
This is the Author's Pre-print version of the following article: C.F. Sánchez-

Valdés, R.R. Gimaev, M. López-Cruz, J.L. Sánchez Llamazares, V.I. Zverev, 

A.M. Tishin, A.M.G. Carvalho, D.J.M. Aguiar, Y. Mudryk, V.K. Pecharsky, The 

effect of cooling rate on magnetothermal properties of Fe49Rh51, Journal 

of Magnetism and Magnetic Materials, Volume 498, 2020, 166130, which 

has been published in final form at: 

https://doi.org/10.1016/j.jmmm.2019.166130   

 

© 2020 This manuscript version is made available under the Creative 

Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC 

BY-NC-ND 4.0) license http://creativeco mmons.org/licenses/by-nc-nd/4.0/  



ϭ�
�

7KH�HIIHFW�RI�FRROLQJ�UDWH�RQ�PDJQHWRWKHUPDO�SURSHUWLHV�RI�)H��5K���
�

&�)��6iQFKH]�9DOGpV�D�5�5��*LPDHY�E�F�0��/ySH]�&UX]�G�-�/��6iQFKH]�/ODPD]DUHV�G�
�9�,��=YHUHY�H�

�$�0��

7LVKLQ�F�H�$�0�*��&DUYDOKR�I��'�-�0��$JXLDU�J�<��0XGU\N��K�DQG�9�.��3HFKDUVN\�K�
 

aDivisión Multidisciplinaria, Ciudad Universitaria, Universidad Autónoma de Ciudad Juárez (UACJ), calle José de Jesús Macías 
Delgado # 18100, Ciudad Juárez 32579, Chihuahua, México 
bNational Research Center “Kurchatov Institute” Moscow, 123182, Russia 
cAdvanced Magnetic Technologies and Consulting LLC, 142190, Promyshlennaya 4, Troitsk, Russia. 
dInstituto Potosino de Investigación Científica y Tecnológica A.C., Camino a la Presa San José 2055, Col. Lomas 4ª, San Luis 
Potosí, S.L.P. 78216, México. 
eFaculty of Physics, M.V. Lomonosov Moscow State University, 119991, Leninskie gory 1-2, Moscow, Russia. 
fDepartamento de Engenharia Mecânica, Universidade Estadual de Maringá, 87020-900, Maringá, PR, Brazil���
gUniversidade Tecnológica Federal do Paraná, UTFPR, CEP 84017-220, Ponta Grossa, PR, Brazil. 
KAmes Laboratory of the US DOE and Department of Materials Science and Engineering, Iowa State University, Ames, IA 50011-
3020, U.S.A.��
�

�&RUUHVSRQGLQJ�DXWKRU��,QVWLWXWR�3RWRVLQR�GH�,QYHVWLJDFLyQ�&LHQWtILFD�\�7HFQROyJLFD�$�&���&DPLQR�D�OD�3UHVD�6DQ�-RVp������&RO��
/RPDV����VHFFLyQ��6DQ�/XLV�3RWRVt��������6DQ�/XLV�3RWRVL��0p[LFR��(�PDLO�DGGUHVV��MRVH�VDQFKH]#LSLF\W�HGX�P[��-�/��6iQFKH]�
/ODPD]DUHV��MRVH�VDQFKH]#LSLF\W�HGX�P[���


�&RUUHVSRQGLQJ�DXWKRU��)DFXOW\�RI�3K\VLFV��0�9��/RPRQRVRY�0RVFRZ�6WDWH�8QLYHUVLW\����������/HQLQVNLH�JRU\������0RVFRZ��
5XVVLD��(�PDLO�DGGUHVV��YL�]YHUHY#SK\VLFV�PVX�UX��9ODGLPLU�=YHUHY��YL�]YHUHY#SK\VLFV�PVX�UX���

�
�

$%675$&7��:H�KDYH�LQYHVWLJDWHG�WKH�HIIHFWV�RI�TXHQFKLQJ�UDWH�RQ�WKH�WKHUPDO�GHSHQGHQFH�RI�WKH�PDJQHWLF�

HQWURS\�FKDQJH�'S0�T��DQG�WKH�PDJQHWLF�ILHOG�LQGXFHG�K\VWHUHVLV�ORVV�WKURXJK�WKH�DQWLIHUURPDJQHWLF��$)0��

ļ�IHUURPDJQHWLF��)0��WUDQVIRUPDWLRQ�LQ�EXON�)H��5K����7ZR�QHDUO\�LGHQWLFDO�VTXDUH�SULVP�VKDSHG�VDPSOHV�

ZHUH�VXEMHFWHG�WR�WZR�GLIIHUHQW�WHPSHUDWXUH�FRROLQJ�UHJLPHV��RQH�ZDV�UDSLGO\�TXHQFKHG��)4��LQ�LFHG�ZDWHU�

DQG�DQRWKHU�VORZ�FRROHG��6&��WR�URRP�WHPSHUDWXUH�DW�D�FRROLQJ�UDWH�RI���.�PLQ��7KH�WHPSHUDWXUH�RI�WKH�

$)0ļ)0�WUDQVLWLRQ�LV�VLPLODU�IRU�ERWK�VDPSOHV��EXW�WKH�)4�VDPSOH�VKRZV�PXFK�VKDUSHU�WHPSHUDWXUH��DQG�

PDJQHWLF�ILHOG�LQGXFHG�PDJQHWL]DWLRQ�FKDQJH��LQ�DGGLWLRQ��WKH�WRWDO�PDJQHWL]DWLRQ�FKDQJH�LV������ODUJHU��,Q�

)4�PDWHULDO��WKH�PDJQHWRFDORULF�HIIHFW��L�H���'S0�T��TXLFNO\�DSSURDFKHV�VDWXUDWLRQ�DERYH���7�DQG�VKRZV�D�

ODUJH� SHDN� YDOXH� DW� �� 7� ������ YHUVXV� ���� -NJ��.��� LQ� 6&�PDWHULDO��� EXW� D� ODUJHU� DYHUDJH� K\VWHUHVLV� ORVV�

�HL!):+0�LQ�WKH�WHPSHUDWXUH�UDQJH�FRLQFLGLQJ�ZLWK�RI�WKH�IXOO�ZLGWK�DW�KDOI�PD[LPXP�RI�WKH�'S0�T��FXUYH����

�
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1HDUO\�HTXLDWRPLF�)H����[5K[�DOOR\V��DW������L�H���ZKHQ������[�������KHQFHIRUWK�)H5K�DV�D�JURXS��ZLWK�

WKH�RUGHUHG�&V&O�W\SH�FU\VWDO�VWUXFWXUH��DOVR�NQRZQ�DV�%��RU��D��SKDVH��VKRZ�UHPDUNDEOH�PDJQHWRFDORULF�

HIIHFWV� �0&(V�� QHDU� URRP� WHPSHUDWXUH� �57��� ZKLFK� DUH� DVVRFLDWHG� ZLWK� PDJQHWRHODVWLF� ILUVW�RUGHU�

DQWLIHUURPDJQHWLF�ļ�IHUURPDJQHWLF��$)0ļ)0��SKDVH�WUDQVLWLRQV�>�±�@��5HFHQW� WKHRUHWLFDO�FDOFXODWLRQV�

VXJJHVW�WKDW�WKH�FXELF�%��W\SH�ODWWLFH�RI�)H5K�H[KLELWV�SUHPDUWHQVLWLF�LQVWDELOLW\�DURXQG�57��DQG�EHFRPHV�

XQVWDEOH� DW� DPELHQW� SUHVVXUH�� WUDQVIRUPLQJ�PDUWHQVLWLFDOO\� DW� ORZ� WHPSHUDWXUH� LQWR� DQ� RUWKRUKRPELFDOO\�

GLVWRUWHG�YDULDQW�RI�WKH�%��VWUXFWXUH�>�@��(QHUJHWLFDOO\��WKH�RUWKRUKRPELF�VWUXFWXUH�LV�RQO\�D�IHZ�PH9�DWRP�

EHORZ�WKDW�RI�WKH�LGHDO�FXELF�%��W\SH�VWUXFWXUH��)RU�FRPSDULVRQ��WKLV�HQHUJ\�GLIIHUHQFH�LV�PRUH�WKDQ�RQH�

RUGHU�RI�PDJQLWXGH�ORZHU�WKDQ�WKH�ODWHQW�KHDW�RI�WKH�ZHOO�GRFXPHQWHG�$)0�ļ�)0�WUDQVLWLRQ�>�@��(DUOLHU�

H[SHULPHQWDO� UHVXOWV� UHJDUGLQJ� WKH� WRWDO� HQWURS\�� WKH� LVRWKHUPDO� HQWURS\� FKDQJH� DQG� WKH� DGLDEDWLF�

WHPSHUDWXUH�FKDQJH��DQG�WKH�VWUXFWXUDO�WUDQVLWLRQ�WHPSHUDWXUH��DPRQJ�RWKHU�SURSHUWLHV�RI�)H�5K��DJUHH�ZLWK�

WKH�SURSRVHG�VWUXFWXUDO�PRGHO�>�@��

� 6WUXFWXUDO�LQVWDELOLWLHV��WKHUHIRUH��DSSHDU�WR�EH�LQWULQVLF�WR�)H�5K��DQG�WKH\�PD\�KDYH�D�VLJQLILFDQW�

LPSDFW� RQ� WKHLU� PDJQHWLF� DQG� PDJQHWRFDORULF� SURSHUWLHV�� 2QH� RI� WKH� PDLQ� WDVNV� RI� WKLV� ZRUN� LV� WR�

H[SHULPHQWDOO\�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�FU\VWDOORJUDSKLF�LQVWDELOLWLHV�RQ�WKH�$)0�ļ�)0�SKDVH�WUDQVLWLRQ�

DQG�D�SRVVLEOH�HIIHFW�RI�VDPSOH�KLVWRU\�DQG�FU\VWDO�VWUXFWXUH�RQ�WKH�PDJQHWLF�HQWURS\�FKDQJH��ǻS0��RI�EXON�

)H��5K����(VWDEOLVKLQJ�D�FOHDU�FRUUHVSRQGHQFH�EHWZHHQ�WKH�SUHSDUDWLRQ�FRQGLWLRQV�DQG�WKH�UHVXOWLQJ�FU\VWDO�

VWUXFWXUHV�LV�QRW�RQO\�LQWHUHVWLQJ�IXQGDPHQWDOO\��EXW�LW�LV�FULWLFDO�IRU�WKH�V\QWKHVLV�RI�)H�5K�PDWHULDOV�ZLWK�

WKH�PD[LPXP�SRVVLEOH�PDJQHWRFDORULF�HIIHFWV��

7KH�ODUJH�0&(�LQ�WKH�WLWOH�PDWHULDO�RULJLQDWHV�IURP�D�ILUVW�RUGHU�$)0ļ)0�WUDQVLWLRQ�DFFRPSDQLHG�

E\�H[FKDQJH�LQYHUVLRQ�DVVRFLDWHG�ZLWK�D�WHPSHUDWXUH�LQGXFHG�XQLW�FHOO�YROXPH�FKDQJH�RI�DSSUR[LPDWHO\�����

�� ZKLOH� UHWDLQLQJ� WKH� FXELF� %��W\SH� V\PPHWU\� DQG� VWUXFWXUH� ZLWK� RQO\� PLQRU� FKDQJHV� RI� LQWHUDWRPLF�

GLVWDQFHV�� 7KH� QDWXUH� RI� WKLV� WUDQVLWLRQ� LV�� WKHUHIRUH�� PDJQHWRHODVWLF� >�±�@�� 2ULJLQDOO\�� WKH� VWUXFWXUDO��

PDJQHWLF� DQG�PDJQHWRFDORULF�EHKDYLRUV�RI�ERWK�EXON� DOOR\V� DQG� WKLQ� ILOPV�RI�)H�5K�KDYH�EHHQ�EURDGO\�

LQYHVWLJDWHG�LQ�WKH������V��EXW�RYHU�WKH�ODVW�IHZ�\HDUV�WKHUH�KDV�EHHQ�DQ�XSWLFN�RI�LQWHUHVW�LQ�WKHVH�PDWHULDOV�

ZLWK�WKH�PDLQ�JRDO�WR�EHWWHU�XQGHUVWDQG�WKH�SK\VLFDO�RULJLQ�V��RI�WKHLU�UHPDUNDEOH�PDJQHWRFDORULF�UHVSRQVH�

>����±��@��ZKLFK� LV�ERWK�RI� VFLHQWLILF� DQG� WHFKQRORJLFDO� LPSRUWDQFH��/DUJH�PDJQHWLF� ILHOG�LQGXFHG�SHDN�

YDOXHV�RI�ERWK�WKH�PDJQHWLF�HQWURS\�FKDQJH��~'S0SHDN~��>���±����@�DQG�WKH�DGLDEDWLF�WHPSHUDWXUH�FKDQJH��

_'TDGSHDN_��RI����±����-NJ��.�����KHUH��WKH�HOHFWURQLF�FRQWULEXWLRQ�FDQ�EH�DV�KLJK�DV���-NJ��.���>�����@��DQG�����

�����.��UHVSHFWLYHO\��IRU�WKH�UHIHUHQFH�PDJQHWLF�ILHOG�FKDQJH��PR'H��RI���7�KDYH�EHHQ�UHSRUWHG��7KH�ODUJHVW�

YDOXH� RI�'TDGSHDN�  � ����.� DW� WKH�PDJQHWLF� ILHOG� FKDQJH� RI� ��7�ZDV� DOVR� UHSRUWHG� LQ� >��@��%XW� WKH�PRVW�
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VLJQLILFDQW� IHDWXUH� LQ� WKLV� VHQVH� LV� WKH� IDFW� WKDW� )H�5K� KROGV� WKH� UHFRUG� LQ� WKH� H[SHULPHQWDOO\�PHDVXUHG�

'TDGSHDN�ZKHQ�FRPSDUHG�ZLWK�WKH�YDOXHV�REWDLQHG�IRU�DQ\�RWKHU�ILUVW�RUGHU�PDJQHWRFDORULF�PDWHULDO�>����@���

5HYLHZLQJ�WKH�OLWHUDWXUH�GHGLFDWHG�WR�)H�5K�DOOR\V�LQ�EXON�IRUP�RQH�TXLFNO\�UHDOL]HV�WKDW�WKHUH�DUH�QR�

V\VWHPDWLF�VWXGLHV�RQ� WKH�FRUUHODWLRQ�EHWZHHQ�V\QWKHVLV�SDUDPHWHUV�DQG� WKH�FKDUDFWHULVWLF� IHDWXUHV�RI� WKH�

$)0ļ)0� SKDVH� WUDQVLWLRQ�� WKLV� UHIHUV� WR� WKH� WHPSHUDWXUH� RI� WKH� WUDQVLWLRQ�� LWV� VKDUSQHVV� DQG� WKH�

PDJQHWL]DWLRQ�MXPS�'M��DQG�WKH�HIIHFW�RI�WKH�PDJQHWLF�ILHOG�RQ�WKH�WUDQVLWLRQ�LWVHOI�>�@��:KDW�LV�HYHQ�PRUH�

LPSRUWDQW��UHSRUWHG�UHVXOWV�DUH�RIWHQ�GLIILFXOW�WR�UHSURGXFH�HYHQ�IROORZLQJ�WKH�V\QWKHVLV�FRQGLWLRQV�GHVFULEHG�

LQ�WKH�SXEOLVKHG�OLWHUDWXUH��7KLV�KDSSHQHG��LQ�IDFW��GXULQJ�WKH�FRXUVH�RI�RXU�VWXG\��,Q�RUGHU�WR�VKHG�OLJKW�RQ�

WKH�RULJLQ�RI�WKH�NQRZQ�LUUHSURGXFLELOLWLHV��D�UHFHQW�VWXG\�KDV�GUDZQ�DWWHQWLRQ�WR�WKH�VLJQLILFDQW�HIIHFW�RI�

ORFDO�VWUHVVHV�LQGXFHG�WKURXJK�WKH�JUDLQ�ERXQGDU\�RQ�WKH�%��SKDVH�ZKHQ�LW�FRH[LVWV�ZLWK�WKH�IFF�J�SKDVH��

>��@��7KH�ODWWHU�LV�D�KLJK�WHPSHUDWXUH�VROLG�VROXWLRQ�SKDVH�WKDW�H[LVWV�RYHU�WKH�HQWLUH�FRPSRVLWLRQ�UDQJH�LQ�

WKH�)H�5K�ELQDU\� V\VWHP� >��@��ZKRVH� ODWWLFH� SDUDPHWHU� FKDQJHV� GHSHQGLQJ� RQ� FRPSRVLWLRQ� DQG� WKHUPDO�

WUHDWPHQW�>��@��

,Q�WKLV�ZRUN��ZH�IRFXV�RQ�WKH�UHIHUHQFH�FRPSRVLWLRQ�)H��5K����DQG�VKRZ�WKDW�WKH�FRROLQJ�UDWH�IURP�WKH�

WKHUPDO� DQQHDOLQJ� WHPSHUDWXUH� ������ .�� VWURQJO\� DIIHFWV� WKH� VKDUSQHVV� RI� WKH� ILUVW�RUGHU� $)0ļ)0�

WUDQVLWLRQ�ZLWK�WKH�FRQVHTXHQW�HIIHFW�RQ�WKH�UHVXOWLQJ�'S0�T��DQG�PDJQHWLF�K\VWHUHVLV�ORVV���

�

�
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$Q�DOOR\�ZLWK�WKH�QRPLQDO�FRPSRVLWLRQ�)H��5K���ZDV�SUHSDUHG�IURP�5K�SRZGHU��������ZW���SXUH��

$PHV�/DERUDWRU\��DQG�)H�FKLSV��������ZW���SXUH��$OGULFK���)LUVW��5K�SRZGHU�ZDV�FROG�SUHVVHG�LQWR�D�VPDOO�

SHOOHW�� 1H[W�� WKH� 5K� SHOOHW� DQG� )H� FKLSV� �ZHLJKHG� WR� DFKLHYH� )H��5K��� VWRLFKLRPHWU\�� ZHUH� DUF�PHOWHG�

WRJHWKHU� XQGHU� KLJK�SXULW\�$U��7KH� VDPSOH�ZDV� UH�PHOWHG� �� WLPHV� WR� HQVXUH� D� UHDVRQDEO\� JRRG� VWDUWLQJ�

KRPRJHQHLW\���7KH�RYHUDOO�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�DV�DUF�PHOWHG�DOOR\�ZDV�FKHFNHG�E\�('6�DQG�LW�ZDV�

DV�QRPLQDO�±�)H��5K���±�ZLWKLQ�WKH�H[SHULPHQWDO�HUURUV�RI�WKH�WHFKQLTXH��)URP�WKH�DUF�PHOWHG�EXON�VDPSOH��

WZR�VTXDUH�SULVPV�ZHUH�FXW�XVLQJ�D�0RGHO�����ORZ�VSHHG�GLDPRQG�ZKHHO�VDZ��WKHLU�DSSUR[LPDWH�GLPHQVLRQV�

ZHUH�����î�����î�����PP���7DNLQJ�LQWR�DFFRXQW�WKDW�WKH�FXWWLQJ�PD\�PHFKDQLFDOO\�GDPDJH�WKH�VXUIDFH�E\�

WUDQVIRUPLQJ�WKH�%��W\SH�VWUXFWXUH�RI�)H5K�LQWR�DQ�IFF�VWUXFWXUH�>��@��ERWK�)H��5K���VDPSOHV�ZHUH�DQQHDOHG�

DW������.�IRU����KRXUV�LQ�VHSDUDWH�TXDUW]�WXEHV�VHDOHG�XQGHU�YDFXXP��$IWHU�WKH�KHDW�WUHDWPHQW��RQH�RI�WKH�

VDPSOHV�ZDV�IDVW�TXHQFKHG��KHQFHIRUWK�)4�VDPSOH��LQWR�DQ�LFH�ZDWHU�PL[WXUH��ZKLOH�WKH�RWKHU�ZDV�VORZO\�

FRROHG��KHQFHIRUWK�6&�VDPSOH��WR�57�DW���.�PLQ��

;�UD\�GLIIUDFWLRQ��;5'��SDWWHUQV�ZHUH�FROOHFWHG�DW�URRP�WHPSHUDWXUH�ZLWK�D�5LJDNX�6PDUWODE�KLJK�

UHVROXWLRQ�GLIIUDFWRPHWHU�XVLQJ�&X�.Į�UDGLDWLRQ��O� ��������c����R�d��T d���R��VWHS�LQFUHPHQW�����R����7KH�
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;5'�GDWD�ZHUH�FROOHFWHG�E\�UHIOHFWLQJ�WKH�;�UD\�EHDP�IURP�RQH�RI�WKH�IODW�VXUIDFHV�RI�WKH�DQQHDOHG�VTXDUH�

SULVP�VKDSHG�VDPSOHV��7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�ODWWLFH�SDUDPHWHU�ZHUH�REWDLQHG�XVLQJ�WKH�;5'��
EHDPOLQH�DW�WKH�%UD]LOLDQ�V\QFKURWURQ�OLJKW�VRXUFH��/1/6���D�GHWDLOHG�GHVFULSWLRQ�RI�ZKLFK�LV�SUHVHQWHG�LQ�

>��@���

'6&�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�RQ�KHDWLQJ�DQG�VXEVHTXHQW�FRROLQJ�LQ�WKH�WHPSHUDWXUH�UDQJH�����

����.�XVLQJ�WKH�'6&�PRGHO�4����IURP�7$�LQVWUXPHQWV��WKH�WHPSHUDWXUH�VZHHS�UDWHV�ZHUH����.�PLQ�IRU�

ERWK�KHDWLQJ�DQG�FRROLQJ��

0DJQHWL]DWLRQ�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�LQ�D���7�4XDQWXP�'HVLJQ�'\QDFRRO��SK\VLFDO�SURSHUW\�

PHDVXUHPHQW� V\VWHP� �3306��� XVLQJ� WKH� YLEUDWLQJ� VDPSOH� PDJQHWRPHWHU� �960�� RSWLRQ�� )RU� WKH�

PHDVXUHPHQWV�FDUULHG�RXW�EHWZHHQ���DQG�����.�WKH�VTXDUH�SULVP�VKDSHG�VDPSOHV�ZHUH�JOXHG�GLUHFWO\�RQ�D�

TXDUW]�SDGGOH�960�VDPSOH�KROGHU�XVLQJ�*(������YDUQLVK��ZKHUHDV�IRU�PHDVXUHPHQWV�DERYH�����.� WKH�

960� RYHQ�ZDV� XVHG� DQG� WKH� VDPSOHV�ZHUH� JOXHG�ZLWK�'XFR� FHPHQW� RQWR� D� KHDWHU� VWLFN�� 7KH� H[WHUQDO�

PDJQHWLF�ILHOG�ZDV�DSSOLHG�DORQJ�WKH�PDMRU�OHQJWK�RI�WKH�VTXDUH�SULVP�VKDSHG�VDPSOHV�WR�PLQLPL]H�WKH�HIIHFW�

RI�WKH�LQWHUQDO�GHPDJQHWL]LQJ�ILHOG��7KH�PDJQHWL]DWLRQ�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH��M�T)��ZDV�PHDVXUHG�

XQGHU�ORZ��PRH� ���P7��DQG�KLJK��PRH� ���7��VWDWLF�PDJQHWLF�ILHOGV�IURP���WR�����.�DQG�IURP�����WR�����

.� ZLWK� WKH� KHDWLQJ� DQG� FRROLQJ� UDWHV� RI� ���� .�PLQ� DQG� ���� .�PLQ�� UHVSHFWLYHO\�� � $� VHW� RI� LVRWKHUPDO�

PDJQHWL]DWLRQ�M�PRH�� FXUYHV�� ZDV� DOVR� PHDVXUHG� DFURVV� WKH� $)0�ļ� )0� WUDQVLWLRQ�� IURP� ZKLFK� WKH�

PDJQHWLF�ILHOG� LQGXFHG� HQWURS\� FKDQJH� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH�� ǻS0�T��� ZDV� GHWHUPLQHG� E\�

QXPHULFDOO\�LQWHJUDWLQJ�0D[ZHOO�UHODWLRQ���7KH�IROORZLQJ�WKHUPDO�F\FOH�ZDV�IROORZHG�WR�PHDVXUH�M�PRH��

DW�HDFK�IL[HG�WHPSHUDWXUH�>��@���L��KHDWLQJ�WR�����.�LQ�D�]HUR�PDJQHWLF�ILHOG�IROORZHG�E\�FRROLQJ�WR�����.��

�LL��KHDWLQJ�DJDLQ�WR�UHDFK�WKH�PHDVXUHPHQW�WHPSHUDWXUH��TPHDV��7KH�KHDWLQJ�DQG�FRROLQJ�UDWHV�GXULQJ�HYHU\�

F\FOH�ZHUH����.�PLQ�H[FHSW�ZKHQ�DSSURDFKLQJ�TPHDV�GXULQJ�WKH�VHFRQG�KHDWLQJ��ZKHUH�WKH�KHDWLQJ�UDWH�ZDV�

DXWRPDWLFDOO\� UHGXFHG� WR� HQVXUH� TPHDV� LV� QRW� H[FHHGHG�� L�H��� WKH� VHW� SRLQWV� ZHUH� DSSURDFKHG� LQ� WKH� QR�

RYHUVKRRW� PRGH�� 7R� HQVXUH� VWDELOLW\� RI� TPHDV� DERYH� ���� .� DQG�� WKHUHIRUH�� WR� DFKLHYH� WUXH� LVRWKHUPDO�

FRQGLWLRQV�EHIRUH�HDFK�ILHOG�GHSHQGHQW�PHDVXUHPHQW��WKH�WHPSHUDWXUH�ZDV�VWDELOL]HG�GXULQJ����PLQXWHV�DW�

HYHU\�VHOHFWHG�TPHDV���'XH�WR�WKH�H[SHFWHG�LPSDFW�RI�WKHUPDO�KLVWRU\�RQ�PHDVXUHPHQW�UHVXOWV�LQ�WKH�YLFLQLW\�

RI�WKH�$)0ļ)0�SKDVH�WUDQVLWLRQ��DOO�H[SHULPHQWV�ZHUH�SHUIRUPHG�VORZO\�WR�HQVXUH�TXDVL�VWDEOH�FRQGLWLRQV�

GXULQJ�FRROLQJ�DQG�KHDWLQJ��PDJQHWL]DWLRQ�DQG�GHPDJQHWL]DWLRQ�LQ�RUGHU�WR�UHDFK�WKH�PRVW�VWDEOH��PLQLPXP�

PDJQHWLF�HQHUJ\��PDJQHWLF�SKDVH��

�

���5(68/76�$1'�',6&866,21�
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)LJXUHV���D��DQG��E��VKRZV�WKH�;5'�SDWWHUQV�RI�WKH�WZR�)H��5K���VDPSOHV��7KH�WKLQ�VXUIDFH�OD\HU��WKH�

GDWD�ZHUH�FROOHFWHG�IURP�VXUIDFHV�RI�WKH�KHDW�WUHDWHG�S\UDPLGDO�VDPSOHV��RI�WKH�)4�VDPSOH�LV�FOHDUO\�VLQJOH�

SKDVH�ZLWK�RQO\�WKH�%UDJJ�SHDNV�RI�WKH�%���&V&O��W\SH�FU\VWDO�VWUXFWXUH�SUHVHQW��VHH�)LJ���D����:H�QRWH�WKDW�

ERWK�VHWV�RI�GDWD�SUHVHQWHG�LQ�)LJV����D��DQG��E��DUH�SURELQJ�QR�PRUH�WKDQ�a���PP�GHSWK�EHORZ�WKH�VXUIDFH�

FRQVLGHULQJ�WKDW�WKH�OLQHDU�DEVRUSWLRQ�FRHIILFLHQW�RI�)H5K�IRU�&X�.Į�UDGLDWLRQ�LV�a����FP���DQG�DVVXPLQJ�

WKDW�WKH�EHDP�LV�IXOO\�DEVRUEHG�ZKHQ�LWV�LQWHQVLW\�LV�UHGXFHG�E\�D�IDFWRU�RI������8VLQJ�H[WUDSRODWLRQ��WKH�XQLW�

FHOO�GLPHQVLRQ��a��RI�WKH�%��)H��5K���SKDVH�LV���������������c��ZKLFK�LV�ZLWKLQ�WZR�VWDQGDUG�GHYLDWLRQV�

IURP�WKH�HDUOLHU�UHSRUWHG�>��@�YDOXH�RI�������c��%UDJJ�SHDNV�RI�WKH�6&�VDPSOH��)LJ���E��DUH�DV\PPHWULF��

LQGLFDWLQJ�ORFDO�FKHPLFDO�LQKRPRJHQHLW\��7KH�PDLQ�SKDVH�QHDU�WKH�VXUIDFH�RI�WKH�6&�VDPSOH�LV�IDFH�FHQWHUHG�

FXELF� �IFF���ZKLFK� LV� WKH�KLJK�WHPSHUDWXUH�SKDVH�NQRZQ� WR�H[LVW� LQ� WKH�)H�5K�ELQDU\� V\VWHP� >��@�� �7KH�

PLQRULW\�SKDVH�LV�%���&V&O��W\SH��VDPH�DV�LQ�WKH�)4�VDPSOH��ZLWK�a� �������c�ZKLFK�LV�ZLWKLQ�H[SHULPHQWDO�

HUURU�LGHQWLFDO�WR�WKH�VDPH�LQ�WKH�)4�SKDVH���7KH�PDMRULW\�IFF�SKDVH�KDV�a� �������c��VXEVWDQWLDOO\�KLJKHU�

WKDQ�RQH�PD\�H[SHFW�IURP�WKH�XQLW�FHOO�GLPHQVLRQV�RI�ERWK�IFF�)H��������c��DQG�5K��������c��DQG�IURP�WKH�

HDUOLHU�UHSRUWHG�>��@�YDOXH�RI�WKH�IFF�)H��5K����������c���$W�SUHVHQW��ZH�GR�QRW�KDYH�D�UHDVRQDEOH�H[SODQDWLRQ�

IRU�WKLV�GLVFUHSDQF\��

$V� D� UHVXOW� RI� WKH�;5'� VWXG\� LQ� WKH� WHPSHUDWXUH� UDQJH� RI� ���� �� ����.� �L�H��� LQ� WKH� UHJLRQ� RI� WKH�

)0ļ$)0�SKDVH�WUDQVLWLRQ�LQ�WKH�%��SKDVH���WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�ODWWLFH�SDUDPHWHU��ERWK�RQ�

KHDWLQJ�DQG�FRROLQJ��IRU�)4�DQG�6&�VDPSOHV�ZDV�REWDLQHG��DQG�LV�VKRZQ�LQ�)LJ����F���7KH�SKDVH�WUDQVLWLRQ�

LV�DFFRPSDQLHG�E\�D�FKDQJH�LQ�WKH�ODWWLFH�SDUDPHWHU�RI��������FRUUHVSRQGLQJ�WR�D�YROXPH�FKDQJH�RI��������

IRU�)4�DQG�RI��������FRUUHVSRQGLQJ�WR�D�YROXPH�FKDQJH�RI�������IRU�WKH�6&�VDPSOH��%RWK�YROXPH�FKDQJHV�

DUH�FRPPHQVXUDWH�ZLWK�HDUOLHU�QHXWURQ�GLIIUDFWLRQ�VWXGLHV�>�±����@��ZKLFK�UHSRUWHG�DURXQG�D����FKDQJH�LQ�

WKH�ODWWLFH�YROXPH�GXULQJ�WKH�WUDQVLWLRQ��7KH�XQLW�FHOO�K\VWHUHVLV�ZLGWK�LQ�)LJ����F��LV�DERXW����.��ZKLFK�LV�

ODUJHU�WKDQ�WKH������.�GHWHUPLQHG�IURP�WKH�ORZ�ILHOG�M�T��DQG�������.�IURP�WKH�'6&�GDWD�VKRZQ�LQ�)LJ��

��D��DQG��E���7KH�VKLIW�LQ�WKH�WUDQVLWLRQ�WHPSHUDWXUHV�UHODWLYH�WR�WKH�KLJK�ILHOG�M�T��GDWD�VKRZQ�ODWHU�LQ�)LJXUH�

�� LV�GXH� WR�WKH�HIIHFW�RI� WKH�PDJQHWLF�ILHOG�RQ� WKH�PDJQHWRHODVWLF� WUDQVLWLRQ�RI� WKH�%��SKDVH��1RWLFHDEOH�

GLIIHUHQFHV� DUH� DOVR� REVHUYHG� LQ� WKH� EHKDYLRU� RI� ODWWLFH� SDUDPHWHUV�� ZKLFK� EHJLQ� WR� FKDQJH� UDSLGO\� DW�

DSSUR[LPDWHO\����.�KLJKHU�WHPSHUDWXUHV�ZKHQ�FRPSDUHG�ZLWK�M�T��XQGHU�D�ZHDN�ILHOG�DQG�'6&�GDWD��)LJV��

�F�DQG�)LJV����D��DQG��E���UHVSHFWLYHO\���

7KH� UHVXOWLQJ� GLVFUHSDQFLHV� LQ� WHPSHUDWXUHV� LQGLFDWH� WKDW� WUDQVIRUPDWLRQV� LQ� WKH� PDJQHWLF� DQG�

FU\VWDOORJUDSKLF�VXEODWWLFHV�PD\�QRW�EH�IXOO\�FRXSOHG��,W�DOVR�DSSHDUV�WKDW�WKH�PDJQHWRHODVWLF�WUDQVLWLRQ�LQ�

WKH�%��SKDVH�RI�)H�5K� LQYROYHV� HDUOLHU� XQLGHQWLILHG� LQWHUPHGLDWH� VWDWH��ZKLFK� LV�PDQLIHVWHG� DV� D� QHDUO\�

FRQVWDQW�ODWWLFH�SDUDPHWHUV�QHDU�WKH�EHJLQQLQJ��EHWZHHQ�����DQG�����.�GXULQJ�KHDWLQJ��DQG�QHDU�WKH�HQG�
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�EHWZHHQ�����DQG�����.�GXULQJ�FRROLQJ��RI�WKH�WUDQVLWLRQ���

)LJV�� ��D�� DQG� �E�� VKRZ� WKH� WHPSHUDWXUH� GHSHQGHQFLHV� RI� WKH�PDJQHWL]DWLRQ� IRU� ERWK� )4� DQG� 6&�

VDPSOHV�UHFRUGHG�DW���P7�IURP���WR�����.��UHVSHFWLYHO\��7KHUPDO�K\VWHUHVLV�DVVRFLDWHG�ZLWK�WKH�$)0ļ)0�

SKDVH�WUDQVLWLRQV�LQ�ERWK�VDPSOHV�DUH������.��ZKLFK�DV�EURDGHU�WKDQ�a����.�UHSRUWHG�UHFHQWO\�LQ�5HI��>�@���

:KLOH�LW�LV�SRVVLEOH�WKDW�WKLV�GLIIHUHQFH�PD\�EH�GXH�WR�WKH�DQQHDOLQJ�WLPHV�����KRXUV�LQ�WKLV�ZRUN�DQG�RQH�

ZHHN�LQ�>�@���LW�LV�DOVR�IHDVLEOH�WKDW�VDPSOH�VKDSHV�SOD\HG�D�UROH��D��î�î��PP��SODWH�OLNH�VDPSOH�ZDV�XVHG�

LQ�>�@���7KH�WRS�LQVHWV�LQ�ERWK�ILJXUHV�VKRZ�GHWDLOV�MXVW�EHORZ�WKH�$)0ļ)0�SKDVH�WUDQVLWLRQV��ZKLFK�DUH�

VLPLODU�IRU�ERWK�VDPSOHV��*UDGXDO�ULVH�RI�M�T��DV�WHPSHUDWXUH�GHFUHDVHV�DQG�PLQRU�GLYHUJHQFH�RI�WKH�KHDWLQJ�

DQG�FRROLQJ�M�T��GDWD�DUH�OLNHO\�UHODWHG�WR�D�JUDGXDO�UHOD[DWLRQ�RI�VWUDLQ�DVVRFLDWHG�ZLWK�DSSUR[LPDWHO\����

YROXPH� FKDQJH� RI� WKH� %�� SKDVH�� 7KH� ERWWRP� LQVHWV� DUH� GHULYDWLYHV� RI� PDJQHWL]DWLRQV� ZLWK� UHVSHFW� WR�

WHPSHUDWXUH� PHDVXUHG� LQ� WKH� YLFLQLW\� RI� SDUDPDJQHWLF� �30�ļ)0� WUDQVLWLRQ�� WKH� FRUUHVSRQGLQJ� &XULH�

WHPSHUDWXUHV��T&��DUH�LQGLFDWHG�LQ�WKH�LQVHWV���0LQRU�WKHUPDO�K\VWHUHVHV�DUH�H[SHULPHQWDO�DUWLIDFWV�PRVW�OLNHO\�

UHODWHG�WR�ERWK�WKH�FRQWLQXRXV�WHPSHUDWXUH�VZHHSV�DQG�QXPHULFDO�GLIIHUHQWLDWLRQ��7KH�GLIIHUHQFH�LQ�T&V�RI�

)4�DQG�6&�VDPSOHV�LV�VLJQLILFDQW��QHDUO\����.��DQG�LV�EHOLHYHG�WR�EH�UHODWHG�WR�WKH�REVHUYHG�GRPLQDQFH�RI�

WKH�J�W\SH�)H��5K���SKDVH�LQ�WKH�VXUIDFH�OD\HU�RI�WKH�6&�VDPSOH�DQG��SRVVLEO\��WR�PLQRU�IOXFWXDWLRQV�LQ�WKH�

ORFDO�FRPSRVLWLRQ�RI�WKH�DUF�PHOWHG�EXWWRQ��ZKLFK�DUH�TXLWH�GLIILFXOW�WR�GHWHFW�H[SHULPHQWDOO\��

7KH� FRPSDULVRQ� RI�M�T�� FXUYHV�PHDVXUHG� XQGHU� D� �� 7�PDJQHWLF� ILHOG� VKRZQ� LQ� )LJ�� �� SRLQWV� WR�

VXEVWDQWLDO� GLIIHUHQFHV� LQ� WKH� SURJUHVVLRQ� RI� WKH� $)0ļ)0� SKDVH� WUDQVLWLRQV�� )RU� WKH� )4� VDPSOH� WKH�

WUDQVLWLRQ�LV��DV�H[SHFWHG��PXFK�VKDUSHU�WKDQ�WKDW�LQ�6&�VDPSOH��ZKLFK�LV�DOVR�KLJKOLJKWHG�E\�QDUURZ�DQG�

EURDG��UHVSHFWLYHO\��SHDNV�RI�GM�GT�T��SORWWHG�LQ�WKH�LQVHW��,Q�DGGLWLRQ��WKH�PDJQHWL]DWLRQ�FKDQJH��'M� �

a����$P�NJ����LV������ODUJHU�WKDQ�WKH�RQH�GHWHUPLQHG�IRU�WKH�6&�VDPSOH�DQG�LV�FORVH�WR�����$P�NJ���DW���7��

UHSRUWHG�LQ�>�@��:H�QRWH�WKDW�HYHQ�D�ODUJHU�YDOXH�RI�DURXQG�����$P�NJ���LQ�PDJQHWLF�ILHOG�RI���7�ZDV�UHSRUWHG�

IRU� HTXLDWRPLF� )H��5K��� ZKRVH� $)0�)0� WUDQVLWLRQ� RFFXUV� DW� a���� .� >�@�� � $E�LQLWLR� HVWLPDWH� RI� WKH�

VDWXUDWLRQ�PDJQHWL]DWLRQ�LV�����$P�NJ���IRU�WKH�IHUURPDJQHWLF�%��W\SH�SKDVH�DW�7� ���.�������P%�IRU�)H�DQG�

�����P%�IRU�5K��>��@���,Q�WKLV�PRGHO��WKH�$)0ļ)0�WUDQVLWLRQ�RFFXUV�DW�WHPSHUDWXUH�ZKHUH�WKH�IHUURPDJQHWLF�

RUGHU�LV�DERXW�����RI�IXOO�FROOLQHDULW\��VR�WKH�H[SHFWHG�PDJQHWL]DWLRQ�MXPS�RI�����$P�NJ���LV�LQ�DQ�H[FHOOHQW�

DJUHHPHQW�ZLWK�UHVSHFW�WR�WKH�RQH�REVHUYHG�LQ�WKH�)4�VDPSOH��

)LJXUH� ��D�� FRPSDUHV� WKH� W\SLFDO� LVRWKHUPDO� PDJQHWL]DWLRQ� FXUYHV� PHDVXUHG� XS� WR� D� PD[LPXP�

PDJQHWLF�ILHOG�RI���7�WKURXJK�WKH�PDJQHWLF�ILHOG�LQGXFHG�$)0ĺ)0�SKDVH�WUDQVLWLRQ�IRU�ERWK�)4�DQG�6&�

VDPSOHV�� 6LPLODU� WR�M�T�� FXUYHV��M�PRH�� DUH� YDVWO\� GLIIHUHQW��PHWDPDJQHWLF�OLNH� MXPSV� DUH� ERWK�PXFK�

VKDUSHU�DQG�PXFK�KLJKHU� LQ�)4�WKDQ�LQ�6&�PDWHULDO��)LJXUH���E��VKRZV�WHPSHUDWXUH�GHSHQGHQFHV�RI� WKH�

FULWLFDO�ILHOGV��PRHFU��IRU�WKH�ILHOG�LQGXFHG�$)0ĺ)0�WUDQVLWLRQ�GHILQHG�DV�PD[LPXP�VORSHV�RI�WKH�PHDVXUHG�
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M�PRH��GDWD��7KH�FULWLFDO�ILHOGV�DUH�OLQHDU�IXQFWLRQV�RI�WHPSHUDWXUH�EHORZ���7�ZLWK�VORSHV�RI�DERXW�������

7�.��7KLV�EHKDYLRU�RI�WKH�FULWLFDO�ILHOGV�LV�VLPLODU�WR�WKDW�GHWHUPLQHG�IURP�PDJQHWRVWULFWLRQ�PHDVXUHPHQWV�

RI�5HI��>��@�DQG�LW�DJUHHV�ZLWK�WKH�PRHFU�T��GHSHQGHQFH��UHSRUWHG�LQ�>��@��

� )LJXUH� ��E�� LOOXVWUDWHV� WKDW� WKH� FULWLFDO� ILHOGV� RI� )4� DQG� 6&� VDPSOHV� DUH� DOVR� GLIIHUHQW�� 7KH�

GLIIHUHQFH�LV�DSSUR[LPDWHO\���.�DW�ORZ�ILHOGV��LQFUHDVLQJ�VOLJKWO\�DW���7��ZKLFK�LV�TXLWH�FRQVLVWHQW�ZLWK�WKH�

GLIIHUHQFH�LQ�WKH�WUDQVLWLRQ�WHPSHUDWXUHV�RI�)4�DQG�6&�VDPSOHV�VHHQ�LQ�WKH�LQVHW�RI�)LJ�����7KH�GLIIHUHQFH�LQ�

WKH�PDJQLWXGH�RI� WKH�FULWLFDO� ILHOG��DV�PHQWLRQHG�DERYH� LQ� WKH�GLVFXVVLRQ�RI�)LJ����� LV� DVVRFLDWHG�ZLWK�D�

VLJQLILFDQW� GLIIHUHQFH� LQ� WKH� VKDSH� RI� WKH� K\VWHUHVLV� ORRS� GXULQJ� WKH� WUDQVLWLRQ� FDXVHG� E\� D� GHOD\� LQ� WKH�

IRUPDWLRQ�RI�QXFOHL�RI�WKH�IHUURPDJQHWLF�SKDVH��,W�VKRXOG�EH�QRWHG�WKDW�LQ�]HUR�PDJQHWLF�ILHOG��WKH�WUDQVLWLRQ�

ZDV�REVHUYHG�DV�KLJK�DV�����.�LQ�VORZO\�FRROHG�PDWHULDOV�>��@��$W�WKH�VDPH�WLPH��ZH�ILQG�WKDW�LQ�QHDUO\�]HUR�

PDJQHWLF�ILHOG��WKH�)0�VWDWH�GHYHORSV�DW�����.�IRU�)4�DQG�DW�����.�IRU�6&�VDPSOHV��+HQFH��WKH�PHWKRG�RI�

SUHSDUDWLRQ��KHDW�WUHDWPHQW�DQG�SKDVH�SXULW\��DQG�HYHQ�PLQRU�GLIIHUHQFHV�LQ�WKH�DOOR\�FRPSRVLWLRQ�KDYH�D�

VWURQJ�HIIHFW�RQ�WKH�SKDVH�WUDQVLWLRQ�WHPSHUDWXUH����

7KH�FDOFXODWHG�WHPSHUDWXUH�GHSHQGHQFLHV�RI�WKH�PDJQHWLF�HQWURS\�FKDQJH��ǻS0� DQG�WKH�GHSHQGHQFH�

RI�WKH�PD[LPXP�PDJQHWLF�HQWURS\�FKDQJH�'S0SHDN�RQ�WKH�PDJQHWLF�ILHOG�FKDQJH�DUH�LOOXVWUDWHG�LQ�)LJV����D��

DQG��E���UHVSHFWLYHO\��$SDUW�IURP�WKH�ODUJHU�'S0SHDN�YDOXH�REWDLQHG�IRU�)4�VDPSOH�DW���7�RZLQJ�WR�WKH�VKDUSHU�

PDJQHWL]DWLRQ�LQFUHDVH�������DQG������KLJKHU�WKDQ�WKRVH�REWDLQHG��UHVSHFWLYHO\��IRU�RXU�6&�VDPSOH�DQG�WKH�

VDPSOH�ZLWK�WKH�VDPH�VWRLFKLRPHWU\�VWXGLHG�LQ�>�@���DERYH���7�WKH�PD[LPXP�HQWURS\�FKDQJH�EHFRPHV�QHDUO\�

FRQVWDQW�JLYLQJ�ULVH� WR�D�SURJUHVVLYH� WDEOH�OLNH�VKDSH�� �7KH� ODWWHU� LV� UHODWHG� WR� WKH�PDJQHWLF� ILHOG�FKDQJH�

GHSHQGHQFH�RI�WKH�WHPSHUDWXUHV�TFROG�DQG�TKRW�WKDW�GHILQH�WKH�IXOO�ZLGWK�DW�KDOI�PD[LPXP�RI�WKH�'S0�T��FXUYH�

��GT):+0���)LJ����F��VKRZV�KRZ�WKHVH�SDUDPHWHUV�FKDQJH�ZLWK�PR'H�IRU�ERWK�DOOR\V��:KHUHDV�TKRW�UHPDLQV�

SUDFWLFDOO\�FRQVWDQW��TFROG�GHFUHDVHV�UDSLGO\�DV�PR'H�LQFUHDVHV��H[SODLQLQJ�WKH�ZLGHQLQJ�RI�WKH�'S0�T��FXUYHV�

WRZDUGV�ORZHU�WHPSHUDWXUHV��)LJXUH���F��DOVR�VKRZV�WKH�QHDUO\�OLQHDU�LQFUHDVH�RI�GT):+0�ZLWK�PR'H�IRU�ERWK�

VDPSOHV�DERYH�����7��

� 7KLV�EHKDYLRU�LV�GXH�WR�WKH�QDWXUH�RI�)207�LQ�WKH�VWXGLHG�VDPSOHV��ZKLFK�LV�PXFK�VKDUSHU�LQ�WKH�

)4�PDWHULDO���,PSRUWDQWO\��LQ�D�UDWKHU�ZHDN�PDJQHWLF�ILHOG�RI�a����7��~'S0SHDN~�UHDFKHV�����RI�WKH�YDOXHV�

REVHUYHG�LQ�PXFK�KLJKHU�PDJQHWLF�ILHOG�RI���7��DV�WKH�LQVHW�RI�)LJ����E��VKRZV����&RQVLGHULQJ�WKDW�WKH�ODUJH�

PDJQHWLF� HQWURS\� �DQG�� FRUUHVSRQGLQJO\� WKH� ODUJH� DGLDEDWLF� WHPSHUDWXUH� FKDQJH�� RFFXUV� RYHU� D� IHZ� .�

WHPSHUDWXUH�ZLQGRZ�LQ�VXFK�D�VPDOO�ILHOG��DSSURSULDWHO\�GHVLJQHG�)H�5K�PDWHULDOV�FDQ�EH�YHU\�HIIHFWLYH�LQ�

IL[HG� WHPSHUDWXUH�DSSOLFDWLRQV�� �2QH�H[DPSOH�ZRXOG�EH�PHGLFDO�XVH�FRQVLGHULQJ�D�QHDUO\�FRQVWDQW�ERG\�

WHPSHUDWXUH�RI�a����.��ZKHUH�TXLFN�DQG�VXEVWDQWLDO�FRROLQJ��DQG�RU�KHDWLQJ��RI�WKH�VXUURXQGLQJ�WLVVXH�FDQ�

EH�WULJJHUHG�E\�����±���7�PDJQHWLF�ILHOGV���2I�FRXUVH��)H�5K�FKHPLVWU\�PXVW�EH�WXQHG�WR�H[KLELW�WKH�VKDUSHVW�



ϴ�
�

SRVVLEOH�PDJQHWRHODVWLF� WUDQVLWLRQ�DW�����.��DQG� WKH�PDWHULDO�PXVW�EH�GHOLYHUHG�RU� LPSODQWHG�ZKHUH� WKH�

FRROLQJ�KHDWLQJ�LV�UHTXLUHG��

:H�QRWH��KRZHYHU��WKDW�WKH�LQFUHDVLQJ�FRQWULEXWLRQ�RI�WKH�SDUDSURFHVV�LQ�PDJQHWLF�ILHOGV�PXFK�KLJKHU�

WKDQ���7�FDQ�FKDQJH�WKH�WUHQGV�LOOXVWUDWHG�LQ�)LJV����D��DQG���E����(DUOLHU�>��@�LW�ZDV�VKRZQ�WKDW�WKH�PD[LPXP�

0&(�YDOXHV�DULVLQJ�GXH�WR�WKH�SDUDSURFHVV��LQ�UDUH�HDUWK�PHWDOV�LQ�H[WUHPHO\�KLJK�ILHOGV�FDQ�UHDFK�'T� �

���Ʉ�ZLWK�P�H� �����07��7KRXJK�PD[LPXP�SRVVLEOH�0&(�LQ�)H�5K�DOOR\V�UHPDLQV�XQNQRZQ��5HI��>��@�

UHSRUWV�WKDW�LQFUHDVLQJ�WKH�ILHOG�IURP���WR���7�OHDGV�WR�DQ�LQFUHDVH�LQ�0&(�RI�RQO\�DERXW������IURP������WR�

���.���

7DEOH�,�VXPPDUL]HV�WKH�SRWHQWLDO�PDJQHWRFDORULF�SHUIRUPDQFH�RI�WZR�GLIIHUHQWO\�SURFHVVHG�VDPSOHV��

ZKHUH�LW�LV�FOHDU�WKDW�WKH�PDJQHWLF�HQWURS\�FKDQJHV�DUH�VXSHULRU�IRU�WKH�IDVW�TXHQFKHG�VDPSOH���7KH�VDPH�LV�

WUXH�IRU�UHIULJHUDQW�FDSDFLWLHV�HVWLPDWHG�XVLQJ�WKH�IROORZLQJ�FULWHULD���L��E\�ILQGLQJ�WKH�SURGXFW�~'S0SHDN~î�

įT):+0��UHIHUUHG�WR�DV�RC�����ZKHUH�įT):+0� �TKRW���TFROG��FRUUHVSRQGV�WR�WKH�IXOO�ZLGWK�DW�KDOI�PD[LPXP�

RI�WKH�'S0�T��FXUYH���LL��E\�FDOFXODWLQJ�WKH�DUHD�XQGHU�WKH�'S0�T��FXUYH�EHWZHHQ�TKRW�DQG�TFROG��RC�����DQG�

�LLL��E\�PD[LPL]LQJ�WKH�SURGXFW�'S0î�įT EHORZ�WKH�'S0�T��FXUYH��RC����:RRG�DQG�3RWWHU�FULWHULRQ���

)LQDOO\��ZH�KDYH�DOVR�HVWLPDWHG�WKH�PDJQHWLF�K\VWHUHVHV�ORVV�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�DFURVV�WKH�

$)0ĺ)0� WUDQVLWLRQ� IRU� ERWK� VDPSOHV��)LJXUHV���D�� DQG� �E�� VKRZ� WKH� LVRWKHUPDO�PDJQHWL]DWLRQ� FXUYHV�

PHDVXUHG� ZKHQ� LQFUHDVLQJ� DQG� GHFUHDVLQJ� WKH� PDJQHWLF� ILHOG�� ZKHUHDV� WKH� WKHUPDO� GHSHQGHQFH� RI� WKH�

LUUHYHUVLEOH� ORVV�HL IRU�D�PD[LPXP�DSSOLHG�PDJQHWLF� ILHOG�RI���7�HVWLPDWHG� IURP� WKH�DUHD�EHWZHHQ� WKH�

FXUYHV��LV�GHSLFWHG�LQ�)LJ����F���,W� LV�LPSRUWDQW�WR�KLJKOLJKW�WKDW�WR�PHDVXUH�WKH�LVRWKHUPDO�PDJQHWL]DWLRQ�

FXUYHV� DW� HDFK� WHPSHUDWXUH� ZH� IROORZHG� WKH� WKHUPDO� F\FOH� GHVFULEHG� LQ� WKH� ([SHULPHQWDO� VHFWLRQ�� WKH�

K\VWHUHVLV�ORVV�DW�D�JLYHQ�T�ZDV�REWDLQHG�IURP�WKH�DUHD�HQFORVHG�EHWZHHQ�WKH�UHVSHFWLYH�ILHOG�XS�DQG�ILHOG�

GRZQ� LVRWKHUPDO� FXUYHV��:H� QRWH� WKDW� LQ� VSLWH� RI� ERWK� VDPSOHV� VKRZLQJ� ODUJH� YDOXHV� RI� WKH�PD[LPXP�

K\VWHUHVLV� ORVV� RZLQJ� WR� WKH� IDVW� PDJQHWL]DWLRQ� LQFUHDVH� EH\RQG� WKH� FULWLFDO� ILHOG�� WKH� PRUH� GUDVWLF�

PDJQHWL]DWLRQ�FKDQJH�H[KLELWHG�E\� WKH�)4�VDPSOH� OHDGV� WR�VXEVWDQWLDOO\� ODUJHU� ORVV�YDOXHV��7KH�DYHUDJH�

YDOXHV�RI�WKH�PDJQHWLF�K\VWHUHVLV�ORVV��HL!):+0�RYHU�įT):+0�IRU�)4�DQG�6&�VDPSOHV�ZHUH�IRXQG�WR�EH����

DQG� ��� -� NJ���� UHVSHFWLYHO\�� HYHQ�ZKHQ��HL!):+0� LV� ODUJHU� IRU� )4� VDPSOH� LW� VKRZV� D� ODUJHU� HIIHFWLYH�

UHIULJHUDQW�FDSDFLW\���%\�FRPSDULQJ�K\VWHUHVLV�ORVV�YDOXHV�REWDLQHG�IRU�)4�DQG�6&�)H��5K���DOOR\V�ZLWK�VORZ�

FRROHG�*G�*H�6L���DOOR\�ZLWK�JLDQW�0&(�DQG�K\VWHUHWLF�ILUVW�RUGHU�SKDVH�WUDQVLWLRQ��WKH�REWDLQHG�YDOXH�RI�

K\VWHUHVLV� ORVV� LV� DERXW� ����� VPDOOHU� IRU� 6&�)H��5K��� DQG� LV� DERXW� ����� ODUJHU� IRU� )4�)H��5K��� >��@��

$GGLWLRQDOO\��WKHVH�YDOXHV�DUH�DERXW������VPDOOHU�DQG������ODUJHU�IRU�6&�DQG�)4�)H��5K���UHVSHFWLYHO\�

FRPSDUHG�ZLWK�)H5K�WKLQ�ILOP�>��@���
�
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$FKLHYLQJ�UHSURGXFLELOLW\�DQG�PD[LPL]LQJ�PDJQHWRWKHUPDO�HIIHFWV�LQ�)H5K�DOOR\V�UHTXLUHV�D�EHWWHU�

XQGHUVWDQGLQJ�RI�KRZ�YDU\LQJ�V\QWKHVLV�SDUDPHWHUV�DIIHFW�WKH�PDJQHWRVWUXFWXUDO�WUDQVLWLRQ��7KLV�ZRUN�GUDZV�

DWWHQWLRQ� WR� WKH� VWURQJ� HIIHFW� WKDW� WKH� FRROLQJ� UDWH� IURP� WKH� WKHUPDO� DQQHDOLQJ� WHPSHUDWXUH� KDV� RQ� WKH�

PDJQHWRFDORULF�UHVSRQVH��UHIULJHUDQW�FDSDFLW\��DQG�K\VWHUHVLV�ORVV�DVVRFLDWHG�ZLWK�WKH�ILUVW�RUGHU�$)0ļ)0�

PDJQHWRHODVWLF�WUDQVLWLRQ���7KH�FRROLQJ�UDWH�LPSDFWV�WKH�SKDVH�SXULW\��ZKHUHDV�D�UDSLGO\�TXHQFKHG�DOOR\�LV�

WKH�QHDUO\�SKDVH�SXUH�%��)H5K��ZKLOH�WKH�IDFH�FHQWHUHG�J�)H5K�LV�WKH�GRPLQDQW�SKDVH�LQ�WKH�VORZO\�FRROHG�

PDWHULDO���5DSLG�TXHQFKLQJ�IURP�WKH�DQQHDOLQJ�WHPSHUDWXUH�OHDGV�WR���D��D�VKDUS�$)0ļ)0�SKDVH�WUDQVLWLRQ�

DQG�ODUJH�PDJQHWL]DWLRQ�FKDQJH�IURP�WKH�$)0�WR�WKH�)0�VWDWH���E��D�KLJK�_'60SHDN_ DQG�D�IDVW�DSSURDFK�RI�

_'60SHDN_ WR�VDWXUDWLRQ���F��D�WDEOH�OLNH�'S0�T��FXUYH��LQ�WKH�SUHVHQW�FDVH�DERYH���7����G��D�ODUJH�UHIULJHUDQW�

FDSDFLW\��DQG���H��D�ODUJH�ILHOG�LQGXFHG�DYHUDJH�K\VWHUHVLV�ORVV���
�

$&.12:/('*(0(176�

-�/��6iQFKH]�/ODPD]DUHV�DFNQRZOHGJHV�WKH�VXSSRUW�UHFHLYHG�IURP�/DERUDWRULR�1DFLRQDO�GH�,QYHVWLJDFLRQHV�

HQ�1DQRFLHQFLDV� \�1DQRWHFQRORJtD� �/,1$1��� ,3,&<7�� WKH� WHFKQLFDO� VXSSRUW� UHFHLYHG� IURP�0�6F��%�$��

5LYHUD�(VFRWR�LV�JUDWHIXOO\�DFNQRZOHGJHG��:RUN�DW�$GYDQFHG�0DJQHWLF�7HFKQRORJLHV�DQG�&RQVXOWLQJ��//&�

ZDV� VXSSRUWHG� E\� 6NRONRYR� )RXQGDWLRQ�� 5XVVLD�� &�)�� 6iQFKH]�9DOGpV� LV� JUDWHIXO� WR� '0&8�8$&-� IRU�

VXSSRUWLQJ�KLV�UHVHDUFK�VWD\V�DW�,3,&\7��SURJUDP�3)&(�DQG�DFDGHPLF�PRELOLW\�JUDQW���DOVR��IRU�WKH�ILQDQFLDO�

VXSSRUW� UHFHLYHG� IURP�6(3�&RQDF\W��0H[LFR� �*UDQW�1R��$�ဨ6ဨ��������:RUN� DW�$PHV�/DERUDWRU\�ZDV�

VXSSRUWHG� E\� WKH� 8�� 6�� 'HSDUWPHQW� RI� (QHUJ\�� 2IILFH� RI� 6FLHQFH�� 'LYLVLRQ� RI� 0DWHULDOV� 6FLHQFH� DQG�

(QJLQHHULQJ�RI�WKH�2IILFH�RI�%DVLF�(QHUJ\�6FLHQFHV�XQGHU�&RQWUDFW�1R��'(�$&�����&+������ZLWK�,RZD�

6WDWH�8QLYHUVLW\��
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>��@� $�0��$OLHY�� $�%�� %DWGDORY�� /�1�� .KDQRY�� $�3�� .DPDQWVHY�� 9�9�� .ROHGRY�� $�9��0DVKLURY�� 9�*��
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)LJ�����5RRP�WHPSHUDWXUH�;�UD\�SRZGHU�GLIIUDFWLRQ�SDWWHUQV�>�D��DQG��E�@�DQG�WKHUPDO�GHSHQGHQFH�RI�XQLW�

FHOO�ODWWLFH�SDUDPHWHU�a�>�F�@�IRU�)4�DQG�6&�)H��5K���VDPSOHV��
�

)LJ�� ��� =)&:� DQG� )&� M�T�� FXUYHV� PHDVXUHG� XQGHU� D� VWDWLF� DSSOLHG� PDJQHWLF� ILHOG� RI� �� P7� DQG�

KHDWLQJ�FRROLQJ�'6&� FXUYHV� IRU� )4� �D�� DQG� 6&� �E�� )H��5K��� VDPSOHV��$)6� �)$6�� UHIHUV� WR� WKH� VWDUWLQJ�

WHPSHUDWXUH�RI�WKH�$)0�Æ�)0��)0�Æ�$)0��WUDQVLWLRQ���

)LJ�����7HPSHUDWXUH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�PHDVXUHG�LQ���P7�PDJQHWLF�ILHOG�GXULQJ�ZDUPLQJ�DIWHU�

]HUR�ILHOG�FRROLQJ��=)&:��DQG�GXULQJ�ILHOG�FRROLQJ��)&��IRU�)4��D��DQG�6&�)H��5K����E���7RS�LQVHWV��ORZ�

PDJQHWL]DWLRQ�GHWDLOV�DURXQG�DQG�EHORZ�WKH�PDJQHWRHODVWLF�WUDQVLWLRQ��%RWWRP�LQVHWV��GM�GT LQ�WKH�YLFLQLW\�

RI�T&���

)LJ�����=)&:�DQG�)&�M�T��FXUYHV�PHDVXUHG�XQGHU�D� VWDWLF�DSSOLHG�PDJQHWLF� ILHOG�RI���7� IRU�)H��5K���
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