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✸✳✹✳✸ ✧❘❡❝❡tt❡✧ ❞✬✐♥s♦❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✸✳✺ ❉é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❣r✐❧❧❡s ❧♦❝❛❧❡s ♣♦✉r ❥♦♥❝t✐♦♥s ♥♦r♠❛❧❡s ❡t ♥❛♥♦✲❙◗❯■❉ ✳ ✳ ✳ ✳ ✻✸
✸✳✻ ❘❡❝✉✐t ❞❡s é❝❤❛♥t✐❧❧♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✸✳✻✳✶ ◆❡tt♦②❛❣❡ ❞✉ P▼▼❆ rés✐❞✉❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹
✸✳✻✳✷ ❆♠é❧✐♦r❛t✐♦♥ ❞❡s ❝♦♥t❛❝ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✹ ▼✐s❡ ❡♥ ÷✉✈r❡ ❡①♣ér✐♠❡♥t❛❧❡ ✻✾
✹✳✶ ●r❡✛❛❣❡ ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s s✉r str✉❝t✉r❡ ❝❛r❜♦♥é❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✹✳✶✳✶ ●r❡✛❛❣❡ ❞❡ ❋❡6 s✉r ♥❛♥♦t✉❜❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵
✹✳✶✳✷ ●r❡✛❛❣❡ ❞❡ ❚❜P❝∗2 s✉r ❣r❛♣❤è♥❡ ❡t ♥❛♥♦t✉❜❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✹✳✷ ❈❤❛✐♥❡ ❞❡ ♠❡s✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾
✹✳✷✳✶ ❈r②♦st❛t à ❞✐❧✉t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾
✹✳✷✳✷ ➱❧❡❝tr♦♥✐q✉❡ ❞❡ ♠❡s✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✺ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡ ✽✺
✺✳✶ ▲❡s ♥❛♥♦t✉❜❡s ❡♥ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✺✳✶✳✶ ◆❛♥♦t✉❜❡ ❝♦♥t❛❝té ♣❛r ❞❡s é❧❡❝tr♦❞❡s ❢❡rr♦♠❛❣♥ét✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻
✺✳✶✳✷ ◆❛♥♦t✉❜❡ ❝♦✉♣❧é à ✉♥❡ ♥❛♥♦♣❛rt✐❝✉❧❡ ♠❛❣♥ét✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

✺✳✷ ▼❛❣♥ét♦rés✐st❛♥❝❡ ❞❛♥s ❧❡ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ♥❛♥♦t✉❜❡✲❚❜P❝∗2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵
✺✳✷✳✶ ❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶
✺✳✷✳✷ ❍②stérès❡ ❡t ✈❛♥♥❡ ❞❡ s♣✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✺✳✸ ❙✐❣♥❛t✉r❡ ❞❡ ❚❜P❝∗2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹
✺✳✸✳✶ ❈♦♠♣♦rt❡♠❡♥t ❛♥✐s♦tr♦♣❡ ❞❡ ❍ sw ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹
✺✳✸✳✷ ❍ sw ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻
✺✳✸✳✸ ❚❡♠♣ér❛t✉r❡ ❞❡ ❜❧♦❝❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

✺✳✹ ❉✐s❝✉ss✐♦♥ s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ♥❛♥♦t✉❜❡✲❚❜P❝∗2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾
✺✳✹✳✶ ■♥t❡r♣rét❛t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ♠❛❣♥ét✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾
✺✳✹✳✷ ❊✛❡t ♠❛❣♥ét♦✲❈♦✉❧♦♠❜ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵
✺✳✹✳✸ ❘ô❧❡ ❞❡s é❧❡❝tr♦♥s ❞❡s ♣❤t❛❧♦❝②❛♥✐♥❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸
✺✳✹✳✹ ▼♦❞è❧❡ ❞✐✛✉s✐❢ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼
✺✳✹✳✺ ▼♦❞è❧❡ ♠✉❧t✐✲❜♦ît❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

✺✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾

✻ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡ ✶✶✶
✻✳✶ ▼❡s✉r❡ ❞✉ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❡t ❧❡❝t✉r❡ ❞✬✉♥ s♣✐♥ ♥✉❝❧é❛✐r❡ ✉♥✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷

✻✳✶✳✶ ❈❛r❛❝tér✐st✐q✉❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷
✻✳✶✳✷ ▼❡s✉r❡ ❞❡ ❧✬ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ♣❛r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❡✛❡t t✉♥♥❡❧ ✳ ✳ ✳ ✳ ✶✶✺
✻✳✶✳✸ ➱q✉✐❧✐❜r❡ ❡t r❡❧❛①❛t✐♦♥ ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s ✾

✻✳✷ Pr♦❜❛❜✐❧✐té ❞❡ r❡t♦✉r♥❡♠❡♥t ♣❛r ❡✛❡t t✉♥♥❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✾
✻✳✷✳✶ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✶
✻✳✷✳✷ ■♥✢✉❡♥❝❡ ❞✉ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✶

✻✳✸ ❉✐s❝✉ss✐♦♥ s✉r ❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸
✻✳✸✳✶ ❉é♣❡♥❞❛♥❝❡ ❡♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸
✻✳✸✳✷ ❉é♣❡♥❞❛♥❝❡ ❡♥ t❡♠♣ér❛t✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✻✳✹ ■♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❡t ✉♥ s②stè♠❡ à ❞❡✉① ♥✐✈❡❛✉① ✳ ✳ ✳ ✳ ✳ ✶✸✵
✻✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷

❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ❡t ♣❡rs♣❡❝t✐✈❡s ✶✸✺

❆ ❖♣ér❛t❡✉rs ❞❡ ❙t❡✈❡♥s ✶✹✸

❇ ❈❛rt❡ ❞❡ ❈♦✉❧♦♠❜ ❞❡ ◆❚❇ ✶✹✺

❈ P✉❜❧✐❝❛t✐♦♥s ✶✹✼

❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✼✸





■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

❙♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡

❆✈❡❝ ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡ ❧✬❡✛❡t ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❣é❛♥t❡✱ ❧✬é❧❡❝tr♦♥✐q✉❡ ❞❡ s♣✐♥ ❛ ❞é♠♦♥tré
q✉✬❡❧❧❡ ét❛✐t ❞❡✈❡♥✉❡ ✉♥ é❧é♠❡♥t ✐♥❝♦♥t♦✉r♥❛❜❧❡ ❞❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥✳ ➚ ❧✬✐♥tér✐❡✉r
❞❡ ❝❤❛q✉❡ ♦r❞✐♥❛t❡✉r✱ ❞❛♥s ❝❤❛q✉❡ ❞✐sq✉❡ ❞✉r✱ ❝✬❡st ❡❧❧❡ q✉✐ r❡♥❞ ♣♦ss✐❜❧❡ ❧❛ ❧❡❝t✉r❡ ❞✬✐♥❢♦r♠❛✲
t✐♦♥s st♦❝❦é❡s ❞❛♥s ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ♠❛tér✐❛✉① ♠❛❣♥ét✐q✉❡s✳
P❛r❛❧❧è❧❡♠❡♥t ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ s♣✐♥tr♦♥✐q✉❡ ✐♥♦r❣❛♥✐q✉❡✱ ✉♥ très ❣r♦s ❡✛♦rt ❞❡ r❡❝❤❡r❝❤❡
❛ ♣♦rté s✉r ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ♠❛tér✐❛✉① ♦r❣❛♥✐q✉❡s ❞❛♥s ❧❡s ❞✐s♣♦s✐t✐❢s✱ ❞♦♥♥❛♥t ♥❛✐ss❛♥❝❡ à ✉♥❡
♥♦✉✈❡❧❧❡ ❞✐s❝✐♣❧✐♥❡ ✿ ❧❛ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲❡s ❝♦♠♣♦sés ♦r❣❛♥✐q✉❡s ♦♥t ❧✬❛✈❛♥t❛❣❡ ❞❡
♣rés❡♥t❡r ❞❡s ❝♦✉♣❧❛❣❡s s♣✐♥✲♦r❜✐t❡s ❡t ❤②♣❡r✜♥s ❜✐❡♥ ♣❧✉s ❢❛✐❜❧❡s✳ ❖♥ s✬❛tt❡♥❞ ❞♦♥❝ à ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❧♦♥❣✉❡✉rs ❞❡ ❝♦❤ér❡♥❝❡ ❞❡ s♣✐♥ ❡t à ✉♥❡ ❡✣❝❛❝✐té ❛❝❝r✉❡ ❞✉ tr❛♥s❢❡rt ❞❡
❧✬✐♥❢♦r♠❛t✐♦♥✳
❯♥❡ ❛✉tr❡ ♠♦t✐✈❛t✐♦♥ q✉✐ ♥♦✉s ♣♦✉ss❡ ❞❛♥s ❝❡tt❡ ✈♦✐❡ ❡st ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ❞✐s♣♦s✐t✐❢s ♠✉❧t✐✲
❢♦♥❝t✐♦♥♥❡❧s✱ r❡♥❞✉❡ ♣♦ss✐❜❧❡ ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠❛tér✐❛✉① ♦r❣❛♥✐q✉❡s ❛✉① ♣r♦♣r✐étés ❞✐✈❡rs❡s✳
❈❡rt❛✐♥s ♣♦ssè❞❡♥t ✉♥ ❝♦✉♣❧❛❣❡ ♦♣t✐q✉❡✱ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ♠♦❞✉❧❡r ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦rt❡✉rs ♣❛r ✉♥
❝❤❛♠♣ é❧❡❝tr✐q✉❡✱ ♦✉ ❡♥❝♦r❡ ❝❡❧❧❡ ❞❡ ❢♦r♠❡r ✉♥ ♣✉✐ts q✉❛♥t✐q✉❡✳ ❯♥ ❡①❡♠♣❧❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❡st
❧✬✐♥❥❡❝t✐♦♥ ❞✬✉♥ ❝♦✉r❛♥t ♣♦❧❛r✐sé ❡♥ s♣✐♥ ❞❛♥s ✉♥❡ ❞✐♦❞❡ é❧❡❝tr♦✲❧✉♠✐♥❡s❝❡♥t❡ ♦r❣❛♥✐q✉❡✱ ❝❡❧✉✐✲❝✐
♣♦✉rr❛✐t ❡♥ ❛✉❣♠❡♥t❡r ❧✬❡✣❝❛❝✐té ❡t ♣❡r♠❡ttr❛✐t ❞❡ ♠♦❞✐✜❡r ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ é♠✐s❡ ❬✶❪✳
P❛r♠✐ ❧❡s ❝❛♥❞✐❞❛ts ♣♦t❡♥t✐❡❧s ❧❡s ♣❧✉s ♣r♦❜❛♥ts ♣♦✉r ✉♥ ❞✐s♣♦s✐t✐❢ ♠✉❧t✐❢♦♥❝t✐♦♥♥❡❧✱ ♦♥ ❝♦♠♣t❡
❧❡ ♥❛♥♦t✉❜❡ ❞❡ ❝❛r❜♦♥❡✳ ●râ❝❡ à ❧✬❡✛❡t ❞❡ ❝❤❛♠♣ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s s❡♠✐✲❝♦♥❞✉❝t❡✉rs✱ ✐❧ ♣❡✉t
êtr❡ ✐♥té❣ré ❝♦♠♠❡ ❝❛♥❛❧ ❞❡ ❝♦♥❞✉❝t✐♦♥ ❞❛♥s ❞❡s tr❛♥s✐st♦rs ❞❡ s♣✐♥✱ ❡t ♣❡r♠❡ttr❡ ❧❛ ♠♦❞✉❧❛✲
t✐♦♥ ❞✬✉♥ ❝♦✉r❛♥t ♣♦❧❛r✐sé ❡♥ s♣✐♥ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✬✉♥❡ ❣r✐❧❧❡ é❧❡❝tr♦st❛t✐q✉❡✳
❖✉tr❡ ❧❡ tr❛♥s♣♦rt ❞✬✐♥❢♦r♠❛t✐♦♥ ❞❡ s♣✐♥✱ ❧❛ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ s❡ ♣r♦♣♦s❡ ❞❡ rés♦✉❞r❡
❧❡ ♣r♦❜❧è♠❡ ❞✉ st♦❝❦❛❣❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥✳ ❆✉❥♦✉r❞✬❤✉✐✱ ❧❛ ♥é❝❡ss✐té ❞✬❛✉❣♠❡♥t❡r ❧❛ ❞❡♥s✐té ❞❡
❜✐ts ❡♥❝♦❞és ❛✐♥s✐ q✉❡ ❧❛ t❡♥❞❛♥❝❡ à ❧❛ ♠✐♥✐❛t✉r✐s❛t✐♦♥ ♠♦t✐✈❡♥t ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ❞♦♠❛✐♥❡s
♠❛❣♥ét✐q✉❡s t♦✉❥♦✉rs ♣❧✉s ♣❡t✐ts✳

❆✉ ❞❡❣ré ✉❧t✐♠❡✱ ♦♥ ♣♦✉rr❛✐t ✐♠❛❣✐♥❡r ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❡ ♠♦♠❡♥t ❛♥✲
❣✉❧❛✐r❡ ❞✬✉♥ ❛t♦♠❡ ✉♥✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s r❡❝❤❡r❝❤❡s ❞❛♥s ❝❡ s❡♥s ♥✬❡♥ s♦♥t ❡♥❝♦r❡ q✉✬à
❧❡✉rs ❜❛❧❜✉t✐❡♠❡♥ts✱ ❡t ❞❡ ♥♦♠❜r❡✉① ♦❜st❛❝❧❡s ❞♦✐✈❡♥t ❡♥❝♦r❡ êtr❡ ❝♦♥t♦✉r♥és ❬✷❪ ✿ ❞❡ t❡❧s
❞✐s♣♦s✐t✐❢s ♥é❝❡ss✐t❡♥t ❞❡s q✉❛❧✐tés ❞❡ s✉r❢❛❝❡ ❞❡ t②♣❡ ✉❧tr❛✲✈✐❞❡ ❡t ✉♥ ♠✐❝r♦s❝♦♣❡ à ❡✛❡t
t✉♥♥❡❧ ♣♦✉r ❧✐r❡ ❧❡ ♠♦♠❡♥t ❞❡ ❧✬❛t♦♠❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ✐❧ ❢❛✉t s♦✉❧✐❣♥❡r q✉❡ ❧❡ t❡♠♣s ❞❡ r❡✲
❧❛①❛t✐♦♥✱ très ❝♦✉rt✱ ❞✬✉♥ ❛t♦♠❡ ❞é♣♦sé s✉r ✉♥❡ s✉r❢❛❝❡ ❧✐♠✐t❡ ❧✬❡♥❝♦❞❛❣❡ ❞✬✐♥❢♦r♠❛t✐♦♥s à
❧♦♥❣ t❡r♠❡❬✸❪✳ ➚ ❧❛ ♣❧❛❝❡✱ ❧❛ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♣r♦♣♦s❡ ❞✬✉t✐❧✐s❡r ❞❡s ♠♦❧é❝✉❧❡s ♠❛✲
❣♥ét✐q✉❡s ♣rés❡♥t❛♥t à ❧❛ ❢♦✐s ✉♥❡ ❜✐st❛❜✐❧✐té ❞❡ ❧❡✉r ♠♦♠❡♥t ❡t ❞❡s t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥
❞❡ ❧✬♦r❞r❡ ❞❡ ❧✬❛♥♥é❡ à ❜❛ss❡ t❡♠♣ér❛t✉r❡✳ ❈❡s ♦❜❥❡ts s♦♥t ❛♣♣❡❧és ♠♦❧é❝✉❧❡s ❛✐♠❛♥ts✱ ❛✐✲
♠❛♥ts à ♠♦❧é❝✉❧❡s ✉♥✐q✉❡s ♦✉ ❡♥❝♦r❡ ❙▼▼ ♣♦✉r s✐♥❣❧❡✲♠♦❧❡❝✉❧❡ ♠❛❣♥❡ts✱ ✈♦✐r ❧✬❡①❡♠♣❧❡ ✜✲
❣✉r❡ ✶✳ P❛r ❧❡✉r ét✉❞❡✱ ♦♥ t❡♥t❡ ❞✬❛♠é❧✐♦r❡r ❧❡✉r t❡♠♣ér❛t✉r❡ ❞❡ ❜❧♦❝❛❣❡✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ t❡♠✲



✷ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

♣ér❛t✉r❡ à ❧❛q✉❡❧❧❡ ❧❛ ❜✐st❛❜✐❧✐té ❞✐s♣❛r❛✐t✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ♦♣ér❡r à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

❋✐❣✉r❡ ✶ ✕ ❆✐♠❛♥t à ♠♦❧é❝✉❧❡
✉♥✐q✉❡ ❚❜P❝2

▲✬✐♥té❣r❛t✐♦♥ ❞❡ t❡❧s ♦❜❥❡ts ❡♥ s♣✐♥tr♦♥✐q✉❡ ❛ ❢❛✐t ❧✬♦❜✲
❥❡t ❞❡ ♣❧✉s✐❡✉rs ♣r♦♣♦s✐t✐♦♥s ❞❡ ❞✐s♣♦s✐t✐❢s ✈✐s❛♥t à ❡①♣❧♦✐✲
t❡r ❞❡s t❡❝❤♥✐q✉❡s ♣r♦♣r❡s à ❧✬é❧❡❝tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✱ ♣❛r
❡①❡♠♣❧❡✱ ❧❡s ❥♦♥❝t✐♦♥s à ❝❛ss✉r❡ ♦✉ ❧❡s tr❛♥s✐st♦rs ♠♦❧é❝✉✲
❧❛✐r❡s ❬✹✱ ✺❪✳ ❯♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ♠♦♥ tr❛✈❛✐❧ ❝♦♥s✐st❡ à ❞é✲
♠♦♥tr❡r ❧❛ ❢❛✐s❛❜✐❧✐té ❞❡ ❧✬✉♥❡ ❞❡ ❝❡s ♣r♦♣♦s✐t✐♦♥s ♣❛r ❧❛
ré❛❧✐s❛t✐♦♥ ❞✬✉♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡✳
▲❛ ✈❛♥♥❡ ❞❡ s♣✐♥ ❡st ❧❡ ❞✐s♣♦s✐t✐❢ ❡♠❜❧é♠❛t✐q✉❡ ❞❡ ❧❛ s♣✐♥✲
tr♦♥✐q✉❡✱ ♣✉✐sq✉✬❡❧❧❡ ❡st à ❧❛ ❜❛s❡ ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞❡s têt❡s

❞❡ ❧❡❝t✉r❡ ❞❡s ❞✐sq✉❡s ❞✉rs ♦✉ ❞❡s ♠é♠♦✐r❡s ▼✲❘❆▼✳ ❊❧❧❡ ❡st ❝♦♥st✐t✉é❡ ❞❡ ❞❡✉① ♣❛rt✐❡s ♠❛✲
❣♥ét✐q✉❡s ♠✐s❡s ❡♥ ❝♦♥t❛❝t✳ ▲❡ ❝♦♥t❛❝t ♣❡✉t êtr❡ ❞✐r❡❝t✱ ♠❛✐s ✐❧ ♣❡✉t é❣❛❧❡♠❡♥t êtr❡ ét❛❜❧✐ ♣❛r
❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✬✉♥ ♠❛tér✐❛✉ ♥♦♥✲♠❛❣♥ét✐q✉❡ ✿ ✉♥ ♦①②❞❡ ❬✻❪✱ ✉♥ ♠ét❛❧ ♥♦r♠❛❧ ❬✼❪ ♦✉ ❡♥❝♦r❡ ✉♥
❝♦♠♣♦s❛♥t ♦r❣❛♥✐q✉❡ ❬✽❪✳
▲✬❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥ ❛ ♣♦✉r ♦r✐❣✐♥❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❣é❛♥t❡✳ ❘❛♣♣❡❧♦♥s q✉✬❡❧❧❡ ❝♦♥s✐st❡ ❡♥
✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ rés✐st❛♥❝❡ à tr❛✈❡rs ✉♥ s②stè♠❡ ❝♦♠♣♦sé ❞❡ ♣❧✉s✐❡✉rs ❝♦✉❝❤❡s ♠❛❣♥ét✐q✉❡s
❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡①tér✐❡✉r ❬✾❪✳ ▲♦rsq✉❡ ❞❡✉① ❝♦✉❝❤❡s ♠❛❣♥ét✐q✉❡s s✉❝❝❡ss✐✈❡s
♣♦ssè❞❡♥t ❞❡✉① ❛✐♠❛♥t❛t✐♦♥s ♦♣♣♦sé❡s✱ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡s ❞❡✉① t②♣❡s ❞❡ s♣✐♥s ❡st ré❞✉✐t❡✱ ❛❧♦rs
q✉❡ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❡s ❛✐♠❛♥t❛t✐♦♥s s♦♥t ♣❛r❛❧❧è❧❡s✱ s❡✉❧ ✉♥ t②♣❡ ❞❡ s♣✐♥ ✈♦✐t s❛ tr❛♥s♠✐ss✐♦♥
❛❧téré❡✳
❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ ❡st ❞♦♥❝ ✉♥ ❞✐s♣♦s✐t✐❢ é❧❡❝tr♦♥✐q✉❡ ❞♦♥t ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ♣❡✉t êtr❡ ♠♦❞✐✜é❡ ♣❛r
❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ✿ s✐ ❧❡s ❞❡✉① é❧é♠❡♥ts ♠❛❣♥ét✐q✉❡s ❞❡ ❧❛ ✈❛♥♥❡ ♣♦ssè❞❡♥t
❞❡s ❝❤❛♠♣s ❝♦❡r❝✐t✐❢s ❞✐✛ér❡♥ts✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ r❡t♦✉r♥❡r ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ❧✬✉♥ s❛♥s ♠♦❞✐✜❡r
❧✬❛✉tr❡✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ♦♥ ♣❡✉t ♣❛ss❡r ❞✬✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ♣❛r❛❧❧è❧❡ à ❛♥t✐♣❛r❛❧❧è❧❡✳ ❖♥
❞é✜♥✐t ❛❧♦rs ❧❡ r❛t✐♦ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❝♦♠♠❡ ét❛♥t ✿

∆R =
RP −RAP

RP

✭✶✮

♦ù RP ❡t RAP s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s rés✐st❛♥❝❡s ❡♥ ❝♦♥✜❣✉r❛t✐♦♥ ♣❛r❛❧❧è❧❡ ❡t ❛♥t✐♣❛r❛❧❧è❧❡✳ ❈❡
r❛t✐♦ ♣❡✉t ❛tt❡✐♥❞r❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ✪ ❬✶✵❪ ❞❛♥s ❧❡s ✈❛♥♥❡s ❞❡ s♣✐♥ ♠ét❛❧❧✐q✉❡s✳ ❈❡♣❡♥❞❛♥t✱
s✐ ❧✬♦♥ ✐♥tr♦❞✉✐t ✉♥❡ ❜❛rr✐èr❡ t✉♥♥❡❧ ❡♥tr❡ ❧❡s ❞❡✉① ♣❛rt✐❡s ♠❛❣♥ét✐q✉❡s ✭♠❛❣♥ét♦rés✐st❛♥❝❡ t✉♥✲
♥❡❧✮✱ ❧❡ r❛t✐♦ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ♣❡✉t ❛tt❡✐♥❞r❡ ❥✉sq✉✬à ✶✵✵✵✪ à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❬✶✶❪✳
▲✬♦❜❥❡❝t✐❢ ♣r✐♥❝✐♣❛❧ ❞❡ ❝❡ tr❛✈❛✐❧ ❡st ❞❡ ré❛❧✐s❡r ✉♥ t❡❧ ❞✐s♣♦s✐t✐❢ à ♣❛rt✐r ❞❡ ❜r✐q✉❡s é❧é♠❡♥t❛✐r❡s
♠♦❧é❝✉❧❛✐r❡s✱ ❡♥ ré✉♥✐ss❛♥t ❧❡s ❞❡✉① ❜r❛♥❝❤❡s ❞❡ ❧❛ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ q✉❡ ♥♦✉s ❛✈♦♥s
♣rés❡♥té❡s ✿ ❧❡s ❛✐♠❛♥ts à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ❝♦♠♠❡ s♦✉r❝❡ ❞❡ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ s♣✐♥ ❛ss♦❝✐és ❛✉①
♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡ ❝♦♠♠❡ s✉♣♣♦rt ♣♦✉r tr❛♥s♣♦rt❡r ❝❡tt❡ ✐♥❢♦r♠❛t✐♦♥✳ ❆✉✲❞❡❧à ❞❡ ❧❡✉rs ♣r♦✲
♣r✐étés ❝❧❛ss✐q✉❡s ❞✬❛✐♠❛♥t✱ ❧❡s ❙▼▼s ❝♦♥st✐t✉❡♥t ❞❡ ❢♦r♠✐❞❛❜❧❡s ♦❜❥❡ts ❞✬ét✉❞❡ ❞❡ ♣❤é♥♦♠è♥❡s
q✉❛♥t✐q✉❡s✳
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❋✐❣✉r❡ ✷ ✕ ❉✉ ♠❛❣♥ét✐s♠❡ ♠❛❝r♦s❝♦♣✐q✉❡ ❛✉ ♠❛❣♥ét✐s♠❡ ❛t♦♠✐q✉❡✳ ❋✐❣✉r❡ ❛❞❛♣té❡ ❞❡ ❬✺❪

▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡①♣ér✐♠❡♥t❛❧ ❞❡ ♠❛❣♥ét♦♠ètr❡s✱ ❝❤❛q✉❡ ❥♦✉r ♣❧✉s ♣❡r❢♦r♠❛♥ts ❡t s❡♥✲
s✐❜❧❡s✱ ❛ ♣❡r♠✐s ❞✬ét✉❞✐❡r ❞❡s ♦❜❥❡ts ♠❛❣♥ét✐q✉❡s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ♣❡t✐ts✱ ♣❛ss❛♥t ❞❡ s②stè♠❡s ❞❡
t❛✐❧❧❡s ♠✐❝r♦♠étr✐q✉❡s à ❞❡s t❛✐❧❧❡s ♥❛♥♦♠étr✐q✉❡s✳ ▲❡s ♣❧✉s ♣❡t✐ts ♦❜❥❡ts ♠❛❣♥ét✐q✉❡s s②♥t❤ét✐✲
s❛❜❧❡s ♣❛r ❧✬❤♦♠♠❡ ♣❡✉✈❡♥t ❝♦♥t❡♥✐r s❡✉❧❡♠❡♥t q✉❡❧q✉❡s ❛t♦♠❡s✳ ▲❡ ♠❛❣♥ét✐s♠❡ ♠és♦s❝♦♣✐q✉❡
❡st ❧❡ ❞♦♠❛✐♥❡ ❞✬ét✉❞❡ ❞❡ ❝❡s ♦❜❥❡ts✳ ➚ ❝❡s ❞✐♠❡♥s✐♦♥s✱ ❧❡s ❡✛❡ts q✉❛♥t✐q✉❡s✱ ♥♦r♠❛❧❡♠❡♥t ré✲
s❡r✈és à ❧✬é❝❤❡❧❧❡ ♠✐❝r♦s❝♦♣✐q✉❡✱ s✉r✈✐✈❡♥t ❡t s♦♥t ♠❡s✉r❛❜❧❡s✳
❙✉r ❧❛ ✜❣✉r❡ ✷✱ ❞❡s ♦❜❥❡ts ❞❡ t❛✐❧❧❡s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ré❞✉✐t❡s s♦♥t ❞✐s♣♦sés ❧❡ ❧♦♥❣ ❞❡ ❧✬é❝❤❡❧❧❡
❧♦❣❛r✐t❤♠✐q✉❡ ❡♥ ✉♥✐té ❞❡ ♠❛❣♥ét♦♥ ❞❡ ❇♦❤r✱ ❛❧❧❛♥t ❞❡ ❧✬❛✐♠❛♥t ♣❡r♠❛♥❡♥t ❛✉ s♣✐♥ ♥✉❝❧é❛✐r❡✱
❡♥ ♣❛ss❛♥t ♣❛r ❧❛ ♥❛♥♦♣❛rt✐❝✉❧❡ ❡t ❧✬❛✐♠❛♥t à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ❋❡8✳ ▲✬❛✐♠❛♥t ♣❡r♠❛♥❡♥t✱ ❞❡
❞✐♠❡♥s✐♦♥ ❜✐❡♥ s✉♣ér✐❡✉r❡ à ✉♥ ❞♦♠❛✐♥❡✱ ♣♦ssè❞❡ ✉♥❡ ❝♦✉r❜❡ ❞✬❤②stérés✐s q✉✐ tr❛❞✉✐t ❞❡ ❧❛ ❞②✲
♥❛♠✐q✉❡ ❞❡s ❞♦♠❛✐♥❡s ❞❡♣✉✐s ❧❡✉r ♥✉❝❧é❛t✐♦♥ ❥✉sq✉✬❛✉ r❡t♦✉r♥❡♠❡♥t ❝♦♠♣❧❡t ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥✳
▲❡s ♣❛rt✐❝✉❧❡s ❞❡ t❛✐❧❧❡ ❝♦♠♣❛r❛❜❧❡ à ✉♥ ❞♦♠❛✐♥❡ ✈♦✐❡♥t ❧❡✉r ❛✐♠❛♥t❛t✐♦♥ ❜❛s❝✉❧❡r ❞❡ ❢❛ç♦♥
✉♥✐❢♦r♠❡✳ ▲♦rsq✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♠♦♠❡♥ts ❝♦♠♣r✐s ❞❛♥s ❧✬♦❜❥❡t ❛tt❡✐♥t ❧❛ ❞✐③❛✐♥❡✱ ♦♥ ❛ss✐st❡ à
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❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♠❛r❝❤❡s ❞❛♥s ❧❡s ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ré✈é❧❛tr✐❝❡s ❞✬❡✛❡ts ❞✬♦r✐❣✐♥❡ q✉❛♥t✐q✉❡✳
P♦✉r ❝♦♠♣r❡♥❞r❡ ❝❡ q✉✐ ❢❛✐t ❧❛ ♣❛rt✐❝✉❧❛r✐té ❞❡s ❛✐♠❛♥ts à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ❡t ❞✉ ♠❛❣♥ét✐s♠❡

♠és♦s❝♦♣✐q✉❡✱ ♦♥ ♣❡✉t ❧❡s ❝♦♠♣❛r❡r à ✉♥❡ ♣❛rt✐❝✉❧❡ ♠♦♥♦✲❞♦♠❛✐♥❡ q✉✐ ❝♦♥t✐❡♥❞r❛✐t ✉♥ ♥♦♠❜r❡
❜✐❡♥ ♣❧✉s ❣r❛♥❞ ❞✬❛t♦♠❡s ♠❛❣♥ét✐q✉❡s✳ ❙✐ ❧✬♦♥ s✬✐♥tér❡ss❡ à ❧❡✉r é✈♦❧✉t✐♦♥ ❞❛♥s ❧❡ ♣❛②s❛❣❡
é♥❡r❣ét✐q✉❡✱ ❧❛ ♣❛rt✐❝✉❧❡ ✈❛ é✈♦❧✉❡r ❞❡ ♠❛♥✐èr❡ ❝♦♥t✐♥✉❡ ❛✉ ❢♦♥❞ ❞✬✉♥ ❞♦✉❜❧❡ ♣✉✐ts q✉✐ s❡
❞é❢♦r♠❡ s♦✉s ❧✬❡✛❡t ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❡t ❧✬❛✐♠❛♥t❛t✐♦♥ ♥❡ s❡ r❡t♦✉r♥❡ q✉❡ ❧♦rsq✉❡ ❧❛
❜❛rr✐èr❡ s✬❛♥♥✉❧❡ ♦✉ q✉❡ ❧❡ ❝❤❛♠♣ ❝♦♠♣❡♥s❡ ❡①❛❝t❡♠❡♥t ❧❡ ❝❤❛♠♣ ❞✬❛♥✐s♦tr♦♣✐❡✳ ❆✉ ❝♦♥tr❛✐r❡✱
✉♥❡ ♠♦❧é❝✉❧❡ ♠❛❣♥ét✐q✉❡ ♠és♦s❝♦♣✐q✉❡ ♥❡ ♣❡✉t é✈♦❧✉❡r q✉❡ ♣❛r ♣❛s ❞✐s❝r❡ts✱ ❣râ❝❡ à ❧✬❛❜s♦r♣t✐♦♥
❞❡ q✉❛♥t❛ ❞✬é♥❡r❣✐❡✳ ❈♦♠♠❡ ♣♦✉r ❧❛ ♣❛rt✐❝✉❧❡✱ ✐❧ ♣❡✉t ② ❛✈♦✐r r❡t♦✉r♥❡♠❡♥t ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥
❧♦rsq✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❝♦♠♣❡♥s❡ ❧❡ ❝❤❛♠♣ ❞✬❛♥✐s♦tr♦♣✐❡ ♠❛✐s ✉♥ ♠é❝❛♥✐s♠❡ ❞✬♦r✐❣✐♥❡
♣✉r❡♠❡♥t q✉❛♥t✐q✉❡ ♣❡✉t ❛✉ss✐ ❛✈♦✐r ❧✐❡✉ ✿ ❧✬❡✛❡t t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥✳
▲❛ ♣♦ss✐❜✐❧✐té ❞❡ ♠❡s✉r❡r ❞❡s ❡✛❡ts q✉❛♥t✐q✉❡s à ❧✬é❝❤❡❧❧❡ ♠❛❝r♦s❝♦♣✐q✉❡ ♦✉✈r❡ ❧❛ ✈♦✐❡ à ❧❛
♠❛♥✐♣✉❧❛t✐♦♥ ❝♦❤ér❡♥t❡ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✳

▲❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✱ ❞❡ ❢✉t✉rs ❜✐ts q✉❛♥t✐q✉❡s ❄

▲❡ ❜✐t q✉❛♥t✐q✉❡ ♦✉ ◗❜✐t✱ ❡st ✉♥ ❝♦♥❝❡♣t ❝❧❡❢ ❡♥ ✐♥❢♦r♠❛t✐♦♥ q✉❛♥t✐q✉❡✳ ▲❡ ❜✐t ♥✬② ❡st ♣❧✉s
❞é❝r✐t ❝♦♠♠❡ ✈❛❧❛♥t ✶ ♦✉ ✵✱ ♠❛✐s ❝♦♠♠❡ ✉♥❡ s✉♣❡r♣♦s✐t✐♦♥ ❡♥tr❡ ❝❡s ❞❡✉① ét❛ts✳ ❖♥ ♣❡✉t ❞♦♥❝✱
à ♣❛rt✐r ❞❡ t♦✉s s②stè♠❡s à ❞❡✉① ♥✐✈❡❛✉① q✉✐ ♣❡✉✈❡♥t êtr❡ ♠✐s ❡♥ s✉♣❡r♣♦s✐t✐♦♥✱ ré❛❧✐s❡r ✉♥
◗❜✐t✳
▲❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ s✉♣❡r♣♦s✐t✐♦♥ ❞✬ét❛ts ♣❡✉t êtr❡ ré❛❧✐sé❡ ❞❛♥s ✉♥ s②stè♠❡ ❞❡ s♣✐♥ à ❞❡✉①
♥✐✈❡❛✉① ♣❛r ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ r❛❞✐♦✲❢réq✉❡♥❝❡ q✉✐ ✈❛ ❝♦rr❡s♣♦♥❞r❡ à ❧❛
❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧❡s ♥✐✈❡❛✉①✳ ▲❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ s✉♣❡r♣♦s✐t✐♦♥ ❞✬ét❛ts ❝❤❛♥❣❡ ❛✈❡❝
❧❛ ❞✉ré❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❘❋ ❀ ❧❡ s②stè♠❡ ✈❛ ❞♦♥❝ é✈♦❧✉❡r ❞❡ ♠❛♥✐èr❡ ❝②❝❧✐q✉❡ ❡♥tr❡
❧✬ét❛t ✵ ❡t ✶ ❛✈❡❝ ❧❛ ❞✉ré❡ ❞❡ ❧✬✐♠♣✉❧s✐♦♥ ✿ ❝✬❡st ❝❡ q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❧❡s ♦s❝✐❧❧❛t✐♦♥s ❞❡ ❘❛❜✐✳

II

II

II

❋✐❣✉r❡ ✸ ✕ ❖s❝✐❧❧❛t✐♦♥s ❞❡ ❘❛❜✐ s✉r ✉♥❡
❛ss❡♠❜❧é❡ ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s ❋❡4✳ ▲❡s
s♣❤èr❡s ❞❡ ❇❧♦❝❤ r❡♣rés❡♥t❡♥t ❧✬ét❛t ❞❡ s✉♣❡r♣♦✲
s✐t✐♦♥ ❞✉ s♣✐♥ à ❞✐✛ér❡♥ts ♠♦♠❡♥ts ❞✬✉♥ ❝②❝❧❡ ❞❡
❘❛❜✐✳ ❊①tr❛✐t ❞❡ ❬✶✹❪✳

■❧ ❡①✐st❡ ✉♥ très ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ s②stè♠❡s ❞❡
s♣✐♥ à ❞❡✉① ♥✐✈❡❛✉①✳ P❛r♠✐ ❡✉①✱ ❧❡s ❝❡♥tr❡s ❝♦✲
❧♦rés ❞❛♥s ❧❡ ❞✐❛♠❛♥t ♣❛r❛✐ss❡♥t très ♣r♦♠❡t✲
t❡✉rs ♣✉✐sq✉❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞✬♦s❝✐❧❧❛t✐♦♥s ❝♦✲
❤ér❡♥t❡s ❡♥tr❡ ❞❡✉① ét❛ts ❞❡ s♣✐♥ ❡st ♣♦ss✐❜❧❡
à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❬✶✷❪✳ ▲❡s ❛✐♠❛♥ts à
♠♦❧é❝✉❧❡ ✉♥✐q✉❡ s♦♥t ❛✉ss✐ ❞❡ très ❜♦♥s ❝❛♥✲
❞✐❞❛ts ♣♦✉r ❝ré❡r ❞❡s ◗❜✐ts ❞❡ s♣✐♥ ♣✉✐sq✉✬✐❧
❡st ♣ré✈✉ q✉✬✐❧s ♣rés❡♥t❡♥t ❞❡ ❧♦♥❣s t❡♠♣s ❞❡
❝♦❤ér❡♥❝❡✱ ♣❛r❛♠ètr❡ ❝r✉❝✐❛❧ s✐ ❧✬♦♥ ✈❡✉t ❛✈♦✐r
❧❡ t❡♠♣s ❞❡ ré❛❧✐s❡r ❞❡s ♦♣ér❛t✐♦♥s s✉r ❧❡ ◗❜✐t✳
❉❡ ♣❧✉s✱ ❝❡s ♦❜❥❡ts ♠❛❣♥ét✐q✉❡s ♣♦ssè❞❡♥t ❡♥
❣é♥ér❛❧ ♣❧✉s✐❡✉rs ♥✐✈❡❛✉① ❞♦♥t ❧✬❡s♣❛❝❡♠❡♥t
✈❛r✐❡ t♦✉t ❛✉ ❧♦♥❣ ❞✉ s♣❡❝tr❡✳ ❈❡tt❡ ♣❛rt✐❝✉✲
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❋✐❣✉r❡ ✹ ✕ ❖s❝✐❧❧❛t✐♦♥s ❞❡ ❘❛❜✐ ❞❛♥s
✉♥ ❝r✐st❛❧ ❞❡ ❈❛❲❖4 ❞♦♣é à ❧✬❊r✳
✭❛✮ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❞❡s ✭✷❙✰✶✮✭✷■✰✶✮
ét❛ts ❡❧❡❝tr♦✲♥✉❝❧é❛✐r❡s ❛✈❡❝ ❙❂✶✴✷ ❡t
■❂✼✴✷✳ ✭❜✮ ❋réq✉❡♥❝❡ ❞❡ ❘❛❜✐ ♣♦✉r ❝❤❛✲
❝✉♥❡ ❞❡s tr❛♥s✐t✐♦♥s ♣rés❡♥té❡s ❡♥ ✭❛✮✳ ❊①✲
tr❛✐t ❞❡ ❬✶✻❪✳

❧❛r✐té r❡♥❞ ♣♦ss✐❜❧❡ ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞✬❛❧❣♦✲
r✐t❤♠❡s q✉❛♥t✐q✉❡s t❡❧s q✉❡ ❝❡❧✉✐ ♣r♦♣♦sé ♣❛r

❙❤♦r ❬✶✸❪✳
❈♦♥✜r♠❛♥t ❧❡s t❤é♦r✐❡s✱ ❞❡s ♣r❡♠✐èr❡s ♠❡s✉r❡s ❡①♣ér✐♠❡♥t❛❧❡s ♦♥t été ré❛❧✐sé❡s ♣❛r ❙❝❤❧❡❣❡❧

❡t ❛❧✳ ❬✶✹❪✱ ✈♦✐r ✜❣✉r❡ ✸✳ ❊❧❧❡s ♦♥t ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡s ♦s❝✐❧❧❛t✐♦♥s ❝♦❤ér❡♥t❡s ❞❡
s♣✐♥ ❛✉ s❡✐♥ ❞✬✉♥❡ ❛ss❡♠❜❧é❡ ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✳ ▲❡ t❡♠♣s ❞❡ ❝♦❤ér❡♥❝❡ T2 ❡st ❡st✐♠é à
q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛♥♦s❡❝♦♥❞❡s à 10❑✳ ❈❡tt❡ ♣❡r❢♦r♠❛♥❝❡ ♣♦✉rr❛✐t s❡ ✈♦✐r ❛♠é❧✐♦ré❡ ❞❡
♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ❛✈❡❝ ✉♥ ♠❡✐❧❧❡✉r ❝♦♥trô❧❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♠♦❧é❝✉❧❛✐r❡✳ ❉❛♥s ❧❡
tr❛✈❛✐❧ ❞❡ ❆r❞❛✈❛♥ ❡t ❛❧✳ ❬✶✺❪ ♣❛r ❡①❡♠♣❧❡✱ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ✐♥t❡r♠♦❧é❝✉❧❛✐r❡ ♦✛r❡
✉♥ t❡♠♣s ❞❡ ❝♦❤ér❡♥❝❡ T2 ❞❡ 3µs✳ P♦✉r ❞❡s t❡♠♣s ❞❡ ♠❛♥✐♣✉❧❛t✐♦♥ ❞❡ 10 ♥s✱ ❝❡❝✐ ♣❡r♠❡ttr❛✐t
♣rès ❞✬✉♥❡ ❝❡♥t❛✐♥❡ ❞✬♦♣ér❛t✐♦♥s ♣❛r ❝②❝❧❡✳
P❛r♠✐ t♦✉t❡s ❧❡s ♠♦❧é❝✉❧❡s ♠❛❣♥ét✐q✉❡s ❡①✐st❛♥t❡s✱ ♥♦tr❡ ét✉❞❡ s✬❡st ❢♦❝❛❧✐sé❡ s✉r ❧❡s ❙▼▼s
à ❜❛s❡ ❞❡ t❡rr❡✲r❛r❡s✱ ♣✉✐sq✉✬✉♥❡ ❛✉tr❡ ♣✐st❡ ♣r♦♠❡tt❡✉s❡ ♣♦✉r ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ◗❜✐ts ❡st ❧❛
❞ét❡❝t✐♦♥ ❞✬ét❛ts é❧❡❝tr♦✲♥✉❝❧é❛✐r❡s ❞❛♥s ❞❡ t❡❧s s②stè♠❡s✳ ❊♥ ❡✛❡t✱ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❝❡s
t❡rr❡s✲r❛r❡s ♦✛r❡♥t ✉♥ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ s✉✣s❛♠♠❡♥t ❢♦rt ♣♦✉r ❝ré❡r ❞❡s ét❛ts ♠✐①t❡s✱ ✈♦✐r
✜❣✉r❡ ✹✳ ❇❡rt❛✐♥❛ ❡t ❛❧✳ ❬✶✻❪ ♦♥t ❛✐♥s✐ ♠❡s✉ré ❞❡s ♦s❝✐❧❧❛t✐♦♥s ❝♦❤ér❡♥t❡s ❡♥tr❡ ❝❡s ét❛ts ❞❛♥s
✉♥ ❝r✐st❛❧ ❞❡ ❈❛❲❖4 ❞♦♣é ❛✉① t❡rr❡s✲r❛r❡s✳ ■❧s ♦♥t ❜❛♣t✐sé ❝❡ t②♣❡ ❞❡ s②stè♠❡ r❛r❡✲❡❛rt❤ s♦❧✐❞

st❛t❡ ◗❜✐t✳
❈❡♣❡♥❞❛♥t✱ ❝❡s ♠❡s✉r❡s s♦♥t ré❛❧✐sé❡s s✉r ✉♥❡ ❣r❛♥❞❡ q✉❛♥t✐té ❞✬♦❜❥❡ts✳ ❆✜♥ ❞❡ ♣r♦❝é❞❡r à ❞❡s
♦♣ér❛t✐♦♥s ❞✬✐♥❢♦r♠❛t✐♦♥ q✉❛♥t✐q✉❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣♦✉✈♦✐r ❛❞r❡ss❡r ✉♥ s❡✉❧ ◗❜✐t✳ ❖r✱ ✐❧ ❡st
✐♠♣♦ss✐❜❧❡ ❞❡ ♣♦✉✈♦✐r ❢❛❜r✐q✉❡r ❞❡s ♥❛♥♦❝r✐st❛✉① ❝♦♥t❡♥❛♥t ✉♥ s❡✉❧ ❛t♦♠❡ ❞❡ t❡rr❡✲r❛r❡ ❞❛♥s
❧❡ ♠ê♠❡ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ❊♥ r❡✈❛♥❝❤❡✱ ❣râ❝❡ ❛✉① ♣r♦❣rès ❞❡ ❧❛ ❝❤✐♠✐❡✱ ♥♦✉s ❛✈♦♥s ❧❛ ♣♦ss✐❜✐❧✐té
❞❡ ♣✐é❣❡r ✉♥❡ t❡rr❡ r❛r❡ ❛✉ s❡✐♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡✳ ❈❡❧❛ ♦✛r❡ ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ✐❞❡♥t✐q✉❡ à t♦✉s
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❧❡s t❡rr❡s✲r❛r❡s ❛✐♥s✐ q✉❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❧❡s ✐s♦❧❡r ♦✉ ❞✬❡♥ ét✉❞✐❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t s♦✉s ❢♦r♠❡
❞✬❛ss❡♠❜❧é❡ ♦r❞♦♥♥é❡✳ ❈✬❡st ❝❡ q✉✐ ❛ été ré❛❧✐sé ♣❛r ■s❤✐❦❛✇❛ ❡t ❛❧✳ s✉r ❧❛ ♠♦❧é❝✉❧❡ ❞❡ ❍♦P❝ 2✱
❞♦♥t ❧❡s ♣r♦♣r✐étés st❛t✐q✉❡s ♦♥t été ♠❡s✉ré❡s ♣❛r ♠✐❝r♦✲❙◗❯■❉ ❬✶✼❪✳ ❈❡s ❝♦♠♣♦sés ♦✉✈r❡♥t ❧❛
✈♦✐❡ ❛✉① r❛r❡✲❡❛rt❤ ♠♦❧❡❝✉❧❛r ◗❜✐t ❀ r❡st❡ à s❛✈♦✐r ❝♦♠♠❡♥t ❛❞r❡ss❡r ✉♥ s❡✉❧ ❞❡ ❝❡s ♦❜❥❡ts✳

▲❛ q✉êt❡ ❞❡ ❧✬♦❜❥❡t ✉♥✐q✉❡

▲✬✐♥té❣r❛t✐♦♥ ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s ❞❛♥s ❞❡s ❞✐s♣♦s✐t✐❢s ❞❡ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✱ ♦✉ ❞é✲
❞✐és à ❧✬✐♥❢♦r♠❛t✐♦♥ q✉❛♥t✐q✉❡✱ ♥é❝❡ss✐t❡ ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ à ❧✬é❝❤❡❧❧❡ ❞✬✉♥ s❡✉❧ ♦❜❥❡t✳ ❆✉ ❝♦✉rs
❞❡ ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ❞❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ♦♥t ♣♦rté s✉r ❧✬ét✉❞❡ ❞✬✉♥ s❡✉❧ ❛✐♠❛♥t à ♠♦❧é❝✉❧❡
✉♥✐q✉❡✱ q✉✬✐❧ s♦✐t ❝♦✐♥❝é ❡♥tr❡ ❞❡✉① é❧❡❝tr♦❞❡s✱ ❛❝❝r♦❝❤é à ✉♥❡ ♣♦✐♥t❡ ❙❚▼ ♦✉ ❡♥❝♦r❡ ✐s♦❧é s✉r
✉♥❡ s✉r❢❛❝❡ ♠ét❛❧❧✐q✉❡ ♦✉ ❝❛r❜♦♥é❡✳ ❯♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ q✉❡st✐♦♥s ♠♦t✐✈❡♥t ❝❡s r❡❝❤❡r❝❤❡s ✿
❧❡s ❙▼▼s ❣❛r❞❡♥t✲❡❧❧❡s ❧❡✉rs ♣r♦♣r✐étés ♠❛❣♥ét✐q✉❡s ❧♦rsq✉✬❡❧❧❡s s♦♥t ✐s♦❧é❡s ❄ ❊st✲✐❧ ♣♦ss✐❜❧❡
❞✬❡①♣❧♦✐t❡r ❧❡✉rs ♣r♦♣r✐étés ♣♦✉r ❢❛❜r✐q✉❡r ❞❡ ♥♦✉✈❡❛✉① ❞✐s♣♦s✐t✐❢s ❤②❜r✐❞❡s ❄
P❛r♠✐ ❧❡s t❡♥t❛t✐✈❡s ❞❡ ré♣♦♥s❡s à ❝❡s ✐♥t❡rr♦❣❛t✐♦♥s✱ ♦♥ ♣❡✉t ❝✐t❡r ♣❛r ❡①❡♠♣❧❡ ❧❡ tr❛✈❛✐❧ ❞❡
❍❡❡rs❝❤❡ ❡t ❛❧✳ ❬✶✽❪✱ ♣♦rt❛♥t s✉r ✉♥❡ ♠♦❧é❝✉❧❡ ▼♥12 ✐♥séré❡ ❞❛♥s ✉♥❡ ❥♦♥❝t✐♦♥ ❞✬♦r é❧❡❝tr♦♠✐❣ré❡✳
P❛r s♣❡❝tr♦s❝♦♣✐❡ t✉♥♥❡❧ ✐♥é❧❛st✐q✉❡ ❞✬é❧❡❝tr♦♥s✱ ♦♥ ♣❡✉t ♦❜t❡♥✐r ❞❡s ✐♥❞✐❝❛t✐♦♥s q✉❛♥t à ❧✬❛♥✐s♦✲
tr♦♣✐❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❞✬❛✉tr❡s ♣r♦♣r✐étés t❡❧❧❡s q✉❡ ❧✬❡✛❡t t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ♥❡
s♦♥t ♣❛s ❛❝❝❡ss✐❜❧❡s✱ ♣✉✐sq✉❡ ♣❛r ❞é✜♥✐t✐♦♥✱ ❝❡tt❡ t❡❝❤♥✐q✉❡ ♥✬♦✛r❡ q✉❡ ❧❡ s♣❡❝tr❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡
❡t ♥♦♥ ❧❡s ♣r♦♣r✐étés ❞②♥❛♠✐q✉❡s✳

❋✐❣✉r❡ ✺ ✕ ❆✐♠❛♥t à ♠♦❧é✲
❝✉❧❡ ✉♥✐q✉❡ ❋❡4 ❛❝❝r♦❝❤é à
✉♥❡ s✉r❢❛❝❡ ❞✬♦r

▲✬ét✉❞❡ ❞✬❛✐♠❛♥ts à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ s✉r ✉♥❡ s✉r❢❛❝❡ ♣❛r ❙❚▼
♥❡ ❞♦♥♥❡ ♣❛s ♣❧✉s ❞✬✐♥❞✐❝❛t✐♦♥s✱ ♣✉✐sq✉❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ♠❡s✉r❡
r❡st❡ ✐❞❡♥t✐q✉❡✳ ◆é❛♥♠♦✐♥s✱ ❝❡tt❡ t❡❝❤♥✐q✉❡ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ♥♦♥
s❡✉❧❡♠❡♥t ❧❡ s♣❡❝tr❡✱ ♠❛✐s ❛✉ss✐ ❞❡ rés♦✉❞r❡ s♣❛t✐❛❧❡♠❡♥t ❧❡s ♦r✲
❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ❡t ❞♦♥❝ ❞❡ ❝♦rré❧❡r ❧❡s ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt
❛✈❡❝ ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s✳ ❯♥❡ ❤②❜r✐❞❛t✐♦♥ ✐♠♣♦rt❛♥t❡ s✉r✲
✈✐❡♥t ❡♥tr❡ ❧❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ❡t ♠ét❛❧❧✐q✉❡s✱ ❞étr✉✐s❛♥t
❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s ❧✬❛♥✐s♦tr♦♣✐❡ ♠❛❣♥ét✐q✉❡ ❞❡s ❙▼▼s ✿ ❝✬❡st
❧à ❧✬✐♥❝♦♥✈é♥✐❡♥t ♣r✐♥❝✐♣❛❧ ❞✉ ❞é♣ôt ❞❡ ♠♦❧é❝✉❧❡s s✉r ✉♥❡ s✉r❢❛❝❡
♠ét❛❧❧✐q✉❡✳
❯♥❡ s♦❧✉t✐♦♥ à ❝❡ ♣r♦❜❧è♠❡ rés✐❞❡ ❞❛♥s ❧✬✐♥t❡r❝❛❧❛t✐♦♥ ❞✬✉♥❡
❝♦✉❝❤❡ ✉❧t❛✲♠✐♥❝❡ ❞✬♦①②❞❡ ❡♥tr❡ ❧❡s ♠♦❧é❝✉❧❡s ❡t ❧❛ s✉r❢❛❝❡ ♠❛✲
❣♥ét✐q✉❡ ❬✶✾❪ ♦✉ ❜✐❡♥ ♣❛r ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡s ❛✐♠❛♥ts
♠♦❧é❝✉❧❛✐r❡s✳ ❉❡s ❝❤❛✐♥❡s ❛❧✐♣❤❛t✐q✉❡s✱ ♣❛r ❡①❡♠♣❧❡✱ ♣❡r♠❡tt❡♥t
✉♥ ❞é❝♦✉♣❧❛❣❡ ❡♥ ❥♦✉❛♥t ❧❡ rô❧❡ ❞❡ ❜❛rr✐èr❡s t✉♥♥❡❧s ❡♥tr❡ ❧❡ ❝÷✉r
♠❛❣♥ét✐q✉❡ ❡t ❧❛ s✉r❢❛❝❡✱ ✈♦✐r ✜❣✉r❡ ✺✳
❈❡tt❡ ❞❡r♥✐èr❡ ♠ét❤♦❞❡ ❛ ♣❛r ❛✐❧❧❡✉rs ♣❡r♠✐s ❞❡ ♠❡s✉r❡r ❧✬❡✛❡t

t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ s✉r ❧❡s ♠♦❧é❝✉❧❡s ❞❡ ❋❡4 ✐s♦❧é❡s s✉r ✉♥❡ s✉r❢❛❝❡ ❞✬♦r✱ ♣❛r ❧❛ t❡❝❤♥✐q✉❡
❞❡ ❞✐❝❤r♦ïs♠❡ ❝✐r❝✉❧❛✐r❡ ♠❛❣♥ét✐q✉❡ à r❛②♦♥ ❳ ❬✷✵❪✳ ❆✉ ❝♦✉rs ❞❡ ❝❡s ♠❡s✉r❡s ré❛❧✐sé❡s ♣❛r ▼❛✲



■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡ ✼

♥✐♥✐ ❡t ❛❧✳ ✐❧ ❛ été ♠✐s ❡♥ é✈✐❞❡♥❝❡ q✉❡ ❧❡s ❛♥✐s♦tr♦♣✐❡s tr❛♥s✈❡rs❡ ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡ s♦♥t t♦✉t à
❢❛✐t ❝♦♠♣❛r❛❜❧❡s ❛✉① ✈❛❧❡✉rs ♦❜t❡♥✉❡s s✉r ❝r✐st❛❧✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ s✬❛❣✐t ❧à ❞✬✉♥❡ ✈❛❧❡✉r ♠♦②❡♥♥❡
♦❜t❡♥✉❡ s✉r ✉♥❡ q✉❛♥t✐té ✐♠♣♦rt❛♥t❡ ❞❡ ♠♦❧é❝✉❧❡s✳ ❊♥ ❡✛❡t✱ à ❝❛✉s❡ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ❢❛✐s❝❡❛✉
❞❡ r❛②♦♥s ❳ ❡t ❞❡ ❧❛ s❡♥s✐❜✐❧✐té ❞❡ ❧❛ t❡❝❤♥✐q✉❡✱ ✐❧ ❡st ✐♠♣♦ss✐❜❧❡ ❞❡ ❞ét❡❝t❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t
❞✬✉♥❡ ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ✐s♦❧é❡✳
▼❛❧❣ré ❞❡s ❛✈❛♥t❛❣❡s ❝❡rt❛✐♥s✱ ❧❡s t❡❝❤♥✐q✉❡s ❞❡ ♠❡s✉r❡ ❡①✐st❛♥t❡s ♦♥t t♦✉t❡s ❞❡s ❧✐♠✐t❡s q✉✐
♥♦✉s ❡♠♣ê❝❤❡♥t ❞✬❛❝❝é❞❡r ❛✉① ♣r♦♣r✐étés ✐♥❞✐✈✐❞✉❡❧❧❡s ❞✬❛✐♠❛♥ts à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡✳ ▲❛ ♣r♦✲
❜❧é♠❛t✐q✉❡ ♣r✐♥❝✐♣❛❧❡ ❞✉ tr❛✈❛✐❧ ♣rés❡♥té ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t rés✐❞❡ ❞❛♥s ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞✬✉♥❡
♠ét❤♦❞❡ ❛❧t❡r♥❛t✐✈❡ ❛✜♥ ❞✬♦✉tr❡♣❛ss❡r ❝❡s ❜❛rr✐èr❡s✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ❛✈♦♥s ❞é❝✐❞é ❞❡ ♠❡ttr❡
❛✉ ♣♦✐♥t ❞❡s ❞ét❡❝t❡✉rs ❞♦♥t ❧✬✉♥❡ ❞❡s ❞✐♠❡♥s✐♦♥s ❡st ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ❞❡s ♠♦❧é❝✉❧❡s✳ ▲❛
✈♦✐❡ q✉❡ ♥♦✉s ❛✈♦♥s ❡♠♣r✉♥té❡ ❝♦♥s✐st❡ à ❢❛❜r✐q✉❡r ✉♥ tr❛♥s✐st♦r ♦✉ ✉♥❡ ❜♦ît❡ q✉❛♥t✐q✉❡ ❞♦♥t
❧❡ ❝❛♥❛❧ ❞❡ tr❛♥s♣♦rt ❡st ❢❛✐❜❧❡♠❡♥t ❝♦✉♣❧é ❛✉① ❙▼▼s✱ ✈♦✐r ✉♥❡ ✐❧❧✉str❛t✐♦♥ ✜❣✉r❡ ✻✳ ❆✐♥s✐✱ ❧❛
❞ét❡❝t✐♦♥ ♣♦✉rr❛✐t s❡ ❢❛✐r❡ ♣❛r ♠❡s✉r❡ é❧❡❝tr♦♥✐q✉❡ s❛♥s q✉❡ ❧❡ ❝♦✉r❛♥t ♥❡ ♣❛ss❡ ❞✐r❡❝t❡♠❡♥t ♣❛r
❧❛ ♠♦❧é❝✉❧❡✳ ❈❡ q✉✐✱ ♣❡♥s♦♥s✲♥♦✉s✱ ♣rés❡r✈❡r❛✐t ❧❡s ♣r♦♣r✐étés ♠❛❣♥ét✐q✉❡s ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡✳
▲✬é❧❡❝tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ♥♦✉s ♦✛r❡ ❧❡ ❝❛♥❛❧ ✐❞é❛❧ ❛✈❡❝ ❧❡ ♥❛♥♦t✉❜❡ ❞❡ ❝❛r❜♦♥❡✱ ♣✉✐sq✉✬✐❧ ♣ré✲
s❡♥t❡ ❧✬❛✈❛♥t❛❣❡ ❞✬êtr❡ ♦r❣❛♥✐q✉❡✱ ❡t ❞♦♥❝ ❞❡ ❧✐♠✐t❡r ❧✬❤②❜r✐❞❛t✐♦♥ ❡t ❧❡s é❝❤❛♥❣❡s ❞❡ ❝❤❛r❣❡s
❛✈❡❝ ❧❡s ❙▼▼s✳
❖♥ ♣❡✉t ✐♠❛❣✐♥❡r ♣❧✉s✐❡✉rs ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡ ♥❛♥♦t✉❜❡ ❡t ❧❡s ♠♦❧é❝✉❧❡s ❛✐♠❛♥ts q✉✐ ♣❡r✲
♠❡ttr❛✐❡♥t ✉♥❡ ❞ét❡❝t✐♦♥ ❡✣❝❛❝❡✳ ❊♥ ❡✛❡t✱ à ❜❛ss❡ t❡♠♣ér❛t✉r❡✱ ❧❡ ♥❛♥♦t✉❜❡ ❡♥ ❝♦♥✜❣✉r❛t✐♦♥
tr❛♥s✐st♦r s❡ ❝♦♠♣♦rt❡✱ s♦✉s ❝❡rt❛✐♥❡s ❝♦♥❞✐t✐♦♥s✱ ❝♦♠♠❡ ✉♥❡ ❜♦ît❡ q✉❛♥t✐q✉❡✳ ▲❛ ♣r♦①✐♠✐té
❞✬✉♥ ♦❜❥❡t ♠❛❣♥ét✐q✉❡ ♣❡✉t ❞♦♥❝ ✐♥✢✉❡♥❝❡r s❡s ♥✐✈❡❛✉① ❞✐s❝r❡ts ♣❛r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡
é❝❤❛♥❣❡✱ ❞✐♣♦❧❛✐r❡ ♦✉ ♠❛❣♥ét♦✲❝❛♣❛❝✐t✐✈❡✳
❊♥✜♥✱ ❧❡ ❝❤♦✐① ❞✉ ♥❛♥♦t✉❜❡ ❡st ❛✉ss✐ ♠♦t✐✈é ♣❛r ❧❛ ♠❛t✉r✐té ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ❧✐t❤♦❣r❛♣❤✐❡ q✉✐
♣❡r♠❡tt❡♥t ❞❡ ❢❛ç♦♥ r❡❧❛t✐✈❡♠❡♥t s✐♠♣❧❡ ❞❡ ré❛❧✐s❡r ❞❡s tr❛♥s✐st♦rs à ❜❛s❡ ❞❡ ♥❛♥♦t✉❜❡✳

P❧❛♥ ❞✉ ♠❛♥✉s❝r✐t

▲❛ ♣rés❡♥t❛t✐♦♥ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ s❡ ❞é❝❧✐♥❡ ❡♥ s✐① ❝❤❛♣✐tr❡s✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s
❥✬✐♥tr♦❞✉✐s q✉❡❧q✉❡s ♥♦t✐♦♥s ❞❡ ♠❛❣♥ét✐s♠❡ ♠és♦s❝♦♣✐q✉❡ ✉t✐❧❡s à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❡t à ❧❛
❞❡s❝r✐♣t✐♦♥ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✳ ❯♥❡ ✐❧❧✉str❛t✐♦♥ ❡st ❛♣♣♦rté❡ ❛✈❡❝ ❧✬❛✐❞❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡
▼♥12✳ ❊♥s✉✐t❡✱ ❥❡ ♣rés❡♥t❡ ❡♥ ❞ét❛✐❧ ❧❛ ♠♦❧é❝✉❧❡ ❚❜P❝2✱ ♦❜❥❡t ❝❡♥tr❛❧ ❞❡ ❝❡tt❡ t❤ès❡✳ ❏❡ ❥✉st✐✜❡r❛✐
❧❡ ❝❤♦✐① ❞❡ ❝❡tt❡ ♠♦❧é❝✉❧❡ ♣❛r♠✐ ❧❡s ❞✐✈❡rs ❛✐♠❛♥ts à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ❡①✐st❛♥ts✳
❉❛♥s ✉♥ ❞❡✉①✐è♠❡ ❝❤❛♣✐tr❡✱ ❥❡ ❞é❝r✐s ❧❡s ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt ❞❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡✱
♣✉✐sq✉❡ ❝❡ s♦♥t ❞❡s é❧é♠❡♥ts ❡ss❡♥t✐❡❧s à ❧❛ ré❛❧✐s❛t✐♦♥ ❞✉ ❞✐s♣♦s✐t✐❢✳ ◆♦✉s ❝♦♠♠❡♥ç♦♥s ♣❛r
ét✉❞✐❡r ❧❡✉r str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡✱ ❞ét❡r♠✐♥❛♥t❡ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s s❡ ♣r♦❞✉✐s❛♥t
❛✈❡❝ ❧❡s ♠♦❧é❝✉❧❡s✳ P✉✐s✱ ❧❡ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ♥❛♥♦t✉❜❡✲❙▼▼ ét❛♥t ét✉❞✐é à ❞❡s t❡♠♣ér❛t✉r❡s
❝r②♦❣é♥✐q✉❡s✱ ♥♦✉s ✐♥tr♦❞✉✐s♦♥s ❞❡s é❧é♠❡♥ts ❞❡ tr❛♥s♣♦rt q✉❛♥t✐q✉❡✱ ❝❛r ❧❡s ♥❛♥♦t✉❜❡s s❡
❝♦♠♣♦rt❡♥t ❞❛♥s ❝❡ ❝❛s ❝♦♠♠❡ ❞❡s ❜♦ît❡s q✉❛♥t✐q✉❡s✳ ❈❡ ❝❤❛♣✐tr❡ s❡ ❝♦♥❝❧✉t ♣❛r ✉♥ t♦✉r
❞✬❤♦r✐③♦♥ ❞❡s ❞✐✛ér❡♥ts ré❣✐♠❡s ♦❜s❡r✈❛❜❧❡s ❞❛♥s ❝❡ ❝❛s✳
▲❡ tr♦✐s✐è♠❡ ❝❤❛♣✐tr❡ ❡st ❞é❞✐é à ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡ tr❛♥s✐st♦rs à ♥❛♥♦t✉❜❡✳ ❏✬❛✐ s♦✉❤❛✐té ② ✐♥❝❧✉r❡



✽ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

Source
Drain

Grille arrière

Isolant

❋✐❣✉r❡ ✻ ✕ ❉✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ♥❛♥♦t✉❜❡✲❙▼▼✳

t♦✉t❡s ❧❡s ✐♥❢♦r♠❛t✐♦♥s ♥é❝❡ss❛✐r❡s à ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s ♣✉✐sq✉❡✱ ♣❛r ❡①♣ér✐❡♥❝❡✱ ❧❡s
❝♦♥♥❛✐ss❛♥❝❡s r❡❧❛t✐✈❡s à ❧❛ ❢❛❜r✐❝❛t✐♦♥ s♦♥t ❝❡❧❧❡s q✉✐ s❡ ♣❡r❞❡♥t ❧❡ ♣❧✉s ❞✬✉♥❡ ❣é♥ér❛t✐♦♥ ❞❡
t❤és❛r❞ à ❧✬❛✉tr❡✳
▲❡ q✉❛tr✐è♠❡ ❝❤❛♣✐tr❡ ✜♥✐t ❞❡ ❞é❝r✐r❡ ❧❛ ré❛❧✐s❛t✐♦♥ ❞✉ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ❡♥ ♣rés❡♥t❛♥t ❧❡ tr❛✈❛✐❧
q✉✐ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ❝♦♥trô❧❡r ❧✬✐♥té❣r✐té ❞❡s ♣r♦♣r✐étés str✉❝t✉r❛❧❡s ❞❡s ❛✐♠❛♥ts à ♠♦❧é❝✉❧❡
✉♥✐q✉❡ ❧♦rs ❞❡ ❧❡✉r ❞é♣ôt s✉r ✉♥❡ s✉r❢❛❝❡ ❝❛r❜♦♥é❡✳ ▲❛ ✜♥ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ❞é❝r✐t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
❞❡ ♠❡s✉r❡ ❞✉ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ à ❜❛ss❡ t❡♠♣ér❛t✉r❡✳
❉❛♥s ❧❡s ❝❤❛♣✐tr❡s ❝✐♥q ❡t s✐① ♥♦✉s ♣rés❡♥t❡r♦♥s ❧❡s rés✉❧t❛ts ♣r✐♥❝✐♣❛✉① ❞❡ ❝❡ tr❛✈❛✐❧✳ ❈❡✉①✲❝✐
♦♥t été ♦❜t❡♥✉s à ♣❛rt✐r ❞❡ tr♦✐s é❝❤❛♥t✐❧❧♦♥s ❞✐✛ér❡♥ts✳ ❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ❝✐♥q✱ ❥❡ ♣rés❡♥t❡ ❧❡s
❝❛r❛❝tér✐st✐q✉❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ ♥♦tr❡ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ❧♦rsq✉❡ q✉❡❧q✉❡s ♠♦❧é❝✉❧❡s s♦♥t ❝♦✉♣❧é❡s
❛✉ ❝❛♥❛❧ ❞❡ ❝♦♥❞✉❝t✐♦♥✳ ◆♦✉s ❛✈♦♥s ♣✉✱ ♣❛r ❡①❡♠♣❧❡✱ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s
✉♥ ❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲❡ s✐①✐è♠❡ ❝❤❛♣✐tr❡ ❡st ❞é❞✐é à ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉
❞✐s♣♦s✐t✐❢ ♣rés❡♥té ❛✉ ❝❤❛♣✐tr❡ ❝✐♥q ❛✈❡❝ ✉♥ ♥♦♠❜r❡ ❞❡ ♠♦❧é❝✉❧❡s ❝♦✉♣❧é❡s ❛✉ ♥❛♥♦t✉❜❡ ♣❧✉s
r❡str❡✐♥t✱ ❝❡ q✉✐ ♥♦✉s ♣❡r♠❡t ❞❡ ❝❛r❛❝tér✐s❡r ♣❛r ✉♥❡ ♠❡s✉r❡ ❞❡ ❝♦♥❞✉❝t❛♥❝❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t
♠❛❣♥ét✐q✉❡ ❞✬✉♥ ♠♦♠❡♥t ✉♥✐q✉❡ ❝♦✉♣❧é à ✉♥ s♣✐♥ ♥✉❝❧é❛✐r❡✳
❊♥✜♥✱ ❥❡ ❝♦♥❝❧✉r❛✐ ❝❡tt❡ t❤ès❡ ❡♥ ♣rés❡♥t❛♥t q✉❡❧q✉❡s ♣❡rs♣❡❝t✐✈❡s q✉✐ ♣r♦♠❡tt❡♥t ✉♥ ❛✈❡♥✐r
❝❡rt❛✐♥ à ❝❡tt❡ ❥❡✉♥❡ ❞✐s❝✐♣❧✐♥❡ q✉✬❡st ❧❛ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡✳



❈❤❛♣✐tr❡ ✶

■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts

♠♦❧é❝✉❧❛✐r❡s

◆♦tr❡ ♣r♦❥❡t ✈✐s❡ à ❝♦♠❜✐♥❡r ✉♥ tr❛♥s✐st♦r à ♥❛♥♦t✉❜❡ ❞❡ ❝❛r❜♦♥❡ ❛✈❡❝ ❞❡s ❛✐♠❛♥ts à ♠♦✲
❧é❝✉❧❡ ✉♥✐q✉❡ ❡t à ♦❜s❡r✈❡r ❧❡ r❡♥✈❡rs❡♠❡♥t ♠❛❣♥ét✐q✉❡ ❞✬✉♥❡ s❡✉❧❡ ❞❡ ❝❡s ♠♦❧é❝✉❧❡s ♣❛r ❞❡s
♠❡s✉r❡s ❞❡ tr❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ à tr❛✈❡rs ❧❡ ♥❛♥♦t✉❜❡✳
P♦✉r ② ♣❛r✈❡♥✐r✱ ✐❧ ♥♦✉s ❢❛✉t ❞✬❛❜♦r❞ ❝♦♥♥❛✐tr❡ ❧❡s é❧é♠❡♥ts q✉❡ ♥♦✉s ✉t✐❧✐s♦♥s ❡t ❧❡✉rs ♣r♦✲
♣r✐étés✱ à ❝♦♠♠❡♥❝❡r ♣❛r ❝❡❧❧❡s ❞❡s ❛✐♠❛♥ts à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡✱ ❛✉ ❝❡♥tr❡ ❞❡ ♥♦tr❡ ❞✐s♣♦s✐t✐❢✳
❈♦♠♠❡ ♥♦✉s ❛❧❧♦♥s ❧❡ ✈♦✐r✱ ❧✬ét✉❞❡ ❞❡ ❝❡s ♦❜❥❡ts ❡st ✉♥❡ ❞✐s❝✐♣❧✐♥❡ à ❧✬✐♥t❡r❢❛❝❡ ❡♥tr❡ ❧❛ ❝❤✐♠✐❡
♠♦❧é❝✉❧❛✐r❡ ❡t ❧❡ ♠❛❣♥ét✐s♠❡ ♠és♦s❝♦♣✐q✉❡✳
❈♦♥st✐t✉és ❞✬✉♥ ❝÷✉r ❢♦r♠é✱ ❡♥ ❣é♥ér❛❧✱ ❞❡ ♣❧✉s✐❡✉rs ✐♦♥s ♠❛❣♥ét✐q✉❡s ❡t ❞✬✉♥❡ ❝♦q✉✐❧❧❡ ❝♦♥st✐✲
t✉é❡ ❞❡ ❧✐❣❛♥❞s ♦r❣❛♥✐q✉❡s✱ ♦♥ ❛♣♣❡❧❧❡ ❛✐♠❛♥ts à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ❧❡s ❝♦♠♣♦sés ❞♦♥t ❧❡s ♣r♦♣r✐é✲
tés ♠❛❣♥ét✐q✉❡s s♦♥t ❣♦✉✈❡r♥é❡s ♣❛r ❞❡s ✐♥t❡r❛❝t✐♦♥s ✐♥tr❛♠♦❧é❝✉❧❛✐r❡s ❡t ♥♦♥ ✐♥t❡r♠♦❧é❝✉❧❛✐r❡s✳
❊♥ ❡✛❡t✱ ❝✬❡st ❧❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ✐♦♥s ♠❛❣♥ét✐q✉❡s ❡♥ ❧❡✉r ❝÷✉r q✉✐ ❞ét❡r♠✐♥❡ ❧❡✉rs
♣r♦♣r✐étés t❡❧❧❡s q✉❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ♦✉ ❧✬❛♥✐s♦tr♦♣✐❡✳ ❈♦♠♠❡ ❧❡s ❛✐♠❛♥ts ❝❧❛ss✐q✉❡s✱ ❝❡s ♠♦❧é✲
❝✉❧❡s ♣rés❡♥t❡♥t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❤②stérét✐q✉❡ ❞❛♥s ❧❡✉rs ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ❡t ✐❧ ❡st ❞♦♥❝
❡♥✈✐s❛❣❡❛❜❧❡ ❞❡ ❧❡✉r ❢❛✐r❡ st♦❝❦❡r ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ ❝❧❛ss✐q✉❡✳
❈❡♣❡♥❞❛♥t✱ ❧❡✉rs ❞✐♠❡♥s✐♦♥s ❧❡s s✐t✉❡♥t à ❧❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❧❡ ♠♦♥❞❡ ♠❛❝r♦s❝♦♣✐q✉❡✱ ré❣✐ ♣❛r
❧❛ ♣❤②s✐q✉❡ ❝❧❛ss✐q✉❡✱ ❡t ❧❡ ♠♦♥❞❡ ♠✐❝r♦s❝♦♣✐q✉❡✱ ré❣✐ ♣❛r ❧❛ ♠é❝❛♥✐q✉❡ q✉❛♥t✐q✉❡✳ ➚ ❝❡tt❡
✐♥t❡r❢❛❝❡✱ ♦ù ❧❡s é❝❛rts t✉♥♥❡❧ s♦♥t très ❢❛✐❜❧❡s ♠❛✐s s✉✣s❛♥ts ♣♦✉r êtr❡ ♦❜s❡r✈és✱ ♦♥ ♣❛r❧❡ ❞❡
♠❛❣♥ét✐s♠❡ ♠és♦s❝♦♣✐q✉❡✳
❈❡ ❝❤❛♣✐tr❡ ❡st ❞é❞✐é à ❧✬ét✉❞❡ ❞❡s ♣❛rt✐❝✉❧❛r✐tés ❞❡s ❛✐♠❛♥ts à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ❡t à ❧❛ ❝♦♠✲
♣ré❤❡♥s✐♦♥ ❞❡s ♣❤é♥♦♠è♥❡s ❛❜♦r❞és ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✳ ❏❡ ❝♦♠♠❡♥❝❡r❛✐ ♣❛r ✐♥tr♦❞✉✐r❡
q✉❡❧q✉❡s é❧é♠❡♥ts t❤é♦r✐q✉❡s q✉✐ ♥♦✉s ♣❡r♠❡ttr♦♥t ❞❡ ♠♦❞é❧✐s❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❝❡♥tr❡s
♠❛❣♥ét✐q✉❡s ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ♠♦❧é❝✉❧❛✐r❡✱ ❡t ❥❡ ❧❡s ✐❧❧✉str❡r❛✐ ❡♥s✉✐t❡ ❣râ❝❡ à ❧✬❛✐♠❛♥t
à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ♣r♦t♦t②♣❡ ✿ ▼♥12✳ ▲❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡ s❡r❛ ❝♦♥s❛❝ré❡✱ q✉❛♥t à
❡❧❧❡✱ à ❧❛ ♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❚❜P❝2✱ é❧é♠❡♥t ❡ss❡♥t✐❡❧ à ❝❡tt❡ t❤ès❡✳

✶✳✶ ➱❧é♠❡♥ts t❤é♦r✐q✉❡s

❈❡tt❡ s❡❝t✐♦♥ ✐♥tr♦❞✉✐t ❞❡s ♥♦t✐♦♥s ✐♠♣♦rt❛♥t❡s ❡♥ ♠❛❣♥ét✐s♠❡ ♠♦❧é❝✉❧❛✐r❡ t❡❧❧❡s q✉❡ ❧✬❍❛✲
♠✐❧t♦♥✐❡♥ ❞❡ s♣✐♥ ♦✉ ❧✬❡✛❡t t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ q✉✐ ♥♦✉s ♣❡r♠❡ttr♦♥t ❞❡ ♠♦❞é❧✐s❡r ❧❡ ❝♦♠✲
♣♦rt❡♠❡♥t ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s s♦✉s ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳



✶✵ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

✶✳✶✳✶ ❍❛♠✐❧t♦♥✐❡♥ ❞❡ s♣✐♥

▲❛ q✉❡st✐♦♥ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ s♣✐♥ ❞✬✉♥ ✐♦♥ ♠❛❣♥ét✐q✉❡ ❡st ✉♥ ♣r♦❜❧è♠❡ ❝❡♥tr❛❧ ❡♥
♠é❝❛♥✐q✉❡ q✉❛♥t✐q✉❡✳ P♦✉r ❧❡ ❝❛r❛❝tér✐s❡r✱ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❝♦♥s✐st❡ à ❝❤♦✐s✐r ❧❛ ♠❡✐❧❧❡✉r❡ ❜❛s❡
♣♦ss✐❜❧❡ ♣♦✉r ❞é❝r✐r❡ s❡s ét❛ts ♣r♦♣r❡s✳ P♦✉r ❝❡❧❛✱ ♦♥ ❝❤♦✐s✐t ❡♥ ❣é♥ér❛❧ ❧❡s ét❛ts ♣r♦♣r❡s ❞❡ ❧✬✐♦♥
✐s♦❧é |S,ms〉✱ ❛♣♣❡❧és ❛✉ss✐ ét❛ts ❞✬■s✐♥❣✱ ♦ù ❧❡s ms s♦♥t ❧❡s ✈❛❧❡✉rs ♣r♦♣r❡s ❞❡ ❧✬♦♣ér❛t❡✉r Sz ✿

Sz|S,ms〉 = ms|S,ms〉 ✭✶✳✶✮

▲✬❍❛♠✐❧t♦♥✐❡♥ ❞✬✉♥ ✐♦♥ ♣❡r♠❡t ❞❡ ❞é❝r✐r❡ s❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ❖♥ ♣❡✉t
❧❡ s❝✐♥❞❡r ❡♥ ❞❡✉① ♣❛rt✐❡s ✿ H1 q✉✐ ❝♦♠♠✉t❡ ❛✈❡❝ Sz ❡t H2 q✉✐ ♥❡ ❝♦♠♠✉t❡ ♣❛s ❛✈❡❝ Sz✳ H1

❝♦♥t✐❡♥t ❧❡s t❡r♠❡s q✉❡ ♥♦✉s ❛♣♣❡❧❧❡r♦♥s ❧♦♥❣✐t✉❞✐♥❛✉① ♣❛r ❧❛ s✉✐t❡ ❀ ✐❧ ❝♦♥s❡r✈❡ ❧❡s ét❛ts |S,ms〉
❝♦♠♠❡ ét❛ts ♣r♦♣r❡s✱ ♠❛✐s r❡❞✐str✐❜✉❡ ❧❡ s♣❡❝tr❡ ❞❡s é♥❡r❣✐❡s ♣r♦♣r❡s ❛ss♦❝✐é❡s✳ H2 ❝♦♥t✐❡♥t ❧❡s
t❡r♠❡s ❞✐ts tr❛♥s✈❡rs❡s ❀ s❡s ét❛ts ♣r♦♣r❡s s♦♥t ❞❡s ❝♦♠❜✐♥❛✐s♦♥s ❧✐♥é❛✐r❡s ❞❡s ét❛ts |S,ms〉✳ ❊♥
❞✬❛✉tr❡s t❡r♠❡s✱ H2 ♠é❧❛♥❣❡ ❧❡s ét❛ts ♣r♦♣r❡s ❞❡ ❧✬✐♦♥ ❧✐❜r❡ ♣♦✉r ❢♦r♠❡r ❧❡s ét❛ts ♣r♦♣r❡s ❞❡
❧✬✐♦♥ ❧✐é✳ ❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♠❛tr✐❝✐❡❧✱ ❞❛♥s ❧❛ ❜❛s❡ |S,ms〉✱ H1 ❡st ❞✐❛❣♦♥❛❧ ❡t H2 ♥❡ ❝♦♥t✐❡♥t
q✉❡ ❞❡s é❧é♠❡♥ts ❤♦rs✲❞✐❛❣♦♥❛✉①✳
◆♦✉s ❛❧❧♦♥s ✈♦✐r ♠❛✐♥t❡♥❛♥t q✉❡❧❧❡s ❢♦r♠❡s ♣r❡♥♥❡♥t ❧❡s ❞✐✛ér❡♥t❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ✉♥ ♠♦♠❡♥t
♠❛❣♥ét✐q✉❡ ❡t s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✱ à s❛✈♦✐r ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♦✉ ❡✛❡t
❩❡❡♠❛♥✱ ❧✬✐♥✢✉❡♥❝❡ ❞✉ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡ ❝r✐st❛❧❧✐♥ ❝réé ♣❛r ❧❡s ✐♦♥s ✈♦✐s✐♥s ❡t ❧❡ ❝♦✉♣❧❛❣❡ ❛✈❡❝
✉♥ ❛✉tr❡ s♣✐♥✳

❊✛❡t ❩❡❡♠❛♥

▲✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ✉♥ s♣✐♥ ❡t ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s✬❡①♣r✐♠❡ s♦✉s ❧❛ ❢♦r♠❡ ❣é♥ér❛❧❡ ✿

HZeeman = gµ0µB❙.❍ = gxµ0µBSxHx + gyµ0µBSyHy + gzµ0µBSzHz ✭✶✳✷✮

♦ù gx✱ gy ❡t gz s♦♥t ❧❡s ❢❛❝t❡✉rs ❣②r♦♠❛❣♥ét✐q✉❡s s✉✐✈❛♥t ❧❡s ❞✐r❡❝t✐♦♥s x✱ y✱ z✳ µB ❡st ❧❡ ♠❛❣♥ét♦♥
❞❡ ❇♦❤r✱ µ0 ❧❛ ♣❡r♠é❛❜✐❧✐té ❞✉ ✈✐❞❡✱ (Hx, Hy, Hz) ❧❡s tr♦✐s ❝♦♠♣♦s❛♥t❡s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡t Sx✱ Sy ❡t Sz ❧❡s ♠❛tr✐❝❡s ❞é✜♥✐❡s ❝♦♠♠❡ ❛♣rès ✿

Sx =
1

2
(S+ + S−) ✭✶✳✸✮

Sy =
1

2i
(S+ − S−) ✭✶✳✹✮

♦ù
S+|S,ms〉 =

√

S(S + 1)−ms(ms + 1)|S,ms + 1〉 ✭✶✳✺✮

S−|S,ms〉 =
√

S(S + 1)−ms(ms − 1)|S,ms − 1〉 ✭✶✳✻✮

▲♦rsq✉❡ ❧❡ ❝❤❛♠♣ s✉✐t ❧❛ ❞✐r❡❝t✐♦♥ z✱ HZeeman ❡st ❞✐❛❣♦♥❛❧ ✿ ❧❡s ✈❡❝t❡✉rs ♣r♦♣r❡s s♦♥t ❧❡s
ét❛ts ❞❡ ❧✬✐♦♥ ❧✐❜r❡ |S,ms〉 ❛✈❡❝ ❧❡s ✈❛❧❡✉rs ♣r♦♣r❡s ❛ss♦❝✐é❡s gzµ0µBmsH✳ ❊♥ r❡✈❛♥❝❤❡✱ s✐ ❧❡



✶✳✶✳ ➱❧é♠❡♥ts t❤é♦r✐q✉❡s ✶✶

❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ♦r✐❡♥té s❡❧♦♥ ✉♥❡ ❛✉tr❡ ❞✐r❡❝t✐♦♥✱ ❧❡s ét❛ts ♣r♦♣r❡s ❞❡ HZeeman s♦♥t ❛✉
♣r❡♠✐❡r ♦r❞r❡ ❞❡ ♣❡rt✉r❜❛t✐♦♥ ❞❡s ❝♦♠❜✐♥❛✐s♦♥s ❧✐♥é❛✐r❡s ❞❡ |S,ms − 1〉✱ |S,ms〉 ❡t |S,ms + 1〉✱
♣✉✐sq✉❡ ❧❡ t❡r♠❡ ❩❡❡♠❛♥ ❝♦♥t✐❡♥t ❧❡s ♦♣ér❛t❡✉rs S+ ❡t S− ❛✉ ♣r❡♠✐❡r ♦r❞r❡✳

❈❤❛♠♣ ❝r✐st❛❧❧✐♥

▲❛ ♣rés❡♥❝❡ ❞✬❛✉tr❡s ✐♦♥s ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬✐♦♥ ❧✐é ❝ré❡ ✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ q✉✐ ♠♦❞✐✜❡
❧✬é♥❡r❣✐❡ ❞❡s ♦r❜✐t❛❧❡s ❞❡ ❧✬✐♦♥ ❧✐❜r❡ ♣❛r ❡✛❡t ❙t❛r❦ ❡t ❛✛❡❝t❡ ❧❡ s♣✐♥ à tr❛✈❡rs ❧❡ ❝♦✉♣❧❛❣❡ s♣✐♥✲
♦r❜✐t❡✳ ❖♥ ♣❛r❧❡ ❞❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ♦✉ ❡♥❝♦r❡ ❞❡ ❝❤❛♠♣ ❞❡ ❧✐❣❛♥❞ ❞❛♥s ❧❡ ❝❛s ❞❡ ❝♦♠♣❧❡①❡s
♠♦❧é❝✉❧❛✐r❡s✳ ❈❡ ❝♦♥❝❡♣t ❛ été ♣r♦♣♦sé t♦✉t ❞✬❛❜♦r❞ ♣❛r ❇❡❝q✉❡r❡❧ ❬✷✶❪ ♣✉✐s ❞é✈❡❧♦♣♣é ♣❛r
❇❡t❤❡ ❬✷✷❪✱ ❑r❛♠❡rs ❬✷✸❪✱ ❡t ❱❛♥ ❱❧❡❝❦ ❬✷✹❪✳
❊♥ ✶✾✺✷✱ ❙t❡✈❡♥s ❛ ✐♥tr♦❞✉✐t ✉♥ ❢♦r♠❛❧✐s♠❡ q✉✐ ❡①♣r✐♠❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥ ✐♦♥ ❛✈❡❝ ❧❡ ❝❤❛♠♣
❝r✐st❛❧❧✐♥ s♦✉s ❧❛ ❢♦r♠❡ ❞✬♦♣ér❛t❡✉rs éq✉✐✈❛❧❡♥ts ❬✷✺❪✳ ❯♥❡ ❡①♣❛♥s✐♦♥ ❥✉sq✉✬à ❧✬♦r❞r❡ ✻ ❞❡ ❧✬❍❛✲
♠✐❧t♦♥✐❡♥ ❞❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❞♦♥♥❡ ✿

Hcf =
∑

k=2,4,6

βk

q=+k
∑

q=−k

Aq
kO

q
k ✭✶✳✼✮

♦ù ❧❡s ❝♦♥st❛♥t❡s βk s♦♥t ❞❡s ♣❛r❛♠ètr❡s ✐♥tr✐♥sèq✉❡s à ❧✬✐♦♥✱ ❧❡s Aq
k ❧❡s ♣❛r❛♠ètr❡s ❞❡ ❝❤❛♠♣

❝r✐st❛❧❧✐♥ ❛❝❝❡ss✐❜❧❡s ♣❛r ❧❡s ❡①♣ér✐❡♥❝❡s ❡t ❧❡s Oq
k ❧❡s ♦♣ér❛t❡✉rs ❞❡ ❙t❡✈❡♥s q✉✐ s♦♥t ❞❡s ❝♦♠✲

❜✐♥❛✐s♦♥s ❞❡s ♦♣ér❛t❡✉rs Sk
z ✱ S

k
+ ❡t Sk

−✳ ▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❝❡s ♦♣ér❛t❡✉rs ❡st t❛❜✉❧é ❞❛♥s ❧❡
❧✐✈r❡ ❞✬❆❜❣r❛❣❛♠ ❡t ❇❧❡❛♥❡② ❬✷✻❪ ❡t ❞❛♥s ❧✬❛♥♥❡①❡ ❆✳
❉❡s ❝♦♥s✐❞ér❛t✐♦♥s ❞❡ s②♠étr✐❡ ♣❡r♠❡tt❡♥t ❞❡ ♥❡ ❣❛r❞❡r q✉✬✉♥❡ ♣❛rt✐❡ ❞❡ ❝❡s ♦♣ér❛t❡✉rs✳ P❛r
❡①❡♠♣❧❡✱ ❡♥ s②♠étr✐❡ tétr❛❣♦♥❛❧❡✱ s❡✉❧s ❧❡s t❡r♠❡s ✈ér✐✜❛♥t q = 0,±4 s♦♥t ♥♦♥ ♥✉❧s✱ ❛❧♦rs q✉❡
♣♦✉r ✉♥❡ s②♠étr✐❡ ❝❛rré❡ ❛♥t✐♣r✐s♠❡✱ s❡✉❧s ❧❡s t❡r♠❡s q = 0 s♦♥t ♥♦♥ ♥✉❧s✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱
❧✬❍❛♠✐❧t♦♥✐❡♥ ❞❡ ❝❤❛♠♣ ❞❡ ❧✐❣❛♥❞ ❝♦♠♠✉t❡ ❛✈❡❝ Sz✳

❈♦✉♣❧❛❣❡ ❡♥tr❡ ❞❡✉① s♣✐♥s

❙✉♣♣♦s♦♥s ♠❛✐♥t❡♥❛♥t q✉❡ ❧✬✐♦♥ ♣♦rt❛♥t ❧❡ s♣✐♥ S1 s♦✐t ❝♦✉♣❧é à ✉♥ ❛✉tr❡ s♣✐♥ S2✳ ■❧ ❡st ❛❧♦rs
♥é❝❡ss❛✐r❡ ❞❡ ❞é✈❡❧♦♣♣❡r ❧❡ ♣r♦❜❧è♠❡ ❞❛♥s ✉♥❡ ♥♦✉✈❡❧❧❡ ❜❛s❡ ✿ ❝❡❧❧❡ ❞❡s ét❛ts |S1,ms1;S2,ms2〉✳
▲✬❍❛♠✐❧t♦♥✐❡♥ s✬é❝r✐t ❛❧♦rs ✿

H = jS̃1S̃2 = jxS̃x1S̃x2 + jyS̃y1S̃y2 + jzS̃z1S̃z2 ✭✶✳✽✮

♦ù ❥ ❡st ❧❛ ❝♦♥st❛♥t❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s s♣✐♥s S1 ❡t S2✱ ❡t ❧❡s ♦♣ér❛t❡✉rs t✐❧❞❡s s♦♥t ❞é✜♥✐s
❝♦♠♠❡ ✿

S̃x1 = Sx1 ⊗ I2 ✭✶✳✾✮

S̃x2 = I1 ⊗ Sx2 ✭✶✳✶✵✮

♦ù Sxi ❡t Ii s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✿ ❧✬ ♦♣ér❛t❡✉r Sx ❡t ❧✬♦♣ér❛t❡✉r ✐❞❡♥t✐té ❞❛♥s ❧❛ ❜❛s❡ ❞❡s |Si,msi〉
❡t ⊗ ❞é✜♥✐t✱ q✉❛♥t à ❧✉✐✱ ❧❡ ♣r♦❞✉✐t ❞❡ ❑r♦♥❡❝❦❡r✳



✶✷ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

Champ magnétique

E
n

er
g

ie

|S, ms'>

|S, ms'> |S, ms>

|S, ms>

|ψ->

|ψ+>

Δ

❋✐❣✉r❡ ✶✳✶ ✕ ❆♥t✐✲❝r♦✐s❡♠❡♥t ❡t é❝❛rt t✉♥♥❡❧✳ ▲❛ ré♣✉❧s✐♦♥ ❞❡s ♥✐✈❡❛✉① à ❧✬✐♥t❡rs❡❝t✐♦♥ ❞❡s ét❛ts
|S,ms〉 ❡t |S,m′

s〉✱ ❢♦r♠❡ ❞❡✉① ét❛ts ❞❡ s✉♣❡r♣♦s✐t✐♦♥ |ψ+〉 ❡t |ψ−〉✳ ▲✬é❝❛rt é♥❡r❣ét✐q✉❡✱ ∆✱ ❡♥tr❡ ❝❡s
❞❡✉① ét❛ts ❞é✜♥✐t ❧✬é❝❛rt t✉♥♥❡❧✳

✶✳✶✳✷ ❊✛❡t t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❡t ♣r♦❜❛❜✐❧✐té ▲❛♥❞❛✉✲❩❡♥❡r

◆♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧♦rsq✉❡ ❧❛ ♣❛rt✐❡ tr❛♥s✈❡rs❡ ❞❡ ❧✬❍❛♠✐❧t♦♥✐❡♥ ❞❡ s♣✐♥ ❡st ♥✉❧❧❡✱ ❧❡s ét❛ts
♣r♦♣r❡s s♦♥t ❧❡s |S,ms〉✳ ❈❡ s♦♥t ❞❡s ét❛ts st❛t✐♦♥♥❛✐r❡s ❞✉ s②stè♠❡ ❡t ❧✬❛✐♠❛♥t❛t✐♦♥ ♥❡ ♣❡✉t
❞♦♥❝ ♣❛s ② é✈♦❧✉❡r✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s ♦ù ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬❍❛♠✐❧t♦♥✐❡♥ ♥❡ ❝♦♠♠✉t❡ ♣❛s
❛✈❡❝ Sz✱ ❧❛ st❛t✐♦♥♥❛r✐té ❞❡s ét❛ts |S,ms〉 ❡st ❜r✐sé❡ ❡t ❧❡s ❢♦♥❝t✐♦♥s ♣r♦♣r❡s s♦♥t ❞❡s ♠é❧❛♥❣❡s
❞❡s ét❛ts |S,ms〉✳
❉❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✱ ❧❡s t❡r♠❡s tr❛♥s✈❡rs❡s s♦♥t ❞❡ ❢❛✐❜❧❡ ❛♠♣❧✐t✉❞❡ ❡t
❧✬♦♥ ♣❡✉t ❝♦♥s✐❞ér❡r ❧❡s ét❛ts |S,ms〉 ❝♦♠♠❡ ét❛ts ♣r♦♣r❡s ❞✉ s②stè♠❡✱ ❡①❝❡♣té ❧♦rsq✉❡ ❧✬♦♥ s❡
r❛♣♣r♦❝❤❡ ❞❡s ♣♦✐♥ts ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡✳ ➚ ❝❡s ❡♥❞r♦✐ts✱ ❧❡ ♠é❧❛♥❣❡ ❝ré❡ ✉♥❡ ré♣✉❧s✐♦♥ ❡♥tr❡ ❧❡s
♥✐✈❡❛✉①✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ s✐ ❧✬♦♥ tr❛❝❡ ❧❡s é♥❡r❣✐❡s ♣r♦♣r❡s s✉r ✉♥ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥✱✈♦✐r
✜❣✉r❡ ❇✳✶✱ ♦♥ ♦❜s❡r✈❡ ✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t à ❧✬✐♥t❡rs❡❝t✐♦♥ ❡♥tr❡ ❧❡s é♥❡r❣✐❡s ❞❡s ét❛ts |S,ms〉 ❡t
|S,m′

s〉✳ ❖♥ ♣❡✉t ❛❧♦rs ❞é✜♥✐r ❧❡s ét❛ts ♣r♦♣r❡s à ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t ❝♦♠♠❡ |ψ+〉 = 1√
2
(|S,ms〉+

|S,m′
s〉) ❡t |ψ−〉 = 1√

2
(|S,ms〉 − |S,m′

s〉)✳ ❖♥ ❞é✜♥✐t ❛✉ss✐ ❧✬é❝❛rt t✉♥♥❡❧✱ ∆✱ ❝♦♠♠❡ ét❛♥t ❧❛

❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ♣r♦♣r❡ ❡♥tr❡ ❝❡s ❞❡✉① ét❛ts✳
▲❛ ❝♦♥❞✐t✐♦♥ ♥é❝❡ss❛✐r❡ à ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t t✐❡♥t ❞❛♥s ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ t❡r♠❡
tr❛♥s✈❡rs❡ q✉✐ ❝♦✉♣❧❡ ❧❡s ét❛ts ms ❡t m′

s ❀ ♣❛r ❡①❡♠♣❧❡✱ s✐ ms−m′
s = ±2✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❛✈♦✐r

✉♥ t❡r♠❡ ❞❡ t②♣❡ S2
+ ♦✉ S2

−✳ ❉❛♥s ❧❡ ❝❛s ❝♦♥tr❛✐r❡✱ ✐❧ ♥✬② ❛ ♣❛s ❞❡ ❝♦✉♣❧❛❣❡ ❡t ✐❧ ② ❛ ❝r♦✐s❡♠❡♥t
❞❡s ♥✐✈❡❛✉①✳
▲♦rsq✉❡ ❧✬♦♥ ❜❛❧❛✐❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t q✉❡ ❧✬♦♥ ♣❛ss❡ à tr❛✈❡rs ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t ❞❡✉①
♣♦ss✐❜✐❧✐tés s✬♦✛r❡♥t à ♥♦✉s ✿ s♦✐t ❧✬♦♥ ♣❛ss❡ très ✧✈✐t❡✧ ❡t ❧❡ ♠é❧❛♥❣❡ ♥✬❛ ♣❛s ❧❡ t❡♠♣s ❞✬♦♣ér❡r✱
♦♥ s❡ r❡tr♦✉✈❡ ❛❧♦rs ❞❛♥s ❧❡ ♠ê♠❡ ét❛t |S,ms〉 q✉✬❛✉ ❞é♣❛rt✱ s♦✐t ♦♥ ♣❛ss❡ ❞❡ ♠❛♥✐èr❡ ❛❞✐❛❜❛t✐q✉❡
❡t ♦♥ tr❛♥s✐t❡ ❞❡ ❧✬ét❛t |S,ms〉 à |S,m′

s〉✱ ❝✬❡st ❝❡ q✉✬♦♥ ❛♣♣❡❧❧❡ ❧✬❡✛❡t t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥✳
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Mn III

Mn IV O

C

❋✐❣✉r❡ ✶✳✷ ✕ ▼♥12✳ ▲❡s ♠❛♥❣❛♥ès❡s ❞❛♥s ❧✬ét❛t ❞✬♦①②❞❛t✐♦♥ ✰■■■ ✭S = 2✮ ❝♦✉♣❧❡♥t ❞❡ ♠❛♥✐èr❡
❛♥t✐❢❡rr♦♠❛❣♥ét✐q✉❡ ❛✈❡❝ ❧❡s ❛t♦♠❡s ❞❛♥s ❧✬ét❛t ❞✬♦①②❞❛t✐♦♥ ✰■❱ ✭S = 3/2✮✳ ▲❡ s♣✐♥ t♦t❛❧ ✈❛✉t ❞♦♥❝
S = 8 ∗ 2− 3/2 ∗ 4 = 10✳

▲❛ ♣r♦❜❛❜✐❧✐té ❞❡ ♣r♦❝é❞❡r à ✉♥ ❡✛❡t t✉♥♥❡❧ ❡st ré❣✐❡ ♣❛r ❧❛ t❤é♦r✐❡ ❞❡ ▲❛♥❞❛✉✲❩❡♥❡r✳ ❊♥ ✶✾✸✷✱
▲❛♥❞❛✉ ❡t ❩❡♥❡r tr❛✐t❡♥t ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡ à ❞❡✉① ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞♦♥t ❧❛ ♣♦s✐t✐♦♥ r❡❧❛t✐✈❡
✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥ ♣❛r❛♠ètr❡ ❡①tér✐❡✉r ❬✷✼❪✳ ■❧s ♠♦♥tr❡♥t ❛❧♦rs q✉❡ ❧♦rsq✉❡ ❧❡s ❞❡✉① ét❛ts s❡
❝♦✉♣❧❡♥t✱ ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬✉♥ ❡✛❡t t✉♥♥❡❧ à ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t ❡st ❞❡ ❧❛ ❢♦r♠❡ ✿

P = 1− exp

(

−α ∆2

dh/dt

)

✭✶✳✶✶✮

♦✉ α ❡st ✉♥ ❝♦❡✣❝✐❡♥t q✉✐ ❞é♣❡♥❞ ❞✉ s②stè♠❡ ❝♦♥s✐❞éré✱ ∆ ❧✬é❝❛rt t✉♥♥❡❧ ❡t ❤ ❧❡ ♣❛r❛♠ètr❡
❡①tér✐❡✉r q✉✐ ✈❛r✐❡✳ ❖♥ ❝♦♥st❛t❡ q✉❡ s✐ ❧❛ ✈❛r✐❛t✐♦♥ ❡st ✐♥✜♥✐♠❡♥t ❧❡♥t❡✱ ❧❛ ♣r♦❜❛❜✐❧✐té t❡♥❞ ✈❡rs
✶ ❡t q✉✬❛✉ ❝♦♥tr❛✐r❡ s✐ ❡❧❧❡ ❡st ✐♥✜♥✐♠❡♥t r❛♣✐❞❡✱ ❧❛ ♣r♦❜❛❜✐❧✐té t❡♥❞ ✈❡rs ✵✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥
❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥✱ ❧❡ ♣❛r❛♠ètr❡ ❡①tér✐❡✉r ❡st ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
◆♦✉s ❛❧❧♦♥s t❡♥t❡r ♣❛r ❧❛ s✉✐t❡ ❞✬✐❧❧✉str❡r ❝❡s ♥♦t✐♦♥s t❤é♦r✐q✉❡s ♣❛r ❧❡s ❡①❡♠♣❧❡s ❝♦♥❝r❡ts q✉❡
s♦♥t ▼♥12 ❡t ❚❜P❝2✳

✶✳✷ ▲✬❛r❝❤ét②♣❡ ♣♦❧②♥✉❝❧é❛✐r❡ ▼♥ 12

■❧ s✬❛❣✐t ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ ❞✬✐❧❧✉str❡r ❧❡s é❧é♠❡♥ts t❤é♦r✐q✉❡s q✉❡ ♥♦✉s ❛✈♦♥s ✐♥tr♦❞✉✐ts à
❧✬❛✐❞❡ ❞✬✉♥ ❡①❡♠♣❧❡ t②♣✐q✉❡ ✿ ▼♥12✳ ■❧ ❡st ❝♦♥s✐❞éré ❝♦♠♠❡ ❧✬❛r❝❤ét②♣❡ ❞❡s ❛✐♠❛♥ts à ♠♦❧é❝✉❧❡
✉♥✐q✉❡✳ ■❧ ❢✉t ❡♥ ❡✛❡t ❧❡ ♣r❡♠✐❡r à ♣rés❡♥t❡r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡ q✉✐ ❞❡✈✐❡♥❞r❛ ♣❛r ❧❛ s✉✐t❡
❧❡s ❙▼▼s ❬✷✽❪✳
❖♥ ♣❡✉t ❞é✜♥✐r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s q✉❡ ❞♦✐t ♣♦ssé❞❡r ✉♥❡ ♠♦❧é❝✉❧❡ ♣♦✉r r❡♥tr❡r ❞❛♥s ❧❛ ❝❧❛ss❡
très ❢❡r♠é❡ ❞❡s ❙▼▼s ❝♦♠♠❡ ✿

✕ ✉♥ s♣✐♥ ❞❡ ✈❛❧❡✉r S ≥ 1 ❞❛♥s ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧✱



✶✹ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

✕ ✉♥ ❡✛❡t ❞✉ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ✭♦✉ ❛♥✐s♦tr♦♣✐❡✮ s✉✣s❛♠♠❡♥t ❢♦rt ♣♦✉r sé♣❛r❡r ❧❡s ❞✐✛ér❡♥ts
ms ❞❡ q✉❡❧q✉❡s ❦❡❧✈✐♥s✱

✕ ✉♥❡ ❛♥✐s♦tr♦♣✐❡ tr❛♥s✈❡rs❡ ❢❛✐❜❧❡✱
✕ ❞❡s ✐♥t❡r❛❝t✐♦♥s ✐♥t❡r✲♠♦❧é❝✉❧❛✐r❡s ♥é❣❧✐❣❡❛❜❧❡s ❞❡✈❛♥t ❧❡ ♠❛❣♥ét✐s♠❡ ✐♥t❡r♥❡✳

✶✳✷✳✶ ❙tr✉❝t✉r❡ ❞❡ ▼♥12 ❡t ❛♣♣r♦①✐♠❛t✐♦♥ ❞✉ s♣✐♥ ❣é❛♥t

▲❛ str✉❝t✉r❡ ❞❡ ▼♥12 ❡st ♣rés❡♥té❡ à ❧❛ ✜❣✉r❡ ✶✳✷✳ ▼♥12 ❡st ❝♦♠♣♦sé✱ ❝♦♠♠❡ s♦♥ ♥♦♠
❧✬✐♥❞✐q✉❡✱ ❞❡ ✶✷ ♠❛♥❣❛♥ès❡s✱ ✽ ❞❛♥s ❧✬ét❛t ❞✬♦①②❞❛t✐♦♥ ✰■■■ ✭❙❂✷✮ q✉✐ ❝♦✉♣❧❡♥t ❞❡ ♠❛♥✐èr❡
❛♥t✐❢❡rr♦♠❛❣♥ét✐q✉❡ ❛✈❡❝ ❧❡s ✹ r❡st❛♥ts ❞❛♥s ❧✬ét❛t ❞✬♦①②❞❛t✐♦♥ ✰■❱ ✭❙❂✸✴✷✮✳ ■❧ s❡r❛✐t ❞✐✣❝✐❧❡
❞❡ ❝♦♥s✐❞ér❡r ❝❤❛q✉❡ ✐♦♥ ❡t ❞❡ ❞✐❛❣♦♥❛❧✐s❡r ❧✬❍❛♠✐❧t♦♥✐❡♥ ❝♦rr❡s♣♦♥❞❛♥t à ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s
♣✉✐sq✉❡ ❧✬❡s♣❛❝❡ ❞❡ ❍✐❧❜❡rt s❡r❛✐t ❞❛♥s ❝❡ ❝❛s ❞❡ ❞✐♠❡♥s✐♦♥ 108✳
▲✬❛♣♣r♦①✐♠❛t✐♦♥ ❞✉ s♣✐♥ ❣é❛♥t ♥♦✉s ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ❝❡t ♦❜❥❡t ❞❛♥s ✉♥ ❡s♣❛❝❡ ❞❡ ❢❛✐❜❧❡
❞✐♠❡♥s✐♦♥✳ ❊❧❧❡ ❝♦♥s✐st❡ à ❝♦♥s✐❞ér❡r ❧❡s ✶✷ s♣✐♥s ❝♦♠♠❡ ✉♥ s❡✉❧ ❡t ✉♥✐q✉❡ s♣✐♥✳ ❈❡tt❡ ❛♣♣r♦①✐✲
♠❛t✐♦♥ ❡st ❥✉st✐✜é❡ ❧♦rsq✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ▼♥ ❡st ❜✐❡♥ ♣❧✉s ❣r❛♥❞❡
q✉❡ ❧❛ t❡♠♣ér❛t✉r❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ▼♥12✱ ♦♥ ♦❜t✐❡♥t ✉♥ s♣✐♥ ❣é❛♥t ❞❛♥s ❧❡ ❢♦♥❞❛♠❡♥t❛❧ S = 10

✭8 ∗ 2− 4 ∗ 3/2✮✳ ❈❡t ét❛t ❢♦♥❞❛♠❡♥t❛❧ ♣❡✉t êtr❡ ❞é❝r✐t ❞❛♥s ❧❛ ❜❛s❡ ❞❡s |S = 10,ms〉 q✉✐ ❢♦r♠❡
✉♥ ❡s♣❛❝❡ ❞❡ ❞✐♠❡♥s✐♦♥ ✷✶ s❡✉❧❡♠❡♥t✳
▲❛ ❝❤✐♠✐❡ ♦r❣❛♥✐q✉❡ ♦✛r❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ♠♦❞✐✜❡r ❧❡s ❞✐✛ér❡♥ts ❧✐❣❛♥❞s ❞✉ ❝♦♠♣❧❡①❡✱ ✐♠♣❛❝t❛♥t
❧é❣èr❡♠❡♥t ❧❛ s②♠étr✐❡ ❧♦❝❛❧❡ ❡t ❞♦♥❝ ❧❡ ❝❤❛♠♣ ❞❡ ❧✐❣❛♥❞ ❬✷✾❪✳ ■❧ ❡st ❛❧♦rs ♣♦ss✐❜❧❡ ❞❡ ♠♦❞✐✜❡r ❧❛
❜❛rr✐èr❡ ❞✬❛♥✐s♦tr♦♣✐❡ q✉✐ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❡t ❧❡
♣❧✉s ❤❛✉t ❡①❝✐té✳ ❉❛♥s ❧❡ ❝❛s ❞❡ Mn12✱ ❝❡tt❡ ❜❛rr✐èr❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡
ms = ±10 ❡t ms = 0✱ ❞♦♥t ♦♥ ♣❡✉t ❞ét❡r♠✐♥❡r ❧❛ ❤❛✉t❡✉r ♣❛r ❞✐❛❣♦♥❛❧✐s❛t✐♦♥ ❞❡ ❧✬❍❛♠✐❧t♦♥✐❡♥
s✉✐✈❛♥t ✿

HMn12
= DS2

z +BS4

z + C(S4

+ + S4

−) + gµ0µB❙✳❍ ✭✶✳✶✷✮

▲❡s ❞❡✉① ♣r❡♠✐❡rs t❡r♠❡s r❡♣rés❡♥t❡♥t ❧✬❛♥✐s♦tr♦♣✐❡ ✉♥✐✲❛①✐❛❧❡✱ ❧❡ tr♦✐s✐è♠❡ r❡♣rés❡♥t❡ ❧✬❛♥✐✲
s♦tr♦♣✐❡ tr❛♥s✈❡rs❡✱ ❡t ❧❡ ❞❡r♥✐❡r ❡st ❧❡ t❡r♠❡ ❩❡❡♠❛♥✳ ▲❛ s②♠étr✐❡ tétr❛❣♦♥❛❧❡ ❞❡ ❧✬❛❣ré❣❛t
✐♠♣❧✐q✉❡ q✉❡ ❧❡ ♣r❡♠✐❡r t❡r♠❡ tr❛♥s✈❡rs❡ ♥♦♥✲♥✉❧ ❡st ❝❡❧✉✐ ❞✬♦r❞r❡ ✹ ❬✸✵❪✳
❖♥ ❞✐❛❣♦♥❛❧✐s❡ ♥✉♠ér✐q✉❡♠❡♥t HMn12

❛✈❡❝ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛♣♣❧✐q✉é s❡❧♦♥ ③ ❡t D =

0.563❑✱ B = 1.2♠❑ ❡t C = 3.10−5❑✱ ♦♥ ♦❜t✐❡♥t ❧❡ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❞❡ ❧❛ ✜❣✉r❡ ✶✳✸✭❛✮✳ ▲❛
❤❛✉t❡✉r ❞❡ ❧❛ ❜❛rr✐èr❡ ❡st ❞♦♥❝ ❞✬❡♥✈✐r♦♥ 60❑✳

✶✳✷✳✷ ❈♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥ ♠✐❝r♦❝r✐st❛❧ ❞❡ ▼♥ 12

❖♥ ♣❡✉t ✈ér✐✜❡r q✉❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞✉ s♣✐♥ ❣é❛♥t ❡st ✈❛❧❛❜❧❡ à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❡♥
❝♦♠♣❛r❛♥t ❛✈❡❝ ❧❡s ♠❡s✉r❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ♣rés❡♥té❡s à ❧❛ ✜❣✉r❡ ✶✳✸✱ ré❛❧✐sé❡s ♣❛r ❲❡r♥s❞♦r❢❡r ❡t
❛❧✳ ❬✸✶❪✱ ❡♥ ♣❧❛ç❛♥t ✉♥ ♠✐❝r♦❝r✐st❛❧ ❞❡ ▼♥12t❇✉❆❝ s✉r ✉♥❡ ❝r♦✐① ❞❡ ❍❛❧❧✳ ▲❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡st ♣♦s✐t✐♦♥♥é à −5❚ ♣✉✐s ❧❡ ❝❤❛♠♣ ❡st ❛✉❣♠❡♥té ❥✉sq✉✬à +5❚✳ ▲❛ ❝r♦✐① ❞❡ ❍❛❧❧ ♣❡r♠❡t
❞✬❛❝❝é❞❡r à ❧✬❛✐♠❛♥t❛t✐♦♥ ❞✉ ❝r✐st❛❧✱ q✉✐ ❞♦♥♥❡ ❞✐r❡❝t❡♠❡♥t ❧❛ ♠❡s✉r❡ ❞❡s ét❛ts ❞❡ s♣✐♥ ❞❡s
♠♦❧é❝✉❧❡s✳ ❆✐♥s✐✱ ❝❤❛q✉❡ ♠❛r❝❤❡ ❞❛♥s ❧❛ ❝♦✉r❜❡ ❞✬❛✐♠❛♥t❛t✐♦♥ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❢r❛❝t✐♦♥ ❞✉



✶✳✷✳ ▲✬❛r❝❤ét②♣❡ ♣♦❧②♥✉❝❧é❛✐r❡ ▼♥12 ✶✺
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❋✐❣✉r❡ ✶✳✸ ✕❈♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ❡t ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥✳ ✭❛✮ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ♦❜t❡♥✉ ♣❛r
❞✐❛❣♦♥❛❧✐s❛t✐♦♥ ❞❡ HMn12

❡♥ ✉t✐❧✐s❛♥t ❧❡s ♣❛r❛♠ètr❡s D = 0.563❑✱ B = 1.2♠❑ ❡t C = 3.10−5❑✳ ✭❜✮
❈♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥s ♠❡s✉ré❡s ♣❛r ❝r♦✐① ❞❡ ❍❛❧❧ s✉r ✉♥ ♠✐❝r♦❝r✐st❛❧ ❞❡ ▼♥12t❇✉❆❝ ♣♦✉r ❞✐✛ér❡♥t❡s
t❡♠♣ér❛t✉r❡s à ❧❛ ✈✐t❡ss❡ ❞❡ 2♠❚✳s−1✳ ▲❡s ❞✐✛ér❡♥t❡s ♠❛r❝❤❡s ❞❛♥s ❧❡s ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ✐♥❢♦r♠❡♥t
s✉r ❧❡s ♣♦s✐t✐♦♥s ❞❡s ❞✐✛ér❡♥ts ❛♥t✐✲❝r♦✐s❡♠❡♥ts ❞✉ ❞✐❛❣r❛♠♠❡✳ ❆❞❛♣té ❞❡ ❬✸✶❪✳



✶✻ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

❈r♦✐s❡♠❡♥t
✲✶✵✴

✰✶✵ ✰✾ ✰✽ ✰✼ ✰✻ ✰✺ ✰✹ ✰✸ ✰✷ ✰✶ ✵

é❝❛rt t✉♥✲
♥❡❧✭❑✮

1.4 10−11 ✵ ✵ ✵ 5.4 10−8 ✵ ✵ ✵ 1.3 10−5 ✵ ✵

❚❛❜❧❡ ✶✳✶ ✕ ❱❛❧❡✉rs ❞❡s é❝❛rt t✉♥♥❡❧s ❡♥tr❡ ❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❡t ❧❡s ét❛ts ❡①❝✐tés ❝❛❧❝✉❧és ♣❛r ❞✐❛❣♦♥❛❧✐✲
s❛t✐♦♥ ❞❡ HMn12✳

❝r✐st❛❧ q✉✐ s❡ r❡t♦✉r♥❡ ♣❛r ❡✛❡t t✉♥♥❡❧✱ ❞♦♥♥❛♥t ✉♥❡ ❧❡❝t✉r❡ ❞✐r❡❝t❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ❛♥t✐✲
❝r♦✐s❡♠❡♥ts✳

❊✛❡t t✉♥♥❡❧ s✉r ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧

▲❛ ♠❡s✉r❡ ré❛❧✐sé❡ à très ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✭100♠❑✮ ♣❡r♠❡t ❞❡ ✈✐s✉❛❧✐s❡r ❧✬❡✛❡t t✉♥♥❡❧
❡♥tr❡ ❧❡ ♥✐✈❡❛✉ |S = 10,ms = −10〉✱ ❢♦♥❞❛♠❡♥t❛❧ à ❝❤❛♠♣ ♥✉❧✱ ❡t ❧❡s ❞✐✛ér❡♥ts ét❛ts ❡①❝✐tés✳
▲❛ ♣♦s✐t✐♦♥ ❞❡s ❛♥t✐✲❝r♦✐s❡♠❡♥ts ❡st ❡♥ ♣❛r❢❛✐t ❛❝❝♦r❞ ❛✈❡❝ ❧❡ ♠♦❞è❧❡✳ ❈❡♣❡♥❞❛♥t✱ ♦♥ ❝♦♥st❛t❡
q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ❡✛❡ts t✉♥♥❡❧s✱ ❞♦♥♥é❡ ♣❛r ❧❡ ❝❛❧❝✉❧✱ ♥❡ ❝♦ï♥❝✐❞❡ ♣❛s ❛✈❡❝ ❧❡s tr❛♥s✐t✐♦♥s✳
▲✬❛♠♣❧✐t✉❞❡ t❤é♦r✐q✉❡ ❞❡s é❝❛rts t✉♥♥❡❧s ♠♦♥tr❡ q✉❡ s❡✉❧ ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t ms = −10✴ms = 2

❡st s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t ♣♦✉r ♣❡r♠❡ttr❡ ✉♥ ❡✛❡t t✉♥♥❡❧ ❛✉① ✈✐t❡ss❡s ❞❡ ❜❛❧❛②❛❣❡ ❛❝❝❡ss✐❜❧❡s✱
✈♦✐r ❧❛ t❛❜❧❡ ✶✳✶✳ ❊♥ ❡✛❡t✱ ❧✬❍❛♠✐❧t♦♥✐❡♥ tr❛♥s✈❡rs❡ ❝♦♥t✐❡♥t ❧❡s t❡r♠❡s S4

+ ❡t S4
− q✉✐ ❝♦✉♣❧❡♥t

ms = −10 ❛✈❡❝ ms = −6✱ ms = −2✱ ms = +2✱ ms = +6 ❡t ms = +10 ♣❛r ♦r❞r❡ ❞✬é❝❛rt t✉♥♥❡❧
❞é❝r♦✐ss❛♥t✳
❈♦♠♠❡♥t ❡①♣❧✐q✉❡r q✉❡ ❞✬❛✉tr❡s ❝r♦✐s❡♠❡♥ts s♦♥t ♦✉✈❡rts ❄ ❚♦✉t ❞✬❛❜♦r❞✱ ♦♥ ♣❡✉t ♣❡♥s❡r ❛✉
♠és❛❧✐❣♥❡♠❡♥t ❡♥tr❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t ❧✬❛①❡ ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❝❤❛q✉❡ ♠♦❧é❝✉❧❡✱ ❝❛r
❧♦❝❛❧❡♠❡♥t✱ ❧❡s ♠♦❧é❝✉❧❡s ♣❡✉✈❡♥t ❛✈♦✐r ✉♥ ❛①❡ ❢❛❝✐❧❡ ❧é❣èr❡♠❡♥t ❞✐✛ér❡♥t ❞❡ ❝❡❧✉✐ ❞✉ ❝r✐st❛❧ ✳ ■❧
❡♥ rés✉❧t❡ ✉♥❡ ❝♦♠♣♦s❛♥t❡ tr❛♥s✈❡rs❡ ❞✉ ❝❤❛♠♣ q✉✐ ❛❥♦✉t❡ ❞❡s t❡r♠❡s S+ ❡t S− à ❧✬❍❛♠✐❧t♦♥✐❡♥✳
❊♥s✉✐t❡✱ ✉♥❡ ♠♦❧é❝✉❧❡ ♠❛❧ ♦r✐❡♥té❡ ❛✉ s❡✐♥ ❞✉ ❝r✐st❛❧ s✉❜✐t ✉♥❡ ❞é❢♦r♠❛t✐♦♥ q✉✐ ❜r✐s❡ ❧❛ s②♠étr✐❡
tétr❛❣♦♥❛❧❡ ✐♥✐t✐❛❧❡ ❬✸✷❪✱ ❛❥♦✉t❛♥t ✉♥ t❡r♠❡ ❞✉ t②♣❡ E(S2

x+S
2
y)✳ ❯♥❡ ❛✉tr❡ ❡①♣❧✐❝❛t✐♦♥ ♣❡✉t êtr❡

❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ✐♥t❡r♥❡ ❛✉ ❝r✐st❛❧✱ ❝réé ♣❛r ❧❡ ❝❤❛♠♣ ❞✐♣♦❧❛✐r❡ ✐♥t❡r♠♦❧é❝✉❧❛✐r❡
❬✸✸❪✳

❊✛❡ts t✉♥♥❡❧s ❛ss✐stés✴❛❝t✐✈és t❤❡r♠✐q✉❡♠❡♥t

▲♦rsq✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ s②stè♠❡ ❛✉❣♠❡♥t❡✱ ❧✬❛❜s♦r♣t✐♦♥ ❞❡ ♣❤♦♥♦♥s ♣❡r♠❡t ❞❡ ♣❡✉♣❧❡r
❧❡s ♥✐✈❡❛✉① ❡①❝✐tés✱ ♦✉✈r❛♥t ❧✬❛❝❝ès à ❞❡ ♥♦✉✈❡❛✉① ❛♥t✐✲❝r♦✐s❡♠❡♥ts✳ ❉❡ ♥♦✉✈❡❧❧❡s ♠❛r❝❤❡s s✉r
❧❛ ❝♦✉r❜❡ ❞✬❛✐♠❛♥t❛t✐♦♥ ❛♣♣❛r❛✐ss❡♥t ❛❧♦rs✱ ✈♦✐r ✜❣✉r❡ ✶✳✸✭❜✮✳ ❙✐ ❧❛ t❡♠♣ér❛t✉r❡ ❝♦♥t✐♥✉❡ ❞✬❛✉❣✲
♠❡♥t❡r✱ ♦♥ ♣❡✉t ❛tt❡✐♥❞r❡ ✉♥ ❞❡r♥✐❡r ré❣✐♠❡ ❛♣♣❡❧é ❡✛❡t t✉♥♥❡❧ ❛❝t✐✈é✳ ▲❡s ♣❤♦♥♦♥s ♣❡r♠❡tt❡♥t
❞❡ ♣❡✉♣❧❡r ❧❡s ét❛ts ❧❡s ♣❧✉s ❤❛✉ts✱ q✉✐ s♦♥t ❝♦♠♣♦sés ❞❡ ♠é❧❛♥❣❡s ✐♠♣♦rt❛♥ts ❡t ❧❛ ♣r♦❜❛❜✐❧✐té
t✉♥♥❡❧ ❡♥tr❡ ❞❡✉① ❞❡ ❝❡s ét❛ts ✈❛✉t ✶✳ ▲❛ ✜❣✉r❡ ✶✳✹ rés✉♠❡ ❧❡s ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s ❞✬❡✛❡t
t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥✳



✶✳✸✳ ▲❡ ❚❡r❜✐✉♠ ❉♦✉❜❧❡ ❉❡❝❦❡r ✶✼
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❋✐❣✉r❡ ✶✳✹ ✕ ❙❝❤é♠❛ é♥❡r❣ét✐q✉❡ ❞❡ ❧❛ ❜❛rr✐èr❡ ❞✬❛♥✐s♦tr♦♣✐❡ à ❝❤❛♠♣ ♥✉❧✳ ▲✬é♥❡r❣✐❡ ❝♦r✲
r❡s♣♦♥❞❛♥t ❛✉① ❞✐✛ér❡♥ts ét❛ts ms ❡st ♦❜t❡♥✉❡ ♣❛r ❞✐❛❣♦♥❛❧✐s❛t✐♦♥ ❞❡ HMn12

✳ ▲❡s tr♦✐s ♠é❝❛♥✐s♠❡s
❞✬❡✛❡t t✉♥♥❡❧ s♦♥t r❡♣rés❡♥tés✳ ▲❡ ♣r❡♠✐❡r ❛ ❧✐❡✉ ❡♥tr❡ ❧❡s ❞❡✉① ét❛ts ❢♦♥❞❛♠❡♥t❛✉①✳ ▲❡ s❡❝♦♥❞ ♥é❝❡s✲
s✐t❡ ❧✬❛❜s♦r♣t✐♦♥ ❞✬✉♥ ♣❤♦♥♦♥ ♣♦✉r ❛tt❡✐♥❞r❡ ✉♥ ♥✐✈❡❛✉ ❡①❝✐té ♣✉✐s ♣❛ss❡r ♣❛r ❡✛❡t t✉♥♥❡❧ à tr❛✈❡rs ❧❛
❜❛rr✐èr❡ ✈❡rs ✉♥ ❛✉tr❡ ét❛t ❡①❝✐té✳ ❊♥✜♥✱ ❧❡ tr♦✐s✐è♠❡ ❡✛❡t t✉♥♥❡❧ ❛ ❧✐❡✉ ❡♥tr❡ ♥✐✈❡❛✉① ♦ù ❧❡s ms ♥❡ s♦♥t
♣❧✉s ❞✉ t♦✉t ❞❡s ét❛ts ♣r♦♣r❡s✳

❊✈♦❧✉t✐♦♥ ❞❡ ❧✬❡✛❡t t✉♥♥❡❧ ❛✈❡❝ ❧❛ ✈✐t❡ss❡

▲❛ ✜❣✉r❡ ✶✳✺ ♣rés❡♥t❡ ❧❡s ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥ ♠✐❝r♦❝r✐st❛❧ ❞❡ ▼♥12t❇✉❆❝ ♣♦✉r ❞✐❢✲
❢ér❡♥t❡s ✈✐t❡ss❡s ❞❡ ❜❛❧❛②❛❣❡✳ ❈❡tt❡ ♠❡s✉r❡ ✐❧❧✉str❡ ♣❛r❢❛✐t❡♠❡♥t ❧❛ t❤é♦r✐❡ ❞❡ ▲❛♥❞❛✉✲❩❡♥❡r✳
❈❤❛q✉❡ ♠❛r❝❤❡ ❝♦rr❡s♣♦♥❞ à ✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t✱ ✈♦✐r ✜❣✉r❡ ✶✳✸✱ ❡t ♦♥ ❝♦♥st❛t❡ q✉❡ ♣❧✉s ❧❛
✈✐t❡ss❡ ❡st ❢❛✐❜❧❡✱ ♣❧✉s ❧❛ ❤❛✉t❡✉r ❞❡ ❝❡s ♠❛r❝❤❡s ❡st ✐♠♣♦rt❛♥t❡✳ ■❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡✱ ❝❡♣❡♥✲
❞❛♥t✱ ❞❡ ❝♦♠♣❛r❡r ❞✐r❡❝t❡♠❡♥t ❧❛ ❤❛✉t❡✉r ❞❡s ♠❛r❝❤❡s à ✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t✱ ❡❧❧❡s ❞♦✐✈❡♥t êtr❡
r❡♥♦r♠❛❧✐sé❡s ❛✜♥ ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❞❡s ♠♦❧é❝✉❧❡s q✉✐ s❡ s♦♥t ❞é❥à r❡t♦✉r♥é❡s✳

✶✳✸ ▲❡ ❚❡r❜✐✉♠ ❉♦✉❜❧❡ ❉❡❝❦❡r

▲❡s ❙▼▼s ❞é❝♦✉✈❡rts ❥✉sq✉✬❛❧♦rs s♦♥t ❢♦r♠és✱ ❡♥ ♠❛❥♦r✐té✱ ♣❛r ♣❧✉s✐❡✉rs ❝❡♥tr❡s ♠❛❣♥é✲
t✐q✉❡s q✉✐ s❡ ❝♦♠♣♦rt❡♥t à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❝♦♠♠❡ ✉♥ s♣✐♥ ✉♥✐q✉❡ ♣♦ssé❞❛♥t ✉♥❡ ❛♥✐s♦tr♦♣✐❡
❢♦rt❡♠❡♥t ✉♥✐✲❛①✐❛❧❡✳ ■❧ ❡①✐st❡ ♣❡✉ ❞❡ ❙▼▼s ❛✈❡❝ ✉♥ s❡✉❧ ♠ét❛❧ ❞❡ tr❛♥s✐t✐♦♥✱ ❝❛r ❡♥ ❣é♥ér❛❧ ❧❡s
t❡r♠❡s tr❛♥s✈❡rs❡s s♦♥t tr♦♣ ✐♠♣♦rt❛♥ts ❡t ❧✬❡✛❡t t✉♥♥❡❧ à ❝❤❛♠♣ ♥✉❧ ❝♦♥❢èr❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t
q✉❛s✐ ♣❛r❛♠❛❣♥ét✐q✉❡ à ❝❡s ❝♦♠♣♦sés✳
❊♥ r❡✈❛♥❝❤❡✱ ❞✬❛✉tr❡s é❧é♠❡♥ts ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❝♦♠♠❡ ❧❡s ❧❛♥t❤❛♥✐❞❡s ♣❡✉✈❡♥t ❞♦♥♥❡r ♥❛✐s✲
s❛♥❝❡ à ❞❡s ❙▼▼s à ✉♥ s❡✉❧ ✐♦♥ ♠❛❣♥ét✐q✉❡✳ ▲❡ ♠❛❣♥ét✐s♠❡ ❞❡ ❝❡s é❧é♠❡♥ts ❡st ♣♦rté ♣❛r ❧❡s
❝♦✉❝❤❡s ✹❢✱ ❢♦rt❡♠❡♥t ❛♥✐s♦tr♦♣❡s ❡t ❜✐❡♥ é❝r❛♥té❡s ♣❛r ❧❡s ❛✉tr❡s ❝♦✉❝❤❡s é❧❡❝tr♦♥✐q✉❡s✳ ▲❡ ♣r❡✲
♠✐❡r ❙▼▼ ❞❡ ❝❡ t②♣❡ à ❛✈♦✐r été ❞é❝♦✉✈❡rt ❡st ✉♥ ❝♦♠♣♦sé ♦r❣❛♥✐q✉❡ ❢♦r♠é à ♣❛rt✐r ❞❡ ❣r♦✉♣❡s



✶✽ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

4.03.0

µ0H (T)

5.0

M
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s 
0

1

-1

70 mT/s

35 mT/s

17 mT/s

8 mT/s

4 mT/s

2 mT/s

1 mT/s

0.5 mT/s
0.2 mT/s

❋✐❣✉r❡ ✶✳✺ ✕ ❈♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ♣♦✉r ❞✐✛ér❡♥t❡s ✈✐t❡ss❡s ❞❡ ❜❛❧❛②❛❣❡ à 100♠❑✱ ❛❞❛♣té
❞❡ ❬✸✶❪✳

♣❤t❛❧♦❝②❛♥✐♥❡s✳ ■❧ ❛ s✉s❝✐té✱ ❡t s✉s❝✐t❡✱ t♦✉❥♦✉rs ❜❡❛✉❝♦✉♣ ❞✬❡♥❣♦✉❡♠❡♥t ♣✉✐sq✉✬✐❧ ♣rés❡♥t❡ ❞❡s
t❡♠♣ér❛t✉r❡s ❞❡ ❜❧♦❝❛❣❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 50❑ ❬✸✹❪✳
❉❡ ♣❛r s❛ ❢♦r♠❡ à ❞♦✉❜❧❡ ét❛❣❡✱ ❝❡ ❝♦♠♣❧❡①❡ ❢✉t ❜❛♣t✐sé ❉♦✉❜❧❡✲❉❡❝❦❡r ❡♥ ré❢ér❡♥❝❡ ❛✉① ❛✈✐♦♥s
❜✐♣❧❛♥s ✉t✐❧✐sés ♣❡♥❞❛♥t ❧❛ ♣r❡♠✐èr❡ ❣✉❡rr❡ ♠♦♥❞✐❛❧❡✳ ❙❛ str✉❝t✉r❡ ❡st ♣rés❡♥té❡ à ❧❛ ✜❣✉r❡✶✳✻✳
P❛r ❝♦♠♠♦❞✐té ♥♦✉s ❧✬❛♣♣❡❧❧❡r♦♥s ▲♥P❝2✱ ▲♥ ♣♦✉r ❧❛♥t❤❛♥✐❞❡ ❡t P❝ ♣♦✉r ♣❤t❛❧♦❝②❛♥✐♥❡✳ ◆♦✉s
❛❧❧♦♥s ♣❛r ❧❛ s✉✐t❡ ♥♦✉s ✐♥tér❡ss❡r ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛✉ ❝❛s ♦ù ▲♥❂❚❜✳

✶✳✸✳✶ ❙tr✉❝t✉r❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❡t ❝❤❛♠♣ ❝r✐st❛❧❧✐♥

▲❡ ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡ ét❛♥t très ✐♠♣♦rt❛♥t ❞❛♥s ❧❡s t❡rr❡s✲r❛r❡s✱ L ❡t S ♥❡ s♦♥t ♣❛s ❞❡
❜♦♥s ♥♦♠❜r❡s q✉❛♥t✐q✉❡s✳ ❖♥ ✉t✐❧✐s❡ à ❧❛ ♣❧❛❝❡ ❧❡ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ t♦t❛❧ J ♣♦✉r ❞é❝r✐r❡ ❧❡
❝♦♠♣♦rt❡♠❡♥t ♠❛❣♥ét✐q✉❡ ❞❡ ❝❡s é❧é♠❡♥ts✳ ▲❛ tr♦✐s✐è♠❡ rè❣❧❡ ❞❡ ❍✉♥❞ ❡st ♣❛r❢❛✐t❡♠❡♥t ❛♣♣❧✐✲
❝❛❜❧❡ ❞❛♥s ❝❡ ❝❛s✱ ✐❞ ❡st J = L − S ♣♦✉r ❞❡s ❝♦✉❝❤❡s ♠♦✐♥s q✉✬à ❞❡♠✐✲♣❧❡✐♥❡s ❡t J = L + S

♣♦✉r ❞❡s ❝♦✉❝❤❡s ♣❧✉s q✉✬à ❞❡♠✐✲♣❧❡✐♥❡s✳ ❉❛♥s ❧❡s t❡rr❡s✲r❛r❡s✱ ❧✬é❝❛rt ❡♥tr❡ ❧❡ J ❢♦♥❞❛♠❡♥t❛❧
❡t ❧❡ ♣r❡♠✐❡r ❡①❝✐té ❡st ❞❡ q✉❡❧q✉❡s ♠✐❧❧✐❡rs ❞❡ ❦❡❧✈✐♥s✱ ♥♦✉s ❛❧❧♦♥s ❞♦♥❝ r❡str❡✐♥❞r❡ ❧✬❛♥❛❧②s❡
❛✉ ✷❏✰✶ s♦✉s ét❛t ❞✉ ♠✉❧t✐♣❧❡t ❢♦♥❞❛♠❡♥t❛❧✳
P❛r ❡①❡♠♣❧❡✱ ❞❛♥s ❧❛ ♠♦❧é❝✉❧❡ q✉✐ ♥♦✉s ✐♥tér❡ss❡✱ ❚❜P❝2✱ ❧❡ t❡r❜✐✉♠ ét❛♥t à ❧✬ét❛t ❞✬♦①②❞❛t✐♦♥
✰■■■✱ s❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❡st ❬❳❡❪ ✹❢8✳ ▲❡ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ t♦t❛❧ ❡st ❞♦♥❝ ❧❛ s♦♠♠❡ ❞❡ L
❡t S✱ s♦✐t J = 3 + 3 = 6✳ ▲❡ ❢♦rt ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡ ❞❡ ❝❡t é❧é♠❡♥t ❡♥tr❛✐♥❡ q✉❡ ❧❡ ♣r❡♠✐❡r
ét❛t ❡①❝✐té✱ ❏❂✺✱ s❡ s✐t✉❡ à 2900❑ ❬✸✺❪✳ ◆♦✉s ❛❧❧♦♥s ❞♦♥❝ ❧✐♠✐t❡r ♥♦tr❡ ét✉❞❡ ❛✉ ❢♦♥❞❛♠❡♥t❛❧
J = 6✳



✶✳✸✳ ▲❡ ❚❡r❜✐✉♠ ❉♦✉❜❧❡ ❉❡❝❦❡r ✶✾

(a) (b)

❋✐❣✉r❡ ✶✳✻ ✕ ▲❡ ❝♦♠♣❧❡①❡ ❚❜P❝2✳ ✭❛✮❱✉❡ ❞❡ ♣r♦✜❧✳ ✭❜✮ ❱✉❡ ❞❡ ❞❡ss✉s✳ ▲✬❛t♦♠❡ ❝❡♥tr❛❧ ❡♥ r♦s❡ ❡st
❧❛ t❡rr❡✲r❛r❡✱ ❡❧❧❡ ❡st ❝♦♦r❞✐♥é ♣❛r ✽ ❛t♦♠❡s ❞✬❛③♦t❡ ❡♥ ❜❧❡✉ ❝❧❛✐r✳ ▲❡s ❛t♦♠❡s ❡♥ ♥♦✐r s♦♥t ❞❡s ❝❛r❜♦♥❡s
❡t ❧❡s ❜❧❛♥❝s ❞❡s ❤②❞r♦❣è♥❡s✳

❖♥ ✜①❡ ❧✬❛①❡ ❞❡ q✉❛♥t✐✜❝❛t✐♦♥✱ ③✱ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉① P❝s✳ ❈❡s ❞❡r♥✐❡rs ♥❡ s♦♥t ♣❛s ❡♥ ✈✐s à
✈✐s ✿ ✐❧s s♦♥t ❧✬✐♠❛❣❡ ❧✬✉♥ ❞❡ ❧✬❛✉tr❡ ♣❛r ✉♥❡ ré✢❡①✐♦♥ ♠✐r♦✐r ❞❛♥s ❧❡ ♣❧❛♥ ✭①✱②✮ s✉✐✈✐❡ ❞✬✉♥❡
r♦t❛t✐♦♥ ❞❡ 45✝♣❛r r❛♣♣♦rt à ❧✬❛①❡ ③✳ ▲❡ ❚❜✱ ❝♦♦r❞✐♥é ♣❛r ✽ ❛t♦♠❡s ❞✬❛③♦t❡✱ ❡st ❞♦♥❝ ❞❛♥s ✉♥❡
❝♦♥✜❣✉r❛t✐♦♥ ❞❡ t②♣❡ ❛♥t✐♣r✐s♠❡ à ❜❛s❡ ❝❛rré❡✳ ▲✬❍❛♠✐❧t♦♥✐❡♥ ❞é❝r✐✈❛♥t ❧❡ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡
❞✉ ❧❛♥t❤❛♥✐❞❡ ❞❛♥s ✉♥❡ t❡❧❧❡ ❝♦♥✜❣✉r❛t✐♦♥ ♥✬❛❞♠❡t q✉❡ ❞❡s t❡r♠❡s ❧♦♥❣✐t✉❞✐♥❛✉① ❡t ❧❡s ét❛ts
♣r♦♣r❡s ❞✉ s②stè♠❡ s♦♥t ❧❡s ét❛ts |mJ〉✱ ✈❡❝t❡✉rs ♣r♦♣r❡s ❞❡ ❧✬♦♣ér❛t❡✉r Jz✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❛♥❣❧❡
❡♥tr❡ ❧❡s ✷ P❝s ♣❡✉t êtr❡ ❧é❣èr❡♠❡♥t ♠♦❞✐✜é ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡rr❡✲r❛r❡ q✉✐ ② ❡st ❝♦♠♣❧❡①é❡
❬✸✻❪✳ ❆✐♥s✐✱ ❧❛ s②♠étr✐❡ ❛①✐❛❧❡ ❡st ❜r✐sé❡✱ ✐♥tr♦❞✉✐s❛♥t ❞❡s t❡r♠❡s tr❛♥s✈❡rs❡s à ❧✬❍❛♠✐❧t♦♥✐❡♥ ❞❡
❝❤❛♠♣ ❝r✐st❛❧❧✐♥ q✉✐ s✬é❝r✐t ❛❧♦rs ✿

Hcf = αA0

2O
0

2 + β(A0

4O
0

4 + A4

4O
4

4) + γ(A0

6O
0

6 + A4

6O
4

6) ✭✶✳✶✸✮

♦ù α✱ β ❡t γ s♦♥t ❞❡s ❝♦♥st❛♥t❡s t❛❜✉❧é❡s ♣❛r ❙t❡✈❡♥s ❬✷✺❪ ❡t ❧❡s ♦♣ér❛t❡✉rs Oq
k s♦♥t ❧❡s ♦♣ér❛✲

t❡✉rs éq✉✐✈❛❧❡♥ts ❞❡ ❙t❡✈❡♥s ✐♥tr♦❞✉✐ts ♣ré❝é❞❡♠♠❡♥t ❡t ♣rés❡♥tés ❡♥ ❛♥♥❡①❡ ❆✳ ▲❡s ♣❛r❛♠ètr❡s
❞❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ Aq

k s♦♥t ❛❝❝❡ss✐❜❧❡s ♣❛r ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣❛r ❞❡s ♠❡s✉r❡s
❞❡ ❘▼◆ ♦✉ ❞❡ s✉s❝❡♣t✐❜✐❧✐té ♠❛❣♥ét✐q✉❡✳ ❯♥❡ ❢♦✐s ❝❡s ♣❛r❛♠ètr❡s ❝♦♥♥✉s✱ ✐❧ s✉✣t ❞❡ ❞✐❛❣♦✲
♥❛❧✐s❡r Hcf ♣♦✉r ♦❜t❡♥✐r ❧❡s s♣❡❝tr❡s ❞❡s ét❛ts |J,mJ〉✳ ▲❛ ✜❣✉r❡ ✶✳✼ ♠♦♥tr❡ ❧❡ rés✉❧t❛t ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥ ❞❡ ❧✬é❝❧❛t❡♠❡♥t ❞✉ ♠✉❧t✐♣❧❡t ❢♦♥❞❛♠❡♥t❛❧ ♣♦✉r q✉❡❧q✉❡s ▲♥P❝2✳ ▲❡s ét❛ts ♣r♦♣r❡s
❝♦rr❡s♣♦♥❞❛♥ts ♣❡✉✈❡♥t êtr❡ tr♦✉✈és à ❧❛ ré❢ér❡♥❝❡ ❬✸✼❪✳ ❖♥ ❝♦♥st❛t❡ q✉❡ ❧❡ t❡r❜✐✉♠ ♣rés❡♥t❡
❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❧❡ ♣❧✉s ✐s♦❧é ♣✉✐sq✉❡ ♣❧✉s ❞❡ 600❑ ❧❡ sé♣❛r❡♥t ❞✉ ♣r❡♠✐❡r ét❛t ❡①❝✐té✳ ❈❡t
ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❝♦rr❡s♣♦♥❞ à mJ = ±6✳ ➚ très ❜❛ss❡ t❡♠♣ér❛t✉r❡✱ ❧✬♦♥ ♣♦✉rr❛ ❞♦♥❝ ❝♦♥s✐❞ér❡r
❧❡ ♠♦♠❡♥t ❞❡ ❚❜P❝2 ❝♦♠♠❡ ✉♥ s♣✐♥ ❞❡ t②♣❡ ■s✐♥❣✳
❙✐ ❧✬♦♥ t✐❡♥t ❝♦♠♣t❡ ♠❛✐♥t❡♥❛♥t ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ♦♥ ♣❡✉t tr❛❝❡r ❧❡ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥



✷✵ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

❋✐❣✉r❡ ✶✳✼ ✕ ❉✐❛❣r❛♠♠❡ é♥❡r❣ét✐q✉❡ ❞❡ ❧✬é❝❧❛t❡♠❡♥t ❞✉ ❢♦♥❞❛♠❡♥t❛❧ ♣♦✉r q✉❡❧q✉❡s ❧❛♥✲
t❤❛♥✐❞❡s✳ ❊①tr❛✐t ❞❡ ❬✸✼❪✳

♣❛r❛♠ètr❡s α β γ A0
2 A0

4 A0
6 A4

4 A4
6

✈❛❧❡✉r −1/99 2/16335 −1/891891 595.7❑ −328.1❑ 47.5❑ 14.4❑ 0❑

❚❛❜❧❡ ✶✳✷ ✕ P❛r❛♠ètr❡s ❞❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❞❡ ❧✬❍❛♠✐❧t♦♥✐❡♥ Hcf ✳ ❊①tr❛✐t ❞❡ ❬✸✽❪✳

❞❡ ❚❜P❝2✳ ▲✬❍❛♠✐❧t♦♥✐❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s✉✐✈❛♥t ③ s✬é❝r✐t s♦✉s ❧❛ ❢♦r♠❡
s✉✐✈❛♥t❡ ✿

HTbPc2 = Hcf + gµ0µBJzHz ✭✶✳✶✹✮

♦ù g = 3/2 ❞❛♥s ❧❡ ❝❛s ❞✉ t❡r❜✐✉♠✳ ❊♥ ✉t✐❧✐s❛♥t ❧❡s ♣❛r❛♠ètr❡s ❞❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❡①tr❛✐ts ❬✸✽❪
❡t r❛♣♣❡❧és à ❧❛ t❛❜❧❡ ❆✳✶✱ ♦♥ ♦❜t✐❡♥t ❧❡ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❞❡ ❧❛ ✜❣✉r❡ ✶✳✽✭❛✮✳ ❖♥ r❡tr♦✉✈❡ ❧❛
♠ê♠❡ sé♣❛r❛t✐♦♥ ❛✈❡❝ ❧✬ét❛t ❡①❝✐té q✉❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✶✳✼✳
▲❡ t❡r♠❡ tr❛♥s✈❡rs❡ O4

4 ❡st ❝♦♠♣♦sé ❞❡s ♦♣ér❛t❡✉rs J4
+ ❡t J4

− q✉✐ ❝♦✉♣❧❡♥t ❧❡s ét❛ts mJ ❛✈❡❝
❧❡s ét❛ts mJ ± 4n ♦ù ♥ ❡st ✉♥ ❡♥t✐❡r✳ ▲❡s ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡s ❞✉ q✉❛s✐✲❞♦✉❜❧❡t ❢♦♥❞❛♠❡♥t❛❧
♣❡✉✈❡♥t ❞♦♥❝ s✬é❝r✐r❡ s♦✉s ❧❛ ❢♦r♠❡ |ψ−〉 = c1| + 6〉 + c2| + 2〉 + c3| − 2〉 + c4| − 6〉 ❡t |ψ+〉 =
c4|+6〉+c3|+2〉−c2|−2〉−c1|−6〉✱ ♦ù ❧❡s ❝♦❡✣❝✐❡♥ts ci s♦♥t ❞❡s ❢♦♥❝t✐♦♥s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
▲❛ ✜❣✉r❡ ✶✳✽✭❜✮ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬ét❛t |ψ−〉 ❛✈❡❝ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ❖♥ ❝♦♥st❛t❡ q✉✬✐❧
é✈♦❧✉❡ ❞❡ ♠❛♥✐èr❡ ❝♦♥t✐♥✉❡ ❡♥tr❡ ❧❡s ét❛ts | − 6〉 ❡t | + 6〉✱ r❡s♣❡❝t✐✈❡♠❡♥t à ❝❤❛♠♣ ♣♦s✐t✐❢ ❡t
♥é❣❛t✐❢✳
➚ ❝❤❛♠♣ ♥✉❧✱ ❧❡s ❝♦❡✣❝✐❡♥ts c1 ❡t c4 s✬é❣❛❧✐s❡♥t ❡t ✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t ❛♣♣❛r❛✐t ❡♥tr❡ ❧❡s ét❛ts
|ψ−〉 ❡t |ψ+〉 ❞♦♥t ❧✬é❝❛rt t✉♥♥❡❧ ❡st ❞❡ ❧✬♦r❞r❡ ❞✬1µ❑✱ ✈♦✐r ✜❣✉r❡ ✶✳✽✭❝✮✳ ▲❛ ✜❣✉r❡ ✶✳✽✭❞✮ ♣rés❡♥t❡
❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ |ψ−〉 ❧❡ ❧♦♥❣ ❞❡ ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t✳
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❋✐❣✉r❡ ✶✳✽ ✕ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❞✉ ♠✉❧t✐♣❧❡t J = 6 ❡t é❝❛rt t✉♥♥❡❧ ❞❛♥s ❧❡ ❞♦✉❜❧❡t
❢♦♥❞❛♠❡♥t❛❧✳ ✭❛✮ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ♦❜t❡♥✉ à ♣❛rt✐r ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❞❡ ❧❛ t❛❜❧❡
❆✳✶✳ ▲❡ ❞♦✉❜❧❡t ❢♦♥❞❛♠❡♥t❛❧ ❛✉t♦✉r ❞❡ −600❑ ❝♦rr❡s♣♦♥❞ ❛✉① ét❛ts mJ = ±6 ❡t ❧❡ ♣r❡♠✐❡r ♥✐✈❡❛✉
❡①❝✐té ❛✉t♦✉r ❞❡ 0❑ à mJ = ±5✳ ✭❜✮ ❈♦♠♣♦s✐t✐♦♥ ❞❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ à ♣❛rt✐r ❞❡s ét❛ts mJ ✿
|ψ−〉 = c1| + 6〉 + c2| + 2〉 + c3| − 2〉 + c4| − 6〉✳ ▲✬♦r❞♦♥♥é❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ tr♦✉✈❡r ❧❡
s②stè♠❡ ❞❛♥s ✉♥ ❞❡s ét❛ts mJ ✱ s♦✐t c2i ✳ ❖♥ ✈♦✐t q✉❡ ❝❡ s♦♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t ❧❡s ét❛ts mJ = ±6 q✉✐
❝♦♠♣♦s❡♥t ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡✳ ✭❝✮ ❆❣r❛♥❞✐ss❡♠❡♥t ❞❡ ❧✬✐♥t❡rs❡❝t✐♦♥ ❞❡s ❞❡✉① ét❛ts ❢♦♥❞❛♠❡♥t❛✉①✳ ▲❡
❝♦✉♣❧❛❣❡ à tr❛✈❡rs ❧❡ t❡r♠❡ O4

4 ❞♦♥♥❡ ❧✐❡✉ à ✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t✳ ▲✬é❝❛rt t✉♥♥❡❧ ❡♥tr❡ |ψ−〉 ❡t |ψ+〉 ❡st
❞❡ ❧✬♦r❞r❡ ❞✬1µ❑✳ ✭❞✮ ❈♦♠♣♦s✐t✐♦♥ ❞❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ |ψ−〉 ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t✳



✷✷ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

✶✳✸✳✷ ❈♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥❡ ❛ss❡♠❜❧é❡ ❞❡ ❚❜P❝ 2

▲❡s ♠❡s✉r❡s ♣rés❡♥té❡s ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ ♦♥t été ré❛❧✐sé❡s ❡♥ ✷✵✵✺ ♣❛r ❲✳ ❲❡r♥s❞♦r❢❡r à
❧✬■♥st✐t✉t ◆é❡❧ ❡t ♦♥t été✱ ♣♦✉r ♣❛rt✐❡✱ ♣✉❜❧✐é❡s ❞❛♥s ❧❛ ré❢ér❡♥❝❡ ❬✸✾❪✳ ▲❡ ♠❛❣♥ét♦♠ètr❡ ✉t✐❧✐sé
♣♦✉r ❝❡tt❡ ❡①♣ér✐❡♥❝❡ ❡st ✉♥ ♠✐❝r♦✲❙◗❯■❉ tr❛✈❛✐❧❧❛♥t à très ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❡t s♦✉s ✉♥ ❝❤❛♠♣
♠❛①✐♠✉♠ ❞✬1.2❚✱ ✈♦✐r ré❢ér❡♥❝❡ ❬✹✵❪✳ ❯♥ ♠✐❝r♦✲❝r✐st❛❧ ❞✬✉♥❡ ❞✐❧✉t✐♦♥ à ✷✪ ❞❡ ❬❚❜P❝2❪−❚❇❆+

❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ♥♦♥✲♠❛❣♥ét✐q✉❡ ❞❡ ❬❨P❝2❪−❚❇❆+ ❡st ❞é♣♦sé s✉r ❧❡ ♠✐❝r♦✲❙◗❯■❉ ❡t ❧❡s
❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥s s♦♥t ❡♥s✉✐t❡ r❡❧❡✈é❡s ❡♥ ❜❛❧❛②❛♥t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❡ −1.2❚ à
+1.2❚✳
▲❛ ✜❣✉r❡ ✶✳✾ ♣rés❡♥t❡ ❝❡s ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ♣♦✉r ❞✐✛ér❡♥t❡s ✈✐t❡ss❡s ❞❡ ❜❛❧❛②❛❣❡✳ ▲♦rsq✉❡
❧❡ ❝❤❛♠♣ ❡st à −1.2❚✱ ❧❡s ♠♦❧é❝✉❧❡s s♦♥t t♦✉t❡s s❛t✉ré❡s ❞❛♥s ❧✬ét❛t |mJ = −6〉✱ ♣✉✐s ❧♦rsq✉❡
❧❡ ❝❤❛♠♣ ❛✉❣♠❡♥t❡ ❡t ♣❛ss❡ ♣❛r ❝❤❛♠♣ ♥✉❧✱ ✉♥❡ ❢r❛❝t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡s ♠♦❧é❝✉❧❡s ✈♦✐t s♦♥
♠♦♠❡♥t s❡ r❡t♦✉r♥❡r ✈❡rs |mJ = +6〉 ♣❛r ❡✛❡t t✉♥♥❡❧✱ ✈♦✐r ✜❣✉r❡ ✶✳✽✳ ▲❡ r❡st❡ ❞✉ ❝r✐st❛❧ q✉✐ ♥✬❛
♣❛s ❡♥❝♦r❡ tr❛♥s✐té✱ r❡❧❛①❡ ♣❡✉ à ♣❡✉ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧❡ ❝❤❛♠♣ ❛✉❣♠❡♥t❡✳ ▲❡ ♠é❝❛♥✐s♠❡
❛ss♦❝✐é à ❝❡tt❡ r❡❧❛①❛t✐♦♥ ❡st ❛♣♣❡❧é tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❡t s❡r❛ ❞é✈❡❧♦♣♣é à ❧❛ ❞❡r♥✐èr❡ s❡❝t✐♦♥
❞❡ ❝❡ ❝❤❛♣✐tr❡✳
❆❧♦rs q✉✬♦♥ ♣♦✉rr❛✐t ✐♠❛❣✐♥❡r q✉✬✐❧ ♥✬② ❛ q✉✬✉♥❡ ♣♦s✐t✐♦♥ ♣♦ss✐❜❧❡ ♣♦✉r ❧✬❡✛❡t t✉♥♥❡❧✱ ❡♥ r❡❣❛r✲
❞❛♥t ❞❡ ♣❧✉s ♣rès ❧❛ ✜❣✉r❡ ✶✳✾✭❜✮✱ ♦♥ ❝♦♥st❛t❡ q✉✬✐❧ ② ❡♥ ❛ ♣❧✉s✐❡✉rs✱ ✈♦✐r ❧✬❛❣r❛♥❞✐ss❡♠❡♥t ✜❣✉r❡
✶✳✶✵✭❜✮✳ ❆✜♥ ❞✬❡①♣❧✐q✉❡r ❝❡❝✐✱ ✐❧ ❡st ♠❛✐♥t❡♥❛♥t ♥é❝❡ss❛✐r❡ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡
❧❡s é❧❡❝tr♦♥s 4f 8 ❡t ❧❡ ♥♦②❛✉ ❞✉ t❡r❜✐✉♠✳

✶✳✸✳✸ ❈♦✉♣❧❛❣❡ ❤②♣❡r✜♥

❯♥ ❢♦rt ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❡①✐st❡ ❡♥tr❡ ❧❡ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ ❞✉ t❡r❜✐✉♠ J = 6 ❡t ❧❡ ♠♦♠❡♥t
♥✉❝❧é❛✐r❡✱ I = 3/2✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ ♣r✐♥❝✐♣❛❧❡ ❡st ❞❡ t②♣❡ ❞✐♣♦❧❛✐r❡ ❡t s✬❡①♣r✐♠❡ s♦✉s ❧❛
❢♦r♠❡ A❏.■ ♦ù ❏ ❞é❝r✐t ❧❡ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ ❡t ■ ❧❡ ♠♦♠❡♥t ♥✉❝❧é❛✐r❡✳ ❖♥ ♣❡✉t ❛✉ss✐ t❡♥✐r ❝♦♠♣t❡
❞✉ t❡r♠❡ q✉❛❞r✐♣♦❧❛✐r❡ ❞❛♥s ❧❡ t❡r❜✐✉♠ q✉✐ r❡♥❞ ❝♦♠♣t❡ ❞❡ ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s
❝❤❛r❣❡s ❞❛♥s ❧❡ ♥♦②❛✉✳
▲❡s ♦♣ér❛t❡✉rs J̃z, Ĩz, J̃x,✳✳✳ s♦♥t ❞é✜♥✐s ♣❛r ✉♥❡ ♥♦✉✈❡❧❧❡ ❜❛s❡ ❢♦r♠é❡ ❞❡s ét❛ts |J,mJ ; I,mI〉✱ ❝❡
q✉✐ ❞♦♥♥❡ ✉♥❡ ♠❛tr✐❝❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❞✐♠❡♥s✐♦♥ ✺✷✳ ▲✬❍❛♠✐❧t♦♥✐❡♥ ❝♦♠♣❧❡t ❡st ❞❡ ❧❛ ❢♦r♠❡ ✿

H̃TbPc2 = H̃cf + gµ0µBJ̃zHz + A■̃.❏̃+ P (Ĩ2z +
1

3
Ĩ(Ĩ + 1)) ✭✶✳✶✺✮

❛✈❡❝
■̃.❏̃ = J̃z Ĩz +

1

2
(J̃+Ĩ− + J̃−Ĩ+) ✭✶✳✶✻✮

❡t ❆ ❧❛ ❝♦♥st❛♥t❡ ❤②♣❡r✜♥❡ ❡t P ❧❛ ❝♦♥st❛♥t❡ q✉❛❞r✐♣♦❧❛✐r❡✳ ▲❡ t❡r♠❡ J̃z Ĩz ❛ ♣♦✉r ❡✛❡t ❞❡
s✉❜❞✐✈✐s❡r ❧❡ q✉❛s✐✲❞♦✉❜❧❡t ❢♦♥❞❛♠❡♥t❛❧ mJ = ±6 ❡♥ ✽ ét❛ts ✿ mJ = ±6 ❡t mI = ±3/2 ♦✉
mI = ±1/2✳ ▲❛ ✜❣✉r❡ ✶✳✶✵✭❛✮ ♣rés❡♥t❡ ❧❡ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❝♦rr❡s♣♦♥❞❛♥t à ❝❡s ♥✐✈❡❛✉① ❡♥
♣r❡♥❛♥t A = 24.5♠❑ ❡t P = 14.4♠❑✱ ❬✸✾❪✳ ▲❡s ✐♥t❡rs❡❝t✐♦♥s s♦♥t t♦✉t❡s ❞❡s ❝r♦✐s❡♠❡♥ts✱ ❡①❝❡♣✲
té❡s ❝❡❧❧❡s q✉✐ ❝♦♥s❡r✈❡♥t ❧❡ s♣✐♥ ♥✉❝❧é❛✐r❡✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ♦♥ ♦❜s❡r✈❡ ❞❡s ❛♥t✐✲❝r♦✐s❡♠❡♥ts
❞♦♥t ❧✬❛♠♣❧✐t✉❞❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞✬1µ❑ ❡♥tr❡ ❧❡s ét❛ts |mJ = +6,mI〉 ❡t |mJ = −6,mI〉✱ ❡t ❞❡s



✶✳✸✳ ▲❡ ❚❡r❜✐✉♠ ❉♦✉❜❧❡ ❉❡❝❦❡r ✷✸
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❋✐❣✉r❡ ✶✳✾ ✕❈♦✉r❜❡ ❞✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥ ♠✐❝r♦✲❝r✐st❛❧ ❞❡ ❚❜P❝2 ❡t s♦♥ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥✳
✭❛✮ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❞✉ q✉❛s✐✲❞♦✉❜❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❝♦rr❡s♣♦♥❞❛♥t à mJ = ±6✳ ▲❡ ♠♦♠❡♥t ♣❡✉t
s❡ r❡t♦✉r♥❡r s♦✐t ♣❛r ❡✛❡t t✉♥♥❡❧ à ❝❤❛♠♣ ♥✉❧✱ s♦✐t ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ à ❝❤❛♠♣ ❢♦rt✳ ✭❜✮ ❈♦✉r❜❡s
❞✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥ ♠✐❝r♦✲❝r✐st❛❧ ❞❡ ❬❚❜P❝2❪−❚❇❆+ à 2% ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ❞❡ ❬❨P❝2❪−❚❇❆+✱ ♠❡s✉ré❡s
♣♦✉r ❞✐✛ér❡♥t❡s ✈✐t❡ss❡s ❞❡ ❜❛❧❛②❛❣❡✳ ▲❡ ❝❤❛♠♣ ❡st s❛t✉ré à −1.2T ♣✉✐s r❛♠❡♥é à 0❚ ♦ù ✉♥❡ ❢r❛❝t✐♦♥
très ✐♠♣♦rt❛♥t❡ ❞✉ ❝r✐st❛❧ s❡ r❡t♦✉r♥❡ ♣❛r ❡✛❡t t✉♥♥❡❧✳ ▲❛ ♣❛rt✐❡ r❡st❛♥t❡ ❞✉ ❝r✐st❛❧ r❡❧❛①❡ à ♣❧✉s ❢♦rt
❝❤❛♠♣ ❣râ❝❡ ❛✉ ♠é❝❛♥✐s♠❡ ❞❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s tr❛♥s✐t✐♦♥s ❞✐r❡❝t❡s
é✈♦❧✉❡♥t r❛♣✐❞❡♠❡♥t ❛✈❡❝ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✳



✷✹ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

❝r♦✐s❡♠❡♥ts ❡♥tr❡ ❧❡s ét❛ts |mJ = +6,mI〉 ❡t |mJ = −6,m′
I〉✳

❯♥ ❛✉tr❡ é❧é♠❡♥t ✐♠♣♦rt❛♥t ❡st ❧✬✐rré❣✉❧❛r✐té ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♥✐✈❡❛✉① ❤②♣❡r✜♥s✱ ❧❛ ❞✐✛é✲
r❡♥❝❡ ❡♥tr❡ ❧❡s ét❛ts mI ❞✐♠✐♥✉❡ à ♠❡s✉r❡ q✉❡ ❧✬♦♥ s❡ r❛♣♣r♦❝❤❡ ❞✉ ❢♦♥❞❛♠❡♥t❛❧✱ ❝♦♥séq✉❡♥❝❡
❞✉ t❡r♠❡ P Ĩ2z ✳
❯♥❡ ❝♦✉r❜❡ ❞✬❛✐♠❛♥t❛t✐♦♥ ❡st ré❛❧✐sé❡ à très ❢❛✐❜❧❡ ✈✐t❡ss❡ ❞❡ ♠❛♥✐èr❡ à ❢❛✐r❡ r❡ss♦rt✐r ❧❡ ♠❛①✐✲
♠✉♠ ❞❡ tr❛♥s✐t✐♦♥s t✉♥♥❡❧s✱ ✈♦✐r ✜❣✉r❡ ✶✳✶✵✭❜✮✳ ▲♦rsq✉✬♦♥ ❧❛ ❝♦♠♣❛r❡ ❛✈❡❝ ❧❡ ❞✐❛❣r❛♠♠❡ ❩❡❡✲
♠❛♥ ✶✳✶✵✭❛✮✱ ❧❡s ♣♦s✐t✐♦♥s ❡♥ ❝❤❛♠♣ ♦ù ❧❡s ♠♦♠❡♥ts ❞❡s ♠♦❧é❝✉❧❡s s❡ r❡t♦✉r♥❡♥t✱ ❝♦ï♥❝✐❞❡♥t
❛✈❡❝ ❧❡s ✐♥t❡rs❡❝t✐♦♥s ❞✉ ❞✐❛❣r❛♠♠❡✳ ◆é❛♥♠♦✐♥s✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡✱ t❤é♦r✐q✉❡♠❡♥t✱ s❡✉❧❡s ✹
❞❡ ❝❡s ✐♥t❡rs❡❝t✐♦♥s s♦♥t ❞❡s ❛♥t✐✲❝r♦✐s❡♠❡♥ts✱ ❛❧♦rs q✉✬❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ♦♥ ❡♥ ♦❜s❡r✈❡ ✉♥❡
❞✐③❛✐♥❡✳
❯♥❡ ❡①♣❧✐❝❛t✐♦♥ à ❝❡ ♣❤é♥♦♠è♥❡ ♣❡✉t rés✐❞❡r ❞❛♥s ❧❛ ♥♦♥✲✉♥✐❢♦r♠✐té ❞✉ ❝r✐st❛❧✳ ■❧ ❡st ♣r♦❜❛❜❧❡
q✉❡ ❧♦rs ❞❡ ❧❛ ❝r✐st❛❧❧✐s❛t✐♦♥ ❞❡s ❝♦♠♣♦sés ❚❜P❝2✴❨P❝2✱ ✉♥❡ ♣❛rt✐❡ ❞❡s ❚❜P❝2 ❢♦r♠❡ ✉♥❡ sé❣ré✲
❣❛t✐♦♥✳ ▲❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡ ❛✉ s❡✐♥ ❞❡ ❝❡tt❡ sé❣ré❣❛t✐♦♥ ét❛♥t ❜✐❡♥ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❞❛♥s ❧❡ r❡st❡
❞✉ ❝r✐st❛❧✱ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ✐♠♣♦rt❛♥t❡ ♣❡✉t ❛❧♦rs ❛✈♦✐r ❧✐❡✉ ❡t ❜r✐s❡r ❞❛✈❛♥t❛❣❡ ❧❛ s②♠étr✐❡ ❞❡s
♠♦❧é❝✉❧❡s✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ♦♥ ♦❜t✐❡♥❞r❛✐t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧❛r❣❡ ❞❡s é❝❛rts t✉♥♥❡❧ ❛✉ s❡✐♥ ❞✉
❝r✐st❛❧✳ ❉❡s ♠❡s✉r❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s s♦♥t ❡♥ ❝♦✉rs ❞❡ ré❛❧✐s❛t✐♦♥ ❛✉ ❧❛❜♦r❛t♦✐r❡ ♣♦✉r ❡ss❛②❡r
❞❡ ✈❛❧✐❞❡r ❝❡tt❡ ❤②♣♦t❤ès❡✳

✶✳✸✳✹ ❘❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡

◆♦✉s ❛✈♦♥s ✈✉ à ❧❛ ✜❣✉r❡ ✶✳✾✭❜✮ q✉❡ ❧❡s tr♦✐s✲q✉❛rts ❞❡s ♠♦❧é❝✉❧❡s s❡ r❡t♦✉r♥❡♥t ♣❛r ❡✛❡t
t✉♥♥❡❧ ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧ ❡t q✉❡ ❧❡ q✉❛rt r❡st❛♥t r❡❧❛①❡ ♣❡✉ à ♣❡✉ à ✉♥ ❝❤❛♠♣ ♣❧✉s ✐♥t❡♥s❡✳
▲❛ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✱ ♣r♦❝❡ss✉s à ✉♥ s❡✉❧ ♣❤♦♥♦♥✱ ♣❡r♠❡t ❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t à très ❜❛ss❡
t❡♠♣ér❛t✉r❡✳ ▲♦rsq✉❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❛✉❣♠❡♥t❡✱ ❞❡✉① ❛✉tr❡s ♠é❝❛♥✐s♠❡s ♣❡✉✈❡♥t ❡♥tr❡r ❡♥ ❥❡✉ ✿
❧❡ ♣r♦❝❡ss✉s ❞✬❖r❜❛❝❤ ❡t ❧❡ ♣r♦❝❡ss✉s ❘❛♠❛♥✳ ❈❡s ♠é❝❛♥✐s♠❡s s♦♥t ✐❧❧✉strés à ❧❛ ✜❣✉r❡ ✶✳✶✶✳
❏❡ ♠✬❛♣♣✉✐❡r❛✐ ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ s✉r ❧❡ ❧✐✈r❡ ❞❡ ❆❜r❛❣❛♠ ❡t ❇❧❡❛♥❡② ❬✷✻❪✱ ré❢ér❡♥❝❡ ❞❛♥s ❧❡
❞♦♠❛✐♥❡ ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❛r❛♠❛❣♥ét✐q✉❡ é❧❡❝tr♦♥✐q✉❡✱ ❡t q✉✐ ❞é❝r✐t ❧❡s ♣r✐♥❝✐♣❛✉① ♠é❝❛♥✐s♠❡s
❞❡ r❡❧❛①❛t✐♦♥ ❞❡ s♣✐♥ ❞❛♥s ❧❡s t❡rr❡s✲r❛r❡s ✭♣♣ ✺✹✶✲✺✽✸✮✳

❚r❛♥s✐t✐♦♥ ❞✐r❡❝t❡

▲❡s ♣r♦❜❛❜✐❧✐tés ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❞❡✉① ét❛ts ❞✬✉♥ s②stè♠❡ q✉❛♥t✐q✉❡ s✬❡①♣r✐♠❡♥t ❡♥ ❢♦♥❝✲
t✐♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts ❞✬❊✐♥st❡✐♥✱ ❆✱ ♣♦✉r ❧✬é♠✐ss✐♦♥ s♣♦♥t❛♥é❡✱ ❡t ❇ ♣♦✉r ❧✬é♠✐ss✐♦♥ ❡t ❧✬❛❜s♦r♣t✐♦♥
st✐♠✉❧é❡s ✿

ω1→2 = Bρph ✭✶✳✶✼✮

ω2→1 = A+Bρph = Bρphexp

(

~ω

kBT

)

✭✶✳✶✽✮

❛✈❡❝ ρph ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞✉ ❜❛✐♥ ❞❡ ♣❤♦♥♦♥ à ❧❛ ❢réq✉❡♥❝❡ ω✱ ❚ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ❜❛✐♥
❡t ~ω ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧✬ét❛t ✶ ❡t ❧✬ét❛t ✷✱ ❧❡ s❡❝♦♥❞ ét❛♥t s✉♣♣♦sé ♣❧✉s ❤❛✉t q✉❡ ❧❡
♣r❡♠✐❡r✳ ▲❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❡ r❡❧❛①❛t✐♦♥ ❞✬✉♥ s②stè♠❡ ❤♦rs✲éq✉✐❧✐❜r❡ ❡st ❞♦♥♥é ♣❛r ❧❛
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❋✐❣✉r❡ ✶✳✶✵ ✕ ❈♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❞❛♥s ❚❜P❝2✳ ✭❛✮ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❞✉ ♠✉❧t✐♣❧❡t ❢♦♥❞❛♠❡♥t❛❧
❝♦rr❡s♣♦♥❞❛♥t à mJ = ±6✳ ▲❡ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ s✉❜❞✐✈✐s❡ ❧❡s ét❛ts mJ = ±6 ❡♥ ✹ ❡t ❞♦♥♥❡ ♥❛✐ss❛♥❝❡
à ✉♥ ♠✉❧t✐♣❧❡t ❞❡ ✽ ét❛ts✳ ❈❤❛q✉❡ ét❛t ♣♦ssè❞❡ ✉♥❡ ✈❛❧❡✉r ❞❡ mJ é❣❛❧❡ à ✰✻ ♦✉ ✲✻✱ ❡t ✉♥❡ ✈❛❧❡✉r ❞❡
mI é❣❛❧❡ à ✸✴✷✱ ✶✴✷✱ ✲✶✴✷ ♦✉ ✲✸✴✷✳ ▲❛ ♣rés❡♥❝❡ ❞✉ t❡r♠❡ q✉❛❞r✐♣♦❧❛✐r❡ ❡♥tr❛✐♥❡ ✉♥❡ ✐rré❣✉❧❛r✐té ❞❛♥s
❧❛ sé♣❛r❛t✐♦♥ ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ❞❡ ♠ê♠❡ mJ ✳



✷✻ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

ħω3ħω2ħω ħω5ħω4

|+6›

|-6›
|+6›
|-6›

|-5›

|+6›
|-6›

état virtuel

(a) (b) (c)

ω1=ω3-ω2 ω1=ω5-ω4

❋✐❣✉r❡ ✶✳✶✶ ✕ ▼é❝❛♥✐s♠❡s ❞❡ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t ❞❛♥s ❚❜P❝2✳ ✭❛✮ ❚r❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳
▲❡ ♠♦♠❡♥t✱ ❞❛♥s ✉♥ ét❛t ❡①❝✐té✱ ♣❡✉t r❡❧❛①❡r ✈❡rs ❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❡♥ ❧✐❜ér❛♥t s♦♥ é♥❡r❣✐❡ ❩❡❡♠❛♥
♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ à ✉♥ ♣❤♦♥♦♥✳ ✭❜✮ Pr♦❝❡ss✉s ❞✬❖r❜❛❝❤✳ ▲❡ s②stè♠❡ ❡st ♣r♦♠✉ ✈❡rs ✉♥ ❛✉tr❡ ét❛t
❡①❝✐té ❣râ❝❡ à ❧✬❛❜s♦r♣t✐♦♥ ❞✬✉♥ ♣❤♦♥♦♥✱ ♣✉✐s ✐❧ r❡❧❛①❡ ✈❡rs ❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❡♥ é♠❡tt❛♥t ✉♥ ♣❤♦♥♦♥✳
✭❝✮ Pr♦❝❡ss✉s ❘❛♠❛♥✳ ▲✬❛❜s♦r♣t✐♦♥ ❡t ❧✬é♠✐ss✐♦♥ ✈✐rt✉❡❧❧❡s ❞✬✉♥ ♣❤♦♥♦♥ ♣❡r♠❡tt❡♥t ❧❛ r❡❧❛①❛t✐♦♥ ❞✉
♠♦♠❡♥t ✈❡rs ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧✳ ❈❡ ♠é❝❛♥✐s♠❡ ❡st ❞✐t ✈✐rt✉❡❧ ❝❛r ✐❧ ❡st ✐♥t❡r❞✐t ♣❛r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡
♣❤②s✐q✉❡ ❝❧❛ss✐q✉❡✳

r❡❧❛t✐♦♥ ✿
1

τ
= ω1→2 + ω2→1 ✭✶✳✶✾✮

s♦✐t
1

τ
= Bρph

[

1 + exp

(

~ω

kBT

)]

✭✶✳✷✵✮

▲❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞❡s ♣❤♦♥♦♥s à ❧❛ ❢réq✉❡♥❝❡ ω ♣♦✉r ✉♥ ♠♦❞❡ ❧♦♥❣✐t✉❞✐♥❛❧ s✬❡①♣r✐♠❡ ❞❡ ❧❛
♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿

ρph(ω) =
~ω3

2π2v3l

[

exp

(

~ω

kBT

)

− 1

] ✭✶✳✷✶✮

♦ù vl ❡st ❧❛ ✈✐t❡ss❡ ❞✉ ♠♦❞❡ ❞❡ ♣❤♦♥♦♥ ❧♦♥❣✐t✉❞✐♥❛❧✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ✿

1

τ
= B

~ω3

2π2v3l
coth

(

~ω

2kBT

)

✭✶✳✷✷✮

❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❛✐♠❛♥t ♠♦❧é❝✉❧❛✐r❡✱ ❧❡s ét❛ts ✶ ❡t ✷ ❝♦rr❡s♣♦♥❞❡♥t à ❞❡✉① ét❛ts ❞❡ s♣✐♥✳
◆♦✉s ❛✈♦♥s ✈✉ ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ rô❧❡ ❥♦✉é ♣❛r ❧❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❞❛♥s ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞✉ s♣❡❝tr❡
❛✐♥s✐ q✉❡ ❞❛♥s ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡s ét❛ts ♣r♦♣r❡s ❞✉ ♠♦♠❡♥t ❞✬✉♥ ❛✐♠❛♥t ♠♦❧é❝✉❧❛✐r❡✳ ▲♦rsq✉❡
❧❡ rés❡❛✉ ❡st s♦✉♠✐s à ✉♥❡ ✈✐❜r❛t✐♦♥✱ ❧❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ s♦✉s ❧✬❛❝t✐♦♥ ❞❡s ♣❤♦♥♦♥s ♥❡ ♣❡✉t ♣❧✉s
êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ st❛t✐q✉❡ ♠❛✐s ❞♦✐t ✐♥té❣r❡r ✉♥❡ ♣❛rt✐❡ ❞②♥❛♠✐q✉❡✳ ❖r❜❛❝❤ ♣r♦♣♦s❡ ❞❡



✶✳✸✳ ▲❡ ❚❡r❜✐✉♠ ❉♦✉❜❧❡ ❉❡❝❦❡r ✷✼

❞é✈❡❧♦♣♣❡r ❧❡ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡ ❝r✐st❛❧❧✐♥ s♦✉s ❧❛ ❢♦r♠❡ ❬✹✶❪ ✿

V = V0 + εV1 + ε2V2... ✭✶✳✷✸✮

♦ù ❧❡ ♣r❡♠✐❡r t❡r♠❡ ❡st st❛t✐q✉❡✱ ❡t ❧❡ s❡❝♦♥❞ ❡t tr♦✐s✐è♠❡ t❡r♠❡s r❡♣rés❡♥t❡♥t ❧❡ ♣♦t❡♥t✐❡❧
é❧❡❝tr✐q✉❡ ✐♥❞✉✐t ♣❛r ✉♥❡ ❝♦♥tr❛✐♥t❡ ε ❛✉ ♣r❡♠✐❡r ❡t ❞❡✉①✐è♠❡ ♦r❞r❡✳ ❖r❜❛❝❤ ❞é♠♦♥tr❡ q✉❡ ❧❡
❝♦❡✣❝✐❡♥t ❇ ♣❡✉t s✬❡①♣r✐♠❡r s♦✉s ❧❛ ❢♦r♠❡ ✿

B =
π

~2ρv2l
V 2

1 ✭✶✳✷✹✮

♦ù ρ ❡st ❧❛ ❞❡♥s✐té ❞✉ ♠❛tér✐❛✉✳ ■♥ ✜♥❡✱ ♦♥ ♦❜t✐❡♥t ❧✬❡①♣r❡ss✐♦♥ ✿

1

τ
=

3~

2πρv5
V 2

1 ω
3coth

(

~ω

2kBT

)

✭✶✳✷✺✮

❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❚❜P❝2✱ ~ω ❡st ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧❡ ♥✐✈❡❛✉ |mJ = +6〉 ❡t
|mJ = −6〉✳ ❈❡s ❞❡✉① ♥✐✈❡❛✉① ét❛♥t q✉❛s✐✲❞é❣é♥érés à ❝❤❛♠♣ ♥✉❧✱ ~ω = gµB∆mJµ0Hz = αHz✳

1

τ
=

3

2~2πρv5
V 2

1 (αHz)
3coth

(

αHz

2kBT

)

✭✶✳✷✻✮

❖♥ ✈♦✐t ❞♦♥❝ q✉❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❛✉❣♠❡♥t❡ ❞❡ ♠❛♥✐èr❡ très ✐♠♣♦rt❛♥t❡
❛✈❡❝ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ❖♥ r❡♠❛rq✉❡ ❛✉ss✐ q✉❡ s❡✉❧❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ❞✉ ❝❤❛♠♣ s❡❧♦♥ ❧✬❛①❡
❢❛❝✐❧❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❛ ✉♥ ❡✛❡t✳

▼é❝❛♥✐s♠❡s ❞✬♦r❞r❡ s✉♣ér✐❡✉r

➚ ♠❡s✉r❡ q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❛✉❣♠❡♥t❡ ❡t q✉❡ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞❡ ♣❤♦♥♦♥s ♣❡✉♣❧❡♥t ❧❡
s②stè♠❡✱ ❞❡s ♠é❝❛♥✐s♠❡s ❞✬♦r❞r❡ s✉♣ér✐❡✉r ♣❡✉✈❡♥t ❛ss✐st❡r ❧❡ r❡t♦✉r♥❡♠❡♥t ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥✳
▲❡ ♣r❡♠✐❡r ❞✬❡♥tr❡ ❡✉① ❡st ❧❡ ♠é❝❛♥✐s♠❡ ❞✬❖r❜❛❝❤✱ ♦ù ❧❛ tr❛♥s✐t✐♦♥ ❛ ❧✐❡✉ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡
❞✬✉♥ ét❛t ❡①❝✐té ✿ ✉♥ ♣❤♦♥♦♥ ❡st ❛❜s♦r❜é✱ ♣r♦♠♦✉✈❛♥t ❧✬ét❛t ✷ ✈❡rs ✉♥ ét❛t ✸✱ ❡t ✉♥ ♣❤♦♥♦♥ ❡st
é♠✐s✱ r❡❧❛①❛♥t ❧✬ét❛t ✸ ✈❡rs ❧✬ét❛t ✶✱ à ❝♦♥❞✐t✐♦♥ q✉❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧❡s ❞❡✉① ♣❤♦♥♦♥s
s♦✐t é❣❛❧❡ à ❝❡❧❧❡ ❡♥tr❡ ❧✬ét❛t ✶ ❡t ✷✳ ❖r❜❛❝❤ ♣r♦♣♦s❡ ✉♥❡ ❡①♣r❡ss✐♦♥ ❞✉ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ s♦✉s
❧❛ ❢♦r♠❡ ❬✹✶❪ ✿

1

τ
=

3

2πρv5
V 2

1 ∆
3

1

exp (∆/kBT )− 1
✭✶✳✷✼✮

♦ù ∆ ❡st ❧✬é❝❛rt é♥❡r❣ét✐q✉❡ ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ✶ ❡t ✸✳ ❈❡ ♣r♦❝❡ss✉s ❞❡✈✐❡♥t ✐♠♣♦rt❛♥t ❧♦rsq✉❡ ❧❛
t❡♠♣ér❛t✉r❡ ❡st ❝♦♠♣❛r❛❜❧❡ à ∆✳
▲❡ s❡❝♦♥❞ ♠é❝❛♥✐s♠❡ q✉✐ ♣❡r♠❡t ✉♥❡ r❡❧❛①❛t✐♦♥ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❡st ❞❡ t②♣❡ ❘❛♠❛♥✳ ❉❡ ♠ê♠❡
q✉❡ ♣♦✉r ❧❡ ♣r♦❝❡ss✉s ❞✬❖r❜❛❝❤✱ ✐❧ ♥é❝❡ss✐t❡ ❧✬✐♥t❡r✈❡♥t✐♦♥ ❞❡ ❞❡✉① ♣❤♦♥♦♥s ❡t ❞✬✉♥ tr♦✐s✐è♠❡
♥✐✈❡❛✉✳ ❈❡♣❡♥❞❛♥t✱ ❝❡ ❞❡r♥✐❡r ♥✬❡st ♣❛s ✉♥ ♥✐✈❡❛✉ ré❡❧ ♠❛✐s ✈✐rt✉❡❧✳ ❆❜r❛❣❛♠ ❡t ❇❧❡❛♥❡② ♣r♦✲
♣♦s❡♥t ✉♥❡ ❡①♣r❡ss✐♦♥ ❞✉ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ s♦✉s ❧❛ ❢♦r♠❡ ❬✷✻❪ ✿

1

τ
=

9(6!)

4π3ρ2v10
V 2

2

(

kBT

~

)7

✭✶✳✷✽✮



✷✽ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ ♠❛❣♥ét✐s♠❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s

▲❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❛ss♦❝✐é ❞é❝r♦✐t très ✈✐t❡ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡✱ ❝❡ ♠é❝❛♥✐s♠❡ ♥❡ ❞❡✈✐❡♥t
❞♦♥❝ ♣ré♣♦♥❞ér❛♥t q✉✬❛✉✲❞❡ss✉s ❞❡ q✉❡❧q✉❡s ❦❡❧✈✐♥s✳

❊♥ ❝♦♥❝❧✉s✐♦♥ ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ❧❡ ♠♦❞è❧❡ ❞❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❡st ❜✐❡♥ ❛❞❛♣té à ✉♥❡ ❞❡s❝r✐♣t✐♦♥
❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ❧✐é à ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❧✐❣❛♥❞s✳ ◆♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡s ♠❡s✉r❡s
❞✬❛✐♠❛♥t❛t✐♦♥ s✉r ❞❡s ❛ss❡♠❜❧é❡s ❞❡ ♠♦❧é❝✉❧❡s s♦♥t ❡♥ très ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ✉♥ ❍❛♠✐❧t♦♥✐❡♥
❞❡ s♣✐♥ ♠ê♠❡ ❧♦rsq✉❡ ❧✬♦♥ ✉t✐❧✐s❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ s♣✐♥ ❣é❛♥t✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ❡✛❡ts ❝♦❧❧❡❝t✐❢s
q✉✐ s❡ ♣r♦❞✉✐s❡♥t ❞❛♥s ❧❡s ❝r✐st❛✉① ♠♦❧é❝✉❧❛✐r❡s ❧✐♠✐t❡♥t ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡s é❝❛rts t✉♥♥❡❧s
t❤é♦r✐q✉❡s✳ ❈❡tt❡ ❧✐♠✐t❛t✐♦♥ ❡st ❧✬✉♥❡ ❞❡s ♠♦t✐✈❛t✐♦♥s q✉✐ ♥♦✉s ♣♦✉ss❡♥t à ✈♦✉❧♦✐r ét✉❞✐❡r ✉♥
❛✐♠❛♥t à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ✐s♦❧é✳



❈❤❛♣✐tr❡ ✷

■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s

♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡

◆♦✉s s♦✉❤❛✐t♦♥s ❝♦✉♣❧❡r ✉♥❡ ♠♦❧é❝✉❧❡ ❛✐♠❛♥t à ✉♥ ❝❛♥❛❧ ❞❡ ❝♦♥❞✉❝t✐♦♥✱ ❛✜♥ ❞❡ ♠❡s✉r❡r ❧❡s
✈❛r✐❛t✐♦♥s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❞❡ ❢❛ç♦♥ ✐♥❞✐r❡❝t❡✳ ■❧ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ❝❡❧❛ ❞❡ tr♦✉✈❡r
❧❡ ❝❛♥❛❧ ❛❞éq✉❛t q✉✐ s❡ ❝♦✉♣❧❡ s✉✣s❛♠♠❡♥t ❜✐❡♥ ❛✈❡❝ ❧❛ ♠♦❧é❝✉❧❡ s❛♥s ♣♦✉r ❛✉t❛♥t ♣❡rt✉r❜❡r
❧❡ ♠❛❣♥ét✐s♠❡ ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡✳ ▲❡ ♥❛♥♦t✉❜❡ ❞❡ ❝❛r❜♦♥❡ s❡♠❜❧❡ êtr❡ ❧❡ ♠❡✐❧❧❡✉r ❝❛♥❞✐❞❛t ♣♦✉r
❢♦r♠❡r ❝❡ ❝❛♥❛❧ ❞❡ ❝♦♥❞✉❝t✐♦♥✳ ❊♥ ❡✛❡t✱ s♦♥ ❞✐❛♠ètr❡ ❡st ❞❡ ♠ê♠❡ ❣r❛♥❞❡✉r q✉❡ ❧❛ ♠♦❧é❝✉❧❡✱
❝❡ q✉✐ ♣r♦♠❡t ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❛ss❡③ ❢♦rt❡ ♣♦✉r êtr❡ ❞ét❡❝té❡✳ ▲❛ str✉❝t✉r❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
❞❡ ❝❡t ♦❜❥❡t ❢❛✐t q✉❡ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♥❛ï❢✱ ✉♥ ♣♦rt❡✉r ❞❡ ❝❤❛r❣❡ tr❛✈❡rs❛♥t ❧❡ t✉❜❡✱ ♣❛ss❡
❢♦r❝é♠❡♥t ♣❛r ❧❛ ③♦♥❡ ❞✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳ ▲❛ ♠❡s✉r❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥✱ ♣♦rté❡ ♣❛r ❧❡s
é❧❡❝tr♦♥s✱ ♣♦✉rr❛ ❛❧♦rs ♥♦✉s r❡♥s❡✐❣♥❡r s✉r ❧❡s ✈❛r✐❛t✐♦♥s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳ ❉❛♥s
❝❡tt❡ ♣❡rs♣❡❝t✐✈❡✱ ✐❧ ❡st ♣r✐♠♦r❞✐❛❧ ❞❡ ❝♦♥♥❛✐tr❡ ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❞❡s ♥❛♥♦t✉❜❡s✳
❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ét✉❞✐❡r♦♥s ❞♦♥❝ ❧❛ str✉❝t✉r❡ ❞❡s ♥❛♥♦t✉❜❡s ❡t ❧❛ ♠❛♥✐èr❡ ❞♦♥t
❡❧❧❡ ❞ét❡r♠✐♥❡ ❧❡✉rs ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s✳ ❊t ❡♥ ♣❛rt❛♥t ❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✉
❣r❛♣❤è♥❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❋❡r♠✐✱ ♥♦✉s ❡♥ ❞é❞✉✐r♦♥s ❧❡s r❡❧❛t✐♦♥s ❞❡ ❞✐s♣❡rs✐♦♥
❞❡s ♥❛♥♦t✉❜❡s✳ ❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ♥♦✉s ♥♦✉s ♣❡♥❝❤❡r♦♥s s✉r ❧❡✉rs ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt
é❧❡❝tr♦♥✐q✉❡ ❧♦rsq✉✬✐❧s s♦♥t ❝♦♥♥❡❝tés à ❞❡✉① rés❡r✈♦✐rs ❞✬é❧❡❝tr♦♥s ✭é❧❡❝tr♦❞❡s ♠ét❛❧❧✐q✉❡s✮ à
t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❡t ♥♦✉s r❡❣❛r❞❡r♦♥s ❧✬✐♠♣❛❝t ❞❡ ❧❡✉r str✉❝t✉r❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❡t ❞❡
❧❛ ❢❛✐❜❧❡ ❧♦♥❣✉❡✉r ❞❡s ❥♦♥❝t✐♦♥s ré❛❧✐sé❡s ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✳ ❊♥✜♥✱ ❛♣rès ✉♥❡ ✐♥tr♦❞✉❝t✐♦♥
❛✉ tr❛♥s♣♦rt q✉❛♥t✐q✉❡✱ ♥♦✉s ✈❡rr♦♥s q✉❡❧ ❡st ❧✬❡✛❡t ❞✬✉♥ ❛❜❛✐ss❡♠❡♥t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ s✉r
❧❡s ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt ❞✉ s②stè♠❡✳

✷✳✶ Pr♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❞❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡

▲❛ ❞é❝♦✉✈❡rt❡ ❞❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡ ❡st ❧❡ ♣r♦❞✉✐t ❞✬✉♥ r✐❝❤❡ ❡t ❧♦♥❣ ♣r♦❝❡ss✉s ❞❡ r❡✲
❝❤❡r❝❤❡ ♠❡♥é ♣❛r❛❧❧è❧❡♠❡♥t ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♠✐❝r♦s❝♦♣✐❡s é❧❡❝tr♦♥✐q✉❡s✳ ❊♥ ❡✛❡t✱ s✐ ❧✬♦♥
♣❡✉t ❞✐r❡ q✉❡ ❞❡s ♥❛♥♦t✉❜❡s ♦♥t été s②♥t❤ét✐sés ✐♥✈♦❧♦♥t❛✐r❡♠❡♥t ♣❛r ❧❡s ❤♦♠♠❡s ❛✉ ✜❧ ❞❡s
s✐è❝❧❡s ❬✹✷❪✱ ❧❛ ♣r❡✉✈❡ ❞❡ ❧❡✉r ❡①✐st❡♥❝❡ ❛ été ❞♦♥♥é❡ ❡♥ ✶✾✺✷ ♣❛r ✉♥❡ éq✉✐♣❡ s♦✈✐ét✐q✉❡✱ ❣râ❝❡
à ✉♥ ♠✐❝r♦s❝♦♣❡ é❧❡❝tr♦♥✐q✉❡ ❡♥ tr❛♥s♠✐ss✐♦♥ ❬✹✸❪✳ ■❧ ❛ ❢❛❧❧✉ ❛tt❡♥❞r❡ ✹✵ ❛♥s ♣♦✉r ♦❜s❡r✈❡r ❧❡
♣r❡♠✐❡r ♥❛♥♦t✉❜❡ ♠♦♥♦♣❛r♦✐✱ ♣❛r ■✐❥✐♠❛ ❡t ❇❡t❤✉♥❡ ❬✹✹✱ ✹✺❪✳ P♦✉r ✉♥❡ r❡✈✉❡ ❝♦♠♣❧èt❡ ❞❡ ❧✬❤✐s✲
t♦r✐q✉❡ ❞❡s ♥❛♥♦t✉❜❡s✱ ♦♥ ♣❡✉t s❡ r❡♣♦rt❡r à ❧❛ ré❢ér❡♥❝❡ ❬✹✻❪✳ ▲❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡ s✐♠♣❧❡
♣❛r♦✐ s♦♥t✱ ❝♦♠♠❡ ❧❡✉r ♥♦♠ ❧✬✐♥❞✐q✉❡✱ ❞❡s t✉❜❡s ❞♦♥t ❧❡ ❞✐❛♠ètr❡ ❡st ❞❡ q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s✳



✸✵ ❈❤❛♣✐tr❡ ✷✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡

▲❡✉r ❧♦♥❣✉❡✉r ❡st ❣é♥ér❛❧❡♠❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ♠✐❝r♦♠ètr❡s ❡t ♣❡✉t✱ ❞❛♥s ❧❡s ❝❛s ❡①✲
trê♠❡s✱ ❛tt❡✐♥❞r❡ q✉❡❧q✉❡s ❝❡♥t✐♠ètr❡s ❬✹✼❪ ✦ ▲❡✉r ♣❛r♦✐ ❡st ❝♦♠♣♦sé❡ ✉♥✐q✉❡♠❡♥t ❞❡ ❝❛r❜♦♥❡ ❡t
é♣❛✐ss❡ ❞✬✉♥ ❛t♦♠❡ s❡✉❧❡♠❡♥t✳ ❉❛♥s ✉♥ ♥❛♥♦t✉❜❡ ♣❛r❢❛✐t ❞❡ ❞✐❛♠ètr❡ ✐♥✜♥✐ ♦✉ ❞❛♥s ✉♥❡ ❢❡✉✐❧❧❡
❞❡ ❣r❛♣❤è♥❡ ❬✹✽❪✱ ❝❤❛❝✉♥ ❞❡s ❛t♦♠❡s ❞❡ ❝❛r❜♦♥❡ ❡st r❡❧✐é ❞❡ ♠❛♥✐èr❡ ❝♦✈❛❧❡♥t❡ à tr♦✐s ❛t♦♠❡s
✈♦✐s✐♥s✱ ❝ré❛♥t ❛✐♥s✐ ✉♥ ❛rr❛♥❣❡♠❡♥t ❧♦❝❛❧ tr✐❛♥❣✉❧❛✐r❡ ♣❧❛♥✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s ❛t♦♠❡s ❢♦r♠❡ ✉♥
rés❡❛✉ ❤❡①❛❣♦♥❛❧ ✭✈♦✐r ✜❣✉r❡ ✷✳✶✱ ❡①tr❛✐t❡ ❞❡ ❬✹✾❪✮✳
▲❛ ❧✐❛✐s♦♥ ❞❡ t②♣❡ σ ❡♥tr❡ ❝❤❛q✉❡ ❛t♦♠❡ s❡ ré❛❧✐s❡ ❣râ❝❡ ❛✉① ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ❞❡ t②♣❡ sp2✱
❝♦♠❜✐♥❛✐s♦♥s ❧✐♥é❛✐r❡s ❞❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s 2s✱ 2px ❡t 2py✳ ▲❡ ❝❛r❜♦♥❡ ét❛♥t tétr❛✈❛❧❡♥t✱ ✐❧
r❡st❡ ✉♥ é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡ s✐t✉é ❞❛♥s ❧✬♦r❜✐t❛❧❡ ❛t♦♠✐q✉❡ pz ♦ù z ❡st ❧❛ ❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉✲
❧❛✐r❡ à ❧❛ ♣❛r♦✐ ❞✉ t✉❜❡ ♦✉ ❛✉ ♣❧❛♥ ❞✉ ❣r❛♣❤è♥❡✳ ▲❡s ♦r❜✐t❛❧❡s pz ❞❡ t♦✉s ❧❡s ❛t♦♠❡s ❞❡ ❝❛r❜♦♥❡
s❡ r❡❝♦✉✈r❡♥t ❧é❣èr❡♠❡♥t✱ ❞♦♥♥❛♥t ♥❛✐ss❛♥❝❡ à ✉♥❡ ♦r❜✐t❛❧❡ ♠♦❧é❝✉❧❛✐r❡ ❞❡ t②♣❡ π✳ ❈❡tt❡ ♦r❜✐✲
t❛❧❡ ♠❡t ❡♥ ❝♦♠♠✉♥ t♦✉s ❧❡s é❧❡❝tr♦♥s ❞❡s ♦r❜✐t❛❧❡s pz ✿ ♦♥ ♣❛r❧❡ ❛❧♦rs ❞❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡s
é❧❡❝tr♦♥s s✉r t♦✉t❡ ❧❛ ♠♦❧é❝✉❧❡✳
❯♥ ♥❛♥♦t✉❜❡ ♥✬ét❛♥t r✐❡♥ ❞✬❛✉tr❡ q✉✬✉♥ ♠♦r❝❡❛✉ ❞❡ ❣r❛♣❤è♥❡ ❡♥r♦✉❧é✱ ✐❧ ♣❛r❛✐t ❛♣♣r♦♣r✐é✱ s✐
❧✬♦♥ s♦✉❤❛✐t❡ ❝♦♥♥❛îtr❡ ♣❧✉s ❡♥ ❞ét❛✐❧ s❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s✱ ❞❡ ❝♦♠♠❡♥❝❡r ♣❛r s✬✐♥tér❡s✲
s❡r à ❝❡❧❧❡s ❞✉ ❣r❛♣❤è♥❡✳ ▲❛ ♣r❡♠✐èr❡ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❞✉ ❣r❛♣❤è♥❡ ❛ été ♣r♦♣♦sé❡ ♣❛r P✳❘✳
❲❛❧❧❛❝❡ ❡♥ ✶✾✹✻ ❬✺✵❪ ❛❧♦rs q✉✬✐❧ ♥✬❛ été ❞é❝♦✉✈❡rt ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t q✉❡ ✺✵ ❛♥s ♣❧✉s t❛r❞ ♣❛r
❆✳ ●❡✐♠ ❡t ❑✳ ◆♦✈♦s❡❧♦✈✱ t♦✉s ❞❡✉① ♣r✐① ◆♦❜❡❧ ❞❡ ♣❤②s✐q✉❡ ❡♥ ✷✵✶✵ ❬✺✶❪✳ ❉❡♣✉✐s✱ ❧✬❡♥❣♦✉❡♠❡♥t
❞❡s ❝❤❡r❝❤❡✉rs ♥✬❛ ❡✉ ❞❡ ❝❡ss❡ ♣♦✉r ❝❡ ♠❛tér✐❛✉✳
■❧ ♥✬❡st ♣❛s q✉❡st✐♦♥ ✐❝✐ ❞❡ r❡❞é♠♦♥tr❡r ❧❛ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❞✉ ❣r❛♣❤è♥❡ ♠❛✐s ✉♥❡ ❝❛r❛❝tér✐s✲
t✐q✉❡ ✐♠♣♦rt❛♥t❡ ❞♦✐t ♥é❛♥♠♦✐♥s êtr❡ r❛♣♣❡❧é❡ ✿ ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ❞❡s ♣♦rt❡✉rs ❞❡ ❝❤❛r❣❡
❡st ❧✐♥é❛✐r❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐ ❛✉ ♣♦✐♥t ❑ ♣♦✉r ❧❡ ❣r❛♣❤è♥❡ ♥♦♥ ❞♦♣é ❬✹✽✱ ✺✷❪ ✿

E(k) = ±~vf

√

k2x + k2y = ±~vfk ✭✷✳✶✮

❉✬❛♣rès ❝❡tt❡ r❡❧❛t✐♦♥✱ ♦♥ ❞✐t ❞❡s ❢❡r♠✐♦♥s ❞✉ ❣r❛♣❤è♥❡ q✉✬✐❧s s♦♥t r❡❧❛t✐✈✐st❡s ❞❡ ♠❛ss❡ ♥✉❧❧❡✱
♠ê♠❡ s✐ vf < c/300 ❬✹✽❪✳ ❙✐ ❧✬♦♥ tr❛❝❡ ❝❡tt❡ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ❞❛♥s ❧✬❡s♣❛❝❡ (E, kx, ky)✱ ♦♥
♦❜t✐❡♥t ❞❡✉① ❝ô♥❡s ❞♦♥t ❧❡s s♦♠♠❡ts ❝♦ï♥❝✐❞❡♥t à E = 0 ❡t ❛✉① ♣♦s✐t✐♦♥s K ❡t K ′ ✳ ■❧s s♦♥t
❛♣♣❡❧és ❝ô♥❡s ❞❡ ❉✐r❛❝✳ ▲❛ ✜❣✉r❡ ✷✳✶✭❝✮ ❡①tr❛✐t❡ ❞❡ ❬✹✾❪✱ r❡♣rés❡♥t❡ ❧❛ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❞✉
❣r❛♣❤è♥❡✳ ❈❡tt❡ str✉❝t✉r❡ ❡st ❝♦♥st✐t✉é❡ ❞❡ ❞❡✉① ❜❛♥❞❡s ✿ ❧✬✉♥❡✱ ❞✐t❡ ❞❡ ❝♦♥❞✉❝t✐♦♥✱ r❡♠♣❧✐❡
❞✬é❧❡❝tr♦♥s ❥✉sq✉✬à ❊❂✵ t❛♥❞✐s q✉❡ ❧✬❛✉tr❡✱ ❞✐t❡ ❞❡ ✈❛❧❡♥❝❡✱ ❡st ✈✐❞❡ ❛✉✲❞❡ss✉s ❞❡ ❊❂✵✳ ❖♥ ❞✐t
❞✉ ❣r❛♣❤è♥❡ q✉❡ ❝✬❡st ✉♥ s❡♠✐✲❝♦♥❞✉❝t❡✉r à ❣❛♣ ♥✉❧ ❝❛r ❝❡s ❞❡✉① ❜❛♥❞❡s s❡ ❝♦✉♣❡♥t ❡♥ ✉♥
♣♦✐♥t ✉♥✐q✉❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐✳ ■❧ ❡st ❡♥s✉✐t❡ ♣♦ss✐❜❧❡ ❞❡ ♠♦❞✐✜❡r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❝❡ ♥✐✈❡❛✉ ❡♥
♠♦❞✐✜❛♥t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t é❧❡❝tr♦st❛t✐q✉❡ ❣râ❝❡ à ✉♥❡ ❣r✐❧❧❡ ♦✉ à ❞❡s é❧é♠❡♥ts ❞♦♣❛♥ts✳
❘❡✈❡♥♦♥s ♠❛✐♥t❡♥❛♥t ❛✉① ♦❜❥❡ts q✉✐ ♥♦✉s ✐♥tér❡ss❡♥t ✿ ❧❡s ♥❛♥♦t✉❜❡s✳ ❈♦♠♠❡ ♠❡♥t✐♦♥♥é ♣ré✲
❝é❞❡♠♠❡♥t✱ ❝❡ s♦♥t ❞❡s ♠♦r❝❡❛✉① ✜♥✐s ❞❡ ❣r❛♣❤è♥❡ ❡♥r♦✉❧és✳ ▲❡✉rs ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s
❞é♣❡♥❞❡♥t ❡♥t✐èr❡♠❡♥t ❞❡ ❧✬♦r✐❡♥t❛t✐♦♥ q✉❡ ❝❡t ❡♥r♦✉❧❡♠❡♥t ♣r❡♥❞✳ ■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡
❞é✜♥✐r ✉♥ ✈❡❝t❡✉r ❞✬❡♥r♦✉❧❡♠❡♥t ♦✉ ❞❡ ❝❤✐r❛❧✐té✳ ❈♦♥str✉✐t à ♣❛rt✐r ❞❡s ✈❡❝t❡✉rs ❞❡ ❜❛s❡ ❞✉
❣r❛♣❤è♥❡ ♣rés❡♥tés à ❧❛ ✜❣✉r❡ ✷✳✶✱ ✐❧ ♣r❡♥❞ ❧❛ ❢♦r♠❡ s✉✐✈❛♥t❡ ✿

~Ch = n~a1 +m~a2 ✭✷✳✷✮



✷✳✶✳ Pr♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❞❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡ ✸✶

(a) (b)

a

a

1

2

b

b

1

2

K
Γ

k

k

x

y

1

2

3

M

δ δ

δ

A B

K’

(c)

❋✐❣✉r❡ ✷✳✶ ✕ ❘és❡❛✉ ❡t str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❞✉ ❣r❛♣❤è♥❡✱ ❡①tr❛✐t ❞❡ ❬✹✾❪✳ ✭❛✮ ❘és❡❛✉ ❡♥ ♥✐❞
❞✬❛❜❡✐❧❧❡ ❞✉ ❣r❛♣❤è♥❡ ✿ ✐❧ ❡st ❝♦♥st✐t✉é ❞❡ ❞❡✉① s♦✉s✲rés❡❛✉① tr✐❛♥❣✉❧❛✐r❡s ✭❜❧❡✉ ❡t ❥❛✉♥❡✮✳ ▲❡s ❛t♦♠❡s
q✉✐ ❧❡ ❝♦♠♣♦s❡♥t s♦♥t ❞✐st❛♥ts ❞❡ 1.42 ➴ ❡t ❧❡s ✈❡❝t❡✉rs a1 ❡t a2 s♦♥t ❧❡s ✈❡❝t❡✉rs ❞❡ ❜❛s❡s ❞✉ rés❡❛✉
❞✐r❡❝t✳ ✭❜✮ ❘és❡❛✉ ré❝✐♣r♦q✉❡ ❞✉ ❣r❛♣❤è♥❡ ✿ ❧❡s ✈❡❝t❡✉rs b1 ❡t b2 s♦♥t ❧❡s ✈❡❝t❡✉rs ❞❡ ❜❛s❡✳ ▲❡s ♣♦✐♥ts ❑
❡t ❑✬ s♦♥t ❧❡s ♣♦✐♥ts ❞❡ ❤❛✉t❡ s②♠étr✐❡✳ ✭❝✮ ❙tr✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❞✉ ❣r❛♣❤è♥❡ ❞❛♥s ❧❛ ♣r❡♠✐èr❡ ③♦♥❡ ❞❡
❇r✐❧❧♦✉✐♥✳ ▲❛ ③♦♥❡ ❛❣r❛♥❞✐❡ ❝♦rr❡s♣♦♥❞ ❛✉① ♣♦✐♥ts ❞❡ ❤❛✉t❡ s②♠étr✐❡ ❑ ❡t ❑✬✳ ▲❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥
❡st ❧✐♥é❛✐r❡ ❡♥ ❦ ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ ❞❡ ❑ ❡t ❑✬✳



✸✷ ❈❤❛♣✐tr❡ ✷✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡

▲❛ ✜❣✉r❡ ✷✳✷ ♣rés❡♥t❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❞✬✉♥ t❡❧ ✈❡❝t❡✉r ❛✐♥s✐ q✉✬✉♥❡ ✐♠❛❣❡ ♣❛r
♠✐❝r♦s❝♦♣✐❡ à ❡✛❡t t✉♥♥❡❧ ❞✬✉♥ ♥❛♥♦t✉❜❡ ♦ù ❧✬♦♥ ♣❡✉t ❞✐st✐♥❣✉❡r s❛ ❝❤✐r❛❧✐té ❬✺✺❪✳
❯♥❡ ❢♦✐s ❧✬❡♥r♦✉❧❡♠❡♥t ❞✉ ♥❛♥♦t✉❜❡ ❞é✜♥✐✱ ♦♥ ♣❡✉t ❞é❝♦♠♣♦s❡r ❧❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ é❧❡❝tr♦♥✐q✉❡
s✉✐✈❛♥t ❧❛ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧è❧❡ à ❧✬❛①❡ ❞✉ t✉❜❡ ❡t ❝❡❧❧❡ ♣❛r❛❧❧è❧❡ à ~Ch✱ ❡♥ ♣r❡♥❛♥t ❧❡ ♣♦✐♥t ❞❡ ❤❛✉t❡
s②♠étr✐❡ ❑ ❝♦♠♠❡ ♦r✐❣✐♥❡ ✿

~k = k‖~e‖ + k⊥ ~e⊥ ✭✷✳✸✮

▲❡s ❝♦♥❞✐t✐♦♥s ♣ér✐♦❞✐q✉❡s s✉r ❧❛ ❝✐r❝♦♥❢ér❡♥❝❡ ~Ch.(~k+ ~K) = p2π ♦✛r❡♥t ✉♥❡ ♥♦✉✈❡❧❧❡ éq✉❛t✐♦♥ ✿

k⊥,p = 2
(m− n)/3 + p

d
✭✷✳✹✮

♦ù ❞ ❡st ❧❡ ❞✐❛♠ètr❡ ❞✉ t✉❜❡✱ ♠ ❡t ♥ ❧❡s ❝♦♠♣♦s❛♥t❡s ❞❡ ~w ❡t ♣ ✉♥ ❡♥t✐❡r q✉✐ ❞é✜♥✐t ❧✬✐♥❞❡①
❞❡ ❧❛ ❜❛♥❞❡ q✉❡ ❧✬♦♥ ❝♦♥s✐❞èr❡✳ ❊♥ ✉t✐❧✐s❛♥t ♠❛✐♥t❡♥❛♥t ❧❡s éq✉❛t✐♦♥s ✷✳✶✱ ✷✳✸ ❡t ✷✳✹✱ ♦♥ ♦❜t✐❡♥t
✉♥❡ ❡①♣r❡ss✐♦♥ ❣é♥ér❛❧❡ ❞❡ ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ✭♥✱♠✮ ✿

Ep(k‖) = ±2~vf

√

(

(m− n)/3 + p

d

)2

+

(

k‖
2

)2

✭✷✳✺✮

❖♥ r❡♠❛rq✉❡✱ ♣❛r ✉♥ ❝❛❧❝✉❧ s✐♠♣❧❡✱ q✉❡ ❧✬♦♥ r❡tr♦✉✈❡ ❧❡ ❝❛r❛❝tèr❡ ❞❡ s❡♠✐✲❝♦♥❞✉❝t❡✉r à ❣❛♣
♥✉❧ ❞✉ ❣r❛♣❤è♥❡ ❧♦rsq✉❡ ✭♠✲♥✮ ❡st ✉♥ ♠✉❧t✐♣❧❡ ❞❡ ✸✳ ◆♦✉s ♣♦✉✈♦♥s ❞♦♥❝ ❞é❞✉✐r❡ ❞❡ ❝❡❧❛ ✉♥
rés✉❧t❛t très ✐♥tér❡ss❛♥t ✿ s✐ ❧❛ s②♥t❤ès❡ ❞❡s ♥❛♥♦t✉❜❡s ♥❡ ❢❛✈♦r✐s❡ ❛✉❝✉♥❡ ❝❤✐r❛❧✐té ♣❛rt✐❝✉❧✐èr❡✱
♦♥ ♣r♦❞✉✐t ❛❧♦rs ♣♦✉r ❞❡✉① t✐❡rs ❞❡ s❡♠✐✲❝♦♥❞✉❝t❡✉rs ❡t ♣♦✉r ✉♥ t✐❡rs ❞❡ ♠ét❛❧❧✐q✉❡s✳
❯♥❡ ❛✉tr❡ ❢❛ç♦♥ ❞✬❛rr✐✈❡r à ❝❡ rés✉❧t❛t ❝♦♥s✐st❡ à ❞✐r❡ q✉❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ❜❛♥❞❡ ❞✬✉♥
♥❛♥♦t✉❜❡ ❡st ❞é✜♥✐❡ ♣❛r ❧❡ ❧✐❡✉ ❞❡s ♣♦✐♥ts r❡♣rés❡♥té ♣❛r ❧✬✐♥t❡rs❡❝t✐♦♥ ❞✬✉♥ ♣❧❛♥ ❞✬éq✉❛t✐♦♥
k⊥ = 2(m−n)/(3d) = constante ❛✈❡❝ ❧❡s ❝ô♥❡s ❞❡ ❉✐r❛❝ ❞✉ ❣r❛♣❤è♥❡ k2⊥+k2‖ = ±(E(k)/~vf )

2✳
❚r♦✐s ❝❛s s❡ ♣rés❡♥t❡♥t ❛❧♦rs à ♥♦✉s ✿ ♠✲♥ ❡st é❣❛❧ à ✵✱ ✶ ♦✉ ✲✶ ♠♦❞✉❧♦ ✸✳ ❉❛♥s ❧❡ ♣r❡♠✐❡r
❝❛s ✿ m − n ≡ 0[3]✱ ♦♥ r❡tr♦✉✈❡ ❧❡ ❝❛r❛❝tèr❡ ♠ét❛❧❧✐q✉❡ ♣✉✐sq✉❡ ❧✬♦♥ ♦❜t✐❡♥t ❞❡✉① ❞r♦✐t❡s
E(k) = ±~vfk‖ q✉✐ s❡ ❝♦✉♣❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐✱ à k‖ = 0✱ ✈♦✐r ✜❣✉r❡ ✷✳✸✳ ■❧ ❡st ❝❡♣❡♥❞❛♥t
✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ ❧❡s ♥❛♥♦t✉❜❡s ré❡❧❧❡♠❡♥t ♠ét❛❧❧✐q✉❡s s♦♥t ❝❤♦s❡s r❛r❡s✳ ❊♥ ré❛❧✐té✱
❧✬❡✛❡t ❞❡ ❝♦✉r❜✉r❡ ❛✐♥s✐ q✉❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ❞é❢❛✉ts ♦✉ ❞❡ ❝♦♥tr❛✐♥t❡s ❝ré❡♥t ✉♥ ❣❛♣ ❞❡ ❧✬♦r❞r❡
❞❡ ✶✵✵♠❡❱ ❬✺✸✱ ✺✹❪✳ ❉❛♥s ❧❡s ❞❡✉① ❛✉tr❡s ❝❛s ✿ m− n ≡ ±1[3]✱ ❧❡ ❧✐❡✉ ❞✬✐♥t❡rs❡❝t✐♦♥ ❞✉ ❝ô♥❡ ❡t
❞✉ ♣❧❛♥ ❢♦r♠❡ ✉♥❡ ❤②♣❡r❜♦❧❡✳ ❖♥ ❝♦♥st❛t❡ ✉♥ ❝❛r❛❝tèr❡ s❡♠✐✲❝♦♥❞✉❝t❡✉r ❡t ❧❛ ❜❛♥❞❡ ✐♥t❡r❞✐t❡
❛ ✉♥❡ ✈❛❧❡✉r ❞❡ 2~vf (2/3d)✱ s♦✐t 0.7[eV ]/d[nm]✳
◗✉❡❧s q✉❡ s♦✐❡♥t ♠ ❡t ♥✱ ❛✉❝✉♥❡ ❞❡s str✉❝t✉r❡s ❞❡ ❜❛♥❞❡s s✉✐✈❛♥t❡s ✭✐♥❞❡① p > 0✮ ♥✬❡st ♠ét❛❧❧✐q✉❡
❡t ❧✬♦♥ ♣❛ss❡ ❞✬✉♥❡ ❜❛♥❞❡ ❞✬✐♥❞❡① ♣ à ♣✰✶ ♣❛r ✉♥❡ ✈❛r✐❛t✐♦♥ ❞❡ k⊥ = ±2/(3d)✳

✷✳✷ ❚r❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s à t❡♠♣ér❛✲

t✉r❡ ❛♠❜✐❛♥t❡

◆♦✉s ❛❧❧♦♥s à ♣rés❡♥t ♥♦✉s ✐♥tér❡ss❡r ❛✉① ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡s ❞✬✉♥ ♥❛♥♦✲
t✉❜❡ ❞❡ ❝❛r❜♦♥❡ ❝♦♥♥❡❝té ❛✉① ❡①tré♠✐tés à ❞❡s rés❡r✈♦✐rs ❞✬é❧❡❝tr♦♥s✳ ▲❡ ♣❛ss❛❣❡ ❞❡s é❧❡❝tr♦♥s



✷✳✷✳ ❚r❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ✸✸

(a)

θ

(b)

❋✐❣✉r❡ ✷✳✷ ✕ ❊♥r♦✉❧❡♠❡♥t ❞❡s ♥❛♥♦t✉❜❡s ❡t ❝❤✐r❛❧✐té✳ ✭❛✮ ❱❡❝t❡✉r ❞✬❡♥r♦✉❧❡♠❡♥t Ch✱ ❡①tr❛✐t ❞❡
❬✺✸❪ ✿ ✐❧ ❡st ♦rt❤♦❣♦♥❛❧ à ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ♥❛♥♦t✉❜❡ ❡t ❞é✜♥✐ ❝♦♠♠❡ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡s ✈❡❝t❡✉rs ❞❡
❜❛s❡ ❞✉ rés❡❛✉✳ ▲❡ ❝♦✉♣❧❡ ✭♥✱♠✮ ❞é✜♥✐t ❛❧♦rs ❧❛ ❝❤✐r❛❧✐té ❞✉ ♥❛♥♦t✉❜❡ ❡t ❧✬❛♥❣❧❡ θ ❝♦rr❡s♣♦♥❞ à ❧✬❛♥❣❧❡
❢♦r♠é ❡♥tr❡ ❧❛ ❞✐r❡❝t✐♦♥ ③✐❣✲③❛❣ ✭♥✱♥✮ ❡t Ch✳ ✭❜✮ ■♠❛❣❡ ♣❛r ♠✐❝r♦s❝♦♣✐❡ à ❡✛❡t t✉♥♥❡❧ ❤❛✉t❡ rés♦❧✉t✐♦♥
❞✬✉♥ ♥❛♥♦t✉❜❡✱ ❡①tr❛✐t ❞❡ ❬✺✺❪✳ ❖♥ r❡❝♦♥♥❛✐t ❧❡ rés❡❛✉ ❡♥ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ❡t ♦♥ ❞❡✈✐♥❡ ❧✬❛♥❣❧❡ θ✳



✸✹ ❈❤❛♣✐tr❡ ✷✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡

(a)

k┴

k
//

0

0

E

(b)

k┴

k
//

0

0

E

E
gap

q = 0

q = 1

❋✐❣✉r❡ ✷✳✸ ✕ ❙tr✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❞❡s ♥❛♥♦t✉❜❡s✳ ✭❛✮ ❈❛s ❞✬✉♥ ♥❛♥♦t✉❜❡ ♠ét❛❧❧✐q✉❡✳ ▲❡ ♣❧❛♥
k⊥ = 0 ♣❛ss❡ ♣❛r ❧❡ ♣♦✐♥t ❑ ♦✉ ❑✬✳ ▲❛ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❝♦rr❡s♣♦♥❞ ❛❧♦rs à ❞❡✉① ❞r♦✐t❡s q✉✐ s❡
❝♦✉♣❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐✳ ✭❜✮ ❈❛s ❞✬✉♥ ♥❛♥♦t✉❜❡ s❡♠✐✲❝♦♥❞✉❝t❡✉r✳ ▲❡ ♣❧❛♥ k⊥ = constante ❝♦✉♣❡
❧❡ ❝ô♥❡ ♣♦✉r ❢♦r♠❡r ✉♥❡ ❤②♣❡r❜♦❧❡✳ ▲❛ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❝♦rr❡s♣♦♥❞ ❛❧♦rs à ❞❡✉① ❜❛♥❞❡s q✉✐ ♥❡ s❡
❝♦✉♣❡♥t ♣❛s✳ ▲❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❡ ♠✐♥✐♠✉♠ ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ❡t ❧❡ ♠❛①✐♠✉♠ ❞❡ ❧❛ ❜❛♥❞❡ ❞❡
✈❛❧❡♥❝❡ ❝♦rr❡s♣♦♥❞ ❛✉ ❣❛♣ s❡♠✐✲❝♦♥❞✉❝t❡✉r✳



✷✳✷✳ ❚r❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ✸✺

❞✬✉♥ rés❡r✈♦✐r à ❧✬❛✉tr❡ s❡ ❝❛r❛❝tér✐s❡ ❞✬✉♥❡ ♣❛rt✱ ♣❛r ❧❡s ♣r♦♣r✐étés ✐♥tr✐♥sèq✉❡s ❞✉ ♥❛♥♦t✉❜❡
q✉❡ ♥♦✉s ✈❡♥♦♥s ❞❡ ❞é✜♥✐r✱ ❡t ❞✬❛✉tr❡ ♣❛rt✱ ♣❛r ❝❡ q✉✐ s❡ ♣❛ss❡ à ❧✬✐♥t❡r❢❛❝❡ ❡♥tr❡ ❧❡ ♥❛♥♦t✉❜❡
❡t ❧❡s rés❡r✈♦✐rs✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞✬✐♥tr♦❞✉✐r❡ ❡♥ ♣r❡♠✐❡r ❧✐❡✉ ❞❡✉① ❧♦♥❣✉❡✉rs ❝❛r❛❝tér✐st✐q✉❡s
q✉✐ ♣❡r♠❡tt❡♥t ❞❡ ❥✉st✐✜❡r ❞✉ ❝❛r❛❝tèr❡ ♠és♦s❝♦♣✐q✉❡ ❞✉ tr❛♥s♣♦rt ✿ lφ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤é✲
r❡♥❝❡ ❞❡ ♣❤❛s❡✱ q✉✐ ♣❡✉t ❛tt❡✐♥❞r❡ ♣❧✉s✐❡✉rs ♠✐❝r♦♥s ❡t le ❧❡ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ q✉✐ ❞é♣❡♥❞
❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ❞é❢❛✉ts ❞✐✛✉s✐❢s ❞❛♥s ❧❡ s②stè♠❡ ❬✺✻❪✳

✷✳✷✳✶ ❋♦r♠✉❧❡ ❞❡ ▲❛♥❞❛✉❡r✲❇ütt✐❦❡r

❖♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❥♦♥❝t✐♦♥ ♥❛♥♦t✉❜❡ ❞❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛♥♦♠ètr❡s
s❛♥s ❞é❢❛✉ts ✐✳❡✳ ♦ù ❧❛ ❧♦♥❣✉❡✉r ❞✉ ♥❛♥♦t✉❜❡ ❡st ♣❧✉s ♣❡t✐t❡ q✉❡ le ❡t lφ✳ ❖♥ s✬❛tt❡♥❞ à ❝❡ q✉❡ ❧❛
rés✐st❛♥❝❡ s♦✐t ❞❡ t②♣❡ ♦❤♠✐q✉❡ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❡s ✐♥t❡r❢❛❝❡s ♠ét❛❧✲♥❛♥♦t✉❜❡ s♦♥t tr❛♥s♣❛r❡♥t❡s✳
❖r✱ ✐❧ ♥✬❡♥ ❡st r✐❡♥✳ ▲❛♥❞❛✉❡r ❛ ♠♦♥tré ❡♥ ✶✾✼✵ q✉❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞❛♥s ✉♥ s②stè♠❡ ♠és♦s❝♦✲
♣✐q✉❡ ♥❡ ♣❡✉t ❡①❝é❞❡r ✉♥ ❝❡rt❛✐♥ ♠✉❧t✐♣❧❡ ❞✉ q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉❝t❛♥❝❡ G0 = e2/~ ≃ 39µS ❬✺✼❪✳
▲❛ ✈❛❧❡✉r ❞❡ ❝❡ ♠✉❧t✐♣❧❡ ❞é♣❡♥❞ ❞✉ ♥♦♠❜r❡ ❞❡ ❝❛♥❛✉① ❞❛♥s ❧❡ ❝♦♥❞✉❝t❡✉r✳ P♦✉r ✉♥ ♥❛♥♦t✉❜❡✱
❧♦rsq✉❡ ❧✬♦♥ s❡ r❡str❡✐♥t à ❧❛ ♣r❡♠✐èr❡ ❜❛♥❞❡✱ ❞❡✉① ✈❡❝t❡✉rs ❞✬♦♥❞❡s tr❛♥s✈❡rs❡s s♦♥t ♣♦ss✐❜❧❡s ✿
±k⊥✱ ❝❤❛❝✉♥ ❞é❣é♥éré ❡♥ s♣✐♥✳ ❈❡❧❛ ❢❛✐t ❞♦♥❝ q✉❛tr❡ ❝❛♥❛✉①✳ ❙✐ ♠❛✐♥t❡♥❛♥t ❧✬♦♥ ❝♦♥s✐❞èr❡
❞❡s ✐♥t❡r❢❛❝❡s ♥♦♥ ♣❛r❢❛✐t❡s✱ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ à tr❛✈❡rs ❧❛ ❥♦♥❝t✐♦♥ ❡st ❞♦♥♥é❡ ♣❛r ❧❛ ❢♦r♠✉❧❡ ❞❡
▲❛♥❞❛✉❡r✲❇ütt✐❦❡r ❬✺✽❪ ✿

G =
e2

~

∑

k,σ

Tk,σ ✭✷✳✻✮

♦ù Tk,σ ❡st ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✉ ❝❛♥❛❧ ❞❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ ❦ ❡t ❞❡ s♣✐♥ σ✳ ❖♥ ✈♦✐t ❞♦♥❝
♣✉✐sq✉❡✱ ❚❁❂✶✱ q✉❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ♠❛①✐♠❛❧❡ q✉❡ ❧✬♦♥ ♣❡✉t ♠❡s✉r❡r à tr❛✈❡rs ✉♥ ♥❛♥♦t✉❜❡ ❡st
4G0 ≃ 155µ❙✳

✷✳✷✳✷ ❇❛rr✐èr❡ ❙❝❤♦tt❦② à ❧✬✐♥t❡r❢❛❝❡ ♥❛♥♦t✉❜❡✲♠ét❛❧

▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡s ♦♥❞❡s é❧❡❝tr♦♥✐q✉❡s à tr❛✈❡rs ❧❡ ♥❛♥♦t✉❜❡ ❞é♣❡♥❞❡♥t
❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡ ❧❛ q✉❛❧✐té ❞❡s ✐♥t❡r❢❛❝❡s ♠ét❛❧✲♥❛♥♦t✉❜❡s✳ ▲♦rs ❞❡ ❧❛ ❥♦♥❝t✐♦♥ ❞✬✉♥ s❡♠✐✲
❝♦♥❞✉❝t❡✉r ❛✈❡❝ ✉♥ ♠ét❛❧✱ ✐❧ ② ❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ❜❛rr✐èr❡ ❙❝❤♦tt❦② à ❧✬✐♥t❡r❢❛❝❡✳ ❈✬❡st ❝❡ ♣❤é✲
♥♦♠è♥❡ q✉✐✱ ♣❛r ❡①❡♠♣❧❡✱ ❛ été ❡①♣❧♦✐té ❞❛♥s ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡s ♣r❡♠✐❡rs tr❛♥s✐st♦rs à ❜❛s❡ ❞❡
♥❛♥♦t✉❜❡s✱ ❡♥ ✶✾✾✽ ❬✺✾❪✳ ▲✬♦r✐❣✐♥❡ ❞✬✉♥❡ ❜❛rr✐èr❡ ❙❝❤♦tt❦② rés✐❞❡ ❞❛♥s ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ tr❛✈❛✐❧
❞❡ s♦rt✐❡ ❡♥tr❡ ❧❡s ❞❡✉① ♠❛tér✐❛✉① ♠✐s ❡♥ ❝♦♥t❛❝t✳ P❧✉s ❧❛ ❞✐✛ér❡♥❝❡ ❡st ❣r❛♥❞❡✱ ♣❧✉s ❧❛ ❜❛rr✐èr❡
❡st ❤❛✉t❡ ❡t ❧❛r❣❡✳
▲✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ♣♦t❡♥t✐❡❧ ❞❡ ❣r✐❧❧❡ ✈❛ ♣❡r♠❡ttr❡ ❞❡ ♠♦❞✉❧❡r ❧❡s ❜❛♥❞❡s ❞✉ s❡♠✐✲❝♦♥❞✉❝t❡✉r
♠♦❞✐✜❛♥t ❛✐♥s✐ s♦♥ tr❛✈❛✐❧ ❞❡ s♦rt✐❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❥♦✉❡r s✉r ❧✬é♣❛✐ss❡✉r
❞❡s ❜❛rr✐èr❡s ❙❝❤♦tt❦②✱ ❡t ❞♦♥❝ ❞❡ ❝❤❛♥❣❡r ❧✬✐♥t❡♥s✐té ❞✉ ❝♦✉r❛♥t t✉♥♥❡❧ t❤❡r♠✐q✉❡♠❡♥t ❛❝t✐✈é✳
❙✉✐✈❛♥t q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ ❞❡s rés✐st❛♥❝❡s ❞❡ ❝♦♥t❛❝t ♣❧✉s ♦✉ ♠♦✐♥s ❣r❛♥❞❡s✱ ♦♥ ♣♦✉rr❛ ❝❤♦✐s✐r ❧❡
♠ét❛❧ ❞❡s é❧❡❝tr♦❞❡s✳ ▲❛ ✜❣✉r❡ ✷✳✹✭❛✮ ❝♦rr❡s♣♦♥❞ à ❧❛ ♠❡s✉r❡ ❞✉ ❝♦✉r❛♥t à tr❛✈❡rs ❞❡s ♥❛♥♦t✉❜❡s
❞❡ ❞✐✛ér❡♥ts ❞✐❛♠ètr❡s ❝♦♥t❛❝tés ❛✈❡❝ ❞✉ ♣❛❧❧❛❞✐✉♠✱ ❞✉ t✐t❛♥❡ ❡t ❞❡ ❧✬❛❧✉♠✐♥✐✉♠✱ ❡①tr❛✐t❡ ❞❡



✸✻ ❈❤❛♣✐tr❡ ✷✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡
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❋✐❣✉r❡ ✷✳✹ ✕ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ♥❛t✉r❡ ❞✉ ♠ét❛❧ s✉r ❧❡s ❜❛rr✐èr❡s ❙❝❤♦tt❦②✱ ❡①tr❛✐t ❞❡ ❬✻✵❪✳ ✭❛✮
▼❡s✉r❡ ❞✉ ❝♦✉r❛♥t ❞❛♥s ❧✬ét❛t ♣❛ss❛♥t ❞❡ tr❛♥s✐st♦rs à ♥❛♥♦t✉❜❡ ❛✈❡❝ ❞✐✛ér❡♥ts ♠ét❛✉① ❝♦♥st✐t✉❛♥t
❧❡s é❧❡❝tr♦❞❡s ✭❛❧✉♠✐♥✐✉♠✱ t✐t❛♥❡ ❡t ♣❛❧❧❛❞✐✉♠✮✳ ▲✬❛①❡ ❞❡ ❞r♦✐t❡ r❡♣rés❡♥t❡ ❧❛ ❤❛✉t❡✉r ❞❡ ❧❛ ❜❛rr✐èr❡
❙❝❤♦tt❦②✳ ✭❜✮ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❞✬✉♥ ♥❛♥♦t✉❜❡ ❡t ❞❡s ❞✐✛ér❡♥t❡s
❤❛✉t❡✉rs ❞❡ ❜❛rr✐èr❡s ❙❝❤♦tt❦②✱ t♦✉❥♦✉rs s❡❧♦♥ ❧❡s tr♦✐s ♠ê♠❡s ♠ét❛✉①✳

❬✻✵❪✳ ▲❛ ✜❣✉r❡ ✷✳✹✭❜✮ s❝❤é♠❛t✐s❡ ❞❡s ♣r♦✜❧s ❞❡ ❜❛♥❞❡s ❝♦rr❡s♣♦♥❞❛♥ts à ✉♥ ♥❛♥♦t✉❜❡ ❝♦♥t❛❝té
❛✈❡❝ ❞✐✛ér❡♥ts ♠ét❛✉①✳ ■❧ ❡st ❝❧❛✐r q✉❡ ❧❡ ♠❛①✐♠✉♠ ❞❡ ❝♦✉r❛♥t ❡st ♦❜t❡♥✉ ♣♦✉r ❧❡s ♥❛♥♦t✉❜❡s
❞❡ ❣r♦s ❞✐❛♠ètr❡✱ ❝❛r ❡♥ ♣❧✉s ❞✬❛✈♦✐r ✉♥❡ s✉r❢❛❝❡ ❞✬✐♥❥❡❝t✐♦♥ ♣❧✉s ❣r❛♥❞❡✱ ❝❡s ♥❛♥♦t✉❜❡s ♦♥t ✉♥
❣❛♣ ♣❧✉s ♣❡t✐t✱ ❡t ❞♦♥❝ ✉♥ tr❛✈❛✐❧ ❞❡ s♦rt✐❡ ♣❧✉s ❢❛✐❜❧❡✳ ❖♥ r❡♠❛rq✉❡ ❛✉ss✐ q✉❡ ❧❡s ❝♦♥t❛❝ts ❛✈❡❝
❧❡ ♣❛❧❧❛❞✐✉♠ s♦♥t ❧❡s ♣❧✉s tr❛♥s♣❛r❡♥ts✱ ❝♦♠♣❛rés ❛✉ t✐t❛♥❡ ❡t à ❧✬❛❧✉♠✐♥✐✉♠✳ ❈✬❡st ♣r✐♥❝✐♣❛❧❡✲
♠❡♥t ❝❡ ♠ét❛❧✱ q✉✐ ❛ été ✉t✐❧✐sé ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✳ ▲❡s é❧❡❝tr♦♥s ✭♦✉ ❧❡s tr♦✉s✮ ❞❡s ♠ét❛✉①
♣é♥ètr❡♥t ❞❛♥s ❧❡ ♥❛♥♦t✉❜❡ ❣râ❝❡ à ❧✬é♥❡r❣✐❡ t❤❡r♠✐q✉❡✳ ❊♥ ❡✛❡t✱ ❝❡tt❡ é♥❡r❣✐❡ ❧❡✉r ♣❡r♠❡t ❞❡
❢r❛♥❝❤✐r ❧❛ ❜❛rr✐èr❡ t✉♥♥❡❧ à ✉♥ ❡♥❞r♦✐t ♦ù ❡❧❧❡ ❡st s✉✣s❛♠♠❡♥t ♠✐♥❝❡✳ ▲♦rsq✉❡ ❧✬♦♥ ❞✐♠✐♥✉❡ ❧❛
t❡♠♣ér❛t✉r❡ ❞✉ s②stè♠❡✱ ♦♥ ♣r✐✈❡ ❧❡s é❧❡❝tr♦♥s ❞✬✉♥❡ t❡❧❧❡ é♥❡r❣✐❡ ❡t ❧✬❡✛❡t t✉♥♥❡❧ ❞❡✈✐❡♥t ❜❡❛✉✲
❝♦✉♣ ♠♦✐♥s ♣r♦❜❛❜❧❡✳ ➚ ♠❡s✉r❡ q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ s②stè♠❡ ❞✐♠✐♥✉❡✱ ❧❡ ♥❛♥♦t✉❜❡ s✬✐s♦❧❡
❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞✉ r❡st❡ ❞✉ ♠♦♥❞❡✳ ▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ tr❛♥s♠✐ss✐♦♥ ❞é✜♥✐s à ❧✬éq✉❛t✐♦♥ ✷✳✻
❞❡✈✐❡♥♥❡♥t ♣❡t✐ts ❞❡✈❛♥t ✶ ❡t ♦♥ ♣❛r❧❡ ❛❧♦rs ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❛♥s ❧❡ s②stè♠❡ ✿ ❧❡
♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s ✭♦✉ ❞❡ tr♦✉s✮ ❡st ❞é✜♥✐ ❞❛♥s ❧❡ ♥❛♥♦t✉❜❡✳

✷✳✸ ➱❧é♠❡♥ts ❞❡ tr❛♥s♣♦rt à tr❛✈❡rs ✉♥❡ ❜♦ît❡ q✉❛♥t✐q✉❡

❆✈❛♥t ❞✬❛❧❧❡r ♣❧✉s ❧♦✐♥ ❞❛♥s ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ tr❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s
à ❜❛ss❡ t❡♠♣ér❛t✉r❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬✐♥tr♦❞✉✐r❡ q✉❡❧q✉❡s ♥♦t✐♦♥s ❞❡ tr❛♥s♣♦rt q✉❛♥t✐q✉❡✳
◆♦✉s ❛❧❧♦♥s t♦✉t ❞✬❛❜♦r❞ ♣rés❡♥t❡r ❧❡ ❝♦♥❝❡♣t ❞❡ ❜❧♦❝❛❣❡ ❞❡ ❈♦✉❧♦♠❜ ❞❛♥s ✉♥ î❧♦t ♠ét❛❧❧✐q✉❡
❡t ♥♦✉s ✈❡rr♦♥s ❡♥s✉✐t❡ ❧✬❡✛❡t ❞❡ ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ✈❡❝t❡✉rs ❞✬♦♥❞❡ ❞❛♥s ❧❡ s②stè♠❡✳



✷✳✸✳ ➱❧é♠❡♥ts ❞❡ tr❛♥s♣♦rt à tr❛✈❡rs ✉♥❡ ❜♦ît❡ q✉❛♥t✐q✉❡ ✸✼
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(c)

❋✐❣✉r❡ ✷✳✺ ✕ ◗✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❛♥s ✉♥ î❧♦t✱ ❛❞❛♣té ❞❡ ❬✻✶❪✳ ✭❛✮ ❙❝❤é♠❛ ❞❡ ❧❛
❝♦♥✜❣✉r❛t✐♦♥ ❞✬✉♥ î❧♦t ❡♥tr❡ ✉♥❡ s♦✉r❝❡ ❡t ✉♥❡ ❣r✐❧❧❡✳ ✭❜✮ ❙❝❤é♠❛ é❧❡❝tr✐q✉❡ éq✉✐✈❛❧❡♥t ✿ ❧❛ ❝❤❛r❣❡
t♦t❛❧❡ ❞❡ ❧✬î❧♦t ❡st q1 − q2✱ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡ ❡st Vg ❡t ❧❛ s♦✉r❝❡ ❡st r❡❧✐é❡ à ❧❛ ♠❛ss❡✳ ✭❝✮ ➱♥❡r❣✐❡ ❞❡
❝❤❛r❣❡ ❞❛♥s ❧✬î❧♦t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡ ✿ ❝❤❛❝✉♥❡ ❞❡s ♣❛r❛❜♦❧❡s ❝♦rr❡s♣♦♥❞ à ✉♥ ét❛t ❞❡
❝❤❛r❣❡✳ ▲♦rsq✉❡ ❞❡✉① ét❛ts ❞❡ ❝❤❛r❣❡s s❡ ❝r♦✐s❡♥t✱ ✐❧ ② ❛ ❛❧♦rs é❝❤❛♥❣❡ ❞✬é❧❡❝tr♦♥s ❡♥tr❡ ❧❛ s♦✉r❝❡ ❡t
❧✬✐❧♦t✳

✷✳✸✳✶ ❇❧♦❝❛❣❡ ❞❡ ❈♦✉❧♦♠❜

❈♦♥s✐❞ér♦♥s t♦✉t ❞✬❛❜♦r❞ ✉♥ î❧♦t ♠ét❛❧❧✐q✉❡ ✐s♦❧é✱ ❝♦✉♣❧é ❞❡ ♠❛♥✐èr❡ ❝❛♣❛❝✐t✐✈❡ à ✉♥❡ é❧❡❝✲
tr♦❞❡ ❞❡ ❣r✐❧❧❡✱ ✉♥❡ é❧❡❝tr♦❞❡ s♦✉r❝❡✱ ❡t ✉♥❡ é❧❡❝tr♦❞❡ ❞❡ ❞r❛✐♥✳ ▲❛ ✜❣✉r❡ ✷✳✺✭❛✮ r❡♣rés❡♥t❡ ✉♥
s❝❤é♠❛ ❞✬✉♥ t❡❧ î❧♦t ❞♦♥t ❧❛ s♦✉r❝❡ ❡t ❧❡ ❞r❛✐♥ s♦♥t r❡❧✐és à ❧❛ t❡rr❡✳ ❖♥ ♥é❣❧✐❣❡✱ ♣♦✉r ❧✬✐♥st❛♥t✱
❧✬❡✛❡t q✉❛♥t✐q✉❡ ❞û ❛✉ ❝♦♥✜♥❡♠❡♥t ❞❡s é❧❡❝tr♦♥s✳ ▲❡ t❡r♠❡ ❝❧❛ss✐q✉❡ ❞✬é♥❡r❣✐❡ ❞❡ ❝❤❛r❣❡ ♥❡
❞é♣❡♥❞ q✉❡ ❞❡ ❧❛ ❝❛♣❛❝✐té t♦t❛❧❡ ❞❡ ❧✬î❧♦t C ❡t ✈❛✉t ✿

Ec =
e2

CΣ

✭✷✳✼✮

❛✈❡❝ CΣ = Cs + Cd + Cg ♦ù Cs✱ Cd ❡t Cg s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❝❛♣❛❝✐tés s♦✉r❝❡✱ ❞r❛✐♥ ❡t
❣r✐❧❧❡✳ ❉❛♥s t♦✉s ❧❡s ❝❛s ♦ù Ec ≫ kBT ✱ ♦♥ ♣❛r❧❡r❛ ❞❡ ré❣✐♠❡ ❞❡ ❜❧♦❝❛❣❡ ❞❡ ❈♦✉❧♦♠❜✳
❙✐ ❧✬♦♥ ✈❡✉t ♠♦❞✐✜❡r ❧❡ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s ❞❛♥s ❧✬î❧♦t✱ ♦♥ ✧❥♦✉❡✧ ❛✈❡❝ ❧❡s t❡♥s✐♦♥s ❞❡ s♦✉r❝❡✱ ❞❡
❞r❛✐♥ ❡t ❞❡ ❣r✐❧❧❡✳ ❖♥ ❡①♣r✐♠❡ ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ❯ ❝♦♠♠❡ ét❛♥t Q2/2CΣ✱ ❛✈❡❝ ◗ ❧❛ ❝❤❛r❣❡ t♦t❛❧❡
❡t ❈ ❧❛ ❝❛♣❛❝✐té t♦t❛❧❡✱ s♦✐t ❡♥ t❡r♠❡ ❞❡ ♣♦t❡♥t✐❡❧ é❧❡❝tr♦st❛t✐q✉❡ ✿

U(N) =
(e(N −N0) + CgVg + CsVs + CdVd)

2

2CΣ

✭✷✳✽✮



✸✽ ❈❤❛♣✐tr❡ ✷✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡

♦ù Vg✱ Vs ❡t Vd s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ♣♦t❡♥t✐❡❧s ❞❡ ❣r✐❧❧❡✱ s♦✉r❝❡ ❡t ❞r❛✐♥ ❡t N0 ❧❡ ♥♦♠❜r❡
❞✬é❧❡❝tr♦♥s ❧♦rsq✉❡ ❧❡s ♣♦t❡♥t✐❡❧s s♦♥t ♥✉❧s✳
■❧ ❡st ❡♥ ❣é♥ér❛❧ ♣❧✉s s✐♠♣❧❡ ❞✬✉t✐❧✐s❡r ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ♣❧✉tôt q✉❡ ❧✬é♥❡r❣✐❡ ✿ ♦♥ ❡①♣r✐♠❡
❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞✉ s②stè♠❡ µ(N) ❝♦♠♠❡ ét❛♥t ❧✬é♥❡r❣✐❡ à ♣❛②❡r ♣♦✉r ❛❥♦✉t❡r ❧❡ ◆✐è♠❡
é❧❡❝tr♦♥✳

µ(N) = U(N)− U(N − 1) ✭✷✳✾✮

µ(N) = e2
N −N0 − 1/2

CΣ

− e

(

CgVg + CsVs + CdVd
CΣ

)

✭✷✳✶✵✮

❖♥ r❡tr♦✉✈❡ ❛✐♥s✐ ❧✬é♥❡r❣✐❡ ❞❡ ❝❤❛r❣❡ Ec = µ(N)− µ(N − 1)✳

✷✳✸✳✷ ❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té

▲❛ ❝♦♥❞✐t✐♦♥ ❞❡ tr❛♥s♣♦rt ❡st r❡♠♣❧✐❡ ❧♦rsq✉❡ µ(N) s❡ s✐t✉❡ ❞❛♥s ❧❛ ❢❡♥êtr❡ ❞❡ t❡♥s✐♦♥ s♦✉r❝❡✲
❞r❛✐♥✱ ❝✬❡st à ❞✐r❡ ❡♥tr❡ µs ❡t µd✳ ❙✐ ❧✬♦♥ ❝♦♥♥❡❝t❡ ❧❡ ❞r❛✐♥ à ❧❛ t❡rr❡ ❡t q✉❡ ❧✬♦♥ ♣♦s❡ Vs = Vsd
❝❡tt❡ ❝♦♥❞✐t✐♦♥ r❡✈✐❡♥t à é❝r✐r❡ ✿

µsd = −|e|Vsd > µ(N) > 0 ✭✷✳✶✶✮

❝❡ q✉✐ ♦✛r❡ ❞❡✉① éq✉❛t✐♦♥s ❧✐♠✐t❡s ✿

Vsd = −eN −N0 − 1/2

Cg + Cd

+
CgVg

Cg + Cd

✭✷✳✶✷✮

Vsd = e
N −N0 − 1/2

Cs

+
CgVg
Cs

✭✷✳✶✸✮

❈❡s ❢♦♥❝t✐♦♥s ❛✣♥❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❞✐✛ér❡♥t❡s ❧✐❣♥❡s q✉❡ ❧✬♦♥ r❡tr♦✉✈❡ s✉r ❧❛ ✜❣✉r❡ ✷✳✻✭❛✮
q✉✐ r❡♣rés❡♥t❡ ✉♥❡ ❝❛rt♦❣r❛♣❤✐❡ ❞❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❞❛♥s ❧❡ ♣❧❛♥ (Vsd, Vg)✳ ❈❡tt❡
✜❣✉r❡ ❡st ❛♣♣❡❧é❡ ❞✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ♦✉ ❝❛rt❡ ❞❡ ❈♦✉❧♦♠❜ ❡♥ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡✳
➚ ❧❛ ✜❣✉r❡ ✷✳✻✭❝✮ s♦♥t r❡♣rés❡♥tés ❧❡s ❞✐✛ér❡♥ts ♣r♦❝❡ss✉s q✉✐ ♦♥t ❧✐❡✉ ❧♦rsq✉❡ ❧❛ ❝♦♥❞✐t✐♦♥
❞❡ ❧✬éq✉❛t✐♦♥ ✷✳✶✶ ❡st r❡♠♣❧✐❡✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞✬❡✛❡t t✉♥♥❡❧ séq✉❡♥t✐❡❧✱ ❝❛r ❧❡s é❧❡❝tr♦♥s s♦♥t
tr❛♥s♣♦rtés ✉♥ à ✉♥ à tr❛✈❡rs ❧✬î❧♦t ✿ ✉♥ é❧❡❝tr♦♥ r❡♥tr❡ ♣✉✐s r❡ss♦rt ❛✈❛♥t q✉✬✉♥ é❧❡❝tr♦♥ ♣✉✐ss❡
à ♥♦✉✈❡❛✉ r❡♥tr❡r✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ s✐ ❧✬♦♥ ♣r❡♥❞ ❝♦♠♠❡ ré❢ér❡♥❝❡ Vs = Vsd/2 ❡t
Vd = −Vsd/2✱ ❝❡ q✉✐ ❡st s♦✉✈❡♥t ❧❡ ❝❛s ❞❛♥s ❧❡s tr❛✈❛✉① t❤é♦r✐q✉❡s ❬✻✶❪✱ ♦♥ ♦❜t✐❡♥t ❛❧♦rs ❞❡✉①
éq✉❛t✐♦♥s ❞❡ ♣❡♥t❡s ❞✐✛ér❡♥t❡s✳

✷✳✸✳✸ ❉✐s❝rét✐s❛t✐♦♥ ✐♥tr✐♥sèq✉❡ ❞❡s ♥✐✈❡❛✉① ❞❡ ❧✬✐❧♦t

❏✉sq✉✬❛❧♦rs✱ ♥♦✉s ❛✈♦♥s ♥é❣❧✐❣é ❧✬❡✛❡t ❞✉ ❝♦♥✜♥❡♠❡♥t s♣❛t✐❛❧ ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧✬î❧♦t✳ ❖r✱
❧❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❞✉ s②stè♠❡ ✐♠♣♦s❡♥t ✉♥❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞✉ ✈❡❝t❡✉r ❞✬♦♥❞❡ é❧❡❝tr♦✲
♥✐q✉❡✳ ❖♥ ♥❡ ♣❡✉t ♣❧✉s ♥é❣❧✐❣❡r ❝❡t ❡✛❡t ❞❛♥s ❧❡s ❝❛s ♦ù ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❝❤❛❝✉♥ ❞❡s
♥✐✈❡❛✉① ✐♥tr✐♥sèq✉❡s ❡st ❝♦♠♣❛r❛❜❧❡ à ❧✬é♥❡r❣✐❡ ❞❡ ❝❤❛r❣❡✳



✷✳✸✳ ➱❧é♠❡♥ts ❞❡ tr❛♥s♣♦rt à tr❛✈❡rs ✉♥❡ ❜♦ît❡ q✉❛♥t✐q✉❡ ✸✾

NN-1 N+1

N-1, N

N-1, N

N, N+1

N, N+1

(a)

0

e
V

sd
 /
E

c

1

-1

N-1/2 N+1/2

CgVg /e

0
N-1/2 N+1/2

dI/dV(b)

µs
µd

µs

µd

µ(N)

µ(N-1)

µ(N+1)

µ(N)

µ(N-1)

µ(N+1)

µs
µd

µs

µd

µ(N+1)

µ(N)

µ(N+2)

µ(N+1)

µ(N)

µ(N+2)

(c)

CgVg /e

❋✐❣✉r❡ ✷✳✻ ✕ ❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ❡♥ ré❣✐♠❡ ❞❡ ❜❧♦❝❛❣❡ ❞❡ ❈♦✉❧♦♠❜✳ ✭❛✮ ❉✐❛❣r❛♠♠❡ ❞❡
st❛❜✐❧✐té✳ ❈❤❛❝✉♥ ❞❡s ❧♦s❛♥❣❡s ❝♦rr❡s♣♦♥❞ à ✉♥ ét❛t ❞❡ ❝❤❛r❣❡ ❜✐❡♥ ❞é✜♥✐ ❡t ✐❧ ♥✬② ❛ ♣❛s ❞❡ ❝♦✉r❛♥t
❡♥ ❧❡✉r s❡✐♥✳ ▲♦rsq✉❡ ❧✬♦♥ ❛♣♣❧✐q✉❡ ✉♥❡ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡ ❡t q✉❡ Vg = e(N + 1/2)e/Cg ❡st ❢r❛♥❝❤✐✱ ❧❡
s②stè♠❡ ♣❛ss❡ ❞✬✉♥ ét❛t ❞❡ ❝❤❛r❣❡ à ❧✬❛✉tr❡ ❡t ✉♥ ❝♦✉r❛♥t ❛♣♣❛r❛✐t✳ ❈❡s ♣♦✐♥ts ♣❛rt✐❝✉❧✐❡rs✱ à Vsd = 0✱
s♦♥t ❛♣♣❡❧és ♣♦✐♥ts ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡✳ ▲✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ♣♦t❡♥t✐❡❧ s♦✉r❝❡✲❞r❛✐♥ ♣❡r♠❡t ❞✬❛tt❡✐♥❞r❡ ❧❡s
③♦♥❡s ❞✉ ❞✐❛❣r❛♠♠❡ ❡♥ ❞❡❤♦rs ❞❡s ❧♦s❛♥❣❡s✳ ❉❛♥s ❝❡s ③♦♥❡s✱ ❧✬ét❛t ❞❡ ❝❤❛r❣❡ ❞❡ ❧✬î❧♦t ✢✉❝t✉❡✱ ✐❧ ② ❛
❛♣♣❛r✐t✐♦♥ ❞✬✉♥ ❝♦✉r❛♥t✳ ✭❜✮ ❖s❝✐❧❧❛t✐♦♥s ♦✉ ♣✐❝s ❞❡ ❈♦✉❧♦♠❜✳ ▲♦rsq✉❡ ❧✬♦♥ ❜❛❧❛②❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡✱
❝❡ q✉✐ r❡✈✐❡♥t à s❡ ❜❛❧❛❞❡r ❛✉ ❢♦♥❞ ❞❡s ♣❛r❛❜♦❧❡s ❞❡ ❧❛ ✜❣✉r❡ ✷✳✺✭❝✮✱ ❡t q✉❡ ❧✬♦♥ r❡♥❝♦♥tr❡ ✉♥ ♣♦✐♥t ❞❡
❞é❣é♥ér❡s❝❡♥❝❡✱ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ à tr❛✈❡rs ❧✬î❧♦t ❛✉❣♠❡♥t❡✳ ✭❝✮ ❙❝❤é♠❛ ❞❡s ♣♦t❡♥t✐❡❧s é❧❡❝tr♦❝❤✐♠✐q✉❡s
❞❡ ❞✐✛ér❡♥ts ♣♦✐♥ts ❞✉ ❞✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ♦ù ✉♥ ❝♦✉r❛♥t ❛♣♣❛r❛✐t✳



✹✵ ❈❤❛♣✐tr❡ ✷✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡

❙✐ ❧✬♦♥ rés♦✉t ❧✬éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r ♣♦✉r ✉♥ é❧❡❝tr♦♥ ❧✐❜r❡ ❡♥❢❡r♠é ❞❛♥s ✉♥❡ ❜♦✐t❡ ♣❛r❛❧❧é✲
❧é♣✐♣é❞✐q✉❡ (Lx, Ly, Lz)✱ ♦♥ ♦❜t✐❡♥t ✉♥ s♣❡❝tr❡ é♥❡r❣ét✐q✉❡ ré❣✐ ♣❛r ✿

E(N) =
~

2m

[

(

nxπ

Lx

)2

+

(

nyπ

Ly

)2

+

(

nzπ

Lz

)2
]

✭✷✳✶✹✮

❈❡tt❡ ❝♦rr❡❝t✐♦♥ ❡st ❞♦♥❝ ❛♣♣♦rté❡ ❛✉ ♣♦t❡♥t✐❡❧ é❧❡❝tr♦❝❤✐♠✐q✉❡ ❞✉ s②stè♠❡ q✉✐ s✬é❝r✐t ❞ès ❧♦rs ✿

µ(N) = e2
N −N0 − 1/2

CΣ

− e

(

CgVg + CsVs + CdVd
CΣ

)

+ δE(N) ✭✷✳✶✺✮

♦ù δE(N) = E(N)−E(N − 1)✳ ❈❡tt❡ ❝♦rr❡❝t✐♦♥ s❡r❛ ♥✉❧❧❡ s✐ ❧✬♦♥ ✐♥tr♦❞✉✐t ✉♥❡ ♣❛rt✐❝✉❧❡ ❛②❛♥t
❧❡ ♠ê♠❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ q✉❡ ❧❛ ♣ré❝é❞❡♥t❡✳

✷✳✹ ❚r❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s à ❜❛ss❡

t❡♠♣ér❛t✉r❡

▲❡ tr❛✈❛✐❧ ❡✛❡❝t✉é ❞✉r❛♥t ❝❡tt❡ t❤ès❡ ❛ été ré❛❧✐sé à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❞❛♥s ✉♥ ❝r②♦st❛t
à ❞✐❧✉t✐♦♥ q✉✐ s❡r❛ ❞é❝r✐t à ❧❛ s❡❝t✐♦♥ ✹✳✷✳✶✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ❞é✈❡❧♦♣♣é❡ à ❧❛ s❡❝t✐♦♥ ✶✳✷✳✶ ❧❛
♣❤②s✐q✉❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s ♥✬❡st ✐♥tér❡ss❛♥t❡ q✉✬à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✭❁10❑✮✳ ❉❡ ♣❧✉s✱
♥♦✉s ré❛❧✐s♦♥s ❞❡s ❥♦♥❝t✐♦♥s ❞♦♥t ❧❛ ❧♦♥❣✉❡✉r ❡st ♣❧✉s ♣❡t✐t❡ q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡ ❞❡
s♣✐♥ s♦✐t 300 ♥♠ ✭✈♦✐r ❝❤❛♣✐tr❡ ❢❛❜r✐❝❛t✐♦♥✮✳ P♦✉r ❝❡s ❞❡✉① r❛✐s♦♥s✱ ❧❡s ❞✐s♣♦s✐t✐❢s ét✉❞✐és s♦♥t
❞❡s ❜♦✐t❡s q✉❛♥t✐q✉❡s✳
◆♦✉s ❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t q✉❡ ❧✬✐♥t❡r❢❛❝❡ ♥❛♥♦t✉❜❡✴♠ét❛❧ ❡st ✉♥❡ ❜❛rr✐èr❡ t✉♥♥❡❧✳ ❖♥ ✉t✐❧✐s❡
❡♥ ❣é♥ér❛❧ ❧❡s ❣r❛♥❞❡✉rs Γ ♣♦✉r ❞é❝r✐r❡ ❧✬♦♣❛❝✐té ❞✬✉♥❡ ❜❛rr✐èr❡ ❡♥ t❡r♠❡ ❞❡ ❢réq✉❡♥❝❡ t✉♥♥❡❧
❞❛♥s ❧❡ ré❣✐♠❡ ❞❡ tr❛♥s♣♦rt à ✉♥ é❧❡❝tr♦♥✳ ❈❡tt❡ ❣r❛♥❞❡✉r ❡st ❧✐é❡ à ❧✬é❧❛r❣✐ss❡♠❡♥t ❞❡s ♥✐✈❡❛✉①
é❧❡❝tr♦♥✐q✉❡s ♣❛r ❧❛ r❡❧❛t✐♦♥ ❞✬✐♥❝❡rt✐t✉❞❡ ❞✬❍❡✐s❡♥❜❡r❣ ✿

γ = h(Γs + Γd) ✭✷✳✶✻✮

❖♥ ♣❡✉t ❛❧♦rs ✐♥t✉✐t✐✈❡♠❡♥t ❞é✜♥✐r tr♦✐s ré❣✐♠❡s ❞❡ tr❛♥s♣♦rt ❡♥ ❝♦♠♣❛r❛♥t ❧✬é❧❛r❣✐ss❡♠❡♥t ❞❡s
♥✐✈❡❛✉① ♣❛r r❛♣♣♦rt à ❧✬é♥❡r❣✐❡ ❞❡ ❝❤❛r❣❡ ✿

✶✳ ré❣✐♠❡ ♦ù γ ≪ Ec✱ ♦♥ ❧✬❛♣♣❡❧❧❡ ré❣✐♠❡ ❞❡ ❜♦ît❡ ❢❡r♠é❡✱ ❧❡ tr❛♥s♣♦rt ❡st ❞♦♠✐♥é ♣❛r ❧❡s
❡✛❡ts ❞❡ ❝❤❛r❣❡ ✭❜❧♦❝❛❣❡ ❞❡ ❈♦✉❧♦♠❜✮✳

✷✳ ré❣✐♠❡ ♦ù γ ≤ Ec✱ ♦♥ ❧✬❛♣♣❡❧❧❡ ré❣✐♠❡ ✐♥t❡r♠é❞✐❛✐r❡✱ ❧❡s ❡✛❡ts ❞❡ ❝❤❛r❣❡s r❡st❡♥t ✐♠♣♦r✲
t❛♥ts ♠❛✐s ❞❡s ♣r♦❝❡ss✉s à ♣❧✉s✐❡✉rs é❧❡❝tr♦♥s ❡♥tr❡♥t ❡♥ ❥❡✉ ✭✧❝♦t✉♥♥❡❧✐♥❣✧✮✳

✸✳ ré❣✐♠❡ ♦ù γ > Ec✱ ♦♥ ❧✬❛♣♣❡❧❧❡ ré❣✐♠❡ ❞❡ ❜♦ît❡ ♦✉✈❡rt❡✱ ❧❡s é❧❡❝tr♦♥s ♥✬✐♥t❡r❛❣✐ss❡♥t ♣❧✉s
❡♥tr❡ ❡✉① ❡t ♦♥ ♦❜t✐❡♥t ✉♥ ❣✉✐❞❡ ❞✬♦♥❞❡ é❧❡❝tr♦♥✐q✉❡✳

◆♦✉s ❛❧❧♦♥s r❡❣❛r❞❡r ❞❡ ♣❧✉s ♣rès ❝❡ q✉✐ s❡ ♣❛ss❡ ♣♦✉r ✉♥ ♥❛♥♦t✉❜❡ ❞❛♥s ❝❤❛❝✉♥ ❞❡ ❝❡s ré❣✐♠❡s✳



✷✳✹✳ ❚r❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✹✶

✷✳✹✳✶ ❙♣❡❝tr♦s❝♦♣✐❡ ❡♥ ré❣✐♠❡ ❜♦ît❡ ❢❡r♠é❡

▲♦rsq✉❡ ❧❛ ❧❛r❣❡✉r ❞❡s ♥✐✈❡❛✉① é❧❡❝tr♦♥✐q✉❡s ❡st très ❢❛✐❜❧❡ ❞❡✈❛♥t ❧✬é♥❡r❣✐❡ ❞❡ ❝❤❛r❣❡✱ ✐❧
❡st ♣♦ss✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❡ s♣❡❝tr❡ é♥❡r❣ét✐q✉❡ ✐♥tr✐♥sèq✉❡ ✭s❛♥s t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡
❝❤❛r❣❡✮ ❞✉ ♥❛♥♦t✉❜❡✳ ❯♥❡ ♣r❡♠✐èr❡ ❧❡❝t✉r❡ ❣r♦ss✐èr❡ ❝♦♥s✐st❡ à r❡❧❡✈❡r ❧✬é♥❡r❣✐❡ ❞✬❛❞❞✐t✐♦♥ s✉r ✉♥
❞✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ❬✻✷❪✳ ❙✐ ❧✬♦♥ ❝♦♥s✐❞èr❡ ✉♥ ♥❛♥♦t✉❜❡ ♣❛r❢❛✐t ♦ù ❧❡s ♥✐✈❡❛✉① é❧❡❝tr♦♥✐q✉❡s
s♦♥t ❞é❣é♥érés ❡♥ s♣✐♥ ❡t ❡♥ ♠♦♠❡♥t ♦r❜✐t❛❧✱ ♦♥ ♦❜t✐❡♥t ✉♥ s♣❡❝tr❡ ré❣✉❧✐❡r ❞❡ P ♥✐✈❡❛✉① ✹
❢♦✐s ❞é❣é♥érés sé♣❛rés ♣❛r δE(P )✳ ▲❛ ✜❣✉r❡ ✷✳✼✭❛✮ r❡♣rés❡♥t❡ s❝❤é♠❛t✐q✉❡♠❡♥t ❧❡ ❞✐❛❣r❛♠♠❡
❞❡ st❛❜✐❧✐té ❝♦rr❡s♣♦♥❞❛♥t✳ ▲♦rsq✉✬✐❧ ② ✹P é❧❡❝tr♦♥s ❞❛♥s ❧❡ ♥❛♥♦t✉❜❡✱ ❧✬é♥❡r❣✐❡ à ♣❛②❡r ♣♦✉r
❛❥♦✉t❡r ✉♥ é❧❡❝tr♦♥ s✉r ✉♥❡ ♥♦✉✈❡❧❧❡ ♦r❜✐t❛❧❡ P✰✶ ❡st Ec + δE(P + 1)✳ ▲❡ ❝♦ût ❞✬❛❞❞✐t✐♦♥ ❞❡s
tr♦✐s é❧❡❝tr♦♥s s✉✐✈❛♥ts ♥✬❡st q✉❡ ❞❡ 3Ec à ❝❛✉s❡ ❞❡ ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❞✉ ♥✐✈❡❛✉✳ ▲✬❛❥♦✉t ❞✬✉♥
❝✐♥q✉✐è♠❡ é❧❡❝tr♦♥ ♥é❝❡ss✐t❡ ❞❡ ♥♦✉✈❡❛✉✱ ❡♥ ♣❧✉s ❞❡ Ec✱ ❞❡ ♣❛②❡r δE(P + 2) ❡t ❛✐♥s✐ ❞❡ s✉✐t❡✳
▲❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❛ss♦❝✐é à ❝❤❛❝✉♥ ❞❡ ❝❡s ♥✐✈❡❛✉① q ❡st ❞♦♥♥é ♣❛r ❧❛ ❝♦♥❞✐t✐♦♥
❛✉① ❧✐♠✐t❡s k‖ = Pπ/L✳ ❖♥ ♣♦s❡ ✿

δE = E(k‖ = (P + 1)π/L)− E(k‖ = Pπ/L) ✭✷✳✶✼✮

❡♥ ♣r♦❝é❞❛♥t à ✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❧✐♠✐té (d ≪ L) ❞❡ ❧✬éq✉❛t✐♦♥ ✷✳✺ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❜❛♥❞❡
✭♣❂✵✮✱ ♦♥ ♦❜t✐❡♥t ✿

δE =
(2P + 1)~vf3π

2d

4L2(m− n)
✭✷✳✶✽✮

♦ù P ❡st ✉♥ ❡♥t✐❡r✱ vf ❧❛ ✈✐t❡ss❡ ❞❡s ♣♦rt❡✉rs ❞❡ ❝❤❛r❣❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐✱ d ❧❡ r❛②♦♥ ❞✉
♥❛♥♦t✉❜❡✱ L s❛ ❧♦♥❣✉❡✉r ❡t m ❡t n s❡s ✐♥❞✐❝❡s ❞❡ ❝❤✐r❛❧✐té✳ ❈❡tt❡ r❡❧❛t✐♦♥ ♥✬❡st é✈✐❞❡♠♠❡♥t ♣❛s
✈❛❧❛❜❧❡ ♣♦✉r ✉♥ ♥❛♥♦t✉❜❡ ❞❡ t②♣❡ ♠ét❛❧❧✐q✉❡ (n, n)✳ ❉❛♥s ❝❡ ❝❛s✱ ♦♥ ❛ ❧❛ r❡❧❛t✐♦♥ ✿

δE =
~vf
2L

✭✷✳✶✾✮

❝❡ q✉✐ ❞♦♥♥❡ ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t 1.7♠❡❱✴▲❬µ♠❪✳
■♥tér❡ss♦♥s✲♥♦✉s ♠❛✐♥t❡♥❛♥t ❛✉ ❝❛s ♦ù ❧❡ ♥✐✈❡❛✉ q ✈♦✐t s❛ ❞é❣é♥ér❡s❝❡♥❝❡ êtr❡ ❧❡✈é❡✱ ✐✳❡✳ E(+k⊥)−
E(−k⊥) 6= 0✳ ▲❡ ♣r❡♠✐❡r é❧❡❝tr♦♥ à ❡♥tr❡r s✉r ❧❡ ♥✐✈❡❛✉ P ❞♦✐t ❛✈♦✐r ❧❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ tr❛♥s✈❡rs❡
+k⊥✳ ▲✬é♥❡r❣✐❡ à ♣❛②❡r ❡st Ec + δE(P )✳ ▲❡ ❞❡✉①✐è♠❡ é❧❡❝tr♦♥✱ ❞❡ ✈❡❝t❡✉r +k⊥ ❡t ❞❡ s♣✐♥ ♦♣✲
♣♦sé ❛✉ ♣r❡♠✐❡r✱ ♥❡ ♥é❝❡ss✐t❡ q✉❡ Ec✳ ▲❡ tr♦✐s✐è♠❡ é❧❡❝tr♦♥ ❞♦✐t ♠❛✐♥t❡♥❛♥t ❛❞♦♣t❡r ✉♥ ✈❡❝t❡✉r
❞✬♦♥❞❡ −k⊥✱ ❧✬é♥❡r❣✐❡ ❞✬❛❞❞✐t✐♦♥ ❡st ❞♦♥❝ Ec+E(−k⊥)−E(+k⊥)✳ ❊♥✜♥✱ ❧❡ q✉❛tr✐è♠❡ é❧❡❝tr♦♥✱
❞❡ ✈❡❝t❡✉r −k⊥ ❡t ❞❡ s♣✐♥ ♦♣♣♦sé ❛✉ tr♦✐s✐è♠❡ ♥❡ ♥é❝❡ss✐t❡ q✉❡ Ec✳ ▲❡s ✜❣✉r❡s ✷✳✼✭❝✮ ❡t ✭❞✮
✐❧❧✉str❡♥t ❝❡ ❝❛s ❡t ❧❛ ✜❣✉r❡ ✷✳✼✭❡✮ ❡st ✉♥ rés✉❧t❛t ❡①♣ér✐♠❡♥t❛❧ ❡①tr❛✐t ❞❡ ❬✻✸❪ ❝♦rr❡s♣♦♥❞❛♥t à
✉♥❡ ❝❛rt❡ ❞❡ ❈♦✉❧♦♠❜ ❡♥ ❝♦✉r❛♥t ❞❛♥s ✉♥ ♥❛♥♦t✉❜❡ ♦ù ❧❡s ❞❡✉① ✈❛❧❧é❡s ❑ ❡t ❑✬ ♥❡ s♦♥t ♣❛s
❞é❣é♥éré❡s✳
❯♥❡ s❡❝♦♥❞❡ ♠ét❤♦❞❡ ♣♦✉r ét❛❜❧✐r ❧❡ s♣❡❝tr❡ ❞✬✉♥ ♥❛♥♦t✉❜❡ ❝♦♥s✐st❡ à ♣♦rt❡r ❛tt❡♥t✐♦♥ ❛✉①
ét❛ts ❡①❝✐tés ❞✉ s②stè♠❡✳ ❊♥ ❡✛❡t✱ ❧✬é♥❡r❣✐❡ ❛♣♣♦rté❡ ♣❛r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❜✐❛✐s ♣❡r♠❡t ❞✬❡✛❡❝✲
t✉❡r ❞❡s tr❛♥s✐t✐♦♥s é❧❡❝tr♦♥✐q✉❡s ❞✬✉♥ ét❛t ❢♦♥❞❛♠❡♥t❛❧ ✈❡rs ✉♥ ét❛t ❡①❝✐té✳ ❈❡s ❡①❝✐t❛t✐♦♥s
s♦♥t ❞✬♦r✐❣✐♥❡s ❞✐✈❡rs❡s✱ ♣❛r ❡①❡♠♣❧❡✱ ❡❧❧❡s ♣❡✉✈❡♥t êtr❡ ❧✐é❡s à ✉♥❡ ✈✐❜r❛t✐♦♥ ❞❡ ❧❛ ❜♦✐t❡ ❬✻✹❪✱



✹✷ ❈❤❛♣✐tr❡ ✷✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡
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❋✐❣✉r❡ ✷✳✼ ✕ ❙♣❡❝tr♦s❝♦♣✐❡ ❞❡ ♥❛♥♦t✉❜❡ ❡♥ ♠❡s✉r❛♥t ❧❛ ❤❛✉t❡✉r ❞❡s ❧♦s❛♥❣❡s ❞❡ ❈♦✉❧♦♠❜✳
✭❛✮ ❈❛s ♦ù ❧❡s ♥✐✈❡❛✉① é❧❡❝tr♦♥✐q✉❡s s♦♥t ❞é❣é♥érés ❡♥ s♣✐♥ ❡t ❡♥ ✈❛❧❧é❡ ❑ ❡t ❑✬✳ ✭❜✮ ❉✐❛❣r❛♠♠❡ ❞❡
st❛❜✐❧✐té ❝♦rr❡s♣♦♥❞❛♥t✳ ❙❡✉❧❡ ❧✬❛❞❞✐t✐♦♥ ❞✉ 4P +1 ✐è♠❡ é❧❡❝tr♦♥ ♥é❝❡ss✐t❡ ∆E(P ) ❡♥ ♣❧✉s ❞❡ ❧✬é♥❡r❣✐❡
❞❡ ❝❤❛r❣❡✳ ▲❛ ❤❛✉t❡✉r ❞❡s ❧♦s❛♥❣❡s ❞✐✛èr❡ ❞♦♥❝ ✉♥❡ ❢♦✐s s✉r ✹✳ ✭❝✮ ❈❛s ♦ù ✐❧ ② ❛ ❧❡✈é❡ ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡
❡♥ ✈❡❝t❡✉r ❞✬♦♥❞❡ tr❛♥s✈❡rs❡ ✭❑✱ ❑✬✮ ♠❛✐s ♣❛s ❡♥ s♣✐♥✳ ▲❡ ❢❛✐t ❞✬❛❥♦✉t❡r ✉♥ é❧❡❝tr♦♥ s✉r ❧✬♦r❜✐t❛❧❡ ❑✬
❝♦ût❡ ♣❧✉s ❝❤❡r ❡♥ é♥❡r❣✐❡ q✉❡ ❧✬❛❥♦✉t s✉r ❧✬♦r❜✐t❛❧❡ ❑✳ ✭❞✮ ❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ❝♦rr❡s♣♦♥❞❛♥t✳ ▲❛
❤❛✉t❡✉r ❞❡s ❧♦s❛♥❣❡s ✈❛r✐❡ à ❝❤❛q✉❡ ❢♦✐s ♠❛✐s ❝♦♥s❡r✈❡ ✉♥❡ ♣ér✐♦❞✐❝✐té ❞❡ ✹✳ ✭❡✮ ❈❛rt❡ ❞❡ ❈♦✉❧♦♠❜ ❡♥
❝♦✉r❛♥t ❞✬✉♥ ♥❛♥♦t✉❜❡✱ ❡①tr❛✐t ❞❡ ❬✻✸❪✳ ❖♥ r❡tr♦✉✈❡ ❧❛ ♠ê♠❡ ❢♦r♠❡ ❞❡ ❧♦s❛♥❣❡ q✉✬❡♥ ✭❞✮✳ ■❧ ② ❛ ❧❡✈é❡
❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ ❡♥ ❑✱ ❑✬ q✉✬♦♥ ♣❡✉t ❡st✐♠❡r ❞❛♥s ❝❡ ❝❛s à ❡♥✈✐r♦♥ 3♠❡❱✳



✷✳✹✳ ❚r❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✹✸
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❋✐❣✉r❡ ✷✳✽ ✕ ❙♣❡❝tr♦s❝♦♣✐❡ ❞❡s ét❛ts ❡①❝✐tés ❞✬✉♥ ♥❛♥♦t✉❜❡ à ❢♦rt ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡
❡①tr❛✐t ❞❡ ❬✻✻❪✳ ✭❛✮ ❈❛rt❡ ❡♥ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❛✉t♦✉r ❞✬✉♥ ♣♦✐♥t ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡✳ ❖♥
❝♦♥st❛t❡ q✉✬✐❧ ② ❛ ✸ ❧✐❣♥❡s ♣❛r❛❧❧è❧❡s ❛✉① ❜♦r❞s ❞✉ ❧♦s❛♥❣❡✳ ❈❤❛❝✉♥❡ ❞✬❡❧❧❡s ❝♦rr❡s♣♦♥❞ à ✉♥ ét❛t ❡①❝✐té
❞❡ ❧✬ét❛t ❞❡ ❝❤❛r❣❡ à ✉♥ é❧❡❝tr♦♥ s♦✉s ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ✭❜✮ ❈♦♠♣♦rt❡♠❡♥t ❞❡s ét❛ts ❡①❝✐tés s♦✉s
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣❛r❛❧❧è❧❡ à ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ t✉❜❡✳ ❖♥ ♣❡✉t ❛❧♦rs r❡❝♦♥str✉✐r❡ ❧❡ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥
❞❡s ét❛ts ❞❡ ❜❛s❡ ❞✉ ♥❛♥♦t✉❜❡ à ✉♥ é❧❡❝tr♦♥✳ ❊♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t ❞❡ ❝♦✉♣❧❛❣❡ s♣✐♥✲
♦r❜✐t❡✱ ✐❧ ♥✬② ❛✉r❛✐t ❛✉❝✉♥ ét❛t ❡①❝✐té✳ ❊♥ ♣rés❡♥❝❡ ❞❡ ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡✱ ♦♥ ❛ ✉♥ s❡✉❧ ét❛t ❡①❝✐té
♦ù ❧❡ s♣✐♥ ❡t ❧❡ ♠♦♠❡♥t ♦r❜✐t❛❧ s♦♥t ♦♣♣♦sés✳ ❊♥✜♥✱ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ sé♣❛r❡ ❧✬ét❛t
❢♦♥❞❛♠❡♥t❛❧ ❡t ❧✬❡①❝✐té ❡♥ ❞❡✉① ❝❡ q✉✐ ♦✛r❡ q✉❛tr❡ ♥♦✉✈❡❛✉① ét❛ts✳

♦✉ à ✉♥❡ ❧❡✈é❡ ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡ s♣✐♥ ♣❛r ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❬✻✺❪✳ ▲♦rsq✉❡ ❧❡ ♣♦t❡♥t✐❡❧
❝❤✐♠✐q✉❡ ❞✉ s②stè♠❡ ❡①❝✐té µ(N)∗ ❡♥tr❡ ❞❛♥s ❧❛ ❢❡♥êtr❡ µs − µd✱ ✉♥ ❝❛♥❛❧ ❞❡ tr❛♥s♣♦rt s✬♦✉✈r❡
❡t ✉♥❡ ❧✐❣♥❡ ❛♣♣❛r❛✐t s✉r ❧❡ ❞✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té✳ ❊♥ ét✉❞✐❛♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❝❡s rés♦♥❛♥❝❡s
❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ♦♥ ♣❡✉t r❡❝♦♥str✉✐r❡ ❧❡ s♣❡❝tr❡ ❞✉ ♥❛♥♦t✉❜❡✳ ▲❛ ✜❣✉r❡ ✷✳✽
♠♦♥tr❡ ✉♥❡ t❡❧❧❡ ♠❡s✉r❡ ❡①tr❛✐t❡ ❞❡ ❬✻✻❪✳ ▲❡ ♥❛♥♦t✉❜❡ ❡st ❡♥ ré❣✐♠❡ ❢❡r♠é✱ ❧❛ ❝♦♥❞✉❝t❛♥❝❡
❞✐✛ér❡♥t✐❡❧❧❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ G0/1000 ❡t ♣rés❡♥t❡ ✉♥ ❢♦rt ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡✳

✷✳✹✳✷ Pr♦❝❡ss✉s t✉♥♥❡❧s ❞✬♦r❞r❡s s✉♣ér✐❡✉rs ❡♥ ré❣✐♠❡ ✐♥t❡r♠é❞✐❛✐r❡

■❧ ♥✬❡st ♣❛s r❛r❡ ❞✬♦❜t❡♥✐r ❞❡s ❝♦♥❞✉❝t❛♥❝❡s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ µS à ❜❛ss❡ t❡♠♣ér❛✲
t✉r❡✳ ▲❡ tr❛♥s♣♦rt à tr❛✈❡rs ❧❡ ♥❛♥♦t✉❜❡ ♣❡✉t ❛❧♦rs s❡ ❢❛✐r❡ à tr❛✈❡rs ❞❡s ét❛ts ✈✐rt✉❡❧s✱ ♣r♦❝❡ss✉s
✐♥t❡r❞✐t ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉ ✧❝❧❛ss✐q✉❡✧✳ ▲✬❡✛❡t t✉♥♥❡❧ ♥✬❡st ♣❧✉s séq✉❡♥t✐❡❧✱ ♦♥ ♣❛r❧❡ ❛❧♦rs ❞❡ ✧❝♦✲
t✉♥♥❡❧✐♥❣✧ ❝❛r ♣❧✉s✐❡✉rs é❧❡❝tr♦♥s ❡♥tr❡♥t ❡♥ ❥❡✉ ❬✻✶❪✳ ❖♥ ♣❡✉t ❝♦♥❝❡✈♦✐r ❝❡ ♣❤é♥♦♠è♥❡ ❝♦♠♠❡
s✐ ✉♥ é❧❡❝tr♦♥ ❡♥tr❛✐t ❞❛♥s ❧❛ ❜♦ît❡ ❛❧♦rs q✉✬✉♥ ❛✉tr❡ ❡♥ s♦rt✱ ❡t ❝❡❝✐ ❞❛♥s ✉♥ ✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s
✐♥❢ér✐❡✉r à ❝❡❧✉✐ ❞♦♥♥é ♣❛r ❧❛ r❡❧❛t✐♦♥ ❞✬✐♥❝❡rt✐t✉❞❡✳



✹✹ ❈❤❛♣✐tr❡ ✷✳ ■♥tr♦❞✉❝t✐♦♥ ❛✉ tr❛♥s♣♦rt ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡

■❧ ❢❛✉t ❡♥s✉✐t❡ ❞✐st✐♥❣✉❡r ❞❡✉① ❝❛s✳ ❉❛♥s ❧❡ ♣r❡♠✐❡r✱ ❧✬é❧❡❝tr♦♥ ❡♥tr❛♥t ✈✐❡♥t r❡♠♣❧❛❝❡r ❧❡ s♦rt❛♥t✱
❝✬❡st ❧❡ ❝♦t✉♥♥❡❧✐♥❣ é❧❛st✐q✉❡✳ ❉❛♥s ❧❡ s❡❝♦♥❞✱ ❧✬é❧❡❝tr♦♥ ❡♥tr❛♥t ✈✐❡♥t ♦❝❝✉♣❡r ✉♥ ét❛t ❡①❝✐té ❞✉
s♦rt❛♥t✱ ❝✬❡st ❧❡ ❝♦t✉♥♥❡❧✐♥❣ ✐♥é❧❛st✐q✉❡✳ ▲✬é❧❡❝tr♦♥ ♥✬❛ ❝❡♣❡♥❞❛♥t ♣❛s ❧❡ t❡♠♣s ❞❡ s❡ ❞és❡①❝✐t❡r
q✉✬✐❧ r❡ss♦rt ❞é❥à ❡t q✉✬✉♥ ♥♦✉✈❡❧ é❧❡❝tr♦♥ ✈✐❡♥t ♦❝❝✉♣❡r ❧❡ ❢♦♥❞❛♠❡♥t❛❧✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉ ❝♦✲

t✉♥♥❡❧✐♥❣ é❧❛st✐q✉❡✱ ❝❡tt❡ ❢♦r♠❡ ❞❡ tr❛♥s♣♦rt ♥é❝❡ss✐t❡ ❞❡ ❧✬é♥❡r❣✐❡✱ ❛♣♣♦rté❡ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡
❞✉ ♣♦t❡♥t✐❡❧ s♦✉r❝❡✲❞r❛✐♥✳
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❋✐❣✉r❡ ✷✳✾ ✕ ❈♦t✉♥♥❡❧✐♥❣✱ ❡✛❡t ❑♦♥❞♦ ❡t ✐♥t❡r❢ér❡♥❝❡s ❋❛❜r②✲Pér♦t ❞❛♥s ✉♥ ♥❛♥♦t✉❜❡✳
✭❛✮❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ❞✬✉♥ ♥❛♥♦t✉❜❡ ❡♥ ré❣✐♠❡ ✐♥t❡r♠é❞✐❛✐r❡✳ ▲❛ ❧❡ttr❡ ❈ ♠❛rq✉❡ ❧❡s ❧✐❣♥❡s ♦ù
❝♦♠♠❡♥❝❡ ❧❡ ❝♦t✉♥❡❧❧✐♥❣ ✐♥é❧❛st✐q✉❡✳ ▲❛ ❧❡ttr❡ ❑ ♠❛rq✉❡ ❧❡s ❛♥♦♠❛❧✐❡s ❑♦♥❞♦✱ ❡①tr❛✐t ❞❡ ❬✻✽❪✳ ✭❜✮
■♥t❡r❢ér❡♥❝❡ ❞❡ t②♣❡ ❋❛❜r②✲Pér♦t ❞❛♥s ✉♥ ♥❛♥♦t✉❜❡✱ ❡①tr❛✐t ❞❡ ❬✻✾❪✳

■♥tér❡ss♦♥s✲♥♦✉s ♠❛✐♥t❡♥❛♥t à ❧✬✐♠♣❛❝t ❞✉ ❝♦t✉♥♥❡❧✐♥❣ s✉r ❧❡ tr❛♥s♣♦rt✳ ▲❡ ❝♦t✉♥♥❡❧✐♥❣ é❧❛s✲
t✐q✉❡ ♥❡ ♥é❝❡ss✐t❛♥t ♣❛s ❞❡ t❡♥s✐♦♥ ❞❡ ❜✐❛✐s✱ ✐❧ ❛♣♣❛r❛✐t s✉r ❧❡s ❞✐❛❣r❛♠♠❡s ❞❡ st❛❜✐❧✐té ❝♦♠♠❡
✉♥ ❢♦♥❞ ❞❡ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ✿ ✐❧ ❡st ♣rés❡♥t ❡♥ t♦✉s ♣♦✐♥ts✳ ▲❡ ❝♦t✉♥♥❡❧✐♥❣ ✐♥é❧❛st✐q✉❡✱
q✉❛♥t à ❧✉✐✱ ♥é❝❡ss✐t❡ ✉♥❡ ❝❡rt❛✐♥❡ t❡♥s✐♦♥ Vcotu✳ ■❧ ❛♣♣❛r❛✐t s♦✉s ❢♦r♠❡ ❞❡ ♠❛r❝❤❡ ❡♥ ❝♦♥❞✉❝✲
t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❧♦rsq✉❡ Vsd ≥ Vcotu ❬✻✸✱ ✻✼❪✳ ▲❛ ✜❣✉r❡ ✷✳✾ ♠♦♥tr❡ ✉♥❡ ❝❛rt❡ ❞❡ ❈♦✉❧♦♠❜ ❡♥
❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ♦ù ❧❡ ❝♦t✉♥♥❡❧✐♥❣ ✐♥é❧❛st✐q✉❡ ❡st ♠❛rq✉é ♣❛r ❧❛ ❧❡ttr❡ ❈✳ ❈❡tt❡ ♠❡s✉r❡



✷✳✹✳ ❚r❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✹✺

❡st ❡①tr❛✐t❡ ❞❡ ❬✻✽❪✳
■❧ ❡st ✐♠♣♦ss✐❜❧❡ ❞❡ ♣❛r❧❡r ❞✬❡✛❡ts t✉♥♥❡❧s ❞✬♦r❞r❡s s✉♣ér✐❡✉rs s❛♥s ♠❡♥t✐♦♥♥❡r ❧✬❡✛❡t ❑♦♥❞♦✳
➚ ❧✬♦r✐❣✐♥❡✱ ❝❡t ❡✛❡t ❛ été ♦❜s❡r✈é ❞❛♥s ❞❡s ♠ét❛✉① ❞♦♣és ♣❛r ❞❡s é❧é♠❡♥ts ♠❛❣♥ét✐q✉❡s✳ ▲❛
❝♦♥❞✉❝t❛♥❝❡ ❞❡ t❡❧s ♠❛tér✐❛✉① ❝❤✉t❡ à ♠❡s✉r❡ q✉❡ ❧✬♦♥ ② ✐♥❝♦r♣♦r❡ ❞❡s ❞♦♣❛♥ts ♠❛❣♥ét✐q✉❡s✳
❊♥ ❡✛❡t✱ ❝❡✉①✲❝✐ s❡ ❝♦✉♣❧❡♥t ❞❡ ♠❛♥✐èr❡ ❛♥t✐✲❢❡rr♦♠❛❣♥ét✐q✉❡ ❛✈❡❝ ❧❡s é❧❡❝tr♦♥s ❞❡ ❝♦♥❞✉❝t✐♦♥
❞✉ ♠ét❛❧✱ ❝♦♥❞✉✐s❛♥t à ✉♥❡ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❝❡s ❞❡r♥✐❡rs ❡t à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡
❞✉ s②stè♠❡✳ ❙✐ ❧✬♦♥ r❡✈✐❡♥t ♠❛✐♥t❡♥❛♥t à ♥♦tr❡ s②stè♠❡ ♠és♦s❝♦♣✐q✉❡✱ ❧✬❡✛❡t ❑♦♥❞♦ s❡ ♠❛♥✐❢❡st❡
❧♦rsq✉❡ ❧❡ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s ❞❛♥s ❧❡ ♥❛♥♦t✉❜❡ ❡st ✐♠♣❛✐r✱ ❧✬é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡ ❥♦✉❡ ❛❧♦rs ❧❡
rô❧❡ ❞✬✉♥❡ ✐♠♣✉r❡té ♠❛❣♥ét✐q✉❡ ❡♥tr❡ ❞❡✉① é❧❡❝tr♦❞❡s✳ ❊♥ ❝❤❡r❝❤❛♥t à ❢❛✐r❡ é❝r❛♥ s✉r ❧✬✐♠♣✉r❡té
♠❛❣♥ét✐q✉❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ✧♥✉❛❣❡ ❑♦♥❞♦✧ ❞é❧♦❝❛❧✐sé s✉r ❧❡ ♥❛♥♦t✉❜❡ ❡t ❧❡s é❧❡❝tr♦❞❡s✱ ❧❡
s②stè♠❡ t♦t❛❧ ❞✐♠✐♥✉❡ s♦♥ é♥❡r❣✐❡✳ ❈❡♣❡♥❞❛♥t✱ à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡s ♠ét❛✉① ❞♦♣és✱ ❧✬❡✛❡t ❑♦♥❞♦
❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❡t ❞❛♥s ❧❡s ❜♦ît❡s q✉❛♥t✐q✉❡s ❡♥ ❣é♥ér❛❧ ♣r♦✈♦q✉❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛
❝♦♥❞✉❝t❛♥❝❡ à tr❛✈❡rs ❧❡ s②stè♠❡ à Vsd = 0❱✳ ❈❡ ♣❤é♥♦♠è♥❡ ❡st ♠❛rq✉é s✉r ❧❛ ✜❣✉r❡ ✷✳✾✭❛✮
♣❛r ❧❛ ❧❡ttr❡ ❑✳

✷✳✹✳✸ ●✉✐❞❡ ❞✬é❧❡❝tr♦♥ ❡♥ ré❣✐♠❡ ❜♦ît❡ ♦✉✈❡rt❡

❋✐♥❛❧❡♠❡♥t✱ ❧♦rsq✉❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ à tr❛✈❡rs ✉♥ ♥❛♥♦t✉❜❡ ❛tt❡✐♥t ❧❡ q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉❝✲
t❛♥❝❡✱ ❧❛ ré♣✉❧s✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡ ♥✬❛ ♣❧✉s ❞✬❡✛❡t s✉r ❧❡ tr❛♥s♣♦rt✳ ▲❡ ♥❛♥♦t✉❜❡ s❡ ❝♦♠♣♦rt❡
❝♦♠♠❡ ✉♥❡ ❝❛✈✐té ❞♦♥t ❧❡s ❞❡✉① ❡①tré♠✐tés s♦♥t ❞❡s ❜❛rr✐èr❡s ❛✈❡❝ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ tr❛♥s✲
♠✐ss✐♦♥ ♣r♦❝❤❡ ❞❡ ✶✳ ❖♥ ❛tt❡✐♥t ❛❧♦rs ❧❡ ré❣✐♠❡ ❞❡ ❋❛❜r②✲Pér♦t✱ ♦ù ❧✬♦♥❞❡ é❧❡❝tr♦♥✐q✉❡ ✈✐❡♥t
✐♥t❡r❢ér❡r ❛✈❡❝ ❡❧❧❡✲♠ê♠❡ ♣♦✉r ❞♦♥♥❡r ♥❛✐ss❛♥❝❡ à ✉♥❡ ✜❣✉r❡ ❞✬✐♥t❡r❢ér❡♥❝❡ ❡♥ ❧✐❡✉ ❡t ♣❧❛❝❡ ❞✉
❞✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té✳ ❈❡s ✐♥t❡r❢ér❡♥❝❡s ♣❡✉✈❡♥t ❝❡♣❡♥❞❛♥t êtr❡ ♠♦❞✉❧é❡s ♣❛r ❧✬❛♣♣❧✐❝❛t✐♦♥
❞✬✉♥❡ t❡♥s✐♦♥ s✉r ❧❛ ❣r✐❧❧❡ ♦✉ ❡♥tr❡ ❧❛ s♦✉r❝❡ ❡t ❧❡ ❞r❛✐♥✳ ▲❛ ✜❣✉r❡ ✷✳✾✭❜✮ ❡st ✉♥❡ ♠❡s✉r❡ ❡①tr❛✐t❡
❞❡ ❬✻✾❪ ❞✬✉♥ ♥❛♥♦t✉❜❡ ❡♥ ré❣✐♠❡ ♦✉✈❡rt✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ♥♦✉s ❛✈♦♥s ✈✉ ❛✉ ❝♦✉rs ❞❡ ❝❡ ❝❤❛♣✐tr❡ ❧❡s ❞✐✛ér❡♥t❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s
q✉❡ ♣♦ssè❞❡♥t ❧❡s ♥❛♥♦t✉❜❡s✳ ▲❡s ✐♥t❡r❢❛❝❡s ❥♦✉❡♥t ✉♥ rô❧❡ ♣ré♣♦♥❞ér❛♥t ❞❛♥s ❧❡ tr❛♥s♣♦rt
é❧❡❝tr♦♥✐q✉❡ ✿ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❡❧❧❡s ❞é✜♥✐ss❡♥t ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧✬❡✛❡t ❞❡ ❝❤❛♠♣ ❞❛♥s ❧❡s
tr❛♥s✐st♦rs à ♥❛♥♦t✉❜❡ ❡t à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❡❧❧❡s ❞ét❡r♠✐♥❡♥t ❧❡ t②♣❡ ❞❡ ré❣✐♠❡ ❞❡ tr❛♥s♣♦rt
q✉❛♥t✐q✉❡✳





❈❤❛♣✐tr❡ ✸

❋❛❜r✐❝❛t✐♦♥

❈❡s q✉✐♥③❡ ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ❛✜♥ ❞❡ ♠✐❡✉① ❝♦♥♥❛✐tr❡ ❡t ❝♦♠♣r❡♥❞r❡ ❧❡s ♣r♦♣r✐étés ❞❡ tr❛♥s✲
♣♦rt é❧❡❝tr♦♥✐q✉❡ ❞❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡✱ ❞❡ ♥♦♠❜r❡✉s❡s ♠ét❤♦❞❡s ♦♥t été ❞é✈❡❧♦♣♣é❡s
♣❡r♠❡tt❛♥t ❞❡ ❧❡s ❝♦♥♥❡❝t❡r à ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ♠❡s✉r❡✳ ◆♦✉s ♥♦✉s s♦♠♠❡s ❧❛r❣❡♠❡♥t ✐♥s✲
♣✐rés ❞❛♥s ❝❡tt❡ t❤ès❡✱ ❞✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬❛rt✐❝❧❡s q✉✐ ❢♦♥t ré❢ér❡♥❝❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡
♥❛♥♦✲❢❛❜r✐❝❛t✐♦♥ ❞❡ ❞✐s♣♦s✐t✐❢s à ❜❛s❡ ❞❡ ♥❛♥♦t✉❜❡ ❬✼✵✱ ✼✶✱ ✼✷✱ ✼✸✱ ✼✹❪✳ ◆é❛♥♠♦✐♥s✱ ❝♦♥♥❡❝t❡r ✉♥
♥❛♥♦t✉❜❡ ❞❡ ❝❛r❜♦♥❡ r❡st❡ ✉♥ ❞é✜ ❡①♣ér✐♠❡♥t❛❧ ✿ ❧❡s ❝♦♥t❛❝ts ❞♦✐✈❡♥t êtr❡ ré❛❧✐sés à ✉♥❡ é❝❤❡❧❧❡
s✉❜✲♠✐❝r♦♠étr✐q✉❡ ❡t ❝❡❧❛ ♥é❝❡ss✐t❡ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ t❡❝❤♥✐q✉❡s ❞❡ ♣♦✐♥t❡ ❡♥ ❧✐t❤♦❣r❛♣❤✐❡✳
❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦tr❡ ét✉❞❡✱ ♥♦✉s s♦✉❤❛✐t♦♥s ré❛❧✐s❡r ✉♥ tr❛♥s✐st♦r à ♥❛♥♦t✉❜❡ r❡♣rés❡♥té s✉r
❧❛ ✜❣✉r❡ ✸✳✶✭❛✮✳ ▲❡ ♥❛♥♦t✉❜❡ ❝♦♥st✐t✉❡ ❧❡ ❝❛♥❛❧ ❞❡ ❝♦♥❞✉❝t✐♦♥ ❞✉ ❞✐s♣♦s✐t✐❢✳ ■❧ ❡st ❝♦♥♥❡❝té ❞❡
♣❛rt ❡t ❞✬❛✉tr❡ ♣❛r ✉♥❡ é❧❡❝tr♦❞❡ ❞❡ s♦✉r❝❡ ❡t ✉♥❡ é❧❡❝tr♦❞❡ ❞❡ ❞r❛✐♥✳ P❛r ❛✐❧❧❡✉rs✱ ❝❡ ♠♦♥✲
t❛❣❡ ❡st ér✐❣é s✉r ✉♥❡ é❧❡❝tr♦❞❡ ❞❡ ❣r✐❧❧❡ ❝♦✉♣❧é❡ ❞❡ ♠❛♥✐èr❡ ❝❛♣❛❝✐t✐✈❡ ❛✈❡❝ ❧❡ ♥❛♥♦t✉❜❡✳ ▲❡
s❝❤é♠❛ éq✉✐✈❛❧❡♥t ❡st ❞♦♥♥é à ❧❛ ✜❣✉r❡ ✸✳✶✭❜✮✳ P❛r ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ♣♦t❡♥t✐❡❧ s✉r ❧✬é❧❡❝tr♦❞❡ ❞❡
❣r✐❧❧❡✱ ❝❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ ♣❡r♠❡t ❞❡ ♠♦❞✉❧❡r ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ❝✐r❝✉❧❛♥t ❡♥tr❡
❧❛ s♦✉r❝❡ ❡t ❧❡ ❞r❛✐♥✱ à tr❛✈❡rs ❧❡ ♥❛♥♦t✉❜❡✳
▲❛ ❢❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♠✐❧❧✐❡r ❞❡ ❝❡s ❞✐s♣♦s✐t✐❢s ❛✉r❛ été ♥é❝❡ss❛✐r❡ à ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ❝❡tt❡ t❤ès❡✳
❈❡ ❝❤❛♣✐tr❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞é❞✐é à ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ ♣r♦❝❡ss✉s ❞❡ ❢❛❜r✐❝❛t✐♦♥✳ ▲✬❛♣♣r♦❝❤❡
q✉❡ ♥♦✉s ❛✈♦♥s s✉✐✈✐❡ ❞é❜✉t❡ ♣❛r ✉♥❡ ❧✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡ q✉✐ ♣❡r♠❡t ❞❡ ♣ré❞é✜♥✐r ✉♥ ❡s♣❛❝❡
❞❡ tr❛✈❛✐❧ ❣râ❝❡ ❛✉ ❞é♣ôt ❞❡ ♥♦♠❜r❡✉s❡s é❧❡❝tr♦❞❡s ❣r♦ss✐èr❡s ❡t ❞❡ ♠❛rq✉❡s ❞✬❛❧✐❣♥❡♠❡♥t✳ ❈❡
❞é♣ôt ❡st ré❛❧✐sé s✉r ✉♥❡ ❝♦✉❝❤❡ ✐s♦❧❛♥t❡ ❞❡ ❙✐❖2 r❡❝♦✉✈r❛♥t ✉♥ s✉❜str❛t ♠ét❛❧❧✐q✉❡✳ ❙♦✐t ❧❡s
♥❛♥♦t✉❜❡s s♦♥t ❛❧♦rs ❞é♣♦sés s✉r ❧❡ ❙✐❖2✱ s♦✐t ❧❡✉r ❝r♦✐ss❛♥❝❡ ❡st ❞✐r❡❝t❡♠❡♥t ré❛❧✐sé❡ s✉r ❧✬❡s✲
♣❛❝❡ ❞❡ tr❛✈❛✐❧ r❡str❡✐♥t✳ ■❧s s♦♥t ❛❧♦rs r❡♣érés ❡t ❧♦❝❛❧✐sés ♣❛r r❛♣♣♦rt ❛✉① ♠❛rq✉❡✉rs ❣râ❝❡ à
✉♥ ♠✐❝r♦s❝♦♣❡ à ❢♦r❝❡ ❛t♦♠✐q✉❡ ✭❆❋▼✮✱ ♦✉ à ✉♥ ♠✐❝r♦s❝♦♣❡ é❧❡❝tr♦♥✐q✉❡ à ❜❛❧❛②❛❣❡ ✭▼❊❇✮✳
❉❡s ❝♦♥t❛❝ts é❧❡❝tr✐q✉❡s r❡❧✐❛♥t ❧❡s é❧❡❝tr♦❞❡s ❣r♦ss✐èr❡s ❛✉① ♥❛♥♦t✉❜❡s s♦♥t ❡♥s✉✐t❡ ❞é♣♦sés ♣❛r
❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡✳

✸✳✶ ❙✉❜str❛t

▲❡s s✉❜str❛ts ✉t✐❧✐sés s♦♥t ❞❡s ✇❛❢❡rs ❞❡ s✐❧✐❝✐✉♠ ❞❡ ❞❡✉① ♣♦✉❝❡s✳ ■❧s s♦♥t r❡❝♦✉✈❡rts ❞✬✉♥❡
❝♦✉❝❤❡ ❞❡ s✐❧✐❝❡ ❞✬é♣❛✐ss❡✉r ❝♦♠♣r✐s❡ ❡♥tr❡ ✸✵✵ ♥♠ ❡t ✼✺✵ ♥♠✳ ▲❡ s✐❧✐❝✐✉♠ ❡st q✉❛♥t à ❧✉✐ ❢♦r✲
t❡♠❡♥t ❞♦♣é ✭❞é❣é♥éré✮ ❡t s❡ ❝♦♥❞✉✐t à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❝♦♠♠❡ ✉♥ ♠ét❛❧ ✭s❛ rés✐st✐✈✐té à
t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❡st ✐♥❢ér✐❡✉r❡ à 0, 005 Ω.cm✮✳ ◆♦✉s ❥✉❣❡♦♥s ❞❡ ❧❛ q✉❛❧✐té ❞✬✉♥❡ ❣r✐❧❧❡ s✉✐✲
✈❛♥t ❞❡✉① ❝r✐tèr❡s ✿ ❞✬✉♥❡ ♣❛rt✱ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧✬❤②stérés✐s ❞❡ ❣r✐❧❧❡ ❞✉ tr❛♥s✐st♦r à t❡♠♣ér❛t✉r❡
❛♠❜✐❛♥t❡✱ ❡t ❞✬❛✉tr❡ ♣❛rt✱ ❧❛ ♣rés❡♥❝❡ ♦✉ ♥♦♥ ❞❡ s❛✉ts ❞❡ ❝❤❛r❣❡ à ❜❛ss❡ t❡♠♣ér❛t✉r❡✳ ❈❡s ❞❡✉①



✹✽ ❈❤❛♣✐tr❡ ✸✳ ❋❛❜r✐❝❛t✐♦♥

Source Drain

SiO2

Grille arrière

(a)
Vsd

Vg

Rd Rs

Cd Cs
Cg

(b)

❋✐❣✉r❡ ✸✳✶ ✕ ❇♦ît❡ q✉❛♥t✐q✉❡ à ♥❛♥♦t✉❜❡ ✭❛✮ ❙❝❤é♠❛ ❞✬✉♥ ♥❛♥♦t✉❜❡ ❞❡ ❝❛r❜♦♥❡ ❝♦♥♥❡❝té ❡♥
❝♦♥✜❣✉r❛t✐♦♥ tr❛♥s✐st♦r à ❞❡✉① é❧❡❝tr♦❞❡s ♠ét❛❧❧✐q✉❡s ✿ s♦✉r❝❡ ❡t ❞r❛✐♥✳ ▲❡ ♥❛♥♦t✉❜❡ r❡♣♦s❡ s✉r ✉♥❡
s✉r❢❛❝❡ ❞❡ s✐❧✐❝❡ q✉✐ ♣❡r♠❡t ✉♥ ❝♦✉♣❧❛❣❡ ❝❛♣❛❝✐t✐❢ ❛✈❡❝ ❧❛ ❣r✐❧❧❡ ❛rr✐èr❡✳ ✭❜✮ ❙❝❤é♠❛ éq✉✐✈❛❧❡♥t ❞❡ ❧❛
❜♦ît❡ q✉❛♥t✐q✉❡ à ♥❛♥♦t✉❜❡✳ ▲✬✐♥t❡r❢❛❝❡ ♥❛♥♦t✉❜❡✲é❧❡❝tr♦❞❡ ❢♦r♠❡ ✉♥❡ ❜❛rr✐èr❡ t✉♥♥❡❧✱ r❡♣rés❡♥té❡ ♣❛r
✉♥❡ ❝❛♣❛❝✐té ❡t ✉♥❡ rés✐st❛♥❝❡ ❡♥ ♣❛r❛❧❧è❧❡✳

♣❛r❛♠ètr❡s s♦♥t ❞✐r❡❝t❡♠❡♥t ❧✐és à ❧❛ q✉❛❧✐té ❞❡ ❧✬♦①②❞❡✱ ✐❧ ❡st ❞♦♥❝ ♣r✐♠♦r❞✐❛❧ ❞❡ ❜✐❡♥ ❧❡ ❝❤♦✐s✐r✳
■❧ ❡①✐st❡ ❞❡✉① t❡❝❤♥✐q✉❡s ♣♦✉r ♦①②❞❡r ❧❛ s✉r❢❛❝❡ ❞❡s ✇❛❢❡rs ✿ ❧❛ ♠ét❤♦❞❡ ❤✉♠✐❞❡ ❡t ❧❛ ♠ét❤♦❞❡
sè❝❤❡✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♥s✐st❡ ❡♥ ❧✬♦①②❞❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ à ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ✭✼✺✵✝❈✲✶✷✺✵✝❈✮ ♣❛r
❞❡ ❧✬♦①②❣è♥❡ s❡❝✳ ▲✬é♣❛✐ss❡✉r ❞❡ ❧✬♦①②❞❡ ❡st ❧✐♠✐té❡ ♣❛r ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ❧✬♦①②❣è♥❡ ❛✉ s❡✐♥ ❞✉ ✇❛❢❡r
✭❁✸✵✵ ♥♠✮ ♠❛✐s ❧✬♦①②❞❡ ❡st ❞❡ très ❜♦♥♥❡ q✉❛❧✐té✳ ▲❛ s❡❝♦♥❞❡ ❝♦♥s✐st❡ ❡♥ ✉♥ ❞é♣ôt ❞✬♦①②❞❡ s✉r
❧❡ ✇❛❢❡r à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ♣❛r ré❛❝t✐♦♥ ❝❤✐♠✐q✉❡ ❡♥ ♣❤❛s❡ ✈❛♣❡✉r ✭❈❱❉✮✳ ▲✬é♣❛✐ss❡✉r ♥❡
❞é♣❡♥❞ q✉❡ ❞✉ t❡♠♣s ❞❡ ré❛❝t✐♦♥ ♠❛✐s ❧✬♦①②❞❡✱ ♣♦r❡✉①✱ ❞♦♥♥❡ ♣❧✉s ❢❛❝✐❧❡♠❡♥t ♥❛✐ss❛♥❝❡ à ❞❡s
❝♦✉r❛♥ts ❞❡ ❢✉✐t❡✳
◆♦✉s ❛✈♦♥s t❡sté ❞❡s ✇❛❢❡rs ❢❛❜r✐q✉és s✉✐✈❛♥t ❝❡s ❞❡✉① ♠ét❤♦❞❡s✳ ▲❡s ♣r❡♠✐❡rs✱ ❢♦✉r♥✐s ♣❛r
❧❛ ❝♦♠♣❛❣♥✐❡ ◆♦✈❛✲❡❧❡❝tr♦♥✐❝✱ s♦♥t r❡❝♦✉✈❡rts ❞✬✉♥ ♦①②❞❡ s❡❝ ❞❡ ✸✵✵ ♥♠ ❞❡ très ❣r❛♥❞❡ q✉❛✲
❧✐té✱ ❝❡♣❡♥❞❛♥t ✐❧ ❡st ✐♠♣♦ss✐❜❧❡ ❞✬❛✈♦✐r ❞❡ ♣❧✉s ❣r❛♥❞❡s é♣❛✐ss❡✉rs ❞✬♦①②❞❡✳ ▲❡s s❡❝♦♥❞s ♣r♦✲
✈✐❡♥♥❡♥t ❞❡ ❙✐❧tr♦♥✐❝ ❡t ❧✬♦①②❞❛t✐♦♥ ♣❛r ❈❱❉ ❛ été ré❛❧✐sé❡ ❛✉ ❝❡♥tr❡ ✐♥t❡r✲✉♥✐✈❡rs✐t❛✐r❡ ❞❡
♠✐❝r♦✲é❧❡❝tr♦♥✐q✉❡ ✭❈■▼❊✮ ❞❡ ●r❡♥♦❜❧❡✳ ▲❛ q✉❛❧✐té ❞❡s ♦①②❞❡s ❡st très s❛t✐s❢❛✐s❛♥t❡ ♣♦✉r ❞❡s
é♣❛✐ss❡✉rs ❛❧❧❛♥t ❥✉sq✉✬à 750 ♥♠✳

✸✳✷ ▲✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡

✸✳✷✳✶ Pr✐♥❝✐♣❡ ❣é♥ér❛❧

▲❛ ❧✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡ ❡st ✉♥❡ ét❛♣❡ ❝❧❡❢ ❞❛♥s q✉❛s✐♠❡♥t t♦✉s ❧❡s ♣r♦❝é❞és ❞❡ ♠✐❝r♦✲ ❡t
♥❛♥♦✲❢❛❜r✐❝❛t✐♦♥✳ ❊❧❧❡ ❡st ✉t✐❧✐sé❡ ❞❛♥s ❞❡ ♥♦♠❜r❡✉① ❞♦♠❛✐♥❡s ❞❡ r❡❝❤❡r❝❤❡✱ ♣❛r ❡①❡♠♣❧❡ ❡♥
♠✐❝r♦✲✢✉✐❞✐q✉❡ ♣♦✉r ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ♠✐❝r♦✲❝❛♥❛✉① ♦✉ ❡♥ ✐♥❣é♥✐❡r✐❡ s✉♣r❛❝♦♥❞✉❝tr✐❝❡ ♣♦✉r ❧❛



✸✳✷✳ ▲✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡ ✹✾

SiO2

Si ++

Résine

Source

 de photon

(a) (b)

(c) (d)

(e)

Métal

❋✐❣✉r❡ ✸✳✷ ✕ ▲✐t❤♦❣r❛♣❤✐❡ ❞❯❱✳ ✭❛✮ ▲❛ ❧✉♠✐èr❡ ❞❯❱ ❡st ♣r♦❥❡té❡ s✉r ❧❛ rés✐♥❡ à tr❛✈❡rs ❧❡s ♠♦t✐❢s
❞✉ ♠❛sq✉❡✱ ✭❜✮ ❧❛ rés✐♥❡ ✐♥s♦❧é❡ ❡st ❝❤✐♠✐q✉❡♠❡♥t ♠♦❞✐✜é❡✱ ✭❝✮ ❧❛ rés✐♥❡ ✐♥s♦❧é❡ ❡st ❞✐ss♦✉t❡ ♣❛r ✉♥
❞é✈❡❧♦♣♣❡✉r✱ ✭❞✮ ❧❡ ♠ét❛❧ ❡st ❞é♣♦sé ♣❛r é✈❛♣♦r❛t✐♦♥ ♦rt❤♦tr♦♣❡✱ ✭❡✮ ❧❡ ❧✐❢t✲♦✛ ♣❡r♠❡t ❞❡ r❡t✐r❡r ❧❛
rés✐♥❡ q✉✐ ♥✬❛ ♣❛s été ✐♥s♦❧é❡ ❛✐♥s✐ q✉❡ ❧❡ ♠ét❛❧ q✉✐ ② ❛ été ❞é♣♦sé✳

❢❛❜r✐❝❛t✐♦♥ ❞❡s rés♦♥❛t❡✉rs ❡t ❞❡s ❝❛✈✐tés✱ ♠❛✐s ❛✉ss✐ ❞❛♥s ❧✬✐♥❞✉str✐❡ ✿ ❧❛ ❧✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡
❡st ❧✬ét❛♣❡ ✉❧t✐♠❡ ❞❛♥s ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡s tr❛♥s✐st♦rs✱ ❞♦♥t ❧❛ t❛✐❧❧❡ ❛❝t✉❡❧❧❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡
30 ♥♠✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ét❛♣❡s s♦♥t ✐❧❧✉stré❡s s❝❤é♠❛t✐q✉❡♠❡♥t à ❧❛ ✜❣✉r❡ ✸✳✷✳
❚♦✉t ❞✬❛❜♦r❞✱ ❧❛ ❢❛❝❡ s✐❧✐❝❡ ❞✉ s✉❜str❛t ❡st ❡♥❞✉✐t❡ ❞✬✉♥❡ rés✐♥❡ ♣♦s✐t✐✈❡ s❡♥s✐❜❧❡ à ❧❛ ❧✉♠✐èr❡
✭❝❡ q✉✐ ❡st ✐♥s♦❧é s✬❡♥ ✈❛✮✳ P♦✉r ét❛❧❡r ❧❛ rés✐♥❡ s✉r ❧❡ ✇❛❢❡r✱ ♦♥ ✉t✐❧✐s❡ ✉♥❡ ♠❛❝❤✐♥❡ ❛♣♣❡❧é❡
✧t♦✉r♥❡tt❡✧ ✭♦✉ ✧spin − coater✧✮ q✉✐ ❡♥tr❛✐♥❡ ❧❡ ✇❛❢❡r ❞❛♥s ✉♥❡ r♦t❛t✐♦♥ ❞♦♥t ♦♥ ❝♦♥trô❧❡
❧✬❛❝❝é❧ér❛t✐♦♥ ❡t ❧❛ ✈✐t❡ss❡✳ ❈❡s ♣❛r❛♠ètr❡s ❞❡ r♦t❛t✐♦♥ ♥♦✉s ♣❡r♠❡tt❡♥t ❞❡ ♠❛✐tr✐s❡r ❧✬é♣❛✐ss❡✉r
❞❡ rés✐♥❡ ❞é♣♦sé❡✳
❈❡tt❡ ❞❡r♥✐èr❡ ❡st ❡♥s✉✐t❡ ❜r✐è✈❡♠❡♥t ❝✉✐t❡ s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ ❛✜♥ ❞✬é✈❛♣♦r❡r ❧❡ s♦❧✈❛♥t
❡t ❞❡ ❧❛ ❞✉r❝✐r✳ ▲❡ ✇❛❢❡r ❡st ❛❧♦rs ♣rêt à êtr❡ ✐♥s♦❧é✳ ■❧ ❡st ❞é♣♦sé s✉r ✉♥ ♣♦rt❡✲é❝❤❛♥t✐❧❧♦♥✳
❯♥ ♠❛sq✉❡ ❝réé ♣♦✉r ♥❡ ❧❛✐ss❡r ♣❛ss❡r ❧❡s ♣❤♦t♦♥s q✉✬à ❝❡rt❛✐♥s ❡♥❞r♦✐ts ❡st ♣❧❛q✉é ❝♦♥tr❡
❧✬é❝❤❛♥t✐❧❧♦♥✳ ▲❡s ♠♦t✐❢s ❞✉ ♠❛sq✉❡ s❡r♦♥t ❞ét❛✐❧❧és à ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✳ ▲✬✐♥s♦❧❛t✐♦♥ ♣❛r ❞❡s
❯❱ ❧♦✐♥t❛✐♥s ✭❞❡❡♣❯❱ ♦✉ ❞❯❱✮ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ à tr❛✈❡rs ❧❡ ♠❛sq✉❡ ♥❡ ❞✉r❡ q✉❡ q✉❡❧q✉❡s
s❡❝♦♥❞❡s✳
▲❛ rés✐♥❡ ❡st à ♥♦✉✈❡❛✉ ❝✉✐t❡✱ ❡t ❧❡s ❡♥❞r♦✐ts ✐♥s♦❧és s♦♥t ré✈é❧és ❣râ❝❡ à ✉♥ ❞é✈❡❧♦♣♣❡✉r✳ ❊♥
❡✛❡t✱ ❧à ♦ù ❧❛ ❧✉♠✐èr❡ ❡st ♣❛ssé❡✱ ❧❛ rés✐♥❡ s❡ ❞é❣r❛❞❡ ❡t ❞❡✈✐❡♥t s♦❧✉❜❧❡ ❞❛♥s ✉♥ s♦❧✈❛♥t ❛❞❛♣té✳



✺✵ ❈❤❛♣✐tr❡ ✸✳ ❋❛❜r✐❝❛t✐♦♥

❯♥❡ ❢♦✐s ❝❡tt❡ ét❛♣❡ t❡r♠✐♥é❡✱ ♦♥ ✈ér✐✜❡ ❛✉ ♠✐❝r♦s❝♦♣❡ ❛✈❡❝ ✜❧tr❡ ❞❯❱ s✐ ❧✬✐♥s♦❧❛t✐♦♥ s✬❡st
❝♦rr❡❝t❡♠❡♥t ❞ér♦✉❧é❡✳
▲✬❡♥s❡♠❜❧❡ ❞✉ ✇❛❢❡r ❡st ❡♥s✉✐t❡ ♠ét❛❧❧✐sé✳ ❖♥ ✉t✐❧✐s❡ ♣♦✉r ❝❡ ❢❛✐r❡ ✉♥ é✈❛♣♦r❛t❡✉r à ❝❛♥♦♥ à
é❧❡❝tr♦♥ ✿ ❧❡ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥s ❡st ❢♦❝❛❧✐sé s✉r ✉♥ ❝r❡✉s❡t r❡♠♣❧✐ ❞✬✉♥ ♠ét❛❧ q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡
✈♦✐r s✬é✈❛♣♦r❡r✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❡st ♣❧❛❝é ❡♥ ✈✐s✲à✲✈✐s ❞✉ ❝r❡✉s❡t ❡t ❧❛ ✈❛♣❡✉r ♠ét❛❧❧✐q✉❡ ✉♥❡ ❢♦✐s
❢♦r♠é❡ ♣❡✉t s✬② ❝♦♥❞❡♥s❡r✳ ■❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬é✈❛♣♦r❡r ❡♥ ♣r❡♠✐❡r ❧✐❡✉ ✉♥ ♠ét❛❧ q✉✐ s❡ ✜①❡ ❜✐❡♥ à
❧❛ s✐❧✐❝❡ ❝♦♠♠❡ ❧❡ t✐t❛♥❡✱ ❧❡ ❝❤r♦♠❡ ♦✉ ❧❡ ♠♦❧②❜❞è♥❡✳ ❙❡❧♦♥ ❧❡s ❜❡s♦✐♥s✱ ♦♥ ♣❡✉t ❡♥s✉✐t❡ é✈❛♣♦r❡r
✉♥ s❡❝♦♥❞ ♠ét❛❧✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ ❝❡tt❡ t❡❝❤♥✐q✉❡ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ ❞é♣♦s❡r✱
à ❧❛ ♣❧❛❝❡ ❞✉ ♠ét❛❧✱ ✉♥ ❛✉tr❡ ♠❛tér✐❛✉ ❝♦♠♠❡✱ ♣❛r ❡①❡♠♣❧❡✱ ✉♥ ❝❛t❛❧②s❡✉r ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡
♥❛♥♦t✉❜❡✳
▲❛ ❞❡r♥✐èr❡ ét❛♣❡✱ ❞✐t❡ ❞❡ ❞é❧❛q✉❛❣❡ ♦✉ ❧✐❢t✲♦✛✱ ❝♦♥s✐st❡ à r❡t✐r❡r ❧❛ rés✐♥❡ q✉✐ ♥✬❛ ♣❛s été ✐♥s♦❧é❡
❛✐♥s✐ q✉❡ ❧❡ ♠ét❛❧ q✉✐ ❧❛ r❡❝♦✉✈r❡✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♦♥ ♣❧❛❝❡ ❧❡ ✇❛❢❡r ❞❛♥s ❞❡ ❧✬❛❝ét♦♥❡✱ ♣✉✐s ❧✬♦♥
r✐♥❝❡ à ❧✬✐s♦♣r♦♣②❧ ❛❧❝♦♦❧ ❡t ✜♥❛❧❡♠❡♥t ♦♥ sè❝❤❡ s♦✉s ✉♥ ✢✉① ❞✬❛③♦t❡✳ ❖♥ ♣❡✉t ❡♥s✉✐t❡ ❡♥t❛♠❡r
✉♥❡ s❡❝♦♥❞❡ ❧✐t❤♦❣r❛♣❤✐❡ s✉r ❧✬é❝❤❛♥t✐❧❧♦♥ s✐ ❧✬♦♥ s♦✉❤❛✐t❡ ❝ré❡r ❞❡s str✉❝t✉r❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s✳
▲❡ ♠❛sq✉❡ ❡st ✉♥ ❞❡s é❧é♠❡♥ts ❡ss❡♥t✐❡❧s à ❧❛ ❧✐t❤♦❣r❛♣❤✐❡✱ ✐❧ ♣❡r♠❡t ❞❡ ❞é✜♥✐r ❞❡s ♠♦t✐❢s ❞❛♥s
❧❛ rés✐♥❡ ❧♦rs ❞❡ ❧✬✐♥s♦❧❛t✐♦♥✳ ■❧ ❡st ❢❛✐t ❞❡ q✉❛rt③✱ r❡❝♦✉✈❡rt ❞✬✉♥❡ ✜♥❡ ❝♦✉❝❤❡ ❞❡ ❝❤r♦♠❡✱ ♦♣❛q✉❡
❛✉① r❛②♦♥s ❞❯❱✳ ▲❡s ♠♦t✐❢s s♦✉❤❛✐tés s♦♥t ❞é❝♦✉♣és ❞❛♥s ❧❡ ❝❤r♦♠❡✱ ❞❡ ♠❛♥✐èr❡ à ❧❛✐ss❡r ♣❛ss❡r
❧❡s ❞❯❱ à ❝❡s ❡♥❞r♦✐ts✳ ▲❡ ❞❡ss✐♥ ❞❡s ♠♦t✐❢s ✐♠♣r✐♠és s✉r ❧❡s ♠❛sq✉❡s ❡st ❞♦♥❝ ✉♥❡ ét❛♣❡
✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ♣r♦❝é❞é ❞❡ ❢❛❜r✐❝❛t✐♦♥✳ ■❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣ré✈♦✐r
❧❡ ♥♦♠❜r❡ ❞❡ ❧✐t❤♦❣r❛♣❤✐❡s s✉❝❝❡ss✐✈❡s q✉❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❞♦✐t s✉❜✐r ❞❡ ♠❛♥✐èr❡ à ❞❡ss✐♥❡r ❞❡s
♠❛rq✉❡s q✉✐ ♣❡r♠❡ttr♦♥t ❞✬❛❧✐❣♥❡r ❧❡s ❞✐✛ér❡♥ts ♠❛sq✉❡s ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❞✐✛ér❡♥ts ♥✐✈❡❛✉①
❞❡ ❧✐t❤♦❣r❛♣❤✐❡✳
❉✉r❛♥t ❝❡tt❡ t❤ès❡✱ ❥✬❛✐ ✉t✐❧✐sé ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡✉① ♠❛sq✉❡s ♣♦✉r ❢❛❜r✐q✉❡r ❧❡s é❝❤❛♥t✐❧❧♦♥s✳
❈❡✉①✲❝✐ ♦♥t été ❞❡ss✐♥és ♣❛r ❏❡❛♥✲P✐❡rr❡ ❈❧❡✉③✐♦✉ à ❧✬■♥st✐t✉t ◆é❡❧✳ ▲❡ ♣r❡♠✐❡r s❡rt à ❢❛❜r✐q✉❡r
❞❡s ❧✐❣♥❡s ❞✬❛♠❡♥é ❣r♦ss✐èr❡s q✉✐ ❝♦♥✈❡r❣❡♥t ✈❡rs ✉♥ ❡s♣❛❝❡ ❞❡ tr❛✈❛✐❧ ❞❡ 50µ♠∗50µ♠ ❛✐♥s✐
q✉❡ ❧❡s ♣❧♦ts ❞❡ ❝♦♥t❛❝ts ♦ù ❧✬♦♥ ✈✐❡♥t ♠✐❝r♦✲s♦✉❞❡r ❞❡s ✜❧s ❞✬❛❧✉♠✐♥✐✉♠ ❞❡♣✉✐s ✉♥ ♣♦rt❡✲
é❝❤❛♥t✐❧❧♦♥✳ ❯♥ ❞❡ss✐♥ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ❝❡ ♠❛sq✉❡ ❡st ♣rés❡♥té à ❧❛ ✜❣✉r❡ ✸✳✸✳ ▲❡ ❞❡✉①✐è♠❡ ♠❛sq✉❡
♦♣t✐q✉❡ ♣❡r♠❡t ❧❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ❞❡ ♣❧♦ts ❞❡ ❝❛t❛❧②s❡✉rs ❞❡ 3µ♠∗3µ♠ ♣♦✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡
♥❛♥♦t✉❜❡s ❛✉ s❡✐♥ ❞❡ ❝❡ ♠ê♠❡ ❡s♣❛❝❡ ❞❡ tr❛✈❛✐❧✳ ■❧ ❡st ❞♦♥❝ ✈✐t❛❧ q✉❡ ❧❡s ❞❡✉① ❧✐t❤♦❣r❛♣❤✐❡s
s❡ s✉♣❡r♣♦s❡♥t ❝♦rr❡❝t❡♠❡♥t ❛✜♥ q✉❡ ❧❡s ♥❛♥♦t✉❜❡s ♣♦✉ss❡♥t à ❧✬❡♥❞r♦✐t ❞és✐ré✳ P♦✉r ❝❡❧❛✱ ♦♥
✉t✐❧✐s❡ ❞❡s ♠❛rq✉❡s ❞✬❛❧✐❣♥❡♠❡♥t q✉✐ ♣❡r♠❡tt❡♥t ❞❡ ♣♦s✐t✐♦♥♥❡r ❝♦rr❡❝t❡♠❡♥t ❧❡ ♠❛sq✉❡ ♣❛r
r❛♣♣♦rt ❛✉ ✇❛❢❡r s✉♣♣♦rt❛♥t ❧❡ ♣r❡♠✐❡r ♥✐✈❡❛✉ ❞❡ ❧✐t❤♦❣r❛♣❤✐❡✳ ❯♥ ❡①❡♠♣❧❡ ❞❡ ♠❛rq✉❡s ❡st
❞♦♥♥é à ❧❛ ✜❣✉r❡ ✸✳✸✭❝✮✱ ✭❞✮ ❡t ✭❡✮ ❀ ✉♥❡ ♣❤♦t♦❣r❛♣❤✐❡ ❞✉ rés✉❧t❛t ❡st ❞♦♥♥é❡ à ❧❛ ✜❣✉r❡ ✸✳✹✳

✸✳✷✳✷ ❘❡❝❡tt❡s ♠♦♥♦✲❝♦✉❝❤❡✴❜✐✲❝♦✉❝❤❡s

■❧ ❡①✐st❡ ✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ ♠❛♥✐èr❡s ♣♦✉r ré✉ss✐r ✉♥❡ ❧✐t❤♦❣r❛♣❤✐❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ r❡♣r♦❞✉❝✲
t✐❜✐❧✐té ♥✬❡st ♣❛s t♦✉❥♦✉rs ❛✉ r❡♥❞❡③✲✈♦✉s ❀ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ♣❛r❛♠ètr❡s ♣❡✉t é✈♦❧✉❡r ❛✉
❝♦✉rs ❞❡ ❧✬❛♥♥é❡✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❛ q✉❛❧✐té ❞❡s rés✐♥❡s ♦✉ ❧✬✐♥t❡♥s✐té ❞❡s ❧❛♠♣❡s ❞❯❱✳ ■❧
❡st ❞♦♥❝ ✈✐t❛❧✱ s✐ ❧✬♦♥ ♥❡ ✈❡✉t ♣❛s ♣❛ss❡r t♦✉t s♦♥ t❡♠♣s ❡♥ s❛❧❧❡ ❜❧❛♥❝❤❡✱ ❞❡ ♠❡ttr❡ ❛✉ ♣♦✐♥t



✸✳✷✳ ▲✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡ ✺✶

(a) (b)

(c) (d) (e)

500 µm

20 µm

1 mm 1 mm 1 mm

❋✐❣✉r❡ ✸✳✸ ✕▼❛sq✉❡ ♦♣t✐q✉❡✳ ✭❛✮▼♦t✐❢ é❧é♠❡♥t❛✐r❡ ❞✉ ♠❛sq✉❡✳ ■❧ ❡st ❝♦♥st✐t✉é ❞❡ ✻ ♣✉❝❡s ❝♦♥t❡♥❛♥t
❝❤❛❝✉♥❡ ✶✷ é❧❡❝tr♦❞❡s ❡t ✶✷ ♣❧♦ts ❞❡ s♦✉❞✉r❡✳ ▲❡s ♥♦♠❜r❡✉s❡s ❝r♦✐① ♣rés❡♥t❡s s❡r✈❡♥t à ❧✬❛❧✐❣♥❡♠❡♥t
❡♥ ❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡ q✉✐ s❡r❛ ❞é✈❡❧♦♣♣é❡ ❝✐✲❛♣rès✳ ✭❜✮ ❆❣r❛♥❞✐ss❡♠❡♥t ❞❡ ❧❛ ③♦♥❡ ❞❡ tr❛✈❛✐❧
❞❡ 50µ♠∗50µ♠✳ ▲❛ ♣❛rt✐❡ r♦✉❣❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❧✐t❤♦❣r❛♣❤✐❡ ❡t ❧❡s ♣❧♦ts ♥♦✐rs
s②♠❜♦❧✐s❡♥t ❧✬❡♠♣❧❛❝❡♠❡♥t ❞❡s ❝❛t❛❧②s❡✉rs ❞❛♥s ❝❡ ❝❤❛♠♣✳ ✭❝✮ ▼❛rq✉❡ ❞✬❛❧✐❣♥❡♠❡♥t ❞✉ ♣r❡♠✐❡r ♥✐✈❡❛✉
❞❡ ❧✐t❤♦❣r❛♣❤✐❡ ✭é❧❡❝tr♦❞❡s ❣r♦ss✐èr❡s ❡t ♣❧♦ts ❞❡ s♦✉❞✉r❡✮✳ ✭❞✮ ▼❛rq✉❡s ❞✬❛❧✐❣♥❡♠❡♥t ❞✉ ❞❡✉①✐è♠❡
♥✐✈❡❛✉ ❞❡ ❧✐t❤♦❣r❛♣❤✐❡ ✭♣❧♦ts ❞❡ ❝❛t❛❧②s❡✉r✮✳ ✭❡✮ ❙✉♣❡r♣♦s✐t✐♦♥ ❞❡s ❞❡✉① ♠❛rq✉❡s ❞❛♥s ❧❡ ❝❛s ❞✬✉♥
❛❧✐❣♥❡♠❡♥t ♣❛r❢❛✐t✳



✺✷ ❈❤❛♣✐tr❡ ✸✳ ❋❛❜r✐❝❛t✐♦♥

✉♥ ♣r♦❝é❞é r♦❜✉st❡ ❡t st❛❜❧❡ ❞❛♥s ❧❡ t❡♠♣s✱ ❛❞❛♣t❛❜❧❡ s✉✐✈❛♥t ❧❡s ❜❡s♦✐♥s✳
❉❡✉① ♠ét❤♦❞❡s ✈♦♥t êtr❡ ♣rés❡♥té❡s ❞❛♥s ❝❡ q✉✐ s✉✐t✱ q✉✐ ♦♥t été ♠✐s❡s ❛✉ ♣♦✐♥t ❞❛♥s ❧❛ s❛❧❧❡
❜❧❛♥❝❤❡ ◆❛♥♦❢❛❜ ❞❡ ❧✬■♥st✐t✉t ◆é❡❧ ❛✈❡❝ ❧✬❛✐❞❡✱ ♥♦t❛♠♠❡♥t✱ ❞❡ ❇r✉♥♦ ❋❡r♥❛♥❞❡③✳ ▲❛ r❡❝❡tt❡
♠♦♥♦✲❝♦✉❝❤❡✱ rés✉♠é❡ à ❧❛ ✜❣✉r❡ ✸✳✶✱ ❡st très r❛♣✐❞❡ à ♠❡ttr❡ ❡♥ ♦❡✉✈r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ♣r♦✜❧
❞❡s é❧❡❝tr♦❞❡s ♥✬❡st ♣❛s ♣❛r❢❛✐t✱ ❡t ♣❡✉t ♣rés❡♥t❡r ✉♥ ré❡❧ ♣r♦❜❧è♠❡ s❡❧♦♥ ❧✬✉t✐❧✐s❛t✐♦♥ q✉❡ ❧✬♦♥
❡♥ ❢❛✐t✳ P♦✉r ♣❛❧✐❡r✱ ♦♥ ♣♦✉rr❛ ✉t✐❧✐s❡r ✉♥❡ r❡❝❡tt❡ ❞✐t❡ ❡♥ ❜✐✲❝♦✉❝❤❡✱ ❢réq✉❡♠♠❡♥t ✉t✐❧✐sé❡ ❡♥
❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡✳

▲❛ ♠♦♥♦✲❝♦✉❝❤❡

❖♥ ❝♦♠♠❡♥❝❡ ♣❛r ♥❡tt♦②❡r ❧❛ s✉r❢❛❝❡ ❞✬✉♥ ✇❛❢❡r 2” ♣❛r ♣❧❛s♠❛ ♦①②❣è♥❡ ♣❡♥❞❛♥t ✷♠✐♥✳
▲❛ rés✐♥❡ ❯❱✸ ❞❡ ❝❤❡③ ❙❤✐♣❧❡② s❡♥s✐❜❧❡ ❛✉① ❞❯❱✱ ❡st ❛❧♦rs ❞é♣♦sé❡ ❣râ❝❡ à ✉♥❡ ♣✐♣❡tt❡✳ ▲❛
t♦✉r♥❡tt❡ ❡st ♠✐s❡ ❡♥ r♦✉t❡ ❡t ❧❡ ✇❛❢❡r t♦✉r♥❡ à ✉♥❡ ✈✐t❡ss❡ ❞❡ 2000 tr✳♠✐♥−1 ❛♣rès ❛✈♦✐r été
❛❝❝é❧éré à 4000 tr✳♠✐♥−2✳ ❈❡s ♣❛r❛♠ètr❡s ♦✛r❡♥t ✉♥❡ é♣❛✐ss❡✉r ❞❡ rés✐♥❡ ❞❡ ✻✵✵ ♥♠ ❡♥✈✐r♦♥✳
▲❡ ✇❛❢❡r ❡st ❝✉✐t à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ✶✸✵✝❈ s✉r ✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ ♣❡♥❞❛♥t ✶♠✐♥✳ ❖♥
♣♦s✐t✐♦♥♥❡ ❡♥s✉✐t❡ ❧❡ ✇❛❢❡r s✉r ❧❡ ♣♦rt❡✲é❝❤❛♥t✐❧❧♦♥ ❞❡ ❧✬❛❧✐❣♥❡✉r ▼❏❇✸✱ ré❣❧é ❛✉ ♣ré❛❧❛❜❧❡ ❞❡
♠❛♥✐èr❡ à ♦♣t✐♠✐s❡r ❧❡ ❝♦♥t❛❝t ✇❛❢❡r✴♠❛sq✉❡✱ ♣✉✐s ♦♥ ❞é❝❧❡♥❝❤❡ ❧✬✐♥s♦❧❛t✐♦♥ q✉✐ ❞✉r❡ 5 s ♣♦✉r
✉♥❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛♠♣❡ ❞❡ 0.3♠❲✳❝♠2 à 240 ♥♠✳ ▲❡ ✇❛❢❡r✱ r❡❝✉✐t à 130✝❈ ♣❡♥❞❛♥t ✉♥❡ ♠✐✲
♥✉t❡✱ ❡st ❡♥s✉✐t❡ ♣❧♦♥❣é ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡✉r ▼❋✲❈❉✲✷✻ ♣❡♥❞❛♥t 30 s ❡t ✐♠♠é❞✐❛t❡♠❡♥t r✐♥❝é
à ❧✬❡❛✉ ❞és✐♦♥✐sé❡ ❞❡ ♠❛♥✐èr❡ à st♦♣♣❡r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t✳ P♦✉r ❧✬✐♥s♦❧❛t✐♦♥✱ ❧✬✉♥❡ ❞❡s ét❛♣❡s
❧❡s ♣❧✉s ❞é❧✐❝❛t❡s✱ ♦♥ ✈ér✐✜❡ q✉❡ ❧❡s ♠♦t✐❢s ❡♠♣r❡✐♥ts ❞❛♥s ❧❛ rés✐♥❡ s♦♥t ♣ré❝✐sé♠❡♥t ❞é✜♥✐s✱ ❡t
❝♦rr❡s♣♦♥❞❡♥t ❡①❛❝t❡♠❡♥t ❛✉① ♠♦t✐❢s ❞✉ ♠❛sq✉❡✳ ■❧ ❡st é❣❛❧❡♠❡♥t ✐♠♣♦rt❛♥t ❞❡ ✈ér✐✜❡r q✉❡ ❧❡s
❝♦✐♥s ❞❡s é❧❡❝tr♦❞❡s ♥❡ s♦♥t ♣❛s ❛rr♦♥❞✐s à ❝❛✉s❡ ❞✬✉♥❡ s✉r✲✐♥s♦❧❛t✐♦♥✳
❈❡tt❡ ét❛♣❡ ❛❝❤❡✈é❡✱ ♦♥ ♣❡✉t ♣❛ss❡r à ❧❛ ♠ét❛❧❧✐s❛t✐♦♥ ❞✉ ✇❛❢❡r ❞❛♥s ✉♥ é✈❛♣♦r❛t❡✉r à ❝❛♥♦♥ à
é❧❡❝tr♦♥ ✭♦♥ ✉t✐❧✐s❡ ✉♥ é✈❛♣♦r❛t❡✉r ❞❡ ♠❛rq✉❡ Plassys✮✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❡st ✐♥tr♦❞✉✐t ❞❛♥s ❧✬é✈❛✲
♣♦r❛t❡✉r✱ ❡t ❧♦rsq✉❡ ❧❡ ✈✐❞❡ ❛tt❡✐♥t 10−6♠❜❛r✱ ♦♥ ❝♦♠♠❡♥❝❡ à é✈❛♣♦r❡r ❧❡ ♠ét❛❧ s♦✉❤❛✐té✳ ▲❡
❝❤♦✐① ❞❡ ❧❛ ♣r❡♠✐èr❡ ❝♦✉❝❤❡ q✉✐ ♣❡r♠❡t ❧✬❛❞❤és✐♦♥ ❞❡s é❧❡❝tr♦❞❡s ❛✉ ❙✐❖2 ❡st ♣r✐♠♦r❞✐❛❧ ✿ s✐ ❧❡
♠❛tér✐❛✉ ♥❡ rés✐st❡ ♣❛s à ❤❛✉t❡ t❡♠♣ér❛t✉r❡✱ ✐❧ ♠✐❣r❡r❛ s✉r t♦✉t❡ ❧❛ s✉r❢❛❝❡ ❧♦rs ❞❡ ❧✬ét❛♣❡ ❞❡
❈❱❉ ✭✈♦✐r ♣❛r❛❣r❛♣❤❡ s✉✐✈❛♥t✮ ❡t ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ♥❛♥♦t✉❜❡s ❡♥ s❡r❛ ❛✛❡❝té❡✳ ❖♥ ❝❤♦✐s✐t ❡♥
❣é♥ér❛❧ ✉♥❡ ♣r❡♠✐èr❡ ❝♦✉❝❤❡ ❞❡ ♠♦❧②❜❞è♥❡✱ ✉♥ é❧é♠❡♥t ré❢r❛❝t❛✐r❡✱ q✉✐ ❛❞❤èr❡ ❜✐❡♥ ❛✉ ❙✐❖ 2✳ ❖♥
❧✬é✈❛♣♦r❡ ❡♥tr❡ ✵✳✵✶ ❡t 0.20 ♥♠✳s−1 ❡t ♦♥ ❞é♣♦s❡ ❡♥tr❡ 5 ❡t 10 ♥♠✳ ▲❛ ❞❡✉①✐è♠❡ ❝♦✉❝❤❡✱ ❝♦♥st✐✲
t✉é❡ ❞❡ ♣❧❛t✐♥❡✱ rés✐st❡ ❜✐❡♥ ❛✉① ❢♦rt❡s t❡♠♣ér❛t✉r❡s✳ ❊❧❧❡ ❡st é✈❛♣♦ré❡ ❡♥tr❡ 0.01 ❡t 0.30 ♥♠✳s−1✳
▲❡ ❞é♣ôt ♠ét❛❧❧✐q✉❡ t❡r♠✐♥é✱ ♦♥ ♣❛ss❡ à ❧✬ét❛♣❡ ❞❡ ❧✐❢t✲♦✛ ❡♥ ♣❧♦♥❣❡❛♥t ❧❡ ✇❛❢❡r ❞❛♥s ✉♥ ❜❛✐♥
❞✬❛❝ét♦♥❡✳ ❖♥ ♣❡✉t ❛❝❝é❧ér❡r ❧❡ ♣r♦❝❡ss✉s ❞❡ ❧✐❢t✲♦✛ ♣❛r ✉♥ ❜❛✐♥ ❞✬✉❧tr❛✲s♦♥s✳ ■❧ ♥❡ ❢❛✉t ♣❛s
❝r❛✐♥❞r❡ ❞❡ ♠♦♥t❡r ❡♥ ♣✉✐ss❛♥❝❡ ✉❧tr❛✲s♦♥ ✿ s♦✐t ❧❡s ♠♦t✐❢s s❡ ❞é❝♦❧❧❡♥t ❡t ❝❡❧❛ ✈❡✉t ❞✐r❡ q✉❡ ❧❛
❧✐t❤♦❣r❛♣❤✐❡ ♥✬ét❛✐t ♣❛s ❛ss❡③ r♦❜✉st❡ ♣♦✉r ❧❡s ét❛♣❡s s✉✐✈❛♥t❡s✱ ❛✉q✉❡❧ ❝❛s ♦♥ r❡❝♦♠♠❡♥❝❡ ❧❡
♣r♦❝é❞é✱ s♦✐t ❧❡s ♠♦t✐❢s ❛❞❤èr❡♥t ❜✐❡♥ ❡t ♦♥ ♦❜t✐❡♥t ✉♥ ✇❛❢❡r ❝♦♠♣❧❡t ❝♦♥t❡♥❛♥t ✉♥❡ ❝❡♥t❛✐♥❡
❞✬é❝❤❛♥t✐❧❧♦♥s t❡❧s q✉❡ ❝❡❧✉✐ ♣rés❡♥té à ❧❛ ✜❣✉r❡ ✸✳✹✭❛✮✳
■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ❜✐❡♥ ♥❡tt♦②❡r ❧❡ ✇❛❢❡r ❛♣rès ❧✬ét❛♣❡ ❞❡ ❧✐❢t✲♦✛ ✿ ♦♥ ✉t✐❧✐s❡ ✉♥ ❜❛✐♥ ❞✬✐s♦✲
♣r♦♣❛♥♦❧ ✭■P❆✮ s♦✉s ✉❧tr❛✲s♦♥ s✉✐✈✐ ❞✬✉♥ ♣❧❛s♠❛ ♦①②❣è♥❡ ❞❡ ✷ ♠✐♥✉t❡s✳ ❖♥ ♣❡✉t ❛❧♦rs ❢❛✐r❡ ✉♥
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(a)
(b)

(c)

❋✐❣✉r❡ ✸✳✹ ✕ P❤♦t♦❣r❛♣❤✐❡s ❞❡s ♣✉❝❡s✳ ✭❛✮ P❤♦t♦❣r❛♣❤✐❡ ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❧✐t❤♦❣r❛♣❤✐é ❝♦♠♣r❡♥❛♥t
✻ ♣✉❝❡s ❞❡ ✶✷ é❧❡❝tr♦❞❡s✳ ▲✬❛❧✐❣♥❡♠❡♥t ❛✈❡❝ ❧❡ ♠❛sq✉❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡s ❝❛t❛❧②s❡✉rs ❛ été ré❛❧✐sé✳ ✭❜✮
P❤♦t♦❣r❛♣❤✐❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ tr❛✈❛✐❧ ❞❡ ❧❛ ♣✉❝❡ ✻✳ ▲❡s ✹ ♠❛rq✉❡s ❡♥ ❢♦r♠❡ ❞❡ ❝r♦✐① s❡r✈❡♥t à ❧✬❛❧✐❣♥❡♠❡♥t
✉❧t✐♠❡ ❧♦rs ❞❡ ❧✬ét❛♣❡ ❞❡ ❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡✳ ▲❡s ♣❧♦ts ❞❡ ❝❛t❛❧②s❡✉rs ♦♥t été ❡♠♣r❡✐♥ts ❞❛♥s ❧❛
rés✐♥❡ ❡t ♥✬❛tt❡♥❞❡♥t ♣❧✉s q✉❡ ❞✬êtr❡ r❡♠♣❧✐s✳ ✭❝✮ ❙✉♣❡r♣♦s✐t✐♦♥ ❞❡ ❧❛ ♣r❡♠✐èr❡ ♠❛rq✉❡ ❞✬❛❧✐❣♥❡♠❡♥t✱
❧✐t❤♦❣r❛♣❤✐é❡ ❡t ❞❡ ❝♦✉❧❡✉r ❥❛✉♥❡✱ ❡t ❞❡ ❝❡❧❧❡ ❞✉ ❞❡✉①✐è♠❡ ♥✐✈❡❛✉✱ ❡♠♣r❡✐♥t❡ ❞❛♥s ❧❛ rés✐♥❡✱ ❝♦✉❧❡✉r
❜❧❡✉ ❢♦♥❝é✳

❞❡✉①✐è♠❡ ♥✐✈❡❛✉ ❞❡ ❧✐t❤♦❣r❛♣❤✐❡ s✐ ❜❡s♦✐♥ ❡st✳ P♦✉r ❝❡❧❛✱ ♦♥ ❛❧✐❣♥❡r❛ ❧❡ ✇❛❢❡r ❛✈❡❝ ❧❡ ♠❛sq✉❡
❞❛♥s ❧✬❛❧✐❣♥❡✉r ▼❏❇✸✱ ❣râ❝❡ ❛✉① ♠❛rq✉❡s ❞✬❛❧✐❣♥❡♠❡♥t ♣rés❡♥té❡s ❛✉① ✜❣✉r❡s ✸✳✸✭❝✮✱ ✭❞✮ ❡t ✭❡✮
❡t ✸✳✹✭❝✮✳
▲❛ ✈❡rs❛t✐❧✐té ❞✉ ♣r♦❝é❞é ❡t ❧❛ ♣r♦♣r❡té ❞✉ ✇❛❢❡r ❛♣rès ❧❡ ❧✐❢t✲♦✛ s♦♥t ❧❡s ♣r✐♥❝✐♣❛✉① ❛✈❛♥t❛❣❡s
❞❡ ❧❛ ♠♦♥♦✲❝♦✉❝❤❡✳ ◆é❛♥♠♦✐♥s✱ s✐ ❧✬♦♥ r❡❣❛r❞❡ ❛tt❡♥t✐✈❡♠❡♥t ❧❡ ❞é♣ôt✱ ♦♥ s✬❛♣❡rç♦✐t ♣❛r❢♦✐s
q✉❡✱ ❧♦rs ❞✉ ❧✐❢t✲♦✛✱ ✉♥❡ ♣❛rt✐❡ ❞✉ ♠ét❛❧ r❡st❡ ❛❝❝r♦❝❤é❡ s✉r ❧❡ ❝♦♥t♦✉r s✉♣ér✐❡✉r ❞❡s é❧❡❝tr♦❞❡s ✿
✐❧ ❛♣♣❛r❛✐t ✉♥ ♣r♦✜❧ ❡♥ ✧❞❡♥ts ❞❡ s❝✐❡✧ ✭✈♦✐r ✜❣✉r❡ ✸✳✺✭❛✮✮ ❞û ❛✉① ✢❛♥❝s ❞❡ rés✐♥❡ ❧é❣èr❡♠❡♥t
♦❜❧✐q✉❡s ❛♣rès ❞é✈❡❧♦♣♣❡♠❡♥t✳ ▲♦rs ❞✉ ❧✐❢t✲♦✛✱ ❧❡ ♠ét❛❧ s❡ ❞é❝❤✐r❡ ❡♥ ❞❡✉① ♣❛rt✐❡s ✿ ❧❛ ♣r❡♠✐èr❡
s✬é✈❛❝✉❡ ❞❛♥s ❧❡ s♦❧✈❛♥t ❡t ❧❛ s❡❝♦♥❞❡ r❡st❡ ❛❝❝r♦❝❤é❡ ❛✉ ❞é♣ôt ♠ét❛❧❧✐q✉❡✱ ✈♦✐r ✜❣✉r❡ ✸✳✺✭❝✮
❡t ✭❞✮✳ ▲❛ t❛✐❧❧❡ ❞❡ ❝❡s ❝♦❧❧❡r❡tt❡s ♣❡✉t ❛tt❡✐♥❞r❡ ❥✉sq✉✬à ✶✵✵ ♥♠✱ ❡t ✉♥ ❡✛❡t ❞✬♦♠❜r❡ r✐sq✉❡ ❞❡
♣♦s❡r ♣r♦❜❧è♠❡ ❧♦rs ❞❡ ❧❛ r❡♣r✐s❡ ❞❡ ❝♦♥t❛❝t ♣❛r ❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡✳
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(a)

UV3

Métal

LOR3A

(b)

UV3

❋✐❣✉r❡ ✸✳✺ ✕ ❉é♣ôt s✉r ♠♦♥♦✲❝♦✉❝❤❡ ❡t ❜✐✲❝♦✉❝❤❡✳ ✭❛✮ ❙❝❤é♠❛ ❝❛r✐❝❛t✉r❛❧ ❞✉ ❞é♣ôt ♠ét❛❧❧✐q✉❡
s✉r ♠♦♥♦✲❝♦✉❝❤❡✳ ▲❡ ♠ét❛❧ ❢♦r♠❡ ✉♥ ✜❧♠ ❝♦♥t✐♥✉ q✉✐✱ ❧♦rs ❞✉ ❧✐❢t✲♦✛✱ ✈❛ s❡ ❞é❝❤✐r❡r✳ ✭❜✮ ❆✈❡❝ ✉♥❡
s♦✉s✲❝♦✉❝❤❡ ♣❧✉s ❞é✈❡❧♦♣♣é❡✱ ❧❡ ✜❧♠ ♠ét❛❧❧✐q✉❡ ♥✬❡st ♣❧✉s ❝♦♥t✐♥✉ ❡t ❧❡ ❧✐❢t✲♦✛ ♥❡ ♣♦s❡ ♣❧✉s ❛❧♦rs ❛✉❝✉♥
♣r♦❜❧è♠❡✳ ✭❝✮ Pr♦✜❧s ❞✬✉♥❡ é❧❡❝tr♦❞❡ ❧✐t❤♦❣r❛♣❤✐é❡ ❛✈❡❝ ❧❛ r❡❝❡tt❡ ♠♦♥♦✲❝♦✉❝❤❡✱ ✭❞✮ ❛✈❡❝ ❧❛ r❡❝❡tt❡
❜✐✲❝♦✉❝❤❡✳

▲❛ ❜✐✲❝♦✉❝❤❡

▲❛ ❜✐✲❝♦✉❝❤❡ ❞❡ rés✐♥❡ é❧✐♠✐♥❡ ❝❡s ✧❞❡♥ts ❞❡ s❝✐❡✧ ❡t ♦♥ ♦❜t✐❡♥t ❛✐♥s✐ ✉♥ ♣r♦✜❧ très ♣r♦♣r❡✱
✈♦✐r ✜❣✉r❡ ✸✳✺✭❜✮✳ ❊♥ ❡✛❡t✱ ❧❛ ❝♦✉❝❤❡ ✐♥❢ér✐❡✉r❡✱ ❜❡❛✉❝♦✉♣ ♣❧✉s s❡♥s✐❜❧❡ ❛✉ ❞é✈❡❧♦♣♣❡✉r✱ ❛ss✉r❡
✉♥❡ ❜♦♥♥❡ sé♣❛r❛t✐♦♥ ❡♥tr❡ ❧❡ ♠ét❛❧ ❞é♣♦sé s✉r ❧❛ s✉r❢❛❝❡ ❞✉ ✇❛❢❡r ❡t s✉r ❝❡❧❧❡ ❞❡ ❧❛ rés✐♥❡✳
❆♣rès ❛✈♦✐r ♥❡tt♦②é ❧❡ ✇❛❢❡r✱ ♦♥ ét❛❧❡ ✉♥❡ ♣r❡♠✐èr❡ rés✐♥❡ ❛♣♣❡❧é❡ ▲❖❘ ✸❆ ✭ ❧✐❢t✲♦✛ r❡s✐st✮✱ ❛✈❡❝
✉♥❡ ✈✐t❡ss❡ ❞❡ 2000 tr✳♠✐♥−1 ♣♦✉r ✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ❞❡ 2000 tr✳♠✐♥−2 s✐ ❧✬♦♥ s♦✉❤❛✐t❡ 400 ♥♠
❞✬é♣❛✐ss❡✉r✳ ❊♥s✉✐t❡✱ ♦♥ s✉✐t ❧❡ ♠ê♠❡ ♣r♦❝é❞é q✉❡ ♣ré❝é❞❡♠♠❡♥t✱ s❡✉❧❡ ❧❛ ❞❡r♥✐èr❡ ét❛♣❡ ❞✐✛èr❡ ✿
✉♥❡ ❢♦✐s ❧✬❯❱✸ ❡t ❧❡ ♠ét❛❧ ❞é❧❛q✉és ❞❡ ❧❛ s✉r❢❛❝❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣❧♦♥❣❡r ❧❡ ✇❛❢❡r ❞❛♥s ✉♥
❜❛✐♥ ❞❡ P● ❘❡♠♦✈❡r à 85✝C ♣❡♥❞❛♥t ✶ ❤❡✉r❡✱ ❛✜♥ ❞❡ ❞✐ss♦✉❞r❡ ❧❛ ❝♦✉❝❤❡ ❞❡ ▲❖❘✸❆✳ ▲❡s ét❛♣❡s
❞❡ ❝❡tt❡ r❡❝❡tt❡ s♦♥t r❛♣♣❡❧é❡s ❛✉ t❛❜❧❡❛✉ ✸✳✶✳



✸✳✷✳ ▲✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡ ✺✺

ét❛♣❡ t❡❝❤♥✐q✉❡ ✉t✐❧✐sé❡ ♣❛r❛♠ètr❡s

✶ ♥❡tt♦②❛❣❡ ❞✉ ✇❛❢❡r ♣❧❛s♠❛ ♦①②❣è♥❡ ✭❘■❊✮ 2♠✐♥
✷ ét❛❧❡♠❡♥t ❞❡ ▲❖❘ ✸❆

♣♦✉r ✉♥❡ é♣❛✐ss❡✉r ❞❡
400 ♥♠

t♦✉r♥❡tt❡ ✈ ✿ 2000 tr✳♠✐♥−1✱
❛ ✿ 2000 tr✳♠✐♥−2✱
t ✿ 30 s

✸ ❝✉✐ss♦♥ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ 1♠✐♥ à 170✝❈
✹ ét❛❧❡♠❡♥t ❞❡ ❯❱✸ t♦✉r♥❡tt❡ ✈ ✿ 4000 tr✳♠✐♥−1✱

❛ ✿ 2000 tr✳♠✐♥−2✱
t ✿ 30 s

✺ ❝✉✐ss♦♥ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ 1♠✐♥ à 130✝❈
✻ ✐♥s♦❧❛t✐♦♥ ❛❧✐❣♥❡✉r ❞❯❱ ▼❏❇✸ 5.5 s à

0.3♠❲✳❝♠−2

✼ r❡❝✉✐ss♦♥ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ 1♠✐♥ à 130✝❈
✽ ❞é✈❡❧♦♣♣❡♠❡♥t ▼❋✲❈❉✲✷✻ 30− 40 s
✾ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞✉ ❞é✲

✈❡❧♦♣♣❡✉r
❡❛✉ ❉■ 1♠✐♥

✶✵ ❞é♣ôt ❞❡ ❧❛ ❝♦✉❝❤❡
❞✬❛❝❝r♦❝❤❡ ♠ét❛❧❧✐q✉❡

é✈❛♣♦r❛t❡✉r à ❝❛♥♦♥ à
é❧❡❝tr♦♥ P▲❆❙❙❨❙

7 ♥♠ ❞❡ ▼♦ à
0.1 ♥♠✳s−1

✶✶ ❞é♣ôt ❞❡ ❧❛ ❝♦✉❝❤❡ ♠é✲
t❛❧❧✐q✉❡ ♣r✐♥❝✐♣❛❧❡

é✈❛♣♦r❛t❡✉r à ❝❛♥♦♥ à
é❧❡❝tr♦♥ P▲❆❙❙❨❙

70 ♥♠ ❞❡ Pt à
0.1 ♥♠✳s−1

✶✷ ❧✐❢t✲♦✛ ❛❝ét♦♥❡ 10♠✐♥ à 1 ❤✱ ♦♥
♣❡✉t ❧✬❛ss✐st❡r
♣❛r ✉❧tr❛✲s♦♥ à
80% ❞❡ ❧❛ ♣✉✐s✲
s❛♥❝❡ ♠❛①✐♠✉♠✳

✶✸ ❞✐ss♦❧✉t✐♦♥ ❞❡ ▲❖❘✸❆ P●✲❘❡♠♦✈❡r 1 ❤ à 80✝❈
✶✹ r✐♥ç❛❣❡ ❛❝ét♦♥❡ ❡t ✐s♦♣r♦♣❛♥♦❧ 1♠✐♥ ❞❡ ❝❤❛q✉❡

s♦✉s ❧❛ ♣✐ss❡tt❡
✶✺ sé❝❤❛❣❡ ❛③♦t❡ s❡❝ ✇❛❢❡r ♣♦sé s✉r

❞✉ ♣❛♣✐❡r ❛❜s♦r✲
❜❛♥t✱ ♣✐st♦❧❡t à
❧❛ ✈❡rt✐❝❛❧❡ ❞✉
✇❛❢❡r✱ ♥❡ ♣❛s
t♦✉❝❤❡r ❧❡ ✇❛❢❡r
❛✈❡❝ ❞❡s ♣✐♥❝❡s

✶✻ ♥❡tt♦②❛❣❡ ♣❧❛s♠❛ ♦①②❣è♥❡ ✭❘■❊✮ 10♠✐♥

❚❛❜❧❡ ✸✳✶ ✕ ❘❡❝❡tt❡ ❞❡ ❧❛ ❧✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡✳ ■❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ s✉✐✈r❡ ❧❡s ét❛♣❡s s✉r ❢♦♥❞
❜❧❛♥❝ ♣♦✉r ❧❛ r❡❝❡tt❡ ♠♦♥♦✲❝♦✉❝❤❡ ❡t ❞✬② ✐♥❝❧✉r❡ ❝❡❧❧❡ s✉r ❢♦♥❞ ❜❧❡✉ ♣♦✉r ♦❜t❡♥✐r ❧❛ r❡❝❡tt❡ ❜✐✲❝♦✉❝❤❡✳



✺✻ ❈❤❛♣✐tr❡ ✸✳ ❋❛❜r✐❝❛t✐♦♥

✸✳✸ ❖❜t❡♥t✐♦♥ ❞❡s ♥❛♥♦t✉❜❡s s✉r ❧❛ s✉r❢❛❝❡

▲❡s ♥❛♥♦t✉❜❡s s♦♥t ❧❡s é❧é♠❡♥ts ❝❧❡❢s ❞✉ ❞✐s♣♦s✐t✐❢✳ ■❧ ❡st ❞♦♥❝ ❝r✉❝✐❛❧ ❞❡ ❧❡s ♦❜t❡♥✐r ❞❡ ❜♦♥♥❡
q✉❛❧✐té✱ s♦✉s ❢♦r♠❡ ❞❡ t✉❜❡ ✉♥✐q✉❡ ❡t s✐ ♣♦ss✐❜❧❡ à ♣❛r♦✐ ✉♥✐q✉❡✳ ◆♦✉s ❛✈♦♥s s✉✐✈✐ ♣r✐♥❝✐♣❛❧❡✲
♠❡♥t ❞❡✉① str❛té❣✐❡s✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♥s✐st❡ à ❞é♣♦s❡r ❧❡s ♥❛♥♦t✉❜❡s s✉r ❧❛ s✉r❢❛❝❡ ❣râ❝❡ à ❞❡s
s✉s♣❡♥s✐♦♥s ❡t ❧❛ ❞❡✉①✐è♠❡ à ❢❛✐r❡ ❝r♦✐tr❡ ❧❡s ♥❛♥♦t✉❜❡s ❞✐r❡❝t❡♠❡♥t s✉r ❧❛ s✉r❢❛❝❡ à ♣❛rt✐r ❞❡
❝❛t❛❧②s❡✉rs ♣❛r ✉♥❡ t❡❝❤♥✐q✉❡ ❞❡ ❞é♣ôt ❝❤✐♠✐q✉❡ ❡♥ ♣❤❛s❡ ✈❛♣❡✉r ✭❈❱❉ ♣♦✉r ❈❤❡♠✐❝❛❧ ❱❛♣♦r

❉❡♣♦s✐t✐♦♥✮

✸✳✸✳✶ P❛r ❞é♣ôt ❞❡ ♥❛♥♦t✉❜❡s ❡♥ s✉s♣❡♥s✐♦♥

◆♦✉s ❛✈♦♥s ♣✉ ♦❜t❡♥✐r ❞❡s ♥❛♥♦t✉❜❡s s②♥t❤ét✐sés ♣❛r ❞é❝❤❛r❣❡ ❞✬❛r❝ à ❧❛ ❘✐❝❡ ❯♥✐✈❡rs✐t②
❞✉ ❚❡①❛s✳ ❈❡s ♥❛♥♦t✉❜❡s s❡ ♣rés❡♥t❡♥t ✐♥✐t✐❛❧❡♠❡♥t s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ♣♦✉❞r❡ ♥♦✐r❡✳

❉✐s♣❡rs✐♦♥ ❡♥ s♦❧✉t✐♦♥ ❛q✉❡✉s❡

❉❛♥s ❧❛ ♣r❡♠✐èr❡ ♠ét❤♦❞❡ ✉t✐❧✐sé❡✱ ♦♥ ❝ré❡ ✉♥❡ é♠✉❧s✐♦♥ ♣♦✉r ❞✐s♣❡rs❡r ❧❡s ♥❛♥♦t✉❜❡s✳ ❖♥
✐♥tr♦❞✉✐t ❧❡s ♥❛♥♦t✉❜❡s ❞❛♥s ✉♥❡ s♦❧✉t✐♦♥ ❛q✉❡✉s❡ ❝♦♥t❡♥❛♥t ✉♥ s✉r❢❛❝t❛♥t✱ ❧❡ ❙❉❙ ✭❙♦❞✐✉♠
❉♦❞❡❝②❧ ❙✉❧❢❛t❡✮✳ ▲❡ ♠é❧❛♥❣❡ s♦✉♠✐s ❛✉① ✉❧tr❛✲s♦♥s ✭à ♣✉✐ss❛♥❝❡ ♠✐♥✐♠❛❧❡ ♣♦✉r ♥❡ ♣❛s ✓❝❛s✲
s❡r✔ ❧❡s ♥❛♥♦t✉❜❡s ♦✉ ❝ré❡r ❞❡s ❞é❢❛✉ts✮✱ ♣r♦❞✉✐t ✉♥❡ s♦❧✉t✐♦♥ ❤♦♠♦❣è♥❡ ❞❡ ❝♦✉❧❡✉r ♣❧✉s ♦✉
♠♦✐♥s ❢♦♥❝é❡ s❡❧♦♥ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ♥❛♥♦t✉❜❡s✳ ▲❡ s✉r❢❛❝t❛♥t ❡♥r♦❜❡ ❝❤❛q✉❡ ♥❛♥♦t✉❜❡✱ ❧❡s
❡♠♣ê❝❤❛♥t ❛✐♥s✐ ❞❡ ❢♦r♠❡r ❞❡s ❢❛❣♦ts ♣❛r ✐♥t❡r❛❝t✐♦♥ π✴π✳ ▲❡s s♦❧✉t✐♦♥s ❧❡s ♣❧✉s st❛❜❧❡s s♦♥t
♦❜t❡♥✉❡s ❛✈❡❝ ✉♥❡ ❞✐❧✉t✐♦♥ ❝♦♥t❡♥❛♥t ✉♥ ♣♦✉r ❝❡♥t ❡♥ ♠❛ss❡ ❞❡ ❙❉❙✳ ▼❛✐s ❛✈❡❝ ❝❡tt❡ ♠ét❤♦❞❡✱
❧❡ s✉r❢❛❝t❛♥t ♣❡rs✐st❡ ♠ê♠❡ ❛♣rès r✐♥ç❛❣❡ ❞❡s ♥❛♥♦t✉❜❡s✱ ✈♦✐r ❧❛ ✜❣✉r❡ ✸✳✻✭❛✮✳

❉✐s♣❡rs✐♦♥ ❡♥ s♦❧✉t✐♦♥ ♦r❣❛♥✐q✉❡

▲❛ ❞❡✉①✐è♠❡ ♠ét❤♦❞❡ ♥❡ ♥é❝❡ss✐t❡ ♣❛s ❞❡ s✉r❢❛❝t❛♥t✱ ♦♥ ❞✐ss♦✉t ❧❡s ♥❛♥♦t✉❜❡s ❞❛♥s ❧❡ ❞✐❝❤❧♦✲
r♦ét❤❛♥❡✳ ❈❡ s♦❧✈❛♥t✱ ❤❛✉t❡♠❡♥t t♦①✐q✉❡✱ ❞♦✐t ❛❜s♦❧✉♠❡♥t êtr❡ ♠❛♥✐♣✉❧é s♦✉s ❤♦tt❡ ❛s♣✐r❛♥t❡✳
❯♥❡ ❣♦✉tt❡ ❞✬é♠✉❧s✐♦♥ ❞❡ ♥❛♥♦t✉❜❡s ❡st ❞é♣♦sé❡ s✉r ❧❛ s✉r❢❛❝❡✳ ❈❡❧❧❡✲❝✐ ❡st ❡♥s✉✐t❡ r✐♥❝é❡ à
❧✬■P❆ ♣✉✐s sé❝❤é❡ ❣râ❝❡ à ✉♥ ✢✉① ❞✬❛③♦t❡✳ ▲❡s ♥❛♥♦t✉❜❡s s♦♥t ❛❧♦rs ❛❞s♦r❜és à ❧❛ s✉r❢❛❝❡ ❞❡
♠❛♥✐èr❡ ❛❧é❛t♦✐r❡✳ ▲❛ ✜❣✉r❡ ✸✳✻✭❜✮ ❡st ❧❛ ♠✐❝r♦✲❣r❛♣❤✐❡ ▼❊❇ ❞✬✉♥ t❡❧ ❞é♣ôt✳ ❈❡♣❡♥❞❛♥t✱ ❧❛
❢❛✐❜❧❡ st❛❜✐❧✐té ❞❡ ❝❡tt❡ s♦❧✉t✐♦♥ ❞❛♥s ❧❡ t❡♠♣s ♣rés❡♥t❡ ✉♥ ✐♥❝♦♥✈é♥✐❡♥t ♠❛❥❡✉r ✿ très ✈✐t❡✱ ❞❡s
❢❛❣♦ts s❡ ❢♦r♠❡♥t✳
❈❡s ❞❡✉① t❡❝❤♥✐q✉❡s ❞❡ ❞é♣ôt ♣❛r s♦❧✉t✐♦♥ ♦♥t r❛♣✐❞❡♠❡♥t été ♠✐s❡s ❞❡ ❝ôté ❛✉ ♣r♦✜t ❞❡ ❧❛
♠ét❤♦❞❡ ❈❱❉ ♣rés❡♥té❡ ❝✐✲❛♣rès✳ ❊♥ ❡✛❡t✱ ❧❛ ♥é❝❡ss✐té ❞❡ r❡❝ré❡r ❧❡s s✉s♣❡♥s✐♦♥s ré❣✉❧✐èr❡♠❡♥t
à ❝❛✉s❡ ❞❡ ❧❡✉r ✐♥st❛❜✐❧✐té r❡♥❞ ❝❡s ♠ét❤♦❞❡s ♣❡✉ r❡♣r♦❞✉❝t✐❜❧❡s✳ ❉❡ ♣❧✉s✱ ❧❡s ✉❧tr❛✲s♦♥s ❛❧tèr❡♥t
❢❛❝✐❧❡♠❡♥t ❧❛ q✉❛❧✐té ❞❡s ♥❛♥♦t✉❜❡s✳



✸✳✸✳ ❖❜t❡♥t✐♦♥ ❞❡s ♥❛♥♦t✉❜❡s s✉r ❧❛ s✉r❢❛❝❡ ✺✼

20 nm

1 µm 5 µm

(a) (b)

❋✐❣✉r❡ ✸✳✻ ✕ ❉é♣ôt ❞❡ ♥❛♥♦t✉❜❡ à ♣❛rt✐r ❞✬✉♥❡ s✉s♣❡♥s✐♦♥✳ ✭❛✮ ❚♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼ ❞✬✉♥
❞é♣ôt ❞❡ ♥❛♥♦t✉❜❡ ❡♥ s✉s♣❡♥s✐♦♥ ❛✈❡❝ ❞❡s s✉r❢❛❝t❛♥ts✳ ▲♦rsq✉❡ ❧❛ s✉r❢❛❝❡ ♥✬❡st ♣❛s s✉✣s❛♠♠❡♥t ❧❛✈é❡
à ❧✬❡❛✉✱ ♦♥ ♦❜s❡r✈❡ ❞❡s rés✐❞✉s é♣❛✐s ✭q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♥❛♥♦♠ètr❡s✮✳ ✭❜✮ ▼✐❝r♦❣r❛♣❤✐❡ ▼❊❇ ❞✬✉♥
❞é♣ôt ❞❡ ♥❛♥♦t✉❜❡ ❡♥ s✉s♣❡♥s✐♦♥ ❞❛♥s ❞✉ ❞✐❝❤❧♦r♦ét❤❛♥❡✳

✸✳✸✳✷ P❛r ❝r♦✐ss❛♥❝❡ ❈❱❉

▲❡ ♣r♦❝é❞é ❞❡ ❈❱❉ rés✉❧t❡ ❞❡ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❣❛③ ♣ré❝✉rs❡✉rs à ❧❛ s✉r❢❛❝❡ ❞❡ ❝❛t❛❧②✲
s❡✉rs ❞é♣♦sés s✉r ❧❡ s✉❜str❛t✳ ▲❛ t❡♠♣ér❛t✉r❡ ❞❡ s②♥t❤ès❡ ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡ ❧❛ ♥❛t✉r❡ ❞✉
❣❛③ ❝❛r❜♦♥é ♣ré❝✉rs❡✉r à ❝r❛q✉❡r✳ ◆♦✉s ✉t✐❧✐s♦♥s ❧❡ ♠ét❤❛♥❡ q✉✐ s❡ ❞é❝♦♠♣♦s❡ ❛✉✲❞❡ss✉s ❞❡
✼✺✵✝❈✱ ❧✐❜ér❛♥t ❛✐♥s✐ ❧❡ ❝❛r❜♦♥❡ q✉✐ ✈✐❡♥t ❛❧♦rs ré❛❣✐r à ❧❛ s✉r❢❛❝❡ ❞✉ ❝❛t❛❧②s❡✉r ♣♦✉r ❢♦r♠❡r ❧❡s
♥❛♥♦t✉❜❡s✳ ❯♥❡ ♣❛rt✐❡ ❞✉ ❝❛r❜♦♥❡ ♣❡✉t ♥é❛♥♠♦✐♥s ❢♦r♠❡r ✉♥❡ ❝♦✉❝❤❡ ❛♠♦r♣❤❡ q✉✐ ❡st ♥❡tt♦②é❡
♣❛r ✐♥❥❡❝t✐♦♥ ❞✬❤②❞r♦❣è♥❡ ❞❛♥s ❧❛ ❝❤❛♠❜r❡✳ ▲❡s ❝❛t❛❧②s❡✉rs s♦♥t ❢♦r♠és ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s ❞❡
❢❡r✴♠♦❧②❜❞è♥❡s ✭♣r♦❞✉✐ts ♣❛r ❧❛ ❝♦♠♣❛❣♥✐❡ ✧❋✐rst ◆❛♥♦✧✮ ♦✉ ❢❡r✴r✉t❤é♥✐✉♠ ✭✧❢❛✐ts ♠❛✐s♦♥✧
❡t ❞é✈❡❧♦♣♣és ♣❛r ❏❡❛♥✲P✐❡rr❡ ❈❧❡✉③✐♦✉ ❡t ◆❣♦❝✲❱✐❡t ◆❣✉②❡♥✮ ♣ré❝✐♣✐tés ❞❛♥s ❧❡s ♣♦r❡s ❞✬✉♥❡
♠❛tr✐❝❡ ❞✬❛❧✉♠✐♥❡ ❡♥ s✉s♣❡♥s✐♦♥ ❞❛♥s ❞✉ ♠ét❤❛♥♦❧✳

❉é♣ôt ❞❡s ❝❛t❛❧②s❡✉rs

▲❛ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✱ à ♥♦✉✈❡❛✉ r❡❝♦✉✈❡rt❡ ❞❡ rés✐♥❡✱ ❡st ✐♥s♦❧é❡ s✉✐✈❛♥t ❧❡s ét❛♣❡s
✶ à ✾ ❞❡ ❧❛ r❡❝❡tt❡ ❜✐✲❝♦✉❝❤❡✳ ▲♦rs ❞❡ ❧✬ét❛♣❡ ❞✬✐♥s♦❧❛t✐♦♥✱ ♦♥ ✉t✐❧✐s❡ ✉♥ ♠❛sq✉❡ ♣rés❡♥té à ❧❛
✜❣✉r❡ ✸✳✸✱ ❞♦♥t ❧❡s ♠♦t✐❢s s♦♥t ❞❡s ❝❛rrés ❞❡ 3µ♠∗3µ♠ s✐t✉és ❛✉ ❝❡♥tr❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ tr❛✈❛✐❧✳
❈❡s ♣❧♦ts✱ ✉♥❡ ❢♦✐s ré✈é❧és ❞❛♥s ❧❛ rés✐♥❡✱ s♦♥t r❡♠♣❧✐s ♣❛r ❞❡s ❝❛t❛❧②s❡✉rs✳ ❖♥ ✉t✐❧✐s❡ ♣♦✉r ❝❡
❢❛✐r❡ ❧❛ t♦✉r♥❡tt❡✱ ❞♦♥t ❧❡ ♣❛r❛♠ètr❡ ❞❡ ✈✐t❡ss❡ r❛❞✐❛❧❡ ❞é✜♥✐t ❧❛ q✉❛♥t✐té ❞❡ ❝❛t❛❧②s❡✉r ❞é♣♦sé❡✳
▲❛ ♠ét❤♦❞❡ ❡st rés✉♠é❡ à ❧❛ ✜❣✉r❡ ✸✳✷✳ ▲❛ rés✐♥❡ ❡st ❡♥s✉✐t❡ ❞é❧❛q✉é❡✳ ▲❛ ✜❣✉r❡ ✸✳✼ ♠♦♥tr❡ ❧❡
rés✉❧t❛t ❛♣rès ❧❡ ❞é♣ôt✳

❈♦♥❞✐t✐♦♥s ❞❡ ❝r♦✐ss❛♥❝❡

▲❡ ❝❛t❛❧②s❡✉r ❞é♣♦sé ❡t ❧❡ ❢♦✉r à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ✼✺✵✝❈✱ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ✐♥tr♦❞✉✐t ❞❛♥s
❧❛ ❝❤❛♠❜r❡ à ré❛❝t✐♦♥✱ ✈♦✐r ✜❣✉r❡ ✸✳✽✳ ■❧ ❡st ❛❧♦rs s♦✉♠✐s à ✉♥ ✢✉① ❞✬❤②❞r♦❣è♥❡ à 0, 7▲✳♠✐♥−1



✺✽ ❈❤❛♣✐tr❡ ✸✳ ❋❛❜r✐❝❛t✐♦♥

ét❛♣❡ t❡❝❤♥✐q✉❡ ✉t✐❧✐sé❡ ♣❛r❛♠ètr❡s

✶ ♥❡tt♦②❛❣❡ ❞✉ ✇❛❢❡r ♣❧❛s♠❛ ♦①②❣è♥❡ ✭❘■❊✮ 2♠✐♥
✷ ét❛❧❡♠❡♥t ❞❡ ▲❖❘ ✸❆✱

♣♦✉r ✉♥❡ é♣❛✐ss❡✉r ❞❡
1µ♠

t♦✉r♥❡tt❡ ✈ ✿ 1000 tr✳♠✐♥−1✱
❛ ✿ 1000 tr✳♠✐♥−2✱
t ✿ 30 s

✸ r❡❝✉✐t ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ 1♠✐♥ à 170✝❈
✹ ét❛❧❡♠❡♥t ❞❡ ❯❱✸ t♦✉r♥❡tt❡ ✈ ✿ 4000 tr✳♠✐♥−1✱

❛ ✿ 2000 tr✳♠✐♥−2✱
t ✿ 30 s

✺ r❡❝✉✐t ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ 1♠✐♥ à 130✝❈
✻ ✐♥s♦❧❛t✐♦♥ ❛✈❡❝ ❧❡

♠❛sq✉❡ ❞❡s ❝❛t❛❧②✲
s❡✉rs

❛❧✐❣♥❡✉r ❞❯❱ ▼❏❇✸ 5.5 s à
0.3♠❲✳❝♠−2

✼ r❡❝✉✐t ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ 1♠✐♥ à 130✝❈
✽ ❞é✈❡❧♦♣♣❡♠❡♥t ▼❋✲❈❉✲✷✻ ✸✵✲✹✵ s
✾ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞✉ ❞é✲

✈❡❧♦♣♣❡✉r
❡❛✉ ❉■ 1♠✐♥

✶✵ r❡tr❛✐t ❞❡ ❧✬❯❱✸ ■P❆ 1♠✐♥
✶✶ ❞é♣ôt ❞✬✉♥❡ ❣♦✉tt❡ ❞❡

❝❛t❛❧②s❡✉r ❡♥ s✉s♣❡♥✲
s✐♦♥ ❞❛♥s ▼❡❖❍

t♦✉r♥❡tt❡ ✈ ✿ ❡♥tr❡
2000 tr✳♠✐♥−1 ❡t
6000 tr✳♠✐♥−1✱
❛ ✿ 1000 tr✳♠✐♥−2✱
t ✿ 30 s

✶✷ r❡❝✉✐t ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ 1♠✐♥ à 120✝❈
✶✸ ❧✐❢t✲♦✛ P●✲❘❡♠♦✈❡r 1 ❤ à 80✝❈
✶✹ r✐♥ç❛❣❡ ❛❝ét♦♥❡ ❡t ✐s♦♣r♦♣❛♥♦❧ 1♠✐♥ ❞❡ ❝❤❛q✉❡

s♦✉s ❧❛ ♣✐ss❡tt❡
✶✺ sé❝❤❛❣❡ ❛③♦t❡ s❡❝
✶✻ ♥❡tt♦②❛❣❡ ♣❧❛s♠❛ ♦①②❣è♥❡ ✭❘■❊✮ 10♠✐♥

❚❛❜❧❡ ✸✳✷ ✕ ❘❡❝❡tt❡ ♣♦✉r ❧❡ ❞é♣ôt ❞❡ ❝❛t❛❧②s❡✉r ❡♥ s✉s♣❡♥s✐♦♥✳



✸✳✹✳ ▲✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡ ✺✾

(a) (b)

10µm10µm

❋✐❣✉r❡ ✸✳✼ ✕ ▲❡s ♣❧♦ts ❞❡ ❝❛t❛❧②s❡✉rs✳ ✭❛✮ P❤♦t♦❣r❛♣❤✐❡ ❞❡s ♣❧♦ts ❞❡ ❝❛t❛❧②s❡✉r ❡♥ ❝❤❛♠♣ ❝❧❛✐r✳
✭❜✮ P❤♦t♦❣r❛♣❤✐❡ ❡♥ ❝❤❛♠♣ s♦♠❜r❡✳ ▲♦rsq✉❡ ❧❡s ♣❧♦ts ♥❡ s♦♥t ♣❛s r❡♠♣❧✐s✱ ❧❡ ❝❛t❛❧②s❡✉r ❢♦r♠❡ ✉♥❡
❝♦✉r♦♥♥❡✳

❡t ❞❡ ♠ét❤❛♥❡ à 1, 2▲✳♠✐♥−1✳ ❆♣rès ✶✵♠✐♥✉t❡s✱ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st r❡t✐ré ❞✉ ❢♦✉r✳ ❈❡s ❝♦♥❞✐t✐♦♥s
❞❡ ❝r♦✐ss❛♥❝❡ ♦♥t été ♠✐s❡s ❛✉ ♣♦✐♥t ♣❛r ◆❣♦❝✲❱✐❡t ◆❣✉②❡♥ à ❧✬■♥st✐t✉t ◆é❡❧✳ ❊❧❧❡s ♣❡r♠❡tt❡♥t
❞✬♦❜t❡♥✐r ❞❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡ s✐♠♣❧❡ ♣❛r♦✐ ❡t ♣❡✉ r❡❝♦✉✈❡rts ❞❡ ❝❛r❜♦♥❡ ❛♠♦r♣❤❡✳ ▲❛
✜❣✉r❡ ✸✳✾ ♣rés❡♥t❡ ❧❡ s♣❡❝tr❡ ❘❛♠❛♥ ❞✬✉♥ ♥❛♥♦t✉❜❡ à ♣❛r♦✐ ✉♥✐q✉❡ s②♥t❤ét✐sé ❞❡ ❝❡tt❡ ♠❛♥✐èr❡✳
▲❡ ❞é♣ôt ❞❡s ❝❛t❛❧②s❡✉rs ❡st ✉♥❡ ét❛♣❡ ❝❧❡❢ ❞✉ ♣r♦❝❡ss✉s ❞❡ ❢❛❜r✐❝❛t✐♦♥ ✿ s✐ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st tr♦♣
❞❡♥s❡✱ ❧❡s ♥❛♥♦t✉❜❡s ❝ré❡♥t ❞❡s ❝♦✉rts✲❝✐r❝✉✐ts ❡♥tr❡ ❧❡s ❞✐s♣♦s✐t✐❢s✱ s✐ ❡❧❧❡ ❡st tr♦♣ ❝❧❛✐rs❡♠é❡✱ ❧❡
♥♦♠❜r❡ ❞❡ ❥♦♥❝t✐♦♥s ré❛❧✐sé❡s s✬❛✈èr❡ ✐♥s✉✣s❛♥t✱ ❝♦♠♣t❡ t❡♥✉ ❞✉ ❢❛✐❜❧❡ t❛✉① ❞❡ ré✉ss✐t❡ ✭✺✵✪
s❡✉❧❡♠❡♥t ❞❡s ❞✐s♣♦s✐t✐❢s ré❛❧✐sés s♦♥t ❢♦♥❝t✐♦♥♥❡❧s✮✳ ❉❡ ♣❧✉s✱ s✐ très ♣❡✉ ❞❡ ❝❛t❛❧②s❡✉rs ♦♥t été
❞é♣♦sés s✉r ❧❛ s✉r❢❛❝❡✱ ♦♥ ♦❜t✐❡♥t s❡✉❧❡♠❡♥t q✉❡❧q✉❡s t✉❜❡s ❡t ✐❧s s♦♥t ❞r♦✐ts ❡t ❧♦♥❣s✱ ✈♦✐r
✜❣✉r❡ ✸✳✶✵✳ ❆✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧❛ ❞❡♥s✐té ❞❡ ❝❛t❛❧②s❡✉r ❛✉❣♠❡♥t❡✱ ❧❡ ♥♦♠❜r❡ ❞❡ ♥❛♥♦t✉❜❡s
❛✉❣♠❡♥t❡✱ ♠❛✐s ♦♥ ❧❡s ✈♦✐t ❛✉ss✐ s❡ ❝♦✉r❜❡r ♣♦✉r ❢♦r♠❡r ❞❡s ❜♦✉❝❧❡s✳ P❛r ❛✐❧❧❡✉rs✱ s✐ ♣❧✉s✐❡✉rs
♥❛♥♦t✉❜❡s s❡ r❡♥❝♦♥tr❡♥t✱ ✐❧s ♣❡✉✈❡♥t ❢♦r♠❡r ✉♥ ❢❛❣♦t ✐♥✉t✐❧✐s❛❜❧❡ ♣♦✉r ❞❡s ❞✐s♣♦s✐t✐❢s✳

✸✳✹ ▲✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡

✸✳✹✳✶ Pr✐♥❝✐♣❡ ❣é♥ér❛❧

▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡ ❡st ❛♥❛❧♦❣✉❡ à ❝❡❧✉✐ ❞❡ ❧❛ ❧✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡✳
▲✬✐♥s♦❧❛t✐♦♥ ❞❡ ❧❛ rés✐♥❡ s✬❡✛❡❝t✉❡ ♣❛r ✉♥ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥s ❢♦❝❛❧✐sés ❞❛♥s ✉♥ ▼❊❇✳ ❈❡❧✉✐✲❝✐
❡st ❛❧♦rs ❞é✢é❝❤✐✱ ❣râ❝❡ ❛✉ ❜♦ît✐❡r ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝♦♠♣❛❣♥✐❡ ❘❆■❚❍✱ ❞❡ ♠❛♥✐èr❡ à r❡♣r♦❞✉✐r❡
s✉r ❧❛ rés✐♥❡ ✉♥ ♠♦t✐❢ ❞❡ss✐♥é s✉r ❧♦❣✐❝✐❡❧✳ ▲❛ ❧✐♠✐t❡ ❞❡ rés♦❧✉t✐♦♥ ❡st ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡



✻✵ ❈❤❛♣✐tr❡ ✸✳ ❋❛❜r✐❝❛t✐♦♥

A

BC

A: élément chauffant du four 

B: sas d'introduction d'échantillon

C: système de transfert magnétique

❋✐❣✉r❡ ✸✳✽ ✕ ❋♦✉r à ❈❱❉✳ ▲✬é❝❤❛♥✲
t✐❧❧♦♥ ❡st ✐♥tr♦❞✉✐t ❞❛♥s ❧❡ s❛s ❡t ❞é✲
♣♦sé s✉r ❧❡ ❜♦✉t ❞✬✉♥❡ ❝❛♥♥❡✳ ❈❡❧❧❡✲❝✐
♣❡✉t ❡♥s✉✐t❡ êtr❡ ❛❝t✐♦♥♥é❡ ❡♥ ❞é♣❧❛ç❛♥t
✉♥ ❛✐♠❛♥t ❧❡ ❧♦♥❣ ❞✬✉♥ ❣✉✐❞❡✱ ❝❡ q✉✐
♣❡r♠❡t ❞✬✐♥tr♦❞✉✐r❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❞❛♥s ❧❡
❢♦✉r ❞é❥à ❝❤❛✉❞ ✭t❡❝❤♥✐q✉❡ ❞✐t❡ ❞❡ ✧❤♦t
❧♦❛❞✧✮✳

♥❛♥♦♠ètr❡s✱ ❝♦♥tr❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛♥♦♠ètr❡s ❡♥ ❧✐t❤♦❣r❛♣❤✐❡ ♦♣t✐q✉❡✳

✸✳✹✳✷ ❘❡♣ér❛❣❡ ❞❡s ♥❛♥♦t✉❜❡s ❡t ♣ré♣❛r❛t✐♦♥ ❞❡ ❧✬✐♥s♦❧❛t✐♦♥

❯♥❡ ❢♦✐s ❧❡s ♥❛♥♦t✉❜❡s ❞é♣♦sés ♦✉ s②♥t❤ét✐sés s✉r ❧❛ s✉r❢❛❝❡✱ ♦♥ ❧❡s r❡♣èr❡ ♣ré❝✐sé♠❡♥t ♣❛r
r❛♣♣♦rt ❛✉① é❧❡❝tr♦❞❡s ❣râ❝❡ ❛✉ ▼❊❇ ▲❊❖✶✺✸✵ ❞❡ ◆❛♥♦❢❛❜✳ ❖♥ ✉t✐❧✐s❡ ✉♥❡ t❡♥s✐♦♥ ❞✬1 ❦❱ ❞❡
♠❛♥✐èr❡ à s♦♥❞❡r ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❖♥ ♣r♦❝è❞❡ à ✉♥❡ sé❧❡❝t✐♦♥ r✐❣♦✉r❡✉s❡ ✿ ♦♥ ♥❡ ❣❛r❞❡
q✉❡ ❧❡s ♣♦rt✐♦♥s ❞❡ ♥❛♥♦t✉❜❡s r❡❝t✐❧✐❣♥❡s ♣rés❡♥t❛♥t ✉♥ ❛s♣❡❝t ❤♦♠♦❣è♥❡ ✭s❛♥s ❣r❛♥✉❧♦s✐té✮✳
❖♥ ✈✐❡♥t ❡♥s✉✐t❡ s✉♣❡r♣♦s❡r ❧❡s ♣❤♦t♦s ❛✈❡❝ ❧❡s ♠♦t✐❢s ❞✉ ♠❛sq✉❡ ♦♣t✐q✉❡ ❡t ♦♥ ❞❡ss✐♥❡ ❧❡s
é❧❡❝tr♦❞❡s ✜♥❡s ❧✐❛♥t ❧❡s é❧❡❝tr♦❞❡s ❣r♦ss✐èr❡s ❛✉ ♥❛♥♦t✉❜❡✳ ▲❛ ✜❣✉r❡ ✸✳✶✶ ♠♦♥tr❡ ❝❡ tr❛✐t❡♠❡♥t✳
▲❡ ✜❝❤✐❡r ❝♦rr❡s♣♦♥❞❛♥t ❡st ❛❧♦rs ❝❤❛r❣é ❞❛♥s ❧❡ ♣r♦❣r❛♠♠❡ ❊▲P❍❨ ❞✉ ▼❊❇✳

✸✳✹✳✸ ✧❘❡❝❡tt❡✧ ❞✬✐♥s♦❧❛t✐♦♥

▲✬é❝❤❛♥t✐❧❧♦♥✱ q✉✐ ❝♦♠♣r❡♥❞ ❧❡s ✻ ♣✉❝❡s ♣rés❡♥té❡s à ❧❛ ✜❣✉r❡ ✸✳✸✱ ❡st ❡♥❞✉✐t ❞✬✉♥❡ rés✐♥❡
é❧❡❝tr♦s❡♥s✐❜❧❡✱ ❧❡ P▼▼❆ 2% ✭P♦❧②▼❡t❤②❧ ▼❡t❆❝r②❧❛t❡✮ ❝✉✐t 2♠✐♥ à 180✝❈✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡
❝✉✐r❡ ♣❧✉s ❧♦♥❣t❡♠♣s ❛✜♥ ❞✬❛✉❣♠❡♥t❡r ❧❛ rés♦❧✉t✐♦♥ ❞❡ ❧❛ ❧✐t❤♦❣r❛♣❤✐❡✱ ♠❛✐s ❧❡ ❧✐❢t✲♦✛ ♥✬❡♥ s❡r❛
q✉❡ ♣❧✉s ❞✐✣❝✐❧❡✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❡st ✐♥séré ❞❛♥s ❧❡ ▼❊❇✱ ré❣❧é ❞❡ ♠❛♥✐èr❡ à ❝❡ q✉❡ ❧✬❛❧✐❣♥❡♠❡♥t
s♦✐t ❛✉t♦♠❛t✐q✉❡✳ ❊♥ ❡✛❡t✱ ❧❡ ▼❊❇ ❡st ♣r♦❣r❛♠♠❛❜❧❡ ❞❡ ❢❛ç♦♥ à ❝❡ q✉✬✐❧ ✈✐❡♥♥❡ ❛✉t♦♠❛t✐q✉❡✲
♠❡♥t s✬❛❧✐❣♥❡r s✉r ✉♥❡ ❞❡s ✻ ♣✉❝❡s✳
❈❡tt❡ ♣r♦❝é❞✉r❡ ❛ été ❞é✈❡❧♦♣♣é❡ ♣❛r ❚❤✐❡rr② ❈r♦③❡s ❞❡ ◆❛♥♦❢❛❜ ❡t ♦♥ ♣❡✉t ❡♥ tr♦✉✈❡r ✉♥
t✉t♦r✐❡❧ à ❧✬❛❞r❡ss❡ s✉✐✈❛♥t❡ ✿ ❤tt♣✿✴✴♥❛♥♦❢❛❜✳♥❡❡❧✳❝♥rs✳❢r✴s♣✐♣✳♣❤♣❄r✉❜r✐q✉❡✸✾ ✳
▲❡s ❝r♦✐① ❞❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ♣rés❡♥té❡s à ❧❛ ✜❣✉r❡ ✸✳✸ ✭❛✮ ❡t ✭❜✮ s♦♥t ❞❡s r❡♣èr❡s q✉❡ ❧❡ ▼❊❇
✈✐❡♥t s❝❛♥♥❡r ❞❡ ♠❛♥✐èr❡ à s❡ ♣♦s✐t✐♦♥♥❡r✳ ❈❡tt❡ r♦✉t✐♥❡ ❛❝❤❡✈é❡✱ ❧✬✐♥s♦❧❛t✐♦♥ ❡st ❧❛♥❝é❡ s✉r
❧✬✉♥❡ ❞❡s ♣✉❝❡s à tr❛✈❡rs ✉♥ ❞✐❛♣❤r❛❣♠❡ ❞❡ 7, 5µ♠ ♣♦✉✈❛♥t ❜❛❧❛②❡r ✉♥ ❝❤❛♠♣ ❞❡ 100µ♠ ❀
❧❡ ♠♦t✐❢ ✐♥s♦❧é ❝♦rr❡s♣♦♥❞ ❛✉ ❞❡ss✐♥ ♣ré❝é❞❡♠♠❡♥t ❝❤❛r❣é ❞❛♥s ❧❡ ❧♦❣✐❝✐❡❧ ELPHY ✳ P✉✐s✱ ❧❛
♣r♦❝é❞✉r❡ ❞✬❛❧✐❣♥❡♠❡♥t ❡st ❞❡ ♥♦✉✈❡❛✉ ❧❛♥❝é❡ ♣♦✉r s❡ ♣♦s✐t✐♦♥♥❡r s✉r ✉♥❡ ❛✉tr❡ ♣✉❝❡✳ ▲❛ ❞♦s❡

http://nanofab.neel.cnrs.fr/spip.php?rubrique39
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❋✐❣✉r❡ ✸✳✾ ✕ ❙♣❡❝tr❡ ❞❡ ❞é❝❛❧❛❣❡ ❘❛♠❛♥ ré❛❧✐sé s✉r ✉♥ ♥❛♥♦t✉❜❡ ♠♦♥♦✲♣❛r♦✐ ❞❛♥s ❧❡ r♦✉❣❡
✭✻✸✸ ♥♠✮❛✈❡❝ ✉♥ rés❡❛✉ ❝♦♠♣r❡♥❛♥t 600♣❛s✳♠♠−1 ♣♦✉r ✭❛✮ ❡t 1800♣❛s✳♠♠−1 ♣♦✉r ✭❜✮ ❡t
✭❝✮✳ ✭❛✮ ▲❡s ♣✐❝s ❝♦♠♣r✐s ❡♥tr❡ 300 ❝♠−1 ❡t 950 ❝♠−1 ❝♦rr❡s♣♦♥❞❡♥t ❛✉ s✐❣♥❛❧ ❞✉ s✐❧✐❝✐✉♠✳ ▲❡s ❛✉tr❡s
rés♦♥❛♥❝❡s ✭1600 ❝♠−1 ❡t 150 ❝♠−1✮ ❝♦rr❡s♣♦♥❞❡♥t ❛✉ ♥❛♥♦t✉❜❡✳ ✭❜✮ ▲❡ ♣✐❝ ♠❛rq✉é ❞✬✉♥ ❛stér✐sq✉❡
❝♦rr❡s♣♦♥❞ ❛✉ ♠♦❞❡ ❞✐t ❞❡ r❡s♣✐r❛t✐♦♥ r❛❞✐❛❧❡ ❞✉ ♥❛♥♦t✉❜❡ ✭RadialBreathingMode✮✳ ■❧ ❞♦♥♥❡ ✉♥❡
✐♥❢♦r♠❛t✐♦♥ ❞✐r❡❝t❡ s✉r ❧❡ ❞✐❛♠ètr❡ ❞✉ ♥❛♥♦t✉❜❡ ✭✐❝✐ 1, 65 ♥♠✮✳ ✭❝✮ ▲❡ ❞♦✉❜❧❡ ♣✐❝ ❝♦rr❡s♣♦♥❞ à ❧❛ ❜❛♥❞❡
❞✐t❡ G ❞✉ ♥❛♥♦t✉❜❡✳ ❊❧❧❡ ❞♦♥♥❡ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧❛ ❝❤✐r❛❧✐té ❡t ❞♦♥❝ s✉r ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡✳
▲❛ ❢♦r♠❡ ❞✉ ❞♦✉❜❧❡ ♣✐❝ ❧❛✐ss❡ à ♣❡♥s❡r q✉❡ ♥♦✉s ❛✈♦♥s à ❢❛✐r❡ à ✉♥ ♥❛♥♦t✉❜❡ s❡♠✐✲❝♦♥❞✉❝t❡✉r✳ ❉❡ ♣❧✉s✱
✐❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r ❧✬❛❜s❡♥❝❡ ❞❡ ❧❛ ❜❛♥❞❡ ❞✐t❡ D ❛✉t♦✉r ❞❡ 1350 ❝♠−1✱ ❝❛r❛❝tér✐st✐q✉❡ ❞❡s ❞é❢❛✉ts
❡t ❞✉ ❝❛r❜♦♥❡ ❛♠♦r♣❤❡✳



✻✷ ❈❤❛♣✐tr❡ ✸✳ ❋❛❜r✐❝❛t✐♦♥

5µm

(a) (b)

(c) (d)

5µm

5µm 5µm

❋✐❣✉r❡ ✸✳✶✵ ✕ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ❝❛t❛❧②s❡✉rs✳ ✭❛✮ ❚rès ❢❛✐❜❧❡ ❞❡♥s✐té ❞❡ ❝❛t❛❧②s❡✉rs✳
❖♥ ♦❜t✐❡♥t ✉♥ t✉❜❡ ✉t✐❧✐s❛❜❧❡ ❡♥ ♠♦②❡♥♥❡ ♣❛r ♣❧♦t✳ ✭❜✮ ❋❛✐❜❧❡ ❞❡♥s✐té✳ ❖♥ ❛ ❞❡✉① ❢♦✐s ♣❧✉s ❞❡ t✉❜❡s
✉t✐❧✐s❛❜❧❡s ❡♥ ♠♦②❡♥♥❡✳ ✭❝✮ ❉❡♥s✐té ♠♦②❡♥♥❡✳ ❖♥ ❝♦♥st❛t❡ q✉❡ ❞❡s t✉❜❡s ❝♦♠♠❡♥❝❡♥t à ❢♦r♠❡r ❞❡s
❜♦✉❝❧❡s✳ ✭❞✮ ❉❡♥s✐té ❢♦rt❡✳ ▲❛ ♠❛❥♦r✐té ❞❡s ♥❛♥♦t✉❜❡s ❜♦✉❝❧❡♥t ❞✐r❡❝t❡♠❡♥t s✉r ❧❡ ♣❧♦t ❞❡ ❝❛t❛❧②s❡✉r✳
▲❛ ❞❡♥s✐té ❞❡ t✉❜❡s s✉r ❧❛ s✉r❢❛❝❡ ❞❡✈✐❡♥t tr♦♣ ✐♠♣♦rt❛♥t❡ ♣♦✉r ❧✐t❤♦❣r❛♣❤✐❡r ❞❡s é❧❡❝tr♦❞❡s s❛♥s ❝ré❡r
❞❡ ❝♦✉rts✲❝✐r❝✉✐ts✳

2µm

❋✐❣✉r❡ ✸✳✶✶ ✕ Pré♣❛r❛t✐♦♥ ❞❡ ❧✬✐♥s♦❧❛t✐♦♥✳ ▲❡ ❝❛❧q✉❡ ❞✉ ♠❛sq✉❡ ♦♣t✐q✉❡✱ ❡♥ r♦✉❣❡✱ ❡st s✉♣❡r♣♦sé
❛✉① é❧❡❝tr♦❞❡s ❣r♦ss✐èr❡s ❞❡ ❧❛ ♣❤♦t♦ ▼❊❇✳ ▲❡ ♥❛♥♦t✉❜❡ ❡st ❛❧♦rs r❡❧✐é à ❝❡❧❧❡s✲❝✐ ♣❛r ❞❡s ♣♦❧②❣♦♥❡s
ré❛❧✐sés ♣❛r ❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡✳



✸✳✺✳ ❉é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❣r✐❧❧❡s ❧♦❝❛❧❡s ♣♦✉r ❥♦♥❝t✐♦♥s ♥♦r♠❛❧❡s ❡t ♥❛♥♦✲❙◗❯■❉ ✻✸

ét❛♣❡ t❡❝❤♥✐q✉❡ ✉t✐❧✐sé❡ ♣❛r❛♠ètr❡s

✶ ét❛❧❡♠❡♥t ❞❡ P▼▼❆
2%✱ ♣♦✉r ✉♥❡ é♣❛✐s✲
s❡✉r ❞❡ 110 ♥♠

t♦✉r♥❡tt❡ ✈ ✿ 2000 tr✳♠✐♥−1✱
❛ ✿ 2000 tr✳♠✐♥−2✱
t ✿ 60 s

✷ r❡❝✉✐t ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ 2♠✐♥ à 180✝❈
✸ ✐♥s♦❧❛t✐♦♥ ▼❊❇ ❏❊❖▲✶✺✸✵ 220µ❈✳❝♠−2

✹ ❞é✈❡❧♦♣♣❡♠❡♥t ▼■❇❑✴■P❆ ✶ ✿✸ 35 s
✺ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞✉ ❞é✲

✈❡❧♦♣♣❡✉r
■P❆ 1♠✐♥

✻ ♠ét❛❧❧✐s❛t✐♦♥ ❛✉ P❛❧❛✲
❞✐✉♠

é✈❛♣♦r❛t❡✉r à ❝❛♥♦♥ à
é❧❡❝tr♦♥ P▲❆❙❙❨❙

40 ♥♠ ❞❡ P❞ à
0.4 ♥♠✳s−1

✼ ❧✐❢t✲♦✛ ❛❝ét♦♥❡ 1 ❤ à 45✝❈
✽ r✐♥ç❛❣❡ ❛❝ét♦♥❡ ❡t ✐s♦♣r♦♣❛♥♦❧ 1♠✐♥ ❞❡ ❝❤❛q✉❡

s♦✉s ❧❛ ♣✐ss❡tt❡
✾ sé❝❤❛❣❡ ❛③♦t❡ s❡❝

❚❛❜❧❡ ✸✳✸ ✕ ❘❡❝❡tt❡ ❞❡ ❧❛ ❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡✳

❞✬✐♥s♦❧❛t✐♦♥ ✉t✐❧✐sé❡ ❡st ❞❡ 220µC.cm−2 ❛✈❡❝ ✉♥❡ t❡♥s✐♦♥ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡ 20 ❦❱✳ ▲❛ rés✐♥❡ ❡st
❞é✈❡❧♦♣♣é❡ à ❧✬❛✐❞❡ ❞✬✉♥ ♠é❧❛♥❣❡ (1 : 3) ❞❡ ♠ét❤②❧✲✐s♦❜✉t②❧✲❦ét♦♥❡ ✭▼■❇❑✮ ❡t ❞✬■P❆ ♣❡♥❞❛♥t
35 s✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❡st ❡♥s✉✐t❡ ♠ét❛❧❧✐sé ♣❛r ❞✉ ♣❛❧❧❛❞✐✉♠ é✈❛♣♦ré à 0.4 ♥♠✳s−1✳ ❋✐♥❛❧❡♠❡♥t✱ ♦♥
♣r♦❝è❞❡ ❛✉ ❧✐❢t✲♦✛ ❛✈❡❝ ❞❡ ❧✬❛❝ét♦♥❡ ❝❤❛✉✛é à 45✝❈✳ ❈❡s ét❛♣❡s s♦♥t rés✉♠é❡s à ❧❛ ✜❣✉r❡ ✸✳✸ ❡t
❧❡ rés✉❧t❛t ❡st ♣rés❡♥té à ❧❛ ✜❣✉r❡ ✸✳✶✷✳

✸✳✺ ❉é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❣r✐❧❧❡s ❧♦❝❛❧❡s ♣♦✉r ❥♦♥❝t✐♦♥s ♥♦r✲

♠❛❧❡s ❡t ♥❛♥♦✲❙◗❯■❉

■❧ ❛ été ❡♥✈✐s❛❣é à ❧❛ ✜♥ ❞❡ ❝❡tt❡ t❤ès❡ ❞✬❛✈♦✐r r❡❝♦✉rs à ❞❡s ❣r✐❧❧❡s ❧♦❝❛❧❡s s✉r ♥♦s ❞✐s♣♦s✐t✐❢s
❤②❜r✐❞❡s ♣♦✉r ❞❡s r❛✐s♦♥s q✉❡ ❥❡ ❞é✈❡❧♦♣♣❡r❛✐ ❞❛♥s ❧❡s ♣❡rs♣❡❝t✐✈❡s✳ ❈❡ tr❛✈❛✐❧ ❞❡ ❧✐t❤♦❣r❛♣❤✐❡
❛ ❛✉ss✐ été ✉t✐❧✐sé ♣♦✉r ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡ ♥❛♥♦✲❙◗❯■❉ ❞❛♥s ✉♥ ❛✉tr❡ ♣r♦❥❡t✳

■♥sér❡r ❞❡s é❧❡❝tr♦❞❡s ❞✬✉♥❡ ❝❡♥t❛✐♥❡ ❞❡ ♥❛♥♦♠ètr❡s ❞❛♥s ✉♥❡ ❥♦♥❝t✐♦♥ ❞❡ 200 ♥♠ ❡st ✉♥ ❞é✜
t❡❝❤♥✐q✉❡✱ ♥♦t❛♠♠❡♥t à ❝❛✉s❡ ❞❡s ❡✛❡ts ❞❡ ♣r♦①✐♠✐té ❜✐❡♥ ❝♦♥♥✉s ❡♥ ❧✐t❤♦❣r❛♣❤✐❡ é❧❡❝tr♦♥✐q✉❡✳
●râ❝❡ à ❧✬❛✐❞❡ ❞❡ ❚❤✐❡rr② ❈r♦③❡s ❞❡ ◆❛♥♦❢❛❜✱ ❥✬❛✐ ♣✉ ❞é✈❡❧♦♣♣❡r ❞❡s ❞✐s♣♦s✐t✐❢s ♠✉❧t✐✲t❡r♠✐♥❛✉①
t❡❧s q✉❡ ❞❡s ❥♦♥❝t✐♦♥s ❝♦♥t❡♥❛♥t ♣❧✉s✐❡✉rs ❣r✐❧❧❡s ❧❛tér❛❧❡s ♦✉ ❞❡s ♥❛♥♦✲❙◗❯■❉s✳ ▲❛ ♣ré♣❛r❛t✐♦♥
❞❡ ❧❛ ❧✐t❤♦❣r❛♣❤✐❡ ❡st s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ♠❡♥t✐♦♥♥é❡ ♣ré❝é❞❡♠♠❡♥t✱ ♠❛✐s ♦♥ ✉t✐❧✐s❡ ❞❡s ❞♦s❡s
❞✐✛ér❡♥t❡s ❧♦rs ❞❡ ❧✬✐♥s♦❧❛t✐♦♥ ❞❡ ♠♦t✐❢s ✜♥s✳ ❆✜♥ ❞❡ tr♦✉✈❡r ❧❛ ❜♦♥♥❡ ❞♦s❡✱ ♦♥ ✐♥s♦❧❡ ✉♥❡
♠❛tr✐❝❡ ❞❡ ♠♦t✐❢s ❡♥ ❛✉❣♠❡♥t❛♥t ♣r♦❣r❡ss✐✈❡♠❡♥t ❧❛ ❞♦s❡✳ ❯♥❡ ❢♦✐s ❧❛ ❧✐t❤♦❣r❛♣❤✐❡ t❡r♠✐♥é❡✱
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(a) (b)

5µm 1µm

❋✐❣✉r❡ ✸✳✶✷ ✕ ▼✐❝r♦❣r❛♣❤✐❡ ▼❊❇ ❞❡ ♣❧✉s✐❡✉rs ❥♦♥❝t✐♦♥s à ♥❛♥♦t✉❜❡✳ ✭❛✮ ▲❛ ❧✐t❤♦❣r❛♣❤✐❡
é❧❡❝tr♦♥✐q✉❡ ♣❡r♠❡t ❞❡ r❡❧✐❡r ❧❡s ♥❛♥♦t✉❜❡s ❛✉① é❧❡❝tr♦❞❡s ❣r♦ss✐èr❡s ✭❧❡s ♣❧✉s ♣â❧❡s s✉r ❧❛ ♠✐❝r♦❣r❛♣❤✐❡✮✳
✭❜✮ ▲❡s ❞❡✉① é❧❡❝tr♦❞❡s r❡❝♦✉✈r❡♥t ❧❡ ♥❛♥♦t✉❜❡ ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡✳

❧❛ ❞♦s❡ ♦♣t✐♠❛❧❡ ❝♦rr❡s♣♦♥❞ ❛✉ ♠♦t✐❢ ❧❡ ♠✐❡✉① ❧✐t❤♦❣r❛♣❤✐é✳ ▲❛ ✜❣✉r❡ ✸✳✶✸ ❞♦♥♥❡ ✉♥ ❡①❡♠♣❧❡
❞✬✉♥❡ t❡❧❧❡ ♠❛tr✐❝❡ ♣♦✉r ❞❡s ♠♦t✐❢s ♥❛♥♦✲❙◗❯■❉s à ❥♦♥❝t✐♦♥s ❏♦s❡♣❤s♦♥ ❝♦✉rt❡s✳
❖♥ ✉t✐❧✐s❡ ❧❛ ♠ê♠❡ ♠ét❤♦❞❡ ♣♦✉r ❞❡s ❥♦♥❝t✐♦♥s ♥♦r♠❛❧❡s✳ ▲✬✐♥s♦❧❛t✐♦♥ ❞❡s é❧❡❝tr♦❞❡s s♦✉r❝❡ ❡t
❞r❛✐♥ s❡ ❢❛✐t à 210µC.cm−2✱ ❝❡❧❧❡ ❞❡s ❣r✐❧❧❡s ❧❛tér❛❧❡s s❡ ❢❛✐t ❡♥tr❡ 260µC.cm−2 ❡t 290µC.cm−2✳
❆✉✲❞❡❧à ❞✉ ❝❤♦✐① ❞❡ ❞♦s❡✱ ✉♥ ❛✉tr❡ ♣r♦❜❧è♠❡ s❡ ♣♦s❡ ✿ ❧✬❛❧✐❣♥❡♠❡♥t ♣❛r r❛♣♣♦rt ❛✉ t✉❜❡✳ ❊♥
❡✛❡t✱ s✐ ❧✬♦♥ s♦✉❤❛✐t❡ q✉❡ ❧❡s ❣r✐❧❧❡s s♦✐❡♥t ❡✣❝❛❝❡s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ q✉✬❡❧❧❡s s♦✐❡♥t ❧❡ ♣❧✉s ♣r♦❝❤❡
♣♦ss✐❜❧❡ ❞✉ ♥❛♥♦t✉❜❡✳ ■❧ ❡st ❞♦♥❝ ♣r✐♠♦r❞✐❛❧ ❞❡ ♣♦rt❡r ✉♥❡ ❣r❛♥❞❡ ❛tt❡♥t✐♦♥ ❛✉ r❡♣ér❛❣❡ ❞❡s
♥❛♥♦t✉❜❡s ♣❛r r❛♣♣♦rt ❛✉① é❧❡❝tr♦❞❡s ♣♦✉r q✉❡ ❧✬❛❧✐❣♥❡♠❡♥t s♦✐t ❧❡ ♣❧✉s ❥✉st❡ ♣♦ss✐❜❧❡ ✭✈♦✐r
✜❣✉r❡ ✸✳✶✸✭❡✮✮✳

✸✳✻ ❘❡❝✉✐t ❞❡s é❝❤❛♥t✐❧❧♦♥s

▲❡ r❡❝✉✐t s♦✉s ❛t♠♦s♣❤èr❡ ✐♥❡rt❡ ♥♦✉s ❛ ♣❡r♠✐s ❞❡✉① ❛♠é❧✐♦r❛t✐♦♥s ✐♠♣♦rt❛♥t❡s ✿ ♥❡tt♦②❡r
❧❛ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ❛♠é❧✐♦r❡r ❧❛ tr❛♥s♣❛r❡♥❝❡ ❞❡s ❝♦♥t❛❝ts✳

✸✳✻✳✶ ◆❡tt♦②❛❣❡ ❞✉ P▼▼❆ rés✐❞✉❡❧

❆♣rès ❛✈♦✐r s✉❜✐ ❧❡s ét❛♣❡s ♥é❝❡ss❛✐r❡s à ❧❛ ❧✐t❤♦❣r❛♣❤✐❡✱ ❧❡s ♥❛♥♦t✉❜❡s s♦♥t r❡❝♦✉✈❡rts ❞❡
rés✐❞✉s ❞❡ P▼▼❆ q✉✐ ♥❡ s❡ s♦♥t ♣❛s ❞✐ss♦✉s ❧♦rs ❞✉ ❧✐❢t✲♦✛✳ ❖♥ s♦✉❤❛✐t❡ ❝❡♣❡♥❞❛♥t ❛✈♦✐r ✉♥❡
s✉r❢❛❝❡ ❞❡ t✉❜❡ ❛✉ss✐ ♣r♦♣r❡ q✉❡ ♣♦ss✐❜❧❡ ♣♦✉r ♣r♦❝é❞❡r ❛✉ ❣r❡✛❛❣❡ ♣❛r ✐♥t❡r❛❝t✐♦♥ π✱ ❞❡s ❛✐✲
♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s TbPc∗2✳ ❉❡✉① s♦❧✉t✐♦♥s ♦♥t été ❡♥✈✐s❛❣é❡s ♣♦✉r r❡t✐r❡r ❧❡ P▼▼❆ rés✐❞✉❡❧✳



✸✳✻✳ ❘❡❝✉✐t ❞❡s é❝❤❛♥t✐❧❧♦♥s ✻✺

5µm

(a) (b)

(c) (d)

500 nm500 nm

500 nm 500 nm

(e) (f)

100 nm
200 nm

❋✐❣✉r❡ ✸✳✶✸ ✕ ▲✐t❤♦❣r❛♣❤✐❡ ❞❡ ♥❛♥♦✲❙◗❯■❉s ❡t ❞❡ ❣r✐❧❧❡s ❧♦❝❛❧❡s✳✭❛✮ ▼✐❝r♦❣r❛♣❤✐❡ ▼❊❇ ❞❡
♠♦t✐❢s ♥❛♥♦✲❙◗❯■❉s ❧✐t❤♦❣r❛♣❤✐és ❛✈❡❝ ❞✐✛ér❡♥t❡s ❞♦s❡s ❞✬✐♥s♦❧❛t✐♦♥✳ ❆✈❡❝ 260µC.cm−2✱ ❧❡s ❣r✐❧❧❡s
❧♦❝❛❧❡s ♥❡ s♦♥t ♣❛s ❞✉ t♦✉t s♦rt✐❡s✱ ✭❜✮ ❛✈❡❝ 270µC.cm−2✱ ❧❡s ❣r✐❧❧❡s ❧♦❝❛❧❡s ♥❡ s♦♥t ♣❛s ♥❡tt❡s✱ à ❝❛✉s❡
❞✬✉♥❡ ❞♦s❡ ❞✬✐♥s♦❧❛t✐♦♥ tr♦♣ ❢❛✐❜❧❡✱ ✭❝✮ ❛✈❡❝ 280µC.cm−2✱ ❧❡s ❣r✐❧❧❡s ❧♦❝❛❧❡s s♦♥t ♥❡tt❡s ❡t ❧é❣èr❡♠❡♥t
❛rr♦♥❞✐❡s ❛✉① ❡①tré♠✐tés ❝❡ q✉✐ ❡st ❧❡ s✐❣♥❡ ❞✬✉♥❡ ❧é❣èr❡ s♦✉s✲✐♥s♦❧❛t✐♦♥✱ ✭❞✮ ❛✈❡❝ 290µC.cm−2 ❧❡s ❣r✐❧❧❡s
❧♦❝❛❧❡s s♦♥t ❡♥ ❝♦✉rts✲❝✐r❝✉✐ts ❛✈❡❝ ❧❛ ❜♦✉❝❧❡ ❞✉ ❙◗❯■❉ à ❝❛✉s❡ ❞❡s ❡✛❡ts ❞❡ ♣r♦①✐♠✐té✳✭❡✮ ▲✐t❤♦❣r❛♣❤✐❡
❞✬✉♥❡ ❥♦♥❝t✐♦♥ ♥❛♥♦t✉❜❡ ♠✉❧t✐✲t❡r♠✐♥❛❧❡✳ ▲❡s ❣r✐❧❧❡s s♦♥t ❞és❛❧✐❣♥é❡s ♣❛r r❛♣♣♦rt ❛✉ t✉❜❡ ✿ ❧❡s ❞❡✉①
❣r✐❧❧❡s ❞✉ ❜❛s r❡❝♦✉✈r❡♥t ❧❡ ♥❛♥♦t✉❜❡✳ ✭❢✮ ❆❧✐❣♥❡♠❡♥t ❝♦rr❡❝t ♣❛r r❛♣♣♦rt ❛✉ t✉❜❡ ✿ ❝❤❛❝✉♥❡ ❞❡s ❣r✐❧❧❡s
❡st à ♠♦✐♥s ❞❡ ✶✵✵ ♥♠ ❞✉ ♥❛♥♦t✉❜❡✳
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10 nm

(a) (b)

1 µm 1 µm

❋✐❣✉r❡ ✸✳✶✹ ✕ ❊✛❡t ❞✉ r❡❝✉✐t s✉r ❧❡s rés✐❞✉s ❞❡ P▼▼❆✳ ✭❛✮ ❋❡✉✐❧❧❡t ❞❡ ❣r❛♣❤è♥❡ ❛♣rès ❧✐t❤♦✲
❣r❛♣❤✐❡ ❡t ❛✈❛♥t r❡❝✉✐t✳ ✭❜✮ ▼ê♠❡ ❢❡✉✐❧❧❡t q✉✬❡♥ ✭❛✮ ❛♣rès r❡❝✉✐t s♦✉s ❛r❣♦♥✳

▲❛ ♣r❡♠✐èr❡ ❝♦♥s✐st❡ à ✐♥s♦❧❡r à ♥♦✉✈❡❛✉ ❧✬é❝❤❛♥t✐❧❧♦♥ ❛✈❡❝ ✉♥ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥s ❡t ❞❡ ❞é✈❡✲
❧♦♣♣❡r ❞❛♥s ❞✉ ▼■❇❑ ♣✉r✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❛ été ♠♦♥tré q✉✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ❞✬é❧❡❝tr♦♥s à 20 ❦❱
❝ré❡ ❞❡s ❞é❢❛✉ts ❞❛♥s ❧❛ str✉❝t✉r❡ ❞✉ ♥❛♥♦t✉❜❡ ❬✼✺✱ ✼✻❪ ❀ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ❛❜❛♥❞♦♥♥é ❝❡tt❡ ✐❞é❡✳
▲❛ ❞❡✉①✐è♠❡ s♦❧✉t✐♦♥ ❝♦♥s✐st❡ à ✐♥sér❡r ❧✬é❝❤❛♥t✐❧❧♦♥ ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡ s♦✉s ❛t♠♦s♣❤èr❡ ❞❡ ❣❛③
❝❤❛✉❞✳ ▲❡s ❝♦♠♣♦s❛♥ts ❞✉ ❣❛③ ✈✐❡♥♥❡♥t ❛❧♦rs ré❛❣✐r ♠é❝❛♥✐q✉❡♠❡♥t ❛✈❡❝ ❧❡s rés✐❞✉s ❞❡ ♣♦❧②✲
♠èr❡✱ ❝❡ q✉✐ ❛ ♣♦✉r ❡✛❡t ❞❡ ♥❡tt♦②❡r ❧❛ s✉r❢❛❝❡✳
◆♦✉s ❛✈♦♥s ❡♥ ♣r❡♠✐❡r ❧✐❡✉ t❡sté ❝❡tt❡ ✐❞é❡ ❛✈❡❝ ✉♥ ♠♦r❝❡❛✉ ❞❡ ❣r❛♣❤è♥❡ q✉✐ ♣❡r♠❡t ✉♥❡ ❝❛✲
r❛❝tér✐s❛t✐♦♥ ♣❛r ❆❋▼ s✉r ✉♥❡ ③♦♥❡ ét❡♥❞✉❡✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❞❡ ❣r❛♣❤è♥❡ s✉❜✐t ❧❡ ♣r♦❝❡ss✉s ❞❡
❧✐t❤♦❣r❛♣❤✐❡ ❞é❝r✐t à ❧❛ ✜❣✉r❡ ✸✳✶✷✱ ♣✉✐s ✐❧ ❡st ✐♥séré ❞❛♥s ✉♥ ❢♦✉r ❝❤❛✉✛é à 300✝C s♦✉s ✶ ❜❛r
❞✬❛r❣♦♥ ♣❡♥❞❛♥t 30♠✐♥✳ ▲❡s ✜❣✉r❡s ✸✳✶✹ s♦♥t ❞❡✉① t♦♣♦❣r❛♣❤✐❡s ♣❛r ❆❋▼ ❞✉ ❢❡✉✐❧❧❡t ❞❡ ❣r❛✲
♣❤è♥❡ ❛♣rès ❧✐t❤♦❣r❛♣❤✐❡✱ ❛✈❛♥t ✭❛✮ ❡t ❛♣rès ✭❜✮ ❧❡ tr❛✐t❡♠❡♥t t❤❡r♠✐q✉❡✳ ◆♦✉s r❡♠❛rq✉♦♥s q✉❡
❧❛ s✉r❢❛❝❡ ❞✉ ❣r❛♣❤è♥❡ ❡st r✉❣✉❡✉s❡ ❡t ❝♦♠♣♦rt❡ ❞❡ ♠✉❧t✐♣❧❡s tâ❝❤❡s ❛✈❛♥t ❧❡ r❡❝✉✐t✳ ❈❡s t❛❝❤❡s
❞✐s♣❛r❛✐ss❡♥t ✉♥❡ ❢♦✐s ❧❡ tr❛✐t❡♠❡♥t ré❛❧✐sé ❡t ❧❡ ❣r❛♣❤è♥❡ é♣♦✉s❡ ❞❡ ♥♦✉✈❡❛✉ ❧❛ r✉❣♦s✐té ❞✉❡ à
❧❛ s✐❧✐❝❡✳ ❈❡ rés✉❧t❛t ♠♦♥tr❡ ❝❧❛✐r❡♠❡♥t q✉❡ ❧❛ rés✐♥❡ ❛ été ♥❡tt♦②é❡ ❣râ❝❡ ❛✉ r❡❝✉✐t s♦✉s ❛r❣♦♥✳
◆♦✉s ❛✈♦♥s ❡ss❛②é ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s✱ ♠❛✐s ✐❧ ♥❡ s❡♠❜❧❡ ♣❛s ♥é❝❡ss❛✐r❡ ❞✬❛✉❣♠❡♥t❡r ❧❛ ❞✉ré❡
❡t ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ r❡❝✉✐t✳ ◆♦✉s ♣r♦❝é❞♦♥s ❞❡ ♠ê♠❡ ❛✈❡❝ ❧❡s ♥❛♥♦t✉❜❡s ❡t ♦♥ ♦❜s❡r✈❡ q✉❡
❧✬❡✛❡t ❞✉ r❡❝✉✐t ♥❡ s❡ ❧✐♠✐t❡ ♣❛s ❛✉ ♥❡tt♦②❛❣❡ ❞❡ s✉r❢❛❝❡✱ ✐❧ ❞✐♠✐♥✉❡ é❣❛❧❡♠❡♥t ❧❛ rés✐st❛♥❝❡ ❞❡s
❝♦♥t❛❝ts ♠ét❛❧✴♥❛♥♦t✉❜❡✳

✸✳✻✳✷ ❆♠é❧✐♦r❛t✐♦♥ ❞❡s ❝♦♥t❛❝ts

❖♥ ♠❡s✉r❡ ❧❛ rés✐st❛♥❝❡ à tr❛✈❡rs ❧❡s ❥♦♥❝t✐♦♥s à ♥❛♥♦t✉❜❡✱ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✱ ❣râ❝❡
à ✉♥ t❡st❡✉r s♦✉s ♣♦✐♥t❡ ❞❡ ❧❛ ❝♦♠♣❛❣♥✐❡ ▲❛❦❡s❤♦r❡ ♠♦❞è❧❡ ❚❚P❳ ❞♦♥t ❞❡✉① ♣❤♦t♦❣r❛♣❤✐❡s
s♦♥t ♣rés❡♥té❡s à ❧❛ ✜❣✉r❡ ✸✳✶✺✳ ❈❡t ❛♣♣❛r❡✐❧ ❡st s✐♠♣❧❡ ❞✬✉t✐❧✐s❛t✐♦♥ ❡t ♦♥ ♣❡✉t ② ✐♥tr♦❞✉✐r❡ ✉♥❡
❣r❛♥❞❡ q✉❛♥t✐té ❞✬é❝❤❛♥t✐❧❧♦♥s✳ ●râ❝❡ à ✉♥ ❛❞❤és✐❢ ❝♦♥❞✉❝t❡✉r✱ ❝❡✉①✲❝✐ s♦♥t ❝♦❧❧és à ✉♥❡ ♣❧❛q✉❡
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(a) (b)
5

2

1

4
3

6

7

1: Chambre de test 

2: Bras mécanique à ressort

3: Micro-contrôleurs

4: Vanne de contrôle du pompage

5: Caméra focalisée sur 8

6: Pointe

7: Support métallique

8: Adhésif carbone

8

❋✐❣✉r❡ ✸✳✶✺ ✕ ❙t❛t✐♦♥ ❞❡ t❡st s♦✉s ♣♦✐♥t❡✳ ✭❛✮ P❤♦t♦❣r❛♣❤✐❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ ❞✐s♣♦s✐t✐❢✳ ✭❜✮
P❤♦t♦❣r❛♣❤✐❡ ❞❡ ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ❝❤❛♠❜r❡ ❞❡ t❡st✳

♠ét❛❧❧✐q✉❡ ❞♦♥t ♦♥ ❝♦♥trô❧❡ ❧❡ ♣♦t❡♥t✐❡❧ ♣❛r r❛♣♣♦rt à ❧❛ ♠❛ss❡ ❞✉ t❡st❡✉r✳ ❖♥ ❛♣♣❧✐q✉❡ ❞♦♥❝
❧❡ ♣♦t❡♥t✐❡❧ q✉❡ ❧✬♦♥ ❞és✐r❡ à ❧❛ ❣r✐❧❧❡ ❛rr✐èr❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳
❉❡✉① ♣♦✐♥t❡s s♦♥t ❡♥s✉✐t❡ ♣♦s✐t✐♦♥♥é❡s s✉r ❧❡s ♣❧♦ts ❞❡ s♦✉❞✉r❡ ❞✬✉♥❡ ❥♦♥❝t✐♦♥ ❞♦♥t ♦♥ ♠❡s✉r❡
❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡✱ ❣râ❝❡ à ❧✬❛✉t♦♠❛t❡ Adwin q✉✐ s❡r❛ ♣rés❡♥té
à ❧❛ s❡❝t✐♦♥ ✹✳✷✳✷✳ ▲❛ ✜❣✉r❡ ✸✳✶✻ ✭❛✮ ♣rés❡♥t❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❞✬✉♥❡ ❥♦♥❝t✐♦♥ à
♥❛♥♦t✉❜❡ s❡♠✐✲❝♦♥❞✉❝t❡✉r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡ ❛rr✐èr❡✳ ❖♥ ❝♦♥st❛t❡ s✉r ❝❡tt❡
✜❣✉r❡ q✉❡ ❧✬❤②stérés✐s ❞❡ ❣r✐❧❧❡ ❡st q✉❛s✐♠❡♥t ♥✉❧❧❡ ✿ ❧❡s ❝♦✉r❜❡s ❝♦rr❡s♣♦♥❞❛♥t❡s ❛✉① t❡♥s✐♦♥s
❞❡ ❣r✐❧❧❡s ❝r♦✐ss❛♥t❡ ❡t ❞é❝r♦✐ss❛♥t❡ s❡ s✉♣❡r♣♦s❡♥t✳ ❈❡❝✐ ❡st ❧❛ s✐❣♥❛t✉r❡ ❞✬✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t
é❧❡❝tr♦st❛t✐q✉❡ st❛❜❧❡ ❡t ❞✬✉♥ s✉❜str❛t ❞❡ q✉❛❧✐té✳
❙✐ ❧✬♦♥ s♦✉❤❛✐t❡ ❛✈♦✐r ✉♥❡ ❡st✐♠❛t✐♦♥ r❛♣✐❞❡ ❞❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞❡s ❥♦♥❝t✐♦♥s✱ ♦♥ ✉t✐❧✐s❡ ✉♥❡
❞ét❡❝t✐♦♥ s②♥❝❤r♦♥❡ ♣♦rt❛❜❧❡ ❞♦♥t ❧❛ ❧✐♠✐t❛t✐♦♥ ❡♥ ❝♦✉r❛♥t ❞❡ 20 ♥❆ ♣❡r♠❡t ❞❡ ♥❡ ♣❛s ❡♥❞♦♠✲
♠❛❣❡r ❧❡s ♥❛♥♦t✉❜❡s✳ ❖♥ r❡❧è✈❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ à ❱ g = 0❱✱ ♣✉✐s
❧✬♦♥ ♣r♦❝è❞❡ ❛✉ r❡❝✉✐t ❡t ♦♥ ♠❡s✉r❡ à ♥♦✉✈❡❛✉ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ à ❱ g = 0❱✳ ◆♦✉s
❛✈♦♥s ré♣été ❝❡tt❡ ♣r♦❝é❞✉r❡ s✉r ✉♥❡ sér✐❡ ❞❡ ✻✹ ❥♦♥❝t✐♦♥s✳ ▲❡ r❛♣♣♦rt ❞❡s ❝♦♥❞✉❝t❛♥❝❡s ❛✈❛♥t
❡t ❛♣rès r❡❝✉✐t ❡st r❡♣♦rté à ❧❛ ✜❣✉r❡ ✸✳✶✻ ✭❜✮✳ ▲❡ tr❛✐t❡♠❡♥t t❤❡r♠✐q✉❡ ❛ ❝❧❛✐r❡♠❡♥t ❡✉ ♣♦✉r
❡✛❡t ❞✬❛♠é❧✐♦r❡r ❧❛ tr❛♥s♣❛r❡♥❝❡ ❞❡s ❝♦♥t❛❝ts ♠ét❛❧✴♥❛♥♦t✉❜❡s✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❞❡ ♥♦♠❜r❡✉①
tr❛✈❛✉① ré❛❧✐sés s✉r ❧❡s tr❛♥s✐st♦rs à ♥❛♥♦t✉❜❡ ❬✼✼✱ ✼✽✱ ✼✾❪✳
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❋✐❣✉r❡ ✸✳✶✻ ✕ ■♥✢✉❡♥❝❡ ❞✉ r❡❝✉✐t s✉r ❧❡s ❝♦♥t❛❝ts✳ ✭❛✮ ❈❛r❛❝tér✐st✐q✉❡ ●✭❱ g✮ ❞✬✉♥ ♥❛♥♦t✉❜❡
s❡♠✐✲❝♦♥❞✉❝t❡✉r✱ ♠❡s✉r❡ ré❛❧✐sé❡ ❡♥ ❜❛❧❛②❛♥t ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡ ❞❡ −3❱ à +3❱ ❡t ❞❡ +3❱ à −3❱✱
❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ❞❡ 10♠❱✳s−1✳ ▲❡s ❞❡✉① ❝♦✉r❜❡s s❡ s✉♣❡r♣♦s❡♥t✱ tr❛❞✉✐s❛♥t ❧❛ ❜♦♥♥❡ q✉❛❧✐té ❞❡ ❧❛
❣r✐❧❧❡✳ ✭❜✮ ❙t❛t✐st✐q✉❡ ❞❡s ❝♦♥❞✉❝t❛♥❝❡s ❞❡ ✻✹ ❥♦♥❝t✐♦♥s ❛✈❛♥t ✭● i✮ ❡t ❛♣rès r❡❝✉✐t ✭●f ✮✳ ❈❤❛q✉❡ ❝❛♥❛❧
❞❡ ❧✬❤✐st♦❣r❛♠♠❡ ❝♦rr❡s♣♦♥❞ à ✽ ❥♦♥❝t✐♦♥s✳
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▼✐s❡ ❡♥ ÷✉✈r❡ ❡①♣ér✐♠❡♥t❛❧❡

◆♦✉s ✈♦✉❧♦♥s ét✉❞✐❡r ❧❡ r❡t♦✉r♥❡♠❡♥t ❞✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥ ♦❜❥❡t ❛tt❛❝❤é à ✉♥ ♥❛♥♦t✉❜❡ ❞❡
❝❛r❜♦♥❡ ♣❛r ❞❡s ♠❡s✉r❡s ❞❡ tr❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡✳ ❏✬❛✐ ♠♦♥tré ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t
❝♦♠♠❡♥t ❛✈♦✐r ❛❝❝ès ❛✉① ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt ❞✬✉♥ ♥❛♥♦t✉❜❡ ❣râ❝❡ ❛✉① t❡❝❤♥✐q✉❡s ❞❡ ❧✐✲
t❤♦❣r❛♣❤✐❡✳ ◆♦✉s ❛❧❧♦♥s ♠❛✐♥t❡♥❛♥t ♥♦✉s ✐♥tér❡ss❡r à ❧❛ ♠❛♥✐èr❡ ❞♦♥t ♦♥ ❛tt❛❝❤❡ ❧❡s ❛✐♠❛♥ts
♠♦❧é❝✉❧❛✐r❡s à ❧❛ s✉r❢❛❝❡ ❞❡ ♥❛♥♦t✉❜❡✳ ■❧ ❡①✐st❡ ✉♥❡ ❣r❛♥❞❡ q✉❛♥t✐té ❞❡ ♠ét❤♦❞❡s ❞✐✛ér❡♥t❡s
♣♦✉r ♣❛r✈❡♥✐r à ❢♦♥❝t✐♦♥♥❛❧✐s❡r ❞❡s ♥❛♥♦t✉❜❡s ♣❛r ❞❡s ❣r♦✉♣❡♠❡♥ts ❝❤✐♠✐q✉❡s✳ ❖♥ ♣❡✉t ❞✐s✲
t✐♥❣✉❡r ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡✉① t②♣❡s ❞❡ str❛té❣✐❡ ✿ ♣❛r ❧✐❛✐s♦♥ ❝♦✈❛❧❡♥t❡ ♦✉ ♣❛r ✐♥t❡r❛❝t✐♦♥s ❱❛♥
❞❡r ❲❛❛❧s✳ ▲❛ ♣r❡♠✐èr❡ ♥é❝❡ss✐t❡ ✉♥❡ ❝❤✐♠✐❡ ❞✉r❡ ♠❡tt❛♥t ❡♥ ❥❡✉ ❞❡s tr❛✐t❡♠❡♥ts ♣❛r ❛❝✐❞❡s
❢♦rts ❞❡ ♠❛♥✐èr❡ à ❝❛ss❡r ❧❡s ❞♦✉❜❧❡s ❧✐❛✐s♦♥s ❈✲❈ ❞✉ ♥❛♥♦t✉❜❡ ❬✽✵❪ ♣♦✉r ❝ré❡r ❞❡s s✐t❡s ré❛❝t✐❢s✳
▲❛ s❡❝♦♥❞❡ t✐❡♥t ♣❧✉tôt ❞❡ ❧❛ ❝❤✐♠✐❡ ❞♦✉❝❡ ❡t ♥❡ ♥é❝❡ss✐t❡ ❛✉❝✉♥❡ ré❛❝t✐♦♥ ❝❤✐♠✐q✉❡✱ ♠❛✐s ✉♥❡
s✐♠♣❧❡ ♠✐s❡ ❡♥ ❝♦♥t❛❝t ❞❡s ❞✐✛ér❡♥ts ♣r♦t❛❣♦♥✐st❡s ❬✽✶❪✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ♥✬❡st ♣❛s ❞✉ t♦✉t tr✐✈✐❛❧
q✉❡ ❧❡s ♣r♦♣r✐étés ♠❛❣♥ét✐q✉❡s s♦✐❡♥t ❝♦♥s❡r✈é❡s✱ ✉♥❡ ❢♦✐s ❧✬❛✐♠❛♥t ♠♦❧é❝✉❧❛✐r❡ ❞é♣♦sé✳ ❊♥ ❡✛❡t✱
✐❧ ❛ été ♠♦♥tré ♣❛r ❡①❡♠♣❧❡ q✉❡ ▼♥12 ♣❡r❞ s❡s ♣r♦♣r✐étés ♠❛❣♥ét✐q✉❡s ❧♦rsq✉❡ ❞é♣♦sé s✉r ❞❡
❧✬♦r ❬✶✽❪ ❡t ✐❧ ❛ ❢❛❧❧✉ ❜❡❛✉❝♦✉♣ ❞✬❡✛♦rts ♣♦✉r ❛rr✐✈❡r à st❛❜✐❧✐s❡r ✉♥❡ ♠♦❧é❝✉❧❡ ❝♦♠♠❡ ❋❡ 4 s✉r
✉♥❡ s✉r❢❛❝❡ ♠ét❛❧❧✐q✉❡ ❬✷✵❪✳ ❏❡ ✈❛✐s ♣r✐♥❝✐♣❛❧❡♠❡♥t ♠✬❛tt❛❝❤❡r✱ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✱ à ét✉❞✐❡r ❧❡s
♣r♦♣r✐étés ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s ✉♥❡ ❢♦✐s ❞é♣♦sés✳
❏❡ ❝♦♠♠❡♥❝❡r❛✐ ♣❛r ♣rés❡♥t❡r ❧❡ ❣r❡✛❛❣❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❞❡ ❋❡6 s✉r ♥❛♥♦t✉❜❡ ♣❛r ❧✐❛✐s♦♥ ✐♦♥✐q✉❡✳
❈❡tt❡ ét✉❞❡ ♥✬❛②❛♥t ♣❛s été ❝♦♥❝❧✉❛♥t❡✱ ❥❡ ♣rés❡♥t❡r❛✐ ❞♦♥❝ ❞❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s✱ ❧❡ ❣r❡✛❛❣❡
❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❚❜P❝2 s✉r ❣r❛♣❤è♥❡✱ ❣râ❝❡ à ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡ ❱❛♥ ❞❡r ❲❛❛❧s✳ ◆♦✉s ❛✈♦♥s
✉t✐❧✐sé ❝❡tt❡ ❛♣♣r♦❝❤❡✱ ❜❡❛✉❝♦✉♣ ♣❧✉s s✐♠♣❧❡ ❡t ♥❡ ♥é❝❡ss✐t❛♥t ♣❛s ❞✬éq✉✐♣❡♠❡♥t ❧♦✉r❞ ❞❡ ❝❤✐♠✐❡
♣♦✉r êtr❡ ♠✐s❡ ❡♥ ♦❡✉✈r❡✳ ❉❡ ♣❧✉s✱ ❚❜P❝2 ❞♦♥♥❡ ❧✐❡✉ à ✉♥ s✐❣♥❛❧ ❘❛♠❛♥ très ✐♥t❡♥s❡ ❧♦rsq✉❡
❞é♣♦sé s✉r ❞✉ ❣r❛♣❤è♥❡✱ ♦✛r❛♥t ✉♥ ré❡❧ ❛✈❛♥t❛❣❡ ♣♦✉r ✉♥❡ ❝❛r❛❝tér✐s❛t✐♦♥ str✉❝t✉r❡❧❧❡✳ ❊♥✜♥✱
❧❛ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡ s❡r❛ ❝♦♥s❛❝ré❡ à ❧❛ ♣rés❡♥t❛t✐♦♥ ❞❡s ✐♥str✉♠❡♥ts q✉✐ ♥♦✉s ♦♥t
♣❡r♠✐s ❞❡ ré❛❧✐s❡r ❝❡tt❡ ❡①♣ér✐❡♥❝❡✳ ❚♦✉t❡s ❧❡s ♠❡s✉r❡s ❞❡s ❝❤❛♣✐tr❡s s✉✐✈❛♥ts ét❛♥t ré❛❧✐sé❡s à
très ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✭< 1❑✮✱ ❥❡ ♣rés❡♥t❡r❛✐ ❧❡ ❝r②♦st❛t ✉t✐❧✐sé ❛✉ ❝♦✉rs ❞❡ ❝❡ tr❛✈❛✐❧ ❛✐♥s✐
q✉❡ ♣❛r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❝❤❛✐♥❡ ❞❡ ♠❡s✉r❡ q✉✐ ❛ ♣❡r♠✐s ❞❡ ❝❛r❛❝tér✐s❡r ❧❡s é❝❤❛♥t✐❧❧♦♥s s♦✉s
❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
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✹✳✶ ●r❡✛❛❣❡ ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s s✉r str✉❝t✉r❡ ❝❛r❜♦♥é❡

✹✳✶✳✶ ●r❡✛❛❣❡ ❞❡ ❋❡6 s✉r ♥❛♥♦t✉❜❡

❖♥ s♦✉❤❛✐t❡ s❛✈♦✐r s✐ ❧❛ ♠♦❧é❝✉❧❡ ❞✐t❡ ❋❡6 ♣♦ssè❞❡ ❧❛ ❝❛♣❛❝✐té ❞❡ s❡ ✜①❡r s✉r ✉♥ ♥❛♥♦t✉❜❡✳
❈❡tt❡ ♠♦❧é❝✉❧❡ ❛ été s②♥t❤ét✐sé❡ ♣❛r ❈♦♠♣❛✐♥ ❡t ❛❧✳ à ❧✬■♥st✐t✉t ▲❛✈♦✐s✐❡r à ❱❡rs❛✐❧❧❡s s✉✐✈❛♥t
❧❡ ♠♦❞❡ ♦♣ér❛t♦✐r❡ ❞é❝r✐t ❞❛♥s ❧❛ ré❢ér❡♥❝❡ ❬✽✸❪ q✉✐ ♣rés❡♥t❡ ❛✉ss✐ ❧❡s ♣r♦♣r✐étés ♠❛❣♥ét✐q✉❡s
❞❡ ❋❡6✳ ❊❧❧❡ ♥❡ ♣♦ssè❞❡ ❛✉❝✉♥ ❧✐❣❛♥❞ ♦r❣❛♥✐q✉❡✱ ♠❛✐s ❡st ❝♦♥st✐t✉é❡ ❞✬✉♥❡ ✓❝♦q✉❡✔ ❡♥ ♦①②❞❡ ❞❡
t✉♥❣stè♥❡ ❡t ❞✬✉♥ ❝÷✉r ♦ù s❡ s✐t✉❡♥t ❧❡s ❝❡♥tr❡s ♠❛❣♥ét✐q✉❡s✳ ❊❧❧❡ ♥✬❛✱ à ♣r✐♦r✐✱ ♣❛s ❞❡ ♠♦②❡♥
♣♦✉r s✬❛❝❝r♦❝❤❡r✳ ❊♥ r❡✈❛♥❝❤❡✱ ❡♥ s♦❧✉t✐♦♥✱ ❝❡tt❡ ♠♦❧é❝✉❧❡ s♦✉s ❢♦r♠❡ ✐♦♥✐q✉❡ ❛✈❡❝ ✉♥❡ très ❢♦rt❡
❝❤❛r❣❡ ♥é❣❛t✐✈❡ ♣❡✉t s✬❛❝❝r♦❝❤❡r ❛✉ ♥❛♥♦t✉❜❡ ❣râ❝❡ à ❞❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦st❛t✐q✉❡s ❬✽✷❪✳ ❊♥
❡✛❡t✱ ❛✉ ♣❍ ♦ù ❧✬♦♥ tr❛✈❛✐❧❧❡ ✭pH = 2✮✱ ❧❡ ♥❛♥♦t✉❜❡ ❛ ✉♥❡ s✉r❢❛❝❡ s✉♣♣♦sé❡ ♣r♦t♦♥é❡✳
❖♥ ❝♦♠♠❡♥❝❡ ♣❛r ❞é♣♦s❡r ❞❡s ♥❛♥♦t✉❜❡s s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ s✐❧✐❝❡ ✭✈♦✐r s❡❝t✐♦♥ ✸✳✸✮ q✉✐ ❝♦♥t✐❡♥t
❞❡s é❧❡❝tr♦❞❡s ❣r♦ss✐èr❡s ❡t ❞❡s ♠❛rq✉❡✉rs ✭✈♦✐r s❡❝t✐♦♥ ✸✳✹✮✳ ▲❡s ♠❛rq✉❡✉rs s❡r✈❡♥t à r❡♣ér❡r
❧❡s ♥❛♥♦t✉❜❡s ❛✈❛♥t ✐♠♠❡rs✐♦♥ ❞❛♥s ❧❛ s♦❧✉t✐♦♥ ❢♦♥❝t✐♦♥♥❛❧✐s❛♥t❡ ❡t ❡♥s✉✐t❡ à ❧❡s r❡tr♦✉✈❡r
❡①❛❝t❡♠❡♥t ❛✜♥ ❞❡ ❝♦♠♣❛r❡r✳ ❖♥ ♣ré♣❛r❡ ❡♥s✉✐t❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ❋❡6✳ P♦✉r ❝❡❧❛✱ ♦♥ ❞✐ss♦✉t ✉♥❡
q✉❛♥t✐té ❞❡ ❋❡6 ❞❛♥s ✉♥❡ s♦❧✉t✐♦♥ ❞✬❛❝✐❞❡ ❞✐❝❤❧♦r♦❛❝ét✐q✉❡ t❛♠♣♦♥♥é❡ à pH = 2✱ ❞❡ ♠❛♥✐èr❡
à ♦❜t❡♥✐r ✉♥❡ ♠♦❧❛r✐té ❞❡ ❧✬♦r❞r❡ ❞❡ 10−3♠♦❧✳▲−1✳ ▲❛ ❝♦✉❧❡✉r ❞❡ ❧❛ s♦❧✉t✐♦♥✱ ❛♣rès ❛❣✐t❛t✐♦♥
✈✐❣♦✉r❡✉s❡✱ ❡st ♦r❛♥❣❡✳
▲✬é❝❤❛♥t✐❧❧♦♥ ✐♠♠❡r❣é ❞❛♥s ❧❛ s♦❧✉t✐♦♥ ♣❡♥❞❛♥t q✉❡❧q✉❡s s❡❝♦♥❞❡s ♣✉✐s r✐♥❝é à ❧✬✐s♦♣r♦♣②❧ ❛❧❝♦♦❧
✭■P❆✮ ❡st ❡♥✜♥ sé❝❤é s♦✉s ✢✉① ❞✬❛③♦t❡✳ ◆♦✉s ♣♦✉✈♦♥s ❛❧♦rs ❧❡ ❝❛r❛❝tér✐s❡r ♣❛r s♣❡❝tr♦s❝♦♣✐❡
❘❛♠❛♥ ❡t ❆❋▼✳

❚♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼ ❞❡ ❋❡6 s✉r ♥❛♥♦t✉❜❡

▲✬❆❋▼ ♥♦✉s ♣❡r♠❡t ✉♥❡ ❝❛r❛❝tér✐s❛t✐♦♥ t♦♣♦❣r❛♣❤✐q✉❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ ♥❛♥♦t✉❜❡ à ❧❛q✉❡❧❧❡
♦♥ ♣r♦❝è❞❡ ❛✈❛♥t ❡t ❛♣rès ❞é♣ôt ❞❡ ♠♦❧é❝✉❧❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡s ♣r❡♠✐❡rs ❡ss❛✐s ♠♦♥tr❡♥t
❝❧❛✐r❡♠❡♥t q✉✬à ❝❡tt❡ ❢♦rt❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❧❡s ♠♦❧é❝✉❧❡s ❢♦r♠❡♥t ❞❡s ❛❣ré❣❛ts✱ ❝♦♠♠❡ ✈✉ s✉r ❧❛
✜❣✉r❡ ✹✳✶ ✭❛✮ ❡t ✭❜✮✳
■❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❞✐♠✐♥✉❡r ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥✱ ❝❛r ❧❡s ♠♦❧é❝✉❧❡s ♥❡ s♦♥t ♣❛s st❛❜❧❡s
❡♥ ❞❡ss♦✉s ❞❡ 10−4♠♦❧✳▲−1✳ ❖♥ r✐♥❝❡ ❞♦♥❝ ❧✬é❝❤❛♥t✐❧❧♦♥ ❛✈❡❝ ❧❡ s♦❧✈❛♥t ❞❡s ♠♦❧é❝✉❧❡s ✉♥❡ ❢♦✐s
❧❡ ❞é♣ôt ré❛❧✐sé✳ ▲❡s ✜❣✉r❡s ✹✳✶ ✭❝✮ ❡t ✭❞✮ s♦♥t ❞❡s t♦♣♦❣r❛♣❤✐❡s ❆❋▼ ❛✈❛♥t ❡t ❛♣rès ❞é♣ôt ❡t
r✐♥ç❛❣❡ ❞✬✉♥ ♥❛♥♦t✉❜❡✳ ❖♥ ❝♦♥st❛t❡ q✉✬✐❧ ♥✬② ❛ ♣❧✉s ❞✬❛❣ré❣❛ts ❞❡ ♠♦❧é❝✉❧❡s✳ ▲✬❡①♣ér✐❡♥❝❡ ❛ été
r❡♣r♦❞✉✐t❡ ♣❧✉s✐❡✉rs ❢♦✐s ❡t ❛✉❝✉♥ ❛❣ré❣❛t ♥✬❛ été ❞é❝❡❧é ❧♦rsq✉❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st r✐♥❝é ❛✉ ❉❈❆✳
❖♥ ♦❜s❡r✈❡ q✉✬✉♥❡ ❣r❛♥❞❡ ♣r♦♣♦rt✐♦♥ ❞❡s ♠♦❧é❝✉❧❡s ❡st ❝❡♣❡♥❞❛♥t ❣r❡✛é❡ s✉r ❧❡ ♥❛♥♦t✉❜❡✳

❙♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥ ❞❡ ❋❡6 s✉r ♥❛♥♦t✉❜❡

■❧ ❡st ✐♠♣♦ss✐❜❧❡ ❞✬❛✈♦✐r ❧❛ ❝❡rt✐t✉❞❡ q✉❡ ❝❡ q✉❡ ❧✬♦♥ ❞ét❡❝t❡ ❡♥ ❆❋▼ ❡st ❜✐❡♥ ✉♥❡ ♠♦❧é❝✉❧❡✳
❯♥❡ ❛✉tr❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡✳ ▲❛ ♠✐❝r♦s❝♦♣✐❡ ❘❛♠❛♥ ♥♦✉s ♣❡r♠❡t à tr❛✈❡rs
❧❡s ♠♦❞❡s ❞❡ ✈✐❜r❛t✐♦♥s ❞❡s ♦❜❥❡ts ❞❡ r❡❝♦♥♥❛îtr❡ ❧❡✉r s✐❣♥❛t✉r❡ ❡t ❧❡✉r ✐♥t❡r❛❝t✐♦♥✳ ■❧ s❡r❛✐t



✹✳✶✳ ●r❡✛❛❣❡ ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s s✉r str✉❝t✉r❡ ❝❛r❜♦♥é❡ ✼✶

15 nm

(c) (d)

300 nm 300 nm

20 nm

(a) (b)

500 nm 500 nm

❋✐❣✉r❡ ✹✳✶ ✕ ❋♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❞❡ ♥❛♥♦t✉❜❡s ♣❛r ❋❡6✳ ✭❛✮ ❚♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼ ❞✬✉♥ ♥❛♥♦t✉❜❡
s✉r ❧❛ s✉r❢❛❝❡✳ ✭❜✮ ❚♦♣♦❣r❛♣❤✐❡ ❞✉ ♠ê♠❡ é❝❤❛♥t✐❧❧♦♥ q✉✬❡♥ ✭❛✮ ❛②❛♥t s✉❜✐ ✉♥ ❞é♣ôt ❞❡ ♠♦❧é❝✉❧❡s✳ ✭❝✮
❚♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼ ❞✬✉♥ ♥❛♥♦t✉❜❡ s✉r ❧❛ s✉r❢❛❝❡✳ ✭❞✮ ❚♦♣♦❣r❛♣❤✐❡ ❞✉ ♠ê♠❡ ♥❛♥♦t✉❜❡ r❡❝♦✉✈❡rt
❞❡ ♠♦❧é❝✉❧❡s✳



✼✷ ❈❤❛♣✐tr❡ ✹✳ ▼✐s❡ ❡♥ ÷✉✈r❡ ❡①♣ér✐♠❡♥t❛❧❡

3 nm

(a) (b)

3 µm 500 nm

❋✐❣✉r❡ ✹✳✷ ✕ ❙✉❜❧✐♠❛t✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s s✉r s❛♣❤✐r✳ ✭❛✮ ❚♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼ ❞✬✉♥❡ s✉r❢❛❝❡
❞❡ s❛♣❤✐r ♣r♦♣r❡✳ ✭❜✮ ❚♦♣♦❣r❛♣❤✐❡ ❞❡ ❧❛ ♠ê♠❡ s✉r❢❛❝❡ ❛♣rès s✉❜❧✐♠❛t✐♦♥ ❞❡ ❋❡6✳ ▲❡s ♣♦✐♥ts ❜❧❛♥❝s
❝♦rr❡s♣♦♥❞❡♥t à ✉♥❡ é♣❛✐ss❡✉r ❞❡ q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s ❞✬é♣❛✐ss❡✉r✳

❞♦♥❝ très ✉t✐❧❡ ❞❡ ♣♦✉✈♦✐r ❝❛rt♦❣r❛♣❤✐❡r ❝❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ♠❛♥✐èr❡ à ♦❜s❡r✈❡r s✉r ❧❡s ♥❛♥♦t✉❜❡s
❧✬❡♠♣r❡✐♥t❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳ ❉❡ ♣❧✉s✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❢réq✉❡♥❝❡s ❞❛♥s ❧❡s ♠♦❞❡s ❞❡ ✈✐❜r❛t✐♦♥s ❞❡s
♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡ ❛♣♣♦rt❡♥t ✉♥ é❧é♠❡♥t ❞❡ ré♣♦♥s❡ q✉❛♥t à ❧❛ ♠❛♥✐èr❡ ❞♦♥t ❧❡s ♠♦❧é❝✉❧❡s
s❡ ✜①❡♥t✳ ▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❧❡s ♠❡s✉r❡s ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥✱ ré❛❧✐sé❡s à ❧✬■♥st✐t✉t ◆é❡❧
♣❛r ▼❛♥✉❡❧ ▲♦♣❡s✱ ♥❡ ♥♦✉s ♣❡r♠❡tt❡♥t ♣❛s ❞❡ ❝♦♥✜r♠❡r ❧❛ ♣rés❡♥❝❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❋❡ 6 s✉r
❧❡ ♥❛♥♦t✉❜❡✳ ❊♥ ❡✛❡t✱ ❧❛ ♠♦❧é❝✉❧❡ ♥❡ ❞♦♥♥❡ ♣❧✉s ❞❡ s✐❣♥❛❧ ❧♦rsq✉✬❡❧❧❡ ❡st ❞é❧✐é❡✳ ◆♦✉s ❛✈♦♥s
r❡♣r♦❞✉✐t ❧❡ t❡st ❡♥ ❞é♣♦s❛♥t ❞❡s ♠♦❧é❝✉❧❡s s✉r ❧❛♠❡ ❞❡ ✈❡rr❡ r❡❝♦✉✈❡rt❡ ❞✬✉♥❡ ✜♥❡ ❝♦✉❝❤❡
❞✬♦r ♦✉ s✉r ❞✉ ❣r❛♣❤è♥❡ ❛✜♥ ❞✬✉t✐❧✐s❡r ❧❡s ♣❤é♥♦♠è♥❡s ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ❘❛♠❛♥ à ❧❛ s✉r❢❛❝❡ ❞❡
♠ét❛✉①✳ ◆♦✉s ♥✬❛✈♦♥s t♦✉❥♦✉rs ♣❛s ♦❜t❡♥✉ ❞❡ s✐❣♥❛❧ ❘❛♠❛♥✳

❉é♣ôt ♣❛r s✉❜❧✐♠❛t✐♦♥ ❞❡ ❋❡6 s✉r s❛♣❤✐r

◆♦✉s ❛✈♦♥s q✉❛♥❞ ♠ê♠❡ t❡sté ✉♥❡ s❡❝♦♥❞❡ ♠ét❤♦❞❡ ❞❡ ❞é♣ôt q✉✐ ❡st ❧❛ s✉❜❧✐♠❛t✐♦♥ ❞❡
♠✐❝r♦✲❝r✐st❛✉① ❣râ❝❡ à ✉♥ ✜❧❛♠❡♥t ❝❤❛✉✛é ♣❛r ❡✛❡t ❏♦✉❧❡✳ ❆✜♥ ❞❡ ♣♦✉✈♦✐r ♦❜s❡r✈❡r ❧❡s ♠♦❧é❝✉❧❡s
s✉r ❧❛ s✉r❢❛❝❡✱ ♦♥ ❝❤♦✐s✐t ✉♥ s✉❜str❛t ♣♦ssé❞❛♥t ❧❡ ♠♦✐♥s ❞❡ r✉❣♦s✐té ♣♦ss✐❜❧❡✱ ❝♦♠♠❡ ❧❡ s❛♣❤✐r
♣❛r ❡①❡♠♣❧❡✱ ✈♦✐r ✜❣✉r❡ ✹✳✷ ✭❛✮✳ ❯♥ ♠♦r❝❡❛✉ ❞❡ s✉❜str❛t ❡st ❡♥s✉✐t❡ ❡♥❢❡r♠é ❞❛♥s ✉♥❡ ❝❤❛♠❜r❡
❞♦♥t ♦♥ ❝♦♥trô❧❡ ❧❡ ✈✐❞❡ ❀ ✐❧ ❡st ♣♦s✐t✐♦♥♥é ❡♥ ✈✐s à ✈✐s ❞✬✉♥ ✜❧❛♠❡♥t ❞❡ t✉♥❣stè♥❡ q✉✐ ❛ été
❛✉ ♣ré❛❧❛❜❧❡ tr❡♠♣é ❞❛♥s ✉♥❡ s♦❧✉t✐♦♥ ❞❡ ❋❡6 à 10−3 ♠♦❧✳▲−1✳ ❯♥ ❝♦✉r❛♥t tr❛✈❡rs❡ ❛❧♦rs ❧❡
t✉♥❣stè♥❡ ♣❡r♠❡tt❛♥t ✉♥❡ s✉❜❧✐♠❛t✐♦♥ ❞❡s ♠♦❧é❝✉❧❡s ❞é♣♦sé❡s à s❛ s✉r❢❛❝❡✳ ▲❡ rés✉❧t❛t ❡st
✐❧❧✉stré à ❧❛ ✜❣✉r❡ ✹✳✷ ✭❜✮✳ ❖♥ ❝♦♥st❛t❡ q✉✬❛♣rès s✉❜❧✐♠❛t✐♦♥ ❞❡ ❋❡6✱ ❞❡ ♣❡t✐ts ♦❜❥❡ts ❞✬❡♥✈✐r♦♥
2 ♥♠ ❞✬é♣❛✐ss❡✉r s❡ r❡tr♦✉✈❡♥t s✉r ❧❛ s✉r❢❛❝❡✳
❋✐♥❛❧❡♠❡♥t✱ ❧✬✐♠♣♦ss✐❜✐❧✐té ❞❡ ré❛❧✐s❡r ✉♥❡ ❝❛r❛❝tér✐s❛t✐♦♥ str✉❝t✉r❛❧❡ ❞❡ ❝❡s ♦❜❥❡ts ♥❡ ♥♦✉s
♣❡r♠❡t ♣❛s ❞❡ ❝♦♥❝❧✉r❡ q✉❛♥t à ❧❛ ✈❛❧✐❞✐té ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❞é♣ôt✳



✹✳✶✳ ●r❡✛❛❣❡ ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s s✉r str✉❝t✉r❡ ❝❛r❜♦♥é❡ ✼✸
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600       1000       800       1200       1400       

Déplacement Raman (cm-1)

(a) (b)

1600       

❋✐❣✉r❡ ✹✳✸ ✕ ❈❛r❛❝tér✐st✐q✉❡s ❘❛♠❛♥ ❞❡ ❚❜P❝2✳ ✭❛✮ ■❧❧✉str❛t✐♦♥ ❞✉ ❝♦♠♣❧❡①❡ ❚❜P❝∗2✳ ▲❡ t❡r❜✐✉♠
✭✈✐♦❧❡t ❢♦♥❝é✮ ❡st ❝♦♦r❞✐♥é à ✽ ❛③♦t❡s ✭✈✐♦❧❡t ❝❧❛✐r✮ ❡♥ s②♠étr✐❡ ❛♥t✐♣r✐s♠❡ à ❜❛s❡ ❝❛rré❡✳ ❯♥ ❣r♦✉♣❡
♣②rè♥❡ ❛✐♥s✐ q✉❡ ✻ ❣r♦✉♣❡s ❛❧✐♣❤❛t✐q✉❡s s♦♥t ❛❥♦✉tés s✉r ✉♥ ❞❡s ♣❤t❛❧♦❝②❛♥✐♥❡s✳ ✭❜✮ ❙♣❡❝tr❡ ❘❛♠❛♥
❞❡ ❧❛ ♣♦✉❞r❡ ❞❡ ❚❜P❝∗2✳ ▲❛ s♣❡❝tr♦s❝♦♣✐❡ ❡st ré❛❧✐sé❡ ❞❛♥s ❧❡ r♦✉❣❡ ✭à 633 ♥♠✮ ❡t ❛✈❡❝ ✉♥❡ ✐♥t❡♥s✐té ❞❡
75µ❲✳ ▲❛ t❡rr❡ r❛r❡ ❡st très s❡♥s✐❜❧❡ ✈✐s✲à✲✈✐s ❞❡s tr♦✐s ❣r♦✉♣❡♠❡♥ts ❝❡r❝❧és s✉r ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞✬✉♥
♣❤t❛❧♦❝②❛♥✐♥❡ ❬✽✺❪✳

✹✳✶✳✷ ●r❡✛❛❣❡ ❞❡ ❚❜P❝∗2 s✉r ❣r❛♣❤è♥❡ ❡t ♥❛♥♦t✉❜❡

❯♥❡ s❡❝♦♥❞❡ ♠♦❧é❝✉❧❡ ❛ ❛tt✐ré ♥♦tr❡ ❛tt❡♥t✐♦♥ ✿ ❧❡ ❝♦♠♣❧❡①❡ ❞❡ ❚❡r❜✐✉♠ ❜✐s✲✭♣❤t❤❛❧♦❝②❛♥✐♥❛t♦✮
❢♦♥❝t✐♦♥♥❛❧✐sé ❛✈❡❝ ✉♥ ❣r♦✉♣❡ ♣②rè♥❡✱ q✉✬♦♥ ♥♦t❡r❛ ❚❜P❝∗2 ♣❛r ❧❛ s✉✐t❡✳ ❈♦♥tr❛✐r❡♠❡♥t à ❋❡6✱
❝❡ ❝♦♠♣❧❡①❡ ♦✛r❡ ❧✬❛✈❛♥t❛❣❡ ❞✬êtr❡ ❢❛❝✐❧❡♠❡♥t ❞ét❡❝t❛❜❧❡ ❡♥ s♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥✳ ▲❡ ♠❛❣♥é✲
t✐s♠❡ ❞❡ ❝❡t ♦❜❥❡t ❡st ♣rés❡♥té à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✷✳ ❈❡ ❝♦♠♣❧❡①❡✱ ✐❧❧✉stré à ❧❛ ✜❣✉r❡ ✹✳✸✭❛✮✱ ❛ été
s②♥t❤ét✐sé ♣❛r ❙✈❡t❧❛♥❛ ❑❧②❛ts❦❛②❛ ❡t ▼❛r✐♦ ❘✉❜❡♥ à ❧✬■♥st✐t✉t ❚❡❝❤♥♦❧♦❣✐q✉❡ ❞❡ ❑❛r❧sr✉❤❡ ❡♥
❆❧❧❡♠❛❣♥❡✱ ✈♦✐r ❧❛ ré❢ér❡♥❝❡ ❬✽✹❪ ♣♦✉r ❧❡ ❞ét❛✐❧ ❞❡ ❧❛ s②♥t❤ès❡✳ ■❧ ❡st ❝♦♥st✐t✉é ❞❡ ❞❡✉① ♣❤t❛❧♦✲
❝②❛♥✐♥❡s ❝♦♦r❞✐♥❛♥t ✉♥ ✐♦♥ ❚❡r❜✐✉♠ à ❧✬ét❛t ❞✬♦①②❞❛t✐♦♥ +3 ❀ ❧❛ s②♠étr✐❡ ❧♦❝❛❧❡ ❡st ❛♥t✐♣r✐s♠❡
à ❜❛s❡ ❝❛rré❡✱ ❧❡ t❡r❜✐✉♠ ét❛♥t ❧✐é à ✽ ❛③♦t❡s ✳ ❉❡ ♣❧✉s✱ ✉♥ ❣r♦✉♣❡ ♣②rè♥❡ ❛ été r❛❥♦✉té s✉r
✉♥ ❞❡s ♣❤t❛❧♦❝②❛♥✐♥❡s✱ ❛✉❣♠❡♥t❛♥t ❛✐♥s✐ ❧❛ ❝❛♣❛❝✐té ❞✬❛❝❝r♦❝❤❡ s✉r ❧❡s ♥❛♥♦t✉❜❡s✳ ❊♥ ❡✛❡t✱ ❧❡
♣②rè♥❡ ❡t ❧❡s ♣❤t❛❧♦❝②❛♥✐♥❡s s♦♥t ❞❡s s②stè♠❡s ❝♦♥❥✉❣✉és ♦✉ s②stè♠❡ ❞✐ts π✱ ✐✳❡✳ ❧❡s é❧❡❝tr♦♥s
❞❡s ♦r❜✐t❛❧❡s ♣z s♦♥t ❞é❧♦❝❛❧✐sés s✉r t♦✉t❡ ❧❛ ♠♦❧é❝✉❧❡✱ ❛❜❛✐ss❛♥t ❛✐♥s✐ ❧✬é♥❡r❣✐❡ ❞✉ s②stè♠❡✳ ▲❡s
♣❤t❛❧♦❝②❛♥✐♥❡s s♦♥t ❞♦♥❝ très s✐♠✐❧❛✐r❡s ❛✉① ♥❛♥♦t✉❜❡s ❡t ❛✉ ❣r❛♣❤è♥❡ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛
str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡✱ ❛✉❣♠❡♥t❛♥t ❧✬❛✣♥✐té ❡♥tr❡ ❝❡s s②stè♠❡s✳

❙♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥ s✉r ♣♦✉❞r❡ ❞❡ ❚❜P❝ ∗
2

▲❡s ❞✐✛ér❡♥t❡s s♣❡❝tr♦s❝♦♣✐❡s ❘❛♠❛♥ ♣rés❡♥té❡s ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ ♦♥t été ré❛❧✐sé❡s ❞❛♥s
❧❡ r♦✉❣❡ à 633 ♥♠ ❝❛r ❧❛ ♠♦❧é❝✉❧❡ ♣♦ssè❞❡ ✉♥❡ très ❢♦rt❡ ❛❜s♦r♣t✐♦♥ à ❝❡tt❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱
❝♦♥tr❛✐r❡♠❡♥t ❛✉ ✈❡rt ♦ù ❡❧❧❡ ♥✬❛❜s♦r❜❡ q✉❛s✐♠❡♥t ♣❛s ❬✽✺❪✳ ▲❛ ♣✉✐ss❛♥❝❡ ✉t✐❧✐sé❡ ❡st ✐♥❢ér✐❡✉r❡ à



✼✹ ❈❤❛♣✐tr❡ ✹✳ ▼✐s❡ ❡♥ ÷✉✈r❡ ❡①♣ér✐♠❡♥t❛❧❡

80µ❲ ♣♦✉r ❞❡s t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ ❞❡ q✉❡❧q✉❡s ♠✐♥✉t❡s✳ ❊♥ ❡✛❡t✱ s✐ ❧✬♦♥ ❛✉❣♠❡♥t❡ ❧❛ ♣✉✐ss❛♥❝❡
❞✉ ❧❛s❡r ❛✉✲❞❡❧à ❞❡ 300µ❲✱ ❧❡s ♠♦❧é❝✉❧❡s s❡ ❞és❛❣rè❣❡♥t r❛♣✐❞❡♠❡♥t✳
▲❡s ♣❤t❛❧♦❝②❛♥✐♥❡s ❝♦♠♣♦rt❡♥t ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❣r♦✉♣❡♠❡♥ts ❝❤✐♠✐q✉❡s ❛②❛♥t ❝❤❛❝✉♥
❧❡✉rs ♣r♦♣r❡s ♠♦❞❡s ❞❡ ✈✐❜r❛t✐♦♥s✳ ▲❡ s♣❡❝tr❡ ❘❛♠❛♥ r❡♥❞ ❝♦♠♣t❡ ❞❡ ❝❡❧❛ ♣❛r ❧❛ ♣rés❡♥❝❡
❞✬✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ rés♦♥❛♥❝❡s✳ ❯♥ s♣❡❝tr❡ s✉r ♣♦✉❞r❡ ❞❡ ❚❜P❝∗2 ❡st ♣rés❡♥té à ❧❛ ✜❣✉r❡ ✹✳✸✭❜✮
♦ù ❡st ❛✉ss✐ s❝❤é♠❛t✐sé ✉♥ ♣❤t❛❧♦❝②❛♥✐♥❡✳ ▲❛ t❡rr❡✲r❛r❡ ❡st s❡♥s✐❜❧❡ ❛✉① tr♦✐s ❣r♦✉♣❡s q✉✐ s♦♥t
s✉r❧✐❣♥és✳ ❯♥❡ ❧é❣èr❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ✈✐❜r❛t✐♦♥s ❝♦rr❡s♣♦♥❞❛♥t❡s tr❛❞✉✐r❛✐t ✉♥ ❝❤❛♥❣❡♠❡♥t
❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❧❛ t❡rr❡✲r❛r❡ ❡t ❝❡❧❛ ♣♦✉rr❛✐t ❛✈♦✐r ❞❡s ❝♦♥séq✉❡♥❝❡s s✉r s❡s ♣r♦♣r✐étés
♠❛❣♥ét✐q✉❡s✳

❈❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❚❜P❝∗2 ❞é♣♦sé❡ s✉r ❞✉ ❣r❛♣❤è♥❡

◆♦✉s ❛✈♦♥s ❞♦♥❝ ♣♦✉rs✉✐✈✐ ❝❡tt❡ ét✉❞❡ ♣❛r ❧❛ ❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❞✉ ❣r❛♣❤è♥❡ ❬✽✻❪✳ ◆♦✉s
✉t✐❧✐s♦♥s ❧❡ ❣r❛♣❤è♥❡ ❝♦♠♠❡ ✧❝♦❜❛②❡✧ ❛✈❛♥t ❞❡ tr❛♥s❢ér❡r ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ❞é♣ôt s✉r ♥❛♥♦t✉❜❡✱
❝❛r ✐❧ ♣♦ssè❞❡ ❧✬❛✈❛♥t❛❣❡ ❞✬êtr❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ét❡♥❞✉ s♣❛t✐❛❧❡♠❡♥t q✉❡ ❧❡ ♥❛♥♦t✉❜❡ ❡t ♣❛r❝❡ q✉❡
❝❡s ❞❡✉① ❢♦r♠❡s ❛❧❧♦tr♦♣✐q✉❡s ❞✉ ❝❛r❜♦♥❡ ♣♦ssè❞❡♥t ✉♥❡ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ très s✐♠✐❧❛✐r❡✳
◆♦✉s ❛✈♦♥s ♣✉ ♠❡♥❡r ✉♥❡ ét✉❞❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ t♦♣♦❣r❛♣❤✐❡ ❆❋▼✴ s♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥ ré✲
s♦❧✉❡ s♣❛t✐❛❧❡♠❡♥t s✉r ❧❡ s②stè♠❡ ❣r❛♣❤è♥❡✴❚❜P❝∗2✳ ▲✬❆❋▼ ❞♦♥♥❡ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧✬ét❛t ❞❡
s✉r❢❛❝❡ ❞✉ ❣r❛♣❤è♥❡ ❡t ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥ ♦✛r❡ ✉♥❡ ❛♥❛❧②s❡ ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡ ❞❡s ♦❜❥❡ts
❛✐♥s✐ q✉❡ ❞❡ ❧❡✉r ✐♥t❡r❛❝t✐♦♥✳ ▲❡ ❣r❛♣❤è♥❡ ❡①❢♦❧✐é ❛ été ♣r♦❞✉✐t ♣❛r ❆♥❞r❡❛ ❈❛♥❞✐♥✐ ✭■♥st✐t✉t ❞❡
◆❛♥♦s❝✐❡♥❝❡ ❞❡ ▼♦❞❡♥❛ ❡♥ ■t❛❧✐❡✮ ❀ ▼❛♥✉❡❧ ▲♦♣❡s ✭■♥st✐t✉t ◆é❡❧✮ ❛ ré❛❧✐sé ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❘❛✲
♠❛♥ ❛✈❡❝ ❧✬❛✐❞❡ ❞✬❆♥t♦✐♥❡ ❘❡s❡r❜❛t✲P❧❛♥t❡② ❡t ❥✬❛✐ ♣r♦❝é❞é à ❧❛ ❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❛✐♥s✐ q✉✬❛✉①
♠❡s✉r❡s ❆❋▼ q✉✐ s♦♥t ♣rés❡♥té❡s ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥✳
▲❡ ❣r❛♣❤è♥❡ ❡st ❡①❢♦❧✐é s✉r ✉♥ s✉❜str❛t ❞❡ s✐❧✐❝✐✉♠ ❞é❣é♥éré r❡❝♦✉✈❡rt ❞❡ 300 ♥♠ ❞❡ ❙✐❖2✳ ▲❡s
❢❡✉✐❧❧❡ts ❞❡ ❣r❛♣❤è♥❡ s♦♥t r❡♣érés ♣❛r ♠✐❝r♦s❝♦♣✐❡ ♦♣t✐q✉❡✳ ◆♦✉s ♣r♦❝é❞♦♥s ❛❧♦rs à ❧❛ s♣❡❝✲
tr♦s❝♦♣✐❡ ❘❛♠❛♥ ❡t à ✉♥ r❡❧❡✈é t♦♣♦❣r❛♣❤✐q✉❡ ❆❋▼ ❞❡s ❢❡✉✐❧❧❡ts✳ ▲❡s ♠♦❧é❝✉❧❡s ❚❜P❝ ∗

2 s♦♥t
❞✐ss♦✉s ❞❛♥s ❞✉ ❞✐❝❤❧♦r♦♠ét❤❛♥❡✱ ♣✉✐s✱ ✉♥❡ ❣♦✉tt❡ ❞❡ s♦❧✉t✐♦♥ ❡st ❞é♣♦sé❡ s✉r ❧✬é❝❤❛♥t✐❧❧♦♥
s✉♣♣♦rt❛♥t ❧❡ ❣r❛♣❤è♥❡✳ ❯♥❡ ♥♦✉✈❡❧❧❡ s♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥ ❛✐♥s✐ q✉✬✉♥❡ t♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼
s♦♥t ré❛❧✐sé❡s ❛✉ ♠ê♠❡ ❡♥❞r♦✐t q✉❡ ♣ré❝é❞❡♠♠❡♥t✳ ❊♥✜♥✱ ♦♥ ♣r♦❝è❞❡ à ✉♥ ♥♦✉✈❡❛✉ ❞é♣ôt ❛✈❡❝
✉♥❡ s♦❧✉t✐♦♥ ♣❧✉s ❝♦♥❝❡♥tré❡ s✐ ♥é❝❡ss❛✐r❡✳
▲❛ ✜❣✉r❡ ✹✳✹ ♣rés❡♥t❡ tr♦✐s s♣❡❝tr❡s ❘❛♠❛♥✳ ▲❛ ❝♦✉r❜❡ r♦✉❣❡ ❝♦rr❡s♣♦♥❞ ❛✉ s♣❡❝tr❡ ❞✉ ❣r❛♣❤è♥❡
t♦✉t ❥✉st❡ ❡①❢♦❧✐é✱ ♦♥ ② ✈♦✐t ❧❛ ❜❛♥❞❡ ● ❝❛r❛❝tér✐st✐q✉❡ ❞❡s ❧✐❛✐s♦♥s ❈✲❈ ❞❛♥s ❧❡ ❣r❛♣❤è♥❡✳ ▲❛
❝♦✉r❜❡ ♥♦✐r❡ ❡st ❧❡ ♠ê♠❡ s♣❡❝tr❡ s✉r ♣♦✉❞r❡ q✉❡ ❝❡❧✉✐ ❞❡ ❧❛ ✜❣✉r❡ ✹✳✸ ❡t ❡♥✜♥ ❧❛ ❜❧❡✉❡ r❡♣rés❡♥t❡
❧❡ s♣❡❝tr❡ ❞✉ ❣r❛♣❤è♥❡ ❢♦♥❝t✐♦♥♥❛❧✐sé ❛✈❡❝ ❚❜P❝∗2✳ ❈❡tt❡ ❞❡r♥✐èr❡ ♠♦♥tr❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s
s✉♣❡r♣♦sé❡s ❞❡s ❞❡✉① ♣ré❝é❞❡♥t❡s ✿ ❧❛ ❜❛♥❞❡ ● ❡st t♦✉❥♦✉rs s✐t✉é❡ à ❧❛ ♠ê♠❡ é♥❡r❣✐❡ ❛✐♥s✐ q✉❡
❧❡s ❜❛♥❞❡s ❞❡ ❚❜P❝∗2✳ ❉✐ss♦✉❞r❡ ❡t ❞é♣♦s❡r ❧❡s ♠♦❧é❝✉❧❡s s✉r ❧❛ s✉r❢❛❝❡ ❞✉ ❣r❛♣❤è♥❡ ♥❡ s❡♠❜❧❡
♣❛s ♠♦❞✐✜❡r ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳ P❛r ❧❛ s✉✐t❡✱ ♥♦✉s ❛❞♦♣t❡r♦♥s ❧❛ rés♦♥❛♥❝❡ s♣❡❝tr❛❧❡
s✐t✉é❡ ❛✉t♦✉r ❞❡ 1500 ❝♠−1 ❝♦♠♠❡ ♠❛rq✉❡✉r ré❢ér❡♥t ❞❡ ❧❛ ♠♦❧é❝✉❧❡✱ ✐❧ s❡r❛ ♥♦té M ✳
▲❛ ✜❣✉r❡ ✹✳✺✭❛✮ ❡st ✉♥❡ ❝❛rt♦❣r❛♣❤✐❡ s♣❛t✐❛❧❡♠❡♥t rés♦❧✉❡ ❞❡ ❧✬✐♥t❡♥s✐té ❘❛♠❛♥ ❞✬✉♥❡ ♠♦♥♦✲
❝♦✉❝❤❡ ❞❡ ❣r❛♣❤è♥❡ ✿ ✉♥ s♣❡❝tr❡ ❡st r❡❧❡✈é t♦✉s ❧❡s ✸✵✵ ♥♠ s✉✐✈❛♥t ❧❡s ❞❡✉① ❞✐r❡❝t✐♦♥s ❞❛♥s ❧❡



✹✳✶✳ ●r❡✛❛❣❡ ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s s✉r str✉❝t✉r❡ ❝❛r❜♦♥é❡ ✼✺
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Déplacement Raman (cm-1)

Graphène

+ TbPc2*

TbPc2*

Graphène

❋✐❣✉r❡ ✹✳✹ ✕ ❙♣❡❝tr❡s ❘❛♠❛♥ ❞✉ ❣r❛♣❤è♥❡✱ ❞❡ ❚❜P❝∗2 s♦✉s ❢♦r♠❡ ❞❡ ♣♦✉❞r❡ ❡t ❞❡ ❧✬❤②❜r✐❞❡
❣r❛♣❤è♥❡✴❚❜P❝∗2✳ ▲❡ s♣❡❝tr❡ ❞❡ ❧✬❤②❜r✐❞❡ ♣rés❡♥t❡ ❧❛ s✐❣♥❛t✉r❡ ❞✉ ❣r❛♣❤è♥❡ ✭❜❛♥❞❡s ● ❡t ❉✮ ❡t ❝❡❧❧❡
❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❞❡ ♠❛♥✐èr❡ très ✐♥t❡♥s❡✳

♣❧❛♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✱ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ❜❛♥❞❡ ● ❡st ❛❧♦rs r❡❧❡✈é❡ s✉r ✉♥❡ ❝❛rt❡✳ ▲❛ t♦♣♦❣r❛♣❤✐❡
❆❋▼✱ ✜❣✉r❡ ✹✳✺✭❝✮✱ ❡t ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❘❛♠❛♥ s♦♥t ❞♦♥❝ ❝♦♥❝♦r❞❛♥t❡s✳ ❆♣rès ✐♠♠❡rs✐♦♥ ❞❡
❧✬é❝❤❛♥t✐❧❧♦♥ ❞❛♥s ✉♥❡ s♦❧✉t✐♦♥ ❞❡ ❚❜P❝∗2 à 10−8♠♦❧✳▲−1✱ ♦♥ ♣r♦❝è❞❡ à ♥♦✉✈❡❛✉ à ✉♥ r❡❧❡✈é t♦✲
♣♦❣r❛♣❤✐q✉❡ ❡t à ✉♥❡ s♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥✳ ❖♥ sé❧❡❝t✐♦♥♥❡ ♠❛✐♥t❡♥❛♥t ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ❜❛♥❞❡
▼✱ ❡t ♦♥ ❧❛ tr❛❝❡ s✉r ✉♥❡ ❝❛rt❡✱ ✈♦✐r ✜❣✉r❡ ✹✳✺✭❜✮✳ ▲❛ ❝❛rt♦❣r❛♣❤✐❡ ❘❛♠❛♥ ❝♦♥✜r♠❡ q✉❡ ❝❡s ♦❜✲
❥❡ts s♦♥t ❜✐❡♥ ❞❡s ❚❜P❝∗2✳ P❛r ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ❝❛rt❡ ❞❡ ❧❛ ❜❛♥❞❡ ●✱ ❧❡ s✐❣♥❛❧ ❞❡ ❧❛ ♠♦❧é❝✉❧❡
❡st ♠❛①✐♠✉♠ s✉r ❧❡ ❣r❛♣❤è♥❡✳ ▲❛ t♦♣♦❣r❛♣❤✐❡ ❆❋▼✱ ✜❣✉r❡ ✹✳✺✭❞✮✱ ♠♦♥tr❡ ❝❧❛✐r❡♠❡♥t q✉❡ ❧❛
s✉r❢❛❝❡ ❞✉ ❣r❛♣❤è♥❡ ❡st ♠❛✐♥t❡♥❛♥t r❡❝♦✉✈❡rt❡ ❞✬♦❜❥❡ts ❞✬❡♥✈✐r♦♥ ✶ ♥♠✳ ▲❛ s✐❧✐❝❡ q✉❛♥t à ❡❧❧❡
s❡♠❜❧❡ ♠♦✐♥s ❛✛❡❝té❡ ♣❛r ❧❡ ❞é♣ôt✱ ♠❛✐s ♣❛s ❛✉ ♣♦✐♥t ❞✬❡①♣❧✐q✉❡r ❧✬❛❜s❡♥❝❡ ❞❡ s✐❣♥❛❧ ❘❛♠❛♥ à
❝❡t ❡♥❞r♦✐t✳ ❖♥ ♣❡✉t ❞♦♥❝ ❝♦♥❝❧✉r❡ à ✉♥❡ ❛✣♥✐té ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ♣♦✉r ❧❡ ❣r❛♣❤è♥❡ ♠❛✐s ❛✉ss✐
q✉❡ s♦♥ ✐♥t❡♥s✐té ❘❛♠❛♥ ❡st ❡①❛❝❡r❜é❡ ♣❛r ❧❛ ♣r♦①✐♠✐té ❛✈❡❝ ❧❡ ❣r❛♣❤è♥❡ ❬✽✻❪✳

▲✐♠✐t❡ ❞❡ ❞ét❡❝t✐♦♥ ♣❛r s♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥ ❡t t♦♣♦❣r❛♣❤✐❡ ❆❋▼

●râ❝❡ à ❝❡ ♣❤é♥♦♠è♥❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥✱ ✐❧ ❡st ♠❛✐♥t❡♥❛♥t ✐♥tér❡ss❛♥t ❞❡ s❡ ❞❡♠❛♥❞❡r ❥✉sq✉✬à
q✉❡❧❧❡ ❧✐♠✐t❡ ♦♥ ♣❡✉t ❝♦♥trô❧❡r ❡t ét✉❞✐❡r ❧❡ ❞é♣ôt ❞❡s ♠♦❧é❝✉❧❡s✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ✉t✐❧✐s♦♥s ❧✬❆❋▼
❡♥ ♠♦❞❡ ❝♦♥t❛❝t✳ ❈♦♠♠❡ s♦♥ ♥♦♠ ❧✬✐♥❞✐q✉❡✱ ❧❛ ♣♦✐♥t❡ ❞❡ ❧✬❆❋▼ r❡st❡ ❡♥ ♣❡r♠❛♥❡♥❝❡ ❡♥ ❝♦♥t❛❝t
❛✈❡❝ ❧❛ s✉r❢❛❝❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ♠♦❞❡ ✧t❛♣♣✐♥❣✧ ♦ù ❝❡ ❝♦♥t❛❝t ❡st ✐♥t❡r♠✐tt❡♥t✳ ❉❡ ♣❧✉s✱ ✐❧
❡st ♣♦ss✐❜❧❡ ❞❡ ❝♦♥trô❧❡r ❧❛ ❢♦r❝❡ ❛✈❡❝ ❧❛q✉❡❧❧❡ ❧❛ ♣♦✐♥t❡ ✧❛♣♣✉✐❡✧ s✉r ❧❛ s✉r❢❛❝❡✳ ◆♦✉s ✉t✐❧✐s♦♥s
❝❡ ♠♦❞❡ ❛✜♥ ❞❡ ❞é♣❧❛❝❡r ❧❡s ♠♦❧é❝✉❧❡s s✉r ❧❛ s✉r❢❛❝❡ ❞✉ ❣r❛♣❤è♥❡ à ❧✬❛✐❞❡ ❞❡ ❧❛ ♣♦✐♥t❡✳ ❈❡tt❡
♠❛♥✐♣✉❧❛t✐♦♥ ❡st ✐❧❧✉stré❡ à ❧❛ ✜❣✉r❡ ✹✳✻✭❛✮ ♦ù ✉♥❡ t♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼✭♠♦❞❡ t❛♣♣✐♥❣✮ ré✈è❧❡
❧❛ ③♦♥❡ ❜❛❧❛②é❡ ❡♥ ♠♦❞❡ ❝♦♥t❛❝t✳ ❖♥ ✈♦✐t s✉r ❝❡tt❡ ✐♠❛❣❡ q✉❡ ❧❛ ③♦♥❡ ❜❛❧❛②é❡ ✭3µ♠✯3µ♠✮ ❡st
très ♣r♦♣r❡ r❡❧❛t✐✈❡♠❡♥t ❛✉ r❡st❡ ❞❡ ❧✬✐♠❛❣❡✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡s ♦❜❥❡ts ❜❛❧❛②és ❢♦r♠❡♥t ♠❛✐♥t❡♥❛♥t
✉♥ ❛♠♦♥❝❡❧❧❡♠❡♥t s✉r ❧❡s ❜♦r❞s ❞❡ ❝❡tt❡ ③♦♥❡✳ ▲❛ ❝❛rt❡ ❞✬✐♥t❡♥s✐té ❘❛♠❛♥ r❡❧❛t✐✈❡ à ❧❛ ❜❛♥❞❡ ▼



✼✻ ❈❤❛♣✐tr❡ ✹✳ ▼✐s❡ ❡♥ ÷✉✈r❡ ❡①♣ér✐♠❡♥t❛❧❡

5

0

5

0

20 nm 20 nm

200 cts 200 cts
(a) (b)

(c) (d)

❋✐❣✉r❡ ✹✳✺ ✕●r❡✛❛❣❡ ❞❡ ❚❜P❝2 s✉r ❣r❛♣❤è♥❡✳ ✭❛✮ ❈❛rt♦❣r❛♣❤✐❡ ❞❡ ❧✬✐♥t❡♥s✐té ❘❛♠❛♥ s♣❛t✐❛❧❡♠❡♥t
rés♦❧✉❡ ❞✬✉♥ ❢❡✉✐❧❧❡t ❞❡ ❣r❛♣❤è♥❡ ❛✈❛♥t ❞é♣ôt ❞❡ ♠♦❧é❝✉❧❡s✳ ▲❛ ❝♦✉❧❡✉r ❞❡ ❝❤❛q✉❡ ♣✐①❡❧ ❝♦rr❡s♣♦♥❞ à
❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ❜❛♥❞❡ ● ❡♥ ❝❡ ♣♦✐♥t✳ ▲❡s ③♦♥❡s ❥❛✉♥❡s ❝♦rr❡s♣♦♥❞❡♥t ❞♦♥❝ ❛✉ ❣r❛♣❤è♥❡ ❡t ❧❡s ③♦♥❡s
♥♦✐r❡s à ❧❛ s✐❧✐❝❡✳ ✭❜✮ ❈❛rt♦❣r❛♣❤✐❡ ❘❛♠❛♥ ❞✉ ♠♦❞❡ M ❞❡ ❚❜P❝∗2 ❞❛♥s ❧❛ ♠ê♠❡ ③♦♥❡ q✉❡ ♣♦✉r ✭❛✮
❛♣rès ❞é♣ôt✳✭❝✮ ❚♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼ ❞✉ ❢❡✉✐❧❧❡t ❞❡ ❣r❛♣❤è♥❡ ❛✈❛♥t ❞é♣ôt✱ ✉♥❡ ❝♦✉♣❡ tr❛♥s✈❡rs❡ ❡st
ré❛❧✐sé❡✱ ♠♦♥tr❛♥t ✉♥❡ r✉❣♦s✐té ❞❡ s✉r❢❛❝❡ ❢❛✐❜❧❡✳ ✭❞✮ ❚♦♣♦❣r❛♣❤✐❡ ♣❛r ❆❋▼ ❞✉ ♠ê♠❡ ❢❡✉✐❧❧❡t ❛♣rès
❞é♣ôt✳ ▲❛ ❝♦✉♣❡ tr❛♥s✈❡rs❡ ♠♦♥tr❡ ♠❛✐♥t❡♥❛♥t ❧❛ ♣rés❡♥❝❡ ❞✬♦❜❥❡ts ❞❡ t❛✐❧❧❡ ❝♦♠♣r✐s❡ ❡♥tr❡ ✶ ❡t ✷ ♥♠✳
▲❡s ❜❛rr❡s ❞✬é❝❤❡❧❧❡ ❝♦rr❡s♣♦♥❞❡♥t à ✸µm.

❞❡ ❚❜P❝∗2 s✉r ❝❡ ♠ê♠❡ ❡♥❞r♦✐t✱ ✈♦✐r ✜❣✉r❡ ✹✳✻✭❜✮✱ ✐♥❞✐q✉❡ q✉❡ ❝❡ s♦♥t ❜✐❡♥ ❞❡s ♠♦❧é❝✉❧❡s q✉✐ ♦♥t
été ❜❛❧❛②é❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ✜❣✉r❡s ✹✳✻✭❞✮ ❡t ✭❡✮ ❞é♠♦♥tr❡♥t ❧❛ ♣rés❡♥❝❡ ❞❡ ♠♦❧é❝✉❧❡s ❛✉ ❝❡♥tr❡
❞❡ ❝❡tt❡ ③♦♥❡ ❛❧♦rs q✉❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ ♥✬✐♥❞✐q✉❡ r✐❡♥ ❞❡ t❡❧✳ ▲✬❛♠♣❧✐✜❝❛t✐♦♥ ❞✉ s✐❣♥❛❧ ❘❛♠❛♥
♣❛r ❧❡ ❣r❛♣❤è♥❡ ❡st ❞♦♥❝ ✉♥ ❡✛❡t s✉✣s❛♠♠❡♥t ♣✉✐ss❛♥t ♣♦✉r ré✈é❧❡r ❧❛ ♣rés❡♥❝❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡
❧à ♦✉ ❡❧❧❡ ❡st ✐♥❞ét❡❝t❛❜❧❡ ♣❛r ❆❋▼✳ ❯♥❡ ❛✉tr❡ ✐♥❢♦r♠❛t✐♦♥ ♥♦✉s ❡st ♦✛❡rt❡ ♣❛r ❧❡s ✜❣✉r❡s ✹✳✻✭❞✮
❡t ✭❡✮ ✿ ❧❡ s✐❣♥❛❧ ❘❛♠❛♥ ♥✬é✈♦❧✉❡ ♣❛s ❞❡ ♠❛♥✐èr❡ ❧✐♥é❛✐r❡ ❛✈❡❝ ❧❛ q✉❛♥t✐té ❞❡ ♠♦❧é❝✉❧❡s ✿ ❛❧♦rs
q✉❡ s✉r ❧❡s ❜♦r❞s✱ ❧❡✉r ❞❡♥s✐té ❡st très ✐♠♣♦rt❛♥t❡✱ ❧❡ s✐❣♥❛❧ ❘❛♠❛♥ ♥✬❛ q✉❡ très ♣❡✉ é✈♦❧✉é ❡♥
❝♦♠♣❛r❛✐s♦♥ ❛✉① ③♦♥❡s ♥♦♥✲❜❛❧❛②é❡s✳ ❖♥ ❝♦♥❝❧✉t q✉❡ s❡✉❧s ❧❡s ♦❜❥❡ts ❡♥ ❝♦♥t❛❝t ❞✐r❡❝t ❛✈❡❝ ❧❡
❣r❛♣❤è♥❡ ✭❧❛ ♣r❡♠✐èr❡ ❝♦✉❝❤❡ ❞❡ ♠♦❧é❝✉❧❡✮ ♣r♦✜t❡♥t ❞✉ ♣❤é♥♦♠è♥❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ❞✉ s✐❣♥❛❧
❘❛♠❛♥✳

❚r❛♥s❢❡rt ❞❡ ❝❤❛r❣❡ ❡♥tr❡ ❚❜P❝∗
2 ❡t ❣r❛♣❤è♥❡

❖♥ s✬✐♥tér❡ss❡ ♠❛✐♥t❡♥❛♥t à ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✐q✉❡ q✉✐ s❡ ♣r♦❞✉✐t ❡♥tr❡ ❧❡s ♠♦❧é❝✉❧❡s ❡t ❧❡
❣r❛♣❤è♥❡✳ ❉❛♥s ❝❡ ❜✉t✱ ♦♥ ❢❛❜r✐q✉❡ ✉♥ tr❛♥s✐st♦r à ❡✛❡t ❞❡ ❝❤❛♠♣ ❞♦♥t ❧❡ ❝❛♥❛❧ ❞❡ ❝♦♥❞✉❝t✐♦♥
❡st ❢♦r♠é ❞❡ ❣r❛♣❤è♥❡ ✿ ♦♥ ❞é♣♦s❡ ❞❡s ❝♦♥t❛❝ts s✉r ✉♥ ❢❡✉✐❧❧❡t ❞❡ ❣r❛♣❤è♥❡ ❧✉✐✲♠ê♠❡ ❡①❢♦❧✐é s✉r
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❋✐❣✉r❡ ✹✳✻ ✕ ❊st✐♠❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♠♦❧é❝✉❧❡s ❞é♣♦sé❡s✳ ✭❛✮ ❚♦♣♦❣r❛♣❤✐❡ ❆❋▼ ❞❡ ❧❛
s✉r❢❛❝❡ ❞✬✉♥ ❢❡✉✐❧❧❡t ❞❡ ❣r❛♣❤è♥❡ ❢♦♥❝t✐♦♥♥❛❧✐sé ♣❛r ❚❜P❝∗2✳ ❯♥❡ ③♦♥❡ ❞❡ 3µ♠✯3µ♠ ❛ été ♥❡tt♦②é❡ ❞❡s
♠♦❧é❝✉❧❡s ❣râ❝❡ ❛✉ ♠♦❞❡ ❝♦♥t❛❝t ❞❡ ❧✬❆❋▼✳ ▲❛ ❜❛rr❡ ❞✬é❝❤❡❧❧❡ ❝♦rr❡s♣♦♥❞ à 2µ♠✳ ✭❜✮ ❈❛rt♦❣r❛♣❤✐❡
❞✬✐♥t❡♥s✐té ❘❛♠❛♥ ❞❡ ❧❛ ❜❛♥❞❡M ❞❡ ❧❛ ③♦♥❡ t♦♣♦❣r❛♣❤✐é❡ ❡♥ ✭❛✮✳ ▲❛ ❜❛rr❡ ❞✬é❝❤❡❧❧❡ ❝♦rr❡s♣♦♥❞ à 2µm✳
✭❝✮ Pr♦✜❧ ❆❋▼ tr❛♥s✈❡rs❡ r❡♣rés❡♥té ♣❛r ✉♥❡ ❧✐❣♥❡ ❜❧❡✉❡ ❡♥ ✭❛✮✳ ✭❞✮ ■♥t❡♥s✐té ❘❛♠❛♥ ❞❡ ❧❛ ❜❛♥❞❡ M
❧❡ ❧♦♥❣ ❞❡ ❧❛ ❧✐❣♥❡ ✈❡rt❡ r❡♣rés❡♥té❡ ❡♥ ✭❜✮✳ ✭❡✮ ❙♣❡❝tr❡s ❘❛♠❛♥ r❡❧❡✈és ❛✉① tr♦✐s ♣♦s✐t✐♦♥s s②♠❜♦❧✐sés
♣❛r ❞❡s ❝❡r❝❧❡s ❡♥ ✭❜✮✳ ❯♥ ❙♣❡❝tr❡ ❡st ♣r✐s à ❧✬❡①tér✐❡✉r ❞❡ ❧❛ ③♦♥❡ ❜❛❧❛②é❡✱ ✉♥ ❛✉tr❡ s✉r ❧❡s ❜♦r❞s ❡t ❧❡
❞❡r♥✐❡r ❛✉ ❝❡♥tr❡✳
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 Tension de grille arrière (V)

Pristine

10-8 mol.L-1

10-7 mol.L-1

10-6 mol.L-1

10-5 mol.L-1

10-4 mol.L-1

1.2

❋✐❣✉r❡ ✹✳✼ ✕ ❈♦♥❞✉❝t❛♥❝❡s ❞✬✉♥ ❢❡✉✐❧❧❡t ❞❡ ❣r❛♣❤è♥❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡
❛rr✐èr❡ ♣♦✉r ❞✐✛ér❡♥t❡s q✉❛♥t✐tés ❞❡ ♠♦❧é❝✉❧❡s ❧❡ r❡❝♦✉✈r❛♥t✳ P♦✉r ré❛❧✐s❡r ❝❡tt❡ ♠❡s✉r❡✱ ♦♥
✉t✐❧✐s❡ ✉♥❡ ♠ét❤♦❞❡ ❞❡ ❞ét❡❝t✐♦♥ s②♥❝❤r♦♥❡ ❛✈❡❝ ✉♥❡ ❛♠♣❧✐t✉❞❡ ❞❡ 100µ❱✳ ▲❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧é ♠❛rq✉❡
❧✬é✈♦❧✉t✐♦♥ ❞✉ ♣♦✐♥t ❞❡ ♥❡✉tr❛❧✐té ❞❡ ❝❤❛r❣❡ ♣♦✉r ❧❡s ❞✐✛ér❡♥t❡s ❝♦♥❝❡♥tr❛t✐♦♥s✳ ❯♥❡ ♣❤♦t♦❣r❛♣❤✐❡ ❞✉
❞✐s♣♦s✐t✐❢✱ ❛✐♥s✐ q✉✬✉♥❡ ❝❛rt♦❣r❛♣❤✐❡ ❘❛♠❛♥ ❞❡ ❧❛ ❜❛♥❞❡ ▼ s♦♥t ♣❧❛❝é❡s ❡♥ ✐♥s❡rt✳ ▲❡s ❜❛rr❡s ❞✬é❝❤❡❧❧❡s
❝♦rr❡s♣♦♥❞❡♥t à 1µ♠✳

✉♥ s✉❜str❛t ❝♦♠♣♦rt❛♥t ✉♥❡ ❣r✐❧❧❡ ❛rr✐èr❡ ✭s✐❧✐❝✐✉♠ ❞é❣é♥éré r❡❝♦✉✈❡rt ❞❡ s✐❧✐❝❡✮✳ ❈❡❝✐ ♣❡r♠❡t
❞❡ ♠❡s✉r❡r ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✉ s②stè♠❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❛♣♣❧✐q✉é❡ s✉r ❧❛ ❣r✐❧❧❡✳ ❈❡tt❡
♠❡s✉r❡ ❞♦♥♥❡ ❛❝❝ès ❛✉ ♣♦✐♥t ❞❡ ♥❡✉tr❛❧✐té ❞❡ ❝❤❛r❣❡✱ ❝✬❡st à ❞✐r❡ ❛✉ ♣♦✐♥t ♦ù ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡
❝réé ♣❛r ❧❛ ❣r✐❧❧❡ ❝♦♠♣❡♥s❡ ❡①❛❝t❡♠❡♥t ❧❡ ❞♦♣❛❣❡ ❞û ❛✉① ❛❞s♦r❜❛♥ts ♦✉ ❛✉ s✉❜str❛t✳ ▲❛ ❝♦✉r❜❡
♦r❛♥❣❡ ❞❡ ❧❛ ✜❣✉r❡ ✹✳✼ ✐❧❧✉str❡ ✉♥❡ t❡❧❧❡ ♠❡s✉r❡ s✉r ❧❡ ❣r❛♣❤è♥❡ ✿ ❧❡ ♠✐♥✐♠✉♠ s✐t✉é ❛✉① ❛❧❡♥t♦✉r
❞❡ ✸✵❱✱ ❝♦rr❡s♣♦♥❞ ❛✉ ♣♦✐♥t ❞❡ ♥❡✉tr❛❧✐té ❞❡ ❝❤❛r❣❡ s✐❣♥✐✜❛♥t q✉❡ ❧❡ ❣r❛♣❤è♥❡ ❡st ❞♦♣é ♣❛r ❞❡s
❛❝❝❡♣t❡✉rs ❞✬é❧❡❝tr♦♥s ✭❞♦♣é ♣✮✳ ❊♥s✉✐t❡✱ ♦♥ ♣r♦❝è❞❡ à ♣❧✉s✐❡✉rs ❞é♣ôts s✉❝❝❡ss✐❢s ❞❡ ♠♦❧é❝✉❧❡s
❚❜P❝∗2 ♣❛r ❝♦♥❝❡♥tr❛t✐♦♥s ❝r♦✐ss❛♥t❡s✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs ✉♥ ❞é♣❧❛❝❡♠❡♥t ❞✉ ♣♦✐♥t ❞❡ ♥❡✉tr❛❧✐té
✈❡rs ❞❡s t❡♥s✐♦♥s ♣❧✉s ❜❛ss❡✳ ❈❡❝✐ tr❛❞✉✐t ✉♥ tr❛♥s❢❡rt ❞✬é❧❡❝tr♦♥s ❞❡s ♠♦❧é❝✉❧❡s ✈❡rs ❧❡ ❣r❛♣❤è♥❡
✭❞♦♣❛❣❡ ♥✮✳ ❈❡ tr❛♥s❢❡rt ❞❡ ❝❤❛r❣❡ ❡st ❡st✐♠é à 10−4 é❧❡❝tr♦♥ ♣❛r ❛t♦♠❡ ❞❡ ❝❛r❜♦♥❡✱ ❧♦rsq✉❡ ❧❛
s✉r❢❛❝❡ ❞✉ ❣r❛♣❤è♥❡ ❡st ❝♦♠♣❧èt❡♠❡♥t r❡❝♦✉✈❡rt❡ ❞❡ ♠♦❧é❝✉❧❡s✳
❙✐ ❧✬♦♥ ❝♦♠♣❛r❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❛✈❡❝ ✉♥ ❞♦♣❛❣❡ ❞✉ ❣r❛♣❤è♥❡ ♣❛r ❞❡ ❧✬♦r ❬✽✼❪✱ ❧❛ q✉❛♥t✐té ❞❡ ❝❤❛r❣❡
tr❛♥s❢éré❡ ♥✬❡st ♣❛s ♥é❣❧✐❣❡❛❜❧❡✳ ◆é❛♥♠♦✐♥s✱ ❧❛ ♠♦❜✐❧✐té ❞✉ s②stè♠❡ ♥❡ s❡♠❜❧❡ ♣❛s êtr❡ ❛✛❡❝té❡
♣♦✉r ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s ✐♥❢ér✐❡✉r❡s à 10−6 ♠♦❧✳▲−1✱ ❝❡ q✉✐ ✐♥❞✐q✉❡ q✉❡ ❧❡s ♠♦❧é❝✉❧❡s ♥✬✐♥❞✉✐s❡♥t
♣❛s ❞❡ ❞és♦r❞r❡ ♥✐ ❞❡ ❞é❢❛✉ts ❞❛♥s ❧❡ ❣r❛♣❤è♥❡✳

❊♥ ❝♦♥❝❧✉s✐♦♥ ❞❡ ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ❛✈♦♥s ❞é♠♦♥tré ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❣r❡✛❡r ❧❡s ❛✐♠❛♥ts ♠♦❧é❝✉✲



✹✳✷✳ ❈❤❛✐♥❡ ❞❡ ♠❡s✉r❡ ✼✾

❧❛✐r❡s ❚❜P❝2 s✉r ❞✉ ❣r❛♣❤è♥❡ ❀ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❡♥tr❡ ❧❡ ❣r❛♣❤è♥❡ ❡t ❧❡s ♠♦❧é❝✉❧❡s ❡st
s✉✣s❛♠♠❡♥t ❣r❛♥❞❡ ♣♦✉r êtr❡ ❞ét❡❝té❡ ♠❛✐s r❡st❡ ❢❛✐❜❧❡ ❡t ♣rés❡r✈❡ ❧❡s ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt
❞✉ ❣r❛♣❤è♥❡✳ ◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❛ ♠ét❤♦❞❡ ♣rés❡♥té❡ ❛✉ ❝♦✉rs ❞❡ ❝❡ ❝❤❛♣✐tr❡ ♣♦✉r ❢♦♥❝t✐♦♥♥❛✲
❧✐s❡r ❧❡s ❞✐s♣♦s✐t✐❢s à ♥❛♥♦t✉❜❡ ✿ ♦♥ ❞é♣♦s❡ ✉♥❡ ❣♦✉tt❡ ❞❡ s♦❧✉t✐♦♥ à 10−8♠♦❧✳▲−1 ♣❡♥❞❛♥t ✶✺ s
♣✉✐s ❧✬♦♥ sè❝❤❡ s♦✉s ✉♥ ✢✉① ❞✬❛③♦t❡✳

✹✳✷ ❈❤❛✐♥❡ ❞❡ ♠❡s✉r❡

❏❡ ✈❛✐s ❞é❝r✐r❡ ❞❛♥s ❝❡tt❡ ♣❛rt✐❡ ❧❡s é❧é♠❡♥ts ❡ss❡♥t✐❡❧s q✉✐ ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ♠❡s✉r❡r ❧❡s
♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt ❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s à très ❜❛ss❡ t❡♠♣ér❛t✉r❡✳ ▲❡ ♣r❡♠✐❡r é❧é♠❡♥t ❡st ✉♥
❝r②♦st❛t à ❞✐❧✉t✐♦♥ q✉✐ ♣❡r♠❡t ❞✬❛✈♦✐r ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜❛s❡ ✐♥❢ér✐❡✉r❡ à 100♠❑✳ ▲❡ s❡❝♦♥❞
❡st ❧✬é❧❡❝tr♦♥✐q✉❡ ❞❡ ♠❡s✉r❡ q✉✐ ❡st ❝♦♥st✐t✉é❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✬✉♥ ♦r❞✐♥❛t❡✉r ❞❡ ❝♦♠♠❛♥❞❡✱
❞✬✉♥ ❜♦✐t✐❡r ❆❉✇✐♥ ❡t ❞✬✉♥ ❝♦♥✈❡rt✐ss❡✉r ❝♦✉r❛♥t✴t❡♥s✐♦♥✳

✹✳✷✳✶ ❈r②♦st❛t à ❞✐❧✉t✐♦♥

▲❛ ♣❤②s✐q✉❡ ❞❡ ♥♦tr❡ s②stè♠❡ ♠❡t ❡♥ ❥❡✉ ❞❡s é♥❡r❣✐❡s q✉✐ s♦♥t ❝♦♠♣❛r❛❜❧❡s ❛✉① t❡♠♣é✲
r❛t✉r❡s ❝r②♦❣é♥✐q✉❡s✳ P❛r ❡①❡♠♣❧❡✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s ♣rés❡♥t❡♥t ❞❡s
❛♥✐s♦tr♦♣✐❡s ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❦❡❧✈✐♥s✱ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ ❞❛♥s ❚❜P❝ 2 ❡st ❞❡ ❧✬♦r❞r❡
❞❡ 100♠❑ ♦✉ ❡♥❝♦r❡ q✉❡ ❧✬é♥❡r❣✐❡ ❞❡ ❝❤❛r❣❡ ♣❡✉t ❛tt❡✐♥❞r❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ❦❡❧✈✐♥s✳ ■❧ ❡st
❞♦♥❝ ♣r✐♠♦r❞✐❛❧ ❞❡ r❡❢r♦✐❞✐r ♥♦s é❝❤❛♥t✐❧❧♦♥s à ❧❛ t❡♠♣ér❛t✉r❡ ❧❛ ♣❧✉s ❜❛ss❡ ♣♦ss✐❜❧❡ ❛✜♥ ❞✬é❧✐✲
♠✐♥❡r ❧❡s ❡①❝✐t❛t✐♦♥s ❞✬♦r✐❣✐♥❡ t❤❡r♠✐q✉❡✳ P♦✉r ❝❡❧❛ ♥♦✉s ✉t✐❧✐s♦♥s ✉♥ ❝r②♦st❛t à ❞✐❧✉t✐♦♥ q✉✐
♣❡r♠❡t ❞✬♦❜t❡♥✐r ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜❛s❡ ✐♥❢ér✐❡✉r❡ à 100♠❑✳ ▲❡ ❝r②♦st❛t✱ ❛♣♣❡❧é ❛✉ss✐ ❞✐✲
❧✉❡tt❡✱ ♠❡s✉r❡ 38♠♠ ❞❡ ❞✐❛♠ètr❡ ❡t ❝♦♥t✐❡♥t très ♣❡✉ ❞❡ ♠❛ss❡ à r❡❢r♦✐❞✐r✳ ▼❛❧❣ré s❛ ❢❛✐❜❧❡
♣✉✐ss❛♥❝❡ ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ✭q✉❡❧q✉❡s µ❲ à 100♠❑✮✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ r❡❢r♦✐❞✐r ❧✬é❝❤❛♥t✐❧❧♦♥
❡♥ ❞❡ss♦✉s ❞❡ 100♠❑ ❡♥ ♠♦✐♥s ❞❡ ✸ ❤❡✉r❡s✱ ❝❡ q✉✐ ❡st ✉♥ ❛✈❛♥t❛❣❡ ❝❡rt❛✐♥ q✉❛♥❞ ♦♥ ❞♦✐t
♠❡s✉r❡r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬é❝❤❛♥t✐❧❧♦♥s✳
❯♥❡ ♣❤♦t♦❣r❛♣❤✐❡ ❞❡ ❧❛ ❞✐❧✉❡tt❡ ❡st ❢♦✉r♥✐❡ à ❧❛ ✜❣✉r❡ ✹✳✽✳ ▲❛ ❝❛♥♥❡✱ ✜❣✉r❡ ✹✳✽✭❜✮✱ ❝♦♥t✐❡♥t ❧❡
❝✐r❝✉✐t à ❞✐❧✉t✐♦♥✱ ✜❣✉r❡ ✹✳✽✭❝✮✳ ❊❧❧❡ ❡st r❡♠♣❧✐❡ ❞✬4❍❡✱ q✉✐ ❥♦✉❡ ❧❡ rô❧❡ ❞❡ ❣❛③ ❞✬é❝❤❛♥❣❡✱ ♣✉✐s
♣❧♦♥❣é❡ ❞❛♥s ✉♥ ❜❛✐♥ ❞✬❤é❧✐✉♠ ❧✐q✉✐❞❡ ❛✜♥ ❞❡ ❧❛ t❤❡r♠❛❧✐s❡r à 4❑✱ ✈♦✐r ✜❣✉r❡ ✹✳✽✭❛✮✳ ❈❡ ❣❛③
❞✬é❝❤❛♥❣❡ ❡st ❡♥s✉✐t❡ ♣♦♠♣é ❞❡ ♠❛♥✐èr❡ à ✐s♦❧❡r ❧❡ ❝✐r❝✉✐t ❞❡ ❞✐❧✉t✐♦♥ ❞✉ ❜❛✐♥ à 4❑✳
▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ ❝✐r❝✉✐t à ❞✐❧✉t✐♦♥ ❡st s❝❤é♠❛t✐sé à ❧❛ ✜❣✉r❡ ✹✳✾✳ ▲❡ ♠é❧❛♥❣❡
3❍❡✴4❍❡ ❡st ✐♥❥❡❝té ❞❛♥s ❧❡ ❝r②♦st❛t ❡t ❛tt❡✐♥t 4❑ ❧♦rsq✉✬✐❧ ♣❛r❝♦✉rt ❧❡s ♣❛rt✐❡s s✉♣ér✐❡✉r❡s
❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❡ ❜❛✐♥ ❞✬4❍❡✳ ■❧ ❡st ❡♥s✉✐t❡ r❡❢r♦✐❞✐ à 3❑ ❣râ❝❡ ❛✉① é❝❤❛♥❣❡s ❡♥tr❡ ❧❡ ❝✐r❝✉✐t
❞✬✐♥❥❡❝t✐♦♥ ❡t ❧❡s ✈❛♣❡✉rs ❞✉ ❜♦✉✐❧❧❡✉r✳ ▲✬✐♠♣é❞❛♥❝❡ ♣r✐♥❝✐♣❛❧❡ ❩✶ ❧✉✐ ❢❛✐t s✉❜✐r ✉♥❡ ❞ét❡♥t❡ q✉✐
❧❡ r❡❢r♦✐❞✐t ❛✉① ❛❧❡♥t♦✉rs ❞❡ 1.8❑✳ ▲❡ ❝✐r❝✉✐t ❞✬✐♥❥❡❝t✐♦♥ r❡♥tr❡ ❞❡ ♥♦✉✈❡❛✉ ❞❛♥s ❧❡ ❜♦✉✐❧❧❡✉r ♦ù
✐❧ ❡st✱ ❝❡tt❡ ❢♦✐s✱ ❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❡ ❧✐q✉✐❞❡✱ ❧❡ ♠é❧❛♥❣❡ ❛tt❡✐♥t 0.8❑ ❡t ❝♦♥t✐♥✉❡ ❞❡ r❡❢r♦✐❞✐r ❞❛♥s
❧✬✐♠♣é❞❛♥❝❡ ❩✷ ❡t ❞❛♥s ❧✬é❝❤❛♥❣❡✉r ❝♦♥t✐♥✉✱ ❡♥ s♦rt✐❡ ❞✉q✉❡❧ ♦♥ tr♦✉✈❡ ❧❛ ❜♦ît❡ à ♠é❧❛♥❣❡✳ ❊♥
❞❡ss♦✉s ❞❡ 0.8❑✱ ❝❡tt❡ ❜♦ît❡ ❝♦♥t✐❡♥t ❞❡✉① ♣❤❛s❡s 3❍❡✴4❍❡✳ ▲✬✉♥❡ ❡st r✐❝❤❡ ✭♣❤❛s❡ s✉♣ér✐❡✉r❡✮
❡t ❧✬❛✉tr❡ ♣❛✉✈r❡ ✭♣❤❛s❡ ✐♥❢ér✐❡✉r❡✮ ❡♥ 3❍❡✳ ▲❡ ❜♦✉✐❧❧❡✉r ❛♣♣❛✉✈r✐t ❧❛ ♣❤❛s❡ ✐♥❢ér✐❡✉r❡ ❡t ❧❛



✽✵ ❈❤❛♣✐tr❡ ✹✳ ▼✐s❡ ❡♥ ÷✉✈r❡ ❡①♣ér✐♠❡♥t❛❧❡

A B C D E

(a) (b)

(c)

❋✐❣✉r❡ ✹✳✽ ✕ ▲❡ ❝r②♦st❛t à ❞✐❧✉t✐♦♥✳ ✭❛✮ ❱✉ ❞✬❡♥s❡♠❜❧❡ ❞✉ ❝r②♦st❛t✳ ▲❛ ❝❛♥♥❡ ❝♦♥t❡♥❛♥t ❧❡ ❝✐r❝✉✐t à
❞✐❧✉t✐♦♥ ❡st ✐♥séré❡ ❞❛♥s ✉♥ ✈❛s❡ ❉❡✇❛r r❡♠♣❧✐ ❞✬❤é❧✐✉♠ ❧✐q✉✐❞❡ à 4K✳ ❖♥ ✈✐❡♥t ❡♥s✉✐t❡ ♣♦s✐t✐♦♥♥❡r ✉♥
❣r♦s t✉②❛✉ ♣♦✉r ♣❡r♠❡ttr❡ ✉♥❡ ❛s♣✐r❛t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❧✬3❍❡ q✉❡ ❧✬♦♥ ré✐♥❥❡❝t❡ à ❧✬❛✐❞❡ ❞✉ t✉②❛✉ s♦✉♣❧❡ ❞❡
❝♦✉❧❡✉r ♥♦✐r✳ ▲❡s ❜♦✐t✐❡rs ❜r❛♥❝❤és s✉r ❧❡ ❝r②♦st❛t s♦♥t ❧❡s ❝♦♥♥❡❝t❡✉rs ❇◆❈ q✉✐ ♣❡r♠❡tt❡♥t ❞✬❛❝❝é❞❡r
❛✉① é❝❤❛♥t✐❧❧♦♥s✳ ✭❜✮ ❝❛♥♥❡ ❞❡ ❞✐❧✉t✐♦♥ s♦rt✐❡ ❞✉ ❉❡✇❛r✳ ▲❡ s②stè♠❡ ❞❡ ❞✐❧✉t✐♦♥ s❡ tr♦✉✈❡ à ❧✬❡①tré♠✐té
❜❛ss❡ ❡t ❧❡ ❞♦✐❣t q✉✐ s✬② tr♦✉✈❡ s✬✐♥sèr❡ ❛✉ ♠✐❧✐❡✉ ❞❡s ❜♦❜✐♥❡s s✐t✉é❡s ❞❛♥s ❧❡ ❜❛✐♥ ❞✬❤é❧✐✉♠ ❧✐q✉✐❞❡✳
✭❝✮ ❈✐r❝✉✐t ❞❡ ❞✐❧✉t✐♦♥✳ ▲❛ ♣❛rt✐❡ ❆ ❝♦rr❡s♣♦♥❞ ❛✉ ❜♦✉✐❧❧❡✉r✱ ❧❛ ❇ à ❧✬é❝❤❛♥❣❡✉r ❝♦♥t✐♥✉ q✉✐ ♣❡r♠❡t
❞❡ r❡❢r♦✐❞✐r à ❝♦♥tr❡ ✢✉① ❧❡ ♠é❧❛♥❣❡ ✐♥❥❡❝té ♣❛r ❧❡ ♠é❧❛♥❣❡ ❛s♣✐ré✱ ❧❛ ❉ r❛ss❡♠❜❧❡ ❧❛ t❤❡r♠♦♠étr✐❡ ❡t
❡♥✜♥✱ ❡♥ ❊✱ ❧❡ ♣♦rt❡✲é❝❤❛♥t✐❧❧♦♥✳



✹✳✷✳ ❈❤❛✐♥❡ ❞❡ ♠❡s✉r❡ ✽✶

bain d'He4

échantillon

Z1

Z2

pompage

d'3He
injection

d'3He

échangeur 

continu

distillateur 

ou bouilleur

boîte à 

mélange

phase riche

en 3He
phase pauvre

en 3He

vide

❋✐❣✉r❡ ✹✳✾ ✕ Pr✐♥❝✐♣❡ ❞✉ ❝r②♦st❛t à ❞✐❧✉t✐♦♥✳ ▲❡ ♠é❧❛♥❣❡ ❡st ❞✬❛❜♦r❞ ❡♥ ❝♦♥t❛❝t t❤❡r♠✐q✉❡ ❛✈❡❝
❧❛ ✈❛♣❡✉r ❞✉ ❜♦✉✐❧❧❡✉r ♦ù ✐❧ s❡ r❡❢r♦✐❞✐t à 3K✱ ❛♣rès ❧✬✐♠♣é❞❛♥❝❡ ♣r✐♥❝✐♣❛❧❡ ❩✶✱ ♦ù ✐❧ s✉❜✐t ✉♥❡ ❞ét❡♥t❡
❏♦✉❧❡✲❚❤♦♠s♦♥✱ ✐❧ ❛tt❡✐♥t 1.8❑✳ ■❧ s❡ ❧✐q✉é✜❡ ♣❡✉ à ♣❡✉ ❛✉t♦✉r ❞✬1❑ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦♥t❛❝t ❛✈❡❝ ❧❡
❧✐q✉✐❞❡ ❞✉ ❜♦✉✐❧❧❡✉r✳ ❊♥ ❡♥tré❡ ❞✬✐♠♣é❞❛♥❝❡ ❩✷✱ ❧❡ ♠é❧❛♥❣❡ ❛tt❡✐♥t 0.8❑ ❡t s✉❜✐t ✉♥❡ ♥♦✉✈❡❧❧❡ ❞ét❡♥t❡
❡♥ s♦rt✐❡ ❞❡ ❧✬✐♠♣é❞❛♥❝❡✳ ▲✬é❝❤❛♥❣❡✉r ❝♦♥t✐♥✉ ✈❛ ♣❡r♠❡ttr❡ ❞✬❛❜❛✐ss❡r ❡♥❝♦r❡ ❧❛ t❡♠♣ér❛t✉r❡ ❣râ❝❡ ❛✉
❧✐q✉✐❞❡ q✉✐ r❡♠♦♥t❡ à ❝♦♥tr❡ ✢✉① ✈❡rs ❧❡ ❜♦✉✐❧❧❡✉r✳ ❊♥✜♥✱ ✐❧ ❛rr✐✈❡ ❞❛♥s ❧❛ ❜♦ît❡ à ♠é❧❛♥❣❡✱ ♦ù ❧✬3❍❡
❞✐✛✉s❡ ❞❡ ❧❛ ♣❤❛s❡ r✐❝❤❡ ✈❡rs ❧❛ ♣❤❛s❡ ♣❛✉✈r❡✳ ❈❡❧❛ ♥é❝❡ss✐t❡ ❞❡ ❧❛ ❝❤❛❧❡✉r✱ ❝❡ q✉✐ ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡
✉♥ ❛❜❛✐ss❡♠❡♥t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ❜♦ît❡ à ♠é❧❛♥❣❡ q✉✐ ❡st ❡♥ ❝♦♥t❛❝t ❞✐r❡❝t ❛✈❡❝ ❧✬é❝❤❛♥t✐❧❧♦♥✳
▲✬3❍❡ ❞❡ ❧❛ ♣❤❛s❡ ♣❛✉✈r❡ ❞✐✛✉s❡ ✈❡rs ❧❡ ❜♦✉✐❧❧❡✉r ♦ù ✐❧ ❡st ❞✐st✐❧❧é ❡t ♣♦♠♣é ✈❡rs ❧✬❡①tér✐❡✉r ❛✈❛♥t ❞✬êtr❡
ré✐♥❥❡❝té✳



✽✷ ❈❤❛♣✐tr❡ ✹✳ ▼✐s❡ ❡♥ ÷✉✈r❡ ❡①♣ér✐♠❡♥t❛❧❡

❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ❡♥ 3❍❡ ❞❛♥s ❝❤❛❝✉♥❡ ❞❡s ♣❤❛s❡s ❢♦r❝❡ s❛ ❞✐✛✉s✐♦♥ ❞❡♣✉✐s ❧❛ ♣❤❛s❡
r✐❝❤❡ ✈❡rs ❧❛ ♣❤❛s❡ ♣❛✉✈r❡✳ ❈❡ ♣r♦❝❡ss✉s ♥é❝❡ss✐t❡ ❞❡ ❧❛ ❝❤❛❧❡✉r r❡❢r♦✐❞✐ss❛♥t ❛✐♥s✐ ❧❛ ❜♦✐t❡ à
♠é❧❛♥❣❡✳
▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❧❛ ♣❧❛❝❡ ❞✐s♣♦♥✐❜❧❡ ❛✉ ❝÷✉r ❞❡ ❝❡tt❡ ❞✐❧✉❡tt❡ ♥❡ ♥♦✉s ♣❡r♠❡t ♣❛s ❞❡ ♣♦s✐✲
t✐♦♥♥❡r ✉♥❡ q✉❛♥t✐té ✐♠♣♦rt❛♥t❡ ❞❡ ✜❧tr❡s ♣♦✉r ❛♠é❧✐♦r❡r ❧❛ q✉❛❧✐té ❞❡ ❧❛ ♠❡s✉r❡✳ ◆é❛♥♠♦✐♥s ♦♥
✉t✐❧✐s❡ ❞❡s ✜❧s ❞❡ ♠❡s✉r❡s ✭❈✉◆✐✮ ❞❛♥s ✉♥ ❝❛♣✐❧❧❛✐r❡ q✉✐ ✜❧tr❡ ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞✉ ❜r✉✐t ♣♦✉r
❛tt❡✐♥❞r❡ ✉♥❡ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ 150♠❑✳ ❈♦♠♠❡ ♥♦✉s ❧❡ ✈❡rr♦♥s ❛✉ ❝❤❛♣✐tr❡ ❝✐♥q ❡t
s✐①✱ ❧❡ s✐❣♥❛❧ à ♠❡s✉r❡r ❡st s✉✣s❛♠♠❡♥t ❢♦rt ♣♦✉r êtr❡ ❞ét❡❝té ♠❛❧❣ré ❝❡tt❡ r❡❧❛t✐✈❡♠❡♥t ❢♦rt❡
t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡✳

✹✳✷✳✷ ➱❧❡❝tr♦♥✐q✉❡ ❞❡ ♠❡s✉r❡

▲❛ ♠❡s✉r❡ t❡♠♣s ré❡❧

❖♥ s♦✉❤❛✐t❡ ré❛❧✐s❡r ❞❡s ♠❡s✉r❡s ❞❡ ❝♦♥❞✉❝t❛♥❝❡s à tr❛✈❡rs ♥♦tr❡ ♥❛♥♦t✉❜❡ ❢♦♥❝t✐♦♥♥❛❧✐sé
❡t r❡❢r♦✐❞✐ à très ❜❛ss❡ t❡♠♣ér❛t✉r❡✳ P♦✉r ❝❡❧❛ ♦♥ ré❛❧✐s❡ ✉♥ ♠♦♥t❛❣❡ ❡♥ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ t❡♥s✐♦♥
❝♦♠♠❡ s❝❤é♠❛t✐sé à ❧❛ ✜❣✉r❡ ✹✳✶✵✭❛✮✱ ❡t ❧✬♦♥ ✉t✐❧✐s❡ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ❞ét❡❝t✐♦♥ s②♥❝❤r♦♥❡ ♣♦✉r
❡①tr❛✐r❡ ❧❡ s✐❣♥❛❧ ❞✉ ❜r✉✐t✳ ❉❛♥s ❧❡ ♠ê♠❡ t❡♠♣s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣♦✉✈♦✐r ♠♦❞✐✜❡r ❞✐✛ér❡♥ts
♣❛r❛♠ètr❡s t❡❧s q✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♦✉ ❧❛ t❡♥s✐♦♥ ❛♣♣❧✐q✉é❡ à ❧❛ ❣r✐❧❧❡✳ ❊♥ ❣é♥ér❛❧✱ ❞✐✛é✲
r❡♥ts ❛♣♣❛r❡✐❧s s♦♥t ✉t✐❧✐sés ♣♦✉r ❞é❧✐✈r❡r t♦✉t❡s ❧❡s t❡♥s✐♦♥s ❝♦♥trô❧❛♥t ❝❤❛❝✉♥ ❞❡s ♣❛r❛♠ètr❡s✱
❡t ❝❡s ❛♣♣❛r❡✐❧s s♦♥t ❝♦♥trô❧és ♣❛r ✉♥ ♦r❞✐♥❛t❡✉r✳ ❖r ❧❡s s②stè♠❡s ❞✬❡①♣❧♦✐t❛t✐♦♥ q✉✐ ♣❡r♠❡tt❡♥t
❞❡ ❢❛✐r❡ ❢♦♥❝t✐♦♥♥❡r ❧❡s ♦r❞✐♥❛t❡✉rs s♦♥t ❞❡s ♦♣ér❛t❡✉rs q✉✐ ❣èr❡♥t ❧❡s ♥♦♠❜r❡✉s❡s tâ❝❤❡s à
❡✛❡❝t✉❡r ♣❛r ♦r❞r❡ ❞❡ ♣r✐♦r✐té✳ ❆✐♥s✐✱ ✉♥❡ tâ❝❤❡ ❞❡ ❢❛✐❜❧❡ ♣r✐♦r✐té ♣❡✉t ✈♦✐r s♦♥ ❡①é❝✉t✐♦♥ r❡✲
t❛r❞é❡ ❞❡ ♣❧✉s✐❡✉rs ♠✐❧❧✐s❡❝♦♥❞❡s ❛✉ ♣r♦✜t ❞❡ tâ❝❤❡s ❞❡ ❤❛✉t❡ ♣r✐♦r✐té✳ ❉❛♥s ❧❡ ♠ê♠❡ t❡♠♣s✱
♦♥ ♥❡ ♣❡✉t ♣❛s ❣❛r❛♥t✐r ❧✬❡①é❝✉t✐♦♥ ✐♠♠é❞✐❛t❡ ❞❡s tâ❝❤❡s ❞❡ ❤❛✉t❡ ♣r✐♦r✐té✳ ❆✐♥s✐✱ ❧❡ ❝♦♥trô❧❡
❞❡ ❞✐✈❡rs ♣❛r❛♠ètr❡s✱ t❡❧ q✉❡ ❧❛ t❡♥s✐♦♥ ❞❡ s♦rt✐❡ ❞✬✉♥ ❛♣♣❛r❡✐❧✱ ♥❡ ♣❡✉t s✬❡①é❝✉t❡r ❞❡ ❢❛ç♦♥
s②♥❝❤r♦♥❡✳ ❉❛♥s ♥♦tr❡ ❝❛s✱ ♥♦✉s ✉t✐❧✐s♦♥s ✉♥ s❡✉❧ ❛♣♣❛r❡✐❧ ✭♦✉ s②stè♠❡✮ ❞✬❛❝q✉✐s✐t✐♦♥ ❞❡ ❞♦♥♥é❡
♥♦♠♠é ❆❉✇✐♥✱ q✉✐ ♣♦ssè❞❡ ✽ s♦rt✐❡s ❡t ✽ ❡♥tré❡s ❛♥❛❧♦❣✐q✉❡s✱ ✈♦✐r ✜❣✉r❡ ✹✳✶✵✭❜✮ ❡t ✭❝✮✳ ▲❡s
s♦rt✐❡s ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ❝♦♥✈❡rt✐ss❡✉rs ♥✉♠ér✐q✉❡s✴❛♥❛❧♦❣✐q✉❡s ✭❈◆❆✮✳ ▲✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡
❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ s♦rt✐❡ ❡st ❡✛❡❝t✉é❡ s✉r ✉♥❡ ♣r♦❢♦♥❞❡✉r ❞❡ ✶✻ ❜✐ts s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ t❡♥s✐♦♥
❞❡ 20 ❱ ✭❞❡ −10 ❱ à +10 ❱✮✳ ▲❛ t❡♥s✐♦♥ ❞❡ s♦rt✐❡ ❡st ❞♦♥❝ ❞✐s❝rét✐sé❡ ♣❛r ♣❛s ❞❡ 0.3 ♠❱✳ ▲❡s
❡♥tré❡s s♦♥t ❝♦♠♣♦sé❡s ❞❡ ❝♦♥✈❡rt✐ss❡✉rs ❛♥❛❧♦❣✐q✉❡✴♥✉♠ér✐q✉❡ ✭❈❆◆✮ ❛②❛♥t ✉♥❡ ♣r♦❢♦♥❞❡✉r
❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡ ✶✽ ❜✐ts s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ 20 ❱✳ ▲❛ t❡♥s✐♦♥ ❞✬❡♥tré❡ ❡st ❞✐s❝rét✐sé❡ ♣❛r ♣❛s
❞❡ 0.08 ♠❱✳ ❈❡s ❡♥tré❡s ❡t s♦rt✐❡s s♦♥t ❞✐r❡❝t❡♠❡♥t r❡❧✐é❡s à ✉♥ ♣r♦❝❡ss❡✉r ✐♥t❡r♥❡ à ❧✬❆❉✇✐♥
♣❡r♠❡tt❛♥t ❞❡ ❣ér❡r ❧❡ ✢✉① ❞✬✐♥❢♦r♠❛t✐♦♥s à ✉♥❡ ❢réq✉❡♥❝❡ ❞❡ tr❛✈❛✐❧ ❞❡ ✶✵ ❦❍③✳ ▲✬✐♥térêt ❞❡
❧✬❆❉✇✐♥ ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s s②stè♠❡s ❞✬❛❝q✉✐s✐t✐♦♥ ❡st q✉❡ ❝❤❛q✉❡ tâ❝❤❡ ✭♦✉ ♣r♦❝❡ss✉s✮ ❡st
❡✛❡❝t✉é❡ ❛✈❡❝ ✉♥❡ ♣♦♥❝t✉❛❧✐té t❡♠♣♦r❡❧❧❡ ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ❞✐③❛✐♥❡ ❞❡ ♥❛♥♦s❡❝♦♥❞❡s✳ ▲✬❆❉✇✐♥
❡st ✉♥ ❛✉t♦♠❛t❡ q✉✐ s✬♦❝❝✉♣❡ q✉❡ ❞❡ ❣ér❡r ❧❡s t❡♥s✐♦♥s ❞❡ s♦rt✐❡s ❡t ❞❡ ♥✉♠ér✐s❡r ❧❡s t❡♥s✐♦♥s
❞✬❡♥tré❡✳ P♦✉r ✉♥ t❡❧ s②stè♠❡✱ ♦♥ ♣❡✉t ♣❛r❧❡r ❞❡ t❡♠♣s ré❡❧ ❝❛r ❧❡s ♣r♦❝❡ss✉s s♦♥t ❡✛❡❝t✉és ❛✈❡❝
✉♥❡ ❣r❛♥❞❡ r❛♣✐❞✐té ♣❛r r❛♣♣♦rt à ❧✬é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❞❡s ❡✛❡ts ♣❤②s✐q✉❡s ♠❡s✉rés✳
▲❛ s②♥❝❤r♦♥✐s❛t✐♦♥ ❡t ❧❛ r❛♣✐❞✐té ❞❡ ❧✬❆❉✇✐♥ ♣❡r♠❡tt❡♥t ❞❡ ❣é♥ér❡r ❞❡s s✐❣♥❛✉① ♣ér✐♦❞✐q✉❡s
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Vpolar

Nanotube

Ampli

courant

tension

Vmesuré

BUST11

CAN

CNA

O
rd
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at
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r

Liaison

Ethernet

Multi-Tâches

Expérience

Temps-réel

A B

C
D

A: module CAN 18 bits

B: module CNA 16 bits

C: liaison RJ45

D: point de masse 

(a)

(b)

(c)

❋✐❣✉r❡ ✹✳✶✵ ✕ ❈❤❛✐♥❡ ❞❡ ♠❡s✉r❡✳ ✭❛✮ ❙❝❤é♠❛ ❞❡ ♠❡s✉r❡ ❡♥ ♣♦❧❛r✐s❛t✐♦♥ t❡♥s✐♦♥✳ ❖♥ ❛♣♣❧✐q✉❡ ✉♥❡
t❡♥s✐♦♥ ❛✉① ❜♦r♥❡s ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ à ♣❛rt✐r ❞✬✉♥❡ s♦rt✐❡ ❞❡ ❧✬❆❞✇✐♥ ❡t ❞✬✉♥ ❞✐✈✐s❡✉r ❞❡ t❡♥s✐♦♥✱ ♣✉✐s ❧❡
❝♦✉r❛♥t q✉✐ tr❛✈❡rs❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ❝♦♥✈❡rt✐ ❡♥ t❡♥s✐♦♥ q✉✐ ❡st ❛❧♦rs ❛♣♣❧✐q✉é❡ à ✉♥❡ ❡♥tré❡ ❞❡ ❧✬❆❞✇✐♥✳
✭❜✮ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ❝❤❛✐♥❡ ❞❡ ♠❡s✉r❡✳ ▲✬♦r❞✐♥❛t❡✉r ♦✛r❡ ❧✬✐♥t❡r❢❛❝❡ ❣r❛♣❤✐q✉❡ ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛
♠❡s✉r❡ ❛✐♥s✐ q✉✬✉♥❡ ③♦♥❡ ❞❡ st♦❝❦❛❣❡ ❞❡s ❞♦♥♥é❡s✳ ■❧ ❡st r❡❧✐é ♣❛r ✉♥❡ ❝♦♥♥❡①✐♦♥ ❘❏✹✺ à ✉♥ ♣r♦❝❡ss❡✉r
❚✶✶ ❞❡ t②♣❡ ❉✐❣✐t❛❧ ❙✐❣♥❛❧ Pr♦❝❡ss♦r✱ ♦♣t✐♠✐sé ♣♦✉r ❧❡ tr❛✐t❡♠❡♥t ❞✉ s✐❣♥❛❧ ♥✉♠ér✐q✉❡ ❡t q✉✐ ❣❛r❛♥t✐t
❧❛ ❢♦♥❝t✐♦♥ t❡♠♣s ré❡❧✳ ■❧ r❡❞✐r✐❣❡ ❧❡s ♦r❞r❡s ✈❡rs ❧❡ ❈◆❆ q✉✐ ♣✐❧♦t❡ ❧✬❡①♣ér✐❡♥❝❡ ❡t ré❝✉♣èr❡ ❧❡s ❞♦♥♥é❡s
❞✉ ❈❆◆✳ ✭❝✮ P❤♦t♦❣r❛♣❤✐❡ ❞❡ ❧✬❆❞✇✐♥ ❛✈❡❝ ❧❡s ❞✐✛ér❡♥ts ♠♦❞✉❧❡s ✉t✐❧❡s✳ ▲❡ ♣♦✐♥t ❞❡ ♠❛ss❡ ♣❡r♠❡t ❞❡
❞é❝♦✉♣❧❡r ❧✬❆❞✇✐♥ ❞❡ ❧❛ ♠❛ss❡ ❞✉ s❡❝t❡✉r ❡t ❞❡ ❧❛ r❡❧✐❡r à ❝❡❧❧❡ ❞✉ ❝r②♦st❛t✳

❡t ♦✛r❡ ❞♦♥❝ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✉♥❡ ❞ét❡❝t✐♦♥ s②♥❝❤r♦♥❡ ♥✉♠ér✐q✉❡ s❛♥s ❧✬✐♥t❡r✈❡♥t✐♦♥ ❞✬❛✉tr❡
❛♣♣❛r❡✐❧✳

❯♥ ❛✉t♦♠❛t❡ ✐♥❞é♣❡♥❞❛♥t

▲❡ ♣r♦❝❡ss❡✉r ❞❡ ❧✬❆❉✇✐♥✱ ❛♣♣❡❧é ❚✶✶✱ ❡st ♣r♦❣r❛♠♠é ❞❡ ♠❛♥✐èr❡ à r❡❝❡✈♦✐r ✉♥❡ ❧✐st❡
❞✬♦r❞r❡s s✐♠♣❧❡s ❞❡♣✉✐s ✉♥ ♦r❞✐♥❛t❡✉r ❞❡ ❝♦♥trô❧❡ ❣râ❝❡ à ✉♥❡ ❝♦♥♥❡①✐♦♥ ❊t❤❡r♥❡t✳ ❙❛ ❝♦♥✜❣✉✲
r❛t✐♦♥ ❛ été ré❛❧✐sé❡ ♣❛r ❊✳ ❇♦♥❡t✱ ❘✳ P✐q✉❡r❡❧ ❡t ❈✳ ❚❤✐r✐♦♥ ❞❡ ❧✬■♥st✐t✉t ◆é❡❧✳
▲❛ ❧✐st❡ ❞✬♦r❞r❡s q✉❡ ♣❡✉t ✐♥t❡r♣rét❡r ❧❡ ❚✶✶ ♣r❡♥❞ ❧❛ ❢♦r♠❡ s✉✐✈❛♥t❡ ✿ ✉♥❡ ❡①♣ér✐❡♥❝❡ ❡st ❞é❝♦♠✲
♣♦sé❡ ❡♥ ♠♦✉✈❡♠❡♥ts ❞é❝r✐✈❛♥t ✉♥ ❞é♣❧❛❝❡♠❡♥t ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s t❡♥s✐♦♥s ❞❡ s♦rt✐❡s✳ ❈❤❛❝✉♥
❞❡ ❝❡s ♠♦✉✈❡♠❡♥ts ❞♦✐t ❝♦♥t❡♥✐r ❧❡ ♣♦✐♥t ❞✬❛rr✐✈é❡✱ ❧❛ ❞✉ré❡ ❞✬❡①é❝✉t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ❡t ❧❡s
❡♥tré❡s à r❡❧❡✈❡r ♣❡♥❞❛♥t ❝❡ t❡♠♣s✳
■♠❛❣✐♥♦♥s q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ ❜❛❧❛②❡r ❧❛ s♦rt✐❡ ❙✶ ❞❡ 0 ❱ à +1 ❱ ❡♥ ✶ s t♦✉t ❡♥ ♠❡s✉r❛♥t ❧✬❡♥tré❡
❊✶✱ ❢❛✐r❡ ✉♥❡ ♣❛✉s❡ ❞❡ ✶✵ s à +1 ❱ s❛♥s ♠❡s✉r❡r ❊✶ ❡t r❡✈❡♥✐r à −1 ❱ ❡♥ ♠❡s✉r❛♥t ❊✶✳ ❊♥
s✉♣♣♦s❛♥t ❙✶ ✐♥✐t✐❛❧❡♠❡♥t à 0 ❱✱ ❧❡ ❝❤❡♠✐♥ s✬é❝r✐r❛ ❛❧♦rs ✿
❝❤❡♠✐♥ ✿ ❬

④✧♠♦✉✈❡♠❡♥t✶✧



✽✹ ❈❤❛♣✐tr❡ ✹✳ ▼✐s❡ ❡♥ ÷✉✈r❡ ❡①♣ér✐♠❡♥t❛❧❡

ét❛t ✜♥❛❧ ✿ ❙✶❂✰✶
❞✉ré❡ ✿ ✶
♠❡s✉r❡r ✿ ❊✶
♦♣t✐♦♥ ✿ ❞ét❡❝t✐♦♥ s②♥❝❤r♦♥❡✱ ✜❧tr❡ ♥✉♠ér✐q✉❡
⑥✱
④✧♠♦✉✈❡♠❡♥t✷✧
ét❛t ✜♥❛❧ ✿ ❙✶❂✰✶
❞✉ré❡ ✿ ✶✵
♠❡s✉r❡r ✿ r✐❡♥
♦♣t✐♦♥ ✿ r✐❡♥
⑥✱
④✧♠♦✉✈❡♠❡♥t✸✧
ét❛t ✜♥❛❧ ✿ ❙✶❂✵
❞✉ré❡ ✿ ✶
♠❡s✉r❡r ✿ ❊✶
♦♣t✐♦♥ ✿ ❞ét❡❝t✐♦♥ s②♥❝❤r♦♥❡✱ ✜❧tr❡ ♥✉♠ér✐q✉❡
⑥

❪
❯♥❡ ❢♦✐s ❝❡ ❝❤❡♠✐♥ ❡♥✈♦②é à ❆❉✇✐♥✱ ❝❡❧✉✐✲❝✐ ❢♦♥❝t✐♦♥♥❡ ❞❡ ♠❛♥✐èr❡ ✐♥❞é♣❡♥❞❛♥t❡ ❥✉sq✉✬à

❝❡ q✉❡ t♦✉s ❧❡s ♠♦✉✈❡♠❡♥ts ❞❡ ❧❛ ❧✐st❡ ❛✐❡♥t été ❛❝❝♦♠♣❧✐s✳ P✉✐s✱ ✐❧ ❛tt❡♥❞ ❥✉sq✉✬à ❝❡ q✉✬✉♥
♥♦✉✈❡❛✉ ❝❤❡♠✐♥ ❧✉✐ s♦✐t tr❛♥s♠✐s✳

◆❛♥♦◗t

❆✜♥ ❞❡ ♣♦✉✈♦✐r ❝♦♠♠✉♥✐q✉❡r ❛✈❡❝ ❧✬❆❉✇✐♥ ♣♦✉r ❧✉✐ ❡♥✈♦②❡r ❞❡s ♦r❞r❡s ♦✉ ré❝✉♣ér❡r ❞❡s
❞♦♥♥é❡s✱ ❊✳ ❇♦♥❡t✱ ❘✳ P✐q✉❡r❡❧ ❡t ❈✳ ❚❤✐r✐♦♥ ♦♥t ❝♦♥ç✉ ✉♥❡ ✐♥t❡r❢❛❝❡ ❛♣♣❡❧é❡ ◆❛♥♦◗t✳ ❊❧❧❡ ❡st
❝♦❞é❡ ❡♥ ❈✰✰ ❡t ✉t✐❧✐s❡ ❧❛ ❜✐❜❧✐♦t❤èq✉❡ ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❡ ❧✬❆❉✇✐♥ ❛✐♥s✐ q✉✬✉♥❡ ❧✐❜r❛✐r✐❡
❣r❛♣❤✐q✉❡ ◗t ♣❡r♠❡tt❛♥t ❞❡ tr❛❝❡r ❧❡s ❞♦♥♥é❡s ♠❡s✉ré❡s✳ ❉❡ ♣❧✉s✱ ❡❧❧❡ ❝♦♥t✐❡♥t ✉♥ ✐♥t❡r♣rét❡✉r
❛✜♥ ❞❡ tr❛❞✉✐r❡ ❧❡s ❝❤❡♠✐♥s é❝r✐ts ❡♥ ❏❛✈❛s❝r✐♣t✱ ❡♥ ❧❛♥❣❛❣❡ ❈✰✰✳ ❈❡tt❡ ✐♥t❡r❢❛❝❡ ❞❡ s❝r✐♣t
❡st ❞✬✉♥❡ q✉❛❧✐té t♦✉t à ❢❛✐t ❝♦♠♣❛r❛❜❧❡ à ❞❡s s♦❧✉t✐♦♥s ❝♦♠♠❡r❝✐❛❧❡s t❡❧❧❡s q✉❡ ▲❛❜✈✐❡✇ ♦✉
▲❛❜❲✐♥❞♦✇s✳ ❊❧❧❡ ♣❡r♠❡t ❡♥ ♦✉tr❡ ❞❡ tr❛❝❡r ❡t ❞✬❛♥❛❧②s❡r ❧❡s ❞♦♥♥é❡s ❡♥ t❡♠♣s ré❡❧✱ ❞❡ ♠❛♥✐èr❡
très ❝♦♥✈✐✈✐❛❧❡ ❡t ❧❡s ❞✐✛ér❡♥ts ❢♦r♠❛ts ❞❡ s❛✉✈❡❣❛r❞❡ ♣r♦♣♦sés s♦♥t ❡①♣❧♦✐t❛❜❧❡s ♣❛r t♦✉s t②♣❡s
❞❡ ❧♦❣✐❝✐❡❧ ❞❡ tr❛✐t❡♠❡♥t ❞❡ ❞♦♥♥é❡s✳



❈❤❛♣✐tr❡ ✺

❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

❆✜♥ ❞✬✐♥tr♦❞✉✐r❡ ❧❡s rés✉❧t❛ts ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ❥❡ s♦✉❤❛✐t❡ r❛♣♣❡❧❡r ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞❡ ❝❡tt❡
t❤ès❡ ✿ ♣♦✉✈♦♥s✲♥♦✉s ❞ét❡❝t❡r ❧❡ r❡t♦✉r♥❡♠❡♥t ❞✉ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ❞✬✉♥ ❛t♦♠❡ ✉♥✐q✉❡
❡♥r♦❜é ❛✉ s❡✐♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❡t ♣♦✉✈♦♥s✲♥♦✉s ❡①♣❧♦✐t❡r ❝❡ r❡t♦✉r♥❡♠❡♥t ♣♦✉r é❧❛❜♦r❡r ❞❡
♥♦✉✈❡❛✉① ❞✐s♣♦s✐t✐❢s ♣♦✉r ❧❛ s♣✐♥tr♦♥✐q✉❡ ♦✉ ❧✬✐♥❢♦r♠❛t✐♦♥ q✉❛♥t✐q✉❡ ❄
P♦✉r ré♣♦♥❞r❡ à ❝❡tt❡ q✉❡st✐♦♥✱ ♥♦✉s ❛✈♦♥s s✉✐✈✐ ✉♥❡ ❛♣♣r♦❝❤❡ ♣❤é♥♦♠é♥♦❧♦❣✐q✉❡ ❞é❝♦✉❧❛♥t
❞❛✈❛♥t❛❣❡ ❞✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬✐♥t✉✐t✐♦♥s q✉❡ ❞❡ ♣ré❞✐❝t✐♦♥s t❤é♦r✐q✉❡s✳ ◆♦✉s ❛✈♦♥s ❛❧♦rs
♠é❧❛♥❣é ❧❡s ❞❡✉① ♣r✐♥❝✐♣❛✉① ✐♥❣ré❞✐❡♥ts q✉❡ s♦♥t ❧❡ ♥❛♥♦t✉❜❡ ❡t ❧❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s ❛✜♥
❞❡ ❝ré❡r ✉♥ ♥♦✉✈❡❛✉ ❞✐s♣♦s✐t✐❢ ♠és♦s❝♦♣✐q✉❡ ❞♦♥t ❧❡s ♣r♦♣r✐étés ❞❡ tr❛♥s♣♦rt s♦♥t ❣♦✉✈❡r♥é❡s
♣❛r ❧❡s ♠♦♠❡♥ts ♠❛❣♥ét✐q✉❡s ❞❡s ♠♦❧é❝✉❧❡s✳ ▲✬✐♥♥♦✈❛t✐♦♥ ♥❡ rés✐❞❡ ♣❛s ❞❛♥s ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s
♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡ ♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡ s♣✐♥tr♦♥✐q✉❡ ♠❛✐s ❞❛♥s ❧❡ r❡♠♣❧❛❝❡♠❡♥t ❞❡s
❝♦♠♣♦s❛♥ts ♠❛❣♥ét✐q✉❡s ✧❝❧❛ss✐q✉❡s✧ ♣❛r ❞❡s ❛✐♠❛♥ts ❛✉ ❝♦♠♣♦rt❡♠❡♥t q✉❛♥t✐q✉❡✳
▲✬❡ss❡♥t✐❡❧ ❞❡ ❝❡ ❝❤❛♣✐tr❡ s❡r❛ ❝♦♥s❛❝ré à ❧✬ét✉❞❡ ❞✉ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ♥❛♥♦t✉❜❡✲❚❜P❝ ∗

2 ❛✐♥s✐
❝réé✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ♠♦♥tr❡r♦♥s ❡♥ q✉♦✐ ❧❡ ♥❛♥♦t✉❜❡ ❡st ✉♥ ❜♦♥ ❝❤♦✐① ❞❡ ❝❛♥❛❧
❞❡ ❝♦♥❞✉❝t✐♦♥ ❞❡ s♣✐♥✱ ❡♥ s✬❛♣♣✉②❛♥t s✉r q✉❡❧q✉❡s ❡①❡♠♣❧❡s ❞✬✉t✐❧✐s❛t✐♦♥ ❡♥ s♣✐♥tr♦♥✐q✉❡ ❀ ♥♦✉s
♣rés❡♥t❡r♦♥s ❡♥s✉✐t❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ tr❛♥s♣♦rt à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❞❡ ♥♦tr❡ ❞✐s♣♦s✐t✐❢✳
◆♦✉s ✈❡rr♦♥s ❛❧♦rs s✬✐❧ ❡st ♣♦ss✐❜❧❡✱ ♣❛r ❞❡s ♠❡s✉r❡s ❞❡ tr❛♥s♣♦rt✱ ❞✬♦❜s❡r✈❡r ❧❡s s✐❣♥❛t✉r❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❚❜P❝2✳

✺✳✶ ▲❡s ♥❛♥♦t✉❜❡s ❡♥ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡

❆✉✲❞❡❧à ❞✉ ❢❛✐t q✉❡ ❧❡✉r ❞✐❛♠ètr❡ ❡st ❝♦♠♣❛r❛❜❧❡ ❛✉① ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✱ ❢❛✈♦r✐s❛♥t ❛✐♥s✐
❧❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❝❡s ♦❜❥❡ts✱ ❧❡s ♥❛♥♦t✉❜❡s ♣♦ssè❞❡♥t ✉♥ très ❢♦rt ♣♦t❡♥t✐❡❧ ♣♦✉r ❧❡ tr❛♥s♣♦rt ❞❡
s♣✐♥✳ ❆✐♥s✐✱ ❆✳ ❋❡rt ❞❛♥s s❛ ◆♦❜❡❧ ▲❡❝t✉r❡ ❬✽✽❪✱ t❤❡ ♦r✐❣✐♥✱ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ❢✉t✉r❡ ♦❢ s♣✐♥tr♦♥✐❝s✱
❞é❝❧❛r❛✐t ✿ ✧❆ r❡❝❡♥t❧② ❡♠❡r❣✐♥❣ ❞✐r❡❝t✐♦♥ ✐s s♣✐♥tr♦♥✐❝s ✇✐t❤ ♠♦❧❡❝✉❧❡s✳ ❱❡r② ❧❛r❣❡ ●▼❘✲ ♦r

❚▼❘✲❧✐❦❡ ❡✛❡❝ts ❛r❡ ♣r❡❞✐❝t❡❞ ❜② t❤❡ t❤❡♦r②✱ ❡s♣❡❝✐❛❧❧② ❢♦r ❝❛r❜♦♥ ❜❛s❡❞ ♠♦❧❡❝✉❧❡s ❬✳✳✳❪✧ ✳ ❯♥
❣r❛♥❞ ♥♦♠❜r❡ ❞❡ tr❛✈❛✉① ❛ ❞é♠♦♥tré ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✐♥té❣r❡r ❞❡s ♥❛♥♦t✉❜❡s ❞❡ ❝❛r❜♦♥❡ ❞❛♥s
❞❡s ❞✐s♣♦s✐t✐❢s ❞❡ s♣✐♥tr♦♥✐q✉❡ t❡❧s q✉❡ ❞❡s ✈❛♥♥❡s ❞❡ s♣✐♥ ❬✽✾✱ ✾✵✱ ✾✶✱ ✾✷✱ ✾✸✱ ✾✹❪✳ ❏❡ ♣rés❡♥t❡r❛✐
❞♦♥❝ ❞❛♥s ❝❡tt❡ ♣❛rt✐❡ ❞❡✉① ❛♣♣r♦❝❤❡s ❞✐✛ér❡♥t❡s ✿ ❧✬✉♥❡ ❝♦♥s✐st❡ à ❝♦♥t❛❝t❡r ❧❡s ♥❛♥♦t✉❜❡s ❛✈❡❝
❞❡s é❧❡❝tr♦❞❡s ❢❡rr♦♠❛❣♥ét✐q✉❡s ❡t ❧✬❛✉tr❡ à ✐♥sér❡r ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ♠❛❣♥ét✐q✉❡s ❡♥ ❧❡✉r s❡✐♥✳



✽✻ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

✺✳✶✳✶ ◆❛♥♦t✉❜❡ ❝♦♥t❛❝té ♣❛r ❞❡s é❧❡❝tr♦❞❡s ❢❡rr♦♠❛❣♥ét✐q✉❡s

▲❡ ❝❤♦✐① ❞❡s ♠❛tér✐❛✉① ♣♦✉r ❧❡s é❧❡❝tr♦❞❡s ❡♥ ✈✉❡ ❞❡ ré❛❧✐s❡r ❞❡s ❝♦♥t❛❝ts ❢❡rr♦♠❛❣♥ét✐q✉❡s
r❡st❡ ✉♥ ♣r♦❜❧è♠❡ ♣r✐♥❝✐♣❛❧✳ ❖♥ ❛ ✈✉ à ❧❛ s❡❝t✐♦♥ ✷✳✷✳✷ q✉❡ ❧❡s ❜❛rr✐èr❡s ❙❝❤♦tt❦② ❛✉① ✐♥t❡r❢❛❝❡s
❞é♣❡♥❞❡♥t ❞✉ tr❛✈❛✐❧ ❞❡ s♦rt✐❡ ❞✉ ♥❛♥♦t✉❜❡ ❡t ❞✉ ♠ét❛❧✳ ❖r✱ s✐ ❧❡ ♣❛❧❧❛❞✐✉♠ ❡st ❧✬é❧é♠❡♥t ❛❞éq✉❛t
♣♦✉r ❞❡s ❝♦♥t❛❝ts tr❛♥s♣❛r❡♥ts✱ ❧❛ ♣❧✉♣❛rt ❞❡s é❧é♠❡♥ts ❢❡rr♦♠❛❣♥ét✐q✉❡s ♣♦ssè❞❡♥t ✉♥ tr❛✈❛✐❧
❞❡ s♦rt✐❡ ♣❧✉s ❣r❛♥❞✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✬❛❧❧✐❛❣❡s t❡❧s q✉❡ ◆✐P❞ ♣❡r♠❡t ♥é❛♥♠♦✐♥s ❞✬♦❜t❡♥✐r ❞❡ très
❜♦♥s ❝♦♥t❛❝ts ❢❡rr♦♠❛❣♥ét✐q✉❡s ❬✾✵❪✳

▲❡s tr❛♥s✐st♦rs ❞❡ s♣✐♥

▲❡ ♠❡✐❧❧❡✉r r❛t✐♦ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ♦❜t❡♥✉ ❥✉sq✉✬❛❧♦rs✱ à ♠❛ ❝♦♥♥❛✐ss❛♥❝❡✱ ♣r♦✈✐❡♥t
❞✉ tr❛✈❛✐❧ ré❛❧✐sé ♣❛r ❏❡♥s❡♥ ❡t ❛❧✳ ❬✾✺❪✱ ♦ù ✉♥ ♥❛♥♦t✉❜❡ ♠♦♥♦✲♣❛r♦✐ ❡st ❝♦♥♥❡❝té à ✉♥ s❡♠✐✲
❝♦♥❞✉❝t❡✉r ❢❡rr♦♠❛❣♥ét✐q✉❡ ✭●❛✱ ▼♥✮❆s ♣r♦❞✉✐s❛♥t ✉♥ r❛t✐♦ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ♠❛①✐♠✉♠
❞❡ 150%✳ ❖♥ ♣❡✉t ❡♥ ❝♦♥❝❧✉r❡ q✉✬✉♥❡ ♣r♦♣♦rt✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡s s♣✐♥s ❛✐♥s✐ ✐♥❥❡❝tés ❞❛♥s ❧❡
♥❛♥♦t✉❜❡ ❣❛r❞❡ ❧❡✉r ❝♦❤ér❡♥❝❡ ❞✬✉♥ ❜♦✉t à ❧✬❛✉tr❡ ❞❡ ❧❛ ❥♦♥❝t✐♦♥✳ ❉❡ ♣❧✉s✱ ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ❣r✐❧❧❡s
é❧❡❝tr♦st❛t✐q✉❡s ❞❛♥s ✉♥ t❡❧ ❞✐s♣♦s✐t✐❢ à ♥❛♥♦t✉❜❡ ♦✛r❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ♠♦❞✉❧❡r ❧❡ ❝♦✉r❛♥t ❞❡
s♣✐♥s✳
❯♥❡ ét✉❞❡ ♣❧✉s s②sté♠❛t✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ❣r✐❧❧❡ ❛ été ré❛❧✐sé❡ ♣❛r ❙❛❤♦♦ ❡t ❛❧✳
❬✾✵❪✳ ▲❡ ❞✐s♣♦s✐t✐❢✱ ❝♦♠♣♦sé ❞✬✉♥ ♥❛♥♦t✉❜❡ ♠♦♥♦✲♣❛r♦✐ ❝♦♥t❛❝té ♣❛r ❞❡✉① é❧❡❝tr♦❞❡s ❝♦♠♣♦sé❡s
❞✬✉♥ ❛❧❧✐❛❣❡ ♣❛❧❧❛❞✐✉♠✲♥✐❝❦❡❧✱ ❡st s✉♣♣♦rté ♣❛r ✉♥❡ ❣r✐❧❧❡ ❛rr✐èr❡✳ ▲❡ r❛t✐♦ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡
♠❡s✉ré ♣❡✉t ❛tt❡✐♥❞r❡ ✶✼✪✳ ❉❡ ♣❧✉s✱ ❝❡❧✉✐✲❝✐ ♣❡✉t êtr❡ ♣♦s✐t✐❢ ♦✉ ♥é❣❛t✐❢✱ ❞é♣❡♥❞❛♥t ❞✉ ♣♦t❡♥t✐❡❧
❛♣♣❧✐q✉é s✉r ❧❛ ❣r✐❧❧❡ ✿ ✈♦✐r ✜❣✉r❡ ✺✳✶✳ ❈❡tt❡ éq✉✐♣❡ ❛ ♠♦♥tré q✉❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡s ❝❛♥❛✉① ❞❡
s♣✐♥ ❞é♣❡♥❞❛✐t ❢♦rt❡♠❡♥t ❞❡s ❜❛rr✐èr❡s t✉♥♥❡❧s ❡t ❛ ❡①♣❧✐q✉é ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ s✐❣♥❡ ❡♥ ♠❛❣♥é✲
t♦rés✐st❛♥❝❡ ♣❛r ❧✬❛s②♠étr✐❡ ❞❡s ❜❛rr✐èr❡s✳ ❖♥ tr♦✉✈❡ ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ t❤é♦r✐q✉❡ ♣❧✉s ❝♦♠♣❧èt❡✱
❝❛r t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❈♦✉❧♦♠❜✐❡♥♥❡s✱ à ❧❛ ré❢ér❡♥❝❡ ❬✾✻❪✳ ❊♥✜♥✱ ❝❡t ❡✛❡t t✉♥♥❡❧
s♣✐♥✲❞é♣❡♥❞❛♥t ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ ❞✬é❝❤❛♥❣❡ q✉✐ ♣❡✉t êtr❡ ❡st✐♠é ❡♥
ré❣✐♠❡ ❑♦♥❞♦ ❬✾✸❪✳

▼❡s✉r❡ ♥♦♥✲❧♦❝❛❧❡ ❞❡ tr❛♥s♣♦rt ❞❡ s♣✐♥

▲❛ ♠❡s✉r❡ ♥♦♥✲❧♦❝❛❧❡ ❞❡ tr❛♥s♣♦rt ❞❡ s♣✐♥ ❡st✱ à ♠♦♥ s❡♥s✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❧❛ ♣❧✉s ✐♥tér❡ss❛♥t❡✱
à ❝❡ ❥♦✉r✱ ❞❡s ♥❛♥♦t✉❜❡s ❞❛♥s ❞❡s ❞✐s♣♦s✐t✐❢s ❞❡ s♣✐♥tr♦♥✐q✉❡✳ ▲✬✐❞é❡ ♣r✐♥❝✐♣❛❧❡ ❞❡ ❝❡tt❡ ❡①♣é✲
r✐❡♥❝❡ ❡st ❞✬✐♥❥❡❝t❡r ✉♥ ❝♦✉r❛♥t ❞❡ s♣✐♥s ❞❛♥s ✉♥ ❝♦♥❞✉❝t❡✉r✱ ❡t ❞❡ ❞ét❡❝t❡r ❧❛ ♣rés❡♥❝❡ ❞❡ ❝❡t
❡①❝é❞❡♥t ❞❡ s♣✐♥s ❧♦✐♥ ❞✉ ❝♦✉r❛♥t✳ ❊♥ ❡✛❡t✱ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧❡s s♣✐♥s ❞✐✛✉s❡♥t ❧♦✐♥ ❞❡ ❧❛
s♦✉r❝❡ ❞✬✐♥❥❡❝t✐♦♥✱ ❧❡s s♣✐♥s ♠❛❥♦r✐t❛✐r❡s s✉❜✐ss❡♥t ❞❡s ♣r♦❝❡ss✉s ❞❡ ❞é❝♦❤ér❡♥❝❡ q✉✐ r❛♠è♥❡♥t
❧✬éq✉✐❧✐❜r❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❛✉✲❞❡❧à ❞✬✉♥❡ ❝❡rt❛✐♥❡ ❞✐st❛♥❝❡ ❛♣♣❡❧é❡ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤ér❡♥❝❡✳ ❖♥
♣❡✉t ❛✐♥s✐ ❞é❝♦r❡❧❧❡r ❧❡ tr❛♥s♣♦rt ❞❡ s♣✐♥s ❞✉ tr❛♥s♣♦rt ❞❡ ❝❤❛r❣❡s✳ ❊♥ ♣♦s✐t✐♦♥♥❛♥t ✉♥❡ é❧❡❝✲
tr♦❞❡ ❢❡rr♦♠❛❣♥ét✐q✉❡ à ✉♥❡ ❝❡rt❛✐♥❡ ❞✐st❛♥❝❡ ❞❡ ❧❛ s♦✉r❝❡ ❞✬✐♥❥❡❝t✐♦♥ ❞❡ ❝♦✉r❛♥t ♣♦❧❛r✐sé✱ ❡t ❡♥
② ♠❡s✉r❛♥t ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡✱ ♦♥ ❛ ❛❝❝ès à ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❝❤❛q✉❡ t②♣❡ ❞❡ s♣✐♥s✳ ❈❡ ❞✐s♣♦✲
s✐t✐❢ ❡st ré❛❧✐sé ❡♥ ♣♦s✐t✐♦♥♥❛♥t ❞❡✉① ♣❛✐r❡s ❞✬é❧❡❝tr♦❞❡s s✉r ✉♥ ♥❛♥♦t✉❜❡✱ ❝♦♠♠❡ r❡♣rés❡♥té s✉r



✺✳✶✳ ▲❡s ♥❛♥♦t✉❜❡s ❡♥ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ✽✼
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❋✐❣✉r❡ ✺✳✶ ✕ ❱❛♥♥❡ ❞❡ s♣✐♥ à ♣❛rt✐r ❞✬✉♥ ♥❛♥♦t✉❜❡ ❝♦♥t❛❝té ❛✈❡❝ ✭●❛✱ ▼♥✮❆s ♣♦✉r ✭❛✮
❡t ✭❜✮ ❡t ❛✈❡❝ ◆✐P❞ ♣♦✉r ✭❝✮ ❡t ✭❞✮✱ ❡①tr❛✐t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ❬✾✵✱ ✾✺❪✳ ✭❛✮ ❈♦✉r❜❡s ❞❡
♠❛❣♥ét♦rés✐st❛♥❝❡ ❞❛♥s ✉♥❡ ❥♦♥❝t✐♦♥ ✭●❛✱ ▼♥✮❆s✴◆❚✴✭●❛✱ ▼♥✮❆s✳ ✭❜✮ ❊✈♦❧✉t✐♦♥ ❞✉ r❛t✐♦ ❞❡ ❧❛
♠❛❣♥ét♦rés✐st❛♥❝❡ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡✳ ✭❝✮ ■♥sèr❡ ✿ ▼✐❝r♦❣r❛♣❤✐❡ ▼❊❇ ❞✬✉♥❡ ❥♦♥❝t✐♦♥ ◆✐P❞✴◆❚✴◆✐P❞✳
P❛♥❡❧ ♣r✐♥❝✐♣❛❧ ✿ ❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥ ♣♦✉r ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡✳ ✭❞✮▼❛❣♥ét♦rés✐st❛♥❝❡
t✉♥♥❡❧ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡✳ ▲❡s ❝♦✉r❜❡s ✐♥❢ér✐❡✉r❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ♠❡s✉r❡ ❡t ❧❛
s✐♠✉❧❛t✐♦♥ ❞❡ ❞❡✉① ♣✐❝s ❞❡ ❈♦✉❧♦♠❜ ❡t ❧❡s ❞❡✉① s✉♣ér✐❡✉r❡s à ❧❛ ♠❡s✉r❡ ❡t à ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛
♠❛❣♥ét♦rés✐st❛♥❝❡ t✉♥♥❡❧✳



✽✽ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

(b)(a)
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❋✐❣✉r❡ ✺✳✷ ✕ ▼❡s✉r❡ ♥♦♥✲❧♦❝❛❧❡ ❞❡ tr❛♥s♣♦rt ❞❡ s♣✐♥✳ ✭❛✮ ❉✐s♣♦s✐t✐❢ ❝♦♥st✐t✉é ❞✬✉♥ ♥❛♥♦t✉❜❡ ✭❡♥
r♦s❡✮✱ ❞❡ ❞❡✉① é❧❡❝tr♦❞❡s ❢❡rr♦♠❛❣♥ét✐q✉❡s ✭❡♥ ❜❧❡✉✮✱ ❧❛❜❡❧❧✐sé❡s ✷ ❡t ✸✱ ❡t ❞❡ ❞❡✉① é❧❡❝tr♦❞❡s ♥♦r♠❛❧❡s
✭❡♥ ❥❛✉♥❡✮ ❧❛❜❡❧❧✐sé❡s ✶ ❡t ✹✳ ▲❡ ❝♦✉r❛♥t ♣♦❧❛r✐sé ❡♥ s♣✐♥ ❡st ✐♥❥❡❝té ❡♥tr❡ ✶ ❡t ✷ ❡t ❧❛ t❡♥s✐♦♥ ❡st ♠❡s✉ré❡
❡♥tr❡ ✸ ❡t ✹✳ ▲❡s ❞❡✉① ❣r✐❧❧❡s ♣❡r♠❡tt❡♥t ❞❡ ♠♦❞✉❧❡r ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞❛♥s ❝❤❛❝✉♥❡ ❞❡ ❝❡s ♣♦rt✐♦♥s✳ ✭❜✮
❚❡♥s✐♦♥ ♠❡s✉ré❡ ❡♥tr❡ ✸ ❡t ✹✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲✬❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥ s❡ ♠❛♥✐❢❡st❡
r❡❧❛t✐✈❡♠❡♥t à ❧✬❛❧✐❣♥❡♠❡♥t ❞❡s ❛✐♠❛♥t❛t✐♦♥s ❞❡ ✷ ❡t ✸✳

❧❛ ✜❣✉r❡ ✺✳✷✭❛✮✱ ❡①tr❛✐t❡ ❞❡ ❬✾✼❪✳ ❈❤❛q✉❡ ♣❛✐r❡ ❡st ❝♦♥st✐t✉é❡ ❞✬✉♥ ♠❛tér✐❛✉ ❢❡rr♦♠❛❣♥ét✐q✉❡ ❡t
❞✬✉♥ ♠ét❛❧ ♥♦r♠❛❧ ❬✾✼❪ ♦✉ ❞❡ ❞❡✉① ❢❡rr♦♠❛❣♥ét✐q✉❡s ❬✾✽❪✳ ▲❛ ♣r❡♠✐èr❡ ♣❛✐r❡ ♣❡r♠❡t ❞✬✐♥❥❡❝t❡r
✉♥ ❝♦✉r❛♥t ♣♦❧❛r✐sé✱ ❧✬❛✉tr❡ ❞❡ ❧✐r❡ ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ à ✉♥❡ ♣♦s✐t✐♦♥ ❞✐✛ér❡♥t❡✳ ▲✬❛❧✐❣♥❡♠❡♥t
r❡❧❛t✐❢ ❞❡s ❞❡✉① é❧❡❝tr♦❞❡s ❢❡rr♦♠❛❣♥ét✐q✉❡s ❡st s♦✐t ♣❛r❛❧❧è❧❡ s♦✐t ❛♥t✐♣❛r❛❧❧è❧❡✳ ▲❛ ❞✐✛ér❡♥❝❡
❞❡ ♣♦t❡♥t✐❡❧ ❧✉❡ ❞❛♥s ❝❤❛❝✉♥❡ ❞❡ ❝❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞♦♥♥❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❝❤❛q✉❡ ♣♦♣✉❧❛t✐♦♥
❞❡ s♣✐♥s à ❝❡t ❡♥❞r♦✐t✱ ❝♦♠♠❡ ❧❡ ♠♦♥tr❡ ❧❛ ✜❣✉r❡ ✺✳✷✭❜✮✳ ❈❡❧❛ ♣r♦✉✈❡ q✉❡ ❧❛ ❝♦❤ér❡♥❝❡ ❞❡ s♣✐♥
s❡ ❝♦♥s❡r✈❡ s✉r ✉♥❡ ❧♦♥❣✉❡✉r s✉♣ér✐❡✉r❡ à q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛♥♦♠ètr❡s✳
❊♥✜♥✱ ❥❡ s♦✉❤❛✐t❡ ❝♦♥❝❧✉r❡ ❝❡tt❡ s❡❝t✐♦♥ s✉r ✉♥❡ r❡♠❛rq✉❡ ❝♦♥❝❡r♥❛♥t ❝❡tt❡ ❧♦♥❣✉❡✉r ❞❡ ❝♦❤é✲
r❡♥❝❡ ❞❡ s♣✐♥ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ✿ ✐❧ ❡st s♦✉✈❡♥t ❞✐t q✉✬❡❧❧❡ ❡st ❣r❛♥❞❡ ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s✱ ❝❛r
❝❡s ❞❡r♥✐❡rs ♣♦ssè❞❡♥t ✉♥ ❢❛✐❜❧❡ ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡✳ ❈❡❝✐ ♥✬❡st ♣❛s ✈r❛✐ ❞❛♥s t♦✉s ❧❡s ♥❛♥♦✲
t✉❜❡s✱ ❝♦♠♠❡ ❞é♠♦♥tré t❤é♦r✐q✉❡♠❡♥t ♣❛r ❍✉❡rt❛s✲❍❡r♥❛♥❞♦ ❬✾✾❪ ❡t ❛❧✳ ❡t ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t
♣❛r ❑✉❡♠♠❡t❤ ❡t ❛❧✳ ❬✻✻❪✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ♥✬❡st ♣❛s q✉❡st✐♦♥ ❞✬② ✈♦✐r ❧❛ ✜♥ ❞❡s ♥❛♥♦t✉❜❡s ❡♥
s♣✐♥tr♦♥✐q✉❡ ♣♦✉r ❛✉t❛♥t✱ ❜✐❡♥ ❛✉ ❝♦♥tr❛✐r❡ ✿ ❧❡ ❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡ ♣❡r♠❡t ❧❡ ❝♦♥trô❧❡ ❞✉ s♣✐♥
♣❛r ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ♣♦t❡♥t✐❡❧ é❧❡❝tr✐q✉❡✱ ❝❡ q✉✐ ♦✉✈r❡ ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s✳

✺✳✶✳✷ ◆❛♥♦t✉❜❡ ❝♦✉♣❧é à ✉♥❡ ♥❛♥♦♣❛rt✐❝✉❧❡ ♠❛❣♥ét✐q✉❡

●râ❝❡ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ré❝❡♥t ❞❡ ❧❛ ❝❤✐♠✐❡ ❞✉ ❝❛r❜♦♥❡✱ ✉♥❡ ♥♦✉✈❡❧❧❡ ✈♦✐❡ s✬♦✉✈r❡ ♣♦✉r
❡①♣❧♦✐t❡r ❧❡s ♥❛♥♦t✉❜❡s ❡♥ s♣✐♥tr♦♥✐q✉❡ ♣❛r ❧✬✐♥s❡rt✐♦♥ ❞❡ ♠❛tér✐❛✉① ❢❡rr♦♠❛❣♥ét✐q✉❡s ❞✐r❡❝t❡✲
♠❡♥t ❡♥ ❧❡✉r s❡✐♥ ❬✶✵✵✱ ✶✵✶❪✳ ▲❛ ♣ré❞✐❝t✐♦♥ ❞✬✉♥❡ ❢♦rt❡ ♣♦❧❛r✐s❛t✐♦♥ ❡♥ s♣✐♥ ❞✉ ❝♦✉r❛♥t ❞❛♥s
❞❡s ♥❛♥♦t✉❜❡s ❡♥❝❛♣s✉❧❛♥t ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ❢❡rr♦♠❛❣♥ét✐q✉❡s ❬✶✵✷✱ ✶✵✸❪ ❡t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡



✺✳✶✳ ▲❡s ♥❛♥♦t✉❜❡s ❡♥ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ✽✾
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❋✐❣✉r❡ ✺✳✸ ✕ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♥❛♥♦t✉❜❡ r❡♠♣❧✐ ❛✈❡❝ ❞❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ❞❡ ❝♦❜❛❧t✳ ✭❛✮
▼❛❣♥ét♦rés✐st❛♥❝❡ ❞✉ ❞✐s♣♦s✐t✐❢✳ ▲❛ ❝♦♥❞✉❝t❛♥❝❡ ❡st ♠❡s✉ré❡ ❞❡ −2.5❚ à 2.5❚✱ ❝♦✉r❜❡ r♦✉❣❡✱ ❡t ❞❡
2.5❚ à −2.5❚✱ ❝♦✉r❜❡ ❜❧❡✉❡✳ ▲✬é✈♦❧✉t✐♦♥ ❛❜r✉♣t❡ ❞❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❡st ❛ttr✐❜✉é❡ ❛✉ r❡t♦✉r♥❡♠❡♥t
❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥❡ ♥❛♥♦♣❛rt✐❝✉❧❡ ♣✐é❣é❡ ❞❛♥s ❧❡ t✉❜❡✳ ✭❜✮ ❆str♦ï❞❡ ❞❡ ❙t♦♥❡r✲❲♦❤❧❢❛rt❤ ❞✬✉♥❡
♥❛♥♦✲♣❛rt✐❝✉❧❡ ♠❛❣♥ét✐q✉❡✱ ré❛❧✐sé❡ ♣❛r ♠❡s✉r❡ ❞❡ tr❛♥s♣♦rt à tr❛✈❡rs ❧❡ ❞✐s♣♦s✐t✐❢✳

❞ét❡❝t❡r ❧❡ r❡t♦✉r♥❡♠❡♥t ❞✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ t❛✐❧❧❡ ✐♥❢ér✐❡✉r❡ ❛✉ ❞✐❛♠ètr❡ ❞✉ t✉❜❡
❡♥ s♦♥t ❧❡s ❞❡✉① ♣r✐♥❝✐♣❛❧❡s ♠♦t✐✈❛t✐♦♥s✳
▲❡✉r ♦①②❞❛t✐♦♥ ♣❛r ❧✬❛✐r ❢❛✐t ♦❜st❛❝❧❡s à ❧✬ét✉❞❡ ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s ♠❛❣♥ét✐q✉❡s✳ ❙✐ ✉♥❡ ♣❛rt✐❝✉❧❡
♠❡s✉r❡ q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s ❡t q✉✬❡❧❧❡ s✬♦①②❞❡ ❡♥ s✉r❢❛❝❡✱ s♦♥ ❛♥✐s♦tr♦♣✐❡ ♠❛❣♥ét✐q✉❡ ❡st ❛❧t❡✲
ré❡ ❡t s♦♥ ❛✐♠❛♥t❛t✐♦♥ ❞✐♠✐♥✉❡ ❣r❛♥❞❡♠❡♥t✳ ▲❡ ♥❛♥♦t✉❜❡ ♣❡r♠❡t ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡ ❝❡ ♣r♦❜❧è♠❡
❡♥ ♣r♦♣♦s❛♥t ✉♥❡ ❝♦q✉❡ ✐♠♣❡r♠é❛❜❧❡ ❀ ❧❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ♣ré❝✐♣✐té❡s à ❧✬✐♥tér✐❡✉r ❞✉ t✉❜❡✱ s♦♥t
♣r♦té❣é❡s ✲❛✉ ♠♦✐♥s ♣♦✉r ✉♥ ❝❡rt❛✐♥ t❡♠♣s✲ ❞❡ ❧✬♦①②❞❛t✐♦♥✳
▲❛ ♣r❡♠✐èr❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥❡ ♥❛♥♦♣❛rt✐❝✉❧❡ ❞❡ ❝♦❜❛❧t ❡♥❝❛♣s✉❧é❡ ❞❡ ❝❡tt❡ ♠❛♥✐èr❡ ❛ été
ré❛❧✐sé❡ ❛✉ ❝♦✉rs ❞❡ ❧❛ t❤ès❡ ❞❡ ❏✳✲P✳ ❈❧❡✉③✐♦✉ ❬✶✵✹❪✳ ▲❡ ♥❛♥♦t✉❜❡ ❡st ❝♦♥t❛❝té ❡♥ ❝♦♥✜❣✉r❛t✐♦♥
tr❛♥s✐st♦r ❡t ❧❡s ♠❡s✉r❡s s♦♥t ré❛❧✐sé❡s à très ❜❛ss❡ t❡♠♣ér❛t✉r❡ ✭40♠❑✮✳ ❈❡ ❞✐s♣♦s✐t✐❢ ♣rés❡♥t❡
✉♥❡ ❤②stérès❡ ❡♥ ♠❛❣♥ét♦❝♦♥❞✉❝t❛♥❝❡ ❞♦♥t ❧✬❛♠♣❧✐t✉❞❡ ❡st ❞❡ q✉❡❧q✉❡s ♣♦✉r❝❡♥ts✱ ♠♦❞✐✜❛❜❧❡
♣❛r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❣r✐❧❧❡✳ ❈❤❛q✉❡ ❝❤❛♥❣❡♠❡♥t ❜r✉t❛❧ ❞❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❡st ❛ttr✐❜✉é ❛✉ r❡t♦✉r✲
♥❡♠❡♥t ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡✳
❖♥ ♣❡✉t ♠♦❞✉❧❡r ❧❡ ❝❤❛♠♣ ❞❡ r❡t♦✉r♥❡♠❡♥t ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❡♥ ❛♣♣❧✐q✉❛♥t ❧❡ ❝❤❛♠♣ ♠❛❣♥é✲
t✐q✉❡ s❡❧♦♥ ❞✐✛ér❡♥t❡s ❞✐r❡❝t✐♦♥s✳ ▲❡s ♣❛rt✐❝✉❧❡s ét✉❞✐é❡s ét❛♥t s✉✣s❛♠♠❡♥t ♣❡t✐t❡s ♣♦✉r êtr❡
♠♦♥♦✲❞♦♠❛✐♥❡✱ ❧❡ ❝❤❛♠♣ ❞❡ r❡t♦✉r♥❡♠❡♥t ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ s✉✐t ❧✬❛str♦ï❞❡ ❞❡ ❙t♦♥❡r✲❲♦❤❧❢❛rt❤
❬✶✵✻✱ ✶✵✼❪✳ ▲❛ ✜❣✉r❡ ✺✳✸ ✐❧❧✉str❡ ✉♥ t❡❧ rés✉❧t❛t✳
❯♥ ♠é❝❛♥✐s♠❡ ♣♦ss✐❜❧❡ ♣♦✉r ❡①♣❧✐q✉❡r ❝❡s ✈❛r✐❛t✐♦♥s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❡st ❧✐é à ❧❛ ♣rés❡♥❝❡
❞✬✉♥❡ s❡❝♦♥❞❡ ♣❛rt✐❝✉❧❡✱ ❞♦♥♥❛♥t ❛❧♦rs ❧✐❡✉ à ✉♥ ❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥✳ ❯♥❡ ❛✉tr❡ ❡①♣❧✐❝❛t✐♦♥ rés✐❞❡
❞❛♥s ❧✬❡✛❡t ♠❛❣♥ét♦✲❈♦✉❧♦♠❜ ❬✶✵✺❪✱ q✉✐ s❡r❛ ❞é✈❡❧♦♣♣é à ❧❛ ❞❡r♥✐èr❡ s❡❝t✐♦♥ ❞❡ ❝❡ ❝❤❛♣✐tr❡✳
❈❡s rés✉❧t❛ts ♦✉✈r❡♥t ❧❛ ✈♦✐❡ à ❞❡ ♥♦✉✈❡❧❧❡s r❡❝❤❡r❝❤❡s ✿ ❧✬♦❜s❡r✈❛t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞✬♦❜✲
❥❡ts ♠❛❣♥ét✐q✉❡s ❞❛♥s ❧❡ ré❣✐♠❡ q✉❛♥t✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡✱ ♣♦✉r ❧❡ ♠♦♠❡♥t✱



✾✵ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

❞❡ s②♥t❤ét✐s❡r ❞❛♥s ❧❡s ♥❛♥♦t✉❜❡s ❞❡s ♣❛rt✐❝✉❧❡s ❝♦♠♣♦rt❛♥t ♠♦✐♥s ❞✬✉♥❡ ❝❡♥t❛✐♥❡ ❞✬❛t♦♠❡s✳
●r❡✛❡r ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s r❡♣rés❡♥t❡ ❛❧♦rs ✉♥❡ ❛❧t❡r♥❛t✐✈❡ ❢♦r♠✐❞❛❜❧❡ q✉❡ ♥♦✉s ❛❧❧♦♥s
❞é✈❡❧♦♣♣❡r ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡✳

✺✳✷ ▼❛❣♥ét♦rés✐st❛♥❝❡ ❞❛♥s ❧❡ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ♥❛♥♦t✉❜❡✲

❚❜P❝∗2

❏✬❛✐ ❝❛r❛❝tér✐sé✱ ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ✉♥ ♥♦♠❜r❡ ❛ss❡③ ❝♦♥séq✉❡♥t ❞✬é❝❤❛♥t✐❧❧♦♥s ✭q✉❡❧q✉❡s
❝❡♥t❛✐♥❡s✮✱ ♠❛✐s ✐❧ ♥✬❡st ♣❛s q✉❡st✐♦♥ ✐❝✐ ❞❡ ❢❛✐r❡ ✉♥ ❝❛t❛❧♦❣✉❡ ❞❡ t♦✉t❡s ❧❡s ♠❡s✉r❡s✳ ▲✬❡①♣♦sé
❞❡s rés✉❧t❛ts ❞❡ ❝❡tt❡ t❤ès❡ s✬❛♣♣✉✐❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r tr♦✐s é❝❤❛♥t✐❧❧♦♥s✱ ❛♣♣❡❧és ◆❚❆✱ ◆❚❇
❡t ◆❚❈ ♣❛r ❧❛ s✉✐t❡✳ ◆❚❆ ❡t ◆❚❇ s♦♥t ❞❡s ❞✐s♣♦s✐t✐❢s à ✉♥❡ ❣r✐❧❧❡ ❛rr✐èr❡✱ ❛✈❡❝ ❞❡s ❝♦♥t❛❝ts
❡♥ ♣❛❧❧❛❞✐✉♠✱ ❞♦♥t ✉♥❡ t♦♣♦❣r❛♣❤✐❡ ❆❋▼ ❡st ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡ ✺✳✹✭❛✮✳ ◆❚❈ ♣♦ssè❞❡✱ ❡♥
♣❧✉s✱ ✉♥❡ ❣r✐❧❧❡ ❧❛tér❛❧❡✱ ✈♦✐r ❧❛ ♠✐❝r♦❣r❛♣❤✐❡ ▼❊❇ ❞❡ ❧❛ ✜❣✉r❡ ✺✳✹✭❜✮✳ ■❧s ❝♦✉✈r❡♥t à ❡✉① tr♦✐s
❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❤é♥♦♠è♥❡s q✉❡ ❧✬♦♥ ❡s♣ér❛✐t ♦❜s❡r✈❡r s✉r ❧❡ ❞✐s♣♦s✐t✐❢ r❡♣rés❡♥té ♣❛r ✉♥❡ ✈✉❡
❞✬❛rt✐st❡ à ❧❛ ✜❣✉r❡ ✺✳✹✭❝✮✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ❧✬❛tt❡♥t✐♦♥ s❡r❛ s✉rt♦✉t ♣♦rté❡ s✉r ❧❡s ❞✐s♣♦s✐t✐❢s
◆❚❆ ❡t ◆❚❇ ❞♦♥t ❧✬ét✉❞❡ ❛ été ♣✉❜❧✐é❡ ❞❛♥s ❧❡s ré❢ér❡♥❝❡s ❬✶✵✽✱ ✶✵✾❪✳

(a)

(c)

250 nm

Source

200 nm

Source Drain

SiO2

Grille-Arrière

(b)

❋✐❣✉r❡ ✺✳✹ ✕ ●é♦♠étr✐❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s✳ ✭❛✮ ❚♦♣♦❣r❛♣❤✐❡ ❆❋▼ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ◆❚❆✳ ❉❡✉①
é❧❡❝tr♦❞❡s✱ s♦✉r❝❡ ❡t ❞r❛✐♥✱ ❡♥ P❞ ✈✐❡♥♥❡♥t ❝♦♥♥❡❝t❡r ✉♥ ♥❛♥♦t✉❜❡ r❡♣♦s❛♥t s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ s✐❧✐❝❡
s✉♣♣♦rté❡ ♣❛r ❞✉ s✐❧✐❝✐✉♠ ❞é❣é♥éré ✉t✐❧✐sé ❝♦♠♠❡ ❣r✐❧❧❡ ❛rr✐èr❡✳ ▲❡ ♥❛♥♦t✉❜❡ ❡st ❡♥s✉✐t❡ ❢♦♥❝t✐♦♥♥❛❧✐sé
❛✈❡❝ ❚❜P❝∗2 ❝♦♠♠❡ ❞é❝r✐t à ❧❛ s❡❝t✐♦♥ ✹✳✶✳✷✳ ✭❜✮ ▼✐❝r♦❣r❛♣❤✐❡ ▼❊❇ ❞✉ ❞✐s♣♦s✐t✐❢ ◆❚❈✱ ❝♦♥st✐t✉é
♣❛r ❧❡s é❧❡❝tr♦❞❡s s♦✉r❝❡ ❡t ❞r❛✐♥ ❡♥ ✈❡rt✱ ❞✬✉♥❡ ❣r✐❧❧❡ ❧♦❝❛❧❡ ❡♥ ✈✐♦❧❡t✱ ❧❡ t♦✉t r❡♣♦s❛♥t s✉r ✉♥❡ ❣r✐❧❧❡
❛rr✐èr❡✳ ✭❝✮ ❱✉❡ ❞✬❛rt✐st❡ ❞✉ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ♥❛♥♦t✉❜❡✲❚❜P❝∗2✳ ❚r♦✐s ♠♦❧é❝✉❧❡s ❚❜P❝∗2 r❡♣♦s❡♥t s✉r
❧❡ ♥❛♥♦t✉❜❡✳ ▲❡s ❣r♦✉♣❡♠❡♥ts ❢♦♥❝t✐♦♥♥❡❧s ♣②rè♥❡s ❡t ❛❧✐♣❤❛t✐q✉❡s ♦♥t été ♦♠✐s ♣♦✉r ♣❧✉s ❞❡ ❝❧❛rté✳



✺✳✷✳ ▼❛❣♥ét♦rés✐st❛♥❝❡ ❞❛♥s ❧❡ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ♥❛♥♦t✉❜❡✲❚❜P❝ ∗
2 ✾✶

Vg (V)

V
d
s 
(m
V
)

(a)

-8

-4

0

4

8

-8

-4

0

4

8

-4.6 -4.4 -0.2 0 0.2 0.4 2.6

µ
0
H=1T

µ
0
H=0T

0.010 0.10

V
d
s 
(m
V
)

(b)

0 0.02

❋✐❣✉r❡ ✺✳✺ ✕ ❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ❡♥ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❞❡ ◆❚❆✳ ▲❛ ❝♦♥❞✉❝t❛♥❝❡
❞✐✛ér❡♥t✐❡❧❧❡ ❡st ❞♦♥♥é❡ ❡♥ ✉♥✐té ❞✉ q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉❝t❛♥❝❡ ✭●0 = e2/h✮✳✭❛✮ ❉✐❛❣r❛♠♠❡ ♠❡s✉ré
s❛♥s ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲❛ ❝♦♥❞✉❝t❛♥❝❡ à ❢❛✐❜❧❡ t❡♥s✐♦♥ ❞❡ ❜✐❛✐s ❛✉ ♥✐✈❡❛✉ ❞❡s ♣♦✐♥ts ❞❡ ❞é❣é♥ér❡s✲
❝❡♥❝❡ ❡st ♥✉❧❧❡ ♦✉ très ❜r✉✐té❡✳✭❜✮ ❉✐❛❣r❛♠♠❡ ♠❡s✉ré à 1❚✳ ▲❛ ❝♦♥❞✉❝t❛♥❝❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ♣♦✐♥ts ❞❡
❞é❣é♥ér❡s❝❡♥❝❡ ❛✉❣♠❡♥t❡ ❞❡ ♠❛♥✐èr❡ ✐♠♣♦rt❛♥t❡✳

✺✳✷✳✶ ❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té à ❜❛ss❡ t❡♠♣ér❛t✉r❡

▲❡ ❞✐s♣♦s✐t✐❢ ◆❚❆ ❡st ♠❡s✉ré ❞❛♥s ✉♥❡ ❙✐♦♥❧✉❞✐ à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜❛s❡ ❞❡ 40♠❑ ❡t
◆❚❇ ❡t ◆❚❈ ❞❛♥s ❧❛ ❞✐❧✉❡tt❡ à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ 100♠❑✳ ❯♥❡ ❢♦✐s ❧❡s é❝❤❛♥t✐❧❧♦♥s r❡❢r♦✐❞✐s✱
♦♥ ♣r♦❝è❞❡ à ✉♥❡ ❝❛rt❡ ❡♥ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s t❡♥s✐♦♥s ❞❡ ❣r✐❧❧❡s ❱ g ❡t
s♦✉r❝❡✲❞r❛✐♥ ❱ ds✱ ❛✈❡❝ ❡t s❛♥s ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲❡s ♠❡s✉r❡s ❝♦rr❡s♣♦♥❞❛♥t❡s à ◆❚❆ s♦♥t
r❡♣rés❡♥té❡s à ❧❛ ✜❣✉r❡ ✺✳✺ ❡t à ◆❚❇ ❡♥ ❛♥♥❡①❡ ❇✳

◆♦✉s ❛✈♦♥s ✈✉ à ❧❛ s❡❝t✐♦♥ ✷✳✸✳✷✱ q✉✬✉♥ ♣♦✐♥t ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ ❝♦rr❡s♣♦♥❞ à ✉♥ ♥✐✈❡❛✉ ❞❡ ❧❛
❜♦ît❡ q✉❛♥t✐q✉❡ ❡♥ rés♦♥❛♥❝❡ ❛✈❡❝ ❧❡s ♠❡rs ❞❡ ❋❡r♠✐ ❞❡s é❧❡❝tr♦❞❡s ❞❡ s♦✉r❝❡ ❡t ❞r❛✐♥✱ ❞❛♥s ❝❡
❝❛s ✉♥ ❝♦✉r❛♥t ❝✐r❝✉❧❡ à tr❛✈❡rs ❧❡ ❞✐s♣♦s✐t✐❢✳ ◆é❛♥♠♦✐♥s✱ ❞❛♥s ♥♦tr❡ ❞✐s♣♦s✐t✐❢✱ ✐❧ s❡♠❜❧❡ q✉❡
❝❡tt❡ rés♦♥❛♥❝❡ s♦✐t ❜❧♦q✉é❡ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
❊♥ ❡✛❡t✱ ✉♥❡ ❝❤♦s❡ r❡♠❛rq✉❛❜❧❡ s❡ ♣r♦❞✉✐t s✉r ❧❡ ❞✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ❞❡ ◆❚❆ ❡t ❞❛♥s ✉♥❡
♠♦✐♥❞r❡ ♠❡s✉r❡ s✉r ❝❡❧✉✐ ❞❡ ◆❚❇ ✭✈♦✐r ❛♥♥❡①❡ ❇✮ ✿ ❧❡s ♣♦✐♥ts ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ s✬♦✉✈r❡♥t ❡t
s❡ ❢❡r♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ❊♥ ❧✐❡✉ ❡t ♣❧❛❝❡ ❞✉ ♣♦✐♥t ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡✱



✾✷ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡
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❋✐❣✉r❡ ✺✳✻ ✕ P♦✐♥t ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ s♦✉s ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❡ ◆❚❆✳ ✭❛✮ P♦✐♥t ❞❡ ❞é❣é♥é✲
r❡s❝❡♥❝❡ ♠❡s✉ré s♦✉s 1, 0 ❡t −1❚✳ ▲❡s ♠❡s✉r❡s s♦✉s 1 ❡t −1❚ s♦♥t ✐❞❡♥t✐q✉❡s ❡t ✧st❛♥❞❛r❞✧✳ ▲♦rsq✉❡
❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ét❡✐♥t✱ ❧❛ ♠❡s✉r❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♥st❛❜❧❡ ❡t ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❡st ❜❧♦q✉é❡ à
❢❛✐❜❧❡ t❡♥s✐♦♥ ❞❡ ❜✐❛✐s ✭< 1♠❱✮✳ ✭❜✮ P✐❝ ❞❡ ❈♦✉❧♦♠❜ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲❛ t❡♥s✐♦♥ ❞❡
❣r✐❧❧❡ ❡st ❜❛❧❛②é❡ ❞❛♥s ✉♥ s❡♥s ❞❡ −4.7❱ à −4.6❱✱ ♣✉✐s ♦♥ ✐♥❝ré♠❡♥t❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❡ 15♠❚
❡♥ ♣❛rt❛♥t ❞❡ −1❚ ❥✉sq✉✬à 1❚✳ ▲❡ ♣✐❝ ❞❡ ❈♦✉❧♦♠❜ ✧❞✐s♣❛r❛✐t✧ ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧ ♣✉✐s ✧ré❛♣♣❛r❛✐t✧
❛✉t♦✉r ❞❡ 500♠❚✳



✺✳✷✳ ▼❛❣♥ét♦rés✐st❛♥❝❡ ❞❛♥s ❧❡ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡ ♥❛♥♦t✉❜❡✲❚❜P❝ ∗
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40 mK

θ = 55°

❋✐❣✉r❡ ✺✳✼ ✕ ❈❛r❛❝tér✐st✐q✉❡ ❞❡ ✈❛♥♥❡ ❞❡
s♣✐♥✳ ▲❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ à ❜✐❛✐s ♥✉❧
❡st ♠❡s✉ré❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
▲❛ ❝♦✉r❜❡ r♦✉❣❡ ❝♦rr❡s♣♦♥❞ ❛✉ ❜❛❧❛②❛❣❡ ❞❡
−1❚ à +1❚ ❡t ❧❛ ❜❧❡✉❡ ❞❡ +1❚ à −1❚✳

♦♥ ❛ s♦✐t ✉♥ ❜r✉✐t q✉✐ ✢✉❝t✉❡ ❡♥tr❡ ✉♥ ♥✐✈❡❛✉ ♣❛ss❛♥t ❡t ✉♥ ♥✐✈❡❛✉ ❜❧♦q✉❛♥t✱ s♦✐t ❛✉❝✉♥
❝♦✉r❛♥t✳ ❈❡♣❡♥❞❛♥t✱ ❛✉ss✐tôt q✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞é♣❛ss❡ ✉♥❡ ❝❡rt❛✐♥❡ ✈❛❧❡✉r✱ ♦♥ r❡❝♦✉✈r❡
❞❡s ♣♦✐♥ts ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ ✧❝❧❛ss✐q✉❡✧✳ ▲❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣❡r♠❡t ❞♦♥❝ ❞✬❛❝t✐✈❡r ♦✉ ❞❡
❞és❛❝t✐✈❡r ✉♥❡ ❜❛rr✐èr❡ t✉♥♥❡❧ ❡✛❡❝t✐✈❡ ❞❛♥s ❧❡ ♥❛♥♦t✉❜❡✳ ❉❛♥s t♦✉s ❧❡s ❝❛s✱ ❝❡tt❡ ❜❛rr✐èr❡ ♣❡✉t
êtr❡ ❢r❛♥❝❤✐❡ ❧♦rsq✉❡ ❧❡ ♣♦t❡♥t✐❡❧ Vds ❡①❝è❞❡ 1m❱✱ ✈♦✐r ❧❡ ③♦♦♠ ré❛❧✐sé à ❧❛ ✜❣✉r❡ ✺✳✻✭❜✮✳
P♦✉r ❡st✐♠❡r ❝❡ ❝❤❛♠♣ ♣❛rt✐❝✉❧✐❡r✱ ♦♥ ♠❡s✉r❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♣✐❝ ❞❡ ❈♦✉❧♦♠❜ ❛✉t♦✉r ❞❡ ❧❛ t❡♥s✐♦♥
❞❡ ❣r✐❧❧❡ ❱ g = −4.6❱ s✉r ❧❛ ✜❣✉r❡ ✺✳✻✭❛✮ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ❖♥ ✜①❡ ❧❛ t❡♥s✐♦♥
s♦✉r❝❡ ❞r❛✐♥ à 0❱✱ ♦♥ ❜❛❧❛②❡ ❛❧♦rs ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡ ❡♥ ✐♥❝ré♠❡♥t❛♥t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❡
−1❚ à 1❚✳ ❖♥ ❝♦♥st❛t❡ ❛❧♦rs q✉❡ ❧❡ ♣✐❝ ❞❡ ❈♦✉❧♦♠❜ ❞✐s♣❛r❛✐t ❛✉① ❛❧❡♥t♦✉rs ❞❡ ❝❤❛♠♣ ♥✉❧ ❡t
ré❛♣♣❛r❛✐t ❛♣rès 500♠❚✳ ❙✐ ♠❛✐♥t❡♥❛♥t ♦♥ ❞✐♠✐♥✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡st
❤②stérét✐q✉❡✱ ✐✳❡✳ ❧❡ ❝❤❛♠♣ ♦ù ❞✐s♣❛r❛✐t ❧❡ ♣✐❝ ❞❡ ❈♦✉❧♦♠❜ ❡st 0❚ ❡t ✐❧ ré❛♣♣❛r❛✐t à −500♠❚✳

✺✳✷✳✷ ❍②stérès❡ ❡t ✈❛♥♥❡ ❞❡ s♣✐♥

P♦✉r ❢❛❝✐❧✐t❡r ❧✬❛♥❛❧②s❡ ❞✉ s②stè♠❡✱ ♦♥ ✜①❡ ♠❛✐♥t❡♥❛♥t ❧❛ t❡♥s✐♦♥ ❱ g ❞❡ ♠❛♥✐èr❡ à êtr❡ s✉r ❧❡
❜♦r❞ ❞✉ ♣✐❝ ❞❡ ❈♦✉❧♦♠❜ ét✉❞✐é ♣ré❝é❞❡♠♠❡♥t✳ ❖♥ ♠❡s✉r❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ à t❡♥s✐♦♥
❞❡ ❜✐❛✐s ♥✉❧ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ ✈♦✐r ❧❛ ✜❣✉r❡ ✺✳✼✳ ▲♦rsq✉❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❡st s❛t✉ré à −1❚✱ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❡st ❞❛♥s ✉♥ ré❣✐♠❡ st❛❜❧❡✳ ❆ ♠❡s✉r❡ q✉❡ ❧✬♦♥ ❞✐♠✐♥✉❡ ❧❡
❝❤❛♠♣✱ ♦♥ ❛tt❡✐♥t ✉♥❡ ③♦♥❡ ❞✬✐♥st❛❜✐❧✐té s✐t✉é❡ ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧✱ ♣✉✐s ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❝❤✉t❡
❞❡ ♠❛♥✐èr❡ ❛❜r✉♣t❡ ❡t ❛tt❡✐♥t ✉♥ ré❣✐♠❡ ❞❡ ❜❛ss❡ ❝♦♥❞✉❝t❛♥❝❡✳ ■❧ ♣❡rs✐st❡ ❥✉sq✉✬à ❝❡ q✉❡ ❧❡ ❝❤❛♠♣
❛tt❡✐❣♥❡ ✉♥❡ ✈❛❧❡✉r ❝r✐t✐q✉❡ q✉❡ ♥♦✉s ♥♦t❡r♦♥s ❍ sw ✭♣♦✉r ✧s✇✐t❝❤✧✮✳ ▲❡ s②stè♠❡ ❜❛s❝✉❧❡ ❛❧♦rs ❡♥
ré❣✐♠❡ ❞❡ ❤❛✉t❡ ❝♦♥❞✉❝t❛♥❝❡ q✉✐ r❡❝♦✉✈r❡ ❧❛ ♠ê♠❡ ✈❛❧❡✉r q✉✬à −1❚✳ ❊♥s✉✐t❡✱ ♦♥ ✈✐❡♥t ❞✐♠✐♥✉❡r
❧❡ ❝❤❛♠♣ ❀ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ r❡st❡ st❛❜❧❡ ❥✉sq✉✬à ❝❤❛♠♣ ♥✉❧ ♦ù ❡❧❧❡ ❝❤✉t❡ ❜r✉t❛❧❡♠❡♥t✳ ❋✐♥❛❧❡♠❡♥t✱
❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❛✉❣♠❡♥t❡ ❞❡ ♥♦✉✈❡❛✉ à −Hsw ❡t r❡❝♦✉✈r❡ ❧❛ ✈❛❧❡✉r ✐♥✐t✐❛❧❡✳ ❈❡ ♣❤é♥♦♠è♥❡ ❡st
✉♥❡ ❤②stérès❡ ❝❛r ❧❡s ❝♦✉r❜❡s ❛❧❧❡r ❡t r❡t♦✉r ♥❡ s❡ s✉♣❡r♣♦s❡♥t ♣❛s ♠❛✐s s♦♥t s②♠étr✐q✉❡s ❧✬✉♥❡
❞❡ ❧✬❛✉tr❡ ♣❛r r❛♣♣♦rt à ❝❤❛♠♣ ♥✉❧✳ P♦✉r ✉♥❡ ✈❛❧❡✉r ❛❜s♦❧✉❡ ❞❡ ❝❤❛♠♣ ✐♥❢ér✐❡✉r à ❍ sw✱ ✐❧ ❡①✐st❡
❞♦♥❝ ❞❡✉① ✈❛❧❡✉rs ❞❡ ❝♦♥❞✉❝t❛♥❝❡s ♣♦ss✐❜❧❡s✳ ❉❛♥s ❧❛ ❧✐ttér❛t✉r❡ r❡❧❛t✐✈❡ à ❧❛ s♣✐♥tr♦♥✐q✉❡✱
♦♥ ❛♣♣❡❧❧❡ ❝❡ t②♣❡ ❞❡ s✐❣♥❛t✉r❡ ❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥ ❡t ❞❛♥s ❝❡ ❝♦♥t❡①t❡ ✐❧ ❡st ✐♥tér❡ss❛♥t ❞❡
❞♦♥♥❡r ❧❡ r❛t✐♦ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ q✉✬♦♥ ❡st✐♠❡ ✐❝✐ à 300% ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❞é✜♥✐t✐♦♥ ❢♦✉r♥✐❡
❡♥ ✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝❡tt❡ t❤ès❡✳



✾✹ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

▲❛ q✉❡st✐♦♥ q✉✐ s❡ ♣♦s❡ à ♥♦✉s ❡st ❧❛ s✉✐✈❛♥t❡ ✿ ❧❡s ♠♦❧é❝✉❧❡s ♠❛❣♥ét✐q✉❡s q✉❡ ❧✬♦♥ ❛ ❣r❡✛é❡s
s✉r ❧❡ ♥❛♥♦t✉❜❡✱ s♦♥t✲❡❧❧❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❝❡ s✐❣♥❛❧ ❤②stérét✐q✉❡ ❄

✺✳✸ ❙✐❣♥❛t✉r❡ ❞❡ ❚❜P❝∗2

◆♦✉s ♣♦✉✈♦♥s s✉♣♣♦s❡r ❡♥ ♣r❡♠✐❡r ❧✐❡✉ q✉❡ ❧❡ s❛✉t à ③ér♦ ❝❤❛♠♣✱ s✬✐❧ ❝♦rr❡s♣♦♥❞ ❛✉ r❡t♦✉r✲
♥❡♠❡♥t ♠❛❣♥ét✐q✉❡ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❞❡ ❚❜P❝∗2✱ s❡r❛✐t ❧❛ s✐❣♥❛t✉r❡ ❞✬✉♥ ❡✛❡t t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛✲
t✐♦♥✳ ❆✜♥ ❞❡ ♣r♦✉✈❡r ❞❛✈❛♥t❛❣❡ ❧✬✐♠♣❧✐❝❛t✐♦♥ ❞❡ ❚❜P❝∗2 ❞❛♥s ❧❡ s✐❣♥❛❧ ❤②stérét✐q✉❡✱ ♥♦✉s ❛❧❧♦♥s
ét✉❞✐❡r ♣❧✉s ❡♥ ❞ét❛✐❧ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❍ sw ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❛♣♣❧✐q✉é✱ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✱ ❡♥ ♥♦✉s ❛♣♣✉②❛♥t s✉r ❧❡s ♣r♦♣r✐étés
❞✬❛ss❡♠❜❧é❡ q✉❡ ♥♦✉s ❛✈♦♥s ✐♥tr♦❞✉✐t❡s à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✷✳

✺✳✸✳✶ ❈♦♠♣♦rt❡♠❡♥t ❛♥✐s♦tr♦♣❡ ❞❡ ❍ sw

▲❡s ✜❣✉r❡s ✺✳✽✭❛✮ ❡t ✭❜✮ r❡♣rés❡♥t❡♥t ❞❡✉① ♠❡s✉r❡s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❡✛❡❝t✉é❡s s✉r ◆❚❇
à ❞❡✉① ❛♥❣❧❡s ❞✐✛ér❡♥ts ❞❡ 90✝✳ ▲❛ ✜❣✉r❡ ✺✳✽✭❛✮ ❡st t♦✉t à ❢❛✐t ❝♦♠♣❛r❛❜❧❡ à ❧❛ ✜❣✉r❡ ✺✳✼ ✿ ❧❡
r❛t✐♦ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❛tt❡✐♥t 100%✳ ▲❛ ✜❣✉r❡ ✺✳✽✭❜✮✱ q✉❛♥t à ❡❧❧❡✱ ♥✬❡st ♣❛s ❤②stérét✐q✉❡✱
❡t ❝❤❛q✉❡ ❝♦✉r❜❡ ✭❛❧❧❡r ❡t r❡t♦✉r✮ ♥❡ ♣rés❡♥t❡ q✉✬✉♥ s❛✉t ❞❡ ❝♦♥❞✉❝t❛♥❝❡ ❛✉t♦✉r ❞❡ ❝❤❛♠♣
♥✉❧✳ ❉❡ ♣❧✉s✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧♦rsq✉❡ ❧❡ ❝❤❛♠♣ ❡st s❛t✉ré à −1❚ ♦✉ à +1❚✱ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ♥❡
♣♦ssè❞❡ ♣❛s ❧❛ ♠ê♠❡ ✈❛❧❡✉r✳
❉❛♥s ❧❡ ❜✉t ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❛♥✐s♦tr♦♣❡ ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡✱ ♥♦✉s
❜❛❧❛②♦♥s ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❡ −1❚ à +1❚ s❡❧♦♥ ✉♥❡ ❞✐r❡❝t✐♦♥ ♣✉✐s ♥♦✉s ✐♥❝ré♠❡♥t♦♥s
❧✬❛♥❣❧❡ ❞❡ ❧❛ ♠❡s✉r❡✳ ❖♥ ♣❡✉t ❛✐♥s✐ ♣❛r❝♦✉r✐r ✉♥ ❞✐sq✉❡ ❞❡ r❛②♦♥ 1❚ ❞❡ ♠❛♥✐èr❡ r❛❞✐❛❧❡ s❛♥s
r✐sq✉❡r ❞❡ ❢❛✐r❡ tr❛♥s✐t❡r ❧❡s ❜♦❜✐♥❡s s✉♣r❛❝♦♥❞✉❝tr✐❝❡s✳ P♦✉r ❢❛❝✐❧✐t❡r ❧❛ ❧❡❝t✉r❡ ❞✉ rés✉❧t❛t✱
♦♥ tr❛❝❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❡♥tr❡ ❧✬❛❧❧❡r ❡t ❧❡ r❡t♦✉r ❞❡ −1❚ à 0❚
❡t ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ r❡t♦✉r ❡t ❧✬❛❧❧❡r ❞❡ 0❚ à 1❚✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ❧❡s ✜❣✉r❡s ✺✳✽✭❝✮ ❡t
✭❞✮ q✉✐ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♠❡s✉r❡s ❡✛❡❝t✉é❡s r❡s♣❡❝t✐✈❡♠❡♥t s✉r ◆❚❆ ❡t ◆❚❇ ✱ ❧❛ ❞✐r❡❝t✐♦♥
90✝ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❛①❡ ❞✉ ♥❛♥♦t✉❜❡✳ ▲❡ ❝♦❞❡ ❝♦✉❧❡✉r ✐♥❞✐q✉❡ ❧✬❛❜s❡♥❝❡ ❞✬❤②stérés✐s ❞❛♥s
❧❡s ③♦♥❡s ❜❧❛♥❝❤❡s✳ ▲❡s ③♦♥❡s r♦✉❣❡s✱ ❛✉ ❝♦♥tr❛✐r❡✱ ❞és✐❣♥❡♥t ❧❡s ③♦♥❡s ♦ù ❧✬❛❧❧❡r ❡t ❧❡ r❡t♦✉r
♣r❡♥♥❡♥t ❞❡✉① ✈❛❧❡✉rs ❞✐✛ér❡♥t❡s✳ ▲❛ ❢r♦♥t✐èr❡ ❡♥tr❡ ❝❡s ❞❡✉① ③♦♥❡s ❝♦rr❡s♣♦♥❞ ❞♦♥❝ à ❧❛ ✈❛❧❡✉r
❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❍ sw ♣♦✉r ❧❛q✉❡❧❧❡ ✉♥ s❛✉t ❛❜r✉♣t ❞❡ ❝♦♥❞✉❝t❛♥❝❡ ❡st ♦❜s❡r✈é✳
■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ ❍ sw s♦rt ❞❡ ❧❛ ❢❡♥êtr❡ ❞❡ ♠❡s✉r❡ ❬−1❚✱ +1❚❪ ❧♦rsq✉❡ ❧✬♦♥
s✬❛♣♣r♦❝❤❡ ❞❡ 85✝♣♦✉r ◆❚❆ ❡t ❞❡ 45✝♣♦✉r ◆❚❇ ✭✈♦✐r ❧❡s ✜❣✉r❡s ✺✳✽✭❜✮ ❡t ✭❝✮✮ ❀ ❞❛♥s ❝❡ ❝❛s✱ ❧❡
s✐❣♥❛❧ r❡ss❡♠❜❧❡ à ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ✜❣✉r❡ ✺✳✽✭❜✮✳
■❧ ❡st ❝❧❛✐r q✉❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❍ sw ♥❡ ❞é♣❡♥❞ q✉❡ ❞❡ ❧❛ ♣r♦❥❡❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
s❡❧♦♥ ❧❛ ❞✐r❡❝t✐♦♥ ✵✝✱ ❝❡ q✉✐ ❡st ❧❛ s✐❣♥❛t✉r❡ ❞✬✉♥ ♦❜❥❡t ♠❛❣♥ét✐q✉❡ ❞✬❛♥✐s♦tr♦♣✐❡ ✉♥✐✲❛①✐❛❧❡✳
❘❡♣r♦❞✉✐ts ❞❡ ♥♦♠❜r❡✉s❡s ❢♦✐s✱ ❧❡s rés✉❧t❛ts ❞❡ ❝❡tt❡ ♠❡s✉r❡ ❝♦♥❝❡r♥❛♥t ❞✬❛✉tr❡s é❝❤❛♥t✐❧❧♦♥s
s♦♥t ♣rés❡♥tés à ❧❛ ✜❣✉r❡ ✺✳✶✽✳ ◆♦✉s ❛✈♦♥s ❧à ✉♥❡ ♣r❡♠✐èr❡ ✐♥❞✐❝❛t✐♦♥ q✉❡ ❧❡s ♠♦❧é❝✉❧❡s ❚❜P❝ ∗

2

s♦♥t ❜✐❡♥ ❧❡s ❝❛✉s❡s ❞✉ s✐❣♥❛❧ ❤②stérét✐q✉❡✳ ❊♥ ❡✛❡t✱ ♥♦✉s ❛✈♦♥s ✈✉ à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✷✱ q✉✬à
❜❛ss❡ t❡♠♣ér❛t✉r❡ ❚❜P❝∗2 s❡ ❝♦♠♣♦rt❡ ❝♦♠♠❡ ✉♥ s♣✐♥ ❞❡ t②♣❡ ■s✐♥❣ ❡t q✉❡ s❡✉❧❡ ❧✬❛♣♣❧✐❝❛t✐♦♥



✺✳✸✳ ❙✐❣♥❛t✉r❡ ❞❡ ❚❜P❝∗2 ✾✺

(c)

µ
0
H (T)

0°

45°

90°

135°

180°

-7

0 0.5 1

225° 315°

0°

45°

90°

135°

180°

0 0.5 1

225° 315°
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H (T)
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(d)

µ
0
H (T)

0 10.5-0.5-1
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0
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/d
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*
1
0

-3
)

100 mK

θ = 0°

µ
0
H (T)

0 10.5-0.5-1

20

10

0
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dI
/d

V
 (

e2
/h

*
1
0

-3
)

100 mK

θ = 90°

(a) (b)

❋✐❣✉r❡ ✺✳✽ ✕ ▼❛❣♥ét♦rés✐st❛♥❝❡ ❛♥✐s♦tr♦♣❡✳ ✭❛✮ ❙✐❣♥❛❧ ❞❡ t②♣❡ ✈❛♥♥❡ ❞❡ s♣✐♥ ❞❡ ◆❚❇✱ ♠❡s✉ré à
✵✝s✉r ✭❞✮✳ ❖♥ r❡tr♦✉✈❡ ❧❡ ♠ê♠❡ t②♣❡ ❞❡ ❝♦♠♣♦rt❡♠❡♥t q✉❡ ♣♦✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ◆❚❆ ♣rés❡♥té à ❧❛ ✜❣✉r❡
✺✳✼✳ ✭❜✮ ❆❜s❡♥❝❡ ❞❡ s✐❣♥❛❧ ✈❛♥♥❡ ❞❡ s♣✐♥ ❞❡ ◆❚❇✱ ♠❡s✉ré à 90✝s✉r ✭❞✮✳ ▲❛ s✐❣♥❛t✉r❡ ✈❛♥♥❡ ❞❡ s♣✐♥
❞✐s♣❛r❛✐t ❡t ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❛❞♦♣t❡ ❞❡✉① ♥✐✈❡❛✉① ❞❡ ❝♦♥❞✉❝t❛♥❝❡s ❞✐✛ér❡♥ts ♣♦✉r +1❚ ❡t −1❚✳ ❙❡✉❧
❧❡ s❛✉t à ❝❤❛♠♣ ♥✉❧ ♣❡rs✐st❡✳ ✭❝✮ ❉é♣❡♥❞❛♥❝❡ ❛♥❣✉❧❛✐r❡ ❞❡ ❧✬❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥ ❞❡ ◆❚❆✳ ▲❛ ❧✐❣♥❡ ❡♥
♣♦✐♥t✐❧❧és ❝♦rr❡s♣♦♥❞ à ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ✜❣✉r❡ ✺✳✼✳ ✭❞✮ ❉é♣❡♥❞❛♥❝❡ ❛♥❣✉❧❛✐r❡ ❞❡ ◆❚❇✳ ▲❡s ❝♦✉r❜❡s ✭❛✮
❡t ✭❜✮ ② s♦♥t r❡♣rés❡♥té❡s ♣❛r ❧❡s ♣♦✐♥t✐❧❧és✳ ▲❡s ❧✐❡✉① ♦ù ❍ sw ❡st ♠❡s✉r❛❜❧❡ ✭❡♥tr❡ −85✝❡t +85✝♣♦✉r
◆❚❆ ❡t ❡♥tr❡ −45✝❡t +45✝♣♦✉r ◆❚❇✮ ❞é❝r✐✈❡♥t ❞❡s ❞r♦✐t❡s ♦rt❤♦❣♦♥❛❧❡s à ❧❛ ❞✐r❡❝t✐♦♥ 0✝✳



✾✻ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡
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100 mK

θ = 0°  60mT/s

 30mT/s

 10mT/s

 3mT/s

100

❋✐❣✉r❡ ✺✳✾ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❍ sw ❞❡
◆❚❇ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛✲
❧❛②❛❣❡✳ ✷✵ ♠❡s✉r❡s ❝♦♥sé❝✉t✐✈❡s s♦♥t r❡❧❡✲
✈é❡s ♣♦✉r ❝❤❛q✉❡ ✈✐t❡ss❡✳

❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ s❡❧♦♥ ❧✬❛①❡ ❢❛❝✐❧❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ✭♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉① P❝s✮ ♣❡r♠❡t ✉♥
r❡t♦✉r♥❡♠❡♥t ❞✉ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡✳ ▲❛ ✈❛❧❡✉r r❡❧❛t✐✈❡♠❡♥t é❧❡✈é❡ ❞❡ ❍ sw ♣❡r♠❡t ❡♥ ♦✉tr❡
❞❡ ♣♦st✉❧❡r q✉❡ ❝✬❡st ❧✬❛♥✐s♦tr♦♣✐❡ ❞✉ r❡t♦✉r♥❡♠❡♥t ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ q✉❡ ♥♦✉s ♦❜s❡r✈♦♥s
s✉r ❧❡s ✜❣✉r❡s ✺✳✽✭❝✮ ❡t ✭❞✮✳
P♦✉r ❝♦♥✜r♠❡r ❝❡tt❡ ❤②♣♦t❤ès❡✱ ♥♦✉s ❛❧❧♦♥s ♣r♦❝é❞❡r à ✉♥❡ ét✉❞❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡
❜❛❧❛②❛❣❡✳

✺✳✸✳✷ ❍ sw ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡

◆♦✉s ❛✈♦♥s ✈✉ s✉r ❧❡s ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ s✉r ♠♦♥♦✲❝r✐st❛❧ à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✷✱ q✉❡ ❧❛
♣♦s✐t✐♦♥ ❞❡s tr❛♥s✐t✐♦♥s ❞✐r❡❝t❡s ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✳ ▲❛ ✜❣✉r❡ ✺✳✾
r❡♣rés❡♥t❡ ✷✵ ❝♦✉r❜❡s ❛❧❧❡r✲r❡t♦✉r ❝♦♥sé❝✉t✐✈❡s ré❛❧✐sé❡s s✉r ◆❚❇ ♣♦✉r ✹ ✈❛❧❡✉rs ❞✐✛ér❡♥t❡s ❞❡
✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ✿ 3♠❚✳s−1✱ 10♠❚✳s−1✱ 30♠❚✳s−1 ❡t 60♠❚✳s−1✳ ❈❡s ♠❡s✉r❡s t✐❡♥♥❡♥t ❝♦♠♣t❡
❞❡ ❧❛ ré♠❛♥❡♥❝❡ ❞✉ ❝❤❛♠♣ q✉✐ ❛♣♣❛r❛✐t ❞❛♥s ❧❡s ❜♦❜✐♥❡s ❧♦rsq✉❡ ❧✬♦♥ ❛✉❣♠❡♥t❡ ❧❛ ✈✐t❡ss❡✳
◆♦✉s ❝♦♠♣❛r♦♥s ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❍ sw ♣❛r r❛♣♣♦rt à s❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ à 3♠❚✳s−1✱ ❝❡❧❧❡✲❝✐ ❡st
r❡♣rés❡♥té❡ ♣❛r ✉♥❡ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧és✳ ▲♦rsq✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❛✉❣♠❡♥t❡✱ ❧❛ ♣♦s✐t✐♦♥ ❍ sw

é✈♦❧✉❡ ✈❡rs ❧❡s ❝❤❛♠♣s ♣❧✉s é❧❡✈és✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♠❡s✉r❡s ré❛❧✐sé❡s s✉r ✉♥❡ ❛ss❡♠❜❧é❡ ❞❡
❚❜P❝∗2 ♣rés❡♥té❡s à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✷ ❀ ✉♥❡ ét✉❞❡ ♣❧✉s ❛♣♣r♦❢♦♥❞✐❡ ❞❡ ❝❡tt❡ é✈♦❧✉t✐♦♥ s❡r❛ ♣r♦♣♦sé❡
à ❧❛ s❡❝t✐♦♥ ✻✳✸✳✶✳
◆♦✉s ❛✈♦♥s ✈✉ ❛✉① s❡❝t✐♦♥s ✶✳✶✳✷ ❡t ✶✳✷✳✷ q✉❡ ❧❡ r❡t♦✉r♥❡♠❡♥t ❞✬❛✐♠❛♥t❛t✐♦♥ ❞❛♥s ❧❡s ❛✐♠❛♥ts
♠♦❧é❝✉❧❛✐r❡s ♦❜é✐t à ❧❛ t❤é♦r✐❡ ❞❡ ▲❛♥❞❛✉✲❩❡♥❡r✱ à s❛✈♦✐r q✉❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ r❡t♦✉r♥❡♠❡♥t ♣❛r
❡✛❡t t✉♥♥❡❧ ❛✉❣♠❡♥t❡ s✐ ❧✬♦♥ ❞✐♠✐♥✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡
✈♦✐r s❡ ♣r♦❞✉✐r❡ ✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❞❛♥s ❚❜P❝∗2 ❞✐♠✐♥✉❡ ❞❛♥s ❧❡ ♠ê♠❡ t❡♠♣s✳ ▲❛ ✜❣✉r❡ ✺✳✶✵



✺✳✸✳ ❙✐❣♥❛t✉r❡ ❞❡ ❚❜P❝∗2 ✾✼
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❋✐❣✉r❡ ✺✳✶✵ ✕ P♦s✐t✐♦♥♥❡♠❡♥t st♦❝❤❛st✐q✉❡ ❞❡ ❍ sw✳ ✭❛✮ ✻ ♠❡s✉r❡s ❝♦♥sé❝✉t✐✈❡s ❛❧❧❡r✲r❡t♦✉r s✉r
◆❚❆✳ ❖♥ s❛t✉r❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ à −1❚ ♣✉✐s ♦♥ r❛♠♣❡ ❧❡ ❝❤❛♠♣ à 50♠❚✳s−1 ❥✉sq✉✬à −0.1❚✳
▲❛ ✈✐t❡ss❡ ❡st ❞✐♠✐♥✉é❡ à 2♠❚✳s−1 ❥✉sq✉✬à +1❚✱ t♦✉t ❡♥ ❝♦♥s❡r✈❛♥t ❧❡ ♠ê♠❡ t❛✉① ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡✱
❝❡ q✉✐ ❞♦♥♥❡ ✉♥ ❛s♣❡❝t ♣❧✉s ❜r✉✐té à ❝❡tt❡ ♣❛rt✐❡ ❞❡ ❧❛ ♠❡s✉r❡✳ ❖♥ ♣r♦❝è❞❡ ❞❡ ♠ê♠❡ ♣♦✉r ❧❡ r❡t♦✉r✱
❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❡st ❞❡ 50♠❚✳s−1 ❡♥tr❡ +1❚ ❡t 0.1❚✱ ❡t ❞❡ 2♠❚✳s−1 ❡♥tr❡ 0.1❚ ❡t −1❚✳▲❡s
❝♦✉r❜❡s ❜❧❡✉❡s ♣rés❡♥t❡♥t ❧❡ ❝❛r❛❝tèr❡ ✈❛♥♥❡ ❞❡ s♣✐♥ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ❝♦✉r❜❡s r♦✉❣❡s✳ ✭❜✮ ❈♦✉r❜❡s
❛❧❧❡r ♣❛rt✐❡❧❧❡s ♠❡s✉ré❡s à 2♠❚✳s−1✳ ▲❡s tr✐❛♥❣❧❡s r♦✉❣❡s ✐♥❞✐q✉❡♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❍ sw✳

♠♦♥tr❡ ♣❧✉s✐❡✉rs ♠❡s✉r❡s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡s ❝♦♥sé❝✉t✐✈❡s ré❛❧✐sé❡s s✉r ◆❚❆ à 2♠❚✳s−1✳ ❖♥
♦❜s❡r✈❡ q✉❡ s✉r ❧❡s ❝♦✉r❜❡s ❡♥ r♦✉❣❡ ❧❡ ❝❛r❛❝tèr❡ ✈❛♥♥❡ ❞❡ s♣✐♥ ❞✐s♣❛r❛✐t✱ ❛❧♦rs q✉✬✐❧ ❡st ❝♦♥s❡r✈é
s✉r ❧❡s ❜❧❡✉s✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉✬à ❢♦rt❡ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ✭> 20♠❚✳s−1✮✱ ♦♥ ♦❜s❡r✈❡
t♦✉❥♦✉rs ✉♥❡ tr❛♥s✐t✐♦♥ à ❢♦rt ❝❤❛♠♣ ❞❛♥s ◆❚❆✳
❘❡❣❛r❞♦♥s ♣❧✉s ❡♥ ❞ét❛✐❧ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❍ sw à ❢❛✐❜❧❡ ✈✐t❡ss❡ ✿ ❧❛ ✜❣✉r❡ ✺✳✶✵✭❜✮ ♠♦♥tr❡ ❛✐♥s✐
✶✶ ❝♦✉r❜❡s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❛❧❧❡r ✭❞❡ −1❚ à +1❚✮✳ ❖♥ ❝♦♥st❛t❡ q✉❡ ❍ sw ♥❡ ♣r❡♥❞ ♣❛s
♥✬✐♠♣♦rt❡ q✉❡❧❧❡ ✈❛❧❡✉r✱ ✐❧ s❡ s✐t✉❡ s♦✐t ❛✉t♦✉r ❞❡ 0.6❚ s♦✐t ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧ ❡t ❝❡❧❛ ❞❡
♠❛♥✐èr❡ st♦❝❤❛st✐q✉❡✳ ❖♥ ♣❡✉t ❛❧♦rs ❢❛✐r❡ ❧❡ r❛♣♣r♦❝❤❡♠❡♥t ❛✈❡❝ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ♠❛❣♥ét✐q✉❡
❞❡ ❚❜P❝∗2 ❞é✈❡❧♦♣♣é à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✷✳ ◆♦✉s ② ❛✈♦♥s ✈✉ q✉❡ ❧❡ r❡t♦✉r♥❡♠❡♥t ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥
♣❡✉t s❡ ♣r♦❞✉✐r❡ s♦✐t à ❝❤❛♠♣ ♥✉❧ ♣❛r ❡✛❡t t✉♥♥❡❧ s♦✐t à ❝❤❛♠♣ ❢♦rt ❣râ❝❡ à ✉♥❡ tr❛♥s✐t✐♦♥
❞✐r❡❝t❡✳ ◆♦✉s ❛❧❧♦♥s ♠❛✐♥t❡♥❛♥t ♣r♦❝é❞❡r à ✉♥❡ ét✉❞❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❛✜♥ ❞❡ ✈♦✐r
s✐ ❝❡❧❛ ❡st ❝♦❤ér❡♥t ❛✈❡❝ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❚❜P❝∗2✳



✾✽ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡
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1 K

0.8 K

0.6 K

0.4 K

0.2 K

0.1 K

0.6 K

0.4 K

0.2 K

0.1 K

0.3 K

0.04 K

0.5 K

❋✐❣✉r❡ ✺✳✶✶ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❍ sw ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡✳ ✭❛✮ ▼❡s✉ré❡ s✉r ◆❚❆✳ ✭❜✮ ▼❡s✉ré❡ s✉r
◆❚❇✳ ✷✵ ♠❡s✉r❡s s♦♥t ré❛❧✐sé❡s ♣♦✉r ❝❤❛q✉❡ t❡♠♣ér❛t✉r❡ à 50♠❚✳s−1✳

✺✳✸✳✸ ❚❡♠♣ér❛t✉r❡ ❞❡ ❜❧♦❝❛❣❡

❯♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ s②stè♠❡ ❛ ❞❡✉① ❝♦♥séq✉❡♥❝❡s ✿ ❞✬✉♥❡ ♣❛rt✱ ❧❡s é❧❡❝✲
tr♦♥s ❞❡ ❝♦♥❞✉❝t✐♦♥ ♣♦ssè❞❡♥t ♣❧✉s ❞✬é♥❡r❣✐❡ ❡t s♦♥t ❞♦♥❝ ♠♦✐♥s s❡♥s✐❜❧❡s à ❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t✱
❞✬❛✉tr❡ ♣❛rt ❧✬♦❜❥❡t ♠❛❣♥ét✐q✉❡ ✐♥t❡r❛❣✐t ❛✈❡❝ ❝❡s ❞❡r♥✐❡rs ❡t ❛❝q✉✐❡rt ❞❛✈❛♥t❛❣❡ ❞✬é♥❡r❣✐❡ ♣♦✉r
r❡t♦✉r♥❡r s♦♥ ❛✐♠❛♥t❛t✐♦♥✳ ▲❛ ✜❣✉r❡ ✺✳✶✶ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥ ❡♥ ❢♦♥❝✲
t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❛♥s ◆❚❆ ❡t ◆❚❇✳ ❖♥ ❝♦♥st❛t❡ ❡✛❡❝t✐✈❡♠❡♥t q✉❡ ❧❡ s✐❣♥❛❧ ❡st ❞❡ ♣❧✉s
❡♥ ♣❧✉s ❜r✉✐té à ♠❡s✉r❡ q✉❡ ❧✬♦♥ ❛✉❣♠❡♥t❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧✬❤②stérés✐s
❞✐♠✐♥✉❡✳ ❊♥ ❡✛❡t✱ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❍ sw s❡ r❛♣♣r♦❝❤❡ ❞❡ ❝❤❛♠♣ ♥✉❧ ❡t s❡ ❞✐s♣❡rs❡ ❞❛✈❛♥t❛❣❡ ❛✈❡❝
❧❛ t❡♠♣ér❛t✉r❡✳ ❊♥ ❡①tr❛♣♦❧❛♥t ❝❡ ❝♦♠♣♦rt❡♠❡♥t✱ ♦♥ ♣❡✉t ❡st✐♠❡r ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❜❧♦❝❛❣❡
❞❡ ❧✬♦❜❥❡t ♠❛❣♥ét✐q✉❡ à 0.8❑ ❞❛♥s ❧❡ ❝❛s ◆❚❆ ❡t à 1.5❑ ❞❛♥s ❧❡ ❝❛s ◆❚❇✳ ❖r ❝❡s rés✉❧t❛ts
❝♦♥❝♦r❞❡♥t ❛✈❡❝ ❝❡✉① ♦❜t❡♥✉s ♣❛r ▼❛r❣❤❡r✐t✐ ❡t ❛❧✳ s✉r ❚❜P❝2 ❬✶✶✵❪ ✿ ✐❧s ♦♥t ♠❡s✉ré ♣❛r ❳▼❈❉
❞❡s ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s ❚❜P❝2 ❞é♣♦sé❡s s✉r ✉♥❡ s✉r❢❛❝❡ ♠ét❛❧❧✐q✉❡ ❡♥ q✉❛♥t✐té
✐♥❢ér✐❡✉r❡ à ✉♥❡ ♠♦♥♦✲❝♦✉❝❤❡ ❡t ♣❛r✈✐❡♥♥❡♥t à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜❧♦❝❛❣❡ ❡st✐♠é❡ à 2❑✳ ❖♥
♣❡✉t ❝♦♥s✐❞ér❡r ❞❛♥s ❝❡s ❞❡✉① ❡①♣ér✐❡♥❝❡s q✉❡ ❧❛ ♠♦❧é❝✉❧❡✱ ✉♥❡ ❢♦✐s ❞é♣♦sé❡ s✉r ✉♥❡ s✉r❢❛❝❡✱
✈♦✐t s♦♥ ❛♥✐s♦tr♦♣✐❡ ❢♦rt❡♠❡♥t ❛❧téré❡✱ ♣✉✐sq✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❜❧♦❝❛❣❡ ❞❡ ❚❜P❝ 2 s♦✉s ❢♦r♠❡
❝r✐st❛❧❧✐♥❡ ❡st ❡st✐♠é❡ à 40❑ ♣❛r ♠❡s✉r❡ ❞❡ s✉s❝❡♣t✐❜✐❧✐té ❆❈ ❬✶✶✶❪✳ ◆♦✉s ❞✐s❝✉t❡r♦♥s ♣❧✉s ❡♥
❞ét❛✐❧ à ❧❛ s❡❝t✐♦♥ ✻✳✸✳✷ ❞❡ ❧✬❡✛❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ s✉r ❧❡s tr❛♥s✐t✐♦♥s ❞✐r❡❝t❡s✳



✺✳✹✳ ❉✐s❝✉ss✐♦♥ s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ♥❛♥♦t✉❜❡✲❚❜P❝∗
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❋✐❣✉r❡ ✺✳✶✷ ✕ ❊✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥ à ♣❧✉✲
s✐❡✉rs ♠♦❧é❝✉❧❡s✳ ▲❡s ❛stér✐sq✉❡s ♠❛rq✉❡♥t
❧❡s ❝❤❛♥❣❡♠❡♥ts ❛❜r✉♣ts ❞❡ ❝♦♥❞✉❝t❛♥❝❡s ❛✉✲
t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧✱ ❛ttr✐❜✉és ❛✉ r❡t♦✉r♥❡♠❡♥t
❞✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s ♣❛r ❡✛❡t t✉♥♥❡❧✳

✺✳✹ ❉✐s❝✉ss✐♦♥ s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ♥❛♥♦t✉❜❡✲❚❜P❝ ∗
2

◆♦✉s ❛✈♦♥s ♠❛✐♥t❡♥❛♥t t♦✉t❡s ❧❡s r❛✐s♦♥s ❞❡ ♣❡♥s❡r✱ ❡t ❧❡s rés✉❧t❛ts ❞✉ ❝❤❛♣✐tr❡ s✐① ✜♥✐r♦♥t
❞❡ ♥♦✉s ❡♥ ❝♦♥✈❛✐♥❝r❡✱ q✉❡ ❧❡s ♠♦❧é❝✉❧❡s ❚❜P❝∗2 s♦♥t r❡s♣♦♥s❛❜❧❡s ❞❡ ❧❛ s✐❣♥❛t✉r❡ ✧✈❛♥♥❡ ❞❡
s♣✐♥✧✳ ◆♦✉s ❛❧❧♦♥s ♠❛✐♥t❡♥❛♥t t❡♥t❡r ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❛ ♥❛t✉r❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ♥❛♥♦t✉❜❡
❡t ❚❜P❝∗2 ❡t ♣r♦♣♦s❡r ✉♥ ♠♦❞è❧❡ ♣♦✉r ❡①♣❧✐q✉❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥ ♠❛❣♥ét♦rés✐st❛♥❝❡✳

✺✳✹✳✶ ■♥t❡r♣rét❛t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ♠❛❣♥ét✐q✉❡

▲❡ ♥♦♠❜r❡ ❞❡ ♠♦❧é❝✉❧❡s ❝♦✉♣❧é❡s ❛✉ t✉❜❡ ❡st ❞❡ t♦✉t❡ é✈✐❞❡♥❝❡ ✉♥ ♣❛r❛♠ètr❡ ❡ss❡♥t✐❡❧ q✉❡
❧✬♦♥ ♥❡ ♣❡✉t ♣❛s ❝♦♥trô❧❡r ❞❡ ♠❛♥✐èr❡ ❞ét❡r♠✐♥✐st❡ ❝❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ❢♦♥❝t✐♦♥♥❛❧✐s❛t✐♦♥ ❡st
♣✉r❡♠❡♥t st♦❝❤❛st✐q✉❡✳ ▲❛ ♣❧✉♣❛rt ❞❡s é❝❤❛♥t✐❧❧♦♥s ♦✛r❛♥t ✉♥ ❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥✱ ♣rés❡♥t❡♥t
❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧ ✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ s❛✉ts ❝♦♠♠❡ ♠♦♥tré s✉r ❧❛ ✜❣✉r❡ ✺✳✶✷✳ ❈❡s s❛✉ts s♦♥t
❛ttr✐❜✉és à ❞❡s ❡✛❡ts t✉♥♥❡❧s ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡ q✉❡❧q✉❡s ♠♦❧é❝✉❧❡s ❝♦✉♣❧é❡s ❛✉ ♥❛♥♦t✉❜❡✳
P❛r s♦✉❝✐ ❞❡ s✐♠♣❧✐❝✐té ❡t ❛✜♥ ❞✬✐♥t❡r♣rét❡r ❧❡s rés✉❧t❛ts ♣rés❡♥tés ❛✉ ❝♦✉rs ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ♦♥
r❛♠è♥❡r❛ ❧❡✉r ❝♦♠♣♦rt❡♠❡♥t à ❝❡❧✉✐ ❞✬✉♥❡ s❡✉❧❡ ♠♦❧é❝✉❧❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡ s❛✉t à ❢♦rt ❝❤❛♠♣ ❡st
❛ttr✐❜✉é à ✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❡t ❡st ❡♥ ❣é♥ér❛❧ ✉♥✐q✉❡✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♠❡s✉r❡s µ✲❙◗❯■❉
♣rés❡♥té❡s à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✷✳ ❈❡s ❞❡r♥✐èr❡s ♠♦♥tr❡♥t q✉❡ ❧❡s tr♦✐s q✉❛rts ❞❡s ♠♦❧é❝✉❧❡s ♣r♦❝è❞❡♥t
♣❛r ❡✛❡t t✉♥♥❡❧ ❡t q✉❡ s❡✉❧❡♠❡♥t ✉♥ q✉❛rt s✉❜✐t ✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✱ ♣♦✉r ❞❡s ✈✐t❡ss❡s ❞❡
❜❛❧❛②❛❣❡ ✐❞❡♥t✐q✉❡s à ❝❡❧❧❡s ✉t✐❧✐sé❡s ❞❛♥s ❝❡tt❡ ❡①♣ér✐♠❡♥t❛t✐♦♥✳
❖♥ ♠♦❞é❧✐s❡ ❞♦♥❝ ♥♦tr❡ s②stè♠❡ à ❧✬❛✐❞❡ ❞❡ ❞❡✉① ♠♦❧é❝✉❧❡s s❡✉❧❡♠❡♥t✳ ❙♦✉s ❢♦rt ❝❤❛♠♣ ♠❛❣♥é✲
t✐q✉❡✱ ❧❡✉r ❛✐♠❛♥t❛t✐♦♥ ❡st ♣♦❧❛r✐sé❡ ❞❛♥s ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ♣❛r❛❧❧è❧❡✱ ❧❡ ❞✐s♣♦s✐t✐❢ ❡st ❞❛♥s ✉♥
ré❣✐♠❡ ❞❡ ❢♦rt❡ ❝♦♥❞✉❝t❛♥❝❡✳ ▲♦rsq✉❡ ❧✬♦♥ ❞✐♠✐♥✉❡ ❧❡ ❝❤❛♠♣ ❡t q✉❡ ❧✬♦♥ ❛tt❡✐♥t ❧❛ ③♦♥❡ ♦ù ❧✬❡✛❡t
t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ♣❡✉t ❛✈♦✐r ❧✐❡✉✱ ✉♥❡ ❞❡s ❞❡✉① ♠♦❧é❝✉❧❡s ✈♦✐t s♦♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡
s❡ r❡t♦✉r♥❡r ♣❛r ❡✛❡t t✉♥♥❡❧✱ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ♠❛❣♥ét✐q✉❡ ❡st ❛❧♦rs ❛♥t✐✲♣❛r❛❧❧è❧❡ ❡t ❧❡ ❞✐s♣♦s✐t✐❢
❡st ❡♥ ré❣✐♠❡ ❞❡ ❢❛✐❜❧❡ ❝♦♥❞✉❝t❛♥❝❡✳ ❊♥ ❝♦♥t✐♥✉❛♥t ❞✬❛✉❣♠❡♥t❡r ❧❡ ❝❤❛♠♣✱ ❧❡ ♠♦♠❡♥t ❞❡ ❧❛
♠♦❧é❝✉❧❡ q✉✐ ♥✬❛ ♣❛s s✉❜✐ ❧✬❡✛❡t t✉♥♥❡❧ s❡ r❡t♦✉r♥❡ ❛❧♦rs ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳ ❊♥ ♦✉tr❡✱ ♥♦✉s
❛✈♦♥s ♠♦♥tré q✉❡ ❧♦rsq✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❡st s✉✣s❛♠♠❡♥t ❢❛✐❜❧❡✱ ❧❡s ♠♦♠❡♥ts ❞❡ ❝❤❛❝✉♥❡
❞❡s ♠♦❧é❝✉❧❡s s❡ r❡t♦✉r♥❡♥t ♣❛r ❡✛❡t t✉♥♥❡❧✳
◆♦✉s ❛❧❧♦♥s t❡♥t❡r ❞❡ ❝♦♠♣r❡♥❞r❡ ❝♦♠♠❡♥t ❧✬✐♥❢♦r♠❛t✐♦♥ ❞❡ ❝❡ r❡t♦✉r♥❡♠❡♥t ❡st tr❛♥s♠✐s❡ ❛✉①



✶✵✵ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

é❧❡❝tr♦♥s ❞❡ ❝♦♥❞✉❝t✐♦♥s ❞✉ ♥❛♥♦t✉❜❡✳ ❆♣rès ❛✈♦✐r é❧✐♠✐♥é ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞✬♦r✐❣✐♥❡ ❞✐♣♦❧❛✐r❡✱
♥♦✉s ❛❜♦r❞❡r♦♥s ❧✬❡✛❡t ♠❛❣♥ét♦✲❈♦✉❧♦♠❜✱ ❣é♥ér❛❧❡♠❡♥t ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥ ❡✛❡t ♣❛r❛s✐t❡ ❡♥
s♣✐♥tr♦♥✐q✉❡✱ ❡t ♥♦✉s ♠♦♥tr❡r♦♥s q✉✬✐❧ ♥❡ ♣❡✉t ♣❛s ❡①♣❧✐q✉❡r ♥♦s rés✉❧t❛ts✳ ◆♦✉s ✈❡rr♦♥s q✉❡❧
rô❧❡ ♣❡✉✈❡♥t ❥♦✉❡r ❧❡s é❧❡❝tr♦♥s ❞❡s ♣❤t❛❧♦❝②❛♥✐♥❡s ❞❛♥s ✉♥ ♣r♦❝❡ss✉s ❞✬é❝❤❛♥❣❡✳ P✉✐s ♥♦✉s
♣rés❡♥t❡r♦♥s ❞❡✉① ♠♦❞è❧❡s q✉✐ ♦♥t été ❞é✈❡❧♦♣♣és ♣♦✉r ❡①♣❧✐q✉❡r ♥♦s ♦❜s❡r✈❛t✐♦♥s✳
❙✐ ❧✬♦♥ ❝♦♥s✐❞èr❡ ✉♥ ♦❜❥❡t ♠❛❣♥ét✐q✉❡ ❞❡ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ é❣❛❧ à ✉♥ ♠❛❣♥ét♦♥ ❞❡ ❇♦❤r✱
❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣r♦❞✉✐t ♣❛r ❝❡t ♦❜❥❡t ❞é❝r♦✐t ❡♥ ✐♥t❡♥s✐té ❛✈❡❝ ❧❡ ❝✉❜❡ ❞❡ ❧❛ ❞✐st❛♥❝❡✳
❈✬❡st✲à✲❞✐r❡ q✉✬✐❧ ✈❛✉t 1❚ à ✉♥❡ ❞✐st❛♥❝❡ ❞✬1➴ ♠❛✐s ♥❡ ✈❛✉t ♣❧✉s q✉❡ 10♠❚ à 1 ♥♠✳ ❙✉♣♣♦s♦♥s
♠❛✐♥t❡♥❛♥t q✉❡ ❧❡ t❡r❜✐✉♠ s❡ s✐t✉❡ à ✉♥❡ ❞✐st❛♥❝❡ ❞❡ 5➴ ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ ♥❛♥♦t✉❜❡✱ ❝❡ q✉✐
s❡♠❜❧❡ r❛✐s♦♥♥❛❜❧❡ ❛✉ ✈✉ ❞❡s ❞♦♥♥é❡s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s t✐ré❡s ❞❡ ❬✶✶✷❪✳ ▲❡s ✻ ♠❛❣♥ét♦♥s ❞❡
❇♦❤r ❞✉ t❡r❜✐✉♠ ❣é♥èr❡♥t ❛❧♦rs ✉♥ ❝❤❛♠♣ ❞❡ 50m❚ s✉r ❧❡s é❧❡❝tr♦♥s à ❧❛ s✉r❢❛❝❡ ✐♠♠é❞✐❛t❡✱
✐♥t❡♥s✐té ❞❡ ❝❤❛♠♣ ❜✐❡♥ tr♦♣ ❢❛✐❜❧❡ ♣♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❞✉ s✐❣♥❛❧ ♠❡s✉ré✳

✺✳✹✳✷ ❊✛❡t ♠❛❣♥ét♦✲❈♦✉❧♦♠❜

❉❛♥s ❧❡s ❞✐s♣♦s✐t✐❢s ❞❡ s♣✐♥tr♦♥✐q✉❡ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ✉♥❡ ❜♦ît❡ q✉❛♥t✐q✉❡✱ ✐❧ ❡st s♦✉✈❡♥t
♥é❝❡ss❛✐r❡ ❞❡ ✈ér✐✜❡r s✐ ❧❡ s✐❣♥❛❧ ♠❛❣♥ét✐q✉❡ ♥✬❛ ♣❛s ❞✬❛✉tr❡ ♦r✐❣✐♥❡ q✉❡ ❧❡ ✜❧tr❛❣❡ ❞❡ s♣✐♥✳
▲✬❡✛❡t ♣❛r❛s✐t❡ ♣r✐♥❝✐♣❛❧ ❡st ❧✬❡✛❡t ♠❛❣♥ét♦✲❈♦✉❧♦♠❜ ✭▼❈✮ q✉✐ s❡ ♠❛♥✐❢❡st❡ ❞ès ❧♦rs q✉✬✉♥❡
é❧❡❝tr♦❞❡ ♠❛❣♥ét✐q✉❡ ❡st ❝♦✉♣❧é❡ à ✉♥❡ ❜♦ît❡ ❬✶✶✸✱ ✶✶✹❪✳
Pr❡♥♦♥s ❧❡ ❝❛s ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ♠❛❣♥ét✐q✉❡ ❝♦✉♣❧é❡ ❞❡ ♠❛♥✐èr❡ ❝❛♣❛❝✐t✐✈❡ à ✉♥ î❧♦t q✉❛♥t✐q✉❡✳
❉✬❛♣rès ❧✬éq✉❛t✐♦♥ ✷✳✶✺ ❞❡ ❧❛ s❡❝t✐♦♥ ✷✳✸✳✸✱ ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞❡ ❧✬î❧♦t ♣❡✉t êtr❡ r❛♠❡♥é à ✿

µ(N) = e2
N −N0 − 1/2

C
− e

(

CgVg + CsVs + CdVd − µpCp/e

C

)

✭✺✳✶✮

♦ù µp ❡st ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡t Cp ❧❡ ❝♦✉♣❧❛❣❡ ❝❛♣❛❝✐t✐❢ ❡♥tr❡ ❧❛ ♣❛rt✐❝✉❧❡
❡t ❧❡ ♥❛♥♦t✉❜❡✳ ▲❡ s❝❤é♠❛ ❞❡ ❧❛ ✜❣✉r❡ ✺✳✶✸ ✐❧❧✉str❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❝❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡
❧♦rsq✉❡ ❧✬♦♥ ✈❛r✐❡ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t q✉❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ s❡ r❡♥✈❡rs❡✳ ❖♥ ♣♦s❡
∆E0 ❧✬é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ sé♣❛r❛♥t ❧❡s s♣✐♥ ✉♣ ❡t ❞♦✇♥✳ ▲✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
H ❛♥t✐♣❛r❛❧❧è❧❡ à s♦♥ ❛✐♠❛♥t❛t✐♦♥ ❞✐♠✐♥✉❡ ❝❡tt❡ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❞❡ gµBµBH ∗ N ✱ ♦ù ◆
❡st ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ ♥♦♠❜r❡ ❞❡ s♣✐♥s ✉♣ ❡t ❞♦✇♥✳ ❊♥ ❛✉❣♠❡♥t❛♥t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱
❧✬❛✐♠❛♥t❛t✐♦♥ ✜♥✐t ♣❛r s❡ r❡t♦✉r♥❡r ❡t ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ♣❛ss❡ ❞❡ ∆E0 − gµBHN à ∆E0 +

gµBHN
′✳ ❙✉✐✈❛♥t ❧❡ ♣r♦✜❧ ❞❡s ❜❛♥❞❡s✱ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞✉ ♥♦♠❜r❡ t♦t❛❧ ❞✬é❧❡❝tr♦♥s ❞❛♥s ❧❛

♣❛rt✐❝✉❧❡ ♠❛❣♥ét✐q✉❡ ♦❜❧✐❣❡ ✉♥ ré❛❥✉st❡♠❡♥t ❞✉ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❡ ♣♦t❡♥t✐❡❧
❝❤✐♠✐q✉❡ ❞❡ ❧✬î❧♦t ✈❛ ❛✉ss✐ êtr❡ ♠♦❞✐✜é r❡❧❛t✐✈❡♠❡♥t à ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ ❝♦✉♣❧❛❣❡ ❝❛♣❛❝✐t✐❢✳
▲✬❡✛❡t ▼❈ r❡✈✐❡♥t ❞♦♥❝ à ✉♥ ❞é♣❧❛❝❡♠❡♥t ❞✉ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞❡ ❧✬î❧♦t ❝❡ q✉✐ ♣r♦✈♦q✉❡ ✉♥
❛❜❛✐ss❡♠❡♥t ❞❡ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ s✐ ❧✬♦♥ s❡ ♣❧❛❝❡ ❞✬✉♥ ❝ôté ❞✉ ♣✐❝ ❞❡ ❈♦✉❧♦♠❜ ❡t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
s✐ ❧✬♦♥ s❡ ♣❧❛❝❡ ❞❡ ❧✬❛✉tr❡ ❝ôté✳ ▲❡ s✐❣♥❡ ❞❡ ❧✬❤②stérés✐s ❞♦✐t ❞♦♥❝ ❝❤❛♥❣❡r ❧❡ ❧♦♥❣ ❞✉ ♣✐❝ ❞❡
❈♦✉❧♦♠❜ ❝♦♠♠❡ ♦♥ ♣❡✉t ❧✬♦❜s❡r✈❡r s✉r ❧❛ s✐♠✉❧❛t✐♦♥ r❡♣r♦❞✉✐t❡ à ❧❛ ✜❣✉r❡ ✺✳✶✹ ❡①tr❛✐t❡ ❞❡
❬✶✶✹❪✳ ❯♥❡ ✐❧❧✉str❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞✬✉♥ t❡❧ ❡✛❡t ❞❛♥s ✉♥ ♥❛♥♦t✉❜❡ ❝♦✉♣❧é à ✉♥❡ ♥❛♥♦♣❛rt✐❝✉❧❡
♠❛❣♥ét✐q✉❡ ❡st ♣r♦♣♦sé❡ à ❧❛ ✜❣✉r❡ ✺✳✶✹✭❝✮ ❡t ✭❞✮✱ q✉✐ ❛ été ré❛❧✐sé❡ ♣❛r ❉❛tt❛ ❡t ❛❧✳✱ ❬✶✶✺❪✳ ▲❛



✺✳✹✳ ❉✐s❝✉ss✐♦♥ s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ♥❛♥♦t✉❜❡✲❚❜P❝∗
2 ✶✵✶

ΔE0

Hsw>H>0H=0 H>Hsw

HHsw

µp

E(a) (b)

µp

(c)

(d)

0

❋✐❣✉r❡ ✺✳✶✸ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞✬✉♥❡ ♥❛♥♦♣❛rt✐❝✉❧❡ ❛✈❡❝ ❧❡ ❝❤❛♠♣ ♠❛❣♥é✲
t✐q✉❡✳✭❛✮ ▲❡s ❞❡✉① ❜❛♥❞❡s ❞❡ s♣✐♥ s♦♥t sé♣❛ré❡s ♣❛r ❧✬é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ à ❝❤❛♠♣ ♥✉❧✳ ✭❜✮ ▲❡ ❢♦♥❞ ❞❡
❧❛ ❜❛♥❞❡ ✉♣ ❞✐♠✐♥✉❡ ❛✈❡❝ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣♦s✐t✐❢ ❛❧♦rs q✉❡ ❝❡❧✉✐ ❞❡ ❧❛ ❜❛♥❞❡ ❞♦✇♥ ❛✉❣♠❡♥t❡✳
▲❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❡st ❛❥✉sté ❞❡ ♠❛♥✐èr❡ à ❝♦♥s❡r✈❡r ❧❡ ♥♦♠❜r❡ t♦t❛❧ ❞✬é❧❡❝tr♦♥s✳ ✭❝✮ ❯♥❡ ❢♦✐s ❧❛
♣❛rt✐❝✉❧❡ r❡t♦✉r♥é❡✱ ❧❛ ❜❛♥❞❡ ✉♣ ❡st ❧❛ ♣❧✉s ♣r♦❢♦♥❞❡ ❡t ❝♦♥t✐♥✉❡ à ✈♦✐r s♦♥ é♥❡r❣✐❡ ❞✐♠✐♥✉❡r ❡♥ ❢♦♥❝t✐♦♥
❞✉ ❝❤❛♠♣✳ ✭❞✮ ➱✈♦❧✉t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❛✈❡❝ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ❆❞❛♣té ❞❡ ❬✶✶✹❪✳



✶✵✷ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

(a)

(b)

200

400

0.125

0.062

-1. 5 -1. 4 -1. 3 -1. 2 -1. 1 -1.0
Vg (V)

-2

-1

0

1

2

-40

-20

0

20

40

(c)

(d)

❋✐❣✉r❡ ✺✳✶✹ ✕ ❊✛❡t ♠❛❣♥ét♦✲❈♦✉❧♦♠❜ ❞❛♥s ✉♥❡ ❜♦ît❡ q✉❛♥t✐q✉❡ ❝♦♥t❛❝té❡ à ❞❡✉① é❧❡❝✲
tr♦❞❡s ❢❡rr♦♠❛❣♥ét✐q✉❡s ❡t ❞❛♥s ✉♥ ♥❛♥♦t✉❜❡ ❝♦✉♣❧é à ✉♥❡ ♥❛♥♦♣❛rt✐❝✉❧❡✳ ❊①tr❛✐t ❞❡
❬✶✶✹❪ ❡t ❞❡ ❬✶✶✺❪✳ ✭❛✮ ❙✐♠✉❧❛t✐♦♥ ❞✬♦s❝✐❧❧❛t✐♦♥s ❞❡ ❈♦✉❧♦♠❜✳ ✭❜✮ ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ r❛t✐♦ ❞❡
♠❛❣♥ét♦rés✐st❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❧❛ ❜♦ît❡✳ ▲❡ s✐❣♥❡ ❞✉ r❛t✐♦ ❝❤❛♥❣❡ ❞✬✉♥ ❝ôté à ❧✬❛✉tr❡ ❞✉
♣✐❝ ❞❡ ❈♦✉❧♦♠❜✳ ✭❝✮ ▼❡s✉r❡ ❞✬♦s❝✐❧❧❛t✐♦♥s ❞❡ ❈♦✉❧♦♠❜ ❞❛♥s ✉♥ ♥❛♥♦t✉❜❡ ❝♦✉♣❧é à ✉♥❡ ♥❛♥♦♣❛rt✐❝✉❧❡
❞❡ ❢❡r✳ ▲❛ ❝♦✉❧❡✉r ✐♥❞✐q✉❡ ❧❡ s✐❣♥❡ ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡ s✉r ❧❡s ♣❡♥t❡s ❞❡s ♣✐❝s ❞❡ ❈♦✉❧♦♠❜✳ ✭❞✮
❈❛rt❡ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ♠♦♥tr❛♥t ✉♥ ❝❤❛♥❣❡♠❡♥t ❝❧❛✐r ❞❡ s✐❣♥❡ ❧♦rs ❞✉ ♣❛ss❛❣❡ ❛✉ s♦♠♠❡t ❞✬✉♥
♣✐❝ ❞❡ ❈♦✉❧♦♠❜✳

✜❣✉r❡ ✺✳✶✹✭❝✮ ❡t ✭❞✮ ♠♦♥tr❡ q✉❡ ❧❡ s✐❣♥❡ ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❝❤❛♥❣❡ ❧♦rsq✉❡ ❧✬♦♥ ♣❛ss❡ ❛✉
s♦♠♠❡t ❞✬✉♥ ♣✐❝ ❞❡ ❈♦✉❧♦♠❜✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ✜❣✉r❡ ✺✳✶✹✭❜✮✳ ❉❛♥s ❧❡ ❝❛s
❞❡ ♥♦tr❡ ♠♦❧é❝✉❧❡ ♠❛❣♥ét✐q✉❡✱ ♦♥ ♣❡✉t r❛♠❡♥❡r ❧❛ ✈❛r✐❛t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ✐♥❞✉✐t à
∆µ = CpgµBµ0JzHz✳ ▲❛ ✜❣✉r❡ ✺✳✶✺ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❤②stérés✐s ❞❛♥s ♥♦tr❡ s②stè♠❡ ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡✳ ❈❡tt❡ ❣❛♠♠❡ ❞❡ ❣r✐❧❧❡ ❝♦rr❡s♣♦♥❞ ❛✉① ❧♦s❛♥❣❡s ❞❡ ❈♦✉❧♦♠❜s
r❡♣rés❡♥tés ✜❣✉r❡ ✺✳✺ ❞❛♥s ❧❛ ③♦♥❡ ❛✉① t❡♥s✐♦♥s ❞❡ ❣r✐❧❧❡s ❧❡s ♣❧✉s ♥é❣❛t✐✈❡s✳ P♦✉r s✐♠♣❧✐✜❡r ❧❛
❧❡❝t✉r❡ ❞❡ ❧❛ ♠❡s✉r❡✱ ♦♥ tr❛❝❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❝♦✉r❜❡s ❛❧❧❡r ❡t r❡t♦✉r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
❣r✐❧❧❡✳ ▲❡ s✐❣♥❡ ❞✉ r❛t✐♦ ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡ ♥✬é✈♦❧✉❡ ♣❛s ❧♦rsq✉❡ ❧✬♦♥ tr❛✈❡rs❡ ❧❡ ♣♦✐♥t ❞❡
❞é❣é♥ér❡s❝❡♥❝❡✱ ❝❡ q✉✐ ❡st ❡♥ ❝❧❛✐r ❞és❛❝❝♦r❞ ❛✈❡❝ ❧✬❡✛❡t ▼❈ ❡t ❧✬♦♥ ♣❡✉t ❞♦♥❝ ❡①❝❧✉r❡ ❝❡tt❡
❡①♣❧✐❝❛t✐♦♥ ♣♦✉r ✐♥t❡r♣rét❡r ♥♦s rés✉❧t❛ts✳



✺✳✹✳ ❉✐s❝✉ss✐♦♥ s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ♥❛♥♦t✉❜❡✲❚❜P❝∗
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❋✐❣✉r❡ ✺✳✶✺ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ r❛t✐♦ ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ ❞❡ ❣r✐❧❧❡
❞❛♥s ◆❚❆✳ ❖♥ ♦❜s❡r✈❡ ❛✉❝✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ s✐❣♥❡ ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡✳

✺✳✹✳✸ ❘ô❧❡ ❞❡s é❧❡❝tr♦♥s ❞❡s ♣❤t❛❧♦❝②❛♥✐♥❡s

■♥tér❡ss♦♥s✲♥♦✉s ♠❛✐♥t❡♥❛♥t à ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡s ♠♦❧é❝✉❧❡s ♣❛r r❛♣♣♦rt ❛✉ ♥❛♥♦t✉❜❡✳ ▲❛
✜❣✉r❡ ✺✳✶✽ ♣rés❡♥t❡ ❞❡s rés✉❧t❛ts ♦❜t❡♥✉s s✉r ❝✐♥q é❝❤❛♥t✐❧❧♦♥s ♦✛r❛♥t ❧✬❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥✳ ■❧
❡st ✐♥tér❡ss❛♥t ❞❡ ❝♦♥st❛t❡r q✉❡ ❧♦rsq✉❡ ❧❛ ♣r♦❥❡❝t✐♦♥ ❞❡ ❧✬❛①❡ ❞❡ ❢❛❝✐❧❡ ❛✐♠❛♥t❛t✐♦♥ ❞❛♥s ❧❡ ♣❧❛♥
❞❡ ♠❡s✉r❡ ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧✬❛①❡ ❞✉ ♥❛♥♦t✉❜❡ ✭❞✐r❡❝t✐♦♥ ✾✵✝✮✱ ✈♦✐r ✜❣✉r❡s ✺✳✶✽✭❛✮✱ ✭❞✮ ❡t
✭❡✮✱ ❧❡ r❛t✐♦ ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❡st ❢♦rt ✭> 100✪✮ ❛❧♦rs q✉✬✐❧ ♥✬❛tt❡✐♥t q✉❡ q✉❡❧q✉❡s % ❞❛♥s
❧❡s ❛✉tr❡s ❝❛s✱ ✜❣✉r❡s ✺✳✶✽ ✭❜✮ ❡t ✭❝✮✳ ▼ê♠❡ s✬✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❣é♥ér❛❧✐s❡r à ♣❛rt✐r ❞✬✉♥ ♥♦♠❜r❡
❛✉ss✐ ré❞✉✐t ❞✬é❝❤❛♥t✐❧❧♦♥s✱ ♦♥ ♣❡✉t ♥é❛♥♠♦✐♥s é♠❡ttr❡ ❧✬❤②♣♦t❤ès❡ s✉✐✈❛♥t❡ ✿ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡
❧❛ ♠♦❧é❝✉❧❡ ❡t ❧❡ ♥❛♥♦t✉❜❡ ❡st ♠❛①✐♠❛❧❡ ❧♦rsq✉❡ ❧✬❛①❡ ❢❛❝✐❧❡ ❞✬❛✐♠❛♥t❛t✐♦♥ ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡
à ❧❛ s✉r❢❛❝❡ ❞✉ ♥❛♥♦t✉❜❡✱ ❛✉tr❡♠❡♥t ❞✐t✱ ❧♦rsq✉❡ ❧❛ ♠♦❧é❝✉❧❡ ❡st à ♣❧❛t s✉r ❧❡ ♥❛♥♦t✉❜❡✳ ❈❡tt❡
❤②♣♦t❤ès❡ ❝♦♥❝♦r❞❡ ❞✬❛✐❧❧❡✉rs ❛✈❡❝ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ♠❛①✐♠✐s❛♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡ π ❡♥tr❡ ❧❡s
♣❤t❛❧♦❝②❛♥✐♥❡s ✭P❝s✮ ❡t ❧❡ ♥❛♥♦t✉❜❡ ❬✶✶✻✱ ✶✶✼✱ ✶✶✽❪✳
▲❡s P❝s ♣♦ssè❞❡♥t ✉♥❡ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ très s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡s ♥❛♥♦t✉❜❡s✳ ❊♥ ❡✛❡t✱ ❧❡s P❝s
s♦♥t ❞❡s ❣r♦✉♣❡s ❞✐ts ❝♦♥❥✉❣✉és✱ ❝✬❡st✲à✲❞✐r❡ q✉✬✐❧s ♣♦ssè❞❡♥t ❞❡s é❧❡❝tr♦♥s ❞é❧♦❝❛❧✐sés s✉r t♦✉t❡
❧❡✉r s✉r❢❛❝❡✳ ▲♦rsq✉❡ ❧❡ t❡r❜✐✉♠ ❡st ❝♦♠♣❧❡①é ♣♦✉r ❢♦r♠❡r ❧❛ ♠♦❧é❝✉❧❡✱ s♦♥ ét❛t ❞✬♦①②❞❛t✐♦♥ ❡st
+3✱ ✐❧ ❛ ❞♦♥❝ ❝é❞é ✷ é❧❡❝tr♦♥s à ✉♥ P❝ ❡t ✉♥ é❧❡❝tr♦♥ à ❧✬❛✉tr❡✳ ❯♥ ❞❡s P❝s s❡ r❡tr♦✉✈❡ ❛❧♦rs ❡♥
❝♦✉❝❤❡ ♦✉✈❡rt❡ ✿ ✐❧ ♣♦ssè❞❡ ✉♥ é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡ ❞❛♥s s♦♥ ♦r❜✐t❛❧❡ π✳ ❈❡t é❧❡❝tr♦♥ s❡ s✐t✉❛♥t
❡♥tr❡ ❧✬✐♦♥ ♠❛❣♥ét✐q✉❡ ❡t ❧❡s é❧❡❝tr♦♥s ❞✉ ♥❛♥♦t✉❜❡✱ ✐❧ ❡st ❞♦♥❝ ❧é❣✐t✐♠❡ ❞❡ ♣❡♥s❡r q✉✬✐❧ ❥♦✉❡
✉♥ rô❧❡ ❞✬✐♥t❡r♠é❞✐❛✐r❡ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ♠❛❣♥ét✐q✉❡✱ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥
s✉♣❡r✲é❝❤❛♥❣❡✳
▲❡s ❝❛❧❝✉❧s ❉❋❚ ré❛❧✐sés ♣❛r ❱✐t❛❧✐ ❡t ❛❧✳ ❬✶✶✾❪✱ r❡♣r♦❞✉✐ts à ❧❛ ✜❣✉r❡ ✺✳✶✼✱ ♠♦♥tr❡♥t q✉✬✐❧ ❡①✐st❡
✉♥ ❝♦✉♣❧❛❣❡ ❢♦rt ❡♥tr❡ ❧✬✐♦♥ t❡r❜✐✉♠ ❡t ❧✬é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡✳ ❖♥ ✈♦✐t ❛✐♥s✐ q✉❡ ❧❡s é❧❡❝tr♦♥s ❞❡
s♣✐♥ ❞♦✇♥ ✭♣❛r❛❧❧è❧❡ ❛✉ ♠♦♠❡♥t ❞✉ t❡r❜✐✉♠✮ ❡t ❞❡ s♣✐♥ ✉♣ ✭❛♥t✐✲♣❛r❛❧❧è❧❡✮ ♣♦ssè❞❡♥t ❝❤❛❝✉♥
✉♥❡ ♦r❜✐t❛❧❡ à ✉♥❡ é♥❡r❣✐❡ ❞✐✛ér❡♥t❡ sé♣❛ré❡ ❧✬✉♥❡ ❞❡ ❧✬❛✉tr❡ ♣❛r ✉♥❡ ❝❡♥t❛✐♥❡ ❞❡ ♠❡❱✳ ❈❡tt❡
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❋✐❣✉r❡ ✺✳✶✻ ✕ ■♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡♥tr❡ ❚❜P❝∗2 ❡t ✉♥❡ ❝♦✉❝❤❡ ❞❡ ◆✐ ❬✶✷✵❪✳ ✭❛✮ ❈♦✉r❜❡s
❞✬❤②stérés✐s ❞✉ ♥✐❝❦❡❧ ❡t ❞✉ t❡r❜✐✉♠ à ♣❛rt✐r ❞❡ ♠❡s✉r❡s ❳▼❈❉✳ ▲❡ ♣❛♥❡❧ ❞✉ ❤❛✉t ♠♦♥tr❡ ❧❡ ❝♦♠♣♦rt❡✲
♠❡♥t ❞✉ t❡r❜✐✉♠ ❡t ❞✉ ♥✐❝❦❡❧ à ❝❤❛♠♣ ❢❛✐❜❧❡ ❡t ❧❡ ♣❛♥❡❧ ❞✉ ❜❛s ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ t❡r❜✐✉♠ à ❝❤❛♠♣s
♣❧✉s ❢♦rts✳ ▲❡ ❝❤❛♠♣ ❞✬é❝❤❛♥❣❡ ❡st r❡❧❡✈é ❧♦rsq✉❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ♠♦②❡♥♥❡ ❞❡s ✐♦♥s t❡r❜✐✉♠ ❡st ♥✉❧❧❡✳
✭❜✮ ■♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡♥tr❡ ◆✐ ❡t ❚❜ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ s✉❜str❛t ✉t✐❧✐sé✳ ▲♦rsq✉❡ ❧❡ s✉❜str❛t ❞♦♥♥❡ ❞❡s
é❧❡❝tr♦♥s ❝♦♠♠❡ ❝✬❡st ❧❡ ❝❛s ❞✉ ▲✐✱ ♣❛r ❡①❡♠♣❧❡✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡st ❛♠♣❧✐✜é❡✳
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❋✐❣✉r❡ ✺✳✶✼ ✕ ❉❡♥s✐té ❞✬ét❛t rés♦❧✉ ❡♥
s♣✐♥ ❞❡ ❚❜P❝∗2✱ ❡①tr❛✐t ❞❡ ❬✶✶✾❪✳ ▲❡s
❝♦♥tr✐❜✉t✐♦♥s ❞❡s s♣✐♥s ✉♣ ❡t ❞♦✇♥ s♦♥t sé♣❛✲
ré❡s ♣❛r ❧❛ ❧✐❣♥❡ ❤♦r✐③♦♥t❛❧❡✳ ▲❡s r❛✐❡s ❜❧❡✉❡s
❡t r♦✉❣❡s r❡♣rés❡♥t❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ét❛ts
❞✉ P❝ ❡t ❞✉ ❚❜✲✹❢✳

♦r❜✐t❛❧❡ ❞✉ P❝ ❡st ❞♦♥❝ ♣♦❧❛r✐sé❡ ❡♥ s♣✐♥✳
▲♦❞✐✲❘✐③③✐♥✐ ❡t ❛❧✳ ♦♥t ❞é♠♦♥tré ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❬✶✷✵❪ ❧❡ rô❧❡ ❞❡s é❧❡❝tr♦♥s ❞✉ P❝ ❞❛♥s
❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ✉♥ ♠ét❛❧ ❢❡rr♦♠❛❣♥ét✐q✉❡ ❡t ❧✬✐♦♥ t❡r❜✐✉♠✳ P♦✉r ❝❡❧❛ ✐❧s ♦♥t ❞é♣♦sé s✉r ✉♥❡
s✉r❢❛❝❡ ❞❡ ◆✐ ❞❡s ♠♦❧é❝✉❧❡s ❚❜P❝2 ❡t ♠❡s✉ré ♣❛r ❳▼❈❉ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡s ❞❡✉① é❧é♠❡♥ts ❡♥
❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡st ❡♥s✉✐t❡ ♠❡s✉ré❡ ♣♦✉r ❞✐✛ér❡♥ts
♠❛tér✐❛✉① ♣❧✉s ♦✉ ♠♦✐♥s ♦①②❞❛♥ts ✐♥t❡r❝❛❧és ❡♥tr❡ ❧❛ ♠♦❧é❝✉❧❡ ❡t ❧❡ ◆✐✳ ▲❛ ✜❣✉r❡ ✺✳✶✻ ♣rés❡♥t❡
❧✬é✈♦❧✉t✐♦♥ ❞✉ ❝❤❛♠♣ ❞✬é❝❤❛♥❣❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ s✉❜str❛t✳ ■❧s ✐♥t❡r♣rèt❡♥t ❝❡tt❡ é✈♦❧✉t✐♦♥ ❝♦♠♠❡
✉♥❡ ♣r❡✉✈❡ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s é❧❡❝tr♦♥s ❞❡s P❝s s✉r ❧✬✐♥t❡r❛❝t✐♦♥✳
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❋✐❣✉r❡ ✺✳✶✽ ✕ ❖r✐❡♥t❛t✐♦♥ r❡❧❛t✐✈❡ ❞❡ ❧✬❛①❡ ❢❛❝✐❧❡ ♣❛r r❛♣♣♦rt ❛✉ ♥❛♥♦t✉❜❡✳ ✭❛✮ ❡t ✭❜✮ ♦♥t
été ♠❡s✉rés ❞❛♥s ❧❛ ❙✐♦♥❧✉❞✐ à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜❛s❡ ❞❡ 40♠❑ ❡t ✭❝✮✱ ✭❞✮ ❡t ✭❡✮ ❞❛♥s ❧❛ ❞✐❧✉❡tt❡ à
✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ 100♠❑✳ ▲❛ ❞✐r❡❝t✐♦♥ ✵✝❝♦rr❡s♣♦♥❞ à ❧✬❛①❡ ❞✉ ♥❛♥♦t✉❜❡✳



✶✵✻ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

(a)

(b)

(c)

(d)

❋✐❣✉r❡ ✺✳✶✾ ✕ ▼♦❞è❧❡ ❞✐✛✉s✐❢ ♣♦✉r ✉♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥✱ ❡①tr❛✐t ❞❡ ❬✶✷✶❪✳ ✭❛✮ ❉❡♥s✐té ❞✬ét❛t
❡t ✭❜✮ tr❛♥s♠✐ss✐♦♥ rés♦❧✉❡ ❡♥ s♣✐♥ ❞❛♥s ❧❡ s②stè♠❡ ♥❛♥♦t✉❜❡ ❝♦✉♣❧é à ✉♥❡ ♠♦❧é❝✉❧❡ ❚❜P❝∗2✳ ✭❝✮
❚r❛♥s♠✐ss✐♦♥ à tr❛✈❡rs ❧❡ s②stè♠❡ ♥❛♥♦t✉❜❡ ❝♦✉♣❧é à ❞❡✉① ✈❛♥❛❞♦❝è♥❡s ❡♥ ❝♦♥✜❣✉r❛t✐♦♥ ♠❛❣♥ét✐q✉❡
♣❛r❛❧❧è❧❡ ❡t ✭❞✮ ❛♥t✐♣❛r❛❧❧è❧❡✳ ▲❛ tr❛♥s♠✐ss✐♦♥ ♥✬❡st ❛❧téré❡ q✉❡ ♣♦✉r ❧❡s s♣✐♥s ❞♦✇♥ ❞❛♥s ❧❡ ❝❛s ♣❛r❛❧❧è❧❡
❛❧♦rs q✉❡ ❧❡s ❞❡✉① t②♣❡s ❞❡ s♣✐♥s s♦♥t ❛✛❡❝tés ❞❛♥s ❧❡ ❝❛s ❛♥t✐♣❛r❛❧❧è❧❡✳
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✺✳✹✳✹ ▼♦❞è❧❡ ❞✐✛✉s✐❢

▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s t❡❝❤♥✐q✉❡s ❛❜✲✐♥✐t✐♦ ❡t ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ●r❡❡♥ ♣❡r♠❡tt❡♥t ❞❡ s✐♠✉✲
❧❡r ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❡t ❞❡ tr❛♥s♣♦rt ❞✬✉♥ ♥❛♥♦t✉❜❡ ❝♦✉♣❧é à ✉♥ ♦❜❥❡t ♠❛❣♥ét✐q✉❡
❬✶✵✷✱ ✶✵✸✱ ✶✷✶❪✳ P❛r ❡①❡♠♣❧❡✱ ❧❡s tr❛✈❛✉① ❞❡ ❍♦♥❣ ❡t ❑✐♠ ♣♦rt❡♥t s✉r ✉♥ s②stè♠❡ t♦✉t à ❢❛✐t
s✐♠✐❧❛✐r❡ ❛✉ ♥ôtr❡ ✿ ✉♥ ♥❛♥♦t✉❜❡ ✭✻✱✻✮ ❧❛tér❛❧❡♠❡♥t ❝♦✉♣❧é à ❞❡✉① ✈❛♥❛❞♦❝è♥❡s ✭s♣✐♥ ✸✴✷✮ ♦✉ à
✉♥ ❚❜P❝∗2✳
▲❛ ✜❣✉r❡ ✺✳✶✾ r❡♣r♦❞✉✐t ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r ❧❡✉r s✐♠✉❧❛t✐♦♥✳ ❉❛♥s ❧❡ s②stè♠❡ ♥❛♥♦t✉❜❡✲
❚❜P❝∗2✱ ❧❛ ✜❣✉r❡ ✺✳✶✾✭❛✮ r❡♣rés❡♥t❡ ❧❛ ❞❡♥s✐té ❞✬ét❛t ❡t ❧❛ ✜❣✉r❡ ✺✳✶✾✭❜✮ ❧❛ tr❛♥s♠✐ss✐♦♥ é❧❡❝✲
tr♦♥✐q✉❡✳ ▲✬✐♥t❡r❢ér❡♥❝❡ ❡♥tr❡ ❧❡ ❝♦♥t✐♥✉✉♠ ❞✬ét❛t ❞❛♥s ❧❡ ♥❛♥♦t✉❜❡ ❡t ❧❡s ♦r❜✐t❛❧❡s ♣♦❧❛r✐sé❡s
❡♥ s♣✐♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ♣r♦❞✉✐t ✉♥❡ rés♦♥❛♥❝❡ ❋❛♥♦ ❞é♣❡♥❞❛♥t❡ ❞✉ s♣✐♥✳ ❈❡❧❛ ❡♥tr❛✐♥❡ ❞❛♥s ❧❡
s②stè♠❡ ❤②❜r✐❞❡ ✉♥❡ tr❛♥s♠✐ss✐♦♥ ❞✐✛ér❡♥t❡ ♣♦✉r ❝❤❛❝✉♥ ❞❡s s♣✐♥s✳
▲❛ ♠♦❧é❝✉❧❡ ❞❡ ❚❜P❝∗2 ❡st ❡♥s✉✐t❡ r❡♠♣❧❛❝é❡ ♣❛r ❞❡✉① ✈❛♥❛❞♦❝è♥❡s ♣❧✉s ❢❛❝✐❧❡s à ♠♦❞é❧✐s❡r✱
✈♦✐r ✜❣✉r❡s ✺✳✶✾✭❝✮ ❡t ✭❞✮✳ ▲♦rsq✉❡ ❧❡s s♣✐♥s ❞❡s ✈❛♥❛❞♦❝è♥❡s s♦♥t ❡♥ ❝♦♥✜❣✉r❛t✐♦♥ ♣❛r❛❧❧è❧❡✱ ❧❛
tr❛♥s♠✐ss✐♦♥ ❞✬✉♥ s❡✉❧ t②♣❡ ❞❡ s♣✐♥ ❡st ❛✛❡❝té❡✱ ❛❧♦rs q✉❡ ❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❛♥t✐✲♣❛r❛❧❧è❧❡
❧❡s tr❛♥s♠✐ss✐♦♥s ❞❡s ❞❡✉① t②♣❡s ❞❡ s♣✐♥ s♦♥t ❞✐♠✐♥✉é❡s✳
❚♦✉t❡❢♦✐s✱ ❝❡ ♠♦❞è❧❡ ♥✬❡st ✈❛❧❛❜❧❡ ♣❛r ❞é✜♥✐t✐♦♥ q✉✬❡♥ ré❣✐♠❡ ❞✐✛✉s✐❢ ♣✉✐sq✉✬✐❧ ♥❡ t✐❡♥t ♣❛s
❝♦♠♣t❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡ q✉✐ ❞❡✈✐❡♥t ♣ré❞♦♠✐♥❛♥t❡ à ❜❛ss❡ t❡♠♣ér❛t✉r❡✳ ❈❡ ♠♦✲
❞è❧❡ ♥✬❡st ❞♦♥❝ ♣❛s s✉✣s❛♥t ♣♦✉r ✐♥t❡r♣rét❡r ♥♦s rés✉❧t❛ts q✉✐ ♦♥t ❧✐❡✉ ❡♥ ré❣✐♠❡ ❞❡ ❜❧♦❝❛❣❡ ❞❡
❈♦✉❧♦♠❜✳

✺✳✹✳✺ ▼♦❞è❧❡ ♠✉❧t✐✲❜♦ît❡s

▲❛ s✐♠✐❧❛r✐té é❧❡❝tr♦♥✐q✉❡ ❞❡s ♥❛♥♦t✉❜❡s ❡t ❞❡s P❝s✱ r❡♥❞ ❡♥✈✐s❛❣❡❛❜❧❡ ✉♥❡ ❢♦rt❡ ❤②❜r✐❞❛✲
t✐♦♥ ❡♥tr❡ ❡✉①✳ ❉❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ❡♥ ❛♣♣♦rt❡♥t ❧❛ ♣r❡✉✈❡ ❬✶✶✻✱ ✶✶✼✱ ✶✶✽❪✳ ❯♥ ♥♦✉✈❡❛✉ ❥❡✉
❞✬♦r❜✐t❛❧❡s ❞♦✐t ❞♦♥❝ êtr❡ ❝♦♥s✐❞éré✱ ✐❧ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ à ❧❛ ❢♦✐s ❧❡ ❝❛r❛❝tèr❡ ❞❡s é❧❡❝tr♦♥s π
❞✉ ♥❛♥♦t✉❜❡ ❡t ❧❡ ❝❛r❛❝tèr❡ ♣♦❧❛r✐sé ❡♥ s♣✐♥ ❞✉ P❝✳ ❖♥ ♥❡ ♣❡✉t ❛❧♦rs ♣❧✉s ♣❡♥s❡r ❧❡ ♥❛♥♦t✉❜❡
❝♦♠♠❡ ✉♥❡ s❡✉❧❡ ❡t ✉♥✐q✉❡ ❜♦ît❡ q✉❛♥t✐q✉❡ ♠❛✐s ❝♦♠♠❡ ✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ ❜♦ît❡s ❡♥ sér✐❡s✱
❝❤❛❝✉♥❡ tr❛❞✉✐s❛♥t ❧❡ rés✉❧t❛t ❞❡ ❧✬❤②❜r✐❞❛t✐♦♥ ❛✈❡❝ ✉♥❡ ♠♦❧é❝✉❧❡✳
P❛r s✐♠♣❧✐❝✐té✱ ♥♦✉s ❛❧❧♦♥s ✐❧❧✉str❡r ❝❡tt❡ ✐❞é❡ ❛✈❡❝ ✉♥ ♠♦❞è❧❡ ♦ù ❞❡✉① ♠♦❧é❝✉❧❡s s❡✉❧❡♠❡♥t s♦♥t
❝♦✉♣❧é❡s ❛✉ ♥❛♥♦t✉❜❡✱ ✈♦✐r ✜❣✉r❡ ✺✳✷✵✳ ■❧ ❡♥ rés✉❧t❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞❡✉① ❜♦ît❡s sé♣❛ré❡s ♣❛r
✉♥❡ ❜❛rr✐èr❡ t✉♥♥❡❧✳ ❈❤❛❝✉♥❡ ❞❡s ❜♦ît❡s ✈♦✐t ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡ s♣✐♥ êtr❡ ❧❡✈é❡ r❡❧❛t✐✈❡♠❡♥t
à ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❤②❜r✐❞é❡✳ ❆✐♥s✐✱ s✐ ❧✬♦♥ r❡♣rés❡♥t❡ ❧❡ tr❛♥s♣♦rt
❞✉ ♣r❡♠✐❡r é❧❡❝tr♦♥ ❞❡ s♣✐♥ ✉♣ ❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ♣❛r❛❧❧è❧❡✱ ♦♥ ✈♦✐t q✉✬✐❧ tr❛✈❡rs❡ ❧❡ s②stè♠❡
s❛♥s ♣r♦❜❧è♠❡✱ ❛❧♦rs q✉❡ ❧❡ ♣r❡♠✐❡r é❧❡❝tr♦♥ ❞♦✇♥✱ ♥❡ tr♦✉✈❛♥t ❛✉❝✉♥ ♥✐✈❡❛✉ ❡♥ rés♦♥❛♥❝❡✱ ♥❡
♣❡✉t êtr❡ tr❛♥s♣♦rté✳ ❉❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❛♥t✐✲♣❛r❛❧❧è❧❡✱ s✐ ❧✬é❧❡❝tr♦♥ ❞♦✇♥ ❝♦♥♥❛✐t ❧❡ ♠ê♠❡
s❝é♥❛r✐♦✱ ❧✬é❧❡❝tr♦♥ ✉♣ ♣❡✉t r❡♥tr❡r ♠❛✐s ♥♦♥ s♦rt✐r ❀ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❡st ❝♦♠♣❧èt❡♠❡♥t ❜❧♦q✉é❡
❞❛♥s ❝❡ ❝❛s✳
❆ ❧✬é✈✐❞❡♥❝❡✱ ❝❡ ♠♦❞è❧❡ ❡st ✉♥❡ ✈✐s✐♦♥ ♥❛ï✈❡ ❞✉ s②stè♠❡ ❡t ♦♥ ♣❡✉t très ❢❛❝✐❧❡♠❡♥t ❧✉✐ tr♦✉✈❡r
❞❡s ❞é❢❛✉ts✳ ❈✬❡st ❧❛ r❛✐s♦♥ ♣♦✉r ❧❛q✉❡❧❧❡ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ♣✉ ♣♦✉ss❡r ❧✬✐♥t❡r♣rét❛t✐♦♥ ♣❧✉s
❧♦✐♥✳ ❈❡♣❡♥❞❛♥t✱ ❜✐❡♥ q✉❡ s✐♠♣❧✐st❡✱ ❝❡ ♠♦❞è❧❡ ❛ ❧❡ ♠ér✐t❡ ❞✬êtr❡ ❝♦❤ér❡♥t ❛✈❡❝ ❧❡s ♠❡s✉r❡s ❞❡



✶✵✽ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

(a)

(b)

❋✐❣✉r❡ ✺✳✷✵ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞✉ ♠♦❞è❧❡ ♠✉❧t✐✲❜♦ît❡s✳ ✭❛✮ ❈♦♥✜❣✉r❛t✐♦♥ ♣❛✲
r❛❧❧è❧❡✳ ▲❡ s②stè♠❡ ♥✬❡st ❢♦r♠é q✉❡ ❞✬✉♥❡ ❜♦ît❡ ❞♦♥t ❧❡s ♥✐✈❡❛✉① ❞❡ s♣✐♥ ♥❡ s♦♥t ♣❛s ❞é❣é♥érés✳ ✭❜✮
❈♦♥✜❣✉r❛t✐♦♥ ❛♥t✐♣❛r❛❧❧è❧❡✳ ▲❡ s②stè♠❡ ❡st ❝♦✉♣é ❡♥ ❞❡✉① ❜♦ît❡s ❛②❛♥t ❞❡s ♥✐✈❡❛✉① ❞❡ s♣✐♥ ✐♥✈❡rsés
❧✬✉♥❡ ♣❛r r❛♣♣♦rt à ❧✬❛✉tr❡✳ ■❧ ❡st ✐♠♣♦ss✐❜❧❡ à ✉♥ é❧❡❝tr♦♥ ❞❡ tr❛✈❡rs❡r ❧❡ s②stè♠❡ s❛♥s ❝❤❛♥❣❡r ❞❡ s♣✐♥✱
❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❡st ❞♦♥❝ ♣❧✉s ❜❛ss❡ q✉❡ ❞❛♥s ❧❡ ré❣✐♠❡ ♣❛r❛❧❧è❧❡✳
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❋✐❣✉r❡ ✺✳✷✶ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤②stérés✐s ❛✈❡❝ ❧❡ ♣♦t❡♥t✐❡❧ s♦✉r❝❡ ❞r❛✐♥✳ ❖♥ tr❛❝❡ ❧❛ ❞✐✛ér❡♥❝❡
❡♥tr❡ ❧❡s ❝♦✉r❜❡s ❛❧❧❡r ❡t r❡t♦✉r ❡♥ ♠❛❣♥ét♦rés✐st❛♥❝❡ ♣✉✐s ♦♥ ✐♥❝ré♠❡♥t❡ ❱sd ♣❛r ♣❛s ❞❡ 5µ❱✳ ▲✬❤②s✲
térés✐s ❞✐♠✐♥✉❡ ❛✈❡❝ ❧❡ ♣♦t❡♥t✐❡❧ ❡t ❞✐s♣❛r❛✐t ❞❛♥s ❧❡ ❜r✉✐t ❛✉✲❞❡❧à ❞❡ 1♠❱✳

tr❛♥s♣♦rt ré❛❧✐sé❡s✳ ■❧ ♣❡r♠❡t ♥♦t❛♠♠❡♥t ❞✬❡①♣❧✐q✉❡r ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞✉ s✐❣♥❡ ❞❡ ❧✬❤②stérés✐s
❧❡ ❧♦♥❣ ❞❡s ♣✐❝s ❞❡ ❈♦✉❧♦♠❜s✱ ✈♦✐r ✜❣✉r❡ ✺✳✶✺✳ ■❧ ❞♦♥♥❡ ❧❛ ♣♦ss✐❜✐❧✐té é❣❛❧❡♠❡♥t ❞❡ ❥✉st✐✜❡r
❧✬♦✉✈❡rt✉r❡ ❞❡s ♣♦✐♥ts ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ ✈✉❡ ❛✉① ✜❣✉r❡s ✺✳✺ ❡t ✺✳✻ ✿ s✐ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❛❞♦♣té❡
❡st ❛♥t✐✲♣❛r❛❧❧è❧❡✱ ❛✉❝✉♥ ❝♦✉r❛♥t ♥❡ ♣❡✉t ❝✐r❝✉❧❡r✱ à ♠♦✐♥s q✉❡ ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❜✐❛✐s ♥❡ ✈✐❡♥♥❡
rééq✉✐❧✐❜r❡r ❧❡s ♣♦t❡♥t✐❡❧s ❝❤✐♠✐q✉❡s ❞❡s ❞❡✉① ❜♦ît❡s✳ ❆✜♥ ❞✬❛✈♦✐r ✉♥❡ ✐❞é❡ ♣❧✉s ♣ré❝✐s❡ ❞❡ ❧✬✐♥✲
✢✉❡♥❝❡ ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ❜✐❛✐s s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ♠♦❧é❝✉❧❡s ❡t ❧❡ ♥❛♥♦t✉❜❡✱ ♦♥ ♠❡s✉r❡
❧✬❤②stérés✐s ❡♥ ✐♥❝ré♠❡♥t❛♥t ❱ ds✱ ✈♦✐r ✜❣✉r❡ ✺✳✷✶✳ ❖♥ ❝♦♥st❛t❡ ❡✛❡❝t✐✈❡♠❡♥t q✉❡ ❧✬❤②stérés✐s
❞✐s♣❛r❛✐t ♦✉ ❞❡✈✐❡♥t ❢♦rt❡♠❡♥t ❜r✉✐té❡ ❛✉✲❞❡❧à ❞❡ 1♠❱✱ ❡st✐♠❛t✐♦♥ ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥
❝♦♠♠❡ é♥❡r❣✐❡ ❞✬é❝❤❛♥❣❡ ❡♥tr❡ ❧❡ t❡r❜✐✉♠ ❡t ❧❡s ♥✐✈❡❛✉① ❞❡s ❜♦ît❡s✳ ❆✉tr❡ ❢❛✐t r❡♠❛rq✉❛❜❧❡ s✉r
❝❡tt❡ ✜❣✉r❡ ✿ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❍ sw é✈♦❧✉❡ ❛✈❡❝ ❧❛ t❡♥s✐♦♥ ❞❡ ♣♦❧❛r✐s❛t✐♦♥✳ ❯♥ é❝❤❛♥❣❡ ❞✬é♥❡r❣✐❡
❡♥tr❡ ❧❡s é❧❡❝tr♦♥s ❞❡ ❝♦♥❞✉❝t✐♦♥ ❡t ❧❡ t❡r❜✐✉♠ ❛ss✐st❡ ❞♦♥❝ ❧❡ r❡t♦✉r♥❡♠❡♥t ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥✳
❇♦❞❡ ❡t ❛❧✳ ♦♥t ♣ré✈✉ ❞❡ ❢❛ç♦♥ t❤é♦r✐q✉❡ ✉♥ t❡❧ ❡✛❡t ❧♦rsq✉✬✉♥ ❝♦✉r❛♥t tr❛✈❡rs❡ ✉♥ ❛✐♠❛♥t
♠♦❧é❝✉❧❛✐r❡ ❬✶✷✷❪✳

✺✳✺ ❈♦♥❝❧✉s✐♦♥

◆♦✉s ❛✈♦♥s ❞é♠♦♥tré ❛✉ ❝♦✉rs ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❢❛❜r✐q✉❡r ✉♥ ❞✐s♣♦s✐t✐❢
✈❛♥♥❡ ❞❡ s♣✐♥ ❝♦♥str✉✐t à ♣❛rt✐r ❞❡ ♠♦❧é❝✉❧❡s ♠❛❣♥ét✐q✉❡s ❡t ❞✬✉♥ ♥❛♥♦t✉❜❡ ❛ss❡♠❜❧és ❣râ❝❡ à
❞❡s ✐♥t❡r❛❝t✐♦♥s s✉♣r❛✲♠♦❧é❝✉❧❛✐r❡s✳ ➚ très ❜❛ss❡ t❡♠♣ér❛t✉r❡✱ ❝❡ ❞✐s♣♦s✐t✐❢ ♣rés❡♥t❡ ❞❡s r❛t✐♦s
❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ♣♦✉✈❛♥t ❛tt❡✐♥❞r❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♣♦✉r❝❡♥ts✳
▲✬❛♥❛❧②s❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ❝❤❛♠♣ ❞❡ r❡t♦✉r♥❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✉ ❝❤❛♠♣ ❛♣✲
♣❧✐q✉é✱ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✱ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡



✶✶✵ ❈❤❛♣✐tr❡ ✺✳ ❯♥❡ ✈❛♥♥❡ ❞❡ s♣✐♥ à ❧✬é❝❤❡❧❧❡ ♠♦❧é❝✉❧❛✐r❡

❧❛ r❡s♣♦♥s❛❜✐❧✐té ❞❡s ♠♦❧é❝✉❧❡s ♠❛❣♥ét✐q✉❡s ❞❛♥s ❧❛ s✐❣♥❛t✉r❡ ✈❛♥♥❡ ❞❡ s♣✐♥✱ à ♥♦t❡r q✉❡ ❞❡s
rés✉❧t❛ts s✐♠✐❧❛✐r❡s ♦♥t été ♦❜t❡♥✉s s✉r ✉♥❡ ❝♦✉❝❤❡ ❞❡ ❣r❛♣❤è♥❡ ♣❛r ❈❛♥❞✐♥✐ ❡t ❛❧✳ ❬✶✷✸❪✳ ❊♥
r❡✈❛♥❝❤❡✱ ❞❛♥s ❧✬ét❛t ❞❡ ❧✬❛rt✱ ✐❧ ♥♦✉s ❡st ✐♠♣♦ss✐❜❧❡ ❞❡ ♣r♦♣♦s❡r ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❝♦♠♣❧èt❡ ❞❡
♥♦tr❡ s②stè♠❡ ❞❛♥s ❧❡ ré❣✐♠❡ ❞❡ ❜❧♦❝❛❣❡ ❞❡ ❈♦✉❧♦♠❜✳ ▲✬❛♣♣r♦❝❤❡ ♠✉❧t✐✲❜♦ît❡s q✉❡ ♥♦✉s ♣r♦♣♦✲
s♦♥s ♥✬❡st ♣❛s ❝♦♠♣❧èt❡✱ ❡❧❧❡ ♣❡r♠❡t ❝❡♣❡♥❞❛♥t ❞❡ ✜①❡r ✉♥❡ ✐♠❛❣❡ ❝♦❤ér❡♥t❡ ❞✉ s②stè♠❡✳ P❛r
❛✐❧❧❡✉rs✱ ❛✜♥ ❞✬❛❧❧❡r ♣❧✉s ❧♦✐♥ ❞❛♥s ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡✱ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ❞❡s
é❝❤❛♥t✐❧❧♦♥s ♣♦ssé❞❛♥t ✉♥ ♥♦♠❜r❡ ♣❧✉s ✐♠♣♦rt❛♥t ❞❡ ❣r✐❧❧❡s ❞❛♥s ❧✬❡s♣♦✐r ❞❡ ❝♦♥trô❧❡r ❧❡ ♣♦t❡♥✲
t✐❡❧ ❝❤✐♠✐q✉❡ t♦✉t ❧❡ ❧♦♥❣ ❞✉ ♥❛♥♦t✉❜❡ ❡t ❞❡ ♠♦❞✐✜❡r ❧❡ ❝♦✉♣❧❛❣❡ ❛✈❡❝ ❧❡s ♠♦❧é❝✉❧❡s✳ ❈❡♣❡♥❞❛♥t✱
♥♦✉s ♥✬❛✈♦♥s ♣❛s ré✉ss✐✱ ♣♦✉r ❧❡ ♠♦♠❡♥t✱ à ❛♣♣♦rt❡r ❞❡ ♥♦✉✈❡❛✉① é❧é♠❡♥ts ♣❡r♠❡tt❛♥t ❞❡ ❢❛✐r❡
é♠❡r❣❡r ✉♥ ♠♦❞è❧❡ ♣❧✉s é❧❛❜♦ré✳
◆é❛♥♠♦✐♥s✱ ❛✉✲❞❡❧à ❞✉ ❢❛✐t ❞✬❛✈♦✐r ♠✐s ❛✉ ♣♦✐♥t ✉♥ ❞✐s♣♦s✐t✐❢ ❞❡ s♣✐♥tr♦♥✐q✉❡ ❡♥t✐èr❡♠❡♥t ♠♦❧é✲
❝✉❧❛✐r❡✱ ♥♦✉s ❛✈♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧❛ ❧❡❝t✉r❡ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡ ♣❛r ❞❡s ♠❡s✉r❡s
❞❡ tr❛♥s♣♦rt é❧❡❝tr♦♥✐q✉❡✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ré❛❧✐sé ✉♥ ♠❛❣♥ét♦♠ètr❡ q✉✐ ♣❡✉t ♠❡s✉r❡r ❞❡s
✈❛r✐❛t✐♦♥s ❞❡ q✉❡❧q✉❡s ♠❛❣♥ét♦♥s ❞❡ ❇♦❤r✳



❈❤❛♣✐tr❡ ✻

❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡

✉♥✐q✉❡

❈♦♠♠❡ ❥❡ ❧✬❛✐ ❡①♣❧✐q✉é ❡♥ ✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❛ ❞ét❡❝t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥é✲
t✐q✉❡ ✉♥✐q✉❡ ❡st ✉♥❡ ❞❡s ♣r♦❜❧é♠❛t✐q✉❡s ❧❡s ♣❧✉s ❡①♣❧♦ré❡s à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡ ❡♥ ♠❛❣♥ét✐s♠❡
♠és♦s❝♦♣✐q✉❡✳ ▲❡s ❝❡♥tr❡s ❝♦❧♦rés ❞❛♥s ❧❡ ❞✐❛♠❛♥t ♦♥t ❞é❥à ❞é♠♦♥tré ❧❡✉r ♣♦t❡♥t✐❡❧ ♣♦✉r ❞❡s
❛♣♣❧✐❝❛t✐♦♥s ❡♥ ✐♥❢♦r♠❛t✐♦♥ q✉❛♥t✐q✉❡✳ ◆é❛♥♠♦✐♥s✱ ❞✬❛✉tr❡s ♣✐st❡s s✬❛✈èr❡♥t é❣❛❧❡♠❡♥t ♣r♦♠❡t✲
t❡✉s❡s✱ ❝♦♠♠❡ ❝❡❧❧❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✳ ❊♥ ❡✛❡t✱ ❣râ❝❡ à ❧❛ ❝❤✐♠✐❡✱ ♥♦✉s ♣♦✉✈♦♥s ✐♥tr✐q✉❡r
❞✐✈❡rs ❝❡♥tr❡s ♠❛❣♥ét✐q✉❡s ❡t✱ ♣❛r ❞❡s ❛♣♣r♦❝❤❡s ❜♦tt♦♠✲✉♣✱ ✐❧ ❡st ❞és♦r♠❛✐s ❡♥✈✐s❛❣❡❛❜❧❡ ❞❡
❝♦♥str✉✐r❡ ❞❡s ❛r❝❤✐t❡❝t✉r❡s ❝♦♠♣❧❡①❡s ♠✉♥✐❡s ❞❡ ❜✉s r❡❧✐❛♥t ❧❡s ❞✐✛ér❡♥ts ◗✲❜✐ts ❞❡ s♣✐♥✳
◆♦✉s ❛✈♦♥s ❞é♠♦♥tré ♣❛r ♥♦tr❡ ❛rr❛♥❣❡♠❡♥t s✉♣r❛✲♠♦❧é❝✉❧❛✐r❡ q✉❡ ♥♦tr❡ ❞✐s♣♦s✐t✐❢ ❡st s❡♥s✐❜❧❡
❛✉ ♠♦♠❡♥t ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ✉♥✐q✉❡✳ ■❧ s✬❛❣✐t ♠❛✐♥t❡♥❛♥t ❞✬❡①♣❧♦✐t❡r ❝❡❧❛ ♣♦✉r ❛✣r♠❡r ❞❛✈❛♥t❛❣❡
❧❛ ❝❛♣❛❝✐té ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s à ❥♦✉❡r ✉♥ rô❧❡ ❡♥ s♣✐♥tr♦♥✐q✉❡ ❡t ❡♥ ✐♥❢♦r♠❛t✐♦♥ q✉❛♥✲
t✐q✉❡✳
P♦✉r ❝❡❧❛✱ ♥♦✉s ❛❧❧♦♥s ✉t✐❧✐s❡r ❧✬❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥✱ q✉✐ ♣❡r♠❡t ❞❡ ❞ét❡❝t❡r ❧❡ r❡t♦✉r♥❡♠❡♥t
❞✬❛✐♠❛♥t❛t✐♦♥ ❧♦rsq✉✬❛✉ ♠♦✐♥s ❞❡✉① ♠♦❧é❝✉❧❡s s♦♥t ❝♦✉♣❧é❡s ❛✉ ♥❛♥♦t✉❜❡✳ ❈❡♣❡♥❞❛♥t✱ ❥✉sq✉✬à
♣rés❡♥t✱ ✉♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞❡ ♠♦❧é❝✉❧❡s ét❛✐❡♥t ❞é♣♦sé❡s s✉r ❧❛ s✉r❢❛❝❡ ❞✉ ❝♦♥❞✉❝t❡✉r✳
❈❤❛❝✉♥ ❞❡ ❝❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s ♣r♦❞✉✐s❛✐t ✉♥ s❛✉t ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧ ✭✜❣✉r❡ ✺✳✶✷✮✱
❝♦♥st✐t✉❛♥t ✉♥ ♦❜st❛❝❧❡ ♠❛❥❡✉r ❞❛♥s ❧❛ rés♦❧✉t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❡①❛❝t❡ à ❧❛q✉❡❧❧❡ s❡ ♣r♦❞✉✐t
❧✬❡✛❡t t✉♥♥❡❧ ❞✬✉♥❡ s❡✉❧❡ ♠♦❧é❝✉❧❡✳
P♦✉r ♣❛❧❧✐❡r ❝❡ ♣r♦❜❧è♠❡✱ ♥♦✉s ❛✈♦♥s ❞✐♠✐♥✉é ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❢♦♥❝t✐♦♥♥❛❧✐s❛♥t❡✱
❞❡ ♠❛♥✐èr❡ à ré❞✉✐r❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♠♦❧é❝✉❧❡s ❝♦✉♣❧é❡s ❛✉ ❞✐s♣♦s✐t✐❢✳ ❆✐♥s✐✱ ❛✈❡❝ ✉♥ ♥♦♠❜r❡
❞❡ s❛✉ts ❧✐♠✐tés✱ ♥♦✉s ❛❧❧♦♥s ♣♦✉✈♦✐r rés♦✉❞r❡ ❧❡ r❡t♦✉r♥❡♠❡♥t ♣❛r ❡✛❡t t✉♥♥❡❧ ❞✬✉♥❡ ♠♦❧é❝✉❧❡
✉♥✐q✉❡✳
❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ❛❧❧♦♥s ✈♦✐r ❝❡ q✉❡ ❝❡s ✐♥❢♦r♠❛t✐♦♥s ❛♣♣♦rt❡♥t ❡t q✉❡❧❧❡s s♦♥t ❧❡s
❞♦♥♥é❡s q✉❡ ❧✬♦♥ ♣❡✉t r❡❝✉❡✐❧❧✐r q✉❛♥t à ❧✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ ❞❛♥s ❧❡ t❡r❜✐✉♠✳ ❊♥s✉✐t❡✱ ❥❡
❞✐s❝✉t❡r❛✐ ❞❡ ❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❧♦rsq✉✬✐❧ ♥❡ s❡ r❡t♦✉r♥❡ ♣❛s ♣❛r ❡✛❡t t✉♥♥❡❧✳
❊♥✜♥✱ ❥❡ ❝♦♥❝❧✉r❛✐ ❡♥ ❞é❝r✐✈❛♥t ❧❡ ❝❛s ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❝♦✉♣❧é à ✉♥ s②stè♠❡ à ❞❡✉①
♥✐✈❡❛✉①✳



✶✶✷ ❈❤❛♣✐tr❡ ✻✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡

✻✳✶ ▼❡s✉r❡ ❞✉ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❡t ❧❡❝t✉r❡ ❞✬✉♥ s♣✐♥ ♥✉✲

❝❧é❛✐r❡ ✉♥✐q✉❡

◆♦tr❡ ❜✉t ❡st ❞❡ ❝♦♥str✉✐r❡ ✉♥ s②stè♠❡ ❞❛♥s ❧❡q✉❡❧ ✐❧ s❡r❛ ♣♦ss✐❜❧❡ ❞❡ ♠❡s✉r❡r ❧❡s ✈❛r✐❛✲
t✐♦♥s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ s♦♥ ❝♦✉♣❧❛❣❡ ❛✈❡❝ ✉♥ ♥❛♥♦t✉❜❡✳ ❯♥❡
❞❡s ♠♦t✐✈❛t✐♦♥s ♣r✐♥❝✐♣❛❧❡s à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❚❜P❝∗2 ❝♦♠♠❡ ♠♦❧é❝✉❧❡ ❛✐♠❛♥t t❡st ❞❛♥s ♥♦tr❡
❡①♣ér✐❡♥❝❡ ❡st ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❡♥tr❡ ❧❡ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ é❧❡❝tr♦♥✐q✉❡ ❞✉
t❡r❜✐✉♠ ❡t s♦♥ s♣✐♥ ♥✉❝❧é❛✐r❡✳ ▲❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s s✉r ✉♥❡ ❛ss❡♠❜❧é❡ ❞❡ ❚❜P❝ ∗

2 ♠♦♥tr❡♥t
q✉❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡ s♦♥ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ♣❡✉t s✬✐♥✈❡rs❡r ♣❛r ❡✛❡t t✉♥♥❡❧ à ❞✐✛ér❡♥t❡s ✐♥✲
t❡rs❡❝t✐♦♥s ❞✉ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❞é♣❡♥❞❛♥t ❞❡ ❧✬ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ❞✉ ❚❜✳ ◆♦✉s ❛❧❧♦♥s
♠❛✐♥t❡♥❛♥t t❡♥t❡r ❞❡ ré♣♦♥❞r❡ à ❧❛ q✉❡st✐♦♥ s✉✐✈❛♥t❡ ✿ ❡st✲✐❧ ♣♦ss✐❜❧❡ ❞❡ ♠❡s✉r❡r ❧✬ét❛t ❞✬✉♥
✉♥✐q✉❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ❣râ❝❡ à ♥♦tr❡ ❞✐s♣♦s✐t✐❢ ❄
❏❡ ❝♦♠♠❡♥❝❡r❛✐ ♣❛r ✐♥tr♦❞✉✐r❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ◆❚❈ ❛✐♥s✐ q✉❡ s❡s ♣r♦♣r✐étés ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡✱
♣✉✐s ❥❡ ♣rés❡♥t❡r❛✐ ❧❡ ♣r♦t♦❝♦❧❡ ❞❡ ♠❡s✉r❡ ❡t ❧❡s rés✉❧t❛ts q✉✐ ♥♦✉s ♣❡r♠❡ttr♦♥t ❞❡ ré♣♦♥❞r❡ à
❝❡tt❡ q✉❡st✐♦♥✳

✻✳✶✳✶ ❈❛r❛❝tér✐st✐q✉❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥

▲❡s rés✉❧t❛ts ♣rés❡♥tés ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ ❝♦♥❝❡r♥❡♥t ❧✬é❝❤❛♥t✐❧❧♦♥ ◆❚❈✳ ■❧ s✬❛❣✐t ❞✬✉♥ ♥❛✲
♥♦t✉❜❡ ❝♦♥t❛❝té ❡♥ ❝♦♥✜❣✉r❛t✐♦♥ tr❛♥s✐st♦r à ❞❡✉① ❣r✐❧❧❡s ✿ ✉♥❡ ❧❛tér❛❧❡ ✭s✐❞❡✲❣❛t❡✮ ❡t ❧✬❛✉tr❡
à ❧✬❛rr✐èr❡ ❞✉ s✉❜str❛t ✭❜❛❝❦✲❣❛t❡✮✳ ▲❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ❡st ♠❡s✉ré❡ à t❡♥s✐♦♥ ❞❡ ❜✐❛✐s
♥✉❧ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝❡s ❞❡✉① ♣♦t❡♥t✐❡❧s ❞❡ ❣r✐❧❧❡ ♣♦✉r ❞♦♥♥❡r ❧✐❡✉ à ❧❛ ✜❣✉r❡ ✻✳✶✭❛✮✳ ❈❤❛q✉❡ ❧✐❣♥❡
❞❡ ❢♦rt❡ ❝♦♥❞✉❝t❛♥❝❡ sé♣❛r❡ ❞❡✉① ét❛ts ❞❡ ❝❤❛r❣❡ ❞✉ ♥❛♥♦t✉❜❡✳
▲❛ ✜❣✉r❡ ✻✳✶✭❜✮ ♣rés❡♥t❡ ❧❡ s✐❣♥❛❧ ❤②stérét✐q✉❡ ♦✛❡rt ♣❛r ❝❡t é❝❤❛♥t✐❧❧♦♥✳ ❈❡ s✐❣♥❛❧ ❡st s❡♠❜❧❛❜❧❡
à ❝❡❧✉✐ ❞❡ ❧❛ ✜❣✉r❡ ✺✳✼✳ ◆é❛♥♠♦✐♥s✱ s✐ ❧✬♦♥ r❡❣❛r❞❡ ❛tt❡♥t✐✈❡♠❡♥t ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧✱ ❧❡ s✐❣♥❛❧
♥❡ ♣rés❡♥t❡ q✉✬✉♥ s❡✉❧ s❛✉t ♥❡t✳ ◆♦✉s ❡♥ ❝♦♥❝❧✉♦♥s q✉❡ ❞❡✉① ♠♦❧é❝✉❧❡s s❡✉❧❡♠❡♥t s♦♥t ❝♦✉♣❧é❡s
❢♦rt❡♠❡♥t ❛✉ ♥❛♥♦t✉❜❡✳ ◆♦✉s ♥♦t❡r♦♥s ♣❛r ❧❛ s✉✐t❡ ▼✶ ❡t ▼✷ ❝❡s ❞❡✉① ♠♦❧é❝✉❧❡s✱ ▼✷ ét❛♥t
❝❡❧❧❡ q✉✐ s✉❜✐t ✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳
▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❧❛ ♣rés❡♥❝❡ ❞✬❤②stérès❡ ❞❛♥s ❧❛ ♠❛❣♥ét♦❝♦♥❞✉❝t❛♥❝❡ ♥✬❡st r❡❧❡✈é❡ q✉❡ ❞❛♥s
✉♥❡ s❡✉❧❡ ③♦♥❡ ✿ s✉r ❧❡ ❜♦r❞ ❞✉ ♣♦✐♥t ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ à ❱ bg = 0❱ ❡t ❱ sg = 0❱✳ ◆♦✉s ♥✬❛✈♦♥s
❞♦♥❝ ♣❛s ♣✉ ♠❡♥❡r ✉♥❡ ét✉❞❡ s②sté♠❛t✐q✉❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ♠❛❣♥ét✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞✐❛✲
❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té s✉r ❝❡t é❝❤❛♥t✐❧❧♦♥✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♣rés❡♥❝❡ ❞❛♥s ❧❡ s✐❣♥❛❧ ❞❡ s❡✉❧❡♠❡♥t
❞❡✉① ♠♦❧é❝✉❧❡s ♣❡r♠❡t ✉♥❡ ❛♥❛❧②s❡ ❜✐❡♥ ♣❧✉s ♣♦✉ssé❡ ❞❡s ♣r♦♣r✐étés ♠❛❣♥ét✐q✉❡s ❞❡ ❚❜P❝ ∗

2✳

❆♥✐s♦tr♦♣✐❡

▲❛ ♣r❡♠✐èr❡ ❝❤♦s❡ à ✈ér✐✜❡r ❡st ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♦♥
✉t✐❧✐s❡ ❧❡ ♠ê♠❡ ♣r♦t♦❝♦❧❡ ❞❡ ♠❡s✉r❡ q✉✬à ❧❛ s❡❝t✐♦♥ ✺✳✸✳✶ ✿ ♦♥ ♠❡s✉r❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡
❛❧❧❡r✲r❡t♦✉r ❡♥ ✐♥❝ré♠❡♥t❛♥t à ❝❤❛q✉❡ ❢♦✐s ❧✬❛♥❣❧❡ ❞✉ ❝❤❛♠♣ ❛♣♣❧✐q✉é ❞❡ 0, 5✝✳ ❖♥ r❡tr♦✉✈❡ ❧❡
♠ê♠❡ ❝♦♠♣♦rt❡♠❡♥t q✉❡ ❧♦rs ❞❡s ♠❡s✉r❡s ❞❡ ◆❚❆ ❡t ◆❚❇ ✿ ❧✬❛♥✐s♦str♦♣✐❡ ❞❡ ▼✷ ❡st ❞❡ t②♣❡



✻✳✶✳ ▼❡s✉r❡ ❞✉ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❡t ❧❡❝t✉r❡ ❞✬✉♥ s♣✐♥ ♥✉❝❧é❛✐r❡ ✉♥✐q✉❡ ✶✶✸
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❋✐❣✉r❡ ✻✳✶ ✕ ❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té ❡t ❤②stérés✐s ❞❛♥s ◆❚❈✳ ✭❛✮ ❉✐❛❣r❛♠♠❡ ❞❡ st❛❜✐❧✐té
❡♥ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ à ❜✐❛✐s ♥✉❧✱ ♠❡s✉ré❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞❡✉① t❡♥s✐♦♥s ❞❡ ❣r✐❧❧❡s✳ ▲❡s ❧✐❣♥❡s
r♦✉❣❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♣♦✐♥ts ❞❡ ❞é❣é♥ér❡s❝❡♥❝❡ ❡♥ ré❣✐♠❡ ❞❡ ❜❧♦❝❛❣❡ ❞❡ ❈♦✉❧♦♠❜✳ ▲✬✐♥sèr❡ ❡st ✉♥❡
♠✐❝r♦❣r❛♣❤✐❡ ▼❊❇ ❞❡ ◆❚❈✳ ✭❜✮ ❍②stérés✐s ❞❛♥s ❧❛ ♠❛❣♥ét♦❝♦♥❞✉❝t❛♥❝❡ ♠❡s✉ré❡ à 50♠❚✳s−1 ❡t à
❱ bg = 0.02❱ ❡t ❱ sg = 0❱✳

✉♥✐❛①✐❛❧❡✱ s❡✉❧❡ ❧❛ ♣r♦❥❡❝t✐♦♥ ❞✉ ❝❤❛♠♣ s✉✐✈❛♥t ❧❛ ❞✐r❡❝t✐♦♥ 0✝ ✐♥✢✉❡♥❝❡ ❧❛ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✱
s♦✉❧✐❣♥é❡ ♣❛r ❞❡s ♣♦✐♥t✐❧❧és ✭✜❣✉r❡ ✻✳✷✮✳
❖♥ ❞é✜♥✐t ❧❛ ❞✐r❡❝t✐♦♥ 90✝❝♦♠♠❡ ❛①❡ ❞✐✣❝✐❧❡✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧✬✐♥t❡rs❡❝t✐♦♥ ❞✉ ♣❧❛♥ ❞❡
♠❡s✉r❡ ❛✈❡❝ ❧❡ ♣❧❛♥ ❞✐✣❝✐❧❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ♦♥ ♥❡ ♣❡✉t ♣❛s ❞é✜♥✐r ❞✬❛①❡ ❢❛❝✐❧❡ ❞❛♥s
❧❡ ♣❧❛♥ ❞❡ ♠❡s✉r❡✱ ♠❛✐s s❡✉❧❡♠❡♥t ❧❛ ♣r♦❥❡❝t✐♦♥ ❞❡ ❝❡ ❞❡r♥✐❡r✱ q✉✐ ❝♦rr❡s♣♦♥❞ ✐❝✐ à ❧❛ ❞✐r❡❝t✐♦♥
0✝✳

❙t♦❝❤❛st✐q✉❡ ❞✉ r❡t♦✉r♥❡♠❡♥t

▲❛ ✜❣✉r❡ ✻✳✸ ♣rés❡♥t❡ tr♦✐s ♠❡s✉r❡s ❝♦♥sé❝✉t✐✈❡s ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡ s✉✐✈❛♥t ❧❛ ❞✐r❡❝t✐♦♥
0✝♣♦✉r ✉♥❡ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❞❡ 50♠❚✳s−1✳ ▲❡ ❝❤❛♥❣❡♠❡♥t ❛❜r✉♣t ❞❡ ❝♦♥❞✉❝t❛♥❝❡ à ❝❤❛♠♣
❢♦rt ✭tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✮ ❞✐s♣❛r❛✐t ❞❡ t❡♠♣s ❡♥ t❡♠♣s✳ ➚ ❧❛ ♣❧❛❝❡✱ ✉♥ ❞❡✉①✐è♠❡ s❛✉t ❞❡ ❝♦♥❞✉❝✲
t❛♥❝❡ ❛ ❧✐❡✉ ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧ q✉❡ ❧✬♦♥ ❛ttr✐❜✉❡ à ✉♥ r❡t♦✉r♥❡♠❡♥t ♣❛r ❡✛❡t t✉♥♥❡❧✳ ❈❡❝✐
❡st t♦✉t à ❢❛✐t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ ❝♦♠♣♦rt❡♠❡♥t st♦❝❤❛st✐q✉❡ ❞✉ r❡t♦✉r♥❡♠❡♥t ❞✬❛✐♠❛♥t❛t✐♦♥
❞❛♥s ❚❜P❝∗2✱ ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ❞é❥à é✈♦q✉é à ❧❛ s❡❝t✐♦♥ ✺✳✸✳✷✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❡s ♠♦♠❡♥ts
❞❡s ❞❡✉① ♠♦❧é❝✉❧❡s s❡ r❡t♦✉r♥❡♥t ♣❛r ❡✛❡t t✉♥♥❡❧✱ ✐❧ ❡st ✐♠♣♦ss✐❜❧❡ ❞❡ ❞✐s❝r✐♠✐♥❡r ❧❛ ♣♦s✐t✐♦♥
❞❡ ▼✶ ❞❡ ❝❡❧❧❡ ❞❡ ▼✷✳ ❊♥ ❡✛❡t✱ s✐ ❧❡s ❛①❡s ❢❛❝✐❧❡s ❞❡s ❞❡✉① ♠♦❧é❝✉❧❡s ♥❡ s♦♥t ♣❛s ♦r✐❡♥tés ❞❡
♠❛♥✐èr❡ très ❞✐✛ér❡♥t❡✱ ❧✬❡✛❡t t✉♥♥❡❧ ❛ ❧✐❡✉ ❞❛♥s ❧❛ ♠ê♠❡ ❣❛♠♠❡ ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣♦✉r
❧❡s ❞❡✉① ♠♦❧é❝✉❧❡s✳
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❋✐❣✉r❡ ✻✳✷ ✕ ❆♥✐s♦tr♦♣✐❡ ❞❡ ❧❛ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❞❛♥s ◆❚❈✳ ▲❡s ♣♦✐♥t✐❧❧és ❝♦rr❡s♣♦♥❞❡♥t ❛✉
❧✐❡✉ ❞❡s r❡t♦✉r♥❡♠❡♥ts ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳ ❯♥ ❞❡s ❛①❡s ❞✐✣❝✐❧❡s ❞❡ ▼✷ ❡st ♦r✐❡♥té s❡❧♦♥ 90✝❡t ❧❛
♣r♦❥❡❝t✐♦♥ ❞❡ s♦♥ ❛①❡ ❢❛❝✐❧❡ s❡❧♦♥ 0✝✳ ❈❡s ❞✐r❡❝t✐♦♥s s♦♥t ♥♦té❡s r❡s♣❡❝t✐✈❡♠❡♥t ❍⊥ ❡t ❍ ‖✳
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µ0H (T)

❋✐❣✉r❡ ✻✳✸ ✕ ❚r❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ✈❡rs✉s ❡✛❡t t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥✳ ▲❡s tr♦✐s ❝♦✉r❜❡s ❛❧❧❡r
s♦♥t ♠❡s✉ré❡s ❞❡ ♠❛♥✐èr❡ ❝♦♥sé❝✉t✐✈❡ à 50♠❚✳s−1✳ ▲✬❛stér✐sq✉❡ ❜❧❡✉ ♠❛rq✉❡ ❧❡ r❡t♦✉r♥❡♠❡♥t ♣❛r
tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❡t ❧❡s ❛stér✐sq✉❡s r♦✉❣❡s ❧❡s ❡✛❡ts t✉♥♥❡❧s ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥✳



✻✳✶✳ ▼❡s✉r❡ ❞✉ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❡t ❧❡❝t✉r❡ ❞✬✉♥ s♣✐♥ ♥✉❝❧é❛✐r❡ ✉♥✐q✉❡ ✶✶✺
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❋✐❣✉r❡ ✻✳✹ ✕ ❆♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳ ▲❡ r❡♣èr❡ ♣r♦♣r❡ ❛✉① ♠♦❧é❝✉❧❡s ❡st ❞é✜♥✐ ♣❛r ③
♣♦✉r ❧✬❛①❡ ❢❛❝✐❧❡ ❡t ♣❛r ① ♣♦✉r ❧❡ ♣❧❛♥ ❞✐✣❝✐❧❡✳ ✭▼✷✮ ▲❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡ à ▼✷ ❡st ♣❛r ❞é✜♥✐t✐♦♥ ❞❛♥s
❧❡ ♣❧❛♥ ❞✐✣❝✐❧❡✱ ❡t ❧❡ ❝❤❛♠♣ ❧♦♥❣✐t✉❞✐♥❛❧ ❡st ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ ❢❛❝✐❧❡✳ ✭▼✶✮ ▲✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣
tr❛♥s✈❡rs❡ à ▼✷ ❞é♣❧❛❝❡ ❧✬♦r✐❣✐♥❡ ❞❡s ❝❤❛♠♣s s✉✐✈❛♥t ❧✬❛①❡ ❢❛❝✐❧❡ ❞❡ ▼✶ ❞✬✉♥❡ q✉❛♥t✐té H⊥s✐♥Θ✱ ♦ù Θ

❡st ❧✬❛♥❣❧❡ ❡♥tr❡ ❧✬❛①❡ ❢❛❝✐❧❡ ❞❡ ▼✶ ❡t ❝❡❧✉✐ ❞❡ ▼✷✳

❆♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡

❖♥ ❝♦♥♥❛✐t ✉♥❡ ❞✐r❡❝t✐♦♥ ❞✐✣❝✐❧❡ ❞❡ ▼✷ ❣râ❝❡ ❛✉① ♠❡s✉r❡s ♣rés❡♥té❡s à ❧❛ ✜❣✉r❡ ✻✳✷✱ ♦♥
♣❡✉t ❞♦♥❝ ❛♣♣❧✐q✉❡r ✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡ à ▼✷ q✉✐ ♥❡ ♠♦❞✐✜❡ ♣❛s ❧❡s ♣♦s✐t✐♦♥s ❞❡ s♦♥ ❡✛❡t
t✉♥♥❡❧✳ ❊♥ r❡✈❛♥❝❤❡✱ s✐ ❧❡s ❛①❡s ❢❛❝✐❧❡s ❞❡ ▼✶ ❡t ❞❡ ▼✷ ❢♦r♠❡♥t ✉♥ ❛♥❣❧❡ Θ✱ ❧✬❡✛❡t t✉♥♥❡❧ ❞❡ ▼✶
✈❛ êtr❡ ❞é❝❛❧é ❞❡ H⊥s✐♥Θ ❝♦♠♠❡ ❧❡ s❝❤é♠❛t✐s❡ ❧❛ ✜❣✉r❡ ✻✳✹✳ ❖♥ ♣❡✉t ❡♥s✉✐t❡ ❜❛❧❛②❡r ❧❡ ❝❤❛♠♣
❧♦♥❣✐t✉❞✐♥❛❧ ❡t ❡♥r❡❣✐str❡r ❧❡s ♠❡s✉r❡s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡✳
▲❡s ♣♦s✐t✐♦♥s ❞❡s ❡✛❡ts t✉♥♥❡❧s ♠❡s✉rés s❡ sé♣❛r❡♥t ❡♥ ❞❡✉① ❣r♦✉♣❡s ❞✐st✐♥❝ts✳ ▲❛ ✜❣✉r❡ ✻✳✺
♣rés❡♥t❡ ✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s s♦✉s ✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ❞❡ 350♠❚✳
▲❡ ♣r❡♠✐❡r ❣r♦✉♣❡ ❝❡♥tré à ❝❤❛♠♣ ♥✉❧ ❡st ❛ttr✐❜✉é à ❧❛ ♠♦❧é❝✉❧❡ ▼✷✱ ♣✉✐sq✉❡ ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡
♥❡ ❞é❝❛❧❡ ♣❛s s❡s ♣♦s✐t✐♦♥s ❞✬❡✛❡t t✉♥♥❡❧✳ ▲❡ s❡❝♦♥❞✱ ❝❡♥tré à 70 ♠❚✱ ❡st ❛ttr✐❜✉é à ▼✶✳ ❖♥ ❡♥
❞é❞✉✐t ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡s ♣r♦❥❡❝t✐♦♥s ❞❡s ❛①❡s ❢❛❝✐❧❡s ❞❡ ▼✶ ❡t ▼✷ ✿ 12✝✳

✻✳✶✳✷ ▼❡s✉r❡ ❞❡ ❧✬ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ♣❛r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❡✛❡t t✉♥✲
♥❡❧

▲❛ ✜❣✉r❡ ✻✳✺ ❧❛✐ss❡ à ♣❡♥s❡r q✉❡ ❧❡s tr❛♥s✐t✐♦♥s ❞❡ ▼✷ ♥❡ s♦♥t ♣❛s ❞✐str✐❜✉é❡s ❞❡ ♠❛♥✐èr❡
✉♥✐❢♦r♠❡✱ ♠❛✐s q✉✬✐❧ ② ❛ ✹ ♣♦s✐t✐♦♥s rés♦♥❛♥t❡s✳ P♦✉r s✬❡♥ ❛ss✉r❡r✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ré♣ét❡r
❝❡tt❡ ♠❡s✉r❡ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❢♦✐s ❡t ❞❡ r❡❧❡✈❡r ❧❡s ♣♦s✐t✐♦♥s ❞✬❡✛❡t t✉♥♥❡❧ ❞❡ ▼✷✳
❖♥ ♣r♦❝è❞❡ ❛✉ tr❛✐t❡♠❡♥t ❞❡s ❞♦♥♥é❡s ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿ ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡
❡st ❞ér✐✈é❡ ♣❛r r❛♣♣♦rt ❛✉ ❝❤❛♠♣ ♣❛r❛❧❧è❧❡✱ ♣✉✐s ❧❡ ♠✐♥✐♠✉♠ ❞❡ ❝❤❛q✉❡ ❞ér✐✈é ❡st r❡❧❡✈é s✐
❛✉❝✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ♥✬❡st ♦❜s❡r✈é❡✳ P❛r ❡①❡♠♣❧❡✱ s✉r ❧❛ ✜❣✉r❡ ✻✳✻✱ ♦♥ r❡❧è✈❡ s❡✉❧❡♠❡♥t ❧❛
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❋✐❣✉r❡ ✻✳✺ ✕ ❙é♣❛r❛t✐♦♥ ❞❡s ♣♦s✐t✐♦♥s ❞❡s ❡✛❡ts t✉♥♥❡❧s ♣❛r ❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ tr❛♥s✲
✈❡rs❡✳ ▲❡s ✶✷ ❝♦✉r❜❡s ❛❧❧❡r ❡t r❡t♦✉r s♦♥t ♠❡s✉ré❡s à 50♠❚✳s−1✳ ❙✉r ❧❡s ❝♦✉r❜❡s ❛❧❧❡r✱ ❧❡s s❛✉ts q✉✐
❞✐♠✐♥✉❡♥t ❧❛ ❝♦♥❞✉❝t❛♥❝❡ s♦♥t ❛ttr✐❜✉és à ❧❛ ♠♦❧é❝✉❧❡ ▼✷ ❡t ❝❡✉① q✉✐ ❧✬❛✉❣♠❡♥t❡♥t à ❧❛ ♠♦❧é❝✉❧❡ ▼✶✳

♣♦s✐t✐♦♥ ❞✉ ♠✐♥✐♠✉♠ ❞❡s ❝♦✉r❜❡s r♦✉❣❡✱ ❜❧❡✉❡✱ ✈❡rt❡ ❡t ♣♦✉r♣r❡✳ ▲❛ ❝♦✉r❜❡ ♥♦✐r❡✱ ♣rés❡♥t❛♥t
✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✱ ❡st ❝♦♥s✐❞éré❡ ❞❡ ♠❛♥✐èr❡ sé♣❛ré❡✳
▲✬✐ss✉❡ ❞❡ 3500 ♠❡s✉r❡s ❡st r❡♣rés❡♥té❡ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ❤✐st♦❣r❛♠♠❡✱ ✜❣✉r❡ ✻✳✼✭❛✮✳ ❖♥
r❡♠❛rq✉❡ q✉❡ q✉❛tr❡ ♣✐❝s s❡ ❞ét❛❝❤❡♥t✳ ▲❡✉r ❧❛r❣❡✉r à ♠✐✲❤❛✉t❡✉r ❡st ❞❡ 10♠❚ ❡t ❧❛ sé♣❛r❛t✐♦♥
♠♦②❡♥♥❡ ❡st ❞❡ 25♠❚✳
P♦✉r ❡①♣❧✐q✉❡r ❝❡ rés✉❧t❛t✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥s✐❞ér❡r ❧✬❍❛♠✐❧t♦♥✐❡♥ ❞❡ ❚❜P❝ ∗

2✱ r❡♥❞❛♥t
❝♦♠♣t❡ ❞❡ ❧✬❡✛❡t ❩❡❡♠❛♥✱ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ ❛✈❡❝ ❧❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ■= 3/2 ❛✐♥s✐ q✉❡ ❞❡
❧✬❛♥✐s♦tr♦♣✐❡ ♠❛❣♥ét✐q✉❡ ❞✉ ♥♦②❛✉ ✿

H = gµBµ0❍.❏+ A■.❏+ P (I2z −
1

3
(■+ 1)■) ✭✻✳✶✮

♦ù ❣ ❡st ❧❡ ❢❛❝t❡✉r ❣②r♦♠❛❣♥ét✐q✉❡ ❞❡ ❚❜3+✱ ❍ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛♣♣❧✐q✉é✱ A ❧❛ ❝♦♥st❛♥t❡
❤②♣❡r✜♥❡ ❞✉ ❚❜ ❡t P ❧❛ ❝♦♥st❛♥t❡ q✉❛❞r✐♣♦❧❛✐r❡✳ ▲❡ ❞✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♠✉❧✲
t✐♣❧❡t ❢♦♥❞❛♠❡♥t❛❧ ❡st r❛♣♣❡❧é à ❧❛ ✜❣✉r❡ ✻✳✼✭❜✮✳ ❯♥❡ ❝♦rr❡❝t✐♦♥ ❞❡ 15✝❛ été ❛♣♣❧✐q✉é❡ ♣♦✉r
r❡❝t✐✜❡r ❧❡ ♠és❛❧✐❣♥❡♠❡♥t ❡♥tr❡ ❧❡ ❝❤❛♠♣ ❧♦♥❣✐t✉❞✐♥❛❧ ❡t ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬❛①❡ ❢❛❝✐❧❡ ③✳
P❛r♠✐ ❧❡s ✶✻ ✐♥t❡rs❡❝t✐♦♥s ♣♦ss✐❜❧❡s✱ s❡✉❧❡s q✉❛tr❡ ❞♦♥♥❡♥t ❧✐❡✉ à ✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t✱ ❝♦♠♠❡
♥♦✉s ❧✬❛✈♦♥s ❞é❥à ♠❡♥t✐♦♥♥é à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✸✳ ❈❡✉①✲❝✐ s♦♥t ❝❡r❝❧és s✉r ❧❛ ✜❣✉r❡ ✻✳✼✭❜✮✳ ▲✬❡✛❡t
t✉♥♥❡❧ q✉✐ ❛ ✉♥❡ ♣r♦❜❛❜✐❧✐té ❞❡ s❡ ♣r♦❞✉✐r❡ à ❝❡s ❡♥❞r♦✐ts ❝❤❛♥❣❡ ❧❡ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ é❧❡❝✲
tr♦♥✐q✉❡ ❞❡ ∆mJ = ±12 ♠❛✐s ❝♦♥s❡r✈❡ ❧✬ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡✳
◆♦✉s ✐♥t❡r♣rét♦♥s ❞♦♥❝ ❧❡ rés✉❧t❛t ❞❡ ❧❛ ♠❡s✉r❡ ♣rés❡♥té❡ à ❧✬❤✐st♦❣r❛♠♠❡ ✻✳✼✭❛✮ ❝♦♠♠❡ ét❛♥t
❧❛ ❧❡❝t✉r❡ ❞❡s q✉❛tr❡ ♣♦s✐t✐♦♥s ♣♦ss✐❜❧❡s ♣♦✉r ❧✬❡✛❡t t✉♥♥❡❧ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡✱ ❝♦rr❡s♣♦♥✲
❞❛♥t ❛✉① q✉❛tr❡ ét❛ts ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡✳
❈✬❡st ✉♥ rés✉❧t❛t ❢♦♥❞❛♠❡♥t❛❧ ♣✉✐sq✉✬✐❧ ❞é♠♦♥tr❡ s❛♥s éq✉✐✈♦q✉❡✱ ❞✬✉♥❡ ♣❛rt ❧❛ r❡s♣♦♥s❛❜✐✲
❧✐té ❞❡ ❚❜P❝∗2 ❞❛♥s ❧❡s ✈❛r✐❛t✐♦♥s ❛❜r✉♣t❡s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡✱ ❡t ❞✬❛✉tr❡ ♣❛rt ❧❛ ♣♦ss✐❜✐❧✐té
❞✬✉♥❡ ❧❡❝t✉r❡ ❞✐r❡❝t❡✱ s✐♥❣❧❡✲s❤♦t✱ ❞❡ ❧✬ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ❞✉ t❡r❜✐✉♠✳ ❉❡s rés✉❧t❛ts t♦✉t à
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❋✐❣✉r❡ ✻✳✻ ✕ ❘❡❧❡✈é ❞❡s ♣♦s✐t✐♦♥s ❞❡ ❧✬❡✛❡t t✉♥♥❡❧ ❞❛♥s ▼✷✳ ▲❡s ✺ ❝♦✉r❜❡s s✉♣ér✐❡✉r❡s s♦♥t ❧❡s
♠❡s✉r❡s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❛❧❧❡r✳ ▲❡s ❝♦✉r❜❡s ✐♥❢ér✐❡✉r❡s s♦♥t ❧❡s ❞ér✐✈é❡s ♣❛r r❛♣♣♦rt ❛✉ ❝❤❛♠♣✳ ▲❛
♣♦s✐t✐♦♥ ❞✉ ♠✐♥✐♠✉♠ ❞❡ ❧❛ ❞ér✐✈é❡ ♥✬❡st r❡❧❡✈é❡ q✉❡ s✉r ❧❡s ❝♦✉r❜❡s ❝♦❧♦ré❡s✳ ▲❛ ❝♦✉r❜❡ ♥♦✐r❡ ❡st ✉♥
❡①❡♠♣❧❡ ❞❡ ❧❛ ♠❡s✉r❡ ❡✛❡❝t✉é❡ ❧♦rsq✉✬✐❧ ♥✬② ❛ ♣❛s ❞✬❡✛❡t t✉♥♥❡❧✳

❢❛✐t s✐♠✐❧❛✐r❡s ♦♥t été ♦❜t❡♥✉s ré❝❡♠♠❡♥t ♣❛r ❘✳ ❱✐♥❝❡♥t✱ ❛✉ s❡✐♥ ❞❡ ♥♦tr❡ éq✉✐♣❡✱ ❣râ❝❡ à ✉♥
tr❛♥s✐st♦r à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ❢♦r♠é à ♣❛rt✐r ❞✬✉♥❡ ❥♦♥❝t✐♦♥ é❧❡❝tr♦♠✐❣ré❡ ❡t ❞❡ ❚❜P❝ 2 ❬✶✷✹❪✳ ■❧
❡st ✐♥tér❡ss❛♥t ❞❡ ❝♦♠♣❛r❡r ❧❡s rés✉❧t❛ts ❞❡ ❝❡s ❞❡✉① ❡①♣ér✐♠❡♥t❛t✐♦♥s ❛✈❡❝ ❝❡✉① ♦❜t❡♥✉s s✉r
✉♥❡ ❛ss❡♠❜❧é❡ ❞❡ ♠♦❧é❝✉❧❡s ✿ ❧❛ ♠❡s✉r❡ ré❛❧✐sé❡ ♣❛r ♠✐❝r♦✲❙◗❯■❉ ❡t ♣rés❡♥té❡ à ❧❛ s❡❝t✐♦♥
✶✳✸✳✷✱ ♠♦♥tr❡ q✉❡ ❞❡s tr❛♥s✐t✐♦♥s s♦♥t ♣♦ss✐❜❧❡s ♣♦✉r ❞❡ ♥♦♠❜r❡✉s❡s ❛✉tr❡s ✐♥t❡rs❡❝t✐♦♥s q✉❡
❧❡s ❛♥t✐✲❝r♦✐s❡♠❡♥ts ré✈é❧és ♣❛r ❧❡ ❝❛❧❝✉❧ ❡t ♣❛r ♥♦s ♠❡s✉r❡s✳ ❯♥❡ ❡①♣❧✐❝❛t✐♦♥ à ❝❡ ♣❤é♥♦♠è♥❡
rés✐❞❡ ❞❛♥s ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ♠♦♠❡♥ts ❞❡s ❞✐✛ér❡♥t❡s ♠♦❧é❝✉❧❡s q✉✐✱ ❡♥ ❜r✐s❛♥t ❧❛ s②♠étr✐❡✱
♦✉✈r❡ ❞❡ ♥♦✉✈❡❛✉① ❛♥t✐✲❝r♦✐s❡♠❡♥ts✳ ❯♥❡ ♠♦❧é❝✉❧❡ ✉♥✐q✉❡ ✐s♦❧é❡ ❡st ❞♦♥❝ ✉♥ s②stè♠❡ ♠♦❞è❧❡
♣♦✉r ét✉❞✐❡r ✉♥ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❝♦✉♣❧é à ✉♥ s♣✐♥ ♥✉❝❧é❛✐r❡✳

✻✳✶✳✸ ➱q✉✐❧✐❜r❡ ❡t r❡❧❛①❛t✐♦♥ ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡

■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ ❧❡s s♣❡❝tr❡s ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ s♦♥t ✐♥✈❡rsés s✉✐✈❛♥t q✉❡ ❧✬♦♥
❝♦♠♠❡♥❝❡ ❧❛ ♠❡s✉r❡ à ❝❤❛♠♣ ♥é❣❛t✐❢ ♦✉ ♣♦s✐t✐❢✳ ❙✐✱ ♣❛r ❡①❡♠♣❧❡✱ ♦♥ ❞é❜✉t❡ ❧❛ ♠❡s✉r❡ à ❝❤❛♠♣
♥é❣❛t✐❢✱ ❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❡st ❞❛♥s ❧✬ét❛t |mJ = +6〉 ❡t ❧✬ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ❞❡ ♣❧✉s
❜❛ss❡ é♥❡r❣✐❡ ❡st |mI = −3/2〉✳ ❊♥ ✜♥ ❞❡ ♠❡s✉r❡✱ ✉♥❡ ❢♦✐s ❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ r❡♥✈❡rsé✱
❧✬ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ❞❡ ♣❧✉s ❜❛ss❡ é♥❡r❣✐❡ ❞❡✈✐❡♥t |mI = +3/2〉✳ ❙✐ ❧✬♦♥ ❛tt❡♥❞ s✉✣s❛♠♠❡♥t
❧♦♥❣t❡♠♣s✱ ❧❡ ♥♦②❛✉ t❡♥❞ ✈❡rs ❝❡ ♥♦✉✈❡❧ ét❛t ❞✬éq✉✐❧✐❜r❡ ❡t ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❝❤❛q✉❡ ♣♦♣✉❧❛t✐♦♥
♦❜é✐t à ❧✬éq✉✐❧✐❜r❡ ❞❡ ❇♦❧t③♠❛♥♥✳ ▲❛ ✜❣✉r❡ ✻✳✽✭❛✮ ♣rés❡♥t❡ ❧✬❤✐st♦❣r❛♠♠❡ ♣♦✉r ❧❡s ♠❡s✉r❡s ❛❧❧❡r
✭✐❞❡♥t✐q✉❡ à ❧❛ ✜❣✉r❡✻✳✼✭❛✮✮✱ ❧✬❤✐st♦❣r❛♠♠❡ ♣♦✉r ❧❡s ♠❡s✉r❡s r❡t♦✉r✱ ❛✐♥s✐ q✉❡ ❧✬✐♥té❣r❛❧❡ ❞✉
♥♦♠❜r❡ ❞❡ ❝♦✉♣s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣✳ ▲❡s ❤❛✉t❡✉rs ❞❡s ♠❛r❝❤❡s ❞❡ ❧✬❤✐st♦❣r❛♠♠❡ ✐♥té❣ré
❝♦rr❡s♣♦♥❞❡♥t ❞♦♥❝ ❛✉① ♣r♦❜❛❜✐❧✐tés ❞✬♦❝❝✉♣❛t✐♦♥ ❞❡ ❝❤❛q✉❡ ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡✳ ❙✉♣♣♦s♦♥s
q✉❡ ❧❡ s②stè♠❡ ❛tt❡✐❣♥❡ ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬♦❝❝✉♣❡r ❧❡ ♥✐✈❡❛✉ ✐ ❡st
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Iz = +3/2

Iz = +1/2

Iz = -1/2

Iz = -3/2

(a)

❋✐❣✉r❡ ✻✳✼ ✕ ▲❡❝t✉r❡ ❞❡ ❧✬ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ♣❛r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❡✛❡t t✉♥♥❡❧✳ ✭❛✮ ❍✐st♦✲
❣r❛♠♠❡ ❞❡s ♣♦s✐t✐♦♥s ❞❡ ❧✬❡✛❡t t✉♥♥❡❧ ❞❡ ▼✷✳ ▲❡s ♣♦s✐t✐♦♥s ❞❡s tr❛♥s✐t✐♦♥s ♣❛r ❡✛❡t t✉♥♥❡❧ s♦♥t r❡❧❡✈é❡s
s✉r ❝❤❛❝✉♥❡ ❞❡s 3500 ♠❡s✉r❡s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❛❧❧❡r q✉✐ ♥❡ ♣rés❡♥t❡♥t ♣❛s ❞❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳
▲✬é❧❛r❣✐ss❡♠❡♥t ❞❡s ♣✐❝s ❡st ❛ttr✐❜✉é ❛✉ ❢❛✐t q✉❡ ❧✬♦♥ ❜❛❧❛✐❡ ❧❡ ❝❤❛♠♣ très r❛♣✐❞❡♠❡♥t✱ ❞✐♠✐♥✉❛♥t ❛✐♥s✐
❧❛ ♣ré❝✐s✐♦♥ ❞❡s ❜♦❜✐♥❡s✳ ✭❜✮ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❍❛♠✐❧t♦♥✐❡♥ ❞❡ ❧✬éq✉❛t✐♦♥ ✻✳✶✳ ▲❡s
✐♥t❡rs❡❝t✐♦♥s ❝❡r❝❧é❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❛♥t✐✲❝r♦✐s❡♠❡♥ts ♦ù ❧✬❡✛❡t t✉♥♥❡❧ ♣❡✉t ❛✈♦✐r ❧✐❡✉✳



✻✳✷✳ Pr♦❜❛❜✐❧✐té ❞❡ r❡t♦✉r♥❡♠❡♥t ♣❛r ❡✛❡t t✉♥♥❡❧ ✶✶✾

❛❧♦rs ré❣✐❡ ♣❛r ❧❛ st❛t✐st✐q✉❡ ❞❡ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥♥ ✿

Pi =
exp(−βEi)

Z(T )
✭✻✳✷✮

♦ù ❊i ❡st ❧✬é♥❡r❣✐❡ ❞✉ ♥✐✈❡❛✉ ✐ ❡t ❩✭❚✮ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♣❛rt✐t✐♦♥ q✉✐ ❛❣✐t ❝♦♠♠❡ ✉♥❡ ❝♦♥st❛♥t❡ ❞❡
r❡♥♦r♠❛❧✐s❛t✐♦♥✳ ▲❛ ✜❣✉r❡ ✻✳✽✭❜✮ ♣rés❡♥t❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ tr♦✉✈❡r ❧❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ❞❛♥s ❝❤❛❝✉♥
❞❡s q✉❛tr❡ ét❛ts ♣♦ss✐❜❧❡s ♣♦✉r ❧❡s ♠❡s✉r❡s ❛❧❧❡r ❡t r❡t♦✉r✳ P♦✉r ❧✬❛❧❧❡r✱ ❧❡ s♣❡❝tr❡ ♣❛r é♥❡r❣✐❡
❝r♦✐ss❛♥t❡ ❝♦rr❡s♣♦♥❞ à mI❂✲✸✴✷✱ ✲✶✴✷✱ ✰✶✴✷ ❡t ✰✸✴✷✱ ❡t ♣♦✉r ❧❡ r❡t♦✉r à mI❂✰✸✴✷✱ ✰✶✴✷✱ ✲✶✴✷
❡t ✲✸✴✷✳ ❈❡s ♣♦✐♥ts ❡①♣ér✐♠❡♥t❛✉① s♦♥t ❡♥s✉✐t❡ ❛❥✉stés ❡♥ ✉t✐❧✐s❛♥t ❧❛ st❛t✐st✐q✉❡ ❞❡ ▼❛①✇❡❧❧✲
❇♦❧t③♠❛♥✱ ♦✛r❛♥t ✉♥❡ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 400♠❑✳ ❈❡tt❡
t❡♠♣ér❛t✉r❡ ❡st ❛✉ ♠♦✐♥s ❞❡✉① ❢♦✐s s✉♣ér✐❡✉r❡ à ❧❛ t❡♠♣ér❛t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✱
❝❡ q✉✐ ❧❛✐ss❡ à ♣❡♥s❡r q✉❡ ❧❡ s②stè♠❡ ♥✬❛ ♣❛s ❧❡ t❡♠♣s ❞❡ r❡❧❛①❡r ❝♦♠♣❧èt❡♠❡♥t ✈❡rs ❧✬éq✉✐❧✐❜r❡
❡♥tr❡ ❞❡✉① ♠❡s✉r❡s✳
❊♥ ❡✛❡t✱ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ ♠❡s✉r❡ ❝♦♥s✐st❛♥t à ❜❛❧❛②❡r ❧❡ ❝❤❛♠♣ ❡♥ ❛❧❧❛♥t ❡t ❡♥ r❡✈❡♥❛♥t✱
❧✬ét❛t ❞✬éq✉✐❧✐❜r❡ ❞✉ s②stè♠❡ s✬✐♥✈❡rs❡ à ❝❤❛q✉❡ ♠❡s✉r❡✳ ■❧ ♥❡ ♣❡✉t ❛❧♦rs êtr❡ ❛tt❡✐♥t q✉❡ s✐ ❧❡
t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❡st ♣❧✉s ♣❡t✐t q✉❡ ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞✬✉♥❡ ♠❡s✉r❡ ❛❧❧❡r ♦✉ r❡t♦✉r✳
▲❛ ✜❣✉r❡ ✻✳✽✭❜✮ ♠♦♥tr❡ ❝❧❛✐r❡♠❡♥t q✉❡ ❧✬ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ❞❡ ♣❧✉s ❜❛ss❡ é♥❡r❣✐❡ ❞♦♥♥❡ ❧✐❡✉
❛✉ ♣❧✉s ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ tr❛♥s✐t✐♦♥s s❛♥s t♦✉t❡❢♦✐s ❛tt❡✐♥❞r❡ ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✳ ❖♥
♣❡✉t ❞♦♥❝ ❡♥ ❝♦♥❝❧✉r❡ q✉❡ ❧❡ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❡st ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r q✉❡ ❧❡ t❡♠♣s
❝❛r❛❝tér✐st✐q✉❡ ❞❡ ♠❡s✉r❡✱ s♦✐t ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ s❡❝♦♥❞❡✳ ❈❡ rés✉❧t❛t r❡♥❞ ♣♦ss✐❜❧❡ ❧❛ ♠❡s✉r❡
❞✬♦s❝✐❧❧❛t✐♦♥ ❝♦❤ér❡♥t❡ ❡♥tr❡ ❞❡✉① ét❛ts ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ❣râ❝❡ à ♥♦tr❡ ❞✐s♣♦s✐t✐❢✳ ◆é❛♥♠♦✐♥s✱
♥♦✉s s✉♣♣♦s♦♥s ♣♦✉r ❧❛ séq✉❡♥❝❡ ❞❡ ❧❡❝t✉r❡ ♣❛r ❧❡s ❛♥t✐✲❝r♦✐s❡♠❡♥ts q✉❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬❡✛❡t
t✉♥♥❡❧ ❡st é❣❛❧❡ à ✶✱ ❝❡ q✉✐ ♥✬❡st ♣❛s ❧❡ ❝❛s ❡♥ ré❛❧✐té✳ ❆✜♥ ❞❡ r❡♥❞r❡ ❧❛ ♣❧✉s ✜❞è❧❡ ♣♦ss✐❜❧❡ ❝❡tt❡
♠❡s✉r❡✱ ✐❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞✬ét✉❞✐❡r ❡t ❞❡ ♣♦✉✈♦✐r ❝♦♥trô❧❡r ❧✬é❝❛rt t✉♥♥❡❧✳

✻✳✷ Pr♦❜❛❜✐❧✐té ❞❡ r❡t♦✉r♥❡♠❡♥t ♣❛r ❡✛❡t t✉♥♥❡❧

➚ ♣❛rt✐r ❞❡ ❝❡ q✉❡ ♥♦✉s ❛✈♦♥s ✈✉ à ❧❛ s❡❝t✐♦♥ ✶✳✶✳✷ ❡t ✶✳✷✳✷✱ ♦♥ ♣❡✉t ❡①♣r✐♠❡r P ✱ ❧❛ ♣r♦❜❛❜✐❧✐té
❞❡ r❡t♦✉r♥❡♠❡♥t ♣❛r ❡✛❡t t✉♥♥❡❧ ❞♦♥♥é❡ ♣❛r ❧❛ t❤é♦r✐❡ ❞❡ ▲❛♥❞❛✉✲❩❡♥❡r ✿

P = 1− exp
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


✭✻✳✸✮

♦ù ∆ ❝♦rr❡s♣♦♥❞ à ❧✬é❝❛rt t✉♥♥❡❧ ❡t ❞❍ ✴❞t à ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❛✉
✈♦✐s✐♥❛❣❡ ❞✬✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t✳ ◆♦✉s ❛❧❧♦♥s ✈♦✐r ♠❛✐♥t❡♥❛♥t ❞❛♥s q✉❡❧❧❡ ♠❡s✉r❡ ❝❡tt❡ r❡❧❛t✐♦♥
♣❡✉t êtr❡ ✈ér✐✜é❡ à ❧✬é❝❤❡❧❧❡ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ✉♥✐q✉❡✳
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P =P0exp(-E/kBT)

(a)

(b)

0.4

Iz= -3/2

Iz= -3/2

Iz= +3/2

Iz= -1/2

Iz= +1/2

Iz= -1/2
Iz= +1/2

Iz= +3/2

❋✐❣✉r❡ ✻✳✽ ✕P♦♣✉❧❛t✐♦♥ ❞❡s ét❛ts ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡✳ ✭❛✮ ▲✬❤✐st♦❣r❛♠♠❡ ❞❡ ❣❛✉❝❤❡ ❝♦rr❡s♣♦♥❞ ❛✉①
♠❡s✉r❡s ❞❡s ♣♦s✐t✐♦♥s ❞❡s ❡✛❡ts t✉♥♥❡❧s s✉r ❧❡s ❝♦✉r❜❡s ❛❧❧❡r ❡t ❧✬❤✐st♦❣r❛♠♠❡ ❞❡ ❞r♦✐t❡ s✉r ❧❡s ❝♦✉r❜❡s
r❡t♦✉r✳ ▲❡s ❝♦✉r❜❡s r♦✉❣❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ✐♥té❣r❛❧❡s ❞❡s ❤✐st♦❣r❛♠♠❡s✳ ▲✬é♥❡r❣✐❡ ❞❡s ét❛ts ❞❡ s♣✐♥
♥✉❝❧é❛✐r❡ ❝♦rr❡s♣♦♥❞❛♥t à ❝❤❛q✉❡ ♣✐❝ ❞✐♠✐♥✉❡ ❞❛♥s ❧❡ s❡♥s ❞✉ ❝❤❛♠♣✱ ❧❛ ❤❛✉t❡✉r ❞❡s ♠❛r❝❤❡s ❛✉❣♠❡♥t❡
❞❛♥s ❧❡ ♠ê♠❡ s❡♥s tr❛❞✉✐s❛♥t ❧❡ ❢❛✐t q✉❡ ❧❡ s②stè♠❡ t❡♥❞ à r❡✈❡♥✐r à ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✳
✭❜✮ Pr♦❜❛❜✐❧✐té ❞✬♦❝❝✉♣❡r ❝❤❛q✉❡ ♥✐✈❡❛✉ ❞❡ s♣✐♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s♦♥ é♥❡r❣✐❡✳ ▲✬♦r❞♦♥♥é❡ ❞❡s ♣♦✐♥ts
❡①♣ér✐♠❡♥t❛✉① ❡st ❧❛ ❤❛✉t❡✉r ❞❡s ♠❛r❝❤❡s r❡❧❡✈é❡ s✉r ✭❛✮ r❡♥♦r♠❛❧✐sé❡ ♣❛r ❧❡ ♥♦♠❜r❡ t♦t❛❧ ❞❡ ♠❡s✉r❡s✳
▲✬❛❜s❝✐ss❡ ❞❡ ❝❡s ♣♦✐♥ts ❡st ❧✬é♥❡r❣✐❡ ❞✉ ♥✐✈❡❛✉ ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ❝♦rr❡s♣♦♥❞❛♥t ✭❝❢ ✜❣✉r❡ ✻✳✼✮ ❡♥
♣r❡♥❛♥t ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❝♦♠♠❡ ♦r✐❣✐♥❡ ❞❡s é♥❡r❣✐❡s✳ ❈❡s ♣♦✐♥ts s♦♥t ❛❥✉stés ♣❛r ❧❛ ❢♦♥❝t✐♦♥ P =

P0exp(−E/kT ) q✉✐ tr❛❞✉✐t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t②♣❡ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥♥✳
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❋✐❣✉r❡ ✻✳✾ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té
❞✬❡✛❡t t✉♥♥❡❧ ❛✈❡❝ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✳
▲❛ ❣❛♠♠❡ ❞❡ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❡①♣❧♦ré❡ ✈❛ ❞❡
10♠❚✳s−1 à 100♠❚✳s−1✱ ❧❡s ♣♦✐♥ts ❡①♣ér✐♠❡♥✲
t❛✉① s♦♥t ❡♥s✉✐t❡ ❛❥✉stés ♣❛r ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ t②♣❡
y = 1− exp(−σx)✳

✻✳✷✳✶ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡

P♦✉r ❞ét❡r♠✐♥❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ s✉r ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ r❡t♦✉r♥❡♠❡♥t✱
♥♦✉s ❛✈♦♥s ♣r♦❝é❞é ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿ ❧❡s ♠❡s✉r❡s ♣rés❡♥té❡s à ❧❛ ✜❣✉r❡ ✻✳✸ ♦♥t été
r❡♣r♦❞✉✐t❡s ✶✵✵ ❢♦✐s✱ ❡t ♣♦✉r ❝❤❛❝✉♥❡ ❞✬❡♥tr❡ ❡❧❧❡s✱ ❧❡ ♥♦♠❜r❡ ❞❡ tr❛♥s✐t✐♦♥s ❞✐r❡❝t❡s ♦❜s❡r✈é❡s ❛
été r❡❧❡✈é✳ P✉✐s✱ ♦♥ ✐♥❝ré♠❡♥t❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ❧❛ ✜❣✉r❡ ✻✳✾✱ ♦ù ❧❡s ♣♦✐♥ts
❡①♣ér✐♠❡♥t❛✉① s♦♥t ❛❥✉stés ♣❛r ❧✬éq✉❛t✐♦♥ ✻✳✸✳ ❖♥ ❝♦♥st❛t❡ q✉❡ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s
s✬❛❝❝♦r❞❡♥t très ❜✐❡♥ ❛✈❡❝ ❧❛ t❤é♦r✐❡✳ ❈❡❝✐ ♣❡r♠❡t ❞❡ ❝♦♥❢♦rt❡r ❧✬❤②♣♦t❤ès❡ s❡❧♦♥ ❧❛q✉❡❧❧❡ ✉♥❡
s❡✉❧❡ ✐♥t❡rs❡❝t✐♦♥ ♣❛r ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ❡st ✉♥ ❛♥t✐✲❝r♦✐s❡♠❡♥t✳ ❉❛♥s ❧❡ ❝❛s ❝♦♥tr❛✐r❡✱ ✐❧
❛✉r❛✐t été ♥é❝❡ss❛✐r❡ ❞✬❛❥✉st❡r ♣❛r ✉♥❡ s♦♠♠❡ ❞✬❡①♣♦♥❡♥t✐❡❧❧❡✳
▲♦rsq✉❡ ❧✬♦♥ ✈❡✉t ♣r♦❝é❞❡r à ✉♥❡ ❧❡❝t✉r❡ r❛♣✐❞❡ ❞❡ ❧✬ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡
❞❡ ❜❛❧❛②❡r ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❞❡ ♠❛♥✐èr❡ r❛♣✐❞❡ ❛✜♥ q✉❡ ❧❡s s♣✐♥ ♥❡ r❡❧❛①❡♥t ♣❛s✳ ❖r✱ ♦♥
♦❜s❡r✈❡ s✉r ❧❛ ✜❣✉r❡ ✻✳✾ q✉❡ ♣♦✉r ✉♥❡ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ✐♠♣♦rt❛♥t❡✱ ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬❡✛❡t
t✉♥♥❡❧ ❞❡✈✐❡♥t très ❢❛✐❜❧❡✱ ❛✉tr❡♠❡♥t ❞✐t ❧❛ ❧❡❝t✉r❡ ❞❡ ❧✬ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ♣❡r❞ 90% ❞❡ s❛
✜❛❜✐❧✐té✳ ❆✜♥ ❞❡ ♣❛❧❧✐❡r ❝❡ ♣r♦❜❧è♠❡✱ ♦♥ ♣❡✉t ❛rt✐✜❝✐❡❧❧❡♠❡♥t ❛✉❣♠❡♥t❡r ∆ ♣❛r ❧✬❛♣♣❧✐❝❛t✐♦♥
❞✬✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳

✻✳✷✳✷ ■♥✢✉❡♥❝❡ ❞✉ ❝❤❛♠♣ tr❛♥s✈❡rs❡

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ à ❧❛ s❡❝t✐♦♥ ✶✳✶✳✶✱ ❧❡s ❛♥t✐✲❝r♦✐s❡♠❡♥ts ♦♥t ❧✐❡✉ ❧♦rsq✉❡ ❞❡s t❡r♠❡s
❞✐ts tr❛♥s✈❡rs❡s ♠é❧❛♥❣❡♥t ❧❡s ét❛ts ❞❡ ❞✐✛ér❡♥ts |mJ〉✳ ▲✬❍❛♠✐❧t♦♥✐❡♥ ❞❡ s♣✐♥ ❞é✈❡❧♦♣♣é à ❧❛
s❡❝t✐♦♥ ✶✳✸✳✶ ❝♦♠♣r❡♥❞ s❡✉❧❡♠❡♥t ❞❡✉① t❡r♠❡s tr❛♥s✈❡rs❡s ✿ ❆4

4❖
4
4✱ ❞û ❛✉ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❡t

❍x❏x ❡t ❍y❏y ❞û à ❧✬❡✛❡t ❩❡❡♠❛♥✳ ▲❡ t❡r♠❡ ❆4
4❖

4
4 ❡st ♣r♦♣r❡ à ❧❛ s②♠étr✐❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❡t ♥❡

♣❡✉t ❞♦♥❝ êtr❡ ♠♦❞✐✜é q✉❡ ♣❛r ❧❡ ❝♦♥trô❧❡ ❞✬✉♥❡ ❝♦♥tr❛✐♥t❡ ♠é❝❛♥✐q✉❡ ❝❡ q✉✐ à ♥♦tr❡ é❝❤❡❧❧❡
♥✬❡st ♣❛s ❡♥✈✐s❛❣❡❛❜❧❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡ t❡r♠❡ tr❛♥s✈❡rs❡ ❩❡❡♠❛♥ ❡st ✐♥✢✉❡♥ç❛❜❧❡ ♣❛r ❧✬❛♣♣❧✐❝❛✲
t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
❲❡r♥s❞♦r❢❡r ❡t ❛❧✳ ❛②❛♥t ❞é♠♦♥tré q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❛❧tér❡r ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬♦❝❝✉rr❡♥❝❡ ❞✬✉♥
❡✛❡t t✉♥♥❡❧ s✉r ✉♥❡ ❛ss❡♠❜❧é❡ ❞❡ ♠♦❧é❝✉❧❡s ❛✐♠❛♥ts ❣râ❝❡ à ✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ❬✶✷✺❪✱ ♥♦✉s
❛❧❧♦♥s t❡♥t❡r ❞❡ ✈♦✐r ❧❡ ♠ê♠❡ ♣❤é♥♦♠è♥❡ ❛✈❡❝ ♥♦tr❡ ❞✐s♣♦s✐t✐❢✳ ❉❛♥s ❝❡ ❜✉t✱ ♦♥ ré♣èt❡ ❧❛ ♠❡s✉r❡



✶✷✷ ❈❤❛♣✐tr❡ ✻✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡
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❋✐❣✉r❡ ✻✳✶✵ ✕ ■♥✢✉❡♥❝❡ ❞✉ ❝❤❛♠♣ tr❛♥s✈❡rs❡ s✉r ❧✬é❝❛rt t✉♥♥❡❧✳ ✭❛✮ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té
▲❛♥❞❛✉✲❩❡♥❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❡t ♣♦✉r ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞✉ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳
▲❡s ♣♦✐♥ts ❡①♣ér✐♠❡♥t❛✉① s♦♥t ❛❥✉stés ❛✈❡❝ ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ t②♣❡ y = 1− exp(−σx)✳ ✭❜✮ ➱✈♦❧✉t✐♦♥ ❞❡
❧✬é❝❛rt t✉♥♥❡❧ ❛✈❡❝ ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳

ré❛❧✐sé❡ ♣ré❝é❞❡♠♠❡♥t ❡t ♣rés❡♥té❡ à ❧❛ ✜❣✉r❡ ✻✳✾✱ ♣♦✉r ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳
▲❡ rés✉❧t❛t ❞❡ ❝❡s ♠❡s✉r❡s ❡st ♣rés❡♥té à ❧❛ ✜❣✉r❡ ✻✳✶✵✳ ❖♥ ② ♦❜s❡r✈❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ♥♦✲
t❛❜❧❡ ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té t✉♥♥❡❧ ♣♦✉r ✉♥❡ ♠ê♠❡ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❧♦rsq✉✬♦♥ ❛✉❣♠❡♥t❡ ❧❡ ❝❤❛♠♣
tr❛♥s✈❡rs❡✱ ♠ê♠❡ ❢❛✐❜❧❡♠❡♥t✳
❈❤❛❝✉♥❡ ❞❡s sér✐❡s ❞❡ ♣♦✐♥ts ❡①♣ér✐♠❡♥t❛✉① ❡st ❛❥✉sté❡ ❛✈❡❝ ❧❛ ❢♦r♠✉❧❡ ❞❡ ▲❛♥❞❛✉✲❩❡♥❡r ❡t ♦♥
❡①tr❛✐t ❧❛ ✈❛❧❡✉r ❞❡ ∆ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳ ➚ ③ér♦ ❝❤❛♠♣ tr❛♥s✈❡rs❡✱ ♦♥ tr♦✉✈❡
✉♥ é❝❛rt t✉♥♥❡❧ ❞❡ ❧✬♦r❞r❡ ❞❡ 2µ❑ ❝❡ q✉✐ ❡st t♦✉t à ❢❛✐t ❝♦♠♣❛r❛❜❧❡ ❛✉① s✐♠✉❧❛t✐♦♥s ❞✬■s❤✐❦❛✇❛
❡t ❛❧✳ ❬✸✾❪ ❛✐♥s✐ q✉✬à ❝❡❧❧❡s ♣rés❡♥té❡s à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✶✳ ❊♥ r❡✈❛♥❝❤❡✱ ♦♥ ❝♦♥st❛t❡ q✉❡ ❧✬é❝❛rt
t✉♥♥❡❧ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳ ❖r✱ ❞✬❛♣rès ❧❡s s✐♠✉❧❛t✐♦♥s ✉t✐❧✐s❛♥t ❧❡s ♠ê♠❡s ♣❛r❛✲
♠ètr❡s q✉✬■s❤✐❦❛✇❛ ❡t ❛❧✳✱ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬é❝❛rt t✉♥♥❡❧ ❛✈❡❝ ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ♥❡ ❞❡✈r❛✐t ♣❛s
êtr❡ ❛✉ss✐ r❛♣✐❞❡✳ ▲✬❛♥✐s♦tr♦♣✐❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ ❡st ❞♦♥❝ ❞✐♠✐♥✉é❡✱ ❝❡ q✉✐ ♥✬❡st ♣❛s s✉r♣r❡♥❛♥t
♣✉✐sq✉❡ ❧✬♦♥ ❛ ✈✉ q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❜❧♦❝❛❣❡ ❡st ❜✐❡♥ ♠♦✐♥❞r❡ q✉❡ ♣♦✉r ❚❜P❝ 2 ❡♥ ❛ss❡♠❜❧é❡
❝r✐st❛❧❧✐♥❡✳
❉❛♥s ♥♦tr❡ ❞✐s♣♦s✐t✐❢✱ ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ♣❡r♠❡t ❞♦♥❝ ❞❡ ♠♦❞✉❧❡r ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬✉♥ é✈é♥❡✲
♠❡♥t t✉♥♥❡❧ ❞❛♥s ❝❡t é❝❤❛♥t✐❧❧♦♥ ❞❡ 5% à 98%✳ ❖♥ ♣❡✉t ❡st✐♠❡r q✉✬❛✈❡❝ ✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ❞❡
1❚✱ ♦♥ ♦❜t✐❡♥❞r❛✐t ✉♥❡ ♣r♦❜❛❜✐❧✐té s✉♣ér✐❡✉r❡ à 95% ❞✬❡✛❡t t✉♥♥❡❧ ♣♦✉r ✉♥❡ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡
❞❡ 1❚✳s−1✱ ❝❡ q✉✐ ♣❡r♠❡ttr❛✐t ✉♥❡ ❧❡❝t✉r❡ ❞❡ ❧✬ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ❡♥ q✉❡❧q✉❡s ♠✐❧❧✐s❡❝♦♥❞❡s✳



✻✳✸✳ ❉✐s❝✉ss✐♦♥ s✉r ❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ✶✷✸

✻✳✸ ❉✐s❝✉ss✐♦♥ s✉r ❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡

▲♦rsq✉❡ ❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❞❡ ❚❜P❝∗2 ♥❡ s❡ r❡t♦✉r♥❡ ♣❛s ♣❛r ❡✛❡t t✉♥♥❡❧✱ ✐❧ ♦❝❝✉♣❡
✉♥ ét❛t ❡①❝✐té ❞♦♥t ❧✬é❝❛rt ❛✈❡❝ ❧❡ ❢♦♥❞❛♠❡♥t❛❧ ✈❛ é✈♦❧✉❡r ❧✐♥é❛✐r❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣
❧♦♥❣✐t✉❞✐♥❛❧✳ ■❧ ♣❡✉t ❡♥s✉✐t❡✱ à ❢♦rt ❝❤❛♠♣✱ s✉❜✐r ❝❡ q✉❡ ♥♦✉s ❛✈♦♥s ❛♣♣❡❧é ❥✉sq✉✬❛❧♦rs ✉♥❡
tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✱ ❞❡ ♠❛♥✐èr❡ à r❡❧❛①❡r ✈❡rs ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❣râ❝❡ à ❧✬é♠✐ss✐♦♥ ❞✬✉♥ ♣❤♦♥♦♥✳
▲✬é♥❡r❣✐❡ tr❛♥s♠✐s❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❑✱ ❝❡ q✉✐ ❡st ❛ss❡③ ❛♥❡❝❞♦t✐q✉❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡
❞❡ ❧❛ r❡❧❛①❛t✐♦♥ ❞❡ s♣✐♥✳ ❊♥ ❣é♥ér❛❧✱ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❞❡ ❧❛ r❡❧❛①❛t✐♦♥ ❞❡ s♣✐♥✱ ♦♥ tr♦✉✈❡ ❞❡s
t❡♠♣ér❛t✉r❡s ❞❡ ❜❛✐♥ ❞❡ ♣❤♦♥♦♥s ♣❧✉s ❣r❛♥❞❡s q✉❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❬✷✻❪✳ ◆♦✉s s✉♣♣♦s♦♥s
✐❝✐ q✉❡ ❧❛ ♠♦❧é❝✉❧❡ ❡st ❢♦rt❡♠❡♥t ❝♦✉♣❧é❡ ❛✉ ♥❛♥♦t✉❜❡ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♠é❝❛♥✐q✉❡ ❡t q✉❡ ❧❡s
♣❤♦♥♦♥s ♠✐s ❡♥ ❥❡✉ s♦♥t é✈❛❝✉és ♣❛r ❧❡ ♥❛♥♦t✉❜❡ ✈❡rs ❧❡ s✉❜str❛t✳
▲❡ ♣r♦❜❧è♠❡ ❞❡ ❧❛ r❡❧❛①❛t✐♦♥✱ ❝❡♥tr❛❧ ❞❛♥s ❧✬ét✉❞❡ ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✱ ♣❡✉t r❡♥s❡✐❣♥❡r
s✉r ❞❡ ♥♦♠❜r❡✉① ♣❛r❛♠ètr❡s q✉❛♥t à ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ✉♥ s♣✐♥ ❡t s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡tt❡
✐♥t❡r❛❝t✐♦♥ ❛ ❧✐❡✉ ❣râ❝❡ à ❧✬❛❜s♦r♣t✐♦♥ ♦✉ ❧✬é♠✐ss✐♦♥ ❞❡ ♣❤♦♥♦♥s ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ à ❧❛
s❡❝t✐♦♥ ✶✳✸✳✹✳
◆♦✉s ❛❧❧♦♥s ♥♦✉s ✐♥tér❡ss❡r ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ à ❧❛ ♠❛♥✐èr❡ ❞♦♥t ❝❡tt❡ r❡❧❛①❛t✐♦♥ s❡ ♣r♦❞✉✐t ❞❛♥s
❧❡ ❞✐s♣♦s✐t✐❢ ◆❚❇✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❝♦♥trô❧❛❜❧❡s t❡❧s q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ♦✉
❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✳

✻✳✸✳✶ ❉é♣❡♥❞❛♥❝❡ ❡♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ à ❜❛ss❡ t❡♠♣ér❛t✉r❡

❊♥ s✉♣♣♦s❛♥t q✉❡ ❧✬♦♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♠♦❞è❧❡ ❞❡ ❉❡❜②❡✱ ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡
❞❡ r❡❧❛①❛t✐♦♥ ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❡st ❞♦♥♥é ♣❛r ❧❛ r❡❧❛t✐♦♥ ❬✷✻❪ ✿

1

τd
=

3

2π~4ρv5
❱2

1(∆E)
3coth

(

∆E

2kBT

)

✭✻✳✹✮

♦ù ∆E ❡st ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧✬ét❛t ❡①❝✐té ❡t ❧❡ ❢♦♥❞❛♠❡♥t❛❧✱ ρ ❧❛ ❞❡♥s✐té ❞✉ ♠❛tér✐❛✉✱
v ❧❛ ✈✐t❡ss❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✉ ♣❤♦♥♦♥ ♠✐s ❡♥ ❥❡✉ à ❧✬é♥❡r❣✐❡ ∆E✱ ❡t V1 ❧✬é❧é♠❡♥t ❞❡ ♠❛tr✐❝❡
q✉✐ ❝♦✉♣❧❡ ❧❡s ét❛ts |mJ = ±6〉 ❛✈❡❝ ❧❡s ✈✐❜r❛t✐♦♥s ❞✉ rés❡❛✉✳
❉❛♥s ❧❡ ❝❛s ❞❡ ❚❜P❝∗2✱ ❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❡t ❧✬❡①❝✐té s♦♥t ❞❡✉① ét❛ts ❞é❣é♥érés à ❝❤❛♠♣ ♥✉❧✱ ♦♥
♣❡✉t ❞♦♥❝ ❝♦♥s✐❞ér❡r q✉❡ ∆❊ = gµ0µB∆mJHz = β❍✳ ▲❡ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❡st ❛❧♦rs ✿

1

τ
∝ H3coth

(

βH

2kBT

)

✭✻✳✺✮

❉❡ ♣❧✉s✱ s✐ ❧❛ tr❛♥s✐t✐♦♥ ❛ ❧✐❡✉ à q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♠❚ ❡t q✉❡ ❧✬♦♥ tr❛✈❛✐❧❧❡ à ❜❛ss❡ t❡♠♣é✲
r❛t✉r❡✱ ♦♥ ❛ βH > 2kT ✱ s♦✐t coth(βH/2kT ) ≃ 1✳
◆♦✉s ❛❧❧♦♥s ✈ér✐✜❡r s✐ ❝❡tt❡ r❡❧❛t✐♦♥ ❡st ❜✐❡♥ ✈❛❧✐❞❡ ❞❛♥s ♥♦tr❡ ❝❛s✱ ❡♥ ❛♣♣❧✐q✉❛♥t ❧❡ ♣r♦t♦❝♦❧❡
s✉✐✈❛♥t à ❧✬é❝❤❛♥t✐❧❧♦♥ ◆❚❇ ✿ ♦♥ s❛t✉r❡ ❧❡ ❝❤❛♠♣ à −1❚ ♣✉✐s ♦♥ ❧✬❛✉❣♠❡♥t❡ ❥✉sq✉✬à ✉♥❡ ✈❛❧❡✉r
❍ 0 > 0 à ✉♥❡ ✈✐t❡ss❡ ❞❡ 20♠❚✳s−1 ❞❡ ♠❛♥✐èr❡ à ♠✐♥✐♠✐s❡r ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬❡✛❡t t✉♥♥❡❧✱ ♦♥
❛tt❡♥❞ ❛❧♦rs q✉❡ ❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ r❡❧❛①❡✱ ❡t ❧✬♦♥ ré♣èt❡ ❧✬❡①♣ér✐❡♥❝❡ ✉♥❡ ❝❡♥t❛✐♥❡ ❞❡ ❢♦✐s✳
▲❡ t❡♠♣s ❞✬❛tt❡♥t❡ ❡st st♦❝❦é ❞❛♥s ✉♥ ❤✐st♦❣r❛♠♠❡ ✐♥té❣ré ♣❛r ❧❛ s✉✐t❡✳ ❊♥✜♥✱ ♦♥ ✐♥❝ré♠❡♥t❡



✶✷✹ ❈❤❛♣✐tr❡ ✻✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡
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❋✐❣✉r❡ ✻✳✶✶ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ✭❛✮
Pr♦❜❛❜✐❧✐té ❞✬❛✈♦✐r r❡❧❛①é ✈❡rs ❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❛✉ ❜♦✉t ❞✬✉♥ t❡♠♣s t✳ ▲❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st ❛♠❡♥é
à ✉♥❡ ❝❡rt❛✐♥❡ ✈❛❧❡✉r ♦ù ❧✬♦♥ ❛tt❡♥❞ q✉❡ ❧❡ ♠♦♠❡♥t r❡❧❛①❡✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬❛✈♦✐r
r❡❧❛①é ❛✉✲❞❡❧à ❞✬✉♥ ❝❡rt❛✐♥ t❡♠♣s✳ ▲✬❤✐st♦❣r❛♠♠❡ ✐♥té❣ré ❞❡s t❡♠♣s ❞✬❛tt❡♥t❡ ❡st ❡♥s✉✐t❡ ❛❥✉sté ❛✈❡❝
✉♥❡ éq✉❛t✐♦♥ ❞✉ t②♣❡ y = 1 − exp(−t/τ)✱ ❞✬♦ù ❧✬♦♥ ❡①tr❛✐t ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❡ r❡❧❛①❛t✐♦♥ τ ✳
✭❜✮ ❚❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳

❍ 0✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ❧❡s ❝♦✉r❜❡s r❡♣rés❡♥té❡s à ❧❛ ✜❣✉r❡ ✻✳✶✶✭❛✮ q✉✐ ♠♦♥tr❡♥t ❧❛ ♣r♦❜❛❜✐❧✐té
❞✬❛✈♦✐r r❡❧❛①é ❛✉ ❜♦✉t ❞✬✉♥ t❡♠♣s t ♣♦✉r tr♦✐s ✈❛❧❡✉rs ❞✐✛ér❡♥t❡s ❞❡ ❍ 0✳ ❖♥ ❡①tr❛✐t ❡♥s✉✐t❡ ❧❡
t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❡♥ s✉♣♣♦s❛♥t ✉♥❡ ❧♦✐ ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡ ❧❛ ❢♦r♠❡ P = 1− exp(−t/τ)✳ ❖♥
❝♦♥st❛t❡ q✉❡ ♣❧✉s ❧❡ ❝❤❛♠♣ ❡st ❢♦rt✱ ♣❧✉s ❧❡ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❡st ❝♦✉rt✱ ✈♦✐r ✜❣✉r❡ ✻✳✶✶✭❜✮✳
▲✬❛❥✉st❡♠❡♥t ♣❛r ✉♥❡ ❞r♦✐t❡ ❛✣♥❡ ✐❧❧✉str❡ ❜✐❡♥ ❧❡ ❧✐❡♥ ❞❡ ♣r♦♣♦rt✐♦♥♥❛❧✐té ❡♥tr❡ τ ❡t ❍−3✱ ❥✉st✐✲
✜❛♥t ❛✐♥s✐ q✉❡ ❧❡ ♠♦♠❡♥t s❡ r❡t♦✉r♥❡ ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳ ❉❡ ♣❧✉s✱ ♦♥ ♣❡✉t ❡①tr❛✐r❡ ✉♥ ❝❤❛♠♣
❝r✐t✐q✉❡ ❞❡ r❡t♦✉r♥❡♠❡♥t é✈❛❧✉é ✐❝✐ à 0.59❚✳
❯♥❡ ❛✉tr❡ ♠❛♥✐èr❡ ❞❡ ♣r♦✉✈❡r q✉✬✐❧ s✬❛❣✐t ❜✐❡♥ ❞✬✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❝♦♥s✐st❡ à r❡❧❡✈❡r ❧❡s
♣♦s✐t✐♦♥s ❞❡s tr❛♥s✐t✐♦♥s ❞✐r❡❝t❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✳ ❈❡tt❡ ♠ét❤♦❞❡ s✬✐♥s♣✐r❡
❞✉ tr❛✈❛✐❧ ❞❡ ❑✉r❦✐❥❛r✈✐ ❬✶✷✻❪ ❛❞❛♣té ❛✉ r❡t♦✉r♥❡♠❡♥t ❝❧❛ss✐q✉❡ ❞❡ ♥❛♥♦♣❛rt✐❝✉❧❡s ♠❛❣♥ét✐q✉❡s
❬✶✵✻❪✳
Pr❡♥♦♥s ❧❛ ♣r♦❜❛❜✐❧✐té P ❞❡ r❡❧❛①❡r ❛✉ ❜♦✉t ❞✬✉♥ t❡♠♣s t✱ ♦♥ ❧✬é❝r✐t s♦✉s ❧❛ ❢♦r♠❡ P =

1− exp(−tτ) q✉❡ ❧✬♦♥ ❞ér✐✈❡ ✿

dP

dt
=

1

τ
e−t/τ =

1

τ
(1− P ) ✭✻✳✻✮

▲❛ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❡st ♠❛①✐♠❛❧❡ ♣♦✉r
d2P

dt2
= 0✱ s♦✐t ✿

d2P

dt2
= −dτ

dt

1

τ 2
(1− P )− 1

τ

dP

dt
= 0 ✭✻✳✼✮



✻✳✸✳ ❉✐s❝✉ss✐♦♥ s✉r ❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ✶✷✺
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❋✐❣✉r❡ ✻✳✶✷ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ r❡t♦✉r♥❡♠❡♥t ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
✈✐t❡ss❡✳ ▲❡s ❜❛rr❡s ❞✬❡rr❡✉rs s♦♥t ❧❡s é❝❛rts t②♣❡s r❡❧❡✈és ♣♦✉r ❝❤❛q✉❡ ✈✐t❡ss❡✳ ▲❡s ♣♦✐♥ts ❡①♣ér✐♠❡♥t❛✉①
s♦♥t ❛❥✉stés ♣❛r ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ t②♣❡ y = ax1/4✳

d2P

dt2
=
P − 1

τ 2

(

dτ

dt
+ 1

)

✭✻✳✽✮

q✉✐ s✬❛♥♥✉❧❡ ❧♦rsq✉❡
dτ

dt
= −1✱ s♦✐t ❡♥ r❡♣r❡♥❛♥t ❧✬éq✉❛t✐♦♥ ✻✳✺ ❡t ❡♥ s✉♣♣♦s❛♥t βH > kT ✿

dτ

dt
∝ H−4

dH

dt
✭✻✳✾✮

q✉✐ ❡st ✉♥❡ ❝♦♥st❛♥t❡✳ ❖♥ r❡❝♦♥♥❛✐t ❞❍✴❞t ❝♦♠♠❡ ét❛♥t ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✱ ❞✬♦ù ❧❛ r❡❧❛t✐♦♥
q✉✐ ♥♦✉s ✐♥tér❡ss❡ ✿

Hsw ∝ v1/4 ✭✻✳✶✵✮

P♦✉r ✈ér✐✜❡r ❝❡tt❡ r❡❧❛t✐♦♥✱ ♦♥ r❡❧è✈❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ♣♦✉r ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs
❞❡ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✳ ❖♥ ♣r♦❝è❞❡ à ✶✵✵ ♠❡s✉r❡s ♣♦✉r ❝❤❛❝✉♥❡ ❞❡s ✈✐t❡ss❡s ❡t ♦♥ tr❛❝❡ ❧❛ ✈❛❧❡✉r
♠é❞✐❛♥❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ s✉r ❧❛ ✜❣✉r❡ ✻✳✶✷✳ ▲✬é❝❛rt✲t②♣❡ ❡st r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t
❡t ❡st ❛ttr✐❜✉é à ❧❛ ♣rés❡♥❝❡ ❞✉ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥✳ ❊♥ ❡✛❡t✱ ❝❡ ❞❡r♥✐❡r ❛❣✐t ❝♦♠♠❡ ✉♥ ❝❤❛♠♣
❡✛❡❝t✐❢ ♣♦✉✈❛♥t ♣r❡♥❞r❡ q✉❛tr❡ ✈❛❧❡✉rs ❞✐✛ér❡♥t❡s✳ ▲❡s ✈❛❧❡✉rs ❡①♣ér✐♠❡♥t❛❧❡s s♦♥t ❛❥✉sté❡s
❛✈❡❝ ❧✬éq✉❛t✐♦♥ ✻✳✶✵✱ ❝♦♥✜r♠❛♥t ❛✐♥s✐ q✉✬à très ❜❛ss❡ t❡♠♣ér❛t✉r❡✱ ❧❡ ♠é❝❛♥✐s♠❡ ♣ré❞♦♠✐♥❛♥t
❡st ✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳

✻✳✸✳✷ ❉é♣❡♥❞❛♥❝❡ ❡♥ t❡♠♣ér❛t✉r❡

◆♦✉s ❛❧❧♦♥s ♠❛✐♥t❡♥❛♥t t❡♥t❡r ❞❡ ❝♦♠♣r❡♥❞r❡ q✉❡❧❧❡ ❡st ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ s✉r
❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t✳ P♦✉r ❝❡❧❛✱ ♦♥ s❛t✉r❡ ❧❡ ❝❤❛♠♣ à −1❚✱ ♣✉✐s ❧✬♦♥ r❛♠♣❡ ❧❡ ❝❤❛♠♣
❥✉sq✉✬à ✉♥❡ ✈❛❧❡✉r ❍ 0 = 0.57❚ à ✉♥❡ ✈✐t❡ss❡ ❞❡ 100♠❚✳s−1✱ ♦♥ r❡❧è✈❡ ❛❧♦rs ❧❡ t❡♠♣s q✉❡ ♠❡t



✶✷✻ ❈❤❛♣✐tr❡ ✻✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡

1

τ  (
s)

2 3 4 5 6

10

100

T-1
 (K

-1)

❋✐❣✉r❡ ✻✳✶✸ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❡ r❡❧❛①❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣é✲
r❛t✉r❡✳ ▲❛ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡ s✬ét❡♥❞ ❞❡ 0.1− 0.9❑✳

❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ à r❡❧❛①❡r✱ ❡t ❧✬♦♥ ré♣èt❡ ❧✬❡①♣ér✐❡♥❝❡ ✶✵✵ ❢♦✐s ♣♦✉r ❝❤❛q✉❡ t❡♠♣ér❛t✉r❡✳
▲❛ ✜❣✉r❡ ✻✳✶✸ ♣rés❡♥t❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ τ ❛✈❡❝ ❧✬✐♥✈❡rs❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✳ ❖♥ ❝♦♥st❛t❡ q✉❡ τ
♥✬é✈♦❧✉❡ ♣❛s ❡♥ ❞❡ss♦✉s ❞❡ 300♠❑✳ ❊♥ r❡✈❛♥❝❤❡✱ ✉♥❡ ♥❡tt❡ é✈♦❧✉t✐♦♥ ❡st ♦❜s❡r✈é❡ ❛✉✲❞❡❧à✱ q✉✐
♥❡ ♣❡✉t êtr❡ ❡①♣❧✐q✉é❡ ♣❛r ❧❡ ♣r♦❝❡ss✉s ❞❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✳ ❉❡✉① ♠é❝❛♥✐s♠❡s✱ ❞✐ts ❞✬♦r❞r❡
s✉♣ér✐❡✉r✱ ♣❡✉✈❡♥t ✐♥t❡r✈❡♥✐r ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ s②stè♠❡ ❛✉❣♠❡♥t❡✳ ❈❡
s♦♥t ❧❡ ♣r♦❝❡ss✉s ❞✬❖r❜❛❝❤ ❡t ❧❡ ♣r♦❝❡ss✉s ❘❛♠❛♥✱ ✐♥tr♦❞✉✐ts à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✹✳

▲❡ ♣r♦❝❡ss✉s ❞✬❖r❜❛❝❤

❈❡ ♣r♦❝❡ss✉s ♥é❝❡ss✐t❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ♥✐✈❡❛✉ ❡①❝✐té q✉✐ ❥♦✉❡ ❧❡ rô❧❡ ❞✬✐♥t❡r♠é❞✐❛✐r❡ ❞❛♥s
❧❛ r❡❧❛①❛t✐♦♥✳ ▲❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ s✉✐t ❛❧♦rs ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞❡ t②♣❡ ❧♦✐ ❞✬❆rr❤é♥✐✉s ✿

τ = τ0exp

(

∆

kBT

)

✭✻✳✶✶✮

❊♥ s✉♣♣♦s❛♥t q✉❡ ❧❡ ♣r❡♠✐❡r ♥✐✈❡❛✉ ❡①❝✐té ❝♦rr❡s♣♦♥❞ ❛✉ ❞♦✉❜❧❡t |mJ = ±5〉✱ ❧✬é❝❛rt sé♣❛r❛♥t
❧❡s ♥✐✈❡❛✉① |mJ = −6〉 ❡t |mJ = +5〉 ❛✉ ❝❤❛♠♣ ❞❡ r❡t♦✉r♥❡♠❡♥t ❍sw✱ ❡st ✿

∆ = E−5 − E+6 = E0 − gµB5Hsw − gµB6Hsw =
E0(H0 −Hsw)

H0

✭✻✳✶✷✮

♦ù E0 ❡st ❧✬é❝❛rt à ❝❤❛♠♣ ♥✉❧ ❡♥tr❡ |mJ = ±6〉 ❡t |mJ = ±5〉✱ ❡t H0 = E0/(11gµB)✳ ❊♥ ✉t✐❧✐s❛♥t
❧✬éq✉❛t✐♦♥ ✻✳✽ ♦♥ ♦❜t✐❡♥t ✿

dτ

dt
= − τ0E0

kBTH0

dHsw

dt
exp

(

∆

kBT

)

= −1 ✭✻✳✶✸✮



✻✳✸✳ ❉✐s❝✉ss✐♦♥ s✉r ❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ✶✷✼
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1412108642

T ln( 2.106 kT/v ) (K)

E0 ≈ 15 K
1/τ0 ≈ 5.10-8 s-1
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)

❋✐❣✉r❡ ✻✳✶✹ ✕ ▲♦✐ ❞✬é❝❤❡❧❧❡ ❞✉ ♣r♦❝❡ss✉s ❞✬❖r❜❛❝❤✳ ❈❤❛q✉❡ ♣♦✐♥t ❡st ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞✉
❝❤❛♠♣ ❞❡ r❡t♦✉r♥❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜❧❡ T ln(2.106kT/v) ❛✈❡❝ ❚ ❡♥ ❑ ❡t ✈ ❡♥ ❚✳s−1✳ ➚ ❝❤❛q✉❡
t❡♠♣ér❛t✉r❡✱ ✽ ♣♦✐♥ts s♦♥t r❡❧❡✈és q✉✐ ❝♦rr❡s♣♦♥❞❡♥t ❝❤❛❝✉♥ à ✉♥❡ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡ ❞✐✛ér❡♥t❡ s✉r ❧❛
❣❛♠♠❡ 1− 100♠❚✳s−1✳

s♦✐t

ln

(

kBTH0

τ0E0v

)

=
E0

H0kBT
(H0 −Hsw) ✭✻✳✶✹✮

❛✈❡❝ v = dH/dt✳ ■♥ ✜♥❡✱ ♦♥ tr♦✉✈❡ ❧❛ ❧♦✐ ❞✬é❝❤❡❧❧❡ ❧✐❛♥t ❍sw✱ ✈ ❡t ❚ ✿

Hsw = H0

[

1− kBT

E0

ln

(

kBTH0

τ0E0v

)]

✭✻✳✶✺✮

❆✜♥ ❞❡ tr♦✉✈❡r ❧❡s ♣❛r❛♠ètr❡s E0 ❡t τ0 ♦♥ ♣r♦❝è❞❡ à ❧❛ ♠ê♠❡ ♠❡s✉r❡ q✉❡ ❝❡❧❧❡ ♣rés❡♥té❡ à ❧❛
✜❣✉r❡ ✻✳✶✷✱ ♣♦✉r ❧❛ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡ ❛❧❧❛♥t ❞❡ 0.1 à 0.9❑✳ P✉✐s✱ ♦♥ tr❛❝❡ ❧❡ ❝❤❛♠♣ ❞❡

r❡t♦✉r♥❡♠❡♥t Hsw ❡♥ ❢♦♥❝t✐♦♥ ❞❡ T ln
(

τ0E0

kBTH0v

)

✱ ✈♦✐r ❧❛ ✜❣✉r❡ ✻✳✶✹✳ ❖♥ ❝♦♥st❛t❡ q✉✬❛✉✲❞❡❧à

❞❡ 0.5❑✱ ❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ✉♥ ♣r♦❝❡ss✉s ❞❡ r❡❧❛①❛t✐♦♥ ❞❡ t②♣❡
❖r❜❛❝❤✳ ❙✐ ❧✬♦♥ ❡①tr❛✐t ❞❡ ❧✬❛❥✉st❡♠❡♥t ❧✐♥é❛✐r❡ ❧❡s ❝♦♥st❛♥t❡s ❞❡ ❧✬éq✉❛t✐♦♥ ✻✳✶✺✱ ♦♥ ♦❜t✐❡♥t ✿
τ−1

0 = 5.108 s−1 ❡t E0 = 15❑✳
τ−1

0 ♣❡✉t s✬❡①♣r✐♠❡r ❝♦♠♠❡ ét❛♥t CE3
0 ♦ù ❈ ❝❛r❛❝tér✐s❡ ❧✬✐♥t❡♥s✐té ❞✉ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s s♣✐♥s

❡t ❧❡s ♣❤♦♥♦♥s✳ ❉❛♥s ♥♦tr❡ ❝❛s✱ C = 200 ❦❍③✱ s✉♣ér✐❡✉r ❞❡ tr♦✐s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r à ❝❡ q✉✬♦♥
tr♦✉✈❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❞❡s ♠♦♥♦✲❝r✐st❛✉① ❬✸✹✱ ✶✷✼✱ ✶✷✽❪✳ ❖♥ ♣❡✉t ❧✬❡①♣❧✐q✉❡r ♣❛r ❧❡ ❢❛✐t
q✉❡ ❧❡ ♥❛♥♦t✉❜❡ ❡st très ❜✐❡♥ ❝♦✉♣❧é ♠é❝❛♥✐q✉❡♠❡♥t ❛✉ s✉❜str❛t q✉✐✱ ❛♠♦r♣❤❡✱ ♣♦ssè❞❡ ✉♥❡
❞❡♥s✐té ❞✬ét❛t ❞❡ ♣❤♦♥♦♥ ♥♦♥✲♥✉❧ à t♦✉t❡s é♥❡r❣✐❡s✳ ▲❛ ♠♦❧é❝✉❧❡✱ s✉✣s❛♠♠❡♥t ❜✐❡♥ ❝♦✉♣❧é❡
❛✉ ♥❛♥♦t✉❜❡✱ s❡ s✐t✉❡ ❞❛♥s ❧❛ ✈✐❝✐♥✐té ❞❡ ❧❛ s✉r❢❛❝❡ ❛♠♦r♣❤❡ ♣❡✉t ❞♦♥❝ ❢❛❝✐❧❡♠❡♥t ❛❜s♦r❜❡r ♦✉
é♠❡ttr❡ t♦✉t t②♣❡ ❞❡ ♣❤♦♥♦♥✳
▲❛ ✈❛❧❡✉r ❞❡ E0 ❡st✱ ❡♥ r❡✈❛♥❝❤❡✱ ♣❧✉s ❢❛✐❜❧❡ ❞❡ q✉❛s✐♠❡♥t ❞❡✉① ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r s✐ ♦♥



✶✷✽ ❈❤❛♣✐tr❡ ✻✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡
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(c)

❋✐❣✉r❡ ✻✳✶✺ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬é❝❛rt à ❝❤❛♠♣ ♥✉❧ ❡♥tr❡ |mJ = ±6〉 ❡t |mJ = ±5〉✳ ❊✈♦❧✉t✐♦♥
❞❡ ❧✬é❝❛rt ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✭❛✮A0

4✱ ✭❜✮A
0
6 ❡t ✭❝✮A0

2✳ ▲❡s ♣❛r❛♠ètr❡s ✐♥✐t✐❛✉① s♦♥t A0
2 = 414 ❝♠−1✱ A0

4 =

−228 ❝♠−1 ❡t A0
6 = 33 ❝♠−1✳

❧❛ ❝♦♠♣❛r❡ ❛✉① s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s à ❧❛ s❡❝t✐♦♥ ✶✳✸✳✶ ❡t ❛✉① ✈❛❧❡✉rs ❡①♣ér✐♠❡♥t❛❧❡s s✉r
♠♦♥♦❝r✐st❛✉① ❬✸✹✱ ✶✷✼✱ ✶✷✽❪ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧✬é❝❛rt à ❝❤❛♠♣ ♥✉❧ ❡♥tr❡ ❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❡t ❧❡
♣r❡♠✐❡r ❡①❝✐té ✈❛r✐❡ ❡♥tr❡ 630❑ ❡t 880❑✳ ❖♥ ♣❡✉t ✐♠❛❣✐♥❡r q✉❡ ❧❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❛ été
♠♦❞✐✜é ♣❛r ✉♥❡ ❞é❢♦r♠❛t✐♦♥ ♦✉ ♣❛r ✉♥❡ ❞✐st♦rs✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳
▲❛ ✈❛r✐❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ♥❡ s❡♠❜❧❡ ♣❛s s✉✣s❛♥t❡ ♣♦✉r ❥✉st✐✜❡r ❝❡tt❡
❢❛✐❜❧❡ ✈❛❧❡✉r ❞❡ E0✳ ❉✬❛♣rès ❧❡ tr❛✈❛✐❧ ❞❡ ❙♦r❛❝❡ ❡t ❛❧ ❬✶✷✾❪✱ ✉♥❡ très ❢♦rt❡ ❞✐st♦rs✐♦♥ ❞❡ ❧❛
s②♠étr✐❡ ❛♥t✐♣r✐s♠❡ ❝❛rré ✈❡rs ✉♥❡ s②♠étr✐❡ ❞♦❞é❝❛❤è❞r❡ ✭❝♦♠♣r❡ss✐♦♥ s❡❧♦♥ ❧✬❛①❡ ❢❛❝✐❧❡✮ ❡st
♥é❝❡ss❛✐r❡ ♣♦✉r ❧✬❡①♣❧✐q✉❡r✳ ❖r✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝r✐st❛❧✱ ❧❛ ♠♦❧é❝✉❧❡ é✈♦❧✉❡ ❧✐❜r❡♠❡♥t s✉r ❧❡
♥❛♥♦t✉❜❡✱ r❡♥❞❛♥t ❞✐✣❝✐❧❡ ✉♥❡ ❝♦♥tr❛✐♥t❡ ❛①✐❛❧❡✳ ❊♥ ❣✉✐s❡ ❞✬✐❧❧✉str❛t✐♦♥✱ ♦♥ s✐♠✉❧❡ ❧✬é✈♦❧✉t✐♦♥
❞❡ ❧✬é❝❛rt à ❝❤❛♠♣ ♥✉❧ ❡♥tr❡ |mJ = ±6〉 ❡t |mJ = ±5〉 ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❝❤❛♠♣
❝r✐st❛❧❧✐♥✳ ▲❛ ✜❣✉r❡ ✻✳✶✺ ♠♦♥tr❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧✬é❝❛rt à ❝❤❛♠♣ ♥✉❧ ❡♥tr❡ ❧✬ét❛t ❢♦♥❞❛♠❡♥t❛❧
❡t ❧❡ ♣r❡♠✐❡r ❡①❝✐té ❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥❡ ✈❛r✐❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s A0

2✱ A
0
4 ❡t A0

6 ❡♥ ♣♦✉r❝❡♥t❛❣❡
❞❡ ❧❛ ✈❛❧❡✉r ✐♥✐t✐❛❧❡✳ ❖♥ r❡♠❛rq✉❡ s✉r ❝❡ ❣r❛♣❤✐q✉❡ q✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ q✉❡ t♦✉s ❝❡s ♣❛r❛♠ètr❡s



✻✳✸✳ ❉✐s❝✉ss✐♦♥ s✉r ❧❛ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ✶✷✾

s✬❡✛♦♥❞r❡♥t ♣♦✉r q✉❡ ❧✬é❝❛rt à ❝❤❛♠♣ ♥✉❧ s❡ ré❞✉✐s❡ à q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ❦❡❧✈✐♥s✳ ❉❛♥s ❧❡
♠ê♠❡ t❡♠♣s✱ ❧❛ ♣♦♥❞ér❛t✐♦♥ ❞❡s t❡r♠❡s tr❛♥s✈❡rs❡s ❞✉ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❛✉❣♠❡♥t❡✱ ♠é❧❛♥❣❡❛♥t
❛✐♥s✐ t♦✉s ❧❡s ét❛ts✱ ❝❡ q✉✐ ♥❡ ♣♦✉rr❛✐t êtr❡ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❛♥✐s♦tr♦♣✐❡ très ♣r♦♥♦♥❝é❡ ♠❡s✉ré❡
à ❧❛ ✜❣✉r❡ ✺✳✽✳ ❊♥ ❝♦♥❝❧✉s✐♦♥✱ s✐ ❧✬♦♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❡ ♣r❡♠✐❡r ♥✐✈❡❛✉ ❡①❝✐té ❡st ✐♥❛❝❝❡ss✐❜❧❡ ❛✉①
t❡♠♣ér❛t✉r❡s ♠✐s❡s ❡♥ ♦❡✉✈r❡✱ ✐❧ ♥♦✉s r❡st❡ à t❡st❡r ❧❡ s❡❝♦♥❞ s❝é♥❛r✐♦ ❞❡ ♣r♦❝❡ss✉s ❘❛♠❛♥✳

▲❡ ♣r♦❝❡ss✉s ❘❛♠❛♥

❈♦♥tr❛✐r❡♠❡♥t ❛✉ ♣r♦❝❡ss✉s ❞✬❖r❜❛❝❤✱ ❧❡ ♣r♦❝❡ss✉s ❘❛♠❛♥ ♠❡t ❡♥ ♦❡✉✈r❡ ✉♥ ♥✐✈❡❛✉ ❞✐t
✈✐rt✉❡❧ ❝♦♠♠❡ ✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❧❛ r❡❧❛①❛t✐♦♥✳ ▲✬✐♦♥ tr❛♥s✐t❡ ❞❡ ❧✬ét❛t |mJ = +6〉 ✈❡rs ❧✬ét❛t
|mJ = −6〉 ♣❛r ❧✬❛❜s♦r♣t✐♦♥ ✈✐rt✉❡❧❧❡ ❞✬✉♥ ♣❤♦♥♦♥ ❞✬é♥❡r❣✐❡ E1 ❡t ❧✬é♠✐ss✐♦♥ ✈✐rt✉❡❧❧❡ ❞✬✉♥
♣❤♦♥♦♥ ❞✬é♥❡r❣✐❡ E2✳ ▲❛ ❝♦♥❞✐t✐♦♥ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞✬é♥❡r❣✐❡ ♥é❝❡ss✐t❡ q✉❡ E2 −E1 s♦✐t é❣❛❧❡ à
❧❛ ❞✐✛ér❡♥❝❡ ❞✬é♥❡r❣✐❡ ❡♥tr❡ ❧❡s ét❛ts |mJ = −6〉 ❡t |mJ = +6〉✳ ❈♦♠♠❡ ✐♥tr♦❞✉✐t à ❧❛ s❡❝t✐♦♥
✶✳✸✳✹✱ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥ t❡♠♣ér❛t✉r❡ ❞✉ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ s❡ ❞é❝❧✐♥❡ s♦✉s ❧❛ ❢♦r♠❡ ✿
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♦ù V2 ❡st ❧✬é❧é♠❡♥t ❞❡ ❧❛ ♠❛tr✐❝❡ ❞✉ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ❞✉ s❡❝♦♥❞ ♦r❞r❡ ❝réé ♣❛r ❧❡s ✈✐❜r❛t✐♦♥s
q✉✐ ❝♦✉♣❧❡ ❧❡s ét❛ts |mJ = −6〉 ❡t |mJ = +6〉✳ ❖♥ ♥❡ ♣❡✉t ♠❛❧❤❡✉r❡✉s❡♠❡♥t ♣❛s ✉t✐❧✐s❡r ❞❡ ❧♦✐
❞✬é❝❤❡❧❧❡✱ ❝❛r ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞✉ ♣r♦❝❡ss✉s ❘❛♠❛♥ ♥❡ ❞é♣❡♥❞ ♣❛s ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳
P♦✉r ✈ér✐✜❡r ❝❡tt❡ r❡❧❛t✐♦♥✱ ♦♥ ♠❡s✉r❡ ❧❡ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ à H0 = 0.57❚ ♣♦✉r ❧❛ ❣❛♠♠❡ ❞❡
t❡♠♣ér❛t✉r❡ 0.1− 0.9❑✳ ❊♥✜♥✱ ♦♥ ❛❥✉st❡ ❧❡s ♣♦✐♥ts ❡①♣ér✐♠❡♥t❛✉① ❛✈❡❝ ✉♥❡ éq✉❛t✐♦♥ ❞❡ t②♣❡
y = aXn + b✱ ✈♦✐r ✜❣✉r❡ ✻✳✶✻✳ ▲❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ❝♦rr❡s♣♦♥❞ à ♥❂✼ ❛✈❡❝ a = 20❍③✳❑−7 ❡t
b = 10−2 ❍③✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ✉♥ ♣r♦❝❡ss✉s ❞❡ t②♣❡ ❘❛♠❛♥✳ ❈❡♣❡♥❞❛♥t✱ s✐ ❧✬♦♥ ❝❛❧❝✉❧❡
❧❡ r❛t✐♦ ❞❡s t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❡t ♣r♦❝❡ss✉s ❘❛♠❛♥✱ ♦♥ ♦❜t✐❡♥t ✿
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s♦✐t V2 = 104V1✳ ❖r✱ ❧❡s t❡r♠❡s Vn ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ s♦✉s ❧✬❡✛❡t ❞✬✉♥❡
❝♦♥tr❛✐♥t❡✱ ♦✉ V = V0 + εV1 + ε2V2 + ...✱ s♦♥t s✉♣♣♦sés êtr❡ ❞❡ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❬✶✸✵❪✳

■❧ ♥✬❡st ❞♦♥❝ ♣❛s ♣♦ss✐❜❧❡ ❞❡ ❝♦♥❝❧✉r❡ q✉❛♥t ❛✉ ♠é❝❛♥✐s♠❡ ❞❡ r❡❧❛①❛t✐♦♥ ré❡❧❧❡♠❡♥t ✐♠♣❧✐✲
q✉é✳ ▲❡ ♠♦❞è❧❡ ❞✬✉♥ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❛✉ s❡✐♥ ❞✬✉♥ rés❡❛✉ ❡st tr♦♣ s✐♠♣❧✐st❡✳ ❊♥ ❡✛❡t✱ ♥♦✉s
♥✬❛✈♦♥s ♣❛s t❡♥✉ ❝♦♠♣t❡ ❞✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ♣❛r❛♠ètr❡s q✉✐ ♥♦✉s s♦♥t ✐♥❛❝❝❡ss✐❜❧❡s✱ t❡❧s
q✉❡ ❧❛ ❞❡♥s✐té ❞✬ét❛t ❞❡ ♣❤♦♥♦♥ ❞❛♥s ❧❡ ♥❛♥♦t✉❜❡✱ ❧❛ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❞❡ ❝❡ ❞❡r♥✐❡r ♦✉
❡♥❝♦r❡ ❧❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❛ ♠♦❧é❝✉❧❡ ❡t ❧❡ ♥❛♥♦t✉❜❡✳ ❉❡ ♣❧✉s✱ ❧❛ ❢❛✐❜❧❡ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡
❛❝❝❡ss✐❜❧❡ ♥❡ ♣❡r♠❡t ♣❛s ❞✬❛✣♥❡r ❞❛✈❛♥t❛❣❡ ❧✬✐♥t❡r♣rét❛t✐♦♥✳

◆♦✉s ❛✈♦♥s ✈✉✱ à tr❛✈❡rs ❧✬é❝❛rt t②♣❡ ❞❡s ❝❤❛♠♣s ❞❡ r❡t♦✉r♥❡♠❡♥t✱ ✭✜❣✉r❡s ✺✳✾ ❡t ✻✳✶✷✮✱ q✉❡ ❧❡s
tr❛♥s✐t✐♦♥s ❞✐r❡❝t❡s s✬❡✛❡❝t✉❡♥t s✉r ✉♥❡ ❣❛♠♠❡ ❞✬é♥❡r❣✐❡ r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t❡✳ ❊♥ ❡✛❡t✱ ❧❛



✶✸✵ ❈❤❛♣✐tr❡ ✻✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡

τ-1
 (

s-1
)

0.15 0.30 0.45 0.60 0.75

T (K)

1

0.1

0.01

0.001

0.90

y = a x 
7 
+ b

points expérimentaux

❋✐❣✉r❡ ✻✳✶✻ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡✳ ▲❡s ♣♦✐♥ts ❡①♣ér✐♠❡♥✲
t❛✉① s♦♥t ❛❥✉stés ♣❛r ❧❛ ❢♦♥❝t✐♦♥ y = aX7 + b✳

♣r♦❜❛❜✐❧✐té ❞❡ r❡t♦✉r♥❡♠❡♥t é✈♦❧✉❡ ❞❡ ♠❛♥✐èr❡ ❝♦♥t✐♥✉❡ ❛✈❡❝ ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞❡ ♣❤♦♥♦♥✳ ▲❡
s②stè♠❡ ♥❡ r❡❧❛①❡ ❞♦♥❝ ♣❛s ❛✈❡❝ ✉♥❡ é♥❡r❣✐❡ très ♣ré❝✐s❡✳ ❊♥ r❡✈❛♥❝❤❡✱ s✐ ❧❡ ♠♦♠❡♥t ❝♦✉♣❧❡ ❛✈❡❝
✉♥ ❛✉tr❡ s②stè♠❡ ❞❡ ♠❛♥✐èr❡ ♣❧✉s ❡✣❝❛❝❡ q✉✬❛✈❡❝ ❧❡ ❜❛✐♥ ❞❡ ♣❤♦♥♦♥✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬♦❜t❡♥✐r
❞❡s tr❛♥s✐t✐♦♥s à ❞❡s ✈❛❧❡✉rs ❞❡ ❝❤❛♠♣ très ♣ré❝✐s❡s✱ ❝♦♠♠❡ ♥♦✉s ❛❧❧♦♥s ❧❡ ✈♦✐r à ♣rés❡♥t✳

✻✳✹ ■♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❡t ✉♥ s②stè♠❡

à ❞❡✉① ♥✐✈❡❛✉①

❏❡ ♣r♦♣♦s❡ ❞❡ r❡❣❛r❞❡r ♣❧✉s ❡♥ ❞ét❛✐❧ ❧❡ r❡t♦✉r♥❡♠❡♥t à ❢♦rt ❝❤❛♠♣ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ◆❚❈✳
▲❛ ✜❣✉r❡ ✻✳✶✼✭❛✮ ♣rés❡♥t❡ ✉♥❡ sér✐❡ ❞❡ ♠❡s✉r❡s ❛❧❧❡r ❡t r❡t♦✉r à ✉♥❡ ✈✐t❡ss❡ ❞❡ 50♠❚✳s−1✳ P♦✉r
♣❧✉s ❞❡ ❝❧❛rté✱ ❧❡s tr❛❝❡s ♣rés❡♥t❛♥t ✉♥ ❡✛❡t t✉♥♥❡❧ ♦♥t été ♦♠✐s❡s✳ ❖♥ ❝♦♥st❛t❡ s✉r ❝❡tt❡ ✜❣✉r❡
q✉✬✐❧ s❡♠❜❧❡ ② ❛✈♦✐r q✉❛tr❡ tr❛♥s✐t✐♦♥s ♣❛rt✐❝✉❧✐èr❡s s✐t✉é❡s ❡♥tr❡ ±200♠❚ ❡t ±280♠❚✳ ❆✜♥ ❞❡
♠✐❡✉① ❝❡r♥❡r ❧❛ ♥❛t✉r❡ ❞❡ ❝❡s tr❛♥s✐t✐♦♥s✱ ♦♥ r❡❧è✈❡ ❞❛♥s ✉♥ ❤✐st♦❣r❛♠♠❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s tr❛♥s✐✲
t✐♦♥s à ❢♦rt ❝❤❛♠♣✱ ✈♦✐r ✜❣✉r❡ ✻✳✶✼✭❜✮✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❝❡t ❤✐st♦❣r❛♠♠❡ ❛✈❡❝ ❝❡❧✉✐ ♣rés❡♥té
à ❧❛ ✜❣✉r❡ ✻✳✼ ré✈è❧❡ ❞❡ ❣r❛♥❞❡s s✐♠✐❧✐t✉❞❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ♦♥ r❡♠❛rq✉❡ q✉❛tr❡ rés♦♥❛♥❝❡s q✉✐
♣♦✉rr❛✐❡♥t ❝♦rr❡s♣♦♥❞r❡ ❛✉① q✉❛tr❡ ét❛ts ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡✳ ❊♥s✉✐t❡✱ ❧❡s ❞✐st❛♥❝❡s ❡♥tr❡ ❧❡s ♣✐❝s
s♦♥t ✐❞❡♥t✐q✉❡s✱ à ❧❛ ♣ré❝✐s✐♦♥ ❞❡ ♠❡s✉r❡ ♣rès✳ ■❧ s❡♠❜❧❡ ❞♦♥❝ q✉❡ ❧❡ r❡t♦✉r♥❡♠❡♥t ❛✐t ❧✐❡✉ ♣❛r
❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✬✉♥ s②stè♠❡ q✉✐ ♥❡ ♣❡✉t ❛❝❝❡♣t❡r q✉✬✉♥❡ q✉❛♥t✐té très ♣ré❝✐s❡ ❞✬é♥❡r❣✐❡✳
❘❡❣❛r❞♦♥s ♠❛✐♥t❡♥❛♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♦♥ ♠❡s✉r❡ ✉♥ ❛❧❧❡r
❡t ✉♥ r❡t♦✉r ❡t ♦♥ r❡❧è✈❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s tr❛♥s✐t✐♦♥s✱ ♣✉✐s ♦♥ ✐♥❝ré♠❡♥t❡ ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡
❞❡ 0.1♠❚✱ ❞❡ s♦rt❡ q✉❡ ❧✬♦♥ ♦❜t✐❡♥t ❧❛ ✜❣✉r❡ ✻✳✶✽✱ ♦ù ❝❤❛q✉❡ tr❛♥s✐t✐♦♥ ❡st r❡♣rés❡♥té❡ ♣❛r
✉♥ ♣♦✐♥t✳ ❉❡ ❝❡s ❛♠❛s ❞❡ ♣♦✐♥ts r❡ss♦rt❡♥t ❞❡s t❡♥❞❛♥❝❡s q✉✐ é✈♦❧✉❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣
tr❛♥s✈❡rs❡✳



✻✳✹✳ ■♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❡t ✉♥ s②stè♠❡ à ❞❡✉① ♥✐✈❡❛✉① ✶✸✶
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❋✐❣✉r❡ ✻✳✶✼ ✕ ❘❡❧❛①❛t✐♦♥s rés♦♥❛♥t❡s✳ ✭❛✮ ✺✵ ❝♦✉r❜❡s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ ❛❧❧❡r ✭r♦✉❣❡✮ ❡t r❡t♦✉r
✭❜❧❡✉✮ ♠❡s✉ré❡s à 50♠❚✳s−1✳ ▲❡s tr❛♥s✐t✐♦♥s à ❢♦rt ❝❤❛♠♣ s♦♥t ❞✐str✐❜✉é❡s ❡♥ q✉❛tr❡ rés♦♥❛♥❝❡s ❜✐❡♥
❞✐st✐♥❝t❡s✳ ✭❜✮ ❍✐st♦❣r❛♠♠❡ ❞❡s tr❛♥s✐t✐♦♥s à ❢♦rt ❝❤❛♠♣ ❞❡ ♠❡s✉r❡s ✐❞❡♥t✐q✉❡s à ✭❛✮✳ ▲❡s rés♦♥❛♥❝❡s
s✬ét❛❧❡♥t s✉r 80♠❚✳ ▲❛ ❧❛r❣❡✉r à ♠✐✲❤❛✉t❡✉r ❞❡s ♣✐❝s ❡st ❞❡ 8♠❚✳

0.50-0.5

0

-0.2

0.2

µ0H┴
 (T)

µ
0
H

//
 (

T
)

-0.25 0.25

❋✐❣✉r❡ ✻✳✶✽ ✕ ➱✈♦❧✉t✐♦♥ ❞❡s tr❛♥s✐t✐♦♥s rés♦♥❛♥t❡s ❛✈❡❝ ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡✳ ▲❛ ♣♦s✐t✐♦♥ ❞❡s
tr❛♥s✐t✐♦♥s ❡st r❡❧❡✈é❡ ♣♦✉r ❝❤❛q✉❡ ❝♦✉r❜❡ ❛❧❧❡r ❡t r❡t♦✉r ♥❡ ♣rés❡♥t❛♥t ♣❛s ❞✬❡✛❡t t✉♥♥❡❧✳ ▲❡ ❝❤❛♠♣
tr❛♥s✈❡rs❡ ❡st ❡♥s✉✐t❡ ✐♥❝ré♠❡♥té ❞✬✉♥❡ ✈❛❧❡✉r très ❢❛✐❜❧❡✱ ❞❡ ♠❛♥✐èr❡ à ❝❡ q✉❡ ❧❛ t❡♥❞❛♥❝❡ s❡ ❞❡ss✐♥❡
♥❛t✉r❡❧❧❡♠❡♥t✳ ❉❡✉① sér✐❡s ❞❡ q✉❛tr❡ t❡♥❞❛♥❝❡s s♦♥t ❞✐st✐♥❣✉❛❜❧❡s✱ ❧✬✉♥❡ ❞✬❡❧❧❡ ❝♦rr❡s♣♦♥❞ ❛✉① ♠❡s✉r❡s
❛❧❧❡r ❡t ❧✬❛✉tr❡ ❛✉① ♠❡s✉r❡s r❡t♦✉r✳



✶✸✷ ❈❤❛♣✐tr❡ ✻✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡

▲✬é♥❡r❣✐❡ ❞✬✉♥❡ tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ❞✉ t❡r❜✐✉♠ ♥✬é✈♦❧✉❡ ♣❛s ❛✈❡❝ ✉♥ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ❢❛✐❜❧❡✳
❈✬❡st ❞♦♥❝ ❧❡ s②stè♠❡✱ ré❝✉♣ér❛♥t ❧✬é♥❡r❣✐❡ r❡❧â❝❤é❡ ❧♦rs ❞✉ r❡t♦✉r♥❡♠❡♥t✱ q✉✐ é✈♦❧✉❡✳
❊ss❛②♦♥s ❞❡ ❞ét❡r♠✐♥❡r q✉❡❧ ❡st ❝❡ s②stè♠❡✳ ❙✉♣♣♦s♦♥s q✉❡ ❝❡ s♦✐t ✉♥ s♣✐♥ S1 = 1/2 ❞❡ ❢❛❝✲
t❡✉r ❣②r♦♠❛❣♥ét✐q✉❡ ❣❂✷ q✉✐ s♦✐t ❝♦✉♣❧é ❛✉ t❡r❜✐✉♠ ♣❛r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡t q✉✬✐❧
s✉❜✐ss❡ ✉♥❡ tr❛♥s✐t✐♦♥ ✈❡rs ✉♥ ét❛t ❡①❝✐té ❧♦rsq✉❡ ❧❡ ♠♦♠❡♥t ❞✉ t❡r❜✐✉♠ r❡❧❛①❡✳ ❖♥ ♣❡✉t é❝r✐r❡
❧✬❍❛♠✐❧t♦♥✐❡♥ ❞✉ s②stè♠❡ ❡♥ ♥❡ t❡♥❛♥t ♣❛s ❝♦♠♣t❡ ❞✉ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❝♦♠♠❡ ét❛♥t ✿

H = Hcf + (gjµBJz + gsµBSz)µ0H‖ + C❏✳❙ ✭✻✳✶✽✮

♦ù Hcf ❡st ❧✬❍❛♠✐❧t♦♥✐❡♥ ❞✉ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥✱ gj ❡t gs ❧❡s ❢❛❝t❡✉rs ❣②r♦♠❛❣♥ét✐q✉❡s r❡s♣❡❝t✐✲
✈❡♠❡♥t ❞✉ t❡r❜✐✉♠ ❡t ❞✬✉♥ é❧❡❝tr♦♥ ❧✐❜r❡✱ Jz ❡t Sz ❧❡s ♦♣ér❛t❡✉rs ❞❡ s♣✐♥ ❞✉ t❡r❜✐✉♠ ❡t ❞❡
❧✬é❧❡❝tr♦♥ ❧✐❜r❡ ❡t C ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡♥tr❡ ❧❡ ♠♦♠❡♥t ❞✉ t❡r❜✐✉♠ ❡t ❧❡ s♣✐♥ ❞❡ ❧✬é❧❡❝tr♦♥✳
❊♥ s✉♣♣♦s❛♥t C = 0.5❑✱ ❧❛ ❞✐❛❣♦♥❛❧✐s❛t✐♦♥ ❞❡ ❧✬❍❛♠✐❧t♦♥✐❡♥ H ♥♦✉s ♦✛r❡ ❧❛ ✜❣✉r❡ ✻✳✶✾✳ ❙✐
❧❡ s②stè♠❡ ❞❡ ♠♦♠❡♥ts ❝♦✉♣❧és ♥❡ s✉❜✐t ♣❛s ❞✬❡✛❡t t✉♥♥❡❧ à ❝❤❛♠♣ ♥✉❧✱ ✐❧ ♦❝❝✉♣❡ ❛❧♦rs ❧✬ét❛t
(+6,−1/2)✳ ▲♦rsq✉❡ ❧❡ ❝❤❛♠♣ ❛tt❡✐♥t ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t à 250♠❚✱ ❧❡ s②stè♠❡ ❜❛s❝✉❧❡ ❞❛♥s ❧✬ét❛t
(−6,−1/2)✳ ▲❛ ♣r♦❜❛❜✐❧✐té ❞✬✉♥ t❡❧ é✈é♥❡♠❡♥t ❡st très ❢♦rt❡ ❛✉① ✈✐t❡ss❡s ❞❡ ❜❛❧❛②❛❣❡ ❛❝❝❡ss✐❜❧❡s
❝❛r ❧✬é❝❛rt t✉♥♥❡❧ à ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 1µ❑✳ ❆✜♥ ❞❡ r❡♣r♦❞✉✐r❡ ❧✬é✈♦❧✉t✐♦♥ ❡♥
❝❤❛♠♣ tr❛♥s✈❡rs❡✱ ✐♥tr♦❞✉✐s♦♥s ♠❛✐♥t❡♥❛♥t ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ❞❛♥s ❧✬❍❛♠✐❧t♦♥✐❡♥ ✿

H = Hcf + (gjµBJz + gsµBSz)µ0H‖ + (gjµBJx + gsµBSx)µ0H⊥ + CJ.S ✭✻✳✶✾✮

❖♥ ♣❡✉t ♠❛✐♥t❡♥❛♥t tr❛❝❡r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t ❛✈❡❝ ❧❡ ❝❤❛♠♣ tr❛♥s✈❡rs❡ ♣♦✉r ❝❤❛q✉❡
ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡✱ ✈♦✐r ✜❣✉r❡ ✻✳✷✵✳ ■❧ s❡♠❜❧❡ q✉❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❝♦♥s✐❞ér❛♥t ✉♥ s♣✐♥ ✶✴✷ ❝♦✉♣❧é
s✬❛❝❝♦r❞❡ très ❜✐❡♥ ❛✈❡❝ ❧❡s ♠❡s✉r❡s✳
▲✬❤②♣♦t❤ès❡ ❞✬✉♥ é❧❡❝tr♦♥ ❝♦✉♣❧é ❛✉ t❡r❜✐✉♠ s❡♠❜❧❡ ❞♦♥❝ ❜✐❡♥ ❢♦♥❞é❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ❞❡s ♠❡s✉r❡s
s✐♠✐❧❛✐r❡s ♦♥t été ré❛❧✐sé❡s ♣❛r ❘✳ ❱✐♥❝❡♥t ❡t ❛❧✳ s✉r ✉♥❡ ❥♦♥❝t✐♦♥ é❧❡❝tr♦♠✐❣ré❡ ❝♦♥t❡♥❛♥t ✉♥
❚❜P❝2✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡①tr❛✐t❡ ♣❛r ❘✳ ❱✐♥❝❡♥t ❡t ❛❧✳ ❡st t♦✉t à ❢❛✐t ❡♥ ❛❝❝♦r❞ ❛✈❡❝
❝❡❧❧❡ tr♦✉✈é❡ ❞❛♥s ♥♦tr❡ tr❛✈❛✐❧✱ ❣râ❝❡ à ❧✬❛❥✉st❡♠❡♥t✳ ❖♥ ♣❡✉t ❞♦♥❝ s✉♣♣♦s❡r q✉❡ ❝❡t é❧❡❝tr♦♥
s❡ s✐t✉❡ ❞❛♥s ❧❛ ♠♦❧é❝✉❧❡✱ ❡t ♥♦♥ ❞❛♥s ❧❡ ♥❛♥♦t✉❜❡✳ ❈❡❧❛ ❡st ❧é❣✐t✐♠❡✱ ♣✉✐sq✉❡ ♥♦✉s ❛✈♦♥s ✈✉
q✉✬✉♥ é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡ rés✐❞❡ ❞❛♥s ❧❡s ♣❤t❛❧♦❝②❛♥✐♥❡s ♣♦✉r ❧❛ ❢♦r♠❡ ♥❡✉tr❡ ❞❡ ❚❜P❝ 2✳

✻✳✺ ❈♦♥❝❧✉s✐♦♥

◆♦✉s ❛✈♦♥s ❞♦♥❝ ❞é♠♦♥tré ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬ét✉❞✐❡r ✉♥ ♦❜❥❡t ♠❛❣♥ét✐q✉❡
✉♥✐q✉❡ ❣râ❝❡ ❛✉ ❞✐s♣♦s✐t✐❢ q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é✳ ❏❡ s♦✉❤❛✐t❡ r❛♣♣❡❧❡r q✉❡ t♦✉s ❧❡s rés✉❧t❛ts
s♦♥t ♦❜t❡♥✉s ❡♥ ♠❡s✉r❛♥t ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ à tr❛✈❡rs ❧❡ ♥❛♥♦t✉❜❡✳
▲❡ t❡r❜✐✉♠✱ ❞❡ ♣❛r s❡s ♣r♦♣r✐étés r❡♠❛rq✉❛❜❧❡s✱ ❡st ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ❡①❝❡♣t✐♦♥♥❡❧❧❡ ♣♦✉r ét✉❞✐❡r
❞✐✈❡rs ♣❤é♥♦♠è♥❡s ♠❛❣♥ét✐q✉❡s✳ ◆♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❡ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡✱ ❡♥ s❡ r❡t♦✉r✲
♥❛♥t ♣❛r ❡✛❡t t✉♥♥❡❧ à ✉♥❡ ♣♦s✐t✐♦♥ ♣❛rt✐❝✉❧✐èr❡✱ ♦✛r❡ ✉♥❡ ❧❡❝t✉r❡ ❞✐r❡❝t❡ ❞❡ ❧✬ét❛t ❞❡ s♣✐♥ ❞✉
♥♦②❛✉ ❞✉ t❡r❜✐✉♠✳ ❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s s✐♠✉❧❛t✐♦♥s✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉✬✐❧ ❡①✐st❡ q✉❛tr❡ ♣♦s✐t✐♦♥s
❞✐✛ér❡♥t❡s ♦ù ❧✬❡✛❡t t✉♥♥❡❧ ♣❡✉t s❡ ♣r♦❞✉✐r❡✱ ❝❤❛❝✉♥❡ ❛ttr✐❜✉é❡ à ✉♥ ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡



✻✳✺✳ ❈♦♥❝❧✉s✐♦♥ ✶✸✸
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❋✐❣✉r❡ ✻✳✶✾ ✕ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥ ❞✉ s②stè♠❡ ❝♦✉♣❧é ❏❂✻✱ ❙❂✶✴✷✳ ✭❛✮ ❉✐❛❣r❛♠♠❡ ❩❡❡♠❛♥
❞❡s ❞❡✉① ❞♦✉❜❧❡ts ❢♦♥❞❛♠❡♥t❛✉①✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡st ✜①é❡ à 0.5❑✳ ✭❜✮ ❩♦♦♠ s✉r ❧✬✐♥t❡rs❡❝t✐♦♥
à 250♠❚✳ ▲✬é❝❛rt t✉♥♥❡❧ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 1µ❑ ❡t ♣❡r♠❡t ❞♦♥❝ ✉♥ ❡✛❡t t✉♥♥❡❧ à ❝❡t ❡♥❞r♦✐t ❡♥tr❡
(+6,−1/2) ❡t (−6,−1/2)✳

0.3

0.2µ
0
H
//

 (
T

)

0.50.40.30.20.10.0

µ0H┴ (T)

❋✐❣✉r❡ ✻✳✷✵ ✕ ❈♦♠♣❛r❛✐s♦♥ s✐♠✉❧❛t✐♦♥✲❡①♣ér✐♠❡♥t❛t✐♦♥✳ ▲❡s ❝♦✉r❜❡s ♥♦✐r❡s ❝♦rr❡s♣♦♥❞❡♥t à
❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t ✈✉ à ❧❛ ✜❣✉r❡ ✻✳✶✾✭❜✮ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ tr❛♥s✈❡rs❡
♣♦✉r ❝❤❛q✉❡ ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡✳ ▲❡s ❝♦✉r❜❡s s✬❛❥✉st❡♥t ❜✐❡♥ ❛✉① ♣♦✐♥ts ❡①♣ér✐♠❡♥t❛✉① ❡①tr❛✐ts ❞❡
❧❛ ✜❣✉r❡ ✻✳✶✽✳



✶✸✹ ❈❤❛♣✐tr❡ ✻✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ✉♥✐q✉❡

♣❛rt✐❝✉❧✐❡r✳ ▲✬❡s♣❛❝❡♠❡♥t ✐rré❣✉❧✐❡r ❡♥tr❡ ❝❡s ét❛ts ❞❡ s♣✐♥ ♦✛r❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❝♦♥trô❧❡r ❡t ❞❡
♠❛♥✐♣✉❧❡r ❧✬ét❛t ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ♣❛r ❞❡s ✐♠♣✉❧s✐♦♥s ❞❡ ❞✐✛ér❡♥t❡s ❢réq✉❡♥❝❡s✳
▲✬ét✉❞❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡✱ q✉❡ ❝❡ s♦✐t ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡ ♦✉ ♣❛r ❡❢✲
❢❡t t✉♥♥❡❧✱ ♠♦♥tr❡ ❜✐❡♥ q✉❡ ❝❤❛q✉❡ ❞✐s♣♦s✐t✐❢ ❡st ✉♥✐q✉❡✳ ❊♥ ❡✛❡t✱ t♦✉t❡s ❧❡s ♠♦❧é❝✉❧❡s ❞é♣♦sé❡s
♣♦ssè❞❡♥t ❞❡ ❧é❣èr❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❡❧❧❡s✳ ❊❧❧❡s ♣❡✉✈❡♥t ♣rés❡♥t❡r✱ ♣❛r ❡①❡♠♣❧❡✱ ❞❡s é❝❛rts t✉♥✲
♥❡❧s ✈❛r✐❛❜❧❡s ♦✉ s❡ ❝♦✉♣❧❡r ❞❡ ❢❛ç♦♥s ❞✐✛ér❡♥t❡s ❛✉ ♥❛♥♦t✉❜❡✳ ◆é❛♥♠♦✐♥s✱ ❧❡ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥
❡st ✉♥ ♣❛r❛♠ètr❡ st❛❜❧❡ ✐♥❞é♣❡♥❞❛♥t ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✐♠♠é❞✐❛t ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳ ❚❜P❝ ∗

2 ❡st
❞♦♥❝ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ✉♥ ❡①❝❡❧❧❡♥t ◗❜✐t ❞❡ s♣✐♥✳



❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ❡t ♣❡rs♣❡❝t✐✈❡s

▲❛ s♣✐♥tr♦♥✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❡st ✉♥ ❞♦♠❛✐♥❡ ❡♥ ♣❧❡✐♥❡ ❡①♣❛♥s✐♦♥ ❡t q✉✐ ♣r♦♣♦s❡ ❞❡s s✉❥❡ts
❞❡ r❡❝❤❡r❝❤❡ ❛✉ss✐ r✐❝❤❡s q✉❡ ✈❛r✐és✱ ❛❧❧❛♥t ❞❡ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡ ♠❛tér✐❛✉① ♦r❣❛♥✐q✉❡s ♣♦✉r
❧❡ tr❛♥s♣♦rt ❞❡ s♣✐♥ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠❛tér✐❛✉① ♠❛❣♥ét✐q✉❡s ♠♦❧é❝✉❧❛✐r❡s✳ ▲✬♦❜❥❡❝t✐❢ ♣r✐♥❝✐♣❛❧
❞❡ ❝❡tt❡ t❤ès❡ ét❛✐t ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥❡ ♥♦✉✈❡❧❧❡ ❜r❛♥❝❤❡ ❞❡ ❝❡tt❡ ❞✐s❝✐♣❧✐♥❡ ❡♥ ✉t✐❧✐s❛♥t ❞❡s
♦❜❥❡ts ♠❛❣♥ét✐q✉❡s ❛✉ ❝♦♠♣♦rt❡♠❡♥t q✉❛♥t✐q✉❡ ❡t ❞✬❡♥ ♠❡s✉r❡r ❧✬✐♥❢♦r♠❛t✐♦♥ ♣❛r tr❛♥s♣♦rt
é❧❡❝tr♦♥✐q✉❡ à tr❛✈❡rs ✉♥ ♥❛♥♦t✉❜❡ ❞❡ ❝❛r❜♦♥❡ ❡♥ ✐♥t❡r❛❝t✐♦♥ ❢❛✐❜❧❡✳ ➚ ❧❛ q✉❡st✐♦♥ ❛✈♦♥s✲♥♦✉s
ré✉ss✐ ❄ ◆♦✉s ♣♦✉✈♦♥s ré♣♦♥❞r❡ ♣❛r ❧✬❛✣r♠❛t✐✈❡✳ ❆✉ ❝♦✉rs ❞❡ ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ♣✉ ❞ét❡❝t❡r
❡t ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❧❡ r❡t♦✉r♥❡♠❡♥t ❞✉ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ❞✬✉♥ ❛✐♠❛♥t
♠♦❧é❝✉❧❛✐r❡ ✉♥✐q✉❡ ❛❝❝r♦❝❤é à ❧❛ s✉r❢❛❝❡ ❞✬✉♥ ♥❛♥♦t✉❜❡✳ ▲❡ ❞✐s♣♦s✐t✐❢ q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é
à ❝❡tt❡ ✜♥ s❡ ❝♦♠♣♦s❡ ❞✬✉♥❡ ❜♦ît❡ q✉❛♥t✐q✉❡ ❢♦r♠é❡ ❞✬✉♥ ♥❛♥♦t✉❜❡ ❡♥ ❝♦♥✜❣✉r❛t✐♦♥ tr❛♥s✐st♦r ❡t
❞✬❛✉ ♠♦✐♥s ❞❡✉① ♠♦❧é❝✉❧❡s✳ ❈✬❡st ❣râ❝❡ à ❧❛ ♣rés❡♥❝❡ ❞❡ ❝❡s ❞❡✉① ♦❜❥❡ts ♠❛❣♥ét✐q✉❡s✱ ✐♥❞✉✐s❛♥t
✉♥ ❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥✱ q✉❡ ♥♦✉s ❛✈♦♥s ♦❜t❡♥✉ ✉♥❡ ❧❡❝t✉r❡ ❞✐r❡❝t❡ ❞❡s ❝❤❛♠♣s ❞❡ r❡t♦✉r♥❡♠❡♥t
❞❡ ❝❤❛❝✉♥❡ ❞❡s ♠♦❧é❝✉❧❡s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ♣r♦✉✈é q✉❡ ♥♦tr❡ t❡❝❤♥✐q✉❡ ❢♦♥❝t✐♦♥♥❛✐t✱ ♦✉✈r❛♥t
❛✐♥s✐ ❧❛ ✈♦✐❡ à ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♠♦♠❡♥t ✉♥✐q✉❡✱ ♣♦✐♥t ❝❧❡❢ ✈❡rs ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s ❙▼▼s
❝♦♠♠❡ ◗❜✐t ❞❡ s♣✐♥✳
❈❡♣❡♥❞❛♥t✱ q✉❡ ❝❡ s♦✐t ♣♦✉r ❧❡ ♣r♦❝❡ss✉s ❞❡ ❢❛❜r✐❝❛t✐♦♥✱ ❧❡s ♠❡s✉r❡s ♦✉ ❜✐❡♥ ❛✉ ♥✐✈❡❛✉ ❞✉ ❞❡s✐❣♥
❞❡s ❞✐s♣♦s✐t✐❢s✱ ❞✬❛✉tr❡s ♣✐st❡s r❡st❡♥t ❡♥❝♦r❡ à ❡①♣❧♦r❡r ❡t ❞❡ ♥♦✉✈❡❧❧❡s ❛♠é❧✐♦r❛t✐♦♥s s♦♥t ❡♥
❞é✈❡❧♦♣♣❡♠❡♥t✳

❈ré❛t✐♦♥ ❞✉ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡

▲❡s ét❛♣❡s ❞❡ ❢❛❜r✐❝❛t✐♦♥s✱ ❧❡s ♣❡t✐t❡s ✓ r❡❝❡tt❡s ✔ q✉✐ ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ❝ré❡r ♥♦tr❡ ❞✐s✲
♣♦s✐t✐❢ ❤②❜r✐❞❡ à ♣❛rt✐r ❞❡s é❧é♠❡♥ts q✉❡ ♥♦✉s ❛✈✐♦♥s ❝❤♦✐s✐s ✿ ✉♥ ♥❛♥♦t✉❜❡ ❞❡ ❝❛r❜♦♥❡ ❡♥
❝♦♥✜❣✉r❛t✐♦♥ tr❛♥s✐st♦r ❡t ❞❡s ❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s ❞❡ t②♣❡ ❚❜P❝2✱ ♦♥t été ❧❛r❣❡♠❡♥t ❞ét❛✐❧❧és
❞❛♥s ❧❛ ♣❛rt✐❡ ❞❡ ❝❡ ♠❛♥✉s❝r✐t r❡❧❛t✐❢ ❛✉ ♣r♦❝❡ss✉s ❞❡ ❢❛❜r✐❝❛t✐♦♥✳ ◆é❛♥♠♦✐♥s✱ ✐❧ ❢❛✉t ❜✐❡♥ ♥♦t❡r
q✉❡ ❝✬❡st ❣râ❝❡ à ❧❛ ✜❛❜✐❧✐té ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ♠✐❝r♦ ❡t ♥❛♥♦❢❛❜r✐❝❛t✐♦♥ q✉❡ ♥♦✉s ❛✈♦♥s ♣✉
ré❛❧✐s❡r ❧❡ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬é❝❤❛♥t✐❧❧♦♥s ♥é❝❡ss❛✐r❡s ❛✉ ❜♦♥ ❞ér♦✉❧❡♠❡♥t ❞❡s ♠❡s✉r❡s✳
❉✬❛✉tr❡ ♣❛rt✱ ❥❡ t✐❡♥s à s♦✉❧✐❣♥❡r ❧❡s rés✉❧t❛ts q✉❡ ♥♦✉s ❛✈♦♥s ♦❜t❡♥✉s ❡♥ ♥♦✉s ♣❡♥❝❤❛♥t ♣❧✉s
♣❛rt✐❝✉❧✐èr❡♠❡♥t s✉r ❧✬ét✉❞❡✱ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✱ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ♠♦✲
❧é❝✉❧❡s ❛✐♠❛♥ts ❡t ❧❡✉r s✉r❢❛❝❡ ❞❡ ❞é♣ôt✱ q✉✬✐❧ s✬❛❣✐ss❡ ❞✬✉♥ ♥❛♥♦t✉❜❡ ♦✉ ❞❡ ❣r❛♣❤è♥❡✳ ❊♥ ❡✛❡t✱
s✐ ❝❡s ♠❡s✉r❡s ❛✈❛✐❡♥t ♣♦✉r ❜✉t ❞❡ ✈ér✐✜❡r ❧✬✐♥té❣r✐té ❞❡s ♠♦❧é❝✉❧❡s ✉♥❡ ❢♦✐s ❞é♣♦sé❡s✱ ❡❧❧❡s ♥♦✉s
♦♥t é❣❛❧❡♠❡♥t ❛♣♣♦rté ❞✬❛✉tr❡s ❝♦♥✈✐❝t✐♦♥s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❡❧❧❡s ♥♦✉s ♦♥t ❛♠❡♥és à ❝♦♥s✐❞ér❡r
❚❜P❝2 ❝♦♠♠❡ ✉♥❡ ♠♦❧é❝✉❧❡ ✐❞é❛❧❡ ♣♦✉r ❧❡s ❜❡s♦✐♥s ❞❡ ♥♦tr❡ ❡①♣ér✐❡♥❝❡✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❛
♠♦❧é❝✉❧❡ ❡t ❧❡ s✉♣♣♦rt ❝❛r❜♦♥é ✐♥❞✉✐t ✉♥❡ ❡①❛❝❡r❜❛t✐♦♥ ❞✉ s✐❣♥❛❧ ❘❛♠❛♥✱ ❝❡ q✉✐ ❝♦♥st✐t✉❡ ❧❛
♣r❡✉✈❡ ❞❡ ❧✬❤②❜r✐❞❛t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ❝♦♠♣♦sés✳
❊♥s✉✐t❡✱ ❡t ❞✬✉♥❡ ♠❛♥✐èr❡ ♣❧✉s ❣é♥ér❛❧❡✱ ♥♦✉s ❛✈♦♥s ❞é♠♦♥tré ♣❛r ❝❡s ♠❡s✉r❡s q✉❡ ❧❡ ❣r❛♣❤è♥❡
❡st ✉♥❡ ❢♦r♠✐❞❛❜❧❡ ♣❧❛t❡❢♦r♠❡ ♣♦✉r ❧❛ s♣❡❝tr♦s❝♦♣✐❡ ❘❛♠❛♥✳ ❈❡s rés✉❧t❛ts ♦♥t ✐♥tér❡ssé ❞✬❛✉tr❡s



✶✸✻ ❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ❡t ♣❡rs♣❡❝t✐✈❡s

éq✉✐♣❡s ❛✉ s❡✐♥ ❞❡ ❧✬■♥st✐t✉t ◆é❡❧ ❡t ❞❡ ♥♦✉✈❡❧❧❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s s♦♥t ❡♥ ❝♦✉rs ♣♦✉r ❛♠é❧✐♦r❡r
❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ♣❤é♥♦♠è♥❡ ❞✬❡①❛❝❡r❜❛t✐♦♥ ❞✉ s✐❣♥❛❧✳
P❡♥❞❛♥t ❧❡ ♣r♦❝❡ss✉s ❞❡ ❢❛❜r✐❝❛t✐♦♥ ❞❡ ♥♦tr❡ ❞✐s♣♦s✐t✐❢ ❤②❜r✐❞❡✱ ❧✬✉♥ ❞❡s ♣r♦❜❧è♠❡s ♣r✐♥❝✐♣❛✉①
❛✉①q✉❡❧s ♥♦✉s ❛✈♦♥s été ❝♦♥❢r♦♥tés rés✐❞❛✐t ❞❛♥s ❧❡ ❝♦♥trô❧❡ ❞✉ ♥♦♠❜r❡ ❞❡ ♠♦❧é❝✉❧❡s ♣rés❡♥t❡s
s✉r ❧❡ ♥❛♥♦t✉❜❡✱ ❛✐♥s✐ q✉❡ ❞❛♥s ❧❛ ♠❛✐tr✐s❡ ❞❡ ❧❡✉r ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ t✉❜❡✳ ❉❛♥s ❝❡tt❡ t❤ès❡✱
♥♦✉s ❛✈♦♥s ♦♣té ♣♦✉r ✉♥❡ t❡❝❤♥✐q✉❡ ❞❡ ❞é♣ôt s✐♠♣❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❞✬❛✉tr❡s ❛❧t❡r♥❛t✐✈❡s s♦♥t
❞✬♦r❡s ❡t ❞é❥à ❡♥✈✐s❛❣é❡s ♣♦✉r ❛✣♥❡r ❧❡ ❝♦♥trô❧❡ ❞❡ ❝❡s ♣❛r❛♠ètr❡s✳

▲❛ ♣r❡♠✐èr❡ ❞✬❡♥tr❡ ❡❧❧❡s✱ ❞é✈❡❧♦♣♣é❡ ♣❛r ◆❣♦❝✲❱✐❡t ◆❣✉②❡♥ à ❧✬✐♥st✐t✉t ◆é❡❧✱ ❝♦♥s✐st❡ à é✈❛✲
♣♦r❡r ❞❡s ♠♦❧é❝✉❧❡s ❚❜P❝2 à ♣❛rt✐r ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❞❡ t②♣❡ ❑♥✉❞s❡♥ r❡♠♣❧✐❡ ❞❡ ♠✐❝r♦✲❝r✐st❛✉①✳
●râ❝❡ à ✉♥ s②stè♠❡ ❞❡ ❝❤❛✉✛❛❣❡ ♣❛r ❡✛❡t ❏♦✉❧❡✱ ❧❡ ❝r❡✉s❡t ❡st ♣♦rté à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡
450✝❈✳ ▲❛ ✈❛♣❡✉r ❞❡ ♠♦❧é❝✉❧❡ ❛✐♥s✐ ❝réé❡ ❡st ❧✐❜éré❡ ❞✉ ❝r❡✉s❡t ❡♥ ♣❛ss❛♥t ♣❛r ✉♥❡ ♦✉✈❡rt✉r❡
♠❛❣♥ét✐q✉❡✱ ✈♦✐r ✜❣✉r❡ ✻✳✶✭❛✮✱ ✭❜✮ ❡t ✭❝✮✳ ▲❛ ❝❡❧❧✉❧❡ ♣❡✉t êtr❡ ♠♦♥té❡ ❞❛♥s ✉♥ ❝r②♦st❛t✱ ♦✛r❛♥t ❧❛
♣♦ss✐❜✐❧✐té ❞❡ ❝❛r❛❝tér✐s❡r ❧❡ ❞✐s♣♦s✐t✐❢ à ♥❛♥♦t✉❜❡ ♥✉✱ ♣✉✐s ❞❡ ❧✬❡①♣♦s❡r ♣❡✉ à ♣❡✉ ❛✉① ♠♦❧é❝✉❧❡s
❞❡ ♠❛♥✐èr❡ ❝♦♥trô❧é❡✳

 

 
  

 

 

 

 

 

 

 

 

 

 

 

3nm 

(a) (b) (c)

❋✐❣✉r❡ ✻✳✶ ✕ ➱✈❛♣♦r❛t✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s✳ ✭❛✮ ❙❝❤é♠❛ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❑♥✉❞s❡♥ ✉t✐❧✐sé❡ ♣♦✉r é✈❛♣♦r❡r
❧❡s ♠♦❧é❝✉❧❡s✳ ✭❜✮ ❚♦♣♦❣r❛♣❤✐❡ ❞✬✉♥❡ s✉r❢❛❝❡ ❞❡ s❛♣❤✐r ❡①♣♦sé❡ à ❧❛ ❝❡❧❧✉❧❡ ❑♥✉❞s❡♥ ♣♦rté❡ à 400✝❈
♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s✳ ✭❝✮ ❚♦♣♦❣r❛♣❤✐❡ ❞❡ ❧❛ ♠ê♠❡ s✉r❢❛❝❡ q✉✬❡♥ ✭❜✮ ❡①♣♦sé❡ à ❧❛ ❝❡❧❧✉❧❡ ❑♥✉❞s❡♥ ♣♦rté❡
à 450✝❈ ♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s✳

❯♥❡ ❞❡✉①✐è♠❡ s♦❧✉t✐♦♥ ❢❛✐t ❛♣♣❡❧ à ❧❛ ❝❤✐♠✐❡✳ ❘é❝❡♠♠❡♥t✱ ❞❡❧ ❈❛r♠❡♥ ●✐♠é♥❡③✲▲ó♣❡③ ❡t ❛❧✳
❬✶✸✶❪ ♦♥t ✐♥séré ❞❡s ♠♦❧é❝✉❧❡s ❞❡ t②♣❡ ▼♥12 à ❧✬✐♥tér✐❡✉r ❞❡ ♥❛♥♦t✉❜❡s✱ ✈♦✐r ✜❣✉r❡ ✻✳✷✭❛✮✳ ▲❡s
♠♦❧é❝✉❧❡s ✐♥séré❡s ♣rés❡♥t❡♥t ✉♥ ❝②❝❧❡ ❞✬❛✐♠❛♥t❛t✐♦♥ ♦✉✈❡rt très s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞✉ ❝r✐st❛❧✱ ✈♦✐r
✜❣✉r❡ ✻✳✷✭❜✮✳ ▲❡s ♠♦❧é❝✉❧❡s ♦♥t ✉♥❡ s✉r❢❛❝❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❜✐❡♥ ♣❧✉s ❣r❛♥❞❡ ❛✈❡❝ ❧❡ ♥❛♥♦t✉❜❡ q✉❡
❧♦rsq✉✬❡❧❧❡s s♦♥t ❛❝❝r♦❝❤é❡s à ❧❛ ♣❛r♦✐ ❡①t❡r♥❡✱ ❝❡ q✉✐ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❛✉❣♠❡♥t❡r❛✐t ❧✬❡✛❡t ❞❡
♣♦❧❛r✐s❛t✐♦♥ ❞❡ s♣✐♥✳ ▲❡s ♣r❡♠✐èr❡s ❝❛r❛❝tér✐s❛t✐♦♥s ❞❡ ♠❛❣♥ét♦rés✐st❛♥❝❡ s✉r ✉♥ t❛♣✐s ❞❡ ❝❡s
♥❛♥♦t✉❜❡s r❡♠♣❧✐s ♦♥t ♠♦♥tré ✉♥ ❡✛❡t ❛♥✐s♦tr♦♣❡ ✐♠♣♦rt❛♥t ❝♦rré❧é ❛✈❡❝ ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡ ▼♥ 12✱
❝❡ q✉✐ t❡♥❞ à ♠♦♥tr❡r q✉❡ ❝♦♥♥❡❝t❡r ❞❡ t❡❧s ♥❛♥♦t✉❜❡s s❡r❛✐t ✉♥❡ ❛❧t❡r♥❛t✐✈❡ à ♥♦tr❡ t❡❝❤♥✐q✉❡✳
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❋✐❣✉r❡ ✻✳✷ ✕ ▼♦❧é❝✉❧❡s ❞❡ ▼♥12 ❡♥❝❛♣s✉❧é❡s ❞❛♥s ✉♥ ♥❛♥♦t✉❜❡✳ ✭❛✮ ❱✉❡ ❞✬❛rt✐st❡ ❞❡ ♥❛♥♦t✉❜❡s
r❡♠♣❧✐s ❛✈❡❝ ❞❡s ♠♦❧é❝✉❧❡s ▼♥12✳ ✭❜✮ ❊♥ r♦✉❣❡✱ ❧❡s ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ❧✬❤②❜r✐❞❡ ♥❛♥♦t✉❜❡ r❡♠♣❧✐
❛✈❡❝ ▼♥12✱ ❡t ❡♥ ♥♦✐r✱ ❧❡s ❝♦✉r❜❡s ❞✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ▼♥12 s♦✉s ❢♦r♠❡ ❝r✐st❛❧❧✐♥❡✳

❱❛♥♥❡ ❞❡ s♣✐♥ s✉♣r❛♠♦❧é❝✉❧❛✐r❡

❯♥❡ ❢♦✐s ❧❡s ❞✐s♣♦s✐t✐❢s ❢❛❜r✐q✉és ❡t ❧❡s ♠♦❧é❝✉❧❡s ❞é♣♦sé❡s✱ ❧❡s é❝❤❛♥t✐❧❧♦♥s ♦♥t été r❡❢r♦✐❞✐s
à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ 100♠❑✳ ◗✉❡❧q✉❡s✲✉♥s ❞✬❡♥tr❡ ❡✉① ♣rés❡♥t❛✐❡♥t ❛❧♦rs ✉♥ ❝♦♠♣♦rt❡♠❡♥t
très ♣❛rt✐❝✉❧✐❡r ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✱ t♦✉t à ❢❛✐t s✐♠✐❧❛✐r❡ ❛✉ s✐❣♥❛❧ ❞✬✉♥❡ ✈❛♥♥❡
❞❡ s♣✐♥ ✧❝❧❛ss✐q✉❡ ✧✳ ▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧❡✉r s✐❣♥❛❧ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❛❝❝❡ss✐❜❧❡s
❞és✐❣♥❛✐t ❝❧❛✐r❡♠❡♥t ❧❛ ♠♦❧é❝✉❧❡ ❚❜P❝2 ❝♦♠♠❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬❤②stérés✐s ❞❡ ♠❛❣♥ét♦rés✐s✲
t❛♥❝❡ ✿ ❡♥ ♣r❡♠✐❡r ❧✐❡✉✱ ❧❡ ❝❤❛♠♣ ❞❡ r❡t♦✉r♥❡♠❡♥t é✈♦❧✉❛✐t ❛✈❡❝ ❧✬❛♥❣❧❡ ❞✉ ❝❤❛♠♣ ❛♣♣❧✐q✉é ❡t
tr❛❞✉✐s❛✐t ✉♥❡ ❛♥✐s♦tr♦♣✐❡ ♣✉r❡♠❡♥t ✉♥✐✲❛①✐❛❧❡✱ t♦✉t à ❢❛✐t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ ♠♦♠❡♥t ❞❡ t②♣❡
■s✐♥❣ ❞✉ t❡r❜✐✉♠✳ ❊♥s✉✐t❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❜❛❧❛②❛❣❡✱ ❧❡ r❡t♦✉r♥❡♠❡♥t ♣♦✉✈❛✐t ❛✈♦✐r
❧✐❡✉✱ s♦✐t ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧✱ s♦✐t à ❢♦rt ❝❤❛♠♣✱ ♠❛✐s t♦✉❥♦✉rs ❞❡ ♠❛♥✐èr❡ st♦❝❤❛st✐q✉❡✳ ❈❡s
rés✉❧t❛ts ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧✬❡✛❡t t✉♥♥❡❧ ❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❛♥s ❚❜P❝ 2✳
◆♦tr❡ ✐♥t❡r♣rét❛t✐♦♥ ❞✉ s✐❣♥❛❧ ❤②stérét✐q✉❡ ♥é❝❡ss✐t❡ ❛✉ ♠♦✐♥s ❞❡✉① ♠♦❧é❝✉❧❡s ❢♦rt❡♠❡♥t ❝♦✉✲
♣❧é❡s ❛✉ ♥❛♥♦t✉❜❡✳ ❖♥ s✉♣♣♦s❡ q✉❡ ❧❛ ♣r❡♠✐èr❡✱ ♣♦ssé❞❛♥t ✉♥ é❝❛rt t✉♥♥❡❧ ✐♠♣♦rt❛♥t✱ s❡ r❡✲
t♦✉r♥❡ s②sté♠❛t✐q✉❡♠❡♥t ❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧ ♣❛r ❡✛❡t t✉♥♥❡❧ ❀ ❧❛ s❡❝♦♥❞❡✱ ❛②❛♥t ✉♥ é❝❛rt
t✉♥♥❡❧ ♣❧✉s ❢❛✐❜❧❡✱ s❡ r❡t♦✉r♥❡ ❞✐✛ér❡♠♠❡♥t s❡❧♦♥ ❧❡s ❝❛s ✿ P♦✉r ❞❡s ✈✐t❡ss❡s ❞❡ ❜❛❧❛②❛❣❡ ✐♠♣♦r✲
t❛♥t❡s ❡t à ❢♦rt ❝❤❛♠♣✱ ❡❧❧❡ s❡ r❡t♦✉r♥❡ ♣❛r tr❛♥s✐t✐♦♥ ❞✐r❡❝t❡✱ t❛♥❞✐s q✉✬❛✉t♦✉r ❞❡ ❝❤❛♠♣ ♥✉❧
❡t ♣♦✉r ❞❡s ✈✐t❡ss❡s ♣❧✉s ❢❛✐❜❧❡s✱ ✉♥ ❡✛❡t t✉♥♥❡❧ s❡r❛✐t ♠✐s ❡♥ ❝❛✉s❡✳
❊♥ t❡r♠❡ ❞❡ tr❛♥s♣♦rt ❞❡ s♣✐♥✱ ❧❛ ❢♦rt❡ ❤②❜r✐❞❛t✐♦♥ ❡♥tr❡ ❧❡s ♦r❜✐t❛❧❡s ❞❡s ♠♦❧é❝✉❧❡s ❡t ❝❡❧❧❡s ❞✉
t✉❜❡ ❞♦♥♥❡ ♥❛✐ss❛♥❝❡ à ❞❡s ♦r❜✐t❛❧❡s ♣♦❧❛r✐sé❡s ❡♥ s♣✐♥ ❧♦❝❛❧✐sé❡s✳ ❖♥ ♣❡✉t ❛❧♦rs ❝♦♥❝❡✈♦✐r ❝❡
s②stè♠❡ ❝♦♠♠❡ ♣❧✉s✐❡✉rs ❜♦ît❡s q✉❛♥t✐q✉❡s ❡♥ sér✐❡ ❞♦♥t ❧❡ s♣❡❝tr❡✱ ❡♥ t❡r♠❡ ❞❡ s♣✐♥✱ ❞é♣❡♥❞
❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞❡ ❧❛ ♠♦❧é❝✉❧❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧♦rsq✉❡ ❞❡✉① ♠♦❧é❝✉❧❡s s✉❝❝❡ss✐✈❡s s✉r ❧❡ t✉❜❡
✈♦✐❡♥t ❧❡✉r ❛✐♠❛♥t❛t✐♦♥ ♣r❡♥❞r❡ ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❛♥t✐✲♣❛r❛❧❧è❧❡✱ ❧❡ ♠és❛❧✐❣♥❡♠❡♥t ❡♥tr❡ ❧❡s
♦r❜✐t❛❧❡s ❞❡s ❞✐✛ér❡♥t❡s ❜♦ît❡s ✐♥❞✉✐t❡s ❡♠♣ê❝❤❡ ❧❡ ❝♦✉r❛♥t ❞❡ ❝✐r❝✉❧❡r✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❡♥ ❝♦♥✜✲
❣✉r❛t✐♦♥ ♣❛r❛❧❧è❧❡✱ ❧❡ ❝♦✉r❛♥t ❝✐r❝✉❧❡ ♥♦r♠❛❧❡♠❡♥t à tr❛✈❡rs ❧❡ ♥❛♥♦t✉❜❡✳ ❈❡ ♠♦❞è❧❡ ❡st ✉♥❡
♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ ♣❡r♠❡tt❛♥t ❞❡ ✜①❡r ❧❡s ✐❞é❡s✱ ♠❛✐s ♥✬❡st ❡♥ r✐❡♥ ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❞é✜♥✐t✐✈❡



✶✸✽ ❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ❡t ♣❡rs♣❡❝t✐✈❡s

❡t ❛❜♦✉t✐❡ ❞❡ ♥♦tr❡ ❞✐s♣♦s✐t✐❢✳ ❯♥ ♠❡✐❧❧❡✉r ❝♦♥trô❧❡ ❞✉ ♥♦♠❜r❡ ❞❡ ♠♦❧é❝✉❧❡s ❛✐♥s✐ q✉❡ ❞❡ ❧❡✉r
❝♦✉♣❧❛❣❡ ❛✈❡❝ ❧❡ ♥❛♥♦t✉❜❡ ❞❡✈r❛✐t ♥♦✉s ♣❡r♠❡ttr❡ ❞✬♦❜t❡♥✐r ❞❛✈❛♥t❛❣❡ ❞✬✐♥❢♦r♠❛t✐♦♥s q✉❛♥t ❛✉
♠é❝❛♥✐s♠❡ ❞♦♥♥❛♥t ❧✬❡✛❡t ✈❛♥♥❡ ❞❡ s♣✐♥✳

❉❡ ♥♦✉✈❡❛✉① ❞✐s♣♦s✐t✐❢s✱ ❝♦♠♣♦rt❛♥t ♣❧✉s✐❡✉rs ❣r✐❧❧❡s ❧❛tér❛❧❡s✱ s♦♥t ❞✬❛✐❧❧❡✉rs ❞é❥à ❡♥ ❝♦✉rs
❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❛✉ ❧❛❜♦r❛t♦✐r❡✱ ✈♦✐r ✜❣✉r❡ ✻✳✸✳ ▲❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❝réé ♣❛r ❝❡s ❣r✐❧❧❡s ♣❡r♠❡t✲
tr❛✐t ❞✬❛❣r❛♥❞✐r ❧❡s ❜❛rr✐èr❡s t✉♥♥❡❧s✱ ❞❡ ♠❛♥✐èr❡ à ❧♦❝❛❧✐s❡r ✉♥❡ ♦✉ ♣❧✉s✐❡✉rs ❜♦ît❡s q✉❛♥t✐q✉❡s
❧❡ ❧♦♥❣ ❞✉ t✉❜❡✳ ▲❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❞❡✉① ❜♦ît❡s✱ ❝❤❛❝✉♥❡ s♦✉s ❧✬✐♥✢✉❡♥❝❡ ❞✬✉♥❡ ♠♦❧é❝✉❧❡✱ ♣♦✉r✲
r❛✐t ❝♦♥✜r♠❡r ♥♦tr❡ ♠♦❞è❧❡✳ ❉❡ ♣❧✉s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❧❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡ ♥❛♥♦t✉❜❡ ❡t ❧❡s
♠♦❧é❝✉❧❡s s♦✐t s❡♥s✐❜❧❡ ❛✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡✱ ❝❡ q✉✐ ♣❡r♠❡ttr❛✐t ❞❡ sé❧❡❝t✐♦♥♥❡r ❝❡rt❛✐♥❡s ♠♦❧é✲
❝✉❧❡s ❡t ❞✬❡♥ é❧✐♠✐♥❡r ❞✬❛✉tr❡s ❞✉ s✐❣♥❛❧✳ ❊♥✜♥✱ ✐❧ s❡r❛✐t très ✐♥tér❡ss❛♥t ❞❡ ♠♦♥tr❡r s✐ ❧❡ ❝❤❛♠♣
é❧❡❝tr✐q✉❡ ♣r♦❞✉✐t ♣❛r ❞❡s ❣r✐❧❧❡s ❧♦❝❛❧❡s ♠♦❞✐✜❡ ♦✉ ♥♦♥ ❧❡s ♣r♦♣r✐étés ♠❛❣♥ét✐q✉❡s ❞❡s ❛✐♠❛♥ts
à ♠♦❧é❝✉❧❡ ✉♥✐q✉❡✳

300 nm

❋✐❣✉r❡ ✻✳✸ ✕ ▼✐❝r♦❣r❛♣❤✐❡ ▼❊❇ ❞❡ ❞❡✉① ❞✐s♣♦s✐t✐❢s ❡♥ sér✐❡ à tr♦✐s ❣r✐❧❧❡s ❧♦❝❛❧❡s✳ ❊♥ ✈❡rt✱
❧❡s é❧❡❝tr♦❞❡s ❞❡ ❞r❛✐♥ ❡t ❞❡ s♦✉r❝❡✳ ❊♥ ❜❧❡✉✱ ❧❡s ❣r✐❧❧❡s ❧❛tér❛❧❡s✳

❉ét❡❝t✐♦♥ s✐♥❣❧❡✲s❤♦t ❞❡ ❧✬ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ✿ ✈❡rs ✉♥❡ ♠❛♥✐♣✉❧❛t✐♦♥ ❝♦❤ér❡♥t❡

❉❛♥s ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s é❝❤❛♥t✐❧❧♦♥s ♠❡s✉rés✱ ❧❡ s✐❣♥❛❧ ❞✬✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♠♦❧é❝✉❧❡s
❡st ♦❜s❡r✈❛❜❧❡✱ r❡♥❞❛♥t ✐♠♣♦ss✐❜❧❡ ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ s❡✉❧ ♠♦♠❡♥t✳ ◆♦✉s ❛✈♦♥s ❝❡♣❡♥❞❛♥t
ré✉ss✐✱ ❡♥ ré❞✉✐s❛♥t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ ♣♦✉r ❧❡ ❞é♣ôt✱ à ♦❜t❡♥✐r ✉♥ ❞✐s♣♦s✐t✐❢ ♦ù
s❡✉❧❡s ❞❡✉① ♠♦❧é❝✉❧❡s s♦♥t ❢♦rt❡♠❡♥t ❝♦✉♣❧é❡s✳ ❈❡❧❛ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ rés♦✉❞r❡ ❧✬❡✛❡t t✉♥♥❡❧
❞❡ ❧✬❛✐♠❛♥t❛t✐♦♥ ❞✬✉♥❡ s❡✉❧❡ ♠♦❧é❝✉❧❡ ❚❜P❝2✳ ◆♦✉s ❛✈♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡ q✉❛tr❡ ♣♦s✐t✐♦♥s ♦ù
❝❡t ❡✛❡t t✉♥♥❡❧ ♣❡✉t ❛✈♦✐r ❧✐❡✉✱ ❡t ❡♥ ❝♦♠♣❛r❛♥t ❛✈❡❝ ❧✬❍❛♠✐❧t♦♥✐❡♥ ❞❡ s♣✐♥ ❞✉ t❡r❜✐✉♠✱ ♥♦✉s
❛✈♦♥s ❞é♠♦♥tré q✉✬à ❝❤❛❝✉♥❡ ❞❡ ❝❡s ♣♦s✐t✐♦♥s ❝♦rr❡s♣♦♥❞ ✉♥ ét❛t ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡✳ ❆✐♥s✐✱ ❡♥
r❡❧❡✈❛♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❡✛❡t t✉♥♥❡❧✱ ♥♦✉s ❛❝❝é❞♦♥s à ✉♥❡ ❧❡❝t✉r❡ ❡♥ ♠♦❞❡ s✐♥❣❧❡✲s❤♦t ❞✬✉♥ s❡✉❧
s♣✐♥ ♥✉❝❧é❛✐r❡✱ ❝♦✉♣❧é ❛✉ ♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ❢❛✐t q✉❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡s ét❛ts



❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ❡t ♣❡rs♣❡❝t✐✈❡s ✶✸✾

❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ♥✬❛✐t ♣❛s ❧❡ t❡♠♣s ❞✬❛tt❡✐♥❞r❡ ✉♥ éq✉✐❧✐❜r❡ t❤❡r♠✐q✉❡ ❡♥tr❡ ❞❡✉① ♠❡s✉r❡s ♥♦✉s
✐♥❞✐q✉❡ q✉❡ ❧❡ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s s❡❝♦♥❞❡s✳

▲✬❛♥✐s♦tr♦♣✐❡ ❞❡ ❧❛ ♠♦❧é❝✉❧❡ s❡♠❜❧❡✱ q✉❛♥t à ❡❧❧❡✱ ❛✛❡❝té❡ ♣❛r ❧❡ ❞é♣ôt s✉r ❧❛ s✉r❢❛❝❡ ❞✉
♥❛♥♦t✉❜❡ ❞❡ ♣❛r ❧❛ ❢❛✐❜❧❡ t❡♠♣ér❛t✉r❡ ❞❡ ❜❧♦❝❛❣❡ ❡t ❧✬❡✛❡t ✐♠♣♦rt❛♥t ❞✉ ❝❤❛♠♣ tr❛♥s✈❡rs❡ s✉r
❧✬é❝❛rt t✉♥♥❡❧✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ r❡st❡ ✐❞❡♥t✐q✉❡ à ❝❡❧✉✐ ♠❡s✉ré ❞❛♥s ❧❡ ❝r✐st❛❧✳
❈✬❡st ❞✬❛✐❧❧❡✉rs ❝❡tt❡ st❛❜✐❧✐té q✉✐ r❡♥❞r❛✐t ♣♦ss✐❜❧❡ ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡ ❞❛♥s ♥♦tr❡
❞✐s♣♦s✐t✐❢✳

➚ ♣rés❡♥t q✉❡ ♥♦✉s ❛✈♦♥s ❞é♠♦♥tré q✉✬✐❧ ét❛✐t t♦✉t à ❢❛✐t ♣♦ss✐❜❧❡ ❞❡ ❧✐r❡ ❡♥ ❞✐r❡❝t ❧❡ s♣✐♥
♥✉❝❧é❛✐r❡✱ ♥♦✉s ❛❧❧♦♥s ♣♦✉✈♦✐r ♥♦✉s ♣❡♥❝❤❡r s✉r ❧❛ ♣r♦❝❤❛✐♥❡ ét❛♣❡✱ ❝❡❧❧❡ q✉✐ s❡r✈✐r❛ à ❞é♠♦♥✲
tr❡r ❧❡ ♣♦t❡♥t✐❡❧ ❞✉ t❡r❜✐✉♠ à ❢♦r♠❡r ✉♥ ◗❜✐t ❞❡ s♣✐♥✳ ❈❡ ♣❛s✱ q✉❡ ❧✬éq✉✐♣❡ ❝❤❡r❝❤❡ à ❢r❛♥❝❤✐r✱
❝♦♥s✐st❡ à ré❛❧✐s❡r ✉♥❡ ♦s❝✐❧❧❛t✐♦♥ ❝♦❤ér❡♥t❡ ❡♥tr❡ ❛✉ ♠♦✐♥s ❞❡✉① ét❛ts✳ ❖♥ ♣♦✉rr❛ ❝❤♦✐s✐r ♣❛r
❡①❡♠♣❧❡ ❞❡ ♠❡ttr❡ ❡♥ s✉♣❡r♣♦s✐t✐♦♥ ❞✬ét❛ts ❧❡s ❞❡✉① ♣r❡♠✐❡rs ♥✐✈❡❛✉① ❞✉ s♣✐♥ ♥✉❝❧é❛✐r❡✱ sé♣❛rés
♣❛r ✉♥❡ é♥❡r❣✐❡ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❢réq✉❡♥❝❡ 2.4●❍③✱ ✈♦✐r ✜❣✉r❡ ✻✳✹✭❛✮✳ P♦✉r ❝❡ ❢❛✐r❡✱ ✐❧ ❡st
♥é❝❡ss❛✐r❡ ❞❡ ♣ré♣❛r❡r ❧✬ét❛t ✐♥✐t✐❛❧ ❞❛♥s ❧❡ ❢♦♥❞❛♠❡♥t❛❧✱ s♦✐t ❡♥ ❛tt❡♥❞❛♥t ✉♥ t❡♠♣s ❧♦♥❣ ✭❞❡
❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ♠✐♥✉t❡s✮ ♣♦✉r q✉❡ ❧❡ s②stè♠❡ r❡❧❛①❡ ♥❛t✉r❡❧❧❡♠❡♥t✱ s♦✐t ❡♥ é♠❡tt❛♥t ❞❡s
✐♠♣✉❧s✐♦♥s r❛❞✐♦ ❢réq✉❡♥❝❡ à 3.2✱ 3.0 ❡t 2.4●❍③ ♣♦❧❛r✐sé❡s ❝✐r❝✉❧❛✐r❡♠❡♥t q✉✐ ✈♦♥t st✐♠✉❧❡r ❧❛
r❡❧❛①❛t✐♦♥ ✈❡rs ❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❡♥ q✉❡❧q✉❡s ♠✐❝r♦s❡❝♦♥❞❡s✳
❯♥❡ ❢♦✐s ❧✬✐♥✐t✐❛❧✐s❛t✐♦♥ ❛❝❝♦♠♣❧✐❡✱ ✉♥❡ ✐♠♣✉❧s✐♦♥ à ❧❛ ❢réq✉❡♥❝❡ sé♣❛r❛♥t ❧❡s ❞❡✉① ♣r❡♠✐❡rs ♥✐✲
✈❡❛✉① ❡st é♠✐s❡ ❛✜♥ ❞❡ ❝ré❡r ✉♥❡ s✉♣❡r♣♦s✐t✐♦♥ ♦s❝✐❧❧❛♥t ❡♥tr❡ ❝❡s ❞❡✉① ét❛ts✳ ❆✜♥ ❞❡ ❝♦♥♥❛✐tr❡
❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❝❤❛❝✉♥ ❞❡s ét❛ts ❛✉ ❜♦✉t ❞✬✉♥ t❡♠♣s ❞✬✐♠♣✉❧s✐♦♥ τ ✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ st♦♣♣❡r
❧✬♦s❝✐❧❧❛t✐♦♥ ❡t ❞❡ ♣r♦❥❡t❡r ❧❛ ♠❡s✉r❡✳ P♦✉r ❝❡❧❛✱ ♦♥ é♠❡t ✉♥❡ ✐♠♣✉❧s✐♦♥ ♣♦❧❛r✐sé❡ ❝✐r❝✉❧❛✐r❡♠❡♥t
❞♦♥t ❧❛ ❢réq✉❡♥❝❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ✷ ❡t ✸✱ ♣✉✐s ♦♥ ✈✐❡♥t s❡ ♣❧❛❝❡r à
❧✬❛♥t✐✲❝r♦✐s❡♠❡♥t ❞✉ ♥✐✈❡❛✉ ✸✱ ❡♥ ❜❧❡✉ s✉r ❧❛ ✜❣✉r❡ ✻✳✹✭❝✮✱ ❡t ♦♥ ♦❜s❡r✈❡ s✬✐❧ ② ❛ r❡t♦✉r♥❡♠❡♥t ❞✉
♠♦♠❡♥t é❧❡❝tr♦♥✐q✉❡ à ❝❡t ❡♥❞r♦✐t✳ ▲❛ ♣r♦❜❛❜✐❧✐té ❞✬❛✈♦✐r ✉♥ r❡t♦✉r♥❡♠❡♥t ❡st ✐❞❡♥t✐q✉❡ à ❧❛
♣r♦♣♦rt✐♦♥ ❞✬ét❛ts ✷ ❞❛♥s ❧❛ s✉♣❡r♣♦s✐t✐♦♥ ❛✉ ❜♦✉t ❞✬✉♥ t❡♠♣s τ ✳ ❖♥ ♣❡✉t ❡♥s✉✐t❡ ✐♥❝ré♠❡♥t❡r
τ ♣♦✉r ♦❜t❡♥✐r ❧❡ ❞✐❛❣r❛♠♠❡ ❝♦♠♣❧❡t ❞❡s ♦s❝✐❧❧❛t✐♦♥s ❡t ❛✐♥s✐ ❞ét❡r♠✐♥❡r ❧❡ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥
T2 ❛✉ ❜♦✉t ❞✉q✉❡❧ ❧❛ ❝♦❤ér❡♥❝❡ ❡st ♣❡r❞✉❡✳
❯♥❡ ❢♦✐s ❝❡tt❡ ❡①♣ér✐♠❡♥t❛t✐♦♥ ré❛❧✐sé❡✱ ♦♥ ♣♦✉rr❛ s✬✐♥tér❡ss❡r à ❞❡s ❡①♣ér✐❡♥❝❡s ❞❡ t②♣❡ é❝❤♦
❞❡ s♣✐♥ ♦✉ ♦s❝✐❧❧❛t✐♦♥s ❞❡ ❘❛♠s❡② ❡t ét✉❞✐❡r ❞❡s ♠♦❧é❝✉❧❡s ♣❧✉s ❝♦♠♣❧❡①❡s✱ ❝♦♠♣♦rt❛♥t ♣❧✉✲
s✐❡✉rs ❝❡♥tr❡s ♠❛❣♥ét✐q✉❡s ❝♦♠♠❡ ❧❡s tr✐♣❧❡s ❉❡❝❦❡r ♣❛r ❡①❡♠♣❧❡✳ ❇✐❡♥ sûr✱ ❡♥ ❡s♣ér❛♥t q✉❡
❧❡s t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❡t ❧❛ r❛♣✐❞✐té ❞❡s ♦♣ér❛t✐♦♥s s♦✐❡♥t s✉✣s❛♥ts✱ ❧❡s ♣❡rs♣❡❝t✐✈❡s ❞✬❛✉❥♦✉r✲
❞✬❤✉✐ ♠♦♥tr❡♥t à q✉❡❧ ♣♦✐♥t ❧❛ s♣✐♥tr♦♥✐q✉❡ ♣♦✉rr❛✐t êtr❡ ❛♣♣❡❧é❡ à ❥♦✉❡r ✉♥ rô❧❡ ✐♠♣♦rt❛♥t
❞❛♥s ❧✬ét✉❞❡ ❡t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ◗❜✐ts ❞❡ s♣✐♥ ❢♦r♠és à ♣❛rt✐r ❞✬❛✐♠❛♥ts ♠♦❧é❝✉❧❛✐r❡s✳
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Svetlana Klyatskaya,§ Laëtitia Marty,† Mario Ruben,§,� Marco Affronte,�,¶ Wolfgang Wernsdorfer,† and

Nedjma Bendiab†,*

†Institut Néel, associé à l’Université Joseph Fourier, CNRS, BP 166, 38042 Grenoble Cedex 9, France, ‡CNR-Institute of NanoSciences S3 via Campi 213/a,

41125 Modena, Italy, §Institute of Nanotechnology, Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany, �IPCMSCNRS-Université de
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G
raphene has been attracting con-

siderable interest due to its fasci-

nating electrical and mechanical

properties. High crystalline order,1 ballistic

transport, massless Dirac fermion-like

charge carriers,2 as well as long spin coher-

ence length due to the intrinsically low

spin�orbit coupling make graphene a

promising candidate for applications in

electronics,3 spintronics,4 and nanomechan-

ics.5 Along this line, field-effect transistors

(FETs)6 and graphene�SQUID devices7 have

been demonstrated. The fact that graphene

is a one-atom-thick layer directly exposed

to the external world makes it a promising

material for ultrasensitive probes and opens

the possibility to exploit proximity effects

and chemical functionalization. For in-

stance, graphene-based gas detectors with

a sensitivity down to the single-molecule

limit have been demonstrated.8

Graphene�metal interface or molecular

functionalization has been reported to in-

duce superconductivity,9,10 insulating be-

havior,11 or magnetic properties.12,13

In the past few years, we have started

developing hybrid nanoarchitectures com-

bining carbon-based structures and single-

molecule magnets (SMM)14�17 in view of

molecular spintronic devices.18 SMMs are

metal-ion complexes exhibiting quantum

phenomena at low temperatures.19,20 They

might be suitable as components for quan-

tum computing21,22 and molecular

spintronics.18,23

The objective of this study is to graft in

a controlled way SMMs on graphene-based

devices using functional ligands equipped

with appropriate linkers and to investigate

the interaction between graphene and

SMMs. While covalent bonding might se-

verely alter the performance of the devices

by a strong lifting of graphene sp2 charac-

ter, noncovalent �-stacking should preserve

the intrinsic features of both graphene and

SMMs and lead to an indirect coupling

through, for instance, the SMM magnetic

stray field. Among the large variety of SMMs,

mononuclear representatives like the rare-

earth-based bis(phthalocyaninato) com-

plexes (so-called double deckers) are particu-

larly attractive.15 Their robust monatomic

structure opens the possibility for chemical

tuning of the molecular properties, while

maintaining the overall coordinating core

and therefore their SMM behavior. Herein, a

bis(phthalocyaninato)terbium(III) complex

particularly tailored for the grafting on sp2

carbon surfaces was used (Figure 1a and Ex-

perimental Section).15

Combining AFM and Raman investiga-

tions, we show here the selective and

homogeneous grafting of SMMs on
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ABSTRACT We report the preparation and characterization of monolayer graphene decorated with

functionalized single-molecule magnets (SMMs). The grafting ligands provide a homogeneous and selective

deposition on graphene. The grafting is characterized by combined Raman microspectroscopy, atomic force

microscopy (AFM), and electron transport measurements. We observe a surface-enhanced Raman signal that

allowed us to study the grafting down to the limit of a few isolated molecules. The weak interaction through

charge transfer is in agreement with ab initio DFT calculations. Our results indicate that both molecules and

graphene are essentially intact and the interaction is driven by van der Waals forces.

KEYWORDS: graphene · Raman spectroscopy · bis(phthalocyaninato)terbium(III) ·
single-molecule magnets · AFM · ��� interaction
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graphene and the structural integrity of the molecule

after the grafting. With respect to the techniques tradi-

tionally employed to study molecules on surfaces (AFM,

STM), Raman spectroscopy can probe structural and

electronic properties of both molecules and graphene

in a fast and nondestructive way.24,25 The enhanced Ra-

man intensity signal of these SMMs on graphene al-

lowed studies down to few isolated molecules on the

surface. The weak orbital overlapping between

graphene and SMM suggested by our experiments is

corroborated by ab initio calculations and electron

transport measurements.

RESULTS AND DISCUSSION

Figure 1b presents typical Raman spectra of pris-

tine graphene, TbPc2 powder, and the graphene�TbPc2

hybrid. Note that Raman scattering is resonant when

the excitation energy matches an electronic transition

of TbPc2,15 which is the case at the excitation wave-

length used here. The Raman response of the

graphene�TbPc2 hybrid is a simple superposition of

the response of each component without any shift or

disappearance of a mode, indicating that both remain

chemically unchanged after the grafting process. The

spectrum obtained on TbPc2 powders shows several

peaks between 1050 and1650 cm�1. In particular, the

M mode in Figure 1b is a doublet with 1512 and 1520

cm�1, which was ascribed to the pyrrole CAC and aza-

CAN stretching modes, respectively. It was found that

these frequencies depend on the ionic radius of the

rare-earth complexes.26,27 Since all Raman modes of the

TbPc2 molecule followed the same behavior in our ex-

periments, the most intense band (M) was used for the

Raman maps. As presented in Figure 2a, the spatially re-

solved Raman map of TbPc2 molecules precisely

matches the graphene G band map (Figure 2b), while

no TbPc2 Raman signal is detectable on the silicon

substrate.

AFM measurements confirm this result

because the roughness on the graphene

after grafting is much more pronounced

than before grafting, whereas the rough-

ness hardly changed on the silicon oxide

(Figure 2d). The 2�3 nm high roughness is

associated with the formation of molecu-

lar clusters of few molecules (�5) packed

together. For concentrations higher than

10�5 mol · L�1, the AFM topography reveals

the presence of much large clusters (up to

10�20 nm in size), which are uniformly dis-

tributed without any evidence for grafting

selectivity. Indeed, molecular clusters also

appear on silicon oxide, as confirmed by a

weak TbPc2 Raman signal (see Supporting

Information). These observations establish

that the grafting mechanism is selective

and favors deposition on graphene, which

is important for hybrid device fabrication.

Moreover, all TbPc2 Raman modes are

present on the Raman spectrum of the hy-

brid with the same frequency position and

width as for the TbPc2 powder (Figure 1b).

Figure 1. (a) Scheme of TbPc2 molecule constituted by a
single magnetic Tb3� ion coordinated by two phthalocya-
nine ligands. One of the ligands is subtituted by a pyrene
group and six hexyl groups. (b) Raman spectra of the pris-
tine graphene (bottom, red), TbPc2 powder (middle, black),
and the hybrid system graphene and TbPc2 molecules (top,
blue). The G and 2D modes of graphene and the M band of
TbPc2 molecules are indicated.

Figure 2. (a,b) Spatially resolved Raman intensity map of the TbPc2 M band and of the
graphene G band, respectively. Color scale range: 0 to 200 CCD counts from black to yel-
low. (c,d) AFM topography image and height profile of the pristine graphene of the
graphene�TbPc2 hybrid system, respectively. Color scale range: 0 to 10 nm from black
to white. For panels a, b, and d, the sample was prepared with a solution concentration
of 10�8 mol · L�1 (scale bars � 3 �m).

A
R
T
IC
L
E

VOL. XXX ▪ NO. XX ▪ LOPES ET AL. www.acsnano.orgB



In particular, no extra peak was ob-

served. The G band of graphene is only

slightly shifted and without any broad-

ening or splitting.28 These observations

point to a weak interaction between Tb-

Pc2 and graphene.

In order to get more insight, con-

tact mode AFM was used to selectively

displace the molecules grafted on

graphene (Figure 3a). After performing

contact AFM, the graphene surface re-

covered a small roughness and was free

of visible clusters, as shown in Figure

3a, suggesting that the majority of all

TbPc2 molecules were displaced by the

tip. From the AFM profile shown in Fig-

ure 3c, we estimate the volume corre-

sponding to the displaced molecules;

we found that the values measured on

graphene flakes are at least factor of 10

larger than what we found on the SiO2

surface. Along with AFM measure-

ments, we recorded Raman maps on

the same cleaned area (Figure 3b). The

TbPc2 Raman signal strongly decreases

in the cleaned area, although a weak re-

sidual signal (about 15%) is still de-

tected in the center of the scan (red

curve in Figure 3e), suggesting that a

small amount of molecules is left on the

cleaned graphene. In particular, while

AFM measurements indicate that an im-

portant quantity of molecules is present

on the edges (Figure 3b), the corre-

sponding Raman signal is increased

only by a factor of 1.4 with respect to

the decorated graphene (Figure 3d,e). We can, there-

fore, conclude that the TbPc2 Raman signal does not

change linearly with the quantity of deposited mol-

ecules. Additional evidence of the Raman enhance-

ment is provided by Raman measurements for succes-

sive deposition of different TbPc2 concentrations. Figure

4a,b displays the dependence of the TbPc2 doublet Ra-

man intensity on different concentrations up to 10�6

mol · L�1. The intensity follows a logarithmic behavior

which saturates at 10�7 mol · L�1. This nonlinear Raman

response is compatible with a chemical enhancement

due to a modification of the molecule polarizability, as

recently proposed by Ling et al.,29 via a charge transfer

with the substrate.30�32 This effect occurs only for mol-

ecules in contact with graphene,30 and therefore, only

the first molecular monolayer is influenced, in agree-

ment with the observed signal saturation for thicker

molecular films. Furthermore, the graphene-induced

chemical enhancement allows the detection of the

SMMs’ Raman signal for concentrations as low as 10�10

mol · L�1 (Figure 4c), while no significant roughness

change was detected on graphene by AFM. We sug-

gest that, at low concentrations, the few deposited mol-

ecules detected by the Raman signal are isolated on

the graphene surface and difficult to extract from the

AFM background signal. In conclusion, the

TbPc2�graphene interaction improves the Raman de-

tection limit, which is estimated below 100 molecules

under the laser spot of 500 nm.33 This sensitivity is re-

markable and leads us to conclude that within this level

of accuracy no particular change of the molecular struc-

tural and electronic features was observed. Despite the

described strong impact on the Raman response, the

molecule�graphene interaction seems to be weak.

In order to elucidate this experimental findings, ab

initio density functional theory calculations were per-

formed. To keep the problem tractable from the com-

putational point of view, we studied the anchoring

properties of the pyrene group alone (Figure 4e,f). Re-

cent combined scanning probe and XMCD work has

shown that unsubstituted TbPc2 molecules adsorb flat

lying on both copper33 and graphite34 surfaces with the

Figure 3. (a) Tapping AFM topography image performed after contact AFM cleaning on
a 2 �m � 2 �m square to displace the TbPc2 single-molecule magnet on the graphene.
Color scale range: 0 to 10 nm from black to white. (b) Raman intensity map of the TbPc2

M band for the same place as in panel a. Color scale range: 0 to 200 CCD counts from
black to yellow. (c) Height profile of the graphene surface along the blue line repre-
sented in panel a. (d) Raman intensity profile along the green curve shown in panel b.
(e) Raman spectra taken at three different spots indicated by the colored circles in panel
b: center (red), border (black), and outside (blue) (scale bars � 1 �m).

A
R
T
IC
L
E

www.acsnano.org VOL. XXX ▪ NO. XX ▪ 000–000 ▪ XXXX C



magnetic anisotropy axis orthogonal to the surface nor-

mal.35 Due to the chemical composition of the phthalo-

cyanine (Pc) groups in TbPc2, characterized also by

�-delocalized orbitals, it is possible to assume that Pc

and pyrene groups interact similarly with the underly-

ing substrate. In Figure 4e,f, we present a sketch of the

two systems that we have considered, namely, a pyrene

molecule adsorbed on a clean and graphene-covered

SiO2 surface (Figure 4e,f). More details on the method

and the simulated systems are given in the Supporting

Information. We find that the interaction between

pyrene and graphene (or SiO2) is noncovalent and due

to van der Waals interactions. This leads to an equilib-

rium distance of 3.2 and 2.8 Å between pyrene and

graphene or SiO2, respectively. Most importantly, our

calculations indicate that a pyrene group adsorbs more

favorably on the graphene layer than on the SiO2 sur-

face, in agreement with the experimental evidence dis-

cussed above. The binding energy of the pyrene mol-

ecule on graphene is indeed 2-fold larger than that for

the pyrene adsorbed directly on SiO2: �E(Py �

graphene � SiO2) � 1.06 eV vs �E(Py � SiO2) � 0.52 eV.

Finally, the orbital overlapping, although weak, still in-

duces changes in the electronic properties of the

graphene. In Figure 4d, we plot the G band frequency

dependence on the TbPc2 concentration. Indeed, the G

band is slightly shifted to lower frequency (4 cm�1 be-

tween extreme concentrations) as well as the 2D band

(3 cm�1 between extreme concentrations). This fre-

quency shift is compatible with a doping-induced

change of the Fermi energy.25,36 The corresponding

relative change of the Fermi energy of graphene (re-

ported on the right axis of Figure 4d) is calculated from

our Raman shift, following the work of Yan et al.25 and

Pisana et al.37 The observed logarithmic decay suggests

that the doping originates only from the molecules in

contact with graphene. Although it is strongly depend-

ent on the intrinsic doping of the pristine layer and un-

detectable for multilayer flakes, this frequency shift is

reproducible for any monolayer at the highest molecu-

lar concentration with a typical charge transfer of 1012

e/cm2. Though predicted by ab initio calculations, these

data obtained on a nonconnected graphene mono-

layer need to be confirmed by measuring the electronic

properties of a monolayer with a well-defined electri-

cal potential, as presented in the following. In order to

further probe the consequences of grafting on the elec-

tronic properties, we performed electron transport

measurements under ambient conditions on a similar

graphene flake in a FET geometry (inset of Figure 5b).

For increasing TbPc2 concentrations, the Dirac point

(corresponding to the minimum of conductance) shifts

Figure 4. (a) Evolution of the M doublet intensity according to the solution concentration. (b) Raman spectra of TbPc2 mol-
ecules deposited on graphene at three different concentrations. (c) Raman intensity map of the TbPc2 deposited with a con-
centration of 10�10 mol · L�1. (d) Evolution of the position of the graphene G band with TbPc2 concentration. The value for
the pristine system was 1600 cm�1. (e) Pyrene molecule anchored to clean SiO2 surface. (f) Pyrene molecule anchored to
graphene on SiO2 (scale bar � 3 �m).
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toward lower gate voltages, which suggests an elec-

tron transfer from the TbPc2 molecules to the graphene,

that is, n-doping (Figure 5a). Despite a slight asymme-

try between electrons and holes induced by molecule

decoration, the graphene mobility � � �/ne (where n is

the density of carriers38 and e the electron charge) re-

mains constant at 	2000 cm2 · V�1 · s�1 until the con-

centration reaches about 10�6 mol · L�1. This indicates

that no significant disorder is induced in the graphene.

For concentrations higher than 10�5 mol · L�1, the mo-

bility drops by nearly 40% and the conductivity mini-

mum broadens significantly. This is consistent with the

presence of clusters and crystallites at these high con-

centrations, which induce defects and diffusion sites on

the graphene sheet and degrade progressively the mo-

bility. The relative change of the Fermi energy caused

by the TbPc2 molecules is calculated from the electrical

transport measurements and reported on Figure 5b.

The logarithmic behavior and the shift magnitude are

in good agreement with the values obtained from the

Raman frequency shift. Finally, Raman and transport ex-

periments converge on a charge transfer between

graphene and molecules of about 1012 e/cm2 that cor-

responds to 10�4 electrons per carbon atom for the

highest concentration (10�4 mol · L�1), indicating that

the electronic properties of graphene and TbPc2 are not

altered.

CONCLUSION

We report herein evidence for a selective physisorp-

tion and homogeneous grafting of pyrene-substituted

TbPc2 single-molecule magnets onto graphene. The

decoration process is directly applicable in situ onto

graphene transistors. The enhanced Raman intensity

of TbPc2 on graphene allows the detection of molecules

down to a few tens of molecules per laser spot. Further-

more, a weak electronic interaction between graphene

and TbPc2 molecules was found. Only small charge

transfer occurs, resulting in a shift of Fermi level and

preserving graphene mobility. Our experimental find-

ings are corroborated by DFT calculations that point out

van der Waals coupling between pyrene and graphene,

leading us to conclude that TbPc2 and graphene elec-

tronic properties are essentially intact even for low mol-

ecule densities where no molecular clusters are ob-

served. Note that our main results can be applied to

other families of molecular systems with different func-

tionalities since a similar pyrene substitution can be

performed on many other compounds. Our results

show a way to probe the interactions and to provide

fabrication criteria in carbon-based molecular sensors

for spintronics applications.

EXPERIMENTAL SECTION

We deposited graphene flakes by micromechanical exfo-
liation39 of natural graphite on degenerately doped Si with
a 300 nm SiO2 capping layer. Optical microscopy and AFM
were used to determine the flake thickness and position, and
the number of layers was also confirmed by Raman spectros-
copy (up to 5 layers).40 For FET devices, e-beam lithography
was performed by alignment on prelocated graphene flakes.
Ten nanometer Ti/100 nm Pt contacts were deposited by
electron-gun evaporation on top of the graphene. The sili-
con substrate was used as a backgate. The SMMs deposited
on graphene are pyrenyl-substituted heteroleptical bis(phth-
alocyaninato)terbium(III) complexes15 (Figure 1a), referred
to as TbPc2 in this publication. This molecule consists of a
single magnetic Tb3� ion coordinated to two phthalocya-
nine ligands (see scheme of Figure 1a). In order to improve
the grafting on graphene, one of the two phthalocyanine
macrocycles was substituted by a pyrene group and func-
tionalized with six hexyl groups. Both pyrene groups and

alkyl chains are well-known to exhibit an attractive interac-
tion with sp2 carbon materials, maximizing the intermolecu-
lar van der Waals interactions.15,41 The molecule was depos-
ited by drop casting of a TbPc2 solution in dichloromethane
(DCM) with a molecule concentration ([TbPc2]) ranging from
10�11 to 10�4 mol · L�1. After 5 s, the sample was rinsed in
DCM and dried under nitrogen flow. Residual DCM was re-
moved by a second rinse with isopropanol. The washing effi-
ciency is monitored by a strong decrease of DCM fluores-
cence, which is a broad band centered at 1600 cm�1. Micro-
Raman spectroscopy was performed with a commercial Witec
Alpha 500 spectrometer in a backscattering configuration.
The excitation wavelength for all presented Raman experi-
ments was the 633 nm line of a He�Ne laser with a power
around 300 �W on the sample to prevent any damage of Tb-
Pc2 and graphene. All Raman spectra were recorded with a
500 nm diameter laser spot. The spectrometer was equipped
with a piezostage, which allows the measurement of Raman
intensity maps: a Raman spectrum was recorded for each

Figure 5. (a) Transfer characteristics (I, Vg) of the graphene
FET for different TbPc2 concentrations. The measurements
have been performed under ambient conditions using the
lock-in technique with an AC excitation of 100 �V. Curves
are vertically shifted (by �0.3 mS) for clarity. (b) Concentra-
tion dependence of the shift of the Fermi energy relative to
the pristine device. Inset: optical image and Raman intensity
map of the M doublet of the device (scale bars � 1 �m).
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pixel (500 nm size), and the integrated intensity of a chosen
mode was displayed with a color scale. Tapping and contact
mode AFM micrographs were recorded using a VEECO D3100
under ambient conditions.
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Supramolecular spin valves

M. Urdampilleta1, S. Klyatskaya2, J-P. Cleuziou1, M. Ruben2,3* andW.Wernsdorfer1*

Magneticmolecules are potential building blocks for the design
of spintronic devices1,2. Moreover, molecular materials en-
able the combination of bottom-up processing techniques,
for example with conventional top-down nanofabrication3.
The development of solid-state spintronic devices based
on the giant magnetoresistance4, tunnel magnetoresistance5

and spin-valve effects6 has revolutionized magnetic memory
applications. Recently, a significant improvement of the spin-
relaxation time has been observed in organic semiconductor
tunnel junctions7,8, single non-magnetic molecules coupled to
magnetic electrodes have shown giant magnetoresistance9,10

and hybrid devices exploiting the quantum tunnelling proper-
ties of single-molecule magnets have been proposed2. Herein,
we present an original spin-valve device in which a non-
magnetic molecular quantum dot, made of a single-walled
carbon nanotube contacted with non-magnetic electrodes, is
laterally coupled through supramolecular interactions to TbPc2
single-molecule magnets (Pc = phthalocyanine). Their local-
ized magnetic moments lead to a magnetic field dependence
of the electrical transport through the single-walled carbon
nanotube, resulting in magnetoresistance ratios up to 300% at
temperatures less than 1 K. We thus demonstrate the function-
ality of a supramolecular spin valve without magnetic leads.
Our results open up prospects of new spintronic devices with
quantum properties.

A standard giant magnetoresistance spin valve is an electronic
device in which two conducting magnetic layers are separated by a
non-magnetic layer. A considerable modification of the electrical
conductance through the device can be achieved by altering
the electrodes’ magnetic configuration (parallel or antiparallel).
Because the layers have different magnetic coercivities, in an
increasing external magnetic field the magnetization of one layer
switches at different field values from the other, that is going
from parallel to antiparallel, and finally back to parallel alignment4,
thus switching the conductance of the device. The resulting
magnetoresistance ratio is defined byMR= (GP−GAP)/GAP, where
GP and GAP are the conductances of the spin valve for parallel
(P) and antiparallel (AP) alignments. Typical values of MR for
metallic spin valves lie in the 10% range at room temperature. A
tunnel barrier between the two layers leads to MR values greater
than 100%, for instance, in commercially used spin valves in read
heads. The two magnetic layers can be also connected through a
carbon nanotube, leading to typical MR values of about 3% for
PdNi or permalloy single-walled carbon nanotube (SWCNT) spin
valves11,12 and 60% for La(1−x)SrxMnO3 (LSMO)-based electrodes13.
In all these devices, the active layers are classicalmagnets.

An alternative experimental set-up proposes to use quantum
nanomagnets2. It was suggested that if a single-molecule magnet
(SMM) is laterally coupled to an electrically contacted SWCNT,
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its highly anisotropic magnetic moment may influence the current
passing through the SWCNT, thus permitting the readout of the
molecular magnetic state by standard conductance measurements.
This idea is experimentally realized here. We have measured high
magnetoresistance ratios in this supramolecular SMM–SWCNT
geometry, in which single quantum nanomagnets act as both
magnetic polarizers and analysers. Remarkably, the presented
experimental results demonstrate the electrical detection of the
magnetization switching of a single quantum magnet. Out of 130
investigated devices, 25 samples showed signals due to magnetic
molecules. Seven devices were studied in detail and exemplary data
for one of them are presented below (concerning other samples, see
Supplementary Figs S2 and S3).

The rare-earth-based SMMs are among the most promising sys-
tems formolecular spintronic applications. In bis-phthalocyaninato-
terbium (iii) complexes, hereafter TbPc2 (ref. 14), the total
magnetic moment is given by J =6 and originates from both orbital
and spin contributions15. In its neutral form the TbPc2 molecule
represents a two-spin system: the Tb3+ ion has an intrinsicmagnetic
anisotropy whereas the organic spin S= 1/2 radical is delocalized
over the two phthalocyanine ligands enhancing the magnetic
coupling to the environment (Fig. 1a). At low temperatures,
quantum magnets of the TbPc2 family are characterized by
(1) a large magnetic moment in the ground state, (2) a high
zero-field splitting due to their large magnetic anisotropy, (3)
slow relaxation of the magnetization and (4) a strong hyperfine
coupling16. In addition, their magnetic properties show a very
large spectrum of quantum physics phenomena17, for example
quantum tunnelling of magnetization (QTM) between up and
down magnetization polarizations and quantum interference
between different tunnelling paths18.

The investigation of the magnetic characteristics of the TbPc2
SMM crystal, using a micro superconducting quantum interference
device at 0.04 K (ref. 19), reveals a hysteresis loop containing
magnetic quantum phenomena (Fig. 1b; ref. 16). The sharp steps
within the magnetic hysteresis loop originate from quantum
tunnelling at the respective energy-level crossings (Fig. 1c). Due to
the large magnetic anisotropy of the Tb3+ ion, the ground-state
doublet with quantum numbers Jz = ±6 is well separated from
the excited states by several hundred Kelvin (see Supplementary
Fig. S1; refs 20,21). Moreover, the interaction of each ground
state with the four nuclear-spin states of the Tb3+ ion nuclear
spin (I = 3/2) leads to several energy-level crossings and therefore
QTM. A further magnetization-reversal mechanism, occurring at
higher field, is given by the direct relaxation process, which can be
seen as a non-coherent tunnelling event combined with a phonon
emission. Therefore, a TbPc2 SMM can switch at different external
fields, depending on the mechanism involved in the magnetization
reversal (see Supplementary Fig. S4a and b). Recently, it has
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Figure 1 | Supramolecular spin-valve device. a, Schematic and molecular representation of the TbPc2
∗ quantum nanomagnet. A Tb3+ ion (pink) is

coordinated by two phthalocyanine groups; pyrenyl and hexyl substitutions maximize the supramolecular interaction with sp2-carbon materials. The

quantum magnet consists of two spin systems: an organic S = 1/2 radical delocalized over the two phthalocyanine rings and a highly anisotropic J = 6 spin

system localized on the Tb3+ metal ion. b, Magnetic characteristics of the TbPc2
∗ SMM showing the hysteresis loop at 0.04 K for a single crystal of diluted

sample measured with a micro superconducting quantum interference device set-up at a field sweep rate of 1 mT s−1. The marked steps are induced by

quantum tunnelling at energy-level crossings presented in c. c, Zeeman diagram for the lowest states with Jz = ±6, which are split by the four nuclear spin

states of I = 3/2. The calculation was done with the ligand field parameters of ref. 16. d, Top, atomic force micrograph of the supramolecular spin valve. The

single-walled nanotube lies on a SiO2 surface supported by a back gate and is connected to palladium source and drain electrodes. d, Bottom, scheme of

the supramolecular spin-valve architecture (hexyl and pyrenyl groups are omitted for reasons of clarity).

been shown that the prominent magnetic properties of TbPc2
SMMs remain robust when attached through supramolecular π–π
interactions to sp2-carbon materials, such as carbon nanotubes22

and graphene23. However, it is important to note that eachmolecule
when deposited on the nanotube relaxes into a slightly different
supramolecular position, leading to a local variation of the physical
properties. As a matter of fact, some of them would have a
huge QTM probability whereas others would mostly undergo a
direct relaxation process.

To increase the non-invasive attachment to SWNTs at very
low concentrations, the TbPc2 SMMs used herein were modified
by introducing one pyrene group and six hexyl groups into one
of the two Pc rings (referred to hereafter as TbPc2

∗; see Fig. 1a).
Both the pyrene group and the alkyl chains are known to exhibit
attractive van der Waals interactions with sp2-carbon materials
and are used as anchoring points on the nanotube. Moreover, the
steric hindrance induced by this ligand prevents recrystallization
of the SMM on the nanotube. The anchoring groups steer the
supramolecular grafting of the quantum magnet and bring the
substituted Pc ring into direct contact with the SWCNT wall.
The latter and the Pc ring are conjugated systems, which strongly
hybridize through π–π interactions24. The supramolecular sample
geometry is shown in Fig. 1d. The external magnetic field is

applied in the plane of the sample (0◦ corresponds to the normal
to the nanotube axis) and a back gate fine-tunes the chemical
potential of the SWCNT. Figure 2 shows the electronic-transport
characteristics of the supramolecular TbPc2

∗–SWCNT set-up.
Differential conductance maps of dI/dV as a function of source–
drain voltage Vsd and back-gate voltage Vg were taken at 0 T
(Fig. 2a) and 1 T (Fig. 2b), corresponding to random and polarized
orientations of the TbPc2

∗ magnetic moments, respectively. At
both magnetic fields, the differential conductance maps exhibit the
features of Coulomb diamonds25, typically observed for SWCNT
quantum dots in the weak-coupling regime26. Intriguingly, the
degeneracy points of most of the Coulomb diamonds are open
in the absence of an external magnetic field (0 T, Fig. 2a) and
closed in its presence (1 T, Fig. 2b). This is clear evidence of the
modulation of an extra tunnelling barrier inside the quantum
dot. Further insight can be gained when measuring the magnetic
field hysteresis loops of the conductance at Vsd = 0. In Fig. 2c,
the magnetic field is swept between 1 and −1 T resulting in
an abrupt switch between a relatively high value (∼1 µS) and a
lower one (∼ 100 nS). The characteristics of the hysteresis loops
are consistent for each of the Coulomb peaks, as shown in
Fig. 2d: the difference in conductance value is plotted between
trace (from −1 to 1 T) and retrace (from 1 to −1 T) for each
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Figure 2 |Molecular spin-valve electronic-transport characteristics. a, Coulomb map of the differential conductance as a function of source–drain voltage

Vsd and back-gate voltage Vg without magnetic field. The differential conductance is given in the unit of the conductance quantum G0. A gap ∆ is induced

at the degeneracy point when all the magnetic moments are randomly oriented. Magnetic molecules induce effective tunnelling barriers in the SWCNT,

hindering the electron flow, except in the case where the electrons have enough energy (Vsd >∆/2) to overcome these barriers. b, Coulomb map under a

magnetic field of 1 T. The gap is closed, and the standard degeneracy points are recovered. This corresponds to the situation where all molecules are

polarized in approximately the same direction. c, Zero-bias conductance measured as a function of the magnetic field. The red curve corresponds to the

conductance under increasing field (−1 to +1 T) and the blue curve under decreasing field. The conductance jumps around zero field are attributed to

molecules experiencing quantum tunnelling due to tunnel splittings. The last jumps around ±500 mT are attributed to a direct relaxation process of a

single molecule. When all the magnetic momenta are parallel only one spin carrier can flow easily, whereas when the magnetic moment are antiparallel the

electron flow of both spin carriers is hindered. d, Intensity of the conductance hysteresis measured as a function of the gate voltage. The colour code

corresponds to the difference between magnetic field trace and retrace, given in the unit of G0: blue corresponds to negative values, red to positive and

white to zero hysteresis. The most intense regions are directly correlated to the Coulomb peaks. e,f, Schematic representation of the mechanism involving

two TbPc2
∗ SMM molecules (A and B) grafted on an SWCNT. With increasing magnetic field, molecule A switches first (e), thus leading to an antiparallel

configuration of the spin valve with lowest conductance. Each molecule induces localized states in the nanotube through exchange interaction. The value of

this interaction is estimated to be around J = 0.5 meV. The mismatch between spin levels induces effective tunnel barriers in the SWCNT for both spin

polarizations. As a result, the electron flow through the SWCNT is hindered. When molecule B switches (f), a parallel configuration is recovered, and

because of the level broadening (∼0.2 meV) this configuration leads to high conductance. The hexyl and pyrenyl groups of the TbPc2
∗ SMM are omitted

for reasons of clarity.

gate step. The hysteretic behaviour disappears above a bias voltage
of about 0.5mV.

To relate the device characteristics to the magnetic signature
of the TbPc2

∗ quantum magnets, a detailed investigation of the
magnetic field dependence of the largest conductance jumps was
carried out. An analysis of the angular dependence of the switching
field, which was made by plotting the difference between the trace
and the retrace, reveals a very pronounced dependence. The smallest
switching fields, which define the easy axis of magnetization, were
found to be orthogonal to the SWCNT axis (x direction), whereas
along the tube axis (y direction) a hard axis was found (Fig. 3a).
Such a very strong angular dependence is in agreement with the
Ising-like uniaxial anisotropy of the TbPc2-SMM family16. We
compared the orientation of the easy axis with the SWCNT axis
and found that the TbPc2

∗ molecule is orientated with the Pc rings

parallel to the SWCNT wall, which is in accordance with the
supramolecular design maximizing the π–π interactions between
the Pc ring and the nanotube.

Quantum tunnelling ofmagnetization is an inherently stochastic
process: themagnetization reversal at a tunnel splitting or through a
direct relaxation process is expressed by transition probabilities. By
cycling the hysteresis loopmany times, the related stochastics of the
magnetic moment reversal can be elucidated (Fig. 3b). Increasing
temperatures lead to a continuous reduction of the area of the
hysteresis loop (Fig. 3c). At 40mK the switching field is found
to be around 0.5 T progressively declining and finally vanishing
above 600mK. The blocking temperature can be extrapolated to be
around 1K, which is in good agreement with recent reports on a
TbPc2 submonolayer27. Other samples showed similar temperature
dependencies (see Supplementary Fig. S5).
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Figure 3 |Molecular spin-valve switching-field characteristics. a, Angular dependence of the switching field corresponding to the direct relaxation

process. The difference between trace (from −1 to +1 T) and retrace (from +1 to −1 T) is plotted as a function of the angle of the applied field. The colour

code is given in G0. The white code corresponds to no difference between trace and retrace for the corresponding field value whereas a red code

corresponds to a bistable region. This means that in the white region both molecules are polarized in the same way and in the red region the antiparallel

configuration is adopted. As a result, the border between the white and the red region corresponds to the switching field of the molecule experiencing a

direct relaxation process. It is important to note that the switching field along the y axis cannot be resolved because our magnets are limited to 1 T. This

ellipsoidal behaviour has been measured repeatedly on several samples (see Supplementary Fig. S3), and is in agreement with the Ising-like uniaxial

anisotropy of the TbPc2
∗. The x axis can be attributed to the easy axis and the y axis to the hard axis. By comparing the orientation of the easy axis with the

nanotube direction it can be deduced that the TbPc2
∗ molecule is flat-landing on the nanotube, as shown in the inset. b, The conductance is measured 11

times as a function of the magnetic field applied at an angle of 30◦ with a sweep rate of 2 mT s−1. The switching field of the studied molecule is marked by

an arrow. Some of the curves present a transition close to zero instead of 0.5 T. This is attributed to a tunnel mechanism at an avoided level crossing. In this

case all the TbPc2
∗ molecules have experienced a tunnel transition and the spin-valve behaviour disappears. Most of the tunnel transitions happen at small

positive field values, establishing that the Tb nuclear spins are cold enough to involve mainly the lowest magnetic spin states. c, 20 hysteresis loops at

several temperatures between 0.04 and 0.6 K, using a field sweep rate of 70 mT s−1. A few molecules switch around zero field through a tunnel process

whereas one molecule switches at higher fields through a direct relaxation process. The blocking temperature is extrapolated to be around 1 K.

The observation of electronic coupling of the terbium-based
J = 6 magnetic moment with the conduction electrons is explained
by the intermediating presence of the S= 1/2 π radical delocalized
on the organic phthalocyanine ring systems. Owing to π–π
interaction, this radical is supposed to be in close electronic contact
with surfaces; for example, it was shown to lead to Kondo features
in scanning probe spectroscopy studies28. This means that the
wavefunction of this unpaired spin can easily hybridize with the
π-electron density of the nanotube. Moreover, transition-metal/Pc
systems adsorbed on sp2-graphite surfaces show a pinning of the
lowest unoccupied molecular orbital level close to the Fermi level29

and recent investigations have shown a weak antiferromagnetic
exchange coupling of the Tb magnetic moment of TbPc2 to a
ferromagnetic Ni substrate (P. Gambardella et al., manuscript in
preparation). Furthermore, the radical ligand state is close in energy
to the Tb 4f states30, enabling an efficient coupling of the Tb
magnetic J =6 statewith the conduction electron of the SWCNT.

The observed magnetoresistance behaviour is explained by an
effective tunnelling barrier induced by the magnetic configuration
of very few SMMs coupled to the SWCNT quantum dot. The
average number of molecules was previously determined to be
about four molecules for a source–drain SWCNT segment of
300 nm (ref. 23). The conduction electrons of the SWCNTs
are locally influenced through the π-radical-mediated exchange
mechanism (vide supra) of the confined TbPc2

∗ magnetic moment.
For reasons of simplicity, the mechanism will be explained for the
most ideal case involving two SMM molecules (A and B, Fig. 2e,f)
and one spin-degenerate conduction channel: eachmolecule locally
lifts the spin degeneracy, and as a result there is an energy
mismatch in the antiparallel configuration between the orbitals

of the same spin, which creates an effective tunnelling barrier.
In a spin-valve picture, the first of the molecules (A) plays
the role of spin polarizer, whereas the second one (B) acts as
spin analyser. The presence of two reversal mechanisms (tunnel
splitting versus direct relaxation process) expressing significantly
different tunnelling probabilities (see Supplementary Fig. S4a and
b) leads to different switching fields for quantum magnets A and
B. In the example presented herein molecule A has a close-to-
unit QTM probability around zero field (but spread due to the
hyperfine coupling) and consequently exhibits magnetic-moment
flips close to zero field (Fig. 2e). With increasing magnetic field,
the second molecule (B) remains still in the opposite magnetic
state, rendering an antiparallel configuration of the spin valve,
until this second molecule experiences a direct transition (Fig. 2f),
reprogramming the valve into its parallel configuration. Moreover,
the quantum behaviour of the second molecule (B) has been
investigated through its magnetic field sweep-rate dependence (see
Supplementary Fig. S4a). With decreasing fields, around a rate
of 2mT s−1, the spin-valve characteristic disappears in one-third
of the cases, which is in accordance with the Landau–Zener
theory18. When molecules A and B tunnel close to zero field,
the spin-valve behaviour vanishes (Fig. 3b). The supramolecular
spin valve described here thus offers two distinct working regimes:
(1) a bi-stable and (2) a sweeping-rate-independent regime. This
allows for functional fine-tuning as well as electronic detection and
manipulation of a single magnetic moment. It should be noted that
other mechanisms invoking any shift of the Coulomb diamond
to explain conductance changes (for example magneto-Coulomb
effect, see Supplementary Fig. S6) are refuted by Fig. 2d, where no
change of themagnetoconductance sign is observed.
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In conclusion, a supramolecular spin valve consisting of
quantum magnets (SMMs) and SWCNT components has been
demonstrated. On reversing the magnetic field, the device exhibits
magnetoresistance ratios up to 300%. Analysis of the differential
conductance of the SWCNT with the switching-field angle and
temperature reveals fingerprint-like characteristics of the magnetic
molecules exhibiting Ising-like uniaxial anisotropy and quantum
tunnelling phenomena. Our results open a pathway towards the
design of operable molecular spintronic devices projecting the
implementation of new electrical functionalities, high integration
depth and an alternative fabrication scheme to cost-intensive
lithographic technologies.

Methods
Sample preparation. SWCNTs of diameter about ∼1.2 nm grown by the laser
ablationmethod at the Rice University were dispersed in 1–2ml dichloroethane and
sonicated for 1 h. A droplet of this suspension was deposited onto a degenerately
doped p-type silicon wafer with a ∼450 nm surface oxide. SWCNTs were located
by atomic force microscopy with respect to predefined markers and then contacted
with 50-nm-thick Pd by standard electron-beam lithography with a contact spacing
of ∼300 nm. The TbPc2

∗ SMMs were synthesized as previously reported22. The
supramolecular grafting was carried out by drop casting a solution of TbPc2

∗ diluted
in dichloromethane with molarityM = 10−8 mol l−1 onto the sample. After 5 s, the
sample was rinsed in dichloromethane and dried under nitrogen flow. Residual
dichloromethane was removed by a second rinse with isopropanol.

Conductance experiments. Samples with high resistance (>100 k�) at room
temperature were selected. The conductance measurements were carried out in a
3He/4He dilution refrigerator with a base temperature of 30mK. Identical stable
spin-valve characteristics have been seen on two different samples using this
method and on five samples with the same method but with nanotubes grown
by chemical vapour deposition (see Supplementary Section S2). The magnetic
field in the sample plane was provided by two magnets, generating up to 1 T and
up to 0.7 T, respectively. Electrical measurements of interest were made using a
Stanford Research Systems SR-830-DSP lock-in amplifier or an ADwin real-time
data acquisition system.
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Abstract: We built new hybrid devices consisting of chemical vapor deposition (CVD) 

grown carbon nanotube (CNT) transistors, decorated with TbPc2 (Pc = phthalocyanine) 

rare-earth based single-molecule magnets (SMMs). The drafting was achieved by tailoring 

supramolecular π-π interactions between CNTs and SMMs. The magnetoresistance 
hysteresis loop measurements revealed steep steps, which we can relate to the 

magnetization reversal of individual SMMs. Indeed, we established that the electronic 

transport properties of these devices depend strongly on the relative magnetization 

orientations of the grafted SMMs. The SMMs are playing the role of localized spin 

polarizer and analyzer on the CNT electronic conducting channel. As a result, we measured 

magneto-resistance ratios up to several hundred percent. We used this spin valve effect to 

confirm the strong uniaxial anisotropy and the superparamagnetic blocking temperature 

(TB ~ 1 K) of isolated TbPc2 SMMs. For the first time, the strength of exchange interaction 

between the different SMMs of the molecular spin valve geometry could be determined. 
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Our results introduce a new design for operable molecular spintronic devices using the 

quantum effects of individual SMMs. 

Keywords: molecular quantum spintronics; molecular magnets; nanoelectronics devices 

 

1. Introduction 

Single molecule magnets (SMMs) have attracted much interest over the last years because of their 

unique magnetic properties. These molecular structures combine the classical properties of magnets 

with the intrinsic quantum nature of nanoscale entities. With a large spin ground state and a magnetic 

anisotropy well-defined, molecular clusters composed of few magnetic atoms have shown various 

properties such as the blocking of the spin orientation at low temperatures, quantum tunneling of 

magnetization (QTM) [1] and interference effects between tunneling paths [2]. Besides, the synthetic 

chemistry produces controlled molecular structures at high yield and low cost. As a result, a wide 

range of SMMs systems incorporating transition metal and/or rare earth metal ions with tailored 

magnetic interactions have been discovered. In addition, the rich variety of quantum systems provided 

by the molecular magnetism field strongly motivates the use of SMMs for both quantum information 

storage and processing purposes. 

At the same time, studies in spintronics using magnetic materials in electronic devices have made 

considerable progress from fundamental studies to practical applications. This technology is based on 

the discovery of magnetoresistive effects, such as the giant magnetoresistance effect, where metallic 

spin valves are composed of two metallic layers separated by a non-magnetic one. Depending on the 

relative magnetization orientation of the two magnets (parallel or antiparallel), a drastic change of  

the electrical resistance is observed. Nowadays, new directions in spintronics aim at transposing the 

existing concepts and at developing alternative ones with various types of materials, from inorganic to 

π-conjugated organic semiconductors [3]. Organic semiconductors are promising since they may offer 

longer spin relaxation times [4] than conventional transition metals as well as new functionalities 

(e.g., switchability with light, electric field, etc.). In this context, SMMs are interesting candidates to 

study and preserve quantum coherence of the electronic spin in molecular spintronics devices. Such 

devices lead the way to the electronic detection and coherent manipulation of SMMs spin states, 

important for quantum computation schemes at the single molecule level. 

In this work, proposed recently [5], we realized a device consisting of SMMs anchored by 

supramolecular interactions on the sidewall of a chemical vapor deposition (CVD) grown carbon 

nanotube (CNT), itself connected to a three-terminal (transistor) geometry [6,7]. The CNT acts as a 

path for conducting electrons so that electronic transport does not occur directly through the magnetic 

orbitals of the SMM. This prevents charge-induced excitations or relaxation of molecular spin states. 

In particular, we showed that the electronic transport is extremely sensitive to the orientation of local 

magnetic moments. This property allows the electrical detection of magnetization reversal of 

individual molecular spins. In addition, a spin valve effect with two molecules leads to very large 

variations of the conductance with magnetoresistance ratios of up to several hundred percent. Our 

approach differs from previous realizations of carbon based spin valves [8–10] and does not imply 
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magnetic leads. Indeed, the spin-dependent transport through this supramolecular spin valve is 

completely determined by the magnetic properties of the molecular species magnetically coupled to the 

conducting channel of the CNT. Similar results were recently obtained using graphene nanoconstriction 

decorated with TbPc2 magnetic molecules [11]. In this case, a magnetoconductivity signal as high  

as 20% was found for the spin reversal. These results show the behavior of multiple-field-effect 

nanotransistors with sensitivity at the single-molecule level. 

The paper is structured as follows. In Section 2, we introduce different methods used to fabricate 

and measure the supramolecular based junctions. The results section (Section 3) describes the 

magnetic properties of the pyrene functionalized heteroleptic bis-phthalocyaninato-Terbium (III) 

SMMs (called TbPc2 in the following) used in this study. In Section 3.1, we briefly discuss the 

magnetization reversal mechanisms of the TbPc2 SMM, namely QTM and the direct relaxation 

process, using µ-SQUID measurements on diluted crystals of molecules. Section 3.2 exhibits the 

electronic transport features of the spin valve, being in the closed quantum dot regime. Then, in 

Section 3.3, we present the spin-valve behavior revealed by the magneto-conductance measurements 

under magnetic field sweeps. The anisotropic dependence of the hysteretic conductance jumps is also 

studied and in good agreement with the expected uniaxial anisotropy of TbPc2 SMMs. Finally, Section 

4 discusses the spin valve mechanism in further detail and we conclude with a brief outlook. 

2. Devices Fabrication 

In this project we studied about 150 samples of which 28 showed magnetic signals related to the 

TbPc2-SMMs and eight of them were studied in detail, manifesting similar behavior concerning their 

magneto-conductance. In contrast to our first publication [6], the sample presented in this paper was 

fabricated using CVD nanotubes. Catalyst islands were designed on SiO2 by creating holes by optical 

lithography in LOR3A resist, which were filled with Fe/Mo catalyst in nanoporous alumina. After 

liftoff of the resist, nanotubes were grown in a Firstnano CVD oven at 750 °C, whereby methane was 

used as a carbon source [12]. SWNTs were located by AFM or SEM with respect to lithographically 

patterned markers and then contacted with 50 nm Pd by standard electron-beam lithography, defining 

200 nm long CNT junctions. A solution containing bis(phthalocyaninato)terbium (III) substituted with 

pyrene groups [13] with a 10−6 molarity was dropped on the device and dried under nitrogen flow. 

Samples with large resistance (>100 kΩ) at room temperature were micro bounded and measurements 
were carried out in a dilution fridge with a base temperature of 40 mK. The electronic temperature was 

estimated to be around 150 mK. 

3. Results 

3.1. Magnetic Properties of the TbPc2 SMMs 

Among the existing SMMs families, single ion lanthanide complexes are among the most simple 

and robust systems [13]. Here we focus our attention on the TbPc2 SMM based on a single Tb3+ ion 

coordinated to two phthalocyanine (Pc) ligands as depicted in Fdigure 1(a). The SMM behavior 

originates from the electronic multiplet substructure of the Tb3+ ion in its (4f)8 electronic configuration 

leading to a J = 6 magnetic moment. The TbPc2-SMM exhibits a significantly large axial magnetic 
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anisotropy originating from the strong spin-orbit coupling in lanthanide ions and from the ligand field 

potential made by the two Pc ligands. It leads to a well-defined ground state configuration (J = 6, |Jz| = 6) 

separated from the first excited state (J = 6, Jz = 5) by an energy splitting ΔE ~ 600 K [14]. All our 

measurements were performed at very low temperatures, so that we only consider the lowest energy 

substates available with Jz = ± 6, the corresponding Zeeman diagram is plotted in Figure 1(b). Apart 

from the Terbium(III) ion, the molecule has a spin ½ delocalized over the two phtalocyanines  

groups [15]. This unpaired electron mediates a magnetic coupling between the Terbium 4f electrons 

and its environment. 

Figure 1. Magnetization reversal mechanisms in the TbPc2 SMM (alkyl and pyrene 

substituents are omitted for reasons of clarity). (a) Scheme of the TbPc2-SMM. The 

terbium ion has a J = 6 magnetic moment and an unpaired electron is delocalized over the 

organic part; (b) Zeeman diagram calculated for the TbPc2 SMM ground state (J = 6, |Jz| = 6). 

The interaction with the Tb nucleus spin I = 3/2 splits each electronic substate through the 

hyperfine coupling, providing a path for Quantum Tunneling of Magnetization (QTM)  

at the anti-crossing of two levels; (c) Hysteresis loops of the crystallized TbPc2-SMM (2% 

in the YPc2 matrix) measured at 40 mK for different sweeping rates ranging from 1 to  

280 mT.s−1. QTM reflects in staircase-like steps of the hysteresis loops at low magnetic 

fields, each step corresponding to a level anti-crossing. Molecules, which did not undergo 

QTM can relax their magnetization to a lower energy state by the direct transition (DT) 

occurring at larger magnetic fields. 
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Figure 1(c) presents µ-SQUID magnetization hysteresis loops of the TbPc2 SMMs at a temperature 

of 40 mK. The SMMs have been diluted in an YPc2 paramagnetic matrix to minimize any magnetic 

intermolecular interactions. At an applied magnetic field of −1.2 T along the easy-axis, all magnetic 

moments in the crystal are saturated along the same direction. Around zero-field, a large number of 

these magnetic moments switch their magnetization orientation through staircase-like steps of the 

hysteresis loop. The origin of these magnetization steps is the QTM between the Jz = 6 and  

Jz = −6 substates. Since the other excited substates are, energy-wise, far above the fundamental ones, 

transitions involving the excited states cannot occur. As a consequence, the origin of QTM in single 

ion rare earth based SMMs differs strongly from the 3d-metal-cluster SMM cases. This comes from 

the interaction of the Tb ion with the ligand field. Besides this, the Tb nucleus owns a nuclear spin of I 

= 3/2 with a natural isotopic abundance of 100%. The strong hyperfine coupling in TbPc2 leads to a 

splitting of the J = 6 electronic multiplet in several |JZ>|IZ> coupled states. These states are visible in 

the Zeeman diagram in Figure 1(b). QTM can occur through appropriate magnetic field conditions 

where two such states are brought to resonance at an avoided crossing of two levels (Figure 1(b)). The 

remaining magnetic moments, which did not undergo magnetization reversal by QTM around the zero 

magnetic field, start to reverse at about a few hundreds of mT. This transition is visible in the 

hysteresis loops in Figure 1(c) as a broad field scan rate dependent step. This one phonon mediated 

mechanism, called the direct transition (DT), is schematized in Figure 1(b). 

We highlight that those measurements have been carried out on an assembly of TbPc2-SMMs in a 

crystallized form. One could thus wonder whether the SMM properties may still be observed on  

sub-monolayers or isolated molecules deposited on a surface. Indeed, SMMs may lose their magnetic 

properties when attached to metallic surfaces, as was shown e.g., for Mn12-acetate [16]. A slight 

modification of the ions surroundings can lead to a drastic change of the crystal field potential and thus 

to an alteration of the magnetic properties [17]. However, in the case of the TbPc2-SMM, it has been 

recently demonstrated that the structural and magnetic properties are still conserved [18]. The main 

fingerprints of SMMs, that is, QTM around zero magnetic field, strong axial anisotropy and high 

superparamagnetic blocking temperature are, indeed, still present. The TbPc2-SMM is one of the most 

interesting and reliable systems in order to study magnetism at single molecular level. Besides, this 

molecule is very well suited to be attached to sp2 carbon nanomaterials, such as carbon nanotubes or 

grapheme [19] via supramolecular π-π interactions. This strategy has been used to build our 

supramolecular spin valve and is described in the following. 

3.2. Electronic Transport through Carbon Nanotubes Functionalized by TbPc2-SMMs 

The original geometry of our devices is presented in Figure 2(a). A CNT, contacted with  

non-magnetic electrodes, forms a quantum dot (QD), which is laterally coupled to several  

TbPc2-SMMs through π-π stacking interaction. Indeed, phtalocyanine groups can be functionalized 

with pyrenes ligands, allowing a supra-molecular anchoring point and a better coupling to  

π-conjugated systems such as carbon nanotubes [20]. 
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Figure 2. Electronic transport in carbon nanotube quantum dots with grafted TbPc2 

molecules. (a) Artist view of the device scheme, consisting of an electrically connected 

carbon nanotube junction, laterally coupled to isolated TbPc2-SMMs; (b) Color-scale  

plots of the differential conductance dI/dV at temperature T = 40 mK, as a function of  

source-drain voltage Vsd and back-gate voltage Vg, displaying the charge stability diagram 

in the Coulomb blockade regime. The typical charging energy is about 20 meV; (c–d) 

Enlarged views of (b), showing the charge degeneracy point around Vg = 1.79 V at constant 

static magnetic fields (c) µ0H = 0 T and (d) µ0H = 1 T. 

 

When deposited, the TbPc2-SMM anchors on the nanotube in a way that the substituted Pc ligand  

of the molecule comes directly in contact with the nanotube surface. The energy gain through 

supramolecular interactions is maximized by the formation of strong aromatic π-π and C-H-π stacking 
interactions between the substituted Pc and CNT. Because of the efficient hybridization between Pc 

and CNT orbitals [21], we can assume that the unpaired electron delocalized over the Pc ligands has 

strong interaction with the conduction electron of the nanotube. 

The supra-molecular device structure is cooled down in a 3He/4He dilution refrigerator to 40 mK 

and a differential conductance measurement is conducted with an Adwin real-time acquisition system, 

programmed in a lock-in mode. The lock-in amplitude and frequency are set to 50 µV and 33 Hz, 

respectively. The QD characteristics are measured by bias spectroscopy, that is, the differential 

conductance dI/dV is plotted in a color code as a function of the back-gate and bias voltages.  



Int. J. Mol. Sci. 2011, 12 6662 

 

Figure 2(b) shows the standard Coulomb diamond expected for a CNT QD with a charging energy 

around 20 meV. Figures 2(c,d) display a zoom on the degeneracy points without and under magnetic 

field (1 T). At low bias (<1 mV) and without magnetic field (Figure 2(c)), the degeneracy point has a 

noisy conductance, which fluctuates between two values. Then under 1 T, the conductance becomes 

stable and closed (Figure 2(d)). These features reveal the presence of an extra tunnel barrier in the  

QD [22], which can be modulated by the magnetic field. 

3.3. Characterization of the Strongly Anisotropic Spin-Valve Effect 

The magnetoresistance measurements, at the previously mentioned degeneracy point (see Figure 2), 

are presented in Figure 3(a). At −1 T, the differential conductance is saturated to its maximum value. 

Sweeping up the magnetic field at 20 mT/s until zero-field, dI/dV drops down abruptly to its minimum 

value. When still increasing the field, dI/dV abruptly recovers its original value. The complete 

measurement from −1 T to +1 T (trace) and back to −1 T (retrace) forms a hysteresis loop, which is 

characteristic of a spin-valve device. 

Figure 3. Conductance hysteresis loops of the supramolecular spin valve.  

(a–b) Differential conductance dI/dV measured at T = 40 mK as a function of in-plane 

magnetic field μ0H applied respectively along (a) the easy axis direction (0°); and (b) the 

hard direction (90°) of magnetization. The red and blue arrows indicate the magnetic field 

sweep directions; (c) Color-scale plot of the dI/dV hysteresis (obtained from the difference 

between both field sweep directions) as a function of the applied magnetic field angle. The 

white color code is associated to zero hysteresis (reproducible dI/dV curves); (d) Relative 

disposition of the molecule with respect to the nanotube. The magnetic hard axis is 30° 

tilted from the nanotube axis. 
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Another remarkable feature of our device is its anisotropic response: we observed that the field 

values at which sharp conductance jumps are measured, called switching fields, depend strongly on the 

direction of the applied field. From a certain angle, our magnetic field is not strong enough to observe 

switching, and the hysteresis disappears (Figure 3(b)). In this case, the differential conductance does 

not depend on the field history; dI/dV is minimum for negative magnetic field and maximum for 

positive magnetic field, demonstrating that the switching near zero-field occurs independently from the 

one taking place at larger field. Thereby, we have to consider several independent magnetic objects to 

explain the data. 

In order to go one step further, we have plotted on Figure 3(c) the hysteresis amplitude (difference 

between trace and retrace) as a function of the applied field direction. It turns out that the switching 

field occurring at high value (the dashed line on Figure 3(c)) describes a straight line in the field space. 

The projection of those points along one axis stays constant, which is the fingerprint of the Ising like 

uniaxial anisotropy of the TbPc2-SMM family.  

Figure 4(a) shows the dependence of the hysteresis on the bias voltage applied to the quantum dot. 

This bias dependence shows that the hysteresis persists until 1 mV, but above this value, any residual 

hysteresis is smaller than the noise level. Furthermore, this measurement provides additional 

information: the switching field evolves with the bias voltage. We conclude from this observation that 

the conduction electrons can excite the molecules for larger bias voltages. Indeed, the energy of the 

conduction electrons increases with the bias voltage. A part of this energy might be transferred to the 

molecule via the electron density on the Pc-ligands and therefore to the anisotropic Tb spin system. 

As the temperature increases, the amplitude of the magnetoresistance decreases (Figure 4(b)). 

Indeed the spin-phonon interaction increases with the temperature and affect the spin-coherence. The 

magnetoresistance feature is lost around 1 K, which is below the TbPc2-SMMs blocking temperature 

but is in agreement with an exchange interaction of a few hundreds of µV. The blocking temperature 

can be roughly estimated to be around 1.5 K, in agreement with recent XMCD measurements of 

TbPc2-SMMs monolayers [18]. 

Figure 4. Bias and temperature dependences of the conductance hysteresis loops: (a) Color 

scale map of the dI/dV hysteresis as a function of in-plane magnetic field and source drain 

voltage Vds. The magnetic hysteresis are suppressed above Vds = ± 1 mV; (b) 15 records of 

conductance hysteresis loops for several temperatures ranging from 0.04 to 1 K at a 

constant sweep rate of 50 mT/s. The curves for T > 40 mK are offset by a multiple of 200 

nS for clarity. 
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Figure 4. Cont. 

 

4. Discussion 

The spin-valve features can be explained by a simple model involving two distinct molecules: one 

with a close to one QTM probability and another one only subjected to DT. Under a high magnetic 

field, the magnetic moments of both molecules are polarized in parallel. This situation corresponds to 

the high conductance regime. When the magnetic field is reduced, one of the molecule experiences 

QTM close to zero field, whereas the other stays in the same state. The device is then in an antiparallel 

configuration and the conductance is minimum. Finally, when the following switching field is reached, 

meaning when the second molecule undergoes a DT, the parallel arrangement, and therefore the 

original conductance value, are recovered. This is, of course, the idealized case. In fact, by looking 

closely at the QTM region, we can observe several abrupt changes of conductance. It means that 

several molecules (more than two) are involved in the close to zero field process. However, only one 

molecule relaxes at larger fields via a DT. 

From a microscopic point of view, each of these molecules interacts with the nanotube by creating a 

localized spin-polarized state in its vicinity (schematized in Figure 5(a)). A dipolar interaction is not 

sufficient to explain such an effect. Indeed, the dipolar interaction between the S = 1/2 radical on the 

Pcs and the conduction electrons cannot exceed a few tens of mT (1/2 µB creates a 1/2 T dipolar field 

at 1 Å, and ~20 mT at 3 Å). Also, even if we consider the effect of the moment J = 6 on the conduction 

electron, the dipolar field is of the same order of magnitude, which is too small to explain the strength 

of the effect. Considering an exchange interaction, mediated by the π-electron density in the organic Pc 

ligand, seems to be more realistic. Indeed, Hu et al. [23] have shown that  

spin-polarization may occur through the interaction between a π-system delocalized over a carbon 

chain and latterly coupled spin radical. As shown by Gambardella et al. [24] in a similar system, the 

electron density on the Pc ligand is able to mediate the magnetic information by a strong exchange 

interaction. The molecules induce localized states on the nanotube by lifting the spin degeneracy 

through this interaction (Figure 5(b)). The strength of this interaction can be estimated to be around 

200 µV by looking at the gapped degeneracy point in Figure 2(d). The spin level splitting is 

inhomogeneous along the tube when both molecules are in the antiparallel configuration, as a result of 

the mismatch between energy levels for a same spin (Figure 5(c)). This barrier can be overcome by 
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applying a bias voltage higher than the exchange interaction between the molecule and the 

conduction electrons. 

Figure 5. (a) Scheme of the localized dots induced by hybridization between the molecules 

and the nanotube; (b) Both molecules are polarized in the same manner. It induces a 

Zeeman splitting identical for both sets of localized states; (c) In the antiparallel 

configuration the Zeeman splitting is inhomogeneous, preventing spin transport through 

the device, unless a bias higher than the exchange interaction is applied. 

 

5. Conclusions 

We have reported on the characterization of a fully molecular spin-valve made of a carbon nanotube 

laterally coupled to a few single-molecule magnets determining for the first time the strength of the 

exchange energy between the SMMs. The interaction between both objects is strong enough to allow 

an abrupt modification of the conductance by changing the magnetization direction of only one 

molecule. As a result, the device exhibits a spin-valve effect and the magneto-conductance ratio can 

reach a few hundreds of percents. These features are obviously related to the grafted TbPc2-SMMs. 

Indeed, the anisotropic response clearly corresponds to an Ising-like uniaxial magnetic system. Our 

results open a pathway toward the fabrication of an all-organic spintronic device by the use of 

supramolecular self-organization techniques. Moreover, the high sensitivity of the device allows the 

characterization and the control of a single localized spin. Thus, an entanglement between different 

spin systems could also be possible using the CNT as tunable bus. 
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❧❛r✐s❛t✐♦♥ ✐♥ t❤❡ ❝r②st❛❧s ♦❢ ①❡♥♦t✐♠❡✧✳ ❩❡✐ts❝❤r✐❢t ❢ür P❤②s✐❦ ✱ ✺✽✱ ✷✵✺✲✷✵✽✱ ✶✾✷✾✳ ✭❈✐té ❡♥
♣❛❣❡ ✶✶✳✮

❬✷✷❪ ❍✳❆✳ ❇❡t❤❡✱ ❆♥♥❛❧s ♦❢ P❤②s✐❝s ✱ ✸✱ ✶✸✺✲✶✸✾✱ ✶✾✷✾✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✶✳✮

❬✷✸❪ ❍✳❆✳ ❑r❛♠❡rs✱ Pr♦❝❡❡❞✐♥❣ ♦❢ t❤❡ ❆♠st❡r❞❛♠ ❆❝❛❞❡♠✐❡ ✱ ✸✸✱ ✾✺✾✲✶✵✱ ✶✾✸✵✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✶✳✮

❬✷✹❪ ❏✳❍✳ ❱❛♥ ❱❧❡❝❦✱ ✧❚❤❡ ❚❤❡♦r② ♦❢ ❊❧❡❝tr✐❝ ❛♥❞ ▼❛❣♥❡t✐❝ ❙✉s❝❡♣t✐❜✐❧✐t✐❡s ✧✳ ❖①❢♦r❞ ❯♥✐✈❡rs✐t②
Pr❡ss ✱ ✶✾✺✷✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✶✳✮

❬✷✺❪ ❑✳❲✳❍✳ ❙t❡✈❡♥s✱ ✧▼❛tr✐① ❡❧❡♠❡♥ts ❛♥❞ ♦♣❡r❛t♦r ❡q✉✐✈❛❧❡♥ts ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ♠❛❣♥❡t✐❝
♣r♦♣❡rt✐❡s ♦❢ r❛r❡ ❡❛rt❤ ✐♦♥s✳✧✳ Pr♦❝❡❡❞✐♥❣ ♦❢ t❤❡ P❤②s✐❝❛❧ ❙♦❝✐❡t② ❆✱ ✻✺✱✷✵✾✱ ✶✾✺✷✳ ✭❈✐té ❡♥
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❬✷✻❪ ❆✳ ❆❜r❛❣❛♠ ❛♥❞ ❇✳ ❇❧❡❛♥❡②✱ ✧❊❧❡❝tr♦♥ ♣❛r❛♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ♦❢ tr❛♥s✐t✐♦♥ ✐♦♥s✧✳ ❈❧❛✲

r❡♥❞♦♥ Pr❡ss✱ ❖①❢♦r❞ ❊❞✐t✐♦♥ ✱ ✶✾✼✵✳ ✭❈✐té ❡♥ ♣❛❣❡s ✶✶✱ ✷✹✱ ✷✼ ❡t ✶✷✸✳✮

❬✷✼❪ ❈✳ ❩❡♥❡r✱ ✧◆♦♥✲❛❞✐❛❜❛t✐❝ ❝r♦ss✐♥❣ ♦❢ ❡♥❡r❣② ❧❡✈❡❧s✧✳ Pr♦❝❡❡❞✐♥❣ ♦❢ t❤❡ r♦②❛❧ s♦❝✐❡t② ♦❢

❧♦♥❞♦♥ s❡r✐❡ ❆✱ ✶✸✼✱✻✾✻✲✼✵✷✱ ✶✾✸✷✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✸✳✮

❬✷✽❪ ❆✳ ❈❛♥❡s❝❤✐✱ ❉✳ ●❛tt❡s❝❤✐✱ ❘✳ ❙❡ss♦❧✐✱ ❆✳ ▲✳ ❇❛rr❛✱ ▲✳ ❈✳ ❇r✉♥❡❧✱ ▼✳ ●✉✐❧❧♦t✱ ✧❆❧t❡r♥❛t✐♥❣
❝✉rr❡♥t s✉s❝❡♣t✐❜✐❧✐t②✱ ❤✐❣❤ ✜❡❧❞ ♠❛❣♥❡t✐③❛t✐♦♥✱ ❛♥❞ ♠✐❧❧✐♠❡t❡r ❜❛♥❞ ❊P❘ ❡✈✐❞❡♥❝❡ ❢♦r ❛



❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✼✺

❣r♦✉♥❞ S = 10 st❛t❡ ✐♥ [Mn12O12(Ch3COO)16(H2O)4].2CH3COOH.4H2O✧✳ ❏♦✉r♥❛❧ ♦❢
❆♠❡r✐❝❛♥ ❈❤❡♠✐❝❛❧ ❙♦❝✐❡t② ✶✶✸✱ ✺✽✼✸✲✺✽✼✹ ✭✶✾✾✶✮✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✸✳✮

❬✷✾❪ ❆✳ ❈❛♥❡s❝❤✐✱ ✧❚❤❡ ♠♦❧❡❝✉❧❛r ❛♣♣r♦❛❝❤ t♦ ♥❛♥♦s❝❛❧❡ ♠❛❣♥❡t✐s♠✧✳ ❏♦✉r♥❛❧ ♦❢ ▼❛❣♥❡t✐s♠
❛♥❞ ▼❛❣♥❡t✐❝ ▼❛t❡r✐❛❧s ✷✵✵✱ ✶✽✷✲✷✵✶ ✭✶✾✾✾✮✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✹✳✮

❬✸✵❪ ❊✳ ❞❡❧ ❇❛r❝♦✱ ❆✳ ❉✳ ❑❡♥t✱ ❙✳ ❍✐❧❧✱ ❏✳ ▼✳ ◆♦rt❤✱ ◆✳ ❙✳ ❉❛❧❛❧✱ ❊✳ ▼✳ ❘✉♠❜❡r❣❡r✱ ❉✳ ◆✳
❍❡♥❞r✐❝❦s♦♥✱ ◆✳ ❈❤❛❦♦✈✱ ❛♥❞ ●✳ ❈❤r✐st♦✉ ✧▼❛❣♥❡t✐❝ ◗✉❛♥t✉♠ ❚✉♥♥❡❧✐♥❣ ✐♥ t❤❡ ❙✐♥❣❧❡✲
▼♦❧❡❝✉❧❡ ▼❛❣♥❡t ▼♥✶✷✲❆❝❡t❛t❡✧✳ ❏♦✉r♥❛❧ ♦❢ ▲♦✇ ❚❡♠♣❡r❛t✉r❡ P❤②s✐❝s ✶✹✵✱ ✶✶✾✲✶✼✹ ✭✷✵✵✺✮✳
✭❈✐té ❡♥ ♣❛❣❡ ✶✹✳✮

❬✸✶❪ ❲✳ ❲❡r♥s❞♦r❢❡r✱ ▼✳ ▼✉r✉❣❡s✉✱ ❛♥❞ ●✳ ❈❤r✐st♦✉✱ ✧❘❡s♦♥❛♥t ❚✉♥♥❡❧✐♥❣ ✐♥ ❚r✉❧② ❆①✐❛❧
❙②♠♠❡tr② Mn12 ❙✐♥❣❧❡✲▼♦❧❡❝✉❧❡ ▼❛❣♥❡ts ✿❙❤❛r♣ ❈r♦ss♦✈❡r ❜❡t✇❡❡♥ ❚❤❡r♠❛❧❧② ❆ss✐st❡❞
❛♥❞ P✉r❡ ◗✉❛♥t✉♠ ❚✉♥♥❡❧✐♥❣ ✧✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs ✾✻✱ ✵✺✼✷✵✽ ✭✷✵✵✻✮✳ ✭❈✐té ❡♥
♣❛❣❡s ✶✹✱ ✶✺ ❡t ✶✽✳✮

❬✸✷❪ ❙✳ ❚❛❦❛❤❛s❤✐✱ ❘✳ ❙✳ ❊❞✇❛r❞s✱ ❏✳ ▼✳ ◆♦rt❤✱ ❙✳ ❍✐❧❧✱ ❛♥❞ ◆✳ ❙✳ ❉❛❧❛❧✱ ✧❉✐s❝r❡t❡ ❡❛s②✲❛①✐s
t✐❧t✐♥❣ ✐♥ Mn12✲❛❝❡t❛t❡✱ ❛s ❞❡t❡r♠✐♥❡❞ ❜② ❊P❘ ✿ ■♠♣❧✐❝❛t✐♦♥s ❢♦r t❤❡ ♠❛❣♥❡t✐❝ q✉❛♥t✉♠
t✉♥♥❡❧✐♥❣ ♠❡❝❤❛♥✐s♠✧✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❇ ✼✵✱ ✵✾✹✹✷✾ ✭✷✵✵✹✮✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✻✳✮

❬✸✸❪ ■✳ ❈❤✐♦r❡s❝✉✱ ❘✳ ●✐r❛✉❞✱ ❆✳ ●✳ ▼✳ ❏❛♥s❡♥✱ ❆✳ ❈❛♥❡s❝❤✐✱ ❛♥❞ ❇✳ ❇❛r❜❛r❛✱ ✧P❤♦♥♦♥✲❆ss✐st❡❞
❚✉♥♥❡❧✐♥❣ ✐♥ t❤❡ ◗✉❛♥t✉♠ ❘❡❣✐♠❡ ♦❢ Mn12 ❆❝❡t❛t❡✧✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs ✽✺✱ ✹✽✵✼✲✶✵
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❬✸✹❪ ❋✳ ❇r❛♥③♦❧✐✱ P✳ ❈❛rr❡tt❛✱ ▼✳ ❋✐❧✐❜✐❛♥✱ ●✳ ❩♦♣♣❡❧❧❛r♦✱ ▼✳ ❏✳ ●r❛❢✱ ❏✳ ❘✳ ●❛❧❛♥✲▼❛s❝❛r♦s✱ ❖✳
❋✉❤r✱ ❙✳ ❇r✐♥❦✱ ❛♥❞ ▼✳ ❘✉❜❡♥✱ ✧❙♣✐♥ ❉②♥❛♠✐❝s ✐♥ t❤❡ ◆❡❣❛t✐✈❡❧② ❈❤❛r❣❡❞ ❚❡r❜✐✉♠ ✭■■■✮
❇✐s✲♣❤t❤❛❧♦❝②❛♥✐♥❛t♦ ❈♦♠♣❧❡①✧✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❈❤❡♠✐❝❛❧ ❙♦❝✐❡t② ✱ ✶✸✶✱ ✹✸✽✼✲✾✻✱
✷✵✵✾✳ ✭❈✐té ❡♥ ♣❛❣❡s ✶✽✱ ✶✷✼ ❡t ✶✷✽✳✮

❬✸✺❪ ●✳❙✳ ❖❢❡❧t✱ ✧❙tr✉❝t✉r❡ ♦❢ t❤❡ ❢ ❈♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ ❆♣♣❧✐❝❛t✐♦♥ t♦ ❘❛r❡❊❛rt❤ ■♦♥s✧✳ ❚❤❡

❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ P❤②s✐❝s ✱ ✸✽✱✷✶✼✶✱ ✶✾✻✸✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✽✳✮

❬✸✻❪ ◆✳ ❑♦✐❦❡✱ ❍✳ ❯❡❦✉s❛✱ ❨✳ ❖❤❛s❤✐✱ ❈✳ ❍❛r♥♦♦❞❡✱ ❋✳ ❑✐t❛♠✉r❛✱ ❚✳ ❖❤s❛❦❛✱ ❛♥❞ ❑✳
❚♦❦✉❞❛✱ ✧❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ❙❦❡✇ ❆♥❣❧❡ ❛♥❞ ■♥t❡r♣❧❛♥❛r ❉✐st❛♥❝❡ ✐♥ ❋♦✉r
❇✐s✭♣❤t❤❛❧♦❝②❛♥✐♥❛t♦✮❧❛♥t❤❛♥✐❞❡✭■■■✮ ❚❡tr❛❜✉t②❧❛♠♠♦♥✐✉♠ ❙❛❧ts ✭❬◆❇✉♥ 4❪❬▲♥■■■P❝2❪ ❀ ▲♥
✮ ◆❞✱ ●❞✱ ❍♦✱ ▲✉✮✧✳ ■♥♦r❣❛♥✐❝ ❈❤❡♠✐str② ✸✺✱ ✺✼✾✽✲✺✽✵✹ ✭✶✾✾✻✮✳ ✭❈✐té ❡♥ ♣❛❣❡ ✶✾✳✮

❬✸✼❪ ◆✳ ■s❤✐❦❛✇❛✱ ▼✳ ❙✉❣✐t❛✱ ❚✳ ❖❦✉❜♦✱ ◆✳ ❚❛♥❛❦❛✱ ❚✳ ■✐♥♦✱ ❛♥❞ ❨✳ ❑❛✐③✉✱ ✧❉❡✲
t❡r♠✐♥❛t✐♦♥ ♦❢ ▲✐❣❛♥❞✲❋✐❡❧❞ P❛r❛♠❡t❡rs ❛♥❞ ❢✲❊❧❡❝tr♦♥✐❝ ❙tr✉❝t✉r❡s ♦❢ ❉♦✉❜❧❡✲❉❡❝❦❡r
❇✐s✭♣❤t❤❛❧♦❝②❛♥✐♥❛t♦✮❧❛♥t❤❛♥✐❞❡ ❈♦♠♣❧❡①❡s✧✳ ■♥♦r❣❛♥✐❝ ❈❤❡♠✐str② ✹✷✱ ✷✹✹✵✲✻ ✭✷✵✵✸✮✳ ✭❈✐té
❡♥ ♣❛❣❡s ✶✾ ❡t ✷✵✳✮

❬✸✽❪ ❍✳ ❑♦♥❛♠✐✱ ▼✳ ❍❛t❛♥♦ ❛♥❞ ❆✳ ❚❛❥✐r✐✱ ✧❆♥ ❛♥❛❧②s✐s ♦❢ ♣❛r❛♠❛❣♥❡t✐❝ s❤✐❢ts ✐♥ ♣r♦t♦♥
◆▼❘ s♣❡❝tr❛ ♦❢ ♥♦♥✲r❛❞✐❝❛❧ ❧❛♥t❤❛♥✐❞❡✭■■■✮✲♣❤t❤❛❧♦❝②❛♥✐♥❡ s❛♥❞✇✐❝❤ ❝♦♠♣❧❡①❡s✧✳ ❈❤❡♠✐❝❛❧
P❤②s✐❝s ▲❡tt❡rs ✶✻✵✱ ✶✻✸✲✼ ✭✶✾✽✾✮✳ ✭❈✐té ❡♥ ♣❛❣❡ ✷✵✳✮
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