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❆❣r❛❞❡❝✐♠❡♥t♦s

●♦st❛r✐❛ ❞❡ ❛❣r❛❞❡❝❡r ❛q✉✐✿

➚ ♠✐♥❤❛ ❢❛♠í❧✐❛ ❞❡ ♠❛♥❡✐r❛ ❣❡r❛❧ ❡ ❡s♣❡❝✐❛❧♠❡♥t❡ ♠❡✉ ♣❛✐✱ ◆❡❧s♦ ▲❡ss❡✉①✱ ❡ ♠✐♥❤❛ ♠ã❡✱ ▲♦✉r❞❡s

●♦r❣❡♥ ♣❡❧♦ s✉♣♦rt❡ ✐♥❝♦♥tá✈❡❧ ❞❡s❞❡ s❡♠♣r❡❀

❆♦ ♠❡✉ ♦r✐❡♥t❛❞♦r Pr♦❢✳ ❈❛r❧♦s ❘❡tt♦r✐ ♣❡❧❛ ♣❛❝✐ê♥❝✐❛✱ ❛t❡♥çã♦ ❡ ♠♦t✐✈❛çã♦ ❡①❡♠♣❧❛r❀

❆♦s Pr♦❢❡ss♦r❡s P❛s❝♦❛❧ P❛❣❧✐✉s♦ ❡ ❘✐❝❛r❞♦ ❯r❜❛♥♦ ♣❡❧♦ ❝♦♠♣❛♥❤❡r✐s♠♦ ❡ ❛❥✉❞❛ ❡♠ ❞✐✈❡rs♦s

❛s♣❡❝t♦s ❞❡st❡ tr❛❜❛❧❤♦❀

❆♦s ❝♦❧❛❜♦r❛❞♦r❡s ❲❡❧❧✐♥❣t♦♥ ❡ ❆❧✐ ♣❡❧♦ s✉♣♦rt❡ ✐♥❞✐s♣❡♥sá✈❡❧ ♣❛r❛ r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦❀

❆♦s ❞❡♠❛✐s ❝♦♣❛♥❤❡✐r♦s ❞♦ ●P❖▼❙✿ ❈❛♠✐❧♦✱ ❈és❛r✱ ❈r✐s✱ ▲✐♥♦✱ ▼ár✐♦✱ Pr✐s❝✐❧❛✱ ❚❤❛❧❡s✱ q✉❡ ❝❡r✲

t❛♠❡♥t❡ ❞❡ ❞✐✈❡rs❛s ♠❛♥❡✐r❛s ❝♦♥tr✐❜✉✐r❛♠ ❡ t♦r♥❛r❛♠ ❜❛st❛♥t❡ ❡♥❣r❛ç❛❞♦ ❡ ❛❣r❛❞á✈❡❧ ♦ tr❛❜❛❧❤♦

♥♦ ❧❛❜♦r❛tór✐♦❀

❆♦s ❝♦♠♣❛♥❤❡✐r♦s ❞❡ ❜❛♥❞❡❥ã♦ ❡ ❝❛❢é ✭❡①tr❛✲❧❛❜✮ q✉❡ ♠❡ r❡❝❡♣❝✐♦♥❛r❛♠ ♠✉✐t♦ ❜❡♠ q✉❛♥❞♦

❝❤❡❣✉❡✐ ❡♠ ❈❛♠♣✐♥❛s✳ ◆ã♦ ✈♦✉ ❝✐t❛r ♥♦♠❡s ❛q✉✐✱ ♣♦✐s ❝♦♠ ❛❜s♦❧✉t❛ ❝❡rt❡③❛ ✈♦✉ ❡sq✉❡❝❡r ❞❡

❛❧❣✉é♠❀

❆♦s ❛♠✐❣♦s ❞❡ ❘✐♦ ❈❧❛r♦✿ P❡t❡r✱ ❙❛ss❛✱ ❙❛❧✐♠✱ ❩ó✐♦✱ ●❡r❛❧❞♦✱ ❈❛r✉♥①♦✱ ●❛ú❝❤♦✱ Pr❡❝♦✱ ■♠♣✐r❡✱

❏♦ã♦✱ ❏♦ã♦✱ ❇♦♥❛♥✐✱ ❚✐♠ót❡♦✱ ❚♦rr✐♥❤❛✱ ■✈❛♥✱ ❙❦✐t❡r❀

❆♦s ❛♠✐❣♦s ❞❡ ●❖✿ ❙❤✐r❧♦✇✱ ❙❡❝♦ ❡ ◆❡❣♦❀

❆♦s té❝♥✐❝♦s ❞♦ ●P❖▼❙ ❡ ▲▼❇❚✿ ❈❡❧s♦✱ ❙ér❣✐♦✱ ❱❛❧t❡r✱ ❩❛✐r♦❀

➚ ❋❛♣❡s♣ ♣❡❧♦ s✉♣♦rt❡ ✜♥❛♥❝❡✐r♦✳
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❘❡s✉♠♦

❈♦♠♣♦st♦s ♥❛♥♦❡str✉t✉r❛❞♦s tê♠ ❛tr❛í❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ❛t❡♥çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ t❡❝♥♦❧ó❣✐❝♦

❞❡✈✐❞♦ às ✐♥ú♠❡r❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❡♠ t❡r♠♦s ❞❡ ❛♣❧✐❝❛çã♦ ♥❛s ♠❛✐s ❞✐✈❡rs❛s ár❡❛s✳ ❆❧é♠ ❞❛ ♠♦t✐✈❛✲

çã♦ ❡♠ t❡r♠♦s ❞❡ ❛♣❧✐❝❛çã♦✱ ♦ ❛✉♠❡♥t♦ ❞❛ ♣r♦♣♦rçã♦ ❞❡ át♦♠♦s ♥❛ s✉♣❡r❢í❝✐❡ ❡♠ r❡❧❛çã♦ ❛♦ ✈♦❧✉♠❡

❡ ❛ r❡❞✉çã♦ ❞❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ♥❡st❡s ❝♦♠♣♦st♦s tr❛③❡♠ ❝♦♥s✐❣♦ ♥♦✈❛s q✉❡stõ❡s ❡♠ ❢ís✐❝❛✳ ❈♦♠

❜❛s❡ ♥✐ss♦✱ ♦ ❡st✉❞♦ ❝✐❡♥tí✜❝♦ s✐st❡♠át✐❝♦ ❞❡st❛s q✉❡stõ❡s é ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

❞❛ ♥❛♥♦❝✐ê♥❝✐❛ ❡ ❞❛ ♥❛♥♦t❡❝♥♦❧♦❣✐❛ ❞❡ ❢♦r♠❛ ❣❡r❛❧✳

◆♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ sã♦ ❡st✉❞❛❞❛s ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞❡ três t✐♣♦s ❞❡ ♥❛♥♦♣❛rtí❝✉❧❛s

✭◆Ps✮✿ i) ◆Ps ❞❡ ❆✉ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s ❞♦ t✐♣♦ ❘2❖3 ✭❘ = ❊r ❡ ❨✮ q✉❡ ❡①✐❜❡♠ ♣r♦♣r✐❡❞❛❞❡s

❢❡rr♦♠❛❣♥ét✐❝❛s❀ ii) ◆Ps ♠❡tá❧✐❝❛s✱ ❆✉ ❡ ❆❣✱ ❝♦♠ ❛ ✐♠♣✉r❡③❛ ♠❛❣♥ét✐❝❛ ❊r3+ ❞✐❧✉í❞❛ ♣❡r♠✐t✐♥❞♦

❛ss✐♠ ❛ s♦♥❞❛❣❡♠ ♠✐❝r♦s❝ó♣✐❝❛ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ♣♦r ❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦❀ iii) ❊✱

♣♦r ✜♠✱ ◆Ps ❞❡ ◆❛❨❋4 ♠♦♥♦ ❡ ❝♦❞♦♣❛❞❛s ❝♦♠ ♦s í♦♥s ❞❡ t❡rr❛s r❛r❛s ❘❊ = ❨❜3+✱ ❊r3+ ❡ ❚♠3+

♥❛s q✉❛✐s ❢♦✐ ♣♦ssí✈❡❧ ✈❡r✐✜❝❛r ♦ ❢❡♥ô♠❡♥♦ ❞❡ ✉♣❝♦♥✈❡rs✐♦♥✳

❈♦♠ ❜❛s❡ ❡♠ ❛❞❛♣t❛çã♦ ❞❡ ♠ét♦❞♦s ❡st❛❜❡❧✐❝✐❞♦s ♥❛ ❧✐t❡r❛t✉r❛✱ ❬✶✕✸❪ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ✉♠❛

r♦t❛ q✉í♠✐❝❛ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ ◆Ps ❞❡ ❆✉ ❝♦♠ ♣r♦♣r✐❡❞❛❞❡s ❢❡rr♦♠❛❣♥ét✐❝❛s ❛❝❡♥t✉❛❞❛s ♣❡❧❛

✐♥❝♦r♣♦r❛çã♦ ❞❡ ó①✐❞♦s✳ ❆ ♣❛rt✐r ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡ s❛t✉r❛çã♦ ❡♠ ✷ ❑ ❡ ❜❛s❡❛❞♦ ❡♠ ✉♠❛ ❛♥á❧✐s❡

t❡r♠♦❣r❛✈✐♠étr✐❝❛ ✭❚●❆✮ ❡st✐♠♦✉✲s❡ ✉♠ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡❢❡t✐✈♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✳✷ µB

♣♦r át♦♠♦s ❞❡ ❆✉ ♥❛ s✉♣❡r❢í❡ ❞❛s ◆Ps✳ ❆❧é♠ ❞❛ ❝❛r❛❝t❡r✐③❛çã♦ ♠❛❣♥❡t♦♠❡tr✐❝❛ tí♣✐❝❛✱ ♦❜s❡r✈♦✉✲s❡

✉♠❛ ❧✐♥❤❛ ✐♥t❡♥s❛ ❞❡ ❊❙❘ ❡♠ ❜❛♥❞❛✲❳ ❞❡s❞❡ ✸✼✵ ❑ ❛té ✹✳✷ ❑✳ ❊st❛ r❡ssô♥❛♥❝✐❛ ♣♦ss✉✐ ✐♥t❡♥s✐❞❛❞❡

♣r❛t✐❝❛♠❡♥t❡ ❝♦♥st❛♥t❡ ❝❛r❛❝t❡r✐③❛♥❞♦ ❛ r❡ss♦♥â♥❝✐❛ ♦❜s❡r✈❛❞❛ ❝♦♠♦ ❢❡rr♦♠❛❣♥ét✐❝❛ ✭❋▼❘✮✳ ❊st❡s

r❡s✉❧t❛❞♦s sã♦ ✐♥t❡r♣r❡t❛❞♦s ❝♦♠ ❜❛s❡ ♥❛ ❧✐❣❛çã♦ ❡♥tr❡ ❛ ❝❛♣❛ ♦r❣â♥✐❝❛ ✭❝❛♣♣✐♥❣✮✱ ♦ ó①✐❞♦ ❘2❖3

❡ ♦s át♦♠♦s ❞❡ ❆✉ ❣❡r❛♥❞♦ ✉♠❛ ❤✐❜r✐❞✐③❛çã♦ ❡❢❡t✐✈❛ ❞♦s ♦r❜✐t❛✐s ✺❞✲✻s ❞♦s ❡❧étr♦♥s ❞♦ ❆✉✳ ❊st❛

❤✐❜r✐❞✐③❛çã♦ s❡r✐❛✱ ❡♥tã♦✱ r❡s♣♦♥sá✈❡❧ ♣♦r t♦r♥❛r ❛ ❝❛♠❛❞❛ ✺❞ ❞♦ ❆✉ ♠❛❣♥ét✐❝❛ ❞❡✈✐❞♦ ❛ s♣✐♥s ♥ã♦

❝♦♠♣❡♥s❛❞♦s ♥♦s ♦r❜✐t❛✐s ✺❞✳

❆s ◆Ps ♠❡tá❧✐❝❛s ❝♦♠ ✐♠♣✉r❡③❛s ❞❡ ❊r3+ ❢♦r❛♠ ♦❜t✐❞❛s ♣♦r ✉♠❛ ✈❛r✐❛çã♦ ❞♦ ♠ét♦❞♦ ✉t✐❧✐③❛❞♦

♣❛r❛ ❛s ◆Ps ❞❡ ❆✉ ❢❡rr♦♠❛❣♥ét✐❝❛s✳ ❖s ✈❛❧♦r❡s ❞❡ g ❡ ❛s ❡str✉t✉r❛s ❤✐♣❡r✜♥❛s ♦❜s❡r✈❛❞❛s ✐♥❞✐❝❛♠

q✉❡ ♦ í♦♥ ❊r3+ ❡stá ❡♠ ✉♠ sít✐♦ ❝ú❜✐❝♦ t❛♥t♦ ♥❛s ♣❛rtí❝✉❧❛s ❞❡ ❆❣ ❝♦♠♦ ♥❛s ❞❡ ❆✉✳ ❖s ❡s♣❡❝tr♦s

❞❡ ❊❙❘ ♠♦str❛♠ q✉❡ ♥ã♦ ❤á ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ g ❡ r❡❧❛①❛çã♦ t✐♣♦ ❑♦rr✐♥❣❛ ❞❡✈✐❞♦ à ✐♥t❡r❛çã♦ ❞❡

tr♦❝❛ ❡♥tr❡ ♦s s♣✐♥s ❞♦ ❊r3+ ❡ ♦s ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦✱ s✉❣❡r✐♥❞♦ ❛ss✐♠ q✉❡ ❡st❛ ✐♥t❡r❛çã♦ ❞❡

tr♦❝❛ ♥ã♦ ♦❝♦rr❡ ❡♠ ◆Ps ♠❡tá❧✐❝❛s✳

P♦r ✜♠✱ ❛s ◆Ps ❞❡ ◆❛❨❋4 ❞♦♣❛❞❛s ❝♦♠ ❘❊ = ❨❜3+✱ ❊r3+ ❡ ❚♠3+ ❢♦r❛♠ ♦❜t✐❞❛s ♣♦r ✉♠

♠ét♦❞♦ ❡st❛❜❡❧❡❝✐❞♦ ♥❛ ❧✐t❡r❛t✉r❛✳ ❬✹✱ ✺❪ ❆ ✐♥❝♦r♣♦r❛çã♦✱ ♦ ❡st❛❞♦ ❞❡ ♦①✐❞❛çã♦ ❡ ❛ ❝♦♥❝❡♥tr❛çã♦

❞♦s í♦♥s ♠❛❣♥ét✐❝♦s ❊r3+ ❡ ❨❜3+ ❢♦r❛♠ ❝♦♥✜r♠❛❞♦s ♣♦r ♠❡❞✐❞❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ dc ❡ ❞❡ ❊❙❘✳

❖❜s❡r✈♦✉✲s❡ ❡♠✐ssã♦ ✈✐sí✈❡❧ ♥♦ ✈❡r❞❡ ❡ ♥♦ ❛③✉❧ ♣❛r❛ ❛♠♦str❛s ❝♦❞♦♣❛❞❛s ❝♦♠ ✷✵%❨❜3+✴✷%❊r3+

❡ ✸✵%❨❜3+✴✵✳✺%❚♠3+✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞❡✈✐❞♦ ❛♦ ❢❡♥ô♠❡♥♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ✉♣❝♦♥✈❡rs✐♦♥✳
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❆❜str❛❝t

◆❛♥♦str✉❝t✉r❡❞ ❝♦♠♣♦✉♥❞s ❤❛✈❡ ❛tr❛❝t❡❞ ❣r♦✇✐♥❣ ❛tt❡♥t✐♦♥ ❢r♦♠ t❤❡ t❡❝♥♦❧♦❣✐❝❛❧ ♣♦✐♥t ♦❢

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

s✉r❢❛❝❡✴✈♦❧✉♠❡ ❛t♦♠s r❛t✐♦ ❛♥❞ t❤❡ r❡❞✉❝❡❞ ❞✐♠❡♥s✐♦♥❛❧✐t② ♦❢ t❤❡s❡ ♥❛♥♦❝♦♠♣♦✉♥❞s r❛✐s❡❞ ♥❡✇

❢✉♥❞❛♠❡♥t❛❧ ♣❤②s✐❝❛❧ ✐ss✉❡s✳ ❚❤❡r❡❢♦r❡✱ ❛ ❞❡t❛✐❧❡❞ ❛♥❞ s②st❡♠❛t✐❝ s❝✐❡♥t✐✜❝ st✉❞② r❡❣❛r❞✐♥❣ t❤❡s❡

♣❤❡♥♦♠❡♥❛ ✐s ❝r✉❝✐❛❧ ❢♦r t❤❡ s❛❦❡ ♦❢ ♥❛♥♦s❝✐❡♥❝❡ ❛♥❞ ♥❛♥♦t❡❝❤♥♦❧♦❣② ❞❡✈❡❧♦♣♠❡♥t✳

■♥ t❤✐s ❞✐ss❡rt❛t✐♦♥✱ ✇❡ t❤♦r♦✉❣❤❧② ✐♥✈❡st✐❣❛t❡❞ t❤❡ ♠❛❣♥❡t✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤r❡❡ ❞✐❢❡r❡♥t t②♣❡s ♦❢

♥❛♥♦♣❛rt✐❝❧❡s ✭◆Ps✮✿ i) ❆✉ ◆Ps ❛ss✐st❡❞ ❜② ♦①✐❞❡s ❘2❖3 ✭❘ = ❊r ❛♥❞ ❨✮ ✇❤✐❝❤ ♣r❡s❡♥t ✉♥❡①♣❡❝t❡❞

❢❡rr♦♠❛❣♥❡t✐❝ ♣r♦♣❡rt✐❡s❀ ii) ❞✐❧✉t❡❞ ♠❛❣♥❡t✐❝ ❊r3+ ✐♠♣✉r✐t✐❡s ✐♥ ❆❣ ❛♥❞ ❆✉ ◆Ps✱ ✇❤✐❝❤ ❛❧❧♦✇

❊❧❡❝tr♦♥ ❙♣✐♥ ❘❡s♦♥❛♥❝❡ t♦ st✉❞② s❡✈❡r❛❧ ♠✐❝r♦s❝♦♣✐❝ ❧♦❝❛❧ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ❛♥❞✱ ✜♥❛❧❧②✱ iii)

s✐♥❣❧❡ ❛♥❞ ❝♦✲❞♦♣❡❞ ❨❜3+✱ ❊r3+ ❛♥❞ ❚♠3+ ◆❛❨❋4 ◆Ps t❤❛t ❛❧❧♦✇❡❞ t♦ ✈❡r✐❢② t❤❡ ✉♣✲❝♦♥✈❡rs✐♦♥

♣❤❡♥♦♠❡♥❛ ✐♥ t❤❡s❡ ◆Ps✳

❆❢t❡r ❛❞❛♣t✐♥❣ ❛♥❞ ✐♠♣r♦✈✐♥❣ ❛❧r❡❛❞② ❡st❛❜❧✐s❤❡❞ ♠❡t❤♦❞s r❡♣♦rt❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ ❬✶✕✸❪

✇❡ ❞❡✈❡❧♦♣❡❞ ❛ ♥♦✈❡❧ ❝❤❡♠✐❝❛❧ r♦✉t❡ t♦ ♦❜t❛✐♥ ❆✉✲◆Ps ✇✐t❤ ❡♥❤❛♥❝❡❞ ❢❡rr♦♠❛❣♥❡t✐❝ ♣r♦♣❡rt✐❡s

❜② ♦①✐❞❡ ✐♥❝♦r♣♦r❛t✐♦♥✳ ❇❛s❡❞ ♦♥ t❤❡ s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐③❛t✐♦♥ ❛t ✷ ❑ ❛♥❞ t❤❡r♠♦❣r❛✈✐♠❡tr✐❝

❛♥❛❧②s✐s ✭❚●❆✮✱ ✇❡ ❡st✐♠❛t❡❞ ❛♥ ❡❢❡❝t✐✈❡ ♠❛❣♥❡t✐❝ ♠♦♠❡♥t ♦❢ µ❡✛ ≃ ✵✳✷ µB ♣❡r ❆✉ ❛t♦♠ ♦♥

t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ◆Ps✳ ❇❡s✐❞❡s t❤❡ t②♣✐❝❛❧ ♠❛❣♥❡t♦♠❡tr✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥✱ ✇❡ ❛❧s♦ ❝❛rr✐❡❞ ♦✉t

❳ ✲❜❛♥❞ ❊❙❘ ❡①♣❡r✐♠❡♥ts✳ ❆♥ ✐♥t❡♥s❡ ❊❙❘ ❧✐♥❡ ✇❛s ♦❜s❡r✈❡❞ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✹✳✷ ❑ ≤ T ≤ ✸✼✵ ❑

✇✐t❤ ❛♥ ✐♥t❡❣r❛t❡❞ s✐❣♥❛❧ ✐♥t❡♥s✐t② ✇❤✐❝❤ ✐s ❛❧♠♦st ❝♦♥st❛♥t ✐♥ t❤❡ ❡♥t✐r❡ ❚ ✲r❛♥❣❡✳ ❇❛s❡❞ ♦♥ ♦✉r

r❡s✉❧ts✱ t❤❡ ♦❜s❡r✈❡❞ ❊❙❘ s✐❣♥❛❧ ✐s ❛ttr✐❜✉t❡❞ t♦ ❛ ❢❡rr♦♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ✭❋▼❘✮✳ ❚❤❡s❡ r❡s✉❧ts

❛r❡ ❞✐s❝✉ss❡❞ ✐♥ t❡r♠s ♦❢ ❜♦♥❞s ❜❡t✇❡❡♥ t❤❡ ◆P✲❝❛♣♣✐♥❣ ❧✐❣❛♥❞s ❛♥❞ t❤❡ ❆✉ ❛t♦♠s✱ ✇❤✐❝❤ ❣✐✈❡

r✐s❡ t♦ ❛♥ ❡✛❡❝t✐✈❡ ❤②❜r✐❞✐③❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✺❞✲✻s ❡❧❡❝tr♦♥s ❛t t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ❆✉◆Ps✳ ❚❤✐s

❤②❜r✐❞✐③❛t✐♦♥ ♠✐❣❤t ❜❡ t❤❡ r❡s♣♦♥s✐❜❧❡ ♠❡❝❤❛♥✐s♠ ❢♦r t❤❡ ❆✉ ✺❞ s❤❡❧❧ t♦ ❜❡❝♦♠❡ ♠❛❣♥❡t✐❝ ❞✉❡ t♦

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

❚❤❡ ♠❡t❛❧❧✐❝ ❊r3+ ❞♦♣❡❞ ❆❣ ❛♥❞ ❆✉ ◆Ps ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ❛ s❧✐❣❤t❧② ♠♦❞✐✜❡❞ ♠❡t❤♦❞ ✉s❡❞

t♦ ❣❡t t❤❡ ❢❡rr♦♠❛❣♥❡t✐❝ ❆✉ ✲◆Ps✳ ❚❤❡ ❊❙❘ g✲✈❛❧✉❡s ❛♥❞ ♦❜s❡r✈❡❞ ❤②♣❡r✜♥❡ s♣❧✐tt✐♥❣s ✐♥❞✐❝❛t❡ ❛

❝✉❜✐❝ s②♠♠❡tr② ❢♦r t❤❡ ❊r3+ ✐♦♥s ✐♥ t❤❡ ❆❣ ❛♥❞ ❆✉ ◆Ps✳ ❋✉rt❤❡r♠♦r❡✱ ✇❡ ♦❜s❡r✈❡❞ ♥♦ g✲s❤✐❢t ❛♥❞

❑♦rr✐♥❣❛ r❡❧❛①❛t✐♦♥ ❞✉❡ t♦ t❤❡ ❡①❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❛❣♥❡t✐❝ r❛r❡✲❡❛rt❤ ✐♠♣✉r✐t✐❡s

❛♥❞ t❤❡ ❝♦♥❞✉❝t✐♦♥ ❡❧❡❝tr♦♥ s♣✐♥s✳ ❚❤✐s ❢❛❝t s✉❣❣❡sts t❤❛t s✉❝❤ ❛♥ ❡①❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥ ✐s ♥❡❣❧✐❣✐❜❧❡

✐♥ ♠❡t❛❧❧✐❝ ◆Ps✳

❋✐♥❛❧❧②✱ t❤❡ ❊r3+ ✱ ❨❜3+ ❛♥❞ ❚♠3+ ❞♦♣❡❞ ◆❛❨❋4 ◆Ps ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ❛ ♠❡t❤♦❞ ❛❧r❡❛❞②

❡st❛❜❧✐s❤❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❬✹✱ ✺❪ ❚❤❡ ✐♥❝♦r♣♦r❛t✐♦♥ ♦❢ t❤❡ ❊r3+ ❛♥❞ ❨❜3+ ✐♦♥s ❛s ✇❡❧❧ ❛s t❤❡✐r

♦①✐❞❛t✐♦♥ st❛t❡ ❛♥❞ ❝♦♥❝❡♥tr❛t✐♦♥ ✇❡r❡ ❝♦♥✜r♠❡❞ ❜② ❚ ✲❞❡♣❡♥❞❡♥t ♠❛❣♥❡t✐③❛t✐♦♥ ❛♥❞ ❊❙❘ ♠❡❛✲

s✉r❡♠❡♥ts✳ ❋♦r t❤❡ ❝♦✲❞♦♣❡❞ ◆❛❨❋4 ◆Ps✱ ✇❡ ♦❜s❡r✈❡❞ ❜② ♥❛❦❡❞ ❡②❡ t❤❡ ❡①♣❡❝t❡❞ ❣r❡❡♥ ❛♥❞ ❜❧✉❡

❡♠✐tt❡❞ ❧✐❣❤ts ♦❢ ❨❜✴❊r ❛♥❞ ❨❜✴❚♠✱ r❡s♣❡❝t✐✈❡❧②✱ ❞✉❡ t♦ ❛ ♣❤❡♥♦♠❡♥♦♥ ❦♥♦✇♥ ❛s ✉♣❝♦♥✈❡rs✐♦♥✳

①✐



✳

①✐✐



❈♦♥t❡ú❞♦

❆❣r❛❞❡❝✐♠❡♥t♦s ✈✐✐

❘❡s✉♠♦ ✐①

❆❜str❛❝t ①✐

✶ ■♥tr♦❞✉çã♦ ✶

✷ ❙í♥t❡s❡ ❞❡ ◆❛♥♦♣❛rtí❝✉❧❛s ✹

✷✳✶ ◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ❆✉✲❘2❖3 ✭❘ ❂ ❊r ✱ ❨✳✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✷✳✷ ◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ▼1−x❊rx ✭▼ ❂ ❆❣✱ ❆✉✳✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✷✳✸ ◆❛♥♦♣❛rtí❝✉❧❛s ❞❡ ◆❛❨❋4 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✸ Pr✐♥❝✐♣❛✐s ❚é❝♥✐❝❛s ❊①♣❡r✐♠❡♥t❛✐s ✽

✸✳✶ ❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✸✳✷ ▼❛❣♥❡t✐③❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✸✳✸ ❚é❝♥✐❝❛s ❞❡ ❈❛r❛❝t❡r✐③❛çã♦ ❊str✉t✉r❛❧ ❡ ▼♦r❢♦❧ó❣✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✹ ❘❡s✉❧t❛❞♦s ❡ ❉✐s❝✉ssã♦ ✶✽

✹✳✶ ◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ❆✉✲❘2❖3 ✭❘ ❂ ❊r✱ ❨✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✹✳✶✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❊str✉t✉r❛❧ ❡ ▼♦r❢♦❧ó❣✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✹✳✶✳✷ ❈❛r❛❝t❡r✐③❛çã♦ ▼❛❣♥ét✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✹✳✷ ◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ▼1−x❊rx ✭▼ ❂ ❆❣✱ ❆✉✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✷✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❊str✉t✉r❛❧ ❡ ▼♦r❢♦❧ó❣✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✷✳✷ ❈❛r❛❝t❡r✐③❛çã♦ ▼❛❣♥ét✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✹✳✸ ◆❛♥♦♣❛rtí❝✉❧❛s ❞❡ ◆❛❨❋4 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✹✳✸✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❊str✉t✉r❛❧ ❡ ▼♦r❢♦❧ó❣✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✹✳✸✳✷ ❈❛r❛❝t❡r✐③❛çã♦ ▼❛❣♥ét✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

①✐✐✐



✹✳✸✳✸ ❈❛r❛❝t❡r✐③❛çã♦ Ó♣t✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✺ ❈♦♥❝❧✉sõ❡s ❡ P❡rs♣❡❝t✐✈❛s ✹✼

❆ ❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦ ✲ ❋❡♥♦♠❡♥♦❧♦❣✐❛ ✺✶

❇ ❙✉♣❡r♣❛r❛♠❛❣♥❡t✐s♠♦ ✺✹

❇✐❜❧✐♦❣r❛✜❛ ✺✼

①✐✈



▲✐st❛ ❞❡ ❋✐❣✉r❛s

✷✳✶ ❇❛❧ã♦ ❞❡ três s❛í❞❛s ❡ ❘❛♠♣❛ ❞❡ sí♥t❡s❡ ❞❛s ❆✉◆Ps✲❘❊2❖3 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✷✳✷ ❘❛♠♣❛ ❞❡ sí♥t❡s❡ ❞❛s ◆Ps ❞❡ ❆✉1−x❊rx✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✷✳✸ ❘❛♠♣❛ ❞❡ sí♥t❡s❡ ❞❛s ◆Ps ❞❡ ◆❛❨1−x❘❊x❋4✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✹ ◆Ps ❞❡ ♣r❛t❛ ♥♦ t✉❜♦ ❞❡ ❡♥s❛✐♦ ❛♣ós ♦ ♣r♦❝❡ss♦ ❞❡ ❝❡♥tr✐❢✉❣❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✸✳✶ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❊s♣❡❝trô♠❡tr♦ ❞❡ ❊❙❘✳ ✳ ✳ ✳ ✾

✸✳✷ ❉✐s♣♦s✐çã♦ ❞❛s ❛♠♣❧✐t✉❞❡s ❞♦s ❝❛♠♣♦s ♥♦ ✐♥t❡r✐♦r ❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡ ✭❚❊ 102✮✳ ✳ ✳ ✳ ✶✶

✸✳✸ ❆❝♦♣❧❛♠❡♥t♦ ❞❛ ♠✐❝r♦♦♥❞❛ ♥♦ ✐♥t❡r✐♦r ❞❛ ❝❛✈✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✸✳✹ ▼♦❞✉❧❛çã♦ ❞♦ s✐♥❛❧ ❞❡ ❊❙❘✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✸✳✺ ❉❡s♣♦s✐t✐✈♦ s✉♣❡r❝♦♥❞✉t♦r ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ q✉â♥t✐❝❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✸✳✻ ❊s♣✐r❛s ❞❡t❡❝t♦r❛s ✲ ▼P▼❙✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✸✳✼ Pr✐♥❝✐♣❛✐s ❝♦♠♣♦♥❡♥t❡s ❞♦ ▼P▼❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺

✸✳✽ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ ♦♣çã♦ ❘❙❖ ❞♦ ▼P▼❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✸✳✾ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❞✐❢r❛çã♦ ❞❡ ❘❛✐♦s✲❳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✹✳✶ ▼✐❝r♦❣r❛✜❛s ❍❘❚❊▼ ❡ ❙❊▼ ❞❛s ❛♠♦str❛s ❙✶✱ ❙✷✱ ❙✸ ❡ ❙✹ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✹✳✷ ❉✐❢r❛t♦❣r❛♠❛ ❞❡ r❛✐♦s✲❳ ♣❛r❛ ❛s ❛♠♦str❛s ✇❣✶✵✽✱ ✇❣✶✷✶✱ ✇❣✶✸✷ ❡ ✇❣✶✺✵✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✹✳✸ ▼ ✈s ❚ ❩❋❈ ❡ ❋❈ ♣❛r❛ ❛♠♦str❛ ✇❣✶✵✽✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✹✳✹ ▼ ✈s ❍ ♣❛r❛ ❛♠♦str❛ ✇❣✶✵✽✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✹✳✺ ❊s♣❡❝tr♦s ❡ ❞❛❞♦s ✭❊❙❘✮ ✈s T ♣❛r❛ ❛ ❛♠♦str❛ ❙✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✹✳✻ ▼ ✈s ❚ ❩❋❈ ❡ ❋❈ ♣❛r❛ ❛♠♦str❛ ❙✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✹✳✼ ▼ ✈s ❍ ♣❛r❛ ❛♠♦str❛ ❙✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✹✳✽ ▼ ✈s ❍ ♣❛r❛ ♦ ❨2❖2 ❡ ♣❛r❛ ❝á♣s✉❧❛ ✭♣♦rt❛✲❛♠♦str❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✹✳✾ ❊s♣❡❝tr♦s ❡ ❞❛❞♦s ✭❊❙❘✮ ✈s T ♣❛r❛ ❛ ❛♠♦str❛ ❙✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✹✳✶✵ ▼ ✈s ❚ ❩❋❈ ❡ ❋❈ ♣❛r❛ ❛♠♦str❛ ❙✸✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✹✳✶✶ ▼ ✈s ❍ ♣❛r❛ ❛♠♦str❛ ❙✸✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✹✳✶✷ ❊❙❘ ✈s T ♣❛r❛ ❛s ❛♠♦str❛s ❙✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

①✈



✹✳✶✸ ▼ ✈s ❚ ❩❋❈ ❡ ❋❈ ♣❛r❛ ❛♠♦str❛ ❙✹✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✹✳✶✹ ▼ ✈s ❍ ♣❛r❛ ❛♠♦str❛ ❙✹✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✹✳✶✺ ❊❙❘ ✈s T ♣❛r❛ ❛s ❛♠♦str❛s ❙✹ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✹✳✶✻ ❆♥á❧✐s❡ ❚❡r♠♦✲❣r❛✈✐♠étr✐❝❛ ❡ ♠♦❞❡❧♦ ❞❡ ❡st✐♠❛t✐✈❛ ❞❡ át♦♠♦s ♥❛ s✉♣❡r❢í❝✐❡ ❞❛s ◆Ps✳ ✸✷

✹✳✶✼ ❊❙❘ ✈s T ♣❛r❛ ❛s ◆Ps ❞❡ ❆❣ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s ❞❡ ❉② ❡ ❊r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✹✳✶✽ MvsH ♣❛r❛ ❛s ◆Ps ❞❡ ❆❣ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s ❞❡ ❉② ❡ ❊r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✹✳✶✾ ❉✐❢r❛t♦❣r❛♠❛ ❞❡ r❛✐♦s✲❳ ♣❛r❛ ❛s ◆Ps ❞❡ ❆❣1−x❊rx ❡ ❞❡ ❆✉1−x❊rx ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✷✵ ▼✐❝r♦❣r❛✜❛ ✭❙❊▼✮ ♣❛r❛ ◆Ps ❞❡ ❆✉1−x❊rx ❡ P♦t❡♥❝✐❛❧ ❩❡t❛ ♣❛r❛ ◆Ps ❞❡ ❆❣1−x❊rx✳ ✸✼

✹✳✷✶ χ ✈s ❚ ♣❛r❛ ❛s ◆Ps ❞❡ ❆❣1−x❊rx ❡ ❞❡ ❆✉1−x❊rx ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✹✳✷✷ ❊s♣❡❝tr♦s ❞❡ ❊❙❘ ❡♠ 4.2 ❑ ♣❛r❛ ❆❣1−x❊rx ❡ ❞❡ ❆✉1−x❊rx ✭◆Ps ❡ ❇✉❧❦✮✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✹✳✷✸ ❉❛❞♦s ✭❊❙❘✮ ✈s ❚ ♣❛r❛ ❆❣1−x❊rx ❡ ❞❡ ❆✉1−x❊rx ✭◆Ps ❡ ❇✉❧❦✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✷✹ ▼✐❝r♦❣r❛✜❛s ✭❙❊▼✮ ❡ ❞✐❢r❛t♦❣r❛♠❛ ❞❡ r❛✐♦s✲❳ ♣❛r❛ ◆Ps ❞❡ ◆❛❨❋4✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✹✳✷✺ ▼ ✈s ❚ ♣❛r❛ ◆♣s ❞❡ ◆❛❨❋4✿20%❨❜ ❡ ◆❛❨❋4✿2%❊r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✹✳✷✻ ❊s♣❡❝tr♦s ❞❡ ❊❙❘ ❡♠ 4.2 ❑ ♣❛r❛ ❛s ◆Ps ❞❡ ◆❛❨❋4✿❘❊ ✭❘❊ ❂ ❨❜✱ ❊r ❡ ❚♠✮✳ ✳ ✳ ✳ ✹✹

✹✳✷✼ ❊s♣❡❝tr♦s ❞❡ ❡♠✐ssã♦ ❞❛s ◆Ps ❞❡ ◆❛❨❋4✿❘❊ ✭❘❊ ❂ ❨❜✱ ❊r ❡ ❚♠✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✹✳✷✽ ❋♦t♦❣r❛✜❛s ❞❛ ❡♠✐ssã♦ ✉♣❝♦♥✈❡rs✐♦♥ ❞❛s ◆Ps ❞❡ ◆❛❨❋4✿❘❊ ✭❘❊ ❂ ❨❜✱ ❊r ❡ ❚♠✮✳ ✹✻

❆✳✶ ❊❙❘ ♣❛r❛ ❡❧étr♦♥ ❧✐✈r❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

❇✳✶ ❉❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❛♥✐s♦tr♦♣✐❛ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♠❛❣♥ét✐❝❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

❇✳✷ ❚❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ❞❡ ✉♠ s✉♣❡r♣❛r❛♠❛❣♥❡t♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻
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▲✐st❛ ❞❡ ❆❜r❡✈✐❛t✉r❛s

❆❋❈ ❈♦♥tr♦❧❡ ❆✉t♦♠át✐❝♦ ❞❡ ❋r❡q✉ê♥❝✐❛ ✲ ❆✉t♦♠❛t✐❝ ❋r❡q✉❡♥❝② ❈♦♥tr♦❧

❆▼ ▼♦❞✉❧❛❞♦ ❡♠ ❆♠♣❧✐t✉❞❡ ✲ ❆♠♣❧✐t✉❞❡ ▼♦❞✉❧❛t❡❞

❇❈❈ ❈ú❜✐❝♦ ❞❡ ❈♦r♣♦ ❈❡♥tr❛❞♦ ✲ ❇♦❞②✲❈❡♥t❡r❡❞ ❈✉❜✐❝

❈❊❋ ❈❛♠♣♦ ❊❧étr✐❝♦ ❈r✐st❛❧✐♥♦ ✲ ❈r②st❛❧ ❊❧❡tr✐❝ ❋✐❡❧❞

❈❲ ❖♥❞❛ ❈♦♥tí♥✉❛ ✲ ❈♦♥t✐♥✉♦s ❲❛✈❡

❊❙❘ ❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦ ✲ ❊❧❡❝tr♦♥ ❙♣✐♥ ❘❡s♦♥❛♥❝❡

❋❈ ❘❡s❢r✐❛♠❡♥t♦ ❝♦♠ ❈❛♠♣♦ ✲ ❋✐❡❧❞ ❈♦♦❧✐♥❣

❋❈❈ ❈ú❜✐❝♦ ❞❡ ❋❛❝❡ ❈❡♥tr❛❞❛ ✲ ❋❛❝❡✲❈❡♥t❡r❡❞ ❈✉❜✐❝

❋▼ ▼♦❞✉❧❛❞♦ ❡♠ ❋r❡q✉ê♥❝✐❛ ✲ ❋r❡q✉❡♥❝② ▼♦❞✉❧❛t❡❞

❋▼❘ ❘❡ss♦♥â♥❝✐❛ ❋❡rr♦♠❛❣♥ét✐❝❛ ✲ ❋❡rr♦♠❛❣♥❡t✐❝ ❘❡s♦♥❛♥❝❡

❍❘❚❊▼ ▼✐❝r♦s❝♦♣✐❛ ❞❡ ❚r❛♥s♠✐ssã♦ ❊❧❡trô♥✐❝❛ ❞❡ ❆❧t❛ ❘❡s♦❧✉çã♦ ✲ ❍✐❣❤ ❘❡s♦❧✉t✐♦♥ ❚r❛♥s♠✐ss✐♦♥✲

❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣②

▼P▼❙ ❙✐st❡♠❛ ❞❡ ▼❡❞✐❞❛ ❞❡ Pr♦♣r✐❡❞❛❞❡ ▼❛❣♥ét✐❝❛ ✲ ▼❛❣♥❡t✐❝ Pr♦♣❡rt② ▼❡❛s✉r❡♠❡♥t ❙②st❡♠

◆Ps ◆❛♥♦♣❛rtí❝✉❧❛s

❙❊▼ ▼✐❝r♦s❝♦s♣✐❛ ❞❡ ❱❛rr❡❞✉r❛ ❊❧❡trô♥✐❝❛ ✲ ❙❝❛♥♥✐♥❣ ❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣②

❙◗❯■❉ ❉✐s♣♦s✐t✐✈♦ ❙✉♣❡r❝♦♥❞✉t♦r ❞❡ ■♥t❡r❢❡rê♥❝✐❛ ◗✉â♥t✐❝❛ ✲ ❙✉♣❡r❝♦♥❞✉❝t✐♥❣ ◗✉❛♥t✉♠ ■♥t❡r✲

❢❡r♦♠❡t❡r ❉❡✈✐❝❡

❚❊ ❚r❛♥s✈❡rs♦ ❊❧étr✐❝♦

❚●❆ ❆♥á❧✐s❡ ❚❡r♠♦❣r❛✈✐♠étr✐❝❛ ✲ ❚❤❡r♠♦❣r❛✈✐♠❡tr✐❝ ❆♥❛❧✐s②s
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❳❘❉ ❉✐❢r❛çã♦ ❞❡ ❘❛✐♦s✲❳ ✲ ❳✲❘❛② ❉✐✛r❛❝t✐♦♥

❩❋❈ ❘❡s❢r✐❛♠❡♥t♦ ❝♦♠ ❈❛♠♣♦ ❩❡r♦ ✲ ❩❡r♦✲❋✐❡❧❞ ❈♦♦❧✐♥❣

①✈✐✐✐



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❆ ❞❡r✐✈❛çã♦ ❡t♠♦❧ó❣✐❝❛ ❞♦ ♣r❡✜①♦ ♥❛♥♦ ❡stá ❛ss♦❝✐❛❞❛ ❛♦ t❡r♠♦ ♥❛♥✉s ❡♠ ▲❛t✐♠ q✉❡✱ ♣♦r

s✉❛ ✈❡③✱ é ❛ ♣❛❧❛✈r❛ ♣❛r❛ ❛♥ã♦ ❡♠ ●r❡❣♦✳ ❆ ♥❛♥♦❡s❝❛❧❛ é ❞❡✜♥✐❞❛ ♣❡❧♦ ♥❛♥♦♠❡tr♦ ✭♥♠✮ q✉❡ é ❛

❜✐❧✐♦♥és✐♠❛ ♣❛rt❡ ❞❡ ✉♠ ♠❡tr♦✱ ♦✉ ❡♠ t❡r♠♦s ♥✉♠ér✐❝♦s✱ 1 ♥♠ = 10−9 ♠✳ P♦r ❝♦♠♣❛r❛çã♦ ✈❛❧❡

♠❡♥❝✐♦♥❛r q✉❡ ✜♦s ❞❡ ❝❛❜❡❧♦ ❤✉♠❛♥♦ ♣♦ss✉❡♠ ❡s♣❡ss✉r❛ ❡♥tr❡ 50 ❛ 100 µ♠✱ ❡♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ 1

♥♠ é ≈ 1/50000 ✲ 1/100000 ❞❛ ❡s♣❡ss✉r❛ ❞♦ ✜♦ ❞❡ ❝❛❜❡❧♦ ❤✉♠❛♥♦✳ ❬✻❪ P♦r ♦✉tr♦ ❧❛❞♦✱ ❝♦♥s✐❞❡r❛♥❞♦

♦ át♦♠♦ ❞❡ ♦✉r♦ ❝♦♠♦ ✉♠❛ ❡s❢❡r❛ rí❣✐❞❛ ❡ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛ s❡✉ r❛✐♦ ❝♦✈❛❧❡♥t❡✱ 0.144 ♥♠✱ 1 ♥♠ é

♦ ♠❡s♠♦ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ 3.5 át♦♠♦s ❞❡ ♦✉r♦ ❝♦❧♦❝❛❞♦s ❡♠ ✜❧❛✳

❊♠❜♦r❛ ♦s t❡r♠♦s ♥❛♥♦❝✐ê♥❝✐❛ ❡ ♥❛♥♦t❡❝♥♦❧♦❣✐❛ s❡❥❛♠ tr❛t❛❞♦s ✉s✉❛❧♠❡♥t❡ q✉❛s❡ q✉❡ ❝♦♠♦

s✐♥ô♥✐♠♦s✱ é s❛❧✉t❛r ❞✐st✐❣✉✐✲❧♦s✳ ❙❡❣✉♥❞♦ ❛ ❘♦②❛❧ ❙♦❝✐❡t② ❬✼❪ ✧♥❛♥♦❝✐ê♥❝✐❛ é ♦ ❡st✉❞♦ ❞♦s ❢❡♥ô✲

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

♣r♦♣r✐❡❞❛❞❡s ❞✐❢❡r❡♠ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❡♠ ❡s❝❛❧❛ ♠❛✐♦r✧❡ ✧♥❛♥♦t❡❝♥♦❧♦❣✐❛s sã♦

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

t❛♠❛♥❤♦ ❡ ❢♦r♠❛ ❡♠ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛✳✧❊♠ ❣❡r❛❧ ♠❛t❡r✐❛s ♥❛♥♦♠étr✐❝♦s✱ ♦s ♦❜❥❡t♦s ❞❛ ♥❛♥♦✲

❝✐ê♥❝✐❛ ❡ ❞❛ ♥❛♥♦t❡❝♥♦❧♦❣✐❛✱ sã♦ ❞❡✜♥✐❞♦s ❝♦♠♦ t❡♥❞♦ ♣❡❧♦ ♠❡♥♦s ✉♠❛ ❞✐♠❡♥sã♦ ♠❡♥♦r q✉❡ 100

♥♠✳ ❬✽✱ ✾❪ ▼❛t❡r✐❛✐s ♣♦❞❡♠✱ ❡♥tã♦✱ s❡r ♣r♦❞✉③✐❞♦s ❞❡ ♠❛♥❡✐r❛ q✉❡ ♣♦ss✉❛♠ ♥❛♥♦❡s❝❛❧❛ ❡♠ ✉♠❛

❞✐♠❡♥sã♦ ✭✜❧♠❡s ✜♥♦s ♣♦r ❡①❡♠♣❧♦✮✱ ❞✉❛s ❞✐♠❡♥sõ❡s ✭♥❛♥♦t✉❜♦s ❡ ♥❛♥♦✜♦s✮ ❡ ❡♠ três ❞✐♠❡♥sõ❡s

✭♥❛♥♦♣❛rtí❝✉❧❛s✮✳

❆ ❞✐❢❡r❡♥ç❛ ♥❛s ♣r♦♣r✐❡❞❛s ❞❡ ♠❛t❡r✐❛✐s ❞❡ ♠❡s♠❛ ❝♦♥st✐t✉✐çã♦ q✉í♠✐❝❛ q✉❡ ❞✐st✐❣✉❡♠✲s❡ ♥❛

❞✐♠❡♥sã♦✱ ❝✐t❛❞❛ ♥❛ ❞❡✜♥✐çã♦ ❞❡ ♥❛♥♦❝✐ê♥❝✐❛ ❛❝✐♠❛✱ é ♣r♦✈❡♥✐❡♥t❡ ❞❡ ❞♦✐s ❛s♣❡❝t♦s ♣r✐♥❝✐♣❛✐s✳

Pr✐♠❡✐r♦✱ ♥❛♥♦♠❛t❡r✐❛s tê♠ ✉♠ ♥ú♠❡r♦ r❡❧❛t✐✈❛♠❡♥t❡ ❣r❛♥❞❡ ❞❡ át♦♠♦s ♥❛ s✉♣❡r❢í❝✐❡ q✉❛♥❞♦

❝♦♠♣❛r❛❞♦ ❝♦♠ ♠❛t❡r✐❛❧ ♥❛ ❢♦r♠❛ ✈♦❧✉♠étr✐❝❛ ❝♦♠ ❞✐♠❡♥sõ❡s ♠❛❝r♦s❝ó♣✐❝❛s ✭❜✉❧❦✮✳ ■st♦ ♣♦❞❡

t♦r♥❛r ✉♠ ♠❛t❡r✐❛❧ q✉í♠✐❝❛♠❡♥t❡ ♠❛✐s r❡❛t✐✈♦ ❬✶✵✕✶✷❪ ❡ ❛❢❡t❛r s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧étr✐❝❛s✳ ❬✶✸❪

❙❡❣✉♥❞♦✱ ❡❢❡✐t♦s q✉â♥t✐❝♦s ♣♦❞❡♠ ♣❛ss❛r ❛ s❡r ♣r❡♣♦♥❞❡r❛♥t❡s ❡♠ ♥❛♥♦♠❛t❡r✐❛✐s ❛❢❡t❛♥❞♦✱ ❛ss✐♠✱

✶



❈❆P❮❚❯▲❖ ✶✳ ■◆❚❘❖❉❯➬➹❖ ✷

s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s ❬✶✹❪✱ s✉♣❡r❝♦♥❞✉t♦r❛s ❬✶✺❪✱ ó♣t✐❝❛s ❬✶✻✱✶✼❪ ❡ t❡r♠♦❞✐♥â♠✐❝❛s ❬✶✽❪ ♣♦r

❡①❡♠♣❧♦✳

◆❡st❡ ❝♦♥t❡①t♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❛ss♦❝✐❛❞❛s ❛ r❡❞✉çã♦ ❞❛ ❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡✱ ❡stá ♦ ❝♦♠♣♦rt❛✲

♠❡♥t♦ ❢❡rr♦♠❛❣♥ét✐❝♦ ❡♠ ♥❛♥♦♣❛rtí❝✉❧❛s ✭◆Ps✮ ♠❡tá❧✐❝❛s ✭❆✉✱ ❆❣✱ P❞ ❡ ❈✉ q✉❡ ❡♠ ❢♦r♠❛ ✈♦❧✉♠é✲

tr✐❝❛ sã♦ ❞✐❛✴♣❛r❛♠❛❣♥ét✐❝♦s✮ r❡❝❡♥t❡♠❡♥t❡ r❡✈❡❧❛❞♦ ♣♦r ❡①♣❡r✐♠❡♥t♦s ❞❡ ♠❛❣♥❡t♦♠❡tr✐❛✳ ❬✶✾✕✷✶❪

❈♦♥t✉❞♦✱ ♥ã♦ ❤á ✉♠ ❝♦♥s❡♥s♦ ✉♥✐✈❡rs❛❧ s♦❜r❡ ❛ ♦r✐❣❡♠ ❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❡ ❞♦ ❛❝♦♣❧❛♠❡♥t♦

❡♥tr❡ ❡❧❡s ❡ ♥❡♠ ♠♦❞❡❧♦s t❡ór✐❝♦s q✉❡ tr❛t❡♠ ❞❛ ♦r✐❣❡♠ ❞❡st❡ ♠❛❣♥❡t✐s♠♦✳ ❬✷✷❪

❊♠ t❡r♠♦s ❞❡ ❛♣❧✐❝❛çã♦ ❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ♣❛r❛ ♥❛♥♦❝♦♠♣♦st♦s sã♦ ❜❛st❛♥t❡ ✈❛r✐❛❞❛s✳ ❖ ❛✉✲

♠❡♥t♦ ❞❛ r❡❛t✐✈✐❞❛❞❡ q✉í♠✐❝❛ ❛ss♦❝✐❛❞❛ ❛♦ ❛✉♠❡♥t♦ ❞❡ s✉♣❡r❢í❝✐❡ ❡♠ ♥❛♥♦♣❛rtí❝✉❧❛s ❞❡ ♦✉r♦✱ t♦r♥❛

♦ ♦✉r♦✱ q✉❡ ♥❛ ❢♦r♠❛ ✈♦❧✉♠étr✐❝❛ é ❝♦♥s✐❞❡r❛❞♦ q✉✐♠✐❝❛♠❡♥t❡ ✐♥❛t✐✈♦✱ ✉♠ ót✐♠♦ ❝❛t❛❧✐s❛❞♦r✱ ❬✷✸✱✷✹❪

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

❧✉❧❛s ❞❡ ❝♦♠❜✉stí✈❡❧✳ ❬✷✺❪ ❆ ❛❧t❛ ❜✐♦❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❞❛s ◆Ps ❞❡ ♦✉r♦ ♣❡r♠✐t❡ q✉❡ ❡st❛s s❡❥❛♠

❛♣❧✐❝❛❞❛s ❡♠ ♥❛♥♦✐♠✉♥♦❧♦❣✐❛✱ ♥❛♥♦♠❡❞✐❝✐♥❛ ❡ ♥❛♥♦❜✐♦t❡❝♥♦❧♦❣✐❛✳ ❬✷✻❪ ◆Ps ❞❡ ♦✉r♦✱ ❡♠ ✈✐rt✉❞❡ ❞♦

❢❡♥ô♠❡♥♦ r❡ssô♥❛♥❝✐❛ ♣❧❛s♠ô♥✐❝❛ ❞❡ s✉♣❡r❢í❝✐❡✱ ♣♦❞❡♠ t❛♠❜é♠ s❡r ❛♣❧✐❝❛❞❛s ♥♦ ❞✐❛❣♥óst✐❝♦ ❬✷✼❪

❡ ♥♦ tr❛t❛♠❡♥t♦ ❬✷✽❪ ❞❡ ❝â♥❝❡r✳

◆Ps ❞❡ ♣r❛t❛✱ ♣♦r s✉❛ ✈❡③✱ ♣♦ss✉❡♠ ❛çã♦ ❜❛❝t❡r✐❝✐❞❛ ❞❡✈✐❞♦ ❛♦ ❛✉♠❡♥t♦ ❞❛ ❛t✐✈✐❞❛❞❡ q✉í♠✐❝❛

❛ss♦❝✐❛❞❛ ❛♦ ❛✉♠❡♥t♦ ❞❛ r❛③ã♦ s✉♣❡r❢í❝✐❡✴✈♦❧✉♠❡ ❬✷✾✱ ✸✵❪✳ ❖ q✉❡ ♣❡r♠✐t❡ ♦ ❡♠♣r❡❣♦ ❞❡ss❛s ◆Ps

❡♠ ❡♠❜❛❧❛❣❡♥s ❛❧✐♠❡♥tí❝✐❛s ♣♦r ❡①❡♠♣❧♦✳ ❈♦♠♣♦st♦s ♥❛♥♦❡strt✉r❛❞♦s ❞❡ ♣r❛t❛ ♣♦ss✉❡♠ t❛♠❜é♠

♣♦t❡♥❝✐❛❧ ♥❛ ár❡❛ ❞❡ r❡ssô♥❛♥❝✐❛ ♣❧❛s♠ô♥✐❝❛ ❞❡ s✉♣❡r❢í❝✐❡✳ ▼❛✐s ❡♣❡❝✐✜❝❛♠❡♥t❡✱ ❝♦♠ ❜❛s❡ ♥❛

r❡ss♦♥â♥❝✐❛ ♣❧❛s♠ô♥✐❝❛ ❞❡ s✉♣❡✜❝✐❡ ❧♦❝❛❧✐③❛❞❛ ✭▲♦❝❛❧✐③❡❞ ❙✉r❢❛❝❡ P❧❛s♠♦♥ ❘❡s♦♥❛♥❝❡ ✲ ▲❙P❘✮✱

té❝♥✐❝❛ q✉❡ ♣❡r♠✐t❡ ❞✐st✐♥❣✉✐r ❡♥tr❡ ♦✉tr♦s ❛ ❢♦r♠❛ ❞❛s ◆Ps ❡ ♦ ♠❡✐♦ ❡♠ q✉❡ ❡❧❛s s❡ ❡♥❝♦♥tr❛♠

❬✸✶❪✱ ◆Ps ❞❡ ♣r❛t❛ ❞❡ ❢♦r♠❛t♦s ❡s♣❡❝í✜❝♦s ♣♦❞❡♠ s❡r ❛♣❧✐❝❛❞❛s ❡♠ ❜✐♦s❡♥s♦r❡s ❞❡ ❛✜♥✐❞❛❞❡ ❡♠

♥❛♥♦❡s❝❛❧❛✳ ❬✸✷❪

◆❛♥♦❝r✐st❛✐s q✉❡ ❛♣r❡s❡♥t❛♠ ♦ ❢❡♥ô♠❡♥♦ ó♣t✐❝♦ ❞❡ ✉♣❝♦♥✈❡rs✐♦♥✱ ♥♦ q✉❛❧ ✉♠ ♠❛t❡r✐❛❧ ❛❜s♦r✈❡

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

♦♥❞❛ ♠❡♥♦r❡s ❬✸✸❪✱ ♣♦ss✉❡♠ ✉♠ ❣r❛♥❞❡ ♣♦tê♥❝✐❛❧ ❢❛r♠❛❝♦❧ó❣✐❝♦✳ P♦r ❡①❡♠♣❧♦✱ ◆Ps ❞❡ ◆❛❨❋4

❝♦❞♦♣❛❞❛s ❝♦♠ í♦♥s ❊r3+ ❡ ❨❜3+ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s ♥❛ ❞❡t❡❝çã♦ ❞❡ ❉◆❆✳ ❬✸✹❪ ◆Ps ❝♦♠ ❡st❛

♣r♦♣r✐❡❞❛❞❡ ❞❡ ✉♣❝♦♣♥✈❡rs✐♦♥ ❢♦r❛♠ ❥á ✉t✐❧✐③❛❞❛s ❡♠ ❜✐♦✐♠❛❣❡♠✳ ❬✸✺❪

◆♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ sã♦ ❡st✉❞❛❞❛s ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s ❞❡ três t✐♣♦s ❞❡ ♥❛♥♦♣❛rtí❝✉❧❛s✿

i) ◆Ps ❞❡ ❆✉ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s ❞♦ t✐♣♦ ❘2❖3 ✭❘ = ❊r ❡ ❨✮ q✉❡ ❡①✐❜❡♠ ♣r♦♣r✐❡❞❛❞❡s ❢❡rr♦♠❛❣✲

♥ét✐❝❛s❀ ii) ◆Ps ♠❡tá❧✐❝❛s✱ ❆✉ ❡ ❆❣✱ ❝♦♠ ❛ ✐♠♣✉r❡③❛ ♠❛❣♥ét✐❝❛ ❊r3+ ❞✐❧✉í❞❛ ♣❡r♠✐t✐♥❞♦ ❛ss✐♠

❛ s♦♥❞❛❣❡♠ ♠✐❝r♦s❝ó♣✐❝❛ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ♣♦r ❘❡ss♦♥ê♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦❀ iii) ❊✱ ♣♦r

✜♠✱ ◆♣s ❞❡ ◆❛❨❋4 ♠♦♥♦ ❡ ❝♦❞♦♣❛❞❛s ❝♦♠ ♦s í♦♥s ❞❡ t❡rr❛s r❛r❛s ❘❊ = ❨❜3+✱ ❊r3+ ❡ ❚♠3+ ♣❛r❛

❛s q✉❛✐s ❤á ✉♠❛ ❛❜♦r❞❛❣❡♠ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s✳ ❖ ❡❧♦ ❞❡st❡s três t✐♣♦s ❞❡ ◆Ps é ❛ sí♥t❡s❡

❜❛s❡❛❞❛ ❡♠ ✉♠ ♣r♦❝❡ss♦ ❜♦tt♦♥✲✉♣ ✭♥❛♥♦❡str✉t✉r❛s sã♦ ❢♦r♠❛❞❛s ❛ ♣❛rt✐r ❞❡ ♣r♦❝❡ss♦s q✉í♠✐❝♦s✮
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✉t✐❧✐③❛♥❞♦✲s❡ ❞❡ s♦❧✈❡♥t❡s ♦r❣â♥✐❝♦s ❞❡ ❛❧t♦ ♣♦♥t♦ ❞❡ ❡❜✉❧✐çã♦✳

◆♦ ❝❛♣ít✉❧♦ ✷ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♠ét♦❞♦s ❞❡ sí♥t❡s❡✳ ❈❛❞❛ ✉♠❛ ❞❛s três s❡çõ❡s ❞❡st❡ ❝❛♣ít✉❧♦ é

❞❡❞✐❝❛❞❛ ❛ sí♥t❡s❡ ❞❡ ✉♠ ❞♦s t✐♣♦s ❞❡ ◆Ps ❛❜♦r❞❛❞♦s✳ ◆♦ ❝❛♣ít✉❧♦ ✸ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♣r✐♥❝✐♣❛✐s

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

♠❛❣♥ét✐❝❛✳ ◆♦ ❝❛♣ít✉❧♦ s❡❣✉✐♥t❡ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡ ❞✐s❝✉t✐❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦

❡str✉t✉r❛❧✱ ♠♦r❢♦❧ó❣✐❝❛ ❡ ♠❛❣♥ét✐❝❛ ✭t❛♠❜é♠ ó♣t✐❝❛ ♣❛r❛ ❛s ◆Ps ✐s♦❧❛♥t❡s✮ ♦❜t✐❞♦s ♣❛r❛ ♦s três

t✐♣♦s ❞❡ ◆Ps ❡st✉❞❛❞♦s✳ P♦r ✜♠✱ ♥♦ ❝❛♣ít✉❧♦ ✺ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝♦♥❝❧✉sõ❡s ❡ ❛s ♣❡rs♣❡❝t✐✈❛s ❞♦

♣r❡s❡♥t❡ tr❛❜❛❧❤♦✳ ❉♦✐s ❛♣ê♥❞✐❝❡s ❞❡ ❢✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛ s♦❜r❡ ❛ ❢❡♥ô♠❡♥♦❧♦❣✐❛ ❞❛ ❘❡ss♦♥â♥❝✐❛

❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦ ❡ s♦❜r❡ ❙✉♣❡r♣❛r❛♠❛❣♥❡t✐s♠♦ ❡stã♦ ♥♦ ✜♥❛❧ ❞♦ t❡①t♦✳
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❙í♥t❡s❡ ❞❡ ◆❛♥♦♣❛rtí❝✉❧❛s

❊st❛ s❡ssã♦ s❡rá ❞❡❞✐❝❛❞❛ ❛ ❛♣r❡s❡♥t❛çã♦ ❞♦s ♣r♦❝❡ss♦s ❞❡ sí♥t❡s❡ ❞❡ ♥❛♥♦♣❛rtí❝✉❧❛s ✉t✐❧✐③❛❞♦s✳

❉✉r❛♥t❡ t♦❞♦ ♦ ♣❡rí♦❞♦ ❞❡ tr❛❜❛❧❤♦ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ✽✺ sí♥t❡s❡s✳ ➱ ♥❡❝❡ssár✐♦ r❡ss❛❧t❛r q✉❡ ❛s

sí♥t❡s❡s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛s ❞❡ ♦✉r♦✱ sã♦ ❞❡ ❞✐❢í❝✐❧ r❡♣r♦❞✉çã♦✳ ❈♦♠ ♦ ❛♥❞❛♠❡♥t♦ ❞♦ tr❛❜❛❧❤♦ ❛s

sí♥t❡s❡s ❢♦r❛♠ ❛♣r✐♠♦r❛❞❛s ❡ ❜♦❛s ❛♠♦str❛s ❡♠ t❡r♠♦s ❞❡ r❡♣r♦❞✉çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s

❢♦r❛♠ ♦❜t✐❞❛s✳

✷✳✶ ◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ❆✉✲❘2❖3 ✭❘ ❂ ❊r ✱ ❨✳✮

❆s ♥❛♥♦♣❛rtí❝✉❧❛s ❞❡ ♦✉r♦ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦ t✐♣♦ ❘2❖3 ✭♦♥❞❡ ❘ ❂ ❊r✱ ❨✮✱ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦

❞❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ♦❜t✐❞❛s ♣♦r ✉♠❛ ❛❞❛♣t❛çã♦ ❞❡ ♠ét♦❞♦s ❞❡ sí♥t❡s❡ q✉í♠✐❝❛ ❡♥❝♦♥tr❛❞♦s ♥❛

❧✐t❡r❛t✉r❛ ❬✶✕✸❪✳ ❆ sí♥t❡s❡ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ♥❛ ♣r❡♣❛r❛çã♦ ❞❡ ❞♦✐s ♣r❡❝✉rs♦r❡s✳

❖ ♣r✐♠❡✐r♦ ♣r❡❝✉rs♦r é ♦ ❞♦ ♦✉r♦✳ P❛r❛ ♦❜tê✲❧♦ ❛❞✐♦❝✐♦♥❛✲s❡ ✹✵ ♠❧ ❞❡ ❛❝❡t♦♥✐tr✐❧❛ ❡♠ ✉♠ ❜éq✉❡r

❛♣r♦♣r✐❛❞♦ ❡♠ t❡r♠♦s ❞❡ ✈♦❧✉♠❡ ❡ ❤✐❣✐ê♥❡✶✳ ❊♠ s❡❣✉✐❞❛ ✵✳✹ ♠♠♦❧ ❞❡ á❝✐❞♦ t❡tr❛❝❧♦r♦ ❛✉r✐❝♦ tr✐❤✐✲

❞r❛t❛❞♦ ✭❍❆✉❈❧4✳✸❍2❖✮ ❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❡♠ ❡①❝❡ss♦ ❡st❡q✉✐♦♠❡tr✐❝♦ ❞❡ tr✐❢❡♥✐❧❢♦s✜♥❛ ✭PP❤3✮

sã♦ ❞✐ss♦❧✈✐❞♦s ♥❛ ❛❝❡t♦♥✐tr✐❧❛✳ ❊st❛ s♦❧✉çã♦ é ❛q✉❡❝✐❞❛ ❛té ✽✵ 0❈ ❡ ♠❛♥t✐❞❛ ♥❡st❛ t❡♠♣❡r❛t✉r❛ ❛té

q✉❡ ❛ ❛❝❡t♦♥✐tr✐❧❛ ❡✈❛♣♦r❡ ❝♦♠♣❧❡t❛♠❡♥t❡✳ ❈r✐st❛✐s t✐♣♦ ❛❣✉❧❤❛ ❞❡ ❆✉❈❧✭PP❤3✮ sã♦ ♦❜t✐❞♦s ♥❡st❛

❡t❛♣❛✳ ❊♠ r❡❧❛çã♦ ❛♦ r❡❛❣❡♥t❡ ✐♥✐❝✐❛❧✱ ❍❆✉❈❧4✳✸❍2❖✱ ♦ ♦✉r♦ ❥á ❢♦✐ r❡❞✉③✐❞♦ ❞❡ ❆✉3+ ♣❛r❛ ❆✉1+

♥♦ ♣r❡♣❛r♦ ❞❡st❡ ♣r❡❝✉rs♦r✳

❖ s❡❣✉♥❞♦ ♣r❡❝✉rs♦r✱ ♦ ❞♦ ó①✐❞♦✱ é ♦❜t✐❞♦ ❝♦♠ ❛✉①í❧✐♦ ❞❡ ✉♠ ❜❛❧ã♦ ❞❡ três s❛í❞❛s✳ ◆♦ ❜❛❧ã♦

❛❞✐❝✐♦♥❛✲s❡ ✼ ♠❧ ❞❡ á❝✐❞♦ tr✐✢✉♦r❛❝ét✐❝♦ ✭❚❋❆✮ ❡ t❛♠❜é♠ ✵✳✵✷ ♠♠♦❧ ❞❡ ó①✐❞♦ ❞❡ t❡rr❛ r❛r❛✱ q✉❡ ❡stá

♥❛ ❢♦r♠❛ ❞❡ ✉♠ ♣ó ✜♥♦✳ ❊ss❛ ♠✐st✉r❛ ✭❚❋❆ ❡ ❘❊2❖3✮ é ♠❛♥t✐❞❛ ♣♦r ✶✺ ♠✐♥✉t♦s ❡♠ ❛t♠♦s❢❡r❛

❞❡ ❛r❣ô♥✐♦✳ ❊♥tã♦ ♦ ❜❛❧ã♦ é ❛q✉❡❝✐❞♦ ❛té ✶✵✵ 0❈ ❡ ♠❛♥t✐❞♦ ♥❡st❛ t❡♠♣❡r❛t✉r❛ ❛té q✉❡ t♦❞♦ ♦

✶❆ ❧✐♠♣❡③❛✱ ♥ã♦ só ❞❡ss❡s ❜éq✉❡r❡s ♠❛s ❞❡ t♦❞❛ ❛ ✈✐❞r❛r✐❛ ✉t✐❧✐③❛❞❛✱ ❢♦✐ ❢❡✐t❛ ❝♦♠ ❞❡t❡r❣❡♥t❡ ❡ á❣✉❛✱ á❣✉❛ ré❣✐❛

✭♠✐st✉r❛ ❞❡ á❝✐❞♦ ♥ítr✐❝♦ ❡ á❝✐❞♦ ❝❧♦rí❞r✐❝♦ ❝♦♥❝❡♥tr❛❞♦s✮ ❡ ❡♥①❛❣✉❡ ❝♦♠ á❧❝♦♦❧ ❡tí❧✐❝♦ ❡ ❛❝❡t♦♥❛✳

✹









❈❛♣ít✉❧♦ ✸

Pr✐♥❝✐♣❛✐s ❚é❝♥✐❝❛s ❊①♣❡r✐♠❡♥t❛✐s

◆❡st❡ ❝❛♣ít✉❧♦ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♣r✐♥❝✐♣❛✐s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s ✉t✐❧✐③❛❞❛s ♥♦ ♣r❡s❡♥t❡

tr❛❜❛❧❤♦✳ ❆s ❞✉❛s té❝♥✐❝❛s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ♠❛❣♥ét✐❝❛ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❝♦♠ ✉♠❛ ❛❜♦r❞❛❣❡♠

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

é ♦ ❡st✉❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ♠❛❣♥ét✐❝❛s✳

✸✳✶ ❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦

◆❡st❛ s❡çã♦ s❡rá ❛❜♦r❞❛❞♦ ♦ ❛s♣❡❝t♦ ✐♥str✉♠❡♥t❛❧ ❞❛ té❝♥✐❝❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❡ s♣✐♥ ❡❧❡trô♥✐❝♦

✭❊❙❘ ✲ ❊❧❡❝tr♦♥ ❙♣✐♥ ❘❡s♦♥❛♥❝❡✮✳ ❯♠❛ ❛❜♦r❞❛❣❡♠ ❜r❡✈❡ ❞♦ ❡♠❜❛s❛♠❡♥t♦ t❡ór✐❝♦ ❡stá ❝♦♥t✐❞❛ ♥♦

❆♣ê♥❞✐❝❡ ❆✳

●r❛♥❞❡ ♣❛rt❡ ❞♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❊❙❘ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡♠ ✉♠ ❡s♣❡❝trô♠❡tr♦ ❞❡ ♦♥❞❛ ❝♦♥tí♥✉❛

✭❈❲ ✲ ❈♦♥t✐♥✉♦✉s ❲❛✈❡✮ ❇r✉❦❡r ♠♦❞❡❧♦ ❊▲❊❳❨❙ ✺✵✵ ❡♠ ❜❛♥❞❛✲❳ ✭✾✳✹ ●❍③✮ ✉t✐❧✐③❛♥❞♦ ✉♠❛

❝❛✈✐❞❛❞❡ r❡t❛♥❣✉❧❛r ♥♦ ♠♦❞♦ ❚❊ 102 ✭❚r❛♥s✈❡rs♦ ❊❧étr✐❝♦✮✳ ❆ ✈❛r✐❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❛♠♦str❛

❞✉r❛♥t❡ ♦s ❡①♣❡r✐♠❡♥t♦s ❢♦✐ r❡❛❧✐③❛❞❛ ❝♦♠ ✢✉①♦ ❞❡ ❍❡ ❣ás✴❧íq✉✐❞♦ ✉t✐❧✐③❛♥❞♦✲s❡ ✉♠ ❝♦♥tr♦❧❛❞♦r ❞❡

t❡♠♣❡r❛t✉r❛ ❡ ✉♠ ❝r✐♦st❛t♦ ❖①❢♦r❞✳

❆❧❣✉♠❛s ♠❡❞✐❞❛s ❞❡ ❊❙❘ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♥♦ ❝❡♥tr♦ ❡①♣❡r✐♠❡♥t❛❧ ♠✉❧t✐✉s✉ár✐♦ ✭❈❊▼✮ ❞❛

❯❋❆❇❈ ❡♠ ❙❛♥t♦ ❆♥❞ré✳ ❖ ❈❊▼ ♣♦ss✉✐ ✉♠ ❡s♣❡❝trô♠❡tr♦ ❈❲ ❇r✉❦❡r ♠♦❞❡❧♦ ❊▼❳✲✶✵ ✷✳✼

P❧✉s✳ P❛r❛ ❛s ♠❡❞✐❞❛s ❛s ❛♠♦str❛s ❢♦r❛♠ ❞✐❧✉í❞❛s ❡♠ t♦❧✉❡♥♦ ❡ ❝♦❧♦❝❛❞❛s ❡♠ t✉❜♦s ❞❡ q✉❛rt③♦

✭❙✐❣♠❛✲❆❧❞r✐❝❤✮ ❛♣r♦♣r✐❛❞♦s✶ ♣❛r❛ ♠❡❞✐❞❛s ❡♠ ❜❛♥❞❛✲❳✳

❆s ❢✉♥çõ❡s ❡ ♦s ♣r✐♥❝í♣✐♦s ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s ♣r✐♥❝✐♣❛✐s ❝♦♠♣♦♥❡♥t❡s s❡rã♦ ❛♣r❡s❡♥t❛❞♦s

❛❜❛✐①♦✳ ❯♠ tr❛t❛♠❡♥t♦ ♠❛✐s ❝♦♠♣❧❡t♦ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞♦ ♥❛s r❡❢❡rê♥❝✐❛s ❬✸✽✕✹✵❪✳

P♦♥t❡ ❞❡ ▼✐❝r♦♦♥❞❛s

✶P♦r ♣♦ss✉ír❡♠ ❜❛✐①❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡ ❞✐♠❡♥sõ❡s ❛❞❡q✉❛❞❛s ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ✉t✐❧✐③❛❞❛

✽
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❊st❛ ❝♦♠♣♦♥❡♥t❡ é r❡s♣♦♥sá✈❡❧ ♣♦r ❣❡r❛r ❛ ♠✐❝r♦♦♥❞❛ q✉❡ ❡①❝✐t❛rá s♣✐♥s ❞❛ ❛♠♦str❛✳ ❆❧é♠

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

r❡✢❡t✐❞❛✳ ❆s ♣❛rt❡s ❜ás✐❝❛s ❞❛ ♣♦♥t❡ ❞❡ ♠✐❝r♦♦♥❞❛s ✉t✐❧✐③❛❞❛ ❡stã♦ ♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✸✳✶ ❛❜❛✐①♦✳

■♥✐❝✐❛❧♠❡♥t❡ ❛ ♠✐❝r♦♦♥❞❛ é ❣❡r❛❞❛ ♣❡❧❛ ❢♦♥t❡ ✭ít❡♠ ❆ ❞❛ ✜❣✉r❛ ✸✳✶✮✱ ♣♦r ♠❡✐♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡

❞♦✐s ❞✐♦❞♦s ●✉♠♠✱ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❜❡♠ ❞❡✜♥✐❞❛✳ ❆ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ é ❧✐♠✐t❛❞❛ ❛ ✷✵✵ ♠❲ ❡ ❝♦♠

✉♠ ❛t❡♥✉❛❞♦r ✭ít❡♠ ❇✮ ❝♦♥tr♦❧❛✲s❡ ❛ ♣♦tê♥❝✐❛ ✐♥❝✐❞❡♥t❡ ♥♦ s✐st❡♠❛ ❝❛✈✐❞❛❞❡✴❛♠♦str❛✳ ❖ ❛t❡♥✉❛❞♦r

❜❧♦q✉❡✐❛ ♦ ✢✉①♦ ❞❡ r❛❞✐❛çã♦ ❞❡ ♠✐❝r♦♦♥❞❛ ❣❡r❛❞❛ ♣❡❧❛ ❢♦♥t❡✳ ❉❡ss❡ ♠♦❞♦ ♣♦❞❡✲s❡ ❝♦♥tr♦❧❛r ❝♦♠

♣r❡❝✐sã♦ ❡ ❡①❛t✐❞ã♦ ❛ ♣♦tê♥❝✐❛ ❞❛ ♠✐❝r♦♦♥❞❛✳

P❛r❛ ❡st❛❜✐❧✐③❛r ♦s ❞❡s✈✐♦s ❡♥tr❡ ❛s ❢r❡q✉ê♥❝✐❛s ❣❡r❛❞❛ ❡ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❛ ❝❛✈✐❞❛❞❡ ✭q✉❡ é ❛

❢r❡q✉ê♥❝✐❛ ❞❡s❡❥❛❞❛✮ ✉t✐❧✐③❛✲s❡ ✉♠ s✐st❡♠❛ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❆❋❈ ✭❆✉t♦♠❛t✐❝ ❋r❡q✉❡♥❝② ❈♦♥tr♦❧ ✲

ít❡♠ ❍✮✳ ❊st❡ s✐st❡♠❛ ♠♦❞✉❧❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ✭❋▼✮ ❛ ♠✐❝r♦♦♥❞❛ ❣❡r❛❞❛ ♣♦r ✉♠ s✐♥❛❧ ❞❡ ✼✻ ❦❍③✳

❊st❡ s✐♥❛❧ é ❛♣❧✐❝❛❞♦ ❛ ❝❛✈✐❞❛❞❡ ♣♦ss✐❜✐❧✐t❛♥❞♦ q✉❡ s❡ ♦❜t❡♥❤❛ ♥♦ s✐st❡♠❛ ❞❡ ❞❡t❡❝çã♦ ✉♠ s✐♥❛❧

♠♦❞✉❧❛❞♦ ❡♠ ❛♠♣❧✐t✉❞❡✳ ❊st❡ s✐♥❛❧ ✭❆▼✮ é ❛♣❧✐✜❝❛❞♦ ❡ ❝♦♠♣❛r❛❞♦ ♣♦r ❞❡t❡❝çã♦ ❞❡ ❢❛s❡✱ s❡♥❞♦

❝♦rr✐❣✐❞♦ ♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡ ❛♦ ❞❡s✈✐♦ ❞❡ ❢r❡q✉ê♥❝✐❛✳ ➱ ♣♦ssí✈❡❧ r❡❛❧✐③❛r ♦ ❡①♣❡r✐♠❡♥t♦ s❡♠ ❡st❡

❛❥✉st❡ ❛✉t♦♠át✐❝♦ ♣❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞♦ ❝♦♥❥✉♥t♦ ❝❛✈✐❞❛❞❡ ✰ ❛♠♦str❛✳ ❉❡ss❡ ♠♦❞♦

♦ s✐♥❛❧ ♣♦ss✉✐rá ❝♦♥tr✐❜✉✐çã♦ ❞✐s♣❡rs✐✈❛✳

❋✐❣✉r❛ ✸✳✶✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❡q✉✐♣❛♠❡♥t♦ ✉t✐❧✐③❛❞♦✳
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❆♠❜♦s ❡s♣❡❝trô♠❡tr♦s ✉t✐❧✐③❛❞♦s ♦♣❡r❛♠ ❝♦♠♦ ❡s♣❡❝trô♠❡tr♦s ❞❡ r❡✢❡①ã♦✱ ♦✉ s❡❥❛✱ ❡❧❡s ♠❡❞❡♠

❛ ♠✉❞❛♥ç❛ ✭r❡s✉❧t❛♥t❡ ❞❡ tr❛♥s✐çõ❡s ❡s♣❡❝tr♦s❝ó♣✐❝❛s✮ ♥❛ ✧q✉❛♥t✐❞❛❞❡✧❞❡ ♠✐❝r♦♦♥❞❛ r❡✢❡t✐❞❛ ♣❡❧❛

❝❛✈✐❞❛❞❡ ✭ít❡♠ ❉✮ q✉❡ ❝♦♥té♠ ❛ ❛♠♦str❛✳ P♦rt❛♥t♦ é ♥❡❝❡ssár✐♦ q✉❡ ❝❤❡❣✉❡ ❛♦ ❞❡t❡❝t♦r ❛♣❡♥❛s

r❛❞✐❛çã♦ r❡✢❡t✐❞❛ ♣❡❧❛ ❛♠♦str❛✱ ♦✉ s❡❥❛✱ ✈♦❧t❛♥❞♦ ❞❛ ❝❛✈✐❞❛❞❡✳ ❖ ❝✐r❝✉❧❛❞♦r✱ ít❡♠ ❈ ❞❛ ✜❣✉r❛ ✸✳✶✱

é ✉♠ ❞✐s♣♦s✐t✐✈♦ q✉❡ ♣❡r♠✐t❡ q✉❡ ✐st♦ ❛❝♦♥t❡ç❛✳ ❆ ♠✐❝r♦♦♥❞❛ q✉❡ ❝❤❡❣❛ ❛♦ ♣♦♥t♦ ✶ ✈❛✐ ❛♣❡♥❛s

♣❛r❛ ❛ ❝❛✈✐❞❛❞❡✳ ❆ r❛❞✐❛çã♦ r❡✢❡t✐❞❛✱ q✉❡ ❝❤❡❣❛ ♣❡❧♦ ♣♦♥t♦ ✷✱ é tr❛♥s♠✐t✐❞❛ ♣❛r❛ ♦ ❞❡t❡❝t♦r✳

❯♠ ❞✐♦❞♦ é ✉s❛❞♦ ❝♦♠♦ ❞❡t❡❝t♦r ✭ít❡♠ ❊✮✳ ❊st❡ ❝♦♥✈❡rt❡ ❛ ♣♦tê♥❝✐❛ ❞❡ ♠✐❝r♦♦♥❞❛ ❡♠ ❝♦rr❡♥t❡

❡❧étr✐❝❛✳ ❆ ❜❛✐①❛ ♣♦tê♥❝✐❛ ✭♠❡♥♦r q✉❡ ✶ µ❲✮✱ ❛ ❝♦rr❡♥t❡ ♥♦ ❞✐♦❞♦ é ♣r♦♣♦r❝✐♦♥❛❧ à ♣♦tê♥❝✐❛ ❞❛

♠✐❝r♦♦♥❞❛✱ ♥❡st❡ r❡❣✐♠❡ ❛ ♣♦tê♥❝✐❛ ✭❞❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛✮ q✉❡ ♦ ❞✐♦❞♦ tr❛♥s❢❡r❡ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦

q✉❛❞r❛❞♦ ❞❛ ♣♦tê♥❝✐❛ ❞❡ ♠✐❝r♦♦♥❞❛ ✐♥❝✐❞❡♥t❡✱ ♣♦✐s P = I2/R✳ ❆ ♣♦tê♥❝✐❛ ♠❛✐s ❛❧t❛ ✭♠❛✐♦r q✉❡ ✶

♠❲✮ ❛ ❝♦rr❡♥t❡ ♥♦ ❞✐♦❞♦ é ♣r♦♣♦r❝✐♦♥❛❧ ❛ r❛✐③ q✉❛❞r❛❞❛ ❞❛ ♣♦tê♥❝✐❛ ❞❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡✳ ◆❡st❛

❝♦♥❞✐çã♦ ♦ ❞✐♦❞♦ tr❛♥s❢❡r❡ ❧✐♥❡❛r♠❡♥t❡ ❛ ♣♦tê♥❝✐❛✳ ❆ tr❛♥s✐çã♦ ❡♥tr❡ ♦s ❞♦✐s r❡❣✐♠❡s é ❣r❛❞✉❛❧✳

P❛r❛ ♠❡❞✐❞❛s q✉❛♥t✐t❛t✐✈❛s ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞♦ s✐♥❛❧ ❡ ❝♦♥❞✐çõ❡s ót✐♠❛s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡✱ ♦ ❞✐♦❞♦

❞❡✈❡ ♦♣❡r❛r ♥❛ r❡❣✐ã♦ ❞❡ ❧✐♥❡❛r✐❞❛❞❡✳ ❖s ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s sã♦ ♦❜t✐❞♦s ❝♦♠ ✉♠❛ ❝♦rr❡♥t❡ ❞❡

s❛í❞❛ ❞♦ ❞❡t❡❝t♦r ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✵✵ µ❆✳ P❛r❛ ❣❛r❛♥t✐r q✉❡ ❡ss❛ ❝♦♥❞✐çã♦ é s❛t✐s❢❡✐t❛✱ ✉♠❛

❜r❛ç♦ ❞❡ r❡❢❡rê♥❝✐❛ é ✉t✐❧✐③❛❞♦ ✭ít❡♠ ❋✮✳ ❊st❡ ❡♥✈✐❛ ♣♦tê♥❝✐❛ ❞❡ ♠✐❝r♦♦♥❞❛ s✉♣❧❡♠❡♥t❛r✳ ❍á ✉♠

❛t❡♥✉❛❞♦r ♣❛r❛ ❝♦♥tr♦❧❛r ❛ ♣♦tê♥❝✐❛ ❞❡st❛ ♠✐❝r♦♦♥❞❛ ❡①tr❛ ✭❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❛ ❝♦rr❡♥t❡ ♥♦ ❞✐♦❞♦✮

❡ ❛ss✐♠ ♣♦❞❡ s❡ ♦♣❡r❛r ♥❛ ❝♦♥❞✐çã♦ ót✐♠❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❞✐♦❞♦ ❞❡t❡❝t♦r✳ ❊①✐st❡ ❛✐♥❞❛ ✉♠

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

q✉❛♥❞♦ ❡st❛s ❝❤❡❣❛♠ ❛♦ ❞✐♦❞♦ ❞❡t❡❝t♦r✳

❈❛✈✐❞❛❞❡ ❘❡ss♦♥❛♥t❡

P❛r❛ ❛✉♠❡♥t❛r ❛ s❡♥s✐❜✐❧✐❞❛❞❡✱ ✉t✐❧✐③❛✲s❡ ✉♠❛ ❝❛✈✐❞❛❞❡ r❡ss♦♥❛♥t❡ ✭ít❡♠ ❉ ❞❛ ✜❣✉r❛ ✸✳✶✮✳ ❊st❛ é

❜❛s✐❝❛♠❡♥t❡ ✉♠❛ ❝❛✐①❛ ♠❡tá❧✐❝❛ ❞✐♠❡♥s✐♦♥❛❞❛ ❝♦♥❢♦r♠❡ ♦ ♠♦❞♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❛ s❡r ✉t✐❧✐③❛❞♦✳ ❖

❣❛♥❤♦ ❡♠ s❡♥s✐❜✐❧✐❞❛❞❡ é ❞❡✈✐❞♦ à ❝♦♥❝❡♥tr❛çã♦ ❞❡ ♣♦tê♥❝✐❛ ❞❡ ♠✐❝r♦♦♥❞❛ ♥❛ r❡❣✐ã♦ q✉❡ ❛ ❛♠♦str❛

s❡ ❡♥❝♦♥tr❛ ❡ ❛♦ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ❡♥❡r❣✐❛ ♣❡❧❛ ❝❛✈✐❞❛❞❡✳ P♦rt❛♥t♦ ❛ ❝❛✈✐❞❛❞❡ ❛t✉❛ r❡❝❡❜❡♥❞♦ ❛

♠✐❝r♦♦♥❞❛ ❣❡r❛❞❛ ♣❡❧❛ ♣♦♥t❡ ❡✱ ❡♠ r❡ss♦♥â♥❝✐❛✱ ❛r♠❛③❡♥❛♥❞♦ ❛ ❡♥❡r❣✐❛ ❞❡st❛ ♠✐❝r♦♦♥❞❛✱ ♦✉ s❡❥❛✱

♥ã♦ r❡✢❡t✐♥❞♦ ❛ r❛❞✐❛çã♦ ✐♥❝✐❞❡♥t❡✳

❈❛✈✐❞❛❞❡s sã♦ ❝❛r❛❝t❡r✐③❛❞❛s ♣❡❧♦ s❡✉ ❢❛t♦r ❞❡ q✉❛❧✐❞❛❞❡✱ Q✱ ♦ q✉❛❧ ✐♥❞✐❝❛ ❛ ❡✜❝✐ê♥❝✐❛ ❝♦♠ q✉❡

❛ ❝❛✈✐❞❛❞❡ ♣♦❞❡ ❛r♠❛③❡♥❛r ❛ ❡♥❡r❣✐❛ ❞❛ ♠✐❝r♦♦♥❞❛✳ ❖ ❢❛t♦r Q é ❞❡✜♥✐❞♦ ❝♦♠♦✿

Q = 2π(energia armazenada)
(energia dissipada por ciclo)

♦♥❞❡ ❛ ❡♥❡r❣✐❛ ❞✐ss✐♣❛❞❛ ♣♦r ❝✐❝❧♦ é ❛ ❡♥❡r❣✐❛ ♣❡r❞✐❞❛ ❞✉r❛♥t❡ ✉♠ ♣❡r✐♦❞♦ ❞❛ ♠✐❝r♦♦♥❞❛✳ ❆ ❡♥❡r❣✐❛

♣♦❞❡ s❡r ♣❡r❞✐❞❛ ❝♦♠♦ ❞✐ss✐♣❛çã♦ ô❤♠✐❝❛ ❞❡✈✐❞♦ ❛ ❢♦r♠❛çã♦ ❛ ❝♦rr❡♥t❡s ❡❧étr✐❝❛s ♥❛s ♣❛r❡❞❡s ❞❛

❝❛✈✐❞❛❞❡ ❡♠ r❡s♣♦st❛ ❛♦s ❝❛♠♣♦s ❞❛s ♦♥❞❛s ❡st❛❝✐♦♥ár✐❛s✳

❆ ❝♦♥s❡q✉ê♥❝✐❛ ❞❡ ❛ ❝❛✈✐❞❛❞❡ ♦♣❡r❛r ❡♠ r❡ss♦♥â♥❝✐❛ é ❛ ❢♦r♠❛çã♦ ❞❡ ♦♥❞❛s ❡st❛❝✐♦♥ár✐❛s ♥♦

s❡✉ ✐♥t❡r✐♦r✳ ❆s ♦♥❞❛s ❡st❛❝✐♦♥ár✐❛s ♣♦ss✉❡♠ s✉❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❝❛♠♣♦s ❡❧étr✐❝♦ ❡ ♠❛❣♥ét✐❝♦
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❋✐❣✉r❛ ✸✳✺✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❡ ✉♠ ❞❡s♣♦s✐t✐✈♦ s✉♣❡r❝♦♥❞✉t♦r ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ q✉â♥t✐❝❛✳ Φ é

♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ q✉❡ ♣❛ss❛ ♣❡❧♦ ✐♥t❡r✐♦r ❞♦ ❝✐r❝✉✐t♦✳ ❆ ♠á①✐♠❛ ❝♦rr❡♥t❡ I q✉❡ ♣❛ss❛ ♣❡❧♦ ❝✐r❝✉✐t♦

é ✉♠❛ ❢✉♥çã♦ ♣❡r✐ó❞✐❝❛ ❞♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ Φ✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❡ ❬✹✶❪

❋✐❣✉r❛ ✸✳✻✿ ❊sq✉❡♠❛ ❞❡ ❡s♣✐r❛s ♦r❣❛♥✐③❛❞❛s s❡❣✉♥❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ s❡❣✉♥❞❛ ❞❡r✐✈❛❞❛✳ ❋✐❣✉r❛

❛❞❛♣t❛❞❛ ❞❡ ❬✹✷❪

◆♦ ▼P▼❙ ♦ ❙◗❯■❉ ✜❝❛ ❞❡♥tr♦ ❞❡ ✉♠❛ ❝á♣s✉❧❛ ❝♦♠ ❜❧✐♥❞❛❣❡♠ s✉♣❡r❝♦♥❞✉t♦r❛ q✉❡ ♦ ♣r♦t❡❣❡ ❞♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ♠❛❣♥❡t♦ s✉♣❡r❝♦♥❞✉t♦r✳ ❆ ✜❣✉r❛ ✸✳✼ ♠♦str❛ ♦s ♣r✐♥❝✐♣❛✐s ❝♦♠♣♦♥❡♥t❡s ❞♦

♠❛❣♥❡tô♠❡tr♦ ▼P▼❙✳

❆ ♠❡❞✐❞❛ é ❢❡✐t❛ ♠♦✈❡♥❞♦✲s❡ ❛ ❛♠♦str❛ ❡♥tr❡ ❛s ❡s♣✐r❛s s✉♣❡r❝♦♥❞✉t♦r❛s ✭✈❡r ✜❣✳ ✸✳✻✮✱ ❛s

q✉❛✐s ❡stã♦ ❧♦❝❛❧✐③❛❞❛s ❢♦r❛ ❞❛ ❝â♠❛r❛ ♦♥❞❡ ❛ ❛♠♦str❛ ❡stá ❧♦❝❛❧✐③❛❞❛ ❡ ♥♦ ❝❡♥tr♦ ❞♦ ♠❛❣♥❡t♦
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❋✐❣✉r❛ ✸✳✼✿ Pr✐♥❝✐♣❛✐s ❝♦♠♣♦♥❡♥t❡s ❞♦ ▼P▼❙ ✲ ✶✮ ❙✉♣♦rt❡ ♣❛r❛ ❛♠♦str❛ ✷✮ ●♦♥✐ô♠❡tr♦ ✸✮ ▼❡✲

❝❛♥✐s♠♦ ❞❡ tr❛♥s♣♦rt❡ ❞❛ ❛♠♦str❛ ✹✮ ❱á❧✈✉❧❛ ❞❡ tr❛♥s♣♦rt❡ ✺✮ ❙❡♥s♦r ❞♦ ♥í✈❡❧ ❞❡ ❍❡ ✻✮ ▼❛❣♥❡t♦

s✉♣❡r❝♦♥❞✉t♦r ✼✮ ■♠♣❡❞â♥❝✐❛ ❞❡ ✢✉①♦ ✽✮ ❈á♣s✉❧❛ ❞♦ s❡♥s♦r ❙◗❯■❉ ❡ ❜❧✐♥❞❛❣❡♠ s✉♣❡r❝♦♥❞✉t♦r❛

✾✮ ❇♦❜✐♥❛s ❞❡ ❞❡t❡❝çã♦ ✶✵✮ ●❛❜✐♥❡t❡ ❞❡ ✐s♦❧❛♠❡♥t♦ ❞♦ ❉❡✇❛r ✶✶✮ ❉❡✇❛r✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❡ ❬✹✷❪

s✉♣❡r❝♦♥❞✉t♦r✳ ❖ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ✭♠❛❣♥❡t✐③❛çã♦✮ ❞❛ ❛♠♦str❛ ♣r♦❞✉③ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ♥❛s

❡s♣✐r❛s ❞❡t❡❝t♦r❛s q✉❛♥❞♦ ❛ ❛♠♦str❛ é ♠♦✈✐❞❛ ♥♦ ✐♥t❡r✐♦r ❞❡❧❛s✳ P❡❧♦ ❢❛t♦ ❞❡ ❛s ❡s♣✐r❛s✱ ♦ ❙◗❯■❉ ❡

♦s ✜♦s q✉❡ ♦s ❝♦♥❡❝t❛♠ ❢♦r♠❛r❡♠ ✉♠ ❧♦♦♣ s✉♣❡r❝♦♥❞✉t♦r q✉❛❧q✉❡r ✈❛r✐❛çã♦ ❞❡ ✢✉①♦ ♠❛❣♥ét✐❝♦ ♥❛s

❡s♣✐r❛s ✈❛✐ ❛❧t❡r❛r ❛ ❝♦rr❡♥t❡ ♣❡rs✐st❡♥t❡ ❞♦ ❝✐r❝✉✐t♦ ❞❡t❡❝t♦r✳ ❖ ❙◗❯■❉ ❛t✉❛ ❡♥tã♦ tr❛♥s❢♦r♠❛♥❞♦

❡ss❡ s✐♥❛❧ ❞❡ ❝♦rr❡♥t❡ ❡♠ ✉♠❛ t❡♥sã♦ q✉❡ é ❡str✐t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❛

❛♠♦str❛✳ ❆ ❝❛❧✐❜r❛çã♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦ é ❢❡✐t❛ ❝♦♠ ✉♠❛ ❛♠♦str❛ ❞❡ P❞ ❝♦♠ ♠❛ss❛ ❡ ♠♦♠❡♥t♦

♠❛❣♥ét✐❝♦ ❝♦♥❤❡❝✐❞♦s✳

P❛r❛ ❛s ♥❛♥♦♣❛rtí❝✉❧❛s ❞❡ ❆✉ ❛ss✐st✐❞❛s ♣♦r ❨2❖3 ✉t✐❧✐③♦✉✲s❡ ❛ ♦♣çã♦ ❘❙❖ ✭❘❡❝✐♣r♦❝❛t✐♥❣

❙❛♠♣❧❡ ❖♣t✐♦♥✮ ♥❛s ♠❡❞✐❞❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦✱ ♣♦✐s ❝♦♠♦ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦

❞❡st❛s ❛♠♦str❛s é r❡❧❛t✐✈❛♠❡♥t❡ ❜❛✐①♦ ❡ ❡st❛ ♦♣çã♦ ♣❡r♠✐t❡ q✉❡ s❡ t❡♥❤❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ♦r❞❡♠

❞❡ 5.10−9 ❡♠✉ ❬✹✸❪✳ ❆ ♦♣çã♦ ❘❙❖ r❡❛❧✐③❛ ❛ ♠❡❞✐❞❛ ♠♦✈❡♥❞♦ ❛ ❛♠♦str❛ s❡♥♦✐❞❛❧♠❡♥t❡ ♥♦ ✐♥t❡r✐♦r

❞❛s ❡s♣✐r❛s ❞❡t❡❝t♦r❛s✳



❈❆P❮❚❯▲❖ ✸✳ P❘■◆❈■P❆■❙ ❚➱❈◆■❈❆❙ ❊❳P❊❘■▼❊◆❚❆■❙ ✶✻

❋✐❣✉r❛ ✸✳✽✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛ ♦♣çã♦ ❘❙❖✳ ❋✐❣✉r❛ ❡①tr❛í❞❛ ❞❡ ❬✹✹❪✳

❆s ♠❡❞✐❞❛s ❞❡ ▼ ✈s ❍ r❡❛❧✐③❛❞❛s ❝♦♠ ❛ ♦♣çã♦ ❘❙❖ ❢♦r❛♠ ❢❡✐t❛s ♥❛ ♣♦s✐çã♦ ❞❡ ♠á①✐♠❛ ✐♥❝❧✐✲

♥❛çã♦ ✭♠❛①s❧♦♣❡✮ ❞❛ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❞♦ ❙◗❯■❉ ✭✈♦❧t❛❣❡♠ ✈s ♣♦s✐çã♦✮✳ ❆ ♠❡❞✐❞❛ ❛❝♦♥t❡❝❡ ❝♦♠

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

❝♦rr❡s♣♦♥❞❡ ❛ ♣♦s✐çã♦ ❞❡ ♠á①✐♠❛ ✐♥❝❧✐♥❛çã♦✳ ❆ ✜❣✉r❛ ✸✳✽ ❡s❝❧❛r❡❝❡ ♦ ♣rí♥❝✐♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦

❞❛ ♦♣çã♦ ❘❙❖✳ ◆♦s ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ✉t✐❧✐③♦✉✲s❡ ✹ ❍③ ❝♦♠♦ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦s❝✐❧❛çã♦ ❡ ✵✳✼ ❝♠

❞❡ ❛♠♣❧✐t✉❞❡✳

❆❧❣✉♠❛s ♠❡❞✐❞❛s ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❝♦♠ ❛ ♦♣çã♦ ❘❙❖✳ ◆❡st❡s ❝❛s♦s

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

❞❛ ❛♠♦str❛ é ♠❛✐♦r ❡ ❛ ❢r❡q✉ê♥❝✐❛ é ♠❡♥♦r✳ ◆❡st❡s ❡①♣❡r✐♠❡♥t♦s ✉t✐❧✐③♦✉✲s❡ ✹ ❝♠ ❞❡ ❛♠♣❧✐t✉❞❡ ❡

❢r❡q✉ê♥❝✐❛ ❞❡ ✶ ❍③✳

❆ ♣r❡♣❛r❛çã♦ ❞❛s ❛♠♦str❛ ♣❛r❛ ❛s ♠❡❞✐❞❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ é ❢❡✐t❛ ❝♦❧♦❝❛♥❞♦✲s❡ ♦ ♣r♦❞✉t♦

só❧✐❞♦ ❞❛ ❝❡♥tr✐❢✉❣❛çã♦ ✭❞❡s❝r✐t♦ ♥♦ ❝❛♣ít✉❧♦ ✷✮✱ ♦✉ s❡❥❛✱ ❛s ◆Ps ❡♠ ✉♠❛ ❝á♣s✉❧❛ ❢❛r♠❛❝❡✉t✐❝❛ q✉❡

é ❝♦❧♦❝❛❞❛ ❡♠ ✉♠ ❝❛♥✉❞♦ ♣❧ást✐❝♦ q✉❡ ❢✉♥❝✐♦♥❛ ❝♦♠♦ ♣♦rt❛ ❛♠♦str❛ ❝♦♠♦ ✐❧✉str❛ ❛ ✜❣✉r❛ ✸✳✽✳

❆s ♠❛ss❛s ❞❛ ❝á♣s✉❧❛ ✈❛③✐❛ ❡ ♣r❡❡♥❝❤✐❞❛ ❝♦♠ ❛♠♦str❛ sã♦ ♠❡❞✐❞❛s✱ ✜❝❛♥❞♦ ❛ss✐♠ ❞❡t❡r♠✐♥❛❞♦ ❛

♠❛ss❛ ❞❡ ❛♠♦str❛ ♠❡❞✐❞❛✳

✸✳✸ ❚é❝♥✐❝❛s ❞❡ ❈❛r❛❝t❡r✐③❛çã♦ ❊str✉t✉r❛❧ ❡ ▼♦r❢♦❧ó❣✐❝❛

P❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❡str✉t✉r❛❧ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s três té❝♥✐❝❛s✿ ❞✐❢r❛çã♦ ❞❡ ♣ó ❞❡ r❛✐♦s✲❳ ✭❳❘❉✮✱

♠✐❝r♦s❝♦♣✐❛s ❞❡ tr❛♥s♠✐ssã♦ ❡❧❡trô♥✐❝❛ ❡♠ ❛❧t❛ r❡s♦❧✉çã♦ ✭❍❘❚❊▼✮ ❡ ❞❡ ✈❛rr❡❞✉r❛ ✭❙❊▼✮✳ ➱





❈❛♣ít✉❧♦ ✹

❘❡s✉❧t❛❞♦s ❡ ❉✐s❝✉ssã♦

✹✳✶ ◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ❆✉✲❘2❖3 ✭❘ ❂ ❊r✱ ❨✮

◆❡st❛ s❡çã♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❡ ❞✐s❝✉t✐❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛s ♥❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ❆✉✲

❘2❖3 ✭❘ ❂ ❨✱ ❊r✮✳ ❖r✐❣✐♥❛❧♠❡♥t❡ ♦ ♦❜❥❡t✐✈♦ ❞♦ tr❛❜❛❧❤♦ ❡r❛ ♣r♦❞✉③✐r ◆Ps ❞♦ t✐♣♦ ▼1−x❘x ♣❛r❛

s❡ ❢❛③❡r ✉♠ ❡st✉❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠❛ s♦♥❞❛ ♠❛❣♥ét✐❝❛ ✭❝át✐♦♥ ❘3+✮ ❛tr❛✈és ❞❡ ♠❡❞✐❞❛s ❞❡ ❊❙❘

✭❡st❡s r❡s✉❧t❛❞♦s ❡stã♦ ♥❛ s❡çã♦ ✹✳✷✮✱ ♥♦ ❡♥t❛♥t♦ ♦❜s❡r✈♦✉✲s❡ ✉♠❛ r❡ss♦♥â♥❝✐❛ ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦

❢❡rr♦♠❛❣♥ét✐❝♦ ♣❛r❛ ✉♠❛ ❛♠♦str❛ s✐♥t❡t✐③❛❞❛ ❝♦♠ ❊r2❖3✳ ❆ ♣❛rt✐r ❞❡st❛ ❛♠♦str❛ ❜✉s❝♦✉✲s❡ r❡✲

♣r♦❞✉③✐r ♦ r❡s✉❧t❛❞♦ ✉t✐❧✐③❛♥❞♦ ♣❛r❛ ✐st♦ ✉♠ ó①✐❞♦ ❢♦r♠❛❞♦ ♣♦r ✉♠ í♦♥ ♥ã♦ ♠❛❣♥ét✐❝♦✱ ♦ ❨3+✱ ✭♦

í♦♥ ❊r3+✮ ♣❛r❛ ❡✈✐t❛r q✉❛❧q✉❡r s✉s♣❡✐t❛ ❡♠ r❡❧❛çã♦ à ♦r✐❣❡♠ ❞❛ r❡ss♦♥â♥❝✐❛ ♦❜s❡r✈❛❞❛✳

❋♦r❛♠ r❡❛❧✐③❛❞❛s 25 sí♥t❡s❡s ❝♦♠ ✐♥t✉✐t♦ ❞❡ r❡♣r♦❞✉③✐r ✭♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦✮ ❡ ❛♣❡r❢❡✐ç♦❛r ♦

♠ét♦❞♦✳ ❙❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ ✉♠❛ ❛♠♦str❛ ❛ss✐st✐❞❛ ♣♦r ❊r2❖3 ✭❙✶✮ ❡ três ❛ss✐st✐❞❛s

♣♦r ❨2❖3 ✭❙✷✱ ❙✸✱ ❙✹✮✳ ❊♥tr❡ ❛s ❛ss✐st✐❞❛s ♣❡❧♦ ó①✐❞♦ ❞❡ ítr✐♦✱ ❡①✐st❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ❙✷

❡ ❛ ❙✸✳ P❛r❛ ❙✸ ♦ ♣r✐♠❡✐r♦ ♣r❡❝✉rs♦r ❢♦✐ ❞❡✐①❛❞♦ ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ♣♦r ✻ ❤♦r❛s ❛♣ós ❛

❡✈❛♣♦r❛çã♦ ❞❛ ❛❝❡t♦♥✐tr✐❧❛✳ ❉✉r❛♥t❡ ❡st❡ ♣❡rí♦❞♦ é ♣r♦✈á✈❡❧ q✉❡ q✉❛❧q✉❡r r❡sí❞✉♦ ❞❡ ❛❝❡♥✐tr✐❧❛ q✉❡

♥ã♦ ❡✈❛♣♦r♦✉ ❞✉r❛♥t❡ ♦ ❛q✉❡❝✐♠❡♥t♦ t❡♥❤❛ ❡✈❛♣♦r❛❞♦✳ ❆ ❛♠♦str❛ ❙✹ é ✉♠❛ r❡♣r♦❞✉çã♦ ❞❛ ❙✸✳

❆❧é♠ ❞♦s ó①✐❞♦s ❊r2❖3 ❡ ❨2❖3 ❢♦r❛♠ r❡❛❧✐③❛❞❛s t❡♥t❛t✐✈❛s ❝♦♠ ó①✐❞♦ ❞❡ ❧❛♥tâ♥✐♦ ✭▲❛2❖3✮ ❡ s❡♠

✉t✐❧✐③❛r ❛❧❣✉♠ ó①✐❞♦✳ ❊st❛s ❛♠♦str❛s ♥ã♦ ❛♣r❡s❡♥t❛r❛♠ r❡ssô♥❛♥❝✐❛ ❢❡rr♦♠❛❣♥ét✐❝❛✳ ❘❡s✉❧t❛❞♦s

♣r❡❧✐♠✐♥❛r❡s q✉❡ ❢♦r❛♠ ♦❜t✐❞♦s ♣❛r❛ ♥❛♥♦♣❛rtí❝✉❧❛s ❞❡ ❆❣ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦ ❞❡ ❞✐s♣rós✐♦ ✭❉②2❖3✮

❡ ér❜✐♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ✜♥❛❧ ❞❛ s❡çã♦✳

✹✳✶✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❊str✉t✉r❛❧ ❡ ▼♦r❢♦❧ó❣✐❝❛

P❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❡str✉t✉r❛❧ ❡ ♠♦r❢♦❧ó❣✐❝❛✱ ♠✐❝r♦❣r❛✜❛s ❢♦r❛♠ ♦❜t✐❞❛s ♥♦s ♠✐❝r♦s❝ó♣✐♦s ❞❡

❛❧t❛ r❡s♦❧✉çã♦ ✭❍❘❚❊▼✮ ❡ ❞❡ ✈❛rr❡❞✉r❛ ✭❙❊▼✮ ♥♦ ▲◆▲❙✲▲▼❊✴▲♥◆❛♥♦ ❡ ♠❡❞✐❞❛s ❞❡ ❞✐❢r❛çã♦ ❞❡

✶✽
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❋✐❣✉r❛ ✹✳✷✿ ❉✐❢r❛t♦❣r❛♠❛ ❞❡ r❛✐♦s✲❳ ♣❛r❛ ❛s ❛♠♦str❛s ❛✮ ❙✶✱ ❜✮ ❙✷✱ ❝✮ ❙✸ ❡ ❞✮ ❙✹✳ ❡✮ ❖s í♥❞✐❝❡s

❞❡ ▼✐❧❧❡r ❡ ❛s ❜❛rr❛s ❡♠ ❛③✉❧ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♣✐❝♦s ❞♦ ❆✉ ✭❋❈❈✮ ❬✹✼❪✳ ❖s í♥❞✐❝❡s ❞❡ ▼✐❧❧❡r ❡♠

✈❡r♠❡❧❤♦ ❡s❝✉r♦ ❡ ❛s ❜❛rr❛s ❡♠ ♣r❡t♦ ❡ ✈❡r♠❡❧❤♦ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♣✐❝♦s ❞❡ ❊r2❖3 ❬✹✽❪ ❡ ❨2❖3 ❬✹✾❪

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❯♠❛ ❡st✐♠❛t✐✈❛ ❞♦ t❛♠❛♥❤♦ ♠é❞✐♦ ❞❛s ♣❛rtí❝✉❧❛s ✭t❛♠❛♥❤♦ ❞❡ ❝r✐st❛❧✐t♦✮✱ ♣♦❞❡ s❡r ❢❡✐t❛ ✉s❛♥❞♦✲

s❡ ❛ ❢ór♠✉❧❛ ❞❡ ❙❝❤❡rr❡r ❬✹✻❪✿

d =
λ

∆θcos (θB)
✭✹✳✶✮

♦♥❞❡ d✱ λ✱ ∆θ ❡ θB sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♦ ❞✐â♠❡tr♦ ♠é❞✐♦ ❞❛s ♣❛rtí❝✉❧❛s ✭t❛♠❛♥❤♦ ❞♦ ❝r✐st❛❧✐t♦✮✱

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

â♥❣✉❧♦ ❞❡ ❇r❛❣❣ ❞♦ ♣✐❝♦ ❡♠ q✉❡stã♦✳

❯t✐❧✐③❛♥❞♦ ❛ ❢ór♠✉❧❛ ❞❡ ❙❝❤❡rr❡r ♣❛r❛ ♦ ♣✐❝♦ ♠❛✐s ✐♥t❡♥s♦✱ ✭④✶✶✶⑥✮✱ ♦❜t❡✈❡✲s❡ ✈❛❧♦r❡s ❛♣r♦①✐✲

♠❛❞♦s ❞❡ ❞✐â♠❡tr♦ ♠é❞✐♦ ♣❛r❛ ❛s ♥❛♥♦♣❛rtí❝✉❧❛s ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶ ❛❜❛✐①♦✿
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❆♠♦str❛ ∆θ ✭●r❛✉✮ ❉✐â♠❡tr♦ ✭♥♠✮

❙✶ ✵✳✷✹ ✼✷✭✶✸✮

❙✷ ✵✳✷✷ ✼✹✭✶✸✮

❙✸ ✵✳✸ ✹✺✭✻✮

❙✹ ✵✳✷✺ ✻✼✭✶✶✮

❚❛❜❡❧❛ ✹✳✶✿ ❱❛❧♦r❡s ❞❡ ❞✐â♠❡tr♦ ♠é❞✐♦ ❞❛s ◆Ps ❡st✐♠❛❞♦s ♣❡❧❛ ❢ór♠✉❧❛ ❞❡ ❙❝❤❡rr❡r✳

❖ ❛❧❛r❣❛♠❡♥t♦ ✐♥trí♥s❡❝♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦✱ r❡s✉❧t❛♥t❡ ❞❛ ❞✐✈❡r❣ê♥❝✐❛ ❞♦ ❢❡✐①❡✱ ❢♦✐ ♠❡❞✐❞♦ ❛tr❛✈és

❞♦ ❞✐❢r❛t♦❣r❛♠❛ ♦❜t✐❞♦ ♣❛r❛ ✉♠❛ ❛♠♦str❛ ♣❛❞rã♦ ❞❡ s✐❧í❝✐♦ ❡ ❢♦✐ ❞❡s❝♦♥t❛❞♦ ♣❛r❛ ❡st✐♠❛t✐✈❛ ❞♦

t❛♠❛♥❤♦ ❞❛s ◆Ps✳ ❆♣❡s❛r ❞❡ ♦ ❛❧❛r❣❛♠❡♥t♦ ❞♦s ♣✐❝♦s ♥ã♦ s❡r ❡✈✐❞❡♥t❡✱ ❛ ❡st✐♠❛t✐✈❛ ❡stá ❡♠

r❛③♦á✈❡❧ ❛❝♦r❞♦ ❝♦♠ ♦s ❞✐â♠❡tr♦s ❞❛s ◆Ps ♥❛s ✐♠❛❣❡♥s ❡♠ ❛❧t❛ r❡s♦❧✉çã♦ ✹✳✶✶✳

✹✳✶✳✷ ❈❛r❛❝t❡r✐③❛çã♦ ▼❛❣♥ét✐❝❛

❆s ❛♠♦str❛s ❙✶✲✹ ❢♦r❛♠ ❝❛r❛❝t❡r✐③❛❞❛s ♠❛❣♥❡t✐❝❛♠❡♥t❡ ♣♦r ♠❡❞✐❞❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥✲

çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ✭❝♦♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✜①♦✮ ❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✭❝♦♠ t❡♠♣❡r❛t✉r❛ ✜①❛✮✳

❖❜s❡r✈♦✉✲s❡ ❛✐♥❞❛ ✉♠❛ ❧✐♥❤❛ ✐♥t❡♥s❛ ❞❡ ❊❙❘ ❡♠ ❇❛♥❞❛✲❳ ✭ 9.5 ●❍③✮ ❞❡s❞❡ 370 ❑ ❛té 4.2 ❑✳

◆❡st❛ s✉❜s❡çã♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❡ ❞✐s❝✉t✐❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡ ❞❡ ❊❙❘ ❞❡ ❝❛❞❛

✉♠❛ ❞❛s ✹ ❛♠♦str❛s ✭❙✶✲✹✮✳

❆ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✭▼ ✈s ❚ ✮ ♣❛r❛ ❛♠♦str❛ ❙✶ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✸✳

❆ ❛♠♦str❛ ❛♣r❡s❡♥t❛ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❛r❛♠❛❣♥ét✐❝♦ ❡ ♥ã♦ ❛♣r❡s❡♥t❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ♥❛s ♠❡❞✐❞❛s

❋❈ ❡ ❩❋❈✳ ❈♦♠♦ ✈✐st♦ ♥♦ ❞✐❢r❛t♦❣r❛♠❛ ❞❡ ❘❛✐♦s✲❳ ❤á ❊r2❖3 ♥❛ ❛♠♦str❛ ❡✱ s❡♥❞♦ ♦ ♠❛❣♥❡t✐s♠♦

❞❛s ❆✉✲◆Ps r❡❧❛t✐✈❛♠❡♥t❡ ♣❡q✉❡♥♦✱ é ♣r♦✈á✈❡❧ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❛r❛♠❛❣♥ét✐❝♦ ❞❛ ❛♠♦str❛

❙✶ ♦❜s❡r✈❛❞♦ ❡stá ❛ss♦❝✐❛❞♦ ❛♦ ó①✐❞♦✳ ❆ss✉♠✐♥❞♦✱ ❡♥tã♦✱ q✉❡ ♦ ♣❛r❛♠❛❣♥❡t✐s♠♦ é ❡①❝❧✉s✐✈❛♠❡♥t❡

❞♦s í♦♥s ❊r3+✱ ❛tr❛✈és ❞♦ ❛❥✉st❡ ❞❛ ❝✉r✈❛ ♣❡❧❛ ❧❡✐ ❞❡ ❈✉r✐❡✲❲❡✐ss ❢♦✐ ❡st✐♠❛❞❛ ❛ q✉❛♥t✐❞❛❞❡ ❡♠

♠♦❧ ❞❡ ❊r✳ ❈♦♥s✐❞❡r❛♥❞♦ q✉❡ t♦❞♦ ♦ ér❜✐♦ ♣❡r♠❛♥❡❝❡ ♥❛ ❢♦r♠❛ ❞❡ ó①✐❞♦✱ ❤á 0.72 ♠❣ ❞❡ ❊r2❖3 ❡♠

13.7 ♠❣ ❞❡ ❛♠♦str❛ ✭♠❛ss❛ ❞❡ ❛♠♦str❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛ ♠❡❞✐❞❛✮✳

❆ ✜❣✉r❛ ✹✳✹ ♠♦str❛ ❛ ❝✉r✈❛ ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ✭▼ ✈s

❍ ✮ ❡♠ 2 ❑ ❡ 300 ❑ ♣❛r❛ ❛♠♦str❛ ❙✶✳ ◆❡st❛ ♠❡s♠❛ ✜❣✉r❛ ❡stá ❛ ▼ ✈s ❍ ❞❡ 0.72 ♠❣ ❞❡ ❊r2❖3✱

❡st✐♠❛❞❛ ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ♠❡❞✐❞❛ ▼ ✈s ❍ ❞❡ 32.6 ♠❣ ❞❡ ❊r2❖3✳ ❊♠ 2 ❑ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❛

❛♠♦str❛ ❙✶ é s✉♣❡r✐♦r à ❞♦s 0.72 ♠❣ ❞♦ ó①✐❞♦✳ ❆♠❜❛s ❛s ❝✉r✈❛s✱ ♣❛r❛ ❛ ❛♠♦str❛ ❡ ♣❛r❛ ♦ ó①✐❞♦

❡♠ 2 ❑✱ ❛♣r❡s❡♥t❛♠ ❝❛rát❡r ❞❡ ✉♠ ♣❛r❛♠❛❣♥❡t♦ ♣❡rt♦ ❞❛ s❛t✉r❛çã♦✳ ❆❧é♠ ❞✐st♦✱ ❡♠ 300 ❑✱ ❛

✶❖ ❛❧❛r❣❛♠❡♥t♦ ❞❡ ♣✐❝♦s ♥♦ ❝❛s♦ ❞❡ ♥❛♥♦♣❛rtí❝✉❧❛s ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ♦ ♥ú♠❡r♦ ♣❡q✉❡♥♦ ❞❡ ♣❧❛♥♦s ✭❝é❧✉❧❛s

✉♥✐tár✐❛s✮ ❝♦♥t✐❞♦s ❡♠ ❝❛❞❛ ♣❛rtí❝✉❧❛✳ P♦❞❡✲s❡ ❛r❣✉♠❡♥t❛r q✉❡ ♥♦ ❝❛s♦ ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ♠❛✐s ❞❡ ✺✵ ♥♠ ♦ ♠♦t✐✈♦

❞♦ ❛❧❛r❣❛♠❡♥t♦ s❡❥❛ ❛ ❢♦r♠❛çã♦ ❞❡ ❞❡❢❡✐t♦s ♥❛ ♣❛rtí❝✉❧❛✱ ♥♦ ❡♥t❛♥t♦ ❛s ❡st✐♠❛t✐✈❛s ❢❡✐t❛s ♣❡❧❛ ❢ór♠✉❧❛ ❞❡ ❙❝❤❡rr❡r✱

q✉❡ tr❛t❛ ❞♦ ❛❧❛r❣❛♠❡♥t♦ ❞❡✈✐❞♦ ❛ t❛♠❛♥❤♦ ❞❡ ❝r✐st❛❧✐t♦✱ ❡stã♦ ❡♠ r❛③♦á✈❡❧ ❛❝♦r❞♦ ❝♦♠ ♦s ❞❛❞♦s ❞❡ ♠✐❝r♦s❝♦♣✐❛✳
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❋✐❣✉r❛ ✹✳✸✿ ▼ ✈s ❚ ❩❋❈ ✭q✉❛❞r❛❞♦s ♣r❡t♦s ✈❛③✐♦s✮ ❡ ❋❈ ✭❜♦❧❛s ❛③✉✐s ♣r❡❡♥❝❤✐❞❛s✮ ♣❛r❛ ❛♠♦str❛

❙✶ ❝♦♠ ❍ ❂ ✺✵✵ ❖❡✳ ❆ ❧✐♥❤❛ ❡♠ ✈❡r♠❡❧❤♦ ♠♦str❛ ♦ ❛❥✉st❡ ❈✉r✐❡✲❲❡✐ss✳

❋✐❣✉r❛ ✹✳✹✿ ▼ ✈s ❍ ♣❛r❛ ❛♠♦str❛ ❙✶ ✭❡s❢❡r❛s✮ ❡ ♣❛r❛ 0.72♠❣ ❞❡ ❊r2❖3 ✭q✉❛❞r❛❞♦s ♥ã♦ ♣r❡❡♥❝❤✐❞♦s✮

❡♠ ❚ ❂ ✷ ❑ ❡ ✸✵✵ ❑✳ ❖ ✐♥s❡t ♠♦str❛ ✉♠ ③♦♦♠ ♥❛s ❝✉r✈❛s ❡♠ 300 ❑✳
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♠❛❣♥❡t✐③❛çã♦ ❞♦ ó①✐❞♦ ❛♣r❡s❡♥t❛ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❛r❛♠❛❣♥ét✐❝♦✱ ▼ ❧✐♥❡❛r ❝♦♠ ❍✱ ❡♥q✉❛♥t♦ ❛

❛♠♦str❛ ❙✶ ♣♦ss✉✐ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ❧✐♥❡❛r✳ ❆s ❝✉r✈❛s✱ t❛♥t♦ ❡♠ ✷ ❑ q✉❛♥t♦ ❡♠ ✸✵✵ ❑✱

✐♥❞✐❝❛♠ q✉❡ ❤á ✉♠ ♠❛❣♥❡t✐s♠♦ ✐♥trí♥s❡❝♦ ❞❛s ❆✉✲◆Ps✳

❋✐❣✉r❛ ✹✳✺✿ ❛✮ ❊s♣❡❝tr♦s ❞❡ ❊❙❘ ✭♦❜t✐❞♦s ❞✐♠✐♥✉✐♥❞♦ T ✱ ❋❈✮❀ ❜✮ ❈❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛ Hr❀ ❝✮

▲❛r❣✉r❛ ❞❡ ❧✐♥❤❛ ♣✐❝♦ ❛ ♣✐❝♦✱ ∆HPP ❀ ❡ ❞✮ ■♥t❡♥s✐❞❛❞❡✱ I✱ ❞♦s ❡s♣❡❝tr♦s ❡♠ ❢✉♥çã♦ ❞❡ T ♣❛r❛ ❛

❛♠♦str❛ ❙✶✳ ❊♠ ❛✮ ♦ ❡s♣❡❝tr♦ ❞❡ ≈ 10 ♠❣ ❞❡ ❊2❖3 ❡♠ T ❛♠❜✐❡♥t❡ é ♠♦str❛❞♦ ✭✈❡r♠❡❧❤♦✮✳ ❆

❧✐♥❤❛ tr❛❝❡❥❛❞❛ ❡♠ ✈❡r♠❡❧❤♦ ❡♠ ❜✮ é ✉♠ ❣✉✐❛ ♣❛r❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛✱ ❡

❛ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ❡♠ ✈❡r❞❡ ❡♠ ❞✮ ✐♥❞✐❝❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❞❡ ❈✉r✐❡✳

❊st❛ ❛♠♦str❛✱ ❙✶✱ ❛♣r❡s❡♥t♦✉ ✉♠ ❧✐♥❤❛ ✐♥t❡♥s❛ ❞❡ ❊❙❘ ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❛té ✹✳✷ ❑✳

❆❧❣✉♥s ❡s♣❡❝tr♦s q✉❡ ♠♦str❛♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❡r❛❧ ❞❛ r❡ss♦♥â♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛

sã♦ ♠♦str❛❞♦s ♥❛ ✜❣✉r❛ ✹✳✺ ❛✮✳ ❖ ❡s♣❡❝tr♦✱ ❡♠ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❡stá ❧♦❝❛❧✐③❛❞♦ ❡♠ ✉♠

❝❛♠♣♦ Hr = 3300 ❖❡ ✭✈❡r ✜❣✉r❛ ✹✳✺ ❜✮✮✳ ❖ ❝❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡s♣❡r❛❞♦ ♣❛r❛ ✉♠❛ ✐♠♣✉r❡③❛ ❞❡

❊r3+ ❡♠ ❆✉✱ ♥❛ ❢r❡q✉ê♥❝✐❛ ✉t✐❧✐③❛❞❛✱ é ❞❡ Hr ≈ 1000 ❖❡ q✉❡ ❡q✉✐✈❛❧❡r✐❛ ❛ ✉♠ ✈❛❧♦r ❞❡ g ≈ 6.8 ❬✺✵❪✳

◆❛ ♣ró①✐♠❛ s❡çã♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ ❛♠♦str❛s ♥❛s q✉❛✐s ♦ ér❜✐♦ ❢♦✐ ✐♥❝♦r♣♦r❛❞♦ às

◆Ps ❡ ❡st❛ r❡ss♦♥â♥❝✐❛✱ ❡♠ ❜❛✐①♦ ❝❛♠♣♦✱ ❢♦✐ ❞❡t❡❝t❛❞❛✳

❆✐♥❞❛ ✈❛❧❡ ♠❡♥❝✐♦♥❛r q✉❡ ♣❛r❛ t❡rr❛s✲r❛r❛s ❡♠ ❆✉✱ ❛ r❡ss♦♥â♥❝✐❛ só ❛♣❛r❡❝❡ ❡♠ t❡♠♣❡r❛t✉r❛s

r❡❧❛t✐✈❛♠❡♥t❡ ❜❛✐①❛s ♣❡❧♦ ❢❛t♦ ❞❡ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ s♣✐♥✲r❡❞❡ ✜❝❛r ❜❛st❛♥t❡ ❝✉rt♦ ❝♦♠ ♦ ❛✉♠❡♥t♦

❞❛ t❡♠♣❡r❛t✉r❛ ✭r❡❧❛①❛çã♦ Korringa ❬✺✶❪✮✱ ❛❧❛r❣❛♥❞♦ ❛ ❧✐♥❤❛ ❡✱ ❛ss✐♠✱ ❧✐♠✐t❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛s
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❜❛✐①❛s ❛ ❞❡t❡❝çã♦ ❞❡st❛s ❧✐♥❤❛s✳

❖✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡s❝❛rt❛❞❛ é ❛ ❞❡ ❛ r❡ss♦♥â♥❝✐❛ s❡r ♣r♦✈❡♥✐❡♥t❡ ❞♦ ❊r2❖3✳ ❈♦♠♦ ♠♦str❛❞♦✱

❡♠ ✈❡r♠❡❧❤♦✱ ♥❛ ✜❣✉r❛ ✹✳✺ ❛✮ ♥ã♦ ❢♦✐ ♦❜s❡r✈❛❞♦ s✐♥❛❧ ❞❡ ❊❙❘ ♣❛r❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ ♠❛ss❛

❞❡ ó①✐❞♦ ✉t✐❧✐③❛❞❛ ♥❛ sí♥t❡s❡✳ ❈♦♠ ❜❛s❡ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❧❛r❣✉r❛ ❞❡ ❧✐♥❤❛ ❡♠ ❢✉♥çã♦ ❞❛

t❡♠♣❡r❛t✉r❛✱ q✉❡ ❛♣r❡s❡♥t❛ ✉♠ ❛✉♠❡♥t♦ ❝♦♠ ♦ r❡s❢r✐❛♠❡♥t♦ ❞❛ ❛♠♦str❛ ✭✈❡r ✜❣✉r❛ ✹✳✺❝✮ ❡ ❞✮✮✱ ❡

❞❛ ✐♥t❡♥s✐❞❛❞❡ q✉❡ ♥ã♦ s❡❣✉❡ ❛ ▲❡✐ ❞❡ ❈✉r✐❡ ✭♦ q✉❡ é ❡s♣❡r❛❞♦ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s

❧♦❝❛❧✐③❛❞♦s✮ ♣♦❞❡✲s❡ ❝❛r❛❝t❡r✐③❛r ❡st❛ r❡ss♦♥â♥❝✐❛ ❝♦♠♦ ❢❡rr♦♠❛❣♥ét✐❝❛ ❬✺✷❪✳

❖ ❝❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛✱ Hr✱ é ♣r❛t✐❝❛♠❡♥t❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ T > 70 ❑ ✭✈❡r

✜❣✉r❛ ✹✳✺ ❜✮✮✳ ❆♦ s❡ r❡s❢r✐❛r ❛ ❛♠♦str❛✱ ❛ ♣❛rt✐r ❞❡ T ≈ 70 ❑✱ ❤á ✉♠ ❞❡❝rés❝✐♠♦ ♥♦ ✈❛❧♦r ❞❡

Hr ✐♥❞✐❝❛♥❞♦ q✉❡ ❤á ✉♠❛ ♠✉❞❛♥ç❛ ❞❡ ❝❛♠♣♦ ❧♦❝❛❧ ❞❡ ♠♦❞♦ q✉❡ ♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦ ♣❛r❛ ❛t✐✈❛r ❛

r❡ss♦♥â♥❝✐❛ é ♠❡♥♦r ♣❡❧♦ ❢❛t♦ ❞❡st❡ ❝❛♠♣♦ ❧♦❝❛❧ ❡st❛r ♥♦ ♠❡s♠♦ s❡♥t✐❞♦ ❞♦ ❛♣❧✐❝❛❞♦✳ ■st♦ ♣♦❞❡ s❡r

✐♥t❡r♣r❡t❛❞♦ ❝♦♠♦ s❡ ❛s ❆✉✲◆Ps ❡st✐✈❡ss❡♠ s❡♥t✐♥❞♦ ♦ ❝❛♠♣♦ ❣❡r❛❞♦ ♣❡❧❛ ♠❛❣♥❡t✐③❛çã♦ ❞♦ ó①✐❞♦

❞❡ ér❜✐♦✳

P❛r❛ ❡✈✐t❛r q✉❛✐sq✉❡r ❞ú✈✐❞❛s ❛ss♦❝✐❛❞❛s ❛♦ ❢❛t♦ ❞❡ ♦ ❊r3+ s❡r ✉♠ í♦♥ ♠❛❣♥ét✐❝♦✱ ◆Ps ❛ss✐st✐❞❛s

♣♦r ❨2❖3 ❢♦r❛♠ s✐♥t❡t✐③❛❞❛s✳ ❆ ❝✉r✈❛ ▼ ✈s ❚ ♣❛r❛ ❛♠♦str❛ ❙✷✱ ◆Ps ❞❡ ❆✉ ❛ss✐st✐❞❛s ♣♦r ❨2❖3✱

é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✻✳ ◆♦t❛✲s❡ ♣❛r❛ ❡st❛ ❛♠♦str❛ ✉♠❛ ♣❡q✉❡♥❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ❋❈✲❩❋❈ ❝♦♠

t❡♠♣❡r❛t✉r❛ ❞❡ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ TIr ≈ 115 ❑ ✭✈❡r ✐♥s❡t ❞❛ ✜❣✉r❛ ✹✳✻✮✳ ❊st❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ♥ã♦

❝❛r❛❝t❡r✐③❛ ❜❡♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✉♣❡r♣❛r❛♠❛❣♥ét✐❝♦ ❡s♣❡r❛❞♦ ♣❛r❛ ◆Ps ❢❡rr♦♠❛❣♥ét✐❝❛s ❬✺✸❪✳

❋✐❣✉r❛ ✹✳✻✿ ▼ ✈s ❚ ❩❋❈ ✭q✉❛❞r❛❞♦s ♣r❡t♦s ✈❛③✐♦s✮ ❡ ❋❈ ✭❜♦❧❛s ❛③✉✐s ♣r❡❡♥❝❤✐❞❛s✮ ♣❛r❛ ❛♠♦str❛

❙✷ ❝♦♠ ❍ ❂ ✷✵✵ ❖❡✳ ❖ ✐♥s❡t ♠♦str❛ ❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ❡♠ TIr ≈ 115 ❑✳



❈❆P❮❚❯▲❖ ✹✳ ❘❊❙❯▲❚❆❉❖❙ ❊ ❉■❙❈❯❙❙➹❖ ✷✺

❋✐❣✉r❛ ✹✳✼✿ ▼ ✈s ❍ ♣❛r❛ ❛♠♦str❛ ❙✷ ❡♠ ❚ ❂ ✷ ❑ ✭❛③✉❧✮ ❡ ✸✵✵ ❑ ✭♣r❡t♦✮✳ ❖ ✐♥s❡t ♠♦str❛ ❛

❤íst❡r❡s❡ ❝♦♠ ❝❛♠♣♦ ❝♦❡r❝✐✈♦ ❞❡ HC ≈ 170 ❖❡ ♣❛r❛ ♠❡❞✐❞❛ ❡♠ 2 ❑✳

❆ ✜❣✉r❛ ✹✳✼ ♠♦str❛ ❛s ❝✉r✈❛s ❞❡▼ ✈s ❍ ❡♠ 2 ❑ ❡ 300 ❑ ♣❛r❛ ❛♠♦str❛ ❙✷✳ ❆ ❛♠♦str❛ ❛♣r❡s❡♥t❛✱

❡♠ ✷ ❑✱ ✉♠ ❧♦♦♣ ❝♦♠ ❤✐st❡r❡s❡ ❝✉❥♦ ❝❛♠♣♦ ❝♦❡r❝✐✈♦ HC ≈ 170 ❖❡✳ ❊♥tã♦ ❛♣❡s❛r ❞❡ ❛ ❛♠♦str❛

♥ã♦ ❛♣r❡s❡♥t❛r ✉♠❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ❜❡♠ ❝❛r❛❝t❡ríst✐❝❛✱ ❤á ❤✐st❡r❡s❡ ❛❜❛✐①♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡

✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡✱ ♦ q✉❡ é ❡s♣❡r❛❞♦ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ✐♥❢❡r✐♦r❡r❡s à t❡♠♣❡r❛t✉r❛ ❞❡ ❜❧♦q✉❡✐♦✱ TB ✱

❞♦ ♠❛t❡r✐❛❧✳ ❊♠ 300 ❑✱ ♥ã♦ ❤á ❝♦♥tr✐❜✉✐çã♦ t✐♣♦ ❢❡rr♦♠❛❣♥ét✐❝❛ s✐❣♥✐✜❝❛t✐✈❛✳

P❛r❛ t♦❞❛s ❛s ❝✉r✈❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❢♦✐ ❞❡s❝♦♥t❛❞❛ ✉♠❛ ♣❡q✉❡♥❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦ ♣♦rt❛✲

❛♠♦str❛ ✭❝á♣s✉❧❛✮ ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✽✳ ◆❡st❛ ♠❡s♠❛ ✜❣✉r❛ ❡stá ❛ ♠❡❞✐❞❛ ❢❡✐t❛ ❡♠ ❢✉♥çã♦ ❞♦

❝❛♠♣♦ ♣❛r❛ ♦ ❨2❖3✳ P❛r❛ ❛♠❜❛s ♠❡❞✐❞❛s✱ ❝á♣s✉❧❛ ❡ ó①✐❞♦ ❞❡ ítr✐♦✱ ❢♦✐ ❛♣r♦♣r✐❛❞❛♠❡♥t❡ ❞❡s❝♦♥t❛❞❛

❛ ❝♦♥tr✐❜✉✐çã♦ ❞✐❛♠❛❣♥ét✐❝❛ ✭✉♠❛ r❡t❛ t✐♣♦ M = −a ·H ♦♥❞❡ a é ✉♠❛ ❝♦♥t❛♥t❡✮✳ ❯♠❛ ✈❡③ q✉❡ ❛s

❝♦♥tr✐❜✉✐çõ❡s ❞✐❛♠❛❣♥ét✐❝❛s ❢♦r❛♠ ❞❡s❝♦♥t❛❞❛s ♥♦t❛✲s❡ q✉❡ ❛s ❝✉r✈❛s ❞❡ ▼ ✈s ❍ ❞♦ ♣♦rt❛✲❛♠♦str❛

❡ ❞♦ ó①✐❞♦ ❞❡ ítr✐♦ s❡ s✉♣❡r♣õ❡♠ ✭✈❡r ✜❣✉r❛ ✹✳✽✮ ❡✱ ♣♦rt❛♥t♦✱ ♥ã♦ ❤á ❝♦♥tr✐❜✉✐çã♦ ❢❡rr♦♠❛❣♥ét✐❝❛

❞♦ ó①✐❞♦ ❞❡ ítr✐♦✳

❯♠ r❡s✉❧t❛❞♦ ❞❡ ❊❙❘ ❜❛st❛♥t❡ ❛♥á❧♦❣♦ ❡♠ r❡❧❛çã♦ à ❛♠♦str❛ ❙✶ ❢♦✐ ♦❜t✐❞♦ ♣❛r❛ ❛ ❛♠♦str❛

❙✷✳ ❆ ✜❣✉r❛ ✹✳✾ ❛✮ ♠♦str❛ ♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛♠♦str❛ ❙✷✳

❊①✐st❡♠ ❛❧❣✉♠❛s ❞✐❢❡r❡♥ç❛s✳ ❆ ❢♦r♠❛ ❞❛ ❧✐♥❤❛✱ ♣♦r ❡①❡♠♣❧♦✱ ♣❛r❛ ❡st❛ ❛♠♦str❛ t❡♠ ♦ ♣❡r✜❧ ❞❡

✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ✈❛❧♦r❡s ❞❡ ❝❛♠♣♦ ✐♥t❡r♥♦✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ❛♠♦str❛ ❙✶ ❛s ❧✐♥❤❛s t❡♠ ❢♦r♠❛t♦

❞❡ ❧♦r❡♥t③✐❛♥❛s✳ ◆♦ ❝❛s♦ ❞❛ ❛♠♦str❛ ❙✷✱ ♥ã♦ ❤á ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ Hr ❡♠ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✱ ♣♦✐s

♦ ó①✐❞♦ ❞❡ ítr✐♦ ♥ã♦ é ♠❛❣♥ét✐❝♦ ✭✈❡r ✜❣✉r❛ ✹✳✾ ❜✮✮✳ ❆ss✐♠ ❝♦♠♦ ♥♦ ❝❛s♦ ❛♥t❡r✐♦r✱ ❞❡ ❙✶✱ ❤á
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❋✐❣✉r❛ ✹✳✽✿ ▼ ✈s ❍ ♣❛r❛ ♦ ❨2❖2 ❡ ♣❛r❛ ❝á♣s✉❧❛ ✭♣♦rt❛✲❛♠♦str❛✮ ❡♠ ❚ ❂ ✷ ❑ ❡ ✸✵✵ ❑✳ ❆s

❝♦♥tr✐❜✉✐çõ❡s ❞✐❛♠❛❣♥ét✐❝❛s ❢♦r❛♠ ❛♣r♦♣r✐❛❞❛♠❡♥t❡ ❞❡s❝♦♥t❛❞❛s✳

❋✐❣✉r❛ ✹✳✾✿ ❛✮ ❊s♣❡❝tr♦s ❞❡ ❊❙❘ ✭♦❜t✐❞♦s ❞✐♠✐♥✉✐♥❞♦ T ✱ ❋❈✮❀ ❜✮ ❈❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛ Hr❀ ❝✮

▲❛r❣✉r❛ ❞❡ ❧✐♥❤❛ ♣✐❝♦ ❛ ♣✐❝♦✱ ∆HPP ❀ ❡ ❞✮ ■♥t❡♥❞✐❞❛❞❡✱ I✱ ❞♦s ❡s♣❡❝tr♦s ❡♠ ❢✉♥çã♦ ❞❡ T ♣❛r❛ ❛

❛♠♦str❛ ❙✷✳ ❊♠ ❛✮ ♦ ❡s♣❡❝tr♦ ❞❡ ≈ 10 ♠❣ ❞❡ ❨2❖3 ❡♠ T ❛♠❜✐❡♥t❡ é ♠♦str❛❞♦ ✭✈❡r♠❡❧❤♦✮✳
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❋✐❣✉r❛ ✹✳✶✵✿ ▼ ✈s ❚ ❩❋❈ ✭q✉❛❞r❛❞♦s ♣r❡t♦s ✈❛③✐♦s✮ ❡ ❋❈ ✭❜♦❧❛s ❛③✉✐s ♣r❡❡♥❝❤✐❞❛s✮ ♣❛r❛ ❛♠♦str❛

❙✸ ❝♦♠ ❍ ❂ ✷✵✵ ❖❡✳ ❊st❛ ❛♠♦str❛ ❢♦✐ ♠❡❞✐❞❛ ❡♠ ✉♠ ♣♦rt❛ ❛♠♦str❛ ❞✐❢❡r❡♥t❡ ❞♦ ✉s✉❛❧✱ ♦ ✐♥s❡t

♠♦str❛ ❛ ♠❡❞✐❞❛ ❞❛ ❛♠♦str❛ ❙✷ ♥❡st❡ ♠❡s♠♦ ♣♦rt❛ ❛♠♦str❛✳

❋✐❣✉r❛ ✹✳✶✶✿ ▼ ✈s ❍ ♣❛r❛ ❛♠♦str❛ ❙✸ ❡♠ ❚ ❂ ✷ ❑ ✭❛③✉❧✮ ❡ ✸✵✵ ❑ ✭♣r❡t♦✮✳ ❋♦✐ ❞❡s❝♦♥t❛❞❛ ❛

❝♦♥tr✐❜✉✐çã♦ ❞✐❛♠❛❣♥ét✐❝❛ ✭♣♦rt❛✲❛♠♦str❛✮✳
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❛❧❛r❣❛♠❡♥t♦ ❝♦♠ ♦ r❡s❢r✐❛♠❡♥t♦ ❞❛ ❛♠♦str❛ ❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ♥ã♦ s❡❣✉❡ ❛ ❧❡✐ ❞❡ ❈✉r✐❡ ✭✈❡r ✜❣✉r❛s

✹✳✾ ❝✮ ❡ ❞✮✮✳

❆ ✜❣✉r❛ ✹✳✶✵ ♠♦str❛ ❛s ❝✉r✈❛s ❞❡ ▼ ✈s ❚ ❩❋❈ ❡ ❋❈ ♣❛r❛ ❛ ❛♠♦str❛ ❙✸✳ ❊st❛ ❛♠♦str❛ ❢♦✐

♠❡❞✐❞❛ ❡♠ ✉♠ ♣♦rt❛ ❛♠♦str❛ ❞✐❢❡r❡♥t❡ ✭♦ ✜❧tr♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛s ♠❡❞✐❞❛s ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳ ✲

✈❡r s❡çã♦ ✸✳✸ ❞♦ ❝❛♣ít✉❧♦ ✸✮✳ ◆♦ ✐♥s❡t ❞❛ ✜❣✉r❛ ✹✳✶✵ é ♠♦str❛❞❛ ❛ ♠❡❞✐❞❛ ❢❡✐t❛ ♥♦ ♠❡s♠♦ ♣♦rt❛✲

❛♠♦str❛ ♣❛r❛ ❛♠♦str❛ ❙✷✳ ❈♦♠ ❜❛s❡ ♥❡st❡ ✐♥s❡t ❡ ♥❛ ♠❡❞✐❞❛ ❢❡✐t❛ ❝♦♠ ♦ ♣♦rt❛✲❛♠♦str❛ tí♣✐❝♦

✭❝á♣s✉❧❛ ✲ ✈❡r s❡çã♦ ✸✳✷ ❞♦ ❝❛♣ít✉❧♦ ✸✮ ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✻ ♣♦❞❡✲s❡ ❛ss♦❝✐❛r ❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡

q✉❡ ❛♣❛r❡❝❡ ❡♠ T ≈ 220 ❑ ❛ ✉♠ ❡❢❡✐t♦ ❞♦ ♣♦rt❛✲❛♠♦str❛✳ ◆♦ ❡♥t❛♥t♦ é ♥♦tá✈❡❧ q✉❡✱ ❞❡✈✐❞♦ ❛

♠✉❞❛♥ç❛ ❞❡ ✐♥❝❧✐♥❛çã♦ ❞❛ ❝✉r✈❛ ❩❋❈✱ ❡①✐st❡ ✉♠❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ r❡❛❧ q✉❡ ❞❡✈❡ ❡st❛r ❛ss♦❝✐❛❞❛ ❛

✉♠❛ t❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ❞❡ ❜❧♦q✉❡✐♦ ❞❛s ◆Ps ❞❛ ❛♠♦str❛ ❙✸✳

❋✐❣✉r❛ ✹✳✶✷✿ ❛✮ ❊s♣❡❝tr♦s ❞❡ ❊❙❘❀ ❜✮ ❈❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛ Hr❀ ❡ ❝✮ ■♥t❡♥s✐❞❛❞❡✱ I✱ ❞♦s ❡s♣❡❝tr♦s

❡♠ ❢✉♥çã♦ ❞❡ T ♣❛r❛ ❛ ❛♠♦str❛ ❙✸✳ ❖s ❞❛❞♦s ❞❡ ❜✮ ❡ ❝✮ sã♦ ❞♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❛✉♠❡♥t❛♥❞♦ ❛

t❡♠♣❡r❛t✉r❛✳ ❊♠ ❛✮ é ♠♦str❛❞❛ ✉♠❛ s✐♠✉❧❛çã♦ ❞❡ ❡s♣❡❝tr♦ ❞❡ ♣ó ❝♦♠ ❞✐str✐❜✉✐çã♦ ❞❡ ✈❛❧♦r❡s ❞❡

g⊥ ❡ g|| ✭❧✐♥❤❛ ✈❡r❞❡ ❝♦♥tí♥✉❛✮✳ ❊♠ ❜✮ ❛ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ❡♠ ✈❡r♠❡❧❤♦ é ✉♠ ❣✉✐❛ ♣❛r❛ ♣❡r❝❡♣çã♦

❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ Hr✳

❆ ❝✉r✈❛ ❞❡ ▼ ✈s ❍ ❡♠ 2 ❑ ❡ 300 ❑ ♣❛r❛ ❛♠♦str❛ ❙✸ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✶✶✳ ◆♦t❛✲s❡

❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ❧✐♥❡❛r ❝♦♠ ♦ ❝❛♠♣♦ ♣❛r❛ ❛♠❜❛s t❡♠♣❡r❛t✉r❛s✳ ❖s ✈❛❧♦r❡s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❞❡

s❛t✉r❛çã♦ ❡♠ 2 ❑ ♣❛r❛ ❙✷ ❡ ❙✸ sã♦ ♣r❛t✐❝❛♠❡♥t❡ ♦s ♠❡s♠♦s ≈ 0.1 ❡♠✉✴❣❆♠♦str❛✳ ❊①✐st❡♠ ❞✐❢❡✲
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r❡♥ç❛s ❡♥tr❡ ❙✷ ❡ ❙✸✳ ❊♠ 300 ❑✱ ❙✸ ❛♣r❡s❡♥t❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡ s❛t✉r❛çã♦ ❞❡ ≈ 0.05 ❡♠✉✴❣❆♠♦str❛

❡ ❤á ✉♠ ❝r❡s❝✐♠❡♥t♦ ♠❛✐s rá♣✐❞♦ ❝♦♠ ♦ ❝❛♠♣♦✱ ❛ ❜❛✐①♦ ❝❛♠♣♦✱ ♣❛r❛ ❛♠♦str❛ ❙✸✳ ■ss♦ s❡ r❡✢❡t❡

t❛♠❜é♠ ♥❛s ❝✉r✈❛s ▼ ✈s ❚✱ ♦s ✈❛❧♦r❡s ❞❡ ♠❛❣♥❡t✐③❛çã♦ sã♦ s✉♣❡r✐♦r❡s ♣❛r❛ ❛♠♦str❛ ❙✸ ✭✈❡r ✜❣✉r❛s

✹✳✶✵ ❡ ✹✳✻✮✳

❆ ❛♠♦str❛ ❙✸✱ ❝♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ♥♦ ✐♥í❝✐♦ ❞❡st❛ s❡çã♦✱ t❡✈❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ♥♦ ♣r♦❝❡ss♦ ❞❡

sí♥t❡s❡✳ ❊♠ t❡r♠♦s ❞❡ ❊❙❘✱ ❡st❛ ❛♠♦str❛✱ ❙✸✱ ❛♣r❡s❡♥t♦✉ ✉♠❛ ❧✐♥❤❛ ✐♥t❡♥s❛ ❡♠ T < 370 ❑✳

❆❧❣✉♥s ❡s♣❡❝tr♦s sã♦ ♠♦str❛❞♦s ♥❛ ✜❣✉r❛ ✹✳✶✷ ❛✮✳ ❖ ♣r✐♠❡✐r♦ ✭❞❡ ❝✐♠❛ ♣❛r❛ ❜❛✐①♦✮ ❡s♣❡❝tr♦

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

❡s♣❡❝tr♦ ♣♦ss✉✐ ♦ ♣❡r✜❧ ❞❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❛❧❡❛tór✐❛ ❞❡ r❡ss♦♥â♥❝✐❛s ❝♦♠ g⊥ ✭♣❡r♣❡♥❞✐❝✉❧❛r✮ ❡ g||

✭♣❛r❛❧❡❧♦✮ ❝♦♠ ✈❛❧♦r❡s ❞✐st✐♥t♦s✳ ❆ ❧✐♥❤❛ ❝♦♥tí♥✉❛ r❡♣r❡s❡♥t❛ ❛ s✐♠✉❧❛çã♦ ❞❡st❛ ❞✐str✐❜✉✐çã♦✳ ■st♦

♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞♦ ❝♦♠♦ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❝❛♠♣♦ ❞❡ ❞❡♠❛❣♥❡t✐③❛çã♦ ∆HD ≈ 780 ❖❡ ❡♥tr❡ ❛

♠❛✐♦r ❡ ❛ ♠❡♥♦r ❞✐♠❡♥sã♦✳ ➱ ♥♦tá✈❡❧ q✉❡ ❛♣ós s❡ ✈❛r✐❛r ❛ t❡♠♣❡r❛t✉r❛ ♠❡❞✐♥❞♦✱ ♦✉ s❡❥❛ ❛♣❧✐❝❛♥❞♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❤á ✉♠❛ ♠✉❞❛♥ç❛ ❞r❛♠át✐❝❛ ♥❛ ❢♦r♠❛ ❞❡ ❧✐♥❤❛✳ ❈♦♠ ♦ ❝✐❝❧♦ tér♠✐❝♦ ❛s ◆Ps

❢♦r❛♠ ❛❧✐♥❤❛♥❞♦✲s❡ ❞❡ ♠♦❞♦ q✉❡ s❡ ♣❡r❞❡✉ ♦ ♣❡r✜❧ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♦r✐❡♥t❛çã♦✳

❋✐❣✉r❛ ✹✳✶✸✿ ▼ ✈s ❚ ❩❋❈ ✭q✉❛❞r❛❞♦s ♣r❡t♦s ✈❛③✐♦s✮ ❡ ❋❈ ✭❜♦❧❛s ❛③✉✐s ♣r❡❡♥❝❤✐❞❛s✮ ♣❛r❛ ❛♠♦str❛

❙✹ ❝♦♠ ❍ ❂ ✷✵✵ ❖❡✳ ❖ ✐♥s❡t ♠♦str❛ ❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ ❩❋❈✲❋❈ ❡♠ ❞❡t❛❧❤❡✳
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❖ ❝❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦s ❡s♣❡❝tr♦s ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ sã♦ ♠♦str❛❞♦s

♥❛ ✜❣✉r❛ ✹✳✶✷ ❜✮ ❡ ❝✮ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ➚ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❤á ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❞❡

r❡ss♦♥â♥❝✐❛ ✐♥❞✐❝❛♥❞♦ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❝❛♠♣♦ ✐♥t❡r♥♦✱ ♥♦ ❡♥t❛♥t♦ ♣❛r❛ ❡st❡ ❝❛s♦✱ ♥ã♦ ❤á

✉♠ ó①✐❞♦ ♠❛❣♥ét✐❝♦ ♣♦rt❛♥t♦ ♦ ❛✉♠❡♥t♦ ❞♦ ❝❛♠♣♦ ✐♥t❡r♥♦ ❞❡✈❡ s❡r ❛tr✐❜✉í❞♦ à ♠❛❣♥❡t✐③❛çã♦

❞❛s ♣❛rtí❝✉❧❛s✳ ❆ ✐♥t❡♥s✐❞❛❞❡✱ ❝♦♠♦ ♥♦ ❝❛s♦ ❞❛s ❛♠♦str❛s ❙✶ ❡ ❙✷✱ ♥ã♦ s❡❣✉❡ ❛ ❧❡✐ ❞❡ ❈✉r✐❡

✐♥❞✐❝❛♥❞♦ t❛♠❜é♠ q✉❡ ❛ r❡ss♦♥â♥❝✐❛ é ♣r♦✈❡♥✐❡♥t❡ ❞❡ ♠♦♠❡♥t♦s ❛❝♦♣❧❛❞♦s ❡ ❝❛r❛❝t❡r✐③❛✲s❡ ❝♦♠♦

❢❡rr♦♠❛❣♥ét✐❝❛✳

❋✐❣✉r❛ ✹✳✶✹✿ ▼ ✈s ❍ ♣❛r❛ ❛♠♦str❛ ❙✹ ❡♠ ❚ ❂ ✷ ❑ ✭❛③✉❧✮ ❡ ✸✵✵ ❑ ✭♣r❡t♦✮✳

❆ ✜❣✉r❛ ✹✳✶✸ ♠♦str❛ ❛s ❝✉r✈❛s ▼ ✈s ❚ ❋❈ ❡ ❩❋❈ ♣❛r❛ ❛ ❛♠♦str❛ ❙✹ ✭r❡♣r♦❞✉çã♦ ❞❛ ❙✸✮✳

P❛r❛ ❡st❛ ♠❡❞✐❞❛ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ♣♦rt❛✲❛♠♦str❛ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ◆♦t❛✲s❡ ✉♠❛ ✐rr❡✈❡rs✐❜✐❧✐❞❛❞❡ à ❜❛✐①❛

t❡♠♣❡r❛t✉r❛✳ ❆ ❝✉r✈❛ ❩❋❈ ❛♣r❡s❡♥t❛ ✉♠ ♠á①✐♠♦ ❡♠ ≈ 4 ❑✳ ❊st❛ t❡♠♣❡r❛t✉r❛ ❡stá ♣r♦✈❛❧✈❡❧♠❡♥t❡

❛ss♦❝✐❛❞❛ ❛ t❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ❞❡ ❜❧♦q✉❡✐♦✱ TB ✱ ❞❛s ◆Ps✳ ❆❝✐♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❜❧♦q✉❡✐♦ ❛s

❝✉r✈❛s ❋❈ ❡ ❩❋❈ ♥ã♦ s❡ s✉♣❡r♣õ❡♠ ❡①❛t❛♠❡♥t❡✱ ✐st♦ ♣r♦✈❛✈❡❧♠❡♥t❡ ❡stá ❛ss♦❝✐❛❞♦ à ❞✐str✐❜✉✐çõ❡s

❧❛r❣❛s ❞❡ t❛♠❛♥❤♦ ❡ ❛♥✐s♦tr♦♣✐❛ ❞❛s ♣❛rtí❝✉❧❛s ❬✺✹❪ ✭✈❡r s✉❜s❡çã♦ ✹✳✶✳✶✮✳

❆s ❝✉r✈❛s ❞❡ ▼ ✈s ❍ ❡♠ 2 ❑ ❡ 300 ❑ sã♦ ♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✹✳✶✹✳ ❖ ❧♦♦♣ ❡♠ 2 ❑ ♣♦ss✉✐

❝❛♠♣♦ ❝♦❡r❝✐✈♦ HC ≈ 250 ❖❡✳ ❊♠ 300 ❑ ❛ ❛♠♦str❛ ❙✹ ♥ã♦ ❛♣r❡s❡♥t❛ ❝❛♠♣♦ ❝♦❡r❝✐✈♦ ♦ q✉❡

é ❝♦❡r❡♥t❡ ❝♦♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ s✉♣❡r♣❛r❛♠❛❣♥ét✐❝♦ ❛❝✐♠❛ ❞❡ TB ✳ ❊st❛ ❛♠♦str❛ ❛♣r❡s❡♥t❛ ✉♠

✈❛❧♦r ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❞❡ s❛t✉r❛çã♦ ✐♥❢❡r✐♦r às ♦✉tr❛s ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦ ❞❡ ítr✐♦✱ ❙✷ ❡ ❙✸✳ ❙❡♥❞♦ ♦

♠❛❣♥❡t✐s♠♦ ❞❛s ◆Ps ❞❡ ♦✉r♦ ❛ss♦❝✐❛❞♦ à s✉♣❡r❢í❝✐❡ ❞❛s ◆Ps ❬✷✵✱✷✷✱✺✺❪✱ ❛ ❢♦r♠❛çã♦ ❞❡ ❛❣❧♦♠❡r❛❞♦s

❞❡ ♦✉r♦✱ ♠♦str❛❞♦s ♥❛ ✜❣✉r❛ ✹✳✶❢✮ ❞❛ s✉❜s❡çã♦ ✹✳✶✳✶✱ é ❛ ♣♦ssí✈❡❧ ❡①♣❧✐❝❛çã♦ ♣❛r❛ ❡st❡ ✈❛❧♦r ✐♥❢❡r✐♦r
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♠❛❣♥❡t✐③❛çã♦ ❞❡ s❛t✉r❛çã♦✳

❆ ✜❣✉r❛ ✹✳✶✺❛✮ ♠♦str❛ ❡s♣❡❝tr♦s ❞❡ ❊❙❘ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛ ❛♠♦str❛ ❙✹✳ ❆ss✐♠

❝♦♠♦ ♥♦ ❝❛s♦ ❞❛ ❛♠♦str❛ ❙✸✱ ❤á ✉♠❛ ♠✉❞❛♥ç❛ ❞rást✐❝❛ ♥❛ ❢♦r♠❛ ❞❛ ❧✐♥❤❛ ❞✉r❛♥t❡ ♦ ❝✐❝❧♦ tér♠✐❝♦✳

P❛r❛ ❛♠❜❛s ❛♠♦str❛s ❡st❛ é ✉♠❛ ❡✈✐❞ê♥❝✐❛ ❢♦rt❡ ❞❡ q✉❡ ❛s ◆Ps s❡ r❡❛rr❛♥❥❛♠ ♥❛ ♣r❡s❡♥ç❛ ❞♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ♠♦❜✐❧✐❞❛❞❡ q✉❡ ♣♦ss✉❡♠ ♥♦ ♠❡✐♦ ✈✐s❝♦s♦ ❡♠ q✉❡

❡stã♦ ❡♠❜❡❜✐❞❛s ❞✉r❛♥t❡ ❛ ♠❡❞✐❞❛✳ ❖✉tr❛ s✐♠✐❧❛r✐❞❛❞❡ ❡♥tr❡ ❙✸ ❡ ❙✹ é ♦ ♣❡r✜❧ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡

✈❛❧♦r ❞❡ g⊥ ❡ g|| q✉❡ ♦s ❡s♣❡❝tr♦s ♣♦ss✉❡♠✳

❖s ❝♦♠♣♦rt❛♠❡♥t♦s ❞♦ ❝❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛

❛♠♦str❛ ❙✹ sã♦ ♠♦str❛❞♦s ♥❛s ✜❣✉r❛s ✹✳✶✺ ❜✮ ❡ ❝✮✳ ❖s ❝♦♠♣♦rt❛♠❡♥t♦s ♥❛ ❢❛✐①❛ 95 ❑ ≤ T ≤ 370

❑ sã♦ ❛♥á❧♦❣♦s ❛♦s ♦❜t✐❞♦s ♣❛r❛ ❛♠♦str❛ ❙✸✳ ❖s ✐♥s❡ts ❞❛s ✜❣✉r❛s ✹✳✶✺ ❜✮ ❡ ❝✮ ♠♦str❛♠ ❞❛❞♦s ❞❡

♠❡❞✐❞❛s ❢❡✐t❛s ❛ ♠❛✐s ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✳ P❛r❛ ❡st❛ ❢❛✐①❛ ♦ ❝❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛ é ❞❡s❧♦❝❛❞♦ ♥♦

s❡♥t✐❞♦ q✉❡ ✐♥❞✐❝❛ ❛✉♠❡♥t♦ ❞♦ ❝❛♠♣♦ ✐♥t❡r♥♦ ✭♣❛r❛❧❡❧♦ ❛♦ ❛♣❧✐❝❛❞♦✮ ❞❡✈✐❞♦ à ♠❛❣♥❡t✐③❛çã♦ ❞❛s

◆Ps ❡ ❛ ✐♥t❡♥s✐❞❛❞❡ é ♣r❛t✐❝❛♠❡♥t❡ ❝♦♥st❛♥t❡✳

❋✐❣✉r❛ ✹✳✶✺✿ ❛✮ ❊s♣❡❝tr♦s ❞❡ ❊❙❘❀ ❜✮ ❈❛♠♣♦ ❞❡ r❡ss♦♥â♥❝✐❛ Hr❀ ❡ ❝✮ ■♥t❡♥❞✐❞❛❞❡✱ I✱ ❞♦s ❡s♣❡❝tr♦s

❡♠ ❢✉♥çã♦ ❞❡ T ♣❛r❛ ❛ ❛♠♦str❛ ❙✹✳ ❖s ❞❛❞♦s ❞❡ ❜✮ ❡ ❝✮ sã♦ ❞♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❞✐♠✐♥✉✐♥❞♦ ❛

t❡♠♣❡r❛t✉r❛✳ ❖s ✐♥s❡ts ❡♠ ❜✮ ❡ ❝✮ ♠♦str❛♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ Hr ❡ I ❡♠ T ≤ 120 ❑✳

❈♦♠ ✐♥t✉✐t♦ ❞❡ ❢❛③❡r ✉♠❛ ❡st✐♠❛t✐✈❛ ❞♦ ♥ú♠❡r♦ ❞❡ µB ♣♦r át♦♠♦s ❞❡ ❆✉✱ ❢♦✐ ❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡
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❆s ✜❣✉r❛s ✹✳✶✼ ❛✮ ❡ ❜✮ ♠♦str❛♠ ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ◆Ps ❞❡ ❆❣

❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s ❞❡ ❞✐s♣rós✐♦ ✭❉②2❖3✮ ❡ ❞❡ ér❜✐♦ ✭❊r2❖3✮✳ ❊st❛s ❛♠♦str❛s ❢♦r❛♠ ❢❡✐t❛s ♣❡❧❛

♠❡s♠❛ r♦t❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛s ◆Ps ❞❡ ❆✉✳ ❆ ú♥✐❝❛ ❞✐❢❡r❡♥ç❛ ♥❛ sí♥t❡s❡ é q✉❡ ✉t✐❧✐③❛✲s❡ ♦ ♥✐tr❛t♦

❞❡ ♣r❛t❛ ✭❆❣◆❖3✮ ♥♦ ❧✉❣❛r ❞♦ ❍❆✉❈❧4·3❍2❖ ✭✈❡r s❡çã♦ ✷✳✶ ❞♦ ❝❛♣ít✉❧♦ ✷✮✳ ❊st❡s r❡s✉❧t❛❞♦s sã♦

♣r❡❧✐♠✐♥❛r❡s ❡ ❛✐♥❞❛ ♥ã♦ ❢♦r❛♠ r❡♣r♦❞✉③✐❞♦s ❝♦♠ ó①✐❞♦ ❞❡ ítr✐♦✳ ❖s ✐♥s❡ts ❞❛s ✜❣✉r❛s ✹✳✶✼❛✮ ❡ ❜✮

♠♦str❛♠ ❛ ✐♥t❡♥s✐❞❛❞❡✱ I✱ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✳ ◆♦s ❞♦✐s ❝❛s♦s ❛ ✐♥t❡♥s✐❞❛❞❡ ♥ã♦ s❡❣✉❡ ❛ ❧❡✐

❞❡ ❈✉r✐❡✳ P♦rt❛♥t♦ ❤á ✐♥❞í❝✐♦s ❞❡ q✉❡ ✉♠❛ r♦t❛ ❞❡ ❝r❡s❝✐♠❡♥t♦ ♣❛r❡❝✐❞❛ ❝♦♠ ❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♦ ❆✉

♣♦❞❡ ♣r♦❞✉③✐r ◆Ps ❞❡ ❆❣ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s ❝♦♠ ♣r♦♣r✐❡❞❛❞❡s ❢❡rr♦♠❛❣♥ét✐❝❛s✳ ◆♦s ❡s♣❡❝tr♦s

❞❡ ❛♠❜❛s ❛♠♦str❛s ♥♦t❛✲s❡ ❛ ♣r❡s❡♥ç❛ ❞❡ ❧✐♥❤❛s ❞❡ ❊❙❘ ♠✉✐t♦ ❡str❡✐t❛s ♥✉♠ ❝❛♠♣♦ ❞❡ ≈ ✸✸✵✵ ❖❡

✭♠❛✐s ❡✈✐❞❡♥t❡ ♣❛r❛ ❛ ❛♠♦str❛ ❆❣✲❊r2❖3✮ q✉❡ ♥ã♦ ❢♦r❛♠ ♦❜s❡r✈❛❞❛s ♥❛s ◆Ps ❞❡ ❆✉✳ ❖ ❡st✉❞♦

❞❡st❛s ❧✐♥❤❛s ❞❡ ❊❙❘ é ✉♠❛ ♣❡rs♣❡❝t✐✈❛ ❞♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✳

❋✐❣✉r❛ ✹✳✶✼✿ ❊s♣❡❝tr♦s ❞❡ ❊❙❘ ✈s ❚ ♣❛r❛ ◆Ps ❞❡ ❆❣ ❛ss✐st✐❞❛s ♣♦r✿ ❛✮ ❉②2❖3 ❡ ❜✮ ❊r2❖3✳ ❖s

insets ♠♦str❛♠ ❛ ✐♥t❡♥s✐❞❛❞❡✱ I✱ ❡♠ ❢✉♥çã♦ ❞❡ ❚✳

❆s ♠❡❞✐❞❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦ ❡ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❡st❛s ❛♠♦str❛s✱ ◆Ps

❞❡ ❆❣✱ sã♦ ♠♦str❛❞❛s ♥❛s ✜❣✉r❛s ✹✳✷✶ ❛✮ ❡ ❜✮ ❡ ♥♦s r❡s♣❡❝t✐✈♦s ✐♥s❡ts✳ ❋♦✐ ❢❡✐t❛ ✉♠❛ ❛♥á❧✐s❡ s✐♠✐❧❛r

❛ r❡❛❧✐③❛❞❛ ♣❛r❛ ❛♠♦str❛ ❙✶ ❛❝✐♠❛✳ ❆ss✉♠✐✉✲s❡ q✉❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ♣❛r❛♠❛❣♥ét✐❝❛ ♥❛s ❝✉r✈❛s ❡♠

❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❡r❛ ♣r♦✈❡♥✐❡♥t❡ ❞♦s ó①✐❞♦s ❡✱ ❝♦♠ ❜❛s❡ ♥✐st♦✱ ❢♦✐ ❢❡✐t❛ ✉♠❛ ❡st✐♠❛t✐✈❛ ❞❛

♠❛ss❛ ❞❡ ó①✐❞♦ ❡♠ ❝❛❞❛ ❛♠♦str❛✳ P❛r❛ ❡st❡ ❝❛s♦✱ ♣♦rt❛♥t♦✱ ❛♦ s❡ ❣rá✜❝❛r ❛ ♠❡❞✐❞❛ ❞❛s ❛♠♦str❛s ❞❡

❆❣ ❡ ❞♦s r❡s♣❡❝t✐✈♦s ó①✐❞♦s ♥♦r♠❛❧✐③❛❞♦s ♣❡❧❛s ♠❛ss❛s ❞♦s ó①✐❞♦s é ♣❡r❝❡♣tí✈❡❧ q✉❡ ❛ ♠❛❣♥❛t✐③❛çã♦

❞❛s ❛♠♦str❛s ❡stá ❛ss♦❝✐❛❞❛ ❛♦ ♠❛❣♥❡t✐s♠♦ ❞♦s ó①✐❞♦s✳
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❋✐❣✉r❛ ✹✳✶✽✿ MvsH ♣❛r❛✿ ❛✮ ❛s ◆Ps ❞❡ ❆❣ ❛ss✐st✐❞❛s ♣♦r ❉②2❖3 ❡ ♣❛r❛ ❉②2❖3❀ ❜✮ ❛s ◆Ps ❞❡ ❆❣

❛ss✐st✐❞❛s ♣♦r ❊r2❖3 ❡ ♣❛r❛ ❊r2❖3✳ ❆ ♠❛❣♥❡t✐③❛çã♦ ❡stá ❡♠ ✉♥✐❞❛❞❡s ❞❡ ❡♠✉ ♣♦r ❣r❛♠❛ ❞❡ ó①✐❞♦✱

♥♦ ❝❛s♦ ❞♦ ó①✐❞♦ ❡st❛ ♠❛ss❛ ❢♦✐ ♠❡❞✐❞❛ ❞✐r❡t❛♠❡♥t❡ ❡ ♣❛r❛ ♦ ❝❛s♦ ❞❛s ◆Ps ❞❡ ❆❣ ❢♦✐ ❡st✐♠❛❞❛ ♣❡❧♦

❛❥✉st❡ ❞❡ ❈✉r✐❡✲❲❡✐ss ❞❛s ▼ ✈s ❚ ♠♦str❛❞❛s ♥♦s ✐♥s❡ts✳

❆❧é♠ ❞♦ ❝❛s♦ ❞❛s ◆Ps ❞❡ ❆✉✱ ❡♥❝♦♥tr❛✲s❡ ♥❛ ❧✐t❡r❛t✉r❛ r❡❧❛t♦s ❞❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♠❛❣♥ét✐❝♦✱

❞✐st✐♥t♦ ❞♦ ♠❛t❡r✐❛❧ ♥❛ ❢♦r♠❛ ✈♦❧✉♠étr✐❝❛✱ ❡♠ ◆Ps ❞❡ ❆❣ ❬✺✻❪✱ ❈✉ ❬✷✶❪✱ ❙♥ ❬✺✼❪✱ P❞ ❬✶✾❪✳ ◗✉❛♥t♦

❛ ♦r✐❣❡♠ ❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s✱ ❤á ❞✐✈❡rs♦s ❛rt✐❣♦s q✉❡ ❛tr✐❜✉❡♠ ❛ ❣❡r❛çã♦ ❞❡ ♠♦♠❡♥t♦s

❧♦❝❛❧✐③❛❞♦s à ❧✐❣❛çã♦ ❞♦s át♦♠♦s s✉♣❡r✜❝✐❛✐s ❞❛ ◆P ❝♦♠ ♦ ❝❛♣♣✐♥❣ q✉❡ ❡♥✈♦❧✈❡ ❛ ◆P ✭❆✉✲❳✱ ❳ ❂

❙✱ ❈❧✱ P✱ ❖✮ ❬✷✵✱✷✶✱✺✽✕✻✷❪✳ P♦r ♦✉tr♦ ❧❛❞♦ ❤á r❡❧❛t♦s ❞❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❛r❛ ◆Ps s❡♠ q✉❛❧q✉❡r

t✐♣♦ ❞❡ ❝❛♣♣✐♥❣ ❬✻✸❪✳

❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ♣♦❞❡♠ s❡r ❞❡s❝r✐t♦s ❡♠ t❡r♠♦s ❞❛ ❧✐❣❛çã♦ ❆✉✲❳✳ ❍á

♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❳ ❂ ❈❧✱ P ✭❛♠❜♦s â♥✐♦♥s ♣r♦✈❡♥✐❡♥t❡s ❞♦ ♣r✐♠❡✐r♦ ♣r❡❝✉rs♦r✮ ❡ ❖ ✭❞♦ ó①✐❞♦

❘2❖3✮✳ ❈♦♠♦ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ❞❛s ◆Ps ❢♦✐ ♦❜t✐❞♦ ❛♣❡♥❛s q✉❛♥❞♦ ❡st❛s ❢♦r❛♠ s✐♥t❡t✐③❛❞❛s ♥❛

♣r❡s❡♥ç❛ ❞♦s ó①✐❞♦s ❞❡ ér❜✐♦ ❡ ítr✐♦✱ é ❡✈✐❞❡♥t❡ q✉❡ ♦s ó①✐❞♦s ❞❡s❡♠♣❡♥❤❛♠ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧

♥♦ s✉r❣✐♠❡♥t♦ ❞♦ ♠❛❣♥❡t✐s♠♦✳ ◆♦ ❡♥t❛♥t♦ ❛✐♥❞❛ ♥ã♦ ❡stá ❝❧❛r♦ q✉❛❧ é ❡s♣❡❝✐✜❝❛♠❡♥t❡ ♦ ♣❛♣❡❧

❞♦ ó①✐❞♦✱ s❡ ❡❧❡ ♣❡r♠❛♥❡❝❡ ❞❡ ❛❧❣✉♠❛ ♠❛♥❡✐r❛ ♥❛ s✉♣❡r❢í❝✐❡ ❞❛ ♣❛rtí❝✉❧❛ ♦✉ s❡ ❛♣❡♥❛s ♦t✐♠✐③❛

✐♥❞✐r❡t❛♠❡♥t❡ ❛ ❢♦r♠❛çã♦ ❞❛ ❧✐❣❛çã♦ ❆✉✲❳✱ s❡♥❞♦ ❳ ❂ ❈❧ ♦✉ P✳

❊♠ r❡❧❛çã♦ ❛♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ♥ã♦ ❤á ✉♠ ❝♦♥s❡♥s♦✳

❍á ❛✉t♦r❡s q✉❡ ❛tr✐❜✉❡♠ à ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ ❡♥tr❡ ♦s s♣✐♥s ❧♦❝❛❧✐③❛❞♦s ❬✷✶❪✱ ✐♥t❡r❛çã♦ ❘❑❑❨ ❬✺✺❪✱

♦✉tr♦s q✉❡ ❛✜r♠❛♠ q✉❡ ♦ ♠❡❝❛♥✐s♠♦ ✉s✉❛❧ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ s♣✐♥s ♥ã♦ ❡①♣❧✐❝❛ ♦ ❢❡♥ô♠❡♥♦ ❡♠

♥❛♥♦❡s❝❛❧❛ ❬✻✹❪✳ P♦rt❛♥t♦ ❛ q✉❡stã♦ ❞❛ ♦r✐❣❡♠ ❞♦ ♠❛❣♥❡t✐s♠♦ ❡♠ ◆Ps ❞❡ ❆✉✱ ❡ t❛♠❜é♠ ❡♠

♦✉tr♦s ♠❡t❛✐s ♥♦❜r❡s✱ ♥ã♦ ❡stá ❡st❛❜❡❧❡❝✐❞❛ ♥❛ ❧✐t❡r❛t✉r❛✳ ❖ ú♥✐❝♦ ❛s♣❡❝t♦ q✉❡ ♣♦ss✉✐ ✉♠ r❛③♦á✈❡❧

❝♦♥s❡♥s♦ é ♦ ❢❛t♦ ❞❡ ♦ ❢❡♥ô♠❡♥♦ ❡st❛r r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ♠❛t❡r✐❛❧✳
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✹✳✷ ◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ▼1−x❊rx ✭▼ ❂ ❆❣✱ ❆✉✮

◆❡st❛ s❡çã♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❡ ❞✐s❝✉t✐❞♦s ♦s r❡s✉❧t❛❞♦s ❞❛s ♥❛♥♦♣❛rtí❝✉❧❛s ♠❡tá❧✐❝❛s t✐♣♦

▼1−x❊rx ✭▼ ❂ ❆✉✱ ❆❣✮✳ ❉✉❛s ❛♠♦str❛s s❡rã♦ ❛❜♦r❞❛❞❛s✱ ✉♠❛ ❞❡ ◆Ps ❞❡ ❆✉ ❡ ✉♠❛ ❞❡ ❆❣

❛♠❜❛s ❝♦♠ ❊r3+ ❞✐❧✉í❞♦ ✭x ≤ 0.05✮✳ ❖ ♣r✐♥❝✐♣❛❧ ♦❜❥❡t✐✈♦ ❞❡st❛ ♣❛rt❡ ❞♦ tr❛❜❛❧❤♦ é ✉t✐❧✐③❛r ❛

✐♠♣✉r❡③❛ ♠❛❣♥ét✐❝❛ ❝♦♠♦ s♦♥❞❛ ♣❛r❛ ✉♠ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦ ✈✐❛ ❊❙❘ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ✲ ❝♦♠♦

✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ ❡♥tr❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❡ ♦ ♠♦♠❡♥t♦ ❧♦❝❛❧✐③❛❞♦✱ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ❡♥tr❡

♦✉tr❛s ✲ ❞♦ ♠❛t❡r✐❛❧ ♠❡tá❧✐❝♦ ❝♦♠ ❞✐♠❡♥sã♦ r❡❞✉③✐❞❛✳ P❛r❛ ❝♦♠♣❛r❛çã♦ t❛♠❜é♠ ❢♦r❛♠ r❡❛❧✐③❛❞♦s

❡①♣❡r✐♠❡♥t♦s ❞❡ ❊❙❘ ❝♦♠ ❛s ❧✐❣❛s ❆❣ ❡ ❆✉ ❝♦♠ ✐♠♣✉r❡③❛ ❞✐❧✉í❞❛ ❞❡ ❊r3+ ♥❛ ❢♦r♠❛ ✈♦❧✉♠étr✐❝❛

✭❜✉❧❦✮✳ ❆ sí♥t❡s❡ ❞❡st❛s ❛♠♦str❛s ✭❜✉❧❦✮ ♥ã♦ ❢♦✐ r❡❛❧✐③❛❞❛ ❞✉r❛♥t❡ ♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✱ ❛s ❛♠♦str❛s

♣❡rt❡♥❝❡♠ ❛♦ Pr♦❢✳ ❘❡tt♦r✐ ❡ ♣r♦✈é♠ ❞♦ ♣❡rí♦❞♦ ❞❡ s❡✉ ♣ós✲❞♦✉t♦r❛❞♦ s♦❜ ❛ s✉♣❡r✈✐sã♦ ❞♦ Pr♦❢✳

❘✳ ▲✳ ❖r❜❛❝❤ ♥❛ ❯❈▲❆✳

✹✳✷✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❊str✉t✉r❛❧ ❡ ▼♦r❢♦❧ó❣✐❝❛

❋✐❣✉r❛ ✹✳✶✾✿ ❉✐❢r❛t♦❣r❛♠❛ ❞❡ r❛✐♦✲❳ ♣❛r❛ ❛s ◆Ps ❞❡ ❛✮ ❆❣1−x❊rx ❡ ❜✮ ❆✉1−x❊rx✳ ❊♠ ❛✮ ❖s

í♥❞✐❝❡s ❞❡ ▼✐❧❧❡r ❡ ❛s ❜❛rr❛s ❡♠ ❛③✉❧ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♣✐❝♦s ❞❛ ❆❣ ✭❢❝❝✮ ❬✻✺❪ ❡ ♦s í♥❞✐❝❡s ❞❡ ▼✐❧❧❡r

❡ ❛s ❜❛rr❛s ❡♠ ✈❡r♠❡❧❤♦ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♣✐❝♦s ❞❡ ❊r2❖3 ❬✹✽❪✱ ♦ ✐♥s❡t à ❡sq✉❡r❞❛ ♠♦str❛ ✉♠

❛❥✉st❡ ❘✐❡t✈❡❧❞ ✭✈❡r♠❡❧❤♦✮ ❢❡✐t♦ ♣❛r❛ ♦s ♣✐❝♦s {111} ❝♦♠ ♦ s♦❢t✇❛r❡ ❧✐✈r❡ ❉❇❲❙✾✽✵✼✱ ♦ ✐♥s❡t à

❞✐r❡✐t❛ ♠♦str❛ ♦ ❛❥✉st❡ ❝♦♠ ❞✉❛s ▲♦r❡♥t③✐❛♥❛s ♣♦r ♣✐❝♦ ✭✈❡r❞❡✮✱ ✉♠❛ ♣❛r❛ ❑α1 ❡ ♦✉tr❛ ♣❛r❛ ❑α2✱

♣❛r❛ ♦s ♣✐❝♦s {220}✳ ❊♠ ❜✮ ♦s í♥❞✐❝❡s ❞❡ ▼✐❧❧❡r ❡ ❛s ❜❛rr❛s ❡♠ ❛③✉❧ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♣✐❝♦s ❞♦ ❆✉

✭❋❈❈✮ ❬✹✼❪✱ ♦ ✐♥s❡t ♠♦str❛ ♦ ❛❥✉st❡ ❞❡ ❞✉❛s ❢✉♥çõ❡s Ps❡✉❞♦✲❱♦✐❣t✷ ♣♦r ♣✐❝♦ ✭✈❡r❞❡✮ ♣❛r❛ ♦s ♣✐❝♦s

{200}✳

P❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❡str✉t✉r❛❧ ❡ ♠♦r❢♦❧ó❣✐❝❛ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♠❡❞✐❞❛s ❞❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s✲❳

❡ ❞❡ ♠✐❝r♦s❝♦♣✐❛ ❞❡ ✈❛rr❡❞✉r❛ ✭❙❊▼✮✳ ▼❡❞✐❞❛s ❞❡ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❈♦rr❡❧❛çã♦ ❋♦tó♥✐❝❛ ✭P❈❙✮



❈❆P❮❚❯▲❖ ✹✳ ❘❊❙❯▲❚❆❉❖❙ ❊ ❉■❙❈❯❙❙➹❖ ✸✻

❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❛r❛ ❡st✐♠❛t✐✈❛ ❞❡ t❛♠❛♥❤♦ ❞❛s ◆Ps ❞❡ ❆❣✳ ❊st❛ té❝♥✐❝❛ t❛♠❜é♠ é ❝♦♥❤❡❝✐❞❛

❝♦♠♦ ❊s♣❛❧❤❛♠❡♥t♦ ❞❡ ▲✉③ ❉✐♥â♠✐❝♦ ✭❉▲❙✮✸✳

❆s ✜❣✉r❛s ✹✳✶✾ ❛✮ ❡ ❜✮ ♠♦str❛♠ ♦s ❞✐❢r❛t♦❣r❛♠❛s ❞❡ r❛✐♦s✲❳ ♦❜t✐❞♦ ♣❛r❛ ❛s ◆Ps ❞❡ ❆❣ ❡ ❞❡

❆✉✹✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❜❛rr❛s ✐♥❞❡①❛❞❛s ✭❡♠ ❛③✉❧✮ ♥♦t❛✲s❡ q✉❡ ❛❧é♠ ❞❛ ❢❛s❡ ❞❡ ❆✉ ❡ ❆❣ ❤á ♣✐❝♦s

❧❡✈❡♠❡♥t❡ ❞❡s❧♦❝❛❞♦s ♣❛r❛ ❛❧t♦ â♥❣✉❧♦✳ P❛r❛ ❛♠♦str❛ ❞❡ ❆❣ ♦s ♣✐❝♦s sã♦ ♠❛✐s ❡✈✐❞❡♥t❡s✳ ◆❛ ✜❣✉r❛

✹✳✶✾❛✮ ♦ ✐♥s❡t ❛ ❡sq✉❡r❞❛ ♠♦str❛ ✉♠ ❛❥✉st❡ ❘✐❡t✈❡❧❞ ❬✻✻❪ ❢❡✐t♦ ♣❛r❛ ♦s ♣✐❝♦s 111 ❝♦♠ ♦ s♦❢t✇❛r❡

❧✐✈r❡ ❉❇❲❙✾✽✵✼ ❬✻✼❪✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❡st❡ ❛❥✉st❡ ❤á ❞♦✐s ♣❛râ♠❡tr♦s ❞❡ r❡❞❡ ❞✐st✐♥t♦s ❡ ✐st♦ ❣❡r❛

❡st❡ ♣✐❝♦ ❞❡s❧♦❝❛❞♦✳ ❖ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❞♦ ♣✐❝♦ ❞❡s❧♦❝❛❞♦ à ❞✐r❡✐t❛✱ ❢❛s❡✲✷ ✭❋✷✮ ♥❛ ✜❣✉r❛✱ é 1.5

% ♠❡♥♦r q✉❡ ♦ ❞♦ ♦✉tr♦ ♣✐❝♦ ✭❋✶✮✳

P❛r❛ ♦ ❝❛s♦ ❞❛s ◆Ps ❞❡ ❆✉ ❡st❡ ❡❢❡✐t♦ ♦❝♦rr❡✱ ♣♦ré♠ ❞❡ ♠❛♥❡✐r❛ ♠❡♥♦s ❡✈✐❞❡♥t❡✳ ❖ ✐♥s❡t ❞❛

✜❣✉r❛ ✹✳✶✾ ❜✮ ♠♦str❛ ♦s ♣✐❝♦s {220} ❡✈✐❞❡♥❝✐❛♥❞♦ ♦ ❡❢❡✐t♦ ❞❡ ♣✐❝♦ ❞✉♣❧✐❝❛❞♦✳ ◆♦ ❝❛s♦ ❞♦ ❆✉✱ ❝♦♠♦

♦ s❡❣✉♥❞♦ ♣✐❝♦ é ♣♦✉❝♦ ✐♥t❡♥s♦✱ ✉♠ ❛❥✉st❡ ❘✐❡t✈❡❧❞ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧✳ P♦rt❛♥t♦ ❝♦♠ ❜❛s❡ ♥♦ ❛❥✉st❡

❞❡ ❞✉❛s ❢✉♥çõ❡s Ps❡✉❞♦✲❱♦✐❣t✷ ✭❝♦♥✈♦❧✉çã♦ ❞❡ ✉♠❛ ●❛✉ss✐❛♥❛ ❡ ✉♠❛ ▲♦r❡♥t③✐❛♥❛ ❝♦♠ ❧❛r❣✉r❛s

❞✐❢❡r❡♥t❡s✮ ❡st✐♠♦✉✲s❡ q✉❡ ♦ ♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❞❛ ❋✷ ❞❛s ◆Ps ❞❡ ❆✉ é 1.3 % ♠❡♥♦r q✉❡ ♦ ❞❛ ❋✶✳

❈♦♠ ❜❛s❡ ♥♦s ❛❥✉st❡s ♠♦str❛❞♦s ✭❡♠ ✈❡r❞❡✮ ♥♦s ✐♥s❡ts ❞❛s ✜❣✉r❛s ✹✳✶✾ ❛✮ ❡ ❜✮ ❢♦✐ r❡❛❧✐③❛❞❛

✉♠❛ ❡st✐♠❛t✐✈❛ ❞❡ t❛♠♥❤♦ ♣❛r❛ ❛♠❜❛s ❛s ❢❛s❡s ❞❡ ❝❛❞❛ ❛♠♦str❛✳ P❛r❛ ❛s ❢❛s❡s ❋✶✱ ◆Ps ❞❡ ❆❣ ❡

❞❡ ❆✉✱ ♦ ❛❥✉st❡ ❢♦✐ ❢❡✐t♦ ♣❛r❛ t♦❞♦s ♦s ♣✐❝♦s ❡ ♦ ❞✐â♠❡tr♦ ♠é❞✐♦ ❢♦✐ ❡st✐♠❛❞♦ ❝♦♠♦ ❛ ♠é❞✐❛ ❞♦s

❞✐â♠❡tr♦s r❡s✉❧t❛♥t❡s ❞♦ ❛❥✉st❡ ❞❡ ❝❛❞❛ ♣✐❝♦✳ P❛r❛ ❛ ❋✷ ❞❛s ◆Ps ❞❡ ❆❣ ✉t✐❧✐③♦✉✲s❡ ♦ ❛❥✉st❡ ♣❛r❛ ♦s

♣✐❝♦s {111}✱ {200} ❡ {220}✳ P❛r❛ ❋✷ ❞❛s ◆Ps ❞❡ ❆✉ ✉t✐❧✐③♦✉✲s❡ ❛♣❡♥❛s ♦ ♣✐❝♦ {200}✳ ❖s r❡s✉❧t❛❞♦s
❞❛s ❡st✐♠❛t✐✈❛s sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✹✳✷✳

◆Ps ❋❛s❡ ❉✐â♠❡tr♦ ✭♥♠✮

❆❣1−x❊rx ❋✶ ✶✹✻✭✷✹✮

❆❣1−x❊rx ❋✷ ✶✶✵✭✶✻✮

❆✉1−x❊rx ❋✶ ✼✺✭✾✮

❆✉1−x❊rx ❋✷ ✸✷✭✷✮

❚❛❜❡❧❛ ✹✳✷✿ ❱❛❧♦r❡s ❞❡ ❞✐â♠❡tr♦ ♠é❞✐♦ ❞❛s ◆Ps ❡st✐♠❛❞♦s ♣❡❧❛ ❢ór♠✉❧❛ ❞❡ ❙❝❤❡rr❡r✳

❆ ✜❣✉r❛ ✹✳✷✵ ❛✮ ♠♦str❛ ✉♠❛ ♠✐❝r♦❣r❛✜❛ ❞❛s ◆Ps ❞❡ ❆✉✳ ❍á ♣❛rt✐❝✉❧❛s ❡♠ ❢♦r♠❛ ❞❡ ❝✉❜♦

❝♦♠ ❛r❡st❛s ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ≈ 66 ♥♠✳ ❍á ❛✐♥❞❛ ♣❛rt✐❝✉❧❛s ♠❡♥♦r❡s q✉❡ ♣♦ss✉❡♠ ❢♦r♠❛

❛rr❡❞♦♥❞❛❞❛✳ ❈♦♠ ❜❛s❡ ♥✐st♦ ❡ ♥❛s ❡st✐♠❛t✐✈❛s ❞❡ t❛♠❛♥❤♦ ❢❡✐t❛s ❛ ♣❛rt✐r ❞♦s ❞✐❢r❛t♦❣r❛♠❛s ❞❡

r❛✐♦s✲❳ ♣❛r❡❝❡ ❜❛st❛♥t❡ ♣r♦✈á✈❡❧ q✉❡ ❛s ♣❛rtí❝✉❧❛s ♠❡♥♦r❡s ♣♦ss✉❛♠ ♣❛râ♠❡tr♦s ❞❡ r❡❞❡ ♠❡♥♦r❡s

q✉❡ ❛s ♠❛✐♦r❡s ❞❡ ❢♦r♠❛ ❝ú❜✐❝❛✱ ✉♠❛ ✈❡③ q✉❡✱ ❛❧é♠ ❞♦ t❛♠❛♥❤♦✱ ❛ ❢♦r♠❛ ✐♥✢✉❡♥❝✐❛ ❛ ❝♦♥tr❛çã♦

♣❛râ♠❡tr♦ ❞❡ r❡❞❡ ❡s♣❡r❛❞❛ ♣❛r❛ ◆Ps ❬✻✽❪✳ P❛r❛ ❛s ◆Ps ❢♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ ♠❡❞✐❞❛ ❞❡ P❈❙✳ ❖

✸❊st❡ ❡①♣❡r✐♠❡♥t♦ ❢♦✐ r❡❛❧✐③❞♦ ♣❡❧♦ ❝♦❧❛❜♦r❛❞♦r ❉r✳ ❆✳ ❋✳ ●❛r❝✐❛✲❋❧♦r❡s ♥♦ ❈❊▼✲❯❋❆❇❈
✹P❛r❛ ❡st❛ s❡çã♦✿ ◆Ps ❞❡ ❆❣ ❂ ◆Ps ❞❡ ❆❣1−x❊rx ❡ ◆Ps ❞❡ ❆✉ ❂ ◆Ps ❞❡ ❆✉1−x❊rx✳





❈❆P❮❚❯▲❖ ✹✳ ❘❊❙❯▲❚❆❉❖❙ ❊ ❉■❙❈❯❙❙➹❖ ✸✽

♣♦rt❛♠❡♥t♦ t✐♣♦ ❈✉r✐❡✲❲❡✐ss ✐♥❞✐❝❛♥❞♦ q✉❡ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s q✉❡ sã♦ r❡s♣♦♥sá✈❡✐s ♣❡❧❛

♠❛❣♥❡t✐③❛çã♦ ♠❡❞✐❞❛ sã♦ ❧♦❝❛❧✐③❛❞♦s ❡ ✐♥t❡r❛❣❡♠ ❢r❛❝❛♠❡♥t❡ ✭❊r3+ ❜❡♠ ❞✐❧✉í❞♦✮✳ ❆tr❛✈és ❞❡ ✉♠

❛❥✉st❡ ♣❡❧❛ ▲❡✐ ❞❡ ❈✉r✐❡✲❲❡✐ss ❢♦✐ ♦❜t✐❞♦ ✉♠ ✈❛❧♦r ♣❛r❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ r❡s✐❞✉❛❧ χ0 ✭❝♦♥tr✐❜✉✐çã♦

❞♦ ❝❛♣♣✐♥❣ ♦r❣â♥✐❝♦ ❡ ❞♦ ♣♦rt❛✲❛♠♦str❛✮✳ ❈♦♠ ❜❛s❡ ♥✐st♦ ❢♦✐ ❣r❛✜❝❛❞♦ (χ− χ0)
−1 ❡♠ ❢✉♥çã♦

❞❡ ❚✳ ❯t✐❧✐③❛♥❞♦ ♦ ♥ú♠❡r♦ ❡❢❡t✐✈♦ ❞❡ ♠❛❣♥❡t♦♥s ❞❡ ❇♦❤r ♣❛r❛ ♦ í♦♥ ❊r3+ ✭4f11✮ ❬✻✾❪✱ p = 9.59✱

❛ ❝♦♥❝❡♥tr❛çã♦ ❢♦✐ ❡st✐♠❛❞❛ ❝♦♠ ❜❛s❡ ♥♦ ❝♦❡✜❝✐❡♥t❡ ❛♥❣✉❧❛r ✭✐♥✈❡rs♦ ❞❛ ❝♦♥st❛♥t❡ ❞❡ ❈✉r✐❡✮ ❞❛

❝✉r✈❛ (χ− χ0)
−1

✈s ❚✳ ❖s ✈❛❧♦r❡s ♦❜t✐❞♦s ❢♦r❛♠✿ x = 0.046 ♣❛r❛ ❆❣ ❡ x = 0.013 ♣❛r❛ ❆✉ ◆Ps✳

❖s ✈❛❧♦r❡s ❡stã♦ ❡♠ r❛③♦á✈❡❧ ❛❝♦r❞♦ ❝♦♠ ❛s ❝♦♥❝❡♥tr❛çõ❡s ♥♦♠✐♥❛✐s✳

❋✐❣✉r❛ ✹✳✷✷✿ ❊s♣❡❝tr♦s ❞❡ ❊❙❘ ❡♠ ❇❛♥❞❛✲❳ ♣❛r❛ ❛s ◆Ps ❡ ♦ ♠❛t❡r✐❛❧ ❇✉❧❦ ❞❡ ❛✮ ❆❣1−x❊rx ❜✮

❆✉1−x❊rx✳

❆s ✜❣✉r❛s ✹✳✷✷ ❛✮ ❡ ❜✮ ♠♦str❛♠ ♦s ❡s♣❡❝tr♦s ❞❡ ❊❙❘ ❡♠ ❇❛♥❞❛✲❳ ✭≈ ✾✳✺ ●❍③✮ ♣❛r❛ ♦ ❊r3+

❡♠ ❆❣ ❡ ❆✉ ♥❛ ❢♦r♠❛ ✈♦❧✉♠étr✐❝❛ ✭❜✉❧❦✮ ❡ ❞❡ ◆Ps✳ ➱ ❜❛st❛♥t❡ ❡✈✐❞❡♥t❡ ❛ ❞✐❢❡r❡♥ç❛ ♥❛ ❢♦r♠❛ ❞❡

❧✐♥❤❛ ❡♥tr❡ ♦s ❡s♣❡❝tr♦s ♥❛ ❢♦r♠❛ ❜✉❧❦ ❡ ❞❡ ◆Ps t❛♥t♦ ♥❛ ♣r❛t❛ q✉❛♥t♦ ♥♦ ♦✉r♦✳ ❖s ❡s♣❡❝tr♦s ❞♦

♠❛t❡r✐❛❧ ❜✉❧❦ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❧✐♥❤❛ ❉②s♦♥✐❛♥❛ tí♣✐❝❛ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡♥❡tr❛çã♦

❞❛ ♠✐❝r♦♦♥❞❛ ✭s❦✐♥ ❞❡♣t❤✮✱ δ✱ s❡r ♠❡♥♦r q✉❡ ♦ t❛♠❛♥❤♦ ❞❛ ♣❛rtí❝✉❧❛ ♠❡❞✐❞❛ ❬✼✵✱ ✼✶❪✳ ◆♦ ❝❛s♦

❞❛s ◆Ps✱ ❛s ❞✐♠❡♥sõ❡s ❞♦ ♠❛t❡r✐❛❧ sã♦ ✐♥❢❡r✐♦r❡s ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣❡♥❡tr❛çã♦ ❞❛ ♠✐❝r♦♦♥❞❛✱ ❞❡



❈❆P❮❚❯▲❖ ✹✳ ❘❊❙❯▲❚❆❉❖❙ ❊ ❉■❙❈❯❙❙➹❖ ✸✾

❋✐❣✉r❛ ✹✳✷✸✿ ❛✮ ❋❛t♦r✲❣ ❀ ❜✮ ▲❛r❢✉r❛ ❞❡ ❧✐♥❤❛❀ ❝✮ ■♥t❡♥s✐❞❛❞❡ ✈s ❚ ♣❛r❛ ❆❣1−x❊rx ◆Ps ✭♣r❡t♦✮ ❡

❜✉❧❦ ✭✈❡r♠❡❧❤♦✮✳ ❞✮ ❋❛t♦r✲❣ ❀ ❡✮ ▲❛r❢✉r❛ ❞❡ ❧✐♥❤❛❀ ❢✮ ■♥t❡♥s✐❞❛❞❡ ✈s ❚ ♣❛r❛ ❆✉1−x❊rx ◆Ps ✭♣r❡t♦✮

❡ ❜✉❧❦ ✭✈❡r♠❡❧❤♦✮✳

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

✉♠❛ ▲♦r❡♥t③✐❛♥❛✳

❆s ✜❣✉r❛s ✹✳✷✸ ❛✮ ❡ ❞✮ ♠♦str❛♠ ♦s ✈❛❧♦r❡s ❞♦ ❢❛t♦r g ♣❛r❛ ❆❣ ❡ ❆✉✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♥❛

❢♦r♠❛ ❜✉❧❦ ✭❡s❢❡r❛s ✈❡r♠❡❧❤❛s✮✳ ◆❛s ♠❡s♠❛s ✜❣✉r❛s✱ ❡♠ ❧✐♥❤❛s ❝♦♥tí♥✉❛s ❛③✉✐s✱ ❡stã♦ ✈❛❧♦r❡s ❞❡

g ❡s♣❡r❛❞♦s ♣❛r❛ ♦ ❊r3+ ❡♠ ❆❣ ❬✼✷❪ ❡ ❆✉ ❬✼✸❪✳ ❖s ✈❛❧♦r❡s ❞❡ g sã♦ ❢r❛❝❛♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡s ❞❡

❚ ❡ ❡stã♦ ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ♦ ❡s♣❡r❛❞♦✳ ❙♦♠❛♥❞♦ ❛ ✐ss♦ ♦ ❢❛t♦ ❞❡ ❛s ✐♥t❡♥s✐❞❛❞❡s✱ ♣❛r❛ ❆✉ ❡

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

t✐♣♦ ❈✉r✐❡✲❲❡✐ss ✭✈❡r ✜❣✉r❛s ✹✳✷✷❝✮ ❡ ❢✮✮✱ ❝♦♥✜r♠❛✲s❡ q✉❡ ♦ s✐♥❛❧ ❞❡ ❊❙❘ ❞♦ ❊r3+ é ♣r♦✈❡♥✐❡♥t❡

❞❡ ✉♠ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞✉❜❧❡t♦ ❑r❛♠❡rs Γ7 ❝♦♠ s♣❧✐tt✐♥❣ ❞❡ ♠✉❧t✐♣❧✐❝✐❞❛❞❡ ❏ ✭J = 15/2✮ ❡♠

✉♠ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ❝ú❜✐❝♦✳

❆s ◆Ps ❛♣r❡s❡♥t❛♠ ❡s♣❡❝tr♦s ❝♦♠ ❧✐♥❤❛ ▲♦r❡♥t③✐❛♥❛ tí♣✐❝❛ ♣❛r❛ ♦ ❝❛s♦ ❞❡ s❦✐♥ ❞❡♣t❤ ≥ q✉❡ ♦

t❛♠❛♥❤♦ ❞❛ ♣❛rtí❝✉❧❛✳ P❛r❛ ❛s ◆Ps ♦s ❡s♣❡❝tr♦s ♠♦str❛♠ ❛s ❡str✉t✉r❛s ❤✐♣❡r✜♥❛s r❡s♦❧✈✐❞❛s ❛ss♦✲

❝✐❛❞❛s ❛♦s ✐sót♦♣♦s 166❊r3+ ✭I = 0✮ ❡ 167❊r3+ ✭I = 7/2✮✳ ❖s ✈❛❧♦r❡s ❡st✐♠❛❞♦s ♣❛r❛ ♦ ♣❛râ♠❡♥tr♦



❈❆P❮❚❯▲❖ ✹✳ ❘❊❙❯▲❚❆❉❖❙ ❊ ❉■❙❈❯❙❙➹❖ ✹✵

❤✐♣❡r✜♥♦✱ A✱ sã♦✿ A = 74.6(6) ❖❡ ♣❛r❛ ❆❣ ❡ A = 74(1) ❖❡ ♣❛r❛ ♦ ❆✉✳ ❊st❡s ✈❛❧♦r❡s ❡stã♦ ❡♠

r❛③♦á✈❡❧ ❛❝♦r❞♦ ❝♦♠ ♦s r❡♣♦rt❛❞♦s ♣❛r❛ ❧✐❣❛s ❞❡ ❊r3+ ❞✐❧✉í❞♦ ❡♠ ❆✉ ❡ ❆❣ ❬✼✸❪✳ ❆ss✐♠ ❝♦♠♦ ♣❛r❛

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

♠♦str❛❞❛ ♥❛s ✜❣✉r❛s ✹✳✷✸❝✮ ❡ ❢✮ ✭❡s❢❡r❛s ♣r❡t❛s✮✱ s❡❣✉❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ t✐♣♦ ❈✉r✐❡✲❲❡✐ss✳

❖s ✈❛❧♦r❡s ❞❡ g ♣❛r❛ ❛s ◆Ps✱ ♠♦str❛❞♦s ♥❛s ✜❣✉r❛s ✹✳✷✸ ❛✮ ❡ ❞✮ ✭❡s❢❡r❛s ♣r❡t❛s✮✱ sã♦ ♠✉✐t♦

♣ró①✐♠♦s ❞♦ ✈❛❧♦r ❡s♣❡r❛❞♦ ♣❛r❛ ♦ ❊r3+ ❡♠ ✉♠ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞✉❜❧❡t♦ ❑r❛♠❡r Γ7 ♥✉♠

♠❛t❡r✐❛❧ ✐s♦❧❛♥t❡ ❝♦♠ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❝ú❜✐❝❛ ❬✼✹❪✱ ♠♦str❛❞♦ t❛♠❜é♠ ♥❛s ✜❣✉r❛s ✹✳✷✸ ❛✮ ❡ ❞✮

❡♠ ❧✐♥❤❛s ❝♦♥tí♥✉❛s ✈❡r❞❡s✳ P♦rt❛♥t♦ ♥ã♦ ❢♦✐ ❞❡t❡❝t❛❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ g ✭g s❤✐❢t✮ ♣❛r❛ ❛s ◆Ps✳

❊st❡ ❞❡s❧♦❝❛♠❡♥t♦ é ♣r♦✈❡♥✐❡♥t❡ ❞❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛✱ Jsf❙ · s✱ ❡♥tr❡ ♦s s♣✐♥s ❞♦s ❡❧étr♦♥s ❞❡

❝♦♥❞✉çã♦✱ s✱ ❡ ♦s ❞♦ ❊r3+✱ ❙ ✱ s❡♥❞♦ Jsf ❛ ❝♦♥st❛♥t❡ ❞❡ tr♦❝❛ ❬✼✺❪✳ ❊st❡ r❡s✉❧t❛❞♦ s✉❣❡r❡ q✉❡ ❡st❛

✐♥t❡r❛çã♦ ✭❞❡ tr♦❝❛✮ ♥ã♦ ♦❝♦rr❡ ♥❛s ◆Ps t❛♥t♦ ❞❡ ❆❣ ❝♦♠♦ ❞❡ ❆✉✳

❆s ✜❣✉r❛s ✹✳✷✸ ❜✮ ❡ ❡✮ ♠♦str❛♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❧❛r❣✉r❛ ❞❡ ❧✐♥❤❛✱ ∆H✱ ❡♠ ❢✉♥çã♦ ❞❛

t❡♠♣❡r❛t✉r❛ ♣❛r❛ ♠❛t❡r✐❛❧ ❜✉❧❦ ✭❡s❢❡r❛s ✈❡r♠❡❧❤❛s✮ ❡ ◆Ps ✭❡s❢❡r❛s ♣r❡t❛s✮ ❞❡ ❆❣ ❡ ❆✉✳ ❆s ❧❛r❣✉r❛s

r❡s✐❞✉❛✐s✱ ∆H0 → ∆H(T = 0)✱ ❢♦r❛♠ ❡st✐♠❛❞❛s ♣♦r ♠❡✐♦ ❡①tr♣♦❧❛çã♦ ❧✐♥❡❛r ❡ ♣♦st❡r✐♦r♠❡♥t❡

s✉❜tr❛í❞❛s ❞❛ ❧❛r❣✉r❛ ❞❡ ❧✐♥❤❛ t♦t❛❧ ♣❛r❛ ❢❛❝✐❧✐t❛r ❛ ✈✐s✉❛❧✐③❛çã♦ ❞♦s ❝♦♠♣♦rt❛♠❡♥t♦s✳ ❈♦♠ ♦ ✐♥t✉ít♦

❞❡ ❝♦♠♣❧❡♠❡♥t❛r ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s ❞❛❞♦s ❞❡ ❧❛r❣✉r❛ ❞❡ ❧✐♥❤❛ ❢♦r❛♠ ❞✐❣✐t❛❧✐③❛❞♦s ❞❛

r❡❢❡rê♥❝✐❛ ❬✺✶❪ ❝♦♠ ♣❡r♠✐ssã♦ ❞❡ ✉♠ ❞♦s ❛✉t♦r❡s✳

P❛r❛ ♦s ♠❛t❡r✐❛✐s ♥❛ ❢♦r♠❛ ❜✉❧❦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ✭T ≤ ✽ ❑✮ ♥♦t❛✲s❡ ❞❡♣❡♥❞ê♥❝✐❛ ❧✐♥❡❛r ❞❛

❧❛r❣✉r❛ ❞❡ ❧✐♥❤❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✳ ■st♦ é ❡✈✐❞ê♥❝✐❛ ❞❡ q✉❡ ❛ r❡❧❛①❛çã♦ é ❞♦ t✐♣♦ ❑♦rr✐♥❣❛ ❬✼✻❪

r❡s✉❧t❛♥t❡ t❛♠❜é♠ ❞❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ Jsf❙ ·s✳ ❆♥❛❧❛❣♦♠❡♥t❡ ❛♦ ❝❛s♦ ❞♦ ❡❢❡✐t♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦

❞❡ g✱ ♥ã♦ ❤á r❡❧❛①❛çã♦ t✐♣♦ ❑♦rr✐♥❣❛ ♥❛s ◆Ps✱ ❡ ♣♦rt❛♥t♦✱ ❤á ✉♠❛ s❡❣✉♥❞❛ ❡✈✐❞ê♥❝✐❛ ❞❛ ❛✉sê♥❝✐❛

❞❡ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ ❡♥tr❡ ♦s s♣✐♥s ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❡ ♦ s♣✐♥ ❞♦ ❊r3+✳

❆ss✉♠✐♥❞♦ q✉❡ ♦ ❛❧❛r❣❛♠❡♥t♦ ♥ã♦ ❧✐♥❡❛r ❡stá ❛ss♦❝✐❛❞♦ ❝♦♠ r❡❧❛①❛çã♦ s♣✐♥✲r❡❞❡ ✈✐❛ ❡❧❡tró♥s

❞❡ ❝♦♥❞✉çã♦ ❡♥✈♦❧✈❡♥❞♦ ❡st❛❞♦s ❡①✐t❛❞♦s ❞❡ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ✭❈❊❋✮✱ ❛s ❝✉r✈❛s ❞❡ ∆H ✈s ❚ ❞♦s

♠❛t❡r✐❛✐s ✈♦❧✉♠étr✐❝♦s ❢♦r❛♠ ❛❥✉st❛❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦ ❬✼✼❪✿

∆H −∆H0 = b · T +
c∆

exp (∆/(T − 1))
✭✹✳✷✮

♦♥❞❡ b é ❛ t❛①❛ ❞❡ r❡❧❛①❛çã♦ ❑♦rr✐♥❣❛✱ c é ✉♠❛ ❝♦♥st❛♥t❡ ❡ ∆ é ❛ s❡♣❛r❛çã♦ ❡♥❡r❣ét✐❝❛ ✭❡♠ ❑❡❧✈✐♥✮

❡♥tr❡ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❡ ♦ ♣r✐♠❡✐r♦ ❡st❛❞♦ ❡①❝✐t❛❞♦ ❞❡ ❈❊❋✳ P❛r❛ ♦ ❝❛s♦ ❞❛s ◆Ps✱ ❝♦♠♦ ♥ã♦

❤á r❡❧❛①❛çã♦ ♠❡❞✐❛❞❛ ♣♦r ❡❧étr♦♥ ❞❡ ❝♦♥❞✉çã♦✱ ❛ss✉♠❡✲s❡ q✉❡ ❛❧❛r❣❛♠❡♥t♦ é ♠❡❞✐❞❛❞♦ ♣♦r ❢ô♥♦♥s

✭♣r♦❝❡ss♦ ❞❡ ❖r❜❛❝❤✮ ❡♥✈♦❧✈❡♥❞♦ t❛♠❜é♠ ❡st❛❞♦s ❡①✐t❛❞♦s ❞❡ ❈❊❋ ❡ ✉t✐❧✐③❛✲s❡✱ ❡♥tã♦✱ ❛ s❡❣✉✐♥t❡

❡q✉❛çã♦ ❬✼✼✱✼✽❪✿

∆H −∆H0 =
c∆3

exp (∆/(T − 1))
✭✹✳✸✮
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s❡♠ ♦ t❡r♠♦ ❑♦rr✐♥❣❛✳ ❖s ❛❥✉st❡s sã♦ ♠♦str❛❞♦s ❡♠ ❧✐♥❤❛s ❝♦♥tí♥✉❛s ♥❛s ✜❣✉r❛s ✹✳✷✸ ❜✮ ❡ ❡✮✳ ❆

t❛❜❡❧❛ ✹✳✸ ♠♦str❛ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ♣❛r❛ ❛ t❛①❛ ❑♦rr✐♥❣❛ ❡ ♣❛r❛ ♦ s♣❧✐tt✐♥❣ ❞❡ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦✳

▼❛t❡r✐❛❧ ❋♦r♠❛ ❜ ✭❖❡✴❑✮ ∆ ✭❑✮

❆❣1−x❊rx ❜✉❧❦ ✻✳✾✭✷✮ ✹✾✭✶✶✮

❆❣1−x❊rx ◆Ps ✕ ✶✼✶✭✹✮

❆✉1−x❊rx ❜✉❧❦ ✷✳✺✭✶✮ ✷✹✭✸✮

❆✉1−x❊rx ◆Ps ✕ ✶✷✻✭✻✮

❚❛❜❡❧❛ ✹✳✸✿ ❱❛❧♦r❡s ❞❡ ♣❛râ♠❡tr♦s ♦❜t✐❞♦s ♣❡❧♦s ❛❥✉st❡s ❞❡ ∆H ✈s ❚✳

❖s ✈❛❧♦r❡s ❞❡ t❛①❛ ❑♦rr✐♥❣❛ ❡stã♦ ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ♦s ✈❛❧♦r❡s ♣r❡✈✐❛♠❡♥t❡ ♣✉❜❧✐❝❛❞♦s✳ ❬✼✷✱

✼✼❪✳ ❖s ✈❛❧♦r❡s ❞❡ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ♣❛r❛ ❆✉ ❡ ❆❣ ♥❛ ❜✉❧❦ sã♦ ❧❡✈❡♠❡♥t❡ s✉♣❡r✐♦r❡s ❛♦s ♣✉❜❧✐❝❛❞♦s

❬✺✶❪✱ ♣♦ré♠ ♣r❡s❡r✈❛♠ ❛ r❡❧❛çã♦ ∆(Au) < ∆(Ag)✳ ◆♦ ❝❛s♦ ❞❛s ◆Ps✱ t❛♥t♦ ❞❡ ❆❣ ❝♦♠♦ ❞❡ ❆✉✱ ❤á

✉♠ ❛✉♠❡♥t♦ ❜❛st❛♥t❡ s✐❣♥✐✜❝❛t✐✈♦ ♥♦ s♣❧✐tt✐♥❣ ❞❡ ❈❊❋✳ P♦rt❛♥t♦✱ ❡st❡ r❡s✉❧t❛❞♦ s✉❣❡r❡ q✉❡✱ ❛❧é♠

❞❛ ❛✉sê♥❝✐❛ ❞❡ ❣✲s❤✐❢t ❡ ❞❡ r❡❧❛①❛çã♦ ❑♦rr✐♥❣❛✱ ❛ ❛çã♦ ❞♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ❝ú❜✐❝♦ ♥♦s í♦♥s ❊r3+ é

❢♦rt❡♠❡♥t❡ ❛❢❡t❛❞❛ ♣❡❧♦ t❛♠❛♥❤♦ ✜♥✐t♦ ❞❛s ◆Ps✳ ❱❛❧❡ ❛✐♥❞❛ ♠❡♥❝✐♦♥❛r q✉❡ t❛♠❜é♠ ♣❛r❛ ❛s ◆Ps

é ❝♦♥s❡r✈❛❞❛ ❛ r❡❧❛çã♦ ∆(Au) < ∆(Ag)✳
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✐♠❛❣❡♥s ❞❡✐①❛♠ ❝❧❛r♦ q✉❡ ❤á ♠✐st✉r❛ ❞❡ ❞✉❛s ❢❛s❡s ❞✐st✐♥t❛s ❡♠ t❛♠❛♥❤♦✳ ❆s ❞❡ ♠❛✐♦r ❞✐♠❡♥sã♦

sã♦ ❡✈✐❞❡♥t❡♠❡♥t❡ ❤❡①❛❣♦♥❛✐s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❧❛❞♦✲❛✲❧❛❞♦ ❞❡ ≈ ✷✸✵ ♥♠✳

❆ ✜❣✉r❛ ✹✳✷✹ ❝✮ ♠♦str❛ ♦ ❞✐❢r❛t♦❣r❛♠❛ ❞❡ r❛✐♦s✲❳ ♣❛r❛ ❡st❛ ♠❡s♠❛ ❛♠♦str❛✳ ❆ ♣♦s✐çã♦ ❞♦s

♣✐❝♦s ❝♦rr❡s♣♦♥t❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❜❡♠ ❝♦♠ ❢❛s❡s ❝ú❜✐❝❛ ✭α✮ ❡ ❤❡①❛❣♦♥❛❧ ✭β✮ ❬✺❪✳ ➱ ♥♦t❛✈❡❧ q✉❡

♦s ♣✐❝♦s ❞❛ ❢❛s❡ ❝ú❜✐❝❛ sã♦ ♠❛✐s ❧❛r❣♦s ❞❡ ♠❛♥❡✐r❛ ❣❡r❛❧✳ ■st♦ é ✉♠❛ ❡✈✐❞ê♥❝✐❛ ❞❡ q✉❡ ❛s ◆Ps ♥❡st❛

❢❛s❡ ♣♦ss✉❡♠ t❛♠❛♥❤♦s ✐♥❢❡r✐♦r❡s✳ ❈♦♠ ❜❛s❡ ♥✐ss♦ ❝♦♥❝❧✉í✲s❡ q✉❡ ❛s ◆Ps ♠❡♥♦r❡s ✭≈ ❞❡③❡♥❛s ❞❡

♥♠✮ sã♦ ❝ú❜✐❝❛s✳

❆ ♠✐st✉r❛ ❞❡ ❢❛s❡ ❡stá ♣r♦✈❛✈❡❧♠❡♥t❡ ❛ss♦❝✐❛❞❛ à t❡♠♣❡r❛t✉r❛ ❞❡ sí♥t❡s❡ ✉t✐❧✐③❛❞❛✱ ✸✵✵ ◦❈✳ ❊st❛

é ✉♠❛ ❧✐♠✐t❛çã♦ ❞♦ ❛♣❛r❛t♦ ❞❡ sí♥t❡s❡ ✉t✐❧✐③❛❞♦ ✭♠❛♥t❛ ❛q✉❡❝❡❞♦r❛✮✳ ❆ ❢❛s❡ ❞❡s❡❥❛❞❛✱ ❤❡①❛❣♦♥❛❧✱

é ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ ❢♦r♠❛❞❛ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✸✵ ◦❈✱ ❡♥q✉❛♥t♦ ❛ ❝ú❜✐❝❛ ❡♠ t♦r♥♦ ✷✼✵ ◦❈ ❬✺❪✳

P♦rt❛♥t♦ ❛ ❢♦r♠❛çã♦ ❞❛s ❞✉❛s ❢❛s❡s ♣r♦✈❛✈❡❧♠❡♥t❡ ❡stá ❛ss♦❝✐❛❞❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛ ✐♥t❡r♠❡❞✐ár✐❛

✉t✐❧✐③❛❞❛✳

✹✳✸✳✷ ❈❛r❛❝t❡r✐③❛çã♦ ▼❛❣♥ét✐❝❛

❋✐❣✉r❛ ✹✳✷✺✿ χ ✈s ❚ ♣❛r❛ ◆♣s ❞❡ ❛✮ ◆❛❨❋4✿20%❨❜ ❡ ❜✮ ◆❛❨❋4✿2%❊r✳

❈♦♠ ✐♥t✉ít♦ ❞❡ ❝♦♥✜r♠❛r ❛ ✐♥❝♦r♣♦r❛çã♦ ❡ ♦ ❡st❛❞♦ ❞❡ ♦①✐❞❛çã♦ ❞♦s í♦♥s ❞❡ t❡rr❛s✲r❛r❛s ✭❨❜3+ ❡

❊r3+✮ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ♠❛❣♥❡t✐③❛❝ã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❡ ❞❡ ❊❙❘ ❛ ❜❛✐①❛

t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛s ❞✉❛s ❛♠♦str❛s ♠♦♥♦✲❞♦♣❛❞❛s✳ ➱ ♠♦str❛❞❛ ♥❛s ✜❣✉r❛s ✹✳✷✺ ❛✮ ❡ ❜✮ ❛ s✉s❝♣✲

t✐❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛s ❛♠♦str❛s ◆❛❨❋4✿20%❨❜ ❡ ◆❛❨❋4✿2%❊r

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖s ✈❛❧♦r❡s ❞❡ χ0 ✭❝♦♥tr✐❜✉✐çã♦ ❞✐❛♠❛❣♥ét✐❝❛✮ ❢♦r❛♠ ❡st✐♠❛❞♦s ♣❡❧♦ ❛❥✉st❡ ❞❛

▲❡✐ ❞❡ ❈✉r✐❡✲❲❡✐ss ❛❝✐♠❛ ❞❡ ✶✼✵ ❑ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✳ ❈♦♠ ❜❛s❡ ♥♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ♣❛r❛ χ0

❢♦✐ ❣rá✜❝❛❞♦ ❛ ✐♥✈❡rs❛ (χ− χ0)
−1✳ ❘❡❛❧✐③❛♥❞♦ ♦ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡s❝r✐t♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r

sí♥t❡s❡ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❡st❡ t✐♣♦ ❞❡ ◆Ps é ❜❡♠ ❡st❛❜❡❧❡❝✐❞❛ ♥❛ ❧✐t❡r❛t✉r❛ ✭♣♦r ❡①❡♠♣❧♦ ❬✹✱✺❪✮✱ ♠♦str❛r r❡♣r♦❞✉t✐❜✐❧✐❞❛❞❡

♥ã♦ é ♦❜❥❡t✐✈♦ ❞❡st❛ s❡çã♦✳
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♣❛r❛ ◆Ps ❞❡ ❆✉ ❡ ❆❣ ❝♦♠ ✐♠♣✉r❡③❛ ❞❡ ❊r3+✱ ♥♦ ❡♥t❛♥t♦ ❧✐♠✐t❛♥❞♦✲s❡ à t❡♠♣❡r❛t✉r❛s s✉♣❡r✐♦r❡s

❡st✐♠♦✉✲s❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ≈ ✶✼✪ ❞❡ ❨❜3+ ❡ ❞❡ ✷✳✺✪ ❞❡ ❨❜3+ ♣❛r❛ ❛s ❛♠♦str❛s✳ ❊ss❡s ✈❛❧♦r❡s

❡stã♦ ❡♠ r❛③♦á✈❡❧ ❛❝♦r❞♦ ❝♦♠ ♦s ♥♦♠✐♥❛✐s✳

➱ ❝♦♥❤❡❝✐❞♦ q✉❡✱ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✱ ❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❞♦s í♦♥s ❞♦♣❛♥t❡s tr✐✈❛❧❡♥t❡s é ❛❢❡t❛❞❛

♣❡❧♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ❞❛ r❡❞❡ ❞❡ ◆❛❨❋4✳ ❖ ❣rá✜❝♦ ❞❛ ✐♥✈❡rs❛ (χ− χ0)
−1 ❞❡✐①❛ ✐st♦ ❜❛st❛♥t❡

❡✈✐❞❡♥t❡✳ ❆ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❤á ❞❡s✈✐♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r ❡s♣❡r❛❞♦ ♣❛r❛ ❛ ❧❡✐ ❞❡ ❈✉r✐❡✲

❲❡✐ss✳ ❖ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦ ❞♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ♥❡st❛s ❛♠♦str❛s é ❞✐✜❝✉❧t❛❞♦ ♣❡❧❛ ♠✐st✉r❛ ❞❛s

❢❛s❡s ❤❡①❛❣♦♥❛❧ ❡ ❝ú❜✐❝❛ ❞❛s ◆Ps✳

❋✐❣✉r❛ ✹✳✷✻✿ ❊s♣❡❝tr♦s ❞❡ ❊❙❘ ❡♠ 4.2 ❑ ♣❛r❛ ❛s ◆Ps ❞❡ ◆❛❨❋4✿❘❊ ✭❘❊ ❂ ❨❜✱ ❊r ❡ ❚♠✮✳

❆ ✜❣✉r❛ ✹✳✷✻ ♠♦str❛ ♦s ❡s♣❡❝tr♦s ❞❡ ❊❙❘ ❡♠ ❜❛♥❞❛✲❳ ♣❛r❛ ❛s ❞✉❛s ❛♠♦str❛s ♠♦♥♦✲❞♦♣❛❞❛s

❡ ♣❛r❛ ❛s ❝♦✲❞♦♣❛❞❛s✳ ❚♦❞♦s ♦s ❡s♣❡❝tr♦s ❢♦r❛♠ ♦❜t✐❞♦s ❡♠ 4.2 ❑✳ ❖s ❞♦✐s ♣r✐♠❡✐r♦s ❡s♣❡❝tr♦s

❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❡s♣❡❝tr♦s ❞❡ ♣ó ❞♦s ❡st❛❞♦s ❢✉♥❞❛♠❡♥t❛✐s ❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s í♦♥s

❊r3+ ❡ ❨❜3+ ❧♦❝❛❧✐③❛❞♦s ❞✐❧✉í❞♦s ❡♠ ◆❛❨❋4✳ ❖s ❡s♣❡❝tr♦s ♣♦st❡r✐♦r❡s ❝♦rr❡s♣♦♥❞❡♠ às ❛♠♦str❛s

❝♦✲❞♦♣❛❞❛s✳ ❖ ❛❧❛r❣❛♠❡♥t♦ ❛ ❛❧t♦s ❝❛♠♣♦s ❞♦s ❡s♣❡❝tr♦s é ♣r♦✈❛✈❡❧♠❡♥t❡ ❞❡✈✐❞♦ ❛ ❛❧t❛ ❛♥✐s♦tr♦♣✐❛

❞♦s ✈❛❧♦r❡s ❞❡ g ❞♦s ❡st❛❞♦s ❢✉♥❞❛♠❡♥t❛✐s ❞❡ss❛s t❡rr❛s✲r❛r❛s✳

❖s r❡s✉❧t❛❞♦s ❞❡ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❡ ❞❡ ❊❙❘ ❝♦♠❜✐♥❛❞♦s ❝♦♥✜r♠❛♠ ❛ ✐♥❝♦r♣♦r❛çã♦

❞♦s í♦♥s tr✐✈❛❧❡♥t❡s ❨❜3+ ❡ ❊r3+✳







❈❛♣ít✉❧♦ ✺

❈♦♥❝❧✉sõ❡s ❡ P❡rs♣❡❝t✐✈❛s

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

♥❛♥♦♣❛rtí❝✉❧❛s ✭◆Ps✮✿ i) ◆Ps ❞❡ ❆✉ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s ❞♦ t✐♣♦ ❘2❖3 ✭❘ = ❊r✱ ❨✮❀ ii) ◆Ps

♠❡tá❧✐❝❛s✱ ❞❡ ❆❣ ❡ ❆✉✱ ❝♦♠ ✐♠♣✉r❡③❛ ♠❛❣♥ét✐❝❛ ❞✐❧✉í❞❛ ✭❊r3+✮ ✉t✐❧✐③❛❞❛ ❝♦♠♦ s♦♥❞❛ ♠✐❝r♦s❝ó♣✐❝❛

♣❡r♠✐t✐♥❞♦ ❡st✉❞♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ♣♦r ❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦ ✭❊❙❘✮❀ iii) ◆Ps ❞❡

◆❛❨❋4 ♠♦♥♦ ❡ ❝♦❞♦♣❛s ❝♦♠ ♦s í♦♥s ❞❡ t❡rr❛s✲r❛r❛s ✭❘❊✮ ❨❜3+✱ ❊r3+ ❡ ❚♠3+✳

◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ❆✉✲❘2❖3 ✭❘ = ❊r✱ ❨✮

P♦r ❛❞❛♣t❛çã♦ ❞❡ ♠ét♦❞♦s ❡st❛❜❡❧❡❝✐❞♦s ♥❛ ❧✐t❡r❛t✉r❛✱ ❬✶✕✸❪ ✉♠❛ ♥♦✈❛ r♦t❛ ♣❛r❛ sí♥t❡s❡ ❞❡ ◆Ps

❞❡ ❆✉ ❝♦♠ ♣r♦♣r✐❡❞❛❞❡s ❢❡rr♦♠❛❣♥ét✐❝❛s ♦t✐♠✐③❛❞❛s ♣❡❧❛ ✐♥❝❧✉sã♦ ❞❡ ó①✐❞♦s ❢♦✐ ❡❧❛❜♦r❛❞❛✳ ❋♦r❛♠

❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ q✉❛tr♦ ❛♠♦str❛s✱ ✉♠❛ ❛ss✐st✐❞❛ ♣♦r ó①✐❞♦ ❞❡ ér❜✐♦ ✭❊r2❖3✮ ❡ três ♣♦r

ó①✐❞♦ ❞❡ ítr✐♦ ✭❨2❖3✮✱ ♠♦str❛♥❞♦ ❛ss✐♠ r❛③♦á✈❡❧ r❡♣r♦❞✉t✐❜✐❧✐❞❛❞❡ ❞❛ r♦t❛ ♣r♦♣♦st❛✳

❆ ❝❛r❛❝t❡r✐③❛çã♦ ♠♦r❢♦❧ó❣✐❝❛ ✭❍❘❚❊▼ ❡ ❙❊▼✮ ♠♦str♦✉ q✉❡ ❛s ◆Ps r❡s✉❧t❛♥t❡s ♣♦ss✉❡♠ ❢♦r♠❛s

❞✐st✐♥t❛s ❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❣r❛♥❞❡ ❞❡ t❛♠❛♥❤♦✱ ❝♦♠ ❞✐♠❡♥sõ❡s ❡♥tr❡ ✸✵ ♥♠ ❡ ✼✵ ♥♠✳ ❆s ♠❡❞✐❞❛s

❞❡ ❞✐❢r❛çã♦ ✭❞❡ ♣ó✮ ❞❡ r❛✐♦s✲❳ ✭❳❘❉✮ ♠♦str❛♠ ♦s ♣✐❝♦s ❞♦ ❆✉ ♥✉♠❛ ❡str✉t✉r❛ ❝ú❜✐❝❛ ❞❡ ❢❛❝❡

❝❡♥tr❛❞❛ ✭❢❝❝✮ ❡ ♦s ♣✐❝♦s ♠❛✐s ✐♥t❡♥s♦s ❞♦s r❡s♣❡❝t✐✈♦s ó①✐❞♦s✱ ❞❡ ❊r ❡ ❨✱ ✉t✐❧✐③❛❞♦s ♥❛ sí♥t❡s❡✳

P❡❧❛ ❢♦r♠✉❧❛ ❞❡ ❙❝❤❡rr❡r ❢♦r❛♠ ❡st✐♠❛❞♦s ♦s ❞✐â♠❡tr♦s ♠é❞✐♦s ❞❛s ◆Ps ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s q✉❛tr♦

❛♠♦str❛s✳ ❆s ❡st✐♠❛t✐✈❛s ❡stã♦ ❡♠ ❜♦♠ ❛❝♦r❞♦ ❝♦♠ ❛s ✐♠❛❣❡♥s ❞❡ ❍❘❚❊▼ ❡ ❙❊▼✳

❈♦♠ ❜❛s❡ ♥❛s ♠❡❞✐❞❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣❧✐❝❛❞♦ ✭▼ ✈s ❍ ✮

❡♠ ✷ ❑ ❡ ♥❛ ❛♥á❧✐s❡ t❡r♠♦❣r❛✈✐♠étr✐❝❛ ❡st✐♠♦✉✲s❡ ✉♠ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡❢❡t✐✈♦ ❞❡ ≈ 0.2 µB

♣♦r át♦♠♦ ❞❡ ❆✉ ♥❛ s✉♣❡r❢í❝✐❡ ❞❛s ◆Ps✳ ❊st❡ ✈❛❧♦r ❡stá ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s r❡♣♦rt❛❞♦s ♥❛

❧✐t❡r❛t✉r❛✳ ❬✷✶❪ ❯♠❛ ❞❛s ❛♠♦str❛s ❞❡ ◆Ps ❞❡ ❆✉ ❛ss✐st✐❞❛ ♣♦r ❨2❖3 ❛♣r❡s❡♥t♦✉ ✐rr❡✈❡rss✐❜✐❧✐❞❛❞❡

❩❋❈✲❋❈ ♥❛ ♠❡❞✐❞❛ ❡ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✭▼ ✈s ❚ ✮ ❡ ❝♦❡r❝✐✈✐❞❛❞❡ ♥❛ ▼ ✈s

✹✼



❈❆P❮❚❯▲❖ ✺✳ ❈❖◆❈▲❯❙Õ❊❙ ❊ P❊❘❙P❊❈❚■❱❆❙ ✹✽

❍ ❛❜❛✐①♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❜❧♦q✉❡✐♦ ♠é❞✐❛ ❡st✐♠❛❞❛✳ ❊st❡s r❡s✉❧t❛❞♦s ♠♦str❛♠ ♦ ❝♦♠♣♦rt❛✲

♠❡♥t♦ s✉♣❡r♣❛r❛♠❛❣♥ét✐❝♦ ❞❡st❛ ❛♠♦str❛ ✐♥❞✐❝❛♥❞♦ ❝❧❛r❛♠❡♥t❡ q✉❡ ❡st❛ é ❝♦♥st✐t✉í❞❛✱ ♣❡❧♦ ♠❡♥♦s

♣❛r❝✐❛❧♠❡♥t❡✱ ❞❡ ◆Ps ❢❡rr♦♠❛❣♥ét✐❝❛s✳

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

♣❛r❛ ❛s ◆Ps ❞❡ ❆✉ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s✳ ❆ r❡ss♦♥â♥❝✐❛ ✐♥t❡♥s❛ ❞❡t❡❝t❛❞❛ ❡♠ ✹✳✷ ❑≤ T ≤ ✸✼✵ ❑

♣❛r❛ ❛s q✉❛tr♦ ❛♠♦str❛s ❢♦✐ ✐❞❡♥t✐✜❝❛❞❛ ❝♦♠♦ r❡ss♦♥â♥❝✐❛ ❢❡rr♦♠❛❣♥ét✐❝❛ ✭❋▼❘✮ ♣r✐♥❝✐♣❛❧♠❡♥t❡

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

s❡❣✉✐r ❛ ▲❡✐ ❞❡ ❈✉r✐❡✳ ❆ ❡str✉t✉r❛ ❞♦s ❡s♣❡❝tr♦s ❞❡ ❋▼❘ ♣❛r❛ ♣❡r♠✐t✐✉ ✐❞❡♥t✐✜❝❛r q✉❛❧✐t❛t✐✈❛♠❡♥t❡

❛ ❞✐❢❡r❡♥ç❛ ❞♦s ❝❛♠♣♦s ❞❡ ❞❡♠❛❣♥❡t✐③❛çã♦ ❛ss♦❝✐❛❞❛ às ❞✐r❡çõ❡s ❞❡ ❞✐♠❡♥sã♦ ♠❛✐♦r ❡ ♠❡♥♦r ❞❡

✉♠❛ ♠❡s♠❛ ◆P✳ ❘❡s✉❧t❛❞♦s ♣❛r❝✐❛s ❞❡ ❋▼❘ ❢♦r❛♠ ♦❜t✐❞♦s ♣❛r❛ ❛♠♦str❛s ◆Ps ❞❡ ❆❣ ❛ss✐st✐❞❛s

♣♦r ó①✐❞♦s ❞❡ ❞✐s♣rós✐♦ ❡ ér❜✐♦✳

❆♣❡s❛r ❞❡ ♥ã♦ ❤❛✈❡r ✉♠ ❝♦♥s❡♥s♦ ♥❛ ❧✐t❡r❛t✉r❛ s♦❜r❡ ♦ ❢❡rr♦♠❛❣♥❡t✐s♠♦ ❡♠ ◆Ps ❞❡ ❆✉✱ ♦s

r❡s✉❧t❛❞♦s ❛q✉✐ ❛♣r❡s❡♥t❛❞♦s ♣♦❞❡♠ s❡r ✐♥t❡r♣r❡t❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❝❡♥ár✐♦ ❞♦ ❝❤❛♠❛❞♦ ✧❡❢❡✐t♦

❧✐❣❛♥t❡✧✭❧✐❣❛♥❞ ❡✛❡❝t✮✱ ♦♥❞❡ ❜✉r❛❝♦s ♥❛ ❝❛♠❛❞❛ ✺❞ ❧♦❝❛❧✐③❛❞♦s sã♦ ❣❡r❛❞♦s ♣♦r ❧✐❣❛çõ❡s ❆✉✲❳ ♥❛

s✉♣❡r❢í❝✐❡ ❞❛s ◆Ps ❬❄❪✱ s❡♥❞♦ ❳ ✉♠ ❡❧❡♠❡♥t♦ ❝♦♠ ❡❧❡tr♦♥❡❣❛t✐✈✐❞❛❞❡ ❛❧t❛ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ❙ ❬✻✶❪✱

P ❡ ❈❧✳ ❬✻✷❪

❯♠❛ ♣❡rs♣❡❝t✐✈❛ ♣❛r❛ ❛s ◆Ps ❆✉ ❛ss✐st✐❞❛s ♣♦r ó①✐❞♦s é ♦❜t❡r ❛♠♦str❛s ❝♦♠ ❜❛✐①❛ ❞✐str✐❜✉✐çã♦

❞❡ t❛♠❛♥❤♦s ✭♠♦♥♦❞✐s♣❡rs❛s✮ ♦ q✉❡ ♣❡r♠✐t✐r✐❛ ✉♠❛ ❛♥á❧✐s❡ q✉❛♥t✐t❛t✐✈❛ ♠❛✐s ♣r❡❝✐s❛ ❡♠ t❡r♠♦s

❞❛ ❡st✐♠❛t✐✈❛ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡❢❡t✐✈♦ ❞♦s át♦♠♦s ❞❡ ❆✉✱ ♦✉ ❛té ♠❡s♠♦✱ ♦ ♠♦♠❡♥t♦ ❡❢❡t✐✈♦

♠é❞✐♦ ❞❡ ❝❛❞❛ ◆P✳ ❬✽✸❪ ❖✉tr♦ ♣❛ss♦ s❡r✐❛ ✈❛r✐❛r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ó①✐❞♦ ♥s sí♥t❡s❡s ❝♦♠ ✐♥t✉ít♦

❞❡ ✐♥✈❡st✐❣❛r ♦ ♣❛♣❡❧ ❞♦ ó①✐❞♦ ♥♦ s✉r❣✐♠❡♥t♦ ❞♦ ♠❛❣♥❡t✐s♠♦✳

P♦rt❛♥t♦✱ ❡st❡ tr❛❜❛❧❤♦ ❣❡r♦✉ ✉♠❛ ♥♦✈❛ r♦t❛ ♣❛r❛ ❛ sí♥t❡s❡ ❞❡ ◆Ps ❞❡ ❆✉ q✉❡ ❛♣r❡s❡♥✲

t❛♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❢❡rr♦♠❛❣♥ét✐❝♦✳ ❆❧é♠ ❞❡st❛ ❝♦♥tr✐❜✉✐çã♦✱ ❢♦✐ ♣r♦♣♦st❛ ✉♠❛ ♠❛♥❡✐r❛

❛❧t❡r♥❛t✐✈❛ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ♣❛r❛ ❡st❛s ♣❛rtí❝✉❧❛s✱ ❛ ❘❡ss♦♥â♥❝✐❛ ❋❡rr♦♠❛❣♥ét✐❝❛✱ q✉❡ é

✉♠❛ ♣r♦✈❛ ♠✐❝r♦s❝ó♣✐❝❛ ❞♦ ♠❛❣♥❡t✐s♠♦✳

◆❛♥♦♣❛rtí❝✉❧❛s t✐♣♦ ▼1−x❊rx ✭▼ ❂ ❆❣✱ ❆✉✳✮

P♦r ✉♠ ♠ét♦❞♦ ❧✐❣❡✐r❛♠❡♥t❡ ♠♦❞✐✜❝❛❞♦ ❡♠ r❡❧❛çã♦ ❛♦ ❞❛s ◆Ps t✐♣♦ ❆✉✲❘2❖3 ❢♦r❛♠ ♦❜t✐❞❛s

❛s ◆Ps ♠❡tá❧✐❝❛s✱ ❞❡ ❆❣ ❡ ❆❣✱ ❞♦♣❛❞❛s ❝♦♠ ❊r3+ ✭❞✐❧✉í❞♦ ✲ ▼1−x❊rx✱ ① ≤ 0.05✮✳

❆s ♠❡❞✐❞❛s ❞❡ ❳❘❉ ✭❞❡ ♣ó✮ ❛♣r❡s❡♥t❛r❛♠✱ ❛❧é♠ ❞♦s ♣✐❝♦s ❆❣✲❋❈❈ ❡ ❆✉✲❋❈❈ ❡s♣❡r❛❞♦s✱ ♣✐❝♦s

♠❡♥♦s ✐♥t❡♥s♦s ❞❡s❧♦❝❛❞♦s ♣❛r❛ ❛❧t♦ â♥❣✉❧♦ ❡♠ ❛♠❜❛s ❛♠♦str❛s ❛♣r❡s❡♥t❛❞❛s s✉❣❡r✐♥❞♦ q✉❡ ❤á ❞♦✐s

♣❛râ♠❡tr♦s ❞❡ r❡❞❡ ❞✐st✐♥t♦s ❞❛ ♠❡s♠❛ ❢❛s❡ ❞❡✈✐❞♦✱ ♣r♦✈❛✈❡❧♠❡♥t❡✱ ❛ ❞✉❛s ❞✐str✐❜✉✐çõ❡s ❞❡ ❢♦r♠❛

❡ t❛♠❛♥❤♦✳ ❆ ✐♠❛❣❡♠ ❙❊▼ ❞❛s ◆Ps ❞❡ ❆✉ ♠♦str♦✉ ♣❛rtí❝✉❧❛s ❞❡ ❢♦r♠❛s ❝ú❜✐❝❛s ❞❡ ≈ ✻✻ ♥♠ ❡

♦✉tr❛s ♠❡♥♦r❡s ❝♦♠ ❢♦r♠❛s ♠❛✐s ❛rr❡❞♦♥❞❛❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❤✐♣ót❡s❡ s✉❣❡r✐❞❛ ❝♦♠ ❜❛s❡ ♥♦s

❞❛❞♦s ❞❡ ❳❘❉✳ P❛r❛ ❛s ◆Ps ❞❡ ❆❣ ❢♦✐ r❡❛❧✐③❛❞♦ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❈♦rr❡❧❛çã♦



❈❆P❮❚❯▲❖ ✺✳ ❈❖◆❈▲❯❙Õ❊❙ ❊ P❊❘❙P❊❈❚■❱❆❙ ✹✾

❋♦tó♥✐❝❛ ✭P❈❙✮ q✉❡ ✐♥❞✐❝♦✉ t❛♠❛♥❤♦ ♠é❞✐♦ ❞❡ ≈ ✶✸✻ ♥♠✳ ❊st❛ ♠❡❞✐❞❛✱ ♣♦rt❛♥t♦✱ ♣♦❞❡ ♥ã♦ s❡r

♠✉✐t♦ ♣r❡❝✐s❛ ♣♦✐s ❛s ◆Ps ❞❡ ❆❣ ❞❡❝❛♥t❛♠ r❡❧❛t✐✈❛♠❡♥t❡ rá♣✐❞♦ ❡♠ t♦❧✉❡♥♦ ✭s♦❧✈❡♥t❡ ✉t✐❧✐③❛❞♦✮

❞✐✜❝✉❧t❛♥❞♦ ❛ ❡①❡❝✉çã♦ ❞❡st❡ t✐♣♦ ❞❡ ♠❡❞✐❞❛✳ ❆ ♣r✐♠❡✐r❛ ♣❡rs♣❡❝t✐✈❛ ♣❛r❛ ❛s ◆Ps ❞❡ ❆❣ é ❡♥tã♦

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

❖ ❡st✉❞♦ ✈✐❛ ❊❙❘ ♠♦str♦✉ q✉❡✿ ♣❡❧❛ ♣♦s✐çã♦ ❞❛s ❧✐♥❤❛s ♦❜s❡r✈❛❞❛s ✭✈❛❧♦r ❞❡ g✮✱ ♣❡❧❛s ❡str✉t✉r❛s

❤✐♣❡r✜♥❛s r❡s♦❧✈✐❞❛s ❞♦ ✐sót♦♣♦ 167❊r ❡ ♣❡❧❛ ❝♦♠♣♦rt❛♠❡♥t♦ ❈✉r✐❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦s ❡s♣❡❝tr♦s ❡♠

❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♦ í♦♥ ❊r3+ ❡stá ❡♠ ✉♠ sít✐♦ ❝ú❜✐❝♦✳ ❊❢❡✐t♦s ❞❡ t❛♠❛♥❤♦ ✜♥✐t♦ ❞❛s ◆Ps ❞❡

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

Pr✐♠❡✐r❛✱ ♦ ❝❛♠♣♦ ❧♦❝❛❧✿ t❛♥t♦ ♥❛s ◆Ps ❞❡ ❆❣ ❝♦♠♦ ♥❛s ❞❡ ❆✉ ♥ã♦ s❡ ♦❜s❡r✈♦✉ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡

g✳ ❙❡❣✉♥❞❛✱ r❡❧❛①❛çã♦ s♣✐♥✲r❡❞❡✿ ❡♠ ❛♠❜❛s ❛♠♦str❛s ♥ã♦ ❢♦✐ ♦❜s❡r✈❛❞❛ r❡❧❛①❛çã♦ t✐♣♦ ❑♦rr✐♥❣❛✳

❊ t❡r❝❡✐r❛✱ ♦ ❝❛♠♣♦ ❝r✐st❛❧✐♥♦ ✭❈❊❋✮✿ ❤♦✉✈❡ ✉♠ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❛ s❡♣❛rçã♦ ❡♥❡r❣ét✐❝❛ ❡♥tr❡

♦ ♥í✈❡❧ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ✭Γ7✮ ❡ ♦ ❞♦ ♣r✐♠❡✐r♦ ❡st❛❞♦ ❡①❝✐t❛❞♦ ✭Γ8✮✳ ❊st❡s r❡s✉❧t❛❞♦s s✉❣❡r❡♠

q✉❡ ❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛ ❡♥tr❡ ♦s s♣✐♥s ❞♦ ❊r3+ ❡ ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❢♦✐ ❡①t✐♥t❛

❡ q✉❡ ♦ ❤♦✈❡ ✉♠ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❈❊❋✳

❊♥tã♦ ❛ ❝♦♠❜✐♥❛çã♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ❜♦r❞❛ ❡ ❞❛ ♣r❡s❡♥ç❛ ❞❡ ❞❡❢❡✐t♦s ❝r✐st❛❧✐♥♦s ✐♠♣♦st❛ ♣❡❧♦

t❛♠❛♥❤♦ ✜♥✐t♦ ❞❛s ◆Ps ♣♦❞❡♠ ❛❢❡t❛r ❢♦rt❡♠❡♥t❡ ♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❞❡st❡s ♠❡t❛✐s ❡✱ ♣♦rt❛♥t♦✱

❛❢❡t❛r ♣r♦♣r✐❡❞❛❞❡s ❡stát✐❝❛s ❡ ❞✐♥â♠✐❝❛s ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❝♦❧♦❝❛❞♦

❝♦♠ ✐♠♣✉r❡③❛✳

❆ss✐♠ ❝♦♠♦ ♥♦ ❝❛s♦ ❞❛s ◆Ps t✐♣♦ ❆✉✲❘2❖3 é ♥❡❝❡ssár✐♦ ✉♠ ❝♦♥tr♦❧❡ ♠❡❧❤♦r ❞❡ t❛♠❛♥❤♦ ❡

❞✐str✐❜✉✐çã♦ ❞❡ t❛♠❛♥❤♦✳ ■st♦ ♣♦ss✐❜✐❧✐t❛r✐❛ s✐♥t❡t✐③❛r ◆Ps ♠❛✐♦r❡s ❞❡ ♠♦❞♦ q✉❡ s❡ r❡❝✉♣❡r❡ ❛ r❡❧❛✲

①❛çã♦ ❑♦rr✐♥❞❛ ❡ g✲s❤✐❢t ❡✱ ❞❡ss❡ ♠♦❞♦✱ ♣♦❞❡r ❞❡t❡r♠✐♥❛r ❝♦♠♦ ❡st❛ tr❛♥s✐çã♦ s❡ ❞á ❝♦♠ ❛ ✈❛r✐❛çã♦

❞❡ t❛♠❛♥❤♦✳ ❖✉tr❛ ♣❡rs♣❡❝t✐✈❛ é ❛ ❞❡ ♦❜t❡r ◆Ps ♠❡tá❧✐❝❛s ❝♦♠ ♣r♦♣r✐❡❞❛❞❡s ❢❡rr♦♠❛❣♥ét✐❝❛s ❡

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

❞❡ ❤✐st❡rés❡ tér♠✐❝❛ ❞❡ ♠❛♥❡✐r❛ ❛✐♥❞❛ ♠❛✐s ❞❡t❛❧❤❛❞❛✳

◆❛♥♦♣❛rtí❝✉❧❛s ❞❡ ◆❛❨❋4

❆s ◆Ps ❞❡ ◆❛❨❋4 ♠♦♥♦ ❡ ❝♦❞♦♣❛❞❛s ❝♦♠ ❨❜3+✱ ❊r3+ ❡ ❚♠3+ ❢♦r❛♠ s✐♥t❡t✐③❛❞❛s ♣♦r ✉♠

♠ét♦❞♦ ❥á ❝♦♥❤❡❝✐❞♦ ❞❛ ❧✐t❡r❛t✉r❛✳ ❬✹✱✺❪ ❆s ♠❡❞✐❞❛s ❞❡ ❳❘❉ ✭❞❡ ♣ó✮ ❡ ❛s ✐♠❛❣❡♥s ❞❡ ♠✐❝r♦s❝♦♣✐❛

❞❡ ✈❛rr❡❞✉r❛ ✭❙❊▼✮ ♠♦str❛r❛♠ q✉❡ ❛s ◆Ps s✐♥t❡t✐③❛❞❛s ❛♣r❡s❡♥t❛♠ ❞✉❛s ❢❛s❡s✿ ❝ú❜✐❝❛ ❞❡ ♠❡♥♦r

t❛♠❛♥❤♦ ❡ ❤❡①❛❣♦♥❛❧ ❞❡ ≈ ✷✷✵ ♥♠ ❞❡ ❞✐♠❡♥sã♦✳

❆tr❛✈és ❞❡ ♠❡❞✐❞❛s ❞❡ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✭▼ ✈s ❚ ✮ ❢♦✐ ❡st✐♠❛❞❛ ❛

❝♦♥❝❡♥tr❛çã♦ ❞♦s í♦♥s ♠❛❣♥ét✐❝♦s ♥❛s ❛♠♦str❛s ♠♦♥♦❞♦♣❛❞❛s ❝♦♠ ❊r3+ ❡ ❨❜3+✱ ♣♦rt❛♥t♦ ♦ ❞❡s✈✐♦

❞❛ ❧❡✐ ❞❡ ❈✉r✐❡ ❞❡✈✐❞♦ ❛♦s ❡❢❡✐t♦s ❞❡ ❈❊❋ ✐♠♣♦ss✐❜✐❧✐t♦✉ ❜♦❛ ♣r❡❝✐sã♦ ♥❛ ❡st✐♠❛t✐✈❛✳ ▲✐♥❤❛s

❛❧❛r❣❛❞❛s ❛ ❛❧t♦ ❝❛♠♣♦ ❞❡✈✐❞♦ ♦s ❡❢❡✐t♦s ❞❡ ❈❊❋ ❞❡ ❛♠❜❛s ❛s ❢❛s❡s ❢♦r❛♠ ♦❜s❡r✈❛❞❛s ✈✐❛ ❊❙❘

❡♠ ✹✳✷ ❑ ♣❛r❛ ❛s q✉❛tr♦ ❛♠♦str❛s ❛♣r❡s❡♥t❛❞❛s✳ ❆ ♣♦s✐çã♦ ❞❛s ❧✐♥❤❛ ♣❡r♠✐t✐✉ ✐❞❡♥t✐✜❝❛r ♦s



❈❆P❮❚❯▲❖ ✺✳ ❈❖◆❈▲❯❙Õ❊❙ ❊ P❊❘❙P❊❈❚■❱❆❙ ✺✵

í♦♥s ❊r3+ ❡ ❨❜3+ ❡ ❝♦♥✜r♠❛r ❛ ✐♥❝♦r♣♦r❛çã♦ ❡ ♦s ❡st❛❞♦s ❞❡ ♦①✐❞❛çã♦ ❞♦s ♠❡s♠♦s✳ ❆

♠✐st✉r❛ ❞❛s ❢❛s❡s✱ ♥♦ ❡♥t❛♥t♦✱ ✐♠♣❡❞❡ ✉♠ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦ ❞♦ ❈❊❋✳ P♦rt❛♥t♦ ❝♦♠♦ ♣❡rs♣❡❝t✐✈❛

♣❛r❛ q✉❡ s❡ ♣♦ss❛ ❢❛③❡r ❡st❡ ❡st✉❞♦ é ♥❡❝❡ssár✐♦ ❛♣❡r❢❡✐ç♦❛r ❛ r❛♠♣❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ❝❤❡❣❛r ❛

✈❛❧♦r❡s ♠❛✐s ❡❧❡✈❛❞♦s ♣❛r❛ s❡ ♦❜t❡r ◆Ps ❞❡ ✉♠❛ ú♥✐❝❛ ❢❛s❡✳ ❉❡ss❡ ♠♦❞♦ ❡❢❡✐t♦s ❞❡ ❈❊❋ ❡♠ ❢✉♥çã♦

❞♦ t❛♠❛♥❤♦ t❛♠❜é♠ ♣♦❞❡r✐❛♠ s❡r r❡❛❧✐③❛❞♦s✳

❆ ❡♠✐ssã♦ ✉♣❝♦♥✈❡rs✐♦♥ ♥♦ ✈❡r❞❡ ❡ ♥♦ ❛③✉❧ ❢♦✐ ❞❡t❡❝t❛❞❛ ❛ ♦❧❤♦ ♥ú ♣❛r❛ ❛s ❛♠♦str❛s ❝♦❞♦♣❛❞❛s

❝♦♠ ✷✵%❨❜3+✴✷%❊r3+ ❡ ✸✵%❨❜3+✴✵✳✺%❚♠3+ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❣r❛♥❞❡ ♣❡rs♣❡❝t✐✈❛ ♣❛r❛ ❡st❛

❝❧❛ss❡ ❞❡ ◆Ps é ✉t✐❧✐③á✲❧❛s ♥❛ ♦t✐♠✐③❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣♦❧✐♠❡r✐③❛çã♦ ❞❡ r❡s✐♥❛s ♦❞♦♥t♦❧ó❣✐❝❛s✳

❉✉r❛♥t❡ ♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ✐♥✐❝✐♦✉✲s❡ ✉♠❛ ❝♦❧❛❜♦r❛çã♦ ❝♦♠ ♦ Pr♦❢✳ ▼✳ ●✐❛♥♥✐♥✐ ❡ s❡✉ ❛❧✉♥♦ ❞❡

❞♦✉t♦r❛❞♦ ❘✳ P❛❝❤❡❝✉ ❞❛ ❋❛❝✉❧❞❛❞❡ ❞❡ ❖❞♦♥t♦❧♦❣✐❛ ❞❡ P✐r❛❝✐❝❛❜❛ ✭❯◆■❈❆▼P✮✳ ❊❧❡s ❛♣r❡s❡♥t❛✲

r❛♠ ♦ ♣r♦❜❧❡♠❛ ❞❛ ♣❡♥❡tr❛çã♦ ❞❛ ❧✉③ ❛③✉❧ ✭❛t✐✈❛❞♦r❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣♦❧✐♠❡r✐③❛çã♦✮ ♥❛s r❡s✐♥❛s

r❡st❛✉r❛❞♦r❛s ❧✐♠✐t❛♥❞♦ ❛ ♣♦❧✐♠❡r✐③❛çã♦ à s✉♣❡r❢í❝✐❡ ✐♥❝✐❞❡♥t❡✳ ❇❛s✐❝❛♠❡♥t❡ ❛ ✐❞é✐❛ ❞❛ ❝♦❧❛❜♦✲

r❛çã♦ é ❛❝r❡s❝❡♥t❛r ❞❡ ❛❧❣✉♠❛ ♠❛♥❡✐r❛ ❛s ◆Ps ❞❡ ◆❛❨❋4 ❝♦♠ ✸✵%❨❜3+✴✵✳✺%❚♠3+ à r❡s✐♥❛ ❡

❛tr❛✈és ❞❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡ r❛❞✐❛çã♦ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ✐♥❢r❛✲✈❡r♠❡❧❤♦✱ q✉❡ ♥ã♦ ❛♣r❡s❡♥t❛

♦ ♣r♦❜❧❡♠❛ ❞❡ ♣❡♥❡tr❛çã♦✱ ❡st✐♠✉❧❛r ❛ ♣♦❧✐♠❡r✐③❛çã♦ ♥✉♠❛ ♣♦r❢✉♥❞✐❞❛❞❡ s✉♣❡r✐♦r✳ ■st♦ ❛❧é♠ ❞❡

t♦r♥❛r ♦ ♣r♦❝❡ss♦ ❞❡ r❡st❛✉r❛çã♦ ♠❛✐s ❡❢❡t✐✈♦ ❡ ❞✉r❛❞♦✉r♦ ♦ ❞❡✐①❛r✐❛ ♠❛✐s rá♣✐❞♦✱ ♣♦✐s ❛t✉❛❧♠❡t❡

♦ ❢❛③✲s❡ ❛ r❡st❛✉r❛çã♦ ♣♦r r❡s✐♥❛s ❛❞✐❝✐♦♥❛♥❞♦ ❞✐✈❡rs❛s ❝❛♠❛❞❛s ✜♥❛s ❞❡ r❡s✐♥❛ ❡ ❛♣ós ❝❛❞❛ ✉♠❛

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

❉❡ ♠❛♥❡✐r❛ ❣❡r❛❧✱ ❛ ♣❡rs♣❡❝t✐✈❛ ❞❡ ❝♦♥tr♦❧❡ ❞❡ t❛♠❛♥❤♦ é ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ q✉❡ s❡ ❞ê s❡q✉ê♥❝✐❛

♥❡st❡ tr❛❜❛❧❤♦ ❝♦♠ ♦s três t✐♣♦s ❞❡ ◆Ps ❛❜♦r❞❛❞♦s✳



❆♣ê♥❞✐❝❡ ❆

❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦ ✲

❋❡♥♦♠❡♥♦❧♦❣✐❛

❊st❡ ❛♣ê♥❞✐❝❡ é ❞❡❞✐❝❛❞♦ à ❛♣r❡s❡♥t❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦ ❞❡ ❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦✳

❯t✐❧✐③♦✉✲s❡ ❝♦♠♦ r❡❢❡rê♥❝✐❛✿ ❈❛♣ít✉❧♦s ✶ ❡ ✷ ❞❛ r❡❢❡rê♥❝✐❛ ❬✼✹❪✱ ❈❛♣ít✉❧♦ ✷ ❞❛ r❡❢❡rê♥❝✐❛ ❬✽✹❪ ❡ ♦s

❝❛♣ít✉❧♦s ❞❡ t❡♦r✐❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✽✺❪✳

❖ ❢❡♥ô♠❡♥♦ ❞❡ ❊❙❘ é ❜❛s❡❛❞♦ ❡♠ tr❛♥s✐çõ❡s ❞✐♣♦❧❛r❡s ♠❛❣♥ét✐❝❛s ❡♥tr❡ ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛

❩❡❡♠❛♥ ❡st✐♠✉❧❛❞❛s ♣♦r r❛❞✐❛çã♦ ❞❡ ♠✐❝r♦♦♥❞❛✱ ♠❛✐s ❡s♣❡❝✐✜❝❛♠❡♥t❡ ♣❡❧❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❝❛♠♣♦

♠❛❣♥ét✐❝♦✱ H1✱ ❞❛ ♠✐❝r♦♦♥❞❛✳ ❯♠❛ s✐♠♣❧❡s ✈✐③✉❛❧✐③❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦ é ♣♦ssí✈❡❧ ❝♦♥s✐❞❡r❛♥❞♦✲s❡

♦ ❝❛s♦ s✐♠♣❧❡s ❞❡ ✉♠ ❡❧étr♦♥ ❧✐✈r❡✱ ♦✉ s❡❥❛✱ s♣✐♥ s = 1/2 ❡ ❢❛t♦r g = ✷✳✵✵✷✸✳ ❊st❡ ❡❧étr♦♥ ♣♦ss✉✐✱

♣♦rt❛♥t♦✱ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❛ss♦❝✐❛❞♦ ❛♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ✐♥trí♥s❡❝♦ µs = −µB ✱ ♦♥❞❡ µB é

♦ ♠❛❣♥❡t♦♥ ❞❡ ❇♦❤r✳ ◆❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ✉♠ s♣✐♥ 1/2 é

❞✉♣❧❛♠❡♥t❡ ❞❡❣❡♥❡r❛❞♦ ❡♠ r❡❧❛çã♦ ♦r✐❡♥t❛çã♦ r❡❧❛t✐✈❛ ❞❡st❡ s♣✐♥ ❝♦♠ r❡s♣❡✐t♦ ❛ ✉♠ ❞❛❞♦ ❡✐①♦✳

❆♣❧✐❝❛♥❞♦✲s❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ H✱ ♥❡st❡ ❡✐①♦ ❤❛✈❡rá ❛ q✉❡❜r❛ ❞❡ ❞❡s❣❡♥❡r❡s❝ê♥❝✐❛ ❞♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ ✭❊❢❡✐t♦ ❩❡❡♠❛♥✮ s❡♣❛r❛♥❞♦✲♦ ❡♠ ❞♦✐s ♥í✈❡✐s ✭±1/2gµBH✮✳ ❆ s❡♣❛r❛çã♦ ❡♥❡r❣ét✐❝❛

❡♥tr❡ ❡st❡s ♥í✈❡✐s ❩❡❡♠❛♥ é ∆E = gµBH✳ ❖ ❢❡♥ô♠❡♥♦ ❞❡ ❊❙❘ ♦❝♦rr❡ ❡♥tã♦ q✉❛♥❞♦ ❛ ❡♥❡r❣✐❛ ❞❛

♠✐❝r♦♦♥❞❛ ✉t✐❧✐③❛❞❛✱ hν ✭h é ❛ ❝♦♥st❛♥t❡ ❞❡ P❧❛♥❦ ❡ ν é ❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ♠✐❝r♦♦♥❞❛✮✱ é ✐❣✉❛❧ ❛ ❡st❛

s❡♣❛r❛çã♦ ❡♥❡r❣ét✐❝❛ ∆E✳ P♦rt❛♥t♦ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦ hν = gµBH0✳

❖ ❡①♣❡r✐♠❡♥t♦ ✉s✉❛❧♠❡♥t❡ ♦❝♦rr❡ ❝♦♠ ❛ ♠✐❝r♦♦♥❞❛ ❛♣❧✐❝❛❞❛ ❝♦♠ ❢rq✉ê♥❝✐❛ ν ✜①❛ ❡ ♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ é ✈❛r✐❛❞♦ ♣❛r❛ q✉❡ s❡ ❛t✐♥❥❛ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛✳ ❆ ✜❣✉r❛ ❆✳✶ ✐❧✉str❛ ❡st❡ ❝❛s♦

s✐♠♣❧❡s ❞❡ ❡❧étr♦♥ ❧✐✈r❡✳

P❛r❛ ♦❜t❡r ✉♠❛ ❡①♣r❡sã♦ ♣❛r❛ ❛ ♣♦tê♥❝✐❛ ❛❜s♦r✈✐❞❛ ♣❡❧❛ ❛♠♦str❛✱ q✉❡ é ❛ ❣r❛♥❞❡③❛ ❡❢❡t✐✈❛♠❡♥t❡

♠❡❞✐❞❛ ❡♠ ✉♠ ❡①♣❡r✐♠❡♥t♦ tí♣✐❝♦ ❞❡ ❊❙❘✱ é ♥❡❝❡ssár✐♦ ♣♦ré♠ tr❛t❛r ❞♦ ❢❡♥ô♠❡♥♦ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛

❛ r❡❧❛①❛çã♦✱ ♦✉ s❡❥❛✱ ♦ ♣r♦❝❡ss♦ ♣❡❧♦ q✉❛❧ ♦s s♣✐♥s ✈♦❧t❛♠ ❛♦ ❡st❛❞♦ ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ ❡✱ ❛✐♥❞❛✱

✺✶





❆P✃◆❉■❈❊ ❆✳ ❘❊❙❙❖◆➶◆❈■❆ ❉❊ ❙P■◆ ❊▲❊❚❘Ô◆■❈❖ ✲ ❋❊◆❖▼❊◆❖▲❖●■❆ ✺✸

♦ ♠ó❞✉❧♦ ❞❛ ❝❛r❣❛ ❡ ❛ ♠❛ss❛ ❞♦ ❡❧étr♦♥ ❡ c é ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✳ ~H = H1xx̂ +H1y ŷ +Hẑ✱ s❡♥❞♦

H1i ❛ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ♠✐❝r♦♦♥❞❛ ♥♦ ❡✐①♦ i✷ ❡ î é ♦ ✈❡rs♦r ♥❛ ❞✐r❡çã♦ i✳

❊st❛s ❡q✉❛çõ❡s ❞❡s❝r❡✈❡♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠

❝❛♠♣♦ ❡①t❡r♥♦ ~H ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛ ♣r♦❝❡ss♦s ❞❡ r❡❧❛①❛çã♦✳ ❆ ❢❡♥♦♠❡♥♦❧♦❣✐❛ ❞❛s ❡q✉❛çõ❡s ❡stá

❥✉st❛♠❡♥t❡ ♥❛ r❡❧❛①❛çã♦✳ Bloch ❛ss✉♠✐✉ q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❧♦♥❣✐t✉❞✐♥❛❧ ✭♥♦ ❡✐①♦ z✮ t❡♥❞❡ ❛♦

s❡✉ ✈❛❧♦r ❞❡ ❡q✉✐❧í❜r✐♦ ❡♠ ✉♠❛ t❛①❛ ✭1/T1✮ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ❞❡s✈✐♦ q✉❡ ❡❧❛ ❡stá ❞♦ ✈❛❧♦r M0✳ ❊

❛♥❛❧♦❣❛♠❡♥t❡✱ ❛ss✉♠✐✉ q✉❡ ❛s ❝♦♠♣♦♥❡t❡s tr❛♥s✈❡rs❛s ✭x ❡ y✮ t❡♥❞❡♠ ❛ ❛♥✉❧❛r✲s❡ ❡♠ ✉♠❛ t❛①❛

✭1/T2✮ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ s❡✉s ✈❛❧♦r❡s ✐♥st❛♥tâ♥❡♦s✳

❆s s♦❧✉çõ❡s ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❡qs✳ ❆✳✶✱ ♥❛s ❝♦♥❞✐çõ❡s q✉❡ ♦ ❡①♣❡r✐♠❡♥t♦ ♦❝♦rr❡✱ ♠♦str❛♠ q✉❡

❡①✐st❡♠ ❝♦♠♣♦♥❡♥t❡s ❞❛ ♠❛❣♥❡t✐③❛çã♦ tr❛♥s✈❡rs❛ ❡♠ ❢❛s❡ ❡ ❢♦r❛ ❞❡ ❢❛s❡ ❝♦♠ Hx✳ P❛r❛ ❧❡✈❛r ✐ss♦

❡♠ ❝♦♥t❛ é ♥❡❝❡ssár✐♦ q✉❡ s❡ ✐♥s✐r❛ ♦ ❝♦♥❝❡✐t♦ ❞❡ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❝♦♠♣❧❡①❛ χ = χ′ + jχ′′✱ s❡♥❞♦

j =
√
−1✳ ❆s s♦❧✉çõ❡s ❞❛s ❡qs✳ ❆✳✶ ♣❛r❛ ❛s ❝♦♠♣♦♥❡t❡s r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ❞❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡

❝♦♠♣❧❡①❛ sã♦✸✿

χ
′

=
1

2
χ0ω0T2

(ω0 − ω)T2

1 + (ω − ω0)2T 2
2 + γ2H2

1T1T2

χ
′′

=
1

2
χ0ω0T2

T2

1 + (ω − ω0)2T 2
2 + γ2H2

1T1T2
✭❆✳✷✮

♦♥❞❡ ω ❡ ω0 sã♦ ❛ ❢r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r ❞❛ ♠✐❝r♦♦♥❞❛ ❡ ❞❡ r❡ss♦♥â♥❝✐❛✳ P♦❞❡✲s❡ ♠♦str❛r q✉❡ ❛ ♣♦tê♥❝✐❛

❛❜s♦r✈✐❞❛ ♣❡❧❛ ❛♠♦str❛✱ Pabs✱ é ♣r♦♣♦r❝✐♦♥❛❧ à ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❝♦♠♣❧❡①❛✿

Pabs α χ′′H2
1 ✭❆✳✸✮

✷P❛r❛ q✉❡ ♦❝♦rr❛ ♦ ❢❡♥ô♠❡♥♦ ❞❡ ❊❙❘ é ♥❡❝❡ssár✐♦ q✉❡ ♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❞❛ ♠✐❝r♦♦♥❞❛ ❡ ♦ ❡stát✐❝♦ s❡❥❛♠

♣❡r♣❡♥❞✐❝✉❧❛r❡s ❡♥tr❡ s✐✳ ◗✉â♥t✐❝❛♠❡♥t❡ ❢❛❧❛♥❞♦ ✐st♦ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ♦s ♦♣❡r❛❞♦r❡s ❞❡ ❝r✐❛çã♦ ❡ ❞❡str✉✐çã♦

✭S±✮ q✉❡ sã♦ ♥❡❝❡ssár✐♦s ♣❛r❛ q✉❡ ❤❛❥❛ ✧❞✐♥â♠✐❝❛✧✳
✸P❛r❛ ♦ ❝❛s♦ ❞❡ ❛ ♠✐❝r♦♦♥❞❛ s❡r ❧✐♥❡❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞❛✳



❆♣ê♥❞✐❝❡ ❇

❙✉♣❡r♣❛r❛♠❛❣♥❡t✐s♠♦

◆❡st❡ ❛♣ê♥❞✐❝❡ s❡rá tr❛t❛❞♦ ♦ ❢❡♥ô♠❡♥♦ ❞❡ ❙✉♣❡r♣❛r❛♠❛❣♥❡t✐s♠♦✳ ❖s t❡①t♦s t♦♠❛❞♦s ❝♦♠♦

❜❛s❡ ♣❛r❛ ❡st❡ ❛♣ê♥❞✐❝❡ sã♦✿ ❈❛♣ít✉❧♦ ✶✶ ❞❛ r❡❢❡rê♥❝✐❛ ❬✽✼❪ ❡ ❙❡çã♦ ✽✳✸ ❞❛ r❡❢❡rê♥❝✐❛ ❬✽✽❪✳

P❛rtí❝✉❧❛s ❢❡rr♦♠❛❣♥ét✐❝❛s s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥❛s t❡♥❞❡♠ ❛ t❡r ✉♠ só ❞♦♠í♥✐♦ ❢❡rr♦♠❛❣♥é✲

t✐❝♦ ✭s✐♥❣❧❡✲❞♦♠❛✐♥✮ ♣♦✐s ♦ ❜❛❧❛♥ç♦ ❡♥tr❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❞❡♠❛❣♥❡t✐③❛çã♦ ✧❡❝♦♥♦♠✐③❛❞❛✧♣❡❧❛ ❢♦r♠❛çã♦

❞❡ ♣❛r❡❞❡s ❞❡ ❞♦♠í♥✐♦ ❡ ❛ ❡♥❡r❣✐❛ ♣❛r❛ ❢♦r♠❛çã♦ ❞❡st❛s ♣❛r❡❞❡s ❞❡s❢❛✈♦r❡❝❡ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ❞♦♠í✲

♥✐♦s ❞✐st✐♥t♦s✳ ❆ ♠❛❣♥❡t✐③❛çã♦ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❞❡st❡ t✐♣♦ ✜❝❛ ❣❡r❛❧♠❡♥t❡ r❡str✐t❛ ❛ ❡st❛r ❛❧✐♥❤❛❞❛

♣❛r❛❧❡❧❛ ♦✉ ❛♥t✐♣❛r❛❧❡❧❛♠❡♥t❡ ❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡✐①♦✳ ❆ ❞❡t❡r♠✐♥❛çã♦ ❞❡ss❡ ❡✐①♦✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦

❡✐①♦ ❢á❝✐❧✱ ♣♦❞❡ ❡st❛r r❡❧❛❝✐♦♥❛❞❛ ❛ ❛♥✐s♦tr♦♣✐❛ ❞❡ ♠❛❣♥❡t♦❝r✐st❛❧✐♥✐❞❛❞❡✱ ♦✉ ❛ ❛♥✐s♦tr♦♣✐❛ ❞❡ ❢♦r♠❛

❡♥tr❡ ♦✉tr❛s ♣♦ssí✈❡✐s r❛③õ❡s✳ ❆ss✉♠❡✲s❡ ❡♥tã♦ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❛♥✐s♦tr♦♣✐❛✱ E✱ ❞❡

❝❛❞❛ ♣❛rtí❝✉❧❛ é ❞❛❞❛ ♣♦r✿

E = Ksin2θ ✭❇✳✶✮

♦♥❞❡ θ é ♦ â♥❣✉❧♦ ❡♥tr❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❡ ♦ ❡✐①♦ ❢á❝✐❧ ❞❛ ♣❛rtí❝✉❧❛ ❡ K é ❛ ❝♦♥st❛♥t❡ ❞❡ ❛♥✐s♦tr♦♣✐❛✱

❛ q✉❛❧ q✉❛♥t✐✜❝❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❛ss♦❝✐❛❞❛ ❛ ❡st❛ ❛♥✐s♦tr♦♣✐❛✳ ❆ ❡♥❡r❣✐❛ é✱ ♣♦rt❛♥t♦✱

♠✐♥✐♠✐③❛❞❛ q✉❛♥❞♦ θ = π ♦✉ 0✱ ❝♦♠♦ ✐❧✉str❛ ❛ ✜❣✉r❛ ❇✳✶✳ ❯♠❛ ♣❛rtí❝✉❧❛ ❞❡ ✈♦❧✉♠❡ V ♣r❡❝✐s❛ ❞❡

✉♠❛ ❡♥❡r❣✐❛ KV ♣❛r❛ ✐♥✈❡rt❡r ❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦ ❢á❝✐❧✳

❊♠ q✉❛❧q✉❡r ♠❛t❡r✐❛❧✱ ✢✉t✉❛çõ❡s ❞❡ ❡♥❡r❣✐❛ tér♠✐❝❛ ♦❝♦rr❡♠ ❝♦♥tí♥✉❛♠❡♥t❡ ❡♠ ❡s❝❛❧❛ ♠✐✲

❝r♦s❝ó♣✐❝❛✳ ❈♦♥s✐❞❡r❛♥❞♦ ❡♥tã♦ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❢❡rr♦♠❛❣♥ét✐❝❛s✱ q✉❡ ♣♦ss✉❛♠ ✉♠

ú♥✐❝♦ ❞♦♠í♥✐♦ ❡♠ ✉♠❛ ♠❛tr✐③ ♥ã♦ ♠❛❣♥ét✐❝❛ ❡ ❛ss✉♠✐♥❞♦ q✉❡ ❡❧❛s ❡st❡❥❛♠ r❡❧❛t✐✈❛♠❡♥t❡ s❡♣❛r❛❞❛s

❞❡ ♠♦❞♦ q✉❡ s❡ ♣♦ss❛ ♥❡❣❧✐❣❡♥❝✐❛r ✐♥t❡r❛çõ❡s ❡♥tr❡ ❛s ♣❛rtí❝✉❧❛s✱ ♣❛r❛ kBT ≫ KV ❡st❡ s✐st❡♠❛

❞❡ ♣❛rtí❝✉❧❛s s❡ ❝♦♠♣♦rt❛rá ❝♦♠♦ ✉♠ ♣❛r❛♠❛❣♥❡t♦✱ ♥♦ q✉❛❧ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ✐♥❞❡♣❡♥✲

❞❡♥t❡s ♥ã♦ sã♦ ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❛tô♠✐❝♦s ✭♣♦✉❝♦s ♠❛❣♥❡t♦♥s ❞❡ ❇♦❤r✮ ♠❛s ✉♠ ❛❣❧♦♠❡r❛❞♦

❞❡ ♠♦♠❡♥t♦s✱ ❝❛❞❛ ✉♠ ❞❡❧❡s ♥♦ ✐♥t❡r✐♦r ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛✳ ❊st❡ s✐st❡♠❛ é ♣♦rt❛♥t♦ ❝❤❛♠❛❞♦ ❞❡

s✉♣❡r♣❛r❛♠❛❣♥❡t♦✳

✺✹



❆P✃◆❉■❈❊ ❇✳ ❙❯P❊❘P❆❘❆▼❆●◆❊❚■❙▼❖ ✺✺

❋✐❣✉r❛ ❇✳✶✿ ❉❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❛♥✐s♦tr♦♣✐❛ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♠❛❣♥ét✐❝❛✳ ❆ ❡♥❡r❣✐❛ é ♠✐♥✐✲

♠✐③❛❞❛ ❡♠ θ = π ♦✉ 0✳

❙❡ K = 0✱ ❡♥tã♦ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❞❛ ❞✐str✐❜✉✐çã♦ ♥ã♦ ♣♦ss✉✐ ❛♥✐s♦tr♦♣✐❛ ❡✱ ❡♥tã♦✱ ♦ ♠♦♠❡♥t♦ ♠❛❣✲

♥ét✐❝♦ t♦t❛❧ ❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛✱ µT ✱ ♣♦❞❡ ❛♣♦♥t❛r ♣❛r❛ ♣♦♥t♦s ❡♠ q✉❛❧q✉❡r ❞✐r❡çã♦ ❝♦♠♣♦rt❛♥❞♦✲s❡

❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ t❡♦r✐❛ ❝❧áss✐❝❛ ❞♦ ♣❛r❛♠❛❣♥❡t✐s♠♦✳ ◆❡st❡ ❝❛s♦ ❛ ♠❛❣♥❡t✐③❛çã♦✱ M ✱ ❞❡st❡ ❝♦♥❥✉♥t♦

❞❡ ♣❛rtí❝✉❧❛s ♦❜❡❞❡❝❡ ❛ ❢✉♥çã♦ ❞❡ ▲❛♥❣❡✈✐♥✿

M = nµT

[

coth

(

µTH

kBT

)

− 1

µTH/kBT

]

✭❇✳✷✮

♦♥❞❡ n é ♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ q✉❡ ♦ ❝♦♥❥✉♥t♦ ♦❝✉♣❛ ❡ H é ♦ ❝❛♠♣♦ ♠❛❣✲

♥ét✐❝♦ ❛♣❧✐❝❛❞♦✳ ❈♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞♦s ✈❛❧♦r❡s ❛❧t♦s ❞❡ µT ✱ ♦ ❛r❣✉♠❡♥t♦ ❞❛ ❢✉♥çã♦ ❞❡ ▲❛♥❣❡✈✐♥✱

µTH/kBT ✱ ♣♦❞❡ ❛ss✉♠✐r ✈❛❧♦r❡s r❡❧❛t✐✈❛♠❡♥t❡ ❛❧t♦s ♠❡s♠♦ ❝♦♠ ✈❛❧♦r❡s ♦r❞✐♥ár✐♦s ❞❡ t❡♠♣❡r❛✲

t✉r❛ ❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ■st♦ ♣❡r♠✐t❡ q✉❡ s❡ ✈❡❥❛ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ s❛t✉r❛çã♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦

❢❛❝✐❧♠❡♥t❡✱ ♥ã♦ ❡①✐❣✐♥❞♦ ♣❛r❛ ✐st♦ ❝♦♥❞✐çõ❡s ❞❡ ❜❛✐①íss✐♠❛s t❡♠♣❡r❛t✉r❛s ❡ ❛❧t♦s ❝❛♠♣♦s ❝♦♠♦ ♥♦

❝❛s♦ ❞❡ ✉♠ ♣❛r❛♠❛❣♥❡t♦ ♦r❞✐♥ár✐♦✳

❊♠ ✉♠ ♦✉tr♦ ❡①tr❡♠♦✱ ♦♥❞❡ K é ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦ ❡ ❛s ♣❛rtí❝✉❧❛s ❡stã♦ ❝♦♠ s❡✉s ❡✐①♦s ❢á❝❡✐s

♣❛r❛❧❡❧♦s ❡♥tr❡ s✐ ❡ ♣❛r❛❧❡❧♦s ❛♦ ❝❛♠♣♦ ❛♣❧✐❝❛❞♦✱ ❡♥tã♦ ❛s ❞✐r❡çõ❡s ♣♦ssí✈❡s ❞❡ ❛❧✐♥❤❛♠❡♥t♦ ❞♦s

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

t❡♦r✐❛ q✉â♥t✐❝❛ ❞❡✈❡ s❡r ✉t✐❧✐③❛❞❛ ❡ ❛ ♠❛❣♥❡t✐③❛çã♦ t❡rá ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠❛ t❛♥❣❡♥t❡ ❤✐✲

♣❡r❜ó❧✐❝❛ ✭❝❛s♦ ❡s♣❡❝✐❛❧ ❞❛ ❢✉♥çã♦ ❞❡ ❇r✐❧❧♦✉✐♥✮✳ ❆s ❡q✉❛çõ❡s ♣❛r❛ ❛ ♠❛❣♥❡t✐③❛çã♦ t❛♥t♦ ♥❡st❡

❡①tr❡♠♦ q✉â♥t✐❝♦ ✭r❡❣✐♠❡ ❡stá✈❡❧✮✱ q✉❛♥t♦ ♥♦ ❡①tr❡♠♦ ❝❧áss✐❝♦ ✭r❡❣✐♠❡ s✉♣❡r♣❛r❛♠❛❣♥ét✐❝♦✮ s❡rã♦

♦❜❡❞❡❝✐❞❛s s❡ ❛s ♣❛rtí❝✉❧❛s ♣♦ss✉✐r❡♠ t❛♠❛♥❤♦ ✉♥✐❢♦r♠❡✱ ♦✉ s❡❥❛✱ ♣♦ss✉ír❡♠ ♦ ♠❡s♠♦ ♠♦♠❡♥t♦

♠❛❣♥ét✐❝♦ µT ✳

❊♠ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ♣♦❞❡♠ ♠✉❞❛r ❞❡ ❞✐r❡çã♦ r❛♣✐❞❛♠❡♥t❡✳ ❖
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t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ✭✢✉t✉❛çã♦✮✱ τ ✱ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ é ❞❛❞♦ ♣♦r ✶✿

τ = τ0exp

(

KV

kBT

)

✭❇✳✸✮

♦♥❞❡ τ0 é t✐♣✐❝❛♠❡♥t❡ ❞❛ ♦r❞❡♠ ❞❡ 10−9 s✳ ❆s ✢✉t✉❛çõ❡s ❞❡ ❞✐r❡çã♦ ❞✐♠✐♥✉❡♠ ❝♦♥❢♦r♠❡ ♦ ❝♦♥❥✉♥t♦

❞❡ ♣❛rtí❝✉❧❛s é r❡s❢r✐❛❞♦✱ ❝♦♠♦ ✐❧✉str❛ ❛ ✜❣✉r❛ ❇✳✷✳ ❖ s✐st❡♠❛ ♣❛ss❛ ❛ s❡r ❡stát✐❝♦ ✭r❡❣✐♠❡ ❡stá✈❡❧

♦✉ ❜❧♦q✉❡❛❞♦✮ q✉❛♥❞♦ ♦ t❡♠♣♦ ❞❡ ♠❡❞✐❞❛ é ❜❡♠ ♠❡♥♦r q✉❡ ♦ t❡♠♣♦ τ ✳ ❉❡✜♥✐♥❞♦ ✉♠ t❡♠♣♦ ❧♦♥❣♦

❝♦♠♦ 100 s✱ ❛❜❛✐①♦ ❞❡ ✉♠❛ t❡♠♣❡r❛t✉r❛ TB ≈ KV/25kB ✱ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❡stá ♣r❡s❛ ❛ ✉♠ ❞♦s ❞♦ís

♠í♥✐♠♦s ❞❡ ❡♥❡r❣✐❛✳ ❊st❛ t❡♠♣❡r❛t✉r❛✱ TB ✱ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ t❡♠♣❡r❛t✉r❛ ❞❡ ❜❧♦q✉❡✐♦✳

◆❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♠❡❞✐❞❛s ❞❡ ❘❡ss♦♥â♥❝✐❛ ❞❡ ❙♣✐♥ ❊❧❡trô♥✐❝♦ ✭❊❙❘✮ ❡♠ ❜❛♥❞❛✲

❳ ✭✾✳✹ ●❍③✮ ♣❛r❛ ◆Ps ❞❡ ❆✉ ❝♦♠ ♣r♦♣r✐❡❞❛❞❡s ❢❡rr♦♠❛❣♥ét✐❝❛s✳ ❖ t❡♠♣♦ ❞❡ ♠❡❞✐❞❛ ❞❡ss❡

❡①♣❡r✐♠❡♥t♦ é ❞❛ ♦r❞❡♠ ❞♦ ✐♥✈❡rs♦ ❞❛ ❢r❡q✉ê♥❝✐❛✱ ♣♦rt❛♥t♦ ♦ t❡♠♣♦ ❞❡ ♠❡❞✐❞❛ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡

✐❣✉❛❧ ❛ τ0✳ ❆ t❡♠♣❡r❛t✉r❛ ❞❡ ❜❧♦q✉❡✐♦ t❡♥❞❡ ❛ ✈❛❧♦r❡s ❛❧tíss✐♠♦s ♥❡ss❛ ❝♦♥❞✐çã♦ ✭τ ≈ τ0 →
exp(KV/kBTB) ≈ 1 ✮✳ P♦rt❛♥t♦ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛ té❝♥✐❝❛ ❞❡ ❊❙❘ ❛s ◆Ps ❡stã♦ ♥♦ r❡❣✐♠❡

❜❧♦q✉❡❛❞♦✳

❋✐❣✉r❛ ❇✳✷✿ ❉❡♣❡♥❞ê♥❝✐❛ ❞♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✭❡s❝❛❧❛❞❛ ♣♦r kB/KV ✮✳

✶❊st❛ ❡q✉❛çã♦ é ♦❜t✐❞❛ ❛ss✉♠✐♥❞♦✲s❡ q✉❡ ❛ t❛①❛ ❞❡ r❡❧❛①❛çã♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ✭1/τ✮ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ✈❛❧♦r ❞❛

♠❛❣♥❡t✐③❛çã♦✳
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❬✶❪ ❏✳ ❱❛r❣❛s✱ ❲✳ ■✇❛♠♦t♦✱ ▲✳ ❍♦❧❛♥❞❛✱ ❙✳ ❖s❡r♦✛✱ P✳ P❛❣❧✐✉s♦✱ ❛♥❞ ❈✳ ❘❡tt♦r✐✱ ✏❆❜s❡♥❝❡ ♦❢ ❡①✲

❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❧♦❝❛❧✐③❡❞ ♠❛❣♥❡t✐❝ ♠♦♠❡♥ts ❛♥❞ ❝♦♥❞✉❝t✐♦♥✲❡❧❡❝tr♦♥s ✐♥ ♠❛❣♥❡t✐❝

✐♦♥s ❞✐❧✉t❡❞ ✐♥ ❛❣✲♥❛♥♦♣❛rt✐❝❧❡s✱✑ ❏♦✉r♥❛❧ ♦❢ ◆❛♥♦s❝✐❡♥❝❡ ❛♥❞ ◆❛♥♦t❡❝❤♥♦❧♦❣②✱ ✈♦❧✳ ✶✶✱ ♥♦✳ ✸✱

✷✵✶✶✳

❬✷❪ ●✳ ❙❝❤♠✐❞ ❛♥❞ ❇✳ ❈♦r❛✐♥✱ ✏◆❛♥♦♣❛rt✐❝✉❧❛t❡❞ ❣♦❧❞✿ ❙②♥t❤❡s❡s✱ str✉❝t✉r❡s✱ ❡❧❡❝tr♦♥✐❝s✱ ❛♥❞

r❡❛❝t✐✈✐t✐❡s✱✑ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ■♥♦r❣❛♥✐❝ ❈❤❡♠✐str②✱ ✈♦❧✳ ✷✵✵✸✱ ♥♦✳ ✶✼✱ ♣♣✳ ✸✵✽✶✕✸✵✾✽✱

✷✵✵✸✳

❬✸❪ ❨✳ ❚❛♥❣ ❛♥❞ ▼✳ ❖✉②❛♥❣✱ ✏❚❛✐❧♦r✐♥❣ ♣r♦♣❡rt✐❡s ❛♥❞ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ♦❢ ♠❡t❛❧ ♥❛♥♦♣❛rt✐❝❧❡s

t❤r♦✉❣❤ ❝r②st❛❧❧✐♥✐t② ❡♥❣✐♥❡❡r✐♥❣✱✑ ◆❛t ▼❛t❡r✱ ✈♦❧✳ ✻✱ ♥♦✳ ✶✵✱ ♣♣✳ ✼✺✹✕✼✺✾✱ ✷✵✵✼✳

❬✹❪ ❏✳✲❈✳ ❇♦②❡r✱ ❋✳ ❱❡tr♦♥❡✱ ▲✳ ❆✳ ❈✉❝❝✐❛✱ ❛♥❞ ❏✳ ❆✳ ❈❛♣♦❜✐❛♥❝♦✱ ✏❙②♥t❤❡s✐s ♦❢ ❝♦❧❧♦✐❞❛❧ ✉♣❝♦♥✈❡r✲

t✐♥❣ ♥❛②❢✹ ♥❛♥♦❝r②st❛❧s ❞♦♣❡❞ ✇✐t❤ ❡r✸✰✱ ②❜✸✰ ❛♥❞ t♠✸✰✱ ②❜✸✰ ✈✐❛ t❤❡r♠❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥

♦❢ ❧❛♥t❤❛♥✐❞❡ tr✐✢✉♦r♦❛❝❡t❛t❡ ♣r❡❝✉rs♦rs✱✑ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❈❤❡♠✐❝❛❧ ❙♦❝✐❡t②✱ ✈♦❧✳ ✶✷✽✱

♥♦✳ ✷✸✱ ♣♣✳ ✼✹✹✹✕✼✹✹✺✱ ✷✵✵✻✳

❬✺❪ ❍✳✲❳✳ ▼❛✐✱ ❨✳✲❲✳ ❩❤❛♥❣✱ ❘✳ ❙✐✱ ❩✳✲●✳ ❨❛♥✱ ▲✳✲❞✳ ❙✉♥✱ ▲✳✲P✳ ❨♦✉✱ ❛♥❞ ❈✳✲❍✳ ❨❛♥✱ ✏❍✐❣❤✲q✉❛❧✐t②

s♦❞✐✉♠ r❛r❡✲❡❛rt❤ ✢✉♦r✐❞❡ ♥❛♥♦❝r②st❛❧s✿â➾❻ ❝♦♥tr♦❧❧❡❞ s②♥t❤❡s✐s ❛♥❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s✱✑

❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❈❤❡♠✐❝❛❧ ❙♦❝✐❡t②✱ ✈♦❧✳ ✶✷✽✱ ♥♦✳ ✶✾✱ ♣♣✳ ✻✹✷✻✕✻✹✸✻✱ ✷✵✵✻✳ P▼■❉✿

✶✻✻✽✸✽✵✽✳

❬✻❪ ●✳ ▲✳ ❍♦r♥②❛❦✱ ❍✳ ❋✳ ❚✐❜❜❛❧s✱ ❏✳ ❉✉tt❛✱ ❛♥❞ ❏✳ ❏✳ ▼♦♦r❡✱ ■♥tr♦❞✉❝t✐♦♥ t♦ ◆❛♥♦s❝✐❡♥❝❡ ❛♥❞

◆❛♥♦t❡❝❤♥♦❧♦❣②✳ ❈❘❈ Pr❡ss✱ ✷✵✵✾✳

❬✼❪ ◆❛♥♦s❝✐❡♥❝❡ ❛♥❞ ♥❛♥♦t❡❝❤♥♦❧♦❣✐❡s✿ ♦♣♣♦rt✉♥✐t✐❡s ❛♥❞ ✉♥❝❡rt❛✐♥t✐❡s✳ ▲♦♥❞♦♥✱ ❯❑✿ ❆ ❘❡♣♦rt

❜② ❚❤❡ ❘♦②❛❧ ❙♦❝✐❡t② ❛♥❞ ❚❤❡ ❘♦②❛❧ ❆❝❛❞❡♠② ♦❢ ❊♥❣✐♥❡❡r✐♥❣✱ ✷✵✵✹✳

❬✽❪ ❈✳ ▼✳ ▲✐❡❜❡r✱ ✏◆❛♥♦s❝❛❧❡ s❝✐❡♥❝❡ ❛♥❞ t❡❝❤♥♦❧♦❣②✿ ❇✉✐❧❞✐♥❣ ❛ ❜✐❣ ❢✉t✉r❡ ❢r♦♠ s♠❛❧❧ t❤✐♥❣s✱✑

▼❘❙ ❜✉❧❧❡t✐♥✱ ✈♦❧✳ ✷✽✱ ♥♦✳ ✼✱ ♣♣✳ ✹✽✻✕✹✾✶✱ ✷✵✵✸✳

✺✼
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❬✾❪ ●✳ ▼✳ ❲❤✐t❡s✐❞❡s✱ ✏◆❛♥♦s❝✐❡♥❝❡✱ ♥❛♥♦t❡❝❤♥♦❧♦❣②✱ ❛♥❞ ❝❤❡♠✐str②✱✑ ❙♠❛❧❧✱ ✈♦❧✳ ✶✱ ♥♦✳ ✷✱ ♣♣✳ ✶✼✷✕

✶✼✾✱ ✷✵✵✺✳

❬✶✵❪ ◆✳ ❘✳ ❏❛♥❛✱ ▲✳ ●❡❛r❤❡❛rt✱ ❙✳ ❖✳ ❖❜❛r❡✱ ❛♥❞ ❈✳ ❏✳ ▼✉r♣❤②✱ ✏❆♥✐s♦tr♦♣✐❝ ❝❤❡♠✐❝❛❧ r❡❛❝t✐✈✐t② ♦❢

❣♦❧❞ s♣❤❡r♦✐❞s ❛♥❞ ♥❛♥♦r♦❞s✱✑ ▲❛♥❣♠✉✐r✱ ✈♦❧✳ ✶✽✱ ♥♦✳ ✸✱ ♣♣✳ ✾✷✷✕✾✷✼✱ ✷✵✵✷✳

❬✶✶❪ ▼✳ ❱❛❧❞❡♥✱ ❳✳ ▲❛✐✱ ❛♥❞ ❉✳ ❲✳ ●♦♦❞♠❛♥✱ ✏❖♥s❡t ♦❢ ❝❛t❛❧②t✐❝ ❛❝t✐✈✐t② ♦❢ ❣♦❧❞ ❝❧✉st❡rs ♦♥ t✐t❛♥✐❛

✇✐t❤ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ♥♦♥♠❡t❛❧❧✐❝ ♣r♦♣❡rt✐❡s✱✑ ❙❝✐❡♥❝❡✱ ✈♦❧✳ ✷✽✶✱ ♥♦✳ ✺✸✽✸✱ ♣♣✳ ✶✻✹✼✕✶✻✺✵✱

✶✾✾✽✳

❬✶✷❪ ❆✳ ❍❡♥❣❧❡✐♥✱ ✏P❤②s✐❝♦❝❤❡♠✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s♠❛❧❧ ♠❡t❛❧ ♣❛rt✐❝❧❡s ✐♥ s♦❧✉t✐♦♥✿ ✧♠✐❝r♦❡❧❡❝✲

tr♦❞❡✧r❡❛❝t✐♦♥s✱ ❝❤❡♠✐s♦r♣t✐♦♥✱ ❝♦♠♣♦s✐t❡ ♠❡t❛❧ ♣❛rt✐❝❧❡s✱ ❛♥❞ t❤❡ ❛t♦♠✲t♦✲♠❡t❛❧ tr❛♥s✐t✐♦♥✱✑

❚❤❡ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝❛❧ ❈❤❡♠✐str②✱ ✈♦❧✳ ✾✼✱ ♥♦✳ ✷✶✱ ♣♣✳ ✺✹✺✼✕✺✹✼✶✱ ✶✾✾✸✳

❬✶✸❪ ●✳ ❙❝❤♠✐❞ ❛♥❞ ❯✳ ❙✐♠♦♥✱ ✏●♦❧❞ ♥❛♥♦♣❛rt✐❝❧❡s✿ ❛ss❡♠❜❧② ❛♥❞ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ✐♥ ✶✕✸

❞✐♠❡♥s✐♦♥s✱✑ ❈❤❡♠✳ ❈♦♠♠✉♥✳✱ ♥♦✳ ✻✱ ♣♣✳ ✻✾✼✕✼✶✵✱ ✷✵✵✹✳

❬✶✹❪ ❑✳ ❇♦r❣♦❤❛✐♥✱ ❏✳ ❙✐♥❣❤✱ ▼✳ ❘✳ ❘❛♦✱ ❚✳ ❙❤r✐♣❛t❤✐✱ ❛♥❞ ❙✳ ▼❛❤❛♠✉♥✐✱ ✏◗✉❛♥t✉♠ s✐③❡ ❡✛❡❝ts ✐♥

❝✉♦ ♥❛♥♦♣❛rt✐❝❧❡s✱✑ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❇✱ ✈♦❧✳ ✻✶✱ ♥♦✳ ✶✻✱ ♣✳ ✶✶✵✾✸✱ ✷✵✵✵✳

❬✶✺❪ ❲✳✲❍✳ ▲✐✱ ❈✳ ❈✳ ❨❛♥❣✱ ❋✳ ❈✳ ❚s❛♦✱ ❛♥❞ ❑✳ ❈✳ ▲❡❡✱ ✏◗✉❛♥t✉♠ s✐③❡ ❡✛❡❝ts ♦♥ t❤❡ s✉♣❡r❝♦♥❞✉❝t✐♥❣

♣❛r❛♠❡t❡rs ♦❢ ③❡r♦✲❞✐♠❡♥s✐♦♥❛❧ ♣❜ ♥❛♥♦♣❛rt✐❝❧❡s✱✑ P❤②s✳ ❘❡✈✳ ❇✱ ✈♦❧✳ ✻✽✱ ♣✳ ✶✽✹✺✵✼✱ ◆♦✈ ✷✵✵✸✳

❬✶✻❪ ❍✳ ❙✳ ❩❤♦✉✱ ■✳ ❍♦♥♠❛✱ ❍✳ ❑♦♠✐②❛♠❛✱ ❛♥❞ ❏✳ ❲✳ ❍❛✉s✱ ✏❈♦♥tr♦❧❧❡❞ s②♥t❤❡s✐s ❛♥❞ q✉❛♥t✉♠✲s✐③❡

❡✛❡❝t ✐♥ ❣♦❧❞✲❝♦❛t❡❞ ♥❛♥♦♣❛rt✐❝❧❡s✱✑ P❤②s✳ ❘❡✈✳ ❇✱ ✈♦❧✳ ✺✵✱ ♣♣✳ ✶✷✵✺✷✕✶✷✵✺✻✱ ❖❝t ✶✾✾✹✳

❬✶✼❪ ❍✳ ❚❛❦❛❣✐✱ ❍✳ ❖❣❛✇❛✱ ❨✳ ❨❛♠❛③❛❦✐✱ ❆✳ ■s❤✐③❛❦✐✱ ❛♥❞ ❚✳ ◆❛❦❛❣✐r✐✱ ✏◗✉❛♥t✉♠ s✐③❡ ❡✛❡❝ts ♦♥

♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡ ✐♥ ✉❧tr❛✜♥❡ s✐ ♣❛rt✐❝❧❡s✱✑ ❆♣♣❧✐❡❞ P❤②s✐❝s ▲❡tt❡rs✱ ✈♦❧✳ ✺✻✱ ♥♦✳ ✷✹✱ ♣♣✳ ✷✸✼✾✕

✷✸✽✵✱ ❏✉♥✳

❬✶✽❪ ❨✳ ❱♦❧♦❦✐t✐♥✱ ❏✳ ❙✐♥③✐❣✱ ▲✳ ❉❡ ❏♦♥❣❤✱ ●✳ ❙❝❤♠✐❞✱ ▼✳ ❱❛r❣❛❢t✐❦✱ ❛♥❞ ■✳ ▼♦✐s❡❡✈✐✱ ✏◗✉❛♥t✉♠✲s✐③❡

❡✛❡❝ts ✐♥ t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ ♣r♦♣❡rt✐❡s ♦❢ ♠❡t❛❧❧✐❝ ♥❛♥♦♣❛rt✐❝❧❡s✱✑ ◆❛t✉r❡✱ ✈♦❧✳ ✸✽✹✱ ♣♣✳ ✻✷✶✕

✻✷✸✱ ✶✾✾✻✳

❬✶✾❪ ❍✳ ❍♦r✐✱ ❚✳ ❚❡r❛♥✐s❤✐✱ ❨✳ ◆❛❦❛❡✱ ❨✳ ❙❡✐♥♦✱ ▼✳ ▼✐②❛❦❡✱ ❛♥❞ ❙✳ ❨❛♠❛❞❛✱ ✏❆♥♦♠❛❧♦✉s ♠❛❣♥❡t✐❝

♣♦❧❛r✐③❛t✐♦♥ ❡✛❡❝t ♦❢ ♣❞ ❛♥❞ ❛✉ ♥❛♥♦✲♣❛rt✐❝❧❡s✱✑ P❤②s✐❝s ▲❡tt❡rs ❆✱ ✈♦❧✳ ✷✻✸✱ ♣♣✳ ✹✵✻ ✕ ✹✶✵✱

✶✾✾✾✳

❬✷✵❪ P✳ ❈r❡s♣♦✱ ❘✳ ▲✐tr❛♥✱ ❚✳ ❈✳ ❘♦❥❛s✱ ▼✳ ▼✉❧t✐❣♥❡r✱ ❏✳ ▼✳ ❞❡ ❧❛ ❋✉❡♥t❡✱ ❏✳ ❈✳ ❙❛♥❝❤❡③✲▲♦♣❡③✱

▼✳ ❆✳ ●❛r❝✐❛✱ ❆✳ ❍❡r♥❛♥❞♦✱ ❙✳ P❡♥❛❞❡s✱ ❛♥❞ ❆✳ ❋❡r♥❛♥❞❡③✱ ✏P❡r♠❛♥❡♥t ♠❛❣♥❡t✐s♠✱ ♠❛❣♥❡✲

t✐❝ ❛♥✐s♦tr♦♣②✱ ❛♥❞ ❤②st❡r❡s✐s ♦❢ t❤✐♦❧✲❝❛♣♣❡❞ ❣♦❧❞ ♥❛♥♦♣❛rt✐❝❧❡s✱✑ P❤②s✳ ❘❡✈✳ ▲❡tt✳✱ ✈♦❧✳ ✾✸✱

♣✳ ✵✽✼✷✵✹✱ ❆✉❣ ✷✵✵✹✳



❇■❇▲■❖●❘❆❋■❆ ✺✾

❬✷✶❪ ❏✳ ❙✳ ●❛r✐t❛♦♥❛♥❞✐❛✱ ▼✳ ■♥s❛✉st✐✱ ❊✳ ●♦✐❦♦❧❡❛✱ ▼✳ ❙✉③✉❦✐✱ ❏✳ ❉✳ ❈❛s❤✐♦♥✱ ◆✳ ❑❛✇❛♠✉r❛✱ ❍✳ ❖❤✲

s❛✇❛✱ ■✳ ●✐❧ ❞❡ ▼✉r♦✱ ❑✳ ❙✉③✉❦✐✱ ❋✳ P❧❛③❛♦❧❛✱ ❛♥❞ ❚✳ ❘♦❥♦✱ ✏❈❤❡♠✐❝❛❧❧② ✐♥❞✉❝❡❞ ♣❡r♠❛♥❡♥t

♠❛❣♥❡t✐s♠ ✐♥ ❛✉✱ ❛❣✱ ❛♥❞ ❝✉ ♥❛♥♦♣❛rt✐❝❧❡s✿ ▲♦❝❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐s♠ ❜② ❡❧❡♠❡♥t s❡❧❡❝t✐✈❡

t❡❝❤♥✐q✉❡s✱✑ ◆❛♥♦ ▲❡tt❡rs✱ ✈♦❧✳ ✽✱ ♥♦✳ ✷✱ ♣♣✳ ✻✻✶✕✻✻✼✱ ✷✵✵✽✳ P▼■❉✿ ✶✽✷✶✺✵✽✺✳

❬✷✷❪ ❙✳ ❚r✉❞❡❧✱ ✏❯♥❡①♣❡❝t❡❞ ♠❛❣♥❡t✐s♠ ✐♥ ❣♦❧❞ ♥❛♥♦str✉❝t✉r❡s✿ ♠❛❦✐♥❣ ❣♦❧❞ ❡✈❡♥ ♠♦r❡ ❛ttr❛❝t✐✈❡✱✑

●♦❧❞ ❇✉❧❧❡t✐♥✱ ✈♦❧✳ ✹✹✱ ♣♣✳ ✸✕✶✸✱ ✷✵✶✶✳

❬✷✸❪ ▼✳ ❍❛r✉t❛✱ ✏❙✐③❡✲ ❛♥❞ s✉♣♣♦rt✲❞❡♣❡♥❞❡♥❝② ✐♥ t❤❡ ❝❛t❛❧②s✐s ♦❢ ❣♦❧❞✱✑ ❈❛t❛❧②s✐s ❚♦❞❛②✱ ✈♦❧✳ ✸✻✱

♥♦✳ ✶✱ ♣♣✳ ✶✺✸ ✕ ✶✻✻✱ ✶✾✾✼✳

❬✷✹❪ ●✳ ❈✳ ❇♦♥❞✱ ✏●♦❧❞✿ ❛ r❡❧❛t✐✈❡❧② ♥❡✇ ❝❛t❛❧②st✱✑ ❈❛t❛❧②s✐s ❚♦❞❛②✱ ✈♦❧✳ ✼✷✱ ♣♣✳ ✺ ✕ ✾✱ ✷✵✵✷✳

❬✷✺❪ ❘✳ ●r✐s❡❧✱ ❑✳✲❏✳ ❲❡ststr❛t❡✱ ❆✳ ●❧✉❤♦✐✱ ❛♥❞ ❇✳ ◆✐❡✉✇❡♥❤✉②s✱ ✏❈❛t❛❧②s✐s ❜② ❣♦❧❞ ♥❛♥♦♣❛rt✐❝❧❡s✱✑

●♦❧❞ ❇✉❧❧❡t✐♥✱ ✈♦❧✳ ✸✺✱ ♣♣✳ ✸✾✕✹✺✱ ✷✵✵✷✳

❬✷✻❪ ❘✳ ❙❤✉❦❧❛✱ ❱✳ ❇❛♥s❛❧✱ ▼✳ ❈❤❛✉❞❤❛r②✱ ❆✳ ❇❛s✉✱ ❘✳ ❘✳ ❇❤♦♥❞❡✱ ❛♥❞ ▼✳ ❙❛str②✱ ✏❇✐♦❝♦♠♣❛t✐❜✐❧✐t②

♦❢ ❣♦❧❞ ♥❛♥♦♣❛rt✐❝❧❡s ❛♥❞ t❤❡✐r ❡♥❞♦❝②t♦t✐❝ ❢❛t❡ ✐♥s✐❞❡ t❤❡ ❝❡❧❧✉❧❛r ❝♦♠♣❛rt♠❡♥t✿ ❆ ♠✐❝r♦s❝♦♣✐❝

♦✈❡r✈✐❡✇✱✑ ▲❛♥❣♠✉✐r✱ ✈♦❧✳ ✷✶✱ ♥♦✳ ✷✸✱ ♣♣✳ ✶✵✻✹✹✕✶✵✻✺✹✱ ✷✵✵✺✳

❬✷✼❪ ■✳ ❍✳ ❊❧✲❙❛②❡❞✱ ❳✳ ❍✉❛♥❣✱ ❛♥❞ ▼✳ ❆✳ ❊❧✲❙❛②❡❞✱ ✏❙✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ s❝❛tt❡r✐♥❣ ❛♥❞

❛❜s♦r♣t✐♦♥ ♦❢ ❛♥t✐✲❡❣❢r ❛♥t✐❜♦❞② ❝♦♥❥✉❣❛t❡❞ ❣♦❧❞ ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ ❝❛♥❝❡r ❞✐❛❣♥♦st✐❝s✿â➾❻

❛♣♣❧✐❝❛t✐♦♥s ✐♥ ♦r❛❧ ❝❛♥❝❡r✱✑ ◆❛♥♦ ▲❡tt❡rs✱ ✈♦❧✳ ✺✱ ♥♦✳ ✺✱ ♣♣✳ ✽✷✾✕✽✸✹✱ ✷✵✵✺✳ P▼■❉✿ ✶✺✽✽✹✽✼✾✳

❬✷✽❪ ❳✳ ❍✉❛♥❣✱ P✳ ❏❛✐♥✱ ■✳ ❊❧✲❙❛②❡❞✱ ❛♥❞ ▼✳ ❊❧✲❙❛②❡❞✱ ✏P❧❛s♠♦♥✐❝ ♣❤♦t♦t❤❡r♠❛❧ t❤❡r❛♣② ✭♣♣tt✮
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