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✏❖ ✈❛❧♦r ❞❛s ❝♦✐s❛s ♥ã♦ ❡stá ♥♦ t❡♠♣♦ ❡♠ q✉❡ ❡❧❛s ❞✉r❛♠✱

♠❛s ♥❛ ✐♥t❡♥s✐❞❛❞❡ ❝♦♠ q✉❡ ❛❝♦♥t❡❝❡♠✳

P♦r ✐ss♦ ❡①✐st❡♠ ♠♦♠❡♥t♦s ✐♥❡sq✉❡❝í✈❡✐s✱ ❝♦✐s❛s ✐♥❡①♣❧✐❝á✈❡✐s

❡ ♣❡ss♦❛s ✐♥❝♦♠♣❛rá✈❡✐s✳✑

❋❡r♥❛♥❞♦ P❡ss♦❛
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❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ ❛♦ Pr♦❢❡ss♦r ●✉✐❧❧❡r♠♦ ❈❛❜r❡r❛ ♣❡❧❛ ♦r✐❡♥t❛çã♦✱ ❛♣♦✐♦✱ ❡♥s✐♥❛♠❡♥t♦s ❡ ❣r❛♥❞❡ ♣❛❝✐✲
ê♥❝✐❛ ❞✉r❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❛ ❞✐ss❡rt❛çã♦✳ ❊①tr❛♦r❞✐♥ár✐❛ ♣❡ss♦❛✳ ❆♦ Pr♦❢❡ss♦r ❇❡r♥❛r❞♦
▲❛❦s ♣♦r t❡r ♠❡ ❛❝❡✐t❛❞♦ ❝♦✲♦r✐❡♥t❛r ❡ ♣❡❧♦ ✐♥❝❡♥t✐✈♦ ❡ ❡♥t✉s✐❛s♠♦✳

❆♦s Pr♦❢❡ss♦r❡s ❘♦❜❡rt♦ ▲❛❣♦s ❡ P❡t❡r ❙❝❤✉❧③✱ ♣♦r t❡r❡♠ ❛❝❡✐t❛❞♦ ♣❛rt✐❝✐♣❛r ❞❛ ♠✐♥❤❛ ❇❛♥❝❛
❡ ♣❡❧❛s ❝♦♥str✉t✐✈❛s ❡ ✈❛❧✐♦s❛s s✉❣❡stõ❡s ❛♣♦♥t❛❞❛s✳

❆♦ Pr♦❢❡ss♦r ❆❧❜❡rt♦ ❙✳ ❆rr✉❞❛✱ q✉❡ ♠❡ ♦r✐❡♥t♦✉ ♥❛ ❣r❛❞✉❛çã♦✱ ♣❡❧♦ ✐♥❝❡♥t✐✈♦ ❡ ♣♦r t❡r ♠❡
✐♥❞✐❝❛❞♦ ♦ Pr♦❢❡ss♦r ❈❛❜r❡r❛ ♣❛r❛ ♣r♦ss❡❣✉✐r ♠❡✉s ❡st✉❞♦s✳ ❆ t♦❞♦s ♦s ♠❡✉s ♣r♦❢❡ss♦r❡s ❞❛ ❣r❛✲
❞✉❛çã♦ ♥❛ ❯❋▼❚✱ ❡♠ ❡s♣❡❝✐❛❧ ❛♦ ❆❧❡❥❛♥❞r♦✱ ❛ ■r❛✐❞❛✱ ❛♦ ▼❛✉rí❝✐♦✱ ❛♦ ❙ér❣✐♦ ❡ ❛♦ ❍✉❧❦✱ ♣❡❧♦s
✐♥❝❡♥t✐✈♦s✳

❆♦s ♠❡✉s ❝♦❧❡❣❛s ❞❛ ❣r❛❞✉❛çã♦✱ ❆❧❡①❛♥❞r❡✱ ▼❛r❝❡❧✐❛♥♦✱ ❊✈❛♥❞r♦ ❡ ●❡♦r❣❡ ♣❡❧❛s ❛❣r❛❞á✈❡✐s
❝♦♥✈❡rs❛s s♦❜r❡ ❋ís✐❝❛✱ ♣❡❧❛ ❛♠✐③❛❞❡ ❡ ❜r✐♥❝❛❞❡✐r❛s✳

❆♦s ♠❡✉s ♣❛✐s ❈❧ó✈✐s ❡ ◆✐❧③❛ ▼❛r✐❛✱ ♣❡❧♦ ❛♠♦r✱ ✐♠❡♥s♦ ❛♣♦✐♦ ❡ ✐♥❝❡♥t✐✈♦s✳ ❆s ♠✐♥❤❛s ✐r♠ãs
▲❛✉r❛ ❡ ●✐s❡❧❡ ❡ ✐r♠ã♦ ▼❛r❝❡❧♦ ♣❡❧♦ ❝♦♠♣❛♥❤❡✐r✐s♠♦ ❡ ❛♣♦✐♦✳

❆♦ ❊❧✈✐s✱ ❊③❡q✉✐❡❧ ❡ ▲❡♦♥❛r❞♦ ♣❡❧♦ ❛♣♦✐♦ ❡ ♠♦♠❡♥t♦s ❞❡ ❞❡s❝♦♥tr❛çã♦✳ ❆♦ ♣❡ss♦❛❧ ❞❛ P❇✷✱
♣❡❧❛ ót✐♠❛ ❝♦♥✈✐✈ê♥❝✐❛ ❡ ♣❡❧♦s ❝❤✉rr❛s❝♦s✿ ❉❛♥✐❡❧✱ ❇r✉♥♦✱ ❈❛✐♦✱ ●✐♦✈❛♥♥✐✱ ❘♦❞r✐❣♦ ❡ ♦ ❏ú♥✐♦r✳

❆ ▼❛r✐❛ ■❣♥❡③ ❡ ❛♦ ❆r♠❛♥❞♦ ♣♦r ♠❡ ♦r✐❡♥t❛r q✉❛♥t♦ ❛ ♣❛rt❡ ❛❞♠✐♥✐str❛t✐✈❛✳

❆♦ ❈◆P◗ ♣❡❧♦ ❛♣♦✐♦ ✜♥❛♥❝❡✐r♦✳
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❘❡s✉♠♦

◆❡st❛ ❞✐ss❡rt❛çã♦ ❞❡ ♠❡str❛❞♦ sã♦ ❞❡s❝r✐t❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❢✉♥❞❛♠❡♥t❛✐s ❞♦s ❝♦♥❞✉t♦r❡s
♠❡s♦s❝ó♣✐❝♦s✱ ❡ ❛s ♦r✐❣❡♥s ❡ ♣r♦♣r✐❡❞❛❞❡s ❞❛s ✈ár✐❛s ❢♦♥t❡s ❞❡ r✉í❞♦ ❡♠ ❝♦♥❞✉t♦r❡s✳ Pr✐♠❡✐r❛✲
♠❡♥t❡✱ ❞❡s❝r❡✈❡♠♦s ♦ r✉í❞♦ ❝♦♠ ❞✐st✐♥t♦s ♠ét♦❞♦s ❡ ❡♥❢❛t✐③❛♠♦s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❝❛❞❛ t✐♣♦ ❞❡
r✉í❞♦✳ ❊♠ s❡❣✉✐❞❛✱ ❛♣r❡s❡♥t❛♠♦s ❛ ❛❜♦r❞❛❣❡♠ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ♣❛r❛ ❝♦♥❞✉t♦r❡s ❝♦♠
❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡✱ ❛ q✉❛❧ ♣❡r♠✐t❡✲♥♦s tr❛t❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❞❡ ❢♦r♠❛ ✉♥✐✜❝❛❞❛✳
❊st✉❞❛♠♦s ✉♠ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣❛r❛ ❞❡s❝r❡✈❡r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❞❡ ♥❛♥♦✜♦s ❡ ♥❛✲
♥♦❝♦♥t❛t♦s ❞♦s ♠❡t❛✐s ♠❛❣♥ét✐❝♦s ❞❡ tr❛♥s✐çã♦✳ ➱ ❛ss✉♠✐❞♦ q✉❡ ♦s ♦r❜✐t❛✐s ❞❡ ❝♦♥❞✉çã♦ sã♦ ❞♦
t✐♣♦ s✱ ♦ q✉❡ ♣❡r♠✐t❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ❞♦✐s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ❞❡✈✐❞♦ ❛♦ s♣✐♥✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱
❝♦♥s✐❞❡r❛♠♦s ♦s ♦r❜✐t❛✐s d ❝♦♠♦ ❢♦♥t❡s ❞❡ ♠♦♠❡♥t♦s ❞❡ ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ❧♦❝❛✐s✳ ❖ ♠♦❞❡❧♦ é
❛♣❧✐❝❛❞♦ ❛♦ ❝❛s♦ ❞❡ ♥❛♥♦❝♦♥t❛t♦s ❝♦♥st✐t✉í❞♦s ❞❡ ❞♦✐s át♦♠♦s✱ ♦s q✉❛✐s ❡stã♦ ❛❝♦♣❧❛❞♦s ❛ ❞♦✐s
❡❧❡tr♦❞♦s ♠❛❣♥ét✐❝♦s✳ ❯s❛♥❞♦ ✉♠ ♣❡q✉❡♥♦ ❝❛♠♣♦ ❡①t❡r♥♦✱ é ♣♦ssí✈❡❧ ❝♦♥tr♦❧❛r ♦s ❡st❛❞♦s ❞❡ ♣♦✲
❧❛r✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s✿ ♣❛r❛❧❡❧❛♠❡♥t❡ ❡ ❛♥t✐✲♣❛r❛❧❡❧❛♠❡♥t❡✳ ◆❡ss❡ ♥❛♥♦❝♦♥t❛t♦✱ sã♦ ❡st✉❞❛❞♦s ❛s
♣r♦♣r✐❡❞❛❞❡s ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦✱ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦✱ ❞♦ ❢❛t♦r ❞❡
❋❛♥♦ ❡ ❞❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛✳
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❆❜str❛❝t

❚❤✐s ❞✐ss❡rt❛t✐♦♥ ❞❡s❝r✐❜❡s t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❝❛r❛❝t❡r✐st✐❝s ♦❢ ♠❡s♦s❝♦♣✐❝ ❝♦♥❞✉❝t♦rs✱ ❛♥❞ t❤❡
♦r✐❣✐♥s ❛♥❞ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s♦✉r❝❡s ♦❢ ♥♦✐s❡ ✐♥ ❝♦♥❞✉❝t♦rs✳ ❋✐rst❧②✱ ✇❡ ❞❡s❝r✐❜❡ t❤❡ ♥♦✐s❡ t❤r♦✉❣❤
❞✐✛❡r❡♥t ♠❡t❤♦❞s ❛♥❞ ❡♠♣❤❛s✐③❡ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ❡❛❝❤ ❦✐♥❞ ♦❢ ♥♦✐s❡✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ♣r❡s❡♥t
t❤❡ s❝❛tt❡r✐♥❣ ❛♣♣r♦❛❝❤ ❢♦r ❝♦❤❡r❡♥t ♣❤❛s❡ ❝♦♥❞✉❝t♦rs✱ ✇❤✐❝❤ ❛❧❧♦✇s ✉s t♦ ❣❡t t❤❡ tr❛♥s♣♦rt ♣r♦✲
♣❡rt✐❡s ❢r♦♠ ❛ ✉♥✐✜❡❞ ♣✐❝t✉r❡✳ ■t ✐s st✉❞✐❡❞ ❛ ♣❛rt✐❝✉❧❛r ♠♦❞❡❧ t♦ ❞❡s❝r✐❜❡ t❤❡ tr❛♥s♣♦rt ♣r♦♣❡rt✐❡s
♦❢ ♠❛❣♥❡t✐❝ tr❛♥ss✐t✐♦♥ ♠❡t❛❧ ♥❛♥♦✇✐r❡s ❛♥❞ ♥❛♥♦❝♦♥t❛❝ts✳ ■t ✐s ❛ss✉♠❡❞ t❤❛t ❝♦♥❞✉❝t✐♦♥ ♦r❜✐t❛❧s
❛r❡ s✲❧✐❦❡✱ ✇✐t❤ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ♦♥❧② t✇♦ ❝♦♥❞✉❝t✐♦♥s ❝❤❛♥♥❡❧ ❞✉❡ t♦ s♣✐♥✳ ■♥ t✉r♥✱ d✲❧✐❦❡ ♦r❜✐t❛❧s
❛r❡ s♦✉r❝❡s ♦❢ ❧♦❝❛❧ ♠❛❣♥❡t✐❝ ♠♦♠❡♥ts✳ ❚❤❡ ♠♦❞❡❧ ✐s ❛♣♣❧✐❡❞ t♦ ❛ s✐♠♣❧❡ ♥❛♥♦❝♦♥t❛❝t ❜✉✐❧t ♦❢
t✇♦ ❛t♦♠s✱ ✇❤✐❝❤ ❛r❡ ❝♦✉♣❧❡❞ t♦ t✇♦ ♠❛❣♥❡t✐❝ ❡❧❡❝tr♦❞❡s✳ ❯s✐♥❣ s♠❛❧❧ ❡①t❡r♥❛❧ ✜❡❧❞s✱ ♦♥❡ ❝❛♥
❤❛♥❞❧❡ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ st❛t❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞s✿ ✐♥ ♣❛r❛❧❧❡❧ ♦r ❛♥t✐♣❛r❛❧❧❡❧ ❛❧✐❣♥♠❡♥t✳ ❋r♦♠ t❤❛t
♥❛♥♦❝♦♥t❛❝t✱ ✇❡ ✐♥✈❡st✐❣❛t❡ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t✱ t❤❡ ❝♦♥❞✉❝t❛♥❝❡✱ t❤❡
q✉❛♥t✉♠ s❤♦t ♥♦✐s❡✱ t❤❡ ❋❛♥♦ ❢❛❝t♦r ❛♥❞ t❤❡ ♠❛❣♥❡t♦r❡s✐st❛♥❝❡✳
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P❛r❛ ♠❡✉s ♣❛✐s ❈❧ó✈✐s ❡ ◆✐❧③❛ ▼❛r✐❛✳

✈✐✐



❙✉♠ár✐♦

❆❣r❛❞❡❝✐♠❡♥t♦s ✐✈

❘❡s✉♠♦ ✈

❆❜str❛❝t ✈✐

▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ①

▲✐st❛ ❞❡ ❋✐❣✉r❛s ①✐

▲✐st❛ ❞❡ ❚❛❜❡❧❛s ①✐✈

✶ ■♥tr♦❞✉çã♦ ✶

✷ ❋✉♥❞❛♠❡♥t♦s ✹

✷✳✶ ❚r❛♥s♣♦rt❡ ❝❧áss✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷✳✷ ❚r❛♥s♣♦rt❡ q✉â♥t✐❝♦ ❜❛❧íst✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✷✳✶ ❆ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✸ ❘✉í❞♦ ✶✹

✸✳✶ ❈♦♥❝❡✐t♦s ❜ás✐❝♦s ❞❡ ♣r♦❝❡ss♦s ❡st♦❝ást✐❝♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
✸✳✷ ❋✉♥❞❛♠❡♥t♦s ❞❡ r✉í❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✸✳✷✳✶ ▼♦✈✐♠❡♥t♦ ❇r♦✇♥✐❛♥♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✸✳✷✳✷ ❘✉í❞♦ tér♠✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✸✳✷✳✸ ❚❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲❞✐ss✐♣❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶
✸✳✷✳✹ ❘✉í❞♦ 1/f ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
✸✳✷✳✺ ❘✉í❞♦ s❤♦t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✸✳✸ ❆❜♦r❞❛❣❡♠ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✸✳✸✳✶ ❋♦r♠❛❧✐s♠♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼
✸✳✸✳✷ ❈♦♥❞✉tâ♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
✸✳✸✳✸ ❉❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞❛s ✢✉t✉❛çõ❡s ❞❛ ❝♦rr❡♥t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷
✸✳✸✳✹ ❘✉í❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸
✸✳✸✳✺ ❈❧❛ss✐✜❝❛çã♦ ❞♦ r✉í❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✈✐✐✐



❙❯▼➪❘■❖ ✐①

✹ ◆❛♥♦❝♦♥t❛t♦s ✹✵

✹✳✶ ▼♦t✐✈❛çõ❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✹✳✷ ▼♦❞❡❧♦ t❡ór✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹
✹✳✸ ❆♣❧✐❝❛çã♦✿ ❝♦♥t❛t♦ ❝♦♥st✐t✉í❞♦ ❞❡ ❞♦✐s át♦♠♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✺ ❘❡s✉❧t❛❞♦s ❡ ❉✐s❝✉ssã♦ ✺✻

✻ ❈♦♥❝❧✉sã♦ ✻✺

❆ P♦❧❛r✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s ✻✼

❇ ❈♦❡✜❝✐❡♥t❡s ✻✾

❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✼✵



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s

l ✲ ▲✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦ ❡❧ást✐❝♦
lin ✲ ▲✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦ ✐♥❡❧ást✐❝♦
L ✲ ❈♦♠♣r✐♠❡♥t♦ ❞❛ s✐st❡♠❛
Lϕ ✲ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡
h, ~ ✲ ❈♦♥st❛♥t❡ ❞❡ P❧❛♥❝❦ ❡ ~ ≡ h/2π
G0 = 2e2/h ✲ ◗✉❛♥t✉♠ ❞❡ ❝♦♥❞✉tâ♥❝✐❛
2e2/h = (12, 9kΩ)−1 = 77, 5µS ✲ ❱❛❧♦r ❞❡ G0

e2/h = (25, 8kΩ)−1 = 38, 7µS ✲ ❱❛❧♦r ❞❡ G0/2
kF ✲ ❱❡t♦r ❞❡ ♦♥❞❛ ❞❡ ❋❡r♠✐
vF ✲ ❱❡❧♦❝✐❞❛❞❡ ❞❡ ❋❡r♠✐
EF ✲ ❊♥❡r❣✐❛ ❞❡ ❋❡r♠✐
kB ✲ ❈♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥
T ✲ ❚❡♠♣❡r❛t✉r❛
T ✲ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦
S ✲ ▼❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦
S ✲ ❉❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦
MR ✲ ▼❛❣♥❡t♦r❡s✐stê♥❝✐❛
P ✲ ❈♦♥✜❣✉r❛çã♦ ♣❛r❛❧❡❧❛ ❞♦s ❡❧❡tr♦❞♦s✭→→✮
AP ✲ ❈♦♥✜❣✉r❛çã♦ ❛♥t✐✲♣❛r❛❧❡❧❛ ❞♦s ❡❧❡tr♦❞♦s✭→←✮
STM ✲ ▼✐❝r♦s❝ó♣✐♦ ❞❡ ✈❛rr❡❞✉r❛ ❞❡ ❡❢❡✐t♦ tú♥❡❧
2DEG ✲ ●ás ❞❡ ❡❧étr♦♥s ❜✐✲❞✐♠❡♥s✐♦♥❛❧
MCBJ ✲ ◗✉❡❜r❛ ♠❡❝❛♥✐❝❛♠❡♥t❡ ❝♦♥tr♦❧❛❞❛ ❞❡ ❥✉♥çõ❡s
FQHE ✲ ❊❢❡✐t♦ ❍❛❧❧ q✉â♥t✐❝♦ ❢r❛❝✐♦♥ár✐♦

①



▲✐st❛ ❞❡ ❋✐❣✉r❛s

✶✳✶ ❊s❝❛❧❛s ♠❛❝r♦s❝ó♣✐❝❛s✱ ♠❡s♦s❝ó♣✐❝❛s ❡ ♠✐❝r♦s❝ó♣✐❝❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✷✳✶ ✭❛✮ ▼❡❞✐❞❛s ❞❛ ❝♦rr❡♥t❡ ❡ ❞❛ ✈♦❧t❛❣❡♠ ❞❡ ✉♠ r❡s✐st♦r ❞❡ 23, 5kΩ✳ ❯♠❛ r❡❣r❡ssã♦
❧✐♥❡❛r ♠♦str❛ ✉♠❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ G ≈ 41, 316µS ✭r❡s✐stê♥❝✐❛ ❞❡ R ≈ 24, 204kΩ✮✳
✭❜✮ ▼❡❞✐❞❛s ❞❛ ❝♦rr❡♥t❡ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ♣❛r❛ ✉♠❛ ✈♦❧t❛❣❡♠ ❞❡ 5mV ♥❛ ♠❡s♠❛
❛♠♦str❛ ❬✻❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✷ ■❧✉str❛çã♦ ❞♦s r❡❣✐♠❡s ❞❡ tr❛♥s♣♦rt❡ ❞✐❢✉s✐✈♦ ❡ ❜❛❧íst✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽
✷✳✸ ■❧✉str❛çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞❡ ▲❛♥❞❛✉❡r✿ ✭❛✮ I é ❛ ❝♦rr❡♥t❡ ✐♥❝✐❞❡♥t❡✱ T ♦ ❝♦❡✜❝✐❡♥t❡

❞❛ tr❛♥s♠✐ssã♦ ❡ R é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦✳ ✭❜✮ µ1 ❡ µ2 sã♦ ♦s ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦✲
q✉í♠✐❝♦s ❞♦s r❡s❡r✈❛tór✐♦s ❡ µA ❡ µB sã♦ ♦s ♣♦t❡♥❝✐❛s ❞♦ ❝♦♥❞✉t♦r ✐❞❡❛❧ ❞♦s ❞♦✐s
❧❛❞♦s ❞❛ r❡❣✐ã♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✷✳✹ ❊sq✉❡♠❛ ❞❡ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ♣♦♥t✉❛❧ ❞❡ ❝♦♠♣r✐♠❡♥t♦ L✱ ❝♦♥❡❝t❛❞♦ ❛ ❞♦✐s
❣r❛♥❞❡s r❡s❡r✈❛tór✐♦s ❞❡ ❡❧étr♦♥s✳ ❖s ♣r✐♠❡✐r♦s ❝❛♥❛✐s tr❛♥s✈❡rs♦s ♣❡r♠✐t❡♠ ♣r♦✲
♣❛❣❛çã♦ ❞❡ ❡❧étr♦♥s✳ ❉❡✈✐❞♦ ❛ ❜❛✐①❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡✱ ♦s ❝❛♥❛✐s En(0) sã♦ ❜❡♠
s❡♣❛r❛❞♦s ♥❛ r❡❣✐ã♦ ❞♦ ❝♦♥t❛t♦✳ ❊♠ ❝♦♥tr❛st❡✱ ❤á ✉♠❛ ❣r❛♥❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛♥❛✐s
♥❛ r❡❣✐ã♦ ❞♦s r❡s❡r✈❛tór✐♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✺ ❈♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡ ❡♠ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ❛ ✵✱✻❑
✭●❛❆s✴❆❧●❛❆s✮✳ ❆ ❝♦♥❞✉tâ♥❝✐❛ ♠♦str❛ ♣❧❛t❡❛✉s ♠ú❧t✐♣❧♦s ✐♥t❡✐r♦s ❞❡ 2e2/h✳ ❱❡r ❬✸❪✳ ✶✸

✸✳✶ ▼é❞✐❛ t❡♠♣♦r❛❧ ❡ ♠é❞✐❛ s♦❜r❡ ✉♠ ❡♥s❡♠❜❧❡ ❞❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❛❧❡❛tór✐❛✳ ✳ ✳ ✳ ✳ ✳ ✶✻
✸✳✷ ❈✐r❝✉✐t♦ r❡s✐st♦r✲✐♥❞✉t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✸✳✸ ■❧✉str❛çõ❡s✿ ✭❛✮ ❯♠ t✉❜♦ ❞❡ r❛✐♦s ❝❛tó❞✐❝♦s✳ ❉❡✈✐❞♦ ❛ ❞✐s❝r❡t✐③❛çã♦ ❞❛ ❝❛r❣❛ ❞♦s

♣♦rt❛❞♦r❡s✱ ❛ ❝♦rr❡♥t❡ ♥ã♦ ✢✉✐ ❝♦♥t✐♥✉❛♠❡♥t❡ ❡ ❞❡ss❛ ❢♦r♠❛ ❛♣r❡s❡♥t❛ r✉í❞♦ s❤♦t✳
✭❜✮ ❙❡qüê♥❝✐❛ ❞❡ ♣✉❧s♦s ❛❧❡❛tór✐♦s ♠❡❞✐❞♦ ♥♦ â♥♦❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✸✳✹ ■❧✉str❛çã♦ ❞♦ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦ ❛❝♦♣❧❛❞♦ ❛ ❞♦✐s r❡s❡r✈❛tór✐♦s ❞❡ ❡❧étr♦♥s✱ ♥♦ ❝❛s♦
❞❡ ✉♠ ú♥✐❝♦ ❝❛♥❛❧ tr❛♥s✈❡rs♦ ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽
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✸✳✺ ✭❊✮ ■❧✉str❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ ✉♥✐❞❛❞❡s ❞❡ e2/π~ ✭❝✉r✈❛ ✶✮ ❡ ❞♦ r✉í❞♦ s❤♦t
q✉â♥t✐❝♦ ❡♠ ✉♥✐❞❛❞❡s ❞❡ e3|V |/6π~ ✭❝✉r✈❛ ✷✮ ♣❛r❛ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ♣♦♥t✉❛❧
❝♦♠ En = 4El ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡✱ ξ = (EF − V0)/El é ✉♠❛ ❡♥❡r❣✐❛
❛❞✐♠❡♥s✐♦♥❛❧✳ ◆♦t❛r ♦s ♣✐❝♦s ❞❡ r✉í❞♦ ❥✉st❛♠❡♥t❡ ❡♥tr❡ ♦s ♣❧❛t❡❛✉s ❞❡ ❝♦♥❞✉çã♦
❡ ❛ ❛✉sê♥❝✐❛ ❞❡ r✉í❞♦ ♥♦s r❡❣✐♠❡s ❞❡ ♣❧❛t❡❛✉s✳ ✭❉✮ ▼❡❞✐❞❛s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❡ ❞♦
r✉í❞♦ ❡♠ ❝♦♥t❛t♦s q✉â♥t✐❝♦s ♣♦♥t✉❛✐s ❢♦r♠❛❞♦s ❡♠ ❤❡t❡r♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s
●❛❆s✴❆❧●❛❆s ❛ ❚❂✶✱✺❑ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡ VG ♣❛r❛ ❞✐✈❡rs♦s ✈❛❧♦r❡s
❞❡ ✈♦❧t❛❣❡♠ ❞❡ ❜✐❛s✱ |VDS| = 0, 5; 1; 1, 5; 2; 3mV ✳ ◆♦ ❞❡t❛❧❤❡✱ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦
♣r✐♠❡✐r♦ ♣✐❝♦ ✭♥❛s ♠❡s♠❛ ❡s❝❛❧❛s q✉❡ ❛ ✜❣✉r❛ ♠❛✐♦r✮ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❞❡
❜✐❛s VDS = 0, 5; 1, 5; 3mV ✱ ❛ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ é ❛ ♣r❡❞✐çã♦ t❡ór✐❝❛ ❝♦♠ ❛ ❊q✳✭✸✳✽✻✮✳
◆♦t❛r q✉❡ ♥❡ss❡ ❣rá✜❝♦ ❡①♣❡r✐♠❡♥t❛❧ ❡①✐st❡ ♦✉tr♦s t✐♣♦s ❞❡ r✉í❞♦ ❝♦❡①✐st✐♥❞♦ ❝♦♠
♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♣✉r♦ ❡ ♦ ♣r✐♠❡✐r♦ ♣✐❝♦ é ❛ r❡❣✐ã♦ ♦♥❞❡ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦
é ❞♦♠✐♥❛♥t❡✳ ❱❡r ❬✶✶✱✹✻❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✸✳✻ ▼❡❞✐❞❛s ❡ ❛❥✉st❡ t❡ór✐❝♦ ♣❛r❛ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ♣♦♥t✉❛❧ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦
❡♠ ❢✉♥çã♦ ❞❛ ❝♦rr❡♥t❡✱ ❞❛❞♦ ♣❡❧❛ ❊q✳✭✸✳✾✵✮ ♥♦s ❝❛s♦s✿ ✭❊✮ s❡♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦
❛♣❧✐❝❛❞♦ ❡ ❚❂✺✼♠❑✳ ❆ tr❛♥s♠✐ssã♦ é ✵✱✸✼ ❡ ❛ ❝♦♥❝♦r❞â♥❝✐❛ é ✐♠♣r❡ss✐♦♥❛♥t❡✳ ✭❉✮
❝♦♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ♥♦ r❡❣✐♠❡ ❋◗❍❊ ❝♦♠ ♦ ❢❛t♦r ❞❡ ♣r❡❡♥❝❤✐♠❡♥t♦
ν = 1/3 ♣❛r❛ ❞♦✐s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❞✐❢❡r❡♥t❡s✳ ❆ ❧✐♥❤❛ só❧✐❞❛ é ❛ ❊q✳✭✸✳✾✵✮
❝♦♠ ✉♠❛ ❝❛r❣❛ ❞♦s ♣♦rt❛❞♦r❡s Q = e/3✳ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ é ✉♠ ❛❥✉st❡ ✉t✐❧✐③❛♥❞♦
❛ r❡❧❛çã♦ ♣❛r❛ ♦ r✉í❞♦ s❤♦t ❝❧áss✐❝♦ ❝♦♠ Q = e✳ ▼❛✐s ✉♠❛ ✈❡③ ♦❜s❡r✈❛♠♦s ❛
❡①❝❡❧❡♥t❡ ❝♦♥❝♦r❞â♥❝✐❛ ❞❛ ❊q✳✭✸✳✾✵✮ ❝♦♠ ♦ ❡①♣❡r✐♠❡♥t♦✳ ❱❡r ❬✷✷❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✸✳✼ ❈❧❛ss✐✜❝❛çã♦ ❞♦ r✉í❞♦ ❡♠ ❢✉♥çã♦ ❞❛ ❢r❡qüê♥❝✐❛✳ ❱❡r ❬✻❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✶ ■❧✉str❛çã♦ ❞❡ ✉♠ ❙❚▼✳ ❖ ❙❚▼ ✐♥✈❡st✐❣❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❞❡ ✉♠ ♠❛t❡r✐❛❧
❛tr❛✈és ❞❡ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✱ ❛ q✉❛❧ ✢✉✐ ❞❛ ♣♦♥t❛ ♠❡tá❧✐❝❛ ❞♦ ♠✐❝r♦s✲
❝ó♣✐♦ ♣❛r❛ ❛ s✉♣❡r❢í❝✐❡✳ ❆ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❡♣❡♥❞❡ s❡♥s✐✈❡❧♠❡♥t❡ ✭❡①♣♦✲
♥❡♥❝✐❛❧✮ ❞❛ ❞✐stâ♥❝✐❛ ❞❛ ♣♦♥t❛ à s✉♣❡r❢í❝✐❡❀ ✉♠❛ r❡s♦❧✉çã♦ ❞❡ ✵✱✶♥♠ é ♣♦ssí✈❡❧✳ ❆
r❡s♦❧✉çã♦ ❧❛t❡r❛❧ é ❧✐♠✐t❛❞❛ ♣❡❧❛ ❡s♣❡ss✉r❛ ❞❛ ♣♦♥t❛✱ ❛ ♣♦♥t❛ ❞❡ ✉♠ ❜♦♠ ❙❚▼ é
❢❡✐t♦ ❞❡ ❛♣❡♥❛s ✉♠ ú♥✐❝♦ át♦♠♦✱ ❞❛♥❞♦ r❡s♦❧✉çã♦ ❧❛t❡r❛❧ ❞❡ ✵✱✶♥♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✷ ■❧✉str❛çã♦ ❞❛ té❝♥✐❝❛ ❞❡ ▼❈❇❏✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷
✹✳✸ ▼❡❞✐❞❛s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ ✉♠ ♥❛♥♦✜♦ ❞❡ ❈♦ ❡♠ ✉❧tr❛✲❛❧t♦ ✈á❝✉♦ ♣❡❧❛ té❝♥✐❝❛ ❞❡

▼❈❇❏✱ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ s❡♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦✱ ♦♥❞❡✿
✭❛✮ ❝✉r✈❛s ❞♦ tr❛♥s♣♦rt❡ ❡❧❡trô♥✐❝♦ ♠♦str❛♥❞♦ ♦s ♣❧❛t❡❛✉s ❞❡ ❝♦♥❞✉tâ♥❝✐❛❀ ✭❜✮ ❤✐s✲
t♦❣r❛♠❛ ❡①✐❜✐♥❞♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡st❛tíst✐❝♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ ✉♠❛ s❡qüê♥❝✐❛
❞❡ ♥❛♥♦✜♦s ❣❡r❛❞♦s✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♦s ♣❧❛t❡❛✉s ❡♠ ✭❛✮ ❝♦✐♥❝✐❞❡♠ ❝♦♠ ♦
♣r✐♠❡✐r♦ ♣✐❝♦ ❞❡ e2/h ❡♠ ✭❜✮✳ ❉❛❞♦s ❞❡✈✐❞♦ ❛ ❘♦❞r✐❣✉❡s ❡t✳ ❛❧✳ ❬✹✸❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✹✳✹ ■❧✉str❛çã♦ ❞♦ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸
✹✳✺ ■❧✉str❛çã♦ ❞♦ ♥❛♥♦✜♦ ♠❛❣♥ét✐❝♦ ❡♥tr❡ ❞♦✐s r❡s❡r✈❛tór✐♦s RL ❡ RR ❞❛ ♠❡s♠❛ ❡s♣é❝✐❡✳ ✹✺
✹✳✻ ■❧✉str❛çã♦ ❞♦ ♥❛♥♦❝♦♥t❛t♦ ❝♦♥st✐t✉í❞♦ ❞❡ ❞♦✐s át♦♠♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✹✳✼ ■❧✉str❛çã♦ ❞♦s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ♥♦ ♥❛♥♦❝♦♥t❛t♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✺✳✶ ❈♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ T P
− ✭❊✮ ❡ T AP

− ✭❉✮ ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦
❡♠ ❢✉♥çã♦ ❞❡ η✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✺✳✷ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ T P
+ ✭❊✮ ❡ T AP

+ ✭❉✮ ❝♦♠ ♦ ❝❛♥❛❧ E+ ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦
❡♠ ❢✉♥çã♦ ❞❡ η✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼
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✺✳✸ ❈♦♥❞✉tâ♥❝✐❛ ♠♦♥♦❝❛♥❛❧ GP
− ✭❊✮ ❡ GAP

− ✭❉✮ ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦
❡♠ ❢✉♥çã♦ ❞❡ η✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✺✳✹ ❈♦♥❞✉tâ♥❝✐❛ t♦t❛❧ GP
Total ✭❊✮ ❡ GAP

Total ✭❉✮ ❝♦♠ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s ♣❛r❛
❝♦♥❞✉çã♦ ❡♠ ❢✉♥çã♦ ❞❡ η✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✺✳✺ ❘✉í❞♦ s❤♦t✱ SP
− ✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ P ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦✳ ✳ ✳ ✳ ✻✵

✺✳✻ ❘✉í❞♦ s❤♦t✱ SAP
− ✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ AP ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦✳ ✳ ✳ ✻✵

✺✳✼ ❘✉í❞♦ s❤♦t✱ SP
Total✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ P ❝♦♠ ♦s ❞♦✐s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s ♣❛r❛

❝♦♥❞✉çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶
✺✳✽ ❘✉í❞♦ s❤♦t✱ SAP

Total✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ AP ❝♦♠ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s ♣❛r❛
❝♦♥❞✉çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✺✳✾ ❋❛t♦r ❞❡ ❋❛♥♦✱ FP
− ✭❊✮ ❡ FAP

− ✭❉✮✱ ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦ ❡♠ ❢✉♥çã♦
❞❡ η ❡ λ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✺✳✶✵ ❋❛t♦r ❞❡ ❋❛♥♦✱ FP
Total ✭❊✮ ❡ F

AP
Total ✭❉✮✱ ❝♦♠ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s ♣❛r❛ ❝♦♥❞✉çã♦

❡♠ ❢✉♥çã♦ ❞❡ η ❡ λ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷
✺✳✶✶ ▼❘ ♣❛r❛ ♦ ❝❛♥❛❧ E−✱ MR−(%)✱ ❛❜❡rt♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹
✺✳✶✷ ▼❘ t♦t❛❧✱ ❝♦♠ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s✱ MRTotal(%)✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

❇✳✶ ❈♦❡✜❝✐❡♥t❡s✿ ✭❊✮ cos θP ❡ cos θAP ✱ ✭❉✮ sin θP ❡ sin θAP ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

✷✳✶ ❆❧❣✉♥s ♣❛râ♠❡tr♦s ♣❛r❛ ✷❉❊● ❡♠ ❤❡t❡r♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s ❬✸❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺
✷✳✷ ❈❧❛ss✐✜❝❛çã♦ ❞❛ ❞✐♠❡♥sã♦ ❞♦ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷✳✸ ❈❧❛ss✐✜❝❛çã♦ ❞♦s r❡❣✐♠❡s ❞❡ tr❛♥s♣♦rt❡ ❞♦ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

①✐✈



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❆ ❋ís✐❝❛ ❞❛ ▼❛tér✐❛ ❈♦♥❞❡♥s❛❞❛ é ✉♠❛ ❞❛s ár❡❛s ❞❛ ❋ís✐❝❛ ♠❛✐s r✐❝❛ ❡ ❞✐✈❡rs❛✱ ❝♦♠♦ ❝♦♠❡♥t❛
❊❞✉❛r❞♦ ❋r❛❞❦✐♥ ❡♠ ✉♠ ❝❧áss✐❝♦ ❞❛ ár❡❛✶✱ ❡♠ tr❛❞✉çã♦ ❧✐✈r❡✿ ❙❡ ❞❡✜♥✐r♠♦s ❛ ❢ís✐❝❛ ❞❛ ♠❛tér✐❛
❝♦♥❞❡♥s❛❞❛ ❝♦♠♦ s❡♥❞♦ t✉❞♦ ❛q✉✐❧♦ q✉❡ é ♣✉❜❧✐❝❛❞♦ ♥❛ s❡çã♦ ❞❡ ▼❛tér✐❛ ❈♦♥❞❡♥s❛❞❛ ❞♦s ❥♦r♥❛✐s
❞❡ ❢ís✐❝❛✱ ❝♦♥❝❧✉✐r❡♠♦s q✉❡ ❡❧❛ ✈❛✐ ❞❡s❞❡ ♣r♦❜❧❡♠❛s tí♣✐❝♦s ❞❡ ❝✐ê♥❝✐❛s ❞♦s ♠❛t❡r✐❛✐s ❛té ❞✐s❝✐♣❧✐♥❛s
q✉❡ sã♦ tã♦ ❢✉♥❞❛♠❡♥t❛✐s q✉❛♥t♦ ❢ís✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s ❡❧❡♠❡♥t❛r❡s ❡ ❝♦s♠♦❧♦❣✐❛✳

❉❡♥tr♦ ❞❡ss❡ ❣r❛♥❞❡ ✉♥✐✈❡rs♦ q✉❡ é ❛ ❢ís✐❝❛ ❞❛ ♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛✱ ❡①✐st❡ ✉♠❛ s✉❜✲ár❡❛ ❝❤❛✲
♠❛❞❛ ❋ís✐❝❛ ▼❡s♦s❝ó♣✐❝❛✷✳ ❆ ❢ís✐❝❛ ♠❡s♦s❝ó♣✐❝❛ s❡ ♦❝✉♣❛ ❝♦♠ ♦ ❡st✉❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s
♠❛t❡r✐❛✐s ♥❛ ❡s❝❛❧❛ ❞❡ t❛♠❛♥❤♦ ❡♥tr❡ ♦ ♠✉♥❞♦ ▼✐❝r♦s❝ó♣✐❝♦ ❡ ♦ ▼❛❝r♦s❝ó♣✐❝♦✳ ❖ q✉❡ s❡ ❡♥t❡♥❞❡
♣♦r ♠✐❝r♦s❝ó♣✐❝♦ é ❛ ❡s❝❛❧❛ ❞❡ t❛♠❛♥❤♦ ❞❛ ♦r❞❡♠ ❞❡ ♣♦✉❝♦s ❞✐â♠❡tr♦s ❛tô♠✐❝♦s ♦✉ ❞♦ ❝♦♠✲
♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ❞❡ ❇r♦❣❧✐❡ ✭✐✳❡✳ át♦♠♦s ❡ ♠♦❧é❝✉❧❛s✮✱ ❡st❡s ❞❛ ♦r❞❡♠ ❞❡ ♣♦✉❝❛s ❞❡③❡♥❛s ❞❡
❆♥❣str♦♥s ✭10−10♠✮✱ ♥♦t❛♥❞♦ q✉❡ ♦ ♣r❡✜①♦ ♠✐❝r♦ é ❛♣❡♥❛s ✉♠❛ ❝♦♥✈❡♥çã♦ ❤✐stór✐❝❛ ❡ ♥ã♦ s❡ r❡❢❡r❡
❛ ♠✐❧és✐♠❛ ❞❛ ♠✐❧és✐♠❛ ♣❛rt❡ ❞♦ ♠❡tr♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡✳ ❖ ♠❛❝r♦s❝ó♣✐❝♦ ✐♥❞✐❝❛♥❞♦ ❝♦♠♣r✐♠❡♥t♦s
♥❛ ❡s❝❛❧❛ ❝♦t✐❞✐❛♥❛ ♦✉ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ✭♥ú♠❡r♦ ❞❡ ❆✈♦❣❛❞r♦ ≈ 1023 ♣❛rtí❝✉❧❛s✮ q✉❡
❝♦♥st✐t✉❡♠ ♦ s✐st❡♠❛✱ ✈❡r ❋✐❣✉r❛ ✶✳✶✳

◆❛ ❡s❝❛❧❛ ♠❡s♦s❝ó♣✐❝❛ s✉r❣❡♠ ♥♦✈♦s ❡ ❝❛r❛❝t❡ríst✐❝♦s ❢❡♥ô♠❡♥♦s ❞❡ss❛ ❡s❝❛❧❛✱ q✉❡ ❛♣r❡s❡♥t❛♠
♣♦✉❝❛s ♣❛rtí❝✉❧❛s ♣❛r❛ s❡ ❛♣❧✐❝❛r ♦s ♠ét♦❞♦s ❞❛ ▼❡❝â♥✐❝❛ ❊st❛tíst✐❝❛ ❡ ♠✉✐t❛s ♣❛rtí❝✉❧❛s ♥❛ ♣❡rs✲
♣❡❝t✐✈❛ ❞❡ ✉♠❛ ♣♦ssí✈❡❧ ❞❡s❝r✐çã♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❜❛s❡❛❞❛ ♥❛ ▼❡❝â♥✐❝❛ ◗✉â♥t✐❝❛✳ ❯♠ ❞♦s ♠❛✐s
♠❛r❝❛♥t❡s✱ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ❝♦♥❞✉t♦r❡s ♠❡s♦s❝ó♣✐❝♦s✱ tr❛t❛✲s❡ ❞♦ tr❛♥s♣♦rt❡ ❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡
❢❛s❡ ❞♦s ❡❧étr♦♥s ✭❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ Lϕ✮ ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ ❝♦♠♣❛r❛❞❛ ♦✉ ♠❛✐♦r
❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ s✐st❡♠❛ ✭L✮ ♦✉ ❞♦ ❧✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦ ✐♥❡❧ást✐❝♦ ✭lin✮ ❞❡ss❡ s✐st❡♠❛✳ ➱ ❜❡♠
s❛❜✐❞♦ q✉❡ ✉♠ ❡❧étr♦♥ ❛♦ s❡ ♠♦✈❡r ❞❡♥tr♦ ❞❡ ✉♠ ❝♦♥❞✉t♦r s♦❢r❡ ❞✐✈❡rs♦s t✐♣♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦s
✭❝♦♠ ❛ r❡❞❡✱ ❝♦♠ ✐♠♣✉r❡③❛s✱ ❝♦♠ ♦✉tr♦s ❡❧étr♦♥s ❡ ❡t❝✳✮✳

◗✉❛♥❞♦ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝♦♥❞✉t♦r é ♠✉✐t♦ ♠❛✐♦r q✉❡ ♦ ❧✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦ ✭♦✉ ❛❧❣✉♠ ♦✉tr♦
❝♦♠♣r✐♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞♦ s✐st❡♠❛✱ ❝♦♠♦✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ✐♥❡❧ást✐❝♦ lin ♦✉
♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❡❧étr♦♥✲❡❧étr♦♥ le−e✮✱ ❞✐③❡♠♦s q✉❡ ❡♠ t❡r♠♦s ❞❡ tr❛♥s♣♦rt❡ ❡ss❡
❝♦♥❞✉t♦r ❡st❛ ♥♦ r❡❣✐♠❡ ❞✐❢✉s✐✈♦ ✭L >> Lϕ✮✳ ◆❡ss❡ r❡❣✐♠❡✱ ♦s ❡❧étr♦♥s s♦❢r❡♠ ✈ár✐♦s ❡✈❡♥t♦s ❞❡
❡s♣❛❧❤❛♠❡♥t♦ q✉❡ ♦ ❢❛③❡♠ ♣❡r❞❡r ❛ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ q✉❡ ♦s ❞❡s❝r❡✈❡ ❡♥tr❡ ❛
❡♥tr❛❞❛ ❡ ❛ s❛í❞❛ ❞♦ ❝♦♥❞✉t♦r✱ ❞❡ss❛ ❢♦r♠❛ ♦s ❡❧étr♦♥s ♥ã♦ ♣r❡s❡r✈❛♠ ♥❡♥❤✉♠❛ ✏♠❡♠ór✐❛✑ ❞♦s

✶❊✳ ❋r❛❞❦✐♥✱ ❋✐❡❧❞ ❚❤❡♦r✐❡s ♦❢ ❈♦♥❞❡♥s❡❞ ▼❛tt❡r ❙②st❡♠s✱ ❆❞❞✐s♦♥✲❲❡s❧❡② P✉❜❧✳ ❈♦✳✱ ✶✾✾✶✳
✷❉♦ ❣r✳ ♠és♦s ❂ ✏ ♠❡✐♦✑✳ ❚❡r♠♦ ❜❛st❛♥t❡ ❛♣r♦♣r✐❛❞♦✱ ♣r✐♠❡✐r❛♠❡♥t❡ ❝✉♥❤❛❞♦ ♣♦r ◆✳ ●✳ ✈❛♥ ❑❛♠♣❡♥ ❡♠

✶✾✽✶ ❬✶❪✳

✶



❈❆P❮❚❯▲❖ ✶✳ ■◆❚❘❖❉❯➬➹❖ ✷

s❡✉s ❡st❛❞♦s ✐♥✐❝✐❛✐s ❛♦ s❛ír❡♠ ❞♦ ❝♦♥❞✉t♦r✳ ❈♦♠ ✐ss♦✱ ♥ã♦ ♣♦❞❡✲s❡ ❡st❛❜❡❧❡❝❡r ✉♠❛ ❝♦♥❡①ã♦ ❞✐r❡t❛
❡♥tr❡ ♦s ❡st❛❞♦s ❡❧❡trô♥✐❝♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦ ❝♦♥❞✉t♦r✳

❊♥tr❡t❛♥t♦✱ ❛♦ r❡❞✉③✐r♠♦s ♦ t❛♠❛♥❤♦ ❞♦ s✐st❡♠❛ ❞❡ t❛❧ ❢♦r♠❛ ❛ ❡st❡ s❡r ❝♦♠♣❛r❛❞♦ ♦✉ ♠❡♥♦r
q✉❡ ♦ ❧✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦✱ ❣r❛ç❛s ❛♦s ❛✈❛♥ç♦s ❞❛s ❞✐✈❡rs❛s té❝♥✐❝❛s ❞❡ ♠✐❝r♦s❝♦♣✐❛ ❡ ❧✐t♦❣r❛✜❛
❡ss❡ ❧✐♠✐t❡ é ✉♠❛ r❡❛❧✐❞❛❞❡ ❛t✉❛❧♠❡♥t❡✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ❞♦ ❡❧étr♦♥ t♦r♥❛✲s❡
❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ t❛♠❛♥❤♦ ❞♦ ❝♦♥❞✉t♦r✱ ❡ ❛ss✐♠ ❞✐③✲s❡ q✉❡ ♦ tr❛♥s♣♦rt❡ é ❜❛❧íst✐❝♦ ✭Lϕ > L✮✳ ❘♦❧❢
▲❛♥❞❛✉❡r✱ ♥♦ ✜♥❛❧ ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✺✵ ❬✶✱✷✱ ✹❪✱ ❢♦✐ t❛❧✈❡③ ♦ ♣r✐♠❡✐r♦ ❛ ❞❡❢❡♥❞❡r q✉❡ ❡♠ ❝♦♥❞✉t♦r❡s
r❡❞✉③✐❞♦s ♦❝♦rr✐❛ ✉♠ tr❛♥s♣♦rt❡ ❡❧❡trô♥✐❝♦ ♦♥❞❡ ❛ ❢❛s❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡ss❡s ❡❧étr♦♥s ♥ã♦
❡r❛ ❛❧t❡r❛❞❛ ♣♦r ♣r♦❝❡ss♦s ❞❡ ❝♦❧✐sõ❡s ❡❧ást✐❝❛s✱ ♦✉ s❡❥❛✱ ❞✉r❛♥t❡ ✉♠ ❡✈❡♥t♦ ❞❡ ❝♦❧✐sã♦ ❡❧ást✐❝❛ ♦
✈❡t♦r ❞❡ ♦♥❞❛ ❡ ❛ ❡♥❡r❣✐❛ ❞♦ ❡❧étr♦♥ ❛♥t❡s ❡ ❞❡♣♦✐s ❞❛ ❝♦❧✐sã♦ ❡r❛♠ ♣r❡s❡r✈❛❞♦s ❡♠ ♠❛❣♥✐t✉❞❡✳
❈♦♠ ✐ss♦✱ ♦s ❡❧étr♦♥s ♣♦❞❡♠ ❛tr❛✈❡ss❛r t♦❞♦ ♦ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦ s❡♠ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛✱ ♦
q✉❡ ♣❡r♠✐t❡ ❛♦ ❡❧étr♦♥ ✏❧❡♠❜r❛r✑ ♦ s❡✉ ❡st❛❞♦ ❞❡ ❡♥tr❛❞❛ ❛♦ s❛✐r ❞♦ ❝♦♥❞✉t♦r✱ ❡ ❛ss✐♠ ♣♦❞❡✲
s❡ ❡st❛❜❡❧❡❝❡r ✉♠❛ ❧✐❣❛çã♦ ❡♥tr❡ ♦s ❡st❛❞♦s ❞❡ ❡♥tr❛❞❛ ❡ ♦s ❡st❛❞♦s ❞❡ s❛í❞❛ ❞♦s ❡❧étr♦♥s✳ ◆♦
tr❛♥s♣♦rt❡ ❜❛❧íst✐❝♦✱ ♦ ♣r♦❝❡ss♦ ❞❡ tr❛♥s♣♦rt❡ ❞❡✈❡ s❡r ✈✐st♦ ❝♦♠♦ ✉♠ ♣r♦❝❡ss♦ ❞❡ tr❛♥s♠✐ssã♦✱ é
✐♠♣♦rt❛♥t❡ ♥♦t❛r ❛ ❧✐❣❛çã♦ ❞❡ ❝♦♥❝❡✐t♦s✳ ❋❡♥ô♠❡♥♦s ❞❡ tr❛♥s♣♦rt❡ ❡stã♦ ❧✐❣❛❞♦s ❛♦ ❝♦♥❝❡✐t♦ ❞❡
✢✉①♦ ❞❡ ♣❛rtí❝✉❧❛s✱ ❥á ♦s ♣r♦❝❡ss♦s ❞❡ tr❛♥s♠✐ssã♦ ❡stã♦ ✐♥t✐♠❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦s ❛♦ ❝♦♥❝❡✐t♦ ❞❡
♣r♦♣❛❣❛çã♦ ❞❡ ♦♥❞❛s✳ ❉❛í s✉r❣❡ ♦ ❝❛rát❡r ♦♥❞✉❧❛tór✐♦ ❞♦ ❡❧étr♦♥✱ q✉❡ ♥ã♦ ♣♦❞❡✲s❡ ♠❛✐s ❞❡s♣r❡③❛r
♥♦ ❡st✉❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❞❡ s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s✳ ❆♦ ❝♦♥trár✐♦ ❞♦ q✉❡ é ❢❡✐t♦ ❡♠
t❡♦r✐❛s ❝❧áss✐❝❛s ❞♦ tr❛♥s♣♦rt❡ ❡❧❡trô♥✐❝♦✱ ❝♦♠♦ ❛ t❡♦r✐❛ ❞❡ ❉r✉❞❡ ❡ ❛ ❡q✉❛çã♦ ❞❡ ❇♦❧t③♠❛♥♥ ❬✷✱✸✱✺❪✳
P♦rt❛♥t♦✱ t❡♠✲s❡ ✉♠❛ ❝❧❛r❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ tr❛♥s♣♦rt❡ ❡♠ ❝♦♥❞✉t♦r❡s ❞♦ ❡st❛❞♦ só❧✐❞♦ ❡ ♣r♦♣❛❣❛çã♦
❞❡ ♦♥❞❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s ❡♠ ❣✉✐❛s ❞❡ ♦♥❞❛ ❞❛ ❊❧❡tr♦❞✐♥â♠✐❝❛ ❈❧áss✐❝❛✱ ❡ ❞❡ss❛ ❢♦r♠❛ ♣♦❞❡✲s❡
❢❛❧❛r ❡♠ ✉♠❛ ✏ó♣t✐❝❛ ❞❡ ❡❧étr♦♥s✑ ❡♠ s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s✳

❖✉tr❛ ❝❛r❛❝t❡ríst✐❝❛ ♠❛r❝❛♥t❡ ❞♦s s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s é ♦ ❢❛t♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ q✉❡ ♣❡❧❛
❜❛✐①❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❞♦ s✐st❡♠❛ s❡r ✐❣✉❛❧ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡✱ ♣♦❞❡r s❡r ❡①♣r❡ss❛ ❡♠ t❡r♠♦s ❞❡
♠ú❧t✐♣❧♦s ✐♥t❡✐r♦s ❞❡ ✉♠ ✈❛❧♦r ♠í♥✐♠♦ ✉♥✐✈❡rs❛❧✱ ✐st♦ é✱ ❛ ❝♦♥❞✉tâ♥❝✐❛ é q✉❛♥t✐③❛❞❛ ❡♠ ♠ú❧t✐♣❧♦s
❞♦ q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ G0 = 2e2/h✳ ➱ ♣♦ssí✈❡❧ t❡r ✉♠❛ ♥♦çã♦ ✐♥t✉✐t✐✈❛ ❞❡ ❝♦♠♦ s✉r❣❡ ❛
q✉❛♥t✐③❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ ✈✐st♦ q✉❡ ♦ ❝❛rát❡r ♦♥❞✉❧❛tór✐♦ ❞♦s ❡❧étr♦♥s ♦s ❢❛③❡♠ s❡ ❝♦♠♣♦rt❛r✱
❛♦ ❛tr❛✈❡ss❛r ✉♠ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦✱ ❝♦♠♦ ❛ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❛♦ s❡ ♣r♦♣❛❣❛r ❡♠ ❣✉✐❛s ❞❡
♦♥❞❛✳ ➱ ❜❡♠ ❝♦♥❤❡❝✐❞♦ q✉❡ ♦ ❝♦♥✜♥❛♠❡♥t♦ ❧❛t❡r❛❧ ✐♠♣♦st♦ ♣❡❧♦s ❣✉✐❛s ❞❡ ♦♥❞❛ ❢❛③ s✉r❣✐r ♠♦❞♦s
❞❡ ♣r♦♣❛❣❛çã♦ ❞✐s❝r❡t♦s ♣❛r❛ ❛ r❛❞✐❛çã♦✱ ❞❡ss❛ ❢♦r♠❛ é ✐♥t✉✐t✐✈♦ q✉❡ s✉r❥❛♠ ✏♠♦❞♦s✑ ✭❝❛♥❛✐s✮
❞❡ ♣r♦♣❛❣❛çã♦ ♣❛r❛ ♦s ❡❧étr♦♥s ❡♠ ✉♠ ❝♦♥❞✉t♦r ❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡✱ ♦ q✉❡ r❡♣r❡s❡♥t❛r✐❛ ❛
q✉❛♥t✐③❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✳ ◗✉❛♥t♦ ♠❛✐♦r sã♦ ❛s ❞✐♠❡♥sõ❡s ❧❛t❡r❛✐s ❞♦s ❣✉✐❛s ❞❡ ♦♥❞❛✱ ❤á
♠❛✐s ♠♦❞♦s ♣❡r♠✐t✐❞♦ ❞❡ tr❛♥s♠✐ssã♦✳ ❏á ♥♦ ❝❛s♦ ❞❡ ❝♦♥❞✉t♦r❡s ♠❡s♦s❝ó♣✐❝♦s✱ q✉❛♥t♦ ♠❛✐♦r é ❛
❡s♣❡ss✉r❛ ❞♦ ❝♦♥❞✉t♦r ♠❛✐s ❝❛♥❛✐s sã♦ ❛❜❡rt♦s✱ ❡ ❛ss✐♠ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❛✉♠❡♥t❛✳

❆ q✉❛♥t✐③❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♠♦str❛ ❛ ♥♦✈❛ ❢ís✐❝❛ ❞❛ ❡s❝❛❧❛ ♠❡s♦s❝ó♣✐❝❛✱ ♦ tr❛♥s♣♦rt❡ ❡♠
❝♦♥❞✉t♦r❡s ❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ♥ã♦ ♦❜❡❞❡❝❡ ❛ ❧❡✐ ❞❡ ❖❤♠✳ ❆ ❝♦♥❞✉tâ♥❝✐❛ ❛♣r❡s❡♥t❛ r❡❣✐♠❡s ❞❡
♣❧❛t❡❛✉s ❞❡ ❝♦♥❞✉tâ♥❝✐❛ q✉❡ ❞❡♣❡♥❞❡♠ ✉♥✐❝❛♠❡♥t❡ ❞♦ q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ ❡ ❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡
❞❡ tr❛♥s♠✐ssã♦ ❞❡ ❝❛❞❛ ❝❛♥❛❧✱ ❡ ♥ã♦ ❤á ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❧✐♥❡❛r ❝♦♠♦ é ♦❜t✐❞♦ ♣❡❧❛ ❧❡✐ ❞❡ ❖❤♠✳

❊st❛ ❞✐ss❡rt❛çã♦ ❡st❛ ♦r❣❛♥✐③❛❞❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✳ ◆♦ ❈❛♣ít✉❧♦ ✷ é ❞❡s❝r✐t♦ ❛s ♣r♦♣r✐❡❞❛❞❡s
❢✉♥❞❛♠❡♥t❛✐s ❞♦s s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s✱ ❛s ❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦s q✉❡ ❞❡✜♥❡♠ ❡ss❡s s✐st❡♠❛s✱
♦ tr❛♥s♣♦rt❡ ❝❧áss✐❝♦✱ ❛ ❞✐st✐♥çã♦ ❡♥tr❡ ❝♦♥❞✉t♦r❡s ♠❛❝r♦s❝ó♣✐❝♦s ❡ ♠❡s♦s❝ó♣✐❝♦s✱ ♦ tr❛♥s♣♦rt❡
❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡✱ ❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ❡ s✉❛ ✈❡r✐✜❝❛çã♦ ❡①♣❡r✐♠❡♥t❛❧✳ ◆♦ ❈❛♣ít✉❧♦ ✸✱
❞❡s❝r❡✈❡♠♦s ❛s ♦r✐❣❡♥s ❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ r✉í❞♦ ❡♠ s✉❛s ♠ú❧t✐♣❧❛s ❢♦r♠❛s ❡ ♦❝♦rrê♥❝✐❛✱ ❞❛✲
♠♦s ê♥❢❛s❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦✳ ◆♦ ❈❛♣ít✉❧♦ ✹ é ❡st✉❞❛❞♦ ✉♠ ♠♦❞❡❧♦ ♣❛r❛



❈❆P❮❚❯▲❖ ✶✳ ■◆❚❘❖❉❯➬➹❖ ✸

♥❛♥♦✜♦s ❡ ♥❛♥♦❝♦♥t❛t♦s ♠❛❣♥ét✐❝♦s ❛❝♦♣❧❛❞♦s ❛ r❡s❡r✈❛tór✐♦s ♣♦❧❛r✐③❛❞♦s ♠❛❣♥❡t✐❝❛♠❡♥t❡✱ ❡ ♥♦
❝❛s♦ ❞❡ ♥❛♥♦❝♦♥t❛t♦s✱ sã♦ ♦❜t✐❞❛s ❡①♣r❡ssõ❡s ♣❡rt✉r❜❛t✐✈❛♠❡♥t❡ ❛♥❛❧ít✐❝❛s ♣❛r❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡
tr❛♥s♠✐ssã♦✱ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦✱ ♦ ❢❛t♦r ❞❡ ❋❛♥♦✱ ♣❛r❛ ❛ ♣♦❧❛r✐③❛çã♦ ♣❛r❛❧❡❧❛ ❡
❛♥t✐✲♣❛r❛❧❡❧❛ ❞♦s r❡s❡r✈❛tór✐♦s✱ ❡ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ♥♦s ❝❛s♦s ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦
❛❜❡rt♦s✳ ◆♦ ❈❛♣ít✉❧♦ ✺ é ❛♣r❡s❡♥t❛❞♦ ♦s r❡s✉❧t❛❞♦s ❡ ❛s ❞✐s❝✉ssõ❡s ♣❛r❛ ✉♠ ❡①❡♠♣❧♦ ♣rát✐❝♦ ❞❡
✉♠ ♥❛♥♦❝♦♥t❛t♦ ❝♦♥st✐t✉í❞♦ ❞❡ ❞♦✐s át♦♠♦s✳ P♦r ✜♠✱ ♥♦ ❈❛♣ít✉❧♦ ✻ ❛♣r❡s❡♥t❛♠♦s ❛s ❝♦♥❝❧✉sõ❡s
❞❡st❡ tr❛❜❛❧❤♦✳

❋✐❣✉r❛ ✶✳✶✿ ❊s❝❛❧❛s ♠❛❝r♦s❝ó♣✐❝❛s✱ ♠❡s♦s❝ó♣✐❝❛s ❡ ♠✐❝r♦s❝ó♣✐❝❛s✳



❈❛♣ít✉❧♦ ✷

❋✉♥❞❛♠❡♥t♦s

❈♦♠ ♦ ❛❞✈❡♥t♦ ❡ ❛✈❛♥ç♦ ❞❛s ✈ár✐❛s té❝♥✐❝❛s ❞❡ ♠✐❝r♦s❝♦♣✐❛✱ ❞♦ ❛❧t♦ ❣r❛✉ ❞❡ ♣✉r❡③❛ ❡ ❝♦♥tr♦❧❡
❞❛s ❛♠♦str❛s ✉t✐❧✐③❛❞❛s ❡♠ ❞✐s♣♦s✐t✐✈♦s ♠✐❝r♦❡❧❡trô♥✐❝♦s ❡ ❞❛ ❝r❡s❝❡♥t❡ ❞❡♠❛♥❞❛ ♣❡❧❛ ❝♦♥str✉✲
çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❝❛❞❛ ✈❡③ ♠❡♥♦r❡s✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ ♣❛rt✐r ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✽✵✱ s✉r❣✐✉ ✉♠❛
ár❡❛ ❞❡ ♣❡sq✉✐s❛ ❝❤❛♠❛❞❛ ❋ís✐❝❛ ▼❡s♦s❝ó♣✐❝❛✳ ❊❧❛ ❧✐❞❛ ❝♦♠ ❢❡♥ô♠❡♥♦s q✉❡ ❡stã♦ ❡♥tr❡ ♦ ♠✉♥❞♦
♠❛❝r♦s❝ó♣✐❝♦ ❡ ♦ ♠✐❝r♦s❝ó♣✐❝♦✱ ❡ ♣♦ss✐❜✐❧✐t❛ ✉♠❛ ❞✐❛❧ét✐❝❛ ❡♥tr❡ ❛ ❢ís✐❝❛ ❢✉♥❞❛♠❡♥t❛❧ ❡ ❛s ❛♣❧✐✲
❝❛çõ❡s t❡❝♥♦❧ó❣✐❝❛s✳ ◗✉❡stõ❡s ❜ás✐❝❛s ❞❛ ▼❡❝â♥✐❝❛ ◗✉â♥t✐❝❛ ❡ ❞♦ ❧✐♠✐t❡ s❡♠✐✲❝❧áss✐❝♦ t❡♠ s✐❞♦
r❡s♣♦♥❞✐❞❛s✱ ❛♦ ♠❡s♠♦ t❡♠♣♦ ❡♠ q✉❡ ♥♦✈♦s ❢❡♥ô♠❡♥♦s ♣ró♣r✐♦s ❞❡ss❛ r❡❣✐ã♦ sã♦ ❞❡s❝♦❜❡rt♦s ❡
❝♦♥✜r♠❛❞♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳

❋❡♥ô♠❡♥♦s ✐♥trí♥s❡❝♦s ❞❛ ❢ís✐❝❛ ♠❡s♦s❝ó♣✐❝❛ sã♦ ❛ ❛♣❛r✐çã♦ ❞❛ ❝❛r❛❝t❡ríst✐❝❛ ♦♥❞✉❧❛tór✐❛ ❞♦s
❡❧étr♦♥s ♥❛ ❞❡s❝r✐çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡✱ ♦ tr❛♥s♣♦rt❡ ❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ❡❧❡trô♥✐❝♦
♣♦r ❞✐stâ♥❝✐❛s ❝♦♠♣❛r❛❞❛s ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ s✐st❡♠❛✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥❞✉çã♦ s❡r ✈✐st♦ ❝♦♠♦ ✉♠
♣r♦❝❡ss♦ ❞❡ tr❛♥s♠✐ssã♦✱ ❛ q✉❛♥t✐③❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ ♠ú❧t✐♣❧♦s ✐♥t❡✐r♦s ❞❡ ✉♠ ✈❛❧♦r ✉♥✐✈❡r✲
s❛❧✱ ♦ r✉í❞♦ s❤♦t s✉❜✲P♦✐ss♦♥✐❛♥♦ ❡ ♥✉❧♦ ♣❛r❛ ❝❛♥❛✐s t♦t❛❧♠❡♥t❡ tr❛♥s♣❛r❡♥t❡s✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦
♥ã♦ ❖❤♠✐❝♦✱ ❛ ✢✉t✉❛çã♦ ✉♥✐✈❡rs❛❧ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ✈✐st❛ ♥♦ r❡❣✐♠❡ ❞✐❢✉s✐✈♦✱ ♦s ♣r♦❝❡ss♦s ❞❡ ❧♦❝❛❧✐✲
③❛çã♦ ❢r❛❝❛✱ ❛s ♦s❝✐❧❛çõ❡s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♥♦ ❡❢❡✐t♦ ❆❤❛r♦♥♦✈✲❇♦❤♠✱ ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞♦s ❡st❛❞♦s
❧♦❝❛❧✐③❛❞♦s ❡ ❡st❛❞♦s ❡st❡♥❞✐❞♦s ♣❛r❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ❡st❛❞♦s ❞❛ ❜♦r❞❛ ♥♦ ❡❢❡✐t♦
❍❛❧❧ q✉â♥t✐❝♦ ✐♥t❡✐r♦✱ ❞❡♥tr❡ ♦✉tr♦s ❢❡♥ô♠❡♥♦s ❝♦♥❝❡r♥❡♥t❡s ❛ s✉♣❡r❝♦♥❞✉t♦r❡s ♠❡s♦s❝ó♣✐❝♦s✳

❊ss❡♥❝✐❛❧♠❡♥t❡ ❛♦ s❡ tr❛t❛r ❞❡ tr❛♥s♣♦rt❡ ❡♠ ♥❛♥♦❡str✉t✉r❛s é ♥❡❝❡ssár✐♦ ❢❛③❡r ✉♠ ❜❛❧❛♥ç♦
❞❛s ❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ♦ ❢❡♥ô♠❡♥♦✱ é ✐♥str✉t✐✈♦ ❝♦♥❝❡✐t✉❛r
❡ss❡s ❝♦♠♣r✐♠❡♥t♦s q✉❡ ♣❡r♠❡❛rã♦ t♦❞❛s ❛s ♥♦ss❛s ❞✐s❝✉ssõ❡s✿

❖ ❝♦♠♣r✐♠❡♥t♦ ❞♦ s✐st❡♠❛ L ♣❛r❛❧❡❧♦ ❛ ❞✐r❡çã♦ ❞❛ ❝♦rr❡♥t❡✱ ❡ ❛ ár❡❛ W ✭❝♦♠ W1,W2✱ ❡
W1⊥W2✮ tr❛♥s✈❡rs♦ ❛ ❞✐r❡çã♦ ❞❛ ❝♦rr❡♥t❡✱ ❝♦♠ L > W2 > W1 s❡♠ ♣❡r❞❛ ❞❡ ❣❡♥❡r❛❧✐❞❛❞❡✳

❖ ❧✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦ ❡❧ást✐❝♦ l = vF τ é ❛ ❞✐stâ♥❝✐❛ q✉❡ ✉♠ ❡❧étr♦♥ ♣❡r❝♦rr❡ ❧✐✈r❡♠❡♥t❡
❡♥tr❡ ❞✉❛s ❝♦❧✐sõ❡s ❡❧ást✐❝❛ ❡♠ ✉♠ ❝♦♥❞✉t♦r✱ ♦♥❞❡ vF é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ❡❧étr♦♥ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐
❡ τ = m∗µm/e é ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦✱ µm é ❛ ♠♦❜✐❧✐❞❛❞❡ ❡❧❡trô♥✐❝❛✳ ❊ ♦ ❧✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦

✐♥❡❧ást✐❝♦ lin = vF τϕ é ❛ ❞✐stâ♥❝✐❛ ♣❡r❝♦rr✐❞❛ ♣♦r ✉♠ ❡❧étr♦♥ ❡♥tr❡ ❞✉❛s ❝♦❧✐sõ❡s ✐♥❡❧ást✐❝❛s ❡♠
✉♠ ❝♦♥❞✉t♦r✱ ♦♥❞❡ τϕ é ❝❤❛♠❛❞♦ ❞❡ t❡♠♣♦ ❞❡ ❝♦❧✐sã♦ ✐♥❡❧ást✐❝♦ ♦✉ t❡♠♣♦ ❞❡ q✉❡❜r❛ ❞❡ ❢❛s❡✳ P♦r
❝♦❧✐sõ❡s ❡❧ást✐❝❛s ❡♠ ✉♠ ❝♦♥❞✉t♦r t❡♠♦s✱ ♣♦r ❡①❡♠♣❧♦✱ ❝♦❧✐sõ❡s ❡♥tr❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❡
✐♠♣✉r❡③❛s q✉❡ ♥ã♦ s♦❢r❡♠ r❡❝✉♦ ♦✉ ❝♦❧✐sõ❡s ❞♦ ❡❧étr♦♥ ❝♦♠ ❛ ❜♦r❞❛ ❞♦ ❝♦♥❞✉t♦r ♥ã♦ ❞✐ss✐♣❛t✐✈♦✳
❆♦ ♠❡s♠♦ ♣♦♥t♦ ❡♠ q✉❡ ❝♦❧✐sõ❡s ✐♥❡❧ást✐❝❛s sã♦ ❛q✉❡❧❛s ❡♥tr❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❡ ♦✉tr♦s

✹



❈❆P❮❚❯▲❖ ✷✳ ❋❯◆❉❆▼❊◆❚❖❙ ✺

P❛râ♠❡tr♦ ●❛❆s ❙✐ ❯♥✐❞❛❞❡

❉❡♥s✐❞❛❞❡ ✹✱✵ ✹✱✵ ✶✵11❝♠−2

▼♦❜✐❧✐❞❛❞❡ ✶✵5 ✶✵4 ❝♠2❱−1s−1

❚❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ✸✱✽ ✶✱✶ ✶✵−12s
❱❡t♦r ❞❡ ♦♥❞❛ ❞❡ ❋❡r♠✐ ✶✱✻ ✶✱✻ ✶✵6❝♠−1

❱❡❧♦❝✐❞❛❞❡ ❞❡ ❋❡r♠✐ ✷✱✼✻ ✵✱✾✼ ✶✵7❝♠ s−1

▲✳❝✳♠✳ ❡❧ást✐❝♦ ✶✱✵✺ ✵✱✶✵✼ ✶✵−4❝♠
▲✳❝✳♠✳ ✐♥❡❧ást✐❝♦ ✺✱✵ ✵✱✺ ✶✵−4❝♠

❚❡♠♣♦ ❞❡ q✉❡❜r❛ ❞❡ ❢❛s❡ ✶✱✽ ✵✱✺✼ ✶✵−11s
❈♦♥st❛♥t❡ ❞❡ ❞✐❢✉sã♦ ✶✱✹✺ ✵✱✺✷ ✶✵3❝♠2s−1

❈♦♠♣✳ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ✶✱✻✷ ✵✱✺✹ ✶✵−4❝♠

❚❛❜❡❧❛ ✷✳✶✿ ❆❧❣✉♥s ♣❛râ♠❡tr♦s ♣❛r❛ ✷❉❊● ❡♠ ❤❡t❡r♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s ❬✸❪✳

❡❧étr♦♥s✱ ❝♦♠ ❢♦♥♦♥s ❡ ♦✉tr❛s ❡①❝✐t❛çõ❡s ❡❧❡trô♥✐❝❛s✱ ❡ ❝♦♠ ✐♠♣✉r❡③❛s q✉❡ s♦❢r❡♠ r❡❝✉♦✳ ◗✉❛♥❞♦
❢❛❧❛r♠♦s ❡♠ ❧✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦✱ ❡st❛rá ✐♠♣❧í❝✐t♦ q✉❡ é ❛q✉❡❧❡ ❞❡✈✐❞♦ ❛ ❝♦❧✐sõ❡s ❡❧ást✐❝❛s✱ ❝❛s♦
❝♦♥trár✐♦ s❡rá ❡①♣❧✐❝✐t❛❞♦✳

❖ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ Lϕ =
√

Dτϕ é ❛ ❞✐stâ♥❝✐❛ ♣❡r❝♦rr✐❞❛ ♣♦r ✉♠ ❡❧étr♦♥
❛té ❡❧❡ ♣❡r❞❡r s✉❛ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ q✉❡ ♦ ❞❡s❝r❡✈❡✱ ♦♥❞❡ D = v2

F τ/d é ❛
❝♦♥st❛♥t❡ ❞❡ ❞✐❢✉sã♦✱ d é ❛ ❞✐♠❡♥sã♦✳ ❋✉♥❞❛♠❡♥t❛❧♠❡♥t❡ é ❡ss❡ ❝♦♠♣r✐♠❡♥t♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ♦s
♣r♦❝❡ss♦s ❞❡ tr❛♥s♣♦rt❡ ❡♠ ❝♦♥❞✉t♦r❡s ♠❡s♦s❝ó♣✐❝♦s✳ ➱ ✐♠♣♦rt❛♥t❡ ❡♥❢❛t✐③❛r q✉❡ ❛♦ s❡ ♠♦✈❡r ❞❡♥✲
tr♦ ❞❡ ✉♠ ❝♦♥❞✉t♦r ✉♠ ❡❧étr♦♥ ♣♦❞❡rá s♦❢r❡r ❡s♣❛❧❤❛♠❡♥t♦s ❡❧ást✐❝♦✱ ❡♥tr❡t❛♥t♦ t❛✐s ❡s♣❛❧❤❛♠❡♥t♦s
♥ã♦ ✐♥✢✉❡♥❝✐❛rã♦ ♥❛ ❢❛s❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❡❧❡trô♥✐❝❛✱ ✈✐st♦ q✉❡ ❤á ♣r❡s❡r✈❛çã♦ ❞❛ ❝♦♥s❡r✈❛çã♦
❞♦ ♠♦♠❡♥t♦ ❡ ❞❛ ❡♥❡r❣✐❛ ❞♦ ❡❧étr♦♥✱ ❝♦♠♦ ❢♦✐ ❡♥❢❛t✐③❛❞♦ ♣✐♦♥❡✐r❛♠❡♥t❡ ♣♦r ▲❛♥❞❛✉❡r ❬✶✕✹❪✳ ❆
❢❛s❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❡❧❡trô♥✐❝❛ s♦♠❡♥t❡ é ❞❡str✉í❞❛ ♣♦r ♣r♦❝❡ss♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦s ✐♥❡❧ást✐❝♦s✱
✐st♦ é✱ ❡❧étr♦♥✲❡❧étr♦♥✱ ❡❧étr♦♥✲❢♦♥♦♥ ❡ ❡t❝✳

❍á ♦✉tr♦s ❝♦♠♣r✐♠❡♥t♦s q✉❡ ❝✐t❛r❡♠♦s ❡ ❝✉❥♦s ❝♦♥❝❡✐t♦s ❥á sã♦ ❜❡♠ ❝❧❛r♦s✱ ❝♦♠♦ ♦ ❝♦♠♣r✐♠❡♥t♦
❞❡ ♦♥❞❛ ❞❡ ❞❡ ❇r♦❣❧✐❡ λdB ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ❋❡r♠✐ λF = h/pF = 2π/kF ✱ ❡♠ s✐st❡♠❛s
♠❡s♦s❝ó♣✐❝♦s ❛ ❝♦♥❞✉çã♦ é ❞♦♠✐♥❛❞❛ ♣♦r ❡❧étr♦♥s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱ ❡♠ ♠❡t❛✐s λF é t✐♣✐❝❛♠❡♥t❡
❞❛ ♦r❞❡♠ ❞❡ ❛❧❣✉♥s ❞✐â♠❡tr♦s ❛tô♠✐❝♦s ❡ ❡♠ s❡♠✐❝♦♥❞✉t♦r❡s é ❞❛ ♦r❞❡♠ ❞❡ ✶✵✲✶✵✵♥♠✳ P❛r❛
t❡r♠♦s ✉♠❛ ♥♦çã♦ ❞❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛s ❞❡ss❡s ❝♦♠♣r✐♠❡♥t♦s ❡♠ s✐st❡♠❛s r❡❛✐s✱ ❛♣r❡s❡♥t❛♠♦s
♥❛ ❚❛❜❡❧❛ ✷✳✶ ❛❧❣✉♥s ✈❛❧♦r❡s ♣❛r❛ ❣❛s❡s ❞❡ ❡❧étr♦♥s ❜✐✲❞✐♠❡♥s✐♦♥❛✐s ✭✷❉❊●✮ ❢♦r♠❛❞♦s ♥❛ ✐♥t❡r❢❛❝❡
❞❡ ❤❡t❡r♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s ❞❡ ●❛❆s✴❆❧●❛❆s ❡ ❙✐✴❙✐❖2✳

P♦❞❡♠♦s✱ t❛♠❜é♠✱ ❝❧❛ss✐✜❝❛r ❛ ❞✐♠❡♥sã♦ ❞♦ ❝♦♥❞✉t♦r ❛tr❛✈és ❞❡ss❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ❛❝♦r❞♦
❝♦♠ ❛ ❚❛❜❡❧❛ ✷✳✷✳ ◆❡st❛ ❞✐ss❡rt❛çã♦✱ ♦ ❝❛s♦ ✶❉ é ♦ ♠❛✐s r❡❧❡✈❛♥t❡✱ ♣r✐♠❡✐r❛♠❡♥t❡ ❛♦ ❡①♣❧✐❝❛r♠♦s
❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ❝♦♥❞✉t♦r❡s ♠❡s♦s❝ó♣✐❝♦s ❛tr❛✈és ❞♦s ❝♦♥t❛t♦s q✉â♥t✐❝♦s ♣♦♥t✉❛✐s ❢♦r♠❛❞♦s
❡♠ ❤❡t❡r♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s ❞❡ ●❛❆s✴❆❧●❛❆s✱ ❡ ♣♦st❡r✐♦r♠❡♥t❡ ❛♦ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❞❡st❛
❞✐ss❡rt❛çã♦ ❝♦♥❝❡r♥❡♥t❡ ❛ ♥❛♥♦❝♦♥t❛t♦s ♠❡tá❧✐❝♦s ♠❛❣♥ét✐❝♦s✳

❖ r❡❣✐♠❡ ❞❡ tr❛♥s♣♦rt❡✱ ❛✐♥❞❛✱ ♣♦❞❡ s❡r ❞✐s❝✉t✐❞♦ ❡♠ r❡❧❛çã♦ ❛ ❝♦♠♣❛r❛çã♦ ❞❡ss❡s ❝♦♠♣r✐✲
♠❡♥t♦s✱ ❚❛❜❡❧❛ ✷✳✸✳ ◆♦s r❡❣✐♠❡s ❞✐ss✐♣❛t✐✈♦ ❡ ❞✐❢✉s✐✈♦✱ ♦ tr❛♥s♣♦rt❡ é ❞♦♠✐♥❛❞♦ ♣♦r ♣r♦❝❡ss♦s ❞❡
❡s♣❛❧❤❛♠❡♥t♦s s✐♠✐❧❛r❡s ❛♦ ❝❛s♦ ❝❧áss✐❝♦✳ ❏á ♥♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦✱ t♦❞❛s ❛s ❞✐♠❡♥sõ❡s ❞♦ ❝♦♥❞✉t♦r
sã♦ ♠❡♥♦r❡s q✉❡ ♦s ❝♦♠♣r✐♠❡♥t♦s ❝❛r❛❝t❡ríst✐❝♦s ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦✱ ♦ q✉❡ t♦r♥❛ r❛r♦ ♦s



❈❆P❮❚❯▲❖ ✷✳ ❋❯◆❉❆▼❊◆❚❖❙ ✻

❉✐♠❡♥sã♦ ❈♦♥❞✐çã♦

❯♠❛ ✭✶❉✮ W1,W2 < λF < L
❉✉❛s ✭✷❉✮ λF ≈ W1 << W2, L
❚rês ✭✸❉✮ λF << W1,W2, L

❚❛❜❡❧❛ ✷✳✷✿ ❈❧❛ss✐✜❝❛çã♦ ❞❛ ❞✐♠❡♥sã♦ ❞♦ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦✳

❘❡❣✐♠❡ ❈♦♥❞✐çã♦

❇❛❧íst✐❝♦ W1,W2, L < Lϕ, l
❉✐❢✉s✐✈♦ l << W1,W2, L

❉✐ss✐♣❛t✐✈♦ Lϕ << W1,W2, L

❚❛❜❡❧❛ ✷✳✸✿ ❈❧❛ss✐✜❝❛çã♦ ❞♦s r❡❣✐♠❡s ❞❡ tr❛♥s♣♦rt❡ ❞♦ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦✳

♣r♦❝❡ss♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ✭♠❡s♠♦ q✉❡ ❤❛❥❛✱ t❛✐s ❝♦❧✐sõ❡s s❡rã♦ ❡❧ást✐❝❛s ❡ ❞❡ss❛ ❢♦r♠❛ ❤á ❝♦♥s❡r✲
✈❛çã♦ ❞♦ ♠♦♠❡♥t♦ ❡ ❞❛ ❡♥❡r❣✐❛✮ ❡ ❞❡ss❛ ❢♦r♠❛ ♦s ❡❧étr♦♥s ✢✉❡♠ ❛tr❛✈és ❞♦ ❝♦♥❞✉t♦r s❡♠ ❛❧t❡r❛r
s❡✉ ♠♦♠❡♥t♦ t♦t❛❧ ❡ ❛ ❡♥❡r❣✐❛ t♦t❛❧✱ ♦✉ s❡❥❛✱ s❡♠ ♣❡r❞❡r ❛ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡✳

✷✳✶ ❚r❛♥s♣♦rt❡ ❝❧áss✐❝♦

❆ ✜♠ ❞♦ r❡❣✐♠❡ ❞❡ tr❛♥s♣♦rt❡ q✉â♥t✐❝♦ s❡r ❛♣r❡❝✐❛❞♦ ❞❡✈✐❞❛♠❡♥t❡✱ é ✐♥str✉t✐✈♦ ✐♥✐❝✐❛r ♣❡❧♦
❝❛s♦ ❝❧áss✐❝♦✳ Pr♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ sã♦ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❛ ♦❜s❡r✈❛çã♦ ❞❛ r❡s♣♦st❛ ❞♦
s✐st❡♠❛ ❛ ✉♠ ❡stí♠✉❧♦ ❡①t❡r♥♦✳ ❖ tr❛♥s♣♦rt❡ tér♠✐❝♦ s♦♥❞❛ ♦ tr❛♥s♣♦rt❡ ❞❡ ❝❛❧♦r✱ ♦ tr❛♥s♣♦rt❡
❡❧❡trô♥✐❝♦ s♦♥❞❛ ❛ ❝♦♥❞✉çã♦ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ♣❡❧♦ ♠❛t❡r✐❛❧✳ ◆❛ ♠❛✐♦r✐❛ ❞♦s ❝❛s♦s✱ ❛ r❡❧❛çã♦
❡♥tr❡ ♦ ❡stí♠✉❧♦ ❡ ❛ r❡s♣♦st❛ é ❝♦♥s✐❞❡r❛❞❛ s❡♥❞♦ ❧✐♥❡❛r ❡ ❛ r❛③ã♦ ❡♥tr❡ ❡ss❛s ❞✉❛s q✉❛♥t✐❞❛❞❡s
✭❡stí♠✉❧♦✴r❡s♣♦st❛✮ ❞á ✐♥❢♦r♠❛çõ❡s ❞♦ s✐st❡♠❛✳

▼❛t❡r✐❛✐s ♠❡tá❧✐❝♦s ♠❛❝r♦s❝ó♣✐❝♦s ❛♣r❡s❡♥t❛♠ ✉♠❛ r❡❧❛çã♦ ❧✐♥❡❛r ❡♥tr❡ ❛ ❝♦rr❡♥t❡ ❡ ❛ ✈♦❧t❛❣❡♠✱
❛ ❧❡✐ ❞❡ ❖❤♠✳ ◆❛ q✉❛❧ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ V ❡ ❛ ❝♦rr❡♥t❡ I é ❛ r❡s✐stê♥❝✐❛ R✳ ❆
r❡s✐stê♥❝✐❛ ❞❡♣❡♥❞❡ ❞❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ σ ✭r❡s✐st✐✈✐❞❛❞❡ ρ✱ ❝♦♠ σ = ρ−1✮ ✐♥trí♥s❡❝❛ ❞♦ ♠❛t❡r✐❛❧ ❡ ❞❛
❣❡♦♠❡tr✐❛ ❞♦ ❝♦♥❞✉t♦r ✭❝♦♠♣r✐♠❡♥t♦ L ❡ ❡s♣❡ss✉r❛ W ✮✱ I = (W/L)σV ✳ ❆ ♦r✐❣❡♠ ❞❛ r❡s✐stê♥❝✐❛
♥❡ss❡s ♠❡t❛✐s é ❞❡✈✐❞♦ ❛ ♣r♦❝❡ss♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ✐♥❡❧ást✐❝♦s ✭❞❡❢❡✐t♦s✱ ✐♠♣✉r❡③❛s✱ t❡♠♣❡r❛t✉r❛✮✳

❘❡s✐stê♥❝✐❛ é ✉♠ ♦❜s❡r✈á✈❡❧ ❡st❛tíst✐❝♦ ♠❛❝r♦s❝ó♣✐❝♦ ✈✐st♦ q✉❡ ♠✉✐t♦s ❡❧étr♦♥s ❡stã♦ ❡♥✈♦❧✈✐❞♦s
♥♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥❞✉çã♦✳ ▼❛✐s ♣r❡❝✐s❛♠❡♥t❡✱ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❡st❛tíst✐❝♦✱ ❛ r❡s✐stê♥❝✐❛ é ✉♠
✈❛❧♦r ♠é❞✐♦ ♦✉ ♠é❞✐❛ ❞❛ r❛③ã♦ ❡♥tr❡ ❛s ♠❡❞✐❞❛s ❞❛ ❝♦rr❡♥t❡ ❡ ❞❛ ✈♦❧t❛❣❡♠✳ ■♥tr✐♥s❡❝❛♠❡♥t❡
❤❛✈❡rá ✢✉t✉❛çõ❡s ❛♦ r❡❞♦r ❞♦ ✈❛❧♦r ♠é❞✐♦ ❞❛ r❡s✐stê♥❝✐❛ ♠❡❞✐❞❛ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦✱ ✉s✉❛❧♠❡♥t❡
❝❤❛♠❛❞❛s ❞❡ r✉í❞♦ ❡♠ ❡❧❡trô♥✐❝❛✳ ◆❛ ❋✐❣✉r❛ ✷✳✶✭❛✮ é ♠♦str❛❞♦ ✉♠❛ ♠❡❞✐❞❛ tí♣✐❝❛ ❞❡ ✉♠ r❡s✐st♦r
♠❛❝r♦s❝ó♣✐❝♦✱ ✉♠❛ r❡❧❛çã♦ ❧✐♥❡❛r ❡♥tr❡ ❛ ❝♦rr❡♥t❡ ❡ ❛ ✈♦❧t❛❣❡♠ é ♦❜s❡r✈❛❞❛✱ ❝♦♠♦ ❡s♣❡r❛❞♦✳ ❆s
✢✉t✉❛çõ❡s ❞❛ ❝♦rr❡♥t❡ ❞❡♣❡♥❞❡♥t❡s ❞♦ t❡♠♣♦✱ ♥♦ ♠❡s♠♦ r❡s✐st♦r é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✭❜✮✱
❝♦♠ ✉♠❛ ✈♦❧t❛❣❡♠ ✜①❛ ❞❡ V = 5mV ✳ ❊ss❛s ✢✉t✉❛çõ❡s ♦✉ r✉í❞♦ ❝♦rr❡s♣♦♥❞❡♠ ❛ ✈❛r✐â♥❝✐❛ ❞♦
✈❛❧♦r ♠é❞✐♦ ❡♠ ❡st❛tíst✐❝❛✳ ❆ ♣r✐♠❡✐r❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ss❡ r✉í❞♦ é ❧✐♠✐t❛r ❛ ♣r❡❝✐sã♦ ❞❛s ♠❡❞✐❞❛s
❢❡✐t❛s✱ ❡♠ s❡❣✉♥❞♦ ❡ss❡ r✉í❞♦ ✐♥trí♥s❡❝♦ ♣❡r♠✐t❡ ♦❜t❡r ✐♥❢♦r♠❛çõ❡s ❞❛ ❞✐♥â♠✐❝❛ ❞♦ tr❛♥s♣♦rt❡ ❞♦s
♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛✳

❊♠ ✉♠ ❝♦♥❞✉t♦r ♠❛❝r♦s❝ó♣✐❝♦ ✭L,W >> l, Lϕ✮ ❝♦♠ ✉♠❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ✐♠♣✉r❡③❛s ❜❛st❛♥t❡
❞✐❧✉í❞❛ ❡ ❞✐str✐❜✉í❞❛ ❛❧❡❛t♦r✐❛♠❡♥t❡ ♣❡❧♦ ✈♦❧✉♠❡✱ ❛ ❝✐♥ét✐❝❛ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ é ❞❛❞❛ ♣❡❧❛
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❋✐❣✉r❛ ✷✳✶✿ ✭❛✮ ▼❡❞✐❞❛s ❞❛ ❝♦rr❡♥t❡ ❡ ❞❛ ✈♦❧t❛❣❡♠ ❞❡ ✉♠ r❡s✐st♦r ❞❡ 23, 5kΩ✳ ❯♠❛ r❡❣r❡ssã♦
❧✐♥❡❛r ♠♦str❛ ✉♠❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ G ≈ 41, 316µS ✭r❡s✐stê♥❝✐❛ ❞❡ R ≈ 24, 204kΩ✮✳ ✭❜✮ ▼❡❞✐❞❛s ❞❛
❝♦rr❡♥t❡ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ♣❛r❛ ✉♠❛ ✈♦❧t❛❣❡♠ ❞❡ 5mV ♥❛ ♠❡s♠❛ ❛♠♦str❛ ❬✻❪✳

❡q✉❛çã♦ ❞❡ tr❛♥s♣♦rt❡ ❞❡ ❇♦❧t③♠❛♥♥ ✭❣❡r❛❧♠❡♥t❡ ✉♠❛ ❡q✉❛çã♦ ✐♥t❡❣r♦✲❞✐❢❡r❡♥❝✐❛❧✮✿

∂f

∂t
+ ✈ ·

∂f

∂r
+ ❋ ·

1

~

∂f

∂❦
=

(

∂f

∂t

)

coliso

♦♥❞❡✱ ♥❡ss❛ ❡q✉❛çã♦ ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ f = f(r,♣, t) ❞❡ ✉♠❛ ❝❛r❣❛ ❡♠ r❡❧❛çã♦ ❛♦ ✢✉①♦ ❞❡
❝❛r❣❛s✱ r é ❛ ♣♦s✐çã♦✱ ♣ é ♦ ♠♦♠❡♥t♦ ❡ t ♦ t❡♠♣♦✳ ❖ t❡r♠♦ ❞❛ ❞✐r❡✐t❛ s❡ r❡❢❡r❡ ❛♦s ♣r♦❝❡ss♦s ❞❡
❝♦❧✐sõ❡s ❝♦♠ ✐♠♣✉r❡③❛s✱ ❝♦♠ ❛❧❣✉♠❛s ❛♣r♦①✐♠❛çõ❡s ✭t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❡♥❡r❣✐❛✱
❡ ❞♦ ❡❧étr♦♥ ❧✐✈r❡ ❡ ✐♥❞❡♣❡♥❞❡♥t❡✮ s♦❜r❡ ❡ss❛ ❡q✉❛çã♦ ✭t❡r♠♦ ❞❡ ❝♦❧✐sã♦✮ é ♣♦ssí✈❡❧ r❡❝♦♥st✐t✉✐r ❛
t❡♦r✐❛ ❞❡ ❉r✉❞❡ ♣❛r❛ ❝♦♥❞✉t✐✈✐❞❛❞❡✱ σ = ne2τ/m∗ ✭n ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛✱ τ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦
❡ m∗ ♠❛ss❛ ❡❢❡t✐✈❛ ❡❧❡trô♥✐❝❛✮✱ ✈á❧✐❞❛ q✉❛♥❞♦ λF << l ❬✺❪✳

❯♠❛ ❛♣r♦①✐♠❛çã♦ ♠❛✐s ♣rát✐❝❛ é ❝♦♥s✐❞❡r❛r ❛♣❡♥❛s ❛ r❡s♣♦st❛ ❧✐♥❡❛r ❞♦ s✐st❡♠❛ ❛ ✉♠ ❡stí♠✉❧♦
❡①t❡r♥♦✳ ❊ss❡ t✐♣♦ ❞❡ ❛♣r♦①✐♠❛çã♦ é ✉♠❛ ❣r❛♥❞❡ s✐♠♣❧✐✜❝❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ♠ét♦❞♦ ❝✐♥ét✐❝♦
❞❡ ❇♦❧t③♠❛♥♥✱ ✈✐st♦ q✉❡ ❛ r❡s♣♦st❛ ❧✐♥❡❛r ❢♦r♥❡❝❡ ❛♣❡♥❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡q✉✐❧í❜r✐♦ ✭♦✉ ❜❡♠
♣ró①✐♠♦ ❛ ❡❧❡✮ ❞♦ s✐st❡♠❛ ✭♦ ❝♦♥trár✐♦ ❡♠ q✉❡ ♦ s✐st❡♠❛ ♣♦❞❡ ❡st❛r ❢♦r❛ ❞♦ ❡q✉✐❧í❜r✐♦ ♣❡❧♦ ♠ét♦❞♦
❝✐♥ét✐❝♦✮✳ ❆ t❡♦r✐❛ ❞❛ r❡s♣♦st❛ ❧✐♥❡❛r ❛ss✉♠❡ q✉❡ ♦ ❡stí♠✉❧♦ ❡①t❡r♥♦ é ♣❡q✉❡♥♦ ❞❡ t❛❧ ❢♦r♠❛ ❛
s❡r ♣♦ssí✈❡❧ tr❛tá✲❧♦ ❝♦♠♦ ♣❡rt✉r❜❛çã♦ ✭❡①♣❛♥sã♦ ❡♠ sér✐❡s ❞❡ ❚❛②❧♦r✮✳ ❊ss❛ sér✐❡ é ❝♦♥s✐❞❡r❛❞❛
❝♦♥✈❡r❣❡♥t❡ r❛♣✐❞❛♠❡♥t❡ ❛♣ós ♦ ♣r✐♠❡✐r♦ t❡r♠♦✱ ❞❡ss❛ ❢♦r♠❛ ❝♦♥s✐❞❡r❛r ❛♣❡♥❛s ♦ ♣r✐♠❡✐r♦ t❡r♠♦ é
s✉✜❝✐❡♥t❡✳ ❆ r❡s♣♦st❛ ❧✐♥❡❛r é ✉♠❛ q✉❛♥t✐❞❛❞❡ ♠❡♥s✉rá✈❡❧ ✭✈❛❧♦r r❡❛❧✮ ❡ ❡st❛ r❡❧❛❝✐♦♥❛❞❛ ❛s ❢✉♥çõ❡s
❞❡ ❝♦rr❡❧❛çã♦ ❞♦ s✐st❡♠❛✱ ❛ss✐♠✱ s✐st❡♠❛s ❢♦r❛ ❞♦ ❡q✉✐❧í❜r✐♦ ♣♦❞❡♠ s❡r❡♠ tr❛t❛❞♦s ❝♦♠♦ ✢✉t✉❛çõ❡s
❞♦ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦✳ P♦r ✐ss♦✱ é ❡ss❡♥❝✐❛❧ ❡♥t❡♥❞❡r ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ ❡♠ ❡q✉✐❧í❜r✐♦ ♣❛r❛
♣♦❞❡r ♣r❡❞✐③❡r ❛s ♣r♦♣r✐❡❞❛❞❡s ❢♦r❛ ❞♦ ❡q✉✐❧í❜r✐♦ ❬✶✵❪✳

❙✉♣♦♥❞♦ ✉♠ s✐st❡♠❛ ✐s♦❧❛❞♦✱ ❝✉❥♦ ❍❛♠✐❧t♦♥✐❛♥♦ é ❡s❝r✐t♦ H0✱ s❡ ✉♠ ♣❡q✉❡♥♦ ❞✐stúr❜✐♦ ❞❡♣❡♥✲
❞❡♥t❡ ❞♦ t❡♠♣♦ A · F (t) é ❛♣❧✐❝❛❞♦ ❛♦ s✐st❡♠❛ ♥♦ ✐♥st❛♥t❡ t0✱ ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ♣❡rt✉r❜❛❞♦ H ❡♠
✉♠ t❡♠♣♦ ♣♦st❡r✐♦r t s❡rá✱

H = H0 + A · F (t) ✭✷✳✶✮

♦♥❞❡ A é ✉♠❛ q✉❛♥t✐❞❛❞❡ ✐♥t❡r♥❛ ❝♦♥❥✉❣❛❞❛ ❛ F (t)✳ ❆ t❡♦r✐❛ ❞❛ r❡s♣♦st❛ ❧✐♥❡❛r ❞✐③ q✉❡ ❛ ♠é❞✐❛
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❞❡ A ♥♦ ❡st❛❞♦ ❞❡ ♥ã♦✲❡q✉✐❧í❜r✐♦ 〈A(t)〉 é ❞❛❞♦ ♣♦r✱

〈A(t)〉 = 〈A(t)〉0 +

∫ t

−∞

dt′R(t, t′)F (t′) +O(F (t)2) ✭✷✳✷✮

♦♥❞❡ 〈.〉0 é ❛ ♠é❞✐❛ s♦❜r❡ ❡♥s❡♠❜❧❡s ❞❡ ❡q✉✐❧í❜r✐♦✱ R(t, t′) é ❛ r❡s♣♦st❛ ❧✐♥❡❛r q✉❡ r❡❧❛❝✐♦♥❛ ❞♦✐s
t❡♠♣♦s t ❡ t′✱ t′ é ♦ t❡♠♣♦ ❡♠ q✉❡ ❛ ♣❡rt✉r❜❛çã♦ ❡①t❡r♥❛ ❛t✉❛ s♦❜r❡ ♦ s✐st❡♠❛ ❡ t é ♦ t❡♠♣♦ ❞❡
♠❡❞✐❞❛✳ ❖s ❧✐♠✐t❡s ❞❡ ✐♥t❡❣r❛çã♦ r❡s♣❡✐t❛♠ ♦ ♣r✐♥❝í♣✐♦ ❞❡ ❝❛✉s❛❧✐❞❛❞❡✳ ❯♠ ❡①❡♠♣❧♦ s✐♠♣❧❡s ❞❡
❢✉♥çã♦ r❡s♣♦st❛ é ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ♥♦ ❡q✉✐❧í❜r✐♦✳ ❆ ❝♦♥❞✉t✐✈✐❞❛❞❡ σ ❞❡ ✉♠ s✐st❡♠❛ ✶❉ s✉❥❡✐t♦ ❛
✉♠❛ ✈♦❧t❛❣❡♠ ❝♦♥st❛♥t❡ V ❡♠ t = 0 é ♦❜t✐❞❛ ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡
jx(t) ❡♠ t❡♠♣♦s ❞✐st✐♥t♦s✱

σ =
V

kBT

∫ ∞

0

dt〈jx(0)jx(t)〉0 ✭✷✳✸✮

❡ss❛ ❡①♣r❡ssã♦ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❋ór♠✉❧❛ ❞❡ ●r❡❡♥✲❑✉❜♦ ❬✶✱✶✵❪✳

✷✳✷ ❚r❛♥s♣♦rt❡ q✉â♥t✐❝♦ ❜❛❧íst✐❝♦

❈♦♥❞✉t♦r❡s ♠❡s♦s❝ó♣✐❝♦s ❛♣r❡s❡♥t❛♠ ❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❧✐♠✐t❛❞❛s ❡♥tr❡ ♦ ❝♦♠♣r✐♠❡♥t♦
❞❡ ♦♥❞❛ ❞❡ ❞❡ ❇r♦❣❧✐❡ ❞♦ ❡❧étr♦♥ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦s ✈ár✐♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦s q✉❡
❞❡str♦❡♠ ❛ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ❡❧❡trô♥✐❝❛✳ ◆♦ ❝❛s♦ ♠❛✐s s✐♠♣❧❡s✱ é ♣♦ssí✈❡❧ ❛ss✉♠✐r q✉❡ ♦s ❡❧étr♦♥s
♠♦✈❡♠✲s❡ s❡♠ s♦❢r❡r❡♠ ❡s♣❛❧❤❛♠❡♥t♦s ✭♣♦r ✐♠♣✉r❡③❛s✱ ❢ô♥♦♥s ♦✉ ♦✉tr♦s ❡❧étr♦♥s✮✳ ❊ss❡ r❡❣✐♠❡
❞❡ tr❛♥s♣♦rt❡ é ❝❤❛♠❛❞♦ ❜❛❧íst✐❝♦✱ ✈❡r ❚❛❜❡❧❛ ✷✳✸✳ ❖ ♣✐♦♥❡✐r♦ ❡♠ ❡st✉❞❛r ❡ss❡ r❡❣✐♠❡ ❢♦✐ ❘✳
▲❛♥❞❛✉❡r ❬✹❪✱ ♥❛ ✐♥t❡r♣r❡t❛çã♦ ❞❡❧❡✱ ♦s ❡❧étr♦♥s sã♦ ❝❛r❛❝t❡r✐③❛❞♦s ♣♦r s✉❛s r❡s♣❡❝t✐✈❛s ❢✉♥çõ❡s
❞❡ ♦♥❞❛ ❡ ❛ r❡❣✐ã♦ ❞♦ ❝♦♥❞✉t♦r é ❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❡ r❡✢❡①ã♦✱ ♦✉
s❡❥❛✱ ♦ ❝♦♥❞✉t♦r é ✈✐st♦ ❝♦♠♦ ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ✭♣♦t❡♥❝✐❛❧ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✮ ♣❡❧❛ q✉❛❧
♦s ❡❧étr♦♥s ❛♦ t❡♥t❛r ❛tr❛✈❡ssá✲❧♦ s♦❢r❡rã♦ t✉♥❡❧❛♠❡♥t♦✳ ❈♦♠ ❡ss❛ ✐♥t❡r♣r❡t❛çã♦✱ ♦ ♣r♦❝❡ss♦ ❞❡
❝♦♥❞✉çã♦ ❡❧❡trô♥✐❝❛ ♥♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦ ❞❡✈❡ s❡r ✈✐st♦ ❝♦♠♦ ✉♠ ♣r♦❝❡ss♦ ❞❡ tr❛♥s♠✐ssã♦ ❞❛s
❢✉♥çõ❡s ❞❡ ♦♥❞❛ q✉❡ ❝❛r❛❝t❡r✐③❛♠ ♦s ❡❧étr♦♥s✱ ♦ q✉❡ ❥á é ✉♠ ❝❧❛r❛ ❞✐st✐♥çã♦ ❞♦ ❝❛s♦ ❝❧áss✐❝♦✳ ❖s
❞♦✐s r❡❣✐♠❡ sã♦ ✐❧✉str❛❞♦s ♥❛ ❋✐❣✉r❛ ✷✳✷✳

❋✐❣✉r❛ ✷✳✷✿ ■❧✉str❛çã♦ ❞♦s r❡❣✐♠❡s ❞❡ tr❛♥s♣♦rt❡ ❞✐❢✉s✐✈♦ ❡ ❜❛❧íst✐❝♦✳
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✷✳✷✳✶ ❆ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r

❆ ❢♦r♠✉❧❛çã♦ ❞❡ ▲❛♥❞❛✉❡r ♣❛r❛ ❝♦♥❞✉t♦r❡s r❡❞✉③✐❞♦s r❡❧❛❝✐♦♥❛ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❝♦♠ ❛s ♣r♦♣r✐✲
❡❞❛❞❡s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ s♦❢r✐❞❛s ♣❡❧♦s ❡❧étr♦♥s ❛♦ ✢✉✐r ❞❡♥tr♦ ❞♦ ❝♦♥❞✉t♦r✳ ❆ ❜❛✐①❛ ❞✐♠❡♥s✐♦✲
♥❛❧✐❞❛❞❡ ❞♦ ❝♦♥❞✉t♦r t♦r♥❛ ❛ ❝❛r❛❝t❡ríst✐❝❛ ♦♥❞✉❧❛tór✐❛ ❞♦s ❡❧étr♦♥s ❡✈✐❞❡♥t❡✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦
♣r♦❝❡ss♦ ❞❡ ❝♦♥❞✉çã♦ ❞♦s ❡❧étr♦♥s s❡❥❛ ♠❡❧❤♦r r❡♣r❡s❡♥t❛❞♦ ✭♦✉ ✈✐st♦ ❝♦♠♦✮ ♣♦r ✉♠ ♣r♦❝❡ss♦ ❞❡
tr❛♥s♠✐ssã♦ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ q✉❡ ❞❡s❝r❡✈❡ ❡ss❡s ❡❧étr♦♥s✳ ❙♦♠❡♥t❡ ♣♦r ✐ss♦✱ ❛ ❝♦♥❞✉çã♦ s❡r ✈✐st❛
❝♦♠♦ ✉♠ ♣r♦❝❡ss♦ ❞❡ tr❛♥s♠✐ssã♦✱ ❥á ♦❜tê♠✲s❡ ✉♠❛ ❞✐st✐♥çã♦ ❞❛ ❞❡s❝r✐çã♦ ❝❧áss✐❝❛ ❞❛ ❝♦♥❞✉çã♦✱
♦♥❞❡ ♦s ❡❧étr♦♥s sã♦ ✈✐st♦s ❝♦♠♦ ♣❛rtí❝✉❧❛s q✉❡ s♦❢r❡♠ ❝♦❧✐sõ❡s ❛❧❡❛tór✐❛s ♥✉♠ s✉❜str❛t♦ ❞❡ í♦♥s
✐♠ó✈❡✐s✳ ◆♦ r❡❣✐♠❡ ♠❡s♦s❝ó♣✐❝♦ ❛s ❝♦♥s✐❞❡r❛çõ❡s s♦❜r❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ s❡r❡♠ ❧✐✈r❡s ❡
✐♥❞❡♣❡♥❞❡♥t❡s✱ ❛ss✐♠ ❝♦♠♦ ♥❛ ❞❡s❝r✐çã♦ ❝❧áss✐❝❛ ❞❛ ❝♦♥❞✉çã♦✱ ❛✐♥❞❛ ❡stã♦ ❡♠ ✈♦❣❛✱ ♠❛s ♦ ❝❛rát❡r
♦♥❞✉❧❛tór✐♦ ❞♦s ❡❧étr♦♥s ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ✐♥t❡r❛çã♦ ✐♥trí♥s❡❝❛ ❞❡✈✐❞♦ ❛ ❡st❛tíst✐❝❛ ❢❡r♠✐ô♥✐❝❛ ✭❛♥t✐✲
s✐♠❡tr✐❛ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡❝♦rr❡♥t❡ ❞❛ tr♦❝❛ ❞❡ ❞✉❛s ♣❛rtí❝✉❧❛s ❢❡r♠✐ô♥✐❝❛s✮✳ ❊ss❛ ✐♥t❡r❛çã♦
❞❡✈✐❞♦ ❛ ❡st❛tíst✐❝❛ ❢❛③ s✉r❣✐r ❢❡♥ô♠❡♥♦s ♥♦✈♦s✱ ♣ró♣r✐♦s ❞♦ r❡❣✐♠❡ ♠❡s♦s❝ó♣✐❝♦✱ ❝♦♠♦ ❛ ❝♦♥❞✉✲
tâ♥❝✐❛ s❡r ♠ú❧t✐♣❧♦s ✐♥t❡✐r♦s ❞❡ ✉♠ ✈❛❧♦r ✉♥✐✈❡rs❛❧ ✭q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉tâ♥❝✐❛✮✱ ❛ ❝♦♥❞✉tâ♥❝✐❛ s❡r
✈✐st❛ ❝♦♠♦ tr❛♥s♠✐ssã♦✱ ♦ r✉í❞♦ s❤♦t ♥✉❧♦ ♣❛r❛ ❝❛♥❛✐s ❝♦♠♣❧❡t❛♠❡♥t❡ tr❛♥s♣❛r❡♥t❡s ✭❝♦♠♦ ♠♦s✲
tr❛r❡♠♦s ♥♦ ❈❛♣ít✉❧♦ ✸✮ ❡ ♦✉tr♦s✳ ❚♦❞❛ ❡ss❛ ❣❛♠❛ ❞❡ ♥♦✈♦s ❢❡♥ô♠❡♥♦s ❞❡✈❡✲s❡ ❡♠ ❣r❛♥❞❡ ♣❛rt❡
❛♦ tr❛❜❛❧❤♦ ♣✐♦♥❡✐r♦ ❞❡ ▲❛♥❞❛✉❡r✳

◆❡st❛ s❡çã♦✱ ❞❡♠♦str❛r❡♠♦s ❞❡ ❢♦r♠❛ ✐♥t✉✐t✐✈❛ ❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ❬✶✱✸✱✹❪ ♥♦ ❝❛s♦ ❡①tr❡♠♦
❞❡ ✉♠ ❝♦♥❞✉t♦r ✶❉ ❝♦♠ ✉♠ ú♥✐❝♦ ❝❛♥❛❧ ❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦✱ ❡♠ s❡❣✉✐❞❛ ❛♣r❡s❡♥t❛♠♦s ❛ ❝♦♥✲
❞✉tâ♥❝✐❛ ♣❛r❛ ♦ ❝❛s♦ ♠✉❧t✐❝❛♥❛❧ ✭❛♣r❡s❡♥t❛r❡♠♦s ✉♠❛ ❞❡♠♦str❛çã♦ ♠❛✐s r✐❣♦r♦s❛ ♥♦ ❈❛♣ít✉❧♦ ✸
❛tr❛✈és ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✮✳ ❍á t❛♠❜é♠ ❞✐✈❡rs❛s ♦✉tr❛s ❢♦r♠❛s ❞❡ ♦❜t❡r ❛ ❢ór♠✉❧❛ ❞❡
▲❛♥❞❛✉❡r✱ ❝♦♠♦ ♣❡❧❛ ♠❛tr✐③ ❞❡ tr❛♥s❢❡rê♥❝✐❛✱ ♣❡❧❛ t❡♦r✐❛ ❞❛ r❡s♣♦st❛ ❧✐♥❡❛r ❡ ♣♦r ❢✉♥çõ❡s ❞❡ ●r❡❡♥
❞❡ ♥ã♦✲❡q✉✐❧í❜r✐♦ ❬✷❪✳

❯♠ ❝♦♥❞✉t♦r ❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ♣❡r♠✐t❡ ❛♦s ❡❧étr♦♥s ✢✉✐r ❡♠ s❡✉ ✐♥t❡r✐♦r ♣♦r ✉♠❛ ❧♦♥❣❛
❞✐stâ♥❝✐❛ ❝♦♠ ❛ ♠❡s♠❛ ❢❛s❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❡❧❡trô♥✐❝❛✳ ◆♦ ❝❛s♦ ❡①tr❡♠♦ ❞❡ ✉♠ ❝♦♥❞✉t♦r
✉♥✐❞✐♠❡♥s✐♦♥❛❧✱ ♦♥❞❡ s❡ t❡♠ ❛♣❡♥❛s ✉♠ ❝❛♥❛❧ ♦❝✉♣❛❞♦✱ ❧✐❣❛❞♦ ❛ ❞♦✐s r❡s❡r✈❛tór✐♦s ❝❛r❛❝t❡r✐③❛❞♦s
♣❡❧♦s ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦✲q✉í♠✐❝♦s µ1 ❡ µ2 ✭µ1 > µ2✮✱ ✈❡r ❋✐❣✉r❛ ✷✳✸✳ ❖s ♣r♦❝❡ss♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦
♥♦ ❝♦♥❞✉t♦r s❡rã♦ r❡♣r❡s❡♥t❛❞♦s ♣♦r ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ ❞♦✐s ✜♦s ✉♥✐❞✐♠❡♥s✐♦♥❛✐s
✐❞❡❛✐s✱ q✉❡ ♣♦r s✉❛ ✈❡③ ❡stã♦ ❝♦♥❡❝t❛❞♦s ❛♦s ❞♦✐s r❡s❡r✈❛tór✐♦s✳ ❆ ❝♦rr❡♥t❡ ✢✉✐♥❞♦ ❞♦ r❡s❡r✈❛tór✐♦
✶ ♣❛r❛ ♦ r❡s❡r✈❛tór✐♦ ✷ é ❞❛❞❛ ♣❡❧❛ ✐♥t❡❣r❛❧ s♦❜r❡ ♦ ✢✉①♦ ❞❡ ❡❧étr♦♥s q✉❡ s❛❡♠ ❞♦ r❡s❡r✈❛tór✐♦ ✶
❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ k ❡ ❡♥tr❛♠ ♥♦ ❝♦♥❞✉t♦r✱ ♠❡♥♦s ♦ ✢✉①♦ ❞❡ ❡❧étr♦♥s ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ k′ ✈✐♥❞♦s
❞♦ r❡s❡r✈❛tór✐♦ ✷ ♣❛r❛ ♦ ❝♦♥❞✉t♦r✿

I = 2e

[∫ +∞

0

dk

2π
v(k)f1(k)T (E)−

∫ +∞

0

dk′

2π
v(k′)f2(k

′)T (E ′)

]

✭✷✳✹✮

♦♥❞❡ ♦ ❢❛t♦r ✷ é ❞❡✈✐❞♦ ❛ ❞❡❣❡♥❡r❡s❝ê♥❝✐❛ ❞❡ s♣✐♥ ❞♦ ❝❛♥❛❧✱ v(k) é ❛ ✈❡❧♦❝✐❞❛❞❡✱ T é ♦ ❝♦❡✜❝✐❡♥t❡
❞❡ tr❛♥s♠✐ssã♦✱ f1(k) ❡ f2(k

′) sã♦ ❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ ❢❡r♠✐ô♥✐❝❛s ❝❛r❛❝t❡r✐③❛❞❛s ♣♦r µ1 ❡
µ2✳ ❖s ❧✐♠✐t❡s ❞❡ ✐♥t❡❣r❛çã♦ r❡s♣❡✐t❛♠ ❛ ♥♦ss❛ ❝♦♥s✐❞❡r❛çã♦ ❞♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦ ✭r❡s❡r✈❛tór✐♦ ✶→
r❡s❡r✈❛tór✐♦ ✷✮✳ ❆ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✱ ❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ s❡rã♦ ✉♥✐tár✐❛s ❡ ♦ ✈❛❧♦r ❞❡ k
t❡rá ❧✐♠✐t❡ s✉♣❡r✐♦r ❞❛❞♦ ♣❡❧❛ ❡♥❡r❣✐❛ µ✳ ❋❛③❡♥❞♦ ❛ tr♦❝❛ ❞❡ ✈❛r✐á✈❡✐s ❞❡ ✐♥t❡❣r❛çã♦ ♣❛r❛ ❛ ❡♥❡r❣✐❛
❛tr❛✈és ❞❛ r❡❧❛çã♦✱ dE = ~v(k)dk✱ t❡♠♦s✿

I =
2e

2π

[∫ µ1

0

dE

(

dk

dE

)

v(k)T (E)−

∫ µ2

0

dE

(

dk′

dE

)

v(k′)T (E)

]
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❋✐❣✉r❛ ✷✳✸✿ ■❧✉str❛çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞❡ ▲❛♥❞❛✉❡r✿ ✭❛✮ I é ❛ ❝♦rr❡♥t❡ ✐♥❝✐❞❡♥t❡✱ T ♦ ❝♦❡✜❝✐❡♥t❡
❞❛ tr❛♥s♠✐ssã♦ ❡ R é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦✳ ✭❜✮ µ1 ❡ µ2 sã♦ ♦s ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦✲q✉í♠✐❝♦s ❞♦s
r❡s❡r✈❛tór✐♦s ❡ µA ❡ µB sã♦ ♦s ♣♦t❡♥❝✐❛s ❞♦ ❝♦♥❞✉t♦r ✐❞❡❛❧ ❞♦s ❞♦✐s ❧❛❞♦s ❞❛ r❡❣✐ã♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✳

❡

I =
2e

2π~

∫ µ1

µ2

dET (E) ✭✷✳✺✮

❉❡ss❛ ❢♦r♠❛✱ é ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❛ ❝♦rr❡♥t❡ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❋❡r♠✐ ❡ ❞❛
❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s✳ ❙❡ ❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ é ❜❛✐①❛✱ ♣♦❞❡✲s❡ ❝♦♥s✐❞❡r❛r q✉❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡
tr❛♥s♠✐ssã♦ s❡rá ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❡♥❡r❣✐❛✱ ❛ss✐♠✿

I =
2e

h
(µ1 − µ2)T ✭✷✳✻✮

❆ ♣❛ss❛❣❡♠ ❞♦s ❡❧étr♦♥s ♣❡❧♦ ❝♦♥❞✉t♦r ❞❛rá ✉♠❛ ❝❛r❣❛ ❡s♣❛❝✐❛❧ ❛♦ ❝♦♥❞✉t♦r✱ q✉❡ ♣♦r s✉❛
✈❡③ ✐rá ❛❧t❡r❛r ❧♦❝❛❧♠❡♥t❡ ♦s ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦✲q✉í♠✐❝♦s ♥❛ r❡❣✐ã♦ ❞❡ ❝♦♥t❛t♦ ❡♥tr❡ ♦ ❝♦♥❞✉t♦r ❡ ♦s
❡❧❡tr♦❞♦s✳ ❆ss✐♠✱ ♦s ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦✲q✉í♠✐❝♦s ❡❢❡t✐✈♦s ♣♦❞❡♠ s❡r ❡s❝r✐t♦ µA ❡ µB✱ ❝♦♠ ❛ ❞✐❢❡r❡♥ç❛
❞❡ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s ❞❛❞❛ ♣♦r eV = µA − µB✱ ♦ q✉❛❧ s❡rá ♠❡♥♦r ❞♦ q✉❡ ❛ ✈♦❧t❛❣❡♠
q✉❛♥❞♦ ♦s ❡st❛❞♦s ❞♦ ❝♦♥❞✉t♦r ♥ã♦ ❡stã♦ ♦❝✉♣❛❞♦s µ1−µ2✳ ❊ss❛ ❞✐❢❡r❡♥ç❛ é ❝❤❛♠❛❞❛ ❞❡ ✈♦❧t❛❣❡♠
❞❡ ❝♦♥t❛t♦✳ ❆❣♦r❛ é ♥❡❝❡ssár✐♦ ♣r♦❝✉r❛r ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛s ❡♥❡r❣✐❛s µA − µB ❡ µ1 − µ2✳ P❛r❛
❢❛③❡r ✐ss♦✱ é t♦♠❛❞♦ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛ ❞♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞♦ ❝♦♥❞✉t♦r✿

na =
2

2π

∫ +∞

−∞

dkfa(E) =
2

2π

∫ +∞

0

dk[(2− T )f1(E) + T f2(E)]

♦♥❞❡ fa(E) é ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ♣ró①✐♠❛ ❞♦ ❡q✉✐❧í❜r✐♦ ♥♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞♦ ❝♦♥❞✉t♦r✳ ❆ ✐♥t❡✲
❣r❛çã♦ ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦s ✢✉①♦s ❞❡ ❡❧étr♦♥s ✈✐♥❞♦s ❞❛ ❡sq✉❡r❞❛ ❡ ❞❛ ❞✐r❡✐t❛✱ ❡ ❛ ❝♦♥s❡r✈❛çã♦
❞❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ T +R = 1 é ✉t✐❧✐③❛❞❛✳
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❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♣♦❞❡♠♦s ❡s❝r❡✈❡r ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞♦ ❝♦♥❞✉t♦r✿

nb =
2

2π

∫ +∞

−∞

dkfb(E) =
2

2π

∫ +∞

0

dk[(2− T )f2(E) + T f1(E)]

❈♦♥s✐❞❡r❛♥❞♦ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✱ ❛ ❞✐❢❡r❡♥ç❛ ♥❛ ❞❡♥s✐❞❛❞❡ ∆n = na−nb é ❢❛❝✐❧♠❡♥t❡ ♦❜t✐❞❛✿

∆n = 2

∫ µA

µB

dE

(

dk

dE

)

=

∫ µ1

µ2

dE

(

dk

dE

)

[2− T ]−

∫ µ1

µ2

dE

(

dk

dE

)

T

❙❡ ♦s ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦✲q✉í♠✐❝♦s ❡stã♦ ♣ró①✐♠♦s ❛♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦
♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❡♥❡r❣✐❛ ✭❞❡ ❢❛t♦ ❢❛③❡♠♦s T (E) = T (EF )✮✱ ❜❡♠ ❝♦♠♦ ♦
✐♥✈❡rs♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ dk/dE✳ P♦rt❛♥t♦✿

2

∫ µA

µB

dE

(

1

~v

)

= (2− T )

∫ µ1

µ2

dE

(

1

~v

)

− T

∫ µ1

µ2

dE

(

1

~v

)

µA − µB = (1− T )(µ1 − µ2) ✭✷✳✼✮

❈♦♠♦✱ eV = µA − µB = (1− T )(µ1 − µ2) ❡ G = I/V ✿

G =
2e2

h

T

1− T
✭✷✳✽✮

❊ss❛ é ❛ ❢ór♠✉❧❛ ♦r✐❣✐♥❛❧♠❡♥t❡ ❞❡❞✉③✐❞❛ ♣♦r ▲❛♥❞❛✉❡r ❬✸✱✹❪ ♣❛r❛ ♦ ❝❛s♦ ♠♦♥♦❝❛♥❛❧✳ ◆♦ ❡♥t❛♥t♦✱
❞❡✈❡✲s❡ ❛ ▲❛♥❞❛✉❡r ❡ ❇✉tt✐❦❡r ❬✸❪ ❛ ❝♦rr❡t❛ ❧✐❣❛çã♦ ❞❡ss❡ r❡s✉❧t❛❞♦ ❡ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❖
♣♦♥t♦ ❝❤❛✈❡ ❡stá ♥♦ ❛rr❛♥❥♦ ❞♦s t❡r♠✐♥❛✐s ❞❡ ♠❡❞✐❞❛s✱ s❡ ❛s ♠❡❞✐❞❛s ❞❡ ✈♦❧t❛❣❡♠ sã♦ ❢❡✐t❛s ❞❡
❢♦r♠❛ ♥ã♦ ✐♥✈❛s✐✈❛✱ ♦✉ s❡❥❛✱ s❡ ❛ ✈♦❧t❛❣❡♠ é ♠❡❞✐❞❛ ♥♦ ♣❛r ❞❡ t❡r♠✐♥❛✐s ♣❛r❛❧❡❧♦s àq✉❡❧❡ q✉❡
❡st❛♠♦s ✉s❛♥❞♦ ♣❛r❛ ✐♥❥❡t❛r ❝♦rr❡♥t❡ ✭❝♦♥✜❣✉r❛çã♦ ❞❡ ✹ t❡r♠✐♥❛✐s✮ ❛ r❡❧❛çã♦ ♣❛r❛ ❝♦♥❞✉tâ♥❝✐❛
G = 2e2/h× T /(1− T ) é ❛ ❝♦rr❡t❛✳ ❊♥tr❡t❛♥t♦✱ ❛♦ ♠❡❞✐r♠♦s ❛ ✈♦❧t❛❣❡♠ ♥♦s ♠❡s♠♦s ♣❛r❡s q✉❡
❡st❛♠♦s ✐♥s❡r✐♥❞♦ ❝♦rr❡♥t❡✱ ❛ r❡s✐stê♥❝✐❛ ❞❡ ❝♦♥t❛t♦ ❞❡✈❡ s❡r ❧❡✈❛❞❛ ❡♠ ❝♦♥t❛ ❡ t❡♠✲s❡ eV = µ1−µ2✱
❝♦♠✿

G =
2e2

h
T ✭✷✳✾✮

❊ss❛ ú❧t✐♠❛ é ❛ r❡❧❛çã♦ ❝♦♠✉♠❡♥t❡ ❡♥❝♦♥tr❛❞❛ ♥❛ ❧✐t❡r❛t✉r❛ ❝♦♠♦ ❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ❬✶✕✸❪✳
❖ s✐❣♥✐✜❝❛❞♦ ❞❡ss❛ ❢ór♠✉❧❛ é q✉❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ é ✉♠ ✈❛❧♦r ❝♦♥st❛♥t❡ q✉❡ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❡
❝♦♥st❛♥t❡s ❢✉♥❞❛♠❡♥t❛✐s ✭G0 = 2e2/h = (12, 9kΩ)−1 = 77, 5µS✮ ♠✉❧t✐♣❧✐❝❛❞❛s ♣♦r ✉♠ ❝♦❡✜❝✐❡♥t❡
q✉â♥t✐❝♦✳ ❊❧❛ é ✐♥❞❡♣❡♥❞❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡✱ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❡ ♥❡♥❤✉♠ t❡♠♣♦ ❝❛r❛❝t❡ríst✐❝♦
❝♦♠♦ ♥♦ ❝❛s♦ ❝❧áss✐❝♦✳

◆♦ ❝❛s♦ ❞❡ ❞♦✐s t❡r♠✐♥❛✐s ❝♦♠ ♠ú❧t✐♣❧♦s ❝❛♥❛✐s ❛❜❡rt♦s✱ s❡♠ ❛ tr♦❝❛ ❞❡ ❝❛r❣❛s ❡♥tr❡ ❡ss❡s
❝❛♥❛✐s✱ ❛ ❝♦♥❞✉tâ♥❝✐❛ t♦t❛❧ é ❞❛❞❛ ♣❡❧❛ s♦♠❛ ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❞❡ ❝❛❞❛ ❝❛♥❛❧ ❛❜❡rt♦
♠✉❧t✐♣❧✐❝❛❞♦ ♣❡❧♦ q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ ✭❝♦♠ ❞❡❣❡♥❡r❡s❝ê♥❝✐❛ ❞❡ s♣✐♥✮✿

G =
2e2

h

∑

i

Ti ✭✷✳✶✵✮

❆ ❞❡♠♦str❛çã♦ ❞❡ss❛ ❢ór♠✉❧❛ s❡rá ❢❡✐t❛ ♥♦ ❈❛♣ít✉❧♦ ✸✱ ❛♦ ❞❡❞✉③✐r♠♦s ❛s ❡①♣r❡ssõ❡s ♣❛r❛ ♦ r✉í❞♦
❛tr❛✈és ❞❛ ❛❜♦r❞❛❣❡♠ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✱ q✉❡ ✈❡r❡♠♦s s❡r ❜❛st❛♥t❡ ♣♦❞❡r♦s❛ ❡ ✐♥t✉✐t✐✈❛✳
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❊♥tr❡t❛♥t♦✱ q✉❛♥❞♦ ♦ ❝♦♥❞✉t♦r é ❝♦♠♣❧❡t❛♠❡♥t❡ tr❛♥s♣❛r❡♥t❡ ♣❛r❛ ♦s ❝❛♥❛✐s ❛❜❛✐①♦ ❞❛ ❡♥❡r❣✐❛
❞❡ ❋❡r♠✐✱ t❡♠♦s Ti = 1 ♣❛r❛ t♦❞♦s ♦s ❝❛♥❛✐s✱ ♦✉ s❡❥❛✱ ♦ s♦♠❛tór✐♦ ♣♦❞❡ s❡r s✉❜st✐t✉í❞♦ ♣♦r N⊥✱
♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❝❛♥❛✐s ❞✐s❝r❡t♦s ❛❜❡rt♦s ✭❛❜❛✐①♦ ❞♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✮ tr❛♥s✈❡rs♦s ❛♦ ❝♦♥❞✉t♦r✳
❆ss✐♠✱

G =
2e2

h
N⊥ ✭✷✳✶✶✮

❋✐❣✉r❛ ✷✳✹✿ ❊sq✉❡♠❛ ❞❡ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ♣♦♥t✉❛❧ ❞❡ ❝♦♠♣r✐♠❡♥t♦ L✱ ❝♦♥❡❝t❛❞♦ ❛ ❞♦✐s ❣r❛♥✲
❞❡s r❡s❡r✈❛tór✐♦s ❞❡ ❡❧étr♦♥s✳ ❖s ♣r✐♠❡✐r♦s ❝❛♥❛✐s tr❛♥s✈❡rs♦s ♣❡r♠✐t❡♠ ♣r♦♣❛❣❛çã♦ ❞❡ ❡❧étr♦♥s✳
❉❡✈✐❞♦ ❛ ❜❛✐①❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡✱ ♦s ❝❛♥❛✐s En(0) sã♦ ❜❡♠ s❡♣❛r❛❞♦s ♥❛ r❡❣✐ã♦ ❞♦ ❝♦♥t❛t♦✳ ❊♠
❝♦♥tr❛st❡✱ ❤á ✉♠❛ ❣r❛♥❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛♥❛✐s ♥❛ r❡❣✐ã♦ ❞♦s r❡s❡r✈❛tór✐♦s✳

❆ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r t❡♠ s✐❞♦ ✈❡r✐✜❝❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♣r✐♠❡✐r❛♠❡♥t❡ ❡♠ ✷❉❊● ❝♦♠
❛❧t❛ ♠♦❜✐❧✐❞❛❞❡ ❢♦r♠❛❞♦ ♣♦r ❡♣✐t❛①✐❛ ♥❛ ✐♥t❡r❢❛❝❡ ❞❡ ❤❡t❡r♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s ❞❡ ●❛❆s ❡
❆❧●❛❆s ❞♦♣❛❞♦ ✈❡r ❚❛❜❡❧❛ ✷✳✶✱ q✉❛♥❞♦ ✉♠❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡ é ❛♣❧✐❝❛❞❛ ♣❛r❛ ❝r✐❛r ✉♠ ❝♦♥t❛t♦
q✉â♥t✐❝♦ ♣♦♥t✉❛❧ ❝✉❥❛ ❡s♣❡ss✉r❛ W ♣❡r♠✐t❡ ❛❝❡ss❛r ♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦ ❋✐❣✉r❛ ✷✳✹✳ ❊ss❡ ❝♦♥✜♥❛✲
♠❡♥t♦ ❧❛t❡r❛❧✱ ❡ss❡♥❝✐❛❧♠❡♥t❡ ❢♦r♠❛ ✜♦s ✜♥♦s ♦ s✉✜❝✐❡♥t❡ ✭❞❛ ❡s❝❛❧❛ λdB✮ ♣❛r❛ q✉❡ ❛s ❢✉♥çõ❡s ❞❡
♦♥❞❛ ❞♦s ❡❧étr♦♥s ❞❡✈❛♠ s❡r q✉❛♥t✐③❛❞❛s ♥❛ ❞✐♠❡♥sã♦ tr❛♥s✈❡rs❛✱ ❣❡r❛♥❞♦ ❛✉t♦✲✈❛❧♦r❡s ❞❡ ❡♥❡r✲
❣✐❛ ❞✐s❝r❡t♦s ✭❝❛♥❛✐s✮ En✱ ❝♦♠ n = 1, 2, ...✳ ❈❛❞❛ ❝❛♥❛❧ é ❝♦♥s✐❞❡r❛❞♦ ✉♠ ✏✜♦✑ ✶❉ ♣❡❧♦s q✉❛✐s
✉♠ ❡❧étr♦♥ ✢✉✐ ❝♦♠ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ✭❧♦♥❣✐t✉❞✐♥❛❧✮ El = ~

2k2
z/2m✳ ❆ss✐♠✱ t❡♠♦s ❛ ❡♥❡r❣✐❛ t♦t❛❧

En(k) = En + El✳ ❖s r❡s❡r✈❛tór✐♦s✱ ❣❡r❛❧♠❡♥t❡ ♠❛❝r♦s❝ó♣✐❝♦s✱ sã♦ ❛s ú♥✐❝❛s ❢♦♥t❡s ❡ s♦r✈❡❞♦✉r♦
❞❡ ❡❧étr♦♥s ❡ ❞❛ ❡♥❡r❣✐❛ ❞✐ss✐♣❛❞❛ q✉❛♥❞♦ ✉♠ ❡❧étr♦♥ ❛tr❛✈❡ss❛ ♦ ❝♦♥t❛t♦✳ ◆❡ss❡s r❡s❡r✈❛tór✐♦s✱ ❤á
♠♦❞♦s tr❛♥s✈❡rs♦s✱ ♥♦ ❡♥t❛♥t♦ ♣♦r s❡r❡♠ ♠❛❝r♦s❝ó♣✐❝♦s✱ ❡ss❡s ♠♦❞♦s ❡stã♦ ♠✉✐t♦ ♠❛✐s ♣ró①✐♠♦s
❡♥tr❡ s✐ ❡ ❤á ✉♠ ♥ú♠❡r♦ ♠❛✐♦r ❞❡ ♠♦❞♦s ❞♦ q✉❡ ♥❛ r❡❣✐ã♦ ❞❡ ❝♦♥t❛t♦✳ ❚♦❞♦s ♦s ♠♦❞♦s ♥♦s r❡✲
s❡r✈❛tór✐♦s sã♦ ❛ss✉♠✐❞♦s s❡r❡♠ ✐❣✉❛❧♠❡♥t❡ ♣♦♣✉❧❛❞♦s ❝♦♠ ❡❧étr♦♥s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❞✐str✐❜✉✐çã♦
❞❡ ❋❡r♠✐✲❉✐r❛❝ ❝♦♠ ✉♠ ♣♦t❡♥❝✐❛❧ ❡❧❡tr♦✲q✉í♠✐❝♦ µ✳ ■ss♦ ✐♠♣❧✐❝❛ q✉❡ ♣❛r❛ ✉♠❛ ❞❛❞❛ ❡♥❡r❣✐❛ ✭❞❡
❋❡r♠✐✮ ❛❜❛✐①♦ ❞❡ µ✱ t♦❞♦s ♦s ♠♦❞♦s tê♠ ❡①❛t❛♠❡♥t❡ ♦ ♠❡s♠♦ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s✱ ♦ q✉❛❧ é ✉♥✐tár✐♦
❞❡✈✐❞♦ ❛♦ ♣r✐♥❝í♣✐♦ ❞❡ ❡①❝❧✉sã♦ ❞❡ P❛✉❧✐ ✭♦✉ ❞♦✐s s❡ ❛ ❞❡❣❡♥❡r❡s❝ê♥❝✐❛ ❞❡ s♣✐♥ é ✐♥❝❧✉í❞❛✮✳
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❋✐❣✉r❛ ✷✳✺✿ ❈♦♥❞✉tâ♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡ ❡♠ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ❛ ✵✱✻❑
✭●❛❆s✴❆❧●❛❆s✮✳ ❆ ❝♦♥❞✉tâ♥❝✐❛ ♠♦str❛ ♣❧❛t❡❛✉s ♠ú❧t✐♣❧♦s ✐♥t❡✐r♦s ❞❡ 2e2/h✳ ❱❡r ❬✸❪✳

❙❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐ é ♠❡♥♦r q✉❡ E1✱ ✈❡r ❋✐❣✉r❛ ✷✳✹✱ ❡♥tã♦ ♦ ❝♦♥t❛t♦ s❡rá ❢❡❝❤❛❞♦ ♣❛r❛ ♦
✢✉①♦ ❞❡ ❡❧étr♦♥s✱ ♦✉ s❡❥❛✱ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ T ✈❛✐ ♣❛r❛ ③❡r♦ ❡ ♦ tr❛♥s♣♦rt❡ ❡♥tr❡ ♦s
r❡s❡r✈❛tór✐♦s ❛❝♦♥t❡❝❡ ❛♣❡♥❛s ♣♦r t✉♥❡❧❛♠❡♥t♦✳ ■ss♦ ♣♦❞❡ s❡r ❢❡✐t♦ ❛♣❧✐❝❛♥❞♦ ✉♠❛ ❛❧t❛ ✈♦❧t❛❣❡♠
❞❡ ❣❛t❡ ♥❡❣❛t✐✈❛✱ ❡ ❛ss✐♠ ❞✐♠✐♥✉✐♥❞♦ à ③❡r♦ ❛ ❡s♣❡ss✉r❛ W ❞♦ ❝♦♥t❛t♦✳ ◗✉❛♥❞♦ ❛ ❡♥❡r❣✐❛ ❞❡
❋❡r♠✐ ❡st❛ s♦❜r❡ ♦✉ ♣♦✉❝♦ ❛❝✐♠❛ ❞❡ E1 ✭❞✐♠✐♥✉✐♥❞♦ ❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡ ♥❡❣❛t✐✈❛ ❛♣❧✐❝❛❞❛✱ ♣♦r
❡①❡♠♣❧♦✮✱ é ❛❜❡rt♦ ❡ss❡ ❝❛♥❛❧ ♣❛r❛ ♣❛ss❛❣❡♠ ❞♦s ❡❧étr♦♥s ❡ t❡r❡♠♦s ✉♠❛ ❝♦♥❞✉tâ♥❝✐❛ ✜♥✐t❛ ❞❡
2e2/h✳ ❆✉♠❡♥t❛♥❞♦ ❛✐♥❞❛ ♠❛✐s ❛ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐✱ ♦s ♦✉tr♦s ❝❛♥❛✐s sã♦ ❛❜❡rt♦s ❡ é ♦❜s❡r✈❛❞♦
♣❧❛t❡❛✉s ❞❡ ❝♦♥❞✉çã♦ ❞❡✈✐❞♦ ❛ q✉❛♥t✐③❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ ❝♦♥✜r♠❛♥❞♦ ❛ ❢♦r♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r✱
❋✐❣✉r❛ ✷✳✺✳



❈❛♣ít✉❧♦ ✸

❘✉í❞♦

◆❡st❡ ❈❛♣ít✉❧♦ s❡rá ❞❡s❝r✐t♦ ❛s ♦r✐❣❡♥s ❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ r✉í❞♦ ❡♠ ❝♦♥❞✉t♦r❡s ❡❧❡trô♥✐❝♦s✳
❈♦♠♦ ✢✉t✉❛çõ❡s ❡ r✉í❞♦ sã♦ ❢❡♥ô♠❡♥♦s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ♣r♦❝❡ss♦s ❡st♦❝ást✐❝♦s✱ é ✐♥tr♦❞✉③✐❞♦
❛❧❣✉♥s ❝♦♥❝❡✐t♦s ❞❡ss❛ t❡♦r✐❛✳ ❊♠ s❡❣✉✐❞❛✱ ❞❡s❝r❡✈❡r❡♠♦s ♦s ✈ár✐♦s t✐♣♦s ❞❡ r✉í❞♦ ❛ss♦❝✐❛❞♦s ❛
❝✐r❝✉✐t♦s ❡❧❡trô♥✐❝♦s ❡ ♣♦r ✜♠✱ é ✉t✐❧✐③❛❞❛ ❛ ❛❜♦r❞❛❣❡♠ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ♣❛r❛ ❞❡s❝r❡✈❡r
❛❧❣✉♥s t✐♣♦s ❞❡ r✉í❞♦ ❡♠ ✉♠❛ ♠❡s♠❛ ❜❛s❡✳ ❆ ✐♠♣♦rtâ♥❝✐❛ ❞♦ r✉í❞♦ ❞❡ ❢♦r♠❛ ❛❧❣✉♠❛ ♣♦❞❡ s❡r
s✉❜❡st✐♠❛❞❛✱ ❝♦♠♦ ❞✐ss❡ ❘♦❧❢ ▲❛♥❞❛✉❡r✱ ✉♠ ❞♦s ♣❛✐s ❞❛ ❢ís✐❝❛ ♠❡s♦s❝ó♣✐❝❛✿ ✏❖ r✉í❞♦ é ♦ s✐♥❛❧✑ ❬✶✺❪✳
❖ s❡♥t✐❞♦ ❞❡ss❛ ❢r❛s❡ é q✉❡ ❛s ✢✉t✉❛çõ❡s ❞❡♣❡♥❞❡♥t❡s ❞♦ t❡♠♣♦ ❞❡ ✉♠❛ ♠❡❞✐❞❛ ♣♦❞❡♠ s❡r ❢♦♥t❡s
❞❡ ✐♥❢♦r♠❛çõ❡s q✉❡ ♥ã♦ ❡stã♦ ♣r❡s❡♥t❡s ♥♦ ✈❛❧♦r ♠é❞✐♦ ❞❛ q✉❛♥t✐❞❛❞❡ ♠❡❞✐❞❛✳

✸✳✶ ❈♦♥❝❡✐t♦s ❜ás✐❝♦s ❞❡ ♣r♦❝❡ss♦s ❡st♦❝ást✐❝♦s

❆ t❡♦r✐❛ ❞❛s ✢✉t✉❛çõ❡s é ❜❛s❡❛❞❛ ♥❛ ❜❡♠ ❞❡s❡♥✈♦❧✈✐❞❛ t❡♦r✐❛ ♠❛t❡♠át✐❝❛ ❞♦s ♣r♦❝❡ss♦s ❡s✲
t♦❝ást✐❝♦s✱ ❞❡ss❛ ❢♦r♠❛✱ s❡rá ✐♥tr♦❞✉③✐❞♦ ❛❧❣✉♥s ❝♦♥❝❡✐t♦s ❜ás✐❝♦s ❞❡ ♣r♦❝❡ss♦s ❛❧❡❛tór✐♦s✳ P♦r
❞❡✜♥✐çã♦✱ ✉♠ ♣r♦❝❡ss♦ ❛❧❡❛tór✐♦ é ✉♠❛ ❢✉♥çã♦ x(t) ❞❛ ✈❛r✐á✈❡❧ ✐♥❞❡♣❡♥❞❡♥t❡ t ✭t❡♠♣♦✮✳ ❙❡❥❛
P (...) ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ♦❝♦rr❡r ✉♠ ❞❛❞♦ ❡✈❡♥t♦✱ ❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r✐♠❡✐r❛✱ s❡❣✉♥❞❛
❡ ♥✲és✐♠❛ ♦r❞❡♠ ♣❛r❛ ❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ x(t) sã♦ ❞❡✜♥✐❞❛s✱

W1(x1, t1) = P (x(t1) ≤ x1)

W2(x1, t1;x2, t2) = P (x(t1) ≤ x1;x(t2) ≤ x2) ✭✸✳✶✮

...

Wn(x1, t1; ...;xn, tn) = P (x(t1) ≤ x1; ...;x(tn) ≤ xn)

♦♥❞❡ xi é ♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ ♥♦ ✐♥st❛♥t❡ ti✳ W2(x1, t1;x2, t2) é ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ x ♥♦
✐♥st❛♥t❡ t1 s❡❥❛ ♠❡♥♦r q✉❡ ✉♠ ✈❛❧♦r x1✱ ❡ ♥♦ ✐♥st❛♥t❡ t2 s❡❥❛ ♠❡♥♦r q✉❡ x2✳ ❙❡ Wn(x1, t1; ...;xn, tn)
sã♦ ❢✉♥çõ❡s ❞✐❢❡r❡♥❝✐á✈❡✐s ❞❛s ✈❛r✐á✈❡✐s x1, ..., xn✱ é ♣♦ssí✈❡❧ ✐♥tr♦❞✉③✐r ❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❢✉♥çõ❡s
❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡✱

w1(x1, t1) =
∂W1(x1, t1)

∂x1

w2(x1, t1;x2, t2) =
∂2W2(x1, t1;x2, t2)

∂x1∂x2

✭✸✳✷✮

✶✹
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♦♥❞❡ wn sã♦ ❢✉♥çõ❡s ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♥✲❞✐♠❡♥s✐♦♥❛❧ ❞❛ q✉❛♥t✐❞❛❞❡ x(t)✳ ❚❛✐s ❢✉♥çõ❡s
❞❡✈❡♠ s❡r ❝♦♥s✐st❡♥t❡s ❡♥tr❡ s✐✱ ❝❛❞❛ ❢✉♥çã♦ ❞❡♥s✐❞❛❞❡ ❦✲❞✐♠❡♥s✐♦♥❛❧ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❛ ♣❛rt✐r
❞❡ ✉♠❛ ❢✉♥çã♦ ♥✲❞✐♠❡♥s✐♦♥❛❧ s❡ ♥❃❦✱ ❛tr❛✈és ❞❡ ✐♥t❡❣r❛çã♦ s♦❜r❡ ❛s ✈❛r✐á✈❡✐s ❡①tr❛s✱ ✐st♦ é✱
wk(x1, t1; ...;xk, tk) =

∫

dxk+1...dxnwn(x1, t1; ...;xn, tn)✳
Pr♦❝❡ss♦s ❛❧❡❛tór✐♦s sã♦ ❡st❛❝✐♦♥ár✐♦s s❡ t♦❞❛s ❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ wn(x1, t1; ...;xn, tn)

♠❛♥tê♠✲s❡ ✐♥✈❛r✐á✈❡✐s s♦❜r❡ ✉♠ ❞❡s✈✐♦ ✐❞ê♥t✐❝♦ ❞❡ t♦❞♦s ♦s t❡♠♣♦s ♣♦♥t✉❛✐s t1, ..., tn✱ ✐st♦ é✱
wn(x1, t1; ...;xn, tn) = wn(x1, t1 + ǫ; ...;xn, tn + ǫ) ♣❛r❛ t♦❞♦ ǫ✳ ■ss♦ s✐❣♥✐✜❝❛ q✉❡ w1(x1, t1) ♥ã♦
❞❡♣❡♥❞❡ ❞♦ t❡♠♣♦ t1✱ w2(x1, t1;x2, t2) ❞❡♣❡♥❞❡ s♦♠❡♥t❡ ❞❛ ❞✐❢❡r❡♥ç❛ t1 − t2 ✭w2(x1, x2, t1 − t2)✮ ❡
❛ss✐♠ ♣♦r ❞✐❛♥t❡✳ ❯♠ ♣r♦❝❡ss♦ ❡st❛❝✐♦♥ár✐♦ ♥ã♦ ✈❛r✐❛ ❝♦♠ ♦ t❡♠♣♦✳ ❯♠ ♣r♦❝❡ss♦ ♥ã♦✲❡st❛❝✐♦♥ár✐♦
♥ã♦ ♦❜❡❞❡❝❡ ♦ ❝♦♥s✐❞❡r❛❞♦ ❛❝✐♠❛✱ ♥❡ss❡ ❝❛s♦ ♦ ❝♦♥❝❡✐t♦ ❞❡ ♠é❞✐❛ s♦❜r❡ ✉♠ ❡♥s❡♠❜❧❡ é ✈❛❧✐❞❛✱ ♠❛s
♦ ❞❡ ♠é❞✐❛ t❡♠♣♦r❛❧ é ❢❛❧❤♦✳

❖ ✈❛❧♦r ♠é❞✐♦ ❞❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ x(t) é ✐❣✉❛❧ ❛✱

〈x(t)〉 =

∫ ∞

−∞

x(t)dW1(x) =

∫ ∞

−∞

dxxw1(x, t) ✭✸✳✸✮

P♦❞❡✲s❡✱ t❛♠❜é♠✱ ❞❡✜♥✐r ♦ ♠♦♠❡♥t♦ ❞❡ r✲és✐♠❛ ♦r❞❡♠ ❝♦♠♦ ♦ ✈❛❧♦r ♠é❞✐♦ ❞❛ q✉❛♥t✐❞❛❞❡
❛❧❡❛tór✐❛ (δx(t))r✱ ♦♥❞❡ ❛ ✢✉t✉❛çã♦ δx(t) = x(t)− 〈x〉 ❞❛ q✉❛♥t✐❞❛❞❡ x(t)✱

〈(δx(t))r〉 =

∫ ∞

−∞

dx(δx)rw1(x, t) ✭✸✳✹✮

❆ ✈❛r✐â♥❝✐❛ é ♦ ♠♦♠❡♥t♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✳ ❙❛❜❡♥❞♦ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡wn(x1, t1; ...;xn, tn)
❡♠ ✐♥st❛♥t❡s ❞❡ t❡♠♣♦ ❞✐❢❡r❡♥t❡s t1, ..., tn✱ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦✱

〈δx(t1)...δx(tn)〉 =

∫

dx1...dxnδx1...δxnwn(x1, t1; ...;xn, tn) ✭✸✳✺✮

❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ é ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ♥ã♦ ❛❧❡❛tór✐❛ ❞❛ ❝✐♥ét✐❝❛ ❞❛s ✢✉t✉❛çõ❡s ❞❡ x(t)✱
✐st♦ é✱ ❡❧❛ ♠♦str❛ ❝♦♠♦ ❛s ✢✉t✉❛çõ❡s ❡✈♦❧✉❡♠ ♥♦ t❡♠♣♦ ❡♠ ♠é❞✐❛✳ ❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ❡♥s❡♠❜❧❡
❞❡ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ◆ ❞❡ s✐st❡♠❛s s✉❜♠❡t✐❞♦s ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s✱ s❡❥❛ ❛s ✢✉t✉❛çõ❡s δxi(t1)
❡ δxi(t2) ♥♦ ✐✲és✐♠♦ s✐st❡♠❛ ❞♦ ❡♥s❡♠❜❧❡ ♥♦s ✐♥st❛♥t❡s t1 ❡ t2✳ ❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ss❛s
✢✉t✉❛çõ❡s é ❞❡✜♥✐❞❛✱

Cx(t1, t2) = 〈δx(t1)δx(t2)〉 = lim
N→∞

1

N

N
∑

i=1

δxi(t1)δxi(t2) ✭✸✳✻✮

♦♥❞❡ 〈〉 ❞❡♥♦t❛ ❛ ♠é❞✐❛ s♦❜r❡ ✉♠ ❡♥s❡♠❜❧❡✳ ❊♠ ✉♠ s✐st❡♠❛ ❡st❛❝✐♦♥ár✐♦✱ Cx ❞❡♣❡♥❞❡ s♦♠❡♥t❡ ❞❛
❞✐❢❡r❡♥ç❛ t1− t2✳ ❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ t❛♠❜é♠ ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛ ♣♦r ✉♠❛ ♠é❞✐❛ s♦❜r❡ ✉♠
♣❡rí♦❞♦ ❞❡ t❡♠♣♦ ❜❛st❛♥t❡ ❧♦♥❣♦ ❞❡ ♠❡❞✐❞❛ tm✱

Cx(t1 − t2) = δx(t1)δx(t2) = lim
tm→∞

1

tm

∫ tm/2

−tm/2

dtδx(t1 + t)δx(t2 + t) ✭✸✳✼✮

❛♠❜❛s ❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❊q✳✭✸✳✻✮ ❡ ❊q✳✭✸✳✼✮ ❝♦✐♥❝✐❞❡♠ s❡ ♦ s✐st❡♠❛ é ❡r❣ó❞✐❝♦ ❬✽✕✶✵✱✷✾✱✸✵❪✳
❆ ❋✐❣✉r❛ ✸✳✶ ✐❧✉str❛ ❛s ❞✉❛s ❢♦r♠❛s ❞❡ s❡ t♦♠❛r ❛ ♠é❞✐❛ ❞❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❛❧❡❛tór✐❛✳
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❋✐❣✉r❛ ✸✳✶✿ ▼é❞✐❛ t❡♠♣♦r❛❧ ❡ ♠é❞✐❛ s♦❜r❡ ✉♠ ❡♥s❡♠❜❧❡ ❞❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❛❧❡❛tór✐❛✳

◆❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ ❛ q✉❛♥t✐❞❛❞❡ x(t) s❡rá ✉♠ ♦♣❡r❛❞♦✱ X(t)✱ ❤á ✈ár✐❛s r❡♣r❡s❡♥t❛çõ❡s ❡q✉✐✲
✈❛❧❡♥t❡s ♣❛r❛ ❞❡s❝r❡✈❡r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ✉♠ s✐st❡♠❛ q✉â♥t✐❝♦✳ ◆❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r
❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡♣❡♥❞❡ ❞♦ t❡♠♣♦ ❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ é ❣♦✈❡r♥❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö✲
❞✐♥❣❡r✳ ◆❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❍❡✐s❡♥❜❡r❣✱ ❛♦ ❝♦♥trár✐♦✱ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦
❡ ❛ ❝♦♠♣❧❡t❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ t❡♠♣♦ ❡st❛ ♥♦ ♦♣❡r❛❞♦r X(t)✱ ♦ q✉❛❧ ♦❜❡❞❡❝❡ ❛ ❡q✉❛çã♦ ❞❡ ❍❡✐s❡♥✲
❜❡r❣ ❬✷✼✱ ✷✽❪✳ ❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ é ♠❡❧❤♦r ❡①♣r❡ss❛ ❡♠ t❡r♠♦s ❞♦s ♦♣❡r❛❞♦r❡s ❞❡ ❍❡✐s❡♥❜❡r❣
❞❛s q✉❛♥t✐❞❛❞❡s ✢✉t✉❛♥t❡s✱ ♥♦ ❡♥t❛♥t♦✱ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ é ✉♠ ♦❜s❡r✈á✈❡❧ ❢ís✐❝♦ ❡ ♣♦r ✐ss♦
❞❡✈❡ s❡r r❡❛❧✱ ♣❛r❛ t❛❧ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡✈❡ s❡r ❤❡r♠✐t✐❛♥❛✱

CX(t1, t2) =
1

2
〈X(t1)X(t2) +X(t2)X(t1)〉 ✭✸✳✽✮

s❛t✐s❢❛③ ❡ss❛ ❝♦♥❞✐çã♦✱ é ❢á❝✐❧ ✈❡r q✉❡ CX(t1, t2) = CX(t2, t1)✳
◆♦ ❝❛s♦ ❣❡r❛❧ ❡♠ q✉❡ ✈ár✐❛s q✉❛♥t✐❞❛❞❡s ❛❧❡❛tór✐❛s ❡stã♦ ❝♦rr❡❧❛❝✐♦♥❛❞❛s✱ Xα ✭α = 1, ...,M✮✱

❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ é ✉♠❛ ♠❛tr✐③✱

Cαβ(t1, t2) =
1

2
〈Xα(t1)Xβ(t2) +Xβ(t2)Xα(t1)〉 ✭✸✳✾✮

❛ q✉❛❧ ♦s ❡❧❡♠❡♥t♦s s❛t✐s❢❛③❡♠✱
Cαβ(t1, t2) = Cβα(t2, t1) ✭✸✳✶✵✮

❡ s❡ ♦ s✐st❡♠❛ é ❡st❛❝✐♦♥ár✐♦✱
Cαβ(t1 − t2) = Cβα(t2 − t1) ✭✸✳✶✶✮

❡ss❛s r❡❧❛çõ❡s ❡♥tr❡ ❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦✱ sã♦ ❛♣❡♥❛s ✉♠ ♣❡q✉❡♥♦ ❡s❜♦ç♦ ❞❡ r❡❧❛çõ❡s ♠❛✐s
♣r♦❢✉♥❞❛s ❡ ♠❡♥♦s ó❜✈✐❛s ❡♥tr❡ ❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦✳ ❆s r❡❧❛çõ❡s ❞❡ ❖♥s❛❣❡r ❬✾✱ ✶✵❪ ❞♦s



❈❆P❮❚❯▲❖ ✸✳ ❘❯❮❉❖ ✶✼

❝♦❡✜❝✐❡♥t❡s ❝✐♥ét✐❝♦s ♣❛r❛ ❛s s✐♠❡tr✐❛s ❞❛ ❡q✉❛çã♦ ❞❡ ❡✈♦❧✉çã♦ ❞❡ q✉❛❧q✉❡r s✐st❡♠❛ ❞❡ ♣❛rtí❝✉❧❛s
s♦❜r❡ ❛ s✐♠❡tr✐❛ ❞❡ r❡✈❡rsã♦ t❡♠♣♦r❛❧✱ ❡ ♣❛r❛ ❛ s✐♠❡tr✐❛ ❝♦♠ r❡s♣❡✐t♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ q✉❡
♦ s✐st❡♠❛ ❡st❛ ❡♠❜❡❜✐❞♦✱ ❇ → −❇✳ ❆s r❡❧❛çõ❡s ❞❡ ❖♥s❛❣❡r ❛♦ s❡r❡♠ ❛♣❧✐❝❛❞❛s ❛ s✐st❡♠❛s
❡st❛❝✐♦♥ár✐♦s✱ sã♦ Cαβ(t1 − t2;❇) = ±Cαβ(t2 − t1;−❇)✱ ♦♥❞❡ ♦ s✐♥❛❧ + é q✉❛♥❞♦ ❛s q✉❛♥t✐❞❛❞❡s
❢ís✐❝❛s xα(t) ❡ xβ(t) ✭t❛♥t♦ ♣❛r❛ ✈❛r✐á✈❡✐s ❝❧áss✐❝❛s q✉❛♥t♦ q✉â♥t✐❝❛s✮ sã♦ ❛♠❜❛s ✐♥✈❛r✐❛♥t❡s s♦❜r❡
❛ r❡✈❡rsã♦ t❡♠♣♦r❛❧ ♦✉ ❛♠❜❛s ♠✉❞❛♠ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❞❡ s✐♥❛❧✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ é
✉♠ ❡①❡♠♣❧♦ ❞❡ q✉❛♥t✐❞❛❞❡ q✉❡ ♠✉❞❛ ❞❡ s✐♥❛❧ s♦❜r❡ ✉♠❛ r❡✈❡rsã♦ t❡♠♣♦r❛❧✳ ❖ s✐♥❛❧ − é q✉❛♥❞♦
s♦♠❡♥t❡ ✉♠❛ ❞❛s ❞✉❛s ✈❛r✐á✈❡✐s ♠✉❞❛ ❞❡ s✐♥❛❧✳

❆ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♣❛r❛ ✉♠ s✐st❡♠❛ ❡st❛❝✐♦♥ár✐♦ é✱

Cαβ(ω) =

∫ ∞

−∞

dteiωtCαβ(t) ✭✸✳✶✷✮

♦♥❞❡ t = t1 − t2✳ ❈♦♠♦ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ é ✉♠❛ q✉❛♥t✐❞❛❞❡ r❡❛❧✱ ❛s s❡❣✉✐♥t❡s r❡❧❛çõ❡s ✭❞❡
❖♥s❛❣❡r✮ ♣❛r❛ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r✿ C∗αβ(ω) = Cαβ(−ω) ❡ Cαβ(ω) = Cβα(−ω) = C∗βα(ω)
q✉❡ sã♦ ❢❛❝✐❧♠❡♥t❡ ❞❡♠♦str❛❞❛s✱ ❡ Cαβ(ω;❇) = ±Cαβ(−ω;−❇) = ±C∗αβ(ω;−❇)✳ ❆ ❢ís✐❝❛ ❞❡ss❛s
r❡❧❛çõ❡s ✐♠♣❧✐❝❛ q✉❡ Cαβ(ω) é ❤❡r♠✐t✐❛♥❛✱ ❡ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦✱ ❛ ❢✉♥çã♦
Cαβ(ω) é ♣✉r❛♠❡♥t❡ r❡❛❧ ♦✉ ♣✉r❛♠❡♥t❡ ✐♠❛❣✐♥ár✐❛✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ s✐♠❡tr✐❛ ❞❛s q✉❛♥t✐❞❛❞❡s xα(t)
❡ xβ(t) ♣❡r❛♥t❡ ❛ r❡✈❡rsã♦ t❡♠♣♦r❛❧✳

❆ ❞❡❝♦♠♣♦s✐çã♦ ❡s♣❡❝tr❛❧ ❞❛s ✢✉t✉❛çõ❡s ❞❛ q✉❛♥t✐❞❛❞❡ x(t) ✭♦✉ ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❛ss♦❝✐✲
❛❞❛ ❛ ❡ss❛ q✉❛♥t✐❞❛❞❡✮ é ♣r♦♣r✐❛♠❡♥t❡ ❛ q✉❛♥t✐❞❛❞❡ q✉❡ ❝❤❛♠❛♠♦s ❞❡ r✉í❞♦ ✭❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧
❞♦ r✉í❞♦✮ Sx(f)✳ ❖ t❡♦r❡♠❛ ❞❡ ❲✐❡♥❡r✲❑❤✐♥t❝❤✐♥❡ ❬✼✱✾✱✶✵❪ ❡st❛❜❡❧❡❝❡ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡
❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦ ❡ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦✱

Sx(f) = 2

∫ ∞

−∞

dteiωtCx(t) = 2Cx(ω) ✭✸✳✶✸✮

♥♦ ❝❛s♦ ❣❡r❛❧ ❞❡ ✢✉t✉❛çõ❡s ❞❡ ✈ár✐❛s q✉❛♥t✐❞❛❞❡s ❝♦rr❡❧❛❝✐♦♥❛❞❛s✱ t❡♠♦s✱

Sαβ(f) = 2Cαβ(ω) ✭✸✳✶✹✮

❞❡ss❛ ❢♦r♠❛✱ ❛ ♠❛tr✐③ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞❡ r✉í❞♦ ♦❜❡❞❡❝❡ ❛s ♠❡s♠❛s r❡❧❛çõ❡s ❞❡ ❖♥s❛❣❡r ♠♦s✲
tr❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡ ♣❛r❛ Cαβ(ω)✳

◆♦ ❝❛s♦ ❞❡ ❝✐r❝✉✐t♦s ❡❧❡trô♥✐❝♦s✱ ❛ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦ ❞❛ ❝♦rr❡♥t❡ SI(ω) ❡ ❞❛ ✈♦❧t❛❣❡♠
SV (ω) sã♦✱

SI(ω) =

∫ ∞

−∞

〈I(t)I(0) + I(0)I(t)〉eiωtdt ✭✸✳✶✺✮

SV (ω) =

∫ ∞

−∞

〈V (t)V (0) + V (0)V (t)〉eiωtdt

t❡♠ ❛s ✉♥✐❞❛❞❡s A2/Hz q✉❛♥❞♦ ❤á ✈❛r✐❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❡ V 2/Hz q✉❛♥❞♦ é ❛ ✈♦❧t❛❣❡♠ q✉❡ ✢✉t✉❛✳

✸✳✷ ❋✉♥❞❛♠❡♥t♦s ❞❡ r✉í❞♦

❖ t❡r♠♦ ❘✉í❞♦ ❡♠ ❝✐r❝✉✐t♦s ❡❧❡trô♥✐❝♦s tê♠ ❞♦♠✐♥❛♥t❡♠❡♥t❡ ✉♠ s❡♥t✐❞♦ ♥❡❣❛t✐✈♦✱ ♣♦✐s ❡❧❡
r❡❢❡r❡✲s❡ ❛♦ s✐♥❛❧ ❡s♣úr✐♦✱ ♥ã♦ ❞❡s❡❥❛❞♦ ❡ ✐♥❝♦♥tr♦❧á✈❡❧ ♦❜t✐❞♦ ♥❛s ♠❡❞✐❞❛s ❞♦ s✐♥❛❧✳ ◆♦ ❡♥t❛♥t♦✱
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♦ r✉í❞♦ ✭❡♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ❛s ✢✉t✉❛çõ❡s ❞♦ s✐♥❛❧✮ é ✉♠ ❢❛t♦r ❧✐♠✐t❛♥t❡ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦
❡q✉✐♣❛♠❡♥t♦✳ ❙✐st❡♠❛s ❡❧❡trô♥✐❝♦s sã♦ s❡♥sí✈❡✐s ❛s ❢♦♥t❡s ❞❡ r✉í❞♦s ❡①t❡r♥♦s✱ ✈✐❛ ❛❝♦♣❧❛♠❡♥t♦
♠❛❣♥ét✐❝♦✱ ❝❛♣❛❝✐t✐✈♦ ♦✉ r❛❞✐♦✲❢r❡qüê♥❝✐❛✱ ♣♦r ❡①❡♠♣❧♦✳ ❆❧é♠ ❞❡ss❡s r✉í❞♦s ❡①t❡r♥♦s ✐♥❝♦♠♦❞♦✱
❤á ♦✉tr♦s t✐♣♦s ❞❡ r✉í❞♦✱ ✐st♦ é✱ ✉♠ r✉í❞♦ ✐♥trí♥s❡❝♦ ❞♦s s✐st❡♠❛s✳ ❊ss❛ ú❧t✐♠❛ ❢♦♥t❡ ❞❡ r✉í❞♦
♥ã♦ ♣♦❞❡ s❡r ❡❧✐♠✐♥❛❞❛ ♣♦r té❝♥✐❝❛s ❞❡ ✜❧tr❛❣❡♠✱ ♣♦✐s ❡ss❡ r✉í❞♦ ✐♥trí♥s❡❝♦ r❡✢❡t❡ ❛ ♥❛t✉r❡③❛
❡st❛tíst✐❝❛ ❞❡✈✐❞♦ ❛♦ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ❛ss♦❝✐❛❞♦s ❛♦ ♣r♦❝❡ss♦ ❞❡ tr❛♥s♣♦rt❡✳ ❊ ❞❡ss❛
❢♦r♠❛✱ ❡ss❡ r✉í❞♦ ✐♥trí♥s❡❝♦ ♣♦❞❡ ❢♦r♥❡❝❡r ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❛ ❞✐♥â♠✐❝❛ ✐♥t❡r♥❛ ❞♦s s✐st❡♠❛ ♥ã♦
❛❝❡ssí✈❡✐s às ♠❡❞✐❞❛s ❞❡ ✈❛❧♦r❡s ♠é❞✐♦s ❬✶✱ ✽✱ ✶✶✱ ✶✷❪✳

✸✳✷✳✶ ▼♦✈✐♠❡♥t♦ ❇r♦✇♥✐❛♥♦

❖ ♠♦✈✐♠❡♥t♦ ❇r♦✇♥✐❛♥♦ ❞❡s❝r❡✈❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛❧❡❛tór✐♦ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❡♠❜❡❜✐❞❛ ❡♠
✉♠ ✢✉✐❞♦✱ ❡ é ♦ r❡s✉❧t❛❞♦ ❞❡ ✢✉t✉❛çõ❡s ❡st❛tíst✐❝❛s ❞♦ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦ ❞❡ss❡ s✐st❡♠❛✳ ❈♦♥s✐✲
❞❡r❛♥❞♦ ♦ ❝❛s♦ ✉♥✐✲❞✐♠❡♥s✐♦♥❛❧ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ q✉❡ s❡ ♠♦✈❡ ♥❛ ❞✐r❡çã♦ x ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ v(t)
♥♦ t❡♠♣♦ t✳ ❖ s✐st❡♠❛ ♥ã♦ ❡st❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ✐s♦❧❛❞♦ ❞♦ ♠✉♥❞♦ ❡①t❡r♥♦✱ ♠❛s ❡st❛ ❛❝♦♣❧❛❞♦
❢r❛❝❛♠❡♥t❡ ❝♦♠ ♦ ❛♠❜✐❡♥t❡✳ ❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ❡①t❡r♥♦ q✉❡ ✈❛r✐❛ ❧❡♥t❛♠❡♥t❡ F(t) ❡
✉♠❛ ♣❛rt❡ q✉❡ ✐♥t❡r❛❣❡ ❝♦♠ ♦s ♦✉tr♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ s✐st❡♠❛ F (t)✱ q✉❡ ✈❛r✐❛ r❛♣✐❞❛♠❡♥t❡✳
F (t) ❞❡✜♥❡ ✉♠ t❡♠♣♦ ❞❡ ❝♦rr❡❧❛çã♦ τ ∗✱ ♦ q✉❛❧ ♠❡❞❡ ♦ t❡♠♣♦ ♠é❞✐♦ ❡♥tr❡ ♠á①✐♠♦s ❞❡ F (t)✳ P❛r❛
✉♠ t❡♠♣♦ ♠❛❝r♦s❝ó♣✐❝♦ τ ✱ ✐st♦ é✱ τ >> τ ∗✱ ❛ ❡q✉❛çã♦ ❞❡ ❡✈♦❧✉çã♦ é✱

m
dv

dt
= F(t) + F (t) ✭✸✳✶✻✮

♦♥❞❡ m é ❛ ♠❛ss❛ ❞❛ ♣❛rtí❝✉❧❛✱ ❊q✳✭✸✳✶✻✮ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❡q✉❛çã♦ ❞❡ ▲❛♥❣❡✈✐♥✳ ■♥t❡❣r❛♥❞♦
s♦❜r❡ τ ❡ t♦♠❛♥❞♦ ❛ ♠é❞✐❛ s♦❜r❡ ✉♠ ❡♥s❡♠❜❧❡✱ t❡♠✲s❡✱

m〈v(t+ τ)− v(t)〉 = F(t)τ +

∫ t+τ

t

〈F (t′)〉dt′ ✭✸✳✶✼✮

♦ ✐♥t❡❣r❛♥❞♦ 〈F (t)〉 é ❛ss♦❝✐❛❞♦ ❛ ✈❛r✐❛çã♦ ❞❛ ❡♥❡r❣✐❛ ∆E ❞♦ ♠✉♥❞♦ ❡①t❡r♥♦ ❛ t❡♠♣❡r❛t✉r❛ T ✱

〈F (t)〉 =
1

kBT
〈F (t)∆E〉0 ✭✸✳✶✽✮

♦♥❞❡ 〈.〉0 é ❛ ♠é❞✐❛ s♦❜r❡ ✉♠ ❡♥s❡♠❜❧❡ ❞❡ ❡q✉✐❧í❜r✐♦✳ ❆ ✈❛r✐❛çã♦ ❞❛ ❡♥❡r❣✐❛ é ❡q✉✐✈❛❧❡♥t❡ ❛ ✉♠
tr❛❜❛❧❤♦ ♥❡❣❛t✐✈♦ ❢❡✐t♦ ♣❡❧❛ ❢♦rç❛ F (t)✱

∆E =

∫ t′

t

dt′′v(t′′)F (t′′) ≈ −v(t)

∫ t′

t

dt′′F (t′′) ✭✸✳✶✾✮

❡ss❛ ú❧t✐♠❛ ❛♣r♦①✐♠❛çã♦ é ✈❛❧✐❞❛ q✉❛♥❞♦ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ s✐st❡♠❛ ✈❛r✐❛ ♠✉✐t♦ ❧❡♥t❛♠❡♥t❡ ❡♠
r❡❧❛çã♦ ❛ ❡s❝❛❧❛ ❞❡ τ ✳ ❙✉❜st✐t✉✐♥❞♦ ❛ ❊q✳✭✸✳✶✾✮ ♥❛ ❊q✳✭✸✳✶✽✮✱ ♦❜t❡♠♦s✱

〈F (t′)〉 = −
1

kBT
〈F (t)v(t)

∫ t′

t

dt′′F (t′′)〉0 = −
1

kBT
v(t)

∫ t′

t

dt′′〈F (t′)F (t′′)〉0 ✭✸✳✷✵✮

❈♦♠♦ ✜s✐❝❛♠❡♥t❡ ♦ q✉❡ é ✐♠♣♦rt❛♥t❡ é ❛ ✈❛r✐❛çã♦ t❡♠♣♦r❛❧ ❞♦ ❢❡♥ô♠❡♥♦✱ ♣♦❞❡✲s❡ ❢❛③❡r ❛ tr♦❝❛
❞❡ ✈❛r✐á✈❡✐s s = t′′ − t′✳ ❉❡ss❛ ❢♦r♠❛ ❛ ❊q✳✭✸✳✶✼✮ ✜❝❛✱

m〈v(t+ τ)− v(t)〉 = F(t)τ −
1

kBT
v(t)

∫ t+τ

t

dt′
∫ 0

t−t′
ds〈F (t′)F (t′ + s)〉0. ✭✸✳✷✶✮
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◆♦t❡♠♦s ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ 〈F (t′)F (t′ + s)〉0✳ ❖ s❡❣✉♥❞♦ t❡r♠♦ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ❊q✳✭✸✳✷✶✮
❡st❛ r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❞✐ss✐♣❛çã♦ ♥♦ s✐st❡♠❛✳

✸✳✷✳✷ ❘✉í❞♦ tér♠✐❝♦

❆ t❡♠♣❡r❛t✉r❛ ✜♥✐t❛ ✭kBT >> e|V |, ~ω✮✱ ❛s ❝♦❧✐sõ❡s ❞♦s ❡❧étr♦♥s ❝♦♠ ❛s ✈✐❜r❛çõ❡s ❞❛ r❡❞❡
❡ ✐♠♣✉r❡③❛s ✐♥❞✉③❡♠ ✢✉t✉❛çõ❡s ♥❛s ✈❡❧♦❝✐❞❛❞❡s ❡ ♣♦s✐çõ❡s ❞❡ss❡s ❡❧étr♦♥s✳ ❖ ♠♦✈✐♠❡♥t♦ ❞♦s
❡❧étr♦♥s é ❜❡♠ ❞❡s❝r✐t♦ ♣♦r ✉♠ ♠♦❞❡❧♦ ❞❡ ♣❛rtí❝✉❧❛ ❇r♦✇♥✐❛♥❛✳ ❆ ❛❣✐t❛çã♦ tér♠✐❝❛ ❞♦s ❡❧étr♦♥s ❢❛③
s✉r❣✐r ✉♠❛ ✢✉t✉❛çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❞♦ r❡s✐st♦r✳ ❈♦♠♦ ❡ss❡ t✐♣♦ ❞❡ ✢✉t✉❛çã♦ ✐♥❞❡♣❡♥❞❡ ❞❛ ❛♣❧✐❝❛çã♦
❞❡ ✉♠❛ ✈♦❧t❛❣❡♠ ❡①t❡r♥❛✱ ❡ss❡ é ✉♠ ❢❡♥ô♠❡♥♦ ✐♥❡r❡♥t❡ ❛ s✐st❡♠❛s ❡♠ ❡q✉✐❧í❜r✐♦✳ ❆s ✢✉t✉❛çõ❡s
tér♠✐❝❛s ♠✐❝r♦s❝ó♣✐❝❛s ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s ❝♦♠ ❛s ❝♦rr❡❧❛çõ❡s ❡♥tr❡ ❛s q✉❛♥t✐❞❛❞❡s ❢ís✐❝❛s✱ t❛♥t♦ ❛
❝♦rr❡♥t❡ q✉❛♥t♦ ❛ ✈♦❧t❛❣❡♠✱ q✉❡ ♣♦r s✉❛ ✈❡③ ❡st❛ ❛ss♦❝✐❛❞❛ ❛ t❡r♠♦s ❞✐ss✐♣❛t✐✈♦s✱ ❝♦♥❞✉tâ♥❝✐❛ ♦✉
r❡s✐stê♥❝✐❛✳ ❊ss❡ r✉í❞♦ é ❝❤❛♠❛❞♦ ❞❡ r✉í❞♦ ◆②q✉✐st✲❏♦♥♥s♦♥ ♦✉ r✉í❞♦ tér♠✐❝♦✳

❋✐❣✉r❛ ✸✳✷✿ ❈✐r❝✉✐t♦ r❡s✐st♦r✲✐♥❞✉t♦r✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ❝✐r❝✉✐t♦ r❡s✐st♦r✲✐♥❞✉t♦r ✭RL✮ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷✳ ❆♣❧✐❝❛♥❞♦ ✉♠❛ ✈♦❧✲
t❛❣❡♠ V0(t) ❛♦ r❡s✐st♦r✱ ❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ❞✐③ q✉❡ LdI(t)/dt = V0(t)✱ ♦♥❞❡ I(t) é ❛ ❝♦rr❡♥t❡ ♥♦
❝✐r❝✉✐t♦✳ ❙✉♣♦♥❞♦ q✉❡ V0(t) ♣♦❞❡ s❡r ❞❡❝♦♠♣♦st❛ ❡♠ ✉♠❛ ♣❛rt❡ q✉❡ ✈❛r✐❛ ❧❡♥t❛♠❡♥t❡ V (t) ❡ ✉♠❛
♣❛rt❡ q✉❡ ✈❛r✐❛ r❛♣✐❞❛♠❡♥t❡ v(t)✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♥❡ss❡ ❝✐r❝✉✐t♦ ❤á três ❝♦♥st❛♥t❡ ❞❡
t❡♠♣♦ r❡❧❡✈❛♥t❡s✿ τ, τm, τ ∗✳ τ é ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ♣❛r❛ ✉♠❛ q✉❛♥t✐❞❛❞❡ ♠❛❝r♦s❝ó♣✐❝❛ ❞♦
❝✐r❝✉✐t♦ ♠✉❞❛r✱ ♣♦r ❡①❡♠♣❧♦✱ I(t)✳ τm é ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ♣❛r❛ ✉♠❛ ♠✉❞❛♥ç❛ ♥❛ ✈❡❧♦❝✐❞❛❞❡
✭♠♦♠❡♥t♦✮ ❞♦ ❡❧étr♦♥ ❡ τ ∗ é ♦ t❡♠♣♦ ❛ss♦❝✐❛❞♦ ❛♦ ❧✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦ ❡♥tr❡ ❝♦❧✐sõ❡s s✉❝❡ss✐✈❛s
❞♦ ❡❧étr♦♥ ❝♦♠ ❛ r❡❞❡✳ ❆ss✉♠✐♥❞♦ τ >> τm >> τ ∗✳ ❆ ♣❛rt❡ V (t) ✈❛r✐❛ ♥❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ τ ❡
❛ ♣❛rt❡ v(t) ✈❛r✐❛ ♥❛ ❡s❝❛❧❛ τ ∗✳ ◆♦ ❝✐r❝✉✐t♦✱ V (t) ❛t✉❛ ♣❛r❛ ♠❛♥t❡ I(t) ❛♦ r❡❞♦ ❞❡ I(t) = 0✱ ♦✉
s❡❥❛✱ V (t) é ♦ t❡r♠♦ ❞❡ r❡❧❛①❛çã♦ ♣❛r❛ q✉❛♥❞♦ I(t) t❡♥t❛ s❡ ❞❡s✈✐❛r ❞♦ ✈❛❧♦r ❡st❛❝✐♦♥ár✐♦✳ ❉❡ss❛
❢♦r♠❛✱ ♣♦❞❡✲s❡ ❞❡❝♦♠♣♦r I(t) ❡♠ ✉♠❛ ♣❛rt❡ q✉❡ ✈❛r✐❛ rá♣✐❞♦ ❡ ✉♠❛ ♣❛rt❡ q✉❡ ✈❛r✐❛ ❧❡♥t❛♠❡♥t❡✿
I(t) = I(t) + i(t)✳ ❙♦❜r❡ ❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ τm ❛ ❝♦♠♣♦♥❡♥t❡ q✉❡ ✈❛r✐❛ r❛♣✐❞❛♠❡♥t❡ i(t)✱ ❛♣ós s❡r
t♦♠❛❞♦ ❛ ♠é❞✐❛✱ ♣♦❞❡ s❡r ❞❡s♣r❡③❛❞❛ ✭I(t) ≈ I(t)✮✱ ❡ ❛ss✐♠ ❛ ❧❡✐ ❞❡ ❑✐r❝❤❤♦✛ ✜❝❛✱

L
dI(t)

dt
= V (t).

❈♦♠♦ V (t) é ✉♠❛ ❢♦rç❛ ❞❡ r❡st❛✉r❛çã♦ ♣❛r❛ ♦ ✈❛❧♦r ❡st❛❝✐♦♥ár✐♦ ❞❡ I(t)✱ ❝♦♠ ✉♠ ❝♦❡✜❝✐❡♥t❡ R✳
❆ss✐♠✱ V (t) = −RI(t)✳ ◆❡❣❧✐❣❡♥❝✐❛♥❞♦ ♣❡q✉❡♥❛s ♠♦❞✉❧❛çõ❡s ❞♦ s✐♥❛❧ ♥❛ ❝♦rr❡♥t❡✱ t❡♠♦s✱

L
dI(t)

dt
= V (t) + v(t) ≈ −RI(t) + v(t) ✭✸✳✷✷✮
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❢❛③❡♥❞♦ γ = R/L✱ ❛ ❡q✉❛çã♦ ❞❡ ▲❛♥❣❡✈✐♥ ♣♦❞❡ s❡r ♦❜t✐❞❛ ♣❛r❛ ♦ ❝❛s♦ ❞♦ ❝✐r❝✉✐t♦✱

dI(t)

dt
+ γI(t) =

1

L
v(t) ✭✸✳✷✸✮

▼✉❧t✐♣❧✐❝❛♥❞♦ ❛ ❊q✳✭✸✳✷✸✮ ♣♦r eγt ❡ r❡❛rr❛♥❥❛♥❞♦ ♦s t❡r♠♦s✱

d(eγtI(t))

dt
=

1

L
eγtv(t) ✭✸✳✷✹✮

■♥t❡❣r❛♥❞♦ ❛ ❊q✳✭✸✳✷✹✮✱

I(0) =
1

L

∫ 0

−∞

eγtv(t)dt ✭✸✳✷✺✮

❙✉♣♦♥❞♦ q✉❡ ❛ ✢✉t✉❛çã♦ ❞❛ ✈♦❧t❛❣❡♠ v(t) é ❡st❛❝✐♦♥ár✐❛✳ ❆ ❢✉♥çã♦ ❞❡ ❝♦✈❛r✐â♥❝✐❛ ❞❡♣❡♥❞❡rá
❛♣❡♥❛s ❞❛ ❞✐❢❡r❡♥ç❛ ❞♦s t❡♠♣♦s✱ ✐st♦ é✱ v(t′)v(t′′) = v(t′ − t′′)v(0)✱

I(0)2 =
1

L2

∫ 0

−∞

∫ 0

−∞

eγ(t+t′)v(t− t′)v(0)dtdt′. ✭✸✳✷✻✮

▼✉❞❛♥❞♦ ❛ ✈❛r✐á✈❡❧ ❞❡ ✐♥t❡❣r❛çã♦ s = t′ + t′′ ❡ s′ = t′ − t′′✱ t❡♠♦s✱

I(0)2 =
1

2γL2

∫ ∞

−∞

v(0)v(s′)ds′ ✭✸✳✷✼✮

❆tr❛✈és ❞♦ t❡♦r❡♠❛ ❞❛ ❡q✉✐♣❛rt✐çã♦ ❞❛ ❡♥❡r❣✐❛✱ t❡♠✲s❡ I(t)2 = kBT/L✱ s✉❜st✐t✉✐♥❞♦ s′ ♣♦r t✱
♦❜t❡♠♦s✱

R =
1

2kBT

∫ ∞

−∞

v(0)v(t)dt ✭✸✳✷✽✮

❆ ❊q✳✭✸✳✷✽✮ ❞✐③ q✉❡ ❛s ❝♦rr❡❧❛çõ❡s ♥❛ ✈♦❧t❛❣❡♠ ❞❡✈✐❞♦ ❛♦ ♠♦✈✐♠❡♥t♦ ❛❧❡❛tór✐♦ tér♠✐❝♦ ❞♦s
❡❧étr♦♥s sã♦ r❡❧❛❝✐♦♥❛❞❛s ❛ r❡s✐stê♥❝✐❛ ♥♦ ❡q✉✐❧í❜r✐♦✱ q✉❡ ♣♦r s✉❛ ✈❡③ é ✉♠ t❡r♠♦ ❞✐ss✐♣❛t✐✈♦ ♥♦
❝✐r❝✉✐t♦✳ ❆♣❧✐❝❛♥❞♦ ♦ t❡♦r❡♠❛ ❞❡ ❲✐❡♥❡r✲❑❤✐♥t❝❤✐♥❡✱

Sv(ω) = 4

∫ ∞

0

v(0)v(t) cos(ωt)dt ✭✸✳✷✾✮

❈♦♠♦ v(0) ❡ v(t) sã♦ ❝♦rr❡❧❛❝✐♦♥❛❞❛s ❛♣❡♥❛s ♥❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ τ ∗✱ ♣♦❞❡✲s❡ ❛♣r♦①✐♠❛r ωτ ∗ << 1
❡ ❛ss✐♠ cos(ωt) ≈ 1✳ ❈♦♠❜✐♥❛♥❞♦ ❛s ❊q✳✭✸✳✷✽✮ ❡ ❊q✳✭✸✳✷✾✮✱ ✜♥❛❧♠❡♥t❡ ♦❜t❡♠♦s ❛ ❡①♣r❡ssã♦ ♣❛r❛
♦ r✉í❞♦ tér♠✐❝♦✱

Sv(ω) ≈ 2

∫ ∞

−∞

v(0)v(t)dt

Sv(ω) = 4kBTR ✭✸✳✸✵✮

➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❛ ❊q✳✭✸✳✸✵✮ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❢r❡qüê♥❝✐❛✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ♦ r✉í❞♦
tér♠✐❝♦ é ✉♠ r✉í❞♦ ❜r❛♥❝♦✱ ❛té ✉♠❛ ❝❡rt❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦rt❡ ♣❡❧♦ ♠❡♥♦s✳ ❙✐♠✐❧❛r♠❡♥t❡ ♦ r✉í❞♦
◆②q✉✐st✲❏♦❤♥s♦♥ ❡♠ t❡r♠♦s ❞❛ ❝♦rr❡♥t❡ ♣♦❞❡ s❡r ❞❡r✐✈❛❞❛ t❛❧ q✉❡ t❡r❡♠♦s✱ SI(ω) = 4kBTG✱ ❝♦♠
G ❝♦♥❞✉tâ♥❝✐❛✳ ❆ ♠❛♥❡✐r❛ ❞❡ ❞✐♠✐♥✉✐r ♦ r✉í❞♦ tér♠✐❝♦ é ❛tr❛✈és ❞♦ r❡s❢r✐❛♠❡♥t♦ ❞♦ r❡s✐st♦r
✭❞❡s♣r❡③❛♥❞♦ ♦s ❡❢❡✐t♦s tér♠✐❝♦s ❞♦ ❝❛❜❡❛♠❡♥t♦✮ ♦ ♠❛✐s ♣ró①✐♠♦ ♣♦ssí✈❡❧ ❞♦ ③❡r♦ ❛❜s♦❧✉t♦✱ ❡ ❡ss❡
r✉í❞♦ ✐rá s❡r s✉♣r✐♠✐❞♦ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✳
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✸✳✷✳✸ ❚❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲❞✐ss✐♣❛çã♦

❆ ♠❡❝â♥✐❝❛ ❡st❛tíst✐❝❛ é ♦ ❡st✉❞♦ ❞❡ s✐st❡♠❛s ❞❡ ♠✉✐t♦s ❝♦r♣♦s✱ tr❛t❛♥❞♦ ❞❡ ♠❛♥❡✐r❛ ❡❢❡t✐✈❛
✐♥❝♦♥tá✈❡✐s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞❡ss❡s s✐st❡♠❛s ❬✾✱ ✷✾✱ ✸✵❪✳ ❊❧❛ ❞❡s❝r❡✈❡ ❡①❝❡❧❡♥t❡♠❡♥t❡ ❛ t❡r♠♦✲
❞✐♥â♠✐❝❛ ❞♦s ❢❡♥ô♠❡♥♦s ♠❛❝r♦s❝ó♣✐❝♦s ❡♠ ❡q✉✐❧í❜r✐♦✱ ❡ t❛♠❜é♠ t❡♠ ✐♥✈❡st✐❣❛❞♦ ♣r♦❝❡ss♦s ❞❡
♥ã♦✲❡q✉✐❧í❜r✐♦ ❡ ✐rr❡✈❡rsí✈❡✐s✳ ❉❛s ✐♥ú♠❡r❛ ❛❜♦r❞❛❣❡♠✱ ♦ t❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲❞✐ss✐♣❛çã♦ é ❞❡
❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ✈✐st♦ q✉❡ ❡❧❡ ❞✐③ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ♥ã♦✲❡q✉✐❧í❜r✐♦ sã♦ ✐♥t✐♠❛♠❡♥t❡ r❡❧❛✲
❝✐♦♥❛❞❛s ❝♦♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡q✉✐❧í❜r✐♦ ❬✼❪✳ ▼❛✐s ♣r❡❝✐s❛♠❡♥t❡✱ ❡ss❡ t❡♦r❡♠❛ ❡st❛❜❡❧❡❝❡ ✉♠❛
r❡❧❛çã♦ ❣❡r❛❧ ❡♥tr❡ ❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ ❛ ✉♠❛ ♣❡rt✉r❜❛çã♦ ❡①t❡r♥❛ ❡ ❛s ✢✉t✉❛çõ❡s ✐♥t❡r♥❛s ❞♦
s✐st❡♠❛ s❡♠ ♣❡rt✉r❜❛çã♦✳ ❆ ✈❛❧✐❞❛❞❡ ❞♦ t❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲❞✐ss✐♣❛çã♦ ❡st❛ ❞❡♥tr♦ ❞♦ r❡❣✐♠❡
❞❛ r❡s♣♦st❛ ❧✐♥❡❛r✱ ♦ q✉❡ ✐♥❞✐❝❛ q✉❡ ❛ ♣❡rt✉r❜❛çã♦ ❡①t❡r♥❛ é ❢r❛❝❛ ❡ ♦ t❡r♠♦ ❞♦♠✐♥❛♥t❡ é ❧✐♥❡❛r✳
❆ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ é ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ✉♠❛ ❢✉♥çã♦ r❡s♣♦st❛✱ ❛ ❝♦♥❞✉tâ♥❝✐❛ ♦✉ ❛ ✐♠♣❡❞â♥❝✐❛
❡♠ ❝✐r❝✉✐t♦s ❡❧❡trô♥✐❝♦s✱ ♣♦r ❡①❡♠♣❧♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛s ✢✉t✉❛çõ❡s ✐♥t❡r♥❛s r❡✢❡t❡♠ ❛s ❢✉♥çõ❡s
❞❡ ❝♦rr❡❧❛çã♦ ❞❡ q✉❛♥t✐❞❛❞❡s ❢ís✐❝❛ ♥♦ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦✳ ❙✉♠❛r✐❛♠❡♥t❡✱ ♦ ♣❛♣❡❧ ❞♦ t❡♦r❡♠❛ ❞❛
✢✉t✉❛çã♦✲❞✐ss✐♣❛çã♦ ♣♦❞❡ s❡r s✐♥t❡t✐③❛❞♦✿ ♣r✐♠❡✐r♦✱ ❡❧❡ ♣r❡❞✐③ ❛s ✢✉t✉❛çõ❡s ❝❛r❛❝t❡ríst✐❝❛s ♦✉ ♦
r✉í❞♦ ✐♥trí♥s❡❝♦ ❛ ♣❛rt✐r ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❝♦♥❤❡❝✐❞❛s❀ s❡❣✉♥❞♦✱ ❡❧❡ ❡st❛❜❡❧❡❝❡ ✉♠❛ ❢ór♠✉❧❛ ❜ás✐❝❛
♣❛r❛ ❝♦♥❤❡❝❡r♠♦s ♣r♦♣r✐❡❞❛❞❡s ❝♦♠♦ ❛ r❡s✐stê♥❝✐❛✱ ❛ ♣❛rt✐r ❞❛ ❛♥á❧✐s❡ ❞❛s ✢✉t✉❛çõ❡s ♥♦ s✐st❡♠❛✳

P❛r❛ ❞❡♠♦♥str❛r♠♦s ♦ t❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲❞✐ss✐♣❛çã♦✱ é ❝♦♥s✐❞❡r❛❞♦ ✉♠ s✐st❡♠❛ q✉❡ ✐♥✲
t❡r❛❣❡ ❢r❛❝❛♠❡♥t❡ ❝♦♠ ♦ ❛♠❜✐❡♥t❡ ✭❜❛♥❤♦✮ ❛ t❡♠♣❡r❛t✉r❛ T ❡ ❡st❛ ❡♠ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦ ❝♦♠
❡ss❡ ❛♠❜✐❡♥t❡✳ ❊ss❡ s✐st❡♠❛ é ❣♦✈❡r♥❛❞♦ ♣♦r ✉♠ ❤❛♠✐❧t♦♥✐❛♥♦✱ Hψm = Emψm ❡ ❛ ♣r♦❜❛❜✐✲
❧✐❞❛❞❡ ❞❡ss❡ s✐st❡♠❛ s❡r ❡♥❝♦♥tr❛❞♦ ♥♦ ♠✲és✐♠♦ ❡st❛❞♦ ψm é ❞❛❞♦ ♣❡❧❛ ❞✐str✐❜✉✐çã♦ ❞❡ ●✐❜❜s✱
wm = exp((F − Em)/kBT )✱ ♦♥❞❡ Em é ❛ ❡♥❡r❣✐❛ ❞♦ ♠✲és✐♠♦ ❡st❛❞♦ ❡ F é ❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❞♦
s✐st❡♠❛✱ ❝♦♠

∑

mwm = 1✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❊q✳✭✸✳✽✮ ❡ ❊q✳✭✸✳✶✸✮✱ ❛ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞❛s
✢✉t✉❛çõ❡s ❛ss♦❝✐❛❞❛s ❛ q✉❛♥t✐❞❛❞❡ ❢ís✐❝❛ ✭♦♣❡r❛❞♦r✮ X(t) ❡♠ ❡q✉✐❧í❜r✐♦✱

SX(f) =

∫ ∞

−∞

d(t1 − t2)Tr(ρ(X(t1)X(t2) +X(t2)X(t1)))

SX(f) =

∫ ∞

−∞

d(t1 − t2)
∑

mn

wm(Xmn(t1)Xnm(t2) +Xmn(t2)Xnm(t1))e
iω(t1−t2) ✭✸✳✸✶✮

♦♥❞❡ ρ é ❛ ♠❛tr✐③ ❞❡♥s✐❞❛❞❡ ❞♦ s✐st❡♠❛ ✭ρ =
∑

mnwmn|ψm〉〈ψn| ❡ Em − En = ~ωmn✮✱ Tr(.)
é ♦ tr❛ç♦ ❡ Xmn(t) = 〈ψm|X(t)|ψn〉 é ♦ ❡❧❡♠❡♥t♦ ❞❡ ♠❛tr✐③ ❞❡ ❍❡✐s❡♥❜❡r❣ ❞♦ ♦♣❡r❛❞♦r X(t)✳
❘❡s♦❧✈❡♥❞♦ ❛ ❡q✉❛çã♦ ❞❡ ❍❡✐s❡♥❜❡r❣ ♣❛r❛ ❡ss❡ ♦♣❡r❛❞♦r✱ ∂Xmn(t)/∂t = iωmnXmn(t)✱ ♦❜tê♠✲s❡
Xmn(t) = eiωmntXmn(0)✱ ♦♥❞❡ Xmn(0) = Xmn é ♦ ♦♣❡r❛❞♦r ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✳
❆ss✐♠✱ ❛ ❊q✳✭✸✳✸✶✮ ✜❝❛✱

SX(f) = 2π
∑

mn

wm|Xmn|
2(δ(ωnm − ω) + δ(ωnm + ω)) ✭✸✳✸✷✮

♦♥❞❡ δ(.) é ❛ ❢✉♥çã♦ ❞❡❧t❛ ❞❡ ❉✐r❛❝✳ ❖✉ ❞❡ ♦✉tr❛ ❢♦r♠❛ ✭tr♦❝❛♥❞♦ ♦s í♥❞✐❝❡s ♠✉❞♦s ❞♦ s❡❣✉♥❞♦
❞❡❧t❛✮✱

SX(f) = 2π
∑

mn

(wm + wn)|Xmn|
2δ(ωnm − ω) ✭✸✳✸✸✮

◆♦ ❝❛s♦ ❞❡ ✉♠ s✐st❡♠❛ ❡♠ ❡q✉✐❧í❜r✐♦✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s✐çã♦ ❡♥tr❡ ♦s ❡st❛❞♦s m ❡ n ❞❡♣❡♥❞❡
s♦♠❡♥t❡ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛s✱ wn = exp(−~ω/kBT )wm✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ❊q✳✭✸✳✸✸✮ ✜❝❛✱

SX(f) = 2π(1 + e−hf/kBT )
∑

mn

wm|Xmn|
2δ(ωnm − ω) ✭✸✳✸✹✮
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◗✉❡r❡♠♦s ❝♦♠♣❛r❛r ❛ ❊q✳✭✸✳✸✹✮ ❝♦♠ ❛ ❡q✉❛çã♦ ♣❛r❛ ❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ à ♣❡rt✉r❜❛çã♦
❝❛✉s❛❞❛ ♣❡❧♦ ❛♠❜✐❡♥t❡ ✭❞❡♥tr♦ ❞❛ t❡♦r✐❛ ❞❛ r❡s♣♦st❛ ❧✐♥❡❛r✮✱ s✐♠✐❧❛r♠❡♥t❡ ❛ ❊q✳✭✷✳✶✮✳ ❙✉♣♦♥❞♦
❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛ q✉❛♥t✐❞❛❞❡ ❢ís✐❝❛ X ❡ ✉♠ ❝❛♠♣♦ F (t) ❝♦♠♦✿ HF = −XF ✳ ❈♦♠♦
❡①❡♠♣❧♦✱ X ♣♦❞❡ r❡♣r❡s❡♥t❛r ✉♠ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❡❧étr✐❝♦ ❡♠❜❡❜✐❞♦ ❡♠ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦ F ✳
❙❡ é s✉♣♦st♦ q✉❡ F é ✉♠❛ ♣❡rt✉r❜❛çã♦ ♣❡r✐ó❞✐❝❛✱ ❝♦♠ ❢r❡qüê♥❝✐❛ ω = 2πf ❡ ❛♠♣❧✐t✉❞❡ F0✱

F (t) =
1

2
(F0e

−iωt + F ∗
0 e

iωt) ✭✸✳✸✺✮

❊ss❛ ♣❡rt✉r❜❛çã♦ ✐♥❞✉③✐rá tr❛♥s✐çõ❡s ❡♥tr❡ ♦s ❡st❛❞♦s ❞♦ s✐st❡♠❛✳ ❈♦♥❢♦r♠❡ ❛ r❡❣r❛ ❞❡ ♦✉r♦ ❞❡
❋❡r♠✐✱ ❛s tr❛♥s✐çõ❡s ❡♥tr❡ ❡ss❡s ❡st❛❞♦s sã♦✱

Wmn =
π

2~2
|F0|

2|Xmn|
2(δ(ωnm + ω) + δ(ωmn − ω)) ✭✸✳✸✻✮

❡ss❛s tr❛♥s✐çõ❡s s❡rã♦ ❛❝♦♠♣❛♥❤❛❞❛s ♣♦r ✉♠❛ ❛❜s♦rçã♦ ♦✉ ❡♠✐ssã♦ ❞❡ ~ω✳ ❆ ♣♦tê♥❝✐❛ tr❛♥s❢❡r✐❞❛
♣❛r❛ ♦ s✐st❡♠❛ é ♦❜t✐❞❛ ♣❡❧❛ ♠é❞✐❛ s♦❜r❡ ♦s ❡st❛❞♦s ✐♥✐❝✐❛✐s✱

Q =
∑

mn

wmWmn~ωnm ✭✸✳✸✼✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ●✐❜❜s ❡ ❊q✳✭✸✳✸✻✮ ❡♠ ❊q✳✭✸✳✸✼✮✱ ♦❜tê♠✲s❡✱

Q =
πω

2~
|F0|

2
(

1− e−hf/kBT
)

∑

mn

wm|Xmn|
2δ(ωmn − ω) ✭✸✳✸✽✮

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❡♦r✐❛ ❞❛ r❡s♣♦st❛ ❧✐♥❡❛r ✭✈❡r ❊q✳✭✷✳✷✮✮ ❡ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❊q✳✭✸✳✸✺✮✱ ♦ ✈❛❧♦r
❡s♣❡r❛❞♦ ♣❛r❛ ❛ q✉❛♥t✐❞❛❞❡ X s❡rá✱

〈X(t)〉 =
1

2

(

F0R(ω)e−iωt + F ∗
0R(−ω)eiωt

)

✭✸✳✸✾✮

♦♥❞❡ R(ω) ✭❣❡r❛❧♠❡♥t❡ ❝❤❛♠❛❞❛ ❞❡ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❝♦♠♣❧❡①❛✮ é ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❛
❢✉♥çã♦ r❡s♣♦st❛ R(t)✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ♣♦tê♥❝✐❛ ❛❜s♦r✈✐❞❛ ♣❡❧♦ s✐st❡♠❛ ❡ ❞✐ss✐♣❛❞❛ ♣♦r ❡❧❡ ❛♣ós
✉♠❛ ♠é❞✐❛ t❡♠♣♦r❛❧ ♣♦r ✉♠ ♣❡rí♦❞♦ 2π/ω✱ s❡rá

Q = −〈X(t)〉
dF

dt
=

1

4
(−iωF0R(ω)e−iωt + iωF ∗

0R
∗(ω)eiωt) (F0e−iωt + F ∗

0 e
iωt) ✭✸✳✹✵✮

♦♥❞❡ ❛ ❜❛rr❛ s✉♣❡r✐♦r ❞❡♥♦t❛ ✉♠❛ ♠é❞✐❛ t❡♠♣♦r❛❧✳ ❙♦♠❡♥t❡ ♦s t❡r♠♦s ✐♥❞❡♣❡♥❞❡♥t❡s ❞♦ t❡♠♣♦
❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❞✐ss✐♣❛çã♦✱ ❛ss✐♠✱

Q =
1

4
|F0|

2iω(R∗(ω)−R(ω)) =
1

2
|F0|

2ωIm(R(ω)) ✭✸✳✹✶✮

❆♦ ❝♦♠♣❛r❛♠♦s ❛s ❊q✳✭✸✳✸✹✮✱ ❊q✳✭✸✳✸✽✮ ❡ ❊q✳✭✸✳✹✶✮✱ ✜♥❛❧♠❡♥t❡ ♦❜t❡♠♦s ♦ t❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲
❞✐ss✐♣❛çã♦✿

SX(f) = 2~ coth

(

hf

2kBT

)

Im(R(ω)) ✭✸✳✹✷✮

♦✉ s❡❥❛✱ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦ ❡ ❛ ♣♦tê♥❝✐❛ ❞✐ss✐♣❛❞❛ ✭❢✉♥çã♦ r❡s♣♦st❛✮
❛♠❜❛s ♥❛ ♠❡s♠❛ ❢r❡qüê♥❝✐❛✳
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❊①♣❧✐❝✐t❛♥❞♦ ❛ ❢ór♠✉❧❛ ❞♦ t❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲❞✐ss✐♣❛çã♦ ♣❛r❛ ♦ ❝❛s♦ ❞❡ s✐st❡♠❛s ❡❧❡trô♥✐❝♦s✱
❛ r❡❧❛çã♦ ❡♥tr❡ ❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ R ❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❣❡♥❡r❛❧✐③❛❞❛ G(ω)✱ ❛ q✉❛❧ é ❛ r❡s♣♦st❛ ❞❛
✈❛r✐❛çã♦ t❡♠♣♦r❛❧ ❞❡ X ✭✐st♦ é✱ I = dX/dt✮ à ♣❡rt✉r❜❛çã♦ F ✱ G(ω) = −iωR(ω)✱ ❝♦♠ Re(G) =
ωIm(R)✳ ❊ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛s ❞❡♥s✐❞❛❞❡s ❡s♣❡❝tr❛✐s sã♦✱ SI(f) = ω2SX(f)✳ P♦rt❛♥t♦✱

SI(f) = 2hf coth

(

hf

2kBT

)

Re(G(ω)) ✭✸✳✹✸✮

❖ ♠♦✈✐♠❡♥t♦ ❇r♦✇♥✐❛♥♦ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✸✳✷✳✶ é ✉♠ ♣r♦tót✐♣♦ ♣❛r❛ ♦ t❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲
❞✐ss✐♣❛çã♦✱ ✈✐st♦ q✉❡ ♥❛ ❊q✳✭✸✳✷✶✮ t❛♠❜é♠ ❤á ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ✢✉t✉❛çã♦ ✐♥t❡r♥❛ ❞♦ s✐st❡♠❛
❡ ❛ r❡s♣♦st❛ ✭❞✐ss✐♣❛çã♦✮ ❞❡ss❡ s✐st❡♠❛ ❛ ♣❡rt✉r❜❛çã♦ ❡①t❡r♥❛✳ ❚❛♠❜é♠ é ❢á❝✐❧ ✈❡r q✉❡ q✉❛♥❞♦
kBT >> hf ♥❛ ❊q✳✭✸✳✹✸✮✱ r❡❝✉♣❡r❛♠♦s ❛ ❊q✳✭✸✳✸✵✮ ♣❛r❛ ♦ r✉í❞♦ tér♠✐❝♦✳

✸✳✷✳✹ ❘✉í❞♦ 1/f

❖ r✉í❞♦ 1/f ♦✉ r✉í❞♦ ❞❡ ❜❛✐①❛✲❢r❡qüê♥❝✐❛ t❡♠ ✈ár✐♦s ♥♦♠❡s ❛❧t❡r♥❛t✐✈♦s✱ ♣♦r ❡①❡♠♣❧♦✱ r✉í❞♦
✢✐❝❦❡r✱ r✉í❞♦ ♣✐♥❦ ♦✉ r✉í❞♦ t❡❧❡❣rá✜❝♦ ❛❧❡❛tór✐♦✳ ❈♦♠♦ ♦ ♥♦♠❡ ✐♥❞✐❝❛✱ ♦ r✉í❞♦ 1/f é ❛ ❢♦♥t❡
❞♦♠✐♥❛♥t❡ ❞❡ r✉í❞♦ ♥♦ r❡❣✐♠❡ ❞❡ ❜❛✐①❛s ❢r❡qüê♥❝✐❛s✳ ❊♠ ✉♠ ❝✐r❝✉✐t♦✱ ❛s s❡❣✉✐♥t❡s ✐❣✉❛❧❞❛❞❡s sã♦
✈á❧✐❞❛s ❬✼❪✱

SI(f)

I2
=
SV (f)

V 2
=
SR(f)

R2
=
SG(f)

G2
=
C1/f

f
✭✸✳✹✹✮

♦♥❞❡ C1/f ♠❡❞❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ r✉í❞♦✳ ❊①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ❛s q✉❛♥t✐❞❛❞❡s Si(f) sã♦ ♣r♦♣♦r❝✐♦✲
♥❛✐s ❛ fα ♦♥❞❡ ♦ ❣r❛✉ ♠❡❞✐❞♦ α = −1, 0± 0, 1 ❬✼❪✳ ❆ ♦r✐❣❡♠ ♠✐❝r♦s❝ó♣✐❝❛ ❞❡ss❡ r✉í❞♦ ♥ã♦ é ❝❧❛r❛
❡ ❝♦♥st✐t✉✐ ✉♠❛ s✐❣♥✐✜❝❛♥t❡ ár❡❛ ❞❡ ✐♥✈❡st✐❣❛çã♦ t❛♥t♦ ❡♠ ❝✐ê♥❝✐❛ q✉❛♥t♦ ❡♠ ❡♥❣❡♥❤❛r✐❛✱ ❞❡✈✐❞♦
❛ s✉❛ ♣r❡s❡♥ç❛ ♥✉♠❛ ✈❛st❛ ❣❛♠❛ ❞❡ s✐st❡♠❛s ✭s❡♠✐❝♦♥❞✉t♦r❡s✱ ♠❡t❛✐s✱ s✉♣❡r❝♦♥❞✉t♦r❡s✱ ✈✐❞r♦s ❞❡
s♣✐♥s ❡ ❡t❝✳✮✳ ❉❛s ♠✉✐t❛s ❡s♣❡❝✉❧❛çõ❡s t❡ór✐❝❛s s♦❜r❡ ❛ ♦r✐❣❡♠✱ ✉♥✐✈❡rs❛❧✐❞❛❞❡✱ ❡①✐stê♥❝✐❛ ❞❡ ✉♠
❝✉t♦✛✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ❢❛t♦ é q✉❡ ♦ r✉í❞♦ t❡❧❡❣rá✜❝♦ ❛❧❡❛tór✐♦ ❞❡✈❡ ❛♣r❡s❡♥t❛r ✉♠ ❡s♣❡❝tr♦ tí♣✐❝♦
♣r♦♣♦r❝✐♦♥❛❧ ❛ 1/f ✱ ✉♠ ♠♦❞❡❧♦ s✐♠♣❧❡s ❝♦♥s✐st❡ ❡♠ ❛ss♦❝✐❛r ❡ss❡ r✉í❞♦ ❛ ❝❡♥tr♦s ❞❡ ❛♣r✐s✐♦♥❛♠❡♥t♦
♥♦ s✐st❡♠❛ q✉❡ ❝❛♣t✉r❛♠ ❡ ❧✐❜❡r❛♠ ♦s ❡❧étr♦♥s ♦✉ ❜✉r❛❝♦s ❞❡ ♠❛♥❡✐r❛ ❛❧❡❛tór✐❛✳ ◆♦ ❡♥t❛♥t♦✱ ❛
q✉❡stã♦ ❞❡ q✉❛✐s sã♦ ♦s ❝❛♥❞✐❞❛t♦s ❛ s❡r❡♠ ❡ss❡s ❝❡♥tr♦s ❞❡ ❛♣r✐s✐♦♥❛♠❡♥t♦ ♣❡r♠❛♥❡❝❡✱ ❞❡♥tr❡ ♦s
♣♦ssí✈❡✐s ❡❧❡✐t♦s✱ ❞❡❢❡✐t♦s ♥❛ s✉♣❡r❢í❝✐❡ ♦✉ ✐♥t❡r❢❛❝❡s ❢❛③❡♠ ✉♠❛ ❜♦❛ ❝❛♠♣❛♥❤❛✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ r✉í❞♦ ❝✉❥❛ q✉❛♥t✐❞❛❞❡ ❢ís✐❝❛ s❡❥❛ x ❡ s✉❛ ✢✉t✉❛çã♦ ∆x✳ ❙✉♣♦♥❞♦ q✉❡ ∆x
❞❡❝❛✐❛ ❝♦♠ ❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ τ ❬✷✶❪✱ ❛ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❞❡ ❞❡❝❛✐♠❡♥t♦ é✱

−
d∆x(t)

dt
=

∆x(t)

τ
✭✸✳✹✺✮

✐♥t❡❣r❛♥❞♦ ❡ss❛ ❡q✉❛çã♦ t❡♠♦s✱
∆x(t) = ∆x(t0)e

−(t−t0)/τ ✭✸✳✹✻✮

❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ x é✱

Cx(t) = 〈∆x(t0)∆x(t+ t0)〉 = 〈(∆x)2〉e−(t−t0)/τ ✭✸✳✹✼✮

❯t✐❧✐③❛♥❞♦ ♦ t❡♦r❡♠❛ ❞❡ ❲✐❡♥❡r✲❑❤✐♥t❝❤✐♥❡✱ ❛ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞❡ r✉í❞♦ s❡rá✱

Sx(f) = 4

∫ ∞

0

Cx(t) cos(2πft)dt = 4〈(∆x)2〉

(

τ

1 + (2πft)2

)

✭✸✳✹✽✮
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❆ ❊q✳✭✸✳✹✽✮ ❛♣r❡s❡♥t❛ ✉♠ ❡s♣❡❝tr♦ t✐♣✐❝❛♠❡♥t❡ ▲♦r❡♥t③✐❛♥♦✱ ♠♦str❛♥❞♦ q✉❡ ❡ss❛ r❡❧❛çã♦ ❛♣r❡s❡♥t❛
❝❛r❛❝t❡ríst✐❝❛ ❞❡ r✉í❞♦ ❜r❛♥❝♦ ✭t❡r♠✐♥♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ r✉í❞♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❢r❡qüê♥❝✐❛✮
q✉❛♥❞♦ fτ << 1 ❡ ❛♣r❡s❡♥t❛ ❡s♣❡❝tr♦ ♣r♦♣♦r❝✐♦♥❛❧ ❛ 1/f2 ♣❛r❛ fτ >> 1✳ ❙❡ ❤á ✉♠ ❣r❛♥❞❡
♥ú♠❡r♦ ❞❡ ❡s♣❡❝tr♦s ▲♦r❡♥t③✐❛♥♦s✱ ♦ r✉í❞♦ t♦t❛❧ STot

x (f) é ❞❛❞♦ ❛tr❛✈és ❞❛ s♦♠❛ ❞❡ ♣r♦❝❡ss♦s
✐♥❞❡♣❡♥❞❡♥t❡s✳ ▼❛t❡♠❛t✐❝❛♠❡♥t❡✱ ❡ss❡ ♥♦✈♦ ❡s♣❡❝tr♦ ♣♦❞❡ s❡r ♦❜t✐❞♦ ❛tr❛✈és ❞❛ ✐♥tr♦❞✉çã♦ ❞❡
✉♠ ❢❛t♦r g(τ) ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛ τ ✱ ✐ss♦ ✐♠♣❧✐❝❛ q✉❡ ♦ ♣r♦❝❡ss♦ ▲♦♥r❡♥t③✐❛♥♦ ♣♦ss✉✐ ✉♠
t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ s❛t✐s❢❛③❡♥❞♦ ❛ ❞❡s✐❣✉❛❧❞❛❞❡ τ1 < τ < τ2✱ ❡ g(τ) ♣♦❞❡ s❡r ❡①♣r❡ss♦ ❝♦♠♦
g(τ)dτ = 1

τln(τ2/τ1)
dτ ✳ ❆ss✐♠✱

STot
x (f) =

∫ τ2

τ1

g(τ)〈(∆x)2〉

(

4τ

1 + (2πfτ)2

)

dτ

STot
x (f) =

2

πln(τ2/τ1)

(

1

f

)

〈(∆x)2〉
(

tan−1(2πfτ2)− tan−1(2πfτ1)
)

✭✸✳✹✾✮

➱ ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r três r❡❣✐♠❡s ♥❛ ❊q✳✭✸✳✹✾✮✿ ✭✶✮ ♣❛r❛ f < 1/2πτ2✱ t❡♠♦s STot
x (f) =

4τ2〈(∆x)
2〉/ln(τ2/τ1)✱ ❛ q✉❛❧ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❢r❡qüê♥❝✐❛❀ ✭✷✮ ♣❛r❛ 1/2πτ2 < f < 1/2πτ1✱ t❡✲

♠♦s STot
x (f) = 〈(∆x)2〉/ln(τ2/τ1)f ✱ ❛ q✉❛❧ ❛♣r❡s❡♥t❛ ✉♠ ❡s♣❡❝tr♦ ♣r♦♣♦r❝✐♦♥❛❧ ❛ 1/f ❀ ✭✸✮ ♣❛r❛

f > 1/2πτ1✱ t❡♠♦s STot
x (f) = 〈(∆x)2〉/π2τ1ln(τ2/τ1)f

2✱ ❛ q✉❛❧ ❞❡❝❛✐ ♠❛✐s rá♣✐❞♦ ❝♦♠ 1/f2✳ ❈♦♥✲
t✉❞♦✱ ❡ss❛ ❛❜♦r❞❛❣❡♠ t❡ór✐❝❛ é ❜❡♠ s✉❝❡❞✐❞❛✱ ♣♦✐s ❛♣r❡s❡♥t❛ ✉♠ ❡s♣❡❝tr♦ ♣r♦♣♦r❝✐♦♥❛❧ ❛ 1/f ❡♠
❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠ ♦s ❡①♣❡r✐♠❡♥t♦s✳

❯♠❛ r❡❧❛çã♦ ❡♠♣ír✐❝❛ ♣❛r❛ ♦ r✉í❞♦ 1/f ❢♦✐ ♣r♦♣♦st❛ ✭r❡❧❛çõ❡s ❞❡ ❍♦♦❣❡✮ ❬✼✱✷✶❪ ♣❛r❛ ❝♦♥❞✉t♦r❡s
❤♦♠♦❣ê♥❡♦s ✭s❡♠✐❝♦♥❞✉t♦r❡s ❡ ♠❡t❛✐s✮✱

SI(f) = C
I

2

Ncfα
✭✸✳✺✵✮

SV (f) = C
V

2

Ncfα

♦♥❞❡ α ≈ 1✱ Nc é ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ❧✐✈r❡s✱ C = 2 × 10−3 é ✉♠ ❝♦❡✜❝✐❡♥t❡
✉♥✐✈❡rs❛❧ ✭❝♦❡✜❝✐❡♥t❡ ❞❡ ❍♦♦❣❡✮✳ P❡❧♦ ❢❛t♦ ❞❡ ❡♠ ♠❡t❛✐s ❤❛✈❡r ✉♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ♣♦rt❛❞♦r❡s
❧✐✈r❡s ❡♠ r❡❧❛çã♦ ❛♦s s❡♠✐❝♦♥❞✉t♦r❡s✱ ❛ ❛♠♣❧✐t✉❞❡ ❞♦ r✉í❞♦ 1/f é ♠❡♥♦r ❡♠ ❝♦♥❞✉t♦r❡s ♠❡tá❧✐❝♦s
❞♦ q✉❡ ❡♠ s❡♠✐❝♦♥❞✉t♦r❡s ❬✼❪✳

✸✳✷✳✺ ❘✉í❞♦ s❤♦t

❊♠ ✶✾✶✽✱ ❲✳ ❙❝❤♦tt❦② ❬✷✱ ✸✱ ✶✹❪ ♣r❡✈✐✉ q✉❡ ❞❡✈✐❞♦ ❛ ❞✐s❝r❡t✐③❛çã♦ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛
❡♠ ✉♠ ❝♦♥❞✉t♦r ♦✉ ❡♠ ✉♠ t✉❜♦ ❞❡ r❛✐♦s ❝❛tó❞✐❝♦s✱ ❞❡✈❡r✐❛ ❤❛✈❡r ✉♠❛ ✢✉t✉❛çã♦ ✐♥trí♥s❡❝❛ ❞❛s
♠❡❞✐❞❛s ❞❡ ❝♦rr❡♥t❡ ♥❡ss❡s s✐st❡♠❛s✱ ❡❧❡ ❝❤❛♠♦✉ ❙❝❤r♦t❡✛❡❦t ❡ ❛t✉❛❧♠❡♥t❡ é ❞❡♥♦♠✐♥❛❞♦ r✉í❞♦
s❤♦t ❝❧áss✐❝♦ ♦✉ r✉í❞♦ P♦✐ss♦♥✐❛♥♦✳ ❈✉❥♦s ❞❡s❡♥✈♦❧✈✐♠❡♥t♦s ♣♦st❡r✐♦r❡s sã♦ ❞❡✈✐❞♦s ❛ ❏✳ ❇✳ ❏♦❤♥s♦♥
❡ ❍✳ ◆②q✉✐st ❡♠ ♠❡❛❞♦s ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✷✵✳ ❉❡s♣r❡③❛♥❞♦ ✐♥t❡r❛çõ❡s ❡♥tr❡ ♦s ❡❧étr♦♥s✱ ❝❛❞❛ ❡❧étr♦♥
❡♠✐t✐❞♦ ♣❡❧♦ ❝át♦❞♦ ❡ ♠♦✈❡♥❞♦✲s❡ ♥♦ ✈á❝✉♦ ❡♥tr❡ ♦ ❝át♦❞♦ ❡ ♦ â♥♦❞♦ ❡ ♣♦r ✜♠ ❝❤❡❣❛♥❞♦ ♥♦ â♥♦❞♦✱
❝r✐❛ ✉♠ ♣✉❧s♦ F (t) ♠❡❞✐❞♦✱ ❡st❛t✐st✐❝❛♠❡♥t❡ ❡ss❡ é ✉♠ tí♣✐❝♦ ❡✈❡♥t♦ P♦✐ss♦♥✐❛♥♦✿ ❝❛❞❛ ❡❧étr♦♥
t❡♠ ✉♠❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ s❡r ❡♠✐t✐❞♦ ♣♦r ✉♥✐❞❛❞❡ ❞❡ t❡♠♣♦ ❡ ❡ss❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♥ã♦ ❞❡♣❡♥❞❡
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❋✐❣✉r❛ ✸✳✸✿ ■❧✉str❛çõ❡s✿ ✭❛✮ ❯♠ t✉❜♦ ❞❡ r❛✐♦s ❝❛tó❞✐❝♦s✳ ❉❡✈✐❞♦ ❛ ❞✐s❝r❡t✐③❛çã♦ ❞❛ ❝❛r❣❛ ❞♦s
♣♦rt❛❞♦r❡s✱ ❛ ❝♦rr❡♥t❡ ♥ã♦ ✢✉✐ ❝♦♥t✐♥✉❛♠❡♥t❡ ❡ ❞❡ss❛ ❢♦r♠❛ ❛♣r❡s❡♥t❛ r✉í❞♦ s❤♦t✳ ✭❜✮ ❙❡qüê♥❝✐❛
❞❡ ♣✉❧s♦s ❛❧❡❛tór✐♦s ♠❡❞✐❞♦ ♥♦ â♥♦❞♦✳

❞♦ q✉❡ ❛❝♦♥t❡❝❡ ❛♦ ♦✉tr♦s ❡❧étr♦♥s ✭s❡ ❡❧❡s sã♦ ❡♠✐t✐❞♦ ♦✉ ♥ã♦✮✳ ❆ ✐♥t❡❣r❛❧ ❞❛ ❢✉♥çã♦ F (t) s♦❜r❡
♦ t❡♠♣♦ é ✐❣✉❛❧ ❛ ❝❛r❣❛ ❞♦ ❡❧étr♦♥✱ ❋✐❣✉r❛ ✸✳✸✳

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ❝❛❞❛ ♣✉❧s♦ é ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧♦ í♥❞✐❝❡ k✱ ❡ tk é ♦ ✐♥st❛♥t❡ q✉❡ ❝♦rr❡s♣♦♥❞❡
❛ ❝❤❡❣❛❞❛ ❞♦ k✲és✐♠♦ ♣✉❧s♦ ♥♦ â♥♦❞♦✳ ❯♠ ♣✉❧s♦ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ♣♦r ✉♠❛ ❢✉♥çã♦ F (t− tk; ❛k)✱
❛ q✉❛❧ ❞❡♣❡♥❞❡ s❡ ♦s ♣✉❧s♦s sã♦ ✐❞ê♥t✐❝♦s ♦✉ ♥ã♦✱ q✉❡ s❡rá ❡s❝r✐t♦ ♥♦ ♣❛râ♠❡tr♦ ❛❧❡❛tór✐♦ ❛k =
(ak1, ..., akm)✱ ❡ss❡ ♣❛râ♠❡tr♦ ✐♥❝❧✉✐ ❛ ❛♠♣❧✐t✉❞❡ ❞♦ ♣✉❧s♦✱ ❛ ❞✉r❛çã♦ ❡ ❡t❝✳ ❆ q✉❛♥t✐❞❛❞❡ ♠❡❞✐❞❛
é✱

x(t) =
∑

k

F (t− tk; ❛k)

♦♥❞❡ ❛s q✉❛♥t✐❞❛❞❡s ❛❧❡❛tór✐❛s tk ❡ ❛k sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s ♣❛r❛ k ❞✐❢❡r❡♥t❡s ❡ ❛s s✉❛s ❢✉♥çõ❡s ❞❡
❞✐str✐❜✉✐çã♦ ♥ã♦ ❞❡♣❡♥❞❡♠ ❞❡ k✳ ❆ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞♦ t❡♠♣♦ tk ❡st❛r ❡♥tr❡ t ❡ t+dt é ♣r♦♣♦r❝✐♦♥❛❧
❛ dt ❡ ✐❣✉❛❧ ❛ n1dt✱ ♦♥❞❡ n1 é ❛ ❢r❡qüê♥❝✐❛ ♠é❞✐❛ ❞♦ ♣✉❧s♦✳ ❙❡ ♦ t❡♠♣♦ ❞❡ ♠❡❞✐❞❛ ❞♦ ❢❡♥ô♠❡♥♦
♣✉❧s❛❞♦ é tm✱ ♦ ♥ú♠❡r♦ ❞❡ ♣✉❧s♦s n ♥❡ss❡ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ✢✉t✉❛rá ❡♠ t♦r♥♦ ❞♦ ✈❛❧♦r ♠é❞✐♦
n = n1tm✳ ❯t✐❧✐③❛♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ P♦✐ss♦♥✱

P (n) =
nn

n!
e−n

♦♥❞❡ n é ✉♠ ❡✈❡♥t♦ ❛❧❡❛tór✐♦✳ ❖❜t❡♠♦s ❛ ❢✉♥çã♦ ❝❛r❛❝t❡ríst✐❝❛ φx(u) ❞❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ x✱

φxk
(u) = exp(iuxk) =

∫

d❛w❛(❛)

∫ tm/2

−tm/2

dtk
tm
eiuF (t−tk;❛)

♦♥❞❡ u é ✉♠❛ ❝♦♥st❛♥t❡ r❡❛❧ ❡ w é ❛ ❢✉♥çã♦ ❞❡♥s✐❞❛❞❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡✳ ❆ ❢✉♥çã♦ ❝❛r❛❝t❡ríst✐❝❛
t♦t❛❧ φx;n = (φxk

)n s❡rá✱

φx(u) = exp(n1

∫

d❛w❛(❛)

∫ ∞

−∞

dθ(exp(iuF (θ, ❛))− 1))

♦♥❞❡ θ = t− t′✳ ❆ ♠é❞✐❛ ❡ ❛ ✈❛r✐â♥❝✐❛ ❞❡ x✱ ❞❡ ❛❝♦r❞♦ ❊q✳✭✸✳✸✮ ❡ ❊q✳✭✸✳✺✮✱ sã♦

〈x〉 =

∫ ∞

−∞

dxxw(x) = n1

∫

d❛w❛(❛)

∫ ∞

−∞

dθF (θ, ❛)
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〈(δx)2〉 = n1

∫

d❛w❛(❛)

∫ ∞

−∞

dθF 2(θ, ❛)

▲❡♠❜r❛♥❞♦ q✉❡ ❡st❛♠♦s ❝♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣r♦❝❡ss♦ ❡st❛❝✐♦♥ár✐♦✱ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ✭❊q✳✭✸✳✻✮
❡ ❊q✳✭✸✳✼✮✮ ♣♦❞❡ s❡r ♦❜t✐❞❛✱

Cx(t1 − t2) = n1

∫

d❛w❛(❛)

∫ ∞

−∞

dθF (θ; ❛)F (θ + t1 − t2; ❛)

❯t✐❧✐③❛♥❞♦ ♦ t❡♦r❡♠❛ ❞❡ ❲✐❡♥❡r✲❑❤✐♥t❝❤✐♥❡ ❊q✳✭✸✳✶✸✮✱ ❛ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦ s❡rá✿

Sx(f) = 2n1

∫

d❛w❛(❛)|F (ω; ❛)|2

s❡ t♦❞♦s ♦s ♣✉❧s♦s sã♦ ✐❞ê♥t✐❝♦s✱ ❛ ✐♥t❡❣r❛❧ s♦❜r❡ ❛ ❞❡s❛♣❛r❡❝❡✳ ◗✉❛♥❞♦ F (ω = 0)✱ t❡♠♦s ❛ ✐♥t❡❣r❛❧
s♦❜r❡ ♦ ♣✉❧s♦ ✭❝❛r❣❛✮ Q✱ ❞❡ss❛ ❢♦r♠❛✱

Sx(0) = 2Q2n1

❝♦♠✱

Q =

∫ ∞

−∞

dtF (t)

❆ ❢r❡qüê♥❝✐❛ ❝♦♠ q✉❡ ♦s ♣✉❧s♦s sã♦ ❞❡t❡❝t❛❞♦s✱ n1 ✱ é ❛ ❝♦rr❡♥t❡ ♠é❞✐❛ ♣❡❧❛ ❝❛r❣❛✱ ♣♦rt❛♥t♦✿

SI(0) = 2eI ✭✸✳✺✶✮

q✉❡ é ❛ ❜❡♠ ❝♦♥❤❡❝✐❞❛ ❢ór♠✉❧❛ ♣❛r❛ ♦ r✉í❞♦ s❤♦t ❝❧áss✐❝♦✳ ▼❡❞✐♥❞♦ ♦ r✉í❞♦ SI(0) ❡ ❛ ❝♦rr❡♥t❡ I
s✐♠✉❧t❛♥❡❛♠❡♥t❡✱ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ❝❛r❣❛ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝♦rr❡♥t❡✳ ❱❡r❡♠♦s ♥❛ ♣ró①✐♠❛
s❡çã♦ q✉❡ ♣❛r❛ ❝♦♥❞✉t♦r❡s ❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡✱ ♦ r✉í❞♦ s❤♦t ❛♣r❡s❡♥t❛ ✉♠ ♥♦✈♦ ❝♦♠♣♦rt❛♠❡♥t♦
♥ã♦ s♦♠❡♥t❡ ❞❡✈✐❞♦ ❛ ❞✐s❝r❡t✐③❛çã♦ ❞❛ ❝❛r❣❛✱ ♠❛s t❛♠❜é♠ ❞❡✈✐❞♦ ❛ ❡st❛tíst✐❝❛ ✭❢ér♠✐♦♥s ♦✉ ❜ós♦♥s✮
q✉❡ ❡ss❛ ❝❛r❣❛ ♣❡rt❡♥❝❡✳

✸✳✸ ❆❜♦r❞❛❣❡♠ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦

❆ ✐❞é✐❛ ❜ás✐❝❛ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ é r❡❧❛❝✐♦♥❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❞❡ ✉♠
s✐st❡♠❛✱ ❡♠ ♣❛rt✐❝✉❧❛r ❛ ❝♦♥❞✉tâ♥❝✐❛ ❡ ❛s ✢✉t✉❛çõ❡s ❞❛ ❝♦rr❡♥t❡✱ ❝♦♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡s♣❛✲
❧❤❛♠❡♥t♦ ❞❡ss❡ s✐st❡♠❛✱ ♦✉ s❡❥❛✱ ❝♦♠ ♦s ❝♦❡✜❝✐❡♥t❡s ✭♣r♦❜❛❜✐❧✐❞❛❞❡s✮ ❞❡ tr❛♥s♠✐ssã♦ ❡ r❡✢❡①ã♦✳
❊ss❛s ú❧t✐♠❛s ♣r♦♣r✐❡❞❛❞❡s sã♦ ♦❜t✐❞❛s ❛tr❛✈és ❞❡ ❝á❧❝✉❧♦s q✉â♥t✐❝♦s ❞❛s ❛✉t♦✲❢✉♥çõ❡s ❞❡ ♦♥❞❛✳
❊♠ s✉❛ ❢♦r♠❛ tr❛❞✐❝✐♦♥❛❧✱ ♦ ♠ét♦❞♦ é ❛♣❧✐❝❛❞♦ ♣❛r❛ s✐st❡♠❛s ❞❡ ♣❛rtí❝✉❧❛s ♥ã♦ ✐♥t❡r❛❣❡♥t❡s ♥♦
r❡❣✐♠❡ ❡st❛❝✐♦♥ár✐♦✳ ❖ s✐st❡♠❛ ♣♦❞❡ ❡st❛r t❛♥t♦ ♥♦ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦ q✉❛♥t♦ ♥♦ ❡st❛❞♦ ❢♦r❛
❞♦ ❡q✉✐❧í❜r✐♦✱ ❛ ❞✐st✐♥çã♦ é ✐♥tr♦❞✉③✐❞❛ ♣♦r ♠❡✐♦ ❞❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ ❞♦s t❡r♠✐♥❛✐s q✉❡ ❛
r❡❣✐ã♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ✭❝♦♥❞✉t♦r✮ ❡st❛ ❝♦♥❡❝t❛❞❛✳ ❆ ✜♠ ❞❡ ❡s❝❧❛r❡❝❡r✱ é ❝♦♥s✐❞❡r❛❞♦ ✉♠ ❝♦♥❞✉✲
t♦r ❝♦♥❡❝t❛❞♦ ❛ ❞♦✐s t❡r♠✐♥❛✐s ❡ ♣❛rtí❝✉❧❛s ❢❡r♠✐ô♥✐❝❛s✳ ◆❡st❛ s❡çã♦ é s❡❣✉✐❞♦ ♦ ❢♦r♠❛❧✐s♠♦ ❞❛s
❘❡❢s✳ ❬✶✶✱ ✶✸✱✶✻❪✳
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✸✳✸✳✶ ❋♦r♠❛❧✐s♠♦

❯♠ s✐st❡♠❛ ♠❡s♦s❝ó♣✐❝♦ ❝♦♥❡❝t❛❞♦ ❛ ❞♦✐s r❡s❡r✈❛tór✐♦s ✭t❡r♠✐♥❛✐s✮✱ ❡sq✉❡r❞♦ ✭▲✮ ❡ ❞✐r❡✐t♦ ✭❘✮✱
♦♥❞❡ é ❛ss✉♠✐❞♦ q✉❡ ♦s r❡s❡r✈❛tór✐♦s sã♦ tã♦ ❣r❛♥❞❡s ❞❡ t❛❧ ♠♦❞♦ ❛ s❡r❡♠ ❝❛r❛❝t❡r✐③❛❞♦s ♣❡❧❛s
s✉❛s r❡s♣❡❝t✐✈❛s t❡♠♣❡r❛t✉r❛s TL,R ❡ ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦✲q✉í♠✐❝♦s µL,R✱ ❡ ❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦
❞❡ ❡❧étr♦♥s ♥♦s r❡s❡r✈❛tór✐♦s s❡rã♦ ❛q✉❡❧❛s ❞❛ ❡st❛tíst✐❝❛ ❞❡ ❋❡r♠✐✲❉✐r❛❝✿

fα(E) =
1

e(E−µα)/kBTα + 1
✭✸✳✺✷✮

❝♦♠ ♦ s✉❜✲í♥❞✐❝❡ α = L,R✳ ➱ ♥❡❝❡ssár✐♦ ♥♦t❛r q✉❡ ✉♠ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦ ♥♦s t❡r♠✐♥❛✐s s♦♠❡♥t❡
♣♦❞❡ s❡r ❡st❛❜❡❧❡❝✐❞♦ ✈✐❛ ♣r♦❝❡ss♦s ✐♥❡❧ást✐❝♦s ✐♥t❡r♥♦s ❞❡ ❝❛❞❛ t❡r♠✐♥❛❧✳ ❊♥tr❡t❛♥t♦✱ ♥ã♦ é ❝♦♥s✐✲
❞❡r❛❞♦ ♣r♦❝❡ss♦s ✐♥❡❧ást✐❝♦s ♥♦s s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s✱ ❡ss❡ s✐st❡♠❛s ❛♣r❡s❡♥t❛♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡
❡❧❡trô♥✐❝❛✳ ❚❛❧ ❝♦♥s✐❞❡r❛çã♦ é ❥✉st✐✜❝á✈❡❧ ♣❡❧♦ ❢❛t♦ ❞♦s r❡s❡r✈❛tór✐♦s s❡r❡♠ ❣r❛♥❞❡s ❝♦♠♣❛r❛❞♦s
❝♦♠ ❛ s❡❝çã♦ tr❛♥s✈❡rs❛❧ r❡t❛ W ✭s❡❝çã♦ ❞❡ ❝❤♦q✉❡✮ ❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ L ❞♦s ❝♦♥❞✉t♦r❡s ♠❡s♦s❝ó✲
♣✐❝♦s✱ ❞❡ss❛ ❢♦r♠❛ ♦s ❝♦♥❞✉t♦r❡s ♠❡s♦s❝ó♣✐❝♦s ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞♦s ❝♦♠♦ ❛♣❡♥❛s ✉♠❛ ♣❡q✉❡♥❛
♣❡rt✉r❜❛çã♦ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s✱ ♦s q✉❛✐s ♣♦❞❡♠ t❡r s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❧♦❝❛✐s ❞❡s❝r✐t❛s ♣♦r ❡s✲
t❛❞♦s ❞❡ ❡q✉✐❧í❜r✐♦✳ ❖✉tr♦ ❢❛t♦ ❛ s❡r ❡♥❢❛t✐③❛❞♦ é s♦❜r❡ ❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ❞♦ ❢❡♥ô♠❡♥♦✱ ❛♣❡s❛r
❞❛ ❞✐♥â♠✐❝❛ ❞♦ ❡s♣❛❧❤❛♠❡♥t♦ ♥♦ ❝♦♥❞✉t♦r s❡r ❞❡s❝r✐t❛ ♣♦r ✉♠ ❍❛♠✐❧t♦♥✐❛♥♦✱ ❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ é
✐♥tr♦❞✉③✐❞❛ ❡♠ ❞❡❝♦rrê♥❝✐❛ ❞♦s ♣r♦❝❡ss♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ♥❛ r❡❣✐ã♦ ❞❡
❡s♣❛❧❤❛♠❡♥t♦ ✭❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦✮ ♥ã♦ s❡r❡♠ ❡✈❡♥t♦s r❡❧❛❝✐♦♥❛❞♦s ✭❡st❛tíst✐❝❛ P♦✐ss♦♥✐❛♥❛✮✳

P♦❞❡✲s❡ ❛ss✉♠✐r✱ s❡♠ ♣❡r❞❛ ❞❡ ❣❡♥❡r❛❧✐❞❛❞❡✱ q✉❡ ❧♦♥❣❡ ❞❛ r❡❣✐ã♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ♦ ♠♦✈✐♠❡♥t♦
❡❧❡trô♥✐❝♦ ❧♦♥❣✐t✉❞✐♥❛❧ ✭❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❞♦ ❝♦♥❞✉t♦r✮ ❡ tr❛♥s✈❡rs❛❧ ✭♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ❝♦♥❞✉t♦r✮
sã♦ s❡♣❛rá✈❡✐s✱ ❝♦♥s✐❞❡r❛✲s❡ ♦ tr❛♥s♣♦rt❡ ❡❢❡t✐✈♦ s❡♠♣r❡ ♦❝♦rr❡♥❞♦ ❞♦ r❡s❡r✈❛tór✐♦ ❡sq✉❡r❞♦ ✭L✮
♣❛r❛ ♦ ❞✐r❡✐t♦ ✭R✮✳ ❖ ♠♦✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ é ❝♦♥tí♥✉♦ ❡ ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧♦ ✈❡t♦r ❞❡ ♦♥❞❛ k❧ẑ✱
❝♦♠ ❛✉t♦✲✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ E❧ = ~

2k2
❧
/2m✳ ❖ ♠♦✈✐♠❡♥t♦ tr❛♥s✈❡rs♦ é ❝♦♥✜♥❛♥t❡ ❛♦ ❞❡s❧♦❝❛♠❡♥t♦

❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛✱ ❞❛♥❞♦ ♦r✐❣❡♠ ❛ q✉❛♥t✐③❛çã♦ ❞❡ss❡ ♠♦✈✐♠❡♥t♦ ❡ ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧♦ í♥❞✐❝❡
❞✐s❝r❡t♦ n✱ ❝♦♠ ❛✉t♦✲✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ Eα;n q✉❡ ♣♦❞❡ s❡r ❞✐❢❡r❡♥t❡ ❡♠ ❝❛❞❛ r❡s❡r✈❛tór✐♦✳ ❊ss❡s
❛✉t♦✲✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛ ❞♦ ♠♦✈✐♠❡♥t♦ tr❛♥s✈❡rs♦ sã♦ ❝❤❛♠❛❞♦s ❞❡ ❝❛♥❛✐s ✭♠♦❞♦s✮ tr❛♥s✈❡rs♦ ❞❡
❝♦♥❞✉çã♦✳ ❆ss✐♠ t❡♠♦s E = E❧ + En✳ ❖ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❝❛♥❛✐s ❞♦ r❡s❡r✈❛tór✐♦ ❡sq✉❡r❞♦ ♣❛r❛ ♦
❝♦♥❞✉t♦r ❡ ❞♦ ❞✐r❡✐t♦ ♣❛r❛ ♦ ❝♦♥❞✉t♦r é ❞❡♥♦t❛❞♦ ♣♦r NL,R(E)✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

■♥tr♦❞✉③✐♥❞♦ ♦s ♦♣❡r❛❞♦r❡s a†Ln(E) ❡ aLn(E) ❞❡ ❝r✐❛çã♦ ❡ ❞❡str✉✐çã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞❡ ❡❧é✲
tr♦♥s ❝♦♠ ❡♥❡r❣✐❛ E ♥♦ ❝❛♥❛❧ tr❛♥s✈❡rs♦ n ♥♦ r❡s❡r✈❛tór✐♦ ❡sq✉❡r❞♦ q✉❡ ✐♥❝✐❞❡♠ ♥♦ ❝♦♥❞✉t♦r
♠❡s♦s❝ó♣✐❝♦✱ ❡ ♦s ♦♣❡r❛❞♦r❡s ❞❡ ❝r✐❛çã♦ b†Ln(E) ❡ ❞❡str✉✐çã♦ bLn(E) ❢❡r♠✐ô♥✐❝♦s q✉❡ ❞❡s❝r❡✈❡♠
❡❧étr♦♥s r❡✢❡t✐❞♦s ❞♦ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦ ♣❛r❛ ♦ r❡s❡r✈❛tór✐♦ ❡sq✉❡r❞♦✳ ❚❛✐s ♦♣❡r❛❞♦r❡s ♦❜❡❞❡✲
❝❡♠ ❛s s❡❣✉✐♥t❡s r❡❧❛çõ❡s ❞❡ ❛♥t✐✲❝♦♠✉t❛çã♦✿

a†Ln(E)aLn′(E ′) + aLn′(E ′)a†Ln(E) = δnn′δ(E − E ′),

aLn(E)aLn′(E ′) + aLn′(E ′)aLn(E) = 0,

a†Ln(E)a†Ln′(E
′) + a†Ln′(E

′)a†Ln(E) = 0.

❈♦♠ s✐❣♥✐✜❝❛❞♦s s✐♠✐❧❛r❡s ♣♦❞❡♠♦s ✐♥tr♦❞✉③✐r ♦s ♦♣❡r❛❞♦r❡s ❞❡ ❝r✐❛çã♦ ❡ ❞❡str✉✐çã♦ a†Rn(E)
❡ aRn(E) ♣❛r❛ ♦s ❡❧étr♦♥s ✐♥❝✐❞❡♥t❡s✱ ❡ b†Rn(E) ❡ bRn(E) ♣❛r❛ ♦s ❡❧étr♦♥s r❡✢❡t✐❞♦s ❞♦ ❝♦♥❞✉t♦r
♠❡s♦s❝ó♣✐❝♦ ♣❛r❛ ♦ r❡s❡r✈❛tór✐♦ ❞✐r❡✐t♦✳ ❱❡r ❋✐❣✉r❛ ✸✳✹✳
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❋✐❣✉r❛ ✸✳✹✿ ■❧✉str❛çã♦ ❞♦ ❝♦♥❞✉t♦r ❜❛❧íst✐❝♦ ❛❝♦♣❧❛❞♦ ❛ ❞♦✐s r❡s❡r✈❛tór✐♦s ❞❡ ❡❧étr♦♥s✱ ♥♦ ❝❛s♦ ❞❡
✉♠ ú♥✐❝♦ ❝❛♥❛❧ tr❛♥s✈❡rs♦ ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦

◗✉❡r❡♠♦s ❝r✐❛r ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ♦s ♦♣❡r❛❞♦r❡s a ❡ b✱ t❛❧ ❢❡✐t♦ é ♣♦ssí✈❡❧ ❛tr❛✈és ❞❛ ✐♥tr♦❞✉çã♦
❞❡ ✉♠❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ S✿



















bL1
✳✳✳

bLNL

bR1
✳✳✳

bRNR



















= S ×



















aL1
✳✳✳

aLNL

aR1
✳✳✳

aRNR



















✭✸✳✺✸✮

❆ ♠❛tr✐③ S ♣♦ss✉✐ ❞✐♠❡♥sã♦✶ (NL +NR)× (NL +NR) ❡ ❝❛❞❛ ❡❧❡♠❡♥t♦ ❞❡ ♠❛tr✐③ ❞❡♣❡♥❞❡ ❞❛
❡♥❡r❣✐❛ t♦t❛❧ E✱ ❜❡♠ ❝♦♠♦ ❛ ♣ró♣r✐❛ S = S(E)✳ ❆ ❢♦r♠❛ ❡♠ ❜❧♦❝♦ ❞❛ ♠❛tr✐③ S é ❞❛❞❛ ♣♦r✿

S =

(

r t′

t r′

)

✭✸✳✺✹✮

◆❡ss❛ ♠❛tr✐③ S✱ ♦s ❡❧étr♦♥s r❡✢❡t✐❞♦s ❞♦ ❝♦♥❞✉t♦r ♣❛r❛ ♦s r❡s❡r✈❛tór✐♦s ❡sq✉❡r❞♦ ❡ ❞✐r❡✐t♦
sã♦ ❞❡s❝r✐t♦s ♣❡❧❛s ♠❛tr✐③❡s✲❜❧♦❝♦ ❞✐❛❣♦♥❛❧ r ✭❞✐♠❡♥sã♦ NL × NL✮ ❡ r′ ✭❞✐♠❡♥sã♦ NR × NR✮✳
❏á ♦s ❡❧étr♦♥s tr❛♥s♠✐t✐❞♦s ❛tr❛✈és ❞♦ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦ sã♦ ❞❡s❝r✐t♦s ♣❡❧❛s ♠❛tr✐③❡s✲❜❧♦❝♦
♥ã♦ ❞✐❛❣♦♥❛❧ t ✭❞✐♠❡♥sã♦ NR × NL✮ ❡ t′ ✭❞✐♠❡♥sã♦ NL × NR✮✳ ❈♦♥s✐❞❡r❛♠♦s q✉❡ ♦ ♣r♦❝❡ss♦
❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❝♦♥s❡r✈❛ ♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ✭❡❧étr♦♥s✮ ❡♥✈♦❧✈✐❞❛s ♥♦ tr❛♥s♣♦rt❡✱ ✐st♦ é✱ ❛

✶❆ ❢♦r♠❛ ❝♦♠♣❧❡t❛ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ é✿

S =





















SLL;11 · · · SLL;1NL
SLR;11 · · · SLR;1NR

✳✳✳
✳ ✳ ✳

✳✳✳
✳✳✳

✳ ✳ ✳
✳✳✳

SLL;NL1 · · · SLL;NLNL
SLR;NL1 · · · SLR;NLNR

SRL;11 · · · SRL;1NL
SRR;11 · · · SRR;11

✳✳✳
✳ ✳ ✳

✳✳✳
✳✳✳

✳ ✳ ✳
✳✳✳

SRL;NR1 · · · SRL;NRNL
SRR;NR1 · · · SRR;NRNR





















❖♥❞❡ ♦s ❡❧❡♠❡♥t♦s ❞❡ ♠❛tr✐③ Sαβ,mn✱ ❝♦♠ α, β = L, R ❡ m, n = Nα, Nβ ✐♥❞❡①❛♥❞♦ ♦s r❡s❡r✈❛tór✐♦s ❡ ♦s ♥ú♠❡r♦s
❞❡ ❝❛♥❛✐s ❞❡ ❝❛❞❛ r❡s❡r✈❛tór✐♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳
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♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ S é ♥❡❝❡ss❛r✐❛♠❡♥t❡ ✉♥✐tár✐❛✳ ❆✐♥❞❛✱ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s
✭♦s q✉❛✐s q✉❡❜r❛r✐❛♠ ❛ s✐♠❡tr✐❛ ❞❡ r❡✈❡rsã♦ t❡♠♣♦r❛❧✮ ❛ ♠❛tr✐③ S é s✐♠étr✐❝❛✳

❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦ ❞❡ tr❛♥s♣♦rt❡ q✉â♥t✐❝♦ é ❢❡✐t♦ ♣❡❧♦ ♦♣❡r❛❞♦r ❞❡ ❝♦rr❡♥t❡✿

IL(z, t) =
~e

2im

∫

dr⊥

[

Ψ†
L(r, t)

∂ΨL(r, t)

∂z
−
∂Ψ†

L(r, t)

∂z
ΨL(r, t)

]

✭✸✳✺✺✮

♦♥❞❡ ♦ s✉❜✲í♥❞✐❝❡ L é r❡❢❡r❡♥t❡ ❛♦ r❡s❡r✈❛tór✐♦ ❡sq✉❡r❞♦ ❡ ♦s ♦♣❡r❛❞♦r❡s ❞❡ ❝❛♠♣♦ ❢❡r♠✐ô♥✐❝♦ Ψ
❡ Ψ† sã♦ ❡①♣r❡ss♦s ♣♦r ❬✶✷❪✱

ΨL(r, t) =

∫

dEe−iEt/~

NL(E)
∑

n=1

χLn(r⊥)

(2π~vLn(E))1/2

[

aLne
ikLnz + bLne

−ikLnz
]

✭✸✳✺✻✮

❡ ♦ s❡✉ ❤❡r♠✐t✐❛♥♦ ❝♦♥❥✉❣❛❞♦✱

Ψ†
L(r, t) =

∫

dEeiEt/~

NL(E)
∑

n=1

χ∗
Ln(r⊥)

(2π~vLn(E))1/2

[

a†Lne
−ikLnz + b†Lne

ikLnz
]

✭✸✳✺✼✮

♦♥❞❡ r⊥ sã♦ ♦s ❡✐①♦s tr❛♥s✈❡rs♦s ✭♣❡r♣❡♥❞✐❝✉❧❛r❡s✮ ❛♦ ❝♦♥❞✉t♦r ✭❞❡✜♥✐❞♦ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ z✮✱ χLn

sã♦ ❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ tr❛♥s✈❡rs❛s✱ kLn = ~
−1[2m(E − ELn)]1/2 sã♦ ✈❡t♦r❡s ❞❡ ♦♥❞❛ ✭t♦♠❛♠♦s

s❡♠♣r❡ E−ELn ≥ 0 ♣❛r❛ t♦❞♦s ♦s ❝❛♥❛✐s n ❛❜❡rt♦s✮ ❡ vn(E) = ~kLn/m é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦s ❡❧étr♦♥s
❞❡ ❝♦♥❞✉çã♦ ♥♦ n✲és✐♠♦ ❝❛♥❛❧✳

❈♦♠ ✐ss♦✱ ♦❜t❡♠♦s ❛ s❡❣✉✐♥t❡ ❡①♣r❡ssã♦ ♣❛r❛ ♦ ♦♣❡r❛❞♦r ❞❡ ❝♦rr❡♥t❡✿

IL(z, t) =

e

4π~

∑

n

∫

dEdE′ ei(E−E′)t/~

√

vLn(E)vLn(E ′)
×

×[[vLn(E) + vLn(E ′)][ei(kLn(E′)−kLn(E))za†Ln(E)aLn(E ′) +

−ei(kLn(E)−kLn(E′))zb†Ln(E)bLn(E ′)] +

+[vLn(E)− vLn(E ′)][e−i(kLn(E)+kLn(E′))za†Ln(E)bLn(E ′) +

−ei(kLn(E)+kLn(E′))zb†Ln(E)aLn(E ′)]] ✭✸✳✺✽✮

P♦❞❡♠♦s s✐♠♣❧✐✜❝❛r ❡ss❛ ❡①♣r❡ssã♦ ❛♦ ❝♦♥s✐❞❡r❛r♠♦s E ♣ró①✐♠♦ ❞❡ E ′✱ ♥❡st❡ ❝❛s♦ ♦s t❡r♠♦s
❝♦♠♦ ✈❡❧♦❝✐❞❛❞❡s ❡ ♦ ✈❡t♦r❡s ❞❡ ♦♥❞❛s✱ q✉❡ ❞❡♣❡♥❞❡♠ ❞❛ ❡♥❡r❣✐❛ ✭❞❡ ❢❛t♦ ❛♠❜❛s ❛s ❡♥❡r❣✐❛ sã♦
❝♦♥s✐❞❡r❛❞❛s ❧✐❣❡✐r❛♠❡♥t❡ ❞❡s❧♦❝❛❞❛s ❞♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ EF ✮✱ ❛♣r♦①✐♠❛♠✲s❡ ❡♥tr❡ s✐ ♠❛✐s rá♣✐❞♦
q✉❡ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ E − E ′✳ ❉❡ss❛ ❢♦r♠❛✱ ♦❜t❡♠♦s ✉♠❛ ❡①♣r❡ssã♦ ♠❛✐s s✐♠♣❧❡s✿

IL(t) =
e

2π~

∑

n

∫

dEdE′ei(E−E′)t/~[a†Ln(E)aLn(E ′)− b†Ln(E)bLn(E ′)] ✭✸✳✺✾✮

❉❛ ❡①♣r❡ssã♦ ❛❝✐♠❛ é ♣♦ssí✈❡❧ ♥♦t❛r n+
Ln(E) = a†Ln(E)aLn(E)✱ ♦ ♦♣❡r❛❞♦r ❞♦ ♥ú♠❡r♦ ❞❡ ♦❝✉♣❛✲

çã♦ ❞♦s ❡❧étr♦♥s ✐♥❝✐❞❡♥t❡s s♦❜r❡ ♦ ❝♦♥❞✉t♦r ❛ ♣❛rt✐r ❞♦ r❡s❡r✈❛tór✐♦ ❡sq✉❡r❞♦ ❛tr❛✈és ❞♦ ❝❛♥❛❧ n✱
❡ n−

Ln(E) = b†Ln(E)bLn(E)✱ ♦ ♦♣❡r❛❞♦r ❞♦ ♥ú♠❡r♦ ❞❡ ♦❝✉♣❛çã♦ ❞♦s ❡❧étr♦♥s r❡✢❡t✐❞♦s ❞♦ ❝♦♥❞✉t♦r
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♣❛r❛ ♦ r❡s❡r✈❛tór✐♦ ❡sq✉❡r❞♦ ♣❡❧♦ ❝❛♥❛❧ n✳ ❋❛③❡♥❞♦ E ′ = E + ~ω ❡ ✐♥t❡❣r❛♥❞♦ ❡♠ r❡❧❛çã♦ ❛ ω✱
♦❜t❡♠♦s✿

IL(t) =
e

2π~

∑

n

∫

dE[n+
Ln(E, t)− n−

Ln(E, t)] ✭✸✳✻✵✮

♦♥❞❡ n±
Ln(E, t) sã♦ ♦s ♦♣❡r❛❞♦r❡s ♥ú♠❡r♦ ❞❡ ♦❝✉♣❛çã♦ ❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦✳ ❆ ❊q✳✭✸✳✻✵✮ ❞✐③ q✉❡

❛ ❞✐❢❡r❡♥ç❛ ♥♦ ♥ú♠❡r♦ ❞❡ ♦❝✉♣❛çã♦ ❞♦s ❡❧étr♦♥s ✢✉✐♥❞♦ ❞♦ r❡s❡r✈❛tór✐♦ ❡sq✉❡r❞♦ ♣❛r❛ ♦ ❞✐r❡✐t♦✱
❡♠ ❝❛❞❛ ❝❛♥❛❧✱ ❢♦r♥❡❝❡ ❛ ❝♦rr❡♥t❡ ❡♠ ❝❛❞❛ ✐♥st❛♥t❡ t✳

❯t✐❧✐③❛♥❞♦ ❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ S✱ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ♦ ♦♣❡r❛❞♦r ❝♦rr❡♥t❡ ❡♠ t❡r♠♦s ❞❡ a
❡ a† ❛♣❡♥❛s✿

IL(t) =
e

2π~

∑

αβ

∑

mn

∫

dEdE′ei(E−E′)t/~a†αm(E)Amn
αβ (L;E,E ′)aβn(E ′) ✭✸✳✻✶✮

♦♥❞❡ ♦s s✉❜✲í♥❞✐❝❡s α ❡ β ❞✐③❡♠ r❡s♣❡✐t♦ ❛♦s r❡s❡r✈❛tór✐♦s L ❡ R✱ ❡ A é ✉♠❛ ♠❛tr✐③ ❞❛❞❛ ♣♦r ❬✶✸❪✱

Amn
αβ (L;E,E ′) = δmnδαLδβL −

∑

k

S†
Lα;mk(E)SLβ;kn(E ′) ✭✸✳✻✷✮

❝♦♠ ♦s ❡❧❡♠❡♥t♦s ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ SLα;mk(E) r❡❧❛❝✐♦♥❛♥❞♦ ♦s ❡st❛❞♦s r❡✢❡t✐❞♦s ✭bLm(E)✮
♣❛r❛ ♦ r❡s❡r✈❛tór✐♦ L ♣❡❧♦ ❝❛♥❛❧ m ❝♦♠ ♦s ❡st❛❞♦s ✐♥❝✐❞❡♥t❡s ✭aαk(E)✮ ♣❡❧♦ r❡s❡r✈❛tór✐♦ α ❡ ❝❛♥❛❧
k✳

✸✳✸✳✷ ❈♦♥❞✉tâ♥❝✐❛

❈♦♠ ❛ ❊q✳✭✸✳✻✶✮✱ ♣♦❞❡♠♦s ♦❜t❡r ❛ ❝♦rr❡♥t❡ ♠é❞✐❛ q✉❡ ✢✉✐ ♣❡❧♦ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦✳ P❛r❛
✉♠ s✐st❡♠❛ ♥♦ ❡q✉✐❧í❜r✐♦ t❡r♠♦❞✐♥â♠✐❝♦✱ ❛ ♠é❞✐❛ q✉â♥t✐❝♦✲❡st❛tíst✐❝❛ ❞♦ ♣r♦❞✉t♦ ❞❡ ♦♣❡r❛❞♦r❡s
❞❡ ❝r✐❛çã♦ ❡ ❞❡str✉✐çã♦ ❞❡ ❡❧étr♦♥s ❞❡ ✉♠ ❣ás ❞❡ ❋❡r♠✐ é ❞❛❞♦ ♣♦r✱

〈

a†αm(E)aβn(E ′)
〉

= δαβδmnδ(E − E
′)fα(E). ✭✸✳✻✸✮

❯s❛♥❞♦ ❛s ❊qs✳✭✸✳✻✶✮ ❡ ✭✸✳✻✸✮✱ ❡ ❝♦♠♦ ❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ S é ✉♥✐tár✐❛✱ ♦❜t❡♠♦s✱

〈IL〉 =
e

2π~

∫

dETr[t†(E)t(E)][fL(E)− fR(E)]. ✭✸✳✻✹✮

❖♥❞❡ t é ❛ ♠❛tr✐③✲❜❧♦❝♦ ♥ã♦ ❞✐❛❣♦♥❛❧ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✱ tmn = SRL;mn✳ ◆♦ ❧✐♠✐t❡ ❞❡
t❡♠♣❡r❛t✉r❛ ♥✉❧❛✱ ❡ ♣❛r❛ ♣❡q✉❡♥❛s ✈♦❧t❛❣❡♥s ❛♣❧✐❝❛❞❛s✱ ♦❜t❡♠♦s ✉♠❛ ❝♦♥❞✉tâ♥❝✐❛✱

G =
e2

2π~
Tr[t†(EF )t(EF )]. ✭✸✳✻✺✮

❉❡ss❛ ❢♦r♠❛✱ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r♠♦s ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ♥♦ ♥í✈❡❧ ❞❡
❋❡r♠✐ ❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ ♥❛ ❊q✳✭✸✳✻✺✮✱ ❛ q✉❛❧ é ✉♠❛ ❡①♣r❡ssã♦ ❜ás✐❝❛ ✐♥✈❛r✐❛♥t❡ ♣❛r❛ ❛ ❞❡s❝r✐çã♦ ❞❛s
♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❡♠ s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s✳ ❉✐❛❣♦♥❛❧✐③❛♥❞♦ ❛ ♠❛tr✐③ t†t✱ ❡❧❛ t❡rá ✉♠
❝♦♥❥✉♥t♦ r❡❛❧ ❞❡ ❛✉t♦✲✈❛❧♦r❡s ✭❝♦❡✜❝✐❡♥t❡s ♦✉ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♠✐ssã♦✮ Tn(E) ✈❛r✐❛♥❞♦ ❡♥tr❡
③❡r♦ ❡ ❛ ✉♥✐❞❛❞❡✳ ◆❛ ❜❛s❡ ❞♦s ❛✉t♦✲❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦✱ ♣♦❞❡♠♦s r❡❡s❝r❡✈❡r ❛ ❊q✳✭✸✳✻✹✮✱

〈IL〉 =
e

2π~

∑

n

∫

dETn(E)[fL(E)− fR(E)]. ✭✸✳✻✻✮
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❡ ❞❡ss❛ ❢♦r♠❛ ♦❜t❡♠♦s ❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ♣❛r❛ ♠✉❧t✐✲❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦s✿

G =
e2

2π~

∑

n

Tn(EF ). ✭✸✳✻✼✮

♦♥❞❡ n sã♦ ❝❛♥❛✐s ❞❡❣❡♥❡r❛❞♦ ❡♠ r❡❧❛çã♦ ❛♦ s♣✐♥ ❞♦s ❡❧étr♦♥s✳
❚❛♠❜é♠ é ♣♦ssí✈❡❧✱ ❛tr❛✈és ❞❛ ✐♥tr♦❞✉çã♦ ❞❡ ♣r♦❝❡ss♦s ❞✐ss✐♣❛t✐✈♦s ✭❝♦♠♦ ❛ ❛❜s♦rçã♦ ♦✉ ❡♠✐s✲

sã♦ ❞❡ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛✮✱ ❡①♣r❡ss❛r♠♦s ❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ t❡r♠♦s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s✲
♠✐ssã♦ TRL;mn = |sRL;mn|

2 ♣❛r❛ ❡❧étr♦♥s tr❛♥s♠✐t✐❞♦s ❞♦ r❡s❡r✈❛tór✐♦ L ♣❡❧♦ ❝❛♥❛❧ n ✭❡♥tr❛❞❛✮ ♣❛r❛
♦ r❡s❡r✈❛tór✐♦ R ♣❡❧♦ ❝❛♥❛❧ m ✭s❛í❞❛✮✳ ❆ss✐♠ ♦❜t❡♠♦s✱

G =
e2

2π~

∑

mn

Tmn(EF ). ✭✸✳✻✽✮

❊ss❛s ❜❛s❡s ❞♦s ❛✉t♦✲❝❛♥❛✐s sã♦ ❝❤❛♠❛❞❛s ❞❡ ❜❛s❡s ♥❛t✉r❛✐s ♣❛r❛ ❛ ❡①♣r❡ssã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✳
❆♣❡s❛r ❞❡ ❞❡t❛❧❤❛r♠♦s ♣♦st❡r✐♦r♠❡♥t❡ ❛ s❡❣✉✐♥t❡ ❛ss❡rçã♦✱ é ✐♥str✉t✐✈♦✱ ❛❣♦r❛✱ ❧❡♠❜r❛r♠♦s q✉❡
❛♣❡s❛r ❞❛ ❝♦♥❞✉tâ♥❝✐❛ s❡r ❞❡s❝r✐t❛ ❛♣❡♥❛s ❝♦♠ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ ❤á ♣❛râ♠❡tr♦s
❝♦♠♦ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ✭q✉❛♥❞♦ e|V | >> kBT, ~ω✮ q✉❡ ♥ã♦ sã♦ ❛♣❡♥❛s ❞❡s❝r✐t♦ ♣♦r ❡ss❡s
❝♦❡✜❝✐❡♥t❡s✱ ❛ss✐♠✱ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ♥ã♦ sã♦ ♦s ❡❧❡♠❡♥t♦s ❢✉♥❞❛♠❡♥t❛✐s ❞❛ ❞❡s❝r✐çã♦
❞♦ tr❛♥s♣♦rt❡✱ ♠❛s s✐♠ ❛ ❝✐♥ét✐❝❛ ❡❧❡trô♥✐❝❛ é ❣♦✈❡r♥❛❞❛ ♣❡❧❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ S✳

❆♣❡s❛r ❞♦ tr❛❜❛❧❤♦ ♦r✐❣✐♥❛❧ ❞❡st❛ ❞✐ss❡rt❛çã♦✱ ❝♦♥s✐❞❡r❛r ❛♣❡♥❛s ✉♠❛ ♥❛♥♦❡str✉t✉r❛ ❝♦♥❞✉t♦r❛
❛❝♦♣❧❛❞❛ ❛ ❞♦✐s r❡s❡r✈❛tór✐♦s ✭✈❡r ❈❛♣✳ ✹✮✱ ♣♦r ✉♠❛ q✉❡stã♦ ❞❡ ❝♦♠♣❧❡t❡③❛ ❞❛ t❡♦r✐❛✱ tr❛t❛♠♦s ♦
❝❛s♦ ❣❡r❛❧ ❞❡ ✉♠ ❝♦♥❞✉t♦r ♠❡s♦s❝ó♣✐❝♦ ❛❝♦♣❧❛❞♦ ❛ ♠ú❧t✐♣❧♦s r❡s❡r✈❛tór✐♦s✳ ❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ❝♦♥✲
❞✉t♦r ♠❡s♦s❝ó♣✐❝♦ ❝♦♥❡❝t❛❞♦ ❛ ♠ú❧t✐♣❧♦s r❡s❡r✈❛tór✐♦s ❡❧❡trô♥✐❝♦s ✭α✮✱ ❝❛r❛❝t❡r✐③❛❞♦s ♣❡❧❛ ❢✉♥çã♦
❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ❋❡r♠✐ fα(E)✱ ♦♥❞❡ E = EF + µα✳ P❛r❛ ✉♠❛ ❞❛❞❛ ❡♥❡r❣✐❛✱ ✉♠ r❡s❡r✈❛tór✐♦ α
❛♣r❡s❡♥t❛rá Nα(E) ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦s✳ ❈♦♠ ✐ss♦✱ ♣♦❞❡♠♦s ♠❛✐s ✉♠❛ ✈❡③ ✐♥tr♦❞✉③✐r ♦s
♦♣❡r❛❞♦r❡s ❞❡ ❝r✐❛çã♦ ❡ ❞❡str✉✐çã♦ ❡❧❡trô♥✐❝♦s ❞♦s ❡st❛❞♦s ✐♥❝✐❞❡♥t❡s ✭a†αn✱ aαn✮ ❡ ❞♦s r❡✢❡t✐❞♦s
✭b†αn✱ bαn✮✱ ❛tr❛✈és ❞♦ ❝❛♥❛❧ n✳ ◆♦✈❛♠❡♥t❡✱ ❛♠❜♦s ❡ss❡s ♦♣❡r❛❞♦r❡s ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ♣♦r ♠❡✐♦
❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✱ ❝♦♠♦ ♥❛ ❊q✳✭✸✳✺✸✮✱ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✱

bαm(E) =
∑

βn

Sαβ;mn(E)aβn(E). ✭✸✳✻✾✮

❊♠ ❝♦♥❢♦r♠✐❞❛❞❡ ❝♦♠ ❛s ❞❡r✐✈❛çõ❡s ❛♥t❡r✐♦r❡s✱ ♣♦❞❡♠♦s ❣❡♥❡r❛❧✐③❛r ♦ ♦♣❡r❛❞♦r ❞❡ ❝♦rr❡♥t❡✱
❊q✳✭✸✳✻✶✮✱ ♣❛r❛ ♦ ❝❛s♦ ❞♦ ✢✉①♦ ❡❧❡trô♥✐❝♦ ❞♦ r❡s❡r✈❛tór✐♦ α ♣❛r❛ ♦ ❝♦♥❞✉t♦r✱

Iα(t) =
e

2π~

terminais
∑

βγ

canais
∑

mn

∫

dEdE′ei(E−E′)t/~a†βm(E)Amn
βγ (α;E,E ′)aγn(E ′), ✭✸✳✼✵✮

❝♦♠✱

Amn
βγ (α;E,E ′) = δmnδαβδαγ −

canais
∑

k

S†
αβ;mk(E)Sαγ;kn(E ′). ✭✸✳✼✶✮

♦♥❞❡ ♦s s✉❜✲í♥❞✐❝❡s γ ❡ k r❡❢❡r❡♠ ❛♦s ❡❧❡tr♦❞♦s ❡ ❛♦s ❝❛♥❛✐s ❛❜❡rt♦s ♣❛r❛ ❝♦♥❞✉çã♦ ❡♠ ❝❛❞❛
❡❧❡tr♦❞♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳
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❆ ❝♦rr❡♥t❡ ♠é❞✐❛ ❞♦ ❝♦♥❞✉t♦r✱ ♣r♦✈✐♥❞❛ ❞♦ r❡s❡r✈❛tór✐♦ β✱ ♦ q✉❛❧ s❡ ❡♥❝♦♥tr❛ ❝♦♠ ✉♠ ♣♦t❡♥❝✐❛❧
❡❧❡tr♦✲q✉í♠✐❝♦ µβ = µeq + eVβ✱ ♦♥❞❡ µeq r❡❢❡r❡✲s❡ ❛♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ ♥♦ ❡q✉✐❧í❜r✐♦✱ é ❞❛❞❛ ♣♦r✱

〈Iα〉 =
e2

2π~

∑

β(β 6=α)

Vβ

∫

dE

(

−
∂f

∂E

)

[Nαδαβ − Tr(S
†
αβSαβ)], ✭✸✳✼✷✮

♦♥❞❡ ♦ tr❛ç♦ é t♦♠❛❞♦ s♦❜r❡ ♦s í♥❞✐❝❡s ❞♦s ❝❛♥❛✐s ❞♦ r❡s❡r✈❛tór✐♦ α✳ ◆♦ r❡❣✐♠❡ ❧✐♥❡❛r✱ ❛ ❝♦rr❡♥t❡
♠é❞✐❛ é ❡①♣r❡ss❛✱

〈Iα〉 =
∑

β

GαβVβ ✭✸✳✼✸✮

❝♦♠ ❛ ♠❛tr✐③ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ Gαβ ≡ d 〈Iα〉 /dVβ|Vβ=0✳ ❆ss✐♠✱

Gαβ =
e2

2π~

∫

dE

(

−
∂f

∂E

)

[Nαδαβ − Tr(S
†
αβSαβ)]. ✭✸✳✼✹✮

❧❡♠❜r❛♥❞♦ q✉❡ ♦s ❡❧❡♠❡♥t♦s ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ sã♦ ❝❛❧❝✉❧❛❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱ Sαβ =
Sαβ(EF )✳ ❊ss❛ ❡①♣r❡ssã♦ ♣❛r❛ ❛ ♠❛tr✐③ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ t❡♠ s✐❞♦ ❛♣❧✐❝❛❞❛ ❝♦♠ s✉❝❡ss♦✱ ♣✐♦♥❡✐✲
r❛♠❡♥t❡ ♣♦r ❇✉tt✐❦❡r✱ ♥♦ ✐♥í❝✐♦ ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✾✵✱ à ✉♠❛ ❣❛♠❛ ❞❡ s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s ❝♦♠
✭❝♦♥❞✉t♦r❡s ❜❛❧íst✐❝♦s ♠✉❧t✐✲t❡r♠✐♥❛✐s✮ ❡ s❡♠ ✭❡❢❡✐t♦ ❍❛❧❧ q✉â♥t✐❝♦ ✐♥t❡✐r♦✮ s✐♠❡tr✐❛ ❞❡ r❡✈❡rsã♦
t❡♠♣♦r❛❧ ❬✶✸❪✳

❆ s♦♠❛ ❞❛ ❝♦rr❡♥t❡ q✉❡ ❡♥tr❛ ♥♦ ❝♦♥❞✉t♦r ♣♦r t♦❞♦s ♦s t❡r♠✐♥❛✐s é ♥✉❧❛ ❡♠ ❝❛❞❛ ✐♥st❛♥t❡ ❞❡
t❡♠♣♦ ✭❝♦♥s❡r✈❛çã♦ ❞❛ ❝♦rr❡♥t❡✮✱ ♣❛r❛ ❣❛r❛♥t✐r q✉❡ ♥ã♦ ❤❛❥❛ ❢♦♥t❡s ♥❡♠ s✉♠✐❞♦✉r♦s ❞❡ ❝❛r❣❛s ✐♥✲
t❡r♥❛s ♥♦ ❝♦♥❞✉t♦r✱ ♥♦ ❝❛s♦ ❞❡ ❞♦✐s t❡r♠✐♥❛✐s t❡♠♦s✿ IL + IR = 0✳ ❚❛♠❜é♠ é ❝♦♥s✐❞❡r❛❞♦ q✉❡ ♥ã♦
❤á ❝♦rr❡♥t❡ ❧íq✉✐❞❛ ♥♦ ❝♦♥❞✉t♦r s❡ ♦s ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦✲q✉í♠✐❝♦s ❞❡ t♦❞♦s ♦s t❡r♠✐♥❛✐s sã♦ s✐♠✉❧✲
t❛♥❡❛♠❡♥t❡ ❛❧t❡r❛❞♦s ♣♦r ✉♠❛ ♠❡s♠❛ ✈♦❧t❛❣❡♠ ❛♣❧✐❝❛❞❛ ✭✐♥✈❛r✐â♥❝✐❛ ❞❡ ❣❛✉❣❡✮✱ ❞❡s❝♦♥s✐❞❡r❛♥❞♦
❛ ✈❛r✐❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡✈✐❞♦ ❛ ✉♠ ♣♦ssí✈❡❧ ❣r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛✳ P❛r❛ ❛ ♠❛tr✐③ ❞❡ ❝♦♥❞✉✲
tâ♥❝✐❛ Gαβ✱ ❛ ❝♦♥s❡r✈❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❡ ❛ ✐♥✈❛r✐â♥❝✐❛ ❞❡ ❣❛✉❣❡ ✐♠♣❧✐❝❛♠✿

∑

αGαβ =
∑

β Gαβ = 0✳
❊s♣❡❝✐❛❧♠❡♥t❡✱ ♥♦ ❝❛s♦ ❞❡ ❞♦✐s t❡r♠✐♥❛✐s✿ G = GLL = GRR = −GLR = −GRL✳ ❆ss✐♠✱ ♥♦ ❝❛s♦ ❞❡
❞♦✐s t❡r♠✐♥❛✐s✱ ❝❛❧❝✉❧❛♥❞♦ ❛♣❡♥❛s ✉♠ ❞♦s ❡❧❡♠❡♥t♦s ❞❛ ♠❛tr✐③ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ é s✉✜❝✐❡♥t❡ ♣❛r❛
s❡ ♦❜t❡r ❛ ♠❛tr✐③ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ ❝♦♠♣❧❡t❛✳ ◗✉❛♥❞♦ é ❛♣❧✐❝❛❞♦ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦
B ❛♦ ❝♦♥❞✉t♦r ❡ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛ ❝♦rr❡♥t❡ ❡st❛❝✐♦♥ár✐❛✱ ❛s r❡❧❛çõ❡s ❞❡ ❖♥s❛❣❡r ✭✈❡r s❡çã♦ ✸✳✶✮
♣♦❞❡♠ s❡r ❛♣❧✐❝❛❞❛s à ♠❛tr✐③ ❞❡ ❝♦♥❞✉çã♦✿ Gαβ(B) = Gβα(−B)✳ ❈♦♥t✉❞♦✱ ♥♦s ❝❛s♦s ❡st❛❝✐♦♥á✲
r✐♦s ✭❝♦rr❡♥t❡ ❉❈✮✱ ❛ ❝♦♥s❡r✈❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❡ ❛ ✐♥✈❛r✐â♥❝✐❛ ❞❡ ❣❛✉❣❡ sã♦ ❞❡✈✐❞♦s ❛ ♠❛tr✐③ ❞❡
❡s♣❛❧❤❛♠❡♥t♦ s❡r ✉♥✐tár✐❛✳

✸✳✸✳✸ ❉❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞❛s ✢✉t✉❛çõ❡s ❞❛ ❝♦rr❡♥t❡

❆s ✢✉t✉❛çõ❡s ❞❛ ❝♦rr❡♥t❡✱ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦✱ ❡♠ t♦r♥♦ ❞♦ ✈❛❧♦r ❞❛ ❝♦rr❡♥t❡ ♠é❞✐❛✱ ❛ss♦❝✐❛❞❛s
❛♦ r❡s❡r✈❛tór✐♦ α é ❞❡✜♥✐❞❛ ❝♦♠♦✿

∆Iα(t) ≡ Iα(t)− 〈Iα〉 . ✭✸✳✼✺✮

❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❝♦rr❡♥t❡✲❝♦rr❡♥t❡ ✭✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ♥ã♦ ❛❧❡❛tór✐❛ ❞❛ ❝✐♥ét✐❝❛ ❞❛s
✢✉t✉❛çõ❡s ❛♦ ❛❝❛s♦✱ ❛ q✉❛❧ ♠♦str❛ ❝♦♠♦ ❛s ✢✉t✉❛çõ❡s ❡✈♦❧✉❡♠ ♥♦ t❡♠♣♦ ❡♠ ♠é❞✐❛✮ ❡♥tr❡ ♦s
r❡s❡r✈❛tór✐♦s α ❡ β✱ Fαβ(t− t′)✱ é ❞❡✜♥✐❞❛ ✭✈❡r ❊q✳✭✸✳✾✮✮✿

Fαβ(t− t′) ≡
1

2
(〈∆Iα(t)∆Iβ(t′)〉+ 〈∆Iβ(t′)∆Iα(t)〉) . ✭✸✳✼✻✮
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❍á ✈ár✐❛s ❞❡✜♥✐çõ❡s ♣❛r❛ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❝♦rr❡♥t❡✲❝♦rr❡♥t❡✱ q✉❡ ❞✐❢❡r❡♠ ♣♦r ✉♠ ❢❛t♦r
♥✉♠ér✐❝♦✱ ♥❛ ❧✐t❡r❛t✉r❛✳ ❯t✐❧✐③❛♠♦s ❛ ❞❡✜♥✐çã♦ ✉s❛❞❛ ♣♦r ▲❛♥❞❛✉ ❬✸✶❪✳ ❊♠ ✉♠ s✐st❡♠❛ ❡st❛✲
❝✐♦♥ár✐♦✱ ✐st♦ é✱ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ❡①t❡r♥♦ ❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦✱ ♦ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦
❝♦rr❡♥t❡✲❝♦rr❡♥t❡ ❞❡✈❡ s❡r ❞❡♣❡♥❞❡♥t❡ ❛♣❡♥❛s ❞❛ ❞✐❢❡r❡♥ç❛ t− t′✳

❖ ❡s♣❡❝tr♦ ❞❡ ❡①❝✐t❛çõ❡s ❞❡♣❡♥❞❡♥t❡ ❞❛ ❢r❡qüê♥❝✐❛✱ ✐st♦ é✱ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❛ ❢✉♥çã♦
❞❡ ❝♦rr❡❧❛çã♦ ❝♦rr❡♥t❡✲❝♦rr❡♥t❡✱ s❡rá✿

δ(ω + ω′)Sαβ(ω) ≡
1

2π
(〈∆Iα(ω)∆Iβ(ω′)〉+ 〈∆Iβ(ω′)∆Iα(ω)〉) , ✭✸✳✼✼✮

♦♥❞❡ Sαβ(ω)✱ é ❛ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦✳
❆ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦✱ ❊q✳✭✸✳✼✼✮✱ é ❞❡♣❡♥❞❡♥t❡ ❞♦ ✈❛❧♦r ❡s♣❡r❛❞♦ ❞♦ ♣r♦❞✉t♦ ❞❡

q✉❛tr♦ ♦♣❡r❛❞♦r❡s a✳ ❊ss❡ ✈❛❧♦r ❡s♣❡r❛❞♦ ♣❛r❛ ✉♠ s✐st❡♠❛ ❡♠ ❡q✉✐❧í❜r✐♦ é ❞❛❞♦ ♣♦r ✭t❡♦r❡♠❛ ❞❡
❲✐❝❦✮✱

〈a†αk(E1)aβl(E2)a
†
γm(E3)aδn(E4)〉 − 〈a

†
αk(E1)aβl(E2)〉〈a

†
γm(E3)aδn(E4)〉

= δαδδβγδknδmlδ(E1 − E4)δ(E2 − E3)fα(E1)[1∓ fβ(E2)].

✭✸✳✼✽✮

♦♥❞❡ ♦ s✐♥❛❧ ❞❡ ❝✐♠❛✱ −✱ ❝♦rr❡s♣♦♥❞❡ ❛ ❡st❛tíst✐❝❛ ❞❡ ❋❡r♠✐✲❉✐r❛❝✱ ❡ ♦ s✐♥❛❧ ❞❡ ❜❛✐①♦✱ +✱ ❛
❡st❛tíst✐❝❛ ❞❡ ❇♦s❡✲❊✐♥st❡✐♥✳ ❚❛♠❜é♠✱ ✜❝❛ ✐♠♣❧í❝✐t♦ q✉❡ ♣❛r❛ ❢ér♠✐♦♥s✱ fα(E) é ❛ ❢✉♥çã♦ ❞❡
❞✐str✐❜✉✐çã♦ ❞❡ ❋❡r♠✐ ❡ ♣❛r❛ ❜ós♦♥s✱ fα(E) é ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ❇♦s❡✳ ❊ss❛s ❝♦♥✈❡♥çõ❡s
s❡rã♦ ♠❛♥t✐❞❛s ❞❛q✉✐ ♣❛r❛ ❢r❡♥t❡ ♥❡st❛ ❞✐ss❡rt❛çã♦✱ ❛♣❡s❛r ❞❡ ❡st❛r♠♦s ✐♥t❡r❡ss❛❞♦s ❛♣❡♥❛s ❡♠
s✐st❡♠❛s ❢❡r♠✐ô♥✐❝♦s✳

P♦rt❛♥t♦✱ s✉❜st✐t✉✐♥❞♦ ❛ ❊q✳✭✸✳✼✵✮ ❡ ❊q✳✭✸✳✼✽✮ ♥❛ ❊q✳✭✸✳✼✼✮ ❡ ✐♥t❡❣r❛♥❞♦ s♦❜r❡ ω′✱ t❡♠♦s✿

Sαβ(ω) =
e2

2π~

∑

γδ

∑

mn

∫

dEAmn
γδ (α;E,E + ~ω)Anm

δγ (β;E + ~ω,E)×

×{fγ(E)[1∓ fδ(E + ~ω)] + fδ(E + ~ω)[1∓ fγ(E)]}.

✭✸✳✼✾✮

❆ ❊q✳✭✸✳✼✾✮ é ❛ ❡①♣r❡ssã♦ ♠❛✐s ❣❡r❛❧ q✉❡ s❡ ♣♦❞❡ ♦❜t❡r ❝♦♠ ❛ ❛❜♦r❞❛❣❡♠ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛✲
♠❡♥t♦ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦✱ ♦❜s❡r✈❛♠♦s ❛ r❡❧❛çã♦ ❞❡ s✐♠❡tr✐❛ Sαβ(ω) = Sβα(−ω)✳
❈♦♠ ❢r❡qüê♥❝✐❛ ❛r❜✐trár✐❛ ❡ ✉♠❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ S q✉❛❧q✉❡r✱ ❛ ❊q✳✭✸✳✼✾✮ ♥ã♦ ❝♦♥s❡r✈❛
❝♦rr❡♥t❡ ❡ ♥ã♦ é ✐♥✈❛r✐❛♥t❡ ❞❡ ❣❛✉❣❡✳ P♦rt❛♥t♦✱ ♣❛r❛ ♦❜t❡r♠♦s ✉♠ s❡♥t✐❞♦ ❢ís✐❝♦ ❞❡ss❛ ❡q✉❛çã♦✱ é
♥❡❝❡ssár✐♦ ❝♦♥s✐❞❡r❛çõ❡s ❛❞✐❝✐♦♥❛✐s ♣ró♣r✐❛s ❞❡ ❝❛❞❛ ♣r♦❜❧❡♠❛ ❛♥❛❧✐s❛❞♦✳

✸✳✸✳✹ ❘✉í❞♦

❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡ r❡❧❛❝✐♦♥❛r ❛❧❣✉♥s ❞♦s ✈ár✐♦s t✐♣♦s ❞❡ r✉í❞♦ ❞❡s❝r✐t♦s ♥❛ s❡çã♦ ✸✳✷ ❝♦♠ ❛
❛❜♦r❞❛❣❡♠ ❞❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✱ ♣❛r❛ tr❛t❛r ♦ r✉í❞♦ ❡♠ ❝♦♥❞✉t♦r❡s ❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡✱
♠♦str❛r❡♠♦s q✉❡ ♣❛r❛ ❝❡rt♦s ✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s✱ ❛ ❊q✳✭✸✳✼✾✮ ♦❜tê♠ ❛❧❣✉♥s ❞♦s t✐♣♦s ❞❡ r✉í❞♦
❞❡s❝r✐t♦s✳ ❈♦♠ ❡①❝❡çã♦ ❞♦ r✉í❞♦ 1/f ✳
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◆♦ ❝❛s♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦ ❝♦♠ ❢r❡qüê♥❝✐❛ ♥✉❧❛ ✭eV = 0 ❡ kBT >> ~ω = 0✮✱
♦❜t❡♠♦s ❛ r❡❧❛çã♦ ❬✶✶✱✶✸❪✿

Sαβ ≡ Sαβ(ω = 0) =
e2

2π~

∑

γδ

∑

mn

∫

dEAmn
γδ (α;E,E)Anm

δγ (β;E,E)×

×[fγ(E)[1∓ fδ(E)] + fδ(E)[1∓ fγ(E)]].

✭✸✳✽✵✮

❆ ❊q✳✭✸✳✽✵✮ ❝♦♥s❡r✈❛ ❛ ❝♦rr❡♥t❡ ❡ é ✐♥✈❛r✐❛♥t❡ ❞❡ ❣❛✉❣❡✳ ❙❡ ♦ ❝♦♥❞✉t♦r ❡st❛ ❡♠ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦ ❛
t❡♠♣❡r❛t✉r❛ T ❝♦♠ ♦s r❡s❡r✈❛tór✐♦s✱ ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❡♠ t♦❞♦s ♦s r❡s❡r✈❛tór✐♦s sã♦ ✐❣✉❛✐s
✭f(E)✮✳ ❆tr❛✈és ❞❛ r❡❧❛çã♦ f(1∓ f) = −kBT∂f/∂E ❡ ❝♦♠♦ ❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ é ✉♥✐tár✐❛✱
t❡♠♦s✿

∑

γδ Tr(S
†
αγSαδS

†
βδSβγ) = δαβNα✱ ♦♥❞❡ ♦ tr❛ç♦ é ❢❡✐t♦ s♦❜r❡ ♦s í♥❞✐❝❡s ❞♦s ❝❛♥❛✐s✱ Nα é ♦

♥ú♠❡r♦ ❞❡ ❝❛♥❛✐s ❛❜❡rt♦s ♥♦ r❡s❡r✈❛tór✐♦ α✳ ❆ss✐♠✱

Sαβ =
2e2kBT

h

∫

dE

(

−
∂f

∂E

)

(2Nαδαβ − Tr(S
†
αβSαβ + S†

βαSβα)) ✭✸✳✽✶✮

❊ss❡ é ♦ r✉í❞♦ tér♠✐❝♦ ❞❡ ❡q✉✐❧í❜r✐♦ ✭◆②q✉✐st✲❏♦❤♥s♦♥✮✱ ❝✉❥❛ ♦r✐❣❡♠ é ❞❡✈✐❞♦ ❛s ✢✉t✉❛çõ❡s tér♠✐❝❛s
❞♦ ♥ú♠❡r♦ ❞❡ ♦❝✉♣❛çã♦ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s✳ P❛r❛ ♦❜t❡r♠♦s ❛ ❢♦r♠❛
❢❛♠✐❧✐❛r ❞♦ r✉í❞♦ tér♠✐❝♦✱ ❜❛st❛ s✉❜st✐t✉✐r ❛ ❊q✳✭✸✳✼✷✮ ♥❛ ❊q✳✭✸✳✽✶✮✱

Sαβ = 2kBT (Gαβ +Gβα) ✭✸✳✽✷✮

◆❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦✱ ❛ ♠❛tr✐③ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ é s✐♠étr✐❝❛ ❡ ♣♦rt❛♥t♦✱

Sαβ = 4kBTGαβ ✭✸✳✽✸✮

❛ q✉❛❧ é ❛ ❡①♣r❡ssã♦ ♦❜t✐❞❛ ❛♥t❡r✐♦r♠❡♥t❡ ❊q✳✭✸✳✸✵✮ ♣❛r❛ ♦ r✉í❞♦ tér♠✐❝♦✳ ❖ r✉í❞♦ tér♠✐❝♦
❞❡ ❡q✉✐❧í❜r✐♦ ♥ã♦ ❢♦r♥❡❝❡ ♥❡♥❤✉♠❛ ✐♥❢♦r♠❛çã♦ ❛❞✐❝✐♦♥❛❧ ❞♦ q✉❡ ❛q✉❡❧❛ ♦❜t✐❞❛ ❝♦♠ ♠❡❞✐❞❛s ❞❛
❝♦♥❞✉çã♦✳

◆♦ ❧✐♠✐t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ♥✉❧❛ ❡ ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ✉♠ s✐st❡♠❛ ❢❡r♠✐ô♥✐❝♦✱ ❛ ❢✉♥çã♦ ❞❡
❞✐str✐❜✉✐çã♦ ❞❡ ❋❡r♠✐✲❉✐r❛❝ s❡rá ✉♠❛ ❢✉♥çã♦ ❞❡ ❍❡❛✈✐s✐❞❡✱ fα(E) = 1 − θ(µα − E)✱ ❝♦♠ ✐ss♦✱ ❛
❊q✳✭✸✳✽✵✮ ♣♦❞❡ s❡r ❡s❝r✐t❛✱

Sαβ =
e2

h

∑

γ 6=δ

∫

dETr(S†
αγSαδS

†
βδSβγ)(fγ(E)(1− fδ(E)) + fδ(E)(1− fγ(E))) ✭✸✳✽✹✮

◆♦ ❝❛s♦ ❞❡ ✉♠ ❝♦♥❞✉t♦r ❝♦♠ ❝♦❡rê♥❝✐❛ ❞❡ ❢❛s❡ ❝♦♥❡❝t❛❞♦ ❛ ❛♣❡♥❛s ❞♦✐s r❡s❡r✈❛tór✐♦s✱ ❡ t❡♠♣❡✲
r❛t✉r❛s ❡ ❢r❡qüê♥❝✐❛s ♥✉❧❛s ✭eV >> kBT, ~ω✮✱ ♦ s✐st❡♠❛ ❡st❛ ❢♦r❛ ❞♦ ❡q✉✐❧í❜r✐♦ ❡ ♦ r✉í❞♦ ❛ss♦❝✐❛❞♦
❛ ❡ss❡ ❝❛s♦ ❞❡✈❡ s❡r ❡①❝❧✉s✐✈❛♠❡♥t❡ ♣❛r❛ s✐t✉❛çõ❡s ❞❡ ♥ã♦✲❡q✉✐❧í❜r✐♦✳ ❉❡✈✐❞♦ ❛ ❝♦♥s❡r✈❛çã♦ ❞❛
❝♦rr❡♥t❡✱ t❡♠♦s S = SLL = SRR = −SLR = −SRL✳ ❈♦♠ ❛ ❊q✳✭✸✳✺✹✮ ❡ ❛ ✉♥✐t❛r✐❡❞❛❞❡ ❞❛ ♠❛tr✐③
❞❡ ❡s♣❛❧❤❛♠❡♥t♦ S ✭r†r + t†t = 1✮✱ ♦❜t❡♠♦s✱

S =
2e2

h
e|V |Tr(r†rt†t) ✭✸✳✽✺✮

♦♥❞❡ |V | é ❛ ✈♦❧t❛❣❡♠ ❞❡ ❜✐❛s✱ ❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ é ❝❛❧❝✉❧❛❞❛ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱ ❡ ♦ tr❛ç♦
é ❛ s♦♠❛ s♦❜r❡ k, l,m, n✳ ❊ss❛ é ❛ r❡❧❛çã♦ ❜ás✐❝❛ ❡♥tr❡ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡ ❛ ♠❛tr✐③ ❞❡



❈❆P❮❚❯▲❖ ✸✳ ❘❯❮❉❖ ✸✺

❡s♣❛❧❤❛♠❡♥t♦✱ é ❛ ❡①♣r❡ssã♦ ♣❛r❛ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❝♦♠♦ ú♥✐❝❛ ❢♦♥t❡ ❞❡ r✉í❞♦ ♥♦ s✐st❡♠❛✳
❈♦♠♦ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ❊q✳✭✸✳✻✼✮✱ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♥❛ ❜❛s❡ ❞♦s ❛✉t♦✲❝❛♥❛✐s é✱

S =
2e3|V |

h

∑

n

Tn(1− Tn) ✭✸✳✽✻✮

♦♥❞❡ Tn ❡Rn = 1−Tn sã♦ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❡ r❡✢❡①ã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ➱ ✐♠♣♦rt❛♥t❡
❡♥❢❛t✐③❛r q✉❡ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♣✉r♦ ✭e|V | 6= 0 ❡ kBT = ~ω = 0✮ é✱ ♣r✐♠❡✐r❛♠❡♥t❡✱ ✉♠ r✉í❞♦
❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❡ s✐st❡♠❛ ❢♦r❛ ❞♦ ❡q✉✐❧í❜r✐♦ ✭t❛♥t♦ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❝♦♠♦ ♦ r✉í❞♦ s❤♦t ❝❧áss✐❝♦
s❛t✐s❢❛③❡♠ ❡ss❛ ❝♦♥❞✐çã♦✮❀ s❡❣✉♥❞♦✱ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❛♣r❡s❡♥t❛ ❛ ❢♦r♠❛ ❞❛ ❊q✳✭✸✳✽✻✮ ❞❡✈✐❞♦
❛ ❡st❛tíst✐❝❛ ❢❡r♠✐ô♥✐❝❛ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝♦rr❡♥t❡ ✭♣❛r❛ ❢ér♠✐♦♥s✱ ♦ ♥ú♠❡r♦ ❞❡ ♦❝✉♣❛çã♦ ❞❡ ✉♠
❞❡t❡r♠✐♥❛❞♦ ❡st❛❞♦ n é ③❡r♦ ♦✉ ✉♠✱ ♦ q✉❡ ✐♠♣❧✐❝❛ n2 = n ❡ ∆n = n2 − n2 = Tn(1 − Tn)✮✱ ♦
q✉❡ ♦ ❞✐❢❡r❡♥❝✐❛ ❞♦ r✉í❞♦ s❤♦t ❝❧áss✐❝♦❀ t❡r❝❡✐r♦✱ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♥ã♦ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞♦s
❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❝♦♠♦ ♦❝♦rr❡ ♥♦ ❝❛ss♦ ❝❧áss✐❝♦✱ ♠❛s s✐♠ ❞♦ ♣r♦❞✉t♦ ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡
tr❛♥s♠✐ssã♦ ❡ r❡✢❡①ã♦✳ ❖ ❝❛s♦ ❝❧áss✐❝♦ ✭r✉í❞♦ ❙❝❤♦tt❦②✮ é r❡❝✉♣❡r❛❞♦ ♣❛r❛ ❝♦♥❞✉t♦r❡s ❝♦♠ ❜❛✐①❛
tr❛♥s♠✐ssã♦ Tn << 1 ✭❡st❛tíst✐❝❛ P♦✐ss♦♥✐❛♥❛✮ ❡♠ t♦❞♦s ♦s ❝❛♥❛✐s✳

SP =
2e3|V |

h

∑

n

T = 2e〈I〉 ✭✸✳✽✼✮

❈♦♠♣❛r❛♥❞♦ ❛ ❊q✳✭✸✳✽✻✮ ❡ ❛ ❊q✳✭✸✳✽✼✮✱ ✈❡♠♦s q✉❡ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ é ❣❡r❛❧♠❡♥t❡ s✉❜✲
P♦✐ss♦♥✐❛♥♦ ❬✶✷❪✱ q✉❛♥❞♦ sã♦ ❞❡s♣r❡③❛❞❛s ✐♥t❡r❛çõ❡s ❈♦✉❧♦♠❜✐❛♥❛s✳ ❆ ❞✐st✐♥çã♦ ❡♥tr❡ ♦ r✉í❞♦
P♦✐ss♦♥✐❛♥♦ ❡ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ é ❞r❛♠át✐❝❛ ♥♦s ❧✐♠✐t❡s ❞❡ ❝❛♥❛✐s ❝♦♠♣❧❡t❛♠❡♥t❡ ❢❡❝❤❛❞♦s
Tn = 0 ❡ t♦t❛❧♠❡♥t❡ ❛❜❡rt♦s Tn = 1✱ ✈✐st♦ q✉❡ ♦ r✉í❞♦ P♦✐ss♦♥✐❛♥♦ s❡rá ♥✉❧♦ ❡ ♠á①✐♠♦ ♥❡ss❡s
❧✐♠✐t❡s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❥á ❛ ❢ór♠✉❧❛ ♣❛r❛ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♣r❡❞✐③ ❛ ❝♦♠♣❧❡t❛ s✉♣r❡ssã♦
❞♦ r✉í❞♦ q✉â♥t✐❝♦ ❞❡ ♥ã♦✲❡q✉✐❧í❜r✐♦ ❡♠ ❛♠❜♦s ♦s ❝❛s♦s✳ ❙❡♥❞♦ q✉❡ ♣✐❝♦s ❞❡ r✉í❞♦ s❤♦t q✉â♥t✐❝♦
♦❝♦rr❡rã♦ q✉❛♥❞♦ Tn = 1/2✱ ❥✉st❛♠❡♥t❡ ❡♥tr❡ ♦s ♣❧❛t❡❛✉s ❞❡ ❝♦♥❞✉tâ♥❝✐❛ ♥❛ t❡♦r✐❛ ❞❡ ▲❛♥❞❛✉❡r✱
✈❡r ❋✐❣✉r❛ ✸✳✺✳ ➱ ✐♠♣♦rt❛♥t❡ ❡♥❢❛t✐③❛r q✉❡ ♥♦ r❡❣✐♠❡ ❝❧áss✐❝♦✱ Tn << 1✱ ♠❡❞✐❞❛s ❞♦ r✉í❞♦ P♦✐s✲
s♦♥✐❛♥♦ ♥ã♦ ❛❝r❡s❝❡♥t❛♠ ♠❛✐s ✐♥❢♦r♠❛çõ❡s ❞♦ q✉❡ ❛q✉❡❧❛s ♦❜t✐❞❛s ♣♦r ♠❡❞✐❞❛s ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱
♠❡❞✐❞❛s s✐♠✉❧tâ♥❡❛s ❞♦ r✉í❞♦ ❡ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ s♦♥❞❛rã♦ ❛ ❝❛r❣❛ ❞♦s ♣♦rt❛❞♦r❡s✱ ♠❛s s❡♠ ♦❜t❡r
♥❡♥❤✉♠❛ ✐♥❢♦r♠❛çã♦ ❞❛ ❞✐♥â♠✐❝❛ ❞❡ss❛s ❝❛r❣❛s✳ ◆♦ ❡♥t❛♥t♦✱ ♠❡❞✐❞❛s ❞❡ r✉í❞♦ s❤♦t q✉â♥t✐❝♦
❞❛rã♦ ✐♥❢♦r♠❛çõ❡s ❛❧é♠ ❞❛s ♦❜t✐❞❛s ♣❡❧❛ ❝♦♥❞✉tâ♥❝✐❛ ♥♦ ♠❡s♠♦ r❡❣✐♠❡✱ ♣♦✐s ♦ r✉í❞♦ ❛♣r❡s❡♥t❛
❞❡♣❡♥❞ê♥❝✐❛ q✉❛❞rát✐❝❛ ❡♠ r❡❧❛çã♦ ❛♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ ✐ss♦ ♣♦rq✉❡ ❡ss❡ t✐♣♦ ❞❡ r✉í❞♦
é s❡♥sí✈❡❧ ♥ã♦ ❛♣❡♥❛s ❛ ❣r❛♥✉❧❛r✐❞❛❞❡ ❞❛ ❝❛r❣❛✱ ♠❛s t❛♠❜é♠ ❛ ❡st❛tíst✐❝❛ q✉❡ ❡ss❛s ❝❛r❣❛s ♦❜❡❞❡✲
❝❡♠✱ ♠❡s♠♦ ❞❡s♣r❡③❛♥❞♦ ✐♥t❡r❛çõ❡s ❈♦✉❧♦♠❜✐❛♥❛s ❡♥tr❡ ❛s ❝❛r❣❛s ❛✐♥❞❛ ♣❡rs✐st✐rá ✉♠❛ ❝♦rr❡❧❛çã♦
❢✉♥❞❛♠❡♥t❛❧ ❞❡✈✐❞♦ ❛ ❛♥t✐✲s✐♠❡tr✐❛ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❣❧♦❜❛❧ ♣❡r❛♥t❡ ❛ tr♦❝❛ ❞❡ ❞✉❛s ♣❛rtí❝✉❧❛s
❢❡r♠✐ô♥✐❝❛s ✭♣r✐♥❝í♣✐♦ ❞❡ ❡①❝❧✉sã♦ ❞❡ P❛✉❧✐✮✳ ❊ss❛ s✉♣r❡ssã♦ ❞♦ r✉í❞♦ s❤♦t ❛❜❛✐①♦ ❞♦ ✈❛❧♦r P♦✐s✲
s♦♥✐❛♥♦✱ ❞❛❞♦ ♣❡❧❛ ❊q✳✭✸✳✽✻✮✱ ❢♦✐ ✉♠ ❞♦s ❛s♣❡❝t♦s ❞❛ t❡♦r✐❛ ❞♦ r✉í❞♦ ❡♠ s✐st❡♠❛s ♠❡s♦s❝ó♣✐❝♦s ❛
q✉❛❧ ❞❡s❡♥❝❛❞❡♦✉ ♠✉✐t♦s ❞♦s tr❛❜❛❧❤♦s t❡ór✐❝♦s ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣♦st❡r✐♦r❡s✳

❯♠❛ ♠❡❞✐❞❛ ❡♥tr❡ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡ ♦ ❝❛s♦ ❝❧áss✐❝♦ é ❞❛❞♦ ♣❡❧♦ ❢❛t♦r ❞❡ ❋❛♥♦✱ ♥♦ ❝❛s♦
❡♠ q✉❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s ❞❛ ❡♥❡r❣✐❛✱

F =
SLL

SP

=

∑

n Tn(1− Tn)
∑

n Tn

✭✸✳✽✽✮

♦ ❢❛t♦r ❞❡ ❋❛♥♦ ♣♦❞❡ ❛ss✉♠✐r ✈❛❧♦r❡s ❡♥tr❡ ③❡r♦ ✭r❡❣✐♠❡ ❞❡ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❞♦♠✐♥❛♥t❡✮ ❡ ✉♠
✭❞♦♠í♥✐♦ ❞♦ r✉í❞♦ P♦✐ss♦♥✐❛♥♦✮✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ♥♦ ❝❛s♦ ❞❡ ❛♣❡♥❛s ✉♠ ❝❛♥❛❧✱ t❡♠♦s✱ F = 1− T ✳



❈❆P❮❚❯▲❖ ✸✳ ❘❯❮❉❖ ✸✻

P❛r❛ ❛❧❣✉♥s s✐st❡♠❛s✱ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ❛♣r❡s❡♥t❛ ✉♠ ✈❛❧♦r ✉♥✐✈❡rs❛❧✿ ♣❛r❛ ❝♦♥❞✉t♦r❡s ♠❡tá❧✐❝♦s
❞✐❢✉s✐✈♦s q✉❛s❡✲✶❉ ✭L >> l✮ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ é 1/3❀ ❡♠ ❝❛✈✐❞❛❞❡s ❝❛ót✐❝❛s ✭♣♦♥t♦s q✉â♥t✐❝♦s ❡♠
❣❛s❡s ❞❡ ❡❧étr♦♥s ✷❉✮ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ é 1/4 ❬✶✶❪✳

❋✐❣✉r❛ ✸✳✺✿ ✭❊✮ ■❧✉str❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠ ✉♥✐❞❛❞❡s ❞❡ e2/π~ ✭❝✉r✈❛ ✶✮ ❡ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦
❡♠ ✉♥✐❞❛❞❡s ❞❡ e3|V |/6π~ ✭❝✉r✈❛ ✷✮ ♣❛r❛ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ♣♦♥t✉❛❧ ❝♦♠ En = 4El ❡♠ ❢✉♥çã♦
❞❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡✱ ξ = (EF − V0)/El é ✉♠❛ ❡♥❡r❣✐❛ ❛❞✐♠❡♥s✐♦♥❛❧✳ ◆♦t❛r ♦s ♣✐❝♦s ❞❡ r✉í❞♦
❥✉st❛♠❡♥t❡ ❡♥tr❡ ♦s ♣❧❛t❡❛✉s ❞❡ ❝♦♥❞✉çã♦ ❡ ❛ ❛✉sê♥❝✐❛ ❞❡ r✉í❞♦ ♥♦s r❡❣✐♠❡s ❞❡ ♣❧❛t❡❛✉s✳ ✭❉✮
▼❡❞✐❞❛s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❡ ❞♦ r✉í❞♦ ❡♠ ❝♦♥t❛t♦s q✉â♥t✐❝♦s ♣♦♥t✉❛✐s ❢♦r♠❛❞♦s ❡♠ ❤❡t❡r♦❡str✉t✉r❛s
s❡♠✐❝♦♥❞✉t♦r❛s ●❛❆s✴❆❧●❛❆s ❛ ❚❂✶✱✺❑ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡ VG ♣❛r❛ ❞✐✈❡rs♦s ✈❛❧♦r❡s
❞❡ ✈♦❧t❛❣❡♠ ❞❡ ❜✐❛s✱ |VDS| = 0, 5; 1; 1, 5; 2; 3mV ✳ ◆♦ ❞❡t❛❧❤❡✱ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ♣r✐♠❡✐r♦ ♣✐❝♦
✭♥❛s ♠❡s♠❛ ❡s❝❛❧❛s q✉❡ ❛ ✜❣✉r❛ ♠❛✐♦r✮ ❡♠ ❢✉♥çã♦ ❞❛ ✈♦❧t❛❣❡♠ ❞❡ ❜✐❛s VDS = 0, 5; 1, 5; 3mV ✱ ❛
❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ é ❛ ♣r❡❞✐çã♦ t❡ór✐❝❛ ❝♦♠ ❛ ❊q✳✭✸✳✽✻✮✳ ◆♦t❛r q✉❡ ♥❡ss❡ ❣rá✜❝♦ ❡①♣❡r✐♠❡♥t❛❧ ❡①✐st❡
♦✉tr♦s t✐♣♦s ❞❡ r✉í❞♦ ❝♦❡①✐st✐♥❞♦ ❝♦♠ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♣✉r♦ ❡ ♦ ♣r✐♠❡✐r♦ ♣✐❝♦ é ❛ r❡❣✐ã♦ ♦♥❞❡
♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ é ❞♦♠✐♥❛♥t❡✳ ❱❡r ❬✶✶✱✹✻❪

❆✐♥❞❛ ♥♦ ❝❛s♦ q✉❛♥❞♦ ω = 0 ❡ ❛♣❡♥❛s ❞♦✐s r❡s❡r✈❛tór✐♦s✱ ❡ ❤á ❝♦❡①✐stê♥❝✐❛ ❞❡ r✉í❞♦ tér♠✐❝♦ ❡
❞❡ r✉í❞♦ q✉â♥t✐❝♦ ❞❡ ♥ã♦✲❡q✉✐❧í❜r✐♦✱ ♦ r✉í❞♦ t♦t❛❧ ❞❛s ✢✉t✉❛çõ❡s ❞❛ ❝♦rr❡♥t❡ s❡rá✱

S(ω = 0, T, V ) =
2e2

h

∑

n

∫

dE(Tn(E)(fL(1∓ fL) + fR(1∓ fR))±

±Tn(E)(1− Tn(E))(fL − fR)2) ✭✸✳✽✾✮

♦♥❞❡ ♦s ♣r✐♠❡✐r♦s ❞♦✐s t❡r♠♦s é ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛ ♣❛rt❡ ❡♠ ❡q✉✐❧í❜r✐♦✱ ❡ ♦ t❡r❝❡✐r♦ t❡r♠♦ é ❞❡✈✐❞♦
❛ ♣❛rt❡ ❢♦r❛ ❞♦ ❡q✉✐❧í❜r✐♦✱ ❛ q✉❛❧ ♠✉❞❛ ❞❡ s✐♥❛❧ ❞❡✈✐❞♦ ❛ ❡st❛tíst✐❝❛ ❞❛s ❝❛r❣❛s ✭+/− ♣❛r❛ ❢ér✲
♠✐♦♥s✴❜ós♦♥s✮✳ ◆♦ ❝❛s♦ ❞❡ ❢ér♠✐♦♥s✱ ❛ ♣❛rt❡ ❞❡ ♥ã♦✲❡q✉✐❧í❜r✐♦ ❛✉♠❡♥t❛ ♦ r✉í❞♦ t♦t❛❧ ❡♠ r❡❧❛çã♦
❛ ♣❛rt❡ ❞❡ ❡q✉✐❧í❜r✐♦ ❡ ❞✐♠✐♥✉✐ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ❜ós♦♥s✳ ❉❡✈✐❞♦ ❛♦ t❡r♠♦ q✉❛❞rát✐❝♦ ♥❛ ❢✉♥çã♦
❞❡ ❞✐str✐❜✉✐çã♦✱ ❡ s❛❜❡♥❞♦ q✉❡ ❡♠ ❛❧t❛s ❡♥❡r❣✐❛s ❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çõ❡s q✉â♥t✐❝❛s s❡ ❛♣r♦①✐✲
♠❛♠ ❞❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥♥✱ t❡♠♦s q✉❡ ❡♠ ❛❧t❛s ❡♥❡r❣✐❛ ♦ r✉í❞♦ s❤♦t
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é ♥❡❣❧✐❣❡♥❝✐á✈❡❧ ❡♠ r❡❧❛çã♦ ❛♦ r✉í❞♦ ❞❡ ❡q✉✐❧í❜r✐♦✳ ◗✉❛♥❞♦ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ sã♦
✐♥❞❡♣❡♥❞❡♥t❡s ❞❛ ❡♥❡r❣✐❛ ✭❞❡ ❢❛t♦ ❝❛❧❝✉❧❛❞♦ ♥❛ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐✮✱ t❡♠♦s✱

S(ω = 0, T, V ) =
2e2

h

(

2kBT
∑

n

T 2
n + e|V | coth

(

e|V |

2kBT

)

∑

n

Tn(1− Tn)

)

✭✸✳✾✵✮

❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ❢ér♠✐♦♥s ❞❡ ❛❣♦r❛ ❡♠ ❞✐❛♥t❡✱ ❡ |V | é ❛ ✈♦❧t❛❣❡♠ ❞❡ ❜✐❛s ❛♣❧✐❝❛❞❛ ♥♦s ❞♦✐s
❡❧❡tr♦❞♦s✳ ◗✉❛♥❞♦ kBT >> e|V |✱ é r❡❝✉♣❡r❛❞♦ ♦ r✉í❞♦ tér♠✐❝♦✳

❈♦♠♦ ♦ r✉í❞♦ s❤♦t é s❡♥sí✈❡❧ ❛ ❝❛r❣❛ ❞♦s ♣♦rt❛❞♦r❡s✱ ❡❧❡ ♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ ❞❡t❡❝t❛r ♣♦rt❛❞♦r❡s
❝✉❥❛s ❝❛r❣❛s ❞✐❢❡r❡♠ ❞♦ ✈❛❧♦r ❡s♣❡r❛❞♦✳ ❯♠❛ ❞❛s ❛♣❧✐❝❛çõ❡s ❞❛ ❊q✳✭✸✳✾✵✮ ❢♦✐ ♥❛ ✐♥✈❡st✐❣❛çã♦ ❞❛
❝❛r❣❛ ❢r❛❝✐♦♥ár✐❛ ♥♦ r❡❣✐♠❡ ❍❛❧❧ q✉â♥t✐❝♦ ❢r❛❝✐♦♥ár✐♦ ✭❋◗❍❊✮ ❢❡✐t❛ ♣♦r ❉❡ P✐❝❝✐♦tt♦ ❡t ❛❧ ❬✷✷❪✱
❝♦♥s✐❞❡r❛♥❞♦ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ♣♦♥t✉❛❧ ❢♦r♠❛❞♦ ♣♦r ✉♠❛ ✈♦❧t❛❣❡♠ ❞❡ ❣❛t❡ ❡♠ ✉♠ ✷❉❊● ❞❡
●❛❆s✴❆❧●❛❆s ❛ ❚❂✶✱✺❑✱ ❋✐❣✉r❛ ✸✳✻✳ ❖♥❞❡ é ♦❜s❡r✈❛❞♦ q✉❡ ❛♣❡♥❛s ❝♦♥s✐❞❡r❛♥❞♦ ♦ r✉í❞♦ s❤♦t
q✉â♥t✐❝♦ é ♦❜t✐❞♦ ♦ ✈❛❧♦r ❝♦rr❡t♦ ❞❛ ❝❛r❣❛ ❢r❛❝✐♦♥ár✐❛✳ ❖✉tr♦ ❡①❡♠♣❧♦ é ❛ ❞❡t❡❝çã♦ ❞❛ ✈❛r✐❛çã♦ ❞❛
❝❛r❣❛ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝♦rr❡♥t❡ ❡♠ ✉♠ s✉♣❡r❝♦♥❞✉t♦r ✭♣❛r❡s ❞❡ ❈♦♦♣❡r✮ ❬✶❪✳

❋✐❣✉r❛ ✸✳✻✿ ▼❡❞✐❞❛s ❡ ❛❥✉st❡ t❡ór✐❝♦ ♣❛r❛ ✉♠ ❝♦♥t❛t♦ q✉â♥t✐❝♦ ♣♦♥t✉❛❧ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡♠
❢✉♥çã♦ ❞❛ ❝♦rr❡♥t❡✱ ❞❛❞♦ ♣❡❧❛ ❊q✳✭✸✳✾✵✮ ♥♦s ❝❛s♦s✿ ✭❊✮ s❡♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ❡ ❚❂✺✼♠❑✳
❆ tr❛♥s♠✐ssã♦ é ✵✱✸✼ ❡ ❛ ❝♦♥❝♦r❞â♥❝✐❛ é ✐♠♣r❡ss✐♦♥❛♥t❡✳ ✭❉✮ ❝♦♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦
♥♦ r❡❣✐♠❡ ❋◗❍❊ ❝♦♠ ♦ ❢❛t♦r ❞❡ ♣r❡❡♥❝❤✐♠❡♥t♦ ν = 1/3 ♣❛r❛ ❞♦✐s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦
❞✐❢❡r❡♥t❡s✳ ❆ ❧✐♥❤❛ só❧✐❞❛ é ❛ ❊q✳✭✸✳✾✵✮ ❝♦♠ ✉♠❛ ❝❛r❣❛ ❞♦s ♣♦rt❛❞♦r❡sQ = e/3✳ ❆ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛
é ✉♠ ❛❥✉st❡ ✉t✐❧✐③❛♥❞♦ ❛ r❡❧❛çã♦ ♣❛r❛ ♦ r✉í❞♦ s❤♦t ❝❧áss✐❝♦ ❝♦♠ Q = e✳ ▼❛✐s ✉♠❛ ✈❡③ ♦❜s❡r✈❛♠♦s
❛ ❡①❝❡❧❡♥t❡ ❝♦♥❝♦r❞â♥❝✐❛ ❞❛ ❊q✳✭✸✳✾✵✮ ❝♦♠ ♦ ❡①♣❡r✐♠❡♥t♦✳ ❱❡r ❬✷✷❪✳

◗✉❛♥❞♦ ❛ ❢r❡qüê♥❝✐❛ ♥ã♦ é ♥✉❧❛ ✭ω 6= 0✮✱ t❡r❡♠♦s ✉♠ ❞❡♥s✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❞♦ r✉í❞♦ ❞❡♣❡♥❞❡♥t❡
❞❛ ❢r❡qüê♥❝✐❛✷✳ ◆♦ ❝❛s♦ ❞❡ ❞♦✐s t❡r♠✐♥❛✐s ❡ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ❛ ♠❛tr✐③ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ s❡❥❛

✷■ss♦ ♥ã♦ q✉❡r ❞✐③❡r q✉❡ ❡st❛♠♦s ❝♦♥s✐❞❡r❛♥❞♦ ♦ r✉í❞♦ 1/f ✱ ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛ ❡ss❡ t✐♣♦ ❞❡ r✉í❞♦ ❞❡✈❡ s❡r ❡❧✐♠✐♥❛❞♦
♥♦ ❡①♣❡r✐♠❡♥t♦✳
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✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❡♥❡r❣✐❛✱ ❛ ❊q✳✭✸✳✼✾✮ ♥♦s ❞❛rá✿

SLL(ω, T, V ) =
e2

h
[
∑

n

T 2
n

∫

dE(fLL(E,ω) + fRR(E,ω)) +

+
∑

n

Tn(1− Tn)

∫

dE(fLR(E,ω) + fRL(E,ω))] ✭✸✳✾✶✮

♦♥❞❡ fαβ(E,ω) = fα(E)(1− fβ(E + ~ω)) + (1− fα(E))fβ(E + ~ω) ❡ ♦s ❝❛♥❛✐s n sã♦ ❞❡❣❡♥❡r❛❞♦s✳
❋❛③❡♥❞♦ ❛ ✐♥t❡❣r❛çã♦✱

SLL(ω, T, V ) =
e2

h
[2~ω coth

(

~ω

2kBT

)

∑

n

T 2
n + [(~ω + eV ) coth

(

~ω + eV

2kBT

)

+

+(~ω − eV ) coth

(

~ω − eV

2kBT

)

]
∑

n

Tn(1− Tn)]

✭✸✳✾✷✮

◆❛ ❊q✳✭✸✳✾✷✮ ❤á ❛ ❝♦❡①✐stê♥❝✐❛ ❞❡ ❞✐✈❡rs♦s t✐♣♦s ❞❡ r✉í❞♦ ❞❡✈✐❞♦ ❛ ❢r❡qüê♥❝✐❛✱ t❡♠♣❡r❛t✉r❛ ❡
✈♦❧t❛❣❡♠ ❡ é ✉♠ r❡s✉❧t❛❞♦ ❜❛st❛♥t❡ ❣❡r❛❧✱ ✈á❧✐❞♦ ♣❛r❛ ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❝❛❧❝✉❧❛❞♦s ♥♦
♥í✈❡❧ ❞❡ ❋❡r♠✐✳ ❉❡❧❛✱ ♣♦❞❡♠♦s ❡①tr❛✐r ♦s ♦✉tr♦s t✐♣♦s ❞❡ r✉í❞♦ ❥á ❡st✉❞❛❞♦s✳ ◗✉❛♥❞♦ ω = 0✱
t❡♠♦s ❛ ❝♦❡①✐stê♥❝✐❛ ❞♦ r✉í❞♦ tér♠✐❝♦ ❡ s❤♦t ❊q✳✭✸✳✾✵✮✳ ◆♦ r❡❣✐♠❡ ❞❡ ❡q✉✐❧í❜r✐♦ ✭eV = 0✮✱

SLL(ω, T, V = 0) =
e2ω

π
coth

(

~ω

2kBT

)

∑

n

Tn ✭✸✳✾✸✮

♦ q✉❛❧ é ❛ ♠❡s♠❛ r❡❧❛çã♦ ♣❛r❛ ♦ t❡♦r❡♠❛ ❞❛ ✢✉t✉❛çã♦✲❞✐ss✐♣❛çã♦ ❞❛ ❊q✳✭✸✳✹✸✮✳ ◗✉❛♥❞♦ ❛ t❡♠♣❡✲
r❛t✉r❛ é ♥✉❧❛ ❡ ~ω > eV ✱ ❛ ❊q✳✭✸✳✾✷✮ ♥♦s ❞á ✉♠ r✉í❞♦ ❞❡♣❡♥❞❡♥t❡ ❞❛ ❢r❡qüê♥❝✐❛ ❝❤❛♠❛❞♦ r✉í❞♦
q✉â♥t✐❝♦ ✭✢✉t✉❛çã♦ q✉â♥t✐❝❛ ❞❡ ✈á❝✉♦✮✱ ♦ q✉❛❧ é ♦ t✐♣♦ ❞❡ r✉í❞♦ ❞♦♠✐♥❛♥t❡ ♥❛ r❡❣✐ã♦ ❞❡ ❛❧t❛s
❢r❡qüê♥❝✐❛s✱

SLL(ω, T = V = 0) =
e2

π
|ω|
∑

n

Tn = 2~|ω|G ✭✸✳✾✹✮

❆ ❝♦❡①✐stê♥❝✐❛ ❞♦ r✉í❞♦ q✉â♥t✐❝♦ ❡ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ é ♦❜t✐❞❛✱ ❛ t❡♠♣❡r❛t✉r❛ ♥✉❧❛ ❡
~ω < e|V |✱

SLL(ω, T = 0, V ) =
e2

π~

(

~|ω|
∑

n

T 2
n + eV

∑

n

Tn(1− Tn)

)

✭✸✳✾✺✮

♦ r✉í❞♦ q✉â♥t✐❝♦ ❛♣r❡s❡♥t❛ ❞❡♣❡♥❞ê♥❝✐❛ ❧✐♥❡❛r ❝♦♠ ❛ ❢r❡qüê♥❝✐❛✱ ❝♦♠ ❢r❡qüê♥❝✐❛ ♥✉❧❛ é r❡❝✉♣❡r❛❞♦
♦ ❡s♣❡❝tr♦ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♣✉r♦✱ ❊q✳✭✸✳✽✻✮✳ ❯♠ ❝r♦ss♦✈❡r ♦❝♦rr❡ q✉❛♥❞♦ ~ω = ±eV ✳

✸✳✸✳✺ ❈❧❛ss✐✜❝❛çã♦ ❞♦ r✉í❞♦

P♦❞❡✲s❡ ❝❧❛ss✐✜❝❛r ♦s ✈ár✐♦s t✐♣♦s ❞❡ r✉í❞♦s ❡st✉❞❛❞♦s ❡♠ ❢✉♥çã♦ ❞❛ ❢r❡qüê♥❝✐❛✱ ❝♦♠♦ ♠♦str❛
❛ ✐❧✉str❛çã♦ ♥❛ ❋✐❣✉r❛ ✸✳✼✳ ◆❛ q✉❛❧ ✐❞❡♥t✐✜❝❛♠♦s três r❡❣✐♠❡s✿ ✭✶✮ ❡♠ ❜❛✐①❛ ❢r❡qüê♥❝✐❛✱ ♦♥❞❡ ♦
r✉í❞♦ 1/f é ♦ ❞♦♠✐♥❛♥t❡❀ ✭✷✮ ❢r❡qüê♥❝✐❛s ✐♥t❡r♠❡❞✐ár✐❛s✱ ♦♥❞❡ ♦s r✉í❞♦s tér♠✐❝♦ ❡ s❤♦t ✭r✉í❞♦s
❜r❛♥❝♦s✮ sã♦ ❛s ❢♦♥t❡s ♠❛❥♦r✐tár✐❛s❀ ✭✸✮ ❛❧t❛ ❢r❡qüê♥❝✐❛✱ ♦♥❞❡ ♦ r✉í❞♦ q✉â♥t✐❝♦ é ♦ ❞♦♠✐♥❛♥t❡✳
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❋✐❣✉r❛ ✸✳✼✿ ❈❧❛ss✐✜❝❛çã♦ ❞♦ r✉í❞♦ ❡♠ ❢✉♥çã♦ ❞❛ ❢r❡qüê♥❝✐❛✳ ❱❡r ❬✻❪✳



❈❛♣ít✉❧♦ ✹

◆❛♥♦❝♦♥t❛t♦s

◆❡st❡ ❝❛♣ít✉❧♦ ❞❡s❝r❡✈❡r❡♠♦s ✉♠ ♠♦❞❡❧♦ ♣❛r❛ r❡♣r❡s❡♥t❛r ♦s ♣r♦❝❡ss♦s ❞❡ ❝♦♥❞✉çã♦ ❡❧❡trô♥✐❝❛
❡♠ ♥❛♥♦✜♦s ❡ ♥❛♥♦❝♦♥t❛t♦s ❞♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s ❞❡ tr❛♥s✐çã♦ ❛❝♦♣❧❛❞♦s ❛ ❞♦✐s r❡s❡r✈❛tór✐♦s ❞❛
♠❡s♠❛ ❡s♣é❝✐❡✱ ♣r♦♣♦st♦ ♥❛s ❘❡❢s✳ ❬✷✸✕✷✻❪✳ ➱ ❝♦♥s✐❞❡r❛❞♦ q✉❡ ♦s ❡❧étr♦♥s ✐t✐♥❡r❛♥t❡s ♣❡rt❡♥❝❡♠
❛♦s ♦r❜✐t❛✐s s ❡ ♦s ♦r❜✐t❛✐s d✱ q✉❡ ❡stã♦ s❡♠✐✲♣r❡❡♥❝❤✐❞♦s ♥❡ss❡s ♠❛t❡r✐❛✐s✱ ❝♦♥st✐t✉✐rã♦ ❢♦♥t❡s
❞❡ ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❧♦❝❛✐s ❡ sã♦ ❞❡s❝r✐t♦s ♣♦r ✉♠ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ ■s✐♥❣ ❢❡rr♦♠❛❣♥ét✐❝♦✱
❞❡t❡r♠✐♥❛♥❞♦ ❛ s❡♣❛r❛çã♦ ❞♦s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ♣❡r♠✐t✐❞♦s ♥❡ss❡ ✜♦ ♦✉ ❝♦♥t❛t♦ ✭✐♥t❡r❛çã♦ ❞❡
tr♦❝❛ s−d✱ q✉❡ s❡rá ❣♦✈❡r♥❛❞❛ ♣♦r ✉♠ ❍❛♠✐❧t♦♥✐❛♥♦ ♠✐st♦ ❞❡ ❍❡✐s❡♥❜❡r❣✲■s✐♥❣ ❢❡rr♦♠❛❣♥ét✐❝♦ ❝♦♠
✐♥t❡r❛çõ❡s ❧♦❝❛✐s✮✳ ➱ ✉t✐❧✐③❛❞♦ ✉♠ ❍❛♠✐❧t♦♥✐❛♥♦ t✐♣♦ t✐❣❤t ❜✐♥❞✐♥❣ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ tr❛♥s♣♦rt❡✱ q✉❡
s❡rá ❞✐❛❣♦♥❛❧✐③❛❞♦ ❛tr❛✈és ❞❡ ❛♣r♦①✐♠❛çõ❡s ♣❡r♠✐t✐❞❛s ♣❡❧❛ t❡♦r✐❛ ❞❡ ♣❡rt✉r❜❛çõ❡s ❝♦♠ ✈❡t♦r❡s ❞❡
❡st❛❞♦ ❤✐❜r✐❞✐③❛❞♦s ❡♠ r❡❧❛çã♦ ❛♦ s♣✐♥ ❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ é ❝❛❧❝✉❧❛❞❛ ♣❡❧❛ ❢♦r♠✉❧❛çã♦ ❞❡ ▲❛♥❞❛✉❡r✲
❇✉tt✐❦❡r ♣❛r❛ ♦ tr❛♥s♣♦rt❡ ❜❛❧íst✐❝♦✳ ◆♦ ❝❛s♦ ❞❡ ✉♠ ♥❛♥♦❝♦♥t❛t♦✱ é ♣♦ssí✈❡❧ ♦❜t❡r ❡①♣r❡ssõ❡s
❛♥❛❧ít✐❝❛s ♣❛r❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ✭♦ q✉❛❧
❛♣r❡s❡♥t❛ ♠❛✐♦r ❝♦♥tr✐❜✉✐çã♦ ❡♠ r❡❧❛çã♦ ❛♦s ♦✉tr♦s t✐♣♦s ❞❡ r✉í❞♦✱ ✈✐st♦ q✉❡ sã♦ ❝♦♥s✐❞❡r❛❞♦s
t❡♠♣❡r❛t✉r❛s ❡ ❢r❡qüê♥❝✐❛s ✐❞❡♥t✐❝❛♠❡♥t❡ ♥✉❧❛s✮✱ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ✭q✉❡ ♠❡❞❡ ❥✉st❛♠❡♥t❡ ❛ r❛③ã♦
❞❡ ✐♠♣♦rtâ♥❝✐❛ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡♠ r❡❧❛çã♦ ❛♦s r✉í❞♦s P♦✐ss♦♥✐❛♥♦s✮ ❡ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛✳
❚♦❞❛s ❡ss❛s q✉❛♥t✐❞❛❞❡s sã♦ ❡st✉❞❛❞❛s ♥♦s ❝❛s♦s ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦s✱ ✈✐st♦
q✉❡ ♦s ♦r❜✐t❛✐s s sã♦ ❝♦♥s✐❞❡r❛❞♦s ❝♦♠♦ s❡♥❞♦ ♦s ❞❡ ❝♦♥❞✉çã♦✱ ❡ ♣❛r❛ ❛ ♣♦❧❛r✐③❛çã♦ ♠❛❣♥ét✐❝❛
♣❛r❛❧❡❧❛ ❡ ❛♥t✐✲♣❛r❛❧❡❧❛ ❞♦s ❡❧❡tr♦❞♦s✳

✹✳✶ ▼♦t✐✈❛çõ❡s

❘❡❝❡♥t❡s ❡①♣❡r✐♠❡♥t♦s t❡♠ s✐❞♦ ❞✐✈✉❧❣❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ s♦❜r❡ ❛ ❢❛❜r✐❝❛çã♦ ❞❡ ✜♦s ❡ ❝♦♥t❛t♦s
❝♦♥st✐t✉í❞♦s ❞❡ ♣♦✉❝♦s át♦♠♦s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞♦s ❡❧❡♠❡♥t♦s ❆✉✱ ❆❧✱ ❆❣✱ P❜✱ ◆❜✱ P❞✱ ◆✐ ❡
❈♦ ❬✸✸✕✸✼✱✸✾✱✹✸❪✳ ❆s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❢❛❜r✐❝❛çã♦ ❞❡ss❡s s✐st❡♠❛s sã♦ ❞✐✈❡rs❛s✱ ❝♦♠♦ ♣♦r
❡①❡♠♣❧♦ ♣♦r ❡❧❡tr♦✲❞❡♣♦s✐çã♦✱ q✉❡ ❝♦♥s✐st❡ ❡♠ ❢❛③❡r ♣♦♥t❛s ♠✉✐t♦ ✜♥❛s ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♠❡t❛❧
❛tr❛✈és ❞❡ ✉♠❛ r❡❛çã♦ ❡❧❡tr♦❧ít✐❝❛ q✉❛♥❞♦ ❡ss❡ ✜♦ ♠❡tá❧✐❝♦ é ❝♦❧♦❝❛❞♦ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠❛ s♦❧✉çã♦
❡❧❡tr♦❧ít✐❝❛ ✭♣♦r ❡①❡♠♣❧♦✱ ❞❡ ❑❈❧ ♦✉ ◆❛❈❧✮ s✉s♣❡♥s❛ ✭♣♦r ✉♠ ♦✉tr♦ ♠❡t❛❧ ❡♠ ❢♦r♠❛ ❞❡ ❛♥❡❧✮ ❡
é ♣❛ss❛❞♦ ✉♠❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ♣❛r❛ q✉❡ ♦ ❢❡♥ô♠❡♥♦ ❞❡ ♦①✐✲r❡❞✉çã♦ ♦❝♦rr❛✳ ❊♠ s❡❣✉✐❞❛ ❡ss❛s
♣♦♥t❛s sã♦ ❝♦❧♦❝❛❞❛s ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠ ♦✉tr♦ ✜♦ ♠❡tá❧✐❝♦ ❡ é ♣❛ss❛❞♦ ✉♠❛ ♣❡q✉❡♥❛ ❝♦rr❡♥t❡
♣♦r ❡ss❡ s✐st❡♠❛✳ P♦r ❡ss❛ té❝♥✐❝❛ t❡♠ s✐❞♦ r❡♣♦rt❛❞♦ ✈❛❧♦r❡s ❞❡ ▼❘ ❞❛ ♦r❞❡♠ ❞❡ ✸✵✵✵✪ ❬✸✻❪✳

❖✉tr❛ té❝♥✐❝❛✱ é ✉t✐❧✐③❛r ❛ ♣♦♥t❛ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ✭s❝❛♥♥✐♥❣

✹✵
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t✉♥♥❡❧✐♥❣ ♠✐❝r♦s❝♦♣❡ ✲ ❙❚▼ ✮✱ ♦ q✉❛❧ ♣❡r♠✐t❡ ✐♥✈❡st✐❣❛r ❛ t♦♣♦❣r❛✜❛ ❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s
❞❡ s✉♣❡r❢í❝✐❡s ♠❡tá❧✐❝❛s ❡ s❡♠✐❝♦♥❞✉t♦r❛s ❝♦♠ r❡s♦❧✉çã♦ ❛tô♠✐❝❛✱ ❡ t❛♠❜é♠ é ❛ ❢❡rr❛♠❡♥t❛ ✐❞❡❛❧
♣❛r❛ ❡st✉❞❛r ❝♦♥t❛t♦s ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛✳ ❆♦ s❡ ❡♥❝♦st❛r ❛ ♣♦♥t❛ ❞♦ ❙❚▼ ❞❡ ✉♠❛ ❛♠♦str❛
❝♦♥❞✉t♦r❛✱ ❤❛✈❡rá ✉♠❛ ♣❡q✉❡♥❛ ♠✐st✉r❛ ❞♦s át♦♠♦s ❞❛ ♣♦♥t❛ ❡ ♦s át♦♠♦s ♥❛ r❡❣✐ã♦ ❞❡ ❝♦♥t❛t♦
❞❛ ❛♠♦str❛✱ ❡♠ s❡❣✉✐❞❛ ❛♦ s❡ ♣✉①❛r ❛ ♣♦♥t❛✱ ♣♦r ❛❧❣✉♠ t❡♠♣♦ ❡①✐st✐rá ✉♠❛ ❧✐❣❛çã♦ ❞❡ ♣♦✉❝♦s
át♦♠♦s ❡♥tr❡ ❛ ♣♦♥t❛ ❡ ❛ ❛♠♦str❛ ❡ ❞❡ss❛ ❢♦r♠❡ tê♠✲s❡ ✉♠ ♥❛♥♦✜♦ ♦✉ ♥❛♥♦❝♦♥t❛t♦✱ ❋✐❣✉r❛ ✹✳✶✳

❋✐❣✉r❛ ✹✳✶✿ ■❧✉str❛çã♦ ❞❡ ✉♠ ❙❚▼✳ ❖ ❙❚▼ ✐♥✈❡st✐❣❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❞❡ ✉♠ ♠❛t❡r✐❛❧
❛tr❛✈és ❞❡ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦✱ ❛ q✉❛❧ ✢✉✐ ❞♦ ❞❛ ♣♦♥t❛ ♠❡tá❧✐❝❛ ❞♦ ♠✐❝r♦s❝ó♣✐♦ ♣❛r❛ ❛
s✉♣❡r❢í❝✐❡✳ ❆ ❝♦rr❡♥t❡ ❞❡ t✉♥❡❧❛♠❡♥t♦ ❞❡♣❡♥❞❡ s❡♥s✐✈❡❧♠❡♥t❡ ✭❡①♣♦♥❡♥❝✐❛❧✮ ❞❛ ❞✐stâ♥❝✐❛ ❞❛ ♣♦♥t❛
à s✉♣❡r❢í❝✐❡❀ ✉♠❛ r❡s♦❧✉çã♦ ❞❡ ✵✱✶♥♠ é ♣♦ssí✈❡❧✳ ❆ r❡s♦❧✉çã♦ ❧❛t❡r❛❧ é ❧✐♠✐t❛❞❛ ♣❡❧❛ ❡s♣❡ss✉r❛ ❞❛
♣♦♥t❛✱ ❛ ♣♦♥t❛ ❞❡ ✉♠ ❜♦♠ ❙❚▼ é ❢❡✐t♦ ❞❡ ❛♣❡♥❛s ✉♠ ú♥✐❝♦ át♦♠♦✱ ❞❛♥❞♦ r❡s♦❧✉çã♦ ❧❛t❡r❛❧ ❞❡
✵✱✶♥♠✳

❆ té❝♥✐❝❛ ❡①♣❡r✐♠❡♥t❛❧ ♠❛✐s ❧❛r❣❛♠❡♥t❡ ✉t✐❧✐③❛❞❛ é ❛ ♠❡❝❤❛♥✐❝❛❧❧② ❝♦♥tr♦❧❧❛❜❧❡ ❜r❡❛❦ ❥✉♥❝t✐♦♥
✭▼❈❇❏✮ ❬✸✸❪✱ ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✷✳ ❊ss❛ té❝♥✐❝❛ ❝♦♥s✐st❡ ❡♠ ♣r❡♥❞❡r ✉♠ ❝♦♥❞✉t♦r ♣❛r❝✐❛❧♠❡♥t❡
❝♦rt❛❞♦ ♥♦ ❝❡♥tr♦ ✭❝♦♠ ❡s♣❡ç✉r❛ ❞❛ ♦r❞❡♠ ❞❡ ✵✱✶ ♠♠✮ ❡♠ ✉♠ s✉❜str❛t♦ ✢❡①í✈❡❧✱ ❡ ❡♠ s❡❣✉✐❞❛
❛♣❧✐❝❛✲s❡ ✉♠❛ tr❛çã♦ ✭❛tr❛✈és ❞❡ ✉♠ ♠❛t❡r✐❛❧ ♣✐❡③♦✲❡❧étr✐❝♦✮ ❞❡ t❛❧ ❢♦r♠❛ ❛ ❡st✐r❛r ✭❛✜♥❛r✮ ♦
❝♦♥❞✉t♦r ♥❛ r❡❣✐ã♦ ❥á ♣❛r❝✐❛❧♠❡♥t❡ ❝♦rt❛❞❛✳ ❈♦♠ ❡ss❛ té❝♥✐❝❛ é ♣♦ssí✈❡❧ ♦❜t❡r ✜♦s ❡ ❝♦♥t❛t♦s
❝♦♥st✐t✉í❞♦s ♣♦r ✜❧❡✐r❛s ❞❡ ♣♦✉❝♦s át♦♠♦s✳

❆tr❛✈és ❞❛ té❝♥✐❝❛ ❞❡ ▼❈❇❏✱ ❢♦r❛♠ ♦❜t✐❞♦s r❡s✉❧t❛❞♦s ❜❛st❛♥t❡ ✐♠♣r❡ss✐♦♥❛♥t❡s ❛♦ ♣❡r♠✐t✐r
❛ ❝♦♥str✉çã♦ ❞❡ ❝♦♥t❛t♦s ❝♦♥st✐t✉í❞♦s ❞❡ três✱ ❞♦✐s ❡ ❛té ♠❡s♠♦ ✉♠ ú♥✐❝♦ át♦♠♦✳ ❈♦♠♦ ❢♦✐ ❞✐t♦
♥♦ ❈❛♣ít✉❧♦ ✷✱ ♥❡ss❡ r❡❣✐♠❡ ❞❡ ❜❛✐①❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♦♥❞✉❧❛tór✐❛s ❞♦s ❡❧étr♦♥s
sã♦ ❞❡ ❢✉♥❞❛♠❡♥t❛❧ r❡❧❡✈â♥❝✐❛ ♥❛ ❞❡s❝r✐çã♦ ❞♦ tr❛♥s♣♦rt❡ ♣♦r ❡ss❛s ♥❛♥♦❡str✉t✉r❛s✳ ❖ tr❛♥s♣♦rt❡
❡❧❡trô♥✐❝♦ t♦r♥❛✲s❡ ❜❛❧íst✐❝♦✱ ❡ é ❡①❝❡❧❡♥t❡♠❡♥t❡ ❞❡s❝r✐t♦ ♣❡❧❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ❬✶✕✹❪✱ ♥❡ss❛
❢ór♠✉❧❛ t❡♠♦s q✉❡ ❝♦♥s✐❞❡r❛r ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ ❝❛❞❛ ❝❛♥❛❧ ❛❜❡rt♦✳ ❊♥tr❡t❛♥t♦
é ♥❡❝❡ssár✐♦ ✉♠❛ ♣❛❧❛✈r❛ ❛q✉✐ s♦❜r❡ q✉❡♠ ❢❛③ ♦ ♣❛♣❡❧ ❞♦s ❝❛♥❛✐s✱ ✈✐st♦ q✉❡ ♥ã♦ t❡♠♦s ♠❛✐s
❡❢❡t✐✈❛♠❡♥t❡ ❜❛♥❞❛s ❡ s✐♠ ❛ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛ ❞♦ át♦♠♦ ❡♠ s✐ ❝♦♠♦ ♠❡❞✐❛❞♦r❛ ♣❛r❛ ❝♦♥❞✉çã♦✳
❆ ❡①♣❧✐❝❛çã♦ ♠❛✐s ❛❝❡✐t❛ é q✉❡ ♥❡ss❛ ❡s❝❛❧❛✱ ♦s ♦r❜✐t❛✐s ❞❡ ✈❛❧ê♥❝✐❛s ❛tô♠✐❝♦s ❢❛rã♦ ♦ ♣❛♣❡❧ ❞♦s
❝❛♥❛✐s ♣❡r♠✐t✐❞♦s ❞❡ ❝♦♥❞✉çã♦ ❬✸✸✱ ✸✺❪✱ ♣♦r ❡①❡♠♣❧♦✱ ♥♦s ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦✱ ♦s ♦r❜✐t❛✐s s✱ p ❡
d ♣♦❞❡♠ ♣♦t❡♥❝✐❛❧♠❡♥t❡ ❛❜r✐r ✷✰✻✰✶✵ ❝❛♥❛✐s ❞❡❣❡♥❡r❛❞♦s ❬✸✺❪✳ ❆♣❡s❛r ❞❡ ❡ss❛ ❡①♣❧✐❝❛çã♦ ♥ã♦
❞❛r ❝♦♥t❛ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♠❡❞✐❞❛ ❞❡ e2/h ♥♦s ❝❛s♦s ❞❛ P❞ ❡ Pt ❬✹✸❪✱ ♥♦s q✉❛✐s ❥á é s❛❜✐❞♦ q✉❡
♥♦ ✈♦❧✉♠❡ ♥ã♦ ♠✉✐t♦ ❧✐♠♣♦ t❛✐s ♠❡t❛✐s ❞❡s❡♥✈♦❧✈❡♠ ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞❡✈✐❞♦ ❛ ❡❢❡✐t♦s ❞❡
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❋✐❣✉r❛ ✹✳✷✿ ■❧✉str❛çã♦ ❞❛ té❝♥✐❝❛ ❞❡ ▼❈❇❏✳

♣r♦①✐♠✐❞❛❞❡✱ ♠❛s ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ ❤á ✉♠❛ ❝❛rê♥❝✐❛ ❞❡ ❡①♣❧✐❝❛çã♦✳
P❛r❛ ✜♦s ♥❛ ❡s❝❛❧❛ ❛tô♠✐❝❛✱ é ❜❛st❛♥t❡ ❞✐❢í❝✐❧ ♦❜t❡r ❣rá✜❝♦s ■✲❱ ❞✐r❡t❛♠❡♥t❡✱ ♣❛r❛ ❝♦♥t♦r♥❛r

❡ss❡ ♣r♦❜❧❡♠❛ ❢♦✐ ❝r✐❛❞♦ ♦ ♠ét♦❞♦ ❞❡ ❤✐st♦❣r❛♠❛s✳ ❆♦ ❢❛③❡r ♠❡❞✐❞❛ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ ❝❛❞❛ ♥❛♥♦✜♦
❢❡✐t♦ ❛♣r❡s❡♥t❛rá ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❢♦r♠❛s ❞✐❢❡r❡♥t❡s ❞❡ ❧✐❣❛çã♦ ❡♠ t❡r♠♦s ❞♦s s❡✉s ❡✐①♦s ❝r✐st❛❧♦✲
❣rá✜❝♦s✱ ❞❡ss❛ ❢♦r♠❛✱ ♥ã♦ s❡ ♣♦❞❡ ❞✐③❡r q✉❡ ♠❡❞✐❞❛s ❢❡✐t❛s ♥✉♠❛ ♠❡s♠❛ ❛♠♦str❛ r❡s✉❧t❛♠ ❡♠
✈❛❧♦r❡s ✐❞ê♥t✐❝♦s✱ ♠❛s s✐♠ ❡♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s q✉❡ ❞❡✈❡♠ s❡r tr❛t❛❞♦s ❡st❛t✐st✐❝❛♠❡♥t❡✳
❊ss❡ tr❛t❛♠❡♥t♦ ❝✉❧♠✐♥❛ ♥❛ ❡❧❛❜♦r❛çã♦ ❞❡ ❤✐st♦❣r❛♠❛s✱ ❋✐❣✉r❛ ✹✳✸✱ q✉❡ ♠❡❞❡♠ q✉❛❧ ♦ ✈❛❧♦r ❞❛
❝♦♥❞✉tâ♥❝✐❛ ❛s ♠✐❧❤❛r❡s ❞❡ ♠❡❞✐❞❛s ❢❡✐t❛s ❡♠ ✉♠❛ ❛♠♦str❛ ❛♣r❡s❡♥t❛♠ ❡♠ ♠é❞✐❛✳

◆❡st❛ ❞✐ss❡rt❛çã♦✱ ♦s ♥❛♥♦✜♦s ❡ ♥❛♥♦❝♦♥t❛t♦s sã♦ ✐♠❛❣✐♥❛❞♦s ❢♦r♠❛❞♦s ♠❡❝❛♥✐❝❛♠❡♥t❡ ✭❡st✐✲
r❛♠❡♥t♦ ❞❡ ✉♠ ✜♦ ❝♦♠❡r❝✐❛❧✮ ♠♦str❛❞♦ ❡♠ ❋✐❣✉r❛ ✹✳✹ ❬✸✾❪✳ ❆tr❛✈és ❞❡ ✉♠ ♠✐❝r♦♣♦s✐❝✐♦♥❛❞♦r ♣❛r❛
❢❛③❡r ♦ ❝♦♥t❛t♦ ❡♥tr❡ ❞♦✐s ❡❧❡tr♦❞♦s ❞❡ ◆✐ ❝♦♠ ✷♠♠ ❞❡ ❞✐â♠❡tr♦ ❡ ❡①tr❡♠✐❞❛❞❡s ❛❞❡q✉❛❞❛♠❡♥t❡
❛rr❡❞♦♥❞❛❞❛s ❡ ♣♦❧✐❞❛s✳ P❛r❛ ♠✐♥✐♠✐③❛r ♦s ❡❢❡✐t♦s tér♠✐❝♦s ❡ ♠❛❣♥❡t♦❡str✐t✐✈♦s✱ ❡ ❛✉♠❡♥t❛r ❛
r✐❣✐❞❡③ ♠❡❝â♥✐❝❛✱ ♦s ❡❧❡tr♦❞♦s ❞❡ ◆✐ sã♦ ❝♦❧♦❝❛❞♦s ❡♠ ✉♠ ♦r✐❢í❝✐♦ ♣❡r❢✉r❛❞♦ ❛tr❛✈és ❞❡ ✉♠ ❜❧♦❝♦
❞❡ t❡✢♦♥✳ ▼❡s♠♦ ❛ss✐♠✱ ❛ ❡st❛❜✐❧✐❞❛❞❡ ♠❡❝â♥✐❝❛ ❛✐♥❞❛ é ✉♠ ♣r♦❜❧❡♠❛ ♣❡rs✐st❡♥t❡ ♣❛r❛ ♦s ❡①✲
♣❡r✐♠❡♥t❛✐s✳ ❖ ♣r♦❜❧❡♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ♥ã♦ é s✐❣♥✐✜❝❛t✐✈♦✱ ♣♦✐s ❛ q✉❛♥t✐③❛çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛
♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❬✶✱ ✸✹❪✳ ◆❛s ❡s♣✐r❛s q✉❡ ❡♥✈♦❧✈❡♠ ♦ ❡❧❡tr♦❞♦ ❞♦ ❧❛❞♦
❡sq✉❡r❞♦ é ❛♣❧✐❝❛❞♦ ✉♠❛ ❝♦rr❡♥t❡ ❉❈ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❣❡r❛r ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ HL

esp✱ ❡ s✐♠✉❧t❛✲
♥❡❛♠❡♥t❡✱ é ❛♣❧✐❝❛❞♦ ✉♠❛ ❝♦rr❡♥t❡ ❆❈ ♥❛s ❡s♣✐r❛s ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ q✉❡ ❣❡r❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦
HR

esp✳ ❈♦♠ ❡ss❡s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❣❡r❛❞♦s ♣❡❧❛s ❡s♣✐r❛s✱ é ♣♦ssí✈❡❧ ♣♦❧❛r✐③❛r ❧✐❣❡✐r❛♠❡♥t❡ ✭✈✐st♦
q✉❡ ♦s ❝❛♠♣♦s ✐♥t❡r♥♦s sã♦ ♠✉✐t♦s ♠❛✐♦r❡s q✉❡ ❡ss❡s ❝❛♠♣♦s ❡①t❡r♥♦s ❛♣❧✐❝❛❞♦s ❬✺❪✮ ♦s ❡❧❡tr♦❞♦s
✈♦❧✉♠étr✐❝♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ❞❡ ❛♠❜♦s ♦s ❧❛❞♦s ♥❛s ❝♦♥✜❣✉r❛çõ❡s ♣❛r❛❧❡❧❛s✱ HL

esp = HR
esp = Hesp✱

❡ ❛♥t✐✲♣❛r❛❧❡❧❛✱ HL
esp = −HR

esp = Hesp✳ ❚✐♣✐❝❛♠❡♥t❡✱ é ❡♥❝♦♥tr❛❞♦ ♥❛ ❧✐t❡r❛t✉r❛ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s
❛♣❧✐❝❛❞♦s Hesp ❡♥tr❡ ✶✵✵Oe ❡ ✶✷✵Oe ❬✸✾❪✳

❊st✉❞❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❡♠ ✜♦s ❡ ❝♦♥t❛t♦s ❝♦♥st✐t✉í❞♦s ♣♦r ❝❛❞❡✐❛s ❛tô♠✐❝❛s
✐♥t❡r❧✐❣❛❞❛s ❞♦s ♠❡t❛✐s ♠❛❣♥ét✐❝♦s ❞❡ tr❛♥s✐çã♦ t❡♠ ❛tr❛í❞♦ ❜❛st❛♥t❡ ❛t❡♥çã♦✱ ❞❡✈✐❞♦ ❛s s✉❛s ♣♦✲
t❡♥❝✐❛✐s ❛♣❧✐❝❛çõ❡s ♣❛r❛ ❞✐s♣♦s✐t✐✈♦s s♣✐♥trô♥✐❝♦s ❡ ♠❡s♠♦ ♣❛r❛ ❛ t❡❝♥♦❧♦❣✐❛ ❛t✉❛❧✱ ♣❡❧❛ s✉❛ ❛❧t❛
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❋✐❣✉r❛ ✹✳✸✿ ▼❡❞✐❞❛s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ ✉♠ ♥❛♥♦✜♦ ❞❡ ❈♦ ❡♠ ✉❧tr❛✲❛❧t♦ ✈á❝✉♦ ♣❡❧❛ té❝♥✐❝❛ ❞❡
▼❈❇❏✱ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ s❡♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦✱ ♦♥❞❡✿ ✭❛✮ ❝✉r✈❛s ❞♦
tr❛♥s♣♦rt❡ ❡❧❡trô♥✐❝♦ ♠♦str❛♥❞♦ ♦s ♣❧❛t❡❛✉s ❞❡ ❝♦♥❞✉tâ♥❝✐❛❀ ✭❜✮ ❤✐st♦❣r❛♠❛ ❡①✐❜✐♥❞♦ ♦ ❝♦♠♣♦r✲
t❛♠❡♥t♦ ❡st❛tíst✐❝♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ ✉♠❛ s❡qüê♥❝✐❛ ❞❡ ♥❛♥♦✜♦s ❣❡r❛❞♦s✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r
q✉❡ ♦s ♣❧❛t❡❛✉s ❡♠ ✭❛✮ ❝♦✐♥❝✐❞❡♠ ❝♦♠ ♦ ♣r✐♠❡✐r♦ ♣✐❝♦ ❞❡ e2/h ❡♠ ✭❜✮✳ ❉❛❞♦s ❞❡✈✐❞♦ ❛ ❘♦❞r✐❣✉❡s
❡t✳ ❛❧✳ ❬✹✸❪✳

❋✐❣✉r❛ ✹✳✹✿ ■❧✉str❛çã♦ ❞♦ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧✳

♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ r❡♣♦rt❛❞♦ ♥❛ ❧✐t❡r❛t✉r❛ ❬✸✹✱ ✸✻❪✳ P❡❧♦ ❝❛rát❡r ♠❛❣♥ét✐❝♦ ❞❡ss❡s ♠❛t❡r✐❛✐s✱ ❛
❞❡❣❡♥❡r❡s❝ê♥❝✐❛ ❞❡ s♣✐♥ ❞♦ q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ é ❧❡✈❛♥t❛❞❛✱ ✐st♦ é✱ t❡♠♦s ♠ú❧t✐♣❧♦s ✐♥t❡✐r♦s
❞❡ N × e2/h✱ ♥♦ ❝❛s♦ ❞❡ N ❝❛♥❛✐s ♥ã♦ ❞❡❣❡♥❡r❛❞♦s ❝♦♠♣❧❡t❛♠❡♥t❡ tr❛♥s♣❛r❡♥t❡s✳ ◆❡st❡ ❈❛♣ít✉❧♦✱
s❡rá ❞❡s❝r✐t♦ ✉♠ ♠♦❞❡❧♦ ❞❡ ♥❛♥♦✜♦ ❞❡✜♥✐❞♦ ❬✷✸✱✷✹❪ ♣♦r ✉♠❛ ❝❛❞❡✐❛ ❧✐♥❡❛r ❞❡ át♦♠♦s ♠❛❣♥ét✐❝♦s
❛❝♦♣❧❛❞♦s ♣❡❧♦s ❡①tr❡♠♦s ❞♦ ✜♦✱ ❛ ❞♦✐s r❡s❡r✈❛tór✐♦s ✭❞♦ ♠❡s♠♦ ♠❛t❡r✐❛❧ ❞♦ ✜♦✮ ❞❡ ❡❧étr♦♥s ♣♦❧❛✲
r✐③❛❞♦s ♠❛❣♥❡t✐❝❛♠❡♥t❡ ♣♦r ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❛♣❧✐❝❛❞♦s ❡①t❡r♥❛♠❡♥t❡ ✭❣❡r❛❞♦s ♣❡❧❛s ❡s♣✐r❛s✮✳
❚❛✐s ❡❧❡♠❡♥t♦s ❛♣r❡s❡♥t❛♠ ♦r❜✐t❛✐s d s❡♠✐✲♣r❡❡♥❝❤✐❞♦s✱ ❡ é ❝♦♥s✐❞❡r❛❞♦ q✉❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉✲
çã♦ sã♦ s♦♠❡♥t❡ ❛q✉❡❧❡s ❞♦ t✐♣♦ s ❡ ♦s ♦r❜✐t❛✐s d sã♦ ❢♦♥t❡s ❞❡ ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❧♦❝❛✐s q✉❡
✐♥t❡r❛❣❡♠ ❝♦♠ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ s♦♠❡♥t❡ ♣♦r ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛✱ ❡ ❞❡ss❛ ❢♦r♠❛✱ s❡♣❛r❛♠
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♦s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ♣❡rt❡♥❝❡♥t❡s ❛♦s ♦r❜✐t❛✐s s✳ ❊①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❬✸✸✱ ✸✺❪✱ t❛✐s s✐st❡♠❛s t❡♠
s✐❞♦ ❝♦♥str✉í❞♦s ❡ ♠❡❞✐❞❛s ❞❡ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ e2/h✱ ♠❡s♠♦ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ s❡♠ ❝❛♠♣♦
♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ❡ ❢❡✐t❛s ♥♦ ❛r ❬✹✸❪ ❝♦♥✜r♠❛♠ ❡ss❡ ✈❛❧♦r✳ ❆❧é♠ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ é ♦❜t✐❞♦
♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♥♦ ❝❛s♦ ❞❡ ♥❛♥♦❝♦♥t❛t♦s ❝♦♥st✐t✉í❞♦s ❞❡ ❞♦✐s át♦♠♦s✱ ❝♦♥s✐❞❡r❛♥❞♦ t❡♠♣❡✲
r❛t✉r❛s ❡ ❢r❡qüê♥❝✐❛s ♥✉❧❛s✳ ❊ss❡ t✐♣♦ ❞❡ r✉í❞♦ é ♦ ♠❛✐s ✐♥t❡r❡ss❛♥t❡ ♣❛r❛ s❡ ❡st✉❞❛r ❛ ❞✐♥â♠✐❝❛
t❡♠♣♦r❛❧ ❞♦s ❡❧étr♦♥s✱ ✈✐st♦ q✉❡ ❡❧❡ é ✉♠❛ ❝♦♥s❡qüê♥❝✐❛ ❞❛ ❞✐s❝r❡t✐③❛çã♦ ❞❛ ❝❛r❣❛ ❞♦s ♣♦rt❛❞♦r❡s
❞❡ ❝♦rr❡♥t❡ ❡ ❡st❛ ❛ss♦❝✐❛❞♦ ❛ ❡st❛tíst✐❝❛ ❢❡r♠✐ô♥✐❝❛ ✭Pr✐♥❝í♣✐♦ ❞❡ ❊①❝❧✉sã♦ ❞❡ P❛✉❧✐✮ ❬✶✷✱✶✾❪✳

✹✳✷ ▼♦❞❡❧♦ t❡ór✐❝♦

❯♠❛ ✐❧✉str❛çã♦ ❞♦s ♥❛♥♦✜♦s ❢♦r♠❛❞♦s ♣♦r ❡st✐r❛♠❡♥t♦ ❞❡ ✉♠ ❝♦♥❞✉t♦r ✈♦❧✉♠étr✐❝♦ ♣♦❞❡♠
s❡r ✈✐st♦ ♥❛s ❋✐❣✉r❛s ✹✳✹✲✹✳✺✳ ❉❡s♣r❡③❛♥❞♦ ♦s ❡❢❡✐t♦s ❞❡ ❣❡♦♠❡tr✐❛ ❡str✉t✉r❛❧ ❞♦ ✜♦ ✭♦ q✉❡✱ ❞❡
❢♦r♠❛ ❡❢❡t✐✈❛✱ ❛✐♥❞❛ ♣♦❞❡ s❡r ✐♥❝♦r♣♦r❛❞♦ ♥♦ ♠♦❞❡❧♦ ❝♦♠♦ ✉♠ ❡❢❡✐t♦ ❞❡ ❞✐♠✐♥✉✐çã♦ ❞♦ ♦✈❡r❧❛♣ ❞❛s
❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞♦s ♦r❜✐t❛✐s ❞❡ ❝♦♥❞✉çã♦✮✱ q✉❡ é ❝♦♥s✐❞❡r❛❞♦ ❧✐♥❡❛r✳ ❊st❛♠♦s ✐♥t❡r❡ss❛❞♦s ❡♠ ✜♦s
❞♦s ♠❡t❛✐s ♠❛❣♥ét✐❝♦s ❞❡ tr❛♥s✐çã♦✱ ❝♦♠♦ ❢♦✐ ❞✐s❝✉t✐❞♦ ♥❛ s❡❝çã♦ ❛♥t❡r✐♦r✱ é ❝♦♥s✐❞❡r❛❞♦ q✉❡ ♦s
❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ sã♦ ❞❡✈✐❞♦ ❛♣❡♥❛s ❛q✉❡❧❡s ❞♦s ♦r❜✐t❛✐s s✱ ♦ q✉❛❧ ❛♣r❡s❡♥t❛ ❛♣❡♥❛s ❞♦✐s ❝❛♥❛✐s
❞❡ s♣✐♥ ❞❡ tr❛♥s♠✐ssã♦ ♣ró①✐♠♦s ❛♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✳ ❖s s♣✐♥s ❞♦s ❡❧étr♦♥s ❞♦s ♦r❜✐t❛✐s s s❡rã♦
r❡♣r❡s❡♥t❛❞♦s ♣♦r ~σ✳ ❏á ♦s ♦r❜✐t❛✐s d✱ s❡rã♦ ❢♦♥t❡s ❞❡ ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❧♦❝❛✐s ~Si q✉❡ ❛t✉❛r❛♠
s♦❜r❡ ♦s ❡❧étr♦♥s ✐t✐♥❡r❛♥t❡s ❞♦s ♦r❜✐t❛✐s s ✈✐❛ ✉♠❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ ❞♦ t✐♣♦ ❢❡rr♦♠❛❣♥ét✐❝❛ s−d✱
❛ ❧♦❝❛❧✐❞❛❞❡ ❞❛ ✐♥t❡r❛çã♦ é ❣❛r❛♥t✐❞❛ ♣♦r ✉♠❛ ❢✉♥çã♦ ❞❡❧t❛ ❞❡ ❉✐r❛❝ δ(.)✳ ❊ss❛ ❞✐♥â♠✐❝❛ é ❞❛❞❛
♣❡❧♦ ❍❛♠✐❧t♦♥✐❛♥♦✿

Hsd = −
∑

i

Jsd(i)~Si · ~σiδ(①− ①i) ✭✹✳✶✮

❆ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s s♣✐♥s ❞♦s ♦r❜✐t❛✐s d✱ é ♠❛♣❡❛❞❛ ♣♦r ✉♠ ❍❛♠✐❧t♦♥✐❛♥♦ ❢❡rr♦♠❛❣♥ét✐❝♦
✭J > 0✮ t✐♣♦ ■s✐♥❣ ❝♦♠ ❝❛♠♣♦ tr❛♥s✈❡rs♦ Ht ❬✸✽❪✿

HM = −J
N−1
∑

i=1

Sz
i S

z
i+1 − g(H

z
1S

z
1 +Hz

NS
z
N)− gHt

N
∑

i=1

Sx
i ✭✹✳✷✮

❆ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ♣r✐♠❡✐r♦ ❡ ♦ ú❧t✐♠♦ át♦♠♦ ❞♦ ✜♦ ❝♦♠ ♦s ❡❧❡tr♦❞♦s é ❞❛❞♦ ❛tr❛✈és ❞♦s
❛❝♦♣❧❛♠❡♥t♦s ❧♦♥❣✐t✉❞✐♥❛✐s Hz

1 ❡ Hz
N ✱ ❞❡✜♥✐♥❞♦ ♦ ❡✐①♦ z ❛♦ ❧♦♥❣♦ ❞♦ ✜♦ ❝♦♠♦ ❛ ❞✐r❡çã♦ ❞❡ ❝♦♥❞✉✲

çã♦✳ ■♥tr♦❞✉③✐♠♦s ✢✉t✉❛çõ❡s q✉â♥t✐❝❛s ♣♦r ♠❡✐♦ ❞♦ ✏❝❛♠♣♦✑ tr❛♥s✈❡rs♦ Ht✱ ❡st❡ ❝❛♠♣♦ ❛ss❡❣✉r❛
♦ r❡❣✐♠❡ q✉â♥t✐❝♦ ❞♦ s✐st❡♠❛✱ ♣♦✐s ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ♦♣❡r❛❞♦r ❞❡ s♣✐♥ Sz

i ❡ Sx
i ♥ã♦ ❝♦♠✉t❛♠ ❬✸✽❪

❡ ♦ ♣r✐♥❝í♣✐♦ ❞❡ ✐♥❝❡rt❡③❛ ❞❡ ❍❡✐s❡♥❜❡r❣ ♣❡r♠✐t❡ ✢✉t✉❛çõ❡s ❞❡ss❡ s♣✐♥✳ ➱ ✐♥t❡r❡ss❛♥t❡ ♥♦t❛r q✉❡ ♦
❝❛♠♣♦ tr❛♥s✈❡rs♦ Ht é ✉♠❛ ❢♦r♠❛ ❡❢❡t✐✈❛ ❞❡ ❝♦♥s✐❞❡r❛r ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡ ❛s ❝♦♠♣♦♥❡♥t❡s tr❛♥s✲
✈❡rs❛s ❞♦ s♣✐♥ ❞❡ ❝❛❞❛ sít✐♦ ♥❛ r❡❣✐ã♦ ❞♦ ♥❛♥♦✜♦✳ ❈♦♥tr♦❧❛♥❞♦ ♦s ❛❝♦♣❧❛♠❡♥t♦s ❧♦♥❣✐t✉❞✐♥❛✐s ♥♦s
❡❧❡tr♦❞♦s✱ ♣♦❞❡✲s❡ ❛❧t❡r❛r ❧❡✈❡♠❡♥t❡ ♦s ❡st❛❞♦s ❞❡ ♣♦❧❛r✐③❛çã♦ ❞♦s r❡s❡r✈❛tór✐♦s ❢❡rr♦♠❛❣♥ét✐❝♦s✱
♥❛ ❝♦♥✜❣✉r❛çã♦ ♣❛r❛❧❡❧❛ ✭P✮ H1 = HN ✱ ❡ ♣❛r❛ ♦ ❛❧✐♥❤❛♠❡♥t♦ ❛♥t✐✲♣❛r❛❧❡❧♦ ✭❆P✮ ❞♦s ♠❡s♠♦s✱
H1 = −HN ✱ s✉r❣✐rá ✉♠❛ ♣❛r❡❞❡ ❞❡ ❞♦♠í♥✐♦ q✉â♥t✐❝❛ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦ ✜♦✱ ❝✉❥❛ ❧♦❝❛❧✐③❛çã♦
✐rá ❞❡♣❡♥❞❡r ❞❛ ✐♠♣♦rtâ♥❝✐❛ ❡♠ r❡❧❛çã♦ ❛s ✢✉t✉❛çõ❡s q✉â♥t✐❝❛s ✐♥❞✉③✐❞❛s ♣♦r Ht✳ ❖ ❡❢❡✐t♦ ❞♦s
❛❝♦♣❧❛♠❡♥t♦s ❧♦♥❣✐t✉❞✐♥❛✐s s♦❜r❡ ❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ s♣✐♥s ❞❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❡❧❡trô♥✐❝❛s✱ q✉❡
tr❛♥s✐t❛rã♦ ❡♥tr❡ ♦s r❡s❡r✈❛tór✐♦s ❛tr❛✈és ❞♦ ✜♦✱ s❡rá ❝r✐❛r ❡st❛❞♦s ❞❡ s♣✐♥ |↑〉 ❡ |↓〉✳ ❏á ♦ ❝❛♠♣♦
tr❛♥s✈❡rs♦ é ♦ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ♠✐st✉r❛ ❞❡ss❡s ❡st❛❞♦s ❞❡ s♣✐♥ ✭|↑〉 ❡ |↓〉✮ ♥❛ r❡❣✐ã♦ ❞❛ ♣❛r❡❞❡ ❞❡
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❞♦♠í♥✐♦ q✉â♥t✐❝❛✱ ❡ ♣❡r♠✐t✐rá ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ✜♥✐t❛ ✭q✉❛♥❞♦ Ht = 0✱ t❡♠♦s
q✉❡ ❛ ❊q✳✭✹✳✷✮ s❡rá ♣✉r❛♠❡♥t❡ ❞♦ t✐♣♦ ■s✐♥❣✱ ♦ q✉❛❧ ❛♣r❡s❡♥t❛r✐❛ ▼❘ ✐♥✜♥✐t❛✮✳ ➱ ✐♠♣♦rt❛♥t❡
r❡ss❛❧t❛r q✉❡ ♦s ❛❝♦♣❧❛♠❡♥t♦s ❧♦♥❣✐t✉❞✐♥❛✐s ❡ ♦ ❝❛♠♣♦ tr❛♥s✈❡rs♦ sã♦ ❝❛♠♣♦s ✐♥t❡r♥♦s ❛♦ ♠❛t❡r✐❛❧
❢❡rr♦♠❛❣♥ét✐❝♦ ❞♦ q✉❛❧ é ❝♦♥st✐t✉í❞♦ ♦ ✜♦✱ q✉❡ ♣♦r s✉❛ ✈❡③ sã♦ ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♠❛✐♦r❡s q✉❡ ♦s
❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❣❡r❛❞♦s ♣❡❧❛s ❡s♣✐r❛s✳ ❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛s ❡s♣✐r❛s sã♦ ✐♥tr♦❞✉③✐❞♦ ♣❛r❛
❞❛r ✉♠❛ ♣❡q✉❡♥❛ ♣♦❧❛r✐③❛çã♦ ❛♦s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s✱ ❡ ❛ss✐♠ ♣❡r♠✐t✐r q✉❡ ♦s ❛❝♦♣❧❛♠❡♥t♦s
❧♦♥❣✐t✉❞✐♥❛✐s s❡❥❛♠ ❝♦♥✜❣✉r❛❞♦s ♥❛s ♣♦❧❛r✐③❛çõ❡s ♣❛r❛❧❡❧❛ ❡ ❛♥t✐✲♣❛r❛❧❡❧❛✳ ❖✉ s❡❥❛✱ HL

esp 6= Hz
1 ❡

HR
esp 6= Hz

N ✳ ❖ ❛❝♦♣❧❛♠❡♥t♦ ❩❡❡♠❛♥ ❡♥tr❡ ♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❞❛s ❡s♣✐r❛s ❡ ♦s ♠♦♠❡♥t♦s ❞❡
❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ❞♦s sít✐♦s ❞♦ ✜♦ é ♥❡❣❧✐❣❡♥❝✐❛❞❛✳ ◆❡ss❛s ❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦s✱ ♦ r❡❣✐♠❡ é
❜❛❧íst✐❝♦ ❡ ❛ ❢♦r♠✉❧❛çã♦ ❞❡ ▲❛♥❞❛✉❡r é ❛ q✉❡ ♠❡❧❤♦r ❞❡s❝r❡✈❡ ♦s ♣r♦❝❡ss♦s ❞❡ ❝♦♥❞✉çã♦✳ ❚♦♠❛♥❞♦
❛s ♠❡❞✐❞❛s ❞❛ ❝♦♥❞✉çã♦ ❝♦♠♦ ❢❡✐t❛s ♥♦s ❞♦✐s r❡s❡r✈❛tór✐♦s ❢❡rr♦♠❛❣♥ét✐❝♦s✳

❋✐❣✉r❛ ✹✳✺✿ ■❧✉str❛çã♦ ❞♦ ♥❛♥♦✜♦ ❢❡rr♦♠❛❣♥ét✐❝♦ ❡♥tr❡ ❞♦✐s r❡s❡r✈❛tór✐♦s RL ❡ RR ❞❛ ♠❡s♠❛
❡s♣é❝✐❡✳

❆ ❞❡s❝r✐çã♦ ❞♦ tr❛♥s♣♦rt❡ ❞♦s ❡❧étr♦♥s ✐t✐♥❡r❛♥t❡s ❛♦ ❧♦♥❣♦ ❞♦ ✜♦ é ❞❛❞❛ ♣❡❧♦ ❍❛♠✐❧t♦♥✐❛♥♦✿

He =
♣2

2m
+Hsd ✭✹✳✸✮

♦♥❞❡ ♣2/2m é ♦ t❡r♠♦ ❞❡ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❡ Hsd✱ ❊q✳✭✹✳✶✮✱ é ♦ t❡r♠♦ ❞❡ tr♦❝❛ ♠❛❣♥ét✐❝♦ ❡♥tr❡ ♦s
❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ✭♦r❜✐t❛✐s s✮ ❡ ♦s ❡❧étr♦♥s ❧♦❝❛❧✐③❛❞♦s ✭♦r❜✐t❛✐s d✮✳ ❖s t❡r♠♦s ❞❡ ❛❝♦♣❧❛♠❡♥t♦
❩❡❡♠❛♥ ❡ ✐♥t❡r❛çõ❡s s♣✐♥✲ór❜✐t❛ sã♦ ♥❡❣❧✐❣❡♥❝✐❛❞♦s✱ ❝♦♠♦ é ❢❡✐t♦ ✉s✉❛❧♠❡♥t❡✳ ➱ ♠❛✐s ❝♦♥✈❡♥✐❡♥t❡
tr❛t❛r♠♦s ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ tr❛♥s♣♦rt❡ ❡♠ t❡r♠♦s ❞♦ ♠ét♦❞♦ ❞❡ ❙❡❣✉♥❞❛ ◗✉❛♥t✐③❛çã♦✱ ❛tr❛✈és
❞♦s ♦♣❡r❛❞♦r❡s ❞❡ ❝❛♠♣♦ ❞❡ ❞❡str✉✐çã♦ ❡ ❝r✐❛çã♦ ❢❡r♠✐ô♥✐❝♦✱ Ψ(①) =

∑

iσ φi(①)χσciσ ❡ Ψ†(①) =
∑

iσ φ
∗
i (①)χ†

σc
†
iσ✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦♥❞❡ φi sã♦ ❢✉♥çõ❡s ❞❡ ♦r❜✐t❛✐s ❝❡♥tr❛❞❛s ♥♦ i✲és✐♠♦ sít✐♦ ❞♦

♥❛♥♦✜♦✱ χ é ♦ s♣✐♥♦r ❞❡ P❛✉❧✐ ✶ ❡ ciσ é ♦ ♦♣❡r❛❞♦r ❢❡r♠✐ô♥✐❝♦ ❞❡ ❞❡str✉✐çã♦✳ ❍á ❛♣❡♥❛s ✉♠ ♦r❜✐t❛❧
s ♣♦r sít✐♦✳ ❈♦♠✱

✶χ†
σσzχσ′ = σδσσ′ ❀ χ†

σσ+χσ′ = δσ↑δσ′↓❀ χ†
σσ−χσ′ = δσ↓δσ′↑
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H =

∫ +∞

−∞

d3xΨ†(①)HeΨ(①) ✭✹✳✹✮

P♦rt❛♥t♦ ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ tr❛♥s♣♦rt❡ ❡①♣r❡ss♦ ❡♠ t❡r♠♦s ❞♦s ♦♣❡r❛❞♦r❡s ❢❡r♠✐ô♥✐❝♦s s❡rá✿

H =
∑

ijσ

tijc
†
iσcjσ +

∑

ij

[

Λ+
ijc

†
i↓cj↑ + Λ−

ijc
†
i↑cj↓ + Λz

ij(c
†
i↑cj↑ − c

†
i↓cj↓)

]

✭✹✳✺✮

❝♦♠ ❛s ❞❡✜♥✐çõ❡s✱

tij =

∫ +∞

−∞

d3xφ∗
i (①)

(

♣2

2m

)

φj(①) ✭✹✳✻✮

❝♦♠♦ ♦ ♣❛râ♠❡tr♦ ❞❡ ❤♦♣♣✐♥❣ ❝❛♥ô♥✐❝♦✱ ❡

Λ+
ij = −

N
∑

k=1

Jsd(k)φ
∗
i (①k)φj(①k)

〈

S+
k

〉

✭✹✳✼✮

❡

Λ−
ij = −

N
∑

k=1

Jsd(k)φ
∗
i (①k)φj(①k)

〈

S−
k

〉

✭✹✳✽✮

sã♦ t❡r♠♦s ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❝♦♠ ♣r❡❝❡ssã♦ ❞❡ s♣✐♥ ✐♥❞✉③✐❞♦ ♣❡❧❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ s−d tr❛♥s✈❡rs❛✱
❡

Λz
ij = −

N
∑

k=1

Jsd(k)φ
∗
i (①k)φj(①k) 〈S

z
k〉 ✭✹✳✾✮

é ❛ ❝♦♠♣♦♥❡♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ s− d✱ s❡♠ ✐♥✈❡rsã♦ ❞❡ s♣✐♥✳ ◆❛ ♦❜t❡♥çã♦ ❞❛s
❊qs✳✭✹✳✼✮✲✭✹✳✾✮ ❢♦✐ ❢❡✐t❛ ❛ s✉❜st✐t✉✐çã♦ ❞♦s ♦♣❡r❛❞♦r❡s ❞❡ s♣✐♥s ❧♦❝❛✐s Sα

k ✱ ❝♦♠ α = (+,−, z)✱ ♣♦r
s❡✉ ✈❛❧♦r❡s ♠é❞✐♦s s♦❜r❡ ♦s ❛✉t♦✲✈❡t♦r❡s ❞❡ ❡st❛❞♦ ❞♦ ❍❛♠✐❧t♦♥✐❛♥♦ HM ✱ ❊q✳✭✹✳✷✮✱ ✐✳❡✳ 〈Sα

k 〉
✷✳ ❆

♣❛rt✐r ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ss❛s ❞✐str✐❜✉✐çõ❡s ✭〈Sα
k 〉✮✱ ❛s q✉❛✐s ❞❡♣❡♥❞❡♠ ❢♦rt❡♠❡♥t❡ ❞❛s ❝♦♥❞✐çõ❡s

❞❡ ❝♦♥t♦r♥♦ ✐♠♣♦st❛s s♦❜r❡ ❛ ❊q✳✭✹✳✷✮✱ ♣♦❞❡✲s❡ ♦❜t❡r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❛tr❛✈és ❞❛
❊q✳✭✹✳✺✮✳

➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❛ ❊q✳✭✹✳✺✮ é ❜❛st❛♥t❡ ❝♦♠♣❧❡t❛✱ ♣♦✐s ♥❡❧❛ t❡♠♦s ❛ ✐♥t❡r❛çã♦ ♠❛❣♥ét✐❝❛
❡♥tr❡ ♦ ❡❧étr♦♥ ❞❡ ❝♦♥❞✉çã♦ ❡♠ ❝❛❞❛ sít✐♦ ❝♦♠ t♦❞♦s ♦s ❞❡♠❛✐s ❡❧étr♦♥s ❧♦❝❛❧✐③❛❞♦s ♥♦ ✜♦✳ ❖
♣r♦❜❧❡♠❛ ❞❛ ❞✐❛❣♦♥❛❧✐③❛çã♦ ❞❛ ❊q✳✭✹✳✺✮ é tr❛t❛❞♦ ❛tr❛✈és ❞❛ t❡♦r✐❛ ❞❡ ♣❡rt✉r❜❛çã♦ ❞❡ s❡❣✉♥❞❛
♦r❞❡♠ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦ ❬✷✼✱✷✽❪✱ ❝♦♠❡ç❛♥❞♦ ♣♦r s❡♣❛r❛r♠♦s ❛ ❊q✳✭✹✳✺✮ ❡♠ ❞✉❛s ♣❛rt❡s✿

H = H0 +HI ✭✹✳✶✵✮

❝♦♠ ♦ q✉❛❧ ❞❡✜♥✐♠♦s ✉♠ ❍❛♠✐❧t♦♥✐❛♥♦ ♥ã♦ ♣❡rt✉r❜❛❞♦ H0✱ q✉❡ ♣♦ss✉✐ ❛♣❡♥❛s t❡r♠♦s ❧♦❝❛✐s✱

H0 =
∑

iσ

ǫic
†
iσciσ +

∑

i

[

Λ+
iic

†
i↓ci↑ + Λ−

iic
†
i↑ci↓ + Λz

ii

(

c†i↑ci↑ − c
†
i↓ci↓

)]

✭✹✳✶✶✮

♦♥❞❡ ǫi ≡ tii✱ ♣♦❞❡✲s❡ ✈❡r q✉❡ ❛ ❡s❝♦❧❤❛ ♥ã♦ ❢♦✐ ❛r❜✐trár✐❛✱ ♣♦✐s ❊q✳✭✹✳✶✶✮ ❥á é ❞✐❛❣♦♥❛❧ ♥♦s í♥❞✐❝❡s
❞❡ sít✐♦✱ ✜❝❛♥❞♦ s♦♠❡♥t❡ ♦ ♣r♦❜❧❡♠❛ ❞❛ ❞✐❛❣♦♥❛❧✐③❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦s í♥❞✐❝❡s ❞❡ s♣✐♥✳ P❛r❛

✷➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ❡ss❛ ♥ã♦ é ✉♠❛ ♠é❞✐❛ ❡st❛tíst✐❝❛ s♦❜r❡ ✉♠ ❡♥s❡♠❜❧❡ ❝❛♥ô♥✐❝♦ ❬✷✾✱ ✸✵❪✱ ♠❛s ✉♠❛
♠é❞✐❛ q✉â♥t✐❝❛ s♦❜r❡ ♦s ❛✉t♦✲✈❡t♦r❡s ❞❡ ❡st❛❞♦ ❞♦ s✐st❡♠❛✳ ❖s q✉❛✐s s❡rã♦ ♦❜t✐❞♦s ♥❡st❡ ❝❛♣ít✉❧♦✳
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❡s❝r❡✈❡r♠♦s ❛ ♣❛rt❡ ♣❡rt✉r❜❛❞❛✱ é ❝♦♥s✐❞❡r❛❞♦ q✉❡ ❛ s✉♣❡r♣♦s✐çã♦ ❡♥tr❡ ❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞♦s
❡❧étr♦♥s ✐t✐♥❡r❛♥t❡s s❡ ❞á ❛♣❡♥❛s ❡♥tr❡ ♦s ♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s✱ ✐✳❡✳ j = i ± 1✳ P♦rt❛♥t♦ t❡♠♦s ♦
❍❛♠✐❧t♦♥✐❛♥♦ ♣❡rt✉r❜❛❞♦ HI ✿

HI =
∑

iσ

ti,i+1c
†
iσci+1,σ+ ✭✹✳✶✷✮

+
∑

i

[

Λ+
i,i+1c

†
i↓ci+1,↑ + Λ−

i,i+1c
†
i↑ci+1,↓ + Λz

i,i+1

(

c†i↑ci+1,↑ − c
†
i↓ci+1,↓

)]

+ h.c.

♥❛ ❊q✳✭✹✳✶✷✮✱ ♦ ♣r✐♠❡✐r♦ t❡r♠♦ é ♦ ❤♦♣♣✐♥❣ ❝❛♥ô♥✐❝♦ ❞♦ ♠♦❞❡❧♦ ❚✐❣❤t✲❜✐♥❞✐♥❣ ❬✶❪✱ ♦s t❡r♠♦s Λ±
i,i+1

❞✐③❡♠ r❡s♣❡✐t♦ ❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ ❡♥tr❡ ♦s ♦r❜✐t❛✐s s ❡ d✱ ❡ sã♦ r❡s♣♦♥sá✈❡✐s ♣♦r ✉♠ ❤♦♣♣✐♥❣ ❝♦♠
✐♥✈❡rsã♦ ❞❡ s♣✐♥✳ ❖ t❡r♠♦ ❝♦♠ Λz

i,i+1 é r❡❢❡r❡♥t❡ ❛ ✉♠ ❤♦♣♣✐♥❣ q✉❡ ❞❡♣❡♥❞❡ ❞♦ s♣✐♥✱ ♠❛s s❡♠
✐♥✈❡rsã♦ ❞❡ s♣✐♥✳ ❆❧❣✉♠❛s s✐♠♣❧✐✜❝❛çõ❡s ♥❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞♦ ❍❛♠✐❧t♦♥✐❛♥♦ H sã♦ ♥❡❝❡ssár✐❛s✱
❛ ✜♠ ❞❡ ♦❜t❡r♠♦s ♦s ❝♦❡✜❝✐❡♥t❡s Λ✿

(i) ❆s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞❡ ❝❛❞❛ sít✐♦ sã♦ t♦❞❛s ❡q✉✐✈❛❧❡♥t❡s✱ ❞✐❢❡r✐♥❞♦ ❛♣❡♥❛s ♣♦r ✉♠❛ tr❛♥s❧❛çã♦
❛♦ ❧♦♥❣♦ ❞♦ ✜♦❀

(ii) ❆ s✉♣❡r♣♦s✐çã♦ ❡♥tr❡ ❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞❡ ❝❛❞❛ sít✐♦ s♦♠❡♥t❡ s❡ ❞❛rá ❡♥tr❡ sít✐♦s ❛❞❥❛✲
❝❡♥t❡s✱ ❝♦♠♦ ❥á ❢♦✐ ❢❡✐t♦ ❛♦ s✉❜st✐t✉✐r♠♦s j = i± 1✳

❉❡♥♦t❛♥❞♦ φi(①i) ❝♦♠♦ ❛ ❛♠♣❧✐t✉❞❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞♦ i✲és✐♠♦ sít✐♦✱ ❝❡♥tr❛❞❛ ♥♦ i✲és✐♠♦
♦r❜✐t❛❧✱ ❛ ❛♠♣❧✐t✉❞❡ ❞❡ss❛ ♠❡s♠❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ♥♦s sít✐♦s ❛❞❥❛❝❡♥t❡s ①i±1 é ❛t❡♥✉❛❞❛ ♣❡❧♦ ❢❛t♦r
η✱ ♦♥❞❡ |η| < 1✳ ❊ss❡ ❢❛t♦r η ♣♦❞❡ ❛ss✉♠✐r ✉♠ ✈❛❧♦r ❝♦♠♣❧❡①♦✱ ❡♠ ❣❡r❛❧✱ ❡♥tr❡t❛♥t♦ ❡❧❡ é t♦♠❛❞♦
❝♦♠♦ s❡♥❞♦ ✉♠ ♥ú♠❡r♦ r❡❛❧✱

φi(①i+1) = φi(①i−1) ≈ ηφi(①i). ✭✹✳✶✸✮

❆ s✉♣❡r♣♦s✐çã♦ ❡♥tr❡ ✈✐③✐♥❤♦s ♠❛✐s ❞✐st❛♥t❡s é ♥❡❣❧✐❣❡♥❝✐❛❞❛✱

φi(①k)φi+1(①k) ≈ 0

♦♥❞❡ ①k 6= ①i ❡ ①k 6= ①i+1✳ ❖ ♠á①✐♠♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❛ ❛♠♣❧✐t✉❞❡ ❞❡ ❝❛❞❛
❢✉♥çã♦ ❞❡ ♦♥❞❛ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ í♥❞✐❝❡ ❞❡ sít✐♦✱ ✐✳❡✳ |φi(①i)|

2 ≡ |φ|2✳ ❋❛③❡♥❞♦ ❛ ✐♥t❡❣r❛❧ ❞❡ tr♦❝❛
Jsd ✉♥✐❢♦r♠❡ ❛♦ ❧♦♥❣♦ ❞♦ ✜♦✱ ♣♦❞❡♠♦s ❞❡✜♥✐r ✉♠ ❛❝♦♣❧❛♠❡♥t♦ q✉❡ ♥ã♦ ❞❡♣❡♥❞❡ ❞♦ sít✐♦✱

K = Jsd|φ|
2. ✭✹✳✶✹✮

❆ss✐♠ ♦❜t❡♠♦s✱
Λµ

ii = −K[〈Sµ
i 〉+ η2(

〈

Sµ
i−1

〉

+
〈

Sµ
i+1

〉

)] ✭✹✳✶✺✮

Λµ
i,i+1 = −Kη(〈Sµ

i 〉+
〈

Sµ
i+1

〉

) ✭✹✳✶✻✮

♦♥❞❡ µ = (+,−, z)✳ ❈♦♠♦ S±
j = Sx

j ± iSy
j ✱ t❡♠♦s

〈

S+
j

〉

=
〈

S−
j

〉

=
〈

Sx
j

〉

sã♦ ♥ú♠❡r♦s r❡❛✐s✱
♣♦✐s ♣♦r s✐♠❡tr✐❛

〈

Sy
j

〉

= 0 ♣❛r❛ ♦s ❛✉t♦✲✈❡t♦r❡s ❞❛ ❊q✳✭✹✳✷✮✳ ❖ q✉❡ ♣❡r♠✐t❡ ❞❡✜♥✐r ❛s s❡❣✉✐♥t❡s
q✉❛♥t✐❞❛❞❡s✿

αi =
〈

S+
i

〉

+ η2(
〈

S+
i−1

〉

+
〈

S+
i+1

〉

) =
〈

S−
i

〉

+ η2(
〈

S−
i−1

〉

+
〈

S−
i+1

〉

) ✭✹✳✶✼✮

βi = 〈Sz
i 〉+ η2(

〈

Sz
i−1

〉

+
〈

Sz
i+1

〉

) ✭✹✳✶✽✮
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γi,i+1 = 〈Sz
i 〉+

〈

Sz
i+1

〉

✭✹✳✶✾✮

Γi,i+1 =
〈

S+
i

〉

+
〈

S+
i+1

〉

=
〈

S−
i

〉

+
〈

S−
i+1

〉

✭✹✳✷✵✮

❈♦♠ ❛s ❊qs✳✭✹✳✶✼✮✲✭✹✳✷✵✮✱ ♦❜t❡♠♦s H0 ❡ HI ❝♦♠♦ s❡❣✉❡✿

H0 =
∑

iσ

ǫic
†
iσciσ −K

∑

i

[αi(c
†
i↓ci↑ + c†i↑ci↓) + βi(c

†
i↑ci↑ − c

†
i↓ci↓]

=
∑

iσ

(ǫi − σKβi)c
†
iσciσ −K

∑

i

αi(c
†
i↓ci↑ + c†i↑ci↓) ✭✹✳✷✶✮

❡

HI =
∑

iσ

ti,i+1c
†
iσci+1,σ − ηK

∑

i

[Γi,i+1(c
†
i↓ci+1,↑ + c†i↑ci+1,↓)+

+γi,i+1(c
†
i↑ci+1,↑ − c

†
i↓ci+1,↓)] + h.c. ✭✹✳✷✷✮

=
∑

iσ

tσi,i+1c
†
iσci+1,σ − ηK

∑

i

[Γi,i+1(c
†
i↓ci+1,↑ + c†i↑ci+1,↓)] + h.c.

❝♦♠ ♦ ♣❛râ♠❡tr♦ ❞❡ ❤♦♣♣✐♥❣ ❞❡♣❡♥❞❡♥t❡ ❞♦ s♣✐♥ tσi,i+1 ❞❛❞♦ ♣♦r✱

tσi,i+1 = ti,i+1 − σηKγi,i+1 ✭✹✳✷✸✮

❝♦♠ σ = ±✳
❖ ❍❛♠✐❧t♦♥✐❛♥♦ H0✱ ❊q✳✭✹✳✷✶✮✱ é ❞✐❛❣♦♥❛❧ ♥♦s í♥❞✐❝❡s ❞❡ sít✐♦s✱ ♠❛s ♥ã♦ ♥♦s í♥❞✐❝❡s ❞❡ s♣✐♥s✳

P♦❞❡♠♦s ♦❜t❡r ❛ ❞✐❛❣♦♥❛❧✐③❛çã♦ ❞❡ H0 ❛tr❛✈és ❞❡ ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞❡ ♦r❜✐t❛✐s ❤✐❜r✐❞✐③❛❞♦s ❞❡ s♣✐♥✿

|Ψi,−〉 = cos θi |i ↑〉+ sin θi |i ↓〉 ✭✹✳✷✹✮

|Ψi,+〉 = sin θi |i ↑〉 − cos θi |i ↓〉 ✭✹✳✷✺✮

❝♦♠ ❛✉t♦✲✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛✱
Ei,− = ǫi −K∆i ✭✹✳✷✻✮

Ei,+ = ǫi +K∆i ✭✹✳✷✼✮

r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦♥❞❡ ∆i =
√

α2
i + β2

i ✳ ❆ s❡♣❛r❛çã♦ ❡♥tr❡ ♦s ❞♦✐s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ Ei,∓ é ❞❡✈✐❞♦
❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ s − d✱ ♦s q✉❛✐s ❡stã♦ ❧♦❝❛❧✐③❛❞♦s ♣ró①✐♠♦s ❛♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ s❡ ❛ ❡♥❡r❣✐❛ ǫi
❢♦r ❛♣r♦①✐♠❛❞❛ ❞♦ ✈❛❧♦r ❞❡ ✈♦❧✉♠❡✳ ❖ â♥❣✉❧♦ θi é ❞❛❞♦ ♣❡❧❛ r❡❧❛çã♦✿

tan θi =
αi

βi + ∆i

=
∆i − βi

αi

. ✭✹✳✷✽✮

P❛r❛ ✉♠ ♥❛♥♦✜♦ ❜❛st❛♥t❡ ❝✉rt♦✱ ❡♠ ❞❡❝♦rrê♥❝✐❛ ❞♦ ❡❢❡✐t♦ ❞❛ r❡♣✉❧sã♦ ❡❧❡trô♥✐❝❛ ❡ ❞♦ t❡♠♣♦
♠✉✐t♦ ♣❡q✉❡♥♦ ❞✐s♣❡♥❞✐❞♦ ♣❡❧♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ♣❛r❛ ❛tr❛✈❡ss❛r ❡ss❡ ❝✉rt♦ ♥❛♥♦✜♦✱ é ó❜✈✐♦
q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❤♦♣♣✐♥❣ ❞❡ ✉♠ ú♥✐❝♦ ❡❧étr♦♥ ❝♦♥tr✐❜✉✐rá ♣❛r❛ ❛ ❝♦rr❡♥t❡✳ ❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡
❛♣❧✐❝❛r ♦ ♠♦❞❡❧♦ ❞❡s❝r✐t♦✱ ♥❛ s❡çã♦ s❡❣✉✐♥t❡ ❝♦♥s✐❞❡r❛✲s❡ ♦ ❝❛s♦ ♠❛✐s s✐♠♣❧❡s✱ ♠❛s ❡♠ ❛❜s♦❧✉t♦
♥ã♦ tr✐✈✐❛❧ ❡ ♥❡♠ s✐♠♣❧ór✐♦✱ ❞❡ ✉♠❛ ♥❛♥♦✜♦ ❝♦♥st✐t✉í❞♦ ❞❡ ❛♣❡♥❛s ❞♦✐s át♦♠♦s ✭✉♠ ♥❛♥♦❝♦♥t❛t♦✮
❡♠ ❜❛✐①❛s ✈♦❧t❛❣❡♥s ❡ t❡♠♣❡r❛t✉r❛ ♥✉❧❛✳
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✹✳✸ ❆♣❧✐❝❛çã♦✿ ❝♦♥t❛t♦ ❝♦♥st✐t✉í❞♦ ❞❡ ❞♦✐s át♦♠♦s

◆❛ s❡çã♦ ❛♥t❡r✐♦r✱ ❢♦✐ ❞❡s❝r✐t♦ ♦ ♠♦❞❡❧♦ ❞❡ ✉♠ ♥❛♥♦✜♦ ❢❡rr♦♠❛❣♥ét✐❝♦ ❝♦♥❡❝t❛❞♦ ❛ ❞♦✐s r❡✲
s❡r✈❛tór✐♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ✭RL ❡ RR✮✳ ◆❡st❛ s❡çã♦✱ ❛♣❧✐❝❛✲s❡ ♦ ♠♦❞❡❧♦ ❞❡s❝r✐t♦ ♣❛r❛ ♦ ❝❛s♦ ❞❡
✉♠ ♥❛♥♦❝♦♥t❛t♦✸✱ ❝❛r❛❝t❡r✐③❛❞♦ ♣♦r ❞♦✐s át♦♠♦s ❞♦s ♠❡t❛✐s ♠❛❣♥ét✐❝♦s ❞❡ tr❛♥s✐çã♦ ❛❝♦♣❧❛❞♦s
❛ ❞♦✐s r❡s❡r✈❛tór✐♦s ❞❛ ♠❡s♠❛ ❡s♣é❝✐❡✱ ♣♦❧❛r✐③❛❞♦s ♠❛❣♥❡t✐❝❛♠❡♥t❡✱ ✈❡r ❋✐❣✉r❛ ✹✳✻✳ ◗✉❛♥❞♦ ♦
♥í✈❡❧ ❞❡ ❋❡r♠✐ ❡st❛ s♦❜r❡ ♦✉ ♣♦✉❝♦ ❛❝✐♠❛ ❞♦ ❛✉t♦✲✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♥♦
♥❛♥♦❝♦♥t❛t♦✱ ❊q✳✭✹✳✷✻✮✱ ❡st❛♠♦s ♥♦ r❡❣✐♠❡ ❞❡ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ❡ ❜❛✐①❛s ✈♦❧t❛❣❡♥s✱ ❥á q✉❡ ❛
❡♥❡r❣✐❛ ❞❡ tr♦❝❛ ♣♦❞❡ s❡r ❡st✐♠❛❞❛ ❡♥tr❡ 2~Jsd ≈ 0, 1− 0, 5eV ✳ P❛r❛ ❡❧❡✈❛r♠♦s ♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱
❡ ❛ss✐♠ ❛t✐✈❛r♠♦s ♦ ❛✉t♦✲✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ ❞♦ ❡st❛❞♦ ❡①❝✐t❛❞♦✱ ❊q✳✭✹✳✷✼✮✱ ♣♦❞❡♠♦s ❝♦♥s✐❞❡r❛r ✉♠
♣❡q✉❡♥♦ ❛✉♠❡♥t♦ ♣r♦♣♦r❝✐♦♥❛❧ ❛ 2K∆ ❞♦ ♣♦t❡♥❝✐❛❧ ❡❧❡tr♦✲q✉í♠✐❝♦ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s✳

❋✐❣✉r❛ ✹✳✻✿ ■❧✉str❛çã♦ ❞♦ ♥❛♥♦❝♦♥t❛t♦ ❝♦♥st✐t✉í❞♦ ❞❡ ❞♦✐s át♦♠♦s✳

❉❡♥tr♦ ❞❛s ❛♣r♦①✐♠❛çõ❡s ❞❛ t❡♦r✐❛ ❞❡ ♣❡rt✉r❜❛çã♦✱ ♣♦r ♠❡✐♦ ❞❛ ❘❡❣r❛ ❞❡ ❖✉r♦ ❞❡ ❋❡r♠✐✱ ❛
♣r♦❜❛❜✐❧✐❞❛❞❡ |〈Ψi+1,σ′|HI |Ψi,σ〉|

2 ❞❡ ✉♠ ❡❧étr♦♥ s❛❧t❛r ❞♦ sít✐♦ i ❝♦♠ s♣✐♥ σ ♣❛r❛ ♦ sít✐♦ i+ 1 ❝♦♠
s♣✐♥ σ′ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛ tr❛♥s♠✐ssã♦ ❛♦ ❧♦♥❣♦ ❞♦ ♥❛♥♦✜♦✴❝♦♥t❛t♦✳ ❆ ❝♦♥❞✉tâ♥❝✐❛
♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❞♦✐s t❡r♠✐♥❛✐s é ❡♥❝♦♥tr❛❞❛ ❛tr❛✈és ❞❛ ❢❛♠♦s❛ ❋ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r ❬✶✕✹❪✳
❆ t❡♦r✐❛ ❞❡ ▲❛♥❞❛✉❡r ❞✐③ q✉❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ é ♣r♦♣♦r❝✐♦♥❛❧ ❛ s♦♠❛ ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦
❞❡ ❝❛❞❛ ❝❛♥❛❧ ❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦ ♥♦ ♥❛♥♦❝♦♥t❛t♦✿

G =
e2

h

∑

n

τn, ✭✹✳✷✾✮

♦♥❞❡ τn é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞♦ n✲és✐♠♦ ❝❛♥❛❧ ♥ã♦ ❞❡❣❡♥❡r❛❞♦ ❞❡ s♣✐♥✱ ♣ró①✐♠♦ ❛♦
♥í✈❡❧ ❞❡ ❋❡r♠✐✳ ❖s ❝á❧❝✉❧♦s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ sã♦ ❢❡✐t♦s ❛tr❛✈és ❞♦ ❍❛♠✐❧t♦♥✐❛♥♦
❞❡ tr❛♥s❢❡rê♥❝✐❛ HI ✱ ❊q✳✭✹✳✷✷✮✱ ♣❛r❛ ❞♦✐s sít✐♦s✳ ❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ s❡rá ♣r♦♣♦r❝✐♦♥❛❧ ❛
♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s✐çã♦ |〈Ψ2∓|HI |Ψ1∓〉|

2 ❞♦ ❡❧étr♦♥ ♣✉❧❛r ❞♦ ♣r✐♠❡✐r♦ sít✐♦ ♣❛r❛ ♦ s❡❣✉♥❞♦✱ ❛
❝♦♥❞✉çã♦ é t♦♠❛❞❛ ♥♦ s❡♥t✐❞♦ ❞❛ ❡sq✉❡r❞❛ ♣❛r❛ ❛ ❞✐r❡✐t❛ ❞❡✈✐❞♦ ❛♦ ♣♦t❡♥❝✐❛❧✱ ♠❛♥t❡♥❞♦✲s❡ ♥♦
♠❡s♠♦ ❝❛♥❛❧✳ ❆s tr❛♥s✐çõ❡s ❝r✉③❛❞❛s✱ 〈Ψ2−|HI |Ψ1+〉 ❡ 〈Ψ2+|HI |Ψ1−〉✱ sã♦ ♣r♦✐❜✐❞❛s✱ ❛ ♠❡♥♦s q✉❡

✸❖ t❡r♠♦ ✏❝♦♥t❛t♦ ❛tô♠✐❝♦ ♣♦♥t✉❛❧✑✱ t❛♠❜é♠ é ❡♥❝♦♥tr❛❞♦ ♥❛ ❧✐t❡r❛t✉r❛✳
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♣r♦❝❡ss♦s ✐♥❡❧ást✐❝♦s s❡❥❛♠ ❝♦♥s✐❞❡r❛❞♦s✳ ❆ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s✐çã♦ ❞❡✈❡ s❡r ♥♦r♠❛❧✐③❛❞❛ ♣❡❧❛
✐♥t❡❣r❛❧ ❞❡ ❤♦♣♣✐♥❣ ❞♦ ✈♦❧✉♠❡ t0✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛♦s ❡❧❡tr♦❞♦s✱ ❝♦♠ ♦ ❤♦♣♣✐♥❣ ♥♦ ❝♦♥t❛t♦ ♠❡♥♦r
q✉❡ ♦ ❤♦♣♣✐♥❣ ♥♦ ✈♦❧✉♠❡✳ P♦rt❛♥t♦✱ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ❝❛❞❛ ❝❛♥❛❧ ❡ ❡st❛❞♦ ❞❡
♣♦❧❛r✐③❛çã♦ ♠❛❣♥ét✐❝❛ ❞♦s ❡❧❡tr♦❞♦s sã♦ ❡s❝r✐t♦s✿

T C
− ≡

|
〈

ΨC
2−|HI |Ψ

C
1−

〉

|2

|t0|2
, ✭✹✳✸✵✮

T C
+ ≡

|
〈

ΨC
2+|HI |Ψ

C
1+

〉

|2

|t0|2
, ✭✹✳✸✶✮

♦♥❞❡ C = P,AP ✱ ✈❡r ❋✐❣✉r❛ ✹✳✼✳

❋✐❣✉r❛ ✹✳✼✿ ■❧✉str❛çã♦ ❞♦s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ♥♦ ♥❛♥♦❝♦♥t❛t♦✳

❈♦♠ ❞♦✐s át♦♠♦s ❝♦♥st✐t✉✐♥❞♦ ♦ ♥❛♥♦❝♦♥t❛t♦ ✭N = 2✮✱ ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ♠❛❣♥ét✐❝♦ HM ✱
❊q✳✭✹✳✷✮✱ ♣♦❞❡ s❡r ❞✐❛❣♦♥❛❧✐③❛❞♦ ❛♦ ❡s❝♦❧❤❡r♠♦s ❛s ❜❛s❡s ❞♦ ♦♣❡r❛❞♦r Sz

i ✱ ❞❛❞❛s ♣♦r ④| ↑↑〉✱ | ↑↓〉✱
| ↓↑〉✱ | ↓↓〉⑥✱ ❝♦♠ ❛ ♥♦t❛çã♦ |s♣✐♥ ❞♦ át♦♠♦ ✶✱ s♣✐♥ ❞♦ át♦♠♦ ✷ 〉✳

◆❛ ❝♦♥✜❣✉r❛çã♦ ♣❛r❛❧❡❧❛ ❞♦s ❛❝♦♣❧❛♠❡♥t♦s ❧♦♥❣✐t✉❞✐♥❛✐s✱ ✭H1 = H2 = H✮✱ ❡ ❝♦♥s✐❞❡r❛♥❞♦
♦ ❝❛♠♣♦ tr❛♥s✈❡rs♦ Ht ❛♣❡♥❛s ❝♦♠♦ ✉♠❛ ♣❡rt✉r❜❛çã♦ ♣❡q✉❡♥❛ ❡♠ r❡❧❛çã♦ ❛ H ✭♥♦ r❡❣✐♠❡ ❞❡
❢♦rt❡ ❛♥✐s♦tr♦♣✐❛✮✱ ✐♥t✉✐t✐✈❛♠❡♥t❡ é ♦❜✈✐♦ q✉❡ ♦ ❡st❛❞♦ ❞♦♠✐♥❛♥t❡ s❡❥❛ | ↑↑〉✳ P♦r ♦✉tr♦ ❧❛❞♦✱
♦ ❛✉t♦✲✈❡t♦r ❞❡ ❡st❛❞♦ | ↓↓〉 ❞❛rá ✉♠❛ ❝♦♥tr✐❜✉✐çã♦ ♣❡q✉❡♥❛ ✭❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ ♥❛ ❡①♣❛♥sã♦
♣❡rt✉r❜❛t✐✈❛✮ ♣❛r❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ s♣✐♥s ❞♦ ♥❛♥♦❝♦♥t❛t♦ ♥❡ss❛ ❝♦♥✜❣✉r❛çã♦✳ ❉❡✈✐❞♦ ❛ s✐♠❡tr✐❛✱
♦ ❛✉t♦✲✈❡t♦r q✉❡ ❞❡s❝r❡✈❡ ♦ s✐st❡♠❛✱ ♥♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦✿

|P 〉 = A| ↑↑〉+B(| ↑↓〉+ | ↓↑〉) + C| ↓↓〉. ✭✹✳✸✷✮

◆❛ ❝♦♥✜❣✉r❛çã♦ ❛♥t✐✲♣❛r❛❧❡❧❛ ❞♦s ❛❝♦♣❧❛♠❡♥t♦s ❧♦♥❣✐t✉❞✐♥❛✐s✱ H1 = −H2 = H✱ ♦ ❛✉t♦✲✈❡t♦r
| ↑↓〉 s❡rá ♦ ❞♦♠✐♥❛♥t❡ ❡ ♦ ❛✉t♦✲✈❡t♦r | ↓↑〉 ❞❛rá ♣❡q✉❡♥❛s ❝♦♥tr✐❜✉✐çõ❡s✳ ❆ss✐♠✱ ♠❛✐s ✉♠❛ ✈❡③
♣❡❧❛ s✐♠❡tr✐❛ ❞♦ ♣r♦❜❧❡♠❛✱ t❡♠♦s✿

|AP 〉 = Ā| ↑↓〉+ B̄(| ↑↑〉+ | ↓↓〉) + C̄| ↓↑〉. ✭✹✳✸✸✮

❖s ✈❛❧♦r❡s ♠é❞✐♦s ❞♦s ♦♣❡r❛❞♦r❡s ❞❡ s♣✐♥s✱ ♥❛s ❝♦♥✜❣✉r❛çõ❡s P ❡ AP s❡rã♦✿

〈

S+
1

〉

P
=
〈

S+
2

〉

P
=
〈

S−
1

〉

P
=
〈

S−
2

〉

P
= ~B(A+ C), ✭✹✳✸✹✮

〈Sz
1〉P = 〈Sz

2〉P =
~

2
(A2 − C2), ✭✹✳✸✺✮

〈

S+
1

〉

AP
=
〈

S+
2

〉

AP
=
〈

S−
1

〉

AP
=
〈

S−
2

〉

AP
= ~B̄(Ā+ C̄), ✭✹✳✸✻✮
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〈Sz
1〉AP = −〈Sz

2〉AP =
~

2
(Ā2 − C̄2). ✭✹✳✸✼✮

♦♥❞❡ ✉t✐❧✐③❛♠♦s ❛ ♥♦t❛çã♦ 〈S〉P = 〈P |S|P 〉✳ ❈♦♥❤❡❝❡♥❞♦ ♦s ✈❛❧♦r❡s ♠é❞✐♦s ❞❡ s♣✐♥s✱ ♣♦❞❡♠♦s
❞❡t❡r♠✐♥❛r ♦s ♣❛râ♠❡tr♦s α✱ β✱ γ ❡ Γ ♥❛s r❡❧❛çõ❡s ❊qs✳✭✹✳✶✼✮✲✭✹✳✷✵✮ ❡♠ ❛♠❜❛s ❛s ❝♦♥✜❣✉r❛çõ❡s✳

P❛r❛ s❡ ♦❜t❡r A(Ā)✱ B(B̄) ❡ C(C̄)✱ ❛ ♣❛rt✐r ❞❡ HM ✱ ❊q✳✭✹✳✷✮✱ ✉t✐❧✐③❛✲s❡ ❛ t❡♦r✐❛ ❞❡ ♣❡rt✉r❜❛çã♦
❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ ♥ã♦ ❞❡❣❡♥❡r❛❞❛✱ ❛ q✉❛❧ é ❜❛st❛♥t❡ ❛♣r♦♣r✐❛❞❛ ♥❛ ♦❜t❡♥çã♦ ❞❡ ❛♣r♦①✐♠❛çõ❡s
❛♥❛❧ít✐❝❛s✳ Pr✐♠❡✐r❛♠❡♥t❡✱ ♣♦❞❡✲s❡ r❡❡s❝r❡✈❡r HM ❡♠ t❡r♠♦s ❞♦s ♦♣❡r❛❞♦r❡s ❞❡ P❛✉❧✐✱ ♣❛r❛ ❛♠❜❛s
❛s ❝♦♥✜❣✉r❛çõ❡s P ❡ AP ✿

HP
M = −

~
2J

4

[

σz
1σ

z
2 +

µ

2
(σz

1 + σz
2) +

λ

2
(σx

1 + σx
2 )

]

, ✭✹✳✸✽✮

HAP
M = −

~
2J

4

[

σz
1σ

z
2 +

µ

2
(σz

1 − σ
z
2) +

λ

2
(σx

1 + σx
2 )

]

, ✭✹✳✸✾✮

♦♥❞❡ ❞❡✜♥✐♠♦s✱

µ ≡
4gH

~J
, ✭✹✳✹✵✮

λ ≡
4gHt

~J
. ✭✹✳✹✶✮

❈♦♥s✐❞❡r❛♥❞♦ ♦s t❡r♠♦s ♥ã♦ ❞✐❛❣♦♥❛✐s ♥❛s ❊qs✳✭✹✳✸✽✮ ❡ ✭✹✳✸✾✮ ❝♦♠♦ ♣❡q✉❡♥♦s ❝❛♠♣♦s ♣❡r✲
t✉r❜❛t✐✈♦s✱ ✐st♦ é✱ λ/2 < 1✳ P♦rt❛♥t♦✱ ♣♦❞❡♠♦s ♦❜t❡r ♦s ❝♦❡✜❝✐❡♥t❡s ❞❛s ❊qs✳✭✹✳✸✷✮ ❡ ✭✹✳✸✸✮ ❛té
s❡❣✉♥❞❛ ♦r❞❡♠✱ ❡ ❞❡ss❛ ❢♦r♠❛ ♦s ❡st❛❞♦s✿

|P 〉 =
1

√

1 + 2
(

λ
2µ+4

)2

[

| ↑↑〉+
λ

2µ+ 4
(| ↑↓〉+ | ↓↑〉) +

λ2

4µ(µ+ 2)
| ↓↓〉

]

✭✹✳✹✷✮

|AP 〉 =
1

√

1 + 2
(

λ
2µ−4

)2

[

| ↑↓〉+
λ

2µ− 4
(| ↑↑〉+ | ↓↓〉) +

λ2

4µ(µ− 2)
| ↓↑〉

]

✭✹✳✹✸✮

❖s ❡st❛❞♦s sã♦ r❡♥♦r♠❛❧✐③❛❞♦s ❞❡♥tr♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ ❡♠ λ ❬✷✼❪✳ ❯♠❛ s✐♥❣✉✲
❧❛r✐❞❛❞❡ ♦❝♦rr❡ ❡♠ µ = ±2✱ ♥❡st❡ ❝❛s♦ ❞❡✈❡✲s❡ ❛♣❧✐❝❛r ❛ t❡♦r✐❛ ❞❡ ♣❡rt✉r❜❛çõ❡s ❞❡❣❡♥❡r❛❞❛ ❡ ❛s
r❡❧❛çõ❡s ✭✹✳✹✷✮ ❡ ✭✹✳✹✸✮ ♥ã♦ sã♦ ♠❛✐s ✈á❧✐❞❛s✳ ❈♦♠♦ ❡ss❛ s✐♥❣✉❧❛r✐❞❛❞❡ é ✉♠ ❝❛s♦ ❡s♣❡❝í✜❝♦ ❞♦
♣r♦❜❧❡♠❛ ❞❡ ❞♦✐s át♦♠♦s✱ ❡ ♥ã♦ r❡♣r❡s❡♥t❛ ♣❡r✐❣♦ à t❡♦r✐❛ ❣❡r❛❧✱ t❛❧ s✐♥❣✉❧❛r✐❞❛❞❡ s❡rá ❡✈✐t❛❞❛✳
❈♦♠ ❜❛s❡ ❢ís✐❝❛ ♣♦❞❡♠♦s t♦♠❛r✱ s❡❣✉r❛♠❡♥t❡✱ |µ| > 2 ❡ |λ| < 1✱ ♥❛ ❊q✳✭✹✳✸✽✮ ❡ ❊q✳✭✹✳✸✾✮✳

❈♦♠ ❛s ❊qs✳✭✹✳✹✷✮✲✭✹✳✹✸✮✱ tê♠✲s❡ ♦s ♣❛râ♠❡tr♦s α✱ β✱ γ ❡ Γ ❞❛s ❊qs✳✭✹✳✶✼✮✲✭✹✳✷✵✮✱ ❝♦♥❢♦r♠❡ ♦
♣r♦♠❡t✐❞♦✱ ♣❛r❛ ✉♠❛ ❝♦♥t❛t♦ ❝♦♥st✐t✉í❞♦ ❞❡ ❞♦✐s át♦♠♦s ❡♠ ❛♠❜❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ♣♦❧❛r✐③❛çã♦
❞♦s ❡❧❡tr♦❞♦s✳

◆♦ ❝❛s♦ P ✱

α1 = α2 = α = ~B(A+ C)(1 + η2) =
~λ(1 + η2)

(2µ+ 4)

[

1 + 2
(

λ
2µ+4

)2
]

[

1 +
λ2

4µ(µ+ 2)

]

✭✹✳✹✹✮
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β1 = β2 = β =
1 + η2

2
~(A2 − C2) =

~(1 + η2)

2

[

1 + 2
(

λ
2µ+4

)2
]

[

1−

(

λ2

4µ(µ+ 2)

)2
]

✭✹✳✹✺✮

γ12 = γ = ~(A2 − C2) =
~

1 + 2
(

λ
2µ+4

)2

[

1−

(

λ2

4µ(µ+ 2)

)2
]

✭✹✳✹✻✮

Γ12 = Γ = 2~B(A− C) =
2~λ

(2µ+ 4)

[

1 + 2
(

λ
2µ+4

)2
]

[

1−
λ2

4µ(µ+ 2)

]

✭✹✳✹✼✮

◆♦ ❝❛s♦ AP ✱

α1 = α2 = ᾱ = ~B̄(Ā+ C̄)(1 + η2) =
~λ(1 + η2)

(2µ− 4)

[

1 + 2
(

λ
2µ−4

)2
]

[

1 +
λ2

4µ(µ− 2)

]

✭✹✳✹✽✮

β1 = −β2 = β̄ =
1− η2

2
~(Ā2 − C̄2) =

~(1− η2)

2

[

1 + 2
(

λ
2µ−4

)2
]

[

1−

(

λ2

4µ(µ− 2)

)2
]

✭✹✳✹✾✮

γ12 = γ̄ = 0 ✭✹✳✺✵✮

Γ12 = Γ̄ = 2~B̄(Ā− C̄) =
2~λ

(2µ− 4)

[

1 + 2
(

λ
2µ−4

)2
]

[

1−
λ2

4µ(µ− 2)

]

✭✹✳✺✶✮

❊①♣❧✐❝✐t❛♥❞♦ ♦ ❡st❛❞♦ ❞❡ ♠❛✐s ❜❛✐①❛ ❡♥❡r❣✐❛ ❊q✳✭✹✳✷✹✮ ❡ ♦ ❡st❛❞♦ ❡①❝✐t❛❞♦ ❊q✳✭✹✳✷✺✮ ❞❡ H0

♣❛r❛ ❛ ♣♦❧❛r✐③❛çã♦ ♣❛r❛❧❡❧❛ ❞♦s ❡❧❡tr♦❞♦s✱ ♦❜t❡♠♦s✿

|ΨP
1−〉 = cos θP |1 ↑〉+ sin θP |1 ↓〉, ✭✹✳✺✷✮

|ΨP
2−〉 = cos θP |2 ↑〉+ sin θP |2 ↓〉, ✭✹✳✺✸✮

❡
|ΨP

1+〉 = sin θP |1 ↑〉 − cos θP |1 ↓〉 ✭✹✳✺✹✮

|ΨP
2+〉 = sin θP |2 ↑〉 − cos θP |2 ↓〉 ✭✹✳✺✺✮

♦♥❞❡ θP
1 = θP

2 = θP é ❞❛❞♦ ♣❡❧❛ ❊q✳✭✹✳✷✽✮✹✳ ❯t✐❧✐③❛♥❞♦ ❊q✳✭✹✳✻✮ ❡ ❊q✳✭✹✳✶✸✮ ♣❛r❛ ❞♦✐s sít✐♦s✱ ♦
❤♦♣♣✐♥❣ ❛♣r♦①✐♠❛❞♦ s❡rá✱

t12 =

∫ ∞

−∞

d3xφ∗
1(①)

(

♣2

2m

)

φ2(①) = ηt11 = ηǫ1 = ηǫ

✹

θP = arctan

[

α

β +
√

α2 + β2

]
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❉❡ss❛ ❢♦r♠❛✱ ♣♦❞❡✲s❡ ♦❜t❡r ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ ❊qs✳✭✹✳✸✵✮✲✭✹✳✸✶✮✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦
P ✿

T P
− =

1

|t0|2
|ηǫ− ηK [Γ sin 2θP + γ cos 2θP ]|2 , ✭✹✳✺✻✮

T P
+ =

1

|t0|2
|ηǫ+ ηK [Γ sin 2θP + γ cos 2θP ]|2 . ✭✹✳✺✼✮

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♦s ❡st❛❞♦s ❞❡ ♠❛✐s ❜❛✐①❛ ❡♥❡r❣✐❛✱ ❊q✳✭✹✳✷✹✮✱ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❛♥t✐✲♣❛r❛❧❡❧❛ ❞♦s
❡❧❡tr♦❞♦s✱ t❡♠♦s✿

|ΨAP
1− 〉 = cos θAP |1 ↑〉+ sin θAP |1 ↓〉 ✭✹✳✺✽✮

|ΨAP
2− 〉 = sin θAP |2 ↑〉+ cos θAP |2 ↓〉 ✭✹✳✺✾✮

❡
|ΨAP

1+ 〉 = sin θAP |1 ↑〉 − cos θAP |1 ↓〉 ✭✹✳✻✵✮

|ΨAP
2+ 〉 = − cos θAP |2 ↑〉+ sin θAP |2 ↓〉 ✭✹✳✻✶✮

♦♥❞❡✱ sin θAP
1 = cos θAP

2 = sin θAP ❡ cos θAP
1 = sin θAP

2 = sin θAP é ❞❛❞♦ ♣❡❧❛ ❊q✳✭✹✳✷✽✮✺✳ ❊ ♦s
❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ AP ✿

T AP
− =

1

|t0|2
∣

∣ηǫ sin 2θAP − ηKΓ̄
∣

∣

2
, ✭✹✳✻✷✮

T AP
+ =

1

|t0|2
∣

∣ηǫ sin 2θAP + ηKΓ̄
∣

∣

2
. ✭✹✳✻✸✮

◆❡❝❡ss✐t❛♠♦s ✐♥❝❧✉✐r ❛ ♣♦❧❛r✐③❛çã♦ ♠❛❣♥ét✐❝❛ ❞♦s ❡❧❡tr♦❞♦s ♥❛ ❢ór♠✉❧❛ ♣❛r❛ ❛ ❝♦♥❞✉tâ♥❝✐❛✱
❊q✭✹✳✷✾✮✳ ◗✉❛♥❞♦ ✉♠ ❡❧étr♦♥ ❡st❛ ✈✐♥❞♦ ❞❡ ✉♠ ❡❧❡tr♦❞♦ ❡❧❡ ♣♦ss✉✐ ♠♦♠❡♥t♦ ❡ s♣✐♥ ❞❡✜♥✐❞♦s
✭❞❛❞♦s ♣❡❧♦s ❡❧❡tr♦❞♦s✮✱ ❡♠ s❡❣✉✐❞❛ ❛♦ ❡♥tr❛r ♥❛ r❡❣✐ã♦ ❞♦ ❝♦♥t❛t♦ ❡ss❡ ❡❧étr♦♥ ❡s❝♦❧❤❡rá ✉♠
❞♦s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ❞✐s♣♦♥í✈❡✐s✱ ❡♥tã♦ s❡rá tr❛♥s❢❡r✐❞♦ ♣❛r❛ ♦ ♦✉tr♦ ❡❧❡tr♦❞♦ ❝♦♠ ♠♦♠❡♥t♦
❡ s♣✐♥ ❞❡✜♥✐❞♦ ♣❡❧♦ ❝❛♥❛❧ ❡s❝♦❧❤✐❞♦✳ ❆ ♣♦❧❛r✐③❛çã♦ ♠❛❣♥ét✐❝❛ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♣r♦❞✉t♦ ❞❛s
❝♦rr❡s♣♦♥❞❡♥t❡s ❞❡♥s✐❞❛❞❡s ❞❡ ❡st❛❞♦s ❞❛s ❜❛♥❞❛s ❞❡ s♣✐♥s ❡♠ ❛♠❜♦s ♦s ❡❧❡tr♦❞♦s✳ P♦rt❛♥t♦✱ ✈❡r
❆♣ê♥❝✐❞❡ ❆✱ t❡♠♦s✿

fP
− (θP ) =

(

1 + ζF cos 2θP

1 + ζF

)2

✭✹✳✻✹✮

fAP
− (θAP ) =

(

1 + ζF cos 2θAP

1 + ζF

)2

✭✹✳✻✺✮

✺

θAP = arctan

[

ᾱ

β̄ +
√

ᾱ2 + β̄2

]
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fP
+ (θP ) =

(

1− ζF cos 2θP

1 + ζF

)2

✭✹✳✻✻✮

fAP
+ (θAP ) =

(

1− ζF cos 2θAP

1 + ζF

)2

✭✹✳✻✼✮

♦♥❞❡ ♦ s✉❜✲í♥❞✐❝❡ s❡ r❡❢❡r❡ ❛♦ ❝❛♥❛❧ ✭✲✴✰✮ ❡ ♦ s♦❜r❡✲í♥❞✐❝❡ ✭P✴❆P✮ ❛♦ ❡st❛❞♦ ❞❡ ♣♦❧❛r✐③❛çã♦
❞♦s ❡❧❡tr♦❞♦s✳ ❈♦♠✱

ζF =
DM(EF )−Dm(EF )

DM(EF ) +Dm(EF )
✭✹✳✻✽✮

é ❛ ♣♦❧❛r✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱ ❡ M/m ❞✐③❡♠ r❡s♣❡✐t♦ ❛ ❜❛♥❞❛ ❞❡ s♣✐♥ ♠❛❥♦r✐tá✲
r✐❛✴♠✐♥♦r✐tár✐❛✳ ➱ ❝♦♥s✐❞❡r❛❞♦ q✉❡ ❛s ❞❡♥s✐❞❛❞❡s ❞❡ ❡st❛❞♦ ♥ã♦ ✈❛r✐❛♠ ♠✉✐t♦ ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱
✉♠❛ ❞❡s❝r✐çã♦ ❝♦♥❞✐③❡♥t❡ ❝♦♠ ♦r❜✐t❛✐s ❞❡ ❝♦♥❞✉çã♦ t✐♣♦ s✳

❆ ♣❛rt✐r ❞❛ ❢ór♠✉❧❛ ❞❡ ▲❛♥❞❛✉❡r✱ ❊q✳✭✹✳✷✾✮✱ ❡ ❞❛s ♣♦❧❛r✐③❛çõ❡s ❞♦s ❡❧❡tr♦❞♦s ❞❡s❝r✐t❛s ❛❝✐♠❛✱
♣♦❞❡♠♦s ♦❜t❡r ❛ ❝♦♥❞✉tâ♥❝✐❛ ♥♦ ❝❛s♦ P ✿

GP
− =

e2

h
fP
− (θP )T P

− , ✭✹✳✻✾✮

GP
Total =

e2

h

{

fP
− (θP )T P

− + fP
+ (θP )T P

+

}

. ✭✹✳✼✵✮

❊ ♥♦ ❝❛s♦ AP ✿

GAP
− =

e2

h
fAP
− (θAP )T AP

− , ✭✹✳✼✶✮

GAP
Total =

e2

h

{

fAP
− (θAP )T AP

− + fAP
+ (θAP )T AP

+

}

✭✹✳✼✷✮

♦♥❞❡ ❛ s♦♠❛ s♦❜r❡ ♦s ❝❛♥❛✐s n ❛❜❡rt♦s t♦r♥❛✲s❡ ❛ s♦♠❛ s♦❜r❡ ♦s ❝❛♥❛✐s E− ❡ E+✱ ❝♦♠ ❛s ❞❡✈✐❞❛s
❝♦rr❡çõ❡s ❞❡✈✐❞♦ ❛ ♣♦❧❛r✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s✱ ❛❜❡rt♦s ♥♦ ♥♦ss♦ ❝❛s♦ ❞❡ ♥❛♥♦❝♦♥t❛t♦✳

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♦❜t❡♠♦s ❛s ❡①♣r❡ssõ❡s ♣❛r❛ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♥♦ ❝❛s♦ P ✿

SP
− =

e3|V |

h
T P
− (1− T P

− ), ✭✹✳✼✸✮

SP
Total =

e3|V |

h

{

T P
− (1− T P

− ) + T P
+ (1− T P

+ )
}

, ✭✹✳✼✹✮

❊ ♥♦ ❝❛s♦ AP ✿

SAP
− =

e3|V |

h
T AP
− (1− T AP

− ), ✭✹✳✼✺✮

SAP
Total =

e3|V |

h

{

T AP
− (1− T AP

− ) + T AP
+ (1− T AP

+ )
}

. ✭✹✳✼✻✮

◆♦ ❈❛♣ít✉❧♦ ✸✱ ❢♦✐ ♦❜t✐❞♦ ❛ ❡①♣r❡ssã♦ ❣❡r❛❧ ♣❛r❛ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❛ t❡♠♣❡r❛t✉r❛s ❡ ❢r❡qüê♥❝✐❛s
♥✉❧❛s✱ ❊q✳✭✸✳✽✻✮✱ ♦♥❞❡✱ ❞❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ♥❛s ❡①♣r❡ssõ❡s ♣❛r❛ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ♦s ❝❛♥❛✐s n
r❡❢❡r❡♠✲s❡ ❛♦s ❝❛♥❛✐s ❞✐s♣♦♥í✈❡✐s E− ❡ E+✳



❈❆P❮❚❯▲❖ ✹✳ ◆❆◆❖❈❖◆❚❆❚❖❙ ✺✺

❖ ❢❛t♦r ❞❡ ❋❛♥♦✱ ❊q✳✭✸✳✽✽✮✱ t❛♠❜é♠ ♣♦❞❡ s❡r ♦❜t✐❞♦ ♥♦ ❝❛s♦ P ✿

FP
− =

SP
−

SI

= 1− T P
− , ✭✹✳✼✼✮

FP
Total =

T P
− (1− T P

− ) + T P
+ (1− T P

+ )

T P
− + T P

+

, ✭✹✳✼✽✮

❊ ♥♦ ❝❛s♦ AP ✱
FAP

− = 1− T AP
− ✭✹✳✼✾✮

FAP
Total =

T AP
− (1− T AP

− ) + T AP
+ (1− T AP

+ )

T AP
− + T AP

+

✭✹✳✽✵✮

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ❞❡✜♥✐♠♦s ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛✱ ♣❛r❛ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦✿

MR−(%) =
GP

− −G
AP
−

GP
− +GAP

−

× 100%, ✭✹✳✽✶✮

❡ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ q✉❛♥❞♦ ♦s ❞♦✐s ❝❛♥❛✐s E− ❡ E+ ❡stã♦ ❛❜❡rt♦s✱

MRTotal(%) =
(GP

− +GP
+)− (GAP

− +GAP
+ )

GP
− +GP

+ +GAP
− +GAP

+

× 100% ✭✹✳✽✷✮

◆♦ ❈❛♣ít✉❧♦ ✺✱ ❛♣❧✐❝❛r❡♠♦s ❛s ❊qs✳✭✹✳✺✻✮✲✭✹✳✺✼✮ ❡ ✭✹✳✻✷✮✲✭✹✳✻✸✮ ♣❛r❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐s✲
sã♦✱ ❛s ❊qs✳✭✹✳✻✾✮✲✭✹✳✼✷✮ ♣❛r❛ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ❛s ❊qs✳✭✹✳✼✸✮✲✭✹✳✼✻✮ ♣❛r❛ ♦ r✉í❞♦ s❤♦t✱ ❛s ❊qs✳✭✹✳✼✼✮✲
✭✹✳✽✵✮ ♣❛r❛ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ❡ ❛s ❊qs✳✭✹✳✽✶✮✲✭✹✳✽✷✮ ♣❛r❛ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ❛♦ ❛❞♦t❛r♠♦s ✈❛❧♦r❡s
❜❛s❡❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ♣❛r❛ ♦s ♣❛râ♠❡tr♦s q✉❡ ❡ss❛s ❣r❛♥❞❡③❛s ❞❡♣❡♥❞❡♠✳



❈❛♣ít✉❧♦ ✺

❘❡s✉❧t❛❞♦s ❡ ❉✐s❝✉ssã♦

◆❡st❡ ❈❛♣ít✉❧♦ s❡rá ❛♥❛❧✐s❛❞♦ ❛s r❡❧❛çõ❡s ♣❛r❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦✱ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ♦
r✉í❞♦ s❤♦t q✉â♥t✐❝♦✱ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ❡ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ♣❛r❛ ✉♠ ♥❛♥♦❝♦♥t❛t♦ ❝♦♥st✐t✉í❞♦ ❞❡
❞♦✐s át♦♠♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ✭✈❡r ❋✐❣✉r❛ ✹✳✻ ❡ ❋✐❣✉r❛ ✹✳✼✮ ❧✐❣❛❞♦s ❛ ❞♦✐s r❡s❡r✈❛tór✐♦ ❞❛ ♠❡s♠❛
❡s♣é❝✐❡✱ q✉❡ sã♦ s✉❜♠❡t✐❞♦s ❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ♥♦s ❡❧❡tr♦❞♦s ✭❣❡r❛❞♦ ♣❡❧❛s ❡s♣✐r❛s✮
♥❛ ❞✐r❡çã♦ ❞❛ ❝♦♥❞✉çã♦✱ t❛❧ ❝❛♠♣♦ ❢❛✈♦r❡❝❡rá ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧✱ ❡♥tr❡ ♦s át♦♠♦s ❞♦s
❡❧❡tr♦❞♦s ❡ ♦s át♦♠♦s ❞♦ ♥❛♥♦❝♦♥t❛t♦✱ ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ♣❛r❛❧❡❧❛ P ❡ ❛♥t✐✲♣❛r❛❧❡❧❛ AP ✱ ❡ ✉♠
❝❛♠♣♦ tr❛♥s✈❡rs♦ ✭t❛❧ ❝❛♠♣♦ é ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ ❛ ✐♥t❡r❛çã♦ ❞♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ tr❛♥s✈❡rs♦s
✐♥trí♥s❡❝♦s ❞♦ s♣✐♥✮ ❛ ❞✐r❡çã♦ ❞❛ ❝♦♥❞✉çã♦✱ ♦ q✉❛❧ ♣❡r♠✐t✐rá ✢✉t✉❛çõ❡s q✉â♥t✐❝❛s✱ ❞❡✈✐❞♦ ❛♦
♣r✐♥❝í♣✐♦ ❞❡ ✐♥❝❡rt❡③❛ ❞❡ ❍❡✐s❡♥❜❡r❣✱ ❞♦s s♣✐♥s ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦✱ ❞❡s❝r✐t♦ ♥♦ ❈❛♣ít✉❧♦ ✹✳
◆❡ss❡ ✐♥t✉✐t♦✱ s❡rá ❛❞♦t❛❞♦ ✈❛❧♦r❡s ♣❛r❛ ♦s ♣❛râ♠❡tr♦s ❜❛s❡❛❞♦s ❡♠ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❈♦♠♦ ✉♠ ❡①❡♠♣❧♦ ♣rát✐❝♦ ♣❛r❛ ❛♣❧✐❝❛r♠♦s ❛s ❢ór♠✉❧❛s ♦❜t✐❞❛s ♥♦ ❈❛♣ít✉❧♦ ✹ ❡ ❛♥❛❧✐s❛r♠♦s
❛s q✉❛♥t✐❞❛❞❡s ❞❡ ✐♥t❡r❡ss❡✱ é ❛❞♦t❛❞♦ ♦s s❡❣✉✐♥t❡s ✈❛❧♦r❡s ♣❛r❛ ♦s ♣❛râ♠❡tr♦s ❬✷✸✱ ✷✹✱ ✸✻✱ ✸✾❪✿
µ = 4, 0❀ K/t0 = 0, 05❀ ǫ/t0 = 0, 85❀ ζF = 0, 3❀ |V | = 1, 0mV ✳ ❖♥❞❡ ♦❜s❡r✈❛♠♦s ✉♠❛ ❢♦rt❡
❛♥✐s♦tr♦♣✐❛ ✐♠♣♦st❛ ♣❡❧♦ ❛❝♦♣❧❛♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ µ✱ ✈❡r ❊q✳✭✹✳✹✵✮❀ ❛ r❛③ã♦ K/t0 s✉❣❡r❡ ✉♠❛
♣❡q✉❡♥❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ ❡♥tr❡ ♦s ❡❧étr♦♥s ✐t✐♥❡r❛♥t❡s ♥♦s ♦r❜✐t❛✐s s ❡ ♦s ❡❧étr♦♥s ❧♦❝❛❧✐③❛❞♦s
♥♦s ♦r❜✐t❛✐s d✱ ❊qs✳✭✹✳✶✮ ❡ ✭✹✳✶✹✮❀ ❛ r❛③ã♦ ǫ/t0 ❞✐③ q✉❡ ❛ ❝❤❛♥❝❡ ❞❡ ✉♠ ❡❧étr♦♥ s♦❢r❡r ❤♦♣♣✐♥❣ é
♠❛✐♦r q✉❡ ❛ ❝❤❛♥❝❡ ❞❡ss❡ ❡❧étr♦♥s ✜❝❛r ❡♠ ✉♠ ❞❛❞♦ sít✐♦ ♥♦ ♥❛♥♦❝♦♥t❛t♦✱ ❝♦♠♦ é ♦ ❡s♣❡r❛❞♦ ♣❛r❛
❡❧étr♦♥s ✐t✐♥❡r❛♥t❡s ♥♦ ♦r❜✐t❛❧ s✱ ✈❡r ❊q✳✭✹✳✻✮ ❝♦♠ t12❀ ❛ ♣♦❧❛r✐③❛çã♦ ζF ❞♦s ❡❧❡tr♦❞♦s é ❢r❛❝❛✱ ✈❡r
❊q✳✭✹✳✻✽✮❀ |V | é ✉♠ ✈♦❧t❛❣❡♠ ✉s✉❛❧ ♣❛r❛ ♥❛♥♦✜♦s✳

❆ ♣❛rt✐r ❞❡ss❡s ✈❛❧♦r❡s✱ ♣♦❞❡♠♦s ❡st✉❞❛r ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦✱ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ♦ r✉í❞♦
s❤♦t q✉â♥t✐❝♦✱ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ❡ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ♥❛s ❝♦♥✜❣✉r❛çõ❡s P ❡ AP ❞♦s ❛❝♦♣❧❛♠❡♥t♦s
❧♦♥❣✐t✉❞✐♥❛✐s✱ ❡ ♥♦ ❝❛s♦ ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦s✱ ❡♠ ❢✉♥çã♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡
s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❡❧❡trô♥✐❝❛ ❡♠ ❝❛❞❛ át♦♠♦ η✱ ❛ q✉❛❧ r❡❢❡r✐r❡♠♦s ❝♦♠♦ ♦✈❡r❧❛♣✱
❡ ❞❛ ✢✉t✉❛çã♦ q✉â♥t✐❝❛ tr❛♥s✈❡rs❛ λ✱ ❝♦♠ λ < 2✱ ❞❡✈✐❞♦ ❛ ❛♣r♦①✐♠❛çã♦ ♣❡rt✉r❜❛t✐✈❛ ✉t✐❧✐③❛❞❛
λ < µ✳ ❈♦♠ ✉♠ ❡①❡♠♣❧♦ s✐♠✐❧❛r✱ ❈✳ ❆✳ ❉❛rt♦r❛ ❡ ●✳ ●✳ ❈❛❜r❡r❛ ❬✷✸✱✷✹❪ ❡st✉❞❛r❛♠ ❛s ♣r♦♣r✐❡❞❛❞❡s
❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❡ ❞❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛✱ q✉❛♥❞♦ s♦♠❡♥t❡ ♦ ❝❛♥❛❧ E− ❡stá ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦✳
P❛r❛ ✈❛❧♦r❡s ❞❡ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛✱ ❡❧❡s ♦❜t✐✈❡r❛♠ MR(%) ≈ 370%✱ q✉❡ é ✉♠❛ ❜♦❛ ❛♣r♦①✐♠❛çã♦
❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s ♣❛r❛ ♥❛♥♦✜♦s ❞❡ ◆✐ ❡ ❈♦ ❬✸✹✱ ✸✻✱ ✸✼❪✳ ◆❡st❛ ❞✐ss❡rt❛çã♦✱
r❡❝♦♥st✐t✉✐♠♦s ♦s r❡s✉❧t❛❞♦s ❞♦ ❉❛rt♦r❛ ❡ ❈❛❜r❡r❛✱ ❡ ❛♣r❡s❡♥t❛♠♦s ♦r✐❣✐♥❛❧♠❡♥t❡ ✉♠ ❡st✉❞♦ ❞❛
❝♦♥❞✉tâ♥❝✐❛✱ q✉❛♥❞♦ ♦s ❞♦✐s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ E− ❡ E+ ❡stã♦ ❛❜❡rt♦s✱ ✉♠ ❡st✉❞♦ ❞❛ ❞✐♥â♠✐❝❛
t❡♠♣♦r❛❧ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❛❝❡ss❛❞❛ ♣❡❧♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♥♦s ❝❛s♦s ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛✐s ❛❜❡rt♦s✱
❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡ ♦ r✉í❞♦ s❤♦t ❝❧áss✐❝♦ ✭r✉í❞♦ P♦✐ss♦♥✐❛♥♦✮ ❛tr❛✈és ❞♦

✺✻
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❢❛t♦r ❞❡ ❋❛♥♦ ♥♦s ❞♦✐s ❝❛s♦s ❞❡ ❛❜❡rt✉r❛ ❞♦s ❝❛♥❛✐s✱ ❡ ✉♠❛ ❞❡s❝r✐çã♦ ❞❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ♥♦s
❝❛s♦s ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛✐s ❛❜❡rt♦s✱ t♦♠❛♥❞♦ ✉♠❛ ❢❛✐①❛ ❞❡ ✈❛r✐❛çã♦ ♣❛r❛ ♦s ♣❛râ♠❡tr♦s✳

❆ ❋✐❣✉r❛ ✺✳✶ ❛♣r❡s❡♥t❛ ♦s ❣rá✜❝♦s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❞♦ ❝❛♥❛❧ E−✱ ❊qs✳✭✹✳✺✻✮
❡ ✭✹✳✻✷✮✱ ❡ ❛ ❋✐❣✉r❛ ✺✳✷ ♦s ❣rá✜❝♦s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❞♦ ❝❛♥❛❧ E+✱ ❊qs✳✭✹✳✺✼✮ ❡
✭✹✳✻✸✮✱ ♣❛râ♠❡tr♦s ❛❞✐♠❡♥s✐♦♥❛✐s q✉❡ ✈❛r✐❛♠ ❞❡ ✵ à ✶✱ ❡♠ ❢✉♥çã♦ ❞♦ ♦✈❡r❧❛♣ η ❡ ❛❧❣✉♥s ✈❛❧♦r❡s
❞❛ ✢✉t✉❛çã♦ q✉â♥t✐❝❛ λ✳ ◆♦ ❝❛s♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ P ❞♦s ❛❝♦♣❧❛♠❡♥t♦s✱ é ♦❜s❡r✈❛❞♦ ✉♠ ❛✉♠❡♥t♦
♠♦♥♦tô♥✐❝♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❡♠ r❡❧❛çã♦ ❛ η✳ ❊ss❡ ❛✉♠❡♥t♦ ♠♦♥♦tô♥✐❝♦✱ é ♦ ♠❡s♠♦
♦❜t✐❞♦ ❛tr❛✈és ❞❡ ❝á❧❝✉❧♦s ❛❜ ✐♥✐t✐♦ ♣❛r❛ ❝♦♥t❛t♦s ❛tô♠✐❝♦s ❞❡ ❈♦ ❬✹✽❪✳ ❯♠ r❡s✉❧t❛❞♦ ♥♦✈♦ ❡
✐♥t✉✐t✐✈❛♠❡♥t❡ ✐♥❡s♣❡r❛❞♦✱ ♥♦ ❝❛s♦ P ✱ é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛s ✢✉t✉❛çõ❡s
λ✳ ❏á ♥♦ ❝❛s♦ AP ✱ ♣❛r❛ ✈❛❧♦r❡s ❣r❛♥❞❡s ❞❡ λ✱ ❤á ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ❛♦ ❝❛s♦ P ✳ ◆♦
❡♥t❛♥t♦✱ q✉❛♥❞♦ λ t♦♠❛ ✈❛❧♦r❡s ♣❡q✉❡♥♦s✱ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ❞❡❝r❡s❝❡ ❛♣r❡❝✐❛✈❡❧♠❡♥t❡✱
❛♣❡s❛r ❞❡ ❤❛✈❡r ✉♠ ❛✉♠❡♥t♦ ❞❡ η✳

❋✐❣✉r❛ ✺✳✶✿ ❈♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ T P
− ✭❊✮ ❡ T AP

− ✭❉✮ ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦
❡♠ ❢✉♥çã♦ ❞❡ η✳

❋✐❣✉r❛ ✺✳✷✿ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ T P
+ ✭❊✮ ❡ T AP

+ ✭❉✮ ❝♦♠ ♦ ❝❛♥❛❧ E+ ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦
❡♠ ❢✉♥çã♦ ❞❡ η✳
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◆❛ ❋✐❣✉r❛ ✺✳✸ é ♠♦str❛❞♦ ❛s ❝✉r✈❛s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♥♦ ❝❛s♦ ♠♦♥♦❝❛♥❛❧✱ ❊qs✳✭✹✳✻✾✮ ❡ ✭✹✳✼✶✮✱
❡ ♥❛ ❋✐❣✉r❛ ✺✳✹ ❛s ❝✉r✈❛s ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♥♦ ❝❛s♦ ❜✐❝❛♥❛✐s✱ ❊qs✳✭✹✳✼✵✮ ❡ ✭✹✳✼✷✮✱ q✉❡ ❛♣r❡s❡♥t❛♠
❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ❛♦s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ t❛♥t♦ ♥❛ ❝❛s♦ P q✉❛♥t♦ ♥♦ ❝❛s♦ AP ✳
➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r ♦s ✈❛❧♦r❡s ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛❧t♦ ♦✈❡r❧❛♣ ✭η ≈ 0, 8✮✱ t❡♠♦s ✉♠❛
❝♦♥❞✉tâ♥❝✐❛ ♥♦ ❝❛s♦ ♠♦♥♦❝❛♥❛❧ ❞❛ ♦r❞❡♠ ❞❡ ≈ 0, 65e2/h ❡ ♥♦ ❝❛s♦ ❜✐❝❛♥❛✐s ❞❡ ≈ 0, 75e2/h ♣❛r❛
❝♦♥✜❣✉r❛çã♦ P ✱ ❡ ❞❡ ≈ 0, 35e2/h ❡ ≈ 0, 65e2/h ♥♦s ❝❛s♦s ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛✐s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱
♣❛r❛ ❝♦♥✜❣✉r❛çã♦ AP ✳ ❊ss❡s r❡s✉❧t❛❞♦s ❡stã♦ ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s ♣❛r❛ ♥❛♥♦❝♦♥t❛t♦s ❞❡
◆✐ ♦❜t✐❞♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♣❡❧❛ té❝♥✐❝❛ ▼❈❇❏✱ ❞❡ ≈ 17kΩ à ≈ 28kΩ ✭❝♦♥✈❡rt❡♥❞♦ t❡r❡♠♦s✱
≈ 0, 65e2/h à ≈ 1, 08e2/h✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮ ❬✸✺❪✱ ❡ ❞❡ ≈ e2/h ♠❡❞✐❞♦s ♣❛r❛ ♥❛♥♦✜♦s ❞❡ ❈♦ ✭❡♠
♥❛♥♦✜♦s ❢❡✐t♦s ❞♦s ♦✉tr♦s ♠❡t❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s ❞❡ tr❛♥s✐çã♦ ✸❞✱ t❛♠❜é♠ ❢♦✐ ♦❜s❡r✈❛❞♦ ❡ss❡
❝♦♠♣♦rt❛♠❡♥t♦✮✱ ❡♠ ✉❧tr❛✲❛❧t♦ ✈á❝✉♦ ♣❡❧❛ ♠❡s♠❛ té❝♥✐❝❛ ❬✹✸❪✱ ❋✐❣✉r❛ ✹✳✸✳ ❚❛❧ ❢❛t♦✱ é ✉♠ s✐♥❛❧ ❞❡
✉♠❛ ❝♦rr❡♥t❡ ❝♦♠ ♣♦❧❛r✐③❛çã♦ ❞❡ s♣✐♥✳ ❖s ✈❛❧♦r❡s ❞❡ ❝♦♥❞✉tâ♥❝✐❛ ❛♣r♦①✐♠❛❞♦s ❞❡ e2/h✱ ♠❡s♠♦
♣❛r❛ ♦s ❞♦✐s ❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦s✱ ❡♠ ❣r❛♥❞❡ ♣❛rt❡✱ sã♦ ❞❡✈✐❞♦s ❛♦s ❢❛t♦r❡s ❞❡ ♣♦❧❛r✐③❛çã♦
❞♦s ❡❧❡tr♦❞♦s ✭ζF ✮ ❞❡✈❡r❡♠ s❡r ✐♥❝❧✉í❞♦s ♥♦ ❝á❧❝✉❧♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ♥♦ ♠♦❞❡❧♦✱ ♣♦✐s✱ ❝❛s♦ ❝♦♥trár✐♦✱
tê♠✲s❡ ✉♠❛ s♦♠❛ s✐♠♣❧❡s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ ❋✐❣✉r❛s ✺✳✶ ❡ ✺✳✷✱ T− + T+ ≈ 2 ✭♦✉
s❡❥❛✱ 2e2/h✮ ♥♦ ❝❛s♦ ❜✐❝❛♥❛✐s ❛❜❡rt♦s✱ ✐st♦ é✱ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❡s♣❡r❛❞❛ ❞❡ 2e2/h ♣❛r❛ ❞♦✐s ❝❛♥❛✐s
♥ã♦ ❞❡❣❡♥❡r❛❞♦s ❡ ❝♦♠♣❧❡t❛♠❡♥t❡ ❛❜❡rt♦s ♥ã♦ é ♦❜s❡r✈❛❞❛✱ ❞❡✈✐❞♦ ❛ ♣♦❧❛r✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s
❢❡rr♦♠❛❣♥ét✐❝♦s ❛❢❡t❛r ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ ❝❛❞❛ ❝❛♥❛❧✳ ❉❡ss❛ ❢♦r♠❛✱ ❡♥❢❛t✐③❛♥❞♦ ❛ ✈✐sã♦ ✏❞❡ ❜❛✐①♦
♣❛r❛ ❝✐♠❛✑ ❞♦ ♠♦❞❡❧♦ ❡st✉❞❛❞♦✱ ♦♥❞❡ ♦ q✉❛♥t✉♠ ❞❡ ❝♦♥❞✉tâ♥❝✐❛ é ♦ ❧✐♠✐t❡ s✉♣❡r✐♦r ♣❡r♠✐t✐❞♦ ❬✹✹❪✳
❆✐♥❞❛✱ ❝♦♠♦ ♣♦❞❡♠♦s ♦❜s❡r✈❛r✱ ❛ ❝♦♥❞✉tâ♥❝✐❛ AP é ♠❛✐s ❛❢❡t❛❞❛✱ q✉❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ P ✱ ♣❡❧❛
❛❜❡rt✉r❛ ❞♦ s❡❣✉♥❞♦ ❝❛♥❛❧✳ P♦✐s✱ ♥❛ ❝♦♥✜❣✉r❛çã♦ P ✱ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ |Ψi,−〉 ❡ ♦ ❡①❝✐t❛❞♦
|Ψi,+〉✱ sã♦ ❞♦♠✐♥❛❞♦s ♣❡❧♦s ❡st❛❞♦s ♠❛❥♦r✐tár✐♦s ❡ ♠✐♥♦r✐tár✐♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❢❛③❡♥❞♦ ❝♦♠
q✉❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞♦ ♣r✐♠❡✐r♦ ❝❛♥❛❧ s❡❥❛ ♠❛✐s r❡♣r❡s❡♥t❛t✐✈❛ q✉❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦ s❡❣✉♥❞♦
❝❛♥❛❧✳ ❉✐❢❡r❡♥t❡♠❡♥t❡✱ ♥❛ ❝♦♥✜❣✉r❛çã♦ AP ✱ ♥♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❡ ♥♦ ❡st❛❞♦ ❡①❝✐t❛❞♦✱ ❛♠❜♦s
♦s ❡st❛❞♦s ♠❛❥♦r✐tár✐♦s ❡ ♠✐♥♦r✐tár✐♦s ❝♦♥tr✐❜✉❡♠ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♣❛r❛ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❞❡ ❝❛❞❛
❝❛♥❛❧✱ ✈❡r ❆♣ê♥❞✐❝❡ ❇✳ ❆ss✐♠✱ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦ s❡❣✉♥❞♦ ❝❛♥❛❧ ♥♦ ❝❛s♦ AP é ♠❛✐♦r q✉❡ ♥♦ ❝❛s♦
P ✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ♣❛r❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ é ♦❜s❡r✈❛❞♦ ❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞❛
❝♦♥❞✉tâ♥❝✐❛ ❡♠ r❡❧❛çã♦ ❛ λ ♥♦ ❝❛s♦ P ✳ ❊♥tr❡t❛♥t♦✱ ✈❡♠♦s ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♠
r❡❧❛çã♦ ❛ λ ♥♦ ❝❛s♦ AP ♥❡ss❡s ❣rá✜❝♦s✳

❋✐❣✉r❛ ✺✳✸✿ ❈♦♥❞✉tâ♥❝✐❛ ♠♦♥♦❝❛♥❛❧ GP
− ✭❊✮ ❡ GAP

− ✭❉✮ ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦ ❡♠
❢✉♥çã♦ ❞❡ η✳

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦✱ ❊qs✳✭✹✳✼✸✮✲✭✹✳✼✻✮✱ é ♠♦str❛❞♦ ♥❛s ❋✐❣✉r❛s ✺✳✺✲✺✳✽✳
◆♦ ❝❛s♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ P ❞♦ ❛❝♦♣❧❛♠❡♥t♦✱ ❋✐❣✉r❛s ✺✳✺ ❡ ✺✳✼✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ q✉❛❧✐t❛t✐✈♦ ❞♦
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❋✐❣✉r❛ ✺✳✹✿ ❈♦♥❞✉tâ♥❝✐❛ t♦t❛❧GP
Total ✭❊✮ ❡G

AP
Total ✭❉✮ ❝♦♠ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s ♣❛r❛ ❝♦♥❞✉çã♦

❡♠ ❢✉♥çã♦ ❞❡ η✳

r✉í❞♦ s❤♦t q✉❛♥❞♦ s♦♠❡♥t❡ ♦ ❝❛♥❛❧ ♠❛✐s ❜❛✐①♦ E−✱ ❡ q✉❛♥❞♦ ❛♠❜♦s ♦s ❝❛♥❛✐s E− ❡ E+ ❡stã♦
❛❜❡rt♦s✱ é ❜❛st❛♥t❡ s✐♠✐❧❛r✱ ❞✐❢❡r✐♥❞♦ ❛♣❡♥❛s ♣❡❧❛ ❛♠♣❧✐t✉❞❡ ❞♦ ♣✐❝♦ ❞♦ r✉í❞♦✱ SP

−(Max) ≈ 1, 6 ×

10−27A2/Hz ❡ SP
Total(Max) ≈ 3, 1 × 10−27A2/Hz✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❡ss❛ ♠❡s♠❛ ❝♦♥✜❣✉r❛çã♦✱ é

♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ♦ r✉í❞♦ s❤♦t ♥ã♦ ❞❡♣❡♥❞❡ ❛♣r❡❝✐❛✈❡❧♠❡♥t❡ ❞❛s ✢✉t✉❛çõ❡s λ✱ ❛ss✐♠ ❝♦♠♦
❢♦✐ ♥♦t❛❞♦ ♣❛r❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦ ❡ ❛ ❝♦♥❞✉tâ♥❝✐❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ P ✳ ◆♦ ❝❛s♦ ❞❛
❝♦♥✜❣✉r❛çã♦ AP ❞♦ ❛❝♦♣❧❛♠❡♥t♦✱ ❋✐❣✉r❛s ✺✳✻ ❡ ✺✳✽✱ ♦ r✉í❞♦ s❤♦t ❞❡♣❡♥❞❡ t❛♥t♦ ❞❡ η q✉❛♥t♦ ❞❡ λ✱
♦ q✉❛❧ é s✉♣r✐♠✐❞♦ q✉❛♥❞♦ η ✈❛✐ ♣❛r❛ ✶ ❡ λ t❡♥❞❡ à ✵✳ ❈♦♠♦ ♠❡❞✐❞❛s ❞❡ r✉í❞♦ s❤♦t✱ ♥♦ s✐st❡♠❛
q✉❡ ❡st❛♠♦s ❡st✉❞❛♥❞♦✱ é ❛t✉❛❧♠❡♥t❡ ✉♠ ❣r❛♥❞❡ ❞❡s❛✜♦ ♣❛r❛ ♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ♣❛r❛ t❡r♠♦s ✉♠❛
♥♦çã♦ ❞❛s ❡s❝❛❧❛s ❞❡ ✈❛❧♦r❡s ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡♠ ♥❛♥♦❝♦♥t❛t♦s✱ ❛♣❡s❛r ❞❡ s❡r❡♠ ❡♠ ♦✉tr♦s
t✐♣♦s ❞❡ ❡❧❡♠❡♥t♦s ❡ ❞✐❢❡r❡♥t❡s ❣❡♦♠❡tr✐❛s✱ ♣♦❞❡✲s❡ ❝✐t❛r ❛s s❡❣✉✐♥t❡s ♠❡❞✐❞❛s✿ ♣❛r❛ ❝♦♥t❛t♦s
❝♦♥st✐t✉í❞♦s ❞❡ ♣♦✉❝♦s át♦♠♦s ❞❡ ❆✉ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ 4, 2K✱ ❝♦rr❡♥t❡ ❞❡ ❜✐❛s 0, 9µA ❡ ❢r❡qüê♥❝✐❛
♥✉❧❛✱ ❝♦♠ ❛ ❝♦♥❞✉tâ♥❝✐❛ ❡♥tr❡ 0, 8 × 2e2/h ❡ 2, 5 × 2e2/h✱ ❢♦✐ ♠❡❞✐❞♦ r✉í❞♦ s❤♦t ♥❛ ❢❛✐①❛ ❞❡
6, 9 × 10−26A2/Hz ✭0, 24 × 2eI✮ à 1, 15 × 10−25A2/Hz ✭0, 4 × 2eI✮ ❬✶✻✱ ✸✸✱ ✺✷❪❀ ♣❛r❛ ❝♦♥t❛t♦s ❞❡
♣♦✉❝♦s át♦♠♦s ❞❡ ❆❧✱ ♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛✱ ❝♦rr❡♥t❡ ❡ ❢r❡qüê♥❝✐❛✱ à ❝♦♥❞✉tâ♥❝✐❛s
❡♥tr❡ 0, 8 × 2e2/h ❡ 2, 5 × 2e2/h✱ ♠❡❞✐❞❛s ❞❡ r✉í❞♦ s❤♦t ❡♥tr❡ 8, 65 × 10−26A2/Hz ✭0, 3 × 2eI✮ à
1, 7 × 10−25A2/Hz ✭0, 6 × 2eI✮ sã♦ ♦❜s❡r✈❛❞❛s ❬✶✻✱ ✸✸❪ ✭❡♠ ❛♠❜❛s ❛s ♠❡❞✐❞❛s✱ ❆✉ ❡ ❆❧✱ ♦ r✉í❞♦
tér♠✐❝♦ ❝♦♥tr✐❜✉✐ ❞❡ ❝❡rt❛ ❢♦r♠❛✱ ✈✐st♦ q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ♥♦s ❡①♣❡r✐♠❡♥t♦s é ❞❡ ✹✱✷❑✱ ❛❧é♠ ❞❡
♣♦❞❡r ❤❛✈❡r ❛❧❣✉♠ t✐♣♦ ❞❡ ❛✉t♦✲❛q✉❡❝✐♠❡♥t♦ ❡❧❡trô♥✐❝♦ ❞❡✈✐❞♦ ❛ ❝♦rr❡♥t❡✮❀ ❡ ♠❡❞✐❞❛s ❢❡✐t❛s ❡♠
❝♦♥t❛t♦s q✉â♥t✐❝♦s ♣♦♥t✉❛✐s ✭❢♦r♠❛❞♦s ♣♦r ♣r♦❝❡ss♦ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ ❧❛t❡r❛❧ ♣♦r ✉♠❛ ✈♦❧t❛❣❡♠ ❞❡
❣❛t❡ ❞❡ ✉♠ ❣ás ❞❡ ❡❧étr♦♥s ❜✐✲❞✐♠❡♥s✐♦♥❛✐s ❣❡r❛❞♦ ♥❛ ✐♥t❡r❢❛❝❡ ❞❡ ❤❡t❡r♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s
❞❡ ●❛❆s✲❆❧●❛❆s✮ ❛♣r❡s❡♥t❛♠ ♣✐❝♦ ❞❡ r✉í❞♦ s❤♦t ❞❡ 6, 2 × 10−27A2/Hz ❛ Vbias = 1mV ✱ ❜❛✐①❛s
t❡♠♣❡r❛t✉r❛s ❡ ❢r❡qüê♥❝✐❛ ♥✉❧❛✱ ✈❡r ❋✐❣✉r❛ ✸✳✺✭❉✮ ❬✹✻❪✳ ➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r ❛ ❢♦r♠❛ ❣❡r❛❧ ❞❡ ♣✐❝♦
❡ ❞❡❝rés❝✐♠♦s ❛♣r❡s❡♥t❛❞❛ ♥♦s ♥♦ss♦s r❡s✉❧t❛❞♦s✱ ❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ❢ór♠✉❧❛ ❞❡ ▲❡s♦✈✐❦ ❬✶✷❪✱ q✉❡
❡st❛♠♦s ✉t✐❧✐③❛♥❞♦ ♣❛r❛ ❝❛❧❝✉❧❛r ♦ r✉í❞♦ s❤♦t ❛ t❡♠♣❡r❛t✉r❛ ❡ ❢r❡qüê♥❝✐❛ ♥✉❧❛s✳ P♦r ❡ss❛ ❢ór♠✉❧❛
é ♦❜s❡r✈❛❞♦ ♣✐❝♦s ❞❡ r✉í❞♦ s❤♦t q✉❛♥❞♦ t❡♠♦s ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ ✐❣✉❛❧ ❛♦ ❝♦❡✜❝✐❡♥t❡
❞❡ r❡✢❡①ã♦ ✭T = R = 1/2✮✱ ♦✉ s❡❥❛✱ ♦s ♣✐❝♦s ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ♦❝♦rr❡♠ ❡♥tr❡ ♦s ♣❧❛t❡❛✉s
❞❡ ❝♦♥❞✉tâ♥❝✐❛✱ ❡ ♠í♥✐♠♦ ♣❛r❛ tr❛♥s♣❛rê♥❝✐❛✴♦♣❛❝✐❞❛❞❡ t♦t❛❧ ✭T =✶ ♦✉ ✵✮✱ ✐st♦ é✱ ♥♦ r❡❣✐♠❡ ❞❡
♣❧❛t❡❛✉s ❞❡ ❝♦♥❞✉tâ♥❝✐❛✳ ❆✐♥❞❛✱ ♥♦t❛✲s❡ q✉❡ ♦s ✈❛❧♦r❡s ♠á①✐♠♦s ❞♦ r✉í❞♦ s❤♦t ✐♥❞❡♣❡♥❞❡♠ ❞❛
❝♦♥✜❣✉r❛çã♦ P ♦✉ AP ✱ ❞❡♣❡♥❞❡♥❞♦ ❛♣❡♥❛s ❞♦ ♥ú♠❡r♦ ❞❡ ❝❛♥❛✐s ❛❜❡rt♦s ❡ ❞❡ η✱ ♥♦ ❝❛s♦ P ✱ ❡ ❞❡
η ❡ ❞❛ ✢✉t✉❛çã♦ q✉â♥t✐❝❛ λ ❝♦♥s✐❞❡r❛❞❛✱ ♥♦ ❝❛s♦ AP ✳ ❊ss❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ♣✐❝♦ ❡ ❞❡❝rés❝✐♠♦ é
♦❜s❡r✈❛❞❛ ♥♦ s✐st❡♠❛ ❡st✉❞❛❞♦✱ ❡ ❛s ❡s❝❛❧❛s ❞❡ ✈❛❧♦r❡s ♦❜t✐❞❛s ❡stã♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❞❡ ❛❝♦r❞♦
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❝♦♠ ❛s ♠❡❞✐❞❛s ❝✐t❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡✱ ❞❡♠♦str❛♥❞♦ q✉❡ ♦ ♣r❡s❡♥t❡ ❡st✉❞♦ ❛♣r❡s❡♥t❛ r❡s✉❧t❛❞♦s
q✉❡ ♣♦❞❡♠ ❣✉✐❛r ♥❛ ❡❧❛❜♦r❛çã♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s ♥♦ s✐st❡♠❛ ❝♦♥s✐❞❡r❛❞♦✳

❋✐❣✉r❛ ✺✳✺✿ ❘✉í❞♦ s❤♦t✱ SP
− ✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ P ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦✳

❋✐❣✉r❛ ✺✳✻✿ ❘✉í❞♦ s❤♦t✱ SAP
− ✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ AP ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦✳

❆ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡ ♦ r✉í❞♦ P♦✐ss♦♥✐❛♥♦ ✭SI = 2eI✮ é ❞❛❞❛ ♣❡❧♦ ❢❛t♦r
❞❡ ❋❛♥♦✱ ❊qs✳✭✹✳✼✼✮✲✭✹✳✽✵✮✱ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❛♣r❡s❡♥t❛ ✈❛❧♦r❡s s✉❜✲P♦✐ss♦♥✐❛♥♦s✳ ◆❛s ❋✐❣✉r❛s
✺✳✾✲✺✳✶✵✱ ♥❛ ❝♦♥✜❣✉r❛çã♦ P ✱ t❛♥t♦ ♥♦ ❝❛s♦ ♠♦♥♦❝❛♥❛❧ E− ❛❜❡rt♦✱ q✉❛♥t♦ ♥♦ ❝❛s♦ ❡♠ q✉❡ ❛♠❜♦s
♦s ❝❛♥❛✐s E− ❡ E+ ❡stã♦ ❛❜❡rt♦s ♣❛r❛ ❝♦♥❞✉çã♦✱ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ❞❡❝r❡s❝❡ ♠♦♥♦t♦♥✐❝❛♠❡♥t❡ ❝♦♠ η✱
s❛✐♥❞♦ ❞♦ ❧✐♠✐t❡ ❞♦ r✉í❞♦ P♦✐ss♦♥✐❛♥♦✱ ❝♦♠ η ♣ró①✐♠♦ ❞❛ ♦r✐❣❡♠✱ ❡ ❝❤❡❣❛♥❞♦ ♥❛ r❡❣✐ã♦ ♦♥❞❡ ♦ r✉í❞♦
s❤♦t q✉â♥t✐❝♦ ❞♦♠✐♥❛✱ q✉❛♥❞♦ η t❡♥❞❡ à ✶✳ ❋✐❝❛ ❡✈✐❞❡♥t❡ ❛ ❛✜r♠❛çã♦ q✉❡ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ é
s✉❜✲P♦✐ss♦♥✐❛♥♦ ♥♦ s✐st❡♠❛ ❡st✉❞❛❞♦✱ ♣♦✐s ❛♣r❡s❡♥t❛ ✈❛❧♦r❡s ♠❡♥♦r❡s q✉❡ ❛ ✉♥✐❞❛❞❡✳ ❆❧é♠ ❞❡✱ ♥❛
♠❡s♠❛ ❝♦♥✜❣✉r❛çã♦✱ ♦❜s❡r✈❛r♠♦s ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛s ✢✉t✉❛çõ❡s λ✳ ◆♦ ❝❛s♦ AP ✱ ♦
❢❛t♦r ❞❡ ❋❛♥♦ é ❞❡s❧♦❝❛❞♦ ♣❛r❛ ✈❛❧♦r❡s ♦♥❞❡ ♦ r✉í❞♦ P♦✐ss♦♥✐❛♥♦ é ❞♦♠✐♥❛♥t❡✱ q✉❛♥❞♦ t❡♠♦s ❛❧t♦s
✈❛❧♦r❡s ❞❡ η✱ ❡ λ s❡ ❛♣r♦①✐♠❛ ❞❛ ♦r✐❣❡♠✳ ❈♦♠♦ ✉♠ ❡①❡♠♣❧♦✱ é ❡♥❝♦♥tr❛❞♦ ♥❛ ❧✐t❡r❛t✉r❛ ♠❡❞✐❞❛s
♣❛r❛ ♦ ❛❧✉♠í♥✐♦ ❞❡ ✉♠ ❢❛t♦r ❞❡ ❋❛♥♦ ❡♥tr❡ ✵✱✸✲✵✱✻ ❬✺✷❪✳ ❋❛t♦r❡s ❝♦♠♦ ❛ ❣❡♦♠❡tr✐❛ ❞♦s ♥❛♥♦❝♦♥t❛t♦s✱
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❋✐❣✉r❛ ✺✳✼✿ ❘✉í❞♦ s❤♦t✱ SP
Total✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ P ❝♦♠ ♦s ❞♦✐s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s ♣❛r❛

❝♦♥❞✉çã♦✳

❋✐❣✉r❛ ✺✳✽✿ ❘✉í❞♦ s❤♦t✱ SAP
Total✱ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦ AP ❝♦♠ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s ♣❛r❛ ❝♦♥❞✉✲

çã♦✳

♣♦❞❡♠ r❡❞✉③✐r ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ❡♠ ❛té ≈ 25% ♥♦ ❝❛s♦ ❞♦ ❆❧ ❬✺✸❪✳ ❚❛✐s ❢❛t♦r❡s ❣❡♦♠étr✐❝♦s ❛❢❡t❛♠
❛ ❢♦r♠❛ ❝♦♠ q✉❡ ♦s át♦♠♦s ♥♦ ♥❛♥♦❝♦♥t❛t♦ ❧✐❣❛♠✲s❡✱ ♦ q✉❡ ✐♥✢✉❡♥❝✐❛rá ✭❞✐♠✐♥✉✐♥❞♦✮ ♦ ♦✈❡r❧❛♣
❞❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛ ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦✱ ♦s q✉❛✐s ♣♦❞❡♠ s❡r ❧❡✈❛❞♦s ❡♠ ❝♦♥t❛✱ ♥♦ ♠♦❞❡❧♦
❡st✉❞❛❞♦✱ ♣♦r ✉♠ ♣❡q✉❡♥♦ ✈❛❧♦r ❞♦ ♦✈❡r❧❛♣ η✳

❋✐s✐❝❛♠❡♥t❡✱ é ♣♦ssí✈❡❧ ❡♥t❡♥❞❡r ❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ♦❜s❡r✈❛❞❛ ❡♠ r❡❧❛çã♦ ❛s ✢✉t✉❛çõ❡s λ ❞♦
❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦✱ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ ❞♦ r✉í❞♦ s❤♦t ❡ ❞♦ ❢❛t♦r ❞❡ ❋❛♥♦✱ ♥❛ ❝♦♥✜❣✉r❛çã♦
P ✱ ❝♦♠♦ ✉♠❛ ❛✉sê♥❝✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ✐♥❞✉③✐❞❛ ♠❛❣♥❡t✐❝❛♠❡♥t❡ ♣♦r λ✳ ◆❡ss❡ ❝❛s♦✱ ♥ã♦ ❤á
✉♠❛ ❡str❡✐t❛ ♣❛r❡❞❡ ❞❡ ❞♦♠í♥✐♦ ♠❛❣♥ét✐❝❛ ❢♦r♠❛❞❛ ♥♦ ❝❡♥tr♦ ❡♥tr❡ ♦s ❞♦✐s át♦♠♦s✱ ❝♦♠ ✐ss♦✱ ♦s
❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ♥♦ ♦r❜✐t❛❧ s ♥ã♦ ♥❡❝❡ss✐t❛♠ s♦❢r❡r s♣✐♥ ✢✐♣✱ ❡ ❛tr❛✈❡ss❛♠ ♦ ♥❛♥♦❝♦♥t❛t♦
❛❞✐❛❜❛t✐❝❛♠❡♥t❡ ❬✸✾❪✳ ▼❡s♠♦ s❡ ❧♦❝❛❧♠❡♥t❡ ♦ ❝❛♠♣♦ tr❛♥s✈❡rs♦ ❛❧t❡r❛r ❛ ♠❛❣♥❡t✐③❛çã♦✱ ❡ss❛
❛❧t❡r❛çã♦ s❡rá ❛ ♠❡s♠❛ ♣❛r❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ t♦❞♦s ♦s ❡st❛❞♦s ✭✈❡r ❊qs✳ ✹✳✺✷✲✹✳✺✺✮✱ ❡ ❞❡ss❛
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❋✐❣✉r❛ ✺✳✾✿ ❋❛t♦r ❞❡ ❋❛♥♦✱ FP
− ✭❊✮ ❡ FAP

− ✭❉✮✱ ❝♦♠ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦ ♣❛r❛ ❝♦♥❞✉çã♦ ❡♠ ❢✉♥çã♦
❞❡ η ❡ λ✳

❋✐❣✉r❛ ✺✳✶✵✿ ❋❛t♦r ❞❡ ❋❛♥♦✱ FP
Total ✭❊✮ ❡ F

AP
Total ✭❉✮✱ ❝♦♠ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s ♣❛r❛ ❝♦♥❞✉çã♦

❡♠ ❢✉♥çã♦ ❞❡ η ❡ λ✳

❢♦r♠❛ ♥ã♦ ✐♥❞✉③✐rá ✈❛r✐❛çã♦ ❞❛ ❢❛s❡ ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❛♦ ♣❛ss❛r❡♠ ❞❡ ✉♠ át♦♠♦ ♣❛r❛
♦ ♦✉tr♦✳ P♦rt❛♥t♦✱ ♠❛♥t❡♥❞♦ ❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞❛s q✉❛♥t✐❞❛❞❡s ❝✐t❛❞❛s ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦
tr❛♥s✈❡rs♦ λ✳ ◆♦ ❝❛s♦ AP, ♣❛r❛ ❛s ♠❡s♠❛ q✉❛♥t✐❞❛❞❡s✱ t❡♠♦s ❞✉❛s r❡❣✐õ❡s✱ q✉❛♥❞♦ t❡♠♦s ❜❛✐①❛s
✢✉t✉❛çõ❡s λ ❛ s✉♣r❡ssã♦ ♦❜s❡r✈❛❞❛ ♣❛r❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦✱ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ♦ r✉í❞♦
s❤♦t ❡ ♦ ❢❛t♦r ❞❡ ❋❛♥♦ ♣♦❞❡ s❡r ❡♥t❡♥❞✐❞❛✱ ✐♥t✉✐t✐✈❛♠❡♥t❡✱ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✱ ❛ ❡♥❡r❣✐❛ ❞❛❞❛ ♣❡❧♦
❝❛♠♣♦ tr❛♥s✈❡rs♦ λ ♣❛r❛ q✉❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❛tr❛✈❡ss❡♠ ❛ ♣❛r❡❞❡ ❞❡ ❞♦♠í♥✐♦ ♠❛❣♥ét✐❝❛ s❡
t♦r♥❛ ♠❡♥♦r ♦✉ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛r❡❞❡✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ♥ã♦
❝♦♥s✐❣❛♠ s❡ ❛❝♦♠♦❞❛r ❛♦ ❜r✉s❝♦ s♣✐♥ ✢✐♣ ✐♠♣♦st♦ ♣❡❧❛ ♣❛r❡❞❡✱ ❡ ❛ss✐♠✱ ❤á ✉♠ ♠❛✐♦r ❡s♣❛❧❤❛♠❡♥t♦
✐♥❞✉③✐❞♦ ♠❛❣♥❡t✐❝❛♠❡♥t❡✱ ❝♦♠ ❛ s✉♣r❡ssã♦ ❞❛s q✉❛♥t✐❞❛❞❡s ❝✐t❛❞❛s ♥❡ss❛ r❡❣✐ã♦✳ ❋❛③❡♥❞♦ ♦ ❝❛♠♣♦
tr❛♥s✈❡rs♦ ♠❛✐♦r✱ ❝❤❡❣❛✲s❡ ❛ ✉♠❛ r❡❣✐ã♦ q✉❛s❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡ λ✱ ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❡♠ r❡❧❛çã♦
❛ η s❡♠❡❧❤❛♥t❡ ❛♦ ❝❛s♦ P ✳ ■ss♦ ♣♦❞❡ s❡r ✈✐st♦ ❝♦♠♦ ❞❡❝♦rr❡♥t❡ ❞❛ ❡♥❡r❣✐❛ ❞❛❞❛ ♣❡❧♦ ❝❛♠♣♦
tr❛♥s✈❡rs♦ s❡r ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛r❡❞❡✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦
❛tr❛✈❡ss❡ ❛ ♣❛r❡❞❡ ❝♦♠ ❢á❝✐❧ ❛❝♦♠♦❞❛çã♦ ❛ ♠❛❣♥❡t✐③❛çã♦ ❧♦❝❛❧ ❞❡ ✉♠ át♦♠♦ ♣❛r❛ ♦ ♦✉tr♦✳
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❆s ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛s ♣❛r❛ ♦ ❝❛♥❛❧ E− ❛❜❡rt♦✱ ❊q✳✭✹✳✽✶✮✱ ❡ ♣❛r❛ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s✱
❊q✳✭✹✳✽✷✮✱ sã♦ ♠♦str❛❞❛s ♥❛s ❋✐❣✉r❛s ✺✳✶✶ ❡ ✺✳✶✷✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ❛ ▼❘
é r❡❞✉③✐❞❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ λ✱ ♣♦✐s✱ ❝♦♠♦ ❢♦✐ ♠♦str❛❞♦ ♥❛s ❋✐❣✉r❛s ✺✳✸ ❡ ✺✳✹✱ ❛ ❝♦♥❞✉tâ♥❝✐❛
AP s❡ ❛♣r♦①✐♠❛ ❞❛ ❝♦♥❞✉tâ♥❝✐❛ P ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ λ✳ ❚❛❧ ❢❛t♦✱ é ❞❡✈✐❞♦ ❛ ♠❛✐♦r ❢❛❝✐❧✐❞❛❞❡
❞♦s ❡❧étr♦♥s ✐t✐♥❡r❛♥t❡s s♦❢r❡r❡♠ s♣✐♥ ✢✐♣ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ λ✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♣r✐♥❝í♣✐♦ ❞❡
✐♥❝❡rt❡③❛ ❞❡ ❍❡✐s❡♥❜❡r❣✳ ❈♦♥❢♦r♠❡ ❛ ❝✉r✈❛ ✉♥✐✈❡rs❛❧ ❞❛ ▼❘ ❡♠ ❢✉♥çã♦ ❞❛ ❝♦♥❞✉tâ♥❝✐❛✱ ♣r♦♣♦st❛
♣♦r ❈❤✉♥❣ ❡t✳ ❛❧✳ ❬✸✾❪✱ ❡ ♥❛s ♠❡❞✐❞❛s ❞❡ ❚❛t❛r❛ ❡t✳ ❛❧✳ ❬✸✹❪✱ ♣❛r❛ ♥❛♥♦❝♦♥t❛t♦s ❞❡ ♣♦✉❝♦s át♦♠♦s
❞♦s ♠❡t❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s✱ ♦ ❝r❡s❝✐♠❡♥t♦ ♥♦ ♥ú♠❡r♦ ❞❡ ❝❛♥❛✐s ❛❜❡rt♦s ♣r♦❞✉③ ✉♠❛ ❞✐♠✐♥✉✐çã♦
❞❛ ▼❘✳ ❊ss❡ ❞❡❝rés❝✐♠♦ ❞❛ ▼❘ ❝♦♠ ♦ ❛✉♠❡♥t♦ ♥♦ ♥ú♠❡r♦ ❞❡ ❝❛♥❛✐s é ♦❜s❡r✈❛❞♦ ♥❛s ❋✐❣✉r❛s ✺✳✸
❡ ✺✳✹✱ ♦♥❞❡ ❛s ❛♠♣❧✐t✉❞❡s ❞❛s ❝♦♥❞✉tâ♥❝✐❛s sã♦ ❛✉♠❡♥t❛❞❛s ❛♦ ♣❛ss❛r♠♦s ❞♦ ❝❛s♦ ♠♦♥♦❝❛♥❛❧ ♣❛r❛
♦ ❝❛s♦ ❜✐❝❛♥❛✐s ❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦s✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r ♦s ❛❧t♦s ✈❛❧♦r❡s ❞❡ ▼❘ q✉❡ ♦❜t✐✈❡♠♦s✱
♠❡s♠♦ ❝♦♠ ❡❧❡tr♦❞♦s ❢r❛❝❛♠❡♥t❡ ♣♦❧❛r✐③❛❞♦s ✭ζF = 0, 3✮✳

❈á❧❝✉❧♦s ✉t✐❧✐③❛♥❞♦ ❛ t❡♦r✐❛ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❡♥s✐❞❛❞❡ ✭❉❋❚✮ ♣❛r❛ ♥❛♥♦❝♦♥t❛t♦s ❢♦r♠❛❞♦s ♣♦r
❞♦✐s ❡ três át♦♠♦s✱ ❡♠ ❝❛❞❡✐❛ ❧✐♥❡❛r ❡ ❡♠ ③✐❣✲③❛❣ ♣❛r❛ ◆✐ ❡ ❈♦✱ s✉❣❡r✐r❛♠ q✉❡ ❛ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛
♦❜t✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❞❡ ❛❧❣✉♠❛s ❝❡♥t❡♥❛s ❞❡ ♣♦r❝❡♥t❛❣❡♠ ✭✷✽✵✪ ♣❛r❛ ◆✐✲◆✐ ❛ t❡♠♣❡r❛t✉r❛
❛♠❜✐❡♥t❡ ❡ 100Oe ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ❬✸✼❪❀ ✸✵✵✪ ♣❛r❛ ◆✐✲◆✐ ❡ ❈♦✲❈♦ ❛ t❡♠♣❡r❛t✉r❛
❛♠❜✐❡♥t❡ ❡ 120Oe ❬✸✹❪❀ ✼✵✵✪ ♣❛r❛ ◆✐✲◆✐ ❞❡ ✶✵✲✸✵ ♥♠ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ 720Oe✱ ❢❡✐t♦ ♣♦r
❡❧❡tr♦❞❡♣♦s✐çã♦ ❬✺✵❪❀ ✸✵✵✵✪ ♣❛r❛ ◆✐✲◆✐ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ ±2, 5kOe ❡ ✉♠❛ ❝♦rr❡♥t❡ ❝♦♥s✲
t❛♥t❡ 200µA✱ ❢❡✐t♦ ♣♦r ❡❧❡tr♦❞❡♣♦s✐çã♦ ❬✸✻❪✮ ♣❡❧❛ té❝♥✐❝❛ ❞❡ ❡st✐r❛♠❡♥t♦ ❞❡ ✉♠ ✜♦ ♠❛❝r♦s❝ó♣✐❝♦✱
♥ã♦ ♣♦❞❡r✐❛♠ ❡①❝❡❞❡r ✉♠❛ ▼❘ ❞❡ ✺✵✪ ❡♠ ❝❛❞❡✐❛s ♣✉r❛s✱ q✉❛♥❞♦ ❛♣❡♥❛s ❡❢❡✐t♦s ❡❧❡trô♥✐❝♦s sã♦
❝♦♥s✐❞❡r❛❞♦s✱ ❡ ❥✉st✐✜❝❛♥❞♦ ✉♠ ❧✐♠✐t❡ ❞❡ ▼❘ ♥ã♦ ♠❛✐♦r q✉❡ ✹✺✵✪✱ ❝♦♠♦ s❡♥❞♦ ❞❡✈✐❞♦ ❛ ✐♠♣✉r❡③❛s
✭♦①✐❣ê♥✐♦✮ q✉❡ ❞❡✈❡r✐ã♦ r❡❛❣✐r ❝♦♠ ♦s át♦♠♦s ♥♦ ♥❛♥♦❝♦♥t❛t♦ ❬✹✼✕✹✾❪✳ ❊♥tr❡t❛♥t♦✱ ❡♥❢❛t✐③❛♠♦s
q✉❡ ♦ ♠♦❞❡❧♦ s✉❣❡r✐❞♦ ♣♦r ❉❛rt♦r❛ ❡ ❈❛❜r❡r❛ ❬✷✸✕✷✻❪ ❡ ❡st✉❞❛❞♦ ❡♠ ❞❡t❛❧❤❡s ♥❡st❛ ❞✐ss❡rt❛çã♦✱ ♦
q✉❛❧ ❝♦♥s✐❞❡r❛ ❛♣❡♥❛s ❡❢❡✐t♦s ❡❧❡trô♥✐❝♦s ❡ ✉t✐❧✐③❛♥❞♦ ❛s r❡❣r❛s ❞❛ ▼❡❝â♥✐❝❛ ◗✉â♥t✐❝❛✱ ♥♦s ♣❡r♠✐t❡
♦❜t❡r ✈❛❧♦r❡s ❞❡ ▼❘ s✐♠✐❧❛r❡s ❛♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❬✸✾❪✱ ❛♣❡♥❛s ❛❧t❡r❛♥❞♦ ❛❧❣✉♥s ♣❛râ✲
♠❡tr♦s ✭❞❡ ❢❛t♦✱ ❛ ❞❡✜♥✐çã♦ ❞❡ ▼❘ ✉t✐❧✐③❛❞❛ ♥❡ss❛s ♠❡❞✐❞❛s é MR = (GP − GAP )/GAP ❬✸✼✱ ✺✵❪✱
♠❛s ❡ss❛ ❞❡✜♥✐çã♦ t❡♥❞❡ ❛ ✐♥✜♥✐t♦ q✉❛♥❞♦ GAP ✈❛✐ ♣❛r❛ ③❡r♦ ✭λ→ 0✮✱ r❡❝✉♣❡r❛♥❞♦ ♦ r❡s✉❧t❛❞♦ ❞♦
♠♦❞❡❧♦ ❞❡ ■s✐♥❣ ❡♠ q✉❡ ❛ ▼❘ é ✐♥✜♥✐t❛✱ ❞❡ss❛ ❢♦r♠❛✱ ✉t✐❧✐③❛♠♦s ❛ ❞❡✜♥✐çã♦ ❞❡ ▼❘ ❞❛❞❛s ♣❡❧❛s
❊qs✳✭✹✳✽✶✮✲✭✹✳✽✷✮✱ ✈✐st♦ q✉❡ ❡ss❛ ❞❡✜♥✐çã♦ ♣❡r♠✐t❡✲♥♦s ♦❜s❡r✈❛r ♠❡❧❤♦r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ▼❘
q✉❛♥❞♦ η s❡ ❛♣r♦①✐♠❛ ❞❛ ♦r✐❣❡♠ ❡ ♥ã♦ ❤á ❞✐✈❡r❣ê♥❝✐❛✮✳ P♦rt❛♥t♦✱ ♦ ♠♦❞❡❧♦ ❞❡s❝r❡✈❡ ♠✉✐t♦ ❜❡♠
♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ❡❢❡✐t♦s ❡❧❡trô♥✐❝♦s✱ ❝♦♥tr❛r✐❛♥❞♦ ♦s ❝á❧❝✉❧♦s ♣♦r
❉❋❚✳ ❉❡ ❢❛t♦✱ ❚❛t❛r❛ ❡t✳ ❛❧✳ ❬✸✹❪ ❥á ❝❛❧❝✉❧❛r❛♠ ❛♥❛❧✐t✐❝❛♠❡♥t❡ ✉♠❛ ▼❘ ❞❡ ✸✵✵✪ ❝♦♥s✐❞❡r❛♥❞♦
❛♣❡♥❛s ♣r♦❝❡ss♦s ❡❧❡trô♥✐❝♦s✱ ♠❛s ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❛♣r♦①✐♠❛çã♦ s❡♠✐✲❝❧áss✐❝❛✳
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❋✐❣✉r❛ ✺✳✶✶✿ ▼❘ ♣❛r❛ ♦ ❝❛♥❛❧ E−✱ MR−(%)✱ ❛❜❡rt♦✳

❋✐❣✉r❛ ✺✳✶✷✿ ▼❘ t♦t❛❧✱ ❝♦♠ ♦s ❝❛♥❛✐s E− ❡ E+ ❛❜❡rt♦s✱ MRTotal(%)✳



❈❛♣ít✉❧♦ ✻

❈♦♥❝❧✉sã♦

◆❡st❛ ❞✐ss❡rt❛çã♦✱ ✜③❡♠♦s ✉♠❛ r❡✈✐sã♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❢✉♥❞❛♠❡♥t❛✐s ❞❡ ❝♦♥❞✉t♦r❡s ♠❡✲
s♦s❝ó♣✐❝♦s✱ ❞❛s ♦r✐❣❡♥s ❡ ♣r♦♣r✐❡❞❛❞❡s ❞♦s ❞✐✈❡rs♦s t✐♣♦s ❞❡ r✉í❞♦s q✉❡ s✉r❣❡♠ ♥♦ ♣r♦❝❡ss♦ ❞❡
tr❛♥s♣♦rt❡ ❡❧❡trô♥✐❝♦✱ ❡♠ ✈ár✐♦s t✐♣♦s ❞❡ ❝♦♥❞✉t♦r❡s✳

❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❞❡s❝r❡✈❡r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❞❡ ♥❛♥♦✜♦s ❡ ♥❛♥♦❝♦♥t❛t♦s ❢❡✐t♦s ❞♦s
♠❡t❛✐s ♠❛❣♥ét✐❝♦s ❞❡ tr❛♥s✐çã♦✱ é ❡st✉❞❛❞♦ ✉♠ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣♦r ❉❛rt♦r❛ ❡ ❈❛❜r❡r❛ ❬✷✸✱ ✷✹❪✳
P❛r❛ ♥❛♥♦✜♦s ❝♦♠ N át♦♠♦s✱ sã♦ ♦❜t✐❞♦s ♦s ❛✉t♦✲✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛ ❡ ♦s ✈❡t♦r❡s ❞❡ ❡st❛❞♦ ❞❡ ❝❛❞❛
❝❛♥❛❧ ❞❡ ❝♦♥❞✉çã♦✳ P❛r❛ ♥❛♥♦❝♦♥t❛t♦s✱ ❝♦♥st✐t✉í❞♦s ❞❡ ❞♦✐s át♦♠♦s✱ é ♦❜t✐❞♦ ❡①♣r❡ssõ❡s ❛♥❛❧ít✐❝❛s
♣❛r❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ ❛s ❝♦♥❞✉tâ♥❝✐❛s✱ ♦s r✉í❞♦s s❤♦t q✉â♥t✐❝♦s✱ ♦s ❢❛t♦r❡s ❞❡ ❋❛♥♦
❡ ❛s ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛s ♣❛r❛ ♦s ❞♦✐s ❝❛♥❛✐s ❞✐s♣♦♥í✈❡✐s✳

◆♦ ♥❛♥♦❝♦♥t❛t♦ ❡st✉❞❛❞♦✱ ♥❛ ❝♦♥✜❣✉r❛çã♦ P ✱ é ♦❜s❡r✈❛❞♦ q✉❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♠✐ssã♦✱ ❛s
❝♦♥❞✉tâ♥❝✐❛s✱ ♦s r✉í❞♦s s❤♦t q✉â♥t✐❝♦s ❡ ♦s ❢❛t♦r❡s ❞❡ ❋❛♥♦ sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s ❞❛ ✢✉t✉❛çã♦ q✉â♥t✐❝❛
tr❛♥s✈❡rs❛ λ✱ ✐ss♦ ✐♠♣❧✐❝❛ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❝♦♠ s♣✐♥ ✢✐♣ ❞♦s ❡❧étr♦♥s ✐t✐♥❡r❛♥t❡s✱ ❞❡✈✐❞♦
❛ ❝❛❞❛ ❝❛♥❛❧ s❡r ❞♦♠✐♥❛❞♦ ♣♦r ✉♠ t✐♣♦ ❞❡ ❡st❛❞♦ ❞❡ s♣✐♥✱ ♠❛❥♦r✐tár✐♦ ♦✉ ♠✐♥♦r✐tár✐♦✳ ❏á ♥❛
❝♦♥✜❣✉r❛çã♦ AP ✱ ❛s q✉❛♥t✐❞❛❞❡s ❝✐t❛❞❛s ❞❡♣❡♥❞❡♠ ❞❡ λ✱ ❝♦♠♦ ❡s♣❡r❛❞♦✱ ✈✐st♦ q✉❡ é ❛ ✢✉t✉❛çã♦
q✉â♥t✐❝❛ λ ✭❛tr❛✈és ❞♦ ♣r✐♥❝í♣✐♦ ❞❡ ✐♥❝❡rt❡③❛ ❞❡ ❍❡✐s❡♥❜❡r❣✮ q✉❡ ♣♦ss✐❜✐❧✐t❛ ♦ ❜r✉s❝♦ s♣✐♥ ✢✐♣
s♦❢r✐❞♦ ♣❡❧♦s ❡❧étr♦♥s ❛♦ tr❛♥s✐t❛r❡♠ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s✳ ◆♦ ❝❛s♦ AP ✱ ♦s ❡st❛❞♦s ♠❛❥♦r✐tár✐♦s ❡
♠✐♥♦r✐tár✐♦s ❝♦♥tr✐❜✉❡♠ q✉❛s❡ q✉❡ ✐❣✉❛❧♠❡♥t❡ ♥♦s ❞♦✐s ❝❛♥❛✐s✱ ♣♦✐s ♦s ❝♦❡✜❝✐❡♥t❡s cos θAP ❡ sin θAP

♥ã♦ ❞✐❢❡r❡♠ ♠✉✐t♦✱ ❡♥tr❡ s✐✱ ♣❛r❛ λ ❣r❛♥❞❡✳ ❆✐♥❞❛✱ t❡♠♦s q✉❡ ♣❛r❛ ❣r❛♥❞❡s ✈❛❧♦r❡s ❞❛ ✢✉t✉❛çã♦
λ✱ ❛ ❝♦♥❞✉tâ♥❝✐❛✱ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡ ♦ ❢❛t♦r ❞❡ ❋❛♥♦✱ ❡♠ ❛♠❜❛s ❛s ❝♦♥✜❣✉r❛çõ❡s P ❡ AP ✱
sã♦ s✐♠✐❧❛r❡s✳

❈♦♠♣❛r❛♥❞♦ ❝♦♠ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♥❛♥♦❝♦♥t❛t♦s✱ ♦s ✈❛❧♦r❡s ❞♦s ♠á①✐♠♦s ❞❛s
❝♦♥❞✉tâ♥❝✐❛s ♦❜t✐❞❛s✱ ♥♦ ❝❛s♦ P ❞❡ GP

− = 0, 8e2/h ❡ GP
Total = e2/h ♣❛r❛ ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛❧

❞❡ ❝♦♥❞✉çã♦ ❛❜❡rt♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ ♣❛r❛ ♦ ❝❛s♦ AP ❞❡ GAP
− = 0, 6e2/h ❡ GAP

Total = e2/h
♣❛r❛ ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛❧ ❛❜❡rt♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡stã♦ ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s ♠❡❞✐❞♦s ❞❡
0, 65e2/h à 1, 08e2/h ♣❛r❛ ◆✐ ❬✸✺❪✱ ❡ ❞❡ e2/h ♣❛r❛ ❈♦ ❬✹✸❪✳ ◆♦s ❝❛s♦s ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦
❡ ❞♦ ❢❛t♦r ❞❡ ❋❛♥♦✱ ❤á ❝❛rê♥❝✐❛ ❞❡ ♠❡❞✐❞❛s ❡s♣❡❝í✜❝❛s ♣❛r❛ ♦ s✐st❡♠❛ ❡st✉❞❛❞♦✱ ♣♦r ✐ss♦✱ ❢♦✐
❢❡✐t❛ ❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛s ♠❡❞✐❞❛s ❡①✐st❡♥t❡s ♣❛r❛ ♥❛♥♦❝♦♥t❛t♦s ❞❡ ♠❡t❛✐s ♥♦r♠❛✐s ✭❆✉ ❡ ❆❧✮
❡ ❝♦♥t❛t♦s q✉â♥t✐❝♦s ♣♦♥t✉❛✐s ❡♠ s❡♠✐❝♦♥❞✉t♦r❡s ✭❤❡t❡r♦❡str✉t✉r❛ ❞❡ ●❛❆s✴❆❧●❛❆s✮✱ ❛ ✜♠ ❞❡
t❡r♠♦s ✉♠ ❡s♣❡❝tr♦ ❞❡ ✈❛❧♦r❡s ❣r❛♥❞❡✱ ❝♦♠ ♦ q✉❛❧ ♣♦ss❛♠♦s ✐♥❢❡r✐r ❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛s ❞♦
r✉í❞♦ ❬✶✻✱ ✸✸✱ ✹✻✱ ✺✷❪✳ ❖s ✈❛❧♦r❡s ♦❜t✐❞♦s ♥❡st❛ ❞✐ss❡rt❛çã♦ ♣❛r❛ ♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦✱ ❝♦♠ ♣✐❝♦s
♥♦ ❝❛s♦ P ❞❡ SP

− = 1, 5 × 10−27A2/Hz ❡ SP
Total = 3, 0 × 10−27A2/Hz ♣❛r❛ ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛✐s

❛❜❡rt♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ ♥♦ ❝❛s♦ AP ❞❡ SAP
− = 1, 5×10−27A2/Hz ❡ SAP

Total = 3, 0×10−27A2/Hz

✻✺
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♣❛r❛ ♠♦♥♦❝❛♥❛❧ ❡ ❜✐❝❛♥❛✐s ❛❜❡rt♦s✱ ♥❡ss❛ ♦r❞❡♠✱ ❡ ♦ ❢❛t♦r ❞❡ ❋❛♥♦✱ ❡stã♦ ❞❡♥tr♦ ❞❡ss❡ ❡s♣❡❝tr♦
❞❡ ✈❛❧♦r❡s ♠❡❞✐❞♦s✳ P♦rt❛♥t♦✱ ❡st❡ tr❛❜❛❧❤♦ ❢♦r♥❡❝❡ r❡s✉❧t❛❞♦s q✉❡ ♣♦❞❡♠ ❣✉✐❛r ♥❛ ❡❧❛❜♦r❛çã♦ ❞❡
❡①♣❡r✐♠❡♥t♦s q✉❡ ✈✐sã♦ ♦ ❡st✉❞♦ ❞♦ r✉í❞♦ s❤♦t q✉â♥t✐❝♦ ❡♠ ♥❛♥♦❝♦♥t❛t♦s ♠❡tá❧✐❝♦s ♠❛❣♥ét✐❝♦s✳

❙✐♠✐❧❛r♠❡♥t❡ ❛♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r ❉❛rt♦r❛ ❡ ❈❛❜r❡r❛ ❬✷✸✱ ✷✹❪ ❡ ❚❛t❛r❛ ❡t✳ ❛❧✳ ❬✸✹❪✱ ♠♦s✲
tr❛♠♦s q✉❡ ❛♦ ❝♦♥trár✐♦ ❞♦ ♣r❡✈✐st♦ ♣♦r ❝á❧❝✉❧♦s ✉t✐❧✐③❛♥❞♦ ❛ t❡♦r✐❛ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❡♥s✐❞❛❞❡ ❬✹✼✕✹✾❪✱
❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ♣r♦❝❡ss♦s ❡❧❡trô♥✐❝♦s é ♣♦ssí✈❡❧ ♦❜t❡r ♦s ❛❧t♦s ✈❛❧♦r❡s ❞❡ ♠❛❣♥❡t♦r❡s✐stê♥❝✐❛
✭✷✽✵✪ ❬✸✼❪✱ ✼✵✵✪ ❬✺✵❪ ♦✉ ✸✵✵✵✪ ❬✸✻❪✮ q✉❡ ❝♦♥❝♦r❞❛♠ ❝♦♠ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♥❛♥♦✲
❝♦♥t❛t♦s ❡ ♥❛♥♦✜♦s ❞♦s ♠❡t❛✐s ♠❛❣♥ét✐❝♦s ❞❡ tr❛♥s✐çã♦✱ ❛tr❛✈és ❞❡ ❛❥✉st❡ ❞❡ ❛❧❣✉♥s ♣❛râ♠❡tr♦s
♥♦ ♠♦❞❡❧♦✳ ❈♦♠ ❡ss❡s ❛❥✉st❡s✱ t♦♠❛♥❞♦ ❛ ✢✉t✉❛çã♦ q✉â♥t✐❝❛ λ ♣❡q✉❡♥♦✱ ❛té ♠❡s♠♦ ✈❛❧♦r❡s ❞❡
♠❛❣♥❡t♦r❡s✐stê♥❝✐❛ ♠✉✐t♦ ♠❛✐♦r❡s q✉❡ ✸✵✵✵✪ ♣♦❞❡♠ s❡r ♦❜t✐❞♦s✱ ♣♦✐s ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❝♦♠ s♣✐♥
✢✐♣ é ❜❛st❛♥t❛ ❛✉♠❡♥t❛❞♦✳



❆♣ê♥❞✐❝❡ ❆

P♦❧❛r✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s

❆ ♣♦❧❛r✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♣r♦❞✉t♦ ❞❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❞❡♥s✐❞❛❞❡s ❞❡
❡st❛❞♦s ❞❛s ❜❛♥❞❛s ❞❡ s♣✐♥ ❡♠ ❛♠❜♦s ♦s ❡❧❡tr♦❞♦s✳ ❊s❝r❡✈❡♥❞♦ D(α)

σ (EF ) ❝♦♠♦ ❛s ❞❡♥s✐❞❛❞❡s ❞❡
❡st❛❞♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✱ ❝♦♠ σ = (↑, ↓) ❝♦♠♦ ❛s ❜❛♥❞❛s ❞❡ s♣✐♥ ❡ α = (L,R) ♦s í♥❞✐❝❡s ❡sq✉❡r❞❛
❡ ❞✐r❡✐t❛ ❞♦s ❡❧❡tr♦❞♦s✱ ❡ ♦s ❡st❛❞♦s ❊qs✳✭✹✳✺✷✮✲✭✹✳✺✺✮ ❡ ❊qs✳✭✹✳✺✽✮✲✭✹✳✻✶✮✳ ❈♦♠♦ ♦s ♦r❜✐t❛✐s ❞❡
❝♦♥❞✉çã♦ sã♦ ❞♦ t✐♣♦ s✱ é ♣♦ssí✈❡❧ ❝♦♥s✐❞❡r❛r q✉❡ ❛s ❞❡♥s✐❞❛❞❡s ❞❡ ❡st❛❞♦s ♥ã♦ ✈❛r✐❛♠ ♠✉✐t♦ ❛♦
r❡❞♦r ❞❡ss❡ ♥í✈❡❧ ❡ é ❛♣❧✐❝❛❞♦ ✉♠❛ ✈♦❧t❛❣❡♠ ♣❡q✉❡♥❛ ❡♠ r❡❧❛çã♦ ❛♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐✳

fP
− (θ1, θ2) ≡ D

(L)
↑ (EF )D

(R)
↑ (EF ) cos2 θ1 cos2 θ2+ ✭❆✳✶✮

+D
(L)
↑ (EF )D

(R)
↓ (EF ) cos2 θ1 sin2 θ2 +

+D
(L)
↓ (EF )D

(R)
↑ (EF ) sin2 θ1 cos2 θ2+

+D
(L)
↓ (EF )D

(R)
↓ (EF ) sin2 θ1 sin2 θ2

fAP
− (θ1, θ2) ≡ D

(L)
↑ (EF )D

(R)
↑ (EF ) cos2 θ1 sin2 θ2+ ✭❆✳✷✮

+D
(L)
↑ (EF )D

(R)
↓ (EF ) cos2 θ1 cos2 θ2 +

+D
(L)
↓ (EF )D

(R)
↑ (EF ) sin2 θ1 sin2 θ2+

+D
(L)
↓ (EF )D

(R)
↓ (EF ) sin2 θ1 cos2 θ2

fP
+ (θ1, θ2) ≡ D

(L)
↑ (EF )D

(R)
↑ (EF ) sin2 θ1 sin2 θ2+ ✭❆✳✸✮

+D
(L)
↑ (EF )D

(R)
↓ (EF ) sin2 θ1 cos2 θ2 +

+D
(L)
↓ (EF )D

(R)
↑ (EF ) cos2 θ1 sin2 θ2+

+D
(L)
↓ (EF )D

(R)
↓ (EF ) cos2 θ1 cos2 θ2

fAP
+ (θ1, θ2) ≡ D

(L)
↑ (EF )D

(R)
↑ (EF ) sin2 θ1 cos2 θ2+ ✭❆✳✹✮

+D
(L)
↑ (EF )D

(R)
↓ (EF ) sin2 θ1 sin2 θ2 +

+D
(L)
↓ (EF )D

(R)
↑ (EF ) cos2 θ1 cos2 θ2+

+D
(L)
↓ (EF )D

(R)
↓ (EF ) cos2 θ1 sin2 θ2

✻✼
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❚♦♠❛♥❞♦✱ D(L)
↑ (EF ) = DM(EF )✱ D(R)

↑ (EF ) = DM(EF )✱ D(L)
↓ (EF ) = Dm(EF ) ❡ D(R)

↓ (EF ) =
Dm(EF )✳ ❆ ♣♦❧❛r✐③❛çã♦ ❞♦s ❡❧❡tr♦❞♦s ❢❡rr♦♠❛❣♥ét✐❝♦s ♥♦ ♥í✈❡❧ ❞❡ ❋❡r♠✐ é✱

ζF ≡
DM(EF )−Dm(EF )

DM(EF ) +Dm(EF )
✭❆✳✺✮

♦♥❞❡ M/m ❞✐③ r❡s♣❡✐t♦ ❛ ❜❛♥❞❛ ❞❡ s♣✐♥ ♠❛❥♦r✐tár✐❛✴♠✐♥♦r✐tár✐❛✳ ◆♦t❛♥❞♦ q✉❡ ♥♦ ❝❛s♦ AP ✱ ❛s
❜❛♥❞❛s M ❡ m ❞❡✈❡♠ s❡r tr♦❝❛❞❛s✳ ❆ss✐♠✱

fP
− (θP ) = D2

M(EF ) cos2 θP cos2 θP + ✭❆✳✻✮

+D2
m(EF ) sin2 θP sin2 θP + 2DM(EF )Dm(EF ) cos2 θP sin2 θP

♣♦✐s θP
1 = θP

2 = θP ✳ ❯t✐❧✐③❛♥❞♦✱ ζFD = DM −Dm ❡ D = DM +Dm✱ t❡♠♦s✱

fP
− (θP ) =

(

1 + ζF cos 2θP

1 + ζF

)2

✭❆✳✼✮

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♣♦❞❡♠♦s ♦❜t❡r✱

fAP
− (θAP ) =

(

1 + ζF cos 2θAP

1 + ζF

)2

✭❆✳✽✮

fP
+ (θP ) =

(

1− ζF cos 2θP

1 + ζF

)2

✭❆✳✾✮

fAP
+ (θAP ) =

(

1− ζF cos 2θAP

1 + ζF

)2

✭❆✳✶✵✮



❆♣ê♥❞✐❝❡ ❇

❈♦❡✜❝✐❡♥t❡s

P❛r❛ ♦❜s❡r✈❛r♠♦s ❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦s ❡st❛❞♦s ♠❛❥♦r✐tár✐♦s ❡ ♠✐♥♦r✐tár✐♦s ♥❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s
P ❡AP ✱ é ♠♦str❛❞♦ ♦s ❣rá✜❝♦s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❝❛❞❛ ❡st❛❞♦ ❊qs✳✭✹✳✺✷✮✲✭✹✳✺✺✮ ❡ ❊qs✳✭✹✳✺✽✮✲✭✹✳✻✶✮✱
❞❡♥tr♦ ❞♦ ❡①❡♠♣❧♦ ❞✐s❝✉t✐❞♦ ♥♦ ❈❛♣ít✉❧♦ ✺✱ ❝♦♠ µ = 4 ❡ η = 0, 7✳

◆❛ ❝♦♥✜❣✉r❛çã♦ P ✱ ♦s ❡st❛❞♦s ♠❛❥♦r✐tár✐♦s ❡ ♠✐♥♦r✐tár✐♦s sã♦ ④|1 ↑〉✱ |2 ↑〉⑥ ❡ ④|1 ↓〉✱ |2 ↓
〉⑥✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ss✐♠✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ss❡s ❡st❛❞♦s✱ cos θP ❡ sin θP ✱ é
♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ❇✳✶✳ P♦rt❛♥t♦✱ ♦❜s❡r✈❛♠♦s q✉❡ ♦s ❡st❛❞♦s ❝♦♠ ♦ ❝♦❡✜❝✐❡♥t❡ cos θP ✱ sã♦ ♦s
❞♦♠✐♥❛♥t❡s✳ ◆♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ |Ψ−〉✱ ♦ ❡st❛❞♦ ❞♦♠✐♥❛♥t❡ é ④|1 ↑〉✱ |2 ↑〉⑥✱ ❡ ♥♦ ❡st❛❞♦
❡①❝✐t❛❞♦✱ |Ψ+〉✱ ♦ ❡st❛❞♦ ④|1 ↓〉✱ |2 ↓〉⑥ ❞♦♠✐♥❛rá✳

◆❛ ❝♦♥✜❣✉r❛çã♦ AP ✱ ♦s ❡st❛❞♦s ♠❛❥♦r✐tár✐♦s ❡ ♠✐♥♦r✐tár✐♦s sã♦ ④|1 ↑〉✱ |2 ↓〉⑥ ❡ ④|1 ↓〉✱ |2 ↑〉⑥✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖s ❝♦❡✜❝✐❡♥t❡s✱ cos θAP ❡ sin θAP ✱ sã♦ ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛ ❇✳✶✳ ❆❣♦r❛✱ ♥ã♦
é ♣♦ssí✈❡❧ ❞❡s♣r❡③❛r ❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ sin θAP ✳ ❉❡ss❛ ❢♦r♠❛✱ ❡♠ ❛♠❜♦s ♦s ❡st❛❞♦s✱
❢✉♥❞❛♠❡♥t❛❧ ❡ ❡①❝✐t❛❞♦✱ ♦s ❡st❛❞♦s ④|1 ↑〉✱ |2 ↓〉⑥ ❡ ④|1 ↓〉✱ |2 ↑〉⑥ ❝♦♥tr✐❜✉❡♠✳

❋✐❣✉r❛ ❇✳✶✿ ❈♦❡✜❝✐❡♥t❡s✿ ✭❊✮ cos θP ❡ cos θAP ✱ ✭❉✮ sin θP ❡ sin θAP ✳

✻✾



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❬✶❪ ❨✳ ■♠r②✱ ■♥tr♦❞✉❝t✐♦♥ t♦ ▼❡s♦s❝♦♣✐❝ P❤②s✐❝s✱ ❙❡❝♦♥❞ ❊❞✐t✐♦♥✱ ❖①❢♦r❞ ❯♥✐✈❡rs✐t② Pr❡ss ✭✷✵✵✷✮✳

❬✷❪ ❙✳ ❉❛tt❛✱ ❊❧❡❝tr♦♥✐❝ ❚r❛♥s♣♦rt ✐♥ ▼❡s♦s❝♦♣✐❝ ❙②st❡♠s✱ ◆❡✇ ❊❞✐t✐♦♥✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t②
Pr❡ss ✭✶✾✾✼✮✳

❬✸❪ ❉✳❑✳ ❋❡rr②✱ ❙✳▼✳ ●♦♦❞♥✐❝❦✱ ❚r❛♥s♣♦rt ✐♥ ◆❛♥♦str✉❝t✉r❡s✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss ✭✷✵✵✶✮✳

❬✹❪ ❘✳ ▲❛♥❞❛✉❡r✱ ❙♣❛t✐❛❧ ❱❛r✐❛t✐♦♥ ♦❢ ❈✉rr❡♥ts ❛♥❞ ❋✐❡❧❞s ❉✉❡ t♦ ▲♦❝❛❧✐③❡❞ ❙❝❛tt❡r❡rs ✐♥ ▼❡t❛❧❧✐❝
❈♦♥❞✉❝t✐♦♥✱ ■❇▼ ❏✳ ❘❡s✳ ❉❡✈❡❧♦♣✳ ✶✱ ✷✸✸ ✭✶✾✺✼✮❀ ❨✳ ■♠r②✱ ❘✳ ▲❛♥❞❛✉❡r✱ ❈♦♥❞✉❝t❛♥❝❡ ✈✐❡✇❡❞
❛s tr❛♥s♠✐ss✐♦♥✱ ❘❡✈✳ ▼♦❞✳ P❤②s✳✱ ❱♦❧✳ ✼✶✱ ◆♦ ✷✱ ✸✵✻ ✭✶✾✾✾✮✳

❬✺❪ ◆✳❲✳ ❆s❤❝r♦❢t✱ ◆✳❉✳ ▼❡r♠✐♥✱ ❙♦❧✐❞ ❙t❛t❡ P❤②s✐❝s✱ ❍❛r❝♦✉rt P✉❜❧✳ ✭✶✾✼✻✮✳

❬✻❪ ◆❛ ❨♦✉♥❣ ❑✐♠✱ ❈♦rr❡❧❛t❡❞ ❡❧❡❝tr♦♥ tr❛♥s♣♦rt ✐♥ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡s♦s❝♦♣✐❝ ❝♦♥❞✉❝t♦rs✱ P❤❞✳
❚❤❡s✐s✱ ❙t❛♥❢♦r❞ ❯♥✐✈❡rs✐t② ✭✷✵✵✻✮✳

❬✼❪ ❙❤✳ ❑♦❣❛♥✱ ❊❧❡❝tr♦♥✐❝ ◆♦✐s❡ ❛♥❞ ❋❧✉❝t✉❛t✐♦♥s ✐♥ ❙♦❧✐❞s✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss ✭✶✾✾✻✮✳

❬✽❪ ◆✳ ❲❛①✭❊❞✳✮✱ ❙❡❧❡❝t❡❞ P❛♣❡rs ♦♥ ◆♦✐s❡ ❛♥❞ ❙t♦❝❤❛st✐❝ Pr♦❝❡ss❡s✱ ❉♦✈❡r P✉❜❧✐❝❛t✐♦♥s ✭✶✾✺✹✮✳
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