
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Raman and Mössbauer spectroscopic studies of tungsten doped Ni–Zn nano ferrite

Pathania, A., Rana, K., Bhalla, N., Thakur, P., Estrela, P., Mattei, J. L., Queffelec, P., & Thakur, A. (2017).
Raman and Mössbauer spectroscopic studies of tungsten doped Ni–Zn nano ferrite. Journal of Materials
Science: Materials in Electronics, 28(1), 679-685. https://doi.org/10.1007/s10854-016-5574-2

Link to publication record in Ulster University Research Portal

Published in:
Journal of Materials Science: Materials in Electronics

Publication Status:
Published (in print/issue): 01/01/2017

DOI:
10.1007/s10854-016-5574-2

Document Version
Author Accepted version

General rights
Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy
The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 09/04/2024

https://doi.org/10.1007/s10854-016-5574-2
https://pure.ulster.ac.uk/en/publications/2a50a1b1-2d79-4723-a3ec-9cce7b0e26c5
https://doi.org/10.1007/s10854-016-5574-2


�

5DPDQ�DQG�0 VVEDXHU VSHFWURVFRSLF VWXGLHV�RI�WXQJVWHQ�GRSHG�1L�=Q�1DQR IHUULWH�

$EKLODVK�3DWKDQLD����� .XVK�5DQD�����1LNKLO�%KDOOD�����3UHHWL�7KDNXU���3HGUR�(VWUHOD���-HDQ�/XF�

0DWWHL���3DWULFN�4XHIIHOHF�� $WXO�7KDNXU�

�6FKRRO�RI�0HFKDQLFDO�DQG�&LYLO�(QJLQHHULQJ��6KRROLQL�8QLYHUVLW\� 6RODQ���������,QGLD
�+LPDOD\DQ�&HQWUH�RI�([FHOOHQFH�LQ�1DQRWHFKQRORJ\��6KRROLQL�8QLYHUVLW\� 6RODQ���������,QGLD

�1DQRWHFKQRORJ\�:LQJ��,QQRYDWLYH�6FLHQFH�5HVHDUFK�6RFLHW\��6KLPOD���������,QGLD
� 0LFUR�%LR�1DQRIOXLGLFV�8QLW 2NLQDZD�,QVWLWXWH�RI�6FLHQFH�DQG�7HFKQRORJ\�

�������7DQFKD��2QQD�VRQ��.XQLJDPL�JXQ 2NLQDZD��-DSDQ���������
�'HSDUWPHQWW�RI�(OHFWURQLF�	�(OHFWULFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�%DWK��%DWK�%$���$<��8QLWHG�

.LQJGRP
�

805�&156���������DY��/H�*RUJHX��&6��������������%5(67�&('(;����)UDQFH

��&RUUHVSRQGLQJ�$XWKRU�

�3UHHWL 7KDNXU

+LPDOD\DQ�&HQWUH�RI�([FHOOHQFH�LQ�1DQRWHFKQRORJ\

6KRROLQL�8QLYHUVLW\

6RODQ��+�3��,1',$

DW�SUHHWL#JPDLO�FRP

3KRQH�����������������
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$EVWUDFW

,Q�WKLV�VWXG\��WXQJVWHQ�VXEVWLWXWHG�1L�=Q�QDQR�IHUULWHV RI�WKH�FRPSRVLWLRQ 1L���=Q���:[)H��[2� ZLWK�

[� ���������������KDYH�EHHQ V\QWKHVL]HG�E\�D�FR�SUHFLSLWDWLRQ�PHWKRG� 7KH�SUHSDUHG�VDPSOHV�ZHUH�

SUH�VLQWHUHG�DW�����&�DQG�WKHQ�DQQHDOHG�DW������& IRU���K�HDFK��7KH�VWUXFWXUDO��PRUSKRORJLFDO�

RSWLFDO�DQG PDJQHWLF�SURSHUWLHV�RI�WKHVH�VDPSOHV�ZHUH�VWXGLHG�E\�XVLQJ�;�UD\�GLIIUDFWLRQ��;5'���

)LHOG� (PLVVLRQ� 6FDQQLQJ� (OHFWURQ�0LFURVFRS\� �)(�6(0��� 7UDQVPLVVLRQ� (OHFWURQ�0LFURVFRS\�

�7(0��� )RXULHU� 7UDQVIRUP� ,QIUDUHG� 6SHFWURVFRS\ �)7,5��� 5DPDQ� VSHFWURVFRS\ �56� DQG�

VSHFWURVFRS\ �06��;5'�UHYHDOHG�WKH�IRUPDWLRQ�RI�VSLQHO�VLQJOH�SKDVH�VWUXFWXUH�ZLWK

DQ� DYHUDJH� FU\VWDOOLWH� VL]H� RI� ������ QP� )RXULHU� 7UDQVIRUP� ,QIUDUHG� 6SHFWURVFRS\ VKRZ� WZR�

SURPLQHQW�SHDNV�SULPDULO\�GXH�WR�WKH�WHWUDKHGUDO�DQG�RFWDKHGUDO�VWUHWFKLQJ�YLEUDWLRQV LQ�WKH UDQJH�

RI���������FP��� 5DPDQ�VSHFWUD WKUHH�5DPDQ�DFWLYH�PRGHV���$�J���(J���7�J��

DW�DURXQG����������DQG�����FP���� SHFWURVFRS\�UHYHDOV�WKDW VXEVWLWXWLRQ�RI�:��IRU�)H��

FDWLRQ�UHVXOWV�LQ�UHGXFWLRQ�RI�WRWDO�PDJQHWLF�PRPHQW�DQG�FRQVHTXHQWO\�WKH�QHW�PDJQHWL]DWLRQ�

.H\ZRUGV� &R�SUHFLSLWDWLRQ��5DPDQ�VSHFWURVFRS\ VSHFWURVFRS\�
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�� ,QWURGXFWLRQ

)HUULWHV� DUH� RQH� RI� WKH�PRVW� LPSRUWDQW PDWHULDOV� RQ� DFFRXQW� RI� WKHLU� UHPDUNDEOH� HOHFWULFDO� DQG�

PDJQHWLF�SURSHUWLHV��1L =Q�IHUULWHV�DUH YHUVDWLOH�VRIW�IHUULWH�PDWHULDOV LQYHVWLJDWHG�H[WHQVLYHO\�GXH�

WR�WKHLU�ORZ�GLHOHFWULF�ORVVHV�DQG�KLJK�UHVLVWLYLW\�>�@��3UHVHQWO\��WKHVH�PDWHULDOV�DUH���ODUJHO\�VWXGLHG�

DW�QDQRVFDOH WR�LPSURYH�SURSHUWLHV�IRU�GLYHUVH�DSSOLFDWLRQV�VXFK�DV�HOHFWURPDJQHWLF�LQWHUIHUHQFH�

�(0,�� VXSSUHVVLRQ�� JDV� VHQVLQJ� DQG� ELRPHGLFDO� V\VWHPV� >���@�� 7KH� VWUXFWXUDO� DQG� PDJQHWLF�

SURSHUWLHV�RI�WKHVH�IHUULWHV�DUH�KLJKO\�VHQVLWLYH�WR�WKH�PHWKRG�RI�SUHSDUDWLRQ��VLQWHULQJ�SDUDPHWHUV

DQG�WKH�DPRXQW�RI PHWDO�R[LGHV FRQVWLWXHQWV��1DQR�IHUULWHV�FDQ�EH�SUHSDUHG�E\�PHWKRGV�VXFK�DV�

FLWUDWH JHO� PHWKRGV�� VWDQGDUG� FHUDPLF� WHFKQLTXHV�� FR�SUHFLSLWDWLRQ�� SRO\PHULF� DVVLVWHG� URXWHV��

K\GURWKHUPDO� PHWKRGV�� UHYHUVH� PLFHOOHV� SURFHVV�� PLFUR�HPXOVLRQ� PHWKRGV� DQG� ZHW� FKHPLFDO�

PHWKRGV�>����@��&R�SUHFLSLWDWLRQ�PHWKRG�LV�D�VLPSOH�DQG�WKH�PRVW�HFRQRPLFDO�PHWKRG�WR�SURGXFH�

VWRLFKLRPHWULF� DQG� XQLIRUP� IHUULWHV�� ,Q� WKLV� WHFKQLTXH�� WKH�PL[LQJ� RI�PHWDO� LRQV� WDNHV� SODFH� DW�

DWRPLF�VFDOH��ZKLFK�SURGXFHV�KRPRJHQHRXV�PDWHULDO�RI�QDQR�FU\VWDOOLWH�VL]H��<X�HW� DO� �����DQG�

<DQJ� HW� DO� ���� KDYH� VXFFHVVIXOO\� V\QWKHVL]HG� QDQR� FXEHV� RI�&R� VXEVWLWXWHG�)H�2�� ZLWK� VL]H�

UDQJLQJ�IURP��������QP�

7XQJVWHQ�R[LGH�LV�D�Q�W\SH�VHPLFRQGXFWLQJ�PDWHULDO��ZKLFK�ILQGV�SRWHQWLDO�DSSOLFDWLRQV�LQ�

GXH� WR� LWV FKHPLFDO�FRPSRVLWLRQ� DQG� FU\VWDOOLQH� VWUXFWXUH� >������@��

$PRQJ�WUDQVLWLRQ�PHWDO�R[LGHV�VXFK�DV�:2� >��@�DQG�1L2�>��@�KDYH�DWWUDFWHG�LQFUHDVLQJ�DWWHQWLRQ�

DV�WKH\�H[KLELW�PRUSKRORJLFDO��RSWLFDO�DQG�HOHFWURQLF�SURSHUWLHV�VXLWDEOH�IRU�RUJDQLF�RSWRHOHFWURQLF�

GHYLFHV��,QGHHG��WKH�FU\VWDOOLQH�SKDVH�RI�:2��SOD\V�D�PDMRU�UROH�LQ�FDWDO\VWV�>��@�JDV�VHQVLQJ >��@�

DQG�K\GURJHQ�SURGXFWLRQ� >��@� )X�HW� DO� KDYH�VWXGLHG� WKH�HIIHFW�RI� WXQJVWHQ�RQ�1L�=Q� IHUULWHV�

+RZHYHU��WKHLU�LQYHVWLJDWLRQ�ZDV�OLPLWHG�WR�GLHOHFWULF�DQG�PDJQHWLF�VWXG\�RI�1L���=Q���:[)H [2�

�ZKHUH�[  ���������������������DQG�������E\�RQH�VWHS�V\QWKHVLV >��@� 7R�WKH�EHVW�RI�RXU�NQRZOHGJH��
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QR�UHSRUW�LV�DYDLODEOH�RQ�KLJKHU�FRQFHQWUDWLRQ�GRSLQJ�RI�WXQJVWHQ�LQ�1L�=Q�IHUULWHV�PDWUL[�DQG�WKHLU�

VSHFWURVFRSLF�DQDO\VLV��7KHUHIRUH��LQ�WKH�SUHVHQW�ZRUN��VWUXFWXUDO�DQG�VSHFWURVFRSLF�SURSHUWLHV�RI

KLJK�FRQFHQWUDWLRQ�WXQJVWHQ�GRSHG�1L =Q�IHUULWHV�KDYH�EHHQ�LQYHVWLJDWHG���

��([SHULPHQWDO�

�����6\QWKHVLV�RI�1L���=Q���:[)H��[2�

7XQJVWHQ�VXEVWLWXWHG�1L� =Q�IHUULWH�VHULHV�RI�FRPSRVLWLRQ�1L���=Q���:[)H��[2� ZLWK�[� �

�������� DQG ����ZDV SUHSDUHG�E\�D�FR�SUHFLSLWDWLRQ�PHWKRG��+LJK�SXULW\�FKHPLFDOV� QLFNHO�FKORULGH�

KH[DK\GUDWH�� ]LQF� FKORULGH�� WXQJVWHQ� WULR[LGH� DQG� LURQ� �,,,�� FKORULGH� KH[DK\GUDWH�ZHUH� XVHG LQ�

SURSHU� VWRLFKLRPHWULF� SURSRUWLRQ� DQG�GLVVROYHG� LQ� WKH�ERLOLQJ�VROXWLRQ�RI������0�1D2+�XQGHU�

YLJRURXV� VWLUULQJ� IRU� ��� PLQXWHV�� )ROORZLQJ WKLV�� WKH VXVSHQVLRQ� ZDV� FRROHG� WR DQ� DPELHQW�

WHPSHUDWXUH� DQG�SUHFLSLWDWH�ZDV�ZDVKHG� FDUHIXOO\�ZLWK� GLVWLOOHG�ZDWHU VHYHUDO� WLPHV� WR� UHPRYH�

LPSXULWLHV��7KH�PL[WXUH�ZDV�WKHQ�FHQWULIXJHG DQG�WKH�UHVLGXH�ZDV�GULHG�LQ�DQ�HOHFWULFDO�RYHQ�DW�

���&�IRU�RYHUQLJKW���7KH�SRZGHUV�ZHUH�SUH�VLQWHUHG�DW�����&�IRU��K�DW�D�KHDWLQJ�DQG�FRROLQJ�UDWH�

RI�����&�K��7KHVH�SRZGHUHG�VDPSOHV ZHUH�SUHVVHG�LQWR�SHOOHWV�XQGHU�D�SUHVVXUH�RI����03D�XVLQJ�

D XQLD[LDO�K\GUDXOLF�SUHVV��7KHVH�SHOOHWV ZHUH�VLQWHUHG�DW������&�IRU�DQRWKHU���K�DW�D�KHDWLQJ�DQG�

FRROLQJ�UDWH�RI�����&�K�LQ�D�PXIIOH�IXUQDFH��

����&KDUDFWHUL]DWLRQ

;�UD\� GLIIUDFWLRQ� �;5'�� PHDVXUHPHQWV� ZHUH� SHUIRUPHG� RQ� DQ� ;�SHUW� 3UR� 3DQ� DQDO\WLFDO�

7KH� 7UDQVPLVVLRQ� (OHFWURQ� 0LFURVFRS\� �7(0��

FKDUDFWHUL]DWLRQV ZHUH�FDUULHG�RXW�XVLQJ���N9�7UDQVPLVVLRQ�HOHFWURQ�PLFURVFRSH��0RGHO��-(2/�

86$� ����)�� 6WUXFWXUDO� PRUSKRORJ\� RI� IHUULWH� VDPSOHV� ZHUH� H[DPLQHG� E\� XVLQJ� 0,5$��
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7(6&$1�)7�,5�VSHFWUD�ZHUH�UHFRUGHG�XVLQJ�D�3HUNLQ�(OPHU�VSHFWURSKRWRPHWHU�LQ�WKH�UDQJH�����

����FP����+25,%$�-2%,1�9<21�/$%5$0�+5�ZDV XVHG�WR�VWXG\�5DPDQ�VSHFWUD��0DJQHWLF�

SURSHUWLHV� RI� WKHVH� VDPSOHV� ZHUH� VWXGLHG� E\� XVLQJ� :,66(/� 0|VVEDXHU� VSHFWURPHWHU�� 7KH�

HYDOXDWLRQV�RI�WKH�0|VVEDXHU VSHFWUD�ZHUH�SHUIRUPHG�E\�026:,11 FRGH�

�� 5HVXOWV�DQG�'LVFXVVLRQ

)LJ� � VKRZV�WKH�;5'�SDWWHUQV�RI�1L���=Q���:[)H��[2��[� ����������������VDPSOHV�SUHSDUHG�E\�

D� FR�SUHFLSLWDWLRQ�PHWKRG�� 7KH�;5'�SDWWHUQV�ZHUH� IRXQG WR� SRVVHVV�ZHOO� UHVROYHG�� VKDUS� DQG�

LQWHQVH�SHDNV�FRUUHVSRQGLQJ�WR�SODQHV� ������� ��������������������� ������� ������DQG�������ZKLFK�

LQGLFDWHG�WKH�SUHVHQFH�RI�FXELF� VSLQHO�VWUXFWXUH�ZLWKRXW� WKH�SUHVHQFH�RI�DQ\�LPSXULW\��$�VLQJOH�

SKDVH� VSLQHO� VWUXFWXUH� ZDV PDLQWDLQHG� ZLWK� WXQJVWHQ LRQ� VXEVWLWXWLRQ LQVLGH� WKH 1L�=Q� IHUULWH�

PDWUL[��7KLV�LQGLFDWHV�WKDW� WXQJVWHQ LRQV DUH SURSHUO\�GLVVROYHG�LQ�WKH�ODWWLFH�VWUXFWXUH�RI�1L�=Q�

IHUULWH�V\VWHPV��7KH�FU\VWDOOLWH�VL]H�RI�WKH�PDLQ SHDN�������LV�FDOFXODWHG�

IRUPXOD�>��@�DQG�WKH�YDOXHV�DUH�OLVWHG�LQ�7DEOH���

FRV

N
' ���

:KHUH

KDOI�PD[LPD��7KH�;5'�DQDO\VLV�VKRZHG�WKDW�WKH�FU\VWDOOLWH�VL]HV�GHFUHDVH�XQLIRUPO\ IURP����QP�

WR����QP�ZLWK�WXQJVWHQ�VXEVWLWXWLRQ�IURP�[� ���WR�[� ����� UHVSHFWLYHO\� 7KH�GHFUHDVH�LQ�FU\VWDOOLWH�

VL]H�LV�GXH�WR WKH VPDOOHU LRQLF�UDGLL�RI�WXQJVWHQ�������c��WKDQ�)H�� ������c��

>��@� 7KH�FDOFXODWHG�YDOXH�IRU�WKH�ODWWLFH�SDUDPHWHU�LV�IRXQG�

WR�EH��������c DW�[� ��� ZKLFK�UHPDLQV�FRQVWDQW ZLWK�LQFUHDVH�LQ�WXQJVWHQ GRSLQJ� 7KH�DYHUDJH�

ODWWLFH�VWUDLQ�H[SHULHQFHG�E\�QDQRIHUULWHV�ZDV�FDOFXODWHG�E\�XVLQJ�WKH�+DOO� :LOOLDPVRQ�SORW�XVLQJ�

WKH�IRUPXOD�>��@�
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VLQ�

FRV
/6 ���

ZKHUH WKDW�

WKH�FRPSUHVVLYH�VWUDLQ�LV�H[SHULHQFHG�E\�WKH�VLQWHUHG�VDPSOHV��DV�VKRZQ�LQ�)LJ� ���7KLV�FRPSUHVVLYH�

VWUDLQ LV�DWWULEXWHG�WR WKH�YDULDWLRQ�RI�)H�� LRQV�LQ�WKH�WHWUDKHGUDO�DQG�RFWDKHGUDO�VLWHV�GXH�WR�JUDLQ�

VL]H�UHGXFWLRQ��$QRWKHU�UHDVRQ�IRU�VXFK�EHKDYLRU�RI QDQRVFDOH�IHUULWHV�PD\�DOVR EH�GXH�WR�LQFUHDVHG�

GHJUHH�RI�LQYHUVLRQ�>��@�

)LJV�� �D����E��DQG��F��VKRZ WKH�7(0 LPDJH�RI�1L���=Q���)H�2�� 7KH�LPDJH�LQGLFDWHV�WKDW�

WKH� SDUWLFOHV� DUH� FXELF LQ� VKDSH� QDUURZO\� GLVWULEXWHG� DQG� DJJORPHUDWHG� WR� VRPH� H[WHQW�� 7KLV�

DJJORPHUDWLRQ�FDQ�EH�GXH�WR�WKH�PDJQHWLF�GLSROH�LQWHUDFWLRQV�DULVLQJ�EHWZHHQ�IHUULWH�SDUWLFOHV�>��@��

7KH�HVWLPDWHG�DYHUDJH�SDUWLFOH�VL]HV�DUH�DURXQG��� QP��7KLV�UHVXOW�DJUHHV�ZHOO�ZLWK�WKDW HVWLPDWHG

E\�;5' PHDVXUHPHQWV��

)LJV����D��� �E��DQG� �F�� LOOXVWUDWH WKH�)(6(0 PLFURJUDSKV�RI�QHDUO\ FXELF VKDSHG�1L�=Q�

IHUULWHV� QDQRSDUWLFOHV�ZLWK� H[FHOOHQW� KRPRJHQRXV� FU\VWDOOLQH� VWUXFWXUH�� )XUWKHUPRUH�� WKH� IHUULWH�

DJJORPHUDWLRQ�GXH�WR�WKH�LQWHUDFWLRQV�RI�PDJQHWLF�QDQRSDUWLFOHV�

)LJ� ��VKRZV�WKH�LQIUDUHG�VSHFWUD RI�WKH�LQYHVWLJDWHG�IHUULWHV LQ�WKH�UDQJH����� ����FP����

7KHUH�DUH�RQO\�WZR�PDLQ�IUHTXHQF\�EDQGV�� �	 �� WKDW�FRUUHVSRQG�WR�WKH�LQWULQVLF YLEUDWLRQV�RI�

WHWUDKHGUDO� DQG� RFWDKHGUDO� )H��� 2�� FRPSOH[HV� UHVSHFWLYHO\�� DQG� DUH W\SLFDO� FKDUDFWHULVWLF� RI�

IHUULWHV� 7KH�YDOXHV�RI�DEVRUSWLRQ�EDQG�IUHTXHQF\�LV�JLYHQ�LQ 7DEOH����7KH�DEVRUSWLRQ�EDQG�DW�����

FP��ZDV� DVVLJQHG� WR� WHWUDKHGUDO� VLWHV� ZKHUH� LQWULQVLF� VWUHWFKLQJ� YLEUDWLRQV� RI� WKH� PHWDO� ZHUH�

REVHUYHG��:KHUHDV� WKH� EDQG�REVHUYHG� DW����FP�� ZHUH� DVVLJQHG� WR� RFWDKHGUDO�PHWDO� VWUHWFKLQJ�

FRUUHVSRQGLQJ�WR�ERQG EHQGLQJ�YLEUDWLRQV >��@��7KH�LQFUHDVLQJ� � VKRZ WKDW�WKH�QRUPDO�

PRGH� RI� YLEUDWLRQ� RI� WKH� WHWUDKHGUDO� FOXVWHU� LV� PRUH� WKDQ� WKDW� RI� WKH� RFWDKHGUDO� FOXVWHU�� 7KLV�
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LQGLFDWHV�WKDW WKH�WHWUDKHGUDO�FOXVWHU�KDV�D VKRUWHU�ERQG�OHQJWK�WKDQ WKDW�RI�WKH�RFWDKHGUDO�FOXVWHU�

>�� � LV�DWWULEXWHG�WR�WKH�VWDUFKLQJ�YLEUDWLRQ�RI�)H�� � 2��
�

WR�WKDW�RI�RFWDKHGUDO�VLWH�� � DQG � UHPDLQ�VDPH ZLWK WXQJVWHQ�LRQV�

GRSLQJ LQGLFDWLQJ�DOO�WKH�WXQJVWHQ�LRQV�DUH�SURSHUO\�DEVRUEHG�LQ�WKH�FXELF�ODWWLFH

5DPDQ� VSHFWURVFRS\ SURYLGHV� WKH� VWUXFWXUDO� SURSHUWLHV� RI�PDWHULDOV� DQG� WR� LGHQWLI\� WKH�

PLFURVFRSLF� YLEUDWLRQV� FDXVHG� E\� WKH� VOLJKW� VWUXFWXUH� GLVWRUWLRQ� 5DPDQ� YLEUDWLRQDO�PRGHV� IRU�

WHWUDKHGUDO�DQG�RFWDKHGUDO�VLWHV�DUH�WDEXODWHG�LQ�7DEOH�����)LJ� ��VKRZV WKDW�DOO�VDPSOHV�KDYH�PRUH�

WKDQ�ILYH�5DPDQ�DFWLYH�PRGHV�SUHGLFWHG�E\�JURXS�WKHRU\�LQ�WKH�QRUPDO�VSLQHO�VWUXFWXUH���7KH WKUHH

PDMRU�SHDNV��$�J ��(J ��7�J��DW�DURXQG����������DQG�����FP���ZKLFK�LV�DSSUR[LPDWHO\�VLPLODU�WR�

WKH�UHVXOWV�REWDLQHG�E\�=KDQJ�HW�DO��>��@���7KH�PRGH�$�J��a����FP����LV�GXH�WR�V\PPHWULF�VWUHWFKLQJ�

RI�R[\JHQ�DWRPV�DORQJ�)H 2�ERQGV >������@� 7KH�PRGH�(J �a����FP����LV�GXH�WR�V\PPHWULF�EHQGLQJ�

RI�R[\JHQ�ZLWK�)H�DQG�WKH�PRGH�7�J �����a����FP����LV�GXH�WR�DV\PPHWULF�EHQGLQJ�RI�)H��1L��2�

ERQGV��7�J �����a����FP����LV�GXH�WR���WUDQVODWLRQDO�PRWLRQ�RI���WKH�ZKROH�WHWUDKHGURQ��5DPDQ�PRGHV�

DW�7�J ���� DQG�7�J ���� DUH� DEVHQW��7KH� DEVHQFH� RI� WKHVH�PRGHV�PD\�EH� DWWULEXWHG� WR� WKH� FDWLRQ

LQYHUVLRQ�DQG�DOVR�GXH�WR�WKH�HIIHFW�RI�VPDOO�FU\VWDOOLWHV��ZKLFK OHDGV�WR�WKH�EURDGHQLQJ�RI�PRGHV��

7KH�EURDG�VKRXOGHUV�EHORZ�$�J DQG�7�J� ��

DQG�a����FP����UHVSHFWLYHO\��2QH�SHDN�FRUUHVSRQGV�WR�WKH�XQLW�FHOO�ZLWK�DOO�)H�LRQV�DQG�WKH�RWKHU�

RQH�WR� WKH�XQLW�FHOO�ZLWK�PL[HG�)H�DQG�1L�LRQV��7KHVH�VHFRQGDU\�EDQGV�DW� ORZ�HQHUJ\�VLGH�DUH�

DWWULEXWHG�WR�VHFRQG�RYHUWRQH�RI�$�J�DQG�7�J ����PRGHV�DQG�LQGLFDWH�LQYHUVH�VSLQHO�VWUXFWXUH�>��@�

0RVVEDXHU�VSHFWURVFRS\ LV���YDVWO\�VHQVLWLYH�WR�VPDOO�YDULDWLRQV�LQ�HOHFWURQ�GHQVLW\�DW�WKH�

LURQ� QXFOHXV�� GXH� WR� GLIIHUHQW� HOHFWURQLF� DQG� VWUXFWXUDO� HQYLURQPHQWV�� )LJ� �� VKRZV�

VSHFWUD�RI�DOO� WKH�SRZGHU� VDPSOHV�DQQHDOHG�DW� WHPSHUDWXUH�RI������&�� VSHFWURVFRS\�
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LQWHUDFWLRQ�EHWZHHQ�WKH�QXFOHXV�DQG�LWV�QHLJKERULQJ�HOHFWURQV��7KH���DUHD�XQGHU�WKH�0RVVEDXHU�VXE�

VSHFWUXP�ZHUH�XVHG�WR�FDOFXODWH�SHUFHQW�VLWH�RFFXSDQF\�RI�LRQV�DQG�DFWXDO�FKHPLFDO�FRPSRVLWLRQ�

RI���WXQJVWHQ�GRSHG�1L�=Q IHUULWH� /LQH�ZLGWKV�DQG�DUHD�ZHUH�FRQVLGHUHG�IRU�WKH�%�VLWH�EHFDXVH�RI�

WKH�GLVWULEXWLRQ�RI�VH[WHWV�RQ�%�VLWH� 7KH�EHVW�ILW�FRXOG�EH�REWDLQHG�E\�HPSOR\LQJ�WZR�VH[WHWV��$��

DQG��%��LQ�WKH�0 VVEDXHU 6SHFWUD�LQGLFDWLQJ�WKH�GLVWULEXWLRQ�RI�LQWHUDWRPLF�VSDFLQJ�DQG�GLVWULEXWHG�

ORFDO� HQYLURQPHQW� RI� )H� FDWLRQ�� 7KH� VH[WHW�$�ZDV� DWWULEXWHG� WR� WHWUDKHGUDO� VLWH�ZKLOH� VH[WHW� %�

WRZDUGV�RFWDKHGUDO�VLWH�>��@���,W�LV�ZHOO�NQRZQ�WKDW�HDFK�$�VLWH�LRQ�KDV����%�VLWH�QHLJKERUV�LQ�LWV�

LPPHGLDWH�VXUURXQGLQJV�DQG�HDFK�%�VLWH�LRQ�KDV���$�VLWH�QHDUHVW�QHLJKERUV��)H���$� 2� )H���%��

H[FKDQJH� LQWHUDFWLRQ� EHWZHHQ� LURQ� LRQV� LV� NQRZQ� WR� EH� WKH� VWURQJHVW�� ZKHUHDV� $ $� DQG� % %�

LQWHUDFWLRQV�EHWZHHQ�LURQ�LRQV�YLD��R[\JHQ�LRQV�DUH�UHODWLYHO\�ZHDNHU��7KH�OLQH�ZLGWK�RI�WKH ��)H�

VSHFWUD� LV� XVHIXO� IRU� WKH�HVWLPDWLRQ�RI FDWLRQ�GLVRUGHU� HIIHFWV RQ�ERWK�PDJQHWLF� DQG�

HOHFWULF�LQWHUDFWLRQV��$FFRUGLQJ�WR�WKH� VSHFWUD��WKH�IUDFWLRQDO�DUHD�RI�WKH�WHWUDKHGUDO�VLWHV�

ZDV�GHFUHDVHG�IURP����WR��� DQG�WKH�IUDFWLRQDO�DUHD�RI�RFWDKHGUDO�VLWH�ZHUH�LQFUHDVHG�IURP����WR�

�� ZLWK�WKH�GRSLQJ�RI�WXQJVWHQ�HOHPHQWV��7KLV�VLWH�SUHIHUHQFH�RFFXSDQF\�FRQILUPHG�WKH�UHGXFWLRQ�

RI�)H�� FDWLRQ�LQ�RFWDKHGUDO�VLWH�DQG�LW�LV�FRQFOXGHG�WKDW�WKH�WXQJVWHQ�LRQV SUHIHUUHG�WR�RFFXS\�WKH�

RFWDKHGUDO�VLWH��7KH�WXQJVWHQ�HOHPHQWV�DUH�FDWHJRUL]HG�LQ�SDUDPDJQHWLF�VWDWH�DQG�KDYH�GRZQ�VSLQ�

FRQILJXUDWLRQ��LQ�VSLWH�RI�WKH�IDFW�WKDW�)H�� FDWLRQV�KDYH�IHUURPDJQHWLF�FKDUDFWHULVWLFV��DQG�DOVR�KDYH�

XS�VSLQ�FRQILJXUDWLRQ��+RZHYHU� WKH�VXEVWLWXWLRQ�RI�)H���FDWLRQ�E\�:�� FDWLRQV�UHVXOWV�LQ�UHGXFWLRQ�

RI WRWDO�PDJQHWLF�PRPHQW��&RQVHTXHQWO\� WKH�PDJQHWL]DWLRQ�LQ�RFWDKHGUDO�VLWH�ZDV�GHFUHDVHG��7KH�

OLQH� ZLGWK� RI� WHWUDKHGUDO� VLWH� LV� GHFUHDVLQJ� DQG� LQFUHDVLQJ� LQ� RFWDKHGUDO VLWH� ZLWK� LQFUHDVH� LQ�

WXQJVWHQ FRQFHQWUDWLRQ��7KLV�PD\�EH�DWWULEXWHG�WR�WKH�FKDQJH�RI�)H�� LRQV�DW�$�DQG�%�VLWHV��7KH�

OG��+HII��

DUH� FRPSXWHG� DQG� WDEXODWHG� LQ�7DEOH� ���7KH�)H�� LRQV� SUHVHQW� LQ�$� DQG�%�VLWH�DUH� H[SHFWHG� WR�
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H[SHULHQFH�D�GLVWULEXWLRQ�LQ� WKH�PDJQHWLF�K\SHUILQH�ILHOG�GXH� WR�GLIIHUHQW�QXPEHUV�QRQPDJQHWLF�

�=Q����DQG�PDJQHWLF��1L����QHLJKERUV�DQG�GLIIHUHQW�GHJUHHV RI�FROOHFWLYH�PDJQHWLF�H[FLWDWLRQ�IRU�

WKH�VDPSOHV�KDYLQJ�ZLGH�SDUWLFOH�VL]H�GLVWULEXWLRQV��7KH�LVRPHU�VKLIW�SURYLGHV�FKDQJHV�RFFXUUHG�LQ�

WKH�FKHPLFDO�HQYLURQPHQW�RI� WKH�VSLQHO� ODWWLFH�GXH�WR�VXEVWLWXWLRQ�RI� WXQJVWHQ��%XW�WKH�REVHUYHG�

FKDQJHV�LQ�WKH�LVRPHU VKLIW�YDOXHV�ZLWK�WKH�VXEVWLWXWLRQ�RI�WXQJVWHQ�LRQV�DSSHDU�WR�EH�YHU\�VPDOO���

7KLV�LQIHUV�WKDW�WXQJVWHQ LRQV�ZRXOG�QRW�GLVWXUE�WKH�FKHPLFDO�HQYLURQPHQW�DURXQG�HDFK�$�DQG�HDFK�

%� VXE� ODWWLFH� LQ� WKH� VSLQHO� ODWWLFH��+HQFH�� QR� DSSUHFLDEOH� FKDQJH� LQ� WKH� LVRPHU VKLIW� KDV� EHHQ�

QRWLFHG�

&RQFOXVLRQ

7XQJVWHQ GRSHG�1L�=Q�QDQR�IHUULWHV�1L���=Q���:[)H��[2� ZLWK�[ ��������	 ����DUH V\QWKHVL]HG�E\�

FR�SUHFLSLWDWLRQ�PHWKRG��7KH�FU\VWDOOLWH�VL]H�RI�WKH�VDPSOHV�GHFUHDVHV�IURP����QP�WR����QP�ZLWK�

LQFUHDVH�LQ�WXQJVWHQ�LRQV GRSLQJ��7KLV LV�EHFDXVH�WKH�LRQLF�UDGLXV RI�WXQJVWHQ�������c��LV�OHVV�WKDQ�

)H�� ������c���7KH�FDOFXODWHG�YDOXH�IRU�WKH�ODWWLFH�SDUDPHWHU�LV�IRXQG�WR�EH��������c DW�[� ��� ZKLFK�

LV�DOPRVW�PDLQWDLQHG ZLWK�LQFUHDVH�LQ�WXQJVWHQ GRSLQJ� 7KH�ODWWLFH�VWUDLQ�RI�WKH�VLQWHUHG�SRZGHU�

VKRZV�WKH�QHJDWLYH�VORS�ZKLFK�LQGLFDWHV�FRPSUHVVLYH�VWUDLQ�LQ�DOO�WKH�VDPSOHV� 7(0�LPDJHV�VKRZ

DJJORPHUDWLRQ WR� VRPH� H[WHQW ZLWK SDUWLFOH� VL]H� DURXQG� �� QP� 6(0� PLFURJUDSKV� VKRZ

KRPRJHQRXV�FU\VWDOOLQH� VWUXFWXUH��)7�,5� WHFKQLTXH�ZDV�XVHG�WR� ORFDWH� WKH�EDQG�SRVLWLRQ�RI� WKH�

LQWULQVLF�YLEUDWLRQV�RI�WHWUDKHGUDO�DQG�RFWDKHGUDO�JURXSV�UHVSHFWLYHO\��)7�,5�VSHFWUD�ZHUH�UHFRUGHG�

LQ�WKH�UDQJH����� ����FP����7KHUH�LV�QR�FKDQJH�LQ�IUHTXHQF\�EDQGV ���DQG �� ZLWK�WXQJVWHQ�

GRSLQJ�LQGLFDWLQJ�WKDW�WKHVH�LRQV�DUH�SURSHUO\�DEVRUEHG�LQ�WKH�FXELF�ODWWLFH��5DPDQ�VSHFWURVFRS\�

SURYLGHV� WKH� PLFURVFRSLF� YLEUDWLRQV� FDXVHG� E\� WKH� VOLJKW� VWUXFWXUH� GLVWRUWLRQ� 7KH�

VSHFWUD� UHYHDOV� WKDW� DOO� WKH� VDPSOHV� VKRZ�EURDGHQHG� VL[� OLQH� SDWWHUQV� DQG� H[KLELWV� D� K\VWHUHWLF�

EHKDYLRU��LQGLFDWLQJ�WKDW�LW�KDV�IHUURPDJQHWLF�SKDVH�
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$FNQRZOHGJPHQW�

$XWKRUV�DUH�JUDWHIXO�WR�WKH�'HSDUWPHQW�RI�6FLHQFH�DQG�7HFKQRORJ\��'67���*RYHUQPHQW�RI�

,QGLD��IRU�WKH�ILQDQFLDO�VXSSRUW�YLGH�VDQFWLRQ�QR�6(5%�)�������������� $XWKRUV�DUH�DOVR�

WKDQNIXO�WR�3URI��0DKDYLU�6LQJK�DQG�KLV�WHDP�IRU�KHOSLQJ�XV�LQ�
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5HIHUHQFHV�

�� $WXO�7KDNXU��3UHHWL�7KDNXU��-HQ�+ZD�+VX�-� $SSO� 3K\V� �������$���������

�� '��6WRSSHOV�-��0DJQ��0DJQ��0DWHU��������� ����������

�� .�+��/HH��'�+���&KR��6�6��-HXQJ�-��0DWHU��6FL��/HWW������� ���������

�� 7�-��6KLQGH��$�%��*DGNDUL��3�1��9DVDPEHNDU�-��0DJQ��0DJQ��0DWHU�� ������� ����������

�� 7���)HF]NR��$��0XVNRWDO��/��*DO��-��6]HSYROJ\L��$���6HEHVWLHQ��)��9RQGHUYLVH�-� 1DQR�5HV�

������ ����������

�� .XVK�5DQD��3UHHWL�7KDNXU��3DUXO�6KDUPD��0��7RPDU��9��*XSWD��$WXO�7KDNXU��&HUDP� ,QW����

���� ����������

�� $WXO�7KDNXU��3UHHWL0DWKXU��0��6LQJK��,QG� -�3XUH�$SS��3K\V������������������

�� $��7KDNXU��3��7KDNXU��-�+��+VX�6FULSWD0DWHU� ��� �������������

�� 0��0R]DIIDUL��-��$PLJKLDQ�-��0DJQ��0DJQ��0DWHU������ ����������������

��� $WXO� 7KDNXU�� 3DUXO� 6KDUPD�� 3UHHWL� 7KDNXU�,QW�� -��0RG� 3K\V� %�� ���� ���������������

�������

��� 0���+DVKLP��$OLPXGGLQ��6��.XPDU��%�+��.RR��6�(��6KLUVDWK��(�0���0RKDPPHG��-�6KDK��

5�.��.RWQDOD��+�.��&KRL��+��&KXQJ��5��.XPDU��-��$OOR\��&RPSG�������� �� �������

��� 0�-��,TEDO��6��)DURRT��0DWHU��6FL���(QJ��%����� ��� ���� �������

��� $VKLVK�6DLQL��.XVK�5DQD��$WXO�7KDNXU��3UHHWL�7KDNXU��-HDQ�/XF�0DWWHL��3DWULFN�4XHIIHOHF�

0DWHU� 5HV��%XOO� ������������ ��

��� <��<X��$��0HQGR]D�*DUFLD��%��1LQJ��6��6XQ��$GYDQFHG�0DWHULDOV�������������������

��� :��<DQJ��<��<X��/��:DQJ��&��<DQJ��+��/L� 1DQRVFDOH��������������������

��� :��.LP��-�.��.LP��<��/LP��,�3DUN��<�6��&KRL��-�+��3DUN�6RO���(QHUJ\�0DWHU���6RO��&HOOV�

���� �� �����������
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��

��� 0��9DVLORSRXORX��'���'DYD]RJORX�0DWHU��6FL���6HPLFRQG����� ���� �������������

��� 1��/L��7��6WXEKDQ��1�$��/XHFKLQJHU��6�&��+DOLP��*�-��0DWW��7��$PHUL�� &�-�%UDEHF�2UJ���

(OHFWURQ����� ���� ���� �������

��� 7�� 5LSROOHV�6DQFKLV�� $�� *XHUUHUR�� (�$]DFHWD�� 5�� 7HQD�=DHUD�� *�� *DUFLD�%HOPRQWH�6RO���

(QHUJ\�0DWHU��6RO��&HOOV����� ��� ����������

��� '�%����+HUQDQGH]�8UHVWL��'����6iQFKH]�0DUWtQH]��$���0DUWtQH]�GH�OD���&UX]��6�6HS~OYHGD�

*X]PiQ��/�0�7RUUHV�0DUWtQH]� &HUDP��,QW����� � �� �������

��� 1���'DWWD��1���5DPJLU��0���.DXU��0���5R\����5���%KDWW��6���.DLODVDJDQDSDWKL��$�.�'HEQDWK��

'�.��$VZDO��6�.��*XSWD� 0DWHU��&KHP��3K\V������ ��� ����������

��� 1��1DVHUL��+��.LP��:��&KRL��$�=��0RVKIHJK��,QW��-�+\GURJ��(QHUJ\���� ���� �����������

��� ;LXOL� )X�� +XLOLQ*H�� 4LQJNDL� ;LQJ�� =KLMLDQ3HQJ�0DWHU�� 6FL� DQG� (QJJ� %�� ����� ����

����������

��� 6�� 6�� 7KDNXU��$��3DWKDQLD�� 3��7KDNXU��$�� 7KDNXU�� -�+��+VX�&HUDP� ,QW� ���� �����������

�������

��� 0�$��*DEDO��5(GD�0��(O�6KLVKWDZ\��<�0��$O�$QJDUL�-��0DJQ��0DJQ��0DWHU����� ������

���� �������

��� $�� 3DWKDQLD�� 3�� 7KDNXU�� $�� 6KDUPD�� -�+�� +VX�� $�� 7KDNXU�&HUDP� ,QW� ��� ������

������������

��� $�7KDNXU��3�7KDNXU��-�+��+VX�=��3K\V��&KHP��������������������� ������

��� $WXO�7KDNXU��3UHHWL�7KDNXU��-HQ�+ZD�+VX�,(((7UDQV��0DJ���������������������

��� 5��,VODP��0�$��+DNLP��+�1��'DV��0�$��0DPXQ� -��$OOR\��&RPSG������ ����������������

��� 6�$�0D]HQ��6�)��0DQVRXU��(��'KDKUL��+�0��=DNL��7�$�(OPRVDODPL� -��$OOR\V&RPSG������

��������������
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��� 6�6�� .XPEKDU�� 0�$�� 0DKDGLN�� 9�� 6�� 0RKLWH�� <�0�� +XQJH�� .�<�� 5DMSXUH�� &�� +��

%KRVDOH�0DWHU��5HV���%XOO������ ������������

��� *�5DQD��8��&��-RKUL�-��$OOR\V�&RPSG������� ��� ����������

��� =�:��:DQJ��3��/D]RU��6�.��6D[HQD��*��$LUWROL��-��6ROLG�6WDWH�&KHP������ ��������������

��� $�� $KODZDW�� 9�*�� 6DWKH�� 9�5�� 5HGG\�� $�� *XSWD�-�� 0DJQ�� 0DJQ�� 0DWHU�� ���� �����

�����������

��� 6��6LQJKDO��6��.��%DUWKZDO��.��&KDQGUD��-��0DJQ��0DJQ��0DWHU����� �� ����������
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)LJ� &DSWLRQV

)LJ��������;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�1L���=Q���:[)H��[2� �[ ��������������

)LJ����� +DOO� :LOOLDPVRQ�3ORWV IRU�1L���=Q���:[)H��[2� �[ �������������

)LJ�����7(0�LPDJHV�IRU�1L���=Q���:[)H��[2��[ �������������

)LJ�����)(6(0�LPDJHV�IRU�1L���=Q���:[)H��[2��[ �������������

)LJ�����)7,5�VSHFWUD�RI�1L���=Q���:[)H��[2� �[ �������������

)LJ�����5DPDQ�VSHFWUD�RI�1L���=Q���:[)H��[2� �[ �������������

1L���=Q���:[)H��[2� �[ �������������

���
���
���
���
���
���
���
���
���
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��



��

/LVW�RI�7DEOHV�

7DEOH���2EVHUYHG� YDOXHV�RI�FU\VWDOOLWH�6L]H�� WKHRUHWLFDO� GHQVLWLHV�H[SHULPHQWDO� GHQVLWLHV�
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