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Devwudfw

Lw kdv uhfhqwo| ehhq vkrzq wkdw fu|vwdov ri SuEd2Fx�R% jurzq e| wkh
wudyholqj0vroyhqw  rdwlqj0}rqh +WVI], whfkqltxh h{klelw vxshufrqgxfwlylw| dw
whpshudwxuhv dv kljk dv ;8 N/ zkhuhdv  x{0jurzq vdpsohv kdyh wudglwlrqdoo|
ehhq lqvxodwlqj1 Zh glvfxvv uhfhqw h{shulphqwv zklfk uhyhdo dq hylghqw sdudo0
oholvp lq wkh suhvvxuh ghshqghqfh ri wkh wudqvlwlrq whpshudwxuh WS+S, iru vx0
shufrqgxfwlqj SuEd2Fx�R% dqg \Ed2Fx�R%/ wkxv jlylqj hylghqfh wkdw WVI]0
jurzq SuEd2Fx�R% pd| eh dq ruglqdu| phpehu ri wkh +uduh0hduwk,0Ed2Fx�R%

vxshufrqgxfwlqj idplo|1
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4 Lqwurgxfwlrq

Vkruwo| diwhu wkh glvfryhu| ri wkh kljk0W
S
r{lgh vxshufrqgxfwruv lw zdv qrwhg wkdw

SuEd2Fx�R% dsshduv wr rffxs| d xqltxh sodfh dprqj wkh uduh0hduwk r{lghv ^4/ 5`1
Zkloh prvw UEd2Fx�R% +U0456/ U @ uduh hduwk, frpsrxqgv h{klelw vxshufrqgxf0
wlylw| zlwk pd{lpxp wudqvlwlrq whpshudwxuhv qhdu A

S
� <5 N/ wkh lvrvwuxfwxudo frp0

srxqg Su0456 zdv uhsruwhg wr eh dq lqvxodwru1 D qxpehu ri prghov lqyrnlqj kroh
�oolqj e| SuE�n@�n lrqv/ pdjqhwlf sdlu euhdnlqj e| orfdol}hg Su 7i0prphqwv/ dqg
fduulhu0orfdol}dwlrq e| wkh k|eulgl}dwlrq ri Su 7i0 dqg R 5s0ruelwdov zhuh sursrvhg wr
h{sodlq wklv sx}}olqj ehkdylru ^6/ 7/ 8/ 9/ :/ ;`/ exw qr vlqjoh prgho kdv |hw ehhq deoh
wr jlyh d frqvlvwhqw h{sodqdwlrq ri doo h{shulphqwdo revhuydwlrqv1

Yhu| uhfhqwo|/ Su0456 vlqjoh fu|vwdov suhsduhg e| wkh wudyholqj0vroyhqw  rdwlqj0
}rqh +WVI], whfkqltxh ^</ 43` dqg hslwd{ldo wklq �opv ^44/ 45` kdyh ehhq irxqg wr
vkrz exon ru judqxodu vxshufrqgxfwlylw| dw whpshudwxuhv dv kljk dv <5 N> wklv vxj0
jhvwv wkdw Su0456 pd| eh d qrupdo phpehu ri wkh U0456 idplo| ri vxshufrqgxfwruv/
vlqfh d pd{lpxp wudqvlwlrq whpshudwxuh qhdu <5 N lv fkdudfwhulvwlf iru wkh wzr0od|hu
vxshufrqgxfwruv lq wklv idplo|1 D pruh fulwlfdo whvw zrxog eh wr phdvxuh A

S
dv d

ixqfwlrq ri wkh r{|jhq frqwhqw % iru Su0456 dqg ghwhuplqh zkhwkhu A
S
E%� iroorzv wkh

kljko| qrqolqhdu ghshqghqfh fkdudfwhulvwlf iru \0456 zklfk dulvhv iurp r{|jhq rughu0
lqj vxshuvwuxfwxuhv rq wkh fkdlq vlwhv lq wkh edvdo sodqh ^46/ 47`1 Xqiruwxqdwho|/ lw
kdv qrw |hw ehhq srvvleoh wr v|qwkhvl}h kljk txdolw| vxshufrqgxfwlqj Su0456 vdpsohv
ryhu d zlgh udqjh ri r{|jhq grslqj ohyho %1

Dq htxdoo| phdqlqjixo zd| wr whvw wkh srvvleoh htxlydohqfh ri wkh vxshufrqgxfwlqj
vwdwh lq Su0456 dqg \0456 lv wr frpsduh wkh ghshqghqfh ri A

S
rq suhvvxuh ryhu dv

zlgh d suhvvxuh udqjh dv srvvleoh1 Suhylrxv kljk0suhvvxuh uhvlvwlylw| h{shulphqwv ^48`
wr 43 JSd rq wzr xqghugrshg WVI]0jurzq Su0456 vlqjoh fu|vwdov zlwk ASE4 edu� *
93 N dqg ;8 N uhyhdohg wkdw A

S
lqfuhdvhv xqxvxdoo| udslgo| zlwk suhvvxuh/ vxusdvvlqj

433 N dw 43 JSd lq erwk fdvhv/ dv vhhq lq Ilj1 41
Lq wklv sdshu zh frpsduh wkhvh uhvxowv rq Su0456 wr wkrvh ri yhu| uhfhqw h{shul0

phqwv rq \0456 zkhuh ASE� � zdv ghwhuplqhg wr 4: JSd ryhu d zlgh udqjh ri r{|jhq
frqwhqw ^49`1 Zh �qg dq hylghqw sdudooholvp lq wkh suhvvxuh ghshqghqfh ASE� � iru \0
456 dqg Su0456/ jlylqj hylghqfh wkdw wkh vxshufrqgxfwlqj vwdwh lq wkhvh wzr v|vwhpv
pd| kdyh wkh vdph ruljlq/ l1h1 Su0456 pd| eh mxvw dqrwkhu U0456 vxshufrqgxfwru1

5 H{shulphqw

Su0456 vlqjoh fu|vwdov zhuh jurzq e| wkh WVI] phwkrg/ iroorzhg e| dq dqqhdolqj
wuhdwphqw lq dq r{|jhq dwprvskhuh1 Suhgulhg SuSR��/ EdFR�/ dqg FxR +<<1<<(,
zhuh xvhg dv vwduwlqj pdwhuldov1 Wkh fu|vwdov zhuh jurzq lq dq lqiuduhg udgldwlrq
ixuqdfh zlwk irxu 633 nY kdorjhq odpsv dv udgldwlrq vrxufh dqg xqghu dq dwprvskhuh
ri dujrq zlwk 314( r{|jhq jdv  rz1 Wkh ghwdlov ri wkh fu|vwdo jurzwk duh uhsruwhg
hovhzkhuh ^</ 4:`1 Wkh vxshufrqgxfwlqj ruwkrukrpelf Su0456 fu|vwdov zhuh suhsduhg
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e| khdwlqj dv0jurzq fu|vwdov lq  rzlqj sxuh r{|jhq jdv dw ;83�F iru 57 krxuv dqg
wkhq dw 883�F iru :: krxuv1 Wkh vdpsoh xvhg iru wkh suhvhqw kljk0suhvvxuh vwxg| lv d
vpdoo slhfh ri d WVI]0jurzq fu|vwdo zlwk glphqvlrqv dssur{lpdwho| 3153�3153�3137
pp�1

Wkh vwuxfwxuh ri wkh vdpsoh zdv frq�uphg xvlqj dq [0ud| suhfhvvlrq fdphud1
Iljxuhv 5 +d, dqg +e, vkrz wkh suhfhvvlrq skrwrjudskv ri wkh E�&f� dqg E�f,� uh hf0
wlrqv ri wkh vdpsoh1 Wkh ruwkrukrpelflw| ri wkh fu|vwdo fdq eh uhfrjql}hg iurp wkh
vsolwwlqj ri wkh E�&f� uh hfwlrqv1 Wkh odwwlfh sdudphwhuv rewdlqhg duh @ ' 61;:8+4,
È/ K ' 61<6;+4, È/ dqg S ' 441;3;+6, È1 Yhu| zhdn ulqj0olnh gl�xvh vfdwwhulqj lv
ylvleoh lq wkh vwurqj uh hfwlrqv ri E�f,�c lqglfdwlqj wkh h{lvwhqfh ri vwdfnlqj idxowv
dorqj wkh S0d{lv lqwurgxfhg gxulqj wkh vlqjoh0fu|vwdo jurzwk1 Wklv lv frqvlvwhqw zlwk
wkh idfw wkdw wkh vdpsoh kdv d uhodwlyho| odujh vxshufrqgxfwlqj wudqvlwlrq zlgwk +�
53 N, lq wkh df vxvfhswlelolw|1

Wkh fkhplfdo frpsrvlwlrq ri wkh vdpsoh zdv ghwhuplqhg iurp vfdqqlqj hohfwurq
plfurvfrsh [0ud| hqhuj| glvshuvlrq vshfwuxp +VHP0HGV, dqdo|vlv1 Wkh dwrplf udwlr
ri Su=Ed=Fx lv irxqg wr eh forvh wr wkh 4=5=6 vwrlfklrphwu|1 Wkh r{|jhq frqwhqw ri
wkh vdpsoh lv xqnqrzq/ vlqfh wkh vdpsoh vl}h lv wrr vpdoo wr doorz dq dssursuldwh
fkhplfdo dqdo|vlv1 Wkh qrplqdo r{|jhq frqwhqw % iru SuEd2Fx�R%

lv hvwlpdwhg iurp
wkh nqrzq A

S
E%� ghshqghqfh iru \0456 dw dpelhqw suhvvxuh ^46`1

Wkh Kh0jdv suhvvxuh v|vwhp +Kduzrrg, xvhg lq wklv vwxg| lv fdsdeoh ri jhqhudwlqj
k|gurvwdwlf suhvvxuhv wr 417 JSd1 Wkh FxEh suhvvxuh fhoo +Xqlsuhvv, lv lqvhuwhg lqwr
d wzr0vwdjh forvhg0f|foh uhiuljhudwru +Oh|erog, zklfk rshudwhv lq wkh whpshudwxuh
udqjh 5 0 653 N1 Wkh suhvvxuh lq wkh fhoo lv phdvxuhg e| d fdoleudwhg pdqjdqlq
jdxjh dqg fdq eh fkdqjhg dw dq| whpshudwxuh deryh wkh phowlqj fxuyh ri wkh Kh
suhvvxuh phglxp1 Wkh vxshufrqgxfwlqj wudqvlwlrq ri wkh Su0456 vdpsoh lq wkh kljk
suhvvxuh hqylurqphqw lv phdvxuhg e| wkh df vxvfhswlelolw| whfkqltxh xvlqj d plqldwxuh
sulpdu|2vhfrqgdu| frlo v|vwhp orfdwhg lqvlgh wkh : pp L1G1 eruh ri wkh suhvvxuh fhoo1
Lq wkh suhvhqw vwxglhv d pdjqhwlf �hog ri 414 Rh +upv, dw 83: K} lv dssolhg dorqj
wkh vkruw glphqvlrq ri wkh vdpsoh +K n f0d{lv,1 Iru wkh suhvhqw Su0456 fu|vwdo wkh
vxshufrqgxfwlqj rqvhw lv orfdwhg dw AS * 9413 N dw dpelhqw suhvvxuh1 Ixuwkhu ghwdlov
ri wkh h{shulphqwdo vhwxs duh jlyhq hovhzkhuh ^4;`1

6 Uhvxowv dqg Glvfxvvlrq

Zh zrxog qrz olnh wr frpsduh wkh suhvvxuh ghshqghqfh ri AS iru Su0456 vkrzq lq Ilj1
4 wr wkdw iru \0456 dw vlplodu grslqj ohyhov1 Iruwxqdwho|/ \0456 lv wkh prvw vwxglhg
ri doo kljk0AS r{lghv dqg lwv suhvvxuh ghshqghqfh ASE� � kdv ehhq ghwhuplqhg ryhu
d zlgh udqjh ri suhvvxuh dqg r{|jhq frqwhqw % ^4</ 53`1 Wkh prvw h{whqvlyh kljk0
suhvvxuh vwxglhv wr gdwh rq \0456 zhuh fduulhg rxw e| Ilhw} hw do1 ^54` wr 4 JSd xvlqj
d Kh0jdv dssdudwxv1 Wkhvh h{shulphqwv uhyhdo wkdw _AS*_� fkdqjhv gudpdwlfdoo| dv
d ixqfwlrq qrw rqo| ri wkh r{|jhq frqwhqw %c exw dovr ri wkh whpshudwxuh dw zklfk wkh
suhvvxuh lv fkdqjhg$ Lq vwurqjo| xqghugrshg \0456 wkh +srvlwlyh, suhvvxuh ghulydwlyh
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_AS*_� lv hqkdqfhg e| pruh wkdq dq rughu ri pdjqlwxgh li wkh suhvvxuh lv dssolhg
dw urrp whpshudwxuh +UW,/ dv lq wkh ydvw pdmrulw| ri kljk0suhvvxuh h{shulphqwv wr
gdwh ^4</ 53`/ udwkhu wkdq dw orz whpshudwxuhv +� <3 N,1 Wklv vwurqj hqkdqfhphqw lq
+_AS*_� �-A lv eholhyhg wr ruljlqdwh iurp wkh rughulqj ri r{|jhq ghihfwv lq wkh fkdlq
vlwhv iroorzlqj wkh dssolfdwlrq ri suhvvxuh dw urrp whpshudwxuh/ dq h�hfw zklfk lv
iur}hq rxw dw vx!flhqwo| orz whpshudwxuhv iru odfn ri r{|jhq prelolw| ^54`1 Vxfk
suhvvxuh0lqgxfhg uhod{dwlrq h�hfwv lq AS duh qrw uhvwulfwhg wr \0456> iru pdq| kljk0
AS r{lghv wkh suhvvxuh ghshqghqfh ri AS kdv ehhq irxqg wr ghshqg vhqvlwlyho| rq wkh
ghwdlohg suhvvxuh2whpshudwxuh klvwru| ri wkh vdpsoh ^55`1

Wr doorz d phdqlqjixo frpsdulvrq ehwzhhq gl�huhqw v|vwhpv/ lw lv hvvhqwldo wr
h{shulphqwdoo| ghwhuplqh wkh lqwulqvlf ghshqghqfh ri wkh vxshufrqgxfwlqj wudqvlwlrq
whpshudwxuh rq suhvvxuh/ A �?|o

S
E� �c e| holplqdwlqj vxfk uhod{dwlrq h�hfwv1 Wklv fdq

eh dffrpsolvkhg e| fduu|lqj rxw wkh hqwluh kljk0suhvvxuh h{shulphqw dw whpshudwxuhv
vx!flhqwo| orz wkdw wkh uhod{dwlrq surfhvvhv duh iur}hq rxw> iru \0456 wklv phdqv
pdlqwdlqlqj wkh vdpsoh dw whpshudwxuhv ehorz 533 N wkurxjkrxw wkh hqwluh h{shu0
lphqw ^54/ 56`1 Lq wkhlu h{whqvlyh kljk0suhvvxuh vwxglhv rq \0456 dw whpshudwxuhv
ehorz <3 N/ Ilhw} hw do1 ^54` vkrzhg wkdw wkh lqwulqvlf ydoxh ri wkh suhvvxuh ghulydwlyh
+_AS*_� ��?|o fkdqjhv pdunhgo| zlwk r{|jhq frqwhqw/ lqfuhdvlqj iurp .5 N2JSd iru
% * 917 +AS � 53 N, wr .6 N2JSd iru % * 918 +AS � 73 N, wr .: N2JSd iru % * 91:
+AS � 93 N, ehiruh idoolqj wr .618 N2JSd iru % * 91; +AS � ;3 N, dqg wkhq wr d ydoxh
qhdu }hur iru rswlpdoo| grshg % * 91<5 +AS * <5 N,1 Wkhvh ydoxhv ri +_AS*_� ��?|o iru
% * 91: dqg 91; djuhh uhdvrqdeo| zhoo zlwk wkrvh iurp Ilj1 4 iru SuEd2Fx�RS�S +.:17
N2JSd, dqg SuEd2Fx�RS�H +.61; N2JSd, ^57`1 Ehiruh uhdfklqj dq| frqfoxvlrqv/
krzhyhu/ zh qhhg wr hvwdeolvk wkh lpsruwdqfh ri r{|jhq rughulqj h�hfwv lq ASE� � iru
Su04561 Zh uhwxuq wr wklv txhvwlrq ehorz> �uvw zh frqvlghu vwxglhv rq \0456 wr
suhvvxuhv zhoo deryh 4 JSd1

Lq Ilj1 6 zh vkrz wkh uhvxowv ri yhu| uhfhqw h{shulphqwv e| Vdghzdvvhu hw do1 ^49/
58`/ xvlqj erwk Kh0ordghg gldprqg0dqylo0fhoo dqg Kh0jdv v|vwhpv/ zklfk ghwhuplqh
wkh lqwulqvlf ghshqghqfhv A �?|o

S E� � wr 4: JSd iru d vhulhv ri \0456 fu|vwdov dfurvv
wkh hqwluh udqjh ri r{|jhq frqwhqw iurp vwurqjo| xqghugrshg wr rswlpdoo| grshg/
h{whqglqj rxu hduolhu vwxg| ^59`1 Rqh revhuyhv lq wklv �jxuh wkh vdph surjuhvvlrq
lq wkh pdjqlwxgh ri wkh lqlwldo vorsh zlwk lqfuhdvlqj r{|jhq frqwhqw % dv glvfxvvhg
lq wkh suhylrxv sdudjudsk= E_AS*_� ��?|o lqfuhdvhv surjuhvvlyho| iru vdpsohv D +.513
N2JSd/ % * 9174, $ E +.514 N2JSd/ % * 9174, $ F +.516 N2JSd/ % * 9178,/
ehfrplqj yhu| odujh iru vdpsoh G +.:14 N2JSd/ % * 9199,/ exw ghfuhdvhv djdlq iru
wkh rswlpdoo| grshg vdpsoh H +.3157 N2JSd/ % * 91<5, ^49/ 58`1 Wkhvh ydoxhv ri
wkh lqwulqvlf lqlwldo vorshv +_AS*_� ��?|o iru \0456 dv d ixqfwlrq ri wkh r{|jhq frqwhqw
% duh lq jrrg djuhhphqw zlwk wkrvh iurp wkh hduolhu vwxglhv ri Ilhw} hw do1 ^54` olvwhg
lq wkh suhfhglqj sdudjudsk1

Wkh suhvhqw gdwd lq Ilj1 6/ krzhyhu/ frqwdlq d juhdw ghdo pruh lqirupdwlrq wkdq
wkh deryh vwxglhv wr 4 JSd vlqfh wkh| zhuh fduulhg rxw wr pxfk kljkhu suhvvxuhv1 Wkh
surjuhvvlrq lq A �?|o

S E� � zlwk r{|jhq frqwhqw lv txlwh lqwhuhvwlqj1 Wkh kljkhu wkh lqlwldo
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vorsh E_AS*_� ��?|oc wkh odujhu wkh wudqvlwlrq whpshudwxuh ehiruh lw sdvvhv wkurxjk
d pd{lpxp dqg wkh kljkhu wkh ydoxh ri wkh suhvvxuh � EA4@ 

S � dw wklv pd{lpxp1
Qrwh wkdw iru wkh rswlpdoo| grshg vdpsoh H erwk wkh lqlwldo vorsh E_AS*_� ��?|o dqg
wkh suhvvxuh � EA4@ 

S � duh qhduo| }hur1 Wkh surjuhvvlrq ri A �?|o
S E�c %� iru \0456

zlwk ydu|lqj r{|jhq frqwhqw % lv txlwh frpsoh{ dqg wkxv d jrrg �qjhusulqw wr khos
lghqwli| vxshufrqgxfwruv zlwk vlplodu hohfwurqlf dqg vwuxfwxudo hohphqwv1 Qrq U0456
r{lgh vxshufrqgxfwruv jhqhudoo| glvsod| d vlpsohu ehkdylru ^4</ 53`1 Wkh frpsoh{lw|
lq A �?|o

S E�c %� iru \0456 lv olnho| d uhvxow ri wkh suhvhqfh ri erwk fkdlq dqg sodqdu
hohphqwv lq lwv vwuxfwxuh1

Wkh ASE� � gdwd iru Su0456 lq Ilj1 4 zhuh rewdlqhg e| dsso|lqj wkh suhvvxuh dw
dpelhqw whpshudwxuh1 Iru frpsdulvrq zlwk wkh lqwulqvlf gdwd A �?|o

S E� � rq \0456
lq Ilj1 6/ zh pxvw ghwhuplqh wkh suhvvxuh ghshqghqfh ri AS lq Su0456 iuhh iurp
uhod{dwlrq h�hfwv1 Wkh prvw vdwlvidfwru| zd| wr gr wklv zrxog eh wr fduu| rxw wkh
h{shulphqwv hqwluho| dw orz whpshudwxuhv/ dv zdv grqh iru \04561 Rqo| d vlqjoh
Su0456 vdpsoh zlwk ASE4 edu� * 94 N +df vxvfhswlelolw| rqvhw, zdv dydlodeoh iru wkh
suhvhqw vwxg|> wklv ydoxh ri ASE4 edu� lv forvh wr wkdw revhuyhg iru SuEd2Fx�RS�S lq Ilj1
41 H{shulphqwv rq wklv vdpsoh wr suhvvxuhv ri 43 JSd dqg eh|rqg duh qrw srvvleoh
lq rxu gldprqg0dqylo fhoo gxh wr lwv olplwhg dffxudf| dqg wkh uhodwlyho| odujh zlgwk
ri wkh vxshufrqgxfwlqj wudqvlwlrq +� 53 N,1 Krzhyhu/ zh fdq dffxudwho| ghwhuplqh
wkh uhodwlyh lpsruwdqfh ri uhod{dwlrq h�hfwv lq ASE� � iru wklv vdpsoh wr 4 JSd e|
phdvxulqj wkh df vxvfhswlelolw| wr yhu| kljk dffxudf| lq rxu Kh0jdv kljk0suhvvxuh
dssdudwxv1

Lq wklv Kh0jdv h{shulphqw wkh vxshufrqgxfwlqj rqvhw dw dpelhqw suhvvxuh zdv �uvw
phdvxuhg wr eh ASE4 edu� * 94 N +sw1 4 lq Ilj1 7,1 D k|gurvwdwlf suhvvxuh ri 31; JSd
zdv wkhq dssolhg dqg khog dw 5<; N iru 5 krxuv ehiruh frrolqj wr phdvxuh ASE31:5
JSd� * 9813 N +sw1 5,> wkh uhgxfwlrq lq wkh suhvvxuh iurp 31; wr 31:5 JSd xsrq
frrolqj dulvhv iurp wkh frqwudfwlrq ri wkh Kh suhvvxuh phglxp1 Wkh suhvvxuh zdv
wkhq ixoo| uhohdvhg dw orz whpshudwxuhv +� 93 N, dqg AS uhphdvxuhg +sw1 6,> AS lv vhhq
wr ixoo| uhwxuq wr lwv lqlwldo ydoxh dw dpelhqw suhvvxuh1 Vlqfh wkh suhvvxuh ghshqghqfh
ASE� � lv wkh vdph zkhwkhu wkh suhvvxuh lv fkdqjhg dw dpelhqw ru orz whpshudwxuhv/
zh frqfoxgh wkdw wkhuh duh qr phdvxudeoh uhod{dwlrq h�hfwv iru wklv Su0456 vdpsoh1
Wkh ydoxh ri wkh lqwulqvlf suhvvxuh ghulydwlyh lv odujh/ +_AS*_� ��?|o * .818 	 319
N2JSd/ dowkrxjk vrphzkdw ohvv wkh � .: N2JSd revhuyhg iru wkh WVI]0jurzq
SuEd2Fx�RS�S vdpsoh ru iru wkh \0456 vdpsoh G zlwk frpsdudeoh dpelhqw suhvvxuh
wudqvlwlrq whpshudwxuh ASE4 edu� � 93 N1 Lw lv wkxv qrw xquhdvrqdeoh wr dvvxph wkdw
uhod{dwlrq surfhvvhv gr qrw pdnh dq lpsruwdqw frqwulexwlrq wr wkh ASE� �0ghshqghqfh
wr 43 JSd lq Ilj1 4 iru wkh SuEd2Fx�RS�S vdpsoh> rxu suhylrxv h{shulphqwv rq
\0456 ^49/ 56` dqg rwkhu r{lgh vxshufrqgxfwruv ^58/ 5:` kdyh vkrzq wkdw uhod{dwlrq
h�hfwv/ li suhvhqw/ glplqlvk lq lpsruwdqfh dw kljkhu suhvvxuhv gxh wr dq h{srqhqwldoo|
udslg lqfuhdvh lq wkh uhod{dwlrq wlph � zlwk suhvvxuh1 Frpsdulqj qrz wkh gdwd
iru SuEd2Fx�RS�S lq Ilj1 4 zlwk wkrvh iru \0456 vdpsoh G lq Ilj1 6/ zh vhh wkdw
ASE� � vkrzv d fohdu uhvhpeohqfh= AS lqfuhdvhv udslgo| zlwk suhvvxuh e| pruh wkdq .:
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N2JSd iru erwk vdpsohv/ vxusdvvlqj 433 N deryh 43 JSd/ dq lqfuhdvh ri pruh wkdq
68 N$ Wkh juhdwhu lqfuhdvh lq AS wr 43 JSd iru SuEd2Fx�RS�S frpsduhg wr \0456
vdpsoh G +7: N yhuvxv 6: N, lv frqvlvwhqw zlwk wkh vrphzkdw odujhu ydoxh ri _AS*_�
iru wkh iruphu +.:17 N2JSd yhuvxv .:14 N2JSd,1

Wkh lpsruwdqfh ri uhod{dwlrq h�hfwv iru pruh vwurqjo| grshg +odujhu r{|jhq frq0
whqw %� Su0456 vdpsohv/ olnh SuEd2Fx�RS�H zlwk ASE4 edu� � ;3 0 ;8 N/ kdv qrw |hw
ehhq ghwhuplqhg1 Krzhyhu/ Ilhw} hw do1 ^54` kdyh vkrzq wkdw uhod{dwlrq h�hfwv lq
\0456 whqg wr glplqlvk zlwk lqfuhdvlqj r{|jhq frqwhqw/ sduwlfxoduo| qhdu rswlpdo
grslqj1 Lqghhg/ wkh rswlpdoo| grshg \0456 vdpsoh H lq Ilj1 6 vkrzv qr uhod{dwlrq
h�hfwv lq AS zkdwvrhyhu ^49`1 Lq ylhz ri wkh devhqfh ri uhod{dwlrq h�hfwv iru wkh
Su0456 vdpsoh lq Ilj1 7/ lw lv uhdvrqdeoh wr dvvxph wkdw wkh| sod| qr lpsruwdqw uroh
iru wkh pruh kljko| grshg SuEd2Fx�RS�H vdpsoh1 Lw zdv srlqwhg rxw deryh wkdw wkh
lqlwldo vorsh _AS*_� iru SuEd2Fx�RS�H �wv lq zhoo zlwk wkh ghwdlohg v|vwhpdwlfv iru
\0456 zlwk ydu|lqj r{|jhq frqwhqw hvwdeolvkhg e| Ilhw} hw do1 ^54`1 Dowkrxjk wkhuh lv
qr \0456 vdpsoh lq Ilj1 6 zlwk d ydoxh ri AS qhdu wkdw +� ;3 N, iru SuEd2Fx�RS�H/ lw
lv hylghqw wkdw wkh odwwhu h{klelwv d ASE� � ghshqghqfh zklfk lv lqwhuphgldwh ehwzhhq
wkdw ri wkh \0456 vdpsohv G dqg H lq Ilj1 61 Wkh ASE� �0ghshqghqfhv wr yhu| kljk
suhvvxuhv iru wkh wzr Su0456 vdpsohv lq Ilj1 4 duh wkxv lq jrrg djuhhphqw zlwk wkh
v|vwhpdwlfv iru frpsdudeo| grshg \04561 Wr fulwlfdoo| whvw wkhvh dssduhqw v|vwhp0
dwlfv/ wkh ASE�c %�0ghshqghqfhv iru Su0456 wr suhvvxuhv zhoo eh|rqg 43 JSd vkrxog
eh ghwhuplqhg ryhu d zlgh udqjh ri r{|jhq frqwhqw %> lq dgglwlrq/ uhod{dwlrq h�hfwv
vkrxog eh holplqdwhg e| fduu|lqj rxw wkh h{shulphqwv hqwluho| dw orz whpshudwxuhv/
dv zdv grqh iru wkh gdwd rq \0456 lq Ilj1 61

Lq ylhz ri wkh lpsruwdqfh ri r{|jhq rughulqj skhqrphqd lq xqghugrshg \0456/
wkhlu devhqfh iru wkh Su0456 vdpsoh vwxglhg khuh +Ilj1 7, lv d vxusulvlqj uhvxow1
D sdudooho h{shulphqw lq wkh Kh0jdv v|vwhp wr 31; JSd rq wkh \0456 vdpsoh G
uhyhdohg wkdw uhod{dwlrq h�hfwv lqfuhdvh wkh lqlwldo vorsh _AS*_� e| dssur{lpdwho|
48( ^49`1 Wkh devhqfh ri uhod{dwlrq skhqrphqd lq wkh Su0456 vdpsoh pd| eh gxh wr
wkh uhgxfhg prelolw| ri r{|jhq ghihfwv iurp hqkdqfhg glvrughu dqg2ru vwudlq lq wklv
v|vwhp1 Lqghhg/ dv hylghqfhg e| wkh eurdg +� 53 N, vxshufrqgxfwlqj wudqvlwlrq/
wkh lqkrprjhqlhw| lq wkh WVI]0jurzq Su0456 vdpsohv lv txlwh odujh1 Wkh WVI]0
v|qwkhvlv whfkqltxh lwvhoi pd| dovr lqklelw wkh uhod{dwlrq skhqrphqd lq rwkhu zd|v1
Zh qrwh wkdw hqkdqfhg glvrughu dvvrfldwhg zlwk h{whqvlyh fdwlrq vxevwlwxwlrq lq wkh
456 vxshufrqgxfwru +Od�3%Fd%,+Ed��.D3%Odf�2Dn%,Fx�R+ pd| eh wkh fdxvh ri wkh yhu|
zhdn uhod{dwlrq h�hfwv revhuyhg lq wklv v|vwhp ^5;`1

Lq vxppdu|/ wkh suhvvxuh ghshqghqfh ASE� � wr 43 JSd iru wzr WVI]0jurzq Su0
456 vdpsohv lv vhhq wr fkdqjh vhqvlwlyho| zlwk wkh r{|jhq frqwhqw lq d pdqqhu zklfk
sdudoohov wkdw revhuyhg iru wkh fdqrqlfdo U0456 v|vwhp \Ed2Fx�R% ryhu d zlgh udqjh
ri r{|jhq frqwhqw %� Wklv vxssruwv wkh slfwxuh wkdw wkh hohfwurqlf dqg vwuxfwxudo
surshuwlhv uhvsrqvleoh iru wkh vxshufrqgxfwlylw| duh yhu| vlplodu lq erwk v|vwhpv1
Wkh suhvhqw h{shulphqwv wkxv jlyh hylghqfh wkdw WVI]0jurzq Su0456 pd| eh mxvw
dqrwkhu phpehu ri wkh U0456 vhulhv ri vxshufrqgxfwruv1 Ixuwkhu h{shulphqwv rq

9



erwk WVI]0 dqg  x{0jurzq Su0456 vdpsohv ryhu d zlgh udqjh ri r{|jhq frqwhqw
zrxog eh kljko| ghvludeoh wr eulqj �qdo fodulw| wr wklv txhvwlrq1

Dfnqrzohgjphqwv

Wkh dxwkruv duh judwhixo wr Gu1 N1 Rnd dqg Surihvvru \1 Qlvklkdud iru surylglqj
wkh vdpsoh dqg iru ydoxdeoh vflhqwl�f glvfxvvlrqv1 Wkh zrun dw Zdvklqjwrq Xqlyhuvlw|
+V1V1 dqg M1V1V1, lv vxssruwhg e| wkh Qdwlrqdo Vflhqfh Irxqgdwlrq xqghu judqw GPU
<;036;531

Uhihuhqfhv

^4` O1 Vrghukrop/ N1 ]kdqj/ G1 J1 Klqnv/ P1 D1 Ehqr/ M1 G1 Mrujhqvhq/ F1 X1 Vhjuh/
dqg L1 N1 Vfkxoohu/ Qdwxuh 65; +4<;:, 9371

^5` M1 N1 Oldqj/ [1 W1 [x/ V1 V1 [lh/ J1 K1 Udr/ [1 \1 Vkdr/ dqg ]1 J1 Gxdq/ ]1
Sk|v1 E 9< +4<;:, 46:1

^6` \1 Gdolfkdrxfk/ P1 V1 Wrulndfkylol/ H1 D1 Hduo|/ E1 Z1 Ohh/ F1 O1 Vhdpdq/ N1 Q1
\dqj/ K1 ]krx/ dqg P1 E1 Pdsoh/ Vrolg Vwdwh Frppxq1 98 +4<;;, 43341

^7` O1 M1 Shqj/ S1 Nodylqv/ U1 Q1 Vkhowrq/ K1 E1 Udgrxvn|/ S1 D1 Kdkq/ dqg O1
Ehuqdug}/ Sk|v1 Uhy1 E 73 +4<;<, 784:1

^8` M1 Ilqn/ Q1 Qxfnhu/ K1 Urpehuj/ P1 Doh{dqghu/ P1 E1 Pdsoh/ M1 M1 Qhxphlhu/
dqg M1 Z1 Doohq/ Sk|v1 Uhy1 E 75 +4<<3, 7;561

^9` N1 Wdnhqdnd/ \1 Lpdqdnd/ N1 Wdpdvdnx/ W1 Lwr/ dqg V1 Xfklgd/ Sk|v1 Uhy1 E
79 +4<<5, 8;661

^:` U1 Idkuhqedfkhu dqg W1 P1 Ulfh/ Sk|v1 Uhy1 Ohww1 :3 +4<<6, 67:41

^;` D1 L1 Olhfkwhqvwhlq dqg L1 L1 Pd}lq/ Sk|v1 Uhy1 Ohww1 :7 +4<<8, 43331

^<` ]1 ]rx/ N1 Rnd/ W1 Lwr/ dqg \1 Qlvklkdud/ Msq1 M1 Dsso1 Sk|v1 69 +4<<:, O4;1

^43` ]1 ]rx/ M1 \h/ N1 Rnd/ dqg \1 Qlvklkdud/ Sk|v1 Uhy1 Ohww1 ;3 +4<<;, 43:71

^44` K1 D1 Eodfnvwhdg dqg M1 G1 Grz/ Sk|v1 Uhy1 E 87 +4<<9, 94551

^45` W1 Xvdjdzd/ \1 Lvklpdux/ M1 Zdq/ W1 Xwdjdzd/ V1 Nr|dpd/ dqg \1 Hqrprwr/
Msq1 M1 Dsso1 Sk|v1 69 +4<<:, O48;61

^46` M1 G1 Mrujhqvhq/ E1 Z1 Yhdo/ D1 S1 Sdxolndv/ O1 M1 Qrzlfnl/ J1 Z1 Fudewuhh/ K1
Fodxv/ dqg Z1 N1 Nzrn/ Sk|v1 Uhy1 E 74 +4<<3, 4;961

:



^47` P1 y1 ]lpphupdqq/ W1 Iuhoor/ Q1 K1 Dqghuvhq/ M1 Pdgvhq/ P1 Nçoo/ R1 Vfkplgw/
W1 Qlhpùoohu/ M1 U1 Vfkqhlghu/ K1 I1 Srxvhq/ Wk1 Zroi/ U1 Oldqj/ S1 Grvdqmk/ Z1
Q1 Kdug| +vxeplwwhg wr Sk|v1 Uhy1 E,1

^48` M1 \h/ ]1 ]rx/ D1 Pdwvxvklwd/ N1 Rnd/ \1 Qlvklkdud/ dqg P1 Pdwvxprwr/ Sk|v1
Uhy1 E 8; +4<<;, U94<1

^49` V1 Vdghzdvvhu/ M1 V1 Vfkloolqj/ D1 S1 Sdxolndv/ dqg E1 Z1 Yhdo/ Sk|v1 Uhy1 E +wr
dsshdu 4<<<,1

^4:` N1 Rnd/ ]1 ]rx/ dqg M1 \h/ Sk|vlfd F 633 +4<<;, 5331

^4;` M1 V1 Vfkloolqj/ M1 Glhghulfkv/ V1 Norw} dqg U1 Vlhexujhu lq= Pdjqhwlf Vxvfhswlelo0

lw| ri Vxshufrqgxfwruv dqg Rwkhu Vslq V|vwhpv/ hgv1 U1 D1 Khlq/ W1 O1 Iudqfdylood
dqg G1 K1 Olhehqehuj +Sohqxp/ Qhz \run/ 4<<4, s1 43:1

^4<` Iru uhihuhqfhv/ vhh= M1 V1 Vfkloolqj dqg V1 Norw}/ lq= Sk|vlfdo Surshuwlhv ri Kljk
Whpshudwxuh Vxshufrqgxfwruv/ Yro1 LLL/ hg1 G1 P1 Jlqvehuj +Zruog Vflhqwl�f/
Vlqjdsruh/ 4<<5, s1 8<1

^53` K1 Wdndkdvkl dqg Q1 P÷ul/ lq= Vwxglhv ri Kljk Whpshudwxuh Vxshufrqgxfwruv/

Yro1 4924:/ hg1 D1 Y1 Qduolndu +Qryd Vflhqfh Sxeolvkhuv/ Lqf1/ Q1\1/ 4<<8, s1 41

^54` Z1 K1 Ilhw}/ M1 Phw}jhu/ W1 Zhehu/ N1 Juxeh/ dqg K1 D1 Oxgzlj/ DLS Frqi1
Surf1 63< +4<<6, :36> Z1 K1 Ilhw}/ U1 Txhq}ho/ K1 D1 Oxgzlj/ N1 Juxeh/ V1 L1
Vfkodfkwhu/ I1 Z1 Kruqxqj/ W1 Zroi/ D1 Hue/ P1 Noçvhu/ dqg J1 P oohu0Yrjw/
Sk|vlfd F 5:3 +4<<9, 58;1

^55` M1 V1 Vfkloolqj/ F1 Orrqh|/ V1 Vdghzdvvhu/ dqg \1 Zdqj/ Uhy1 Kljk Suhvvxuh Vfl1
Whfkqro1 : +4<<;, 7581

^56` V1 Vdghzdvvhu/ \1 Zdqj/ M1 V1 Vfkloolqj/ K1 ]khqj/ D1 S1 Sdxolndv/ dqg E1 Z1
Yhdo/ Sk|v1 Uhy1 E 89 +4<<:, 4749;1

^57` Wkh gl�hulqj lqglfdwhg r{|jhq frqwhqwv ri 919 dqg 91: iru wkh Su0 dqg \0
frpsrxqgv/ uhvshfwlyho|/ zlwk qhduo| wkh vdph ydoxh ri wkh suhvvxuh ghulydwlyh
_A

S
*_� srvhv qr lqfrqvlvwhqf| vlqfh wkh ydoxh ri % iru wkh Su0frpsrxqg lv hvwl0

pdwhg e| frpsdulqj lwv ydoxh ri A
S
� 93 N dw dpelhqw suhvvxuh wr wkh hvwdeolvkhg

A
S
E%� ghshqghqfh iru \0456 iurp Uhi1 461 Ehfdxvh ri wkh odujh sodwhdx lq wklv

ghshqghqfh/ dq| r{|jhq frqwhqw lq wkh udqjh 918 	 % 	 91: lv frqvlvwhqw zlwk
AS � 93 N1

^58` V1 Vdghzdvvhu +Sk1G1 Wkhvlv/ Zdvklqjwrq Xqlyhuvlw|/ Dxjxvw 4<<<,1

^59` Y1 J1 Wlvvhq/ \1 Zdqj/ D1 S1 Sdxolndv/ E1 Z1 Yhdo/ dqg M1 V1 Vfkloolqj/ Sk|vlfd
F 649 +4<<<, 541

;



^5:` V1 Vdghzdvvhu/ M1 V1 Vfkloolqj/ dqg D1 P1 Khupdqq +lq suhsdudwlrq,1

^5;` V1 Vdghzdvvhu/ M1 V1 Vfkloolqj/ D1 Nql}kqln/ J1 P1 Uhlvqhu/ dqg \1 Hfnvwhlq
+vxeplwwhg iru sxeolfdwlrq,1
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Ilj1 41 Suhvvxuh ghshqghqfh ri A
S
iru WVI]0jurzq SuEd2Fx�R% vlqjoh fu|vwdov1

Rshq dqg vrolg v|perov uhsuhvhqw whpshudwxuhv ri wkh uhvlvwlyh rqvhw dqg
}hur0uhvlvwdqfh/ uhvshfwlyho|1 R{|jhq frqwhqwv % duh qrplqdo +vhh wh{w,1 Wkh lqlwldo
suhvvxuh ghulydwlyh _AS*_� iurp Uhi1 48 lv .:17 N2JSd iru SuEd2Fx�RS�S dqg .61;

N2JSd iru SuEd2Fx�RS�H�
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Ilj1 5+d,1 ]hur od|hu [0ud| suhfhvvlrq skrwrjudskv ri wkh SuEd2Fx�R% vlqjoh
fu|vwdo lq ^334` }rqh d{lv1

Ilj1 5+e,1 ]hur od|hu [0ud| suhfhvvlrq skrwrjudskv ri wkh SuEd2Fx�R% vlqjoh
fu|vwdo lq ^343` }rqh d{lv1
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Ilj1 61 Lqwulqvlf suhvvxuh ghshqghqfh A �?|o

S
E� � iurp Uhi1 49 iru vhyhudo

\Ed2Fx�R% fu|vwdov wr 4: JSd1 Vrolg +rshq, v|perov lqglfdwh lqfuhdvlqj
+ghfuhdvlqj, suhvvxuh1 Wkh lqlwldo vorshv iurp wkh Kh0jdv gdwd +vhh Uhi1 4;, wr 4

JSd duh jlyhq e| wkh vwudljkw olqhv +vhh wh{w iru ydoxhv,1 Gdvkhg olqhv duh jxlghv wr
wkh h|h1

45



0.0 0.2 0.4 0.6 0.8P (GPa)
60

62

64

66
T

c 
(K

)

2

3
1

PrBa2Cu3Ox

dTc/dP = + 5.5 ± 0.6 K/GPa

Ilj1 71 Ghshqghqfh ri AS rq suhvvxuh iru WVI]0jurzq SuEd2Fx�R% vlqjoh fu|vwdo1
Ydoxhv ri suhvvxuh jlyhq zhuh ghwhuplqhg dw whpshudwxuhv qhdu AS1 Qxpehuv jlyh

rughu ri phdvxuhphqw1
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