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❆❣r❛❞❡❝✐♠❡♥t♦s

◗✉❡r♦ ❝♦♠❡ç❛r ❛❣r❛❞❡❝❡♥❞♦ ❛♦ ❍❛rr② ♣♦r s✉❛ ♦r✐❡♥t❛çã♦✱ ❡♥♦r♠❡ ♣❛❝✐ê♥❝✐❛✱ s✉❛ ❜♦❛
✈♦♥t❛❞❡ ♣❛r❛ ♠❡ ❡♥s✐♥❛r✱ ❡ ♣❡❧❛s ✐♥ú♠❡r❛s ❧✐çõ❡s q✉❡ ❞❡❧❡ r❡❝❡❜✐ ♥❡st❡ ❞♦✐s ❛♥♦s✳ ●r❛❝✐❛s
❍❛rr②✦
▼✐♥❤❛ ❢❛♠✐❧✐❛✱ ❝♦♠♦ ❡♠ t♦❞❛s ❛s ❡t❛♣❛s ❞❡ ✈✐❞❛✱ ❢♦✐ ❢✉♥❞❛♠❡♥t❛❧✳ ❆✐♥❞❛ ♥❛ ❞✐stâ♥❝✐❛

❝♦♥t❡✐ ❝♦♠ ❡❧❡s ♣❛r❛ ♠❡ ❛❥✉❞❛r✱ ♠❡ ❞❛r ❢♦rç❛ ❡ ♣ôr ❞✐r❡✐t♦s ♠❡✉s ♣❛ss♦s t♦rt♦s ❝♦♠ s❡✉
❝❛r✐♥❤♦ ❡ s✉❛s ❛çõ❡s✳ ❆❣r❛❞❡ç♦ ❞❡ t♦❞♦ ❝♦r❛çã♦ ❛ P❛♥❝❤✐✱ ♠✐ ♠❛❞r❡✱ ♠❡✉ ❛♥❥✐♥❤♦✱ ♣❡❧❛s
❧✐❣❛çõ❡s✱ tã♦ ♥❡❝❡ssár✐❛s ♣❛r❛ ♠✐♠✱ ❡ ♣♦r ❡st❛r s❡♠♣r❡ ❛✐✳ ❆♦ ♠❡✉ ♣❛✐✱ ♣♦r s❡✉ ❛♣♦✐♦ ❡
♣♦r ♣r❡♦❝✉♣❛r✲s❡ t❛♥t♦ ♣♦r ♠✐♠✳ ❆ ❧❛ ❋❧❛❝❛✱ ♣♦r t❡r✲♠❡ s❡♠♣r❡ ♥♦ s❡✉ ♣❡♥s❛♠❡♥t♦ ❡
♦r❛çõ❡s✳ ❊ ❛ ❧❛ ◆❡❣r❛ ♣♦r s❡✉ ❝❛r✐♥❤♦✳
❊ ❢❛❧❛♥❞♦ ❞❡ ❢❛♠✐❧✐❛✱ ♥ã♦ ♣♦ss♦ ❞❡✐①❛r ❞❡ ❢❛❧❛r ❞❛ ▼❛r❝❡❧✐t❛✱ ♠✐♥❤❛ ✐r♠ã③✐♥❤❛✳ ❋♦r❛♠

♠✉✐t❛s ❝❤♦❝♦✲❛✈❡♥t✉r❛s ❡ ❝♦✐s❛s ❝♦♠♣❛rt✐❧❤❛❞❛s ❡ ♠✉✐t♦s ❢❛✈♦r❡s r❡❝❡❜✐❞♦s✱ ♠❡✉ ❛❣r❛❞❡❝✲
✐♠❡♥t♦ ❡ ❝❛r✐♥❤♦ ❞❡ t♦❞♦ ❝♦r❛çã♦✳
❊ ❢❛❧❛♥❞♦ ❞❡ ✉♠❛ ♠ú♠✐❛ t❡♥❤♦ q✉❡ ❢❛❧❛r ❞❛ ♦✉tr❛✿ ❖ ❋é❧✐①✳ P♦❞❡r✐❛ ❞✐③❡r ✈ár✐❛s

❝♦✐s❛s✱ t❛♠❜é♠ ❢♦r❛♠ ♠✉✐t❛s ❝♦✐s❛s ❝♦♠♣❛rt✐❧❤❛❞❛s✳ ❊♠ ✜♠✱ ♦❜r✐❣❛❞❛ ♣♦r t✉❞♦✱ ♣❡❧❛
❜✐❦❡✱ ❛s ❝❛r♦♥❛s✳✳✳ ♠❡❧❤♦r ❡sq✉❡❝❡r ❛ ❜✐❦❡ ❡ ❛s ❝❛r♦♥❛s✱ ♦❜r✐❣❛❞❛ ♣❡❧❛ ❛♠✐③❛❞❡✳
❆ ▲✐❧✐ ❡ ◆✉r②✱ ♠✐♥❤❛s s✉♣❡r ❛♠✐❣❛s ❝♦❧♦♠❜✐❛♥❛s✱ ❛❣r❛❞❡ç♦ ♦ ❛♣♦✐♦ ♥♦s ♠♦♠❡♥t♦s

❞✐❢í❝❡✐s✱ ♦ ❝❛r✐♥❤♦ ❡ t❡r ❛❣ü❡♥t❛❞♦ ♠❡✉s ❝❤✐❧✐q✉❡s✳
❯♠ ❛❣r❛❞❡❝✐♠❡♥t♦ ♠✉✐t♦ ❡s♣❡❝✐❛❧ ❛ ❈❧á✉❞✐❛ ❡ s✉❛ ❢❛♠✐❧✐❛ ♣♦r t❡r✲♠❡ ❛❝♦❧❤✐❞♦ ❝♦♠♦

♣❛rt❡ ❞❛ s✉❛ ❢❛♠✐❧✐❛✳ ❆ ❈❛r♦❧✱ ♦❜r✐❣❛❞❛ ♣♦r s✉❛ ❛♠✐③❛❞❡✳
❆❣r❛❞❡ç♦ ❛ ▼❛r✐♥❛ ❡ ❋❡r♥❛♥❞♦ ♣❡❧❛ ❛♠✐③❛❞❡✳ ❆ ❖s❝❛r ♠✉✐t♦ ♦❜r✐❣❛❞❛ ♣♦r s❡✉ ❝❛r✐♥❤♦

❡ s❡✉s ❝♦rr❡✐♦s ♣❛r❛ ♠♦rr❡r ❞❡ r✐r✳ ❆ ▲✉✐s❦✐ ❡ ❈❤❛r❧✐❡ ♣♦rq✉❡ ♠❡s♠♦ ❧♦♥❣❡ ❡stã♦ s❡♠♣r❡
❝♦♠✐❣♦✳
❯♠ ❛❣r❛❞❡❝✐♠❡♥t♦ ♠✉✐t♦ ❡s♣❡❝✐❛❧ às ♠❡♥✐♥❛s ❞❛ r❡♣ú❜❧✐❝❛ ❞❛ ▼❡✐❛ ▲✉❛ ♣♦r t❡r✲♠❡

❛❜❡rt♦ ❛s ♣♦rt❛s ❞❛ s✉❛ ❝❛s❛✳
❯♠ ❣r❛♥❞❡ ❖❜r✐❣❛❞❛ ♣❛r❛ t✉❞♦ ♦ ♣♦✈♦ ❞♦ ❙í♥❝r♦tr♦♥ ♣♦r ❡st❛r s❡♠♣r❡ ❞✐s♣♦st♦s ❛

❢❛③❡r ♠✐♥❤❛ ✈✐❞❛ ♠❛✐s ❢á❝✐❧✳ ❆❣r❛❞❡ç♦ à ❈◆Pq ♣❡❧♦ ✜♥❛♥❝✐❛♠❡♥t♦✳
❆❣r❛❞❡ç♦ ❛ t♦❞❛s ❛s ♣❡ss♦❛s q✉❡ ✜③❡r❛♠ ♣❛rt❡ ❞❛ ♠✐♥❤❛ ✈✐❞❛ ♥♦s ú❧t✐♠♦s ❞♦✐s ❛♥♦s

❡ q✉❡ ♥ã♦ ♠❡♥❝✐♦♥❡✐ ❛q✉✐✱ ♣♦r q✉❡ ❛❧❣✉♠❛ ❝♦✐s❛ ❧❡✈❛r❛♠ ♠❛s t❛♠❜é♠ ❛❧❣✉♠❛ ❝♦✐s❛ ♠❡
❞❡✐①❛r❛♠✳
❊ ✜♥❛❧♠❡♥t❡ ❣r❛ç❛s ❛ ❉❡✉s✦
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❘❡s✉♠♦

◆❛ ♣❡rs♣❡❝t✐✈❛ ❞❛ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛✱ s✐st❡♠❛s ❞❡ ❞♦✐s ♥í✈❡✐s ❝♦♠♦ ♦ s♣✐♥ ❡❧❡trô♥✐❝♦
❡ ♦ s♣✐♥ ❞♦ ♥ú❝❧❡♦ sã♦ ✈✐st♦s ❝♦♠♦ ♦s ♠❡❧❤♦r❡s ❝❛♥❞✐❞❛t♦s ♣❛r❛ ✐♠♣❧❡♠❡♥t❛r ♦s ❝❤❛♠❛❞♦s
q✉❛♥t✉♠ ❜✐ts✳ ❈♦♠ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s ❝❛♣❛③❡s ❞❡ ❛r♠❛③❡♥❛r ✉♠ ú♥✐❝♦
❡❧étr♦♥ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞♦ s♣✐♥ ❡❧❡trô♥✐❝♦ s❡r ✉s❛❞♦ ❝♦♠ ❡ss❡ ♦❜❥❡t✐✈♦ s❡ ❛❝r❡s❝❡♥t❛✳
P♦ré♠✱ ✉♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s ✐♥q✉✐❡t✉❞❡s ❡stá ♥♦ t❡♠♣♦ q✉❡ ❧❡✈❛ ♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ❡♠
♣❡r❞❡r ❛ ❝♦❡rê♥❝✐❛✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❡♦r✐❛ ❞❡ s✐st❡♠❛s ❞✐ss✐♣❛t✐✈♦s✱ ❞❡❝♦❡rê♥❝✐❛ ♣♦❞❡
s❡r ❝❛✉s❛❞❛ ♣❡❧♦ ❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ✉♠ r❡s❡r✈❛tór✐♦✳ ◆♦ ❝❛s♦ ❞♦ s♣✐♥ ❞♦ ❡❧étr♦♥ ♣r❡s♦
❡♠ ✉♠ ♣♦♥t♦ q✉â♥t✐❝♦ ♦ r❡s❡r✈❛tór✐♦ é ❝♦♥❢♦r♠❛❞♦ ♣❡❧♦s ❢ô♥♦♥s ❞❛ r❡❞❡ ❝r✐st❛❧✐♥❛✱ ❡ ♦
❛❝♦♣❧❛♠❡♥t♦ ♦❝♦rr❡ ✈✐❛ ❛❝♦♣❧❛♠❡♥t♦ s♣✐♥✲ór❜✐t❛✳ ❊s♣❡❝✐✜❝❛♠❡♥t❡✱ ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s
✏❣r❛♥❞❡s✑ ✭❝✉❥❛ ❢r❡qüê♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛ é ♠✉✐t♦ ♠❡♥♦r q✉❡ ❛ ❢r❡qüê♥❝✐❛ ❞♦s ♠♦❞♦s
ó♣t✐❝♦s✮ ♦ r❡s❡r✈❛tór✐♦ é ❞❡ ❢ô♥♦♥s ❛❝úst✐❝♦✳ ❏á ♣❛r❛ ♦ ❝❛s♦ ❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s ❝♦♠
❢r❡qüê♥❝✐❛ ♣ró①✐♠❛ à ❢r❡qüê♥❝✐❛ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s✱ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡❧étr♦♥✲❢ô♥♦♥ ó♣t✐❝♦
é ♠✉✐t♦ r❡❧❡✈❛♥t❡ ♥♦s ♣r♦❝❡ss♦s ❞❡ r❡❧❛①❛çã♦ ❞♦ ❡❧étr♦♥ ❡ ♣♦rt❛♥t♦✱ ❛ ❞❡❝♦❡rê♥❝✐❛ ❞♦
s♣✐♥ ❡st❛rá ♠✉✐t♦ ❧✐❣❛❞❛ ❛ ❡st❡ t✐♣♦ ❞❡ ✐♥t❡r❛çã♦✳ ◆ós ❡st✉❞❛♠♦s ❛ ❞❡❝♦❡rê♥❝✐❛ ❡♠ ❡st❡s
s✐st❡♠❛s ❛tr❛✈és ❞❡ ✉♠ ♠♦❞❡❧♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝♦ q✉❡ ♣❛rt❡ ❞♦ ♠♦❞❡❧♦ ❈❛❧❞❡✐r❛✲▲❡❣❣❡tt✱
❡ ❝♦♠♦ r❡s✉❧t❛❞♦ ❡♥❝♦♥tr❛♠♦s t❡♠♣♦s ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❞❛ ♦r❞❡♠ ❞❡ ms q✉❛♥❞♦ ♦ ❜❛♥❤♦
é ❞❡ ❢ô♥♦♥s ❛❝úst✐❝♦ ❡ ❞❛ ♦r❞❡♠ ❞❡ µs ♥❛ ♣r❡s❡♥ç❛ ❞❡ ❢ô♥♦♥s ó♣t✐❝♦s✳
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❆❜str❛❝t

■♥ t❤❡ ♣❡rs♣❡❝t✐✈❡ ♦❢ q✉❛♥t✉♠ ❝♦♠♣✉t❛t✐♦♥✱ t✇♦ ❧❡✈❡❧s s②st❡♠s ❛r❡ t❤❡ ❜❡st ❝❛♥❞✐❞❛t❡s
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Lista de Tabelas

✺✳✶✳ ❈♦♠♣♦rt❛♠❡♥t♦s ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❞♦✐s ♥í✈❡✐s s❡❣✉♥❞♦ ♦ t✐♣♦ ❞❡ ❞✐ss✐♣❛çã♦✳ ✸✷
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1. Introdução

◆♦s ú❧t✐♠♦s ❛♥♦s✱ ❝♦♠ ♦ s✉r❣✐♠❡♥t♦ ❞❡ té❝♥✐❝❛s ❝❛♣❛③❡s ❞❡ ❝r✐❛r ❡ ♠❛♥✐♣✉❧❛r ❡str✉t✉r❛s
❝❛❞❛ ✈❡③ ♠❡♥♦r❡s✱ ❞❛ ♥❛♥♦✲t❡❝♥♦❧♦❣✐❛✱ s✉r❣❡♠ ♥♦✈♦s ❞❡s❛✜♦s q✉❡ ❡♥✈♦❧✈❡♠ ❢❡♥ô♠❡♥♦s
q✉❡ ❛♥t❡s ♥ã♦ ❡st❛✈❛♠ ❛♦ ♥♦ss♦ ❛❧❝❛♥❝❡✳

❆♦ ❢❛❧❛r ❡♠ ♥❛♥♦✲t❡❝♥♦❧♦❣✐❛ ✈❡♠ ❛ ♥♦ss❛ ♠❡♥t❡ ✉♠ ♠✉♥❞♦ ♥♦ q✉❛❧ ♣r❡✈❛❧❡❝❡ ❛
♠❡❝â♥✐❝❛ q✉â♥t✐❝❛✳ ❊ é ❛✐ ♦♥❞❡ ❛♣❛r❡❝❡ ♦ ❣r❛♥❞❡ ❞❡s❛✜♦✿ ❞♦♠✐♥❛r ❡ss❛ ✉♠ ♥♦✈❛ ❡s✲
❝❛❧❛ ❡ ❛♣r♦✈❡✐t❛r ❛s ✈❛♥t❛❣❡♥s q✉❡ ❡❧❛ ♦❢❡r❡❝❡✳ ❈♦♠ ❛ r❡❞✉çã♦ ❞❡ ❡s❝❛❧❛s s♦❜r❡ ❛s q✉❛✐s
s❡ t❡♠ ❛❝❡s♦✱ ❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ ❝♦❜r❛ ❛❜s♦❧✉t❛ r❡❧❡✈â♥❝✐❛✱ ❡ ❛q✉❡❧❛s q✉❡stõ❡s q✉❡ ❛♥t❡s
só ✜❝❛r❛♠ ♥♦ ♣❛♣❡❧ ❛❞q✉✐r❡♠ ❢♦r♠❛ ❡ ♥♦s ♦❜r✐❣❛♠ ❛ ♣r♦❝✉r❛r s♦❧✉çõ❡s ❡ r❡s♣♦st❛s✳

❋❛❧❛♥❞♦ ❡♠ r❡❞✉çã♦ ❞❡ t❛♠❛♥❤♦s✱ ♦❜r✐❣❛t♦r✐❛♠❡♥t❡ t❡♠♦s q✉❡ ♥♦s r❡❢❡r✐r ❛♦s ♠✉✐t♦
❝♦♥❝♦rr✐❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s ❬✶❪✳ ❊str✉t✉r❛s ❝♦♠♦ ❡st❛s✱ ❝❛♣❛③❡s ❞❡ ❛r♠❛③❡♥❛r ✉♠
♥ú♠❡r♦ ♠✉✐t♦ ♣❡q✉❡♥♦ ❞❡ ❡❧étr♦♥s✱ ❝♦♠♦ ♥❛♥♦✲❝❛♣❛❝✐t♦r❡s✱ ❛❜r❡♠ ✉♠❛ ❣r❛♥❞❡ ♣♦ss✐✲
❜✐❧✐❞❛❞❡ t❡❝♥♦❧ó❣✐❝❛ ❡ ♣❛r❛ ♣♦❞❡r ❞❛r ✉s♦ ❛ ❡st❡s s✐st❡♠❛s é ♣r❡❝✐s♦ ✉♠ ❝♦♥❤❡❝✐♠❡♥t♦
♣r♦❢✉♥❞♦ ❞♦s ❢❡♥ô♠❡♥♦s q✉❡ ♣❛r❛ ❡❧❡s sã♦ ✐♠♣♦rt❛♥t❡s✱ t❛♥t♦ ♣❛r❛ s✉❛ ❝r✐❛çã♦ q✉❛♥t♦
♣❛r❛ s✉❛ ♠❛♥✐♣✉❧❛çã♦✳ ■ss♦ é ❛t✉❛❧♠❡♥t❡ ✉♠ ❣r❛♥❞❡ ❢♦❝♦ ❞❡ ❛t❡♥çã♦ ❞❛ ❝♦♠✉♥✐❞❛❞❡
❝✐❡♥tí✜❝❛✳

❆ ♣❡r❣✉♥t❛ q✉❡ ♥♦s ✐♥t❡r❡ss❛ ♥❡st❡ tr❛❜❛❧❤♦ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♣♦♥t♦s q✉â♥t✐❝♦s ❡ t❡♠
❛ ✈❡r ❝♦♠ ♦ ❞❡❧✐❝❛❞♦ ♣❛ss♦ ❞♦ ♠✉♥❞♦ q✉â♥t✐❝♦ ❛♦ ♠✉♥❞♦ ❝❧áss✐❝♦✳ ➱ s♦❜r❡ ❞❡❝♦❡rê♥❝✐❛
q✉❡ q✉❡r❡♠♦s ❢❛❧❛r✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡ s♦❜r❡ ❞❡❝♦❡rê♥❝✐❛ ❞❡ s♣✐♥s ❡❧❡trô♥✐❝♦s ❛r♠❛③❡♥❛❞♦s
❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s ❛♣r♦✈❡✐t❛♥❞♦ ❝❧❛r♦✱ t✉❞♦ ♦ q✉❡ ❥á ❢♦✐ ❞✐t♦ s♦❜r❡ ❞❡❝♦❡rê♥❝✐❛✳ ❈♦♠♦
❝♦♥❤❡❝❡♠♦s ❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛✱ ♦ ♠❡✐♦ q✉❡ ❡♥✈♦❧✈❡ ✉♠ s✐st❡♠❛ ♣♦❞❡ ✏♦❜s❡r✈❛r✑ ♦
❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐st❡♠❛✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ♦s ❛✉t♦✲❡st❛❞♦s ❞♦s ♦❜s❡r✈á✈❡✐s ❞♦ s✐st❡♠❛
♣❡r❞❡♠ ❝♦❡rê♥❝✐❛ ❡ s❡ ❝♦♥✈❡rt❡♠ ❡♠ s✐st❡♠❛s ❝❧áss✐❝♦s ❬✷✱ ✸✱ ✹❪✳ ❖s ❡❢❡✐t♦s ❞❡ ❞❡❝♦❡rê♥❝✐❛
❞❡♣❡♥❞❡♠ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦ s✐st❡♠❛ q✉â♥t✐❝♦ ❡ ♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ r❡st♦ ❞♦
✉♥✐✈❡rs♦ ♦♥❞❡ ❡stá ✐♥s❡r✐❞♦ ♦ s✐st❡♠❛✳ ❊♥tã♦ ❛♦ ❢❛❧❛r ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❞❡ s♣✐♥ ❡♠ ♣♦♥t♦s
q✉â♥t✐❝♦s ♥❡❝❡ss❛r✐❛♠❡♥t❡ ✐r❡♠♦s ❧✐❞❛r ❝♦♠ ♦ ♠❡✐♦ ❞♦ q✉❛❧ ❢❛③❡♠ ♣❛rt❡ ❡ss❡s ♣♦♥t♦s
q✉â♥t✐❝♦s✳

❆❧❣✉♠❛s ❞❛s té❝♥✐❝❛s ❞❡s❡♥✈♦❧✈✐❞❛s ♥❛s ú❧t✐♠❛s ❞✉❛s ❞é❝❛❞❛s ♣❛r❛ ♣r♦❞✉③✐r ♣♦♥t♦s
q✉â♥t✐❝♦s✱ ❡♠ ♣❛rt✐❝✉❧❛r ♣♦♥t♦s q✉â♥t✐❝♦s ❛✉t♦ ♦r❣❛♥✐③❛❞♦s✱ ♣❡r♠✐t❡♠ ✏✐s♦❧❛r✑ ❡❧étr♦♥s
✭♦✉ ❜✉r❛❝♦s✮ ❞❡♥tr♦ ❞❡ r❡❣✐õ❡s ♦♥❞❡ ❛ ❢✉♥çã♦ ❡♥✈❡❧♦♣❡ ❞♦ ❡❧étr♦♥ ✜❝❛ ❛❧t❛♠❡♥t❡ ❝♦♥✜♥❛❞❛
❬✺✱ ✻✱ ✼✱ ✽❪✳ ■s♦❧❛r ♥♦ s❡♥t✐❞♦ q✉❡ ♣♦❞❡ s❡ ✐♥✐❜✐r ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ♦✉tr♦ ❡❧étr♦♥ ❞❡♥tr♦ ❞❛
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✶✳ ■♥tr♦❞✉çã♦

♠❡s♠❛ r❡❣✐ã♦✳ P♦ré♠✱ ♦ ❡❧étr♦♥ ✜❝❛ ✐♠❡rs♦ ❡♠ ✉♠ ❝♦♠♣❧❡①♦ ♠❡✐♦ ❡ s✉r❣❡ ♥❛t✉r❛❧♠❡♥t❡
❛ ♣❡r❣✉♥t❛ s♦❜r❡ ❛ ❝♦❡rê♥❝✐❛ ♥❡ss❡ s✐st❡♠❛✳

❯♠❛ ✈❡③ q✉❡ s❡ ♣♦❞❡ ♣❡♥s❛r ♥❛ ♣♦ss✐❜✐❧✐❞❛❞❡ r❡❛❧ ❞❡ ❛r♠❛③❡♥❛r ✉♠ ❡❧étr♦♥ ✏✐s♦❧❛❞♦✑
❡♠ ✉♠ ♣♦♥t♦ q✉â♥t✐❝♦✱ ♦ ❝❛♠✐♥❤♦ ❛ s❡❣✉✐r é ♣❡♥s❛r ♥♦s ♣♦ssí✈❡✐s ✉s♦s q✉❡ ♣♦❞❡r✐❛ s❡
❞❛r ❛ ✉♠ s✐st❡♠❛ ❝♦♠ ♥í✈❡✐s ❞✐s❝r❡t✐③❛❞♦s ❡ q✉❡ ❝♦♥t❡♠ ✉♠ ú♥✐❝♦ ❡❧étr♦♥✳

❊♥tr❡t❛♥t♦✱ ❝♦♠ ❛ ♣r♦♣♦st❛ ❞❡ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛ ❬✾✱ ✶✶❪✱ s✉r❣❡ ✉♠❛ ♣♦ssí✈❡❧ ❛♣❧✐✲
❝❛çã♦✳ ❆ ❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛ r❡q✉❡r ✉♠ s✐st❡♠❛ ❞❡ ❞♦✐s ♥í✈❡✐s ✭♦s ✏q✉❜✐ts✑✮ q✉❡ ♣♦ss❛
s❡r ♣r❡♣❛r❛❞♦ ❝♦♠♦ ✉♠❛ s✉♣❡r♣♦s✐çã♦ q✉â♥t✐❝❛ ❞❡ ❡st❛❞♦s ✭♣♦r ✐ss♦ ❝❤❛♠❛✲s❡ ❝♦♠✲
♣✉t❛çã♦ q✉â♥t✐❝❛✮✱ ❡ ❡♥tr❡ ♦s ❝❛♥❞✐❞❛t♦s ❛ ✏q✉❜✐ts✑ ❡stá ♦ s♣✐♥ t❛♥t♦ ♥✉❝❧❡❛r ❝♦♠♦
❡❧❡trô♥✐❝♦✳

P❛r❛ q✉❡ ♣♦ss❛ s❡ ❛♣r♦✈❡✐t❛r ♦ s♣✐♥ ❝♦♠♦ ✏q✉❜✐t✑✱ ❞❡♥tr❡ ♦✉tr♦s q✉❡s✐t♦s ❬✶✶❪✱ é ♣r❡❝✐s♦
q✉❡ ❝✉♠♣r❛ ❝♦♠ ✉♠ ❧✐♠✐t❡ ❞❡ t❡♠♣♦ ❞❡ ❝♦❡rê♥❝✐❛✱ ♦ q✉❡ ♥♦s ❧❡✈❛ ❛ ✐♥❞❛❣❛r ❡s♣❡❝✐✜✲
❝❛♠❡♥t❡ s♦❜r❡ ❛ ❞❡❝♦❡rê♥❝✐❛ ❞♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s ♠❛s ♥ã♦ só ♣♦r
✐♥t❡r❡ss❡s t❡❝♥♦❧ó❣✐❝♦s ❝♦♠♦ t❛♠❜é♠ ♣❡❧❛ ♦♣çã♦ ❞❡ ❡st❛❜❡❧❡❝❡r ♦ ❧✐♠✐t❡ ❞♦ ♠✉♥❞♦ q✉â♥✲
t✐❝♦ ♥❡st❡s s✐st❡♠❛s ❬✶✷❪✳

❖ ♦❜❥❡t✐✈♦ ❞❡st❡ tr❛❜❛❧❤♦ é ❡st✉❞❛r ❞❡❝♦❡rê♥❝✐❛ ❞♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ❡♠ ♣♦♥t♦s q✉â♥t✐✲
❝♦s✱ ❛tr❛✈és ❞❛ ✐♥t❡r❛çã♦ ❝♦♠ ❢ô♥♦♥s ó♣t✐❝♦s ❡ ❛❝úst✐❝♦s✳ ❊ss❛ ❞❡❝♦❡rê♥❝✐❛ ✈❡♠ ❞♦ ❢❛t♦
❞♦ ❡❧étr♦♥ ✐♥t❡r❛❣✐r ❝♦♠ ✉♠ ❜❛♥❤♦ ❞❡ ❡♥❡r❣✐❛✿ ♦s ❢ô♥♦♥s ❞❛ r❡❞❡ ❝r✐st❛❧✐♥❛✳

❊♠❜♦r❛ q✉❛❧q✉❡r ❡st✉❞♦ ♥❛ ♠❛tér✐❛ ♣♦ss❛ ♣❛rt✐r ❞❡ ✉♠ ❝♦♠♣❧❡①♦ ❞❡t❛❧❤❡ ♠✐❝r♦s❝ó♣✐❝♦✱
♥ós ❛❞♦t❛♠♦s ❛q✉✐ ✉♠ ❡sq✉❡♠❛ ❢❡♥♦♠❡♥♦❧ó❣✐❝♦ q✉❡ ♣❛rt❡ ❞♦ ♠♦❞❡❧♦ ❈❛❧❞❡✐r❛✲▲❡❣❣❡tt✱
♣❛r❛ ♥♦s ❛♣r♦①✐♠❛r ❞♦ ♣r♦❜❧❡♠❛✳ ❆s ✈❛♥t❛❣❡♥s sã♦ q✉❡ ✉♠ ❡st✉❞♦ ❞❡st❡ t✐♣♦ ♣❡r♠✐t❡
❝❛♣t❛r ❛ ❡ssê♥❝✐❛ ❞❛ ❢ís✐❝❛ ❞♦ ♣r♦❜❧❡♠❛ s❡♠ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✐♥✈❡st✐r ✉♠ ❡♥♦r♠❡ ❡s❢♦rç♦✱
q✉❡ ♣♦ss✐✈❡❧♠❡♥t❡ s❡❥❛ ✐♥út✐❧✱ ❡♠ q✉❛♥t♦ ❛ ❝á❧❝✉❧♦s✳

❈♦♠ ❜❛s❡ ♥✐ss♦✱ s❡ ❞❡✜♥❡ ♦ r♦t❡✐r♦ ❛ s❡❣✉✐r✿ ❖ ♣r✐♠❡✐r♦ é ❝♦♥❤❡❝❡r ♦ s✐st❡♠❛ ❞❡ ❡st✉❞♦✿
♣♦♥t♦s q✉â♥t✐❝♦s✳ ❙❡❣✉✐♥❞♦ ❝♦♠ ♦ ❢❡♥ô♠❡♥♦ q✉❡ q✉❡r❡♠♦s ❡st✉❞❛r✿ ❞❡❝♦❡rê♥❝✐❛✳ ❉❡♣♦✐s
✈❡♠ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛s ❢❡rr❛♠❡♥t❛s ❛ s❡r❡♠ ✉s❛❞❛s ♥❛ ❛❜♦r❞❛❣❡♠ ❞♦ ♣r♦❜❧❡♠❛✿ ❛
❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❞♦ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s✱ q✉❡ é ❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❛ tr❛♥s❢♦r♠❛❞❛ ❞❡
❋♦✉r✐❡r ❞❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❞✐♥â♠✐❝❛ r❡t❛r❞❛❞❛ ❞♦ ❜❛♥❤♦✳ ❊ ✜♥❛❧♠❡♥t❡ ❛ ❛♣❧✐❝❛çã♦
❞❡ss❛s ❢❡rr❛♠❡♥t❛s ❛♦ ♥♦ss♦ ♣r♦❜❧❡♠❛✳

❊s♣❡❝✐✜❝❛♠❡♥t❡ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s s❡♠✐❝♦♥❞✉t♦r❡s ❛✉t♦✲
♦r❣❛♥✐③❛❞♦s✳ ❖s ♠❛t❡r✐❛✐s ❞❡ r❡❢❡rê♥❝✐❛ ❛♦s q✉❛✐s ❛♣❧✐❝❛r❡♠♦s ♥♦ss♦s ❝á❧❝✉❧♦s sã♦ ♣♦♥t♦s
q✉â♥t✐❝♦s ❞❡ ■♥❆s s♦❜r❡ ●❛❆s✳

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡ tr❛❜❛❧❤♦ ♣❛rt❡ ❡♥tã♦ ❝♦♠ ✉♠❛ r❡✈✐sã♦ ❜r❡✈❡ s♦❜r❡ ♦ s✐st❡♠❛
❞❡ ✐♥t❡r❡ss❡✿ ♦s ♣♦♥t♦s q✉â♥t✐❝♦s ❡ s✉❛s ♣r♦♣r✐❡❞❛❞❡s✳ ❆ s❡❣✉✐r ✐♥tr♦❞✉③✐♠♦s ♦ ❢❡♥ô♠❡♥♦
❞❡ ❞❡❝♦❡rê♥❝✐❛ ❡ ❡♠ ♣❛rt✐❝✉❧❛r✱ ❞❡❝♦❡rê♥❝✐❛ ♣♦r ❞✐ss✐♣❛çã♦✳ ◆♦ ❝❛♣ít✉❧♦ q✉❛tr♦ ❞❛r❡✲
♠♦s ✉♠❛ ♣❛ss❛❞❛ s♦❜r❡ ♦ ♣❛♥♦r❛♠❛ ❛t✉❛❧ ♣❛r❛ t❡st❛r ❢❡♥ô♠❡♥♦s ❝♦❡r❡♥t❡s ❡♠ ♣♦♥t♦s
q✉â♥t✐❝♦s✳ ■st♦ ❝♦♠ ♦❜❥❡t♦ ❞❡ ✜①❛r ✉♠ ♣♦♥t♦ ❞❡ r❡❢❡rê♥❝✐❛ ❡ ❝♦♥❤❡❝❡r ❛s ❧✐♠✐t❛çõ❡s

✷



✶✳ ■♥tr♦❞✉çã♦

❡①♣❡r✐♠❡♥t❛✐s ❛t✉❛✐s ♣❛r❛ ✈❡r✐✜❝❛r ❛ ✈❛❧✐❞❛❞❡ ❞♦ ♥♦ss♦ r❡s✉❧t❛❞♦✳
❖ ❝❛♣ít✉❧♦ ❝✐♥❝♦ ❝♦♥t❡♠ ❛s ❢❡rr❛♠❡♥t❛s s♦❜r❡ ❞✐ss✐♣❛çã♦ ❡♠ s✐st❡♠❛s ❞❡ ❞♦✐s ♥í✈❡✐s✱

❞❛s q✉❛✐s ❢❛r❡♠♦s ✉s♦✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ♠♦str❛ ♦ r❛❝✐♦❝í♥✐♦ q✉❡ ❝♦♥❞✉③ à ❢✉♥çã♦ ❡s♣❡❝tr❛❧
❞❛ q✉❛❧ ❢❛r❡♠♦s ✉s♦ ♥♦ ❝❛♣ít✉❧♦ s❡✐s ♣❛r❛ r❡s♣♦♥❞❡r ❛ q✉❡stã♦ s♦❜r❡ ❛ ❞❡❝♦❡rê♥❝✐❛ ❞♦
s♣✐♥ ❡❧❡trô♥✐❝♦ ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s✳

✸



2. Pontos Quânticos

❖s ♣♦♥t♦s q✉â♥t✐❝♦s ✭◗❉✱ ❞♦ ✐♥❣❧ês ◗✉❛♥t✉♠ ❉♦ts✮ sã♦ ❡str✉t✉r❛s ③❡r♦ ❞✐♠❡♥s✐♦♥❛✐s
✭✵❉✮ ❝r✐❛❞❛s ♣❡❧♦ ❝♦♥✜♥❛♠❡♥t♦ ❡❧❡trô♥✐❝♦ ♥❛s três ❞✐r❡çõ❡s ❡s♣❛❝✐❛✐s✳ ❚❛✐s ❡str✉t✉r❛
❝♦♠♣♦rt❛♠✲s❡ ❝♦♠♦ át♦♠♦s ❛rt✐✜❝✐❛✐s ♦♥❞❡ ♦ ♣♦t❡♥❝✐❛❧ ❞♦ ♥ú❝❧❡♦ é s✉❜st✐t✉í❞♦ ♣❡❧♦
♣♦t❡♥❝✐❛❧ ❞❡ ❝♦♥✜♥❛♠❡♥t♦✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ❢♦rt❡ q✉❛♥t✐③❛çã♦ ❞♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛✳
❆t✉❛❧♠❡♥t❡ ❝♦♥❤❡❝❡♠♦s ✈ár✐♦s t✐♣♦s ❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s✱ ♦s q✉❛✐s sã♦ ♦❜t✐❞♦s ✉t✐✲

❧✐③❛♥❞♦ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❝♦♠♦ ♠ét♦❞♦s q✉í♠✐❝♦s ❬✶✸✱ ✶✹❪✱ té❝♥✐❝❛s ❧✐t♦❣rá✜❝❛s ❬✶✺❪ ♦✉
♠❡❞✐❛♥t❡ ♦s ♣r♦❝❡ss♦s ❞❡ ▼❇❊ ✭❞♦ ✐♥❣❧ês ▼♦❧❡❝✉❧❛r ❇❡❛♠ ❊♣✐t❛①②✮ ❬✶✻❪ ❡ ▼❖❈❱❉
✭❞♦ ✐♥❣❧ês ▼❡t❛❧✲❖r❣❛♥✐❝ ❈❤❡♠✐❝❛❧ ❱❛♣♦r ❉❡♣♦s✐t✐♦♥✮ ❬✶✽❪✳ ❉❡♣❡♥❞❡♥❞♦ ❞♦ ♣r♦❝❡ss♦ ❞❡
❢❛❜r✐❝❛çã♦ ♦s t❛♠❛♥❤♦s ❞♦s ◗❉s ✈❛r✐❛♠ ❡♥tr❡ ❞❡③❡♥❛s ❡ ❝❡♥t♦s ❞❡ ♥❛♥♦♠❡tr♦s ❬✶✱ ✶✼❪✱
s❡♥❞♦ ♦s ❧✐t♦❣rá✜❝♦s ♦s ❞❡ ♠❛✐♦r t❛♠❛♥❤♦ ✭t❛♠❛♥❤♦ tí♣✐❝♦ ❝❛r❛❝t❡ríst✐❝♦ s❞❡ ✶✵✵♥♠✮✳
❖s ❝❤❛♠❛❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s ❛✉t♦✲❢♦r♠❛❞♦s ✭❙❆◗❉s✱ ❞♦ ✐♥❣❧ês ❙❡❧❢✲❆ss❡♠❜❧❡❞ ◗✉❛♥✲

t✉♠ ❉♦ts✮✱ sã♦ ♣r♦❞✉③✐❞♦s ♣♦r ▼❇❊ ♦✉ ▼❖❈❱❉ ❝♦♠ ❝❡♥t❡♥❛s ❞❡ ❆♥❣str♦♥s ❞❡ ❜❛s❡
❡ ❞❡③❡♥❛s ❞❡ ❆♥❣str♦♥s ❞❡ ❛❧t✉r❛ ✭❝♦♠ ❞✐str✐❜✉✐çã♦ ❞❡ t❛♠❛♥❤♦s ❞❡ ✺✲✶✵✪✮✳ ◆❡st❡
tr❛❜❛❧❤♦ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦s ❙❆◗❉s✳
◆♦s ú❧t✐♠♦s ❛♥♦s✱ ♦s ❙❆◗❉s tê♠ ❞❡s♣❡rt❛❞♦ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♥♦s â♠❜✐t♦s ❝✐❡♥tí✜✲

❝♦s ♣♦r s✉❛s ♣♦ssí✈❡✐s ❛♣❧✐❝❛çõ❡s t❡❝♥♦❧ó❣✐❝❛s✱ ❡♥tr❡ ❛s q✉❛✐s ❡stã♦ s✉❛ ✉t✐❧✐③❛çã♦ ♥❛
❢❛❜r✐❝❛çã♦ ❞❡ ❧❛s❡rs ❞❡ ❛❧t❛ t❡♠♣❡r❛t✉r❛ ❬✶✵❪✱ ♦✉ s✉❛ ✐♠♣❧❡♠❡♥t❛çã♦ ♥❛ ♣r♦♠❡ss❛ ❢✉✲
t✉r❛ ❞❡ ✉♠❛ ♥♦✈❛ ❢♦r♠❛ ❞❡ ❝♦♠♣✉t❛çã♦✱ ❛ ❝❤❛♠❛❞❛ ✏❝♦♠♣✉t❛çã♦ q✉â♥t✐❝❛✑ ❬✶✶❪✱ ♦♥❞❡
♣♦ss❛♠✲s❡ ❛♣r♦✈❡✐t❛r ❛s ✈❛♥t❛❣❡♥s q✉❡ ♦ ♠✉♥❞♦ q✉â♥t✐❝♦ ♦❢❡r❡❝❡✳ P♦ré♠✱ ❛s té❝♥✐❝❛s
✉t✐❧✐③❛❞❛s ♣❛r❛ ♣r♦❞✉③✐r ◗❉s ♥ã♦ ♣❡r♠✐t❡♠ ✉♠❛ ❤♦♠♦❣❡♥❡✐❞❛❞❡ ♥♦ q✉❡ ❞✐③ r❡s♣❡✐t♦ ❞❡
s❡✉s t❛♠❛♥❤♦s ❡ ✐ss♦ é r❡✢❡t✐❞♦ ❞✐r❡t❛♠❡♥t❡ ♥❛s ❡♥❡r❣✐❛s ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ❞❛✐
q✉❡ ♠❡s♠♦ q✉❡ s❡❥❛♠ ♣♦t❡♥❝✐❛❧♠❡♥t❡ út❡✐s ❢❛❧t❛ ❛✐♥❞❛ ✉♠ ❝❛♠✐♥❤♦ ❛ s❡❣✉✐r ♣❛r❛ ❧♦❣r❛r
♦ ❛♣r♦✈❡✐t❛♠❡♥t♦ ❞❛s s✉❛s ❝❛r❛❝t❡ríst✐❝❛s✳
❖s ❙❆◗❉s s❡ ❢♦r♠❛♠ ❞❛ ❞❡♣♦s✐t❛çã♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ s♦❜r❡ ✉♠ s✉❜str❛t♦ ❝♦♠ ✉♠

♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❞✐❢❡r❡♥t❡ ❬✶✾❪✳ ❈♦♠ ♦❜❥❡t♦ ❞❡ ♠✐♥✐♠✐③❛r ❡♥❡r❣✐❛✱ ♦ ♠❛t❡r✐❛❧ ❞❡✲
♣♦s✐t❛❞♦ ❢♦r♠❛ ✉♠❛ s✉♣❡r❢í❝✐❡ r✉❣♦s❛✱ ❝✉❥♦ ❝r❡s❝✐♠❡♥t♦ é ❧✐♠✐t❛❞♦ ♣❡❧♦ ❜❛❧❛♥ç♦ ❡♥tr❡ ♦
❣❛♥❤♦ ♥❛ ❡♥❡r❣✐❛ ❡❧ást✐❝❛✱ ❞❡✈✐❞♦ à r❡❧❛①❛çã♦ ❞♦ ❝❛♠♣♦s ❞❡ t❡♥sã♦ ❞♦ ♠❛t❡r✐❛❧ ♥❡ss❛s
r✉❣♦s✐❞❛❞❡s ❡ ♦ ❝✉st♦ ❛❞✐❝✐♦♥❛❧ ♥❛ ❡♥❡r❣✐❛ ❞❡ s✉♣❡r❢í❝✐❡ ❬✷✵❪✳
◆❡st❡ t✐♣♦ ❞❡ ◗❉ ❡①✐st❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛r♠❛③❡♥❛r ✉♠ ú♥✐❝♦ ❡❧étr♦♥ ♣♦r ♣♦♥t♦

q✉â♥t✐❝♦ ❝♦♠ r❡❧❛t✐✈❛ ❢❛❝✐❧✐❞❛❞❡✳ ❆❧é♠ ❞✐ss♦✱ ❡s♣❡r❛✲s❡ q✉❡ ❝♦♠ té❝♥✐❝❛s ❞❡ r❡ss♦♥â♥❝✐❛

✹
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❞❡ s♣✐♥s ♣♦ss❛✲s❡ ♠❛♥✐♣✉❧❛r ♦ s♣✐♥ ❞♦ ❡❧étr♦♥✱ ❝♦♥st✐t✉✐♥❞♦✲s❡ ✉♠ s✐st❡♠❛ ❞❡ ❞♦✐s ♥í✈❡✐s
♠❛♥✐♣✉❧á✈❡❧✱ ❛ s❡♠❡❧❤❛♥ç❛ ❞♦ s♣✐♥ ♥✉❝❧❡❛r✳ ➱ ♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ♥♦ss♦ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦✳

❆ ❡♥❡r❣✐❛ ❞♦ ❡❧étr♦♥ ❝♦♥✜♥❛❞♦ ❡♠ ✉♠ ❙❆◗❉ é ❢♦rt❡♠❡♥t❡ q✉❛♥t✐③❛❞❛✳ ❊ é ❥✉st❛♠❡♥t❡
❡st❛ ♣r♦♣r✐❡❞❛❞❡ q✉❡ ❧❡✈❛ ❛ ♣❡♥s❛r ❡♠ s✉❛ ❛♣❧✐❝❛çã♦ ❡♠ ❞✐s♣♦s✐t✐✈♦s ó♣t✐❝♦s✳ ❊♠ ✉♠❛
❡str✉t✉r❛ tí♣✐❝❛ ❝♦♠ ❞✐♠❡♥sõ❡s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❞❡③❡♥❛s ❞❡ ♥❛♥♦♠❡tr♦s✱ ❛ ❞✐stâ♥❝✐❛
❡♥tr❡ ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ♣ró①✐♠♦s é ❞❛ ♦r❞❡♠ ❞❡ ❛❧❣✉♥s ♠❡❱✳ ❊st❛ q✉❛♥t✐③❛çã♦ ❞❛ ❡♥❡r❣✐❛
❞♦ s✐st❡♠❛ é ❞✐r❡t❛♠❡♥t❡ r❡✢❡t✐❞❛ ♥❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ✭❉❖❙✮ ❬✶✱ ✷✶❪✳

❉❡♣❡♥❞❡♥❞♦ ❞♦ ♠ét♦❞♦ ❞❡ ❢❛❜r✐❝❛çã♦ ✉s❛❞♦ ♣❛r❛ ❝r✐❛r ♦ ◗❉✱ ♦ ♣♦t❡♥❝✐❛❧ ❧❛t❡r❛❧ ❞❡
❝♦♥✜♥❛♠❡♥t♦ ♣♦❞❡✲s❡ ❛♣r♦①✐♠❛r ❞❡ ❞✐❢❡r❡♥t❡s ♠❛♥❡✐r❛s✳ ❖ ❝♦♥✜♥❛♠❡♥t♦ ✈❡rt✐❝❛❧ s❡
❛♣r♦①✐♠❛ ❝♦♠♦ ✉♠ ♣♦ç♦ q✉❛❞r❛❞♦✳ ◆♦ ❝❛s♦ ❞♦s ◗❉s ❧✐t♦❣rá✜❝♦s ♠❛✐♦r❡s✱ ♦ ♣♦t❡♥❝✐❛❧
❧❛t❡r❛❧ é ♠✉✐t♦ ♣❛r❡❝✐❞♦ ❝♦♠ ✉♠ ♣♦ç♦ r❡t❛♥❣✉❧❛r✳ ◆♦ ❝❛s♦ ❞♦s ❙❆◗❉s ♦♥❞❡ ♦ s❡✉ r❛✐♦ é
❝♦♠♣❛rá✈❡❧ ❝♦♠ ♦ ❝♦♠♣r✐♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❛ ✈❛r✐❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❧❛t❡r❛❧ ♣❡rt♦ ❞❛
❜♦r❞❛✱ ♣♦❞❡✲s❡ ❛♣r♦①✐♠❛r ❝♦♠♦ ✉♠ ♣♦t❡♥❝✐❛❧ ♣❛r❛❜ó❧✐❝♦✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣♦t❡♥❝✐❛❧ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ ✈❡rt✐❝❛❧ ♠✉✐t♦ ♠❛✐s ❢♦rt❡ q✉❡ ♦ ♣♦t❡♥❝✐❛❧
❞❡ ❝♦♥✜♥❛♠❡♥t♦ ❧❛t❡r❛❧✱ t❛❧ q✉❡ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ✈❡rt✐❝❛❧ ❡st❡❥❛ ✏❝♦♥❣❡❧❛❞❛✑ ♦ ♠♦✈✐♠❡♥t♦
❞❡ ✉♠ ❡❧étr♦♥ ♥❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦ ❡♠ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦
♣❡r♣❡♥❞✐❝✉❧❛r ❬✷✷❪ s❡ ❞❡s❝r❡✈❡ ❝♦♠ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ❋♦❝❦✲❉❛r✇✐♥✿

HE =
1

2m∗

[

p2 − e

c
~A
]2

+ V (r) ✭✷✳✶✮

=
p2

2m∗ − ωc

2
Lz +

m∗

2
ω̃2
(

x2 + y2
)

,

m∗ é ❛ ♠❛ss❛ ❡❢❡t✐✈❛✳ ◆♦ ❝❛s♦ ❞♦ ❡❧étr♦♥ ❝♦♥✜♥❛❞♦ ♥❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ✉♠
❙❆◗❉ ❞❡ ■♥❆s✴●❛❆s✱ ❡st❛ ♠❛ss❛ é ❞❛ ♦r❞❡♠ ❞❡ 0.1me ✭me é ❛ ♠❛ss❛ ❞♦ ❡❧étr♦♥✮✳ ❆s
❛✉t♦✲❡♥❡r❣✐❛s ❝♦rr❡s♣♦♥❞❡♥t❡s à ❍❛♠✐❧t♦♥✐❛♥❛ ✭❡q✳ ✷✳✶✮ sã♦

E = ~ω̃ (n+m+ 1) +
~ωc

2
(n−m) ✭✷✳✷✮

❡ ❛✉t♦✲❡st❛❞♦s

|n,m >=
(a†d)

n(a†g)m

√
n!m!

|0, 0 >, ✭✷✳✸✮

a†d ❡ a†g sã♦ ♦♣❡r❛❞♦r❡s ❞❡ ❝r✐❛çã♦ ❞❡ q✉❛♥t❛ ❞❡ ❝✐r❝✉❧❛çã♦ ♣❛r❛ ❞✐r❡✐t❛ ❡ ♣❛r❛ ❡sq✉❡r❞❛
r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊❧❡s sã♦ ❞❡✜♥✐❞♦s ❛ ♣❛rt✐r ❞♦s ♦♣❡r❛❞♦r❡s ❡s❝❛❞❛ ❞❛ s❡❣✉✐♥t❡ ♠❛♥❡✐r❛✱

✺
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ax =

(

√

m∗ω̃
2~

x+ i px√
2m∗ω̃~

)

; a†x =

(

√

m∗ω̃
2~

x− i px√
2m∗ω̃~

)

ay =

(

√

m∗ω̃
2~

y + i
py√

2m∗ω̃~

)

; a†y =

(

√

m∗ω̃
2~

y − i
py√

2m∗ω̃~

) ✭✷✳✹✮

ad = 1√
2
(ax − iay) ; a†d = 1√

2

(

a†x + ia†y
)

; N = a†dad

ag = 1√
2
(ax + iay) ; a†g = 1√

2

(

a†x − ia†y
)

; M = a†gag

✭✷✳✺✮

N ❡ M sã♦ ♦♣❡r❛❞♦r❡s ♥ú♠❡r♦✳ ωc ❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❈í❝❧♦tr♦♥✱ ♥❛ q✉❛❧ ❡stá ❝♦♥t✐❞❛
❛ ❞❡♣❡♥❞ê♥❝✐❛ ❝♦♠ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱

ωc =
eB

m∗c
, ✭✷✳✻✮

❡

ω̃ =

√

(ωc

2

)2
+ ω2

0. ✭✷✳✼✮

❊♠ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❛ ❢r❡qüê♥❝✐❛ ❞❡♣❡♥❞❡ só ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❝♦♥✜♥❛✲
♠❡♥t♦ ω0 ❞♦ ❙❆◗❉✱ ♥❛ ♠❡❞✐❞❛ q✉❡ ♦ ❝❛♠♣♦ ❛✉♠❡♥t❛✱ ❡ss❛ ❞❡♣❡♥❞ê♥❝✐❛ s❡ ❢❛③ ❝❛❞❛ ✈❡③
♠❡♥♦r ❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛❞q✉✐r❡ ♠❛✐♦r r❡❧❡✈â♥❝✐❛✳
❆ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ψ (r) ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ ♦s❝✐❧❛❞♦r ❤❛r♠ô♥✐❝♦ ❜✐❞✐♠❡♥s✐♦♥❛❧

é

R0,0 (r) = e−(r2/2ℓ2) ✭✷✳✽✮

♦♥❞❡ ℓ =
√

~

2m∗ω0
é ♦ ❝♦♠♣r✐♠❡♥t♦ ❛ss♦❝✐❛❞♦ ❛♦ ❝♦♥✜♥❛♠❡♥t♦ ❧❛t❡r❛❧✳ ❊st❛ q✉❛♥✲

t✐❞❛❞❡ é ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♣♦rq✉❡ ✈❛✐ s❡r ❡❧❛ q✉❡♠ ❞❡t❡r♠✐♥❛ s❡ ♦ ♣♦♥t♦ q✉â♥t✐❝♦ é
❣r❛♥❞❡ ♦✉ ♣❡q✉❡♥♦✳ P❛r❛ ℓ ❣r❛♥❞❡✱ ❛ ❢r❡qüê♥❝✐❛ ω0 é ♣❡q✉❡♥❛✱ ♥❛ ♠❡❞✐❞❛ q✉❡ ℓ ✈❛✐
❞✐♠✐♥✉✐♥❞♦ ❛ ❢r❡qüê♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛ ✈❛✐ ❛✉♠❡♥t❛♥❞♦✳ P❛r❛ ❙❆◗❉s ❞❡ ■♥●❛❆s✱ ❛
❡♥❡r❣✐❛ ❝❛r❛❝t❡ríst✐❝❛ é ❞❡ 30meV ♣❛r❛ ✉♠ ❝♦♠♣r✐♠❡♥t♦ ❛ss♦❝✐❛❞♦ ❞❡ ℓ ∼ 35➴.
❖✉tr❛ ❝❛r❛❝t❡ríst✐❝❛ ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s ♦❜t✐❞♦s ♣♦r ❛✉t♦ ♦r❣❛✲

♥✐③❛çã♦ ❡ ❞❡ ❞✐♠❡♥sõ❡s ❝❛r❛❝t❡ríst✐❝❛s ♣❡q✉❡♥❛s ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ♦ ❝♦♥tr♦❧❡ ♥❛
❝♦❧♦❝❛çã♦ ❞❡ ✉♠ ú♥✐❝♦ ❡❧étr♦♥ ♣♦r ♣♦♥t♦ q✉â♥t✐❝♦✱ ❛tr❛✈és ❞♦ ❢❡♥ô♠❡♥♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠
❈♦✉❧♦♠❜ ❇❧♦❝❦❛❞❡ ❬✺✱ ✻✱ ✼✱ ✽❪✳ ❊♠ ✉♠❛ s✐t✉❛çã♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ ♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ ❞♦
◗❉ é ✐❣✉❛❧ ❛♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ ❞♦ ♠❡✐♦ ♦♥❞❡ ❡stá ❝♦♥t✐❞♦✱ ❡ ♥ã♦ ❤á tr❛♥s❢❡rê♥❝✐❛ ❞❡
❝❛r❣❛ ❞❡ ✉♠ s✐st❡♠❛ ♣❛r❛ ♦ ♦✉tr♦✳ P❛r❛ ❛❞✐❝✐♦♥❛r ✉♠ s❡❣✉♥❞♦ ❡❧étr♦♥ ❛♦ ◗❉ s❡ ♣r❡✲
❝✐s❛ ❡❧❡✈❛r ♦ ♣♦t❡♥❝✐❛❧ q✉í♠✐❝♦ ♥♦ ◗❉ ♣♦r ✉♠❛ q✉❛♥t✐❞❛❞❡ ✐❣✉❛❧ à ❡♥❡r❣✐❛ ❞❡ ❈♦✉❧♦♠❜
❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ❞♦✐s ❡❧étr♦♥s ❝♦♥✜♥❛❞♦s ❛❧✐✱ ♦ q✉❛❧ ♣♦❞❡ s❡ ❝♦♥tr♦❧❛r ❛tr❛✈és ❞❛
❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦✳ ❆ ✐♥t❡r❛çã♦ ❞❡ ❈♦✉❧♦♠❜ ❞❡♣❡♥❞❡ ❞♦ ✐♥✈❡rs♦ ❞❛ ❞✐✲

✻



✷✳ P♦♥t♦s ◗✉â♥t✐❝♦s

♠❡♥sã♦ tr❛♥s✈❡rs❛❧ ❞♦ ◗❉ ❡♥q✉❛♥t♦ q✉❡ ♦ ❣r❛✉ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ q✉â♥t✐❝♦ ❞❡♣❡♥❞❡ ❞♦
✐♥✈❡rs♦ ❞♦ q✉❛❞r❛❞♦ ❞❡ss❛ ❞✐♠❡♥sã♦✳ P♦rt❛♥t♦✱ ♥♦ r❡❣✐♠❡ ❞❡ ❣r❛♥❞❡s ❞✐♠❡♥sõ❡s ❞❡ ◗❉s
t❡♠♦s ♦s ❡❢❡✐t♦s ❈♦✉❧♦♠❜✐❛♥♦s ♣r❡✈❛❧❡❝❡♥❞♦ ❡ ♣❛r❛ ♣❡q✉❡♥❛s ❞✐♠❡♥sõ❡s ♦ ❝♦♥✜♥❛♠❡♥t♦
q✉â♥t✐❝♦ ♣r❡✈❛❧❡❝❡✳ ❊♠ ❙❆◗❉s ❞❡ ■♥●❛❆s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ℓ = 35meV ✱ Vc = 0.4eV.

❆s ♣r♦♣r✐❡❞❛❞❡s ❞❡s❝r✐t❛s ❛♥t❡r✐♦r♠❡♥t❡ ❢❛③❡♠ ❝♦♠ q✉❡ ❡st❡s s✐st❡♠❛s ❡st❡❥❛♠ s❡♥❞♦
♠✉✐t♦ ❡st✉❞❛❞♦s ♥❛ ❛t✉❛❧✐❞❛❞❡✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ♥❡st❡ tr❛❜❛❧❤♦ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ♥♦
❢❡♥ô♠❡♥♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❞♦ s♣✐♥ ❞❡ss❡s ✏ú♥✐❝♦s ❡❧étr♦♥s✑ ❝♦♥✜♥❛❞♦s ♥♦s ◗❉s✳ ❊♥tã♦✱ ❛
❝♦♥t✐♥✉❛çã♦ ❢❛r❡♠♦s ✉♠❛ ❜r❡✈❡ ❞✐s❝✉ssã♦ s♦❜r❡ ❞❡❝♦❡rê♥❝✐❛✳

✼



3. Decoerência

P❛r❛ ❢❛❧❛r ❡♠ ❞❡❝♦❡rê♥❝✐❛ ♥❡❝❡ss✐t❛♠♦s ❧❡♠❜r❛r ♦ ♣r✐♠❡✐r♦ ♣♦st✉❧❛❞♦ ❞❛ ♠❡❝â♥✐❝❛ q✉â♥✲
t✐❝❛✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❡ss❡ ♣♦st✉❧❛❞♦✱ ♦s ❡st❛❞♦s ❞❡ ✉♠ s✐st❡♠❛ ❢ís✐❝♦ ♣❡rt❡♥❝❡♠ ❛ ✉♠
❡s♣❛ç♦ ❧✐♥❡❛r ❡ ♣♦rt❛♥t♦ s❡ s✉♣❡r♣õ❡♠ ❧✐♥❡❛r♠❡♥t❡✳ ❖s ❡st❛❞♦s ❞❡ ✉♠ s✐st❡♠❛ q✉â♥t✐❝♦
❡✈♦❧✉❡♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✱

i~
d

dt
|ψ〉 = H |ψ〉 . ✭✸✳✶✮

❖✉ s❡❥❛✱ ❞❛❞♦ ✉♠ ❡st❛❞♦ ✐♥✐❝✐❛❧ ❞♦ s✐st❡♠❛ ❡ s✉❛ ❍❛♠✐❧t♦♥✐❛♥❛ H✱ ♣♦❞❡✲s❡ ❝❛❧❝✉❧❛r ♦
❡st❛❞♦ ♣❛r❛ q✉❛❧q✉❡r t❡♠♣♦ ❞❡♣♦✐s✳ ❊ ❞❛❞❛✱ q✉❛s❡ q✉❛❧q✉❡r ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ✶ ♦ s✐st❡♠❛
❞❡s❝r✐t♦ ♣♦r |ψ〉 ❡✈♦❧✉✐ ♥✉♠ ❡st❛❞♦ q✉❡ ❝♦♥t❡♠ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♠✉✐t❛s ❛❧t❡r♥❛t✐✈❛s q✉❡
♥♦ ♠✉♥❞♦ ❝❧áss✐❝♦ ♥ã♦ ♣♦❞❡♠ ❝♦✲❡①✐st✐r✿ ✉♠❛ s✉♣❡r♣♦s✐çã♦ ❧✐♥❡❛r ❞❡ ❡st❛❞♦s✳ ▼❛s✱ q✉❛❧
❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ s❡ ♦❜s❡r✈❛r ✉♠ ❞❡ss❡s ❡st❛❞♦s❄

❈♦♥s✐❞❡r❡♠♦s ✭♣♦r s✐♠♣❧✐❝✐❞❛❞❡✮ ✉♠ s✐st❡♠❛ ❞❡ ❞♦✐s ♥í✈❡✐s ❝✉❥♦s ❛✉t♦✲❡st❛❞♦s sã♦ |a〉
❡ |b〉✱ ❡ ❝✉❥❛s ❡♥❡r❣✐❛s sã♦ Ea ❡ Eb r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❈♦♠♦ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ✈❛♠♦s ✐♠♣♦r
q✉❡ ♦s s✐st❡♠❛ ❢♦✐ ♣r❡♣❛r❛❞♦ ♥♦ ❡st❛❞♦ |ψ〉 = α |a〉 + β |b〉 ❡ ❞❡✜♥✐♠♦s s❡✉ ♦♣❡r❛❞♦r
❞❡♥s✐❞❛❞❡ ❝♦♠♦

ρ = |ψ〉 〈ψ|
= |α|2 |a〉 〈a| + |β|2 |b〉 〈b| ✭✸✳✷✮
+ 2Re (αβ∗ |a〉 〈b|) .

❖ r❡s✉❧t❛❞♦ ❛♥t❡r✐♦r ❝♦♥t❡♠ ✉♠ t❡r♠♦ ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ ❡♥tr❡ ♦ ❡st❛❞♦ |a〉 ❡ ♦ ❡st❛❞♦
|b〉 q✉❡ ❝❧áss✐❝❛♠❡♥t❡ ♥ã♦ ❡①✐st❡ ❡ q✉❡ ❡♥q✉❛♥t♦ ♦ s✐st❡♠❛ ❡st❡❥❛ ✏✐s♦❧❛❞♦✑ ✐rá ♠❛♥t❡r
♦s❝✐❧❛♥t❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❡♥❝♦♥tr❛r ♦ s✐st❡♠❛ ❡♠ ✉♠ ❞♦s ❛✉t♦✲❡st❛❞♦s✳ ❉✐③❡♠♦s ❡♥tã♦✱
q✉❡ ♦ s✐st❡♠❛ é ❝♦❡r❡♥t❡ s❡♠♣r❡ q✉❡ ❛♣r❡s❡♥t❡ ❡ss❡ ❢❡♥ô♠❡♥♦ ❞❡ ✐♥t❡r❢❡rê♥❝✐❛✱ q✉❡ ♦
❞✐❢❡r❡♥❝✐❛ ❞❡ q✉❛❧q✉❡r s✐st❡♠❛ ❝❧áss✐❝♦✳

❖ ♣r♦❝❡ss♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ✐♥❞✉③ ❛ tr❛♥s✐çã♦ ❞❡s❞❡ ♦ ♠✉♥❞♦ q✉â♥t✐❝♦ ❛♦ ♠✉♥❞♦ ❝❧áss✐❝♦
✶❆ r❡str✐çã♦ ❡stá ❡♠ q✉❡ ❛ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ♥ã♦ ♣♦❞❡ s❡r ❛✉t♦✲❡st❛❞♦ ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛✳
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✸✳ ❉❡❝♦❡rê♥❝✐❛

❋✐❣✉r❛ ✸✳✶✳✿ ❉♦✐s ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦s ❝♦❡r❡♥t❡s✱ ❡♠ ✉♠ ♣♦t❡♥❝✐❛❧ ❤❛r♠ô♥✐❝♦✳

❞❡str✉✐♥❞♦ ❛ ✐♥t❡r❢❡rê♥❝✐❛✱ ❛s ❝♦rr❡❧❛çõ❡s q✉â♥t✐❝❛s✳ ❈♦♥✈❡rt❡ ❛ s✉♣❡r♣♦s✐çã♦ ❧✐♥❡❛r ❞❡
❡st❛❞♦s ❡♠ ✉♠❛ ♠✐st✉r❛ ❝❧áss✐❝❛✱ ❛tr❛✈és ❞❡ ❞✐❢❡r❡♥t❡s ♠❡❝❛♥✐s♠♦s ❝♦♠♦ ❛ ✐♥t❡r❛çã♦
❝♦♠ ✉♠ ♠❡✐♦ ♦✉ ❝♦♠ ♦✉tr♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ s✐st❡♠❛✳

P❛r❛ r❡♣r❡s❡♥t❛r ❣r❛✜❝❛♠❡♥t❡ ♦ ❞❡s❛♣❛r❡❝✐♠❡♥t♦ ❞❛ ✐♥t❡r❢❡rê♥❝✐❛✱ ♣❡♥s❡♠♦s ❡♠ ❞♦✐s
♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦s ❧♦❝❛❧✐③❛❞♦s ❡♠ ✉♠ ♣♦t❡♥❝✐❛❧ ❤❛r♠ô♥✐❝♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧✳
❖✉ s❡❥❛✱ ♦ ❡st❛❞♦ ✐♥✐❝✐❛❧ é ❛ s♦♠❛ ❞❡ ❞♦✐s ❡st❛❞♦s ❝♦❡r❡♥t❡s ❡ s✉❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧
❡stá ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❡ ♦ ♣♦t❡♥❝✐❛❧ ❤❛r♠ô♥✐❝♦✳ ❈♦♠♦ ♦❜s❡r✈❛♠♦s
♥❛ ✜❣✉r❛ ✸✳✶✱ q✉❛♥❞♦ ♦s ❞♦✐s ♣❛❝♦t❡s s❡ ❛♣r♦①✐♠❛♠ ❡s♣❛❝✐❛❧♠❡♥t❡✱ s❡ ❝r✐❛ ✉♠ ♣❛❞rã♦
❞❡ ✐♥t❡r❢❡rê♥❝✐❛✳ ❯♠❛ ✈❡③ q✉❡ ❛ ❝♦❡rê♥❝✐❛ ❞♦ s✐st❡♠❛ ❞❡s❛♣❛r❡❝❡ ♦ ♣❛❞rã♦ t❛♠❜é♠
❞❡s❛♣❛r❡❝❡ ❞❛♥❞♦ ♣❛ss♦ ❛s ♣r♦❜❛❜✐❧✐❞❛❞❡s ❝❧áss✐❝❛s✱ ✜❣✉r❛ ✸✳✷✳ P❛r❛ ♠❛✐♦r ❝❧❛r✐❞❛❞❡✱ ♥❛
s❡❣✉✐♥t❡ s❡çã♦ ❡①❛♠✐♥❛r❡♠♦s ❝♦♠ ❝✉✐❞❛❞♦ ❡ss❡ ❡①❡♠♣❧♦ ❜❛s❡❛❞♦ ♥❛s r❡❢✳ ❬✷❪ ❡ ❬✸✼❪✳

3.1. Decoerência e Dissipação

❈♦♠ ♦ ♦❜❥❡t♦ ❞❡ ❡s❝❧❛r❡❝❡r ❛ ❧✐❣❛çã♦ ❡♥tr❡ ❞❡❝♦❡rê♥❝✐❛ ❡ ❞✐ss✐♣❛çã♦ ❝♦♥s✐❞❡r❡♠♦s ✉♠
✉♥✐✈❡rs♦ ❝♦♠♣♦st♦ ♣♦r ✉♠❛ ♣❛rtí❝✉❧❛ s✉❥❡✐t❛ ❛ ✉♠ ♣♦t❡♥❝✐❛❧ ❤❛r♠ô♥✐❝♦✱ ❞❡s❝r✐t❛ ♥❛ ❜❛s❡

✾



✸✳ ❉❡❝♦❡rê♥❝✐❛

❋✐❣✉r❛ ✸✳✷✳✿ ▼✐st✉r❛ ❡st❛tíst✐❝❛ ❞❡ ❞♦✐s ♣❛❝♦t❡s ❞❡ ♦♥❞❛ ❣❛✉ss✐❛♥♦s ❡♠ ✉♠ ♣♦t❡♥❝✐❛❧
❤❛r♠ô♥✐❝♦✳

✶✵



✸✳ ❉❡❝♦❡rê♥❝✐❛

❞❡ ❡st❛❞♦s {|α >} , ❡ ✉♠ s❡✉ ♠❡✐♦ ❛♠❜✐❡♥t❡ ❝♦♠♣♦st♦ ♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♦s❝✐❧❛❞♦r❡s
❤❛r♠ô♥✐❝♦s ❬✷✸✱ ✷✹❪✳ P♦r s✐♠♣❧✐❝✐❞❛❞❡✱ ✈❛♠♦s ❝♦♥s✐❞❡r❛r T = 0 ❡ ❛ss✉♠✐r q✉❡ ♦ s✐st❡♠❛
❡ s❡✉ ♠❡✐♦ ✐♥t❡r❛❣❡♠ ❢r❛❝❛♠❡♥t❡✳

◆♦ ✐♥st❛♥t❡ t = 0 ✈❛♠♦s s✉♣♦r q✉❡ ♦ ♠❡✐♦ ❛♠❜✐❡♥t❡ ❡ ♦ s✐st❡♠❛ ♥ã♦ ✐♥t❡r❛❣❡♠✱ ❡♥tã♦
♦ ❡st❛❞♦ ❞♦ ✉♥✐✈❡rs♦ s❡ ❡s❝r❡✈❡ ❝♦♠♦ ♦ ♣r♦❞✉t♦ t❡♥s♦r✐❛❧ ❞♦ ❡st❛❞♦ ❞♦ s✐st❡♠❛ ❡ ❛ ❜❛s❡
❞♦ ❝♦♥❥✉♥t♦ ❞❡ ♦s❝✐❧❛❞♦r❡s |U >= |Sistema > ⊗|Banho >=| ψ > ⊗|n1n2 · ·· >, ♦♥❞❡
|n1n2 · ·· > r❡♣r❡s❡♥t❛ ♦ ❡st❛❞♦ ❞♦s ♦s❝✐❧❛❞♦r❡s ❞♦ ❜❛♥❤♦ ❡ | ψ > ♦ s✐st❡♠❛✳

❈♦♠♦ ❡st❛❞♦ ✐♥✐❝✐❛❧ ♣❛r❛ ♦ ❜❛♥❤♦ ❡s❝♦❧❤❡♠♦s ♦ ❡st❛❞♦ ❞❡ ♠í♥✐♠❛ ❡♥❡r❣✐❛✱ ♦✉ s❡❥❛✱
|00 · ·· >, ❡ ♣❛r❛ ♦ s✐st❡♠❛✱ ✉♠❛ s✉♣❡r♣♦s✐çã♦ ❞❡ ❞♦✐s ❡st❛❞♦s ❧♦❝❛❧✐③❛❞♦s ✭❣❛✉ss✐❛♥♦s✮ ❡♠
✉♠ ♣♦ç♦ ❤❛r♠ô♥✐❝♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧✱ ✉♠ ❞❡❧❡s ❞❡s❧♦❝❛❞♦ ✉♠❛ ❞✐stâ♥❝✐❛ x0 ❞❛ ♦r✐❣❡♠ ❡ ♦
♦✉tr♦ ♥❛ ♦r✐❣❡♠✳ ❊st❡ ❡st❛❞♦ t❡♠ ❡♥❡r❣✐❛ ♠é❞✐❛ ❞❡ 〈ψ |H|ψ〉 ≃ N~ω, ♦♥❞❡ N é ♥ú♠❡r♦
❞❡ ♦❝✉♣❛çã♦✱

|U(t=0) >= (| α0 > + | α1 >) ⊗ |00 · ·· > . ✭✸✳✸✮

❈♦♠♦ ❢♦✐ ♣r♦♣♦st♦ ♥❛ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧✱ ♣❛r❛ ♦ ✐♥st❛♥t❡ t = 0 ♦ ❡st❛❞♦ ❞♦ s✐st❡♠❛ é ✉♠❛
s✉♣❡r♣♦s✐çã♦ ❝♦❡r❡♥t❡ ❡ ♣❛r❛ ✈❡r✐✜❝❛r ✐st♦ ❝❛❧❝✉❧❛♠♦s ♦ ♦♣❡r❛❞♦r ❞❡♥s✐❞❛❞❡ r❡❞✉③✐❞♦ ρr✱
tr❛ç❛♥❞♦ ♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ ❜❛♥❤♦✳ ❖ ♦♣❡r❛❞♦r ❞❡♥s✐❞❛❞❡ r❡❞✉③✐❞♦ s❡ ♦❜té♠ ❞❡
❝❛❧❝✉❧❛r ♦ tr❛ç♦ ✭Tr✮ ❞♦ ♦♣❡r❛❞♦r ❞❡♥s✐❞❛❞❡✱ s♦❜r❡ ♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ ♠❡✐♦✳ ❈♦♠♦
r❡s✉❧t❛❞♦✱ ❡st❡ ♦♣❡r❛❞♦r ❝♦♥té♠ só ❡st❛❞♦s ❞♦ s✐st❡♠❛✱ ♠❛s ❝♦♥❞❡♥s❛ t♦❞❛ ✐♥❢♦r♠❛çã♦
s♦❜r❡ ❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ♠❡✐♦ s♦❜r❡ ♦ s✐st❡♠❛✳

ρr = TrBanho

∣

∣U(t=0)

〉 〈

U(t=0)

∣

∣ = TrBanho (|α0〉 |00·〉 〈00·| 〈α0| + |α1〉 |00·〉 〈00·| 〈α0|
+ |α1〉 |00·〉 〈00·| 〈α1| + |α0〉 |00·〉 〈00·| 〈α1|)
= |α0〉 〈α0| + |α1〉 〈α1| + |α1〉 〈α0| + |α0〉 〈α1| . ✭✸✳✹✮

❆ ♣r❡s❡♥ç❛ ❞♦s t❡r♠♦s ❝r✉③❛❞♦s |α1〉 〈α0| ❡ |α0〉 〈α1|✱ ♦s t❡r♠♦s ❞❡ ✐♥t❡r❢❡rê♥❝✐❛✱
❞❡♠♦♥str❛♠ ❛ ❝♦❡rê♥❝✐❛ ❞♦ s✐st❡♠❛✳

▼❛s ♥ós q✉❡r❡♠♦s t❡st❛r ❛ ❝♦❡rê♥❝✐❛ ❞♦ s✐st❡♠❛ ❞❡♣♦✐s ❞❡ tr❛♥s❝♦rr✐❞♦ ✉♠ ❝❡rt♦
t❡♠♣♦✳ ❆ss✉♠✐♥❞♦ q✉❡ ♦ t❡♠♣♦ q✉❡ ❧❡✈❛ ♦ ♣❛❝♦t❡ |α1〉 ❡♠ ♣❡r❞❡r ✉♠ q✉❛♥t❛ ❞❡ ❡♥❡r❣✐❛✱
❡♠ ❝❛✐r ♥♦ ♥í✈❡❧ ✐♥❢❡r✐♦r ♠❛✐s ♣ró①✐♠♦✱ é ❝♦♥❤❡❝✐❞♦ ❡ ❞❛❞♦ ♣♦r τ ❡ ❛ss✉♠✐♥❞♦ q✉❡ ❡st❡
t❡♠♣♦ ❡s❝❛❧❛ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠ ❛ ❡♥❡r❣✐❛✱ ♦ t❡♠♣♦ q✉❡ ❞❡♠♦r❛ ♦ s✐st❡♠❛ ❛té ❛t✐♥❣✐r s❡✉
❡st❛❞♦ ❞❡ ♠í♥✐♠❛ ❡♥❡r❣✐❛ é ✭❛♣r♦①✐♠❛❞❛♠❡♥t❡✮ t = Nτ.

❉❡♣♦✐s ❞❡ tr❛♥s❝♦rr✐❞♦ ♦ t❡♠♣♦ τ ✱ ♦ ❡st❛❞♦ ❞♦ ✉♥✐✈❡rs♦ é |U(t=t′) >=| α0 > ⊗|0 > + |
α′

1 > ⊗|1 > . ❊ ♣❛r❛ ✈❡r✐✜❝❛r s❡ ♦ s✐st❡♠❛ s❡ ♠❛♥té♠ ❝♦♠♦ ✉♠❛ s✉♣❡r♣♦s✐çã♦ q✉â♥t✐❝❛
♦✉ s❡ ❛❣♦r❛ é ✉♠❛ ♠✐st✉r❛ ❝❧áss✐❝❛ ❜❛st❛ ❝❛❧❝✉❧❛r ♦ ♦♣❡r❛❞♦r ❞❡♥s✐❞❛❞❡ r❡❞✉③✐❞♦ ♥❡ss❡

✶✶



✸✳ ❉❡❝♦❡rê♥❝✐❛

✐♥st❛♥t❡ ❞❡ t❡♠♣♦✱

TrBanho

∣

∣U(t=τ)

〉 〈

U(t=τ)

∣

∣ = TrBanho

(

|α0〉 |0〉 〈0| 〈α0| +
∣

∣

∣α
′

1

〉

|1〉 〈0| 〈α0| ✭✸✳✺✮
+

∣

∣

∣α
′

1

〉

|1〉 〈1|
〈

α
′

1

∣

∣

∣+ |α0〉 |0〉 〈1|
〈

α
′

1

∣

∣

∣

)

♠❛s ❝♦♠♦ ♦s ❡st❛❞♦s | 0 > ❡ | 1 > sã♦ ♦rt♦❣♦♥❛✐s✱

TrBanho

∣

∣U(t=τ)

〉 〈

U(t=τ)

∣

∣ = |α0〉 〈α0| +
∣

∣

∣
α

′

1

〉〈

α
′

1

∣

∣

∣
✭✸✳✻✮

♦ q✉❡ ❞❡♠♦♥str❛ q✉❡ ♥ã♦ ❡①✐st❡♠ ♠❛✐s ♦s t❡r♠♦s ❝r✉③❛❞♦s✱ ♥ã♦ ❤á ♠❛✐s ✐♥t❡r❢❡rê♥❝✐❛✱
❞❡✈✐❞♦ ❛♦ q✉❛♥t❛ ❞❡ ❡♥❡r❣✐❛ q✉❡ ❢♦✐ tr❛♥s❢❡r✐❞♦ ❛♦ ❜❛♥❤♦✳

◗✉❡r ❞✐③❡r ❡♥tã♦ q✉❡ ♦ t❡♠♣♦ q✉❡ ❧❡✈♦✉ ♦ s✐st❡♠❛ ❡♠ ♣❡r❞❡r ❛ ❝♦❡rê♥❝✐❛ ❢♦✐ só ❞❡
td = τ. P♦ré♠✱ ♦ t❡♠♣♦ q✉❡ ✈❛✐ ❧❡✈❛r ♣❛r❛ ❛❧❝❛♥ç❛r s❡ ♥í✈❡❧ ♠❛✐s ❜❛✐①♦ é tr ∼ Nτ, ♦
t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦✳ ❖✉ s❡❥❛✱ td = Ntr ❬✸✼✱ ✸✽❪

❈♦♠♦ ❝♦♥❝❧✉sã♦✱ ❛ ❞✐ss✐♣❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❧❡✈♦✉ r❛♣✐❞❛♠❡♥t❡ à ♣❡r❞❛ ❞❛ ❝♦❡rê♥❝✐❛ ♥♦
s✐st❡♠❛✱ s❡♥❞♦ q✉❡ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ é ♠✉✐t♦ ♠❛✐♦r q✉❡ ♦ t❡♠♣♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ✭q✉❡
t❛♥t♦✱ ❞❡♣❡♥❞❡ ❞♦ ❡st❛❞♦ ✐♥✐❝✐❛❧ ❞♦ s✐st❡♠❛✳✮

✶✷



4. Experimentos Recentes sobre

Decoerência em Pontos Quânticos

❈♦♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ♣❛r❛ ❛❧❝❛♥ç❛r ✉♠❛ ❝♦♠♣r❡ssã♦ s♦❜r❡ ♦s ❢❡♥ô♠❡♥♦s ❞❡ ❞❡❝♦✲
❡rê♥❝✐❛ ❡♠ ◗❉✱ ❛ s❡❣✉✐r ❡①♣♦♠♦s ❞♦✐s t✐♣♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s q✉❡ ❛t✉❛❧♠❡♥t❡ ✈ê♠ s❡
r❡❛❧✐③❛♥❞♦ ♣❛r❛ t❡st❛r ❢❡♥ô♠❡♥♦s ❝♦❡r❡♥t❡s ♥❡st❡s s✐st❡♠❛s✳ ❆té ♦ ♠♦♠❡♥t♦ ❛s té❝♥✐❝❛s
❡①♣❡r✐♠❡♥t❛✐s ♥ã♦ ❛❧❝❛♥ç❛r❛♠ ♦ ❣r❛✉ ❞❡ ♣❡r♠✐t✐r♠♦s ❝❤❡❝❛r ♦ ❢❡♥ô♠❡♥♦ ♣r✐♥❝✐♣❛❧ ❞♦
q✉❡ tr❛t❛ ❡st❡ tr❛❜❛❧❤♦✳ P♦ré♠✱ ✈❡♠ s❡ ❞❡s❡♥✈♦❧✈❡♥❞♦ ❝❛❞❛ ❞✐❛ ♠❛✐s ❡ ❝♦♠ ❜❛s❡ ❡♠ té❝✲
♥✐❝❛s ❞❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ó♣t✐❝❛✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ❞❡ ♣✉♠♣✲♣r♦❜❡ ✭❞❛ q✉❛❧ ❢❛❧❛r❡♠♦s ♠❛s
❛❞✐❛♥t❡✮ é ❞❡ ❡s♣❡r❛r✲s❡ q✉❡ ❡♠ ♣♦✉❝♦ t❡♠♣♦ s❡❥❛♠ r❡♣♦rt❛❞❛s ♠❡❞✐❞❛s ❞❡ t❡♠♣♦s ❞❡
❞❡❝♦❡rê♥❝✐❛ ❞❡ s♣✐♥✳
❊s♣❡❝tr♦s❝♦♣✐❛ ó♣t✐❝❛ é ✉♠❛ té❝♥✐❝❛ ♣♦❞❡r♦s❛ ♣❛r❛ ❡st✉❞❛r ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s

❡ ✈✐❜r❛❝✐♦♥❛✐s ❞❡ ❞✐✈❡rs♦s s✐st❡♠❛s✳ ❊♠ s❡♠✐❝♦♥❞✉t♦r❡s✱ ❛s té❝♥✐❝❛s ❞❡ ❡s♣❡❝tr♦s❝♦♣✐❛
❞❡ ❛❜s♦rçã♦✱ r❡✢❡①ã♦✱ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❡ ❞✐s♣❡rsã♦ ❞❡ ❧✉③ tê♠ ❢♦r♥❡❝✐❞♦ ✐♥❢♦r♠❛çã♦ s♦❜r❡
✈❛r✐❛❞♦s ❛s♣❡❝t♦s ❝♦♠♦ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛✱ ❡①❝✐t❛çõ❡s ❞❡ r❡❞❡✱ ❡s♣❡❝tr♦s ❞❡ ❡①❝✐t❛çõ❡s
❞❡ ❡❧étr♦♥s ❡ ❜✉r❛❝♦s ❡ ♦✉tr❛s ♣r♦♣r✐❡❞❛❞❡s✳ ❆s té❝♥✐❝❛s ✉❧tr❛✲rá♣✐❞❛s✱ ♥❛ ❡s❝❛❧❛ ❞❡ ❢❡♠t♦
❛té ♣✐❝♦s❡❣✉♥❞♦s✱ ♣r♦✈ê❡♠ ✐♥❢♦r♠❛çã♦ ❢✉♥❞❛♠❡♥t❛❧ s♦❜r❡ ♣r♦♣r✐❡❞❛❞❡s ♥ã♦ ❧✐♥❡❛r❡s ❡
❢♦r❛ ❞♦ ❡q✉✐❧í❜r✐♦✳
❖ r❡❣✐♠❡ t❡♠♣♦r❛❧ ❞✉r❛♥t❡ ❡ ✐♠❡❞✐❛t❛♠❡♥t❡ ❞❡♣♦✐s ❞❛ ❢♦t♦✲❡①❝✐t❛çã♦ ♣♦r ✉♠ ♣✉❧s♦

✉❧tr❛✲❝✉rt♦ é ✉♠ r❡❣✐♠❡ ❝♦❡r❡♥t❡✳ ❆ ❢♦t♦✲❡①❝✐t❛çã♦ ❝r✐❛ ✉♠❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛
♥♦ s✐st❡♠❛✱ ✉♠❛ ♠é❞✐❛ s♦❜r❡ ✉♠ ✏❡♥s❡♠❜❧❡✑ ❞❡ ♠♦♠❡♥t♦s ❞✐♣♦❧❛r❡s ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡
❡①❝✐t❛❞♦s✳ ❆ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ❛t✉❛ ❝♦♠♦ ❢♦♥t❡ ♥❛s ❡q✉❛çã♦ ❞❡ ▼❛①✇❡❧❧ ❡ ❞❡✲
t❡r♠✐♥❛ ❛ r❡s♣♦st❛ ❧✐♥❡❛r ❡ ♥ã♦ ❧✐♥❡❛r ❞♦ ♠❡✐♦✳ ❖ ❡st✉❞♦ ❞❡ss❛ r❡s♣♦st❛ ♣❡r♠✐t❡ ❝♦♥❤❡❝❡r
♦s t❡♠♣♦s ❞❡ ❞❡❢❛s❛❣❡♠ ❡ ❞❡❝♦❡rê♥❝✐❛ ❡♠ ♥❛♥♦✲❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s✳
❉❡❢❛s❛❣❡♠ é ❛ ♣❡r❞❛ ❞❛ ❝♦rr❡❧❛çã♦ ♥❛s ❢❛s❡s ❞♦s ❡❧❡♠❡♥t♦s ❞❡ ✉♠ ❡♥s❡♠❜❧❡✳ ▼❛s

♥♦ ♠✉♥❞♦ ❡①♣❡r✐♠❡♥t❛❧✱ ♦s t❡♠♣♦s ♠❡❞✐❞♦s ❝❛rr❡❣❛♠ ✐♥❢♦r♠❛çã♦ s♦❜r❡ ❞❡❝♦❡rê♥❝✐❛ ❡
❞❡❢❛s❛❣❡♠✱ ♥ã♦ ♣♦❞❡♥❞♦ s❡r ❞❡s❧✐❣❛❞♦ ✉♠ ❢❡♥ô♠❡♥♦ ❞♦ ♦✉tr♦✳ ❊♥tã♦✱ ♣♦r ♣r❛t✐❝✐❞❛❞❡
❝❤❛♠❛✲s❡ ❞❡ ❞❡❢❛s❛❣❡♠ ♥ã♦ ❤♦♠♦❣ê♥❡❛ à ❞❡❢❛s❛❣❡♠ q✉❡ ❢♦✐ ❞❡✜♥✐❞❛ ❛♥t❡s ❡ ♦ t❡r♠♦
❞❡❢❛s❛❣❡♠ ✈❛✐ s❡r ✉s❛❞♦ s✐♠♣❧❡s♠❡♥t❡ ❝♦♠♦ ♦ r❡s✉❧t❛♥t❡ ❞❡ s♦♠❛r ❛s t❛①❛s ❞❡ ❞❡❢❛s❛❣❡♠
♥ã♦ ❤♦♠♦❣ê♥❡❛ ❡ ❞❡❝♦❡rê♥❝✐❛✳
❖ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ é ♦ t❡♠♣♦ q✉❡ t♦♠❛ ♦ s✐st❡♠❛ ❡♠ ✈♦❧t❛r ❛ s❡✉ ❡st❛❞♦ ♥ã♦
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❋✐❣✉r❛ ✹✳✶✳✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❡ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❞♦✐s ❢❡✐①❡s ❬✷✺❪✳

❡①❝✐t❛❞♦✳
❯s❛♥❞♦ ♣✉❧s♦s ✉❧tr❛✲rá♣✐❞♦s ♣♦❞❡♠ s❡r ❢❡✐t♦s ❞✐✈❡rs♦s ❡①♣❡r✐♠❡♥t♦s✱ ❡♥tr❡ ❡st❡s✿ ❧✉✲

♠✐♥❡s❝ê♥❝✐❛ r❡s♦❧✈✐❞❛ ♥♦ t❡♠♣♦✱ ✏♣✉♠♣✲♣r♦❜❡✑ ✱ ✏❢♦✉r✲✇❛✈❡ ♠✐①✐♥❣✑ ❬✷✾❪ ❡ ✏r♦t❛çã♦ ❞❡
❋❛r❛❞❛②✑ ❬✸✸✱ ✸✹❪✳

◆♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ✏♣✉♠♣✲♣r♦❜❡✑ ❛ ❛♠♦str❛ é ❡①❝✐t❛❞❛ ♣♦r ✉♠ ♣✉❧s♦ ✭♦ ✏♣✉♠♣✑✮ ❡ ❛s
♠✉❞❛♥ç❛s ✐♥❞✉③✐❞❛s ♥❛ ❛♠♦str❛ sã♦ s♦♥❞❛❞❛s ♣♦r ✉♠ s❡❣✉♥❞♦ ♣✉❧s♦ ✭♦ ✏♣r♦❜❡✑✮✱ ♦ q✉❛❧
❝❤❡❣❛ ♥❛ ❛♠♦str❛ ❛tr❛s❛❞♦ ❝♦♠ r❡s♣❡✐t♦ ❛♦ ♣r✐♠❡✐r♦✳ ❊♠ ✏❢♦✉r✲✇❛✈❡ ♠✐①✐♥❣✑ sã♦ ✉s❛❞❛s
❣❡♦♠❡tr✐❛s ❞❡ ❞♦✐s ♦✉ três ❢❡✐①❡s✳ ❆ ❛♠♦str❛ é ❡①❝✐t❛❞❛ ♣♦r ❡ss❡s ❢❡✐①❡s ❝♦♠ ✈❡t♦r❡s ❞❡
♦♥❞❛ q1✱ q2 ❡ q3✱ ❝❤❡❣❛♥❞♦ ♥❛ ❛♠♦str❛ ♥♦s t❡♠♣♦s t1✱ t2 ❡ t3✳ ❖ ♣♦♥t♦ ✏❝❤❛✈❡✑ é q✉❡
♦s ❢❡✐①❡s ❛t✐♥❥❛♠ ❛ ❛♠♦str❛ ❡♠ t❡♠♣♦s ❞✐❢❡r❡♥t❡s✳ ❆ ♦❜t❡♥çã♦ ❞❡ ❞❛❞♦s ❝♦♥s✐st❡ ❡♠
♠❡❞✐r ❛ ❡♥❡r❣✐❛ ❞✐❢r❛t❛❞❛ ♥❛ ❞✐r❡çã♦ qd = q3 +q2−q1, ❝♦♠♦ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ❞❡ ❛tr❛s♦
❡♥tr❡ ♦s ❢❡✐①❡s✳ ❆ ✜❣✉r❛ ✹✳✶ ❛♣r❡s❡♥t❛ ✉♠ ❞✐❛❣r❛♠❛ tí♣✐❝♦ ♣❛r❛ ❢❛③❡r ❡①♣❡r✐♠❡♥t♦s ❞❡
✏♣✉♠♣✲♣r♦❜❡✑ ♦✉ ✏❢♦✉r✲✇❛✈❡ ♠✐①✐♥❣✑ ✭♥❛ ❣❡♦♠❡tr✐❛ ❞❡ ❞♦✐s ❢❡✐①❡s✮✳

❖s ❡①♣❡r✐♠❡♥t♦s ❞❡ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛② ✭❋❘✮ sã♦ t❛♠❜é♠ ❞♦ t✐♣♦ ✏♣✉♠♣✲♣r♦❜❡✑✳ ❆
❞✐❢❡r❡♥ç❛ ❡stá ❡♠ q✉❡ ♦ ❢❡✐①❡ ❞❡ ✏♣✉♠♣✑ é ❝✐r❝✉❧❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞♦ ❡ ♥♦ ♣r♦❝❡ss♦ ❞❡ ❡①❝✐✲
t❛çã♦ ❤á ✉♠❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r q✉❡ ❝r✐❛ ✉♠❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛
❞❡ s♣✐♥✳ ❖ ❢❡✐①❡ ❞❡ ✏♣r♦❜❡✑ t❡st❛ ❡ss❛ ♣♦❧❛r✐③❛çã♦ ♠❛❣♥ét✐❝❛✳

◆♦ s❡❣✉✐♥t❡✱ s❡rã♦ ❞❡s❝r✐t♦s ❞♦✐s t✐♣♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s✿ ✏❢♦✉r✲✇❛✈❡ ♠✐①✐♥❣✑ ♥❛ ❣❡♦♠❡✲
tr✐❛ ❞❡ ❞♦✐s ❢❡✐①❡s✱ ❝♦♠ ♦ ♦❜❥❡t♦ ❞❡ ❡st✉❞❛r r❡❧❛①❛çã♦ ❡ ❞❡❢❛s❛❣❡♠ ❞❡ é①❝✐t♦♥s✱ ❡ r♦t❛çã♦
❞❡ ❋❛r❛❞❛② ♣❛r❛ ❡st✉❞❛r ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ❞❡ s♣✐♥✳

❖ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ sã♦ ♣♦♥t♦s q✉â♥t✐❝♦s t❛♥t♦ ♦s ❛✉t♦✲❢♦r♠❛❞♦s ✭♣♦r ❋❲▼✮ q✉❛♥t♦
♦s ♥❛♥♦✲❝r✐st❛✐s ❝♦❧♦✐❞❛✐s ✭♣♦r ❋❘✮✳
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4.1. Experimentos de Four-Wave mixing (FWM)

◆❡st❛ s❡çã♦ ❡ ♥❛ s❡çã♦ ✹✳✶✳✶ s❡ ❞❡s❝r❡✈❡ ❛ té❝♥✐❝❛ ❞❡ ❋♦✉r✲❲❛✈❡ ▼✐①✐♥❣ q✉❡ ❡♠❜♦r❛
s❛✐❛ ❞♦ ❝♦♥t❡①t♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❞❡ s♣✐♥ é r❡❧❡✈❛♥t❡ ♣♦r q✉❡ ❝♦♠ ❡❧❛ s❡ ♠❡❞❡ ✉♠ t✐♣♦ ❞❡
❞❡❝♦❡rê♥❝✐❛ ❡ ❞❡❢❛s❛❣❡♠ ❡♠ s❡♠✐❝♦♥❞✉t♦r❡s✱ ♦ q✉❛❧ ♣❡r♠✐t❡ ❡st✉❞❛r ✐♥t❡r❛çõ❡s ❞♦ t✐♣♦
❡❧étr♦♥✲❢ô♥♦♥✳
◗✉❛♥❞♦ ♦ ♣r✐♠❡✐r♦ ❢❡✐①❡ ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ q1 ❡♥tr❛ ♥❛ ❛♠♦str❛ ❝r✐❛ ✉♠❛ ♣♦❧❛r✐③❛çã♦

♠♦❞✉❧❛❞❛✱ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♠♦❞✉❧❛çã♦ 2π
q1
✱ ✉♠ ✏❡♥s❡♠❜❧❡✑ ❞❡ é①❝✐t♦♥s✳ ❖ s❡❣✉♥❞♦

❢❡✐①❡ ✭❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ q2✮ ❛❧❝❛♥ç❛ ❛ ❛♠♦str❛ ✉♠ t❡♠♣♦ ❞❡♣♦✐s τd, ♠❡♥♦r q✉❡ ♦ t❡♠♣♦
❞❡ ❞❡❢❛s❛❣❡♠ ❞❛ ♣♦❧❛r✐③❛çã♦✱ ❡ ❛♦ ✐♥t❡r❛❣✐r ❝♦♠ ❛ ♣♦❧❛r✐③❛çã♦ ✐♥❞✉③✐❞❛ ♣❡❧♦ ♣r✐♠❡✐r♦
❢❡✐①❡ ♣r♦❞✉③ ✉♠ ♣❛❞rã♦ ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ ❝♦♠ ✈❡t♦r ❞❡ ♦♥❞❛ ± (q2 − q1)✱ ❢❡♥ô♠❡♥♦ q✉❡
s❡ tr❛♥s❧❛❞❛ ❡♠ ✉♠❛ ❣r❛❞❡ ❞❡ ❞✐❢r❛çã♦✱ ❛ q✉❛❧✱ s❡❣✉✐♥❞♦ ❛ ❧❡✐ ❞❡ ❇r❛❣❣ ❛✉t♦✲❞✐❢r❛t❛ ♦
s❡❣✉♥❞♦ ❢❡✐①❡ ♥❛ ❞✐r❡çã♦ qd = 2q2 − q1✳ ❊①♣❡r✐♠❡♥t❛❧♠❡♥t❡ é ♠❡❞✐❞❛ ❛ ✐♥t❡♥s✐❞❛❞❡ ♥❛
❞✐r❡çã♦ qd ❡ ✜s✐❝❛♠❡♥t❡ ❡stá s❡♥❞♦ ♦❜s❡r✈❛❞❛ ❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ❞♦ s✐st❡♠❛✳ ❖
s✐♥❛❧ r❡❝♦❧❤✐❞♦✱ ❛ ✐♥t❡♥s✐❞❛❞❡✱ é ♦ q✉❛❞r❛❞♦ ❞❡ss❛ ♣♦❧❛r✐③❛çã♦✳
P❛r❛ ❡st✉❞❛r ✉♠ ❢❡♥ô♠❡♥♦ ❞❡ ❝♦❡rê♥❝✐❛ ♥❛❞❛ ♠❛✐s ❛♣r♦♣r✐❛❞♦ q✉❡ ♦ ❢♦r♠❛❧✐s♠♦ ❞❛

♠❛tr✐③ ❞❡♥s✐❞❛❞❡✱ ♦ q✉❛❧ ❢❛❝✐❧✐t❛ ♦ tr❛t❛♠❡♥t♦ ❞❡ s✐st❡♠❛s q✉â♥t✐❝♦s ✐♥t❡r❛❣❡♥t❡s✱ ❡
❞❡s❝r❡✈❡ ❝♦♥✈❡♥✐❡♥t❡♠❡♥t❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡st❛tíst✐❝❛s ❞♦s s✐st❡♠❛s✳ ❖ ♦♣❡r❛❞♦r ♠❛tr✐③
❞❡♥s✐❞❛❞❡ é

ρ =
∑

j

Pj |ψj 〉〈ψj | ✭✹✳✶✮

♦♥❞❡✱ Pj é ❛ ❢r❛çã♦ ❞♦s s✐st❡♠❛s q✉❡ t❡♠ ✈❡t♦r ❞❡ ❡st❛❞♦ |ψj >✳ ❆ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✱
♥♦ ❝❛s♦ ❞❛ ♣♦❧❛r✐③❛çã♦ s✉❛ ❡✈♦❧✉çã♦ ♥♦ t❡♠♣♦✱ é ❝♦♥❤❡❝✐❞❛ ❛tr❛✈és ❞❛ ✈❡rsã♦ ❞❡ ▲✐♦✉✈✐❧❧❡
❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r

i~ρ̇ = [H, ρ] . ✭✹✳✷✮

❆ ❍❛♠✐❧t♦♥✐❛♥❛ q✉❡ ❧❡✈❛ à ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❛ ♣♦❧❛r✐③❛çã♦ é ❛♣r♦①✐♠❛❞❛ ♣♦r três
t❡r♠♦s✿

H = H0 +HInt +HR, ✭✹✳✸✮

s❡♥❞♦ ♦ ♣r✐♠❡✐r♦ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✉♠ s✐st❡♠❛ ✐s♦❧❛❞♦✳ ❖ s❡❣✉♥❞♦ ❝♦rr❡s♣♦♥❞❡ à
✐♥t❡r❛çã♦ ❞♦ s✐st❡♠❛ ❝♦♠ ♦ ❝❛♠♣♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦✱ ❡ ♦ t❡r❝❡✐r♦ é ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡
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r❡❧❛①❛çã♦✳
◆♦ ❝❛s♦ ❞❡ ✐♥t❡r❡ss❡✱ ♦ é①❝✐t♦♥ ❝r✐❛❞♦ ♣❡❧❛ ✐♥t❡r✈❡♥çã♦ ❞♦ ❢❡✐①❡ ❞❡ ✏♣✉♠♣✑ é ❝♦♥s✐❞✲

❡r❛❞♦ ❝♦♠♦ s❡ t✐✈❡ss❡ só ❞♦✐s ♥í✈❡✐s✿ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ❛ ❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛ ❝♦♠
❡♥❡r❣✐❛ Ea ❡ ♦ ❡st❛❞♦ ❡①❝✐t❛❞♦✱ ❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦✱ ❝♦♠ ❡♥❡r❣✐❛ Eb✳

P❛r❛ ✉♠ s✐st❡♠❛ ❞❡ ❞♦✐s ♥í✈❡✐s ♦♥❞❡ ♦ ❛✉t♦✲✈❡t♦r ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ é |a > ❡ ♦
❛✉t♦✲✈❡t♦r ❞♦ ❡st❛❞♦ ❡①❝✐t❛❞♦ é |b > ♦ ♦♣❡r❛❞♦r ❞❡♥s✐❞❛❞❡ é

ρ =

[

ρbb ρab

ρba ρaa

]

. ✭✹✳✹✮

❖s ❡❧❡♠❡♥t♦s ❞❛ ❞✐❛❣♦♥❛❧ ❞❛ ♠❛tr✐③ ❞❡♥s✐❞❛❞❡ r❡♣r❡s❡♥t❛♠ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥✲
tr❛r ♦ s✐st❡♠❛ ♥♦s ❛✉t♦✲❡st❛❞♦s ❞❡ ❡♥❡r❣✐❛✱ ♦✉ s❡❥❛✱ sã♦ ❛s ♣♦♣✉❧❛çõ❡s ❞♦s ❞♦✐s ❛✉t♦✲
❡st❛❞♦s✳ ❖s ❡❧❡♠❡♥t♦s ❢♦r❛ ❞❛ ❞✐❛❣♦♥❛❧✱ ♦s ❞❡♥♦♠✐♥❛❞♦s ✏❝♦❡rê♥❝✐❛s✑✱ r❡♣r❡s❡♥t❛♠ ❛
❝♦❡rê♥❝✐❛ ✐♥trí♥s❡❝❛ ❞♦ ❡st❛❞♦ ❞❡ s✉♣❡r♣♦s✐çã♦✳ ◗✉❛♥❞♦ ♦s t❡r♠♦s ❢♦r❛ ❞❛ ❞✐❛❣♦♥❛❧
❞❡s❛♣❛r❡❝❡♠✱ ❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ❞♦ s✐st❡♠❛ ♥ã♦ ❡①✐st❡ ♠❛✐s✳

◆❛ ❍❛♠✐❧t♦♥✐❛♥❛ s❡♠ ♣❡rt✉r❜❛r✱ ♦ ✈❡t♦r ❡st❛❞♦ |ψj > ♦❜❡❞❡❝❡ ❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✱

i~|ψj > = H0|ψj > . ✭✹✳✺✮

◆❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✐♥t❡r❛çã♦✱ sã♦ ♣❡r♠✐t✐❞❛s tr❛♥s✐çõ❡s ❞✐♣♦❧❛r❡s ❡❧étr✐❝❛s ♠❛s ✐❣✲
♥♦r❛❞❛s tr❛♥s✐çõ❡s q✉❛❞r✉♣♦❧❛r❡s ♦✉ ❞❡ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦✳ ■st♦ é ❡q✉✐✈❛❧❡♥t❡ ❛ ❛ss✉♠✐r
q✉❡ qa0 ≪ 1✱ ♦♥❞❡ q é ♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡ ❡ a0 ♦ ❝♦♠♣r✐♠❡♥t♦
❝❛r❛❝t❡ríst✐❝♦ ❞♦s ❞✐♣♦❧♦s✳ ❊♥tã♦✱ ♥❛ ❛♣r♦①✐♠❛çã♦ ❞✐♣♦❧❛r✱

HInt = −d · E (R, t) , ✭✹✳✻✮

♦♥❞❡ d é ♦ ♦♣❡r❛❞♦r ❞❡ ♠♦♠❡♥t♦ ❞✐♣♦❧❛r ❡ E (R, t) é ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞❛ ❧✉③✳ ❈♦♥✲
s✐❞❡r❛♥❞♦ q✉❡ ❛♥t❡s ❞❛ ✐♥❝✐❞ê♥❝✐❛ ❞♦ ❢❡✐①❡ ♥ã♦ ❤❛✈✐❛ ♣♦♣✉❧❛çã♦ ♥♦ ♥í✈❡❧ ❞❡ ♠❛✐s ❛❧t❛
❡♥❡r❣✐❛✱ ❛ ❢♦r♠❛ ♠❛tr✐❝✐❛❧ ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✐♥t❡r❛çã♦ é

HInt =

[

0 ∆ba

∆∗
ba 0

]

, ✭✹✳✼✮

∆ba = −dba · E (R, t) . ✭✹✳✽✮

✶✻
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❆ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ r❡❧❛①❛çã♦ HR ❝♦♥té♠ t♦❞♦s ♦s ♣r♦❝❡ss♦s q✉❡ ❢❛③❡♠ ♦ ✏❡♥s❡♠❜❧❡✑
r❡t♦r♥❛r ❛♦ ❡q✉✐❧í❜r✐♦ t❡r♠♦❞✐♥â♠✐❝♦✳ ❊ss❡s ♣r♦❝❡ss♦s ✐♥❝❧✉❡♠ r❡❝♦♠❜✐♥❛çã♦✱ ❝♦❧✐sõ❡s
❝♦♠ ❢ô♥♦♥s ❡ ❛ ✐♥t❡r❛çã♦ ❝♦♠ ♦✉tr♦s ❡st❛❞♦s ❡❧❡trô♥✐❝♦s✳ ❉❡♥tr♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ▼❛r❦♦✲
✈✐❛♥❛ ✭♦ s✐st❡♠❛ ♥ã♦ t❡♠ ♠❡♠ór✐❛✮✱ ❛ss✉♠✐♥❞♦ q✉❡ ❛s t❛①❛s ❞❡ r❡❧❛①❛çã♦ ❞♦ s✐st❡♠❛
❞❡♣❡♥❞❡♠ ❞❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ ❡ ♣♦❧❛r✐③❛çã♦ ✐♥st❛♥tâ♥❡❛s✱ ♦✉ s❡❥❛✱ ❝♦♥s✐❞❡r❛♥❞♦
q✉❡ ♦ s✐st❡♠❛ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛ s✉❛ ✏❤✐stór✐❛✑✱ ♦s ♣r♦❝❡ss♦s ❞❡ r❡❧❛①❛çã♦ sã♦ r❡✉♥✐❞♦s
❢❡♥♦♠❡♥♦❧♦❣✐❝❛♠❡♥t❡ ❡♠ ❞♦✐s ❝♦♥st❛♥t❡s✿ T1 ❡ T2✳

[H, ρbb] = −ρbb

T1
, ✭✹✳✾✮

[H, ρba] = −ρba

T2
.

T1 é ♦ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞♦ ❡st❛❞♦ b✳ T2 ♣♦❞❡ ♣❡♥s❛r✲s❡ ❝♦♠♦ ♦ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞❛
s✉♣❡r♣♦s✐çã♦ ❝♦❡r❡♥t❡ ❡♠❜♦r❛ s❡❥❛ ❛ s♦♠❛ ❞❛s t❛①❛s ❞❡ r❡❝♦♠❜✐♥❛çã♦ ❡ ❞❡❢❛s❛❣❡♠ ♣✉r♦✳

❆s ❡q✉❛çõ❡s ❛❝♦♣❧❛❞❛s ❞❡ ♠♦✈✐♠❡♥t♦ ❞❛ ♣♦❧❛r✐③❛çã♦ ❡ ♣♦♣✉❧❛çã♦ ❞❡ ✉♠ ✏❡♥s❡♠❜❧❡✑ ❞❡
s✐st❡♠❛s ❞♦✐s ♥í✈❡✐s ✐♥❞❡♣❡♥❞❡♥t❡s s❡ ❝♦♥❤❡❝❡♠ ❝♦♠♦ ❊q✉❛çõ❡s Ó♣t✐❝❛s ❞❡ ❇❧♦❝❤✳
P❛r❛ ❡♥❝♦♥trá✲❧❛s✱ s✉❜st✐t✉✐✲s❡ n = ρbb✱ 1 − n = ρaa ❡ p = ρab✳ n é ❛ ❞❡♥s✐❞❛❞❡ ❞❡
é①❝✐t♦♥s ❡♥q✉❛♥t♦ q✉❡ p é ❛ ♣♦❧❛r✐③❛çã♦ ❡ Ω = Eb−Ea

~
✱

ρ =

[

n p

p 1 − n

]

. ✭✹✳✶✵✮

❙❡❣✉✐♥❞♦ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♣r♦♣♦st❛ s✉r❣❡♠ ❞♦✐s
❡q✉❛çã♦ ❛❝♦♣❧❛❞❛s ♣❛r❛ n ❡ p✱

ṅ+
1

T1
n+

(

i

~

)

(∆bap
∗ − p∆∗

ba) = 0, ✭✹✳✶✶✮

ṗ+

(

iΩ +
1

T2

)

p+

(

i

~

)

∆ba (1 − 2n) = 0.

❊st❛s ❡q✉❛çõ❡s✱ ♥♦ ❝❛s♦ ❣❡r❛❧✱ ♥ã♦ ♣♦❞❡♠ s❡r r❡s♦❧✈✐❞❛s ❛♥❛❧✐t✐❝❛♠❡♥t❡✳ ❆ss✉♠✐♥❞♦
q✉❡ ❛ ✐♥t❡r❛çã♦ ❞❛ r❛❞✐❛çã♦ ❝♦♠ ❛ ♠❛tér✐❛ é ❢r❛❝❛✱ ♣♦❞❡ s❡ ❛♣r♦①✐♠❛r ♦ ♣r♦❜❧❡♠❛✱ ❡
❡①♣❛♥❞✐♥❞♦ ❛ ♠❛tr✐③ ❞❡♥s✐❞❛❞❡ ❡♠ sér✐❡ ❞❡ ❚❛②❧♦r ♥❛s ❛♠♣❧✐t✉❞❡s ❞♦s ❝❛♠♣♦s ✐♥❝✐❞❡♥t❡s
tr✉♥❝❛r ❛ ❡①♣❛♥sã♦✱

n = n(o) + n(1) + n(2) + n(3) + · · ·, ✭✹✳✶✷✮

✶✼
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p = p(o) + p(1) + p(2) + p(3) + · · ·

❝♦♠ n(0) = 0 ❡ p(0) = 0. P❛r❛ ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ✉s✉❛✐s n = 0 ❡ p = 0✱ ❛s ❝♦♠♣♦♥❡♥t❡s
❞❡ ♠❛✐s ❜❛✐①❛ ♦r❞❡♠ sã♦

ṗ(1) +

(

iΩ +
1

T2

)

p(1) +

(

i

~

)

∆ba = 0,

ṅ(2) +
1

T1
n(2) +

(

i

~

)

(

∆bap
∗(1) − p(1)∆∗

ba

)

= 0,

ṗ(3) +

(

iΩ +
1

T2

)

p(3) − 2

(

i

~

)

∆ban
(2) = 0. ✭✹✳✶✸✮

❊♠ ✉♠❛ ❛♠♦str❛ ♦♥❞❡ ♦s ❡❧❡♠❡♥t♦s sã♦ ✐❞ê♥t✐❝♦s✱ ♦ s✐♥❛❧ ❞✐❢r❛t❛❞♦ ❛♦ ❧♦♥❣♦ ❞❡ qd

❛♣r♦①✐♠❛✲s❡ ♣❡❧❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ❞❛❞❛ ♣♦r✿

P (3) = NTr {dρ} . ✭✹✳✶✹✮

❊♠ ✉♠❛ ❛♠♦str❛ ♥ã♦ ❤♦♠♦❣ê♥❡❛♠❡♥t❡ ❛❧❛r❣❛❞❛ é ♣r❡❝✐s♦ ✐♥t❡❣r❛r s♦❜r❡ ❛ ❞✐str✐❜✉✐çã♦
g (Ω0)✿

P (3) = −eN
(∫ ∞

0
g (Ω0) dΩ0 |rba| p(3)+ ✭✹✳✶✺✮

∫ ∞

0
g (Ω0) dΩ0 |rab| p(3)

)

Ω0 é ♦ ❝❡♥tr♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❡ ∫∞
0 dΩ0g (Ω0) = 1✳ ■♥t❡❣r❛♥❞♦✱ ❡♥❝♦♥tr❛✲s❡ ❛ ❡✈♦❧✉çã♦

t❡♠♣♦r❛❧ ❞♦ s✐♥❛❧ ❞❡ ❋❲▼ ✭❚❘✲❋❲▼✮ ♥❛ ❞✐r❡çã♦ qd✿

S(3) (t) =
∣

∣

∣
P (3)

∣

∣

∣

2 ✭✹✳✶✻✮

❡ ♦ s✐♥❛❧ ✐♥t❡❣r❛❞♦ ♥♦ t❡♠♣♦ ✭❚■✲❋❲▼✮ ❝♦♠♦ ❢✉♥çã♦ ❞❡ τd✿

I(3) (τd) =

∫ ∞

−∞
S(3) (t) dt. ✭✹✳✶✼✮

✶✽
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❋✐❣✉r❛ ✹✳✷✳✿ ❊♠✐ssã♦ ❡s♣♦♥tâ♥❡❛ ❛♠♣❧✐✜❝❛❞❛ ✭❆❙❊✮ ❛ 25❑ ❝♦♠ ✐♥❥❡çã♦ ❞❡ ❝♦rr❡♥t❡ ❡♥tr❡
0.5 ❡ 20♠❆ ❬✷✼❪✳

4.1.1. Descrição de um Experimento

◆♦ q✉❡ s❡❣✉❡ ❞❡s❝r❡✈❡♠♦s ❝♦♠ ❞❡t❛❧❤❡ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞♦ t✐♣♦ ❋❲▼ ♥❛ ❣❡♦♠❡tr✐❛
❞❡ ❞♦✐s ❢❡✐①❡s ❬✷✼❪✳ ❖ ❡①♣❡r✐♠❡♥t♦ ❢♦✐ ❢❡✐t♦ ✉s❛♥❞♦ ❛ té❝♥✐❝❛ ❤❡t❡r♦❞②♥❡ ❬✷✻✱ ✸✶❪✱ q✉❡
❝♦♥s✐st❡ ❡♠ ♠❛♥❞❛r ♦s ❞♦✐s ❢❡✐①❡s ❝♦♣♦❧❛r✐③❛❞♦s ❡ ♥❛ ♠❡s♠❛ ❞✐r❡çã♦✱ ❡ ❢❛③❡r ❛ ❞❡t❡çã♦
✉s❛♥❞♦ ❝❛♥❛✐s ❞❡ ❢r❡qüê♥❝✐❛✳ ❆s ❛♠♦str❛s ❡st✉❞❛❞❛s ♥❡st❡ ❝❛s♦ t✐♥❤❛♠ três ❝❛♠❛❞❛s
❡♠♣✐❧❤❛❞❛s ❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s ❞❡ ■♥●❛❆s✳
❖ ❡①♣❡r✐♠❡♥t♦ ❝♦♥s✐st✐✉ ❡♠ ♠❡❞✐r ♦ T2 ❢❛③❡♥❞♦ ✉♠❛ ✈❛rr❡❞✉r❛ ❞❡ t❡♠♣❡r❛t✉r❛ ♥❛

❛♠♦str❛s✳ P❛r❛ ✐ss♦ ♦ ❡①♣❡r✐♠❡♥t♦ ❢♦✐ ❞✐✈✐❞✐❞♦ ❡♠ três ♣❛rt❡s✳ ■♥✐❝✐❛❧♠❡♥t❡ s❡ ❡♥❝♦♥✲
tr❛r❛♠ ❛s ❡♥❡r❣✐❛s ❞❡ ❡♠✐ssã♦ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❡♥tr❡ 25 ❛
300❑ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❊♠✐ssã♦ ❊s♣♦♥tâ♥❡❛ ❆♠♣❧✐✜❝❛❞❛ ✭❆❙❊✱ ❞♦ ✐♥❣❧ês ❆♠♣❧✐✲
✜❡❞ s♣♦♥t❛♥❡✉s ❡♠✐ss✐♦♥✮✱ ❛ q✉❛❧ ✉s❛ ❝♦rr❡♥t❡ ♣❛r❛ ♣r♦❞✉③✐r ✉♠ ❡s♣❡❝tr♦ ❞❡ ❡♠✐ssã♦ ♥♦s
♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s✱ q✉❡ ❞❡✈✐❞♦ à ✐♥♦♠♦❣❡♥❡✐❞❛❞❡ ❞❡st❡s é ❛❧❛r❣❛❞♦✱
✜❣✉r❛ ✹✳✷ ❬✷✼❪✳ ❆s ♠❡❞✐❞❛s ❢♦r❛♠ ❢❡✐t❛s ✉s❛♥❞♦ ❝♦rr❡♥t❡s ❞❡s❞❡ 0.5♠❆ ✭❝✉r✈❛ ✐♥❢❡r✐♦r✮
❛té 20♠❆ ✭❝✉r✈❛ s✉♣❡r✐♦r✮ ❡ ♦ ✐♥t❡r✈❛❧♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛s ♥❡❝❡ssár✐♦ ♣❛r❛ ❢❛③❡r
❛s ♠❡❞✐❞❛s ❞❡ T2 ❝♦♠ ✈❛rr❡❞✉r❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❢♦✐ ❞❡ 1070 ❛té 1170♥♠.
❖ s❡❣✉✐♥t❡ ♣❛ss♦ ❢♦✐ ♠❡❞✐r ♦ s✐♥❛❧ ❞❡ ❋❲▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✐♥t❡♥s✐❞❛❞❡s ✐♥❝✐❞❡♥t❡s ♣❛r❛

❝♦rr♦❜♦r❛r ❛ ✈❛❧✐❞❛❞❡ ❞❛ ❛♣r♦①✐♠❛çã♦ t❡ór✐❝❛ ✭✐❣♥♦r❛♥❞♦ ❛s ✐♥t❡r❛çõ❡s é①❝✐t♦♥✲é①❝✐t♦♥✮✳
P❛r❛ ✐ss♦✱ ✜①♦✉✲s❡ ❛ t❡♠♣❡r❛t✉r❛ ❡♠ 50❑ ❡ ❛✉♠❡♥t♦✉✲s❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ✐♥❝✐❞❡♥t❡ ❞❡s❞❡
I0 = 0.2♣❏ ❛té 16I0 ❬✷✼❪✳ ❖ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❛ ✜❣✉r❛ ✹✳✸ ♠♦str❛ ♦ ❡s♣❡❝tr♦ ❞❡ ❚❘✲❋❲▼
✈❛r✐❛♥❞♦ ❛ t❡♠♣♦ ❞❡ ❛tr❛s♦ ❞♦s ❞♦✐s ❢❡✐①❡s ❞❡ 0 ❛ 3.2♣s ❝♦♠ ✉♠❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ 0.2♣❏❀
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❋✐❣✉r❛ ✹✳✸✳✿ ❊sq✉❡r❞❛✿ ❚❘✲❋❲▼ ✈❡rs✉s t❡♠♣♦ ❞❡ ❛tr❛s♦ ❛ 50❑ ❡ 2I0✳ ❉✐r❡✐t❛✿ ❚■✲❋❲▼
✈❡rs✉s t❡♠♣♦ ❞❡ ❛tr❛s♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✐♥t❡♥s✐❞❛❞❡s ❞❡ ❡①❝✐t❛çã♦ ❬✷✼❪✳

♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ♠❡s♠❛✱ é ♦ ❡s♣❡❝tr♦ ❞❡ ❚■✲❋❲▼ ❝♦❜r✐♥❞♦ ♦ ✐♥t❡r✈❛❧♦ ❞❡ ✐♥t❡♥s✐❞❛❞❡s
❥á ♠❡♥❝✐♦♥❛❞♦✳ ❆s ♦s❝✐❧❛çõ❡s q✉❡ s❡ ❞✐st✐♥❣✉❡♠ ♥♦ ❡s♣❡❝tr♦ ♣❛r❛ I = 16I0 ♠❛♥✐❢❡st❛♠
❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✐❣♥♦r❛r ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡ é①❝✐t♦♥s ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞♦ s✐st❡♠❛ ❞❡
❞♦✐s ♥í✈❡✐s q✉❛♥❞♦ ❛ ✐♥t❡♥s✐❞❛❞❡ é ❛❧t❛✳

❊ ❛ ú❧t✐♠❛ ❡t❛♣❛ ❢♦✐ ❡♥❝♦♥tr❛r ♦ ❡s♣❡❝tr♦ ❞❡ ❚■✲❋❲▼ ❝♦♠ ✈❛rr❡❞✉r❛ ❞❡ t❡♠♣❡r❛t✉r❛
❡♥tr❡ 7 ❡ 300❑✳ ❖s r❡s✉❧t❛❞♦s ❞❡st❛ ♠❡❞✐❞❛ ❞✐✈✐❞✐r❛♠✲s❡ ❡♠ três r❡❣✐♠❡s✿ ❆ ❜❛✐①♦ ❞❡
10❑ ♦ t❡♠♣♦ ❞❡ ❞❡❢❛s❛❣❡♠ ❢♦✐ ♠❡♥♦r ❞❡ 500♣s✱ ❛♣r❡s❡♥t❛♥❞♦ só r❡❧❛①❛çã♦ ✭s✉♣r❡ssã♦
❞❡ ❞✐s♣❡rsã♦ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s✮✳ ❊♥tr❡ 10 ❡ 100❑ ❛♣❛r❡❝❡✉ ✉♠ ❞❡❝❛✐♠❡♥t♦ ❧❡♥t♦ q✉❡
❞♦♠✐♥❛ ♣❛r❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✳ ❍á ✉♠❛ rá♣✐❞❛ ❞✐♠✐♥✉✐çã♦ ❞♦ t❡♠♣♦ ❞❡ ❞❡❢❛s❛❣❡♠
❞❡✈✐❞❛ à ✐♥t❡r❛çã♦ ❝♦♠ ❢ô♥♦♥s ❛❝úst✐❝♦ ❡ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ♥♦s
❢ô♥♦♥s ó♣t✐❝♦s✳ ❊♥tr❡ 100 ❡ 300❑ ❛ ❞✐♥â♠✐❝❛ é ❞♦♠✐♥❛❞❛ ♣♦r ✉♠ t❡♠♣♦ ❞❡ ❞❡❢❛s❛❣❡♠
♠❡♥♦r ❞❡ 1♣s.

❊st❡ t✐♣♦ ❞❡ ❡①♣❡r✐♠❡♥t♦ ♥♦s ♣❡r♠✐t❡ t❡r ✉♠❛ ♥♦çã♦ ❞❛ ❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ ❞❡ r❡❧❛①✲
❛çã♦ ❞❡ é①❝✐t♦♥s ♣❛r❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s✿ ❞❛ ♦r❞❡♠ ❞❡ ❞é❝✐♠♦s
❞❡ ♥❛♥♦s❡❣✉♥❞♦s✳ ❊st❡ r❡s✉❧t❛❞♦ ❝♦rr❡s♣♦♥❞❡✉✱ ♥♦ ❝❛s♦ ❞♦ ❡①♣❡r✐♠❡♥t♦✱ ❛ t❡♠♣♦s ❞❡
❞❡❢❛s❛❣❡♠ ♣❛r❛ t❡♠♣❡r❛t✉r❛ ❛❜❛✐①♦ ❞❡ ✶✵❑✳ ❚❛♠❜é♠ ♥♦s ♣❡r♠✐t✐r ❛❝♦♠♣❛♥❤❛r✱ q✉❛✐s
♣r♦❝❡ss♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ❢ô♥♦♥s ♣♦❞❡r✐❛♠ ❥♦❣❛♠ ✉♠ ♣❛♣❡❧ ✐♠♣♦rt❛♥t❡ ♥❛ r❡❧❛①❛çã♦
❡ ♣♦rt❛♥t♦ ♥❛ ❞❡❝♦❡rê♥❝✐❛ ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s s✐♠✐❧❛r❡s ❛♦s ✉s❛❞♦s ♥♦ ❡①♣❡r✐♠❡♥t♦✳
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4.2. Medidas de Tempos de Coerência de Spin em QD

❊st❛ s❡çã♦ ❛t✐♥❣❡ ♦ ♣r♦❜❧❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ ❞❡❝♦❡rê♥❝✐❛ ❞♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ♠✐st✉✲
r❛❞♦ ❝♦♠ r❡❧❛①❛çã♦ ❡①❝✐tó♥✐❝❛✳ ◆❡st❡ t✐♣♦ ❞❡ ❡①♣❡r✐♠❡♥t♦ ✉s❛✲s❡ ✉♠ ❢❡✐①❡ ✐♥❝✐❞❡♥t❡
❝✐r❝✉❧❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞♦✳ ■st♦ ♣r♦❞✉③ é①❝✐t♦♥s ❝♦♠ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦✱
♠♦♠❡♥t♦ ❛♥❣✉❧❛r q✉❡ é tr❛♥s♠✐t✐❞♦ ♣❡❧♦s ❢ôt♦♥s ❛♦s ♣❛r❡s ❞❡ ❡❧étr♦♥✲❜✉r❛❝♦ ❝r✐❛❞♦s ♣❡❧❛
✐♥❝✐❞ê♥❝✐❛ ❞♦ ❢❡✐①❡✳ ❆ ♣r♦✈❛ ❞❛ ❝♦❡rê♥❝✐❛ ❡ r❡❧❛①❛çã♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦✱ é t❡st❛❞❛ ♣♦r
♠❡✐♦ ❞❡ ✉♠ ♣✉❧s♦ ❧✐♥❡❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞♦✱ q✉❡ ❛❧❝❛♥ç❛ ❛ ❛♠♦str❛ ❛tr❛s❛❞♦ ❝♦♠ r❡s♣❡✐t♦
❛♦ ♣r✐♠❡✐r♦✳ ❆ ♣♦❧❛r✐③❛çã♦ ❧✐♥❡❛r r♦t❛ ✉♠❛ q✉❛♥t✐❞❛❞❡ ♣r♦♣♦r❝✐♦♥❛❧ à ♠❛❣♥❡t✐③❛çã♦
✉♠❛ ✈❡③ q✉❡ ❛tr❛✈❡ss❛ ♦ ♠❛t❡r✐❛❧✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❡❢❡✐t♦ ❋❛r❛❞❛②✳

4.2.1. Efeito Faraday

❖s ♠❛t❡r✐❛✐s ❝♦♠ ✉♠❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡✜♥✐❞❛ ♥ã♦ sã♦ s✐♠étr✐❝♦s ❡♠ r❡❧❛çã♦ à ❛❜s♦rçã♦
❞❡ ❧✉③ ♣♦❧❛r✐③❛❞❛ ❝✐r❝✉❧❛r♠❡♥t❡✳ ❖ í♥❞✐❝❡ ❛❜s♦rçã♦ ❞❡ ❧✉③ ❝✐r❝✉❧❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞❛ ❛
❡sq✉❡r❞❛ ❞✐❢❡r❡ ❞♦ í♥❞✐❝❡ ❞❛ ❛❜s♦rçã♦ ❞❡ ❧✉③ ♣♦❧❛r✐③❛❞❛ ❛ ❞✐r❡✐t❛✱ ♦r✐❣✐♥❛♥❞♦ ❞✐❝r♦ís♠♦
♠❛❣♥ét✐❝♦✳

❯♠❛ ♦♥❞❛ ❧✐♥❡❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞❛ q✉❡ ❛tr❛✈❡ss❛ ♦ ♠❡✐♦ t❡♠ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ❝♦♠
♣♦❧❛r✐③❛çã♦ ❝✐r❝✉❧❛r à ❞✐r❡✐t❛ ❡ ♦✉tr❛ à ❡sq✉❡r❞❛✱ ❝✉❥♦s ✈❡t♦r❡s ❞❡ ♦♥❞❛ sã♦

k+ =
ωη+

c
, ✭✹✳✶✽✮

k− =
ωη−
c
,

s❡♥❞♦ η+❡ η−♦s í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ à ❞✐r❡✐t❛ ❡ ❡sq✉❡r❞❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

4.2.2. Rotação de Faraday Resolvida no Tempo

❖ ❡❢❡✐t♦ ❋❛r❛❞❛② ♣♦❞❡✲s❡ ❛♣r♦✈❡✐t❛r ♣❛r❛ ❡st✉❞❛r ❛ s✉♣❡r♣♦s✐çã♦ ❝♦❡r❡♥t❡ ❞❡ ❡st❛❞♦s
❞❡ s♣✐♥ ❞♦s ❡❧étr♦♥s ♥❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦ q✉❛♥❞♦ ♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❞♦ ♣❛r ❡❧étr♦♥✲
❜✉r❛❝♦ é ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦✳ ❆ ✐❞é✐❛ é ❢❛③❡r ✐♥❝✐❞✐r ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ ❝✐r❝✉❧❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞❛
✭♦♥❞❡ ♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❞♦s ❢ôt♦♥s é ±1✮ ❞❡ ❡♥❡r❣✐❛ ✐❣✉❛❧ ❛ ❡♥❡r❣✐❛ ❞♦ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧
q✉❡ ❡st❡❥❛ s❡♥❞♦ ❡st✉❞❛❞♦✳ ◗✉❛♥❞♦ ♦s ❡❧étr♦♥s sã♦ r❡♠♦✈✐❞♦s ❞❛ ❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛
s❡ ❝r✐❛ ✉♠ ♣❛r ❡❧étr♦♥✲❜✉r❛❝♦ ❝♦♠ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ±1 ♥❛ ❞✐r❡çã♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞♦
❢❡✐①❡✱ ♣♦rt❛♥t♦ ❛ ❛♠♦str❛ ✜❝❛ ♠❛❣♥❡t✐③❛❞❛✳ ❙❡ ❝♦❧♦❝❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦
❡♠ ❞✐r❡çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r à ✐♥❝✐❞ê♥❝✐❛ ❞❡ ❢❡✐①❡ ♦ q✉❡ ❝r✐❛ ✉♠❛ s✉♣❡r♣♦s✐çã♦ q✉â♥t✐❝❛ ❞❡
❡st❛❞♦s ✭♣♦rq✉❡ ❛ ♣❡rt✉r❜❛çã♦✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ♥ã♦ ❞✐❛❣♦♥❛❧ ♥❛ ❜❛s❡ ❞♦ s✐st❡♠❛✮
q✉❡ ✈❛✐ ❣✐r❛r s❡❣✉✐♥❞♦ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ▲❛r♠♦r✱ ωL = eH

2m ✱ ♦♥❞❡ H é ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱
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✹✳ ❊①♣❡r✐♠❡♥t♦s ❘❡❝❡♥t❡s s♦❜r❡ ❉❡❝♦❡rê♥❝✐❛ ❡♠ P♦♥t♦s ◗✉â♥t✐❝♦s

θF

M

B

❋✐❣✉r❛ ✹✳✹✳✿ ❊❢❡✐t♦ ❋❛r❛❞❛②✳

e ❛ ❝❛r❣❛ ❞♦ ❡❧étr♦♥ ❡ m ❛ ♠❛ss❛✳ ❆ ❢r❡qüê♥❝✐❛ ❞❡ ♦s❝✐❧❛çã♦ ❡ ♦ t❡♠♣♦ q✉❡ ❧❡✈❛ ❡♠
r❡❧❛①❛r ♣♦❞❡✲s❡ t❡st❛r ✉s❛♥❞♦ ✉♠ ❢❡✐①❡ ❧✐♥❡❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞♦ ♣❡r♣❡♥❞✐❝✉❧❛r à ❞✐r❡çã♦
❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞♦ ♣r✐♠❡✐r♦ ❢❡✐①❡ ❡ ❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ P❡❧♦ ❡❢❡✐t♦ ❋❛r❛❞❛②✱
q✉❛♥❞♦ ♦ s❡❣✉♥❞♦ ❢❡✐①❡ ❛tr❛✈❡ss❛ ♦ ♠❛t❡r✐❛❧ s✉❛ ♣♦❧❛r✐③❛çã♦ é ❞❡s✈✐❛❞❛ ✉♠ â♥❣✉❧♦
♣r♦♣♦r❝✐♦♥❛❧ à ♠❛❣♥❡t✐③❛çã♦ ❞♦ ♠❡s♠♦✱ ✜❣✉r❛ ✹✳✹✳ ❊♥tã♦✱ ✈❛r✐❛♥❞♦ ♦ ❛tr❛s♦ ❡♥tr❡ ♦
❢❡✐①❡ ❞❡ ❡①❝✐t❛çã♦ ❡ ♦ ❢❡✐①❡ ❞❡ ♣r♦✈❛ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ❛ ❞✐♥â♠✐❝❛ ❞♦ s♣✐♥ ❞♦ é①❝✐t♦♥✳

4.2.3. Descrição de um Experimento

❆s ❛♠♦str❛s ❡st✉❞❛❞❛s ❢♦r❛♠ ♥❛♥♦✲❝r✐st❛✐s ❝♦❧♦✐❞❛✐s ❞❡ ❈❞❙❡ ❡ ❞❡ ❈❞❙❡ r❡❝♦❜❡rt♦s ❝♦♠
❈❞❙✱ ❝♦♠ ✉♠ ❞✐â♠❡tr♦ ♠é❞✐♦ ❞❡ 22− 80➴, ❝♦♠ ✉♠❛ ❞✐s♣❡rsã♦ ❞❡ t❛♠❛♥❤♦ ❞❡ 5− 10✪✱
❝♦♠ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s ♥❛s ❛♠♦str❛s ❞❛ ♦r❞❡♠ ❞❡ 1010. ❙❡ ✉s❛r❛♠
❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❞❡ ❛té 7❚✱ ❛ t❡♠♣❡r❛t✉r❛s ❞❡ 6−282❑. ❆ ❡♥❡r❣✐❛ ❞♦ ♣✉❧s♦ ✐♥❝✐❞❡♥t❡
✈❛r✐♦✉ ❞❡ 1.7 ❛té 2.6❡❱❡♠ ♣✉❧s♦s ❞❡ ∼ 150 ❢❡♠t♦s❡❣✉♥❞♦s✳
❆ ♣r✐♠❡✐r❛ ♠❡❞✐❞❛ ❢♦✐ ❢❡✐t❛ ❝♦♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ③❡r♦✱ ❛ t❡♠♣❡r❛t✉r❛ 6❑✱ ❡♠ ♣♦♥t♦s

q✉â♥t✐❝♦s ❞❡ ❞✐â♠❡tr♦ 40➴, t❛♥t♦ ❡♠ ❛♠♦str❛s ❞❡ ❈❞❙❡ q✉❛♥t♦ ♥❛s ❞❡ ❈❞❙❡✴❈❞s✱ ✜❣✉r❛
✹✳✺✭❛✮✳ ❖ ❡s♣❡❝tr♦ ♠♦str♦✉ ❛ r❡❧❛①❛çã♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛✳ ◆♦ q✉❛❞r♦
♣❡q✉❡♥♦✱ ❛ ♠❡❞✐❞❛ ❞❡ ❢♦t♦✲❧✉♠✐♥❡s❝ê♥❝✐❛ ❢❡✐t❛ ♣❛r❛ ❡♥❝♦♥tr❛r ❛s ❡♥❡r❣✐❛s ❞♦s ♣r✐♠❡✐r♦s
♥í✈❡✐s✳
◆❛ ✜❣✉r❛ ✹✳✺✭❜✮✱ ♦ s✐♥❛❧ ❞❡ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛② ✭❋❘✱ ❞♦ ✐♥❣❧ês ❋❛r❛❞❛② r♦t❛t✐♦♥✮❛♣r❡s❡♥t❛

✉♠❛ ♦s❝✐❧❛çã♦ ❞❡✈✐❞❛ à ♣r❡s❡♥ç❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ❉❛ ♦s❝✐❧❛çã♦ ♣♦❞❡✲s❡ ❡①tr❛✐r ♦
❢❛t♦r ❣ ✭♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡❢❡t✐✈♦✮ ❡♥q✉❛♥t♦ q✉❡ ❛ ❡♥✈♦❧✈❡♥t❡ ❞❛ ♦s❝✐❧❛çã♦ ✐♥❞✐❝❛ ♦
t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦✳
❖ s❡❣✉✐♥t❡ ♣❛ss♦ ❢♦✐ ❢❛③❡r ♥❛ ♠❡s♠❛ ❛♠♦str❛ ✉♠❛ sér✐❡ ❞❡ ♠❡❞✐❞❛s✱ ✈❛r✐❛♥❞♦ ♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ♣❛r❛ ✈❡r s✉❛ r❡❧❛çã♦ ❝♦♠ ♦ t❡♠♣♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❡ r❡❧❛①❛çã♦✱
✜❣✉r❛ ✹✳✻✳ ❈♦♥❢♦r♠❡ s❡ ❛✉♠❡♥t❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦✱ ❛✉♠❡♥t❛ ❛ ❢r❡qüê♥❝✐❛
❞❡ ♦s❝✐❧❛çã♦✱ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ▲❛r♠♦r✱ ❡ ♦ q✉❡ s❡ ♦❜s❡r✈❛ é q✉❡ ❡♥tr❡ ♠❛✐s ❛❧t♦ s❡❥❛
♦ ❝❛♠♣♦ ♠❛✐s rá♣✐❞♦ ❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ✐rá ❞✐♠✐♥✉✐r✳ ■ss♦ s❡ ❡①♣❧✐❝❛ ♣♦rq✉❡
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✹✳ ❊①♣❡r✐♠❡♥t♦s ❘❡❝❡♥t❡s s♦❜r❡ ❉❡❝♦❡rê♥❝✐❛ ❡♠ P♦♥t♦s ◗✉â♥t✐❝♦s

❋✐❣✉r❛ ✹✳✺✳✿ ❊s♣❡❝tr♦ ❞❡ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛② t♦♠❛❞♦ ❛ T = 6❑✳ ❋✐❣✉r❛ s✉♣❡r✐♦r H =0
❡ ♦ ❞✐â♠❡tr♦ 40➴. ❋✐❣✉r❛ ✐♥❢❡r✐♦r H = 0.25❚ ❡ ♦ ❞✐â♠❡tr♦ 57➴ ❬✸✸❪✳

❛ ❞✐♥â♠✐❝❛ ❡stá ❞♦♠✐♥❛❞❛ ♣♦r ❞❡❢❛s❛❣❡♠ ♥ã♦ ❤♦♠♦❣ê♥❡❛✱ ❛ ❧❛r❣✉r❛ ❞❡ t❛♠❛♥❤♦s ❞♦s
♣♦♥t♦s q✉â♥t✐❝♦s ❢❛③ ❝♦♠ q✉❡ ❝❛❞❛ ♣♦♥t♦ t❡♥❤❛ ✉♠❛ ❢r❡qüê♥❝✐❛ ♣ró♣r✐❛ ❞❡ ♦s❝✐❧❛çã♦ ❡ ♦
s✐♥❛❧ ♠❛❝r♦s❝ó♣✐❝♦ ❞❡s❛♣❛r❡ç❛ r❛♣✐❞❛♠❡♥t❡✳
P❛r❛ ❡st✉❞❛r ♦ ❡❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥♦ ♣r♦❝❡ss♦✱ s❡ t♦♠♦✉ ♦ ♠❡s♠♦ s✐♥❛❧ ❞❛ ✜❣✉r❛

✹✳✺✭❜✮✱ ♠❛s ❛ t❡♠♣❡r❛t✉r❛ ❞❡ 282❑✱ ✜❣✉r❛ ✹✳✼✳ ❉❛ ❝♦♠♣❛r❛çã♦ ❝❤❡❣♦✉✲s❡ à ❝♦♥❝❧✉sã♦
❞❡ q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ♥ã♦ ❡st❛✈❛ ✐♥✢✉❡♥❝✐❛♥❞♦ ♦ ❢❡♥ô♠❡♥♦✳
P❛r❛ ✜♥❛❧✐③❛r✱ ✜③❡r❛♠ ♥♦✈❛♠❡♥t❡ ❛ ♠❡❞✐❞❛s ♥❛ ❛♠♦str❛ ❞❡ 57➴✱ ✉s❛♥❞♦ ❝❛♠♣♦s ❞❡

0, 0.25 ❡ 4.0T. ❖ ú❧t✐♠♦ ♠♦str♦✉ ✉♠❛ ❝♦✐s❛ q✉❡ ♥ã♦ t✐♥❤❛ s✐❞♦ ♦❜s❡r✈❛❞❛ ♥❛s ♠❡❞✐✲
❞❛s ❛♥t❡r✐♦r❡s✿ ❆♣r❡s❡♥t❛✈❛ ✉♠ ❜❛t✐♠❡♥t♦ ♥❛s ♦s❝✐❧❛çõ❡s✱ ✜❣✉r❛ ✹✳✽✳ ❈♦♠♦ ♣♦ssí✈❡❧
❡①♣❧✐❝❛çã♦✱ ♣❡♥s❛r❛♠ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞♦ ❢❡✐①❡ s❡ ❡♥❝♦♥tr❛✈❛ ♥♦ ♠❡✐♦ ❞❡
❞♦✐s ♥í✈❡✐s✳ P❛r❛ ❝♦♥❢❡r✐r t♦♠❛r❛♠ ♦ ❡s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ❞❛ ❛♠♦str❛✱ ❧♦❝❛❧✐③❛♥❞♦ ❛s✲
s✐♠ ♦s ❞♦✐s ♣r✐♠❡✐r♦s ♥í✈❡✐s✳ ❋✐③❡r❛♠ ❛ ♠❡❞✐❞❛ ❞❡ ❋❘ ❡①❝✐t❛♥❞♦ ♦s ❡❧étr♦♥s ♣r✐♠❡✐r♦
❝♦♠ ✉♠❛ ❡♥❡r❣✐❛ ❞♦ ♣r✐♠❡✐r♦ ♥í✈❡❧ ❡ ❞❡♣♦✐s ❝♦♠ ✉♠❛ ❡♥❡r❣✐❛ ♠é❞✐❛ ❡♥tr❡ ♦ ♣r✐♠❡✐r♦ ❡
s❡❣✉♥❞♦ ♥í✈❡❧✳ ❈♦♥trár✐♦ ❛♦ q✉❡ s❡ ❡s♣❡r❛✈❛ ♦s ❞♦✐s ❡s♣❡❝tr♦s t✐✈❡r❛♠ ♦ ♠❡s♠♦ ❝♦♠✲
♣♦rt❛♠❡♥t♦✳ ❖✉tr❛ ♣♦ssí✈❡❧ r❡s♣♦st❛ ❡st❛✈❛ ♥❛ ❧❛r❣✉r❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ t❛♠❛♥❤♦s
❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s ❝♦♥t✐❞♦s ♥❛s ❛♠♦str❛s✳ P❛r❛ ✈❡r✐✜❝❛r ✜③❡r❛♠ ✉♠❛ ♠❡❞✐❞❛ ❞❡ ♠✐✲
❝r♦s❝♦♣✐❛ ❞❡ tr❛♥s♠✐ssã♦ ❡❧❡trô♥✐❝❛ ✭❚❊▼✮✱ q✉❡ t❛♠❜é♠ ♥ã♦ r❡s♦❧✈❡✉ ♦ ♣r♦❜❧❡♠❛✳ ❆
♣❡r❣✉♥t❛ ❡♥tã♦ ✜❝♦✉ ❛❜❡rt❛✳
P♦r ú❧t✐♠♦ ❢♦r❛♠ ❡①tr❛í❞♦s ♦s ❢❛t♦r❡s g tr❛♥s❢♦r♠❛❞❛ rá♣✐❞❛ ❞❡ ❋♦✉r✐❡r ✭❋❋❚✮✱ q✉❡

❝♦rr❡s♣♦♥❞❡♠ ❝♦♠ ❡ss❡s ❜❛t✐♠❡♥t♦s✿ g ∼ 1.1 ❡ 1.5✱ ✜❣✉r❛ ✹✳✾✳ ▼❡s♠♦ q✉❡ ♦ ❢❛t♦r g ∼ 1.1

é ❝♦♠♣❛rá✈❡❧ ❛♦ ✈❛❧♦r ❡st✐♠❛❞♦ ❞♦ ❜✉r❛❝♦✱ ♦ ✈❛❧♦r ❡st✐♠❛❞♦ ♣❛r❛ ♦ ❡❧étr♦♥ ❡♠ ❈❞❙❡ é
❞❡ ∼ 0.7. ❆ r❡s♣♦st❛ ♣♦❞❡ ❡st❛r ❡♠ ✉♠ ❢♦rt❡ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ ❡①❝❤❛♥❣❡ ❡♥tr❡ ♦ ❡❧étr♦♥

✷✸



✹✳ ❊①♣❡r✐♠❡♥t♦s ❘❡❝❡♥t❡s s♦❜r❡ ❉❡❝♦❡rê♥❝✐❛ ❡♠ P♦♥t♦s ◗✉â♥t✐❝♦s

❋✐❣✉r❛ ✹✳✻✳✿ ❘♦t❛çã♦ ❞❡ ❋❛r❛❞❛② ❡♠ ✉♠❛ ❛♠♦str❛ ❞❡ 80➴ ❞❡ ❞✐â♠❡tr♦✱ ❛ 6❑ ❝♦♠ ✈❛r✐❛çã♦
♥♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ❬✸✸❪✳

❋✐❣✉r❛ ✹✳✼✳✿ ❊s♣❡❝tr♦ ❞❡ ❋❘ ❡♠ ✉♠❛ ❛♠♦str❛ ❞❡ 57➴✱ ❛ H = 0T ❡ H =0.25T, ❡ ❚❂✷✽✷K
❬✸✸❪✳

❋✐❣✉r❛ ✹✳✽✳✿ ❘♦t❛çã♦ ❞❡ ❋❛r❛❞❛② r❡s♦❧✈✐❞❛ ♥♦ t❡♠♣♦ ♣❛r❛ ✉♠❛ ❛♠♦str❛ ❞❡ 57➴ ♣❛r❛
H = 4.0T ❬✸✸❪✳

✷✹



✹✳ ❊①♣❡r✐♠❡♥t♦s ❘❡❝❡♥t❡s s♦❜r❡ ❉❡❝♦❡rê♥❝✐❛ ❡♠ P♦♥t♦s ◗✉â♥t✐❝♦s

❋✐❣✉r❛ ✹✳✾✳✿ ❋r❡qüê♥❝✐❛ ❞❡ ▲❛r♠♦r ❝♦♥tr❛ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❬✸✸❪✳

❡ ♦ ❜✉r❛❝♦ ♦✉✱ ❝♦♠♦ s✉❣❡r❡♠ t❡♦r✐❛s r❡❝❡♥t❡s✱ ❡♠ ✉♠ ❞❡s❞♦❜r❛♠❡♥t♦ ❞❛ ❡str✉t✉r❛ ✜♥❛
❞♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞♦ ♣♦♥t♦ q✉â♥t✐❝♦ ❞❡✈✐❞♦ à ✐♥t❡r❛çã♦ ❞❡ ❡①❝❤❛♥❣❡ ❡ à ❛ss✐♠❡tr✐❛
❞♦ ❝r✐st❛❧✳

❆ ❡♥❡r❣✐❛ ❞♦s ❧❛s❡rs ✉s❛❞♦s ♣❛r❛ ❢❛③❡r ♦ ❡①♣❡r✐♠❡♥t♦ ❛♥t❡r✐♦r é ❞❛ ♦r❞❡♠ ❞❡ ❡❱✱ ❛
❡♥❡r❣✐❛ ❞♦ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧✱ ❛ q✉❛❧ ❝♦rr❡s♣♦♥❞❡ ❝♦♠ ❧✉③ ✈✐sí✈❡❧✳ P❛r❛ ❢❛③❡r ✉♠ ❡①♣❡r✐✲
♠❡♥t♦ ❞❡ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛② r❡s♦❧✈✐❞❛ ♥♦ t❡♠♣♦ ❞✐r✐❣✐❞♦ só ❛♦ s♣✐♥ s❡r✐❛ ♣r❡❝✐s♦ ✉s❛r
♦♥❞❛s ❝♦♠ ❛ ❡♥❡r❣✐❛ ❞❡ ❩❡❡♠❛♥✱ ♦✉ s❡❥❛✱ ❞❛ ♦r❞❡♠ 0.1♠❡❱, ❛s q✉❛✐s ❡stã♦ ♥❛ ❢❛✐①❛ ❞❛s
♠✐❝r♦✲♦♥❞❛s ✭1 × 1010❍③✮ ❡ ❝✉❥♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ sã♦ ❞❛ ♦r❞❡♠ ❞❡ ❝❡♥tí♠❡tr♦s✱
❡♥q✉❛♥t♦ q✉❡ ♦s ♣♦♥t♦s q✉â♥t✐❝♦s ❝♦♥t✐❞♦s ♥❡❧❛s ❡stã♦ ❡♠ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛✳ ❆ ❣❡✲
♦♠❡tr✐❛ ❡ ♦❜t❡♥çã♦ ❞❡ ❞❛❞♦s ❡♠ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ❡ss❛s ❝❛r❛❝t❡ríst✐❝❛s ❛♣r❡s❡♥t❛
✉♠❛ ❡♥♦r♠❡ ❞✐✜❝✉❧❞❛❞❡✱ é ❡st❡ ♦ ♠♦t✐✈♦ ♣♦r ♦ q✉❛❧ ❛té ❛❣♦r❛ ♥ã♦ ❢♦r❛♠ r❡♣♦rt❛❞♦s
❡①♣❡r✐♠❡♥t♦s ♥❛ ❧✐t❡r❛t✉r❛✳

❈♦♠♦ ❛♣r❡♥❞✐③❛❣❡♠ ♥❡st❡ t✐♣♦ ❞❡ ❡①♣❡r✐♠❡♥t♦ ♣♦❞❡♠♦s ♠❡♥❝✐♦♥❛r q✉❡ ♦ ♣r♦❜❧❡♠❛ ❞❡
♥ã♦ ❤♦♠♦❣ê♥❡✐❞❛❞❡ ❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s r❡♣r❡s❡♥t❛ ✉♠❛ ❣r❛♥❞❡ ❧✐♠✐t❛♥t❡ ♣❛r❛ ✐♠♣❧❡✲
♠❡♥t❛r ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞❡ q✉❡ ❡♥✈♦❧✈❛ só ❞❡❝♦❡rê♥❝✐❛ ❞❡ s♣✐♥✳ ❆ ❢❡♥ô♠❡♥♦ ❞❡ ❞❡❝♦❡rê♥✲
❝✐❛ ✜❝❛ ❜❧✐♥❞❛❞♦ ♣❡❧❛ ❞❡❢❛s❛❣❡♠✳ P♦ré♠ ❡st❡ ❡①♣❡r✐♠❡♥t♦ ♥♦s ♣❡r♠✐t❡ t❡r ✉♠❛ ♥♦çã♦
❞♦ ❧✐♠✐t❡ s✉♣❡r✐♦r ❞♦ t❡♠♣♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ q✉❡ ✈❛✐ ❡♥tr❡ ✉♠❛s ❞❡③❡♥❛s ❞❡ ♣✐❝♦s❡❣✉♥❞♦s
❡ ♥❛♥♦s❡❣✉♥❞♦s✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳
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5. Sistemas Quânticos Dissipativos

❖ ♣r♦❜❧❡♠❛ ❞❡ ❡st✉❞❛r s✐st❡♠❛s q✉â♥t✐❝♦s ❞✐ss✐♣❛t✐✈♦s s❡ ❝❡♥tr❛ ♥❛ q✉❡stã♦ ❞❡ ❝♦♠♦
q✉❛♥t✐③❛r s✐st❡♠❛s ♥ã♦ ✐s♦❧❛❞♦s ❬✷✸✱ ✸✼✱ ✸✽✱ ✸✾❪✱ ❝✉❥❛ ❞✐♥â♠✐❝❛ ❝❧áss✐❝❛ é ❞❡s❝r✐t❛ ♣♦r ✉♠❛
❡q✉❛çã♦ ❞❡ ♠♦✈✐♠❡♥t♦ q✉❡ ♥ã♦ ♣♦❞❡ s❡r ♦❜t✐❞❛ ♣❡❧❛ ❛♣❧✐❝❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ❍❛♠✐❧t♦♥
❛ ♥❡♥❤✉♠❛ ❍❛♠✐❧t♦♥✐❛♥❛✳ ❖ ❡①❡♠♣❧♦ ❝❧áss✐❝♦ é ❛ ❞✐♥â♠✐❝❛ ❞❛ ♣❛rtí❝✉❧❛ ❇r♦✇♥✐❛♥❛✱ ❝✉❥♦
♠♦✈✐♠❡♥t♦ é ❞❡✜♥✐❞♦ ♣❡❧❛ ❡q✉❛çã♦ ❞❡ ▲❛♥❣❡✈✐♥ ✭q✉❛♥❞♦ ♦ ❛tr✐t♦ ❞❡♣❡♥❞❡ ❞♦ t❡♠♣♦✮

Mq̈ +M

∫ t

−∞
γ
(

t− t′
)

q̇ + V ′ (q) = ξ (t) , ✭✺✳✶✮

♦♥❞❡ γ (t− t′) é ✉♠❛ ❢✉♥çã♦ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦✱ V (q) é ♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ ❛♦ q✉❛❧ ❛
♣❛rtí❝✉❧❛ ❡stá s✉❥❡✐t❛ ❡ ξ (t) ✉♠❛ ❢♦rç❛ ✢✉t✉❛♥t❡ t♦t❛❧♠❡♥t❡ ❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧❛ ♠é❞✐❛ ♥♦
✏❡♥s❡♠❜❧❡✑✱

〈ξ (t)〉 = 0 ✭✺✳✷✮
〈

ξ (t) ξ
(

t′
)〉

= MkBTγ
(

t− t′
)

.

❊st❡ t✐♣♦ ❞❡ s✐st❡♠❛ ♥ã♦ ♣❡r♠✐t❡ ❛ ❛♣❧✐❝❛çã♦ ❞❛ ❢♦r♠✉❧❛çã♦ ✉s✉❛❧ ❞❛ q✉❛♥t✐③❛çã♦
❝❛♥ô♥✐❝❛✱ s✉r❣✐♥❞♦ ❡♥tã♦ ❛ ♣❡r❣✉♥t❛ ❞❡ ❝♦♠♦ ❝♦♥❝✐❧✐❛r ♦ ♣r♦❝❡ss♦ ❞❡ q✉❛♥t✐③❛çã♦ ✉s✉❛❧
❝♦♠ ❡q✉❛çõ❡s ❞♦ ♠♦✈✐♠❡♥t♦ ❞✐ss✐♣❛t✐✈♦✳ ❊①✐st❡♠ ♠✉✐t❛s t❡♥t❛t✐✈❛s ♣❛r❛ r❡s♣♦♥❞❡r ❡st❛
q✉❡stã♦ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✱ q✉❡ ♣♦❞❡♠ s❡ ❥✉♥t❛r ❡♠ ❞✉❛s ❝❛t❡❣♦r✐❛s✿ ❆ ♣r✐♠❡✐r❛
❞❡❧❛s ❝♦rr❡s♣♦♥❞❡ ❛ ♥♦✈♦s ❡sq✉❡♠❛s ❞❡ q✉❛♥t✐③❛çã♦ ♣❛r❛ s✐st❡♠❛s ♥ã♦✲✐s♦❧❛❞♦s✱ ♦s q✉❛✐s
❡♠ ❣❡r❛❧ ❛♣r❡s❡♥t❛♠ ❢❛❧❤❛s s♦❜r❡ ♦s ♣r✐♥❝í♣✐♦s ❢ís✐❝♦s ♦✉ s♦❜r❡ s✉❛s ♣r❡❞✐çõ❡s ❡♠ ❝❛s♦s
❣❡r❛✐s ❬✹✵✱ ✹✶✱ ✹✷✱ ✹✸❪✳ ❖ s❡❣✉♥❞♦ t✐♣♦ ❞❡ ❛♣r♦①✐♠❛çã♦ ❝♦♥s✐st❡ ♥♦ ❡st✉❞♦ ❞❛ ❞✐♥â♠✐❝❛
❞❡ s✉❜s✐st❡♠❛s✱ ♦✉ s❡❥❛✱ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❞♦ s✐st❡♠❛ ❞❡ ✐♥t❡r❡ss❡ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠
r❡s❡r✈❛tór✐♦✳ ◆❡st❡ ❡sq✉❡♠❛ s❡ ♠❛♥té♠ ❛ q✉❛♥t✐③❛çã♦ ❝❛♥ô♥✐❝❛ ✐♥❛❧t❡r❛❞❛ ♠❛s s❡ ♠✉❞❛
♦ s✐st❡♠❛✱ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ❝♦♠ ✉♠ r❡s❡r✈❛tór✐♦ ❞❡ ❡♥❡r❣✐❛ ❡
q✉❛♥t✐③❛♥❞♦ ❞❡♥tr♦ ❞♦ ❡sq✉❡♠❛ ✉s✉❛❧ ❬✸✼❪✳

◆❡st❡ tr❛❜❛❧❤♦ ✈❛✐ s❡ ❛❞♦t❛r ♦ s❡❣✉♥❞♦ ♠ét♦❞♦✱ ♦♥❞❡ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ q✉❡ ❞❡s❝r❡✈❡ ♦
♣r♦❜❧❡♠❛ é ❛ s❡❣✉✐♥t❡
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H = HS +Hint +HR. ✭✺✳✸✮

HS é ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞♦ s✐st❡♠❛ ❞❡ ✐♥t❡r❡ss❡✱ Hint ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦
s✐st❡♠❛ ❡ ♦ r❡s❡r✈❛tór✐♦ ❡ HR ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞♦ r❡s❡r✈❛tór✐♦✳ ◆❡st❛ ❢♦r♠✉❧❛çã♦✱ ♦ ❛tr✐t♦
✈❡♠ ❞❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ ❞❡s❞❡ ✉♠ s✐st❡♠❛ ✏♣❡q✉❡♥♦✑ ♣❛r❛ ✉♠ ♠❡✐♦ ❛♠❜✐❡♥t❡
✏❣r❛♥❞❡✑✳ ❆ ❡♥❡r❣✐❛✱ ✉♠❛ ✈❡③ tr❛♥s❢❡r✐❞❛✱ s❡ ❞✐ss✐♣❛ ❞❡♥tr♦ ❞♦ ♠❡✐♦ ❛♠❜✐❡♥t❡✳

❊♠ ♠✉✐t♦s ❝❛s♦s ♥ã♦ s❡ t❡♠ ✐♥❢♦r♠❛çã♦ ❞❛ ♥❛t✉r❡③❛ ♠✐❝r♦s❝ó♣✐❝❛ ❞♦ ❛♠♦rt❡❝✐♠❡♥t♦✳
▼❛s ❛♣r♦①✐♠❛♥❞♦✲s❡ ❢❡♥♦♠❡♥♦❧♦❣✐❝❛♠❡♥t❡ ❛♦ ♣r♦❜❧❡♠❛ ♥♦ ❧✐♠✐t❡ ❝❧áss✐❝♦ ❝♦♥s❡❣✉❡✲s❡
❞❡s❝r❡✈❡r ❞❡♥tr♦ ❞♦ ❢♦r♠❛❧✐s♠♦ q✉â♥t✐❝♦ ✉♠❛ ❞✐♥â♠✐❝❛ ❞✐ss✐♣❛t✐✈❛✳

❈♦♥s✐❞❡r❡♠♦s ✉♠ s✐st❡♠❛ q✉â♥t✐❝♦ ❞✐ss✐♣❛t✐✈♦ ❛❝♦♣❧❛❞♦ ❧✐♥❡❛r♠❡♥t❡ ✈✐❛ s✉❛ ❝♦♦r❞❡✲
♥❛❞❛ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ❛ ✉♠ r❡s❡r✈❛tór✐♦ ♦✉ ❜❛♥❤♦✳ ❙❡ ♦ ❜❛♥❤♦ é ♣❡rt✉r❜❛❞♦ ❢r❛❝❛♠❡♥t❡
♣❡❧♦ s✐st❡♠❛✱ ♣♦❞❡✲s❡ ❛ss✉♠✐r q✉❡ ❛ r❡s♣♦st❛ ❞❡❧❡ é ❧✐♥❡❛r ❡ q✉❛❧q✉❡r s✐st❡♠❛ ❝✉❥❛ r❡✲
s♣♦st❛ é ❞❡ss❡ t✐♣♦ ♣♦❞❡ s❡ r❡♣r❡s❡♥t❛r ❝♦♠♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♦s❝✐❧❛❞♦r❡s ❤❛r♠ô♥✐❝♦s s❡♠
♣❡r❞❡r ❣❡♥❡r❛❧✐❞❛❞❡✳ ❊♥tã♦ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞♦ r❡s❡r✈❛tór✐♦ ❞❡ ◆ ♦s❝✐❧❛❞♦r❡s ❤❛r♠ô♥✐❝♦s
é

HR =
N
∑

α=1

(

p2
α

2mα
+

1

2
mαω

2
αx

2
α

)

. ✭✺✳✹✮

❆ ❍❛♠✐❧t♦♥✐❛♥❛ ❣❡r❛❧ ❞♦ s✐st❡♠❛ ❣❧♦❜❛❧✱ ❥✉♥t❛♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❥á ♠❡♥❝✐♦♥❛❞❛s
❡ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ só ♣❛r❛ ♦ s✐st❡♠❛✱ é ❛ s♦♠❛ ❞❛s s❡❣✉✐♥t❡s s✉❜✲
❤❛♠✐❧t♦♥✐❛♥❛s✿

HS =
p2

2m
+ V (q) ,

HR =
N
∑

α=1

(

p2
α

2mα
+

1

2
mαω

2
αx

2
α

)

, ✭✺✳✺✮

HI = −
N
∑

α=1

Fα (q)xα + ∆V (q) ,

❡ s❡ ❝♦♥❤❡❝❡ ❤♦❥❡ ❝♦♠♦ ♠♦❞❡❧♦ ❈❛❧❞❡✐r❛✲▲❡❣❣❡tt ❬✸✼❪✳ ◆❛ ú❧t✐♠❛ ❡q✉❛çã♦ ∆V (q) é
✐♥tr♦❞✉③✐❞♦ ♣❛r❛ ❝♦♠♣❡♥s❛r ❛ r❡♥♦r♠❛❧✐③❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ V (q) ❛ q✉❛❧ é ❝❛✉s❛❞❛ ♣❡❧♦
❛❝♦♣❧❛♠❡♥t♦ ❧✐♥❡❛r ❝♦♠ xα ❡♠ HI ✳ ◆❛ ❛✉sê♥❝✐❛ ❞❡ ∆V (q)✱ ♦ ♠í♥✐♠♦ ❞❛ s✉♣❡r❢í❝✐❡
❞♦ ♣♦t❡♥❝✐❛❧ ❞♦ s✐st❡♠❛ ❣❧♦❜❛❧ ♣❛r❛ ✉♠ ❞❛❞♦ q ❡stá ❡♠ xα = Fα(q)

mαω2
α

♣❛r❛ t♦❞♦ α✳ ❖
♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ r❡♥♦r♠❛❧✐③❛❞♦ ♣❡❧♦ ❛❝♦♣❧❛♠❡♥t♦ é
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VEff (q) = V (q) −
N
∑

α=1

F 2
α (q)

2mαω2
α

.

❙❡ s❡ q✉❡r q✉❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ♦ r❡s❡r✈❛tór✐♦ só ✐♥tr♦❞✉③❛ ❞✐ss✐♣❛çã♦ ❡ ♥ã♦ r❡♥♦r✲
♠❛❧✐③❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧✱ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✐♥t❡r❛çã♦ ❞❡✈❡ s❡r ❝♦♠♣❡♥s❛❞❛ ♣♦r ✉♠ t❡r♠♦

∆V (q) =

N
∑

α=1

F 2
α (q)

2mαω2
α

.

Fα (q) é ✉♠❛ ❢✉♥çã♦ q✉❡ ❞❡♣❡♥❞❡ ❞❡ q ❡ ❞❛s ♠❛ss❛s ❡ ❢r❡qüê♥❝✐❛s ❞♦s ♦s❝✐❧❛❞♦r❡s ❞♦
❜❛♥❤♦✳ P❛r❛ ❣❛r❛♥t✐r ❞✐ss✐♣❛çã♦ ❡str✐t❛♠❡♥t❡ ❧✐♥❡❛r✱

Fα (q) = cαq ✭✺✳✻✮

❡

∆V (q) =

N
∑

α=1

c2αq
2

2mαω2
α

.

❈♦♠ ♦❜❥❡t♦ ❞❡ ❡♥t❡♥❞❡r ❝♦♠♦ ♣♦❞❡♠ s❡ ✐♥tr♦❞✉③✐r ❛ ❝♦♥st❛♥t❡s ❢❡♥♦♠❡♥♦❧ó❣✐❝❛s ♣r❡✲
s❡♥t❡s ❛♦ ♣r♦❜❧❡♠❛ ❝❧áss✐❝♦ ❞✐ss✐♣❛t✐✈♦ ♥♦ ❡sq✉❡♠❛ ❞♦s s✉❜✲s✐st❡♠❛s✱ ✈❛♠♦s ❛❣♦r❛ ❛
❞❡s❝r❡✈❡r ❝❧áss✐❝❛♠❡♥t❡ ❛ ❞✐♥â♠✐❝❛ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❛❝♦♣❧❛❞❛ ❝♦♠ ✉♠ ❜❛♥❤♦ ❞❡ ♦s✲
❝✐❧❛❞♦r❡s ❤❛r♠ô♥✐❝♦s✳ ❆s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ❞❡ ✉♠ s✐st❡♠❛ ❣❧♦❜❛❧ ❞❡s❝r✐t♦ ♣❡❧❛
❍❛♠✐❧t♦♥✐❛♥❛ sã♦

Mq̈ + V ′ (q) +
∑

α

(

c2α
mαω2

α

)

q =
∑

α

cαxα ✭✺✳✼✮

mαẍα +mαω
2
αxα = cαq.

❘❡s♦❧✈❡♥❞♦ ♣❛r❛ xα (t)

xα (t) = xα (0) cos (ωαt) +
pα (0)

mαωα
sin (ωαt) ✭✺✳✽✮

+
cα

mαωα

∫ t

0
dt′ sin

[

ωα

(

t− t′
)]

q
(

t′
)

.
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❈♦♠♦ ♦ ♦❜❥❡t✐✈♦ é tr❛♥s❢♦r♠❛r ❛ ❡q✉❛çã♦ ❞❡ ♠♦✈✐♠❡♥t♦ ❞❛ ♣❛rtí❝✉❧❛ ♥❛ ❡q✉❛çã♦ ❞❡
▲❛♥❣❡✈✐♥ ✭✈✐❞❡ ❡q✳ ✺✳✶✮ s❡ ❞❡✜♥❡ ❛ ❢♦rç❛ ✢✉t✉❛♥t❡ ❝♦♠♦

ζ (t) =
∑

α

cα

(

xα (0) cos (ωαt) +
pα (0)

mαωα
sin (ωαt)

)

. ✭✺✳✾✮

■♥t❡❣r❛♥❞♦ ♣♦r ♣❛rt❡s ♦ ú❧t✐♠♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✺✳✽✱ ❛ ❡q✉❛çã♦ ✺✳✼ s❡ ❡s❝r❡✈❡ ❝♦♠♦
✉♠❛ ❡q✉❛çã♦ ❞❡ ▲❛♥❣❡✈✐♥ ✭❡q✳✺✳✶✮ ♦♥❞❡

γ
(

t− t′
)

= Θ
(

t− t′
) 1

M

∑

α

c2α
mαω2

α

cos
[

ωα

(

t− t′
)] ✭✺✳✶✵✮

❡
ξ (t) = ζ (t) −Mγ (t) q (0) . ✭✺✳✶✶✮

❊st❛ ú❧t✐♠❛ ❡q✉❛çã♦ ❝✉♠♣r❡ ❝♦♠ ❛s ❡①✐❣ê♥❝✐❛s ❡st❛tíst✐❝❛s q✉❡ ✐♠♣õ❡ ❛ ❞✐♥â♠✐❝❛ ❞❛
♣❛rtí❝✉❧❛ ❇r♦✇♥✐❛♥❛ ✭❡q✳ ✺✳✷✮✳ P❛r❛ ❝♦♥✈❡rt❡r ♦ s♦♠❛tór✐♦ ♥❛ ❢✉♥çã♦ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦
γ (t− t′)✱ ❡q✉❛çã♦ ✺✳✶✵✱ ❞❡✜♥✐♠♦s ✉♠❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧

J (ω) ≡ π
2

∑

α

c2α
mαω2

α

δ (ω − ωα) , ✭✺✳✶✷✮

q✉❡ é ❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ℑ (ω) ❞❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❞✐♥â♠✐❝❛
✭r❡t❛r❞❛❞❛✮ ❞♦ ❜❛♥❤♦ ❞❡ ♦s❝✐❧❛❞♦r❡s✱

J (ω) = ■♠ℑ
{

−iΘ
(

t− t′
)

〈[

∑

α

cαqα (t) ,
∑

α′

cα′qα′

(

t′
)

]〉}

. ✭✺✳✶✸✮

➱ ❡st❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❛ q✉❡ ❝♦♥té♠ t♦❞❛ ❛ ✐♥❢♦r♠❛çã♦ ❞♦ ❡❢❡✐t♦ ❞♦ ❜❛♥❤♦ s♦❜r❡ ♦
s✐st❡♠❛ é ♥❡❧❛ q✉❡ ❝❡♥tr❛r❡♠♦s t♦❞❛ ❛ ❛t❡♥çã♦✳ ❆ ♦❜t❡♥çã♦ ❞❡st❛ ❢✉♥çã♦ é ❛ ❝❤❛✈❡ ♣❛r❛
❢❛③❡r ❛ ❝♦♠✉♥❤ã♦ ❡♥tr❡ ♦ s✐st❡♠❛ q✉â♥t✐❝♦ ❡ ❛ ❞✐♥â♠✐❝❛ ❞✐ss✐♣❛t✐✈❛✱ ❡ é ❡❧❛ q✉❡♠ ♥♦s
❞✐rá q✉ã♦ r❡❧❡✈❛♥t❡ é ♦ ❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ♦ ❜❛♥❤♦✳

5.1. Dissipação em Sistemas de Dois Níveis

❈♦♠♦ ♥♦ss♦ ✐♥t❡r❡ss❡ é ❡st✉❞❛r ❞❡❝♦❡rê♥❝✐❛ ♣♦r ❞✐ss✐♣❛çã♦ ❞♦ s♣✐♥ ❞❡ ✉♠ ❡❧étr♦♥ ❝♦♥✜✲
♥❛❞♦ ❡♠ ✉♠ ♣♦♥t♦ q✉â♥t✐❝♦✱ é ♥❡❝❡ssár✐♦ ✐♥tr♦❞✉③✐r ❛s té❝♥✐❝❛s ♣❛r❛ ❡st✉❞❛r ❞✐ss✐♣❛çã♦
❡♠ s✐st❡♠❛s ❞❡ ❞♦✐s ♥í✈❡✐s ❬✹✹❪✳
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❖ ♣❛ss♦ ✐♥✐❝✐❛❧ é ❞❡✜♥✐r ✉♠❛ ❢♦r♠❛ ❣❡r❛❧ ♣❛r❛ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ q✉❡ ♣♦ss❛ s❡ ❛♣❧✐❝❛r ❛
q✉❛❧q✉❡r ♣r♦❜❧❡♠❛ ❛❞❛♣tá✈❡❧ ❛ ✉♠❛ ❞❡s❝r✐çã♦ ❞❡ ❞♦✐s ♥í✈❡✐s✳ P❛r❛ t❡r ✉♠ ♠♦❞❡❧♦ q✉❡
r❡♣r❡s❡♥t❡ ✏q✉❛❧q✉❡r✑ s✐st❡♠❛ ❞❡st❡ t✐♣♦✱ ♥❛❞❛ ♠❡❧❤♦r q✉❡ ❡s❝♦❧❤❡r às ♠❛tr✐③❡s ❞❡ P❛✉❧✐
❝♦♠♦ ✉♠❛ ❢♦r♠❛ ❛♣r♦♣r✐❛❞❛ ♣❛r❛ ❡①♣r❡ss❛r ❛ ❍❛♠✐❧t♦♥✐❛♥❛✳ ❖ ♣♦♥t♦ ✐♥✐❝✐❛❧ é ❞❡✜♥✐r ❛
❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ❞♦✐s ♥í✈❡✐s✱

H = −1

2
~∆σx +

1

2
εσz =

1

2

(

ε −~∆

−~∆ −ε

)

✭✺✳✶✹✮

❝✉❥❛ ❜❛s❡ é ❢♦r♠❛❞❛ ♣❡❧♦s ❡st❛❞♦s ❧♦❝❛❧✐③❛❞♦s |ψR〉 ❡ |ψL〉 ♦s q✉❛✐s sã♦ ❛✉t♦✲❡st❛❞♦s ❞❡
σz ❝♦♠ ❛✉t♦✲✈❛❧♦r❡s ±1 r❡s♣❡❝t✐✈❛♠❡♥t❡✳ 1

2~∆ é ♦ ❡❧❡♠❡♥t♦ ❞❡ tr❛♥s✐çã♦ ❡♥tr❡ ♦s ❞♦✐s
❡st❛❞♦s ✭♥♦ ❝❛s♦ ❞♦ s♣✐♥✱ s❡rá ♦ q✉❡ ♣❡r♠✐t✐rá ♦ ✏s♣✐♥✲✢✐♣✑✮ ❡ ε✱ ♦ ✏❜✐❛s✑ é ❛ ❞✐❢❡r❡♥ç❛
❞❡ ❡♥❡r❣✐❛ ❞♦s ♥í✈❡✐s✳ ❆ r❛③ã♦ ❡♥tr❡ ~∆/ε ❞❡t❡r♠✐♥❛ ❛ ❞✐♥â♠✐❝❛ ❞❡ σz✿ q✉❛♥❞♦ ❛ r❛③ã♦
é ♣❡q✉❡♥♦✱ ❤á ✉♠❛ ❢♦rt❡ t❡♥❞ê♥❝✐❛ ♣❛r❛ ♦ s✐st❡♠❛ s❡ ❧♦❝❛❧✐③❛r ❡♠ ❛❧❣✉♠ ❞♦s ❡st❛❞♦s✳
▼❛s q✉❛♥❞♦ ❛ r❛③ã♦ é ❣r❛♥❞❡✱ ❡♠ ♣❛rt✐❝✉❧❛r✱ ♣❛r❛ ε = 0✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦
❞❡ σz ❛♣r❡s❡♥t❛ ❡❢❡✐t♦s ♦s❝✐❧❛tór✐♦s✳ ❉❡ ❢❛t♦✱ q✉❛♥❞♦ ε = 0✱ P (t) ≡ 〈σz〉 ❞❡✜♥✐❞❛ ❝♦♠♦
❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡s ❞❡ ❛❝❤❛r ♦ s✐st❡♠❛ ❡♠ ❛❧❣✉♠ ❞♦s ❡st❛❞♦s ♦s❝✐❧❛ ❝♦♠♦
cos (∆0t) ✭♦s❝✐❧❛çõ❡s ❞❡ ❘❛❜✐✮ s❡ P (0) = +1✳

❯♠❛ ✈❡③ ❞❡t❡r♠✐♥❛❞♦ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛♦ s✐st❡♠❛✱ ♣r❡❝✐s❛♠♦s ❞❡ ✉♠ ♠❡✐♦✿ ❞❡✈❡♠♦s
✐♥❝❧✉✐r ❛ ❡♥❡r❣✐❛ ❞♦ ❜❛♥❤♦ ❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❡❧❡ ❡ ♦ s✐st❡♠❛✳ ❙❡❣✉✐♥❞♦ ♦s ❝❛♠✐♥❤♦s
tr❛ç❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ♦ ❜❛♥❤♦ ♣♦❞❡ s❡r ♠♦❞❡❧❛❞♦ ❝♦♠♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♦s❝✐❧❛❞♦r❡s
❤❛r♠ô♥✐❝♦s ✭❝♦♥t❛♥❞♦ ❝♦♠ ❛s ♠❡s♠❛ s✉♣♦s✐çõ❡s ❢❡✐t❛s ♥♦ ❝❛s♦ ❣❡r❛❧✮✳ ❊♠ ♠✉✐t♦s ❝❛s♦s
❞❡ ✐♥t❡r❡ss❡ ❡①♣❡r✐♠❡♥t❛❧ ♦ ♣r✐♥❝✐♣❛❧ ❛❝♦♣❧❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ❝♦♠ ♦ ❜❛♥❤♦ é ❛tr❛✈és ❞❡
✉♠ t❡r♠♦ ❞❛ ❢♦r♠❛ σzΩ̂, ♦♥❞❡ Ω̂ é q✉❛❧q✉❡r ♦♣❡r❛❞♦r ❞♦ ❜❛♥❤♦✳ ❖ q✉❡ s✐❣♥✐✜❝❛ q✉❡
❞❡♣❡♥❞❡♥❞♦ ❞♦ ❣r❛✉ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ♦ ❜❛♥❤♦ ♣♦❞❡ ❞❡str✉✐r r❛♣✐❞❛♠❡♥t❡ ♦ ❝♦♠♣♦rt❛✲
♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❞❡ σz ❞❡str✉✐♥❞♦ ❛ss✐♠ ❛ ❝♦❡rê♥❝✐❛ ❞♦ s✐st❡♠❛✳ ❊♠ ❣❡r❛❧✱ q✉❛♥❞♦ ♦
❛❝♦♣❧❛♠❡♥t♦ é ❢r❛❝♦✱ ❛ ✐♥t❡r❛çã♦ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❝♦♠♦ 1

2q0σz
∑

α cαxα, ♦♥❞❡ q0 é ✉♠
♣❛râ♠❡tr♦ q✉❡ ❞❡♣❡♥❞❡ ❞♦ s✐st❡♠❛ ❡ cα é ❛ ❢♦rç❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ❝♦♠ ♦
α − esimo ♦s❝✐❧❛❞♦r✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❝♦♥s✐❞❡r❛♠♦s ♦ ❝❛s♦ ♥♦ q✉❛❧ ❛ ✐♥t❡r❛çã♦ ❝♦♠♦ ♦
❜❛♥❤♦ ✈❡♠ ♣♦r ♠❡✐♦ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ s♦♠❡♥t❡ ♥❛s ❝♦♦r❞❡♥❛❞❛s✱ ♦✉ s❡❥❛✱ ♦ ♦♣❡r❛❞♦r Ω̂

s❡ s✉❜st✐t✉✐ ♣♦r xα.

❆ ❍❛♠✐❧t♦♥✐❛♥❛ ❣❧♦❜❛❧ s❡rá ❡♥tã♦

HSB = −1

2
~∆σx +

1

2
εσz +

N
∑

α=1

(

p2
α

2mα
+
mαωαx

2
α

2

)

+
1

2
q0σz

∑

α

cαxα, ✭✺✳✶✺✮

❛ q✉❛❧ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❍❛♠✐❧t♦♥✐❛♥❛ s♣✐♥✲❜♦s♦♥✳ ❆ ❡q✉❛çã♦ ❛♥t❡r✐♦r ♣♦❞❡ ❡q✉✐✈❛❧❡♥✲

✸✵



✺✳ ❙✐st❡♠❛s ◗✉â♥t✐❝♦s ❉✐ss✐♣❛t✐✈♦s

t❡♠❡♥t❡ s❡r ❡①♣r❡ss❛ ❡♠ t❡r♠♦s ❞♦s ♦♣❡r❛❞♦r❡s ❞❡ ❝r✐❛çã♦ ❡ ❞❡str✉✐çã♦ aα ❡ a†α✱ ♦s q✉❛✐s
s❛t✐s❢❛③❡♠ ❛s r❡❣r❛s ❞❡ ❝♦♠✉t❛çã♦ ❜♦sô♥✐❝❛s [aα, aα′ ] = δαα′ ✳

❙❡♥❞♦ q✉❡ xα =
√

~

2mαωα

(

aα + a†α
)

❡ pα = i
√

~mαωα

2

(

a†α − aα

)

❛ ❍❛♠✐❧t♦♥✐❛♥❛
t♦♠❛ ❛ s❡❣✉✐♥t❡ ❢♦r♠❛

HSB = −1

2
~∆σx − 1

2
σz

∑

α

~rα

(

aα + a†α

)

+
N
∑

α=1

~ωαa
†
αaα.

✭❆ ❡♥❡r❣✐❛ ❞❡ ♣♦♥t♦ ③❡r♦ ❞♦ ❜❛♥❤♦ ♥ã♦ é r❡❧❡✈❛♥t❡✳✮
❯♠❛ ✈❡③ ♠❛✐s✱ ♦s ❡❢❡✐t♦s ❞♦ ♠❡✐♦ ❛♠❜✐❡♥t❡ sã♦ ❝♦♠♣❛❝t❛❞♦s ♥❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ J (ω) ,

❡q✉❛çã♦ ✺✳✶✷✳ ❆ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞❛ ❢♦r♠❛ ❞❡ J(ω)✱ ♦✉ s❡❥❛✱
❞❛ ❝♦♥st❛♥t❡ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦ s✐st❡♠❛ ❡ ❝❛❞❛ ♠♦❞♦ ❞❡ ♦s❝✐❧❛çã♦ ❞♦ ❜❛♥❤♦✱ ❡ ❞❛
t❡♠♣❡r❛t✉r❛✳

P❛r❛ ❡st✉❞❛r ♦ ♣r♦❜❧❡♠❛✱ ❛ss✉♠❡✲s❡ q✉❡ ❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ é ❜❡♠ ❝♦♠♣♦rt❛❞❛ ❡♠ ω, ❛
q✉❛❧ ♣♦❞❡♠♦s ❛♣r♦①✐♠❛r ❝♦♠ ✉♠❛ ❧❡✐ ❞❡ ♣♦tê♥❝✐❛s✶ ωs ♣❛r❛ s > 0 ❡ Ωc ≫ ∆✱ ♦♥❞❡ ωc é
✉♠❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝✉t✲♦✛ ✭✉♠❛ ❢r❡qüê♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❜❛♥❤♦✿ ❢r❡qüê♥❝✐❛ ❞❡ ❉r✉❞❡✱
❞❡ ❉❡❜②❡✱ ❞❡ ❋❡r♠✐✱ ❡t❝✳✳✳✮✳ ❊st❛ ❢r❡qüê♥❝✐❛ ❛♣❛r❡❝❡ ♣♦rq✉❡ q✉❛❧q✉❡r ❢✉♥çã♦ ❡s♣❡❝tr❛❧
✏r❡❛❧✑ ❞❡✈❡ t❡♥❞❡r ❛ ③❡r♦ q✉❛♥❞♦ ω → ∞ ❞♦ ❝♦♥tr❛r✐♦✱ ❛❧❣✉♠❛s q✉❛♥t✐❞❛❞❡s ❢ís✐❝❛s
♣♦❞❡r✐❛♠ ❞✐✈❡r❣✐r✳ ❖ s❡♥t✐❞♦ ❢ís✐❝♦ ❡stá ♥♦ ❢❛t♦ ❞❡ ❡①✐st✐r s❡♠♣r❡ ✉♠ t❡♠♣♦ ❞❡ ♠❡♠ór✐❛
✜♥✐t♦ q✉❡ ❞❡✜♥❡ ❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ ♣❛r❛ ❡❢❡✐t♦s ❞❡ ✐♥ér❝✐❛ ❞♦ ❜❛♥❤♦✳ ❈♦♥s✐❞❡r❛♥❞♦ ✐st♦✱

J (ω) = Aωs exp (−ω/Ωc) , ✭✺✳✶✻✮

s❡♥❞♦ A =

❯♠❛ ✈❡③ ❛ss✉♠✐❞❛ ✉♠❛ ❢♦r♠❛ ❣❡r❛❧ ♣❛r❛ J(ω) é ♣♦ssí✈❡❧ t❛❜❡❧❛r ♦s ❝♦♠♣♦rt❛♠❡♥t♦s
q✉❡ s❡❣✉❡♠ ♦s s✐st❡♠❛s s❡❣✉♥❞♦ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ♦ ❜❛♥❤♦ ❡ ❛ t❡♠♣❡r✲
❛t✉r❛✳ ❙❡❣✉✐♥❞♦ ❛ t❡r♠✐♥♦❧♦❣✐❛ ✐♠♣♦st❛ ♣♦r ▲❡❣❣❡tt ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✹✹❪✱ ❝❤❛♠❛♠♦s
s = 1 ❝❛s♦ ô❤♠✐❝♦❀ s > 1 ❝❛s♦ s✉♣❡r✲ô❤♠✐❝♦ ❡ 0 < s < 1 ❝❛s♦ s✉❜✲ô❤♠✐❝♦✳ ❆
❞✐♥â♠✐❝❛ q✉❡ s❡❣✉✐rá ♦ s✐st❡♠❛ ♣❛r❛ ❝❛❞❛ t✐♣♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ s❡ ❡♥❝♦♥tr❛ ♥❛ t❛❜❡❧❛
✺✳✶✳ P❛r❛ ❞✐ss✐♣❛çã♦ s✉❜✲ô❤♠✐❝❛✱ ♦ s✐st❡♠❛ é ❧♦❝❛❧✐③❛❞♦ ♣❛r❛ t❡♠♣❡r❛t✉r❛ T = 0 ❞❡s❞❡
q✉❡ ∆/Ωc → 0✳ ❆ t❡♠♣❡r❛t✉r❛ ✜♥✐t❛ s❡ ❡s♣❡r❛ r❡❧❛①❛çã♦ ♥ã♦✲❝♦❡r❡♥t❡✳ P❛r❛ ❞✐ss✐♣❛çã♦
ô❤♠✐❝❛✱ ❡①✐st❡♠ ✈ár✐♦s r❡❣✐♠❡s ❞❡♣❡♥❞❡♥❞♦ ❞❛s ❝♦♥st❛♥t❡s ❞♦ ♣r♦❜❧❡♠❛ ❡ ❞❛ t❡♠♣❡r✲
❛t✉r❛✱ q✉❡ s❡ r❡s✉♠❡♠ ❡♠ três ♣♦ssí✈❡✐s ❝♦♠♣♦rt❛♠❡♥t♦s✿ ❛♠♦rt❡❝✐❞♦✱ s✉❜✲❛♠♦rt❡❝✐❞♦✱
s✉♣❡r✲❛♠♦rt❡❝✐❞♦ ♦✉ ❧♦❝❛❧✐③❛❞♦✳

◆♦ss❛ ❛t❡♥çã♦ s❡ ❝❡♥tr❛ ♥♦ ❝❛s♦ s✉♣❡r✲ô❤♠✐❝♦✱ ♦ q✉❛❧ r❡str✐♥❣❡ ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❛♦
✶❆s ♣♦tê♥❝✐❛s ③❡r♦ ❡ ♥❡❣❛t✐✈❛s ❢♦r❛♠ ❡①❝❧✉í❞❛s ♣♦rq✉❡ ♣❛r❛ s ≤ 0 ❛ ❢✉♥çã♦ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ γ (0)

♣♦❞❡ ❞✐✈❡r❣✐r✳
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✺✳ ❙✐st❡♠❛s ◗✉â♥t✐❝♦s ❉✐ss✐♣❛t✐✈♦s

❉✐ss✐♣❛çã♦ s ❚ ❈♦♠♣♦rt❛♠❡♥t♦

❙✉❜✲ô❤♠✐❝❛ ✵❁s❁✶ ❚❂✵ ▲♦❝❛❧✐③❛çã♦
❚6=✵ ❙✉♣❡r✲❛♠♦rt❡❝✐❞♦

Ô❤♠✐❝❛ s❂✶ ❚❂✵ ▲♦❝❛❧✐③❛çã♦
❚6=✵ ❙✉♣❡r✲❛♠♦rt❡❝✐❞♦

❆♠♦rt❡❝✐❞♦
❙✉♣❡r✲ô❤♠✐❝❛ ✶❁s❁✷ ❚❂✵ ❙✉❜✲❛♠♦rt❡❝✐❞♦

❚❂❚✯ ❙✉♣❡r✲❛♠♦rt❡❝✐❞♦
✷❁s ❙✉❜✲❛♠♦rt❡❝✐❞♦

❚❛❜❡❧❛ ✺✳✶✳✿ ❈♦♠♣♦rt❛♠❡♥t♦s ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❞♦✐s ♥í✈❡✐s s❡❣✉♥❞♦ ♦ t✐♣♦ ❞❡ ❞✐ss✐♣❛çã♦✳

❝❛s♦ s✉❜ ♦✉ s✉♣❡r✲❛♠♦rt❡❝✐❞♦✳ ❯♠❛ ❝♦♥❞✉t❛ s✉♣❡r✲❛♠♦rt❡❝✐❞❛ ❛♣❛r❡❝❡ só ❛ ♣❛rt✐r ❞❡
✉♠❛ t❡♠♣❡r❛t✉r❛ T ∗ q✉❡ ❞❡♣❡♥❞❡ ❞❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧✳ ❈♦♠♦ é ❝♦♥❤❡❝✐❞♦✱ ♦ ❛❝♦♣❧❛♠❡♥t♦
❞♦s ❡❧étr♦♥s ❝♦♠ ♦s ❢ô♥♦♥s ❛❝úst✐❝♦s ❡♠ ✉♠ só❧✐❞♦ ❛♣r❡s❡♥t❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ J(ω) ❝♦♠
ω3 ✭✐♥t❡r❛çã♦ ♣✐❡③♦❡❧étr✐❝❛✮ ♦✉ ω5 ✭♣♦t❡♥❝✐❛❧ ❞❡ ❞❡❢♦r♠❛çã♦✮✱ ❝♦♠ Ωc = ωD ✭❢r❡qüê♥❝✐❛
❞❡ ❉❡❜②❡✮✳
❖ r❡s✉❧t❛❞♦ ❣❡r❛❧ ♣❛r❛ ❞✐ss✐♣❛çã♦ s✉♣❡r✲ô❤♠✐❝❛ é q✉❡ ♣❛r❛ T = 0 ❡ ǫ = 1 ♥ã♦ ✐♠♣♦rt❛

q✉❡ tã♦ ❣r❛♥❞❡ s❡❥❛ ❛ ❝♦♥st❛♥t❡ A✱ ♦ s✐st❡♠❛ s❡♠♣r❡ ✈❛✐ ❛♣r❡s❡♥t❛r ♦s❝✐❧❛çõ❡s ❝♦❡r❡♥t❡s
s✉❜✲❛♠♦rt❡❝✐❞❛s ❡

P (t) ≡ 〈σz (t)〉 ✭✺✳✶✼✮
= cos

(

∆̃t
)

exp (−Γst)

♦♥❞❡ Γs é ❛ t❛①❛ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ ❞❛❞❛ ♣♦r

Γs =
q20
4~
J
(

∆̃
)

, ✭✺✳✶✽✮

❡ ∆̃ ✉♠❛ ❢r❡qüê♥❝✐❛ r❡♥♦r♠❛❧✐③❛❞❛ ❞❛❞❛ ♣♦r

∆̃ = ∆ exp

(

− q20
2π~

∫ ∞

0
dω
J (ω)

ω2

)

✭✺✳✶✾✮
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6. Banhos Efetivos para o Spin nos

Pontos Quânticos

❯♠❛ ✈❡③ ❡s❝❧❛r❡❝✐❞♦s ♦s ❞❡t❛❧❤❡s s♦❜r❡ ♦ s✐st❡♠❛ ❡♠ q✉❡stã♦✱ s♦❜r❡ ♦ ❢❡♥ô♠❡♥♦ q✉❡ ♥♦s
✐♥t❡r❡ss❛ tr❛t❛r ❡ ❛s ❢❡rr❛♠❡♥t❛s ❛ ♥♦ss❛ ❞✐s♣♦s✐çã♦ ❞❛♠♦s ♣❛ss♦ ❛♦ ❡st✉❞♦ ❞❛ ❞❡❝♦❡rê♥❝✐❛
♣♦r ❞✐ss✐♣❛çã♦ ❞♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s✳
❖ s✐st❡♠❛ é ❡♥tã♦ ✉♠ s✐st❡♠❛ ❞❡ ❞♦✐s ♥í✈❡✐s✿ ♦ s♣✐♥✱ ❡ ♣❛r❛ ❡❧❡ ♣❡r❞❡r ❝♦❡rê♥❝✐❛ ♣♦r

❞✐ss✐♣❛çã♦ ♣r❡❝✐s❛ ❞❡ ✉♠ ♠❡✐♦ ♦✉ ❜❛♥❤♦✳ ❈♦♠♦ ❢♦✐ ✈✐st♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r ❞❡♣❡♥❞❡♥❞♦
❞♦ ❣r❛✉ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❡❧❡s✱ ♦ s✐st❡♠❛ ♣♦❞❡ ❛♣r❡s❡♥t❛r ❞✐✈❡rs♦s ❝♦♠♣♦rt❛♠❡♥t♦s✳
◆❡st❡ ❝❛s♦ ❡♠ ♣❛rt✐❝✉❧❛r ♦ ♠❡✐♦ ✈❡♠ ❞❡t❡r♠✐♥❛❞♦ ♣❡❧♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ ❡❧étr♦♥✱
♦s át♦♠♦s q✉❡ ❢❛③❡♠ ♣❛rt❡ ❞♦ ◗❉✱ ❛s ✈✐❜r❛çõ❡s ❞❛ r❡❞❡ ✭✐✳ ❡✳ ❢ô♥♦♥s✮✳ ▼❛s ♣❛r❛ ♦
s♣✐♥ ✏❡♥①❡r❣❛r✑ t✉❞♦ ❛q✉✐❧♦ ♣r❡❝✐s❛ ❞❡ ✉♠ ♠❡❝❛♥✐s♠♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ♣ró♣r✐♦ ❞❛ s✉❛
♥❛t✉r❡③❛ ♦ q✉❛❧ s❡ ❧✐♠✐t❛ ❛ ✐♥t❡r❛çã♦ ❝♦♠ ♠♦♠❡♥t♦s ❛♥❣✉❧❛r❡s ♦✉ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s✳
P❛r❛ ❡st❡ ❡st✉❞♦ ❝♦♥s✐❞❡r❛r❡♠♦s ❛♣❡♥❛s ✐♥t❡r❛çõ❡s ❝♦♠ ❛ ór❜✐t❛ ❡❧❡trô♥✐❝❛ ❡ ❝♦♠ ♦
❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ ❆ ✐♥✢✉ê♥❝✐❛ ❞♦s ❢ô♥♦♥s ✈✐rá só ♠❡❞✐❛♥t❡ ♦ ❛❝♦♣❧❛♠❡♥t♦
❡❧étr♦♥✲❢ô♥♦♥✱ ❝♦♥st✐t✉✐♥❞♦✲s❡ ♥♦ q✉❡ ❞❡♥♦♠✐♥❛♠♦s✿ ❜❛♥❤♦s ❡❢❡t✐✈♦s ♣❛r❛ ♦ s♣✐♥✳
❱❛♠♦s ❛❣♦r❛ ❛ ❡st✉❞❛r ❛ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛ ❡♠ ♠❛t❡r✐❛✐s s❡♠✐❝♦♥❞✉t♦r❡s ❡ ❛s ✐♥t❡r✲

❛çõ❡s ❡❧étr♦♥✲❢ô♥♦♥ r❡❧❡✈❛♥t❡s ♣❛r❛ ♣♦❞❡r ❛❝❤❛r ❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❞♦s ❜❛♥❤♦s ❡❢❡t✐✈♦s
q✉❡ ❛❢❡t❛♠ ❛ ❝♦❡rê♥❝✐❛ ❞♦ s✐st❡♠❛✱ ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s ❞❡ ❤❡t❡r♦✲❡str✉t✉r❛s s❡♠✐❝♦♥✲
❞✉t♦r❛s✳
❊s♣❡❝✐✜❝❛♠❡♥t❡✱ ❡st❛♠♦s ✐♥t❡r❡ss❛❞♦s ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s ❛✉t♦✲♦r❣❛♥✐③❛❞♦s ❞❡ ■♥❆s✲

●❛❆s✳ ❖ ●❛❆s ❡ ♦ ■♥❆s sã♦ ❧✐❣❛s t✐♣♦ ❆3❇5✱ ❝♦♠ ❡str✉t✉r❛ ③✐♥❝❜❧❡♥❞❡✱ ❡ ❣❛♣ ❞✐r❡t♦
❧♦❝❛❧✐③❛❞♦ ♥♦ ♣♦♥t♦ Γ (k = 0) . ◆❛ ✜❣✉r❛ ✻✳✶ s❡ ❛♣r❡s❡♥t❛ ✉♠❛ ❝✉r✈❛ ❞❡ ❞✐s♣❡rsã♦ s❡
❢ô♥♦♥s ❡♠ ●❛❆s✳ ◆❡st❛ ✜❣✉r❛ s❡ ♦❜s❡r✈❛ q✉❡ ❛s ❡♥❡r❣✐❛ ❞♦s ♠♦❞♦s ó♣t✐❝♦s sã♦ ❞❛ ♦r❞❡♠
❞❡ ❞❡③❡♥❛s ❞❡ ♠✐❧✐❡❧étr♦♥ ✈♦❧ts✱ s❡♥❞♦ q✉❡ ❛s ❡♥❡r❣✐❛s ❞♦s ♠♦❞♦s ❛❝úst✐❝♦s ❝♦❜r❡♠ ✉♠
✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r❣✐❛s q✉❡ ✈❛ ❞❡ ③❡r♦ ❛té ❞❡③❡♥❛s ❞❡ ♠✐❧✐❡❧étr♦♥ ✈♦❧ts✳
P❛r❛ ♦ ❝❛s♦ ❞❡ ■♥❆s✴●❛❆s✱ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❡❧étr♦♥ ♥❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦✱ ❛s ♣♦ssí✈❡✐s

✐♥t❡r❛çõ❡s ❝♦♠ ♦s ❢ô♥♦♥s ❛❝úst✐❝♦s sã♦ ❛ ✐♥t❡r❛çã♦ ♣✐❡③♦❡❧étr✐❝❛ ✭P❩✮ ❡ ♦ ♣♦t❡♥❝✐❛❧ ❞❡
❞❡❢♦r♠❛çã♦ ✭❉P✮✱ ❡♥q✉❛♥t♦ q✉❡ ❝♦♠ ♦s ❢ô♥♦♥s ó♣t✐❝♦s ♦ ❛❝♦♣❧❛♠❡♥t♦ é ♣♦r ♠❡✐♦ ❞❛
✐♥t❡r❛çã♦ ❞❡ ❋rö❤❧✐❝❤✱ ❝♦♠ ❛ ♣❛rt✐❝✐♣❛çã♦ só ❞♦s ♠♦❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s ✭▲❖✮✱ t❛❜❡❧❛ ✻✳✶✳
▼✉✐t❛s ❝♦✐s❛s t❡♠ s✐❞♦ ❛r❣✉♠❡♥t❛❞❛s s♦❜r❡ ❡st❡s ❛❝♦♣❧❛♠❡♥t♦s ❡ ❡s♣❡❝✐❛❧♠❡♥t❡ s♦❜r❡
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✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

10

6

4

2

0

8

(T
H

z
)

Γ ∆ X

fr
e
c

❋✐❣✉r❛ ✻✳✶✳✿ ❈✉r✈❛ ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❢ô♥♦♥s ❡♠ ●❛❆s✳

❚❛❜❡❧❛ ✻✳✶✳✿ ❘❡s✉♠♦ ❞❛s ✐♥t❡r❛çõ❡s ❡❧étr♦♥✲❢ô♥♦♥ ❡♠ ●❛❆s ♥❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦ ❬✹✺❪✳

❋ô♥♦♥ ●❛❆s
❚❆ P❩
▲❆ ❉P✱P❩
❚❖ ✲
▲❖ ❋rö❤❧✐❝❤

❛ ♥ã♦ ♣❛rt✐❝✐♣❛çã♦ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s ❡♠ ♣r♦❝❡ss♦s ❞❡ r❡❧❛①❛çã♦ ❞♦ ❡❧étr♦♥ ❡♠ ◗❉s✳
❱❛♠♦s ✐♥✐❝✐❛❧♠❡♥t❡ ❛ ❢❛③❡r ✉♠❛ ❜r❡✈❡ r❡✈✐sã♦ ❞❛ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛ ❡ ❧♦❣♦ ❞❡♣♦✐s
❡st✉❞❛r ❛s ✐♥t❡r❛çõ❡s ❡❧étr♦♥✲❢ô♥♦♥ ❡ ♦ ♣❛♣❡❧ q✉❡ ❞❡s❡♠♣❡♥❤❛♠ ♦s ❢ô♥♦♥s ❝♦♠♦ ❢♦♥t❡ ❞❡
❞❡❝♦❡rê♥❝✐❛ ♣❛r❛ ♦ s♣✐♥✳ ◆♦ ❝❛♣ít✉❧♦ três ✈✐♠♦s ❝♦♠♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❡ss❡s ❡❢❡✐t♦s
sã♦ ❥✉♥t❛❞♦s ♥❛ ❝♦♥st❛♥t❡ ❢❡♥♦♠❡♥♦❧ó❣✐❝❛ ♠❡❞✐❞❛ T2✱ ❛❣♦r❛ ♣r❡t❡♥❞❡♠♦s ✐♥❞❛❣❛r s♦❜r❡
❛ ♥❛t✉r❡③❛ ❞❡ss❡s ♣r♦❝❡ss♦s✱ ♦s q✉❛✐s ❥✉♥t❛♠♦s ♥❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ r❡❧❛①❛çã♦ HR✱ s❡çã♦
✹✳✶✳

6.1. Interação Spin-Órbita

◆❛ ❢ís✐❝❛ ❛tô♠✐❝❛ é ❜❡♠ ❝♦♥❤❡❝✐❞♦ q✉❡ ♦ s♣✐♥ ♣♦❞❡ s❡ ❛❝♦♣❧❛r ❝♦♠ ♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r
♦r❜✐t❛❧ ✈✐❛ ❛ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛✳ ❊♠ só❧✐❞♦s✱ ❞❡s❧♦❝❛♠❡♥t♦s ❞❛ r❡❞❡ ❣❡r❛♠ ❝❛♠♣♦s
❡❧étr✐❝♦s ✭∇V ✮ q✉❡ ♦ ❡❧étr♦♥ s❡♥t❡ ❡ ❡st❡ ❛♦ ♠♦✈❡r✲s❡ s♦❜ ✐♥✢✉ê♥❝✐❛ ❞❡ss❡s ❝❛♠♣♦s ❣❡r❛
✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ q✉❡ s❡ ❛❝♦♣❧❛ ❝♦♠ ♦ s♣✐♥✳ ❆ ❢♦r♠❛ ❣❡r❛❧ ❞❛ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛
é ❛ s❡❣✉✐♥t❡✱
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●❛❆s ●❛❙❜ ■♥P ■♥❆s ■♥❙❜
γc(eV➴3

) 24.5 187 8 ✲ 220

❚❛❜❡❧❛ ✻✳✷✳✿ ❱❛❧♦r❡s ❞❛ ❝♦♥st❛♥t❡ γc.

Hso =
~

4c2m2
(∇V × p) · σ, ✭✻✳✶✮

♦♥❞❡ σ sã♦ ❛s ♠❛tr✐③❡s ❞❡ P❛✉❧✐✱ ❡ p ❡ m ♦ ♠♦♠❡♥t♦ ❡ ❛ ♠❛ss❛ ❡❧❡trô♥✐❝♦s r❡s♣❡❝t✐✈❛✲
♠❡♥t❡✳ P❛r❛ s❡♠✐❝♦♥❞✉t♦r❡s✱ ❡ss❛ ✐♥t❡r❛çã♦ ❞❡✈❡ s❡ ❝♦❧♦❝❛r ❞❡♥tr♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ❦·♣✱
q✉❡ s❡rá ❞✐s❝✉t✐❞❛ ♥♦ ❛♣ê♥❞✐❝❡ ❝✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛s ❞✐❢❡r❡♥t❡s ❜❛♥❞❛s ❡ ❛♣r♦✈❡✐t❛♥❞♦ ❛s
s✐♠❡tr✐❛s ❡s♣❡❝í✜❝❛s ❞❡ss❛s ❜❛♥❞❛s ❬✹✻❪✱ ♣❛r❛ ❝❤❡❣❛r ♥❛ q✉❡ s❡ ❝♦♥❤❡❝❡ ❝♦♠♦ ✐♥t❡r❛çã♦
❞❡ ❉r❡ss❡❧❤❛✉s ❬✹✺❪✳

P❛r❛ ♦ ❝❛s♦ ❞❡ ❡❧étr♦♥s ❧♦❝❛❧✐③❛❞♦s ♥♦ ♣♦♥t♦ Γ, ♣♦♥t♦ ❝❡♥tr❛❧ ❞❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ ❡ ❝♦✐♥✲
❝✐❞❡♥❝✐❛❧♠❡♥t❡ ♣♦♥t♦ ❡①tr❡♠♦ ❞❛s ❜❛♥❞❛s ❞❡ ✈❛❧ê♥❝✐❛ ♦✉ ❝♦♥❞✉çã♦ ❡♠ ✉♠ s❡♠✐❝♦♥❞✉t♦r
❞❡ ❣❛♣ ❞✐r❡t♦ ❝♦♠♦ ●❛❆s✱ ❛ ✐♥t❡r❛çã♦ r❡s✉❧t❛♥t❡ é

Hso = Hc3 = γc

∑

σiκi ✭✻✳✷✮

❞❡s♣r❡③❛♥❞♦ ♦r❞❡♥s ♠❛✐♦r❡s ❡♠ k✱ ♦♥❞❡

κx = kx

(

k2
y − k2

z

)

,

κy = ky

(

k2
z − k2

x

)

, ✭✻✳✸✮
κz = kz

(

k2
x − k2

y

)

,

❡ γc = 2
3

∆√
2m∗Egm∗

vcEg

❡ ∆ é ❛ ❡♥❡r❣✐❛ ❞❡ ❩❡❡♠❛♥✳ P❛r❛ ♣♦♥t♦s q✉â♥t✐❝♦s ❛✉t♦✲
♦r❣❛♥✐③❛❞♦s ♣♦❞❡♠♦s ❛ss✉♠✐r q✉❡ ♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❡stã♦ ❝♦♥❣❡❧❛❞♦s ♥♦ ❡✐①♦ z✱
❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❛ ❡q✉❛çã♦ ✻✳✷ s❡ r❡❞✉③ ❛

Hso = ζ (−σxkx + σyky) , ✭✻✳✹✮

♦♥❞❡ ζ = γc

〈

k2
z

〉

. ❙❡ ❛ss✉♠✐r♠♦s ✉♠ ♣♦ç♦ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❛❞r❛❞♦ ♥❛ ❞✐r❡çã♦ z✱

〈

k2
z

〉

≈ π2

h2
✭✻✳✺✮

♦♥❞❡ h é ❛ ❛❧t✉r❛ ❞♦ ♣♦♥t♦✳ ❆ q✉❛♥t✐③❛çã♦ é ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ z✭[001]✮✳
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6.2. Interações Elétron-Fônon

❉❡♥tr♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ❇♦❤r✲❖♣♣❡♥❤❡✐♠❡r ♦✉ ❛♣r♦①✐♠❛çã♦ ❛❞✐❛❜át✐❝❛✱ ❛ ❍❛♠✐❧t♦✲
♥✐❛♥❛ q✉❡ ❞❡s❝r❡✈❡ ✉♠ ❝r✐st❛❧ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞❛ ❡♠ três t❡r♠♦s✿ HF ✱ HEl ❡ HEl−F .

❖s ❞♦✐s ♣r✐♠❡✐r♦s t❡r♠♦s tr❛t❛♠ s❡♣❛r❛❞❛♠❡♥t❡ ♦s ♠♦✈✐♠❡♥t♦s ❞♦s ❡❧étr♦♥s ✭HEl✮ ❡
❞♦s í♦♥s ✭HF ✮❀ ♦ t❡r❝❡✐r♦ t❡r♠♦ ❞❡s❝r❡✈❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❡❧étr♦♥s ❡ í♦♥s ♦✉ ✐♥t❡r❛çã♦
❡❧étr♦♥✲❢ô♥♦♥✳ ❆ ❍❛♠✐❧t♦♥✐❛♥❛ ❡♥tã♦✱ ❡st❛rá ❝♦♠♣♦st❛ ♣❡❧❛ s♦♠❛ ❞♦s três t❡r♠♦s✱

H = HF +HEl +HEl−F . ✭✻✳✻✮

❆ ♣❛rt❡ ❛tô♠✐❝❛ ❞❡s❝r❡✈❡ ♦s ♠♦❞♦s ♥♦r♠❛✐s ❞❡ ✈✐❜r❛çã♦ ❞❡ ✉♠ só❧✐❞♦✿

HF =
∑

qλ

ωqλ

(

a†qλaqλ +
1

2

)

, ✭✻✳✼✮

❛ ♣❛rt❡ ❡❧❡trô♥✐❝❛
HEl =

∑

i

p2
i

2m
+

1

2
e2
∑

i,j

1

rij
, ✭✻✳✽✮

❡ ❛s ✐♥t❡r❛çõ❡s ❡❧étr♦♥✲í♦♥✱

HEl−F =
∑

i,i

Vei (ri − Rj) . ✭✻✳✾✮

❊st❛ ú❧t✐♠❛ ❡q✉❛çã♦✱ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✐♥t❡r❛çã♦✱ s♦♠❛ ❛s ✐♥t❡r❛çõ❡s ❞♦s át♦♠♦s
✐♥❞✐✈✐❞✉❛✐s ♦✉ í♦♥s✳ ❈❛❞❛ í♦♥ s❡ ❧♦❝❛❧✐③❛ ♥❛ ♣♦s✐çã♦ Rj = R

(0)
j +δRj , r❡s✉❧t❛❞♦ ❞❛ s♦♠❛

❞❛ ♣♦s✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦ R
(0)
j ❡ ♦ ❞❡s❧♦❝❛♠❡♥t♦ δRj ✳ ❈♦♠♦ ❡st❡ ú❧t✐♠♦ é tã♦ ♣❡q✉❡♥♦ ✱

♦ ♣♦t❡♥❝✐❛❧ ♣♦❞❡ s❡r ❡①♣❛♥❞✐❞♦ ❡♠ ♣♦tê♥❝✐❛s✿

Vei

(

ri − R
(0)
j − δRj

)

= Vei

(

ri − R
(0)
j

)

− δRj · ∇Vei

(

ri − R
(0)
j

)

+O
(

δR2
)

. ✭✻✳✶✵✮

❆ ✐♥t❡r❛çã♦ ❧✐♥❡❛r ❞❡ ❡❧étr♦♥✲❢ô♥♦♥ é ♦❜t✐❞❛ ❞♦ t❡r♠♦ ❧✐♥❡❛r ❡♠ δRj ✱ ♦s ♦✉tr♦s sã♦
❞❡s♣r❡③❛❞♦s ❞❡♥tr♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ♣❡q✉❡♥♦s ❞❡s❧♦❝❛♠❡♥t♦s✳

❖ ♣r✐♠❡✐r♦ ❡❧❡♠❡♥t♦ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ❡q✉❛çã♦✱ ∑j Vei

(

ri − R
(0)
j

)

, é ♦ ♣♦t❡♥❝✐❛❧
❝r✐❛❞♦ ♣❡❧♦s át♦♠♦s ❡st❛r❡♠ ❧♦❝❛❧✐③❛❞♦s ♥❛s s✉❛s ♣♦s✐çõ❡s ❞❡ ❡q✉✐❧í❜r✐♦✱ ♦ q✉❛❧ ❢♦r♠❛ ♦
♣♦t❡♥❝✐❛❧ ♣❡r✐ó❞✐❝♦ ❞♦ ❝r✐st❛❧✳ ❆ s♦❧✉çã♦ ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♣❛r❛ ♦ ♠♦✈✐♠❡♥t♦ ❞♦ ❡❧étr♦♥
♥♦ ❝r✐st❛❧ ♥❡st❡ ♣♦t❡♥❝✐❛❧ ♣❡r✐ó❞✐❝♦ ❞❛ ❝♦♠♦ r❡s✉❧t❛❞♦ ♦s ❡st❛❞♦s ❞❡ ❇❧♦❝❤✳ ■❣♥♦r❛♥❞♦
❝♦rr❡çõ❡s ❞❡ ♠❛✐s ❛❧t❛ ♦r❞❡♠✱ ♥♦s ❝♦♥❝❡♥tr❛r❡♠♦s ♥♦ s❡❣✉♥❞♦ t❡r♠♦ ❞❛ ❡①♣❛♥sã♦ ♣❛r❛
❞❡❞✉③✐r ❛s ❢♦r♠❛s ❞❡ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥✿
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V = −δRj · ∇Vei

(

ri − R
(0)
j

)

. ✭✻✳✶✶✮

❖ ❞❡s❧♦❝❛♠❡♥t♦ ♣♦❞❡ ❡①♣r❡ss❛r✲s❡ ♥♦s ♦♣❡r❛❞♦r❡s ❞❡ ❝r✐❛çã♦ ❡ ❞❡str✉✐çã♦ a†q ❡ aq ❞❛
s❡❣✉✐♥t❡ ❢♦r♠❛

δR (r) =
∑

q

(

~

2NV ρωq

)1/2

eq

{(

aq exp [−iωt] + a†−q exp [−iωt]
)

exp (iq · r)
}

✭✻✳✶✷✮

♦♥❞❡ N é ♦ ♥ú♠❡r♦ ❞❡ ❝é❧✉❧❛s ✉♥✐tár✐❛s ♥♦ ❝r✐st❛❧✱ ωq ❛ ❞✐s♣❡rsã♦ ❞♦s ❢ô♥♦♥s✱ V ♦ ✈♦❧✉♠❡
❞❛ ❝é❧✉❧❛ ♣r✐♠✐t✐✈❛✱ ρ ❛ ❞❡♥s✐❞❛❞❡ ❡ eq ♦ ✈❡t♦r ❞❡ ♣♦❧❛r✐③❛çã♦✳

❖s ❡❢❡✐t♦s r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ♣❡rt✉r❜❛çã♦ ♣♦❞❡♠ s❡r ❞✐✈✐❞✐❞♦s ❡♠ ❞♦✐s✿ ❞❡ ❝✉rt♦ ❛❧✲
❝❛♥❝❡✱ ❞❡t❡r♠✐♥❛❞♦s ♣❡❧♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦s át♦♠♦s ✈✐③✐♥❤♦s✱ ❡ ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡✱ ❝r✐❛❞♦s
♣❡❧❛ ♣♦❧❛r✐③❛çã♦ ❞❡✈✐❞♦ ❛ ❞❡s❧♦❝❛♠❡♥t♦s ❛tô♠✐❝♦s ❞❡ t♦❞♦ ♦ ♠❛t❡r✐❛❧✳

❆s ❢♦rç❛s ❞❡ ❝✉rt♦ ❛❧❝❛♥❝❡ sã♦ ❛s q✉❡ ❝♦rr❡s♣♦♥❞❡♠ ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡❢♦r♠❛çã♦✱
❡♥q✉❛♥t♦ q✉❡ ❛s ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ ❡stã♦ ❛ss♦❝✐❛❞❛s ❝♦♠ ❝❛♠♣♦s ❡❧étr✐❝♦s q✉❡ s✉r❣❡♠ ❞❛
♣♦❧❛r✐③❛çã♦ ❞❛ r❡❞❡✳ ❆ ❡ss❡s ❝❛♠♣♦s ❡❧étr✐❝♦s s❡ ❛ss♦❝✐❛♠ ❛ ✐♥t❡r❛çã♦ ♣✐❡③♦❡❧étr✐❝❛ ♥♦
❝❛s♦ ❞♦s ❢ô♥♦♥s ❛❝úst✐❝♦s ❡ ❛ ✐♥t❡r❛çã♦ ❞❡ ❋rö❤❧✐❝❤ ♥♦ ❝❛s♦ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s✳

6.2.1. Interação Piezoelétrica

❊♠ ❝r✐st❛✐s ♥ã♦ ❝❡♥tr♦ s✐♠étr✐❝♦s✱ ✉♠ ✏str❛✐♥✑ ✐♥❞✉③ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦ ♠❛❝r♦s❝ó♣✐❝♦ E ❡
♣♦r s✉❛ ✈❡③ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦ ❣❡r❛ ✉♠ ✏str❛✐♥✑✳ ❊st❡ ❢❡♥ô♠❡♥♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❡❢❡✐t♦
♣✐❡③♦✲❡❧étr✐❝♦✱ ✜❣✉r❛ ✻✳✷✳ ❖s ❢ô♥♦♥s ❛❝úst✐❝♦s ❝r✐❛♠ ♠♦❞✉❧❛çõ❡s ❞❡ ❞❡♥s✐❞❛❞❡ ♣❡r✐ó❞✐❝❛s
❡ ♣❡❧♦ t❛♥t♦✱ ❝❛♠♣♦s ❡❧étr✐❝♦s ♣❡r✐ó❞✐❝♦s✳ ❙❡ Sij é ♦ ✏str❛✐♥✑ ♥♦ ❝r✐st❛❧✱ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦
é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ✏str❛✐♥✑✱

Ek =
∑

i,j

MijkSij . ✭✻✳✶✸✮

❖ ✏str❛✐♥✑ é ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ ❞❡r✐✈❛❞❛ s✐♠étr✐❝❛ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ✭♣❛r❛ ♣❡q✉❡♥♦s ❞❡s❧♦✲
❝❛♠❡♥t♦s✮✿

Sij =
1

2

(

∂δRi

∂xj
+
∂δRj

∂xi

)

, ✭✻✳✶✹✮
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❋✐❣✉r❛ ✻✳✷✳✿ ❊❢❡✐t♦ P✐❡③♦❡❧étr✐❝♦

Cristal sem simetria

de inversao

Tensao Tensao

Sij =
1

2

(

~

2NV ρω

)1/2

i
∑

q

(ejqi + eiqj)
(

aq + a†−q

)

exp (iq · r) . ✭✻✳✶✺✮

❉❡✈✐❞♦ ❛♦ ❢❛t♦ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ s❡r ❝r✐❛❞♦ ♣❡❧♦s ❢ô♥♦♥s ❧♦♥❣✐t✉❞✐♥❛✐s ✭❡ ❝♦♥s✐❞❡r❛♥❞♦
só ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❧♦♥❣♦s ♣❛r❛ ✐❣♥♦r❛r ❡❢❡✐t♦s ❛tô♠✐❝♦s✮✱ ❞❡✈❡ ❛♣♦♥t❛r ♥❛ ❞✐r❡çã♦
q ❞♦ ❢ô♥♦♥✳ ❊♥tã♦✱ ♣♦❞❡ s❡ ❡s❝r❡✈❡r ❝♦♠ ♦ ❣r❛❞✐❡♥t❡ ❞❡ ✉♠ ♣♦t❡♥❝✐❛❧ φ :

Ek = − ∂

∂xk
φ (r)

= − 1√
V

∑

q

iqkφqe
iq·r ✭✻✳✶✻✮

❡ ♦ ♣♦t❡♥❝✐❛❧ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ❞❡s❧♦❝❛♠❡♥t♦

φ (r) = i
∑

qλ

(

~

2NV ρωqλ

)1/2

Mqλe
iq·r
(

aqλ + a†−qλ

)

✭✻✳✶✼✮

s❡♥❞♦ λ ❛ ♣♦❧❛r✐③❛çã♦ ❞♦ ❢ô♥♦♥ ❛❝úst✐❝♦ ✭▲❆ ♦✉ ❚❆✮✳ Mqλ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛ ♠❛❣♥✐t✉❞❡
❞❡ q ♠❛s s✐♠ ♥❛ ❞✐r❡çã♦✳
❆ ♣❛rt✐r ❞♦ ♣♦t❡♥❝✐❛❧ ♣♦❞❡♠♦s ❝❤❡❣❛r ♥❛ ❍❛♠✐❧t♦♥✐❛♥❛✱ q✉❡ é

Hep =
∑

qλ

eiq·r
(

aqλ + a†−qλ

)

bq. ✭✻✳✶✽✮

♦♥❞❡ bq = Mqλ

(

~

2NV ρωqλ

)1/2 ❞❡♣❡♥❞❡ ❞♦ t✐♣♦ ❞❡ ♠❛t❡r✐❛❧✳ ❆ ❞✐❢❡r❡♥ç❛ ❞❛ ✐♥t❡r❛çã♦ ❞❡
❋rö❤❧✐❝❤ ✭s❡❣✉✐♥t❡ s❡çã♦✮✱ ❛ ✐♥t❡r❛çã♦ ♣✐❡③♦❡❧étr✐❝❛ ♥ã♦ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ❝♦♠ ♣❛râ♠❡tr♦s
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♠❛❝r♦s❝ó♣✐❝♦s✳

6.2.2. Interação de Fröhlich

➱ ✉♠ t✐♣♦ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❡❧étr♦♥s ❡ ❢ô♥♦♥s ó♣t✐❝♦s ❧♦♥❣✐t✉❞✐♥❛✐s ♣r♦❞✉③✐❞❛ ❡♠ ❝r✐st❛✐s
♣♦❧❛r❡s ♦✉ ❡♠ ♣❛rt❡ ✐ô♥✐❝♦s✳ ◆❡st❡ t✐♣♦ ❞❡ ❝r✐st❛✐s✱ ♦s ❢ô♥♦♥s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛
♠❛✐♦r ❡♥✈♦❧✈❡♠ ❞❡s❧♦❝❛♠❡♥t♦s ❞♦s át♦♠♦s ❝❛rr❡❣❛❞♦s ❞❡♥tr♦ ❞❛ ❝é❧✉❧❛ ♣r✐♠✐t✐✈❛✳ ❊ss❡s
❞❡s❧♦❝❛♠❡♥t♦s ❞❡ át♦♠♦s ❝♦♠ ❝❛r❣❛ ♦♣♦st❛ ❣❡r❛♠ ❝❛♠♣♦s ❡❧étr✐❝♦s ♠❛❝r♦s❝ó♣✐❝♦s✱ ♦s
q✉❛✐s ✐♥t❡r❛❣❡♠ ❝♦♠ ♦s ❡❧étr♦♥s ❡♠ ✉♠❛ ❢♦r♠❛ s✐♠✐❧❛r ❛♦s ❝❛♠♣♦s ❡❧étr✐❝♦s ❣❡r❛❞♦s
♣❡❧♦s ❢ô♥♦♥s ❛❝úst✐❝♦s✳ ❚❛♥t♦ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❣❡r❛❞♦ ♣❡❧♦s ❞❡s❧♦❝❛♠❡♥t♦s ❞❡ ❝❛r❣❛
q✉❛♥t♦ ❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ sã♦ ♣r♦♣♦r❝✐♦♥❛✐s ❛♦ ❞❡s❧♦❝❛♠❡♥t♦✳ ❆ ♣❛rt✐r ❞❡st❡
s❡ ♦❜té♠ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ q✉❡ é

Hel−ph = i

[

e2~ωLO

2V ǫ0

(

1

ǫ (∞)
− 1

ǫ (0)

)]1/2

· ✭✻✳✶✾✮
∑

q

1

q

{

aq exp [iq · rel] − a†q exp [−iq · rel]
}

♦♥❞❡ ωLO é ❛ ❢r❡qüê♥❝✐❛ ▲❖✱ ǫ (∞) ❡ ǫ (0) sã♦ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ♣❛r❛ ❢r❡qüê♥❝✐❛s
♠✉✐t♦ ❛❧t❛s ❡ ③❡r♦ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ✭P❛r❛ ✉♠❛ ❢♦r♠❛ ❞❡t❛❧❤❛❞❛ ❞❛ ❞❡❞✉çã♦ ❞❛ ✐♥t❡r❛çã♦
❞❡ ❋rö❤❧✐❝❤ ✈❡r ❛♣ê♥❞✐❝❡ ❇✳✶✳✮

6.3. Função Espectral da Interação com Fônons Acústicos

▲❡♠❜r❛♥❞♦ ❛❣♦r❛ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s ♠❡♥❝✐♦♥❛❞❛s ♥♦ s❡❣✉♥❞♦ ❝❛♣ít✉❧♦
❝❛❜❡ ❞✐❢❡r❡♥❝✐❛r ♦s r❡❣✐♠❡s s♦❜r❡ ♦s q✉❡ ✈ã♦ s❡r ♣❡r♠✐t✐❞❛s ❛s ✐♥t❡r❛çõ❡s ❝♦♠ ♦s ❞✐❢❡r❡♥t❡s
t✐♣♦s ❞❡ ❢ô♥♦♥s✳ ❈♦♠♦ ❥á ❢♦✐ ❞✐t♦✱ ❛ r❡❞✉çã♦ ♥♦ t❛♠❛♥❤♦ ❞♦ ♣♦♥t♦ q✉â♥t✐❝♦ r❡✢❡t❡ ♥❛
s❡♣❛r❛çã♦ ❡♥tr❡ s❡✉s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛✳ ❆ ❡♥❡r❣✐❛ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ ❞❡♣❡♥❞❡ ❞♦ ✐♥✈❡rs♦ ❞♦
q✉❛❞r❛❞♦ ❞♦ t❛♠❛♥❤♦ ❞♦ ◗❉✿ ❡♥tr❡ ♠❛✐♦r ♦ t❛♠❛♥❤♦✱ ♠❡♥♦r ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦♥✜♥❛♠❡♥t♦✱
♦✉ s❡❥❛✱ ♠❡♥♦r ❡s♣❛ç❛♠❡♥t♦ ❡♥tr❡ ♥í✈❡✐s✳ ■st♦ ♥♦s ❧❡✈❛ ❞✐r❡t❛♠❡♥t❡ ❛ ✉♠ ♣r♦❜❧❡♠❛
r❡♣♦rt❛❞♦ ♥❛ ❧✐t❡r❛t✉r❛ ❝♦♠♦ ✏♣❤♦♥♦♥ ❜♦tt❧❡♥❡❝❦✑ ♦✉ ✏❣❛r❣❛❧♦ ❞♦ ❢ô♥♦♥✑✳ ❊st❡ ❢❡♥ô♠❡♥♦
s❡ ❞á ❞❡✈✐❞♦ à ♣♦✉❝❛ ❞✐s♣❡rsã♦ ❞♦s ♠♦❞♦s ó♣t✐❝♦s✳ P❛r❛ ❤❛✈❡r ❛❝♦♣❧❛♠❡♥t♦ ❡❧étr♦♥✲
▲❖ é ♥❡❝❡ssár✐♦ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ ❞♦ ❡❧étr♦♥ ❝♦rr❡s♣♦♥❞❛ à ❡♥❡r❣✐❛ ❞♦s
❢ô♥♦♥s ó♣t✐❝♦s✱ ❝✉♠♣r✐♥❞♦ ♦ ♣r✐♥❝✐♣✐♦ ❞❡ ❝♦♥s❡r✈❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡ ♠♦♠❡♥t♦✳ ❊♠ ♣♦♥t♦s
q✉â♥t✐❝♦ ✏❣r❛♥❞❡s✑ ✭ω0 < ωLO✮ ✜❝❛ ❜❧♦q✉❡❛❞❛ ❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲▲❖✱ ❡ ♦ ❝❛♠✐♥❤♦ ❛
s❡❣✉✐r é ❡st✉❞❛r ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦ ❡❧étr♦♥ ❝♦♠ ♦s ❢ô♥♦♥s ❛❝úst✐❝♦s✱ ❝♦♠♦ ❜❛♥❤♦ ❡❢❡t✐✈♦
♣❛r❛ ♦ s♣✐♥✳
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❈♦♠♦ ❢♦✐ r❡s✉♠✐❞♦ ♥❛ t❛❜❡❧❛ ✻✳✶ ❡①✐st❡♠ ❞✉❛s ♣♦ssí✈❡✐s ✐♥t❡r❛çõ❡s ❞♦s ♠♦❞♦s ❛❝úst✐❝♦s
❝♦♠ ✉♠ ❡❧étr♦♥ ❧♦❝❛❧✐③❛❞♦ ♥❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦✿ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡❢♦r♠❛çã♦ ❡ ✐♥t❡r❛çã♦
♣✐❡③♦❡❧étr✐❝❛✳ ❈♦♠♦ ❥á é ❝♦♥❤❡❝✐❞♦✱ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡❢♦r♠❛çã♦ ❝♦♠♦ ♠❡❝❛♥✐s♠♦ ❞❡
✐♥t❡r❛çã♦ ❡❧étr♦♥✲▲❆✴❚❆ s❡ r❡✢❡t❡ ❡♠ ❞✐ss✐♣❛çã♦ ❝♦❡r❡♥t❡♠❡♥t❡ ❛♠♦rt❡❝✐❞❛ ♣❛r❛ ♦ s♣✐♥✳
❆ s❡❣✉✐r ❢❛❧❛r❡♠♦s só ❞❛ ✐♥t❡r❛çã♦ ♣✐❡③♦❡❧étr✐❝❛✳
Pr✐♠❡✐r❛♠❡♥t❡✱ ❥✉♥t❛r❡♠♦s t♦❞♦s ♦s ✐♥❣r❡❞✐❡♥t❡s ♣r❡♣❛r❛❞♦s ♥♦s ❝❛♣ít✉❧♦s ❛♥t❡r✐♦r❡s

♣❛r❛ ❝♦♥str✉✐r ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❣❧♦❜❛❧ ❞♦ ✉♥✐✈❡rs♦ ❝♦♠♣♦st♦ ♣♦r ♦ ❡❧étr♦♥ ♣r❡s♦ ♥♦ ♣♦♥t♦
q✉â♥t✐❝♦✱ ♦ s♣✐♥ ❞❡ss❡ ❡❧étr♦♥✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ✭❝♦♥st❛♥t❡✮✱ ♦s ♠♦❞♦s ❛❝ús✲
t✐❝♦s✱ ❡ ❛s ❢♦r♠❛s ❞❡ ✐♥t❡r❛çã♦ ❞♦s ❡❧❡♠❡♥t♦ ♠❡♥❝✐♦♥❛❞♦s✱

H = HE +HSpin +HSO +HAc +HEl−Ac. ✭✻✳✷✵✮

P❛r❛ ❝♦♠❡ç❛r✱ ❧❡♠❜r❛♠♦s ❞♦ ❝❛♣ít✉❧♦ ❞♦✐s q✉❡ ♦ ❝♦♥✜♥❛♠❡♥t♦ ❛♦ q✉❛❧ ❡stá s✉❥❡✐t♦ ♦
❡❧étr♦♥ ♥♦ ♣♦♥t♦ q✉â♥t✐❝♦ ❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❞❡✜♥❡♠ s❡✉s ❛✉t♦✲❡st❛❞♦s✱ ♦s
q✉❛✐s ❝♦♥❤❡❝❡♠♦s ❝♦♠♦ ❡st❛❞♦s ❞❡ ❋♦❝❦✲❉❛r✇✐♥✳ ❉❡s♣r❡③❛♥❞♦ ❛ ♣❛rt❡ ❞✐❛♠❛❣♥ét✐❝❛ ❞❛
❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ❋♦❝❦✲❉❛r✇✐♥ ♣♦r s✐♠♣❧✐❝✐❞❛❞❡✱ ♣♦❞❡♠♦s s❡♣❛r❛r ♦s t❡r♠♦s ❝♦rr❡s♣♦♥✲
❞❡♥t❡s ❛♦ ❡✐①♦ x ❡ ♦ ❡✐①♦ y, ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❝♦rr❡s♣♦♥❞❡♥t❡ é

HE =
p2

2me
+
me

2
ω̃2
(

x2 + y2
)

. ✭✻✳✷✶✮

❖ s♣✐♥ ✐♥t❡r❛❣❡ ❞✐r❡t❛♠❡♥t❡ ❝♦♠ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✶

HSpin = −µ · B. ✭✻✳✷✷✮

P❛r❛ ♠❛✐♦r ❝❧❛r✐❞❛❞❡ ❝♦♥s❡r✈❛♠♦s ❛ ♥♦t❛çã♦ ❞♦ ❝❛♣ít✉❧♦ ✺ r❡✲❡s❝r❡✈❡♥❞♦✲❛ ❝♦♠♦✱

HS = −~

2
∆σx. ✭✻✳✷✸✮

❆ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛ s❡rá ❞❡s❝r✐t❛ ♣❡❧❛ ❡q✉❛çã♦ ✻✳✹✱

Hso = γc

〈

k2
z

〉

(−σxkx + σyky) ✭✻✳✷✹✮

s✉❜st✐t✉✐♥❞♦ γc 〈kz〉 ♣♦r ζ. ❆ ❢♦r♠❛ ♣❛r❛ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞♦s ♠♦❞♦s ❛❝úst✐❝♦s ✭❊q✳ ✻✳✼✮
é

HAc =
∑

qλ

ωqλ

(

a†qλaqλ +
1

2

)

. ✭✻✳✷✺✮

✶▲❡♠❜r❡✲s❡ q✉❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t❛♠❜é♠ ❡stá ♣r❡s❡♥t❡ ♥❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞♦ ❡❧étr♦♥✱ ✐♥❝❧✉í❞♦ q✉❛♥❞♦
✜③❡♠♦s ❛ ♠✉❞❛♥ç❛ ♣❛r❛ ♦ ❣❛✉❣❡ p → p −

e
m

A, ♥♦ ❝❛♣ít✉❧♦ ❞♦✐s✳

✹✵



✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

b(eV/➴)

❙✐ ✵
●❡ ✵

●❛❆s ✵✳✶✻✻
■♥❆s ✵✳✵✹✶

❚❛❜❡❧❛ ✻✳✸✳✿ ❈♦♥st❛♥t❡ ♣✐❡③♦❡❧étr✐❝❛

❆ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥ ♠❡r❡❝❡ ❡s♣❡❝✐❛❧ ❛t❡♥çã♦ ❞❡ ♥♦ss❛ ♣❛rt❡✳ ❈♦♠♦ ✈✐♠♦s ♥❛
s❡çã♦ ✻✳✷✳✶ ❡❧❛ ❡stá ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✻✳✶✽✳ ❈♦♥s✐❞❡r❛♥❞♦ qr ≪ 1 ♣♦❞❡♠♦s
❛♣❧✐❝❛r ❛ ❛♣r♦①✐♠❛çã♦ ❞✐♣♦❧❛r✱ ♦✉ s❡❥❛✱ r❡str✐♥❣✐♠♦s ♦ ❡st✉❞♦ ❛ ❢ô♥♦♥s ❝♦♠ ❝♦♠♣r✐♠❡♥t♦
❞❡ ♦♥❞❛ ❧♦♥❣♦✷✳ ❖ r❡s✉❧t❛❞♦ ❞❛ ❛♣r♦①✐♠❛çã♦ é✱

Hep =
∑

qλ

(

~

2NV ρωqλ

)1/2

(1 + iq · r)
(

aqλ + a†−qλ

)

bq, ✭✻✳✷✻✮

❞❛ q✉❛❧ ♦❜t❡♠♦s ✉♠ t❡r♠♦ q✉❡ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛ ♣♦s✐çã♦ ❞♦ ❡❧étr♦♥ ❡ q✉❡ tr❛♥s❧❛❞❛ ♦
♣♦♥t♦ ❞❡ ♦s❝✐❧❛çã♦ ❞♦s ❢ô♥♦♥s✳ ❖ s❡❣✉♥❞♦ t❡r♠♦ é ❧✐♥❡❛r ♥❛ ♣♦s✐çã♦ ❞♦ ❡❧étr♦♥ ❡ ♣♦rt❛♥t♦
♣♦❞❡ s❡♣❛r❛r✲s❡ ❡♠ ❝♦♦r❞❡♥❛❞❛s✳ ❘❡✲❡s❝r❡✈❡♥❞♦ só ♥❛ ❝♦♦r❞❡♥❛❞❛ x

Hint =
~

2
√
meω0

(

c†x + cx

)

∑

qx

bq

(

a†
qx

+ aqx

)

. ✭✻✳✷✼✮

➱ ❝❧❛r♦ q✉❡ à ❝♦♦r❞❡♥❛❞❛ y ❝♦rr❡s♣♦♥❞❡ ✉♠❛ ❡q✉❛çã♦ t♦t❛❧♠❡♥t❡ s✐♠✐❧❛r ❛ ❛♥t❡r✐♦r✳
❆ s❡❣✉✐r ❛♣❛r❡❝❡♠ ❛❧❣✉♥s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ bq ❡♠ ❡str✉t✉r❛s t✐♣♦ ③✐♥❝❜❧❡♥❞❡✱
t❛❜❡❧❛ ✻✳✸✳ bq s❡ r❡❞✉③ ❛

bqλ = b (q̂iq̂j)λ , ✭✻✳✷✽✮

❡ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ●❛❆s

b =
4πe2

ǫ∞

e14
e
, ✭✻✳✷✾✮

♦♥❞❡ e14 é ❛ ❝♦♥st❛♥t❡ ❡❧ást✐❝❛✱ ❞❡t❡r♠✐♥❛❞❛ ❛ ♣❛rt✐r ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ s✐♠❡tr✐❛ ❞♦
❝r✐st❛❧ ❡ ǫ∞ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ♠❛t❡r✐❛❧✳
❋✐♥❛❧♠❡♥t❡ t❡♠♦s ❝♦♠♣❧❡t❛ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ q✉❡ ❞❡s❝r❡✈❡ ♦ ♣r♦❜❧❡♠❛✱ ♠❛s ❢❛❧t❛ ❡s✲

❝❧❛r❡❝❡r ♦ ❝❛♠✐♥❤♦ s❡❣✉✐r✳ ❙❡ ♦❜s❡r✈❛r♠♦s ❝♦♠ ❝✉✐❞❛❞♦ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❣❧♦❜❛❧ ❛ ♠❡t❛❞❡
é s❡♠❡❧❤❛♥t❡ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ s♣✐♥✲❜♦s♦♥ ❡ ❛ ♦✉tr❛ ♠❡t❛❞❡ à ❍❛♠✐❧t♦♥✐❛♥❛ ❣❡r❛❧ ❞❡s❝r✐t❛
♥♦ ❝❛♣ít✉❧♦ ✺✱ ❡q✉❛çã♦ ✺✳✸✱ ❡ sã♦ ❥✉st❛♠❡♥t❡ ❡ss❛s s❡♠❡❧❤❛♥ç❛s ❛s q✉❡ ❞❡✜♥❡♠ ♦ ❝❛♠✐♥❤♦✳
✷❊st❛ r❡str✐çã♦ ❥á t✐♥❤❛ s✐❞♦ ❝♦♥s✐❞❡r❛❞❛ ❝♦♠ ❛ ✐♥t❡♥çã♦ ❞❡ ❡✈✐t❛r ✐♥t❡r❛çõ❡s ❛tô♠✐❝❛s ♥❛ ❙❡çã♦ ✻✳✷
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✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

❈♦♠♦ s❛❜❡♠♦s✱ ♦s ♠♦❞♦s ❛❝úst✐❝♦s ❢♦r♠❛♠ ✉♠ ❜❛♥❤♦ ♣❛r❛ ♦ ❡❧étr♦♥✱ ❡♥tã♦ ❛ ❢♦r♠❛ ❞❡
♣r♦❝❡❞❡r é r❡s♦❧✈❡r ♦ ❜❛♥❤♦ ❞♦ ❡❧étr♦♥ ❞✐❛❣♦♥❛❧✐③❛♥❞♦ ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❡❧étr♦♥✰❢ô♥♦♥s✲
❛❝úst✐❝♦s✰✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ô♥♦♥✸✳ ❊ss❛ ❞✐❛❣♦♥❛❧✐③❛çã♦ é ❢❡✐t❛ ✉s❛♥❞♦ ✉♠❛ tr❛♥s❢♦r✲
♠❛çã♦ ❝❛♥ô♥✐❝❛ ❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡t❛❧❤❛❞♦ ❡stá ♥♦ ❛♣ê♥❞✐❝❡ ❆✳✶✳
❆ ♣❡r❣✉♥t❛ ❛ s❡❣✉✐r é ❝♦♠♦ s❛❜❡r q✉❡ t❛♥t♦ ✐rá ✐♥✢✉❡♥❝✐❛r à ❝♦❡rê♥❝✐❛ ❞♦ s♣✐♥ ♦

❢❛t♦ ❞♦ ❡❧étr♦♥ ❡st❛r ❧✐❣❛❞♦ ❛♦s ❢ô♥♦♥s ❛❝úst✐❝♦s✳ P❛r❛ r❡s♦❧✈❡r ❡st❛ q✉❡stã♦✱ ✉♠❛ ✈❡③
❝♦♥❤❡❝✐❞♦s ♦s ♠♦❞♦s ❞❡ ♦s❝✐❧❛çã♦ ❞♦ ❝♦♥❥✉♥t♦ ❡❧étr♦♥✲❢ô♥♦♥✱ s❡ ✐♥❝❧✉✐ ❛ ✐♥t❡r❛çã♦ s♣✐♥✲
ór❜✐t❛ ❡ s❡ ♣r♦❝❡❞❡ ❛ ❞✐❛❣♦♥❛❧✐③❛r ♥♦✈❛♠❡♥t❡ ✭❛♣ê♥❞✐❝❡ ❆✳✷✮ ❝♦♠ ❛ ✐♥t❡♥çã♦ ❞❡ ❝❤❡❣❛r
❡♠ ✉♠❛ ❡q✉❛çã♦ ❞♦ t✐♣♦ s♣✐♥✲❜♦s♦♥ ✭❞❡s❝r✐t❛ ♥❛ s❡çã♦ ✺✳✶✮✱ ❞❛ q✉❛❧ é ❢❛❝✐❧♠❡♥t❡ ❡①tr❛í❞❛
❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❡❢❡t✐✈❛✳ ❯♠❛ ✈❡③ ❝♦♥❤❡❝✐❞❛ ❡ss❛ ❢✉♥çã♦ ❝♦♥❤❡❝❡♠♦s ♦ ❝♦♠♣♦rt❛♠❡♥t♦
❞♦ s✐st❡♠❛ ✭♦ s♣✐♥✮ ❡♠ ♣r❡s❡♥ç❛ ❞♦ ❜❛♥❤♦ ❡❢❡t✐✈♦ ❞❡ ❢ô♥♦♥s ❛❝úst✐❝♦s✳
❆ ❢♦r♠❛ ❣❡r❛❧ ❞❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ❡❧étr♦♥✲❢ô♥♦♥ é

J (ω) = ηs
ωs

ωs−1
D

e−ω/ωD . ✭✻✳✸✵✮

◆♦ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❞❛ ✐♥t❡r❛çã♦ ♣✐❡③♦❡❧étr✐❝❛✱ s = 3 ❡

ηs =
b2ω2

D

35πρ

(

1

v5
l

+
4

3v5
t

)

✭✻✳✸✶✮

♦♥❞❡ vl ❡ vt sã♦ ❛s ✈❡❧♦❝✐❞❛❞❡s ❧♦♥❣✐t✉❞✐♥❛✐s é tr❛♥s✈❡rs❛✐s ❞♦s ♠♦❞♦s ❛❝úst✐❝♦s ❡ ωD é
❛ ❢r❡qüê♥❝✐❛ ❞❡ ❉❡❜②❡✳
◗✉❡ ❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❞♦ ❡❧étr♦♥ ❛❝♦♣❧❛❞♦ ❝♦♠ ✉♠ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s ❞❡♣❡♥❞❛ ❞❡

s = 3 ❡stá ♥♦s ❞✐③❡♥❞♦ q✉❡ ❛ ❞✐ss✐♣❛çã♦ é s✉♣❡r✲ô❤♠✐❝❛✱ ♦✉ s❡❥❛✱ ❛♣r❡s❡♥t❛ ✉♠ ❝♦♠✲
♣♦rt❛♠❡♥t♦ s✉❜✲❛♠♦rt❡❝✐❞♦✳ P❛rt✐♥❞♦ ❞❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ♣❛r❛ ♦ ❡❧étr♦♥ ♥♦ ❜❛♥❤♦ ❞❡
❢ô♥♦♥s ✭❛❝úst✐❝♦s ♦✉ ó♣t✐❝♦s✮ ❝❤❡❣❛♠♦s ❛ q✉❡ ❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❡❢❡t✐✈❛ ♣❛r❛ ♦ s♣✐♥ é

JEff (ω) =
4

π

(

ζ

ω0

)2( ω

ω0

)2

J (ω) . ✭✻✳✸✷✮

❊s♣❡❝✐✜❝❛♠❡♥t❡ J (ω) ❞♦ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s ❛❝úst✐❝♦s é ✭✜❣✉r❛ ✻✳✸✸✮

JEff (ω) =
4

π

(

ζ

ω0

)2( ω

ω0

)2

ηs
ω3

ω2
D

e−ω/ωD . ✭✻✳✸✸✮

P❛r❛ ❡ss❡ t✐♣♦ ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❡♠ ω ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐st❡♠❛ é s✉♣❡r✲ô❤♠✐❝♦✱
❛♣r❡s❡♥t❛❞♦ ♦s❝✐❧❛çõ❡s ❝♦❡r❡♥t❡♠❡♥t❡ ❛♠♦rt❡❝✐❞❛s✳ ◗✉❡r ❞✐③❡r q✉❡ ♦ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s
❛❝úst✐❝♦s ♥ã♦ r❡♣r❡s❡♥t❛ ✉♠❛ ❢♦♥t❡ s✐❣♥✐✜❝❛t✐✈❛ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ♣❛r❛ ♦ s♣✐♥ ❝♦♥✜♥❛❞♦ ♥♦
✸❖ ♠ét♦❞♦ ♠❛✐s ✉s❛❞♦ ♣❛r❛ r❡s♦❧✈❡r ♦ s✐st❡♠❛ é ♣♦r ♠❡✐♦ ❞❡ ✐♥t❡❣r❛✐s ❞❡ tr❛❥❡tór✐❛✱ tr❛ç❛♥❞♦ ♦s ❣r❛✉s

❞❡ ❧✐❜❡r❞❛❞❡ ❞♦ ❜❛♥❤♦✳ P♦ré♠✱ ♥ós ❡s❝♦❧❤✐✲♠♦s ❛ ❞✐❛❣♦♥❛❧✐③❛çã♦ ♣♦r tr❛♥s❢♦r♠❛çã♦ ❝❛♥ô♥✐❝❛✱ s❡♠
♥❡♥❤✉♠❛ ❝♦♥s❡qüê♥❝✐❛ ♦✉ r❡str✐çã♦✳

✹✷



✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

❋✐❣✉r❛ ✻✳✸✳✿ ❋✉♥çã♦ ❊s♣❡❝tr❛❧ ❊❢❡t✐✈❛✳

♣♦♥t♦ q✉â♥t✐❝♦✳ ❆ ❡♥❡r❣✐❛ ❞❡ tr❛♥s✐çã♦ ❡♥tr❡ ♥í✈❡✐s ❞❡ s♣✐♥ é ❛ ❡♥❡r❣✐❛ ❞❡ ❩❡❡♠❛♥✱ ❝✉❥❛
❢r❡qüê♥❝✐❛ é

∆ =
gµBB

2~
, ✭✻✳✸✹✮

❡ ❧❡♠❜r❡✲s❡ q✉❡ g ❡ ♦ ❢❛t♦r q✉❡ ❞❡✜♥❡ ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡❢❡t✐✈♦✳ ❊♠ ♣♦♥t♦s q✉â♥t✐❝♦s
❞❡ ■♥●❛❆s ♦ ❢❛t♦r g ❞♦ ❡❧étr♦♥ é g ∼ −1.5 ♣❛r❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ B = 10T ✱
∆ = 2 × 1011rad/s✳ ❆ ❢r❡qüê♥❝✐❛ r❡♥♦r♠❛❧✐③❛❞❛ ∆̃ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛❧ ❛ ∆ ❡ ❛
t❛①❛ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦✹ Γs = 1

~
JEff (∆)✳ ❊st❡ r❡s✉❧t❛❞♦ é ♦ ♠❡s♠♦ q✉❡ ♦ ♦❜t✐❞♦ ♣♦r

❑❤❛❡st✐✐ ❡ ◆❛③❛r♦✈✱ ✉s❛♥❞♦ ❛ r❡❣r❛ ❞❡ ♦✉r♦ ❞❡ ❋❡r♠✐ ❬✺✶❪✱ ❝♦♠♦ ❡s♣❡r❛❞♦ ♣❡❧❛ t❡♦r✐❛ ❞❡
s✐st❡♠❛ ❞❡ ❞♦✐s ♥í✈❡✐s ❞✐ss✐♣❛t✐✈♦s✳

P❛r❛ ♦❜t❡r ✈❛❧♦r❡s ♥✉♠ér✐❝♦s ❛tr❛✈és ❞❡st❡ r❡s✉❧t❛❞♦ ✉t✐❧✐③❛♠♦s ❝♦♥st❛♥t❡s ❞❡ ❜✉❧❦✱
q✉❡ ❛ s❡❣✉✐r r❡s✉♠❡♠✲s❡ ♥❛ t❛❜❡❧❛ ✻✳✹✱ ❝♦♠ s❡✉s r❡s♣❡❝t✐✈♦s t❡♠♣♦s ❞❡ ❞❡❝♦❡rê♥❝✐❛✱ q✉❡
sã♦ ❞❛ ♦r❞❡♠ ❞❡ ms ♣❛r❛ ✉♠❛ ❡♥❡r❣✐❛ ❞❡ ❩❡❡♠❛♥ ❞❡ 0.1meV. P❛r❛ ●❛❆s✱ ❛ ❞❡♥s✐❞❛❞❡
é ρ = 5.32 gr

cm3 ❡ ζ = 1.5 × 10−13➴
s ✳

❆ ❡♥❡r❣✐❛ ❞❡ ❩❡❡♠❛♥ ❞❡♣❡♥❞❡ ❞♦ ❢❛t♦r g ✺✱ ❡♥tã♦ ❛ t❛①❛ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ t❛♠❜é♠
✈❛✐ ❞❡♣❡♥❞❡r ❛tr❛✈és ❞♦ ❢❛t♦r g✱ ❞♦ t❛♠❛♥❤♦ ❞♦ ♣♦♥t♦ q✉â♥t✐❝♦✳ ❖ t❡♠♣♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛
♣❛r❛ ❡st❡ ❝❛s♦ ❞❡♣❡♥❞❡ ❞❡ ∆−5.

❙❡r✐❛ ✐♠♣♦rt❛♥t❡ ✈❡r ♦s ♠❡s♠♦s r❡s✉❧t❛❞♦s ❡♠ ■♥❆s ♠❛s ♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡ γc ♥ã♦
✹❈❛❜❡ ❧❡♠❜r❛r q✉❡ ❡st❡ r❡s✉❧t❛❞♦ ❝♦rr❡s♣♦♥❞❡ ❛ T = 0K✳ ❆ ❡♥❡r❣✐❛ ❞❡ ❩❡❡♠❛♥ ✭0.1meV ❛♣r♦①✳ ❛

B = 10T ❡♠ ●❛❆s✮ é ♠✉✐t♦ ❜❛✐①❛✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ só ♣❛r❛ t❡♠♣❡r❛t✉r❛s ♣❡rt♦ ❞❡ ③❡r♦ é r❡❧❡✈❛♥t❡
❢❛❧❛r ❡♠ ❞❡❝♦❡rê♥❝✐❛ ❞❡ s♣✐♥ ♣♦r ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛✲❢ô♥♦♥✳ P❛r❛ T = 5K ❛ ❡♥❡r❣✐❛ tér♠✐❝❛ é
0.4meV.

✺▲❡♠❜r❛♠♦s ❞♦ ❝❛♣ít✉❧♦ q✉❛tr♦ q✉❡ ♦s ♣r♦❝❡ss♦s ❞❡ ❞❡❢❛s❛❣❡♠ ♥♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛②
❡st❛✈❛♠ ❢♦rt❡♠❡♥t❡ ✐♥✢✉❡♥❝✐❛❞♦s ♣❡❧♦s ❞✐❢❡r❡♥t❡s ❢❛t♦r❡s ❣ ❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s ♥❛s ❛♠♦str❛s✱ ✜❣✉r❛
✹✳✻✳
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✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

m∗ ω (meV ) VT

(

cm
s

)

VL

(

cm
s

)

ηs

(gr
s

)

T2 (s)

✵✳✶me 10 3.35 × 105 4.73 × 105 8.99 × 10−13 0.053

✵✳✵✻✸me 15 3.35 × 105 4.73 × 105 8.99 × 10−13 0.32

✵✳✵✻✸me 10 3.35 × 105 4.73 × 105 8.99 × 10−13 0.13

✵✳✵✻✸me 5 3.35 × 105 4.73 × 105 8.99 × 10−13 0.033

✵✳✵✻✸me 2 3.35 × 105 4.73 × 105 8.99 × 10−13 0.0057

❚❛❜❡❧❛ ✻✳✹✳✿ ❚❡♠♣♦s ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❡♠ ●❛❆s✳

é ❝♦♥❤❡❝✐❞♦✳ ❖✉tr♦s ♠❛t❡r✐❛✐s ❞❡ ✐♥t❡r❡ss❡ ♣❛r❛ ❢❛❜r✐❝❛çã♦ ❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s sã♦
❣❡r♠â♥✐♦ ❡ s✐❧í❝✐♦✱ ♥♦s q✉❛✐s ♥ã♦ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ♦ ❢♦r♠❛❧✐s♠♦ ❛♥t❡r✐♦r ♣♦r tr❛t❛rs❡ ❞❡
♠❛t❡r✐❛✐s ♥♦s q✉❛✐s ♥ã♦ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞❛ ❛ ❢♦r♠❛ ❞❛ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛ ✉s❛❞❛ ❛q✉✐✳
❯♠ ♦✉tr♦ ♠❛t❡r✐❛❧ ❞❡ ✐♥t❡r❡ss❡ é ■♥P✳

6.4. Função Espectral da Interação com Fônons Ópticos

◆♦ ✐♥✐❝✐♦ ❞❛ s❡çã♦ ❛♥t❡r✐♦r✱ ❢❛❧❛♠♦s ❞❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞♦ ❡❧étr♦♥ ♣❛r❛ s❡ ❛❝♦♣❧❛r ❝♦♠
♦s ♠♦❞♦s ó♣t✐❝♦s✳ ◆♦ ❝❛s♦ ❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s ❣r❛♥❞❡s ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡ ❛ ❡♥❡r❣✐❛
❡♥tr❡ ♥í✈❡✐s s❡❥❛ ♠✉✐t♦ ♠❡♥♦r ❛ ❡♥❡r❣✐❛ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s ✭❡♠ ●❛❆s ✮✱ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡
❞❡ ❛❝♦♣❧❛♠❡♥t♦ ♥ã♦ ❡①✐st❡✳ ▼❛s ♦ q✉❡ q✉❡ ❛❝♦♥t❡❝❡ s❡ r❡❞✉③✐r♠♦s ♦ t❛♠❛♥❤♦ ❞♦ ♣♦♥t♦
❞❡ ♠❛♥❡✐r❛ q✉❡ ❡ss❛s ❡♥❡r❣✐❛s s❡ ❛♣r♦①✐♠❡♠❄
▲✐ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✺✷✱ ✺✸❪ ❡①❛♠✐♥❛r❛♠ t❡♦r✐❝❛♠❡♥t❡ ❡st❡ ♣r♦❜❧❡♠❛ à ❧✉③ ❞♦ ❛❝♦♣❧❛✲

♠❡♥t♦ ♥ã♦ ❤❛r♠ô♥✐❝♦ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s ❝♦♠ ♦s ❢ô♥♦♥s ❛❝úst✐❝♦s ❞♦ ❜✉❧❦✱ ❡ ❝♦♥❝❧✉ír❛♠
q✉❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡❧étr♦♥✲❢ô♥♦♥ ó♣t✐❝♦ ♣♦❞❡ s❡r ✉♠ ♠❡❝❛♥✐s♠♦ ❡✜❝✐❡♥t❡ ❞❡ r❡❧❛①❛çã♦
♦r❜✐t❛❧✳ ❖s ♠♦❞♦s ó♣t✐❝♦s ❝♦♥✜♥❛❞♦s ❞❡♥tr♦ ❞♦ ♣♦♥t♦ q✉â♥t✐❝♦ sã♦ ❞❡ ♥❛t✉r❡③❛ ❞✐s❝✲
r❡t❛✱ ♠❛s ❝♦♠♦ r❡s✉❧t❛❞♦ ❞❛ ✐♥t❡r❛çã♦ ❝♦♠ ♦s ❢ô♥♦♥s ❛❝úst✐❝♦s ❡ ó♣t✐❝♦s ❞♦ ❜✉❧❦ t❡♠ ✉♠
t❡♠♣♦ ❞❡ ✈✐❞❛ ❝✉rt♦✳ ▼❡s♠♦ s❛❜❡♥❞♦ q✉❡ ❡stã♦ ❝♦♥✜♥❛❞♦s✱ ❛ ❢♦r♠❛ ❡①❛t❛ ❞♦s ❢ô♥♦♥s
ó♣t✐❝♦s ❡ ❞❛ ✐♥t❡r❛çõ❡s ♥ã♦ ❤❛r♠ô♥✐❝❛s ♥ã♦ é ❜❡♠ ❝♦♥❤❡❝✐❞❛✳ P♦r t❛❧ r❛③ã♦ ♥❡st❡ ❡st✉❞♦
❛ss✉♠✐♠♦s ❛ ❢♦r♠❛ ❞❡ ❜✉❧❦ ❞❡❧❡s✳
P❛r❛ r❡s♣♦♥❞❡r ❛ q✉❡stã♦ ❡①❛♠✐♥❡♠♦s ❛ ❡✈✐❞ê♥❝✐❛ ❡①♣❡r✐♠❡♥t❛❧ q✉❡ ✈❡♠ ❞❡ ✉♠ ♦✉tr♦

t✐♣♦ ❞❡ ❡①♣❡r✐♠❡♥t♦ r❡♣♦rt❛❞♦ ♥❛ ❧✐t❡r❛t✉r❛✱ ♥♦ q✉❛❧ ❢❛③❡♥❞♦ ✉s♦ ❞❛ té❝♥✐❝❛ ❞❡ ✏♣✉♠♣✲
♣r♦❜❡✑ ❡st✉❞❛r❛♠ r❡❧❛①❛çã♦ ❡♥tr❡ ♥í✈❡✐s ♦r❜✐t❛✐s ❞❡ ❝♦♥✜♥❛♠❡♥t♦ ❧❛t❡r❛❧ ❡♠ ❙❆◗❉s
❬✸✻❪✳ ❊st❡ ❡①♣❡r✐♠❡♥t♦ ❢♦✐ ❢❡✐t♦ ♥♦ ❡sq✉❡♠❛ ❞❡ tr❛♥s♠✐ssã♦✱ ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s ❛✉t♦✲
♦r❣❛♥✐③❛❞♦s ❞❡ ■♥●❛✲●❛❆s ❝♦♠ ❞♦✐s ❡❧étr♦♥s ♣♦r ♣♦♥t♦ q✉â♥t✐❝♦✻✳ ❖ t❛♠❛♥❤♦ ♠é❞✐♦ ❞♦s
✻▼❡s♠♦ ✉s❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ✏♣✉♠♣✲♣r♦❜❡✑ ❡st❡ t✐♣♦ ❞❡ ❡①♣❡r✐♠❡♥t♦ s❡ ❞✐❢❡r❡♥❝✐❛ ❞❡ ❛q✉❡❧❡s ❞❡s❝r✐t♦s
♥♦ q✉❛rt♦ ❝❛♣ít✉❧♦ ❥✉st❛♠❡♥t❡ ♥♦ ❢❛t♦ ❞❡ ✉s❛r ✉♠ ❡sq✉❡♠❛ ❞❡ tr❛♥s♠✐ssã♦ ♣❛r❛ ♦ q✉❛❧ sã♦ t❡st❛❞♦s
❢❡♥ô♠❡♥♦s ❞❡ r❡❧❛①❛çã♦✱ T1✳ ◆❡st❡ ❡sq✉❡♠❛ s❡ ♠❡❞❡ ♦ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞♦ ❡st❛❞♦✱ ❡♥q✉❛♥t♦ q✉❡ ♥♦
❡sq✉❡♠❛ ❞❡ ❋❲▼ s❡ ♠❡❞❡ ♦ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞❡ ✉♠❛ s✉♣❡r♣♦s✐çã♦ ❝♦❡r❡♥t❡✱ T2.
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✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

❋✐❣✉r❛ ✻✳✹✳✿ ❙✐♥❛❧ ❞❡ ❚r❛♥s♠✐ssã♦ ❡♠ ◗❉s ❞❡ ■♥●❛✲●❛❆s ❬✸✻❪✳

◗❉ ❢♦✐ ❞❡ ∼ 25nm ✭❡♥❡r❣✐❛ ❝❛r❛❝t❡ríst✐❝❛ ∼ 56♠❡❱✮✳ ◗✉❛♥❞♦ ❢❛❧❛♠♦s ❡♠ tr❛♥s♠✐ssã♦
♥♦s r❡❢❡r✐♠♦s ❛♦ t❡♠♣♦ ❚1, t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦✱ ❡q✉❛çã♦ ✹✳✾✳
❊st❡ ❡①♣❡r✐♠❡♥t♦ é ❞❡ ❡s♣❡❝✐❛❧ ✐♥t❡r❡ss❡ ♣♦rq✉❡ ♥❡❧❡ s❡ ♦❜s❡r✈♦✉ ✉♠❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛

♣❡rt♦ ❞❛ ❡♥❡r❣✐❛ ❞♦ ♠♦❞♦ ó♣t✐❝♦ ♣❛r❛ q✉❛❧ s❡ ❧✐❣❛ ❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲▲❖✳
❆ ✜❣✉r❛ ✻✳✹ ♠♦str❛ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❡s♣❡❝tr❛❧ ❞♦ ❢❡✐①❡ ❞❡ ♣r♦✈❛ ❝♦♠♦ ❢✉♥çã♦ ❞♦ t❡♠♣♦

❞❡ ❛tr❛s♦ ❡♥tr❡ ♦s ❞♦✐s ❢❡✐①❡s✳ ❊st❛ ❞❡♣❡♥❞ê♥❝✐❛ é ✐❧✉str❛❞❛ ♥❛s ❡♥❡r❣✐❛s ❞❡ ❡①❝✐t❛çã♦
✈❛r✐❛♥❞♦ ❡♥tr❡ ✺✹✳✺ ♠❡❱ ✭❛❜❛✐①♦✮ ❡ ✺✵✳✺ ♠❡❱ ✭❛❝✐♠❛✮✳ ❆ ♠❡❞✐❞❛ ❢♦✐ ❢❡✐t❛ ❛ ❚❂✺❑✳
❉❡st❛s ♠❡❞✐çõ❡s ❢♦r❛♠ ❡①tr❛í❞♦s t❡♠♣♦s ❞❡ r❡❧❛①❛çã♦ ❞❛ ♦r❞❡♠ ❞❡ ❞❡③❡♥❛s ❞❡ ♣s ✭✼✵♣s
♣❛r❛ ❡♥❡r❣✐❛ ❞❡ ❡①❝✐t❛çã♦ ❞❡ ✺✹✳✺ ♠❡❱✮✳
❙❡ ♦❜s❡r✈❛ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ s✐❣♥✐✜❝❛t✐✈❛ ❞♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ♥❛ ❡♥❡r❣✐❛ ❞❡ ❡①❝✐✲

t❛çã♦✱ ♦✉ s❡❥❛✱ ♥❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ♦s ❡st❛❞♦s ❝♦♥✜♥❛❞♦s✳ ❆♣❛r❡♥t❡♠❡♥t❡✱ ♦
t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ❞❡❝r❡s❝❡ ♠♦♥♦t♦♥✐❝❛♠❡♥t❡ q✉❛♥❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ♥í✈❡✐s
s❡ ❛♣r♦①✐♠❛ à ❡♥❡r❣✐❛ ❞♦ ❢ô♥♦♥ ó♣t✐❝♦✳ ❈♦♠♦ ❥á t✐♥❤❛ s✐❞♦ ♣r♦♣♦st♦ ❛♥t❡s ❬✺✷✱ ✺✸❪✱ ♦
t❡♠♣♦ ❞❡ ✈✐❞❛ ✜♥✐t♦ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s ❞❡✈✐❞♦ à ♥ã♦ ❤❛r♠♦♥✐❝✐❞❛❞❡ ❞♦ ❝r✐st❛❧ ♣♦❞❡
❝♦♥❞✉③✐r ❛ ✉♠❛ ❢♦r♠❛ ❡✜❝✐❡♥t❡ ❞❡ r❡❧❛①❛çã♦ ♣❛r❛ ♦ ❡❧étr♦♥✳
❯♠❛ ♦✉tr❛ ❡✈✐❞ê♥❝✐❛ ❡①♣❡r✐♠❡♥t❛❧ ✈❡♠ ❞❡ ♠❡❞✐❞❛s ❞❡ ❞✐s♣❡rsõ❡s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❞❛s r❡ss♦♥â♥❝✐❛s ✭tr❛♥s✐çõ❡s s✲π+✱ s✲π− ❞❡♣❡♥❞❡♥❞♦ ❞❛ ♣♦❧❛r✐③❛çã♦ ❞♦ ❢❡✐①❡ ✐♥❝✐❞❡♥t❡✮✱
❢❡✐t❛s ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s ❛✉t♦✲♦r❣❛♥✐③❛❞♦s ❞❡ ■♥❆s❬✺✹❪✱ ✜❣✉r❛ ✻✳✺✳ ❖ ❞✐â♠❡tr♦ ❧❛t❡r❛❧
❞♦s ◗❉s ❡r❛ ❞❡ ∼ 20nm ❡ s✉❛ ❡♥❡r❣✐❛ ❝❛r❛❝t❡ríst✐❝❛ ∼ 50♠❡❱✳ ❖ ❛❝♦♣❧❛♠❡♥t♦ ❡❧étr♦♥✲
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✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

❋✐❣✉r❛ ✻✳✺✳✿ ▼❡❞✐❞❛s ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♠ ◗❉s ❞❡ ■♥❆s ✭❜♦❧❤❛s✮✳ ❆s
❧✐♥❤❛s ♣♦♥t✐❧❤❛❞❛s sã♦ r❡s✉❧t❛❞♦s t❡ór✐❝♦s ❬✺✹❪✳

▲❖ s❡ ✈✐✉ ♥♦ ❢❛t♦ ❞❡ ♦❜s❡r✈❛r❡♠ ✉♠ ❛♥t✐✲❝r✉③❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ❡♥❡r❣✐❛ ❞❡ ∼ 70meV

❡ ✶✷❚ ✳ ❊ss❛ ❡♥❡r❣✐❛ ❝♦rr❡s♣♦♥❞❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❞♦✐s ❢ô♥♦♥s ▲❖ s❡❥❛ ❡♠ ●❛❆s ♦✉ ■♥❆s✳
P❛r❛ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ♠❛✐♦r❡s ❞❡ ✽❚✱ ❛ ❞✐s♣❡rsã♦ ❞♦ r❛♠♦ ♠❛✐s ❜❛✐①♦ ♠♦str♦✉ ✉♠
❞❡s✈✐♦ ❝♦♠ r❡s♣❡✐t♦ ❛♦ s❡✉ ❝♦♠♣♦rt❛♠❡♥t♦ ❡s♣❡r❛❞♦ ✭❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛✮✱ ♦✉ s❡❥❛✱ t❡✈❡
✉♠ ❞❡s✈✐♦ ♥❛ ♠❡❞✐❞❛ q✉❡ ❛ ❡♥❡r❣✐❛ ❢♦✐ s❡ ❛♣r♦①✐♠❛♥❞♦ à ❡♥❡r❣✐❛ ▲❖✳
❋✐❝❛ ❡♥tã♦ ❛❜❡rt❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ❡❧étr♦♥✲❢ô♥♦♥ ó♣t✐❝♦ ❝♦♠♦ ❢♦♥t❡ ❞❡

r❡❧❛①❛çã♦ ♣❛r❛ ♦ ❡❧étr♦♥ ❡ ♣♦rt❛♥t♦ ♣♦❞❡✲s❡ ❝♦♥s✐❞❡r❛r ♦ ❡❧étr♦♥ ❛❝♦♣❧❛❞♦ ❝♦♠ ♦s ♠♦❞♦s
ó♣t✐❝♦s ✭❥✉♥t♦ ❝♦♠ s❡✉s ♠❡❝❛♥✐s♠♦s ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ ❝♦♠♦ ❢ô♥♦♥s ❛❝úst✐❝♦s ❡ ♦✉tr♦s
♠♦❞♦s ó♣t✐❝♦s✮ ❝♦♠♦ ✉♠ ♥♦✈♦ ❜❛♥❤♦ ❡❢❡t✐✈♦ ♣❛r❛ ♦ s♣✐♥✳
P❛rt✐♠♦s ❛❣♦r❛ ❛ ❝♦♥s✐❞❡r❛r ❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲▲❖ ❝♦♠♦ ❢♦♥t❡ ❞❡ ❞❡❝♦❡rê♥❝✐❛✱ ❝♦♥✲

s✐❞❡r❛♥❞♦ q✉❡ ❛s ♥ã♦ ❤❛r♠♦♥✐❝✐❞❛❞❡s ❞❛ r❡❞❡ ❧❡✈❛♠ ❛ ✉♠ t❡♠♣♦ ❞❡ ✈✐❞❛ ❝✉rt♦ ♣❛r❛ ♦s
❢ô♥♦♥s ó♣t✐❝♦s ✭❛❧❣✉♥s ♣✐❝♦s❡❣✉♥❞♦s ♥♦s ♠❛t❡r✐❛✐s ❞❡ ✐♥t❡r❡ss❡ ❛q✉✐✮✳
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✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

❈♦♠♦ s❛❜❡♠♦s✱ só ❡①✐st❡ ✉♠❛ ❢♦r♠❛ ❞❡ ✐♥t❡r❛çã♦ ❞♦ ❡❧étr♦♥✲❢ô♥♦♥ ó♣t✐❝♦ ❡♠ ●❛❆s
♣❛r❛ ✉♠ ❡❧étr♦♥ ❧♦❝❛❧✐③❛❞♦ ♥❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦ ❡ é ❛ ✐♥t❡r❛çã♦ ❞❡ ❋rö❤❧✐❝❤✳
◆♦ss♦ ♣r♦❜❧❡♠❛ é ❛❣♦r❛ ❡①tr❛✐r ❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❞♦ ♥♦✈♦ ❜❛♥❤♦ ❡❢❡t✐✈♦ ♣❛r❛ ♦ s♣✐♥✿ ♦

❡❧étr♦♥ ❛❝♦♣❧❛❞♦ ❝♦♠ ♠♦❞♦s ó♣t✐❝♦s q✉❡ ♣♦r s✉❛ ✈❡③ s❡ ❛❝♦♣❧❛♠ ❝♦♠ ✉♠ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s
❛❝úst✐❝♦s✳ ❯♠ ✈❡③ ❝♦♥❤❡❝✐❞❛ ❡ss❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ♣r♦❝❡❞❡♠♦s ❞❡ ✐❣✉❛❧ ♠❛♥❡✐r❛ q✉❡ ♥♦
❝❛s♦ ❞♦ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s ❛❝úst✐❝♦s ♣❛r❛ ✜♥❛❧♠❡♥t❡ ❝♦♥❤❡❝❡r ♦ t✐♣♦ ❞❡ ❞✐ss✐♣❛çã♦ ❛♦ q✉❛❧
❡stá s✉❥❡✐t♦ ♦ s♣✐♥ ♣♦r ❝❛✉s❛ ❞❡st❡ ❜❛♥❤♦ ❡❢❡t✐✈♦ ✭❞❡♥tr♦ ❞❛s ❛♣r♦①✐♠❛çõ❡s ❢❡✐t❛s✮✳
❖ ♣r✐♠❡✐r♦ ♣❛ss♦ é ❛ss✉♠✐r ✉♠ t✐♣♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦s ♠♦❞♦s ó♣t✐❝♦s ❡ ♦ ❜❛♥❤♦

❞❡ ❢ô♥♦♥s ❛❝úst✐❝♦s✿ ❛ss✉♠✐♠♦s ❞✐ss✐♣❛çã♦ ô❤♠✐❝❛ ✭❝♦♠ ❜❛s❡ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♠♦rt❡✲
❝✐❞♦ ❞♦s ♠♦❞♦s ó♣t✐❝♦s ❝♦♥✜♥❛❞♦s ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s✱ ✈✐❞❡ t❛❜❡❧❛ ✺✳✶✮✱ ❡ ❞✐❛❣♦♥❛❧✲
✐③❛♠♦s ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ♣❡rt✐♥❡♥t❡✳ P❛r❛❧❡❧❛♠❡♥t❡✱ r❡❞✉③✐♠♦s ❛ ✐♥t❡r❛çã♦ ❞❡ ❋rö❤❧✐❝❤ à
❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ❞♦✐s ♦s❝✐❧❛❞♦r❡s ❛❝♦♣❧❛❞♦s✱ ♣♦r ♠❡✐♦ ❞❡ ❛♣r♦①✐♠❛çã♦ ❞✐♣♦❧❛r ✭❛♣ê♥❞✐❝❡
❆✳✸✮✳ ■st♦ ❢❡✐t♦✱ ✐♥tr♦❞✉③✐♠♦s ❡ss❛ ❢♦r♠❛ ❞❛ ✐♥t❡r❛çã♦ ❞❡ ❋rö❤❧✐❝❤ ♥❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞✐✲
❛❣♦♥❛❧ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❢ô♥♦♥s ❡ ❞✐❛❣♦♥❛❧✐③❛♠♦s ♥♦✈❛♠❡♥t❡ ♣❛r❛ ♦❜t❡r ❛ ❢✉♥çã♦
❡s♣❡❝tr❛❧ ❞♦ ❜❛♥❤♦ ❡❢❡t✐✈♦ ✭❡❧étr♦♥✲▲❖✲▲❆✭❚❆✮✮✳ ❊ss❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ é

JEff (ω) =
πα2

ρNV ℓ2
2γω

(

ω2 − ω2
LO

)2
+ 4γ2ω2

, ✭✻✳✸✺✮

♦♥❞❡ α é ❛ ❝♦♥st❛♥t❡ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ ❋rö❤❧✐❝❤

α =

[

~ωLOe
2

2V ǫ0

(

1

ǫ (∞)
− 1

ǫ (0)

)]1/2

, ✭✻✳✸✻✮

ℓ2 = ~

m∗ωe
♦ ❝♦♠♣r✐♠❡♥t♦ ❡❧étr✐❝♦ ❡ γ ❛ ❝♦♥st❛♥t❡ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s

✭γ ∼ 1.4× 1011s−1 ❡♠ ●❛❆s✮✳ ❙❡ ♦❜s❡r✈❛ q✉❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ô❤♠✐❝♦ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s
❝♦♠ ♦ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s ❛❝úst✐❝♦s s❡ tr❛❞✉③✐✉ ❡♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ô❤♠✐❝♦ t❛♠❜é♠
♣❛r❛ ♦ ❡❧étr♦♥✳
❊st❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ♥♦s ✐♥t❡r❡ss❛ ♥♦ ❝❛s♦ ❡s♣❡❝í✜❝♦ ❞❡ ω ∼ ωLO✳ P❛rt✐♥❞♦ ❞♦ t✐♣♦

❞❡ ❞✐ss✐♣❛çã♦ ❞♦ ❜❛♥❤♦ ❡❢❡t✐✈♦ ♣❛r❛ ♦ ❡❧étr♦♥ ❛❝❤❛♠♦s ❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ♣❛r❛ ♦ s♣✐♥
JEff (ω) q✉❡ é

JEff (ω) =
4α2

ρNV ℓ2

(

ζ

ω0

)2( ω

ω0

)2 γω
(

ω2 − ω2
LO

)2
+ 4γ2ω2

, ✭✻✳✸✼✮

P❛r❛ ❜❛✐①❛s ❢r❡qüê♥❝✐❛s✱ ❡st❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❡❢❡t✐✈❛ ❝♦rr❡s♣♦♥❞❡ ❛ ❞✐ss✐♣❛çã♦ s✉♣❡r✲
ô❤♠✐❝❛✱ ❡ ♦ s✐st❡♠❛ ❛♣r❡s❡♥t❛rá ♥♦✈❛♠❡♥t❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♦s❝✐❧❛tór✐♦ ❝✉❥❛ ❛♠♣❧✐✲
t✉❞❡ ❞❡❝❛✐ ❝♦♠ ♦ t❡♠♣♦✳ ❆ t❛①❛ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ ♥❡st❡ ❝❛s♦ ❞❡♣❡♥❞❡ ❞❡ ∆3 ❡ ♦ t❡♠♣♦
❞❡ ❞❡❝♦❡rê♥❝✐❛ ❝♦♠♦ ∆−3✳ P❛r❛ ●❛❆s ♦ t❡♠♣♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ é ❞❛ ♦r❞❡♠ ❞❡ µs✱ ❛ t❛❜❡❧❛
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✻✳ ❇❛♥❤♦s ❊❢❡t✐✈♦s ♣❛r❛ ♦ ❙♣✐♥ ♥♦s P♦♥t♦s ◗✉â♥t✐❝♦s

ω0 (meV ) T2 (µs)

25 1.75

30 2.53

35 3.44

40 4.5

❚❛❜❡❧❛ ✻✳✺✳✿ ❚❡♠♣♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❡♠ ●❛❆s✳

✻✳✺ r❡s✉♠❡ ♦s t❡♠♣♦s ♦❜t✐❞♦s ♣❛r❛ ❡♥❡r❣✐❛s ♣ró①✐♠❛s à ❡♥❡r❣✐❛ ❞♦s ♠♦❞♦s ó♣t✐❝♦s✳ ❆s
❝♦♥st❛♥t❡s ✉s❛❞❛s ♣❛r❛ ❢❛③❡r ❛ ❝♦♥t❛ ❢♦r❛♠ ❡s♣❡❝✐✜❝❛❞❛s ♥❛ s❡çã♦ ✻✳✸✳
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7. Conclusões

P♦❞❡♠♦s ❝♦♥❝❧✉✐r q✉❡ ♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ❡♠ ✉♠ ♣♦♥t♦ q✉â♥t✐❝♦ é ✉♠ s✐st❡♠❛ q✉â♥t✐❝♦
❞✐ss✐♣❛t✐✈♦ ♣♦r ❝♦♥t❛ ❞❛s ✐♥t❡r❛çõ❡s ❡❧étr♦♥✲❢ô♥♦♥✳ ❖s ❢ô♥♦♥s s❡ r❡✈❡❧❛♠ ❝♦♠♦ ✉♠ ❜❛♥❤♦
❡❢❡t✐✈♦ ♣❛r❛ ♦ s♣✐♥ ❛♦ ✐♥t❡r❛❣✐r ❝♦♠ ❛ ór❜✐t❛ ❡❧❡trô♥✐❝❛✱ q✉❡ ♣♦r s✉❛ ✈❡③ s❡ ❛❝♦♣❧❛ ❝♦♠
♦ s♣✐♥✳
❆ ♣r✐♥❝✐♣❛❧ ❢♦♥t❡ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❡♠ ♣♦♥t♦s q✉â♥t✐❝♦s ✏❣r❛♥❞❡s✑ é ❛ ✐♥t❡r❛çã♦ ♣✐❡③♦❡❧étr✐❝❛✱

q✉❡ ♣♦r s❡ ♠❡s♠❛ é ✉♠❛ ❢♦♥t❡ ❞❡ ❞✐ss✐♣❛çã♦ s✉♣❡r✲ô❤♠✐❝❛ ♣❛r❛ ♦ ❡❧étr♦♥✱ tr❛❞✉③✐♥❞♦✲s❡
❡♠ ✉♠❛ ❞✐♥â♠✐❝❛ ❝♦❡r❡♥t❡♠❡♥t❡ ❛♠♦rt❡❝✐❞❛ ♣❛r❛ ♦ s♣✐♥✱ ❞❡♥tr♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ❞✐♣♦❧❛r✳
P♦❞❡♠♦s ❞✐③❡r q✉❡ ♣❛r❛ ❢r❡qüê♥❝✐❛s s✐♠✐❧❛r❡s ❞♦ ❡❧étr♦♥ ❡ ♦s ❢ô♥♦♥s ó♣t✐❝♦s✱ ✉♠ ❜❛♥❤♦

ô❤♠✐❝♦ ♣❛r❛ ♦s ❢ô♥♦♥s ó♣t✐❝♦s ❣❡r❛ ✉♠ ❜❛♥❤♦ ô❤♠✐❝♦ ♣❛r❛ ♦ ❡❧étr♦♥✳ ◆❛ ❛♣r♦①✐♠❛çã♦
❞✐♣♦❧❛r✱ ✈❡♠♦s q✉❡ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❡❧étr♦♥ ❡ ♦s ❢ô♥♦♥s ó♣t✐❝♦s é s❡♠❡❧❤❛♥t❡ ❛ ✐♥t❡r❛çã♦
❞❡ ❞♦✐s ♦s❝✐❧❛❞♦r❡s ❤❛r♠ô♥✐❝♦s ❜✐❞✐♠❡♥s✐♦♥❛✐s✱ ❞❡s❛❝♦♣❧❛❞♦s ♥❛s ❞✐r❡çõ❡s✳
◗✉❛♥❞♦ ❛ ❢r❡qüê♥❝✐❛ ❞♦ ❡❧étr♦♥ s❡ ❛♣r♦①✐♠❛ ❞❛ ❢r❡qüê♥❝✐❛ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s s❡ ❧✐❣❛

❛ ✐♥t❡r❛çã♦ ❞❡ ❋rö❤❧✐❝❤✳ ❖ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞♦s ♠♦❞♦s ó♣t✐❝♦s✱ r❡s✉❧t❛❞♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦s
♥ã♦ ❤❛r♠ô♥✐❝♦s ❡♥tr❡ ❢ô♥♦♥s ó♣t✐❝♦s ❡ ♦s ❢ô♥♦♥s ❛❝úst✐❝♦s ❞♦ ✏❜✉❧❦✑ ✐♥❞✉③ ❝♦♠♣♦rt❛✲
♠❡♥t♦ ❞✐ss✐♣❛t✐✈♦ ♣❛r❛ ♦ ❡❧étr♦♥ ❡ ❝♦♠♦ ❝♦♥s❡qüê♥❝✐❛ t❛♠❜é♠ ♣❛r❛ ♦ s♣✐♥✳ ❖ ❛❝♦♣❧❛✲
♠❡♥t♦ ♥ã♦ ❤❛r♠ô♥✐❝♦ ❡♥tr❡ ❢ô♥♦♥s ♣r♦❞✉③ ✉♠ ❜❛♥❤♦ ❡❢❡t✐✈♦ ♣❛r❛ ♦ s♣✐♥ ❝♦♥❢♦r♠❛❞♦
♣❡❧❛ ór❜✐t❛ ❡❧❡trô♥✐❝❛✱ ♦s ♠♦❞♦s ó♣t✐❝♦s ❡ ♦ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s ❛❝úst✐❝♦s ❞♦ ❜✉❧❦✳ ❊ss❡
❜❛♥❤♦ ❡❢❡t✐✈♦ ❢❛③ ❝♦♠ q✉❡ ♦ s♣✐♥ ❛♣r❡s❡♥t❡ ✉♠❛ ❞✐♥â♠✐❝❛ t❛♠❜é♠ s✉♣❡r✲ô❤♠✐❝❛✳
❉❡♥tr♦ ❞♦ tr❛t❛♠❡♥t♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝♦ ❞❛❞♦ ❛s ✐♥t❡r❛çõ❡s s♣✐♥✲ór❜✐t❛✲❢ô♥♦♥ ♦ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞♦ s♣✐♥ ❛♣r❡s❡♥t❛ ♦s❝✐❧❛çõ❡s s✉❜✲❛♠♦rt❡❝✐❞❛s✳ P♦ré♠✱ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ❢✉♥çã♦
❡s♣❡❝tr❛❧ ❡♠ ω3 ♣❛r❛ ♦s ♠♦❞♦s ó♣t✐❝♦s ❡ ❡♠ ω5 ♣❛r❛ ♦s ♠♦❞♦s ❛❝úst✐❝♦s s❡ tr❛❞✉③ ❡♠ q✉❡
♣❛r❛ ❢r❡qüê♥❝✐❛s ❞❡ ❩❡❡♠❛♥ ✭∼ 1011s−1✮ é ♠✉✐t♦ ♠❡♥♦r ♦ t❡♠♣♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❞❡✈✐❞♦ à
✐♥t❡r❛çã♦ ❞❡ ❋rö❤❧✐❝❤ ✭❞❡ µs✮ q✉❡ ♦ t❡♠♣♦ ❞❡ ❞❡❝♦❡rê♥❝✐❛ ❞❡✈✐❞♦ à ✐♥t❡r❛çã♦ ♣✐❡③♦❡❧étr✐❝❛
✭❞❡ ms✮✱ ❧❡♠❜r❛♥❞♦ q✉❡ ❡st❛s ❞✉❛s ✐♥t❡r❛çõ❡s ♥ã♦ ❝♦❜r❡♠ ♦ ♠❡s♠♦ r❡❣✐♠❡ ❞❡ t❛♠❛♥❤♦s
❞❡ ♣♦♥t♦s q✉â♥t✐❝♦s✳ P♦ré♠✱ ♦s ✈❛❧♦r❡s ✉s❛❞♦s ♣❛r❛ ❢❛③❡r ❡ss❡s ❝á❧❝✉❧♦s ❝♦rr❡s♣♦♥❞❡♠ ❛
✈❛❧♦r❡s ✏❜✉❧❦✑✳ ❖s r❡s✉❧t❛❞♦s ♠♦str❛♠ ✉♠❛ ❢♦rt❡ ❞❡♣❡♥❞ê♥❝✐❛ ♥♦ t❛♠❛♥❤♦ ❝❛r❛❝t❡ríst✐❝♦
❞♦ ♣♦♥t♦ q✉â♥t✐❝♦✱ ❡♥tã♦ ♣❛r❛ t❡r ♥♦çã♦ r❡❛❧ ❞❛ ✈❛❧✐❞❛❞❡ ❞♦s t❡♠♣♦s✱ s❡r✐❛ ♣r❡❝✐s♦ ✉s❛r
❝♦♥st❛♥t❡s q✉❡ ❝♦rr❡s♣♦♥❞❛♠ ❛ ♣♦♥t♦s q✉â♥t✐❝♦s✱ ♠❛s ♠✉✐t❛s ❞❛s ❝♦♥st❛♥t❡s r❡q✉❡r✐❞❛s
❛♣❡♥❛s s❡ ❝♦♥❤❡❝❡♠ ♣❛r❛ ❜✉❧❦✳ ❯♠❛ ❝♦♥t✐♥✉❛çã♦ ❞♦ tr❛❜❛❧❤♦ s❡r✐❛ ❛♣❧✐❝❛r ♦ ♠❡s♠♦
♣r♦❝❡❞✐♠❡♥t♦ ❝♦♠ ✉s❛♥❞♦ ♣❛rá♠❡tr♦s ❢ís✐❝♦s ❝❛r❛❝t❡ríst✐❝♦s ❞♦s ♣♦♥t♦s q✉â♥t✐❝♦s✳
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A. Processos de Diagonalização

A.1. Modos de oscilação de um oscilador harmônico

acoplado com um banho de osciladores, mediante

transformação canônica

❆ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✉♠ ♦s❝✐❧❛❞♦r ❤❛r♠ô♥✐❝♦ ❛❝♦♣❧❛❞♦ ♥❛ ❝♦♦r❞❡♥❛❞❛ ❝♦♠ ✉♠ ❜❛♥❤♦ ❞❡
♦s❝✐❧❛❞♦r❡s é

H = ω0b
†
0b0 +

∑N
i=1 κi

4m0ω0

(

b†0 + b0

)2
+

1

2

(

b†0 + b0

)

N
∑

j=1

kj

(

b†j + bj

)

+
N
∑

j=1

ωjb
†
jbj

= ω0b
†
0b0 +

λ

2

(

b†0 + b0

)2
+

1

2

(

b†0 + b0

)

N
∑

j=1

kj

(

b†j + bj

)

+
N
∑

j=1

ωjb
†
jbj ✭❆✳✶✮

❤❛✈❡♥❞♦ ❞❡✜♥✐❞♦ kj =
κj

2
√

m0ω0mjωj
✳ ❙❡ ❞✐❛❣♦♥❛❧✐③❛ ❛ ❍❛♠✐❧t♦♥✐❛♥❛✱ ❞❡✐①❛♥❞♦✲❛ ♥❛

s❡❣✉✐♥t❡ ❢♦r♠❛✱

H =

N
∑

l=0

Ωlβ
†
l βl ✭❆✳✷✮

♣♦r ♠❡✐♦ ❞❡ ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❝❛♥ô♥✐❝❛ ❞♦ t✐♣♦

β†l =

N
∑

i=0

(

ul
ib

†
i − vl

ibi

)

. ✭❆✳✸✮

❯s❛♥❞♦ ❛ ❡q✉❛çã♦ ❞❡ ♠♦✈✐♠❡♥t♦ ❞♦s ♦♣❡r❛❞♦r❡s ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞✐❛❣♦♥❛❧

−idβ
†
l (t)

dt
= Ωlβ

†
l (t) ✭❆✳✹✮

♦❜t✐❞♦ ❞♦ ❝♦♠✉t❛❞♦r ❝♦♠ ❛ ❍❛♠✐❧t♦♥✐❛♥❛✱




N
∑

j=0

ωjb
†
jbj , β

†
l



+



(b†0 + b0)

N
∑

j=1

kj(b
†
j + bj), β

†
l



+
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[

λ

2
(b†0 + b0)

2, β†l

]

= Ωlβ
†
l . ✭❆✳✺✮

◆♦ s❡❣✉✐♥t❡ ✈♦✉ ❡st✉❞❛r t❡r♠♦ ❛ t❡r♠♦✱ ✉s❛♥❞♦ ❛ s❡❣✉✐♥t❡ ♣r♦♣r✐❡❞❛❞❡

[A,BC] = [A,B]C +B [A,C] . ✭❆✳✻✮

❖ ♣r✐♠❡✐r♦ ❝♦♠✉t❛❞♦r é




N
∑

j=0

ωjb
†
jbj , β

†
l



 =

N
∑

j=0

ωj

(

ul
jb

†
j + vl

jbj

)

. ✭❆✳✼✮

❖ t❡r♠♦ s❡❣✉✐♥t❡ é


(b†0 + b0)
N
∑

j=1

kj(b
†
j + bj), β

†



 =

N
∑

j=1

kj

(

ul
j + vl

j

)

(b†0 + b0) +

N
∑

j=1

kj(b
†
j + bj)

(

ul
0 + vl

0

)

. ✭❆✳✽✮

❊ ♦ ú❧t✐♠♦ t❡r♠♦✱
[

λ

2
(b†0 + b0)

2, β†l

]

= λ
(

ul
0 + vl

0

)

(b†0 + b0). ✭❆✳✾✮

❙✉❜st✐t✉✐♥❞♦ ❛s r❡❧❛çõ❡s ❡♥❝♦♥tr❛❞❛s ♥❛ ❡q✉❛çã♦ ❞❡ ♠♦✈✐♠❡♥t♦✱

N
∑

j=0

ωj

(

ul
jb

†
j + vl

jbj

)

+
N
∑

j=1

kj

(

ul
j + vl

j

)

(b†0 + b0) +

N
∑

j=1

kj(b
†
j + bj)

(

ul
0 + vl

0

)

+ λ
(

ul
0 + vl

0

)

(b†0 + b0) = Ωl

N
∑

j=0

(

ul
jb

†
j − vl

jbj

)

✭❆✳✶✵✮

r❡s✉❧t❛♥❞♦ ❛s q✉❛tr♦ ❡q✉❛çõ❡s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ❝♦❡✜❝✐❡♥t❡s ❞♦s ♦♣❡r❛❞♦r❡s b0, b†0, bj ❡ b†j

ω0u
l
0 +

N
∑

j=1

kj

(

ul
j + vl

j

)

+ λ
(

ul
0 + vl

0

)

= Ωlu
l
0 ✭❆✳✶✶✮

ω0v
l
0 +

N
∑

j=1

kj

(

ul
j + vl

j

)

+ λ
(

ul
0 + vl

0

)

= −Ωlv
l
0 ✭❆✳✶✷✮
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ωju
l
j + kj

(

ul
0 + vl

0

)

= Ωlu
l
j ✭❆✳✶✸✮

ωjv
l
j + kj

(

ul
0 + vl

0

)

= −Ωlv
l
j . ✭❆✳✶✹✮

❈❤❛♠❛♥❞♦

Z l = ul
0 + vl

0 ✭❆✳✶✺✮

C l =
N
∑

j=1

kj

(

ul
j + vl

j

)

✭❆✳✶✻✮

t❡r❡♠♦s q✉❡

ul
0 =

C l + λZ l

Ωl − ω0
✭❆✳✶✼✮

vl
0 = −C

l + λZ l

Ωl + ω0
✭❆✳✶✽✮

ul
j =

kjZ
l

Ωl − ωj
✭❆✳✶✾✮

vl
j = − kjZ

l

Ωl + ωj
. ✭❆✳✷✵✮

❙♦♠❛♥❞♦ ❛ ❞✉❛s ♣r✐♠❡✐r❛s ❡q✉❛çõ❡s ❡ ❛s ❞✉❛s ú❧t✐♠❛s ❛❝❤❛♠♦s ❛ r❡❧❛çã♦ ❡♥tr❡ C l ❡
Z l✱ ❡ ♦s ♠♦❞♦s ♥♦r♠❛✐s ❞❡ ♦s❝✐❧❛çã♦✿

Z l =
2ω0

(

C l + λZ l
)

Ω2
l − ω2

0

, ✭❆✳✷✶✮

C l =

N
∑

j=1

2ωik
2
j

Ω2
l − ω2

j

Z l ✭❆✳✷✷✮

❡

1 =
2ω0

Ω2
l − ω2

0





N
∑

j=1

2ωjk
2
j

Ω2
l − ω2

j

+ λ



 , ✭❆✳✷✸✮
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Ω2
l − ω2

0 = 2ω0





N
∑

j=1

2k2
j

ωj

(

ω2
j

Ω2
l − ω2

j

)

+ λ



 ✭❆✳✷✹✮

❢❛③❡♥❞♦ λ =
∑N

j=1

2k2
j

ωj

Ω2
l − ω2

0 = 2ω0

N
∑

j=1

2k2
i

ωj

(

ω2
j

Ω2
l − ω2

j

+ 1

)

✭❆✳✷✺✮

Ω2
l

ω2
0

− 1 = 4
N
∑

j=1

k2
j

ω0ωj

Ω2
l

Ω2
l − ω2

j

Ω2
l

ω2
0

− 4

N
∑

i=1

k2
i

ω0ωi

Ω2
l

ω2
i − Ω2

l

− 1 = 0. ✭❆✳✷✻✮

❱♦❧t❛♥❞♦ ❛s ❡①♣r❡ssõ❡s ❞♦s ❝♦❡✜❝✐❡♥t❡s✱

ul
0 =

Ωl + ω0

2ω0
Zl ✭❆✳✷✼✮

vl
0 = −Ωl − ω0

2ω0
Zl. ✭❆✳✷✽✮

❆✐♥❞❛ ❢❛❧t❛ ✉♠❛ r❡❧❛çã♦ q✉❡ ♥♦s ♣❡r♠✐t❛ r❡s♦❧✈❡r ♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s✱ ♣❛r❛ ✐ss♦
❢❛③❡♠♦s ✉s♦ ❞♦ ❝♦♠✉t❛❞♦r ❜♦sô♥✐❝♦✱

[

βl, β
†
l

]

= 1 ✭❆✳✷✾✮




N
∑

i=0

(

ul
ibi − vl

ib
†
i

)

,

N
∑

j=0

(

ul
jb

†
j − vl

jbj

)



 =

N
∑

j=0

{

(

ul
j

)2
−
(

vl
j

)2
}

✭❆✳✸✵✮

❡ s✉❜st✐t✉✐♥❞♦ ♦s u✬s ❡ v✬s,

1 =
(

Z l
)2











Ωl

ω0
+

N
∑

j=1

4k2
j Ωlωj

(

Ω2
l − ω2

j

)2











. ✭❆✳✸✶✮

❊ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ♥♦ t❡♠♣♦ ❞❛s q✉❛s❡✲♣❛rtí❝✉❧❛s β✬s é
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β†l (t) =
N
∑

j=0

(

ul
je

iΩltb†j − vl
je

iΩltbj

)

, ✭❆✳✸✷✮

βl (t) =

N
∑

j=0

(

ul
je

−iΩltbj − vl
je

−iΩltb†j

)

✭❆✳✸✸✮

❡ ❞♦s ♦♣❡r❛❞♦r❡s bi✬s

b†i (t) =

N
∑

l=0

(

ul
ie

−iΩltβ†l + vl
ie

iΩltβl

)

, ✭❆✳✸✹✮

bi (t) =
N
∑

l=0

(

ul
ie

iΩltβl + vl
ie

−iΩltβ†l

)

. ✭❆✳✸✺✮

♦✉

b†i (t) =
N
∑

j,l=1

{[(

ul
iu

l
j − vl

iv
l
j

)

cos Ωlt− i
(

ul
iu

l
j + vl

iv
l
j

)

sinΩlt
]

b†i ✭❆✳✸✻✮

−
[(

ul
iv

l
j − vl

iu
l
j

)

cos Ωlt− i
(

ul
iv

l
j + vl

iu
l
j

)

sinΩlt
]

bi

}

.

A.2. Obtenção da função espectral efetiva

❆ s❡❣✉✐r ❢❛r❡♠♦s ❛ ❞✐❛❣♦♥❛❧✐③❛çã♦ ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛

H =
N
∑

l=0

Ωlβ
†
l βl +

iζ~

ℓ
√

2
σx

(

a†x − ax

)

+Hspin, ✭❆✳✸✼✮

✈❛❧❡♥❞♦✲♥♦s ❞❛ tr❛♥❢♦♠❛çã♦ ❝❛♥ô♥✐❝❛ ❢❡✐t❛ ❛♥t❡r✐♦r♠❡♥t❡✱

H =

N
∑

l=0

[

Ωlβ
†
l βl +

iζ~

ℓ
√

2
σx

(

u0
l + v0

l

)

β†l −
iζ~

ℓ
√

2
σx

(

u0
l + v0

l

)

βl

]

+Hspin. ✭❆✳✸✽✮

❙❡❥❛

rl =

√
2ζ

ℓ

(

u0
l − v0

l

) ✭❆✳✸✾✮
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H =
N
∑

l=0

[

Ωlβ
†
l βl + rlσx

(

iβ†l − iβl

)]

. ✭❆✳✹✵✮

❋❛③❡♥❞♦ ❛ s❡❣✉✐♥t❡ tr❛♥s❢♦r♠❛çã♦

β̃†l = iβ†l ✭❆✳✹✶✮

❛ ❍❛♠✐❧t♦♥✐❛♥❛ s❡ tr❛♥s❧❛❞❛ ❡♠ ✉♠❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ s♣✐♥✲❜♦s♦♥ ❞❛s ❞❡s❝r✐t❛s ♥❛ s❡çã♦
✺✳✶✱

H =
N
∑

l=0

Ωlβ̃
†
l β̃l + σx~

N
∑

l=0

rl

(

β̃†l + β̃l

)

+Hspin. ✭❆✳✹✷✮

❖ rl é ❛ ✈❛r✐á✈❡❧ ♥❛ q✉❛❧ ❡stá ❝♦♥t✐❞❛ ❛ ✐♥❢♦r♠❛çã♦ s♦❜r❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦ s♣✐♥
❡ ♦ ♠♦♠❡♥t♦✳ ❆ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ❡♥tã♦

JEff (ω) =

N
∑

l=0

r2l δ (ω − Ωl) ✭❆✳✹✸✮

♦♥❞❡

rl =

√
2ζ

ℓ

(

u0
l + v0

l

) ✭❆✳✹✹✮

❡ s✉❜st✐t✉✐♥❞♦

rl =

√
2ζ

ℓ

(

Ωl

ω0

)

Zl ✭❆✳✹✺✮

JEff (ω) = 2

(

ζ

ω0ℓ

)2 N
∑

l=0

Ω2
lZ

2
l δ (ω − Ωl) ✭❆✳✹✻✮

= 2

(

ζ

ω0ℓ

)2 1

ω0

∮

C

dΩ

πi

Ω2δ (ω − Ω)

f (Ω) − 1

❛ ❞❡❧t❛ ❞❡ ❉✐r❛❝ s❡ ❡s❝r❡✈❡ ❝♦♠♦
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δ (ω − Ω) = lim
ǫ→0

ǫ

π

1

(ω − Ω)2 + ǫ2
✭❆✳✹✼✮

JEff (ω) = 2

(

ζ

ω0ℓ

)2 1

ω0
lim
ǫ→0

ǫ

π

∮

C

dΩ

πi

Ω2

f (Ω) − 1

1

(ω − Ω)2 + ǫ2
✭❆✳✹✽✮

= 2

(

ζ

ω0ℓ

)2 1

iπω0
lim
ǫ→0

[

(ω − iǫ)2

f (ω − iǫ) − 1
− (ω + iǫ)2

f (ω + iǫ) − 1

]

❙❡❣✉♥❞♦ ♦ ❝❛s♦✱ ❛ ❢✉♥çã♦ ❡s♣❡❝tr❛❧ ♣♦❞❡ t❡r três t✐♣♦s ❞❡ ❞❡♣❡♥❞ê♥❝✐❛ ❡♠ ω✳ ◆♦ ❝❛s♦
ô❤♠✐❝♦✱ J (ω) ≃ ω✱

J(ω)

2πmω0
=

γω

πω0
Θ(Ωc − ω) ✭❆✳✹✾✮

ω2
0 (f (ω + iǫ) − 1) = ω2 − ω2

0 + 2iγωs❣♥ǫ

JEff (ω) = 2

(

ζ

ω0ℓ

)2 ω2
0

iπω0
lim
ǫ→0

[

(ω − iǫ)2

ω2 − ω2
0 − 2iγω

− (ω + iǫ)2

ω2 − ω2
0 + 2iγω

]

= 2

(

ζ

ℓ

)2 1

πω0

4γω3

(

ω2 − ω2
0

)2
+ 4γ2ω2

. ✭❆✳✺✵✮

❆s ❞❡♠❛✐s ❢✉♥çõ❡s ❡s♣❡❝tr❛✐s ❢♦r❛♠ ♦♣t✐❞❛s ♣❡❧♦ ♠❡s♠♦ ❡sq✉❡♠❛✳
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B. Interação de Fröhlich

B.1. Dedução da Interação de Fröhlich

◆♦ ❧✐♠✐t❡ ❞❡ ❧♦♥❣♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦s ❢ô♥♦♥s ó♣t✐❝♦s✱ ❛ ❜❛s❡ ❞❡ át♦♠♦s ❞❛
❝é❧✉❧❛ ✉♥✐tár✐❛ ✈✐❜r❛ r❡❧❛t✐✈❛ à ♦✉tr❛ ❡♥q✉❛♥t♦ ♦ ♠♦✈✐♠❡♥t♦ ♥❛s ❝é❧✉❧❛s ❛❞❥❛❝❡♥t❡s é
♣r❛t✐❝❛♠❡♥t❡ ✐❞ê♥t✐❝♦✳ ◆✉♠ só❧✐❞♦ ❝♦♠ ❞♦✐s í♦♥s ❝♦♠ ❝❛r❣❛s ♦♣♦st❛s ♥❡ss❛ ❜❛s❡✱ ❝❛❞❛
✉♠ ❞❡❧❡s ✈✐❜r❛ ♥♦ s❡♥t✐❞♦ ♦♣♦st♦ ❞♦ ♦✉tr♦✳ ❆ ♣♦❧❛r✐③❛çã♦ ❞❛ ❝é❧✉❧❛ ❡♥tã♦✱ ❡stá ❞❛❞❛
♣♦r e∗ (s+ − s−) = e∗s ♦♥❞❡ ±e∗ é ❛ ❝❛r❣❛ ❡❢❡t✐✈❛✱ ❡ s± ♦ ❞❡s✈✐♦ ✐♥st❛♥tâ♥❡♦ ❞❡ ❝❛❞❛
í♦♥✳ ❖ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ❝❛r❣❛s ❧❡✈❛ t❛♠❜é♠ ❛ ❝❛♠♣♦s ✐♥t❡r♥♦s q✉❡ ✐♥❞✉③❡♠ ♠♦♠❡♥t♦s
❞✐♣♦❧❛r❡s ♥♦s í♦♥s ❞❛ r❡❞❡✳ ■st♦✱ ❝♦♥tr✐❜✉✐ ❝♦♠ ❛ ♣♦❧❛r✐③❛çã♦ ❞❛ ❝é❧✉❧❛ ❞❡ ♠❛❣♥✐t✉❞❡
αEloc (α = α+ + α−)✳ α± é ❛ ♣♦❧❛r✐③❛❜✐❧✐❞❛❞❡ ❞♦s í♦♥s ❡ Eloc ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ♥❛ ♣♦s✐çã♦
❞♦s í♦♥s✳ ❊st❡s ❝❛♠♣♦s ❡❧étr✐❝♦s ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ♦ ❝❛♠♣♦ ♠❛❝r♦s❝ó♣✐❝♦ ✭♣❛r❛
r❡❞❡s ❝ú❜✐❝❛s s✐♠♣❧❡s✮✱ ♣❡❧❛ r❡❧❛çã♦ ❞❡ ▲♦r❡♥t③✿

Eloc (r) = E (r) +
1

3ε0
P (r) . ✭❇✳✶✮

P❛r❛ ❡♥❝♦♥tr❛r ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ♥♦ ♣♦♥t♦ r✱ ❞✐✈✐❞❡✲s❡ ♦ ♠❡✐♦ ❡♠ ❞✉❛s r❡❣✐õ❡s✿ ✉♠❛
♣❡rt♦ q✉❡ ❝♦♥s✐st❡ ♥✉♠❛ ❡s❢❡r❛ ❞❡ r❛✐♦ r0 ❡ ✉♠❛ ❧♦♥❣❡✱ ❡s❝♦❧❤✐❞❛ s❡❣✉✐♥❞♦ ♦ ❢❛t♦ ❞❡
q✉❡ ♦ ❝❛♠♣♦ ♣r♦❞✉③✐❞♦ ♣♦r ❡st❛ r❡❣✐ã♦ ♥ã♦ ♠✉❞❛ ❞❡♥tr♦ ❞♦ r❛✐♦ r0✳ ❖ ❝❛♠♣♦ ❡❧étr✐❝♦
♠❛❝r♦s❝ó♣✐❝♦ E (r) é ✉♠❛ ♠é❞✐❛ t♦t❛❧ s♦❜r❡ ♦ ♠❡✐♦✳ ❖ ❝❛♠♣♦ Emacro

proximo (r) = −P(r)
3ε0

r❡s✉❧t❛ ❞❡ ❝❛❧❝✉❧❛r ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞❡ ✉♠❛ ❡s❢❡r❛ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❞✐❡❧étr✐❝♦ ✉♥✐❢♦r♠❡✲
♠❡♥t❡ ♣♦❧❛r✐③❛❞❛✳ ❖ ❝❛♠♣♦ ❧♦❝❛❧ é ♠❡♥♦r q✉❡ ♦ ❝❛♠♣♦ ♠❛❝r♦s❝ó♣✐❝♦ ♣♦r ♥ã♦ ❝❛rr❡❣❛r
❝♦♥tr✐❜✉✐çõ❡s ❞❡ ❝❛r❣❛s ❧♦❝❛❧✐③❛❞❛s ❥á q✉❡ ❛ ♠é❞✐❛ s♦❜r❡ ❡❧❛s é ③❡r♦✳

◆♦ ❝❛s♦ ❞❡ ✉♠ ♠❡✐♦ ✉♥✐❢♦r♠❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ❡st❛ ❝♦♠♣♦st❛
❞❡ ❞✉❛s ♣❛rt❡s✱ ✉♠❛ ❞❡❧❛s ❞❡✈✐❞♦ ❛♦s ❞✐♣♦❧♦s ❝r✐❛❞♦s ♣❡❧❛ s❡♣❛r❛çã♦ ❞♦s ❞♦✐s í♦♥s ❞❡♥tr♦
❞❛ ❝é❧✉❧❛✱ ❡ ❛ ♦✉tr❛ ❞❡✈✐❞❛ à ✐♦♥✐③❛çã♦ ❞♦s í♦♥s✳ P❛r❛ N ❝é❧✉❧❛s ✉♥✐tár✐❛s ❝♦♠ ✈♦❧✉♠❡
V

P (r) =
N

V

(e∗s (r) + αE (r))

1 −Nα/3V ε0
. ✭❇✳✷✮

✻✵



❇✳ ■♥t❡r❛çã♦ ❞❡ ❋rö❤❧✐❝❤

s s
+ −

k

Eloc

❋✐❣✉r❛ ❇✳✶✳✿ ❉❡s❧♦❝❛♠❡♥t♦ ❞♦s í♦♥s✳

❆s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ❞♦s í♦♥s ❞❡s❧♦❝❛❞♦s✱ ✜❣✉r❛ ❇✳✶✱ ♣♦❞❡♠

M+s̈+ = −k (s+ − s−) + e∗Eloc ✭❇✳✸✮
M−s̈− = +k (s+ − s−) − e∗Eloc

♦♥❞❡ k é ❛ ❝♦♥st❛♥t❡ ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❞❛ ❢♦rç❛ r❡st❛✉r❛❞♦r❛✳ ❆s ❡q✉❛çõ❡s ❛♥t❡r✐✲
♦r❡s r❡✢❡t❡♠ ❛ ❝♦♥s✐❞❡r❛çã♦ ❞♦s í♦♥s ❡st❛r✲s❡ ♠♦✈❡♥❞♦ ❢♦r❛ ❞❡ ❢❛s❡✱ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛
♣ró♣r✐❛ ❞♦s ♠♦❞♦s ó♣t✐❝♦s✱ ♣♦r ✐ss♦✱ ❛ s❡❣✉✐♥t❡ ❞❡❞✉çã♦ ❝♦rr❡s♣♦♥❞❡ só ❝♦♠ ❡st❡s ♠♦❞♦s
❞❡ ✈✐❜r❛çã♦✳

❙❡❥❛ µ = M+M−

M++M−

❛ ♠❛ss❛ r❡❞✉③✐❞❛✱ ❡♥tã♦ ❛ ❡q✉❛çã♦ ❞❡ ♠♦✈✐♠❡♥t♦ ❞❡ s = s+ − s−

♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦

µs̈ = −ks + e∗
(

E +
1

3ε0
P

)

✭❇✳✹✮

❡ t❡♠♦s ❛❣♦r❛✱ ❞✉❛s ❡q✉❛çõ❡s q✉❡ r❡❧❛❝✐♦♥❛♠ s, E ❡ P✳ ❘❡✲❡s❝❛❧❛♥❞♦ ♦ ✈❡t♦r s ♣♦r
√

Nµ
V ✭✐✳ ❡✳✱ w =

√

Nµ
V s✮ t❡♠♦s

ẅ = b11w + b12E ✭❇✳✺✮
P = b21w + b22E,

♦♥❞❡

b =





− k
µ + N

V µ
e∗

3ε0(1−Nα/3V ε0)

√

N
V µ

e∗

(1−Nα/3V ε0)
√

N
V µ

e∗

(1−Nα/3V ε0)
N
V µ

α
3ε0(1−Nα/3V ε0)



 ✭❇✳✻✮
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❆ ❛♥t❡r✐♦r ❞❡✜♥✐çã♦ ❢♦✐ ❢❡✐t❛ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ r❡❧❛❝✐♦♥❛r ❛s ❝♦♥st❛♥t❡s ♠✐❝r♦s❝ó♣✐✲
❝❛s ✭α✱ e∗✱ ❡t❝✳✳✳✮ ❝♦♠ ♣❛rá♠❡tr♦s ♠❛❝r♦s❝ó♣✐❝❛s ♠❡❞í✈❡✐s ❡ r❡s♦❧✈❡r ♣❛r❛ ♣♦❧❛r✐③❛çã♦
♠❛❝r♦s❝ó♣✐❝❛✳ ❘❡s♦❧✈❡♥❞♦ ♣❛r❛ w (ω) = w0e

−iωt, E (ω) = E0e
−iωt

w (ω) = − b12
b11 + ω

E (ω) ✭❇✳✼✮

❡

P =

(

b22 −
b21b12
b11 + ω2

)

E. ✭❇✳✽✮

P♦❞❡♠♦s ✉s❛r ❛ r❡❧❛çã♦ ❣❡r❛❧ ♣❛r❛ ♠❡✐♦s ❞✐❡❧étr✐❝♦s

P (r, ω) = (ε (ω) − 1) ε0E (r) , ✭❇✳✾✮

♥♦ ❝❛s♦ ❞❡ ω = 0,

P =

(

b22 −
b21b12
b11

)

E = [ε (0) − 1] ε0E, ✭❇✳✶✵✮

♦♥❞❡ ε (0) é ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡stát✐❝❛✳ ◆♦ ❝❛s♦ ❞❡ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦ ❡①t❡r♥♦ ❝♦♠
❢r❡qüê♥❝✐❛ ♠✉✐t♦ ❛❧t❛ ♦s í♦♥s ♥ã♦ ❝♦♥s❡❣✉❡♠ ❛❝♦♠♣❛♥❤❛r ❛s ❢♦rç❛s q✉❡ ♠✉❞❛♠ ♠✉✐t♦
rá♣✐❞♦✳ ◆❡ss❡ ❝❛s♦✱ w = 0✱ ❡ ε (∞)✿

P = b22E = [ε (∞) − 1] ε0E. ✭❇✳✶✶✮

ε (∞) ❡ ε (0) sã♦ ❝♦♥st❛♥t❡s ❛s ❝♦♥st❛♥t❡s ♠❛❝r♦s❝ó♣✐❝❛s ♣r♦❝✉r❛❞❛s✳
◆✉♠ ❝r✐st❛❧ ❝ú❜✐❝♦ D ‖ E ❡ ♣❡❧♦ t❛♥t♦ ‖ P✳ ❙❡ t♦❞♦s tê♠ ❞❡♣❡♥❞ê♥❝✐❛ ❡s♣❛❝✐❛❧✱











D

E

P











= Re











D0

E0

P0











exp (iq · r) , ✭❇✳✶✷✮

❛ ❞✐✈❡r❣ê♥❝✐❛ ❞❡ D ❧❡✈❛ ❛
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D = 0 ♦✉ D,E ❡ P ⊥ q ✭❇✳✶✸✮

❡ ∇× E = ∇× (∇φ) = 0 ❛

E = 0 ♦✉ D,E ❡ P ‖ q. ✭❇✳✶✹✮

◆♦ ♠♦❞♦ ❧♦♥❣✐t✉❞✐♥❛❧✱ E ❡ P ‖ q✱ D = 0 ❡ ε = 0, ❡♥tã♦

P (r) = −ε0E (r) . ✭❇✳✶✺✮

◆♦ ♠♦❞♦ tr❛♥s✈❡rs♦✱ D ❡ P ⊥ q✱ E = 0 ❡ ε = ∞✳ ◆❡ss❡ ❝❛s♦ ❛ ❞✐r❡çã♦ ❡ ❛ ♠❛❣♥✐✲
t✉❞❡ ❞❛ ♣♦❧❛r✐③❛çã♦ ♦s❝✐❧❛♠ s❡❣✉✐♥❞♦ ❛s ♦s❝✐❧❛çõ❡s tr❛♥s✈❡rs❛✐s ❞♦s í♦♥s ❞❡ ♠♦❞♦ q✉❡ ❛
♦s❝✐❧❛çã♦ t♦t❛❧ ❛ ♣♦❧❛r✐③❛çã♦ ♠é❞✐❛ s❡❥❛ ③❡r♦✱ ♣♦r t❛❧ ♠♦t✐✈♦ só r❡st❛ ❛ ♣♦❧❛r✐③❛çã♦ ❝r✐✲
❛❞❛ ♣❡❧♦s ♠♦❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s✳ ❙❡♣❛r❛♥❞♦ ❡①♣❧✐❝✐t❛♠❡♥t❡ ❛ ♣❛rt❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❛ ♣❛rt❡
tr❛♥s✈❡rs❛❧ w = wL + wT ✭∇× wL = 0;∇ · wT = 0✮ ❡ ✐♠♣♦♥❞♦ ❛ ❝♦♥❞✐çã♦ ∇ · D = 0

❡♥❝♦♥tr❛♠♦s ♦ ❝❛♠♣♦ ❡❧étr✐❝♦

E = − ωL√
ε0

√

1

ǫ (∞)
− 1

ǫ (0)
wL ✭❇✳✶✻✮

❡ ❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛

P (r) =

√

Nµω2
Lǫ0

V

√

1

ǫ (∞)
− 1

ǫ (0)
s (r) . ✭❇✳✶✼✮

❆ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✐♥t❡r❛çã♦ ❞♦ ❡❧étr♦♥ ❝♦♠♦ ♠❡✐♦ ♣♦❧❛r✐③❛❞♦ é

Hel−ph = − e

4πǫ0

∫

P (r) · (r − rel)

|r − rel|3
d3r ✭❇✳✶✽✮

s (r) =
∑

q

(

~

2NµωLO

)1/2

eq

{

aq exp [iq · r] + a†q exp [−iq · r]
}

✭❇✳✶✾✮

❡ ✐♥t❡❣r❛♥❞♦

✻✸
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∫

exp (±iq · r) (r − rel)

|r − rel|3
= ∓4πi

q

q2
exp (±iq · rel) ✭❇✳✷✵✮

♣❛r❛ ♦❜t❡r♠♦s ✜♥❛❧♠❡♥t❡ ✉♠❛ ❡①♣r❡ssã♦ ♣❛r❛ ❛ ✐♥t❡r❛çã♦ ❞♦ ❡❧étr♦♥ ❝♦♠ ♦s ❢ô♥♦♥s
ó♣t✐❝♦s

Hel−ph = i

[

e2~ωLO

2V ǫ0

(

1

ǫ (∞)
− 1

ǫ (0)

)]1/2

· ✭❇✳✷✶✮
∑

q

1

q

{

aq exp [iq · rel] − a†q exp [−iq · rel]
}

.

B.2. Transformação da Hamiltoniana da interação de

Fröhlich em uma Hamiltoniana de interação de dois

osciladores harmônicos acoplados

P❛rt✐♥❞♦ ❞❛ ❡q✉❛çã♦ ❇✳✷✶ t❡♥t❛r❡♠♦s r❡❞✉③✐r ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡❧étr♦♥✲▲❖ ♣♦r ♠❡✐♦ ❞❛
❛♣r♦①✐♠❛çã♦ ❞✐♣♦❧❛r à ✐♥t❡r❛çã♦ ❞❡ ❞♦✐s ♦s❝✐❧❛❞♦r❡s ❤❛r♠ô♥✐❝♦s ❛❝♦♣❧❛❞♦s✱ ❝♦♥s✐❞❡r❛♥❞♦
♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞♦s ❢ô♥♦♥s ♥♦ ♣❧❛♥♦✳

❉❡✜♥❡✲s❡

α = i

[

~ωLOe
2

2V ǫ0

(

1

ǫ (∞)
− 1

ǫ (0)

)]1/2

. ✭❇✳✷✷✮

❙❡❥❛

e−iq·r = e−i(qxx+qyy) ✭❇✳✷✸✮

cx =
(

√

mω
2~
x+ i px√

2mω~

)

; c†x =
(

√

mω
2~
x− i px√

2mω~

)

cy =
(

√

mω
2~
y + i

py√
2mω~

)

; c†y =
(

√

mω
2~
y − i

py√
2mω~

) ✭❇✳✷✹✮

cd = 1√
2
(cx − icy) ; c†d = 1√

2

(

c†x + ic†y
)

; n = c†dcd

cg = 1√
2
(cx + icy) ; c†g = 1√

2

(

c†x − ic†y
)

; m = c†gcg
✭❇✳✷✺✮

✻✹
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e−i(qxx+qyy) = exp





−iℓq
(

cd + c†g
)

2



 exp

[−iℓq∗ (cd + cg)

2

]

✭❇✳✷✻✮

♦♥❞❡ ❞❡✜♥✐♠♦s ♦ ❝♦♠♣r✐♠❡♥t♦ ❡❧étr✐❝♦ ❝♦♠♦ ℓ2 = ~

mωe
. ❆ ♣❛rê♥t❡s❡ ♥❛ ❡q✉❛çã♦ ❇✳✷✶

❞❡♥tr♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ❞✐♣♦❧❛r s❡ r❡❞✉③ ❛

{

aqe
(iq·rel) − a†qe

(−iq·rel)
}

= aq







1 + i
ℓq
(

cd + c†g
)

2













1 + i
ℓq∗
(

c†d + cg

)

2







−aq







1 − i
ℓq
(

cd + c†g
)

2













1 − i
ℓq∗
(

c†d + cg

)

2







. ✭❇✳✷✼✮

❈♦♠♦ q é ❝♦♠♣❧❡①♦ ❡♥tã♦ ♣♦❞❡♠♦s ❡s❝r❡✈ê✲❧♦ ❝♦♠♦ q = qeiϑq ❡ s✉❜st✉✐♥❞♦ ♥❛ ❍❛♠✐❧✲
t♦♥✐❛♥❛

Hel−ph = iα
∑

q

1

q







aq







1 + ie−iϑq

ℓq
(

c†d + cg

)

2
+ ieiϑq

ℓq
(

cd + c†g
)

2







− a†q







1 − ie−iϑq

ℓq
(

c†d + cg

)

2
− ieiϑq

ℓq
(

cd + c†g
)

2













= iα
∑

q

[

aq − a†q
q

]

+
ℓα

2

(

cd + c†d + cg + c†g

)

∑

q

cos (ϑq)
(

aq + a†q

)

− i
ℓα

2

(

cd + c†g − c†d − cg

)

∑

q

sin (ϑq)
(

aq + a†q

)

, ✭❇✳✷✽✮

❧❡♠❜r❛♥❞♦ q✉❡

x =
ℓ

2

(

cd + c†d + cg + c†g

)

✭❇✳✷✾✮

y =
iℓ

2

(

cd + c†g − c†d − cg

)

✭❇✳✸✵✮

♦♥❞❡ x ❡ y sã♦ ❝♦♦r❞❡♥❛❞❛s ❞♦ ❡❧étr♦♥✱ ❡

✻✺
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x =

√

~

2mω

(

cx + c†x

)

, ✭❇✳✸✶✮

y =

√

~

2mω

(

cy + c†y

)

. ✭❇✳✸✷✮

P❛r❛ ♦ ❢ô♥♦♥ ♣♦❞❡♠♦s ❢❛③❡r ❛ ♠❡s♠❛ ❞❡✜♥✐çã♦✱ s❛❜❡♥❞♦ q✉❡ aq +a†q s❡ ♣♦❞❡ ❧❡r ❝♦♠♦
✉♠ ♦♣❡r❛❞♦r ✏♣♦s✐çã♦✑ ♥♦ ❡s♣❛ç♦ ❞❡ k✿

kx =
∑

q

cos (ϑq)
(

aq + a†q

)

✭❇✳✸✸✮

= bx + b†x

ky =
∑

q

sin (ϑq)
(

aq + a†q

)

✭❇✳✸✹✮

= by + b†y

❡ s✉❜st✐t✉✐♥❞♦ ♥❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✐♥t❡r❛çã♦

Hel−ph = iα
∑

q

[

aq − a†q
q

]

+
αℓ√

2

(

cx + c†x

)(

bx + b†x

)

✭❇✳✸✺✮

− αℓ√
2

(

cy + c†y

)(

by + b†y

)

,

♦ q✉❡ ❞❡s❛❝♦♣❧❛ ♦ ♣r♦❜❧❡♠❛ ♥❛s ❞✉❛s ❝♦♦r❞❡♥❛❞❛s✱ ❝♦♠♦ r❡s✉❧t❛❞♦ ❞❛ ❛♣r♦①✐♠❛çã♦
❞✐♣♦❧❛r✳ ❖ ♣r✐♠❡✐r♦ t❡r♠♦ ✈❛✐ s❡r ❛❜s♦r✈✐❞♦ ♣❡❧♦s ♦♣❡r❛❞♦r❡s ♦❝✉♣❛çã♦ ✭❛♣r♦①✐♠❛❞♦s✮✳

❆ ❍❛♠✐❧t♦♥✐❛♥❛ ❞♦ ❡❧étr♦♥ ❝♦♠ ♦ ❜❛♥❤♦ ❞❡ ❢ô♥♦♥s ó♣t✐❝♦s é

H ≃ ωLOb
†
xbx + ωLOb

†
yby + ω

(

c†xcx + c†ycy
)

+
αℓ√

2

(

cx + c†x

)(

bx + b†x

)

− αℓ√
2

(

cy + c†y

)(

by + b†y

)

. ✭❇✳✸✻✮

B.3. Função Espectral do Elétron-LO

❆ s❡❣✉✐♥t❡ é ❛ ❍❛♠✐❧t♦♥✐❛♥❛ ❞❡ ✉♠ s✐st❡♠❛ ❝♦♠♣♦st♦ ♣♦r ❞♦✐s ♦s❝✐❧❛❞♦r❡s✱ ✉♠ ❞❡❧❡s
❛❝♦♣❧❛❞♦ ❝♦♠ ✉♠ ❜❛♥❤♦✳ ❖s β✬s sã♦ ♦♣❡r❛❞♦r❡s ❞❛ ❢♦r♠❛ ❞✐❛❣♦♥❛❧ ❞❛ ❍❛♠✐❧t♦♥✐❛♥❛

✻✻
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❞❡ ✉♠ ♦s❝✐❧❛❞♦r ✭❝✉❥♦s ♦♣❡r❛❞♦r❡s ❞❡ ❡s❝❛❞❛ sã♦ b0 ❡ b†0✮ ❛❝♦♣❧❛❞♦ ❝♦♠ ✉♠ ❜❛♥❤♦ ❞❡
♦s❝✐❧❛❞♦r❡s✳ ❖s c✬s ❝♦rr❡s♣♦♥❞❡♠ ❛♦ ♦✉tr♦ ♦s❝✐❧❛❞♦r✳

H =

N
∑

i=0

Ωlβ
†
l βl + ωcc

†c+
αℓ√

2

(

c† + c
)(

b†0 + b0

)

=
N
∑

i=0

Ωlβ
†
l βl + ωcc

†c+
αℓ√

2

(

c† + c
)

[

N
∑

l=0

(

u0
l β

†
l + v0

l βl

)

+
N
∑

l=0

(

u0
l βl + v0

l β
†
l

)

]

.✭❇✳✸✼✮

❉❡✜♥✐♥❞♦

H =
N
∑

i=0

Ωlβ
†
l βl + ωcc

†c+
αℓ√

2

(

c† + c
)

N
∑

l=0

(

u0
l + v0

l

)

[

β†l + βl

]

✭❇✳✸✽✮

Cl =
α√
2ℓ

(

u0
l + v0

l

) ✭❇✳✸✾✮

JEff (ω) =
π

2

N
∑

l=0

C2
l

mlω
2
LO

δ (ω − Ωl) ✭❇✳✹✵✮

=
π

4ρNV ω2
LO

N
∑

l=0

[α

ℓ

(

u0
l + v0

l

)

]2
δ (ω − Ωl)

=
πα2

4ρNV ω2
LOℓ

2

N
∑

l=0

Z2
l δ (ω − Ωl)

=
πα2

4ρNV ℓ2ω2
LO

∮

C

dΩ

iπ

δ (ω − Ω)

f (Ω) − 1

❛ ❞❡❧t❛ ❞❡ ❉✐r❛❝ s❡ ❡s❝r❡✈❡ ❝♦♠♦

δ (ω − Ω) = lim
ǫ→0

ǫ

π

1

(ω − Ω)2 + ǫ2
✭❇✳✹✶✮

JEff (ω) =
πα2

4iρNV ℓ2ω2
LO

lim
ǫ→0

ǫ

π

∮

C

dΩ

f (Ω) − 1

1

(ω − Ω)2 + ǫ2
✭❇✳✹✷✮

✻✼
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=
α2

4iρNV ℓ2ω2
LO

lim
ǫ→0

ǫ

∮

C

1

f (Ω) − 1

dΩ

(ω − Ω)2 + ǫ2

=
α2

4iρNV ℓ2ω2
LO

lim
ǫ→0

ǫ

∮

C

1

f (Ω) − 1

dΩ

[(ω + iǫ) − Ω] [(ω − iǫ) − Ω]

=
α2

4iρNV ℓ2ω2
LO

lim
ǫ→0

ǫ2πi

2iǫ

(

1

f (ω − iǫ) − 1
− 1

f (ω + iǫ) − 1

)

❛ss✉♠✐♥❞♦ ❞✐ss✐♣❛çã♦ ô♠❤✐❝❛ ♥♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦ ♣r✐♠❡✐r♦ ♦s❝✐❧❛❞♦r ❝♦♠ ♦ ❜❛♥❤♦ ❞❡
♦s❝✐❧❛❞♦r❡s✿

ω2
0 (f (ω + iǫ) − 1) = ω2 − ω2

0 + 2iγωs✐❣♥ (ǫ) ✭❇✳✹✸✮

JEff (ω) =
πα2

4iρNV ℓ2

[

1

ω2 − ω2
LO − 2iγω

− 1

ω2 − ω2
LO + 2iγω

]

✭❇✳✹✹✮

=
πα2

ρNV ℓ2
γω

(

ω2 − ω2
LO

)2
+ 4γ2ω2

✻✽



C. Método k·p

❖ ♠ét♦❞♦ ❦·♣ ❡ ✉♠ ♠ét♦❞♦ ♣❡rt✉r❜❛t✐✈♦ q✉❡ s❡r✈❡ ♣❛r❛ ❛❝❤❛r ♦ ❡s♣❡❝tr♦ ❞❡ tr❛♥s♣♦rt❛✲
❞♦r❡s ♣❡rt♦ ❞♦s ♣♦♥t♦s ❡①tr❡♠♦s✱ ♦✉ s❡❥❛✱ ♥♦ ♠í♥✐♠♦ ❞❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦ ❡ ♥♦ ♠á①✐♠♦
❞❛ ❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛ ❡♠ ♠❛t❡r✐❛✐s ❝♦♠ ❣❛♣ ❞✐r❡t♦s✱ ❛ ♣❛rt✐r ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡ ❇❧♦❝❤
❡♠ ✉♠❛ ❞❡ ✈❛r✐❛♥t❡ ❞❛ t❡♦r✐❛ ❞❡ ♣❡rt✉r❜❛çõ❡s✳

❆ ♣❡rt✉❜❛çã♦ r❡s✉❧t❛ ❞♦ ❢❛t♦ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡ ❇❧♦❝❤ ❡st❛r ❞✐✈✐❞✐❞❛ ❡♠ ❞✉❛s
♣❛rt❡s✱ ✉♠❛ ❞❡❧❛ q✉❡ ❝♦♥té♠ ❛ s✐♠❡tr✐❛ ❞❛ r❡❞❡ ❡ ❛ ♦✉tr❛ ❝♦♠ ❛ ❢♦r♠❛ ❞❡ ✉♠❛ ♦♥❞❛
♣❧❛♥❛ ♣r♦♣❛❣❛❞❛ s❡❣✉♥❞♦ ♦ ♠♦♠❡♥t♦ ❝r✐st❛❧✐♥♦✳ ❖ t❡r♠♦ ♣❡rt✉r❜❛t✐✈♦ k · p é ❡♥tã♦ ✉♠
✉♠ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦ ♠♦♠❡♥t♦ ❝r✐st❛❧✐♥♦ ❡ ♦ ♠♦♠❡♥t♦ ❡❧❡trô♥✐❝♦✳

◆♦ ♠ét♦❞♦ ❦·♣ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ q✉❡ r❡♣r❡s❡♥t❛ ❛ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r
♣❛r❛ ✉♠ ❡❧étr♦♥ ♥♦ ❝r✐st❛❧✱

(H0 − En) Φn (r) = 0 ✭❈✳✶✮

s❡♥❞♦
H0 =

p2

2m
+ Vat (r) ; p = −i~∇, ✭❈✳✷✮

Φnk = e−ik·runk (r) ✭❋✉♥çõ❡s ❞❡ ❇❧♦❝❤✮ ✭❈✳✸✮

s✉❜st✐t✉✐♥❞♦ ✐st♦ ♥❛ ❍❛♠✐t♦♥✐❛♥❛ ❞♦ ❡❧étr♦♥✱
(

p2

2m
+ Vat (r)

)

e−ik·runk (r) = Enke
−ik·runk (r) ✭❈✳✹✮

(

p2

2m
+

~k · p
m

+
~

2k2

2m
+ Vat

)

unk = Enkunk

♥♦ ❝❛s♦ ❞❡ k = 0,

(

p2

2m
+ V

)

un0 = En0un0 ✭❈✳✺✮

❡ ✉♠❛ ✈❡③ ❝♦♥❤❡❝✐❞❛s s✉❛s s♦❧✉çõ❡s✱ ♣♦❞❡✲s❡ ❡♥❝♦♥tr❛r ❛ s♦❧✉çã♦ ❛♣r♦①✐♠❛❞❛ ♣❛r❛ k
♣❡q✉❡♥♦✱ tr❛t❛♥❞♦ ♦s t❡r♠♦s ~k·p

m ❡ ~
2k2

2m ❝♦♠♦ ♣❡rt✉r❜❛çõ❡s✳ ◆♦ ❝❛s♦ ❞❡ ❜❛♥❞❛s ♥ã♦

✻✾
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❞❡❣❡♥❡r❛❞❛s ♥❛ ❡♥❡r❣✐❛✿

Enk = En0 +
~

2k2

2m
+

~
2

m2

∑

n6=n′

|〈un0 |k · ~p|un′0〉|2
En0 − En′0

✭❈✳✻✮

❡ ♦s ❛✉t♦✲❡st❛❞♦s

unk = un0 +
~

m

∑

n6=n′

〈un0 |k · p|un′0〉
En0 − En′0

un0 ✭❈✳✼✮

❈♦♠♦ ❝♦♥s✐❞❡r❛♠♦s ✉♠ ♣♦♥t♦ ❡①tr❡♠♦ ❞❛ ❜❛♥❞❛ ♦ t❡r♠♦ 〈un0 |k · ~p|un0〉 = 0❀
~
2

2m

∑

n6=n′

〈un0|k2|un′0〉
En0−En′0

un0 = 0✳ P❛r❛ ✈❛❧♦r❡s ♣❡q✉❡♥♦s ❞❡ k ❛❝♦st✉♠❛✲s❡ ❡s❝r❡✈❡r ❛
❡♥❡r❣✐❛ Enk ❝♦♠♦

Enk = En0 +
~

2k2

2m∗ . ✭❈✳✽✮

m∗ s❡ ❝♦♥❤❡❝❡ ❝♦♠ ❛ ♠❛ss❛ ❡❢❡t✐✈❛ ✭❛ q✉❛❧ s❡ ❞❡t❡r♠✐♥❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✮ ❡ é ✐❣✉❛❧ ❛

1

m∗ =
1

m
+

2

m2k2

∑

n6=n′

|〈un0 |k · p|un′0〉|2
En0 − En′0

. ✭❈✳✾✮
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