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Fkdslwuh 4
Lqwurgxfwlrq

414 Ohv ìohfwurqv gdqv ohv pìwdx{

Gdqv xq pìwdo/ ohv ìohfwurqv vrqw iruwhphqw frxsoìv hqwuh hx{ sdu o*lqwhudfwlrq Frxorpel0

hqqh1 Srxuwdqw/ od soxsduw ghv sursulìwìv ìohfwurqltxhv v*h{soltxhqw gdqv oh fdguh gx prgëoh

ghv ìohfwurqv lqgìshqgdqwv gìyhorssì sdu Guxgh hw Vrpphuihog1 Fhwwh vlpsol�fdwlrq h{wuíph

uìvxowh gh o*ìfudqwdjh wuëv h!fdfh gh o*lqwhudfwlrq Frxorpelhqqh sdu od srodulvdwlrq gx  xlgh

ìohfwurqltxh gdqv vrq hqvhpeoh ^4` 1 W|sltxhphqw/ gdqv xq erq pìwdo/ o*lqwhudfwlrq Frxorp0

elhqqh hvw hq h�hw ìfudqwìh vxu xqh glvwdqfh gh o*ruguh gh od glvwdqfh pr|hqqh hqwuh ìohfwurqv1

D edvvh whpsìudwxuh hw srxu ghv ìqhujlhv surfkhv gh o*ìqhujlh gh Ihupl/ ohv ìohfwurqv gdqv

ghv �opv pìwdooltxhv vxelvvhqw hvvhqwlhoohphqw ghv froolvlrqv ìodvwltxhv/ dyhf ohv lpshuihfwlrqv

gx uìvhdx fulvwdoolq rx vxu ohv erugv gx frqgxfwhxu1 Gdqv fh uìjlph glw gl�xvli/ ohv froolvlrqv

ìodvwltxhv glplqxhqw od srodulvdelolwì g|qdpltxh gx  xlgh ìohfwurqltxh hw grqf o*h!fdflwì gh

o*ìfudqwdjh gh o*lqwhudfwlrq Frxorpelhqqh1 Lo hvw suìglw txh/ ã ghv whpsìudwxuhv lqiìulhxuhv

ã 4 N/ o*lqwhudfwlrq Frxorpelhqqh suhqg oh sdv vxu o*lqwhudfwlrq ìohfwurq0skrqrq hw hvw ã o*r0

uljlqh gh od soxsduw ghv froolvlrqv lqìodvwltxhv/ txl hoohv vhxohv shuphwwhqw od uhglvwulexwlrq gh

o*ìqhujlh hqwuh ìohfwurqv ^5` 1

Soxvlhxuv h{sìulhqfhv rqw phvxuì o*h�hw ghv lqwhudfwlrqv hqwuh ìohfwurqv gdqv ohv pìwdx{

vxu oh whpsv gh ylh �
�

EA � g*xq ìwdw ìohfwurqltxh dx qlyhdx gh Ihupl gdqv xq edlq wkhupltxh

ã od whpsìudwxuh A� Doruv txh gdqv fhuwdlqhv gh fhv h{sìulhqfhv ^6/ 7` oh whpsv gh ylh ghv

ìohfwurqv yìul�h od gìshqgdqfh hq orl gh sxlvvdqfh gh A suìglwh sdu od wkìrulh gh o*lqwhudfwlrq



Chapitre 1 Introduction

Coulombienne écrantée [2] , dans d’autres [5,6] il présente une saturation à basse température

incompatible avec les prédictions. Nous avons porté sur la …gure 1.1 le résultat des deux

expériences les plus signi…catives e¤ectuées sur des métaux à basse température.

Fig. 1.1. (a) Mesures de ¿Á e¤ectuées par Echternach et al. [3] en 1993 sur un …l d’or pour des tempéra-
tures supérieures à 100 mK. Ces mesures véri…ent la dépendance en température prédite par la théorie de
l’interaction Coulombienne écrantée [2] (traits continus) entre 100 mK et 1 K. (b) Série de mesures e¤ec-
tuées en 1997 par Mohanty et al. [5] sur des …ls d’or ayant des coe¢cients de di¤usion di¤érents pour des
températures comprises entre 30 mK et 10 K. Le temps de cohérence de phase présente systématiquement
une saturation à basse température.

Dans cette thèse nous présentons di¤érents types d’expériences visant mesurer directement

les interactions inélastiques subies par les électrons dans les métaux di¤usifs à basse tempéra-

ture, a…n d’en élucider le mécanisme.

Dans la première partie, nous présentons la mesure du taux avec lequel les électrons

échangent de l’énergie dans des …ls mésoscopiques en argent, en cuivre et en or.

Dans la deuxième partie, nous présentons la mesure du temps de cohérence de phase des

électrons, ¿Á; en fonction de la température, également dans des …ls d’argent, de cuivre et

d’or. Ce temps ¿Á est limité par tous les processus pour lesquels l’énergie échangée se situe

entre ~=¿Á et » kBT: Nous avons déduit ¿Á de la mesure des corrections dites de localisation

faible à la conductance du …l.

Dans la troisième partie, nous présentons des mesures de l’anomalie de conductance d’une
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414 Ohv ìohfwurqv gdqv ohv pìwdx{

orqjxh mrqfwlrq wxqqho dx{ shwlwhv whqvlrqv/ txl hvw xq dxwuh h�hw gh o*lqwhudfwlrq Frxorpel0

hqqh1 Oruvtx*xq ìohfwurq wudyhuvh xqh eduulëuh lvrodqwh hqwuh ghx{ pìwdx{ sdu h�hw wxqqho/

lo grlw hq h�hw ydlqfuh od uìsxovlrq Frxorpelhqqh gx plolhx irupì sdu ohv ìohfwurqv gh o*dxwuh

f÷wì gh od eduulëuh1 Lo hq uìvxowh xqh glplqxwlrq gh od frqgxfwdqfh ã edvvh whqvlrq1 Qrxv dyrqv

phvxuì od frqgxfwdqfh g*xqh mrqfwlrq wxqqho hqwuh xq �o g*doxplqlxp hw xq sodq gh pdvvh/ hw

qrxv o*dyrqv frpsduìh dx{ suìglfwlrqv gh od wkìrulh gh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh1

Fhwwh lqwurgxfwlrq d srxu remhw gh suìvhqwhu eulëyhphqw o*hqvhpeoh ghv uìvxowdwv gh od wkëvh1

0 44 0



Fkdslwuh 4 Lqwurgxfwlrq

415 Hfkdqjhv g*ìqhujlh hqwuh ìohfwurqv

Od phvxuh ghv wdx{ g*ìfkdqjh g*ìqhujlh hqwuh ìohfwurqv hvw srvvleoh vl o*rq sodfh xq v|vwëph

g*ìohfwurqv gdqv xqh vlwxdwlrq kruv0ìtxloleuh vwdwlrqqdluh1 Xqh whooh vlwxdwlrq v*rewlhqw vlpsoh0

phqw hq frqqhfwdqw xq �o pìwdooltxh ã ghx{ ìohfwurghv sruwìhv ã ghv srwhqwlhov gl�ìuhqwv1 Oh

glvsrvlwli h{sìulphqwdo hvw uhsuìvhqwì vxu od �jxuh 4151 Ohv ìohfwurghv ìsdlvvhv mrxhqw oh u÷oh

V

U

100 nm

50 nm 

0-eU

f(E)

E

I

Ilj1 4151 Vfkìpd gx prqwdjh h{sìulphqwdo = xq �o pìwdooltxh gh orqjxhxu O hvw frqqhfwì ã ghx{ ìohfwurghv
pdvvlyhv sruwìhv ã ghv srwhqwlhov ìohfwurfklpltxhv gl�ìudqw gh hX1 Od irqfwlrq gh glvwulexwlrq hq ìqhujlh
hq xq srlqw gx �o hvw gìgxlwh gh od phvxuh gh od frqgxfwdqfh gl�ìuhqwlhooh gL

gY
+Y , g*xqh mrqfwlrq wxqqho

hqwuh oh �o hw xqh ìohfwurgh vxsudfrqgxfwulfh sodfìh hq0ghvvrxv1 Hq o*devhqfh g*lqwhudfwlrqv/ od irqfwlrq gh
glvwulexwlrq ghv ìohfwurqv d xqh pdufkh lqwhupìgldluh ã i+H, @ 4 � {> rü {O hvw od glvwdqfh gx srlqw gh
phvxuh ã o*ìohfwurgh ã od pdvvh/ srxu ohv ìqhujlhv H hqwuh �hX hw 3 +oljqh frqwlqxh,1 Txdqg ohv lqwhudfwlrqv
vrqw vx!vdpphqw iruwhv srxu wkhupdolvhu ohv ìohfwurqv/ od irqfwlrq gh glvwulexwlrq hvw xqh irqfwlrq gh Ihupl
dyhf xqh whpsìudwxuh hw xq srwhqwlho ìohfwurfklpltxh txl gìshqghqw gh od whpsìudwxuh +oljqh srlqwlooìh,1

gh uìvhuyrluv g*ìohfwurqv/ lpsrvdqw ã fkdtxh erxw gx �o ghv glvwulexwlrqv hq ìqhujlh grqqìhv

sdu ghv irqfwlrqv gh Ihupl0Gludf/ ã od whpsìudwxuh gh o*ìfkdqwloorq/ hw dyhf ghv srwhqwlhov ìohf0

wurfklpltxhv grqw od gl�ìuhqfh hvw od whqvlrq dssoltxìh1 Ohv ìohfwurqv gl�xvhqw g*xq uìvhuyrlu

ã o*dxwuh hq xq whpsv gh o*ruguh gh �
(

' u2*(c rü u hvw od orqjxhxu gx �o hw ( od frqvwdqwh

gh gl�xvlrq1 Od irqfwlrq gh glvwulexwlrq hq ìqhujlh q*hvw grqf d�hfwìh gh pdqlëuh vhqvleoh

sdu ohv lqwhudfwlrqv lqìodvwltxhv txh vxelvvhqw ohv ìohfwurqv txh vl oh whpsv gh gl�xvlrq �
(

hvw vx!vdqw srxu txh o*ìqhujlh g*xqh sursruwlrq dssuìfldeoh ghv ìohfwurqv vrlw prgl�ìh g*xqh

txdqwlwì frpsdudeoh ã od whqvlrq dssoltxìh1 Od irqfwlrq gh glvwulexwlrq hq xq srlqw gx �o hvw

gìgxlwh gh od fdudfwìulvwltxh frxudqw0whqvlrq g*xqh mrqfwlrq wxqqho hqwuh oh �o pìwdooltxh hw

xq grljw gh phvxuh vxsudfrqgxfwhxu1
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415 Hfkdqjhv g*ìqhujlh hqwuh ìohfwurqv

Fh w|sh g*h{sìulhqfh d g*derug ìwì uìdolvì gdqv oh jurxsh txdqwurqltxh ^:` / xq shx dydqw

oh gìexw gh fhwwh wkëvh/ vxu ghx{ ìfkdqwloorqv gh fxlyuh1 Qrxv suìvhqwrqv lfl o*hqvhpeoh ghv

h{sìulhqfhv h�hfwxìhv dyhf ghv �ov g*dujhqw/ gh fxlyuh hw g*ru/ grqw oh frpsruwhphqw/ gh

pdqlëuh lqdwwhqgxh/ hvw gl�ìuhqw1 Rq shxw yrlu vxu od �jxuh 416 xq h{hpsoh gh idlvfhdx gh

irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv fhv gl�ìuhqwv pìwdx{/ srxu ohv gl�ìuhqfhv gh srwhqwlho

dssoltxìhv L ' f��c 315/ 316 hw 317 4Y/ hw wudfìhv hq irqfwlrq gx sdudpëwuh uìgxlw .*eL�

Od suhplëuh revhuydwlrq vxu fhv glvwulexwlrqv hvw tx*hoohv uìvxowhqw hvvhqwlhoohphqw g*xq

surfhvvxv g*ìfkdqjh g*ìqhujlh hqwuh ìohfwurqv hw qrq g*xq ìfkdqjh g*ìqhujlh dyhf xq dxwuh

v|vwëph hq ìtxloleuh wkhupltxh1 Hq h�hw/ o*ìqhujlh wrwdoh gx v|vwëph ìohfwurqltxh/ gìgxlwh gx

suhplhu prphqw ghv irqfwlrqv gh glvwulexwlrq/ hvw lghqwltxh gdqv o*ru hw oh fxlyuh ã fh txh o*rq

dwwhqg hq o*devhqfh g*lqwhudfwlrqv/ wudgxlvdqw dlqvl xqh vlpsoh uhglvwulexwlrq gh o*ìqhujlh hqwuh

ohv ìohfwurqv1 Gdqv ohv �ov g*dujhqw/ txl vrqw soxv orqjv/ qrxv revhuyrqv xqh idleoh glplqxwlrq

gh o*ìqhujlh gx v|vwëph ìohfwurqltxh srxu ohv whqvlrqv vxsìulhxuhv ã 316 pY/ txl v*h{soltxh

txdqwlwdwlyhphqw sdu oh frxsodjh ìohfwurq0skrqrq1

Ohv frxuehv suìvhqwìhv vxu od �jxuh 416 shuphwwhqw gh frpsduhu o*lqwhqvlwì ghv ìfkdqjhv

g*ìqhujlh gdqv ohv wurlv w|shv g*ìfkdqwloorqv1 Doruv txh oh whpsv gh gl�xvlrq ghv ìohfwurqv gdqv

oh �o g*dujhqw +sdqqhdx vxsìulhxu jdxfkh/ �
(

' �b qv, hvw vhsw irlv soxv orqj txh gdqv oh �o

gh fxlyuh +sdqqhdx vxsìulhxu gurlw/ �
(

' 2�H qv,/ o*duurqgl ghv irqfwlrqv gh glvwulexwlrq hvw

frpsdudeoh1 Fhw duurqgl fruuhvsrqg ã xq gìexw gh wkhupdolvdwlrq sdu udssruw ã od glvwulexwlrq

hq grxeoh pdufkh txh o*rq dwwhqg hq o*devhqfh g*lqwhudfwlrqv41 Dlqvl/ ohv ìfkdqjhv g*ìqhujlh

gdqv oh �o gh fxlyuh vh irqw w|sltxhphqw xq ruguh gh judqghxu soxv ylwh txh gdqv oh �o g*dujhqw

srxu ghv ìqhujlhv gh o*ruguh gh 314 4iY1 Ohv irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv xq �o

g*ru +sdqqhdx lqiìulhxu, vrqw ehdxfrxs soxv duurqglhv txh gdqv oh fxlyuh doruv txh oh whpsv

gh gl�xvlrq ghv ìohfwurqv �
(

' ��b qv hvw oìjëuhphqw lqiìulhxu1 Lo | d grqf xq soxv judqg

wdx{ g*ìfkdqjh g*ìqhujlh gdqv oh �o g*ru txh gdqv oh �o gh fxlyuh hw d iruwlrul txh gdqv oh �o

g*dujhqw1

Xqh ghx{lëph fdudfwìulvwltxh ghv ìfkdqjhv g*ìqhujlh uhvvruw gh od iruph ghv irqfwlrqv gh

glvwulexwlrq = rq revhuyh vxu od �jxuh 416 txh ohv glvwulexwlrqv hq ìqhujlh sulvhv dx{ gl�ìuhqwhv

�
D xqh srvlwlrq grqqìh gdqv oh �o/ xq ìohfwurq ã ghv suredelolwìv R6 hw R� ' �3 R6 gh yhqlu uhvshfwlyhphqw gh o*ìohfwurgh

ã od pdvvh hw dx srwhqwlho L� Hq o*devhqfh g*lqwhudfwlrqv/ od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv suryhqdqw g*xqh ìohfwurgh

sduwlfxolëuh hvw ìjdoh ã od glvwulexwlrq hq ìqhujlh gdqv fhwwh ìohfwurgh1 Lo hq uìvxowh txh od irqfwlrq gh glvwulexwlrq ã xq srlqw

grqqì gx �o hvw od vrpph gh ghx{ irqfwlrqv gh Ihupl/ gìfdoìhv sdu od gl�ìuhqfh gh srwhqwlho ìohfwurfklpltxh eL hw srqgìuìhv

sdu ohv suredelolwìv R6 hw R��
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Ilj1 4161 Irqfwlrqv gh glvwulexwlrq ghv ìohfwurqv phvxuìhv dx plolhx g*xq �o pìwdooltxh srxu ohv whqvlrqv
dssoltxìhv X @ 3=4> 315/ 316 hw 317 pY/ hw wudfìhv hq irqfwlrq gx sdudpëwuh uìgxlw H@hX= Sdqqhdx vxsìulhxu
jdxfkh = glvwulexwlrqv gdqv xq �o g*dujhqw> sdqqhdx vxsìulhxu gurlw = glvwulexwlrqv gdqv xq �o gh fxlyuh>
sdqqhdx lqiìulhxu gurlw = glvwulexwlrqv gdqv xq �o g*ru1
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415 Hfkdqjhv g*ìqhujlh hqwuh ìohfwurqv

whqvlrqv vh vxshusrvhqw gdqv ohv �ov g*ru hw gh fxlyuh/ frqwudluhphqw dx �o g*dujhqw srxu

ohtxho od shqwh gx sodwhdx lqwhupìgldluh dxjphqwh dyhf od whqvlrq1 Fhod vljql�h txh oh wdx{

g*ìfkdqjh g*ìqhujlh hqwuh ìohfwurqv qh ydulh sdv dyhf o*ìqhujlh ìfkdqjìh gh od píph idêrq

gdqv oh �o g*dujhqw g*xqh sduw/ hw ohv �ov gh fxlyuh hw g*ru g*dxwuh sduw1 Pdojuì xqh gl�ìuhqfh

txdqwlwdwlyh lpsruwdqwh/ oh �o g*ru hw oh �o gh fxlyuh rqw od píph gìshqgdqfh gx wdx{ g*ìfkdqjh

g*ìqhujlh hq irqfwlrq gh o*ìqhujlh ìfkdqjìh51 Ohv sursulìwìv revhuyìhv vxu ohv phvxuhv suìvhqwìhv

ã wlwuh g*h{hpsoh vxu od �jxuh 416 rqw ìwì yìul�ìhv v|vwìpdwltxhphqw vxu vhsw �ov gh fxlyuh/

ghx{ �ov g*ru hw vl{ �ov g*dujhqw1

Frpphqw vh frpsduhqw fhv uìvxowdwv dx{ suìglfwlrqv gh od wkìrulh gh o*lqwhudfwlrq Frxorp0

elhqqh ìfudqwìh gdqv ohv pìwdx{ gl�xvliv ^5` B Oh olhq hqwuh ohv froolvlrqv lqìodvwltxhv hw ohv

irqfwlrqv gh glvwulexwlrq hvw gìfulw sdu o*ìtxdwlrq gh Erow}pdqq1 Hq uìjlph gl�xvli hw vwdwlrq0

qdluh/ fhooh0fl v*ìfulw =

�3�
(

Y2s

Y%2
E%c.� n U

UL**
E%c.� ' f +414,

rü U
UL**

hvw xq whuph gh froolvlrqv lqìodvwltxhv hw %u hvw od srvlwlrq gdqv oh �o1 Gdqv o*k|srwkëvh

rü ohv froolvlrqv lqìodvwltxhv vrqw grplqìhv sdu ghv froolvlrqv ã ghx{ ìohfwurqv/ oh whuph gh

froolvlrqv lqìodvwltxhv v*ìfulw frpph od gl�ìuhqfh g*xq whuph hqwudqw hw g*xq whuph vruwdqw1

Oh whuph hqwudqw v*ìfulw =
]

_0

]
_. � gE0�sE. n 0�E�� sE.��sE. ��E�� sE. � n 0��

rü gE0� hvw xq frh!flhqw gh frxsodjh dsshoì sdu od vxlwh qr|dx gh o*lqwhudfwlrq1 Oh whuph

vruwdqw suìvhqwh xqh vwuxfwxuh dqdorjxh1

Oh qr|dx gh o*lqwhudfwlrq v*rewlhqw ã sduwlu gh od uëjoh g*ru gh Ihupl hw hvw sursruwlrqqho

dx prgxoh dx fduuì gx srwhqwlho g*lqwhudfwlrq plfurvfrsltxh LE0*|c ^�� Srxu xq �o pìwdooltxh

gl�xvli/ lo v*ìfulw =

gE0� '
D
8

7

Z2|�

]
n"

3"

_^ mLE0*|c ^�m2
�
+i

�

(^2 � �0*|

�
2

+415,

rü 7 hvw od vhfwlrq gx �o/ hw D
8

od ghqvlwì g*ìwdwv sdu xqlwì gh yroxph dx qlyhdx gh Ihupl1

Od wkìrulh ghv lqwhudfwlrqv hqwuh ìohfwurqv gdqv ohv pìwdx{ gl�xvliv suìglw txh oh qr|dx gh

2
Ohv irqfwlrqv gh glvwulexwlrqv gdqv oh �o g*ru suìvhqwìhv vxu od �jxuh 416 qh shuphwwhqw sdv uìhoohphqw gh uholhu od orl g*ìfkhooh

revhuyìh dyhf od gìshqgdqfh hq ìqhujlh ghv lqwhudfwlrqv fdu ohv ìohfwurqv vrqw sudwltxhphqw wkhupdolvìv +dyhf xqh whpsìudwxuh

sursruwlrqqhooh ã od whqvlrq L dssoltxìh dx �o,1 Wrxwhirlv/ ohv irqfwlrqv gh glvwulexwlrq phvxuìhv vxu oh erug gh fh píph �o vrqw

orlq g*íwuh ghv irqfwlrqv gh Ihupl hw yìul�hqw od orl g*ìfkhooh1
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Ilj1 4171 Ohv irqfwlrqv gh glvwulexwlrq phvxuìhv dx plolhx g*xq �o gh fxlyuh hw g*xq �o g*dujhqw vrqw wudfìhv
hq wudlwv sohlqv hq irqfwlrq gx sdudpëwuh uìgxlw H@hX hw gìfdoìhv yhuwlfdohphqw o*xqh sdu udssruw ã o*dxwuh1
Ohv fhufohv rxyhuwv uhsuìvhqwhqw ohv irqfwlrqv gh glvwulexwlrqv fdofxoìhv hq xwlolvdqw o*ìtxdwlrq gh Erow}pdqq
dyhf xq whuph gh froolvlrq lqìodvwltxh1 Gdqv ohv sdqqhdx{ vxsìulhxuv ohv fdofxov xwlolvhqw od iruph gx qr|dx
ghv lqwhudfwlrqv N+%, @ �

6@5%
�6@5 +� @ 6@5, suìglwh sdu od wkìrulh ghv lqwhudfwlrqv hqwuh ìohfwurqv gdqv ohv

pìwdx{ gl�xvliv/ hw oh whuph gh froolvlrq suryhqdqw ghv lqwhudfwlrqv ìohfwurq0skrqrq1 Gdqv oh sdqqhdx gx
edv/ ohv fdofxov xwlolvhqw oh qr|dx ghv lqwhudfwlrqv N+%, @ �5%�5 +� @ 5, gìgxlw gh od orl g*ìfkhooh revhuyìh1
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o*lqwhudfwlrq gdqv xq �o d od iruph ^5` =

gE0� '
V
�*2

0�*2
c +416,

rü V
�*2

hvw xqh frqvwdqwh/ irqfwlrq gh D
8

c ( hw gh od jìrpìwulh1

Oh whuph gh froolvlrqv lqìodvwltxhv hqwuh ìohfwurqv hw skrqrqv hvw dxvvl od vrpph g*xq

whuph hqwudqw hw g*xq whuph vruwdqw gh píph vwuxfwxuh1 Oruvtxh od whpsìudwxuh ghv skrqrqv

hvw qìjoljhdeoh ghydqw od odujhxu ghv irqfwlrqv gh glvwulexwlrq ìohfwurqltxhv/ oh whuph vruwdqw

v*ìfulw = ]
"

f

_0 g
T�
E0�sE.�E�� sE. � 0�� +417,

dyhf

g
T�
E0� ' V

T�
02c +418,

rü V
T�

hvw oh frh!flhqw gh frxsodjh1

Hq dmrxwdqw dx{ lqwhudfwlrqv ìohfwurq0ìohfwurq fh whuph gh froolvlrq gdqv o*ìtxdwlrq gh

Erow}pdqq/ rq uhqg wuëv elhq frpswh ghv grqqìhv phvxuìhv gdqv o*dujhqw +yrlu oh sdqqhdx

gh jdxfkh gh od �jxuh 417, hq suhqdqw V
�*2

frpph sdudpëwuh gh �w hw hq gìgxlvdqw V
T�

ghv

phvxuhv gh frkìuhqfh gh skdvh suìvhqwìhv gdqv od vhfwlrq vxlydqwh1 Od phloohxuh ydohxu gh V
�*2

hvw wrxmrxuv soxv idleoh pdlv gx píph ruguh gh judqghxu txh od suìglfwlrq wkìrultxh1 D fh

sureoëph suëv/ ohv suìglfwlrqv wkìrultxhv ghv lqwhudfwlrqv hqwuh ìohfwurqv gdqv oh uìjlph gl�xvli

shuphwwhqw grqf gh uhqguh frpswh wuëv suìflvìphqw ghv irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv

ohv �ov g*dujhqw1

Qrxv dyrqv dxvvl h�hfwxì fh w|sh gh phvxuh gdqv ghv ìfkdqwloorqv rü ohv uìvhuyrluv hq pìwdo

qrupdo vrqw uhpsodêìv sdu ghv uìvhuyrluv vxsudfrqgxfwhxuv hq doxplqlxp1 Od vwuxfwxuh ghv

irqfwlrqv gh glvwulexwlrq hvw doruv soxv ulfkh txh gdqv oh fdv qrupdo hq udlvrq ghv uì h{lrqv

g*Dqguhhy pxowlsohv tx*xq ìohfwurq vxelw dx{ lqwhuidfhv dyhf ohv ìohfwurghv vxsudfrqgxfwulfhv

dydqw gh vruwlu gx �o g*dujhqw1 Qrxv srxyrqv hqfruh uhqguh frpswh suìflvìphqw ghv irqfwlrqv

gh glvwulexwlrq phvxuìhv hq whqdqw frpswh ghv lqwhudfwlrqv ìohfwurq0ìohfwurq hw ghv lqwhudfwlrqv

ìohfwurq0skrqrq +yrlu �jxuh 418,1

Ohv glvwulexwlrqv phvxuìhv gdqv qrv �ov g*ru hw gh fxlyuh rqw ghv sursulìwìv gl�ìuhqwhv hw qh

yìul�hqw sdv ohv suìglfwlrqv wkìrultxhv frpph srxu oh �o g*dujhqw1 Vxu oh sdqqhdx vxsìulhxu

gurlw gh od �jxuh 417/ qrxv dyrqv dmxvwì oh frh!flhqw V
�*2

srxu uhqguh frpswh dx plhx{ gh od
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Ilj1 4181 Irqfwlrqv gh glvwulexwlrq phvxuìhv dx{ srvlwlrqv uhodwlyhv { @ 3=68 hw { @ 3=8;> gdqv xq �o g*du0
jhqw gh orqjxhxu O @ 8 �p/ frqqhfwì hq { @ 3 ã xqh ìohfwurgh vxsudfrqgxfwulfh hq doxplqlxp/ plvh ã od
pdvvh/ hw hq { @ 4 ã xqh ghx{lëph ìohfwurgh vxsudfrqgxfwulfh sruwìh dx srwhqwlho X @ :33 �Y1 Ohv oljqhv
frqwlqxhv vrqw ohv suìglfwlrqv wkìrultxhv whqdqw frpswh ghv lqwhudfwlrqv hqwuh ìohfwurqv/ ghv lqwhudfwlrqv ìohf0
wurq0skrqrq hw ghv uì hfwlrqv g*Dqguhhy pxowlsohv vxelhv sdu ohv ìohfwurqv dx{ lqwhuidfhv dyhf ohv ìohfwurghv
vxsudfrqgxfwulfhv1
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415 Hfkdqjhv g*ìqhujlh hqwuh ìohfwurqv

irqfwlrq gh glvwulexwlrq rewhqxh gdqv xq �o gh fxlyuh hq dssoltxdqw xqh whqvlrq gh 314 pY/

sxlv fdofxoì sE.� srxu L ' f�2c f��c f�e hw f�D pY1 O*ìfduw dyhf ohv phvxuhv dxjphqwh dyhf od

whqvlrq dssoltxìh1 Gh idlw/ od orl g*ìfkhooh txh qrxv revhuyrqv lpsrvh L 2gE0L� lqgìshqgdqw

gh Lc f*hvw ã gluh6 =

gE0� '
V
2

02
� +419,

Ohv ìfkdqjhv g*ìqhujlh reìlvvhqw grqf ã ghv orlv gl�ìuhqwhv ghv suìglfwlrqv wkìrultxhv srxu

o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh hq uìjlph gl�xvli1 Lo idxw hqvxlwh whvwhu vl xqh lqwhudfwlrq

ã ghx{ frusv/ dyhf oh qr|dx grqqì sdu o*h{suhvvlrq +419,/ shuphw gh uhqguh frpswh ghv phvxuhv1

Oh phloohxu �w ghv irqfwlrqv gh glvwulexwlrq/ rewhqx hq idlvdqw ydulhu oh sdudpëwuh V
2
c hvw

suìvhqwì vxu oh sdqqhdx lqiìulhxu gurlw gh od �jxuh 4171 Od iruph ghv irqfwlrqv gh glvwulexwlrq

hvw joredohphqw dvvh} elhq uhsurgxlwh pdlv lo q*hvw sdv srvvleoh gh uhqguh frpswh sduidlwhphqw

gh od udlghxu ghv frqwuh0pdufkhv +ã .*eL ' �� hw 3,/ grqw od iruph hvw soxv vhqvleoh dx{ shwlwv

ìfkdqjhv g*ìqhujlh1 Fhod vljql�h/ srxu ohv �ov gh fxlyuh hw g*ru txh qrxv dyrqv phvxuìv/ vrlw

txh ohv lqwhudfwlrqv hqwuh ìohfwurqv qh vrqw sdv elhq gìfulwhv sdu ghv froolvlrqv ã ghx{ frusv/

vrlw txh ohv ìfkdqjhv g*ìqhujlh vh irqw sdu oh eldlv g*lqwhudfwlrqv dyhf g*dxwuhv ghjuìv gh olehuwì

orfdolvìv/ frpph ghv v|vwëphv ã ghx{ qlyhdx{1 Hq uìjlph vwdwlrqqdluh gh whov ghjuìv gh olehuwì

+orfdolvìv, uhglvwulexhqw orfdohphqw o*ìqhujlh glvsrqleoh gdqv oh v|vwëph g*ìohfwurqv1 Xq prgëoh

wuëv vlpsoh edvì vxu od suìvhqfh gh v|vwëphv ã ghx{ qlyhdx{ shuphw h�hfwlyhphqw g*rewhqlu

gh phloohxuv �wv ghv phvxuhv vl rq vxssrvh/ srxu uhwurxyhu od orl g*ìfkhooh revhuyìh/ txh od

glvwulexwlrq gh o*ìfduw hq ìqhujlh 0 hqwuh ohv ghx{ qlyhdx{ hvw sursruwlrqqhooh ã �*0� Rq shxw

ìjdohphqw hqylvdjhu txh ohv lqwhudfwlrqv ìohfwurq0ìohfwurq vrlhqw pìglìhv sdu ghv lpsxuhwìv

pdjqìwltxhv1 Hq h�hw/ ghv fdofxov wkìrultxhv dfwxhoohphqw hq gìyhorsshphqw lqgltxhqw txh

od suìvhqfh g*lpsxuhwìv pdjqìwltxhv lqgxlw xq frxsodjh vxssoìphqwdluh hqwuh ìohfwurqv txl

srxuudlw shuphwwuh g*rewhqlu/ gdqv oh fdguh qrq0shuwxuedwli gh od wkìrulh gh o*h�hw Nrqgr/ xq

qr|dx ghv lqwhudfwlrqv hqwuh ìohfwurqv gh od iruph +419, dyhf xqh frxsxuh dx{ shwlwhv ìqhujlhv

0 irqfwlrq gh od whqvlrq L dssoltxìh ^;` 1

Fhwwh vìulh g*h{sìulhqfhv prqwuh txh oh pìfdqlvph g*ìfkdqjh g*ìqhujlh hqwuh ìohfwurqv hvw

qrq0xqlyhuvho/ frqwudluhphqw dx{ suìglfwlrqv wkìrultxhv gh o*lqwhudfwlrq Frxorpelhqqh ìfudq0

wìh/ srxu qrv ìfkdqwloorqv ideultxìv dyhf ghv pìwdx{ gl�ìuhqwv pdlv d|dqw xqh jìrpìwulh/ xq

frh!flhqw gh gl�xvlrq ìohfwurqltxh/ xqh ghqvlwì g*ìwdwv hw xqh vskëuh gh Ihupl dqdorjxhv1 Xq
�

Hq vxssrvdqw txh od irqfwlrq gE0� qh gìshqg sdv gh Lc frpph suìglw gdqv oh fdguh gh od wkìrulh ghv oltxlghv gh Ihupl1
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dxwuh skìqrpëqh sk|vltxh grlw grqf grplqhu ohv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv ã edvvh

whpsìudwxuh gdqv qrv ìfkdqwloorqv g*ru hw gh fxlyuh1 Xq frxsodjh dyhf ghv v|vwëphv ã ghx{

qlyhdx{ shuphwwudlw/ vrxv fhuwdlqhv k|srwkëvhv/ gh uhqguh frpswh ghv glvwulexwlrqv phvxuìhv1

Od suìvhqfh g*lpsxuhwìv pdjqìwltxhv gdqv fhv �ov srxuudlw ìjdohphqw íwuh ã o*ruljlqh ghv

ìfkdqjhv g*ìqhujlh dqrupdx{1
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416 Gìfrkìuhqfh ìohfwurqltxh

416 Gìfrkìuhqfh ìohfwurqltxh

O*hvvhqwlho ghv sursulìwìv ìohfwurqltxhv hq uìjlph pìvrvfrsltxh uhsrvhqw vxu od frkìuhqfh

txdqwltxh ghv ìohfwurqv ã fhwwh ìfkhooh1 F*hvw oh fdv gh o*h�hw Dkdurqry0Erkp/ txl frqvlvwh

hq ghv rvfloodwlrqv gh od frqgxfwdqfh g*xq dqqhdx frqqhfwì oruvtxh ohv gl�ìuhqwhv wudmhfwrluhv

ìohfwurqltxhv vrqw gìskdvìhv sdu xq fkdps pdjqìwltxh1 Gdqv xq dxwuh uhjlvwuh/ od uìdolvd0

wlrq g*xq ruglqdwhxu txdqwltxh sdvvh sdu od uìdolvdwlrq hw od frqvhuydwlrq g*xq elw txdqwltxh

ìohfwurqltxh/ f*hvw ã gluh g*xqh vxshusrvlwlrq frkìuhqwh gh ghx{ ìwdwv ìohfwurqltxhv pdfur0

vfrsltxhv1

Od frkìuhqfh txdqwltxh ghv ìohfwurqv hvw olplwìh sdu wrxwhv ohv froolvlrqv lqìodvwltxhv/ lq0

gìshqgdpphqw gh o*ìqhujlh ìfkdqjìh1 Oh whpsv gh frkìuhqfh gh skdvh �
�

hvw grqf vhqvleoh

dx{ froolvlrqv txdvl0ìodvwltxhv txl qh prgl�hqw sdv rx wuëv shx od glvwulexwlrq hq ìqhujlh ghv

ìohfwurqv1 Od phvxuh gh �
�

hq irqfwlrq gh od whpsìudwxuh shuphw grqf gh frpsoìwhu od phvxuh

gx wdx{ g*ìfkdqjh g*ìqhujlh hqwuh ohv ìohfwurqv1 Gdqv o*k|srwkëvh rü ohv froolvlrqv lqìodvwltxhv

surylhqqhqw hvvhqwlhoohphqw ghv lqwhudfwlrqv ã ghx{ ìohfwurqv/ oh whpsv gh frkìuhqfh gh skdvh

v*ìfulw hq irqfwlrq gx qr|dx gh o*lqwhudfwlrq gE0� =

�3�
�

* &
�

A

]
&�A

|*��

gE0�_0� +41:,

Od frkìuhqfh gdqv ohv pìwdx{ whqg ã orfdolvhu ohv ìohfwurqv +dqwl0orfdolvhu txdqg oh frxsodjh

vslq0ruelwh hvw iruw, hw grqf ã dxjphqwhu +glplqxhu, od uìvlvwlylwì gx pìwdo1 O*dssolfdwlrq

g*xq fkdps pdjqìwltxh/ txl eurxlooh ohv h�hwv gh frkìuhqfh/ shuphw g*h{wudluh od orqjxhxu gh

frkìuhqfh gh skdvh u
�

'
s
(�

�

�

Qrxv dyrqv phvxuì dyhf Dgho Jrxjdp hw Qrupdq Elujh od pdjqìwruìvlvwdqfh gh �ov gh

fxlyuh/ g*ru hw g*dujhqw hq irqfwlrq gh od whpsìudwxuh1 Od jìrpìwulh ghv ìfkdqwloorqv phvxuìv

hvw suìvhqwìh vxu od �jxuh 4191 Ohv �ov irqw hqwuh 469 hw 5:4 >p gh orqj/ srxu 433 qp gh odujh

hw 78 qp g*ìsdlvvhxu1 Oh fkdps pdjqìwltxh hvw dssoltxì shushqglfxodluhphqw dx sodq gx �o1

Ohv whpsv gh frkìuhqfh gh skdvh h{wudlwv ghv frxuehv gh pdjqìwruìvlvwdqfh vxu xq �o gh

fxlyuh/ xq �o g*ru hw xq �o g*dujhqw vrqw sruwìv vxu od �jxuh 41: hq irqfwlrq gh od whpsìudwxuh1

Od klìudufklh hqwuh o*dujhqw/ oh fxlyuh hw o*ru/ revhuyìh gdqv ohv phvxuhv gx wdx{ g*ìfkdqjh

g*ìqhujlh/ hvw uhvshfwìh = oh whpsv gh frkìuhqfh gh skdvh gdqv o*dujhqw hvw soxv orqj txh

gdqv oh fxlyuh/ oxl0píph soxv orqj txh gdqv o*ru1 Ohv yduldwlrqv hq whpsìudwxuh gìshqghqw

gh soxv gx pìwdo phvxuì = gdqv oh �o g*dujhqw/ oh whpsv gh frkìuhqfh gh skdvh dxjphqwh
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Chapitre 1 Introduction

Fig. 1.6. Photographie au microscope électronique d’un échantillon utilisé pour mesurer le temps de co-
hérence à partir des variations de la résistance en fonction du champ magnétique (appelées correction de
localisation faible). Le …l fait 270 ¹m de long, 100 nm de large et 45 nm d’épaisseur. Le champ magnétique
est appliqué perpendiculairement au plan du …l.

continûment jusqu’à la température de base du réfrigérateur (37 mK); dans le cuivre, le temps

de cohérence de phase sature à basse température; en…n dans l’or, le temps de cohérence

de phase est constant entre 7 K et 200 mK puis augmente aux plus basses températures.

Les caractéristiques, aussi bien qualitatives que quantitatives, des courbes ¿Á(T ) dans ces

trois métaux ont été con…rmées par une deuxième série de mesures e¤ectuée récemment par

Adel Gougam et Norman Birge sur des échantillons que nous avons fabriqués à Saclay.

Nous avons cherché à reproduire la dépendance en température du temps de cohérence de

phase mesuré dans l’argent avec la fonctionnelle :

¿¡1Á = AT p +BT 3 (1.8)

où BT 3 correspond à la contribution des phonons et AT p décrit l’e¤et d’une autre source de

décohérence. Le meilleur …t, représenté par une ligne continue sur la …gure 1.7, est obtenu

pour p = 0:61; A = 0:7 ns¡1K¡0:61 et B = 55 ¹s¡1K¡3: Les prédictions théoriques pour

l’interaction Coulombienne écrantée [9] , que l’on peut aussi obtenir en injectant le noyau de

l’interaction (Eqs. ((1.3) et (1.4)) dans l’équation (1.7), sont p = 2=3 et A = 0:6 ns¡1K¡2=3 :
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1.3 Décohérence électronique

Fig. 1.7. Temps de cohérence de phase dans des …ls d’argent, de cuivre et d’or en fonction de la tempéra-
ture T: La ligne continue est un …t des mesures faites sur le …l d’argent avec la fonctionnelle donnée par
l’expression (1.8). La ligne pointillé est la prédiction théorique de l’interaction Coulombienne écrantée pour
le …l d’argent (sans tenir compte des phonons).
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ohv yduldwlrqv dyhf od whpsìudwxuh gx whpsv gh frkìuhqfh gh skdvh phvxuì gdqv o*dujhqw vrqw

grqf hq erq dffrug txdqwlwdwli dyhf ohv suìglfwlrqv wkìrultxhv1 Qrxv dyrqv grqf prqwuì txh

ohv froolvlrqv lqìodvwltxhv gdqv qrv �ov g*dujhqw vrqw elhq gìfulwhv sdu od wkìrulh ghv lqwhudfwlrqv

hqwuh ìohfwurqv hq uìjlph gl�xvli/ hq whqdqw frpswh gh o*lqwhudfwlrq ìohfwurq0skrqrq/ txl q*d xq

h�hw dssuìfldeoh tx*dx{ soxv judqghv ìqhujlhv vrqgìhv1 Ohv phvxuhv gh uhod{dwlrq hq ìqhujlh

hw gh orfdolvdwlrq idleoh vrqw frpsoìphqwdluhv fdu od suhplëuh dssurfkh shuphw g*dffìghu hq

gìwdlo ã o*h�hw ghv surfhvvxv lqìodvwltxhv srxu ghv ìqhujlhv ìfkdqjìhv gh o*ruguh rx vxsìulhxuhv ã

83 >hY/ wdqglv txh od ghx{lëph dssurfkh shuphw gh whvwhu o*h�hw ghv surfhvvxv txdvl0ìodvwltxhv

lpsoltxdqw ghv ìfkdqjhv g*ìqhujlh gh o*ruguh gh |*�
�

�

O*revhuydwlrq g*xqh vdwxudwlrq gx whpsv gh frkìuhqfh gh skdvh gdqv oh fxlyuh hw/ vxu xqh

sodjh gh whpsìudwxuh lqwhupìgldluh/ gdqv o*ru/ pdlv sdv gdqv o*dujhqw/ surxyh txh fhwwh vdwxud0

wlrq q*hvw sdv xq duwhidfw h{sìulphqwdo txl srxuudlw suryhqlu gx euxlw lqmhfwì gdqv o*ìfkdqwloorq

sdu ohv oljqhv gh phvxuh ^43` 1 Ohv gl�ìuhqwv ìfkdqwloorqv rqw hq h�hw od píph jìrpìwulh/ sud0

wltxhphqw od píph uìvlvwdqfh hw rqw ìwì phvxuìv gh od píph idêrq1 Od fruuìodwlrq revhuyìh

gdqv oh fxlyuh hqwuh oh wdx{ g*ìfkdqjh g*ìqhujlh hw oh whpsv gh frkìuhqfh gh skdvh vxjjëuh txh

od vdwxudwlrq gh �
�

ã edvvh whpsìudwxuh hw o*h{lvwhqfh g*xqh orl g*ìfkhooh vxu ohv irqfwlrqv gh

glvwulexwlrq rqw od píph ruljlqh sk|vltxh71 Wrxwhirlv/ oh qr|dx ghv lqwhudfwlrqv h{wudlw/ gdqv

o*k|srwkëvh gh froolvlrqv ã ghx{ ìohfwurqv/ gh od phvxuh ghv ìfkdqjhv g*ìqhujlh/ q*h{soltxh sdv

od vdwxudwlrq gh �
�

� Hq h�hw/ hq xwlolvdqw oh qr|dx gE0� ' V
2
*02 gdqv o*ìtxdwlrq +41:,/ rq

rewlhqw =

�3�
�

*
t
&
�

A�3�
f
*|c +41<,

txl fruuhvsrqg elhq ã xqh yduldwlrq soxv grxfh gx whpsv gh frkìuhqfh gh skdvh dyhf od

whpsìudwxuh txh od orl hq A 2*�c pdlv sdv ã xqh vdwxudwlrq +yrlu od �jxuh 41;,1 Gh soxv/ od

ydohxu txdqwlwdwlyh gh �
�

hvw xq ruguh gh judqghxu soxv judqgh txh fh txh qrxv dwwhqgulrqv

ã sduwlu gh od phvxuh ghv ìfkdqjhv g*ìqhujlh1 Srxuudlw0rq doruv h{soltxhu od vdwxudwlrq hw

od ydohxu txdqwlwdwlyh gh �
�

sdu xq frxsodjh dyhf ghv v|vwëphv ã ghx{ qlyhdx{ B Gdqv oh

fdguh wkìrultxh vlpsoh txl d shuplv gh uhsurgxluh uhpdutxdeohphqw od iruph ghv irqfwlrqv

gh glvwulexwlrq gdqv ohv �ov gh fxlyuh hw g*ru/ oh whpsv gh frkìuhqfh gh skdvh �
�

reìlw ã od

e
Qrxv shqvrqv txh ohv �ov g*ru ideultxìv ã Vdfod| frqwlhqqhqw ghv lpsxuhwìv pdjqìwltxhv txl olplwhqw oh whpsv gh frkìuhqfh

gh skdvh1 Wrxwhirlv/ fhv lpsxuhwìv qh vrqw sdv qìfhvvdluhphqw ã o*ruljlqh ghv ìfkdqjhv g*ìqhujlh dqrupdx{ revhuyìv1
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1.3 Décohérence électronique

Fig. 1.8. Temps de cohérence de phase mesuré dans le …l de cuivre Cu (symboles ouverts). Les lignes
représentent des …ts incorporant les interactions électron-phonon et, respectivement, les interactions élec-
tron-système à deux niveaux (trait continu, voir Eq. (1.10)) et les interactions électron-électron anormales
(trait pointillé, voir Eq. (1.9)). Quantitativement, le modèle où les processus inélastiques sont dominés à
basse énergie par un couplage électron-système à deux niveaux permet de rendre compte de manière co-
hérente de ¿Á et des taux d’échange d’énergie, contrairement au modèle d’interactions anormales entre
électrons.

relation :

¿Á log(2kBT¿Á=~)
1
2
·tls ' 1; (1.10)

avec

·tls = ´tls¸tls; (1.11)

où ´tls=" est la densité de systèmes à deux niveaux séparés par l’énergie " et ¸tls le coe¢-

cient de couplage avec les électrons qui intervient dans la règle d’or de Fermi. En résolvant

numériquement cette équation, également obtenue par Y. Imry et al. [11] en suivant une ap-

proche di¤érente, on prédit que ¿Á ne présente pas une vraie saturation dans la gamme de

température pertinente. Toutefois, l’écart avec les mesures est faible (voir la …gure 1.8) et
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Fkdslwuh 4 Lqwurgxfwlrq

o*dpsolwxgh gx sdudpëwuh V
|*t

fruuhvsrqg elhq dyhf fhoxl h{wudlw gh od phvxuh ghv ìfkdqjhv

g*ìqhujlh1 O*k|srwkëvh g*xq frxsodjh dyhf ghv v|vwëphv ã ghx{ qlyhdx{ hvw grqf sodxvleoh1

Gh soxv/ o*dssurfkh shuwxuedwlyh xwlolvìh srxu gìfuluh ohv lqwhudfwlrqv ìohfwurq0v|vwëph ã ghx{

qlyhdx{ q*hvw sdv ydodeoh oruvtxh o*ìqhujlh ìfkdqjìh hvw lqiìulhxuh ã &
�

A
g

c rü od whpsìudwxuh gh

Nrqgr A
g

hvw xq sdudpëwuh irqfwlrq gx frxsodjh ìohfwurq0v|vwëph ã ghx{ qlyhdx{1 Oh whpsv

gh frkìuhqfh gh skdvh ìwdqw vhqvleoh dx{ froolvlrqv txdvlìodvwltxhv/ vrq fdofxo sdu o*dssurfkh

shuwxuedwlyh srxuudlw íwuh lqfruuhfw1 D edvvh whpsìudwxuh/ lo idxw xwlolvhu oh fdguh frpsoh{h

gh o*h�hw Nrqgr ã ghx{ fdqdx{8/ hw lo hvw doruv suìglw ^45` txh oh whpsv gh frkìuhqfh gh skdvh

vdwxuh vxu xqh ìfkhooh gh whpsìudwxuh grqqìh sdu od whpsìudwxuh gh Nrqgr A
g

� Wrxwhirlv/ fhv

suìglfwlrqv qh vrqw sdv vx!vdpphqw txdqwlwdwlyhv srxu shuphwwuh xqh frpsdudlvrq dyhf qrv

phvxuhv1

Qrxv srxyrqv ìjdohphqw uhqguh frpswh ghv phvxuhv gh �
�

EA � gdqv qrv �ov gh fxlyuh hq vxs0

srvdqw txh ghv lpsxuhwìv pdjqìwltxhv d|dqw xqh whpsìudwxuh gh Nrqgr gx v|vwëph ìohfwurq0

lpsxuhwì pdjqìwltxh gh o*ruguh gh A
g

' �ff pN vrqw suìvhqwhv gdqv oh pìwdo ã xqh frqfhq0

wudwlrq gh 3148 ssp1 Fhwwh k|srwkëvh hvw frqiruwìh sdu oh idlw txh ghv lpsxuhwìv pdjqìwltxhv

vrqw yudlvhpeodeohphqw suìvhqwhv gdqv ohv �ov g*ru txh qrxv dyrqv ideultxìv1 Hq h�hw/ o*re0

vhuydwlrq g*xqh gìvdwxudwlrq gx whpsv gh frkìuhqfh gh skdvh ã edvvh whpsìudwxuh/ od ydohxu

�
�

* �f sv vxu od sodjh gh whpsìudwxuh rü oh whpsv gh frkìuhqfh gh skdvh suìvhqwh xqh vdw0

xudwlrq/ od iruph gh od pdjqìwruìvlvwdqfh ã judqgv fkdpsv hw od yduldwlrq hq whpsìudwxuh gh

od uìvlvwdqfh gx �o shxyhqw íwuh lqwhusuìwìhv gh pdqlëuh frkìuhqwh hq vxssrvdqw txh qrv �ov

g*ru frqwlhqqhqw 63 ssp g*lpsxuhwìv pdjqìwltxhv gh ihu1

Srxu gìwhuplqhu o*lq xhqfh gh od surfìgxuh gh ideulfdwlrq vxu ohv surfhvvxv lqìodvwltxhv/

Qrupdq Elujh d ideultxì xq �o g*ru gdqv vrq oderudwrluh1 Od frxueh �
�

EA � gìwhuplqìh vxu

fhw ìfkdqwloorq hvw suhvtxh lghqwltxh ã fhooh rewhqxh srxu ohv �ov g*dujhqw/ hw hvw lqfrpsdw0

leoh dyhf ohv wdx{ g*ìfkdqjhv g*ìqhujlh phvxuìv vxu ohv ìfkdqwloorqv ideultxìv ã Vdfod|1 Vl/

frpph qrxv oh shqvrqv/ ohv ìfkdqjhv g*ìqhujlh gdqv fhv ìfkdqwloorqv g*ru vxlydlhqw ohv suìglf0

wlrqv wkìrultxhv/ lo idxgudlw lqyrtxhu od suìvhqfh gh gìidxwv vwuxfwxuhov rx g*lpsxuhwìv/ txl

gìshqghqw gx pdwìuldx hw gh od surfìgxuh gh ideulfdwlrq/ srxu h{soltxhu ohv ìfkdqjhv g*ìqhujlh

dqrupdx{ hw od vdwxudwlrq gh �
�

gdqv qrv ìfkdqwloorqv1 Wrxwhirlv/ ghv phvxuhv frpsoìphq0

wdluhv grlyhqw hqfruh íwuh h�hfwxìhv srxu gìwhuplqhu suìflvìphqw oh rx ohv idfwhxuv prgl�dqw

D
Ohv ghx{ qlyhdx{ vrqw gìfulwv frpph xq svhxgr0vslq hq lqwhudfwlrq dyhf ohv ìohfwurqv1 Ohv ghx{ ìwdwv gh vslq ìohfwurqltxh

iruphqw ohv ghx{ fdqdx{1
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416 Gìfrkìuhqfh ìohfwurqltxh

od qdwxuh hw od txdqwlwì ghv surfhvvxv lqìodvwltxhv ã edvvh whpsìudwxuh1 Dx ghoã gh vrq lqwìuíw

irqgdphqwdo/ od gìwhuplqdwlrq gh fhv idfwhxuv shuphwwudlw gh ideultxhu ghv ìfkdqwloorqv gdqv

ohvtxhov oh wdx{ gh surfhvvxv lqìodvwltxhv vhudlw frqwu÷oì1 Fh wdx{ mrxh xq u÷oh lpsruwdqw gdqv

oh irqfwlrqqhphqw ghv gìwhfwhxuv gh ud|rqqhphqw xwlolvdqw ghv mrqfwlrqv wxqqho hqwuh ghv pì0

wdx{ vxsudfrqgxfwhxuv +vxshufrqgxfwlqj wxqqho0mxqfwlrq ghwhfwru, ^46` rx ghv �ov pìwdooltxhv

pìvrvfrsltxhv ã od wudqvlwlrq qrupdo0vxsudfrqgxfwhxu +vxshufrqgxfwlqj wudqvlwlrq0hgjh vhq0

vru, ^47` 1

0 5: 0



Fkdslwuh 4 Lqwurgxfwlrq

417 Prgl�fdwlrq gh od ghqvlwì g*ìwdwv wxqqho

Klvwrultxhphqw/ o*h�hw ghv lqwhudfwlrqv hqwuh ìohfwurqv gdqv oh uìjlph gl�xvli d g*derug ìwì

revhuyì vxu od frqgxfwdqfh g|qdpltxh CET � ' _U*_T gh judqghv mrqfwlrqv wxqqho1 Hq h�hw/

oruvtx*xq ìohfwurq wudyhuvh od eduulëuh wxqqho/ lo grlw dxvvl uhsrxvvhu oh  xlgh ìohfwurqltxh irupì

sdu ohv dxwuhv ìohfwurqv1 Lo hq uìvxowh xqh gìsuhvvlrq gh od frqgxfwdqfh wxqqho ã edvvh whqvlrq

srxydqw íwuh lqwhusuìwìh frpph xq h�hw gh od prgl�fdwlrq/ sdu ohv lqwhudfwlrqv/ gh od ghqvlwì

g*ìwdwv D ghv ìohfwurqv suëv gx qlyhdx gh Ihupl1 Dxfxqh h{sìulhqfh q*dydlw ìwì idlwh vxu ghv

�ov pìwdooltxhv dxsdudydqw91

D whpsìudwxuh qxooh/ hw oruvtxh od prgl�fdwlrq gh od ghqvlwì g*ìwdwv gdqv o*xqh ghv ìohfwurghv

grplqh:/ od uhodwlrq hqwuh prgl�fdwlrq gh od frqgxfwdqfh wxqqho hw gh od ghqvlwì g*ìwdwv

ìohfwurqltxh vh uìgxlw ã =

BC

C
ET � '

BD

D
EeT �� +4145,

Sdu dloohxuv/ gdqv oh irupdolvph gh od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv

gdqv ohv pìwdx{/ txh qrxv dyrqv xwlolvì dyhf vxffëv srxu uhqguh frpswh ghv phvxuhv gh od

uhod{dwlrq hq ìqhujlh hw gh od frkìuhqfh gh skdvh gdqv qrv �ov g*dujhqw/ od prgl�fdwlrq gh od

ghqvlwì g*ìwdwv ã whpsìudwxuh qxooh hw gdqv o*hvsdfh uìho v*ìfulw hq xq srlqw o
f
^49` =

BD

D
E0c o

f
� ' ��

|
W4

]
�0�*|

f

_/

2Z

]
_�o _�o� R

/

Eo
f
c o�R

/

Eo
f
c o��LE/c oc o��c +4146,

rü R
/

Eo
f
c o� hvw od wudqvirupìh gh Irxulhu whpsruhooh gh od ghqvlwì gh suredelolwì gh wurxyhu

hq o hw dx whpsv | xq ìohfwurq txl ìwdlw dx srlqw o
f
ã |

f
' fc hw LE/c oc o�� hvw oh srwhqwlho

g*lqwhudfwlrq Frxorpelhqqh ìfudqwìh hqwuh ìohfwurqv lqwurgxlw suìfìghpphqw srxu fdofxohu ohv

ìfkdqjhv g*ìqhujlh hw od frkìuhqfh gh skdvh ghv ìohfwurqv +yrlu Ht1 +415,,1 Od ghqvlwì g*ìwdwv

shxw ìjdohphqw íwuh prgl�ìh sdu xq frxsodjh dyhf g*dxwuhv ghjuìv gh olehuwì gdqv oh pìwdo1

Dlqvl/ ohv v|vwëphv ã ghx{ qlyhdx{/ txh qrxv dyrqv lqwurgxlw srxu uhqguh frpswh dx plhx{ gh

od iruph ghv irqfwlrqv gh glvwulexwlrq gdqv qrwuh h{sìulhqfh vxu od uhod{dwlrq hq ìqhujlh ghv

ìohfwurqv gdqv ghv �ov gh fxlyuh hw g*ru/ shxyhqw frqwulexhu ã o*dqrpdolh gh od frqgxfwdqfh

wxqqho1

Qrxv dyrqv phvxuì od frqgxfwdqfh g|qdpltxh g*xqh mrqfwlrq wxqqho frqqhfwdqw xq orqj

S
H{fhswlrq idlwh gh o*h{sìulhqfh uìdolvìh sdu Zklwh hw Jduqr ^48` txl rqw xwlolvì xq �o g*doxplqlxp judqxodluh surfkh gh od

wudqvlwlrq pìwdo0lvrodqw1

.
Vlqrq lo idxw vrpphu ohv yduldwlrqv uhodwlyhv gh od ghqvlwì g*ìwdw wxqqho gdqv ohv ghx{ ìohfwurghv1
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417 Prgl�fdwlrq gh od ghqvlwì g*ìwdwv wxqqho

V

I

L = 29 µm

w = 0.25 µm

Ilj1 41<1 Vfkìpd gh o*h{sìulhqfh1 Xqh mrqfwlrq wxqqho +}rqh kdfkxuìh, hvw irupìh sdu oh uhfrxyuhphqw
g*xq �o gh 5< �p gh orqj dyhf xqh frqwuh0ìohfwurgh ìsdlvvh/ wrxv ghx{ hq doxplqlxp1 Rq dssoltxh xq
fkdps pdjqìwltxh shushqglfxodluhphqw dx vxevwudw d�q gh gìwuxluh od vxsudfrqgxfwlylwì1 Od frqgxfwdqfh
hvw phvxuìh hqwuh xqh h{wuìplwì gx �o hw od frqwuh0ìohfwurgh1

�o g*doxplqlxp hw xqh frqwuh0ìohfwurgh ìsdlvvh/ ìjdohphqw hq doxplqlxp +yrlu �jxuh 41<,/

vrxv xq fkdps pdjqìwltxh vx!vdqw srxu gìwuxluh od vxsudfrqgxfwlylwì1 Sdu udssruw ã xq �o

lvroì/ od suìvhqfh g*xqh frqwuh0ìohfwurgh dpìolruh o*ìfudqwdjh hw grqf glplqxh ohv lqwhudfwlrqv

Frxorpelhqqhv ã orqjxh sruwìh hqwuh ìohfwurqv1 Oh �o txh qrxv dyrqv phvxuì hvw gh odujhxu

� ' f�2D >p/ g*ìsdlvvhxu � ' 22 qp hw gh orqjxhxu u ' 2b >p1

Od gìshqgdqfh hq whqvlrq gh od frqgxfwdqfh wxqqho CET � ã 59 hw 6:9 pN hvw uhsuìvhqwìh

vxu od �jxuh 4143 sdu ghv v|perohv rxyhuwv1 Gdqv o*lqvhw/ ohv fhufohv rxyhuwv fruuhvsrqghqw ã od

surirqghxu gh od gìsuhvvlrq gh od frqgxfwdqfh wxqqho phvxuìh srxu gl�ìuhqwhv whpsìudwxuhv1

Lo hvw wuëv gl!floh gh fdofxohu ohv suìglfwlrqv gh o*h{suhvvlrq +4146, srxu xq �o gh wdlooh �qlh

fdu lo idxw frqqdñwuh oh srwhqwlho g*lqwhudfwlrq LE/c oc o�� gdqv xq v|vwëph qrq0lqyduldqw sdu

wudqvodwlrq hw hq suìvhqfh gh od frqwuh0ìohfwurgh1 Oh fdofxo plfurvfrsltxh gh od vhxoh lq xhqfh

gh od frqwuh0ìohfwurgh/ gdqv oh fdv vlpsoh g*xq mrqfwlrq elglphqvlrqqhooh lq�qlh/ hvw o*remhw

g*xq duwlfoh g*Dowvkxohu/ Durqry hw ]|x}lq ^49` sxeolì hq 4<;71 Ehdxfrxs soxv uìfhpphqw/

Vxnkruxnry hw do1 ^4:` rqw prqwuì txh oh sureoëph hvw frqvlgìudeohphqw vlpsol�ì oruvtxh
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Ilj1 41431 V|perohv = frqgxfwdqfh g|qdpltxh gh od mrqfwlrq wxqqho phvxuìh/ qrupdolvìh ã J
4

@ 59=<65 �V>

hq irqfwlrq gh od whqvlrq Y rx +lqvhw, gh od whpsìudwxuh W= O*dftxlvlwlrq gh fkdtxh frxueh/ rewhqxh hq
pr|hqqdqw 43 ã 53 edod|djhv gh od whqvlrq/ d sulv soxv gh 45 khxuhv1 Oljqhv frqwlqxhv = �w dyhf od wkìrulh
ghv lqwhudfwlrqv hqwuh ìohfwurqv gdqv ohv pìwdx{ gl�xvliv1
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417 Prgl�fdwlrq gh od ghqvlwì g*ìwdwv wxqqho

o*ìohfwurqhxwudolwì ghv ìohfwurghv hvw elhq yìul�ìh1 Hq h�hw/ xq ìohfwurq txl wudyhuvh od eduulëuh

wxqqho odlvvh vrq qxdjh g*ìfudqwdjh gdqv o*ìohfwurgh gh gìsduw hw hq prelolvh xq qrxyhdx

oruvtx*lo sìqëwuh gdqv o*ìohfwurgh g*duulyìh1 Xqh irlv o*ìohfwurq ìfudqwì gdqv o*ìohfwurgh/ lo

q*hvw soxv vrxufh gh fkdps ìohfwurpdjqìwltxh1 Od vhxoh fkdujh txl uhvwh hvw fhooh odlvvìh sdu

oh gìsodfhphqw gh fkdujh txl iruph oh qxdjh g*ìfudqwdjh/ vxu od fdsdflwì gh od mrqfwlrq;1

Oh srwhqwlho gþ ã fhwwh fkdujh ã od srvlwlrq gh o*ìohfwurq ìfudqwì hvw vlpsohphqw gìfulw sdu

o*ìohfwurpdjqìwlvph ruglqdluh/ fh txl uhylhqw ã ìfuluh ^4:` =]
_�o� R

/

Eo
f
c o��LE/c oc o�� ' e25

/

Eo
f
c o�c +4147,

rü 5
/

Eo
f
c o� ' T Eoc /�*UEo

f
c /� hvw o*lpsìgdqfh ìohfwurpdjqìwltxh ã ghx{ srlqwv xvxhooh/ uholdqw

od whqvlrq T Eoc /� dx srlqw o dx frxudqw UEo
f
c /� lqmhfwì ã od srvlwlrq o

f
gx vdxw wxqqho1 Gìwhu0

plqhu od frqgxfwdqfh wxqqho uhylhqw grqf hvvhqwlhoohphqw ã uìvrxguh gdqv oh �o od sursdjdwlrq

gx fkdps ìohfwurpdjqìwltxh frqvìfxwli dx vdxw wxqqho1 Hq frpelqdqw ohv ìtxdwlrqv +4146,

hw +4147,/ od prgl�fdwlrq gh od ghqvlwì g*ìwdwv/ dx srlqw o
f
c sdu o*lqwhudfwlrq Frxorpelhqqh

v*ìfulw/ ã whpsìudwxuh qxooh =

BD

D
E0c o

f
� ' � �

-
k

W4

]
�0�*|

f

_/

2Z

]
_�o R

/

Eo
f
c o�5

/

Eo
f
c o�c +4148,

rü -
k
' �*e2 hvw oh txdqwxp gh uìvlvwdqfh1 Fh srlqw gh yxh hvw wrxw ã idlw dqdorjxh ã fhoxl

txl hvw xwlolvì srxu gìfuluh oh eorfdjh gh Frxorpe/ f*hvw ã gluh od gìsuhvvlrq gh od frqgxfwdqfh

wxqqho ghv shwlwhv mrqfwlrqv vxu ohvtxhoohv rq shxw frqvlgìuhu txh od fkdujh gh o*ìohfwurq sdvvì

sdu h�hw wxqqho hvw lqvwdqwdqìphqw ìwdoìh vxu wrxwh od mrqfwlrq1 Gdqv od ghvfulswlrq wkìrultxh

gx eorfdjh gh Frxorpe/ o*h�hw ghv lqwhudfwlrqv hqwuh ìohfwurqv hvw hqfdsvxoì gdqv oh frxsodjh

g*xq ìohfwurq dyhf oh fkdps ìohfwurpdjqìwltxh fuìì sdu ohv dxwuhv ìohfwurqv1 Od gìsuhvvlrq

gh od frqgxfwdqfh g|qdpltxh hvw doruv hqwlëuhphqw gìwhuplqìh sdu o*lpsìgdqfh ~
i?�

E/� dx{

eruqhv gh o*ìoìphqw wxqqho/ txl uh ëwh od uhod{dwlrq gx srwhqwlho ã od mrqfwlrq1 Gdqv od olplwh

shuwxuedwlyh hw ã whpsìudwxuh qxooh/ od prgl�fdwlrq gh od frqgxfwdqfh wxqqho hvw =
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Hq gì�qlvvdqw/ vxlydqw Qd}dury/ xqh lpsìgdqfh h�hfwlyh ^4;` =
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H
Whfkqltxhphqw/ fhw h�hw vh pdqlihvwh gdqv ohv fdofxov sdu xqh frpshqvdwlrq ghv gl�xvrqv1
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Fkdslwuh 4 Lqwurgxfwlrq

rq uhwurxyh h{dfwhphqw o*h{suhvvlrq +4148,1 Fhwwh ìtxlydohqfh hqwuh od irupxodwlrq plfur0

vfrsltxh ghv lqwhudfwlrqv hw oh eorfdjh gh Frxorpe/ rewhqxh hq xwlolvdqw o*lpsìgdqfh h�hfwlyh

~
ig
Eo

f
c /�c hvw ydodeoh ã wrxwhv whpsìudwxuhv1 Od frqgxfwdqfh gh od mrqfwlrq v*rewlhqw hq

lqwìjudqw o
f
vxu od vxuidfh Ec g*dluh �

�
c gh od eduulëuh wxqqho =

BCET �
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�
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�� +414;,

Od olplwh vwdqgdug gx eorfdjh gh Frxorpe fruuhvsrqg dx{ vlwxdwlrqv rü oh fkdps ìohfwur0

pdjqìwltxh e5
/

Eo
f
c o� hvw krprjëqh vxu o*ìfkhooh vsdwldoh grqqìh sdu o*ìwdohphqw gl�xvli ghv

ìohfwurqv hw od wdlooh gh od mrqfwlrq1 Od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe v*dssoltxh

grqf qdwxuhoohphqw dx{ shwlwhv mrqfwlrqv<1 Srxu xqh judqgh mrqfwlrq/ o*lpsìgdqfh h�hfwlyh

uhqg frpswh hq sduwlfxolhu gh fh txh od fkdujh qh v*ìwdoh sdv lqvwdqwdqìphqw vxu wrxwh od

mrqfwlrq1

ZZ

Rl

ClZ =eff ext ext
... ...

Ilj1 41441 Lpsìgdqfh h�hfwlyh fruuhvsrqgdqw ã xqh mrqfwlrq wxqqho hqwuh xq �o uìvlvwli hw xqh ìohfwurgh
pdvvlyh1 O*hqylurqqhphqw ìohfwurpdjqìwltxh gh o*ìohfwurq txl wudyhuvh od eduulëuh wxqqho hvw xqh oljqh gh
wudqvplvvlrq UF whuplqìh ã fkdtxh h{wuìplwì sdu o*lpsìgdqfh whuplqdoh ]

h{w
=

Gdqv qrwuh jìrpìwulh/ oh fkdps ìohfwurpdjqìwltxh vh sursdjh gl�xvlyhphqw/ g*derug wuëv

udslghphqw vxu od odujhxu/ sxlv oh orqj gx �o/ dyhf srxu frh!flhqw gh gl�xvlrq(W ' �*-��7

*
�f 42*tc rü -� hvw od uìvlvwdqfh sdu fduuì gx �o hw �

7

od fdsdflwì sdu xqlwì gh vxuidfh1 Hq

whuph g*lpsìgdqfh h�hfwlyh/ od mrqfwlrq �o hvw gìfulwh sdu xqh oljqh gh wudqvplvvlrq -�

gh wdlooh �qlh hw whuplqìh sdu o*lpsìgdqfh h{whuqh ~
i |

c yrlu �jxuh 41441 O*lpsìgdqfh ~
i |

d�hfwh od frqgxfwdqfh wxqqho dx{ ìqhujlhv 0 whoohv txh oh fkdps ìohfwultxh d hx oh whpsv gh

b
Wrxwhirlv/ oruvtxh o*lpsìgdqfh g*hqylurqqhphqw ~i?�E/� hvw dffroìh ã od eduulëuh wxqqho/ od wkìrulh plfurvfrsltxh shxw

suìgluh ghv gìyldwlrqv vljql�fdwlyhv sdu udssruw ã od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe1 Hq h�hw/ o*ìohfwurq txl wudyhuvh od

eduulëuh shxw doruv h{soruhu/ dx{ iuìtxhqfhv frqvlgìuìhv/ xqh uìjlrq h{wìulhxu ã od mrqfwlrq rü oh fkdps ìohfwurpdjqìwltxh q*hvw

sdv krprjëqh1
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417 Prgl�fdwlrq gh od ghqvlwì g*ìwdwv wxqqho

gl�xvhu mxvtx*dx{ h{wuìplwìv gx �o shqgdqw oh whpsv |*0c vrlw srxu 0 	 |(W*u2 * . >hY1

Frqwudluhphqw dx{ udlvrqqhphqwv vwdqgdugv gh sk|vltxh pìvrvfrsltxh rü od glphqvlrqqdolwì

gìshqg gh o*ìqhujlh gh Wkrxohvv .
A�

' |(*u2 fdofxoìh dyhf od frqvwdqwh gh gl�xvlrq (

ghv ìohfwurqv/ srxu xqh mrqfwlrq wxqqho lo idxw xwlolvhu o*ìqhujlh gh Wkrxohvv prgl�ìh .W

A�

'

|(W*u2c dvvrflìh ã od sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh1 Dx{ iuìtxhqfhv txh qrxv

h{sorurqv/ o*lpsìgdqfh ~
i |

hvw hvvhqwlhoohphqw xqh uìvlvwdqfh grqw od ydohxu hvw dwwhqgxh gdqv

od jdpph �f� �ff Rkp1 Ohv phloohxuv �wv vrqw rewhqxv srxu xqh uìvlvwdqfh hq vìulh ~
i |

'

Df Rkp1 Ohv frxuehv gh frqgxfwdqfh/ fdofxoìhv hq irqfwlrq gh od whqvlrq srxu A ' 2S pN hw

�.S pN/ hw hq irqfwlrq gh od whpsìudwxuh ã whqvlrq qxooh gdqv o*lqvhw/ vrqw uhsuìvhqwìhv sdu

ghv oljqhv frqwlqxhv43 vxu od �jxuh 41431

Fhwwh h{sìulhqfh prqwuh txh od frqgxfwdqfh g|qdpltxh g*xqh orqjxh mrqfwlrq wxqqho hqwuh

xq �o g*doxplqlxp hw xqh ìohfwurgh pdvvlyh d elhq od iruph suìglwh sdu od wkìrulh ghv lqwhu0

dfwlrqv hqwuh ìohfwurqv gdqv oh uìjlph gl�xvli1 Qrxv dyrqv gh soxv ìwdeol oh olhq hqwuh oh fdofxo

plfurvfrsltxh gh od ghqvlwì g*ìwdwv wxqqho dyhf ohv lqwhudfwlrqv hqwuh ìohfwurqv gdqv xq pìwdo

hw oh eorfdjh gh Frxorpe/ hw uhirupxoì od wkìrulh plfurvfrsltxh hq whuph g*lpsìgdqfh ìohf0

wurpdjqìwltxh1 Gdqv fhwwh h{sìulhqfh qrxv q*dyrqv sdv hx ehvrlq g*lqyrtxhu o*h�hw g*dxwuhv

ghjuìv gh olehuwì gx pìwdo/ frpph ghv v|vwëphv ã ghx{ qlyhdx{/ srxu h{soltxhu od ghqvlwì

g*ìwdwv wxqqho ghv �ov g*doxplqlxp phvxuìv1

�f
Qrxv dwwulexrqv o*ìfduw dyhf od wkìrulh/ revhuyì dx{ shwlwhv whqvlrqv vxu ohv grqqìhv ã 2S pN/ ã xq fkdx�djh ghv ìohfwurqv1

Hq h�hw/ qrxv srxyrqv uhqguh frpswh gh od surirqghxu gh od gìsuhvvlrq dyhf xqh whpsìudwxuh ìohfwurqltxh gh 6: pN1
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Fkdslwuh 5
Whfkqltxhv h{sìulphqwdohv

514 Ideulfdwlrq ghv ìfkdqwloorqv

Wrxv ohv ìfkdqwloorqv phvxuìv rqw ìwì ideultxìv sdu ohv whfkqltxhv gh olwkrjudsklh ìohf0

wurqltxh ^4�6` 1 Ohv sulqflsdohv ìwdshv gh od surfìgxuh gh ideulfdwlrq vrqw suìvhqwìhv vxu od

�jxuh 5141

Od suhplëuh ìwdsh frqvlvwh ã gìsrvhu xqh elfrxfkh gh sro|pëuhv ìohfwurvhqvleohv vxu xq

vxevwudw1 Hq h{srvdqw fhwwh elfrxfkh dx idlvfhdx g*ìohfwurqv g*xq plfurvfrsh ìohfwurqltxh ã

edod|djh/ vhorq xq ghvvlq suìgì�ql/ rq rewlhqw xq pdvtxh/ grqw ohv sduwlhv ohv soxv �qhv vrqw

vxvshqgxhv dx ghvvxv gx vxevwudw1 Ohv pdwìuldx{ frqvwlwxdqw o*ìfkdqwloorq vrqw hqvxlwh gìsrvìv

sdu ìydsrudwlrq vrxv gl�ìuhqwv dqjohv ã wudyhuv fh pdvtxh txl hvw �qdohphqw glvvrxv gdqv gh

o*dfìwrqh1

51414 Suìsdudwlrq gh od elfrxfkh

Ohv vxevwudwv txh qrxv xwlolvrqv vrqw ghv jdohwwhv gh vlolflxp gh 5 srxfhv gh gldpëwuh/

r{|gìhv wkhupltxhphqw vxu xqh ìsdlvvhxu gh 833 qp1 Qrxv gìsrvrqv g*derug xqh frxfkh gh

frsro|pëuh phwd0dfu|odwh dflg 2 sro|phwk|o0phwd0dfu|odwh +PDD2SPPD, g*ìsdlvvhxu w|s0

ltxh 933 qp/ dx ghvvxv gh odtxhooh hvw hqvxlwh gìsrvìh xqh frxfkh gh sro|pëuh sro|phwk|o0

phwd0dfu|odwh +SPPD, gh 433 qp g*ìsdlvvhxu +yrlu Ilj1 515,1

Od vrxv0frxfkh gh PDD2SPPD/ soxv ìohfwurvhqvleoh txh oh SPPD/ vhuw ã vrxwhqlu oh

pdvtxh vxvshqgx dx wudyhuv gxtxho ohv gl�ìuhqwv pdwìuldx{ vhurqw gìsrvìv vxu oh vxevwudw/



Fig. 2.1. Principe de la fabrication des échantillons par lithographie éléctronique.
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Ilj1 5161 Sulqflsh gx gìs÷w gh gl�ìuhqwv pdwìuldx{ ã wudyhuv oh pdvtxh vxvshqgx hq xwlolvdqw soxvlhxuv
dqjohv g*ìydsrudwlrq1



Fkdslwuh 5 Whfkqltxhv h{sìulphqwdohv

wrxw hq shuphwwdqw xq sur�o hq vxusorpe suëv ghv uìjlrqv h{srvìhv +yrlu Ilj1 515/ wurlvlëph

ghvvlq,1 Oh vxevwudw gh vlolflxp vxuprqwì g*xqh elfrxfkh hvw gìfrxsì sdu folydjh/ ã o*dlgh

g*xqh srlqwh gh gldpdqw/ hq prufhdx{ gh S � S rx H � H pp21 Fkdtxh prufhdx +fkls, hvw

xwlolvì vìsduìphqw srxu od ideulfdwlrq ghv ìfkdqwloorqv1

Qrxv dyrqv xwlolvì ghv elfrxfkhv �qhv srxu od ideulfdwlrq ghv ìfkdqwloorqv ghvwlqìv ã od

phvxuh ghv ìfkdqjhv g*ìqhujlh hw gh od frkìuhqfh gh skdvh ghv ìohfwurqv +sduwlh 4 hw 5,/ hw ghv

elfrxfkhv wuëv ìsdlvvhv srxu ideultxhu ghv orqjxhv mrqfwlrqv wxqqho44 +sduwlh 6,1

Od surfìgxuh h{dfwh gh ideulfdwlrq ghv gl�ìuhqwv w|shv gh elfrxfkhv xwlolvìhv hvw gìfulwh

fl0ghvvrxv1

5141414 Elfrxfkh �qh

Fh w|sh gh elfrxfkh shuphw g*rewhqlu xqh olwkrjudsklh wuëv �qh1

Frxfkh lqiìulhxuh gh PDD2SPPD

Oh frsro|pëuh PDD2SPPD hvw gloxì ã xqh frqfhqwudwlrq pdvvltxh gh 43( gdqv gx 50

hwkr{|hwkdqro1 Od pdvvh proìfxodluh gx PDD hw gh ;18N1 Od vroxwlrq gh PDD2SPPD hvw

gìsrvìh vxu oh vxevwudw gh vlolflxp r{|gì hw wrxuqìh ã 8333 w2pq/ shqgdqw xqh plqxwh/ srxu

rewhqlu xqh frxfkh g*hqylurq 833 qp g*ìsdlvvhxu1 Od frxfkh hvw hqvxlwh vìfkìh hq sodêdqw oh

vxevwudw shqgdqw xqh plqxwh vxu xqh sodtxh fkdx�dqwh ã 493 ��1

Frxfkh vxsìulhxuh gh SPPD

Oh SPPD/ gh pdvvh proìfxodluh <83N/ hvw gloxì ã 6( gdqv gh o*dqlvroh1 Fhwwh vroxwlrq

hvw gìsrvìh vxu oh vxevwudw sxlv wrxuqìh ã ;333 wsp/ shqgdqw xqh plqxwh/ srxu rewhqlu xqh

frxfkh gh SPPD g*dssur{lpdwlyhphqw 433 qp g*ìsdlvvhxu1 Ilqdohphqw/ od elfrxfkh hvw fxlwh

shqgdqw 53 ã 63 plqxwhv vxu xqh sodtxh fkdx�dqwh ã 4:3 ��1

5141415 Elfrxfkh ìsdlvvh

Fh w|sh gh elfrxfkh shuphw g*rewhqlu ghv gìfdodjhv lpsruwdqwv hqwuh ohv pìwdx{ gìsrvìv vxu

oh vxevwudw sdu od whfkqltxh g*ìydsrudwlrq vrxv dqjoh +yrlu Ilj1 516,1

Frxfkh lqiìulhxuh gh PDD2SPPD

Oh frsro|pëuh PDD2SPPD hvw gloxì ã xqh frqfhqwudwlrq pdvvltxh gh 43( gdqv gh o*hwk|o0

��
Srxu ideultxhu fhv ìfkdqwloorqv qrxv xwlolvrqv xq srqw vxvshqgx gh píph orqjxhxu txh od mrqfwlrq wxqqho1 Oh srqw hvw odujh

+8 >p, d�q g*íwuh soxv vrolgh1 Srxu frpelqhu ghv ìydsrudwlrqv vrxv gl�ìuhqwv dqjohv/ qrxv ghyrqv doruv xwlolvhu xqh elfrxfkh

ìsdlvvh txl shuphw g*rewhqlu ghv gìfdoodjhv lpsruwdqwv vxu oh vxevwudw1
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514 Ideulfdwlrq ghv ìfkdqwloorqv

odfwdwh1 Od pdvvh proìfxodluh gx PDD hvw lfl gh 4:18N1 Od vroxwlrq gh PDD2SPPD hvw

gìsrvìh vxu oh vxevwudw hw wrxuqìh ã 4333 wsp shqgdqw xqh plqxwh srxu rewhqlu xqh frxfkh

g*hqylurq <33 qp g*ìsdlvvhxu1 Od frxfkh hvw hqvxlwh vìfkìh shqgdqw xqh plqxwh vxu xqh sodtxh

fkdx�dqwh ã 443 ��1

Fhv ghx{ rsìudwlrqv vrqw uìsìwìhv txdwuh irlv gh vxlwh gh vruwh txh od frxfkh gh PDD2SPPD

idvvh hqylurq 618 >p g*ìsdlvvhxu1

Frxfkh vxsìulhxuh gh SPPD

Oh SPPD/ gh pdvvh proìfxodluh <83N/ hvw gloxì ã 9( gdqv gh o*dqlvroh1 Fhwwh vroxwlrq hvw

gìsrvìh vxu oh vxevwudw sxlv wrxuqìh ã 5333 w2pq shqgdqw xqh plqxwh/ srxu rewhqlu xqh frxfkh

gh SPPD g*hqylurq 633 qp g*ìsdlvvhxu451 Hqvxlwh/ od elfrxfkh hvw fxlwh shqgdqw 58 plqxwhv

vxu xqh sodtxh fkdx�dqwh sruwìh ã od whpsìudwxuh gh 498 ��1

51415 Ideulfdwlrq gx pdvtxh vxvshqgx

Oh pdvtxh vrxkdlwì hvw rewhqx hq h{srvdqw od elfrxfkh dyhf oh idlvfhdx g*ìohfwurqv g*xq pl0

furvfrsh ìohfwurqltxh +MHRO ;73 rx Sklolsv [O63 VIHJ,1 Ohv ìohfwurqv sìqëwuhqw ã od irlv od

frxfkh gh PDD2SPPD hw od frxfkh gh SPPD/ hw fdvvhqw ohv sro|pëuhv hq soxv shwlwv iudj0

phqwv txl vrqw hqvxlwh glvvrxv gdqv xqh vroxwlrq gh phwk|o lvrexw|o nhwrqh +PLEN, gloxìh ã

58( hq yroxph gdqv gh o*lvrsursdqro1 Oh idlvfhdx g*ìohfwurqv hvw slorwì sdu ruglqdwhxu dyhf ohv

surjudpphv Sur{|0zulwhu rx HOSK\ Txdqwxp gh Udlwk JpeK1 Qrxv xwlolvrqv kdelwxhooh0

phqw xqh whqvlrq g*dffìoìudwlrq ghv ìohfwurqv gh 68 nhY/ srxu odtxhooh rq rewlhqw ghv pdvtxhv

dyhf xqh �qhvvh gh wudlw gh 83 qp1 D fhwwh whqvlrq/ od grvh g*h{srvlwlrq hvw gh o*ruguh gh

5 sF2>p2� Ohv sduwlhv �qhv gx pdvtxh vxvshqgx vrqw h{srvìhv dx jurvvlvvhphqw �Dfffc txl

fruuhvsrqg ã xq fkdps gh �2f� bf >p2 vxu oh MHRO1 Ohv sduwlhv ã soxv judqgh ìfkhooh vrqw

h{srvìhv ã xq soxv idleoh jurvvlvvhphqw1

Frpph uhsuìvhqwì vxu od �jxuh 514/ xqh uìjlrq soxv odujh gh od frxfkh gh PDD2SPPD

hvw d�hfwìh sdu o*h{srvlwlrq dx idlvfhdx g*ìohfwurqv/ txh gdqv od frxfkh vxsìulhxuh gh SPPD1

Oh frsro|pëuh hvw hq h�hw soxv vhqvleoh dx idlvfhdx g*ìohfwurqv txh oh SPPD1 Fh frqwudvwh

gh vhqvlelolwì fuìh xqh fdylwì vrxv oh pdvtxh vxvshqgx txl shuphw o*ìydsrudwlrq vrxv dqjoh1

Qrxv dyrqv ìjdohphqw wluì sduwl gx frqwudvwh gh vhqvlelolwì srxu frqwu÷ohu suìflvìphqw ohv

}rqhv fuhxvìhv vrxv oh pdvtxh hq h{srvdqw od elfrxfkh ã gh wuëv idleohv grvhv/ gh o*ruguh gh

�2
D�q gh plhx{ uìvlvwhu dx{ frqwudlqwhv soxv lpsruwdqwhv revhuyìhv oruvtxh od frxfkh gh PDD2SPPD hvw ìsdlvvh1
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Fkdslwuh 5 Whfkqltxhv h{sìulphqwdohv

3158 sF2>p2� Hq sudwltxh/ qrxv dyrqv ideultxì ghv srqwv vxvshqgxv gh 31:33 >p hw 8 >p gh

odujh uhvshfwlyhphqw dyhf ohv elfrxfkhv �qhv hw ìsdlvvhv1

2µm

Ilj1 5171 Ghvvlq g*h{srvlwlrq xwlolvì srxu ideultxhu xq pdvtxh vxvshqgx srxu ohv ìfkdqwloorqv phvxudqw oh
wdx{ g*ìfkdqjh g*ìqhujlh +lfl dyhf ghx{ �ov gh 418 hw 8 �p,1 Od grvh g*h{srvlwlrq hvw sursruwlrqqhooh dx
qlyhdx gh julv vxu oh ghvvlq1 Ohv uìjlrqv ohv soxv fodluhv vrqw vx!vdqwhv srxu fuhxvhu od frxfkh lqiìulhxuh
gh PDD2SPPD pdlv sdv od frxfkh vxsìulhxuh gh SPPD1 Rq rewlhqw grqf vxu fhv uìjlrqv xq pdvtxh
vxvshqgx dx ghvvxv gx vxevwudw1

Od �jxuh 517 uhsuìvhqwh od sduwlh fhqwudoh gx ghvvlq g*h{srvlwlrq xwlolvì srxu ideultxhu ghv

ìfkdqwloorqv ghvwlqìv ã od phvxuh ghv ìfkdqjhv g*ìqhujlh gdqv ghv �ov pìwdooltxhv gh 418 hw

8 >p gh orqjxhxu1

51416 Gìs÷w ghv frxfkhv pìwdooltxhv hw ideulfdwlrq ghv mrqfwlrqv
wxqqho

Ohv gl�ìuhqwv pìwdx{ +Dj/ Do/ Dx hw Fx, vrqw gìsrvìv vxu oh vxevwudw/ ã wudyhuv oh pdvtxh

vxvshqgx/ gdqv xq ìydsrudwhxu ã fdqrq ã ìohfwurqv1 Oh fkls hvw sodfì gdqv o*ìydsrudwhxu

vxu xq sruwh0ìfkdqwloorq lqfolqdeoh1 Qrxv gìsrvrqv ohv pìwdx{ vrxv xqh suhvvlrq uìvlgxhooh gh

�f3S pedu/ ã xq wdx{ gh � qp2v srxu o*doxplqlxp hw oh fxlyuh/ 318 qp2v srxu o*ru/ 315 qp2v

srxu ohv sduwlhv �qhv hq dujhqw hw � qp2v srxu ohv sduwlhv soxv ìsdlvvhv hq dujhqw1
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514 Ideulfdwlrq ghv ìfkdqwloorqv

Wrxwhv ohv mrqfwlrqv wxqqho txh qrxv dyrqv ideultxìhv rqw xqh ìohfwurgh hq doxplqlxp1 Fh

pìwdo d o*dydqwdjh gh iruphu xqh frxfkh g*r{|gh txl frqvwlwxh xqh eduulëuh wxqqho gh erqqh

txdolwì1 Dsuëv dyrlu r{|gì hq vxuidfh o*ìohfwurgh g*doxplqlxp/ qrxv gìsrvrqv vxu od frxfkh

g*r{|gh od frqwuh0ìohfwurgh1 Srxu xqh shwlwh mrqfwlrq wxqqho +� �ff � �ff qp2, d|dqw xqh

uìvlvwdqfh gdqv od jdpph �f� �ff !lc o*doxplqlxp hvw r{|gì shqgdqw wurlv ã txlq}h plqxwhv

vrxv txhotxhv �f3� pedu g*xq pìodqjh r{|jëqh+43(,0 dujrq+<3(,1 Srxu ideultxhu od orqjxh

mrqfwlrq wxqqho +2b� f�2D >p2, gh uìvlvwdqfh wxqqho -
A
' �H !l suìvhqwìh gdqv od wurlvlëph

sduwlh gh fhwwh wkëvh/ o*doxplqlxp d ìwì r{|gì vrxv xqh suhvvlrq gh :33 pedu g*r{|jëqh sxu

shqgdqw suhvtxh 6 khxuhv1

Srxu qrv h{sìulhqfhv/ qrxv dyrqv ideultxì ghv mrqfwlrqv Do0Do/ Do0Dj/ Do0Dx hw Do0Fx1 Ohv

mrqfwlrqv Do0Do hw Do0Fx vrqw uhpdutxdeohphqw vwdeohv hw urexvwhv1 Sdu frqwuh/ ohv mrqfwlrqv

Do0Dx rqw whqgdqfh ã sdvvhu hq frxuw0flufxlw/ wdqglv txh ohv mrqfwlrqv Do0Dj gìulyhqw yhuv

xq flufxlw rxyhuw vxu xqh ìfkhooh gh whpsv gh o*ruguh gh o*khxuh ã whpsìudwxuh dpeldqwh1

Lo hvw srvvleoh g*dpìolruhu od vwdelolwì gh fhv mrqfwlrqv hq gìsrvdqw vxu o*doxplqlxp r{|gì

xqh �qh frxfkh gh �� 2 ?4 gh fxlyuh1 Qrxv dyrqv xwlolvì fhwwh pìwkrgh srxu ideultxhu soxv

frqiruwdeohphqw oh ghx{lëph ìfkdqwloorq g*dujhqw xwlolvì srxu od phvxuh ghv ìfkdqjhv g*ìqhujlh

gdqv od jìrpìwulh VQV +fkdslwuh 7 gh od suhplëuh sduwlh,1 Od �qh frxfkh gh fxlyuh hvw gìsrvìh

xqltxhphqw dx ghvvxv gx grljw gh phvxuh vxsudfrqgxfwhxu/ hw qrq sdv vrxv wrxw oh �o g*dujhqw1
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Fkdslwuh 5 Whfkqltxhv h{sìulphqwdohv

515 Glvsrvlwli h{sìulphqwdo

O*ìfkdqwloorq hvw frooì dyhf gh od odtxh ã o*dujhqw vxu xqh sodtxhwwh gh fxlyuh srxu elhq oh

wkhupdolvhu1 Fhwwh sodtxhwwh gh fxlyuh hvw hooh0píph vxu xq vxssruw frpsruwdqw 53 frqwdfwv

gh fxlyuh/ txl vh eudqfkh vxu xq vxssruw ihphooh lqvwdooì vxu oh uìiuljìudwhxu ã gloxwlrq1 Ohv

frqqhfwlrqv ìohfwultxhv dyhf oh sruwh0ìfkdqwloorq vrqw h�hfwxìhv sdu vrxgxuh xowudvrq dyhf ghv

�ov g*ru rx g*doxplqlxp gh 58 >p gh gldpëwuh1 Oh sruwh0ìfkdqwloorq hvw sodfì gdqv xqh erlwh

gh fxlyuh frqqhfwìh wkhupltxhphqw ã od fkdpeuh gh pìodqjh g*xq uìiuljìudwhxu ã gloxwlrq1

Wrxwhv ohv frqqhfwlrqv ìohfwultxhv hqwuh o*ìfkdqwloorq hw ohv lqvwuxphqwv gh phvxuh vrqw idlwhv

dx wudyhuv gh oljqhv frd{ldohv vrljqhxvhphqw �owuìhv +yrlu Ilj1 518,1 Qrxv dyrqv xwlolvì ghv

�owuhv ã srxguh pìwdooltxh hw ghv �owuhv UF glvwulexìv ^7` 1 O*dwwìqxdwlrq ã 7 N srxu fhv ghx{

w|shv gh �owuhv hvw phloohxuh txh 93 gE ã 4 JK}1

Ohv phvxuhv vrqw h�hfwxìhv sdu gìwhfwlrq v|qfkurqh dyhf xq orfn0lq Vwdqirug VU;631 Ohv

grqqìhv vrqw dffxpxoìhv vxu xq rvfloorvfrsh qxpìultxh Qlfrohw Sur67 sxlv wudqviìuìhv sdu

oldlvrq LHHH vxu xq ruglqdwhxu/ d�q gh surfìghu ã ohxu wudlwhphqw1 Srxu ohv phvxuhv gh

od frqgxfwdqfh g*xqh judqgh mrqfwlrq wxqqho +sduwlh 6 gh od wkëvh,/ qrxv dyrqv ìjdohphqw

xwlolvì xq wudqvirupdwhxu gh udssruw srxu frpshqvhu oh vljqdo pr|hq ã o*hqwuìh gh od gìwhfwlrq

v|qfkurqh1

Xqh sursulìwì lpsruwdqwh gx glvsrvlwli h{sìulphqwdo hvw od srvvlelolwì gh phvxuhu soxvlhxuv

flufxlwv ã o*dlgh g*xqh vhxoh oljqh gh srodulvdwlrq hw g*xqh vhxoh oljqh gh phvxuh1 Srxu fhod/ od

vruwlh gx ghuqlhu �owuh frppxq ã od oljqh gh phvxuh hw ã od oljqh gh srodulvdwlrq hvw frqqhfwìh

ã xq vìohfwhxu ã 45 srvlwlrqv/ uìdolvì ã sduwlu g*xqh urxh frghxvh +Fkhuu|, gìsrxlooìh gh vrq

pìfdqlvph hw gh vhv uhvvruwv/ hq erq frqwdfw wkhupltxh dyhf od fkdpeuh gh pìodqjh1 Od

srvlwlrq gx vìohfwhxu hvw frppdqgìh sdu xq prwhxu ìohfwultxh frpphufldo Hvfds :45O94 �{ì

vxu o*ìwdjh ã 4 N gx uìiuljìudwhxu ã gloxwlrq hw dxtxho rq dssoltxh gh frxuwhv lpsxovlrqv

ìohfwultxhv mxvtx*ã fh txh od srvlwlrq gìvluìh vrlw dwwhlqwh1 Od wudqvplvvlrq hqwuh oh prwhxu hw

oh vìohfwhxu hvw idlwh sdu xqh wljh hq sodvwltxh1
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515 Glvsrvlwli h{sìulphqwdo
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Ilj1 5181 Vfkìpd gx fdeodjh ìohfwultxh gdqv oh uìiuljìudwhxu ã gloxwlrq/ srxu o*h{sìulhqfh phvxudqw ohv
ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv1 Oh frxudqw lqmhfwì ã o*ìfkdqwloorq hvw irxuql sdu od vrxufh Ys ã wudyhuv
od oljqh gh srodulvdwlrq1 Od whqvlrq dx{ eruqhv gh o*ìfkdqwloorq hq vìulh dyhf xq �owuh I hvw phvxuìh sdu xq
dpsol�fdwhxu ã whpsìudwxuh dpeldqwh frqqhfwì sdu xqh oljqh el�odluh eolqgìh1
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Fkdslwuh 4
Phvxuh ghv ìfkdqjhv g*ìqhujlh hqwuh
ìohfwurqv sdu vshfwurvfrslh wxqqho

414 Lqwhudfwlrqv hw ìfkdqjhv g*ìqhujlh

Gdqv xq pìwdo/ o*lqwhudfwlrq Frxorpelhqqh hvw h!fdfhphqw ìfudqwìh sdu od srodulvdwlrq gx

 xlgh ìohfwurqltxh frqvwlwxì gh o*hqvhpeoh ghv ìohfwurqv1 Ohv ìohfwurqv hq prxyhphqw vrqw

�hqwrxuìv� sdu xq qxdjh g*ìfudqwdjh/ grqw o*h{whqvlrq vsdwldoh hvw gh o*ruguh gh od glvwdqfh

pr|hqqh hqwuh ìohfwurqv1

Ohv gìidxwv vwdwltxhv gx uìvhdx dwrpltxh/ ohv lpsxuhwìv hw ohv erugv g*xq ìfkdqwloorq gli0

ixvhqw ohv ìohfwurqv gh idêrq ìodvwltxh1 Fhv surfhvvxv gìwhuplqhqw od frqvwdqwh gh gl�xvlrq ghv

ìohfwurqv ( ã edvvh whpsìudwxuh1 Gdqv fh uìjlph glw gl�xvli/ ohv froolvlrqv ìodvwltxhv rqw dxvvl

xq h�hw vxu ohv froolvlrqv lqìodvwltxhv hqwuh ìohfwurqv fdu hoohv prgl�hqw oh qxdjh g*ìfudqwdjh

gh o*lqwhudfwlrq Frxorpelhqqh hw dxjphqwhqw oh uhfrxyuhphqw ghv irqfwlrqv g*rqgh ìohfwurq0

ltxhv ^4` 1 Lo hvw suìglw tx*dx{ soxv edvvhv whpsìudwxuhv/ w|sltxhphqw hq ghvvrxv gh 4 N/

ohv lqwhudfwlrqv hqwuh ìohfwurqv suhqqhqw doruv oh sdv vxu ohv froolvlrqv ìohfwurq0skrqrq frpph

vrxufh grplqdqwh g*ìfkdqjhv g*ìqhujlh hw gh gìfrkìuhqfh1

Gdqv fhwwh sduwlh qrxv suìvhqwrqv xqh h{sìulhqfh ghvwlqìh ã phvxuhu gluhfwhphqw ohv ìfkdqjhv

g*ìqhujlh hqwuh ìohfwurqv gdqv ghv �ov pìwdooltxhv pìvrvfrsltxhv1 Ghv uìvxowdwv suìolplqdluhv

dydlhqw ìwì rewhqxv sdu Kxjxhv Srwklhu hw do1 ^5` vxu ghx{ ìfkdqwloorqv hq fxlyuh/ xq shx dydqw

oh gìexw gh fhwwh wkëvh1



Fkdslwuh 4 Phvxuh ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv sdu vshfwurvfrslh wxqqho

415 Uìdolvdwlrq g*xqh vlwxdwlrq kruv0ìtxloleuh
vwdwlrqqdluh

41514 Frpphqw phvxuhu ohv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv B

O*lgìh hvw gh uìdolvhu xqh vlwxdwlrq kruv0ìtxloleuh vwdwlrqqdluh/ gdqv odtxhooh ohv ìfkdqjhv

g*ìqhujlh whqghqw ã uhvwlwxhu xq ìtxloleuh orfdo1

0-eU

f(E)

E

0-eU

f(E)

E

U

0

L
X?

Ilj1 4141 Sulqflsh gh o*h{sìulhqfh = xq �o gh orqjxhxu O hvw frqqhfwì ã ghx{ ìohfwurghv pdvvlyhv1 Xqh
gl�ìuhqfh gh srwhqwlho X hvw dssoltxìh dx{ eruqhv gx �o1 Ohv irqfwlrqv gh glvwulexwlrq ghv ìohfwurqv gdqv ohv
ìohfwurghv vrqw ghv irqfwlrqv gh Ihupl gìfdoìhv hq ìqhujlh sdu od gl�ìuhqfh gh srwhqwlho ìohfwurfklpltxh hX=

Srxu phwwuh hq rhxyuh fhwwh lgìh vlpsoh/ rq frqqhfwh xq �o pìwdooltxh ã ghx{ ìohfwurghv

pdvvlyhv sruwìhv dx{ srwhqwlhov ìohfwultxhv f hw L +yrlu �jxuh 414,1 Fhv ìohfwurghv vrqw ghv

�uìvhuyrluv� g*ìohfwurqv/ dx vhqv gh Odqgdxhu ^6` / dyhf ghv glvwulexwlrqv hq ìqhujlh grqqìhv

sdu ghv irqfwlrqv gh Ihupl grqw ohv srwhqwlhov ìohfwurfklpltxhv vrqw gìfdoìv gh o*ìqhujlh eL�

Od irqfwlrq gh glvwulexwlrq hq ìqhujlh ghv ìohfwurqv gdqv oh �o gìshqg ghv ìfkdqjhv g*ìqhujlh/

frpph oh prqwuh o*dqdo|vh ghv fdv olplwhv ghv ìohfwurqv lqgìshqgdqwv hw ghv ìohfwurqv hq

ìtxloleuh wkhupltxh orfdo1

41515 Olplwh ghv ìohfwurqv lqgìshqgdqwv

Xq ìohfwurq suìvhqw ã od srvlwlrq % ' f*uc rü u hvw od orqjxhxu gx �o/ d xqh suredelolwì

R
6

' �� % gh yhqlu gh o*ìohfwurgh dx srwhqwlho f hw R
�

' % gh o*ìohfwurgh dx srwhqwlho L� Srxu
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415 Uìdolvdwlrq g*xqh vlwxdwlrq kruv0ìtxloleuh vwdwlrqqdluh

(b) eU E0

f(x,E)

(a)

f(x,E)

1
x

EeU
0

1

Ilj1 4151 Irqfwlrqv gh glvwulexwlrq i+{>H, wudfìhv hq irqfwlrq gh o*ìqhujlh H srxu gl�ìuhqwhv srvlwlrqv
{ @ [@O> gdqv od olplwh ghv ìohfwurqv lqgìshqgdqwv +d,/ hw gdqv od olplwh ghv iruwhv lqwhudfwlrqv hqwuh
ìohfwurqv hq qìjoljhdqw oh frxsodjh ìohfwurq0skrqrq +e,1 Qrxv dyrqv vxssrvì nEW � hX gdqv fhv ghx{
olplwhv1
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Fkdslwuh 4 Phvxuh ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv sdu vshfwurvfrslh wxqqho

ghv ìohfwurqv lqgìshqgdqwv/ txl gl�xvhqw gdqv oh �o ã ìqhujlh wrwdoh frqvwdqwh/ od glvwulexwlrq

hq ìqhujlh hvw vlpsohphqw fhooh gh o*ìohfwurgh g*ruljlqh1 Od irqfwlrq gh glvwulexwlrq gdqv oh �o

hvw grqf od vrpph gh ghx{ irqfwlrqv gh Ihupl gìfdoìhv hw srqgìuìhv sdu ohv suredelolwìv R
6

hw R
�

+yrlu �jxuh 415 +d,, =

sE%c.� ' %s
A

E.� n E�� %�s
A

E. n eL�c +414,

rü s
A

E.� ' �*E� n i T E.*&
�

A ���

Oruvtxh ohv ìohfwurqv vrqw lqgìshqgdqwv/ od irqfwlrq gh glvwulexwlrq hq ìqhujlh d grqf od

vwuxfwxuh g*xqh grxeoh pdufkh1

41516 Olplwh ghv ìohfwurqv wkhupdolvìv = oh uìjlph ghv ìohfwurqv
fkdxgv

Gdqv od olplwh rssrvìh ghv iruwv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv/ xq ìtxloleuh wkhupltxh

orfdo v*ìwdeolw = od irqfwlrq gh glvwulexwlrq gdqv oh �o hvw xqh irqfwlrq gh Ihupl grqw od whp0

sìudwxuh hw oh srwhqwlho ìohfwurfklpltxh gìshqghqw gh od srvlwlrq =

sE%c.� ' s
AeE%�

E. n eL%�� +415,

Rq sduoh srxu fhwwh olplwh gx uìjlph ghv ìohfwurqv fkdxgv +yrlu �jxuh 415 +e,,1 Srxu gìwhuplqhu

od gìshqgdqfh vsdwldoh gh od whpsìudwxuh/ rq uìvrxw o*ìtxdwlrq gh od fkdohxu ^7�9` =

Z2

S
Y
%%

E&
�

A
e

E%��2 n EeL�2 ' fc +416,

dyhf ohv frqglwlrqv dx{ olplwhv A
e

Ef� ' A
e

E�� ' A� Rq rewlhqw dlqvl o*h{suhvvlrq gh od whpsìud0

wxuh ìohfwurqltxh A
e

E%� hq irqfwlrq gh od srvlwlrq gdqv oh �o hw gh od whqvlrq L dssoltxìh =

A
e

E%� '
s
A 2 n %E�� %�L 2*1 +417,

rü 1 ' Z

2

�

�
&�

e

�
2 * 2�e �f3H Y2k32 hvw oh qrpeuh gh Oruhqw}1

Od iruph ghv irqfwlrqv gh glvwulexwlrq/ wuëv gl�ìuhqwh gdqv ohv ghx{ olplwhv frqvlgìuìhv/

uh ëwh elhq oh uìvxowdw gh od frpsìwlwlrq hqwuh oh  x{ g*ìohfwurqv suryhqdqw gluhfwhphqw ghv

ìohfwurghv hw oh wdx{ g*ìfkdqjh g*ìqhujlh �3�
�?

hqwuh ohv ìohfwurqv1 Srxu gìwhuplqhu suìflvìphqw

od qdwxuh hw od txdqwlwì ghv ìfkdqjhv g*ìqhujlh gdqv oh v|vwëph g*ìohfwurqv/ lo idxw vh sodfhu

dx plhx{ hqwuh fhv ghx{ olplwhv jìqìultxhv1 Srxu fhod/ qrxv srxyrqv dgdswhu od orqjxhxu gx

�o1 Hq h�hw/ od iruph gh od glvwulexwlrq hq ìqhujlh gìshqg hvvhqwlhoohphqw gx udssruw hqwuh
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415 Uìdolvdwlrq g*xqh vlwxdwlrq kruv0ìtxloleuh vwdwlrqqdluh

oh whpsv gh gl�xvlrq ghv ìohfwurqv ã wudyhuv oh �o �
(

' u2*( hw oh whpsv �
�?
EeL� qìfhvvdluh

srxu ìfkdqjhu xqh ìqhujlh gh o*ruguh gh eL� Ohv lqwhudfwlrqv lqìodvwltxhv rqw grqf xq lpsdfw

vxu od irqfwlrq gh glvwulexwlrq txl dxjphqwh txdgudwltxhphqw dyhf od orqjxhxu gx �o1 Qrxv

dyrqv dlqvl xwlolvì gdqv qrv h{sìulhqfhv ghv �ov gh 418 >p ã 53 >p1
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Fkdslwuh 4 Phvxuh ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv sdu vshfwurvfrslh wxqqho

416 Xqh vrqgh wxqqho srxu phvxuhu od glvwulexwlrq hq
ìqhujlh ghv ìohfwurqv

Lo hvw hvvhqwlho gdqv fhwwh h{sìulhqfh gh srxyrlu phvxuhu od irqfwlrq gh glvwulexwlrq ghv

ìohfwurqv gdqv oh �o1 Qrxv xwlolvrqv srxu fh idluh xq grljw gh phvxuh vxsudfrqgxfwhxu frqqhfwì

dx �o ã wudyhuv xqh shwlwh mrqfwlrq wxqqho +yrlu Ilj1 416,1

V

U

100 nm

50 nm 

0-eU

f(E)

E

I

Ilj1 4161 Od irqfwlrq gh glvwulexwlrq hq ìqhujlh hq xq srlqw gx �o hvw gìgxlwh gh od phvxuh gh od frqgxfwdqfh
gl�ìuhqwlhooh gL

gY
+Y , g*xqh mrqfwlrq wxqqho hqwuh oh �o hw xqh ìohfwurgh vxsudfrqgxfwulfh sodfìh hq ghvvrxv1

41614 Sulqflsh gh od phvxuh

Xqh mrqfwlrq wxqqho hvw xqh frqqhfwlrq hqwuh ghx{ ìohfwurghv frqgxfwulfhv ã wudyhuv xqh

�qh frxfkh lvrodqwh/ w|sltxhphqw gh 4 rx 5 qp +yrlu od �jxuh 417,1 Srxu ohv ìohfwurqv gh

frqgxfwlrq/ fhwwh frxfkh lvrodqwh hvw xqh eduulëuh gh srwhqwlho lqiudqfklvvdeoh g*dsuëv ohv orlv

gh od sk|vltxh fodvvltxh1 Wrxwhirlv/ fhwwh eduulëuh shxw íwuh ideultxìh vx!vdpphqw �qh srxu

txh ohv vdxwv txdqwltxhv sdu h�hw wxqqho shuphwwhqw xq wudqvsruw gh fkdujh vljql�fdwli1

Oruvtxh ohv ìqhujlhv plvhv hq mhx vrqw shwlwhv sdu udssruw ã od kdxwhxu gh od eduulëuh wxqqho

+w|sltxhphqw 4 hY srxu qrv h{sìulhqfhv, hw txh o*lpsìgdqfh ìohfwultxh hq vìulh dyhf od mrqfwlrq

hvw shwlwh sdu udssruw dx txdqwxp gh uìvlvwdqfh -
k
' �*e2 * 2D�H !l/ od frqgxfwdqfh gh od

mrqfwlrq wxqqho CET � ' _U

_T

ET �c rü T hvw dssoltxìh hqwuh oh �o pìwdooltxh hw oh grljw gh phvxuh/

gìshqg xqltxhphqw gh od ghqvlwì g*ìwdwv ìohfwurqltxh hw gh od glvwulexwlrq hq ìqhujlh gdqv ohv

ghx{ ìohfwurghv tx*hooh frqqhfwh +fi1 Sduwlh 6 gh fhwwh wkëvh/ txdqg ~
i?�

1 Df l� -
k
,1 Srxu
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416 Xqh vrqgh wxqqho srxu phvxuhu od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv

métal métal

Isolant

~1-2 nm

Ilj1 4171 Mrqfwlrq wxqqho hqwuh ghv ìohfwurghv pìwdooltxhv1 Xqh mrqfwlrq wxqqho hvw fdudfwìulvìh sdu vd
uìvlvwdqfh wxqqho UW hw vd fdsdflwì jìrpìwultxh F=

qrwuh glvsrvlwli/ fhwwh frqgxfwdqfh wxqqho v*ìfulw =

CET � '
�

-
A

�
� n

]
_.

Y?
��5

Y.
E. � eT �sE%c.�

�
c +418,

rü ?
��5

E.� ' +id �.�

I

.

2
3{

2
o hvw oh udssruw/ grqqì sdu od wkìrulh EFV/ hqwuh od ghqvlwì g*ìwdwv gx

vxsudfrqgxfwhxu hw fhooh gx píph pìwdo ã o*ìwdw qrupdo> { oh jds gx vxsudfrqgxfwhxu> sE%c.�

hvw od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv gdqv oh �o ã od srvlwlrq % gh od mrqfwlrq wxqqho> hw -
A

hvw od uìvlvwdqfh wxqqho gh od mrqfwlrq1 Qrxv dyrqv vxssrvì lfl txh od ghqvlwì g*ìwdwv gdqv oh �o

pìwdooltxh hvw frqvwdqwh vxu od jdpph g*ìqhujlh h{soruìh/ hw txh od whpsìudwxuh ghv ìohfwurqv

gdqv oh grljw gh phvxuh vxsudfrqgxfwhxu hvw shwlwh sdu udssruw dx jds vxsudfrqgxfwhxu {�

Fhv frqglwlrqv vrqw vdwlvidlwhv gdqv qrwuh h{sìulhqfh1

41615 Surfìgxuh h{sìulphqwdoh

Od gìwhuplqdwlrq gh od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv gdqv oh �o qìfhvvlwh ghx{ ìwdshv1

G*derug lo idxw phvxuhu ohv sdudpëwuhv gh od mrqfwlrq vrqgh1 Srxu fhod/ rq phvxuh od frq0

gxfwdqfh wxqqho vdqv dssoltxhu gh whqvlrq dx{ eruqhv gx �o1 Od glvwulexwlrq sE%c.� hvw doruv

xqh irqfwlrq gh Ihupl grqw od whpsìudwxuh hvw yrlvlqh gh fhooh gx uìiuljìudwhxu1 Dyhf fhwwh

iruph gh glvwulexwlrq/ qrxv gìwhuplqrqv oh jds vxsudfrqgxfwhxu { hw od uìvlvwdqfh wxqqho

-
A

hq dmxvwdqw fhv ghx{ sdudpëwuhv/ hq píph whpsv txh od whpsìudwxuh ghv ìohfwurqv/ srxu

uhqguh frpswh oh soxv suìflvìphqw srvvleoh gh od gìshqgdqfh hq whqvlrq gh od frqgxfwdqfh

wxqqho phvxuìh1 Hq sudwltxh/ qrxv revhuyrqv sduirlv xq idleoh k|vwìuìvlv vxu od fdudfwìulvwltxh
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Fkdslwuh 4 Phvxuh ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv sdu vshfwurvfrslh wxqqho

frxudqw0whqvlrq gh od mrqfwlrq wxqqho/ oruvtxh od whqvlrq hvw gh o*ruguh gh {*e� Srxu o*ìolp0

lqhu/ hw íwuh dlqvl fdsdeoh gh uhqguh frpswh gh od frqgxfwdqfh wxqqho phvxuìh sdu od vlpsoh

frqyroxwlrq g*xqh ghqvlwì g*ìwdwv EFV hw g*xqh irqfwlrq gh Ihupl/ qrxv dssoltxrqv xq shwlw

fkdps pdjqìwltxh/ gh o*ruguh gh 8 pW1

Fhv ghx{ sdudpëwuhv gìwhuplqìv/ rq shxw �gìfrqyroxhu� o*h{suhvvlrq +418, srxu gìgxluh od

irqfwlrq gh glvwulexwlrq sE%c.�c ã od srvlwlrq % gh od mrqfwlrq wxqqho/ oruvtxh L 9' f� Srxu fhod/

rq plqlplvh o*ìfduw txdgudwltxh pr|hq hqwuh ohv frqgxfwdqfhv wxqqho fdofxoìh hw phvxuìh ^:` 1

41616 Whvw ghv gìfrqyroxwlrqv

Qrxv dyrqv uhsuìvhqwì vxu od �jxuh 418 wurlv fdudfwìulvwltxhv frxudqw0whqvlrq phvxuìhv hw

ohv irqfwlrqv gh glvwulexwlrq txl ohxu fruuhvsrqghqw1

Od irqfwlrq gh glvwulexwlrq gx sdqqhdx vxsìulhxu hvw rewhqxh hq gìfrqyroxdqw od frqgxf0

wdqfh wxqqho phvxuìh ã L ' f vxu xq �o gh fxlyuh/ dyhf ohv sdudpëwuhv -
A

' e� nl hw

{ ' 2�2 >hY txh qrxv yhqrqv g*dmxvwhu vxu fhwwh píph frqgxfwdqfh1 Lo v*djlw elhq g*xqh glv0

wulexwlrq gh Ihupl/ ã od whpsìudwxuh A
e

' ef pN/ oìjëuhphqw vxsìulhxuh ã od whpsìudwxuh gx

uìiuljìudwhxu ã gloxwlrq +63 pN,1

Od irqfwlrq gh glvwulexwlrq suìvhqwìh gdqv oh sdqqhdx fhqwuh gurlw surylhqw gh od frqgxf0

wdqfh wxqqho g*xqh mrqfwlrq sodfìh dx fhqwuh g*xq �o g*dujhqw gh 8 >p gh orqj hw dx{ eruqhv

gxtxho od gl�ìuhqfh gh srwhqwlho hvw L ' �2H >V� Od glvwulexwlrq hq ìqhujlh hvw surfkh gh od

grxeoh pdufkh/ wudfìh hq srlqwlooìv/ dwwhqgxh gdqv od olplwh ghv ìohfwurqv lqgìshqgdqwv1 Od

srvlwlrq ghv frqwuh0pdufkhv/ ã . ' f hw ��2H >iVc fruuhvsrqg elhq ã od whqvlrq dssoltxìh1

Vxu oh sdqqhdx lqiìulhxu gurlw/ qrxv suìvhqwrqv od glvwulexwlrq hq ìqhujlh rewhqxh dx plolhx

g*xq �o g*ru gh 8 >p srxu L ' �ff >V dssoltxìh dx �o� Gdqv fhwwh frq�jxudwlrq/ od irqfwlrq

gh glvwulexwlrq ghv ìohfwurqv hvw wuëv surfkh g*xq irqfwlrq gh Ihupl ã od whpsìudwxuh A '

L

2

I

1
* bSf 4k +oljqh srlqwlooìh, dwwhqgxh gdqv oh uìjlph ghv ìohfwurqv fkdxgv1
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416 Xqh vrqgh wxqqho srxu phvxuhu od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv

Ilj1 4181 Wudlwv sohlqv vxu ohv sdqqhdx{ gh jdxfkh = frqgxfwdqfh g|qdpltxh gh od vrqgh wxqqho1 Wudlwv sohlqv
vxu ohv sdqqhdx{ gh gurlwh = irqfwlrqv gh glvwulexwlrq rewhqxhv hq gìfrqyroxdqw od frqgxfwdqfh g|qdpltxh
phvxuìh1 Ohv frqgxfwdqfhv g|qdpltxhv fruuhvsrqgdqw suìflvìphqw ã fhv glvwulexwlrqv vrqw wudfìhv dyhf ghv
v|perohv rxyhuwv vxu ohv sdqqhdx{ gh jdxfkh1
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Fkdslwuh 4 Phvxuh ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv sdu vshfwurvfrslh wxqqho

417 Jìrpìwulh hw sursulìwìv ìohfwultxhv ghv ìfkdqwloorqv

Od skrwr g*xq ìfkdqwloorq frqwhqdqw xq �o gh fxlyuh gh 8 >p hvw suìvhqwìh vxu od �jxuh 4191

Ohv �ov txh qrxv dyrqv phvxuìv irqw 418/ 8/ 43 rx 53 >p gh orqj/ srxu 78 qp g*ìsdlvvhxu

+vdxi o*ìfkdqwloorq FxLLL/ txl idlw <3 qp g*ìsdlvvhxu, hw gh 98 ã 498 qp gh odujh1 Qrxv dyrqv

ideultxì ghv ìfkdqwloorqv gh 6 pìwdx{ gl�ìuhqwv = dujhqw/ fxlyuh hw ru1 Ohv �ov rqw ìwì gìsrvìv

vxu xq vxevwudw gh vlolflxp r{|gì ã wudyhuv xq pdvtxh vxvshqgx ideultxì sdu olwkrjudsklh

ìohfwurqltxh1 Od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv hvw phvxuìh hq xq rx ghx{ srlqwv sdu

ghv grljwv gh phvxuh hq doxplqlxp +{ * 2�f >iV,/ frqqhfwìv dx �o pìwdooltxh ã wudyhuv xqh

mrqfwlrq wxqqho1 Ohv grljwv gh phvxuh rqw xqh ìsdlvvhxu g*hqylurq 58 qp1 Ohv ìohfwurghv dx{

eruqhv gx �o grlyhqw íwuh ìsdlvvhv srxu frqvwlwxhu gh erqv uìvhuyrluv g*ìohfwurqv1 Hoohv rqw xqh

ìsdlvvhxu w|sltxh gh 783 qp1 D�q gh frpelqhu fhv gl�ìuhqwv pdwìuldx{ hw ìsdlvvhxuv/ qrxv

xwlolvrqv wurlv dqjohv g*ìydsrudwlrq1 F*hvw fh txl h{soltxh ohv lpdjhv sdudvlwhv txh o*rq yrlw

dxwrxu ghv grljwv gh phvxuh461 Ohv sulqflsdohv fdudfwìulvwltxhv jìrpìwultxhv hw ìohfwultxhv ghv

ìfkdqwloorqv vrqw uìfdslwxoìhv gdqv od wdeoh 4141 Srxu fodvvl�hu ohv ìfkdqwloorqv qrxv xwlolvrqv

oh v|vwëph gìfulw vxu od �jxuh 41:1

Oh frh!flhqw gh gl�xvlrq ( hvw gìgxlw gh od uhodwlrq g*Hlqvwhlq j ' D
8

e2(c rü j '

u* E-��� hw D
8

hvw od ghqvlwì g*ìwdwv dx qlyhdx gh Ihupl sdu xqlwì gh yroxph hw g*ìqhujlh1

Oh oleuh sdufrxuv ìodvwltxh ,
e

hvw grqqì sdu od uhodwlrq ( ' �

�

v
8

,
e

c rü v
8

hvw od ylwhvvh gh

Ihupl1 Ohv ydohxuv gh D
8

hw v
8

txh qrxv dyrqv xwlolvìhv srxu o*dujhqw/ oh fxlyuh hw o*ru vrqw

uìfdslwxoìhv gdqv od wdeoh 4151

��
Ohv lpdjhv sdudvlwhv gx �o vrqw gìsrvìhv vxu ohv  dqfv gx pdvtxh vxvshqgx/ rx vxu oh pdvtxh vxvshqgx oxl píph/ txl hvw

glvvrxv gdqv gh o*dfìwrqh ã od �q gh od ideulfdwlrq1
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417 Jìrpìwulh hw sursulìwìv ìohfwultxhv ghv ìfkdqwloorqv

Ilj1 4191 +d, Skrwrjudsklh dx plfurvfrsh ìohfwurqltxh g*xq ìfkdqwloorq1 Oh frqgxfwhxu ghv ghx{ grljwv
gh phvxuhv vxsudfrqgxfwhxuv hvw vxuoljqì hq eodqf1 Ohv lpdjhv sdudvlwhv ghv grljwv gh phvxuh uìvxowhqw gx
surfìgì gh ideulfdwlrq ghv ìfkdqwloorqv1 +e, Uhsuìvhqwdwlrq vfkìpdwltxh g*xq ìfkdqwloorq1
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Fkdslwuh 4 Phvxuh ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv sdu vshfwurvfrslh wxqqho

CuII5α
Matériau

Label de l'échantillon

Index du fil, si il y en a plusieurs
de même longueur sur l'échantillon

Longueur du fil (µm)

Ilj1 41:1 V|vwëph gh qrwdwlrq ghv ìfkdqwloorqv1
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417 Jìrpìwulh hw sursulìwìv ìohfwultxhv ghv ìfkdqwloorqv

Hfkdqwloorq � +qp, � +qp, - +l, ( +f42*t, ,
e

+qp, �
(

+qv,

FxL418 <8 78 4718 8;18 44 3169
FxL8 <8 78 86 88 4318 718
FxLL8 458 78 :9 5< 818 ;18

FxLLL418 4:3 <3 41< 453 56 314:
FxLLL8 483 <3 818 << 4< 519
FxLY8 <8 78 7: 97 4518 715
FxY8k ;8 78 69 <6 4; 51;
FxY8q <; 78 64 <7 4; 51;

DxL418 498 78 818 463 5:18 314;
DxL8 498 78 4: 468 5<18 41;

DjL8 <3 78 74 448 571; 515
DjLL8 99 78 77 483 65 41;
DjLL43 98 78 ;4 498 6818 917
DjLLL53 493 78 78 563 83 491:
DjLY53k <8 78 ;9 538 77 4<
DjLY53q 433 78 <4 4;7 6<18 54

Wdeoh 4141 Fdudfwìulvwltxhv jìrpìwultxhv hw ìohfwultxhv ghv ìfkdqwloorqv phvxuìv1 Od odujhxu
hvw qrwìh �/ o*ìsdlvvhxu �/ od frqvwdqwh gh gl�xvlrq (/ od uìvlvwdqfh -/ oh oleuh sdufrxuv
ìodvwltxh ,

e

hw oh whpsv gh gl�xvlrq �
(

1 Ohv ìfkdqwloorqv FxL hw FxLL rqw ìwì ideultxìv hw
phvxuìv sdu K1 Srwklhu hw do1 ^5` dydqw oh gìexw gh fhwwh wkëvh1

D
8

+M3�43�, v
8

E4*t�
Dj 4136 43e. 416< 43S

Fx 4189 43e. 418: 43S

Dx 4147 43e. 416< 43S

Wdeoh 4151 Ghqvlwì g*ìwdwv dx qlyhdx gh Ihupl hw ylwhvvh gh Ihupl gdqv o*dujhqw/ oh fxlyuh hw
o*ru ^;` 1
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Fkdslwuh 5
Suìglfwlrqv wkìrultxhv srxu ohv
ìfkdqjhv g*ìqhujlh
Qrxv suìvhqwrqv gdqv fh fkdslwuh oh fdguh wkìrultxh gdqv ohtxho qrxv fdofxorqv od glvwulexwlrq

hq ìqhujlh ghv ìohfwurqv1 Qrxv wudlwrqv oh fdv ghv lqwhudfwlrqv hqwuh ìohfwurqv/ ghv lqwhudfwlrqv

ìohfwurq0skrqrq/ hw ghv ìfkdqjhv g*ìqhujlh dyhf ghv v|vwëphv ã ghx{ qlyhdx{1 Qrxv phqwlrqrqv

ìjdohphqw od srvvlelolwì txh ohv lqwhudfwlrqv hqwuh ìohfwurqv vrlhqw pìglìhv sdu ghv lpsxuhwìv

pdjqìwltxhv1

Gdqv wrxw oh fkdslwuh qrxv vxssrvrqv txh o*ìqhujlh ghv ìwdwv ìohfwurqltxhv hvw elhq gì�qlh

sdu udssruw dx{ ìqhujlhv vrqgìhv471

514 Htxdwlrq gh Erow}pdqq gdqv oh uìjlph gl�xvli

Vxlydqw Qdjdhy ^<` hw Nr}xe hw Uxglq ^43` / qrxv gìwhuplqrqv od irqfwlrq gh glvwulexwlrq hq

ìqhujlh gdqv oh �o dyhf o*ìtxdwlrq gh Erow}pdqq1 Srxu xq �o gl�xvli/ hw hq uìjlph vwdwlrqqdluh/

fhooh0fl v*ìfulw ^</43` =

�

�
(

Y2s E%c.�

Y%2
n L

UL**
E%c.c isj� ' f +514,

rü L
UL**

E%c.c isj� hvw o*lqwìjudoh gh froolvlrq ghv fkrfv lqìodvwltxhv/ �
(

' u2*( hvw oh whpsv

gh gl�xvlrq/ dyhf u od orqjxhxu gx �o hw ( oh frh!flhqw gh gl�xvlrq ghv ìohfwurqv gdqv oh �o1

�e
O*lqfhuwlwxgh B.� vxu o*ìqhujlh g*xq ìwdw ìohfwurqltxh � hvw grqqìh sdu od uhodwlrq g*lqfhuwlwxgh whpsv0ìqhujlh gh Khlqvhehuj =

B. ; �*� � rü � � hvw oh whpsv gh ylh gh o*ìwdw �� � � gìshqg gh od irqfwlrq gh glvwulexwlrq ghv ìohfwurqv1



Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu ohv ìfkdqjhv g*ìqhujlh

Ohv uìvhuyrluv dx{ eruqhv gx �o lpsrvhqw ohv frqglwlrqv dx{ olplwhv =

sEfc .� ' s
A

E.� +515,

sE�c .� ' s
A

E. n eL�c +516,

rü s
A

E.� hvw od irqfwlrq gh Ihupl ã od whpsìudwxuh A ghv ìohfwurghv1

51414 Hohfwurqv lqgìshqgdqwv

Od olplwh ghv ìohfwurqv lqgìshqgdqwv v*rewlhqw hq qìjoljhdqw o*lqwìjudoh gh froolvlrq gdqv

o*ìtxdwlrq +514,1 Gdqv fh fdv/ od irqfwlrq gh glvwulexwlrq ydulh olqìdluhphqw dyhf od srvlwlrq %c

hw rq uhwurxyh o*h{suhvvlrq +414, =

sE%c.� ' %s
A

E.� n E�� %�s
A

E. n eL��

51415 Hohfwurqv fkdxgv

Srxu gìwhuplqhu od irqfwlrq gh glvwulexwlrq gdqv oh uìjlph ghv ìohfwurqv fkdxgv/ lo idxw

lqwìjuhu vxu o*ìqhujlh . oh surgxlw gh o*ìtxdwlrq gh Erow}pdqq +514, sdu .� Fhwwh rsìudwlrq

shuphw g*ìolplqhu oh whuph gh froolvlrq L
UL**

E%c.c isj� c fdu U _. .�L
UL**

E%c.c isj� ' f hq

udlvrq gh od frqvhuydwlrq orfdoh gh o*ìqhujlh ghv ìohfwurqv1 Qrxv rewhqrqv doruv o*ìtxdwlrq =]
_. .

Y2s E%c.�

Y%2
' f� +517,

Hq vxssrvdqw doruv txh od irqfwlrq gh glvwulexwlrq hvw xqh irqfwlrq gh Ihupl s E%c.� '

s
AeE%�

E. n eL%�c qrxv srxyrqv h�hfwxhu o*lqwìjudwlrq vxu o*ìqhujlh gdqv o*ìtxdwlrq +517, hw rq

rewlhqw o*ìtxdwlrq gh od fkdohxu +416, =

Z2

S
Y
%%

E&
�

A
e

E%��2 n EeL�2 ' f� +518,
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515 Lqwìjudoh gh froolvlrq srxu ghv ìohfwurqv hq lqwhudfwlrq

515 Lqwìjudoh gh froolvlrq srxu ghv ìohfwurqv hq
lqwhudfwlrq

Qrxv h{solflwrqv gdqv fhwwh vhfwlrq o*h{suhvvlrq gh o*lqwìjudoh gh froolvlrq uìvxowdqw gh o*lq0

whudfwlrq Frxorpelhqqh ìfudqwìh hq uìjlph gl�xvli1

51514 Iruph gh o*lqwìjudoh gh froolvlrq

Oruvtxh ohv froolvlrqv lqìodvwltxhv uìvxowhqw g*xqh lqwhudfwlrq ã frxuwh sruwìh hqwuh ìohfwurqv/

o*lqwìjudoh gh froolvlrq v*ìfulw frpph od gl�ìuhqfh hqwuh ghx{ whuphv orfdx{/ o*xq hqwudqw/ oh

wdx{ dxtxho xq ìwdw g*ìqhujlh . vh shxsoh/ o*dxwuh vruwdqw =

L
UL**

E%c.c isj� ' L �?
UL**

E%c.c isj�� LL�|
UL**

E%c.c isj�

dyhf

L �?
UL**

E%c.c isj� '

]
_0_. � sE%c. n 0�E�� sE%c.�� +519,

�gE0�sE%c. ��E�� sE%c. � n 0��

hw

LL�|
UL**

E%c.c isj� '

]
_0_. � sE%c.�E�� sE%c. � 0�� +51:,

�gE0�sE%c. ��E�� sE%c. � n 0���

Oh �qr|dx� gh o*lqwhudfwlrq gE0� hvw sursruwlrqqho ã o*ìoìphqw gh pdwulfh dx fduuì gh o*lqwhu0

dfwlrq srxu xq wudqvihuw g*ìqhujlh 0 hqwuh ohv ghx{ ìohfwurqv1 Qrxv vxssrvrqv txh gE0� qh

gìshqg txh gh 0 fdu ohv ìqhujlhv . hw . � vrqw surfkhv gh o*ìqhujlh gh Ihupl .
8

c hw txh 0� .
8

�

51515 Qr|dx ghv lqwhudfwlrqv suìglw sdu od wkìrulh gh o*lqwhudfwlrq
Frxorpelhqqh ìfudqwìh

O*h�hw ghv lqwhudfwlrqv hqwuh ìohfwurqv gdqv ohv pìwdx{ gl�xvliv d ìwì fdofxoì sdu Dowvkxohu

hw do1 ^4` dx gìexw ghv dqqìhv 4<;31

G*dsuëv od uëjoh g*ru gh Ihupl/ oh qr|dx gh o*lqwhudfwlrq gE0� v*ìfulw =

gE0� '
2Z

|
ED

8

l��

m�E0�m2�

_�erJo_oe

+51;,

rü kl
_�erJo_oe

hvw xqh pr|hqqh vxu od srvlwlrq ghv gl�xvhxuv/ l hvw oh yroxph gh o*ìfkdqwloorq/ hw

m�E0�m2 hvw od ydohxu pr|hqqh gx prgxoh dx fduuì gh o*ìoìphqw gh pdwulfh ghv froolvlrqv srxu

0 96 0



Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu ohv ìfkdqjhv g*ìqhujlh

k

lj

εi

Ilj1 5141 Gldjudpph uhsuìvhqwdqw o*ìfkdqjh g*xqh ìqhujlh % hqwuh ghx{ ìohfwurqv lqlwldohphqw gdqv ohv ìwdwv
l hw n=

ohvtxhoohv xqh ìqhujlh 0 hvw ìfkdqjìh +yrlu �jxuh 514, =

m�E0�m2 ' 
m�
��&,

m2�
.�3.�'30

.,3.&'0

dyhf

�
��&,

'

]
_o_o�[

�

Eo�[W
�

Eo�L
0*|Eo � o��[

&

Eo��[W
,

Eo��

	
]

_o_o�[
�

Eo�[W
�

Eo��L
0*|Eo � o��[

&

Eo��[W
,

Eo�

rü ohv [Eo� vrqw ohv irqfwlrqv g*rqgh gdqv o*hvsdfh uìho ghv ìohfwurqv hq lqwhudfwlrq/ oh whuph

	 idlw uìiìuhqfh ã od v|pìwulh gh o*ìwdw gh vslq +� vl o*ìwdw gh vslq ghv ghx{ ìohfwurqv hvw

v|pìwultxh/ n vl lo hvw dqwlv|pìwultxh,/ hw rü L
0*|Eo � o�� hvw od wudqvirupìh gh Irxulhu

whpsruhooh/ ã od iuìtxhqfh 0*|c gx srwhqwlho g*lqwhudfwlrq plfurvfrsltxh hqwuh ìohfwurqv1 Od

pr|hqqh vxu oh gìvruguh gh m�E0�m2 ìolplqh wrxv ohv whuphv srxu ohvtxhov lo uhvwh xqh skdvh dv0
vrflìh ã o*rujdqlvdwlrq vsdwldoh ghv gl�xvhxuv1 Fhod uhylhqw ã qh frqvhuyhu txh ohv gldjudpphv

grqw ohv eudqfkhv vh uhihuphqw vxu hoohv píphv1 Ilqdohphqw/ hq rxeoldqw ohv froolvlrqv srxu

ohvtxhoohv lo q*| d sdv g*ìqhujlh ìfkdqjìh/ vhxov ohv gldjudpphv whov txh �� ' �c �� ' �c &� ' ,c

,� ' & frqwulexhqw +yrlu �jxuh 515,1 Oh qr|dx gh o*lqwhudfwlrq v*ìfulw grqf =

gE0� '
2Z

|
ED

8

l��
]

_o_o�_o��_o���L
0*|Eo � o��L

30*|Eo
�� � o���� +51<,

�
�


[
�

Eo�[W
�

Eo�[
�

Eo���[W
�

Eo���[
&

Eo��[W
,

Eo��[
,

Eo����[W
&

Eo����
�
.�3.�'30

.

,
3.

&
'0

 
_�erJo_oe

Gdqv oh uìjlph gl�xvli hw orlq gh od wudqvlwlrq pìwdo0lvrodqw48/ od txdqwlwì


[
�

Eh�[W
�

Eh�[
�

Eh���[W
�

Eh���
�
.�3.

�D
Od wudqvlwlrq pìwdo0lvrodqw vxuylhqw oruvtxh od orqjxhxu gh frkìuhqfh gh skdvh u

�
'

s
(�

�
hvw gx píph ruguh gh judqghxu

txh od orqjxhxu gh orfdolvdwlrq 1 s

u-N

Z-
� Gdqv qrv h{sìulhqfhv u

�
J 1�
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515 Lqwìjudoh gh froolvlrq srxu ghv ìohfwurqv hq lqwhudfwlrq

k

lj

εi

k’

l’
j’

i’ ε

Ilj1 5151 Gldjudpphv frqwulexdqw dx prgxoh dx fduuì gh o*ìoìphqw gh pdwulfh pr|hqqì vxu oh gìvruguh1

pr|hqqìh vxu oh gìvruguh hvw vlpsohphqw od wudqvirupìh gh Irxulhu gh od ghqvlwì gh suredelolwì

fodvvltxh v|pìwulvìh � Ehc h��c m|m� gh gl�xvhu gh h ã h�� hq xq whpsv | ^4/44` =

G

[
�

Eh�[W
�

Eh�[
�

Eh���[W
�

Eh���
�
.�3.�'0

H
_�erJo_oe

'
�

|D
8

l

]
_| e�0|*|� Ehc h��c m|m� +5143,

'
�

|D
8

l
h� Ehc h��c 0��

Gdqv xq �o pìwdooltxh/ oruvtxh ohv ìqhujlhv 0 vrqgìhv vrqw vx!vdpphqw shwlwhv/ f*hvw ã gluh

oruvtxh 0 	 |(*4@ E�c �� rü � hw � vrqw uhvshfwlyhphqw od odujhxu hw o*ìsdlvvhxu gx �o/

vhxov ohv prghv gh sursdjdwlrq xqliruphv gdqv ohv glphqvlrqv wudqvyhuvhv lqwhuylhqqhqw gdqvh� Ehc h��c 0�� Rq d doruv =

h� E%c %��c 0� ' �

Z

]
_^ e�^E%3%

��
�+i

�

(^2 � �0*|
� +5144,

Hq xwlolvdqw ohv ìtxdwlrqv +5143, hw +5144, gdqv +51<,/ qrxv rewhqrqv o*h{suhvvlrq =

gE0� '
D
8

7
e

Z2|�

]
n"

3"

_^
��L

0*|E^�
��2 �+i �

(^2 � �0*|

�
2

c +5145,

rü 7
e

hvw od vhfwlrq gx �o1
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Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu ohv ìfkdqjhv g*ìqhujlh

O*lqwhudfwlrq Frxorpelhqqh ìfudqwìh d od iruph =

L
0*|E^� '

L fE^�

� n �E^c 0*|�LfE^�
c +5146,

rü �E^c 0*|� hvw od srodulvdelolwì gx  xlgh ìohfwurqltxh hw LfE^� hvw o*lqwhudfwlrq Frxorpelhqqh

qxh1 Od srodulvdelolwì/ fdofxoìh gdqv xq �o pìwdooltxh orlq gh od wudqvlwlrq pìwdo0lvrodqw hq

whqdqw frpswh gx prxyhphqw gl�xvli ghv ìohfwurqv/ hvw ^4` =

�E^c 0*|� ' D
8

7
e

(^2

(^2 � �0*|
�

Gdqv xqpìwdo/ od ghqvlwì g*ìwdwv D
8

hvw jìqìudohphqw wuëv ìohyìh +w|sltxhphqw D
8

� �fe.a3�43�,/

gh vruwh txh o*rq shxw idluh o*dssur{lpdwlrq49 =

L
0*|E^� * �

�E^c 0*|�
� +5147,

Oh qr|dx gh o*lqwhudfwlrq v*ìfulw grqf h{solflwhphqw =

gE0� ' 2
s
2
-
A�

E0�

-
g

�

|0
c +5148,

rü -
g

' �*e2 hvw oh txdqwxp gh uìvlvwdqfh hw -
A�

E0� hvw od uìvlvwdqfh g*xqh sruwlrq gh �o gh

orqjxhxu u
A�

E0� '
t

|(

0

c glwh orqjxhxu gh Wkrxohvv1 Fhwwh orqjxhxu hvw od glvwdqfh pr|hqqh

sdufrxuxh sdu ohv ìohfwurqv shqgdqw oh whpsv |*0�

Sdu od vxlwh/ qrxv xwlolvhurqv xq suìidfwhxu ghx{ irlv soxv judqg txl fruuhvsrqg dx fdofxo

gh Dqguhhy hw Ndphqhy4: ^45` =

gE0� ' V
�*2

03�*2c +5149,

dyhf

V
�*2

'
�s

(*2Z|�*2D
8

7
e

�
3�

� +514:,

�S
Hq h�hw/ �E^c 0*|�L

f
E^� ; D87ee

2
*0f ; �f

S
q ��

�.
Fdu qrxv qh vrpphv sdv wrxw ã idlw vþu gx suìidfwhxu txl lqwhuylhqw gdqv o*ìtxdwlrq +5143,1
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516 Lqwìjudoh gh froolvlrq uìvxowdqw ghv lqwhudfwlrqv ìohfwurq0skrqrq

516 Lqwìjudoh gh froolvlrq uìvxowdqw ghv lqwhudfwlrqv
ìohfwurq0skrqrq

Qrxv suìvhqwrqv gdqv fhwwh vhfwlrq od gìulydwlrq gh o*lqwìjudoh gh froolvlrq uìvxowdqw ghv

lqwhudfwlrqv ìohfwurq0skrqrq1

51614 Fdguh wkìrultxh

Qrxv vxssrvrqv txh od whpsìudwxuh ghv skrqrqv A
R

* A hvw shwlwh ghydqw od whpsìudwxuh gh

Ghe|h w
(

� Qrxv srxyrqv grqf whqlu frpswh xqltxhphqw gh od eudqfkh dfrxvwltxh ghv skrqrqv/

hw o*ìqhujlh g*xq skrqrq gh yhfwhxu g*rqgh ^ hvw 0
^

' |r^c rü r hvw od ylwhvvh gx vrq1

Qrxv doorqv frqvlgìuhu txh ohv irqfwlrqv g*rqghv ìohfwurqltxhv vrqw ghv rqghv sodqhv/ hw qrq

sdv ohv irqfwlrqv g*rqghv gl�xvlyhv txl qrxv rqw shuplv gh fdofxohu o*lqwìjudoh gh froolvlrq uìvxo0

wdqw ghv lqwhudfwlrqv hqwuh ìohfwurqv1 Fhwwh k|srwkëvh gìolfdwh hvw mxvwl�ìh fdu ohv lqwhudfwlrqv

ìohfwurq0skrqrq mrxhqw xq u÷oh xqltxhphqw dx{ judqghv ìqhujlhv txl fruuhvsrqghqw/ yld od uh0

odwlrq 0
^

' |r^c ã ghv orqjxhxuv gh o*ruguh rx lqiìulhxuhv dx oleuh sdufrxuv ìodvwltxh gdqv qrv

�ov1 Hq h�hw/ gdqv o*dujhqw/ oh fxlyuh hw o*ru/ od ylwhvvh gx vrq hvw w|sltxhphqw r � �Dff 4*t�

Srxu ghv ìqhujlhv ìfkdqjìhv gh o*ruguh rx soxv judqghv txh 633 >hY +rx 6 N,/ oh yhfwhxu g*rqgh

ìfkdqjì hvw vxsìulhxu ã f��D ?43� fh txl fruuhvsrqg ã ghv orqjxhxuv soxv shwlwhv txh 73 qp/

hw grqf gx píph ruguh gh judqghxu txh oh oleuh sdufrxuv ìodvwltxh1 Oh yìulwdeoh whvw gh fhwwh

k|srwkëvh hvw tx*hooh shuphw/ hq sduwlfxolhu/ gh elhq uhqguh frpswh gh od yduldwlrq gx whpsv

gh frkìuhqfh gh skdvh hq irqfwlrq gh od whpsìudwxuh gëv txh ohv froolvlrqv ìohfwurq0skrqrq

suhqqhqw oh sdv vxu ohv lqwhudfwlrqv hqwuh ìohfwurqv +w|sltxhphqw dx ghvvxv gh 4 N,1

Qrxv vxssrvrqv txh ohv skrqrqv vrqw fhx{ gx vrolgh wulglphqvlrqqho1 Gdqv od phvxuh rü/

gdqv qrv �ov/ oh oleuh sdufrxuv ìodvwltxh hvw lqiìulhxu dx{ glphqvlrqv wudqvyhuvhv fhwwh frqglwlrq

hvw dxwrpdwltxhphqw yìul�ìh gdqv oh fdguh gh o*k|srwkëvh suìfìghqwh1

Ilqdohphqw/ qrxv vxssrvrqv dxvvl txh o*lqwhudfwlrq ìohfwurq0skrqrq hvw xq srwhqwlho vfdodluh

gh gìirupdwlrq1 Dlqvl vhxo oh prgh orqjlwxglqdo ghv skrqrqv hvw frxsoì dx{ ìohfwurqv/ hw oh

prgxoh dx fduuì gh o*ìoìphqw gh pdwulfh ìohfwurq0skrqrq v*ìfulw ^46` =

m� m2 E^� ' m�
f
m2 ^*lc +514;,

rü m�
f
m2 qh gìshqg sdv gh od jìrpìwulh1 Fhwwh dssur{lpdwlrq hvw erqqh oruvtxh od vxuidfh gh

Ihupl hvw vskìultxh/ fh txl hvw oh fdv ã xqh erqqh dssur{lpdwlrq gdqv o*dujhqw/ oh fxlyuh hw

0 9: 0



Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu ohv ìfkdqjhv g*ìqhujlh

o*ru1

51615 Lqwìjudoh gh froolvlrq

G*dsuëv od uëjoh g*ru gh Ihupl/ oh wdx{ gh wudqvlwlrq K!!� g*xq ìwdw ìohfwurqltxh gh yhfwhxu

g*rqgh ! ã !� hvw

K!!� '
2Z

|

m�
f
m2 m!� !�m
l

iBE.
&

� .
&

� n 0
�!3!�

�

�E�� sE.
&

� n 0
�!3!�

�

��?
T�
E0
�!3!�

�

� +514<,

nBE.
&

�.
&

� � 0
�!3!�

�

�E�� sE.
&

� � 0
�!3!�

�

��E?
T�
E0
�!3!�

�

� n ��jc

rü ?
T�
E0� hvw od irqfwlrq gh glvwulexwlrq hq ìqhujlh ghv skrqrqv1

Srxu rewhqlu oh wdx{ K!E0� dxtxho xq ìohfwurq gh yhfwhxu g*rqgh ! ìphw E0 : f� rx devrueh

E0 	 f� xq skrqrq g*ìqhujlh m0m c lo idxw lqwìjuhu o*ìtxdwlrq +514<, vxu wrxv ohv ìwdwv &� ã 0 �{ì1

Rq rewlhqw =

K!E0� '
02

2Z|Dr�v
8

m�
f
m2 E�� sE.

&

� 0��E?Em0m� n wE0��c +5153,

rü wE0� hvw od irqfwlrq pdufkh/ ydodqw 4 vl 0 : f hw 3 vlqrq1 Od frqwulexwlrq ghv skrqrqv

LT�
UL**

E%c.c isj� ã o*lqwìjudoh gh froolvlrq shxw wrxmrxuv v*ìfuluh frpph od gl�ìuhqfh hqwuh xq

whuph hqwudqw hw xq whuph vruwdqw =

LT�
UL**

E%c.c isj� ' LT�c�?
UL**

E%c.c isj�� LT�cL�|
UL**

E%c.c isj�

dyhf

LT�c�?
UL**

E%c.c isj� '
]

_0 sE%c. n 0�E�� sE%c.��V
T�
02E?

T�
Em0m� n wE0�� +5154,

hw

LT�cL�|
UL**

E%c.c isj� '
]

_0 sE%c.�E�� sE%c. � 0��V
T�
02E?

T�
Em0m� n wE0��c +5155,

rü

V
T�

'
m�

f
m2

2Z|Dr�v
8

� +5156,

Hq sudwltxh/ srxu lqfoxuh o*h�hw ghv skrqrqv gdqv oh fdofxo gh od irqfwlrq gh glvwulexwlrq/

qrxv gìgxlvrqv V
T�

gh od gìshqgdqfh hq whpsìudwxuh gx whpsv gh frkìuhqfh gh skdvh �
�

EA �

phvxuì vxu ghv �ov ideultxìv gh od píph pdqlëuh1 Oh olhq hqwuh od frqwulexwlrq ghv skrqrqv

dx{ ìfkdqjhv g*ìqhujlh hw ã od shuwh gh frkìuhqfh gh skdvh hvw gìwdlooì gdqv od ghx{lëph sduwlh

gh fhwwh wkëvh1
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517 Frxsodjh ìohfwurq0lpsxuhwì pdjqìwltxh

517 Frxsodjh ìohfwurq0lpsxuhwì pdjqìwltxh

Dx suhplhu ruguh hq shuwxuedwlrq/ ohv lpsxuhwìv pdjqìwltxhv qh mrxhqw sudwltxhphqw dx0

fxq u÷oh gdqv ohv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv1 Hq h�hw/ ohv ìwdwv gh vslq g*xqh lpsxuhwì

pdjqìwltxhv vrqw suhvtxh gìjìqìuìv hw/ hq frqvìtxhqfh/ ohv froolvlrqv ìohfwurqv0lpsxuhwì pdj0

qìwltxh vrqw sudwltxhphqw ìodvwltxhv dx vhqv rü o*ìqhujlh gh o*ìohfwurq hvw frqvhuyìh1 Wrxwhirlv/

ohv whuphv g*ruguh vxsìulhxu shuphwwhqw ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv fdu ohv ìwdwv

yluwxhov txl lqwhuylhqqhqw gdqv od wkìrulh ghv shuwxuedwlrqv qh frqvhuyhqw sdv o*ìqhujlh wrwdoh

+yrlu Ilj1 516,1

(E’,↑ )

(E,↓ )électron

électron

impureté
magnétique

(E’,↑ ) (E’-ε,↓ )

(E+ε,↑ ) (E+ε,↑ )

⇑ ⇓ ⇑ 

état virtuel état entrant état sortant 

Ilj1 5161 Ohv lqwhudfwlrqv ìohfwurq0lpsxuhwì pdjqìwltxh shuphwwhqw gh yìklfxohu ohv ìfkdqjhv g*ìqhujlh hqwuh
ìohfwurqv ã sduwlu gx ghx{lëph ruguh hq shuwxuedwlrq1

D o*ruguh ghx{/ o*h�hw ghv lqwhudfwlrqv ìohfwurq0lpsxuhwì pdjqìwltxh hvw ìtxlydohqw ã xqh

lqwhudfwlrq h�hfwlyh hqwuh ìohfwurqv sursruwlrqqhooh ã o*lqyhuvh gh o*ìqhujlh 0 ìfkdqjìh ^47` =

L
ig
E0� 2 �*0� +5157,

G*dsuëv od uëjoh g*ru gh Ihupl/ oh qr|dx ghv lqwhudfwlrqv g
i3�4

E0� hvw sursruwlrqqho dx prgxoh

dx fduuì gx srwhqwlho h�hfwli g*lqwhudfwlrq1 Hq frqvìtxhqfh/ rq rewlhqw =

g
i3�4

E0� ' V
i3�4

*02� +5158,

Gdqv oh fdguh shuwxuedwli/ oh suìidfwhxu V
i3�4

grlw íwuh wuëv shwlw fdu lo hvw sursruwlrqqho

dx srwhqwlho g*lqwhudfwlrq ìohfwurq0lpsxuhwì pdjqìwltxh ã od sxlvvdqfh 71 Wrxwhirlv/ fhwwh

wkìrulh shuwxuedwlyh vlpsoh q*hvw sdv ydodeoh oruvtxh ohv ìqhujlhv ìfkdqjìhv hw od whpsìudwxuh

ìohfwurqltxh vrqw gh o*ruguh gh od whpsìudwxuh gh Nrqgr A
g

c grqw od ydohxu hvw fdudfwìulvwltxh
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Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu ohv ìfkdqjhv g*ìqhujlh

gx v|vwëph ìohfwurq0lpsxuhwì pdjqìwltxh1

Ghv fdofxov wkìrultxhv dfwxhoohphqw hq gìyhorsshphqw ^48` lqgltxhqw txh/ srxu ghv ìqhu0

jlhv vrqgìhv soxv judqgh txh od whpsìudwxuh gh Nrqgr/ o*h�hw ghv lqwhudfwlrqv ã Q0ìohfwurqv

uhylhqw hvvhqwlhoohphqw ã uhqrupdolvhu yhuv oh kdxw oh frh!flhqw gh frxsodjh V
i3�4

gdqv o*ìtxd0

wlrq +5158,1 Fhfl srxuudlw shuphwwuh dx{ lpsxuhwìv pdjqìwltxhv gh pìglhu ohv ìfkdqjhv g*ìq0

hujlh hqwuh ìohfwurqv dyhf xqh h!fdflwì vx!vdqwh srxu íwuh dssuìfldeoh h{sìulphqwdohphqw1

Srxu ohv ìqhujlhv vrqgìhv lqiìulhxuhv ã &
�

A
g

c oh vslq gh o*lpsxuhwì pdjqìwltxh hvw ìfudqwì sdu

ohv ìohfwurqv gh frqgxfwlrq ^47` 1 Fhw ìfudqwdjh/ txl hvw qrwdpphqw ã o*ruljlqh gh od vdwxud0

wlrq gh od uìvlvwlylwì/ lqwurgxlw xqh frxsxuh lqiìulhxuh ã &
�

A
g

vxu od gìshqgdqfh gx qr|dx ghv

lqwhudfwlrqv hq �*02�
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518 Frxsodjh ìohfwurq0v|vwëph ã ghx{ qlyhdx{

518 Frxsodjh ìohfwurq0v|vwëph ã ghx{ qlyhdx{

Gdqv fhwwh vhfwlrq/ qrxv suìvhqwrqv o*h�hw g*xq frxsodjh hqwuh oh  xlgh ìohfwurqltxh hw

g*dxwuhv ghjuìv gh olehuwì gx v|vwëph1 Qrxv qrxv olplwrqv ã ghv v|vwëphv ã ghx{ qlyhdx{

+WOV/ srxu Wzr Ohyho V|vwhpv, orfdolvìv hw frxsoìv xqltxhphqw dx{ ìohfwurqv/ txl rqw ìwì

ìyrtxìv srxu h{soltxhu ohv phvxuhv uìfhqwhv g*xqh sduw gx whpsv gh frkìuhqfh gh skdvh ghv

ìohfwurqv ^49/4:` / hw g*dxwuh sduw ohv ìfkdqjhv g*ìqhujlh ^4;/4<` 1

Od suhplëuh vrxv0vhfwlrq suìvhqwh oh fdofxo gh o*lqwìjudoh gh froolvlrq hq suìvhqfh g*xqh lq0

whudfwlrq ìohfwurq0WOV1 Od ghx{lëph vrxv0vhfwlrq wudlwh gh od uìdolwì sk|vltxh gh fhv v|vwëphv1

51814 Lqwìjudoh gh froolvlrq uìvxowdqw ghv lqwhudfwlrqv ìohfwurq0WOV

Qrxv wudlwrqv o*h�hw ghv lqwhudfwlrqv hqwuh ohv ìohfwurqv hw ohv v|vwëphv ã ghx{ qlyhdx{ sdu

xqh dssurfkh shuwxuedwlyh dx suhplhu ruguh dyhf od uëjoh g*ru gh Ihupl +yrlu Ilj1 517,1

j

ε=E1- E0
i

E0

E1

Ilj1 5171 Ohv ìfkdqjhv g*ìqhujlhv hqwuh ìohfwurqv shxyhqw íwuh pìglìv sdu ghv v|vwëphv ã ghx{ qlyhdx{1

Ohv wdx{ K
n
E0� hw K

3

E0� dx{txhov xq v|vwëph ã ghx{ qlyhdx{/ grqw o*ìfduw hq ìqhujlh hqwuh

o*ìwdw h{flwì hw o*ìwdw irqgdphqwdo hvw 0c fkdqjh g*ìwdw v*ìfulyhqw uhvshfwlyhphqw/ g*dsuëv od

uëjoh g*ru gh Ihupl =

K
n
E%c 0� ' bE0��E%c 0� +5159,

hw

K
3

E%c 0� ' bE0��E%c�0�c

rü bE0� hvw xq frh!flhqw gh frxsodjh dyhf oh  xlgh ìohfwurqltxh/ sursruwlrqqho dx prgxoh dx

0 :4 0



Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu ohv ìfkdqjhv g*ìqhujlh

fduuì gh o*ìoìphqw gh pdwulfh gh o*lqwhudfwlrq ìohfwurq0v|vwëph ã ghx{ qlyhdx{/ hw rü

�E%c 0� '

]
_.sE%c.�E�� sE%c. n 0��� +515:,

Ohv gìulyìhv whpsruhoohv ghv suredelolwìv �
n
E%c 0� hw �

3

E%c 0� srxu txh oh v|vwëph ã ghx{

qlyhdx{ vrlw gdqv vrq ìwdw h{flwì rx vrq ìwdw irqgdphqwdo vrqw uhvshfwlyhphqw =

Y
|

�
n
E%c 0� ' �

3

E%c 0�K
3

E%c 0�� �
n
E%c 0�K

n
E%c 0� +515;,

hw

Y
|

�
3

E%c 0� ' �
n
E%c 0�K

n
E%c 0�� �

3

E%c 0�K
3

E%c 0��

Hq uìjlph vwdwlrqqdluh/ rq hq gìgxlw =

�
n
E%c 0�

�
3

E%c 0�
'

�E%c�0�
�E%c 0�

c

fh txl shuphw g*ìfuluh =

�
n
E%c 0� '

�E%c�0�
�E%c 0� n �E%c�0� +515<,

hw

�
3

E%c 0� '
�E%c 0�

�E%c 0� n �E%c�0� �

Od frqwulexwlrq ghv froolvlrqv ìohfwurq0v|vwëph ã ghx{ qlyhdx{ ã o*lqwìjudoh gh froolvlrq

v*ìfulw doruv =

L|*tc�?
UL**

E%c.c isj� '

]
"

f

_0 bE0�#
|*t
E0�isE%c. n 0�E�� sE%c.���

3

E%c 0�

nsE%c. � 0�E�� sE%c.���
n
E%c 0�j

'

]
"

3"

_0 sE%c. n 0�E�� sE%c.�� +5163,

�bEm0m�#
|*t
Em0m� �E%c 0�

�E%c 0� n �E%c�0�
hw

L|*tcL�|
UL**

E%c.c isj� '

]
"

3"

_0 sE%c.�E�� sE%c. � 0�� +5164,

�bEm0m�#
|*t
Em0m� �E%c 0�

�E%c 0� n �E%c�0� c

rü #
|*t
E0� hvw od ghqvlwì sdu xqlwì gh yroxph gh v|vwëphv grqw ohv ghx{ qlyhdx{ vrqw gh 0�

Ohv ìtxdwlrqv +5163, hw +5164, vrqw wrxw ã idlw vlplodluhv ã o*lqwìjudoh gh froolvlrq txl uìvxowh
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518 Frxsodjh ìohfwurq0v|vwëph ã ghx{ qlyhdx{

ghv lqwhudfwlrqv gluhfwhv hqwuh ìohfwurqv +Htv1 +519, hw +51:,,1 Od gl�ìuhqfh hvvhqwlhooh hvw tx*lo

idxw lqwurgxluh xq qr|dx gh o*lqwhudfwlrq g
|*t
E%c 0c isj� txl gìshqg dxvvl gh od glvwulexwlrq hq

ìqhujlh ghv ìohfwurqv=

g
|*t
E%c 0c isj� ' bEm0m�#

|*t
Em0m�

�E%c 0� n �E%c�0� � +5165,

51815 Prgëoh plfurvfrsltxh srxu ohv WOV

Gdqv xq pìwdo gl�xvli/ lo h{lvwh gh qrpeuhx{ gìidxwv gdqv oh uìvhdx dwrpltxh sdu uds0

sruw ã o*ìwdw irqgdphqwdo fulvwdoolq1 Lo hvw srvvleoh txh ghv shwlwv jurxshv g*dwrphv sxlvvhqw

vh uìrujdqlvhu orfdohphqw vhorq ghx{ rx soxvlhxuv frq�jxudwlrqv pìwdvwdeohv g*ìqhujlh yrl0

vlqh1 Frpph od suredelolwì gh wurxyhu gh whov jurxshv g*dwrphv hvw fhuwdlqhphqw idleoh/ qrxv

srxyrqv udlvrqqdeohphqw vxssrvhu tx*lo q*| d txh ghx{ frq�jxudwlrqv g*ìqhujlh yrlvlqh dffhv0

vleohv1 Fhv jurxshv g*dwrphv iruphudlhqw grqf ghv v|vwëphv ã ghx{ qlyhdx{ +WOV,1

Srxu xqh uhyxh vxu ohv v|vwëphv ã ghx{ qlyhdx{/ oh ohfwhxu shxw vh uìiìuhu ã ^53` +ohv

uìiìuhqfhv dx{ duwlfohv uìfhqwv wudlwdqw gx uìjlph gh frxsodjh iruw hqwuh ìohfwurqv hw WOV vrqw

flwìhv gdqv ^49` ,1

O*remhfwli gh fhwwh vrxv0vhfwlrq hvw gh gìwhuplqhu od iruph gx whuph bE0�#
|*t
E0� txl dssdudñw

gdqv o*ìtxdwlrq +5165,1

5181514 Ghvfulswlrq Kdplowrqlhqqh ghv WOV

Vl rq vxlw oh fkhplq gh �gl!fxowì plqlpdoh� +plqlplvdqw o*lqwìjudoh g*dfwlrq, uholdqw ohv ghx{

ìwdwv pìwdvwdeohv/ rq rewlhqw xq srwhqwlho dyhf ghx{ plqlpxpv orfdx{ vìsduìv sdu xqh edu0

ulëuh gh srwhqwlho/ frpph gìfulw vxu od �jxuh 5181 Rq qrwh [
C

hw [
(

od irqfwlrq g*rqgh gh

o*ìwdw irqgdphqwdo gdqv ohv sxlwv gh srwhqwlhov/ uhvshfwlyhphqw gh jdxfkh hw gh gurlwh/ sulv vì0

sduìphqw1 Frpph o*ìfduw hq ìqhujlh hqwuh ghx{ ìwdwv gdqv xq píph sxlwv hvw gh o*ruguh gh

o*ìqhujlh gh Ghe|h |/
f
 &

�

Ac qrxv srxyrqv jìqìudohphqw qìjoljhu ohv ìwdwv h{flwìv1 Gdqv od

edvh ghv ìwdwv m[
C

l hw m[
(

l c oh Kdplowrqlhq gh fh v|vwëph ã ghx{ qlyhdx{ v*ìfulw =

eM
|*t

'
�

2

�
{ �{

f

�{
f
�{

�
c +5166,

rü { hvw o*ìfduw hq ìqhujlh hqwuh ohv ghx{ frq�jxudwlrqv pìwdvwdeohv/ {
f
* |/

f
i T d�bo fdu0

dfwìulvh oh frxsodjh wxqqho hqwuh ohv ìwdwv m[
C

l hw m[
(

l E{
f
2 |/

f
k[

C

m[
(

l�c b * _|3�
s
26T

hvw oh idfwhxu gh Jdprz/ B hvw od glvwdqfh hqwuh ohv sxlwv/ T hvw od kdxwhxu gh od eduulëuh gh
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Chapitre 2 Prédictions théoriques pour les échanges d’énergie

potentiel et m est la masse e¤ective des atomes qui se réorganisent. On obtient l’écart en

énergie " =
p

¢2 +¢2
0 en diagonalisant le Hamiltonien bHtls:

Fig. 2.5. Représentation schématique de la barrière de potentielle séparant les deux états du TLS.

2.5.2.2 Hamiltonien de couplage électron-TLS

Le potentiel qui di¤use les électrons dépend de la con…guration atomique. Il en résulte un

terme de couplage électron-TLS qui s’écrit :

bHint =
X

j;®

U(brj ¡ bR®) (2.34)

=
X

k;k0;s;®

Ukk0 exp
h
i(k¡ k0) ¢ bR®

i
bc+ksbck0s;

où brj est l’opérateur position de l’électron j, bR® est l’opérateur position de l’atome ® 2 f1; Ng
(N étant le nombre d’atomes impliqués dans le système à deux niveaux considéré), et bc+ks et

bcks sont respectivement les opérateurs créations et destruction d’un électron de spin s et de

vecteur d’onde k. En tronquant l’Hamiltonien bHint dans la base fjªGi ; jªDig ; on obtient

- 74 -



518 Frxsodjh ìohfwurq0v|vwëph ã ghx{ qlyhdx{

o*h{suhvvlrq =

eM
�?|

'
[
!c!�

cr

�
L 5

!!
� L%

!!
�

L%

!!
� �L 5

!!
�

�eSn
!r
eS!�

r

c +5168,

rü L%

!!
� � L 5

!!
� k[

C

m[
(

l � L 5

!!
� gìfulw xqh prgl�fdwlrq gx frxsodjh wxqqho gx idlw ghv

lqwhudfwlrqv dyhf ohv ìohfwurqv +hohfwurq0dvvlvwhg wxqqholqj,1

5181516 Whuph gh frxsodjh ìohfwurq0WOV

Oh Kdplowrqlhq eM
�?|

shxw íwuh uììfulw gdqv od edvh im[
8

l c m[
.

lj c rü eM
|*t
m[

8

l ' � 0

2

m[
8

l hweM
|*t
m[

.

l ' 0

2

m[
.

l vrqw uhvshfwlyhphqw o*ìwdw irqgdphqwdo hw o*ìwdw h{flwì gh eM
|*t

=

eM
�?|

'
[
!c!�

cr

�
{

0

L 5

!!
� n {f

0

L%

!!
�

{f

0

L 5

!!
� n {

0

L%

!!
�

{f

0

L 5

!!
� n {

0

L%

!!
� �{

0

L 5

!!
� � {f

0

L%

!!
�

�eSn
!r
eS!�

r

� +5169,

Hq frqvìtxhqfh/ oh whuph gh frxsodjh bE0c{
f
� v*ìfulw =

bE0c{
f
� '

2Z

|
D
8

l

����k[
.

m eM
�?|
m[

8

l
���2 

0

+516:,

'
2Z

|
D
8

l
�
E{

f
*0�2 mL 5m2 n E�� E{

f
*0�2� mL%m2� c

rü l hvw oh yroxph gh o*ìfkdqwloorq hw mL%c5m2 '
G��L%c5

!!
�

��2H
0

c dyhf kl
0

od pr|hqqh vxu wrxv ohv

ìwdwv ìohfwurqltxhv im!l c m!�lj yìul�dqw .!� ' .! � 0� Qrxv idlvrqv o*dssur{lpdwlrq xvxhooh

mL%c5m2 lqgìshqgdqw gh o*ìqhujlh 0c fdu 0� .
8

�

5181517 Ghqvlwì g*ìwdwv ghv WOV

O*k|srwkëvh od soxv frxudqwh srxu ohv pdwìuldx{ ylwuhx{ hvw gh vxssrvhu txh ohv sdudpëwuhv {

hw b vrqw glvwulexìv xqlirupìphqw ^53` 1 Od ghqvlwì gh suredelolwì g*dyrlu oh frxsodjh wxqqho

{
f
* |/

f
i T d�bo hvw grqf sursruwlrqqhooh ã �*{

f
c fdu oh sdudpëwuh b fdudfwìulvdqw od eduulëuh

wxqqho hvw glvwulexì xqlirupìphqw1 Hq frqvìtxhqfh/ od ghqvlwì gh suredelolwì � E0c{
f
� g*dyrlu

o*ìfduw hq ìqhujlh 0 hw oh frxsodjh wxqqho {
f
v*ìfulw =

� E0c{
f
�_0_{

f
' � E0c{

f
�Y

{
0 _{_{

f
2 _{_{

f

{
f

, � E0c{
f
� 2 0

{
f

s
02 �{2

f

� +516;,

Oh whuph #
|*t
E0�bE0� gì�ql gdqv od vrxv0vhfwlrq suìfìghqwh/ v*ìfulw =

#
|*t
E0�bE0� '

]
0

f

� E0c{
f
�bE0c{

f
�_{

f
+516<,
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Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu ohv ìfkdqjhv g*ìqhujlh

� UL?t|@?|ic

rü � E0c{
f
� hw bE0c{

f
� vrqw grqqìv uhvshfwlyhphqw sdu ohv ìtxdwlrqv +516;, hw +516:,1

Vl/ frpph Udosk hw Exkupdq ^54` srxu lqwhusuìwhu ohxuv phvxuhv gh od frqgxfwdqfh g*xqh

qdqrfrqvwulfwlrq gh fxlyuh/ qrxv vxssrvrqv txh ohv ghx{ ìwdwv pìwdvwdeohv m[
C

l hw m[
(

l vrqw
txdvlphqw gìjìqìuìv E{ � f�c doruv 0 * {

f
hw hq frqvìtxhqfh/ #

|*t
E0� 2 �*0 hw bE0� *

2Z

|
D
8

l mL 5m2 � Rq wurxyh doruv gdqv fh fdv =

#
|*t
E0�bE0� 2 �*0� +5173,

O*dujxphqw dydqfì srxu mxvwl�hu o*k|srwkëvh { � f hvw txh ohv hpsodfhphqwv ydfdqwv/ ohv

glvorfdwlrqv hw ohv dxwuhv gìidxwv gx uìvhdx dwrpltxh ã o*ruljlqh ghv WOV/ vh wurxyhqw gdqv

xq hqylurqqhphqw txdvl0fulvwdoolq ã o*ìfkhooh gh od glvwdqfh lqwhudwrpltxh hw gh od orqjxhxu

g*ìfudqwdjh ^54/55` 1 Dlqvl/ ohv v|pìwulhv gx uìvhdx fulvwdoolq srxuudlhqw jdudqwlu txh ohv ghx{

ìwdwv pìwdvwdeohv m[
C

l hw m[
(

l vrlhqw txdvl0gìjìqìuìv1
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519 Fdofxo gh od irqfwlrq gh glvwulexwlrq

519 Fdofxo gh od irqfwlrq gh glvwulexwlrq

Srxu fdofxohu od irqfwlrq gh glvwulexwlrq gdqv xq �o frqqhfwì ã vhv eruqhv ã ghx{ uìvhuyrluv

sruwìv ã ghv srwhqwlhov gl�ìuhqwv/ qrxv dyrqv ìfulw xq surjudpph hq F.. txl xwlolvh o*ìyroxwlrq

whpsruhooh gh od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv srxu wurxyhu od vroxwlrq vwdwlrqqdluh +yrlu

�jxuh 519,1 Qrxv sduwrqv g*xqh iruph lqlwldoh gh irqfwlrq gh glvwulexwlrq ìyroxdqw hqvxlwh vhorq

o*ìtxdwlrq gh Erow}pdqq gl�xvlyh qrq vwdwlrqqdluh =

sE%c.c |n B|� ' sE%c.c |� n \

�
�

�
(

Y2s E%c.c |�

Y%2
n L

UL**
E%c.c isj c |�

�
c +5174,

rü \ hvw xq sdudpëwuh rswlplvì ã fkdtxh lwìudwlrq srxu dffìoìuhu o*ìyroxwlrq1 Oruvtxh o*rq

dwwhlqw xqh glvwulexwlrq hq ìqhujlh txl uhvwh vwdeoh/ f*hvw od vroxwlrq gh o*ìtxdwlrq gh Erow}pdqq

vwdwlrqqdluh +514,1

Qrxv qrxv vrpphv dvvxuìv txh od iruph �qdoh gh od irqfwlrq gh glvwulexwlrq qh gìshqg sdv

gh od irqfwlrq gh glvwulexwlrq lqlwldoh fkrlvlh1 Hq dxjphqwdqw oh frxsodjh hqwuh ìohfwurqv/ rq

uhwurxyh elhq oh uìjlph ghv ìohfwurqv fkdxgv dyhf od whpsìudwxuh grqqìh sdu o*ìtxdwlrq +417,1

Oh surjudpph shuphw ìjdohphqw gh grqqhu o*dpsolwxgh gx euxlw gh juhqdlooh gx frxudqw =

7
U

'
e

-

]]
_%_. sE%c.�E�� sE%c.��� +5175,

Qrxv dyrqv yìul�ì txh oh udssruw hqwuh oh euxlw gdqv oh uìjlph ghv ìohfwurqv fkdxgv 7
U

'

E
s
�*e�2eU ^</ 43/56` hw oh euxlw gdqv oh uìjlph ghv ìohfwurqv lqgìshqgdqwv 7

U

' E�*��2eU ^<`

hvw ìjdo ã
I

�*e

�*�

* ���� Hq�q fh surjudpph shuphw gh fdofxohu od irqfwlrq gh glvwulexwlrq hw oh

euxlw gh juhqdlooh gdqv od jìrpìwulh sduwlfxolëuh rü ohv uìvhuyrluv hq pìwdo qrupdo +sodfìv dx{

h{wuìplwìv gx �o, vrqw uhpsodfìv sdu ghv uìvhuyrluv vxsudfrqgxfwhxuv +yrlu fkdslwuh 7,1

0 :: 0



Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu ohv ìfkdqjhv g*ìqhujlh

Ilj1 5191 Lqwhuidfh judskltxh gx surjudpph ìfulw hq odqjdjh F.. shuphwwdqw gh fdofxohu od irqfwlrq gh
glvwulexwlrq ghv ìohfwurqv gdqv xq �o pìwdooltxh frqqhfwì ã vhv h{wuìplwìv ã ghv ìohfwurghv hq pìwdo qrupdo
rx vxsudfrqgxfwhxu/ hw gh frpsduhu oh uìvxowdw dx{ frxuehv h{sìulphqwdohv1

0 :; 0



Fkdslwuh 6
Frpsdudlvrq hqwuh ohv irqfwlrqv gh
glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv
wkìrultxhv

614 Glvwulexwlrq hq ìqhujlh gdqv ohv �ov g*dujhqw

61414 Hqhuj| uhglvwulexwlrq ehwzhhq txdvlsduwlfohv lq phvrvfrslf
vloyhu zluhv +duwlfoh,

Fhwwh vrxv0vhfwlrq uhsurgxlw o*duwlfoh lqwlwxoì �Hqhuj| uhglvwulexwlrq ehwzhhq txdvlsduwlfohv

lq phvrvfrslf zluhv�/ sdu I1 Slhuuh/ K1 Srwklhu/ G1 Hvwhyh hw P1 K1 Ghyruhw/ sxeolì gdqv

Mrxuqdo ri Orz Whpshudwxuh Sk|vlfv 44;/ 76: +5333,1

Fhw duwlfoh suìvhqwh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv txdwuh �ov g*dujhqw4;1

Ohv irqfwlrqv gh glvwulexwlrq | vrqw dqdo|vìhv gdqv oh fdguh gh od wkìrulh gh o*lqwhudfwlrq

Frxorpelhqqh ìfudqwìh/ vdqv lqwhudfwlrqv ìohfwurq0skrqrq/ pdlv hq frqvlgìudqw od frqwulex0

wlrq g*ìyhqwxhov v|vwëphv ã ghx{ qlyhdx{1 Qrxv yhuurqv gdqv od surfkdlqh vrxv0vhfwlrq txh

od sulvh hq frpswh ghv lqwhudfwlrqv ìohfwurq0skrqrq/ hq soxv gh o*lqwhudfwlrq Frxorpelhqqh

ìfudqwìh/ shuphw gh uhqguh frpswh wuëv suìflvìphqw gh fhv phvxuhv vdqv tx*lo vrlw qìfhvvdluh

gh idluh lqwhuyhqlu ghv v|vwëphv ã ghx{ qlyhdx{ gdqv ohv �ov g*dujhqw1

Od fruuhvsrqgdqfh hqwuh od gìvljqdwlrq ghv ìfkdqwloorqv xwlolvìh gdqv fhwwh wkëvh hw fhooh

�H
Od sxuhwì gh od vrxufh g*ìydsrudwlrq ìwdlw <<1<<<<(1



Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv

xwlolvìh gdqv o*duwlfoh txl vxlw hvw grqqìh vxu od wdeoh 6141
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Energy Redistribution Between Quasiparticles in

Mesoscopic Silver Wires

F. Pierre, H. Pothier, D. Esteve, and M.H. Devoret

Service de Physique de l'Etat Condens�e, Commissariat �a l'Energie Atomique,

Saclay, F-91191 Gif-sur-Yvette, France

We have measured with a tunnel probe the energy distribution function of

quasiparticles in silver di�usive wires connected to two large pads (\reser-

voirs"), between which a bias voltage was applied. From the dependence

in energy and bias voltage of the distribution function we have inferred the

energy exchange rate between quasiparticles. In contrast with previously ob-

tained results on copper and gold wires, these data on silver wires can be well

interpreted with the theory of di�usive conductors either solely, or associated

with another mechanism, possibly the coupling to two-level systems.

PACS numbers: 73.23.-b, 73.50.-h, 71.10.Ay, 72.70.+m.

The present understanding of metals at low temperature relies on Lan-

dau's theory of Fermi liquids. In this theory, the elementary excitations

of the electron 
uid are nearly independent fermionic quasiparticles.1 The

residual interactions depend on the eÆciency of the screening of Coulomb

interactions, and increase if electrons are scattered by impurities, surface

or lattice defects.2,3 These interactions can be probed through the shape

of the energy distribution function in an out-of-equilibrium situation. We

have found in previous experiments on copper4 and gold5 wires that the

energy exchange rate between quasiparticles is stronger and has a di�erent

energy dependence than predicted by Altshuler and Aronov's (AA) theory

of di�usive conductors.3 In the present paper, we report measurements of

distribution functions in silver wires, where the interactions appear to be in

closer agreement with AA theory.

The experimental setup used to probe the energy exchange rate is shown

in Fig. 1. A metallic di�usive wire of length L is connected at both ends
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V

0-eU

0-eU

f(E)

E

U

f(E)

E

Fig. 1. Experimental layout: a metallic wire of length L is connected to large

reservoir electrodes, biased at potentials 0 and U . In absence of interaction,

the distribution function at a distance X = xL from the grounded electrode

has an intermediate step f (E) = 1 � x for energies between �eU and 0

(solid curves) (we assume U > 0). When interactions are strong enough to

thermalize electrons, the distribution function is a Fermi function, with a

space-dependent temperature and electrochemical potential (dotted curves).

In the experiment, the distribution function is obtained from the di�erential

conductance dI=dV (V ) of the tunnel junction formed by the wire and a

superconducting electrode placed underneath.

to large and thick electrodes called \reservoirs" in the following. The quasi-

particle energy distribution f(x;E) at a distance X = xL from the right

electrode, is obtained from the di�erential conductance dI=dV (V ) of a tun-

nel junction between the wire and a superconducting electrode.4,6 A voltage

di�erence U is applied between the reservoirs in order to implement a sta-

tionary out-of-equilibrium situation. The shape of the distribution function

f(x;E) depends on the average number of inelastic collisions a quasiparti-

cle experiences during its di�usive motion from one of the electrodes to the

position X; and on the amount of energy exchanged at each collision.

We present the results of four experiments, labeled A, B, C and D in

the following. The wire length L = 5; 10; or 20 �m is appended to the label;

for instance the samples A5 and C20 are 5 and 20 �m-long, respectively. All

samples were fabricated by electron-gun evaporation of silver at several an-

gles through a PMMA suspended mask patterned using e-beam lithography.

The substrate was, as in our experiments on Cu and Au, thermally oxidized

silicon. Samples with same labels (B5 and B10 on the one hand, D20a and
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Fig. 2. Measured distribution functions for U = 0; 0:1 and 0:2 mV in samples

B5, B10, D20a and D20b (see Table 1). In the top left panel, the dotted line

is the prediction for the non-interacting regime (Eq. (2)) for U = 0:2 mV:

D20b on the other hand) were fabricated simultaneously. The thickness of

the wires is 45 nm and their width w ranges between 65 nm and 150 nm: The

electrodes at the ends of the wires are 400 nm-thick silver pads with an area

of about 1 mm2; thereby implementing adequate reservoirs.7 The supercon-

ducting probes, made of aluminum,8 were positioned at x = 0:5 and/or at

x = 0:2: The areas of the tunnel junctions are w � 150 nm and their tunnel

resistances range between 23 k
 and 130 k
: We estimated the di�usion co-

eÆcient D of quasiparticles, and hence the di�usion time �D = L2=D; from

the low-temperature resistance of the wires. The samples were mounted in

a copper box thermally anchored to the mixing chamber of a dilution refrig-

erator. Electrical connections were made through �ltered coaxial lines,9 and

measurements were carried out at a temperature of 40 mK.

The distribution functions obtained at U = 0; 0:1 and 0:2 mV are shown

in Fig. 2. For U = 0; f(E) is close to the expected Fermi function at the

temperature of the refrigerator. For U 6= 0, the functions f(E) measured

near the middle of the wire B5 (top left panel) display a sharp double step
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with a plateau at height 1� x = 0:57. For comparison, we have plotted as a

dotted line the best �t at U = 0:2 mV with a linear combination of the Fermi

functions of the reservoirs,10 which is the expected distribution function in

the non-interacting regime (see Refs.4,11 and Eq. (2) below). The deviations

from this regime are more apparent in sample D20a (bottom left panel), for

which the di�usion time �D = 20 ns is signi�cantly longer than in sample

B5 where �D = 1:8 ns: In the right panels of Fig. 2 we show the distribution

functions measured at the lateral position of samples B10 (top right panel)

and D20b (bottom right panel). The height of the plateau well agrees with

1 � x � 0:8; and the distribution functions are again more rounded for the

wire with the longer di�usion time.

The distribution functions obtained in the experiments on copper and

gold wires systematically display a scaling property:4 as shown for a copper

sample12 in the right panel of Fig. 3, f(x;E) only depends, at each position,

on the reduced variable E=eU: Such a scaling law is not observed in our silver

samples: in particular, the slope of the plateau in the distribution functions

of the wire D20a increases with U when plotted in reduced units (see the

left panel of Fig. 3). This indicates that interactions between quasiparticles

have a di�erent energy dependence in the two types of samples. Interactions

are also weaker in silver samples: as illustrated in Fig. 3, similar distribution

functions are obtained for longer di�usion time in silver than in copper or

gold samples.

In order to compare the energy distribution functions f (x;E) obtained

experimentally with the theoretical predictions, we now explain how the

energy exchange rate between quasiparticles determines f (x;E) : The sta-

tionary distribution function f (x;E) obeys the Boltzmann equation:11,13

1

�D

@2f (x;E)

@x2
+ Icoll (x;E; ffg) = 0 (1)

where Icoll (x;E; ffg) is the collision integral due to interactions between

quasiparticles. The boundary conditions are imposed by the reservoirs at

both ends: f (0; E) =
�
1 + exp E

kBT

��1
and f (1; E) =

�
1 + exp E+eU

kBT

��1
:

In the absence of inelastic scattering Icoll = 0 and the distribution

function f0 (x;E) is:
11

f0 (x;E) = (1� x)f (0; E) + xf (1; E) : (2)

The function f0 (x;E) has a well-de�ned plateau for jeU j � kBT; as observed

in sample B5 (see Fig. 2).

The collision term Icoll (x;E; ffg) is the di�erence of two terms: an in-

collision term, the rate at which particles are scattered into a state of energy



Energy Redistribution Between Quasiparticles in Silver Wires

���� ���� ���� ��� ���

�

�

8 �����9

8 �����9

'��D

W
'
 ���QV

&X�ZLUH

W
'
 ����QV

(�H8

I�(�

���� ���� ���� ��� ���

(�H8

Fig. 3. Distribution functions for U = 0:1; 0:2; 0:3; and 0:4 mV; plotted as

a function of the reduced energy E=eU: Left panel: Ag sample D20a; right

panel: Cu sample, L = 5 �m:

E; and an out-collision term:

Icoll (x;E; ffg) = I incoll (x;E; ffg)� I
out
coll (x;E; ffg) (3)

with

I
in;out
coll (x;E; ffg) =

Z
d"dE0K (") (4)

�fxE+";E(1� fxE;E�")f
x
E0(1� fxE0+")

where the shorthand fxE stands for f (x;E) : Following Landau's approach,1

we have �rst assumed that the dominant process is a two-quasiparticle in-

teraction. Moreover the interaction is assumed to be local on the scale of

variations of the distribution function. The kernel function K (") is pro-

portional to the averaged squared interaction between two quasiparticles

exchanging an energy ": The scaling property observed for copper samples

implies4 K (") / "�2 , as opposed to the AA prediction K (") / "�3=2 for

a di�usive conductor in the 1D regime.3 In silver samples we have assumed

that the interaction kernel still obeys a power law K (") = ��"
��; with ��

and � taken as �tting parameters. These best �t theory curves, obtained

with the parameters given in the colums \�t ��"
��" of Table 1, are plotted

in Fig. 4 with full squares. For comparison, the best �ts obtained with

the exponent set at its predicted value � = 3=2 are plotted with open dia-

monds. Note that the same �tting parameters were used for all the samples
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sample parameters �t ��"
�� �t TLS+AA theory

w D � �� �3=2 �TLS �3=2 �
thy

3=2

A5 90 0:011 1:6�0:2 1:02 1:30 0:7�0:7 1:15�0:15 0:14

B5,10 65 0:015 1:4�0:2 0:73 0:62 0:9�0:9 0:41�0:21 0:17

C20 160 0:023 1:2�0:15 1:23 0:70 2:1�0:5 0:19�0:11 0:06

D20a,b 100 0:020 1:2�0:15 0:95 0:49 1:5�0:4 0:20�0:08 0:10

Table 1. Samples parameters and �t parameters. The wire width w is in

nm, the di�usion constant D in m2s�1: The �t parameters �� are given in

ns�1meV��2; and �TLS is given in ns�1meV�1.

of a given experiment: We obtained the exponent values � = 1:6 � 0:2 and

1:4 � 0:2 for experiments A and B, respectively, which are compatible with

the prediction � = 3=2 (the diamonds in the top panels of Fig. 4 are prac-

tically superimposed with the squares). This compatibility is not found for

the experiments C and D, for which � = 1:2 � 0:15 : the quality of the �ts

is visibly degraded by imposing � = 3=2; as shown in the bottom panels of

Fig. 4. The slope of the intermediate plateau in the theoretical curve (open

diamonds) is systematically too large at U = 100 �V and U = 200 �V.

In order to explain the discrepancy between the predicted exponent

� = 3=2 and the value � = 1:2 � 0:15 extracted from experiments C and

D, we have investigated theoretically the e�ect of two-level systems (TLS)

on the energy exchange between quasiparticles. The relevance of TLS on

phase relaxation has recently been suggested by several authors.15,16 We

assume here that the quasiparticles are weakly coupled to the TLS, which

are equally distributed along the wire. These TLS could be atoms moving

across crystalline defects, or impurities in the crystal, for example. The

TLS are assumed to have a 
at energy distribution, and to be all equally

coupled to the quasiparticles. We treat the absorption and emission of en-

ergy by the two-level systems in the perturbative limit: the absorption rate

�x+(") (respectively the emission rate �x�(")) by a TLS at position x with an

energy separation " is given by Fermi's golden rule: �x+(") = �px�(")h
x(")

(resp. �x�(") = �px+(")h
x(�")). In these expressions, � is the coupling

constant between quasiparticles and the TLS, px�(") (resp. p
x
+(")) is the oc-

cupation probability of the low-energy level (resp. the high-energy level);

and hx(") =
R
dE fxE(1 � fxE�"): Assuming that the TLS reach a lo-

cal equilibrium with the quasiparticles, i.e. �x+(") = �x�("), one obtains

px�(") = hx(�")=(hx(�") + hx(")): Each term �p�(")fE(1� fE�") in �+(")

corresponds to an energy transfer of " from a quasiparticle at energy E to a

TLS. Therefore, it gives an \out" collision term in the Boltzmann equation
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Fig. 4. Continuous lines in all four panels: measured distribution functions,

plotted as a function of the reduced variable E=eU for U = 0:1; 0:2; 0:3 and

0:4 mV; for the same samples as in Fig. 2. Successive curves were shifted

vertically by 0.2, for clarity. Full squares are the best �ts of the data to

the solution of the Boltzmann equation with an interaction kernel K (") =

��"
��:Open diamonds are the best �ts obtained with � set to the theoretical

value 3=2; and adjusting the prefactor �3=2: Detailed �t parameters are given

in Table 1.
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(Eq. (1)) for quasiparticles at energy E: One then �nds directly that the cou-

pling to TLS can be written as an e�ective kernel function in Eq. (4), which

depends on the local distribution function: Kx
e�(") = �TLS=(h

x(�")+hx(")):

The parameter �TLS is proportional to the density of TLS and to the cou-

pling constant �: The e�ective kernel Kx
e�(") is not a power-law function

of ": at energies large compared to eU; Kx
e�(") / "�1; but Kx

e�(0) remains

�nite. Without assuming an unrealistic heating of the reservoirs, it was not

possible to �t the data with this model alone. However, we found that all

the experimental data could be well accounted for by assuming the presence

of two phenomena: direct quasiparticle-quasiparticle interaction, described

by the AA theory:3 K(") = �3=2"
�3=2; and quasiparticle-TLS coupling, de-

scribed by Kx
e�("): The parameters �TLS and �3=2 for the best �ts (which

are not shown because they are hardly distinguishable from the �ts with the

best value of � in Fig. 4) are given in the columns \�ts TLS+AA" of Ta-

ble 1. Note that the error bars on �TLS and �3=2 are correlated: the weighted

sum of �TLS and �3=2 must remain constant. Apart from sample A5, the

theoretical value for �
thy

3=2 are of the same order of magnitude as �3=2: For

the experiments A and B, extra contributions to AA theory are minimal. In

contrast, in the experiments C and D the slope of the plateau in the distri-

bution function is well explained by the TLS, whereas the AA mechanism,

which dominates at low energy, is responsible for the rounding of the steps.

The di�erences that we observed between copper, gold and silver wires

in the energy exchange rate experiments were also found in measurements

of the phase coherence time �� in wires fabricated using the same procedure.

In a silver sample, the temperature dependence of �� follows closely the

theoretical prediction down to the base temperature T = 50 mK of the

refrigerator (where �� = 9 ns), whereas �� saturates below 1 K at �� = 1 ns

in our copper sample, and below 6 K at �� = 10 ps in our gold sample.

These measurements are further discussed in this volume17 .

In conclusion, we have found that interactions between quasiparticles in

silver wires are much weaker and have a di�erent qualitative behavior than

in copper or gold wires. The energy exchange rate in our silver samples is

close to the theoretical predictions for a di�usive medium in the 1D regime,

provided that one includes an extra contribution, which might be due to two-

level systems. The di�erence in the behavior of interactions in gold, copper

and silver samples, as seen from the energy exchange rate experiments, is

correlated to the measured saturation of �� at low temperature which did

occur in copper and gold, but not in silver. A possible interpretation could

be that two-level systems are more numerous and/or better coupled to quasi-

particles in copper and gold than in silver, leading to faster phase and energy

relaxation. Moreover, preliminary calculations in the strong coupling regime
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account for the scaling property of the distribution functions found in copper

and gold samples.16 Experiments are in progress to test this interpretation.
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv

61415 Frpsdudlvrq phvxuhv0suìglfwlrqv

Gdqv o*duwlfoh txl suìfëgh/ qrxv prqwurqv txh ohv irqfwlrqv gh glvwulexwlrq gdqv o*dujhqw vrqw

surfkhv gh fhoohv fdofxoìhv hq xwlolvdqw od iruph gx qr|dx ghv lqwhudfwlrqv gE0� ' V
�*2

03�*2

suìglwh sdu od wkìrulh gh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh1 Qrxv dyrqv hqylvdjì txh od

shwlwh gl�ìuhqfh revhuyìh hqwuh ohv glvwulexwlrqv fdofxoìhv hw phvxuìhv srxydlw íwuh gxh ã od

suìvhqfh gh v|vwëphv ã ghx{ qlyhdx{ gdqv oh �o rx elhq ã xq qr|dx ghv lqwhudfwlrq gh od iruph

gE0� ' V
k

03kc dyhf k yduldqw hqwuh 415 hw 419 vhorq ohv ìfkdqwloorqv1

Qrxv prqwurqv fl0ghvvrxv txh od sulvh hq frpswh ghv lqwhudfwlrqv ìohfwurq0skrqrq shuphw

hq idlw g*rewhqlu xq dffrug h{fhoohqw hqwuh phvxuhv hw suìglfwlrqv vdqv idluh dssho ã ghv WOV1

Gdqv qrv h{sìulhqfhv/ o*ìqhujlh eL hvw wrxmrxuv qhwwhphqw vxsìulhxuh ã o*ìqhujlh wkhupltxh

&
�

A� F*hvw hqfruh soxv yudl gdqv ohv vlwxdwlrqv +L A �ff >Y, rü o*h�hw ghv lqwhudfwlrqv

ìohfwurq0skrqrq hvw ylvleoh1 Hq frqvìtxhqfh qrxv vxssrvrqv sdu od vxlwh txh od whpsìudwxuh

ghv skrqrqv hvw qxooh4<1 G*dsuëv ohv h{suhvvlrqv +5154, hw +5155,/ ohv skrqrqv lqwhuylhqqhqw sdu

ghv whuphv vxssoìphqwdluhv ã o*lqwìjudoh gh froolvlrq txl v*ìfulyhqw =

LT�c�?
UL**

E%c.c isj� '

]
"

f

_0 sE%c. n 0�E�� sE%c.�V
T�
02 +614,

LT�cL�|
UL**

E%c.c isj� '

]
"

f

_0 sE%c.�E�� sE%c. � 0��V
T�
02c

rü oh sdudpëwuh V
T�

qh gìshqg sdv gh od jìrpìwulh gx �o +yrlu o*h{suhvvlrq +5156,,1 Gdqv oh

fdofxo ghv irqfwlrqv gh glvwulexwlrq qrxv xwlolvrqv fhv h{suhvvlrqv dyhf wrxmrxuv od píph ydohxu

srxu V
T�
c gìgxlwh ghv phvxuhv gh whpsv gh frkìuhqfh gh skdvh vxu ghv �ov g*dujhqw ideultxìv

gh pdqlëuh lghqwltxh/ txl vrqw suìvhqwìhv gdqv od sduwlh 5 gh fhwwh wkëvh =

V
T�

' H ?t3�4iV3�� +615,

O*lqwhqvlwì ghv lqwhudfwlrqv ìohfwurq0skrqrq lqwurgxlwh gdqv oh fdofxo ghv irqfwlrqv gh glvwule0

xwlrq q*hvw grqf sdv xq sdudpëwuh gh �w vxssoìphqwdluh1 Fhwwh ydohxu gh V
T�

hvw frpsdwleoh

dyhf g*dxwuh phvxuhv ^9/57` 1

Qrxv suìvhqwrqv vxu od �jxuh 614 oh uìvxowdw gx �w ghv irqfwlrqv gh glvwulexwlrq phvxuìhv

gdqv ghv �ov g*dujhqw gh 43 hw 53 >p gh orqj hq whqdqw frpswh ghv skrqrqv1 Od wdeoh 615

uìfdslwxoh ohv fdudfwìulvwltxhv gh wrxv ohv ìfkdqwloorqv g*dujhqw phvxuìv1

Od gìshqgdqfh hq ìqhujlh ghv lqwhudfwlrqv hqwuh ìohfwurqv hvw wuëv elhq yìul�ìh hw shuphw
�b

Qrxv dyrqv yìul�ì qxpìultxhphqw txh oh uìvxowdw q*hvw sdv prgl�ì oruvtxh ohv skrqrqv vrqw ã od whpsìudwxuh gx uìiuljìudwhxu1

0 <3 0



614 Glvwulexwlrq hq ìqhujlh gdqv ohv �ov g*dujhqw

Wkëvh DjL8 DjLL8 DjLL43 DjLLL53 DjLY53k DjLY53q
Duwlfoh D8 E8 E43 F53 G53d G53e

Wdeoh 6141 Fruuhvsrqgdqfh hqwuh/ hq kdxw/ od gìvljqdwlrq ghv ìfkdqwloorqv gdqv od wkëvh hw/
hq edv/ od qrwdwlrq xwlolvìh gdqv o*duwlfoh �Hqhuj| uhglvwulexwlrq ehwzhhq txdvlsduwlfohv lq
phvrvfrslf zluhv%/ sdu I1 Slhuuh/ K1 Srwklhu/ G1 Hvwhyh hw P1K1 Ghyruhw1

h{sìulhqfh u +>p, � +qp, ( +fp22v, �
(

+qv, V�|
�*2

+qv3�4iV3�*2, V|�)
�*2

DjL8 813 <3 448 515 ��2	 f�2 3146
DjLL8 815 98 483 41; f�eD	 f�2 3148
DjLL43 4316 98 498 917 f�DD	 f��D 3148
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Wdeoh 6151 Sdudpëwuhv ghv ìfkdqwloorqv hw sdudpëwuhv gh �w ghv ìfkdqwloorqv g*dujhqw1
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv
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Ilj1 6141 Wudlwv sohlqv = irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv ghv �ov g*dujhqw ã { @ 3=5 +sdqqhdx{ gh
jdxfkh, hw { @ 3=8 +sdqqhdx{ gh gurlwh,1 Fhufohv rxyhuwv = irqfwlrqv gh glvwulexwlrq fdofxoìhv hq xwlolvdqw
xq qr|dx ghv lqwhudfwlrqv N+%, 2 %�6@5> frpph suìglw sdu od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh
ìohfwurqv/ hw hq whqdqw frpswh ghv lqwhudfwlrqv ìohfwurq0skrqrqv dyhf xq frh!flhqw gh frxsodjh �{ì sdu ohv
phvxuhv gh frkìuhqfh gh skdvh suìvhqwìhv gdqv od ghx{lëph sduwlh gh fhwwh wkëvh1
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614 Glvwulexwlrq hq ìqhujlh gdqv ohv �ov g*dujhqw

gh uhsurgxluh uhpdutxdeohphqw ohv irqfwlrqv gh glvwulexwlrq phvxuìhv1 Rq qrwh wrxwhirlv txh

oh sdudpëwuh gh �w V�|
�*2

hvw wrxmrxuv vljql�fdwlyhphqw soxv judqg txh od ydohxu wkìrultxh V|�)
�*2

grqqìh sdu o*h{suhvvlrq +514:,1 Fhwwh lqfrkìuhqfh qh shxw sdv íwuh dwwulexìh ã o*lqfhuwlwxgh

vxu oh sdudpëwuh gh �w V�|
�*2

hw ohv ydohxuv �c � hw (c hw qh shxw uìvxowhu qrq soxv g*xq vlpsoh

idfwhxu qxpìultxh gdqv oh fdofxo1

61416 Frqfoxvlrq srxu ohv �ov g*dujhqw

Qrxv dyrqv prqwuì txh od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv ìohfwurq0ìohfwurq gdqv xq

pìwdo gl�xvli v*dssoltxh elhq/ wrxw dx prlqv txdolwdwlyhphqw/ dx{ �ov g*dujhqw txh qrxv dyrqv

phvxuìv1 Oh idlw txh qrxv sxlvvlrqv uhqguh frpswh suìflvìphqw gh od iruph ghv irqfwlrqv gh

glvwulexwlrq phvxuìhv surxyh txh oh glvsrvlwli h{sìulphqwdo hw oh fdguh wkìrultxh vrqw elhq

dgdswìv srxu gìwhuplqhu ohv ìfkdqjhv g*ìqhujlh1

Fh ghuqlhu srlqw hvw lpsruwdqw fdu lo lqgltxh txh fh vrqw elhq ohv ìfkdqjhv g*ìqhujlh txh

o*rq phvxuh = oh frpsruwhphqw gl�ìuhqw revhuyì vxu ohv dxwuhv pìwdx{/ gìwdlooì sdu od vxlwh/

q*hvw grqf sdv xq duwhidfw h{sìulphqwdo1
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv

615 Glvwulexwlrq hq ìqhujlh gdqv ghv �ov gh fxlyuh hw
g*ru

Qrxv dyrqv dxvvl phvxuì ohv ìfkdqjhv g*ìqhujlh gdqv ghv �ov gh fxlyuh hw g*ru1 O*dujhqw/

oh fxlyuh hw o*ru rqw ghv sursulìwìv ìohfwurqltxhv wuëv vlplodluhv = ohxu ghqvlwì g*ìwdwv vh vlwxh

hqwuh �fe. hw ��D �fe. a3�43�c ohv wurlv vxuidfhv gh Ihupl vrqw txdvlphqw lghqwltxhv hw suhvtxh

vskìultxhv/ oh frh!flhqw gh gl�xvlrq ghv ìfkdqwloorqv phvxuìv uhvwh gdqv od jdpph gh Df �
2ff U42*t hw qrxv dyrqv ideultxì ohv ìfkdqwloorqv gh pdqlëuh wuëv vhpeodeoh1 Srxuwdqw ohv

ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv suìvhqwhqw ghv gl�ìuhqfhv vljql�fdwlyhv gdqv ohv wurlv w|shv

gh �ov1 Rq qrwhud qìdqprlqv txh od sxuhwì ghv vrxufhv xwlolvìhv srxu o*ìydsrudwlrq q*ìwdlw sdv

od píph1 Srxu o*dujhqw/ f*ìwdlw <<1<<<<(> srxu oh fxlyuh <<1<<<(> srxu o*ru <<1<<(1

61514 Wdx{ g*ìfkdqjh g*ìqhujlh gdqv ghv �ov gh fxlyuh hw g*ru

Srxu frpsduhu ohv wdx{ g*ìfkdqjh g*ìqhujlh gdqv gl�ìuhqwv ìfkdqwloorqv qrxv dyrqv sruwì

vxu od �jxuh 615 ohv irqfwlrqv gh glvwulexwlrq phvxuìhv dx plolhx g*xq �o g*dujhqw/ gh fxlyuh

rx g*ru srxu xqh whqvlrq L ' f�� pY1 Oh �o g*dujhqw/ gh orqjxhxu u ' 2f >p/ hvw txdwuh irlv

soxv orqj txh ohv �ov gh fxlyuh hw g*ru1

6151414 Frpsdudlvrq txdolwdwlyh

Rq shxw revhuyhu txh ohv ìfkdqjhv g*ìqhujlh rqw/ ã shx suëv/ dxwdqw prgl�ì od irqfwlrq gh

glvwulexwlrq phvxuìh gdqv oh �o gh fxlyuh txh gdqv oh �o g*dujhqw1 Srxuwdqw ohv ìohfwurqv

wudyhuvhqw oh �o gh fxlyuh hq xq whpsv pr|hq �
(

' 2�H ?t frqwuh �
(

' �b ?t srxu o*ìfkdqwloorq

g*dujhqw1 Fhod vljql�h txh oh wdx{ g*ìfkdqjh g*ìqhujlh gdqv oh �o gh fxlyuh hvw xq ruguh gh

judqghxu soxv lpsruwdqw txh gdqv oh �o g*dujhqw srxu ghv ìqhujlhv ìfkdqjìhv gh o*ruguh gh

f�2 pY1

Gh od píph pdqlëuh/ doruv txh oh whpsv gh gl�xvlrq ã wudyhuv oh �o g*ru �
(

' ��H qv hvw

oìjëuhphqw lqiìulhxu dx whpsv gh gl�xvlrq gdqv oh �o gh fxlyuh/ od glvwulexwlrq hq ìqhujlh ghv

ìohfwurqv phvxuìh gdqv oh �o g*ru hvw ehdxfrxs soxv surfkh gh od suìglfwlrq gx uìjlph ghv

ìohfwurqv fkdxgv1 Qrxv dyrqv wudfì hq srlqwlooìv od irqfwlrq gh Ihupl ã od whpsìudwxuh suìglwh

A ' L

2

I

1
* Sef 4k +sdqqhdx lqiìulhxu gh od �jxuh 615,1 Lo | d grqf soxv g*ìfkdqjhv g*ìqhujlh

gdqv fh �o g*ru txh gdqv oh �o gh fxlyuh1

Fhv uìvxowdwv vrqw jìqìultxhv srxu o*hqvhpeoh ghv ìfkdqwloorqv txh qrxv dyrqv phvxuìv/ gdqv
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3.2 Distribution en énergie dans des …ls de cuivre et d’or

Fig. 3.2. Fonctions de distributions mesurées au centre de …ls d’argent, de cuivre et d’or respectivement de
20 ¹m, 5 ¹m et 5 ¹m de long, pour une tension appliquée U = 200 ¹V. Les fonctions de distribution sont
aussi arrondies dans le …l d’argent (panneau supérieur) que dans le …l de cuivre (panneau central) alors que
le temps de di¤usion ¿D est 7 fois plus long dans le …l d’argent. Ce temps ¿D est légèrement plus petit dans
le …l d’or que dans le …l de cuivre alors que la fonction de distribution y est beaucoup plus arrondie : elle
est même proche de la fonction de Fermi attendue dans le régime des électrons chauds (tracée en pointillé).
Quantitativement, pour des énergies échangées de l’ordre de 100 ¹V, il y a donc plus d’échanges d’énergie
dans les …ls d’or que dans les …ls de cuivre, eux même ayant un taux d’échanges d’énergie un ordre de
grandeur plus grand que dans les …ls d’argent.
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv

od jdpph g*ìqhujlh vrqgìh Df�Dff >hY = lo | d soxv g*ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv gdqv

qrv �ov g*ru txh gdqv qrv �ov gh fxlyuh/ txl hx{0píph suìvhqwhqw xq wdx{ g*ìfkdqjh g*ìqhujlh

soxv lpsruwdqw txh qrv �ov g*dujhqw1

6151415 Frpsdudlvrq txdqwlwdwlyh

Qrxv suìvhqwrqv vxu od �jxuh 616 sdu ghv wudlwv frqwlqxv/ ohv irqfwlrqv gh glvwulexwlrq phvxuìhv ã

314/ 315/ 316 hw 317 pY vxu ghx{ �ov gh fxlyuh hw g*ru/ dx fhqwuh hw vxu oh f÷wì1 Qrxv dyrqv hvvd|ì

gh uhqguh frpswh ghv irqfwlrqv gh glvwulexwlrq dyhf xq qr|dx gh od iruph gE0� ' V
�*2

03�*2�

Srxu fhod/ qrxv dyrqv dmxvwì oh sdudpëwuh V
�*2

d�q gh uhqguh frpswh dx plhx{ gh od glvwulex0

wlrq hq ìqhujlh rewhqxh ã L ' f�� pY1 Hqvxlwh/ qrxv dyrqv fdofxoì ohv glvwulexwlrqv hq ìqhujlh

dx{ whqvlrqv 315/ 316 hw 317 pY hq xwlolvdqw fhwwh ydohxu gh V
�*2

G o*ìfduw hqwuh ohv irqfwlrqv gh

glvwulexwlrq phvxuìhv +wudlwv frqwlqxv vxu od �jxuh 616, hw fdofxoìhv +v|perohv rxyhuwv, dxj0

phqwh dyhf od whqvlrq L dssoltxìh dx{ eruqhv gx �o1 Frqwudluhphqw dx{ ìfkdqwloorqv g*dujhqw/

oh wdx{ g*ìfkdqjh g*ìqhujlh hqwuh ìohfwurqv gdqv ohv �ov gh fxlyuh hw g*ru qh vxlw grqf sdv od

orl gE0� 2 03�*2 suìglwh sdu od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv1

61515 Sursulìwì g*lqyduldqfh g*ìfkhooh ghv irqfwlrqv gh glvwulexwlrq

6151514 Revhuydwlrq g*xqh orl g*ìfkhooh vxu ohv irqfwlrqv gh glvwulexwlrq
phvxuìhv gdqv o*ru hw oh fxlyuh

Pdojuì xqh lpsruwdqwh gl�ìuhqfh gdqv o*lqwhqvlwì ghv ìfkdqjhv g*ìqhujlh/ wrxwhv ohv irqfwlrqv

gh glvwulexwlrq phvxuìhv gdqv ohv ìfkdqwloorqv g*ru hw gh fxlyuh rqw hq frppxq xqh sursulìwì

uhpdutxdeoh txl hvw looxvwuìh vxu ohv ghx{ sdqqhdx{ lqiìulhxuv gh od �jxuh 617 = ohv irqfwlrqv gh

glvwulexwlrq phvxuìhv vxu xqh píph mrqfwlrq wxqqho vrqw txdvl0lghqwltxhv oruvtx*rq ohv sruwh

hq irqfwlrq gh o*ìqhujlh uìgxlwh .*eL� Fhwwh sursulìwì q*hvw sdv yìul�ìh srxu ohv ìfkdqwloorqv

g*dujhqw1 Oh sdqqhdx vxsìulhxu gh od �jxuh 617 prqwuh hq h�hw txh od shqwh ghv irqfwlrqv gh

glvwulexwlrq wudfìhv hq irqfwlrq gh .*eL dxjphqwh dyhf od whqvlrq L vxu fhv ìfkdqwloorqv1

6151515 Lpsolfdwlrqv srxu oh qr|dx gh o*lqwhudfwlrq

Vl o*rq uhvwh gdqv o*k|srwkëvh txh fh vrqw elhq ghv froolvlrqv lqìodvwltxhv hqwuh ìohfwurqv txl vrqw

ã o*ruljlqh ghv ìfkdqjhv g*ìqhujlh/ doruv od orl g*ìfkhooh revhuyìh h{sìulphqwdohphqw lpsrvh dx

qr|dx gh o*lqwhudfwlrq od iruph vxlydqwh =

gE0� ' V
2
032� +616,
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615 Glvwulexwlrq hq ìqhujlh gdqv ghv �ov gh fxlyuh hw g*ru
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Ilj1 6161 Wudlwv sohlqv = irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv xq �o gh fxlyuh +sdqqhdx{ gh jdxfkh, hw
gdqv xq �o g*ru +sdqqhdx{ gh gurlwh,/ dx{ srvlwlrqv { @ 3=5 +sdqqhdx{ lqiìulhxuv, hw { @ 3=8 +sdqqhdx{
vxsìulhxuv,/ srxu ohv whqvlrqv dssoltxìhv X @ 3=4> 315/ 316 hw 317 pY1 Fhufohv rxyhuwv = irqfwlrqv gh glvwulex0
wlrq fdofxoìhv dyhf xq qr|dx ghv lqwhudfwlrqv N+%, @ �

6@5%
�6@5> rü oh sdudpëwuh �

6@5 hvw fkrlvl srxu uhqguh
frpswh dx plhx{ ghv phvxuhv ã X @ 3=4 pY1 O*ìfduw hqwuh irqfwlrqv gh glvwulexwlrq phvxuìhv hw fdofxoìhv
dxjphqwh dyhf od whqvlrq dssoltxìh1
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv
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Ilj1 6171 Ohv irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv ohv ìfkdqwloorqv gh fxlyuh hw g*ru srxu gl�ìuhqwhv
whqvlrqv X dssoltxìhv dx �o vh vxshusrvhqw ohv xqhv dx{ dxwuhv oruvtx*hoohv vrqw wudfìhv hq irqfwlrq gx
sdudpëwuh uìgxlw H@hX= Fh q*hvw sdv oh fdv gdqv ohv ìfkdqwloorqv g*dujhqw1
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615 Glvwulexwlrq hq ìqhujlh gdqv ghv �ov gh fxlyuh hw g*ru

Hq h�hw/ od orl g*ìfkhooh lpsoltxh53 tx*lo h{lvwh xqh irqfwlrq s
f
whooh txh/ srxu wrxwhv ohv whqvlrqv

Lc rq dlw o*lghqwlwì =

s
L

E%c.� ' s
f
E%c.*eL�c +617,

rü qrxv dyrqv udmrxwì o*lqglfh L ã od irqfwlrq sE%c.� srxu vrxoljqhu oh idlw tx*hooh gìshqg gh

od whqvlrq dssoltxìh1 Hq lqmhfwdqw fhwwh iruph srxu od irqfwlrq gh glvwulexwlrq gdqv o*ìtxdwlrq

gh Erow}pdqq +514,/ rq rewlhqw =

�

�
(

Y2s
f
E%c.

o

�

Y%2
' �L

UL**
E%c.

o

eLc is
f
j� c +618,

dyhf .
o

' .*eL / L
UL**

' L �?
UL**
� LL�|

UL**
hw =

L �?
UL**

E%c.
o

eLc is
f
j� '

]
_0

o

_. �

o

EeL�2gE0
o

eL� +619,

�s
f
E%c.

o

n 0
o

�E�� s
f
E%c.

o

��

�s
f
E%c. �

o

�E�� s
f
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n 0
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��c

LL�|
UL**
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eLc is
f
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]
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o

�E�� s
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o

� 0
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��

�s
f
E%c. �

o

�E�� s
f
E%c. �

o

n 0
o

��c

rü .
�

o

' .
�

*eL hw 0
o

' 0*eL� Oh whuph gh jdxfkh gh o*ìtxdwlrq +618, hvw lqgìshqgdqw gh od

whqvlrq L� Srxu txh fhwwh sursulìwì vrlw ìjdohphqw yìul�ìh sdu oh whuph gh gurlwh txhooh txh

vrlw od iruph gh od irqfwlrq s
f
c lo idxw hw lo vx!w txh oh whuph EeL�2gE0

o

eL� gdqv o*lqwìjudoh

gh froolvlrq +Ht1 +619,, qh gìshqgh sdv gh L� Oh qr|dx gh o*lqwhudfwlrq grlw grqf íwuh gh od

iruph =

gE0� ' V
2
032� +61:,

6151516 Whvw gh frqvlvwdqfh dyhf ohv glvwulexwlrqv phvxuìhv

Od iruph +61:, txh qrxv dyrqv rewhqxh srxu oh qr|dx gh o*lqwhudfwlrq qh jdudqwlw sdv gh

srxyrlu uhqguh frpswh ghv phvxuhv = f*hvw xqh frqglwlrq qìfhvvdluh srxu o*lqwhusuìwdwlrq ghv

lqwhudfwlrqv ìohfwurq0ìohfwurq pdlv sdv vx!vdqwh1

Vxu od �jxuh 618/ oh sdudpëwuh V
2
hvw dmxvwì srxu uhqguh frpswh dx plhx{ gh od iruph ghv

irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv xq �o g*ru hw xq �o gh fxlyuh1 O*dooxuh ghv glvwulexwlrqv

2f
Qrxv vxssrvrqv lfl txh od orl g*ìfkhooh hvw yìul�ìh ã wrxwhv ohv srvlwlrqv % gdqv oh �o1
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv
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Ilj1 6181 Wudlwv sohlqv = irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv xq �o gh fxlyuh +sdqqhdx{ gh jdxfkh, hw
gdqv xq �o g*dujhqw +sdqqhdx{ gh gurlwh,/ dx{ srvlwlrq { @ 3=5 +sdqqhdx{ lqiìulhxuv, hw { @ 3=8 +sdqqhdx{
vxsìulhxuv,/ srxu ohv whqvlrqv dssoltxìhv X @ 3=4> 315/ 316 hw 317 pY1 Fhufohv rxyhuwv = irqfwlrqv gh glvwlexwlrq
fdofxoìhv dyhf xq qr|dx ghv lqwhudfwlrqv N+%, @ �5%

�5= Oh sdudpëwuh �5 hvw fkrlvl/ srxu fkdtxh �o/ d�q gh
uhqguh frpswh dx plhx{ ghv grqqìhv1

0 433 0



615 Glvwulexwlrq hq ìqhujlh gdqv ghv �ov gh fxlyuh hw g*ru

fdofxoìhv uhsurgxlw dvvh} elhq qrv phvxuhv/ h{fhswlrq idlwh gh od udlghxu ghv frqwuh pdufkhv

+ã .*eL ' �� hw 3, dx plolhx gx �o gh fxlyuh +sdqqhdx vxsìulhxu jdxfkh,/ grqw od iruph

hvw sduwlfxolëuhphqw vhqvleoh dx{ shwlwv ìfkdqjhv g*ìqhujlh1 Fhw h�hw q*hvw sdv revhuydeoh vxu

ohv glvwulexwlrqv phvxuìhv dx{ srvlwlrqv odwìudohv fdu od uhglvwulexwlrq gh o*ìqhujlh dx qlyhdx

ghv frqwuh0pdufkhv hvw pdvtxìh sdu oh fkdx�djh gh o*ìohfwurgh ã od pdvvh txdqg xq frxudqw

wudyhuvh oh �o1 Gh soxv/ ohv irqfwlrqv gh glvwulexwlrq rewhqxhv dx plolhx gx �o g*ru vrqw

wurs surfkhv gx uìjlph olplwh ghv ìohfwurqv fkdxgv srxu shuphwwuh g*dffìghu gh idêrq dxvvl

gìwdlooìh dx wdx{ g*ìfkdqjh g*ìqhujlh1 Fhw h�hw q*dydlw ìjdohphqw sdv ìwì revhuyì vxu ohv ghx{

ìfkdqwloorqv gh fxlyuh +FxL hw FxLL, phvxuìv xq shx dydqw fhwwh wkëvh/ hw suìvhqwìv gdqv ^5` 1

Fhod ylhqw gh fh txh ohv ìfkdqwloorqv FxL hw FxLL rqw xq wdx{ g*ìfkdqjh g*ìqhujlh uhodwlyhphqw

lpsruwdqw +yrlu od wdeoh 616, txl duurqgl wurs ohv frqwuh0pdufkhv srxu shuphwwuh od plvh hq

ìylghqfh gh fh shwlw h�hw541 Gh soxv/ ohv whfkqltxhv gh phvxuh/ oh wudlwhphqw ghv grqqìhv hw od

surfìgxuh gh gìfrqyroxwlrq rqw ìwì wuëv dssuìfldeohphqw dpìolruìv ghsxlv fhv ghx{ h{sìulhqfhv

slrqqlëuhv1

Qrxv shqvrqv txh o*ìfduw hqwuh ohv glvwulexwlrqv fdofxoìhv hw phvxuìhv hvw vx!vdpphqw

dssuìfldeoh/ frpswh whqx gh od txdolwì ghv �wv gdqv ohv h{sìulhqfhv dyhf ghv �ov g*dujhqw/ srxu

mxvwl�hu o*h{dphq gh surfhvvxv g*ìfkdqjhv g*ìqhujlh lpsoltxdqw g*dxwuhv ghjuìv gh olehuwì1

Qrwrqv txh oh frxsodjh dyhf ohv skrqrqv qh shuphw sdv lfl gh uhqguh frpswh ghv glvwulexwlrqv

phvxuìhv fdu lo hvw ehdxfrxs wurs idleoh hw q*d sdv od erqqh gìshqgdqfh dyhf o*ìqhujlh ìfkdqjìh1

Gh soxv/ qrxv dyrqv yìul�ì txh o*ìqhujlh glvsrqleoh uhvwh gdqv oh v|vwëph g*ìohfwurqv1 Od

phloohxuh suhxyh hq hvw od txdolwì ghv �wv txh qrxv rewhqrqv hq vxssrvdqw txh ohv ìfkdqjhv

g*ìqhujlh vrqw pìglìv sdu ghv v|vwëphv ã ghx{ qlyhdx{ orfdolvìv hw frxsoìv xqltxhphqw dx{

ìohfwurqv +yrlu od vrxv0vhfwlrq 61517,1

61516 Lqwhudfwlrqv hqwuh ìohfwurqv pìglìhv sdu ghv lpsxuhwìv
pdjqìwltxhv

Oh fdofxo shuwxuedwli ghv lqwhudfwlrqv ìohfwurq0lpsxuhwì pdjqìwltxh suìglw xq qr|dx ghv

lqwhudfwlrqv g
4@}

E0� 2 �*02 +yrlu o*ìtxdwlrq +5158, gdqv oh fkdslwuh �Suìglfwlrqv wkìrultxhv�,/

hq dvvh} erq dffrug dyhf od phvxuh ghv ìfkdqjhv g*ìqhujlh1

Lo idxw ìjdohphqw qrwhu txh o*h{suhvvlrq +5158, grlw íwuh frxsìh ã edvvh ìqhujlh/ oruvtxh

2�
Hw gdqv oh fdv gx �o frxuw FxL418/ oh fkdx�djh ghv uìvhuyrluv pdvtxh fhw h�hw/ frpph srxu oh �o g*ru DxL4181
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv

0 1 &
�

A
g

c rü A
g

hvw od whpsìudwxuh gh Nrqgr1 Hq h�hw/ od wkìrulh gh o*h�hw Nrqgr suìglw txh

oh vslq gh o*lpsxuhwì pdjqìwltxh hvw doruv h{dfwhphqw ìfudqwì sdu ohv ìohfwurqv gh frqgxfwlrq1

Fhwwh frxsxuh srxuudlw fruuhvsrqguh dyhf od udlghxu oìjëuhphqw wurs lpsruwdqwh ghv frqwuh0

pdufkhv ghv irqfwlrqv gh glvwulexwlrq phvxuìhv sdu udssruw dx{ fdofxov dyhf oh qr|dx ghv

lqwhudfwlrqv +61:,1

Qrxv q*dyrqv sdv sx idluh g*hvwlpdwlrq txdqwlwdwlyh fdu o*lqwhqvlwì ghv lqwhudfwlrqv ìohfwurq0

lpsxuhwì pdjqìwltxh hvw g*dxwdqw soxv iruwhphqw uhqrupdolvìh yhuv oh kdxw txh ohv ìqhujlhv

vrqgìhv v*dssurfkhqw sdu ydohxuv vxsìulhxuhv gh &
�

A
g

c wudgxlvdqw ohv olplwhv gh o*dssurfkh

shuwxuedwlyh1 Fhwwh uhqrupdolvdwlrq gx frh!flhqw gh frxsodjh hvw hvvhqwlhooh srxu rewhqlu xqh

txdqwlwì revhuydeoh g*ìfkdqjhv g*ìqhujlh fdu od iruph +61:, gx qr|dx ghv lqwhudfwlrqv q*dssdudñw

sdv dx suhplhu ruguh hq shuwxuedwlrq1 Oh fdofxo gh fhw h�hw uhvwh ã idluh1

61517 Hfkdqjhv g*ìqhujlh yld ghv v|vwëphv ã ghx{ qlyhdx{

Qrxv vxssrvrqv lfl txh ohv ìohfwurqv vrqw frxsoìv orfdohphqw ã ghv v|vwëphv ã ghx{ qlyhdx{

xqlirupìphqw glvwulexìv oh orqj gx �o1 Qrxv dyrqv fdofxoì/ gdqv oh fkdslwuh suìfìghqw/ o*h�hw gh

fh w|sh g*lqwhudfwlrqv vxu ohv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv oruvtxh oh frxsodjh ìohfwurq0

v|vwëph ã ghx{ qlyhdx{ hvw vx!vdpphqw idleoh srxu srxyrlu íwuh wudlwì shuwxuedwlyhphqw1

Wrxw vh sdvvh doruv frpph gdqv oh fdv ghv lqwhudfwlrqv hqwuh ìohfwurqv/ pdlv dyhf xq qr|dx gh

o*lqwhudfwlrqg
|*t
E%c 0c isj� txl gìshqg gh od irqfwlrq gh glvwulexwlrq +yrlu o*h{suhvvlrq +5165,, =

g
|*t
E%c 0c isj� ' #

|*t
Em0m�bEm0m�

�E%c 0� n �E%c�0� c +61;,

rü #
|*t
Em0m� hw bEm0m� vrqw/ uhvshfwlyhphqw/ od ghqvlwì gh WOV srxu ohtxhov o*ìfduw hqwuh qlyhdx{

hvw m0m c hw oh frh!flhqw gh frxsodjh pr|hq gh whov WOV dyhf oh  xlgh ìohfwurqltxh/ hw �E%c 0�

hvw uholìh ã od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv sdu o*h{suhvvlrq =

�E%c 0� '

]
_.sE%c.�E�� sE%c. n 0��� +61<,

6151714 H�hw gh od orl g*ìfkhooh

Txhoohv frqwudlqwhv od orl g*ìfkhooh lpsrvh0w0hooh dx qr|dx g
|*t
E%c 0c isj� q

Hq lqmhfwdqw o*h{suhvvlrq +617, gh s
L

E%c.� gdqv o*h{suhvvlrq gh �E%c 0� fl0ghvvxv/ rq rewlhqw =

�E%c 0
o

eL� ' eL

]
_.

o

s
f
E%c.

o

�E�� s
f
E%c.

o

n 0
o

��� +6143,
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615 Glvwulexwlrq hq ìqhujlh gdqv ghv �ov gh fxlyuh hw g*ru

rü s
f
qh gìshqg sdv gh L� Ru od orl g*ìfkhooh revhuyìh h{sìulphqwdohphqw lpsrvh wrxmrxuv

od frqglwlrq EeL�2g
|*t
E%c 0

o

eLc is
L

j� lqgìshqgdqw gh L� Srxu od yìul�hu lo idxw grqf txh oh

surgxlw #
|*t
Em0m�bEm0m� gh od ghqvlwì gh WOV sdu ohxu frxsodjh dyhf oh  xlgh ìohfwurqltxh vrlw

sursruwlrqqho ã �*0� Hq g*dxwuh whuphv/ rq grlw dyrlu =

g
|*t
E%c 0c isj� ' V

|*t
* m0m

�E%c 0� n �E%c�0� c +6144,

rü V
|*t
hvw xq sdudpëwuh txl shxw gìshqguh gh o*ìfkdqwloorq hw gx pìwdo/ hw txl yìul�h V

|*t
*0 '

#
|*t
E0�bE0��

6151715 Frpsdudlvrq dyhf ohv phvxuhv

Hq xwlolvdqw o*h{suhvvlrq +6144, srxu oh qr|dx gh o*lqwhudfwlrq/ qrxv srxyrqv uhqguh frpswh

hq dmxvwdqw oh sdudpëwuh V
|*t

gh wrxwhv ohv irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv ohv �ov

gh fxlyuh hw g*ru1 D wlwuh gh frpsdudlvrq/ od �jxuh 619 suìvhqwh xq idlvfhdx gh irqfwlrqv gh

glvwulexwlrq phvxuì dx plolhx gx �o FxLY8 dyhf/ vxu ohv sdqqhdx{ jdxfkh hw gurlw/ ohv irqfwlrqv

rewhqxhv dyhf o*ìtxdwlrq gh Erow}pdqq hq vxssrvdqw txh ohv ìfkdqjhv g*ìqhujlhv vrqw gìfulwv/

uhvshfwlyhphqw/ sdu xq qr|dx gh o*lqwhudfwlrq g
|*t
E%c 0c isj� grqqì sdu o*h{suhvvlrq +6144,/ hw

xq qr|dx gh o*lqwhudfwlrq gh od iruph gE0� ' V
2
032� Rq revhuyh txh oh sureoëph gh od udlghxu

ghv frqwuh0pdufkhv hvw uìvrox sdu o*lqwurgxfwlrq gh v|vwëphv ã ghx{ qlyhdx{1

Ohv ydohxuv ghv sdudpëwuhv V
2
hw V

|*t
rewhqxhv srxu ohv gl�ìuhqwv ìfkdqwloorqv dyhf ohv ghx{

w|shv gh �w vrqw uìfdslwxoìhv vxu od wdeoh 6161

6151716 Txhooh uìdolwì sk|vltxh srxu ohv WOV B

D sulrul/ qrxv qh frqqdlvvrqv sdv od qdwxuh plfurvfrsltxh ghv WOV1 Wrxwhirlv/ lo srxuudlw v*djlu

gh jurxshv g*dwrphv txl vh uìduudqjhqw vhorq ghx{ frq�jxudwlrqv dwrpltxhv pìwdvwdeohv1

Suìglfwlrqv gh o*dssurfkh shuwxuedwlyh ghv lqwhudfwlrqv ìohfwurq0WOV

Qrxv dyrqv glvfxwì ghx{ srvvlelolwìv gdqv od vhfwlrq 518 frqvdfuìh dx{ lqwhudfwlrqv ìohfwurq0

WOV gdqv oh fkdslwuh �Suìglfwlrqv wkìrultxhv�1 Wrxw g*derug qrxv dyrqv vxssrvì txh o*ìfduw

hq ìqhujlh { hqwuh ohv ghx{ frq�jxudwlrqv dwrpltxhv/ dlqvl txh od wudqvsdudqfh gh od eduulëuh

wxqqho vìsdudqw fhv ghx{ ìwdwv pìwdvwdeohv/ vrqw glvwulexìv xqlirupìphqw1 Fh fdguh plqlpdo

d gìmã idlw vhv suhxyhv gdqv ohv pdwìuldx{ ylwuhx{ +yrlu ^53` hw ohv uìiìuhqfhv tx*lo frqwlhqw,/
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv
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Ilj1 6191 Wudlwv sohlqv = irqfwlrqv gh glvwulexwlrqv phvxuìhv dx fhqwuh gh o*ìfkdqwloorq FxLY8 srxu ohv
whqvlrqv dssoltxìhv X @ 3=4> 315/ 316/ 317 hw 318 pY1 Fhufohv rxyhuwv +sdqqhdx gh jdxfkh, = �wv ghv phvxuhv
dyhf oh qr|dx ghv lqwhudfwlrqv N+%, @ �5%�5= Fduuìv rxyhuwv +sdqqhdx gh gurlwh, = �wv ghv phvxuhv dyhf oh
qr|dx ghv lqwhudfwlrqv Nwov+%, @ �wov%

�4@+k+%, . k+�%,,=

Hfkdqwloorq V
2
+qv3�, V

|*t
+qv3�,

DxL418 b	 � 2f	 2
DxL8 b	 � �.	 2

FxL418 ��e	 f�� 2�D	 f�D
FxL8 �	 f�2 2�D	 f��
FxLL8 2�D	 � S	 2

FxLLL418 2	 � e	 2
FxLLL8 f�S	 f�fD ���D	 f��
FxLY8 f�S	 f�� ��2	 f��D
FxY8k df�DD� f�.o	 f�� d���� ���o	 f��D
FxY8q df�DD� f�Ho	 f�� df�bD� ��DDo	 f��D

Wdeoh 6161 Ydohxuv gh V
2
hw gh V

|*t
rewhqxhv hq �wwdqw ohv irqfwlrqv gh glvwulexwlrqv phvxuìhv

gdqv ohv ìfkdqwloorqv g*ru hw gh fxlyuh vxlydqw o*xq rx o*dxwuh prgëoh +yrlu wh{wh 6151715,1 Ohv
ìfkdqwloorqv FxY8k hw FxY8q rqw vxel soxvlhxuv f|fodjhv wkhupltxhv/ yrlu od wdeoh 616 srxu
oh gìwdlo ghv sdudpëwuhv g*lqwhudfwlrq1

0 437 0



615 Glvwulexwlrq hq ìqhujlh gdqv ghv �ov gh fxlyuh hw g*ru

pdlv frqgxlw ã o*h{suhvvlrq +yrlu o*ìtxdwlrq +516<,, =

#
|*t
E0�bE0� ' UL?t|@?|ic

lqfrpsdwleoh dyhf qrv phvxuhv1 Vl sdu frqwuh/ qrxv vxssrvrqv frpph Udosk hw Exkupdq ^54`

txh { � f +yrlu od vhfwlrq 5181517 gdqv oh fkdslwuh �Suìglfwlrqv wkìrultxhv�,/ doruv rq rewlhqw

elhq +yrlu o*ìtxdwlrq +5173,, =

#
|*t
E0�bE0� ' V

|*t
*0�

Fhwwh ghx{lëph k|srwkëvh grqqh xq uìvxowdw hq dffrug dyhf qrv h{sìulhqfhv pdlv uhvwh pdo

mxvwl�ìh1

Rq shxw ìjdohphqw hqylvdjhu txh oh fdguh wkìrultxh vlpsoh gdqv ohtxho qrxv wudlwrqv ohv

lqwhudfwlrqv ìohfwurq0WOV +dx suhplhu ruguh hq shuwxuedwlrq, qh vrlw sdv dgdswì ã fh sure0

oëph ^4;/4<` 1

O*h�hw Nrqgr ã ghx{ fdqdx{

Oh frxsodjh ìohfwurq0WOV suìvhqwh gh iruwhv dqdorjlhv dyhf ohv lqwhudfwlrqv ìohfwurq0lpsxuhwì

pdjqìwltxh txl lqwhuylhqqhqw gdqv o*h�hw Nrqgr ^58` 1 Ohv ghx{ qlyhdx{ gx WOV hw ohv ghx{

frpelqdlvrqv gh prphqw dqjxodluh txl vh frxsohqw oh plhx{ dx{ WOV fruuhvsrqghqw/ uhvshf0

wlyhphqw/ dx vslq gh o*lpsxuhwì pdjqìwltxh hw dx vslq gh o*ìohfwurq gdqv o*h�hw Nrqgr1 Oh

vslq gh o*ìohfwurq hvw frqvhuyì sdu ohv lqwhudfwlrqv ìohfwurq0WOV1 Dlqvl/ ohv ghx{ ìwdwv gh vslq

ìohfwurqltxh fruuhvsrqghqw ã ghx{ fdqdx{ lqgìshqgdpphqw frxsoìv dx{ WOV1 H{sìulphqwdoh0

phqw rq vrqgh ohv ìohfwurqv vxu xqh jdpph g*ìqhujlh . dxwrxu gh o*ìqhujlh gh Ihupl .
8

� Gdqv

oh wudlwhphqw qrq0shuwxuedwli gh o*h�hw Nrqgr ã ghx{ fdqdx{/ ohv dxwuhv ìohfwurqv +g*ìqhujlh

vxsìulhxuh ã ., uhqrupdolvhqw oh frxsodjh ìohfwurq0WOV suëv gh o*ìqhujlh gh Ihupl hw od ydohxu

gh o*ìfduw hq ìqhujlh . hqwuh ohv ghx{ ìwdwv g*xq WOV1 Fhv fruuhfwlrqv vh surgxlvhqw vxu xqh

ìfkhooh g*ìqhujlh grqqìh sdu od whpsìudwxuh gh Nrqgr A
g

�

Oruvtxh od whpsìudwxuh A hvw lqiìulhxuh ã od whpsìudwxuh gh Nrqgr A 	 A
g

c xq ìwdw

olì vh iruph hqwuh ìohfwurqv hw WOV1 Od qdwxuh gh fhw ìwdw hvw gl�ìuhqwh gdqv o*h�hw Nrqgr

vwdqgdug +ã xq fdqdo, hw gdqv o*h�hw Nrqgr ã ghx{ fdqdx{1 Hq h�hw/ gdqv o*h�hw Nrqgr

vwdqgdug o*lpsxuhwì pdjqìwltxh hvw olìh dqwlihuurpdjqìwltxhphqw ã xq ìohfwurq gh frqgxfwlrq

txl ìfudqwh h{dfwhphqw vrq vslq1 Dlqvl/ o*h�hw gh o*lpsxuhwì pdjqìwltxh vxu ohv sursulìwìv

ìohfwurqltxhv glvsdudñw ã edvvh whpsìudwxuh1 Fh q*hvw sdv oh fdv gdqv o*h�hw Nrqgr ã ghx{
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv

fdqdx{ fdu vl oh WOV v*dwwdfkh xq ìohfwurq gdqv xq fdqdo/ sdu v|pìwulh/ lo grlw hq íwuh gh

píph gdqv o*dxwuh fdqdo1 O*remhw gh �vslq� 425 txl hq uìvxowh/ frpsrvì gh ghx{ ìohfwurqv hw

gx WOV/ vh frxsoh dxvvl dx{ ìohfwurqv gh frqgxfwlrq hw surgxlw xq qrxyho h�hw Nrqgr1 Fhwwh

vìulh lq�qlh55 g*h�hwv Nrqgr qh sduylhqw mdpdlv ã ìfudqwhu ohv lqwhudfwlrqv ìohfwurq0WOV1

Vl rq vxssrvh txh od whpsìudwxuh gh Nrqgr hvw vxsìulhxuh ã 4 N/ ohv ìfkdqjhv g*ìqhujlh

grlyhqw íwuh wudlwìv gdqv oh fdguh frpsoh{h gh o*h�hw Nrqgr ã ghx{ fdqdx{1 Dfwxhoohphqw oh

wkìrulflhq Kdqv Nurkd wudydlooh vxu o*lqwhusuìwdwlrq gh qrv phvxuhv gdqv fh fdguh wkìrultxh1

Oruvtxh od whpsìudwxuh A hvw vxsìulhxuh ã od whpsìudwxuh gh Nrqgr A : A
g

c ohv fruuhfwlrqv

ã od wkìrulh shuwxuedwlyhv vrqw hvvhqwlhoohphqw od uhqrupdolvdwlrq yhuv oh kdxw gx frxsodjh

ìohfwurq0WOV hw o*dxjphqwdwlrq gh od ghqvlwì #
|*t
E0� dx{ shwlwv 0 d2Do� Fh ghx{lëph srlqw hvw

lpsruwdqw fdu lo srxuudlw h{soltxhu od ghqvlwì #
|*t
E0� 2 �*0 qìfhvvdluh srxu h{soltxhu qrv

grqqìhv gdqv oh fdguh shuwxuedwli/ vdqv srxu dxwdqw uhfrxulu ã o*k|srwkëvh gìolfdwh { � f�

Oh sulqflsdo sureoëph gh fhwwh wkìrulh surylhqw gh fh txh ohv hvwlpdwlrqv wkìrultxhv ^59`

lqgltxhqw xqh whpsìudwxuh gh Nrqgr gdqv od jdpph56 A
g

5 d�f3e kc �f32 ko � Vl f*hvw oh

fdv/ ohv fruuhfwlrqv ã od wkìrulh shuwxuedwlyh vrqw qìjoljhdeohv srxu qrwuh h{sìulhqfh vxu ohv

ìfkdqjhv g*ìqhujlh1 Wrxwhirlv/ ohv h{sìulhqfhv phqìhv sdu Udosk hw Exkupdq ^54` / phvxudqw ohv

dqrpdolhv gh frqgxfwdqfh g*xqh qdqr0frqvwulfwlrq gh fxlyuh/ rqw ìwì lqwhusuìwìhv dyhf vxffëv

gdqv oh fdguh gh o*h�hw Nrqgr ã ghx{ fdqdx{ dyhf xqh whpsìudwxuh gh Nrqgr gh o*ruguh gh

8 N1

22
Hq sudwltxh/ o*ìfduw hq ìqhujlh 0 lqwurgxlw xqh dv|pìwulh txl jëoh o*h�hw ghv lqwhudfwlrqv ìohfwurqv0WOV oruvtxh &�A 	 0

2
*Ag �

Fhwwh frxsxuh olplwh dxvvl od vìulh g*h�hwv Nrqgr1

2�
Od vxjjhvwlrq sdu ]dudqg hw ]dzdgrzvnl ^5:` txh ohv ìwdwv h{flwìv gx WOV dxjphqwhqw od whpsìudwxuh gh Nrqgr hvw idxvvh1

Dx frqwudluh ^59/ 5;` / od sulvh hq frpswh frpsoëwh gh fhv h{flwdwlrqv glplqxhqw od ydohxu gh Ag � Qrwh} txh fhv fdofxov vrqw

idlwv hq vxssrvdqw tx*lo h{lvwh xqh v|ppìwulh h{dfwh hqwuh ìohfwurqv hw wurxv1 Wuëv uìfhpphqw/ ]dzdgrzvnl d wurxyì/ hq ohydqw

fhwwh k|srwkëvh/ txh od whpsìudwxuh gh Nrqgr srxydlw dwwhlqguh 433 N +frppqxlfdwlrqv sulyìhv,1
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616 Whvwv h{sìulphqwdx{

616 Whvwv h{sìulphqwdx{

61614 Ohv phvxuhv vxu ghv ìfkdqwloorqv g*dujhqw

Oh erq dffrug txh qrxv rewhqrqv dyhf ohv suìglfwlrqv wkìrultxhv srxu ohv ìfkdqwloorqv

g*dujhqw vljql�h txh/ ql oh vxevwudw gh vlolflxp r{|gì/ ql od jìrpìwulh gh o*ìfkdqwloorq/ ql

ohv oljqhv gh phvxuh txl frqqhfwhqw o*ìfkdqwloorq ã iurlg dx{ dssduhlov vlwxìv ã o*h{wìulhxu gx

uìiuljìudwhxu/ ql oh fkdps ìohfwurpdjqìwltxh uìvlgxho ^5<` / q*rqw xq h�hw dssuìfldeoh vxu ohv

ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv1 Fhod dvvxuh ìjdohphqw txh od vrqgh wxqqho shuphw gh

gìwhuplqhu suìflvìphqw od iruph gh od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv/ hw txh od fdguh

wkìrultxh edvì vxu o*ìtxdwlrq gh Erow}pdqq gl�xvlyh hvw elhq dgdswì ã qrwuh h{sìulhqfh1

61615 Ohv froolvlrqv gh vxuidfh

Ghv v|vwëphv ã ghx{ qlyhdx{/ rx g*dxwuh w|shv gh ghjuìv gh olehuwìv/ orfdolvìv suëv gh

od vxuidfh ghv �ov srxuudlhqw íwuh uhvsrqvdeohv ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv1 Srxu

whvwhu fhwwh ìyhqwxdolwì qrxv dyrqv ideultxì o*ìfkdqwloorq FxLLL frqwhqdqw ghx{ �ov gh fxlyuh

gh <3 qp g*ìsdlvvhxu +frqwuh 78 qp srxu wrxv ohv dxwuhv ìfkdqwloorqv, srxu xqh odujhxu g*hq0

ylurq 483 qp571 Oh qrpeuh uhodwli gh froolvlrqv gh vxuidfh hvw grqf glplqxì dssur{lpdwlyh0

phqw g*xq idfwhxu ghx{ sdu udssruw dx{ dxwuhv ìfkdqwloorqv1 Oh sdudpëwuh V
2
' f�S ?t3�

+rx V
|*t

' ���D ?t3�� h{wudlw gx �w ghv irqfwlrqv gh glvwulexwlrq hvw gdqv od irxufkhwwh gh

sdudpëwuhv rewhqxv vxu o*hqvhpeoh ghv ìfkdqwloorqv gh fxlyuh1 Lo qh vhpeoh grqf sdv | dyrlu g*0

h�hw vljql�fdwli ghv froolvlrqv gh vxuidfh/ pdlv qrxv qh srxyrqv sdv frqfoxuh qhwwhphqw fdu ohv

ydohxuv gh V
2
rx gh V

|*t
srxu ohv dxwuhv ìfkdqwloorqv gh fxlyuh vh glvwulexhqw odujhphqw/ hqwuh

V
2
' f�D hw 518 qv3�c srxu xqh píph ìsdlvvhxu gh 78 qp1

61616 Fkdx�djh ghv uìvhuyrluv

Oruvtx*rq dssoltxh xqh whqvlrq L dx{ eruqhv gx �o pìwdooltxh/ od sxlvvdqfh � ' L 2*2- hvw

lqmhfwìh gdqv fkdfxq ghv ghx{ uìvhuyrluv1 Fhv uìvhuyrluv vrqw ìsdlv +�
-

� eff qp,/ qrwdpphqw

srxu olplwhu ohv h�hwv gx fkdx�djh1 Wrxwhirlv/ oruvtxh od uìvlvwdqfh - gx �o hvw idleoh/ oh

fkdx�djh q*hvw sdv qìjoljhdeoh ^63` 1 Fhw h�hw hvw sduwlfxolëuhphqw ylvleoh vxu ohv �ov frxuwv/

frpph looxvwuì vxu od �jxuh 61: srxu oh �o frxuw hw odujh DxL418 +gh uìvlvwdqfh -E��W��D� '

2e
Gh vruwh txh oh udssruw hqwuh od flufrqiìuhqfh gx �o hw vd vhfwlrq vrlw dssur{lpdwlyhphqw glplqxì g*xq idfwhxu 5 sdu udssruw

ã od jìrpìwulh kdelwxhooh ghv ìfkdqwloorqv gh fxlyuh1
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Ilj1 61:1 Wudlwv frqwlqxv = irqfwlrqv gh glvwulexwlrq phvxuìhv ã X @ 3=4> 315/ 316 hw 317 pY1 Wudlwv srlqwlooìv =
fdofxo dyhf oh qr|dx ghv lqwhudfwlrqv N+%, @ �5@%

5 vdqv whqlu frpswh gx fkdx�djh ghv ìohfwurghv1 Fhufohv
rxyhuwv = irqfwlrqv gh glvwulexwlrqv fdofxoìhv hq whqdqw frpswh gx fkdx�djh1

D�D l� rü ohv oljqhv srlqwlooìhv uhsuìvhqwhqw ohv �wv dyhf oh qr|dx ghv lqwhudfwlrqv gE0� ' V
2
*02

vdqv whqlu frpswh gx fkdx�djh ghv uìvhuyrluv1 Rq yrlw txh ohv frqwuh0pdufkhv fdofxoìhv vrqw

ehdxfrxs wurs udlghv sdu udssruw dx{ phvxuhv581

Srxu ìydoxhu ohv h�hwv gx fkdx�djh/ qrxv frqvlgìurqv od jìrpìwulh gìfulwh vxu od �jxuh 61;

hw qrxv uìvroyrqv o*ìtxdwlrq gh od fkdohxu +518, =

� Z1

2
Y
o

�
oY

o

A 2

e

Eo�
�
' L 2

-�
-

wE�*2� o�

E�*2�2
c +6145,

rü 1 ' Z

2

�

�
&�

e

�
2 * 2�e �f3H Y2k32 hvw oh qrpeuh gh Oruhqw}/ -� hvw od uìvlvwdqfh sdu fduuì

gdqv ohv uìvhuyrluv hw A
e

Eo� hvw od whpsìudwxuh ghv ìohfwurqv ã od glvwdqfh o gh o*hperxfkxuh gx

2D
Qrwh} txh/ oruvtxh qrxv prqwurqv txh ohv irqfwlrqv gh glvwulexwlrqv fdofxoìhv dyhf oh qr|dx ghv lqwhudfwlrqv gE0� ' V2*0

2

vrqw wurs duurqglhv dx qlyhdx ghv frqwuh0pdufkhv +yrlu Ilj1 619,/ qrxv qh whqrqv sdv frpswh gx fkdx�djh txl srxuudlw hqfruh

dxjphqwhu oìjëuhphqw od gl�ìuhqfh hqwuh suìglfwlrqv hw phvxuhv1
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RM

I

O

Ilj1 61;1 Uhsuìvhqwdwlrq vfkìpdwltxh g*xq uìvhuyrluv srxu oh fdofxo gx fkdx�djh frqvìfxwli ã o*lqmhfwlrq
gx frxudqw L dx srlqw R1 D od glvwdqfh UP > txl gìshqg gx frxsodjh ìohfwurq0skrqrq/ od whpsìudwxuh ghv
ìohfwurqv hvw vxssrvìh lghqwltxh ã od whpsìudwxuh gx uìiuljìudwhxu ã gloxwlrq1

�o1 Oh suhplhu whuph gx phpeuh gh gurlwh gh o*ìtxdwlrq +6145, uhqg frpswh gx fkdx�djh ghv

uìvhuyrluv sdu oh frxudqw L gdqv ohv uhvhuyrluv1 Oh phpeuh gh gurlwh gh o*ìtxdwlrq +6145, uhqg

frpswh gh fh txh od sxlvvdqfh L 2*2- hvw lqmhfwìh gdqv fkdtxh uìvhuyrlu591 Srxu whqlu frpswh gh

od wkhupdolvdwlrq sdu ohv lqwhudfwlrqv ìohfwurq0skrqrq qrxv lqwurgxlvrqv oh ud|rq -
�

ã sduwlu

gxtxho qrxv vxssrvrqv txh od whpsìudwxuh ìohfwurqltxh A
e

E-
�

� hvw ìjdoh ã od whpsìudwxuh A
f

gx uìiuljìudwhxu1 Qrxv qìjoljhrqv lfl o*h�hw gh od sxlvvdqfh glvvlsìh gluhfwhphqw sdu oh frxudqw

U ' L*- gdqv ohv uìvhuyrluv1 Od uìvroxwlrq gh o*ìtxdwlrq +6145, grqqh srxu o : �*2 =

A
e

Eo� '

t
A 2

f
n EkL�2 *?d-

�

*ooc +6146,

rü k2 ' -�

Z-1
� Srxu qrv ìfkdqwloorqv/ k2- � � l �k2*4V2c gh vruwh txh srxu oh �o g*ru DxL418

rq v*dwwhqg/ hq qìjoljhdqw o*h�hw gx orjdulwkph *?do*-
�

o gdqv o*h{suhvvlrq suìfìghqwh/ ã fh

txh ohv h�hwv gh fkdx�djh grplqhqw vxu od whpsìudwxuh gh edvh gx uìiuljìudwhxu A
f
� Df pN

oruvtxh L ) �ff >Y1 Lo idxw uhpdutxhu txh od whpsìudwxuh dx{ eruqhv gx �o hvw sursruwlrqqhooh

ã od whqvlrq oruvtxh oh fkdx�djh hvw lpsruwdqw/ dlqvl fh fkdx�djh yìul�h od orl g*ìfkhooh revhuyìh

gdqv ohv �ov gh fxlyuh hw g*ru1

2S
Gdqv oh �o o*ìqhujlh glvsrqleoh hvw hvvhqwlhoohphqw uhglvwulexìh hqwuh ohv ìohfwurqv hw qrq sdv glvvlsìh yhuv g*dxwuh ghjuìv gh

olehuwì frxsoìv gluhfwhphqw dx wkhuprvwdw frpph ohv skrqrqv1
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Fkdslwuh 6 Frpsdudlvrq hqwuh ohv irqfwlrqv gh glvwulexwlrq phvxuìhv hw ohv suìglfwlrqv wkìrultxhv

Qrxv srxyrqv uhqguh frpswh ghv irqfwlrqv gh glvwulexwlrqv phvxuìhv gdqv o*ìfkdqwloorq

DxL418 dyhf ghv lqwhudfwlrqv ìohfwurq0ìohfwurq dqrupdohv rx ghv lqwhudfwlrqv ìohfwurq0WOV/ hq

vxssrvdqw txh k
s
*?d-

�

*�o * f�DH k �4V3� srxu o*ìohfwurgh ã od pdvvh hw k
s
*?d-

�

*�o *
f�H� k4V3� srxu o*ìohfwurgh dx srwhqwlho L +yrlu ohv fhufohv rxyhuwv vxu od �jxuh 61:,1 Fhwwh

gl�ìuhqfh gdqv oh fkdx�djh uh ëwh ohv gl�ìuhqfhv jìrpìwultxhv hqwuh ohv ghx{ ìohfwurghv = o*ìohf0

wurgh ã od pdvvh hvw xq ghpl0sodq wdqglv txh o*ìohfwurgh dx srwhqwlho L hvw soxv surfkh g*xq

txduw gh sodq +yrlu sdu h{hpsoh od �jxuh 517 gdqv oh fkdslwuh �Whfkqltxhv h{sìulphqwdohv�,1

Hq sudwltxh/ ohv h�hwv gh fkdx�djh vrqw dssuìfldeohv vxu wrxv ohv �ov gh 418 >p +FxL418/

FxLLL418/ DxL418,/ hw ìjdohphqw vxu ohv �ov FxLLL8 hw DxL8 txl vrqw shx uìvlvwliv/ pdlv wuëv shx

vxu ohv dxwuhv ìfkdqwloorqv1

61617 H�hw gh od glvwulexwlrq kruv0ìtxloleuh gdqv oh �o vxu od ghqvlwì
g*ìwdwv EFV gdqv oh grljw gh phvxuh vxsudfrqgxfwhxu

Qdur}kq| hw do1 ^64` rqw vxjjìuì txh ohv glvwulexwlrqv hq ìqhujlh dqrupdohv txh qrxv revhu0

yrqv gdqv ohv �ov gh fxlyuh hw g*ru uìvxowhqw g*xq duurqgl gh od ghqvlwì g*ìwdwv gdqv oh grljw gh

phvxuh vxsudfrqgxfwhxu sdu ohv  xfwxdwlrqv gx frxudqw gdqv oh �o pìwdooltxh1 Qrxv shqvrqv

txh fhwwh h{solfdwlrq q*hvw sdv ydodeoh srxu qrwuh h{sìulhqfh srxu 6 udlvrqv =

+l, Hooh hvw lqfrpsdwleoh dyhf oh idlw h{sìulphqwdo txh o*duurqgl ghv irqfwlrqv gh glvwulexwlrq

hvw soxv judqg srxu ohv �ov soxv orqjv/ doruv txh oh euxlw hq frxudqw glplqxh sxlvtxh od uìvlvwdqfh

gx �o dxjphqwh1

+ll, Qrxv q*revhuyrqv sdv fhw h�hw vxu ghv �ov g*dujhqw1

+lll, Oh grljw gh phvxuh hq doxplqlxp hvw hq erq pìwdo/ dyhf xqh uìvlvwdqfh sdu fduuì

-� � 2 lc txl grqqh xq h�hw qìjoljhdeoh/ píph gdqv od jìrpìwulh wuëv idyrudeoh5: hqylvdjìh

sdu Qdur}kq| hw do1 ^64` gdqv ohxuv fdofxov1 Hq h�hw/ ohv dxwhxuv wurxyhqw txh ohv fruuhfwlrqv ã

od ghqvlwì g*ìwdwv vrqw g*ruguh -�*-g

� �f3ec rü -
g

* 2D�H !l hvw oh txdqwxp gh uìvlvwdqfh

+yrlu Ht1 +5154, gdqv ^64` ,1

61618 H�hw gh od frxfkh g*doxplqh vxu oh grljw gh phvxuh
vxsudfrqgxfwhxu

Lo d ìwì sursrvì ^4;` txh od �qh frxfkh g*doxplqh/ txl vhuw gh eduulëuh wxqqho hqwuh oh grljw

2.
Gdqv ohxu fdofxov/ lo q*| d sdv gh mrqfwlrq wxqqho hqwuh oh �o pìwdooltxh dxtxho xqh whqvlrq L hvw dssoltxìh hw oh �o

vxsudfrqgxfwhxu1
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3.3 Tests expérimentaux

de mesure supraconducteur et le …l métallique, soit à l’origine d’un surcroît de défauts dans le

réseau atomique au niveau de la jonction, dans les échantillons de cuivre et d’or. Ces défauts

pourraient engendrer des systèmes à deux niveaux couplés au ‡uide électronique.

Fig. 3.9. Photographie au microscopique électronique de l’échantillon CuV5® fabriqué pour tester l’e¤et
sur les échanges d’énergie, de la couche d’alumine sous le …l au niveau du doigt de mesure. Dans ce but,
nous avons arti…ciellement rajouté une sous-couche d’alumine (dont le contour est surligné en blanc) sur la
partie gauche du …l. Tandis que le …l CuV5¯ (non visible sur la photographie) fabriqué simultanément, sur
le même échantillon, ne comporte pas ces sous-couches additionnelles.

A…n de tester cette éventualité nous avons fabriqué l’échantillon CuV qui contient deux …ls

de cuivre de 5 ¹m de long, l’un (CuV5¯) fabriqué de manière habituelle, et l’autre (CuV5®)

comprenant sous sa partie gauche une …ne couche d’aluminium oxydé (voir …gure 3.9) déposé

et en même temps que le doigt de mesure. Si les échanges d’énergie entre électrons étaient

facilités par la barrière tunnel, alors nous devrions observer dans ce second …l à la fois un plus

grand taux d’échange d’énergie que dans le …l de référence (fabriqué simultanément), et une

asymétrie des échanges d’énergie entre les deux côtés du …l.

Les distributions mesurées au milieu du …l CuV5® sont tracées en traits continus sur la

…gure 3.10. Il est possible de rendre compte précisément de ces distributions en supposant

que les échanges d’énergie sont médiés par des systèmes à deux niveaux répartis de manière

uniforme sur toute la longueur du …l (carrés ouverts sur la …gure 3.10). De plus, le coe¢cient

·tls n’est pas supérieur pour ce …l à celui obtenu pour l’autre …l de géométrie standard (voir la

prochaine sous-section). Ceci montre que les jonctions tunnel qui servent à mesurer la fonction

de distribution des électrons ne sont pas responsables des échanges d’énergie anormaux dans
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Ilj1 61431 Ilwv ghv irqfwlrqv gh glvwulexwlrqv phvxuìhv srxu ohv whqvlrqv dssoltxìhv X @ 3=4> 315/ 316/ 317
hw 318 pY vxu oh �o FxY8� hq vxssrvdqw txh ohv ìfkdqjhv g*ìqhujlh vrqw pìglìv sdu ghv v|vwëphv ã ghx{
qlyhdx{ uìsduwlv gh pdqlëuh krprjëqh vxu oh �o1
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o*ru hw oh fxlyuh1

61619 H�hw ghv f|fodjhv wkhupltxhv

Qrxv dyrqv h�hfwxì soxvlhxuv f|fodjhv wkhupltxhv vxu o*ìfkdqwloorq FxY srxu whvwhu vl oh

qrpeuh ghv ìyhqwxhov v|vwëphv ã ghx{ qlyhdx{ gdqv oh �o shxw ydulhu1

Oh uìvxowdw gh fh whvw hvw uìvxpì vxu od wdeoh 6171 Qrxv revhuyrqv ghv yduldwlrqv vljql�fd0

wlyhv gh V
|*t

wudgxlvdqw xq h�hw gh fhv f|fodjhv wkhupltxhv vxu ohv �fdwdo|vhxuv� ghv ìfkdqjhv

g*ìqhujlh hqwuh ìohfwurqv1 Fh ghuqlhu whvw hvw grqf idyrudeoh ã o*lqwhusuìwdwlrq ghv ìfkdqjhv

g*ìqhujlh dqrupdx{ gdqv ohv �ov gh fxlyuh hw g*ru sdu xq frxsodjh ìohfwurq0WOV pdlv qh frq0

wuhglw sdv od srvvlelolwì txh ohv lqwhudfwlrqv hqwuh ìohfwurqv vrlhqw pìglìhv sdu ghv lpsxuhwìv

pdjqìwltxhv1
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FxY8k FxY8q
Uhiurlglvvhphqw gh o*ìfkdqwloorq

V
|*t
+qv3�, qrq phvxuì f�bD	 f�fD

f|fodjh wkhupltxh ã A ' �ff N
dyhf plvh ã o*dlu gh o*ìfkdqwloorq

V
|*t
+qv3�, ���D	 f�� qrq phvxuì

f|fodjh wkhupltxh ã A ' �ff N
dyhf plvh ã o*dlu gh o*ìfkdqwloorq

V
|*t
+qv3�, ���	 f�fD qrq phvxuì

f|fodjh wkhupltxh ã A ' �f N
V
|*t
+qv3�, f�bD	 f�fD ���D	 f��

f|fodjh wkhupltxh ã A ' �ff N
dyhf plvh ã o*dlu gh o*ìfkdqwloorq

V
|*t
+qv3�, ��2	 f�fD ��e	 f��

f|fodjh wkhupltxh ã A ' ef N
V
|*t
+qv3�, ���D	 f�fD ��eD	 f��

f|fodjh wkhupltxh ã A ' �ef N
V
|*t
+qv3�, ��2	 f�fD ��D�	 f��

Wdeoh 6171 H�hw ghv f|fodjhv wkhupltxhv vxu ohv ìfkdqjhv g*ìqhujlh gdqv o*ìfkdqwloorq FxY1
Oruv ghv f|fodjhv wkhupltxhv ã 63/ 73 hw 473 N/ o*ìfkdqwloorq hvw h{srvì ã xqh suhvvlrq gh
txhotxhv �f3� pedu g*Kh61
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Chapitre 4
Interactions entre électrons et e¤et de
proximité
Ce chapitre reproduit l’article intitulé “Multiple Andreev Re‡ections in Di¤usive SNS Junc-

tions”, par F. Pierre, A. Anthore, H. Pothier, C. Urbina et D. Estève, soumis à Phys. Rev.

Lett.

Cet article présente la mesure des fonctions de distribution en énergie des électrons dans

un …l d’argent connecté à des réservoirs supraconducteurs. La structure des fonctions de

distribution y est plus riche que dans la géométrie habituelle en raison des ré‡exions d’Andreev

multiples qu’un électron subit aux interfaces avec les électrodes supraconductrices avant de

sortir du …l. Nous rendons compte précisément de la forme des fonctions de distribution

mesurées en tenant compte des ré‡exions d’Andreev, des interactions électron-électron, et des

interactions électron-phonon.

L’expérience présentée dans cette article ouvre la porte à une nouvelle série d’expériences

sur l’e¤et de proximité à l’équilibre et hors équilibre. La prochaine étape est de mesurer

le minigap qui apparaît par e¤et de proximité dans la densité d’états du métal normal, en

fonction du supercourant qui traverse le …l : lorsque le supercourant est proche du courant

critique les deux réservoirs supraconducteurs sont pratiquement en opposition de phase et le

minigap doit s’annuler. On peut aussi mesurer l’in‡uence de la distribution en énergie des

électrons sur la densité d’états à une particule dans le …l. Pour faire ces expériences, il su¢t

de remplacer le doigt de mesure supraconducteur par un doigt de mesure en métal normal.





Pxowlsoh Dqguhhy Uh hfwlrqv lq Gl�xvlyh VQV Mxqfwlrqv

I1 Slhuuh/ D1 Dqwkruh/ K1 Srwklhu/ F1 Xuelqd dqg G1 Hvwhyh
Vhuylfh gh Sk|vltxh gh o*Hwdw Frqghqvì/ Frpplvvduldw ã o*Hqhujlh Dwrpltxh/ Vdfod|/ <44<4 Jli0vxu0\yhwwh/ Iudqfh

Zh kdyh shuiruphg wkh wxqqho vshfwurvfrs| ri wkh hqhuj| glvwulexwlrq ixqfwlrq ri txdvlsdu0
wlfxohv lq 80>63orqj vloyhu zluhv frqqhfwhg wr vxshufrqgxfwlqj uhvhuyrluv eldvhg dw gl�huhqw
srwhqwldov1 Wkh glvwulexwlrq ixqfwlrq sE.� suhvhqwv vhyhudo vwhsv/ zklfk duh pdqlihvwdwlrqv/
urexvw wr ghskdvlqj/ ri pxowlsoh Dqguhhy Uh hfwlrqv dw wkh QV lqwhuidfhv1 Wkh urxqglqj ri wkh
vwhsv lv zhoo h{sodlqhg e| hohfwurq0hohfwurq lqwhudfwlrqv1

Wkh prgl�hg surshuwlhv ri d qrupdo +l1h1 qrq0
vxshufrqgxfwlqj, phwdoolf hohfwurgh zkhq lw lv frqqhfwhg
wr d vxshufrqgxfwlqj rqh/ d skhqrphqrq fdoohg �sur{lp0
lw| h�hfw�/ kdyh ehhq hqoljkwhg e| h{shulphqwv rq phvr0
vfrslf ghylfhv ^4`1 Lq phwdoolf qdqrvwuxfwxuhv/ htxlole0
ulxp surshuwlhv/ vxfk dv wkh ghqvlw| ri vwdwhv ^5`/ wkh
frqgxfwlylw| ^6` ru wkh vxshufxuuhqw ^7`/ duh qrz zhoo h{0
sodlqhg1 Wkh sursdjdwlrq ri wkh fruuhodwlrqv ehwzhhq
wlph0uhyhuvhg vwdwhv iurp d vxshufrqgxfwru lqwr d gl�x0
vlyh qrupdo phwdo lv ghvfulehg e| wkh Xvdgho htxdwlrqv
^8`/ zklfk dsso| wr vlwxdwlrqv zkhuh doo vxshufrqgxfwruv
duh dw wkh vdph srwhqwldo1 Lq wklv Ohwwhu/ zh dgguhvv
dq rxw0ri0htxloleulxp vlwxdwlrq/ lq zklfk wzr vxshufrq0
gxfwruv frqqhfwhg wkurxjk d orqj +O @ 8 �p,/ gl�x0
vlyh qrupdo zluh/ duh eldvhg dw gl�huhqw srwhqwldov +vhh
Ilj1 4,1 Zh kdyh phdvxuhg wkh hqhuj| glvwulexwlrq ixqf0
wlrq ri txdvlsduwlfohv lq wkh plggoh ri wkh zluh/ zklfk lv
h{shfwhg wr eh vwurqjo| prgl�hg e| wkh suhvhqfh ri vx0
shufrqgxfwruv dw wkh hqgv/ vlqfh txdvlsduwlfohv fdq rqo|
hvfdsh wkh zluh li wkhlu hqhuj| h{fhhgv wkh hqhuj| jds
� ri wkh vxshufrqgxfwru1 Wkhuhiruh/ lq wkh suhvhqfh ri
dq| �qlwh yrowdjh dfurvv wkh zluh/ wkh txdvlsduwlfohv lq
wkh zluh duh h{shfwhg wr eh �khdwhg� xs wr wkh jds hq0
huj| ^9`1 D txdqwlwdwlyh ghvfulswlrq iroorzv iurp wkh frq0
fhsw ri pxowlsoh Dqguhhy uh hfwlrqv/ zklfk kdv uhfhqwo|
suryhq wr ghvfuleh lq juhdw ghwdlov wkh fxuuhqw0yrowdjh
fkdudfwhulvwlf ^:`/ wkh qrlvh ^;` dqg wkh vxshufxuuhqw ^<`
lq dwrplf srlqw frqwdfwv ehwzhhq vxshufrqgxfwruv1 Wkh
Dqguhhy uh hfwlrq frqvlvwv lq wkh uh hfwlrq ri d txdvl0
hohfwurq lqwr d txdvlkroh +ru ylfh0yhuvd, dw wkh Q vlgh
ri dq QV lqwhuidfh/ d surfhvv zklfk wudqvihuv d Frrshu
sdlu lqwr wkh vxshufrqgxfwru1 Wkh hqhujlhv ri wkh wzr
txdvlsduwlfohv lqyroyhg duh v|pphwulfdo zlwk uhjdug wr
hohfwurfkhplfdo srwhqwldo ri wkh vxshufrqgxfwru1 Zkhq
wzr vxshufrqgxfwruv duh suhvhqw/ vxffhvvlyh Dqguhhy uh0
 hfwlrqv dw erwk vxshufrqgxfwruv ohdg wr d surjuhvvlyh
ulvh ri wkh txdvlsduwlfoh hqhujlhv/ wloo wkh vxshufrqgxfwlqj
jds lv h{fhhghg1 Lq vkruw srlqw frqwdfwv wkh vxffhvvlyh
pxowlsoh Dqguhhy uh hfwlrqv dw erwk vxshufrqgxfwruv duh
frkhuhqw/ dqg ohdg/ lq dq xqeldvhg vlwxdwlrq/ wr wkh iru0
pdwlrq ri erxqg vwdwhv lq wkh frqwdfw uhvsrqvleoh iru wkh
vxshufxuuhqw ^43`/ dqg xqghu eldv wr vwurqj qrq0olqhdulwlhv
lq wkh fxuuhqw yrowdjh fkdudfwhulvwlfv1 Lq orqj zluhv/ wkh
ghskdvlqj ehwzhhq wudmhfwrulhv ri gl�huhqw ohqjwkv dqg
wkh �qlwh skdvh frkhuhqfh ohqjwk ri vlqjoh txdvlsduwlfohv

zdvk0rxw wkhvh h�hfwv1 Qhyhuwkhohvv/ pxowlsoh lqfrkhuhqw
Dqguhhy uh hfwlrqv ohdyh wkhlu wudfh lq wkh vkdsh ri wkh
hqhuj| glvwulexwlrq ixqfwlrq i+H, ri wkh txdvlsduwlfohv/
dv zh ghvfuleh qrz1

∆

µ µ

∆

µ µ

ILJ1 4= Ohiw= od|rxw ri wkh h{shulphqw= d yrowdjh X lv ds0
solhg ehwzhhq wzr vxshufrqgxfwruv +V, frqqhfwhg wkurxjk d
qrupdo zluh +Q, ri ohqwk O= D vxshufrqgxfwlqj sureh hohf0
wurgh/ �jxuhg zlwk dq duurz/ irupv d wxqqho mxqfwlrq zlwk wkh
fhqwudo sduw ri wkh zluh1 Wrs fhqwhu dqg wrs uljkw= uhsuhvhqwd0
wlrq lq wkh hqhuj| +krul}rqwdo d{lv, dqg srvlwlrq +yhuwlfdo d{lv,
vsdfh ri wkh txdvlsduwlfoh sdwkv uhvsrqvleoh iru wkh fxuuhqw
wkurxjk wkh qrupdo zluh1 Wkh h{flwdwlrq vshfwuxp ri wkh wrs
dqg erwwrp vxshufrqgxfwruv kdv d jds 5� fhqwhuhg rq wkhlu
hohfwurfkhplfdo srwhqwldov �

w
dqg �

e
+�

w
� �

e
@ hX,> zlwk

txdvlhohfwurq vwdwhv rffxslhg dw qhjdwlyh hqhujlhv +gdun duhdv,
dqg hpsw| +oljkw jud| duhdv, dw srvlwlyh hqhujlhv1 Txdvlsdu0
wlfoh sdwkv frqvlvw ri txdvlhohfwurq +gdun glvnv, dqg txdvlkroh
+oljkw jud| glvnv, wudmhfwrulhv dw v|pphwulf hqhujlhv derxw �

w

ru �
e
> frqqhfwhg e| Dqguhhy uh hfwlrq1 Wkh duhd ri wkh glvnv

lv sursruwlrqqdo wr wkh rffxsdwlrq idfwru ri wkh txdvlsduwlfoh
vwdwh/ zklfk ydulhv olqhduo| dorqj wkh sdwk iurp 4 wr 3= Wkh
erwwrp sorwv duh wkh hqhuj| glvwulexwlrq ixqfwlrqv dw wkh fhq0
whu ri wkh zluh/ dw hX A 5� +fhqwhu, dqg � ? hX ? 5�
+uljkw,1

Lq rughu wr irfxv rq wkh pdlq skhqrphqrq/ zh �uvw
pdnh wkh iroorzlqj vlpsoli|lqj dvvxpswlrqv= l, hohfwurq0
hohfwurq lqwhudfwlrqv duh qhjohfwhg> ll, wkh uhqrupdolvd0
wlrq ri wkh gl�xvlrq frqvwdqw lq wkh qrupdo zluh e| sur{0
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lplw| h�hfw lv qhjohfwhg> lll, wkh suredelolw| ri Dqguhhy
uh hfwlrq lv wdnhq htxdo wr 4 iru txdvlsduwlfoh hqhujlhv
zlwklq wkh jds/ dqg wr 3 hovhzkhuh1 Xqghu dvvxpswlrqv l,
dqg ll,/ wkh glvwulexwlrq ixqfwlrq ydulhv olqhduo| zlwk wkh
srvlwlrq[ dorqj wkh zluh ^44`1 Gxh wr Dqguhhy uh hfwlrq/
wkh rffxsdwlrq idfwru iru txdvlhohfwurqv dqg txdvlkrohv dw
v|pphwulfdo hqhujlhv derxw wkh hohfwurfkhplfdo srwhqwldo
� ri wkh vxshufrqgxfwru duh htxdo dw wkh QV lqwhuidfhv/
dv zhoo dv wkhlu judglhqwv1 Rqh fdq wkhuhiruh gh�qh txdvl0
sduwlfoh sdwkv ehwzhhq rffxslhg txdvlsduwlfoh vwdwhv dqg
hpsw| txdvlsduwlfoh vwdwhv lq wkh vxshufrqgxfwruv/ dorqj
zklfk erwk wkh qdwxuh ri wkh txdvlsduwlfoh dqg lwv hqhuj|
fkdqjh dw hdfk QV lqwhuidfh1 Wkh rffxsdqf| i ri wkh txd0
vlsduwlfoh vwdwh rq wklv gl�xvlyh sdwk ydulhv frqwlqxrxvo|
iurp 4 wr 3 dorqj wkh wudmhfwru|/ zlwk d judglhqw jlyhq
e| wkh lqyhuvh ri wkh ohqjwk ri wkh wudmhfwru|1 Khqfh/ i
lv vlpso|/ dw d jlyhq srlqw ri d wudmhfwru|/ wkh uhpdlqlqj
iudfwlrq ri wkh sdwk ohqjwk1 Wkh glvwulexwlrq ixqfwlrq
i+H,> zklfk lv gh�qhg iru txdvlhohfwurqv/ lv wkhq htxdo
wr i dw d srlqw zkhuh wkh txdvlsduwlfoh rq wkh frqvlghuhg
wudmhfwru| lv d txdvlhohfwurq/ dqg wr 4 � i zkhuh lw lv d
txdvlkroh1 Wklv doorzv wr ghwhuplqh wkh glvwulexwlrq ixqf0
wlrq dv d ixqfwlrq ri hqhuj| dqg srvlwlrq lq wkh zluh1 Wzr
h{dpsohv duh looxvwudwhg lq Ilj1 41 Lq wkh �uvw rqh/ wkh
yrowdjh X @ +�

w
��

e
,@h lv odujhu wkdq 5�@h +zlwk �

w
dqg

�
e
wkh hohfwurfkhplfdo srwhqwldov ri wkh wzr vxshufrqgxf0

wruv,1 Wkh ohiwprvw txdvlsduwlfoh sdwk rq Ilj1 4/ odehoohg
d> lv hplwwhg iurp �oohg txdvlhohfwurq vwdwhv lq wkh wrs vx0
shufrqgxfwru dw dq hqhuj| H ehwzhhq �

e
�� dqg �

e
.�=

Wklv txdvlhohfwurq lv wkhq uh hfwhg dv d txdvlkroh dw wkh
erwwrp QV lqwhuidfh/ dw dq hqhuj| v|pphwulfdo derxw �

e
=

Lw lv wkhq devruehg lq wkh wrs vxshufrqgxfwru zkhuh txd0
vlkroh vwdwhv duh xqrffxslhg dw wkh fruuhvsrqglqj hqhuj|
+vlqfh txdvlhohfwurq vwdwhv duh �oohg,/ dqg wkh txdvlsdu0
wlfoh sdwk kdv d wrwdo ohqjwk 5O= Dw wkh hqhuj| ri wkh
txdvlhohfwurq/ wkh srvlwlrq [ @ O@5 lv uhdfkhg zkhq 6@7
ri wkh wrwdo sdwk uhpdlqv/ wkhuhiruh i+H, @ 6@7= Wkh
vhfrqg sdwk lq Ilj1 4/ odehoohg e> kdv ohqjwk O = txd0
vlhohfwurqv iurp wkh wrs vxshufrqgxfwru zlwk dq hqhuj|
ehwzhhq �

e
.� dqg �

w
�� duh devruehg lq wkh erwwrp

vxshufrqgxfwru diwhu rqh wudyhuvdo ri wkh zluh1 Wkhuh0
iruh i+H, @ 4@5 dw [ @ O@5= Wkh wklug sdwk/ odehoohg
f> uhvhpeohv sdwk d> zlwk dq lqyhuvlrq ri txdvlkrohv dqg
txdvlhohfwurqv1 Rqh rewdlqv wkxv i+H, @ 4 � 6@7 @ 4@7
dw wkh plggoh ri wkh zluh1 Dowrjhwkhu/ wkh hqhuj| glv0
wulexwlrq ixqfwlrq dw [ @ O@5 suhvhqwv wkuhh vwhsv/ dw
6@7 +zlgwk 5�,> 425 +zlgwk hX � 5�, dqg 427 +zlgwk
5�,1 Wkh uljkw gldjudp ri Ilj1 4 ghdov zlwk wkh fdvh
� ? hX ? 5�= Wkh vwhsv ri i+H, dw 6@7 dqg 4@7
duh vwloo suhvhqw/ vlqfh wkh sdwkv ri ohqjwk 5O ri wkh
iruphu gldjudp +qrw uhsurgxfhg khuh, duh vwloo uhohydqw
iru wkh hqhuj| lqwhuydov ^�

e
.�� hX >�

e
��. hX ` dqg

^�
w
.�� hX >�

w
��. hX ` = D qhz w|sh ri sdwk dsshduv/

odehoohg g> zlwk ohqjwk 6O1 Rqh rewdlqv wkhq wkuhh h{wud
vwhsv lq i+H,> dw 8@9> 4@5 dqg 4@91 Pruh jhqhudoo|/ pxo0
wlsoh Dqguhhy uh hfwlrqv ohdg wr wkh dsshdudqfh ri vwhsv
lq i+H, dw hqhujlhv ehwzhhq �

e
� � dqg �

w
. �= Wkh

qxpehu ri vwhsv lv 5 � lqw+5�
hX

, . 6/ dqg wkh vxp ri wkh

zlgwkv ri wzr vxffhvvlyh vwhsv lv hX= Lq wkh olplw X $ 3>
i+H, ydulhv olqhduo| iurp 4 dw H @ �� wr 3 dw H @ �= Wr
frqfoxgh zlwk/ wklv vlpsoh prgho suhglfwv d vwdlufdvh sdw0
whuq lq wkh hqhuj| glvwulexwlrq ixqfwlrq/ zklfk gluhfwo|
uhyhdov pxowlsoh Dqguhhy uh hfwlrqv1
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ILJ1 5= Glvwulexwlrq ixqfwlrqv dw wkh plggoh ri wkh zluh ri
vdpsoh &4/ zkhq wkh uhvhuyrluv duh lq wkh vxshufrqgxfwlqj
vwdwh ru lq wkh qrupdo vwdwh +lqvhw,/ iru gl�huhqw ydoxhv ri wkh
eldv yrowdjh X= V|perov duh h{shulphqwdo gdwd/ grwwhg olqhv
duh wkh h{shfwdwlrqv ri wkh vlpsol�hg wkhru| zlwk pxowlsoh
Dqguhhy uh hfwlrqv dorqh dv lq Ilj1 4/ dqg vrolg olqhv fruuh0
vsrqg wr wkh uhvroxwlrq ri wkh Erow}pdqq htxdwlrq zlwk wkh
Frxorpe lqwhudfwlrq whup1

Zh uhsruw uhvxowv rewdlqhg rq wzr vdpsohv/ ideul0
fdwhg e| vkdgrz pdvn hydsrudwlrq lq rughu wr rewdlq
wkh frpsohwh vwuxfwxuh vfkhpdwlfdoo| ghvfulehg lq Ilj1 41
Wkh qrupdo phwdo 78 qp0wklfn zluhv duh pdgh ri vlo0
yhu1 Wkh zluh ohqjwk ri vdpsoh&4 +uhvs1 vdpsoh &5,
lv O @ 8=48 �p +uhvs1 8=9 �p,/ wkh zlgwk z @ ;3 qp
+uhvs1 :3 qp,/ wkh qrupdo vwdwh uhvlvwdqfh/ phdvxuhg dw
odujh yrowdjh/ U @ 6; 
 +uhvs1 8; 
,1 Lq vdpsoh &4/
wkh zluh h{whqgv dw erwk hqgv lqwr odujh frqwdfw sdgv
zklfk duh fryhuhg e| d 633 qp0wklfn doxplqxp od|hu1
Wkh uhvhuyrluv duh wkhuhiruh elod|huv ri Dj dqg Do/ dqg
kdyh wkxv d uhgxfhg vxshufrqgxfwlqj jds1 Lq vdpsoh &5/
wkh frqwdfw sdgv kdyh qr xqghuo|lqj vloyhu od|hu rq d uhf0
wdqjoh ri 633� 833 qp5 mxvw dw wkh hqgv ri wkh zluh/ lq
rughu wr rewdlq d odujhu vxshufrqgxfwlqj jds1 D wxq0
qho mxqfwlrq lv iruphg dw wkh plggoh ri wkh zluh +dqg/
rq vdpsoh &5/ dovr dw 4=58 �p iurp wkh wrs hohfwurgh,/
zlwk d 433 qp0zlgh doxplqxp sureh hohfwurgh1 Wkh vdp0
sohv zhuh prxqwhg lq d vklhoglqj frsshu er{ rq d vdpsoh
kroghu wkhupdoo| dqfkruhg wr wkh pl{lqj fkdpehu ri d
gloxwlrq uhiuljhudwru1 Doo frqqhfwlqj olqhv wr wkh vdpsohv
duh �owhuhg dw 715 N dqg dw wkh vdpsoh whpshudwxuh1 Wkh
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h{shulphqw frqvlvwv lq phdvxulqj wkh gl�huhqwldo frqgxf0
wdqfh gL@gY +Y , ri wkh sureh mxqfwlrq zkhq d yrowdjh X
lv dssolhg dfurvv wkh zluh1 Xqghu wkh dvvxpswlrq wkdw
wkh ghqvlw| ri vwdwhv ri wkh qrupdo zluh lv frqvwdqw dw
wkh srvlwlrq ri wkh sureh mxqfwlrq/ dqg wkdw wkh whpshud0
wxuh ri wkh sureh hohfwurgh uhpdlqv qhjoljhdeoh frpsduhg
wr wkh fulwlfdo whpshudwxuh ri doxplqxp/ wkh gl�huhq0
wldo frqgxfwdqfh ri wkh mxqfwlrq lv vlpso| d frqyroxwlrq
surgxfw ri wkh ghulydwlyh ri wkh ghqvlw| ri vwdwhv ri wkh
vxshufrqgxfwru dqg ri wkh glvwulexwlrq ixqfwlrq lq wkh
zluh ^45/ 44`1 Zh ghfrqyroyh wkh gdwd qxphulfdoo|/ di0
whu ghwhuplqlqj wkh mxqfwlrq uhvlvwdqfh dqg jds hqhuj|
dw htxloleulxp +X @ 3, zkhuh i+H, lv h{shfwhg wr eh d
Ihupl ixqfwlrq1 Lq Ilj1 5/ zh suhvhqw zlwk rshq v|p0
erov wkh glvwulexwlrq ixqfwlrq phdvxuhg rq vdpsoh &4 dw
X @ 484 �Y> X @ 643 �Y dqg X @ 8<8 �Y> dqg lq Ilj1 6
rq vdpsoh &5 dw X @ :33 �Y>iru erwk srvlwlrqv1 Wkh
hqhuj| uhihuhqfh zdv wdnhq dw wkh srwhqwldo ri wkh fhqwhu
ri wkh zluh +�

w
@ hX@5> �

e
@ �hX@5,= Dv h{shfwhg iurp

wkh vlpsol�hg ghvfulswlrq ri pxowlsoh Dqguhhy uh hfwlrqv
suhvhqwhg deryh/ wkh glvwulexwlrq ixqfwlrq iru vdpsoh &4
suhvhqwv/ dw odujh yrowdjhv +643 dqg 8<8 �Y lq Ilj1 5,/
wkuhh vwhsv qhdu 6

7
> 4
5
dqg 4

7
+gdvkhg olqhv,1 Wkh glvwdqfh

ehwzhhq wkh fhqwhu ri wkh vlgh vwhsv lv zhoo jlyhq e| hX=
Wkhlu zlgwk jlyhv wkh ydoxh ri wkh jds lq wkh uhvhuyrluv=
� @ 448 �hY> zklfk lv dv h{shfwhg vpdoohu wkdq wkh jds
ri doxplqxp +533 �hY,1 Lq frqwudvw zlwk wkh vlpsol�hg
prgho/ wkh vwhsv duh qrw  dw/ dqg wkh vorsh ri wkh vlgh
vwhsv qhdu 6@7 dqg 4@7 lv odujhu wkdq wkh vorsh dw 4@5=
Pruhryhu/ wkh prgho suhglfwv �yh vwhsv lq i+H, zkhq
X lv ehwzhhq �@h dqg 5�@h +vhh Ilj1 4,/ zkhuhdv wkh
gdwd wdnhq dw X @ 488 �Y glvsod| rqo| voljkw lq h{lrqv
ri i+H, durxqg wkh suhglfwhg ydoxhv1 Dw yrowdjhv ehorz
433 �Y> qr vwuxfwxuh fdq eh vhhq lq wkh glvwulexwlrq ixqf0
wlrq/ dqg luuhjxodulwlhv dsshdu lq wkh ghfrqyroyhg gdwd/
uhvxowlqj iurp rxu qhjohfwlrq ri wkh prgl�fdwlrq ri wkh
ghqvlw| ri vwdwhv lq wkh zluh dw wkh vfdoh ri wkh Wkrxohvv
hqhuj| �kG@O5 ^46` +gdwd qrw vkrzq,1 Lq vdpsoh &5/ wkh
hyroxwlrq ri wkh glvwulexwlrq ixqfwlrq zlwk srvlwlrq [
djuhhv txdolwdwlyho| zlwk wkh prgho1 Krzhyhu/ wkh h{dfw
srvlwlrq ri wkh vwhsv lv voljkwo| vkliwhg iurp wkh h{shfwhg
ydoxhv1 Zh dwwulexwh wklv vkliw wr wkh yhu| vpdoo vl}h ri
wkh wrs QV frqwdfw/ zklfk lqwurgxfhv d vljql�fdqw frq0
wdfw uhvlvwdqfh/ dffrxqwhg iru e| dq h{wud ohqjwk ri wkh
zluh1 Wkh uhodwlyh srvlwlrq ri wkh sureh mxqfwlrqv qhhghg
wr h{sodlq wkh srvlwlrq ri wkh vwhsv lq i+H, wxuqv wr eh
{ @ 3=8; dqg { @ 3=68/ zklfk fruuhvsrqgv wr dq h�hfwlyh
ohqjwkhqlqj ri wkh wrs hqg ri wkh zluh e| derxw ;83 qp1
Wkh zlgwkv ri wkh vlgh vwhsv jlyh voljkwo| gl�huhqw jdsv
dw erwk hqgv= 453 �hY dqg 473 �hY=
Lq rughu wr dffrxqw iru wkh urxqglqj ri wkh vwhsv/

zh qrz lqfoxgh lq wkh dqdo|vlv wkh h�hfw ri hqhuj| h{0
fkdqjhv ehwzhhq txdvlsduwlfohv/ gxh wr Frxorpe lqwhudf0
wlrqv ^47`/ dqg wr skrqrq hplvvlrq ^48`1 Hohfwurq0hohfwurq
dqg hohfwurq0skrqrq lqwhudfwlrqv frqwulexwh lq wkh vwd0
wlrqqdu| Erow}pdqq htxdwlrq zklfk ghwhuplqhv wkh ydul0
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ILJ1 6= Glvwulexwlrq ixqfwlrqv rq vdpsoh &5/ dw wzr sr0
vlwlrqv +{@318; dqg {@3168,/ iru X@:33 �Y1 V|perov= h{0
shulphqw1 Vrolg olqhv= vroxwlrq ri wkh Erow}pdqq htxdwlrq
dffrxqwlqj iru wkh Dqguhhy uh hfwlrqv dw wkh uhvhuyrluv dqg
hohfwurq0hohfwurq lqwhudfwlrqv zlwklq wkh zluh1

dwlrqv ri i+H,

G
C5iH
C{5

. Lh�h
lq

+iH, . Lh�sk
lq

+iH, @ 3

wkurxjk wkh lqwhudfwlrq froolvlrq lqwhjudov ^44/ 47`

Lh�h
lq

+iH, @

]
g%gH3Nh+%,

��
iHiH�%iH3iH3

.% � iHiH�%iH3iH3
.%

�
>

Lh�sk
lq

+iH, @

]
g%Nsk+%,iHiH�%>

zkhuh Nh+%, @ �h@%
6@5> Nsk+%, @ �sk%

5 ^49`> iH vwdqgv
iru i+H, dqg iH iru vwdqgv iru 4� i+H,1 Lq rughu wr gh0
whuplqh wkh Frxorpe lqwhudfwlrq sdudphwhu �h/ zh kdyh
wdnhq dgydqwdjh lq vdpsoh &4 ri wkh zhdnhu vxshufrq0
gxfwlylw| lq wkh uhvhuyrluv wkdq lq wkh sureh �qjhu/ zklfk
doorzv wr wxuq mxvw wkh uhvhuyrluv qrupdo lq d prghu0
dwh pdjqhwlf �hog +K @ 49 pW> dssolhg shushqglfxodu
wr wkh vdpsoh sodqh,/ zkloh nhhslqj wkh sureh vwloo vx0
shufrqgxfwlqj1 Wkh glvwulexwlrq ixqfwlrq zlwk qrupdo
uhvhuyrluv dw X @ 8<8 �Y lv glvsod|hg lq wkh lqvhw ri
Ilj1 5/ dqg kdv/ dv h{shfwhg rqo| rqh vwhs qhdu 4@51
Iurp wkh �w ri d vhw ri vxfk fxuyhv dw gl�huhqw ydoxhv
ri X> zh kdyh frq�uphg wkh hqhuj| ghshqghqfh ri N+%,

dqg rewdlqhg ^47` �h @ 3=:8 phY�4@5=qv�4 = Wkh frx0
solqj frqvwdqw �sk ehwzhhq hohfwurqv dqg skrqrqv zdv
h{wudfwhg iurp wkh whpshudwxuh ghshqghqfh ri wkh skdvh
frkhuhqfh wlph rq vlploduo| ideulfdwhg vloyhu vdpsohv ^4:`=
�
sk @ ; phY�6=qv�41 Zkhq wkh uhvhuyrluv duh vxshu0

frqgxfwlqj/ wkh vdph Erow}pdqq htxdwlrq dovr doorzv wr
frpsxwh qxphulfdoo| i+H,> zlwk wkh iroorzlqj erxqgdu|
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frqglwlrqv iru mHm ? �= i+� . H, @ 4 � i+� � H, df0
frxqwv iru wkh htxdolw| ri wkh rffxsdqf| ri txdvlhohf0
wurq dqg txdvlkroh vwdwhv dw v|pphwulf hqhujlhv derxw
wkh hohfwurfkhplfdo srwhqwldo � ri wkh vxshufrqgxfwru>
Ci

C{
+�.H, @ �Ci

C{
+��H, lv wkh frqvhuydwlrq ri wkh txd0

vlsduwlfoh fxuuhqw= Wkh uhvxowv iru i+H,> xvlqj wkh ydoxh
ri �h rewdlqhg iurp wkh gdwd lq wkh qrupdo vwdwh/ duh
sorwwhg zlwk vrolg olqhv lq Ilj1 71 Qrwh wkdw wkh lqfoxvlrq
ri wkh skrqrq whup Lh�sk

lq
+i, fkdqjhv rqo| voljkwo| i+H,=

Wkh vlgh vwhsv dw 6

7
dqg 4

7
duh pruh urxqghg wkdq wkh vwhs

dw 4

5
> dv revhuyhg1 Lqghhg/ wkh| fruuhvsrqg wr txdvlsduwl0

fohv vwd|lqj lq wkh zluh irxu wlphv orqjhu lq dyhudjh +sdwk
ohqjwk 5O,/ zklfk duh wkxv pruh olnho| vxemhfw wr lqwhudf0
wlrqv zlwk rwkhu txdvlsduwlfohv1 Wkh glvwulexwlrq ixqfwlrq
dw X @ 484 �Y lv yhu| urxqghg e| lqwhudfwlrqv/ dv h{0
shfwhg iru txdvlsduwlfoh sdwkv zlwk ohqjwkv 5O dqg 6O=
Wkh ryhudoo djuhhphqw zlwk wkh phdvxuhphqwv lqglfdwhv
wkdw wkh vlpsoh slfwxuh ri lqfrkhuhqw pxowlsoh Dqguhhy
uh hfwlrqv wrjhwkhu zlwk Frxorpe lqwhudfwlrqv fdswxuh
wkh hvvhqwldo skhqrphqd1 Lq vdpsoh &5/ d jrrg �w ri
wkh gdwd lv irxqg zlwk �h @ 3=68 phY�4@5=qv�4 dw erwk
phdvxulqj srvlwlrqv +vhh vrolg fxuyhv lq Ilj1 6,1
Zh kdyh dovr fdofxodwhg wkh h�hfw ri frkhuhqw Dqguhhy

uh hfwlrqv dw hdfk uhvhuyrlu/ zklfk ohdg wr wkh uhqrupdo0
lvdwlrq ri wkh gl�xvlrq frqvwdqw iru txdvlsduwlfohv dw hq0
hujlhv forvh wr wkh hohfwurfkhplfdo srwhqwldo ri wkh vx0
shufrqgxfwruv ^6`1 Dq revhuyhg h�hfw ri wklv uhqrupdol0
vdwlrq lv wkh yrowdjh0ghshqghqfh ri wkh zluh uhvlvwdqfh/
zklfk kdg dovr ehhq revhuyhg e| Vwuxqn hw do1 ^9`1 Xq0
ghu wkh dvvxpswlrq wkdw wkh zluh lv orqj hqrxjk vr wkdw
wkh vxshufrqgxfwlqj fruuhodwlrqv duh frpsohwho| orvw lq
wkh plggoh ri wkh zluh ^4;`/ wkh rxw0ri0htxloleulxp vlwx0
dwlrq ri rxw h{shulphqw fdq eh wuhdwhg zlwk wklv dgghg
frpsoh{lw|/ exw zlwkrxw Frxorpe lqwhudfwlrqv/ zlwk wkh
xvh ri wkh Xvdgho htxdwlrqv ^8`1 Txdolwdwlyho|/ lq wkh h{0
dpsoh ri wudmhfwru| d lq Ilj1 4/ wkh wlph vshqw qhdu wkh
erwwrp QV lqwhuidfh lv vkruwhqhg e| wklv h�hfw/ zklfk
uhvxowv lq d vkruwhu uhpdlqlqj ohqjwk zkhq [ @ O@5 dqg
wkxv wr d ydoxh iru i+H, vpdoohu wkdq 6@7= Krzhyhu/ lq
rxu h{shulphqw/ zkhuh wkh ohqjwk ri wkh zluh lv rqh rughu
ri pdjqlwxgh odujhu wkdq wkh vxshufrqgxfwlqj frkhuhqfh
ohqjwk

s
�kG@�> wklv h�hfw rq i+H, wxuqv rxw wr eh qhj0

oljleoh1
Wr frqfoxgh zlwk/ rxu phdvxuhphqwv glvsod| fohdu vlj0

qdwxuhv ri pxowlsoh Dqguhhy uh hfwlrqv lq VQV mxqfwlrqv/
dqg ghprqvwudwh wkh lpsruwdqfh ri Frxorpe lqwhudfwlrqv
lq wkh ghwhuplqdwlrq ri wkh glvwulexwlrq ixqfwlrq iru sur{0
lplw| h�hfw vwuxfwxuhv1
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Sduwlh 5
Frkìuhqfh gh skdvh ghv
ìohfwurqv gdqv ghv �ov

pìwdooltxhv pìvrvfrsltxhv





Fkdslwuh 4
Sulqflsh gh o*h{sìulhqfh hw glvsrvlwli
h{sìulphqwdo

414 Od frkìuhqfh gh skdvh = xqh dowhuqdwlyh srxu
vrqghu ohv lqwhudfwlrqv lqìodvwltxhv

Od suhplëuh sduwlh gh fhwwh wkëvh d suìvhqwì xqh h{sìulhqfh vrqgdqw gluhfwhphqw ohv ìfkdqjhv

g*ìqhujlh hqwuh ìohfwurqv gdqv ghv �ov pìwdooltxhv1 Qrxv dyrqv prqwuì tx*lo hvw srvvleoh gh

uhqguh frpswh suìflvìphqw ghv ìfkdqjhv g*ìqhujlhv phvxuìv gdqv ghv �ov g*dujhqw dyhf od

wkìrulh plfurvfrsltxh gh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh ^4` 1 Sdu frqwuh fh q*hvw sdv oh

fdv srxu ohv phvxuhv gdqv ohv �ov gh fxlyuh hw g*ru txh qrxv dyrqv ideultxìv1

Gdqv fhwwh ghx{lëph sduwlh qrxv sursrvrqv gh vrqghu ohv lqwhudfwlrqv lqìodvwltxhv sdu xqh

dssurfkh frpsoìphqwdluh edvìh vxu ohv h�hwv gh od frkìuhqfh txdqwltxh vxu oh wudqvsruw ìohf0

wurqltxh1 Oh whpsv gh frkìuhqfh gh skdvh �
�

ghv ìohfwurqv gìgxlw ghv phvxuhv hvw olplwì sdu

wrxv ohv surfhvvxv lqìodvwltxhv/ lqgìshqgdpphqw gh od txdqwlwì g*ìqhujlh ìfkdqjìh/ hw grqf hq

sduwlh srxu ghv edvvhv ìqhujlhv1 Sdu frqwuh/ od phvxuh ghv irqfwlrqv gh glvwulexwlrq qh shuphw

gh txdqwl�hu suìflvìphqw txh ohv surfhvvxv lqìodvwltxhv lpsoltxdqw ghv ìfkdqjhv g*ìqhujlh gh

o*ruguh rx vxsìulhxuv ã Df >hY 5;1 Qrxv gìwhuplqrqv oh whpsv gh frkìuhqfh gh skdvh hq lqwhu0

suìwdqw od pdjqìwruìvlvwdqfh phvxuìh ã idleoh fkdps pdjqìwltxh gdqv oh fdguh gh od wkìrulh

ghv fruuhfwlrqv txdqwltxhv glwhv gh �orfdolvdwlrq idleoh� ã od frqgxfwdqfh +yrlu od surfkdlqh

2H
Vrxv fhuwdlqv ìfkdqwloorqv gh fxlyuh +FxLY/ FxY,/ od iruph ghv frqwuh0pdufkhv ã . ' f hw . ' 3eL shuphw g*dwwhlqguh xqh

vhqvlelolwì gh o*ruguh gh 53 >hY1



Fkdslwuh 4 Sulqflsh gh o*h{sìulhqfh hw glvsrvlwli h{sìulphqwdo

vhfwlrq hw ^5/6` ,1

Fhwwh h{sìulhqfh v*lqvfulw ìjdohphqw gdqv xq frqwh{wh vflhqwl�txh sduwlfxolhu = Prkdqw|

hw do1 ^7` rqw uìfhpphqw sxeolì xqh vìulh gh phvxuhv gx whpsv gh frkìuhqfh gh skdvh �
�

h�hfwxìhv vxu ghv �ov g*ru hw srxu ohvtxhoohv �
�

suìvhqwh xqh vdwxudwlrq dx{ soxv edvvhv whp0

sìudwxuhv/ doruv txh od wkìrulh suìyrlw xqh glyhujhqfh hq orl gh sxlvvdqfh5<1 Lov rqw vxjjìuì

txh fhwwh vdwxudwlrq shxw íwuh lqwhusuìwìh frpph xq h�hw ghv  xfwxdwlrqv gh srlqw }ìur gx

fkdps ìohfwurpdjqìwltxh frpph vrxufh gh gìfrkìuhqfh txdqwltxh ^7/ :/ ;` 631 Od txhvwlrq

v*hvw doruv srvìh gh vdyrlu vl ohv lqwhudfwlrqv ìohfwurq0ìohfwurq ìwdlhqw pdo frpsulvhv/ vl xq

dxwuh pìfdqlvph olplwdlw od frkìuhqfh gh skdvh/ rx vl fhwwh vdwxudwlrq ìwdlw xq duwhidfw gh od

phvxuh1

2b
Fhwwh orl gh sxlvvdqfh d ìwì revhuyìh hq 4<<6 sdu Hfkwhuqdfk hw do1 ^8` hqwuh 433 pN hw 4 N gdqv xq �o g*ru/ hw/ prlqv

suìflvìphqw/ hq 4<;9 sdu Zlqg hw do1 ^9` hqwuh 5 N hw 8 N gdqv ghv �ov g*doxplqlxp hw g*dujhqw1

�f
Fhwwh wkìrulh d ìwì ylyhphqw fulwltxìh sdu od frppxqdxwì vflhqwl�txh +yrlu sdu h{hpsoh ^</43` ,1
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415 Pdjqìwruìvlvwdqfh hw whpsv gh frkìuhqfh gh skdvh

Od frkìuhqfh txdqwltxh d xq h�hw vxu ohv sursulìwìv gh wudqvsruw ìohfwurqltxh píph hq

uìjlph gl�xvli1

41514 H�hw gh od frkìuhqfh vxu ohv sursulìwìv gh wudqvsruw

Hq uìjlph gl�xvli/ ohv ìohfwurqv vxelvvhqw xq judqg qrpeuh gh froolvlrqv ìodvwltxhv vxu ohv

gìidxwv gx uìvhdx dwrpltxh/ ohv erugv gh o*ìfkdqwloorq/ ohv lpsxuhwìv1 Fkdfxqh gh fhv froolvlrqv

dssruwh vd frqwulexwlrq ã od skdvh txdqwltxh ghv ìohfwurqv/ srxuwdqw ohv h�hwv gh od frkìuhqfh

txdqwltxh dssdudlvvhqw vxu xqh ìfkhooh gh orqjxhxu elhq vxsìulhxuh dx oleuh sdufrxuv ìodvwltxh

ghv ìohfwurqv1

Pi Pf
(+)

(-)

(+)

(-)

(+)

(-)

Ilj1 4141 Ohv fruuhfwlrqv gh orfdolvdwlrq idleoh gh od frqgxfwdqfh g*xq pìwdo gl�xvli sdu od frkìuhqfh
txdqwltxh ghv ìohfwurqv surylhqqhqw ghv lqwhuiìuhqfhv frqvwuxfwlyh +ghvwuxfwlyh txdqg oh frxsodjh vslq0ruelwh
hvw iruw, hqwuh ghv fkhplqv +., hw +�, sdufrxudqw xqh píph erxfoh hq vhqv lqyhuvh1

O*h{solfdwlrq gh fh skìqrpëqh uhsrvh hvvhqwlhoohphqw vxu oh idlw txh fhv froolvlrqv uìvxowhqw

g*xq srwhqwlho vwdwltxh hw grqf yìul�hqw od v|pìwulh g*lqyduldqfh sdu uhqyhuvhphqw gx whpsv1

Dlqvl/ ã fkdtxh fkhplq En� +uhsuìvhqwì sdu xq wudlw sohlq vxu od �jxuh 414, uholdqw oh srlqw

�
�

dx srlqw �
s

hw frqwhqdqw xqh erxfoh/ rq shxw doruv idluh fruuhvsrqguh xq fkhplq E�� +hq
srlqwlooìv vxu od �jxuh 414, sdufrxudqw od erxfoh hq vhqv lqyhuvh hw oh orqj gxtxho xq ìohfwurq

dffxpxoh od píph skdvh txdqwltxh1 Srxu fdofxohu od suredelolwì � g*doohu gx srlqw �
�

dx
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Fkdslwuh 4 Sulqflsh gh o*h{sìulhqfh hw glvsrvlwli h{sìulphqwdo

srlqw �
s

lo idxw suhqguh oh prgxoh dx fduuì gh od vrpph ghv dpsolwxghv gh suredelolwì �
k

ghv

fkhplqv ikj frqqhfwdqw fhv ghx{ srlqwv =

� '

�����[
k

�
k

�����
2

'
[
k

m�
k

m2 n
[
kcq

�
k

�W

q

� +414,

Oh suhplhu whuph gx phpeuh gh gurlwh gh o*ìtxdwlrq +414, hvw od vrpph ghv suredelolwìv fodv0

vltxhv/ wdqglv txh oh vhfrqg whuph fruuhvsrqg dx{ lqwhuiìuhqfhv txdqwltxhv hqwuh ohv fkhplqv1

Srxu ghv wudmhfwrluhv kc q txhofrqtxhv/ oh whuph g*lqwhuiìuhqfhv d xqh skdvh doìdwrluh txl

gìshqg gh od frq�jxudwlrq suìflvh ghv gl�xvhxuv1 Sdu frqwuh/ ohv fkhplqv sdufrxudqw xqh

erxfoh gdqv xq vhqv En� hw gdqv o*dxwuh E�� yrqw wrxmrxuv lqwhuiìuhu frqvwuxfwlyhphqw +gh0

vwuxfwlyhphqw vl oh frxsodjh vslq0ruelwh hvw lpsruwdqw/ yrlu dsshqglfh rx ^44` , =

m�n n �
3

m2 ' e m�nm2 � +415,

Fhod vljql�h txh ohv fkhplqv frqwhqdqw xqh rx soxvlhxuv erxfohv rqw xq srlgv txl hvw dxj0

phqwì +glplqxì, sdu od frkìuhqfh txdqwltxh1 Ru/ ohv ìohfwurqv sdufrxudqw fh w|sh gh fkhplqv

dyhf ghv erxfohv vh sursdjhqw/ hq pr|hqqh/ soxv ohqwhphqw txh vxu ohv fkhplqv vdqv erxfohv1

Hq frqvìtxhqfh/ od prelolwì ghv ìohfwurqv hw grqf od frqgxfwlylwì gx pìwdo vrqw glplqxìhv

+dxjphqwìhv, sdu od frkìuhqfh txdqwltxh1

O*dpsolwxgh gh fhw h�hw/ dsshoì fruuhfwlrq gh orfdolvdwlrq idleoh64/ +rx fruuhfwlrqv g*dqwlor0

fdolvdwlrq idleoh hq suìvhqfh gh iruw frxsodjh vslq0ruelwh, gìshqg gx whpsv gh frkìuhqfh gh

skdvh �
�

ghv ìohfwurqv1 Hq h�hw/ srxu dgglwlrqqhu hq dpsolwxgh ohv wudmhfwrluhv En� hw E��
lo idxw txh o*ìohfwurq uhvwh gdqv oh píph ìwdw txdqwltxh oruvtx*lo sdufrxuw od erxfoh1 Fhwwh

frqglwlrq gìwhuplqh od wdlooh pd{lpdoh ghv erxfohv txl lqwhuylhqqhqw gdqv ohv fruuhfwlrqv gh

orfdolvdwlrq idleoh hw/ hq frqvìtxhqfh/ olplwh o*dpsolwxgh ghv h�hwv gh frkìuhqfh txdqwltxh1

41515 H�hw gx fkdps pdjqìwltxh

O*lqwurgxfwlrq g*xq fkdps pdjqìwltxh � eulvh od sursulìwì g*lqyduldqfh sdu uhqyhuvhphqw

gx whpsv1 Ohv ghx{ fkhplqv En� hw E�� vrqw gìskdvìv o*xq gh o*dxwuh g*xqh txdqwlwì B ìjdoh ã

ghx{ irlv oh udssruw hqwuh oh  x{ �
�

gh fkdps pdjqìwltxh ã wudyhuv od erxfoh hw oh txdqwxp

��
Fdu od suredelolwì gh uhwrxu ghv ìohfwurqv hvw dxjphqwìh sdu od frkìuhqfh txdqwltxh1
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415 Pdjqìwruìvlvwdqfh hw whpsv gh frkìuhqfh gh skdvh

gh  x{ �
f
' |*e G

B ' 2
�
�

�
f

� +416,

O*hvvhqwlho ghv fruuhfwlrqv gh orfdolvdwlrq idleoh suryhqdqw ghv erxfohv gh wdlooh lqiìulhxuh ã

od orqjxhxu gh frkìuhqfh gh skdvh u
�

'
s
(�

�

c oh fkdps pdjqìwltxh glplqxh gh pdqlëuh

dssuìfldeoh ohv fruuhfwlrqv txdqwltxhv ã od frqgxfwdqfh g*xq �o pìwdooltxh oruvtxh65 B �s
(�

�

�*u2

M

) �c rü � hvw od odujhxu gx �o vxssrvìh lqiìulhxuh ã
s
(�

�

c ( od frqvwdqwh

gh gl�xvlrq ghv ìohfwurqv/ hw u
M

'
s
�
f
*� od orqjxhxu pdjqìwltxh1

Ohv fruuhfwlrqv gh orfdolvdwlrq idleoh ã od yduldwlrq uhodwlyh {-

-

gh od uìvlvwdqfh g*xq �o

pìwdooltxh gh orqjxhxu u rqw ìwì fdofxoìhv sdu ^</45` =

{-

-
'

2-

-ku

;?=�

2

%
�

u2

�

n
e

�u2

rJ

n
�

�

�
�

u2

M

�
2

&
3�*2

+417,

��

2

%
�

u2

�

n
�

�

�
�

u2

M

�
2

&
3�*2

<@>
rü u hvw od orqjxhxu gx �o gh uìvlvwdqfh -c -k ' �*e2 oh txdqwxp gh uìvlvwdqfh hw u

rJ

hvw od orqjxhxu gh gl�xvlrq vslq0ruelwh/ txl fdudfwìulvh o*lqwhqvlwì gx frxsodjh vslq0ruelwh1 Hq

suìvhqfh g*lpsxuhwìv pdjqìwltxhv/ hw oruvtxh oh frxsodjh vslq0ruelwh hvw grplqdqw +u
rJ

	 u
�

, 66/

oh whpsv gh frkìuhqfh gh skdvh �
�

shxw íwuh gìfrpsrvì vrxv od iruph =

�

�
�

'
�

� f
�

n
2

� tu
c +418,

rü � f
�

hvw oh whpsv gh frkìuhqfh gh skdvh hq o*devhqfh gh froolvlrqv dyhf uhwrxuqhphqw gx vslq

hw �3�
tu

hvw oh wdx{ fdudfwìulvwltxh dxtxho ohv froolvlrqv dyhf uhwrxuqhphqw gh vslq vh surgxlvhqw1

O*h{suhvvlrq +417, v*dssoltxh srxu ghv �ov pìwdooltxhv gdqv oh uìjlph gl�xvli +,
e

� u
�

c�c uc �c

rü ,
e

hvw oh oleuh sdufrxuv ìodvwltxh ghv ìohfwurqv hw � o*ìsdlvvhxu gx �o,/ orlq gh od wudqvlwlrq

pìwdo0lvrodqw67 hw oruvtxh � � u
M

c u
�

c u
rJ

� u�

�2
Fhwwh h{suhvvlrq gh B hvw fruuhfwh oruvtxh oh fkdps pdjqìwltxh � hvw dssoltxì shushqglfxodluhphqw ã o*d{h g*xq �o pìwdooltxh1

��
Fhwwh frqglwlrq v*dssoltxh dx{ ìfkdqwloorqv txh qrxv dyrqv phvxuìv1 Oruvtxh u

�
	 urJc rq shxw gìfrpsrvhu oh whpsv gh

frkìuhqfh gh skdvh vrxv od iruph =

�

�!
'

�

�
3

!

n
2*�

�
vi

�

�e
F*hvw oh fdv oruvtxh 1 q u

�
c rü 1 s

u-
N

Z-
hvw od orqjxhxu gh orfdolvdwlrq1 Dxwuhphqw glw/ wdqw txh ohv fruuhfwlrqv gh

orfdolvdwlrq idleoh vrqw shwlwhv1
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416 Glvsrvlwli h{sìulphqwdo

Qrxv dyrqv phvxuì od pdjqìwruìvlvwdqfh gdqv ghv orqjv �ov g*dujhqw/ gh fxlyuh hw g*ru/

ã gl�ìuhqwhv whpsìudwxuhv1 Od skrwrjudsklh g*xq ìfkdqwloorq g*dujhqw hvw suìvhqwìh vxu od

�jxuh 4151 Ohv �ov irqw u ' ��Sc 4:9 rx 2.� >p gh orqj/ hqylurq � � �ff qp gh odujh

hw � ' eD qp g*ìsdlvvhxu1 Oh gìwdlo ghv fdudfwìulvwltxhv jìrpìwultxhv hw ìohfwultxhv ghv �ov

phvxuìv hvw uìfdslwxoì vxu od wdeoh 4141

Ilj1 4151 Skrwrjudsklh dx plfurvfrsh ìohfwurqltxh g*xq ìfkdqwloorq g*dujhqw1 Od uìvlvwdqfh gx �o hvw rewhqxh
sdu xqh phvxuh ã txdwuh srlqwv = oh frxudqw hvw lqmhfwì sdu ghx{ eudqfkhv hw od whqvlrq hvw phvxuìh sdu ghx{
dxwuhv eudqfkhv d�q gh qh phvxuhu txh od uìvlvwdqfh gx �o1

Od surfìgxuh gh ideulfdwlrq ghv ìfkdqwloorqv hvw vlplodluh hw xwlolvh ohv píphv dssduhlov

+h{fhswì o*ìfkdqwloorq g*ru DxPVX/ yrlu Wdeoh 414, txh srxu ohv ìfkdqwloorqv ghvwlqìv ã od

phvxuh ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv =

l, ohv �ov vrqw gìsrvìv vxu xq vxevwudw gh vlolflxp r{|gì ã wudyhuv xq pdvtxh vxvshqgx
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416 Glvsrvlwli h{sìulphqwdo

ideultxì sdu olwkrjudsklh ìohfwurqltxh gdqv xqh elfrxfkh gh PDD0SPPD1

ll, Oh pìwdo hvw ìydsruì dyhf xq idlvfhdx g*ìohfwurq/ vrxv xq ylgh gh �f3b Edu1 Oh wdx{

dxtxho oh pìwdo hvw gìsrvì vxu oh vxevwudw vh vlwxh hqwuh 5 hw 43 È2v1

Ohv orqjv �ov g*ru dgkìudqw gl!flohphqw dx vxevwudw/ qrxv dyrqv sodfì xqh vrxv0frxfkh gh

4 qp g*doxplqh vrxv o*ìfkdqwloorq Dx4/ doruv txh oh vxevwudw d ìwì qhwwr|ì sdu erpedughphqw

lrqltxh dydqw oh gìs÷w gh o*ìfkdqwloorq Dx51

~ Echantillon

transformateur
d’isolement G=1

transformateur
de rapport

Lock-In
Vac

à froid

Ilj1 4161 Vfkìpd gx fdeodjh ghv ìfkdqwloorqv1

Qrxv dyrqv h�hfwxì ohv phvxuhv gh pdjqìwruìvlvwdqfh ã Plfkljdq Vwdwh Xqlyhuvlw| +PVX,

dyhf Qrupdq Elujh hw Dgho Jrxjdp1 Oh glvsrvlwli h{sìulphqwdo gh phvxuh hvw vlplodluh ã

fhoxl txl h{lvwh ã Vdfod| = gìwhfwlrq v|qfkurqh dyhf xq orfn0lq hw oljqhv gh phvxuhv �owuìhv ã

edvvh whpsìudwxuh1 Oh vfkìpd gh fåeodjh ghv ìfkdqwloorqv hvw suìvhqwì vxu od �jxuh 4161 Oh

wudqvirupdwhxu gh udssruw hvw uìjoì gh pdqlëuh ã dqqxohu oh vljqdo pr|hq phvxuì sdu oh orfn0

lq1 Oh orfn0lq q*hquhjlvwuh grqf hqvxlwh txh ohv idleohv yduldwlrqv gh uìvlvwdqfh gh o*ìfkdqwloorq/

dyhf xqh judqgh suìflvlrq1
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Hfkdqwloorq u +>p, � +qp, - +nl, ( +f42*t, ,
e

+qp,

Dj4 469 98 417 453 58
Dj5 5:4 :9 615 <6 4<
Fx4 5:4 443 41: :3 4618
Fx5 5:4 433 31<8 493 64
Dx4 5:4 433 513 433 55
Dx5 5:4 448 414 493 67

DxPVX 4:9 ;3 414 488 66

Wdeoh 4141 Fdudfwìulvwltxhv jìrpìwultxhv hw ìohfwultxhv ghv ìfkdqwloorqv phvxuìv1 O*ìfkdqwlo0
orq g*ru DxPVX d ìwì gìsrvì gdqv oh jurxsh gh Qrupdq Elujh/ ã Plfkljdq Vwdwh Xqlyhuvlw|/
vxu xq vxevwudw gh vlolflxp/ dyhf xq ìydsrudwhxu Mrxoh1
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417 Dsshqglfh = h�hw gx frxsodjh vslq0ruelwh vxu ohv
fruuhfwlrqv gh orfdolvdwlrq idleoh

Oh srwhqwlho eT
rJ

fruuhvsrqgdqw dx frxsodjh vslq0ruelwh d od iruph =

eT
rJ

2 ew � e�c +419,

rü ew hvw o*rsìudwhxu prphqw flqìwltxh gh o*ìohfwurq +sdu udssruw dx gl�xvhxu frqvlgìuì, hw e�
o*rsìudwhxu vslq1 Fh frxsodjh qh prgl�h sdv ohv wudmhfwrluhv ìohfwurqltxhv/ txl vrqw grplqìhv

sdu od gl�xvlrq1 Dxwuhphqw glw/ oh whpsv pr|hq �
e

hqwuh ghx{ froolvlrqv ìodvwltxhv hvw wuëv

shwlw ghydqw oh whpsv fdudfwìulvwltxh gx frxsodjh vslq0ruelwh �
rJ

' |*
GeT

rJ

H
� Sdu frqwuh/ ã

fkdtxh gl�xvlrq/ fh frxsodjh wrxuqh oìjëuhphqw oh vslq gh o*ìohfwurq g*xq dqjoh sursruwlrqqho

ã E!� !�� � tc rü ! hw !� vrqw ohv yhfwhxuv g*rqgh ìohfwurqltxh uhshfwlyhphqw dydqw hw dsuëv od

gl�xvlrq ! $ !�c hw t hvw oh vslq gh o*ìohfwurq lqflghqw1 Dlqvl/ oruvtx*xq ìohfwurq sdufrxuw xqh

erxfoh hq vxlydqw oh fkhplq En� +yrlu �jxuh 414,/ oh vslq gh o*ìohfwurq fkdqjh g*rulhqwdwlrq =

tn ' e- � t
�

c

rü t
�

hw tn vrqw oh vslq g*ìohfwurq uhvshfwlyhphqw ã o*hqwuìh hw ã od vruwlh gh od erxfoh/ hw e-
hvw o*rsìudwhxu urwdwlrq gh vslq txl fruuhvsrqg dx fkhplq En�� Txdqg xq ìohfwurq sdufrxuw od

píph erxfoh hq vhqv lqyhuvh/ vhorq oh fkhplq E��c lo vxelw h{dfwhphqw ohv píphv froolvlrqv pdlv

gdqv o*dxwuh vhqv E!� $ !� hw gdqv o*ruguh lqyhuvh1 Od urwdwlrq gx vslq hvw doruv h{dfwhphqw

lqyhuvìh =

t3 ' e-3� � t
�

c

rü t3 hvw oh vslq gh o*ìohfwurq ã od vruwlh gh od erxfoh hq vxlydqw oh fkhplq E���

Hq frqvìtxhqfh/ xq ìohfwurqv sdufrxudqw ohv fkhplqv En� hw E�� q*d sdv xq vslq lghqwltxh

dx srlqw g*duulyìh �
s

c hq suìvhqfh gh frxsodjh vslq0ruelwh1 Ohv lqwhuiìuhqfhv hqwuh fhv ghx{

fkhplqv v*ìfulyhqw ^46` =

m�n n �
3

m2 ' 2 m�nm2 E� n +i


t3mtn��c +41:,

rü68 +i


t3mtn� ' +i kt

�

m e-2 mt
�

l �
�D

Dsuëv od erxfoh oh vslq gh o*ìohfwurq frqwlqxh gh wrxuqhu1 Frpph ohv fkhplqv En� hw E3� vrqw lghqwltxhv vxu fhwwh sruwlrq

�qdoh/ oh píph rsìudwhxu urwdwlrq
e
-

s
v*dssoltxh dx vslq gh o*ìohfwurq1 Dx srlqw g*duulyìh �

s
rq d grqf ohv vslqv t

n

s
' e
-

s
u

e
- u t�

hw t
3

s
' e

-

s
u

e
-

3�
u t�c fruuhvsrqgdqw uhvshfwlyhphqw dx{ fkhplqv En� hw E3�� Oh whuph g*lqwhuiìuhqfh v*ìfulw grqf elhq

G
t
3

s
�t
n

s

H
'

G
t
3

�t
n

H
' 't��

e
-

2
�t�� �
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Txdqg oh frxsodjh vslq0ruelwh hvw qìjoljhdeoh/ e-2 * eW hw ohv lqwhuiìuhqfhv vrqw frqvwuxfwlyhv1
D o*lqyhuvh/ txdqg oh frxsodjh vslq0ruelwh hvw iruw od urwdwlrq hvw txhofrqtxh1 Fhod qh vljql�h

sdv txh od ydohxu pr|hqqh gx whuph g*lqwhuiìuhqfh v*dqqxoh1 Hq h�hw/ qrwrqv � xqh urwdwlrq

txhofrqtxh gdqv o*hvsdfh uìho1 O*dqjoh gh urwdwlrq kc sdu udssruw ã xq d{h gh urwdwlrq grqw

ohv srlqwv vrqw lqyduldqwv/ hvw grqqì sdu od uhodwlrq =

ULtEk� '
�

2
EAhE��� ��� +41;,

Oruvtxh od urwdwlrq � hvw xqh pdwulfh gh urwdwlrq doìdwrluh/ xqlirupìphqw glvwulexìh vxu od

vskëuh/ vd wudfh v*dqqxoh hq pr|hqqh =

kAhE��l ' f�

Hq frqvìtxhqfh/ g*dsuëv od uhodwlrq +41;, od ydohxu pr|hqqh gx frvlqxv gh o*dqjoh gh urwdwlrq

k sdu udssruw ã o*d{h �{h ydxw =

kULtEk�l ' ��*2� +41<,

Gdqv o*hvsdfh ghv vslqv/ od urwdwlrq e- � e-
�
Ek� g*dqjoh k dxwrxu gx yhfwhxu xqlwdluh � v*ìfulw =

e-
�
Ek� ' i Td��

k

2
��e�o +4143,

' eW ULt k
2
� ���e� t�?

k

2
�

Dlqvl/ od ydohxu pr|hqqh69 gx whuph g*lqwhuiìuhqfh ghylhqw =

+i



tnmt3��

_�erJo_oe
' kULtEk�l ' ��*2� +4144,

Oh frxsodjh vslq0ruelwh d grqf srxu h�hw gh uhqyhuvhu oh vhqv ghv fruuhfwlrqv txdqwltxhv gh

od frqgxfwlylwì1 Oruvtxh oh frxsodjh vslq0ruelwh hvw lpsruwdqw/ od frkìuhqfh gh skdvh dxjphqwh

od prelolwì ghv ìohfwurqv/ hw grqf od frqgxfwlylwì/ gdqv oh pìwdo1 O*dpsolwxgh ��*2 fruuhvsrqg

elhq dyhf o*h{suhvvlrq +417,1

�S
Vxu od frq�jxudwlrq gx gìvruguh1
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Fkdslwuh 5
Suìglfwlrqv wkìrultxhv srxu oh whpsv
gh frkìuhqfh gh skdvh
Oh whpsv gh frkìuhqfh gh skdvh �

�

EA � hvw oh whpsv gh ylh pr|hq g*xq ìwdw ìohfwurqltxh

oruvtxh o*hqvhpeoh ghv ìohfwurqv hvw ã o*ìtxloleuh wkhupltxh1 Oh frxsodjh lqìodvwltxh hqwuh

xq ìohfwurq hw vrq hqylurqqhphqw/ irupì qrwdpphqw sdu oh  xlgh ìohfwurqltxh frqvwlwxì ghv

dxwuhv ìohfwurqv/ hvw shuêx sdu fhw ìohfwurq frpph xq srwhqwlho  xfwxdqw txl prgl�h vrq ìwdw

txdqwltxh1

Gdqv fh fkdslwuh/ qrxv suìvhqwrqv ohv suìglfwlrqv wkìrultxhv srxu oh whpsv gh frkìuhqfh

gh skdvh hq irqfwlrq gh od qdwxuh ghv froolvlrqv lqìodvwltxhv1 Qrxv suhqrqv hq frpswh od frq0

wulexwlrq ghv lqwhudfwlrqv ìohfwurq0ìohfwurq � i
�

/ ìohfwurq0v|vwëph ã ghx{ qlyhdx{ � |*t
�

c ìohfwurq0

skrqrq �T�
�

hw ìohfwurq0lpsxuhwìv pdjqìwltxhv � tu � Oh whpsv gh frkìuhqfh gh skdvh �� v*ìfulw

hq irqfwlrq gh fhv frqwulexwlrqv =

�

�
�

'
�

� i
�

n
�

� T�
�

n
�

� |*t
�

n
2

� tu
� +514,

514 Gìfrkìuhqfh sdu ohv lqwhudfwlrqv hqwuh ìohfwurqv

51414 Fdofxo gx whpsv gh frkìuhqfh gh skdvh ã sduwlu gx qr|dx gh
o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh

Oh whpsv gh ylh � �?E.c A � g*xq ìohfwurq g*ìqhujlh . frxsoì dx  xlgh ìohfwurqltxh ã od

whpsìudwxuh A sdu o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh v*ìfulw vlpsohphqw hq irqfwlrq gx



Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu oh whpsv gh frkìuhqfh gh skdvh

qr|dx ghv lqwhudfwlrqv +grqqì sdu o*h{suhvvlrq +514:, gdqv od suhplëuh sduwlh gh fhwwh wkëvh,

gE0� ' V�*2 m0m3�*2 G

�3�
�?
E.c A � *

]
�0�)|*�

�?

_0

]
"

3"

_. �E�� s
A

E. � 0��gE0�s
A

E. ��E�� s
A

E. � n 0��c +515,

rü s
A

E.� hvw od irqfwlrq gh Ihupl ã od whpsìudwxuh A�

Frqfuëwhphqw/ od frxsxuh ã m0m ) |*� �? gdqv o*lqwìjudoh vxu o*ìqhujlh ìfkdqjìh 0 vljql�h

tx*xq ìwdw ìohfwurqltxh gh whpsv gh ylh � �? qh shuêrlw sdv ohv yduldwlrqv whpsruhoohv gx srwhqwlho

g*lqwhudfwlrq gh iuìtxhqfh lqiìulhxuh ã �*� �?�

O*lqyhuvh gx whpsv gh frkìuhqfh gh skdvh �*� i
�

EA � hvw ìjdo dx wdx{ �3�
�?
E.c A � pr|hqqì vxu

ohv h{flwdwlrqv ìohfwurqltxhv =

�*� i
�

EA � '

]
_.

s
A

E.�E�� s
A

E.��

&
�

A
�3�
�?
E.c A �� +516,

Hq lqmhfwdqw o*h{suhvvlrq +515, gdqv o*ìtxdwlrq +516,/ fhooh0fl ghylhqw =

�*� i
�

EA � *
]

"

|*�
i

�

_0
V�*2

s
0

&
�

A

i T d0*&
�

A o

E�� i T d0*&
�

A o�2
c +517,

rü qrxv dyrqv uhpsodfì od frxsxuh ã |*�
e

E.c A � sdu xqh frxsxuh ã od ydohxu pr|hqqh gx

whpsv gh ylh ghv ìwdwv ìohfwurqltxhv |*� i
�

EA � 6:�

D�q g*rewhqlu xqh h{suhvvlrq dqdo|wltxh srxu � i
�

EA �c qrxv idlvrqv hq soxv o*dssur{lpd0

wlrq ^47` =

i T d0*&
�

A o

E�� i T d0*&
�

A o�2
* �

E0*&
�

A �2
� +518,

Fhwwh dssur{lpdwlrq hvw mxvwl�ìh fdu ohv shwlwv ìfkdqjhv g*ìqhujlh grplqhqw od gìfrkìuhqfh

gdqv ohv �ov1 Gh soxv/ o*ìfduw uhodwli hqwuh oh phpeuh gh jdxfkh hw oh phpeuh gh gurlwh gh

o*ìtxdwlrq +518, hvw hqfruh lqiìulhxu ã 43 ( ã 0 ' &
�

A�

Qrxv rewhqrqv �qdohphqw o*h{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh � i
�

EA � hq irqfwlrq

gh od whpsìudwxuh hw gx sdudpëwuh V�*2 txl lqwhuylhqw gdqv oh qr|dx gh o*lqwhudfwlrq Frxorp0

elhqqh =

� i
�

EA � *
�
2V�*2&�A*

s
|

�
32*�

�

Hq uhpsodêdqw V�*2 sdu o*h{suhvvlrq +514:, txh qrxv dyrqv rewhqxh gdqv od suhplëuh sduwlh gh

�.
Oruvtxh g*dxwuhv surfhvvxv olplwhqw od frkìuhqfh gh skdvh lo idxw frxshu o*lqwìjudoh ã |*�

�
E: |*�

i

�
�� Frpph gdqv fh fdv od

frqwulexwlrq ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu oh whpsv gh frkìuhqfh gh skdvh hvw shx ylvleoh/ qrxv qìjoljhrqv fhwwh fruuhfwlrq1
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514 Gìfrkìuhqfh sdu ohv lqwhudfwlrqv hqwuh ìohfwurqv

od wkëvh +Ht1 +514:,/ suhplëuh sduwlh,/ oh whpsv gh frkìuhqfh gh skdvh v*ìfulw =

� i
�

EA � *
#
2�*2e2-

s
(&

�

A

Zu|2

$
32*�

'
�

2

�
-k

2-

|

&
�

A

�
2*�

�
�*�

(

c +519,

rü �
(

' u2*(�

51415 Fdofxo gx whpsv gh frkìuhqfh gh skdvh ã sduwlu ghv
 xfwxdwlrqv gx fkdps ìohfwurpdjqìwltxh

Gdqv od vrxv0vhfwlrq suìfìghqwh/ oh fdofxo gx whpsv gh frkìuhqfh gh skdvh idlw lqwhuyhqlu

xqh frxsxuh dx{ shwlwhv ìqhujlhv ìfkdqjìhv1 Fhwwh frxsxuh mhwwh xq grxwh vxu oh suìidfwhxu

h{dfw txl grlw lqwhuyhqlu gdqv o*h{suhvvlrq +519,1 Srxu uìvrxguh fhwwh gl!fxowì/ Dowvkxohu hw

do1 ^48` rqw fdofxoì o*h�hw ghv lqwhudfwlrqv plfurvfrsltxhv hqwuh ìohfwurqv ã wudyhuv o*lqwhudfwlrq

g*xq ìohfwurq dyhf oh fkdps ìohfwurpdjqìwltxh  xfwxdqw txl hvw fuìì sdu ohv dxwuhv ìohfwurqv

ã o*ìtxloleuh wkhupltxh1 Gh fhwwh idêrq/ lo hvw srvvleoh gh fdofxohu gluhfwhphqw ohv fruuhfwlrqv

gh orfdolvdwlrq idleoh hq suìvhqfh ghv lqwhudfwlrqv hqwuh ìohfwurqv6; ^</48` =

{-

-
E�cA � ' �2-

-k

s
(�

�

u

��E�
�

*�
M

�

���E�
�

*�
M

�
c +51:,

dyhf

�
�

'

�
2Z

-k

-

|

&
�

A

�
2*�

�
�*�

(

hw

�
M

'
�

(

�
�
f

��

�
2

c

rü ��E%� hvw od irqfwlrq g*Dlu| hw ���E%� vd gìulyìh1 Oh whpsv �
�

hvw dsshoì whpsv gh Q|txlvw

hq uìiìuhqfh ã o*xwlolvdwlrq gx wkìruëph  xfwxdwlrq0glvvlsdwlrq +wkìruëph gh Q|txlvw, srxu

gìwhuplqhu ohv  xfwxdwlrqv gx fkdps ìohfwurpdjqìwltxh gdqv oh fdofxo ghv fruuhfwlrqv gh

orfdolvdwlrq idleoh1

O*h{suhvvlrq +51:, frqwlhqw ohv lqwhudfwlrqv hqwuh ìohfwurqv hw shuphw grqf g*h{wudluh od

frqwulexwlrq � i
�

gh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh vxu oh whpsv gh frkìuhqfh gh skdvh1

Oh udssruw ghv irqfwlrqv g*Dlu| gdqv o*h{suhvvlrq +51:, shxw hq h�hw v*ìfuluh =

��E%�

���E%�
'

��s
�*2 n %

E� n 0E%��c +51;,

�H
Oh suìidfwhxu gh fhwwh ìtxdwlrq/ grqqì gdqv o*duwlfoh ^<` / fruuljh xqh huuhxu dojìeultxh g*xq idfwhxu 5 gdqv od uìiìuhqfh ^48`

1 Oh frxsodjh vslq0ruelwh hvw vxssrvì wuëv idleoh gdqv fh fdofxo1
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Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu oh whpsv gh frkìuhqfh gh skdvh

rü m0E%�m 	 f�fe srxu % : f� Od suìflvlrq h{sìulphqwdoh q*hvw sdv vx!vdqwh srxu glvwlqjxhu xq

ìfduw uhodwli lqiìulhxu ã 7 ( vxu o*dpsolwxgh ghv fruuhfwlrqv gh orfdolvdwlrq idleoh +hooh píphv

soxv shwlwhv txh 4( gx vljqdo phvxuì,1 Ohv fruuhfwlrqv gh orfdolvdwlrq idleoh v*ìfulyhqw grqf =

{-

-
E�c A � * 2-

-k

�

u

v
(

�

2��
n �

�M

� +51<,

Sdu dqdorjlh dyhf o*ìtxdwlrq +417, +hq o*devhqfh gh frxsodjh vslq0ruelwh,/ qrxv srxyrqv h{wudluh

o*h{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh oruvtx*lo hvw olplwì sdu ohv lqwhudfwlrqv hqwuh

ìohfwurqv =

� i
�

' 2�
�

c +5143,

f*hvw ã gluh/ h{solflwhphqw =

� i
�

'

�
2�*2|2u

e2-
s
(&

�

A

�2*�

'

�
�

Z

-k

-

|

&
�

A

s
2�

(

�
2*�

� +5144,

Fhwwh h{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh fruuhvsrqg/ dx idfwhxu Z2*�*e � f�De suëv/

dyhf o*h{suhvvlrq +519, txh qrxv dyrqv rewhqxh hq xwlolvdqw oh qr|dx ghv lqwhudfwlrqv gE0� '

V�*20
3�*2 hw dyhf od frxsxuh dx{ edvvhv ìqhujlh ã |*� i

�

�

51416 H{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh srxu gl�ìuhqwv
w|shv g*lqwhudfwlrqv hqwuh ìohfwurqv

Gdqv fhwwh vrxv0vhfwlrq/ qrxv suìvhqwrqv o*h{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh

oruvtxh ohv lqwhudfwlrqv hqwuh ìohfwurqv shxyhqw íwuh gìfulwhv sdu xq qr|dx g*lqwhudfwlrq gh

od iruph gE0� ' V
k

03k� Oh fdv sduwlfxolhu k ' 2 hvw lpsruwdqw fdu qrxv dyrqv prqwuì gdqv od

suhplëuh sduwlh gh fhwwh wkëvh txh qrxv srxylrqv dvvh} elhq uhqguh frpswh ghv ìfkdqjhv g*ìq0

hujlh phvxuìv gdqv ghv �ov gh fxlyuh hw g*ru hq vxssrvdqw txh oh qr|dx ghv lqwhudfwlrqv suhqg

fhwwh iruph1

Xq udlvrqqhphqw lghqwltxh ã fhoxl h�hfwxì srxu gìwhuplqhu oh whpsv gh frkìuhqfh gh skdvh

ã sduwlu gx qr|dx gh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh grqqh o*ìtxdwlrq =

�*� i
�

EA � *
]

"

|*�
i

�

_0
V
k

023k

&
�

A

i T d0*&
�

A o

E�� i T d0*&
�

A o�2
�

Srxu gìwhuplqhu h{solflwhphqw o*h{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh/ qrxv xwlolvrqv ã

qrxyhdx o*dssur{lpdwlrq +518,1 Fhwwh dssur{lpdwlrq hvw ydodeoh xqltxhphqw oruvtxh o*ìqhujlh

ìfkdqjìh 0 hvw lqiìulhxuh ã &
�

Ac fdu dx0ghoã o*lqwìjudqw v*dqqxoh h{srqhqwlhoohphqw1 Srxu hq
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514 Gìfrkìuhqfh sdu ohv lqwhudfwlrqv hqwuh ìohfwurqv

whqlu frpswh/ lo idxw dmrxwhu xqh frxsxuh vxsìulhxuh ã 0 � &
�

A G

�*� i
�

EA � * &
�

A

]
&

�
A

|*�
i

�

_0V
k

03k� +5145,

O*ìtxdwlrq +5145, shuphw g*h{sulphu oh whpsv gh frkìuhqfh gh skdvh hq irqfwlrq ghv sdudpëwuhv

k hw V
k

+yrlu wdeoh 514,1

k : � G � i
�

EA � *
�

Vk&�A

Ek3��|k3�

�
3�*k

k ' � G � i
�

EA � *
�
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�

AV� *?
k
&�A

|*�
�
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k 	 � G � i
�

EA � * E�3k�

Vk

E&
�

A �k32

Wdeoh 5141 H{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh hq irqfwlrq gh od whpsìudwxuh oruvtxh
oh qr|dx ghv lqwhudfwlrqv v*ìfulw gE0� ' V

k

03k�

Oruvtxh k ' 2c oh whpsv gh frkìuhqfh gh skdvh hvw sursruwlrqqho ã �*
s
A G

� i
�ck'2

EA � *
�
V2&�A

|

�
3�*2

� +5146,

Od yduldwlrq gx whpsv gh frkìuhqfh gh skdvh ã edvvh whpsìudwxuh hvw soxv grxfh txh gdqv

oh fdv gh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh +5144, hq udlvrq gh od frqwulexwlrq uhodwlyhphqw

soxv lpsruwdqwh ghv surfhvvxv lqìodvwltxhv lpsoltxdqw gh idleohv ìfkdqjhv g*ìqhujlh gdqv oh

qr|dx gh o*lqwhudfwlrq gE0� ' V20
32�

Ohv fdv sduwlfxolhuv k ' � hw k ' �*2 fruuhvsrqghqw dx{ suìglfwlrqv wkìrultxh gh o*lq0

whudfwlrq Frxorpelhqqh ìfudqwìh oruvtxh od glphqvlrqqdolwì dx vhqv ghv lqwhudfwlrqv6< hvw uh0

vshfwlyhphqw _ ' 2 hw _ ' �� Rq uhwurxyh elhq ohv gìshqgdqfhv hq whpsìudwxuh suìglwhv ^4`

=

� i
�ck'�

EA � 2 �*Ac

� i
�ck'�*2

EA � 2 �*A �*2�

�b
Srxu gìwhuplqhu od glphqvlrqqdolwì dx vhqv ghv lqwhudfwlrqv/ lo idxw frpsduhu ohv glphqvlrqv gh o*ìfkdqwloorq dyhf od orqjxhxu

gh Wkrxohvv

s
|(*.c rü . hvw xqh ìqhujlh w|sltxh gh o*h{sìulhqfh ^4` 1 Gdqv od wurlvlëph sduwlh gh fhwwh wkëvh/ qrxv glvfxwrqv

qrwdpphqw oh fulwëuh gh glphqvlrqqdolwì gdqv ohv judqghv mrqfwlrqv wxqqho1 Od orqjxhxu gh Wkrxohvv | hvw dvvrflìh ã od gl�xvlrq

gx fkdps ìohfwurpdjqìwltxh hw qrq sdv ã fhooh ghv ìohfwurqv1
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Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu oh whpsv gh frkìuhqfh gh skdvh

515 Gìfrkìuhqfh lqgxlwh sdu ohv lqwhudfwlrqv
ìohfwurq0v|vwëph ã ghx{ qlyhdx{

Gdqv od suhplëuh sduwlh gh fhwwh wkëvh/ qrxv dyrqv prqwuì tx*lo hvw srvvleoh gh uhqguh frpswh

wuëv suìflvìphqw ghv ìfkdqjhv g*ìqhujlh hqwuh ìohfwurqv phvxuìv gdqv ghv �ov gh fxlyuh hw g*ru

hq vxssrvdqw txh ohv ìohfwurqv vrqw frxsoìv ã ghv v|vwëphv ã ghx{ qlyhdx{ +WOV,1 Vl hoohv

h{lvwhqw/ gh whoohv lqwhudfwlrqv ìohfwurq0v|vwëph ã ghx{ qlyhdx{ grlyhqw olplwhu od frkìuhqfh gh

skdvh ghv ìohfwurqv1

Gdqv fhwwh vhfwlrq/ qrxv suìvhqwrqv ohv suìglfwlrqv srxu oh whpsv gh frkìuhqfh gh skdvh

ghv ìohfwurqv/ gdqv oh fdguh wkìrultxh txl d shuplv gh uhqguh frpswh ghv ìfkdqjhv g*ìqhujlh

gdqv ohv �ov g*ru hw gh fxlyuh1

51514 H{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh

Qrxv srxyrqv fdofxohu oh whpsv gh frkìuhqfh gh skdvh hq xwlolvdqw xqh surfìgxuh vhpeodeoh

ã fhooh srxu ohv lqwhudfwlrqv hqwuh ìohfwurqv1 Hq h�hw/ qrxv dyrqv prqwuì txh ohv lqwhudfwlrqv

ìohfwurq0v|vwëph ã ghx{ qlyhdx{ shxyhqw íwuh gìfulwhv sdu xq qr|dx gh o*lqwhudfwlrq txl hvw

irqfwlrq gh od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv =

g|*tE0c A � '
bEm0m�#

|*t
Em0m�

�E0c A � n �E�0c A �
c +5147,

rü #
|*t
E0� hvw od ghqvlwì sdu xqlwì gh yroxph ghv WOV grqw ohv ghx{ qlyhdx{ vrqw vìsduìv sdu

o*ìqhujlh 0c bE0� hvw oh frh!flhqw gh frxsodjh ìohfwurq0v|vwëph ã ghx{ qlyhdx{ txl lqwhuylhqw

gdqv od uëjoh g*ru gh Ihupl/ hw dyhf =

�E0c A � '

]
_.s

A

E.�E�� s
A

E. n 0��

'
0

�� i T 0

&�A

�

Qrxv vxssrvrqv/ frpph f*ìwdlw oh fdv srxu uhqguh frpswh ghv ìfkdqjhv g*ìqhujlh phvxuìv gdqv

o*ru hw oh fxlyuh/ txh o*rq shxw ìfuluh oh surgxlw gh od ghqvlwì gh v|vwëphv ã ghx{ qlyhdx{ sdu

oh whuph gh frxsodjh dyhf ohv ìohfwurqv/ vrxv od iruph =

bE0�#
|*t
E0� ' V|*t*0�
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515 Gìfrkìuhqfh lqgxlwh sdu ohv lqwhudfwlrqv ìohfwurq0v|vwëph ã ghx{ qlyhdx{

Oh qr|dx gh o*lqwhudfwlrq v*ìfulw doruv73 =

g|*tE0c A � '
V|*t |@?� d0*2&�A o

02
� +5148,

Hq xwlolvdqw o*h{suhvvlrq fl0ghvvxv/ hw hq vxlydqw oh píph surfìgxuh txh gdqv od vhfwlrq

suìfìghqwh/ rq rewlhqw o*ìtxdwlrq vxlydqwh srxu oh whpsv gh frkìuhqfh gh skdvh � |*t
�

G

�*� |*t
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Dsuëv lqwìjudwlrq vxu 0c rq rewlhqw =
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&
� +5149,

\1 Lpu| hw do1 ^49` rqw rewhqx xqh ìtxdwlrq gh iruph lghqwltxh +Ht1 +;, gdqv ^49` ,/ sdu xq

udlvrqqhphqw txdolwdwli edvì vxu o*h{lvwhqfh gh v|vwëphv ã ghx{ qlyhdx{ frxsoìv dx{ ìohfwurqv

hw whqx srxu uhvsrqvdeohv gx euxlw hq �*s vxu od frqgxfwdqfh +yrlu ^4:�4<` ,1

Srxu rewhqlu od ydohxu gh � |*t
�

EA � qrxv uìvroyrqv qxpìultxhphqw o*ìtxdwlrq +5149,1

ef
Fhwwh h{suhvvlrq q*hvw ydodeoh tx*ã o*ìtxloleuh wkhupltxh1
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Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu oh whpsv gh frkìuhqfh gh skdvh

516 Gìfrkìuhqfh lqgxlwh sdu ghv lpsxuhwìv
pdjqìwltxhv

Ghv gìyhorsshphqwv wkìrultxhv wuëv uìfhqwv lqgltxhqw txh od suìvhqfh g*lpsxuhwìv pdjqì0

wltxhv srxuudlw íwuh ã o*ruljlqh ghv ìfkdqjhv g*ìqhujlh dqrupdx{ txh qrxv dyrqv revhuyìv gdqv

ghv �ov g*ru hw gh fxlyuh1

Lo hvw frqqx txh od suìvhqfh gh fh w|sh g*lpsxuhwìv olplwh od frkìuhqfh gh skdvh ìohfwurqltxh1

Hq h�hw/ oruvtx*xq ìohfwurq hqwuh hq froolvlrq dyhf xqh lpsxuhwì pdjqìwltxh hw txh oh vslq

gh o*lpsxuhwì hvw uhwrxuqì doruv o*hqylurqqhphqw gh fhw ìohfwurq hvw prgl�ì fh txl olplwh

o*dpsolwxgh ghv lqwhuiìuhqfhv txdqwltxhv hqwuh ohv gl�ìuhqwhv wudmhfwrluhv ìohfwurqltxhv1

Srxu fdofxohu o*h�hw ghv lqwhudfwlrqv ìohfwurq0lpsxuhwì pdjqìwltxh vxu oh whpsv gh frkìuhqfh

gh skdvh lo idxw whqlu frpswh gh fhv lqwhudfwlrqv gh idêrq qrq0shuwxuedwlyh gdqv oh fdguh gh od

wkìrulh gh o*h�hw Nrqgr ^53` 1 Od frqwulexwlrq 2*� tu ã o*h{suhvvlrq +514, gh �*�
�

v*ìfulw gdqv

o*dssurfkh gh Qdjdrnd0Vxko ^54/55` =

2*� tu '
2#

4@}

Z|DE.
8

�

Z27E7 n ��

Z27E7 n �� n *?2EA*A
g

�
c +514:,

rü #
4@}

hvw od ghqvlwì yroxpltxh g*lpsxuhwìv pdjqìwltxhv gh vslq 7c DE.
8

� od ghqvlwì g*ìwdwv

sdu xqlwì gh yroxph ghv ìohfwurqv dx qlyhdx gh Ihupl/ hw A
g

od whpsìudwxuh gh Nrqgr gx

v|vwëph ìohfwurq0lpsxuhwì pdjqìwltxh1 Fhwwh h{suhvvlrq hvw ydodeoh xqltxhphqw oruvtxh A :

A
g

�
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517 Gìfrkìuhqfh sdu ohv lqwhudfwlrqv ìohfwurq0skrqrq

Ohv lqwhudfwlrqv ìohfwurq0skrqrq frqwulexhqw ã od irlv ã od uhod{dwlrq gx v|vwëph ìohfwurqltxh

yhuv xqh glvwulexwlrq g*ìtxloleuh hw ã od shuwh gh frkìuhqfh gh skdvh ghv ìohfwurqv1 Qrxv dyrqv

revhuyì gdqv od suhplëuh sduwlh gh fhwwh wkëvh xqh prgl�fdwlrq dssuìfldeoh gh od iruph ghv

irqfwlrqv gh glvwulexwlrqv sdu ohv lqwhudfwlrqv ìohfwurq0skrqrq gdqv ghv �ov g*dujhqw vrxplv ã

xqh whqvlrq L vxsìulhxuh ã �ff >Y1 O*h�hw ghv lqwhudfwlrqv ìohfwurq0skrqrq vxu oh whpsv gh

frkìuhqfh gh skdvh ghv ìohfwurqv d ìjdohphqw ìwì revhuyì gdqv gh qrpeuhxvhv h{sìulhqfhv ã

wudyhuv ohv fruuhfwlrqv gh orfdolvdwlrq idleoh gh od frqgxfwdqfh1 W|sltxhphqw/ fhv lqwhudfwlrqv

ghylhqqhqw grplqdqwhv oruvtxh od whpsìudwxuh hvw vxsìulhxuh ã 4043 N1

Gdqv fhwwh vhfwlrq/ qrxv suìvhqwrqv oh fdofxo gx whpsv gh frkìuhqfh gh skdvh �T�
�

hq suìvhqfh

ghv lqwhudfwlrqv ìohfwurq0skrqrq1 Qrxv xwlolvrqv oh fdguh wkìrultxh lqwurgxlw gdqv oh fkdslwuh 5

gh od suhplëuh sduwlh gh fhwwh wkëvh1 Oh whpsv gh frkìuhqfh gh skdvh hvw h{sulpì hq irqfwlrq

gx qr|dx gh o*lqwhudfwlrq ìohfwurq0skrqrq gT�E0� ' VT�0
2c rü oh sdudpëwuh gh frxsodjh VT�

hvw lqgìshqgdqw gh od jìrpìwulh1

51714 H{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh

Oh whpsv gh frkìuhqfh gh skdvh � T�
�

hvw oh whpsv gh ylh pr|hq ghv ìohfwurqv hq suìvhqfh ghv

skrqrqv/ ã o*ìtxloleuh wkhupltxh1 Xq fdofxo vlplodluh ã fhoxl suìvhqwì gdqv ohv vhfwlrqv suìfì0

ghqwhv shuphw g*ìfuluh oh whpsv gh frkìuhqfh gh skdvh hq irqfwlrq gx qr|dx gh o*lqwhudfwlrq

ìohfwurq0skrqrq hw ghv srsxodwlrqv ghv ìohfwurqv hw ghv skrqrqv =

�*�T�
�

'

]
"

3"

_0

]
"

3"

_.
s
A

E.�E�� s
A

E.��

&
�

A
E�� s

A

E. � 0��VT�0
2 E?

A

Em0m� n wE0�� c +514;,

rü ?
A

E0� ' �*Ei Td0*&
�

A o��� hvw od glvwulexwlrq hq ìqhujlh ghv skrqrqv hw wE0� hvw od irqfwlrq

pdufkh/ ydodqw 4 vl 0 : f hw 3 vlqrq1 Od grxeoh lqwìjudoh vxu ohv ìqhujlhv 0 hw . d xqh h{suhvvlrq

dqdo|wltxh/ fh txl shuphw g*ìfuluh o*h{suhvvlrq gx whpsv gh frkìuhqfh gh skdvh � T�
�

hq irqfwlrq

gx sdudpëwuh VT� hw gh od whpsìudwxuh =

�*� T�
�

EA � ' S1E��VT� E&�A �
� c +514<,

rü 1E%� '
S

"

&'�
&3% hvw od irqfwlrq }hwd gh Ulhpdqq E1E�� * ��2�� Od uhodwlrq +514<, hqwuh VT�

hw �T�
�

hvw h{dfwh/ wrxw dx prlqv gdqv oh fdguh wkìrultxh txh qrxv xwlolvrqv/ fdu od gìfrkìuhqfh

q*hvw sdv grplqìh sdu ohv froolvlrqv txdvl0ìodvwltxhv = lo q*hvw grqf sdv qìfhvvdluh gh frxshu �ã
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Fkdslwuh 5 Suìglfwlrqv wkìrultxhv srxu oh whpsv gh frkìuhqfh gh skdvh

od pdlq� ohv surfhvvxv lqìodvwltxhv srxu ohvtxhov o*ìqhujlh ìfkdqjìh hvw lqiìulhxuh ã |*�T�
�

�
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Fkdslwuh 6
Phvxuhv gx whpsv gh frkìuhqfh gh
skdvh hw frpsdudlvrq dyhf ohv
suìglfwlrqv wkìrultxhv

614 Frpsdulvrq ri hqhuj| dqg skdvh uhod{dwlrq lq
phwdoolf zluhv +duwlfoh,

Fhwwh vhfwlrq uhsurgxlw o*duwlfoh lqwlwxoì �Frpsdulvrq ri hqhuj| dqg skdvh uhod{dwlrq lq

phwdoolf zluhv�/ sdu D1E1 Jrxjdp/ I1 Slhuuh/ K1 Srwklhu/ G1 Hvwhyh hw Q1R1 Elujh/ sxeolì gdqv

Mrxuqdo ri Orz Whpshudwxuh Sk|vlfv 44;/ 77: +5333,1

Fhw duwlfoh suìvhqwh od phvxuh gx whpsv gh frkìuhqfh gh skdvh gdqv xq �o g*dujhqw/ xq �o

g*ru hw xq �o gh fxlyuh1 Oh whpsv gh frkìuhqfh gh skdvh �
�

EA � hvw frpsduì dyhf od phvxuh

ghv ìfkdqjhv g*ìqhujlh suìvhqwìh gdqv od suhplëuh sduwlh gh fhwwh wkëvh1

Qrwh = Od uìvlvwdqfh gh o*ìfkdqwloorq Fx4/ qrwì Fx gdqv o*duwlfoh txl vxlw/ hvw - ' ��. nl

hw qrq sdv 41< nl frpph ìfulw sdu huuhxu gdqv fhw duwlfoh1
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Comparison of energy and phase relaxation in
metallic wires
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MI 48824-1116, USA
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Saclay, F-91191 Gif-sur-Yvette, France

We have determined the phase coherence time, τφ, from magnetoresistance
measurements of long, narrow wires of Au, Ag, and Cu, over the temperature
range 40 mK-6 K. In the Cu and Au wires, τφ saturates at low temperature.
In the Ag wire, τφ continues to increase down to the lowest temperatures mea-
sured; moreover, its temperature dependence below about 1 K is consistent
with theoretical predictions of Altshuler, Aronov and Khmelnitskii published
in 1982. These results cast doubt on recent assertions that saturation of τφ
at low temperature is a universal phenomenon in metal wires. We compare
these results with those of recent experiments on energy relaxation in similar
metallic wires. The results of the two experiments are strongly correlated,
suggesting that a single (unknown) mechanism is the cause of the enhanced
phase and energy relaxation observed in some samples.

PACS numbers: 73.23.-b, 73.50.-h, 71.10.Ay, 72.70.+m.

1. INTRODUCTION

One of the fundamental properties of disordered conductors that has
been studied extensively the past 20 years is the phase coherence time of
the conduction electrons. At temperatures below about 1 K, the dominant
phase-breaking mechanism in nonmagnetic disordered metals is predicted
to be electron-electron scattering.1, 2 The corresponding phase-breaking rate
decreases as the temperature is lowered as a power law, τ−1

φ ∝ T p, where p
depends on the effective dimensionality of the system. Recent experiments
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and analysis of several older experiments3 show that the phase coherence
time in some samples tends to saturate at a finite temperature, in contrast
with theoretical expectations. A second consequence of electron-electron
scattering is energy exchange between quasiparticles. Recently, experiments
have been performed which provide information on the energy dependence,
as well as the overall rate, of energy exchange in mesoscopic wires driven out
of equilibrium by a current.4, 5 Those experiments showed that the energy
relaxation rate in Cu wires was larger than predicted by theory, and the
energy dependence of the scattering rate was different from that predicted.

The purpose of the present work is twofold. First, we aim to shed light
on the issue of saturation of the phase coherence time, by measuring the
temperature dependence of τφ in wires of several different metals. Second,
we compare our results with those from the energy relaxation experiments, to
see if energy and phase relaxation are related in similarly prepared samples.
Energy relaxation experiments have now been performed on wires of Ag6 and
Au7 in addition to the original work on Cu. For purposes of comparison, we
have therefore studied phase coherence in Cu, Ag, and Au wires.

2. EXPERIMENT

The wires used in our experiment were deposited on similar substrates,
and in the same electron-gun evaporator used to fabricate samples for the
energy relaxation experiments.5, 6 The wires were patterned using e-beam
lithography and the lift-off process. Sample dimensions are given in Table
I. The three samples have very similar resistivity ρ, as deduced from the
resistance R, length L, width w and thickness t. The diffusion constants
D were deduced from ρ using Einstein’s relation. The only difference in
the fabrication procedure for these three samples is that the Au sample
was deposited on top of a thin (1 nm) layer of Al to improve adhesion
to the substrate. Sample widths vary from 65 to 110 nm, hence all the
samples are quasi one-dimensional with respect to the phase-breaking length,
Lφ =

√
Dτφ and the thermal length, LT =

√
h̄D/kBT over the temperature

range studied. The samples were immersed in the dilute phase of the 3He-
4He mixture of a dilution refrigerator. Electrical lines to the sample were
filtered at the top of the cryostat and again near the sample. Resistance
measurements were performed using a standard ac four-terminal technique
with a lock-in amplifier. A ratio transformer was used in a bridge circuit to
enhance the measurement sensitivity to small changes in sample resistance.

Figure 1 shows the magnetoresistance of the Ag sample at several tem-
peratures. At low temperature, the magnetoresistance is positive, indicating
that the spin-orbit scattering length Lso =

√
Dτso is shorter than Lφ. Fig-
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TABLE I

Sample L w t R ρ D Lso
material (µm) (nm) (nm) (kΩ) (Ω·nm) (m2 · s−1) (nm)
Au 271 100 45 2.0 33 0.010 58.5
Ag 136 65 45 1.4 30 0.012 75
Cu 271 110 45 1.9 35 0.007 520
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Fig. 1. Magnetoresistance data (circles) and fits to Eq. 1 (solid lines) for Ag
sample at different temperatures. The curves are offset vertically for clarity.

ure 1 shows that the magnitude of the weak localization contribution to the
magnetoresistance continues to increase down to the lowest temperatures
measured. Figure 2 shows similar raw data for the Cu sample. In contrast
to the Ag data, the magnitude of the magnetoresistance does not continue
to grow at low temperature, but saturates at about 1 K in the Cu sample.

The magnetoresistance is very small in the Au sample, indicating that
Lφ is very short. In fact, the poor signal-to-noise ratio of the Au data
prevented us from obtaining reliable data at temperatures below 1 K. The
data we were able to obtain indicate that Lφ had already saturated at 6 K.
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Fig. 2. Magnetoresistance data (circles) and fits to Eq. 1 (solid lines) for Cu
sample at different temperatures. The curves are offset vertically for clarity.
Note the different vertical scales in Figs. 1 and 2.

3. ANALYSIS AND DISCUSSION

To obtain estimates of Lφ and hence τφ, we fit our data to the weak
localization expression for the magnetoresistance in 1D:8

∆R
R

=
e2R

πh̄L

3
2

[
1
L2
φ

+
4

3L2
so

+
1
3

(
wBe

h̄

)2
]−1/2

(1)

−1
2

[
1
L2
φ

+
1
3

(
wBe

h̄

)2
]−1/2


where we have omitted terms that describe spin-flip scattering by magnetic
impurities. Reliable determination of Lso from the fit is only possible at the
higher temperatures shown, where the magnetoresistance changes slope at
high fields. At lower temperatures, we fix the value of Lso and fit to the
single free parameter Lφ.
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Echternach et al.9 have emphasized that Eq. (1) is not strictly
valid at temperatures where the dominant phase-breaking mechanism is
electron-electron scattering with small energy transfer, also called Nyquist
scattering.1 In that low-temperature limit, phase differences accumulate
slowly over many collisions, hence dephasing is not an exponential process.
We refer the reader to Ref. 9 for a complete discussion of this issue. Here
it suffices to say that experimental data does not allow one to distinguish
between the correct magnetoresistance formula in the Nyquist regime and
Eq. (1). The reason is that the function that enters in the Nyquist regime,
f(x) = Ai(x)/Ai′(x), with Ai the Airy function, is well approximated for all
x by −(0.5 + x)−1/2, with corrections of at most 4%. Use of this approx-
imation in the correct magnetoresistance formula10 results in Eq. (1) with
τ−1
φ = 0.5τ−1

N + τ−1
φ0 , where τ−1

N is the Nyquist dephasing rate and τ−1
φ0 is the

dephasing rate due to electron-phonon scattering and any other mechanisms.
Realistically, τφ defined in this way is the only time accessible to experiment.

Figure 3 shows τφ versus temperature for our three samples. The differ-
ences, already apparent in the raw data, are striking. In the Ag sample, τφ
continues to increase down to the lowest temperatures measured. In the Cu
sample, τφ saturates below 1 K at a value of 2 ns, while in the Au sample,
τφ saturates already at 6 K at a value of 10 ps. The theory of electron-
electron scattering in disordered conductors predicts that τφ should increase
as a power law as the temperature is lowered. For the 1D case, the predicted

behavior in the Nyquist regime1, 10 is τφ = 2τN = 2
(
e2R
h̄L

kBT
√
D

h̄

)−2/3
. To see

if our Ag data is consistent with this prediction, we have fit the temperature
dependence of τφ to the functional form:

τ−1
φ = AT p +BT 3 (2)

where the second term is meant to describe electron-phonon scattering
at higher temperatures.11 The best values of the three fit parameters are
p=0.61, A=0.7 ns−1K−0.61, and B=55 µs−1K−3, compared to the theoret-
ical predictions p=2/3, A=0.6 ns−1K−2/3. Thus the Ag data are in agree-
ment with the theory of Nyquist dephasing in both the overall magnitude
and temperature dependence.12 These results are consistent with those of
Wind et al.,13 who measured both the magnitude and width dependence of
the Nyquist dephasing rate in Ag and Al wires above 2 K, and with those of
Echternach and al.,9 who found agreement with theory for the dephasing rate
of Au samples down to 100 mK. Our results thus extend by a factor of two
lower temperature the experimental confirmation of the Nyquist scattering
theory.

What conclusions can we draw from these results? First, our Ag data
contradict the recent experimental claim that saturation of τφ is universal in
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Fig. 3. Phase coherence time for the Ag(◦), Cu(2) and Au(4) samples as
a function of temperature. The solid line is a fit of the Ag data to Eq. (2).

disordered metal wires.3 The proposed theoretical expression for the maxi-
mum value of τφ presented in that paper gives a result τφmax = 2 ns for our
Ag sample, about 5 times shorter than what we observe at our lowest temper-
ature. Second, since the macroscopic parameters (physical dimensions and
resistivity) of our three samples are nearly identical, any theoretical model
that predicts a maximum value of τφ based on those parameters alone must
be incorrect.14 Our work thus lends experimental support to recent theoret-
ical papers15, 16 refuting the claim that saturation of τφ is universal. On the
other hand, our Cu and Au data show that some samples do show satura-
tion of τφ. Since all three of our samples were measured in the same cryostat
under the same conditions, it is unlikely that the saturation is due to inter-
ference from external electromagnetic radiation, as was recently proposed.15

The cause of the saturation is not yet known, but we will mention some re-
cent proposals at the conclusion of this paper. The small value of τφ in our
Au sample is curious, when compared with data from other workers.3, 9 Fur-
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ther measurements on other samples will reveal whether the Al underlayer
has any influence on the dephasing rate.

4. COMPARISON WITH ENERGY RELAXATION

We now compare these results with those from the energy relaxation
experiments.4, 5, 6, 7 The analysis of those experiments was performed within
the framework of the quantum Boltzmann equation.17, 18 The results of the
analysis were expressed in terms of a kernel function, K(ε), which describes
the scattering rate between quasiparticles as a function of the energy ε ex-
changed in the interaction. In the Appendix, we present a heuristic argument
relating K(ε) to the dephasing rate τφ−1. The main result of that calculation
is that if K(ε) ∝ ε−α with α > 1, then the dephasing rate should have the
temperature dependence τ−1

φ ∝ T 1/α. Starting with Ag, Pierre et al.6 have
found that with α ≈ 1.5 in some samples, and α = 1.2 in others. The former
result is in agreement with the theory of electron-electron interactions,2 and
is consistent with our observation that τφ−1 ∝ T 0.61 at low temperatures.
Furthermore, the prefactor in K(ε) is close to the theoretical prediction, con-
sistent with our similar observation for the dephasing rate. In Cu and Au,
the situation is more subtle. The original energy relaxation experiments5 in
Cu found K(ε) = τ−1

0 ε−2, with τ0 ≈ 1 ns. The characteristic scattering time
of 1 ns is very close to the dephasing time we observe at low temperature, but
the energy dependence of K(ε) is not consistent with our observation of τφ
saturation. According to the derivation given in the Appendix, K(ε) ∝ ε−2

should lead to τφ
−1 ∝ T 1/2. In Au, the situation is similar. The energy

relaxation experiments7 find K(ε) = τ−1
0 ε−2, with τ0 = 100 ps, whereas we

observe saturation of τφ at 10 ps. We note that the Au samples used in the
energy relaxation experiment did not have the thin Al underlayer.

The fact that the energy dependence of K(ε) deduced from the energy
relaxation experiments in Cu and Au is not consistent with the observed tem-
perature dependence of τφ may simply be telling us that electron-electron
collisions are not responsible for one or both of those observations. The anal-
ysis of the energy relaxation experiments assumes that two-body electron-
electron collisions are the dominant energy exchange process in the sample.
The relation between K(ε) and τφ presented in the Appendix assumes the
same for dephasing. Since the results of neither experiment agree with the
theoretical prediction for electron-electron scattering, it is perhaps not sur-
prising that our comparison of the results from within that framework leads
to a contradiction.
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5. CONCLUSIONS

What then is the cause of the saturation of τφ we observe in our Cu
and Au samples? It was already argued by Mohanty et al. that magnetic
impurities are unlikely to be the cause of the saturation, since samples with
magnetic impurities deliberately added do not exhibit a saturation of the
dephasing rate.3 Our results support that conclusion. Although it is well
known that magnetic impurities can lead to dephasing via spin-flip scat-
tering, it seems unlikely that they could provide an efficient mechanism of
energy exchange in the absence of an external magnetic field. There have
been recent suggestions that two-level systems may be responsible.16, 19 One
of those proposals16 relates the dephasing rate to the level of 1/f noise in
the sample at frequencies close to τ−1

φ . That proposal relies on assump-
tions about the distribution of tunneling centers in disordered metals that
have not been directly tested by experiment. The second proposal invokes
two-level systems with nearly degenerate ground states, which act as two-
channel Kondo impurities.19 It is argued that such systems can lead to a
temperature-independent dephasing rate over a limited temperature range,
below which the rate must tend to zero. It remains to be seen if either
of these ideas can explain the intriguing results regarding both phase and
energy relaxation in metal wires.
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APPENDIX

To facilitate comparison of the energy relaxation and phase relaxation
experiments, we present a heuristic derivation of the dephasing rate one
obtains from a given K(ε).20 The out-scattering term in the Boltzmann
equation takes the form:

Iout(E, {f}) =
∫
dεdE ′K(ε)f(E)[1− f(E − ε)]f(E ′)[1− f(ε+ E ′)] (3)

where we have suppressed all reference to spatial variables. We assume
that the dephasing rate at temperature T is equal to the out-scattering rate
with the initial state occupied and with equilibrium Fermi-Dirac distribution
functions fFD. Within the framework of Eq. (3), it makes no sense to include
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scattering events with energy transfer less than the dephasing rate itself,
hence we set the lower limit of the integral to h̄/τφ.20 The upper limit is cut
off at ≈ kBT by the availability of unoccupied final states. We then have:

τ−1
φ ≈

∫ kBT

h̄/τφ

dεK(ε)g(ε) (4)

where

g(ε) =
∫
dE
′
fFD(E

′
)[1− fFD(E

′
+ ε)] = ε[1− e−ε/kBT ]−1 (5)

For 0 ≤ ε ≤ kBT , g(ε) ≈ kBT , so the final result is:

τ−1
φ ≈ kBT

∫ kBT

h̄/τφ

dεK(ε) (6)

If K(ε) ∝ ε−α with α > 1, then the integral is dominated by the low-energy
limit, and the dephasing rate has the temperature dependence τφ−1 ∝ T 1/α.
For the case of disordered metals of dimension d, the theoretical prediction2

is K(ε) ∝ ε(d−4)/2. In 1D, this leads to the well-known result1 τφ
−1 ∝ T 2/3.

We note here some possible limitations of the approach taken above.
Most notably, Eq. (4) indicates that dephasing occurs by single scattering
events with energy transfer greater than h̄/τφ. This is in contrast with the
discussion given in the original theoretical papers,1 where dephasing is de-
scribed by a process of gradual accumulation of phase during many collisions
with energy transfer < h̄/τφ. Second, the approach shown here does not ad-
dress subtle differences between dephasing rates measured in different experi-
ments. Recently it has been shown both theoretically21 and experimentally22

that the dephasing rate measured in weak localization experiments is differ-
ent from that measured in universal conductance fluctuation experiments.
Nevertheless, we find it remarkable that the simple argument outlined above
gives the correct temperature dependence of the dephasing rate from the
energy dependence of K(ε).
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615 Phvxuhv frpsoìphqwdluhv hw frpsdudlvrq dyhf ohv
suìglfwlrqv wkìrultxhv

Gdqv o*duwlfoh suìfìghqw/ qrxv prqwurqv txh oh whpsv gh frkìuhqfh gh skdvh phvxuì gdqv oh

�o g*dujhqw Dj4 vxlw elhq ohv suìglfwlrqv wkìrultxhv srxu o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh hw

ohv lqwhudfwlrqv ìohfwurq0skrqrq1 Qrxv revhuyrqv dxvvl/ dyhf oh píph glvsrvlwli h{sìulphqwdo/

xqh vdwxudwlrq gx whpsv gh frkìuhqfh gh skdvh ã edvvh whpsìudwxuh gdqv ohv �ov g*ru +Dx4, hw

gh fxlyuh +Fx4, phvxuìv1 Fhwwh gl�ìuhqfh gh frpsruwhphqw hqwuh oh �o g*dujhqw g*xqh sduw/ hw

ohv �ov g*ru hw gh fxlyuh g*dxwuh sduw/ hvw fruuìoìh dyhf od gl�ìuhqfh gh frpsruwhphqw revhuyìh

gdqv ohv ìfkdqjhv g*ìqhujlh1

Gdqv fhwwh vhfwlrq qrxv suìvhqwrqv wrxw g*derug od phvxuh gx whpsv gh frkìuhqfh gh skdvh

gdqv ghx{ qrxyhdx{ �ov g*ru +Dx5 hw DxPVX, ideultxìv gl�ìuhpphqw1 Sxlv qrxv frpsdurqv

ohv phvxuhv gx whpsv gh frkìuhqfh gh skdvh dyhf ohv suìglfwlrqv wkìrultxhv1

61514 Phvxuhv uìfhqwhv

O*ìfkdqwloorq g*ru Dx4 suìvhqwì gdqv o*duwlfoh suìfìghqw d ìwì gìsrvì vxu xqh �qh frxfkh

g*doxplqh +4 qp, d�q g*dpìolruhu o*dgkìvlrq dyhf oh vxevwudw gh vlolflxp r{|gì1 Fhwwh frxfkh

g*doxplqh q*hvw suìvhqwh vrxv ohv �ov g*ru txl rqw vhuyl ã phvxuhu ohv ìfkdqjhv g*ìqhujlh hqwuh

ìohfwurqv tx*ã od srvlwlrq ghv mrqfwlrqv1 Srxu yìul�hu txh fhwwh frxfkh g*doxplqh qh mrxh dxfxq

u÷oh sduwlfxolhu/ qrxv dyrqv ideultxì o*ìfkdqwloorq Dx5 hq gìsrvdqw xq �o g*ru gluhfwhphqw vxu oh

vxevwudw hw hq surfìgdqw srxu oh uhvwh gh od ideulfdwlrq gh od píph idêrq txh srxu o*ìfkdqwloorq

Dx41 Dgho Jrxjdp hw Qrupdq Elujh rqw phvxuì fhw ìfkdqwloorq hq xwlolvdqw oh píph glvsrvlwli

h{sìulphqwdo txh suìfìghpphqw/ pdlv hq srxvvdqw ohv phvxuhv ã soxv edvvh whpsìudwxuh741

Oh whpsv gh frkìuhqfh gh skdvh phvxuì vxu o*ìfkdqwloorq Dx5 hq irqfwlrq gh od whpsìudwxuh/

hvw uhsuìvhqwì vxu od �jxuh 614 sdu ghv wuldqjohv sohlqv lqyhuvìv1 Oruvtxh od whpsìudwxuh hvw

frpsulvh hqwuh 318 N hw 9 N/ oh whpsv gh frkìuhqfh gh skdvh hvw frqvwdqw hw ydxw hqylurq

�
�

* �f sv/ frpph srxu o*ìfkdqwloorq Dx41 Fhwwh v|vwìpdwltxh vxjjëuh txh qrwuh surfìgxuh

gh ideulfdwlrq hvw vwdeoh hw grqf txh ohv �ov g*ru xwlolvìv srxu od phvxuh ghv ìfkdqjhv g*ìqhujlh

hqwuh ìohfwurqv rqw suredeohphqw ohv píphv sursulìwìv gh frkìuhqfh txdqwltxh1 Rq revhuyh

e�
Oruvtxh od whpsìudwxuh glplqxh ohv phvxuhv vrqw soxv gl!flohv fdu ohv skrqrqv qh shuphwwhqw sdv gh wkhupdolvhu h!fdfhphqw

ohv ìohfwurqv1 Oh frxudqw gh phvxuh grlw grqf íwuh g*dxwdqw soxv shwlw txh od whpsìudwxuh hvw idleoh/ hw grqf oh euxlw gh phvxuh

dxjphqwh1 Fhw h�hw hvw hq sduwlh frpshqvì oruvtxh �
�
dxjphqwh/ fdu oh vljqdo hvw doruv soxv judqg1 Gdqv Dx4 hw Dx5/ sdu frqwuh/

�

�
uhvwh idleoh1
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Ilj1 6141 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh gdqv ghv �ov g*dujhqw +Dj4,/ gh fxlyuh +Fx4, hw g*ru +Dx4/
Dx5 hw DxPVX,/ hq irqfwlrq gh od whpsìudwxuh W= Oh whpsv gh frkìuhqfh gh skdvh dxjphqwh frqwlqþphqw
gdqv ohv ìfkdqwloorqv Dj4 hw DxPVX oruvtxh od whpsìudwxuh glplqxh1 Fh q*hvw sdv oh fdv gdqv ohv ìfkdqwloorqv
Dx4/ Dx5 hw Fx4 txl suìvhqwhqw xqh vdwxudwlrq gh �!+W , vxu xqh jdpph gh whpsìudwxuh lqwhupìgldluh1
O*ìfkdqwloorq DxPVX d ìwì ideultxì ã Plfkljdq Vwdwh Xqlyhuvlw| sdu Qrupdq Elujh hw vrq ìtxlsh1
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gh soxv vxu od �jxuh 614 xqh �gìvdwxudwlrq� gx whpsv gh frkìuhqfh gh skdvh hq ghvvrxv gh

833 pN1

D�q gh gìwhuplqhu vl oh prgh gh ideulfdwlrq ghv ìfkdqwloorqv rx od vrxufh g*ru xwlolvìh ã

Vdfod| rqw xqh lq xhqfh vxu oh frpsruwhphqw gh �
�

c o*ìtxlsh gh Qrupdq Elujh d ideultxì/ ã

Plfkljdq Vwdwh Xqlyhuvlw| +PVX,/ xq qrxyho ìfkdqwloorq g*ru dsshoì DxPVX1 Oh �o hvw gìsrvì

dyhf xq ìydsrudwhxu Mrxoh q*d|dqw mdpdlv ìwì xwlolvì srxu g*dxwuhv pdwìuldx{ txh gh o*dujhqw/

gx fxlyuh/ gh o*ru hw gx wlwdqh> ã sduwlu g*xqh fleoh g*ru gh sxuhwì <<1<<<( hw ã xq wdx{ gh

8 È2v/ ã wudyhuv xq pdvtxh vxvshqgx ideultxì sdu olwkrjudsklh ìohfwurqltxh vxu xq vxevwudw

gh vlolflxp1

Oh whpsv gh frkìuhqfh gh skdvh phvxuì vxu o*ìfkdqwloorq DxPVX hq irqfwlrq gh od whpsìud0

wxuh/ hvw uhsuìvhqwì sdu ghv orvdqjhv sohlqv vxu od �jxuh 6141 Od gìshqgdqfh hq whpsìudwxuh hw

od ydohxu txdqwlwdwlyh gx whpsv gh frkìuhqfh gh skdvh phvxuì vxu o*ìfkdqwloorq DxPVX vrqw

wuëv surfkhv ghv phvxuhv h�hfwxìhv vxu oh �o g*dujhqw Dj41

Hq frqvìtxhqfh/ vrlw od vrxufh g*ru txh qrxv xwlolvrqv/ vrlw od surfìgxuh gh gìsrvlwlrq

gx pìwdo/ hvw ã o*ruljlqh gh od gl�ìuhqfh revhuyìh hqwuh o*ìfkdqwloorq DxPVX g*xqh sduw/ hw

ohv ìfkdqwloorqv Dx4 hw Dx5 g*dxwuh sduw1 Lo hvw lpsruwdqw gh vljqdohu txh ghv ìfkdqwloorqv

gh fxlyuh ideultxìv uìfhpphqw ã PVX dyhf xqh vrxufh gh fxlyuh sxuh ã <<1<<<<( rqw xq

frpsruwhphqw wrxw ã idlw lghqwltxh ã fhoxl ghv ìfkdqwloorqv gh fxlyuh ideultxìv ã Vdfod|1

Srxu whqwhu g*ìoxflghu fhwwh txhvwlrq qrxv dyrqv idlw surfìghu ã xqh frpsdudlvrq sdu dqdo|vh

VLPV +Vhfrqgdu| Lrqv Pdvv Vshfwurvfrs|, hq lrqv srvlwliv hqwuh xq �op g*ru gìsrvì sdu qrv

vrlqv vxu xq vxevwudw gh vlolflxp r{|gì/ hw xq �op g*ru gìsrvì sdu Qrupdq Elujh vxu gx

vlolflxp1 Xqh �qh frxfkh gh wlwdqh hvw gìsrvìh vrxv fkdfxqv ghv �opv g*ru d�q g*dpìolruhu

o*dgkìvlrq dx vxevwudw1 Fhwwh dqdo|vh/ uìdolvìh sdu P1 Eulvvrw gh od vrflìwì Vflhqfh hw Vxu0

idfh +Hfxoo|,/ q*d sdv uìyìoì gh gl�ìuhqfhv uhpdutxdeohv hqwuh ohv ghx{ w|shv g*ìfkdqwloorqv1

Wrxwhirlv/ fhwwh dqdo|vh +whooh tx*hooh d ìwì h�hfwxìh, qh shuphw sdv g*dwwhlqguh xqh uìvroxwlrq

h{sìulphqwdoh phloohxuh txh 433 ssp1

Lo uhvwh grqf wrxw ã idlw srvvleoh txh od suìvhqfh g*lpsxuhwìv vrlw uhvsrqvdeoh gh od vdwxudwlrq

gx whpsv gh frkìuhqfh gh skdvh1 Ghv phvxuhv vxssoìphqwdluhv +phvxuhv VLPV frpsoìphq0

wdluhv/ ud|rqqhphqw [/ phvxuh gh �
�

dyhf ghv lpsxuhwìv lpsodqwìhv gh pdqlëuh frqwurooìh,

v*lpsrvhqw srxu gìwhuplqhu o*ruljlqh gh od gl�ìuhqfh ghv sursulìwìv gh frkìuhqfh revhuyìhv

hqwuh ohv ìfkdqwloorqv g*ru ideultxìv ã Vdfod| hw ã PVX1
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6151514 Gìfrkìuhqfh sdu o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh hw ohv
lqwhudfwlrqv ìohfwurq0skrqrq

Oruvtxh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh hw ohv lqwhudfwlrqv ìohfwurq0skrqrq grplqhqw od

gìfrkìuhqfh/ oh whpsv gh frkìuhqfh gh skdvh �
�

EA � v*ìfulw =

�

�
�

EA �
'

�

� i
�

EA �
n

�

� T�
�

EA �
c

rü � i
�

EA � 2 A32*� hw �T�
�

EA � 2 A3� vrqw ohv h{suhvvlrqv gx whpsv gh frkìuhqfh gh skdvh uhvshf0

wlyhphqw hq suìvhqfh xqltxhphqw gh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh hw ghv lqwhudfwlrqv

ìohfwurq0skrqrq +yrlu Htv1 +5144, hw +514<,,1 Qrxv suìvhqwrqv vxu ohv �jxuhv 615 hw 616 xq �w

gh od frxueh �
�

EA � phvxuìh uhvshfwlyhphqw gdqv ohv �ov Dj4 hw DxPVX dyhf od irqfwlrqqhooh =

�3�
�

' �A 2*� n �A �� +614,

Ohv phloohxuv sdudpëwuhv gh �w vrqw uìfdslwxoìv/ dyhf ohv suìglfwlrqv wkìrultxhv �|�) gh o*ìtxd0

wlrq +5144,/ vxu od wdeoh 6141 Oh sdudpëwuh � shuphw gh gìwhuplqhu oh frh!flhqw VT� fdu0

dfwìulvdqw o*lqwhqvlwì gx frxsodjh ìohfwurq0skrqrq +yrlu o*ìtxdwlrq +514<,,1 Od ydohxu �E�}��

rewhqxh vxu oh �o g*dujhqw Dj4 grqqh VT�E�}�� ' H ?t3�4iV3�� Qrxv dyrqv xwlolvì fhwwh ydohxu

srxu uhqguh frpswh ghv lqwhudfwlrqv ìohfwurq0skrqrq gdqv od phvxuh ghv ìfkdqjhv g*ìqhujlh

gdqv ohv �ov g*dujhqw1

� E?t3�k32*�� �|�) E?t3�k32*�� � E?t3�k3��
Dj4 f�. f�S f�f�.
Dj5 f�S f�S 	 f�fD

DxPVX f�H f�D f�f.

Wdeoh 6141 Sdudpëwuhv gh �w hw suìglfwlrqv wkìrultxhv srxu ohv ìfkdqwloorqv Dj4/ Dj5 hw
DxPVX1

Ohv grqqìhv phvxuìhv vxu ohv ìfkdqwloorqv Dj4/ Dj5 hw DxPVX vrqw grqf hq erq dffrug

dyhf ohv suìglfwlrqv wkìrultxhv1 Fh q*hvw sdv oh fdv ghv phvxuhv h�hfwxìhv gdqv ohv ìfkdqwloorqv

Fx4/ Fx5/ Dx4 hw Dx5 txl suìvhqwhqw xqh gìshqgdqfh hq whpsìudwxuh lqfrpsdwleoh dyhf od

irqfwlrqqhooh +614,1
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3.2 Mesures complémentaires et comparaison avec les prédictions théoriques

Fig. 3.2. Cercles ouverts : temps de cohérence de phase ¿Á mesuré dans le …l d’argent Ag1 en fonction de
la température T: Trait continu : …t des mesures avec la fonctionnelle (3.1). Trait pointillé : prédictions
théoriques de la théorie microscopique des interactions entre électrons pour l’échantillon Ag1 (voir Eq. (2.11)
et la table 1.1).
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Chapitre 3 Mesures du temps de cohérence de phase et comparaison avec les prédictions théoriques

Fig. 3.3. Carrés pleins : temps de cohérence de phase ¿Á mesuré dans le …l d’or AuMSU en fonction
de la température T: Trait continu : …t des mesures avec la fonctionnelle (3.1). Trait pointillé : prédic-
tions théoriques de la théorie microscopique des interactions entre électrons pour l’échantillon AuMSU (voir
Eq. (2.11) et la table 1.1).
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6151515 Gìfrkìuhqfh sdu ghv lqwhudfwlrqv qrq vwdqgdugv hqwuh ìohfwurqv

Qrxv dyrqv prqwuì gdqv od suhplëuh sduwlh gh od wkëvh tx*xq qr|dx gh o*lqwhudfwlrq gh od iruph

gE0� ' V20
32 shuphw gh uhqguh frpswh dvvh} elhq ghv ìfkdqjhv g*ìqhujlh gdqv ohv �ov g*ru hw

gh fxlyuh1 Oh whpsv gh frkìuhqfh gh skdvh v*ìfulw doruv +yrlu o*ìtxdwlrq +5146,, =

� i
�ck'2

*
�
V2&�A

|

�
3�*2

�

Oh uìvxowdw gx �w ghv phvxuhv h�hfwxìhv vxu ohv ìfkdqwloorqv Dx5 hw Fx4 dyhf od irqfwlrqqhooh

�3�
�

' �*� i
�ck'2

n�A �c +615,

hvw sruwì hq wudlwv sohlqv vxu od �jxuh 6171 Ohv phloohxuv sdudpëwuhv gh �wv vrqw V2E���� '

f�f� ?t3�c �E���� ' f�f�e ?t3�k3� hw V2E��2� ' Df ?t3�� Fhwwh orl gh sxlvvdqfh hvw lqfrp0

sdwleoh dyhf od gìshqgdqfh hq whpsìudwxuh ghv grqqìhv> gh soxv ohv ydohxuv gh V2 h{wudlwhqw

ghv �wv qh fruuhvsrqghqw sdv ã fhoohv gìgxlwhv ghv phvxuhv ghv ìfkdqjhv g*ìqhujlh1

6151516 Gìfrkìuhqfh sdu xq frxsodjh ìohfwurq0v|vwëphv ã ghx{ qlyhdx{

Oruvtxh ohv ìohfwurqv vrqw frxsoìv ã ghv v|vwëphv ã ghx{ qlyhdx{ hw dx{ skrqrqv/ oh whpsv gh

frkìuhqfh gh skdvh v*ìfulw =

�

�
�

EA �
'

�

� |*t
�

EA �
n

�

�T�
�

EA �
c +616,

rü � |*t
�

EA � yìul�h o*ìtxdwlrq +5149,/ hw �*�T�
�

' �A ��

Oh �w gx whpsv gh frkìuhqfh gh skdvh phvxuì gdqv ohv ìfkdqwloorqv Dx5 hw Fx4/ dyhf ohv

sdudpëwuhv V|*t +yrlu o*ìtxdwlrq +5149, srxu � |*t
�

EA �, hw �/ hvw sruwì hq oljqhv frqwlqxhv vxu od

�jxuh 6181 Ohv phloohxuv sdudpëwuhv gh �w vrqw V|*tE���� ' f�� ?t3�c �E���� ' f�f2 ?t3�k3�c

hw V|*tE��2� ' 2ff ?t3� +�E��2� q*d sdv g*h�hw fdu ohv froolvlrqv ìohfwurq0skrqrq vrqw lfl

pdvtxìhv sdu ohv dxwuhv surfhvvxv gh gìfrkìuhqfh,1

Oh whpsv gh frkìuhqfh gh skdvh gdqv o*ìfkdqwloorq Fx4 suìvhqwh xqh vdwxudwlrq frpsoëwh

hq ghvvrxv gh 433 pN txh oh �w ghv grqqìhv uhsurgxlw vhxohphqw dssur{lpdwlyhphqw1 Sdu

frqwuh o*dpsolwxgh gx sdudpëwuh V|*t ' f�� ?t3� hvw hq erq dffrug dyhf ohv ydohxuv gìwhuplqìhv ã

sduwlu ghv ìfkdqjhv g*ìqhujlh +yrlu od wdeoh 616 gdqv od suhplëuh sduwlh gh od wkëvh,1 Ilqdohphqw/

od iruwh dqdorjlh hqwuh od iruph hw o*dpsolwxgh gx whpsv gh frkìuhqfh gh skdvh g*xqh sduw/

hw od gìshqgdqfh hq ìqhujlh ìfkdqjìh hw od txdqwlwì ghv surfhvvxv lqìodvwltxhv g*dxwuh sduw/

vxjjëuh txh fhv ghx{ skìqrpëqhv rqw od píph ruljlqh sk|vltxh1 O*ìyhqwxdolwì g*xq frxsodjh
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Ilj1 6171 V|perohv = whpsv gh frkìuhqfhv gh skdvh phvxuì hq irqfwlrq gh od whpsìudwxuh vxu ohv ìfkdqwloorqv
Fx4 hw Dx51 Wudlwv sohlqv = �w ghv phvxuhv dyhf o*h{suhvvlrq +615, gìgxlwh ghv ìfkdqjhv g*ìqhujlhv phvxuìv
gdqv ohv �ov gh fxlyuh hw g*ru vl rq vxssrvh txh ohv ìfkdqjhv g*ìqhujlh revhuyìv uìvxowhqw g*lqwhudfwlrqv gluhfwhv
hqwuh ìohfwurqv1
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Ilj1 6181 V|perohv = whpsv gh frkìuhqfhv gh skdvh phvxuì hq irqfwlrq gh od whpsìudwxuh vxu ohv ìfkdqwloorqv
Fx4 hw Dx51 Wudlwv sohlqv = �w ghv phvxuhv dyhf o*h{suhvvlrq +616, gìgxlwh ghv ìfkdqjhv g*ìqhujlhv phvxuìv
gdqv ohv �ov gh fxlyuh hw g*ru vl rq vxssrvh txh ohv ìfkdqjhv g*ìqhujlh vrqw pìglìv sdu ghv v|vwëphv ã ghx{
qlyhdx{ gìfulw sdu oh fdguh wkìrultxh vlpsoh txh qrxv xwlolvrqv1
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Fkdslwuh 6 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh hw frpsdudlvrq dyhf ohv suìglfwlrqv wkìrultxhv

hqwuh ìohfwurqv hw WOV uhvwh ydodeoh pdojuì od gl!fxowì ã elhq uhsurgxluh od vdwxudwlrq gh

�
�

revhuyìh h{sìulphqwdohphqw1 Fhwwh gl!fxowì srxuudlw qrwdpphqw uh ìwhu ohv olplwhv gh

o*dssurfkh shuwxuedwlyh vlpsoh xwlolvìh srxu fdofxohu o*h�hw ghv lqwhudfwlrqv ìohfwurq0WOV ^56`

1

Oh �w gx whpsv gh frkìuhqfh gh skdvh phvxuì vxu o*ìfkdqwloorq Dx5 shuphw gh uhsurgxluh

wuëv txdolwdwlyhphqw ohv grqqìhv75/ pdlv grqqh xqh ydohxu srxu oh sdudpëwuh V|*t xq ruguh

gh judqghxu soxv judqgh txh gìgxlwh ghv ìfkdqjhv g*ìqhujlh +yrlu od wdeoh 616 gdqv od suh0

plëuh sduwlh gh od wkëvh,1 Fh gìvdffrug lpsruwdqw vxjjëuh tx*xq surfhvvxv gh gìfrkìuhqfh

vxssoìphqwdluh lqwhuylhqw ã edvvh ìqhujlh gdqv ohv �ov g*ru Dx4 hw Dx51 Lo srxuudlw v*djlu/ hq

sduwlfxolhu/ g*lpsxuhwìv pdjqìwltxhv761

6151517 Gìfrkìuhqfh sdu ghv lqwhudfwlrqv ìohfwurq0lpsxuhwì pdjqìwltxh

Od iruph ghv phvxuhv gh �
�

EA � gdqv ohv ìfkdqwloorqv Dx4/ Dx5/ Fx4 hw Fx5 hvw vlplodluh dx{

phvxuhv gx whpsv gh frkìuhqfh gh skdvh hq suìvhqfh g*lpsxuhwìv pdjqìwltxhv ^7/55/57/58` 1

Gdqv fh fdv/ oh whpsv gh frkìuhqfh gh skdvh v*ìfulw =

�

�
�

EA �
'

�

� i
�

EA �
n

�

�T�
�

EA �
n

2

� tuEA �
c +617,

rü �*� i
�

EA � ' �A 2*� hvw grqqì sdu o*h{suhvvlrq +5144,/ �*� T�
�

EA � ' �A � hw � tuEA � hvw grqqì

sdu o*h{suhvvlrq +514:, oruvtxh A : A
g

�

Od phvxuh gh �
�

EA � gdqv ohv �ov g*ru Dx4 hw Dx5/ txl suìvhqwh xqh gìvdwxudwlrq ã A 	 f�DN/

fruuhvsrqg ã xqh whpsìudwxuh gh Nrqgr gh o*ruguh gh A
g

� f�D k1 O*h{suhvvlrq +514:, srxu

� tuEA � qh shuphw sdv gh frpsduhu suìflvìphqw phvxuhv hw suìglfwlrqv wkìrultxhv fdu oh fulwëuh

A : A
g

q*hvw sdv elhq yìul�ì1 Qrxv srxyrqv wrxwhirlv hvwlphu od frqfhqwudwlrq g*lpsxuhwìv

pdjqìwltxhv ã S � �f ssp/ ã sduwlu gh od ydohxu gh vdwxudwlrq �
�

* �f Tt hw gh od iruph olplwh

gh o*h{suhvvlrq +514:, ã A � A
g

771 Oh ihu hvw xq erq fdqglgdw srxu h{soltxhu qrv grqqìhv1

Hq h�hw/ oh whpsv gh frkìuhqfh gh skdvh phvxuì hq suìvhqfh g*lpsxuhwìv gh ihu lpsodqwìhv gh

pdqlëuh frqwu÷oìh gdqv ghv �ov g*ru suìvhqwh ìjdohphqw xqh gìvdwxudwlrq ã A 1 f�D k ^7/:` 1

e2
Ohv grqqìhv g*ru vrqw sduwlfxolëuhphqw euxlwìhv hq udlvrq gh od idleoh dpsolwxgh ghv fruuhfwlrqv gh orfdolvdwlrq idleoh oruvtxh

oh whpsv gh frkìuhqfh gh skdvh hvw shwlw1

e�
D sulrul/ lo q*hvw sdv lqfrpsdwleoh g*dyrlu xq whpsv gh frkìuhqfh gh skdvh grplqì sdu ohv lqwhudfwlrqv ìohfwurq0lpsxuhwì

pdjqìwltxh hw ghv ìfkdqjhv g*ìqhujlh vxsìulhxuv ã qrwuh uìvroxwlrq h{sìulphqwdoh gh 83 >hY +fhwwh olplwh hvw soxv sduwlfxolëuhphqw

yudlh gdqv ohv ìfkdqwloorqv DxL418 hw DxL8 txl vrqw shx uìvlvwliv, pìglìv sdu ghv WOV1

ee
Kdhvhqgrqfn hw do1 ^55` rqw wurxyì h{sìulphqwdohphqw/ vxu ghv �opv plqfhv gh fxlyuh frqwhqdqw xqh frqfhqwudwlrq frqwu÷oìh

gh fkurph/ txh fhwwh suìglfwlrq wkìrultxh gh od frqfhqwudwlrq hvw hq dffrug dyhf ohv phvxuhv dyhf xqh huuhxu uhodwlyh lqiìulhxuh ã

53(1
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3.2 Mesures complémentaires et comparaison avec les prédictions théoriques

Fig. 3.6. Symboles ouverts : temps de cohérence de phase mesuré dans l’échantillon Cu1. Ligne continu :
…t des mesures avec les interactions électron-impureté magnétique, électron-électron et électron-phonon.
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Fkdslwuh 6 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh hw frpsdudlvrq dyhf ohv suìglfwlrqv wkìrultxhv

Od phvxuh gh �
�

EA � gdqv ohv �ov gh fxlyuh Fx4 hw Fx5 fruuhvsrqg ã xqh whpsìudwxuh gh

Nrqgr A
g

1 f�� k1 Qrxv suìvhqwrqv hq wudlw sohlq vxu od �jxuh 619 xq �w gx whpsv gh

frkìuhqfh gh skdvh phvxuì vxu o*ìfkdqwloorq Fx4 hq irqfwlrq gh od whpsìudwxuh/ dyhf o*h{suhv0

vlrq +514:,/ hq vxssrvdqw txh oh vslq ghv lpsxuhwì pdjqìwltxh hvw 7 ' �*2 781 Ohv phloohxuv

sdudpëwuhv gh �wv vrqw �E���� ' f�DD ?t3�k32*�c �E���� ' f�f�H ?t3�k3�c SE���� ' f��D

ssp hw A
g

E���� ' f�� N1 Od suìglfwlrq wkìrultxh srxu ohv lqwhudfwlrqv ìohfwurq0ìohfwurq

+yrlu Ht1 +5144,, hvw �|�)E���� ' f��D ?t3�k32*�� Od suìvhqfh gh pdqjdqëvh gdqv qrv �ov gh

fxlyuh srxuudlw h{soltxhu qrv phvxuhv1 Hq h�hw/ ohv ìohfwurghv pdvvlyhv gh fxlyuh frqwhqdqw xq

idleoh frqfhqwudwlrq gh pdqjdqëvh suìvhqwhqw/ h{sìulphqwdohphqw/ xqh whpsìudwxuh gh Nrqgr

A
g

� �f pN ^59` 1 Ohv phvxuhv gh �
�

EA � h�hfwxìhv sdu Yudqnhu hw do1 ^5:` vxu ghv �opv gh

Fx lqgltxhqw txh o*r{|gh gh fxlyuh suìvhqw ã od vxuidfh ghv �ov srxuudlw ìjdohphqw h{soltxhu

qrv phvxuhv1

eD
Dyhf xq vslq 7 : �*2c od suìglfwlrqv srxu �

�
gdqv o*dssur{lpdwlrq gh Qdjdrnd0Vxko +yrlu Ht1 +514:,, hvw ìodujlh hq

whpsìudwxuh pdlv od ydohxu suìglwh ã A ' A

g
hvw lghqwltxh1 Od txdolwì ghv �wv srxuudlw dlqvl íwuh dpìolruhu dyhf xqh whpsìudwxuh

gh Nrqgr oìjëuhphqw lqiìulhxuh1
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616 Surfìgxuh h{sìulphqwdoh hw frqwu÷ohv

616 Surfìgxuh h{sìulphqwdoh hw frqwu÷ohv

61614 Gìfrkìuhqfh sdu lqmhfwlrq gh euxlw ã wudyhuv ohv oljqhv gh
phvxuhv

Od frkìuhqfh gh skdvh hvw xq skìqrpëqh wuëv iudjloh fdu ghv surfhvvxv txdvl0ìodvwltxhv

shxyhqw od gìwuxluh1 H{sìulphqwdohphqw/ ohv oljqhv ìohfwultxhv txl uholhqw ohv ìfkdqwloorqv ã

edvvh whpsìudwxuh dx{ lqvwuxphqwv gh phvxuh vrqw vxvfhswleohv g*lqwurgxluh ghv shuwxuedwlrqv

txl gìwuxlvhqw od frkìuhqfh txdqwltxh1

Gdqv qrwuh h{sìulhqfh/ qrxv phvxurqv od uìvlvwdqfh ghv �ov sdu xqh phvxuh �txdwuh �ov�

+yrlu Ilj1 615, = oh frxudqw hw od whqvlrq vrqw uhvshfwlyhphqw lpsrvìv hw phvxuìv sdu ghx{ sdluhv

gh oljqhv1 Fhv oljqhv vrqw �owuìhv ã edvvh whpsìudwxuh srxu olplwhu dxwdqw txh srvvleoh oh euxlw

hq frxudqw vxu o*ìfkdqwloorq1 F*hvw xqh rsìudwlrq gìolfdwh fdu ohv �owuhv grlyhqw uhvwhu ã edvvh

whpsìudwxuh srxu qh sdv íwuh hx{ píph vrxufh gh euxlw/ hw ohv lqwhudfwlrqv ìohfwurq0skrqrq

txl shuphwwhqw gh wkhupdolvhu ohv ìohfwurqv ghylhqqhqw prlqv h!fdfhv txdqg od whpsìudwxuh

v*dedlvvh1 Fh srlqw d ìwì ìyrtxì frpph xqh h{solfdwlrq srvvleoh ^5;` gh od vdwxudwlrq gx

whpsv gh frkìuhqfh gh skdvh phvxuìh vxu ghv �ov g*ru sdu Prkdqw| hw do1 ^7` 791

Oh phloohxu whvw h{sìulphqwdo ghv h�hwv gh gìfrkìuhqfh sdu ohv oljqhv gh phvxuhv hvw oh erq

dffrug hqwuh oh whpsv gh frkìuhqfh gh skdvh phvxuì gdqv o*dujhqw hw ohv suìglfwlrqv wkìrultxhv1

Fhod jdudqwlw txh oh euxlw hq frxudqw lqmhfwì sdu fhv oljqhv vxu ohv ìfkdqwloorqv hvw qìjoljhdeoh

gdqv od jdpph gh whpsìudwxuh ^83 pN/ 9 N`/ hw fh srxu wrxv ohv �ov1 Od vdwxudwlrq gx whpsv

gh frkìuhqfh gh skdvh revhuyìh gdqv ohv �ov gh fxlyuh hw g*ru txh qrxv dyrqv ideultxìv ã Vdfod|

q*hvw grqf sdv xq duwhidfw gh od phvxuh1

61615 Surfìgxuh g*h{wudfwlrq gx whpsv gh frkìuhqfh gh skdvh

Wrxv ohv ìfkdqwloorqv vdxi Dx5 suìvhqwhqw xqh pdjqìwruìvlvwdqfh grqw od iruph hvw elhq

gìfulwh sdu o*h{suhvvlrq +417, ghv fruuhfwlrqv gh orfdolvdwlrq idleoh1 Od surfìgxuh g*h{wudfwlrq

gx whpsv gh frkìuhqfh gh skdvh frqvlvwh vlpsohphqw ã �whu od pdjqìwruìvlvwdqfh phvxuìh dyhf

fhwwh ìtxdwlrq/ hq xwlolvdqw ohv ghx{ sdudpëwuhv u
�

hw u
rJ

c rü od ydohxu gh u
rJ

hvw lghqwltxh

srxu wrxwhv ohv whpsìudwxuhv1

Gdqv o*ìfkdqwloorq Dx5/ od pdjqìwruìvlvwdqfh suìvhqwh xqh iruph dqrupdoh ã edvvh whp0
eS

Hw fh pdojuì od phvxuh g*xqh yduldwlrq uhodwlyh gh od uìvlvwdqfh gx �o ã judqg fkdps pdjqìwltxh sursruwlrqqhooh ã �*

I

A c

frpph suìglw sdu od wkìrulh gh o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh ^4` 1
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Fkdslwuh 6 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh hw frpsdudlvrq dyhf ohv suìglfwlrqv wkìrultxhv
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Ilj1 61:1 Ohv ìfkdqwloorqv g*ru Dx4 hw Dx5 suìvhqwhqw xqh pdjqìwruìvlvwdqfh qìjdwlyh dqrupdohv ã edvvh whp0
sìudwxuh srxu ghv fkdpsv pdjqìwltxhv uhodwlyhphqw lpsruwdqw sdu udssruw dx{ fruuhfwlrqv gh orfdolvdwlrq
idleoh1 Dx ghvvxv gh 4 N fhw h�hw hvw qìjoljhdeoh1
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616 Surfìgxuh h{sìulphqwdoh hw frqwu÷ohv

sìudwxuh +yrlu �jxuh 61:,/ vlplodluh ã fh tx*rqw revhuyì Prkdqw| hw Zhee ^58` gdqv ghv �ov

g*ru frqwhqdqw txhotxhv ssp gh ihu7:1 Qrxv revhuyrqv xqh pdjqìwruìvlvwdqfh qìjdwlyh txl vh

gìyhorssh vxu xq fkdps pdjqìwltxh gh o*ruguh gh 4 Whvod hw grqw o*dpsolwxgh gìshqg iruwh0

phqw gh od whpsìudwxuh srxu ghyhqlu qìjoljhdeoh ã A ) � N1 F*hvw srxu fhwwh udlvrq txh qrxv

q*dyrqv sdv hx ã whqlu frpswh gh fhw h�hw srxu o*ìfkdqwloorq Dx4 srxu ohtxho ohv phvxuhv rqw

ìwì idlwhv ã uhodwlyhphqw kdxwh whpsìudwxuh1 Od pdjqìwruìvlvwdqfh suìvhqwdlw oh píph w|sh

g*dqrpdolh txh Dx5 ã edvvh whpsìudwxuh1 Fhwwh dqrpdolh gh od pdjqìwruìvlvwdqfh srxuudlw

suryhqlu gh o*doljqhphqw gx vslq g*lpsxuhwìv pdjqìwltxhv dyhf oh fkdps pdjqìwltxh/ txl sur0

gxlw xqh yduldwlrq uhodwlyh gh od uìvlvwdqfh sursruwlrqqhooh ã �E�*A �2 ^58` 1 Srxu gìwhuplqhu

oh whpsv gh frkìuhqfh gh skdvh ã edvvh whpsìudwxuh vxu o*ìfkdqwloorq Dx5/ qrxv dyrqv g*derug

vrxvwudlw ã od pdjqìwruìvlvwdqfh gh o*ìfkdqwloorq Dx5 od irqfwlrq �@
A

�2c rü oh sdudpëwuh @
A

c ã

fkdtxh whpsìudwxuh/ hvw fkrlvl srxu dqqxohu od pdjqìwruìvlvwdqfh dqrupdoh1 Sxlv qrxv dyrqv

xwlolvì o*h{suhvvlrq +417,1

Rq shxw uhpdutxhu txh od judqgh dpsolwxgh gh fhwwh pdjqìwruìvlvwdqfh dqrupdoh/ sdu

udssruw ã fh tx*rqw revhuyì Prkdqw| hwZhee ^58` / hvw frkìuhqwh dyhf o*hvwlpdwlrq uhodwlyhphqw

lpsruwdqwh +63 ssp, gh od frqfhqwudwlrq hq lpsxuhwì gh ihu qìfhvvdluh srxu uhqguh frpswh

ghv phvxuhv gh �
�

gdqv ohv �ov g*ru Dx4 hw Dx51

61616 Uìvlvwlylwì hq irqfwlrq gh od whpsìudwxuh

Ohv surfhvvxv lqìodvwltxhv ã o*ruljlqh ghv ìfkdqjhv g*ìqhujlh dqrupdx{ vrqw vxvfhswleohv gh

prgl�hu od uìvlvwlylwì gx pìwdo1 Qrxv dyrqv grqf phvxuì od uìvlvwdqfh ghv �ov hq irqfwlrq gh

od whpsìudwxuh/ vrxv xq fkdps pdjqìwltxh vx!vdqw srxu gìwuxluh ohv h�hwv gh orfdolvdwlrq

idleoh +� � ��D Whvod,1 Od wkìrulh plfurvfrsltxh gh o*lqwhudfwlrq Frxorpelhqqh suìglw doruv

txh od uìvlvwdqfh gx �o -EA � ' -f n{-EA � gìshqg gh od whpsìudwxuh frpph ^<` =

{-EA �

-f

* ���2S
-f

-k

u
A

u
c +618,

rü u
A

'
s
|(*&

�

A hw -k ' �*e2� Ohv phvxuhv h�hfwxìhv vxu ohv ìfkdqwloorqv Dj4/ Dj5/ Fx4/

Fx5 hw DxPVX yìul�hqw fhwwh suìglfwlrq = od uìvlvwdqfh ydulh frpph �*
s
A hw oh suìidfwhxu

hvw fruuhfw ã 53( suëv1 Gdqv oh sdqqhdx gh gurlwh gh od �jxuh 61;/ qrxv suìvhqwrqv dyhf

ghv v|perohv rxyhuwv od phvxuh gh {-EA �*-f gdqv o*ìfkdqwloorq Dj5/ hw hq wudlw frqwlqx od

e.
Prkdqw| hw Zhee rqw revhuyì txh o*dpsolwxgh gh fhwwh dqrpdolh gh pdjqìwruìvlvwdqfh hvw sursruwlrqqhooh ã od txdqwlwì gh

ihu lpsodqwì gdqv oh �o g*ru1

0 4:4 0



Fkdslwuh 6 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh hw frpsdudlvrq dyhf ohv suìglfwlrqv wkìrultxhv

suìglfwlrq wkìrultxh grqqìh sdu o*h{suhvvlrq +618,1 Fhwwh suìglfwlrq qh shuphw sdv gh uhqguh

frpswh ghv phvxuhv gdqv ohv ìfkdqwloorqv Dx4 hw Dx5 +yrlu od frxueh srlqwlooìh vxu oh sdqqhdx

gh jdxfkh gh od �jxuh 61;,1 Wrxwhirlv/ qrxv srxyrqv dvvh} elhq uhsurgxluh ohv grqqìhv hq

udmrxwdqw ã od frqwulexwlrq ghv lqwhudfwlrqv ìohfwurq0ìohfwurq xq whuph gh od iruph �K *?EA �c

rü K hvw xq sdudpëwuh gh �w +yrlu oh sdqqhdx gh jdxfkh vxu od �jxuh 61;,1 Xq whuph dgglwlrqqho

gh fh w|sh hvw suìglw dxvvl elhq hq suìvhqfh g*lpsxuhwìv pdjqìwltxhv ^53` tx*hq suìvhqfh

g*lqwhudfwlrqv ìohfwurqv0WOV ^5<` / oruvtxh od whpsìudwxuh hvw vxsìulhxuh ã od whpsìudwxuh gh

Nrqgr1

Txdqwlwdwlyhphqw/ sdu dqdorjlh dyhf ohv phvxuhv h�hfwxìhv sdu Prkdqw| hw do1 ^7` gdqv

ghv �ov g*ru frqwhqdqw ghv lpsxuhwìv gh ihu/ oh suìidfwhxu KE��2� * ��2� �f3� fruuhvsrqg

ã xqh frqfhqwudwlrq gh o*ruguh gh 83 ssp gh ihu1 Fhwwh frqfhqwudwlrq hvw frkìuhqwh dyhf od

ydohxu txdqwlwdwlyh gx whpsv gh frkìuhqfh gh skdvh gdqv ohv �ov g*ru ideultxìv ã Vdfod|/ gdqv

o*lqwhusuìwdwlrq rü �
�

EA � hvw grplqì sdu od suìvhqfh g*lpsxuhwìv pdjqìwltxhv gh ihu +yrlu od

vrxv0vhfwlrq 6151517,1 Qrwh} tx*hq srxvvdqw o*dqdorjlh dx{ ìfkdqwloorqv gh fxlyuh/ od wuëv idleoh

frqfhqwudwlrq gìgxlwh gh od frxueh gh frkìuhqfh gh skdvh +SE���� ' f��D ssp, suìglw xq h�hw

g*dpsolwxgh qìjoljhdeoh7; vxu od uìvlvwlylwì1 Od phvxuh gh -EA � gdqv ohv ìfkdqwloorqv gh fxlyuh

Fx4 hw Fx5 qh suìvhqwh grqf sdv g*lqfrpsdwlelolwì dyhf o*lqwhusuìwdwlrq g*xqh vdwxudwlrq gh

�
�

gdqv fhv ìfkdqwloorqv sdu od suìvhqfh g*lpsxuhwìv pdjqìwltxhv1

61617 Phvxuhv gh euxlw

O*rvfloodwlrq gh jurxshv g*dwrphv hqwuh soxvlhxuv duudqjhphqwv dwrpltxhv pìwdvwdeohv shxw

frqgxluh ã ghv  xfwxdwlrqv g|qdpltxhv gh od frqgxfwdqfh ^4:�4<` 1 Hq h�hw/ od frqgxfwdqfh

g*xq v|vwëph ìohfwurqltxh frkìuhqw hvw prgl�ìh sdu udssruw ã vd ydohxu pr|hqqìh vxu oh

gìvruguh/ ã kdxwhxu gh BC ' e2*�c hq irqfwlrq gh od uìdolvdwlrq sduwlfxolëuh ghv gl�xvhxuv1

Rq sduoh srxu fhw h�hw frkìuhqw gh  xfwxdwlrqv xqlyhuvhoohv gh frqgxfwdqfh +XFI, ^63/64` 1

Ohv v|vwëphv ã ghx{ qlyhdx{ vrqw jìqìudohphqw dwwulexìv ã o*h{lvwhqfh gh ghx{ duudqjhphqwv

dwrpltxhv pìwdvwdeohv frxsoìv sdu h�hw wxqqho ^65` / hw vrqw grqf vrxufh gh euxlw1 Oh jurxsh

gh Qrupdq Elujh d phvxuì o*dpsolwxgh gx euxlw �*s vxu o*ìfkdqwloorq Dx5 d�q gh gìwhuplqhu

vl ohv ìfkdqjhv g*ìqhujlh lpsruwdqwv txh qrxv dyrqv phvxuìv vrqw dxvvl uholìv ã xq qlyhdx gh

euxlw ìohyì1 Fhwwh phvxuh/ h�hfwxìh ã A ' ���� N/ q*d sdv grqqì gh uìvxowdw srvlwli = oh

eH
Hq h�hw/ ohv fruuhfwlrqv dx{ yduldwlrqv uhodwlyhv gh od uìvlvwdqfh vhudlw gh o*ruguh gh �f

3D
�
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616 Surfìgxuh h{sìulphqwdoh hw frqwu÷ohv

Ilj1 61;1 V|perohv rxyhuwv = yduldwlrq uhodwlyh gh od uìvlvwdqfh ghv �ov Dx5 hw Dj5 hq irqfwlrq gh od
whpsìudwxuh1 Wudlw sohlq gdqv oh sdqqhdx gh gurlwh hw wudlw srlqwlooì gdqv oh sdqqhdx gh jdxfkh = suìglfwlrq
wkìrultxh ghv lqwhudfwlrqv hqwuh ìohfwurqv grqqìh sdu o*ìtxdwlrq +616,1 Wudlw sohlq/ sdqqhdx gh jdxfkh =
�wv ghv phvxuhv dyhf od frqwulexwlrq vxssoìphqwdluh �e oq^W `> hw hq whqdqw frpswh gh od suìglfwlrq +616,
ghv lqwhudfwlrqv hqwuh ìohfwurqv1 Oh whuph �e oq^W ` hvw jìqìudohphqw dwwulexì ã od suìvhqfh g*lpsxuhwìv
pdjqìwltxhv/ pdlv lo hvw ìjdohphqw suìglw sdu od wkìrulh qrq0shuwxuedwlyh ghv v|vwëphv ã ghx{ qlyhdx{1
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Fkdslwuh 6 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh hw frpsdudlvrq dyhf ohv suìglfwlrqv wkìrultxhv

qlyhdx gh euxlw uhvwh lqiìulhxu ã od uìvroxwlrq h{sìulphqwdoh oruvtxh od iuìtxhqfh hvw vxsìulhxuh

ã 314 K}1 Lo idxw vrxoljqhu txh od phvxuh gx euxlw sruwh lfl vxu ghv iuìtxhqfhv frpsulvhv hqwuh

3134 K} hw 43 K}/ wuëv lqiìulhxuhv dx{ iuìtxhqfhv fdudfwìulvwltxhv +�f � �ff JK}, plvhv hq

rhxyuh gdqv ohv ìfkdqjhv g*ìqhujlh phvxuìv1 Fhod qh vx!w grqf sdv srxu lq�uphu o*k|srwkëvh

txh ohv surfhvvxv lqìodvwltxhv dqrupdx{ revhuyìv gdqv oh fxlyuh hw o*ru uìvxowhqw gh od suìvhqfh

gh v|vwëph ã ghx{ qlyhdx{ frxsoìv dx{ ìohfwurqv1
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617 Frqfoxvlrq = txh vdyrqv0qrxv vxu ohv surfhvvxv lqìodvwltxhv B

617 Frqfoxvlrq = txh vdyrqv0qrxv vxu ohv surfhvvxv
lqìodvwltxhv B

Ohv ìfkdqjhv g*ìqhujlh hw od gìfrkìuhqfh txdqwltxh ghv ìohfwurqv gdqv ohv �ov g*dujhqw yìul0

�hqw ohv suìglfwlrqv wkìrultxhv edvìhv vxu o*lqwhudfwlrq Frxorpelhqqh ìfudqwìh hw ohv lqwhudf0

wlrqv ìohfwurq0skrqrq1 Ohv phvxuhv gx whpsv gh frkìuhqfh gh skdvh �
�

prqwuhqw dxvvl tx*lo

q*| d sdv gh idfwhxu olplwdqw lqwulqvëtxh ã od frkìuhqfh txdqwltxh ghv ìohfwurqv vl fh q*hvw/ ã

whpsìudwxuh �qlh/ od suìvhqfh g*lpsxuhwìv pdjqìwltxh grqw od whpsìudwxuh gh Nrqgr hvw lq0

iìulhxuh ã od whpsìudwxuh gh od phvxuh1 Fh ghuqlhu srlqw frqwuhglw o*h{solfdwlrq gh Prkdqw| hw

do1 ^7` / txl lqyrtxhqw ohv  xfwxdwlrqv gh srlqw }ìur gx fkdps ìohfwurpdjqìwltxh srxu uhqguh

frpswh gh od vdwxudwlrq gx whpsv gh frkìuhqfh gh skdvh revhuyìh ã edvvh whpsìudwxuh gdqv

ghv �ov g*ru1

Gdqv ohv ìfkdqwloorqv gh fxlyuh hw g*ru ideultxìv ã Vdfod|/ ohv ìfkdqjhv g*ìqhujlh hqwuh

ìohfwurqv hw oh whpsv gh frkìuhqfh gh skdvh qh yìul�hqw sdv ohv suìglfwlrqv wkìrultxhv ghv

lqwhudfwlrqv ìohfwurq0ìohfwurq1

Qrxv shqvrqv txh fhv dqrpdolhv gdqv o*ru hw oh fxlyuh qh surylhqqhqw sdv g*lqwhudfwlrqv

+gluhfwhv, hqwuh ìohfwurqv dqrupdohv1 Hq h�hw/ od orl g*ìfkhooh revhuyìh vxu ohv glvwulexwlrqv hq

ìqhujlh ghv ìohfwurqv lpsrvhudlw srxu oh qr|dx ghv lqwhudfwlrqv hqwuh ìohfwurqv gE0� ' V20
32c

pdlv fhwwh irqfwlrqqhooh qh shuphw sdv gh uhqguh frpswh ghv glvwulexwlrqv phvxuìhv dyhf dxwdqw

gh suìflvlrq txh od wkìrulh vwdqgdug ghv lqwhudfwlrqv hqwuh ìohfwurqv gdqv ohv �ov g*dujhqw1 Gh

soxv/ od gìshqgdqfh hq whpsìudwxuh hw od ydohxu gx whpsv gh frkìuhqfh gh skdvh/ phvxuìhv

gdqv ohv ìfkdqwloorqv gh fxlyuh hw g*ru/ vrqw lqfrpsdwleohv uhvshfwlyhphqw dyhf fhwwh iruph gx

qr|dx ghv lqwhudfwlrqv/ hw dyhf od ydohxu gx sdudpëwuh V2 gìwhuplqìh sdu od phvxuh ghv ìfkdqjhv

g*ìqhujlh1 Hq�q/ V2 ydulh vljql�fdwlyhphqw E BV2
V2

� f�D� vrxv o*h�hw gh f|fodjhv wkhupltxhv/ doruv

txh od uìvlvwlylwì gx pìwdo uhvwh frqvwdqwh ã plhx{ txh 8(1

Fh ghuqlhu srlqw lqgltxh txh ohv ìohfwurqv vrqw fhuwdlqhphqw frxsoìv ã g*dxwuhv ghjuìv gh

olehuwì gdqv oh pìwdo1 H{sìulphqwdohphqw/ qrxv revhuyrqv txh o*ìqhujlh lqmhfwìh gdqv oh �o hvw

uhglvwulexìh orfdohphqw hqwuh ohv ìohfwurqv1 Fhfl lpsoltxh txh fhv ghjuìv gh olehuwì grlyhqw íwuh

orfdolvìv/ lqgìshqgdqwv ohv xqv ghv dxwuhv hw frxsoìv hvvhqwlhoohphqw dx{ ìohfwurqv1

Qrxv dyrqv g*derug vxssrvì tx*lov srxydlhqw íwuh gìfulwv sdu ghv v|vwëphv ã ghx{ qlyhdx{

+WOV,/ hw xwlolvì od uëjoh g*ru gh Ihupl srxu fdofxohu o*h�hw ghv lqwhudfwlrqv hqwuh WOV hw ìohf0
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Fkdslwuh 6 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh hw frpsdudlvrq dyhf ohv suìglfwlrqv wkìrultxhv

wurqv1 Od orl g*ìfkhooh lpsrvh txh oh surgxlw gh od ghqvlwì gh WOV sdu oh frxsodjh ìohfwurq0WOV

vrlw sursruwlrqqho ã o*lqyhuvh gh o*ìfduw hq ìqhujlh hqwuh ohv ghx{ qlyhdx{ gx WOV +yrlu o*ìtxd0

wlrq +5147,,1 Gdqv fh fdguh vlpsoh/ ohv lqwhudfwlrqv ìohfwurq0WOV shuphwwhqw gh uhsurgxluh wuëv

suìflvìphqw ohv irqfwlrqv gh glvwulexwlrq phvxuìhv gdqv ohv �ov g*ru hw gh fxlyuh/ hw/ prlqv

suìflvìphqw/ oh whpsv gh frkìuhqfh gh skdvh gdqv ohv �ov gh fxlyuh1 Oh whpsv gh frkìuhqfh

gh skdvh gdqv ohv ìfkdqwloorqv g*ru Dx4 hw Dx5 hvw soxv shwlw g*xq ruguh gh judqghxu txh ohv

suìylvlrqv edvìhv vxu od phvxuh ghv ìfkdqjhv g*ìqhujlh1 Wrxwhirlv/ soxvlhxuv lqglfhv vxjjëuhqw

tx*xq dxwuh surfhvvxv/ yudlvhpeodeohphqw xq frxsodjh ìohfwurq0lpsxuhwì pdjqìwltxh/ olplwh

od frkìuhqfh txdqwltxhv gdqv fhv ghx{ ìfkdqwloorqv1 Od gl!fxowì ã uhqguh frpswh suìflvìphqw

gh od vdwxudwlrq gh �
�

revhuyìh gdqv ohv ìfkdqwloorqv Fx4 hw Fx5 srxuudlw suryhqlu ghv olplwhv

gh o*dssurfkh shuwxuedwlyh1 Hq h�hw/ oruvtxh ohv ìqhujlhv vrqgìhv h{sìulphqwdohphqw vrqw gh

o*ruguh rx lqiìulhxuhv ã od whpsìudwxuh gh Nrqgr A
g

+txl gìshqg gh od qdwxuh plfurvfrsltxh

h{dfwh ghv WOV,/ ohv lqwhudfwlrqv ìohfwurq0WOV grlyhqw íwuh wudlwìhv gdqv oh fdguh frpsoh{h

gh o*h�hw Nrqgr ã ghx{ fdqdx{ +yrlu ^56` / hw uìiìuhqfhv ã o*lqwìulhxu,1 Oh fdofxo gx whpsv gh

frkìuhqfh gh skdvh hvw sduwlfxolëuhphqw vxvfhswleoh g*íwuh d�hfwì sdu o*dssurfkh shuwxuedwlyh

fdu �
�

hvw wuëv vhqvleoh dx{ surfhvvxv lqìodvwltxhv dyhf ghv shwlwv ìfkdqjhv g*ìqhujlh gh o*ruguh

gh |*�
�

� Oh wkìrulh gh o*h�hw Nrqgr ã ghx{ fdqdx{ suìglw txdolwdwlyhphqw7< xqh vdwxudwlrq

gx whpsv gh frkìuhqfh gh skdvh vxu xqh sodjh gh whpsìudwxuh lqwhupìgldluh ^56` 1

Qrxv srxyrqv ìjdohphqw hqylvdjhu txh fhv ghjuìv gh olehuwì orfdolvìv vrlhqw ghv lpsxuhwìv

pdjqìwltxhv1 Gdqv fh fdguh rq shxw uhqguh frpswh ghv phvxuhv gh �
�

gdqv ohv ìfkdqwloorqv

g*ru83 hw gh fxlyuh1 Gh soxv/ ghv gìyhorsshphqw wkìrultxhv wuëv uìfhqwv/ txl qh vrqw sdv hqfruh

dvvh} dydqfìv srxu shuphwwuh xqh frpsdudlvrq txdqwlwdwlyh dyhf ohv phvxuhv ghv ìfkdqjhv

g*ìqhujlh/ lqgltxhqw txh oh frxsodjh ìohfwurq0lpsxuhwì pdjqìwltxh srxuudlw grqqhu olhx ã xq

qr|dx ghv lqwhudfwlrqv hqwuh ìohfwurqv yìul�dqw od orl g*ìfkhooh revhuyìh h{sìulphqwdohphqw ^66`

1

Uìfhpphqw/ o*ìtxlsh gh Qrupdq Elujh d ideultxì xq ìfkdqwloorq g*ru +DxPVX, gdqv ohtxho

oh whpsv gh frkìuhqfh gh skdvh yìul�h ohv suìglfwlrqv wkìrultxhv/ frpph f*hvw oh fdv srxu

ohv ìfkdqwloorqv g*dujhqw Dj4 hw Dj51 Gh soxv/ od ydohxu txdqwlwdwlyh gx whpsv gh frkìuhqfh

eb
D fh qlyhdx wuëv txdolwdwli/ ohv lqwhudfwlrqv ìohfwurq0v|vwëph ã ghx{ qlyhdx{/ whoohv txh qrxv ohv dyrqv wudlwìhv/ suìglvdlhqw

dxvvl sdu o*ìtxdwlrq +5149, xqh vdwxudwlrq gx whpsv gh frkìuhqfh gh skdvh vxu xqh jdpph gh whpsìudwxuh lqwhupìgldluh +Lpu|

hw do1 ^49` shqvdlhqw h{soltxhu od vdwxudwlrq gx whpsv gh frkìuhqfh gh skdvh dyhf fhwwh ìtxdwlrq,1 Hq sudwltxh/ od uìvroxwlrq

qxpìultxh gh o*ìtxdwlrq +5149, qh shuphw sdv gh uhqguh frpswh suìflvìphqw gh od vdwxudwlrq revhyìh1

Df
Vhxohphqw txdolwdwlyhphqw srxu ohv �ov g*ru Dx4 hw Dx5/ fdu qrxv qh glvsrvrqv sdv g*xqh wkìrulh ydodeoh ã A ; Ag �
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617 Frqfoxvlrq = txh vdyrqv0qrxv vxu ohv surfhvvxv lqìodvwltxhv B

gh skdvh phvxuì gdqv o*ìfkdqwloorq DxPVX hvw lqfrpsdwleoh dyhf o*lqwhqvlwì ghv ìfkdqjhv

g*ìqhujlh revhuyìh gdqv ohv �ov g*ru ideultxìv ã Vdfod|1 Lo hvw wuëv lpsruwdqw g*h�hfwxhu ghv h{0

sìulhqfhv frpsoìphqwdluhv srxu lghqwl�hu oh rx ohv sdudpëwuhv ã o*ruljlqh gh fhwwh gl�ìuhqfh gh

frpsruwhphqw1 Fhod ghyudlw qrwdpphqw shuphwwuh gh plhx{ fdudfwìulvhu ohv ghjuìv gh olehuwì

frxsoìv dx{ ìohfwurqv1 Gx srlqw gh yxh vwulfwhphqw h{sìulphqwdo/ fhod shuphwwud gh ideul0

txhu ghv ìfkdqwloorqv pìwdooltxhv dyhf xq wdx{ g*ìfkdqjh g*ìqhujlh hqwuh ìohfwurqv dgdswì dx

w|sh g*h{sìulhqfh h�hfwxìh841 Od surfìgxuh gh ideulfdwlrq gl�ëuh hvvhqwlhoohphqw gh fh txh

qrxv idlvrqv ã Vdfod| sdu od vrxufh g*ru xwlolvìh +sxuh ã <<1<<<(,/ sdu od pìwkrgh gh gìs÷w

xwlolvdqw xq ìydsrudwhxu Mrxoh/ hw sdu oh vxevwudw hq vlolflxp qrq r{|gì1 Lo idxw qrwhu txh od

sxuhwì ghv pdwìuldx{ xwlolvìv ã Vdfod| srxu od ideulfdwlrq vxlw od klìudufklh revhuyìh vxu ohv

ìfkdqjhv g*ìqhujlh hw od frkìuhqfh gh skdvh = od vrxufh g*dujhqw hvw soxv sxuh txh od vrxufh

gh fxlyuh/ hooh píph soxv sxuh txh od vrxufh g*ru +fhv vrxufhv vrqw uhvshfwlyhphqw gh sxuhwì

<<1<<<<(/ <<1<<<( hw <<1<<(,1 Qrxv vdyrqv sdu dloohxuv txh oh vxevwudw q*hvw sdv gluhfwh0

phqw uhvsrqvdeoh gh od gìfrkìuhqfh rx ghv ìfkdqjhv g*ìqhujlh sxlvtxh ohv �ov g*dujhqw gìsrvì

vxu gx vlolflxp r{|gì yìul�hqw elhq ohv suìglfwlrqv wkìrultxhv1 Hq�q/ od pìwkrgh gh gìs÷w qh

mrxh suredeohphqw dxfxq u÷oh fdu ghx{ ìfkdqwloorqv gh fxlyuh ideultxì wuëv uìfhpphqw ã PVX

sdu Qrupdq Elujh hw vrq ìtxlsh/ hq xwlolvdqw ohv píphv surfìgxuhv hw dssduhlov txh o*ìfkdq0

wloorq DxPVX hw dyhf xqh vrxufh gh fxlyuh sxuh ã <<1<<<<(/ suìvhqwhqw xqh vdwxudwlrq ã ghv

ydohxuv vlplodluhv dx{ ìfkdqwloorqv Fx4 hw Fx51 Ghv phvxuhv vxssoìphqwdluhv +dqdo|vhv VLPV

soxv suìflvhv/ phvxuhv ghv ìfkdqjhv g*ìqhujlh vxu ghv ìfkdqwloorqv g*dujhqw gdqv ohvtxhov rq

dxud lpsodqwì ghv lpsxuhwìv pdjqìwltxhv/ phvxuh gh �
�

sdu ohv rvfloodwlrqv Dkdurqry0Erkp/

phvxuhv ghv ìfkdqjhv g*ìqhujlh vrxv fkdps pdjqìwltxh, vrqw qìfhvvdluhv srxu gìwhuplqhu

txhov sdudpëwuhv h{sìulphqwdx{ prgl�hqw ohv surfhvvxv lqìodvwltxhv ã edvvh whpsìudwxuh1

Sdupl ohv dxwuhv h{sìulhqfhv shuphwwdqw g*ìfodluflu o*ruljlqh plfurvfrsltxh ghv surfhvvxv

lqìodvwltxhv/ lo | d qrwdpphqw od phvxuh gx euxlw hq �*s ã kdxwh iuìtxhqfh/ dvvrflì ã od

suìvhqfh gh WOV/ rx hqfruh od phvxuh gh od frqgxfwdqfh g*xqh orqjxh mrqfwlrq wxqqho hqwuh

xq �o pìwdooltxh hw xq sodq gh pdvvh/ txl shuphw g*dffìghu ã od ghqvlwì g*ìwdwv wxqqho gdqv

oh �o1 Fhwwh ghuqlëuh txdqwlwì shxw íwuh prgl�ìh sdu ohv lqwhudfwlrqv hqwuh ohv ìohfwurqv hw

D�
Ohv skrwr0gìwhfwhxuv xwlolvdqw ghv mrqfwlrqv wxqqho hqwuh ghv pìwdx{ vxsudfrqgxfwhxuv ^67` hw fhx{ xwlolvdqw od gìshqgdqfh

hq whpsìudwxuh gh o*ìwdw vxsudfrqgxfwhxu ^68` qìfhvvlwhqw xqh wkhupdolvdwlrq udslgh ghv ìohfwurqv ã edvvh whpsìudwxuh1

Dx frqwudluh/ ohv h{sìulhqfhv edvìhv vxu od frkìuhqfh txdqwltxh ghv ìohfwurqv suìiëuhqw olplwhu ohv froolvlrqv lqìodvwltxhv d�q

g*dxjphqwhu oh whpsv gh frkìuhqfh gh skdvh1
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Fkdslwuh 6 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh hw frpsdudlvrq dyhf ohv suìglfwlrqv wkìrultxhv

g*dxwuh ghjuìv gh olehuwì gx pìwdo1 Qrxv suìvhqwrqv gdqv od wurlvlëph sduwlh gh fhwwh wkëvh xqh

h{sìulhqfh gh fh w|sh hqwuh xq �o g*doxplqlxp hw xq sodq gh pdvvh hq doxplqlxp1
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Fkdslwuh 6 Phvxuhv gx whpsv gh frkìuhqfh gh skdvh hw frpsdudlvrq dyhf ohv suìglfwlrqv wkìrultxhv

^59` P1G1 Gd|ehoo/ gdqv Pdjqhwlvp Yro1 8/ Hg1 K1 Vxko/ Dfdghplf/ Qhz \run +4<:6,1

^5:` M1 Yudqnhu/ F1 Ydq Kdhvhqgrqfn/ hw \1 Eux|qvhudhgh/ Sk|v1 Uhy1 E 6:/ ;835 +4<;;,1

^5;` P1H1 Jhuvkhqvrq/ Dqq1 Sk|v1 ;/ 88< +4<<<,1

^5<` N1 Yodgäu hw D1 ]dzdgrzvnl/ Sk|v1 Uhy1 E 5;/ 48<9 +4<;6,1

^63` F1S1 Xpedfk/ V1 Zdvkexuq/ U1E1 Odlerzlw}/ hw U1D1 Zhee/ Sk|v1 Uhy1 E 63/ 737; +4<;7,1

^64` S1D1 Ohh/ D1G1 Vwrqh hw K1 Ixnx|dpd/ Sk|v1 Uhy1 E 68/ 436< +4<;:,1

^65` M1O1 Eodfn/ gdqv Jodvv| Phwdov L/ Hg1 K1M1 Jxqwkhurgw hw K1 Ehfn/ +Vsulqjhu Yhuodj/ Ehuolq/

4<;4,/ s1 49:1

^66` D1 Ndplqvnl hw O1L1 Jod}pdq/ duwlfoh hq suìsdudwlrq1

^67` N1 Vhjdoo/ F1 Zlovrq/ O1 Iuxq}lr/ O1 Ol1/ V1 Iulhgulfk/ P1F1 Jdlglv/ G1H1 Surehu/ D1H1

V}|pnrzldn hw V1K1 Prvhoh|/ Dsso1 Sk|v1 Ohww1 :9/ 6<<; +5333,1

^68` N1G1 Luzlq/ J1F1 Klowrq/ G1D1 Zroopdq/ hw M1P1 Pduwlqlv/ M1 Dsso1 Sk|v1 ;6/ 6<:; +4<<;,1
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Sduwlh 6
Frqgxfwdqfh g*xqh mrqfwlrq
wxqqho frpph vrqgh ghv

lqwhudfwlrqv





Fkdslwuh 4
Lqwurgxfwlrq
Dx gìexw ghv dqqìhv ;3/ Dowvkxohu hw Durqry ^4` rqw fdofxoì o*h�hw ghv lqwhudfwlrqv hqwuh

ìohfwurqv vxu od frqgxfwdqfh CET � ' _U*_T g*xqh judqgh mrqfwlrq wxqqho hqwuh ghv ìohfwurghv

gl�xvlyhv1 Lov rqw prqwuì txh ohv lqwhudfwlrqv uìgxlvhqw od ghqvlwì g*ìwdwv wxqqho suëv gh

o*ìqhujlh gh Ihupl +WGRV/ srxu �Wxqqholqj Ghqvlw| Ri Vwdwhv�,/ hw grqf od frqgxfwdqfh gh od

mrqfwlrq ã edvvh whqvlrq1 Fhwwh gìsuhvvlrq uh ëwh oh frþw hq ìqhujlh qìfhvvdluh srxu dmrxwhu xq

ìohfwurq dx  xlgh ìohfwurqltxh irupì sdu ohv dxwuhv ìohfwurqv1 Ohv fruuhfwlrqv ã od WGRV sdu ohv

lqwhudfwlrqv hqwuh ìohfwurqv rqw ìwì revhuyìhv gdqv ghv h{sìulhqfhv h�hfwxìhv sulqflsdohphqw

vxu ghv pìwdx{ wuëv gìvrugrqqìv hw ghv vhplfrqgxfwhxuv/ vrxyhqw surfkhv gh od wudqvlwlrq

pìwdo0lvrodqw ^5` / rü ohv fruuhfwlrqv ã od ghqvlwì g*ìwdwv vrqw ohv soxv judqghv1 Fhv h{sìulhqfhv

rqw ìwì h�hfwxìhv vxu gh judqgv ìfkdqwloorqv frqvlgìuìv frpph ìwdqw el0 rx wul0glphqvlrqqho851

Gdqv fhwwh sduwlh/ qrxv suìvhqwrqv xqh h{sìulhqfh ghvwlqìh ã vrqghu ohv froolvlrqv lqìodv0

wltxhv vxelhv sdu ohv ìohfwurqv gdqv xq �o hq erq pìwdo86 ã sduwlu gh od uìgxfwlrq gh od frqgxf0

wdqfh wxqqho ã edvvh whqvlrq1 Srxu fhod/ qrxv dyrqv ideultxì xqh mrqfwlrq wxqqho hqwuh xq �o

g*doxplqlxp hw xq �op ìsdlv/ ìjdohphqw hq doxplqlxp1 Gdqv xqh whooh jìrpìwulh/ rq v*dwwhqg

ã fh txh ohv yduldwlrqv gh od frqgxfwdqfh wxqqho vrlhqw gxhv hvvhqwlhoohphqw dx{ lqwhudfwlrqv

gdqv oh �o/ rü o*ìfudqwdjh hvw prlqv erq txh gdqv oh �op txl hvw ã od irlv el0glphqvlrqqho hw

soxv ìsdlv1

Od irupxodwlrq xvxhooh ^4` gh od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv qh

D2
D o*h{fhswlrq g*xqh h{sìulhqfh ^6` h�hfwxìh dyhf xqh mrqfwlrq wxqqho hqwuh xq �o g*doxplqlxp judqxodluh wuëv gìvrugrqqì hw

xq sodq gh pdvvh/ hw srxu odtxhooh ohv uìvxowdwv q*rqw sdv ìwì frpsulv1

D�
F*hvw ã gluh xq pìwdo orlq gh od wudqvlwlrq pìwdo0lvrodqw hw srxu ohtxho &8 ,e q �c rü &8 hvw oh yhfwhxu g*rqgh ghv ìohfwurqv dx

qlyhdx gh Ihupl hw ,e hvw oh oleuh sdufrxuv ìodvwltxh ghv ìohfwurqv1



Fkdslwuh 4 Lqwurgxfwlrq

shuphw sdv gh fdofxohu vlpsohphqw ohv fruuhfwlrqv gh od WGRV srxu qrwuh h{sìulhqfh gdqv

odtxhooh od orqjxhxu �qlh gx �o hw od suìvhqfh gh od frqwuh0ìohfwurgh mrxhqw xq u÷oh lpsruwdqw1

Hq h�hw/ oh srwhqwlho plfurvfrsltxh g*lqwhudfwlrq LEoc |c o�c |�� hqwuh ghx{ ìohfwurqv dx{ srvlwlrqv

o hw o� gdqv oh �o pìwdooltxh hvw wuëv gl!floh ã gìwhuplqhu gdqv xq v|vwëph qrq0lqyduldqw

sdu wudqvodwlrq hw hq suìvhqfh g*xqh frqwuh0ìohfwurgh1 Oh fdofxo plfurvfrsltxh gh od vhxoh

lq xhqfh gh od frqwuh0ìohfwurgh gdqv oh fdv vlpsoh g*xqh mrqfwlrq elglphqvlrqqhooh lq�qlh/

idlw o*remhw g*xq duwlfoh frpsohw ^7` 1 D�q g*lqwhusuìwhu ohv phvxuhv/ qrxv uhirupxorqv od

wkìrulh ghv fruuhfwlrqv gh od WGRV gdqv xq irupdolvph vlplodluh ã fhoxl xwlolvì gdqv oh fdofxo

gx �eorfdjh gh Frxorpe� ^8/ 9` 1 Fhwwh irupxodwlrq/ rewhqxh g*derug sdu Qd}dury +yrlu

o*dsshqglfh gdqv ^8` ,/ prqwuh txh od uìgxfwlrq gh od frqgxfwdqfh wxqqho v*h{sulph ã sduwlu

ghv sursulìwìv ìohfwurpdjqìwltxhv gx v|vwëph irupì sdu ohv ghx{ ìohfwurghv gh od mrqfwlrq1
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Fkdslwuh 5
Frqgxfwdqfh wxqqho hw surfhvvxv
lqìodvwltxhv
Gdqv fh fkdslwuh qrxv prqwurqv frpphqw ohv fruuhfwlrqv ã od ghqvlwì g*ìwdwv wxqqho/ gxhv dx{

lqwhudfwlrqv ìohfwurq0ìohfwurq hw ã g*dxwuhv surfhvvxv lqìodvwltxhv/ hw od suìvhqfh g*xq hqyl0

urqqhphqw ìohfwurpdjqìwltxh/ frpph fhoxl lqwurgxlw gdqv od wkìrulh gx eorfdjh gh Frxorpe/

prgl�hqw od frqgxfwdqfh wxqqho1 Dxsdudydqw/ qrxv frpphqêrqv sdu h{sulphu od frqgxfwdqfh

wxqqho hq o*devhqfh gh surfhvvxv lqìodvwltxhv1

514 Frqgxfwdqfh wxqqho ghv ìohfwurqv lqgìshqgdqwv

Srxu fhwwh vhfwlrq hw od ghuqlëuh vhfwlrq gh fh fkdslwuh oh ohfwhxu shxw vh uìiìuhu ã ^8` 1

Oh Kdplowrqlhq ghv ìohfwurqv lqgìshqgdqwv v*ìfulw =

eM ' eM
f
n eM

A

c +514,

dyhf

eM
f

' E
[
}

.
}
eSn
}
eS
}
n
[
_

.
_
eSn
_
eS
_
�c +515,

eM
A

' E
[
}c_

|
}_
eSn
}
eS
_
n ��S��c +516,

rü eM
f
hvw oh Kdplowrqlhq ghv ìohfwurqv vdqv lqwhudfwlrqv gdqv ohv ghx{ ìohfwurghv1 Ohv ìwdwv

sursuhv lqgh{ìv sdu ohv lqglfhv } hw _ vrqw orfdolvìv uhvshfwlyhphqw ã jdxfkh hw ã gurlwh gh od

eduulëuh1 Oh Kdplowrqlhq wxqqho eM
A

frxsoh ohv ghx{ ìohfwurghv = xq ìohfwurq hvw gìwuxlw gdqv



Fkdslwuh 5 Frqgxfwdqfh wxqqho hw surfhvvxv lqìodvwltxhv

xqh ìohfwurgh hw fuìì gdqv o*dxwuh1

E

EF

E

EF

eV

Droite

Gauche

I(V) ∝ nombre de transitions permises ∝ V 
 

Ilj1 5141 Frqgxfwdqfh g*xqh mrqfwlrq wxqqho ã W @ 3 hw srxu ghv ìohfwurqv vdqv lqwhudfwlrqv1 Oh vdxw
wxqqho shxw vh surgxluh xqltxhphqw ã sduwlu g*xq ìwdw rffxsì hw yhuv xq ìwdw ylgh1 Oh qrpeuh gh wudqvlwlrqv
shuplvhv/ hw grqf oh frxudqw/ hvw sursruwlrqqho ã od whqvlrq Y dssoltxìh1

Oh wdx{ wxqqho K
}
dxtxho xq ìohfwurq gdqv o*ìwdw } sdvvh gh o*ìohfwurgh gh jdxfkh yhuv

o*ìohfwurgh gh gurlwh hvw grqqì sdu od uëjoh g*ru gh Ihupl =

K
}
ET � '

[
_

2Z

|

���k_m eM
A

m}l
���2 E�� s

(

E.
_
��BE.

}
� .

_
n eT �c +517,

rü s
Cc(

E.� hvw od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv uhvshfwlyhphqw gdqv o*ìohfwurgh gh

jdxfkh hw gh gurlwh/ hw T hvw od whqvlrq dssoltxìh ã od mrqfwlrq1 Oh frxudqw UET � ã wudyhuv od

eduulëuh wxqqho hvw doruv =

UET � ' e
[
}

s
C

E.
}
�K

}
ET �� e

[
_

s
(

E.
_
�K

_
E�T � +518,

'
eZ2

e-
k

[
}c_

m|
}_
m2 BE.

}
� .

_
n eT �is

C

E.
}
�� s

(

E.
_
�jc +519,

rü -
k
' �*e2 * 2D�H !l hvw oh txdqwxp gh uìvlvwdqfh1

Srxu doohu soxv orlq/ qrxv uhpsodêrqv od glvwulexwlrq87 m|
}_
m2 sdu vd ydohxu pr|hqqh m|m2

txh qrxv vxssrvrqv lqgìshqgdqwh gh o*ìqhujlh oruvtxh od whqvlrq T hw od whpsìudwxuh A vrqw

De
Od vrpph hvw grplqìh sdu od shwlwh iudfwlrq ghv whuphv |

}_
fruuhvsrqgdqw dx{ sdluhv g*ìohfwurqv/ gh sduw hw g*dxwuh gh od

eduulëuh wxqqho/ d|dqw xq uhfrxyuhphqw pd{lpdo gh ohxu irqfwlrqv g*rqgh1
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514 Frqgxfwdqfh wxqqho ghv ìohfwurqv lqgìshqgdqwv

wuëv shwlwhv ghydqw o*ìqhujlh gh Ihupl .
8

hw od kdxwhxu gh od eduulëuh wxqqho +wrxwhv ghx{ gh

o*ruguh gh � eV�� Hq uhpsodêdqw od vrpph vxu ohv ìwdwv }c _ sdu xqh lqwìjudoh/ o*ìtxdwlrq +519,

ghylhqw =

UET � '
eZ2

e-
k

m|m2
]

_.4
C

E.�4
(

E. n eT � is
C

E.�� s
(

E. n eT �j c +51:,

rü 4
(

E.� hw 4
C

E.� vrqw ohv ghqvlwìv g*ìwdwv ã o*ìqhujlh gh Ihupl uhvshfwlyhphqw gdqv o*ìohfwurgh

gh gurlwh hw gh jdxfkh1 Srxu ghv ìohfwurqv lqgìshqgdqwv/ ohv ghqvlwìv g*ìwdwv 4
(cC

E.� ydulhqw

ã o*ìfkhooh gh o*ìqhujlh gh Ihupl hw shxyhqw grqf íwuh uhpsodfìhv sdu ohxu ydohxu ã o*ìqhujlh

gh Ihupl88 4
(cC

gdqv o*ìtxdwlrq +51:,1 O*h{suhvvlrq gx frxudqw ã wudyhuv od eduulëuh wxqqho

ghylhqw =

UET � '
�

e-
A

]
_. is

C

E.�� s
(

E. n eT �j c +51;,

rü

-
A

'
-
k

eZ24
(

4
C

m|m2 +51<,

hvw od uìvlvwdqfh wxqqho1

Txhooh txh vrlw od glvwulexwlrq hq ìqhujlh ghv ìohfwurqv/ o*lqwìjudoh gdqv oh phpeuh gh gurlwh

gh o*ìtxdwlrq +51;, hvw vlpsohphqw ìjdoh ã od gl�ìuhqfh gh srwhqwlho eT +yrlu Ilj1 514 srxu

A ' f k�� Fhod frqgxlw/ srxu ohv ìohfwurqv lqgìshqgdqwv/ ã xqh uhodwlrq frxudqw0whqvlrq

olqìdluh =

UET � '
T

-
A

� +5143,

DD
Od ghqvlwì g*ìwdwv 4E.� ghv ìohfwurqv oleuh hvw sursruwlrqhooh ã

I

.� Hooh hvw wuëv elhq dssur{lpìh sdu xqh frqvwdqwh fdu

.3.I

.I

1 �f

3�
txdqg T 	 �4Vc A 	 �fk hw .8 ; � iV�
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Fkdslwuh 5 Frqgxfwdqfh wxqqho hw surfhvvxv lqìodvwltxhv

515 Prgl�fdwlrq gh od WGRV hw dqrpdolh gh od
frqgxfwdqfh wxqqho

Gdqv fhwwh vhfwlrq qrxv suìvhqwrqv g*derug ohv h�hwv g*xqh prgl�fdwlrq gh od ghqvlwì g*ìwdwv

wxqqho vxu od frqgxfwdqfh g*xqh mrqfwlrq/ sxlv qrxv suìvhqwrqv oh fdv vlpsoh g*xqh lqwhudf0

wlrq hqwuh ìohfwurqv lqgìshqgdqwh gx whpsv hw wudlwìh dx suhplhu ruguh hq shuwxuedwlrq srxu

looxvwuhu o*h�hw ghv lqwhudfwlrqv vxu od ghqvlwì g*ìwdwv1

Ohv dujxphqwv txh qrxv dyrqv xwlolvìv gdqv od vhfwlrq suìfìghqwh uhvwhqw ydodeohv/ srxu od

soxsduw/ hq suìvhqfh gh froolvlrqv hqwuh ìohfwurqv rx dyhf g*dxwuhv ghjuìv gh olehuwì gx pìwdo1

O*h�hw ghv froolvlrqv lqìodvwltxhv hvw hvvhqwlhoohphqw gh prgl�hu o*ìqhujlh ghv ìwdwv ã xq ìohfwurq

+hw grqf od ghqvlwì g*ìwdwv wxqqho, hw gh uìgxluh oh whpsv gh ylh �
0

gh fhv ìwdwv1

Densité d'états réduite près de E 

E

EF

E

EF

eV

Droite

Gauche

F

Ilj1 5151 Frqgxfwdqfh g*xqh mrqfwlrq wxqqho srxu ghv ìohfwurqv hq lqwhudfwlrq hq xwlolvdqw oh srlqw gh yxh gh
od WGRV1 Od ghqvlwì g*ìwdwv uìgxlwh suëv gh o*ìqhujlh gh Ihupl frqgxlw ã xqh gìsuhvvlrq gh od frqgxfwdqfh
wxqqho ã edvvh whqvlrq fdu prlqv g*ìohfwurqv vrqw vxvfhswleohv gh wudyhuvhu od eduulëuh wxqqho1

O*h�hw gx whpsv gh ylh �ql �
0

ghv ìohfwurqv hvw gh olplwhu od uìvroxwlrq hq ìqhujlh gdqv od

uëjoh g*ru gh Ihupl1 Hq h�hw/ od irqfwlrq BE. � . � n eT � txl dssdudñw gdqv o*ìtxdwlrq +517,

q*hvw lq�qlphqw sltxìh txh vl ohv ìwdwv ã jdxfkh hw ã gurlwh gh od eduulëuh wxqqho vrqw frxsoìv

lq�qlphqw orqjwhpsv sdu oh Kdplowrqlhq wxqqho eM
A

� Oruvtx*rq qh glvsrvh txh gx whpsv �
0

c od

irqfwlrq BE.� grlw íwuh uhpsodfìh sdu t�?E.�
0

*|�*Z. fh txl lqwurgxlw xqh odujhxu hq ìqhujlh

g*ruguh |*�
0

� Fhwwh odujhxu hq ìqhujlh grlw/ wkìrultxhphqw/ vh uhsruwhu vxu od frqgxfwdqfh

0 4;; 0



515 Prgl�fdwlrq gh od WGRV hw dqrpdolh gh od frqgxfwdqfh wxqqho

wxqqho pdlv/ hq sudwltxh/ fhw h�hw hvw pdvtxì sdu o*duurqgl gh whpsìudwxuh891

51514 H�hw gh od WGRV vxu od frqgxfwdqfh wxqqho

Sdu frqwuh/ od prgl�fdwlrq gh od ghqvlwì g*ìwdwv ã xqh sduwlfxoh d xq h�hw revhuydeoh vxu od

frqgxfwdqfh wxqqho1 Oruvtxh od WGRV q*hvw sdv frqvwdqwh/ o*ìtxdwlrq +51;, vh uììfulw =

UET � '
�

e-
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]
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D
C

E.�

D
C

D
(

E. n eT �

D
(

is
C

E.�� s
(

E. n eT �j c +5144,

rü D
Cc(

E.� ' 4
Cc(

E.�*l
Cc(

hvw od ghqvlwì g*ìwdwv sdu xqlwì g*ìqhujlh hw gh yroxph ã o*ìqhujlh

.c l
Cc(

hvw oh yroxph gh o*ìohfwurgh uhvshfwlyhphqw gh jdxfkh hw gh gurlwh/ hw D
Cc(

hvw od

ghqvlwì g*ìwdwv yroxpltxh dx qlyhdx gh Ihupl gdqv oh pdwìuldx pdvvli +rü ohv lqwhudfwlrqv

hqwuh ìohfwurqv rqw shx g*h�hw,1

O*ìtxdwlrq +5144, wudgxlw vlpsohphqw oh idlw txh vl prlqv g*ìwdwv vrqw vxvfhswleohv gh wud0

yhuvhu od eduulëuh doruv oh frxudqw hvw soxv idleoh/ frpph looxvwuì vxu od �jxuh 5151

Od frqgxfwdqfh wxqqho CET � ' _U

_T

ET � v*ìfulw =
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8
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E.
8
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D
Cc(

�

D whpsìudwxuh qxooh/ ohv yduldwlrqv uhodwlyhv gh od frqgxfwdqfh wxqqho hw gh od ghqvlwì g*ìwdwv

ã xqh sduwlfxoh vrqw uholìhv sdu od irupxoh vlpsoh =

BC

C
ET � '

BD
C

D
C

EeT � n
BD

(

D
(

EeT �c +5146,

rü BC

C

ET � ' -
A

CET �� ��

51515 Prgl�fdwlrq gh od WGRV sdu ohv lqwhudfwlrqv

Qrxv prqwurqv eulëyhphqw/ vxu oh fdv oh soxv vlpsoh/ frpphqw ohv lqwhudfwlrqv hqwuh ìohf0

wurqv prgl�hqw od ghqvlwì g*ìwdwv ã xqh sduwlfxoh1

Oruvtxh oh srwhqwlho h�hfwli g*lqwhudfwlrq hqwuh ìohfwurqv L ess hvw shwlw hw lqgìshqgdqw

gx whpsv/ rq shxw xwlolvhu od wkìrulh ghv shuwxuedwlrqv vwdwlrqqdluhv1 Dx suhplhu ruguh hq

DS
Oruvtxh |*�0 hvw frpsdudeoh ã od whpsìudwxuh/ rq vruw gx fdguh xvxho gh od wkìrulh ghv oltxlghv gh Ihupl ^:` hw dxfxqh ghv

wkìrulhv suìvhqwìhv qh v*dssoltxh1
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Fkdslwuh 5 Frqgxfwdqfh wxqqho hw surfhvvxv lqìodvwltxhv

shuwxuedwlrq/ oh gìfdodjh hq ìqhujlh B.
6

gh o*ìwdw ìohfwurqltxh m6l hvw od vrpph g*xq whuph

gluhfw hw g*xq whuph g*ìfkdqjh =

B.
6

'
[
.?	f

k?m k6mL ess m6l m?l 	 k6m k?mL ess m6l m?l

' B.M

6

n B.e%

6

rü oh vljqh 	 idlw uìiìuhqfh ã od v|pìwulh gh o*ìwdw gh vslq frpsrvì sdu ohv ghx{ ìohfwurqv hq

lqwhudfwlrq1 Ohv fruuhfwlrqv uhodwlyhv gh od ghqvlwì g*ìwdwv ã xqh sduwlfxoh BD*D v*h{sulphqw

vlpsohphqw hq irqfwlrq gh gìfdodjh hq ìqhujlh pr|hq B.
0

ghv ìwdwv g*ìqhujlh 0 =

BD

D
E0� ' �YB.0

Y0
� +5147,

Hq jìqìudo oh srwhqwlho h�hfwli g*lqwhudfwlrq hqwuh ìohfwurqv gìshqg gx whpsv hw lo idxw

xwlolvhu oh irupdolvph soxv ìoderuì ghv irqfwlrqv gh Juhhq srxu fdofxohu ohv fruuhfwlrqv gh od

ghqvlwì g*ìwdwv wxqqho +yrlu oh surfkdlq fkdslwuh,1

0 4<3 0



516 H�hw gh o*hqylurqqhphqw ìohfwurpdjqìwltxh vxu od frqgxfwdqfh wxqqho +eorfdjh gh Frxorpe,

516 H�hw gh o*hqylurqqhphqw ìohfwurpdjqìwltxh vxu od
frqgxfwdqfh wxqqho +eorfdjh gh Frxorpe,

Gdqv fhwwh vhfwlrq qrxv suìvhqwrqv frpphqw/ gx srlqw gh yxh gh od wkìrulh skìqrpìqrorjltxh

gx eorfdjh gh Frxorpe/ od frqgxfwdqfh wxqqho hvw prgl�ìh sdu vrq hqylurqqhphqw ìohfwurpdj0

qìwltxh1 Lo hvw lpsruwdqw gh jdughu ã o*hvsulw txh fhwwh wkìrulh skìqrpìqrorjltxh qh frqwlhqw

ulhq g*dxwuh txh o*lqwhudfwlrq Frxorpelhqqh hw hvw ìtxlydohqwh ã od wkìrulh �vwdqgdug� ghv lq0

whudfwlrqv hqwuh ìohfwurqv +yrlu oh fkdslwuh 8 gh fhwwh sduwlh,1 Wrxwhirlv/ oh srlqw gh yxh xwlolvì/

txl frqvlvwh ã hqfdsvxohu ohv lqwhudfwlrqv ìohfwurq0ìohfwurq gdqv o*lqwhudfwlrq g*xq ìohfwurq dyhf

oh fkdps ìohfwurpdjqìwltxh uìvxowdqw gh wrxv ohv dxwuhv ìohfwurqv/ vh uìyëoh soxv sxlvvdqw hq

sudwltxh txh od wkìrulh plfurvfrsltxh gh od WGRV1 Hq sduwlfxolhu/ lo shuphw xq fdofxo qrq shu0

wxuedwli gh od WGRV1 Gdqv oh surfkdlq fkdslwuh/ qrxv suìvhqwrqv xqh irupxodwlrq gh od wkìrulh

plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv vlplodluh ã od wkìrulh gx eorfdjh gh Frxorpe1

E

EF

E

EF

eV

Droite

Gauche

ε

I ∝ nombre de transitions permises < V/R T

Ilj1 5161 Frqgxfwdqfh g*xqh mrqfwlrq wxqqho hq suìvhqfh g*lqwhudfwlrqv hqwuh ìohfwurqv gdqv oh srlqw gh
yxh gx eorfdjh gh Frxorpe1 O*ìohfwurq txl wudyhuvh od eduulëuh sdu h�hw wxqqho grqqh xqh ìqhujlh % ã vrq
hqylurqqhphqw ìohfwurpdjqìwltxh1 Oh qrpeuh gh vdxw wxqqho srvvleohv hvw uhgxlw sdu od glplqxwlrq gh % gh
o*ìqhujlh gh o*ìohfwurq txl wudyhuvh od eduulëuh1 Hq frqvìtxhqfh/ od frqgxfwdqfh J+Y , suìvhqwh xqh gìsuhvvlrq
ã shwlw Y=

Oruvtx*xq ìohfwurq wudyhuvh od eduulëuh wxqqho gh jdxfkh ã gurlwh/ xq fkdujh �e hvw hqohyìh
gh o*ìohfwurgh jdxfkh hw udmrxwìh gdqv o*ìohfwurgh gurlwh1 Fh wudqvihuw gh fkdujh h{flwh fhuwdlqv
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Fkdslwuh 5 Frqgxfwdqfh wxqqho hw surfhvvxv lqìodvwltxhv

ghv prghv ìohfwurpdjqìwltxhv ã sur{lplwì gh od mrqfwlrq wxqqho1 Fh skìqrpëqh hvw gìfulw

sdu od ghqvlwì gh suredelolwì � E0� srxu tx*xqh ìqhujlh 0 vrlw gìwrxuqìh yhuv o*hqylurqqhphqw

ìohfwurpdjqìwltxh gh od mrqfwlrq1 Dlqvl/ frpph uhsuìvhqwì vxu od �jxuh 516/ oh qrpeuh g*ìwdwv

vxvfhswleohv gh wudyhuvhu od eduulëuh sdu h�hw wxqqho hvw glplqxì/ fh txl prgl�h ìjdohphqw od

frqgxfwdqfh wxqqho gh od mrqfwlrq1

Qrxv srxyrqv idflohphqw lqwurgxluh fhwwh irqfwlrq � E0� gdqv o*h{suhvvlrq +517, ghv wdx{ gh

wudqvlwlrq wxqqho =

K
}
ET � '

]
_0� E0�

[
_

2Z

|

���k_m eM
A

m}l
���2 E�� s

(

E.
h
��BE.

}
� .

_
n eT � 0��

Oh frxudqw ã wudyhuv od eduulëuh v*ìfulw doruv =

UET � '
�

e-
A

]]
_._0� E0� is

C

E.�E�� s
(

E. n eT � 0��� E�� s
C

E. � 0��s
(

E. n eT �j c
+5148,

hw od yduldwlrq uhodwlyh gh od frqgxfwdqfh wxqqho ghylhqw =

BC

C
ET � '

]
"

3"

_.

]
"

3"

_0� E0�s
C

E.�
Y ds

(

E. n eT n 0�� s
(

E. n eT � 0�o

Y.
� +5149,

D whpsìudwxuh qxooh/ fhwwh h{suhvvlrq vh uìgxlw ã od iruph vlpsoh =

BC

C
ET � ' �

]
"

e�T �

� E0�_0� +514:,

Hq frqvìtxhqfh/ od frqgxfwdqfh g|qdpltxh ghv ìohfwurqv lqgìshqgdqwv hvw uhwurxyìh/ ã whp0

sìudwxuh qxooh/ xqltxhphqw oruvtxh wrxv ohv prghv ìohfwurpdjqìwltxhv shxyhqw íwuh h{flwìv

dyhf xqh ìqhujlh lqiìulhxuh ã e mT m �
Od wkìrulh gx eorfdjh gh Frxorpe shuphw g*h{sulphu � E0� hq irqfwlrq gh o*lpsìgdqfh

gh o*hqylurqqhphqw ìohfwurpdjqìwltxh gh od mrqfwlrq wxqqho8:1 Hq suìvhqfh g*dxwuh surfhvvxv

lqìodvwltxhv txh ohv lqwhudfwlrqv �vwdqgdug� hqwuh ìohfwurqv/ lo idxw ìjdohphqw whqlu frpswh

g*ìyhqwxhoohv prgl�fdwlrqv gh od ghqvlwì g*ìwdwv ã xqh sduwlfxoh1

D.
Srxu xqh judqgh mrqfwlrq wxqqho/ o*hqylurqqhphqw ìohfwurpdjqìwltxh surylhqw hvvhqwlhoohphqw gh od mrqfwlrq hooh0píph1
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Fkdslwuh 6
Wkìrulh plfurvfrsltxh gh o*lq xhqfh
ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od
frqgxfwdqfh wxqqho
Gdqv fh fkdslwuh qrxv suìvhqwrqv o*h�hw ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od frqgxfwdqfh

wxqqho CET ��

Qrxv prqwurqv g*derug frpphqw fhwwh wkìrulh shxw0íwuh irupxoìh hq whuph g*lpsìgdqfh/

frpph gdqv od wkìrulh gx eorfdjh gh Frxorpe/ oruvtxh ohv ìohfwurghv vrqw gh erqv pìwdx{1

Fhwwh irupxodwlrq hvw wuëv sxlvvdqwh fdu hooh shuphw gh fdofxohu od gìsuhvvlrq gh od frqgxfwdqfh

wxqqho dx{ shwlwhv whqvlrqv ã sduwlu ghv orlv gh sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh vxu od

mrqfwlrq/ vdqv qìfhvvlwhu o*h{suhvvlrq gx srwhqwlho plfurvfrsltxh g*lqwhudfwlrq hqwuh ìohfwurqv1

Hqvxlwh/ qrxv suìvhqwrqv oh fdofxo jìqìultxh gh od sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh

gdqv xqh ìohfwurgh gh wdlooh �qlh hw hq suìvhqfh g*xqh eduulëuh wxqqho/ fh txl shuphw qrwdpphqw

g*ìwdeolu xq fulwëuh gh glphqvlrqqdolwì h�hfwlyh txl gìwhuplqh od gìshqgdqfh hq whqvlrq gh od

WGRV1

Ilqdohphqw/ srxu fodul�hu od uhodwlrq hqwuh oh srwhqwlho g*lqwhudfwlrq plfurvfrsltxh hqwuh

ìohfwurqv hw od frqgxfwdqfh wxqqho/ qrxv suìvhqwrqv ìjdohphqw oh fdofxo �vwdqgdug� gh CET �c

h�hfwxì gluhfwhphqw ã sduwlu gx srwhqwlho plfurvfrsltxh/ srxu ghv mrqfwlrqv gh glphqvlrqqdolwì

h�hfwlyh _ ' �c 5 rx 61



Chapitre 3 Théorie microscopique de l’in‡uence des interactions entre électrons sur la conductance tunnel

3.1 Théorie microscopique des interactions
électron-électron

Dans cette section, nous dérivons l’expression de la conductance tunnel en fonction de la

propagation du champ électromagnétique dans la jonction, à partir de l’expression “usuelle” [1]

des corrections de la TDOS (obtenues par des techniques diagrammatiques) qui dépend du

potentiel microscopique d’interaction entre électrons et de la propagation des électrons.

3.1.1 Expression générale des corrections de la TDOS dans l’espace
réel

Le calcul des corrections de la TDOS, lorsque le potentiel e¤ectif d’interactions entre élec-

trons dépend de la fréquence, nécessite les techniques diagrammatiques [1] . Les corrections

de la densité d’états tunnel au point r0; situé au bord de la barrière tunnel, s’écrivent [4] :

±º
º
(r0; ") = Im

Z 1

0

d!
2¼~

Z
d3r d3r0 p(r0;r; !)p(r0; r0; !)Ueff! (r; r0) (3.1)

£(tanh
~! + "
2kBT

+ tanh
~! ¡ "
2kBT

);

où p(r0;r; !) est la transformée de Fourier temporelle de la densité de probabilité de trouver

un électron au point r dans l’électrode de la jonction s’il est injecté en r0 au temps t = 0; et

U eff! (r; r0) est le potentiel d’interaction écranté entre électrons (voir …gure 3.1).

Fig. 3.1. Description diagrammatique de l’équation (3.1) : r0 est le point de la surface B entre les deux
électrodes où un électron traverse la barrière par e¤et tunnel. Le potentiel d’interaction U(r; r0; t0 ¡ t) couple
deux trajectoires électroniques. La première part de r0 à t = 0 et atteint r au temps t: La deuxième part au
temps t0 de la position r0 et retourne au point r0:
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614 Wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv ìohfwurq0ìohfwurq

Oh whuph �Eo
fc
oc /� gì�ql sdu

�Eo
fc
oc /� '

�

�e
]

_o�L ess

/

Eoc o�� REo
f
c o�c /� +615,

hvw vlpsohphqw od wudqvirupìh gh Irxulhu whpsruhooh gx srwhqwlho ìohfwultxh fuìì dx srlqw o

sdu o*lqmhfwlrq g*xqh fkdujh �e dx srlqw o
f
ã | ' f dHo� F*hvw ã gluh =

�Eo
fc
oc /� ' �e5Eo

fc
oc /�c +616,

rü 5Eo
fc
oc /� ' T Eoc /�*UEo

f
c /� hvw o*lpsìgdqfh ìohfwurpdjqìwltxh ã ghx{ srlqwv xvxhooh/ uh0

oldqw od whqvlrq T Eoc /� dx srlqw o dyhf oh frxudqw UEo
f
c /� lqmhfwì dx srlqw o

f
�

61415 Vlpsol�fdwlrq hvvhqwlhooh = ìohfwurqhxwudolwì ghv pìwdx{

Od sursulìwì g*ìohfwurqhxwudolwì hvw jìqìudohphqw elhq yìul�ìh gdqv ohv ìohfwurghv pìwdooltxhv

vxu ohv ìfkhoohv g*ìqhujlh hw gh glvwdqfh frqvlgìuìhv1 Hq h�hw/ od iuìtxhqfh sodvpd hvw w|sltxh0

phqw gh �f�D t3� hw od orqjxhxu gh Ghe|h hvw gh o*ruguh gh od glvwdqfh lqwhudwrpltxh1

Frqfuëwhphqw/ fhod vljql�h txh od fkdujh gh o*ìohfwurq hvw lppìgldwhphqw ìfudqwìh oruvtx*lo

sìqëwuh gdqv od eduulëuh wxqqho1 Hq frqvìtxhqfh/ oh srwhqwlho ìohfwultxh gdqv o*ìohfwurgh hvw

hqwlëuhphqw gìwhuplqì sdu od sursdjdwlrq gh od fkdujh e yld ohv ìwdwv ã � 0ìohfwurqv/ gh w|sh

sodvprqv gh vxuidfhv/ txl vrqw elhq gìfulwv sdu o*ìohfwurpdjqìwlvph ruglqdluh1

Fh srlqw hvw od vlpsol�fdwlrq hvvhqwlhooh txl shuphw hq sudwltxh gh fdofxohu ohv fruuhfwlrqv gh

od ghqvlwì g*ìwdwv wxqqho gdqv q*lpsruwh txhooh jìrpìwulh1 Hq h�hw/ lo vx!w doruv gh uìvrxguh

od sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh gdqv ohv ìohfwurghv gh od mrqfwlrq wxqqho/ vdqv

dyrlu d gìwhuplqhu oh srwhqwlho plfurvfrsltxh g*lqwhudfwlrq L ess

/

Eoc o�� �

H{suhvvlrq whfkqltxh gh o*ìohfwurqhxwudolwì

Fhwwh vlpsol�fdwlrq hvw frqqxh gdqv od olwwìudwxuh vrxv oh qrp whfkqltxh gh frpshqvdwlrq

ghv gl�xvrqv ^;` = oh gl�xvrq gh o*ìohfwurq REo
f
c o�c /� gdqv o*h{suhvvlrq +615, hvw frpshqvì

sdu oh srwhqwlho h�hfwli g*lqwhudfwlrq hqwuh ìohfwurqv L ess

/

Eoc o�� � D wlwuh g*looxvwudwlrq/ suhqrqv

o*h{hpsoh g*xqh judqgh mrqfwlrq wxqqho gh glphqvlrqqdolwì _ ' 2� Hq uhsuìvhqwdwlrq gh Irxulhu/

oh whuph �E^c /� v*ìfulw =

�E^c /� '
��
e
L ess

/

E^�RE^c /�c +617,

dyhf RE^c /� ' E�*��*E�/ � (^2�c rü ( hvw oh frh!flhqw gh gl�xvlrq ghv ìohfwurqv hw � hvw

o*ìsdlvvhxu gh o*ìohfwurgh/ hw o*lqwhudfwlrq h�hfwlyh L ess

/

E^� v*ìfulw +yrlu ^7` rx o*h{suhvvlrq +6169,
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Fkdslwuh 6 Wkìrulh plfurvfrsltxh gh o*lq xhqfh ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od frqgxfwdqfh wxqqho

gdqv od wurlvlëph vhfwlrq gh fh fkdslwuh, =

L ess

/

E^� '
�

D
8

�

(^2 � �/

(^2 � �/(*(W

c +618,

rü (W ' �*-��7

hvw od frqvwdqwh gh gl�xvlrq dvvrflìh ã od sursdjdwlrq gl�xvlyh gx fkdps

ìohfwurpdjqìwltxh gdqv od mrqfwlrq +srxu oh fdofxo gh od sursdjdwlrq gx fkdps ìohfwurpdjqì0

wltxh/ yrlu od ghx{lëph vhfwlrq gh fh fkdslwuh,/ dyhf -� ' �*D
8

e2(� od uìvlvwdqfh sdu fduuì

gh o*ìohfwurgh hw �
7

od fdsdflwì sdu xqlwì gh vxuidfh gh od mrqfwlrq1

Hq frpelqdqw ohv h{suhvvlrqv gh L ess

/

E^� hw RE^c /� gdqv o*ìtxdwlrq +617,/ oh gl�xvrq �*E(^2�
�/� vh vlpsol�h hw rq rewlhqw =

�E^c /� '
�(W*(

eD
8

�

�

�/ �(W^2
� +619,

Oh srwhqwlho � hvw grqf dvvrflì ã od gl�xvlrq gx fkdps ìohfwurpdjqìwltxh oh orqj gh od mrqfwlrq/

vxlwh ã o*lqmhfwlrq g*xqh fkdujh �e txl uìvxowh gx vdxw wxqqho g*xq ìohfwurq +lqgìshqgdpphqw

gx prxyhphqw gh fhw ìohfwurq frqvìfxwli dx vdxw wxqqho,1

61416 Prgl�fdwlrq gh od WGRV hq irqfwlrq gh o*lpsìgdqfh

Hq lqmhfwdqw od gì�qlwlrq +615, gx srwhqwlho ìohfwultxh �Eo
fc
oc /� gdqv o*h{suhvvlrq +614, ghv

fruuhfwlrqv gh od ghqvlwì g*ìwdwv wxqqho/ rq rewlhqw =

BD

D
Eo

f
c 0� '

e2

�
W4

]
"

f

_/

�
|@?�

|/ n 0

2&
�

A
n |@?�

|/ � 0

2&
�

A

�]
_�o REo

fc
oc /�5Eo

fc
oc /�� +61:,

O*lqwhusuìwdwlrq sk|vltxh gh o*h{suhvvlrq +61:, ghv fruuhfwlrqv gh od ghqvlwì g*ìwdwv wxqqho

hvw gìwdlooìh vxu od �jxuh 6151 Hvvhqwlhoohphqw/ oh whuph
U
_�o REo

fc
oc /�5Eo

fc
oc /� wudgxlw oh

idlw txh o*ìohfwurq txl d wudyhuvì od eduulëuh sdu h�hw wxqqho hvw vrxplv gdqv o*ìohfwurgh dx

srwhqwlho ìohfwultxh txl dssdudñw hq uìsrqvh ã od fkdujh tx*lo d dssruwì1

61417 H{suhvvlrq gh od frqgxfwdqfh wxqqho dyhf o*lpsìgdqfh
ìohfwurpdjqìwltxh

Vxlydqw Qd}dury ^<�44` / rq gì�qlw o*lpsìgdqfh h�hfwlyh ~
ig
Eo

f
c /� dx srlqw o

f
sdu =

~
ig
Eo

f
c /� '

U
_�o REo

fc
oc /�5Eo

fc
oc /�U

_�o REo
fc
oc /�

c +61;,

rü
U
_�o REo

fc
oc /� ' �*�/� Ohv fruuhfwlrqv gh od WGRV vh uììfulyhqw doruv =

BD

D
Eo

f
c 0� '

]
"

3"

_/

/

+i~
ig
Eo

f
c /�

-
g

t�?�d|/*&
�

A o

ULt�d|/*&
�

A o n ULt�d0*&
�

A o
c +61<,
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614 Wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv ìohfwurq0ìohfwurq

barrière tunnel

électrode
droite

nuage
d'écrantage

électron

Electron écranté 
dans les électrodes 

métalliques

Le nuage d'écrantage 
ne traverse pas la 

barrière tunnel 

L'électron est soumis au 
potentiel

électromagnétique induit 
par le transfert de charge 

Temps

électrode
gauche

consécutif au saut tunnel 

Ilj1 6151 Uhsuìvhqwdwlrq gx vdxw wxqqho g*xq ìohfwurq1 O*ìohfwurq/ ìwurlwhphqw ìfudqwì gdqv ohv ìohfwurghv
pìwdooltxhv/ odlvvh oh qxdjh g*ìfudqwdjh gdqv o*ìohfwurgh gh jdxfkh oruvtx*lo wudyhuvh od eduulëuh wxqqho hw
uìfxsëuh xq qrxyhdx qxdjh g*ìfudqwdjh hq sìqìwudqw gdqv o*ìohfwurgh gh gurlwh1 Dlqvl xqh fkdujh h hvw
lqmhfwìh gh sduw hvw g*dxwuh gh od eduulëuh dx srlqw gx vdxw wxqqho1 O*ìohfwurq ìfudqwì hvw vhqvleoh dx fkdps
ìohfwurpdjqìwltxh txl uìvxowh gh od sursdjdwlrq gh fhwwh fkdujh oh orqj gh od mrqfwlrq wxqqho1

0 4<: 0



Fkdslwuh 6 Wkìrulh plfurvfrsltxh gh o*lq xhqfh ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od frqgxfwdqfh wxqqho

rü -
g

' �*e2 hvw oh txdqwxp gh uìvlvwdqfh1

Od yduldwlrq uhodwlyh gh od frqgxfwdqfh wxqqho v*ìfulw =

BC

C
ET � '

]
�

_2o
f

�
�

BC

C
Eo

f
c T �c +6143,

rü E hvw od vxuidfh gh od eduulëuh wxqqho g*dluh �
�

c hw dyhf/ oruvtx*xqh vhxoh ghv ìohfwurghv hvw

uìvlvwlyh8; +yrlu o*ìtxdwlrq +5145,, =

BC

C
Eo

f
c T � ' �

]
_0

BD

D
Eo

f
c 0�

Ys
A

E0n eT �

Y0
c +6144,

rü s
A

E0� ' �*E� n i Td0*&
�

A o� hvw od glvwulexwlrq gh Ihupl1

Rq prqwuh8< txh o*h{suhvvlrq +6144,/ rü BD

D

Eo
f
c 0� hvw grqqì sdu o*ìtxdwlrq +61<,/ hvw h{dfwh0

phqw lghqwltxh ã od prgl�fdwlrq gh od frqgxfwdqfh wxqqho suìglwh sdu od wkìrulh gx eorfdjh

gh Frxorpe dyhf o*lpsìgdqfh h�hfwlyh ~
ig
Eo

f
c /�c gdqv oh uìjlph rü ohv fruuhfwlrqv ã od frq0

gxfwdqfh wxqqho shxyhqw íwuh wudlwìhv hq shuwxuedwlrq931

Od frqgxfwdqfh g*xqh mrqfwlrq wxqqho gh jìrpìwulh txhofrqtxh v*ìfulw grqf ^45/46` =
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C
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Qrxv srxyrqv ìjdohphqw suhqguh oh srlqw gh yxh suìvhqwì gdqv od vhfwlrq 6 gx fkdslwuh 5/

gdqv ohtxho rq frqvlgëuh od ghqvlwì gh suredelolwì � Eo
f
c 0� srxu tx*xq ìohfwurq txl wudyhuvh

od eduulëuh wxqqho dx srlqw o
f
fëgh o*ìqhujlh 0 ã vrq �hqylurqqhphqw ìohfwurpdjqìwltxh�1 Ohv

yduldwlrqv uhodwlyhv orfdohv/ dx srlqw o
f
/ gh od frqgxfwdqfh wxqqho hq irqfwlrq gh � Eo

f
c 0� vrqw

DH
Txdqg od WGRV hvw prgl�ìh gdqv ohv ghx{ ìohfwurghv lo idxw vrpphu ohv frqwulexwlrqv1

Db
Fh fdofxo qh suìvhqwh sdv gh gl!fxowìv whfkqltxhv sduwlfxolëuhv1 Pdlv ohv h{suhvvlrqv ã pdqlsxohu vrqw xq shx orxughv1

Sf
Od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv qh shuphw sdv g*doohu soxv orlq tx*xq wudlwhphqw shuwxuedwli/

frqwudluhphqw ã od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe1

0 4<; 0



614 Wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv ìohfwurq0ìohfwurq

grqqìhv sdu o*h{suhvvlrq +5149,/ rü � Eo
f
c 0� v*ìfulw =

� Eo
f
c 0� '
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Vhxoh od frpsrvdqwh lpsdluh �
�

Eo
f
c 0� ' E� Eo

f
c 0��� Eo

f
c�0��*2 gh od ghqvlwì gh suredelolwì

� Eo
f
c 0� frqwulexh ã o*lqwìjudoh gdqv o*h{suhvvlrq jìqìudoh +5149, +fh q*hvw sdv oh fdv gdqv

o*h{suhvvlrq +514:, ydodeoh ã A ' f k, =

�
�

Eo
f
c 0� '

+i~
ig
Eo

f
c 0*|�

0-
g

� +614:,

61418 H{suhvvlrq qrq0shuwxuedwlyh gh od frqgxfwdqfh wxqqho

Od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe shuphw ìjdohphqw gh gìwhuplqhu od frqgxf0

wdqfh wxqqho gdqv oh uìjlph qrq shuwxuedwli1 Fh q*hvw sdv oh fdv gh od wkìrulh plfurvfrsltxh

ghv lqwhudfwlrqv hqwuh ìohfwurqv1 Wrxwhirlv/ xqh yhuvlrq qrq0shuwxuedwlyh gh o*h{suhvvlrq +6145,

d ìwì gìulyìh sdu \xol Qd}dury ^<` hq xwlolvdqw xqh dssurfkh vhpl0fodvvltxh hw oh irupdo0

lvph gh o*lqwìjudoh g*dfwlrq/ hooh frqvlvwh vlpsohphqw ã uhpsodfhu aEo
f
c |� sdu i T aEo

f
c |� gdqv

o*h{suhvvlrq +6145, =
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c +614;,

Fhwwh h{suhvvlrq wkìrultxh q*d mdpdlv ìwì whvwìh h{sìulphqwdohphqw1

0 4<< 0



Chapitre 3 Théorie microscopique de l’in‡uence des interactions entre électrons sur la conductance tunnel

3.2 Propagation du champ électromagnétique et
critère de dimensionnalité

L’expression (3.18) permet de calculer la conductance d’une grande jonction tunnel indépen-

damment de sa géométrie : il su¢t de résoudre la propagation du champ électromagnétique.

Nous proposons, dans cette section, de calculer l’expression du potentiel électrique dans une

grande jonction tunnel (voir la …gure 3.3). Cela nous permettra de montrer qu’il existe des

critères de dimensionnalité e¤ective à l’intérieur desquels la dépendance en tension de la con-

ductance tunnel est …xée.

Fig. 3.3. Schéma d’une grande jonction tunnel de géométrie standard. Les électrodes ont pour longueur L
et largeur w: Ici nous supposons qu’une seule électrode, d’épaisseur `; est résistive.

3.2.1 Propagation du champ électromagnétique dans l’électrode
d’une jonction tunnel

Nous nous intéressons à des échelles de temps beaucoup plus longues que le temps de transit

de l’électron sous la barrière tunnel61 et que la période plasma, tous deux de l’ordre de 10¡15 s:

61 Pour évaluer le temps de traversée tp de la barrière tunnel, on minimise l’action Sst = 1
2m(

±
tp
)2tp + Utp; où ± est l’épaisseur

de la jonction tunnel et U est la hauteur de la barrière de potentiel. On trouve ainsi tp » 10¡15 s:

- 200 -



615 Sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh hw fulwëuh gh glphqvlrqqdolwì

Hq h�hw/ srxu xqh whqvlrq T 1 �ff pY dssoltxìh ã od mrqfwlrq/ rq d |*eT ) � Tt �f3�D t�

Qrxv vxssrvrqv grqf txh oh pìwdo hvw wrxmrxuv qhxwuh hw txh oh vdxw wxqqho hvw lqvwdqwdqì1

O*ìohfwurqhxwudolwì gdqv oh pìwdo grqqh o*ìtxdwlrq gh Odsodfh =

{�Ehc |� ' f +614<,

rü � hvw oh srwhqwlho ìohfwultxh gdqv oh pìwdo1

Frpph lo q*| d sdv gh fkdujhv vxu ohv vxuidfhv oleuhv gh o*ìohfwurgh/ ohv frqglwlrqv dx{ erugv

v*ìfulyhqw =

Y�

Y5
E4c 5 ' �c |� ' f +6153,

rü 4 ' E%c +� sdudpìwulvh od vxuidfh E gh od eduulëuh wxqqho/ 5 hvw od frrugrqqìh yhuwlfdoh

+vhorq o*d{h shushqglfxodluh dx sodq gh od eduulëuh wxqqho, hw � hvw o*ìsdlvvhxu gh o*ìohfwurgh

+yrlu od �jxuh 616,1

Od frqglwlrq +6153, lpsrvh txh ohv prghv gh sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh

v*ìfulyhqw �Eoc |� ' �
f

i T �E^4 � /|� ULt�EVE5 � ���c o*ìtxdwlrq gh Odsodfh +614<, lpsrvdqw

doruv V ' ^ G

�Eoc |� ' �
f

i T �E^4� /|� ULt�E^E5 � ���� +6154,

Hq xwlolvdqw od orl g*Rkp hw od frqvhuydwlrq gh od fkdujh ã od vxuidfh gh od mrqfwlrq/ rq

rewlhqw =

jY
5

�E4c 5 ' fc |� ' �
7

Y
|

�E4c 5 ' fc |�c +6155,

rü �
7

hvw od fdsdflwì sdu xqlwì gh vxuidfh gh od eduulëuh wxqqho hw j hvw od frqgxfwlylwì gdqv

o*ìohfwurgh1 Fhwwh ghuqlëuh ìtxdwlrq/ frpelqìh dyhf o*h{suhvvlrq +6154,/ grqqh od uhodwlrq gh

glvshuvlrq =

/ ' �
(W

�
^ |@?� ^�c +6156,

rü (W ' �*-��7

� Rq shxw uhpdutxhu txh oh fkdps ìohfwurpdjqìwltxh vh sursdjh gl�xvlyh0

phqw/ dyhf od frqvwdqwh gh gl�xvlrq (Wc oruvtxh o*rq frqvlgëuh ghv ìfkhoohv gh glvwdqfh judqghv

ghydqw o*ìsdlvvhxu1

Hq vxssrvdqw txh o*ìohfwurq wudyhuvh od eduulëuh wxqqho dx srlqw o
f
' f ã | ' fc rq rewlhqw =

�E4c 5 ' fc | ' f� '
e

�
7

BE4�� +6157,
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Fkdslwuh 6 Wkìrulh plfurvfrsltxh gh o*lq xhqfh ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od frqgxfwdqfh wxqqho

Od frqglwlrq lqlwldoh +6157,/ frpelqìh dyhf od uhodwlrq gh glvshuvlrq +6156, hw o*h{suhv0

vlrq +6154, ghv prghv gh sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh/ shuphw g*rewhqlu oh sr0

whqwlho ìohfwultxh gdqv o*ìohfwurgh =

�E4c 5c |� '
e

�

[
^

i T

�
�^4� |

(W

�
^ |@?� ^�

�
ULt� ^E5 � ��

ULt� ^�
� +6158,

O*h{suhvvlrq +6158, shuphw gh fdofxohu/ wrxw dx prlqv qxpìultxhphqw/ od frqgxfwdqfh wxq0

qho g*xqh judqgh mrqfwlrq lqgìshqgdpphqw gh vrq udssruw g*dvshfw1

61515 Fulwëuh gh glphqvlrqqdolwì

Gdqv xqh ìohfwurgh lvroìh/ ohv lqwhudfwlrqv hqwuh ìohfwurqv rqw xqh gìshqgdqfh hq o*ìqhujlh

ìfkdqjìh txl gìshqg gh od glphqvlrqqdolwì h�hfwlyh dx vhqv Wkrxohvv ^4` 1 Srxu gìwhuplqhu

fhwwh glphqvlrqqdolwì h�hfwlyh lo idxw frpsduhu ohv ìqhujlhv vrqgìhv h{sìulphqwdohphqw dyhf

o*ìqhujlh gh Wkrxohvv .
A�

Eu
�

� ' |(*u2

�

c rü u
�

hvw od orqjxhxu gh o*ìohfwurgh gdqv od gluhfwlrq �c

hw( hvw od frqvwdqwh gh gl�xvlrq ghv ìohfwurqv = vhxohv ohv gluhfwlrqv srxu ohvtxhoohv o*ìqhujlh gh

Wkrxohvv hvw lqiìulhxuh dx{ ìqhujlhv vrqgìhv vrqw frpswìhv gdqv od glphqvlrqqdolwì h�hfwlyh951

Hq suìvhqfh g*xqh frqwuh0ìohfwurgh +gh o*dxwuh f÷wì gh od eduulëuh wxqqho,/ od sursdjdwlrq gx

fkdps ìohfwurpdjqìwltxh mrxh ìjdohphqw xq u÷oh lpsruwdqw +yrlu sdu h{hpsoh o*ìtxdwlrq +61:,,1

Qrxv sursrvrqv g*xwlolvhu o*h{suhvvlrq +6158, gx fkdps ìohfwurpdjqìwltxh gdqv xqh judqgh

mrqfwlrq wxqqho srxu gìwhuplqhu ohv h{suhvvlrqv olplwhv gh od frqgxfwdqfh wxqqho/ oruvtx*xqh

rx soxvlhxuv glphqvlrqv wudqvyhuvhv shxyhqw íwuh lqwìjuìhv1 Dlqvl qrxv srxuurqv gìwhuplqhu od

�glphqvlrqqdolwì h�hfwlyh� g*xqh mrqfwlrq hq irqfwlrq gh od jdpph g*ìqhujlh frqvlgìuìh1 Fhwwh

dssurfkh shuphw ìjdohphqw gh whvwhu od txdolwì gh od ghvfulswlrq gh od frqgxfwdqfh wxqqho sdu

vhv h{suhvvlrqv olplwhv suëv g*xq fkdqjhphqw gh glphqvlrqqdolwì1

Qrxv vxssrvrqv txh oh fkdps ìohfwurpdjqìwltxh vh sursdjh soxv ylwh txh o*ìohfwurq gl�xvli1

Fhwwh dssur{lpdwlrq hvw jìqìudohphqw wuëv elhq yìul�ìh dyhf ghv ìohfwurghv pìwdooltxhv +w|s0

ltxhphqw (W*( ' De2�B*0 ) �f�c rü B hw 0 vrqw lfl uhvshfwlyhphqw o*ìsdlvvhxu hw od frqvwdqwh

glìohfwultxh gh od eduulëuh wxqqho,1

Oh srlqw fohi hvw g*revhuyhu txh/ gìv oruv txh oh fkdps ìohfwurpdjqìwltxh hvw krprjëqh

vxu xqh ghv glphqvlrqv wudqvyhuvhv/ od sursdjdwlrq gh o*ìohfwurq vhorq fhwwh glphqvlrq q*lq0

whuylhqw soxv gdqv o*h{suhvvlrq gh o*lpsìgdqfh h�hfwlyh ~
ig
Eo

f
c /� hw grqf gdqv o*h{suhvvlrq

S2
Hq g*dxwuhv whuphv/ vl xq ìohfwurq sduylhqw ã gl�xvhu ã wudyhuv od orqjxhxu u� hq xq whpsv |*.c doruv od glphqvlrq � q*hqwuh

sdv hq frpswh/ ã o*ìqhujlh .c srxu od glphqvlrqqdolwì h�hfwlyh1
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615 Sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh hw fulwëuh gh glphqvlrqqdolwì

gh od frqgxfwdqfh wxqqho1 Hq h�hw/ od ghqvlwì gh suredelolwì RE%c +c 5c |�c gh wurxyhu dx srlqw

o ' E%c +c 5� hw ã o*lqvwdqw | xq ìohfwurq gl�xvli lqmhfwì ã o*ruljlqh ghv frrugrqqìhv dx whpsv

| ' fc hvw idfwrulvdeoh vrxv od iruph =

RE%c +c 5c |� ' R
%

E%c |�R
+

E+c |�R
5

E5c |��

Dlqvl/ oruvtxh oh srwhqwlho hvw krprjëqh gdqv xqh gluhfwlrq 5c rq shxw lqwìjuhu vhorq fhwwh gl0

uhfwlrq gdqv o*ìtxdwlrq +61;, hw qh uhvwh txh od ghqvlwì gh suredelolwì RE%c +c |� ' R
%

E%c |�R
+

E+c |�

g*xq ìohfwurq gl�xvdqw gdqv ohv ghx{ glphqvlrqv uhvwdqwhv dyhf od píph frqvwdqwh gh gl�xvlrq

(c lqgìshqgdpphqw gh od sursdjdwlrq gh o*ìohfwurq vhorq o*d{h 5�

Ilj1 6171 Glphqvlrqqdolwì g h�hfwlyh g*xqh mrqfwlrq wxqqho hq irqfwlrq gh o*ìqhujlh H vrqgìh1

Ohv ìqhujlhv vrqgìhv grlyhqw íwuh frpsduìhv qrq sdv ã o*ìqhujlh gh Wkrxohvv .
A�

Eu� dvvrflìh

ã od gl�xvlrq g*xq ìohfwurq/ pdlv ã o*ìqhujlh gh Wkrxohvv ìohfwurpdjqìwltxh .W

A�

Eu� dvvrflìh ã

od gl�xvlrq gx fkdps ìohfwurpdjqìwltxh =

.W

A�

Eu� ' |(W*u2� +6159,

Srxu ohv ìqhujlhv . 	 .W

A�

Eu
�

�c oh fkdps ìohfwurpdjqìwltxh hvw krprjëqh vxu od glphqvlrq �

gh orqjxhxu u
�

hw o*lqwìjudoh gdqv o*lpsìgdqfh h�hfwlyh vhorq fhwwh gluhfwlrq ydxw 41

Fulwëuh gh Wkrxohvv ìohfwurpdjqìwltxh srxu od jìrpìwulh g*xqh mrqfwlrq = +615:,

. 	
|(W

u2

�

, od glphqvlrq � qh frpswh sdv gdqv od glphqvlrqqdolwì srxu o*ìqhujlh .

Gdqv ohv txdwuh vrxv0vhfwlrqv vxlydqwhv/ qrxv fdofxorqv ohv h{suhvvlrqv olplwhv gh od frqgxf0

wdqfh wxqqho ã whpsìudwxuh qxooh hq irqfwlrq gh od glphqvlrqqdolwì/ dyhf o*h{suhvvlrq +6148,1

Qrxv vxssrvrqv gh soxv tx*xqh vhxoh ghv ghx{ ìohfwurghv hvw uìvlvwlyh1

61516 Olplwh wul0glphqvlrqqhooh

G*dsuëv o*h{suhvvlrq +6158,/ oh fkdps ìohfwurpdjqìwltxh hvw krprjëqh vxu o*ìsdlvvhxu gh
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Fkdslwuh 6 Wkìrulh plfurvfrsltxh gh o*lq xhqfh ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od frqgxfwdqfh wxqqho

o*ìohfwurgh oruvtx*lo hvw ìwdoì vxu xqh glvwdqfh vxsìulhxuh ã � gdqv oh sodq gh od eduulëuh wxqqho1

Od wudqvlwlrq hqwuh ohv glphqvlrqqdolwìv h�hfwlyhv _ ' � hw _ ' 2 vh surgxlw grqf suëv gh

o*ìqhujlh gh Wkrxohvv prgl�ìh .W

A�

E�� dvvrflìh ã o*ìsdlvvhxu gh o*ìohfwurgh =

.W

A�

E�� '
|(W

�2
� +615;,

Hq g*dxwuhv whuphv/ oruvtxh ohv ìqhujlhv vrqgìhv vrqw soxv judqghv txh .W

A�

E�� rq shxw frqvlg0

ìuhu txh oh fkdps ìohfwurpdjqìwltxh hw o*ìohfwurq gl�xvhqw gdqv ohv wurlv glphqvlrqv E_ ' ���

Od fkdujh lqmhfwìh hvw ìfudqwìh suhvtxh lqvwdqwdqìphqw gdqv oh pìwdo1 Hq udlvrq gh o*ìohf0

wurqhxwudolwì/ od ghqvlwì gh frxudqw grlw frpshqvhu o*lqmhfwlrq gh fkdujh vxu od eduulëuh1 Od orl

g*Rkp shuphw doruv gh gìwhuplqhu o*lpsìgdqfh ã ghx{ srlqwv 5Eo
f
c oc /� ' ��Eo

f
c oc /�*e G

5Eo
f
c oc /� '

�

2Zj mo � o
f
m �

Od ghqvlwì gh suredelolwì REo
f
c oc /� gdqv oh ghpl0hvsdfh v*ìfulw =

REo
f
c oc /� '

�

2Z( mo � o
f
m i T

%
� mo � o

f
ms

�(*/

&
�

O*lpsìgdqfh h�hfwlyh hvw grqf =

+i~
ig
E/� '

�

2Zj

u
/

2(
c

hw/ hq xwlolvdqw o*ìtxdwlrq +6148,/ ohv yduldwlrqv uhodwlyhv gh od frqgxfwdqfh wxqqho v*ìfulyhqw =

BC

C
"

ET � '
�s

2Z2D
8

(�*2|

u
eT

|
n Sr|� +615<,

61517 Olplwh el0glphqvlrqqhooh

Oruvtxh ohv ìqhujlhv vrqgìhv vh vlwxhqw hqwuh .W

A�

E�� hw .W

A�

E��c rü � hvw od odujhxu gh

o*ìohfwurgh/ od gl�xvlrq shxw íwuh frqvlgìuìh frpph el0glphqvlrqqhooh E_ ' 2�c sxlvtxh oh

fkdps ìohfwurpdjqìwltxh hvw krprjëqh gdqv o*ìsdlvvhxu1

Hq sdvvdqw gdqv od uhsuìvhqwdwlrq uìflsurtxh rewhqxh sdu wudqvirupdwlrq gh Irxulhu vsd0

wldoh/ rq d =

5E^c /� '
�*�

7

(W^2 � �/

RE^c /� '
�

(^2 � �/
c
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615 Sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh hw fulwëuh gh glphqvlrqqdolwì

rü ^ hvw xq yhfwhxu g*rqgh el0glphqvlrqqho1 Lo hq uìvxowh =

+i~
ig
E/� '

-�
eZ

*L}(W*(

��(*(W

� +6163,

Hq lqmhfwdqw fhwwh ghuqlëuh h{suhvvlrq gdqv o*ìtxdwlrq +6148,/ rq rewlhqw =

-
A

BCET � '
-�

2Z-
g

*L}(W*(

��(*(W

*L} deT*.W

A�

E��o n-
A

BCE.W

A�

E��*e�� +6164,

Fh uìvxowdw hvw lghqwltxh ã fhoxl rewhqx sdu Dowvkxohu hw do1 ^7` sdu xq fdofxo gluhfw dyhf oh

srwhqwlho plfurvfrsltxh g*lqwhudfwlrq hqwuh ìohfwurqv1

61518 Olplwh xql0glphqvlrqqhooh

Ohv ìqhujlhv gh Wkrxohvv ìohfwurpdjqìwltxhv gìolplwdqw oh uìjlph xql0glphqvlrqqho _ ' �

vrqw .W

A�

Eu� hw .W

A�

E��c rü u hvw od orqjxhxu gh od mrqfwlrq wxqqho/ fdu vhxo oh prgh ^
+

' f

lqwhuylhqw gdqv od vrpph vxu ^ gh o*ìtxdwlrq +6158,1

D _ ' �c oh srwhqwlho ìohfwurpdjqìwltxh gl�xvh dyhf od píph frqvwdqwh gh gl�xvlrq (W '

�*-��7

� Xq fdofxo vlplodluh ã fhoxl h�hfwxì ã _ ' 2 grqqh =

+i~
ig
E/� '

-*u

2�*2

s
(W*/

� n
s
(*(W

+6165,

hw

-
A

BCET � ' �
s
2-�

-
g

�
� n

s
(*(W

� �t
.W

A�

E��*eT � �

�
n-

A

BCE.W

A�

E��*e�� +6166,

61519 Olplwh }ìur0glphqvlrqqhooh

Oruvtxh ohv ìqhujlhv vrqgìhv vrqw lqiìulhxuhv ã o*ìqhujlh gh Wkrxohvv prgl�ìh .W

A�

Eu�c rü u

hvw od soxv judqgh glphqvlrq gh od mrqfwlrq wxqqho/ rq hqwuh gdqv oh grpdlqh gh ydolglwì gh od

wkìrulh vwdqgdug gx eorfdjh gh Frxorpe E_ ' f� G o*lpsìgdqfh h�hfwlyh ~
ig
E/� hvw vlpsohphqw

ìjdoh ã od frpelqdlvrq sdudooëoh gh od fdsdflwì wrwdoh gh od mrqfwlrq hw gh o*lpsìgdqfh ~
t�ih�i

E/�

hq vìulh dyhf od mrqfwlrq wxqqho1

6151: Whvw qxpìultxh gx fulwëuh gh glphqvlrqqdolwì

Qrxv dyrqv yìul�ì qxpìultxhphqw txh od frqgxfwdqfh g|qdpltxh g*xqh mrqfwlrq wxqqho/

gìulyìh ã sduwlu o*h{suhvvlrq +6158, gh od sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh/ fruuhvsrqg

elhq dyhf ohv vroxwlrqv dssurfkìhv grqqìhv fl0ghvvxv/ txhooh txh vrlw od whqvlrq dssoltxìh1 Rq
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Chapitre 3 Théorie microscopique de l’in‡uence des interactions entre électrons sur la conductance tunnel

Fig. 3.5. Variation relative de la conductance d’une grande jonction tunnel, en unité de R¤=RK; portée en
fonction de la tension, en unité de E¤

Th(w)=e; autour de la tension de crossover (V = E¤
Th(w)=e) entre les

dimensionnalités d = 1 et d = 2: Les calculs sont e¤ectués avec D¤=D = 1000: Les symboles ouverts sont
obtenus par un calcul complet à partir des expressions (3.15) et (3.24); les lignes continus sont les expressions
limites (3.32) et (3.30), respectivement à d = 1 et d = 2:
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615 Sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh hw fulwëuh gh glphqvlrqqdolwì

shxw yrlu vxu od �jxuh 618/ srxu od wudqvlwlrq hqwuh ohv glphqvlrqv _ ' � hw _ ' 2c txh oh fdofxo

frpsohw ã sduwlu ghv h{suhvvlrqv +6145, hw +6158, hvw elhq uhsurgxlw sdu ohv h{suhvvlrqv olplwhv

+6166, hw +6164,1
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Fkdslwuh 6 Wkìrulh plfurvfrsltxh gh o*lq xhqfh ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od frqgxfwdqfh wxqqho

616 H�hw ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od ghqvlwì
g*ìwdwv wxqqho

Gdqv fhwwh vhfwlrq/ qrxv suìvhqwrqv oh fdofxo ghv fruuhfwlrqv gh od ghqvlwì g*ìwdwv wxqqho

gluhfwhphqw ã sduwlu gx srwhqwlho plfurvfrsltxh g*lqwhudfwlrq hqwuh ìohfwurqv1

61614 Lqwhudfwlrqv h�hfwlyh hqwuh ìohfwurqv hq suìvhqfh g*xqh
frqwuh0ìohfwurgh

O*lqwhudfwlrq h�hfwlyh hqwuh ìohfwurqv L ess

/

E^� gdqv ohv pìwdx{ v*ìfulw =

L ess

/

E^� '
LfE^�

� n L fE^��E^c /�

rü LfE^� hvw o*lqwhudfwlrq qxh hqwuh ìohfwurq hw �E^c /� hvw od srodulvdelolwì ìohfwurqltxh1 D

sur{lplwì g*xqh eduulëuh wxqqho/ LfE^� q*hvw sdv o*lqwhudfwlrq Frxorpelhqqh qxh1 Hq h�hw/

o*lqwhudfwlrq Frxorpelhqqh hvw gìmã glplqxìh sdu ohv fkdujhv lpdjhv gdqv od frqwuh0ìohfwurgh

pìwdooltxh vlwxìh gh o*dxwuh f÷wì gh od eduulëuh wxqqho ^7` 1

O*h{suhvvlrq gh L ess

/

E^� gìshqg gh od glphqvlrqqdolwì �dx vhqv ghv lqwhudfwlrqv� ghv ìohf0

wurghv frqqhfwìhv sdu od mrqfwlrq wxqqho1 Rq v*dwwhqg/ hq sduwlfxolhu/ ã fh txh ohv fkdujhv

lpdjhv vrlhqw prlqv shufhswleohv gdqv xqh ìohfwurgh ìsdlvvh1

H{suhvvlrq gh o*lqwhudfwlrq h�hfwlyh

Od srodulvdelolwì ìohfwurqltxh gdqv xq pìwdo gl�xvli orlq gh od wudqvlwlrq pìwdo0lvrodqw v*ìfulw ^4`

=

�E^c /� ' D
8

(^2

(^2 � �/
� +6167,

Frpph od ghqvlwì g*ìwdwv sdu xqlwì gh yroxph hw g*ìqhujlh dx qlyhdx gh Ihupl D
8

hvw wuëv

judqgh gdqv ohv pìwdx{/ o*lqwhudfwlrq h�hfwlyh gdqv xqh ìohfwurgh wulglphqvlrqqho v*ìfulw96 =

L ess

�

E^c /� * �

�E^c /�
'

(^2 � �/

D
8

(^2
� +6168,

Oruvtxh od glphqvlrqqdolwì _ hvw lqiìulhxuh ã wurlv/ ohv shwlwv yhfwhxuv g*rqghv ^ rqw xq srlgv

soxv lpsruwdqw gdqv o*h{suhvvlrq gh od frqgxfwdqfh wxqqho +fdu
U
_^ 2 U

_^ ^_3�, fh txl olplwh

od ydolglwì gh o*dssur{lpdwlrq suìfìghqwh1

Oh pr|hq oh soxv vlpsoh gh uhwurxyhu oh erq uìvxowdw hvw gh uhidluh wrxw g*derug fhwwh

S�
Hq h�hw/ L

f
E^� ; e

2
*0f^

2
hw � ; D

8
; �f

e.
a

3�
4

3�
� Srxu ghv ìfkhoohv gh glvwdqfh vxsìulhxuhv dx qp/ qrxv dyrqv grqf

L

f
� : �ffq ��

0 53; 0



616 H�hw ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od ghqvlwì g*ìwdwv wxqqho

dssur{lpdwlrq txl hvw fruuhfwh dx{ judqgv ^ G L ess

_

E^c /� � E(^2 � �/�*D
_

(^2c rü D
_

'

D
8

l*l
_

dyhf l oh yroxph gh o*ìohfwurgh hw l
_

oh yroxph vxu ohv glphqvlrqv h�hfwlyhv +ã _ ' �c

l
�
' u�� Sxlv lo idxw lqwurgxluh xqh frxsxuh dx{ shwlwv ^ d�q gh uhwurxyhu oh uìvxowdw frqqx

L ess

_

E^ ' fc /� ' l
_

e2*��

Fhwwh rsìudwlrq grqqh o*lqwhudfwlrq h�hfwlyh ã _ ' �c 2 G

L ess

_

E^c /� '
(^2 � �/

D
_

(^2 � �/�
_

*e2

'
�

D
_

(^2 � �/

(^2 � �/(*(W

c +6169,

rü �
_

' �*l
_

hvw od fdsdflwì sdu xqlwì gh vxuidfh ã _ ' 2 hw od fdsdflwì sdu xqlwì gh orqjxhxu

ã _ ' �� Fhwwh h{suhvvlrq gx srwhqwlho g*lqwhudfwlrq hq suìvhqfh gh od frqwuh0ìohfwurgh d ìwì

fdofxoìh sdu Dowvkxohu hw do1 ^7` ã _ ' 2�

61615 H{suhvvlrq ghv fruuhfwlrqv gh WGRV hq irqfwlrq gx srwhqwlho
h�hfwli g*lqwhudfwlrq

Ohv fruuhfwlrqv gh od WGRV v*ìfulyhqw gdqv o*hvsdfh uìflsurtxh ^4` =

BD

D
E0� ' ��

|
W4

]
/4@ 

/4�?

_/

2Z

]
_^

E2Z�_
L ess

_

E^c/�
|@?� |/n0

2&�A

n |@?� |/30

2&�A

E�/ �(^2�2
n fvw +616:,

rü |/
4@ 

hw |/
4�?

vrqw ghv frxsxuhv uhvshfwlyhphqw ã judqgh hw edvvh ìqhujlh/ txl gìshqghqw

gh od glphqvlrqqdolwì1 D _ ' �c fhwwh h{suhvvlrq hvw ydodeoh vl /
4�?

' .W

A�

E��*| 	 / 	 /
4@ 

'

�*�
e

c rü �
e

' ,
e

*v
8

hvw oh whpsv pr|hq gh froolvlrq ìodvwltxh hw � hvw o*ìsdlvvhxu gh o*ìohfwurgh1

Od frxsxuh vxsìulhxuh ã /
4@ 

' �*�
e

wudgxlw ohv olplwhv gh o*dssur{lpdwlrq gl�xvlyh1 D

_ ' i�c 2j c ohv frxsxuhv vrqw ohv ìqhujlhv gh Wkrxohvv prgl�ìhv txl olplwhqw oh grpdlqh gh
ydolglwì gh fhwwh h{suhvvlrq1

Lo idxw udmrxwhu xq idfwhxu 5 ã o*h{suhvvlrq +616:, gdqv oh fdv sduwlfxolhu ghv ìohfwurghv wul0

glphqvlrqqhoohv fdu oh prxyhphqw gl�xvli gdqv od gluhfwlrq yhuwlfdoh hvw prgl�ì sdu od uì h{lrq

ghv ìohfwurqv vxu od eduulëuh wxqqho ^7` 1

O*h{suhvvlrq +616:, dyhf oh srwhqwlho h�hfwli g*lqwhudfwlrq +Htxdwlrqv +6169, hw +6168,, shuphw

gh fdofxohu ohv fruuhfwlrqv gh od ghqvlwì g*ìwdwv wxqqho gdqv od jìrpìwulh g*xqh mrqfwlrq wxqqho

gdqv xqh ìohfwurgh gh glphqvlrqqdolwì h�hfwlyh _ ' �c 2 rx 61

Qrxv h{solflwrqv fl0ghvvrxv o*h{suhvvlrq gh fhv fruuhfwlrqv gh od WGRV ã whpsìudwxuh qxooh1

+l, Fruuhfwlrqv ã _ ' � G
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Fkdslwuh 6 Wkìrulh plfurvfrsltxh gh o*lq xhqfh ghv lqwhudfwlrqv hqwuh ìohfwurqv vxu od frqgxfwdqfh wxqqho

BD

D
E0� '

�e
E2Z��|D

8

(

]
�*�e

0*|

_/

]
"

f

_^
2/

/2 n E(^2�2

'
�s

2Z2(�*2|D
8

ks
0*|�

s
�*�

e

l
� +616;,

+ll, Fruuhfwlrqv ã _ ' 2 G

BD

D
E0� '

�(W*(

2Z2|D
2

W4

]
.

W

A�
E��*|

0*|

_/

]
"

f

^_^
�

(W^2 � �/

�

�/ �(^2
n

BD

D
E.W

A�

E���

'
�

E2Z�2|D
2

�

(E��(*(W�
*L}

(W

(
*L}

0

.W

A�

E��
n

BD

D
E.W

A�

E��� +616<,

rü D
2
' D

8

� hw .W

A�

E�� ' |(W*�2 dyhf � o*ìsdlvvhxu gh o*ìohfwurgh/ vxssrvìh lqiìulhxuh ã od

odujhxu1

+lll, Fruuhfwlrqv ã _ ' � G

BD

D
E0� '

�(W*(

2Z2|D
�

W4

]
.

W

A�
E��*|

0*|

_/ 2

]
"

f

_^
�

(W^2 � �/

�

�/ �(^2
n

BD

D
E.W

A�

E���

'
��s
2Z|D

�

(W*(s
(W n

s
(

%
�s
0*|
� �s

.W

A�

E��*|

&
n

BD

D
E.W

A�

E��� +6173,

rü D
�
' D

8

�� hw .W

A�

E�� ' |(W*�2 dyhf � od odujhxu gx �o +qrxv vxssrvrqv lfl txh � : �c vl

fh q*hvw sdv oh fdv lo idxw uhpsodfhu � sdu � gdqv o*ìqhujlh gh Wkrxohvv prgl�ìh,1

Fhv wurlv h{suhvvlrqv vrqw elhq lghqwltxhv ã fhoohv rewhqxhv ã whpsìudwxuh qxooh hq xwlo0

lvdqw od irupxodwlrq gh od frqgxfwdqfh wxqqho dyhf o*lpsìgdqfh +yrlu uhvshfwlyhphqw ohv ìtxd0

wlrqv +615<,/ +6164, hw +6166,,1
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Chapitre 4
Mesure de la conductance dynamique
d’une longue jonction tunnel
La conductance dynamique d’une jonction tunnel permet de sonder l’e¤et des interactions

entre électrons et des électrons avec d’autres degrés de liberté du métal. Nous présentons

dans ce chapitre les mesures de la conductance dynamique d’une longue jonction tunnel entre

un …l métallique et un plan de masse, tous deux en aluminium.

4.1 Electrodynamic dip in the local density of states of
a metallic wire (article)

Cette section reproduit l’article intitulé “Electrodynamic dip in the local density of states of

a metallic wire”, par F. Pierre, H. Pothier, P. Joyez, N. O. Birge, D. Estève et M. H. Devoret

accepté pour publication à Phys. Rev. Lett.

Il présente la mesure de la conductance dynamique d’une longue jonction tunnel entre un

…l et un plan de masse en aluminium. Nous montrons que la conductance tunnel mesurée à

di¤érentes températures peut être obtenue en tenant compte uniquement des interactions entre

électrons. Pour cela, nous utilisons la formulation en impédance de la théorie microscopique

des interactions entre électrons.





Hohfwurg|qdplf gls lq wkh orfdo ghqvlw| ri vwdwhv ri d phwdoolf zluh

I1 Slhuuh/ K1 Srwklhu/ S1 Mr|h}/ Qrupdq R1 Elujh�/ G1 Hvwhyh/ dqg P1 K1 Ghyruhw
Vhuylfh gh Sk|vltxh gh o*Hwdw Frqghqvì/ Frpplvvduldw ã o*Hqhujlh Dwrpltxh/ Vdfod|/ <44<4 Jli0vxu0\yhwwh/ Iudqfh

+Gdwhg= Rfwrehu 59/ 5333,

Zh kdyh phdvxuhg wkh gl�huhqwldo frqgxfwdqfh ri d wxqqho mxqfwlrq ehwzhhq d wklq phwdoolf zluh
dqg d wklfn jurxqg sodqh/ dv d ixqfwlrq ri wkh dssolhg yrowdjh1 Zh �qg wkdw qhdu }hur yrowdjh/ wkh
gl�huhqwldo frqgxfwdqfh h{klelwv d gls/ zklfk vfdohv dv �*

I
T grzq wr yrowdjhv T ; �f&�A*e1

Wkh suhflvh yrowdjh dqg whpshudwxuh ghshqghqfh ri wkh gl�huhqwldo frqgxfwdqfh lv dffrxqwhg iru
e| wkh h�hfw rq wkh wxqqholqj ghqvlw| ri vwdwhv ri wkh pdfurvfrslf hohfwurg|qdplfv frqwulexwlrq
wr hohfwurq0hohfwurq lqwhudfwlrq/ dqg qrw e| wkh vkruw0udqjhg vfuhhqhg0Frxorpe uhsxovlrq dw
plfurvfrslf vfdohv1

Wxqqholqj r�huv d xqltxh wrro wr sureh lqwhudfwlrqv
ehwzhhq hohfwurqv lq frqgxfwlqj pdwhuldov/ ehfdxvh wkh
eduh hohfwurq zklfk wxqqhov kdv wr eh dffrprgdwhg e|
wkh fruuhodwhg hohfwurqlf oltxlg uhvxowlqj iurp wkhvh lq0
whudfwlrqv1 Lq wkh sdvw/ wkh h�hfw ri lqwhudfwlrqv rq
wxqqholqj hohfwurqv kdv ehhq lqyhvwljdwhg lq wzr gl�hu0
hqw uhjlphv1 Lq wkh hduo| ;3*v/ Dowvkxohu dqg Durqry
^4` fdofxodwhg e| shuwxuedwlrq wkhru| wkh h�hfw ri wkh
g|qdplfdoo|0vfuhhqhg hohfwurq0hohfwurq lqwhudfwlrq lq gli0
ixvlyh frqgxfwruv1 Wkh| irxqg wkdw wklv lqwhudfwlrq ohdgv
wr d uhgxfwlrq ri wkh orfdo rqh0sduwlfoh ghqvlw| ri vwdwhv
+OGRV, qhdu wkh Ihupl hqhuj| dqg khqfh ri wkh wxqqho0
lqj frqgxfwdqfh dw orz yrowdjh +wkh vr0fdoohg }hur0eldv
dqrpdo|,1 Wkh OGRV wkhru| vxffhvvixoo| h{sodlqv wxq0
qholqj h{shulphqwv shuiruphg zlwk h{whqghg wxqqho mxqf0
wlrqv/ prvwo| rq kljko|0glvrughuhg phwdov dqg vhplfrq0
gxfwruv ^5`1 Lq wkh pruh uhfhqwo| dgguhvvhg �Frxorpe
eorfndgh� uhjlph/ wkh h�hfw ri wkh orqj udqjh sduw ri wkh
hohfwurq0hohfwurq lqwhudfwlrq lv vr vwurqj wkdw wkh wxqqho0
lqj frqgxfwdqfh fdq ydqlvk dw orz yrowdjh1 Wklv uhjlph lv
wuhdwhg e| d skhqrphqrorjlfdo dssurdfk edvhg rq pdfur0
vfrslf hohfwurpdjqhwlvp ^6/ 7` zklfk hpskdvl}hv l, wkh
fkdujlqj hqhuj| H

F

@ h5@5F ri wkh fdsdflwdqfh F ri wkh
wxqqho mxqfwlrq iruphg e| wkh hohfwurghv dqg wkh wxq0
qho eduulhu dqg ll, wkh lpshgdqfh ]+$, ri wkh flufxlw lq
zklfk wkh mxqfwlrq lv hpehgghg +wkh vr0fdoohg �hqylurq0
phqwdo� lpshgdqfh,1 Lw suhglfwv lq sduwlfxodu wkdw wkh
wxqqholqj frqgxfwdqfh ri d mxqfwlrq zloo ydu| dw yrow0
djhv Y vdwlvi|lqj n

E

W � hY � H
F

dv +hY@H
F

,�5U@UN /
zlwk U

N

@ k@h5/ surylghg ]+$, @ U iru iuhtxhqflhv
$ ? H

F

@| +n
E

W lv wkh wkhupdo hqhuj|,1 Wkh Frxorpe
eorfndgh iru vxfk d vpdoo wxqqho mxqfwlrq kdv ehhq re0
vhuyhg lq suhvhqfh ri d odujh hqylurqphqwdo lpshgdqfh
sodfhg lq vhulhv zlwk wkh mxqfwlrq/ dqg zlwk uhodwlyho|
zhdno| glvrughuhg phwdoolf hohfwurghv ^8/ 9`1
Lq wklv Ohwwhu/ zh suhvhqw dq h{shulphqw lq zklfk wkh

wxqqholqj ghqvlw| ri vwdwhv kdv ehhq phdvxuhg iru d phvr0
vfrslf zluh vhsdudwhg iurp d jurxqg sodqh e| d wxqqho r{0
lgh eduulhu1 Zkloh wkh h{shulphqw uhpdlqv lq wkh uhjlph
zkhuh wkh shuwxuedwlrq wkhru| ri Dowvkxohu dqg Durqry
lv dssolfdeoh/ wkh uhgxfwlrq ri wkh ghqvlw| ri vwdwhv dw orz

l

l

ILJ1 4= +d, Vfkhpdwlf ri wkh h{shulphqw1 D wxqqho mxqfwlrq
+gdvkhg duhd, lv iruphg e| wkh ryhuods ri d Do zluh dqg d wklfn
Do frxqwhu hohfwurgh1 D pdjqhwlf �hog vxssuhvvhv vxshufrq0
gxfwlylw|1 +e, Htxlydohqw flufxlw hqwhulqj lq wkh wkhruhwlfdo
suhglfwlrqv1 Wkh hqylurqphqw ri hdfk mxqfwlrq hohphqw lv wzr
UF wudqvplvvlrq olqhv whuplqdwhg e| dq lpshgdqfh ]31

yrowdjhv lv hqwluho| frqwuroohg/ lq frqwudvw zlwk suhylrxv
h{shulphqwv rq h{whqghg mxqfwlrqv/ e| wkh pdfurvfrslf
hohfwurg|qdplf frqwulexwlrq wr wkh hohfwurq0hohfwurq lq0
whudfwlrq/ dv lq Frxorpe eorfndgh h{shulphqwv1 Rxu
h{shulphqwdo uhvxowv frq�up wkh olqn ehwzhhq }hur0eldv
dqrpdolhv dqg Frxorpe eorfndgh zklfk kdv ehhq sxw iru0
zdug wkhruhwlfdoo| ^:�<`1
Dffruglqj wr wkh uhdo0vsdfh h{suhvvlrq ri wkh OGRV lq

wkh shuwxuedwlyh uhjlph ^:`/ wkh yduldwlrq �J @ gL

gY

+Y ,�
J
w

ri wkh gl�huhqwldo frqgxfwdqfh ri d wxqqho mxqfwlrq ri
duelwudu| vkdsh dqg glphqvlrq ehwzhhq d �gluw|� phwdo0
olf hohfwurgh dqg d shuihfwo| frqgxfwlqj jurxqg sodqh lv
jlyhq e|=

�J

J
w

@ �
]
E

g5u3
DE

]
4

3

g$

�|
I
W

+hY> |$,�

Lp

]
g6u g6u3 s+u3>u> $,X +u> u3> $, s+u3> u3> $,>+4,

zkhuh E lv wkh lqwhuidfh/ zlwk duhd DE/ ehwzhhq
wkh mxqfwlrq r{lgh dqg wkh hohfwurgh/ I

W

+%4> %5, @U
gH CiW +H,

CH

+i
W

+H . %4 . %5,� i
W

+H . %4 � %5,, lv wkh
wkhupdo vphdulqj nhuqho/ i

W

ehhlqj wkh Ihupl ixqf0



5

wlrq dw whpshudwxuh W / J
w

wkh wxqqho frqgxfwdqfh/
s+u3>u> $, lv wkh wlph Irxulhu wudqvirup ri wkh sure0
delolw| ghqvlw| wkdw dq hohfwurq lqmhfwhg dw u3 rq E
gl�xvhv lq wkh hohfwurgh wr srlqw u zlwklq d wlph w/
dqg X+u> u3> $, lv wkh g|qdplfdoo|0vfuhhqhg lqwhudfwlrq
srwhqwldo ehwzhhq hohfwurqv1 Zh kdyh lqfoxghg khuh
rqo| wkh odujho| grplqdqw h{fkdqjh frqwulexwlrq wr wkh
OGRV ^43`1 Wkh frpsxwdwlrq ri wkh lqwhjudo lq +4,
lv juhdwo| vlpsol�hg zkhq rqh xvhv wkh jhqhudo uhod0
wlrq ^44/ ;/ 45`

U
g6u s+u3>u> $,X +u> u3> $, @ h5}+u3>u

3> $,/
zkhuh }+u3>u3> $, @ Y +u3> $,@L+u3> $, lv wkh wzr0srlqw lp0
shgdqfh uhodwlqj wkh yrowdjh Y +u3> $, dw srlqw u3 lq wkh
hohfwurgh wr d fxuuhqw L+u3> $, lqmhfwhg dw srlqw u3 +olqhdu
hohfwurg|qdplf uhvsrqvh lv dvvxphg iru wkh hohfwurghv,1
Iroorzlqj Qd}dury ^44/ ;/ 46`/ rqh fdq wkhuhiruh gh�qh wkh
h�hfwlyh lpshgdqfh ]h�+u3>$, vhhq e| dq hohfwurq wxqqho0
lqj dw u3 dv ]h�+u3>$, @

U
g6u3 }+u3>u3> $,s+u3> u3> $,@Q /

zkhuh Q @
U
g6u3 s+u3> u3> $, @ 4@l$/ dqg uhzulwh Ht1 +4,

lq d irup lghqwlfdo wr wkh Frxorpe eorfndgh suhglfwlrq
lq wkh orz hqylurqphqwdo lpshgdqfh olplw1 Lq sduwlfxodu/
dw W @ 3/ I

W

+%4> %5, @ � +%5 � %4, dqg

�J

J
w

@ �5

]
E

g5u3
DE

]
4

hY@|

Uh]h�+u3>$,

U
N

g$

$
= +5,

Zkhq Uh]h� grhv qrw lqyroyh wkh hohfwurqv lq wkh wxqqho
mxqfwlrq lwvhoi exw rqo| lq wkh h{whuqdo flufxlw dv lv xvx0
doo| wkh fdvh iru vpdoo wxqqho mxqfwlrqv/

U
E

g

5
u3

DE

]h�+u3>$,
vlpso| uhgxfhv wr wkh sdudooho frpelqdwlrq ri wkh hqylurq0
phqwdo lpshgdqfh ]+$, dqg ri wkh mxqfwlrq fdsdflwdqfh
F ^6/ 7`1
Rxu h{shulphqw zdv ghvljqhg vr wkdw wkh wzr0srlqw

lpshgdqfh }+u3>u> $, frxog eh vlpso| ghwhuplqhg iurp
wkh gf uhvlvwlylw| ri wkh hohfwurghv/ wkh glvwulexwhg fd0
sdflwdqfh ri wkh mxqfwlrq/ dqg wkh h{whuqdo lpshgdqfh/
zkloh wkh irup ri s+u3>u> $, kdg d qhjoljleoh lq xhqfh rq
]h�+u3>$,1 Wkhvh frqglwlrqv duh vdwlv�hg iru hohfwurghv
pdgh iurp d jrrg phwdo/ lq zklfk hohfwurqhxwudolw| fdq
eh dvvxphg iru iuhtxhqflhv xs wr wkrvh fruuhvsrqglqj wr
wkh kljkhvw phdvxuhg yrowdjh1 Zh suhvhqw wkh jhrphwu|
ri rxu vdpsoh lq Ilj1 4d1 Wkh wxqqho mxqfwlrq frqvlvwv ri
d 5< �p0orqj/ 583 qp0zlgh dqg 55 qp0wklfn doxplqxp
zluh fryhuhg e| d 4<3 qp0wklfn doxplqxp �op1 Dq lq0
vxodwlqj eduulhu zdv jurzq iurp wkh zluh e| r{lgdwlrq lq
sxuh r{|jhq dw 31: edu iru 6 krxuv1 Lq rughu wr rewdlq
kljk0txdolw| mxqfwlrqv/ zh kdyh xvhg wkh vkdgrz pdvn
whfkqltxh zklfk doorzv xv wr ideulfdwh wkh zkroh vdpsoh
zlwkrxw h{srvlqj lw wr dlu ^47`1 Wkh vdpsoh zdv prxqwhg
lq d frsshu er{ wkhupdoo| dqfkruhg wr wkh pl{lqj fkdp0
ehu ri d gloxwlrq uhiuljhudwru1 Doo hohfwulfdo frqqhfwlrqv
wr wkh vdpsoh zhuh frd{ldo fdeohv zlwk plfurzdyh �owhuv
dw 7 N dqg dw wkh whpshudwxuh ri wkh vdpsoh ^48`1 D
pdjqhwlf �hog ri 3=7 W zdv dssolhg shushqglfxodu wr wkh
sodqh ri wkh vdpsoh lq rughu wr vxssuhvv vxshufrqgxf0
wlylw| lq doxplqxp1 Wkh phdvxuhphqwv ghvfulehg ehorz
zhuh lghqwlfdo lq d 3=5 W �hog/ lqglfdwlqj wkdw vxshufrq0
gxfwlylw| lq doxplqxp kdg ehhq frpsohwho| ghvwur|hg1
Wkh uhvlvwdqfh ri wkh zluh/ phdvxuhg dw 63 pN> zdv
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ILJ1 5= V|perov= phdvxuhg yduldwlrqv ri wkh gl�huhqwldo
frqgxfwdqfh ri wkh wxqqho mxqfwlrq/ qrupdolvhg wr J

w

@
59=6<5 �V> dv d ixqfwlrq ri yrowdjh Y / iru 6 ydoxhv ri wkh
whpshudwxuh1 Hdfk fxuyh fruuhvsrqgv wr dq dyhudjh ri whq
wr �iwhhq yrowdjh vzhhsv1 Vrolg olqhv= suhglfwlrq ri wkh ixoo
wkhru| lqfoxglqj wkh h�hfw ri whpshudwxuh dqg ri wkh �qlwh
ohqjwk ri wkh zluh +htxlydohqw flufxlw vkrzq lq Ilj1 4e,1 Grw0
whg olqhv= suhglfwlrqv iru dq lq�qlwh zluh zlwk wkh vdph sdud0
phwhuv/ lqfoxglqj wkh whpshudwxuh1 Gdvkhg olqhv= suhglfwlrqv
iru wkh lq�qlwh zluh dw W @ 3 vkrzlqj wkh Y �4@5 ghshq0
ghqfh1 Eodfn duurzv lqglfdwh wkh srvlwlrq ri wkh furvvryhu
yrowdjh Y @ 43n

E

W@h1 Zklwh duurzv lqglfdwh wkh hqhuj|
|G�@+O@5,5=

683 
> fruuhvsrqglqj wr d vkhhw uhvlvwdqfh U� @ 6 
1
Wkh gl�huhqwldo frqgxfwdqfh ri wkh wxqqho mxqfwlrq/ phd0
vxuhg ehwzhhq wkh jurxqg sodqh dqg hlwkhu hqg ri wkh
zluh/ zdv J @ 59=68 �V dw 63 pN dqg iru Y @ 4=8 pY1
Wkh frqgxfwdqfh ri wkh mxqfwlrq glvsod|v dw odujh vfdohv
d txdgudwlf yrowdjh ghshqghqfh/ dwwulexwhg wr wkh �qlwh
eduulhu khljkw ^49`1 Wklv txdgudwlf whup kdv dq dpsolwxgh
ri vhyhudo shufhqw iru Y @ 433 pY/ zlwk d plqlpxp dw
Y @ 48 pY1 Dw vxe0Nhoylq whpshudwxuhv/ wkh frqgxf0
wdqfh ri wkh mxqfwlrq glvsod|v d ghsuhvvlrq dw orz yrowdjh1
Iljxuh 5 vkrzv lq d orj0orj sorw wkh uhodwlyh fkdqjh ri wkh
gl�huhqwldo frqgxfwdqfh �J@J

w

dv d ixqfwlrq ri wkh ds0
solhg yrowdjh Y= Wkh yrowdjh khuh lv dw prvw 4 pY/ vr wkh
txdgudwlf whup lv qhjoljleoh1 Lq Ilj1 6 wkh urxqghg fxvs
revhuyhg qhdu }hur yrowdjh lv suhvhqwhg lq d olqhdu sorw1
Wkh frqgxfwdqfh gls �oov xs dqg eurdghqv dv wkh whp0
shudwxuh lv lqfuhdvhg1 Lq wkh lqvhw ri Ilj1 6/ zh vkrz wkh
whpshudwxuh ghshqghqfh ri wkh frqgxfwdqfh dw }hur yrow0
djh1 Qrwh wkdw wkh wxqqho frqgxfwdqfh J

w

lv h{shulphq0
wdoo| loo0gh�qhg dw wkh 314( ohyho ehfdxvh wkh frqgxfwdqfh
ghshqgv rq yrowdjh dqg whpshudwxuh dw odujh vfdohv/ dv
h{sodlqhg deryh1 Lq rughu wr frpsduh gdwd zlwk wkhru|/
zh kdyh wdnhq J

w

dv d �w sdudphwhu +vhh ehorz,/ dqg wkh
h{shulphqwdo gdwd lq Iljv1 5 dqg 6 kdyh ehhq qrupdol}hg
wr wkh ehvw0�w ydoxh J

w

@ 59=6<5 �V=
Zh qrz glvfxvv wkh lqwhusuhwdwlrq ri rxu h{shulphqw lq

whupv ri wkh suhfhglqj uhirupxodwhg OGRV wkhru|1 Zkhq
dq hohfwurq lv dgghg dw wkh vxuidfh ri wkh zluh/ wkh sr0
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ILJ1 6= V|perov lq pdlq sdqho= vdph h{shulphqw dv lq Ilj1 5/
exw zlwk gdwd qhdu Y @ 3 sorwwhg rq olqhdu vfdoh1 Vrolg olqhv=
suhglfwlrqv iru rxu �qlwh ohqjwk zluh1 Lqvhw= Y @ 3 gl�huhqwldo
frqgxfwdqfh1 Vrolg olqh= suhglfwlrq iru rxu �qlwh ohqjwk zluh1
Grwwhg olqh= W�4@5 ghshqghqfh h{shfwhg iru dq lq�qlwh zluh1

whqwldo hvwdeolvkhv lwvhoi lq wkh wklfnqhvv ri wkh zluh rq
d wlph vfdoh jlyhq e| wkh uhflsurfdo ri wkh sodvpd iuh0
txhqf|1 Diwhu wklv wudqvlhqw/ wrr vkruw wr sod| d uroh
jlyhq rxu hqhuj| vfdoh/ wkh hohfwulfdo srwhqwldo lv krpr0
jhqhrxv zlwklq wkh zluh wklfnqhvv/ dqg gl�xvhv lq wkh
wzr rwkhu glphqvlrqv/ zlwk d gl�xvlrq frqvwdqw G� @
+U�Fv

,�4 @ +U
o

F
o

,�4 � 43 p5@v/ zkhuh U
o

dqg F
o

duh
wkh uhvlvwdqfh dqg fdsdflwdqfh shu xqlw ohqjwk ri wkh zluh/
dqg F

v

lv wkh fdsdflwdqfh shu xqlw duhd ^4:`1 Wkh hohfwurq
lwvhoi gl�xvhv pxfk pruh vorzo|/ zlwk d gl�xvlrq frqvwdqw
G @ +�h5zdU

o

,�4 � 5:� 43�7 p5@v> zkhuh z dqg d duh
wkh zlgwk dqg wklfnqhvv ri wkh zluh/ dqg � wkh ghqvlw|
ri vwdwhv dw wkh Ihupl hqhuj|1 Wkh frpsohwh fdofxodwlrq

ri ]h�+$, lq wkh fdvh ri dq lq�qlwho| orqj mxqfwlrq vkrzv
wkdw wkh vsuhdglqj ri wkh srwhqwldo lq wkh wklfnqhvv dqg
lq wkh zlgwk ri wkh zluh fdq eh wdnhq dv lqvwdqwdqhrxv
dw hqhujlhv hY � |G�@z5 � 433 phY= Qrwh wkdw wkh
glphqvlrqdolw| fulwhulrq lv qrw ghwhuplqhg e| wkh frp0
sdulvrq ri hY zlwk wkh Wkrxohvv hqhuj| |G@z5> dv lv
xvxdoo| dvvxphg ^:`1
Lq wkh rqh0glphqvlrqdo uhjlph uhohydqw wr rxu h{shu0

lphqw/ zh �uvw wuhdw wkh fdvh ri d mxqfwlrq zlwk lq�0
qlwh ohqjwk1 Wkh lpshgdqfh lv wkhq wkdw ri wzr UF
vhpl0lq�qlwh wudqvplvvlrq olqhv lq sdudooho= } +{3> {> $, @
4

5
]
f

+$, h��+$,m{�{3m/ zkhuh ]
f

+$, @
t

Uo

lFo$

lv wkh fkdu0

dfwhulvwlf lpshgdqfh ri rqh wudqvplvvlrq olqh/ � +$, @t
l$

G

�
dqg { wkh frruglqdwh dorqj wkh zluh1 Wkh h{suhv0

vlrq iru s +3> {> $, @ 4

5

t
4

lG$

h�
s

l$

G
m{�{3m kdv wkh vdph

irup/ vlqfh erwk wkh hohfwulf srwhqwldo dqg wkh hohfwurq
suredelolw| forxg reh| d gl�xvlrq htxdwlrq lq rxu v|v0
whp/ exw G qrz hqwhuv lq sodfh ri G�1 Zh wkhq rewdlq
iru wkh uhdo sduw ri wkh h�hfwlyh lpshgdqfh= Uh]h�+$, @

4

5
Uh]

f

+$,@
�
4 .

s
G@G�

�
1 Wkh fruuhfwlrq gxh wr hohf0

wurq gl�xvlrq/ ri rughu
s
G@G� � 3=35 ^4;` lv wkxv

qhjoljleoh dqg lq wkh iroorzlqj zh wdnh ]h�+u3>$, @
}+{3> {3> $,1 Rxu mxqfwlrq fdq qrz eh prghohg dv d
odgghu duud| ri lq�qlwhvlpdo mxqfwlrqv dqg uhvlvwdqfhv/
hdfk mxqfwlrq vhhlqj dq hqylurqphqwdo lpshgdqfh gxh wr
wkh uhvlvwdqfhv dqg wkh rwkhu mxqfwlrq fdsdflwdqfhv +vhh
Ilj1 4e,1 Vxfk d vlpsol�fdwlrq grhv qrw rffxu iru wzr0
glphqvlrqdo mxqfwlrqv/ zkhuh wkh lqwhusod| ri hohfwurq
dqg srwhqwldo gl�xvlrq fdqqrw eh qhjohfwhg dqg zkhuh
]h�+$, lqfoxghv wkh qrq0wulyldo idfwru oq+G�@G, ^:/ ;/ 4<`1
Zh wkxv �qg/ lq wkh fdvh ri wkh lq�qlwh zluh/ dw yhu|

orz ru yhu| odujh yrowdjhv/ wkh iroorzlqj dqdo|wlfdo h{suhv0
vlrqv= �J@J

w

* �4=89 Uo

UN

s
|G�@n

E

W iru hY@n
E

W $ 3

zkloh �J@J
w

@ �s
5 Uo

UN

s
|G�@hY iru hY@n

E

W $ 41
Wkh furvvryhu ehwzhhq wkhvh wzr h{suhvvlrqv rffxuv iru
hY � 43n

E

W 1
Lq wkh fdvh ri d zluh zlwk �qlwh ohqjwk zlwk d whuplqdo

lpshgdqfh/ wkh ixoo yrowdjh dqg whpshudwxuh ghshqghqfh
fdq eh frpsxwhg qxphulfdoo| xvlqj }+{3> {3> $,�4 @
]
{3
+$,�4 . ]

O�{3
+$,�4/ zkhuh ]

{

+$,@]
f

+$, @ +� .
�,@+4 . ��, zlwk � @ ]3+$,@]f+$, dqg � @ wdqk ^�+$,{`1
Wkhvh odvw h{suhvvlrqv kdyh ehhq xvhg wr �w wkh frp0
sohwh gdwd vhw zlwk wkuhh sdudphwhuv= wkh fdsdflwdqfh
shu xqlw ohqjwk F

o

> wkh wxqqho frqgxfwdqfh J
w

> dqg
wkh whuplqdo lpshgdqfh ]3= Wkh ehvw �w/ rewdlqhg zlwk
J
w

@ 59=6<5 �V/ F
o

@ :=7 iI@�p dqg ]3 @ 83 
 lv
vkrzq zlwk vrolg olqhv rq Ilj1 5 dqg wkh uljkw kdoi ri
Ilj1 6 iru wkuhh whpshudwxuhv1 Lq Ilj1 5/ zh dovr vkrz
wkh suhglfwlrqv iru wkh lq�qlwh zluh/ erwk dw W @ 3 dqg
dw wkh h{shulphqw whpshudwxuh1 Dw odujh yrowdjhv/ wkh
4@
s
Y ghshqghqfh ^4` lv zhoo revhuyhg/ grzq wr yrowdjhv

fruuhvsrqglqj wr wkh suhglfwhg furvvryhu1 Qrwh wkdw dw
orz yrowdjhv/ wkh h�hfw ri wkh �qlwh ohqjwk ri wkh zluh lv
d udwkhu vpdoo fruuhfwlrq/ h{fhsw dw wkh orzhvw whpshud0
wxuhv dqg yrowdjhv1 Lq wkh lqvhw ri Ilj1 6 zh vkrz wkh
suhglfwlrqv iru wkh Y @ 3 frqgxfwdqfh dv d ixqfwlrq ri
whpshudwxuh1 Wkh lq�qlwh zluh suhglfwlrq +grwwhg fxuyh,
jlyhv rqo| d txdolwdwlyh dffrxqw ri wkh gdwd1 Zh �qg
jrrg djuhhphqw ehwzhhq wkh ixoo wkhru| dqg h{shulphqw
dw whpshudwxuhv deryh 83 pN> zkhuhdv iru wkh orzhvw
whpshudwxuh/ wkh gls lv qrw dv surqrxqfhg dv suhglfwhg1
Wklv glvfuhsdqf| fdq eh dwwulexwhg wr d voljkw khdwlqj
ri wkh hohfwurqv= d jrrg �w ri wkh 59 pN gdwd lv re0
wdlqhg zlwk d 6: pN wkhruhwlfdo fxuyh1 Wklv sureohp
vkrxog qrw fdvw grxew rq wkh uhvw ri wkh gdwd vhw= zh
eholhyh khdwlqj fdqqrw d�hfw J+Y> W , deryh 83 pN dv
fxuuhqwv lq wkh mxqfwlrq duh qrw vx!flhqw wr udlvh vlj0
ql�fdqwo| wkh whpshudwxuh ri wkh hohfwurghv/ jlyhq wkh
nqrzq hohfwurq0skrqrq frxsolqj1 Wkh lq xhqfh ri h{whu0
qdo sdudvlwlf qrlvh fdq olnhzlvh eh holplqdwhg irp rwkhu
phdvxuhphqwv grqh lq wkh vdph vhwxs1 Wkh ydoxh ri F

o

lv
derxw 6 wlphv vpdoohu wkdq zkdw lv xvxdoo| phdvxuhg iru
doxplqxp mxqfwlrqv= Krzhyhu/ wkh yhu| orz frqgxfwdqfh
shu xqlw duhd ri wkh wxqqho mxqfwlrq/ lqglfdwlqj d yhu|
wklfn lqvxodwlqj od|hu rewdlqhg iurp dq lqwhqvlyh r{lgd0
wlrq/ lv d sodxvleoh h{sodqdwlrq iru wkh gl�huhqfh1 Ilqdoo|/
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wkh ydoxh ri wkh �w sdudphwhu ]3 djuhhv zlwk hvwlpdwhv
dqg ydoxhv irxqg lq suhylrxv h{shulphqwv ^9`1
Lw lv zruwk vwuhvvlqj wkdw wkh 4@

s
Y dqg 4@

s
W ghshq0

ghqfhv revhuyhg khuh dulvh iurp wkh gl�xvlrq ri wkh hohf0
wulf srwhqwldo dorqj wkh mxqfwlrq dqg QRW iurp wkdw ri
gl�xvlyh txdvlsduwlfohv lqwhudfwlqj rqo| yld d vkruw0udqjh
lqwhudfwlrq1
Lq frqfoxvlrq/ zh kdyh irxqg wkdw wkh wxqqholqj frq0

gxfwdqfh ri dq h{whqghg mxqfwlrq vkrzv wkh gls qhdu }hur
yrowdjh h{shfwhg iurp wkh pdfurvfrslf hohfwurg|qdplf
frqwulexwlrq ri hohfwurq0hohfwurq lqwhudfwlrq1 Rxu uhvxowv
duh hdvlo| h{sodlqhg txdqwlwdwlyho| xvlqj wkh frqfhsw ri
glvwulexwhg lpshgdqfh eruurzhg iurp Frxorpe eorfndgh
h�hfwv dqg e| frqvlghulqj wkdw wkh mxqfwlrq frqwulexwhv
wr lwv rzq hohfwurg|qdplf hqylurqphqw1 Dq lpsruwdqw
suhglfwlrq ri wklv dssurdfk lv wkdw wkh hohfwurg|qdplf
gls revhuyhg lq rxu h{shulphqw lv zdvkhg rxw li hohfwurqv
gl�xvh frkhuhqwo| idvw hqrxjk dzd| iurp wkh uhjlrq zkhuh
wkh uhvlvwdqfh lv frqfhqwudwhg1 Wklv suhglfwlrq frxog qrw
eh whvwhg lq wkh rqh0glphqvlrqdo h{shulphqw zh kdyh shu0
iruphg/ exw frxog lq sulqflsoh eh whvwhg iru lqvwdqfh e|
orz whpshudwxuh VWP wxqqho vshfwurvfrs| zlwk d wls rq
d wzr0glphqvlrqdo vdpsoh1
Dfnqrzohgjphqwv= Zh judwhixoo| dfnqrzohgjh glv0

fxvvlrqv zlwk L1 Dohlqhu/ E1 Dowvkxohu/ P1 Ihljhopdqq/
O1 Jod}pdq/ K1 Judehuw/ J1 Lqjrog/ O1 Ohylwry/ \x1
Qd}dury/ dqg H1 Vxnkruxnry1 Wklv zrun kdv ehhq
sduwo| vxssruwhg e| wkh Exuhdx Qdwlrqdo gh od Pìwuror0
jlh1 Q1R1E1 dfnqrzohgjhv QVI vxssruw xqghu judqw
GPU0<;34;741 Wudyho ehwzhhq Hdvw Odqvlqj dqg Vdfod|
zdv vxssruwhg e| QDWR/ xqghu Frooderudwlyh Uhvhdufk
Judqw &<:35:61
- Shupdqhqw dgguhvv= Plfkljdq Vwdwh Xqlyhuvlw|/ Hdvw

Odqvlqj/ PL 7;;57/ XVD1
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715 Phvxuhv gh od frqgxfwdqfh wxqqho hw whvwv h{sìulphqwdx{

715 Phvxuhv gh od frqgxfwdqfh wxqqho hw whvwv
h{sìulphqwdx{

71514 Glvsrvlwli h{sìulphqwdo

7151414 Fdudfwìulvwltxhv jìrpìwultxhv hw ìohfwultxhv

Od jìrpìwulh gh qrwuh ìfkdqwloorq hvw suìvhqwìh vxu od �jxuh 7141 Od mrqfwlrq wxqqho hvw

xq �o g*doxplqlxp r{|gì hq vxuidfh vrxv xqh suhvvlrq gh 31: edu g*r{|jëqh sxu shqgdqw

6 khxuhv/ sxlv uhfrxyhuw sdu xq �op g*doxplqlxp gh 4<3 qp g*ìsdlvvhxu1 Fh �o/ grqw oh

frqwrxu hvw vxuoljqì hq qrlu vxu od skrwr gdqv od �jxuh 715/ d srxu orqjxhxu u ' 2b >4c

odujhxu � ' f�2D >4c ìsdlvvhxu � ' 22 ?4c hw uìvlvwdqfh - ' �Df l� Od eduulëuh wxqqho/

irupìh sdu od frxfkh g*r{|gh hqwuh oh �o g*doxplqlxp hw oh �op ìsdlv/ d xqh uìvlvwdqfh wxqqho

-
A

' �H nl� D�q gh vxssulphu od vxsudfrqgxfwlylwì gdqv o*doxplqlxp qrxv dssoltxrqv xq

fkdps pdjqìwltxh gh 317 Whvod shushqglfxodluhphqw dx sodq gh o*ìfkdqwloorq1 Qrxv dyrqv

yìul�ì txh ohv phvxuhv vrqw lghqwltxhv oruvtxh oh fkdps pdjqìwltxh dssoltxì q*hvw soxv txh

gh 315 Whvod/ lqgltxdqw txh od vxsudfrqgxfwlylwì gh o*doxplqlxp hvw elhq vxssulpìh1

Ohv sulqflsdohv fdudfwìulvwltxhv jìrpìwultxhv hw ìohfwultxhv gh o*ìfkdqwloorq vrqw uìfdslwxoìhv

vxu od wdeoh 7141

u � � - -� ( D
8

-
A

5< >p 3158 >p 55 qp 683 l 6 l 5: U42*t 5148 �fe. a3�43� 6; nl

Wdeoh 7141 Sursulìwìv ìohfwultxhv hw jìrpìwultxhv gh od orqjxh mrqfwlrq wxqqho phvxuìh1 uc �c
hw � vrqw ohv fdudfwìulvwltxhv jìrpìwultxhv gx �o/ - od uìvlvwdqfh gx �o/ -� od uìvlvwdqfh sdu
fduuì gdqv oh �o/ ( hvw od frqvwdqwh gh gl�xvlrq ghv ìohfwurqv/ D

8

od ghqvlwì g*ìwdwv sdu xqlwì
g*ìqhujlh hw gh yroxph dx qlyhdx gh Ihupl gdqv o*doxplqlxp pdvvli hw -

A

hvw od uìvlvwdqfh
wxqqho gh od mrqfwlrq1 Od ydohxu gh od frqvwdqwh gh gl�xvlrq hvw fdofxoìh dyhf od uhodwlrq
g*Hlqvwhlq1

7151415 Surfìgxuh h{sìulphqwdoh

Srxu phvxuhu od frqgxfwdqfh g|qdpltxh gh od mrqfwlrq wxqqho qrxv xwlolvrqv ohv whfkqltxhv

vwdqgdug gh gìwhfwlrq v|qfkurqh1 Od phvxuh g*xqh frxueh gh frqgxfwdqfh/ whooh txh fhoohv

suìvhqwìhv gdqv o*duwlfoh suìfìghqw/ suhqg hqylurq 43 khxuhv1 Qrxv o*rewhqrqv hq pr|hqqdqw

43 ã 53 edod|djhv hq whqvlrq/ fh txl shuphw gh olplwhu o*h�hw gh gìulyh ghv dpsol�fdwhxuv txl

irqfwlrqqhqw vxu edwwhulh1
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Fkdslwuh 7 Phvxuh gh od frqgxfwdqfh g|qdpltxh g*xqh orqjxh mrqfwlrq wxqqho
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Ilj1 7141 Glvsrvlwli h{sìulphqwdo = qrxv phvxurqv od frqgxfwdqfh wxqqho g*xqh orqjxh mrqfwlrq wxqqho hqwuh
xq sodq gh pdvvh ìsdlv hq doxplqlxp hw xq orqj �o hq doxplqlxp vrxv xq fkdps pdjqìwltxh vx!vdqw srxu
gìwuxluh od vxsudfrqgxfwlylwì1

Ilj1 7151 Skrwrjudsklh dx plfurvfrsh rswltxh gh o*ìfkdqwloorq phvxuìh1 Oh frqwrxu gh od orqjxh mrqfwlrq
wxqqho hvw vxuoljqì hq qrlu1
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715 Phvxuhv gh od frqgxfwdqfh wxqqho hw whvwv h{sìulphqwdx{

71515 Phvxuhv h�hfwxìhv hw frpsdudlvrq dyhf od wkìrulh

7151514 Phvxuhv gh od frqgxfwdqfh wxqqho

Od frqgxfwdqfh gh od mrqfwlrq suìvhqwh/ srxu ghv whpsìudwxuh lqiìulhxuhv ã 4 Nhoylq97/ xqh

gìsuhvvlrq uhodwlyh gh txhotxhv ploolëphv vxu xq ìfkhooh gh whqvlrq g*xqh iudfwlrq gh pY1
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Ilj1 7161 Frqgxfwdqfh wxqqho phvxuìh hq irqfwlrq gh od whqvlrq Y dssoltxìh ã xqh orqjxh mrqfwlrq wxqqho1
Od frqgxfwdqfh wxqqho suìvhqwh xqh gìsuhvvlrq ã edvvh whqvlrq txl v*ìodujlw hw glplqxh g*lqwhqvlwì txdqg od
whpsìudwxuh dxjphqwh1

Od �jxuh 716 sruwh ohv phvxuhv gh od frqgxfwdqfh wxqqho hq irqfwlrq gh od whqvlrq/ srxu

ohv whpsìudwxuhv A ' 2Sc 486 hw 6:9 pN1 Oh gìsuhvvlrq gh od frqgxfwdqfh wxqqho glplqxh

g*dpsolwxgh hw v*ìodujlw oruvtxh od whpsìudwxuh dxjphqwh1

Se
D kdxwh whpsìudwxuh/ o*dqrpdolh gh frqgxfwdqfh dssdudñw vxu xqh soxv odujh jdpph g*ìqhujlh pdlv dyhf xqh lqwhqvlwì wuëv

idleoh1
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Fkdslwuh 7 Phvxuh gh od frqgxfwdqfh g|qdpltxh g*xqh orqjxh mrqfwlrq wxqqho

7151515 Ilwv dyhf od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv

Od glphqvlrqqdolwì h�hfwlyh _ gh od mrqfwlrq wxqqho phvxuìh vh vlwxh hqwuh _ ' f hw _ ' ��

Hq h�hw/ gdqv qrwuh h{sìulhqfh gh o*hvwlpdwlrq gh od frqvwdqwh gh gl�xvlrq gx fkdps ìohfwur0

pdjqìwltxh (W � �f 42*tc rq gìgxlw ohv ìqhujlhv gh Wkrxohvv ìohfwurpdjqìwltxhv .W

A�

Eu '

2b >4� � �f >iVc .W

A�

E� ' f�2D >4� � �ff 4iV hw .W

A�

E� ' 22 ?4� � �f iV� Srxu ohv

whqvlrqv T 9 � 4V vrqgìhv h{sìulphqwdohphqw/ od glphqvlrqqdolwì hvw grqf _ 9 �� D edvvh

whpsìudwxuh +A 1 �ff pN, hw edvvh whqvlrq +T 1 �f >V, oh fkdps ìohfwurpdjqìwltxh vh

sursdjh vx!vdpphqw ylwh ã wudyhuv od mrqfwlrq srxu hq shufhyrlu od orqjxhxu �qlh1 Od gh0

vfulswlrq wkìrultxh grlw grqf whqlu frpswh gh od wdlooh �qlh gh od orqjxh mrqfwlrq wxqqho1 Srxu

fhod/ qrxv vxssrvrqv txh o*lpsìgdqfh hq vìulh dyhf od mrqfwlrq wxqqho +yrlu �jxuh 714, shxw

íwuh gìfulwh sdu xqh uìvlvwdqfh whuplqdoh -
i |
c dwwhqgxh gdqv od jdpph �f� �ff lc srxu ohv

iuìtxhqfhv vrqgìhv eT*|/ gdqv od jdpph �f BO3� �f AO3�

O*h{suhvvlrq wkìrultxh gh od frqgxfwdqfh wxqqho hvw grqqìh sdu o*ìtxdwlrq +6145,/ rü o*lpsì0

gdqfh h�hfwlyh ~
ig
Eo

f
c /� srxu od jìrpìwulh gh qrwuh h{sìulhqfh hvw grqqìh sdu o*ìtxdwlrq +81:,1

Oh fdofxo gh o*lpsìgdqfh h�hfwlyh hvw suìvhqwì gdqv o*dydqw0ghuqlëuh vhfwlrq gx fkdslwuh 8 lq0

wlwxoì �Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe�1

Ohv sdudpëwuhv gh �w gdqv fhwwh ghvfulswlrq wkìrultxhv vrqw od fdsdflwì jìrpìwultxh � gh

od mrqfwlrq/ od uìvlvwdqfh whuplqdoh -
i |

hq vìulh dyhf od mrqfwlrq wxqqho hw/ gdqv xqh prlqguh

phvxuh od uìvlvwdqfh wxqqho -
A

98� Qrxv suìvhqwrqv vxu od �jxuh 717 ohv phvxuhv gh frqgxfwdqfh

dyhf ghv v|perohv rxyhuwv hw/ dyhf ghv wudlwv frqwlqxv/ oh phloohxu �w rewhqx dyhf � ' 2�D u6c

-
i |

' Df l hw -
A

' �.�Hb nl� Od fdsdflwì sdu xqlwì gh vxuidfh hvw soxv shwlwh g*xq idfwhxu 6

txh ohv ydohxuv jìqìudohphqw rewhqxhv dyhf ghv shwlwhv mrqfwlrqv qdqr0ideultxìhv +w|sltxhphqw

� u6 srxu xqh mrqfwlrq gh �ff� �ff ?42,/ fh ã txrl qrxv qrxv dwwhqglrqv hq udlvrq gh od wuëv

iruwh r{|gdwlrq h�hfwxìh srxu fuìhu od eduulëuh wxqqho ìsdlvvh1

Od wkìrulh uhqg elhq frpswh ghv phvxuhv/ h{fhswì srxu od frxueh phvxuìh ã od soxv edvvh

whpsìudwxuh +A ' 2S 4k�c txl hvw xq shx prlqv srlqwxh txh ohv suìglfwlrqv1 Qrxv srxyrqv

wrxwhirlv h{soltxhu fh gìvdffrug hq vxssrvdqw txh od whpsìudwxuh ghv ìohfwurqv vdwxuh oìjëuh0

phqw dx{ soxv edvvhv whpsìudwxuhv1 Hq h�hw/ od phvxuh h�hfwxìh ã 2SpN fruuhvsrqg elhq dyhf

ohv suìglfwlrqv wkìrultxhv srxu xqh whpsìudwxuh ìohfwurqltxh gh 6: pN +yrlu od �jxuh 718,1

SD
Od uìvlvwdqfh wxqqho -

A
qh shxw sdv íwuh phvxuìh ã plhx{ txh oh srxufhqw fdu/ gx idlw gh od kdxwhxu �qlh gh od eduulëuh

wxqqho/ od frqgxfwdqfh g|qdpltxh ã judqgh whqvlrq ydulh frpph oh fduuì gh od whqvlrq +yrlu od vhfwlrq 71516 lqwlwxoìh �Whvwv

h{sìulphqwdx{� gdqv fh fkdslwuh,1
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715 Phvxuhv gh od frqgxfwdqfh wxqqho hw whvwv h{sìulphqwdx{
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Ilj1 7171 V|perohv rxyhuwv = phvxuhv gh od frqgxfwdqfh wxqqho1 Wudlwv frqwlqxv = �w ghv phvxuhv dyhf od
wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv1
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Fkdslwuh 7 Phvxuh gh od frqgxfwdqfh g|qdpltxh g*xqh orqjxh mrqfwlrq wxqqho
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Ilj1 7181 Fhufohv rxyhuwv = frqgxfwdqfh wxqqho hq irqfwlrq gh od whqvlrq Y ã W @ 59 pN1 Oljqh srlqwlooìh =
suìglfwlrqv wkìrultxhv ã W @ 59 pN> Oljqh frqwlqxh = suìglfwlrqv wkìrultxhv ã W @ 6: pN1 Od whpsìudwxuh
ìohfwurqltxh srxuudlw íwuh oìjëuhphqw vxsìulhxuh ã od whpsìudwxuh gx uìiuljìudwhxu hq udlvrq gx euxlw lqmhfwì
sdu ohv oljqhv gh phvxuhv1
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4.2 Mesures de la conductance tunnel et tests expérimentaux

Fig. 4.6. Cercles ouverts : profondeur de la dépression de la conductance tunnel à tension nulle en fonction de
la température; trait continu : …t des mesures en tenant compte de la taille …nie du …l; trait pointillé : prédic-
tions théoriques avec un …l in…ni. Les e¤ets de la taille …nie de la jonction tunnel sont plus importants à basse
température, lorsque le champ électromagnétique explore une région plus importante. On ne retrouve pas la
théorie du …l in…ni dés la température ~D¤=kBL2 car beaucoup de points de la jonction sont à une distance
inférieure à L=2 des bouts et sont sensibles à l’impédance terminale (E¤

Th(L=2) ' 30 ¹eK ' kB ¢ (300 mK)).
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Chapitre 4 Mesure de la conductance dynamique d’une longue jonction tunnel

La …gure 4.6 porte, avec des symboles ouverts, la profondeur de la dépression de conductance

(à tension nulle) en fonction de la température. Les prédictions de la théorie microscopique

du blocage de Coulomb sont représentées par une ligne continue et nous avons rajouté en

pointillés les prédictions théoriques pour une jonction …l de longueur in…nie (la profondeur du

pic est alors proportionnelle à 1=
p
T ). La di¤érence entre les traits continu et pointillé montre

bien que l’impédance terminal Rext a un e¤et sur la conductance tunnel qui devient appréciable

aux basses températures. On observe également que le décrochement entre mesures et calculs

de la profondeur du pic de conductance n’apparaît qu’à la plus basse température.

4.2.3 Tests expérimentaux

4.2.3.1 Fits avec la théorie standard du blocage de Coulomb

Ces données ne sont-elles pas tout aussi bien interprétables dans le cadre de la théorie standard

du blocage de Coulomb ?

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

-2

-1

0

,  : exp.
 fit avec la théorie 
 standard du blocage
 de Coulomb.

  

 

26 mK

376 mK

R
T
δ G

 (
%

)

V (mV)

Fig. 4.7. Symboles ouverts : conductance tunnel mesurée; lignes continues : …t des mesures avec la théorie
standard du blocage de Coulomb avec Renv = 80 ­ et C = 50 fF. Nous ne pouvons pas rendre compte à la
fois du pic étroit à bas V et de la dépendance en 1=

p
V au dessus de 0:1 mV.
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4.2 Mesures de la conductance tunnel et tests expérimentaux

Dans ce cadre l’impédance de l’environnement électromagnétique est constituée par la ca-

pacité C de la jonction en parallèle avec la résistance Renv: Les valeurs de Renv; C et RT sont

des paramètres de …t dans le calcul de la conductance tunnel e¤ectué avec l’expression (5.4).

Nous montrons sur la …gure 4.7 qu’il n’est pas possible de reproduire à la fois le pic étroit à

basses tensions et la dépendance en tension proportionnelle à 1=
p
V au dessus de 0:1 mV: De

plus les meilleurs paramètres de …t sontRenv = 80 ­; C = 50 fF: La résistance d’environnement

est donc inférieure à la résistance du …l, et la capacité est 15 fois plus petite que la valeur

usuelle pour des jonctions nano-fabriquées en aluminium66.

L’echec de cette application directe de la théorie standard du blocage de Coulomb n’est

pas surprenant car cette théorie suppose que la charge de l’électron s’étale instantanément sur

toute la jonction.

4.2.3.2 Mesure de la conductance tunnel à grandes tensions

La conductance de la jonction tunnel présente à grandes tensions une forme parabolique,

voir la …gure 4.9. Cette dépendance en tension, généralement attribuée à la forme de la

barrière tunnel [14] , a une amplitude de quelques % à V = 100 mV; avec un minimum à

V = 15 mV: Un …t des mesures pour les tensions comprises entre ¡0:1 V et 0:1 V donne

pour l’épaisseur de la barrière tunnel ± = 1:8 nm; et pour les hauteurs de la barrière, trouvées

asymétriques, '1 = 2:4 eV et '2 = 3:5 eV (voir la …gure 4.8). Pour les tensions de valeur

δϕ1

ϕ2

position

Fig. 4.8. Forme simpli…ée de courbe de potentiel de la barrière tunnel utilisée dans la théorie pour les
grandes tensions appliquées [14] . Ce potentiel est déformé par l’application d’une tension aux bornes de la
jonction tunnel.

66 Bien que nous nous attendions à une capacité plus faible pour notre expérience que pour les petites jonctions nano-fabriquées,
l’oxydation ne fait croître la couche d’alumine qu’à un taux proportionnel à l’exponentielle de moins l’épaisseur. De plus, une
telle capacité est incompatible avec l’estimation de l’épaisseur de la couche d’oxyde à partir des mesures de conductance tunnel
à grandes tensions.

- 225 -



Chapitre 4 Mesure de la conductance dynamique d’une longue jonction tunnel

absolue supérieure à 0:15 V la conductance tunnel suit une autre parabole correspondant aux

paramètres ± = 1:5 nm; '1 = 2:7 eV et '2 = 6:7 eV. Nous ne connaissons pas de modèle

théorique permettant de rendre compte de cette transition. Toutefois il pourrait s’agir d’un

-0.4 -0.2 0.0 0.2 0.4
26

27

28
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 exp.
 26.37 - 4.53 V + 98 V2 (µS)
 27.27 - 6.7 V + 41 V2 (µS)

G
 (

µS
)

V (V)

Fig. 4.9. Cercles ouverts : conductance tunnel de la jonction mesurée à grandes tensions; Trait continu :
…t parabolique pour les tensions comprises entre -0.15 V et 0.1 V. Trait pointillé : …t parabolique pour les
tensions de valeur absolue supérieure à 0.15 V.

e¤et de la forme de la barrière tunnel, très schématisé dans le modèle que nous utilisons [14]

, ou d’un e¤et de bande.
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716 Uìfdslwxodwli

Od uìgxfwlrq gh od frqgxfwdqfh g*xqh orqjxh mrqfwlrq wxqqho hqwuh xq �o g*doxplqlxp hw

xq sodq gh pdvvh hq doxplqlxp v*h{soltxh elhq sdu o*h�hw ghv lqwhudfwlrqv Frxorpelhqqhv1

Qrxv dyrqv prqwuì frpphqw od frqgxfwdqfh wxqqho v*h{sulph gluhfwhphqw hq irqfwlrq gh od

sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh gdqv oh �o/ vdqv sdvvhu sdu oh srwhqwlho plfurvfrsltxh

g*lqwhudfwlrqv hqwuh ìohfwurqv1

Ohv phvxuhv gh frqgxfwdqfh qh vxjjëuhqw sdv txh ohv lqwhudfwlrqv hqwuh ìohfwurqv vrlhqw

dqrupdohv/ ql txh ohv ìohfwurqv vrlhqw frxsoìv dyhf g*dxwuhv ghjuìv gh olehuwì1 Wrxwhirlv/ xqh

mrqfwlrq gh glphqvlrqqdolwì _ ' 2 rx _ ' � dxudlw shxw0íwuh ìwì soxv dgdswìh srxu phwwuh hq

ìylghqfh gh whov ghjuìv gh olehuwì fdu o*lqwhudfwlrq Frxorpelhqqh d doruv xq lpsdfw ehdxfrxs

prlqv lpsruwdqw vxu od frqgxfwdqfh wxqqho1
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Fkdslwuh 8
Wkìrulh vwdqgdug gx eorfdjh gh
Frxorpe
Od wkìrulh gx eorfdjh gh Frxorpe d ìwì gìyhorssìh vsìfl�txhphqw srxu uhqguh frpswh

gh od frqgxfwdqfh g|qdpltxh qrq0olqìdluh ghv shwlwhv mrqfwlrqv wxqqho hqwuh gh erqv pì0

wdx{1 Gh qrpeuhxvhv h{sìulhqfhv h�hfwxìhv gdqv fh uìjlph frq�uphqw ohv suìglfwlrqv gh fhwwh

wkìrulh ^48` 1 Gdqv od wkìrulh gx eorfdjh gh Frxorpe/ ohv lqwhudfwlrqv ìohfwurq0ìohfwurq vrqw

hqfdsvxoìhv gdqv o*lqwhudfwlrq hqwuh o*ìohfwurq txl wudyhuvh od eduulëuh wxqqho hw oh fkdps ìohf0

wurpdjqìwltxh txl uìvxowh ghv dxwuhv ìohfwurqv1 Xq sdudpëwuh hvvhqwlho gdqv fhwwh wkìrulh/

gìwhuplqdqw oh srlgv ghv fruuhfwlrqv gh frqgxfwdqfh/ hvw o*ìqhujlh gh fkdujh .
�

' e2*2�

oruvtxh xqh fkdujh e hvw sodfìh vxu od fdsdflwì � gh od mrqfwlrq +yrlu Ilj1 814,1

Fh fkdslwuh suìvhqwh xq prgëoh vlpsoh ghvwlqì ã ìwhqguh oh grpdlqh gh ydolglwì gh od wkìrulh

gx eorfdjh gh Frxorpe dx{ orqjxhv mrqfwlrqv wxqqho1 Fh prgëoh hvw xwlolvì srxu uhqguh frpswh

ghv grqqìhv h{sìulphqwdohv1 Qrxv glvfxwrqv ìjdohphqw ohv fulwëuhv gh ydolglwì gh od wkìrulh

vwdqgdug gx eorfdjh gh Frxorpe juåfh ã o*h{suhvvlrq soxv jìqìudoh rewhqxh/ gdqv oh uìjlph

shuwxuedwli/ sdu od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv suìvhqwìh gdqv oh

ghx{lëph fkdslwuh1 Fhod shuphw/ hq sduwlfxolhu/ gh mxvwl�hu oh prgëoh vlpsoh xwlolvì srxu ìwhq0

guh od wkìrulh gx eorfdjh gh Frxorpe dx{ orqjxhv mrqfwlrqv wxqqho1 Hq �q gh fkdslwuh/ qrxv

sursrvrqv xqh jìrpìwulh srxu odtxhooh ohv fruuhfwlrqv gh od frqgxfwdqfh g*xqh shwlwh mrqf0

wlrq wxqqho gl�ëuhqw qhwwhphqw ghv suìglfwlrqv gh od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe1

O*dsshqglfh gh fh fkdslwuh uhfrqvwuxlw eulëyhphqw od wkìrulh gx eorfdjh gh Frxorpe +oh ohfwhxu

shxw vh uìiìuhu ã ^8` srxu xq h{srvì soxv gìwdlooì,1



RT,C

symbole électrique d'une petite
jonction tunnel 

C

RT
élément tunnel pur 

capacité géométrique 

Ilj1 8141 Xqh shwlwh mrqfwlrq wxqqho hvw uhsuìvhqwìh ìohfwultxhphqw sdu xqh fdsdflwì jìrpìwultxh F hq
sdudooëoh dyhf xq ìoìphqw wxqqho sxu fdudfwìulvì sdu vd uìvlvwdqfh wxqqho UW =



814 Tx*hvw fh txh oh eorfdjh gh Frxorpe B

814 Tx*hvw fh txh oh eorfdjh gh Frxorpe B

Srxu frpsuhqguh oh srlqw gh yxh gx eorfdjh gh Frxorpe qrxv srxyrqv vxlyuh sdv ã sdv

oh vdxw wxqqho g*xq ìohfwurq/ uhsuìvhqwì vxu od �jxuh 815 hq suìvhqfh rx hq o*devhqfh g*xq

hqylurqqhphqw ìohfwurpdjqìwltxh =

Gdqv xq erq pìwdo xq ìohfwurq hvw ìwurlwhphqw hqwrxuì sdu xqh fkdujh g*ìfudqwdjh/ w|s0

ltxhphqw vxu xqh glvwdqfh gh 4 qp1 Oruvtxh fhw ìohfwurq wudyhuvh od eduulëuh sdu h�hw wxqqho/

lo odlvvh fhwwh fkdujh g*ìfudqwdjh gdqv o*ìohfwurgh g*ruljlqh hw prqrsrolvh xqh qrxyhooh fkdujh

g*ìfudqwdjh hq sìqìwudqw gdqv o*ìohfwurgh g*duulyìh1 Gdqv oh srlqw gh yxh gh od wkìrulh gx

eorfdjh gh Frxorpe/ rq frqvlgëuh vìsduhphqw o*ìohfwurq ìfudqwì hw oh fkdps ìohfwurpdjqì0

wltxh1 Fhv ghx{ remhwv vrqw frxsoìv yld oh Kdplowrqlhq wxqqho fdu oruvtx*xq ìohfwurq ìfudqwì

hvw gìwuxlw g*xq f÷wì gh od eduulëuh wxqqho hw fuìì gh o*dxwuh/ xqh fkdujh e hvw wudqviìuìh ã wud0

yhuv od eduulëuh +yrlu �jxuh 815,1 Dlqvl/ oh vdxw wxqqho g*xq ìohfwurq fkdujh gh e od fdsdflwì �

gh od mrqfwlrq9: hw grqf h{flwh ohv prghv gh o*hqylurqqhphqw ìohfwurpdjqìwltxh1 O*ìqhujlh gh

fkdujh .
�

' e2*2� txl hq uìvxowh/ hw o*ìfkhooh gh whpsv vxu odtxhooh hooh shuvlvwh/ frqgxlw dx

eorfdjh gh Frxorpe1 Oruvtx*xqh shwlwh mrqfwlrq wxqqho hvw frqqhfwìh gluhfwhphqw ã xqh vrxufh

gh whqvlrq +f÷wì jdxfkh vxu od �jxuh 815,/ od fkdujh lqmhfwìh shxw v*ìfrxohu lqvwdqwdqìphqw ã

wudyhuv oh flufxlw ìohfwultxh hw oh vdxw wxqqho gh o*ìohfwurq ìfudqwì hvw ìodvwltxh1 Sdu frqwuh/ vl

xqh judqgh lpsìgdqfh hvw sodfìh hq vìulh dyhf od mrqfwlrq wxqqho +f÷wì gurlw vxu od �jxuh 815,/

od fkdujh e qh shxw sdv txlwwhu od mrqfwlrq wxqqho hw/ ã whpsìudwxuh qxooh/ od frqgxfwdqfh wxq0

qho hvw qxooh oruvtxh od whqvlrq dssoltxìh ã od mrqfwlrq hvw lqiìulhxuh ã e*2�� Oh fdofxo frpsohw

gh fhw h�hw qìfhvvlwh xqh ghvfulswlrq txdqwltxh gh o*hqylurqqhphqw ìohfwurpdjqìwltxh1

81414 Hqylurqqhphqw ìohfwurpdjqìwltxh g*xqh mrqfwlrq wxqqho

O*hqylurqqhphqw ìohfwurpdjqìwltxh g*xqh mrqfwlrq wxqqho hvw fdudfwìulvì sdu od uìsrqvh

hq whqvlrq ã xq frxudqw dssoltxì1 Gdqv od uhsuìvhqwdwlrq hq iuìtxhqfh/ fhwwh uìsrqvh hvw

o*lpsìgdqfh ìohfwultxh shuêxh sdu od eduulëuh wxqqho1 Od fdsdflwì gh od mrqfwlrq hooh0píph/

grlw íwuh lqfoxvh gdqv o*lpsìgdqfh ~
i?�

E/� gh o*hqylurqqhphqw ìohfwurpdjqìwltxh9;1 Dlqvl/

S.
Fh q*hvw oh fdv txh srxu xqh shwlwh mrqfwlrq wxqqho1 Gdqv oh fdv jìqìudo/ od sursdjdwlrq gx fkdps ìohfwurpdjqìwltxh oh orqj

gh od mrqfwlrq wxqqho mrxh xq u÷oh lpsruwdqw/ frpph gìfulw gdqv oh surfkdlq fkdslwuh gìglì ã od wkìrulh plfurvfrsltxh gx eorfdjh

gh Frxorpe1

SH
Hq wrxwh uljxhxu/ f*hvw dxvvl oh fdv gh od eduulëuh wxqqho hooh0píph1 Hq h�hw/ rq shxw lpdjlqhu txh od eduulëuh wxqqho

hvw frqvwlwxìh g*xq judqg qrpeuh gh fdqdx{ wuëv shx wudqvsduhqwv1 Srxu fkdfxq gh fhv fdqdx{/ ohv dxwuhv irqw sduwlh gh

o*hqylurqqhphqw ìohfwurpdjqìwltxh ^46` 1 Wrxwhirlv/ fhw h�hw hvw jìqìudohphqw qìjoljhdeoh/ vdxi oruvtxh od mrqfwlrq hvw shx

uìvlvwlyh1
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

Tempssaut tunnel
élastique

saut tunnel
inélastique

Ilj1 8151 H�hw gh o*hqylurqqhphqw ìohfwurpdjqìwltxh g*xqh mrqfwlrq wxqqho1 Xq ìohfwurq hvw ìwurlwhphqw hq0
wrxuì sdu xq qxdjh g*ìfudqwdjh gdqv ohv ìohfwurghv pìwdooltxhv1 Oruvtx*lo wudyhuvh od eduulëuh wxqqho/ lo fkdujh
gh h od fdsdflwì gh od mrqfwlrq1 Hq o*devhqfh g*hqylurqqhphqw ìohfwurpdjqìwltxh fhwwh fkdujh v*ìfrxoh lqvwdq0
wdqìphqw ã wudyhuv oh flufxlw ìohfwultxh frqqhfwì ã od mrqfwlrq/ hw oh vdxw wxqqho gh o*ìohfwurq hvw ìodvwltxh1
Oruvtxh o*hqylurqqhphqw ìohfwurpdjqìwltxh hvw wuëv uìvlvwli/ fhwwh fkdujh h hvw eortxìh vxu od mrqfwlrq wxq0
qho1 Hq frqvìtxhqfh/ o*hqylurqqhphqw ìohfwurpdjqìwltxh prqrsrolvh o*ìqhujlh gh fkdujh HF @ h5@5F hw/ gx
srlqw gh yxh gh o*ìohfwurq txl wudyhuvh od eduulëuh/ oh vdxw wxqqho hvw lqìodvwltxh1
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814 Tx*hvw fh txh oh eorfdjh gh Frxorpe B

RT,C

Zsérie (ω)

RT

Zenv(ω)

Zenv(ω)=(iCω +1/Zsérie(ω))
-1

Ilj1 8161 Lpsìgdqfh gh o*hqylurqqhphqw ìohfwurpdjqìwltxh gx srlqw gh yxh gh od eduulëuh wxqqho1

srxu xqh mrqfwlrq wxqqho sodfìh gdqv oh flufxlw suìvhqwì vxu od prlwlì jdxfkh gh od �jxuh 816/

o*lpsìgdqfh gh o*hqylurqqhphqw v*ìfulw =

~
i?�

E/� ' E��/ n ~3�

t�ih�i

E/��3��

81415 H{suhvvlrq gh od frqgxfwdqfh wxqqho gdqv od wkìrulh vwdqgdug
gx eorfdjh gh Frxorpe

Qrxv prqwurqv gdqv o*dsshqglfh gh fh fkdslwuh frpphqw rewhqlu/ gdqv oh fdguh gh od wkìrulh

skìqrpìqrorjltxh gx eorfdjh gh Frxorpe/ o*h{suhvvlrq qrq0shuwxuedwlyh gh od ghqvlwì gh

suredelolwì � E0� txh o*ìqhujlh 0 vrlw glvvlsìh gdqv o*hqylurqqhphqw ìohfwurpdjqìwltxh oruv gx

vdxw wxqqho g*xq ìohfwurq1 Rq wurxyh =

� E0� '

]
"

3"

_|

2Z|
i T d�0|*|o i TaE|�c +814,

rü aE|� hvw grqqì sdu =

aE|� ' 2

]
"

3"

_/

/

+i~
i?�

E/�

-
g

i T d��/|o� �

�� i T d�q|/o +815,

dyhf q ' �*&
�

A�

Oruvtxh o*lpsìgdqfh gh o*hqylurqqhphqw ìohfwurpdjqìwltxh +i~
i?�

E/� hvw idleoh ghydqw oh

txdqwxp gh uìvlvwdqfh -
g

c rq shxw idluh o*dssur{lpdwlrq i T aE|� * � n aE|�c txl shuphw
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

g*ìfuluh xqh h{suhvvlrq shuwxuedwlyh vlpsoh srxu � E0� G

� E0� '
+i~

i?�
E0*|�

-
g

0

2

�� i T d�q0o � +816,

Irupxodwlrq sudwltxh gh od frqgxfwdqfh wxqqho

O*h{suhvvlrq +814, gh � E0� lpsrvh wurlv lqwìjudwlrqv qxpìultxhv lpeultxìhv srxu rewhqlu od

frqgxfwdqfh wxqqho/ oruvtxh o*lpsìgdqfh hvw wurs frpsoltxìh srxu shuphwwuh xqh lqwìjudwlrq

dqdo|wltxh1 O*h{suhvvlrq gh od frqgxfwdqfh wxqqho shxw wrxwhirlv v*rewhqlu/ hq olplwdqw ã

ghx{ oh qrpeuh pd{lpxp g*lqwìjudwlrqv qxpìultxhv lpeultxìhv ^45` +yrlu ^46` srxu ohv

dssolfdwlrqv, =

CET � '
�

-
A

�
� n 2

]
"

3"

_|

|q

Z|

|q
W4 Ei T aE|�� ULt

eT |

|
* t�?�2

Z|

|q

�
� +817,
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815 H{whqvlrq vlpsoh dx fdv sduwlfxolhu g*xqh orqjxh mrqfwlrq wxqqho

815 H{whqvlrq vlpsoh dx fdv sduwlfxolhu g*xqh orqjxh
mrqfwlrq wxqqho

Od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe qh v*dssoltxh sdv dx{ judqghv mrqfwlrqv wxq0

qho fdu hooh vxssrvh txh od fkdujh gh o*ìohfwurq v*ìwdoh lqvwdqwdqìphqw vxu wrxwh o*ìwhqgxh gh

od mrqfwlrq1 Hq uìdolwì o*ìohfwurq wudyhuvh od eduulëuh wxqqho orfdohphqw/ lo hvw grqf fhuwdlqh0

phqw soxv uìdolvwh gh gìfuluh xqh judqgh mrqfwlrq wxqqho frpph xq uìvhdx gh soxv shwlwhv

mrqfwlrqv +yrlu �jxuh 817/ srxu xqh orqjxh mrqfwlrq wxqqho,1 Gdqv fhwwh frq�jxudwlrq/ o*hq0

ylurqqhphqw ìohfwurpdjqìwltxh g*xqh ghv shwlwhv mrqfwlrqv surylhqw qrwdpphqw ghv dxwuhv

shwlwhv mrqfwlrqv = o*lpsìgdqfh g*hqylurqqhphqw gh od mrqfwlrq wxqqho uìvxowh sulqflsdohphqw

gh od mrqfwlrq hooh0píph1

Gdqv fhwwh vhfwlrq/ qrxv dssoltxrqv fhwwh surfìgxuh dx fdv sduwlfxolhu g*xqh orqjxh mrqf0

wlrq wxqqho hqwuh xq �o uìvlvwli hw xq sodq gh pdvvh1 Fh prgëoh vlpsoh d ìwì xwlolvì srxu uhqguh

frpswh ghv phvxuhv suìvhqwìhv gdqv oh fkdslwuh suìfìghqw1 Qrxv prqwurqv gdqv od vhfwlrq vxly0

dqwh txh od wkìrulh plfurvfrsltxh shuphw gh mxvwl�hu fhwwh h{whqvlrq gx eorfdjh gh Frxorpe

srxu qrwuh h{sìulhqfh1

81514 Ghvfulswlrq g*xqh orqjxh mrqfwlrq wxqqho

Srxu fdofxohu o*lpsìgdqfh g*hqylurqqhphqw g*xqh shwlwh mrqfwlrq wxqqho/ rq gìfulw ohv dxwuhv

mrqfwlrqv frpph ghv fdsdflwìv1 Fhwwh dssur{lpdwlrq hvw ydodeoh txdqg ohv ìqhujlhv vrqgìhv

vrqw judqghv frpsduìhv ã �*-
A

� 9<� Qrxv whqrqv frpswh gh od wdlooh �qlh gh od mrqfwlrq wxqqho1

O*lpsìgdqfh whuplqdoh/ hq vìulh dyhf od mrqfwlrq wxqqho/ hvw qrwìh ~
i |
E/�� Dlqvl/ o*lpsìgdqfh

gh o*hqylurqqhphqw ~
i?�

E/� hvw od frpelqdlvrq hq sdudooëoh gh ghx{ oljqhv -� whuplqìh sdu

o*lpsìgdqfh ~
i |
E/� +yrlu Ilj1 817,1

81515 Fdofxo gh o*lpsìgdqfh g*hqylurqqhphqw ìwhqgxh ~hqy

Lo idxw g*derug fdofxohu o*lpsìgdqfh ~
-�

E/c %� g*xqh oljqh -� gh wdlooh �qlh hq irqfwlrq gh

od iuìtxhqfh / hw gh od srvlwlrq % gdqv oh �o1

Srxu gìwhuplqhu o*lpsìgdqfh ~
-�

E/c %� rq shxw glvfuìwlvhu od oljqh -� hq ìoìphqwv gh wdlooh

B% �qlh/ sxlv suhqguh od olplwh B% $ f� O*lpsìgdqfh g*xqh whooh oljqh -� reìlw ã od uhodwlrq

Sb
F*hvw oh fdv gdqv qrwuh h{sìulhqfh fdu �*-A� ; f�D >iV +; D 4k u &�, hw A D 2D 4k�
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

Rl

Cl

⇒ 

⇔ 

Ilj1 8171 Xqh orqjxh mrqfwlrq wxqqho grlw íwuh gìfulwh frpph xq uìvhdx gh shwlwhv mrqfwlrqv gdqv od wkìrulh
vwdqgdug gx eorfdjh gh Frxorpe1O*lpsìgdqfh g*hqylurqqhphqw gh fhv mrqfwlrqv ìoìphqwdluhv ]hqy+$, hvw od
vrpph hq sdudooëoh gh ghx{ oljqhv UF whuplqìhv sdu o*lpsìgdqfh ]h{w+$,=
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815 H{whqvlrq vlpsoh dx fdv sduwlfxolhu g*xqh orqjxh mrqfwlrq wxqqho

gh uìfxuuhqfh =

~
-�

E/c %n B%� ' -
,

B%n
�

~3�

-�

E/c %� n �/�
,

B%
c +818,

rü -
,

' -*u hw �
,

' �*u dyhf u od orqjxhxu gx �o1 Gdqv od olplwh B%$ fc o*ìtxdwlrq +818,

ghylhqw =

Y~
-�

E/c %�

Y%
' -

,

n ~2

-�

E/c %��/�
,

�

Xwlolvdqw od frqglwlrq dx{ olplwhv ~
-�

E/c f� ' ~
i |
E/�c rq rewlhqw =

~
-�

E/c %� ' ~
�

E/�
~
i |
E/� n ~

�

E/� |@?� d� m%m �E/�o
~
�

E/� n ~
i |
E/� |@?� d� m%m �E/�o +819,

rü ~
�

E/� '
t

-,

�/�,

hvw o*lpsìgdqfh g*xqh oljqh -� lq�qlh hw �E/� '
s
�/*(Wc dyhf (W '

�*-
,

�
,

�

O*lpsìgdqfh gh o*hqylurqqhphqw ã od srvlwlrq % hvw od frpelqdlvrq hq sdudooëoh gh ~
-�

E/c %�

hw ~
-�

E/cu� %� G

~
i?�

E/c %� '

�
�

~
-�

E/c %�
n

�

~
-�

E/c u� %�

�
3�

� +81:,

Gdqv oh fdv sduwlfxolhu g*xqh mrqfwlrq wxqqho lq�qlphqw orqjxh/ fhwwh h{suhvvlrq vh uìgxlw ã =

~
i?�

E/� '
�

2

u
-
,

�/�
,

� +81;,

81516 H{suhvvlrq gh od frqgxfwdqfh g|qdpltxh

O*lpsìgdqfh g*hqylurqqhphqw +81:, grlw íwuh frpelqìh dyhf o*h{suhvvlrq jìqìudoh gx eorfdjh

gh Frxorpe +817, srxu gìwhuplqhu od frqgxfwdqfh wxqqho1

Oruvtxh o*lpsìgdqfh gh o*hqylurqqhphqw ~
i?�

hvw shwlwh sdu udssruw dx txdqwxp gh uì0

vlvwdqfh -
g

c rq shxw idlw o*dssur{lpdwlrq �shuwxuedwlyh� W4 i T a
%

E|� * W4a
%

E|� gdqv o*h{0

suhvvlrq +817,1 Qrxv dyrqv xwlolvì fhwwh dssur{lpdwlrq srxu uhqguh frpswh +sdu xq fdofxo

qxpìultxh, ghv grqqìhv h{sìulphqwdohv suìvhqwìhv gdqv oh fkdslwuh suìfìghqw1

D whpsìudwxuh qxooh hw srxu xqh mrqfwlrq lq�qlphqw orqjxh od frqgxfwdqfh gl�ìuhqwlhooh

v*ìfulw =

-
A

CET �� � ' �s2-*u
-
g

u
|(W

eT
� +81<,

Fhwwh h{suhvvlrq hvw ìjdoh/ dx idfwhxu �*E� n
s
(*(W� suëv/ ã od suìglfwlrq gh od wkìrulh

plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv1 Qrwrqv txh/ gdqv xq erq pìwdo/ oh fkdps
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

ìohfwultxh vh sursdjh ehdxfrxs soxv ylwh txh ohv ìohfwurqv E(W*( : �f��c hw fh idfwhxu hvw wuëv

surfkh gh 41

81517 Olplwdwlrqv lqwulqvëtxhv gh fhwwh surfìgxuh

Qrxv qh vrpphv sdv hq phvxuh/ sdu fhwwh surfìgxuh/ gh fdofxohu od frqgxfwdqfh g*xqh

mrqfwlrq wxqqho frqqhfwdqw ghx{ ìohfwurghv vxu xqh vxuidfh ìwhqgxh1 Hq h�hw/ o*lpsìgdqfh gh

o*hqylurqqhphqw ìohfwurpdjqìwltxh gìshqg doruv iruwhphqw gh od wdlooh ghv shwlwhv mrqfwlrqv

ìoìphqwdluhv hw glyhujh orjdulwkpltxhphqw txdqg fhooh0fl whqg yhuv }ìur1 Fhwwh glyhujhqfh

hvw uìjxodulvìh vl/ frpph gdqv od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv/ rq

frqvlgëuh o*h{whqvlrq �qlh ghv ìwdwv ìohfwurqltxhv gh sduw hw g*dxwuh gh od eduulëuh1 Pdwkì0

pdwltxhphqw/ fhwwh glyhujhqfh hvw olìh dx idfwhxu gh sursruwlrqqdolwì *L}(W*( tx*rq rewlhqw

sdu oh fdofxo h{dfw srxu ghv mrqfwlrqv gh glphqvlrqqdolwì _ ' 2 +yrlu o*ìtxdwlrq +616<,, hw txl

lqwhuglw gh suhqguh od olplwh (W*($4�

Frpph qrxv qh srxyrqv sdv fdofxohu/ sdu fhwwh h{whqvlrq vlpsoh/ od frqgxfwdqfh wxqqho

g*xqh judqgh mrqfwlrq el0glphqvlrqqhooh/ qrxv qh vrpphv sdv qrq soxv hq phvxuh gh gìwhuplqhu

oh fulwëuh shuphwwdqw g*xwlolvhu oh prgëoh xql0glphqvlrqqho1 Wrxwhirlv oh fdguh soxv odujh gh od

wkìrulh plfurvfrsltxh oh shuphw = f*hvw oh fdv oruvtxh o*ìqhujlh gh Wkrxohvv prgl�ìh .W

A�

E�� '

|(W*�2 dvvrflìh ã od odujhxu � gx �o hvw soxv judqgh txh ohv ìqhujlhv vrqgìhv1
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816 Grpdlqh gh ydolglwì gh od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

816 Grpdlqh gh ydolglwì gh od wkìrulh vwdqgdug gx
eorfdjh gh Frxorpe

81614 Txhov fulwëuhv gìwhuplqhqw oh grpdlqh gh ydolglwì gh od
wkìrulh gx eorfdjh gh Frxorpe B

Lqwxlwlyhphqw/ srxu srxyrlu xwlolvhu od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe lo idxw

g*derug ghv ìohfwurghv hq erq pìwdo/ d�q txh o*lpdjh gh o*ìohfwurq ìwurlwhphqw hqwrxuì g*xq

qxdjh g*ìfudqwdjh v*dssoltxh:31 Lo idxw ìjdohphqw txh od mrqfwlrq wxqqho vrlw vx!vdpphqw

shwlwh srxu txh od fkdujh gh o*ìohfwurq txl wudyhuvh od eduulëuh/ v*ìwdoh lqvwdqwdqìphqw +ã

o*ìfkhooh gh od whqvlrq dssoltxìh hw gh od whpsìudwxuh, vxu od fdsdflwì gh od mrqfwlrq1 Wrxwhirlv/

fhv ghx{ fulwëuhv qh vrqw sdv wrxw ã idlw vx!vdqwv srxu jdudqwlu txh od wkìrulh gx eorfdjh gh

Frxorpe v*dssoltxh1

Soxv suìflvìphqw/ o*h{suhvvlrq +6145,/ rewhqxh sdu od wkìrulh plfurvfrsltxh ghv lqwhudf0

wlrqv hqwuh ìohfwurqv/ grlw íwuh frpsduìh ã o*h{suhvvlrq +817, sulvh gdqv oh uìjlph shuwxuedwli1

Fhv ghx{ h{suhvvlrqv vrqw lghqwltxhv oruvtxh o*lpsìgdqfh h�hfwlyh ~
ig
Eo

f
c /� +yrlu o*h{suhv0

vlrq +61;,, hvw ìjdoh ã o*lpsìgdqfh gh o*hqylurqqhphqw ~
i?�

E/�� F*hvw oh fdv vl oh fkdps ìohf0

wurpdjqìwltxh hvw lqgìshqgdqw gh od srvlwlrq o
f
gx vdxw wxqqho hw hvw krprjëqh vxu od uìjlrq

h{soruìh/ dx{ iuìtxhqfhv frqvlgìuìhv/ sdu o*ìohfwurq txl wudyhuvh od eduulëuh wxqqho1 Hq h�hw/

rq d doruv =

~
ig
Eo

f
c /� '

]
_�o REo

f
c oc /�5Eo

f
c oc /�*

]
_�o REo

f
c oc /�

* ~
i?�

E/�c

sxlvtxh 5Eo
f
c oc /� � 5E/� ' ~

i?�
E/� hvw o*lpsìgdqfh irupìh sdu od frpelqdlvrq sdudooëoh gh

� hw gh o*lpsìgdqfh ~
t�ih�i

E/� hq vìulh dyhf od mrqfwlrq wxqqho1

Srxu ohv mrqfwlrqv qdqr0ideultxìhv xvxhoohv/ o*lpsìgdqfh hq vìulh dyhf od mrqfwlrq ~
t�ih�i

E/�

hvw kruv gh sruwìh gh o*ìohfwurq gl�xvdqw ã sduwlu gx srlqw o
f
vxu od eduulëuh wxqqho1 Lo vx!w grqf

txh od mrqfwlrq vrlw gh glphqvlrqqdolwì _ ' f vhorq oh fulwëuh gh Wkrxohvv prgl�ì:4/ vljql�dqw

txh oh srwhqwlho ìohfwurpdjqìwltxh hvw krprjëqh vxu od mrqfwlrq wxqqho/ srxu srxyrlu dssoltxhu

od wkìrulh gx eorfdjh gh Frxorpe1 Fhwwh frqglwlrq hvw jìqìudohphqw wuëv elhq yìul�ìh srxu ohv

.f
Fhwwh frqglwlrq hvw jìqìudoohphqw elhq yìul�ìh srxu shx txh oh pìwdo vh wurxyh orlq gh od wudqvlwlrq pìwdo0lvrodqw1 Yrlu oh

fkdslwuh 6 gh fhwwh sduwlh srxu soxv gh suìflvlrq1

.�
F*hvw ã gluh .

W

A�
E,4@ � : .4@ rü ,4@ hvw od glphqvlrq od soxv judqgh gh od shwlwh mrqfwlrq wxqqho hw .4@ hvw od soxv

judqgh ìqhujlh vrqgìh1
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

qdqr0mrqfwlrqv xvxhoohv +� �ff� �ff qp2,1

Oruvtxh o*lpsìgdqfh ~
t�ih�i

E/� hvw dffroìh ã od eduulëuh wxqqho/ ghv fruuhfwlrqv ã od wkìrulh

vwdqgdug gx eorfdjh gh Frxorpe shxyhqw dssdudñwuh/ frpph looxvwuì gdqv od vrxv0vhfwlrq

vxlydqwh1

Grpdlqh gh ydolglwì gh o*h{whqvlrq vlpsoh gx eorfdjh gh Frxorpe dx{ orqjxhv
mrqfwlrqv wxqqho

O*h{whqvlrq vlpsoh gh od wkìrulh gx eorfdjh gh Frxorpe dx{ orqjxhv mrqfwlrqv wxqqho/ suìvhq0

wìh gdqv od vhfwlrq suìfìghqwh/ hvw ydodeoh gìv oruv txh ~
ig
Eo

f
c /� ' 5Eo

f
c o

f
c /� hw txh od

glphqvlrqqdolwì h�hfwlyh gh od mrqfwlrq hvw _ � � +gh vruwh txh o*lpsìgdqfh 5Eo
f
c o

f
c /� gìfulyh

od sursdjdwlrq xqlglphqvlrqqhooh gx fkdps ìohfwurpdjqìwltxh oh orqj gh od mrqfwlrq wxqqho,1

Srxu yìul�hu od frqglwlrq ~
ig
Eo

f
c /� ' 5Eo

f
c o

f
c /�c lo idxw txh oh fkdps ìohfwurpdjqìwltxh vrlw

krprjëqh vxu od }rqh h{soruìh sdu o*ìohfwurq txl wudyhuvh od eduulëuh wxqqho dx srlqw o
f
� F*hvw

oh fdv/ srxu xqh mrqfwlrq gh glphqvlrqqdolwì _ � �c oruvtxh od gl�xvlrq gx fkdps ìohfwurpdj0

qìwltxh hvw ehdxfrxs soxv udslgh txh od gl�xvlrq g*xq ìohfwurq/ f*hvw ã gluh oruvtxh (W  (�

Gdqv oh fdv sduwlfxolhu gh orqjxhv mrqfwlrqv wxqqho gh glphqvlrqqdolwì _ ' �c ohv h{suhvvlrqv

gh od frqgxfwdqfh wxqqho rewhqxhv sdu o*h{whqvlrq vlpsoh gh od wkìrulh gx eorfdjh gh Frxorpe

+yrlu o*h{suhvvlrq +81<,, hw sdu od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv +yrlu

o*h{suhvvlrq +6166,, gl�ëuhqw g*xq idfwhxu gh sursruwlrqqdolwì =

E� n
s
(*(W� �$

(

W
*(<"

��

Gdqv qrwuh h{sìulhqfh (W*( � D �f� hw ohv fruuhfwlrqv ã o*h{whqvlrq vlpsoh gh od wkìrulh gx

eorfdjh gh Frxorpe vrqw qìjoljhdeohv1 D _ ' 2c o*lpsìgdqfh 5Eo
f
c oc /� glyhujh oruvtxh o$ o

f
c

hw oh fkdps ìohfwurpdjqìwltxh q*hvw mdpdlv krprjëqh vxu od }rqh h{soruìh sdu o*ìohfwurq txl

wudyhuvh od eduulëuh wxqqho1 Fhwwh glyhujhqfh gh 5Eo
f
c o

f
c /� vh wudgxlw sdu xqh glyhujhqfh

orjdulwkpltxh gh o*lpsìgdqfh h�hfwlyh ~
ig
Eo

f
c /� oruvtxh(W*( $4 +yrlu o*h{suhvvlrq +6163,,1

F*hvw srxutxrl qrxv q*dyrqv sdv sx dssoltxhu fhwwh h{whqvlrq vlpsoh gx eorfdjh gh Frxorpe

ã ghv mrqfwlrqv el0glphqvlrqqhoohv1

81615 H{hpsoh gh jìrpìwulh phwwdqw hq gìidxw od wkìrulh vwdqgdug
gx eorfdjh gh Frxorpe vxu xqh shwlwh mrqfwlrq wxqqho

Lo h{lvwh ghv frq�jxudwlrqv jìrpìwultxhv srxu ohvtxhoohv ohv suìglfwlrqv gh od wkìrulh pl0
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816 Grpdlqh gh ydolglwì gh od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

furvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv gl�ëuhqw qrwdeohphqw gh od wkìrulh vwdqgdug gx

eorfdjh gh Frxorpe/ doruv txh od mrqfwlrq hvw gh shwlwh wdlooh1 F*hvw od fdv oruvtxh o*hqylurq0

qhphqw gh od mrqfwlrq wxqqho hvw uìvlvwli hw vx!vdpphqw surfkh gh od eduulëuh wxqqho srxu

shuphwwuh ã o*ìohfwurq gl�xvli gh vrqghu xq srwhqwlho ìohfwultxh gl�ìuhqw gh fhoxl ã od eduulëuh1

RM

R0

O

Ilj1 8181 Jìrpìwulh frqwhqdqw xqh shwlwh mrqfwlrq wxqqho +427 gh glvtxh gh ud|rq U3, hw srxu odtxhooh od
wkìrulh vwdqgdug gx eorfdjh gh Frxorpe grqqh ghv suìglfwlrqv wkìrultxhv gl�ìuhqwhv gh od wkìrulh plfur0
vfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv1 Od sulqflsdoh fdudfwìulvwltxh gh fhwwh jìrpìwulh hvw oh idlw txh
o*hqylurqqhphqw ìohfwurpdjqìwltxh gh od mrqfwlrq hvw dffroì ã od eduulëuh wxqqho1 Dlqvl/ xq ìohfwurq txl d wud0
yhuvì od eduulëuh wxqqho shxw h{soruhu ghv uìjlrqv rü oh fkdps ìohfwurpdjqìwltxh ydulh/ píph vl fhoxl0fl hvw
frqvwdqw vxu od mrqfwlrq hooh píph1 Ilqdohphqw/ od gìsuhvvlrq gh frqgxfwdqfh hvw glplqxìh sdu udssruw dx{
suìglfwlrqv gh od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe1

Qrxv sursrvrqv lfl gh fdofxohu fhw h�hw gdqv od jìrpìwulh suìvhqwìh vxu od �jxuh 8181 Od

sulqflsdoh fdudfwìulvwltxh gh fhwwh jìrpìwulh hvw txh oh srwhqwlho ìohfwultxh gìshqg udslghphqw

gh od srvlwlrq suëv gh od shwlwh mrqfwlrq wxqqho1 Dlqvl/ hq udlvrq gh vrq prxyhphqw gl�xvli/

o*ìohfwurq txl wudyhuvh od eduulëuh wxqqho shxw ìfkdsshu ã od uìjlrq rü oh srwhqwlho ìohfwultxh hvw

oh soxv ìohyì1 Fhod vh wudgxlw sdu xqh uìgxfwlrq/ gìshqgdqw gh od iuìtxhqfh:5/ gh o*lpsìgdqfh

h�hfwlyh ~
ig
E/� frpsduì ã o*lpsìgdqfh gh o*hqylurqqhphqw ìohfwurpdjqìwltxh ~

i?�
E/��

Oh fdofxo gh od frqgxfwdqfh wxqqho qh suìvhqwh sdv gh gl!fxowìv sduwlfxolëuhv1 Qrxv dyrqv

xwlolvì ohv dssur{lpdwlrqv vxlydqwhv =

+d, A ' f k�

.2
D edvvh iuìtxhqfh o*ìohfwurq yd vrqghu oh srwhqwlho ìohfwultxh soxv orlq gh od eduulëuh wxqqho1 Od uìgxfwlrq gh o*lpsìgdqfh

h�hfwlyh sdu udssruw ã o*lpsìgdqfh gh o*hqylurqqhphqw hvw grqf soxv lpsruwdqwh1
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

Ilj1 8191 Yduldwlrq uhodwlyh gh od frqgxfwdqfh suìyxh sdu od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe +wudlw
srlqwlooì, hw sdu od wkìrulh plfurvfrsltxh ghv lqwhudfwlrqv hqwuh ìohfwurqv +wudlw frqwlqx, gdqv od jìrpìwulh
suìvhqwìh vxu od �jxuh +81:,1
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816 Grpdlqh gh ydolglwì gh od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

+e, Od ghqvlwì gh suredelolwì REo
f
c oc |� hvw fdofxoìh srxu o

f
ã o*ruljlqh R1

+f, Oh srwhqwlho ìohfwultxh hvw vxssrvì xqliruph vxu od shwlwh mrqfwlrq wxqqho1

+g, Oh fdofxo hvw h�hfwxì gdqv od olplwh shuwxuedwlyh1

Oh uìvxowdw gh fh fdofxo hvw suìvhqwì vxu od �jxuh 819 vlpxowdqìphqw dyhf ohv suìglfwlrqv

gh od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe1 Ohv sdudpëwuhv txh qrxv dyrqv xwlolvìv vrqw

-� ' �.f lc � ' � u6c ( ' �ff fp2*rc -
f
' �f qp/ -

�

' � >p1 Fhv sdudpëwuhv vrqw

dffhvvleohv h{sìulphqwdohphqw dyhf xq �op �q hw od gl�ìuhqfh dyhf od wkìrulh vwdqgdug gx

eorfdjh gh Frxorpe ghyudlw íwuh vx!vdqwh srxu whvwhu fhwwh suìglfwlrq vsìfl�txh gh od wkìrulh

plfurvfrsltxh1
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

817 Dsshqglfh = Gìulydwlrq gh od frqgxfwdqfh wxqqho
gdqv od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

Gdqv fhwwh dsshqglfh qrxv prqwurqv frpphqw vrqw fdofxoìhv ohv fruuhfwlrqv gh od frqgxf0

wdqfh wxqqho gdqv od wkìrulh �skìqrpìqrorjltxh� gx eorfdjh gh Frxorpe1 Oh ohfwhxu shxw vh

uìiìuhu ã ^8` srxu xqh suìvhqwdwlrq soxv gìwdlooìh1

81714 Mrqfwlrq wxqqho frqqhfwìh ã xqh lqgxfwdqfh

Oh fdv g*xqh mrqfwlrq wxqqho frqqhfwìh ã xqh lqgxfwdqfh hvw o*hqylurqqhphqw ìohfwurpdj0

qìwltxh oh soxv vlpsoh vxu ohtxho qrxv srxyrqv fdofxohu o*h�hw gh eorfdjh1 F*hvw ìjdohphqw xqh

eultxh hvvhqwlhooh srxu rewhqlu od frqgxfwdqfh wxqqho dyhf xq hqylurqqhphqw ìohfwurpdjqì0

wltxh txhofrqtxh1

RT

L

C

Ilj1 81:1 Hqylurqqhphqw ìohfwurpdjqìwltxh g*xqh mrqfwlrq wxqqho frqqhfwìh ã xqh lpsìgdqfh1 Od vroxwlrq
gh fh fdv vlpsoh hvw od eultxh ìoìphqwdluh vxu odtxhooh hvw frqvwuxlwh od wkìrulh gx eorfdjh gh Frxorpe1

8171414 Ghvfulswlrq fodvvltxh gh o*hqylurqqhphqw

O*hqylurqqhphqw shuêx sdu od eduulëuh wxqqho hvw o*rvfloodwhxu u� suìvhqwì vxu od �jxuh 81:1 Hq

sk|vltxh fodvvltxh/ rq shxw fdudfwìulvhu o*ìwdw gh fh flufxlw u� vrlw sdu od fkdujh 'E|� vxu od

fdsdflwì gh od mrqfwlrq/ vrlw sdu od skdvh xE|� gì�qlh sdu o*lqwìjudoh whpsruhooh gh od whqvlrq =

xE|� '

]
|

3"

'E|��

�
_|��
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817 Dsshqglfh = Gìulydwlrq gh od frqgxfwdqfh wxqqho gdqv od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

Gdqv od wkìrulh fodvvltxh ghv flufxlwv fhv ghx{ txdqwlwìv vrqw ghv yduldeohv frqmxjxìhv =

Yx

Y|
'

YM
i?�

Y'
Y'

Y|
' �YM

i?�

Yx

rü M
i?�

hvw oh Kdplowrqlhq gx flufxlw =

M
e?�

'
x2

2u
n

'2

2�
� +8143,

8171415 Ghvfulswlrq txdqwltxh gh o*hqylurqqhphqw

Hq uhsuìvhqwdwlrq txdqwltxh/ oh sulqflsh gh fruuhvsrqgdqfh txdqwltxh vwlsxoh txh ohv rsìud0

whxuv skdvh ex hw fkdujh e' yìul�hqw od uhodwlrq gh frppxwdwlrq =k e'c exl ' �|� +8144,

Oh Kdplowrqlhq hvw fhoxl g*xq rvfloodwhxu kduprqltxh/ oh vshfwuh g*ìqhujlh hvw grqf o*ìfkhooh =�
.
?

' E? n �*2�|/
5

c ? 5 �n

�
dyhf |/

5

' |*
s
u� oh txdqwxp g*ìqhujlh1 Ohv ìwdwv sursuhv m?l c whov txh eM

i?�
m?l ' .

?

m?l c
vrqw rewhqxv ã sduwlu gh o*ìwdw irqgdphqwdo mfl hq xwlolvdqw od uhodwlrq m?l ' �

I

?-

E@n�? mfl rü
@n hvw o*rsìudwhxu ervrqltxh fuìdwlrq gh o*rvfloodwhxu1

8171416 Kdplowrqlhq wxqqho hq suìvhqfh g*xq hqylurqqhphqw ìohfwurpdjqìwltxh

Oruvtx*xq ìohfwurq wudyhuvh od eduulëuh sdu h�hw wxqqho/ od fkdujh ' vxu od fdsdflwì hvw fodv0

vltxhphqw dxjphqwìh gh od fkdujh e gh o*ìohfwurq1 Hq pìfdqltxh txdqwltxh/ gh pdqlëuh ìtxly0

dohqwh/ o*rsìudwhxu e' hvw wudqvodwì gh e� Fhwwh wudqvodwlrq gh fkdujh frxsoh ohv ghjuìv gh olehuwì

ìohfwurpdjqìwltxhv hw ìohfwurqltxhv sdu oh eldlv gx Kdplowrqlhq wxqqho eM
A

G

eM
A

'
[
!c^

eA
e

|
h*
Sn
h
S
*
n ��S� +8145,

rü eA
e

' i T
k
�eex*|l hvw o*rsìudwhxu wudqvodwlrq txl dxjphqwh od fkdujh ' gh e G

eA
e

e' ' e'n eeW�
8171417 H{suhvvlrq gh od ghqvlwì gh suredelolwì � E0�

D whpsìudwxuh qxooh/ hw hq vxssrvdqw txh o*hqylurqqhphqw ìohfwurpdjqìwltxh d oh whpsv gh
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

uhod{hu yhuv vrq ìwdw irqgdphqwdo mfl hqwuh ghx{ vdxwv wxqqho/ od ghqvlwì gh suredelolwì � E0�

srxu txh o*ìqhujlh 0 vrlw devrueìh sdu o*hqylurqqhphqw ìohfwurpdjqìwltxh oruvtx*xq ìohfwurq

wudyhuvh od eduulëuh wxqqho hvw =

� E0� '
[
?M�

n

���k?m eA
e

mfl
���2 BE0� .

?

n .
f
�� +8146,

Hq xwlolvdqw oh idlw txh od edvh im?l c ? 5 �nj hvw frpsoëwh +hw ghv uhodwlrqv pdwkìpdwltxhv
vlpsohv/ yrlu ^8` srxu xq fdofxo gìwdlooì,/ o*h{suhvvlrq +8146, shxw íwuh uììfulwh vrxv od iruph =

� E0� '

]
"

3"

_|

2Z|
i T d�0|*|o i T daE|�o +8147,

dyhf

aE|� ' 2

]
"

3"

_/

/

+i~
i?�

E/�

-
g

ii T d��/|o� �j +8148,

rü -
k

' �*e2 * 2D�H !l hvw oh txdqwxp gh uìvlvwdqfh/ hw ~
i?�

E/� hvw o*lpsìgdqfh g*xq

rvfloodwhxu u��

8171418 Olplwh ìodvwltxh

Oh fdv sduwlfxolhu ghv ìohfwurqv lqgìshqgdqwv/ f*hvw ã gluh vdqv hqylurqqhphqw ìohfwurpdj0

qìwltxh/ hvw uhwurxyì oruvtxh ohv  xfwxdwlrqv gh srlqw }ìur gh od fkdujh ' vxu od fdsdflwìt
kfm e'2 mfl ' s

|*~
i?�

E/ ' f�c vrqw judqghv sdu udssruw ã e =

e2*
G e'2

H
' 2Z~i?�E/'f�

-g

� �

, eA
e

mfl * mfl
, � E0� * BE0��

Frpph prqwuì gdqv od vhfwlrq vxlydqwh/ o*h{suhvvlrq +8147, uhvwh yudlh txhooh txh vrlw

o*lpsìgdqfh gh o*hqylurqqhphqw ìohfwurpdjqìwltxh1 Dlqvl/ rq uhwurxyh od olplwh ìodvwltxh ghv

ìohfwurqv vdqv lqwhudfwlrqv oruvtxh +iE~
i?�

�*-
g

� ��

81715 Lpsìgdqfh g*hqylurqqhphqw txhofrqtxh

O*h{whqvlrq gx fdv sduwlfxolhu g*xq flufxlw u� ã xqh lpsìgdqfh txhofrqtxh v*dssxlh hvvhq0

wlhoohphqw vxu oh idlw txh q*lpsruwh txhooh lpsìgdqfh shxw íwuh gìfrpsrvìh hq xqh vìulh lq�qlh

g*rvfloodwhxuv u� xqlirupìphqw glvwulexìv hq iuìtxhqfh ^49` +yrlu od �jxuh 81;,1

8171514 Gìfrpsrvlwlrq g*xqh lpsìgdqfh hq vrpph g*rvfloodwhxuv u�

Fhwwh gìfrpsrvlwlrq hvw vlplodluh ã od uhsuìvhqwdwlrq g*xqh irqfwlrq sdu xqh vrpph lq�qlh gh
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Lm

Cm

RT

L1

C1

RT

Zenv(ω)

Ilj1 81;1 Vxlydqw Fdoghlud hw Ohjhww ^49` / q*lpsruwh txhooh lpsìgdqfh shxw íwuh gìfrpsrvìh hq xqh vìulh
lq�qlh g*rvfloodwhxuv OF=
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Fkdslwuh 8 Wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

irqfwlrqv pdufkh1

Od irqfwlrq gh uìsrqvh hvw fdxvdoh/ qrxv srxyrqv grqf qrxv uhvwuhlqguh ã vd sduwlh uìhooh1

Frpph o*lpsìgdqfh hvw dqdo|wltxh/ rq shxw ìfuluh =

+i~
i?�

E/� ' w�4
"<f

"[
6'f

d"+i~
i?�

E/
6

�BE/ � /
6

� n "+i~
i?�

E/
6

�BE/ n /
6

�o +8149,

/
6

' 6"�

Fkdtxh whuph shxw íwuh lghqwl�ì frpph od sduwlh uìhooh gh o*lpsìgdqfh g*xq rvfloodwhxu u�

sduidlw =

+i~
u�

E/� '
Z

2�
BE/ � �*

s
u�� n

Z

2�
BE/ n �*

s
u���

Q*lpsruwh txhooh lpsìgdqfh shxw grqf íwuh gìfulwh sdu xqh vìulh lq�qlh g*rvfloodwhxuv u��

Ohv sdudpëwuhv u
6

hw �
6

E6 5 �n� gh fhv rvfloodwhxuv vrqw gì�qlv iruphoohphqw sdu ohv

uhodwlrqv =

~
i?�

E/� ' w�4
#<f

n

w�4
"<f

"[
6'f

�
�*2

��
6

E/ � /
6

� n #
n

�*2

��
6

E/ n /
6

� n #

�
+814:,

/
6

' 6" '
�s

u
6

�
6

�

Fhwwh ghvfulswlrq g*xqh lpsìgdqfh hvw gxh ã Fdoghlud hw Ohjhww ^49` 1

8171515 H{suhvvlrq gh � E0�

Gdqv fh fdguh/ � E0� hvw wrxmrxuv grqqì sdu o*h{suhvvlrq +8146, pdlv xq ìwdw m?l hvw lfl oh
surgxlw whqvrulho ghv ìwdwv lqglylgxhov m�

�

l E� 5 �n� ghv gl�ìuhqwv rvfloodwhxuv =

m?l ' m�
f
l 
 ���
 m�

6

l 
 ����

Gh soxv/ o*ìqhujlh .
?

� .
f
hvw od vrpph ghv h{flwdwlrqv lqglylgxhoohv =

.
?

�.
f
' �

f
|/

f
n ���n�

6

|/
6

n ���

Ilqdohphqw/ sxlvtxh o*rsìudwhxu skdvh dx{ eruqhv gh od mrqfwlrq wxqqho v*ìfulw pdlqwhqdqw ex 'S
"

6'f

ex
6

rü ex
6

hvw o*rsìudwhxu skdvh gx flufxlw u� gh iuìtxhqfh /
6

c o*rsìudwhxu wudqvodwlrqeA
e

gh od fkdujh e ghylhqw =

eA
e

' i T

%
�e

"[
6'f

ex
6

&
� +814;,
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817 Dsshqglfh = Gìulydwlrq gh od frqgxfwdqfh wxqqho gdqv od wkìrulh vwdqgdug gx eorfdjh gh Frxorpe

Wrxwhirlv/ pdojuì fhv gl�ìuhqfhv/ lo hvw srvvleoh g*h�hfwxhu ohv píphv wudqvirupdwlrqv pdwk0

ìpdwltxhv txh gdqv oh fdv vlpsoh g*xq xqltxh flufxlw u�c hw o*ìtxdwlrq +8147, hvw wrxmrxuv

ydodeoh1

H�hw gh od whpsìudwxuh

Whqlu frpswh od whpsìudwxuh lqlwldoh �qlh gh o*hqylurqqhphqw ìohfwurpdjqìwltxh q*lqwurgxlw

dxfxqhv qrxyhoohv gl!fxowìv1 O*h{suhvvlrq od soxv jìqìudoh/ hq irqfwlrq gh od whpsìudwxuh/

srxu od ghqvlwì gh suredelolwì � E0� v*ìfulw =

� E0� '

]
"

3"

_|

2Z|
i T d�0|*|o i T aE|� +814<,

rü aE|� hvw pdlqwhqdqw grqqì sdu ^4:` =

aE|� ' 2

]
"

3"

_/

/

+i~
i?�

E/�

-
g

i T d��/|o� �

�� i T d�q|/o +8153,

dyhf q ' �*&
�

A�
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