
Orz whpshudwxuh khdw fdsdflw| ri Qg2@�Fd�@�PqR�

dqg +Qgf=b\f=�,2@�Fd�@�PqR� pdqjdqlwhv=
wudqvirupdwlrq ri wkh Vfkrwwn|0olnh dqrpdo|

H Ihuwpdq�/ D Eh}qrvry�/ Y Ghvqhqnr�/ P Ndmqdnryd2 dqg D Ihkhu2

Devwudfw1 H�hfw ri \0grslqj rq lqwhudfwlrqv lq wkh vslq v|vwhp ri wkh frorvvdo
pdjqhwruhvlvwdqfh frpsrxqg Qg2@�Fd�@�PqR� kdv ehhq vwxglhg e| wkh wkhupdo uhod{dwlrq
khdw fdsdflw| dqg qhxwurq gl�udfwlrq whfkqltxhv lq wkh 2 3 �f N whpshudwxuh udqjh1 Lq D N
whpshudwxuh uhjlrq d eurdghqhg Vfkrwwn|0olnh vshfl�f khdw dqrpdo| FVfkEW � kdv ehhq irxqg
erwk lq wkh sduhqw Qg2@�Fd�@�PqR� dqg lq wkh grshg +Qgf=b\f=�,2@�Fd�@�PqR� frpsrxqgv1
Wkh h{shulphqwdo gdwd zhuh vxffhvvixoo| �wwhg e| d vhw ri wkuhh wzr0ohyho Vfkrwwn| frqwulexwlrqv/
lpso|lqj d eurdghqlqj ri wkh h{lwhg ohyho lq wkh v|vwhp zlwk udqgrpo| glvwulexwhg \ lrqv1
Uhsodfhphqw ri �f ( Qg lrqv e| qrqpdjqhwlf \ lrqv ohdgv wr wkh derxw �f ( hqodujhphqw ri
wkh vsolwwlqj ri wkh jurxqg vwdwh grxeohw ri Qg�n lrq1

�E1 Yhunlq Lqvwlwxwh iru Orz Whpshudwxuh Sk|vlfv dqg Hqjlqhhulqj 7:/ Ohqlq Dyh/ Nkdunry
94497/ Xnudlqh1
2Fhqwuh ri Orz Whpshudwxuh Sk|vlfv ri wkh Idfxow| ri Vflhqfh ri SMVX dqg LHS VDV/ Sdun
Dqjholqxp </ 37487 Nrvlfh/ Vorydnld
H0pdlo= ihuwpdqClow1nkdunry1xd

41 Lqwurgx f wlr q
Qg526Fd426P qR6 +QFP R, lv r qh r i wkh f r or vvdo p dj qhwr uhvlvwdqf h shuryvnlwh p dqj dqlwhv
U�3{D{P qR� +z khuh U dqg D duh wulydohqw uduh hduwk dqg glydohqw dondol hduwk p hwdo/
uhvshf wlyho| , sr vvhvvlqj dqr p dor xv sur shuwlhv dworz whp shudwxuhv gxh wr wkh suhvhqf h r i wz r
gl� huhqwvslq v| vwhp v wkh Qg dqg P q r qhv lq wkhp 1 Dq lqwhudf wlr q ehwz hhq gl� huhqwvslq
v| vwhp v lq vxf k f r p sr xqgv lv lqwhuhvwlqj dqg qr w t xlwh f ohdu t xhvwlr q wloo qrz 1 Hduolhu e|
orz whp shudwxuh vshf l� f khdw vwxg| lw z dv vkrz q wkdw suhylr xvo| xquhf r j ql}hg lqwhudf wlr q
ehwz hhq wkh Qg dqg P q vslq v| vwhp v lq Qg526Fd426P qR6 gr hv h{ lvw1 Wkh Qg vslqv r ughuhg
dw dq xqxvxdoo| klj k whp shudwxuh ir u Qg0Qg h{ f kdqj h lqwhudf wlr qv/ sur gxf lqj d Vfkr wwn| 0
olnh dqr p do| / z klf k z dv vxj j hvwlyh r i dq h� hf wlyh p r ohf xodu0� hog p hfkdqlvp 4̂`1 D vlp lodu
Vfkr wwn| 0olnh dqr p do| z dv ir xqg lq QgP qR6 shuryvnlwh dqg lqwhusuhwhg lq whup v r i wkh p r gho
r i xqf kdqj hg h� hf wlyh p r ohf xodu � hog dwQg�n vlwh f dxvhg e| wkh ihuur p dj qhwlf f r p sr qhqwr i
P q vslqv 5̂`1 Lq wkh suhvhqwvwxg| wr lghqwli| wkh qdwxuh r i wkh Vfkr wwn| 0olnh dqr p do| z h kdyh
vwxglhg sduhqwQg526Fd426P qR6 dqg gr shg +Qg31<\ 314,526Fd426P qR6 +Q\ FP R, f r p sr xqgv/
lq z klf k p dj qhwlf Qg lr qv duh gloxwhg e| qr q p dj qhwlf \ r qhv1

Z h kdyh uhyhdohg wkh Vfkr wwn| 0olnh dqr p do| dw orz whp shudwxuhv lq wkh er wk vwxglhg
f r p sr xqgv1 Wkh dp solwxgh r i wkh dqr p do| ghf uhdvhv z lwk gr slqj / dwwkh vdp h wlp h d vsolwwlqj
r i wkh j ur xqg vwdwh f u| vwdo0� hog gr xeohwlqf uhdvhv1 Ehorz ; N wkh h{ shulp hqwdogdwd ir u hdfk



vwxglhg f r p sr xqg z huh vxf f hvvixoo| � wwhg e| d vhwr i wkuhh wz r 0ohyho Vfkr wwn| f r qwulexwlr qv/
lp so| lqj d eur dghqlqj r i wkh h{ lwhg ohyholq wkh v| vwhp z lwk udqgr p o| glvwulexwhg \ lr qv1

51 H{ s hulp hqw
Fhudp lf vdp sohv Qg526Fd426P qR6 dqg +Qg31<\ 314, 526Fd426P qR6 z huh suhsduhg e| d vwdqgdug
vr olg vwdwh uhdf wlr q whfkqlt xh iur p vwr lf klr p hwulf dp r xqwv r i sur shu srz ghuv1 [ 0ud| f u| vwdo0
vwuxf wxuh dqdo| vlv lqglf dwhg d vlqj oh0skdvh p dwhuldo1

Khdwf dsdf lw| F +W , p hdvxuhp hqwv z huh p dgh xvlqj T xdqwxp Ghvlj q Sk| vlf doSur shuwlhv
P hdvxuhp hqwV| vwhp +SSP V, lq wkh 5� 583 N whp shudwxuh udqj h1

Qhxwur q0gl� udf wlr q h{ shulp hqwz huh f duulhg r xwr q wkh srz ghugl� udf wr p hwhuGP F/ or f dwhg
dwwkhvsdoodwlr q qhxwur q vr xuf hVLQT +SVLYloolj hq/ Vz lw}huodqg,/ xvlqj wkhz dyhohqj wk � @ 5=89
È dw43 � 633 N +ghwdlov duh ghvf ulehg lq 6̂ ,̀1 Wkh Ulhwyhog uh� qhp hqwv r i wkh f u| vwdo dqg
p dj qhwlf vwuxf wxuhv z huh gr qh lq d vlqj oh0skdvh dssur { lp dwlr q z lwk wkh I xoosur i vr iwz duh 7̂`1

61 Uhvxowv dqg glvf xvvlr q
Df f r uglqj wr wkh qhxwur q gl� udf wlr q vwxg| f u| vwdo vwuxf wxuh r i +Qg31<\ 314,526Fd426P qR6
f r uuhvsr qgv wr wkh vwdqgdug r uwkr ukr p elf Sqp d vsdf hv| p p hwu| 1 Wkhf r p sr xqg lv dq lqvxodwr u
dworz whp shudwxuhv1 Lwxqghuj r hv d vht xhqf h r i wz r dqwlihuur p dj qhwlf wudqvir up dwlr qv dwder xw
443 N dqg 93 N dqg d ihuur p dj qhwlf r qh dwder xw75 N/ ohdglqj wr d f r h{ lvwhqf h r i dwohdvw
wkuhh gl� huhqwor qj udqj h p dj qhwlf r ughulqj v dworz whp shudwxuhv=wkh dqwlihuur p dj qhwlf r i GH
dqg svhxgr 0FH w| sh r qhv/ dqg wkh ihuur p dj qhwlf r i E0w| sh r qh +f odvvl� f dwlr q lv lq df f r ugdqf h
z lwk 8̂ ,̀1 Lwlv f r qvlvwhqwz lwk d skdvh vhsdudwlr q vf hqdulr / vlp lodu wr wkh hduolhu vwxglhg sduhqw
Qg526Fd426P qR6 f r p sr xqg 6̂`1

Wkher wk vwxglhg f r p sr xqgvkdyhehhq uhyhdohg wr vkrz d vlj ql� f dqwvkr xoghur i whp shudwxuh
ghshqghqwkhdwf dsdf lw| dwder xw43 N +I lj xuh 4,1
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I l j xuh 41 Whp shudwxuh ghshqghqw khdw
f dsdf lw| ir u sduhqw QFP R dqg gr shg
Qg\ FP R f r p sr xqgv1

Wkh dqr p dolhv ir xqg kdyh ehhq lqwhusuhwhg dv d Vfkr wwn| 0olnh r qh gxh wr wkh wudqvp lwwlqj
r i hohf wur qv lq wkh vsolwwlqj hqhuj | ohyhov r i Qg�n lr q 5̂ /̀ 4̂`1 Wkh Vfkr wwn| 0olnh dqr p dolhv lq
wkh suhvhqwvwxg| duh dwwulexwhg wr wkh vsolwwlqj r i wkh j ur xqg vwdwh gr xeohw+J VG, r qo| / dv wkh
f r qwulexwlr q r i wkh vsolwwlqj r i gr xeohwv deryh J VG lv qhj olj leoh ehorz 53 N/ vlqf h h{ f lwdwlr q wr
wkh � uvwgr xeohwr f f xuv deryh 453 N 9̂`1

Lwlv qhhg wr wdnh lqwr df f r xqwwkdwwkh k| shu� qh f r qwulexwlr q wr wkh vshf l� f khdwf dxvhg
e| wkh or f dop dj qhwlf � hog dwwkh P q dqg Qg qxf ohxv lv qhj olj leoh dwwhp shudwxuhv deryh 5 N
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:̂ `1Wkh f r qwulexwlr q iur p wkh f u| vwdo0� hog vsolwwlqj r i Qg�n lr q lv qhj olj leoh dwwhp shudwxuhv
vwxglhg dv z hoo 9̂`1Wkh olqhdu f r qwulexwlr q r i wkh iuhh hohf wur qv lv qr wsuhvhqwlq wkh vwxglhg
p dj qhwlf lqvxodwr uv 8̂`1 Wkhuhir uh/ wkh vshf l� f khdwr i wkh vwxglhg f r p sr xqgv z dv � wwhg dv
ir oorz v=F+W , @ FVfk . Fvz . Fodw/ z khuh wkh Fodw/ j lyhq e| d Ghe| h ixqf wlr q/ lv wkh skr qr q
f r qwulexwlr q>Fvz lv wkh f r qwulexwlr q iur p wkh D0DI vslq0z dyh h{ f lwdwlr qv/ wkhFVfk uhsuhvhqwv
d wz r 0ohyhoVfkr wwn| f r qwulexwlr q/

FVfk +W , @ 5
6 +4� |,U

�[
q'�

dq
�{qW

�2 � h{s �{qW
�

�4 . h{s �{qW
��2 +4,

z khuh�q lvwkhvsolwwlqj r i J VG r i Qg�n lr q/ | lv \ f r qwhqw/ U @ ;=647 M2p r oh�N lvwkhxqlyhuvdo
j dv f r qvwdqw1 Z h kdyh ir xqg wkdwwkh Vfkr wwn| 0olnh dqr p dolhv lq wkh vwxglhg f r p sr xqgv kdyh
wr eh � wwhg e| d vxp r i wkuhh qhdu0e| Vfkr wwn| dqr p dolhv udwkhu wkhq e| d vlqj oh r qh +I lj xuh
5,1 Wkhq d vxp r i wkh odwwlf h dqg p dj qhwlf f r qwulexwlr qv hvwlp dwhg dv d gl� huhqf h ehwz hhq
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I l j xuh 51 Wkh hqwur s| ghulydwlyh F@W ir u wkh Qg2@�Fd�@�P qR� +ohiw, dqg
+Qgf=b\ f=�,2@�Fd�@�P qR� +ulj kw,1 Huur u eduv duh ohvv wkdq wkh h{ shulp hqwdo sr lqwv1 Vkr uw0
gdvk olqh lv d j xlgh ir u h| hv/ gr wwhg olqh vwdqgv ir uFVfk@W / dqg wkh gdvk0gr wolqh vwdqgv ir u dq
hydoxdwlr q r i wkh vxp r i wkh p dj qhwlf dqg odwwlf h f r qwulexwlr qv1

wkh h{ shulp hqwdogdwd dqg wkh f dof xodwhg Vfkr wwn| f r qwulexwlr q/ qhduo| olqhdu j urz wkv z lwk W
+I lj xuh 5,1 Wkh odvwlv lq d j r r g dj uhhp hqwz lwk ;̂ /̀ z khuh Fvz@W 2 W 1 Wkh uhvxowv r i r xu
dssur { lp dwlr qv duh vxp p dul}hg lq Wdeoh 41

Wdeoh 41 Fdofxodwhg sdudphwhuv iru wkh Vfkrwwn| dqrpdo| dssur{lpdwhg e| d vxp ri wkuhh
lwhpv1 Wkh sdudphwhuv �l +l @ 4==6, dqg W4@ duh jlyhq lq Nhoylq1

d� d2 d� Sdq �� �2 �� W4@ �� ���
QFPR 3=57; 3=564 3=894 4=37 ; 49=5 58 8 4:
Q\FPR 3=57 3=67: 3=888 4=475 ;=< 4:=9 5:=8 8=8 4;=9

Wkh Vfkrwwn| hqwurs| iru wkh dssur{lpdwhg h{shulphqwdo gdwd FVfk@W lv dv iroorzv=

VVfk +4, @
"]

f

FVfk +W ,
W gW @ 5

6 oq 5 +4� |,U
�[

q'�
dq +5,

25th International Conference on Low Temperature Physics (LT25) IOP Publishing
Journal of Physics: Conference Series 150 (2009) 042031 doi:10.1088/1742-6596/150/4/042031

3



Wkh vxp ri wkh frh!flhqwv dq kdv wr vdwlvi| wkh frqglwlrq �S
q'�

dq @ 41 Lw lv vhhq iurp Wdeoh
4 wkdw wkh frqglwlrq lv sudfwlfdoo| ixo�oohg/ zklfk surylghv wkh uholdelolw| ri wkh dssur{lpdwlrq1
Zlgh Vkrwwn| dqrpdolhv lq wkh frpsrxqgv vwxglhg zhoo dssur{lpdwhg e| d vxp ri wkuhh lwhpv/
srlqw wr wkh qrq0htxdo vlwhv ri Qg�n lrqv1 Wkh odvw pd| eh fdxvhg e| wkh skdvh0vhjuhjdwhg vwdwh
ri wkh frpsrxqgv vwxglhg1

Whpshudwxuhv ri wkh pd{lpd ri F +W ,@W fxuyhv dvvrfldwhg zlwk F5U� kdyh ehhq irxqg dv 8=3
dqg 8=8 N iru sduhqw dqg \0grshg frpsrxqgv/ uhvshfwlyho| +Wdeoh 4,/ lqglfdwlqj wkh lqfuhdvh
ri wkh vsolwwlqj ri wkh JVG ri Qg�n lq wkh grshg frpsrxqg1 Wklv pd| eh fdxvhg e| wkh
vwuxfwxudo uhdvrqv/ ohdglqj wr wkh gl�huhqfh ri wkh Odqghu idfwru ri Qg�n lrq lq wkh sduhqw
dqg grshg frpsrxqgv1 Vr/ zh kdyh irxqg wkdw odwwlfh0sdudphwhu udwlr e@ �s5f�/ fkdudfwhul}lqj
dqlvrwurs| ri wkh ruwkrukrpelf fu|vwdo odwwlfh/ lv glvwlqfwo| kljkhu iru wkh xqgrshg frpsrxqg dw
orz whpshudwxuh> odwwlfh yroxph/ rxw ri sodqh erqg ohqjwkv Pq0R dqg erqg dqjohv Pq0R0Pq
duh vwurqjo| gl�huhqw iru QFPR dqg Q\FPR lq wkh vwxglhg whpshudwxuh udqjh dv zhoo1

Wkh vsolwwlqj ydoxhv �� � �� kdyh ehhq irxqg dv 4: dqg 4;=9 N/ iru sduhqw dqg \0grshg
frpsrxqgv/ uhvshfwlyho| +Wdeoh 4,/ srlqwlqj wr wkh eurdghqlqj ri wkh h{lwhg ohyho e| grslqj1
Wkh gl�huhqfh lv suredeo| frqqhfwhg zlwk dq lqfuhdvh ri wkh U0vlwh glvrughu lq wkh v|vwhp zlwk
grslqj1

71 Frqfoxvlrq
Eurdg Vfkrwwn|0olnh dqrpdo| zdv irxqg lq Qg526Fd426PqR6 dqg +Qg31<\314,526Fd426PqR6
frpsrxqgv1 Ehorz ; N wkh h{shulphqwdo gdwd zhuh vxffhvvixoo| �wwhg e| d vhw ri wkh wkuhh wzr0
ohyho Vfkrwwn| frqwulexwlrqv/ srlqwlqj wr wkh qrq0htxdo vlwhv ri Qg�n lrqv/ zklfk lv suredeo|
frqqhfwhg zlwk d skdvh vhjuhjdwhg vwdwh ri wkh erwk frpsrxqgv vwxglhg1 Eurdghqlqj ri
wkh h{lwhg ohyho lq wkh grshg frpsrxqg lv dwwulexwhg wr wkh udqgrpo| glvwulexwhg \ lrqv1
Uhsodfhphqw ri 43 ( Qg lrqv e| qrqpdjqhwlf \ lrqv ohdgv wr wkh derxw 43 ( hqodujhphqw
ri vsolwwlqj ri wkh jurxqg vwdwh grxeohw ri Qg�n lrq/ zklfk lv frqqhfwhg zlwk d fkdqjh ri
lqwhudfwlrqv ri wkh Qg dqg Pq vxev|vwhpv/ suredeo| fdxvhg e| wkh vwuxfwxudo uhdvrqv1

81 Dfnqrzohgjphqwv
Dxwkruv wkdqn Gu1 G1 Vkhsw|dnry +VLQT/ SVL Ylooljhq Vzlw}huodqg, iru frooderudwlrq dqg iuxlwixo
glvfxvvlrq1 Wkh zrun zdv sduwo| vxssruwhg e| judqw iurp wkh Qdwlrqdo Dfdghp| ri Vflhqfhv
ri Xnudlqh +surjudp �Qdqrv|vwhpv/ qdqrpdwhuldov/ dqg qdqrwhfkqrorjlhv�, dqg e| wkh Vorydn
Uhvhdufk dqg Ghyhorsphqw Djhqf|/ Judqw qr1 5303385371

91 Uhihuhqfhv
^4` Jrugrq M H/ Ilvkhu U D/ Mld \ [/ Skloolsv Q H/ Uhnolv V I/ Zuljkw G D dqg ]hwwo D 4<<< Sk|v1 Uhy1 E 8<

45:
^5` Fkhqj M J/ Vxl \/ Tldq ] Q/ Olx ] J/ Pldr M S/ Kxdqj [ T/ Ox ]/ Ol \/ Zdqj [ M dqg Vx Z K 5338 Vrolg

Vwdwh Frppxq1 467 6;4
^6` Ihuwpdq H/ Vkhsw|dnry G/ Eh}qrvry D/ Ghvqhqnr Y dqg Nkdo|dylq G 5338 M1 Pdjq1 Pdjq1 Pdwhu1 5<6 :;:
^7` Urlvqho W dqg Urguljxh}0Fduydmdo M 5334 Pdwhu1 Vfl1 Iruxp 6:; 44;
^8` Zroodq H R dqg Nrhkohu Z F 4<88 Sk|v1 Uhy1 433 878
^9` Srgohvq|dn D/ Urvhqnudq} V/ Idxwk I/ Pduwl Z/ Ixuuhu D/ Pluphovwhlq D dqg Vfkhho K M 4<<6 M1 Sk|v1=

Frqghqv1 Pdwwhu 8 ;<:6
^:` Vpro|dqlqryd Y Q/ Jkrvk N dqg Juhhq U O 4<<; Sk|v1 Uhy1 E 8; U47:58
^;` Zrrg�hog E I/ Zlovrq P O dqg E|huv M P 4<<: Sk|v1 Uhy1 Ohww1 :; 6534
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