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▼✉✐t♦ ♣r♦✈❛✈❡❧♠❡♥t❡ ♥♦ ✜♠ ❞❡ ✉♠ tr❛❜❛❧❤♦✱ ♦✉ ♦ q✉❡ s❡ ✐♠❛❣✐♥❛ s❡r ♦ ✜♠✱ r❡st❛♠

♠✉✐t♦ ♠❛✐s ❞ú✈✐❞❛s ❡ q✉❡st✐♦♥❛♠❡♥t♦s ❞♦ q✉❡ r❡s♣♦st❛s ❡ ❝❡rt❡③❛s✱ ❡♥tr❡t❛♥t♦ ❛❧❣✉♠❛s

❝❡rt❡③❛s sã♦ ❛❜s♦❧✉t❛s✿ ❡st❡ tr❛❜❛❧❤♦ ♥ã♦ t❡r✐❛ s❡ ❝♦♥❝r❡t✐③❛❞♦ s❡ ♥ã♦ ❢♦ss❡ ❛s ✈ár✐❛s

♣❡ss♦❛s q✉❡ ❡st✐✈❡r❛♠ ❛♦ ♠❡✉ ❧❛❞♦ ❞✉r❛♥t❡ ❡ss❡ t❡♠♣♦✱ s❡♥❞♦ ❛ss✐♠✱ ♦ q✉❡ ❡✉ t❡♥❤♦ ❛

❢❛③❡r é ❛❣r❛❞❡❝❡✲❧❛s ♣♦r t✉❞♦✳

❖❜r✐❣❛❞❛ ❋❡❧✐♣❡✱ ♣♦r t❡r ♠❡ ❛❣✉❡♥t❛❞♦ ♣♦r ❡ss❡s ❞♦✐s ❛♥♦s ❡ t❛♥t♦✱ r❡❝❧❛♠❛♥❞♦ ❡

❝❤♦r❛♥❞♦✳ ▼✉✐t♦ ♦❜r✐❣❛❞❛ ♣❡❧♦ s❡✉ ❛♣♦✐♦ ❡ ♣♦r ❞✐✈✐❞✐r ❝♦♠✐❣♦ ❝❛❞❛ ♠♦♠❡♥t♦ ❞❡ ❡✉❢♦r✐❛

q✉❛♥❞♦ ❛❧❣✉♠❛ ♠❡❞✐❞❛ ❞❛✈❛ ❝❡rt♦ ♠❡s♠♦ ✈♦❝ê ♥ã♦ ❡♥t❡♥❞❡♥❞♦ ♥❛❞❛ ❞♦ q✉❡ ❡✉ ❡st❛✈❛

❢❛❧❛♥❞♦✳ ❙❡✐ q✉❡ ✈♦❝ê ♥ã♦ ❛❣✉❡♥t❛ ♠❛✐s ♦✉✈✐r ❛ ♣❛❧❛✈r❛ ❞✐ss❡rt❛çã♦✱ ♣r♦♠❡t♦ q✉❡ ❡✉ ♣❛r❡✐✳

❖❜r✐❣❛❞❛ ❚❤✐❛❣♦✱ ♣♦r s❡r tã♦ ♠❛❞✉r♦ ❛♦s ♦✐t♦s ❛♥♦s ❡ ❡♥t❡♥❞❡r q✉❡ ❛ ♠ã❡ ♣r❡❝✐s❛✈❛

❡st❛r ❢♦r❛✳ ▼❡ ❞❡s❝✉❧♣❡ ♣♦r ✐ss♦✦ ❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛s ♣❡ss♦❛s q✉❡ ♠❡ ❛❥✉❞❛r❛♠ ❛ ❝✉✐❞❛r

❞❡ ✈♦❝ê ♥❡ss❡ t❡♠♣♦✱ s❡♠ ❡❧❛s ♥ã♦ s❡r✐❛ ♣♦ssí✈❡❧ ♠❡ ❞❡❞✐❝❛r ❛ ❡st❡ tr❛❜❛❧❤♦✳

❆❣r❛❞❡ç♦ ❛♦s ♠❡✉s ❝♦❧❡❣❛s ❡ ♣r♦❢❡ss♦r❡s ❞❛ ♣ós✿ ❍❛♠✐❧t♦♥✱ ♣♦r ♠❡ ❛❥✉❞❛r ❝♦♠ ♦s

♣r♦❜❧❡♠❛s ♥♦ ▲❊❙P❆✱ ❡ s❡♠♣r❡ ❡st❛r ❞✐s♣♦st♦ ❛ ❛❜r✐r ✉♠ ❢r❛s❝♦ ❞❡ á❝✐❞♦✳ ❆♥❞❡rs♦♥ ❡

Pr♦❢✳ ▲✉❝✐❛♥♦✱ ♣❡❧♦ ❛✉①í❧✐♦ ❝♦♠ ♦ ❘❛♠❛♥✳ Pr♦❢✳ ❙✉❦❛r♥♦ ♣♦r ♠❡ ❡♥s✐♥❛r t✉❞♦ q✉❡ ❡✉

s❡✐ s♦❜r❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲①✳ ❘❡♥❛♥✱ ✈♦❝ê ❡✉ ♥❡♠ s❡✐ ♣❡❧♦ ♦ q✉❡ ❛❣r❛❞❡❝❡r✱ ❢♦r❛♠ t❛♥t❛s

❝♦✐s❛s✱ ♠✉✐t♦ ♦❜r✐❣❛❞❛ ♣♦r t♦❞❛s ❛s ❞✐❝❛s✳ ▼✐❧t♦♥✱ ♠✉✐t♦ ♦❜r✐❣❛❞❛ ♣❡❧♦ ●r✐✣ts✱ ❡✉ ❛✐♥❞❛

✈♦✉ t❡ ❞❡✈♦❧✈❡r✱ ❡ t❛♠❜é♠ ♣❡❧❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❛♦ ♠❡ ❛❥✉❞❛r ❝♦♠ ♦ ❆❋▼ ❡ ♣♦r ❢❛✈♦r

q✉❛♥❞♦ ❢♦r s❡ ❝❛s❛r ♠❡ ❝♦♥✈✐❞❡✱ ✈❛✐ s❡r ❛ ♠❛✐♦r ❢❡st❛ ❞❛ r❡❣✐ã♦✳ ◆ã♦ ♣♦❞❡r✐❛ ❞❡✐①❛r ❞❡

❛❣r❛❞❡❝❡r t❛♠❜é♠ ❛♦s ✧❋r✐❡♥❞s❇❛❝♦♥✧✱ ❩é✱ ▲✉❛♥❛✱ ▲❡❛♥❞r♦✱ ❘❛❢❛❡❧ ❡ ❘❡♥❛♥✱ ❢♦✐ ♠✉✐t♦

❜♦♠ t♦❞♦s ♦s ♥♦ss♦s ❧❛♥❝❤✐♥❤♦s ❞❛ t❛r❞❡✳ ❩é ❡ ▲✉❛♥❛✱ ♦❜r✐❣❛❞❛ ♣♦r t♦❞❛ ❛ ❛❥✉❞❛ ❡♠

q✉â♥t✐❝❛✱ s❡♠ ✈♦❝ês ❡ ♦ ❆❢r❛♥✐♦ ❡✉ ♥✉♥❝❛ t❡r✐❛ ❛q✉❡❧❡ ❇ ♥♦ s❛♣✐❡♥s✳

❖❜r✐❣❛❞❛ ❛♦s ♠❡✉s ♦r✐❡♥t❛❞♦r❡s ❏♦r❧❛♥❞✐♦ ❡ ❈❧♦❞♦❛❧❞♦✱ ♣♦r ♠❡ ❛❥✉❞❛r❡♠ s❡♠♣r❡✳

❖❜r✐❣❛❞❛ ❈❧♦❞♦❛❧❞♦ ♣♦r ❛❝r❡❞✐t❛r t❛♥t♦ ❡♠ ♠✐♠✱ ❛❝❤♦ q✉❡ ♥❡♠ ❡✉ ❛❝r❡❞✐t♦ t❛♥t♦ ❛ss✐♠✱

❛❣r❛❞❡ç♦ t❛♠❜é♠ ♣♦r ❝❛❞❛ ❝♦♥✈❡rs❛✱ ❡❧❛s ❢♦r❛♠ ♠✉✐t♦ ✐♠♣♦rt❛♥t❡s✳ ❆ ✈♦❝ê ❏♦r❧❛♥❞✐♦✱

♠✉✐t♦ ♦❜r✐❣❛❞❛ ♣♦r ♠❡ ❛❥✉❞❛r ❝♦♠ t✉❞♦ q✉❡ ❢♦✐ ♥❡❝❡ssár✐♦ ❡♠ ❇r❛sí❧✐❛ ❡ t❛♠❜é♠ ♣♦r t♦❞♦
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s♦❜r❡ s✉❜str❛t♦s ❞❡ s✐❧í❝✐♦ ❞❡ ❜❛✐①❛ r❡s✐st✐✈✐❞❛❞❡✳ ❖r✐❡♥t❛❞♦r✿ ❏♦r❧❛♥❞✐♦ ❋r❛♥❝✐s❝♦
❋❡❧✐①✳ ❈♦♦r✐❡♥t❛❞♦r✿ ❈❧♦❞♦❛❧❞♦ ■r✐♥❡✉ ▲❡✈❛rt♦s❦✐ ❞❡ ❆r❛✉❥♦✳

❊st❡ tr❛❜❛❧❤♦ ❝♦♥s✐st❡ ♥❛ ✐♥✈❡st✐❣❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s✱ ♠❛❣♥ét✐❝❛s ❡ ó♣t✐✲

❝❛s ❞❡ ✜❧♠❡s ✜♥♦s ❞❡ ó①✐❞♦ ❞❡ ❝♦❜r❡ ✭Cu2O✮ ❞♦♣❛❞♦s ❝♦♠ í♦♥s ❞❡ ♠❛♥❣❛♥ês✱ ♦❜t✐❞♦s

♣❡❧❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦ ✳ ❖ ó①✐❞♦ ❞❡ ❝♦❜r❡ s❡ ❛♣r❡s❡♥t❛ ❡♠ ❞✉❛s ❢❛s❡s✱ ♦ Cu2O

❡ ♦ CuO✱ s❡♥❞♦ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ tr❛♥s✐çã♦ ❡♥tr❡ ❡❧❛s s❡ ❞á ♣❡❧♦ s✐♠♣❧❡s tr❛t❛♠❡♥t♦

tér♠✐❝♦✱ r❡❛❧✐③❛❞♦ ❡♠ ❛♠❜✐❡♥t❡ r✐❝♦ ❡♠ ♦①✐❣ê♥✐♦✳ ❊st❛ é ✉♠❛ ❞❛s ❣r❛♥❞❡s q✉❛❧✐❞❛❞❡s

❞❡st❡ ♠❛t❡r✐❛❧✱ ♣♦✐s ♣♦r ✉♠ ♣r♦❝❡ss♦ s✐♠♣❧ór✐♦ é ♣♦ssí✈❡❧ ♦❜t❡r ✜❧♠❡s ❝♦♠ ♣r♦♣r✐❡❞❛❞❡s

❜❛st❛♥t❡ ❞✐st✐♥t❛s ❡ ✐♥t❡r❡ss❛♥t❡s ♣❛r❛ ❛♣❧✐❝❛çõ❡s t❡❝♥♦❧ó❣✐❝❛s ❡♠ ❝é❧✉❧❛s s♦❧❛r❡s✱ ❝❛t❛❧✐✲

s❛❞♦r❡s✱ ❞❡♥tr❡ ♦✉tr♦s✳ ❖ tr❛❜❛❧❤♦ ❢♦✐ ❞✐✈✐❞♦ ❡♠ ❞✉❛s ❡t❛♣❛s✿ ♣r✐♠❡✐r♦ ✐♥✈❡st✐❣♦✉✲s❡ ♦

♣r♦❝❡ss♦ ❞❡ ❞❡♣♦s✐çã♦ ❞♦s ✜❧♠❡s ♣♦r ♠❡✐♦ ❞❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✳ ❊st❛ ❡t❛♣❛ ❢♦✐

♥❡❝❡ssár✐❛ ✈✐st♦ q✉❡ ❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ ♥ã♦ é ✉♠❛ té❝♥✐❝❛ ❜❡♠ ❡st❛❜❡❧❡❝✐❞❛ ♣❛r❛ ❛ sí♥t❡s❡

❞❡ ❉▼❙✬s✳ ❙❡♥❞♦ ❛ss✐♠✱ ❢♦✐ ♥❡❝❡ssár✐♦ ✉♠ ❡st✉❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡

s✉❧❢❛t♦ ❞❡ ♠❛♥❣❛♥ês ❛ s❡r ✉t✐❧✐③❛❞♦ ❛♦ ❧♦♥❣♦ ❞♦ tr❛❜❛❧❤♦✱ ❛❧é♠ ❞❡ ❞❡t❡r♠✐♥❛r ♦s ♠❡❧❤♦r❡s

♣❛râ♠❡tr♦s ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ ✜❧♠❡s ❞❡ ❜♦❛ q✉❛❧✐❞❛❞❡✳ ◆♦ ✜♠ ❞❡st❡

♣r♦❝❡ss♦ ❝❤❡❣♦✉✲s❡ ❛♦ ❡❧❡tró❧✐t♦ ❛ s❡r ✉t✐❧✐③❛❞♦✱ ❡st❡ ❝♦♥té♠✿ 0, 4M CuSO4 ✭s✉❧❢❛t♦ ❞❡

❝♦❜r❡✮✱ 3, 0M C3H6O3 ✭á❝✐❞♦ ❧át✐❝♦✮ ❡ 0, 015M MnSO4 ✭s✉❧❢❛t♦ ❞❡ ♠❛♥❣❛♥ês✮✱ ❛❧é♠ ❞❡

5, 0M ❞❡ ❤✐❞ró①✐❞♦ ❞❡ só❞✐♦ ♣❛r❛ ♠❛♥t❡r ♦ pH ❞❛ s♦❧✉çã♦ ❡♠ 9✳ ❖ s✉❜str❛t♦ ✉t✐❧✐③❛❞♦

❢♦✐ s✐❧í❝✐♦ ❞♦ tipo− n ✭100✮✱ ❛ ❞❡♣♦s✐çã♦ ❢♦✐ r❡❛❧✐③❛❞❛ ❡♠ ❞✉❛s ❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛✿

✈❛❧♦r ❛♠❜✐❡♥t❡ ❡ à 60oC✳ ❖s ✜❧♠❡s ❢♦r❛♠ ♦❜t✐❞♦s ❡♠ ❞✐❢❡r❡♥t❡s ♣♦t❡♥❝✐❛✐s ❞❡ ❞❡♣♦s✐✲

çã♦✿ −0, 60✱ −0, 65✱ −0, 70 ❡ −0, 75 V vs. SCE✱ s❡♥❞♦ q✉❡ ❡♠ t♦❞♦s ❡❧❡s ❢♦r❛♠ ♣♦ssí✈❡✐s

s❡ ♦❜t❡r ✜❧♠❡s ♥❛ ❡st❡q✉✐♦♠❡tr✐❛ Cu2O✳ P♦r ✜♠✱ ❡st❡s ♣❛ss❛r❛♠ ♣♦r ✉♠ ♣r♦❝❡ss♦ ❞❡

tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❞✉r❛♥t❡ ✉♠❛ ❤♦r❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ 400oC ❝♦♠ ❢♦r♥♦ ❛❜❡rt♦

♣r♦♣♦r❝✐♦♥❛♥❞♦ ❛ ♠✉❞❛♥ç❛ ♣❛r❛ ❛ ❢❛s❡ CuO✳ ❆ s❡❣✉♥❞❛ ❡t❛♣❛ ❞♦ tr❛❜❛❧❤♦ ❝♦♥s✐st❡ ♥❛

❝❛r❛❝t❡r✐③❛çã♦ ❞♦s ✜❧♠❡s ♦❜t✐❞♦s✳ ❊st❛ ❢♦✐ ❝♦♥❞✉③✐❞❛ ❛tr❛✈és ❞❡ ❞✐❢r❛t♦♠❡tr✐❛ ❞❡ r❛✐♦s

❳✱ ❡s♣❡❝tr♦s❝♦♣✐❛ ❘❛♠❛♥✱ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❛❜s♦rçã♦ ❯❱✲❱✐s✱ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❢♦t♦✲

❧✉♠✐♥❡s❝ê♥❝✐❛ ✭P▲✮ ❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ♣❛r❛♠❛❣♥ét✐❝❛✭❊P❘✮✳ ❖s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s ♣♦r ❞✐❢r❛t♦♠❡tr✐❛ ❞❡ r❛✐♦s ❳ ♠♦str❛r❛♠ q✉❡ ♦s ✜❧♠❡s ✜♥♦s ❞❡ Cu2O ❡❧❡tr♦❞❡✲

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

✭✶✶✶✮✱ ❡♥q✉❛♥t♦ q✉❡ ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❛ ❝♦♠♣♦s✐çã♦ ❞♦s ✜❧♠❡s é ❛❧t❡r❛❞❛✱ s❡♥❞♦

❛ ❢❛s❡ CuO ♣r❡❞♦♠✐♥❛♥t❡✳ ❆ ❡s♣❡❝tr♦s❝♦♣✐❛ ❘❛♠❛♥ ❝♦♥✜r♠♦✉ ❛ ♠✉❞❛♥ç❛ ♥❛ ❡str✉t✉r❛

❞♦ ❞❡♣ós✐t♦✱ ❡ t❛♠❜é♠ ❝♦♥✜r♠♦✉ ❛ ♥ã♦ ❡①✐stê♥❝✐❛ ❞❡ ❝♦♠♣♦st♦s ❞❡r✐✈❛❞♦s ❞♦ ♠❛♥❣❛♥ês✳

❖s r❡s✉❧t❛❞♦s ❞❡ ❊P❘ ♠♦str❛r❛♠ q✉❡ ♦s ✜❧♠❡s ❝♦♥tê♠ í♦♥s ❞❡ ❝♦❜r❡ ✐♥t❡rst✐❝✐❛✐s ❡♠ s✉❛

❡str✉t✉r❛ ❡ ♥ã♦ ♠♦str❛r❛♠ s✐♥❛✐s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦ ♠❛♥❣❛♥ês✳ ❆ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❢♦✲

t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ❡①✐❜✐✉ ❛s ❡♠✐ssõ❡s ❡①❝✐tô♥✐❝❛s ❛tr✐❜✉í❞❛s ❛♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❡♠ s✉❛s ❞✉❛s

✐✐✐



♣r✐♥❝✐♣❛✐s ❢❛s❡s✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦s r❡s✉❧t❛❞♦s ❝♦♥✜r♠❛♠ ❛ ♠✉❞❛♥ç❛ ❞❡ ❢❛s❡ ❞♦ ó①✐❞♦ ❞❡

❝♦❜r❡ ❛♦ ♣❛ss❛r ♣❡❧♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦ ❛♠❜✐❡♥t❡✳

P♦ré♠✱ ♥ã♦ ❢♦r❛♠ ♦❜t✐❞♦s r❡s✉❧t❛❞♦s ❝♦♥❝r❡t♦s ❛ r❡s♣❡✐t♦ ❞❛ ❞♦♣❛❣❡♠ ❡ ❞❛ ❝♦♥❝❡♥tr❛çã♦

❞❡ ♠❛♥❣❛♥ês ♥♦s ✜❧♠❡s✳

✐✈



❆❜str❛❝t

▼✐r❛♥❞❛✱ ❆♥❛ P❛✉❧❛✱ ▼✳❙❝✳✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❱✐ç♦s❛✱ ❏✉❧②✱ ✷✵✶✼✳ ❙②♥t❤❡s✐s

❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤✐♥ ❝♦♣♣❡r ♦①✐❞❡ ✜❧♠s ♦❜t❛✐♥❡❞ ❜② ❡❧❡❝tr♦❞❡♣♦s✐t✐♦♥

♦♥ ❧♦✇ r❡s✐st✐✈✐t② s✐❧✐❝♦♥ s✉❜str❛t❡s✳ ❆❞✈✐s♦r✿ ❏♦r❧❛♥❞✐♦ ❋r❛♥❝✐s❝♦ ❋❡❧✐①✳ ❈♦✲❛❞✈✐s♦r✿
❈❧♦❞♦❛❧❞♦ ■r✐♥❡✉ ▲❡✈❛rt♦s❦✐ ❞❡ ❆r❛✉❥♦✳

❚❤✐s ✇♦r❦ ❝♦♥s✐sts ✐♥ ❛♥ ✐♥✈❡st✐❣❛t✐♦♥ t❤❡ str✉❝t✉r❛❧✱ ♠❛❣♥❡t✐❝ ❛♥❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢

❝♦♣♣❡r ♦①✐❞❡ ✭Cu2O✮ t❤✐♥ ✜❧♠s ❞♦♣❡❞ ✇✐t❤ ♠❛♥❣❛♥❡s❡ ✐♦♥s✱ ♦❜t❛✐♥❡❞ ❜② ❡❧❡❝tr♦❞❡♣♦s✐t✐♦♥

t❡❝❤♥✐q✉❡✳ ❈♦♣♣❡r ♦①✐❞❡ ♦❝❝✉rs ♥❛t✉r❛❧❧② ✐♥ t✇♦ ❛❜✉♥❞❛♥t ♣❤❛s❡s✱ Cu2O ❛♥❞ CuO✱ ❛♥❞

t❤❡ tr❛♥s✐t✐♦♥ ♣r♦❝❡ss ❜❡t✇❡❡♥ t❤❡♠ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ❡❛s✐❧② ❜② t❤❡r♠❛❧ tr❡❛t♠❡♥t ❛t

❛♠❜✐❡♥t ♣r❡ss✉r❡ ✉♥❞❡r ♦①②❣❡♥✲r✐❝❤ ❝♦♥❞✐t✐♦♥s✳ ❚❤✐s ❝❤❛r❛❝t❡r✐st✐❝ ✐s ♦♥❡ ♦❢ t❤❡ ❣r❡❛t

❛❞✈❛♥t❛❣❡s ♦❢ t❤✐s ♠❛t❡r✐❛❧✱ ❜❡❝❛✉s❡ ❜② ❛ s✐♠♣❧❡ ♣r♦❝❡ss ✐t ✐s ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ✜❧♠s ✇✐t❤

✈❡r② ❞✐✛❡r❡♥t ♣r♦♣❡rt✐❡s ❛♥❞ ✇✐t❤ ❛ ❣r❡❛t ✐♥t❡r❡st ❢♦r t❡❝❤♥✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ✐♥ s♦❧❛r ❝❡❧❧s✱

❝❛t❛❧②sts✱ ❛♠♦♥❣ ♦t❤❡rs✳ ❚❤❡ ❡❧❡❝tr♦❞❡♣♦s✐t✐♦♥ ✐s ♥♦t ❛ ✈❡r② ✇❡❧❧ ❡st❛❜❧✐s❤❡❞ t❡❝❤♥✐q✉❡

❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❞✐❧✉t❡ ♠❛❣♥❡t✐❝ s❡♠✐❝♦♥❞✉❝t♦rs✳ ❚❤❡r❡❢♦r❡✱ ❛ st✉❞② ✇❛s ♥❡❡❞❡❞ t♦

❞❡t❡r♠✐♥❡ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ♠❛♥❣❛♥❡s❡ s✉❧♣❤❛t❡ t♦ ❜❡ ✉s❡❞ t❤r♦✉❣❤♦✉t t❤❡ ✇♦r❦✱ ✐♥

❛❞❞✐t✐♦♥ t♦ ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❜❡st ❡❧❡❝tr♦❞❡♣♦s✐t✐♦♥ ♣❛r❛♠❡t❡rs t♦ ♦❜t❛✐♥ ❣♦♦❞ q✉❛❧✐t② ✜❧♠s✳

❆t t❤❡ ❡♥❞ ♦❢ t❤✐s ♣r♦❝❡ss ✇❡ r❡❛❝❤❡❞ t❤❡ ❡❧❡❝tr♦❧②t❡ t♦ ❜❡ ✉s❡❞✱ ✐t ❝♦♥t❛✐♥s✿ 0, 4M CuSO4

✭❝♦♣♣❡r s✉❧❢❛t❡✮✱ 3, 0 M C3H6O3 ✭❧❛❝t✐❝ ❛❝✐❞✮ ❛♥❞ 0, 015 M MnSO4✭♠❛♥❣❛♥❡s❡ s✉❧❢❛t❡✮✱

✐♥ ❛❞❞✐t✐♦♥ t♦ 5, 0M ♦❢ s♦❞✐✉♠ ❤②❞r♦①✐❞❡ t♦ ♠❛✐♥t❛✐♥ t❤❡ pH ♦❢ t❤❡ s♦❧✉t✐♦♥ ❛t ❛r♦✉♥❞ 9✳

❚❤❡ s✉❜str❛t❡ ✉s❡❞ ✇❛s t❤❡ s✐❧✐❝♦♥ ✇✐t❤ ♥✲t②♣❡ ❞♦♣✐♥❣ ✭100✮✱ t❤❡ ❞❡♣♦s✐t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞

❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❛❧s♦ ❛t 60oC✳ ❚❤❡ ✜❧♠s ✇❡r❡ ♦❜t❛✐♥❡❞ ❛t ❞✐✛❡r❡♥t ❞❡♣♦s✐t✐♦♥

♣♦t❡♥t✐❛❧s✿ −0, 60✱ −0, 65✱ −0, 70 ❛♥❞ −0, 75 V vs SCE✱ ✐♥ ❛❧❧ ♦❢ t❤❡♠ ✐t ✇❛s ♣♦ss✐❜❧❡

t♦ ♦❜t❛✐♥ ✜❧♠s ✐♥ t❤❡ Cu2O st♦✐❝❤✐♦♠❡tr②✳ ❋✐♥❛❧❧②✱ t❤❡② ✉♥❞❡r✇❡♥t ❛ t❤❡r♠❛❧ tr❡❛t♠❡♥t

♣r♦❝❡ss✱ ❞✉r✐♥❣ ♦♥❡ ❤♦✉r ✉♥❞❡r t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ 400oC ✇✐t❤ ♦♣❡♥ ♦✈❡♥ ❡♥❛❜❧✐♥❣ t❤❡ ❈✉❖

♣❤❛s❡✳ ❚❤❡ s❡❝♦♥❞ st❛❣❡ ♦❢ t❤❡ ✇♦r❦ ❝♦♥s✐sts ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ♦❜t❛✐♥❡❞ ✜❧♠s✳

❚❤✐s ✇❛s ❝♦♥❞✉❝t❡❞ ❜② ❳✲r❛② ❞✐✛r❛❝t♦♠❡tr②✱ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣②✱ ❯❱✲❱✐s ❛❜s♦r♣t✐♦♥

s♣❡❝tr♦s❝♦♣②✱ ♣❛r❛♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ s♣❡❝tr♦s❝♦♣②✭❊P❘✮ ❛♥❞ ♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡ ✭P▲✮

s♣❡❝tr♦s❝♦♣②✳ ❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② ❳ ✲ r❛② ❞✐✛r❛❝t♦♠❡tr② s❤♦✇❡❞ t❤❛t t❤❡ t❤✐♥ ✜❧♠s

♦❢ Cu2O ❡❧❡❝tr♦❞❡♣♦s✐t❡❞ ❛♥❞ ✇✐t❤♦✉t t❤❡r♠❛❧ tr❡❛t♠❡♥t ❤❛✈❡ ❛ ♣r❡❢❡r❡♥t✐❛❧ ♦r✐❡♥t❛t✐♦♥

✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ✭111✮✱ ✇❤✐❧❡ ❛❢t❡r t❤❡ t❤❡r♠❛❧ tr❡❛t♠❡♥t t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ✜❧♠s ✇❛s

❝❤❛♥❣❡❞✱ ✇✐t❤ t❤❡ CuO ♣❤❛s❡ ❜❡✐♥❣ ♣r❡❞♦♠✐♥❛♥t✳ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② ❝♦♥✜r♠❡❞ t❤❡

❝❤❛♥❣❡ ✐♥ ❞❡♣♦s✐t str✉❝t✉r❡✱ ❛♥❞ ❛❧s♦ ❝♦♥✜r♠❡❞ t❤❡ ♥♦♥✲❡①✐st❡♥❝❡ ♦❢ ❝♦♠♣♦✉♥❞s ❞❡r✐✈❡❞

❢r♦♠ ♠❛♥❣❛♥❡s❡✳ ❚❤❡ ❊P❘ r❡s✉❧ts s❤♦✇❡❞ t❤❛t t❤❡ ✜❧♠s ❝♦♥t❛✐♥ ✐♥t❡rt✐t✐❛❧ ❝♦♣♣❡r ✐♦♥s ✐♥

t❤❡✐r str✉❝t✉r❡ ❛♥❞ s❤♦✇❡❞ ♥♦ s✐❣♥❛❧s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♠❛♥❣❛♥❡s❡✳ P❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡

s♣❡❝tr♦s❝♦♣② ❡①❤✐❜✐t❡❞ t❤❡ ❡①❝✐t♦♥✐❝ ❡♠✐ss✐♦♥s ❛ttr✐❜✉t❡❞ t♦ ❝♦♣♣❡r ♦①✐❞❡ ✐♥ ✐ts t✇♦ ♠❛✐♥

♣❤❛s❡s✳ ❚❤✉s✱ t❤❡ r❡s✉❧ts ❝♦♥✜r♠ t❤❡ ♣❤❛s❡ ❝❤❛♥❣❡ ♦❢ t❤❡ ❝♦♣♣❡r ♦①✐❞❡ ✇❤❡♥ ✉♥❞❡r❣♦✐♥❣

t❤❡ t❤❡r♠❛❧ tr❡❛t♠❡♥t ✉♥❞❡r ❝♦♥❞✐t✐♦♥s ♦❢ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❛♠❜✐❡♥t ♣r❡ss✉r❡✳ ❍♦✇❡✈❡r✱

♥♦ ❝♦♥❝r❡t❡ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ r❡❣❛r❞✐♥❣ ❞♦♣✐♥❣ ❛♥❞ ♠❛♥❣❛♥❡s❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥ t❤❡
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■♥tr♦❞✉çã♦

◆♦s ❞✐❛s ❛t✉❛✐s ❛ ♣r♦❞✉çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s é✱ ❣❡r❛❧♠❡♥t❡✱ ✈♦❧t❛❞❛ ♣❛r❛

♦ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ✐♥❢♦r♠❛çõ❡s✱ ✈✐s❛♥❞♦ ♣r♦❝❡ss❛❞♦r❡s ♠❛✐s rá♣✐❞♦s

❝♦♠ ❝❛♣❛❝✐❞❛❞❡s ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❝❛❞❛ ✈❡③ ♠❛✐♦r❡s✳ P❛r❛ ❝❛❞❛ ✜♥❛❧✐❞❛❞❡ t❡♠✲s❡ ✉♠

t✐♣♦ ❞❡ ♠❛t❡r✐❛❧ ❛ss♦❝✐❛❞♦✳ ▼❛t❡r✐❛✐s s❡♠✐❝♦♥❞✉t♦r❡s sã♦ ✉t✐❧✐③❛❞♦s ♥❛ ❢❛❜r✐❝❛çã♦ ❞❡

♠✐❝r♦♣r♦❝❡ss❛❞♦r❡s✱ ❡♥q✉❛♥t♦ q✉❡ ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s sã♦ ✉t✐❧✐③❛❞♦s ❡♠ ❞✐s♣♦s✐t✐✈♦s

❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ✐♥❢♦r♠❛çã♦ ❞❡ ♠❛♥❡✐r❛ ♣❡r♠❛♥❡♥t❡✳ ❉❡ss❛ ❢♦r♠❛✱ é ♥❡❝❡ssár✐♦

q✉❡ ❛ t♦❞♦ ✐♥st❛♥t❡ ❤❛❥❛ tr♦❝❛ ❞❡ ✐♥❢♦r♠❛çõ❡s ❡♥tr❡ ✉♠ ❡ ♦✉tr♦✱ t♦r♥❛♥❞♦ ♦ ♣r♦❝❡ss♦

❧❡♥t♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ✉♠ ♠❛t❡r✐❛❧ ❝❛♣❛③ ❞❡ ❛♣r❡s❡♥t❛r t❛♥t♦ ❝❛r❛❝t❡ríst✐❝❛s s❡♠✐❝♦♥❞✉t♦r❛s

q✉❛♥❞♦ ♠❛❣♥ét✐❝❛s t♦r♥❛r✐❛ t♦❞♦ ♦ ♣r♦❝❡ss♦ ♠❛✐s rá♣✐❞♦ ❡ ❝♦♠ ♠❡♥♦r ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✳

▼♦✈✐❞❛s ♣♦r ❡st❡ ♦❜❥❡t✐✈♦✱ ❞✐✈❡rs❛s ♣❡sq✉✐s❛s ✈ê♠ s❡♥❞♦ r❡❛❧✐③❛❞❛s ❡♠ ❜✉s❝❛ ❞❡ ✉♠❛

♥♦✈❛ ❝❧❛ss❡ ❞❡ ♠❛t❡r✐❛✐s q✉❡ ❛♣r❡s❡♥t❡♠ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❡ss❛s ❝❛r❛❝t❡ríst✐❝❛s✱ ♦✉ s❡❥❛✱

q✉❡ t❡♥❤❛♠ s✉❛s ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❡ s❡♠✐❝♦♥❞✉t♦r❛s ✐♥t❡❣r❛❞❛s ❡♠ ✉♠ ú♥✐❝♦ ❞✐s✲

♣♦s✐t✐✈♦✳ ❚❛❧ ✐♥t❡❣r❛çã♦ s❡ t♦r♥❛ ✈✐á✈❡❧ ♣♦✐s ♦ ❡❧étr♦♥✱ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❝♦♥❞✉çã♦ ❡❧étr✐❝❛✱

t❡♠ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❞❡ s♣✐♥ ❛ss♦❝✐❛❞♦ ❛ ❡❧❡✱ ❡✱ ❛ss✐♠✱ ♦ ❡st❛❞♦ ♠❛❣♥ét✐❝♦ ❞♦ ♠❛t❡r✐❛❧

♣♦❞❡ ♠♦❞✐✜❝❛r s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❝♦♥❞✉çã♦✳

❊ss❛ ♥♦✈❛ ❝❧❛ss❡ ❞❡ ♠❛t❡r✐❛✐s r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ❙❡♠✐❝♦♥❞✉t♦r❡s ▼❛❣♥ét✐❝♦s ❉✐❧✉í❞♦s

✭❉▼❙ ✲ ❞✐❧✉t❡❞ ♠❛❣♥❡t✐❝ s❡♠✐❝♦♥❞✉❝t♦r✮ ❡ t❡♠ ❝♦♠♦ ♣r✐♥❝✐♣❛❧ ❝❛r❛❝t❡ríst✐❝❛ ♦ ❝♦♥tr♦❧❡

❞♦ ✢✉①♦ ❞♦s s♣✐♥s ❡❧❡trô♥✐❝♦s❬✶✱ ✷❪✳ ❆ ❜✉s❝❛ ♣♦r ❞✐s♣♦s✐t✐✈♦s ❢❛❜r✐❝❛❞♦s ❛ ♣❛rt✐r ❞❡ss❡s

♠❛t❡r✐❛✐s ❢❡③ s✉r❣✐r ✉♠ ♥♦✈♦ r❛♠♦ ❞❡ ♣❡sq✉✐s❛✿ ❛ s♣✐♥trô♥✐❝❛✳ ❈♦♠♦ ♦ s♣✐♥ ❞❡ ✉♠

❡❧étr♦♥ ♣♦❞❡ ♠✉❞❛r ❞♦ ❡st❛❞♦ s♣✐♥✲✉♣ ♣❛r❛ ♦ ❡st❛❞♦ s♣✐♥✲❞♦✇♥ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ♠❛✐♦r

q✉❡ ♦ ♠♦✈✐♠❡♥t♦ ❞❛ ❝❛r❣❛ ❡❧❡trô♥✐❝❛ ♥✉♠ ❝✐r❝✉✐t♦✱ ♦s ❞✐s♣♦s✐t✐✈♦s s♣✐♥trô♥✐❝♦s ♣♦❞❡♠

❢✉♥❝✐♦♥❛r ♠❛✐s rá♣✐❞♦ ❡ ♣r♦❞✉③✐r ♠❡♥♦s ❝❛❧♦r q✉❡ ♦s ❝♦♠♣♦♥❡♥t❡s ❞❛ ♠✐❝r♦❡❧❡trô♥✐❝❛

❝♦♥✈❡♥❝✐♦♥❛❧✳

❖ ó①✐❞♦ ❞❡ ❝♦❜r❡ é ✉♠ ♠❛t❡r✐❛❧ q✉❡ ❛♣r❡s❡♥t❛ ❝❛r❛❝t❡ríst✐❝❛s ✐♥t❡r❡ss❛♥t❡s ♣❛r❛ ❞✐✲

✈❡rs❛s ❛♣❧✐❝❛çõ❡s✳ ❊❧❡ é ✉♠ ó①✐❞♦ s❡♠✐❝♦♥❞✉t♦r ♥ã♦ tó①✐❝♦ ❝♦♠ ❜❛✐①♦ ❝✉st♦ ❞❡ ♣r♦❞✉çã♦✳

❊st❡ é ✉♠ ❢❛t♦r ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛✱ ♣♦✐s r❡❞✉③ ♦s ❝✉✐❞❛❞♦s ♥♦ ♠❛♥✉s❡✐♦ ❞♦ ♠❛t❡r✐❛❧ ❡

s✐♠♣❧✐✜❝❛ ♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦✳ P♦ss✉✐ ❛❧t❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ tér♠✐❝❛ ❡ ❡❧étr✐❝❛❬✸❪✱ q✉❡ sã♦

♣r♦♣r✐❡❞❛❞❡s ✐♠♣♦rt❛♥t❡s ❡ ♦ t♦r♥❛ ♣r♦♠✐ss♦r ♥❛ ❛♣❧✐❝❛çã♦ ❡♠ ❝é❧✉❧❛s s♦❧❛r❡s❬✹✷❪✱ ❢♦t♦❝❛✲

t❛❧✐s❛❞♦r❡s ❬✺❪ s❡♥s♦r❡s ❞❡ ❣ás ❡❬✻❪ ❞✐s♣♦s✐t✐✈♦s ♠✐❝r♦❡❧❡trô♥✐❝♦s ❬✼❪✳ ❆✐♥❞❛ ♣♦❞❡ ❡①✐st✐r ❡♠

✶



❞✉❛s ❡str✉t✉r❛s✿ ó①✐❞♦ ❝✉♣r♦s♦✭■✮ ✭Cu2O✮ ❡ ó①✐❞♦ ❝ú♣r✐❝♦ ✭■■✮ ✭CuO✮✳ ❊ss❡s ❞✐❢❡r❡♥t❡s

t✐♣♦s ❞❡ ❡st❡q✉✐♦♠❡tr✐❛ ❞❡♣❡♥❞❡♠✱ ❜❛s✐❝❛♠❡♥t❡✱ ❞♦s ♠ét♦❞♦s ❞❡ ♣r❡♣❛r❛çã♦ ❬✽❪✳

❊♠ ❛❧❣✉♥s tr❛❜❛❧❤♦s ♠❛✐s r❡❝❡♥t❡s✱ ✉♠❛ ♥♦✈❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❞♦ ó①✐❞♦

❞❡ ❝♦❜r❡ ✈❡♠ s❡♥❞♦ ❡st✉❞❛❞❛✳ ❍á r❡❧❛t♦s ❞❡ q✉❡ q✉❛♥❞♦ ❞♦♣❛❞♦ ❝♦♠ ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦✱

❡❧❡ ♣♦❞❡ s❡r ❡♠♣r❡❣❛❞♦ ♥❛ ❢❛❜r✐❝❛çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s s♣✐♥trô♥✐❝♦s✱ ♦✉ s❡❥❛✱ ❞✐s♣♦s✐t✐✈♦s

❜❛s❡❛❞♦s ♥♦ ❝♦♥tr♦❧❡ ❞♦ s♣✐♥ ❡❧❡trô♥✐❝♦✳ ❘❡s✉❧t❛❞♦s r❡❧❡✈❛♥t❡s sã♦ ❡♥❝♦♥tr❛❞♦s ♣❛r❛ ❞♦✲

♣❛❣❡♠ ❝♦♠ ❈♦ ❡ ▼♥❬✾✱ ✶✵✱ ✶✶✱ ✶✷✱ ✶✸✱ ✶✹❪✳ ◆♦ ❝❛s♦ ❞❡ ✜❧♠❡s ✜♥♦s s♦♠❡♥t❡ ❞♦✐s tr❛❜❛❧❤♦s✱

♣✉❜❧✐❝❛❞♦s ♣♦r ❙✳ ◆✳ ❑❛❧❡❬✶✵❪ ❡t ❛❧✳ ❡ ❨✳ ▲✳ ▲✐✉ ❬✶✶❪ ❡t ❛❧✳✱ r❡❧❛t❛♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❢❡rr♦✲

♠❛❣♥ét✐❝♦ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣❛r❛ ❞♦♣❛❣❡♠ ❝♦♠ Co ❡ Mn✳ ◆♦

❡♥t❛♥t♦✱ ❙✳ ◆✳ ❑❛❧❡ ❡t ❛❧✳ s♦♠❡♥t❡ ♦❜t✐✈❡r❛♠ s✉❝❡ss♦ q✉❛♥❞♦ ❛ ❞♦♣❛❣❡♠ ❝♦♠ ❈♦ ❢♦r❛

❛❝♦♠♣❛♥❤❛❞❛ ❞❡ ✉♠❛ ❝♦✲❞♦♣❛❣❡♠ ❝♦♠ Al✳

❆s té❝♥✐❝❛s ♠❛✐s ❡♠♣r❡❣❛❞❛s ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦♣❛❞♦ sã♦✿ ❘❡❛❝✲

t✐✈❡ ❙♣✉tt❡r✐♥❣❬✶✸✱ ✶✺✱ ✶✻❪ ❡ ❛ ❉❡♣♦s✐çã♦ ♣♦r ▲❛s❡r P✉❧s❛❞♦ ❬✶✵✱ ✶✼✱ ✶✽❪✳ P♦ré♠✱ ♥❡ss❡

tr❛❜❛❧❤♦✱ ❢❛③✲s❡ ♦ ✉s♦ ❞❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✱ ✐ss♦ ♣♦✐s q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ às ❞✉❛s

❝✐t❛❞❛s ❛ ❝✐♠❛✱ ❡❧❛ é ✉♠❛ té❝♥✐❝❛ ❞❡ ❜❛✐①♦ ❝✉st♦✱ ❢á❝✐❧ ♠❛♥✉s❡✐♦✱ ❡ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧

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

tr♦❧❡ ❡ r❡♣r♦❞✉t✐❜✐❧✐❞❛❞❡ ❞♦s ✜❧♠❡s ✜♥♦s ❞❡♣♦s✐t❛❞♦s✳ ❚❛♠❜é♠ ♦❢❡r❡❝❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡

❝r❡s❝✐♠❡♥t♦ ❞❡ ❞❡♣ós✐t♦s à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ q✉❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛❧❣✉♥s ❛✉t♦r❡s✱ é ❛

♠❡❧❤♦r ❝♦♥❞✐çã♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ♣❛r❛ s❡♠✐❝♦♥❞✉t♦r❡s ♠❛❣♥ét✐❝♦s ❞✐❧✉í❞♦s ❬✶✾✱ ✷✵✱ ✷✶❪✳

❖ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❞❡st❡ tr❛❜❛❧❤♦ é ♦ ❝r❡s❝✐♠❡♥t♦✱ ❛tr❛✈és ❞❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡✲

♣♦s✐çã♦✱ ❞❡ ✜❧♠❡s ✜♥♦s ❞❡ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦♣❛❞♦s ❝♦♠ ♠❛♥❣❛♥ês✳ ❆❧é♠ ❞♦ ❡st✉❞♦ ❞❛s

♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞❡st❡s ✜❧♠❡s✱ ♣r❡t❡♥❞❡✲s❡ t❛♠❜é♠ ❛♥❛❧✐s❛r s✉❛s ♣r♦♣r✐❡❞❛❞❡s

❡str✉t✉r❛✐s ❡ ó♣t✐❝❛s✳

✷



❈❛♣ít✉❧♦ ✷

❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

✷✳✶ Ó①✐❞♦ ❞❡ ❈♦❜r❡

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ♠✐❝r♦❡❧❡trô♥✐❝♦s ❡①✐❣❡ ✉♠❛ ♣❡sq✉✐s❛ ❝♦♥tí♥✉❛ ❡♠

❜✉s❝❛ ❞❡ ♥♦✈♦s ♠❛t❡r✐❛✐s✱ t❡♥t❛♥❞♦ s❡♠♣r❡ ❡❧❡✈❛r s❡✉ ❞❡s❡♠♣❡♥❤♦✳ ❙❡♠✐❝♦♥❞✉t♦r❡s ❝♦♠♦

♦ s✐❧í❝✐♦ ✐♠♣✉❧s✐♦♥❛r❛♠ ❛s ♣❡sq✉✐s❛s ♥❡ss❡ s❡♥t✐❞♦✳ ❉❡s❞❡ ✶✾✷✵✱ ♦s ó①✐❞♦s s❡♠✐❝♦♥❞✉t♦r❡s

✈❡♠ ❝❤❛♠❛♥❞♦ ❛ ❛t❡♥çã♦✱ ♣♦✐s ❡stã♦ ❡♥tr❡ ♦s ♣r✐♠❡✐r♦s ♠❛t❡r✐❛✐s ❛ ❛♣r❡s❡♥t❛r ❝♦♥t❛t♦s

r❡t✐✜❝❛❞♦r❡s❬✷✷❪✳ ❆ ❞✐✈❡rs✐❞❛❞❡ ❞❡st❛ ❝❧❛ss❡ ❞❡ ♠❛t❡r✐❛✐s é ♦ q✉❡ ♦s t♦r♥❛ ✐♥t❡r❡ss❛♥t❡s✳

❊①✐st❡♠ ó①✐❞♦s ❞❡ ❝♦♥❞✉t✐✈✐❞❛❞❡ ♠✉✐t♦ ❜❛✐①❛ à ❛q✉❡❧❡s ❝♦♠ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞❡

s❡♠✐❝♦♥❞✉t♦r❡s✱ ❝♦♥❞✉t♦r❡s ❡ s✉♣❡r❝♦♥❞✉t♦r❡s✳ ❆❧é♠ ❞❡ ✉♠❛ ❣❛♠❛ ❞❡ ❡str✉t✉r❛s ❝r✐s✲

t❛❧♦❣rá✜❝❛s ❜❛st❛♥t❡ ❞✐✈❡rs✐✜❝❛❞❛✳ ❈❛r❛❝t❡ríst✐❝❛s q✉❡ sã♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ♣r❡s❡♥ç❛ ❞❡

❞❡❢❡✐t♦s ♥❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❞❡st❡s ♠❛t❡r✐❛✐s✳

❖ ó①✐❞♦ ❞❡ ❝♦❜r❡ é ✉♠ ❞♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s ó①✐❞♦s s❡♠✐❝♦♥❞✉t♦r❡s✱ ✈✐st♦ q✉❡ ❛♣r❡✲

s❡♥t❛ ❝❛r❛❝t❡ríst✐❝❛s q✉❡ ♣❡r♠✐t❡♠ ❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s✱ t❛✐s ❝♦♠♦ ❝é❧✉❧❛s s♦❧❛r❡s✱ ❢♦t♦❝❛t❛✲

❧✐s❛❞♦r❡s✱ ❞✐s♣♦s✐t✐✈♦s ♠✐❝r♦❡❧❡trô♥✐❝♦s✳ ▼❛✐s r❡❝❡♥t❡♠❡♥t❡ t❡♠ s✐❞♦ ❢♦❝♦ ❞❡ ❡st✉❞♦ ♣❛r❛

❛♣❧✐❝❛çõ❡s ❡♠ ❞✐s♣♦s✐t✐✈♦s s♣✐♥trô♥✐❝♦s ❬✾✱ ✶✵✱ ✶✶✱ ✷✽❪✳ ❆s ❞✉❛s ❢❛s❡s ♠❛✐s ❝♦♠✉♥s ❡♠ q✉❡

❡❧❡ s❡ ❛♣r❡s❡♥t❛ sã♦✿ ♦ ó①✐❞♦ ❝✉♣r♦s♦✱ ♦✉ ❞♦ t✐♣♦ ■ ✭Cu2O✮ ❡ ♦ ó①✐❞♦ ❝ú♣r✐❝♦ ♦✉ ❞♦ t✐♣♦

■■ ✭CuO✮✳ P♦ré♠✱ ♦✉tr❛s ❢❛s❡s t❛♠❜é♠ ❥á ❢♦r❛♠ ♦❜s❡r✈❛❞❛s ❬✷✸❪✱ ❝♦♠♦ ❛ ♣❛r❛♠❡❧❛❝♦♥✐t❛

Cu3O4✱ ✉♠❛ ❢❛s❡ r❛r❛ q✉❡ ❛♣r❡s❡♥t❛ t❛♥t♦ í♦♥s Cu2+ q✉❛♥t♦ Cu1+✳❊♥tr❡t❛♥t♦✱ ❡st❛ é t❡r✲

♠♦❞✐♥❛♠✐❝❛♠❡♥t❡ ✐♥stá✈❡❧ ❬✷✺❪✳ ❖ ❝r❡s❝✐♠❡♥t♦ ❞❡st❡ ♠❛t❡r✐❛❧ s❡ ❞á ♣♦r ❞✐✈❡rs❛s té❝♥✐❝❛s

❝♦♠♦ s♣✉tt❡r✐♥❣ ❬✶✸❪✱ ♦①✐❞❛çã♦ tér♠✐❝❛ ❬✷✹❪ ❡ ❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ ❬✷✻❪✳ ❆ ❢❛s❡ ♣r❡❢❡r❡♥❝✐❛❧

❛ s❡r ❢♦r♠❛❞❛ ❞✉r❛♥t❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❡♣❡♥❞❡ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ sí♥t❡s❡✱ s❛❜❡✲s❡ q✉❡ ❡♠

❛♠❜✐❡♥t❡s ❞❡ pH ❜ás✐❝♦ ♣r❡❞♦♠✐♥❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦ t✐♣♦ ■ ❬✷✼❪✳

❆♠❜❛s ❛s ❢❛s❡s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❝♦♥❞✉çã♦ ✐♥trí♥s❡❝❛ ❞♦ t✐♣♦✲♣✱ ♦✉ s❡❥❛✱ ♦s ♣♦rt❛❞♦r❡s

❞❡ ❝❛r❣❛ ♠❛❥♦r✐tár✐♦s sã♦ ❜✉r❛❝♦s✱ ❛tr✐❜✉í❞♦s ❛s ✈❛❝â♥❝✐❛s ❞❡ ❝♦❜r❡✳ ❆❧é♠ ❞❡st❡s✱ ♦✉tr♦s

❞❡❢❡✐t♦s ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s ♥❛ ❡str✉t✉r❛ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✳ ❙ã♦ ❡❧❡s✿ át♦♠♦s ❞❡ ❝♦❜r❡

❡ ♦①✐❣ê♥✐♦ ✐♥t❡rst✐❝✐❛✐s✱ át♦♠♦ ❞❡ ❝♦❜r❡ ♥♦ sít✐♦ ❞❡ ♦①✐❣ê♥✐♦ ❡ ✈✐❝❡✲✈❡rs❛✱ ✈❛❝â♥❝✐❛s ❞❡

♦①✐❣ê♥✐♦ ❡ ♦ ❞❡s❞♦❜r❛♠❡♥t♦ ❞❡ ✈❛❝â♥❝✐❛ ❞❡ ❝♦❜r❡ ✭✉♠ át♦♠♦ ❞❡ ❝♦❜r❡ ✐♥t❡rst✐❝✐❛❧ ❡♥tr❡

❞✉❛s ✈❛❝â♥❝✐❛s ❞❡ ♦①✐❣ê♥✐♦✮✱ ❛❧é♠ ❞❡ ✈❛❝â♥❝✐❛s ❞❡ ❝♦❜r❡ ❝♦♠ ✈❛❧ê♥❝✐❛ s✐♠♣❧❡s ❡ ♦①✐❣ê♥✐♦

✐♥t❡rst✐❝✐❛❧ ❞❡ ✈❛❧ê♥❝✐❛ ❞✉♣❧❛ ❬✷✽❪✳

✸



❖ Cu2O ♣♦ss✉✐ ❡♥❡r❣✐❛ ❞❡ ❣❛♣ ❡♠ t♦r♥♦ ❞❡ 2, 1 ❡❱✳ ❙✉❛ ❝♦♥✜❣✉r❛çã♦ ❡❧❡trô♥✐❝❛ ❛♣r❡✲

s❡♥t❛ ❛ ú❧t✐♠❛ ❝❛♠❛❞❛ 3d10✱ ❡ ❛✐♥❞❛ ♣♦ss✉✐ ❡st❛❞♦ ❞❡ ♦①✐❞❛çã♦ s✐♠♣❧❡s ♣❛r❛ ♦ ❝♦❜r❡ ✭Cu1+✮

❝♦♠ ❝♦❧♦r❛çã♦ ❛✈❡r♠❡❧❤❛❞❛✳ ❊❧❡ ♣♦ss✉✐ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❝ú❜✐❝❛✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦

♥❛ ❋✐❣✉r❛ ✷✳✶✲❇ ❬✷✸❪✳ ❏á ♦ ❈✉❖✱ ♣♦ss✉✐ ❡♥❡r❣✐❛ ❞❡ ❣❛♣ ❡♥tr❡ ❞❡ 1, 2−1, 8 ❡❱ ❡ ❝♦♥✜❣✉r❛çã♦

❡❧❡trô♥✐❝❛ 3d9✱ ❝♦♠ ♦ í♦♥ ❞❡ ❝♦❜r❡ t❡♥❞♦ ✉♠❛ ♦①✐❞❛çã♦ ❞✉♣❧❛✳ ❆♣r❡s❡♥t❛ ❝♦❧♦r❛çã♦ ♣r❡t❛

❡ s✉❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ♠♦♥♦❝❧í♥✐❝❛ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✷✳✶✲❆✳

❋✐❣✉r❛ ✷✳✶✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ❆✮CuO ❡ ❇✮Cu2O✱ ♦♥❞❡ ❛s ❡s❢❡r❛s

✈❡r❞❡s r❡♣r❡s❡♥t❛♠ ♦ ❝♦❜r❡ ❡ ❛s ✈❡r♠❡❧❤❛s r❡♣r❡s❡♥t❛♠ ♦ ♦①✐❣ê♥✐♦✳❬✷✸❪

✷✳✷ Pr♦♣r✐❡❞❛❞❡s ▼❛❣♥ét✐❝❛s ❞♦s ▼❛t❡r✐❛✐s

▼❛t❡r✐❛✐s q✉❡ ♣♦ss✉❡♠ ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❛♣r❡s❡♥t❛♠ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐❢❡r❡♥✲

t❡s s♦❜ ❛ ❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱ s❡ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♥❛

❛✉sê♥❝✐❛ ❞❡st❡✳ ❙❡♥❞♦ ❛ss✐♠✱ ❡❧❡s sã♦ ❡♥q✉❛❞r❛❞♦s ❡♠ ❝❧❛ss❡s ❞✐st✐♥t❛s✳ ❊ss❛s ❝❧❛ss❡s sã♦✿

❞✐❛♠❛❣♥ét✐❝♦s✱ ♣❛r❛♠❛❣♥ét✐❝♦s✱ s✉♣❡r♣❛r❛♠❛❣♥ét✐❝♦s✱ ❢❡rr♦♠❛❣♥ét✐❝♦s✱ ❛♥t✐❢❡rr♦♠❛❣♥é✲

t✐❝♦s✱ ❢❡rr✐♠❛❣♥ét✐❝♦s ❡ ✈✐❞r♦ ❞❡ s♣✐♥✳ ❖ ❡st❛❞♦ ♠❛❣♥ét✐❝♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ♣♦❞❡ s❡r

r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ❣r❛♥❞❡③❛ ❢ís✐❝❛ ❝♦♥❤❡❝✐❞❛ ♣♦r ♠❛❣♥❡t✐③❛çã♦ ✭
−→
M✮✱ ❡❧❛ é ❞❡✜♥✐❞❛

❝♦♠♦ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ ❬✷✾❪✳

−→
M =

1

V

∑
i=1

−→µi ✭✷✳✶✮

❖♥❞❡ ♦ s♦♠❛tór✐♦ é s♦❜r❡ t♦❞♦s ♦s ♠♦♠❡♥t♦s ❞❡ ❞✐♣♦❧♦s ✭−→µi✮ ❡♥❣❧♦❜❛❞♦s ♥♦ ✈♦❧✉♠❡

V ✳ ▲❡♠❜r❛♥❞♦ q✉❡ ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❞❡ ✉♠ át♦♠♦ t❡♠ ♦r✐❣❡♠ ♥♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r

♦r❜✐t❛❧ ❡ ❞❡ s♣✐♥ ❞♦ ❡❧étr♦♥✳

❆ q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ r❡♣r❡s❡♥t❛ ♦ ❡st❛❞♦ ♠❛❣♥ét✐❝♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧✳ P❛r❛ ❡♥t❡♥❞❡r

♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡st❡ s♦❜ ❛ ❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱ ♣r❡❝✐s❛✲s❡ s❛❜❡r

❝♦♠♦ ❛ ❡❧❛ r❡s♣♦♥❞❡ ❛ ❡ss❡ ❝❛♠♣♦✳ ❊ss❛ r❡s♣♦st❛ s❡ ❞á ♣♦r ♠❡✐♦ ❞❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡

♠❛❣♥ét✐❝❛ ✭χ✮✱ ❊❧❛ é ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❛❞✐♠❡♥s✐♦♥❛❧ q✉❡ ✐♥❞✐❝❛ ♦ ❣r❛✉

❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❛ ❡ss❡ ❝❛♠♣♦✳

−→
M = χ

−→
H ✭✷✳✷✮

❖♥❞❡ χ r❡♣r❡s❡♥t❛ ❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❡
−→
H ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦✳

✹



✷✳✷✳✶ ▼❛t❡r✐❛✐s ❉✐❛♠❛❣♥ét✐❝♦s

▼❛t❡r✐❛✐s ❞✐❛♠❛❣♥ét✐❝♦s sã♦ ❛q✉❡❧❡s q✉❡ ♣♦ss✉❡♠ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ♥❡❣❛t✐✈❛✱

s❡♥❞♦ ❛ss✐♠ ❛ r❡s♣♦st❛ ❞❛ ♠❛❣♥❡t✐③❛çã♦ é ♦♣♦st❛ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦✳ ◆❡st❡s

♠❛t❡r✐❛✐s✱ q✉❛♥❞♦ ♥ã♦ s✉❜♠❡t✐❞♦s ❛ ✉♠ ❝❛♠♣♦ ❡①t❡r♥♦✱ ❛s ❞✐s♣♦s✐çõ❡s ❛❧❡❛tór✐❛s ❞♦s

♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s ❡❧étr♦♥s ❛♥✉❧❛♠ q✉❛❧q✉❡r ❡❢❡✐t♦ ♠❛❣♥ét✐❝♦ q✉❡ ❡❧❡ ♣♦❞❡r✐❛

❛♣r❡s❡♥t❛r✳ P♦ré♠✱ ❛♦ s❡r ❡①♣♦st♦ ❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ♦s ❞✐♣♦❧♦s ❛❞q✉✐r❡♠ ✉♠❛

♦r✐❡♥t❛çã♦ ❢r❛❝❛ ❡ ❝♦♥trár✐❛ ❛♦ s❡♥t✐❞♦ ❞♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦✱ ❝♦♠♦ ❡stá r❡♣r❡s❡♥t❛❞♦ ♥❛

❋✐❣✉r❛ ✷✳✷ ❬✷✾❪✳ ❊ss❡ ❡❢❡✐t♦ ♥ã♦ ♣❡r♠❛♥❡❝❡ ❛♦ s❡ r❡t✐r❛r ♦ ❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦✳

❋✐❣✉r❛ ✷✳✷✿ ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ❡♠ ✉♠ ♠❛t❡r✐❛❧ ❞✐❛♠❛❣♥ét✐❝♦ ✭❆✮s❡♠

❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ❡ ✭❇✮ ❝♦♠ ❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ❬✸✵❪✳ ❖s ❝ír❝✉❧♦s ❛③✉✐s ❝♦♠

❛s ✢❡①❛s r❡♣r❡s❡♥t❛♠ ♦s ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ❡ ❛s s❡t❛s ✈❡r♠❡❧❤❛s ❛ ♦r✐❡♥t❛çã♦ ❞♦ ❝❛♠♣♦

❛♣❧✐❝❛❞♦✳

❊ss❡ ❢❡♥ô♠❡♥♦ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞♦ ❢❛③❡♥❞♦ ✉♠❛ r❡❧❛çã♦ ❝♦♠ ❛ ▲❡✐ ❞❡ ▲❡♥③✱ q✉❡ ❛✜r♠❛

q✉❡ q✉❛♥❞♦ ✉♠ ❝✐r❝✉✐t♦ é s✉❜♠❡t✐❞♦ ❛ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ ✢✉①♦ ♠❛❣♥ét✐❝♦✱ s✉r❣❡ ♥♦ ♠❡s♠♦

✉♠ ❝❛♠♣♦ ❝♦♥trár✐♦ ❛✜♠ ❞❡ ❞✐♠✐♥✉✐r ❡ss❛ ✈❛r✐❛çã♦✳ P♦r ✐ss♦ ❞✐③✲s❡ q✉❡ ♥♦ ✐♥t❡r✐♦r ❞❡

✉♠ ❞✐❛♠❛❣♥❡t♦ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ♥✉❧♦✳ ❚❛❧ ❝♦♠♣♦rt❛♠❡♥t♦ é ❛♣r❡s❡♥t❛❞♦ ♣♦r t♦❞♦s

♦s ♠❛t❡r✐❛✐s✱ ♠❛s ❡♠ ❛❧❣✉♥s ❡❧❡ é tã♦ ❢r❛❝♦ ❛ ♣♦♥t♦ ❞❡ s❡r s✉♣r✐♠✐❞♦ ♣♦r ♦✉tr♦s ❡❢❡✐t♦s✳

●r❛♥❞❡ ♣❛rt❡ ❞♦s ♠❛t❡r✐❛✐s ❡①✐st❡♥t❡s sã♦ ❞✐❛♠❛❣♥❡t♦s✱ ❞❡♥tr❡ ❡❧❡s ♣♦❞❡♠♦s ❝✐t❛r ♦ ♦✉r♦✱

❛ ♣r❛t❛ ❡ ♦ ❝♦❜r❡✳ ❇✐s♠✉t♦ ❡ ❣r❛✜t❡ sã♦ ♦s ♠❛t❡r✐❛✐s q✉❡ ❡①✐❜❡♠ ♦ ❞✐❛♠❛❣♥❡t✐s♠♦ ❞❡

❢♦r♠❛ ♠❛✐s ✐♥t❡♥s❛✳

✷✳✷✳✷ ▼❛t❡r✐❛✐s P❛r❛♠❛❣♥ét✐❝♦s

❖s ♠❛t❡r✐❛✐s ❛❧♦❝❛❞♦s ♥❡st❛ ❝❧❛ss❡✱ sã♦ ❛q✉❡❧❡s q✉❡ ♣♦ss✉❡♠ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ♣♦s✐t✐✈❛✱

♣♦ré♠ ♣❡q✉❡♥❛✳ ❖ ♣❛r❛♠❛❣♥❡t✐s♠♦ é ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❡ át♦♠♦s q✉❡

♣♦ss✉❡♠ ❡❧étr♦♥s ❞❡s❡♠♣❛r❡❧❤❛❞♦s✱ ♣♦rt❛♥t♦✱ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ♣❡r♠❛♥❡♥t❡✳ ◆♦s ♣❛✲

r❛♠❛❣♥❡t♦s✱ ♦s ♠♦♠❡♥t♦s ❞❡ ❞✐♣♦❧♦ ❡♥❝♦♥tr❛♠✲s❡ ❞✐s♣♦st♦s ❛❧❡❛t♦r✐❛♠❡♥t❡✱ q✉❛♥❞♦ ♥ã♦

❡stã♦ s♦❜ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❝❛♠♣♦ ❡①t❡r♥♦✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ ♠❛❣♥❡t✐③❛çã♦ é ♥✉❧❛✳

P♦ré♠✱ q✉❛♥❞♦ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ❛♣❧✐❝❛❞♦ ♦❜s❡r✈❛✲s❡ ✉♠ ❛❧✐♥❤❛♠❡♥t♦ ❛ ❢❛✈♦r ❞♦

♠❡s♠♦✱ r❡s✉❧t❛❞♦ ❞♦ ❜❛❧❛♥ç♦ ❡♥❡r❣ét✐❝♦ ❡♥tr❡ ❛❣✐t❛çã♦ tér♠✐❝❛ ❡ ❛ ❡♥❡r❣✐❛ ❢♦r♥❡❝✐❞❛ ♣❡❧♦

❝❛♠♣♦✱ ❝♦♠♦ r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✸✳

✺



❋✐❣✉r❛ ✷✳✸✿ ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ❡♠ ✉♠ ♠❛t❡r✐❛❧ ♣❛r❛♠❛❣♥ét✐❝♦ ✭❆✮s❡♠

❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ❡ ✭❇✮ ❝♦♠ ❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ❬✸✵❪✳❖s ❝ír❝✉❧♦s ❛③✉✐s ❝♦♠ ❛s

✢❡①❛s r❡♣r❡s❡♥t❛♠ ♦s ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ❡ ❛s s❡t❛s ✈❡r♠❡❧❤❛s ❛ ♦r✐❡♥t❛çã♦ ❞♦ ❝❛♠♣♦

❛♣❧✐❝❛❞♦✳

❉❡✈✐❞♦ ❛ ❡ss❛ ❝♦♠♣❡t✐çã♦ ❡♥❡r❣ét✐❝❛✱ ❛♦ ❛✉♠❡♥t❛r ♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦✱ ♦❜s❡r✈❛✲s❡ ✉♠

♦r❞❡♥❛♠❡♥t♦ ♠❛✐♦r✳ ❊♥q✉❛♥t♦ ♣❛r❛ t❡♠♣❡r❛t✉r❛ ❛❧t❛s✱♥♦t❛✲s❡ ✉♠ ❛✉♠❡♥t♦ ♥❛ ❞❡s♦r❞❡♠✳

❊♠ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ❡ ♣❛r❛ ❝❛♠♣♦s ❜❛✐①♦s✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❛✉♠❡♥t❛

❧✐♥❡❛r♠❡♥t❡ ❝♦♠ ♦ ❝❛♠♣♦✱ ❡♥q✉❛♥t♦ ❞❡❝r❡s❝❡ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✱ ❡ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ é

♠♦str❛❞♦ ♣❡❧❛ ▲❡✐ ❞❡ ❈✉r✐❡❬✷✾❪✿

M = C
H

T
✭✷✳✸✮

♦♥❞❡ M é ♦ ♠ó❞✉❧♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ✱ C é ❝♦♥st❛♥t❡ ❞❡ ❈✉r✐❡✱ ❡s♣❡❝í✜❝❛ ❞♦ ♠❛t❡r✐❛❧ ❡ T

é ❛ t❡♠♣❡r❛t✉r❛ ❛❜s♦❧✉t❛✳

❆ ▲❡✐ ❞❡ ❈✉r✐❡ é ✈á❧✐❞❛ ❛♣❡♥❛s ♣❛r❛ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ♦✉ ❛❧t♦s ❝❛♠♣♦s✱ ✈✐st♦ q✉❡

❢❛❧❤❛ ♣ró①✐♠♦ ❛ s❛t✉r❛çã♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦✱ ♦✉ s❡❥❛✱ q✉❛♥❞♦ t♦❞♦s ♦s ❞✐♣♦❧♦s s❡ ❡♥❝♦♥tr❛♠

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

♠❛✐s ❧✐♥❡❛r✱ ❥á q✉❡ ❛ s❛t✉r❛çã♦ é ♠á①✐♠❛✳

✷✳✷✳✸ ▼❛t❡r✐❛✐s ❋❡rr♦♠❛❣♥ét✐❝♦s

❖s ♠❛t❡r✐❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s sã♦ ❛q✉❡❧❡s q✉❡ ❛❧é♠ ❞❡ ❛♣r❡s❡♥t❛r ✉♠❛ ❛❧t❛ s✉s❝❡♣t✐❜✐✲

❧✐❞❛❞❡ ♣♦s✐t✐✈❛✱ ♣♦ss✉❡♠ ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ♣❡r♠❛♥❡♥t❡s ✭♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ❡①t❡r♥♦✮

q✉❡ ✐♥t❡r❛❣❡♠ ❡♥tr❡ s✐✳ ❊st❡ ❢❡♥ô♠❡♥♦ é r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ❛❧✐♥❤❛♠❡♥t♦ ♣r❡❢❡r❡♥❝✐❛❧ ❞♦s

♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ♣❛r❛❧❡❧❛♠❡♥t❡ ✉♥s ❛♦s ♦✉tr♦s✳ ➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ❛ ✐♥t❡r❛✲

çã♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡①✐st❡♥t❡ ❡♥tr❡ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ♦❝♦rr❡ s❡♠♣r❡ ❡♠ ❝♦♠♣❡t✐çã♦

❝♦♠ ❛ ❛❣✐t❛çã♦ tér♠✐❝❛✱ q✉❡ t❡♥❞❡ ❛ ❞❡s❛❧✐♥❤❛✲❧♦s✳

❖ ❛❧✐♥❤❛♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞♦s ♠❛t❡r✐❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s ♥ã♦ é ❣❧♦❜❛❧✱ ♦✉ s❡❥❛✱ r❡✲

s✉❧t❛ ❡♠ ♠❛❣♥❡t✐③❛çã♦ ♥✉❧❛ ♣❛r❛ ♦ ♠❛t❡r✐❛❧ s❡♠ ❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦✳ ■ss♦ ❛❝♦♥t❡❝❡✱

♣♦✐s✱ ♦s ♠♦♠❡♥t♦s ❞❡ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦ s❡ ❛❧✐♥❤❛♠ ❡♠ ♣❡q✉❡♥❛s r❡❣✐õ❡s ❞❡♥♦♠✐♥❛❞❛s

❞♦♠í♥✐♦s ♠❛❣♥ét✐❝♦s✱ ♥❡ss❛ r❡❣✐ã♦ ❤á ✉♠❛ ♠❛❣♥❡t✐③❛çã♦ r❡s✉❧t❛♥t❡ ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦ ❡

✉♥✐❢♦r♠❡✱ ♣♦ré♠✱ ❝❛❞❛ ❞♦♠í♥✐♦ ♣♦ss✉✐ ♠❛❣♥❡t✐③❛çã♦ ♦r✐❡♥t❛❞❛ ❛❧❡❛t♦r✐❛♠❡♥t❡✱ ❞❡ ❢♦r♠❛

q✉❡ ♦ ✈❛❧♦r r❡s✉❧t❛♥t❡ t♦t❛❧ é ♥✉❧♦✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r ♥❛ ❋✐❣✉r❛ ✷✳✹✱ ✉♠ ❡sq✉❡♠❛ q✉❡

✻



r❡♣r❡s❡♥t❛ ✉♠ ♠❛t❡r✐❛❧ ❢❡rr♦♠❛❣♥ét✐❝♦ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦✳

❊♥tr❡t❛♥t♦✱ ❡ss❛ ❝♦♥✜❣✉r❛çã♦ ♣♦❞❡ s❡r ❛❧t❡r❛❞❛✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✹✳ ❆♦ s❡

❛♣❧✐❝❛r ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ é ♣♦ssí✈❡❧ ♦❜t❡r ✉♠❛ ♠❛❣♥❡t✐③❛çã♦ r❡s✉❧t❛♥t❡ ❞✐❢❡✲

r❡♥t❡ ❞❡ ③❡r♦✱ ✐ss♦ ♣♦✐s✱ ♥❡st❛ ❝♦♥✜❣✉r❛çã♦✱ s❡✉s ❞✐♣♦❧♦s s❡ ❛❧✐♥❤❛♠ ♣❛r❛❧❡❧❛♠❡♥t❡ ❛ ❡ss❡

❝❛♠♣♦✳ ❊ss❡ ♣r♦❝❡ss♦ ❞❡ ❛❧✐♥❤❛♠❡♥t♦✱ ♥ã♦ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ ✐♥st❛♥tâ♥❡❛✱ ❡ s✐♠ ❞❡ ❢♦r♠❛

❣r❛❞✉❛❧✳ ❈♦♥❢♦r♠❡ ❛ ❝♦♥✜❣✉r❛çã♦ ✐♥✐❝✐❛❧ ❞❛s ♣❛r❡❞❡s ❞♦s ❞♦♠í♥✐♦s ✈❛✐ s❡♥❞♦ ❛❧t❡r❛❞❛ ✱ ❡s✲

t❡s ❛❞q✉✐r✐r❡♠ ❛ ♠❡s♠❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦✳ P❛r❛ ❝❛♠♣♦s ❜❛✐①♦s ❡ss❛s ❛❧t❡r❛çõ❡s

sã♦ r❡✈❡rsí✈❡✐s✱ ♦✉ s❡❥❛✱ ♦ ♠❛t❡r✐❛❧ ❝♦♥s❡❣✉❡ ✈♦❧t❛r ❛♦ ❡st❛❞♦ ♠❛❣♥ét✐❝♦ ✐♥✐❝✐❛❧✳ P♦ré♠

♣❛r❛ ❝❛♠♣♦s ❛❧t♦s✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❧✐♥❤❛♠❡♥t♦ ❞♦s ❞♦♠í♥✐♦s s❡ t♦r♥❛ ✐rr❡✈❡rsí✈❡❧✱ ✈✐st♦

q✉❡ ❛♦ r❡t✐r❛r ♦ ❝❛♠♣♦ ❡①t❡r♥♦ ♦ ♠❛t❡r✐❛❧ ❛✐♥❞❛ ❛♣r❡s❡♥t❛ ✉♠❛ ♠❛❣♥❡t✐③❛çã♦ r❡♠❛♥❡♥t❡✱

❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✷✳✹ ✭❝✮✳

❋✐❣✉r❛ ✷✳✹✿ ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ❡♠ ✉♠ ♠❛t❡r✐❛❧ ❢❡rr♦♠❛❣♥ét✐❝♦ ✭❆✮s❡♠

❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ❡ ✭❇✮ ❝♦♠ ❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ❡ ✭❈✮❛♦ r❡t✐r❛r ♦ ❝❛♠♣♦ ❡①t❡r♥♦

❛♣❧✐❝❛❞♦✳ ❬✸✵❪✳

❚♦❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❞♦s ♠❛t❡r✐❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s

é r❡♣r❡s❡♥t❛❞♦ ♣♦r ❝✉r✈❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦ ❡①t❡r♥♦

❛♣❧✐❝❛❞♦ ❡ ❞❛ t❡♠♣❡r❛t✉r❛✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✷✳✺✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r ♥❛ ❋✐❣✉r❛ ✷✳✺✲❆

q✉❡ t♦❞♦ ♦ ♣r♦❝❡ss♦ é ❞❡ ❢❛t♦ ✐rr❡✈❡rsí✈❡❧✱ ✈✐st♦ q✉❡ ❛ ❝✉r✈❛ ❞❡ ♠❛❣♥❡t✐③❛çã♦ ✭♥♦ s❡♥t✐❞♦

❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦ ❝❛♠♣♦✮ ♥ã♦ s♦❜r❡♣õ❡ ❛ ❝✉r✈❛ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ✭♥♦ s❡♥t✐♥❞♦ ❞❡ ❞✐✲

♠✐♥✉✐çã♦ ❞♦ ❝❛♠♣♦✮✳ ❊ss❛ ❝✉r✈❛ r❡♣r❡s❡♥t❛ ❛ ❤✐st❡r❡s❡ ♠❛❣♥ét✐❝❛ ❞♦ ♠❛t❡r✐❛❧✳ P♦❞❡✲s❡

♦❜s❡r✈❛r t❛♠❜é♠ q✉❡ ❛♦ ❛✉♠❡♥t❛r ♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦✱ ♦ ♦r❞❡♥❛♠❡♥t♦ ❛ ❢❛✈♦r ❞♦ ❝❛♠♣♦

❛✉♠❡♥t❛✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ ♠❛❣♥❡t✐③❛çã♦ t❛♠❜é♠✳ ■ss♦ ♦❝♦rr❡ ❛té t♦❞♦s ♦s ❞♦♠í✲

♥✐♦s ❡st❛r❡♠ t♦t❛❧♠❡♥t❡ ❛❧✐♥❤❛❞♦s✱ ♥❡ss❡ ♠♦♠❡♥t♦ ♦ ♠❛t❡r✐❛❧ ❛t✐♥❣❡ s✉❛ ♠❛❣♥❡t✐③❛çã♦

♠á①✐♠❛✱ ❝❤❛♠❛❞❛ ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❞❡ s❛t✉r❛çã♦✳ ❙❡ ❛♣ós ♦ s✐st❡♠❛ ❛t✐♥❣✐r ♦ ♣♦♥t♦ ❞❡

♠❛❣♥❡t✐③❛çã♦ ♠á①✐♠❛✱ ♦ ❝❛♠♣♦ ❡①t❡r♥♦ ❞✐♠✐♥✉✐r ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ❛té ③❡r♦✱ é ♣♦ssí✈❡❧

♥♦t❛r q✉❡ ♦ s✐st❡♠❛ ♥ã♦ ❝❤❡❣❛ ❛♦ ♠❡s♠♦ ❡st❛❞♦ ✐♥✐❝✐❛❧✳ ■ss♦ ♣♦✐s ♦s ♠❡❝❛♥✐s♠♦s ❞❡

❛❧✐♥❤❛♠❡♥t♦ ❞♦s ❞♦♠í♥✐♦s✱ ♦s ♠♦✈✐♠❡♥t♦s ❞❡ s✉❛s ❢r♦♥t❡✐r❛s✱ ❡ ❛ ❛❣✐t❛çã♦ tér♠✐❝❛ sã♦

❢❡♥ô♠❡♥♦s ♥ã♦ ❧✐♥❡❛r❡s✱ ♦❜té♠✲s❡ ✉♠❛ ♠❛❣♥❡t✐③❛çã♦ ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦✱ ❛ ♠❛❣♥❡t✐③❛çã♦

r❡♠❛♥❡♥t❡✳ P❛r❛ ❛t✐♥❣✐r ♥♦✈❛♠❡♥t❡ ✉♠ ✈❛❧♦r ❞❡ ♠❛❣♥❡t✐③❛çã♦ ♥✉❧♦✱ é ♥❡❝❡ssár✐♦ ❛♣❧✐❝❛r

✼



✉♠ ❝❛♠♣♦ ❡①t❡r♥♦ ♥♦ s❡♥t✐♥❞♦ ❝♦♥trár✐♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦✳ ❊st❡ ❝❛♠♣♦✱ ♣❛r❛ ♦ q✉❛❧ ❛

♠❛❣♥❡t✐③❛çã♦ é ③❡r♦ ♥♦✈❛♠❡♥t❡ é ❝❤❛♠❛❞♦ ❞❡ ❝❛♠♣♦ ❝♦❡r❝✐✈♦✱ ❡ ❡❧❡ ❞❡t❡r♠✐♥❛ ❛ ❝♦❡r❝✐✲

✈✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧✳ ❙❡ ♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦ ❝♦♥t✐♥✉❛r ❛ ❝r❡s❝❡r✱ ♦ q✉❡ s❡ ♦❜s❡r✈❛rá é ✉♠❛

♥♦✈❛ s❛t✉r❛çã♦✳ ❆ ♣❛rt✐r ❞❡ss❡ ♣♦♥t♦✱ ❛♦ r❡❞✉③✐r ♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦✱ ♦ q✉❡ s❡ ♥♦t❛rá sã♦

♣r♦❝❡ss♦s ♦❝♦rr❡♥❞♦ ❡♠ ❝✉r✈❛s s✐♠étr✐❝❛s às ❞❡s❝r✐t❛s ❛♥t❡r✐♦r♠❡♥t❡✳

❋✐❣✉r❛ ✷✳✺✿ ✭❆✮❈✉r✈❛ ❞❡ ❤✐st❡r❡s❡s ♠❛❣♥ét✐❝❛✿ ▼❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦ ♣❛r❛

✉♠ ♠❛t❡r✐❛❧ ❢♦rt❡♠❡♥t❡ ❢❡rr♦♠❛❣♥ét✐❝♦✳ ❆ ❧✐♥❤❛ ❞♦ ♠❡✐♦ r❡♣r❡s❡♥t❛ ❛ ❡✈♦❧✉çã♦ ❞❛ ♠❛❣✲

♥❡t✐③❛çã♦ ✐♥✐❝✐❛❧✳ ✭❇✮❈✉r✈❛ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ✉♠ ♠❛t❡r✐❛❧

❢❡rr♦♠❛❣♥ét✐❝♦ ❡ ✉♠ ♠❛t❡r✐❛❧ ♣❛r❛♠❛❣♥ét✐❝♦✱ ✐♥❞✐❝❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✳

❈♦♠♦ ❝♦♠❡♥t❛❞♦ ❛❝✐♠❛✱ ❛ ❛❣✐t❛çã♦ tér♠✐❝❛ t❡♠ ✐♥✢✉ê♥❝✐❛ s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♠❛❣✲

♥❡t✐③❛çã♦✱ s❡♥❞♦ ❛ss✐♠ é ✐♠♣♦rt❛♥t❡ ❝♦♠♣r❡❡♥❞❡r ❛ r❡❧❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❝♦♠ ❛s ♣r♦✲

♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s✳ ❆♦ ❛✉♠❡♥t❛r✲s❡ ❛ t❡♠♣❡r❛t✉r❛✱ ❛ q✉❛❧ ✉♠ ♠❛t❡r✐❛❧ é s✉❜♠❡t✐❞♦✱

❛s ✈✐❜r❛çõ❡s tér♠✐❝❛s s❡ ♦♣õ❡♠ ❛♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s✱ ♣r♦✈♦❝❛♥❞♦

✉♠ ❞❡s♦r❞❡♥❛♠❡♥t♦ ❞♦s ♠❡s♠♦s ❡ ❞✐♠✐♥✉✐♥❞♦ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡ s❛t✉r❛çã♦✳ P✐❡rr❡ ❈✉r✐❡

❢♦✐ r❡s♣♦♥sá✈❡❧ ♣♦r ♦❜s❡r✈❛r q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞✐♠✐♥✉✐ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛✳

❖❜s❡r✈❛✲s❡ ✉♠ ♠á①✐♠♦ ♣❛r❛ T = 0K✱ ❡ ✉♠ ❞❡❝❛✐♠❡♥t♦ ❛❜r✉♣t♦ ❛té ③❡r♦ ♣❛r❛ ✈❛❧♦r❡s

❛❝✐♠❛ ❞❡ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛✱ ❞❡♥♦♠✐♥❛❞❛ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡ Tc✱ ❝❛r❛❝t❡ríst✐❝❛

❞♦ ♠❛t❡r✐❛❧✳ ❉❡ss❛ ❢♦r♠❛✱ ❛❝✐♠❛ ❞❡ Tc✱ ♦ ♠❛t❡r✐❛❧ t♦r♥❛✲s❡ ♣❛r❛❣♥ét✐❝♦✱ ❡ s✉❛ ♠❛❣♥❡t✐✲

③❛çã♦ é ❞❡s❝r✐t❛ ♣❡❧❛ ❡q✉❛çã♦ ❞❡ ▲❛♥❣❡✈✐♥✳

M = NAµL(x) ✭✷✳✹✮

♦♥❞❡ NA é ♦ ♥ú♠❡r♦ ❞❡ ❆✈♦❣r❛❞♦ ❡ L(x) é ❛ ❢✉♥çã♦ ❞❡ ▲❛♥❣❡✈✐♥ ❞❡s❝r✐t❛ ♣♦r

L(x) = cotgh(x) ✭✷✳✺✮

❝♦♠ x = µH
KBT

✳ ◆❛ ❡q✉❛çã♦ ♣❛r❛ x✱ KB é ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✱ T ❛ t❡♠♣❡r❛t✉r❛

❛❜s♦❧✉t❛ ❡ H ♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦✳

❆❜❛✐①♦ ❞❡ Tc✱ ♦✉ s❡❥❛✱ ♥❛ ❢❛s❡ ❢❡rr♦♠❛❣♥ét✐❝❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ é

❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ❛❜❛✐①♦❬✸✶❪✿

✽



M = A(1− T

Tc
)

1

2

✭✷✳✻✮

♦♥❞❡ A é ✉♠❛ ❝♦♥st❛♥t❡✳ P♦ré♠✱ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ♦ ♥íq✉❡❧ ❛♣r❡s❡♥t❛❞♦s ♥❛

r❡❢❡rê♥❝✐❛ ❬✸✶❪✱ ✐♥❞✐❝❛♠ q✉❡ ♦ ❡①♣♦❡♥t❡ ❞❛ ❡q✉❛çã♦ ✷✳✻ ❞❡✈❛ s❡r ✐❣✉❛❧ ❛ 1
3
❡ ♥ã♦ 1

2
✳ ❖

❝♦♠♣♦rt❛♠❡♥t♦ ❛❜❛✐①♦ ❡ ❛❝✐♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✱ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛

✷✳✺✲❇✳

◆❛ t❛❜❡❧❛ ✷✳✶ ❡stã♦ ❧✐st❛❞❛s ❛s t❡♠♣❡r❛t✉r❛s ❞❡ ❈✉r✐❡ ❞❡ ❞✐❢❡r❡♥t❡s ❝r✐st❛✐s ❢❡rr♦♠❛❣✲

♥ét✐❝♦s ❬✷✾❪✳

❈r✐st❛ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✭❑✮

Co ✶✸✽✽

Fe ✶✵✹✸

FeOFe2O3 ✽✺✽

NiOFe2O3 ✽✺✽

CuOFe2O3 ✼✷✽

MgOFe2O3 ✼✶✸

Ni ✻✷✼

MnOFe2O3 ✺✼✸

CrO2 ✸✽✻

Gd ✷✾✷

❚❛❜❡❧❛ ✷✳✶✿ ❚❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝r✐st❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s✳ ❆❞❛♣t❛❞♦ ❞❛

r❡❢❡rê♥❝✐❛ ❬✷✾❪✳

✷✳✸ ❙❡♠✐❝♦♥❞✉t♦r❡s ▼❛❣♥ét✐❝♦s ❉✐❧✉í❞♦s

❖ ❣✐❣❛♥t❡s❝♦ ♣r♦❣r❡ss♦ ♥❛ ♣r♦❞✉çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s ❢♦✐ ❞❡✈✐❞♦ ❛♦s ❡st✉❞♦s

❞❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞❡ ♠❛t❡r✐❛✐s s❡♠✐❝♦♥❞✉t♦r❡s ❡ s✉❛s ❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s ❡♠ r❛♠♦s

t❡❝♥♦❧ó❣✐❝♦s✳ ❍♦❥❡✱ ♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❞❛❞♦s é ❢❡✐t♦ ❛tr❛✈és ❞❡ ❞✐s♣♦s✐t✐✈♦s ❝♦♥str✉í❞♦s

❛ ♣❛rt✐r ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❡♥✈♦❧✈❡ ♠❛t❡r✐✲

❛✐s ♠❛❣♥ét✐❝♦s ❡♠ s❡✉ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦✳ ❖ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ✐♥❢♦r♠❛çã♦ r❡❛❧✐③❛❞♦ ♣♦r

tr❛♥s✐st♦r❡s ❡ ❝✐r❝✉✐t♦s ✐♥t❡❣r❛❞♦s✱ ❡stá ❛ss♦❝✐❛❞♦ ❝♦♠ ❝❛r❣❛ ❞♦ ❡❧étr♦♥✱ ❡♥q✉❛♥t♦ q✉❡

❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ✐♥❢♦r♠❛çã♦ ❢❡✐t♦ ♥♦s ❞✐s❝♦s rí❣✐❞♦s ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛♦ s♣✐♥ ❞♦ ❡❧étr♦♥✳

❇✉s❝❛♥❞♦ ✉♠ ú♥✐❝♦ ❞✐s♣♦s✐t✐✈♦ q✉❡ ♦❢❡r❡ç❛ ❛s ❞✉❛s ♣r♦♣r✐❡❞❛❞❡s✱ s✉r❣✐✉ ✉♠❛ ♥♦✈❛ ár❡❛

❞❡ ♣❡sq✉✐s❛ ♥❛ ♥❛♥♦t❡❝♥♦❧♦❣✐❛✱ ❛ s♣✐♥trô♥✐❝❛✳

❖s ♠❛t❡r✐❛✐s s❡♠✐❝♦♥❞✉t♦r❡s sã♦ ❝❛r❛❝t❡r✐③❛❞♦s ♣♦r ❛♣r❡s❡♥t❛r❡♠ ❡♥❡r❣✐❛s ❞❡ ❣❛♣ ✐♥✲

t❡r♠❡❞✐❛r✐❛s✱ ❞❡ ❢♦r♠❛ q✉❡ ♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ❝♦♥t✐❞♦s ♥❛ ❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛✭❇❱✮

♣♦ss❛♠ s❡r ❡①❝✐t❛❞♦s ♣❛r❛ ❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦✭❇❈✮✳ ❆♦ ❛✉♠❡♥t❛r ❛ t❡♠♣❡r❛t✉r❛ ❞♦

♠❛t❡r✐❛❧✱ ♦ ♥ú♠❡r♦ ❞❡ ♣♦rt❛❞♦r❡s q✉❡ sã♦ ❡①❝✐t❛❞♦s ❞❛ ❇❱ ♣❛r❛ ❛ ❇❈ é ♠✉✐t♦ ♠❛✐♦r✱

❢❛③❡♥❞♦ q✉❡ ❛ r❡s✐st✐✈✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❞✐♠✐♥✉❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛✳

✾



◆♦s s❡♠✐❝♦♥❞✉t♦r❡s ✐♥trí♥s❡❝♦s✱ ♦s ♣r♦❝❡ss♦s ❞❡ ❣❡r❛çã♦ ❡ r❡❝♦♠❜✐♥❛çã♦ ❞❡ ♣❛r❡s

❡❧étr♦♥s✲❜✉r❛❝♦s✱ q✉❡ ♦❝♦rr❡♠ ❝♦♠ ❛ ♠❡s♠❛ ♣r♦❜❛❜✐❧✐❞❛❞❡✱ ❣❛r❛♥t❡♠ q✉❡ ❛ ❝♦♥❝❡♥tr❛çã♦

❞❡ ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ♣❡r♠❛♥❡ç❛ ❝♦♥st❛♥t❡✳

n = p = ni ✭✷✳✼✮

♦♥❞❡ n é ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❡❧étr♦♥s✱ p é ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❜✉r❛❝♦s ❡ ni é ❛ ❝♦♥❝❡♥tr❛çã♦

❞❡ ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ✐♥trí♥s❡❝❛ ❞♦ ♠❛t❡r✐❛❧ s❡♠✐❝♦♥❞✉t♦r✱ q✉❡ é ❢✉♥çã♦ ❛♣❡♥s❛s ❞❛

t❡♠♣❡r❛t✉r❛✳

P❛r❛ ❛♣❧✐❝❛çõ❡s ❡♠ ❞✐s♣♦s✐t✐✈♦s✱ ♦ ❝♦♥tr♦❧❡ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ é

❡①tr❡♠❛♠❡♥t❡ ♥❡❝❡ssár✐♦✱ s❡♥❞♦ ❛ss✐♠✱ é ♣r❡❝✐s♦ ❞❡ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❞♦♣❛❣❡♠ q✉❡ ❛✉♠❡♥t❡

♦ ♥ú♠❡r♦ ❞❡ ♣♦rt❛❞♦r❡s✳ ❉❡ ♠♦❞♦ ❣❡r❛❧✱ ♥❡ss❡ ♣r♦❝❡ss♦ s❡ ❛❞✐❝✐♦♥❛✱ ❞❡ ❢♦r♠❛ ❝♦♥tr♦❧❛❞❛✱

✐♠♣✉r❡③❛s q✉❡ ♣❛ss❛♠ ❛ ❢❛③❡r ♣❛rt❡ ❞❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛✱ s✉❜st✐t✉✐♥❞♦ í♦♥s ❞♦ ♠❛t❡r✐❛❧✳

❉❡♣♦✐s ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞♦♣❛❣❡♠✱ ♦ s❡♠✐❝♦♥❞✉t♦r ♣❛ss❛ ❛ s❡r ❝❧❛ss✐✜❝❛❞♦ ❝♦♠♦ ❡①trí♥s❡❝♦

❡ ♣♦❞❡ s❡r ❞♦ t✐♣♦✲♥ ♦✉ ❞♦ t✐♣♦✲♣✳ ◗✉❛♥❞♦ ♦ ❞♦♣❛♥t❡ ❛❝r❡s❝❡♥t❛ ❡❧étr♦♥s ♥❛ ❜❛♥❞❛ ❞❡

❝♦♥❞✉çã♦✱ ♦ ♠❛t❡r✐❛❧ é ❞✐t♦ ❞♦ t✐♣♦✲♥✱ ❡ ♦s í♦♥s sã♦ ❝❤❛♠❛❞♦ ❞❡ ❞♦❛❞♦r❡s✳ ◗✉❛♥❞♦ ♦

♥ú♠❡r♦ ❞❡ ❜✉r❛❝♦s é ❛♠♣❧✐❛❞♦✱ ♦ ♠❛t❡r✐❛❧ é ❞✐t♦ ❞♦ t✐♣♦✲♣ ❡ ♦s í♦♥s sã♦ ❝❤❛♠❛❞♦ ❞❡

❛❝❡✐t❛❞♦r❡s ❬✷✾❪✳

❋✐❣✉r❛ ✷✳✻✿ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ♣❛r❛ ❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❞♦♣❛❞♦ ❆✮ ♣♦r

í♦♥s ❞♦❛❞♦r❡s ❡ ❇✮í♦♥s ❛❝❡✐t❛❞♦r❡s✳ ❬✷✾❪

❖ ♠❛t❡r✐❛❧ ❡s❝♦❧❤✐❞♦ ♣❛r❛ ❞♦♣❛❣❡♠✱ é ❛q✉❡❧❡ q✉❡ ✐rá ❛❝r❡s❝❡♥t❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡✲

s❡❥á✈❡✐s ❛♦ s❡♠✐❝♦♥❞✉t♦r ✐♥trí♥s❡❝♦✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ t♦r♥❛r s✉❛ ❝♦♥❞✉çã♦ ♠❡❞✐❛❞❛ ♣♦r

❜✉r❛❝♦s✳ ❙❡♥❞♦ ❛ss✐♠✱ ❡❧❛ ♣♦❞❡ s❡r ❢❡✐t❛ s✉❜st✐t✉✐♥❞♦ ♦s ❝át✐♦♥s ♣♦r í♦♥s ❞❡ ♠❡t❛✐s ❞❡

tr❛♥s✐çã♦✱ ❡ ❛ss✐♠ é ♣♦ssí✈❡❧ ❢♦r♥❡❝❡r ❛♦s s❡♠✐❝♦♥❞✉t♦r❡s✱ ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s✳ ❆

♣❛rt✐r ❞❡ss❡ ♣r♦❝❡ss♦ ❞❡ ❞♦♣❛❣❡♠ s✉r❣❡ ✉♠❛ ♥♦✈❛ ❝❧❛ss❡ ❞❡ ♠❛t❡r✐❛✐s✱ ♦s ❙❡♠✐❝♦♥❞✉t♦r❡s

♠❛❣♥ét✐❝❛s ❞✐❧✉í❞♦s ✭❞✐❧✉t❡❞ ♠❛❣♥❡t✐❝ s❡♠✐❝♦♥❞✉❝t♦rs ✕ ❉▼❙✮✳ ❊st❡ ♥♦✈♦ ❞❡ ♠❛t❡r✐❛❧

♣♦ss✐❜✐❧✐t❛ ♦ ❡st✉❞♦ ❞❡ ❛s♣❡❝t♦s ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛ ❝❛r❣❛ ❡ ♦ s♣✐♥✱ ❛ ♣❛rt✐r ❞❡ té❝♥✐❝❛s

q✉❡ ✉t✐❧✐③❛♠ ♦♥❞❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s✱ ❝❛♠♣♦s ❡❧étr✐❝♦s ❡ ♠❛❣♥ét✐❝♦s ❝♦♠♦ ❢❡rr❛♠❡♥t❛s

♣❛r❛ ♠❛♥✐♣✉❧❛r ❡st❛s ✐♥t❡r❛çõ❡s ❡ t❛♠❜é♠ ♣❛r❛ ❞❡t❡❝t❛r ♠✉❞❛♥ç❛s ❝❛✉s❛❞❛s ♣♦r ❡st❛

♠❛♥✐♣✉❧❛çã♦ ❬✶✹❪✳

✶✵



❯♠ ♠ét♦❞♦ ♣❛r❛ ❢♦r♥❡❝❡r ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❛♦s s❡♠✐❝♦♥❞✉t♦r❡s ✐♥trí♥s❡❝♦s ❢♦✐

♣r♦♣♦st♦ ♣♦r ❖❤♥♦ ❬✸✷❪✳ ❊❧❡ ♣r♦♣õ❡ ❛ ❛❞✐çã♦ ❞❡ ✉♠❛ ♣❡q✉❡♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ át♦♠♦s

♠❛❣♥ét✐❝♦s ♥❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ♠❛t❡r✐❛❧ s❡♠✐❝♦♥❞✉t♦r✱ ❞❡ ❢♦r♠❛ q✉❡ ❛ ✐♥tr♦❞✉çã♦

❞❡ss❛ ✐♠♣✉r❡③❛ ♥ã♦ ❛❧t❡r❡ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❛ ❡str✉t✉r❛ ❞❡ ❜❛♥❞❛s ❞♦ ♠❛t❡r✐❛❧✳ ❊♠

♣❡q✉❡♥❛s ♣♦rçõ❡s ❛s ✐♠♣✉r❡③❛s s❡ ❡♥❝♦♥tr❛♠ ♣♦s✐❝✐♦♥❛❞❛s ❡♠ sít✐♦s ❞✐st❛♥t❡s ✉♥s ❞♦s

♦✉tr♦s ♥❛ ❡str✉t✉r❛ ❞♦ ♠❛t❡r✐❛❧✱ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦ ❛ ✐♥t❡r❛çã♦ ❞✐r❡t❛ ❡♥tr❡ ❡❧❛s✱ ❡ ✐ss♦ é

♦ q✉❡ ❧❡✈❛ ♦ ♠❛t❡r✐❛❧ ❛ ❛♣r❡s❡♥t❛r ❝❛r❛❝t❡ríst✐❝❛s ♠❛❣♥ét✐❝❛s✳ ◆❛ ❋✐❣✉r❛ ✷✳✼ ♣♦❞❡✲s❡

♦❜s❡r✈❛r ✉♠ ❡sq✉❡♠❛ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❡str✉t✉r❛ ❞❡ ✉♠ s❡♠✐❝♦♥❞✉t♦r ✐♥trí♥s❡❝♦✱ ❞❡ ✉♠

❉▼❙ ❡ ✉♠ s❡♠✐❝♦♥❞✉t♦r ♠❛❣♥ét✐❝♦✳

❙❛❜❡✲s❡ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞♦s át♦♠♦s ❡stã♦ ❛ss♦❝✐❛❞❛s ❛ ❡❧étr♦♥s ❞❡s❡♠✲

♣❛r❡❧❤❛❞♦s✳ ❆ss✐♠ ♥♦ ❝❛s♦ ❞♦s í♦♥s ❞♦♣❛♥t❡s ✉s❛❞♦s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❉▼❙✬s✱ ❡❧❛s ❡stã♦

r❡❧❛❝✐♦♥❛❞❛s ❝♦♠ ❡❧étr♦♥s ❞❡s❡♠♣❛r❡❧❤❛❞♦s ❞♦s ♥í✈❡✐s d ♥♦ ❝❛s♦ ❞❡ ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦✱

♦✉ f ♣❛r❛ í♦♥s t❡rr❛s r❛r❛s ❬✸✸❪✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♠❛❣♥ét✐❝♦ q✉❡ s✉r❣❡

♥♦s ❉▼❙✬s é ❞❡✈✐❞♦ ❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ ❡♥tr❡ ♦s ♦r❜✐t❛✐s sp ❞♦ s❡♠✐❝♦♥❞✉t♦r ❡ d/f ❞❛

✐♠♣✉r❡③❛ ♠❛❣♥ét✐❝❛ ✐♥s❡r✐❞❛ ♥❛ ❡str✉t✉r❛ ❞♦ ♠❛t❡r✐❛❧✳ ❖ ♠❡❝❛♥✐s♠♦ q✉❡ ❞❡s❝r❡✈❡ ❝♦♠♦

t♦❞♦ ❡ss❡ ♣r♦❝❡ss♦ ❛❝♦♥t❡❝❡ ❛✐♥❞❛ ♥ã♦ é ♠✉✐t♦ ❝❧❛r♦✱ ❡ ❤♦❥❡ ❤á ❣r❛♥❞❡s ❡s❢♦rç♦s s❡♥❞♦

r❡❛❧✐③❛❞♦s ♥♦ ✐♥t✉✐t♦ ❞❡ s❡ ❝♦♠♣r❡❡♥❞❡r ♠❡❧❤♦r ❝♦♠♦ ❡❧❡ ♦❝♦rr❡✳

❋✐❣✉r❛ ✷✳✼✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❡ ✉♠ ✭❆✮ s❡♠✐❝♦♥❞✉t♦r ✐♥trí♥s❡❝♦ ♥ã♦ ♠❛❣♥ét✐❝♦✱

✭❇✮ s❡♠✐❝♦♥❞✉t♦r ♠❛❣♥ét✐❝♦ ❞✐❧✉í❞♦ ❡ ✭❈✮ s❡♠✐❝♦♥❞✉t♦r ♠❛❣♥ét✐❝♦✳ ✭❆s s❡t❛s r❡♣r❡s❡♥t❛♠

♦s í♦♥s ♠❛❣♥ét✐❝♦s✮✳ ❬✸✷❪

◆❛ ❧✐t❡r❛t✉r❛ ❡♥❝♦♥tr❛✲s❡ tr❛❜❛❧❤♦s q✉❡ ❜✉s❝❛♠ ❞❡s❝r❡✈❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ss❡s

♥♦✈♦s ♠❛t❡r✐❛✐s✳ ❉❡s❞❡ ♦ ✐♥í❝✐♦ ❞♦s ❛♥♦s ✽✵ ❤á r❡❣✐str♦s ❞♦s ❡st✉❞♦s ❞♦s s❡♠✐❝♦♥❞✉t♦✲

r❡s ♠❛❣♥ét✐❝♦s ❞✐❧✉í❞♦s ❜❛s❡❛❞♦s ❡♠ ❧✐❣❛s ■■✲❱■✱ ❝♦♠♦ CdTe✱ ZnSe ♦✉ CdSe✱ ❞♦♣❛❞♦s

❝♦♠ ✐♠♣✉r❡③❛s ❞❡ tr❛♥s✐çã♦ ❬✸✸❪✳ P♦ré♠ ❡st❡s s❡♠✐❝♦♥❞✉t♦r❡s ❛♣r❡s❡♥t❛♠ ❝❛r❛❝t❡ríst✐❝❛s

❝♦♠♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✱ ♣♦r ✈♦❧t❛ ❞❡ 5 K✱ q✉❡ ♦s t♦r♥❛ ♣♦✉❝♦ ❛tr❛❡♥t❡s ♥♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s✳

❖ ♣r✐♠❡✐r♦ ❉▼❙ ❢♦r♠❛❞♦ ♣❡❧❛ ❧✐❣❛ ■■■✲❱ ❢♦✐ ♦ InAs ❞♦♣❛❞♦ ❝♦♠ Mn ❬✸✹❪✳ ◆❡st❡

♠❛t❡r✐❛❧✱ ♦s í♦♥s ❞♦♣❛♥t❡s ❞✐✈❛❧❡♥t❡s s✉❜st✐t✉❡♠ ♦s ❝át✐♦♥s tr✐✈❛❧❡♥t❡s ❞♦ s❡♠✐❝♦♥❞✉t♦r✱

❞♦♣❛♥❞♦✲♦ ❝♦♠ ❜✉r❛❝♦s q✉❡ ✐♥t❡r❢❡r❡♠ ♥♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ❞♦ s✐st❡♠❛✳ ▼❛✐s t❛r❞❡✱ ♣♦r

✈♦❧t❛ ❞❡ ✶✾✾✻✱ ❖❤♥♦ ❞❡t❡❝t♦✉ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡ ♣♦r ✈♦❧t❛ ❞❡ 110 K ♣❛r❛ ♦

GaMnAs✱ ✉♠ ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ♠❛❣♥ét✐❝♦s ❞✐❧✉í❞♦s ❝♦♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ❡st✉❞♦s ❛

s❡✉ r❡s♣❡✐t♦ ❬✸✺❪✳ P♦✉❝♦ t❡♠♣♦ ❞❡♣♦✐s✱ ❉✐❡t❧ ❞❡♠♦♥str♦✉ q✉❡ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ♥❡ss❡ ♠❛✲

t❡r✐❛❧✱ ❡r❛ ❞❡✈✐❞♦ ❛♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ❧✐✈r❡s ❝❡❞✐❞♦s ♣❡❧♦ ♠❛♥❣❛♥ês✱ ❡❧❡ ❛✐♥❞❛ s✉❣❡r✐✉

✶✶



q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡ ❞❡ss❡ ♠❛t❡r✐❛❧ ❞❡✈❡r✐❛ ❛✉♠❡♥t❛r ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❝♦♥❝❡♥tr❛✲

çã♦ ❞❡ í♦♥s ❞♦♣❛♥t❡s ❬✸✻❪✱ ❞❛❞♦ q✉❡ Tc ❡stá ❢♦rt❡♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❝♦♥❝❡♥tr❛çã♦

❞❡ ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛✱ ♣♦ré♠✱ ❛ ♠❛✐♦r t❡♠♣❡r❛t✉r❛ ❥á ♦❜t✐❞❛ ♣❛r❛ ♦ ●❛▼♥❆s ❢♦✐ ❞❡ 173

K ❬✸✼❪✳

❊♠ r❡❧❛çã♦ ❛ ó①✐❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ✉s❛❞♦s ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❉▼❙✬s✱ ♦ ZnO

♣♦ss✉✐ ❣r❛♥❞❡ ❞❡st❛q✉❡ ❡ ✈❡♠ s❡♥❞♦ ❜❛st❛♥t❡ ❡st✉❞❛❞♦✳ ❯♠ tr❛❜❛❧❤♦ r❡❝❡♥t❡ ❞❡ ◆✳ ❙❛♥✲

❝❤❡③ ❡t ❛❧✳❬✶❪✱ ❛♣r❡s❡♥t❛ ✉♠ ❡st✉❞♦ t❡ór✐❝♦ s♦❜r❡ ♦s ❡st❛❞♦s ♠❛❣♥ét✐❝♦s ❞♦ ZnO ❞♦♣❛❞♦

❝♦♠ ❝♦❜❛❧t♦✱ ♥❡st❡ tr❛❜❛❧❤♦ ♦s ❛✉t♦r❡s ❝♦♥❝❧✉ír❛♠ q✉❡ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦

❢❡rr♦♠❛❣♥ét✐❝♦ ❡stá ❛ss♦❝✐❛❞♦ ❛ ✉♠ ❛✉♠❡♥t♦ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞♦s át♦♠♦s ❞❡ ♦①✐✲

❣ê♥✐♦✱ ❝❛✉s❛❞♦ ♣❡❧❛ ♣♦❧❛r✐③❛çã♦ ❞♦s s❡✉s s♣✐♥s✱ ❝♦♥s❡q✉ê♥❝✐❛ ❞✐r❡t❛ ❞❛ ♣r❡s❡♥ç❛ ❞♦s í♦♥s

❞❡ ❝♦❜❛❧t♦✳

❊st✉❞♦s t❡ór✐❝♦s s♦❜r❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦♣❛❞♦ ❝♦♠

♠❡t❛✐s ❞❡ tr❛♥s✐çã♦ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣♦r ▼✳ ❙✐❡❜❡r❡r ❡t ❛❧✳❬✷✵❪ ♣♦r ♠❡✐♦ ❞❛ t❡♦r✐❛ ❞♦

❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ✭ ❞❡s♥✐t②✲❢✉♥❝t✐♦♥❛❧ t❤❡♦r② ✲ ❉❋❚ ✮✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ♦s r❡s✉❧t❛❞♦s

♠♦str❛♠ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❢❡rr♦♠❛❣♥ét✐❝♦ ♣♦❞❡ ❡st❛r ❛ss♦❝✐❛❞♦ às ✈❛❝â♥❝✐❛s ❞❡ ❝♦❜r❡✱

❞❡ ♠♦❞♦ q✉❡ ✉♠❛ ♣♦r❝❡♥t❛❣❡♠ ❛♣r❡❝✐á✈❡❧ ❞❡st❛s ♣♦ss❛ ❝✉❧♠✐♥❛r ❡♠ ✉♠❛ ❛❧t❛ t❡♠♣❡r❛t✉r❛

❞❡ ❈✉r✐❡✳ P♦r s❡r ✉♠❛ ❝❧❛ss❡ ♥♦✈❛ ❞❡ ♠❛t❡r✐❛✐s✱ ❢♦r❛♠ ♥❡❝❡ssár✐♦s ❡st✉❞♦s ✐♥✐❝✐❛✐s q✉❡

♣✉❞❡ss❡♠ ❞❡t❡r♠✐♥❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❣r❛♥❞❡③❛s ❢✉♥❞❛♠❡♥t❛✐s✱ ❝♦♠♦ ♠❛❣♥❡t✐③❛çã♦

❡ ❝♦♥❞✉t✐✈✐❞❛❞❡✴r❡s✐st✐✈✐❞❛❞❡✱ ♥♦s ❉▼❙✬s✳ ❆ ♣❛rt✐r ❞❡ss❡s tr❛❜❛❧❤♦s✱ ❢♦✐ ♣♦ssí✈❡❧ ❝♦♥❝❧✉✐r

q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ✉♠ s❡♠✐❝♦♥❞✉t♦r ♠❛❣♥ét✐❝♦ ❞✐❧✉í❞♦ s❡ ❝♦♠♣♦rt❛✱ ❡♠ r❡❧❛çã♦ à

t❡♠♣❡r❛t✉r❛✱ ❞❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ❡♠ ✉♠ ♠❛t❡r✐❛❧ ♠❛❣♥ét✐❝♦ ❝♦♠✉♠✱ ♦✉ s❡❥❛✱ ❛♣r❡s❡♥t❛

❝♦♠♣♦rt❛♠❡♥t♦ ❢❡rr♦ ♦✉ ❛♥t✐❢❡rr♦♠❛❣♥ét✐❝♦ à ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✳ ❈♦♠ ♦ ❛✉♠❡♥t♦ ❞❡st❛✱

❛ ♠❛❣♥❡t✐③❛çã♦ ❞✐♠✐♥✉✐ ❛té ✉♠ ✈❛❧♦r ❝r✐t✐❝♦ ❞❡ t❡♠♣❡r❛t✉r❛✱ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✱ ❛

♣❛rt✐r ❞❡ Tc ❛ ♠❛❣♥❡t✐③❛çã♦ é ♥✉❧❛ ❡ ♦ ♠❛t❡r✐❛❧ ♣❛ss❛r ❛ s❡ ❝♦♠♣♦rt❛r ❝♦♠♦ ♣❛r❛♠❛❣♥ét✐❝♦✳

❆ r❡s✐st✐✈✐❞❛❞❡ ❞♦s ❉▼❙✬s ❛❜❛✐①♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛ ♣♦ss✉✐ ❝♦♠♣♦rt❛♠❡♥t♦ ❜❡♠

❞✐st✐♥t♦ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ ❝♦♠ ✈❛❧♦r❡s ❛❝✐♠❛ ❞❡ Tc✳ ❆❝✐♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✱

❡❧❛ ❞✐♠✐♥✉✐ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛✱ ❝♦♠♣♦rt❛♠❡♥t♦ tí♣✐❝♦ ❞❡ ✉♠ s❡♠✐❝♦♥❞✉t♦r✳

❊♥tr❡t❛♥t♦✱ ❛❜❛✐①♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✱ ❝♦♠ ♦ ❞❡❝rés❝✐♠♦ ❞❛ t❡♠♣❡r❛t✉r❛✱ ❛ r❡s✐st✐✲

✈✐❞❛❞❡ ❞✐♠✐♥✉✐✱ t❡♥❞♦ ❡♥tã♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❝♦♥❞✉t♦r✱ ✈❛❧❡ ❧❡♠❜r❛r q✉❡

é ♣❛r❛ ❡ss❛ ❣❛♠❛ ❞❡ t❡♠♣❡r❛t✉r❛s✱ ♦✉ s❡❥❛✱ ❛❝✐♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✱ ♦ ♠❛t❡r✐❛❧

❛♣r❡s❡♥t❛ ❝♦♠♣♦rt❛♠❡♥t♦ ❢❡rr♦♠❛❣♥ét✐❝♦✳ ■ss♦ ❛❝♦♥t❡❝❡ ♣♦✐s ♥❡ss❛ r❡❣✐ã♦ ❛ ♣♦❧❛r✐③❛çã♦

s♦❜ ❛ q✉❛❧ ♦s í♦♥s ♠❛❣♥ét✐❝♦s ❡♥❝♦♥tr❛♠✲s❡ s✉❜♠❡t✐❞♦s é ♠❡❞✐❛❞❛ ♣❡❧♦s ♣♦rt❛❞♦r❡s ❞❡

❝❛r❣❛✱ ♦ q✉❡ ❣❡r❛ ✉♠ ❛✉♠❡♥t♦ ♥❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧✱ ❡ ✉♠❛ ❝♦♥s❡q✉❡♥t❡ ❞✐♠✐♥✉✐✲

çã♦ ♥❛ r❡s✐st✐✈✐❞❛❞❡✳

❆ ❋✐❣✉r❛ ✷✳✽ ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛

♣❛r❛ ♦ ●❛▼♥❆s✱ ❛♥t❡s ❡ ❞❡♣♦✐s ❞♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ P♦❞❡✲s❡ ♥♦t❛r q✉❡ ✐♥✐❝✐❛❧♠❡♥t❡ ♦

♠❛t❡r✐❛❧ ❛♣r❡s❡♥t❛✈❛ Tc ❂ 75 K ❡ ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ Tc ❛✉♠❡♥t❛ ♣❛r❛ 110 K✱ ❡

t❛♠❜é♠ ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ r❡s✐st✐✈✐❞❛❞❡ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❬✷✹❪✳

❚❡♥❞♦ ❡♠ ✈✐st❛ q✉❡ ❛❝✐♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡✱ ♦ ♠❛t❡r✐❛❧ t♦r♥❛✲s❡ ♣❛r❛♠❛❣✲

♥ét✐❝♦✱ ♦✉ s❡❥❛✱ s✉❛ ♠❛❣♥❡t✐③❛çã♦ é ♥✉❧❛✱ é ✐♠♣♦rt❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❉▼❙✬s q✉❡
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♣♦ss✉❛♠ ❛❧t❛s t❡♠♣❡r❛t✉r❛s Tc✱ ♣♦✐s só ❛ss✐♠ t♦r♥❛✲s❡ ✈✐á✈❡❧ s✉❛ ❛♣❧✐❝❛çã♦ ❡♠ ❞✐s♣♦s✐t✐✈♦s

❡❧❡trô♥✐❝♦s✳

❋✐❣✉r❛ ✷✳✽✿ ❈✉r✈❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡ r❡s✐st✐✈✐❞❛❞❡ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡✲

r❛t✉r❛ ♣❛r❛ ♦ ●❛▼♥❆s✳ ❬✸✽❪

✷✳✸✳✶ Pr♦♣r✐❡❞❛❞❡s ▼❛❣♥ét✐❝❛s ❞♦s ❉▼❙✬s

❈♦♠♦ ✈✐st♦ ♥❛ s❡çã♦ ✏❙❡♠✐❝♦♥❞✉t♦r❡s ♠❛❣♥ét✐❝♦s ❞✐❧✉í❞♦s✑✱ ♦s í♦♥s ♠❛❣♥ét✐❝♦s sã♦

✐♥s❡r✐❞♦s ♥❛ r❡❞❡ ✐♥trí♥s❡❝❛ ❞❡ ❢♦r♠❛ ❛❧❡❛tór✐❛✱ ❡♠ ♣♦s✐çõ❡s ✐s♦❧❛❞❛s✱ ❞❡ ♠♦❞♦ q✉❡ ♥ã♦

❤á ✉♠❛ ✐♥t❡r❛çã♦ ❞✐r❡t❛ ❡♥tr❡ ❡❧❡s✱ s❡♥❞♦ ❛ss✐♠✱ ♥ã♦ é ♣♦ssí✈❡❧ q✉❡ ❤❛❥❛ ✉♠❛ ♣♦❧❛r✐③❛çã♦

♠❛❣♥ét✐❝❛ s❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦✳ ❊♥tr❡t❛♥t♦✱ ♣♦❞❡ ❤❛✈❡r ✉♠

♠❡❝❛♥✐s♠♦ ❞❡ ✐♥t❡r❛çã♦ ✐♥❞✐r❡t❛ ❡♥tr❡ ♦s í♦♥s ♠❛❣♥ét✐❝♦s ❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦✱

♠❡❝❛♥✐s♠♦ ❡st❡ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❩❡♥❡r ❬✹✺❪✳

❖s s❡♠✐❝♦♥❞✉t♦r❡s ♠❛❣♥ét✐❝♦s ❞✐❧✉í❞♦s ♠❛✐s ❡st✉❞❛❞♦s sã♦ ❛q✉❡❧❡s ❝♦♠♣♦st♦s ♣♦r

❡❧❡♠❡♥t♦s ❞♦ ❣r✉♣♦ II ❡ ❣r✉♣♦ IV ❡ ❞❛ ❢♦r♠❛

AII
(1−x)MnxB

IV

♦♥❞❡ ❝❡rt❛ q✉❛♥t✐❞❛❞❡ ❞❡ át♦♠♦s ❞♦ ❣r✉♣♦ ■■✱ sã♦ s✉❜st✐t✉í❞♦s ♣♦r í♦♥s ❞❡ ♠❛♥❣❛♥ês✳

◆❡st❡s ❉▼❙✬s✱ ❛s ♠❛✐s ✐♠♣♦rt❛♥t❡s ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❡stã♦ ❛ss♦❝✐❛❞❛s ❛ ❝❛♠❛❞❛

3d ❞♦ át♦♠♦ ❞❡ ♠❛♥❣❛♥ês✳ ■st♦ ❛❝♦♥t❡❝❡ ♣♦✐s sã♦ ❛s ✐♥t❡r❛çõ❡s ❞❡ tr♦❝❛✱ ♥❛ ♣r❡s❡♥ç❛ ❞❡

✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱ ❡♥tr❡ ♦s ❡❧étr♦♥s ❞❡ss❛ ❝❛♠❛❞❛ ❡ ♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛

❧✐✈r❡s q✉❡ ♠❛✐s ✐♥✢✉❡♥❝✐❛♠ ♥❛s s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s✳ ❊ss❛ ✐♥✢✉ê♥❝✐❛ é ❞❡✈✐❞❛

❛ ♦r✐❡♥t❛çã♦ ❞❛❞❛ ❛♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❧♦❝❛❧✐③❛❞♦s ♣❡❧♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳

❊st❡ ❝❛♠♣♦ ❝r✐❛ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ♣❛r❛❧❡❧❛ ❡ ♥ã♦ ♥✉❧❛ ♣❛r❛ ♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ❞♦ ♠❛♥❣❛♥ês✳

❆ ❞❡s❝r✐çã♦ ♠❛✐s ❛♣r♦♣r✐❛❞❛ ♣❛r❛ ❡ss❛ ✐♥t❡r❛çã♦ ✐♥❞✐r❡t❛ ❡♥tr❡ ♦s ❡❧étr♦♥s ❞❛ ❝❛♠❛❞❛ d ❡

♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ é ❛tr❛✈és ❞♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❞❡ ❍❡✐s❡♥❜❡r❣✳
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H = J
∑
i,j

−→
Si ∗ −→sj ✭✷✳✽✮

♦♥❞❡ J ❡ ❛ ✐♥t❡❣r❛❧ ❞❡ tr♦❝❛ ❞❛ ✐♥t❡r❛çã♦ ❞♦ s♣✐♥ ❞♦ ❡❧étr♦♥ ❞♦ ♠❛♥❣❛♥ês ❡ ♦s ♣♦rt❛❞♦r❡s

❧✐✈r❡s ❞❛s ❜❛♥❞❛s ❡
−→
Si ❡ −→sj ❝♦rr❡s♣♦♥❞❡♠ ❛♦s s♣✐♥s ❞❡st❡s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

◆♦t❡ q✉❡✱ ❝❛s♦ ♦ ♠❛t❡r✐❛❧ ♥ã♦ ❡st❡❥❛ ♣♦❧❛r✐③❛❞♦✱ ♦s s♣✐♥s t❛♥t♦ ❞♦ ♠❛♥❣❛♥ês q✉❛♥t♦

❞♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ❡♥❝♦♥tr❛♠✲s❡ ♦r❞❡♥❛❞♦s ❛❧❡❛t♦r✐❛♠❡♥t❡✱ ❡ ❛ss✐♠ ♦ t❡r♠♦ ❝♦♥t✐❞♦

♥♦ s♦♠❛tór✐♦ ❞❛ ❡q✉❛çã♦ ✷✳✽ t♦r♥❛✲s❡ ♥✉❧♦✳ ❙❡ ❛ ✐♥t❡❣r❛❧ ❞❡ tr♦❝❛ J é ♣♦s✐t✐✈❛✱ ❡st❛

s✐t✉❛çã♦ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ❛♥t✐❢❡rr♦♠❛❣♥ét✐❝♦ ❡♥tr❡ ❡❧étr♦♥s ❡ ✐♠♣✉r❡③❛s✱

❡♥q✉❛♥t♦ s❡ J é ♥❡❣❛t✐✈❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ é ❢❡rr♦♠❛❣♥ét✐❝♦✳ ❊♠ ❛♠❜♦s ❝❛s♦s ♦s ❡❧étr♦♥s

❞❡ ❝♦♥❞✉çã♦ ❞♦ ♠❛t❡r✐❛❧ ❡stã♦ ♣♦❧❛r✐③❛❞♦s ❡ ❛♦ s❡ ❛♣❧✐❝❛r ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧✱

❝♦rr❡♥t❡s ♣♦❧❛r✐③❛❞❛s ❡♠ s♣✐♥ sã♦ ❣❡r❛❞❛s✱ ✐st♦ é✱ t❡♠✲s❡ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦ ❡st❛❞♦

♠❛❣♥ét✐❝♦ ❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❝♦♥❞✉çã♦ ❞♦ ♠❛t❡r✐❛❧✳

❈♦♠♦ ❞✐t♦✱ ♦s í♦♥s ♠❛❣♥ét✐❝♦s s❡ ❡♥❝♦♥tr❛♠ ❞✐st❛♥t❡s ✉♥s ❞♦s ♦✉tr♦s ♥❛ r❡❞❡ ❞♦ s❡♠✐✲

❝♦♥❞✉t♦r✱ ❞❡ ♠♦❞♦ q✉❡ ♥ã♦ ♣r♦❞✉③❡♠ ✉♠❛ ♣♦❧❛r✐③❛çã♦ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦✱ ♣♦ré♠✱ ❛

♣♦❧❛r✐③❛çã♦ ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ♣♦ss✉✐ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡st❛ ❞✐stâ♥❝✐❛✱ ♣♦✐s ❛ ♦r✐✲

❡♥t❛çã♦ ❞❡ s❡✉s s♣✐♥s ❛❧t❡r♥❛ ❡♥tr❡ ❛♥t✐ ❡ ❢❡rr♦♠❛❣♥ét✐❝❛ ♣❛r❛ ❣r❛♥❞❡s ❡ ❝✉rt❛s ❞✐stâ♥❝✐❛s✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ✐♥t❡r❛çã♦ ❞✐r❡t❛✱ r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❢❡rr♦♠❛❣♥ét✐❝♦ s❡

s♦❜r❡♣õ❡ ❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛✱ s❡♥❞♦ ❛ss✐♠ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ s❡rá ❛ ✐♥t❡r❛çã♦ ❡❢❡t✐✈❛ ♥♦

♠❛t❡r✐❛❧✳ ■st♦ ♠♦str❛ q✉❡ ❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛✱ ❞❡✈✐❞❛ ❛♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦✱ é ❢r❛❝❛

❡ s✉❣❡r❡ ✉♠❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❈✉r✐❡❬✸✷❪✳

✷✳✹ ❊❧❡tr♦❞❡♣♦s✐çã♦

❆ ❞❡s❝♦❜❡rt❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦ é ❛tr✐❜✉í❞❛ ❛♦ ♣r♦❢❡ss♦r ✐t❛❧✐❛♥♦ ▲✉✐❣✐ ❱✳

❇r✉❣♥❛t❡❧✐✐✳ ◆♦ ✐♥í❝✐♦ ❞♦ sé❝✉❧♦ ❳■❳ ❡❧❡ ❢♦✐ ❝❛♣❛③ ❞❡ ❡❧❡tr♦❞❡♣♦s✐t❛r ♦✉r♦ ♥❛ s✉♣❡r❢í❝✐❡

❞❡ ✉♠ s✉❜str❛t♦ ♠❡tá❧✐❝♦ ❛ ♣❛rt✐r ❞❡ ✉♠❛ s♦❧✉çã♦ ❛q✉♦s❛ q✉❡ ❝♦♥t✐♥❤❛ ♦✉r♦ ❞✐ss♦❧✈✐❞♦✱

✉t✐❧✐③❛♥❞♦ ✉♠❛ ❜❛t❡r✐❛ ❬✹✻❪✳

❆♣ós ❛❧❣✉♥s ❡st✉❞♦s r❡❛❧✐③❛❞♦s✱ ❞❡s❝♦❜r✐✉✲s❡ ❡❧❡tró❧✐t♦s ❛❞❡q✉❛❞♦s ♣❛r❛ ❛ ❞❡♣♦s✐çã♦

❞❡ ♠❛t❡r✐❛✐s ❝♦♠♦ ♦✉r♦ ❡ ♣r❛t❛✳ ❆ ❡❧❡tr♦❞❡♣♦s✐çã♦ ♣❛ss♦✉ ❛ s❡r ❡♠♣r❡❣❛❞❛ ❡♠ ❡s❝❛❧❛

✐♥❞✉str✐❛❧ ❛ ✜♠ ❞❡ ❢♦r♠❛r ❝❛♠❛❞❛s ❞❡ ♣r♦t❡çã♦ ❝♦♥tr❛ ❝♦rr♦sã♦ ❡♠ ♦❜❥❡t♦s ♠❡tá❧✐❝♦s ❡

t❛♠❜é♠ ❝♦♠ ✜♥❛❧✐❞❛❞❡s ❞❡❝♦r❛t✐✈❛s✳ ❊♠ s❡q✉ê♥❝✐❛✱ s♦❧✉çõ❡s ❛❞❡q✉❛❞❛s ♣❛r❛ ❛ ❞❡♣♦s✐çã♦

❞❡ ♦✉tr♦s ♠❡t❛✐s ❡ ❧✐❣❛s t❛✐s ❝♦♠♦ ♦ ♥íq✉❡❧✱ ③✐♥❝♦✱ ❡st❛♥❤♦✱ ❜r♦♥③❡ ❡ ✉♠❛ ❧✐❣❛ ❝♦♥s✐st✐♥❞♦

❡ss❡♥❝✐❛❧♠❡♥t❡ ❞❡ ❝♦❜r❡ ❡ ③✐♥❝♦ ❡♠ ♣r♦♣♦rçõ❡s ✈❛r✐á✈❡✐s ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ❬✹✻❪✳

P♦r ✈♦❧t❛ ❞❛ ❞é❝❛❞❛ ❞❡ ✾✵✱ ❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ s❡ t♦r♥♦✉ ✉♠❛ té❝♥✐❝❛ ❝♦♥❤❡❝✐❞❛ ♣❡❧❛

✐♥❞ústr✐❛ ❡❧❡trô♥✐❝❛✱ ❡ ❢♦✐ ❡♥tã♦ q✉❡ ❝♦♠❡ç♦✉ ❛ s❡r ✉t✐❧✐③❛❞❛ ♥❛ ♣r♦❞✉çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s

❡❧❡trô♥✐❝♦s✳ ❆ ♣❛rt✐r ❞❡ ❡♥tã♦✱ ❡st✉❞♦s ♠❛✐s ♣r♦❢✉♥❞♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❛r❛ s❡ ❝♦♥❤❡❝❡r

❛ ❢✉♥❞♦ ♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❞❡♣♦s✐çã♦ ❡♥✈♦❧✈✐❞♦s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✳ ❊st❡ s❡

t♦r♥♦✉ ❛❧t❛♠❡♥t❡ ❞❡s❡♥✈♦❧✈✐❞♦✱ ❞❡ ❢♦r♠❛ q✉❡ ♥♦✈❛s s♦❧✉çõ❡s ❢♦r❛♠ ♣r❡♣❛r❛❞❛s ❡ ♠♦❞❡❧♦s

♠❛t❡♠át✐❝♦s ♣❛r❛ ❞❡s❝r❡✈❡r t❛❧ ♣r♦❝❡ss♦ ❢♦r❛♠ s✉r❣✐♥❞♦✳ ❍♦❥❡ ❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ é ✉s❛❞❛

✶✹



♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦ ❞❡ ❡str✉t✉r❛s ♥❛♥♦♠étr✐❝❛s✱ s❡ ❞❡st❛❝❛♥❞♦ ♥❛ ♣r♦❞✉çã♦ ❞❡ ❝❛♠❛❞❛s

♠✉❧t✐♠❛❣♥ét✐❝❛s ❡ ♥❛ ❞❡♣♦s✐çã♦ s♦❜r❡ s❡♠✐❝♦♥❞✉t♦r❡s✱ ❝♦♠♦ ♦ s✐❧í❝✐♦ ❬✹✼✱ ✹✽❪✱ ❛♠♣❧❛♠❡♥t❡

❡♠♣r❡❣❛❞♦s ♥❛ ✐♥❞ústr✐❛ ❡❧❡trô♥✐❝❛✳ ❊❧❛ t❛♠❜é♠ é ✉t✐❧✐③❛❞❛ ♥♦ ❝r❡s❝✐♠❡♥t♦ ❞❡ ✜❧♠❡s

✜♥♦s ♠❡tá❧✐❝♦s✱ q✉❡ s❡ ❝❛r❛❝t❡r✐③❛♠ ♣♦r ❡s♣❡ss✉r❛s ✐♥❢❡r✐♦r❡s ❛ ✶ ♠✐❝r♦♠❡tr♦✱ ♣♦❞❡♥❞♦

s❡r ❢♦r♠❛❞♦s ♣♦r ✉♠❛ ú♥✐❝❛ s✉❜stâ♥❝✐❛✱ ♣♦r ❧✐❣❛s ♠❡tá❧✐❝❛s ♦✉ ❛✐♥❞❛ ❡st❛r ♥❛ ❢♦r♠❛ ❞❡

♠✉❧t✐❝❛♠❛❞❛s ♠❡tá❧✐❝❛s✳

❉❡ ✉♠❛ ❢♦r♠❛ ❜❡♠ ❝❧❛r❛ ❡ ❜r❡✈❡✱ ♣♦❞❡♠♦s ❞❡✜♥✐r ❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✱ ❝♦♠♦

✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ✭25 ❡ 70oC✮✱ ❞❡ ♠❛t❡r✐❛✐s ♠❡tá✲

❧✐❝♦s ❡♠ s✉❜str❛t♦s só❧✐❞♦s ✭♦ ❡❧❡tr♦❞♦✮✱ ✐♠❡rs♦s ❡♠ s♦❧✉çõ❡s ❛q✉♦s❛s ✭♦ ❡❧❡tró❧✐t♦✮ q✉❡

❝♦♥té♠ ♦s í♦♥s ❞♦ ♠❛t❡r✐❛❧ ❛ s❡r ❞❡♣♦s✐t❛❞♦✳ ❖ ❞❡♣ós✐t♦ ❛ s❡r ❢♦r♠❛❞♦ ❝r❡s❝❡ ❞❡✈✐❞♦ às

r❡❛çõ❡s ❡❧❡tr♦q✉í♠✐❝❛s✱ ♦✉ s❡❥❛✱ r❡❛çõ❡s q✉í♠✐❝❛s ♠♦t✐✈❛❞❛s ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❡ ❝♦rr❡♥t❡

❡❧étr✐❝❛✳ ❚❛✐s r❡❛çõ❡s ♦❝♦rr❡♠ ♥❛ ✐♥t❡r❢❛❝❡ ❡❧❡tr♦❞♦✲❡❧❡tró❧✐t♦ ❡♥✈♦❧✈❡♥❞♦ tr❛♥s❢❡rê♥❝✐❛ ❞❡

❝❛r❣❛s ❡❧étr✐❝❛s ❡♥tr❡ ❡❧❡s✳ ❙❡♥❞♦ q✉❡ ♦ ♠♦✈✐♠❡♥t♦ ❞❛s ❝❛r❣❛s ♣♦❞❡ s❡r ♥♦ s❡♥t✐❞♦ ❞❡ ❝♦r✲

r❡♥t❡s ❝❛tó❞✐❝❛s✱ ♣r♦✈♦❝❛♥❞♦ ❛ r❡❞✉çã♦ ❞❛s ❡s♣é❝✐❡s✱ ♦✉ ❝♦rr❡♥t❡s ❛♥ó❞✐❝❛s✱ ❡♥✈♦❧✈❡♥❞♦ ❛

♦①✐❞❛çã♦ ❞❛s ❡s♣é❝✐❡s✳

P❡r❛♥t❡ ❛s ❞❡♠❛✐s té❝♥✐❝❛s ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ ✜❧♠❡s ✜♥♦s ✭♣✉❧✈❡r✐③❛çã♦ ❝❛tó❞✐❝❛✲ ✏s♣✉t✲

t❡r✐♥❣✑✱ ❡✈❛♣♦r❛çã♦✱ ❞❡♣♦s✐çã♦ q✉í♠✐❝❛ ❡♠ ❢❛s❡ ❞❡ ✈❛♣♦r ❡ ❡♣✐t❛①✐❛ ♣♦r ❢❡✐①❡ ♠♦❧❡❝✉❧❛r✮✱

❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ ❛♣r❡s❡♥t❛ ❞✐✈❡rs❛s ✈❛♥t❛❣❡♥s✱ ♦ q✉❡ ❛ t♦r♥❛ ✉♠❛ té❝♥✐❝❛ ♠✉✐t♦ ✐♥t❡✲

r❡ss❛♥t❡ ❡ ♣r♦♠✐ss♦r❛ ♥❛ ár❡❛ ❞❡ ❢❛❜r✐❝❛çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❡ ♦✉tr❛s ♠❛✐s✳ ❆ ♣r✐♠❡✐r❛

❞❡❧❛s r❡❢❡r❡✲s❡ ❛♦ ❝✉st♦ ❞❡ ✐♠♣❧❡♠❡♥t❛çã♦ ❡ ♠❛♥✉t❡♥çã♦✳ ❊♥q✉❛♥t♦ q✉❡ ❛s té❝♥✐❝❛s ❛❝✐♠❛

❝✐t❛❞❛s tê♠ ✉♠ ❛❧t♦ ✈❛❧♦r ❞❡ ✐♥✈❡st✐♠❡♥t♦✱ ❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ ❛♣r❡s❡♥t❛ ❜❛✐①♦ ❝✉st♦ ❡ é

❞❡ ❢á❝✐❧ ✐♠♣❧❡♠❡♥t❛çã♦✱ ✈✐st♦ q✉❡ ❛s ❞❡♣♦s✐çõ❡s ♣♦❞❡♠ s❡r r❡❛❧✐③❛❞❛s ❡♠ ❝♦♥❞✐çõ❡s ❛♠❜✐✲

❡♥t❡ ✭t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦✮✳ ❆❧é♠ ❞✐ss♦✱ ♣♦❞❡♠♦s ❝✐t❛r t❛♠❜é♠ ♦ ❝♦♥tr♦❧❡ ❞❡ ❞✐✈❡rs♦s

♣❛râ♠❡tr♦s ❞❛ ❞❡♣♦s✐çã♦✳ ❈♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱ ❛ ❝♦♠♣♦s✐çã♦ ❡ ❡s♣❡ss✉r❛ ❞♦s ✜❧♠❡s✱ ❛

❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡✱ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡♣♦s✐çã♦✱ ❛ ❡str✉t✉r❛ ❞♦ s✉❜str❛t♦ ❡ t❛♠❜é♠ ♦

pH ❞♦ ❡❧❡tró❧✐t♦✳ ❊st❡ ú❧t✐♠♦ ♣❡r♠✐t❡ ❝♦♥tr♦❧❛r ❛ ❢♦r♠❛ ❡ ❛ ❡str✉t✉r❛ ❝r✐st❛❧♦❣rá✜❝❛ ❞♦

❞❡♣♦s✐t♦ ❬✷✽❪✳ P♦r ✜♠✱ ❛✐♥❞❛ ♣♦❞❡♠♦s ❝✐t❛r q✉❡ ♠❛t❡r✐❛✐s s❡♠✐❝♦♥❞✉t♦r❡s ♣♦❞❡♠ s❡r ✉t✐✲

❧✐③❛❞♦s ❝♦♠♦ s✉❜str❛t♦s ♣❛r❛ ❛ ❞❡♣♦s✐çã♦✱ ✐st♦ ❛❧✐❛ ❛s ✈❛♥t❛❣❡♥s ❞❛ té❝♥✐❝❛ ❝♦♠ ❛ ❞✐✈❡rs❛s

♣♦ss✐❜✐❧✐❞❛❞❡s t❡❝♥♦❧ó❣✐❝❛s q✉❡ ❛s ❥✉♥çõ❡s ♠❡t❛❧✲s❡♠✐❝♦♥❞✉t♦r ♦❢❡r❡❝❡♠✳

✷✳✹✳✶ ❆rr❛♥❥♦ ❊①♣❡r✐♠❡♥t❛❧

P❛r❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡♥✈♦❧✈✐❞♦ ♥❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦ é ♥❡❝❡ssár✐♦ ✉♠ ❛rr❛♥❥♦

❡①♣❡r✐♠❡♥t❛❧ r❡❧❛t✐✈❛♠❡♥t❡ s✐♠♣❧❡s✳ ❯♠ ❡sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛

✷✳✾✳ ➱ ♣r❡❝✐s♦ ❞❡ ✉♠ s✉❜str❛t♦ só❧✐❞♦ ❝♦♥❞✉t♦r ♦✉ s❡♠✐❝♦♥❞✉t♦r✱ ❝❤❛♠❛❞♦ ❡❧❡tr♦❞♦ ❞❡

tr❛❜❛❧❤♦ ✭✏✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✑✲❲❊✮✱ ♦♥❞❡ ♦❝♦rr❡rá ❛ ❢♦r♠❛çã♦ ❞♦ ❞❡♣ós✐t♦✳ ❯♠ ❝♦♥tr❛

❡❧❡tr♦❞♦✭✏❝♦✉♥t❡r✲❡❧❡❝tr♦❞❡✑✲❈❊✮ ✐♥❡rt❡✱ ♥❡❝❡ssár✐♦ ♣❛r❛ s❡ ❢❡❝❤❛r ♦ ❝✐r❝✉✐t♦✳ P♦r ✜♠✱ é

♥❡❝❡ssár✐♦ ✉♠ t❡r❝❡✐r♦ ❡❧❡tr♦❞♦ ❞❡♥♦♠✐♥❛❞♦ ❡❧❡tr♦❞♦ ❞❡ r❡❢❡rê♥❝✐❛✭✏r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✑✲

❘❊✮ ❝✉❥❛ ❢✉♥çã♦ é ♠♦♥✐t♦r❛r ♦ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦✳ ❖ ❡❧❡tró❧✐t♦ é ❛ s♦❧✉çã♦ ♣r❡❝✉rs♦r❛ q✉❡

❝♦♥té♠ ♦s í♦♥s ❞♦ ♠❡t❛❧ ❛ s❡r ❞❡♣♦s✐t❛❞♦ ♥♦ ❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦✳ ❊st❡s três ❡❧❡tr♦❞♦s

❝✐t❛❞♦s ❛❝✐♠❛ ❝♦♥st✐t✉❡♠ ❛ ❝é❧✉❧❛ ❡❧❡tr♦q✉í♠✐❝❛✳ ❆✐♥❞❛ é ♥❡❝❡ssár✐♦ ✉♠ ❛♣❛r❡❧❤♦ ♣❛r❛

✶✺



❋✐❣✉r❛ ✷✳✾✿ ❆rr❛♥❥♦ ❡①♣❡r✐♠❡♥t❛❧ ✉s❛❞♦ ♥❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✳❬✷✻❪

❝♦♥tr♦❧❡ ❞❛ ❝♦rr❡♥t❡ ♦✉ ❞♦ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦ ❛ ❝é❧✉❧❛✱ ❡st❡ é ❝❤❛♠❛❞♦ ❞❡ ♣♦t❡♥❝✐♦st❛t♦

♦✉ ❣❛❧✈❛♥♦st❛t♦ ❞❡♣❡♥❞❡♥❞♦ ❞♦ ♣❛râ♠❡tr♦ q✉❡ ❝♦♥tr♦❧❛✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ é ❝❤❛♠❛❞♦

♣♦t❡♥❝✐♦stát✐❝♦ q✉❛♥❞♦ ❞✉r❛♥t❡ s✉❛ r❡❛❧✐③❛çã♦ s❡ ♠❛♥té♠ ❝♦♥st❛♥t❡ ♦ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦✱

❡ ❞❡♥♦♠✐♥❛❞♦ ❣❛❧✈❛♥♦stát✐❝♦ q✉❛♥❞♦ ♠❛♥té♠✲s❡ ❛ ❝♦rr❡♥t❡ ❝♦♥st❛♥t❡✳

❊❧❡tr♦❞♦ ❞❡ ❘❡❢❡rê♥❝✐❛

❉❡♥tr♦ ❞❛ ❝é❧✉❧❛ ❡❧❡tr♦q✉í♠✐❝❛ ♦ ❡❧❡tr♦❞♦ ❞❡ r❡❢❡rê♥❝✐❛ t❡♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧✱ ❞❡

❢♦r♠❛ q✉❡ é ✐♠♣♦rt❛♥t❡ ✉♠❛ ❞✐s❝✉ssã♦ ✉♠ ♣♦✉❝♦ ♠❛✐s ❞❡t❛❧❤❛❞❛ s♦❜r❡ ❡❧❡✳ ❙✉❛ ♣r✐♥❝✐♣❛❧

❝❛r❛❝t❡ríst✐❝❛ é ♠❛♥t❡r ✜①♦ s❡✉ ♣♦t❡♥❝✐❛❧ ❞✉r❛♥t❡ ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❞❡♣♦s✐çã♦✱ ✐♥❞❡✲

♣❡♥❞❡♥t❡ ❞♦ ❡❧❡tró❧✐t♦ ✉t✐❧✐③❛❞♦✳ ❊st❡s ❡❧❡tr♦❞♦s ♣♦ss✉❡♠ ❛❧t❛ r❡s✐stê♥❝✐❛ ✐♥t❡r♥❛✱ s✉♣❡r✐♦r

à ❞❡ ✈♦❧tí♠❡tr♦s✱ ❞❡ ♠♦❞♦ q✉❡ ♦ ✢✉①♦ ❞❡ ❝❛r❣❛s ♥❡st❡ t❡r♠✐♥❛❧ é q✉❛s❡ ♥✉❧♦✳

❍á ✈ár✐♦s t✐♣♦s ❞❡ ❡❧❡tr♦❞♦s ❞❡ r❡❢❡rê♥❝✐❛ ❝❛❞❛ ✉♠ ❝♦♠ s❡✉ ♣♦t❡♥❝✐❛❧ ❞❡ ❡❧❡tr♦❞♦

❡s♣❡❝í✜❝♦✱ ♠❛s ❛q✉✐ ♣r❡t❡♥❞❡✲s❡ ❞✐s❝✉t✐r ❛♣❡♥❛s ❞♦✐s❀ ♦ ❡❧❡tr♦❞♦ ♣❛❞rã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦

✭◆❍❊ ✕ ◆♦r♠❛❧ ❍②❞r♦❣❡♥ ❊❧❡❝tr♦❞❡ ✮ ❡ ♦ ❞❡ ❝❛❧♦♠❡❧❛♥♦ s❛t✉r❛❞♦✳

❖ ❡❧❡tr♦❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é ❝♦♥st✐t✉í❞♦ ❜❛s✐❝❛♠❡♥t❡ ♣♦r ✉♠ ✜♦ ❞❡ ♣❧❛t✐♥❛ ❡♠ ❝♦♥t❛t♦

❝♦♠ ♦ ❣ás ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ❝♦♠ ✉♠❛ s♦❧✉çã♦ ❝♦♥t❡♥❞♦ í♦♥s ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ❝♦♠♦ é ♠♦str❛❞♦

♥❛ ❋✐❣✉r❛ ✷✳✶✵ ✳

❋✐❣✉r❛ ✷✳✶✵✿ ❊sq✉❡♠❛ ❞♦ ❡❧❡tr♦❞♦ ❞❡ ❍✐❞r♦❣ê♥✐♦✳❬✹✾❪

❖ ♣♦t❡♥❝✐❛❧ ❞❡ ❡❧❡tr♦❞♦ ♣❛r❛ ❡st❡ ❝❛s♦ ❞❡♣❡♥❞❡ ❞❛ ❛t✐✈✐❞❛❞❡ ❞♦s í♦♥s ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ❡

✶✻



❞❛ ♣r❡ssã♦ ❞♦ ❣ás ❤✐❞r♦❣ê♥✐♦✳ P❛r❛ ❛s ❝♦♥❞✐çõ❡s ❡①♣❡r✐♠❡♥t❛✐s✿ ♣r❡ssã♦ ♣❛r❝✐❛❧ ❞❡ 1 atm

❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ✉♠❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ HCl ✭s♦❧✉çã♦ ❢♦♥t❡ ❞❡ í♦♥s H+ ✮ ❛❥✉st❛❞❛ ♣❛r❛ ❞❛r

❛ ❛t✐✈✐❞❛❞❡ ❞♦s í♦♥s ❤✐❞r♦❣ê♥✐♦ ✐❣✉❛❧ ❛ ✶ ✭1, 18 M HCl à 25oC ✮✱ ♦ ❡❧❡tr♦❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦

r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ❡❧❡tr♦❞♦ ♥♦r♠❛❧ ❞❡ ❤✐❞r♦❣ê♥✐♦ ✭◆❍❊✮ ❡ s❡✉ ♣♦t❡♥❝✐❛❧ ❞❡ ❡❧❡tr♦❞♦ é✱ ♣♦r

❝♦♥✈❡♥çã♦✱ t♦♠❛❞♦ ❝♦♠♦ ③❡r♦ ♣❛r❛ t♦❞❛s ❛s t❡♠♣❡r❛t✉r❛s✳

▼❡s♠♦ ❛♣r❡s❡♥t❛♥❞♦ ❡ss❛ ❝❛r❛❝t❡ríst✐❝❛✱ ♥❛ ♣rát✐❝❛ ♥ã♦ é ❛❝♦♥s❡❧❤á✈❡❧ ♦ ✉s♦ ❞♦ ❡❧❡✲

tr♦❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❝♦♠♦ ❘❊✱ ✐ss♦ ♣♦✐s ♦ ❤✐❞r♦❣ê♥✐♦ é ✉♠ ❣ás ✐♥✢❛♠á✈❡❧✱ ♦ q✉❡ ❧❡✈❛ ❛

♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡❧❡tr♦❞♦s s❡❝✉♥❞ár✐♦s ♣❛r❛ ❞❡s❡♠♣❡♥❤❛r ❡ss❡ ♣❛♣❡❧✳ ❖s ♠❛✐s ❝♦♠✉♥s sã♦

♦s ❡❧❡tr♦❞♦s ❞❡✿ ❝❛❧♦♠❡❧❛♥♦ s❛t✉r❛❞♦✱ ♣r❛t❛✴❝❧♦r❡t♦ ❞❡ ♣r❛t❛ ❡ ♦ ❞❡ ♠❡r❝úr✐♦✴s✉❧❢❛t♦ ❞❡

♠❡r❝úr✐♦ ♠❡r❝✉r♦s♦✳

❖ ❡❧❡tr♦❞♦ ❞❡ ❝❛❧♦♠❡❧❛♥♦ s❛t✉r❛❞♦ ❝♦♥s✐st❡ ❞❡ ✉♠❛ ✐♥t❡r❢❛❝❡ ♠❡r❝úr✐♦✴ ❝❧♦r❡t♦ ♠❡r✲

❝✉r♦s♦ ✭ ❝❛❧♦♠❡❧✮ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠❛ s♦❧✉çã♦ ❞❡ ❝❧♦r❡t♦ ❞❡ ♣♦táss✐♦ s❛t✉r❛❞❛✳ P❛r❛

❡st❡ ❡❧❡tr♦❞♦✱ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❡❧❡tr♦❞♦ ❞❡♣❡♥❞❡ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ â♥✐♦♥❬Cl+❪❞❡ ✉♠ s❛❧

♣♦✉❝♦ s♦❧ú✈❡❧✱ ❡ ❡st❡ é s❡♠♣r❡ ❝♦♥st❛♥t❡✱ s❡♥❞♦ ❛ss✐♠ q✉❛♥❞♦ ✉s❛❞♦ ❝♦♠♦ ❡❧❡tr♦❞♦ ❞❡

r❡❢❡rê♥❝✐❛ ❡❧❡ ❛♣r❡s❡♥t❛ ♣♦t❡♥❝✐❛❧ ❞❡ ❡❧❡tr♦❞♦ ❝♦♥st❛♥t❡ ❡ ❞❡s❡♠♣❡♥❤❛ ❛❞❡q✉❛❞❛♠❡♥t❡

s❡✉ ♣❛♣❡❧✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ❢♦✐ ♦ ❡❧❡tr♦❞♦ ❞❡ ❝❛❧♦♠❡❧❛♥♦ ♦ ❡s❝♦❧❤✐❞♦ ♣❛r❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦

❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✳

✷✳✹✳✷ ▼❡❝❛♥✐s♠♦s ❉❡ ❊❧❡tr♦❞❡♣♦s✐çã♦

❖ ♣r♦❝❡ss♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ ✉♠ ✜❧♠❡ ✜♥♦ ♣♦r ❡❧❡tr♦❞❡♣♦s✐çã♦ ❡♥✈♦❧✈❡ r❡❛çõ❡s ❡❧❡✲

tr♦q✉í♠✐❝❛s✱ ✐st♦ é✱ r❡❛çõ❡s q✉❡ sã♦ ♠♦t✐✈❛❞❛s ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❡ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❬✼❪✳

❊st❛s r❡❛çõ❡s ❛❝♦♥t❡❝❡♠ ♥❛ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s ❡ ♦ ❡❧❡tró❧✐t♦✱ ❡♥✈♦❧✈❡♥❞♦ s❡♠♣r❡

❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛r❣❛ ❡❧étr✐❝❛ ❡♥tr❡s ❡❧❡s✳ ◆♦ ❝❛s♦ ❞♦ ❡❧❡tró❧✐t♦✱ ♦ tr❛♥s♣♦rt❡ ❞❡ ❝❛r❣❛s

s❡ ❞á ♣♦r ♠❡✐♦ ❞❛ ♠♦✈✐♠❡♥t❛çã♦ ❞♦s í♦♥s q✉❡ s❡ ❡♥❝♦♥tr❛♠ ❞✐ss♦❧✈✐❞♦s ♥♦ ♠❡s♠♦✱ ❡ ♥♦

❡❧❡tr♦❞♦ ❡st❡ tr❛♥s♣♦rt❡ s❡ ❞á ♣❡❧♦ ♠♦✈✐♠❡♥t♦ ❞❡ ❡❧étr♦♥s ♦✉ ❜✉r❛❝♦s✱ ❧❡♠❜r❛♥❞♦ q✉❡ ♦

s✉❜str❛t♦ ✉s❛❞♦ ♣♦❞❡ s❡r ✉♠ s❡♠✐❝♦♥❞✉t♦r✳ ❉❡ss❛ ❢♦r♠❛✱ ❡st❛❜❡❧❡❝❡✲s❡ ✉♠❛ ❞✐❢❡r❡♥ç❛

❞❡ ♣♦t❡♥❝✐❛❧ ♥❛ ✐♥t❡r❢❛❝❡ ❡❧❡tr♦❞♦✲❡❧❡tró❧✐t♦✱ q✉❡ é ♣ró♣r✐❛ ❞❛q✉❡❧❛ ✐♥t❡r❢❛❝❡ ❡ q✉❡ ✐rá

❞❡t❡r♠✐♥❛r ♦ s❡♥t✐❞♦ ❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ r❡❛çã♦ ❡❧❡tr♦q✉í♠✐❝❛✳

❖ ♣r♦❝❡ss♦ q✉í♠✐❝♦ ❡♥✈♦❧✈✐❞♦ ♥❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞♦ ♣♦r ♠❡✐♦ ❞❛s

r❡❛çõ❡s ❞❡ ♦①✐✲r❡❞✉çã♦✳ P❛r❛ ✐ss♦ ❝♦♥s✐❞❡r❡ ❛s ❞✉❛s r❡❛çõ❡s ❛❜❛✐①♦✿

M+ + e− →M o ✭✷✳✾✮

M o − e− →M+ ✭✷✳✶✵✮

♦♥❞❡

M+ é ♦ í♦♥ ♠❡tá❧✐❝♦❀

M o é ♦ át♦♠♦ ♥❡✉tr♦✳

✶✼



❆ ❊q✉❛çã♦ ✷✳✾ é ❛ r❡❛çã♦ ❞❡ r❡❞✉çã♦✿ ♦ í♦♥ ♠❡tá❧✐❝♦ r❡❝❡❜❡ ✉♠ ❡❧étr♦♥ ❞♦ ❡❧❡tr♦❞♦ ❡

s❡ t♦r♥❛ ♥❡✉tr♦✳ ◆❛ s❡❣✉♥❞❛ r❡❛çã♦✱ ❊q✉❛çã♦ ✷✳✶✵✱ ♦ át♦♠♦ ♥❡✉tr♦ ♣❡r❞❡ ✉♠ ❡❧étr♦♥ ❡

✜❝❛ ✐♦♥✐③❛❞♦✳ P❛r❛ ♦ ♣r✐♠❡✐r♦ ❝❛s♦ t❡♠♦s ❝♦rr❡♥t❡s ❝❛tó❞✐❝❛s ❡ ♣❛r❛ ♦ s❡❣✉♥❞♦ ❝♦rr❡♥t❡s

❛♥ó❞✐❝❛s✳ ❖ ❝r❡s❝✐♠❡♥t♦ ❞❡ ❝❛♠❛❞❛s ♣♦r ❡❧❡tr♦❞❡♣♦s✐çã♦ ❛❝♦♥t❡❝❡ ❛ ♣❛rt✐r ❞❛ r❡❛çã♦ ❞❡

r❡❞✉çã♦✱ ♣♦✐s ❡st❛ é ❛ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❢♦r♠❛çã♦ ❞♦s ❞❡♣ós✐t♦s s♦❜r❡ ♦ ❡❧❡tr♦❞♦✳ ❙❡♥❞♦

❛ss✐♠✱ ❛ r❡❞✉çã♦ ❛❝♦♥t❡❝❡ ♥❛ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦ ❡ ♦ ❡❧❡tró❧✐t♦✳ ❆ ♦①✐❞❛çã♦

♥ã♦ ✐♥t❡r❡ss❛ ❛q✉✐✱ ♣♦✐s ❡❧❛ r❡t✐r❛ ♠❛t❡r✐❛❧ ❞♦ s✉❜str❛t♦✳

P❛r❛ q✉❡ ❛s r❡❛çõ❡s ❞❡s❝r✐t❛s ❛❝✐♠❛ ❛❝♦♥t❡ç❛♠ é ♥❡❝❡ssár✐♦ q✉❡ ❤❛❥❛ í♦♥s ❞✐s♣♦♥í✈❡✐s

♣ró①✐♠♦s ❛♦ ❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦ ❡ q✉❡ t❛♠❜é♠ ♦❝♦rr❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛r❣❛ ❞♦ ✐♥t❡r✐♦r

❞❛ s♦❧✉çã♦ ♣❛r❛ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ❲❊✭❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦✮✳ ❙❡♥❞♦ ❛ss✐♠✱ ❡①✐st❡ ✉♠ ♠❡✲

❝❛♥✐s♠♦ q✉❡ r❡❣❡ ♦ tr❛♥s♣♦rt❡ ❞❡ ❝❛r❣❛ ♥♦ ❡❧❡tró❧✐t♦ ❡ ❡st❡ é ❞❡♥♦♠✐♥❛❞♦ tr❛♥s♣♦rt❡ ❞❡

♠❛ss❛✱ q✉❡ ♣♦❞❡ ♦❝♦rr❡r ❞❡ três ❢♦r♠❛s ❞✐st✐♥t❛s❬✹✾❪✿

✶✲ ❉✐❢✉sã♦✿ é ♠♦✈✐♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❞❡✈✐❞♦ ❛♦ ❣r❛❞✐❡♥t❡ ❞❡ ❝♦♥❝❡♥tr❛çã♦

♥♦ ❡❧❡tró❧✐t♦ ♣r♦♠♦✈✐❞♦ ♣❡❧❛ r❡❞✉çã♦ ❞♦s í♦♥s ♥♦ ❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦✳

✷✲ ▼✐❣r❛çã♦✿ é ♦ ♠♦✈✐♠❡♥t♦ ❞❡✈✐❞♦ ❛♦ ❣r❛❞✐❡♥t❡ ❞❡ ❝❛♠♣♦ ❡❧étr✐❝♦✱ ♦✉ s❡❥❛✱ ❛ ❞✐❢❡r❡♥ç❛

❞❡ ♣♦t❡♥❝✐❛❧ ❡❧étr✐❝♦✱ ❞❡♥tr♦ ❞❛ s♦❧✉çã♦✳

✸✲ ❈♦♥✈❡❝çã♦✿ é ♦ ♠♦✈✐♠❡♥t♦ ❞❡✈✐❞♦ ❛♦ ❣r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ♦✉ ❛❣✐t❛çõ❡s ♠❡❝â✲

♥✐❝❛s✳

❯♠ ♠♦❞❡❧♦ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✶ ❬✷✻❪✳ ❖

♣r♦❝❡ss♦ ❝♦♠❡ç❛ ❝♦♠ ♦ tr❛♥s♣♦rt❡ ❞♦s í♦♥s s♦❧✈❛t❛❞♦s ✶ ❞❛ s♦❧✉çã♦✱ ❛tr❛✈és ❞❛ ❝❛♠❛❞❛

❞❡ ❞✐❢✉sã♦✱ ♣❛r❛ s✉♣❡r❢í❝✐❡ ❞♦ ❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦✳ ❆ss✐♠ q✉❡ ♦s í♦♥s ❛t✐♥❣❡♠ ♦ ❲❊

✐♥✐❝✐❛✲s❡ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❡❧étr♦♥s ♥❛ ✐♥t❡r❢❛❝❡ ❡❧❡tr♦❞♦✲❡❧❡tró❧✐t♦✱ ❞❡ ♠♦❞♦ q✉❡ ♦s í♦♥s

♣❡r❞❡♠ ❛ ❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ ❡ sã♦ ❛❞s♦r✈✐❞♦s ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ s✉❜str❛t♦✱ ❢♦r♠❛♥❞♦ ♦

q✉❡ ❝❤❛♠❛♠♦s ❞❡ ❛❞át♦♠♦s✷✳ ❊❧❡s ✐rã♦ s❡ ❞✐❢✉♥❞✐r ♣❡❧❛ s✉♣❡r❢í❝✐❡ ❞♦ ❡❧❡tr♦❞♦ ❡✱ ❝♦♠♦

❝♦♥s❡q✉ê♥❝✐❛✱ ❢♦r♠❛rã♦ ❛❣❧♦♠❡r❛❞♦s✱ ♦✉ ♥ú❝❧❡♦s ❞❡ ❝r❡s❝✐♠❡♥t♦ q✉❡ s❡r✈✐rã♦ ❞❡ sít✐♦s ♣❛r❛

❛ ❛♥❝♦r❛❣❡♠ ❞♦s ♣ró①✐♠♦s ❛❞át♦♠♦s ❡ ❛ ❝♦♥s❡q✉❡♥t❡ ❢♦r♠❛çã♦ ❞♦ ❞❡♣ós✐t♦✳

✷✳✹✳✸ ❊❧❡tr♦❞❡♣♦s✐çã♦ P♦t❡♥❝✐♦stát✐❝❛

❈♦♠♦ ❞✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ ♣♦❞❡ ♦❝♦rr❡r ♣♦r ❞♦✐s ♠ét♦❞♦s ❞✐st✐♥t♦s✿

♥♦ ♣r♦❝❡❞✉♠❡♥t♦ ♣♦t❡♥❝✐♦stát✐❝♦ ❤á ✉♠ ❝♦♥tr♦❧❡ s♦❜r❡ ♦ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ ♦ ❡❧❡tr♦❞♦ ❞❡

tr❛❜❛❧❤♦ ❡ ♦ ❡❧❡tr♦❞♦ ❞❡ r❡❢❡rê♥❝✐❛ ❡ ♥♦ ♣r♦❝❡❞✐♠❡♥t♦ ❣❛❧✈❛♥♦stát✐❝♦ ♦ ❝♦♥tr♦❧❡ s❡ ❞á s♦❜r❡

❛ ❝♦rr❡♥t❡ q✉❡ ❝✐r❝✉❧❛ ♣❡❧❛ ❝é❧✉❧❛ ❡❧❡tr♦q✉í♠✐❝❛✳ ◆❡st❡ tr❛❜❛❧❤♦✱ é ✉s❛❞♦ ❛♣❡♥❛s ♦ ♠♦❞♦

♣♦t❡♥❝✐♦stát✐❝♦✱ ♣♦r ✐ss♦ é ✐♥t❡r❡ss❛♥t❡ ✉♠❛ ♣❡q✉❡♥❛ ❞✐s❝✉ssã♦ s♦❜r❡ ♦ ♠❡s♠♦✳ ◆❡st❡

♠ét♦❞♦✱ ❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ é ♦ ♣❛râ♠❡tr♦ ✈❛r✐á✈❡❧✱ ❡ s✉❛ ❡✈♦❧✉çã♦ ♣♦❞❡ s❡r ❛❝♦♠♣❛♥❤❛❞❛

❡♠ ✉♠❛ ❝✉r✈❛ I × t✱ ❝❤❛♠❛❞❛ tr❛♥s✐❡♥t❡ ❞❡ ❝♦rr❡♥t❡✳ ❊ss❛ ❝✉r✈❛ tr❛③ ✐♥❢♦r♠❛çõ❡s ❞❡

✶❮♦♥s s♦❧✈❛t❛❞♦s✿ ♦ í♦♥ s❡ ❡♥❝♦♥tr❛ ❝❡r❝❛❞♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ á❣✉❛✱ ✐ss♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ ❤❛✈❡r ✉♠❛
❛tr❛çã♦ ❡❧❡tr♦stát✐❝❛ ❡♥tr❡ ♦s í♦♥s ❡ ❛s ♠♦❧é❝✉❧❛s ♣♦❧❛r❡s ❞♦ s♦❧✈❡♥t❡ ♣r❡s❡♥t❡s ♥♦ ❡❧❡tró❧✐t♦

✷❆❞át♦♠♦s✿ ❡❧❡♠❡♥t♦s ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ át♦♠♦ q✉❡ s❡ ❡♥❝♦♥tr❛♠ ❛❞s♦r✈✐❞♦s ♥❛ s✉♣❡r❢í❝✐❡✱ ♠❛s
q✉❡ ❛✐♥❞❛ ♥ã♦ ❢♦r❛♠ ✐♥❝♦r♣♦r❛❞♦s ❛♦ ♠❛t❡r✐❛❧ ❞♦ ❡❧❡tr♦❞♦ só❧✐❞♦✳

✶✽



❋✐❣✉r❛ ✷✳✶✶✿ ▼♦❞❡❧♦ ♣❛r❛ ♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ ❞❡♣ós✐t♦s ♣❡❧❛ té❝♥✐❝❛ ❞❡ ❡❧❡✲
tr♦❞❡♣♦s✐çã♦✳❬✷✻❪

❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ s♦❜r❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ r❡❛❧✐③❛❞♦✱ t❛❧ ❝♦♠♦ ❛ t❛①❛ ❝♦♠ q✉❡ ❛s r❡❛çõ❡s

❛❝♦♥t❡❝❡♠✱ ❝❛r❣❛ ❞❡♣♦s✐t❛❞❛ ✭q✉❡ ❡stá ❞✐r❡t❛♠❡♥t❡ ❧✐❣❛❞❛ ❛ ❡s♣❡ss✉r❛ ❞♦ ❞❡♣ós✐t♦✮ ❡ ♦s

♠❡❝❛♥✐s♠♦s ❞❡ ♥✉❝❧❡❛çã♦ ❡ ❝r❡s❝✐♠❡♥t♦✳ ❯♠❛ ❝✉r✈❛ r❡♣r❡s❡♥t❛t✐✈❛ ♣❛r❛ ♦ tr❛♥s✐❡♥t❡ ❞❡

❝♦rr❡♥t❡ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✶✷✳

❆♦ s❡ ♦❜s❡r✈❛r ❛ ❋✐❣✉r❛ ✷✳✶✷✱ ♣♦❞❡✲s❡ ♥♦t❛r q✉❡ ❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❛✉♠❡♥t❛ ❡♠ ♠ó❞✉❧♦✱

♥❡ss❡ ❝❛s♦ ❛ ❢♦r♠❛çã♦ ❞♦s ♥ú❝❧❡♦s ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦ ❞❡♣ós✐t♦ ❛✉♠❡♥t❛ ❛ ár❡❛ ❡❧❡tr♦❛t✐✈❛

❞♦ s✉❜str❛t♦✱ ❞❡ ❢♦r♠❛ q✉❡ ❛ t❛①❛ ❞❡ r❡❛çã♦ é ❛❧t❛✳ ❆ ❝♦rr❡♥t❡ ❞❡ ❞❡♣♦s✐çã♦ ❛✉♠❡♥t❛ ❛té

♦ ♣♦♥t♦ ❡♠ q✉❡ ❛ ♠❛✐♦r ár❡❛ ❡❧❡tr♦❛t✐✈❛ é ❛❧❝❛♥ç❛❞❛ ❡ ❡♥tã♦ ♦❜s❡r✈❛✲s❡ ♦ ♣✐❝♦ ❞❛ ❝♦rr❡♥t❡

❞❡ ❞❡♣♦s✐çã♦✭im✮ ♥♦ t❡♠♣♦ ✭tm✮✳ ❆♣ós ❛t✐♥❣✐❞♦ ♦ ✈❛❧♦r ♠á①✐♠♦✱ ♦ ♠ó❞✉❧♦ ❞❛ ❝♦rr❡♥t❡

❞✐♠✐♥✉✐✳ ❖ q✉❡ ✐♥❞✐❝❛ ❛ ♣❛ss❛❣❡♠ ♣❛r❛ ✉♠ r❡❣✐♠❡ ❞❡ ❝♦♠♣❡t✐çã♦ ❡♥tr❡ ❛ t❛①❛ ❞❡ r❡❛çã♦

❡ ♦ tr❛♥s♣♦rt❡ ❞❡ ♠❛ss❛ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ❡❧❡tr♦❞♦✳

❋✐❣✉r❛ ✷✳✶✷✿ ❈✉r✈❛ r❡♣r❡s❡♥t❛t✐✈❛ ♣❛r❛ ✉♠ tr❛♥s✐❡♥t❡ ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ ♣r♦❝❡❞✐♠❡♥t♦s ❞❡

❡❧❡tr♦❞❡♣♦s✐çã♦ ♣♦t❡♥❝✐♦stát✐❝❛✳

■ss♦ ❛❝♦♥t❡❝❡ ♣♦✐s ♦s í♦♥s ♣ró①✐♠♦s ❛ s✉♣❡r❢í❝✐❡ sã♦ ❝♦♥s✉♠✐❞♦s✱ ♦ q✉❡ ❝❛✉s❛ ✉♠

✶✾



❣r❛❞✐❡♥t❡ ❞❡ ❝♦♥❝❡♥tr❛çã♦ ✐ô♥✐❝❛✱ ❛ss✐♠ ❛ t❛①❛ ❞❡ r❡❛çã♦ ❞✐♠✐♥✉✐ ❛té ❛t✐♥❣✐r ✉♠ ✈❛❧♦r q✉❡

❞❡♣❡♥❞❡ ❞♦ t❡♠♣♦✳ ❊st❛ ❞❡♣❡♥❞ê♥❝✐❛ é ❞❡s❝r✐t❛ ♣❡❧❛ ❧❡✐ ❞❡ ❈♦ttr❡❧❧ ❝♦♥❢♦r♠❡ ❛ ❊q✉❛çã♦

✷✳✶✶❪✳

|I| = nFD1/2C∞

π1/2t1/2
✭✷✳✶✶✮

♦♥❞❡ n é ♦ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ❡♥✈♦❧✈✐❞♦s ♥❛ r❡❛çã♦❀

F é ❛ ❝♦♥st❛♥t❡ ❞❡ ❋❛r❛❞❛②❀

D é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦❀

C∞ é ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛s ❡s♣é❝✐❡s ♥♦ ✐♥t❡r✐♦r ❞♦ ❡❧❡tró❧✐t♦ ♣❛r❛ ✉♠ t❡♠♣♦ ♠✉✐t♦

❣r❛♥❞❡❀

t é ♦ t❡♠♣♦✳

➱ ❞✉r❛♥t❡ ❛ ❢❛s❡ ✐♥✐❝✐❛❧✱ ❞❡ ❞✐s♣❛r♦ ❞❛ ❝♦rr❡♥t❡✱ q✉❡ ♦❝♦rr❡ ♦ r❡❝♦❜r✐♠❡♥t♦ ❞♦ s✉❜str❛t♦

❡ ✐♥✐❝✐❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❛s ❝❛♠❛❞❛s q✉❡ ❢♦r♠❛♠ ♦ ✜❧♠❡✳ ❊ss❡ ❝r❡s❝✐♠❡♥t♦ é ❧✐♠✐t❛❞♦ ♣❡❧♦

tr❛♥s♣♦rt❡ ❞♦s í♦♥s ❞♦ ❡❧❡tró❧✐t♦✱ ♦ q✉❡ ❡①♣❧✐❝❛ ❛ ❞✐♠✐♥✉✐çã♦ ❣r❛❞✉❛❧ ❞❛ ❝♦rr❡♥t❡ ❝♦♠ ♦

t❡♠♣♦✳

■♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ r❡❣✐♠❡ ❡♠ q✉❡ ❛❝♦♥t❡❝❡ ❛ ❡❧❡tr♦❞❡♣♦s✐çã♦ ♣♦❞❡♠ s❡r r❡t✐r❛❞❛s ❞♦

tr❛♥s✐❡♥t❡ ❞❡ ❝♦rr❡♥t❡✳ P❛r❛ t❛①❛s ❞❡ r❡❛çã♦ ♠✉✐t♦ ❡❧❡✈❛❞❛s✱ é ✐♥st✐t✉✐❞❛ ✉♠❛ ❝♦♥❝❡♥tr❛çã♦

③❡r♦ ♥❛ s✉♣❡r❢í❝✐❡✱ s❡♥❞♦ ❛ss✐♠ ❛ ❞✐❢✉sã♦ ❞❡ ❡s♣é❝✐❡s ❞♦♠✐♥❛rá ♦ ♣r♦❝❡ss♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❛

❝❛♠❛❞❛✱ ❡st❛❜❡❧❡❝❡♥❞♦ ✉♠ ❝r❡s❝✐♠❡♥t♦ s♦❜ ✧r❡❣✐♠❡ ❞✐❢✉s✐✈♦✧✳ ◆❡st❡ r❡❣✐♠❡✱ ♦ ❝r❡s❝✐♠❡♥t♦

é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡♣♦s✐çã♦✱ ❝♦♠♦ ✐❧✉str❛♠ ♦s tr❛♥s✐❡♥t❡s ❞❛ ❋✐❣✉r❛ ✷✳✶✸✲

✭❛✮✳ ❈❛s♦ ❛ t❛①❛ ❞❡ r❡❛çã♦ s❡❥❛ r❡❧❛t✐✈❛♠❡♥t❡ ❧❡♥t❛✱ ♦ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦ é ❛t✐♥❣✐❞♦ s♦❜

❝♦♥tr♦❧❡ ❞❛ t❛①❛ ❞❡ r❡❛çã♦✱ q✉❡ ✈❛r✐❛ ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ❞♦ ❡❧❡tr♦❞♦✱ ❡ é ❝♦♥❤❡❝✐❞♦ ♣♦r

✧r❡❣✐♠❡ ❝✐♥ét✐❝♦✧✳ ❖s tr❛♥s✐❡♥t❡s ❞❡ ❝♦rr❡♥t❡ ♦❜s❡r✈❛❞♦s s♦❜ ❡st❡ r❡❣✐♠❡ ❡stã♦ ✐❧✉str❛❞♦s

♥❛ ❋✐❣✉r❛ ✷✳✶✸✲✭❜✮✳

❋✐❣✉r❛ ✷✳✶✸✿ ❚r❛♥s✐❡♥t❡s ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ três ♣♦t❡♥❝✐❛✐s ❞❡ ❞❡♣♦s✐çã♦ ✭❛✮ s♦❜ r❡❣✐♠❡

❞✐❢✉s✐✈♦ ❡ ✭❜✮ s♦❜ r❡❣✐♠❡ ❝✐♥ét✐❝♦✳❬✹✾❪

P♦r ✜♠✱ ♣♦❞❡♠♦s ♦❜t❡r ❛ ♣❛rt✐r ❞♦s tr❛♥s✐❡♥t❡s ❞❡ ❝♦rr❡♥t❡ ❛ q✉❛♥t✐❞❛❞❡ t♦t❛❧ ❞❡

♠❛t❡r✐❛❧ ❞❡♣♦s✐t❛❞♦✱ ❜❛st❛ r❡❛❧✐③❛r ❛ ✐♥t❡❣r❛çã♦ ♣♦♥t♦ ❛ ♣♦♥t♦ ❞❛ ❝✉r✈❛ ❞❛ ❝♦rr❡♥t❡ ❡♠

❢✉♥çã♦ ❞♦ t❡♠♣♦✱ ✈✐st♦ q✉❡ ♣♦❞❡♠♦s ❞❡s❝r❡✈❡r ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛r❣❛ Q✱ ❡♥✈♦❧✈✐❞❛ ♥♦

♣r♦❝❡ss♦ ♣♦r

✷✵



Q =

∫
i(t)dt ✭✷✳✶✷✮

P♦ré♠✱ ♦ ✈❛❧♦r ♦❜t✐❞♦ ❞✐✈❡r❣❡ ❞❛s ❝♦♥❞✐çõ❡s r❡❛✐s✱ ✈✐st♦ q✉❡ ❛ r❡❛çã♦ ❞❡ r❡❞✉çã♦ ♥ã♦ é ❛

ú♥✐❝❛ ❛ ❛❝♦♥t❡❝❡r ❞✉r❛♥t❡ t♦❞♦ ♦ ♣r♦❝❡ss♦✱ ♣♦✐s ♣♦❞❡♠ ♦❝♦rr❡r r❡❛çõ❡s ♣❛r❛❧❡❧❛s ❝♦♠♦ ❛

❡✈♦❧✉çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❬✹✻❪✳

❆tr❛✈és ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❡❧❡tr♦❞❡♣♦s✐t❛❞♦✱ ♣♦❞❡✲s❡ ❢❛③❡r ✉♠❛ ❡st✐♠❛t✐✈❛ ❞❛

❡s♣❡ss✉r❛ ❞♦ ✜❧♠❡✱ ❞❡s❞❡ q✉❡ t♦❞❛ ❛ ❝♦rr❡♥t❡ ❡♥✈♦❧✈✐❞❛ ♥❛ ❞❡♣♦s✐çã♦ s❡❥❛ r❡s✉❧t❛❞♦ ❞❛

r❡❛çã♦ ❡❧❡tr♦q✉í♠✐❝❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ❞❡♣ós✐t♦ ♦✉ q✉❡ s❡ s❛✐❜❛ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ♣r♦❝❡ss♦ ❞❡

❝rs❝✐♠❡♥t♦✳ ❆ ❡s♣❡ss✉r❛ h✱ ❞❛ ❝❛♠❛❞❛ ❞❡♣♦s✐t❛❞❛ é ❝❛❧❝✉❧❛❞❛✱ ❡♥tã♦✱ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✶✸✳

h =
MQ

neρANA

✭✷✳✶✸✮

♦♥❞❡✿

M é ❛ ♠❛ss❛ ♠♦❧❡❝✉❧❛r ❞♦ ♠❛t❡r✐❛❧❀

Q é ❛ ❝❛r❣❛ t♦t❛❧❡♥✈♦❧✈✐❞❛ ♥❛ ❡❧❡tr♦❞❡♣♦s✐çã♦❀

✭n.e✮ é ♦ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ❡♥✈♦❧✈✐❞♦s ♥❛ r❡❛çã♦✱ ♠✉❧t✐♣❧✐❝❛❞♦ ♣❡❧❛ ❝❛r❣❛ ❡❧❡♠❡♥t❛r

❞♦ ❡❧étr♦♥❀

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

A é ❛ ár❡❛ ❞♦ ❡❧❡tr♦❞♦❀

NA é ♦ ♥ú♠❡r♦ ❞❡ ❆✈♦❣r❛❞♦✳

P♦❞❡♠♦s ♦❜t❡r ❛✐♥❞❛ ♠❛✐s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✱ ♣♦ré♠✱

♣❛r❛ ✐ss♦ é ♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ♦✉tr❛ té❝♥✐❝❛✱ ❝❤❛♠❛❞❛ ✈♦❧t❛♠❡tr✐❛✳ ❊❧❛ ❝♦♥s✐st❡ ❜❛s✐❝❛✲

♠❡♥t❡ ❞❡ ✉♠❛ ✈❛rr❡❞✉r❛ ❞♦ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦ ❡ ❞❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ q✉❡ ❝✐r❝✉❧❛ ♣❡❧❛

❝é❧✉❧❛ ❡❧❡tr♦q✉í♠✐❝❛✳ ❆❞✐❛♥t❡✱ ♥❛ ❙❡çã♦ ✷✳✹✳✹✱ ❡ss❛ té❝♥✐❝❛ s❡rá tr❛t❛❞❛ ❝♦♠ ✉♠ ♣♦✉❝♦

♠❛✐s ❞❡ ❞❡t❛❧❤❡s✳

✷✳✹✳✹ ❱♦❧t❛♠❡tr✐❛ ❈í❝❧✐❝❛

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ✈♦❧t❛♠❡tr✐❛ ❝í❝❧✐❝❛ é ❧❛r❣❛♠❡♥t❡ ❡♠♣r❡❣❛❞♦ ♥❛ ♣r♦❞✉çã♦ ❞❡ ✜❧♠❡s

✜♥♦s ♣♦r ❡❧❡tr♦❞❡♣♦s✐çã♦✱ ♣♦✐s ❢♦r♥❡❝❡ ✐♥❢♦r♠❛çõ❡s ♣r❡❝✐♦s❛s s♦❜r❡ ❛ ❢♦r♠❛çã♦ ❞♦ ❞❡♣ós✐t♦

♥♦ s✉❜str❛t♦ ❡ ♣❡r♠✐t❡ ❝♦♥❤❡❝❡r ❡ ❛♥❛❧✐s❛r ❛ ❜♦❛ q✉❛❧✐❞❛❞❡ ❞♦ ❡❧❡tró❧✐t♦✳

❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦✱ ✉♠ ♣♦t❡♥❝✐❛❧ ✈❛r✐á✈❡❧ é ❛♣❧✐❝❛❞♦ ♥♦ ❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦✳ ❖

♣r♦❝❡❞✐♠❡♥t♦ ❝♦♠❡ç❛ ❡♠ ✉♠ ♣♦t❡♥❝✐❛❧ ✐♥✐❝✐❛❧ V1✱ ❛♦ ❧♦♥❣♦ ❞❛ ♠❡❞✐❞❛ ❡st❡ ✈❛❧♦r ♣❛ss❛ ♣♦r

✈❛r✐❛çõ❡s ❛ ✉♠❛ t❛①❛ ❝♦♥st❛♥t❡✱ ❛té q✉❡ ❛t✐♥❥❛ ✉♠ ♦✉tr♦ ✈❛❧♦r V2✳◆♦✈❛♠❡♥t❡✱ é ♣r♦✈♦❝❛❞❛

❛ ✈❛r✐❛çã♦ ❞❡st❡ ♣♦t❡♥❝✐❛❧ ❛té q✉❡ ❡❧❡ ❛t✐♥❥❛ ♦ ✈❛❧♦r ✐♥✐❝✐❛❧V1✳ ❆ ✈♦❧t❛♠❡tr✐❛ ❝✐❝❧✐❝❛✱❝♦♥s✐st❡

❡♠ ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡♣❡t✐çã♦ ❞❛ ✈❛r✐❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ V1 ❡ V2✳ ❯♠ ❡sq✉❡♠❛

r❡♣r❡s❡♥t❛t✐✈♦ ♣❛r❛ ✉♠ ✈♦❧t❛♠♦❣r❛♠❛✱ ❝✉r✈❛ ♦❜t✐❞❛ ❞✉r❛♥t❡ ❛ ✈♦❧t❛♠❡tr✐❛✱ é ♠♦str❛❞♦

♥❛ ❋✐❣✉r❛ ✷✳✶✹✳

✷✶



❋✐❣✉r❛ ✷✳✶✹✿ ❊sq✉❡♠❛ r❡♣r❡ss❡♥t❛t✐✈♦ ♣❛r❛ ❛ ♣r✐♠❡✐r❛ ✈❛rr❡❞✉r❛ ❞❡ ✉♠ ✈♦❧t❛♠♦❣r❛♠❛

❡♥✈♦❧✈❡♥❞♦ ❛s s❡♠✐✲r❡❛çõ❡s ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛r❣❛✳ ❆s s❡t❛s ✐♥❞✐❝❛♠ ♦ s❡♥t✐♥❞♦ ❞❛

✈❛r✐❛çã♦ ❞♦ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦✳

P♦❞❡✲s❡ ♦❜s❡r✈❛r ♥❛ ❋✐❣✉r❛ ✷✳✶✹ ❝♦rr❡♥t❡s ❡❧étr✐❝❛s ♣♦s✐t✐✈❛s ❡ ♥❡❣❛t✐✈❛s✱ ❝❛r❛❝t❡ríst✐❝❛s

❞♦ r❡❣✐♠❡ ❛♥ó❞✐❝♦ ❡ ❝❛tó❞✐❝♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❝❛❞❛ ✉♠❛ r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛s ❞❡✈✐❞❛s

s❡♠✐✲r❡❛çõ❡s ❡❧❡tr♦q✉í♠✐❝❛s✳ ❖ r❡❣✐♠❡ ❝❛tó❞✐❝♦ ❢❛✈♦r❡❝❡ ❛ ❞❡♣♦s✐çã♦ ❞❛s ❡s♣é❝✐❡s✱ ♦✉

s❡❥❛✱ ❢♦r♠❛çã♦ ❞♦ ❞❡♣ós✐t♦ só❧✐❞♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦ r❡❣✐♠❡ ❛♥ó❞✐❝♦ ❢❛✈♦r❡❝❡ ❛ r❡♠♦çã♦ ❞♦

❞❡♣♦s✐t♦ ❢♦r♠❛❞♦ ❞✉r❛♥t❡ ♦ r❡❣✐♠❡ ❞❡ ❝♦rr❡♥t❡s ♥❡❣❛t✐✈❛s✳

➱ ✈✐st♦ t❛♠❜é♠ q✉❡ ♦ ♣✐❝♦ ❞❡ r❡❞✉çã♦✭ϕRED✮✱ ♣♦♥t♦ ♦♥❞❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❞❡♣♦s✐çã♦

❛t✐♥❣❡ ✈❛❧♦r ♠á①✐♠♦✱ s❡♣❛r❛ ❞✉❛s r❡❣✐õ❡s ❞✐❢❡r❡♥t❡s✳ ❆ r❡❣✐ã♦ ❛♥t❡r✐♦r ❛ ❡❧❡ é ❝♦♥tr♦❧❛❞❛

♣❡❧❛ ❝✐♥ét✐❝❛ ❞❡ r❡❛çã♦✱ ❡ ♣♦r ✐ss♦ é ❞✐t♦ r❡❣✐♠❡ ❝✐♥ét✐❝♦✳ ❏á ❛ r❡❛çã♦ ♣♦st❡r✐♦r é ❝❤❛♠❛❞❛

❞❡ r❡❣✐♠❡ ❞✐❢✉s✐✈♦✳ ❱❛❧❡ r❡ss❛❧t❛r q✉❡ ❛ ❝♦rr❡♥t❡ ♠á①✐♠❛ ❛t✐♥❣✐❞❛ ❛✉♠❡♥t❛ ❝♦♠ ❛ t❛①❛

❞❡ ✈❛rr❡❞✉r❛✳

❆s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞♦ ❞❡♣ós✐t♦ sã♦ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞♦s ❧❛ç♦s ❞❡

♥✉❝❧❡❛çã♦✱ r❡❣✐ã♦ ❝✐r❝✉❧❛❞❛ ❡♠ ✈❡r♠❡❧❤♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✹✳ ❊ss❛ r❡❣✐ã♦ s✉r❣❡ ❞❡✈✐❞♦ ❛

❡♥❡r❣✐❛ ❞❡ ♥✉❝❧❡❛çã♦✱ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛ ❢♦r♠❛çã♦ ❞♦s ♥ú❝❧❡♦s ❞❡ ❞❡♣ós✐t♦s✳ ➱ ✉♠❛ ❡♥❡r❣✐❛

❡①tr❛ ♥❡❝❡ssár✐❛ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ ♦ s✉❜str❛t♦ ♣♦ss✉✐r ❝❛r❛❝t❡ríst✐❝❛s ❡❧étr✐❝❛s ❞✐❢❡r❡♥t❡s ❞♦

❞❡♣ós✐t♦ ❛ s❡r ❢♦r♠❛❞♦✳ ❖ ❧❛ç♦ ❞❡ ♥✉❝❧❡❛çã♦ ❛♣❛r❡❝❡✱ ❡♠ ❣❡r❛❧✱ ♥❛ ♣r✐♠❡✐r❛ ✈❛rr❡❞✉r❛ ❞❡

✉♠ ✈♦❧t❛♠♦❣r❛♠❛ ❝í❝❧✐❝♦✱ q✉❛♥❞♦ ❛ s✉♣❡r❢í❝✐❡ ❞♦ s✉❜str❛t♦ ♥ã♦ ♣♦ss✉✐ ♥❡♥❤✉♠ ❞❡♣ós✐t♦✳

◆❛ ✈❛rr❡❞✉r❛ ❞❡ ✐❞❛✱ ❛ ❝♦rr❡♥t❡ ❝❛tó❞✐❝❛ ❞✐s♣❛r❛ ♥✉♠ ♣♦t❡♥❝✐❛❧ ♠❛✐s ♥❡❣❛t✐✈♦ ❞❡✈✐❞♦ à

❡♥❡r❣✐❛ ❡①tr❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ♥✉❝❧❡❛r ❣rã♦s s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ s✉❜str❛t♦✳ ◆❛ ✧❝✉r✈❛ ❞❡

r❡t♦r♥♦✧❛ r❡❞✉çã♦ ♦❝♦rr❡ s♦❜r❡ ♦ ❞❡♣ós✐t♦ ♣r❡✈✐❛♠❡♥t❡ ❢♦r♠❛❞♦ ♥ã♦ ❤❛✈❡♥❞♦✱ ♣♦rt❛♥t♦✱

♥❡❝❡ss✐❞❛❞❡ ❞❡ ♥✉❝❧❡❛çã♦✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♦ ♣r♦❝❡ss♦ ❞❡ r❡❞✉çã♦ s❡ ❡st❡♥❞❡ ❛té ✈❛❧♦r❡s

♠❡♥♦r❡s ❡♠ ♠ó❞✉❧♦✱ ❞♦ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦✳

✷✳✹✳✺ ❊❧❡tr♦❞❡♣♦s✐çã♦ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡

❈♦♠♦ ❞✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ é ✉♠ ó①✐❞♦ s❡♠✐❝♦♥❞✉t♦r q✉❡ ♣♦ss✉✐ ❝❛r❛❝✲

t❡ríst✐❝❛s ♠✉✐t♦ ✐♥t❡r❡ss❛♥t❡s✳ ❉❡st❛ ❢♦r♠❛ ❛ ♦❜t❡♥çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ❞❡ss❡ ♠❛t❡r✐❛❧ ♣❡❧❛

✷✷



té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✱ ❛❧✐❛ ✈❛♥t❛❣❡♥s✱ q✉❡ ♥♦ ♣r♦❝❡ss♦ ❞❡ sí♥t❡s❡ ❞❡ ✉♠ ♠❛t❡r✐❛❧✱ sã♦

❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦❜t❡r ♦s ❡❧❡tr♦❞❡♣ós✐t♦s ❞❡ Cu2O ❝♦♠❡ç❛ ♥❛ ♣r❡♣❛r❛çã♦ ❞♦

❡❧❡tró❧✐t♦✳ ❆ss✐♠ ❛ ❡s❝♦❧❤❛ ❝♦rr❡t❛ ❞♦s r❡❛❣❡♥t❡s ❛ s❡r❡♠ ✉s❛❞♦s✱ t❛✐s ❝♦♠♦ ♦s s❛✐s ❡

❛❣❡♥t❡s ❝♦♠♣❧❡①❛♥t❡s ♥❡❝❡ssár✐♦s✱ ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ✉s❛❞❛ ❞❡ ❝❛❞❛ ✉♠✱ ❞❡✈❡ s❡r ❢❡✐t❛ ❞❡

❢♦r♠❛ ❛ ❢❛✈♦r❡❝❡r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡s❡❥❛❞❛s ♣❛r❛ ♦ ✜❧♠❡ ✜♥♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❝♦♥❞✉çã♦

❞❡ss❛ s♦❧✉çã♦ ♣❡r❝✉rs♦r❛ ❞❡✈❡ s❡r ❛❧t❛ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡ t♦❞♦ ♦ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦ ❛

❝é❧✉❧❛ s❡❥❛ ❡♠♣r❡❣❛❞♦ ♥♦ ❝r❡s❝✐♠❡♥t♦ ❞♦s ❞❡♣ós✐t♦s✳

❖s r❡❛❣❡♥t❡s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ♣r❡♣❛r❛çã♦ ❞♦ ❡❧❡tró❧✐t♦ sã♦ ❜❛st❛♥t❡ ❝♦♥❤❡❝✐❞♦s ♥❛

❧✐t❡r❛t✉r❛✱ tr❛t❛✲s❡ ❞♦ s❛❧ s✉❧❢❛t♦ ❞❡ ❝♦❜r❡✭CuSO4✮✱ á❝✐❞♦ ❧át✐❝♦ ✭C3H6O3✮ ❡ ❤✐❞ró①✐❞♦ ❞❡

só❞✐♦ ✭NaOH✮ ❬✼✱ ✷✻✱ ✷✽❪ ❡ ❛✐♥❞❛ q✉❛♥❞♦ s❡ ❞❡s❡❥❛ ❞♦♣❛r ♦ ♠❛t❡r✐❛❧ ❛ s❡r ♦❜t✐❞♦✱ ♣♦❞❡✲s❡

❛❞✐❝✐♦♥❛r ✉♠ ♦✉tr♦ r❡❛❣❡♥t❡ ❝♦♠ ❡ss❛ ✜♥❛❧✐❞❛❞❡✳ ❉❡♥tr♦ ❞❛ s♦❧✉çã♦ ❝❛❞❛ ✉♠❛ ❞❡ss❛s

s✉❜stâ♥❝✐❛s t❡♠ ✉♠❛ ❢✉♥çã♦ ❡s♣❡❝✐✜❝❛✿ ♦ s✉❧❢❛t♦ ❞❡ ❝♦❜r❡ é ♥❡❝❡ssár✐♦ ♣❛r❛ ❢♦r♥❡❝❡r ♦s

í♦♥s ❞♦ ♠❡t❛❧ ❛ s❡r ❞❡♣♦s✐t❛❞♦✱ ♦ ❝♦❜r❡❀ ♦ á❝✐❞♦ ❧át✐❝♦ t❡♠ ❛ ❢✉♥çã♦ ❞❡ ❝♦♠♣❧❡①❛r ♦s í♦♥s

❞❡ ❝♦❜r❡✱ ✐♥✐❜✐♥❞♦ ❛ ❢♦r♠❛çã♦ ❞❡ ♣r❡❝✐♣✐t❛❞♦s ❞♦ t✐♣♦ Cu(OH)2 ❡♠ ❛♠❜✐❡♥t❡s ❜ás✐❝♦s ❬✺✵❪✳

❖ ❤✐❞ró①✐❞♦ ❞❡ só❞✐♦ é ♦ r❡s♣♦♥sá✈❡❧ ♣♦r ❝♦♥tr♦❧❛r ♦ pH ❡ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❞❛ s♦❧✉çã♦✳

❆s r❡❛çõ❡s ❡❧❡tr♦q✉í♠✐❝❛s ❡♥✈♦❧✈✐❞❛s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦ ❡stã♦ ❞❡s❝r✐t❛s

♥❛s ❡q✉❛çõ❡s ❛❜❛✐①♦✿

Cu2+ + 2e− ↔ Cu0 ✭✷✳✶✹✮

2Cu2+ + 2e− ↔ 2Cu+ ✭✷✳✶✺✮

2Cu+ + 2OH− ↔ Cu2O +H2O ✭✷✳✶✻✮

❖❜s❡r✈❛♥❞♦ ❛s r❡❛çõ❡s ♠♦str❛❞❛s✱ ♥♦t❛✲s❡ q✉❡ ❤á ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❞♦✐s ♣r♦❞✉t♦s ✜♥❛✐s✿

♥❛ ❊q✉❛çã♦ ✷✳✶✹ ❛ r❡❞✉çã♦ ❞♦s í♦♥s C2+ ♣r♦❞✉③ ♦ ♠❡t❛❧ ❝♦❜r❡ ❡ ♥❛ r❡❛çã♦ ❞❡s❝r✐t❛ ♣❡❧❛

❊q✉❛çã♦ ✷✳✶✻ ♦ ♣r♦❞✉t♦ ✜♥❛❧ é ♦ ❞❡ ✐♥t❡r❡ss❡✱ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✳ ❖ q✉❡ ✐rá ❢❛✈♦r❡❝❡r ❛

♣r♦❞✉çã♦ ❞❡ ✉♠ ♦✉ ❞❡ ♦✉tr♦ é ♦ pH ❞♦ ❡❧❡tró❧✐t♦✱ s❡♥❞♦ ❛ ❞❡♣♦s✐çã♦ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡

♣r✐✈✐❧❡❣✐❛❞❛ ❡♠ ♣❍ ❜ás✐❝♦ ❬✼❪✳

❆ ❧✐t❡r❛t✉r❛ ❛♣♦♥t❛ q✉❡ ❛❝✐♠❛ ❞♦ pH ✐❣✉❛❧ ❛ 9 ♣r♦♣♦r❝✐♦♥❛ ❛ ❞❡♣♦s✐çã♦ ❞♦ ó①✐❞♦

❝✉♣r♦s♦✱ ♣♦❞❡♥❞♦ ❛✐♥❞❛ ♦❝♦rr❡r ✉♠❛ ✈❛r✐❛çã♦ ❞❛ ♠♦r❢♦❧♦❣✐❛ ❞♦ ❞❡♣ós✐t♦ ♣❛r❛ ✈❛❧♦r❡s

♥❡ss❛ ❢❛✐①❛✳ ❆✐♥❞❛ é ♦❜s❡r✈❛❞♦ q✉❡ ♣❛r❛ ✈❛❧♦r❡s ♠❡♥♦r❡s q✉❡ 7✱ é ❢❛✈♦r❡❝✐❞❛ ❛ ❞❡♣♦s✐çã♦

❞♦ ♠❡t❛❧ ❝♦❜r❡✱ ❛♣❡s❛r ❞❡ q✉❡ ❛❧❣✉♥s ❛✉t♦r❡s r❡❧❛t❛r❛♠ ❛ ♦❜t❡♥çã♦ ❞❡ Cu2O ❡♠ pH

♠❡♥♦r q✉❡ 7✱ ♣♦ré♠✱ ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s ❡❧étr✐❝❛s ❞✐❢❡r❡♥t❡✱ ♥♦ ❝❛s♦✱ ❛ ❝♦♥❞✉çã♦ ♣❛ss❛

❛ s❡r ♠❡❞✐❛❞❛ ♣♦r ❡❧étr♦♥s ❡ ♥ã♦ ♠❛✐s ♣♦r ❜✉r❛❝♦s ❬✸✼❪✳ P❛r❛ ❛ ❢❛✐①❛ ❡♥tr❡ 7 ❡ 9✱ ❤á

r❡❧❛t♦s ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ ♠✉❧t✐❝❛♠❛❞❛s ❞❡ ❝♦❜r❡✴ó①✐❞♦ ❞❡ ❝♦❜r❡✱ ❞❡♣❡♥❞❡♥t❡s ❞♦ ❝♦♥tr♦❧❡

❞❡ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦ ♦✉ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❬✺✶❪✳
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❈❛♣ít✉❧♦ ✸

❚é❝♥✐❝❛s ❞❡ ❈❛r❛❝t❡r✐③❛çã♦

◆❡ss❡ ❝❛♣ít✉❧♦ ❞✐s❝✉t✐r❡♠♦s ♦s ♣r✐♥❝í♣✐♦s ❜ás✐❝♦s ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛s té❝♥✐❝❛s ❡①✲

♣❡r✐♠❡♥t❛✐s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ❛♠♦str❛s ❡❧❡tr♦❞❡♣♦s✐t❛❞❛s ❞❡ ó①✐❞♦ ❞❡

❝♦❜r❡✳ ❆s té❝♥✐❝❛s ✉t✐❧✐③❛❞❛s sã♦✿ ❉✐❢r❛çã♦ ❞❡ ❘❛✐♦✲❳✱ ❊s♣❡❝tr♦s❝♦♣✐❛ ❘❛♠❛♥✱ ❊s♣❡❝✲

tr♦s❝♦♣✐❛ ❞❡ ❆❜s♦rçã♦ ♥♦ ❯✈✲❱✐s✱ ❋♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ❡ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❘❡ss♦♥â♥❝✐❛

P❛r❛♠❛❣♥ét✐❝❛✳

✸✳✶ ❉✐❢r❛çã♦ ❞❡ ❘❛✐♦s ✲ ❳

❆ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳ é ✉♠❛ ❞❛s té❝♥✐❝❛s ♠❛✐s ✉t✐❧✐③❛❞❛s q✉❛♥❞♦ ❞❡s❡❥❛✲s❡ ❡st✉❞❛r ❛s

♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s ❞❡ ❞❡t❡r♠✐♥❛❞♦ ❝♦♠♣♦st♦✱ ♣♦✐s é ✉♠❛ té❝♥✐❝❛ ♥ã♦ ❞❡str✉t✐✈❛ ❡ ❞❡

❢á❝✐❧ ✉t✐❧✐③❛çã♦ ❡ t❛♠❜é♠ ❞❡ r❡s✉❧t❛❞♦s rá♣✐❞♦s ❡ ❝♦♥✜á✈❡✐s✳ ❊❧❛ ❢♦r♥❡❝❡ ✐♥❢♦r♠❛çõ❡s s♦❜r❡

❛ ♦r✐❡♥t❛çã♦ ❝r✐st❛❧♦❣rá✜❝❛✱ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡✱ t✐♣♦ ❞❡ ❝é❧✉❧❛ ✉♥✐tár✐❛ ❛❧é♠ ❞❡ ✐❞❡♥t✐✜❝❛r

❛s ❞✐❢❡r❡♥t❡s ❢❛s❡s ❡♠ q✉❡ ✉♠ ♠❛t❡r✐❛❧ ♣♦❞❡ s❡ ❛♣r❡s❡♥t❛r✱ t❛♠❜é♠ ♣❡r♠✐t❡ ❛♥❛❧✐s❛r ♦s

t❛♠❛♥❤♦s ❞♦s ❣rã♦s q✉❡ ❝♦♠♣õ❡ ❛ ❛♠♦str❛ ❡♠ q✉❡stã♦✳

P❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ r❛✐♦s✲❳✱ ❡❧étr♦♥s sã♦ ❣❡r❛❞♦s ❡ ❛❝❡❧❡r❛❞♦s ♣♦r ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡

♣♦t❡♥❝✐❛❧ ❞❡ 0, 1 keV ❛ 1 MeV ❝♦♥tr❛ ✉♠ ❛❧✈♦ ♠❡tá❧✐❝♦✳ ◗✉❛♥❞♦ ❛t✐♥❣❡♠ ♦ ❛❧✈♦✱ ♦s

❡❧étr♦♥s ❛❝❡❧❡r❛❞♦s ❝♦♥s❡❣✉❡♠ ❛rr❛♥❝❛r ❡❧étr♦♥s ❞❛s ❝❛♠❛❞❛s ✐♥t❡r♥❛s ❞♦ át♦♠♦ ♠❡tá❧✐❝♦✱

❞❡✐①❛♥❞♦✲♦ ✐♦♥✐③❛❞♦✳ ❯♠ át♦♠♦ ✐♦♥✐③❛❞♦ t❡♥❞❡ ❛ ✈♦❧t❛r ❛♦ ❡st❛❞♦ ❞❡ ♠í♥✐♠❛ ❡♥❡r❣✐❛ ❡✱ ♣♦r

✐ss♦✱ ✉♠ ❡❧étr♦♥ ❞❛ ❝❛♠❛❞❛ ♠❛✐s ❡①t❡r♥❛ s❛❧t❛ ♣❛r❛ ♦❝✉♣❛r ❡st❛ ♣♦s✐çã♦ ✈❛③✐❛✳ ❊st❡ s❛❧t♦

é ❛❝♦♠♣❛♥❤❛❞♦ ❞❛ ❡♠✐ssã♦ ❞❡ ✉♠❛ r❛❞✐❛çã♦ ❝❛r❛❝t❡ríst✐❝❛✱ ♦ r❛✐♦✲❳✳ ◆♦s ❡q✉✐♣❛♠❡♥t♦s

❝♦♥✈❡♥❝✐♦♥❛✐s ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦s r❛✐♦s✲❳ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❞❡❝❛✐♠❡♥t♦ Kα1 ❞♦ Cu

✭λ = 1, 54056 A✮✳

❆ té❝♥✐❝❛ ❞❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦✲❳ ❜❛s❡✐❛✲s❡ ♥♦ ❢❡♥ô♠❡♥♦ ❞❡ ❞✐❢r❛çã♦ ❡ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞❛

♣❛r❛ ♦ r❛✐♦✲❳ ❞❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ é ♣❛r❛ ❛ ❧✉③ ✈✐sí✈❡❧✱ ✈✐st♦ q✉❡ ❛♠❜♦s sã♦ ♦♥❞❛s

❡❧❡tr♦♠❛❣♥ét✐❝❛s✱ ❞✐❢❡r✐♥❞♦ ♣❡❧♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ❆s ♦♥❞❛s ❞❡ r❛✐♦✲❳ ♣♦ss✉❡♠

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ♦r❞❡♠ ❞❡ 0, 1nm✱ ♦✉ s❡❥❛✱ ❞❛ ♠❡s♠❛ ♦r❞❡♠ q✉❡ ♦s ❡s♣❛ç♦s

✐♥t❡r❛tô♠✐❝♦s✱ ♦ q✉❡ ❧❡✈❛ ❛ ❝♦♥s✐❞❡r❛r ♦s ♣❧❛♥♦s ❝r✐st❛❧✐♥♦s ❝♦♠♦ ✉♠❛ r❡❞❡ ❞❡ ❞✐❢r❛çã♦ ❡

♦s át♦♠♦s ❝♦♠♦ ❝❡♥tr♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✱ ♣♦rt❛♥t♦✱ ❛ ✐♥t❡r❛çã♦ ❞♦ ❢❡✐①❡ ❞❡ r❛✐♦✲❳ ❝♦♠ ❛

❛♠♦str❛ ♣♦❞❡ ❣❡r❛r ✐♥t❡r❢❡rê♥❝✐❛s ❝♦♥str✉t✐✈❛s ❞❡ ♠♦❞♦ ❛ ❢♦r♠❛r ♣❛❞rõ❡s ❞❡ ✐♥t❡r❢❡rê♥❝✐❛✱
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♦s q✉❛✐s ❢♦r♥❡❝❡♠ t♦❞❛s ❛s ✐♥❢♦r♠❛çõ❡s ♦❢❡r❡❝✐❞❛s ♣❡❧❛ té❝♥✐❝❛✳

❖s ❝r✐st❛✐s ♣♦ss✉❡♠ ✉♠ ♦r❞❡♥❛♠❡♥t♦ ♣❡r✐ó❞✐❝♦✱ ❢♦r♠❛❞♦s ♣♦r ♣❧❛♥♦s ❝r✐st❛❧♦❣rá✜❝♦s

♣❛r❛❧❡❧♦s s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ d✳ ❊♠ ✶✾✶✸ ❲✳▲✳ ❇r❛❣❣ ♣r♦♣ôs ✉♠ ♠♦❞❡❧♦ q✉❡

❡①♣❧✐❝❛✈❛ ♦ ❢❡♥ô♠❡♥♦ ❞❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳✱ s❡❣✉♥❞♦ ❡❧❡✱ ❝❛❞❛ ♣❧❛♥♦ ❛tô♠✐❝♦ ❞❡✈❡r✐❛

r❡✢❡t✐r ❡s♣❡❝✉❧❛r♠❡♥t❡ ❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✱ ❡ ❛ ✐♥t❡r❢❡rê♥❝✐❛

❝♦♥str✉t✐✈❛ ❡♥tr❡ ♦s r❛✐♦s r❡✢❡t✐❞♦s ♣r♦❞✉③✐r✐❛ ♦ s✐♥❛❧ ❞♦s ❢❡✐①❡s ❞✐❢r❛t❛❞♦s✳ ▼❛s ♣❛r❛ ✐ss♦

❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❝❛♠✐♥❤♦ ❡♥tr❡ r❛✐♦s r❡✢❡t✐❞♦s ❡♠ ✉♠ ♣❧❛♥♦ ❡ ♦✉tr♦ ❞❡✈❡ s❡r ✐❣✉❛❧ ❛ ✉♠

♥ú♠❡r♦ ✐♥t❡✐r♦ ♠✉❧t✐♣❧✐❝❛❞♦ ♣❡❧♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡❬✺✷❪✳ ❚✉❞♦

✐ss♦ ♣♦❞❡ s❡r s✐♥t❡t✐③❛❞♦ ♣❡❧❛ ❧❡✐ ❞❡ ❇r❛❣❣✱ ❞❡s❝r✐t❛ ♣❡❧❛ ❡q✉❛çã♦

nλ = 2dsenθ ✭✸✳✶✮

♦♥❞❡

n é ✉♠ ♥ú♠❡r♦ ✐♥t❡✐r♦❀

λ é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡❀

d é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ♣❧❛♥♦s ♣❛r❛❧❡❧♦s❀

❡ θ é ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ♠❡❞✐❞♦ ❡♠ r❡❧❛çã♦ à s✉♣❡r❢í❝✐❡ ❞♦ ♠❛t❡r✐❛❧✳

❋✐❣✉r❛ ✸✳✶✿ ❊sq✉❡♠❛ ❞❛ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s ❳ ♥♦s ♣❧❛♥♦s ❝r✐st❛❧✐♥♦s ❞❡ ✉♠ só❧✐❞♦✳

❖s ❞❛❞♦s ♦❜t✐❞♦s ❛tr❛✈és ❞❛ ❞✐❢r❛çã♦ ❞❡ r❛✐♦✲❳ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ ✉♠ ❞✐❢r❛t♦❣r❛♠❛

q✉❡✱ ❜❛s✐❝❛♠❡♥t❡✱ é ✉♠ ❣rá✜❝♦ q✉❡ ❝♦♠♣r❡❡♥❞❡ ❛s ♣♦s✐çõ❡s ❡ ✐♥t❡♥s✐❞❛❞❡s ❞♦s ♣✐❝♦s ❞❡

❞✐❢r❛çã♦✱ ♦✉ s❡❥❛✱ ❝❛❞❛ ♣✐❝♦ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ✐♥t❡r❢❡rê♥❝✐❛ ❝♦♥str✉t✐✈❛ ♣❛r❛ ❞❡t❡r♠✐♥❛❞♦

â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳

❈♦♥❤❡❝❡♥❞♦ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡ ❡ ❞❡ ♣♦ss❡ ❞♦ â♥❣✉❧♦ t❤❡t❛

✭θ✮ ♣❛r❛ ♦ q✉❛❧ ♦❝♦rr❡ ✐♥t❡r❢❡rê♥❝✐❛ ❝♦♥str✉t✐✈❛✱ ♣♦❞❡✲s❡ ❞❡t❡r♠✐♥❛r✱ ❛tr❛✈és ❞❛ ▲❡✐ ❞❡

❇r❛❣❣✱ ❛ ❞✐stâ♥❝✐❛✭d✮ ❡♥tr❡ ♦s ♣❧❛♥♦s ✐♥t❡r❛t♦♠✐❝♦s q✉❡ ❝♦♠♣õ❡♠ ♦ ❝r✐st❛❧✳ ❉❡♣♦✐s ❞❡

❝♦♥❤❡❝✐❞♦ ♦ ✈❛❧♦r ❞❡ d✱ ❛✐♥❞❛ é ♣♦ssí✈❡❧ ♦❜t❡r ♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ q✉❡ ❝❛r❛❝t❡r✐③❛ ♦

♠❛t❡r✐❛❧✳ ❙❡ ❡st❡ ♣♦ss✉✐r ✉♠❛ ❡str✉t✉r❛ ❝ú❜✐❝❛✱ ♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡✭a✮ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦

♣❡❧❛ ❡q✉❛çã♦ ✸✳✷✳

a =

√
h2 + k2 + l2

d
✭✸✳✷✮
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❆q✉✐✱ ✭h, k, l✮ sã♦ ♦s í♥❞✐❝❡s ❞❡ ▼ü❧❧❡r q✉❡ ❝❛r❛❝t❡r✐③❛♠ ♦s ♣❧❛♥♦s ❝r✐st❛❧✐♥♦s✳

✸✳✷ ❊s♣❡❝tr♦s❝♦♣✐❛ ❘❛♠❛♥

❆ ❡s♣❡❝tr♦s❝♦♣✐❛ ❘❛♠❛♥ é ✉♠❛ té❝♥✐❝❛ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞❛ ❡♠ ❞✐✈❡rs❛s ár❡❛s ❞❡

♣❡sq✉✐s❛✱ t❛✐s ❝♦♠♦ ❢ís✐❝❛✱ q✉í♠✐❝❛✱ ❛rq✉❡♦❧♦❣✐❛✱ ❜✐♦❧♦❣✐❛✱ ❞❡♥tr❡ ♦✉tr❛s✱ ♣♦✐s é ❡①tr❡♠❛✲

♠❡♥t❡ ♣♦❞❡r♦s❛ ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♠❛t❡r✐❛✐s✳ ❖ ❡s♣❡❝tr♦ ❘❛♠❛♥ ♦❜t✐❞♦

♣❡❧❛ té❝♥✐❝❛ é ❝❛r❛❝t❡ríst✐❝♦ ❡ ú♥✐❝♦ ❞❡ ✉♠❛ ❡s♣é❝✐❡ q✉í♠✐❝❛✱ ♦ q✉❡ ♦ t♦r♥❛ ❛ s✉❛ ✏✐♠♣r❡s✲

sã♦ ❞✐❣✐t❛❧✑✳ ❆ ♣❛rt✐r ❞❡❧❡ ♣♦❞❡✲s❡ ❡①tr❛✐r ✐♥❢♦r♠❛çõ❡s t❛✐s ❝♦♠♦ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡

❢ís✐❝❛✱ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛ ❡ ❛tô♠✐❝❛✱ ♣r❡s❡♥ç❛ ❞❡ ❞❡❢❡✐t♦s✱ ❞❡❢♦r♠❛çõ❡s✱ tr❛♥s❢❡rê♥❝✐❛ ❞❡

❝❛r❣❛ ❡ ❛ss✐♠ ♣♦r ❞✐❛♥t❡✳ ❆❧é♠ ❞✐ss♦✱ é ✉♠❛ té❝♥✐❝❛ ♠✉✐t♦ rá♣✐❞❛✱ ♥ã♦ ❞❡str✉t✐✈❛ ❡ ♥ã♦

♥❡❝❡ss✐t❛ ❞❡ ♥❡♥❤✉♠❛ ♣r❡♣❛r❛çã♦ ♣ré✈✐❛ ❬✺✸❪✳

❊ss❛ té❝♥✐❝❛ ❞❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ❜❛s❡✐❛✲s❡ ♥♦ ❡s♣❛❧❤❛♠❡♥t♦ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❆♦ ✐♥❝✐❞✐r

s♦❜r❡ ❛ ❛♠♦str❛ ✉♠ ❢❡✐①❡ ❞❡ r❛❞✐❛çã♦ ❧❛s❡r ✭❧✉③ ♠♦♥♦❝r♦♠át✐❝❛✮✱ ❡st❡ é ❡s♣❛❧❤❛❞♦ ❡♠ t♦❞❛s

❛s ❞✐r❡çõ❡s❀ ❛ ❣r❛♥❞❡ ♣❛rt❡ ❝♦♠ ❛ ♠❡s♠❛ ❢r❡q✉ê♥❝✐❛✱ ♦✉ s❡❥❛✱ ♠❡s♠❛ ❡♥❡r❣✐❛ q✉❡ ♦ ❢❡✐①❡

✐♥❝✐❞❡♥t❡✱ ❡ ✉♠❛ ♣❡q✉❡♥❛ ♣❛rt❡ é ❡s♣❛❧❤❛❞❛ ❝♦♠ ❡♥❡r❣✐❛ ❞✐❢❡r❡♥t❡ ❞❡st❡✳ ◆♦ ♣r✐♠❡✐r♦ ❝❛s♦

t❡♠♦s ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡❧ást✐❝♦✱ ♦✉ ❡s♣❛❧❤❛♠❡♥t♦ ❘❛②❧❡✐❣❤✱ ❡ ♥♦ s❡❣✉♥❞♦ ♦ ❡s♣❛❧❤❛♠❡♥t♦

✐♥❡❧ást✐❝♦✱ s❡♥❞♦ ♦ ú❧t✐♠♦ ❛q✉❡❧❡ q✉❡ ❢♦r♥❡❝❡ ✉♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ✐♥❢♦r♠❛çõ❡s ❡ q✉❡

❝❛r❛❝t❡r✐③❛ ♦ ❡❢❡✐t♦ ❘❛♠❛♥✳

❈❧❛ss✐❝❛♠❡♥t❡✱ ♦ ❡❢❡✐t♦ ❘❛♠❛♥ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞♦ ❝♦♠♦ ✉♠❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❝❛♠♣♦

❡❧étr✐❝♦ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡ ❡ ❛s ✈✐❜r❛çõ❡s ❞❛s ♠♦❧é❝✉❧❛s ♣♦❧❛r✐③❛❞❛s ❞❡ ✉♠ ♠❡✐♦✳

−→
P = α

−→
Eλcos(ωλt) ✭✸✳✸✮

♦♥❞❡ α é ♦ t❡♥s♦r ♣♦❧❛r✐③❛❜✐❧✐❞❛❞❡✱ ❡❧❡ r❡♣r❡s❡♥t❛ ❛ r❡s♣♦st❛ ❞♦ ♠❡✐♦ ❛♦ ❝❛♠♣♦ ❡❧étr✐❝♦
−→
Eλcos(ωλt) ✐♥❝✐❞❡♥t❡✳

❆ ♣♦❧❛r✐③❛❜✐❧✐❞❛❞❡✱ ♣♦r s❡r ❢✉♥çã♦ ❞❛s ❞✐stâ♥❝✐❛s ✐♥t❡r❛tô♠✐❝❛s✱ ❞❡♣❡♥❞❡ ❞❛s ✈✐❜r❛çõ❡s

❞❛s ♠♦❧é❝✉❧❛s✱ ❡ ❡st❛s ♣♦❞❡♠ s❡r ❞❡❝♦♠♣♦st❛s ❡♠ ♠♦❞♦s ♥♦r♠❛✐s ❞❡ ✈✐❜r❛çã♦ ❞❡ ❞✐st✐♥t❛s

❢r❡q✉ê♥❝✐❛s✳ ❈❛❞❛ ♠♦❞♦ ♥♦r♠❛❧ ❡s♣❛❧❤❛ ✐♥❡❧❛st✐❝❛♠❡♥t❡ ❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡✱ ❞❡ ❢♦r♠❛

q✉❡ ✉♠ ♠♦❞♦ ♣♦❞❡ ❡s♣❛❧❤❛r ❛ ❧✉③ ❝♦♠ ❢r❡q✉ê♥❝✐❛s ♠❡♥♦r❡s ❡ ♦✉tr♦ ❝♦♠ ❢r❡q✉ê♥❝✐❛s

♠❛✐♦r❡s q✉❡ ❛ ✐♥❝✐❞❡♥t❡✳ ❖ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ❧✉③ ❝♦♠ ♠❡♥♦r ❡♥❡r❣✐❛ q✉❡ ❛ r❛❞✐❛çã♦

✐♥❝✐❞❡♥t❡ é ❝❤❛♠❛❞♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ✐♥❡❧ást✐❝♦ ❙t♦❦❡s✱ ❡ ♥♦ ❝❛s♦ ❞❡ ❛ ❡♥❡r❣✐❛ s❡r ♠❛✐♦r✱

é ❝❤❛♠❛❞♦ ❡s♣❡❧❤❛♠❡♥t♦ ✐♥❡❧ást✐❝♦ ❛♥t✐✲❙t♦❦❡s✳

❆ ❋✐❣✉r❛ ✸✳✷ ♠♦str❛ ❛s ♣♦ssí✈❡✐s tr❛♥s✐çõ❡s ❡❧❡trô♥✐❝❛s ❡ ✈✐❜r❛❝✐♦♥❛✐s ♣❛r❛ ✉♠❛ ♠♦✲

❧é❝✉❧❛ q✉❛❧q✉❡r✳ ❖ ♣r♦❝❡ss♦ ❆ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❡s♣❛❧❤❛♠❡♥t♦ ❘❛②❧❡✐❣❤✱ ♦ ♣r♦❝❡ss♦ ❇ ❡

❈ ❝♦rr❡s♣♦♥❞❡♠ ❛♦ ❡s♣❛❧❤❛♠❡♥t♦ ✐♥❡❧ást✐❝♦ ❙t♦❦❡s ❡ ❆♥t✐✲❙t♦❦❡s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❡✱ ♣♦r

✜♠✱ ♦ ♣r♦❝❡ss♦ ❉ r❡♣r❡s❡♥t❛ ♦ ❡❢❡✐t♦ ❘❛♠❛♥ r❡ss♦♥❛♥t❡✱ ♦♥❞❡ ❛ ❡♥❡r❣✐❛ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐✲

❞❡♥t❡ ❝♦rr❡s♣♦♥❞❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧✳
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❋✐❣✉r❛ ✸✳✷✿ ❊sq✉❡♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦s✱ ♠♦str❛♥❞♦ ❛s tr❛♥s✐çõ❡s ❡♥tr❡ ♦s

❡st❛❞♦s ❡❧❡trô♥✐❝♦s ❡ ✈✐❜r❛❝✐♦♥❛✐s✳❬✺✸❪

❆ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ r❡s✉❧t❛♥t❡ ♥♦s ❡s♣❛❧❤❛♠❡♥t♦s ✐♥❡❧ást✐❝♦s é ♦ q✉❡ ❢♦r♥❡❝❡ t♦❞❛s

❛s ✐♥❢♦r♠❛çõ❡s ❛❧❝❛♥ç❛❞❛s ♣❡❧❛ té❝♥✐❝❛✱ ❡❧❛ ❝♦rr❡s♣♦♥❞❡ ❡①❛t❛♠❡♥t❡ à ❡♥❡r❣✐❛ ❞❡ ✈✐❜r❛çã♦

❞❛s ♠♦❧é❝✉❧❛s q✉❡ ❝♦♠♣õ❡♠ ❛ ❛♠♦str❛✱ ❡ é ❛ ❢r❡q✉ê♥❝✐❛ ❛ss♦❝✐❛❞❛ ❛ ❡ss❛ ✈✐❜r❛çã♦ q✉❡

♣❡r♠✐t❡ ❡♥t❡♥❞❡r ❝♦♠♦ ❡ q✉❛✐s át♦♠♦s ❡♥❝♦♥tr❛♠✲s❡ ❧✐❣❛❞♦s✳

✸✳✸ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❆❜s♦rçã♦ ❯❱✲✈✐s

❆ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❛❜s♦rçã♦ ♥♦ ❯❱✲❱✐s ✭✉❧tr❛✈✐♦❧❡t❛ ❡ ✈✐sí✈❡❧✮✱ ❝♦♠♣õ❡ ✉♠ ❝♦♥❥✉♥t♦

❞❡ té❝♥✐❝❛s ❞❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ó♣t✐❝❛ q✉❡ ❡st✉❞❛♠ ❛ ✐♥t❡r❛çã♦ ❞❛ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛

❝♦♠ ❛ ♠❛tér✐❛✳ ◆❡ss❡ ♣r♦❝❡ss♦ ✈ár✐♦s ❢❡♥ô♠❡♥♦s ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s✿ ❛ ❧✉③ ✐♥❝✐❞❡♥t❡

♦✉ ♣❛rt❡ ❞❡❧❛✱ ♣♦❞❡ s❡r r❡✢❡t✐❞❛✱ ❡s♣❛❧❤❛❞❛ ❡✴♦✉ tr❛♥s♠✐t✐❞❛✱ s❡♥❞♦ q✉❡ t♦❞♦s ❡❧❡s ♣♦✲

❞❡♠ ♦❝♦rr❡r ❛♦ ♠❡s♠♦ t❡♠♣♦✳ ❆❧é♠ ❞❡st❡s ♣♦❞❡♠ ♦❝♦rr❡r t❛♠❜é♠ ❢❡♥ô♠❡♥♦s ❝♦♠♦

✢♦r❡s❝ê♥❝✐❛✱ ❢♦s❢♦r❡s❝ê♥❝✐❛ ❡ t❛♠❜é♠ ❛ q✉❡❜r❛ ❞❛s ❧✐❣❛çõ❡s q✉í♠✐❝❛s✳ ◆❛ té❝♥✐❝❛ ❞❡s❝r✐t❛

❛q✉✐✱ ✐♥t❡r❡ss❛✲s❡ ♣❡❧❛ ❧✉③ tr❛♥s♠✐t✐❞❛ ❡✴♦✉ ❛❜s♦r✈✐❞❛✱ ✈✐st♦ q✉❡ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛s ❞✉❛s

q✉❛♥t✐❞❛❞❡s ♣♦❞❡ s❡r ❞❛❞❛ ♣♦r

Io = IA + IT ✭✸✳✹✮

♦♥❞❡

Io é ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ✐♥❝✐❞❡♥t❡❀

IA é ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ❛❜s♦r✈✐❞♦❀

IT é ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ tr❛♥s♠✐t✐❞♦✳

◆♦t❡ q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ r❡✢❡t✐❞♦ ❡ ❡s♣❛❧❤❛❞♦ ♥ã♦ é ❧❡✈❛❞❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦✱ ♣♦✐s

q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s✱ ♦s ❡❢❡✐t♦s ❞❡ ❛❜s♦rçã♦ s❡ s♦❜r❡♣õ❡♠ ❛♦s ❞❡ r❡✢❡①ã♦ ❡ ❡s♣❛❧❤❛♠❡♥t♦✳

❆ té❝♥✐❝❛ t❡♠ s✉❛ ♦r✐❣❡♠ ♥❛s ✐♥✈❡st✐❣❛çõ❡s ❢❡✐t❛s ❞❡ ❢♦r♠❛ ✐♥❞❡♣❡♥❞❡♥t❡ ♣♦r P✐❡rr❡

❇♦✉❣✉❡r ❡ ❏♦❤❛♥ ❍✳ ▲❛♠❜❡rt ❡♠ ♠❡❛❞♦s ❞♦ sé❝✉❧♦ ❳❱■■■✳ ❆♠❜♦s ✈❡r✐✜❝❛r❛♠ q✉❡ ❛
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✐♥t❡♥s✐❞❛❞❡ ❞❛ r❛❞✐❛çã♦ tr❛♥s♠✐t✐❞❛ ♣♦r ✉♠ ♠❡✐♦ é ♣r♦♣♦r❝✐♦♥❛❧ à ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡

✐♥❝✐❞❡♥t❡✱ ❡ q✉❡ ❛ ♠❡s♠❛ ❞❡❝r❡s❝❡ ❞❡ ❢♦r♠❛ ❡①♣♦♥❡♥❝✐❛❧ ❝♦♠ ❛ ❡s♣❡ss✉r❛ ❞❛ ❛♠♦str❛✳ ❊♠

✶✽✺✷✱ ❆✉❣✉st ❇❡❡r t❛♠❜é♠ ❢❡③ s✉❛ ❝♦♥tr✐❜✉✐çã♦ ❛♦ ❛✈❛♥ç♦ ❞❛s ♣❡sq✉✐s❛s ♥❡ss❛ ár❡❛✳ ❊❧❡

✐♥✈❡st✐❣♦✉ ❝♦♠♦ ❛ ❝♦♥❝❡♥tr❛çã♦ ♥♦ ♠❡✐♦ ❛❜s♦r✈❡♥t❡ ✐♥t❡r❢❡r❡ ♥❛ tr❛♥s♠✐ssã♦ ❞❛ r❛❞✐❛çã♦

✐♥❝✐❞❡♥t❡✱ ❡ ❝♦♥❝❧✉✐✉ q✉❡ ✈❛r✐❛r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ❛♠♦str❛ ❡ ❛ ❡s♣❡ss✉r❛ ❞♦ ♠❡✐♦ t❡♠

♦ ♠❡s♠♦ ❡❢❡✐t♦✱ ♣♦✐s ❡♠ q✉❛❧q✉❡r ✉♠ ❞♦s ❞♦✐s ❝❛s♦s ♦ q✉❡ s❡ ❢❛③ é ❛✉♠❡♥t❛r ♦ ♥ú♠❡r♦

❞❡ ♣❛rtí❝✉❧❛s q✉❡ ✐♥t❡r❛❣❡♠ ❝♦♠ ❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❆s ♦❜s❡r✈❛çõ❡s ❢❡✐t❛s ♣♦r ❡ss❡s ♥♦❜r❡s

♣❡sq✉✐s❛❞♦r❡s ♣♦❞❡♠ s❡r s✐♥t❡t✐③❛❞❛s ♥❛ ❝♦♥❤❡❝✐❞❛ ▲❡✐ ❞❡ ▲❛♠❜❡rt✲ ❇❡❡r✳

IT = Io10
−αcx ✭✸✳✺✮

♦♥❞❡

α é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❜s♦rçã♦❀

c é ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛s ❡s♣é❝✐❡s ❛❜s♦r✈❡♥t❡s❀

x é ❛ ❡s♣❡ss✉r❛ ❞❛ ❛♠♦str❛✱ ♦✉ ♦ ❝❛♠✐♥❤♦ ó♣t✐❝♦ ❞❛ ❧✉③ ♥♦ ♠❡✐♦✳

❊①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♦ q✉❡ s❡ ♣♦❞❡ ♠❡❞✐r ❞❡ ❢♦r♠❛ ❞✐r❡t❛ sã♦ ♦s ✈❛❧♦r❡s ❞❛ ✐♥t❡♥s✐❞❛❞❡

❞♦ ❢❡✐①❡ ✐♥❝✐❞❡♥t❡ ❡ tr❛♥s♠✐t✐❞♦✱ ♦✉ ❛ r❛③ã♦ ❡♥tr❡ ❛s ❞✉❛s ❣r❛♥❞❡③❛s✱ ❛ ❡ss❛ r❛③ã♦ ❞á✲s❡

♦ ♥♦♠❡ ❞❡ tr❛♥s♠✐tâ♥❝✐❛ ❞♦ ♠❛t❡r✐❛❧✱ ❡ ❛ ♠❡s♠❛ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ❛

❜❛✐①♦✳

T =
IT
Io

= 10−αcx ✭✸✳✻✮

❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❧✉③ tr❛♥s♠✐t✐❞❛✱ ❛❧é♠ ❞❡ s❡r ❡①♣r❡ss❛ ❡♠ t❡r♠♦s ❞❛ tr❛♥s♠✐tâ♥❝✐❛✱

♣♦❞❡ t❛♠❜é♠ s❡r ❞❛❞❛ ❡♠ t❡r♠♦s ❞❛ ❛❜s♦r❜â♥❝✐❛✱ ❞❡✜♥✐❞❛ ❝♦♠♦

A = −logT = αcx ✭✸✳✼✮

❆ ✈❛♥t❛❣❡♠ ❡♠ ❡①♣r❡ss❛r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ r❛❞✐❛çã♦ tr❛♥s♠✐t✐❞❛ ❡♠ t❡r♠♦s ❞❛ ❛❜s♦r✲

❜â♥❝✐❛✱ é q✉❡ ❡❧❛ s❡ r❡❧❛❝✐♦♥❛ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠ ♦s ♣❛râ♠❡tr♦s ❞❛ ❛♠♦str❛✿ ❝♦♥❝❡♥tr❛çã♦✱

❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❜s♦rçã♦ ❡ ❡s♣❡ss✉r❛✳ ◆❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❛❜s♦rçã♦ ♥❛ r❡❣✐ã♦ ❞♦ ✉❧tr❛✲

✈✐♦❧❡t❛ ❡ ✈✐sí✈❡❧ ❛s ❛❜s♦rçõ❡s ❛❝♦♥t❡❝❡♠ ❞❡✈✐❞♦ ❛s tr❛♥s✐çõ❡s ❡❧❡trô♥✐❝❛s✱ ✉♠ ❡❧étr♦♥ ❞♦

♠❡✐♦ ❛❜s♦r✈❡ ❡♥❡r❣✐❛ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡ ❡ é ❡①❝✐t❛❞♦ ♣❛r❛ ✉♠ ♥í✈❡❧ ♠❛✐s ❡♥❡r❣ét✐❝♦✱

❞❡ ❢♦r♠❛ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❜s♦rçã♦ ❞❡♣❡♥❞❡ ❞❛ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛ ❞♦ ♠❛t❡r✐❛❧✱ ❡ ♣♦r

✐ss♦ ♦ ❡s♣❡❝tr♦ r❡s✉❧t❛♥t❡ ❢♦r♥❡❝❡ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ✉♠ ❡st❛❞♦ ❡ ♦✉tr♦✳ ❈♦♥s✐✲

❞❡r❛♥❞♦ ✉♠ ❡❧étr♦♥ q✉❡ s❡ ❡♥❝♦♥tr❡ ♥❛ ❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛✱ ❡ q✉❡ ❛♦ s❡r ❡①❝✐t❛❞♦ ❛t✐♥❥❛ ♦

♣r✐♠❡✐r♦ ♥í✈❡❧ ❞❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦✱ ❛ ❡♥❡r❣✐❛ ❛❜s♦r✈✐❞❛ ♣♦r ❡❧❡ ❢♦r♥❡❝❡ ♦ ❣❛♣ ❞❡ ó♣t✐❝♦

❞♦ ♠❛t❡r✐❛❧✱ ❝❛♣❛③ ❛✉①✐❧✐❛r ♥❛ ✐❞❡♥t✐✜❝❛çã♦ ❡ ♥♦ ❣r❛✉ ❞❡ ♣✉r❡③❛ ❞♦ ♠❡s♠♦✳

❖s ❡q✉✐♣❛♠❡♥t♦s ❝♦♥✈❡♥❝✐♦♥❛✐s ✉t✐❧✐③❛❞♦s ♥❛s ♠❡❞✐❞❛s ❞❡ ❛❜s♦rçã♦✱ sã♦ ❝❤❛♠❛❞♦s ❞❡

❡s♣❡❝tr♦❢♦tô♠❡tr♦ ♦✉ ❢♦tô♠❡tr♦✱ ✐ss♦ ❞❡♣❡♥❞❡ s❡ ❡❧❡ t❡♠ ❛ ❢✉♥çã♦ ❞❡ ✈❛rr❡r ✉♠❛ ❣❛♠❛ ❞❡

❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛s ♦✉ ♥ã♦✳ ❯♠ ❢♦tó♠❡tr♦ é ❝♦♥st✐t✉í❞♦ ♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ r❛❞✐❛çã♦

✷✽



❝♦♥tí♥✉❛✱ ✉♠ s❡❧❡t♦r ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛s✱ ✉♠ ♣♦rt❛✲❛♠♦str❛s✱ ✉♠ ❞❡t❡❝t♦r ❞❡

r❛❞✐❛çã♦ ❡ ♣♦r ✜♠ ✉♠ ♠❡❞✐❞♦r ❞❡ ❝♦rr❡♥t❡✳

✸✳✹ ❋♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛

❆ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❡♠ ♠❛t❡r✐❛✐s só❧✐❞♦s ✈❡♠ s❡♥❞♦ ❡st✉❞❛❞❛ ❞❡s❞❡ ✶✻✵✸✱ q✉❛♥❞♦ ❢♦✐ ❞❡s✲

❝♦❜❡rt❛ ❛❝✐❞❡♥t❛❧♠❡♥t❡ ♣♦r ❇♦❧♦❣♥✐❛♥ ❱✐♥❝❡♥③♦ ❈❡s❝❛r✐♦❧♦✳ ❊ ❞❡s❞❡ ✶✽✶✹✱ ❡st❛ ár❡❛ ❞❡

♣❡sq✉✐s❛ t❡✈❡ ✉♠❛ ❣r❛♥❞❡ ❡✈♦❧✉çã♦✱ ♣❛rt✐♥❞♦ ❞❡ ✐♥str✉♠❡♥t♦s s✐♠♣❧❡s ❝♦♠♦ ♦ ❡s♣❡❝trô✲

♠❡tr♦ ❞❡ ❋r❛✉❡♥❤♦❢❡r✬s ❡ ❛té ❝❤❡❣❛r ❡♠ ✐♥str✉♠❡♥t♦s ❜❡♠ s♦✜st✐❝❛❞♦s ❝♦♠♦ ♦s ✉s❛❞♦s

❛t✉❛❧♠❡♥t❡✱ ❜❛s❡❛❞♦s ❡♠ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❧✉♠✐♥❡s❝ê♥❝✐❛ ❡st✐♠✉❧❛❞❛ ✭❧❛s❡rs✮ ❬✻✷❪✳ ❆ ❢♦t♦✲

❧✉♠✐♥❡s❝ê♥❝✐❛ ✭P▲✮ s❡ ❞❡st❛❝❛ ❡♠ ♠❡✐♦ ❛s ❞❡♠❛✐s té❝♥✐❝❛s✱ ♣♦✐s ♥ã♦ ❛❧t❡r❛ ❛s ♣r✐♥❝✐♣✐❛✐s

❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♠❛t❡r✐❛❧ ❡ ❛✐♥❞❛ ♣♦❞❡ ❞❡t❡❝t❛r ❞❡❢❡✐t♦s ♣♦♥t✉❛✐s ❡ ✐♠♣✉r❡③❛s ❡♠ s✉❛

❡str✉t✉r❛ ❬✻✷❪✳ ❆❧é♠ ❞✐ss♦✱ ❛♣r❡s❡♥t❛ ✉♠❛ ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡✱ ✈✐st♦ q✉❡ ♦s ❢ót♦♥s ❡♠✐t✐✲

❞♦s ♣❡❧♦ ♠❛t❡r✐❛❧ sã♦ ♦❜s❡r✈❛❞♦s ❞❡ ❢♦r♠❛ ❞✐r❡t❛✳ ❊❧❛ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞❛ r❛♣✐❞❛♠❡♥t❡

❝♦♠♦ s❡♥❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❡♠✐ssã♦ ❡s♣♦♥tâ♥❡❛ ❞❡ ❧✉③ ❛♣ós ✉♠ ♠❛t❡r✐❛❧ s❡r ❡①♣♦st♦ ❛ ✉♠❛

❡①❝✐t❛çã♦ ó♣t✐❝❛✳

❖ ♣r♦❝❡ss♦ ❞❡ ❡①❝✐t❛çã♦ ó♣t✐❝❛ ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s t❡♠ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❛ ❣❡r❛çã♦

❞❡ ♣❛r❡s ❡❧étr♦♥✲❜✉r❛❝♦✭❡①❝✐t♦♥✮✱ q✉❡ ♣♦st❡r✐♦r♠❡♥t❡ s❡ r❡❝♦♠❜✐♥❛♠ ❡♠✐t✐♥❞♦ ✉♠ ❢ót♦♥✳

●❡r❛❧♠❡♥t❡✱ ♦ ❢ót♦♥ ✐♥❝✐❞❡♥t❡ ♣♦ss✉✐ ❡♥❡r❣✐❛ ❞❡ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡ q✉❡ ♦ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧✱

❡✱ ❛ss✐♠✱ ♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ sã♦ ❡①❝✐t❛❞♦s ♣❛r❛ ♥í✈❡✐s ♠❛✐s ❡♥❡r❣ét✐❝♦s ❞❛ ❜❛♥❞❛ ❞❡

❝♦♥❞✉çã♦✱ ❡♥tr❡t❛♥t♦✱ ❛✜♠ ❞❡ ❛t✐♥❣✐r ✉♠ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦ ❡stá✈❡❧✱ ♦ ♣❛r ❡❧étr♦♥✲❜✉r❛❝♦

♣❛ss❛ ♣♦r ✉♠ ♣r♦❝❡ss♦ ❞❡ t❡r♠❛❧✐③❛çã♦ ❝♦♠ ❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❛tr❛✈és ❞❛ ❡♠✐ssã♦ ❞❡ ❢ô♥♦♥s✱

❡ ❛ss✐♠✱ ❛t✐♥❣❡ ❛ ❡♥❡r❣✐❛ ♠í♥✐♠❛ ❞❡st❛ ❜❛♥❞❛✳ ❆♣ós ❛ t❡r♠❛❧✐③❛çã♦✱ ♦ ♣❛r ❡❧étr♦♥✲❜✉r❛❝♦

❛✐♥❞❛ ♣♦ss✉✐ ✉♠ t❡♠♣♦ ❞❡ ✈✐❞❛ ❛♥t❡s ❞❡ ❛t✐♥❣✐r ♦ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ ♥❡st❡ ♠♦♠❡♥t♦

❡❧❡ ♣♦❞❡ s❡ r❡❝♦♠❜✐♥❛r ❡♠✐t✐♥❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ♦ ❡st❛❞♦ ✐♥✐❝✐❛❧ q✉❡ ♦❝✉♣❛✈❛

❡ ♦ ✜♥❛❧✱ s♦❜ ❛ ❢♦r♠❛ ❞❡ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ❖ ❡❧étr♦♥ ❡✴♦✉ ❜✉r❛❝♦ t❛♠❜é♠ ♣♦❞❡

s❡r ❝❛♣t✉r❛❞♦ ♣♦r ✐♠♣✉r❡③❛s ❞♦ ❝r✐st❛❧ ❡ ❡♠ s❡❣✉✐❞❛ s❡ r❡❝♦♠❜✐♥❛r ❡♠✐t✐♥❞♦ ❢ót♦♥s ❝♦♠

♠❡♥♦r ❡♥❡r❣✐❛ ❞♦ q✉❡ ♦ r❡s✉❧t❛♥t❡ ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❞✐r❡t❛✳ ❊st❡s ❢ót♦♥s ♣♦❞❡♠ s❡r

❛❜s♦r✈✐❞♦s ♣❡❧♦ ♣ró♣r✐♦ ❝r✐st❛❧✱ ❡ ♣♦r ✐ss♦ s♦♠❡♥t❡ ❛ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❣❡r❛❞❛ ♥❛s

♣r♦①✐♠✐❞❛❞❡s ❞❛ r❡❣✐ã♦ ✐❧✉♠✐♥❛❞❛ é q✉❡ ❝♦♥s❡❣✉❡ ❡s❝❛♣❛r✳ ❯♠ ❡sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦

♣❛r❛ t♦❞♦ ❡st❡ ♣r♦❝❡ss♦ ❞❡s❝r✐t♦ ❛❝✐♠❛ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✳

➱ s❛❜✐❞♦ q✉❡ ❤á ❞✐✈❡rs❛s tr❛♥s✐çõ❡s ❡♥❡r❣ét✐❝❛s ♥❛ ❡str✉t✉r❛ ❞❡ ✉♠ s❡♠✐❝♦♥❞✉t♦r✱

s❡♥❞♦ ❛ tr❛♥s✐çã♦ ❞✐r❡t❛ ❡ ✐♥❞✐r❡t❛ ❞✉❛s ❞❡❧❛s✳ ❯♠ ❢ót♦♥✱ r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ tr❛♥s✐çã♦

❞✐r❡t❛ ❡♠ q✉❡ ♦ ♠♦♠❡♥t♦ é ❝♦♥s❡r✈❛❞♦✱ t❡♠ ❛ s❡❣✉✐♥t❡ ❡♥❡r❣✐❛ ❬✻✷❪

hν = Eg − Ex ✭✸✳✽✮

♦♥❞❡ Eg é ❛ ❡♥❡r❣✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ❣❛♣ ❞♦ s❡♠✐❝♦♥❞✉t♦r ❡ Ex é ❛ ❡♥❡r❣✐❛ ❞❡ ❧✐❣❛çã♦ ❞♦

♣❛r ❡❧étr♦♥✲❜✉r❛❝♦✱ ♦✉ é①❝✐t♦♥✳ ❉❡✈✐❞♦ ❛♦s ✈ár✐♦s ❡st❛❞♦s ❡①❝✐t❛❞♦s q✉❡ ✉♠ é①❝✐t♦♥ ♣♦❞❡

t❡r✱ ❛ ❡♠✐ssã♦ ❞❡ ❢ót♦♥s ❣❡r❛ ✉♠ ❡s♣❡❝tr♦ ❝♦♠ ✉♠❛ sér✐❡ ❞❡ ♣✐❝♦s ❞❡ ❡♠✐ssã♦ ❡str❡✐t♦s✱

s❡♥❞♦ q✉❡ ❝❛❞❛ ♣✐❝♦ ❝♦rr❡s♣♦♥❞❡ ❛ ❢ót♦♥s ❝♦♠ ❞❡t❡r♠✐♥❛❞❛ ❡♥❡r❣✐❛✳

✷✾



❋✐❣✉r❛ ✸✳✸✿ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛✳❬✻✷❪

❏á ♥❛s tr❛♥s✐çõ❡s ✐♥❞✐r❡t❛s✱ ❞❡✈✐❞♦ ❛ ♣r❡s❡♥ç❛ ❞❡ ✐♠♣✉r❡③❛s ♥❛ ❡str✉t✉r❛ ❞♦ s❡♠✐❝♦♥✲

❞✉t♦r✱ ♣❛r❛ q✉❡ ❤❛❥❛ ❝♦♥s❡r✈❛çã♦ ❞❡ ♠♦♠❡♥t♦ é ♥❡❝❡ssár✐♦ ❛❧é♠ ❞❛ ❡♠✐ssã♦ ❞♦ ❢ót♦♥✱ ❛

❡♠✐ssã♦ ❞❡ ✉♠ ♦✉ ♠❛✐s ❢ô♥♦♥s✳ P❛r❛ ❡st❡ ❝❛s♦ ❛ ❡♥❡r❣✐❛ ❞♦ ❢ót♦♥ ❡♠✐t✐❞♦ é ❞❛❞♦ ♣♦r

hν = Eg − Ex −mEp ✭✸✳✾✮

♦♥❞❡ Ep é ❛ ❡♥❡r❣✐❛ ❞♦ ❢ô♥♦♥ ❡ m ♦ ♥ú♠❡r♦ ❞❡ ❢ô♥♦♥s ❡♥✈♦❧✈✐❞♦s✳

✸✳✹✳✶ ■♥str✉♠❡♥t❛çã♦ ❇ás✐❝❛

❖ s✐st❡♠❛ ✉s❛❞♦ ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ❛♠♦str❛s ❝♦♠ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ é ♠♦str❛❞♦

♥❛ ❋✐❣✉r❛ ✸✳✹✳ ❆ ❛♠♦str❛ ❛ s❡r ♠❡❞✐❞❛ é ❡①❝✐t❛❞❛ ♣♦r ✉♠❛ ❢♦♥t❡ ❧✉♠✐♥♦s❛✱ ♥♦ ❝❛s♦ ✉♠

❧❛s❡r ❞❡ ❍❡✲❈❞ ❞❡ 325 nm✱ q✉❡ ♣❡r♠✐t❡ ❜♦❛ r❡s♦❧✉çã♦ ❡s♣❛❝✐❛❧ ❡ t❛♠❜é♠ ❛ ❞❡t❡r♠✐♥❛çã♦

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

✐♥❝✐❞❡♥t❡✳ ❖✉tr♦s ❧❛s❡rs t❛♠❜é♠ sã♦ ❝♦♠✉♠❡♥t❡ ✉s❛❞♦s✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ❧❛s❡r ❞❡ ❛r❣ô♥✐♦

✭514, 5 nm✮ ❡ ❍❡✲◆❡ ✭6300 nm✮✳

❖ ❢❡✐①❡ ❞❡ ❧✉③ ❞♦ ❧❛s❡r é ❞❡s✈✐❛❞♦ ♣❡❧♦ s✐st❡♠❛ ó♣t✐❝♦ ❡ ❢♦❝❛❧✐③❛❞♦ s♦❜r❡ ❛ ❛♠♦str❛✳

❊st❛ s❡ ❡♥❝♦♥tr❛ ❞❡♥tr♦ ❞♦ ❝r✐♦st❛t♦✱ ♣♦✐s ❤á ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛s ♠❡❞✐❞❛s s❡r❡♠ r❡❛❧✐③❛❞❛s

❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✱ ❞❛ ♦r❞❡♠ ❞♦ ❍é❧✐♦ ❧íq✉✐❞♦✱ 4, 2 K✳ ◆❡st❛s ♠❡❞✐❞❛s ❣❛r❛♥t❡✲s❡ q✉❡

♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ❡st❡❥❛♠ ❡♠ s❡✉s ♥í✈❡✐s ❢✉♥❞❛♠❡♥t❛✐s✱ ♦ q✉❡ s✐♠♣❧✐✜❝❛ ❛s ❛♥á❧✐s❡s

❞❡ ✐♥t❡r❛çõ❡s ❡♥tr❡ ❡st❛❞♦s ❡①❝✐t❛❞♦s ❡ ♦ ❢✉♥❞❛♠❡♥t❛❧✳ ◆♦ ❡s♣❡❝tr♦ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r

q✉❡ ♣❛r❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s✱ ❤á ✉♠ ❡str❡✐t❛♠❡♥t♦ ❞♦s ♣✐❝♦s✳ ❖✉tr❛ ❝♦♥s❡q✉ê♥❝✐❛ ♥ã♦

♣❡r❝❡♣tí✈❡❧ ♥♦ ❡s♣❡❝tr♦ é ❛ ❞✐♠✐♥✉✐çã♦ ❞♦s ❞❡❝❛✐♠❡♥t♦s q✉❡ ♥ã♦ ❡♠✐t❡♠ r❛❞✐❛çã♦✳

❆ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ❡♠✐t✐❞❛ ♣❡❧❛ ❛♠♦str❛ é ❝♦❧❡t❛❞❛ ♣♦r ✉♠ s✐st❡♠❛ ó♣t✐❝♦ ❡ ❢♦❝❛❧✐✲

③❛❞❛ ♥♦ s✐st❡♠❛ ❙♣❡❝tr♦♠❡t❡r ❙♣❡① ✺✵✵ ❝✉❥❛ ❢✉♥çã♦ é ❝❛♣t❛r ♦ s✐♥❛❧✳

✸✵



❋✐❣✉r❛ ✸✳✹✿ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞♦ s✐st❡♠❛ ✉s❛❞♦ ♣❛r❛ ❛ ♠❡❞✐çã♦ ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥✲

❝✐❛✳

❖ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♠❡❞✐çã♦ é ✉♠ ❣rá✜❝♦ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❢♦t♦❧✉♠✐♥❡s✲

❝ê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♦✉ ❞❛ ❡♥❡r❣✐❛ ❡①♣r❡ss❛ ❡♠ ❡❧étr♦♥s✲✈♦❧ts✳

✸✳✺ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❘❡ss♦♥â♥❝✐❛ P❛r❛♠❛❣♥ét✐❝❛

❉❡s❝♦❜❡rt❛ ❡♠ ✶✾✹✺ ♣♦r ❩❛✈♦s❦②✱ ❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ♣❛r❛♠❛❣♥ét✐❝❛

✭❊P❘✮❞❡t❡❝t❛ ❝❡♥tr♦s ♣❛r❛♠❛❣♥ét✐❝♦s ❝♦♥t✐❞♦s ❡♠ ✉♠❛ ❛♠♦str❛ ❧✐q✉✐❞❛✱ só❧✐❞❛ ♦✉ ❣❛✲

s♦s❛✱ ♣♦r ✐ss♦ s❡ ❞❡st❛❝❛ ❡♠ ❞✐✈❡rs♦s r❛♠♦s ❞❡ ♣❡sq✉✐s❛✱ ♥ã♦ ❛♣❡♥❛s ♥❛ ár❡❛ ❞❡ ❢ís✐❝❛ ❞❛

♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛✱ ❝♦♠♦ t❛♠❜é♠ ❡♠ ár❡❛s ❞❡ q✉í♠✐❝❛✱ ❜✐♦❢ís✐❝❛✱ ♠✐♥❡r❛❧♦❣✐❛✱ ❞❡♥tr❡

♦✉tr❛s✳ P♦❞❡ s❡r ❛♣❧✐❝❛❞❛ s❡♠♣r❡ q✉❡ ♦ ♠❛t❡r✐❛❧ ❛ s❡r ❛♥❛❧✐s❛❞♦ ♣♦ss✉✐ ❡❧étr♦♥s ❝♦♠

s♣✐♥ ❞❡s❡♠♣❛r❡❧❤❛❞♦ q✉❡ ✐♥t❡r❛❣❡♠ ❝♦♠ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱ ❝♦♠♦ é ♦ ❝❛s♦✱ ♣♦r

❡①❡♠♣❧♦✱ ❞♦s í♦♥s ❞❡ t❡rr❛s r❛r❛s ❡ ♠❡t❛✐s ❞❡ tr❛♥s✐çã♦✱ ❞♦s r❛❞✐❝❛✐s ❧✐✈r❡s ❡♠ ❧íq✉✐❞♦s ❡

só❧✐❞♦s✱ ❞♦s ❞❡❢❡✐t♦s ♣♦♥t✉❛✐s ❡♠ só❧✐❞♦s✱ ❝♦♠♦ ♦s át♦♠♦s ✐♥t❡rst✐❝✐❛✐s ❡ ❛ss✐♠ ♣♦r ❞✐❛♥t❡

❬✺✹❪✳

❇❛s✐❝❛♠❡♥t❡✱ ❛ r❡ss♦♥â♥❝✐❛ ♣❛r❛♠❛❣♥ét✐❝❛ é ✉♠❛ ❢♦r♠❛ ❞❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ♥❛ q✉❛❧ ❤á

✉♠❛ ❛❜s♦rçã♦ ❞❡ r❛❞✐❛çã♦✱ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♠✐❝r♦✲♦♥❞❛s✱ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣✲

♥ét✐❝♦ ❡①t❡r♥♦ ❡stát✐❝♦✱ ♣♦r s✐st❡♠❛s q✉❡ ❛♣r❡s❡♥t❛♠ s♣✐♥ ❡❧❡trô♥✐❝♦ ❞❡s❡♠♣❛r❡❧❤❛❞♦✱ ♦✉

s❡❥❛✱ ♥ã♦ ♥✉❧♦✳ ❆ té❝♥✐❝❛ ❞❡ ❊P❘ é ❡①tr❡♠❛♠❡♥t❡ ♣♦❞❡r♦s❛✱ ❡ ❛❧❣✉♠❛s ❞❡ s✉❛s ❛♣❧✐❝❛çõ❡s

t❡♠ ❣r❛♥❞❡ ❞❡st❛q✉❡✱ ♣♦❞❡✲s❡ ❝✐t❛r ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s ❡♠ s✐st❡✲

♠❛s ❝♦♠♣❧❡①♦s✱ ✐♥✈❡st✐❣❛çã♦ ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❡♠ s♦❧✉çõ❡s ❡ só❧✐❞♦s✱ ❝❛r❛❝t❡r✐③❛çã♦

❞❡ ❝❡♥tr♦s r❡❞♦①✲❛t✐✈♦s ❡♠ ♣r♦t❡í♥❛s ❡ ❡st✉❞♦ ❞❡ ❝✐♥ét✐❝❛ ❞❡ r❡❛çõ❡s q✉í♠✐❝❛s✱ ❡st✉❞♦s

❞❡ ❢♦t♦❞❡❣r❛❞❛çã♦✱ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❛❧✐♠❡♥t♦s ❬✺✹❪✳ ❙❡♥❞♦ q✉❡ ♥❡st❡ tr❛❜❛❧❤♦✱ ❛ ❡s♣❡❝✲

tr♦s❝♦♣✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ♣❛r❛♠❛❣♥ét✐❝❛ ❢♦✐ ✉s❛❞❛ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ s❡ ✐❞❡♥t✐✜❝❛r ❞❡❢❡✐t♦s

♣❛r❛♠❛❣♥ét✐❝♦s✳ ■st♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ q✉❡ ♦ ❡s♣❡❝tr♦ ❞❡ ❊P❘ ♣♦ss✉✐ ✐♥❢♦r♠❛çõ❡s ❞❡t❛✲

❧❤❛❞❛s s♦❜r❡ ❛ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛ ❞♦s ❞❡❢❡✐t♦s ❝♦♠♦ s✉❛ s✐♠❡tr✐❛ ❧♦❝❛❧✱ ❞❛❞❛ ♣❡❧♦ ❛rr❛♥❥♦

❞♦s át♦♠♦s ♦✉ í♦♥s ♥❛ ✈✐③✐♥❤❛♥ç❛ ♣ró①✐♠❛✱ ❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ s♣✐♥ ❬✺✺❪✳

✸✶



✸✳✺✳✶ Pr✐♥❝í♣✐♦s ❇ás✐❝♦s

❈♦♠♦ ✈✐st♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦s ♠❛t❡r✐❛✐s q✉❡ ♣♦ss✉❡♠ s♣✐♥s ❞❡s❡♠♣❛r❡❧❤❛❞♦s sã♦ ❝♦✲

♥❤❡❝✐❞♦s ❝♦♠♦ ♣❛r❛♠❛❣♥ét✐❝♦s✱ ❡ ❡ss❡ s♣✐♥ ❡❧❡trô♥✐❝♦ t❡♠ ❛ ❡❧❡ ❛ss♦❝✐❛❞♦ ✉♠ ♠♦♠❡♥t♦

♠❛❣♥ét✐❝♦ −→µs ❞❛❞♦ ♣♦r

−→µs = −gµB

−→
S ✭✸✳✶✵✮

♦♥❞❡ g é ♦ ❢❛t♦r ❣✐r♦♠❛❣♥ét✐❝♦ ❞♦ ❡❧étr♦♥ ❡ µB é ♦ ♠❛❣♥ét♦♥ ❞❡ ❇♦❤r✱ t❛❧ q✉❡ µB = e~
2mc

✳

◆❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦
−→
B ✱ ❝♦♥s✐❞❡r❛❞♦ ❛q✉✐ ❝♦♠♦ s❡♥❞♦ ❛♦

❧♦♥❣♦ ❞❛ ❞✐r❡çã♦ ③✱ ♦s ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s t❡♥❞❡♠ ❛ s❡ ❛❧✐♥❤❛r ❛ ❡ss❡ ❝❛♠♣♦✱ ❞❡ ❢♦r♠❛ q✉❡

❤á ✉♠❛ ✐♥t❡r❛çã♦ ❡♥tr❡ −→µ ❡
−→
B ❞❡s❝r✐t❛ ♣❡❧♦ ❍❛♠✐❧t♦♥✐❛♥♦

H = −−→µ .−→B ✭✸✳✶✶✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❊q✉❛çã♦ ✸✳✶✵ ♥❛ ❊q✉❛çã♦ ✸✳✶✶✱ ❡ ❧❡♠❜r❛♥❞♦ q✉❡ ♦ ❝❛♠♣♦ ❡①t❡r♥♦

♣♦ss✉✐ ❛♣❡♥❛s ❛ ❝♦♠♣♦♥❡♥t❡ ③✱ t❡♠♦s

H = gµBBSz ✭✸✳✶✷✮

❆ ❝♦♠♣♦♥❡♥t❡ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❡ s♣✐♥ ♥❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦❞❡ s❡r

❞❛❞❛ ♣♦r

µz = −gµBms ✭✸✳✶✸✮

❝♦♠ ms ❂ −S,−S + 1, ..., S.

❆q✉✐ ms é ♦ ♥ú♠❡r♦ q✉â♥t✐❝♦ ♠❛❣♥ét✐❝♦ ♣❛r❛ ♦ s♣✐♥ ❞♦ ❡❧étr♦♥✳ ▲♦❣♦✱ ❛ ❡♥❡r❣✐❛ ❞❡

✐♥t❡r❛çã♦ ❡♥tr❡ ♦ ❝❛♠♣♦ ❡①t❡r♥♦ ❡ ✉♠ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦ é

E = gµBBms ✭✸✳✶✹✮

◆♦t❡ q✉❡ ♣❛r❛ ♦ ❡❧étr♦♥✱ S = 1
2
✱ ❧♦❣♦ ms ♣♦❞❡ ❛ss✉♠✐r ❛♣❡♥❛s ❞♦✐s ✈❛❧♦r❡s✿ ms =

−1
2

❡

ms =
1
2
✱ q✉❡ s✐❣♥✐✜❝❛ q✉❡ ♦ s♣✐♥ ♣♦❞❡ ❡st❛r ❛❧✐♥❤❛❞♦ ❛♥t✐♣❛r❛❧❡❧♦✱ ♦✉ ♣❛r❛❧❡❧♦ ❛♦ ❝❛♠♣♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ■ss♦ ♠♦str❛ q✉❡ ❤á ✉♠ ❞❡s❞♦❜r❛♠❡♥t♦ ♥♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛✱ s❡♥❞♦

E1 =
1

2
gµBB ✭✸✳✶✺✮

❡

E2 = −1

2
gµBB ✭✸✳✶✻✮

❖s ❞♦✐s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❢♦r♠❛❞♦s sã♦ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞❡ ❩❡❡♠❛♥ ❡

s✉❛ ❢♦r♠❛çã♦ é ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✺✳

❆ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ♦s ❞♦✐s ❡st❛❞♦s é ❞❛❞❛ ♣♦r

∆E = gµBB ✭✸✳✶✼✮

✸✷



❙❡♥❞♦ ❡st❛✱ ❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛ tr❛♥s✐çã♦ ❡♥tr❡ ❞♦✐s ❡st❛❞♦s ❞♦ s♣✐♥ ❡❧❡trô♥✐❝♦✳

❋✐❣✉r❛ ✸✳✺✿ ❉❡s❞♦❜r❛♠❡♥t♦ ❞♦ ♥í✈❡❧ ❞❡ ❡♥❡r❣✐❛✳

❈♦♠♦ ✈✐st♦✱ ♦ ❞❡s❞♦❜r❛♠❡♥t♦ ❞♦s ❡st❛❞♦s ❞❡ ❡♥❡r❣✐❛ é ❞❡✈✐❞♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡stát✐❝♦ ❛♣❧✐❝❛❞♦ à ❛♠♦str❛✳ ◆❡ss❛s ❝♦♥❞✐çõ❡s ♦ s✐st❡♠❛ ❡♥❝♦♥tr❛✲s❡ ❡♠ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦✱

❝♦♠ ♦s ❞♦✐s ❡st❛❞♦s ♦❝✉♣❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❇♦❧t③♠❛♥✱ ♣♦ré♠✱ q✉❛♥❞♦

♦ s✐st❡♠❛ é ♣❡rt✉r❜❛❞♦ ♣♦r ✉♠ ❝❛♠♣♦ ♦s❝✐❧❛♥t❡
−→
B1 ✱♣❡r♣❡♥❞✐❝✉❧❛r ❛

−→
B ✱ ❡❧❡ s❛✐ ❞♦ ❡st❛❞♦

❞❡ ❡q✉✐❧í❜r✐♦ q✉❡ s❡ ❡♥❝♦♥tr❛✈❛ ❡ ♣♦❞❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❡♥❡r❣✐❛ ❛ss♦❝✐❛❞❛ ❛
−→
B1✱ ❡♥tr❛r ❡♠

r❡ss♦♥â♥❝✐❛ ❞❡ ♠♦❞♦ ❛ ✐♥❞✉③✐r tr❛♥s✐çõ❡s ❞♦ ♥í✈❡❧ ❞❡ ❡♥❡r❣✐❛ ❩❡❡♠❛♥ ♠❛✐s ❜❛✐①♦ ♣❛r❛ ♦

♠❛✐s ❛❧t♦✳ ❆ ❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ q✉❡ ❛ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❛ é✿ ♦ ❝❛♠♣♦ ♦s❝✐❧❛♥t❡ ❞❡✈❡

❡st❛r ❛ss♦❝✐❛❞♦ ❛ ✉♠❛ ❡♥❡r❣✐❛ ~ν ✱ t❛❧ q✉❡

~ν = gµBB ✭✸✳✶✽✮

♦♥❞❡

~ é ❛ ❝♦♥st❛♥t❡ ❞❡ P❧❛♥❝❦ ❞✐✈✐❞✐❞❛ ♣♦r 2π❀

ν é ❛ ❢r❡q✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦ ♦s❝✐❧❛♥t❡❀

B é ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡stát✐❝♦ ♣❛r❛ ♦ q✉❛❧ ♦❝♦rr❡r ❛ tr❛♥s✐çã♦✳

❆ ❡q✉❛çã♦ ❛♥t❡r✐♦r ♠♦str❛ q✉❡ ❛ ❡♥❡r❣✐❛ ❛ss♦❝✐❛❞❛ ❛♦ ❝❛♠♣♦ ♦s❝✐❧❛♥t❡ ❞❡✈❡ s❡r ✐❣✉❛❧ ❛

❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ ♦s ♥í✈❡✐s ❞❡ ❩❡❡♠❛♥✱ s❡♥❞♦ ❡ss❛ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♥♦

s✐st❡♠❛ ♣❛r❛♠❛❣♥ét✐❝♦✳

◆❛ ♣r❛t✐❝❛✱ ❣❡r❛❧♠❡♥t❡ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ é ❛t✐♥❣✐❞❛ ✈❛r✐❛♥❞♦✲s❡ ♦ ❝❛♠♣♦ ❡stá✲

t✐❝♦ ❛♣❧✐❝❛❞♦ ❡ ♠❛♥t❡♥❞♦✲s❡ ♦ ❝❛♠♣♦ ♦s❝✐❧❛♥t❡✱ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ♦r❞❡♠ ❞❡ ♠✐❝r♦✲♦♥❞❛s✱

❝♦♥st❛♥t❡✳ ■ss♦ ❛❝♦♥t❡❝❡ ♣♦rq✉❡ ♥❛ r❡❛❧✐③❛çã♦ ❞❛s ♠❡❞✐❞❛s✱ ❛s ❛♠♦str❛s sã♦ ❝♦❧♦❝❛❞❛s

❞❡♥tr♦ ❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡✱ ❝✉❥❛s ❞✐♠❡♥sõ❡s sã♦ ♣r♦❥❡t❛❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❢r❡q✉ê♥❝✐❛ ❞♦

❝❛♠♣♦ ♦s❝✐❧❛♥t❡✳ ❊♥tr❡t❛♥t♦✱ ❤á ❡s♣❡❝trô♠❡tr♦s ❡♠ q✉❡ ♦ ❝❛♠♣♦ ❡stát✐❝♦ ♣♦❞❡ s❡r ♠❛♥✲

t✐❞♦ ✜①♦ ❡♥q✉❛♥t♦ ✈❛r✐❛✲s❡ ♦ ❝❛♠♣♦ ♦s❝✐❧❛♥t❡✳ ❆ r❡ss♦♥â♥❝✐❛ ❛❝♦♥t❡❝❡ q✉❛♥❞♦ ♦ ❝❛♠♣♦

B é t❛❧ q✉❡ s❛t✐s❢❛③ ❛ ❊q✉❛çã♦ ✸✳✶✽✱ ♥❡ss❡ ❡st❛❞♦ r❡ss♦♥❛♥t❡ ❛ ❛♠♦str❛ ❛❜s♦r✈❡ r❛❞✐❛çã♦
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❋✐❣✉r❛ ✸✳✻✿ ❉❡s❞♦❜r❛♠❡♥t♦ ❞♦ ♥í✈❡❧ ❞❡ ❡♥❡r❣✐❛✳

❞❡ ♠✐❝r♦✲♦♥❞❛s ❡ ❛ tr❛♥s✐çã♦ ♦❝♦rr❡✱ s❡♥❞♦ ❞❡t❡❝t❛❞♦ ✉♠ s✐♥❛❧ r❡❢❡r❡♥t❡ ❛ ❛❜s♦rçã♦ ♦✉ ❛

s✉❛ ❞❡r✐✈❛❞❛✳ ❯♠❛ ✐❧✉str❛çã♦ ❞♦ s✐♥❛❧ ❞❡t❡❝t❛❞♦ ♣♦❞❡ s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✸✳✻

✸✳✺✳✷ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ ❙♣✐♥

❚♦❞❛ ❛ ❞✐s❝✉ssã♦ ❢❡✐t❛ ❛❝✐♠❛ ❡♥❣❧♦❜❛ ❛ ♠❛✐s s✐♠♣❧❡s ❞❛s ✐♥t❡r❛çõ❡s r❡❧❛❝✐♦♥❛❞❛s ❛♦

s♣✐♥ ❡❧❡trô♥✐❝♦✱ ❛ ✐♥t❡r❛çã♦ ❩❡❡♠❛♥✳ ❊♥tr❡t❛♥t♦✱ ❛♦ ❝♦♥s✐❞❡rá✲❧♦ ✐♠❡rs♦ ❡♠ ✉♠❛ ❡str✉t✉r❛

❝r✐st❛❧✐♥❛✱ ❛s ✐♥t❡r❛çõ❡s s♦❜ ❛s q✉❛✐s ❡stá s✉❥❡✐t♦ sã♦ ❜❛st❛♥t❡ ❝♦♠♣❧❡①❛s✱ s❡♥❞♦ ❛ss✐♠

❛❧❣✉♠❛s s✐♠♣❧✐✜❝❛çõ❡s sã♦ ♥❡❝❡ssár✐❛s ♣❛r❛ q✉❡ t♦❞❛ ❛ t❡♦r✐❛ ❡♥✈♦❧✈✐❞❛ s❡❥❛ ❛♣❧✐❝á✈❡❧ ♥❛

❛♥á❧✐s❡ ❞♦s ❡s♣❡❝tr♦s ❞❡ ❊P❘✳ ❚❛✐s s✐♠♣❧✐✜❝❛çõ❡s r❡s✉❧t❛♠ ♥♦s ❝♦♥❝❡✐t♦s ❞❡ s♣✐♥ ❡❢❡t✐✈♦ ❡

❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ s♣✐♥✳

❖ s♣✐♥ r❡❛❧ ❞❡ ✉♠❛ ✐♠♣✉r❡③❛ ❛tô♠✐❝❛ ♦✉ ❞❡❢❡✐t♦ ❞❡♥tr♦ ❞❡ ✉♠❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ é

❞❛❞♦ ♣♦r ❝♦♥tr✐❜✉✐çõ❡s ❞♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❞❡ s♣✐♥ ❡ ❞♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ♦r❜✐t❛❧✱ ❡ ❛

❢✉♥çã♦ ❞❡ ♦♥❞❛ q✉❡ ❞❡s❝r❡✈❡ ❡st❡ s✐st❡♠❛ tr❛♥s❢♦r♠❛✲s❡ ❞❡ ❢♦r♠❛ ♠✉✐t♦ ♣❛r❡❝✐❞❛ ❝♦♠ ♦

♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❞❡ s♣✐♥✱ ♣❡❧♦ ♠❡♥♦s ♣❛r❛ ✜♥s ♣rát✐❝♦s✳ ❙❡♥❞♦ ❛ss✐♠✱ ❝❤❛♠❛✲s❡ ❞❡ s♣✐♥

❡❢❡t✐✈♦ ❞❛ ✐♠♣✉r❡③❛ ♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❞❡ s♣✐♥✳ ❊ss❛ s✐♠♣❧✐✜❝❛çã♦ r❡❞✉③ ❛s ❝♦♠♣❧✐❝❛çõ❡s

r❡❢❡r❡♥t❡s ❛♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❛ ♦ s♣✐♥✱ ♦ ♠♦♠❡♥t♦ ♦r❜✐t❛❧ ❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳

❙❡❥❛ S∗ ♦ s♣✐♥ ❡❢❡t✐✈♦ ❞❛ ✐♠♣✉r❡③❛✱ ❡st❛ t❡♠ ❡♥tã♦ (2S∗ + 1) ❡st❛❞♦s ❞❡❣❡♥❡r❛❞♦s✳

❈♦♠♦ ✈✐st♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛♦ ❛♣❧✐❝❛r ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡stát✐❝♦ s♦❜r❡ ❛ ❛♠♦str❛

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

❞❛ ✐♠♣✉r❡③❛✱ ❧❡♠❜r❛♥❞♦ q✉❡ ❛q✉✐ s❡ ❡stá ❝♦♥s✐❞❡r❛♥❞♦ ❛ ✐♠♣✉r❡③❛ ❝♦♠♦ ✐♠❡rs❛ ♥❛ r❡❞❡

❝r✐st❛❧✐♥❛✱ ❧♦❣♦ ❛ ❡♥❡r❣✐❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡♣❡♥❞❡ ❞♦s â♥❣✉❧♦s ❡♥tr❡ ♦s ❡✐①♦s ❝r✐s✲

t❛❧✐♥♦s ❡ ❞❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ❖ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ s♣✐♥ s✉r❣❡ ❝♦♠ ❛ ✐♥t❡♥çã♦

❞❡ ❞❡s❝r❡✈❡r ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s♣✐♥ ❡❢❡t✐✈♦✳

❖ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ s♣✐♥ é ♠♦str❛❞♦ ❛❜❛✐①♦ ❝♦♠ s❡✉s ♣r✐♥❝✐♣❛✐s t❡r♠♦s✿

H = HEZ +HEF +HIH +HZN +HQ ✭✸✳✶✾✮

♦♥❞❡

HEZ = β.
−→
S .g̃.

−→
B ✱ ✐♥t❡r❛çã♦ ❡❧❡trô♥✐❝❛ ❞❡ ❩❡❡♠❛♥❀

HEF =
−→
S .D̃.

−→
S ✱ ✐♥t❡r❛çã♦ ✜♥❛❀

HIH =
−→
I .Ã.

−→
S ✱ ✐♥t❡r❛çã♦ ❤✐♣❡r✜♥❛❀

✸✹



HZN = gnβn.
−→
I .

−→
B ✱ ✐♥t❡r❛çã♦ ❞❡ ❩❡❡♠❛♥ ♥✉❝❧❡❛r❀

HQ =
−→
I .Q̃.

−→
I ✱ ✐♥t❡r❛çã♦ ❞❡ q✉❛❞r✉♣♦❧♦ ♥✉❝❧❡❛r✳

❆q✉✐ g̃✱ D̃ ❡ Ã sã♦ t❡♥s♦r❡s s✐♠étr✐❝♦s ♥♦ ❡s♣❛ç♦ tr✐❞✐♠❡♥s✐♦♥❛❧✱ q✉❡ ❝♦♥té♠ ✐♥❢♦r♠❛✲

çõ❡s s♦❜r❡ ❛ ✈❡r❞❛❞❡✐r❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❛ ✐♠♣✉r❡③❛✳ ❆ s✐♠♣❧✐✜❝❛çã♦ ❢❡✐t❛ ❛♦ s❡ ❝♦♥s✐❞❡r❛r

♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ s♣✐♥ t♦r♥❛✲s❡ ✈❛♥t❛❥♦s❛ ♣♦✐s ♣❡r♠✐t❡ ❛♥❛❧✐s❛r ♦s ❡s♣❡❝tr♦s ❞❡ ❊P❘ s❡♠

❝❛rr❡❣❛r ❛s ❝♦♠♣❧✐❝❛çõ❡s ✐♥❡r❡♥t❡s ❛ ✈❡r❞❛❞❡✐r❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❬✺✽❪✳

✸✳✺✳✸ ■♥t❡r❛çã♦ ❩❡❡♠❛♥ ❊❧❡trô♥✐❝❛

❆ ✐♥t❡r❛çã♦ ❩❡❡♠❛♥ ❡❧❡trô♥✐❝❛ ♣❛r❛ ✉♠❛ ✐♠♣✉r❡③❛ ✐♥s❡r✐❞❛ ♥❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❞❡ ✉♠

♠❛t❡r✐❛❧ s❡ ❞✐❢❡r❡ ❞❛q✉❡❧❛ r❡❧❛t❛❞❛ ♣❛r❛ ♦ ❡❧étr♦♥ ❧✐✈r❡✱ ♣♦✐s ❝♦♥s✐❞❡r❛ ❛ ✐♥t❡r❛çã♦ s♣✐♥✲

ór❜✐t❛✳ P❛r❛ ♦ ❡❧étr♦♥ ❧✐✈r❡ ♦ ❢❛t♦r ❣ ✐s♦tró♣✐❝♦ é ge = 2, 002319✳

❖ ❞❡s✈✐♦ ♣r♦✈♦❝❛❞♦ ♥♦ ❢❛t♦r g ♣♦r ❡st❛ ✐♥t❡r❛çã♦ é ❞❛❞♦ ♣♦r ∆g = g−ge✳ ❊st❡ ❞❡s✈✐♦ é

❛❜❛✐①❛❞♦ ♣❡❧❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦ ❡❧❡tr♦stát✐❝♦ ✭❝r✐st❛❧✐♥♦✮ ♥♦ sít✐♦ ❞♦ ❞❡❢❡✐t♦✳ ■ss♦ ♣♦rq✉❡

♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ❧✐♠✐t❛ ♦ ♠♦✈✐♠❡♥t♦ ♦r❜✐t❛❧ ❞♦ ❡❧étr♦♥ ❛ ❝❡rt♦s ♣❧❛♥♦s ✐♠♣❡❞✐♥❞♦ q✉❡

s❡ t❡♥❤❛ ❝♦♥tr✐❜✉✐çõ❡s ❞❡ ♦✉tr♦s ♥♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ♦r❜✐t❛❧ t♦t❛❧✳

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

HLS = λ
−→
L .

−→
S ✭✸✳✷✵✮

❖♥❞❡ λ é ❛ ❝♦♥st❛♥t❡ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ s♣✐♥✲ór❜✐t❛✳ ❆ ❡♥❡r❣✐❛ ❡♥tr❡ ♦s ♥í✈❡✐s q✉❡ t✐✈❡r❛♠

❛ ❞❡❣❡♥❡r❡s❝ê♥❝✐❛ ❧❡✈❛♥t❛❞❛ ♣❡❧♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ é ❞❛❞❛ ♣♦r

〈p|Hcc|p〉 = ±∆ ✭✸✳✷✶✮

♦♥❞❡ Hcc é ♦ ♦♣❡r❛❞♦r r❡❧❛❝✐♦♥❛❞♦ ❛ ❡♥❡r❣✐❛ ❞♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ❡ ♦s s✐♥❛✐s ♣♦s✐t✐✈♦ ♦✉

♥❡❣❛t✐✈♦ ❡stã♦ ❛ss♦❝✐❛❞♦s ❝♦♠ ❛s ❝❛r❣❛s ✭♣♦s✐t✐✈❛ ♦✉ ♥❡❣❛t✐✈❛✮ ♥✉♠ ❞❡t❡r♠✐♥❛❞♦ ♦r❜✐t❛❧

✭px, py ♦✉ pz✱ ♣♦r ❡①❡♠♣❧♦✮✳ P♦❞❡✲s❡ ❡♥tã♦ ♠♦str❛r q✉❡ ♦ ❞❡s✈✐♦ ❡♠ ❣ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦

♣♦r g = ge − δg✱ ♦♥❞❡ δg = λ
∆
✳ P❛r❛ ✉♠❛ ✐♠♣✉r❡③❛ ♣❛r❛♠❛❣♥ét✐❝❛ t✐♣♦ ♠❡t❛❧ ❞❡ tr❛♥✲

s✐çã♦✱ ❝♦♠ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ 3dn✱ t❡♠♦s t✐♣✐❝❛♠❡♥t❡ δg ≈ 10−2...K.10−2✱ ♦♥❞❡ K é ✉♠❛

❝♦♥st❛♥t❡✳

◆❡st❡ ❝❛s♦✱ λ ≈ 102...103 ✱ ♥✉♠ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ❢♦rt❡✱ ❝♦♠♦ ❛q✉❡❧❡s ❡①✐st❡♥t❡s ♥♦s

❝r✐st❛✐s ✐ô♥✐❝♦s✳ ❉❡ss❛ ❢♦r♠❛ ♣♦❞❡♠♦s ❥✉st✐✜❝❛r ♥♦ss♦ ✉s♦ ♣rát✐❝♦ ❞♦ ❝♦♥❝❡✐t♦ ❞❡ s♣✐♥

❡❢❡t✐✈♦✱ ❞❡✈✐❞♦ ❛♦ ♣❡q✉❡♥♦ ❞❡s✈✐♦ q✉❡ s❡rá ♦❜s❡r✈❛❞♦ ♥♦ s♣✐♥ ✈❡r❞❛❞❡✐r♦ ❞❡ ✉♠ í♦♥ ❞❡

♠❡t❛❧ ❞❡ tr❛♥s✐çã♦ ✐♠❡rs♦ ❡♠ ✉♠ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦✳

✸✳✺✳✹ ■♥t❡r❛çã♦ ❋✐♥❛

P❛r❛ ✉♠ ✈❛❧♦r ❞❡ s♣✐♥ ❡❢❡t✐✈♦ ♠❛✐♦r q✉❡ 1
2
✱ ♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ t❡♠ ❣r❛♥❞❡ ✐♥✢✉ê♥❝✐❛

s♦❜r❡ ❛ ✐♥t❡r❛çã♦ s♣✐♥✲♦r❜✐t❛ ❡ ❛ ✐♥t❡r❛çã♦ ❞✐♣♦❧♦✲❞✐♣♦❧♦ ❡♥tr❡ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞❡
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s♣✐♥ ❡❧❡trô♥✐❝♦s✱ ❡ ✉♠❛ ♥♦✈❛ ✐♥t❡r❛çã♦ s✉r❣❡ ❝♦♠♦ r❡s✉❧t❛❞♦ ❞❡ss❛ ✐♥✢✉ê♥❝✐❛✿ ❛ ✐♥t❡r❛çã♦

❞❡ ❡str✉t✉r❛ ✜♥❛✳

◆♦ ❡s♣❡❝tr♦ ❞❡ ❊P❘✱ ❛ ✐♥t❡r❛çã♦ ❞❡ ❡str✉t✉r❛ ✜♥❛ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ❛tr❛✈és ❞❡

❞❡s❞♦❜r❛♠❡♥t♦ ❞❛s ❧✐♥❤❛s✱ q✉❛♥❞♦ ♠❡❞✐❞❛s ♣❛r❛ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ③❡r♦✱ ♣♦ré♠✱

❛♣❡♥❛s ✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛ ❞❛ ♦r❞❡♠ ❞❛s ♠✐❝r♦♦♥❞❛s ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞❛s ❡ ❞✐s❝✉t✐❞❛s✳

❆ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❛ ❞✐s❝✉ssã♦ r❡❧❛❝✐♦♥❛❞❛ ❛ ❡str✉t✉r❛ ✜♥❛ s❡ ❞á ♥❛ s✐♠❡tr✐❛ ❞♦ ❞❡❢❡✐t♦✱ ❞♦

s❡✉ s♣✐♥ ❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❡str✉t✉r❛ ✜♥❛ ❡♠ r❡❧❛çã♦ à ❡♥❡r❣✐❛ ❞❡ ❩❡❡♠❛♥ ❡❧❡trô♥✐❝❛✳

✸✳✺✳✺ ■♥t❡r❛çã♦ ❍✐♣❡r✜♥❛

❖ t❡r♠♦ HIH =
−→
I .Ã.

−→
S ♥♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❞❡ s♣✐♥ s✉r❣❡ ❞❡✈✐❞♦ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡

♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞♦ ❞❡❢❡✐t♦✱ s❡❥❛ ✉♠ ❡❧étr♦♥ ❞❡s❡♠♣❛r❡❧❤❛❞♦ ♦✉ ✉♠ ❜✉r❛❝♦✱ ❡ ♦s

♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s ♥ú❝❧❡♦s ✈✐③✐♥❤♦s✳

❊stá ✐♥t❡r❛çã♦ ❡♥tr❡ ♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ❡ ♦ s♣✐♥ ♥✉❝❧❡❛r é ❞❡s❝r✐t♦ ♣❡❧♦ t❡♥s♦r ❞❡ ✐♥t❡✲

r❛çã♦ ❤✐♣❡r✜♥♦ Ã✱ s❡♥❞♦ q✉❡ ❡st❡ ♣♦❞❡ s❡r ❞❡❝♦♠♣♦st♦ ❡♠ ✉♠❛ ♣❛rt❡ ✐s♦tró♣✐❝❛ ❡ ♦✉tr❛

❛♥✐s♦tró♣✐❝❛

Ã = (a1̃ + B̃) ✭✸✳✷✷✮

❖ ❡s❝❛❧❛r a é ♦ t❡r♠♦ ❞❡ ❝♦♥t❛t♦ ❞❡ ❋❡r♠✐ ❡ B̃ é ♦ t❡♥s♦r ❤✐♣❡r✜♥♦ ❛♥✐s♦tró♣✐❝♦✳ ❖

t❡r♠♦ ❞❡ ❝♦♥t❛t♦ ❞❡ ❋❡r♠✐ ♦✉ ✐♥t❡r❛çã♦ ❤✐♣❡r✜♥❛ ✐s♦tró♣✐❝❛ ❡♠ ✉♠ ♥ú❝❧❡♦ ♦❝✉♣❛♥❞♦ ✉♠

sít✐♦ ❧♦❝❛❧✐③❛❞♦ ♥✉♠❛ ♣♦s✐çã♦ rl é✿

al =
2

3
µogeµBgnµn|ψ(rl)|2 ✭✸✳✷✸✮

♦♥❞❡ ψ(r) é ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞♦ ❞❡❢❡✐t♦ ♥❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛✳ ❊♥tã♦✱ ♦ t❡r♠♦

❞❡ ❝♦♥t❛t♦ ❞❡ ❋❡r♠✐ ❞❡s❝r❡✈❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ s♣✐♥s ❞❡s❡♠♣❛r❡❧❤❛❞♦s ♥♦ sít✐♦ ❞♦ ♥ú❝❧❡♦✳

❖s ❡❧❡♠❡♥t♦s ❞♦ t❡♥s♦r ❛♥✐s♦tró♣✐❝♦ sã♦ ❞❛❞♦s ♣♦r

Bij =
µo

4π
geµBgnµn

∫
{3xixj

r5
− δij

r3
}|ψ(r)|2dV ✭✸✳✷✹✮

P❛r❛ ❛♥❛❧✐s❛r ❛ ❡str✉t✉r❛ ❤✐♣❡r✜♥❛ ❡ ❞❡t❡r♠✐♥❛r ❛ ❡str✉t✉r❛ ❞♦ ❞❡❢❡✐t♦✱ é ✐♠♣♦rt❛♥t❡

♣❡r❝❡❜❡r q✉❡ t♦❞❛s ❛s ❝♦♥st❛♥t❡s ❤✐♣❡r✜♥❛s sã♦ ❡♠ ♣r✐♠❡✐r❛ ♦r❞❡♠ ♣r♦♣♦r❝✐♦♥❛✐s ❛ gn ❬✺✽❪✳

P♦rt❛♥t♦✱ ❛s ❝♦♥st❛♥t❡s ❤✐♣❡r✜♥❛s ❞❡ ❞✐❢❡r❡♥t❡s ✐sót♦♣♦s ❞♦ ♠❡s♠♦ ❡❧❡♠❡♥t♦ ❡st❛r✐❛♠ ♥❛

r❛③ã♦ ❞❡ s❡✉s r❡s♣❡❝t✐✈♦s ✈❛❧♦r❡s ❣♥✳ ❊st❛ é ✉♠❛ ❢❡rr❛♠❡♥t❛ ✐♠♣♦rt❛♥t❡ ♥❛ ✐❞❡♥t✐✜❝❛çã♦

q✉í♠✐❝❛ ❞❡ ✐♠♣✉r❡③❛s ❞♦ ❡s♣❡❝tr♦ ❞❡ ❊P❘ ❬✺✺❪✳

◆♦ ❡s♣❡❝tr♦ ❞❡ ❊P❘✱ ♦ ♥ú♠❡r♦ ❞❡ ❧✐♥❤❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ❞❡s❞♦❜r❛♠❡♥t♦s ❞❛

✐♥t❡r❛çã♦ ❡♥tr❡ ♦ s♣✐♥ ❡❧❡trô♥✐❝♦ ❡ ❞♦ ♥ú❝❧❡♦✱ sã♦ ❞❛❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♥✉♠❡r♦ ❞❡

♥ú❝❧❡♦s ❡q✉✐✈❛❧❡♥t❡s✱ s❡ ❤á n ♥ú❝❧❡♦s ❡q✉✐✈❛❧❡♥t❡s✱ ❤❛✈❡rá (2nI + 1) ❧✐♥❤❛s ❝♦♠ ✉♠❛

❞✐str✐❜✉✐çã♦ ❜✐♥♦♠✐❛❧ ❞❡ ✐♥t❡♥s✐❞❛❞❡s ✭❞❛❞❛s ♣❡❧❛s ✜❧❛s ❞♦ tr✐â♥❣✉❧♦ ❞❡ P❛s❝❛❧✮✳ ■st♦ é✱

✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❛❞❛ ♣❡❧♦s ❝♦❡✜❝✐❡♥t❡s ❞♦ ❜✐♥ô♠✐♦✿ (1 + x)n❬✷✾❪✳
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✸✳✺✳✻ ❖ ❡s♣❡❝trô♠❡tr♦ ❞❡ ❊P❘

❆ ❋✐❣✉r❛ ✸✳✼ r❡♣r❡s❡♥t❛ ✉♠❛ ✐❧✉str❛çã♦ ❞❡ ✉♠ s✐st❡♠❛ ♣❛r❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ r❡ss♦✲

♥â♥❝✐❛ ♣❛r❛♠❛❣♥ét✐❝❛✳

❖ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧ é ❝♦♠♣♦st♦ ♣♦r✿

• ❋♦r♥❡❝❡❞♦r ❞❡ ♣♦tê♥❝✐❛❀

• ❋♦♥t❡ ❞❡ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ✭❢♦♥t❡ ❞❡ ♠✐❝r♦♦♥❞❛s✮❀

• ❯♠ ❡❧❡tr♦í♠ã ✭❣❡r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡stát✐❝♦✮❀

• ❯♠❛ ❝❛✈✐❞❛❞❡ ♣❛r❛ ❛♠♦str❛s❀

• ❊ ✉♠ s✐st❡♠❛ ❞❡ ❝♦❧❡t❛ ❞❡ ❞❛❞♦s✳

❋✐❣✉r❛ ✸✳✼✿ ■❧✉str❛çã♦ ❞♦ s✐st❡♠❛ ✉s❛❞♦ ♥♦ ❊s♣❡❝trô♠❡tr♦ ❞❡ ❊P❘✳

❈♦♠♦ ✈✐st♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❊P❘ ♠❛♥té♠✲s❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦

♦s❝✐❧❛♥t❡ ❝♦♥st❛♥t❡ ❡ ✈❛r✐❛✲s❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡stát✐❝♦ ❛♣❧✐❝❛❞♦✱ s❡♥❞♦ ❛ss✐♠✱ ❣r❛♥❞❡

♣❛rt❡ ❞♦s ❡s♣❡❝trô♠❡tr♦s ❢✉♥❝✐♦♥❛♠ ❞❡ss❛ ❢♦r♠❛✳ ❆ ♠✐❝r♦✲♦♥❞❛✱ é ❣❡r❛❞❛ ♣❡❧❛ ❢♦♥t❡ ❞❡

r❛❞✐❛çã♦✱ ✉♠ ❣❡r❛❞♦r ❞❡ ❢r❡q✉ê♥❝✐❛ ❑❧②str♦♥ ♦✉ ✉♠ s♦❧✐❞ st❛t❡ ●✉♥♥ ❞✐♦❞❡ ❡ ♦ ❝❛♠♣♦

❡stát✐❝♦ é ❣❡r❛❞♦ ♣❡❧♦ ❡❧❡tr♦í♠ã✱ ❞❡ ❢♦r♠❛ q✉❡ ♦s ❞♦✐s ❝❛♠♣♦s s❡❥❛♠ ♣❡r♣❡♥❞✐❝✉❧❛r❡s ❡♥tr❡

s✐✱ ✈❛r✐❛✲s❡ ❞❡ ❢♦r♠❛ ❝♦♥tí♥✉❛ ❡st❡ ú❧t✐♠♦ ❛té q✉❡ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ s❡❥❛ s❛t✐s❢❡✐t❛✳

❆ ♣r✐♥❝í♣✐♦✱ q✉❛❧q✉❡r ✈❛❧♦r ❞❡ ❢r❡q✉ê♥❝✐❛ é s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡ ❤❛❥❛ r❡ss♦♥â♥❝✐❛✱ ♣♦✲

ré♠✱ ❡①✐st❡♠ ❛❧❣✉♠❛s ❧✐♠✐t❛çõ❡s té❝♥✐❝❛s q✉❡ r❡str✐♥❣❡♠ ♦s ✈❛❧♦r❡s ✉s❛❞♦s✳ ❆ ♣r✐♥❝✐♣❛❧

❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ r❡ss♦♥❛♥t❡ ❛ s❡r ✉s❛❞❛✳ ❊st❛ ♣♦ss✉✐ ❞✐♠❡♥sõ❡s q✉❡ sã♦

❡st❛❜❡❧❡❝✐❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❢r❡q✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦ ♦s❝✐❧❛♥t❡✱ ❧♦❣♦ ❛❧t❡r❛r ν ✐♠♣❧✐❝❛ ❡♠

❛❧t❡r❛r ❛s ❞✐♠❡♥sõ❡s ❞❛ ❝❛✈✐❞❛❞❡✳ P❛r❛ ❢r❡q✉ê♥❝✐❛s ♥❛ ❢❛✐①❛ ❡♥tr❡ 30 ❛ 40 GHz✱ ❡❧❛ ❞❡✈❡

s❡r ❞❛ ♦r❞❡♠ ❞❡ ❛❧❣✉♥s ♣♦✉❝♦s ♠✐❧í♠❡tr♦s✳ ❯♠ ♦✉tr♦ ♣r♦❜❧❡♠❛ ❡stá ❛ss♦❝✐❛❞♦ ❛ ❛❧t❛s

❢r❡q✉ê♥❝✐❛s✱ ♣♦✐s ❡st❛s ❡①✐❣❡♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t❛♠❜é♠ ❛❧t♦✱ q✉❡ é ❞❡ ❞✐❢í❝✐❧ ♦❜t❡♥✲

çã♦✱ ♣♦✐s ❡❧❡tr♦í♠ãs ❢♦r♥❡❝❡♠ ✉♠ ❝❛♠♣♦ ❞❛ ♦r❞❡♠ ❞❡ ✷✺ ❦● ❡ ♠❛❣♥❡t♦s s✉♣❡r❝♦♥❞✉t♦r❡s
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♣♦❞❡♠ ❛❧❝❛♥ç❛r ✈❛❧♦r❡s ❞❛ ♦r❞❡♠ ❞❡ ❝❡♥t❡♥❛s ❞❡ ❦●✱ ♥ã♦ s✉♣❡r❛♥❞♦ ✐ss♦✳ ❉❡ss❛ ❢♦r♠❛

❡①✐st❡♠ ❛❧❣✉♥s ✈❛❧♦r❡s ♣❛❞rõ❡s ❞❡ ❢r❡q✉ê♥❝✐❛ ♥♦s q✉❛✐s ♦ ❡s♣❡❝trô♠❡tr♦ ♦♣❡r❛✿

✾✱✺ ●❍③ ✕ ❜❛♥❞❛ ❳

✷✹ ●❍③ ✲ ❜❛♥❞❛ ❑

✸✺ ●❍③ ✕ ❜❛♥❞❛ ◗
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❈❛♣ít✉❧♦ ✹

❘❡s✉❧t❛❞♦s ❡ ❉✐s❝✉ssõ❡s

✹✳✶ ❈r❡s❝✐♠❡♥t♦ ❞❡ ✜❧♠❡s ✜♥♦s ❞❡ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦✲

♣❛❞♦s ❝♦♠ ♠❛♥❣❛♥ês

❖s ✜❧♠❡s ✜♥♦s ❞❡ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❢♦r❛♠ ❝r❡s❝✐❞♦s ♣❡❧❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦✱

❞❡s❝r✐t❛ ♥❛ ❙❡çã♦ ✷✳✹✳ P❛r❛ t❛♥t♦✱ ✉t✐❧✐③♦✉✲s❡ ✉♠ ❡❧❡tró❧✐t♦ ❝♦♥❤❡❝✐❞♦ ❞❛ ❧✐t❡r❛t✉r❛✱ s❡♥❞♦

❡st❡ ✉♠❛ s♦❧✉çã♦ ❛q✉♦s❛ ❝♦♥t❡♥❞♦ 0, 4 M ❞❡ s✉❧❢❛t♦ ❞❡ ❝♦❜r❡✱ 3 M ❞❡ á❝✐❞♦ ❧át✐❝♦ ❡ 5

M ❞❡ ❤✐❞ró①✐❞♦ ❞❡ só❞✐♦ ♣❛r❛ ♠❛♥t❡r ♦ pH ❜ás✐❝♦ ❡♠ 9✱ ❢❛✈♦r❡❝❡♥❞♦ ❛ ❞❡♣♦s✐çã♦ ❞❛ ❢❛s❡

❡s♣❡r❛❞❛✳ ❆❧é♠ ❞♦s r❡❛❣❡♥t❡s ♠❡♥❝✐♦♥❛❞♦s ❛❝✐♠❛✱ ❛✐♥❞❛ ❢♦✐ ✉s❛❞♦ ♦ s✉❧❢❛t♦ ❞❡ ♠❛♥❣❛♥ês✱

s❛❧ r❡s♣♦♥sá✈❡❧ ♣♦r ❢♦r♥❡❝❡r ♦s í♦♥s ❞♦♣❛♥t❡s✳ ❈♦♠♦ ❛ té❝♥✐❝❛ ❞❡ ❡❧❡tr♦❞❡♣♦s✐çã♦ ❛✐♥❞❛

♥ã♦ é ♠✉✐t♦ ❜❡♠ ❡st❛❜❡❧❡❝✐❞❛ ♣❛r❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❡ ❉▼❙✬s✱ ❤á ♣♦✉q✉íss✐♠♦s tr❛❜❛❧❤♦s

♣✉❜❧✐❝❛❞♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦ ✉s♦ ❞❡ t❛❧ té❝♥✐❝❛ ♣❛r❛ ❡st❡ ✜♠✱ s❡♥❞♦ ❛ss✐♠✱ ❢♦✐ ♥❡❝❡ssár✐❛

✉♠❛ ❜✉s❝❛ ❡♠♣ír✐❝❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❝♦♥❝❡♥tr❛çã♦ ♥❡❝❡ssár✐❛ ❞❡ s✉❧❢❛t♦ ❞❡ ♠❛♥❣❛♥ês

♥❛ s♦❧✉çã♦✳ ❚rês s♦❧✉çõ❡s t❡st❡s ❢♦r❛♠ ❢❡✐t❛s✱ ❝♦♠ ❞✐❢❡r❡♥t❡s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ MnSO4✳

❖s ✈❛❧♦r❡s ✉s❛❞♦s s❡❣✉❡♠ ❧✐st❛❞♦s ❛❜❛✐①♦

✶ ✲ [MnSO4] = 0, 015M

✷ ✲ [MnSO4] = 0, 030M

✸ ✲ [MnSO4] = 0, 045M

P♦ré♠✱ ❛♣❡♥❛s ❛ s♦❧✉çã♦ ❝♦♥t❡♥❞♦ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ 0, 015M ❞❡ s✉❧❢❛t♦ ❞❡ ♠❛♥❣❛♥ês

♣r♦❞✉③✐✉ ✜❧♠❡s ❞❡ ❜♦❛ q✉❛❧✐❞❛❞❡✱♦✉ s❡❥❛ ❝♦♠ ❜♦❛ ❛❞❡rê♥❝✐❛ ❛♦ s✉❜str❛t♦ ❡ ❛♣❛rê♥❝✐❛ ✉♥✐✲

❢♦r♠❡✳ ❖s ❞❡♣ós✐t♦s ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❛s ❝♦♥❝❡♥tr❛çõ❡s 2 ❡ 3✱ ❧✐st❛❞❛s ❛❝✐♠❛✱ s❡ ♠♦str❛r❛♠

❝♦♠ ❜❛✐①❛ ❛❞❡rê♥❝✐❛ ❛♦ s✉❜str❛t♦✳

❙❛❜❡✲s❡ ❞❛s r❡❛çõ❡s ✷✳✶✹✱ ✷✳✶✺ ❡ ✷✳✶✻ q✉❡ sã♦ ♥❡❝❡ssár✐♦s ❡❧étr♦♥s ♣r♦✈❡♥✐❡♥t❡ ❞♦ ❡❧❡✲

tr♦❞♦ ❞❡ tr❛❜❛❧❤♦ ♣❛r❛ ❛ r❡❞✉çã♦ ❞♦s át♦♠♦s ❞❡ ❝♦❜r❡✱ ♦✉ s❡❥❛✱ ✉♠❛ ❝♦rr❡♥t❡ ❝❛tó❞✐❝❛✱

❛ss✐♠ ♦ s✉❜str❛t♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ♣r❡♣❛r❛çã♦ ❞❛s ❛♠♦str❛s ❢♦✐ s✐❧í❝✐♦ ♠♦♥♦❝r✐st❛❧✐♥♦ ❞♦

t✐♣♦✲♥ ❞❡ ❜❛✐①❛ r❡s✐st✐✈✐❞❛❞❡ ❡ ❝♦♠ ♦r✐❡♥t❛çã♦ ✭100✮✱ q✉❡ ♣♦ss✉✐ ♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛

♥❡❝❡ssár✐♦s ♣❛r❛ ❛ r❡❞✉çã♦ ♥❛ ❢❛✐①❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♠♣r❡❣❛❞❛✳

✸✾



❉✐✈❡rs♦s ♣❛râ♠❡tr♦s ❞❡ ❞❡♣♦s✐çã♦ ❢♦r❛♠ t❡st❛❞♦s❀ ♣♦t❡♥❝✐❛✐s ❞❡ ❞❡♣♦s✐çã♦✱ t❡♠♣♦

❞❡ ❞❡♣♦s✐çã♦✱ ❛❣✐t❛çã♦ ♠❡❝â♥✐❝❛✱ t❡♠♣❡r❛t✉r❛ ❡ ❝❛r❣❛ ❡❧❡tr♦❞❡♣♦s✐t❛❞❛✱ ♣❛r❛ ❝❤❡❣❛r ❛♦s

✜❧♠❡s q✉❡ ❛♣r❡s❡♥t❛r❛♠ ♦s ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s✳

❆ ✈♦❧t❛♠❡tr✐❛ ❝í❝❧✐❝❛✱ ❡①♣❡r✐♠❡♥t♦ ❡❧❡tr♦q✉í♠✐❝♦ r❡❛❧✐③❛❞♦ ♥❡st❛ ❞✐ss❡rt❛çã♦ ❝♦♠ ♦

♦❜❥❡t✐✈♦ ❞❡ ❡st✉❞❛r ❛s r❡❛çõ❡s q✉í♠✐❝❛s q✉❡ ♦❝♦rr❡♠ ♥♦ ❡❧❡tró❧✐t♦ s♦❜ ❛ ❛çã♦ ❞❡ ✉♠

♣♦t❡♥❝✐❛❧ ❡❧étr✐❝♦✱ ❢♦r♥❡❝❡✉ ❛ ❣❛♠❛ ❞❡ ♣♦t❡♥❝✐❛s ❞❡ ❞❡♣♦s✐çã♦ ❛ s❡r tr❛❜❛❧❤❛❞♦✱ ✈✐st♦ q✉❡

✉♠ ❞♦s ♦❜❥❡t✐✈♦s ❞❡st❡ tr❛❜❛❧❤♦ é ♦❜s❡r✈❛r s❡ ❤á ✉♠❛ r❡❧❛çã♦ ❞♦ ❣r❛✉ ❞❡ ❞♦♣❛❣❡♠ ❝♦♠

♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡♣♦s✐çã♦ ✉s❛❞♦✳ ❖ ✈♦❧t❛♠♦❣r❛♠❛ ♦❜t✐❞♦ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✱ ❡❧❡

❝♦♥s✐st❡ ❡♠ ✉♠❛ ✈❛rr❡❞✉r❛ ❞❡ 2, 0 ❛ −2, 0 V ✱ ❛ ✉♠❛ t❛①❛ ❞❡ 10 mV/s✳
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❋✐❣✉r❛ ✹✳✶✿ ❱♦❧t❛♠♦❣r❛♠❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✈❛rr❡❞✉r❛ ❞❡ 10 mV/s ❞❛ s♦❧✉çã♦ ❞❡ ó①✐❞♦

❞❡ ❝♦❜r❡ ❝♦♥t❡♥❞♦ 0, 015M MnSO4

P♦❞❡♠♦s ♦❜s❡r✈❛r ♥❛ ❝✉r✈❛ ♦❜t✐❞❛ ♦ ❛✉♠❡♥t♦ ❛❜r✉♣t♦ ❞❛ ❝♦rr❡♥t❡ ❝❛tó❞✐❝❛ ♣♦r ✈♦❧t❛

❞❡ −0, 65V vs.SCE✱ ✐ss♦ ♦❝♦rr❡ ❞❡✈✐❞♦ à r❡❞✉çã♦ ❞❡ í♦♥s ❞❡ ❝♦❜r❡✱ q✉❡ é ♠❛✐s ✐♥t❡♥s❛

♥❡ss❛ r❡❣✐ã♦✳ ❆ ♣❛rt✐r ❞❡ −1, 15V vs.SCE ❛ ❝♦rr❡♥t❡ ❝♦♠❡ç❛ ❛ ❞✐♠✐♥✉✐r✱ ♣♦✐s ❛ ♣❛rt✐r

❞❡ss❡ ♣♦♥t♦ ❛ r❡❛çã♦ ♣❛ss❛ ❛ s❡r ❝♦♥tr♦❧❛❞❛ ♣❡❧♦ tr❛♥s♣♦rt❡ ❞❡ ♠❛ss❛ ❡ ♥ã♦ ♠❛✐s ♣❡❧❛

❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ❝❛r❣❛s ♥♦ ❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦✳ ❖ ♣✐❝♦ ❞❡ r❡❞✉çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡

❛ ❢♦r♠❛çã♦ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ♦❝♦rr❡ ♣♦r ✈♦❧t❛ ❞❡ −0, 50 V ✱ ♣♦rt❛♥t♦✱ ❡♥tr❡ −0, 50 ❡

0, 75 V é ♣♦ssí✈❡❧ ♦❜t❡r ❞❡♣ós✐t♦s ❞❡ Cu2O✱ ♣♦ré♠✱ é ♥❡❝❡ssár✐♦ ♠✉✐t♦ ❝✉✐❞❛❞♦ ❛♦ ❝r❡s❝❡r

✜❧♠❡s ❡♠ ♣♦t❡♥❝✐❛✐s ♠❛✐s ❛❧t♦s✱ ✈✐st♦ q✉❡ é ♠✉✐t♦ tê♥✉❡ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦ ♣♦t❡♥❝✐❛❧ q✉❡

❢♦r♥❡❝❡ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❡ ❛q✉❡❧❡ q✉❡ ❢♦r♥❡❝❡ ❝♦❜r❡ ♠❡tá❧✐❝♦ ✶✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦s ✈❛❧♦r❡s

❞❡ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡♣♦s✐çã♦ ❡s❝♦❧❤✐❞♦s ♣❛r❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❛s ❛♠♦str❛s ❢♦r❛♠✿ −0, 50 V ✱

−0, 60 V ✱ −0, 65 V ✱ −0, 70 V ❡ −0, 75 V ✳

✶◆♦t❛✿ ♦ ♣✐❝♦ ❞❡ r❡❞✉çã♦ ♣❛r❛ ♦ ❝♦❜r❡ ♠❡tá❧✐❝♦ ♦❝♦rr❡ ♣♦r ✈♦❧t❛ ❞❡ −0, 9 V

✹✵



❖ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ❢♦✐ ❛❞♦t❛❞♦ ♣❛r❛ ❝♦♠ ❛s ❞❡♠❛✐s s♦❧✉çõ❡s✱ ♣♦ré♠✱ ♦s ✈♦❧t❛✲

♠♦❣r❛♠❛s ♦❜t✐❞♦s ❢♦r❛♠ s✉♣r✐♠✐❞♦s ❛q✉✐✱ ✈✐st♦ q✉❡ ♥ã♦ ♠♦str❛♠ ♥❡♥❤✉♠❛ ✐♥❢♦r♠❛çã♦

♥♦✈❛✳

◆❛s t❛❜❡❧❛s ❛ s❡❣✉✐r✱ ❡♥❝♦♥tr❛♠✲s❡ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❛ t❡♥t❛t✐✈❛ ❞❡ s❡ ♦❜t❡r ✜❧♠❡s

❛ ♣❛rt✐r ❞❡st❛s s♦❧✉çõ❡s✳

P♦t❡♥❝✐❛❧ ❞❡ ❉❡♣♦s✐çã♦✭❱✮
❚❡♠♣♦ ❞❡ ❞❡♣♦s✐çã♦✭s✮

✷✵✵ ✷✺✵ ✸✵✵ ✼✺✵✵

−0, 50 ◆ ◆ ◆ ❙

−0, 60 ◆ S∗ ❙ ❙

−0, 70 ❙ ❙ ❙ ❙

−0, 80 ❙ ❙ ❙ ❙

❚❛❜❡❧❛ ✹✳✶✿ ❘❡❧❛çã♦ ❞❡ ♣♦t❡♥❝✐❛✐s ❡ t❡♠♣♦s ❞❡ ❞❡♣♦s✐çã♦ ♣❛r❛ ❛ s♦❧✉çã♦ ❝♦♥t❡♥❞♦ 0, 015M

❞❡ MnSO4✳ ◆ ❂ ◆➹❖ ♦❝♦rr❡✉ ❛ ❞❡♣♦s✐çã♦❀ ❙ ❂ ❙■▼✱ ♦❝♦rr❡✉ ❛ ❞❡♣♦s✐çã♦✳ ∗◆ã♦ ❤á ✉♠❛

❞❡♣♦s✐çã♦ ✉♥✐❢♦r♠❡✱ ❝♦♠ ❡ss❡ t❡♠♣♦ ♦ s✉❜str❛t♦ ♥ã♦ ✜❝❛ ❝♦♠♣❧❡t❛♠❡♥t❡ r❡❝♦❜❡rt♦✳

P♦t❡♥❝✐❛❧ ❞❡ ❉❡♣♦s✐çã♦✭❱✮
❚❡♠♣♦ ❞❡ ❞❡♣♦s✐çã♦✭s✮

✷✵✵ ✷✺✵ ✸✵✵ ✼✺✵✵

−0, 50 ◆ ◆ ❙ ❙

−0, 60 ◆ S∗ ❙ ❙

−0, 70 ❙ ❙ ❙ ❙

−0, 80 ❙ ❙ ❙ ❙

❚❛❜❡❧❛ ✹✳✷✿ ❘❡❧❛çã♦ ❞❡ ♣♦t❡♥❝✐❛✐s ❡ t❡♠♣♦s ❞❡ ❞❡♣♦s✐çã♦ ♣❛r❛ ❛ s♦❧✉çã♦ ❝♦♥t❡♥❞♦ 0, 030M

❞❡ MnSO4✳ ◆ ❂ ◆➹❖ ♦❝♦rr❡✉ ❛ ❞❡♣♦s✐çã♦❀ ❙ ❂ ❙■▼✱ ♦❝♦rr❡✉ ❛ ❞❡♣♦s✐çã♦✳ ∗◆ã♦ ❤á ✉♠❛

❞❡♣♦s✐çã♦ ✉♥✐❢♦r♠❡✱ ❝♦♠ ❡ss❡ t❡♠♣♦ ♦ s✉❜str❛t♦ ♥ã♦ ✜❝❛ ❝♦♠♣❧❡t❛♠❡♥t❡ r❡❝♦❜❡rt♦✳

P♦t❡♥❝✐❛❧ ❞❡ ❉❡♣♦s✐çã♦✭❱✮
❚❡♠♣♦ ❞❡ ❞❡♣♦s✐çã♦✭s✮

✷✵✵ ✷✺✵ ✸✵✵ ✼✺✵✵

−0, 50 ◆ ◆ ◆ ◆

−0, 60 ◆ ◆ ◆ ◆

−0, 70 ◆ ◆ ◆ ◆

−0, 80 S∗ S∗ S∗ S∗

❚❛❜❡❧❛ ✹✳✸✿ ❘❡❧❛çã♦ ❞❡ ♣♦t❡♥❝✐❛✐s ❡ t❡♠♣♦s ❞❡ ❞❡♣♦s✐çã♦ ♣❛r❛ ❛ s♦❧✉çã♦ ❝♦♥t❡♥❞♦ 0, 045M

❞❡ MnSO4✳ ◆ ❂ ◆➹❖ ♦❝♦rr❡✉ ❛ ❞❡♣♦s✐çã♦❀ ❙ ❂ ❙■▼✱ ♦❝♦rr❡✉ ❛ ❞❡♣♦s✐çã♦✳ ∗❋♦r♠❛çã♦

❞❡ ❞❡♣ós✐t♦s s❡♠ ❛❞❡rê♥❝✐❛ ❛♦ s✉❜str❛t♦✳

❖s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ❢♦r❛♠ ♦❜t✐❞♦s ♣❛r❛ ❞❡♣♦s✐çõ❡s ❢❡✐t❛s ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐✲

❡♥t❡ ❡ s❡♠ ❛❣✐t❛çã♦✳ ◆❡st❡s t❡st❡s ✐♥✐❝✐❛✐s✱ ♥ã♦ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❞❡♣♦s✐çõ❡s ❡♠ ♣♦t❡♥❝✐❛✐s

✐♥t❡r♠❡❞✐ár✐♦s ❝♦♠♦ −0, 65 ❡ −0, 75 V ✱ ♣♦✐s ❜✉s❝❛✈❛✲s❡ ❛♣❡♥❛s ♦❜s❡r✈❛r ❛ q✉❛❧✐❞❛❞❡ ❞♦s

✹✶



❞❡♣ós✐t♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ s✉❧❢❛t♦ ❞❡ ♠❛♥❣❛♥ês ♥❛ s♦❧✉çã♦✳ Pr♦❝✉r❛♥❞♦

♣♦r ♣❡q✉❡♥❛s ❡s♣❡ss✉r❛s✱ ♦s t❡st❡s ♣r✐♦r✐③❛r❛♠ t❡♠♣♦s ♣❡q✉❡♥♦s✱ ♣♦ré♠✱ ♥ã♦ s❡ ♦❜t❡✈❡ r❡✲

s✉❧t❛❞♦ s❛t✐s❢❛tór✐♦ ♣❛r❛ ❡st❡s ❡ ♥♦ ❝❛s♦ ❞❛ ❛♠♦str❛ ❞❡♣♦s✐t❛❞❛ ❛ −0, 50 V ✱ ♦ r❡❝♦❜r✐♠❡♥t♦

t♦t❛❧ ❞♦ s✉❜str❛t♦ ❛❝♦♥t❡❝❡✉ ❛♣❡♥❛s ♣❛r❛ ♦ t❡♠♣♦ ❞❡ 7500s ✉s❛♥❞♦ ❛ s♦❧✉çã♦ ❝♦♥t❡♥❞♦

0, 015 M ❞❡ MnSO4 ✭✶✮✳ ❆❧❣✉♥s t❡st❡s ❢♦r❛♠ r❡❛❧✐③❛❞♦s s♦❜ ❛❣✐t❛çã♦ ♠❡❝â♥✐❝❛✱ ❛ ✜♠ ❞❡

♦❜s❡r✈❛r s❡ ♥❡ss❛s ❝♦♥❞✐çõ❡s s❡r✐❛ ♣♦ssí✈❡❧ ❛ ❢♦r♠❛çã♦ ❞❡ ❞❡♣ós✐t♦s ♣❛r❛ ♦s t❡♠♣♦s ❞❡ ✷✵✵

❡ ✷✺✵ s✱ ♣♦ré♠✱ ♦s ✜❧♠❡s ♦❜t✐❞♦s ❛♣r❡s❡♥t❛r❛♠ r❛❝❤❛❞✉r❛s ❡♠ s✉❛s ❡str✉t✉r❛s✳ ❊♠ t♦✲

❞♦s ♦s ✜❧♠❡s ❞❡♣♦s✐t❛❞♦s ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 80 V ♦❜s❡r✈♦✉✲s❡ ✉♠❛ ❝♦❧♦r❛çã♦ ❛❝♦❜r❡❛❞❛✱

❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡♣ós✐t♦s ❞❡ ❝♦❜r❡ ♠❡tá❧✐❝♦✱ ❡ ❞✐❢❡r❡♥t❡ ❞♦s ❞❡♠❛✐s q✉❡ ❛♣r❡s❡♥t❛✈❛♠

❝♦❧♦r❛çã♦ ❡s❝✉r❛✱ ♣ró①✐♠❛ ❛♦ ♣r❡t♦✳ P♦r ✐ss♦✱ ❡st❡ ♣♦t❡♥❝✐❛❧ ❢♦✐ ❞❡s❝♦♥s✐❞❡r❛❞♦ ♣❛r❛ ❛s

❞❡♠❛✐s ❛♠♦str❛s✳

❆✈❛❧✐❛♥❞♦ ❛s t❛❜❡❧❛s ♠♦str❛❞❛s ❛❝✐♠❛✱ ❡ ❛ ♣❛rt✐r ❞❛ ♦❜s❡r✈❛çõ❡s ❢❡✐t❛s ❛ r❡s♣❡✐t♦ ❞❛

s♦❧✉çõ❡s ❛♣ós ♦ ♣r❡♣❛r♦✱ ❝❤❡❣♦✉✲s❡ à ❝♦♥❝❧✉sã♦ ❞❡ q✉❡ ♦s ✜❧♠❡s ❞❡ ♠❡❧❤♦r q✉❛❧✐❞❛❞❡ ❢♦r❛♠

❛q✉❡❧❡s ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❛ s♦❧✉çã♦ ✶✳

❖ ❝♦♥tr♦❧❡ ❞♦ t❡♠♣♦ ❞❡ ❞❡♣♦s✐çã♦ é ❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❊q✉❛çã♦

✷✳✶✺✱ ❛ ❡s♣❡ss✉r❛ ❞♦ ❞❡♣ós✐t♦ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛r❣❛ ❡❧❡tr♦✲

❞❡♣♦s✐t❛❞❛✱ s❡♥❞♦ ❛ss✐♠✱ q✉❛♥t♦ ♠❛✐♦r ♦ t❡♠♣♦ ❞❡ ❞❡♣♦s✐çã♦✱ ♠❛✐♦r ❛ q✉❛♥t✐❞❛❞❡ ❞❡

❝❛r❣❛ ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♠❛✐s ❡s♣❡ss♦ ♦ ✜❧♠❡ s❡ t♦r♥❛✳ ❆ ✜♠ ❞❡ ♦❜t❡r ❛♠♦str❛s ❝♦♠

❛ ♠❡s♠❛ ❡s♣❡ss✉r❛✱ s❡r✐❛ ♥❡❝❡ssár✐♦ ✉♠ ❧♦♥❣♦ ♣r♦❝❡ss♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s ♣❛r❛ ❞❡t❡r♠✐♥❛r

♦s ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ t❡♠♣♦ ♣❛r❛ ❝❛❞❛ ♣♦t❡♥❝✐❛❧✱ q✉❡ ❢♦r♥❡❝❡ss❡ ❛ ♠❡s♠❛ ❡s♣❡ss✉r❛

❡♠ t♦❞♦s ♦s ✜❧♠❡s✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦ ❝♦♥tr♦❧❡ ❞♦ ❝r❡s❝✐♠❡♥t♦ ❢❡✐t♦ ❞✐r❡t❛♠❡♥t❡ ♣❡❧❛ ❝❛r❣❛

❡❧❡tr♦❞❡♣♦s✐t❛❞❛ é ♠❛✐s ❡✜❝✐❡♥t❡ ❡ rá♣✐❞♦✱ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦ ❝♦♥tr♦❧❡ ♣❡❧♦ t❡♠♣♦ ❞❡

❞❡♣♦s✐çã♦✱ ❛❧é♠ ❞❡ ♣♦ss✐❜✐❧✐t❛r ❛ ♦❜t❡♥çã♦ ❞❡ ❞❡♣ós✐t♦s ❝♦♠ ❝❛r❣❛s✱ ❡ ♣♦rt❛♥t♦✱ ❡s♣❡ss✉r❛

♣ré✲❡st❛❜❡❧❡❝✐❞❛✳

❆ ❊q✉❛çã♦ ✷✳✶✺ ❢♦r♥❡❝❡ ❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧♠❡ ♦❜t✐❞♦✱ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠ ♣r♦❝❡ss♦ ❞❡

❞❡♣♦s✐çã♦ t❡♥❤❛ ❡✜❝✐ê♥❝✐❛ ♠á①✐♠❛✱ 100%✳ ❊♥tr❡t❛♥t♦✱ ❘✳ ●✳ ❉❡❧❛t♦rr❡ ❬✼❪ ❡♠ s❡✉s tr❛❜❛✲

❧❤♦s✱ ❝♦♠♣❛r♦✉ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❛tr❛✈és ❞❡ ♠❡❞✐❞❛s ❞❡ ❘❡tr♦❡s♣❛❧❤❛♠❡♥t♦ ❘✉t❤❡r❢♦r

✭❘❇❙✮ ❝♦♠ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ♣❡❧♦ ❝á❧❝✉❧♦ ✉s❛♥❞♦ ❛ ❊q✉❛çã♦ ✷✳✶✺ ❡ ❝♦♥❝❧✉✐✉ q✉❡ ♣❛r❛

❝❛❞❛ 1 mC ❞❡ ❝❛r❣❛ ❡❧❡tr♦❞❡♣♦s✐t❛❞❛ ❢♦r♠❛♠✲s❡ 7 nm ❞❡ Cu2O ❝♦♠ ❡✜❝✐ê♥❝✐❛ ❞❡ 90%✳

❈❛r❣❛ ✭mC✮ ❊s♣❡ss✉r❛ ✭nm✮

✲✶✵ ✼✵

✲✷✵ ✶✹✵

✲✸✵ ✷✶✵

✲✻✵ ✹✷✵

✲✶✵✵ ✼✵✵

✲✷✵✵ ✶✹✵✵

✲✸✵✵ ✷✶✵✵

✲✻✵✵ ✹✷✵✵

❚❛❜❡❧❛ ✹✳✹✿ ❊s♣❡ss✉r❛s r❡❧❛❝✐♦♥❛❞❛s à ❝❛r❣❛ ❡❧❡tr♦❞❡♣♦s✐t❛❞❛✱ ♦❜t✐❞❛ ♣♦r ❘❇❙✳❬✼❪

✹✷



❊st❛ ❡✜❝✐ê♥❝✐❛ r❡❞✉③✐❞❛ ♣♦❞❡r✐❛ s❡r ❡①♣❧✐❝❛❞❛ ♣❡❧❛ ❡✈♦❧✉çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ q✉❡ ♦❝♦rr❡

s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❝♦♠ ❛ r❡❛çã♦ ♣r✐♥❝✐♣❛❧✱ ♣♦ré♠✱ ♦ ❛♠❜✐❡♥t❡ ❡♠ q✉❡ ❡ss❛s r❡❛çõ❡s ♦❝♦rr❡♠

é ❜ás✐❝♦✱ ♦ pH ❞♦ ❡❧❡tró❧✐t♦ é ♠❛♥t✐❞♦ ❡♠ 9✱ ❡ ❛ss✐♠ ❤á ♣♦✉❝❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❣ás ❤✐❞r♦❣ê♥✐♦✳

◆❡st❡ ❝❛s♦✱ ❛ ❡✜❝✐ê♥❝✐❛ ♠❡♥♦r q✉❡ 100% é ❛ss♦❝✐❛❞❛ ❛ ❢❛❧t❛ ❞❡ ❤♦♠♦❣❡♥❡✐❞❛❞❡ ❞❛ ár❡❛

❞❡♣♦s✐t❛❞❛✱ ❞❡✈✐❞♦ ❛ ✉♠❛ ♠❛✐♦r t❛①❛ ❞❡ ❞❡♣♦s✐çã♦ ♥❛ r❡❣✐ã♦ ❞❛s ❜♦r❞❛s ❞♦ q✉❡ ♥❛s r❡❣✐õ❡s

❝❡♥tr❛✐s ❬✼❪✳ ❆s ✐♥❢♦r♠❛çõ❡s ♦❜t✐❞❛s ♣♦r ❘✳●✳ ❉❡❧❛t♦rr❡ ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✹✳✹✳

❈♦♠♦ ♦ ✐♥t❡r❡ss❡ ❞❡st❡ tr❛❜❛❧❤♦ é ♦❜t❡r ✜❧♠❡s ✜♥♦s ❝♦♠ ♣❡q✉❡♥❛ ❡s♣❡ss✉r❛✱ r❡❛❧✐③♦✉✲s❡

t❡st❡ ❝♦♠ ♦s ✈❛❧♦r❡s ❞❡ ❝❛r❣❛ ❡♥tr❡ −10 ❡ −100 mC✱ ♣♦ré♠✱ ❛ ♠❡♥♦r q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛r❣❛

q✉❡ ❢♦r♥❡❝❡✉ ❞❡♣ós✐t♦s ❞❡ ❜♦❛ q✉❛❧✐❞❛❞❡ ❡♠ t♦❞♦s ♦s ♣♦t❡♥❝✐❛✐s ✉t✐❧✐③❛❞♦s ❢♦✐ −80 mC✱

q✉❡ r❡s✉❧t❛r✐❛ ❡♠ ❡s♣❡ss✉r❛s ❡♥tr❡ 420 ❡ 700 nm✳ ❘❡s✉❧t❛❞♦s ❞❡ ♣❡r✜❧♦♠❡tr✐❛ ♠♦str❛r❛♠

q✉❡ ♣❛r❛ ❡st❡s ✜❧♠❡s✱ ❛ ❡s♣❡ss✉r❛ é✱ ❡♠ ♠é❞✐❛✱ 400 nm✳

❆ t❡♠♣❡r❛t✉r❛ ❢♦✐ ♦ ú❧t✐♠♦ ♣❛râ♠❡tr♦ ❛ s❡r ❛❧t❡r❛❞♦ ♥❛ ❞❡♣♦s✐çã♦ ❞♦s ✜❧♠❡s ❞❡ ó①✐❞♦

❞❡ ❝♦❜r❡✳ ❆ ♣r✐♥❝✐♣❛❧ ❝♦♥s❡q✉ê♥❝✐❛ ❞♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❡❧❡tró❧✐t♦ ❡stá ♥❛

✈❛r✐❛çã♦ ❞❛ s✉❛ ❝♦♥❞✉t✐✈✐❞❛❞❡✿ ❛♦ ❛✉♠❡♥t❛r ❛ t❡♠♣❡r❛t✉r❛✱ ❛✉♠❡♥t❛✲s❡ ❛ ♠♦❜✐❧✐❞❛❞❡

❞♦s í♦♥s ❞❡♥tr♦ ❞❛ s♦❧✉çã♦✱ ❧♦❣♦ ❤á ✉♠ ❛❝rés❝✐♠♦ ♥♦ ✢✉①♦ ❞❡ ❝❛r❣❛s✱ ♠❡❧❤♦r❛♥❞♦ ❛

❝♦♥❞✉t✐✈✐❞❛❞❡✳ ■ss♦✱ ♣♦✐s ❡❧❛ ❛❢❡t❛ ♦ tr❛♥s♣♦rt❡ ❞❡ ♠❛ss❛ ♥♦ ✐♥t❡r✐♦r ❞♦ ❡❧❡tró❧✐t♦✱ ✈✐st♦ q✉❡

❛ ❝♦♥✈❡❝çã♦ ❞❡♣❡♥❞❡ ❞❛s ❞✐❢❡r❡♥ç❛s ❞❡ t❡♠♣❡r❛t✉r❛ ❡♥tr❡ ❛s ❞✐✈❡rs❛s r❡❣✐õ❡s ❞❛ s♦❧✉çã♦✳

❊♠ ❝♦♥s❡q✉ê♥❝✐❛✱ ❛✉♠❡♥t❛✲s❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦s í♦♥s ♥❛ ❝❛♠❛❞❛ ❞❡ ❞✐❢✉sã♦✱ ♣ró①✐♠❛

❛♦ ❡❧❡tr♦❞♦ ❞❡ tr❛❜❛❧❤♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ❞♦✐s ❧♦t❡s ❞❡ ❛♠♦str❛s ❢♦r❛♠ ❞❡♣♦s✐t❛❞♦s✱ ✉♠ à

t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❡ ♦✉tr♦ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❝♦♠♦ s✉❣❡r❡ ❛ r❡❢❡rê♥❝✐❛ ❬✻✹❪✳ ❖

♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦ ❛q✉❡❝✐♠❡♥t♦ ❝♦♥s✐st✐✉ ❡♠ ❡♥✈♦❧✈❡r ❡♠ ✉♠ ❜❛♥❤♦ ❞❡ ❣❧✐❝❡r✐♥❛ t♦❞♦

♦ ❡❧❡tró❧✐t♦✱ ♣♦✐s ❛ss✐♠✱ t♦❞♦ ♦ ♣r♦❝❡ss♦ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ ♠❛✐s ❤♦♠♦❣ê♥❡❛✳

◆❛s ❋✐❣✉r❛s ✹✳✷ ❡ ✹✳✸ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s tr❛♥s✐❡♥t❡s ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ ❛ ❞❡♣♦s✐çã♦

♣♦t❡♥❝✐♦stát✐❝❛ ❞❡ ❝❛❞❛ ✉♠ ❞♦s ✜❧♠❡s ❝r❡s❝✐❞♦s à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❡ ♥❛ t❡♠♣❡r❛t✉r❛

❞❡ 60oC✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖s ✜❧♠❡s ❢♦r❛♠ ❞❡♣♦s✐t❛❞♦s ♥♦s s❡❣✉✐♥t❡s ♣♦t❡♥❝✐❛✐s✿ −0, 60✱

−0, 65✱ −0, 70 ❡ −0, 75 V ✳ ➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡

❝r❡s❝✐♠❡♥t♦✱ t♦❞❛s ❛s ❝✉r✈❛s s❡❣✉❡♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❛❞rã♦✿ ❛♣r❡s❡♥t❛♠ ❝♦rr❡♥t❡s

✐♥✐❝✐❛✐s ❡❧❡✈❛❞❛s✱ ♣♦✐s é ♥❡st❛ ❡t❛♣❛ q✉❡ ♦❝♦rr❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♥✉❝❧❡❛çã♦ ❡✱ ♣♦rt❛♥t♦✱ ❤á ✉♠

❛✉♠❡♥t♦ ❞❛ ár❡❛ ❡❧❡tr♦❛t✐✈❛✳ P❛r❛ t❡♠♣♦s ♠❛✐♦r❡s ♦❜s❡r✈❛✲s❡ ❛ s❛t✉r❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡

❞❡♣♦s✐çã♦✱ ♣♦✐s ❛ ár❡❛ ❡❧❡tr♦❛t✐✈❛ ❞✐♠✐♥✉✐ ❞❡✈✐❞♦ ❛ ❢♦r♠❛çã♦ ❞♦s ❣rã♦s✱ r❡s✉❧t❛♥❞♦ ♥✉♠❛

tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛r❣❛ ❝♦♥st❛♥t❡✳ P❛r❛ ❡st❡ ❝❛s♦ ♦♥❞❡ ❤á ✉♠❛ ❜❛✐①❛ t❛①❛ ❞❡ ❝♦♥s✉♠♦ ❞♦s

í♦♥s✱ ♦ r❡❣✐♠❡ ❞❡ s❛t✉r❛çã♦ é ❝♦♥tr♦❧❛❞♦ ♣❡❧❛ t❛①❛ ❞❡ r❡❛çã♦✱ ❞❡♣❡♥❞❡♥t❡ ❞♦ ♣♦t❡♥❝✐❛❧

❡❧étr✐❝♦ ❛♣❧✐❝❛❞♦✳ ❈♦♠♦ ❡r❛ ❞❡ s❡ ❡s♣❡r❛r✱ ❛ ❝♦rr❡♥t❡ ♠á①✐♠❛ ❛t✐♥❣✐❞❛ ♥❛ ❞❡♣♦s✐çã♦

❛✉♠❡♥t❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ❛♣❧✐❝❛❞♦ à ❝é❧✉❧❛✳ ❊ q✉❛♥❞♦ s❡ ❝♦♠♣❛r❛ ❡st❡s ✈❛❧♦r❡s

♣❛r❛ ❛ s♦❧✉çã♦ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ ♥♦t❛✲s❡ q✉❡ ❤á ✉♠

❧✐❣❡✐r♦ ❛✉♠❡♥t♦ ❞❛ ❝♦rr❡♥t❡ ❝❛tó❞✐❝❛✱ r❡s✉❧t❛❞♦ ❞❛ ♠❡❧❤♦r ❝♦♥❞✉t✐✈✐❞❛❞❡ ❞♦ ❡❧❡tró❧✐t♦✳

▼✉✐t❛s ✈❡③❡s✱ ♥❛ ❞❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s✱ ♣r♦❝❡❞✐♠❡♥t♦s ♣ós✲❞❡♣♦s✐çã♦ sã♦ ♥❡❝❡ssá✲

r✐♦s ♣❛r❛ ♠❡❧❤♦r❛r ❛ q✉❛❧✐❞❛❞❡ ❞♦s ❞❡♣ós✐t♦s ♦❜t✐❞♦s✱ s❡♥❞♦ ❛ss✐♠✱ ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦

♣♦❞❡ s❡r ✉♠ ❞❡st❡s ♣r♦❝❡❞✐♠❡♥t♦s✳ ❊❧❡ ♣♦❞❡ s❡r ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ ❛q✉❡❝✐♠❡♥t♦ ♦✉ r❡s❢r✐❛✲

♠❡♥t♦ ❝♦♥tr♦❧❛❞♦ ❞♦s ♠❡t❛✐s✱ ❢❡✐t♦ ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❛❧t❡r❛r s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❡
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♠❡❝â♥✐❝❛s✱ s❡♠ ❛❧t❡r❛r ❛ ❢♦r♠❛ ❞♦ ♣r♦❞✉t♦ ✜♥❛❧✳ ❚❡♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛❧t❡r❛r ❛ ❝r✐st❛❧✐✲

♥✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❡ ✉♠ ❞♦s ♠❡✐♦s ♠❛✐s ♣rát✐❝♦s ♣❛r❛ tr❛♥s❢♦r♠❛r ✉♠❛ ❡str✉t✉r❛ ❛♠♦r❢❛

❡♠ ❝r✐st❛❧✐♥❛✳
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❋✐❣✉r❛ ✹✳✷✿ ❚r❛♥s✐❡♥t❡s ❞❡ ❝♦rr❡♥t❡ ♣❛r❛s ❛s ❛♠♦str❛s ♦❜t✐❞❛s ❝♦♠ ♣♦t❡♥❝✐❛✐s ❞❡ ❛✮−0, 60

V ✱ ❜✮−0, 65 V ✱ ❝✮−0, 70 V ❡ ❞✮−0, 75 V à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✳

❖ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❥á ♣♦ss✉✐✱ ❛♥t❡s ❞♦ tr❛t❛♠❡♥t♦✱ ✉♠❛ ❝r✐st❛❧✐♥✐❞❛❞❡ ✐♥❝♦♠♣❧❡t❛✳ P♦r✲

t❛♥t♦✱ r❡❛❧✐③❛♠♦s ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❛✉♠❡♥t❛r ❛ ❝r✐st❛❧✐♥✐❞❛❞❡ ❞❛s

❛♠♦str❛s ❡ ❝♦♠♣❛r❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ♣ós ❡ ❛♥t❡✲ tr❛t❛♠❡♥t♦✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❢♦✐ ❢❡✐t♦ ✉s❛♥❞♦ ♦ ❢♦r♥♦ t✉❜✉❧❛r 1300oC ❤♦r✐③♦♥t❛❧ ❝♦♠ ❈▲P ❞❛ ❋♦r✲

t❡❧❛❜✳ ❊st❡ ❢♦r♥♦ ❝♦♥s✐st❡ ❡♠ ✉♠ s✐st❡♠❛ ❢❡❝❤❛❞♦✱ ❝♦♠ ❝♦♥tr♦❧❡ t♦t❛❧♠❡♥t❡ ❞✐❣✐t❛❧✳ ❙❡♥❞♦

❛ss✐♠✱ ❛s ❛♠♦str❛s ❢♦r❛♠ ✐♥s❡r✐❞❛s ♥❛ ❝❛✈✐❞❛❞❡ q✉❡ ❧❡✈❛ ❛♦ ✐♥t❡r✐♦r ❞♦ ❢♦r♥♦✱ ❞❡ ♠♦❞♦

q✉❡ ✜❝❛r❛♠ ♣♦s✐❝✐♦♥❛❞❛s ♦ ♠❛✐s ♣ró①✐♠♦ ❞♦ ❝❡♥tr♦ ❞❡st❡✱ ♦♥❞❡ ❛ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛✲

t✉r❛ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ ♠❛✐s ✉♥✐❢♦r♠❡✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛q✉❡❝✐♠❡♥t♦ ❞♦ ❢♦r♥♦ s❡ ❞❡✉ ❡♠

❢♦r♠❛ ❞❡ r❛♠♣❛✱ ❝♦♠ ✉♠❛ t❛①❛ ❞❡ ❛q✉❡❝✐♠❡♥t♦ ❞❡ 12, 5 oC/s✱ ❛té ❛t✐♥❣✐r ❛ t❡♠♣❡r❛t✉r❛

❞❡ 400oC✱ t❡♠♣❡r❛t✉r❛ ♠í♥✐♠❛ ♥❛ q✉❛❧ ❛ ❧✐t❡r❛t✉r❛ ❞✐③ ❤❛✈❡r ✐♥✢✉ê♥❝✐❛ s♦❜r❡ ❛ ❡str✉t✉r❛

❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❬✻✺❪✳ ❆s ❛♠♦str❛s ♣❡r♠❛♥❡❝❡r❛♠ s♦❜ ❡ss❛ t❡♠♣❡r❛t✉r❛ ♣♦r ✉♠❛ ❤♦r❛ ❡

❧♦❣♦ ❛♣ós ♣❛ss❛r❛♠ ♣♦r ✉♠ ♣r♦❝❡ss♦ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❧❡♥t♦ ✭❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✷ ❤♦r❛s✮

❛té ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✳

✹✹



❊st❡ ú❧t✐♠♦ ♣r♦❝❡ss♦ ♥ã♦ ♣♦❞❡ s❡r ❝♦♥tr♦❧❛❞♦ ♣❡❧♦ ❢♦r♥♦✳ ❆q✉✐ é ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r

q✉❡ t❛①❛s ❞❡ ❛q✉❡❝✐♠❡♥t♦ ♠✉✐t♦ ❜❛✐①❛s ❡ ❧♦♥❣♦s ♣❡rí♦❞♦s ❞❡ ❡①♣♦s✐çã♦ ❞❛s ❛♠♦str❛s à

❛❧t❛s t❡♠♣❡r❛t✉r❛s ♣♦❞❡ ❞❛♥✐✜❝❛r s✉❛ ❡str✉t✉r❛ ❞❡ ❢♦r♠❛ ❛ ❝❛✉s❛r r❛❝❤❛❞✉r❛✳ ❖ ♣r♦❝❡✲

❞✐♠❡♥t♦ ♣❛r❛ ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ✉t✐❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ❢❡✐t♦ ❡♠ ❞♦✐s ❛♠❜✐❡♥t❡s✱

✐♥✐❝✐❛❧♠❡♥t❡ ❡♠ ✈á❝✉♦✱ ❡ ❞❡♣♦✐s ❡♠ ❝♦♥❞✐çõ❡s ❛♠❜✐❡♥t❡✱ ♦✉ s❡❥❛✱ ❝♦♠ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡

♦①✐❣ê♥✐♦✳ ❘❡s✉❧t❛❞♦s ❞❡ r❛✐♦s✲❳✱ ♠♦str❛❞♦s ♥❛ ♣ró①✐♠❛ s❡çã♦✱ ♠♦str❛♠ ❛s ❝♦♥s❡q✉ê♥❝✐❛s

❞❡st❡ ♣r♦❝❡❞✐♠❡♥t♦ ♣ós✲❞❡♣♦s✐çã♦✳
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❋✐❣✉r❛ ✹✳✸✿ ❚r❛♥s✐❡♥t❡s ❞❡ ❝♦rr❡♥t❡ ♣❛r❛s ❛s ❛♠♦str❛s ♦❜t✐❞❛s ❝♦♠ ♣♦t❡♥❝✐❛✐s ❞❡ ❛✮−0, 60

V ✱ ❜✮−0, 65 V ✱ ❝✮−0, 70 V ❡ ❞✮−0, 75 V à t❡♠♣❡r❛t✉r❛ ❞❡ 60 oC✳

✹✳✷ ❉✐❢r❛çã♦ ❞❡ ❘❛✐♦s✲❳

❆ ✜♠ ❞❡ ❡st✉❞❛r ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ♠❛t❡r✐❛❧ ❞❡♣♦s✐t❛❞♦✱ ❢♦r❛♠ ❢❡✐t❛s ♠❡❞✐❞❛s ❞❡

❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳✱ ✉s❛♥❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ θ−2θ✱ ❝♦♠ â♥❣✉❧♦ r❛s❛♥t❡✱ ❞❡ ❢♦r♠❛ ❛ ❞❡t❡❝t❛r

❛ ❝♦♥tr✐❜✉✐çã♦ ❛♣❡♥❛s ❞♦ ❞❡♣ós✐t♦✱ s❡♠ ✐♥t❡r❢❡rê♥❝✐❛ ❞♦ s✉❜str❛t♦✳ ❖s ❞✐❢r❛t♦❣r❛♠❛s

♦❜t✐❞♦s ♣♦❞❡♠ s❡r ✈✐st♦s ♥❛s ✜❣✉r❛s q✉❡ s❡❣✉❡♠ ♥❛ s❡çã♦✳ ❆s ♠❡❞✐❞❛s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♥❛s

❛♠♦str❛s ❝r❡s❝✐❞❛s ♥❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ t♦❞❛s ✐♥✐❝✐❛❧♠❡♥t❡

s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s sã♦ ♠♦str❛❞♦s ♥❛s ❋✐❣✉r❛s ✹✳✹ ❡ ✹✳✺✳

❆♦ ❝♦♠♣❛r❛r ♦s ❞✐❢r❛t♦❣r❛♠❛s ♦❜t✐❞♦s ❝♦♠ ❛q✉❡❧❡ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✻✱ ♦ q✉❛❧

✹✺



♣❡rt❡♥❝❡ ❛ ❜❛s❡ ❝r✐st❛❧♦❣rá✜❝❛ ❈r②st♠❡t ✲ ■❈❙❉ ♥ú♠❡r♦ ✷✹✻✾✵✸✱ ♣♦❞❡✲s❡ ✐❞❡♥t✐✜❝❛r ♦s

♣✐❝♦s ❞❡ ❞✐❢r❛çã♦ ❝❛r❛❝t❡ríst✐❝♦s ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ♥❛ ❢❛s❡ Cu2O ♣r❡s❡♥t❡ ❡♠ t♦❞❛s ❛s

❛♠♦str❛s✱ r❡s✉❧t❛❞♦ ❡st❡✱ q✉❡ ❝♦♥✜r♠❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ s❡ ♦❜t❡r ó①✐❞♦ ❞❡ ❝♦❜r❡ ❡♠ t♦❞♦s

♦s ♣♦t❡♥❝✐❛✐s ❞❡ ❞❡♣♦s✐çã♦ ♣ré✲❞❡t❡r♠✐♥❛❞♦s✳
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❋✐❣✉r❛ ✹✳✹✿ ❉✐❢r❛t♦❣r❛♠❛s ❞❛s ❛♠♦str❛s −0, 60✱ −0, 65✱ −0, 70✱ −0, 75 V ❝r❡s❝✐❞❛s à

t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ❢❛s❡ Cu2O✳
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❋✐❣✉r❛ ✹✳✺✿ ❉✐❢r❛t♦❣r❛♠❛s ❞❛s ❛♠♦str❛s −0, 60✱ −0, 65✱ −0, 70✱ −0, 75 V ❝r❡s❝✐❞❛s à

t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ❢❛s❡ Cu2O✳
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❋✐❣✉r❛ ✹✳✻✿ ❉✐❢r❛t♦❣r❛♠❛ ♣❛r❛ ♦ Cu2O✱ r❡t✐r❛❞♦ ❞❛ ❇❛s❡ ✷✹✻✾✵✸✳

❆tr❛✈és ❞❡st❡s r❡s✉❧t❛❞♦s✱ ✈ê✲s❡ q✉❡ ❛s ❛♠♦str❛s sã♦ ♣♦❧✐❝r✐st❛❧✐♥❛s✱ ❛♣r❡s❡♥t❛♥❞♦ ❞✐✲

✈❡rs♦s ♣✐❝♦s ❞❡ ❞✐❢r❛çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ❞✐❢❡r❡♥t❡s ♣❧❛♥♦s ❝r✐st❛❧✐♥♦s✱ ♦s q✉❛✐s sã♦ ✐♥❞✐❝❛✲

❞♦s ♣❡❧♦s s❡✉s r❡s♣❡❝t✐✈♦s í♥❞✐❝❡s ❞❡ ▼ü❧❧❡r ♥♦s ❞❛❞♦s ♠♦str❛❞♦s✳ P♦ré♠✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r

q✉❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞♦s ❞❡♣ós✐t♦s s❡ ❞á ♥❛ ❞✐r❡çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ✭✶✶✶✮ ❡♠ 2θ = 36, 6o q✉❡

❢♦r♥❡❝❡ ✉♠ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ✐❣✉❛❧ ❛ 4, 26➴✳ ❊st❛ ❞✐r❡çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ❡stá r❡❧❛❝✐♦♥❛❞❛
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❝♦♠ ♦s ♣❛râ♠❡tr♦s ❞❛ ❡❧❡tr♦❞❡♣♦s✐çã♦✳ ❙❛❜❡✲s❡ q✉❡ ♦ pH ❞❛ s♦❧✉çã♦ ❡ ♦ s✉❜str❛t♦ ✉t✐✲

❧✐③❛❞♦ ✐♥✢✉❡♥❝✐❛♠ ♥❛ ♦r✐❡♥t❛çã♦ ❞❡ ❝r❡s❝✐♠❡♥t♦✳ ❖ ❡❧❡tró❧✐t♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ❞❡♣♦s✐çã♦

❞♦s ✜❧♠❡s ❛♥❛❧✐s❛❞♦s t❡✈❡ s❡✉ ♣❍ ❛❥✉st❛❞♦ ❡♠ ✾ ❡ ♦ s✉❜str❛t♦ ❞❡ s✐❧í❝✐♦ ❡r❛ ♠♦♥♦❝r✐st❛❧✐♥♦

❝♦♠ ♦r✐❡♥t❛çã♦ ✭100✮✳ ❆♠❜♦s ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ✉♠ ❝r❡s❝✐♠❡♥t♦ ♣r❡❢❡r❡♥❝✐❛❧ ♥❛ ❞✐r❡çã♦

✭100✮ ❬✷✽❪✱ ♣♦ré♠✱ ♥ã♦ é ♦ q✉❡ s❡ ♦❜s❡r✈❛ ♥♦s ❞❛❞♦s ♦❜t✐❞♦s ♣❡❧❛ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳✳

❊st❛ ❞✐✈❡r❣ê♥❝✐❛ ♣♦❞❡ ❡st❛r ❛ss♦❝✐❛❞❛ ❛ ❢♦r♠❛ ❝♦♠♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❞❡♣♦s✐çã♦ é ❝♦♥tr♦❧❛❞♦✱

t❡r♠♦❞✐♥❛♠✐❝❛♠❡♥t❡ ♦✉ ❝♦♥tr♦❧❡ ❝✐♥ét✐❝♦✳ ❙❡♥❞♦ q✉❡ ❛s ❞✉❛s ❢♦r♠❛s ♣♦❞❡♠ ♦❝♦rr❡r ❡♠

✉♠❛ ♠❡s♠❛ ❞❡♣♦s✐çã♦✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ❞❡♣ós✐t♦✳ ■♥✐❝✐❛❧♠❡♥t❡ ♦ ♣r♦❝❡ss♦ é

t❡r♠♦❞✐♥❛♠✐❝❛♠❡♥t❡ ❝♦♥tr♦❧❛❞♦ ❡ ❛♣ós ❝❡rt❛ ❡s♣❡ss✉r❛ ❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ❡❧❡tró❧✐t♦ s♦❜r❡ ♦

❝r❡s❝✐♠❡♥t♦ ❞♦ Cu2O é ♠❛✐♦r ❞♦ q✉❡ ❛ ❞♦ s✉❜str❛t♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ ♣r♦❝❡ss♦ ♣❛ss❡ ❛

s❡r ❝✐♥ét✐❝♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ ❢♦r♠❛ ❝♦♠♦ s❡ ❞❡✉ ♦ ❝♦♥tr♦❧❡ ❞❛ ❞❡♣♦s✐çã♦ ♣♦❞❡ t❡r ❞❡✜♥✐❞♦

❛ ❞✐r❡çã♦ ✭✶✶✶✮ ❝♦♠♦ s❡♥❞♦ ❛ ♣r❡❢❡r❡♥❝✐❛❧ ♣❛r❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❞♦s ❞❡♣ós✐t♦s✳

❊♠ ✉♠❛ s✐♠♣❧❡s ❝♦♠♣❛r❛çã♦ ❡♥tr❡s ♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❝♦♠ ❛q✉❡❧❡ ❢♦r♥❡❝✐❞♦ ♣❡❧❛

❜❛s❡✱ é ♥♦tá✈❡❧ ✉♠ ♣❡q✉❡♥♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ t♦❞♦s ♦s ♣✐❝♦s ♣❛r❛ ❛ ❞✐r❡✐t❛✳ ❖ ♣✐❝♦ ✭111✮✱

♣♦r ❡①❡♠♣❧♦✱ ♥❛ ❧✐t❡r❛t✉r❛ ❡stá ❛ss♦❝✐❛❞♦ ❛ 2θ = 36, 46o ❡ ♥♦s r❡s✉❧t❛❞♦s ❛❝✐♠❛ ❛ 2θ =

36, 6o✱ ♦ q✉❡ r❡s✉❧t❛ ❡♠ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ 0, 14o✳ ❈♦♠♦ t♦❞♦s ♦s ❞❡♠❛✐s ♣✐❝♦s s♦❢r❡r❛♠

✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ss❛ ♠❡s♠❛ ♦r❞❡♠✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ❡❧❡ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛ ó♣t✐❝❛

❞♦ s✐st❡♠❛ ❞❡ ❞✐❢r❛çã♦ ✉s❛❞♦ ♣❛r❛ r❡❛❧✐③❛r ❛s ♠❡❞✐❞❛s ❡ ♥ã♦ ❛ ✉♠❛ ♣♦ssí✈❡❧ ❛❧t❡r❛çã♦ ♥♦

♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❞♦ ♠❛t❡r✐❛❧✳

◆♦t❛✲s❡ t❛♠❜é♠ ❛♦ ❝♦♠♣❛r❛r ♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à ❞✐❢❡r❡♥t❡s

t❡♠♣❡r❛t✉r❛s✱ q✉❡ ❛q✉❡❧❛s ❞❡♣♦s✐t❛❞❛s ❛ ♣❛rt✐r ❞❛ s♦❧✉çã♦ ❛q✉❡❝✐❞❛ ❛♣r❡s❡♥t❛♠ ✉♠❛

♠❛✐♦r ❝r✐st❛❧✐♥✐❞❛❞❡✱ ✈✐st♦ q✉❡ ❛♣r❡s❡♥t❛♠ ♣✐❝♦s ❞❡ ❞✐❢r❛çã♦ ❝♦♠ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✳

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ♠❡❧❤♦r✐❛s ❡str✉t✉r❛✐s ♥♦s ✜❧♠❡s ❞❡♣♦s✐t❛❞♦s✱ ❡st❡s ♣❛ss❛r❛♠

♣♦r ✉♠ ♣r♦❝❡ss♦ ❞❡ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❞❡s❝r✐t♦ ♥❛ s❡çã♦ ✧Pr❡♣❛r❛çã♦ ❞❛s ❛♠♦str❛s✧✳ ❆

❛♥á❧✐s❡ ❝r✐st❛❧♦❣rá✜❝❛ ❞❡st❛s ❛♠♦str❛s ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❡♥❝♦♥tr❛✲s❡ ♥♦s ❞✐❢r❛✲

t♦❣r❛♠❛s ❡①✐❜✐❞♦s ♥❛s ❋✐❣✉r❛s ✹✳✽ ❡ ✹✳✾✳

✹✽



30 35 40 45 50 55 60 65 70 75 80
0

100

200

300

400

500

 

 

In
te

ns
id

ad
e 

(u
.a

)

2Theta (o)

 Amostra -0.60 V T=60 CT(111)
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❋✐❣✉r❛ ✹✳✼✿ ❉✐❢r❛t♦❣r❛♠❛ ❞❛ ❛♠♦str❛ −0, 60 V ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❛♣ós ♦

tr❛t❛♠❡♥t♦ tér♠✐❝♦ q✉❡ ❛♣r❡s❡♥t❛ ♣✐❝♦s ❞❡ ❞✐❢r❛çã♦ ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ❢❛s❡ Cu2O✳

❖ ❞✐❢r❛t♦❣r❛♠❛ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ❛❝✐♠❛✱ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ❞❛ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲

❳ ♣❛r❛ ❛ ❛♠♦str❛ ❞❡♣♦s✐t❛❞❛ s♦❜ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 60 V à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❛♣ós

♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❢❡✐t♦ ❛ ✈á❝✉♦✳ ◆❡st❛ ❛♠♦str❛ ♣ós✲tr❛t❛♠❡♥t♦ sã♦ ✐❞❡♥t✐✜❝❛❞♦s ♦s

♣✐❝♦s ❞❡ ❞✐❢r❛çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦ t✐♣♦ ■✳ ❖ ❛♠❜✐❡♥t❡ ❛ ✈á❝✉♦ é

♦ r❡s♣♦♥sá✈❡❧ ♣♦r ♥ã♦ ❤❛✈❡r ❛❧t❡r❛çõ❡s ♥❛ ❢❛s❡ ❞♦ ♠❛t❡r✐❛❧ ❞❡♣♦s✐t❛❞♦✱ ♣♦✐s ♥❡st❡ ❝❛s♦

♥ã♦ ❤á át♦♠♦s ❞❡ ♦①✐❣ê♥✐♦ ❞✐s♣♦♥í✈❡✐s ♣❛r❛ ♣r♦♠♦✈❡r ❛ ♦①✐❞❛çã♦ ❞♦ ❞❡♣ós✐t♦✳ ❈♦♠♦

❝♦♥s❡q✉ê♥❝✐❛ ❞♦ tr❛t❛♠❡♥t♦✱ ❛✐♥❞❛ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ t♦❞♦s ♦s ♣✐❝♦s

❞❡ ❞✐❢r❛çã♦ s♦❢r❡✉ ✉♠ ❝♦♥s✐❞❡rá✈❡❧ ❛✉♠❡♥t♦✱ ♦ q✉❡ s✉❣❡r❡ ✉♠❛ ♠❡❧❤♦r❛ ♥❛ ❝r✐st❛❧✐♥✐❞❛❞❡

❞♦ ♠❛t❡r✐❛❧✳ ❆q✉✐ ❡stá r❡♣r❡s❡♥t❛❞♦ ♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ♣❛r❛ ✉♠❛ ú♥✐❝❛ ❛♠♦str❛✱ ♣♦ré♠✱

♦ ♠❡s♠♦ ♦❝♦rr❡ ♣❛r❛ ❛s ❞❡♠❛✐s✱ −0, 65✱ −0, 70 ❡ −0, 75 V ✱ ❞❡s❞❡ q✉❡ ♦ tr❛t❛♠❡♥t♦ ♦❝♦rr❛

s♦❜ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s✳

❆s ❋✐❣✉r❛s ✹✳✽ ❡ ✹✳✾ ❡①✐❜❡♠ ♦s r❡s✉❧t❛❞♦s ❞❛ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳ ♣❛r❛s ❛s ❛♠♦str❛s

❝r❡s❝✐❞❛s ♥❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ à 60oC✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳

❆tr❛✈és ❞❡ ✉♠❛ rá♣✐❞❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❞✐❢r❛t♦❣r❛♠❛ ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❛ ❜❛s❡ ❞❡ ❞❛❞♦s✱

❋✐❣✉r❛ ✹✳✻✱ ✜❝❛ ❝❧❛r♦ q✉❡ ♦ ♠❛t❡r✐❛❧ q✉❡ ❝♦♠♣õ❡ ♦s ✜❧♠❡s ♥ã♦ é ♠❛✐s ♦ ♠❡s♠♦✳ ■ss♦ ♦❝♦rr❡✱

♣♦✐s✱ ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ r❡❝❡❜✐❞♦ ♣♦r ❡st❛s ❛♠♦str❛s s❡ ❞❡✉ ❡♠ ❛♠❜✐❡♥t❡ ❛❜❡rt♦✱ s♦❜

❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦ ❛♠❜✐❡♥t❡✱ ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❝♦♠ ❣r❛♥❞❡ ❞✐s♣♦♥✐✲

❜✐❧✐❞❛❞❡ ❞❡ ♦①✐❣ê♥✐♦✱ r❡s♣♦♥sá✈❡❧ ♣♦r ♣r♦✈♦❝❛r ❛ ♦①✐❞❛çã♦ ❞❡ ❝❡rt♦s ♠❛t❡r✐❛✐s✳
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❋✐❣✉r❛ ✹✳✽✿ ❉✐❢r❛t♦❣r❛♠❛s ❞❛s ❛♠♦str❛s −0, 60✱ −0, 65✱ −0, 70✱ −0, 75 V ❝r❡s❝✐❞❛s à

t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ❢❛s❡ CuO✳
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❋✐❣✉r❛ ✹✳✾✿ ❉✐❢r❛t♦❣r❛♠❛s ❞❛s ❛♠♦str❛s −0, 60✱ −0, 65✱ −0, 70✱ −0, 75 V ❝r❡s❝✐❞❛s à

t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❝❛r❛❝t❡ríst✐❝♦s ❞❛ ❢❛s❡ CuO✳

✺✵



❈♦♠♦ ❥á ♠❡♥❝✐♦♥❛❞♦✱ ♥❛ r❡✈✐sã♦ ❞❡ ❧✐t❡r❛t✉r❛ ❞❡st❡ tr❛❜❛❧❤♦✱ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❡①✐❜❡

❞✉❛s ❢❛s❡s ♠❛✐s ❝♦♠✉♥s✱ ♦ Cu2O✱ ❞❡t❡❝t❛❞♦ ♥❛s ❛♠♦str❛s ❛♥t❡s ❞♦ tr❛t❛♠❡♥t♦✱ ❡ ♦ CuO✱

s❡♥❞♦ q✉❡ ❛ tr❛♥s✐çã♦ ❡♥tr❡ ❛s ❞✉❛s ❢❛s❡s s❡ ❞á ♣❡❧❛ ♦①✐❞❛çã♦ ❞❛ ♣r✐♠❡✐r❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

▲♦❣♦✱ ✐st♦ ❧❡✈❛ ❛ ♣r❡✈❡r q✉❡ ❞✉r❛♥t❡ ♦ ♣❡rí♦❞♦ ❡♠ q✉❡ ❛s ❛♠♦str❛s ♣❡r♠❛♥❡❝❡r❛♠ ♥♦ ❢♦r♥♦✱

❡❧❛s ♣❛ss❛r❛♠ ♣♦r ✉♠❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡✱ ❡ ♦ ♠❛t❡r✐❛❧ ♣r❡s❡♥t❡ ♥♦s ✜❧♠❡s ❛♣ós ♦ tr❛t❛♠❡♥t♦

tér♠✐❝♦ é ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦ t✐♣♦ ■■ ✭CuO✮✳ ❚❛❧ ♣r❡✈✐sã♦ ♣♦❞❡ s❡r ❝♦♥✜r♠❛❞❛ ❛♦

✐❞❡♥t✐✜❝❛r♠♦s ♦s ♣✐❝♦s ❞❡ ❞✐❢r❛çã♦ ♦❜t✐❞♦s✳ ❖❜s❡r✈❛✲s❡ ♦s ♣✐❝♦s ❛ss♦❝✐❛❞♦s ❛♦s ♣❧❛♥♦s ✭✶✶✲

✶✮✱ ✭✶✶✶✮✱ ✭✷✵✲✷✮✱ ✭✵✷✵✮✱ ✭✷✵✷✮✱ ✭✶✶✲✸✮✱ ✭✸✶✲✶✮✱ ✭✷✷✵✮ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦s s❡❣✉✐♥t❡s â♥❣✉❧♦s

❞❡ ❞✐❢r❛çã♦ 2θ✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✿ 35, 60✱ 38, 80✱ 49, 00✱ 53, 60✱ 58, 95✱ 61, 65✱ 66, 35 ❡ 68, 05o✳

❖s q✉❛✐s ❡stã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s ❞❛❞♦s ❢♦r♥❡❝✐❞♦s ♣❡❧❛ ❜❛s❡ ❞❡ ❞❛❞♦s ■❈❙❉ ♥ú♠❡r♦ 31059✳

◆♦✈❛♠❡♥t❡ ❡①✐st❡ ✉♠❛ ❧✐❣❡✐r❛ ❞✐❢❡r❡♥ç❛ ❞❡ 0, 04o ❡♥tr❡ ♦s ❞❛❞♦s ♦❜t✐❞♦s ❡ ❛q✉❡❧❡s ❞❛

❧✐t❡r❛t✉r❛✱ ♠❛s q✉❡ ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❛♦s ❛❥✉st❡s ❞♦ ❝♦♥❥✉♥t♦ ó♣t✐❝♦ ❞♦ s✐st❡♠❛✳

❆♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❛♦ ❝♦♠♣❛r❛r ♦s r❡s✉❧t❛❞♦s ❞❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à t❡♠♣❡✲

r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ ❛q✉❡❧❛s ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ ♥ã♦ é ♣♦ssí✈❡❧ ♥♦t❛r ❞✐❢❡r❡♥ç❛s

s✐❣♥✐✜❝❛t✐✈❛s✳ ❆ ✐♥t❡♥s✐❞❛❞❡ ❞♦s ♣✐❝♦s ❞❡ ❞✐❢r❛çã♦ ♥ã♦ t❡♠ ❛❧t❡r❛çõ❡s ♠❡♥s✉rá✈❡✐s✳ ❯♠

❞❡t❛❧❤❡ ❞❡✈❡ s❡r ♦❜s❡r✈❛❞♦ ❛ r❡s♣❡✐t♦ ❞❛ ❛♠♦str❛ ❝r❡s❝✐❞❛ s♦❜ ♦ ♣♦t❡♥❝✐❛❧ −0, 65 V à

t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ ♥♦ ❞✐❢r❛t♦❣r❛♠❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ❡❧❛✱ ❡♥❝♦♥tr❛♠✲s❡ ✐❞❡♥t✐✜❝❛❞♦s

❛♣❡♥❛s ♦s ♣✐❝♦s ✭✶✶✲✶✮✱ ✭✶✶✶✮✱ ✭✷✷✲✷✮✱ ♦s ❞❡♠❛✐s q✉❡ sã♦ ❞❡ ♠❡♥♦r ✐♥t❡♥s✐❞❛❞❡✱ ❡stã♦

s✉♣r✐♠✐❞♦s ♣❡❧♦ ♣✐❝♦ ❞❡ ❛❧t❛ ✐♥t❡♥s✐❞❛❞❡ ❧♦❝❛❧✐③❛❞♦ ❡♠ 57, 4o✳

◆♦t❛✲s❡ ❡♠ t♦❞♦s ♦s ❞✐❢r❛t♦❣r❛♠❛s ❛♥❛❧✐s❛❞♦s✱ ❛ ♣r❡s❡♥ç❛ ❞❡ ❞♦✐s ♣✐❝♦s ❧♦❝❛❧✐③❛❞♦s ❡♠

❡♥tr❡ 56 ❡ 60o✳ ❊st❡s ♣✐❝♦s ❞❡ ❞✐❢r❛çã♦ ♣♦❞❡♠ ❡st❛r ❛ss♦❝✐❛❞♦s ❛♦ Mn5O8✱ q✉❡ ❛♣r❡s❡♥t❛

❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳ ❡♠ t♦❞❛ ❡ss❛ r❡❣✐ã♦ ❬✼✶❪✳ ❆✐♥❞❛ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❡st❡s ♣✐❝♦s s❡

t♦r♥❛♠ ♠❡♥♦s ✐♥t❡♥s♦s ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♦ q✉❡ ✐♥❞✐❝❛ q✉❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡st❡

♠❛t❡r✐❛❧ ♣r❡s❡♥t❡ ♥♦s ❞❡♣ós✐t♦s é ♣❡q✉❡♥❛✳

✹✳✸ ❊s♣❡❝tr♦s❝♦♣✐❛ ❘❛♠❛♥

❆ ❡s♣❡❝tr♦s❝♦♣✐❛ ❘❛♠❛♥ é ✉♠❛ ♣♦❞❡r♦s❛ té❝♥✐❝❛ ♣❛r❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♠❛t❡r✐❛✐s✱ ♣♦✐s

é s❡♥sí✈❡❧ àq✉❡❧❡s q✉❡ s❡ ❡♥❝♦♥tr❛♠ ❛té ♠❡s♠♦ ❡♠ ❢❛s❡s ❛♠♦r❢❛s✳ ❖ ❡s♣❡❝tr♦ ♦❜t✐❞♦ é

ú♥✐❝♦✱ ✈✐st♦ q✉❡ ❝❛❞❛ ❜❛♥❞❛ ♣❡rt❡♥❝❡♥t❡ ❛ ❡❧❡✱ ❡stá ❛ss♦❝✐❛❞♦ ❛ ✉♠ ♠♦❞♦ ❞❡ ✈✐❜r❛çã♦

❝❛r❛❝t❡ríst✐❝♦ ❞❛s ♠♦❧é❝✉❧❛s q✉❡ ❝♦♠♣õ❡ ♦ ♠❛t❡r✐❛❧✳

❆s ♠❡❞✐❞❛s ❢❡✐t❛s ♥❛s ❞✐❢❡r❡♥t❡s ❛♠♦str❛s✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s s♦❜ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s✿

♦ ❧❛s❡r ✉t✐❧✐③❛❞♦ ♣♦ss✉í❛ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✐❣✉❛❧ ❛ 514 nm✱ ❡ ♣♦tê♥❝✐❛ ✉t✐❧✐③❛❞❛ ❢♦✐ 10%✱

❡ t♦❞♦s ♦s ❡①♣❡r✐♠❡♥t♦s ♦❝♦rr❡r❛♠ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ ♣r❡ssã♦ ❡ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ ♥❛

r❡❣✐ã♦ ❡s♣❡❝tr❛❧ ❝♦♠♣r❡❡♥❞✐❞❛ ❡♥tr❡ 100 ❡ 900 cm−1✳ ❊stá r❡❣✐ã♦ ❢♦✐ ❡s❝♦❧❤✐❞❛ ✈✐st♦ q✉❡

❡♠ ❡①♣❡r✐♠❡♥t♦s q✉❡ ❛❜r❛♥❣❡r❛♠ ✉♠❛ r❡❣✐ã♦ ♠❛✐♦r ❝♦♠♣r❡❡♥❞✐❞❛ ❡♥tr❡ 75 ❡ 1200 cm−1✱

♥❡♥❤✉♠ s✐♥❛❧ ❢♦✐ ❞❡t❡❝t❛❞♦ ❛❝✐♠❛ ❞❡ 900 cm−1✳ ❆ tít✉❧♦ ❞❡ ❡①❡♠♣❧♦✱ ❛ ❋✐❣✉r❛ ✹✳✶✵ ♠♦str❛

♦ ❡s♣❡❝tr♦ ♦❜t✐❞♦ ♣❛r❛ ❛♠♦str❛ ❝r❡s❝✐❞❛ s♦❜ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 65 V ✱ ❛ t❡♠♣❡r❛t✉r❛ ❞❡

60oC ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❆❝✐♠❛ ❞❡ 900 cm−1✱ ♦❜s❡r✈❛✲s❡ ❛♣❡♥❛s ✉♠❛ ✢✉♦r❡s❝ê♥❝✐❛

❞♦ ♠❛t❡r✐❛❧ ❞❡♣♦s✐t❛❞♦ q✉❡ ♥ã♦ ❢♦r♥❡❝❡✱ ♥❡st❛ té❝♥✐❝❛✱ ✐♥❢♦r♠❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s s♦❜r❡ ♦
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♠❛t❡r✐❛❧ ❡♠ ❡st✉❞♦✳

❖ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦ t✐♣♦ ■ ✭Cu2O✮ ♣♦ss✉✐ ✉♠❛ ❡str✉t✉r❛ ❝ú❜✐❝❛✱ ❞❡ ❣r✉♣♦ ❡s♣❛❝✐❛❧ O4
h✱

❝♦♠ ❞✉❛s ♠♦❧é❝✉❧❛s ♣♦r ❝é❧✉❧❛ ✉♥✐tár✐❛✳ ❆s ❝♦♥s✐❞❡r❛çõ❡s ❞❡ s✐♠❡tr✐❛ ❤❛❜✐t✉❛✐s ♣r❡✈❡❡♠

s❡✐s ❢ô♥♦♥s ó♣t✐❝♦s ❛tr✐❜✉í❞♦s ❛s s✐♠❡tr✐❛s ❛ s❡❣✉✐r ❬✻✶❪✿

τy = A2u + Eu + 2T1u + T2u + T2g ✭✹✳✶✮
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 Amostra -0.65 V T=60 CTT

Si
T

1u E
u

❋✐❣✉r❛ ✹✳✶✵✿ ❊s♣❡❝tr♦ ❘❛♠❛♥ ❡♥tr❡ 70 ❡ 1200 cm−1 ♦❜t✐❞♦ ♣❛r❛ ❛♠♦str❛ ❝r❡s❝✐❞❛ s♦❜ ♦

♣♦t❡♥❝✐❛❧ ❞❡ −0, 65 V ✱ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳

❆s ❋✐❣✉r❛s ✹✳✶✶ ❡ ✹✳✶✷ ♠♦str❛♠ ♦s ❡s♣❡❝tr♦s ❘❛♠❛♥ ♦❜t✐❞♦s ♣❛r❛ ♦s ❞❡♣ós✐t♦s ❞❡ ó①✐❞♦

❞❡ ❝♦❜r❡ s✐♥t❡t✐③❛❞♦s ❡♠ ❞✐❢❡r❡♥t❡s ♣♦t❡♥❝✐❛✐s ❞❡ ❞❡♣♦s✐çã♦✳ P❡❧❛ ❛♥á❧✐s❡ ❞♦s ❡s♣❡❝tr♦s

♠♦str❛❞♦s ♥❡st❛s ✜❣✉r❛s✱ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r três ♣✐❝♦s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝♦s ❞❛

❢❛s❡ Cu2O✱ ❡ ❡st❡s ❡stã♦ ♣r❡s❡♥t❡s ❡♠ t♦❞❛s ❛s ❛♠♦str❛s✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡

❞❡♣♦s✐çã♦ ✉t✐❧✐③❛❞♦ ❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❡❧❡tró❧✐t♦✳ ❊❧❡s ❡stã♦ ❧♦❝❛❧✐③❛❞♦s ❡♠ t♦r♥♦ ❞❡

150✱ 218 ❡ 640 cm−1✱ s❡♥❞♦ q✉❡ ♦ s❡❣✉♥❞♦ ❡ ú❧t✐♠♦ ❡stã♦ ✉♠ ♣♦✉❝♦ ❞❡s❧♦❝❛❞♦s ❞♦s ✈❛❧♦r❡s

❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛✱ 220 ❡ 630 cm1 ❬✻✻❪✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❙❛❜❡✲s❡ q✉❡ ❛ ❢♦rç❛ ❞❡

❧✐❣❛çã♦ ❡ ❛ ❣❡♦♠❡tr✐❛ ❞♦ s✐st❡♠❛ t❡♠ ❡❢❡✐t♦ s♦❜r❡ ❛ ♣♦s✐çã♦ ❞❛ ❜❛♥❞❛✱ s❡♥❞♦ ❛ss✐♠✱ ❡st❡

❞❡s❧♦❝❛♠❡♥t♦ ♣♦❞❡ ❡st❛r ❛ss♦❝✐❛❞♦ ❛ ♠✉❞❛♥ç❛ ♥❛s ❢♦rç❛s ❞❡ ❧✐❣❛çã♦ ❛♣ós ❛ ❞♦♣❛❣❡♠✱

❡♥tr❡t❛♥t♦ ❡stá ❛✐♥❞❛ ♣r❡❝✐s❛ s❡r ❝♦♥✜r♠❛❞❛✳

❆s ❜❛♥❞❛s ✐❞❡♥t✐✜❝❛❞❛s ♣♦❞❡♠ s❡r ❛tr✐❜✉í❞❛s ❛♦s ♠♦❞♦s ❞❡ s✐♠❡tr✐❛ ♦❜s❡r✈❛❞❛s ♣❛r❛

❛ ❢❛s❡ Cu2O✿ ❛s ❜❛♥❞❛s ❧♦❝❛❧✐③❛❞❛s ❡♠ 150 ❡ 640 cm−1 ❝♦rr❡s♣♦♥❞❡♠ ❛ s✐♠❡tr✐❛ T1u✱ ❡

sã♦ ❞♦✐s ♠♦❞♦s ❛t✐✈♦s ❛♦ ✐♥❢r❛✈❡r♠❡❧❤♦✱ ❥á ❛ ❜❛♥❞❛ ❡♠ 218 cm−1 é ❛tr✐❜✉í❞❛ ❛ ✉♠ ♠♦❞♦

❞❡ ✈✐❜r❛çã♦ ❤❛r♠ô♥✐❝♦ Eu✳ ❖ ♣r✐♥❝í♣✐♦ ❞❡ ❡①❝❧✉sã♦ ♠út✉❛ ♦♣❡r❛ ♣❛r❛ ❛ ❛t✐✈✐❞❛❞❡ ❡♠

✐♥❢r❛✈❡r♠❡❧❤♦ ❡ ❘❛♠❛♥ ❞❡ ✈✐❜r❛çõ❡s ❞❡✈✐❞♦ à s✐♠❡tr✐❛ ❞❡ ✐♥✈❡rsã♦✱ s❡♥❞♦ ❛ss✐♠✱ ♣✐❝♦s

❛t✐✈♦s ❡♠ ✐♥❢r❛✈❡r♠❡❧❤♦ ♥ã♦ sã♦ ❛t✐✈♦s ❛ ❘❛♠❛♥✱ ✈✐st♦ q✉❡ ♥ã♦ ♦❜❡❞❡❝❡♠ às r❡❣r❛s ❞❡

s❡❧❡çã♦✳ ❊♥tr❡t❛♥t♦✱ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ❜❛♥❞❛s ♣r♦✐❜✐❞❛s✱ r❡s✉❧t❛ ❞❛ ✈✐♦❧❛çã♦ ❞❛s r❡❣r❛s
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❞❡ s❡❧❡çã♦ ♣❛r❛ ♦s ❢ô♥♦♥s ❡♠ r❡❧❛çã♦ ❛♦ ✈❡t♦r ❞❡ ♦♥❞❛✱ ❝❛✉s❛❞♦ ♣❡❧❛ r❡ss♦♥â♥❝✐❛ ❡♥tr❡

❡st❡s ❡ ♦✉tr♦s é①❝✐t♦♥s✳
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❋✐❣✉r❛ ✹✳✶✶✿ ❊s♣❡❝tr♦ ❘❛♠❛♥ ♣❛r❛ ❛s ❛♠♦str❛s −0, 60✱ −0, 65✱ −0, 70 ❡ −0, 75 V ❞❡♣♦s✐✲

t❛❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡ ❛♠❜✐❡♥t❡ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳
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Si

❋✐❣✉r❛ ✹✳✶✷✿ ❊s♣❡❝tr♦ ❘❛♠❛♥ ♣❛r❛ ❛s ❛♠♦str❛s −0, 60✱ −0, 65✱ −0, 70 ❡ −0, 75 V ❞❡♣♦s✐✲

t❛❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳
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❊st❛ q✉❡❜r❛ ♥❛s r❡❣r❛s ❞❡ s❡❧❡çã♦ ❛♣♦♥t❛ ♣❛r❛ ✐♠♣❡r❢❡✐çõ❡s ♥❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❞♦

♠❛t❡r✐❛❧✳ ❙❛❜❡✲s❡ q✉❡ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ t❡♠ ❡♠ s✉❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞❡❢❡✐t♦s ❞❡ ♦①✐❣ê♥✐♦

❡ ❝♦❜r❡ ✭át♦♠♦s ✐♥t❡rst✐❝✐❛✐s ❡ ✈❛❝â♥❝✐❛s✮✱ ❧♦❣♦ ❡st❡s ❞❡❢❡✐t♦s ♣♦❞❡♠ ❝♦♥tr✐❜✉✐r ♣❛r❛ ❛t✐✈❛r

♦s ♠♦❞♦s ✐♥❛t✐✈♦s ❛ ❘❛♠❛♥✳ ❆✐♥❞❛ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r ♥❛ ❋✐❣✉r❛ ✹✳✶✷✱ q✉❡ ❛ ❛♠♦str❛

❝r❡s❝✐❞❛ ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 70 V ❛♣r❡s❡♥t❛ ✉♠❛ ❜❛♥❞❛ ♣♦✉❝♦ ✐♥t❡♥s❛ ❡♠ 300 cm−1✱

❡st❛ ♣♦❞❡ s❡r ❛ss♦❝✐❛❞♦ ❛ ❢❛s❡ CuO ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✱ ❝♦♠♦ s❡rá ♠♦str❛❞♦ ❛ s❡❣✉✐r✳

❆❧é♠ ❞✐ss♦✱ t♦❞❛s ❛s ❛♠♦str❛s ❛♣r❡s❡♥t❛♠✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝r❡s❝✐♠❡♥t♦✱

❛♣r❡s❡♥t❛♠ ✉♠❛ ❜❛♥❞❛ ❡♠ t♦r♥♦ ❞❡ 420 cm−1✱ q✉❡ ♥❛ ❧✐t❡r❛t✉r❛ é r❡❧❛❝✐♦♥❛❞♦ ❛ ✉♠

♣r♦❝❡ss♦ ❞❡ ♠✉❧t✐❢ô♥♦♥✳

❈♦♠♦ ❛s ❛♠♦str❛s ♣❛ss❛r❛♠ ♣♦r ✉♠ ♣r♦❝❡ss♦ ❞❡ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♥♦✈❛s ♠❡❞✐❞❛s

❢♦r❛♠ r❡❛❧✐③❛❞❛s✱ ✉s❛♥❞♦ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞❡s❝r✐t❛s ❛♥t❡r✐♦r♠❡♥t❡✳ ❖s ❡s♣❡❝tr♦s

♦❜t✐❞♦s sã♦ ♠♦str❛❞♦s ♥❛s ❋✐❣✉r❛s ✹✳✶✸ ❡ ✹✳✶✹✳
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❋✐❣✉r❛ ✹✳✶✸✿ ❊s♣❡❝tr♦ ❘❛♠❛♥ ♣❛r❛ ❛s ❛♠♦str❛s −0, 60✱ −0, 65✱ −0, 70 ❡ −0, 75 V ❞❡♣♦s✐✲

t❛❞❛s à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳

❈♦♠♦ ❥á ♠❡♥❝✐♦♥❛❞♦✱ ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❛❢❡t❛ ❛ ❝♦♠♣♦s✐çã♦ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✱

s❡♥❞♦ q✉❡ q✉❛♥❞♦ ♦❝♦rr❡ ❡♠ ✈á❝✉♦ ♥ã♦ s❡ ♦❜s❡r✈❛ ❛❧t❡r❛çõ❡s ♥❛ ❢❛s❡ ❞♦ ♠❛t❡r✐❛❧✳ ❖

❡s♣❡❝tr♦ ❘❛♠❛♥ ❛♣r❡s❡♥t❛♥❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✵ ♣❛r❛ ❛ ❛♠♦str❛ ❞❡♣♦s✐t❛❞❛ ❡♠ −0, 65 V

❡①❡♠♣❧✐✜❝❛ ❡st❡ ♣r♦❝❡ss♦✳ ❆♣ós ♦ tr❛t❛♠❡♥t♦ ❛s ❜❛♥❞❛s ✐❞❡♥t✐✜❝❛❞❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦

ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦ t✐♣♦ ■✱ ❡♥tr❡t❛♥t♦✱ s❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ♦❝♦rr❡ ❡♠ ❢♦r♥♦ ❛❜❡rt♦✱ ❡♠ ❝♦♥✲

❞✐çõ❡s ❞❡ ♣r❡ssã♦ ❛♠❜✐❡♥t❡✱ ♥ã♦ s❡ ♦❜s❡r✈❛ ♠❛✐s ♦ ♠❡s♠♦ ❝♦♠♣♦rt❛♠❡♥t♦✳ ❖s ❡s♣❡❝tr♦s

♠♦str❛❞♦s ♥❛s ❋✐❣✉r❛s ✹✳✶✸ ❡ ✹✳✶✹ ♥ã♦ ❡①✐❜❡♠ ♦s ♠❡s♠♦s ♣✐❝♦s q✉❡ ❛s ❋✐❣✉r❛s ✹✳✶✶ ❡ ✹✳✶✷✱

❢❛t♦ q✉❡ ✐♥✐❝✐❛❧♠❡♥t❡ ❥á ❞❡✐①❛ ❡①♣❧í❝✐t♦ ❛ ❛❧t❡r❛çã♦ ♥♦ ♠❛t❡r✐❛❧ q✉❡ ❝♦♠♣õ❡ ❛s ❛♠♦str❛s✳

✺✹



P❛r❛ ❡st❡s ❞❡♣ós✐t♦s✱ ♦ ❡s♣❡❝tr♦ ❘❛♠❛♥ ❡①✐❜❡ três ❡✴♦✉ q✉❛tr♦ ♣✐❝♦s ❧♦❝❛❧✐③❛❞♦s ❡♠ t♦r♥♦

297✱ 345✱ 521 ❡ 630 cm−1✳ ❆ ❜❛♥❞❛ ❧♦❝❛❧✐③❛❞❛ ❡♠ 520 cm−1 ♥ã♦ ❛♣❛r❡❝❡ ❡♠ t♦❞♦s ♦s

❡s♣❡❝tr♦s✱ ♣♦ré♠✱ é ❞❡✈✐❞❛ ❛♦ s✉❜str❛t♦ ❞❡ s✐❧í❝✐♦ ✉t✐❧✐③❛❞♦ ❬✻✼❪✳ ❊st❡ ♣✐❝♦ é ♦❜s❡r✈❛❞♦

♥❛s ❛♠♦str❛s ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❆s ❞❡♠❛✐s ❜❛♥❞❛s ♦❜s❡r✈❛❞❛s ❡stã♦

❛ss♦❝✐❛❞❛s ❛♦s ♠♦❞♦s ✈✐❜r❛❝✐♦♥❛✐s ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦ t✐♣♦ ■■✳

❖ CuO é ✉♠ ó①✐❞♦ s❡♠✐❝♦♥❞✉t♦r ❝♦♠ ❡str✉t✉r❛ ♠♦♥♦❝❧í♥✐❝❛ q✉❡ ♣❡rt❡♥❝❡ ❛♦ ❣r✉♣♦

❡s♣❛❝✐❛❧ C6
2h ❡ ♣♦ss✉✐ q✉❛tr♦ át♦♠♦s ♣♦r ❝é❧✉❧❛ ✉♥✐tár✐❛✳ ❙❡❣✉♥❞♦ ❛ t❡♦r✐❛ ❞❡ ❣r✉♣♦s✱ ♦

CuO ❛♣r❡s❡♥t❛ ♥♦✈❡ ♠♦❞♦s ❞❡ ✈✐❜r❛çã♦ ó♣t✐❝❛ ❬✻✼❪✱ t❛✐s q✉❡

3Au + 3Bu + Ag + 2Bg ✭✹✳✷✮
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Raman Shift (cm -1)
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❋✐❣✉r❛ ✹✳✶✹✿ ❊s♣❡❝tr♦ ❘❛♠❛♥ ♣❛r❛ ❛s ❛♠♦str❛s −0, 60✱ −0, 65✱ −0, 70 ❡ −0, 75 V ❞❡♣♦s✐✲

t❛❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳

❊♥tr❡ ❡st❡s ♠♦❞♦s ❞❡ ✈✐❜r❛çã♦✱ ❛♣❡♥❛s três sã♦ ❛t✐✈♦s ❛ ❘❛♠❛♥✱ sã♦ ❡❧❡s Ag + 2Bg✱

♦s ❞❡♠❛✐s sã♦ ❛t✐✈♦s ❛ ✐♥❢r❛✈❡r♠❡❧❤♦ ✭3Au + 3Bu✮ ❡✱ ♣♦rt❛♥t♦✱ ♥ã♦ ❛t❡♥❞❡♠ ❛s r❡❣r❛s

❞❡ s❡❧❡çã♦✳ ❖s ♠♦❞♦s ❛t✐✈♦s ❛ ❘❛♠❛♥ sã♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛s ✈✐❜r❛çõ❡s ❞♦s át♦♠♦s ❞❡

♦①✐❣ê♥✐♦✱ s❡♥❞♦ ♦s át♦♠♦s ❞❡ ❝♦❜r❡ ❡st❛❝✐♦♥ár✐♦s ♥❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ CuO ❬✻✼❪✳ ❆

s✐♠❡tr✐❛ Ag é ❛tr✐❜✉í❞❛ ❛ ❜❛♥❞❛ ❧♦❝❛❧✐③❛❞❛ ❡♠ 297 cm−1✱ ❡♥q✉❛♥t♦ q✉❡ Bg é ❛tr✐❜✉í❞❛ ❛s

❞✉❛s ❜❛♥❞❛s r❡st❛♥t❡s✱ 345 ❡ 630 cm−1✳ ❖s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦

sã♦ ♠❛✐s ✉♠❛ ❡✈✐❞ê♥❝✐❛ q✉❡ ❝♦♠♣r♦✈❛♠ ❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❞♦ ♠❛t❡r✐❛❧ ❞❡♣♦s✐t❛❞♦ ♥❛s

❞❡✈✐❞❛s ❝♦♥❞✐çõ❡s ❛♠❜✐❡♥t❡✳

❆♦ ❛♥❛❧✐s❛r ♦s ❡s♣❡❝tr♦s ❘❛♠❛♥ ❞❡ t♦❞❛s ❛♠♦str❛s ♥ã♦ ❢♦✐ ♦❜s❡r✈❛❞♦ ♥❡♥❤✉♠ ♠♦❞♦ ❞❡

✺✺



✈✐❜r❛çã♦ ❡str❛♥❤♦ ❛♦ ♠❛t❡r✐❛❧ q✉❡ ❝♦♠♣õ❡ ♦s ❞❡♣ós✐t♦s ❡ q✉❡ ♣♦ss❛ ♣❡rt❡♥❝❡r ❛♦ Mn5O8✳

❊♥tr❡t❛♥t♦✱ ❛ té❝♥✐❝❛ ❘❛♠❛♥✱ é s✉♣❡r✜❝✐❛❧ ❡ ♣♦❞❡✱ ♥❡st❡ ❝❛s♦✱ ♥ã♦ ❞❡t❡❝t❛r ❛ ♣r❡s❡♥ç❛

❞❡st❡ ❝♦♠♣♦st♦✳ ❖ q✉❛❧ ❞❡✈❡ ❝r❡s❝❡r ♥❛ ❢♦r♠❛ ❞❡ ♣❡q✉❡♥♦s ❣rã♦s ❡ ❞✐str✐❜✉í❞♦s ❞❡ ♠♦❞♦

♥ã♦ ✉♥✐❢♦r♠❡ ❛tr❛✈és ❞♦s ✜❧♠❡s✳ ❖ q✉❡ ❧❡✈❛ ❝♦♥s✐❞❡r❛r q✉❡ ❡❧❡ ♥ã♦ ❡st❛✈❛ ♣r❡s❡♥t❡ ♥❛s

r❡❣✐õ❡s ❛♥❛❧✐s❛❞❛s ❞✉r❛♥t❡ ❛ ♠❡❞✐❞❛✳

✹✳✹ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❆❜s♦rçã♦ ❯❱✲❱✐s

❆✜♠ ❞❡ ❞❡t❡r♠✐♥❛r ♦ ❣❛♣ ❞❡ ❡♥❡r❣✐❛ ❞❛s ❛♠♦str❛s ❞❡ ó①✐❞♦ ❞❡ ❝♦❜r❡✱ ❝✉❥♦ ❣❛♣ é ❞✐t♦

❞✐r❡t♦✱ ❞♦♣❛❞❛s ❝♦♠ ♠❛♥❣❛♥ês✱ r❡❛❧✐③♦✉✲s❡ ♠❡❞✐❞❛s ❞❡ ❛❜s♦rçã♦ ♥❛ r❡❣✐ã♦ ❞♦ ✉❧tr❛✈✐♦❧❡t❛

❡ ✈✐sí✈❡❧✳ ❊ss❛s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❡♠ ❝♦❧❛❜♦r❛çã♦ ❝♦♠ ♦ ▲❛❜♦r❛tór✐♦ ❞❡ ❊s♣❡❝tr♦s❝♦♣✐❛

Ót✐❝❛ ❞♦ ■♥st✐t✉t♦ ❞❡ ❋ís✐❝❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❉❡ ❇r❛sí❧✐❛✳ ❖s ❞❛❞♦s ❝♦❧❡t❛❞♦s ❞✉r❛♥t❡ ♦

❡①♣❡r✐♠❡♥t♦ ♥❡❝❡ss✐t❛♠ s❡r tr❛t❛❞♦s ♣❛r❛ s❡ ❡♥❝♦♥tr❛r ❛ ❡♥❡r❣✐❛ ❞♦ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧✳ P❛r❛

✐ss♦✱ ❢❛③✲s❡ ❛ ❡①tr❛♣♦❧❛çã♦ ❞❛ r❡t❛ ❞❡s❝r✐t❛ ♣❡❧❛ ❊q✉❛çã♦ ✹✳✸✱ ❛té ❛ ✐♥t❡rs❡çã♦ ❝♦♠ ♦ ❡✐①♦

x ❡♠ Eg = hν✱ ❡♥❡r❣✐❛ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❢ót♦♥ ✐♥❝✐❞❡♥t❡✳

(αhν)2 = (hν − Eg) ✭✹✳✸✮

❖♥❞❡ α é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❜s♦rçã♦✱ h é ❛ ❝♦♥st❛♥t❡ ❞❡ P❧❛♥❝❦✱ ❡ ν é ❛ ❢r❡q✉ê♥❝✐❛ ❞❛

r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦ ❣rá✜❝♦ α2 ✈❡rs✉s hν✱ ❢♦r♥❡❝❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❣❛♣ q✉❛♥❞♦

α2 ❢♦r ③❡r♦✳

❆s ✜❣✉r❛s ❛❜❛✐①♦ ♠♦str❛♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡ ❡stã♦ ♦r❣❛♥✐③❛❞❛s s❡♠♣r❡ ❝♦♠♣❛✲

r❛♥❞♦ ❛♠♦str❛s ❝r❡s❝✐❞❛s ♥♦ ♠❡s♠♦ ♣♦t❡♥❝✐❛❧ ❡ à ♠❡s♠❛ t❡♠♣❡r❛t✉r❛✱ ❛♥t❡s ❡ ❞❡♣♦✐s ❞♦

tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦ t✐♣♦ ■✱ Cu2O

❛♣r❡s❡♥t❛ ❡♥❡r❣✐❛ ❞❡ ❣❛♣ ❞❛ ♦r❞❡♠ ❞❡ 2, 1 ❡❱✱ ❡♥q✉❛♥t♦ ♦ CuO ♣♦ss✉✐ ❣❛♣ ❡♥tr❡ 1, 2−1, 8

❡❱✱ s❡♥❞♦ ❛ss✐♠✱ ♣❛r❛ ❛s ❛♠♦str❛s ❛♥t❡s ❞♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❡s♣❡r❛✲s❡ ✈❛❧♦r❡s ♣ró①✐♠♦s

❛ 2, 1 ❡❱✱ ❡♥tr❡t❛♥t♦ ❞❡♣♦✐s ❞♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♦ ✈❛❧♦r ❞❛ ❡♥❡r❣✐❛ ❞❡ ❣❛♣ ❞❡♣❡♥❞❡rá

s❡ ♦ ♠❛t❡r✐❛❧ s♦❢r❡✉ ♦✉ ♥ã♦ ♠✉❞❛♥ç❛ ❞❡ ❢❛s❡ ❞✉r❛♥t❡ t♦❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ r❡❝♦③✐♠❡♥t♦✳

❖s ❡s♣❡❝tr♦s ❞❡ ❛❜s♦rçã♦ ♦❜t✐❞♦s ♥ã♦ ♠♦str❛♠ ❝❧❛r❛♠❡♥t❡ ❛s r❡❣✐õ❡s ❞❡ ❛❜s♦rçã♦✱

q✉❡ s❡r✐❛♠ ❞❡ ❣r❛♥❞❡ ✐♥❝❧✐♥❛çã♦✱ ♦✉ s❡❥❛✱ ✉♠❛ q✉❡❞❛ ❜r✉s❝❛ ❞❡ α2✱ s❡♥❞♦ ❛ss✐♠ t❡♠✲s❡

✉♠❛ ❡st✐♠❛t✐✈❛ ❞♦ ✈❛❧♦r ❞❡ ❣❛♣ ❡ ❡♠ ❝❡rt❛s ❛♠♦str❛s ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r ❛♦ ♠❡♥♦s

❡st❛ ❡st✐♠❛t✐✈❛✳ ❱❛❧♦r❡s ❞✐❢❡r❡♥t❡s ❞♦ ❡s♣❡r❛❞♦ ♣♦❞❡♠ s❡r ❡①♣❧✐❝❛❞♦s ♣❡❧❛ ❛❜s♦rçã♦ ❞♦s

❞❡❢❡✐t♦s ♣r❡s❡♥t❡s ♥♦ ♠❛t❡r✐❛❧✱ ❧❡♠❜r❛♥❞♦ q✉❡ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ♣♦❞❡ ❡st❛r ❞♦♣❛❞♦ ♦✉

❝♦♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❢❛s❡s ❞❡ ó①✐❞♦ ❞❡ ♠❛♥❣❛♥ês✱ q✉❡ ♣♦❞❡♠ ❛❧t❡r❛r ❧❡✈❡♠❡♥t❡ ♦ ✈❛❧♦r ❞❛

❡♥❡r❣✐❛ ❞❡ ❣❛♣ ❞❡st❡s ✜❧♠❡s✳ ❱❛❧❡ r❡ss❛❧t❛r t❛♠❜é♠ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ❞❡ ✉♠

♠❛t❡r✐❛❧ ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ ✜❧♠❡✱ ♦ q✉❛❧ ❡❧❡ ❝♦♠♣õ❡✱ ❡ ❡st❛s

sã♦ ❞✐r❡t❛♠❡♥t❡ ❛❢❡t❛❞❛s ♣❡❧❛s ❝♦♥❞✐çõ❡s ❞❡ ❞❡♣♦s✐çã♦ ❡ tr❛t❛♠❡♥t♦ ♣ós✲❞❡♣♦s✐çã♦✳

❊♠ t♦❞❛s ❛s ❛♠♦str❛s ❛♥❛❧✐s❛❞❛s✱ é ♣♦ssí✈❡❧ ♣❡r❝❡❜❡r q✉❡ ❤á ✉♠ ❞❡❝❛✐♠❡♥t♦ ❜r✉s❝♦

♣ró①✐♠♦ ❛ 1 eV ✳ ❊♠ ❛❧❣✉♥s ❡s♣❡❝tr♦s ❡❧❡s ❡stã♦ ✐❞❡♥t✐✜❝❛❞♦s ❝♦♠ s✉❛s r❡s♣❡❝t✐✈❛s ❡♥❡r✲

❣✐❛s✱ ❡♠ ♦✉tr♦s ♥ã♦✳ ❆ ❛❜s♦rçã♦ q✉❡ ♦❝♦rr❡ ♥❡ss❛ r❡❣✐ã♦ é ❞❡✈✐❞❛ ❛♦ ❣❛♣ ❞♦ s✉❜str❛t♦

❞❡ s✐❧í❝✐♦ ✉t✐❧✐③❛❞♦✱ ❡ ♦❝♦rr❡ ❡♠ t♦r♥♦ ❞❡ 1, 14 eV ✳ ❆ tít✉❧♦ ❞❡ ❡①❡♠♣❧♦✱ ❡st❛s ❛❜s♦rçõ❡s

✺✻



❡♥❝♦♥tr❛♠✲s❡ ✐❞❡♥t✐✜❝❛❞❛s ♥❛s ❋✐❣✉r❛s ✹✳✶✺ ✭❜✮✱ ✹✳✶✻ ✭❜✮✱ ✹✳✶✼ ✭❛✮✱ ❡♥tr❡ ♦✉tr❛s✳

◆❛ ❋✐❣✉r❛ ✹✳✶✺✱ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛s ❛♠♦str❛s ❞❡♣♦s✐t❛❞❛s

♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 60 V ✱ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ s❡♠ ✭❛✮ ❡ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ✭❜✮✳

❊s♣❡r❛✈❛✲s❡ ❡♥❝♦♥tr❛r ✉♠ ❣❛♣ ♣ró①✐♠♦ ❛ 2, 1 eV ♣❛r❛ ❛ ❛♠♦str❛✱ ❛♥t❡s ❞♦ tr❛t❛♠❡♥t♦✱

✈✐st♦ q✉❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❞❡ ❉✐❢r❛çã♦ ❞❡ ❘❛✐♦s✲❳ ❡ ❊s♣❡❝tr♦s❝♦♣✐❛ ❘❛♠❛♥✱

♥❡st❛ ❡t❛♣❛ ♦ ó①✐❞♦ s❡ ❡♥❝♦♥tr❛ ♥❛ ❢❛s❡ Cu2O✱ ❡♥tr❡t❛♥t♦✱ ♦s ✈❛❧♦r❡s ❡st✐♠❛❞♦s ❛ ♣❛rt✐r

❞❛ ❛♥á❧✐s❡ ❞♦s ❞❛❞♦s ❢♦r♥❡❝❡✉ 1, 26 eV ❡ 1, 66 eV ✳ ❖ ♠❡s♠♦ ♦❝♦rr❡✉ ♣❛r❛ ❛♠♦str❛ ❛♣ós ♦

tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❡s♣❡r❛✈❛✲s❡ ✉♠ ❣❛♣ ♥♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡ 1, 2 ❛ 1, 8 eV ✱ ♣♦ré♠✱ ♦ ✈❛❧♦r

❡st✐♠❛❞♦ ❢♦✐ ❞❡ 2, 83 eV ✳
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Energia do foton (eV)

 Amostra -0.60 V 
 

1.26 eV

1.66 eV (a)

✭❛✮
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Energia do Foton (eV)

 Amostra -0.60 V

1.14 eV

2.83 eV

✭❜✮

❋✐❣✉r❛ ✹✳✶✺✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 60 V ✱ ❝r❡s❝✐❞❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡ ❛✮ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥❛ ❢❛s❡ Cu2O ❡ ❜✮ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♥❛ ❢❛s❡

CuO✳

1 2 3 4 5
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5,0x1013

1,0x1014

1,5x1014

2,0x1014

2,5x1014

3,0x1014
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Energia do Foton (eV)

Amostra -0.65 V

3.64 eV

2.14 eV

2.18 eV

✭❛✮
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0,0

5,0x1013

1,0x1014

1,5x1014
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Energia do Foton (eV)

Amostra -0.65 V

1.10 eV
2.07 eV

✭❜✮

❋✐❣✉r❛ ✹✳✶✻✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 65 V ✱ ❝r❡s❝✐❞❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡ ❛✮ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥❛ ❢❛s❡ Cu2O ❡ ❜✮ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♥❛ ❢❛s❡

CuO✳

✺✼



P❛r❛ ❝✐♥❝♦ ❛♠♦str❛s s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❢♦✐ ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛

♣❛r❛ ♦ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧ ♣ró①✐♠♦s ❛♦ ❡s♣❡r❛❞♦✳ ❊st❛s ❛♠♦str❛s sã♦✿ −0, 65 ❡ −0, 75 V

❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ −0, 60✱ −0, 65✱ −0, 75 V ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡

60oC✳ ❈♦♠♦ ❞✐t♦✱ ♣❛r❛ ❡st❛s ❛♠♦str❛s ❛ ❡♥❡r❣✐❛ ❞❡ ❣❛♣ ❡♥❝♦♥tr❛❞❛ é ♣ró①✐♠❛ ❛ 2, 1 eV ✱

❡♥tr❡t❛♥t♦✱ ❡stã♦ ❞❡s❧♦❝❛❞❛s ♣❛r❛ ♠❛✐s ♦✉ ♣❛r❛ ♠❡♥♦s ❞❡st❡ ✈❛❧♦r✱ s❡♥❞♦ q✉❡ ❛s ♣♦ssí✈❡✐s

❝❛✉s❛s ❞❡ t❛❧ ❞❡s❧♦❝❛♠❡♥t♦ ❢♦r❛♠ ❝♦♠❡♥t❛❞❛s ♥♦ t❡①t♦ ❛❝✐♠❛✳ ❖ ♠❡s♠♦ ♦❝♦rr❡ ♣❛r❛ ❛s

❛♠♦str❛s ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❆q✉❡❧❛s q✉❡ ❛♣r❡s❡♥t❛♠ ✈❛❧♦r❡s ♣ró①✐♠♦ ❛♦ ❣❛♣ ❞♦

CuO sã♦✿ −0, 70 ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ −0, 60 ❡ −0, 65 V ✱ ❛♠❜❛s ❝r❡s❝✐❞❛s à

t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✳ ❖s ✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛ ❞♦ ❣❛♣ ♣❛r❛ ❡st❛s ❛♠♦str❛s ♣♦❞❡♠ s❡r ✈✐st♦s

♥❛s r❡s♣❡❝t✐✈❛s ✜❣✉r❛s q✉❡ ❛♣r❡s❡♥t❛♠ ♦ ❡s♣❡❝tr♦ ♦❜t✐❞♦✳
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Energia do Foton(eV)
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1.09 eV

1.67 eV 3.67 eV

✭❛✮
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Energia do Foton (eV)

 Amostra -0.70 V

1.11eV

1.36eV
3.15 eV

✭❜✮

❋✐❣✉r❛ ✹✳✶✼✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 70 V ✱ ❝r❡s❝✐❞❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡ ❛✮ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥❛ ❢❛s❡ Cu2O ❡ ❜✮ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♥❛ ❢❛s❡

CuO✳

1 2 3 4 5
0,0

5,0x1013

1,0x1014

1,5x1014

2,0x1014

2,5x1014
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Energia do Foton (eV)

 Amostra -0.75 V

1.25 eV

2.18 eV

❋✐❣✉r❛ ✹✳✶✽✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 75 V ✱ ❝r❡s❝✐❞❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡ ❛✮ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥❛ ❢❛s❡ Cu2O✳

P❛r❛ ❛s ❛♠♦str❛s✿ −0, 75 V ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ −0, 70 ❡ −0, 75 V ❝r❡s❝✐✲

✺✽



❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ❞❡t❡❝t❛r r❡❣✐õ❡s ❞❡ ❛❜s♦rçã♦✱ ♦ q✉❡ ✐♠♣♦ss✐❜✐✲

❧✐t♦✉ ❡st✐♠❛r ♦ ✈❛❧♦r ❞♦ ❣❛♣ ♣❛r❛ ❡❧❛s✱ ♣♦rt❛♥t♦ ♦s ❡s♣❡❝tr♦s ❞❡ ❛❜s♦rçã♦ ❝♦rr❡s♣♦♥❞❡♥t❡s

❛ ❡st❛s ❛♠♦str❛s ❢♦r❛♠ s✉♣r✐♠✐❞♦s✳
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Energia do Foton (eV)

 Amostra -0.60 V

2.23 eV 2.69eV

✭❛✮
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Energia do Foton (eV)

 Amostra -0.60 V

1.52 eV

3.68eV

✭❜✮

❋✐❣✉r❛ ✹✳✶✾✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 60 V ✱ ❝r❡s❝✐❞❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛

❞❡ 60oC ❛✮ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥❛ ❢❛s❡ Cu2O ❡ ❜✮ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♥❛ ❢❛s❡

CuO✳

1 2 3 4 5
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2,0x1014
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✭❛✮

1 2 3 4 5

0,0

5,0x1013

1,0x1014

1,5x1014

2,0x1014

2,5x1014

(α
h

ν)
2  (

eV
/c

m
)2

Energia do Foton (eV)

 Amostra-0.65 V

1.99 eV

✭❜✮

❋✐❣✉r❛ ✹✳✷✵✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 65 V ✱ ❝r❡s❝✐❞❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛

❞❡ 60oC ❛✮ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥❛ ❢❛s❡ Cu2O ❡ ❜✮ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♥❛ ❢❛s❡

CuO✳

✺✾
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Energia do Foton (eV)

 Amostra -0.70 V

2.36eV2.33eV

❋✐❣✉r❛ ✹✳✷✶✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 70 V ✱ ❝r❡s❝✐❞❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛

❞❡ 60oC ❛✮ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥❛ ❢❛s❡ Cu2O✳

1 2 3 4 5
0,0

5,0x1013

1,0x1014

1,5x1014

2,0x1014
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ν)
2 V

/c
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)2

Energia do Foton (eV)

 Amostra -0.75 V

2.09eV 3.97eV

❋✐❣✉r❛ ✹✳✷✷✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 75 V ✱ ❝r❡s❝✐❞❛ s♦❜ ❛ t❡♠♣❡r❛t✉r❛

❞❡ 60oC ❛✮ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥❛ ❢❛s❡ Cu2O✳

✹✳✺ ❋♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛

❆ ✜♠ ❞❡ ❡st✉❞❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ❞♦ ❞❡♣ós✐t♦s ❞❡ ó①✐❞♦ ❞❡ ❝♦❜r❡✱ ❢♦r❛♠ ❢❡✐t❛s

♠❡❞✐❞❛s ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❞❡ t♦❞❛s ❛s ❛♠♦str❛s ❞❡♣♦s✐t❛❞❛s

❡ t❛♠❜é♠ ♠❡❞✐❞❛s ✈❛r✐❛♥❞♦✲s❡ ❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛ ❛♠♦str❛ ❝r❡s❝✐❞❛ ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡

−0, 65V ✳ ❆s ♠❡❞✐❞❛s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ✉t✐❧✐③❛♥❞♦ ✉♠ ❧❛s❡rHe−Cd (325 nm) ❝♦♠ ♣♦tê♥❝✐❛

❞❡ 24 mW ❡ t♦♠❛❞❛s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 350 ❛ 900 nm✳

❆ ❋✐❣✉r❛ ✹✳✷✸ ❛♣r❡s❡♥t❛ ♦s ❡s♣❡❝tr♦s ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s

❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❛♥t❡s ❞♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ P❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡st❛s ♠❡❞✐❞❛s

✈✐✉✲s❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ♣r❡♣❛r❛çã♦ ❞❡ ✉♠❛ ❛♠♦str❛ ♥ã♦ ❞♦♣❛❞❛ ❝♦♠ ♠❛♥❣❛♥ês✱ ♣❛r❛

♣♦st❡r✐♦r ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r ♥♦ ❡s♣❡❝tr♦ ❞❛ ❛♠♦s✲

tr❛ s❡♠ ❞♦♣❛❣❡♠ ✉♠ ♣✐❝♦ ♠✉✐t♦ ✐♥t❡♥s♦ ❡ ❧❛r❣♦ ❝♦♠♣r❡❡♥❞✐❞♦ ❡♥tr❡ 400 ❡ 700 nm✳ ❆s

❡♠✐ssõ❡s ♥❡ss❛ r❡❣✐ã♦ sã♦ ❡s♣❡r❛❞❛s ♣❛r❛ ♦ Cu2O✱ ♣♦✐s sã♦ ❞❡✈✐❞❛s às tr❛♥s✐çõ❡s ❡①❝✐tô♥✐✲

✻✵



❝❛s ❞♦s ❞✐❢❡r❡♥t❡s s✉❜♥í✈❡✐s ❞❛ ❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦ ♣❛r❛ ❛ ❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛✳ ◆❡st❡ ♣✐❝♦

❡♠ ❡s♣❡❝✐❛❧ ♦❜s❡r✈❛✲s❡ ✉♠❛ ❛ss✐♠❡tr✐❛✱ ♥❛ r❡❣✐ã♦ ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ ❛ ❝✉r✈❛ ❛♣r❡s❡♥t❛ ✉♠

❝♦♠♣♦rt❛♠❡♥t♦ ❡①♣♦♥❡♥❝✐❛❧ ✐♥❞✐❝❛♥❞♦ ❡❢❡✐t♦s ❞❡ ❝♦♥✜♥❛♠❡♥t♦ q✉â♥t✐❝♦ ♥❛s tr❛♥s✐çõ❡s

❡①❝✐tô♥✐❝❛s✳ ◆❡st❡ ❝❛s♦ ❛ r❡❝♦♠❜✐♥❛çã♦ ♥ã♦ ♦❝♦rr❡ ♣❛r❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ✐♥✐❝✐❛❧ ♥❛

❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛ ❡ s✐♠ ♣❛r❛ ✉♠ ❡st❛❞♦ ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ ❡♠ ✉♠ ♣♦ç♦ ❞❡ ♣♦t❡♥❝✐❛❧ ❝r✐❛❞♦

♣♦r ❛❧❣✉♠❛ ✐♠♣❡r❢❡✐çã♦ ♥❛ ❡str✉t✉r❛ ❞♦ ♠❛t❡r✐❛❧✳
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❋✐❣✉r❛ ✹✳✷✸✿ ❊s♣❡❝tr♦ ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡ ❡ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳

❆ ❛♠♦str❛ ❝r❡s❝✐❞❛ ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 60 V ❡ ❞♦♣❛❞❛ ❝♦♠ ♠❛♥❣❛♥ês ❛♣r❡s❡♥t❛ ✉♠

♣✐❝♦ ❧❛r❣♦ ❧♦❝❛❧✐③❛❞♦ ❡♥tr❡ 450 ❡ 700 nm✱ ❞❡ ♠❡♥♦r ✐♥t❡♥s✐❞❛❞❡ q✉❡ ❛q✉❡❧❡ ✈✐st♦ ♥❛ ❛♠♦str❛

s❡♠ ♠❛♥❣❛♥ês✱ ♠❛s q✉❡ t❛♠❜é♠ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛s tr❛♥s✐çõ❡s ❡①❝✐tô♥✐❝❛s ❞♦ ó①✐❞♦ ❞❡

❝♦❜r❡✳ ❆s ❞❡♠❛✐s ❛♠♦str❛s ♥ã♦ ❛♣r❡s❡♥t❛♠ ♣✐❝♦s ♥❡st❛ r❡❣✐ã♦ ❝♦♠ ❡st❛s ❝❛r❛❝t❡ríst✐❝❛s✳

❆s ❛♠♦str❛s ❞❡♣♦s✐t❛❞❛s ❡♠ −0, 65 ❡ −0, 70 V ❛♣r❡s❡♥t❛♠ ✉♠ ♣✐❝♦ ❜❡♠ ❞❡✜♥✐❞♦ ❡♠

650 nm✱ ♣♦❞❡✲s❡ ♥♦t❛r q✉❡ ❡❧❡ ♥ã♦ ❛♣❛r❡❝❡ ♣❛r❛ ❛ ❛♠♦str❛ ♥ã♦ ❞♦♣❛❞❛✱ s❡♥❞♦ ❛ss✐♠✱ ❡❧❡

♣♦❞❡r✐❛ ✐♥❞✐❝❛r ❛ ✐♥❝♦r♣♦r❛çã♦ ❞♦ ♠❛♥❣❛♥ês ♥❛ ❡str✉t✉r❛ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✱ ♦ q✉❡ ❛❧t❡r❛ ♦s

♠❡❝❛♥✐s♠♦s ❞❡ r❡❝♦♠❜✐♥❛çã♦ ❡①❝✐tô♥✐❝❛ ❬✶✶❪✳ ❊♥tr❡t❛♥t♦✱ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ t❛♠❜é♠ ♣♦ss✉✐

✉♠❛ sér✐❡ ❞❡ ❡♠✐ssõ❡s ❡①❝✐tô♥✐❝❛s ♥❡st❛ r❡❣✐ã♦ ❡♥tr❡ 600 ❡ 700 nm ❬✻✾❪✱ ❞❡✈✐❞♦ ❛♦ ❣❛♣✳

◆♦t❡ q✉❡✱ ♣❛r❛ ❡st❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ❛ ❡♥❡r❣✐❛ ❞♦ ❢ót♦♥ ❛ss♦❝✐❛❞❛ é ♠✉✐t♦ ♣ró①✐♠❛ ❞♦

✈❛❧♦r ❡s♣❡r❛❞♦ ♣❛r❛ ♦ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧ ❡ àq✉❡❧❡ ♦❜t✐❞♦ ❛tr❛✈és ❞♦ ❡s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♥❛

❋✐❣✉r❛ ✹✳✶✻✭❛✮✳ ❚❛❧ ❡♠✐ssã♦ ♥ã♦ ♦❝♦rr❡✉ ♣❛r❛ ❛s ❛♠♦str❛s ❞♦♣❛❞❛s✱ ❝r❡s❝✐❞❛s ♥♦ ♣♦t❡♥❝✐❛❧

❞❡ −0, 60 V ❡ −0, 70 V ✳ ❊st❛s ❛♠♦str❛s ❛✐♥❞❛ ❛♣r❡s❡♥t❛♠ ❡♠✐ssõ❡s ❧♦❝❛❧✐③❛❞❛s ♥❛ r❡❣✐ã♦

✻✶



❡♥tr❡ 700 ❡ 900 nm✱ ❡❧❛s t❛♠❜é♠ ♣♦❞❡♠ s❡r ✈✐st❛s ♥❛ ❛♠♦str❛ s❡♠ ♠❛♥❣❛♥ês✱ ❡ ♠❛✐s

❡str❡✐t❛s ❡ ♠❡♥♦s ✐♥t❡♥s❛s ♥❛ ❛♠♦str❛ −0, 75 V ✱ ❡♥tr❡t❛♥t♦✱ ♥ã♦ é ♦❜s❡r✈❛❞❛ ♥❛ ❛♠♦str❛

❝r❡s❝✐❞❛ s♦❜ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 60 V ✳ ❊❧❛s ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s ❝♦♠ ♦s é①❝✐t♦♥s r❡❢❡r❡♥t❡s

❛s ✈❛❝â♥❝✐❛s ❞❡ ♦①✐❣ê♥✐♦ ✭Vo✮ ❡ ✐♥t❡rstí❝✐♦s ❞❡ Cu2+✱ ❝♦♠♣r♦✈❛❞♦s ♣♦r ❊P❘✱ ♥❛ ❡str✉t✉r❛

❞♦ ♠❛t❡r✐❛❧✳ ❆ ♣r❡s❡♥ç❛ ❞❡ Vo ♥❛ ❡str✉t✉r❛ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✱ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛s

❝♦♥❞✐çõ❡s ❞❡ ❝r❡s❝✐♠❡♥t♦ ♣♦❜r❡ ❡♠ ♦①✐❣ê♥✐♦✳
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❋✐❣✉r❛ ✹✳✷✹✿ ❊s♣❡❝tr♦ ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡

60 oC ❡ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳

❖s ❡s♣❡❝tr♦s ❞❡ P▲ ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ s❡♠ tr❛t❛♠❡♥t♦

tér♠✐❝♦ ♣♦❞❡♠ s❡r ✈✐st♦s ♥❛ ❋✐❣✉r❛ ✹✳✷✹✳ ◆♦t❛✲s❡ ✉♠❛ s❡♠❡❧❤❛♥ç❛ ❡♥tr❡ ♦s ❡s♣❡❝tr♦s

♦❜t✐❞♦s ♣❛r❛ ❡st❛s ❛♠♦str❛s ❡ ❛q✉❡❧❡s ♦❜t✐❞♦s ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s ❛ t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡✳ ❊♠ ❛♠❜♦s✱ ❛ ❛♠♦str❛ ❞❡ ó①✐❞♦ ❞❡ ❝♦❜r❡ s❡♠ ♠❛♥❣❛♥ês ❛♣r❡s❡♥t❛ ❡♠✐ssã♦ ❞❡

♠❡s♠❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡✈✐❞♦ ❛s tr❛♥s✐çõ❡s ❡①❝✐tô♥✐❝❛s s♦❜ ❡❢❡✐t♦ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ q✉â♥t✐❝♦✳

◆♦✈❛♠❡♥t❡ ❛s ❛♠♦str❛s ❞♦♣❛❞❛s ❝♦♠ ♠❛♥❣❛♥ês ❛♣r❡s❡♥t❛♠ ♣✐❝♦s ❞❡ ❡♠✐ssã♦ ❡①✲

❝✐tô♥✐❝❛ q✉❡ ♥ã♦ sã♦ ♦❜s❡r✈❛❞♦s ♣❛r❛ ❛ ❛♠♦str❛ ✐♥trí♥s❡❝❛✱ ❡❧❡s sã♦ ❜❡♠ ❞❡✜♥✐❞♦s ❡

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

r❡s✉❧t❛❞♦s ❛♥❛❧✐s❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ❧♦❝❛❧✐③❛❞♦s ❛❣♦r❛ ♥❛ ♣♦s✐çã♦ 628 nm✳ ❊st❡ ❛✉♠❡♥t♦

♥❛ ✐♥t❡♥s✐❞❛❞❡ s✉❣❡r❡ ✉♠❛ ♠❡❧❤♦r✐❛ ♥❛ q✉❛❧✐❞❛❞❡ ❞♦ ❝r✐st❛❧✱ ❝♦♠♦ ❥á ❤❛✈✐❛ s✐❞♦ ❞✐s❝✉t✐❞♦

♣❡r❛♥t❡ ❛♦s r❡s✉❧t❛❞♦s ❞❡ ❘❛✐♦s✲❳✳ ❖✉tr♦ ❞❡t❛❧❤❡ q✉❡ ❞❡♠♦♥str❛ ❛ ♠❡❧❤♦r✐❛ ♥❛ ❝r✐st❛❧✐♥✐✲

❞❛❞❡ é ♦ ♣✐❝♦ ❛♣r❡s❡♥t❛♥❞♦ ♣❡❧❛ ❛♠♦str❛ −0, 60 V ♥❡st❛ ♣♦s✐çã♦✳ ❊❧❛✱ q✉❛♥❞♦ ❞❡♣♦s✐t❛❞❛

à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ♥ã♦ ❛♣r❡s❡♥t❛✈❛ ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦✳ ❆s ❡♠✐ssõ❡s ❞❡✈✐❞♦ ❛s
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✈❛❝â♥❝✐❛s ❞❡ ♦①✐❣ê♥✐♦ s❡ ♠❛♥t✐✈❡r❛♠ ✐♥❛❧t❡r❛❞❛s✳

❆♣ós ❛♥❛❧✐s❛❞♦s ♦s ❡s♣❡❝tr♦s ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s ❡♠ ❞✐✲

❢❡r❡♥t❡s ♣♦t❡♥❝✐❛✐s ❡ t❡♠♣❡r❛t✉r❛s✱ ♣♦ré♠✱ ❛♥t❡s ❞♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ é ✐♥t❡r❡ss❛♥t❡

♦❜s❡r✈❛r q✉❡ ❛s ❜❛♥❞❛s ❞❡ P▲ ❝♦✐♥❝✐❞❡♠ ❝♦♠ ❛s ❡♥❡r❣✐❛s ♦❜s❡r✈❛❞❛s ♥♦s ❡s♣❡❝tr♦s ❞❡

❛❜s♦rçã♦ ❯✈✲❱✐s✳ ❆ ❡♠✐ssã♦ ♦❜s❡r✈❛❞❛ ❡♥tr❡ 700 ❡ 900 nm ❝❡♥tr❛❧✐③❛❞❛ ❡♠ t♦r♥♦ ❞❡ 770

nm✱ ♣♦r ❡①❡♠♣❧♦✱ ❝♦rr❡s♣♦♥❞❡ ❛ ❛❜s♦rçã♦ ❡♠ 1, 67 eV ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✼✭❛✮ ♣❛r❛

❛ ❛♠♦str❛ ❞❡♣♦s✐t❛❞❛ ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 70 V ✳

▼❡❞✐❞❛s ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ t❛♠❜é♠ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❛r❛ ❛s ❛♠♦str❛s ❛♣ós ♦ tr❛t❛✲

♠❡♥t♦ tér♠✐❝♦✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡

❡ t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♣♦❞❡♠ s❡r ✈✐st♦s ♥❛s ❋✐❣✉r❛s ✹✳✷✺ ❡

✹✳✷✻✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❖s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❋✐❣✉r❛ ✹✳✷✺✱

❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ sã♦ ❞✐st✐♥t♦s ❞❛q✉❡❧❡s ♦❜t✐❞♦s ❛♥t❡r✐♦r♠❡♥t❡✳ ❆♣❡♥❛s ❛ ❛♠♦s✲

tr❛ −0, 60 V ❛♣r❡s❡♥t❛ ❛ ❡♠✐ssã♦ ❧♦❝❛❧✐③❛❞❛ ❡♥tr❡ 600 ❡ 650 nm✱ ♠❛✐s ♣r❡❝✐s❛♠❡♥t❡ ❡♠

604 nm✳ P❛r❛ ❛s ❞❡♠❛✐s✱ ♥❡♥❤✉♠❛ ❡♠✐ssã♦ é ♥♦t❛❞❛ ♥❡st❛ r❡❣✐ã♦✳ ❊❧❛ ❛✐♥❞❛ ❛♣r❡s❡♥t❛

♦✉tr❛ ❡♠✐ssã♦ ❝♦♠♣r❡❡♥❞✐❞❛ ♥❛ r❡❣✐ã♦ ❡♥tr❡ 720 ❡ 900 nm ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s q✉❡ ✐♥❞✐❝❛♠

❝♦♥✜♥❛♠❡♥t♦ q✉â♥t✐❝♦✳ ❏á ♣❛r❛ ❛♠♦str❛ −0, 65 V s❡ ♦❜s❡r✈❛ ❡♠✐ssõ❡s ❜❡♠ ❞❡✜♥✐❞❛s ❡♠

795 ❡ 837 nm✱ ❛♠❜❛s r❡❧❛❝✐♦♥❛❞❛s ❛s ✈❛❝â♥❝✐❛s ❞❡ ♦①✐❣ê♥✐♦✳ ❆s ❛♠♦str❛s −0, 70 ❡ −0, 75

V ✱ ❡♥tr❡t❛♥t♦✱ ♥ã♦ ❛♣r❡s❡♥t❛♠ ❡♠✐ssõ❡s ❜❡♠ ❞❡✜♥✐❞❛s✳
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 Amostra -0.70 V

 

 Amostra -0.65 V

 
 

  Amostra -0.60 V

❋✐❣✉r❛ ✹✳✷✺✿ ❊s♣❡❝tr♦ ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡ ❡ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳
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❆s ❡♠✐ssõ❡s ❡①✐❜✐❞❛s ♥♦s ❡s♣❡❝tr♦s ❞❛ ❋✐❣✉r❛ ✹✳✷✻ r❡❢❡r❡♠✲s❡ ❛s ❞✐❢❡r❡♥t❡s ❛♠♦str❛s

❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ ❛♠♦str❛ s❡♠

❛ ❞♦♣❛❣❡♠ ❝♦♠ ♠❛♥❣❛♥ês ♥ã♦ ❛♣r❡s❡♥t❛ ♥❡♥❤✉♠❛ ❡♠✐ssã♦ ♥❛ r❡❣✐ã♦ ❝♦♠♣r❡❡♥❞✐❞❛ ♣❡❧❛

♠❡❞✐❞❛✳ ❆❧é♠ ❞❡❧❛✱ ❛ ❛♠♦str❛ −0, 75 V ✱ t❛♠❜é♠ ♥ã♦ ❡①✐❜❡ ❡♠✐ssõ❡s s✐❣♥✐✜❝❛t✐✈❛s ♥❡st❛

r❡❣✐ã♦✳ ❆s ❞❡♠❛✐s ❛♠♦str❛s✱ −0, 60✱ −0, 65 ❡ −0, 70 V ♠♦str❛♠ ♣✐❝♦s ❝♦♠ ❛ ♠❡s♠❛ ❢♦r♠❛

♥❛ r❡❣✐ã♦ ❡♥tr❡ 400 ❡ 500 nm ❡ q✉❡ s❡ ❛❧♦♥❣❛♠ ❛té 700 nm✱ ❡♥tr❡t❛♥t♦✱ ❞❡s❧♦❝❛❞♦s ✉♥s

❞♦s ♦✉tr♦s ❡ ❝♦♠ ✐♥t❡♥s✐❞❛❞❡s ❞✐st✐♥t❛s✳ ❊❧❡s ❡stã♦ ❧♦❝❛❧✐③❛❞♦s ❡♠ 500✱ 490 ❡ 455 nm✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❈♦♠♣❛r❛♥❞♦ ❡st❡s r❡s✉❧t❛❞♦s ❝♦♠ ❛q✉❡❧❡s ♦❜t✐❞♦s ♣❛r❛ ❛s ❛♠♦str❛s

s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♥♦t❛✲s❡ q✉❡ ❛s ❡♠✐ssõ❡s ♦❝♦rr❡♠ ❡♠ r❡❣✐õ❡s ❜❛st❛♥t❡ ❞✐st✐♥t❛s✱

❞❡ ❢❛t♦✱ ❡st❡ ❡r❛ ✉♠ r❡s✉❧t❛❞♦ ❡s♣❡r❛❞♦ ❡ ❝♦❡r❡♥t❡ ❝♦♠ ♦s ❞❡♠❛✐s✱ ✈✐st♦ q✉❡ ❛ ❛♥á❧✐s❡

❞♦s ❞✐❢r❛t♦❣r❛♠❛s ❞❡ ❘❛✐♦s✲❳ ❡ ♦s ❡s♣❡❝tr♦s ❘❛♠❛♥✱ ♠♦str❛r❛♠ ❢❛s❡s ❞✐❢❡r❡♥t❡s ♣❛r❛ ♦s

❞❡♣ós✐t♦s ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛s ❡♠✐ssõ❡s ♠♦str❛❞❛s ♥❡ss❛ ✜❣✉r❛

sã♦ r❡❢❡r❡♥t❡s ❛♦ CuO ❡ ❞❡✈✐❞❛s ❛♦s ❞❡❢❡✐t♦s ❡ ✐♠♣✉r❡③❛s ♣r❡s❡♥t❡s ♥❛ r❡❞❡ ❝r✐st❛❧✐♥❛ ❞♦

ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞♦ t✐♣♦ ■■ ❬✼✵❪✳ ❊st❛s ❛♠♦str❛s ❛✐♥❞❛ ❛♣r❡s❡♥t❛♠ ❡♠✐ssõ❡s ♥❛ r❡❣✐ã♦ ❡♥tr❡

700 ❡ 900 nm✳
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❋✐❣✉r❛ ✹✳✷✻✿ ❊s♣❡❝tr♦ ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ♣❛r❛ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s à t❡♠♣❡r❛t✉r❛ ❞❡

60oC ❡ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳

P♦r ✜♠✱ ✉♠❛ ú❧t✐♠❛ ❝♦♥s✐❞❡r❛çã♦ ❞❡✈❡ s❡r ❢❡✐t❛ ❛ r❡s♣❡✐t♦ ❞♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s✳ ❊st❡s

❛♣r❡s❡♥t❛♠✱ ♣❛r❛ ❛❧❣✉♠❛s ❛♠♦str❛s✱ ♣❡q✉❡♥❛s ❡♠✐ssõ❡s ♥❛ r❡❣✐ã♦ ❞❡ ❜❛✐①♦s ❝♦♠♣r✐♠❡♥t♦s

❞❡ ♦♥❞❛✳ ➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♥❛s ❛♠♦str❛s ❝r❡s❝✐❞❛ s❡♠ ♠❛♥❣❛♥ês✱

s❡♠ ❡ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❊ t❛♠❜é♠ ❡♠ ❛❧❣✉♠❛s q✉❡ ❢♦r❛♠ ❞♦♣❛❞❛s✳ P♦❞❡✲s❡
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❝✐t❛r ❛ ❛♠♦str❛ ❝r❡s❝✐❞❛ ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 65 V à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ s❡♠ tr❛t❛✲

♠❡♥t♦ tér♠✐❝♦✱ ❛s ❛♠♦str❛s −0, 65 ❡ −0, 70 V ❝r❡s❝✐❞❛s s♦❜ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ 60oC s❡♠

tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❡ t❛♠❜é♠ ❛q✉❡❧❛s q✉❡ ♣❛ss❛r❛♠ ♣♦r tr❛t❛♠❡♥t♦ tér♠✐❝♦✿ −0, 75 V

❞❡♣♦s✐t❛❞❛ s♦❜ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ −0, 70 V à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✳ ❚♦❞❛s ❛♣r❡s❡♥✲

t❛♠ ✉♠❛ ❡♠✐ssã♦ ❡♠ t♦r♥♦ ❞❡ 450nm q✉❡ ♣♦❞❡ s❡r ❛tr✐❜✉í❞❛ ❛ ♣❡q✉❡♥♦s ♥❛♥♦❝r✐st❛✐s ❞❡

Cu2O ❢♦r♠❛❞♦s ❛♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦s ✜❧♠❡s✳

❆s ✐♠❛❣❡♥s ❞❡ ❆❋▼✱ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✳✷✼✱ ♠♦str❛♠ q✉❡ ♠♦r❢♦❧♦❣✐❝❛♠❡♥t❡✱ ❛s

❛♠♦str❛s sã♦ ❝♦♥st✐t✉í❞❛s ♣♦r ❣r❛♥❞❡s ❣rã♦s✱ ❝♦♠ ❞✐â♠❡tr♦ ❞❛ ♦r❞❡♠ ❞❡ 5 µm✱ ❡♥tr❡t❛♥t♦✱

❡❧❡s sã♦ ❢♦r♠❛❞♦s ❞✉r❛♥t❡ ❛ ❞❡♣♦s✐çã♦ ♣❡❧❛ s♦❜r❡♣♦s✐çã♦ ❞❡ ❣rã♦s ♠✉✐t♦ ♣❡q✉❡♥♦s✱ ♦ q✉❡

♣♦❞❡ ❥✉st✐✜❝❛r ❛ ❡♠✐ssã♦ ♥❛ r❡❣✐ã♦ ❞❡ 450 nm✳

✭❛✮ ✭❜✮

✭❝✮

❋✐❣✉r❛ ✹✳✷✼✿ ■♠❛❣❡♥s ❞❡ ❆❋▼ ♣❛r❛ ❛s ❛♠♦str❛s ❞❡♣♦s✐t❛❞❛s ♥♦s ♣♦t❡♥❝✐❛✐s ❞❡ ❛✮ −0, 60V

s♦❜ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❡ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❜✮−0, 60V s♦❜ ❛ t❡♠♣❡r❛t✉r❛ ❞❡

60oC ❡ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❡ ❝✮ −0, 75V s♦❜ ❛ t❡♠♣❡rt❛t✉❞❛ ❞❡ 60oC ❡ ❝♦♠ tr❛t❛♠❡♥t♦

tér♠✐❝♦✳

✻✺



❆✐♥❞❛ s♦❜r❡ ❛s ✐♠❛❣❡♥s ❞❡ ❆❋▼✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r ❛ ♥ít✐❞❛ ❞✐❢❡r❡♥ç❛ ♥❛ q✉❛❧✐❞❛❞❡

♠♦r❢♦❧ó❣✐❝❛ ❞❛s ❛♠♦str❛s✳ ❆♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ♥♦t❛✲s❡ ❣rã♦s ❜❡♠ ❞❡✜♥✐❞♦s ❡

❞❡ t❛♠❛♥❤♦ ✉♥✐❢♦r♠❡✱ ❡♥q✉❛♥t♦ q✉❡ ❛♥t❡s ❞❡ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ✐st♦ ♥ã♦ é ♦❜s❡r✈❛❞♦✳

❆q✉✐ ♥ã♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ✐♠❛❣❡♥s ♣❛r❛ t♦❞❛s ❛s ❛♠♦str❛s ❞❡♣♦s✐t❛❞❛s✱ ❡♥tr❡t❛♥t♦✱

❡❧❛s ♣♦ss✉❡♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ❛ ❛q✉❡❧❡ ❛♣r❡s❡♥t❛❞♦ ♣❡❧❛s ❛♠♦str❛s ♠♦str❛❞❛s

♥❛ ❋✐❣✉r❛ ✹✳✷✼✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝r❡s❝✐♠❡♥t♦✳

❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦✱ ❛ ❛♠♦str❛ −0, 65 V ❛♣r❡s❡♥t❛ ❡♠✐ssõ❡s ❞✐st✐♥t❛s ❞❛ ❛♠♦str❛

♥ã♦ ❞♦♣❛❞❛ ❝♦♠ ♠❛♥❣❛♥ês ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝r❡s❝✐♠❡♥t♦✱ ♦ q✉❡ ♣♦❞❡

s❡r ✉♠ ✐♥❞í❝✐♦ ❞❛ ✐♥❝♦r♣♦r❛çã♦ ❞♦s í♦♥s ❞❡ Mn ♥❛ ❡str✉t✉r❛ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✳ ❙❡♥❞♦

❛ss✐♠✱ ♠❡❞✐❞❛s ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✱ ♥❛ r❡❣✐ã♦ ❡♥tr❡ 10 ❡ 300

K✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❛r❛ ❡st❛s ❛♠♦str❛s✳ ❆s ❋✐❣✉r❛s ✹✳✷✽ ❡ ✹✳✷✾ ♠♦str❛♠ ♦s ❡s♣❡❝tr♦s

♦❜t✐❞♦s ♣❛r❛ t❛✐s ♠❡❞✐❞❛s✳

❆♦ ♦❜s❡r✈❛r ♦s ❡s♣❡❝tr♦s✱ ♣❡r❝❡❜❡✲s❡ q✉❡ ❛♠❜♦s ❛♣r❡s❡♥t❛♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s❡✲

♠❡❧❤❛♥t❡ ♥❛ r❡❣✐ã♦ ❞♦ ❛♠❛r❡❧♦✱ ❡♥tr❡t❛♥t♦ ❛ ❡♠✐ssõ❡s ♣❛r❛ ❝❛❞❛ ❛♠♦str❛ ❡♥❝♦♥tr❛♠✲s❡

❞❡s❧♦❝❛❞❛s ✉♠❛s ❞❛s ♦✉tr❛s✳ P❛r❛ ❛ ❛♠♦str❛ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ♥♦t❛✲s❡ ✉♠

♣✐❝♦ ❧♦❝❛❧✐③❛❞♦ ❡♠ t♦r♥♦ ❞❡ 620 nm✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❛ ❛♠♦str❛ ❝r❡s❝✐❞❛ à 60oC✱ ❡❧❡

s❡ ❡♥❝♦♥tr❛ ❧♦❝❛❧✐③❛❞♦ ❡♠ 585 nm✳ ◆♦s ❞♦✐s ❡s♣❡❝tr♦s t❛♠❜é♠ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ✉♠❛

✈❛r✐❛çã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ PL ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✳
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❋✐❣✉r❛ ✹✳✷✽✿ ❊s♣❡❝tr♦ ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛ ❛♠♦str❛s

❝r❡s❝✐❞❛s s♦❜ ♦ ♣♦t❡♥❝✐❛❧ −0, 65 V ✱à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✳
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❋✐❣✉r❛ ✹✳✷✾✿ ❊s♣❡❝tr♦ ❞❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛ ❛♠♦str❛s

❝r❡s❝✐❞❛s s♦❜ ♦ ♣♦t❡♥❝✐❛❧ −0, 65 V ✱à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✳
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❋✐❣✉r❛ ✹✳✸✵✿ ■♥t❡♥s✐❞❛❞❡ PL ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✱ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ♣✐❝♦ ❧♦❝❛❧✐③❛❞♦ ♥❛

r❡❣✐ã♦ ❡♥tr❡ 700 ❡ 900 nm ❞❛ ❛♠♦str❛ ❞❡♣♦s✐t❛❞❛ ❡♠ −0, 65 V ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✳

❆ ❋✐❣✉r❛ ✹✳✸✵ ❛♣r❡s❡♥t❛ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ✐♥t❡♥s✐❞❛❞❡ PL ❞♦ ♣✐❝♦ ❧♦❝❛❧✐③❛❞♦ ❡♥tr❡ 700

❡ 900 nm ❡ ❛ t❡♠♣❡r❛t✉r❛✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❤á ✉♠❛ r❡❞✉çã♦ ♥❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ♣✐❝♦

❞❡ ❡♠✐ssã♦ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛✳

❙❡❣✉♥❞♦ ❑r✉st♦❦ ❬✼✸❪✱ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛s ❜❛♥❞❛s ❞❡ PL ❝♦♠ ❛ t❡♠♣❡✲

r❛t✉r❛ é ♠♦❞✉❧❛❞❛ ❝♦♠ ❞✉❛s ❡♥❡r❣✐❛s ❞❡ ❛t✐✈❛çã♦✱ ❡ ♣♦❞❡ s❡r ❡①♣r❡ss❛❞❛ ♣♦r

✻✼



I(T ) =
Io

1 + A1exp(
−E1

KBT
) + A2exp(

−E2

KBT
)

✭✹✳✹✮

♦♥❞❡

Io é ❛ ✐♥t❡♥s✐❞❛❞❡ PL ❛ 0 K❀

A1 ❡ A2 sã♦ ❝♦♥st❛♥t❡s q✉❡ ❞❡s❝r❡✈❡♠ ❛ ❝❛♣t✉r❛ ❞❡ ♣♦rt❛❞♦r❡s❀

E1 ❡ E2 sã♦ ❞✐❢❡r❡♥t❡s ❡♥❡r❣✐❛s ❞❡ ❛t✐✈❛çã♦✱ ❡♠ q✉❡ E1 ♣r❡❞♦♠✐♥❛ ♥❛ r❡❣✐ã♦ ❞❡ ❜❛✐①❛

t❡♠♣❡r❛t✉r❛✱ T < 60 K✱ ❡ E2 ❡♠ r❡❣✐õ❡s ❞❡ t❡♠♣❡r❛t✉r❛s ♠❛✐s ❛❧t❛s✱ T > 60K❀

KB é ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ❡

T é ❛ t❡♠♣❡r❛t✉r❛✳

❆ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✱ ❛ r❡❞✉çã♦ ♥❛ ✐♥t❡♥s✐❞❛❞❡ PL ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛✱

r❡s✉❧t❛ ❞❡ s❡çõ❡s tr❛♥s✈❡rs❛✐s ❞❡ ❝❛♣t✉r❛ ❞♦s tr❛♥s♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ♥♦s ❝❡♥tr♦s ❞❡

r❡❝♦♠❜✐♥❛çã♦ ❞❡♣❡♥❞❡♥t❡s ❞❛ t❡♠♣❡r❛t✉r❛✳

❖s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✸✵ ❢♦r❛♠ ❛❥✉st❛❞♦s s❡❣✉♥❞♦ ❛ ❊q✉❛çã♦

✹✳✹✱ ❡ ❡♥tã♦✱ ❢♦r❛♠ ❡♥❝♦♥tr❛❞♦s ♦ s❡❣✉✐♥t❡s ✈❛❧♦r❡s ♣❛r❛ ❛s ❡♥❡r❣✐❛s ❞❡ ❛t✐✈❛çã♦✿ E1 =

176, 39 meV ❡ E2 = 18, 6 meV ✳ ❚❛✐s ✈❛❧♦r❡s r❡♠❡t❡♠ ❛ ❞❡❢❡✐t♦s ♣r❡s❡♥t❡s ♥❛ ❡str✉t✉r❛ ❞♦

♠❛t❡r✐❛❧✳ P❛r❛ ❛s ❞❡♠❛✐s ❜❛♥❞❛s ❞❡ ❛❜s♦rçã♦✱ ❛s ❞❡✈✐❞❛s ✐♥t❡♥s✐❞❛❞❡s ♥ã♦ s❡ r❡❧❛❝✐♦♥❛♠

❝♦♠ ❛ t❡♠♣❡r❛t✉r❛ ❝♦♠♦ ♣r❡✈✐st♦ ♣❡❧❛ ❊q✉❛çã♦ ✹✳✹ ❡ ♣♦r ✐ss♦ s❡✉s r❡s♣❡❝t✐✈♦s ❣rá✜❝♦s

❢♦r❛♠ s✉♣r✐♠✐❞♦s ❞❡st❡ t❡①t♦✳

✹✳✻ ❊s♣❡❝tr♦s❝♦♣✐❛ ❉❡ ❘❡ss♦♥â♥❝✐❛ P❛r❛♠❛❣♥ét✐❝❛

❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ✈❡r✐✜❝❛r ❛ ❞♦♣❛❣❡♠ ❞♦s ✜❧♠❡s ✜♥♦s ❡❧❡tr♦❞❡♣♦s✐t❛❞♦s✱ ♠❡❞✐❞❛s

❞❡ ❊P❘ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♥❛s ❞❡♣❡♥❞ê♥❝✐❛s ❞♦ ■♥st✐t✉t♦ ❞❡ ❋ís✐❝❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❉❡

❇r❛sí❧✐❛✳ ❆ té❝♥✐❝❛ ❞❡ ❊P❘ é ❡①tr❡♠❛♠❡♥t❡ s❡♥sí✈❡❧ ❛ ❝❡♥tr♦s ♣❛r❛♠❛❣♥ét✐❝♦s✱ í♦♥s ❝♦♠

❡❧étr♦♥s ❞❡s❡♠♣❛r❡❧❤❛❞♦s✱ ♣♦r ❡①❡♠♣❧♦✱ ❞❡ ❢♦r♠❛ q✉❡ ♣❡r♠✐t❡ ❛✈❛❧✐❛r ❛ ♣r❡s❡♥ç❛ ❞♦s í♦♥s

❞❡ ♠❛♥❣❛♥ês ♥♦s ❞❡♣ós✐t♦s✳

❆s ♠❡❞✐❞❛s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❡♠ ❝♦♥❞✐çõ❡s ❛♠❜✐❡♥t❡ ❡♠ ✉♠ ❡s♣❡❝trô♠❡tr♦ ❞❛ ❇r✉❦❡r

❊▼❳ P▲✉s✱ ✉t✐❧✐③❛♥❞♦ t✉❜♦s ❞❡ q✉❛rt③♦✳ ❊❧❛s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❡♠ ❢r❡q✉ê♥❝✐❛s ❝❛r❛❝t❡✲

ríst✐❝❛s ❞❛ ❜❛♥❞❛ ✲ ❳ ❡ ❞❛ ❜❛♥❞❛ ✲ ◗✳ ❖s ♣❛râ♠❡tr♦s ❞❡ ❊P❘ ✉t✐❧✐③❛❞♦s ❢♦r❛♠ ♣♦tê♥❝✐❛

❞❡ ♠✐❝r♦♦♥❞❛s ❞❡ 100 mW ❡ ❢r❡q✉ê♥❝✐❛ ❞❡ ♠♦❞✉❧❛çã♦ ❞❡ ❝❛♠♣♦ ❞❡ 100 KHz✳

❖s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❡♥❝♦♥tr❛♠✲s❡ ♥❛s ✜❣✉r❛s ❛♣r❡s❡♥t❛❞❛s ♥❡st❛ s❡çã♦✳ ❉❡♥tr❡ t♦❞❛s

❛s ❛♠♦str❛s ❞❡♣♦s✐t❛❞❛s ❛♣❡♥❛s ❝✐♥❝♦ ❛♣r❡s❡♥t❛r❛♠ s✐♥❛❧ ❞❡ ❊P❘✱ sã♦ ❡❧❛s✿

❆♠♦str❛ −0, 60 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ✭❋✐❣✉r❛

✹✳✶✺✮❀

❆♠♦str❛ −0, 70 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ✭❋✐❣✉r❛

✹✳✶✻✮❀

❆♠♦str❛ −0, 65 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ✭❋✐❣✉r❛

✻✽



✹✳✶✼✮❀

❆♠♦str❛ −0, 70 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ✭❋✐❣✉r❛

✹✳✶✽✮❀

❆♠♦str❛ −0, 65 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ✭❋✐❣✉r❛

✹✳✶✾✮✳

❆s ❋✐❣✉r❛s ✹✳✸✶ ❡ ✹✳✸✷ ♠♦str❛♠ ♦s ❡s♣❡❝tr♦s ♣❛r❛ ❛s ❛♠♦str❛s −0, 60 V ❡ −0, 70

❝r❡s❝✐❞❛s ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ P❛r❛ ❡st❛s ❛♠♦str❛s ❛s

♠❡❞✐❞❛s ❢♦r❛♠ ❢❡✐t❛s ♥❛ ❜❛♥❞❛✲◗✱ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ 35 GHz✳ ❉❡✈✐❞♦ ❛

♠❛✐♦r ❢r❡q✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦ ♦s❝✐❧❛♥t❡✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡ ♣❛r❛ ✈❛❧♦r❡s ❞❡

❝❛♠♣♦ ♠❛✐s ❛❧t♦s✱ ❡♥tr❡ 11000 ❡ 12000 G✳
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❋✐❣✉r❛ ✹✳✸✶✿ ❊s♣❡❝tr♦ ❞❡ ❊P❘ ♣❛r❛ ❛ ❛♠♦str❛ −0, 60 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱

s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ▼❡❞✐❞❛ r❡❛❧✐③❛❞❛ ♥❛ ❜❛♥❞❛✲◗✳
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❋✐❣✉r❛ ✹✳✸✷✿ ❊s♣❡❝tr♦ ❞❡ ❊P❘ ♣❛r❛ ❛ ❛♠♦str❛ −0, 70 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱

s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ▼❡❞✐❞❛ r❡❛❧✐③❛❞❛ ♥❛ ❜❛♥❞❛✲◗✳

◆❛s ❋✐❣✉r❛s ✹✳✸✸ ❡ ✹✳✸✹✱ ❡stã♦ r❡♣r❡s❡♥t❛❞♦s ♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ♣❛r❛ ❛s ❛♠♦str❛s

✻✾



−0, 65 V ❡ −0, 70 V ❝r❡s❝✐❞❛s ❛ t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❡ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❊❧❡s

❢♦r❛♠ ♦❜t✐❞♦s ❡♠ ♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ 9, 5GHz✱ ♦♥❞❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡stát✐❝♦ ❞❡t❡❝t❛❞♦ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❢♦✐ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 3400 G✳
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❋✐❣✉r❛ ✹✳✸✸✿ ❊s♣❡❝tr♦ ❞❡ ❊P❘ ♣❛r❛ ❛ ❛♠♦str❛ −0, 65 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱

s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ▼❡❞✐❞❛ r❡❛❧✐③❛❞❛ ♥❛ ❜❛♥❞❛✲❳✳
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❋✐❣✉r❛ ✹✳✸✹✿ ❊s♣❡❝tr♦ ❞❡ ❊P❘ ♣❛r❛ ❛ ❛♠♦str❛ −0, 70 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱

s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ▼❡❞✐❞❛ r❡❛❧✐③❛❞❛ ♥❛ ❜❛♥❞❛✲❳✳

❈♦♠♦ ❞✐t♦ ♥❛ s❡çã♦ ✸✳✹✱ ♦♥❞❡ ❛ t❡♦r✐❛ ❡♥✈♦❧✈✐❞❛ ♥❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ r❡ss♦♥â♥❝✐❛

♣❛r❛♠❛❣♥ét✐❝❛ é ❞✐s❝✉t✐❞❛✱ ❛ ❝♦♥❞✐çã♦ ♣❛r❛ q✉❡ ❤❛❥❛ r❡ss♦♥â♥❝✐❛ é ❞❛❞❛ ♣♦r

hν = gµBB ✭✹✳✺✮

P❛r❛ ✉♠ ❡❧étr♦♥ ❧✐✈r❡ ♦ ✈❛❧♦r ❞❡ go é 2, 00232✳ P♦ré♠✱ ♣❛r❛ ✉♠ ❡❧étr♦♥ ✐♠❡rs♦ ❡♠ ✉♠

❝r✐st❛❧✱ ♦ ✈❛❧♦r ♠❡❞✐❞♦ ❞❡ g ♠♦str❛rá ✉♠ ❞❡s✈✐♦ ❡♠ r❡❧❛çã♦ ❛ go✱ ♣r♦✈♦❝❛❞♦ ♣❡❧♦ ❡❢❡✐t♦

❞♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ❡ ❛ ✐♥t❡r❛çã♦ s♣✐♥✲ór❜✐t❛✳ ▼✉✐t❛s ✈❡③❡s ♦ ✈❛❧♦r ❞♦ ❢❛t♦r g ❢♦r♥❡❝❡ ✉♠

✼✵



♠❡✐♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❛ ❡s♣é❝✐❡ ♣❛r❛♠❛❣♥ét✐❝❛ ❡ ♣❡r♠✐t❡ ❝♦♥❤❡❝❡r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧

❞♦ í♦♥ ♥♦ s✐st❡♠❛✳ ❊♥tr❡t❛♥t♦✱ ♣❛r❛ ✉♠❛ ❛♥á❧✐s❡ q✉❛❧✐t❛t✐✈❛✱ ♦ ✈❛❧♦r ❞♦ ❝❛♠♣♦ ❡stát✐❝♦

❞❡ r❡ss♦♥â♥❝✐❛ t❛♠❜é♠ ♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ t❛❧ ✐❞❡♥t✐✜❝❛çã♦✱ ✈✐st♦ q✉❡ ❡stá r❡❧❛❝✐♦♥❛❞♦

❛♦ ❢❛t♦r g ❞♦ í♦♥ ❛tr❛✈és ❞❛ ❡q✉❛çã♦ ✹✳✺✳

❈♦♠♣❛r❛♥❞♦ ♦s ✈❛❧♦r❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♦❜t✐❞♦s ♣❛r❛ t♦❞❛s ❛s

❛♠♦str❛s ❝♦♠ r❡s✉❧t❛❞♦s ❞❛ ❧✐t❡r❛t✉r❛ ❬✻✽❪✱ ✈ê✲s❡ q✉❡ ♦s ♣✐❝♦s ❞❡ r❡ss♦♥â♥❝✐❛ ❛♣r❡s❡♥t❛❞♦s

♥♦s ❡s♣❡❝tr♦s sã♦ ❝❛r❛❝t❡ríst✐❝♦s ❞♦ í♦♥ ❞❡ ❝♦❜r❡ Cu2+ ❡ ♥ã♦ ❞♦s í♦♥s ❞❡ ♠❛♥❣❛♥ês✱ ❝♦♠♦

s❡ ❡s♣❡r❛✈❛✳

❖s át♦♠♦s ✐♥t❡rst✐❝✐❛✐s ❞❡ ❝♦❜r❡ sã♦ ✉♠ ❞♦s ❞❡❢❡✐t♦s ♣r❡✈✐st♦s ♣❛r❛ ❛ ❡str✉t✉r❛ ❞♦

ó①✐❞♦ ❞❡ ❝♦❜r❡✱ ❡♥tr❡t❛♥t♦✱ ❛♣r❡s❡♥t❛♠ ❛❧t❛ ❡♥❡r❣✐❛ ❞❡ ❢♦r♠❛çã♦ ❬✼❪ ❞❡ ❢♦r♠❛ q✉❡ ♥ã♦ sã♦

❛❜✉♥❞❛♥t❡s✳ ❆ ♠❛✐♦r ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❞❡❢❡✐t♦s ♥❛ ❡str✉t✉r❛ ❞❡st❡ ♠❛t❡r✐❛❧ é ❞❡✈✐❞♦ ❛s ✈❛✲

❝â♥❝✐❛s ❞❡ ❝♦❜r❡✱ q✉❡ ❣❡r❛♠ ♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ❛❝❡✐t❛❞♦r❡s ❡ ♦ t♦r♥❛ ✉♠ s❡♠✐❝♦♥❞✉t♦r

❞♦ t✐♣♦✲♣✳ ❊♥tr❡t❛♥t♦✱ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❛s ❛♠♦str❛s✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s

♣♦t❡♥❝✐❛✐s ❡❧❡✈❛❞♦s ❡♠ r❡❧❛çã♦ ❛♦ ♣♦t❡♥❝✐❛❧ ❞❡ r❡❞✉çã♦ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✭−0, 50V ✮ ❡

♣ró①✐♠♦s ❛♦ ♣♦t❡♥❝✐❛❧ ❞❡ r❡❞✉çã♦ ❞♦ ❝♦❜r❡ ♠❡tá❧✐❝♦✱ s❡♥❞♦ ❛ss✐♠✱ ❛♣❡s❛r ❞❡ ♦ ♠❛t❡r✐❛❧

❛♣r❡s❡♥t❛r ❛ ❢❛s❡ Cu2O✱ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ í♦♥s ❞❡ Cu2+ ♣r❡s❡♥t❡ ♥❛ ❛♠♦str❛ ❛✉♠❡♥t❛

❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡♣♦s✐çã♦✳ ◗✉❛♥t♦ ♠❛✐♦r ♦ ♣♦t❡♥❝✐❛❧ ✉t✐❧✐③❛❞♦✱ ♠❛✐♦r ❛ q✉❛♥t✐❞❛❞❡

❞❡ í♦♥s ❞❡ ❝♦❜r❡ ♣r❡s❡♥t❡ ♥❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛✳ ■st♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥♦s ❡s♣❡❝✲

tr♦s✱ ❜❛st❛ ♥♦t❛r q✉❡ q✉❛♥t♦ ♠❛✐s ❡❧❡✈❛❞♦ ♦ ♠ó❞✉❧♦ ❞♦ ♣♦t❡♥❝✐❛❧ ✉t✐❧✐③❛❞♦ ♥❛ ❞❡♣♦s✐çã♦✱

♠❛✐s ✐♥t❡♥s♦s sã♦ ♦s ♣✐❝♦s ❞❡ r❡ss♦♥â♥❝✐❛✳ ❊st❛ r❡❧❛çã♦ t❛♠❜é♠ s❡ ♠♦str❛ ✈á❧✐❞❛ ♣❛r❛ ❛

t❡♠♣❡r❛t✉r❛ ❞❡ ❝r❡s❝✐♠❡♥t♦✱ ♣✐❝♦s ♠❛✐s ✐♥t❡♥s♦s ❡ ❜❡♠ ❞❡✜♥✐❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♣❡❧❛s

❛♠♦str❛s ❞❡♣♦s✐t❛❞❛s s♦❜ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✳

◆❛ ❋✐❣✉r❛ ✹✳✸✷ ❡ ♠❛✐s ❝❧❛r❛♠❡♥t❡ ♥❛s ❋✐❣✉r❛s ✹✳✸✸ ❡ ✹✳✸✹ é ♥♦tá✈❡❧ ♦✉tr❛s ❜❛♥❞❛s

❛❧é♠ ❞♦ s✐♥❛❧ ❞❡ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✳ ❊st❛s ❜❛♥❞❛s r❡❢❡r❡♠✲s❡ ❛ ❡str✉t✉r❛ ❤✐♣❡r✜♥❛ ❞♦ í♦♥

❞❡ ❝♦❜r❡ Cu2+✳ ❊❧❛s s✉r❣❡♠ ❞❡✈✐❞♦ ❛♦s í♦♥s ❞❡ ❝♦❜r❡ ✐♥t❡rst✐❝✐❛✐s ✐s♦❧❛❞♦s✱ ❡♥q✉❛♥t♦ q✉❡

❛ ❜❛♥❞❛ ♠❛✐s ✐♥t❡♥s❛ é r❡s✉❧t❛❞♦ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s í♦♥s Cu2+ ✈✐③✐♥❤♦s ❬✼✷❪✳

❆ ❋✐❣✉r❛ ✹✳✸✺ ♠♦str❛ ♦ ❡s♣❡❝tr♦ ❞❡ ❊P❘ ♦❜t✐❞♦ ♣❛r❛ ❛ ❛♠♦str❛ ❞❡♣♦s✐t❛❞❛ ♥♦ ♣♦t❡♥❝✐❛❧

❞❡ −0, 65 V à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ◆♦t❛✲s❡ q✉❡ ♦ ♣✐❝♦

❞❡ r❡ss♦♥â♥❝✐❛ ♥ã♦ é ❜❡♠ ❞❡✜♥✐❞♦ ❝♦♠♦ ♣❛r❛ ❛s ❛♠♦str❛s s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❡

❛✐♥❞❛ é ♠❡♥♦s ✐♥t❡♥s♦ q✉❡ ❛s ❞❡♠❛✐s✳ ■st♦ ♦❝♦rr❡ ♣♦✐s✱ ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ✐♥✢✉ê♥❝✐❛

♥❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡✱ ♠❡❧❤♦r❛♥❞♦ s✉❛ ❝r✐st❛❧✐♥✐❞❛❞❡ ❡ r❡❞✉③✐♥❞♦ ♦s

❞❡❢❡✐t♦s✱ ❡♠ ❝♦♥s❡q✉ê♥❝✐❛✱ r❡❞✉③✐♥❞♦ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ í♦♥s Cu2+ ♣r❡s❡♥t❡s ♥♦ ♠❛t❡r✐❛❧✳

❚❛❧ ❢❛t♦ ❡①♣❧✐❝❛r✐❛ ♣♦rq✉❡ ❛s ❛♠♦str❛s✱ ❛♣ós ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ♥ã♦ ❛♣r❡s❡♥t❛♠ s✐♥❛❧

❞❡ ❊P❘✳

❆✐♥❞❛✱ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ✈❡r✐✜❝❛r s❡ ❛ ❞♦♣❛❣❡♠ ❝♦♠ í♦♥s ❞❡ ♠❛♥❣❛♥ês ❢♦✐ ❡✜❝✐❡♥t❡✱

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

♣❛r❛ ❛s ♣r✐♠❡✐r❛s ❛♠♦str❛s ❛ ❛♣r❡s❡♥t❛r❡♠ s✐♥❛❧ ❞❡ ❊P❘✿ −0, 60 V ❡ −0, 70 V ❝r❡s❝✐❞❛s

❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❊♥tr❡t❛♥t♦✱ ❛s ❝✉r✈❛s ❞❡ ❤✐st❡r❡s❡

♦❜t✐❞❛s ♥ã♦ ❛♣r❡s❡♥t❛r❛♠ r❡s✉❧t❛❞♦s r❡❧❡✈❛♥t❡s ❡ ♣♦r ✐ss♦ ♥ã♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❛q✉✐✳

❖ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ♣❛r❛ ❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ é ♠♦str❛❞♦ ♥❛ ✜❣✉r❛

✼✶
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❋✐❣✉r❛ ✹✳✸✺✿ ❊s♣❡❝tr♦ ❞❡ ❊P❘ ♣❛r❛ ❛ ❛♠♦str❛ −0, 65 V ✱ ❝r❡s❝✐❞❛ à t❡♠♣❡r❛t✉r❛ ❞❡ 60oC✱
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❋✐❣✉r❛ ✹✳✸✻✿ ❈✉r✈❛ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛ ❛♠♦str❛ −0, 70 V ✱

❝r❡s❝✐❞❛ ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ s❡♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳

❆ ❝✉r✈❛ ❡①✐❜✐❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✸✻ ❛♣r❡s❡♥t❛ ♦ r❡s✉❧t❛❞♦ ♣❛r❛ ❛ ❛♠♦str❛ −0, 70 V ❞❡s✲

❝♦♥s✐❞❡r❛♥❞♦ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞✐❛♠❛❣♥ét✐❝❛ ❞♦ s✐❧í❝✐♦✳ ❆♣❡♥❛s ❡st❛ ❛♠♦str❛ ❛♣r❡s❡♥t♦✉

♠❛❣♥❡t✐③❛çã♦ ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦ ♣❛r❛ ❜❛✐①♦s ✈❛❧♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛✳ ◆♦t❛✲s❡ q✉❡ ❛ ♠❛❣✲

♥❡t✐③❛çã♦ ❞♦ ♠❛t❡r✐❛❧ ❞✐♠✐♥✉✐ ❝♦♠ ♦ ❛❝rés❝✐♠♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❛té ♥ã♦ ❛♣r❡s❡♥t❛r ♠❛✐s

♦r❞❡♥❛♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡❢❡t✐✈♦✱ q✉❡ ♦❝♦rr❡ ❛ ♣❛rt✐r ❞❡ 50K✱ ❡♥tr❡t❛♥t♦✱ ♦❜s❡r✈❛✲s❡ ✉♠❛

♠❛❣♥❡t✐③❛çã♦ ♠í♥✐♠❛ ❞❡✈✐❞♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ❛♦ ❧♦♥❣♦ ❞❛ ♠❡❞✐❞❛✳

❚❛❧ ❝♦♠♣♦rt❛♠❡♥t♦ ♣♦❞❡r✐❛ ♣r♦✈❛r ❛ ❡①✐stê♥❝✐❛ ❞♦s í♦♥s ♠❛❣♥ét✐❝♦s ❞❡ ♠❛♥❣❛♥ês ♥❛

❡str✉t✉r❛ ❞♦ ♠❛t❡r✐❛❧✱ ❥á q✉❡ ♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ♥ã♦ ♣♦ss✉✐ ♦r❞❡♥❛♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡♠ s✉❛

❢♦r♠❛ ✐♥trí♥s❡❝❛✱ ❡♥tr❡t❛♥t♦✱ ♥♦✈❛s ♠❡❞✐❞❛s ♥ã♦ ♣✉❞❡r❛♠ s❡r r❡❛❧✐③❛❞❛s ♣❛r❛ ❛✈❡r✐❣✉❛r

✼✷



❛ r❡♣r♦❞✉t✐❜✐❧✐❞❛❞❡ ❞❡st❡ r❡s✉❧t❛❞♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ♥ã♦ s❡ ♣♦❞❡ ❛✜r♠❛r q✉❡ ❛ ❞♦♣❛❣❡♠

♦❝♦rr❡✉ ❞❡ ❢♦r♠❛ ❡✜❝❛③✳

✼✸



❈❛♣ít✉❧♦ ✺

❈♦♥s✐❞❡r❛çõ❡s ❋✐♥❛✐s ❡ P❡rs♣❡❝t✐✈❛s

❆ ❡❧❡tr♦❞❡♣♦s✐çã♦ s❡ ♠♦str♦✉ ✉♠ ♣r♦❝❡ss♦ ❡✜❝✐❡♥t❡ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ ❞❡♣ós✐t♦s ❞❡

ó①✐❞♦ ❞❡ ❝♦❜r❡ ❞❡ ❜♦❛ q✉❛❧✐❞❛❞❡ ❡♠ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❞❡ ❞❡♣♦s✐çã♦✳ ❋♦✐ ♣♦ssí✈❡❧ ♦❜t❡r

✜❧♠❡s ❡❧❡tr♦❞❡♣♦s✐t❛❞♦s ❞❡st❡ ❝♦♠♣♦st♦ ♠❡s♠♦ q✉❛♥❞♦ ❛ ❞❡♣♦s✐çã♦ ♦❝♦rr❡✉ ❡♠ ♣♦t❡♥❝✐❛✐s

❞✐st✐♥t♦s ❞❛q✉❡❧❡ ❝♦♥s✐❞❡r❛❞♦ ♦ ♠❛✐s ❡✜❝✐❡♥t❡ ♣❛r❛ ❛ r❡❞✉çã♦ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❡ ♣ró①✐♠♦

❛♦ ♣♦t❡♥❝✐❛❧ ❞❡ r❡❞✉çã♦ ❞♦ ❝♦❜r❡ ♠❡tá❧✐❝♦✳ ❊ ❛✐♥❞❛✱ ❛ té❝♥✐❝❛ ♣♦ss✐❜✐❧✐t♦✉ ♦ ❝r❡s❝✐♠❡♥t♦

❞♦ ♠❛t❡r✐❛❧ ❡♠ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✱ s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧

❞❡ ❞✐❢í❝✐❧ ♠❛♥✉s❡✐♦✳

❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♣r❡♣❛r❛çã♦ ❞❛s ❛♠♦str❛s✱ ✈✐✉✲s❡ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❛s ❝♦♥❝❡♥✲

tr❛çõ❡s ✉t✐❧✐③❛❞❛s ♥♦ ❡❧❡tró❧✐t♦ ❡ ❝♦♠♦ ❡❧❛s ✐♥✢✉❡♥❝✐❛r❛♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ❞❡♣ós✐t♦s✱

♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛ ❛❞❡rê♥❝✐❛ ❞❡st❡s s♦❜r❡ ♦ s✉❜str❛t♦ ❞❡ s✐❧í❝✐♦✳ ❈❤❡❣♦✉✲s❡ ❛♦ r❡s✉❧t❛❞♦ ❞❡

q✉❡ ❛ ♠❡❧❤♦r ❝♦♥❝❡♥tr❛çã♦ ❞❡ s✉❧❢❛t♦ ❞❡ ♠❛♥❣❛♥ês ❛ s❡r ✉t✐❧✐③❛❞❛ s❡r✐❛ 0, 015M ✱ t❛❧ ✈❛❧♦r

♣❡r♠✐t✐✉ ♦❜t❡r ✜❧♠❡s ❝♦♠ ❜♦❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s✳

❆s ✈❛r✐❛çõ❡s ♥♦s ♣❛râ♠❡tr♦s ❞❡ ❞❡♣♦s✐çã♦ ✐♥✢✉❡♥❝✐❛r❛♠ ♦s r❡s✉❧t❛❞♦s ❞❛s ♠❡❞✐❞❛s ❞❡

❝❛r❛❝t❡r✐③❛çã♦✱ ♣ô❞❡✲s❡ ♦❜s❡r✈❛r ♣❡❧♦s tr❛♥s✐❡♥t❡s ❞❡ ❝♦rr❡♥t❡ ❛ ❡❧❡✈❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡

❞❡♣♦s✐çã♦ ❝♦♠ ♦ ♣♦t❡♥❝✐❛❧ ✉t✐❧✐③❛❞♦ ❡ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❡❧❡tró❧✐t♦✳ P❡r❝❡❜❡✉✲s❡✱ ❛tr❛✈és ❞❛

❞✐❢r❛t♦♠❡tr✐❛ ❞❡ r❛✐♦s✲❳✱ ✉♠❛ ♠❡❧❤♦r✐❛ ♥❛ ❝r✐st❛❧✐♥✐❞❛❞❡ ❞♦s ❞❡♣ós✐t♦s ❝r❡s❝✐❞♦s à t❡♠✲

♣❡r❛t✉r❛ ❞❡ 60oC✳ ❆❧é♠ ❞✐ss♦✱ ❢♦✐ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ✜❧♠❡s ❝r❡s❝✐❞♦s ❛ ♣♦t❡♥❝✐❛✐s ♠❛✐s

♥❡❣❛t✐✈♦s✱ ♣ró①✐♠♦ ❛♦ ♣♦t❡♥❝✐❛❧ ❞❡ r❡❞✉çã♦ ❞♦ ❝♦❜r❡ ♠❡tá❧✐❝♦ ♥ã♦ ❛♣r❡s❡♥t❛r❛♠ s✐♥❛❧ ❞❡

❊P❘✱ ♦ q✉❡ s✉❣❡r❡ ❛ r❡❞✉çã♦ ❞♦s ❞❡❢❡✐t♦s ❞❡ ❝♦❜r❡ ✐♥t❡rst✐❝✐❛❧✱ Cu2+✱ ♥❛ ❡str✉t✉r❛ ❞♦s ❞❡✲

♣ós✐t♦s✳ ❆❧é♠ ❞❡st❡s ✜❧♠❡s✱ ❛q✉❡❧❡s q✉❡ ♣❛ss❛r❛♠ ♣♦r tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❛ t❡♠♣❡r❛t✉r❛

❞❡ 400oC✱ t❛♠❜é♠ ♥ã♦ ❛♣r❡s❡♥t❛r❛♠ s✐♥❛❧✱ ♦ q✉❡ ♣♦❞❡ ❡st❛r r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❞✐♠✐♥✉✐çã♦

❞❡ ❞❡❢❡✐t♦s ❡ ♠❡❧❤♦r✐❛ ❞❛ ❝r✐st❛❧✐♥✐❞❛❞❡✱ ❛tr❛✈és ❞♦ tr❛t❛♠❡♥t♦✳ P❡r❛♥t❡ ❛♦s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s✱ t♦❞♦s ♦s ♣♦t❡♥❝✐❛✐s ❞❡ ❞❡♣♦s✐çã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛ ❞❡♣♦s✐çã♦ ❞❛s ❛♠♦str❛s ♣r♦✲

♣♦r❝✐♦♥❛r❛♠ ❛ ♦❜t❡♥çã♦ ❞❡ ❞❡♣ós✐t♦s ❞❡ ❜♦❛ q✉❛❧✐❞❛❞❡✱ ❡♥tr❡t❛♥t♦✱ ❛q✉❡❧❛s ❝r❡s❝✐❞❛s s♦❜

♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0, 75 V ♥ã♦ ❛♣r❡s❡♥t❛r❛♠ s✐♥❛❧ ❞❡ ❊P❘✱ ❛❜s♦rçã♦ ❡ ❢♦t♦❧✉♠✐♥❡s❝ê♥❝✐❛✳

❉❡ss❛ ❢♦r♠❛✱ ♣♦❞❡r✐❛♠ s❡r ❞❡s❝❛rt❛❞❛s ♣❛r❛ ✉♠❛ ♣♦ssí✈❡❧ ❝♦♥t✐♥✉✐❞❛❞❡ ❞❡st❡ tr❛❜❛❧❤♦✳

❖ ❡st✉❞♦ ❞♦s ❞✐❢r❛t♦❣r❛♠❛s ❞❡ r❛✐♦s✲❳ ❡ ❡s♣❡❝tr♦s ❘❛♠❛♥ ♠♦str♦✉ q✉❡✱ ❡♠ t❡r♠♦s ❞❡

q✉❛❧✐❞❛❞❡ ❝r✐st❛❧✐♥❛✱ ❛s ❛♠♦str❛s ❝r❡s❝✐❞❛s ❛ ♣❛rt✐r ❞♦ ❡❧❡tró❧✐t♦ ❛q✉❡❝✐❞♦ ❡♠ 60oC ❡ ❝♦♠

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

✼✹



❞❡♠❛✐s✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❛♥á❧✐s❡ ❞❡st❡s r❡s✉❧t❛❞♦s ♣❡r♠✐t✐✉ ❝♦♥❝❧✉✐r q✉❡ ❛ ❢❛s❡ Cu2O ♣r❡✲

❞♦♠✐♥❛ ❞✉r❛♥t❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞♦ ❞❡♣ós✐t♦✱ ❡ q✉❡ ❡st❡✱ ❛♣❡s❛r ❞❡ ♣♦❧✐❝r✐st❛❧✐♥♦✱ ❝r❡s❝❡ ♥❛

❞✐r❡çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ✭111✮✳ ❖s r❡s✉❧t❛❞♦s ❞❛ ❞✐❢r❛t♦♠❡tr✐❛ ❛✐♥❞❛ ♣❡r♠✐t❡♠ ❝♦♥❝❧✉✐r q✉❡ ❛♦

♣❛ss❛r ♣♦r tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❡♠ ❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦ ❛♠❜✐❡♥t❡✱ ❤á ✉♠❛

♠✉❞❛♥ç❛ ♥❛ ❢❛s❡ ❞♦ ó①✐❞♦✱ ❛♣r❡s❡♥t❛♥❞♦ ❛❣♦r❛ ♦ ❝♦♠♣♦st♦ CuO✳ ❖s r❡s✉❧t❛❞♦s ♠♦str❛♠

q✉❡ ♣❛r❛ ♦ tr❛t❛♠❡♥t♦ ❢❡✐t♦ ❛ ✈á❝✉♦✱ t❛❧ ♠✉❞❛♥ç❛ ♥ã♦ ❛❝♦♥t❡❝❡✳ ❊st❡ ❢❛t♦ é ❡①tr❡♠❛♠❡♥t❡

✐♥t❡r❡ss❛♥t❡✱ ✈✐st♦ q✉❡ ♠♦str❛ q✉❡ ❛ tr❛♥s✐çã♦ ❡♥tr❡ ❛s ❞✉❛s ❢❛s❡s ❞♦ ♠❛t❡r✐❛❧ é s✐♠♣❧❡s

❡ rá♣✐❞❛✱ ❢♦r♥❡❝❡♥❞♦ ♣❛r❛ ♦ ♠❡s♠♦ ♣r♦❝❡ss♦ ❞❡ ❝r❡s❝✐♠❡♥t♦✱ ❞❡♣ós✐t♦s ❞❡ ♠❛t❡r✐❛✐s q✉❡

❛♣r❡s❡♥t❛♠ ♣r♦♣r✐❡❞❛❞❡s ❞✐st✐♥t❛s ❡ q✉❡ ♦ t♦r♥❛ ❞❡ ❣r❛♥❞❡ ❛♣❧✐❝❛çã♦ ♥❛ ♣❡sq✉✐s❛ ❞❡ ♥♦✈♦s

❞✐s♣♦s✐t✐✈♦s✳ ❆❧é♠ ❞✐ss♦✱ ❛ ♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ❞❛ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳✱ ✈✐✉✲s❡ q✉❡ ❞✉r❛♥t❡

♦ ♣r♦❝❡ss♦ ❞❡ ❝r❡s❝✐♠❡♥t♦✱ ❤á ❢♦r♠❛çã♦ ❞♦ ❝♦♠♣♦st♦ Mn5O8✱ ❡♥tr❡t❛♥t♦✱ ❞❡ ❛❝♦r❞♦ ❝♦♠

❛ r❡❞✉çã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦s ♣✐❝♦s ❞❡ ❞✐❢r❛çã♦✱ ❡❧❡ s❡ ❡♥❝♦♥tr❛ ❡♠ ❜❛✐①❛ ❝♦♥❝❡♥tr❛çã♦ ♥♦

❞❡♣ós✐t♦ ❢♦r♠❛❞♦✳ ❖s ❡s♣❡❝tr♦s ❘❛♠❛♥ ❝♦♥✜r♠❛♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❡❧❛ ❞✐❢r❛çã♦ ❞❡

r❛✐♦s✲❳✱ ❛❧é♠ ❞❡ ♠♦str❛r q✉❡ ♦ ❝♦♠♣♦st♦ Mn5O8 ♥ã♦ ❡stá ✉♥✐❢♦r♠❡♠❡♥t❡ ❞✐str✐❜✉í❞♦ ❛♦

❧♦♥❣♦ ❞♦ ✜❧♠❡✱ ✈✐st♦ q✉❡ ♥❡♥❤✉♠❛ ❜❛♥❞❛ ❞♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❡st❛✈❛ ❛ss♦❝✐❛❞❛ ❛ ❡❧❡✳

❆❧é♠ ❞✐ss♦✱ ❞❡t❡❝t♦✉✲s❡ q✉❡ ♠❡s♠♦ ❛ ❢❛s❡ Cu2O s❡♥❞♦ ♣r❡❞♦♠✐♥❛♥t❡ ♥♦s ❞❡♣ós✐t♦s ❛♥t❡s

❞♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱ ❛ ❢❛s❡ CuO s❡ ❢❛③ ♣r❡s❡♥t❡ ❡♠ ♣❡q✉❡♥❛ ♣r♦♣♦rçã♦✳

❆ r❡s♣❡✐t♦ ❞❛ ❞♦♣❛❣❡♠ ❞♦ ó①✐❞♦ ❞❡ ❝♦❜r❡ ❝♦♠ ♠❛♥❣❛♥ês✱ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r r❡✲

s✉❧t❛❞♦s ❝♦♥❝❧✉s✐✈♦s ♣❛r❛ ❛✜r♠❛r q✉❡ ❡❧❛ ♦❝♦rr❡✉ ❡❢❡t✐✈❛♠❡♥t❡✳ ❖s ❡s♣❡❝tr♦s ❞❡ ❊P❘

♦❜t✐❞♦s ❛♣♦♥t❛r❛♠ ♣❛r❛ ❛ ♣r❡s❡♥ç❛ ❞❡ í♦♥s ❞❡ ❝♦❜r❡ Cu2+ ♥♦s ❞❡♣ós✐t♦s ❡ ♥ã♦ ✐❞❡♥t✐✜❝♦✉

❛ ♣r❡s❡♥ç❛ ❞❡ í♦♥s ❞♦♣❛♥t❡s✳ ❖s r❡s✉❧t❛❞♦s ❛✐♥❞❛ ♠♦str❛r❛♠ q✉❡ ❛♠♦str❛s ❞❡♣♦s✐t❛❞❛s

❡♠ ♣♦t❡♥❝✐❛✐s ♠❛✐s ♥❡❣❛t✐✈♦s ❡ ❝♦♠ tr❛t❛♠❡♥t♦ tér♠✐❝♦ ❞❡✈❡♠ ❝♦♥t❡r ♠❡♥♦r q✉❛♥t✐❞❛❞❡

❞❡ í♦♥s Cu2+✱ ✈✐st♦ q✉❡ ❡❧❛s ♥ã♦ ❛♣r❡s❡♥t❛r❛♠ s✐♥❛❧ ❞❡ ❊P❘✳ ❆❧é♠ ❞✐ss♦✱ ♣♦❞❡✲s❡ ♥♦t❛r

q✉❡ ❛s ❛♠♦str❛s −0, 60 ❡ −0, 75 V ❛♣r❡s❡♥t❛♠ ✉♠ s✐♥❛❧ ❜❡♠ ❞❡✜♥✐❞♦ ❡ s❡♠ r✉í❞♦s✱ ♦ q✉❡

❝♦♥✜r♠❛ s✉❛ q✉❛❧✐❞❛❞❡ ❝r✐st❛❧♦❣rá✜❝❛✳

❆ ❝✉r✈❛ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❡ ♦s ❡s♣❡❝tr♦s ❞❡ ❢♦t♦❧✉♠✐♥❡s✲

❝ê♥❝✐❛ ❢♦r♥❡❝❡♠ ✉♠ ✐♥❞í❝✐♦ ❞❡ q✉❡ ❤♦✉✈❡ ✉♠❛ ♠✉❞❛♥ç❛ ♥❛ ❡str✉t✉r❛ ❞♦ ♠❛t❡r✐❛❧✱ ❛✜♥❛❧

♦s r❡s✉❧t❛❞♦s ❞❛s ❛♠♦str❛s ❞♦♣❛❞❛s ❞✐❢❡r❡♠ ❞❛q✉❡❧❡s ♦❜t✐❞♦s ♣❛r❛ ❛s ❛♠♦str❛s ♥ã♦ ❞♦✲

♣❛❞❛s✱ ❡♥tr❡t❛♥t♦✱ s❡r✐❛♠ ♥❡❝❡ssár✐❛s ♠❡❞✐❞❛s ❛❞✐❝✐♦♥❛✐s ❞❛ ♠❛❣♥❡t✐③❛çã♦ ♣❛r❛ ❝♦♥✜r♠❛r

t❛❧ ❝♦♠♣♦rt❛♠❡♥t♦✳ ❆✐♥❞❛ ❛ss✐♠✱ ❛ ❛♠♦str❛ ❝r❡s❝✐❞❛ ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ −0.70 V ❛♣r❡s❡♥t❛

✐♥❞í❝✐♦s ❞❡ q✉❡ ❤♦✉✈❡ ❛ ✐♥❝♦r♣♦r❛çã♦ ❞❡ át♦♠♦s ❞❡ ♠❛♥❣❛♥ês ❡♠ s✉❛ ❡str✉t✉r❛✳

P♦r ✜♠✱ ❛♣ós ❛ ❛♥á❧✐s❡ ❞❡ t♦❞♦s ♦s r❡s✉❧t❛❞♦s✱ ✈ê✲s❡ q✉❡ ♣❛r❛ ✉♠ ♣ró①✐♠♦ ♠♦♠❡♥t♦

s❡r✐❛ ✐♥t❡r❡ss❛♥t❡ ❛ r❡❛❧✐③❛çã♦ ❞❡ ♥♦✈❛s ♠❡❞✐❞❛s ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡✲

r❛t✉r❛✱ ❛❧é♠ ❞❡ ♠❡❞✐❞❛s ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦✱ ✈✐st♦

q✉❡ ♥❡st❡ ♣r✐♠❡✐r♦ ♠♦♠❡♥t♦ ♥ã♦ ❢♦r❛♠ ♦❜t✐❞♦s r❡s✉❧t❛❞♦s ❝♦♥❝❧✉s✐✈♦s s♦❜r❡ t❛❧ ❝♦♠♣♦r✲

t❛♠❡♥t♦✳ ❆❧é♠ ❞✐ss♦✱ é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ q✉❡ ♠❡❞✐❞❛s ❡❧étr✐❝❛s s❡❥❛♠ r❡❛❧✐③❛❞❛s✱

✈✐st♦ q✉❡ ❜♦❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧étr✐❝❛s sã♦ ♣ré✲r❡q✉✐s✐t♦s ❡ss❡♥❝✐❛✐s ♥❛ ❛♣❧✐❝❛çã♦ ❡♠ ❞✐s♣♦✲

s✐t✐✈♦s✳ ❆✐♥❞❛✱ t❡♠✲s❡ ♦ ❞❡s❡❥♦ ❞❡ ❡st❛❜❡❧❡❝❡r ✉♠❛ r❡❧❛çã♦ ❡♥t❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦s í♦♥s

❞❡ ♠❛♥❣❛♥ês ❡ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❡♣♦s✐çã♦ ✉t✐❧✐③❛❞♦✳ ❊ t❛♠❜é♠ ♣r♦♣♦r ✉♠❛ ❛♣❧✐❝❛çã♦ ❞♦s

✜❧♠❡s ♦❜t✐❞♦s ❡♠ ❞✐s♣♦s✐t✐✈♦s ❜❛s❡❛❞♦s ❡♠ ♠❛t❡r✐❛✐s s❡♠✐❝♦♥❞✉t♦r❡s ♠❛❣♥ét✐❝♦s ❞✐❧✉í❞♦s✳
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