FU\VWDOV�
RI�1D&O��7KH�FRORXU�UHVXOWV�E\�H[FLWDWLRQ�RI�WKHVH�HOHFWURQV�ZKHQ�WKH\�DEVRUE�
HQHUJ\� IURP� WKH� YLVLEOH� OLJKW� IDOOLQJ� RQ� WKH� FU\VWDOV�� 6LPLODUO\�� H[FHVV� RI�

)LJ������0HWDO�H[FHVV�GHIHFWV�GXH�WR�
DQLRQ�YDFDQF\�

'NGEVTQP
TGOCKPU
VTCRRGF
KP�CPKQP
XCECPE[

7KH� HOHFWURQV� WUDSSHG� LQ� DQLRQ�
YDFDQFLHV� DUH� FDOOHG� )�FHQWUHV�
EHFDXVH�WKH\�LPSDUW�FRORXU�WR�FU\VWDOV�
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SRWDVVLXP�LQ�.&O�PDNHV�WKH�FU\VWDO�DSSHDU�YLROHW��RU�OLODF���H[FHVV�RI�OLWKLXP�
LQ�/L&O�PDNHV�WKH�FU\VWDO�DSSHDU�SLQN�

�LL��([FHVV�FDWLRQV� RFFXS\LQJ� LQWHUVWLWLDO� VLWHV�� ,Q� WKLV� FDVH�� WKHUH�
DUH�H[WUD�SRVLWLYH�LRQV�RFFXS\LQJ�LQWHUVWLWLDO�VLWHV�DQG�WKH�HOHFWURQV�LQ�DQRWKHU�
LQWHUVWLWLDO� VLWHV� WR�PDLQWDLQ� HOHFWULFDO� QHXWUDOLW\��7KLV� LV� VKRZQ� LQ� )LJ�� ����
7KH�GHIHFW�PD\�EH�YLVXDOLVHG�DV�WKH�ORVV�RI�QRQ�PHWDO�DWRPV�ZKLFK�OHDYH�WKHLU�
HOHFWURQV�EHKLQG��7KH�H[FHVV�PHWDO�LRQV�RFFXS\�LQWHUVWLWLDO�SRVLWLRQV�

7KLV�W\SH�RI�GHIHFW�LV�IRXQG�LQ�FU\VWDOV�ZKLFK�DUH�OLNHO\�WR�GHYHORS�)UHQNHO�
GHIHFW��7KH�FRPPRQ�H[DPSOH�LV�]LQF�R[LGH��=LQF�R[LGH��=Q2��LV�ZKLWH�LQ�FRORXU�DW�
URRP�WHPSHUDWXUH��2Q�KHDWLQJ��LW�ORVHV�R[\JHQ�UHYHUVLEO\�DW�KLJK�WHPSHUDWXUHV�
DQG�WXUQV�\HOORZ�LQ�FRORXU�

=Q2�
Heat' �''' �=Q�����

1
2
2�����H

y

�7KH�H[FHVV�=Q��� LRQV�DUH�WUDSSHG�LQ� LQWHUVWLWLDO�VLWHV�DQG�HTXDO�QXPEHU�
RI�HOHFWURQV�DUH�WUDSSHG�LQ�WKH�QHLJKERXUKRRG�WR�EDODQFH�WKH�HOHFWULFDO�FKDUJH��
7KHVH�HOHFWURQV�JLYH�ULVH�WR�HQKDQFHG�HOHFWULFDO�FRQGXFWLYLW\�

&RQVHTXHQFHV�RI�0HWDO�([FHVV�'HIHFWV

���7KH�FU\VWDOV�ZLWK�PHWDO�H[FHVV�GHIHFWV�FRQGXFW�HOHFWULFLW\�GXH�WR�WKH�SUHVHQFH�
RI�IUHH�HOHFWURQV��+RZHYHU��WKH�FRQGXFWLYLW\�LV�YHU\�ORZ�EHFDXVH�RI�WKH�QXPEHU�
RI�GHIHFWV�DQG�WKHUHIRUH��WKH�QXPEHU�RI�IUHH�HOHFWURQV�LV�YHU\�VPDOO��%HFDXVH�
RI� ORZ� FRQGXFWLYLW\� DV� FRPSDUHG� WR� FRQGXFWLYLW\� RI� PHWDOV�� WKHVH� DUH� FDOOHG�
VHPLFRQGXFWRUV��7KHVH� FRPSRXQGV�DUH� DOVR�FDOOHG�Q�W\SH� � VHPL�FRQGXFWRUV�
VLQFH�WKH�FXUUHQW�LV�FDUULHG�E\�WKH�HOHFWURQV�LQ�WKH�QRUPDO�ZD\�

��� 7KH� FU\VWDOV� ZLWK� PHWDO� H[FHVV� GHIHFWV� DUH� JHQHUDOO\� FRORXUHG�� )RU�
H[DPSOH�� QRQ�VWRLFKLRPHWULF� VRGLXP� FKORULGH� LV� \HOORZ�� QRQ�VWRLFKLRPHWULF�
SRWDVVLXP�FKORULGH�LV�YLROHW�

�%��0HWDO�'HILFLHQW�'HIHFWV

7KHVH�FRQWDLQ�OHVV�QXPEHU�RI�SRVLWLYH�LRQV�WKDQ�QHJDWLYH�LRQV��7KHVH�DULVH�
GXH�WR�WZR�ZD\V��

��L���&DWLRQ�YDFDQFLHV

��LL���([WUD�DQLRQV�RFFXS\LQJ�LQWHUVWLWLDO�VLWHV

�L��&DWLRQ�YDFDQFLHV�� ,Q� VRPH� FDVHV�� WKH� SRVLWLYH� LRQV�PD\� EH�PLVVLQJ�
IURP� WKHLU� ODWWLFH� VLWHV�� 7KH� H[WUD�QHJDWLYH� FKDUJH�PD\� EH� EDODQFHG�E\� VRPH�
QHDUE\�PHWDO�LRQ�DFTXLULQJ�WZR�SRVLWLYH�FKDUJHV�LQVWHDG�RI�RQH��7KLV�LV�VKRZQ�LQ��
)LJ������7KLV�W\SH�RI�GHIHFW�LV�SRVVLEOH�LQ�PHWDOV�ZKLFK�VKRZ�YDULDEOH�R[LGDWLRQ�
VWDWHV��7KH�FRPPRQ�H[DPSOHV�RI�FRPSRXQGV�KDYLQJ�WKLV�GHIHFW�DUH�IHUURXV�R[LGH��
IHUURXV�VXOSKLGH��QLFNHO�R[LGH�HWF�� ,Q�FDVH�RI�LURQ�S\ULWHV��)H6���IRU�H[DPSOH��
WZR�RXW�RI�WKUHH�IHUURXV�LRQV�LQ�D�ODWWLFH�PD\�EH�FRQYHUWHG�LQWR�)H���VWDWH�DQG�
WKH�WKLUG�)H���LRQ�PD\�EH�PLVVLQJ�IURP�LWV�ODWWLFH�VLWH��7KHUHIRUH��WKH�FU\VWDO�
FRQWDLQV�)H���DQG�)H���LRQV��7KLV�JLYHV�ULVH�WR�H[FKDQJH�RI�HOHFWURQV�IURP�RQH�
)H��� LRQ�WR�)H��� LRQ�LQ�ZKLFK�)H���FKDQJHV� WR�)H���DQG�)H���FKDQJHV�WR�)H���
LRQ��$V�D�UHVXOW��WKH�FU\VWDO�KDV�PHWDOOLF�OXVWUH��%HFDXVH�RI�WKH�QDWXUDO�FRORXU�
RI� LURQ�S\ULWHV�DQG�PHWDOOLF� OXVWUH�VRPH�VDPSOHV�RI�PLQHUDOV�VKLQH� OLNH�JROG�
DQG�KDYH�EHHQ�QLFN�QDPHG�DV�IRROuV�JROG��6LPLODUO\��)H2�LV�PRVWO\�IRXQG�ZLWK�
D� FRPSRVLWLRQ� RI� )H����2�� ,W� PD\� DFWXDOO\� UDQJH� IURP�)H����2� WR� )H����2�� ,Q�
FU\VWDOV�RI�)H2��VRPH�)H���LRQV�DUH�PLVVLQJ�DQG�WKH�ORVV�RI�SRVLWLYH�FKDUJH�LV�
PDGH�XS�E\�SUHVHQFH�RI�UHTXLUHG�QXPEHU�RI�)H���LRQV��0RUHRYHU��VLQFH�WKHUH�
LV�H[FKDQJH�RI�HOHFWURQV��WKH�VXEVWDQFHV�EHFRPH�FRQGXFWRUV�

�LL��([WUD�DQLRQV�RFFXS\LQJ� LQWHUVWLWLDO�VLWHV�� ,Q� WKLV� FDVH�� WKH� H[WUD�
DQLRQV�PD\� EH� RFFXS\LQJ� LQWHUVWLWLDO� SRVLWLRQV�� 7KH� H[WUD� QHJDWLYH� FKDUJH� LV�
EDODQFHG�E\�WKH�H[WUD�FKDUJHV��R[LGDWLRQ�RI�HTXDO�QXPEHU�RI�FDWLRQV�WR�KLJKHU�
R[LGDWLRQ� VWDWHV��RQ� WKH�DGMDFHQW�PHWDO� LRQV��7KLV� LV� VKRZQ� LQ�)LJ�� ����6XFK�

W\SH�RI�GHIHFW�LV�QRW�FRPPRQ�EHFDXVH�WKH�QHJDWLYH�LRQV�DUH�XVXDOO\�YHU\�ODUJH�
DQG�WKH\�FDQQRW�HDVLO\�ILW�LQWR�WKH�LQWHUVWLWLDO�VLWHV�

)LJ������0HWDO�H[FHVV�GHIHFWV��GXH�WR�
H[WUD�FDWLRQ��

)LJ�������0HWDO�GHILFLHQW�GHIHFW�GXH�WR�
FDWLRQ�YDFDQF\��

��

%CVKQP�
XCECPE[

/GVCN�
CESWKTKPI

JKIJGT�EJCTIG

)LJ������0HWDO�GHILFLHQW�GHIHFW�GXH�WR�
H[WUD�DQLRQ�

#PKQP�QEEWR[KPI�
KPVGTUVKVKCN�UKVG

/GVCN�CESWKTKPI�
JKIJGT�EJCTIG

%HFDXVH� RI� PHWDOOLF� OXVWUH� RI� VRPH�
PLQHUDOV� RI� LURQ� S\ULWHV�� WKH\� VKLQH�
OLNH�JROG�DQG�KDYH�EHHQ�QLFN�QDPHG�
DV�IRROuV�JROG�

4'/'/$'4
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&RQVHTXHQFHV�RI�0HWDO�'HILFLHQW�'HIHFWV

&U\VWDOV�ZLWK�PHWDO�GHILFLHQW�GHIHFWV�DUH�VHPLFRQGXFWRUV��7KH�FRQGXFWLYLW\�
LV�GXH�WR�WKH�PRYHPHQW�RI�HOHFWURQ�IURP�RQH�LRQ�WR�DQRWKHU��)RU�H[DPSOH��ZKHQ�
DQ�HOHFWURQ�PRYHV�IURP�LRQ�$���LW�FKDQJHV�WR�$����,W� LV�DOVR�FDOOHG�PRYHPHQW�

RI�SRVLWLYH�KROH�DQG�WKH�VXEVWDQFHV�DUH�FDOOHG�S�W\SH�VHPLFRQGXFWRUV�

�&��,PSXULW\�'HIHFWV

7KHVH�GHIHFWV�LQ� LRQLF�FU\VWDOV�DULVH�GXH� WR� WKH�SUHVHQFH�RI�VRPH�LPSXULW\�
LRQV�DW�WKH�ODWWLFH�VLWHV��LQ�SODFH�RI�KRVW�LRQV��RU�DW�WKH�YDFDQW�LQWHUVWLWLDO�VLWHV��

)RU� H[DPSOH�� LI�PROWHQ�1D&O� FRQWDLQLQJ�D� OLWWOH� DPRXQW� RI�6U&O�� LV� DOORZHG�
WR� FU\VWDOOLVH�� VRPH� RI� WKH� VLWHV� RI� 1D�� LRQV� DUH� RFFXSLHG� E\� 6U��� LRQV�� )RU�
HDFK� 6U��� LRQ� LQWURGXFHG�� WZR� 1D�� LRQV� DUH� UHPRYHG� WR� PDLQWDLQ� HOHFWULFDO�

QHXWUDOLW\�� 2QH� RI� WKHVH� ODWWLFH� VLWH� LV� RFFXSLHG� E\� 6U��� LRQ� DQG� WKH� RWKHU�
UHPDLQV�YDFDQW��7KLV� LV� VKRZQ� LQ�)LJ�� ����7KHUHIRUH�� WKHVH�YDFDQFLHV� UHVXOW�
LQ�LQFUHDVHG�HOHFWULFDO�FRQGXFWLYLW\�RI�WKH�VROLG��6LPLODU�GHIHFW�DQG�EHKDYLRXU�

LV�REVHUYHG�ZKHQ�&G&O��LV�DGGHG�WR�$J&O�

�� ([DPSOH����

� ,I�1D&O�LV�GRSHG�ZLWK���y��PRO��RI�6U&O���ZKDW�LV�WKH�
FRQFHQWUDWLRQ�RI�FDWLRQ�YDFDQF\�"�

�6ROXWLRQ����2QH�FDWLRQ�RI�6U���ZRXOG�FUHDWH�RQH�FDWLRQ�YDFDQF\�
LQ�1D&O��7KHUHIRUH��WKH�QXPEHU�RI�FDWLRQ�YDFDQFLHV�FUHDWHG�LQ�
WKH�ODWWLFH�RI�1D&O�LV�HTXDO�WR�WKH�QXPEHU�RI�GLYDOHQW�6U���LRQV�
DGGHG�

�∴�&RQFHQWUDWLRQ�RI�FDWLRQ�YDFDQF\�RQ�EHLQJ�GRSHG�ZLWK���y��
PRO���6U&O��

� ������������ ���y��PRO��� �� 10
100

3−
� ���y��PRO

�1R��RI�6U���LRQV�LQ���y��PRO�  � ��y��º�������º�����

� �  � ������º�� ���6U���LRQV

� 1R��RI�FDWLRQ�YDFDQFLHV�  � ������º������

�� ([DPSOH����
� $QDO\VLV� VKRZV� WKDW� QLFNHO� R[LGH� KDV� WKH� IRUPXOD�

1L����2������:KDW��IUDFWLRQV�RI�WKH�QLFNHO�H[LVW�DV�1L���DQG�
1L���LRQV�LQ�JLYHQ�R[LGH"��

� �3E�6�%�������
�6ROXWLRQ���1L����2����

�/HW�1L���EH�[�VR�WKDW�1L���ZLOO�EH������y�[��7RWDO�FKDUJH�RQ�
WKH�FRPSRXQG�PXVW�EH�]HUR�VR�WKDW�

� ���[�����������y�[��y���  � �

� ��[��������y��[�y���  � �

� y[�  � y�����
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)LJ������,QWURGXFWLRQ�RI�D�FDWLRQ�
YDFDQF\�LQ�1D&O�E\�VXEVWLWXWLRQ�RI��

1D��E\�6U���

0C


� ��RI�1L���  �
0 94
0 98
.
. �º����� ����

� ��RI�1L���  � ��
�� ([DPSOH����
� � ,I�$O���UHSODFHV�1D��LRQ�DW�WKH�HGJH�FHQWUH�RI�1D&O�ODWWLFH�

WKHQ�FDOFXODWH�WKH�YDFDQFLHV�LQ���PROH�RI�1D&O�

� � � � �6ROXWLRQ� ����PRO� RI�1D&O�FRQWDLQV���PRO�RI�1D�� LRQV� L�H�

�������º������1D��LRQV���

�1D&O� KDV� IFF� DUUDQJHPHQW� RI� &Oy� LRQV� DQG� 1D�� DUH�

SUHVHQW�DW�WKH�HGJH�FHQWUHV�DQG�ERG\�FHQWUHV��

6LQFH� WKHUH� DUH� ��� HGJHV� DQG� HDFK� HGJH� LV� VKDUHG� E\� �� XQLW�

FHOOV��WKHQ�FRQWULEXWLRQ�RI�&Oy�LRQV�SUHVHQW�DW�WKH�HGJH�FHQWUHV�LV�

1
4
12 3×  ��&RQWULEXWLRQ�RI�1D��LRQ�SUHVHQW�DW�WKH�ERG\�FHQWUH� ��

�7KXV��IRU�HYHU\���1D��LRQV��WKH�LRQV�SUHVHQW�DW�WKH�HGJH�FHQWUHV

 ����

� ∴ � 7KH�1D�� LRQV�ZKLFK�KDYH�EHHQ� UHSODFHG�E\�$O��� LRQV

� � � � �
3
4
6 022 10 4 5165 1023 23× × ×. .

� � 7R�PDLQWDLQ�HOHFWULFDO�QHXWUDOLW\����$O���LRQ�ZLOO�UHSODFH�
��1D��LRQV��7KLV�PHDQV�WKDW���SRVLWLRQ�ZLOO�EH�RFFXSLHG�
DQG�UHPDLQLQJ���ZLOO�EH�YDFDQW�

� � ∴ � 1R��RI�YDFDQFLHV�LQ���PROH�RI�1D&O

� � � � �
2
3
4 5165 1023× ×. � �������×�����

� �� � 7KH�FRPSRVLWLRQ�RI�D�VDPSOH�RI�ZXVWLWH�LV�)H�����2������:KDW�PDVV�SHUFHQWDJH�RI�
LURQ�LV�SUHVHQW�LQ�WKH�IRUP�RI�)H�,,,��LRQV��"�

� ���� $QDO\VLV�VKRZV�WKDW�D�PHWDO�R[LGH�KDV�WKH�HPSLULFDO�IRUPXOD�0�����2������&DOFXODWH�
WKH�SHUFHQWDJH�RI�0���DQG�0���LRQV�LQ�WKH�FU\VWDO���&�%�6�(��6DPSOH�3DSHU������

� ������

� ����������������

+LQWV�	�6ROXWLRQV�RQ�SDJH���
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7KHUH�LV�D�FORVH�UHODWLRQVKLS�EHWZHHQ�WKH�SURSHUWLHV�RI�D�VROLG�DQG�LWV�FRPSRVLWLRQ�
DQG�VWUXFWXUH��6RPH�LPSRUWDQW�SURSHUWLHV�RI�VROLGV�DUH�GLVFXVVHG�EHORZ��

���(OHFWULFDO�3URSHUWLHV�RI�6ROLGV

6ROLGV�H[KLELW�DQ�LQWHUHVWLQJ�UDQJH�RI�YDULDWLRQ�RI�HOHFWULFDO�FRQGXFWLYLWLHV�
H[WHQGLQJ�RYHU����RUGHUV�RI�PDJQLWXGH�UDQJLQJ�IURP���y���WR�����RKPy��Py���
ZKLFK�QR�RWKHU�SK\VLFDO�SURSHUW\�VKRZ�

2Q�WKH�EDVLV�RI�HOHFWULFDO�FRQGXFWLYLW\��VROLGV�FDQ�EH�FODVVLILHG�LQWR�WKUHH�
W\SHV��

�L��FRQGXFWRUV�

�LL��LQVXODWRUV�

�LLL��VHPLFRQGXFWRUV�

�L��&RQGXFWRUV��7KH�VROLGV�ZKLFK�DOORZ�WKH�SDVVDJH�RI�HOHFWULF�FXUUHQW�DUH�
FDOOHG�FRQGXFWRUV��7KH\�KDYH�FRQGXFWLYLWLHV�LQ�WKH�UDQJH�����WR�����RKPy��Py���
)RU�H[DPSOH��PHWDOV�KDYH�FRQGXFWLYLWLHV�RI�WKH�RUGHU�RI�����RKPy��Py��DQG�KHQFH�
DUH� WKH�EHVW� FRQGXFWRUV�RI� HOHFWULFLW\��&RQGXFWRUV�DUH� RI� WZR� W\SHV� ��PHWDOOLF�
FRQGXFWRUV�RU�HOHFWURO\WLF�FRQGXFWRUV�

�D��0HWDOOLF�FRQGXFWRUV�DUH�WKRVH�ZKLFK�DOORZ�WKH�HOHFWULFLW\�WR�SDVV�WKURXJK�
WKHP�ZLWKRXW�XQGHUJRLQJ�DQ\� FKHPLFDO� FKDQJH��)RU� H[DPSOH�� FRSSHU�� VLOYHU�
HWF��0HWDOV�FRQGXFW�HOHFWULFLW\�LQ�VROLG�DV�ZHOO�DV�LQ�PROWHQ�VWDWH��,Q�PHWDOOLF�
FRQGXFWRUV�� WKH� FRQGXFWDQFH� LV� GXH� WR� WKH�PRYHPHQW� RI� HOHFWURQV�XQGHU� WKH�
LQIOXHQFH�RI�DQ�DSSOLHG�HOHFWULF�SRWHQWLDO��7KH�VWUHDPV�RI�HOHFWURQV�FRQVWLWXWH�
WKH�FXUUHQW��7KH� FRQGXFWLYLW\�RI�PHWDOV� GHSHQGV�XSRQ�WKH�QXPEHU�RI� YDOHQFH�
HOHFWURQV�DYDLODEOH�SHU�DWRP�

�E��(OHFWURO\WLF�FRQGXFWRUV�DUH�WKRVH�ZKLFK�DOORZ�WKH�HOHFWULFLW\�WR�SDVV�
WKURXJK�WKHP�E\�XQGHUJRLQJ�FKHPLFDO�FKDQJH��7KH�FRQGXFWLRQ�LQ�LRQLF�VROLGV�LV�
GXH�WR�WKH�PLJUDWLRQ�RI�LRQV�RU�RWKHU�FKDUJHG�SDUWLFOHV�XQGHU�WKH�DSSOLHG�ILHOG��
'XH�WR�VWURQJ�HOHFWURVWDWLF�IRUFHV�RI�DWWUDFWLRQ��WKH�LRQLF�VROLGV�GR�QRW�FRQGXFW�
HOHFWULFLW\��+RZHYHU��WKHVH�FRQGXFW�HOHFWULFLW\�WR�D�JRRG�H[WHQW�ZKHQ�WKH\�DUH�

� 0HWDOV�FRQGXFW�HOHFWULFLW\�WKURXJK�
WKH�PRYHPHQW�RI�HOHFWURQV�

� (OHFWURO\WHV�FRQGXFW�HOHFWULFLW\�GXH�
WR�PRYHPHQW�RI�LRQV�

� 0HWDOV� FRQGXFW� HOHFWULFLW\� LQ� WKH�
VROLG�DV�ZHOO�DV�PROWHQ�VWDWH�

� (OHFWURO\WHV�FRQGXFW�HOHFWULFLW\�RQO\�
LQ�DTXHRXV�VROXWLRQ�RU�PROWHQ�VWDWH�

4'/'/$'4

352%/(06$GYDQFHG�/HYHO $FFHOHUDWH�<RXU�3RWHQWLDO
�IRU�-((�$GYDQFH�

3UREOHP�� �� ��$�PHWDO�FU\VWDOOL]HV�LQ�D�IDFH�FHQWUHG�FXELF�
XQLW�FHOO�ZLWK�D�� �������QP��&DOFXODWH�WKH�GHQVLW\�RI�WKH�
PHWDO�LI�LW�FRQWDLQV������6FKRWWN\�GHIHFWV���$WRPLF�PDVV�RI�
PHWDO� ����J�PROy��
6ROXWLRQ � 'XH�WR�6FKRWWN\�GHIHFW��WKH�YDFDQW�VSDFHV�ZLOO�

LQFUHDVH�UHVXOWLQJ�GHFUHDVH�LQ�QXPEHU�RI�DWRPV�SHU�XQLW�FHOO�

,Q�WKLV�FDVH��� =�  �� 4
4 0 1
100

3 996−

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� �  ��
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g mol

cm mol
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� � ������ J�FPy�

3UREOHP�� �� ��%\�;�UD\�GLIIUDFWLRQ�PHWKRG��WKH�XQLW�FHOO�
HGJH�OHQJWK�RI�VRGLXP�FKORULGH�LV�IRXQG�WR�EH�������SP��7KH�
GHQVLW\�RI�1D&O�LV�REVHUYHG�WR�EH�������J�FPy��

�L��3UHGLFW�WKH�W\SH�RI�GHIHFW�SUHVHQW�LQ�WKH�FU\VWDO�
�LL��&DOFXODWH�WKH�SHUFHQWDJH�RI��1D��DQG�&Oy�LRQV�

PLVVLQJ�

6ROXWLRQ � �L��7KH�GHQVLW\�FDQ�EH�FDOFXODWHG�DV

� ρ�� �� Z M

NA

×

×3a

=� ����IFF���0� ����������� ������J�PROy��

D� �������SP�RU� �������º���y���FP��1$� �������º���
��

∴�� ρ�� ��
4 58 5

562 6 10 6 022 1010 3 23


  

.

( . ) ( . )− � �������J�FPy�

�2EVHUYHG�GHQVLW\� �������J�FPy�

6LQFH�REVHUYHG�GHQVLW\�LV�OHVV�WKDQ�WKHRUHWLFDOO\�FDOFXODWHG�
YDOXH��WKLV�PHDQV�WKDW�VRPH�1D��DQG�&Oy�LRQV�DUH�PLVVLQJ�IURP�
WKHLU�ODWWLFH�VLWHV�L�H��WKH�FU\VWDO�KDV�6FKRWWN\�GHIHFW�

�LL��$FWXDO�IRUPXOD�XQLWV�RI�1D&O�SHU�XQLW�FHOO�FDQ�EH�FDOFXODWHG�
DV��

� =� �
a3 N

M
A ρ

 ��
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4
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:LWK�LQFUHDVH�LQ�WHPSHUDWXUH�

HOHFWULFDO�FRQGXFWLYLW\�RI

�PHWDOV�GHFUHDVHV

�VHPLFRQGXFWRUV�LQFUHDVHV�

4'/'/$'4

5DQJH�RI�FRQGXFWLYLW\
�&RQGXFWRUV� �� �� �� W R � ����

RKPy�Py�

�6HPLFRQGXFWRUV� �� ��y�� WR � ����
RKPy�Py�

�,QVXODWRUV� �� ��y��� WR� ��y���
RKPy�Py��

4'/'/$'4

/HDUQLQJ�3OXV
,W�LV�YHU\�LQWHUHVWLQJ�WR�QRWH�WKDW�
WUDQVLWLRQ�PHWDO�PRQR[LGHV��02���
DOO� RI� ZKLFK� KDYH� VLPLODU�1D&O�
VWUXFWXUHV� VKRZ� YHU\� PDUNHG�
GLIIHUHQFHV� LQ� WKHLU� HOHFWULFDO�
SURSHUWLHV�

� 7L2�LV�PHWDOOLF��0Q2��)H2��&X2��
HWF�� DUH� LQVXODWRUV�ZKLOH�92� LV�
PHWDOOLF�RU� LQVXODWRU�GHSHQGLQJ�
XSRQ�WHPSHUDWXUH�

� &U2�� LV� PHWDOOLF�� 0Q2�� LV�
LQVXODWRU�ZKLOH�92�� LV�PHWDOOLF�
RU� LQVXODWRU� GHSHQGLQJ� XSRQ�
WHPSHUDWXUH�

� 5H2��LV�PHWDOOLF��ZKLOH�92��DQG�
7L2�� DUH�PHWDOOLF� RU� LQVXODWRU�
GHSHQGLQJ�XSRQ�WHPSHUDWXUH�

t �7KXV�� WUDQVLWLRQ�PHWDO� R[LGHV�
VKRZ� PDUNHG� GLIIHUHQFHV� LQ�
HOHFWULFDO�SURSHUWLHV�

7R�VXP�XS

�7L2��&U2���5H2��DUH�PHWDOOLF�

�0Q2��)H2��&X2��DUH�LQVXODWRUV

�92��92���9�2���7L2��HWF��FKDQJH�
IURP�PHWDOOLF� WR� LQVXODWRU�DW�D�
FHUWDLQ�WHPSHUDWXUH�

�5KHQLXP�R[LGH�� 5H2��KDV�
DSSHDUDQFH� DV� ZHOO � DV�
FRQGXFWLYLW\�OLNH�FRSSHU�

LQ�WKHLU�PROWHQ�VWDWH�RU�LQ�WKH�IRUP�RI�WKHLU�DTXHRXV�VROXWLRQV��,Q�WKHVH�VWDWHV��
WKH�LRQV�RI�WKH�HOHFWURO\WH�EHFRPH�IUHH�DQG�WKH\�FRQGXFW�HOHFWULFLW\�GXH�WR�WKH�
PRYHPHQW�RI�LRQV�

� �LL���,QVXODWRUV��7KH� VROLGV�ZKLFK� GR�QRW� DOORZ� WKH� SDVVDJH� RI� HOHFWULF�
FXUUHQW� WKURXJK� WKHP� DUH� FDOOHG� LQVXODWRUV�� 7KH\� KDYH� YHU\� YHU\� ORZ�
FRQGXFWLYLWLHV�UDQJLQJ�EHWZHHQ���y���WR���y���RKPy��Py���)RU�H[DPSOH��ZRRG��
VXOSKXU��SKRVSKRUXV��UXEEHU�HWF�

� �LLL���6HPLFRQGXFWRUV��7KH�VROLGV�ZKRVH�FRQGXFWLYLW\�OLHV�EHWZHHQ�WKRVH�
RI� W\SLFDO�PHWDOOLF� FRQGXFWRUV� DQG� LQVXODWRUV�DUH� FDOOHG�VHPLFRQGXFWRUV��
7KH�VHPLFRQGXFWRUV�KDYH�FRQGXFWLYLW\�LQ�WKH�UDQJH�RI���y��WR�����Ωy��Py���7KH�
FRQGXFWLYLW\�RI��VHPLFRQGXFWRUV�LV�GXH�WR�WKH�SUHVHQFH�RI�LPSXULWLHV�DQG�GHIHFWV�

(IIHFW�RI�7HPSHUDWXUH�RQ�&RQGXFWLYLW\
,Q�JHQHUDO��ZLWK�LQFUHDVH�LQ�WHPSHUDWXUH�WKH�FRQGXFWLYLW\�RI�PHWDOV�GHFUHDVHV�

ZKLOH�WKDW�RI�VHPLFRQGXFWRUV�LQFUHDVHV��+RZHYHU��WKHUH�LV�YHU\�OLWWOH�LQFUHDVH�
LQ�WKH�FRQGXFWLYLW\�RI�DQ�LQVXODWRU�DV�WKH�WHPSHUDWXUH�LV�LQFUHDVHG�

7KH�HOHFWULFDO�EHKDYLRXU�RI�VRPH�W\SLFDO�WUDQVLWLRQ�PHWDO�R[LGHV�DV�PHWDOV�
�0��� LQVXODWRUV� �,�� DQG� R[LGHV� VKRZLQJ� WUDQVLWLRQ� IURP� PHWDO� WR� LQVXODWRUV�
EHKDYLRXU��7��DW�D�FHUWDLQ�WHPSHUDWXUH�DUH�JLYHQ�EHORZ��

� 7L2��0�� 92��7�� � 0Q2�,�� )H2�,�� &R2�,��1L2�,��&X2�,�

� 7L�2���7�� 9�2���7�����&U�2��,�� 0Q�2���,�� )H�2��,�

� � 92���7���� ��&U2���0�� 0Q2���,�

� 7L2���,�� 9�2���,�

6LPLODU�EHKDYLRXU�LV�H[KLELWHG�E\�VXOSKLGHV��

0HFKDQLVP�RI�(OHFWULFDO�&RQGXFWLRQ

7KH�FRQGXFWLRQ�LQ�PRVW�RI�WKH�VROLGV�LV�WKURXJK�HOHFWURQ�PRYHPHQW�XQGHU�DQ�
HOHFWULF�ILHOG�+RZHYHU��LQ�VRPH�LRQLF�VROLGV��WKH�FRQGXFWLRQ�LV�E\�LRQV��7KHUHIRUH��
LQ�WKH�VROLGV�ZKHUH�WKH�FRQGXFWLRQ�LV�E\�WKH�PRYHPHQW�RI�HOHFWURQV��WKH�HOHFWULFDO�
FRQGXFWLYLW\� GHSHQGV� RQ� WKH�QXPEHU� RI� HOHFWURQV� DYDLODEOH� WR� SDUWLFLSDWH� LQ�
WKH�FRQGXFWLRQ�SURFHVV��7KH�GLIIHUHQFH� LQ�HOHFWULFDO� FRQGXFWDQFH� EHKDYLRXU�RI�
FRQGXFWRUV�� LQVXODWRUV�DQG�VHPLFRQGXFWRUV� FDQ�EH�H[SODLQHG�ZLWK�WKH�KHOS�RI�
EDQG�PRGHO��

%$1'�7+(25<�)25�(;3/$,1,1*�7+(�%(+$9,285�2)�0(7$/�
&21'8&7256��6(0,&21'8&7256�$1'�,168/$7256

7KH�ERQGLQJ�LQ�PHWDOV�FDQ�EH�H[SODLQHG�E\�H[WHQGLQJ�WKH�VLPSOH�PROHFXODU�
RUELWDO�WKHRU\�WR�PHWDOV��FDOOHG�EDQG�WKHRU\��7KH�EDVLV�RI�EDQG�WKHRU\�LV�WKDW�
D�PHWDO�ODWWLFH�KDV�DQ�H[WUHPHO\�ODUJH�QXPEHU�RI�DWRPV��7KH�DWRPLF�RUELWDOV�RI�
WKHVH�PHWDO�DWRPV�RYHUODS�WR�IRUP�D�ODUJH�QXPEHU�RI�PROHFXODU�RUELWDOV�ZKLFK�
DUH�VR�FORVH�LQ�HQHUJ\�WR�HDFK�RWKHU�WKDW�WKH\�IRUP�HQHUJ\�EDQGV�

/HW�XV�FRQVLGHU�DQ�H[DPSOH�RI�OLWKLXP�PHWDO��,JQRULQJ�LQQHU��V�HOHFWURQV�
ZKLFK�GR�QRW�LQYROYH�LQ�ERQGLQJ���V�RUELWDOV�RI�OLWKLXP�DWRPV�PD\�FRPELQH�WR�IRUP�
PROHFXODU�RUELWDOV��:H�KDYH�OHDUQW�WKDW�LQ�FDVH�RI�/L���WZR�DWRPV���V�$2V�RQ�WZR�
OLWKLXP�DWRPV�FRPELQH�WR�JLYH�WZR�02V��RQH�ERQGLQJ�02�DQG�RQH�DQWL�ERQGLQJ�
02�>)LJ������D�@��,I�ZH�KDYH�WKUHH�OLWKLXP�DWRPV��WKUHH��V�$2V�ZRXOG�FRPELQH�WR�
IRUP�WKUHH�02V��RQH�ERQGLQJ��RQH�DQWLERQGLQJ�DQG�RQH�QRQ�ERQGLQJ�>)LJ������E�@��
�7KH�HQHUJ\�RI�QRQ�ERQGLQJ�02�LV�LQ�EHWZHHQ�WKH�ERQGLQJ�DQG�DQWLERQGLQJ�
02��H[DFWO\�DW�WKH�VDPH�OHYHO�DV�WKH�HQHUJ\�RI�WKH�$2V��6LPLODUO\��LQ�FDVH�RI�
IRXU�OLWKLXP�DWRPV��IRXU��V�$2V�ZRXOG�FRPELQH�WR�IRUP�IRXU�02V��WZR�ERQGLQJ�
DQG�WZR�DQWLERQGLQJ�02V�>)LJ������F�@��6LPLODUO\��LI�ZH�KDYH�1�DWRPV�RI�OLWKLXP�
�1�LV�$YRJDGUR�QXPEHU�������º������DWRPV����V�$2V�RI�1�DWRPV�ZRXOG�FRPELQH�
WR�JLYH�1�02V��$V�WKH�QXPEHU�RI�PROHFXODU�RUELWDOV�LV�ODUJH��WKH�HQHUJ\�OHYHOV�

RI�02V�DUH�VR�FORVH�WRJHWKHU��WKDW�WKH\�PD\�DOPRVW�EH�WUHDWHG�DV�FRQWLQXRXV��



���� /1&'40ŏ5�CDE�
�1(�%*'/+564;Ō:++

7KH�HQHUJ\�EDQGV�IRUPHG�E\�WKH�RYHUODS�RI��V���V�DQG�
�S�$2V�RI�OLWKLXP�PHWDO�DUH�VKRZQ�LQ�)LJ�����

7KH�DUUDQJHPHQW� RI� HOHFWURQV� LQ� GLIIHUHQW� HQHUJ\�
EDQGV�GHWHUPLQH� WKH� FKDUDFWHULVWLFV� RI� D�PHWDO��1RZ��
LQ� WKH� FDVH�RI�/L� DWRP�� WKH� HOHFWURQLF� FRQILJXUDWLRQ�LV�
�V���V���7KH��V� HQHUJ\�EDQG�ZLOO� EH� FRPSOHWHO\� ILOOHG��
7KHVH�HOHFWURQV�GR�QRW�FRQWULEXWH�WRZDUGV�ERQGLQJ�DQG�
PD\�EH�LJQRUHG��$V�DOUHDG\�OHDUQW��LQ�FDVH�RI�/L���WKHUH�
ZLOO� EH��� YDOHQFH� HOHFWURQV� DQG� WKHUH� DUH� WZR�02V��
6LQFH�HDFK�02�FDQ�DFFRPPRGDWH�WZR�HOHFWURQV��3DXOLuV�
H[FOXVLRQ� SULQFLSOH��� RQO\� ERQGLQJ�PROHFXODU� RUELWDO�
ZLOO�EH�FRPSOHWHO\� ILOOHG��6LPLODUO\�� LQ�FDVH�RI�/L���WKH�
IRXU�YDOHQFH�HOHFWURQV�ZRXOG�RFFXS\�RQO\�WKH�WZR�ORZHVW�
ERQGLQJ�02V�

)LJ������)RUPDWLRQ�RI�HQHUJ\�EDQGV�LQ�OLWKLXP�DWRPV�

)LJ������)RUPDWLRQ�RI�PROHFXODU�RUELWDOV�IURP���������DQG�1�OLWKLXP�DWRPV�

6XFK�D�JURXS�RI�HQHUJ\�OHYHOV�LV�NQRZQ�DV�HQHUJ\�EDQG�DQG�LV�UHVSRQVLEOH�
IRU�WKH�QDPH�EDQG�PRGHO�IRU�PHWDOV�

7KH�HQHUJ\�OHYHOV�LQ�D�EDQG�LV�HTXDO�WR�WKH�QXPEHU�RI�DWRPV�LQ�WKH�PHWDO��
7KH�IRUPDWLRQ�RI�DQ�HQHUJ\�EDQG�GHSHQGV�XSRQ��

�L��WKH�FORVH�SUR[LPLW\�RI�ODUJH�QXPEHU�RI�DWRPV�

�LL��WKH�HQHUJ\�GLIIHUHQFH�EHWZHHQ�WKH�SXUH�DWRPLF�RUELWDOV�

7KXV���V�DWRPLF�RUELWDOV�JLYH�ULVH�WR�RQH�HQHUJ\�EDQG��WKH��S�DWRPLF�RUELWDOV�
DOVR�IRUP�D�EDQG�RI�FORVHO\�VSDFHG�HQHUJ\�OHYHOV��7KH�YDULRXV�HQHUJ\�EDQGV�IURP�

GLIIHUHQW�DWRPLF�RUELWDOV�PD\�RYHUODS�RU�EH�VHSDUDWHG�IURP�HDFK�RWKHU�GHSHQGLQJ�
XSRQ�WKH�UHODWLYH�HQHUJLHV�RI�WKH�DWRPLF�HQHUJ\�OHYHOV�
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)LJ������7KH�EDQG�VWUXFWXUH�IRU�/L�PHWDO�

7KXV�� LQ� WKHVH� FDVHV�� KDOI� RI� WKH�PROHFXODU�RUELWDOV� UHPDLQ�XQRFFXSLHG��
6LPLODUO\��1��V�DWRPLF�RUELWDOV�JLYH�1��V�PROHFXODU�RUELWDOV��HQHUJ\�EDQG���6LQFH�
/L�DWRP�KDV�RQO\�RQH�YDOHQFH�HOHFWURQ��RQO\�KDOI�RI�WKH�PROHFXODU�RUELWDOV�ZLOO�EH�
ILOOHG��,Q�RWKHU�ZRUGV��RQO\�RQH�KDOI�RI�WKH��V�EDQG��ZLOO�EH�ILOOHG�LQ�WKH�OLWKLXP�
PHWDO��7KLV�LV�VKRZQ�LQ�)LJ�������,W�PD\�EH�QRWHG�WKDW�WKH�EDQGV�DUH�GLVSODFHG�
ODWHUDOO\�IRU�FODULW\���7KXV��WKHUH�DUH�PDQ\�HPSW\�OHYHOV�LQWR�ZKLFK�HOHFWURQV�
FDQ�PRYH��7KLV�PRYHPHQW�RI�HOHFWURQV�IURP�RQH�OHYHO�WR�DQRWKHU�FRQVWLWXWHV�DQ�
HOHFWULF�FXUUHQW�

7KXV��OLWKLXP�LV�JRRG�FRQGXFWRU��$W�WKH�VDPH�WLPH��LI�ZH�KHDW�RQH�HQG�RI�
PHWDO��HOHFWURQV�DW�WKDW�HQG�JDLQ�HQHUJ\�DQG�PRYH�WR�HPSW\�HQHUJ\�EDQGV�
ZKHUH�WKH\�FDQ�WUDYHO�HDVLO\�WR�DQRWKHU�SDUW�RI�WKH�PHWDO��7KLV�DFFRXQWV�IRU�
WKHUPDO�FRQGXFWLRQ�RI�PHWDOV�

:H�FDQ�DSSO\�WKH�VDPH�DUJXPHQWV�WR�EHU\OOLXP��,Q�EHU\OOLXP��WKHUH�DUH�WZR�
YDOHQFH�HOHFWURQV�DQG�WKHUHIRUH��1�DWRPV�RI�EHU\OOLXP�ZLOO�KDYH��1�HOHFWURQV�IURP�
�V�$2V��7KHUHIRUH��LQ�EHU\OOLXP�PHWDO�� WKH��V�EDQG�ZLOO�EH�FRPSOHWHO\�ILOOHG�
�)LJ�����7KHUH�DUH�QR�HPSW\�RUELWDOV�LQ��V�HQHUJ\�EDQG�LQWR�ZKLFK�HOHFWURQV�
FDQ�PRYH��+RZHYHU���S�HQHUJ\�EDQG�LV�FRPSOHWHO\�HPSW\�DQG�LW�RYHUODSV�WKH�
�V�HQHUJ\�EDQG��:KHQ�VRPH�HOHFWULF� ILHOG�LV�DSSOLHG��WKH�HOHFWURQV�FDQ�PRYH�
LQWR�WKH�HPSW\�EDQG�

7KXV�� LI� WKH� EDQG� LV� SDUWLDOO\� ILOOHG� RU� LW� RYHUODSV�ZLWK� D�KLJKHU� HQHUJ\�
XQRFFXSLHG�EDQG��WKHQ�HOHFWURQV�FDQ�HDVLO\�IORZ�XQGHU�DQ�DSSOLHG�HOHFWULF�ILHOG�
DQG�PHWDO�VKRZV�FRQGXFWLYLW\��)RU�H[DPSOH��D�SDUWLDOO\�ILOOHG�EDQG�LV�VKRZQ�
LQ�)LJ�������D��DQG�RYHUODSSLQJ�EDQGV�DUH�VKRZQ�LQ�)LJ�����E��IRXQG�LQ�PHWDOV��
7KHUHIRUH��ZKHQ� VRPH� HOHFWULF� ILHOG� LV�DSSOLHG� HOHFWURQV� FDQ� HDVLO\�PRYH�
ZLWKLQ�SDUWLDOO\�ILOOHG�EDQG�RU�HPSW\�RYHUODSSLQJ�EDQG�DQG�WKLV�PRYHPHQW�LV�
UHVSRQVLEOH�IRU�HOHFWULFDO�FRQGXFWDQFH�RI�WKH�VXEVWDQFH��7KLV�W\SH�RI�EHKDYLRXU�
LV�VKRZQ�E\�PHWDOV��

,Q�JHQHUDO��WKH�HOHFWULFDO�FRQGXFWDQFH�RI�VROLGV�GHSHQGV�XSRQ�
WKH�HQHUJ\�JDS�EHWZHHQ�WKH�ILOOHG�YDOHQFH�EDQGV�DQG�QH[W�KLJKHU�
YDFDQW�HQHUJ\�EDQG��

l� 7KH�RXWHUPRVW�ILOOHG�HQHUJ\�EDQG�LV�FDOOHG�YDOHQFH�EDQG�DQG�
l� �WKH�QH[W��ORZHVW�O\LQJ��HPSW\�EDQG�LQ�ZKLFK�HOHFWURQV�FDQ�PRYH�
LV�FDOOHG�FRQGXFWLRQ�EDQG��

7KH� VSDFHV� EHWZHHQ� YDOHQFH� EDQG� DQG� FRQGXFWLRQ� EDQG�
UHSUHVHQW�HQHUJLHV�IRUELGGHQ�WR�HOHFWURQV�DQG�DUH�FDOOHG�HQHUJ\�
JDSV�RU�IRUELGGHQ�]RQH��7KH�YDOHQFH�EDQG�DQG�FRQGXFWLRQ�EDQGV�
IRU�PHWDOV��VHPL�FRQGXFWRUV�DQG�LQVXODWRUV�DUH�VKRZQ�LQ�)LJ�����

�L��,Q�PHWDOV��WKH�FRQGXFWLRQ�EDQG�LV�FORVH�WR�YDOHQFH�EDQG�DQG��
WKHUHIRUH�� WKH�HOHFWURQV� FDQ�HDVLO\�JR� LQWR� WKH�FRQGXFWLRQ�EDQG��
7KHUHIRUH��PHWDOV�DUH�JRRG�FRQGXFWRUV�

�LL�� ,Q� LQVXODWRUV�� WKH� HQHUJ\� JDS�
EHWZHHQ� YDOHQFH�EDQG�DQG� FRQGXFWLRQ�
EDQG� LV� YHU\� ODUJH�� 7KHUHIRUH�� WKH�
HOHFWURQV� IURP� YDOHQFH� EDQG� FDQQRW�
MXPS�LQWR�WKH�FRQGXFWLRQ�EDQG��+HQFH��
WKH� LQVXODWRUV� KDYH� H[WUHPHO\� ORZ�
FRQGXFWLYLW\�

�LLL��6HYHUDO�VROLGV�KDYH�SURSHUWLHV�
LQWHUPHGLDWH� EHWZHHQ�PHWDOV� DQG�
LQVXODWRUV�� 7KHVH� DUH� FDOOHG� VHPL�
PHWDOV�RU�VHPLFRQGXFWRUV��7KH\�KDYH�
RQO\�VPDOO�GLIIHUHQFH�LQ�HQHUJ\�EHWZHHQ�
WKH� ILOOHG� YDOHQFH� EDQG� DQG� HPSW\�
FRQGXFWLRQ� EDQG�� 7KHUHIRUH�� VRPH�
HOHFWURQV�PD\�MXPS�WR�FRQGXFWLRQ�EDQG�
DQG�KHQFH�WKH\�VKRZ�VRPH�FRQGXFWLYLW\��

)LJ������7KH�EDQG�VWUXFWXUH�IRU�%H�PHWDO�

(
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<

)LJ������3DUWLDOO\�ILOOHG�DQG�RYHUODSSLQJ�EDQGV�

(
1
(
5
*
<

)LJ������9DOHQFH�DQG�FRQGXFWDQFH�EDQGV�LQ�PHWDOV��VHPL�FRQGXFWRUV�DQG�LQVXODWRUV�

%QPFWEVQT

/GVCN� 5GOK�EQPFWEVQT


5GOK�OGVCN� +PUWNCVQT

&RQGXFWLRQ�
%DQG

&RQGXFWLRQ�
%DQG

&RQGXFWLRQ�
%DQG

(
1
(
5
*
<
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(OHFWULFDO� FRQGXFWLYLW\�RI� VHPL�FRQGXFWRUV� LQFUHDVHV�ZLWK� ULVH� LQ� WHPSHUDWXUH�
EHFDXVH�PRUH�HOHFWURQV�FDQ�MXPS�WR�WKH�FRQGXFWLRQ�EDQG��6XEVWDQFHV�OLNH�VLOLFRQ�
DQG�JHUPDQLXP�VKRZ�WKLV�W\SH�RI�EHKDYLRXU�

&RQGXFWLRQ�RI�(OHFWULFLW\�LQ�6HPLFRQGXFWRUV
*HUPDQLXP�DQG�VLOLFRQ�DUH�WKH�PRVW� LPSRUWDQW�FRPPHUFLDO� H[DPSOHV�RI�

VHPLFRQGXFWRUV��$WRPV� RI� ERWK�JHUPDQLXP�DQG� VLOLFRQ�KDYH� IRXU� HOHFWURQV�
LQ�WKH�RXWHUPRVW�VKHOO��7KHUHIRUH��HDFK�DWRP� LV�FRYDOHQWO\�ERQGHG�ZLWK�IRXU�
QHLJKERXULQJ�DWRPV��7KHUH�DUH�QR�IUHH�HOHFWURQV�LQ�WKLV�VWUXFWXUH�DQG�WKHUHIRUH�
IRU�SUDFWLFDO�SXUSRVHV��WKH�FRQGXFWLYLWLHV�RI�SXUH�JHUPDQLXP�DQG�VLOLFRQ�DUH�YHU\�
ORZ�DQG�WKH\�EHKDYH�DV�LQVXODWRUV��7KH�HQHUJ\�JDS�EHWZHHQ�YDOHQFH�EDQG�DQG�
FRQGXFWLRQ�EDQG�IRU�*H�DQG�6L�DUH����N-�PROy��DQG�����N-�PROy��UHVSHFWLYHO\�
DW�URRP�WHPSHUDWXUH�

7KHVH�FDQ�EHKDYH�DV�VHPL�FRQGXFWRUV�LQ�WZR�W\SHV��

��L��,QWULQVLF�FRQGXFWLRQ��

�LL��([WULQVLF�FRQGXFWLRQ

�L��,QWULQVLF�FRQGXFWLRQ

3XUH�VLOLFRQ�RU�JHUPDQLXP�DUH�SRRU�FRQGXFWRUV�EHFDXVH�WKH\�KDYH�QHWZRUN�
RU�ODWWLFH�RI�IRXU�VWURQJ�FRYDOHQW�ERQGV��>)LJ������D�@�:KHQ�D�VXIILFLHQW�DPRXQW�
RI�HQHUJ\�E\�LQFUHDVLQJ�WHPSHUDWXUH�LV�VXSSOLHG�WR�WKH�FU\VWDO��VRPH�FRYDOHQW�
ERQGV�PD\�EUHDN�GXH�WR�WKHUPDO�YLEUDWLRQV�DQG�HOHFWURQV�DUH�UHOHDVHG��:KHQ�
WKH�FU\VWDO� LV� FRQQHFWHG� WR� WKH� HOHFULF� FXUUHQW�� WKHVH�HOHFWURQV�PRYH� OHDYLQJ�
EHKLQG�D�SRVLWLYH�FKDUJH�RU�D�tSRVLWLYH�KROHu�DW�WKH�VLWH�RI�PLVVLQJ�HOHFWURQ��7KH�
FU\VWDO�ZLOO�QRZ�EH�DEOH� WR� FRQGXFW� HOHFWULFLW\�EHFDXVH�ZKHQ� HOHFWULF� ILHOG� LV�
DSSOLHG��WKH�HOHFWURQV�PRYH� LQ�RQH�GLUHFWLRQ�DQG�WKH� tSRVLWLYH�KROHVu�PRYH�LQ�
WKH�RWKHU�GLUHFWLRQ��7KH�HOHFWURQV�PRYH�WKURXJK�WKH�LQWHUVWLFHV�RI� WKH�ODWWLFH�
DQG�WKH�SRVLWLYH�KROHV�MXPS�IURP�RQH�ERQG�WR�DQRWKHU�DV�VKRZQ�LQ�)LJ������E���
7KLV�LV�NQRZQ�DV�LQWULQVLF�VHPLFRQGXFWLYLW\�RI�WKH�FU\VWDO��7KH�LQWULQVWLF�
VHPLFRQGXFWRU�FRQWDLQV�HTXDO�QXPEHU�RI�FXUUHQW�FDUU\LQJ�KROHV�DQG�HOHFWURQV��

�LL��([WULQVLF�VHPL�FRQGXFWLRQ

7KH�FRQGXFWLYLW\�RI�WKH�LQWULQVLF�VHPLFRQGXFWRUV�LV�WRR�ORZ�WR�EH�RI�SUDFWLFDO�
XVH�� 7KHLU� FRQGXFWLYLW\� LV� LQFUHDVHG� E\� DGGLQJ� DQ� DSSURSULDWH� DPRXQW� RI�
VXLWDEOH� LPSXULW\��7KLV�SURFHVV� LV�FDOOHG�GRSLQJ��7KH�FRQGXFWLYLW\�RI� VLOLFRQ�
DQG�JHUPDQLXP�LQFUHDVHV�GUDVWLFDOO\�E\�GRSLQJ�LW�ZLWK�FHUWDLQ�RWKHU�HOHPHQWV�

7KH�LPSXULWLHV�DUH�RI�WZR�W\SHV��

�L��(OHFWURQ�ULFK��RU�GRQRU��LPSXULWLHV�DQG

�LL��(OHFWURQ�GHILFLHQW��RU�DFFHSWRU��LPSXULWLHV�

�L��(OHFWURQ�ULFK��RU�GRQRU�� LPSXULWLHV�� 7KH� HOHFWURQ� ULFK� �RU� GRQRU��
LPSXULWLHV�SURYLGH�HOHFWURQV�LQ�WKH�IROORZLQJ�ZD\�

6LOLFRQ�DQG�JHUPDQLXP�EHORQJ�WR�JURXS����RI�WKH�SHULRGLF�WDEOH�DQG�KDYH�
IRXU�YDOHQFH�HOHFWURQV��,Q�WKHLU�FU\VWDOV�HDFK�DWRP�IRUPV�IRXU�FRYDOHQW�ERQGV�
�DV�GLVFXVVHG�DERYH��ZLWK�LWV�QHLJKERXUV��)LJ������

/HW�XV� FRQVLGHU� WKDW� VRPH� DWRPV�ZLWK� ILYH� YDOHQFH� HOHFWURQV� �RI� JURXS�
����VXFK�DV�DUVHQLF��$V��DUH�DGGHG�WR� WKH�VLOLFRQ�FU\VWDO��$V�D�UHVXOW��VLOLFRQ�
DWRPV�DW� VRPH� ODWWLFH� VLWHV� DUH� UHSODFHG� E\�$V�DWRPV�ZLWK� ILYH� HOHFWURQV� LQ�
WKHLU�RXWHUPRVW�VKHOO��$V�D�6L� DWRP� LV�VXEVWLWXWHG�E\�DQ�DWRP�RI�$V�� IRXU� RI�
WKH�HOHFWURQV�LQ�DUVHQLF�IRUP�FRYDOHQW�ERQGV�ZLWK�VXUURXQGLQJ�6L�DWRPV�DQG�
WKH�ILIWK�HOHFWURQ�UHPDLQV� IUHH��+HQFH��DQ�H[WUD�HOHFWURQ��RYHU�DQG�DERYH�WKH�
QXPEHU�UHTXLUHG�IRU�IRUPLQJ�WKH�IRXU�FRYDOHQW�ERQGV��JHWV�LQWURGXFHG�LQ�WKH�
FU\VWDO��7KLV�H[WUD�HOHFWURQ�ZKLFK�LV�QRW�QHHGHG�IRU�ERQGLQJ�EHFRPHV�GHORFDOLVHG�
DQG�FDQ�VHUYH�WR�FRQGXFW�HOHFWULFLW\�DQG�WKHUHIRUH��VLOLFRQ�FRQWDLQLQJ�WUDFHV�RI�
DUVHQLF� �RU� DUVHQLF� GRSHG� VLOLFRQ��H[KLELWV�KLJK� HOHFWULFDO� FRQGXFWLYLW\��7KLV�
W\SH�RI�FRQGXFWLRQ�LV�NQRZQ�DV�Q�W\SH�VHPL�FRQGXFWLRQ�ZKHUH�tQu�VWDQGV�IRU�
QHJDWLYH�EHFDXVH�HOHFWURQV�DUH�UHVSRQVLEOH�IRU�VHPLFRQGXFWLQJ�EHKDYLRXU��7KLV�
LV�VKRZQ�LQ�)LJ������'RSLQJ�RI�D�JHUPDQLXP�RU�VLOLFRQ�VHPLFRQGXFWRU�ZLWK�RWKHU��
JURXS����HOHPHQWV�VXFK�DV�3��6E�RU�%L�DOVR�JLYH�Q�W\SH�VHPLFRQGXFWRUV�

�E��,QWULQVLF�VHPL�FRQGXFWLRQ�LQ�VLOLFRQ

)LJ�� ���� �D�� 3XUH� VLOLFRQ� �E�� 6LOLFRQ�
VKRZLQJ�SRVLWLYH�KROHV�DQG�QHJDWLYH�
HOHFWURQV�

�D��1HWZRUN�RI�SXUH�VLOLFRQ

)LJ������$UVHQLF�GRSHG�VLOLFRQ�
VHPL�FRQGXFWRU�
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�LL��(OHFWURQ�GHILFLHQW�RU�$FFHSWRU�,PSXULWLHV��$Q�HOHFWURQ�GHILFLHQW�
RU�$FFHSWRU�LPSXULW\�KHOSV�LQ�FRQGXFWLRQ�LQ�WKH�IROORZLQJ�ZD\��

6XSSRVH�VRPH�DWRPV�RI�VLOLFRQ�DUH�GRSHG�ZLWK�DFFHSWRU�DWRPV�KDYLQJ�RQO\�
WKUHH�RXWHU�VKHOO�HOHFWURQV�VXFK�DV� LQGLXP��RI�*URXS������$V�D�UHVXOW��VLOLFRQ�
DWRPV� DW� VRPH� VLWHV� DUH� UHSODFHG� E\� LQGLXP� DWRPV� ZLWK� WKUHH� HOHFWURQV� LQ�
WKHLU�RXWHUPRVW�VKHOO��(DFK�LQGLXP�DWRP�XVHV�LWV�WKUHH�HOHFWURQV�WR�IRUP�WKUHH�
ERQGV�LQ�WKH�ODWWLFH�DQG�VRPH�VLWHV�QRUPDOO\�RFFXSLHG�E\�HOHFWURQV�ZLOO�EH�OHIW�
HPSW\�DQG�JLYHV�ULVH�WR�HOHFWURQ�GHILFLHQFLHV��7KH�HOHFWURQ�GHILFLHQW�VLWHV�DUH�
FDOOHG�HOHFWURQ�YDFDQFLHV�RU�HOHFWURQ�KROHV��$Q�HOHFWURQ�IURP�QHLJKERXULQJ�
DWRP� FDQ� MXPS� WR� ILOO� XS� WKLV� HOHFWURQ�KROH�� EXW� LQ�GRLQJ� VR� LW�ZRXOG� FUHDWH�
DQ�HOHFWURQ�KROH� DW� LWV� RULJLQDO� SRVLWLRQ��$V� LW� FRQWLQXHV�� LW�ZRXOG�DSSHDU�DV�
LI� WKH� HOHFWURQ� KROH� KDV� PRYHG� LQ� WKH� GLUHFWLRQ� RSSRVLWH� WR� WKDW� RI� HOHFWURQ�
ZKLFK�ILOOHG�LW��:KHQ�DQ�HOHFWULF�ILHOG�LV�DSSOLHG��WKH�HOHFWURQV�PRYH�WRZDUGV�
WKH�SRVLWLYHO\�FKDUJHG�SODWH�WKURXJK� HOHFWURQ�KROHV�DQG�HOHFWURQ�KROHV�PRYH�
WRZDUGV�WKH�QHJDWLYHO\�FKDUJHG�SODWH�DV�LI�WKH\�FDUU\�SRVLWLYH�FKDUJH��7KLV�W\SH�
RI�VHPLFRQGXFWRUV�DUH�FDOOHG�S�W\SH�VHPLFRQGXFWRUV�EHFDXVH�KROHV��SRVLWLYH�
LQ�FKDUJH��DSSHDU�WR�EH�UHVSRQVLEOH�IRU�WKH�VHPLFRQGXFWLQJ�SURSHUWLHV��'RSLQJ�
RI� VLOLFRQ� RU� JHUPDQLXP�ZLWK�RWKHU� JURXS���� HOHPHQWV� VXFK�DV�%�� $O� RU�*D�
DOVR�JLYH�S�W\SH�VHPLFRQGXFWRUV��7KLV�LV�VKRZQ�LQ�)LJ�����

7KXV��GRSLQJ�RI�JHUPDQLXP�RU�VLOLFRQ�ZLWK�WUDFHV�RI�DUVHQLF��RU�RWKHU�
JURXS���� HOHPHQW�� JLYHV� ULVH� WR� Q�W\SH� VHPL�FRQGXFWRU� DQG� WKDW� ZLWK�
LQGLXP��RU�RWKHU�JURXS����HOHPHQW��JLYHV�ULVH� WR�S�W\SH�VHPLFRQGXFWRU��
%RWK�Q�W\SH�DQG�S�W\SH�VHPLFRQGXFWRUV�DUH�HOHFWULFDOO\�QHXWUDO�EHFDXVH�
HDFK�DWRP�RI�LPSXULW\�DGGHG�LV�QHXWUDO�LQ�LWVHOI�FRQWDLQLQJ�HTXDO�QXPEHU�
RI�SURWRQV�DQG�HOHFWURQV�

$SSOLFDWLRQV�RI�Q�W\SH�DQG�S�W\SH�VHPLFRQGXFWRUV�
Q�W\SH� DQG� S�W\SH� RI� VHPLFRQGXFWRUV� DUH� VKRZQ� LQ� )LJ�� ���� 9DULRXV�

FRPELQDWLRQV�RI�Q�W\SH�DQG�S�W\SH�VHPLFRQGXFWRUV�DUH�SRVVLEOH�ZKLFK�DUH�XVHG�
WR�PDNH�HOHFWURQLF�FRPSRQHQWV��)RU�H[DPSOH��

l� $�GLRGH�LV�D�FRPELQDWLRQ�RI�Q�W\SH�DQG�S�W\SH�VHPL�FRQGXFWRUV�DQG�LV�
XVHG�DV�D�UHFWLILHU��

l� 7UDQVLVWRUV�ZKLFK�DUH� S�Q�S� RU�Q�S�Q� tVDQGZLFKu� VHPL�FRQGXFWRUV� DUH�
XVHG�WR�GHWHFW�RU�DPSOLI\�UDGLR�RU�DXGLR�VLJQDOV��

l� $ VRODU� FHOO� LV� D� SKRWR� GLRGH� XVHG� IRU� FRQYHUWLQJ� UDGLDQW� HQHUJ\� �RI�
OLJKW��LQWR�HOHFWULFDO�HQHUJ\�

l� 1RZ��D�ODUJH�YDULHW\�RI�VROLG�PDWHULDOV�KDYH�EHHQ�SUHSDUHG�E\�FRPELQDWLRQ�
RI�HOHPHQWV�RI�JURXS����DQG����RU����DQG����ZKLFK�KDYH�DYHUDJH�YDOHQFH�
RI���DV�LQ�*H�RU�6L��7\SLFDO�H[DPSOHV�RI�JURXS���y���FRPSRXQGV�DUH�$O3��
*D$V�RU� ,Q6E��*DOOLXP�DUVHQLGH� �*D$V�� VHPLFRQGXFWRUV�KDYH� JDLQHG�
PXFK� UHVSRQVH� DQG� KDYH� UHYROXWLRQLVHG� WKH� GHVLJQ� RI� VHPLFRQGXFWRU�
GHYLFHV��7KH�H[DPSOHV�RI�JURXS���y���FRPSRXQGV�DUH�=Q6��&G6��&G6H�
DQG�+J7H�� ,Q� WKHVH�FRPSRXQGV�� WKH�ERQGV�DUH�QRW�SHUIHFWO\�FRYDOHQW�
DQG�WKH�LRQLF�FKDUDFWHU�GHSHQGV�XSRQ�WKH�HOHFWURQHJDWLYLW\�GLIIHUHQFHV�
EHWZHHQ�WKH�WZR�HOHPHQWV�

,W� LV� LQWHUHVWLQJ� WR� OHDUQ� WKDW� WUDQVLWLRQ�PHWDO� R[LGHV� VKRZ�PDUNHG�
GLIIHUHQFHV�LQ�HOHFWULFDO�SURSHUWLHV��7L2��92��&U2��DQG�5H2��EHKDYH�OLNH�W\SLFDO�
PHWDOV��5KHQLXP�R[LGH��5H2��EHKDYHV�PHWDOOLF�OLNH�FRSSHU�LQ�FRQGXFWLYLW\�DQG�
DSSHDUDQFH��&HUWDLQ�RWKHU�R[LGHV�OLNH�92��92���92��DQG�7L2��VKRZ�PHWDOOLF�
RU�LQVXODWLQJ�SURSHUWLHV�GHSHQGLQJ�XSRQ�WHPSHUDWXUH�

���0DJQHWLF�3URSHUWLHV�RI�6ROLGV
7KH�PLFURVFRSLF��REVHUYDEOH��PDJQHWLF�SURSHUWLHV�RI�PDWHULDOV�DUH�GXH�WR�

WKH�PDJQHWLF�PRPHQWV�DVVRFLDWHG�ZLWK�LQGLYLGXDO�HOHFWURQ��(DFK�HOHFWURQ�LQ�DQ�
DWRP�KDV�PDJQHWLF�PRPHQW�ZKLFK�RULJLQDWHV�IURP�WZR�VRXUFHV��

�L��2UELWDO�PRWLRQ�DURXQG�WKH�QXFOHXV�

�LL��6SLQ�RI�HOHFWURQ�DURXQG�LWV�RZQ�D[LV�

)LJ�������,QGLXP�GRSHG�VLOLFRQ�
VHPLFRQGXFWRU�

)LJ������&RQGXFWLRQ�LQ�Q�W\SH�DQG��
S�W\SH�RI�VHPLFRQGXFWRUV�

6XSHUFRQGXFWLQJ�PDWHULDOV�DUH�WKRVH�
ZKLFK� RIIHU� QR� UHVLVWDQFH� WR� WKH�
SDVVDJH�RI�HOHFWULFLW\��)RU�GHWDLO��UHIHU�
&RPSHWLWLRQ�)LOH��3DJH�����
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$�PRYLQJ� HOHFWURQ�PD\�EH� UHJDUGHG�DV� D� VPDOO� FXUUHQW� ORRS�JHQHUDWLQJ�D�
VPDOO�PDJQHWLF�ILHOG�DQG�KDYLQJ�D�PDJQHWLF�PRPHQW�DORQJ�LWV�D[LV�RI�URWDWLRQ�DV�
VKRZQ�LQ�)LJ������D���7KH�PDJQHWLF�PRPHQW�ZKLFK�RULJLQDWHV�IURP�HOHFWURQ�VSLQ��
LV�GLUHFWHG�DORQJ�WKH�VSLQ�D[LV��7KH�VSLQ�PDJQHWLF�PRPHQWV�DUH�JHQHUDOO\�VKRZQ�
E\�XS�DQG�GRZQ�GLUHFWLRQ�DV�VKRZQ�LQ�)LJ������E���7KXV��HDFK�HOHFWURQ�LQ�DQ�DWRP�
PD\�EH�UHJDUGHG�DV�D�VPDOO�PDJQHW�KDYLQJ�SHUPDQHQW�RUELWDO�DQG�VSLQ�PDJQHWLF�
PRPHQWV��7KH�IXQGDPHQWDO�PDJQHWLF�PRPHQW�LV�WKH�%RKU�PDJQHWRQ�µ%�ZKLFK�LV�
HTXDO�WR������º���y���$�P���)RU�HDFK�HOHFWURQ�LQ�DQ�DWRP��WKH�VSLQ�PDJQHWLF�PRPHQW�
LV�±�µ%�GHSHQGLQJ�XSRQ�WKH�WZR�SRVVLELOLWLHV�RI�WKH�VSLQ��7KH�FRQWULEXWLRQ�RI�WKH�
RUELWDO�PDJQHWLF�PRPHQW�LV�HTXDO�WR�PO�µ%�ZKHUH�PO�LV�WKH�PDJQHWLF�TXDQWXP�
QXPEHU�RI�WKH�HOHFWURQ�

7KH�PDJQHWLF�SURSHUWLHV�RI�VROLGV�DUH�DOVR�UHODWHG�WR�WKHLU�HOHFWURQLF�VWUXFWXUHV��
0DWHULDOV�FDQ�EH�GLYLGHG�LQWR�WKH�IROORZLQJ�W\SHV�GHSHQGLQJ�XSRQ�WKHLU�UHVSRQVH�
WR�PDJQHWLF�ILHOG��

� �L���'LDPDJQHWLF�PDWHULDOV��7KH�VXEVWDQFHV�ZKLFK�DUH�ZHDNO\�UHSHOOHG�E\�
WKH�PDJQHWLF�ILHOG�DUH�NQRZQ�DV�GLDPDJQHWLF�VXEVWDQFHV��)RU�H[DPSOH��1D&O��
ZDWHU��EHQ]HQH��HWF��DUH�GLDPDJQHWLF�VXEVWDQFHV��7KH�SURSHUW\�WKXV�H[KLELWHG�LV�
FDOOHG�GLDPDJQHWLVP��'LDPDJQHWLVP�DULVHV�ZKHQ�DOO�WKH�HOHFWURQV�DUH�SDLUHG��
3DLULQJ�RI�HOHFWURQV�FDQFHOV�WKHLU�PDJQHWLF�PRPHQWV�DQG�WKH\�ORVH�WKHLU�PDJQHWLF�
FKDUDFWHU�

� �LL���3DUDPDJQHWLF�PDWHULDOV��7KH� VXEVWDQFHV�ZKLFK� KDYH� SHUPDQHQW�
PDJQHWLF� GLSROHV� DQG� DUH� DWWUDFWHG� E\� WKH� PDJQHWLF� ILHOG� DUH� NQRZQ� DV�
SDUDPDJQHWLF�VXEVWDQFHV��7KHVH�FRQVLVW�RI�DWRPV��LRQV�RU�PROHFXOHV�KDYLQJ�RQH�
RU�PRUH�XQSDLUHG�HOHFWURQV��7KH�FRPPRQ�H[DPSOHV�DUH�&X����)H����&U����2���7L2��
7L�2���92���&X2��HWF��7KH\�ORVH�WKHLU�PDJQHWLVP�LQ�WKH�DEVHQFH�RI�PDJQHWLF�ILHOG��
6ROLGV�OLNH�7L2��ZKLFK�DUH�H[SHFWHG�WR�EH�GLDPDJQHWLF�RIWHQ�VKRZ�SDUDPDJQHWLVP�
GXH�WR�WKH�SUHVHQFH�RI�VOLJKW�QRQ�VWRLFKLRPHWU\�

� �LLL�� )HUURPDJQHWLF� VXEVWDQFHV��7KH� VXEVWDQFHV�ZKLFK�DUH� VWURQJO\�
DWWUDFWHG� E\� WKH�PDJQHWLF� ILHOG�DQG�VKRZ�SHUPDQHQW�PDJQHWLVP�HYHQ�ZKHQ� WKH�
PDJQHWLF�ILHOG�LV�UHPRYHG�DUH�NQRZQ�DV�IHUURPDJQHWLF�VXEVWDQFHV��2QFH�VXFK�
D�PDWHULDO�LV�PDJQHWLVHG��LW�UHPDLQV�PDJQHWLVHG�SHUPDQHQWO\��,URQ�LV�WKH�PRVW�
FRPPRQ� H[DPSOH��2WKHU�H[DPSOHV� DUH� FREDOW�� QLFNHO�� JDGROLQLXP� �*G���&U2���
HWF��DW�URRP�WHPSHUDWXUH��7KHVH�VXEVWDQFHV�DUH�YHU\�LPSRUWDQW� LQ�WHFKQRORJ\��
)RU�H[DPSOH��&U2��LV�WKH�R[LGH�XVHG�WR�PDNH�PDJQHWLF�WDSHV�IRU�XVH�LQ�FDVVHWWH�
UHFRUGHUV�

,Q�VROLG�VWDWH��WKH�PHWDO�LRQV�RI�IHUURPDJQHWLF�VXEVWDQFHV�DUH�JURXSHG�WRJHWKHU�
LQWR�VPDOO�UHJLRQV�FDOOHG�GRPDLQV��7KXV��HDFK�GRPDLQ�DFWV�DV�D�WLQ\�PDJQHW��,Q�
DQ�XQPDJQHWL]HG�SLHFH�RI�IHUURPDJQHWLF�VXEVWDQFH�� WKH�GRPDLQV�DUH�UDQGRPO\�
RULHQWHG�DQG�WKHLU�PDJQHWLF�PRPHQWV�JHW�FDQFHOOHG��:KHQ�WKH�VXEVWDQFH�LV�SODFHG�
LQ�D�PDJQHWLF�ILHOG�DOO�WKH�GRPDLQV�JHW�RULHQWHG�LQ�WKH�GLUHFWLRQ�RI�PDJQHWLF�ILHOG��
'HSHQGLQJ�XSRQ�WKH�DOLJQPHQW�RI�PDJQHWLF�PRPHQWV�RI�GRPDLQV�LQ�IHUURPDJQHWLF�
VXEVWDQFHV��WKHVH�DUH�GLYLGHG�LQWR�WKUHH�W\SHV��

� �D�� :KHQ�WKHUH�LV�VSRQWDQHRXV�DOLJQPHQW�RI�PDJQHWLF�PRPHQWV�RI�GRPDLQV�LQ�
WKH�VDPH�GLUHFWLRQ��ZH�JHW�IHUURPDJQHWLVP�>)LJ������D�@��7KHVH�KDYH�VWURQJ�
PDJQHWLF�HIIHFW��7KLV�RUGHULQJ�RI�GRPDLQV�SHUVLVWV�HYHQ�ZKHQ�WKH�PDJQHWLF�
ILHOG�LV�UHPRYHG�DQG�WKH�IHUURPDJQHWLF�VXEVWDQFH�EHFRPHV�D�SHUPDQHQW�
PDJQHW�

� �E�� ,I� WKH� DOLJQPHQW� RI�PDJQHWLF�PRPHQWV�RI�GRPDLQV� LV� LQ� D� FRPSHQVDWRU\�
ZD\�VR�DV�WR�JLYH�]HUR�QHW�PDJQHWLF�PRPHQW�EHFDXVH�RI�FDQFHOODWLRQ�RI�WKH�
LQGLYLGXDO�PDJQHWLF�PRPHQWV�WKHQ�ZH�JHW�DQWL�IHUURPDJQHWLVP� LQ�WKH�
PDWHULDO��7KH�FRPPRQ�H[DPSOH�LV�0Q2��$�SDWWHUQ�RI�DOLJQPHQW�RI�PDJQHWLF�
GRPDLQV�LQ�DQWL�IHUURPDJQHWLF�VXEVWDQFH�LV�VKRZQ�LQ�)LJ������E��

� �F�� �:KHQ�WKH�PDJQHWLF�PRPHQWV�RI�GRPDLQV�DUH�DOLJQHG�LQ�SDUDOOHO�DQG�DQWL�
SDUDOOHO�GLUHFWLRQV�LQ�XQHTXDO�QXPEHUV�UHVXOWLQJ�LQ�QHW�PDJQHWLF�PRPHQW��
ZH� JHW� IHUULPDJQHWLVP��7KLV� LV� VKRZQ� LQ�)LJ����� �F��� 7KH\�DUH�ZHDNO\�

Electron

Atomic
nucleus

Magnetic
moment

(a)

)LJ��������D��$Q�RUELWLQJ�HOHFWURQ��
����������������E��$�VSLQQLQJ�HOHFWURQ�

Magnetic
moment

Electron

Direction
of spin

(b)

)LJ������$OLJQPHQW�RI�PDJQHWLF�
PRPHQWV�LQ��D��)HUURPDJQHW��E��$QWL�

IHUURPDJQHW��F��)HUULPDJQHW�
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DWWUDFWHG�E\�PDJQHWLF� ILHOG� DV� FRPSDUHG� WR� IHUURPDJQHWLF� VXEVWDQFHV���
)RU� H[DPSOH�� )H�2�� �PDJQHWLWH�� DQG� IHUULWHV� RI� IRUPXOD�0��)H�2����
0� �0J��&X��=Q��HWF��VKRZ�IHUULPDJQHWLVP��7KHVH�VXEVWDQFHV�DOVR�ORVH�
IHUULPDJQHWLVP�RQ�KHDWLQJ�DQG�EHFRPH�SDUDPDJQHWLF�

,W�PD\�EH�QRWHG�WKDW�DOO�WKH�PDJQHWLFDOO\�RUGHUHG�VROLGV��IHUURPDJQHWLF��DQWL�
IHUURPDJQHWLF�DQG�IHUULPDJQHWLF��WUDQVIRUP�WR�SDUDPDJQHWLF�VWDWH�DW�D�KLJKHU�
WHPSHUDWXUH�GXH�WR��UDQGRPLVDWLRQ�RI�WKHLU�VSLQV��)RU�H[DPSOH�

� �L�� 9�2��WUDQVIRUPV�IURP�DQWL�IHUURPDJQHWLF�VWDWH�WR�SDUDPDJQHWLF�VWDWH�
DW�����.�

� �LL���)H�2��EHFRPHV�SDUDPDJQHWLF�IURP�IHUULPDJQHWLF�DW�����.�

0DJQHWLF� SURSHUWLHV� RI� VRPH� WUDQVLWLRQ�PHWDO� R[LGHV�DUH� VKRZQ�
EHORZ��ZKHUH�S� �SDUDPDJQHWLF��DI� �DQWL�IHUURPDJQHWLF��IH� �IHUULPDJQHWLF��I� �
IHUURPDJQHWLF�DQG�G� �GLDPDJQHWLF�

,W� PD\� EH� QRWHG� WKDW� HDFK�
IHUURPDJQHWLF� VXEVWDQFH� KDV� D�
FKDUDFWHULVWLF� WHPSHUDWXUH� DERYH�
ZKLFK� QR� IHUURPDJQHW LVP� LV�
REVHUYHG��7KLV�LV�NQRZQ�DV�&XULH�
WHPSHUDWXUH�

4'/'/$'4

7L2��S�� 92��S�� � 0Q2��DI�� )H2��DI�� &R2��S�� 1L2��S�� &X2��S�

7L�2���S�� 9�2���DI�� &U�2���DI�� 0Q�2���DI�� )H�2���DI��

7L2���G�� 92���S�� &U2���I�� 0Q2���DI�� )H�2���IH�� &R�2���DI�

� � � 9�2���G�

�

� 4���� QDO\VLV�VKRZV�WKDW�)H2�KDV�D�QRQ�VWRLFKLRPHWULF�FRPSRVLWLRQ�ZLWK�PROHFXODU�IRUPXOD�)H����2��*LYH�
UHDVRQ�� �$�,��6�%�������

� $QV�� ,W�VKRZV�PHWDO�GHILFLHQF\�GHIHFW��,Q�)H2��VRPH�)H���LRQV�DUH�UHSODFHG�E\�)H���LRQV��7KUHH�)H���LRQV�DUH�UHSODFHG�E\�
WZR�)H���LRQV�WR�PDLQWDLQ�HOHFWULFDO�QHXWUDOLW\�

� 4���� )ROORZLQJ�LV�WKH�VFKHPDWLF�DOLJQPHQW�RI�PDJQHWLF�PRPHQWV�

� � ,GHQWLI\�WKH�W\SH�RI�PDJQHWLVP��:KDW�KDSSHQV�ZKHQ�WKHVH�VXEVWDQFHV�DUH�KHDWHG�"
� �&%6(�6DPSOH�3DSHU���������
� $QV�� )HUULPDJQHWLVP��7KHVH�VXEVWDQFHV�ORVH�IHUULPDJQHWLVP�RQ�KHDWLQJ�DQG�EHFRPH�SDUDPDJQHWLF�
� 4���� 1DPH�DQ\�RQH�VROLG�LQ�ZKLFK�ERWK�)UHQNHO�DQG�6FKRWWN\�GHIHFWV�RFFXU�
� $QV�� 6LOYHU�EURPLGH��$J%U�KDV�ERWK�)UHQNHO�DQG�6FKRWWN\�GHIHFWV�
� 4���� :KDW�LV�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�WKH�FRQGXFWLYLW\�RI�PHWDOV�DQG�VHPL�PHWDOV�"
� $QV�� ,Q�JHQHUDO��ZLWK�LQFUHDVH�LQ�WHPSHUDWXUH��WKH�FRQGXFWLYLW\�RI�PHWDOV�GHFUHDVHV�DQG�WKDW�RI�VHPL�PHWDOV�LQFUHDVHV�
� 4��� :KDW�LV�SKRWRYROWDLF�FHOO�"
� $QV�� 7KH�SURFHVV�LQ�ZKLFK�HOHFWULFLW\�LV�SURGXFHG�E\�VKLQLQJ�VXQOLJKW�RQ�FHUWDLQ�VXEVWDQFHV��$PRUSKRXV�VLOLFRQ�DFWV�DV�

D�W\SLFDO�SKRWRYROWDLF�FHOO�
� 4��� :K\�LV�)UHQNHO�GHIHFW�QRW�IRXQG�LQ�SXUH�DONDOL�PHWDO�KDOLGHV�"
� $QV�� )UHQNHO�GHIHFW�LV�QRW�IRXQG�LQ�DONDOL�PHWDO�KDOLGHV�EHFDXVH�WKH�LRQV�FDQQRW�JHW�LQWR�WKH�LQWHUVWLWLDO�VLWHV�GXH�WR�WKHLU�

ODUJHU�VL]H�
� 4��� :KDW�LV�WKH�HIIHFW�RI�SUHVHQFH�RI�6FKRWWN\�GHIHFWV�RQ�WKH�GHQVLW\�RI�WKH�FU\VWDO�"
� $QV�� 7KH�RYHUDOO�GHQVLW\�RI�D�FU\VWDOOLQH�VXEVWDQFH�GHFUHDVHV�GXH�WR�6FKRWWN\�GHIHFWV�
� 4��� :KDW�LV�WKH�GLIIHUHQFH�LQ�WKH�VHPL�FRQGXFWRUV�REWDLQHG�E\�GRSLQJ�VLOLFRQ�ZLWK�$V�RU�ZLWK�*D�"
� $QV�� 6HPL�FRQGXFWRU�SURGXFHG�E\�GRSLQJ�VLOLFRQ�ZLWK�$V� LV�Q�W\SH�VHPLFRQGXFWRU� LQ�ZKLFK�

IORZ�RI�FXUUHQW�LV�GXH�WR�HOHFWURQV�ZKLOH�VLOLFRQ�GRSHG�ZLWK�*D�LV�S�W\SH�VHPLFRQGXFWRU�
LQ�ZKLFK�IORZ�RI�FXUUHQW�LV�GXH�WR�SRVLWLYH�KROHV�

� 4��� ,GHQWLI\�WKH�W\SH�RI�GHIHFW�VKRZV�LQ�WKH�IROORZLQJ�ILJXUH�
� � :KDW�W\SH�RI�VXEVWDQFHV�VKRZ�WKLV�GHIHFW�"� &%6(�6DPSOH�3DSHU���������
� $QV�� 6FKRWWN\�GHIHFW��
� � 7KLV�W\SH�RI�GHIHFW�LV�VKRZQ�E\�LRQLF�FRPSRXQGV�LQ�ZKLFK�

� � �L��WKH�LRQV�KDYH�KLJK�FRRUGLQDWLRQ�QXPEHU�DQG�

� � �LL��LRQV��FDWLRQV�DQG�DQLRQV��DUH�RI�DOPRVW�VLPLODU�VL]HV�

6ROLGV� KDYH� GLHOHFWULF� SURSHUWLHV�
)RU�GHWDLO��UHIHU�&RPSHWLWLRQ�)LOH�
�3DJH�����
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� 4����� &ODVVLI\�HDFK�RI�WKH�IROORZLQJ�DV�EHLQJ�HLWKHU�D�S�W\SH�RU�Q�W\SH�VHPLFRQGXFWRU��

� � �L��*H�GRSHG�ZLWK�,Q�

� � �LL��6L�GRSHG�ZLWK�%�� �&%6(�6DPSOH�3DSHU������

� $QV�� �L��*H�EHORQJV�WR�JURXS����DQG�,Q�EHORQJV�WR�JURXS����

� � 7KHUHIRUH��DQ�HOHFWURQ�GHILFLHQW�KROH�LV�FUHDWHG�DQG�LW�LV�D�S�W\SH�VHPLFRQGXFWRU�

� � �LL��%�EHORQJV�WR�JURXS����DQG�6L�EHORQJV�WR�JURXS�����7KHUHIRUH��DQ�HOHFWURQ�GHILFLHQW��KROH�LV�FUHDWHG�DQG�LW�LV�D�
S�W\SH�VHPLFRQGXFWRU�

� 4����� 1DPH�D�VDOW�ZKLFK�LV�DGGHG�WR�$J&O�VR�DV�WR�SURGXFH�FDWLRQ�YDFDQFLHV�� �$�,�6�%��������'�6�%�������

� $QV�� &G&O��

� 4����� :KLFK�SRLQW�GHIHFW�ORZHUV�WKH�GHQVLW\�RI�D�FU\VWDO�"� $�,�6�%�������

� $QV�� 6FKRWWN\�GHIHFW�
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DV�KROHV��LQFUHDVHV�ZLWK�ULVH�LQ�WHPSHUDWXUH��WKH�FRQGXFWLYLW\�LQFUHDVHV�
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� 4����� *LYH�UHDVRQ���
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GLIIXVH�LQWR�WKH�FU\VWDO�DQG�JHW�WUDSSHG�DW�DQLRQ�YDFDQFLHV�FDOOHG�)�FHQWUHV��7KHVH�DEVRUE�HQHUJ\�IURP�YLVLEOH�OLJKW�

DQG�UDGLDWH�SLQN�FRORXU��
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�� ��� $V�<�DWRPV�DUH�DW�WKH�FRUQHUV�RI�WKH�FXEH�DQG�FRQWULEXWLRQ�
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� � �  � ������QP� �������×���y��FP

� r�  � 4 197
0 407 10 6 022 10

1

7 3 23 1
×

× × ×

−

− −

( )
( . ) ( . )

 g mol
 cm  mol

� �  �������J�FPy�

� ���� � 'HQVLW\�  �
Z M
NA



a3

� � � =�  � ���IRU� IFF�

� � � �����  �
4 60
6.022 103 23

×
× ×a

� � � D��  �
4 60

6.23 6.022 1023
×

× ×

� � � �  � ���º���y��

� � � D�  � � º���y��FP

� � � �  ����º���y���P� �����SP�

������ �� 'HQVLW\��r�  �
Z M
NA

×
×a3

� � �� r�  � ���J�FPy���0� ����J�PROy�

� � �� D�  � � º���y��FP��1$� �������º���
��

� � ∴� ���  �
Z 81

(3 10 )8 3
"

" " "� 6 022 1023.

� � RU� =�  �
10 (3 10 )8 3" " " "� 6 022 10

81

23.
� ����

� � ∴�1DWXUH�RI�FXELF�XQLW�FHOO�LV�EFF�

� ���� �� 'HQVLW\�  �
Z M
NA



a3

� � � 0�  � ��������� ����

� � � �  �
4 239

(500 10 ) (6.022 10 )10 3 23
"

" " "�

� � ��� �� ��� �� � � �  � ������J�FPy�

� ���� � (GJH�RI�XQLW�FHOO�  � ��º�������º���y��FP

� � � �  � ������º���y��FP

� � � =�  � �

� � ,I�1$�LV�$YRJDGUR�QXPEHU�

� � � 'HQVLW\�  �
Z M
NA



a3

� � � 0�  � ��������  ����

� � � ������  �
4 58.5

(5.628 10 ) N8 3
A

"
" "�

� � � 1$�  �
4 58.5

(5.628 10 ) 2.1678 3
"

" "�

� � � �  � �����º�����

� ���� � 'HQVLW\�  �
4 63.5

(3.61 10 ) (6.022 10 )8 3 23
"

" " "�

� � � �  � �����J�FPy�

6ROXWLRQ�)LOH
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� ���� 0ROHFXODU�PDVV�RI�&V%U� ���������� ����

� � � 'HQVLW\�  �
Z M
NA



a3

� � � =�  � �

� � � �����  �
1 213
6.022 103 23
×

× ×a

� ∴� � D��  �
1 213

6.022 10 4.2423
×

× ×

� � � �  � �����º���y��

� ∴� � D�  � ������º���y��FP� �������SP

� ���� � 'HQVLW\�  �
Z M
NA



a3

� � � �����  �
Z 108

(409 10 ) 6.022 1010 3 23
"

" " "� �

� � � =�  �
10.5 (409 10 ) 6.022 10

108

10 3 23" " " "�

� � � � � ���
� � ∴�IFF�W\SH�VWUXFWXUH�

� ���� � 'HQVLW\�  �
Z M
NA



a3

� � � ������  � 4 58.5
6.022 103 23
×

× ×a

� � � D��  � 4 58.5
2.165 6.022 1023

×
× ×

� � � D��  � �������º���y���FP�

� RU� � D�  � ��� º���y��FP

� � ,Q�1D&O�VWUXFWXUH��D� ����U1D�
���U&Oy�

� � ∴�'LVWDQFH�EHWZHHQ�1D��DQG�&Oy�LRQ�

� � � U1D�
���U&Oy�  �

a
2

8
 " 
�2.82 10 cm 282 pm

� ���� ,Q�D�EFF�ODWWLFH�

� � � ERG\�GLDJRQDO�  � 3a

� � 1RZ�� ���U$�
���U%y��  � 3a

� � � U$�
���U%y�  �

3
2

1.732 380
2

pm" 
 " 
a 329.1pm

� � � U$�
�  � ���� y�U%y� �������SP

� ���� )RUPXOD�XQLW�PDVV�RI�7O&O� ��������������� �������

� � � =�  � "

� � � 'HQVLW\�  �
Z M
NA



a3

� � � �����  �
Z 243.87

(3.85 10 ) (6.022 10 )8 3 23
"

" " "�

� RU� � =�  �
7.00 (3.85 10 ) (6.022 10 )

243.87

8 3 23" " " "�

� � � �  � �������RU����

� ∴� $�XQLW�FHOO�RI�7O&O�FRQWDLQV�RQH�IRUPXOD�XQLW�RI�7O&O�
� ∴� ,W�LV�D�VLPSOH�FXELF�DUUDQJHPHQW�

� ���� � 'HQVLW\�  � ����J�FPy�

� � � =�  � ���IRU�FXELF�ODWWLFH�

� � � �����  � 1 168.5
6.022 103 23
×

× ×a

� � RU� D��  � 168.5
4.00 6.022 1023× ×

� � � �  � �����º���y���FP�

� � ∴� D�  � �����º���y��FP� �����SP

� ���� )RU� IFF���=�  � �

� � � D�  � ������SP� �������º���y���FP

� � � 'HQVLW\�  �
Z M
N

×
×a3 A

� � � �  � 4 (107.9)
(408.6 10 cm) 6.022 1010 3 23

"
" "�

� � � �  ��������J�FPy�

� ���� ,I�1$�LV�$YRJDGUR�QXPEHU�

� � � =�  � ���IRU� IFF�

� � � 'HQVLW\�  �
Z M
NA



a3

� � �(GJH�RI�XQLW�FHOO�  � ��º����� �����SP

� � � �  � ����º���y���FP

� � ∴� �����  �
4 58

538 10 10 3
"

" "�( ) AN

� � � 1$�  �
4 58

(538 10 ) 2.4810 3
"

" "�

� � � �  � ������º�����

� ���� ,I�0�LV�WKH�PRODU�PDVV�RI�FRSSHU�

� � � 'HQVLW\�  �
Z M
NA



a3

� � � =�  � ���IRU� IFF�

� � � &HOO�HGJH��D�  � �����×���y��FP��1$� �������×���
��

� � � �����  �
4 M

(3.61 10 ) 6.022 108 3 23
"

" "�

� RU� 0�  �
8.92 6.022 10 (3.61 10 )

4

23 8 3" " " " �
� ������J�PROy��

6ROXWLRQ�)LOH
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� ��� )H�����2����LV�QRQ�VWRLFKLRPHWULF�DQG�LV�D�PL[WXUH�RI�)H
���

DQG�)H���LRQV��/HW�[�DWRPV�RI�)H���LRQV�DUH�SUHVHQW�LQ�

WKH�FRPSRXQG��7KLV�PHDQV�WKDW�[�)H���LRQV�KDYH�EHHQ�

UHSODFHG�E\�)H���LRQV�

� � �1R��RI�)H���LRQV� � ���� y�[

� � )RU� HOHFWULFDO� QHXWUDOLW\�� SRVLWLYH� FKDUJH� RQ� WKH�

FRPSRXQG� �1HJDWLYH�FKDUJH�RQ�WKH�FRPSRXQG

� � � �������y�[�����[�  � �

� � � �������[�  � �

� � �RU� [�� ���

� � ∴�)UDFWLRQ�RI��)H��� �������)H��� ������y������ �����
� � 7KXV���WKH�JLYHQ�IRUPXOD�PD\�EH�UHSUHVHQWHG�DV�

� � �
Fe Fe O0.14

3+
1.0
2

0 79
2
.
� �

� � 7RWDO�PRODU�PDVV� ������º��������º���� ������J

� � ��RI�LURQ�SUHVHQW�DV�)H��,,,�� �
0.14 56
68.08

100" " 
 11.5%

������ /HW�0���LRQV�LQ�WKH�FU\VWDO�EH�[�VR�WKDW�0���LRQV�LQ�WKH�

FU\VWDO�ZLOO�EH������y�[��7RWDO�FKDUJH�RQ�WKH�FRPSRXQG�

PXVW�EH�]HUR��VR�WKDW�
� ���º�[�����������y�[��y��� ��
� � �� �[�y������y��[�y���� ���
� � RU� � [�� ����

� ∴� � �� ��RI�0���� ��
0.88
0.96

º����� ������

� � � RI�0���� ��� y������� ������

� ���� ,I�1$�LV�$YRJDGUR�QXPEHU

� � �(GJH�RI�XQLW�FHOO�  � ������SP� �������º���y���FP

� � � =�  � ��IRU�EFF

� � � 'HQVLW\�  �
Z M
NA



a3

� ∴� � �����  �
2 52

(288.4 10 ) N10 3
A

"
" "�

� RU� � 1$�  �
2 52

7.20 (288.4 10 )10 3
"

" " �

� � �  � �����º�����

� ��� � r�  �
Z M
NA



a3

� � D� �����SP� �����º���y���P� ���º���y��FP

� � 0�� ����J�PROy���r� ������J�FPy�

� ∴� �����J�FPy�� � Z 93 g mol
(3 10 cm) (6.022 10  mol )

1

8 3 23 1
"

" " "

�

� �

� RU� �=� ���
11.5 g cm (3 10 cm) (6.022 10  mol )

g mol

3 8 3 23 1

1

� � �

�

� � " " " "

� �93

� � ���� �����

� ∴� ,W�LV�EFF�W\SH

6ROXWLRQ�)LOH

� � ,VRWURSLF�VXEVWDQFHV��7KH�VXEVWDQFHV�ZKLFK�VKRZ�VDPH�SK\VLFDO�SURSHUWLHV��HOHFWULFDO�FRQGXFWLYLW\��WKHUPDO�FRQGXFWLYLW\��
UHIUDFWLYH�LQGH[�HWF���LQ�DOO�GLUHFWLRQV�DUH�FDOOHG�LVRWURSLF�VXEVWDQFHV�

� �$QLVRWURSLF�VXEVWDQFHV��7KH�VXEVWDQFHV�ZKLFK�VKRZ�GLIIHUHQW�SK\VLFDO�SURSHUWLHV��HOHFWULFDO�FRQGXFWLYLW\��WKHUPDO�
FRQGXFWLYLW\��UHIUDFWLYH�LQGH[��HWF���LQ�GLIIHUHQW�GLUHFWLRQV�DUH�FDOOHG�DQLVRWURSLF�VXEVWDQFHV�

� �&U\VWDO�ODWWLFH�RU�VSDFH�ODWWLFH��,W�LV�WKH�UHJXODU�DUUDQJHPHQW�RI�WKH�FRQVWLWXHQW�SDUWLFOHV��DWRPV��LRQV�RU�PROHFXOHV��
RI�D�FU\VWDOOLQH�VROLG�LQ�WKUHH�GLPHQVLRQDO�VSDFH�

� �8QLW�FHOO��,W�LV�WKH�WKH�VPDOOHVW�WKUHH�GLPHQVLRQDO�UHSHDWLQJ�SRUWLRQ�RI�D�VSDFH�ODWWLFH�ZKLFK�ZKHQ�UHSHDWHG�RYHU�DQG�
DJDLQ�LQ�GLIIHUHQW�GLUHFWLRQV�SURGXFHV�WKH�FRPSOHWH�FU\VWDO�ODWWLFH�

� �&ORVH�SDFNLQJ��7KH�DUUDQJHPHQW�LQ�ZKLFK�PD[LPXP�DYDLODEOH�VSDFH�LV�RFFXSLHG�OHDYLQJ�PLQLPXP�DYDLODEOH�VSDFH�
� � ,QWHUVWLWLDO�YRLGV�RU�VLWHV��7KH�KROHV�RU�YRLGV�LQ�WKH�FU\VWDO�ODWWLFH�DUH�FDOOHG�LQWHUVWLWLDO�YRLGV�RU�VLWHV�
� �&RRUGLQDWLRQ�QXPEHU��,W�LV�WKH�QXPEHU�RI�QHDUHVW��RU�FORVHVW��QHLJKERXUV�RI�DQ\�FRQVWLWXHQW�SDUWLFOH�LQ�WKH�FU\VWDO�

ODWWLFH�

� �5DGLXV�UDWLR��7KH�UDWLR�RI�WKH�UDGLXV�RI�WKH�FDWLRQ�WR�WKH�UDGLXV�RI�WKH�DQLRQ��L�H��U��Uy��LV�FDOOHG�UDGLXV�UDWLR�
� �'LVRUGHU�RU�GHIHFW��$Q\�GHYLDWLRQ�IURP�FRPSOHWHO\�RUGHUHG�DUUDQJHPHQW�RI�FRQVWLWXHQW�SDUWLFOHV�LQ�D�FU\VWDO�LV�FDOOHG�

GLVRUGHU�RU�GHIHFW��

� � 6FKRWWN\�GHIHFW��7KH�GHIHFW�LQ�LRQLF�VROLGV�LQ�ZKLFK�HTXDO�QXPEHU�RI�FDWLRQV�DQG�DQLRQV�DUH�PLVVLQJ�IURP�WKHLU�
QRUPDO�VLWHV�

� �)UHQNHO�GHIHFW��7KH�GHIHFW�LQ�LRQLF�VROLGV�LQ�ZKLFK�VRPH�FDWLRQV�DUH�PLVVLQJ�IURP�QRUPDO�ODWWLFH�VLWHV�DQG�RFFXS\�
LQWHUWLWLDO�VLWHV�
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62/,'6

48,&.��&+$37(5�5281'�83

&U\VWDOOLQH�6ROLGV

� �&RQVWLWXHQW�SDUWLFOHV�KDYH�GHILQLWH��
JHRPHWULF�DUUDQJHPHQW

� ORQJ�UDQJH�RUGHU
�1D&O��&X��)H��6

$PRUSKRXV�6ROLGV

� �&RQVWLWXHQW�SDUWLFOHV�GR�QRW�KDYH�
UHJXODU�DUUDQJHPHQW

� VKRUW�UDQJH�RUGHU
�JODVV��UXEEHU��SODVWLFV

� �&U\VWDOOLQH�VROLGV�DUH�DQLVRWURSLF��GLIIHUHQW�SURSHUWLHV�LQ�GLIIHUHQW�GLUHFWLRQV�

� �$PRUSKRXV�VROLGV�DUH�LVRWURSLF��VDPH�SURSHUWLHV�LQ�DOO�GLUHFWLRQV�

&XELF
D�=�E�=�F

a�=�b�=�g�=�����

3��)��%

�

1R��RI�DWRPV�SHU�FXELF�XQLW�FHOO

� 6LPSOH� ��

� %RG\�FHQWUHG� ��

� )DFH�FHQWUHG� ��

� (QG�FHQWUHG� ��

1R��RI�DWRPV�LQ�KFS� ��

2UWKRUKRPELF
D��E��F

a�=�b�=�g�=�����

3��)��%��(

�

0RQRFOLQLF
D��E��F
a�=�g�=�����
b�����
3��(

�

+H[DJRQDO
D�=�E��F
a�=�b�=�����
g� �����

3

�

7HWUDJRQDO
D�=�E��F

a�=�b�=�g�=�����

3��%

�

7ULFOLQLF
D��E��F

a��b��g������

3

�

5KRPERKHGUDO
D�=�E� �F

a�=�b�=�g�����

3

�

&5<67$/�6<67(06
��FU\VWDO�
V\VWHPV

���%UDYDLV�
ODWWLFHV

&/26(�3$&.,1*

3$&.,1*�()),&,(1&<

3HUFHQWDJH�RI�WRWDO�VSDFH�ILOOHG�E\�SDUWLFOHV

+H[DJRQDO�FORVH�
SDFNLQJ

•� $%$%$��������

1R��RI�WHWUDKHGUDO�VLWHV� ���SHU�DWRP�

1R��RI�RFWDKHGUDO�VLWHV� ���SHU�DWRP

&XELF�FORVH�RU�IDFH�
FHQWUHG�FXELF

•� �$%&$%&$������

FFS��
���

KFS�
���

EFF� �
���

VLPSOH�FXELF��
�����

02/(&8/$5 ,21,&

•� �&RQVWLWXHQWV���YH�
DQG�yYH�LRQV

•� �6WURQJ�HOHFWURVWDWLF�
IRUFHV

�1D&O��0J2��&D)�

0(7$//,&

•� ��YH�LRQV�LQ�D�VHD�
RI�HOHFWURQV

•�0HWDOOLF�ERQGLQJ

�&X��$J��)H��0J

&29$/(17�25�
1(7:25.

•�$WRPV

•�&RYDOHQW�ERQGV
��6L&��TXDUW]���6L2��

GLDPRQG��JUDSKLWH��$O1

1RQ�SRODU�

•� �'LVSHUVLRQ�
IRUFHV

���$U��,���+���
VROLG�&2�

3RODU

•� �'LSROH�
GLSROH�
IRUFHV

�+&O��62�

+\GURJHQ�
ERQGHG

•� �+\GURJHQ�
ERQGLQJ

�,FH��+�2�

5HODWLRQVKLS�EHWZHHQ�QHDUHVW�GLVWDQFH��G��DQG�UDGLXV�RI�DWRP��U�

� 6LPSOH�FXELF� G� �D� U� �D��

� )DFH�FHQWUHG�FXELF� G� �
a

2
� U�� �

a

2 2

� %RG\�FHQWUHG�FXELF�� G� �
3
2
a � �U� �

3
4
a
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7KH�OLPLWLQJ�UDGLXV�UDWLR��UF���UD��DQG�WKH�
FRRUGLQDWLRQ�QXPEHUV�LQ�GLIIHUHQW�FU\VWDOV

UF����UD

������y������

������y������

������y������

������y��

&RRUGLQDWLRQ�1R�

�

�

�

�

$UUDQJHPHQW

3ODQDU�WULDQJXODU� �H�J���%�2��

7HWUDKHGUDO� � �H�J���=Q6�

2FWDKHGUDO� � H�J���1D&O�

%RG\�FHQWUHG�FXELF� �H�J���&V&O�

� 0DVV�RI�DWRPV�RI�XQLW�FHOO� �1R��RI�DWRPV�LQ�XQLW�FHOO��=��×�0DVV�RI�DWRP

� 0DVV�RI�DWRP� �
Molar mass M

Avogadro number NA

( )

( )

� 'HQVLW\�RI�XQLW�FHOO� �
Z M

NA

×
×a3

=�IRU

� IFF� ��

� EFF� ��

� VLPSOH�FXELF� ��

62/,'6�21�7+(�%$6,6�2)�(/(&75,&$/�3523(57,(6

&RQGXFWRUV

(OHFWULFDO�FRQGXFWLYLW\�

����WR�����RKPy�Py�

,QVXODWRUV

(OHFWULFDO�FRQGXFWLYLW\�

��y���WR���y���RKPy��Py�

6HPLFRQGXFWRUV

(OHFWULFDO�FRQGXFWLYLW\�

��y��WR�����RKPy��Py�

•�Q�W\SH�VHPLFRQGXFWRUV��*URXS����HOHPHQWV�GRSHG�ZLWK�JURXS����HOHPHQWV��IUHH�HOHFWURQV�LQFUHDVH�FRQGXFWLYLW\�

•�S�W\SH�VHPLFRQGXFWRUV��*URXS����HOHPHQWV�GRSHG�ZLWK�JURXS����HOHPHQWV��SUHVHQFH�RI�KROHV�LQFUHDVH�FRQGXFWLYLW\�

0$*1(7,&�3523(57,(6�2)�62/,'

3DUDPDJQHWLF

SHUPDQHQW�PDJQHWLF�
GLSROHV�DQG�DWWUDFWHG�E\�
PDJQHWLF�ILHOG

2���&X
����)H����7L2

� &XR��7L2���92

)HUURPDJQHWLF

UHPDLQ�SHUPDQHQWO\��
PDJQHWLVHG�HYHQ�LQ�WKH�
DEVHQFH�RI�PDJQHWLF�ILHOG�

)H��&2��1L��&U2�

�

$QWL�IHUURPDJQHWLF

]HUR�PDJQHWLF�PRPHQW�
GXH�WR�HTXDO�QXPEHU�RI�
PDJQHWLF�PRPHQWV�LQ�
RSSRVLWH�GLUHFWLRQV�

0Q2��)H2��&U�2�

)HUULPDJQHWLF

PDJQHWLF�PRPHQWV�DUH�
DOLJQHG�LQ�SDUDOOHO�DQG�
DQWL�SDUDOOHO�GLUHFWLRQV�
LQ�XQHTXDO�QXPEHUV�
JLYLQJ�QHW�VPDOO�PDJQHWLF�
PRPHQW��

0J)H�2�

'LDPDJQHWLF

ZHDNO\�UHSHOOHG�E\�
PDJQHWLF�ILHOG�

�EHQ]HQH��1D&O��7L2���

9�2�

•�&XULH�WHPSHUDWXUH��7HPSHUDWXUH�DERYH�ZKLFK�IHUURPDJQHWLVP�LV�QRW�REVHUYHG�

•�%UDJJtV�HTXDWLRQ��Ql� ���G�VLQq

,Q�$J%U��ERWK�)UHQNHO�DQG�6FKRWWN\�GHIHFWV�RFFXU

'()(&76�,1�&5<67$/6

1RQ�VWRLFKLRPHWULF6WRLFKLRPHWULF

)UHQNHO�GHIHFW

•��FDWLRQV�PLVVLQJ�IURP�
QRUPDO�VLWHV�DQG�RFFXS\�
LQWHUVWLWLDO�VLWHV

•��GRHV�QRW�FDXVH�FKDQJH�LQ�
GHQVLW\

�$J&O��$J%U��$J,��=Q6

0HWDO�H[FHVV�W\SH

•��DQLRQ�YDFDQFLHV�RU�
LQWHUVWLWLDO�FDWLRQV

•�Q�W\SH�VHPLFRQGXFWRUV

6FKRWWN\�GHIHFW

•��HTXDO�QXPEHU�RI�FDWLRQV�
DQG�DQLRQV�PLVVLQJ�IURP�
QRUPDO�VLWHV

•�GHQVLW\�GHFUHDVHV�
�1D&O��.&O��&V%U��$J%U

0HWDO�GHILFLHQW�W\SH

•��FDWLRQV�YDFDQFLHV�RU�
LQWHUVWLWLDO�DQLRQV

•�S�W\SH�VHPLFRQGXFWRUV
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4����:K\�DUH�VROLGV�ULJLG�"

�$QV��,Q� VROLGV�� WKH� SDUWLFOHV� DUH� FORVHO\� SDFNHG� DQG� WKH�
HPSW\�VSDFHV�EHWZHHQ�WKH�SDUWLFOHV�DUH�YHU\�VPDOO��7KHUHIRUH��
VROLGV�DUH� LQFRPSUHVVLEOH�DQG�WKH\�PDLQWDLQ�WKHLU�RZQ�VKDSH�
ZKHQ�VXEMHFWHG�WR�RXWVLGH�IRUFH��+HQFH��VROLGV�DUH�ULJLG�

4����:K\�GR�VROLGV�KDYH�D�GHILQLWH�YROXPH�"

$QV�� 7KH� LQWHUPROHFXODU� IRUFHV� EHWZHHQ� WKH� SDUWLFOHV� LQ�
WKH� VROLG� VWDWH� DUH� YHU\� VWURQJ�� 7KHUHIRUH�� WKH\� DUH� VWURQJO\�
KHOG�DW�IL[HG�SRVLWLRQV�DQG�SDUWLFOHV�FDQQRW�VHSDUDWH�IURP�RQH�
DQRWKHU��+HQFH��VROLGV�KDYH�D�GHILQLWH�YROXPH�

4����&ODVVLI\�WKH�IROORZLQJ�DV�DPRUSKRXV�RU�FU\VWDOOLQH�
VROLGV��

3RO\XUHWKDQH�� QDSKWKDOHQH�� EHQ]RLF� DFLG�� WHIORQ��
SRWDVVLXP�QLWUDWH�� FHOORSKDQH�� SRO\YLQ\OFKORULGH�� ILEUH�
JODVV��FRSSHU�

$QV��5HIHU�6ROYHG�([DPSOH����3DJH����

4����:K\�LV�JODVV�FRQVLGHUHG�D�VXSHU�FRROHG�OLTXLG�"

$QV��*ODVV� LV� DQ� DPRUSKRXV� VROLG�� /LNH� OLTXLGV�� LW�KDV�D�
WHQGHQF\�WR�IORZ��WKRXJK�YHU\�VORZO\��0RUHRYHU��JODVV�LV�REWDLQHG�
ZKHQ�PROWHQ� VLOLFDWHV� DUH� DOORZHG� WR� FRRO� UDSLGO\��7KHUHIRUH��
JODVV�LV�FRQVLGHUHG�DV�D�VXSHU�FRROHG�OLTXLG�

4����5HIUDFWLYH�LQGH[�RI�D�VROLG�LV�REVHUYHG�WR�KDYH�
WKH� VDPH� YDOXH� DORQJ� DOO� GLUHFWLRQV�� &RPPHQW� RQ� WKH�
QDWXUH�RI�WKLV�VROLG��:RXOG�LW�VKRZ�FOHDYDJH�SURSHUW\�"

$QV�� 6LQFH� UHIUDFWLYH� LQGH[� RI� WKH� VROLG� KDV� VDPH� YDOXH�
LQ� DOO� GLUHFWLRQV� L�H��� LVRWURSLF�� LW� LV� DQ�DPRUSKRXV� VROLG�� ,W�
ZLOO�QRW�VKRZ�FOHDYDJH�SURSHUW\��:KHQ�FXW�ZLWK�D�VKDUS�HGJHG�
WRRO��NQLIH��LW�ZLOO�FXW�LQWR�WZR�SLHFHV�ZLWK�LUUHJXODU�VXUIDFHV�

4���� &ODVVLI\� WKH� IROORZLQJ� VROLGV� LQ� GLIIHUHQW�
FDWHJRULHV�EDVHG�RQ�WKH�QDWXUH�RI�LQWHUPROHFXODU�IRUFHV�
RSHUDWLQJ�LQ�WKHP��

3RWDVVLXP� VXOSKDWH�� WLQ�� EHQ]HQH�� XUHD�� DPPRQLD��
ZDWHU��]LQF�VXOSKLGH��JUDSKLWH��UXELGLXP��DUJRQ��VLOLFRQ�
FDUELGH�

$QV��3RWDVVLXP�VXOSKDWH���LRQLF�VROLG��WLQ���PHWDOOLF�VROLG��
EHQ]HQH� ��PROHFXODU� VROLG��XUHD� ��PROHFXODU� VROLG�� DPPRQLD� ��
PROHFXODU� VROLG��ZDWHU� ��PROHFXODU� VROLG�� ]LQF� VXOSKLGH� �� LRQLF�
VROLG�� JUDSKLWH� �� FRYDOHQW� VROLG�� UXELGLXP� �� PHWDOOLF� VROLG���
DUJRQ���PROHFXODU�VROLG��VLOLFRQ�FDUELGH���FRYDOHQW�VROLG�

4����6ROLG�$�LV�YHU\�KDUG�HOHFWULFDO�LQVXODWRU�LQ�VROLG�
DV�ZHOO�DV�LQ�PROWHQ�VWDWH�DQG�PHOWV�DW�H[WUHPHO\�KLJK�
WHPSHUDWXUH��:KDW�W\SH�RI�VROLG�LV�LW�"

$QV��&RYDOHQW�RU�QHWZRUN�VROLG�OLNH�TXDUW]��6L2����6L&�RU�
&��GLDPRQG��

4����,RQLF�VROLGV�FRQGXFW�HOHFWULFLW\�LQ�PROWHQ�VWDWH�
EXW�QRW�LQ�VROLG�VWDWH��([SODLQ�

$QV��,Q�VROLG�VWDWH��WKH�LRQV�DUH�SUHVHQW�LQ�IL[HG�SRVLWLRQV�
LQ� WKH� FU\VWDO� ODWWLFH� DQG� FDQQRW�PRYH�ZKHQ� HOHFWULF� ILHOG� LV�
DSSOLHG��+RZHYHU��ZKHQ�PHOWHG��WKH�ZHOO�RUGHUHG�DUUDQJHPHQW�

RI� WKH� LRQV� LQ� WKH� FU\VWDO� LV� GHVWUR\HG� DQG� WKH� LRQV� DUH� LQ�D�
SRVLWLRQ� WR� PRYH� DERXW� ZKHQ� DQ� HOHFWULF� FXUUHQW� LV� DSSOLHG��
+HQFH��LRQLF�VROLGV�FRQGXFW�HOHFWULFLW\�LQ�PROWHQ�VWDWH�

4����:KDW� W\SH�RI� VROLGV� DUH� HOHFWULFDO� FRQGXFWRUV��
PDOOHDEOH�DQG�GXFWLOH�"

$QV��0HWDOOLF�VROLGV�

4����*LYH�WKH�VLJQLILFDQFH�RI� ODWWLFH�SRLQW�

$QV��/DWWLFH�SRLQWV�UHSUHVHQW�WKH�SRVLWLRQV�RI�WKH�FRQVWLWXHQW�
SDUWLFOHV��DWRPV��PROHFXOHV�RU�LRQV��LQ�D�FU\VWDO�ODWWLFH�

4�����1DPH�WKH�SDUDPHWHUV�WKDW�FKDUDFWHUL]H�D�XQLW�
FHOO�

$QV�� $� XQLW� FHOO� LV� FKDUDFWHUL]HG� E\� WKH� WZR� W\SHV� RI�
SDUDPHWHUV�

�L��'LPHQVLRQV�DORQJ�WKH�WKUHH�HGJHV�UHSUHVHQWHG�DV�D��E�
DQG�F�

�LL��$QJOHV�EHWZHHQ�HGJHV�α��EHWZHHQ�E�DQG�F���β��EHWZHHQ�
D�DQG�F��DQG�γ��EHWZHHQ�D�DQG�E��

+HQFH� D�XQLW� FHOO� LV� UHSUHVHQWHG�E\� VL[�SDUDPHWHUV�D��E��
F��α,�β��DQG�γ�

4�����'LVWLQJXLVK�EHWZHHQ��

�L��+H[DJRQDO�DQG�PRQRFOLQLF�XQLW�FHOO

�LL��)DFH�FHQWUHG�DQG�HQG�FHQWUHG�XQLW�FHOO
$QV���L��+H[DJRQDO�XQLW�FHOO�KDV�WZR�HGJHV�RI�HTXDO�OHQJWK�

�D� �E�≠�F��ZKLOH�PRQRFOLQLF�XQLW� FHOO�KDV�DOO� WKH�WKUHH�HGJHV�
RI�XQHTXDO�OHQJWK��D�≠�E�≠�F��

,Q�KH[DJRQDO�WZR�DQJOHV�DUH�RI�����DQG�RQH�DQJOH�RI������
�α� �β� �����γ� �������,Q�PRQRFOLQLF��WZR�DQJOHV�DUH�RI�����EXW�
RQH�LV�QRW�RI������α� �γ� ������β�≠������

�LL�� )DFH� FHQWUHG� XQLW� FHOO� KDV� SRLQWV� DW� WKH� FRUQHUV� DV�
ZHOO�DV�DW�WKH�FHQWUH�RI�HDFK�IDFH��,W�KDV���DWRPV�SHU�XQLW�FHOO�

(QG�FHQWUHG�XQLW�FHOO�KDV�SRLQWV�DW�DOO�WKH�FRUQHUV�DQG�DW�
WKH�FHQWUH�RI�DQ\�WZR�RSSRVLWH�IDFHV��,W�KDV���DWRPV�SHU�XQLW�FHOO�

4�����([SODLQ�KRZ�PXFK�SRUWLRQ�RI�DQ�DWRP�ORFDWHG�DW��

�L��FRUQHU�DQG��LL��ERG\�FHQWUH�RI�D�FXELF�XQLW�FHOO�LV�
SDUW�RI�LWV�QHLJKERXULQJ�XQLW�FHOO�"

$QV����L������SDUW�RI�DQ�DWRP� ORFDWHG�DW�FRUQHU�EHORQJV�WR�
QHLJKERXULQJ�XQLW�FHOO

�LL��1R�SDUW��

4����� :KDW� LV� WKH� WZR� GLPHQVLRQDO� FRRUGLQDWLRQ�
QXPEHU�RI�D�PROHFXOH�LQ�VTXDUH�FORVH�SDFNHG�OD\HU�"

$QV����

4����� $� FRPSRXQG� IRUPV� KH[DJRQDO� FORVH� SDFNHG�
VWUXFWXUH�� :KDW� LV� WKH� WRWDO� QXPEHU� RI� YRLGV� LQ��
����PRO�RI�LW�"�+RZ�PDQ\�RI�WKHVH�DUH�WHWUDKHGUDO�YRLGV�"

$QV���$Q� DWRP� LQ� KFS� VWUXFWXUH� KDV� WKUHH� YRLGV�� RQH�
RFWDKHGUDO�DQG�WZR�WHWUDKHGUDO

� � � �1R��RI�DWRPV�LQ�����PRO�  � ����º�������º�����

� � � � �  � ���� º�����

1&(57 ,Q�WH[W�4XHVWLRQ
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� � � � 7RWDO�QXPEHU�RI�YRLGV�  � ��º�������º�����

� � � � �  � ���� º�����

��1XPEHU�RI�WHWUDKHGUDO�YRLGV��  � ��º�������º�����

� � �  � ������º�����

4������$�FRPSRXQG�LV�IRUPHG�E\�WZR�HOHPHQWV�0�DQG�
1�� 7KH� HOHPHQW� 1� IRUPV� FFS� DQG� 0� DWRPV� RFFXS\� ����
RI� WHWUDKHGUDO� YRLGV�� :KDW� LV� WKH� IRUPXOD� RI� WKH�
FRPSRXQG� "

$QV��6LQFH� 1� IRUPV� FFS� DUUDQJHPHQW�� LW� ZLOO� KDYH��
��DWRPV�LQ�D�XQLW�FHOO�

� � 1XPEHU�RI�1�DWRPV�LQ�XQLW�FHOO� ��

� � )RU� HDFK� DWRP�� WKHUH� DUH� WZR� WHWUDKHGUDO� YRLGV� VR� WKDW�
WKHUH�DUH���WHWUDKHGUDO�YRLGV�SHU�XQLW�FHOO�

� � � 1R��RI�0�DWRPV�  � 1
3
8 8
3

" 


� � � )RUPXOD�  �0���1�

� � ���RU� �  �0�1��

4������:KLFK�RI�WKH�IROORZLQJ�ODWWLFHV�KDV�WKH�KLJKHVW�
SDFNLQJ�HIILFLHQF\��L��VLPSOH�FXELF��LL��ERG\�FHQWUHG�FXELF�
DQG��LLL��KH[DJRQDO�FORVH�SDFNHG�ODWWLFH�"

$QV��7KH�SDFNLQJ�HIILFLHQFLHV�DUH��

�VLPSOH�FXELF� ������

ERG\�FHQWUHG�FXELF� ����

KH[DJRQDO�FORVH�SDFNHG� ����

∴� +H[DJRQDO� FORVH� SDFNHG� ODWWLFH� KDV� KLJKHVW� SDFNLQJ�
HIILFLHQF\�

4����� $Q� HOHPHQW� ZLWK� PRODU� PDVV� ���� º� ��y���

NJ�PROy��IRUPV�D�FXELF�XQLW�FHOO�ZLWK�HGJH�OHQJWK�����SP��
,I� WKH�GHQVLW\�LV� ����º�����NJ�Py���:KDW�LV�WKH�QDWXUH�RI�
WKH�FXELF�XQLW�FHOO�"

$QV��(GJH�OHQJWK� �����SP� �����º���y���P

� � � 'HQVLW\�RI�WKH�FHOO� �����º�����NJPy�

� � � 0RODU�PDVV� �����º���y��NJ�PROy�

� � � 1RZ��GHQVLW\� �
Z M
N

×
×a3 A� � � =� �"

�����º�����NJ�Py�� �
Z 2.7 10 kg mol

(405 10 m) (6.022 10 mol )

2 1

12 3 23 1
" "

" " "

� �

� � �

∴�=� � (2.7 × 10 kg m ) (405 10 m) (6.022 10 mol )
2.7 10 kg m

3 3 12 3 23 1

2

� � �

�
" " " "

" ool 1�

�����  ����

6LQFH� WKH� XQLW� FHOO� FRQWDLQV� �� DWRPV�� LW� LV� FXELF� FORVH�
SDFNHG�VWUXFWXUH��FFS�

4�����:KDW�W\SH�RI�GHIHFW�FDQ�DULVH�ZKHQ�D�VROLG�LV�
KHDWHG�"�:KLFK�SK\VLFDO�SURSHUW\� LV�DIIHFWHG�E\�LW�DQG�
LQ�ZKDW�ZD\�"

$QV��(OHFWURQLF�LPSHUIHFWLRQV�

7KHVH� GHIHFWV� DIIHFW� HOHFWULFDO� FRQGXFWLYLW\�� ,W� LQFUHDVHV�

ZLWK�ULVH�LQ�WHPSHUDWXUH�

4�����:KDW�W\SH�RI�VWRLFKLRPHWULF�GHIHFW�LV�VKRZQ�E\�

�L��=Q6��� ��LL��$J%U
$QV���L��=Q6���)UHQNHO�GHIHFW�

� � � �LL��$J%U���)UHQNHO�GHIHFW�DV�ZHOO�DV�6FKRWWN\�GHIHFW�

4����� ([SODLQ� KRZ� YDFDQFLHV� DUH� LQWURGXFHG� LQ� DQ�
LRQLF�VROLG�ZKHQ�D�FDWLRQ�RI�KLJKHU�YDOHQFH�LV�DGGHG�DV�
DQ�LPSXULW\�LQ�LW�"

$QV��:KHQ�D�FDWLRQ�RI�KLJKHU�YDOHQFH�LV�DGGHG�WR�DQ�LRQLF�

VROLG��LW�UHVXOWV�LQWR�LPSXULW\�GHIHFW�DQG�FDWLRQLF�YDFDQFLHV�DUH�
LQWURGXFHG�WR�PDLQWDLQ�HOHFWULFDO�QHXWUDOLW\��)RU�H[DPSOH��ZKHQ�

PROWHQ�1D&O�LV�DOORZHG�WR�FU\VWDOOLVH�LQ�WKH�SUHVHQFH�RI�6U&O���
VRPH�RI� WKH�1D��LRQV�DUH�UHSODFHG�E\�6U���LRQV��(DFK�6U���LRQ�

UHSODFHV� WZR�1D�� LRQV� WR� PDLQWDLQ� HOHFWULFDO� QHXWUDOLW\��2QH�
RI� WKH�VLWH� LV�RFFXSLHG�E\�6U��� LRQ�DQG�WKH�RWKHU�VLWH� UHPDLQV�

YDFDQW�� +HQFH�� FDWLRQLF� YDFDQFLHV� DUH� SURGXFHG� HTXDO� WR� WKH�
QXPEHU�RI�6U���LRQV�

4�����,RQLF�VROLGV�ZKLFK�KDYH�DQLRQLF�YDFDQFLHV�GXH�
WR�PHWDO�H[FHVV�GHIHFW�GHYHORS�FRORXU��([SODLQ�ZLWK�WKH�
KHOS�RI�D�VXLWDEOH�H[DPSOH�

$QV��:KHQ�FU\VWDOV�RI�DONDOL�PHWDO�KDOLGHV�VXFK�DV�1D&O�

DUH� KHDWHG� LQ� WKH� DWPRVSKHUH� RI� VRGLXP� YDSRXU�� WKH� H[FHVV�
RI� VRGLXP� DWRPV�DUH� GHSRVLWHG� RQ� WKH� VXUIDFH� RI� WKH� FU\VWDO��

7KH�&Oy�� LRQV�GLIIXVH�WR�WKH�VXUIDFH�DQG�FRPELQH�ZLWK�VRGLXP�
DWRPV� WR�IRUP�1D&O��7KLV�KDSSHQV�E\�WKH�ORVV�RI�HOHFWURQV�E\�

1D�DWRPV�WR�IRUP�1D��LRQV��7KH�UHOHDVHG�HOHFWURQV�GLIIXVH�LQWR�
WKH�FU\VWDO�DQG�RFFXS\�DQLRQLF�VLWHV��$V�D�UHVXOW��WKH�VWUXFWXUH�

KDV�DQ�H[FHVV�RI�VRGLXP�

7KH� FU\VWDOV� DFTXLUH� \HOORZ� FRORXU� EHFDXVH� ZKHQ� YLVLEOH�

OLJKW�IDOOV�RQ�WKH�FU\VWDOV��WKH\�DEVRUE�HQHUJ\�IURP�WKH�YLVLEOH�
UHJLRQ�WR�H[FLWH�WKH�HOHFWURQV��+HQFH��WKH\�DUH�FRORXUHG��6LPLODUO\��

H[FHVV�RI�/L�PDNHV�/L&O�FU\VWDOV�SLQN�DQG�H[FHVV�RI�.�PDNHV�
.&O�FU\VWDOV�YLROHW�

4����� $� JURXS� ��� HOHPHQW� LV� WR� EH� FRQYHUWHG� LQWR��
Q�W\SH�VHPLFRQGXFWRU�E\�GRSLQJ�ZLWK�D�VXLWDEOH�LPSXULW\��
7R�ZKLFK�JURXS�VKRXOG�WKLV�LPSXULW\�EHORQJ�"

$QV��*URXS���

H�J���3��$V�

4����� :KDW� W\SH� RI� VXEVWDQFHV� ZRXOG� PDNH� EHWWHU�
SHUPDQHQW�PDJQHWV�� IHUURPDJQHWLF� RU� IHUULPDJQHWLF� "�
-XVWLI\�\RXU�DQVZHU�

$QV�� )HUURPDJQHWLF� VXEVWDQFHV�� :KHQ� WKH� VXEVWDQFH� LV�
SODFHG�LQ�D�PDJQHWLF�ILHOG��DOO�WKH�GRPDLQV�JHW�RULHQWHG�LQ�WKH�

GLUHFWLRQ�RI�WKH�PDJQHWLF�ILHOG�

4����'HILQH�WKH�WHUP�tDPRUSKRXVu��*LYH�D�IHZ�H[DPSOHV�
RI�DPRUSKRXV�VROLGV�

$QV�� $� VROLG� LV� VDLG� WR� EH� DPRUSKRXV� LI� WKH� FRQVWLWXHQW�
SDUWLFOHV�DUH�QRW�DUUDQJHG�LQ�DQ\�UHJXODU�IDVKLRQ��7KH\�PD\�KDYH�
VKRUW�UDQJH�RUGHU��)RU�H[DPSOH��JODVV��SODVWLFV��DPRUSKRXV�VLOLFD�

4����:KDW�PDNHV�D�JODVV�GLIIHUHQW�IURP�D�VROLG�VXFK�
DV� TXDUW]� "� 8QGHU� ZKDW� FRQGLWLRQV� FRXOG� TXDUW]� EH�
FRQYHUWHG�LQWR�JODVV�"

$QV��4XDUW]�LV�D�FU\VWDOOLQH�VROLG�LQ�ZKLFK�6L2��WHWUDKHGUDO�
XQLWV� DUH� DUUDQJHG� LQ� DQ� RUGHUO\� DUUDQJHPHQW�� *ODVV� LV� D�

1&(57
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VXSHUFRROHG� OLTXLG�DQG� LV� DQ� DPRUSKRXV� VROLG�� ,Q�ZKLFK�6L2��
WHWUDKHGUDO�XQLWV�DUH�QRW�DUUDQJHG�LQ�DQ\�UHJXODU�RUGHU�

4XDUW]�FDQ�EH�FRQYHUWHG�LQWR�JODVV�E\�PHOWLQJ�WKH�TXDUW]�
DQG�WKHQ�FRROLQJ�LW�UDSLGO\�

4���� &ODVVLI\� HDFK� RI� WKH� IROORZLQJ� VROLGV� DV� LRQLF��
PHWDOOLF��PROHFXODU��QHWZRUN��FRYDOHQW��RU�DPRUSKRXV�

�D��7HWUD�SKRVSKRUXV�GHFR[LGH��3�2���

�E��*UDSKLWH� �F��%UDVV
�G��$PPRQLXP�SKRVSKDWH��1+���32�

�H��6L&� �I��5E� �J��,�� �K�/L%U� �L��3�� �M��6L� �N��3ODVWLF
$QV��5HIHU�6ROYHG�([DPSOH����3DJH����

4�����D��:KDW�LV�PHDQW�E\�WHUP�tFRRUGLQDWLRQ�QXPEHUu�"

�E��:KDW�LV�WKH�FRRUGLQDWLRQ�QXPEHU�RI�DWRPV� �

��L���LQ�D�FXELF�FORVH�SDFNHG�VWUXFWXUH
��LL��LQ�D�ERG\�FHQWUHG�FXELF�VWUXFWXUH�
$QV���D��&RRUGLQDWLRQ�QXPEHU�JLYHV�WKH�QXPEHU�RI�QHDUHVW�

QHLJKERXUV�ZLWK�ZKLFK�D� JLYHQ�DWRP� LV� LQ�FRQWDFW�� ,Q� FDVH�RI�
LRQLF�FU\VWDOV��FRRUGLQDWLRQ�QXPEHU�RI�DQ� LRQ� LQ�WKH�FU\VWDO� LV�
WKH�QXPEHU�RI�RSSRVLWHO\�FKDUJHG�LRQV�VXUURXQGLQJ�WKDW�LRQ�

� � � �E���L����� �LL���

4����+RZ�FDQ�\RX�GHWHUPLQH�WKH�DWRPLF�PDVV�RI�DQ�
XQNQRZQ�PHWDO�LI�\RX�NQRZ�LWV�GHQVLW\�DQG�WKH�GLPHQVLRQ�
RI�LWV�XQLW�FHOO�"�([SODLQ�

$QV��5HIHU�7H[W���SDJH����

� � � $WRPLF�PDVV��0� �
� " a3 N

Z
A

4����t6WDELOLW\�RI�D�FU\VWDO�LV�UHIOHFWHG�LQ�WKH�PDJQLWXGH�
RI�LWV�PHOWLQJ�SRLQWVu��&RPPHQW��&ROOHFW�PHOWLQJ�SRLQWV�
RI�VROLG�ZDWHU��HWK\O�DOFRKRO��GLHWK\O�HWKHU�DQG�PHWKDQH�
IURP� D� GDWD� ERRN�� :KDW� FDQ� \RX� VD\� DERXW� WKH� LQWHU�
PROHFXODU�IRUFHV�EHWZHHQ�WKHVH�PROHFXOHV�"

$QV�� 7KH� PHOWLQJ� SRLQW� RI� D� FU\VWDO� GHSHQGV� XSRQ� WKH�
PDJQLWXGH�RI�IRUFHV�KROGLQJ�WKH�FRQVWLWXHQW�SDUWLFOHV�WRJHWKHU��
ZKLFK�GHWHUPLQH�WKH�VWDELOLW\��+LJKHU�WKH�PHOWLQJ�SRLQW��JUHDWHU�
DUH� WKH� IRUFHV� KROGLQJ� WKH� FRQVWLWXHQW� SDUWLFOHV� WRJHWKHU� DQG�
KHQFH�JUHDWHU�LV�WKH�VWDELOLW\��)RU�H[DPSOH��LRQLF�FU\VWDOV�VXFK�
DV� 1D&O�� .12��� HWF�� KDYH� YHU\� KLJK�PHOWLQJ� SRLQWV� DQG� DUH�
VWDEOH��2Q�WKH�RWKHU�KDQG��PROHFXODU�VROLGV�VXFK�DV�QDSKWKDOHQH��
LRGLQH�� HWF�� DUH� OHVV� VWDEOH� EHFDXVH� WKH\� KDYH� ORZ� YDOXHV� RI�
PHOWLQJ�SRLQWV�

7KH�PHOWLQJ�SRLQWV�RI�VRPH�FRPSRXQGV�DUH��

:DWHU�  � ���� .�� HWK\O� DOFRKRO�  � ������ .�� GLHWK\O� HWKHU��
 �������.�DQG�PHWKDQH� ������.�

7KH� LQWHUPROHFXODU� IRUFHV� LQ�ZDWHU�DQG�HWK\O� DOFRKRO� DUH�
PDLQO\�K\GURJHQ�ERQGLQJ��7KH�KLJKHU�PHOWLQJ�SRLQW�RI�ZDWHU�WKDQ�
HWK\O�DOFRKRO� LQGLFDWHV�WKDW�WKH�K\GURJHQ�ERQGLQJ� LQ�ZDWHU�LV�
VWURQJHU�WKDQ�LQ�HWK\O�DOFRKRO��'LHWK\O�HWKHU�LV�D�SRODU�PROHFXOH�
DQG��WKHUHIRUH��WKH�LQWHUPROHFXODU� IRUFHV� LQ�GLHWK\O� �HWKHU�DUH�
GLSROH�GLSROH� LQWHUDFWLRQV�� 2Q� WKH� RWKHU� KDQG�� PHWKDQH� LV� D�
QRQ�SRODU�PROHFXOH�DQG�WKH�RQO\�IRUFHV�SUHVHQW�LQ�WKHP�DUH�WKH�
ZHDN�YDQ�GHU�:DDOV� IRUFHV� �/RQGRQ�GLVSHUVLRQ� IRUFHV���7KHVH�
DUH�ZHDNHU�WKDQ�GLSROH�GLSROH�LQWHUDFWLRQV�DQG�KHQFH�PHWKDQH�
KDV�YHU\�ORZ�PHOWLQJ�SRLQW�WKDQ�GLHWK\O�HWKHU�

4����+RZ�ZLOO�\RX�GLVWLQJXLVK�EHWZHHQ�WKH�IROORZLQJ�
SDLU�RI�WHUPV��

�L��+H[DJRQDO�FORVH�SDFNLQJ�DQG�FXELF�FORVH�SDFNLQJ
�LL��&U\VWDO�ODWWLFH�DQG�XQLW�FHOO�
�LLL��7HWUDKHGUDO�YRLG�DQG�RFWDKHGUDO�YRLG�

$QV���L�

��L��,Q�KFS�� WKH� VSKHUHV� RI� WKH�
WKLUG� OD\HU� DUH� H[DFWO\�
DOLJQHG� ZLWK� WKRVH� RI� WKH�
ILUVW� OD\HU�� 7KLV� DUUDQJH��
PHQW� LV� UHSUHVHQWHG� DV��
$%�$%������������W\SH�

��LL��,Q�KFS��WKH�WHWUDKHGUDO�YRLGV�
RI�WKH�VHFRQG�OD\HU�PD\�EH�
FRYHUHG� E\� WKH� VSKHUHV� RI�
WKH�WKLUG�OD\HU�

��L��,Q� FFS�� WKH� VSKHUHV� RI� WKH�
WKLUG�OD\HU�DUH�QRW�DOLJQHG�
ZLWK�WKRVH�RI�WKH�ILUVW�OD\HU�
RU�VHFRQG�OD\HU��7KH�OD\HUV�
RI�IRXUWK�OD\HU�DUH�DOLJQHG�
ZLWK�WKRVH�RI�WKH�ILUVW�OD\HU��
7KLV�SDWWHUQ�LV�UHSUHVHQWHG�
DV�$%&$%&��������

��LL��,Q�FFS��WKH�WKLUG�OD\HU�PD\�
EH�SODFHG�DERYH�WKH�VHFRQG�
OD\HU� LQ� D� PDQQHU� VXFK�
WKDW� LWV� VSKHUHV� FRYHU� WKH�
RFWDKHGUDO�YRLGV�

+H[DJRQDO�FORVH�SDFNLQJ &XELF�FORVH�SDFNLQJ

�LL�� 7KH� WKUHH� GLPHQVLRQDO� DUUDQJHPHQW� RI� FRQVWLWXHQW�
SDUWLFOHV� RI� D� VXEVWDQFH� �DWRPV�� LRQV� RU� PROHFXOHV�� LV� FDOOHG�
FU\VWDO�ODWWLFH�

7KH�VPDOOHVW�UHSHDWLQJ�SDWWHUQ� LQ�D�FU\VWDO� ODWWLFH�ZKLFK�
ZKHQ�UHSHDWHG� LQ�WKUHH�GLPHQVLRQV�JLYHV�WKH�FU\VWDO� LV�FDOOHG�
XQLW�FHOO�

�LLL�� $� YRLG� VXUURXQGHG� E\� IRXU� VSKHUHV� LV� FDOOHG� D�
WHWUDKHGUDO�YRLG�ZKLOH�D�YRLG�VXUURXQGHG�E\�VL[�VSKHUHV�LV�FDOOHG�
DQ�RFWDKHGUDO�YRLG�

4����+RZ�PDQ\� ODWWLFH�SRLQWV�DUH�WKHUH� LQ�RQH�XQLW�
FHOO�RI�HDFK�RI�WKH�IROORZLQJ�ODWWLFH�"

�D�� IDFH� FHQWUHG� FXELF� �E�� IDFH� FHQWUHG� WHWUDJRQDO��
�F��ERG\�FHQWUHG�

$QV�� �D�� ,Q� IDFH� FHQWUHG� FXELF� DUUDQJHPHQW�� QXPEHU� RI�
ODWWLFH�SRLQWV�DUH��

� ���DW�FRUQHUV�������DW�IDFH�FHQWUHV�

� /DWWLFH�SRLQWV�SHU�XQLW�FHOO� � 8 1
8
6 1
2
4" � " 


�E��,Q�IDFH�FHQWUHG�WHWUDJRQDO��QXPEHU�RI�ODWWLFH�SRLQWV�DUH�

� �  ����DW�FRUQHUV�������DW�IDFH�FHQWUHV�

� /DWWLFH�SRLQWV�SHU�XQLW�FHOO� � 8 1
8
6 1
2

" � " � ��

�F�� ,Q�ERG\� FHQWUHG� FXELF�DUUDQJHPHQW� QXPEHU� RI� ODWWLFH�
SRLQWV�DUH��

�� �  ����DW�FRUQHUV�������DW�ERG\�FHQWHU�

� /DWWLFH�SRLQWV�SHU�XQLW�FHOO� � 8 1
8
1 2" � 


4���� ([SODLQ� �� �D�� 7KH� EDVLV� RI� VLPLODULWLHV� DQG�
GLIIHUHQFHV�EHWZHHQ�PHWDOOLF�DQG�LRQLF�FU\VWDOV�

�E��,RQLF�VROLGV�DUH�KDUG�DQG�EULWWOH�
$QV���D��%DVLV�RI�VLPLODULWLHV

�L��%RWK�LRQLF�DQG�PHWDOOLF�FU\VWDOV�KDYH�HOHFWURVWDWLF�IRUFHV�
RI�DWWUDFWLRQ��,Q�LRQLF�FU\VWDOV��WKHVH�DUH�EHWZHHQ�WKH�RSSRVLWHO\�
FKDUJHG� LRQV� ZKLOH� LQ� PHWDOV�� WKHVH� DUH� DPRQJ� WKH� YDOHQFH�
HOHFWURQV�DQG�WKH�NHUQHOV��7KDW�LV�ZK\�ERWK�LRQLF�DQG�PHWDOOLF�
FU\VWDOV�KDYH�KLJK�PHOWLQJ�SRLQWV�

�LL��,Q�ERWK�FDVHV��WKH�ERQG�LV�QRQ�GLUHFWLRQDO�

%DVLV�RI�GLIIHUHQFHV

�L�� ,Q� LRQLF� FU\VWDOV�� WKH� LRQV� DUH� QRW� IUHH� WR� PRYH� DQG�
WKHUHIRUH�� WKH\� GR� QRW� FRQGXFW� HOHFWULFLW\� LQ� WKH� VROLG� VWDWH��
7KH\�FRQGXFW�HOHFWULFLW\�LQ�WKH�PROWHQ�VWDWH�RU�LQ�WKHLU�DTXHRXV�
VROXWLRQ�� +RZHYHU�� LQ� PHWDOV�� WKH� YDOHQFH� HOHFWURQV� DUH� IUHH�
WR�PRYH�DQG�KHQFH�WKH\�FRQGXFW�HOHFWULFLW\�LQ�WKH�VROLG�VWDWH�
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�LL��,RQLF�ERQG�LQ�LRQLF�FU\VWDOV�LV�VWURQJ�GXH�WR�HOHFWURVWDWLF�
IRUFHV� RI� DWWUDFWLRQ��+RZHYHU��PHWDOOLF� ERQG�PD\�EH� ZHDN� RU�
VWURQJ� GHSHQGLQJ� XSRQ� WKH� QXPEHU� RI� YDOHQFH� HOHFWURQV� DQG�
WKH�VL]H�RI�WKH�NHUQHOV�

�E�� ,RQLF� FU\VWDOV� DUH� KDUG� EHFDXVH� WKHUH� DUH� VWURQJ�
HOHFWURVWDWLF� IRUFHV� RI� DWWUDFWLRQ� DPRQJ� WKH� RSSRVLWHO\�
FKDUJHG� LRQV�� 7KH\� DUH� EULWWOH� EHFDXVH� WKH� LRQLF� ERQG� LV��
QRQ�GLUHFWLRQDO�

4�����&DOFXODWH� WKH�HIILFLHQF\�RI�SDFNLQJ� LQ�FDVH�RI�
D�PHWDO�FU\VWDO�IRU

�D�� VLPSOH� FXELF� �E�� ERG\� FHQWHUHG� FXELF� �F�� IDFH�
FHQWHUHG�FXELF

�ZLWK�WKH�DVVXPSWLRQV�WKDW�DWRPV�DUH�WRXFKLQJ�HDFK�
RWKHU��

$QV��5HIHU�7H[W���SDJH���y���

4�����6LOYHU�FU\VWDOOL]HV�LQ�IFF�ODWWLFH��,I�HGJH�OHQJWK�
RI�WKH�FHOO�LV�������º���y��FP�DQG�GHQVLW\�LV������J�FPy���
&DOFXODWH�WKH�DWRPLF�PDVV�RI�VLOYHU��

�$�,�6�%��������8WWDUDNKDQG�6�%��������

$QV����'HQVLW\�� �r� �
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NA
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=� ����IFF�ODWWLFH���r� ������J�FPy���1$� �������º���
���

�D� �������º���y��FP�

∴� � 0� �
10.5 (4.077 10 ) 6.022 10

4

8 3 23" " " "�

� � �  � �������J PROy��

4�����$�FXELF�VROLG� LV�PDGH�RI�WZR�HOHPHQWV�3�DQG�4��
$WRPV�RI�4�DUH�DW�WKH�FRUQHUV�RI�WKH�FXEH�DQG�3�DW�WKH�ERG\�
FHQWUH��:KDW�LV�WKH�IRUPXOD�RI�WKH�FRPSRXQG�"�:KDW�DUH�
WKH�FRRUGLQDWLRQ�QXPEHUV�RI�3�DQG�4�"

$QV��$V�DWRPV�4�DUH�SUHVHQW�DW�WKH���FRUQHUV�RI�WKH�FXEH��

WKHUHIRUH��QXPEHU�RI�DWRPV�RI�4�LQ�WKH�XQLW�FHOO� � 8 1
8
1" 


$V� DWRPV� 3� DUH� SUHVHQW� DW� WKH� ERG\� FHQWUH�� WKHUHIRUH��
QXPEHU�RI�DWRPV�3�LQ�WKH�XQLW�FHOO� ��

∴�)RUPXOD�RI�WKH�FRPSRXQG� �34
���&RRUGLQDWLRQ�QXPEHU�RI�HDFK�3�DQG�4� ��

4����� 1LRELXP� FU\VWDOOL]HV� LQ� ERG\� FHQWHUHG� FXELF�
VWUXFWXUH�� ,I� GHQVLW\� LV� ����� J� FPy��� FDOFXODWH� DWRPLF�
UDGLXV�RI�QLRELXP�XVLQJ�LWV�DWRPLF�PDVV����X�

$QV��5HIHU�6ROYHG�([DPSOH�����3DJH�����

4����� ,I� WKH� UDGLXV� RI� WKH� RFWDKHGUDO� YRLG� LV� U� DQG�
UDGLXV�RI�WKH�DWRPV�LQ�FORVH�SDFNLQJ�LV�5��'HULYH�UHODWLRQ�
EHWZHHQ�U�DQG�5�

$QV��5HIHU�7H[W���SDJH���y���

4�����&RSSHU�FU\VWDOOL]HV�LQWR�D�IFF�ODWLFH�ZLWK�HGJH�
OHQJWK������º���y��FP��6KRZ�WKDW�WKH�FDOFXODWHG�GHQVLW\�
LV�LQ�DJUHHPHQW�ZLWK�LWV�PHDVXUHG�YDOXH�RI������J�FPy��

$QV��'HQVLW\��r� � Z M
NA



a3

)RU�IFF� ODWWLFH���=� ��

$WRPLF�PDVV��0�RI�FRSSHU� �����

� D� ����� º���y��FP

∴� r� � 4 63.5
(3.61 10 ) 6.022 108 3 23

"
" " "�

� ������J�FPy�

7KLV�YDOXH�LV�FORVH�WR�PHDVXUHG�YDOXH�

4�����$QDO\VLV�VKRZV�WKDW�QLFNHO�R[LGH�KDV�IRUPXOD�
1L����2������ :KDW� IUDFWLRQV� RI� QLFNHO� H[LVW� DV� 1L��� DQG�

1L���LRQV�"

$QV��5HIHU�6ROYHG�([DPSOH�����3DJH�����

4�����:KDW�LV�D�VHPLFRQGXFWRU�"�'HVFULEH�WKH�WZR�PDLQ�
W\SHV�RI�VHPLFRQGXFWRUV�DQG�FRQWUDVW�WKHLU�FRQGXFWLRQ�
PHFKDQLVP�

$QV��7KH�VXEVWDQFHV�ZKRVH�FRQGXFWDQFH�OLHV�EHWZHHQ�WKDW�
RI�FRQGXFWRUV��PHWDOV��DQG�LQVXODWRUV�DUH�FDOOHG�VHPLFRQGXFWRUV��
7KH\�KDYH�FRQGXFWLYLW\�YDOXHV�UDQJLQJ�IURP���y��WR����Ωy�Py���
7ZR�PDLQ�W\SHV�RI�VHPL�FRQGXFWRUV�DUH�Q�W\SH�DQG�S�W\SH��)RU�
GHWDLOV�5HIHU�7H[W��SDJH�������

4�����1RQ�VWRLFKLRPHWULF�FXSURXV�R[LGH��&X�2�FDQ�EH�
SUHSDUHG�LQ�ODERUDWRU\��,Q�WKLV�R[LGH��FRSSHU�WR�R[\JHQ�
UDWLR�LV�VOLJKWO\�OHVV�WKDQ��������&DQ�\RX�DFFRXQW�IRU�WKH�
IDFW�WKDW�WKLV�VXEVWDQFH�LV�D�S�W\SH�VHPL�FRQGXFWRU�"

$QV�� 6LQFH� WKH� UDWLR� RI� &X� �� 2� LQ� &X�2� LV� OHVV� WKDQ��
�������WKHUHIRUH��&X�2�LV�QRQ�VWRLFKLRPHWULF�FU\VWDO��7KLV�PHDQV�
WKDW�VRPH�&X��LRQV�KDYH�EHHQ�UHSODFHG�E\�&X���LRQV��7R�PDLQWDLQ�
HOHFWULFDO� QHXWUDOLW\�� HYHU\� WZR� &X�� LRQV� ZLOO� EH� UHSODFHG� E\�
RQH�&X���LRQ�WKHUHE\�FUHDWLQJ�D�KROH��6LQFH�WKH�FRQGXFWLRQ�ZLOO�
EH�GXH� WR� WKH�SUHVHQFH� RI� WKHVH�SRVLWLYH�KROHV�� LW� LV� D�S�W\SHV�
VHPL�FRQGXFWRU�

4�����)HUULF�R[LGH�FU\VWDOOL]HV� LQ�D�KH[DJRQDO�FORVH�
SDFNHG�DUUD\�RI�R[LGH�LRQV�ZLWK�WZR�RXW�RI�HYHU\�WKUHH�
RFWDKHGUDO� KROHV� RFFXSLHG� E\� IHUULF� LRQV�� 'HULYH� WKH�
IRUPXOD�RI�WKH�IHUULF�R[LGH�

$QV��,Q�D�FORVH�SDFNHG�DUUDQJHPHQW��WKHUH�LV�RQH�RFWDKHGUDO�
VLWH�FRUUHVSRQGLQJ�WR�HDFK�DWRP�FRQVWLWXWLQJ�WKH�ODWWLFH�

�1R��RI�R[LGH�LRQV�SHU�XQLW�FHOO�LQ�KFS�DUUDQJHPHQW� ��

1R��RI�RFWDKHGUDO�KROHV� ��

1R��RI�IHUULF�LRQV� � 6
2
3
4" 


)RUPXOD�RI�WKH�FRPSRXQG�)H�2��RU�)H�2��

4�����&ODVVLI\�HDFK�RI�WKH�IROORZLQJ�DV�EHLQJ�HLWKHU�
D�S�W\SH�RU�D�Q�W\SH�VHPLFRQGXFWRU��

�L���*H�GRSHG�ZLWK�,Q� �LL��%�GRSHG�ZLWK�6L
$QV���L��*H�EHORQJV�WR�JURXS����DQG�,Q�EHORQJV�WR�JURXS�����

7KHUHIRUH�� DQ�HOHFWURQ� GHILFLHQW�KROH� LV�FUHDWHG�DQG�LWV� LV�
D�S�W\SH�VHPLFRQGXFWRU�

�LL�� %� EHORQJV� WR� JURXS� ��� DQG� 6L� EHORQJV� WR� JURXS� ����
7KHUHIRUH��WKHUH�ZLOO�EH�D�IUHH�HOHFWURQ�DQG�LW�LV�D�Q�W\SH�VHPL�
FRQGXFWRU�

4����� *ROG� �DWRPLF� UDGLXV�  � ������ QP�� FU\VWDOOL]HV�
LQ�D�IDFH�FHQWHUHG�XQLW�FHOO��:KDW�LV�WKH�OHQJWK�RI�D�VLGH�
RI�WKH�FHOO�

$QV��)RU�IDFH�FHQWUHG�XQLW�FHOO��UDGLXV�RI�DWRP

� U�  �
a

2 2

RU� D�  � 2 2r
� U�  � ������QP

∴� D�  � ��º�������º������� �������QP�
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4�����,Q�WHUPV�RI�EDQG�WKHRU\��ZKDW�LV�WKH�GLIIHUHQFH�
�L��EHWZHHQ�D�FRQGXFWRU�DQG�DQ�LQVXODWRU��LL��EHWZHHQ�D�
FRQGXFWRU�DQG�D�VHPL�FRQGXFWRU�"

$QV���L��7KH�HQHUJ\�JDS�EHWZHHQ�WKH�YDOHQFH�EDQG�DQG�WKH�
FRQGXFWLRQ�EDQG�LQ�DQ�LQVXODWRU�LV�YHU\�ODUJH��$V�D�UHVXOW��XQGHU�
DQ�DSSOLHG�HOHFWULF�ILHOG��WKH�HOHFWURQV�FDQQRW�MXPS�IURP�YDOHQFH�
EDQG�WR�FRQGXFWLRQ�EDQG�DQG�WKHUHIRUH��VXFK�D�VXEVWDQFH�KDV�
YHU\� VPDOO� FRQGXFWLYLW\�DQG�EHKDYHV�DV� DQ� LQVXODWRU��2Q� WKH�
RWKHU�KDQG��LQ�D�FRQGXFWRU�WKH�HQHUJ\�JDS�LV�HLWKHU�YHU\�VPDOO�
RU�WKHUH� LV�RYHUODSSLQJ�EHWZHHQ�YDOHQFH�EDQG�DQG�FRQGXFWLRQ�
EDQG��7KHUHIRUH��XQGHU�DQ�DSSOLHG�HOHFWULF�ILHOG��WKH�HOHFWURQ�FDQ�
MXPS�IURP�YDOHQFH�EDQG� WR� LQVXODWRU�EDQG�DQG� WKH�VXEVWDQFH�
VKRZV�FRQGXFWLYLW\�

�LL�� ,Q�D�FRQGXFWRU��WKH�HQHUJ\�JDS�EHWZHHQ�YDOHQFH�EDQG�
DQG� FRQGXFWDQFH� EDQG� LV� YHU\� VPDOO� RU� WKHUH� LV� RYHUODSSLQJ�
EHWZHHQ� YDOHQFH� EDQG� DQG� FRQGXFWLRQ� EDQG�� %XW� LQ� D� VHPL�
FRQGXFWRU�� WKHUH�LV�DOZD\V�D�VPDOO�HQHUJ\�JDS�EHWZHHQ�WKHP��
�VHH�)LJ�����RQ�SDJH�����

4����� ([SODLQ� WKH� IROORZLQJ� WHUPV� ZLWK� VXLWDEOH�
H[DPSOHV� �

�L��6FKRWWN\�GHIHFW�� �LL��)UHQNHO�GHIHFW
�LLL��,QWHUVWLWLDOV� � � �LY��)�FHQWUHV

$QV��5HIHU�7H[W�SDJHV������������

4�����$OXPLQLXP�FU\VWDOOL]HV�LQ�D�FXELF�FORVH�SDFNHG�
VWUXFWXUH��,WV�PHWDOOLF�UDGLXV�LV�����SP�

�D��:KDW�LV�WKH�OHQJWK�RI�WKH�VLGH�RI�WKH�XQLW�FHOO�"

�E�� +RZ� PDQ\� XQLW� FHOOV� DUH� WKHUH� LQ� ����� FP�� RI�
DOXPLQLXP�"

$QV��5HIHU�6ROYHG�([DPSOH�����3DJH�����

4�����,I�1D&O�LV�GRSHG�ZLWK���y��PRO��RI�6U&O���:KDW�
LV�WKH�FRQFHQWUDWLRQ�RI�FDWLRQ�YDFDQFLHV�"

$QV��5HIHU�6ROYHG�([DPSOH�����3DJH�����

4�����([SODLQ�WKH�IROORZLQJ�ZLWK�VXLWDEOH�H[DPSOHV��

��D��IHUURPDJQHWLVP� � � �E��SDUDPDJQHWLVP

�F��IHUULPDJQHWLVP���� �� ��� � G��DQWLIHUURPDJQHWLVP

��H����y���DQG���y���JURXS�FRPSRXQGV�

$QV��5HIHU�7H[W�SDJH����>IRU��D��WR��G�@�

�H�� 7KH� VROLG� ELQDU\� FRPSRXQGV� SUHSDUHG� E\� FRPELQLQJ�
HOHPHQWV�RI�JURXS����DQG�����DUH�FDOOHG����y����FRPSRXQGV��)RU�
H[DPSOH��&G6��=Q6��HWF��7KH�FRPSRXQGV�SUHSDUHG�E\�FRPELQLQJ�
HOHPHQWV� RI� JURXS� ��� DQG� ��� DUH� FDOOHG� ��y��� FRPSRXQGV��
)RU� H[DPSOH�� $O3�� *D$V�� HWF�� 7KHVH� FRPSRXQGV� DUH� XVHG� DV�
VHPLFRQGXFWRUV�

1&(57 4gT\_[Pa�?a^Q[T\b
BdQYTRcXeT�@dTbcX^]b�

1RWH�
����2EMHFWLYH�4XHVWLRQV�IURP�([HPSODU�3UREOHPV�DUH�JLYHQ�

LQ�&RPSHWLWLRQ�)LOH��SDJH����

� ��� :K\�DUH�OLTXLGV�DQG�JDVHV�FDWHJRULVHG�DV�IOXLGV"

� $QV�� 7KH�OLTXLGV�DQG�JDVHV�KDYH�D�SURSHUW\�WR�IORZ�L�H��WKH�
PROHFXOHV� RI� OLTXLGV� DQG� JDVHV� FDQ�HDVLO\�PRYH� SDVW�
DQG� WXPEOH� RYHU� RQH� DQRWKHU� IUHHO\�� %HFDXVH� RI�
WKHLU� WHQGHQF\� WR� IORZ�� WKHVH� KDYH� EHHQ� FDWHJRULVHG�
DV�IOXLGV�

� ��� :K\�DUH�VROLGV�LQFRPSUHVVLEOH"

� $QV�� 7KH� LQWHUQXFOHDU� GLVWDQFHV�EHWZHHQ� WKH� FRQVWLWXHQW�
SDUWLFOHV��DWRPV��PROHFXOHV�RU�LRQV��LQ�VROLGV�DUH�YHU\�
OHVV��2Q�EULQJLQJ� WKHP� IXUWKHU� FORVHU�� WKHUH�ZLOO� EH�
ODUJH�UHSXOVLYH�IRUFHV�EHWZHHQ�HOHFWURQ�FORXGV�RI�WKHVH�
SDUWLFOHV��7KHUHIRUH��VROLGV�FDQQRW�EH�FRPSUHVVHG�

� ��� ,QVSLWH�RI�ORQJ�UDQJH�RUGHU�LQ�WKH�DUUDQJHPHQW�
RI� SDUWLFOHV� ZK\� DUH� WKH� FU\VWDOV� XVXDOO\� QRW�
SHUIHFW"

� $QV�� 'XULQJ�WKH�FU\VWDOOLVDWLRQ�SURFHVV��VRPH�GHYLDWLRQV�IURP�
WKH�LGHDO�RUGHUHG�DUUDQJHPHQW�PD\�RFFXU��$V�D�UHVXOW��
FU\VWDOV�DUH�XVXDOO\�QRW�SHUIHFW�

� ��� �:K\� GRHV� WDEOH� VDOW�� 1D&O�� VRPH� WLPHV� DSSHDU�
\HOORZ�LQ�FRORXU"

� $QV�� 7KH� \HOORZ� FRORXU� RI� VRGLXP� FKORULGH� FU\VWDOV� LV�GXH�
WR�PHWDO� H[FHVV� GHIHFW�� ,Q� WKLV� GHIHFW�� WKH� XQSDLUHG�
HOHFWURQV�JHW�WUDSSHG�LQ�DQLRQ�YDFDQFLHV��7KHVH�VLWHV�DUH�
FDOOHG�)�FHQWUHV��7KH�\HOORZ�FRORXU�UHVXOWV�E\�H[FLWDWLRQ�
RI� WKHVH�HOHFWURQV�ZKHQ� WKH\�DEVRUE�HQHUJ\�IURP�WKH�
YLVLEOH�OLJKW�IDOOLQJ�RQ�WKH�FU\VWDOV�

� ��� :K\� LV� )H2�V�� QRW� IRUPHG� LQ� VWRLFKLRPHWULF�
FRPSRVLWLRQ"

� $QV�� ,Q� WKH� FU\VWDOV� RI�)H2�� VRPH� RI� WKH�)H��� FDWLRQV�DUH�
UHSODFHG�E\� )H��� LRQV��7R�EDODQFH� WKH� FKDUJH�� WKUHH�
)H���LRQV�DUH�UHSODFHG�E\�WZR�)H���LRQV�WR�PDNH�XS�IRU�
WKH�ORVV�RI�SRVLWLYH�FKDUJH��$V�D�UHVXOW��WKHUH�ZRXOG�EH�
OHVV� DPRXQW� RI�PHWDO� DV� FRPSDUHG� WR� VWRLFKLRPHWULF�
SURSRUWLRQ�

� ��� �:K\� GRHV� ZKLWH� =Q2� �V�� EHFRPHV� \HOORZ� XSRQ�
KHDWLQJ"

� $QV�� :KHQ�=Q2�LV�KHDWHG�LW�ORVHV�R[\JHQ�DV��

=Q2�
Heat' �'' �=Q����� 1

2
O2 ����H

y

� � 7KH�=Q���LRQV�DUH�HQWUDSSHG�LQ�WKH�LQWHUVWLWLDO�VLWHV�DQG�
HOHFWURQV�DUH�HQWUDSSHG�LQ�WKH�QHLJKERXULQJ�LQWHUVWLWLDO�
VLWHV�WR�PDLQWDLQ�HOHFWULFDO�QHXWUDOLW\��7KLV�UHVXOWV�LQ�
PHWDO�H[FHVV�GHIHFW�DQG�)�FHQWUHV�DUH�FUHDWHG��'XH�WR�
WKH�SUHVHQFH�RI�HOHFWURQV�LQ�WKH�LQWHUVWLWLDO�YRLGV��WKH�
FRORXU�LV�\HOORZ�

� ��� :K\� GRHV� WKH� HOHFWULFDO� FRQGXFWLYLW\� RI�
VHPLFRQGXFWRUV�LQFUHDVH�ZLWK�ULVH�LQ�WHPSHUDWXUH"

� $QV�� $FFRUGLQJ�WR�EDQG�PRGHO��WKH�JDS�EHWZHHQ�FRQGXFWLRQ�
EDQG�DQG�YDOHQFH�EDQG�LV�VPDOO�LQ�VHPLFRQGXFWRUV�DV�
VKRZQ�LQ�)LJ������3DJH�����

� � 7KHUHIRUH��HOHFWURQV� IURP�WKH�YDOHQFH�EDQG�FDQ�MXPS�
WR� WKH� FRQGXFWLRQ� EDQG�RQ� LQFUHDVLQJ� WHPSHUDWXUH��
7KXV��WKH\�EHFRPH�PRUH�FRQGXFWLQJ�DV�WKH�WHPSHUDWXUH�
LQFUHDVHV�
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� ��� ([SODLQ� ZK\� GRHV� FRQGXFWLYLW\� RI� JHUPDQLXP�
FU\VWDOV�LQFUHDVH�RQ�GRSLQJ�ZLWK�JDOOLXP�

� $QV�� 2Q� GRSLQJ� JHUPDQLXP�ZLWK� JDOOLXP�� VRPH� RI� WKH�
SRVLWLRQV� RI� ODWWLFH� RI� JHUPDQLXP� DUH� RFFXSLHG� E\�
JDOOLXP��*DOOLXP�DWRP�KDV�RQO\�WKUHH�YDOHQFH�HOHFWURQV��
7KHUHIRUH��IRXUWK�YDOHQF\�RI�QHDUE\�JHUPDQLXP�DWRP�
LV� QRW� VDWLVILHG� DQG� WKLV� VLWH� UHPDLQV� YDFDQW��7KLV�
SODFH� LV�GHILFLHQW� RI� HOHFWURQV� DQG� LV� FDOOHG� HOHFWURQ�
KROH�RU�HOHFWURQ�YDFDQF\��(OHFWURQ�IURP�QHLJKERXULQJ�
DWRP�PRYHV�WR�ILOO�WKH�JDS��WKHUHE\�FUHDWLQJ�D�KROH�LQ�
LWV� RULJLQDO�SRVLWLRQ��8QGHU� WKH� LQIOXHQFH� RI� HOHFWULF�
ILHOG��HOHFWURQV�PRYH�WRZDUGV�SRVLWLYHO\�FKDUJHG�SODWHV�
WKURXJK�WKHVH�KROHV�DQG�FRQGXFW�HOHFWULFLW\��7KH�KROHV�
DSSHDU�WR�PRYH�WRZDUGV�QHJDWLYHO\�FKDUJHG�SODWHV��7KH�
PRYHPHQW� RI� HOHFWURQV� �RU� HOHFWURQ�KROHV�� UHVXOWV� LQ�
LQFUHDVH�LQ�FRQGXFWLYLW\�RI�JHUPDQLXP��

� ��� �,Q�D�FRPSRXQG��QLWURJHQ�DWRPV��1��PDNH�FXELF�
FORVH�SDFNHG�ODWWLFH�DQG�PHWDO�DWRPV��0��RFFXS\�

RQH�WKLUG� RI� WKH� WHWUDKHGUDO� YRLGV� SUHVHQW��
'HWHUPLQH�WKH�IRUPXOD�RI�WKH�FRPSRXQG�IRUPHG�
E\�0�DQG�1"

� $QV�� 1�DWRPV�PDNH�XS�FFS�DUUDQJHPHQW�DQG�WKHUH�DUH�WZR�
WHWUDKHGUDO��VLWHV�SHU�DWRP�RI�1�

� � 1R��RI�1�DWRPV�SHU�XQLW�FHOO� ��

� � 1R��RI�WHWUDKHGUDO�VLWHV� ���º��� ��

� � 1R��RI�VLWHV�RFFXSLHG�E\�0� �
1

3
8× � �

8

3

� � ∴� 1R��RI�0�DWRPV�SHU�XQLW�FHOO� �
8

3
� � )RUPXOD�0���1��RU�0�1���RU�0�1�

� ���� 8QGHU� ZKLFK� VLWXDWLRQV� FDQ� DQ� DPRUSKRXV�
VXEVWDQFH�FKDQJH�WR�FU\VWDOOLQH�IRUP"

� $QV�� 2Q�KHDWLQJ��DPRUSKRXV� VROLGV� EHFRPH� FU\VWDOOLQH� DW�
VRPH� WHPSHUDWXUH��)RU� H[DPSOH�� VRPH�JODVV� REMHFWV�
IURP�DQFLHQW� FLYLOLVDWLRQV�DUH� IRXQG�WR�EHFRPH�PLON\�
LQ�DSSHDUDQFH�EHFDXVH�RI�VRPH�FU\VWDOOLVDWLRQ�

0(025<�7(67

� $�� 6D\�7UXH�RU�)DOVH

� ��� 7HWUDJRQDO�DQG�RUWKRUKRPELF�FU\VWDO�V\VWHPV�KDYH�VDPH�
D[LDO�DQJOHV�

� ��� ,Q�D�IFF�XQLW�FHOO��WKH�GLVWDQFH�DORQJ�RQH�RI�WKH�IDFHV�RI�
WKH�XQLW�FHOO�LV�������WLPHV�WKH�UDGLXV�RI�WKH�DWRPV�

� ��� ,Q� D� IDFH� FHQWUHG� FXELF� V\VWHP�� QXPEHU� RI� DWRPV� DW��
IDFHV�LV���

� ��� &RSSHU�FU\VWDOOLVHV� LQ�D�IFF� ODWWLFH�� ,I�UDGLXV�RI�FRSSHU�
DWRP�LV�����SP��WKHQ�WKH�HGJH�OHQJWK�RI�WKH�XQLW�FHOO�ZLOO�
EH��������SP�

� ��� 7KH�SHUFHQWDJH�RI�YDFDQW�VSDFH�LQ�EFF�XQLW�FHOO�DQG�VLPSOH�
FXELF�XQLW�FHOO�DUH�����DQG�����UHVSHFWLYHO\�

� ��� 1XPEHU�RI�DWRPV�SHU�XQLW�FHOO�LQ�IFF�DQG�EFF�XQLW�FHOOV�
DUH���DQG���UHVSHFWLYHO\�

� �� )RU�EFF�PHWDOOLF�XQLW�FHOO��WKH�HGJH�OHQJWK��D��DQG�UDGLXV�

� � �U��RI�DWRP�DUH�UHODWHG�DV���D� � 4
3

r �

� �� 7KH�YROXPH�RI�D�IFF�XQLW�FHOO�ZLWK�DWRPLF�UDGLXV�RI�DWRP�
����SP�LV������º���y���P��

� ��� 7KH� WZR� LRQV�$�� DQG�%y� KDYH� UDGLL� ��� DQG� ���� SP�
UHVSHFWLYHO\��,Q�FORVH�SDFNHG�FU\VWDO�RI�D�FRPSRXQG�$%��
WKH�FRRUGLQDWLRQ�QXPEHU�RI�$��LV���

� ���� 1XPEHU�RI�1D��DQG�&Oy�LRQV�LQ�D�XQLW�FHOO�DUH���DQG���
UHVSHFWLYHO\�

� ���� 6FKRWWN\�GHIHFW�UHVXOWV�LQ�WKH�GHFUHDVH�LQ�WKH�GHQVLW\�RI�
WKH�FU\VWDO�

� ���� 1XPEHU� RI� RFWDKHGUDO� YRLGV� LQ���PROH� RI� D� FRPSRXQG�
KDYLQJ�FFS�DQG�EFF�DUUDQJHPHQW�DUH�������º������DQG�
������º������UHVSHFWLYHO\�

� ���� 7KH�HGJH� OHQJWK� RI�DQ� LRQLF� FU\VWDO�;<�KDYLQJ�VRGLXP�
FKORULGH�W\SH�VWUXFWXUH�LV�WKH�VXP�RI�WKH�UDGLXV�RI�3�DQG�4�

� ���� KFS�DUUDQJHPHQW�KDV���DWRPV�SHU�XQLW�FHOO�

� ���� )HUURPDJQHWLF�DQG�DQWLIHUURPDJQHWLF�VROLGV�FKDQJH�LQWR�
SDUDPDJQHWLF�DW�KLJK�WHPSHUDWXUH�

� %�� &RPSOHWH�WKH�PLVVLQJ�OLQNV

� ��� 7KH�QXPEHU�RI�DWRPV�IRU�SULPLWLYH�XQLW�FHOO�LV����������������
IRU�ERG\�FHQWUHG�FXELF�XQLW�FHOO�LV���������������DQG�IRU�IDFH�
FHQWUHG�FXELF�XQLW�FHOO�LV����������������

� ��� 7KH� HOHFWULFDO� FRQGXFWLYLW\� RI�PHWDOV� �������������� ZLWK�
GHFUHDVH�LQ�WHPSHUDWXUH�

� �� 7KH� VXEVWDQFHV�ZKLFK� DUH� VWURQJO\� DWWUDFWHG� E\� WKH�
PDJQHWLF� ILHOG�DQG� VKRZ�SHUPDQHQW�PDJQHWLVP�HYHQ�

ZKHQ�PDJQHWLF� ILHOG� LV� UHPRYHG�DUH� FDOOHG� ��������������
VXEVWDQFHV�

� ��� 7KH�IRUPXOD�RI�D�FRPSRXQG�LV���������������LQ�ZKLFK�DWRPV�
RI�HOHPHQW�%�IRUP�KFS�ODWWLFH�DQG�WKRVH�RI�WKH�HOHPHQW�

$�RFFXS\����UG�RI�WHWUDKHGUDO�YRLGV�

� �� $� JURXS� ��� HOHPHQW� LV� WR� EH� FRQYHUWHG� LQ� WR�Q�W\SH�
VHPLFRQGXFWRU� E\�GRSLQJ� LW� ZLWK� D� VXLWDEOH� LPSXULW\�
EHORQJLQJ�WR�JURXS���������������RI�WKH�SHULRGLF�WDEOH�

� ��� ,I� HOHFWULFDO� FRQGXFWLYLW\� LV� IRXQG� WR� EH� VDPH� LQ� DOO�
GLUHFWLRQV�WKURXJK�D�VROLG��WKH�VXEVWDQFH�LV���������������DQG�

WKLV�SURSHUW\�LV�FDOOHG����������������

� ��� 7KH�FRRUGLQDWLRQ�QXPEHU�RI�HDFK�VSKHUH�LQ�KFS�LV����������������
LQ�FFS�LV���������������DQG�LQ�EFF�SDFNLQJ�LV����������������

� ��� 7KH�SDFNLQJ�IUDFWLRQ�RI�D�VLPSOH�XQLW�FHOO�LV����������������

� ��� 7KH�HPSW\�VSDFH�LQ�KFS�LV���������������DQG�WKDW�LQ�EFF�SDFNLQJ�
LV����������������

� ���� ,Q�D�ERG\�FHQWUHG�FXELF�FU\VWDO��WKH�QHDUHVW�QHLJKERXU�
GLVWDQFH�LV���������������WLPHV�WKH�HGJH�RI�WKH�FU\VWDO�DQG�LQ�D�

IDFH�FHQWUHG�FXELF�FU\VWDO��WKH�QHDUHVW�QHLJKERXU�GLVWDQFH�
LV���������������WLPHV�WKH�HGJH�RI�WKH�FU\VWDO�

� ���� $Q� RFWDKHGUDO� YRLG� LV� �������������� WLPHV� ODUJHU� WKDQ� D�
WHWUDKHGUDO�YRLG�

� ���� ,Q�D�ERG\�FHQWUHG�FXELF�DUUDQJHPHQW���������������DWRPV�DORQJ�
WKH�ERG\�GLDJRQDO�WRXFK�HDFK�RWKHU�
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� ��� 7KH� FRPSRXQG� VKRZLQJ� ERWK� )UHQNHO� DQG� 6FKRWWN\�
GHIHFWV�LV����������������

� ���� ,I�WKHUH�LV�D�ODUJH�HQHUJ\�JDS�EHWZHHQ�WKH�ILOOHG�YDOHQFH�
EDQG�DQG�HPSW\�FRQGXFWLRQ�EDQG��WKH�VXEVWDQFH�DFWV�DV�
���������������

� ���� ,Q�D�ERG\�FHQWUHG�FXELF�FU\VWDO�RI�DQ�HOHPHQW��WKH�UDWLR�RI�
HGJH�RI�WKH�XQLW�FHOO�WR�WKH�UDGLXV�RI�WKH�DWRP�LV����������������

� ��� 1D&O�FU\VWDOV�KDYH�\HOORZ�FRORXU�GXH�WR�WKH�SUHVHQFH�RI�
���������������

� &�� &KRRVH�WKH�FRUUHFW�DOWHUQDWLYH

� ��� /LWKLXP��VRGLXP��SRWDVVLXP�DQG�UXELGLXP�FU\VWDOOL]H�LQ�
WKH�EFF�IFF�VWUXFWXUH�

� ��� 0RVW� XQV\PPHWULFDO� FU\VWDO� V\VWHP� LV�PRQRFOLQLF�
WULFOLQLF�

� ��� 2UWKRUKRPELF�KDV�����W\SHV�RI�ODWWLFHV�

� ��� 7RWDO�QXPEHU�RI�WHWUDKHGUDO�DQG�RFWDKHGUDO�YRLGV�LQ�KFS�
DUUDQJHPHQW�DUH�������

� ��� ,Q�D�FU\VWDOOLQH�VROLG��DQLRQV�%�DUH�DUUDQJHG� LQ�D�FFS��
&DWLRQV�$�DUH� HTXDOO\�GLVWULEXWHG� EHWZHHQ�RFWDKHGUDO�
DQG� WHWUDKHGUDO� YRLGV�� ,I� DOO� WKH� RFWDKHGUDO� YRLGV�DUH�
RRFXSLHG��WKH�IRUPXOD�RI�WKH�FRPSRXQG�LV�$�%�$�%�

� ��� ,Q�D�ERG\�FHQWUHG�FXELF�XQLW�FHOO�RI�HOHPHQWV��WKH�UDGLXV�
RI�DQ�DWRP�LV�������������WLPHV�WKH�HGJH�OHQJWK�RI�WKH�
XQLW�FHOO�

� ��� )RU�D�KFS�XQLW�FHOO��WKH�QXPEHU�RI�DWRPV�SHU�XQLW�FHOO�LV�
����

� �� &G&O�� DGGHG� WR�$J&O� FU\VWDO�ZLOO� LQWURGXFH�6FKRWWN\�
GHIHFW�)UHQNHO�GHIHFW�

� ��� 0Q2��LV�DQWLIHUURPDJQHWLF�IHUURPDJQHWLF�VXEVWDQFH�

� ���� )HUULPDJQHWLVP�IHUURPDJQHWLVP�DULVHV�GXH�WR�XQHTXDO�
QXPEHU�RI�GRPDLQV�LQ�RSSRVLWH�GLUHFWLRQ�UHVXOWLQJ�LQ�QHW�
PDJQHWLF�PRPHQW�

� ��� 7KH�VXEVWDQFH�VKRZLQJ�ERWK�6FKRWWN\�GHIHFW�DQG�)UHQNHO�
GHIHFW�LV�$J%U�=Q6�

� ���� :KHQ� VLOLFRQ� LV� GRSHG� ZLWK� DUVHQLF�� Q�W\SH�S�W\SH�
VHPLFRQGXFWRU�LV�SURGXFHG�

� $�� 6D\�7UXH�RU�)DOVH

� ��� 7UXH��%RWK�KDYH�D[LDO�DQJOHV�α� �β� �γ� �����
� ��� 7UXH��,Q�IFF�XQLW�FHOO��WKH�IDFH�GLDJRQDO�LV
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� ���� )DOVH��1R��RI�1D��LRQV� ����1R��RI�&Oy�LRQV� ���
� ���� 7UXH�
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4����'LDPRQG�DQG� VROLG� UKRPELF� VXOSKXU�ERWK�DUH�
FRYDOHQW�VROLGV�EXW�WKH�ODWWHU�KDV�YHU\�ORZ�PHOWLQJ�SRLQW�
WKDQ�WKH�IRUPHU��([SODLQ�ZK\�"

$QV��'LDPRQG�LV�D�WKUHH�GLPHQVLRQDO�QHWZRUN�FRYDOHQW�VROLG�
KDYLQJ�YHU\�VWURQJ�LQWHUDWRPLF�IRUFHV�ZKLOH��UKRPELF�VXOSKXU�LV�D�
PROHFXODU�VROLG�FRQVLVWLQJ�RI�SXFNHUHG�HLJKW�PHPEHUHG�ULQJV��6���
KHOG�WRJHWKHU�E\�ZHDN�YDQ�GHU�:DDOV
�IRUFHV�

4����:K\�GRHV�WKH�ZLQGRZ�JODVVHV�RI�WKH�ROG�EXLOGLQJV�
ORRN�PLON\�"

$QV��'XH�WR�KHDWLQJ�GXULQJ�WKH�GD\�DQG�FRROLQJ�DW�QLJKW��L�H���
DQQHDOLQJ��RYHU�D�QXPEHU�RI�\HDUV��JODVV�DFTXLUHV�VRPH�FU\VWDOOLQH�
FKDUDFWHU�DQG�KHQFH�ORRNV�PLON\�

4����&DQ�FXELF�ODWWLFH�KDYH�HQG�FHQWUHG�XQLW�FHOO�"

$QV��1R��EHFDXVH�D�FXELF�XQLW�FHOO�PXVW�KDYH�DOO�WKH�IDFHV�WR�
EH�VDPH�

4�����6LOYHU�LRGLGH�FU\VWDOOL]HV�LQ�WKH�FXELF�FORVH�SDFNHG�
]LQF�VXOSKLGH�VWUXFWXUH��$VVXPLQJ�WKDW�LRQV�RFFXS\�WKH�
ODWWLFH�SRLQWV��ZKDW�IUDFWLRQ�RI�WKH�WHWUDKHGUDO�VLWHV�LV�
RFFXSLHG�E\�$J��LRQV�"

$QV��7R�PDLQWDLQ�VWRLFKLRPHWU\��$J��LRQV�RFFXS\�KDOI�WKH�
WHWUDKHGUDO�VLWHV�EHFDXVH�WKHUH�DUH�WZR�WHWUDKHGUDO�VLWHV�RFFXSLHG�
IRU�HDFK�,y�LRQ�

∴������WHWUDKHGUDO�VLWHV�DUH�RFFXSLHG�
4�����$Q�HOHPHQW�
;
�KDV�EFF�ODWWLFH�DV�VKRZQ�EHORZ��
7KH�XQLW�FHOO�OHQJWK��D�LV�����SP�
�D��:KDW�LV�WKH�GLVWDQFH�EHWZHHQ�

QHDUHVW�QHLJKERXUV�"
�E��:KDW�LV�WKH�GLVWDQFH�EHWZHHQ�

QH[W�QHDUHVW�QHLJKERXUV�"
�F��+RZ�PDQ\�QHDUHVW�QHLJKERXUV�

GRHV�HDFK�;�DWRP�KDYH�"
�G��+RZ�PDQ\�QH[W�QHDUHVW�QHLJKERXUV�GRHV�HDFK�;�

KDYH�"
$QV���D��7KH�ERG\�GLDJRQDO�LV� 3 .a � �������º����� �����SP

1HDUHVW�QHLJKERXUV�DORQJ�ERG\�GLDJRQDO�DUH�KDOI�WKH�ERG\�

GLDJRQDO�

∴����'LVWDQFH�EHWZHHQ�QHDUHVW�QHLJKERXUV� �
530
2

265= pm

�E��7KH�QH[W�QHDUHVW�QHLJKERXUV�DUH�DORQJ�WKH�HGJH�

∴�'LVWDQFH�EHWZHHQ�QH[W�QHDUHVW�QHLJKERXU� �����SP
�F�����EHFDXVH�WKH�ERG\�FHQWUH�LV�QH[W�WR���FRUQHUV�

�G�����EHFDXVH�HDFK�FRUQHU�KDV�QHLJKERXUV�DORQJ�HDFK�HGJH�

4����)RU�D�FXELF�FU\VWDO��WKH�IDFH�GLDJRQDO�LV�����¨��
&DOFXODWH�LWV�IDFH�OHQJWK�

�$QV��,I�D�LV�WKH�OHQJWK�RI�WKH�IDFH��WKHQ

� IDFH�GLDJRQDO�  � a a a2 2 2� 


∴�)DFH�OHQJWK��� D�  �
Face diagonal

2
� �
4 25
1 414
.
.

� �����¨

4�����:KDW�IUDFWLRQ�RI�HGJH�LV�QRW�FRYHUHG�E\�DWRPV�LQ�
EFF�DUUDQJHPHQW�"

$QV��,I�D�LV�WKH�HGJH�OHQJWK�RI�EFF�XQLW�FHOO�DQG�U�LV�WKH�UDGLXV�
RI�DWRP��WKHQ

�HGJH�QRW�FRYHUHG�E\�DWRPV�� �  �� D�y��U

� ,Q�EFF��ERG\�GLDJRQDO�� �  �� 3 a

�����������������������������U� � 3 a � RU��U����� ���
3
4

a

∴��(GJH�QRW�FRYHUHG�E\�DWRPV� �� a a� "2
3
4

� ��  �

a

a

2 3
2
�)

+*
/

10
� �
2 1 732
2

− .
 �������

4�����$�IDFH�FHQWUHG�FXELF�ODWWLFH�RI�D�VLQJOH�W\SH�RI�DWRPV�
KDV�VDPH�GHIHFWV�DQG�LWV�RQH�FRUQHU�DQG�RQH�IDFH�FHQWUH�
LV�OHIW�XQRFFXSLHG�SHU�XQLW�FHOO��&DOFXODWH�WKH�SDFNLQJ�
IUDFWLRQ�RI�VXFK�VROLG�

�$QV��6XSSRVH�WKH�HGJH�OHQJWK�RI�XQLW�FHOO�LV�D�DQG�UDGLXV�RI�
HDFK�DWRP�LV�U�

1R��RI�DWRPV�SHU�XQLW�FHOO� �7
1
8
5
1
2
27
8

" � " 


)RU�IDFH�FHQWUHG�XQLW�FHOO�� D�� ��2 2 r

9ROXPH�RI�XQLW�FHOO���� D��� �� ( )2 2 16 23 3r r=

� 7RWDO�YROXPH�RI�
27
8
DWRPV�� ��

��

�

�

�
πU�×  ��

9
2

3πr

� 3DFNLQJ�IUDFWLRQ�� ��

9
2
16 2

3

3

πr

r

� �  ��
9
32 2

9 3 142
32 1 414

� 
 "
"
.
.

� �  � ����

4�����7KH�&V&O�KDV�FXELF�VWUXFWXUH�RI�&Oy�LRQV�LQ�ZKLFK�
&V��LRQ�LV�SUHVHQW�LQ�WKH�ERG\�FHQWUH�RI�WKH�FXEH��,WV�GHQVLW\�
LV������J�FPy��

� �L���&DOFXODWH�WKH�OHQJWK�RI�WKH�HGJH�RI�XQLW�FHOO�
� �LL�� :KDW�LV�WKH�GLVWDQFH�EHWZHHQ�&V��DQG�&Oy�LRQV�"

� �LLL���:KDW�LV�WKH�UDGLXV�RI�&V��LRQ�LI�WKH�UDGLXV�RI�&Oy�LRQ�
LV�����SP�"

$QV���7KH�XQLW�FHOO�RI�&V&O�KDV�FXELF�DUUDQJHPHQW�RI�&Oy�LRQV�
DQG�&V��LRQ�LV�SUHVHQW�LQ�WKH�ERG\�FHQWUH�RI�WKH�FXEH��7KHUHIRUH��WKH�

XQLW�FHOO�FRQWDLQV�RQH�&V��DQG�RQH�&Oy��LRQ�RU�RQH�&V&O�XQLW��L�H���=� ��

�0RODU�PDVV�RI�&V&O��0� ������������ �������J�PROy�

� 'HQVLW\��r�  �
Z M
N

×
×a3 A

� �����J�FPy��  �
1 168 5

6 022 10

1

3 23 1
"
" "

�

�
( . )

( . )
 g mol

mola

� D��  �
1 168 5

6 022 10

1

23
"
" "

�

� �
( . )
) ( . )

 g mol
(3.99 g cm mol3 1 

� �  � ����º���y���FP�

Higher Order Thinking Skills
Advanced Level�
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Very Short Answer Questions Carrying 1 mark

� ��� &U\VWDOOLQH� VROLGV� DUH� DQLVRWURSLF� LQ� QDWXUH��:KDW� GRHV�
WKLV�VWDWHPHQW�PHDQ"� �'�6�%�������

� ��� 'HILQH�D�XQLW�FHOO��+RZ�PDQ\�DWRPV�DUH�SUHVHQW�LQ�D�VLPSOH�
FXELF�XQLW�FHOO�"

� ��� ,Q�D� FORVH�SDFNHG�DUUDQJHPHQW�RI�1�VSKHUHV��KRZ�PDQ\��
�L��WHWUDKHGUDO�DQG��LL��RFWDKHGUDO�VLWHV�DUH�SUHVHQW�"�

� �� :K\� LV� )UHQNHO� GHIHFW� QRW� IRXQG� LQ� SXUH� DONDOL�PHWDO��
KDOLGHV�"�

� ��� :KDW� LV� WKH� FRRUGLQDWLRQ� QXPEHU� RI� KFS� DQG� FFS�
VWUXFWXUHV�" �-DPPX�6�%�������

� ��� 6WDWH�WKH�W\SH�RI�FU\VWDO�GHIHFWV�VKRZQ�E\�$J%U�
� �0HJKDOD\D�6�%�������
� ����:KDW�LV�PHDQW�E\�SRLQW�GHIHFWV�LQ�FU\VWDOV"

�-KDUNKDQG�6�%�������

� �L��� � /HW�OHQJWK�RI�WKH�HGJH�RI�XQLW�FHOO��  �� D

� � � D��  � �����º���y���FP�� ������º���y���FP�

� � � D�  � ������º���y���FP�����

� � � �  �� ��� º���y��FP� �����SP

� �LL�� $V�VKRZQ�LQ�WKH�ILJXUH��&V��LRQ�LV�SUHVHQW�LQ�WKH�FHQWUH�

RI�XQLW�FHOO�DQG�LV�LQ�FRQWDFW�ZLWK���&Oy�LRQV�DW�WKH�FRUQHUV��,W�LV�FOHDU�

WKDW�WKH�OHQJWK�RI�WKH�ERG\�GLDJRQDO�LV�HTXDO�WR�WZLFH�WKH�GLVWDQFH�

EHWZHHQ�FHQWUH�RI�&V��DQG�FHQWUH�RI�&Oy��LRQ��7KH�ERG\�GLDJRQDO�

FDQ�DOVR�EH�FDOFXODWHG�DV��

�,I�OHQJWK�RI�XQLW�FHOO�HGJH�LV�D��WKHQ�IDFH�GLDJRQDO�$&��LV

� $&�  � AB +BC
2 2 � � a a2 2+ � � 2 D

�7KH�ERG\�GLDJRQDO�$'�LV��

� $'�  ��� AC +CD2 2 � � 2a + a2 2 � � 3 D

�

1RZ��

� ���'LVWDQFH�EHWZHHQ�&V��DQG�&Oy���  �� 3 D

RU��� �'LVWDQFH�EHWZHHQ�&V��DQG�&Oy��  � 3
2
D�

� �  �� 3
2
º�����SP� �������º�����SP�

� �  �� ���� SP�

� �LLL�� �/HW�WKH�UDGLXV�RI�&Oy�EH�U�&Oy��VR�WKDW�

� � � U�&V�����U�&Oy��  � ���� SP

� � � U�&Oy��  �� ������y����� �������SP�

4������$�PHWDO�FU\VWDOOL]HV�LQWR�WZR�FXELF�SKDVHV��IDFH�
FHQWUHG�FXELF��IFF��DQG�ERG\�FHQWUHG�FXELF��EFF���ZKRVH�
XQLW�FHOO�OHQJWKV�DUH�����̈ �DQG�����̈ �UHVSHFWLYHO\��&DOFXODWH�
WKH�UDWLR�RI�GHQVLWLHV�RI�IFF�DQG�EFF��

$QV��'HQVLW\�RI�D�FU\VWDO�LV��

� G�  �
Z Formula mass of  substance

NA
3

×

× a

�1RZ��IRU�IFF��=�  � � DQG�IRU�EFF��=� ��

∴� G�IFF��  �
Z Formula mass of  substance

N (305 AA

×

×

)3

� G�EFF��  �
2

3

×

×

Atomic mass of metal

N (3.0 AA


)

∴�
d fcc
d bcc
( )
( )

�  � 4
2
�º�
( . )

( . )

3 0

3 5

3

3 � ������

4�����<RX�DUH�JLYHQ�PDUEOHV�RI�GLDPHWHU����PP��7KH\�
DUH�WR�EH�SODFHG�VXFK�WKDW�WKHLU�FHQWUHV�DUH�O\LQJ�LQ�D�VTXDUH�
ERXQG�E\�IRXU�OLQHV�HDFK�RI�OHQJWK����PP��:KDW�ZLOO�EH�
WKH�DUUDQJHPHQW�RI�PDUEOHV�LQ�D�SODQH�VR�WKDW�PD[LPXP�
QXPEHU�RI�PDUEOHV�FDQ�EH�SODFHG�LQVLGH�WKH�DUHD�"�6NHWFK�
WKH�GLDJUDP�DQG�GHULYH�DQ�H[SUHVVLRQ�IRU�WKH�QXPEHU�RI�
PROHFXOHV�SHU�XQLW�DUHD�� �,�,�7�������

$QV��$UHD�RI�VTXDUH� ����º���� ������PP�

�7R�KDYH�PD[LPXP�QXPEHU�

RI�VSKHUHV��SDFNLQJ�PXVW�EH�

KFS��$V�VKRZQ�LQ�WKH�ILJXUH��WKH�

PD[LPXP�QXPEHU�RI�VSKHUHV�RI�

GLDPHWHU����PP�DUH� ���

$UHD� ������PP�� ����FP�

∴�1R��RI�VSKHUHV�SHU�FP��

� � �18
16

� �������

4������$�FRPSRXQG�$%�KDV�URFN�VDOW�W\SH�VWUXFWXUH��7KH�
IRUPXOD�ZHLJKW�RI�$%�LV�������<�DPX�DQG�WKH�FORVHVW�$z%�
GLVWDQFH�LV�<����QP��ZKHUH�<�LV�DQ�DUELWUDU\�QXPEHU��

�D��)LQG�WKH�GHQVLW\�RI�WKH�ODWWLFH�

�E��,I�WKH�GHQVLW\�RI�ODWWLFH�LV�IRXQG�WR�EH����NJ�Py���
SUHGLFW�WKH�W\SH�RI�GHIHFW�� �,�,�7�������

$QV���D��'HQVLW\�RI�D�FU\VWDO�LV

� G�� ��
Z Formula mass of  substance

NA
3

×

× a
1RZ�$%�KDV�URFN�VDOW�W\SH�VWUXFWXUH�L�H���IFF�VR�WKDW�
� =�  � �
)RUPXOD�PDVV� �������<�º���y��NJ��D� ��<����QP� ��<����º���y��P

∴�� 'HQVLW\�  ��
4 6 023" "
" " "

�

�
. Y 10 kg

6.023 10 (2Y 10 m)

3

23 1/3 9 3

� �  ������NJ�Py��
�E��6LQFH�WKH�REVHUYHG�GHQVLW\�����NJ�Py���LV�KLJKHU�WKDQ�

WKH�FDOFXODWHG�YDOXH����NJ�Py����WKH�FRPSRXQG�PXVW�KDV�HLWKHU�

LQWHUVWLWLDO�LPSXULW\�GHIHFW�RU�VXEVWLWXWLRQDO�LPSXULW\�GHIHFW�



51.+&�56#6' ����

� ��� :KDW�LV�PHDQW�E\�tGRSLQJu� LQ�D�VHPLFRQGXFWRU�"

� � �� �'�6�%�������

� ����:KDW� LV� WKH� UDGLXV� UDWLR� �U��Uy�� IRU� DQ� LRQ� WR� RFFXS\�
WHWUDKHGUDO�VLWH�"�

������([SODLQ� WKH� QDWXUH� RI� FU\VWDO� GHIHFW� SURGXFHG� ZKHQ��
VRGLXP�FU\VWDO�LV�GRSHG�ZLWK�0J&O��"��

����� :KDW� LV� WKH� HIIHFW� RI� )UHQNHO� VWUXFWXUDO� GHIHFW� RQ� WKH�
HOHFWULFDO�FRQGXFWLYLW\�RI�D�FU\VWDOOLQH�VROLG"

����� :K\�GRHV�)UHQNHO�GHIHFW�QRW�FKDQJH�WKH�GHQVLW\�RI�$J&O�
FU\VWDOV"

����� :KDW�PDNHV� DONDOL�PHWDO� KDOLGHV� VRPHWLPHV� FRORXUHG��
ZKLFK�DUH�RWKHUZLVH�FRORXUOHVV�"� �'�6�%�������

����� :KDW�LV�PHDQW�E\�FRRUGLQDWLRQ�QXPEHU"

� � �8WWDUDNKDQG�6�%�������

������+RZ� GRHV� WHPSHUDWXUH� LQIOXHQFH� WKH� FRQGXFWLYLW\� RI� D�
VHPL�FRQGXFWRU�"�� �3E�6�%�������

������:KDW�W\SH�RI�VXEVWDQFHV�H[KLELW�DQWL�IHUURPDJQHWLVP"�� �

� �'�6�%�������

������1DPH�DQ�HOHPHQW�ZLWK�ZKLFK�VLOLFRQ�VKRXOG�EH�GRSHG�WR�
JLYHQ�Q�W\SH�RI�VHPLFRQGXFWRU�� �'�6�%������&�

������+RZ� GRHV� HOHFWULFDO� FRQGXFWLYLW\� YDU\� LQ� PHWDOV� ZLWK�
WHPSHUDWXUH"� �3E�6�%�������

����� :KDW�LV�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�HGJH�OHQJWK��D��RI�WKH�

XQLW�FHOO�DQG�WKH�UDGLXV� �U�� RI�DQ�DWRP�LQ�D� IDFH�FHQWUHG�

XQLW�FHOO"� �0HJKDOD\D�6�%�������

����� :KLFK�SRLQW�GHIHFW�LQ�FU\VWDOV�RI�D�VROLG�GRHV�QRW�FKDQJH�

WKH�GHQVLW\�RI�WKH�VROLG�"� �'�6�%�������������

����� +RZ�GRHV�IHUURPDJQHWLVP�DULVH�"� �3E�6�%�������

����� $� FRPSRXQG� IRUPV� KFS� VWUXFWXUH�� &DOFXODWH� WKH� WRWDO�

QXPEHU�RI�YRLGV�LQ�����PRO�RI�LW�� �$VVDP�6�%�������

����� :ULWH�D�SRLQW�RI�GLVWLQFWLRQ�EHWZHHQ�D�PHWDOOLF�VROLG�DQG�

DQ�LRQLF�VROLG�RWKHU�WKDQ�PHWDOOLF�OXVWUH�� �'�6�%�������

����� +RZ�PDQ\�ODWWLFH�SRLQWV�DUH�WKHUH�LQ�RQH�XQLW�FHOO�RI�HDFK�
RI�WKH�IROORZLQJ�ODWWLFHV"

� ��L�� )DFH�FHQWUHG�FXELF�ODWWLFH

� �LL�� %RG\�FHQWUHG�FXELF�ODWWLFH�� �3E�6�%�������

����� ,GHQWLI\�HDFK�RI�WKH�IROORZLQJ�DV�EHLQJ�HLWKHU�D�S�W\SH�RU�
Q�W\SH�VHPLFRQGXFWRU�

� ��L�� *H�GRSHG�ZLWK�,Q

� �LL�� 6L�GRSHG�ZLWK�$V�� �3E�6�%�������

����� +RZ� PDQ\� DWRPV� DUH� WKHUH� LQ� D� XQLW� FHOO� RI� D� PHWDO�
FU\VWDOOL]LQJ�LQ�IFF�VWUXFWXUH�"� �

� �'�6�%��������0HJKDOD\D�6�%��������7ULSXUD�6�%�������

����� :KDW�W\SH�RI�VWRLFKLRPHWULF�GHIHFW�LV�VKRZQ�E\�$J&O"

�'�6�%�������

����� :KDW� W\SH� RI� VXEVWDQFHV�ZRXOG�PDNH�EHWWHU�SHUPDQHQW�

PDJQHWV��IHUURPDJQHWLF�RU�IHUULPDJQHWLF"� �'�6�%�������

����� :KDW�LV�WKH�IRUPXOD�RI�D�FRPSRXQG�LQ�ZKLFK�WKH�HOHPHQW�<�

IRUPV�FFS�ODWWLFH�DQG�DWRPV�RI�;�RFFXS\�����RI�WHWUDKHGUDO�

YRLGV�"� �'�6�%�������

����� :KDW�DUH�WKH�FRRUGLQDWLRQ�QXPEHU�RI�1D��DQG�&Oy�LRQV�LQ�

1D&O"� �1DJDODQG�6�%�������

����� :KDW�LV�)UHQNHO�GHIHFW"�+RZ�GRHV�LW�DIIHFW�GHQVLW\�RI�WKH�

VROLG"� �.DUQDWDND�6�%�������

����� :KDW�LV�WKH�FRRUGLQDWLRQ�QXPEHU�RI�SDUWLFOHV�SUHVHQW�LQ�IFF�

FU\VWDO�VWUXFWXUH"� �.HUDOD�6�%�������

CBSE QUESTIONS
����� :KLFK� SRLQW� GHIHFW� LQ� FU\VWDOV� ORZHUV� WKH� GHQVLW\� RI� D�

FU\VWDO"� �$�,�6�%��������$VVDP�6�%�������������

����� :KDW� W\SH� RI� VHPLFRQGXFWRU� LV� REWDLQHG�ZKHQ� VLOLFRQ� LV�
GRSHG�ZLWK�DUVHQLF�"� �$�,�6�%�������

����� :KDW�W\SH�RI�LQWHUDFWLRQV�KROG�WKH�PROHFXOHV�WRJHWKHU�LQ�
D�SRODU�PROHFXODU�VROLG�"� �$�,�6�%�������

����� :KLFK� VWRLFKLRPHWULF� GHIHFW� LQ� FU\VWDOV� LQFUHDVHV� WKH�
GHQVLW\�RI�D�VROLG�"� �'�6�%��������$�,�6�%�������

����� +RZ� WKH� FRQGXFWLYLW\� RI� DQ� LQWULQVLF� VHPLFRQGXFWRU� EH�
LQFUHDVHG�"� �$�,�6�%�������

����� :KDW�LV�WKH�IRUPXOD�RI�D�FRPSRXQG�LQ�ZKLFK�WKH�HOHPHQW�<�
IRUPV�KFS�ODWWLFH�DQG�DWRPV�;�RFFXS\����UG�RI�WHWUDKHGUDO�
YRLGV�"� �$�,�6�%�������

����� $QDO\VLV� VKRZV� WKDW� )H2� KDV� D� QRQ�VWRLFKLRPHWULF�
FRPSRVLWLRQ� ZLWK� PROHFXODU� IRUPXOD� )H����2�� *LYH�
UHDVRQ�� �$�,�6�%�������

0&4V�IURP�6WDWH�%RDUGVu�4XHVWLRQV�������

����� &ORVH�SDFNLQJ�LV�PD[LPXP�LQ�WKH�FU\VWDO�ZKLFK�LV

� �D��EFF� �E�� IFF

� �F��VLPSOH�FXELF� �G�� HQG�FHQWUHG�FXELF

�� �+�3��6�%�������

����� ,Q�D�VROLG�ODWWLFH��WKH�FDWLRQ�KDV�OHIW�D�ODWWLFH�VLWH�DQG�LV�
ORFDWHG�DW�DQ�LQWHUVWLWLDO�SRVLWLRQ��7KH�ODWWLFH�GHIHFW�LV

� �D��Q�W\SH� �E�� S�W\SH

� �F��)UHQNHO�GHIHFW� �G�� 6FKRWWN\�GHIHFW

�� �+�3�6�%�������

����� 7KH� FRRUGLQDWLRQ� QXPEHU� RI� PHWDO� FU\VWDOOL]LQJ� LQ� D�
KH[DJRQDO�FORVH�SDFNLQJ�VWUXFWXUH�DUH

� �D����� �E�� �

� �F���� �G�� ���

�+�3�6�%��������0L]RUDP�6�%�������

����� ,Q�D�ERG\�FHQWUHG�XQLW�FHOO��WKH�QXPEHU�RI�DWRPV�SUHVHQW�
LV

� �D���� �E�� �

� �F���� �G�� ��

�+U��6�%��������������0L]RUDP�6�%��������

+�3��6�%��������������1DJDODQG�6�%�������

����� ,Q�D�WULJRQDO�FU\VWDO
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Short Answer Questions Carrying 2 or 3 marks
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VSDFH�ODWWLFH
�DQG�

XQLW�FHOO
�"� �3E�6�%�������
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� � �D�� 'LIIHUHQWLDWH�EHWZHHQ�XQLW�FHOO�DQG�FU\VWDO�ODWWLFH�
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XQLW�FHOOV��'LIIHUHQWLDWH�EHWZHHQ�SULPLWLYH�DQG�FHQWUHG�
XQLW�FHOOV�
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� �L��6FKRWWN\�GHIHFW�
� �LL��)HUURPDJQHWLF�VXEVWDQFHV�� �+�3�6�%�������

����� �D�� �%DVHG�RQ�WKH�QDWXUH�RI�LQWHUPROHFXODU�IRUFHV��FODVVLI\�
WKH�IROORZLQJ�VROLGV"

� � �L�� 6L2�� � � � � � � �LL�� ,FH

� � �E��� =Q2�WXUQV�\HOORZ�DQ�KHDWLQJ��:K\�"�

� �.HUDOD�6�%�������

CBSE QUESTIONS
����� $VVLJQ�UHDVRQV�IRU�WKH�IROORZLQJ��
� �L���3KRVSKRUXV�GRSHG�VLOLFRQ�LV�D�VHPLFRQGXFWRU

� �LL��6FKRWWN\�GHIHFW�ORZHUV�WKH�GHQVLW\�RI�D�VROLG

� �LLL���6RPH�RI� WKH�YHU\�ROG� REMHFWV�DSSHDU� VOLJKWO\�PLON\�
LQVWHDG�RI�EHLQJ�WUDQVSDUHQW�� �$�,�6�%�������

����� ([SODLQ�WKH�IROORZLQJ�SURSHUWLHV�ZLWK�VXLWDEOH�H[DPSOHV�
� � ���L��IHUURPDJQHWLVP� �LL���SDUDPDJQHWLVP
� � �LLL��IHUULPDJQHWLVP� � �$�,�6�%�������
����� +RZ�GR�PHWDOOLF�DQG�LRQLF�VXEVWDQFHV�GLIIHU�LQ�FRQGXFWLQJ�

HOHFWULFLW\�"� �$�,�6�%�������
����� ([SODLQ� KRZ� \RX� FDQ� GHWHUPLQH� WKH� DWRPLF�PDVV� RI� DQ�

XQNQRZQ�PHWDO� LI� \RX� NQRZ� LWV� PDVV�� GHQVLW\� DQG� WKH�
GLPHQVLRQV�RI�XQLW�FHOO�RI�LWV�FU\VWDO�

� �$�,�6�%��������0DQLSXU�6�%�������

����� &DOFXODWH�WKH� SDFNLQJ�HIILFLHQF\� RI�D�PHWDO� FU\VWDO� IRU�D�
VLPSOH�FXELF�ODWWLFH�� � � ���$�,�6�%�������

����� $FFRXQW�IRU�WKH�IROORZLQJ�

� � �E�� 6FKRWWN\�GHIHFWV�ORZHU�WKH�GHQVLW\�RI�UHODWHG�VROLGV�

� � F�� &RQGXFWLYLW\� RI� VLOLFRQ� LQFUHDVHV� RQ� GRSLQJ� LW� ZLWK�
SKRVSKRUXV�� �$�,�6�%�������

����� �D�� :KDW�FKDQJH�RFFXUV�ZKHQ�$J&O�LV�GRSHG�ZLWK�&G&O�"

� � �E�� :KDW�W\SH�RI�VHPLFRQGXFWRU�LV�SURGXFHG�ZKHQ�VLOLFRQ�
LV�GRSHG�ZLWK�ERURQ"� �$�,�6�%�������

����� �L�� :KDW� W\SH� RI� QRQ�VWRLFKLRPHWULF� SRLQW� GHIHFW� LV�
UHVSRQVLEOH�IRU�WKH�SLQN�FRORXU�RI�/L&O�"

� � �LL�� :KDW�W\SH�RI�VWRLFKLRPHWULF�GHIHFW�LV�VKRZQ�E\�1D&O"
2U

� � � +RZ�ZLOO�\RX�GLVWLQJXLVK�EHWZHHQ�WKH�IROORZLQJ�SDLUV�
RI�WHUPV��

� � �L�� 7HWUDKHGUDO�DQG�RFWDKHGUDO�YRLGV
� � �LL�� &U\VWDO�ODWWLFH�DQG�XQLW�FHOO� �$�,�6�%�������
����� �L�� :ULWH� WKH� W\SH� RI�PDJQHWLVP� REVHUYHG�ZKHQ� WKH�

PDJQHWLF�PRPHQWV�DUH�RSSRVLWHO\�DOLJQHG�DQG�FDQFHO�
RXW�HDFK�RWKHU�

� � �LL�� :KLFK� VWRLFKLRPHWULF� GHIHFW� GRHV� QRW� FKDQJH� WKH�
GHQVLW\�RI�WKH�FU\VWDO�"� �$�,�6�%�������

����� �D�� %DVHG�RQ�WKH�QDWXUH�RI�LQWHUPROHFXODU�IRUFHV��FODVVLI\�
WKH�IROORZLQJ�VROLGV��%HQ]HQH��VLOYHU�

� � �E�� $J&O�VKRZV�)UHQNHO�GHIHFW�ZKLOH�1D&O�GRHV�QRW��*LYH�
UHDVRQ�

� � F�� :KDW�W\SH�RI�VHPLFRQGXFWRU�LV�IRUPHG�ZKHQ�*H�LV�GRSHG�
ZLWK�$O�"� �$�,�6�%�������

����� $Q� HOHPHQW� t;u� �$W�� PDVV�  � ��� J� PROy��� KDYLQJ� I�F�F��
VWUXFWXUH��KDV�XQLW�FHOO�HGJH�OHQJWK�RI�����SP��&DOFXODWH�
WKH�GHQVLW\�RI� t;u�DQG�WKH�QXPEHU�RI�XQLW� FHOOV� LQ���J�RI�

t;u���1$� �������º���
���PROy��� �$�,�6�%�������

Long Answer Questions Carrying 5 marks

� � � :KDW�GR�\RX�XQGHUVWDQG�E\�LPSHUIHFWLRQV�LQ�VROLGV"�([SODLQ�
VWRLFKLRPHWULF�GHIHFWV�LQ�VROLGV�

� ��� 'LVFXVV�EULHIO\�WKH�IROORZLQJ�SURSHUWLHV�RI�VROLGV�
� � �L�� HOHFWULFDO�SURSHUWLHV� �LL�� PDJQHWLF�SURSHUWLHV

� ��� �D�� $Q�HOHPHQW�KDV�DWRPLF�PDVV����J�PROy��DQG�GHQVLW\�
�����J�FPy���,I�WKH�HGJH�OHQJWK�RI�LWV�XQLW�FHOO�LV�����SP���
LGHQWLI\�WKH�W\SH�RI�XQLW�FHOO�

� � E�� :ULWH�DQ\�WZR�GLIIHUHQFHV�EHWZHHQ�DPRUSKRXV�VROLGV�
DQG�FU\VWDOOLQH�VROLGV�

25
� � �D�� &DOFXODWH�WKH�QXPEHU�RI�XQLW�FHOOV�LQ�����J�RI�DOXPLQLXP�

LI�LW�FU\VWDOOL]HV�LQ�D�IFF�VWUXFWXUH���$WRPLF�PDVV�RI�$O�
 ����J�PROy��

� � �E�� *LYH�UHDVRQV���

� � �L�� ,Q�VWRLFKLRPHWULF�GHIHFWV��1D&O�H[KLELWV�6FKRWWN\�GHIHFW�
DQG�QRW�)UHQNHO�GHIHFW�

� � �LL�� 6LOLFRQ� RQ� GRSLQJ� ZLWK� SKRVSKRUXV� IRUPV�Q�W\SH�
VHPLFRQGXFWRU�

� ��LLL�� )HUULPDJQHWLF�VXEVWDQFHV�VKRZ�EHWWHU�PDJQHWLVP�WKDQ�
DQWLIHUURPDJQHWLF�VXEVWDQFHV��� �'�6�%�������

� ��� �L�� )ROORZLQJ� LV� WKH� VFKHPDWLF� DOLJQPHQW� RI�PDJQHWLF�
PRPHQWV�

� � � ,GHQWLI\� WKH�W\SH�RI�PDJQHWLVP��:KDW�KDSSHQV�ZKHQ�
WKHVH�VXEVWDQFHV�DUH�KHDWHG�"

� � �LL�� ,I�WKH�UDGLXV�RI�WKH�RFWDKHGUDO�YRLG�LV�tUu�DQG�UDGLXV�RI�
WKH�DWRPV�LQ�FORVH�SDFNLQJ�LV�t5u��:KDW�LV�WKH�UHODWLRQ�
EHWZHHQ�tUu�DQG�t5u�

� ��LLL�� 7XQJVWHQ� FU\VWDOOL]HV� LQ� ERG\�
FHQWUHG� FXELF�XQLW� FHOO�� ,I� WKH�
HGJH� OHQJWK� RI� WKH�XQLW� FHOO� LV�
������SP��ZKDW�LV�WKH�UDGLXV�RI�
WXQJVWHQ�DWRP"

25

� � �L�� ,GHQWLI\�WKH�W\SH�RI�GHIHFW�VKRZQ�
LQ�WKH�IROORZLQJ�ILJXUH�

� � � :KDW�W\SH�RI�VXEVWDQFHV�VKRZ�WKLV�GHIHFW�"
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� � �LL�� $�PHWDO�FU\VWDOOL]HV�LQ�D�ERG\�FHQWUHG�FXELF�VWUXFWXUH��
,I�tDu�LV�WKH�HGJH�OHQJWK�RI�LWV�XQLW�FHOO��tUu�LV�WKH�UDGLXV�RI�
WKH�VSKHUH��:KDW�LV�WKH�UHODWLRQVKLS�EHWZHHQ�tUu�DQG�tDu�"

� ��LLL�� $Q�HOHPHQW�ZLWK�PRODU�PDVV����J���PRO�IRUPV�D�FXELF�
XQLW�FHOO�ZLWK�HGJH�OHQJWK�RI�������S�P��,I�LWV�GHQVLW\�LV�
�����J��FP���:KDW�LV�WKH�QDWXUH�RI�WKH�FXELF�XQLW�FHOO�"�
� �&%6(�6DPSOH�3DSHU���������

NUMERICAL PROBLEMS

� ��� 3RWDVVLXP� LRGLGH� KDV� FXELF� XQLW� FHOO�ZLWK� FHOO� HGJH� RI�

���� SP��7KH� GHQVLW\� RI�.,� LV� ����� J� FPy���+RZ�PDQ\��

.��DQG�,y�LRQV�DUH�FRQWDLQHG�LQ�WKH�XQLW�FHOO�"

� >$QV���.��DQG��,y@

� ��� 7KH� XQLW� RI� DQ� HOHPHQW� RI� DWRPLF� PDVV� ��� DQG� GHQVLW\��
�����J�FPy��LV�D�FXEH�ZLWK�HGJH�OHQJWK�RI�����SP��)LQG�WKH�

VWUXFWXUH�RI�WKH�FU\VWDO�ODWWLFH��VLPSOH�FXELF��)&&�RU�%&&��

�$YRJDGUR
V�FRQVWDQW��1� �������º���
���PROy��

� >$QV��%&&@�

� ��� .&O�DQG�1D&O�KDYH�IFF�ODWWLFH��&DOFXODWH�WKH�UDWLR�RI�GHQVLW\�
RI�1D&O�WR�WKDW�RI�.&O�LI�WKH�UDWLR�RI�HGJH�RI�1D&O�WR�WKDW�RI�

.&O�LV������� >$QV�������@

� ��� /LWKLXP�PHWDO�KDV�D�ERG\�FHQWUHG�FXELF�VWUXFWXUH��,WV�GHQVLW\�
LV������J�FPy��DQG�LWV�PRODU�PDVV�LV������J�PROy���&DOFXODWH�

WKH�YROXPH�RI�D�XQLW�FHOO�RI�OLWKLXP�PHWDO����

� � � >$QV�������º���y���FP�@���

� ��� ,URQ�KDV�ERG\�FHQWUHG�FXELF�XQLW�FHOO� HGJH�RI��������SP��
7KH� GHQVLW\� RI� LURQ� LV� �����J� FPy���8VH� WKLV� LQIRUPDWLRQ��

WR�FDOFXODWH�$YRJDGUR
V�QXPEHU� �$W��PDVV� RI� LURQ� ����J��

PROy��� �'�6�%�������

� ��� $Q�HOHPHQW�FU\VWDOOL]HV�LQ�D�VWUXFWXUH�KDYLQJ�IFF�XQLW�FHOO�
RI� DQ�HGJH�����SP��&DOFXODWH� LWV� GHQVLW\� LI� ����J�RI� WKLV�

HOHPHQW�FRQWDLQV�������×������DWRPV�� �3E�6�%�������

� ��� $Q� HOHPHQW� �GHQVLW\� ���� J� FPy��� FU\VWDOOL]HV� LQ� D� ERG\�

FHQWUHG� FXELF� VWUXFWXUH�KDYLQJ� LWV� XQLW� FHOOO� HGJH� OHQJWK�

�����¨��&DOFXODWH�WKH�QXPEHU�RI�DWRPV�SUHVHQW�LQ�����J�RI�

WKH�HOHPHQW�� �7ULSXUD�%RDUG������

� ��� 6LOYHU� FU\VWDOOL]HV� LQ�D� IFF� ODWWLFH��7KH�HGJH� OHQJWK� RI� LWV�
XQLW�FHOO�LV������º���y��FP�DQG�LWV�GHQVLW\�LV�������J�FPy���

&DOFXODWH�WKH�UHODWLYH�DWRPLF�PDVV�RI�VLOYHU��1$� �������º�

�����PROy���� �.RONDWD�6�%�������

CBSE QUESTIONS
� ��� &DOFXODWH�WKH�GLVWDQFH�EHWZHHQ�1D��DQG�&O

y
�LRQV�LQ�1D&O�

FU\VWDO�LI�LWV�GHQVLW\�LV�������J�FPy����0RODU�PDVV�RI�1D&O�
 ������J�PROy���1$� ������º���

���PROy���� �$�,�6�%�������

����� ,URQ�KDV�D�ERG\�FHQWUHG�FXELF�XQLW�FHOO�ZLWK�D�FHOO�HGJH�RI��������
SP��7KH�GHQVLW\�RI�LURQ�LV������J�FPy���8VH�WKLV�LQIRUPDWLRQ�
WR�FDOFXODWH�$YRJDGUR
V�QXPEHU�����$�,�6�%�������

����� 6LOYHU�FU\VWDOOL]HV�ZLWK�IDFH�FHQWUHG�FXELF�XQLW�FHOOV��(DFK�
VLGH�RI�WKH�XQLW�FHOO�KDV�D�OHQJWK�RI�����SP��:KDW�LV� WKH�
UDGLXV�RI�DQ�DWRP�RI�VLOYHU�"��$VVXPH�WKDW�HDFK�IDFH�DWRP�
LV�WRXFKLQJ�IRXU�FRUQHU�DWRPV��� �$�,�6�%�������

����� 7XQJVWHQ� FU\VWDOOL]HV� LQ� D� ERG\� FHQWUHG� FXELF� ODWWLFH��
&DOFXODWH� WKH� QXPEHU� RI� XQLW� FHOOV� LQ� ���� J� RI� WXQJVWHQ��
$WRPLF�PDVV�RI�WXQJVWHQ� �����X����� �$�,�6�%�������

����� 7KH� ZHOO� NQRZQ� PLQHUDO� IOXRULWH� LV� FKHPLFDOO\� FDOFLXP�
IOXRULGH��,W�LV�NQRZQ�WKDW�LQ�RQH�XQLW�FHOO�RI�WKLV�PLQHUDO�
WKHUH�DUH���&D���LRQV�DQG���)y�LRQV�DQG�WKDW�&D���LRQV�DUH�
DUUDQJHG�LQ�D�IFF�ODWWLFH��7KH�)y�LRQV�ILOO�DOO�WKH�WHWUDKHGUDO�
KROHV�LQ�WKH�IDFH�FHQWUHG�FXELF�ODWWLFH�RI�&D���LRQV��7KH�HGJH�
RI�WKH�XQLW�FHOO�LV������º���y��FP�LQ�OHQJWK��7KH�GHQVLW\�RI�
WKH�VROLG�LV������J�FPy���8VH�WKLV�LQIRUPDWLRQ�WR�FDOFXODWH�
$YRJDGURuV�QXPEHU��0RODU�PDVV�RI�&D)�� �������J�PRO

y���
� � � �$�,�6�%��������'�6�%�������
����� 7KH�GHQVLW\�RI�FRSSHU�PHWDO� LV������J�FPy���,I� WKH�UDGLXV�

RI�FRSSHU�DWRP�EH�������SP��LV�WKH�FRSSHU�XQLW�FHOO�VLPSOH�
FXELF��ERG\�FHQWUHG�FXELF�RU�IDFH�FHQWUHG�FXELF�"

� � �*LYHQ���DWRPLF�PDVV�RI�&X� �������J�PROy��DQG�1$� ��������
º������PROy��� �$�,�6�%��������'�6�%�������

����� &RSSHU�FU\VWDOOLVHV�ZLWK�IDFH�FHQWUHG�FXELF�XQLW�FHOO��,I�WKH�
UDGLXV�RI�FRSSHU�DWRP�LV�������SP��FDOFXODWH�WKH�GHQVLW\�RI�
FRSSHU�PHWDO���$WRPLF�PDVV�RI�&X� �������X�DQG�$YRJDGURuV�
QXPEHU�1$� ������×���

���PROy��� �$�,�6�%�������
����� $OXPLQLXP�FU\VWDOOL]HV�LQ�DQ�IFF�VWUXFWXUH��$WRPLF�UDGLXV�RI�

WKH�PHWDO�LV�����SP��:KDW�LV�OHQJWK�RI�WKH�VLGH�RI�WKH�XQLW�
FHOO�RI�PHWDO�"� �$�,�6�%��������
� >$QV��������SP@

����� $Q� HOHPHQW� ZLWK� GHQVLW\� ��� J� FPy�� IRUPV� D� FXELF� XQLW��
FHOO�ZLWK�HGJH� OHQJWK�RI���º���y�� FP��:KDW� LV� WKH�QDWXUH�
RI�WKH�FXELF�XQLW�FHOO� LI�WKH�DWRPLF�PDVV�RI�WKH�HOHPHQW�LV��
���J�PROy��"� �$�,�6�%�������

� >$QV��EFF@
����� $Q�HOHPHQW�FU\VWDOOL]HV�LQ�IFF�ODWWLFH�ZLWK�FHOO�HGJH�RI�����

SP��7KH�GHQVLW\�RI�WKH�HOHPHQW�LQ���J�FPy���+RZ�PDQ\�DWRPV�
DUH�SUHVHQW�LQ�����J�RI�WKH�HOHPHQW�"� �$�,�6�%�������

� ��� �
� ��� �L���1��LL��1� ��� ������
� �� 6FKRWWN\�DQG�)UHQNHO�GHIHFWV
� ��� ������y������
����� (OHFWULFDO�FRQGXFWDQFH�LQFUHDVHV�
����� 0HWDO�H[FHVV�GHIHFW�GXH�WR�DQLRQ�YDFDQFLHV�

����� &RQGXFWLYLW\�RI�D�VHPL�FRQGXFWRU�LQFUHDVHV�ZLWK�WHPSHUDWXUH�
����� 3
����� &RQGXFWLYLW\� RI� PHWDOV� GHFUHDVHV� ZLWK� LQFUHDVH� LQ�

WHPSHUDWXUH�

����� D� � 2 2 U� ���� ��PRO
����� �L���� �LL���� ���� �L��S�W\SH� �LL��Q�W\SH

����� �� ���� )UHQNHO�GHIHFW
����� IHUURPDJQHWLF� ���� ;�<�
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����� 1D�� ����&Oy� ��� ���� VL[
����� 6FKRWWN\�GHIHFW� ���� Q�W\SH
����� 'LSROH�GLSROH�IRUFHV� ���� ,QWHUVWLWLDO�GHIHFW
����� ;�<�� ���� �E�� ���� �F�� ���� �D�� ���� �E�
����� �D�� ���� �F�� ���� �F�� ���� �F�� ���� �G�
����� �E�� ���� �G�� ���� �G�� ���� �D�� ���� �F�
����� �E�� ���� �D�� ���� �F�� ���� �F�� ���� �F�
����� �F�� �����E��� ���� �E�� ���� �G��

Numerical Problems

� � � �� 'HQVLW\� �
Z M
N

×
×a3 A

� � � 0�  � ��������� ����

� � � =�  �1R��RI�IRUPXOD�XQLWV

� ∴� � �����  �
Z "

" " "�
166

705 10 6 022 1010 3 23( ) ( ).

� � � =�  �
3 12 705 10 6 022 10

166

10 3 23. ." " " "�( ) ( )

� � � �  � ���� RU��

� ∴� ���.��DQG���,y�� LRQV�SHU�XQLW�FHOO�

� � ��� �'HQVLW\�  �
Z M
N

×
×a3 A

� � � �����  �
Z "

" " "�
96

cm)3( ( )314 10 6 022 1010 23.

� � � =�  �
10 3 314 10 6 022 10

96

10 3 23. ( ) ." " " "�

� ����

� � ∴�EFF�VWUXFWXUH

� � ��� � G�1D&O��  �

M(KCl)
N
KCl

M(KCl)

A

a3
4

( )
×

� � � G�.&O��  �
N
KCl
A

a3
4

( )
×

� � � d
d
( )
( )
NaCl
KCl

�  �
M(NaCl)
M(KCl)

KCl
NaCl

"
,

.
-

2

4
3

a
a
( )
( )

3

� � � �  �
58 5
74 5

1
0 875

3.
. .
" )+*

/
10 
 1.172

� � � � � 'HQVLW\�  �
Z M
N

×
×a3 A

� � )RU�EFF�� =�  � �

� � � �����  �
2 6 94
6 022 103 23
×

× ×
.

.a

� � � D��  �
2 6 94

0 53 6 022 1023
×

× ×
.

. . � ������º���y���FP�

� � �9ROXPH� �D��  � �����º���y���FP��

� ����� )RU�EFF�DUUDQJHPHQW��=� ����� r�� �������J�FPy���

� � 0� ����J�PROy�

� � (GJH�OHQJWK��D� ��������º���y���P� ��������º���y���FP

� � � r�� ��
Z M
N

×
×a3 A

� � RU� � 1$�� ��
Z M
N

×
×a3 Aρ D�

� � � �  ��
2 56

7 87 286 65 10 10
"
" "

�

� �
( )

( . ) ( .
 g mol

 g cm  cm)

1

3 3

� � � � �������º������PROy��

� � ���� �0DVV�RI�XQLW�FHOO� �
180

3 708 10
4 194 17 1024

24

.
.

×
× = × −

� � � � � � � 'HQVLW\� �� 194 17 10
300 10

7 19
24

10 3
3.

( )
.

×

×
=

−

−
− g cm

� � ����9ROXPH�RI�XQLW�FHOO� �������º���y��FP��

� � � �  �������º���y���FP��

� � � �9ROXPH�RI�����J�RI�HOHPHQW�  �
156

7 2 3
g

g cm. − � �������FP�

� � � �1R��RI�XQLW�FHOOV�LQ�WKLV�YROXPH� �
21 67

23 89 10 24
.

. " �

� � � �  �������º�����

� � � �)RU�EFF��QXPEHU�RI�DWRPV�SHU�XQLW�FHOO� ��

� � � ∴� 1R��RI�DWRPV�LQ�����J�RI�HOHPHQW� �������º������º��
� � � � � �  �������º�����

� � ���� �5HIHU�6ROYHG�([DPSOH�����SDJH�����

� � ���� �5HIHU�6ROXWLRQ�RI�3UDFWLFH�3UREOHP�����SDJH�����

� � �����5HIHU�6ROXWLRQ�RI�3UDFWLFH�3UREOHP�����SDJH�����

� � �����)RU�IFF�XQLW�FHOO��UDGLXV���U� �
a

2 2

� � � � � �� �
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2 1 414× .
� � � � � �� ������SP

� � �������PRO�RI�WXQJVWHQ� �����J� �������º������DWRPV

� � 1R��RI�DWRPV�LQ�����J�RI�WXQJVWHQ� �
6 023 10
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1 5
23.

.
×

×
� � $�ERG\�FHQWUHG�FXELF�FHOO�FRQWDLQV���DWRPV�

� � � 1R��RI�XQLW�FHOOV�SUHVHQW� �
6 023 10 1 5
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×

� � � �  � �����º�� ��

� � ����� 'HQVLW\�  �
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N

×
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� � � �����J�FPy��  �
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1
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×
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�
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� � ∴� 1$�  ������º���
���

� � �����$VVXPLQJ�IFF�ODWWLFH�IRU�FRSSHU�

� � � D� � 2 2 r

� � � �  � ��º�������º�������º���y��FP�

� � � �  � ������º���y��FP

� � � 'HQVLW\����r�  �
4 63 54

6 02 103 23
×

(3.614×10 × ×8
.

cm) ( . )−

� � ∴� �  � �����J�FPy�

� � 6LQFH�WKH�GHQVLW\�LV�VDPH�DV�REVHUYHG��WKH�ODWWLFH�LV�IFF�
ODWWLFH�

� � ������5HIHU�6ROYHG�([DPSOH�����SDJH�����

� � ������5HIHU�6ROYHG�([DPSOH����SDJH�����

� � ������5HIHU�6ROXWLRQ�RI�3UDFWLFH�3UREOHP�����SDJH�����

� � ������5HIHU�6ROXWLRQ�RI�3UDFWLFH�3UREOHP�����SDJH�����
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� ��;�5$<6�',))5$&7,21�678',(6
;�UD\V� VWXGLHV� KDYH� KHOSHG� WR� NQRZ� WKH� DUUDQJHPHQW�

RI� DWRPV�� LRQV� RU� PROHFXOHV� LQ� FU\VWDOV�� 7KH� SKHQRPHQRQ� RI�
;�UD\V�E\� WKH� FU\VWDOV�ZDV� VWXGLHG�E\�:�/�� %UDJJ� DQG�:�+��
%UDJJ��%\�DQDO\VLQJ�WKH�GLIIUDFWLRQ�SDWWHUQV��%UDJJ�GHGXFHG�D�
VLPSOH�UHODWLRQVKLS�EHWZHHQ�WKH�GLVWDQFH�EHWZHHQ�WKH�SODQHV�
RI� FRQVWLWXHQW� SDUWLFOHV� LQ� WKH� FU\VWDO� �G��� WKH� ZDYHOHQJWK� RI�
;�UD\V�XVHG� �λ�� DQG� WKH�DQJOH�RI�GLIIUDFWLRQ� �q���7KLV� UHODWLRQ�
LV�NQRZQ�DV�%UDJJ�HTXDWLRQ�DQG�LV�JLYHQ�DV�

� Qλ�  � �G�VLQ�q�
ZKHUH� �q�  � DQJOH�PDGH�E\�D�GLIIUDFWHG�;�UD\�EHDP�

ZLWK�WKH�GLUHFWLRQ�RI�LQFLGHQW�EHDP�

� Q�  � SRVLWLYH�LQWHJHU��������������HWF���ZKLFK�
VWDQGV� IRU� VHULDO� RUGHU� RI� GLIIUDFWHG�
EHDPV�

8VLQJ�%UDJJ
V�ODZ��ZH�FDQ�FDOFXODWH�WKH�GLVWDQFH�EHWZHHQ�
URZV� RI� FRQVWLWXHQW� SDUWLFOHV� LQ� D� FU\VWDO�� 7KHVH� GLVWDQFHV�
DUH� FKDUDFWHULVWLF� RI� D� FU\VWDO� DQG�GHSHQG�XSRQ� WKH� VL]H� DQG�
JHRPHWU\�RU�DUUDQJHPHQW�RI�WKHVH�SDUWLFOHV�

� ��/$:�2)�&2167$1&<�2)�,17(5)$&,$/�
$1*/(6
&U\VWDOV�DUH�ERXQG�E\�SODQH�IDFHV��7KH�DQJOH�EHWZHHQ�DQ\�

WZR�IDFHV�LV�FDOOHG�DQ�LQWHUIDFLDO�DQJOH��,W�LV�PHDVXUHG�E\�DQ�
LQVWUXPHQW�NQRZQ�DV�JRQLRPHWHU��7KH�ODZ�RI�FRQVWDQF\�RI�
LQWHUIDFLDO�DQJOHV�VWDWHV�WKDW�

LUUHVSHFWLYH� RI� WKH� VL]H� DQG� VKDSH� RI� WKH� FU\VWDOV�
�ZKLFK� GHSHQG� XSRQ� WKH� FRQGLWLRQV� RI� WKHLU�
IRUPDWLRQ���WKH�DQJOHV�EHWZHHQ�DQ\�WZR�FRUUHVSRQGLQJ�
IDFHV� RI� WKH� FU\VWDO� RI� D� SDUWLFXODU� VXEVWDQFH� DUH�
DOZD\V�WKH�VDPH�
7KLV�LV�DOVR�NQRZQ�DV�6WHQRuV�ODZ�

� �6758&785(�2)�0(7$/6
7KH�FU\VWDO�VWUXFWXUHV�DGRSWHG�E\�VRPH�PHWDOOLF�HOHPHQWV�

DW����&�DQG���EDU�SUHVVXUH�DUH��

&U\VWDO�VWUXFWXUH� (OHPHQWV

� KFS� %H��&G��&R��0J��&D��7L��=Q

� IFF� $J��$O��$X��&D��&X��1L��3E��3W

� EFF� %D��&U��)H��,U��$ONDOL�PHWDOV

� 3ULPLWLYH�FXELF� 3R

� ��3$&.,1*�,1�2;,'(6�2)�,521
7KH� SDFNLQJ� LQ� R[LGHV� RI� LURQ� VXFK� DV�)H2�DQG�)H�2�� LV�

YHU\�LQWHUHVWLQJ�
6WUXFWXUH�RI�,URQ�R[LGH��)H2�
,URQ�R[LGH��)H2��KDV�URFN�VDOW��1D&O��VWUXFWXUH��,Q�WKLV�FDVH�

2�y�LRQV�DGRSW�IDFH�FHQWUHG�FXELF�DUUDQJHPHQW��IFF��DQG�)H���LRQV�
RFFXS\�RFWDKHGUDO�VLWHV��7KLV�LV�WKH�LGHDO�DUUDQJHPHQW��+RZHYHU��
WKLV�R[LGH� LV� DOZD\V�QRQ�VWRLFKLRPHWLF� L�H��� WKH�FRPSRVLWLRQ�RI�
)H���DQG�2�y�LRQV�LV�QRW��������,W�KDV�EHHQ�IRXQG�WR�EH�JHQHUDOO\�
)H�����2��ZXVWLWH���7KLV�FRPSRVLWLRQ�FDQ�EH�REWDLQHG�LI�D�VPDOO�
QXPEHU� RI�)H��� LRQV�DUH� UHSODFHG� E\� WZR�WKLUG�DV�PDQ\�)H���
LRQV�LQ�RFWDKHGUDO�VLWHV�

6WUXFWXUH�RI�0DJQHWLWH��)H�2��
0DJQHWLWH� PD\� EH� FRQVLGHUHG� DV� KDYLQJ� WKH� FRPSRVLWLRQ�

)H2�� )H�2��� 7KLV� FRPSRVLWLRQ� FDQ� EH� REWDLQHG� LI� ZH� FRQYHUW��
����RI�)H���LRQV�LQ�)H2�LQWR�)H���LRQV��IRU�HYHU\�WKUHH�)H���LRQV�

WZR�)H��� LRQV��� ,Q�)H�2��� WKH� R[LGH� LRQV� DUH�DUUDQJHG� LQ� FXELF�
FORVH�SDFNLQJ�DUUDQJHPHQW��)H���LRQV�RFFXS\�RFWDKHGUDO�VLWHV�DQG�
WKH� )H��� LRQV� DUH� HTXDOO\� GLVWULEXWHG� EHWZHHQ� RFWDKHGUDO� DQG�
WHWUDKHGUDO� VLWHV�� 7KLV� VWUXFWXUH� LV� NQRZQ� DV� LQYHUVH� VSLQHO�
VWUXFWXUH��)H�2��LV�WKH�ORDG�VWRQH�XVHG�E\�DQFLHQW�WUDYHOOHUV�WR�
ILQG�WKH�GLUHFWLRQ��$QRWKHU�H[DPSOH�RI�WKLV�VWUXFWXUH�LV�0J)H�2��
LQ�ZKLFK�)H���LRQV�RI�)H�2��DUH�UHSODFHG�E\�0J���LRQV�

1RUPDO�6SLQHO�6WUXFWXUH
$�VSLQHO�LV�DQ�LPSRUWDQW�FODVV�RI�R[LGHV�FRQVLVWLQJ�RI�WZR�

W\SHV� RI�PHWDO� LRQV�ZLWK�WKH� R[LGH� LRQV��7KH�JHQHUDO� IRUPXOD�
RI� WKH� FRPSRXQGV� DGRSWLQJ� VSLQHO� VWUXFWXUH� LV� $%�2�� VXFK�
DV�0J$O�2�� DQG� IHUULWHV� VXFK� DV� =Q� )H�2��� ,Q� WKLV� FDVH�� WKH�
R[LGH� LRQV� DUH�DUUDQJHG� LQ� FXELF� FORVH� SDFNLQJ� DUUDQJHPHQW��
WKH�GLYDOHQW�FDWLRQV��0J���RU�)H����DUH�LQ�WHWUDKHGUDO�VLWHV�DQG�
WULYDOHQW� LRQV� �)H���� $O���� DUH� LQ� RFWDKHGUDO� VLWHV�� ,Q� QRUPDO�
VSLQHO�VWUXFWXUH��RQH�HLJKWK�RI�WKH�WHWUDKHGUDO�KROHV�DUH�RFFXSLHG�
E\�GLYDOHQW�PHWDO�LRQV�DQG�RQH�KDOI�RI�WKH�RFWDKHGUDO�KROHV�DUH�
RFFXSLHG� E\� WULYDOHQW�PHWDO� LRQV��0DQ\�RI� WKH� IHUULWHV� ZKLFK�
KDYH�VSLQHO�W\SH�VWUXFWXUHV�DUH�LPSRUWDQW�PDJQHWLF�PDWHULDOV�
XVHG�LQ�WHOHSKRQHV�RU�PHPRU\�ORRSV�LQ�FRPSXWHUV�

� ��',(/(&75,&�3523(57,(6�2)�62/,'6
'HSHQGLQJ�XSRQ�WKH�DOLJQPHQW�RI�GLSROHV��WKH�FU\VWDOV�KDYH�

WKH�IROORZLQJ�GLHOHFWULF�SURSHUWLHV�

� �D��3LH]RHOHFWULFLW\�LQ�ZKLFK�WKH�GLSROHV�DOLJQ�WKHPVHOYHV�
LQ� DQ� RUGHUHG�PDQQHU� VXFK� WKDW� WKHUH� LV� D� QHW� GLSROH�
PRPHQW�LQ�WKH�FU\VWDO��H�J���WLWDQDWHV�RI�EDULXP�DQG�OHDG��
OHDG�]LUFRQDWH��3E=U2����DPPRQLXP�GLK\GURJHQ�SKRVSKDWH�
�1+�+�32����TXDUW]�

� �E�� )HUURHOHFWULFLW\�LQ�ZKLFK�WKH�GLSROHV�DUH�SHUPDQHQWO\�
DOLJQHG�XS�HYHQ�LQ�WKH�DEVHQFH�RI�HOHFWULF� ILHOG�DQG�WKH�
GLUHFWLRQ� RI� SRODUL]DWLRQ� FDQ� EH� FKDQJHG� E\� DSSO\LQJ�
DQ�HOHFWULF�ILHOG��H�J���EDULXP�WLWDQDWH��%D7L2����VRGLXP�
SRWDVVLXP�WDUWDUDWH��5RFKHOOH�VDOW���SRWDVVLXP�GLK\GURJHQ�
SKRVSKDWH��.+�32����HWF�

� �F��3\URHOHFWULFLW\��6RPH�SRODU�FU\VWDOV�ZKHQ�KHDWHG�SURGXFH�
VPDOO�HOHFWULF�FXUUHQW�FDOOHG�S\URHOHFWULFLW\�

� �G��$QWL�IHUURHOHFWULFLW\��7KHUH�LV�QR�QHW�GLSROH�PRPHQW�LQ�
VRPH�FU\VWDOV�LQVSLWH�RI�VPDOO�GLSROHV�EHFDXVH�RI�DOLJQPHQW�
RI�GLSROHV�LQ�RSSRVLWH�GLUHFWLRQV�DQG�WKHUHIRUH�WKH\�GRQRW�
VKRZ�IHUURHOHFWULF�FKDUDFWHU��H�J���OHDG�]LUFRQDWH��3E=U2���

� ��683(5&21'8&7,1*�0$7(5,$/6
2UGLQDU\�PHWDOV�FRQGXFW�HOHFWULFLW\�DQG�WKHLU�FRQGXFWLYLW\�

LV�RI�RUGHU�RI�����RKPy��Py���6XSHUFRQGXFWLQJ�PDWHULDOV�DUH�
WKRVH�ZKLFK�RIIHU�QR�UHVLVWDQFH�WR�WKH�SDVVDJH�RI�HOHFWULFLW\��,Q�
WKLV�VWDWH��WKH�PDWHULDOV�EHFRPH�GLDPDJQHWLF�DQG�DUH�UHSHOOHG�
E\�WKH�PDJQHWV��0RVW�PHWDOV�EHFRPH�VXSHUFRQGXFWLQJ�DW�YHU\�
ORZ�WHPSHUDWXUHV���y��.���7KH�KLJKHVW�WHPSHUDWXUH�DW�ZKLFK�
VXSHUFRQGXFWLYLW\�ZDV�NQRZQ�WLOO�UHFHQWO\�ZDV����.�LQ�DOOR\V�
RI�QLRELXP��H�J���1E�*H���6RPH�RUJDQLF�FRPSRXQGV�DOVR�EHFRPH�
VXSHUFRQGXFWLQJ�DW�WHPSHUDWXUHV�EHORZ���.�

Additional�Useful�Information�and�Objective�Questions
&RPSHWLWLRQ)LOH
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7KH�FRPPRQ�H[DPSOHV�RI�VRPH�VXSHUFRQGXFWLQJ�PDWHULDOV�
DORQJ� ZLWK� WKHLU� WHPSHUDWXUHV� DW� ZKLFK� WKH\� EHFRPH�
VXSHUFRQGXFWLQJ�DUH�JLYHQ�EHORZ��

� 0DWHULDO� 7HPSHUDWXUH

� $OOR\V�RI�QLRELXP� �� .

� %D���.���%L2�� ���.

� /D���6U���&X2�� ���.

� %L�&D�6U�&X�2��� �� .

� 7O�&D�%D�&X�2��� ��� .

7KH�LPSRUWDQW�SRVVLEOH�XVHV�RI�VXSHU�FRQGXFWLQJ�PDWHULDOV�
DUH�LQ�HOHFWURQLFV��EXLOGLQJ�PDJQHWV��OHYLWDWLRQ��WUDQVSRUWDWLRQ��
SRZHU�WUDQVPLVVLRQ��HWF�

� ��'(6,*1$7,21� 2)� 3/$1(6� ,1� &5<67$/6� ��
0,//(5�,1',&(6��K�N�O�
7KH�VWUXFWXUH�RI�D�FU\VWDO�LV�DOVR�GHVFULEHG�E\�YDULRXV�SODQHV�

ZKLFK�SDVV�WKURXJK�ODWWLFH�SRLQWV�RI� WKH�FU\VWDO��$�QXPEHU�RI�
PHWKRGV�KDYH�EHHQ�VXJJHVWHG�WR�UHSUHVHQW�YDULRXV�SODQHV�LQ�WKH�
FU\VWDO��7KH�PHWKRG�SURSRVHG�E\�:�+��0LOOHU�LV�FRPPRQO\�XVHG��
,Q� WKLV�PHWKRG�� WKH�SODQHV�DUH�GHVFULEHG�E\�D� VHW�RI� LQWHJHUV

�K��N�DQG�O��NQRZQ�DV�0LOOHU�LQGLFHV��7KH�0LOOHU�LQGLFHV�RI�
D�SODQH�RI�D�FU\VWDO�DUH�WKH�UHFLSURFDOV�RI�WKH�LQWHUFHSWV�
RI�WKDW�SODQH�FRUUHVSRQGLQJ�WR�XQLW�OHQJWK�RQ�WKH�YDULRXV�
D[HV��,Q�WKLV�PHWKRG��WKH�XQLW�OHQJWKV�D��E�DQG�F�DORQJ�WKH�WKUHH�
D[HV�DUH�FKRRVHQ�DQG�WKH�LQWHUFHSWV�LQ�WHUPV�RI�D��E�DQG�F�DUH�
QRWHG��7KH�UHFLSURFDO�RI�WKHVH�QXPEHUV�DV�VLPSOH�LQWHJHUV�DUH�
WKH�0LOOHU�LQGLFHV��7KH�VLPSOH�SURFHGXUH�IRU�GHWHUPLQLQJ�0LOOHU�
LQGLFHV�IRU�D�SODQH�LV��

� �L���'HWHUPLQH�WKH�LQWHUFHSW��H[SUHVVHG�DV�D�PXOWLSOH�RI�
D��E�DQG�F��RI�WKH�SODQH�ZLWK�;��<�DQG�=�D[HV�

� �LL�� ,QYHUW�DOO�QXPEHUV�
� �LLL���&OHDU�IUDFWLRQV�E\�WDNLQJ�/&0�WR�REWDLQ�K��N�DQG�O�

YDOXHV�
/HW�XV�LOOXVWUDWH�WKLV�E\�VRPH�H[DPSOHV��
&RQVLGHU�D�VKDGHG�SODQH�345�ZKLFK�PDNHV�LQWHUFHSWV��D���E�

DQG��F�ZKHUH�D��E�DQG�F�DUH�XQLW�OHQJWKV�DORQJ�;��<�DQG�=�D[HV�
,QWHUFHSWV�RI�VKDGHG�SODQH�345
� �D� �E� �F
RU� � �� �� �� IRU�XQLW�OHQJWKV�
∴�0LOOHU�LQGLFHV��UHFLSURFDO�RI�LQWHUFHSWV��DUH��
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c

>1RWH���7KH�QXPEHUV�FRUUHVSRQGLQJ�WR�LQWHUFHSWV�L�H��������
DQG���DUH�DOVR�FDOOHG�:HLVV�LQGLFHV@�

/HW�XV�FRQVLGHU�DQRWKHU�H[DPSOH�LQ�ZKLFK�WKH�SODQH�PDNHV�
IUDFWLRQDO�LQWHUFHSWV�

7KH� XQLW� OHQJWK� D�� E� DQG� F� DUH� VKRZQ� E\� GRWWHG� OLQHV��
,QWHUFHSWV� RI� VKDGHG� SODQH� DORQJ� ;�� <� DQG� =� D[HV� DUH

� D� E��� F��

� ��
1
2
�

1
2

0LOOHU�LQGLFHV��UHFLSURFDO�RI�LQWHUFHSWV��

�

1
1 �

2
1 �

2
1

� �� �� �
$OWHUQDWLYHO\��K��N�DQG�O�FDQ�EH�FDOFXODWHG�DV��

� K�� ��
a

Intercept of plane along X-axis

� N�� ��
b

Intercept of plane along Y-axis

� O�� ��
c

Intercept of plane along Z-axis

7KHQ�H[SUHVV�K��N��O�DV�LQWHJHUV��)RU�H[DPSOH��IRU�WKH�DERYH�
345�SODQH�PDNLQJ�LQWHUFHSWV��D���E�DQG��F�ZH�KDYH
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a
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��� N� �

b
b3
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c
c2
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1
2
�� 1

3
��

1
2

∴�0LOOHU�LQGLFHV�DUH�����
:H�FDQ�HDVLO\�GHVFULEH�0LOOHU�LQGLFHV�RI�SODQHV�LQ�D�FXEH�
,W�PD\�EH�QRWHG�WKDW�LI�D�SODQH�LV�SDUDOOHO�WR�RQH�RI�WKH�EDVH�

D[HV��LWV�LQWHUFHSW�ZLWK�WKDW�D[LV�ZRXOG�EH�LQILQLW\��7KHUHIRUH��
WKH�0LOOHU�LQGH[�IRU�WKDW�SODQH�ZLOO�EH�]HUR��1 ∞ � ����

)RU�H[DPSOH��FRQVLGHU�WKH�VKDGHG�SODQH�LQ�D�FXEH�DW�XQLW�OHQJWK�

X

Y

Z

,W�PDNHV�LQWHUFHSW�RQO\�DORQJ�;�D[LV

,QWHUFHSWV� �� ∞ � ∞

0LOOHU�LQGLFHV�
1
1
�

1
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1
∞
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6LPLODUO\��FRQVLGHU�WKH�IROORZLQJ�H[DPSOHV��

X
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�L�
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1
1
�

1
1
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1
1

� �� �� �

&RPSHWLWLRQ�)LOH
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,QWHUFHSWV�
1
2
�

1
2
� �

0LOOHU�LQGLFHV�
2
1
�

2
1
�

1
1

� �� �� �

MULTIPLE CHOICE QUESTIONS
Top
icw
ise

6HOHFW�WKH�&RUUHFW�$QVZHU��

6SDFH�/DWWLFH��8QLW�&HOO�DQG�&U\VWDO�6\VWHPV

� $��� 7KH� FU\VWDO� V\VWHP� RI� D� FRPSRXQG� ZLWK� XQLW� FHOO�
GLPHQVLRQV��D� ��������E� �������DQG�F� �������QP�DQG��
α� �β� �����DQG�γ� ������LV

� �D�� FXELF� �E�� KH[DJRQDO

� �F�� RUWKRUKRPELF� �G�� UKRPERKHGUDO

� $��� ,Q�ZKLFK�RI�WKH�IROORZLQJ�SDLU��ERWK�WKH�FU\VWDOV�DUH�QRW�RI�
WKH�VDPH�W\SH

� �D�� ,FH��VROLG�&2�� �E�� 1D&O��%D2

� �F�� 6L&��GLDPRQG� �G�� 0J��$U

� $��� :KLFK� RI� WKH� IROORZLQJ� VWDWHPHQWV� LV� QRW� WUXH� DERXW�
FU\VWDOOLQH�VROLGV"

� �D�� 3RODU� PROHFXODU� VROLGV� KDYH� KLJKHU� HQWKDOSLHV� RI�
YDSRULVDWLRQ�WKDQ�WKRVH�RI�QRQ�SRODU�PROHFXODU�VROLGV�

� �E�� *UDSKLWH��WKRXJK�FRYDOHQW�VROLG�LV�D�JRRG�FRQGXFWRU�
RI�HOHFWULFLW\�

� �F�� ,RQLF�VROLGV�DUH�FRQGXFWRUV�LQ�PROWHQ�VWDWH�

� �G�� 1RQ�SRODU�PROHFXODU�VROLGV�KDYH�/RQGRQ�IRUFHV�EHWZHHQ�
WKH�FRQVWLWXHQWV�DQG�KDYH�KLJKHU�PHOWLQJ�SRLQWV�WKDQ�
SRODU�PROHFXODU�VROLGV�

� $��� 7KH�PRVW� XQV\PPHWULFDO�DQG�V\PPHWULFDO�V\VWHPV�DUH�
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� �G�� ,W�LV�DV�FORVHO\�SDFNHG�DV�ERG\�FHQWUHG�FXELF�SDFNLQJ�

� &��� :KLFK�RI�WKH�IROORZLQJ�VWDWHPHQWV�DUH�FRUUHFW�"
� �D�� 7KH�FRRUGLQDWLRQ�QXPEHU�RI�HDFK�W\SH�RI�LRQ�LQ�&V&O�

FU\VWDO�LV���
� �E��� $� PHWDO� WKDW� FU\VWDOOL]HV� LQ� EFF� VWUXFWXUH� KDV�

FRRUGLQDWLRQ�QXPEHU����
� �F��� �$�XQLW�FHOO�RI�DQ�LRQLF�FU\VWDO�VKDUHV�VRPH�RI�LWV�LRQV�

ZLWK�RWKHU�XQLW�FHOOV�
� �G��� �7KH�OHQJWK�RI�WKH�XQLW�FHOO�LQ�1D&O�LV�����SP
� � �U1D�� ����SP��U&Oy� �����SP��

�� &��� �F����G��� � &����D����F����G�� &���� �D����E����F��� ����&��� �D����F�� &�� �D����F�� � &��� ��E����F��

� &��� ,Q�ZKLFK� RI� WKH� IROORZLQJ� VWUXFWXUHV�� WKH� FRRUGLQDWLRQ�
QXPEHU�RI�ERWK�WKH�LRQV�DUH�VDPH�"

� �D�� &HVLXP�FKORULGH

� �E�� �6RGLXP�FKORULGH
� �F�� =LQF�VXOSKLGH

� �G�� 6RGLXP�R[LGH

� &��� :KLFK�RI�WKH�IROORZLQJ�LV�QRW�FRUUHFW�IRU�)UHQNHO�GHIHFW�LQ�
FU\VWDOV�"

� �D�� ,W�LV�GXH�WR�HTXDO�QXPEHU�RI�FDWLRQV�DQG�DQLRQV�PLVVLQJ�
IURP�ODWWLFH�VLWHV�

� �E�� ,W�KDV�QR�HIIHFW�RQ�GHQVLW\�RI�WKH�FU\VWDO�

� �F�� ,W�RFFXUV�LQ�FU\VWDOV�ZKHUH�WKH�GLIIHUHQFH�LQ�WKH�VL]H�
RI�FDWLRQV�DQG�DQLRQV�LV�VPDOO�

� �G�� 6LOYHU�KDOLGHV�VKRZ�)UHQNHO�GHIHFW�

� &��� 7KH�FRRUGLQDWLRQ�QXPEHU�RI�HLJKW�IRU�FDWLRQ�LV�IRXQG�LQ

� �D�� &V&O� �E�� 1D&O

� �F�� &D)�� �G�� 1D�2

� &��� :KLFK� RI� WKH� IROORZLQJ� V\VWHPV� GR� QRW� JLYH� FRUUHFW�
GHVFULSWLRQ�RI�D[LDO�OHQJWKV�DQG�D[LDO�DQJOHV�"

� �D�� +H[DJRQDO����� D� �E�≠�F��� α� �β� ������γ� �����
� �E�� 7HWUDJRQDO��� D� �E�≠�F�� α� �β� ������γ�≠����
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� �F�� 0RQRFOLQLF��� D�≠�E�≠�F�� � � α� �β� �γ�≠����
� �G�� &XELF� �� D� �E� �F�� ��� α� �β� �γ� ����
� &��� 7KH�FRUUHFW�VWDWHPHQW�V��UHJDUGLQJ�GHIHFWV�LQ�VROLGV�LV��DUH�
� �D�� )UHQNHO�GHIHFW� LV�XVXDOO\� IDYRXUHG�E\� D�YHU\�VPDOO�

GLIIHUHQFH�LQ�WKH�VL]HV�RI�FDWLRQ�DQG�DQLRQ
� �E�� )UHQNHO�GHIHFW�LV�D�GLVORFDWLRQ�GHIHFW
� �F�� 7UDSSLQJ�RI� DQ� HOHFWURQ� LQ� WKH� ODWWLFH� OHDGV� WR� WKH�

IRUPDWLRQ�RI�)�FHQWUH
� �G�� 6FKRWWN\� GHIHFWV� KDYH� QR� HIIHFW� RQ� WKH� SK\VLFDO�

SURSHUWLHV�RI�VROLGV�� � � �,,7�-((������
� &��� :LWK� UHVSHFW� WR� JUDSKLWH� DQG� GLDPRQG�� ZKLFK� RI� WKH�

VWDWHPHQW�V��JLYHQ�LV�DUH��FRUUHFW�"
� �D�� *UDSKLWH�LV�KDUGHU�WKDQ�GLDPRQG�
� �E�� *UDSKLWH� KDV� KLJKHU� HOHFWULFDO� FRQGXFWLYLW\� WKDQ�

GLDPRQG�
� �F�� *UDSKLWH� KDV� KLJKHU� WKHUPDO� FRQGXFWLYLW\� WKDQ�

GLDPRQG�
� �G�� *UDSKLWH�KDV�KLJKHU�&z&�ERQG�RUGHU�WKDQ�GLDPRQG�

�,,7�-((������

� &��� :KLFK�W\SH�RI�GHIHFWV�DUH�SUHVHQW�LQ�$J%U�DQG�=Q6�FU\VWDO�
V\VWHPV�"

� �D�� )UHQNHO�DQG�6FKRWWN\

� �E�� 6FKRWWN\�DQG�)UHQNHO

� �F�� )UHQNHO�DQG�)UHQNHO

� �G�� 6FKRWWN\�DQG�6FKRWWN\

� �$�0�8���(QJJ��������

�&���� 7KH�FRUUHFW�VWDWHPHQW�V�� IRU� FXELF�FORVH�SDFNHG� �FFS�� LQ�
WKUHH�GLPHQVLRQDO�VWUXFWXUH�LV�DUH��

� �D�� WKH� QXPEHU� RI� WKH�QHDUHVW� QHLJKERXUV� RI� DQ� DWRP�
SUHVHQW�LQ�WKH�WRS�PRVW�OD\HU�LV����

� �E�� WKH�HIILFLHQF\�RI�DWRP�SDFNLQJ�LV�����

� �F�� WKH�QXPEHU�RI�RFWDKHGUDO�DQG� WHWUDKHGUDO�YRLGV�SHU�
DWRP�DUH���DQG����UHVSHFWLYHO\�

� �G�� WKH�XQLW�FHOO�HGJH�OHQJWK�LV� 2 2 �WLPHV�WKH�UDGLXV�RI�
WKH�DWRP�

� �-((�$GYDQFH������

3DVVDJH�,�

� � ,Q�WKH�FU\VWDOOLQH�VROLGV�WKH�VPDOOHVW�UHSHDWLQJ�SDUW�LQ�WKH�
ODWWLFH�LV�NQRZQ�DV�XQLW�FHOO��7KH�XQLW�FHOOV�DUH�GHVFULEHG�DV�
VLPSOH��SRLQWV�DW�DOO�WKH�FRUQHUV���ERG\�FHQWUHG��SRLQWV�DW�DOO�
WKH�FRUQHUV�DQG�LQ�WKH�FHQWUH���IDFH�FHQWUHG��SRLQWV�DW�DOO�WKH�
FRUQHUV�DQG�FHQWUH�RI�DOO�IDFHV���DQG�HQG�FHQWUHG��SRLQWV�DW�
DOO�WKH�FRUQHUV�DQG�FHQWUHV�RI�WZR�RSSRVLWH�HQG�IDFHV��XQLW�
FHOOV��,Q�WZR�FRPPRQ�W\SHV�RI�SDFNLQJ�FFS�DQG�KFS������RI�
VSDFH�LV�OHIW�XQRFFXSLHG�LQ�WKH�IRUP�RI�LQWHUVWLWLDO�VLWHV��)RU�
WKH�VWDEOH�LRQLF�FU\VWDOOLQH�VWUXFWXUHV��WKHUH�LV�GHILQLWH�
UDGLXV�UDWLR�OLPLW�IRU�D�FDWLRQ�WR�ILW�SHUIHFWO\�LQ�WKH�ODWWLFH�
RI�DQLRQV��FDOOHG�UDGLXV�UDWLR�UXOH��7KLV�DOVR�GHILQHV�WKH�
FRRUGLQDWLRQ�QXPEHU�RI�DQ�LRQ��ZKLFK�LV�WKH�QXPEHU�RI�
QHDUHVW�QHLJKERXUV�RI�RSSRVLWH�FKDUJHV��7KLV�GHSHQGV�
XSRQ�WKH�UDWLR�RI�UDGLL�RI�WZR�W\SHV�RI�LRQV��U��Uy��7KLV�UDWLR�
IRU�FRRUGLQDWLRQ�QXPEHUV���������DQG���LV�UHVSHFWLYHO\��
�����y������� �����y������� �����y������ DQG� �����y��
UHVSHWLYHO\�

&RPSHWLWLRQ�)LOH

$QVZHU�WKH�IROORZLQJ�TXHVWLRQV� �
� '��� 7KH�QXPEHU� RI� DWRPV� SHU� XQLW� FHOO� LQ� VLPSOH� �V��� ERG\�

FHQWUHG��E���IDFH�FHQWUHG��I��DQG�HQG�FHQWUHG��H��XQLW�FHOO�
GHFUHDVHV�DV�

� �D�� I�!�E�!�H�!�V� �E��� I�!�E �H�!�V

� �F�� E�!�I�!�V� �H� �G��� I��!�E�!�H� �V

� &������E����F�� &����E����G�� � &��� �E����F�� � &�����E����F����G�

�3DVVDJH�y�,� ��'��� �E�� '��� �F�� '��� �G�� '��� �D�� '��� �F�

� '���*ROG�FU\VWDOOL]HV�LQ�D�IDFH�FHQWUHG�XQLW�FHOO��,WV�HGJH�OHQJWK�
LV�������QP��7KH�UDGLXV�RI�JROG�DWRP�LV

� �D�� ������QP� �E��� ������QP

� �F��� ������QP� �G��� ������QP

� '��� ,Q�D�FXELF�ODWWLFH�RI�;<=��;�DWRPV�DUH�SUHVHQW�DW�DOO�FRUQHUV�
H[FHSW�RQH�FRUQHU�ZKLFK�LV�RFFXSLHG�E\�<�DWRPV��=�DWRPV�DUH�
SUHVHQW�DW�IDFH�FHQWUHV��7KH�IRUPXOD�RI�WKH�FRPSRXQG�LV

� �D�� ;�<=��� �E�� ;<=�
� �F�� ;�<��=� �G�� ;�<=���

� '��� 7KH�LRQLF�UDGLL�RI�.���5E��DQG�%Uy�DUH����������DQG�����
SP��7KH�FRRUGLQDWLRQ�QXPEHU�RI�FDWLRQ�LQ�5E%U�DQG�.%U�
VWUXFWXUHV�DUH�UHVSHFWLYHO\

� �D�� ����� �E�� ���

� �F�� ����� �G�� ����

� '��� $�IDFH�FHQWUHG�FXELF�ODWWLFH�RI�D�PHWDO�0�DQG�D�ERG\�FHQWUHG�
FXELF�ODWWLFH�RI�PHWDO�1�FRQWDLQ�VDPH�QXPEHU�RI������º�
�����XQLW�FHOOV��,I�GHQVLW\�RI�0�LV�WZLFH�WKDQ�WKDW�RI�1��WKH�
UDWLR�EHWZHHQ�WKH�QXPEHU�RI�DWRPV�SHU�XQLW�FHOO�LV�

� �D�� ������ �E�� ���

� �F�� ������ �G�� ���

3DVVDJH�,,�
� � 'HQVLW\� RI� D� XQLW� FHOO� LV� VDPH� DV� WKH� GHQVLW\� RI� WKH�

VXEVWDQFH�� ,I� WKH� GHQVLW\� RI� WKH� VXEVWDQFH� LV� NQRZQ��
QXPEHU�RI�DWRPV�RU�GLPHQVLRQV�RI�WKH�XQLW�FHOO�FDQ�EH�
FDOFXODWHG��7KH�GHQVLW\�RI�WKH�XQLW�FHOO�LV�UHODWHG�WR�LWV�
PDVV� �0���QR��RI� � DWRPV�SHU�XQLW�FHOO� �=��� HGJH� OHQJWK��
�D�LQ�FP��DQG�$YRJDGUR�QXPEHU�1$�DV��

� � � = 
Z M
3
"
"a NA
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$QVZHU�WKH�IROORZLQJ�TXHVWLRQV��
� '��� $Q�HOHPHQW�FU\VWDOOL]HV�LQ�D�VWUXFWXUH�KDYLQJ�D�IFF�XQLW�

FHOO�RI�DQ�HGJH�����SP��,I����J�RI� WKH�HOHPHQW�FRQWDLQV��
���º������DWRPV��WKH�GHQVLW\�LV

� �D�� �����J�FPy�� �E�� ��� FPy�

� �F�� ��J FPy�� �G�� ��� FPy�

� '��� 7KH�QXPEHU�RI� DWRPV�SUHVHQW� LQ�����J�RI�D�EFF� FU\VWDO�
�GHQVLW\� ������J�FPy���KDYLQJ�FHOO�HGJH�����SP�LV

� �D�� ��º������ �E�� ��º�����

� �F�� ��º������ �G�� ��º�����

� '��� $�PHWDO�;��DW��PDVV� �����KDV�D�ERG\�FHQWUHG�FXELF�FU\VWDO�
VWUXFWXUH��7KH�GHQVLW\�RI� WKH�PHWDO� LV����� �J�FPy���7KH�

YROXPH�RI�XQLW�FHOO�LV

� �D�� ����º���y���FP�� �E�� �����º���y���FP�

� �F�� �����º������FP�� �G�� ��� º���y���FP�

3DVVDJH�,,,�

� � ,Q�KH[DJRQDO�V\VWHPV�RI�FU\VWDOV��D�IUHTXHQWO\�HQFRXQWHUHG�
DUUDQJHPHQW�RI�DWRPV�LV�GHVFULEHG�DV�D�KH[DJRQDO�SULVP��

�3DVVDJHy,,� ��'��� �E�� '��� �F��� '��� �E�

3DVVDJHy,,,� '��� �E�� '���� �D�� '���� �G�

� � +HUH��WKH�WRS�DQG�ERWWRP�RI�WKH�FHOO�DUH�UHJXODU�KH[DJRQV��
DQG� WKUHH� DWRPV� DUH� VDQGZLFKHG� LQ� EHWZHHQ� WKHP��
$�VSDFH�ILOOLQJ�PRGHO�RI�WKLV�VWUXFWXUH��FDOOHG�KH[DJRQDO�FORVH�
SDFNHG��KFS���LV�FRQVWLWXWHG�RI�D�VSKHUH�RQ�D�IODW�VXUIDFH�

� � VXUURXQGHG�LQ�WKH�VDPH�SODQH�E\�VL[�LGHQWLFDO�VSKHUHV�DV�
FORVHO\�DV�SRVVLEOH��7KUHH�VSKHUHV�DUH�WKHQ�SODFHG�RYHU�WKH�ILUVW�
OD\HU�VR�WKDW�WKH\�WRXFK�HDFK�RWKHU�DQG�UHSUHVHQW�WKH�VHFRQG�
OD\HU��(DFK�RQH�RI�WKH�WKUHH�VSKHUHV�WRXFKHV�WKUHH�VSKHUHV�
RI�WKH�ERWWRP�OD\HU��)LQDOO\��WKH�VHFRQG�OD\HU�LV�FRYHUHG�ZLWK�
D�WKLUG�OD\HU�WKDW�LV�LGHQWLFDO�WR�WKH�ERWWRP�OD\HU�LQ�UHODWLYH�
SRVLWLRQ��$VVXPH�UDGLXV�RI�HYHU\�VSKHUH�WR�EH�tUu�

$QVZHU�WKH�IROORZLQJ�TXHVWLRQV��

� '��� 7KH�QXPEHU�RI�DWRPV�LQ�WKLV�KFS�XQLW�FHOO�LV

� �D�� �� �E�� �� �F�� ��� �G�� ��

�'���� 7KH�YROXPH�RI�WKLV�KFS�XQLW�FHOO�LV�

� �D�� 24 2 3r � �E�� 16 2 3r

� �F�� 12 2 3r � �G��
64
3 3

3r

�'���� 7KH�HPSW\�VSDFH�LQ�WKLV�KFS�XQLW�FHOO�LV�

� �D�� ���� �E�� �����

� �F�� ��� G�� ��� ,�,�7�������

7KH�TXHVWLRQV�JLYHQ�EHORZ�FRQVLVW�RI�DQ�$VVHUWLRQ�DQG�WKH�
5HDVRQ��8VH�WKH�IROORZLQJ�NH\�WR�FKRRVH�WKH�DSSURSULDWH�DQVZHU�

� �D�� ,I�ERWK�DVVHUWLRQ�DQG�UHDVRQ�DUH�&255(&7�DQG�UHDVRQ�
LV�WKH�FRUUHFW�H[SODQDWLRQ�RI�WKH�DVVHUWLRQ�

� �E�� ,I�ERWK�DVVHUWLRQ�DQG�UHDVRQ�DUH�&255(&7��EXW�UHDVRQ�
LV�127�7+(�&255(&7�H[SODQDWLRQ�RI�WKH�DVVHUWLRQ�

� �F�� ,I�DVVHUWLRQ�LV�&255(&7�EXW�UHDVRQ�LV�,1&255(&7�

� �G�� ,I�DVVHUWLRQ�LV�,1&255(&7�EXW�UHDVRQ�LV�&255(&7�

� �H�� ,I�ERWK�DVVHUWLRQ�DQG�UHDVRQ�DUH�,1&255(&7�

� ��� $VVHUWLRQ� �� ,Q�DQ\�LRQLF�VROLG��0;��ZLWK�6FKRWWN\�GHIHFWV��
WKH�QXPEHU�RI�SRVLWLYH�DQG�QHJDWLYH�LRQV�DUH�
VDPH�

� � 5HDVRQ� �� (TXDO�QXPEHU�RI�FDWLRQ�DQG�DQLRQ�YDFDQFLHV�
DUH�SUHVHQW�� �,�,�7�������

� ��� $VVHUWLRQ� �� =Q6�KDV�D�WHWUDKHGUDO�DUUDQJHPHQW�

� � 5HDVRQ� �� ,Q�=Q6��6�y�LRQV�RFFXS\�WKH�WHWUDKHGUDO�VLWHV�
ZKLOH� =Q��� LRQV� IRUP� FXELF� FORVH� SDFNHG�
VWUXFWXUH�

� ��� $VVHUWLRQ� �� ,Q�&V&O�VWUXFWXUH��WKH�FR�RUGLQDWLRQ�QXPEHU�
RI�&V��LRQ�LV���

� � 5HDVRQ� ��&Oy� LRQV� LQ�&V&O� KDYH�ERG\� FHQWUHG� FXELF�
DUUDQJHPHQW�

���� y��D��������y��H��������y��F��������y��F�� ����y��D�������y��F��������y��H��������y��D��������y��D�� � �����y��F�

� ��� $VVHUWLRQ� �� ,Q�=Q2��WKH�H[FHVV�=Q���LRQV�DUH�SUHVHQW�LQ�
LQWHUVWLWLDO�VLWHV�

� � 5HDVRQ� ��0HWDO� H[FHVV� FU\VWDOV� KDYH� HLWKHU�PLVVLQJ�
FDWLRQ�RU�DQLRQ�LQ�LQWHUVWLWLDO�VLWH�

� ��� $VVHUWLRQ� �� )H2�LV�QRQ�VWRLFKLRPHWULF�ZLWK�)H����2�

� � 5HDVRQ� �� 6RPH�)H���LRQV�DUH�UHSODFHG�E\�)H���DV��)H���
 ��)H���WR�PDLQWDLQ�HOHFWULFDO�QHXWUDOLW\�

� ��� $VVHUWLRQ� �� ,Q�&D)���)
y� LRQV� RFFXS\�DOO� WKH�WHWUDKHGUDO�

VLWHV�

� � 5HDVRQ� �� 7KH�QXPEHU�RI�&D���LV�GRXEOH�WKH�QXPEHU�RI�
)y�LRQV�

� ��� $VVHUWLRQ� �� 6L]H�RI�FDWLRQ�LV�ODUJHU�LQ�WHWUDKHGUDO�YRLG�WKDQ�
LQ�RFWDKHGUDO�YRLG�

� � 5HDVRQ� �� 7KH�FDWLRQV�RFFXS\�PRUH�VSDFH�WKDQ�DQLRQV�
LQ�FU\VWDO�FORVH�SDFNLQJ�

� � � $VVHUWLRQ� �� )UHQNHO�GHIHFW�LV�VKRZQ�E\�VLOYHU�KDOLGHV�

� � 5HDVRQ� �� 6LOYHU�LRQV�DUH�VPDOO�LQ�VL]H�DQG�FDQ�HDVLO\�ILW�
LQ�LQWHUVWLWLDO�VLWHV�

� ��� $VVHUWLRQ� �� ,Q�)UHQNHO�GHIHFW��GHQVLW\�RI�WKH�FU\VWDOOLQH�
VROLG�GRHV�QRW�FKDQJH�

� � 5HDVRQ� �� ,Q�)UHQNHO�GHIHFW��QR�FDWLRQ�RU�DQLRQ�OHDYHV�
WKH�FU\VWDO�

����� $VVHUWLRQ� �� )UHQNHO�DQG�6FKRWWN\�GHIHFWV�DUH�VWRLFKLRPHWULF�
GHIHFWV�

� � 5HDVRQ� ��%RWK� � GHIHFWV� FKDQJH� WKH� GHQVLW\� RI� WKH�
FU\VWDOOLQH�VROLG�
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(DFK�TXHVWLRQ�KDV�PDWFKLQJ� OLVW�� 7KH� FRGHV� IRU� WKH� OLVWV�

KDYH�FKRLFHV��D����E����F��DQG��G��RXW�RI�ZKLFK�RQO\�RQH�LV�FRUUHFW�

� ����0DWFK�WKH�W\SH�RI�FU\VWDO�V\VWHP�JLYHQ�LQ�/LVW�,�ZLWK�LWV�

GHVFULSWLRQ�JLYHQ�LQ�/LVW�,,�

� � � /LVW�,� /LVW�,,�

� � 3�� 0RQRFOLQLF� ���� D�≠�E�≠�F��α�≠�β�≠�γ�≠����
� � 4�� 7HWUDJRQDO� ���� D�≠�E�≠�F��α�=�β�=�γ�=����
� � 5��� 7ULFOLQLF� ���� D�≠�E�≠�F��α�=�γ�=������β�≠����
� � 6�� 5KRPELF� ��� D�=�E�≠�F��α�=�β�=�γ�=����

� � � � 3� 4� 5� 6

� � � �D�� �� �� �� �

� � � �E�� �� �� �� �

� � � �F�� �� �� �� �

� � � �G�� �� �� �� �

� ����0DWFK�WKH�W\SH�RI�FU\VWDO�JLYHQ�LQ�/LVW�,�ZLWK�H[DPSOH�LQ�

/LVW�,,�

� � � /LVW�,� � /LVW�,,�

� � 3�� ,RQLF� ��� $O1

� � 4�� 1HWZRUN� ��� 0J

� � 5��� 0HWDOOLF� ���� 0J2

� � 6�� 0ROHFXODU� ��� 6ROLG�&2�

� � � � 3� 4� 5� 6

� � � �D�� �� �� �� �

� � � �E�� �� �� �� �

� � � �F�� �� �� �� �

� � � �G�� �� �� �� �

� ����0DWFK�WKH�GLVWULEXWLRQ�RI�SDUWLFOHV�$�DQG�%�LQ�/LVW�,�ZLWK�
IRUPXOD�JLYHQ�LQ�/LVW�,,�

� � � /LVW�,� /LVW�,,�

� � 3�� $�LQ�FFS�DQG�%�HTXDOO\�� ��� $�%�

� � � GLVWULEXWHG�LQ�RFWDKHGUDO�
� � � DQG�WHWUDKHGUDO�

� � 4�� %�LQ�KFS�DQG�$�RFFXS\����UG�� ��� �%
� � � RI�RFWDKHGUDO�YRLGV�

� � 5��� $�DW�WKH�FRUQHUV�DQG�IDFH�FHQWUHV� ���� %
� � � DQG�%�DW�HGJH�FHQWUHV�DQG�ERG\�FHQWUH
� � 6�� %�LQ�FFS�DQG�$�RFFXS\�DOO�WKH�� ��� $%�

� � � RFWDKHGUDO�DQG�WHWUDKHGUDO�VLWHV�

� � � � 3� 4� 5� 6

� � � �D�� �� �� �� �
� � � �E�� �� �� �� �
� � � �F�� �� �� �� �
� � � �G�� �� �� �� �

� ����0DWFK�WKH�HQWULHV�RI�FROXPQ�,�ZLWK�DSSURSULDWH�HQWULHV�RI�
FROXPQ�,,�

� � � &RPSRXQG� 0DJQHWLF�SURSHUW\

� � �$� 1D&O� �S�� )HUULPDJQHWLF

� � �%�� 0Q2� �T�� 3DUDPDJQHWLF

� � �&��� &U&O3� �U��� )HUURPDJQHWLF

� � �'�� &U2�� �V�� 'LDPDJQHWLF

� � �(�� 0J)H22�� �W�� $QWLIHUURPDJQHWLF

� � � � $� %� &� '� (

� � � �D�� S� U� T� W� V
� � � �E�� W� T� U� S� V
� � � �F�� U� W� T� S� V
� � � �G�� V� W� T� U� S
� � � �H�� V� U� W� T� S

�.HUDOD�307������

� ��� ��F�� ��� �E�� � ������D�� � ����������� �G�

(DFK�TXHVWLRQ�FRQWDLQV�VWDWHPHQWV�JLYHQ�LQ�WZR�FROXPQV��

ZKLFK�KDYH�WR�EH�PDWFKHG��6WDWHPHQWV�LQ�&ROXPQ�,�DUH�ODEHOOHG�
DV�$��%��&�DQG�'�ZKHUHDV�VWDWHPHQWV�LQ�&ROXPQ�,,�DUH�ODEHOOHG�

DV�S��T��U�DQG�V��0DWFK�WKH�HQWULHV�RI�&ROXPQ�,�ZLWK�DSSURSULDWH�

HQWULHV� RI�&ROXPQ� ,,��(DFK�HQWU\� LQ�
&ROXPQ�,�PD\�KDYH�RQH�RU�PRUH�WKDQ�

RQH�FRUUHFW�RSWLRQ�IURP�&ROXPQ�,,��7KH�
DQVZHUV�WR�WKHVH�TXHVWLRQV�KDYH�WR�EH�

DSSURSULDWHO\�EXEEOHG�DV�LOOXVWUDWHG�LQ�
WKH�JLYHQ�H[DPSOH�

� ����0DWFK�WKH�FU\VWDO�V\VWHP�XQLW�FHOOV�PHQWLRQHG�LQ�FROXPQ�,�ZLWK�WKHLU�FKDUDFWHULVWLF�IHDWXUHV�PHQWLRQHG�LQ�FROXPQ�,,�

�

� � � � � � &ROXPQ�,� � � � � � �&ROXPQ�,,�

�$�� 6LPSOH�FXELF�DQG�IDFH�FHQWUHG�FXELF� �S��� KDYH�WKHVH�FHOOV�SDUDPHWHUV�D� �E� �F�DQG�α� �β� �γ
�%�� &XELF�DQG�UKRPERKHGUDO� �T��� DUH�WZR�FU\VWDO�V\VWHPV

�&��� XELF�DQG�WHWUDJRQDO� �U��� KDYH�RQO\�WZR�FU\VWDOORJUDSKLF�DQJOHV�RI����

�'�� +H[DJRQDO�DQG�PRQRFOLQLF� �V��� EHORQJ�WR�VDPH�FU\VWDO�V\VWHP��
�� �,�,�7�������

� ���� ���$ y��S���V�� �%���y��S���T��� �&�� y��T�� �'�� y��T���U�
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� ��� ��� ��� �� ��� �� ��� �� ��� �� ��� �� ��� �� ��� �� ��� �� ���� �

� ���� �� ��� ����

� ����0DWFK�WKH�LPSHUIHFWLRQV�LQ�VROLGV�PHQWLRQHG�LQ�FROXPQ�,�ZLWK�WKH�FKDUDFWHULVWLF�IHDWXUHV�PHQWLRQHG�LQ�FROXPQ�,,�

�

� � � � � � � � &ROXPQ�,� � � � � � � &ROXPQ�,,�

�$����6FKRWWN\�GHIHFWV� �S���H[FHVV�FDWLRQV�RFFXS\�LQWHUVWLWLDO�VLWHV

�%����)UHQNHO�GHIHFWV� �T��� FRQGXFW�HOHFWULFLW\�GXH�WR�IUHH�HOHFWURQV

�&���0HWDO�H[FHVV�GHIHFWV� �U��� DFW�DV�S�W\SH�VHPL�FRQGXFWRUV

�'����0HWDO�GHILFLHQW�GHIHFWV� �V��� DUH�QRQ�VWRLFKLRPHWULF�GHIHFWV

� ����0DWFK�WKH�W\SH�RI�DUUDQJHPHQW�LQ�FROXPQ�,�ZLWK�WKH�FKDUDFWHULVWLF�IHDWXUH�PHQWLRQHG�LQ�FROXPQ�,,�

� ��

� � � &ROXPQ�,� � &ROXPQ�,,�

�$����&XELF�FORVH�SDFNLQJ� �S�� RFFXS\�����RI�WKH�VSDFH

�%����+H[DJRQDO�FORVH�SDFNLQJ� �T�� RFFXS\�����RI�WKH�VSDFH

�&����%RG\�FHQWUHG�FXELF� �U�� KDYH���DWRP�SHU�XQLW�FHOO�

�'�� 6LPSOH�FXELF� �V�� KDYH�PRUH�QXPEHU�RI�DWRPV�SHU�XQLW�FHOO�WKDQ�
� � VLPSOH�FXELF�DUUDQJHPHQW

� ���� ���$��y��T��� �%���y��S���T��� �& y��S���T���V�� �'�� y��U���V�

� ���� ���$ y��S���V�� �%���y��S���U���V�� �&� y��V�� �'�� y��T��

,QWHJHU�7\SH�RU�1XPHULFDO�9DOXH�7\SH�4XHVWLRQV

,QWHUJHU�7\SH��7KH�DQVZHU�WR�HDFK�RI�WKH�IROORZLQJ�TXHVWLRQ�
LV�D�VLQJOH�GLJLW�LQWHJHU�UDQJLQJ�IURP���WR���

� ����6LOYHU� �DWRPLF�ZHLJKW� �����J�PROy���KDV� D� GHQVLW\� RI��
�����J�FPy���7KH�QXPEHU�RI�VLOYHU�DWRPV�RQ�D�VXUIDFH�RI�

DUHD���y���P��FDQ�EH�H[SUHVVHG� LQ�VFLHQWLILF�QRWDWLRQ�DV��

\�º����[��7KH�YDOXH�RI�[�LV�� �,�,�7�������

� �� ,Q�1D&O� VWUXFWXUH��&Oy� LRQV� KDYH� FFS�DUUDQJHPHQW�DQG��
1D��LRQV�RFFXS\�DOO�WKH�RFWDKHGUDO�VLWHV��7KH�WRWDO�QXPEHU�

RI�1D��DQG�&Oy�LRQV�SHU�XQLW�FHOO�LV��

� ���$�PHWDO�t;u�FU\WDOOL]HV�LQ�D�XQLW�FHOO�LQ�ZKLFK�WKH�UDGLXV�RI�
DWRP��U��LV�UHODWHG�WR�HGJH�RI�XQLW�FHOO��D��DV�U� ��������D��

7KH�WRWDO�QXPEHU�RI�DWRPV�SUHVHQW�SHU�XQLW�FHOO�LV��

� ��� 7KH� UDGLXV� UDWLR� RI� DQ� LRQLF� VROLG� U��Uy� LV� ������� 7KH�
FRRUGLQDWLRQ�QXPEHU�RI�WKLV�W\SH�RI�VWUXFWXUH�LV

� � � $WRPV�RI�HOHPHQW�1�IRUP�KFS�DUUDQJHPHQW�DQG�WKRVH�RI�

HOHPHQW�0�RFFXS\����UG�RI� WHWUDKHGUDO�YRLGV��7KH�WRWDO�

QXPEHU�RI�0�DQG�1�SHU�IRUPXOD�XQLW�LV�

� ��� ,Q�KH[DJRQDO�FORVH�SDFNLQJ��WKH�GLIIHUHQFH�LQ�WKH�QXPEHU�
RI�WHWUDKHGUDO�DQG�RFWDKHGUDO�YRLGV�SHU�XQLW�FHOO�LV

� � � 7KH�UDWLR�RI�FRRUGLQDWLRQ�QXPEHU�RI�HDFK�VSKHUH� LQ�FFS�
DQG�KFS�LQ�WKUHH�GLPHQVLRQV�LV

� � � $ FRPSRXQG� LV� IRUPHG� E\� WZR� HOHPHQWV� ;� DQG� <��
7KH� HOHPHQW�<� IRUP� FFS� DQG�DWRPV�RI�;� RFFXS\� ���� RI�
WHWUDKHGUDO�YRLGV��,I�WKH�IRUPXOD�RI�WKH�FRPSRXQG�LV�;D�
<E��WKHQ�YDOXH�RI�D���E�LV

� ��� $� FXELF�XQLW� FHOO�KDV�RQH�DWRP�RQ�HDFK� FRUQHU�DQG�RQH�
DWRP�RQ�HDFK�ERG\�GLDJRQDO��7KH�QXPEHU�RI�DWRPV�LQ�WKH�
XQLW�FHOO�LV

� ���� 7KH�QXPEHU� RI� KH[DJRQDO� IDFHV� WKDW�DUH�SUHVHQW� LQ� D�
WUXQFDWHG�RFWDKHGURQ�LV�� �,�,�7�������

� ���� $�FU\VWDOOLQH�VROLG�RI�D�SXUH�VXEVWDQFH�KDV�D�IDFH�FHQWUHG�
FXELF�VWUXFWXUH�ZLWK�D�FHOO�HGJH�RI�����SP��,I�WKH�GHQVLW\�RI�
WKH�VXEVWDQFH�LQ�WKH�FU\VWDO�LV���J�FPy���WKHQ�WKH�QXPEHU�
RI�DWRPV�SUHVHQW�LQ�����J�RI�WKH�FU\VWDO�LV�1�º�������7KH�
YDOXH�RI�1�LV� �-((�$GYDQFH������

1XPHULFDO�9DOXH�7\SH��*LYH� WKH� FRUUHFW�QXPHULFDO� YDOXH�
�LQ� GHFLPDO� QRWDWLRQ� WUXQFDWHG�URXQGHG� RII� WR� WKH� VHFRQG�

GHFLPDO�SODFH��

� ���� &RQVLGHU�DQ�LRQLF�VROLG�0;�ZLWK�1D&O�VWUXFWXUH��&RQVWUXFW�
D�QHZ�VWUXFWXUH��=��ZKRVH�XQLW�FHOO� LV�FRQVWUXFWHG� IURP�
WKH�XQLW�FHOO�RI�0;�IROORZLQJ�WKH�VHTXHQWLDO�LQVWUXFWLRQV�
JLYHQ�EHORZ��1HJOHFW�WKH�FKDUJH�EDODQFH�

� � ��� 5HPRYH�DOO�WKH�DQLRQV��;��H[FHSW�WKH�FHQWUDO�RQH

� � ��� 5HSODFH�DOO�WKH�IDFH�FHQWUHG�FDWLRQV��0��E\�DQLRQV��;�

� � ��� 5HPRYH�DOO�WKH�FRUQHU�FDWLRQV��0�

� � ���� 5HSODFH�WKH�FHQWUDO�DQLRQ��;��ZLWK�FDWLRQ��0�

� � 7KH�YDOXH�RI�
number of anions
number of cations






 �LQ�=�LV�BBBBBBBBBBBB��

� �-((�$GYDQFH������
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� ��� :KLFK�RI�WKH�IROORZLQJ�FRQGLWLRQV�IDYRXUV�WKH�H[LVWHQFH�RI�
D�VXEVWDQFH�LQ�WKH�VROLG�VWDWH"

� � D�� +LJK�WHPSHUDWXUH� �E�� /RZ�WHPSHUDWXUH

� � �F�� +LJK�WKHUPDO�HQHUJ\� �G�� :HDN�FRKHVLYH�IRUFHV
� ��� :KLFK�RI�WKH�IROORZLQJ�LV�QRW�D�FKDUDFWHULVWLF�RI�D�FU\VWDOOLQH�

VROLG�"
� � �D�� 'HILQLWH�DQG�FKDUDFWHULVWLF�KHDW�RI�IXVLRQ�

� � �E�� ,VRWURSLF�QDWXUH�
� � �F�� $�UHJXODU�SHULRGLFDOO\�UHSHDWHG�SDWWHUQ�RI�DUUDQJHPHQW�

RI�FRQVWLWXHQW�SDUWLFOHV�LQ�WKH�HQWLUH�FU\VWDO�
� � �G�� $ WUXH�VROLG

� ��� :KLFK�RI�WKH�IROORZLQJ�LV�DQ�DPRUSKRXV�VROLG�"
� � �D�� *UDSKLWH��& E�� 4XDUW]�JODVV��6L2��

� � �F�� &KURPH�DOXP� �G�� 6LOLFRQ�FDUELGH��6L&�
� ��� :KLFK� RI� WKH� IROORZLQJ� DUUDQJHPHQWV� VKRZV� VFKHPDWLF�

DOLJQPHQW� RI� PDJQHWLF� PRPHQWV� RI� DQWLIHUURPDJQHWLF�
VXEVWDQFHV�"

� � �D��

� � �E��

� � �F��

� � �G��

� ��� :KLFK�RI�WKH�IROORZLQJ�LV�WUXH�DERXW�WKH�YDOXH�RI�UHIUDFWLYH�
LQGH[�RI�TXDUW]�JODVV"

� � �D�� 6DPH�LQ�DOO�GLUHFWLRQV
� � �E�� 'LIIHUHQW�LQ�GLIIHUHQW�GLUHFWLRQV

� � �F�� &DQQRW�EH�PHDVXUHG
� � G�� $OZD\V�]HUR

� ��� :KLFK� RI� WKH� IROORZLQJ� VWDWHPHQW� LV� QRW� WUXH� DERXW�
DPRUSKRXV�VROLGV"

� � D�� 2Q� KHDWLQJ� WKH\� PD\� EHFRPH� FU\VWDOOLQH� DW� FHUWDLQ�
WHPSHUDWXUH�

� � �E�� 7KH\�PD\�EHFRPH�FU\VWDOOLQH�RQ�NHHSLQJ�IRU�ORQJ�WLPH�
� � �F�� $PRUSKRXV�VROLGV�FDQ�EH�PRXOGHG�E\�KHDWLQJ�

� � �G�� 7KH\�DUH�DQLVRWURSLF�LQ�QDWXUH�
� ��� 7KH� VKDUS� PHOWLQJ� SRLQW� RI� FU\VWDOOLQH� VROLGV� LV� GXH� WR�

BBBBBBBBBBB�

� � D�� D�UHJXODU�DUUDQJHPHQW�RI�FRQVWLWXHQW�SDUWLFOHV�REVHUYHG�
RYHU�D�VKRUW�GLVWDQFH�LQ�WKH�FU\VWDO�ODWWLFH�

� � �E�� D�UHJXODU�DUUDQJHPHQW�RI�FRQVWLWXHQW�SDUWLFOHV�REVHUYHG�
RYHU�D�ORQJ�GLVWDQFH�LQ�WKH�FU\VWDO�ODWWLFH�

1&(57 4gT\_[Pa�?a^Q[T\b
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� � �F�� VDPH�DUUDQJHPHQW�RI�FRQVWLWXHQW�SDUWLFOHV�LQ�GLIIHUHQW�
GLUHFWLRQV�

� � �G�� GLIIHUHQW� DUUDQJHPHQW� RI� FRQVWLWXHQW� SDUWLFOHV� LQ�
GLIIHUHQW�GLUHFWLRQV�

� ��� ,RGLQH� PROHFXOHV� DUH� KHOG� LQ� WKH� FU\VWDOV� ODWWLFH� E\�
BBBBBBBBBBBB�

� � �D�� /RQGRQ�IRUFHV

� � �E�� GLSROH�GLSROH�LQWHUDFWLRQV

� � �F�� FRYDOHQW�ERQGV

� � �G�� FRXORPELF�IRUFHV

� ��� :KLFK�RI�WKH�IROORZLQJ�LV�D�QHWZRUN�VROLG"

� � �D�� 62���6ROLG�� �E�� ,�
� � �F�� 'LDPRQG� �G�� +�2��,FH�

����� :KLFK�RI�WKH�IROORZLQJ�VROLGV�LV�QRW�DQ�HOHFWULFDO�FRQGXFWRU"

� � �$��0J�V�� �%�� 7L2�V�� �&�� ,��V�� �'�� +�2�V�

� � �D�� �$��RQO\� �E�� �%��2QO\

� � �F�� �&��DQG��'�� �G�� �%����&��DQG��'�

����� :KLFK�RI�WKH�IROORZLQJ�LV�QRW�WKH�FKDUDFWHULVWLF�RI�LRQLF�VROLGV"

� � �D�� 9HU\�ORZ�YDOXH�RI�HOHFWULFDO�FRQGXFWLYLW\�LQ�WKH�PROWHQ�VWDWH�

� � �E�� %ULWWOH�QDWXUH�

� � �F�� 9HU\�VWURQJ�IRUFHV�RI�LQWHUDFWLRQV�

� � �G�� $QLVRWURSLF�QDWXUH�

����� *UDSKLWH� LV� D� JRRG� FRQGXFWRU� RI� HOHFWULFLW\� GXH� WR� WKH�
SUHVHQFH�RI�BBBBBBBBBB�

� � D�� ORQH�SDLU�RI�HOHFWURQV� �E�� IUHH�YDOHQFH�HOHFWURQV

� � �F�� FDWLRQV� �G�� DQLRQV

����� :KLFK� RI� WKH� IROORZLQJ� R[LGHV� EHKDYHV� DV� FRQGXFWRU� RU�
LQVXODWRU�GHSHQGLQJ�XSRQ�WHPSHUDWXUH�"

� � �D�� 7L2���������E��6L2����� ����F��7L2�� �G�� 0J2

������:KLFK� RI� WKH� IROORZLQJ� R[LGHV�VKRZV�HOHFWULFDO� SURSHUWLHV�
OLNH�PHWDOV�"

� � �D�� 6L2���������E��0J2������� �F��62��V�� �G�� &U2�

����� 7KH� ODWWLFH� VLWH� LQ� D� SXUH� FU\VWDO� FDQQRW� EH� RFFXSLHG� E\�
BBBBBBBBB�

� � �D�� PROHFXOH� �E�� LRQ

� � �F�� HOHFWURQ� �G�� DWRP
����*UDSKLWH�FDQQRW�EH�FODVVLILHG�DV�BBBBBBBBBB�
� � �D�� FRQGXFWLQJ�VROLG� �E�� QHWZRUN�VROLG
� � F�� FRYDOHQW�VROLG� �G�� LRQLF�VROLG
����&DWLRQV�DUH�SUHVHQW�LQ�WKH�LQWHUVWLWLDO�VLWHV�LQ�BBBBBBBBBB�
� � �D�� )UHQNHO�GHIHFW� �E�� 6FKRWWN\�GHIHFW
� � �F�� 9DFDQF\�GHIHFW� �G�� 0HWDO�GHILFLHQF\�GHIHFW
����� 6FKRWWN\�GHIHFW�LV�REVHUYHG�LQ�FU\VWDOV�ZKHQ�BBBBBBBBBB�
� � �D�� VRPH�FDWLRQV�PRYH�IURP�WKHLU�ODWWLFH�VLWH�WR�LQWHUVWLWLDO�

VLWHV�
� � �E�� HTXDO�QXPEHU�RI�FDWLRQV�DQG�DQLRQV�DUH�PLVVLQJ�IURP�

WKH�ODWWLFH�
� � F�� VRPH�ODWWLFH�VLWHV�DUH�RFFXSLHG�E\�HOHFWURQV�
� � G�� VRPH�LPSXULW\�LV�SUHVHQW�LQ�WKH�ODWWLFH�

� ��� �E��� ��� �E��� ��� �E��� ��� �G��� ��� �D�� ��� �G��� ��� �E��� ��� �D��� ��� �F��� ���� �F���

� ���� �D�� ���� �E�� ���� �F��� ��� �G�� ���� �F��� ���� �G����������������D��� ��� �E���
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�����:KLFK�RI� WKH� IROORZLQJ� LV�WUXH�DERXW� WKH�FKDUJH�DFTXLUHG�
E\�S�W\SH�VHPLFRQGXFWRUV�"

� � D�� SRVLWLYH
� � �E�� QHXWUDO
� � �F�� QHJDWLYH
� � �G�� GHSHQGV�RQ�FRQFHQWUDWLRQ�RI�S� LPSXULW\
����� 7R�JHW� D�Q�W\SH� VHPLFRQGXFWRU� IURP� VLOLFRQ�� LW� VKRXOG� EH�

GRSHG�ZLWK�D�VXEVWDQFH�ZLWK�YDOHQFHBBBBBBBBBB�
� � �D�� �� �E�� �� �F�� �� �G�� �
�����7KH�WRWDO�QXPEHU�RI�WHWUDKHGUDO�YRLGV�LQ�WKH�IDFH�FHQWUHG�

XQLW�FHOO�LV�BBBBBBBBBB�
� � �D�� �� �E�� �� �F�� ��� G�� ��
����� :KLFK�RI�WKH�IROORZLQJ�SRLQW�GHIHFWV�DUH�VKRZQ�E\�$J%U�V��

FU\VWDOV�"
� � �$� 6FKRWWN\�GHIHFW�
� � �%�� )UHQNHO�GHIHFW
� � �&� 0HWDO�H[FHVV�GHIHFW�
� � �'�� 0HWDO�GHILFLHQF\�GHIHFW
� � �D�� �$� DQG��%�� �E�� �&��DQG��'�
� � �F�� �$� DQG��&�� G�� �%��DQG��'�
�����,Q�ZKLFK�SDLU�PRVW�HIILFLHQW�SDFNLQJ�LV�SUHVHQW"
� � �D�� KFS�DQG�EFF� �E�� KFS�DQG�FFS
� � �F�� EFF�DQG�FFS� �G�� EFF�DQG�VLPSOH�FXELF�FHOO
����� 7KH� SHUFHQWDJH� RI� HPSW\� VSDFH� LQ� D� ERG\� FHQWUHG� FXELF�

DUUDQJHPHQW�LV�BBBBBBBB�
� � �D����� E�� ��
� � F����� �G�� ��
����:KLFK� RI� WKH� IROORZLQJ� VWDWHPHQW� LV� QRW� WUXH� DERXW� WKH�

KH[DJRQDO�FORVH�SDFNLQJ�"
� � �D�� 7KH�FRRUGLQDWLRQ�QXPEHU�LV����
� � E�� ,W�KDV�����SDFNLQJ�HIILFLHQF\�
� � F�� 7HWUDKHGUDO�YRLGV�RI� WKH� VHFRQG�OD\HU�DUH� FRYHUHG�E\�

WKH�VSKHUHV�RI�WKH�WKLUG�OD\HU�
� � �G�� ,Q� WKLV� DUUDQJHPHQW� VSKHUHV� RI� WKH� IRXUWK� OD\HU� DUH�

H[DFWO\�DOLJQHG�ZLWK�WKRVH�RI�WKH�ILUVW�OD\HU�
����� ,Q�ZKLFK�RI�WKH�IROORZLQJ�VWUXFWXUHV�FRRUGLQDWLRQ�QXPEHU�

IRU�FDWLRQV�DQG�DQLRQV�LQ�WKH�SDFNHG�VWUXFWXUH�ZLOO�EH�VDPH"
� � D�� &Oy� LRQV� IRUP� IFF� ODWWLFH� DQG� 1D�� LRQV� RFFXS\� DOO�

RFWDKHGUDO�YRLGV�RI�WKH�XQLW�FHOO�
� � �E�� &D��� LRQV� IRUP� IFF� ODWWLFH�DQG�)y� LRQV� RFFXS\�DOO� WKH�

HLJKW�WHWUDKHGUDO�YRLGV�RI�WKH�XQLW�FHOO�
� � �F�� 2�y� LRQV� IRUP� IFF� ODWWLFH� DQG�1D�� LRQV� RFFXS\�DOO� WKH�

HLJKW�WHWUDKHGUDO�YRLGV�RI�WKH�XQLW�FHOO�

� � �G�� 6�y�LRQV�IRUP�IFF�ODWWLFH�DQG�=Q���LRQV�JR�LQWR�DOWHUQDWH�
WHWUDKHGUDO�YRLGV�RI�WKH�XQLW�FHOO�

����� :KDW�LV�WKH�FRRUGLQDWLRQ�QXPEHU�LQ�D�VTXDUH�FORVH�SDFNHG�
VWUXFWXUH�LQ�WZR�GLPHQVLRQV�"

� � D�� �� �E�� �

� � F�� �� �G�� �

�����:KLFK�NLQG�RI�GHIHFWV�DUH�LQWURGXFHG�E\�GRSLQJ"

� � �D�� 'LVORFDWLRQ�GHIHFW

� � �E�� 6FKRWWN\�GHIHFW

� � F�� )UHQNHO�GHIHFWV

� � �G�� (OHFWURQLF�GHIHFWV

����� 6LOLFRQ�GRSHG�ZLWK�HOHFWURQ�ULFK�LPSXULW\�IRUPV�BBBBBBBB�
� � D�� S�W\SH�VHPLFRQGXFWRU

� � E�� Q�W\SH�VHPLFRQGXFWRU

� � �F�� LQWULQVLF�VHPLFRQGXFWRU

� � �G�� LQVXODWRU

�����:KLFK�RI�WKH�IROORZLQJ�VWDWHPHQWV�LV�QRW�WUXH�"

� � D�� 3DUDPDJQHWLF� VXEVWDQFHV� DUH� ZHDNO\� DWWUDFWHG� E\�
PDJQHWLF�ILHOG�

� � �E�� )HUURPDJQHWLF� VXEVWDQFHV� FDQQRW� EH� PDJQHWLVHG�
SHUPDQHQWO\�

� � �F�� 7KH� GRPDLQV� LQ� DQWLIHUURPDJQHWLF� VXEVWDQFHV� DUH�
RSSRVLWHO\�RULHQWHG�ZLWK�UHVSHFW�WR�HDFK�RWKHU�

� � �G�� 3DLULQJ�RI�HOHFWURQV�FDQFHOV�WKHLU�PDJQHWLF�PRPHQW�LQ�
WKH�GLDPDJQHWLF�VXEVWDQFHV�

�����:KLFK�RI�WKH�IROORZLQJ�LV�QRW�WUXH�DERXW�WKH�LRQLF�VROLGV"

� � D�� %LJJHU�LRQV�IRUP�WKH�FORVH�SDFNHG�VWUXFWXUH�

� � �E�� 6PDOOHU� LRQV� RFFXS\� HLWKHU� WKH� WHWUDKHGUDO� RU� WKH�
RFWDKHGUDO�YRLGV�GHSHQGLQJ�XSRQ�WKHLU�VL]H�

� � �F�� 2FFXSDWLRQ�RI�DOO�WKH�YRLGV�LV�QRW�QHFHVVDU\�

� � G�� 7KH�IUDFWLRQ�RI�RFWDKHGUDO�RU�WHWUDKHGUDO�YRLGV�RFFXSLHG�
GHSHQGV�XSRQ�WKH�UDGLL�RI�WKH�LRQV�RFFXS\LQJ�WKH�YRLGV�

����� $� IHUURPDJQHWLF�VXEVWDQFH�EHFRPHV�D�SHUPDQHQW�PDJQHW�
ZKHQ�LW�LV�SODFHG�LQ�D�PDJQHWLF�ILHOG�EHFXDVH�BBBBBBBB�

� � D�� DOO�WKH�GRPDLQV�JHW�RULHQWHG�LQ�WKH�GLUHFWLRQ�RI�PDJQHWLF�
ILHOG�

� � �E�� DOO�WKH�GRPDLQV�JHW�RULHQWHG�LQ�WKH�GLUHFWLRQ�RSSRVLWH�
WR�WKH�GLUHFWLRQ�RI�PDJQHWLF�ILHOG�

� � �F�� GRPDLQV�JHW�RULHQWHG�UDQGRPO\�

� � �G�� GRPDLQV�DUH�QRW�DIIHFWHG�E\�PDJQHWLF�ILHOG�

����� 7KH�FRUUHFW�RUGHU�RI�WKH�SDFNLQJ�HIILFLHQF\�LQ�GLIIHUHQW�W\SHV�
RI�XQLW�FHOOV�LV�BBBBBBBB�

� � �D�� IFF���EFF���VLPSOH�FXELF

� � �E�� IFF�!�EFF�!�VLPSOH�FXELF

� � �F�� IFF���EFF�!�VLPSOH�FXELF

� � �G�� EFF���IFF�!�VLPSOH�FXELF

�����:KLFK�RI�WKH�IROORZLQJ�GHIHFWV�LV�DOVR�NQRZQ�DV�GLVORFDWLRQ�
GHIHFW"

� � �D�� )UHQNHO�GHIHFW

� � E�� 6FKRWWN\�GHIHFW

� � F�� 1RQ�VWRLFKLRPHWULF�GHIHFW

� � �G�� 6LPSOH�LQWHUVWLWLDO�GHIHFW

����� ,Q�WKH�FXELF�FORVH�SDFNLQJ��WKH�XQLW�FHOO�KDV�BBBBBBBB�
� � �D�� �� WHWUDKHGUDO� YRLGV� HDFK� RI� ZKLFK� LV� VKDUHG� E\� IRXU�

DGMDFHQW�XQLW�FHOOV�

� � E�� ��WHWUDKHGUDO�YRLGV�ZLWKLQ�WKH�XQLW�FHOO�

� � �F�� ��WHWUDKHGUDO�YRLGV�HDFK�RI�WKH�ZKLFK�LV�VKDUHG�E\�IRXU�
DGMDFHQW�XQLW�FHOOV�

� � �G�� ��WHWUDKHGUDO�YRLGV�ZLWKLQ�WKH�XQLW�FHOOV�

&RPSHWLWLRQ�)LOH

� ���� �E��� ��� �G��� ��� �E��� ��� �D��� ��� �E��� ��� �F��� ��� �G�� ���� �D��G��� ��� �F�� ���� �G���

� ���� �E��� ���� �E�� ���� �G��� ���� �D��� ���� �E��� ���� �D���� �� �G��
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�����7KH�HGJH� OHQJWKV� RI� WKH�XQLW� FHOOV� LQ� WHUPV�RI� WKH� UDGLXV�
RI� VSKHUHV�FRQVWLWXWLQJ� IFF��EFF�DQG�VLPSOH�FXELF�XQLW� FHOO�
DUH�UHVSHFWLYHO\BBBBBBBB�

� � �D�� � 2r ��
4

3

r
���U� �E��

4

3

r
��� 2r ���U

� � �F�� �U��� 2r �� 4

3

r � �G�� �U��
4

3

r
��� 2r

����� :KLFK� RI� WKH� IROORZLQJ� UHSUHVHQWV� FRUUHFW� RUGHU� RI�
FRQGXFWLYLW\�LQ�VROLGV"

� � �D��κ�PHWDOV�!!�κLQVXODWRUV���κVHPLFRQGXFWRUV
� � �E��κPHWDOV����κLQVXODWRUV���κVHPLFRQGXFWRUV
� � �F��κPHWDOV���κVHPLFRQGXFWRUV�!�κLQVXODWRUV� �]HUR
� � G��κPHWDOV���κVHPLFRQGXFWRUV�!�κLQVXODWRUV�≠�]HUR

&RPSHWLWLRQ�)LOH

� ���� �D���������������D�

1RWH� �� ,Q�WKH�IROORZLQJ�TXHVWLRQV�WZR�RU�PRUH�RSWLRQV�PD\�EH�
FRUUHFW�

�����:KLFK� RI� WKH� IROORZLQJ� LV� QRW� WUXH� DERXW� WKH� YRLGV�
IRUPHG� LQ� WKUHH� GLPHQVLRQDO� KH[DJRQDO� FORVH� SDFNHG�
VWUXFWXUH�"

� � �D�� $� WHWUDKHGUDO� YRLG� LV� IRUPHG� ZKHQ� D� VSKHUH� RI� WKH�
VHFRQG� OD\HU� LV� SUHVHQW� DERYH� WULDQJXODU� YRLG� LQ� WKH�
ILUVW�OD\HU�

� � �E�� $OO�WKH�WULDQJXODU�YRLGV�DUH�QRW�FRYHUHG�E\�WKH�VSKHUHV�
RI�WKH�VHFRQG�OD\HU�

� � �F�� 7HWUDKHGUDO�YRLGV�DUH�IRUPHG�ZKHQ�WKH�WULDQJXODU�YRLGV�
LQ� WKH� VHFRQG� OD\HU� OLH� DERYH� WKH� WULDQJXODU�YRLGV� LQ�
WKH�ILUVW�OD\HU�DQG�WKH�WULDQJXODU�VKDSHV�RI�WKHVH�YRLGV�
GR�QRW�RYHUODS�

� � �G�� 2FWDKHGUDO�YRLGV�DUH�IRUPHG�ZKHQ�WKH�WULDQJXODU�YRLGV�
LQ�WKH�VHFRQG�OD\HU�H[DFWO\�RYHUODS�ZLWK�VLPLODU�YRLGV�
LQ�WKH�ILUVW�OD\HU�

���� 7KH� YDOXH� RI� PDJQHWLF� PRPHQW� LV� ]HUR� LQ� WKH� FDVH� RI�
DQWLIHUURPDJQHWLF�VXEVWDQFHV�EHFDXVH�WKH�GRPDLQV�BBBBBBBB�

� � �D�� JHW�RULHQWHG� LQ� WKH�GLUHFWLRQ�RI� WKH�DSSOLHG�PDJQHWLF�
ILHOG�

� � �E�� JHW� RULHQWHG� RSSRVLWH� WR� WKH� GLUHFWLRQ� RI� WKH� DSSOLHG�
PDJQHWLF�ILHOG�

� � �F�� DUH� RSSRVLWHO\� RULHQWHG� ZLWK� UHVSHFW� WR� HDFK� RWKHU�
ZLWKRXW�WKH�DSSOLFDWLRQ�RI�PDJQHWLF�ILHOG�

� � �G�� FDQFHO�RXW�HDFK�RWKHUuV�PDJQHWLF�PRPHQW�
�����:KLFK�RI�WKH�IROORZLQJ�VWDWHPHQWV�DUH�QRW�WUXH"
� � �D�� 9DFDQF\�GHIHFW�UHVXOWV�LQ�D�GHFUHDVH�LQ�WKH�GHQVLW\�RI�

WKH�VXEVWDQFH�
� � �E�� ,QWHUVWLWLDO�GHIHFWV�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�WKH�GHQVLW\�

RI�WKH�VXEVWDQFH�
� � �F�� ,PSXULW\� GHIHFW� KDV� QR� HIIHFW� RQ� WKH� GHQVLW\� RI� WKH�

VXEVWDQFH�
� � G�� )UHQNHO�GHIHFW�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�WKH�GHQVLW\�RI�

WKH�VXEVWDQFH�

�����:KLFK�RI�WKH�IROORZLQJ�VWDWHPHQWV�DUH�WUXH�DERXW�PHWDOV�"

� � �D�� 9DOHQFH�EDQG�RYHUODSV�ZLWK�FRQGXFWLRQ�EDQG�

� � �E�� 7KH� JDS�EHWZHHQ� YDOHQFH�EDQG�DQG� FRQGXFWLRQ�EDQG�
LV�QHJOLJLEOH�

� � �F�� 7KH� JDS�EHWZHHQ� YDOHQFH� EDQG�DQG� FRQGXFWLRQ�EDQG�
FDQQRW�EH�GHWHUPLQHG�

� � �G�� 9DOHQFH�EDQG�PD\�UHPDLQ�SDUWLDOO\�ILOOHG�

�����8QGHU�WKH�LQIOXHQFH�RI�HOHFWULF�ILHOG��ZKLFK�RI�WKH�IROORZLQJ�
VWDWHPHQWV� LV� WUXH� DERXW� WKH�PRYHPHQW� RI� HOHFWURQV�DQG�
KROHV�LQ�D�S�W\SH�VHPLFRQGXFWRU"

� � �D�� (OHFWURQ�ZLOO�PRYH�WRZDUGV�WKH�SRVLWYHO\�FKDUJHG�SODWH�
WKURXJK�HOHFWURQ�KROHV�

� � �E�� +ROHV�ZLOO�DSSHDU�WR�EH�PRYLQJ�WRZDUGV�WKH�QHJDWLYHO\�
FKDUJHG�SODWH�

� � �F�� %RWK�HOHFWURQV�DQG�KROHV�DSSHDU�WR�PRYH�WRZDUGV�WKH�
SRVLWLYHO\�FKDUJHG�SODWH�

� � �G�� 0RYHPHQW�RI�HOHFWURQV�LV�QRW�UHODWHG�WR�WKH�PRYHPHQW�
RI�KROHV�

���� :KLFK� RI� WKH� IROORZLQJ� VWDWHPHQWV� DUH� WUXH� DERXW�
VHPLFRQGXFWRUV"

� � �D�� 6LOLFRQ�GRSHG�ZLWK�HOHFWURQ� ULFK� LPSXULW\� LV� D�S�W\SH�
VHPLFRQGXFWRU�

� � �E�� 6LOLFRQ� GRSHG� ZLWK� DQ� HOHFWURQ� ULFK� LPSXULW\� LV� DQ�
Q�W\SH�VHPLFRQGXFWRU�

� � �F�� 'HORFDOLVHG�HOHFWURQV�LQFUHDVH�WKH�FRQGXFWLYLW\�RI�GRSHG�
VLOLFRQ�

� � �G�� $Q� HOHFWURQ� YDFDQF\� LQFUHDVHV� WKH� FRQGXFWLYLW\� RI�
Q�W\SH�VHPLFRQGXFWRU�

�����$Q� H[FHVV� RI� SRWDVVLXP� LRQV�PDNHV� .&O� FU\VWDOV� DSSHDU�
YLROHW�RU�OLODF�LQ�FRORXU�VLQFH�BBBBBBBB�

� � �D�� VRPH�RI�WKH�DQLRQLF�VLWHV�DUH�RFFXSLHG�E\�DQ�XQSDLUHG�
HOHFWURQ�

� � �E�� VRPH� RI� WKH� DQLRQLF� VLWHV� DUH� RFFXSLHG� E\� D� SDLU� RI�
HOHFWURQV�

� � F�� WKHUH�DUH�YDFDQFLHV�DW�VRPH�DQLRQLF�VLWHV�

� � �G�� )�FHQWUHV� DUH� FUHDWHG� ZKLFK� LPSDUW� FRORXU� WR� WKH�
FU\VWDOV�

����� 7KH� QXPEHU� RI� WHWUDKHGUDO� YRLGV� SHU� XQLW� FHOO� LQ� 1D&O�
FU\VWDO�LV�BBBBBBBB�

� � �D�� �

� � �E�� �

� � F�� WZLFH�WKH�QXPEHU�RI�RFWDKHGUDO�YRLGV�
� � �G�� IRXU�WLPHV�WKH�QXPEHU�RI�RFWDKHGUDO�YRLGV�

��� �F����G��� ������ �F����G������������ �F����G�� ������D����E����G����������������D����E�������������E����F��������������D����G�� �����E����F��
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�����$PRUSKRXV�VROLG�FDQ�DOVR�EH�FDOOHG�BBBBBBBB�

� � �D�� SVHXGR�VROLGV� �E�� WUXH�VROLGV

� � F�� VXSHU�FRROHG�OLTXLGV� �G�� VXSHU�FRROHG�VROLGV

�����$� SHUIHFW� FU\VWDO� RI� VLOLFRQ� �)LJ���� LV� GRSHG� ZLWK� VRPH�
HOHPHQWV�DV�JLYHQ� LQ� WKH�RSWLRQV��:KLFK� RI� WKHVH� RSWLRQV�
VKRZ�Q�W\SH�VHPLFRQGXFWRUV"

6LOLFRQ�DWRP�

)LJ�����3XUH�FU\VWDO

� � �D��� ��E��

� � F�� ��G���

����:KLFK�RI�WKH�IROORZLQJ�VWDWHPHQWV�DUH�FRUUHFW"

� � �D�� )HUULPDJQHWLF� VXEVWDQFHV� ORVH� IHUULPDJQHWLVP� RQ�

KHDWLQJ�DQG�EHFRPH�SDUDPDJQHWLF�

� � �E�� )HUULPDJQHWLF�VXEVWDQFHV�GR�QRW�ORVH�IHUULPDJQHWLVP�

RQ�KHDWLQJ�DQG�UHPDLQ�IHUULPDJQHWLF�

� � �F�� $QWLIHUURPDJQHWLF�VXEVWDQFHV�KDYH�GRPDLQ�VWUXFWXUHV�

VLPLODU�WR�IHUURPDJQHWLF�VXEVWDQFHV�DQG�WKHLU�PDJQHWLF�

PRPHQWV�DUH�QRW�FDQFHOOHG�E\�HDFK�RWKHU�

� � �G�� ,Q�IHUURPDJQHWLF�VXEVWDQFHV�DOO�WKH�GRPDLQV�JHW�RULHQWHG�

LQ�WKH�GLUHFWLRQ�RI�PDJQHWLF�ILHOG�DQG�UHPDLQ�DV�VXFK�

HYHQ�DIWHU�UHPRYLQJ�PDJQHWLF�ILHOG�

����:KLFK�RI� WKH� IROORZLQJ� IHDWXUHV�DUH�QRW� VKRZQ�E\� TXDUW]�

JODVV"

� � D�� 7KLV�LV�D�FU\VWDOOLQH�VROLG�

� � E�� 5HIUDFWLYH�LQGH[�LV�VDPH�LQ�DOO�WKH�GLUHFWLRQV�

� � �F�� 7KLV�KDV�GHILQLWH�KHDW�RI�IXVLRQ�

� � G�� 7KLV�LV�DOVR�FDOOHG�VXSHU�FRROHG�OLTXLG�

����:KLFK�RI�WKH�IROORZLQJ�FDQQRW�EH�UHJDUGHG�DV�PROHFXODU�VROLG"

� � �D�� 6L&��6LOLFRQ�FDUELGH�� �E�� $O1

� � �F�� 'LDPRQG� �G�� ,�
����� ,Q�ZKLFK� RI� WKH� IROORZLQJ�DUUDQJHPHQWV� RFWDKHGUDO�YRLGV�

DUH�IRUPHG"

� � �D�� KFS� �E�� EFF

� � �F�� VLPSOH�FXELF� �G�� IFF

����)UHQNHO�GHIHFW�LV�DOVR�NQRZQ�DV�BBBBBBBB�

� � �D�� VWRLFKLRPHWULF�GHIHFW�

� � �E�� GLVORFDWLRQ�GHIHFW

� � �F�� LPSXULW\�GHIHFW

� � �G�� QRQ�VWRLFKRPHWULF�GHIHFW

����:KLFK�RI�WKH�IROORZLQJ�GHIHFWV�GHFUHDVH�WKH�GHQVLW\"

� � D�� ,QWHUVWLWLDO�GHIHFW� �E�� 9DFDQF\�GHIHFW

� � �F�� )UHQNHO�GHIHFW� �G�� 6FKRWWN\�GHIHFW

&RPSHWLWLRQ�)LOH

������D����F�� ����� �D����F�� ���� �D����G�� ���� �D����F�� ���� �D����E����F�� ���� �D����G�� ���� �D����E�� ���� �E����G�

1RWH� �� ,Q� WKH� IROORZLQJ� TXHVWLRQV� PDWFK� WKH� LWHPV� JLYHQ� LQ�
&ROXPQ�,�ZLWK�WKH� LWHPV�JLYHQ� LQ�&ROXPQ�,,��,Q�VRPH�

TXHVWLRQV�PRUH�WKDQ�RQH�LWHP�RI�&ROXPQ�,�DQG�&ROXPQ�

,,�PD\�PDWFK�

���� 0DWFK�WKH�GHIHFWV�JLYHQ�LQ�&ROXPQ�,�ZLWK�WKH�VWDWHPHQWV�

LQ�JLYHQ�&ROXPQ�,,�

� � &ROXPQ�,� � � � &ROXPQ�,,

� �D�� 6LPSOH�YDFDQF\�GHIHFW� �L�� VKRZQ� E\� QRQ�LRQLF� VROLGV�
DQG�LQFUHDVHV�GHQVLW\�RI�WKH�
VROLG�

� �E�� 6LPSOH�LQWHUVWLWLDO� �LL�� VKRZQ�E\�LRQLF�VROLGV�DQG

� � GHIHFW� � � GHFUHDVHV� GHQVLW\� RI� WKH��
VROLG�

� �F�� )UHQNHO�GHIHFW� �LLL�� VKRZQ� E\� QRQ� LRQLF� VROLGV��
DQG� GHQVLW\� RI� WKH� VROLG�
GHFUHDVHV�

� �G��6FKRWWN\�GHIHFW� �LY�� VKRZQ� E\� LRQLF� VROLGV� DQG�
GHQVLW\�RI�WKH�VROLG�UHPDLQV�
WKH�VDPH�
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�����0DWFK� WKH� W\SH� RI� XQLW� FHOO� JLYHQ� LQ� &ROXPQ� ,� ZLWK� WKH�
IHDWXUHV�JLYHQ�LQ�&ROXPQ�,,�

&ROXPQ�, &ROXPQ�,,

�D�� 3ULPLWLYH�FXELF�XQLW�FHOO� ��L���(DFK� � RI� � WKH� � WKUHH�

SHUSHQGLFXODU� HGJHV�

FRPSXOVRULO\� KDYH� WKH�

GLIIHUHQW�HGJH�OHQJWK�L�H���

D�≠�E�≠�F�

�E�� �%RG\� FHQWUHG�FXELF�XQLW�

FHOO�

�LL�� �1XPEHU� RI� DWRPV� SHU�

XQLW�FHOO�LV�RQH�

��F�� �)DFH� FHQWUHG� FXELF� XQLW�
FHOO�

�LLL���(DFK� RI � WKH� WKUHH�
SHUSHQGLFXODU� HGJHV�
FRPSXOVRULO\� KDYH� WKH�
VDPH� HGJH� OHQJWK� L�H����
D� �E� �F�

��G���(QG�FHQWUHG�
RUWKRUKRPELF�

�LY���,Q� DGGLWLRQ� WR� WKH�
FRQWULEXWLRQ� IURP� XQLW�
FHOO� WKH� FRUQHU� DWRPV�
WKH� QXPEHU� RI� � DWRPV�
SUHVHQW� LQ� D� XQLW� FHOO�
LV�RQH�

��Y���,Q� DGGLWLRQ� WR � WKH�
FRQWULEXWLRQ� IURP� WKH�
FRUQHU� DWRPV� � WKH�
QXPEHU � R I � D W RPV�
SUHVHQW� LQ� D� XQLW� FHOO�
LV�WKUHH�

�����0DWFK� WKH� W\SHV� RI� GHIHFW� JLYHQ� LQ� &ROXPQ� ,� ZLWK� WKH�

VWDWHPHQW�JLYHQ�LQ�&ROXPQ�,,�

� � &ROXPQ�,� � � � &ROXPQ�,,

� �D�� ,PSXULW\�GHIHFW�� �L�� 1D&O� ZLWK� DQLRQLF� VLWHV�
FDOOHG�)�FHQWUHV�

� �E�� 0HWDO�H[FHVV�GHIHFW�� �LL�� )H2�ZLWK�)H���

� �F�� 0HWDO�GHILFLHQF\�GHIHFW���LLL�� 1D&O�ZLWK�6U���DQG�VRPH�
FDWLRQLF�VLWHV�YDFDQW�

�����0DWFK�WKH� LWHPV�JLYHQ� LQ�&ROXPQ�,�ZLWK�WKH� LWHPV�JLYHQ�
LQ�&ROXPQ�,,�

� � &ROXPQ�,� � � � &ROXPQ�,,

� �D�� 0J�LQ�VROLG�VWDWH�� �L�� S�7\SH�VHPLFRQGXFWRU�

� �E�� 0J&O��LQ�PROWHQ�VWDWH�� �LL�� Q�7\SH�VHPLFRQGXFWRU�

� �F�� 6LOLFRQ�ZLWK�SKRVSKRUXV�� �LLL�� (OHFWURO\WLF�FRQGXFWRUV�

� �G�� *HUPDQLXP�ZLWK�ERURQ�� �LY�� (OHFWURQLF�FRQGXFWRUV�

�����0DWFK� WKH� W\SH� RI� SDFNLQJ� JLYHQ� LQ� &ROXPQ� ,� ZLWK� WKH�
LWHPV�JLYHQ�LQ�&ROXPQ�,,�

� � &ROXPQ�,� � � � &ROXPQ�,,

� �D�� �6TXDUH�FORVH�SDFNLQJ� � �L�� 7ULDQJXODU�YRLGV�
� � LQ�WZR�GLPHQVLRQV�
� �E�� +H[DJRQDOFORVH�SDFNLQJ���LL�� 3DWWHUQ�RI�VSKHUHV�LV� �
� � LQ�WZR�GLPHQVLRQV�� � UHSHDWHG�LQ�HYHU\
� � � � IRXUWK�OD\HU�

� �F�� +H[DJRQDO�FORVH�SDFNLQJ���LLL�� &RRUGLQDWLRQ�QXPEHU�����
� � LQ�WKUHH�GLPHQVLRQV�� �

� �G�� &XELF�FORVH�SDFNLQJ�� �LY�� 3DWWHUQ�RI�VSKHUH�LV� ��
� � LQ�WKUHH�GLPHQVLRQV�� � UHSHDWHG�LQ�DOWHUQDWH��
� � � � OD\HUV�

1RWH� � ,Q� WKH� IROORZLQJ� TXHVWLRQV� D� VWDWHPHQW� RI� DVVHUWLRQ�
IROORZHG� E\� D� VWDWHPHQW� RI� UHDVRQ� LV� JLYHQ�� &KRRVH�
WKH��FRUUHFW�DQVZHU�RXW�RI�WKH�IROORZLQJ�FKRLFHV�

� �D�� $VVHUWLRQ�DQG�UHDVRQ�ERWK�DUH�FRUUHFW�VWDWHPHQWV�DQG�
UHDVRQ�LV�FRUUHFW�H[SODQDWLRQ�IRU�DVVHUWLRQ�

� �E�� $VVHUWLRQ� DQG� UHDVRQ�ERWK�DUH� FRUUHFW� VWDWHPHQWV�EXW�
UHDVRQ�LV�QRW�FRUUHFW�H[SODQDWLRQ�IRU�DVVHUWLRQ�

� �F�� $VVHUWLRQ� LV� FRUUHFW� VWDWHPHQW� EXW� UHDVRQ� LV� ZURQJ�
VWDWHPHQW�

� �G�� $VVHUWLRQ� LV� ZURQJ� VWDWHPHQW� EXW� UHDVRQ� LV� FRUUHFW�
VWDWHPHQW�

����$VVHUWLRQ���7KH�WRWDO�QXPEHU�RI�DWRPV�SUHVHQW�LQ�D�VLPSOH�
FXELF�XQLW�FHOO�LV�RQH�

� �5HDVRQ� ��6LPSOH�FXELF�XQLW�FHOO�KDV�DWRPV�DW�LWV�FRUQHUV��
HDFK�RI�ZKLFK�LV�VKDUHG�EHWZHHQ�HLJKW�DGMDFHQW�XQLW�FHOOV�

����� VVHUWLRQ� �� *UDSKLWH� LV� D� JRRG� FRQGXFWRU� RI� HOHFWULFLW\�
KRZHYHU�GLDPRQG�EHORQJV�WR�WKH�FDWHJRU\�RI�LQVXODWRUV�

� �5HDVRQ� �� *UDSKLWH� LV� VRIW� LQ� QDWXUH� RQ� WKH� RWKHU� KDQG�
GLDPRQG�LV�YHU\�KDUG�DQG�EULWWOH�

����� VVHUWLRQ� ��7RWDO�QXPEHU�RI� RFWDKHGUDO� YRLGV�SUHVHQW� LQ�
XQLW� FHOO� RI� FXELF� FORVH� SDFNLQJ� LQFOXGLQJ� WKH� RQH� WKDW� LV�
SUHVHQW�DW�WKH�ERG\�FHQWUH��LV�IRXU�

� �5HDVRQ� ��%HVLGHV� WKH�ERG\�FHQWUH� WKHUH� LV�RQH� RFWDKHGUDO�
YRLG�SUHVHQW�DW�WKH�FHQWUH�RI�HDFK�RI�WKH�VL[�IDFHV�RI�WKH�XQLW�
FHOO�DQG�HDFK�RI�ZKLFK�LV�VKDUHG�EHWZHHQ�WZR�DGMDFHQW�XQLW�
FHOOV�

����� $VVHUWLRQ���7KH�SDFNLQJ�HIILFLHQF\�LV�PD[LPXP�IRU�WKH�IFF�
VWUXFWXUH�

� �5HDVRQ���7KH�FRUGLQDWLRQ�QXPEHU�LV����LQ�IFF�VWUXFWXUHV�
����� $VVHUWLRQ���6HPLFRQGXFWRUV�DUH�VROLGV�ZLWK�FRQGXFWLYLWLHV�

LQ�WKH�LQWHUPHGLDWH�UDQJH�IURP���y��y�����RKPy�Py��

� �5HDVRQ� �� ,QWHUPHGLDWH� FRQGXFWLYLW\� LQ� VHPLFRQGXFWRU� LV�
GXH�WR�SDUWLDOO\�ILOOHG�YDOHQFH�EDQG�

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

&RPSHWLWLRQ�)LOH

����� �D�y�LLL����E�y�L����F�y�LY����G�y�LL�� ������D�y�LL��LLL����E�y�LLL��LY����F�y�LLL��Y����G�y�L��LY�� ���� �D�y�LLL����E�y�L����F�y�LL�
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&RPSHWLWLRQ�)LOH



���� /1&'40ŏ5�CDE�
�1(�%*'/+564;Ō:++

� � � � &RQWULEXWLRQ�RI�HDFK�DWRP� ����

� � � ∴�1R��RI�4�DWRPV� ���º�
1
2
� ��

� � � )RUPXOD� P3
4

�4��RU�34��

�$���� �G�� 0RODU�YROXPH�IURP�S\NQRPHWHU�GHQVLW\�

� � � � ��  ��
M

2.165 103×
�P��

� � � 0RODU�YROXPH�IURP�;�UD\�GHQVLW\��

� � � � ��  ��
M

2.178 103×
�P�

� � � ∴�9ROXPH�XQRFFXSLHG�� � M
103

� 1
2.165

�
1
2 178.

,
.-

2
43
P�

� � � � �� �  �
0.013 M 10
2.165 2.178

3"
"

�

������ � ∴� )UDFWLRQ�XQRFFXSLHG� �
0.013 M 10
2.165 2.178

3"
"

�
�
M 10
2.165

3" �

� � � � �� �  � �����º���y��

�$���� �F�� �� 1R��RI�
$
�DWRPV� ��
1
8
�º��� ��

� � � � 1R��RI�
%
�DWRPV� ����º��� ��

� � � � 1R��RI�
&
�DWRPV� �
1
4
º���� ��

� � � � )RUPXOD� �$%&�

�$���� �F�� �� G� � Z M
N

×
×a3 A

� � � � ����� �

( ) ( )−

×

× × ×
310 23

4 M

400 10 6.02 10

� � � RU� 0� �
( ) ( )−× × × ×

310 2311.2 400 10 6.02 10

4
� ������

�$���� �F�� �� G�  � 3
A

Z M
Na

×
×

� � � � �����  �
×

× ×3 23
4 60
6.02 10a

� � � � D��  �
×

× × 23
4 60

6.23 6.02 10
� ����º���y��

� � � � D�  � ��º���y��FP� �����SP

�$���� �G�� �� 9ROXPH�RI�XQLW�FHOO� ������º���y���FP��

� � � � �  ���y���FP�

� � � � 0DVV�RI�XQLW�FHOO�� ��9�º�G� ���y���º������ ���y���J

� � � � 1R��RI�XQLW�FHOOV�LQ�����J� � −23
100
10

� �����

� � � � 6LQFH�ODWWLFH�LV�IFF�DQG�HDFK�XQLW�FHOO�KDV���DWRPV�
SHU�XQLW�FHOO�

� � � � 1R��RI�DWRPV� ���º������

�$���� �F�� �� )RU�IFF�� U�  �
2 2

a

� � � � RU� D�  � 2 2 r � ���º�������º�����

� � � � � �  � ����SP

� � � � � G�  � Z M
N

×
×a3 A

� � � � � �  �
( ) ( )−

×

× × ×
310 23

4 63.5

362 10 6.02 10

� � � � �  � ���� FPy�

�$���� �F�� �� � G�  � Z M
N

×
×a3 A

� � � � � ��  �

( ) ( )−

×

× × ×
38 23

Z 72

5 10 6.02 10

� � � � RU� =�  �
( ) ( )× × × ×

=

3–8 234 5 10 6.02 10
4

72
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B. mcq from Competitive Examinations

� %���� �E�� �� 2QH� FDWLRQ� RI� 6U��� ZRXOG� FUHDWH� RQH� FDWLRQ��
YDFDQF\�LQ�1D&O��7KHUHIRUH��WKH�QXPEHU�RI�FDWLRQ�
YDFDQFLHV�FUHDWHG�LQ�WKH�ODWWLFH�RI�1D&O�LV�HTXDO�WR�
WKH�QXPEHU�RI�GLYDOHQW�6U���LRQV�DGGHG�

� � � � 1R��RI�PROHV�RI�FDWLRQLF�YDFDQFLHV
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� � � � )RU�IFF�VWUXFWXUH��� 4 2

4
2
4

r a

a
r

=

=

=Z

� � � �

d
d

M
a N

M
a N

M

r
N

A

A

A( )
( )

( )

( )
bcc
fcc

Z bcc

Z fcc
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"

"
3

3

3

2

4
3
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r
N

M

r
N

r
N

M

A

A

A

4
2

2

4
3

4
2
4

1
2
3
2

3
2

3

3

3

)
+*
/
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"
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10

 3 3
4 2

�%���� �F�� �� )RU���PRO�RI�D�FRPSRXQG��QXPEHU�RI�WHWUDKHGUDO�
DQG�RFWDKHGUDO�YRLGV� ������� ��

� � � ∴�1R��RI�YRLGV� ���º�����º�������º������ �������º������

�%���� �F�� �� $ %U�VKRZV�ERWK�6FKRWWN\�DQG�)UHQNHO�GHIHFWV

�%���� �F�� �� /HW�[�DWRPV�RI�)H���LRQV�DUH�SUHVHQW��7KLV�PHDQV�
[�)H���LRQV�KDYH�EHHQ�UHSODFHG�E\�)H���LRQV�

� � � � 1R��RI�)H���LRQV� ������y�[

� � � � )RU�HOHFWULFDO�QHXWUDOLW\�

� � � � �������y�[�����[� ��

� � � � �������[� ��� � RU� � [� �����

� � � � )UDFWLRQ�RI�)H��� �������)H��� ������y������ �����

� � � � )RUPXOD���)H�������)H
��
�����2���

�y

� � � � 7RWDO�PRODU�PDVV� ������º��������º���� �������

� � � � ��RI�)H��,,,�� �
0 14 56
68 08
.
.
×

�º����� ������

��%����� �E�� �� 1R��RI�<�DWRPV�LQ�D�XQLW�FHOO� ��

� � � � 1R��RI�WHWUDKHGUDO�VLWHV� ���º��� ��

� � � � 1R��RI�;�DWRPV�LQ�XQLW�FHOO� ���º� 2
3
� �
16
3

� � � � )RUPXOD��� X Y   or  X Y   or   X Y16
3

4 1
3

1
4

4 3

�%���� �E�� �� )RU�IFF

� � � � � � D�  � �U�����Uy�

� � � � � � D� � ��U����Uy�

r– r–r+

r r r+ + –+ 2 + �

� � RU� � �� �U����Uy�  �
a
2

� � � � �� � Uy�  �
a
r

2
� �  �

508
2

110 144� 
 pm �

&RPSHWLWLRQ�)LOH
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�%���� �G�� �� 3HUFHQWDJH� RI� IUHH� VSDFH� LQ� FFS�  � ���� DQG� LQ��
EFF�� �����

�%���� �G�� �� 1R��RI�
$
�DWRPV�DW�FRUQHUV� � 8
1
8

× � ��

� � � � 1R��RI�
%
�DWRPV�DW�IDFH�FHQWUHV� � 5
1
2

× � �
5
2

� � � � )RUPXOD� �$%���
��RU�$�%�

�%���� �E�� �� ,Q�D�IFF�ODWWLFH

� � � � � U�  � 2a

� � � � � U�  �
2
4

a
� �
1 414 361

4
. ×

 �������� �����SP

�%���� �F�� �� )RU�EFF�VWUXFWXUH�

� � � � � U�  �
a 3
4

� 
351 1.732

4
×

� �����SP

�%���� �F�� �� /HW�IUDFWLRQ�RI�PHWDO�ZKLFK�H[LWV�DV�0���EH�[
� � � � )UDFWLRQ�RI�PHWDO�DV�0��� ������y�[
� � � � ∴��[����������y�[�� ��
� � � � � [�������� ��� RU� [� �����

� � � � ����RI�0��� �
0 04
0 98

100
.
.
  �����

�%���� �G�� �� %RG\�GLDJRQDO� � 3 a

� � � RU�� �U&V�����U&Oy�  � 3 a

� � � � ∴� U&V����U&Oy� �
3
2

a

�%���� �F�� �� )RU�EFF�ODWWLFH�

� � � �� � U�  �
3
4

a
 �
1 732 4 29

4
. .×

� ������¨

�%���� �E�� �� &U2��LV�PHWDOOLF�DQG�IHUURPDJQHWLF�

�%���� �G�� �� ,Q�IFF��WKH�FORVHVW�DSSURDFK�GLVWDQFH�EHWZHHQ�WZR�
DWRPV�

G� �
a
�

�%���� �F�� �� ,Q�)UHQNHO�GHIHFW��WKH�FDWLRQV�DUH�GLVORFDWHG�IURP�
WKHLU�QRUPDO�VLWHV�WR�LQWHUVWLWLDO�VLWHV�

��%����� �E�� �� $WRPV�RI�;�SHU�XQLW�FHOO� ���º�
1
8
� ��

� � � � $WRPV�RI�<�SHU�XQLW�FHOO� ��

� � � � $WRPV�RI�=�SHU�XQLW�FHOO� ���º�
1
2
� ��

� � � ∴�)RUPXOD�RI�WKH�FRPSRXQG�LV�;<=��

��%����� �D�� ��
r

r
Na

Cl

+

−

 �������
r

r
K

Cl

+

−

�� �����

� � � RU��
r

r
Na

Cl

+

−

����� ������������
r

r
K

Cl

+

−

�� ���������

� � � �
r r

r
Na Cl

Cl

+ � �

�

�� ���������
r r

r
K Cl

Cl

+ � �

�

�� �����

� � � (GJH�OHQJWK�UDWLR�LV

� �
r r

r

r

r r
K Cl

Cl

Cl

Na Cl

+

+

�
"

�
�

�

�

�

� �
1 74
1 55
.
.

�⇒�
r r

r r
K Cl

Na Cl

+

+

�

�
�

�
�� ������

�%���� �D�� �� (DFK�XQLW�FHOO�LV�VXUURXQGHG�E\���RWKHU�XQLW�FHOOV�
EHFDXVH�D�IFF�XQLW�FHOO�KDV�VL[�IDFHV�

�%���� �D�� �� � 'HQVLW\�  �
Mass of unit cell

Volume of unit cell

� � � � � �  �
No. of atoms Mass of each atom

Volume of unit cell
×

� � � � )RU�IFF��QR��RI�DWRPV�SHU�XQLW�FHOO� ��

� � � � � 'HQVLW\�  �
4
3
×m
a

�

�%���� �F�� �� ,Q�6FKRWWN\�GHIHFW�HTXDO�QXPEHU�RI�FDWLRQV�DQG�
DQLRQV�DUH�PLVVLQJ�IURP�WKHLU�ODWWLFH�VLWHV�

�%���� �F�� �� 1R��RI�DWRPV�LQ�IFF�XQLW�FHOO� ��

� � � � 9ROXPH�RFFXSLHG�E\���DWRP� � 4
3

3πr

� � � � 9ROXPH�RFFXSLHG�E\���DWRPV� �4
4
3

3" �r � �
16
3

3πr

�%���� �G�� �� r� � Z M
NA

×
×a3

� � � � )RU�EFF��=� ����D� �����ª���y���FP
� � � � G� ���J�FPy�

� � � � �� �
2

500 10 6 1010 3 23

"

"� � " "� ��

M

� � � � 0� �
4 500 10 6 10

2

10 3 23" "� � " "�

� � � � �  �����J�PROy�

�%���� �E�� �� (DFK�SDUWLFOH�DW�WKH�HGJH�FHQWUH�LV�VXUURXQGHG�E\�
IRXU�XQLW�FHOOV��7KHUHIRUH��LWV�FRQWULEXWLRQ�SHU�XQLW�

FHOO�LV�
1
4
�

�%���� �E�� �� )UHQNHO�GHIHFW�LV�D�GLVORFDWLRQ�GHIHFW�

�%���� �D�� �� 7KH�GLPHQVLRQV��α�≠�β�≠�γ�≠�����DQG�D�≠�E�≠�F�UHSUHVHQW�
WULFOLQLF�FU\VWDO�V\VWHP��$PRQJ�WKH�JLYHQ�RSWLRQV�
RQO\�.�&U�2��H[KLELWV�WULFOLQLF�FU\VWDO�V\VWHP�

�%���� �E�� �� 1R��RI�$�DWRPV�DW�WKH�FRUQHUV� ���º�
1
� � �

7
�
�

� � � � 1R��RI�%�DWRPV�DW�IDFH�FHQWUHV� ���º� 1
�
� ���

� � � � 5DWLR�RI�$���%� �
7
�
����

� � � � )RUPXOD�RI�FRPSRXQG�LV�$�%��

�%���� �D�� �� 1R��RI�;�DWRPV� � 8
1
8

× � ��

� � � � 1R��RI�<�DWRPV� ��

� � � � )RUPXOD���;<

�%���� �F�� �� /HQJWK�RI�ERG\�GLDJRQDO� 


 "



3
1 732 300
519 6

.
.
.

a

pm
�%���� �G�� �� 1R��RI�DWRPV��$��RQ�WKH�FRUQHUV� ��
� � � � 1R��RI�DWRPV��$��RQ�WKH�IDFH�FHQWUHV� ��
� � � � 5HPRYLQJ�IDFH�FHQWUHG�DWRPV�DORQJ�RQH�RI�WKH�D[HV�

PHDQV�UHPRYDO�RI��$�DWRPV�VR�WKDW

� � � � 1R��RI�$�DWRPV�SHU�XQLW�FHOO� ���º�
1
8
�����º�

1
2
� ��

� � � � 1R��RI�%�DWRPV�SHU�XQLW�FHOO�LQ�1D&O�W\SH�VWUXFWXUH� ��

� � � � )RUPXOD� �$�%�

&RPSHWLWLRQ�)LOH
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�%����� �E�� �� ,Q�=Q6��6�y�LRQV�DUH�SUHVHQW�LQ�DOO�WKH�FRUQHUV�DQG�
FHQWUHV�RI�HDFK�IDFH��IFF�RU�FFS�DUUDQJHPHQW���=Q���
LRQV�RFFXS\�DOWHUQDWH�WHWUDKHGUDO�VLWHV�

�%���� �G�� �� 3DFNLQJ�HIILFLHQF\� �
Area covered byparticles

Totalarea

� � � � ,I�D�LV�WKH�OHQJWK�RI�XQLW�FHOO�

� � � � )DFH�GLDJRQDO��$&� � 2 D
� � � � %XW�� $&�  � �U

� � � � ∴� 2 D�  � �U

� � � � �� D�  �
4
2
r = 2 2r

� � � � 1R��RI�SDUWLFOHV� �  � 4
1
4
1 2× + =

� � � � $UHD�RFFXSLHG�E\�SDUWLFOHV� ���º�pU��

� � � � ∴�3DFNLQJ�HIILFLHQF\�  � 2
2 2 42
× 2� �r

r( )



� � � � �  � �������RU���������

�%���� �E�� �� ;�DUH�SUHVHQW�DW�DOO�WKH�FRUQHUV�DQG�IDFH�FHQWUHV

� � � � 1R��RI�;�DWRPV� � 8
1
8
6
1
2
4× + × =

� � � � 0�DUH�SUHVHQW�DW���HGJHV�DQG�DW�ERG\�FHQWUH

� � � � 1R��RI�0�DWRPV� � 4
1
4
1 1 2× + × =

� � � � 7KH�HPSLULFDO�IRUPXOD�RI�FRPSRXQG���0�;�� RU� 0;�

�%���� �D�� �� &DWLRQ�$��RFFXSLHV�RFWDKHGUDO�YRLG�RI�DUUDQJHPHQW�
RI�;

y
�DQLRQV�

� � � �
r

r
A

X

+



� �������⇒�
r
A+

250
� ������

� � � � RU� U$
�� �������º����� �����SP�

�%���� �D�� �� )RU�FFS�DUUDQJHPHQW��=� ��

� � � � ∴�1R��RI�2�DWRPV� ��
� � � � 1R��RI�RFWDKHGUDO�YRLGV� ��

� � � � 1R��RI�WHWUDKHGUDO�YRLGV� ���º��� ��

� � � � 1R��RI�$O���LRQV� �P�º��

� � � � 1R��RI�0J���LRQV� �Q�º��

� � � � 7KXV�WKH�IRUPXOD�RI�PLQHUDO�LV

� � � � $O�P��0J�Q��2�

� � � � �� �P��������Q���������y���  � �

� � � � �� ���P������Q�y���  � �

� � � � �� ���P����Q�y����  � �

� � � � �∴� �P����Q�  � �
� � � � 3RVVLEOH�YDOXHV�RI�P�DQG�Q�DUH

� � � � �� 3
1
2
4
1
8

" � " �  � �� � WUXH

� � � � �� 3 1 4
1
4

" � " �  � �� � QRW�WUXH

� � � � �� 3
1
2
4
1
2

" � " �  � �� � QRW�WUXH

� � � � �� 3
1
4
4
1
8

" � " �  � �� � QRW�WUXH

&��PFT�ZLWK�PRUH�WKDQ�RQH�FRUUHFW�DQVZHU

� &�� �F�G�� �� $� KH[DJRQDO� FORVH� SDFNLQJ� KDV� FRRUGLQDWLRQ�
QXPEHU����DQG�LV�QRW�DV�FORVHO\�SDFNHG�DV�EFF�

� &��� �D�F�G���� �E�� LV� QRW� FRUUHFW� EHFDXVH� LW� KDV� FRRUGLQDWLRQ�
QXPEHU���

� &��� �D�E�F�� �� &V������&Oy������1D�� �����&Oy�����=Q��� �����6�y�����
1D�������2�y����

� &��� �E�F�� �� =Q6�VKRZV�)UHQNHO�GHIHFW�ZKLOH�$J%U�VKRZV�ERWK�
)UHQNHO�DQG�6FKRWWN\�GHIHFWV��7KHUHIRUH��RSWLRQV�
�E��DQG��F��DUH�FRUUHFW�

'��PFT�EDVHG�RQ�SDVVDJH�FRPSUHKHQVLRQ

��3DVVDJH�,�

� '��� �E�� �� 7KH�QXPEHU� RI� DWRPV� SHU� XQLW� FHOO� LQ� GLIIHUHQW�
W\SHV�RI�XQLW�FHOOV�DUH��

� � � � I� ����E� ����H� ���DQG�V� ��

� �'���� �F�� �� )URP�JHRPHWU\�ZH�FDQ�SURYH�WKDW��U� �
a

2 2
� � � � ∴� U�� ��

0 410
2 1 414
.
.×

� �������QP

� '��� �G�� �� � 1R��RI�;�DWRPV��  ����º�
1
8
� ����

� � � � �� 1R��RI�<�DWRPV��  ����º�
1
8
� ����

� � � � �� 1R��RI�=�DWRPV��  ����º�
1
2
� ��

� � � � �� )RUPXOD� �;����<����=��� ��;�<=��

� '��� �D�� ��
r
r
( )
( )
Rb
Br

�

�
� �
148
195

� �������&�1����DERYH�������

� � � �
r
r
( )
( )
K
Br

�

� � �
137
195

� �������

� � � � � � �&�1����EHWZHHQ�������y�������
� '��� �F�� �� IFF�DUUDQJHPHQW�KDV���DWRPV�SHU�XQLW�FHOO�ZKLOH�EFF�

DUUDQJHPHQW�KDV���DWRPV�SHU�XQLW�FHOO��7KHUHIRUH��
UDWLR�EHWZHHQ�DWRPV�LV�������RU��������+HUH�GHQVLW\�
GRHV�QRW�PDNH�DQ\�GLIIHUHQFH�

3DVVDJH�,,�

� '��� �E�� �� � 9RO��RI�XQLW�FHOO�  ������º���y���FP���

� � � � �  ���º���y���FP�

� � � � �� �0DVV�RI�DQ�DWRP�  �
24 0

24 1023
.

×
� ���º���y���J�

� � � � ��1R��RI�DWRPV�LQ�IFF� ���

� � � � 0DVV�RI�XQLW�FHOO� ���º���º���y��� ���º���y���J�

� � � � �� 'HQVLW\��  ��
4 10
1 10

23

24
"
"

�

� � ����J�FPy�

� '��� �F�� �� �� 9RO��RI�XQLW�FHOO� �������º���y����� ���º���y���FP�

� � � � �9ROXPH�RI�����J�RI�HOHPHQW� �
100
12 5.

� ���FP�

� � � � �� 1R��RI�XQLW�FHOO�� ��
8

8 10 24" �  ���º������

� � � � 1R��RI�DWRPV�LQ�����J� ���º���º������ ���º������

� � � � �1R��RI�DWRPV�LQ�EFF�XQLW�FHOO� ����

&RPSHWLWLRQ�)LOH
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� '��� �E�� �� �� �0DVV�RI�XQLW�FHOO�� �
2 60

6 02 1023
×
×.

� � � � � � 'HQVLW\�� �
Mass
Volume

� � � � � � ����� �
2 60

6 02 1023
×

× ×. V

� � � RU��9� �
2 60

6 02 10 4 223
×

× ×. .
 ������º���y���FP��

3DVVDJH�,,,��

� '��� �E�� �� (IIHFWLYH�QR��RI�DWRPV�SUHVHQW�LQ�XQLW�FHOO�RI�KFS

� � � � �  � ��º�
1
2
�����º��������º�

1
6
� ��

�'���� �D�� �� �9ROXPH�  � %DVH�DUHD�º�+HLJKW

� ������������������������  � 6
3
4

2
2
3

2× × ×a a

� � � �3XWWLQJ�D�  � �U

� � �
6

3
4
2 2

2
3
22" � � " "r r.

�

� � ��������������������������

 " " " 
6

3
4
4 2

2
3
2 24 22 3r r r.

�'���� �G�� �����3DFNLQJ�IUDFWLRQ�LQ�KFS� �����
� � � ∴��9RLG�IUDFWLRQ� ���y������ �����
� � � ∴��(PSW\�VSDFH�LQ�KFS�XQLW�FHOO� �����

� ��� �H�����&RUUHFW�DVVHUWLRQ���=Q6�KDV�IFF�VWUXFWXUH�
� � � &RUUHFW�UHDVRQ���6�y�LRQV�DGRSW�FFS�RU�IFF�DUUDQJHPHQW�

DQG�=Q���LRQV�RFFXS\�DOWHUQDWH�WHWUDKHGUDO�VLWHV�

� ��� �F�����&RUUHFW�UHDVRQ���&Oy�LRQV�LQ�&V&O�KDYH�VLPSOH�FXELF�
DUUDQJHPHQW�

� ��� �D����%RWK�DVVHUWLRQ�DQG�UHDVRQ�DUH�FRUUHFW�
� ��� �F�����&RUUHFW�UHDVRQ���6LQFH�WKHUH�DUH�WZR�WHWUDKHGUDO�

VLWHV� IRU�HDFK�&D��� LRQ�� WKH�QXPEHU�RI�)y� LRQV�DUH�
GRXEOH�WKH�QXPEHU�RI�&D���LRQV�

� ��� �H�����&RUUHFW�DVVHUWLRQ���2FWDKHGUDO�YRLG�LV�ODUJHU�LQ�VL]H�
WKDQ�WHWUDKHGUDO�YRLG�

� � � &RUUHFW�UHDVRQ���&DWLRQV�DUH�JHQHUDOO\�VPDOOHU�WKDQ�
DQLRQV�DQG�WKHUHIRUH�RFFXS\�OHVV�VSDFH�

� ��� �D����%RWK�DVVHUWLRQ�DQG�UHDVRQ�DUH�FRUUHFW�
� ��� �D����%RWK�DVVHUWLRQ�DQG�UHDVRQ�DUH�FRUUHFW�
� ���� �F����&RUUHFW�UHDVRQ���,Q�)UHQNHO�DQG�6FKRWWN\�GHIHFW��

WKH�QXPEHU�RI�FDWLRQV�DQG�DQLRQV�UHPDLQV�WKH�VDPH�

,QWHJHU�7\SH�RU�1XPHULFDO�9DOXH�7\SH�4XHVWLRQV

������������� 'HQVLW\�  �
Mass
Volume

������J�FP��PHDQV�LQ���FP��$J� ������J

� 1R��RI�DWRPV�LQ���FP��� �
10.5
108

NA

� 1R��RI�DWRPV�LQ���FP�� �
10.5
108

NA
)
+*

/
10

1
3

� 1R��RI�DWRPV�LQ���FP��  �
10.5
108

NA
)
+*

/
10

2
3

�1R��RI�DWRPV�LQ���y���P��RU���y��FP��

� �  �
10.5
108

NA
)
+*

/
10

�
2
3 810×

� �  �
10.5 .

108
× ×

×
6 022 10

10
23

2
3

8)

+*
/

10
�

� �  � �����º����

∴� [�  � �

������������7KHUH�DUH��1D��LRQ�DQG��&Oy�LRQV�SHU�XQLW�FHOO��7RWDO�1D��
DQG�&Oy�LRQV�DUH������

�����������,W�FRUUHVSRQGV�WR�IFF�XQLW�FHOO��7KHUHIRUH��WKH�QXPEHU�RI�
DWRPV�SUHVHQW�SHU�XQLW�FHOO�LV����

���� ���� �� 6LQFH� UDGLXV� UDWLR� OLHV� EHWZHHQ� ������ y� ������� LWV�
FRRUGLQDWLRQ�QXPEHU�LV����

������������6XSSRVH�QXPEHU�RI�DWRPV�1�LQ�KFS�ODWWLFH� �Q
� � 1R��RI�WHWUDKHGUDO�YRLGV� ��Q

� � � 1R��RI�0�DWRPV�  �
2
3
2

4
3

× n
n=

� � � )RUPXOD�  � M N4
3
n n �RU�M N4

3
1 �RU�0�1��

� � 7RWDO�QXPEHU�RI�0�DQG�1�DWRPV� ���
�����������,Q�RQH�KFS�XQLW�FHOO��WKHUH�DUH���DWRPV�
� � 1R��RI�RFWDKHGUDO�YRLGV�  � �
� � 1R��RI�WHWUDKHGUDO�YRLGV�  � �
� � 'LIIHUHQFH�  � ���y��� ���
������������� &RRUGLQDWLRQ�QR��LQ�FFS�  � ��
� � &RRUGLQDWLRQ�QR��LQ�KFS�  � �
� � 5DWLR�  � ������ ���
�����������6XSSRVH�WKH�DWRPV�<�LQ�FFS� �Q
� � 1R��RI�WHWUDKHGUDO�YRLGV�  � �Q
� � 1R��RI�;�DWRPV�  � �Q��
� � )RUPXO�;���Q<Q�RU�;�<�

� ∴� D���E�  � �

������������&RQWULEXWLRQ�RI�DWRPV�RQ�WKH�FRUQHUV� � 8
1
8
1" 
 ��

� �6LQFH�DWRPV�RQ�WKH�ERG\�GLDJRQDO�DUH�QRW�VKDUHG�E\�DQ\�
RWKHU�XQLW�FHOO�DQG�WKHUH�DUH�IRXU�ERG\�GLDJRQDOV��WKHLU�
FRQWULEXWLRQ�SHU�XQLW�FHOO� ��

� ∴� 7RWDO�QXPEHU�RI�DWRPV�LQ�WKH�XQLW�FHOO� ������� ���

��������������$�WUXQFDWHG�RFWDKHGURQ�KDV����IDFHV����UHJXODU�KH[DJRQV�
DQG���VTXDUHV������HGJHV�DQG����YHUWLFHV�

�����������9ROXPH�RI�XQLW�FHOO� ������º���y�����FP�

� � 0DVV�RI�HOHPHQW�  � ����J

� � 'HQVLW\�RI�HOHPHQW�  � ��J FPy�

� �9ROXPH�RI�����J�RI�HOHPHQW� �
256
�

 ����FP�

� 1R��RI�XQLW�FHOOV� �
32

400 10
10
3

"� ��
 ���º������XQLW�FHOOV

� 6LQFH�WKH�VWUXFWXUH�LV�IFF��QXPEHU�RI�DWRPV�SUHVHQW�LQ�D�
XQLW�FHOO� ��

� 1R��RI�DWRPV�LQ�����J� ���º������º��

� ������������������������������������� ���º������DWRPV

&RPSHWLWLRQ�)LOH



51.+&�56#6' �����

�����������������0;�KDYLQJ�1D&O�VWUXFWXUH

� � 1R��RI�0��LRQV� �������1R��RI�;y�LRQV� ��

� � )RU�VWUXFWXUH�=�FRQVWUXFWHG�IURP�0;

� �L�� $IWHU�UHPRYLQJ�DOO�;y�LRQV�H[FHSW�WKH�FHQWUHG�RQH�

� �� 1R��RI�0��LRQV� ������1R��RI�;y�LRQV� ��

� �LL�� 1R��RI�IDFH�FHQWUHG�0��LRQV�UHPRYHG� ��º�
1
2
� ��

� �� 1R��RI�0��LRQV�UHSODFHG�E\�;y�LRQV� ��
� �∴� 1R��RI�0��LRQV�OHIW� ������1R��RI�;y�LRQV� ������� ��

� �LLL�� 1R��RI�FRUQHUV�0��LRQV� 8
1
8
1" 
 �

� �� 1R��RI�0��LRQV�OHIW� �y� ��������1R��RI�;y�LRQV� ��

� ��LY�� 5HSODFLQJ�FHQWUDO�;y�E\�0�

� �� 1R��RI�0��LRQV� ���� ��������1R��RI�;y�LRQV� �y� �

� ��
No.of X ions

No.of M ions
+

−

� �
3
1
� �����

1&(57�([HPSODU�3UREOHPV���0&4V�7\SH�,

� ��� �E���� &U\VWDOOLQH�VROLGV�DUH�QRW�LVRWURSLF�LQ�QDWXUH��7KHVH�
DUH�DQLVRWURSLF�LQ�QDWXUH�

� ��� �G���� ,Q�DQWLIHUURPDJQHWLVP��WKH�PDJQHWLF�PRPHQWV�DUH�LQ�
D�FRPSHQVDWRU\�ZD\�VR�DV�WR�JLYH�]HUR�QHW�PDJQHWLF�
PRPHQW�EHFDXVH�RI�FDQFHOODWLRQ�RI�LQGLYLGXDO�PDJQHWLF�
PRPHQWV�

� ��� �D���� 4XDUW]�JODVV�LV�DPRUSKRXV�DQG�WKHUHIRUH��UHIUDFWLYH�
LQGH[�LV�VDPH�LQ�DOO�GLUHFWLRQV�

� ���� �E���� *UDSKLWH�LV�D�JRRG�FRQGXFWRU�RI�HOHFWULFLW\�GXH�WR�WKH�
SUHVHQFH�RI�IUHH��p��HOHFWURQV�

� ���� �G���� &U2��VKRZ�HOHFWULFDO�EHKDYLRXU�DV�PHWDOV�
� ���� �E���� 7KH�RYHUDOO�FKDUJH�LV�QHXWUDO�
� ���� �G���� Q�W\SH� RI� VHPLFRQGXFWRU� LV� IRUPHG�ZKHQ� VLOLFRQ� LV�

GRSHG�ZLWK�DWRPV�KDYLQJ�PRUH�WKDQ�IRXU�HOHFWURQV�
�H�J��3��$V��

� ���� �E���� $�IFF�XQLW�FHOO�KDV���DWRPV�SHU�XQLW�FHOO�DQG�HDFK�DWRP�
KDV�WZR�WHWUDKHGUDO�VLWHV��7KHUHIRUH��WKH�QXPEHU�RI�
WHWUDKHGUDO�VLWHV�LQ�IFF�XQLW�FHOO�LV�HLJKW�

� ���� �D���� $J%U�VKRZV�ERWK�6FKRWWN\�GHIHFW�DQG�)UHQNHO�GHIHFW�
� ���� �E���� KFS�DQG�FFS�RFFXS\�����RI�WKH�DYDLODEOH�VSDFH�DQG�

KDYH�PRVW�HIILFLHQW�SDFNLQJ�
� ���� �G���� ,W�KDV�$%�$%�$%�W\SH�RI�DUUDQJHPHQW�DQG�WKHUHIRUH��

IRXUWK�OD\HU�LV�QRW�DOLJQHG�ZLWK�SDUWLFOHV�RI�ILUVW�OD\HU�
� ���� �D����G����,Q�1D&O��ERWK�1D��DQG�&O

y
�LRQV�KDYH�VL[�&�1���G��LV�

DOVR�FRUUHFW��7KH�&�1��RI�ERWK�=Q���DQG�6�y�LRQV�DUH�IRXU�

� ���� �G����(OHFWURQLF�GHIHFWV�DUH�LQWURGXFHG�E\�GRSLQJ�

� ���� �E��� ,Q� IHUURPDJQHWLF� VXEVWDQFHV� RUGHULQJ� RI� PDJQHWLF�
PRPHQWV� PD\� SHUVLVW� HYHQ� ZKHQ� PDJQHWLF� ILHOG�
LV� UHPRYHG�� 7KHUHIRUH�� WKHVH� FDQ� EH� PDJQHWLVHG�
SHUPDQHQWO\�

� ���� �G���� 2SSRVLWH�WR�WKH�GLUHFWLRQ�RI�PDJQHWLF�ILHOG�

� ���� �E���� IFF�������!�EFF�������!�6LPSOH�FXELF��������

� ���� �D��� EHFDXVH�FDWLRQV�DUH�GLVORFDWHG�WR�LQWHUVWLWLDO�VLWHV��

� ���� �G���� ,Q�FFS��WKHUH�DUH�IRXU�DWRPV�SHU�XQLW�FHOO�DQG�WKHUHIRUH�
HLJKW�WHWUDKHGUDO�YRLGV�

� ���� �D���� ,Q�IFF��D� �
4
2
r
�RU�2 2r ��LQ�EFF�D� �

4
3
r
�DQG�LQ�FXELF��

D� ��U�
� ���� �D�� 7KH�FRQGXFWLYLW\�RI�PHWDOV�LV�PXFK�PRUH�WKDQ�WKDW�

RI�LQVXODWRUV�EXW�WKH�FRQGXFWLYLW\�RI�VHPLFRQGXFWRUV�
LV�OHVV�WKDQ�PHWDOV�DQG�PRUH�WKDQ�LQVXODWRUV�

1&(57�([HPSODU�3UREOHPV���0&4V�7\SH�,,

� ���� �F��G���� �F��LV�QRW�WUXH�EHFDXVH�LPSXULW\�GHIHFW�FKDQJHV�WKH�
PDVV�EXW�QRW�WKH�YROXPH�DQG�WKHUHIRUH��GHQVLW\�
FKDQJHV�

� � �� � G��)UHQNHO�GHIHFW�QHLWKHU�FKDQJHV�PDVV�QRU�YROXPH��

� ���� �D��E���� �F��LV�ZURQJ�EHFDXVH�HOHFWURQV�PRYH�WRZDUGV�DQRGH�
DQG�KROHV�PRYH�WRZDUGV�FDWKRGH�

� � ���� �G��LV�DOVR�QRW�WUXH�

� ���� �E��F���� �D��LV�IDOVH�EHFDXVH�VLOLFRQ�GRSHG�ZLWK�HOHFWURQ�ULFK�
LPSXULW\�LV�Q�W\SH�VHPLFRQGXFWRU��

� � �� � �G�� LV� IDOVH� EHFDXVH� FRQGXFWLYLW\� RI� Q�W\SH�
VHPLFRQGXFWRU� LQFUHDVHV� GXH� WR� H[WUD� HOHFWURQV�
DQG�QRW�GXH�WR�YDFDQF\�

� ���� �E��F���� ,Q�1D&O��&Oy�LRQV�KDYH�IFF�DUUDQJHPHQW�DQG�QXPEHU�
RI�&O

y
�LRQV�SHU�XQLW�FHOO� ����1XPEHU�RI�WHWUDKHGUDO�

YRLGV�ZLOO�EH���º��� ���

� � �� � 7HWUDKHGUDO� YRLGV� DUH� GRXEOH� WKH� QXPEHU� RI�
RFWDKHGUDO�YRLGV�

� ���� �D��F���� ,PSXULWLHV�RI�$V�DQG�3�ZKHQ�GRSHG�WR�VLOLFRQ�JLYH��
Q�W\SH�VHPLFRQGXFWRU�

� ���� �D��E��F����6L&��$O1�DQG�GLDPRQG�DUH�FRYDOHQW�QHWZRUN�VROLGV�
� ���� �E��G���� 9DFDQF\�GHIHFW�DQG�6FKRWWN\�GHIHFW�GHFUHDVH�WKH�

GHQVLW\�

1&(57�([HPSODU�3UREOHPV����
$VVHUWLRQ�5HDVRQ�7\SH�4XHVWLRQV

� ���� �D���� 6LPSOH�FXELF�XQLW�FHOO�KDV�RQH�DWRP�EHFDXVH�WKHUH�
DUH���DWRPV�DW�WKH�FRUQHUV��HDFK�FRQWULEXWLQJ�����

� ���� �E���� *UDSKLWH�LV�D�JRRG�FRQGXFWRU�RI�HOHFWULFLW\�EHFDXVH�
RI�WKH�SUHVHQFH�RI�p�HOHFWURQV�

� ���� �F���� 5HDVRQ�LV�QRW�FRUUHFW�WKRXJK�DVVHUWLRQ�LV�FRUUHFW�

� ���� �E���� %RWK�DVVHUWLRQ�DQG�UHDVRQ�VWDWHPHQWV�DUH�FRUUHFW�EXW�
UHDVRQ�LV�QRW�FRUUHFW�H[SODQDWLRQ�IRU�WKH�DVVHUWLRQ�

� ���� �F���� $VVHUWLRQ�LV�FRUUHFW�EXW�WKH�UHDVRQ�LV�QRW�WKH�FRUUHFW�
H[SODQDWLRQ�RI�DVVHUWLRQ��7KLV�LV�EHFDXVH�LQWHUPHGLDWH�
FRQGXFWLYLW\�RI�VHPLFRQGXFWRUV�LV�GXH�WR�VPDOO�HQHUJ\�
JDS�EHWZHHQ�ILOOHG�YDOHQFH�EDQG�DQG�HPSW\�FRQGXFWLRQ�
EDQG�

� qqq�

&RPSHWLWLRQ�)LOH
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� ��� :KDW�LV�WKH�PD[LPXP�FRRUGLQDWLRQ�QXPEHU�RI�DQ�DWRP�LQ�D�KFS�FU\VWDO�VWUXFWXUH�RI�DQ�HOHPHQW"� ���

� ��� %RWK�GLDPRQG�DQG�UKRPELF�VXOSKXU�DUH�FRYDOHQW�VROLGV�EXW�WKH�ODWWHU�KDV�YHU\�ORZ�PHOWLQJ�SRLQW�WKDQ�WKH�IRUPHU��
:K\"� ���

� ��� :K\�LV�)UHQNHO�GHIHFW�QRW�IRXQG�LQ�SXUH�DONDOL�PHWDO�KDOLGHV"� ���

� ��� $�JURXS����HOHPHQW�LV�WR�EH�FRQYHUWHG�LQWR�Q�W\SH�VHPLFRQGXFWRU�E\�GRSLQJ�ZLWK�D�VXLWDEOH�LPSXULW\��7R�ZKLFK�

JURXS�VKRXOG�WKLV�LPSXULW\�EHORQJ"� ��

� ��� +RZ�GR�WKH�VWUXFWXUHV�RI�TXDUW]�DQG�TXDUW]�JODVV�GLIIHU�IURP�HDFK�RWKHU�� ���

� ��� &DOFXODWH�WKH�SDFNLQJ�HIILFLHQF\�IRU�ERG\�FHQWUHG�FXELF�DUUDQJHPHQW�� ���

� ��� $QDO\VLV�RI�D�PHWDO�R[LGH�VKRZV�LWV�HPSLULFDO�IRUPXOD�0����2�����&DOFXODWH�WKH�SHUFHQWDJH�RI�0
���DQG�0���LRQV�LQ�

WKH�FU\VWDO�� ���

� ��� :KDW�DUH�6FKRWWN\�DQG�)UHQNHO�GHIHFWV"�+RZ�GRHV�GHQVLW\�RI�D�VROLG�JHW�DIIHFWHG�E\�WKHVH�GHIHFWV"� ���

� ��� :KDW� LV� WKH�GLIIHUHQFH� EHWZHHQ�DQWL�IHUURPDJQHWLF� DQG� IHUURPDJQHWLF� VXEVWDQFHV"�:KDW� LV� WKH� FDXVH� RI� WKLV�

GLIIHUHQFH"� ���

����� )HUULF�R[LGH�FU\VWDOOL]HV�LQ�D�KH[DJRQDO�FORVH�SDFNHG�DUUD\�RI�R[LGH�LRQV�ZLWK�WZR�RXW�RI�HYHU\�WKUHH�RFWDKHGUDO�

YRLGV�RFFXSLHG�E\�IHUULF�LRQV��'HULYH�WKH�IRUPXOD�RI�WKH�IHUULF�R[LGH�� ���

����� $Q�HOHPHQW�FU\VWDOOL]HV�LQ�D�ERG\�FHQWUHG�FXELF�VWUXFWXUH�ZLWK�D�FHOO�HGJH�RI�����SP��7KH�GHQVLW\�RI�WKH�HOHPHQW�

LV�����J�FPy���+RZ�PDQ\�DWRPV�DUH�SUHVHQW�LQ�����J�RI�WKH�HOHPHQW�"� ��

����� ([SODLQ�

� � � �L�� 6RPH�RI�WKH�YHU\�ROG�JODVV�REMHFWV�DSSHDU�VOLJKWO\�PLON\�LQVWHDG�RI�EHLQJ�WUDQVSDUHQW�

� � � �LL�� =LQF�R[LGH�H[KLELWV�HQKDQFHG�HOHFWULFDO�FRQGXFWLYLW\�RQ�KHDWLQJ�

� � ��LLL�� &G&O��ZLOO�LQGXFH�6FKRWWN\�GHIHFW�LI�DGGHG�WR�VLOYHU�FKORULGH�FU\VWDO�� ���

����� ([SODLQ�WKH�IROORZLQJ�WHUPV�ZLWK�VXLWDEOH�H[DPSOHV���

� � � �L�� )HUULPDJQHWLVP

� � � �LL�� ,QWULQVLF�FRQGXFWLRQ�RI�VROLGV

� � ��LLL�� )HUURPDJQHWLVP�� ���

����� 1LRELXP�FU\VWDOOL]HV� LQ�ERG\� FHQWUHG� FXELF� VWUXFWXUH�� ,I� LWV�GHQVLW\� LV������J�FPy��� FDOFXODWH�DWRPLF� UDGLXV�RI��
QLRELXP�JLYHQ�LWV�DWRPLF�PDVV����X�� ���

����� &KURPLXP�PHWDO�FU\VWDOOLVHV�LQ�ERG\�FHQWUHG�FXELF�ODWWLFH��7KH�OHQJWK�RI�WKH�XQLW�FHOO�HGJH�LV�IRXQG�WR�EH�����SP��
FDOFXODWH�WKH�DWRPLF�UDGLXV��:KDW�ZRXOG�EH�WKH�GHQVLW\�RI�FKURPLXP�LQ�J�FPy��"��$WRPLF�PDVV�RI�&U� �������������

����� �D�� ,I�WKH�UDGLXV�RI�RFWDKHGUDO�YRLG�LV�U�DQG�WKH�UDGLXV�RI�WKH�DWRPV�LQ�WKH�FORVH�SDFNLQJ�LV�5��GHULYH�D�UHODWLRQVKLS�
EHWZHHQ�U�DQG�5��

� �E�� :KDW�LV�D�VHPLFRQGXFWRU�"�'HVFULEH�WKH�WZR�PDLQ�W\SHV�RI�VHPLFRQGXFWRUV�DQG�FRQWUDVW�FRQGXFWLRQ�PHFKDQLVP�

LQ�WKHP�� ���

7LPH�$OORZHG�����+UV� 0D[LPXP�0DUNV�����

►� �7R�FKHFN�\RXU�SHUIRUPDQFH��VHH�+,176�$1'�62/87,216�72�620(�48(67,216�DW�WKH�HQG�RI��

3DUW�,�RI�WKH�ERRN�


