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❘♦❞r✐❣✉❡s✱ ♣❡❧❛ ♣❛❝✐ê♥❝✐❛ ❡ ❝♦♥s✐❞❡r❛çã♦✳
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❞r♦✭❉❤❛❧s✐♠✮✱ ●✉st❛✈♦✭❈❛❜❡ç❛✮✱ ❉❛✈✐❞s♦♥✱ ❋❡r♥❛♥❞❛✭❘♦s❛✮✱ ❆♥❣❡❧✐❝❛✭●❡❧✮✱ ❚❛t✐❛♥❛
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❆♦s ♠❡✉s ❛♠✐❣♦s ❞❡ ❉✐✈✐♥ó♣♦❧✐s ❡ r❡❣✐ã♦✿ ❊❞✉❛r❞♦✭❉✉❞✉✮✱ ▲❡❛♥❞r♦✭❑✐❧❧ ●✉②✮✱
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③❛r♦✭❇❧❛❝❦ ◆✐♥❥❛✮✱ ❉❛♥✐❡❧❧②✭❉❛♥②✮✱ ❊❞✉❛r❞❛✭❉✉❞❛✮✱ ❚❤✐❛❣♦✭❚♦❝♦✮✱ ▲✉❝❛s ✭●✉t❣✉t✮✱

❚❛♠✐r❡s✭❚❛t❛✮✱ ❙ár❛❤✭❙❛r✐♥❤❛✮✱ ❆♥❞ré✭❱♦✈ô✮✱ ❘❛✉❧✱ ❚❤✐❛❣♦ ✭▲♦♦s❡r✮✱ ◆✐❧❝❡✭❚✐❛ ◆✐❧❝❡✮✱

❚❤❛✐s✭❘✉✐✈❛✮✱ ❖❜❡r❞❛♥✱ ❚❛②♥❛r❛ ❡ ♣❡❧♦s ót✐♠♦s ❡ ❝✉rt♦s ♠♦♠❡♥t♦s ❞❛ ♠✐♥❤❛ ❡st❛❞✐❛
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✹✳✶ Pr♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❡♠

✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾
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✹✳✶✶ ❍✐st❡r❡s❡✿ Mag ♣♦r ~Bext ❝♦♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❡ b′i = 20% ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✹✳✶✷ ❍✐st❡r❡s❡✿ V ♣♦r ~Bext ♣❛r❛ b′i = 20% ❡ θ = 10♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✹✳✶✸ ❍✐st❡r❡s❡✿ V ♣♦r ~Bext ❝♦♠ ❞❡s♦r❞❡♠ ❡ θ = 10♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✹✳✶✹ ❘♦t❛❝✐♦♥❛❧✿ Mag ♣♦r θ ♣❛r❛ ✺ ❞❡s♦r❞❡♠ ❡ | ~Bi
ext| = bc ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✹✳✶✺ ❘♦t❛❝✐♦♥❛❧✿ V ♣♦r theta ♣❛r❛ ❞❡s♦r❞❡♠ ♥✉❧❛ ❝♦♠ | ~Bi
ext| = bc ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✹✳✶✻ ❘♦t❛❝✐♦♥❛❧✿ V ♣♦r θ ♣❛r❛ ❞❡s♦r❞❡♠ 10% ❝♦♠ | ~Bi
ext| = bc ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✹✳✶✼ ❘♦t❛❝✐♦♥❛❧✿ V ♣♦r energia ♣❛r❛ ❞❡s♦r❞❡♠ 10% ❝♦♠ | ~Bi
ext| = bc ✳ ✳ ✳ ✳ ✳ ✻✶

✹✳✶✽ ❘♦t❛❝✐♦♥❛❧✿ V ♣♦r θ ♣❛r❛ ❞❡s♦r❞❡♠ 20% ❝♦♠ | ~Bi
ext| = bc ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✶✾ ❘♦t❛❝✐♦♥❛❧✿■♠❛❣❡♥s ❞♦s ✈ért✐❝❡s ❞❛ r❡❞❡ ♣❛r❛ ❞♦✐s t✐♣♦s ❞❡ ❞❡s♦r❞❡♠ ✳ ✻✸
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❘❖❉❘■●❯❊❙✱ ❏♦ã♦ ❍❡♥r✐q✉❡✱ ▼✳ ❙❝✳✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❱✐ç♦s❛✱ ❢❡✈❡r❡✐r♦✱
2013✳ Pr♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❡ ❤✐st❡r❡s❡ ❞❡ ✉♠ ❣❡❧♦ ❞❡ s♣✐♥ ❛rt✐✲
✜❝✐❛❧ ❡♠ ✉♠❛ ❣❡♦♠❡tr✐❛ tr✐❛♥❣✉❧❛r✳ ❖r✐❡♥t❛❞♦r✿ ▲✉❝❛s ❆❧✈❛r❡s ❞❡ ❙✐❧✈❛ ▼ó❧✳
❈♦♦r✐❡♥t❛❞♦r❡s✿ ❆❢r❛♥✐♦ ❘♦❞r✐❣✉❡s P❡r❡✐r❛ ❡ ❲✐♥❞❡r ❆❧❡①❛♥❞❡r ❞❡ ▼♦✉r❛ ▼❡❧♦✳

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

❛rt✐✜❝✐❛❧ ❡♠ ❣❡♦♠❡tr✐❛ tr✐❛♥❣✉❧❛r ❛tr❛✈és ❞❡ ❞♦✐s ♣r♦❝❡ss♦s ✉t✐❧✐③❛♥❞♦ ❝❛♠♣♦ ♠❛❣♥é✲

t✐❝♦ ❡①t❡r♥♦✿ ❖ ♣r✐♠❡✐r♦ ♣r♦❝❡ss♦ s✐♠✐❧❛r ❛♦ ♣r♦❝❡ss♦ ❞❡ ❤✐st❡r❡s❡✱ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡♠ ✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦✱ ❡ ♦ s❡❣✉♥❞♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r♦t❛❝✐♦♥❛❧ ❡ ❞❡✲

❝r❡s❝❡♥t❡✳ P❛r❛ ✐st♦✱ ✉t✐❧✐③❛♠♦s s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ▼♦♥t❡ ❈❛r❧♦✱ ❝♦♥s✐❞❡r❛♥❞♦

q✉❡ ♦s s♣✐♥s ❞❛ r❡❞❡ ❡r❛♠ t✐♣♦ ■s✐♥❣ ❡ q✉❡ ❡st❡s s❡r✐❛♠ ✐♥✈❡rt✐❞♦s s♦♠❡♥t❡ q✉❛♥❞♦ ❛

❝♦♥❞✐çã♦ −~si · ~Bi ≤ bi ❢♦ss❡ s❛t✐s❢❡✐t❛✳ ❈♦♠♦ t❡♥t❛t✐✈❛ ❞❡ ❛♣r♦①✐♠❛r ♥♦ss❛s s✐♠✉❧❛çõ❡s

❞♦s ❡①♣❡r✐♠❡♥t♦s ❢❡✐t♦s ❡♠ ❧❛❜♦r❛tór✐♦✱ ❛❞❛♣t❛♠♦s ♦s ✈❛❧♦r❡s ❞❡ ♥♦ss❛s s✐♠✉❧❛çõ❡s ♣❛r❛

s❡r❡♠ ♣r♦♣♦r❝✐♦♥❛✐s ❛♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ❡♠ ❧❛❜♦r❛tór✐♦ ❡ ❝♦♥s✐❞❡r❛♠♦s ✉♠❛ ❞❡s♦r❞❡♠

♥♦s s♣✐♥s ❞❛ r❡❞❡✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ ✈❛❧♦r ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♠í♥✐♠♦ ♣❛r❛ ❛ ✐♥✈❡rsã♦

bi s✐❣❛ ✉♠❛ ❞✐str✐❜✉✐çã♦ ●❛✉ss✐❛♥❛ ✭bi → bc ± b′i✮✳ ❊st❛ ú❧t✐♠❛ ❝♦♥s✐❞❡r❛çã♦ s❡r✐❛ r❡✲

✢❡①♦ ❞❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❝♦♥str✉✐r ♦s ❣❡❧♦s ❞❡ s♣✐♥s ❡♠ ❧❛❜♦r❛tór✐♦✱ ❣❡r❛♥❞♦ ✈ár✐❛s ✐❧❤❛s

❞✐❢❡r❡♥t❡s ❡♠ ✉♠❛ ♠❡s♠❛ r❡❞❡✳ ❆❧é♠ ❞✐st♦✱ ❝♦♥s✐❞❡r❛♠♦s ✉♠❛ ♦✉tr❛ ❞❡s♦r❞❡♠ ♥♦

♣r♦❝❡ss♦ s✐♠✐❧❛r ❛♦ ❞❡ ❤✐st❡r❡s❡✿ ♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❝♦♠ ❛

r❡❞❡ ❞❡✈✐❞♦ s✉❛s ♣❡q✉❡♥❛s ❞✐♠❡♥sõ❡s✳ ❖s r❡s✉❧t❛❞♦s ❞❡ ♥♦ss♦ tr❛❜❛❧❤♦ ❢♦r❛♠ ♦❜t✐❞♦s

❛tr❛✈és ❞❡ r❡❞❡ q✉❛❞r❛❞❛s ❝♦♠ 30 ❡s♣❛ç❛♠❡♥t♦s ❞❡ r❡❞❡ ❡ ❛s ♠é❞✐❛s ❢♦r❛♠ t♦♠❛❞❛s ❞❡

50× 10 ❛♠♦str❛s ✭✺✵ r❡❞❡s ❞✐❢❡r❡♥t❡s ❡ ✶✵ ❛♠♦str❛s ❞❡ ❝❛❞❛ r❡❞❡✮✳ ◆❡st❡s r❡s✉❧t❛❞♦s✱

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

①✐



❝♦♥s❡❣✉✐r❛♠ ❛❧❝❛♥ç❛r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ♠❡s♠♦ ❝♦♠ ❣r❛♥❞❡s ❞❡s♦r❞❡♥s✳ ❊♥q✉❛♥t♦

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

③❛❞❛s ♠❛s ♥❡♥❤✉♠❛ ❛❧❝❛♥ç❛✈❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳ ◆♦ ♣r♦❝❡ss♦ r♦t❛❝✐♦♥❛❧✱ ♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ ❡r❛ s♦♠❡♥t❡ ❛❧❝❛♥ç❛❞♦ ♥♦ ✐♥t❡r✐♦r ❞❛s r❡❞❡s s❡♠ ❞❡s♦r❞❡♠✳
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❘❖❉❘■●❯❊❙✱ ❏♦ã♦ ❍❡♥r✐q✉❡✱ ▼✳ ❙❝✳✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❱✐ç♦s❛✱ ❋❡❜r✉❛r②✱
2013✳ ❉❡♠❛❣♥❡t✐③❛t✐♦♥ ❛♥❞ ❤②st❡r❡s✐s ♣r♦❝❡ss ♦❢ ❛♥ ❛rt✐✜❝✐❛❧ s♣✐♥ ✐❝❡ ✐♥ ❛
tr✐❛♥❣✉❧❛r ❣❡♦♠❡tr②✳ ❆❞✈✐s❡r✿ ▲✉❝❛s ❆❧✈❛r❡s ❞❡ ❙✐❧✈❛ ▼ó❧✳ ❈♦✲❛❞✈✐s❡rs✿ ❆❢r❛♥✐♦
❘♦❞r✐❣✉❡s P❡r❡✐r❛ ❛♥❞ ❲✐♥❞❡r ❆❧❡①❛♥❞❡r ❞❡ ▼♦✉r❛ ▼❡❧♦✳

■♥ t❤✐s ✇♦r❦ ✇❡ st✉❞✐❡❞ s♦♠❡ ❞❡♠❛❣♥❡t✐③❛t✐♦♥ ♣r♦t♦❝♦❧s ❢♦r ❛♥ ❛rt✐✜❝✐❛❧ s♣✐♥ ✐❝❡ ✐♥

❛ tr✐❛♥❣✉❧❛r ❧❛tt✐❝❡ t❤r♦✉❣❤ t✇♦ ♣r♦❝❡ss❡s ✉s✐♥❣ ❡①t❡r♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞s✿ ❚❤❡ ✜rst

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

❛♥❞ t❤❡ s❡❝♦♥❞ t❤r♦✉❣❤ ❛ r♦t❛t✐♦♥❛❧ ❛♥❞ ❞❡❝r❛s✐♥❣ ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❋♦r t❤✐s✱ ✇❡ ✉s❡❞

▼♦♥t❡ ❈❛r❧♦ ❝♦♠♣✉t❡r s✐♠✉❧❛t✐♦♥s✱ ❝♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡ ❧❛tt✐❝❡ s♣✐♥s ❛r❡ ✢✐♣♣❡❞ ♦♥❧②

✇❤❡♥ t❤❡ ❝♦♥❞✐t✐♦♥ −~si · ~Bi ≤ bi ✐s s❛t✐s✜❡❞✳ ■♥ ❛♥ ❛tt❡♠♣t t♦ r❡❧❛t❡ ♦✉r s✐♠✉❧❛t✐♦♥s

t♦ ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥ts✱ ✇❡ ❛❞❛♣t❡❞ ♦✉r s✐♠✉❧❛t✐♦♥s ✈❛❧✉❡s t♦ ❜❡ ♣r♦♣♦rt✐♦♥❛❧ t♦

t❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ✐♥ ❧❛❜♦r❛t♦r② ❛♥❞ ✇❡ ❤❛✈❡ ❝♦♥s✐❞❡r❡❞ ❛ ❞✐s♦r❞❡r ✐♥ t❤❡ ❧❛tt✐❝❡✬s

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

❞✐str✐❜✉t✐♦♥ ✭bi → bc±b′i✮✳ ❚❤✐s ❧❛st ❝♦♥s✐❞❡r❛t✐♦♥ ✇♦✉❧❞ ❜❡ ❛ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❞✐✣❝✉❧t②

♦❢ ❝♦♥str✉❝t✐♥❣ t❤❡ s♣✐♥ ✐❝❡s ✐♥ t❤❡ ❧❛❜♦r❛t♦r②✱ ❣❡♥❡r❛t✐♥❣ s❡✈❡r❛❧ ❞✐✛❡r❡♥t ✐s❧❛♥❞s ✐♥

❛ ❧❛tt✐❝❡✳ ▼♦r❡♦✈❡r✱ ✇❡ ❝♦♥s✐❞❡r❡❞ ❛♥♦t❤❡r ❦✐♥❞ ♦❢ ❞✐s♦r❞❡r ✐♥ t❤❡ ❤②st❡r❡s✐s✲❧✐❦❡ ♣r♦✲

❝❡ss✿ t❤❡ ♠✐s❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ❡①t❡r♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✇✐t❤ t❤❡ ❧❛tt✐❝❡ ❞✉❡ t♦ ✐ts s♠❛❧❧

❞✐♠❡♥s✐♦♥s✳ ❚❤❡ r❡s✉❧ts ♦❢ ♦✉r ✇♦r❦ ✇❡r❡ ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ sq✉❛r❡ ❧❛tt✐❝❡s ✇✐t❤ ✸✵

❧❛tt✐❝❡ s♣❛❝✐♥❣s ❛♥❞ ❛✈❡r❛❣❡s ✇❡r❡ t❛❦❡♥ ❢r♦♠ 50 × 10 s❛♠♣❧❡s ✭✺✵ ❞✐✛❡r❡♥ts ❧❛tt✐❝❡s

❛♥❞ ✶✵ s❛♠♣❧❡ t♦ ❡❛❝❤ ❧❛tt✐❝❡✮✳ ■♥ t❤❡s❡ r❡s✉❧ts✱ ✇❡ r❡❛❧✐③❡❞ t❤❛t t❤❡ ♣r♦❝❡ss s✐♠✐❧❛r t♦

①✐✐✐



❤②st❡r❡s✐s✱ t❤❡ ❧❛tt✐❝❡ ✇❡r❡ ❞❡♠❛❣♥❡t✐③❡❞ ❛♥❞ ♠❛♥❛❣❡❞ t♦ r❡❛❝❤ t❤❡ ❣r♦✉♥❞ st❛t❡✱ ❡✈❡♥

✇✐t❤ ♠❛❥♦r ❞✐s♦r❞❡rs✳ ❲❤✐❧❡ ✐♥ t❤❡ ♣r♦❝❡ss ♦❢ r♦t❛t✐♦♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✇❡ r❡❛❧✐③❡❞ t❤❛t

t❤❡ ❧❛tt✐❝❡ ✇❡r❡ ❞❡♠❛❣♥❡t✐③❡❞ ❜✉t ♥♦♥❡ r❡❛❝❤❡❞ t❤❡ ❣r♦✉♥❞ st❛t❡✳ ■♥ t❤✐s r♦t❛t✐♦♥❛❧

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

❞✐s♦r❞❡r✳

①✐✈



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❖ ✐♥t❡r❡ss❡ ❞♦ ❤♦♠❡♠ s♦❜r❡ ♦ ♠❛❣♥❡t✐s♠♦ ❡ ♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s t❡♠ ♦r✐✲

❣❡♥s ♠✉✐t♦ ❛♥t✐❣❛s✱ ❞❡s❞❡ ❛ ❛♥t✐❣❛ ●ré❝✐❛ ❡ ❛ ❛♥t✐❣❛ ❈❤✐♥❛✳ ❖ ♠❛❣♥❡t✐s♠♦ t❡✈❡ ❣r❛♥❞❡

✐♠♣♦rtâ♥❝✐❛ ♥❛ ❤✐stór✐❛✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ❛✉①✐❧✐❛♥❞♦ ♦ ❤♦♠❡♠ ❛ s❡ ❣✉✐❛r ♣❡❧♦s ♠❛r❡s

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

♠❡♥t♦ ❞❡ ❛♣❛r❡❧❤♦s s✐♠♣❧❡s✱ ❝♦♠♦ ✉♠❛ ❝❛♠♣❛✐♥❤❛✱ ♦✉ ❡♠ ❛♣❛r❡❧❤♦s ♠❛✐s ❝♦♠♣❧❡①♦s✱

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

❤✐stór✐❛✱ ✈ár✐♦s ♣❡sq✉✐s❛❞♦r❡s ❞❡s❝♦❜r✐r❛♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s

❡ ❛ ✐♥✢✉ê♥❝✐❛ q✉❡ ❡st❡s ❝❛✉s❛♠ ♥♦ ♠❡✐♦ ❡♠ q✉❡ s❡ ❡♥❝♦♥tr❛♠✳ ❯♠❛ ❝❛r❛❝t❡ríst✐❝❛s

✐♠♣♦rt❛♥t❡ ❞♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s é q✉❡ ❡st❡s sã♦ ❝♦♠♣♦st♦s ♣♦r ♣❡q✉❡♥♦s ❝r✐st❛✐s

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

❛♣r♦①✐♠❛çã♦✱ ❝♦♠♦ ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s✳ ❆ ✐♥t❡r❛çã♦ ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡ ❡♥tr❡ ❡ss❡s ❞♦♠í✲

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

❛♥t✐❢❡rr♦♠❛❣♥❡t♦s ❛♣r❡s❡♥t❛♠ ❡st❛❞♦s ❢✉♥❞❛♠❡♥t❛✐s ❞❡❣❡♥❡r❛❞♦s ❞❡✈✐❞♦ ❛ ❢r✉str❛çõ❡s

❞❡ ♦r✐❣❡♥s ❣❡♦♠étr✐❝❛✳

❯♠❛ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ♦❜s❡r✈❛❞❛s ❡♠ t♦❞♦s ♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s é q✉❡ ❡st❡s

s❡♠♣r❡ ❛♣r❡s❡♥t❛♠ ♥♦ ♠í♥✐♠♦ ❞♦✐s ♣♦❧♦s ♠❛❣♥ét✐❝♦s✳ ❆té ❤♦❥❡✱ ♥ã♦ ❢♦✐ ♦❜s❡r✈❛❞❛ ♥❛

♥❛t✉r❡③❛ ♥❡♥❤✉♠❛ ♣❛rtí❝✉❧❛ q✉❡ s❡ ❝♦♥t✐✈❡ss❡ ♣r♦♣r✐❡❞❛❞❡ s✐♠✐❧❛r à ❞❡ ✉♠ ♠♦♥♦♣♦❧♦✳

▼❛s r❡❝❡♥t❡♠❡♥t❡✱ ❞❡s❝♦❜r✐✉✲s❡ ✉♠❛ ❝❧❛ss❡ ❞❡ ♠❛t❡r✐❛✐s q✉❡ ♣♦❞❡r✐❛♠ ❛✉①✐❧✐❛r ♥♦s ❡s✲

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

q✉❡ ❛s ❡①❝✐t❛çõ❡s ❞♦ s❡✉ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ sã♦ q✉❛s❡✲♣❛rtí❝✉❧❛s q✉❡ ❝♦♠♣♦rt❛♠✲s❡

✶



✶✳ ■♥tr♦❞✉çã♦

❝♦♠♦ ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦✳ ❘❡❞❡s ❜✐❞✐♠❡♥s✐♦♥❛✐s ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s ❢♦r❛♠

♠♦♥t❛❞❛s ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❡st✉❞❛r ♠❡❧❤♦r ❡ss❛s ❡①❝✐t❛çõ❡s✱ ♠❛s ✐♥❢❡❧✐③♠❡♥t❡ ♥ã♦ ❡♥✲

❝♦♥tr❛r❛♠ ♥❡♥❤✉♠ ♠ét♦❞♦ ❡✜❝✐❡♥t❡ q✉❡ ❝♦♥s✐❣❛ ♦❜t❡r ♦s ❡st❛❞♦s ❢✉♥❞❛♠❡♥t❛✐s ❞❡st❛s

r❡❞❡s✳

❊♠ ♥♦ss♦ tr❛❜❛❧❤♦✱ ✈❛♠♦s ❡①♣❧♦r❛r ❞♦✐s ♣r♦❝❡ss♦s ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ♣❛r❛

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

❛rt✐✜❝✐❛❧ ♣r♦♣♦st♦ r❡❝❡♥t❡♠❡♥t❡✳

✷



✶✳ ■♥tr♦❞✉çã♦

✶✳✶ ❖❜❥❡t✐✈♦ ❞❡st❡ tr❛❜❛❧❤♦

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

♦❜t❡r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ✉♠❛ r❡❞❡ ❞❡ ❣❡❧♦ ❞❡ s♣✐♥ ❛rt✐✜❝✐❛❧ ❡♠ ✉♠❛ ❣❡♦♠❡tr✐❛

tr✐❛♥❣✉❧❛r ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ P❛r❛ ✐st♦✱ s❡rá ❛♥❛❧✐s❛❞❛ ❛ ❡✈♦❧✉çã♦

❞❛ ♠❛❣♥❡t✐③❛çã♦ ❡ ❞♦s ♣♦ssí✈❡✐s t✐♣♦s ❞❡ ✈ért✐❝❡s ♣r❡s❡♥t❡s ♥♦ s✐st❡♠❛ ❛tr❛✈és ❞❡ ❞♦✐s

❞✐❢❡r❡♥t❡s ♣r♦❝❡ss♦s ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦✿ ♦ ♣r✐♠❡✐r♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

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

♣r♦❝❡ss♦ ❞❡ ❤✐st❡r❡s❡✳

✶✳✷ ❊str✉t✉r❛ ❞❛ ❞✐ss❡rt❛çã♦

❖ s❡❣✉♥❞♦ ❝❛♣ít✉❧♦ ❞❡st❛ ❞✐ss❡rt❛çã♦ ❞❡ ♠❡str❛❞♦✱ ✷✱ ❛♣r❡s❡♥t❛ ✉♠❛ ♣❡q✉❡♥❛

✐♥tr♦❞✉çã♦ s♦❜r❡ ♠❛❣♥❡t✐s♠♦✱ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❡ ❣❡❧♦s ❞❡ s♣✐♥✳ ❊st❛ ✐♥tr♦❞✉✲

çã♦ ❝♦♥té♠ ❛s ✐♥❢♦r♠❛çõ❡s ♠í♥✐♠❛s ♥❡❝❡ssár✐❛s ♣❛r❛ q✉❡ ♦ ❧❡✐t♦r ❝♦♥s✐❣❛ ❛❝♦♠♣❛♥❤❛r ❛

✐❞❡✐❛ ♣r✐♥❝✐♣❛❧ ♣♦r trás ❞❡st❡ tr❛❜❛❧❤♦✳ ❆❧é♠ ❞✐st♦✱ ♥❡st❡ ❝❛♣ít✉❧♦ ❡♥❝♦♥tr❛♠✲s❡ ❛s ♠♦✲

t✐✈❛çõ❡s ❞❡st❡ tr❛❜❛❧❤♦✱ ♦s tr❛❜❛❧❤♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s q✉❡ ♥♦s ❛❥✉❞❛r❛♠ ♥❛ r❡❛❧✐③❛çã♦

❞❡st❡✳ ❖s ❧✐✈r♦s ❡ ❛rt✐❣♦s✱ ❞♦s q✉❛✐s ❛ ❢✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛ ❢♦✐ ❡①tr❛í❞❛✱ ❡♥❝♦♥tr❛♠✲s❡

♥♦ ✜♥❛❧ ❞❡st❛ ❞✐ss❡rt❛çã♦ ❡♠ ❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❖ t❡r❝❡✐r♦ ❝❛♣ít✉❧♦✱ ✸✱ ♠♦str❛ ♦s ♣r♦❝❡❞✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ♥❛ ❡①❡❝✉çã♦ ❞❡st❡

tr❛❜❛❧❤♦✳ ❆tr❛✈és ❞❡st❡✱ ❡s♣❡r❛✲s❡ q✉❡ ♦ ❧❡✐t♦r ❝♦♥s✐❣❛ ❡♥t❡♥❞❡r ♦s ♣r♦❝❡❞✐♠❡♥t♦s

r❡❛❧✐③❛❞♦s ❡ ❛té✱ s❡ ❢♦r ❞❡ ✐♥t❡r❡ss❡ ❞❡st❡✱ ❝♦♥s✐❣❛ r❡♣r♦❞✉③✐r ♦s r❡s✉❧t❛❞♦s ❡♥❝♦♥tr❛❞♦s✳

❆❧é♠ ❞✐st♦✱ ♥❡❧❡ ❡①♣❧✐❝❛♠♦s ♦ ♠♦t✐✈♦ ❞❡ ❛❧❣✉♠❛s ❝♦♥s✐❞❡r❛çõ❡s ✐♠♣♦rt❛♥t❡s q✉❡ ❢♦r❛♠

t♦♠❛❞❛s ❞✉r❛♥t❡ ❛ r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✳

❖ q✉❛rt♦ ❝❛♣✐t✉❧♦✱ ✹✱ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡ ❜r❡✈❡s ❡①♣❧✐❝❛çõ❡s ♣❛r❛

♦s s❡✉s ❡♥t❡♥❞✐♠❡♥t♦s✳ ❊st❡s r❡s✉❧t❛❞♦s sã♦ ❡①♣r❡ss♦s ❡♠ ❣rá✜❝♦s✱ ✐❧✉str❛çõ❡s ❡ t❛❜❡❧❛s✳

❆s ❡①♣❧✐❝❛çõ❡s sã♦ ❞❛❞❛s ❝♦♠ ✐♥t✉✐t♦ ❞❡ ❡s❝❧❛r❡❝❡r ❡ ♠♦str❛r ❛s ✐♠♣❧✐❝❛çõ❡s ❢ís✐❝❛s ❞❡

❝❛❞❛ r❡s✉❧t❛❞♦✳

◆♦ q✉✐♥t♦ ❝❛♣✐t✉❧♦✱ ✺✱ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝♦♥❝❧✉sõ❡s ❞❡ ♥♦ss♦ tr❛❜❛❧❤♦✳ ◆❡st❡

❝❛♣ít✉❧♦ s❡rá ♠♦str❛❞♦ s❡ ♦ ♥♦ss♦ ♦❜❥❡t✐✈♦ ❢♦✐ ❛❧❝❛♥ç❛❞♦✱ ♦s ♣♦♥t♦s ♣♦s✐t✐✈♦s ❡ ♥❡❣❛t✐✈♦s

✸



✶✳ ■♥tr♦❞✉çã♦

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

✹



❈❛♣ít✉❧♦ ✷

❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

✷✳✶ ▼❛❣♥❡t✐s♠♦

✷✳✶✳✶ ❯♠ ♣♦✉❝♦ ❞❛ ❤✐stór✐❛ ❞♦ ♠❛❣♥❡t✐s♠♦

❖s ♣r✐♠❡✐r♦s ❡st✉❞♦s ❞❡ ❢❡♥ô♠❡♥♦s ♠❛❣♥ét✐❝♦s ❛❝♦♥t❡❝❡r❛♠ ❛ ♠✉✐t♦ t❡♠♣♦ ♥❛

●ré❝✐❛ ❛♥t✐❣❛ ❬✶❪✳ ◆♦ sé❝✉❧♦ ❱■ ❆✳❈✳✱ ❚❛❧❡s ❞❡ ▼✐❧❡t♦ ♦❜s❡r✈♦✉ ❡♠ ✉♠❛ ❞❡ s✉❛s

✈✐❛❣❡♥s ♣❡rt♦ ❞❛ ▼❛❣♥és✐❛ q✉❡ ♣❡q✉❡♥❛s ♣❡❞r❛s✱ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ♠❛❣♥❡t✐t❛✱ t✐♥❤❛♠

❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛tr❛✐r t❛♥t♦ ♦❜❥❡t♦s ❞❡ ❢❡rr♦ q✉❛♥t♦ ❛ ❞❡ s❡ ❛tr❛ír❡♠✳ ❚❛❧❡s t❡♥t♦✉

❡①♣❧✐❝❛r ❡st❡ ❢❡♥ô♠❡♥♦ ❞✐③❡♥❞♦ q✉❡ ❡ss❛s ♣❡❞r❛s ♣♦ss✉í❛♠ ✉♠❛ ❡s♣é❝✐❡ ❞❡ ✧❛❧♠❛✑ q✉❡

t❡r✐❛ ♣♦❞❡r ❞❡ ❛tr❛çã♦ ❝♦♠ ❛ ✧✈✐❞❛✑ ❞♦ ❢❡rr♦ ✐♥❡rt❡✳ ▼❛s ❚❛❧❡s ♥ã♦ ❢♦✐ ❛ ♣r✐♠❡✐r❛ ❛

♣❡ss♦❛ ❛ ♦❜s❡r✈❛r ❡st❡ ❢❡♥ô♠❡♥♦✳ ■♥✐❝✐❛❧♠❡♥t❡✱ ❡❧❡s ❤❛✈✐❛♠ s✐❞♦ ♦❜s❡r✈❛❞♦s ♣♦r ✉♠

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

✜✈❡❧❛s ❞❡ ❢❡rr♦ ❞❡ s✉❛ s❛♥❞á❧✐❛ ❡ ♥❛ ♣♦♥t❛ ❞❡ ❢❡rr♦ ❞❡ s❡✉ ❝❛❥❛❞♦✳ ❍á t❛♠❜é♠ ✐♥❞í❝✐♦s

q✉❡ ❛ ❞❡s❝♦❜❡rt❛ ❞♦ ♠❛❣♥❡t✐s♠♦ ❢♦✐ ❢❡✐t❛ ♠✉✐t♦ t❡♠♣♦ ❛♥t❡s ♥❛ ❛♥t✐❣❛ ❈❤✐♥❛ ✳

❊ss❡s ❢❡♥ô♠❡♥♦s ❞❡s♣❡rt❛r❛♠ ♠❛✐s ✐♥t❡r❡ss❡ ♥♦ s❡❝✉❧♦ ❱■■■✱ q✉❛♥❞♦ ❝♦♠❡ç❛r❛♠

❛ s✉r❣✐r ❛s ♣r✐♠❡✐r❛s ♦❜s❡r✈❛çõ❡s ❡ tr❛❜❛❧❤♦s ♠❛✐s ❡❧❛❜♦r❛❞♦s s♦❜r❡ ♦ ♠❛❣♥❡t✐s♠♦ ❡

❛ ❡❧❡tr✐❝✐❞❛❞❡✳ ❙❡❝✉❧♦s ❞❡♣♦✐s✱ ❡♠ ✶✷✻✾✱ P✐❡rr❡ ▼❛r✐❝♦✉rt ❡st✉❞♦✉ ♣r♦❢✉♥❞❛♠❡♥t❡ ♦s

❢❡♥ô♠❡♥♦s ♠❛❣♥ét✐❝♦s✱ ❛tr❛✈és ❞❡ ✈ár✐♦s ❡①♣❡r✐♠❡♥t♦s✱ ❡ ♦❜s❡r✈♦✉ ✈ár✐♦s ❢❡♥ô♠❡♥♦s

✐♥t❡r❡ss❛♥t❡s s♦❜r❡ ♦ ♠❛❣♥❡t✐s♠♦✳ ❆tr❛✈és ❞❡st❡s✱ ▼❛r✐❝♦✉rt ♦❜s❡r✈♦✉ q✉❡✿ t♦❞♦s ♦s

♠❛❣♥❡t♦s s❡♠♣r❡ t❡r✐❛♠ ❞♦✐s ❞✐❢❡r❡♥t❡s ♣♦❧♦s✱ ♥♦rt❡ ❡ s✉❧❀ ♦s ♦♣♦st♦s s❡♠♣r❡ s❡ ❛tr❛❡♠

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

✺



✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

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

♦♣♦st♦s✳ ❆tr❛✈és ❞❡st❡s ❡ ♦✉tr♦s ❡st✉❞♦s✱ ♦s ❝✐❡♥t✐st❛s ❞❛q✉❡❧❛ é♣♦❝❛ ❝♦♥❝❧✉ír❛♠ q✉❡

♦s ❢❡♥ô♠❡♥♦s ❡❧étr✐❝♦s ❡ ♠❛❣♥ét✐❝♦s s❡r✐❛♠ ❝♦♠♣❧❡t❛♠❡♥t❡ ❞✐st✐♥t♦s✳ ❙❛❜❡✲s❡ q✉❡ ❡st❡

❢❛t♦ ♥ã♦ é ✈❡r❞❛❞❡ ♣♦✐s ❡♠ ✶✽✷✵✱ ❍❛♥s ❈❤r✐st✐❛♥ ❖rst❡❞ ❞❡s❝♦❜r✐✉ q✉❡ ♦s ❢❡♥ô♠❡♥♦s

❡❧étr✐❝♦s ❡ ♠❛❣♥ét✐❝♦s ❡stã♦ ❢♦rt❡♠❡♥t❡ ❧✐❣❛❞♦s✳ ❊st❡ ❢❛t♦ ❢♦✐ ♦❜s❡r✈❛❞♦ ❞✉r❛♥t❡ ✉♠❛

❞❡ s✉❛s ❡①♣❡r✐ê♥❝✐❛s ❡♠ s❛❧❛ ❞❡ ❛✉❧❛✳ ❖rst❡❞ ♣❡r❝❡❜❡✉ q✉❡ ❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❝♦♥s❡❣✉✐❛

✐♥t❡r❢❡r✐r ♥❛ ♦r✐❡♥t❛çã♦ ❞❡ ✉♠❛ ❜úss♦❧❛ ♣ró①✐♠♦ ❛ ❡❧❛✱ ❝♦♥❝❧✉✐♥❞♦ q✉❡ ❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛

♣r♦✈♦❝❛✈❛ ❡❢❡✐t♦s ♠❛❣♥ét✐❝♦s ❡♠ s✉❛s ✈✐③✐♥❤❛♥ç❛s✳

❖s ♣❛ss♦s s❡❣✉✐♥t❡s ♥♦ ❛✈❛♥ç♦ ❞❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ ♠❛❣♥❡t✐s♠♦ ❢♦r❛♠ ❞❛❞♦s ♣♦r

▼✐❝❤❛❡❧ ❋❛r❛❞❛②✱ ❏♦s❡♣❤ ❍❡♥r②✱ ❆♠♣❡r❡ ❡ ❍❡✐♥r✐❝❤ ▲❡♥③ ❝♦♠ ❛ ❞❡s❝♦❜❡rt❛ ❞❛ ✐♥❞✉çã♦

♠❛❣♥ét✐❝❛✳ ❋❛r❛❞❛② ❡ ❍❡♥r② ♦❜s❡r✈❛r❛♠ q✉❡ ❡r❛ ♣♦ssí✈❡❧ ❣❡r❛r ✉♠❛ ❢♦rç❛ ❡❧❡tr♦♠♦tr✐③

✭❋❊▼✮ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✈❛r✐á✈❡❧ ❡ ▲❡♥③ ♦❜s❡r✈♦✉ q✉❡ ❋❊▼ ✐♥❞✉③✐❞❛

❡r❛ ❣❡r❛❞❛ ♣❡❧❛ ♠✉❞❛♥ç❛ ❞❡ ✢✉①♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ P♦r ✜♠✱ ❏❛♠❡s ❈❧❡r❦ ▼❛①✇❡❧❧

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

❡q✉❛çõ❡s✱ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧✿

~∇ · ~E =
ρ

ε0
; ✭✷✳✶✮

~∇ · ~B = 0; ✭✷✳✷✮

~∇× ~E = −
∂ ~B

∂t
; ✭✷✳✸✮

~∇× ~B = +µ0ε0
∂ ~E

∂t
+ µ0

~J ; ✭✷✳✹✮

❡♠ q✉❡ ~E é ♦ ❝❛♠♣♦ ❡❧étr✐❝♦✱ ~B é ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ρ é ❛ ❞❡♥s✐❞❛❞❡ ✈♦❧✉♠étr✐❝❛ ❞❛s

❝❛r❣❛s ❡❧étr✐❝❛s✱ ~J é ❛ ❞❡♥s✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❞❡ ❝♦rr❡♥t❡ ❡❧étr✐❝❛✱ ǫ0 é ♣❡r♠❡❛❜✐❧✐❞❛❞❡

❡❧étr✐❝❛ ♥♦ ✈á❝✉♦ ❡ µ0 é ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ♥♦ ✈á❝✉♦✳

❆❧é♠ ❞✐st♦✱ ❡st❛s ❡q✉❛çõ❡s ❡st❛❜❡❧❡❝❡♠ ❜❛s❡s t❡ór✐❝❛s só❧✐❞❛s q✉❛♥t♦ à ❡①✐stê♥❝✐❛

❞❛s ♦♥❞❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s✱ ❛s q✉❛✐s s✉❛s ✈❡❧♦❝✐❞❛❞❡s sã♦ ✐❣✉❛✐s ❛♦ ✈❛❧♦r ❡①♣❡r✐♠❡♥t❛❧

❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✳
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✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

✷✳✶✳✷ ■♥t❡r❛çã♦ ❞✐♣♦❧❛r ♠❛❣♥ét✐❝❛

◆❛ s❡ssã♦ ❛♥t❡r✐♦r✱ ✷✳✶✳✶✱ ✈✐♠♦s q✉❡ ♦s ♠❛❣♥❡t♦s s❡♠♣r❡ t❡♠ ❞♦✐s ♣♦❧♦s ❞✐st✐♥t♦s

✭♥♦rt❡ ❡ s✉❧✮✳ ◆♦ ❝❛s♦ ♠❛✐s s✐♠♣❧❡s✱ ❡st❡s ♠❛❣♥❡t♦s t❛♠❜é♠ ♣♦❞❡♠ s❡r ✐♥t❡r♣r❡t❛❞♦s

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

r❛❞❛s ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ ~d✳ ❆♦ ❛♥❛❧✐s❛r♠♦s ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ✉♠ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦

~m1 ❛ ❣r❛♥❞❡s ❞✐stâ♥❝✐❛s✱ ~r✱ ❡♠ r❡❧❛çã♦ ❛ ~d✱ ✈❡♠♦s q✉❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❡r❛❞♦ ♣♦r

❡st❡ ❞✐♣♦❧♦ ♥❛ ♦r✐❣❡♠ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s é ❞❛❞♦ ♣♦r ❬✷❪✿

~B1 =
3 ( ~m1 · ~r1) ~r1 − ~m1

~r3
, ✭✷✳✺✮

❡♠ q✉❡ ~m1 é ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞♦ ❞✐♣♦❧♦ ❡ ~r1 é ✉♠ ✈❡t♦r ✉♥✐tár✐♦ r❛❞✐❛❧✳

◆❛ ♣r❡s❡♥ç❛ ❞❡ ♦✉tr♦ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦ ~m2✱ s✉r❣❡ ✉♠❛ ✐♥t❡r❛çã♦ ❛tr❛✈és ❞❡ s❡✉s

❝❛♠♣♦s ♠❛❣♥ét✐❝♦s✳ ❆ ❡①♣r❡ssã♦ q✉❡ ❞❡s❝r❡✈❡ ❡ss❛ ✐♥t❡r❛çã♦ é ❞❛❞❛ ♣❡❧❛ ❡♥❡r❣✐❛ ❞❡

✐♥t❡r❛çã♦ E12 = − ~m1. ~B2✿

E12 = −~m1. ~B2 =
µ0

4π

[

~m1 · ~m2 − 3(~m1 · r̂12) · (~m2.r̂12)

r312

]

, ✭✷✳✻✮

❡♠ q✉❡ r̂12 é ♦ ✈❡t♦r ✉♥✐tár✐♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡s ♦s ❞✐♣♦❧♦s ~m1 ❡ ~m2✳

❊ss❛ ❡q✉❛çã♦ ♣♦❞❡ s❡r ❡st❡♥❞✐❞❛ ♣❛r❛ ♦ ❝❛s♦ ❞❡ N ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ✐♥t❡r❛✲

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

Edip =
∑

i 6=j

−~mi · ~Bj =
∑

i 6=j

µ0

4π

[

~mi · ~mj − 3(~mi · r̂ij) · (~mj · r̂ij)

r3ij

]

. ✭✷✳✼✮

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

♠❛❣♥ét✐❝♦s✱ ❝♦♠ ❡①❝❡çã♦ ❞❡❧❡s ♠❡s♠♦s ✭i 6= j✮✳ ❱❡❥❛ q✉❡ ❡st❛ ❡q✉❛çã♦ s❡r✈❡ ♣❛r❛ ♦

❡st✉❞♦ ❞❡ q✉❛❧q✉❡r s✐st❡♠❛ ❢ís✐❝♦ q✉❡ ❝♦♥t❡♥❤❛ ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s✳ ❊♠ ✉♠ s✐st❡♠❛

❝♦♠♣♦st♦ ♣♦r ✈ár✐♦s ❞✐♣♦❧♦s ♠❛❣♥ét✐❝♦s ✐❞ê♥t✐❝♦s ~m✱ ♥❛ q✉❛❧ ❛ ♠❡♥♦r ❞✐stâ♥❝✐❛ ❡♥tr❡

❡st❡s é ❞❛❞♦ ♣♦r a✱ ❡st❛ ❡q✉❛çã♦ ♣♦❞❡ s❡r r❡✲❡s❝r✐t❛ ❝♦♠♦✿

Edip =
∑

i 6=j

µ0

4π

a3

a3

[

~mi · ~mj − 3(~mi · r̂ij) · (~mj · r̂ij)

r3ij

]

✭✷✳✽✮

✼
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Edip =
∑

i 6=j

µ0µ
2

4πa3

[

~si · ~sj − 3(~si · r̂ij) · (~sj · r̂ij)

(rij/a)3

]

✭✷✳✾✮

Edip =
∑

i 6=j

D

[

~si · ~sj − 3(~si · r̂ij) · (~sj · r̂ij)

R3
ij

]

, ✭✷✳✶✵✮

❡♠ q✉❡ ~m = µ ·~s✱ µ é ♦ ♠♦❞✉❧♦ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦✱ ~s é ❛ ❞✐r❡çã♦ ❡ ♦ s❡♥t✐❞♦ ❞❡st❡

♠♦♠❡♥t♦✱ D = µ0µ
2/4πa3 ❡ Rij = rij/a é ❞❛❞♦ ❛❣♦r❛ ❡♠ ✉♥✐❞❛❞❡s ❞❡ ❡s♣❛ç❛♠❡♥t♦

❞❛ r❡❞❡✳ ◆❡st❡ ♥♦✈♦ s♦♠❛tór✐♦✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ D ❝♦♥té♠ t♦❞❛s ❛s ✉♥✐❞❛❞❡s ❞♦

❛♥t✐❣♦ s♦♠❛tór✐♦✱ ❞❡✐①❛♥❞♦ ❛s ♦✉tr❛s ✈❛r✐á✈❡✐s✱ si ❡ Rij✱ ❛❞✐♠❡♥s✐♦♥❛✐s✳ ❆❧é♠ ❞✐st♦✱ ♦

✈❛❧♦r ❞❡ D ❢♦r♥❡❝❡ ❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ❞❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ❞✐♣♦❧♦s✳

❯♠ ❢❛t♦ ❝✉r✐♦s♦ é q✉❡ ♥ã♦ ❢♦✐ ♦❜s❡r✈❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛

♣❛rtí❝✉❧❛ q✉❡ ❝♦♥té♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ✉♠❛ ❝❛r❣❛ ♠❛❣♥ét✐❝❛ ✐s♦❧❛❞❛✳ ❊♠ ❝♦♥tr❛✲

♣❛rt✐❞❛✱ ❡♠ ❢ís✐❝❛ ❞❛ ♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛ ❢♦✐ ♣r♦♣♦st♦ q✉❡ ♦s ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s

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

✐rá ✜❝❛r ♠❛✐s ❝❧❛r❛ ♥♦ ❞❡❝♦rr❡r ❞❛s ♣ró①✐♠❛s s❡ssõ❡s✳

✷✳✶✳✸ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛

❖s ♠❛t❡r✐❛✐s ♣♦❞❡♠ ❛♣r❡s❡♥t❛r ❞✐❢❡r❡♥t❡s ❝♦♠♣♦rt❛♠❡♥t♦s q✉❛♥❞♦ sã♦ ❡①♣♦st♦s

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

♣❡rt♦ ❞❡ ✉♠ ❞♦s ♣♦❧♦s ❞❡ ✉♠ ✐♠ã✱ ❡❧❡s ♣♦❞❡♠ s❡r ❛tr❛í❞♦s✱ r❡♣❡❧✐❞♦s ♦✉ ♥ã♦ r❡❛❣✐r❡♠✳

◗✉❛♥❞♦ ♦s ♠❛t❡r✐❛✐s sã♦ ❢r❛❝❛♠❡♥t❡ r❡♣❡❧✐❞♦s✱ ❡❧❡s sã♦ ❝❧❛ss✐✜❝❛❞♦s ❝♦♠♦ ❞✐❛♠❛❣♥ét✐✲

❝♦s✳ ◗✉❛♥❞♦ ♦s ♠❛t❡r✐❛✐s sã♦ ❢r❛❝❛♠❡♥t❡ ❛tr❛í❞♦s✱ ❡st❡s ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞♦s ❝♦♠♦

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

♣r✐❡❞❛❞❡ q✉❡ ❝❛r❛❝t❡r✐③❛ ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ é ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ µ(B/H)✳

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

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

♣❡❧❛ r❛③ã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ s♦❜r❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ✈á❝✉♦✱ ♦✉ s❡❥❛✱

µr = µ/µ0✱ ❡♠ q✉❡ µ0 é ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ✈á❝✉♦✱ µ0 = 4π ·10−7B/H✳ ❉❡st❛ ♠❛♥❡✐r❛✱

t❡♠♦s q✉❡ ❛s ♣❡r♠❡❛❜✐❧✐❞❛❞❡s r❡❧❛t✐✈❛s ❞♦s ❞✐❛♠❛❣♥❡t♦s sã♦ ❧✐❣❡✐r❛♠❡♥t❡ ♠❡♥♦r❡s ❞♦

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

♠✉✐t♦ ♠❛✐♦r❡s ❞♦ q✉❡ 1✳

✽
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❖s ♠❛tér✐❛s ✐♠❡rs♦s ❡♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦❞❡♠ ❛♣r❡s❡♥t❛r ✉♠❛ ♠❛❣♥❡t✐✲

③❛çã♦ ~M ✳ ❊ss❛ ♠❛❣♥❡t✐③❛çã♦ é ❞❡s❝r✐t❛ ♠❛t❡♠❛t✐❝❛♠❡♥t❡ ♣♦r✿

~M = (µr − 1) · ~B = xm · ~B, ✭✷✳✶✶✮

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

❞❛❞❡ ♠❛❣♥ét✐❝❛ ❡stá ✐♥t✐♠❛♠❡♥t❡ ❧✐❣❛❞❛ à ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❡ ❡st❛ ♦❢❡r❡❝❡

❛ ✐♥t❡♥s✐❞❛❞❡ ❝♦♠ q✉❡ ✉♠ ♠❛t❡r✐❛❧ ♣♦❞❡ s❡r ♠❛❣♥❡t✐③❛❞♦✳ ❱❡❥❛ q✉❡ ❛❧❣✉♥s ♠❛t❡r✐✲

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

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

❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❝♦♠♦ ♦s ❞✐❛♠❛❣♥ét✐❝♦s✳ ❆ t❛❜❡❧❛ 2.1 ♠♦str❛ ❛ ❝❧❛ss✐✜❝❛çã♦ ❞♦s

♠❛t❡r✐❛✐s ❝✐t❛❞♦s ♥❡st❛ s❡ssã♦ ❛tr❛✈és ❞❡ s✉❛s ♣❡r♠❡❛❜✐❧✐❞❛❞❡s ❡ s✉❛s s✉s❝❡♣t✐❜✐❧✐❞❛❞❡s

♠❛❣♥ét✐❝❛s✳

❚❛❜❡❧❛ ✷✳✶✿ ❈❧❛ss✐✜❝❛çõ❡s ❞♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s

▼❛t❡r✐❛✐s P❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❙✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛
❉✐❛♠❛❣♥❡t♦s > 1 > 0
P❛r❛♠❛❣♥❡t♦s < 1 < 0
❋❡rr♦♠❛❣♥❡t♦s << 1 << 0

❍✐st❡r❡s❡ ♠❛❣♥ét✐❝❛

❯♠ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡ s♦❜r❡ ❛❧❣✉♥s ♠❛t❡r✐❛✐s ❢❡rr♦♠❛❣♥ét✐❝♦s é q✉❡ q✉❛♥❞♦ s❡

❛♣❧✐❝❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❝r❡s❝❡♥t❡ ♥❡st❡s ❛té q✉❡ s✉❛ ♠❛❣♥❡t✐③❛çã♦ s❡ s❛t✉r❡

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

❞❡st❡s ♥ã♦ ❞✐♠✐♥✉✐ tã♦ r❛♣✐❞❛♠❡♥t❡ q✉❛♥t♦ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❡✱ q✉❛♥❞♦ ♦

❝❛♠♣♦ ❡①t❡r♥♦ ❢♦r ♥✉❧♦✱ ❤❛✈❡rá ❛✐♥❞❛ ✉♠❛ ♠❛❣♥❡t✐③❛çã♦ r❡♠❛♥❡s❝❡♥t❡ ♥❡st❡ ♠❛t❡r✐❛✐s✳

P❛r❛ q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡st❡s ♠❛t❡r✐❛✐s s❡❥❛ ♥✉❧❛✱ é ♥❡❝❡ssár✐♦ ❛♣❧✐❝❛r ✉♠ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛ ❛♦ ❛♣❧✐❝❛❞♦ ✐♥✐❝✐❛❧♠❡♥t❡✳ ❊st❡ ❝❛♠♣♦ é ❝♦♥❤❡❝✐❞♦

❝♦♠♦ ❢♦rç❛✴❝❛♠♣♦ ❝♦❡r❝✐✈❛✭♦✮✳ ❙❡ ❝♦♥t✐♥✉❛r ❛ ❛✉♠❡♥t❛r ♦ ❝❛♠♣♦ ♥❛ ❞✐r❡çã♦ ♦♣♦st❛

❞❛ ♠❛❣♥❡t✐③❛çã♦✱ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡st❡ ♠❛t❡r✐❛❧ ✐rá ✐♥✈❡rt❡r ❝♦♠♣❧❡t❛♠❡♥t❡✳ ❊st❡

♣r♦❝❡ss♦ ♣♦❞❡ s❡r ♥♦✈❛♠❡♥t❡ r❡♣❡t✐❞♦ ❛té q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ s❡❥❛ ✐♥✈❡rt✐❞❛ ♥♦✈❛♠❡♥t❡✳

✾
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❆ ✜❣✉r❛ 2.1 ♠♦str❛ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❢❡rr♦♠❛❣♥ét✐❝♦ ♥♦ ♣r♦❝❡ss♦ ❞❡s❝r✐t♦

❛❝✐♠❛✳

❋✐❣✉r❛ ✷✳✶✿ ❈✉r✈❛ ❞❡ ❤✐st❡r❡s❡ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❢❡rr♦♠❛❣♥ét✐❝♦✳

❊st❡ ❢❡♥ô♠❡♥♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❤✐st❡r❡s❡ ♠❛❣♥ét✐❝❛✱ ❡ ♦ ❝✐❝❧♦ q✉❡ ❞❡s❝r❡✈❡

❛ ❝✉r✈❛ ❞❡ ♠❛❣♥❡t✐③❛çã♦✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ 2.1✱ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝✉r✈❛ ❞❡

❤✐st❡r❡s❡✳

✷✳✶✳✹ ❆♥✐s♦tr♦♣✐❛ ♠❛❣♥ét✐❝❛

❉✐③❡♠♦s q✉❡ ✉♠ ❝♦r♣♦ é ❛♥✐s♦tró♣✐❝♦ q✉❛♥❞♦ ♣❡❧♦ ♠❡♥♦s ✉♠❛ ❞❡ s✉❛s ♣r♦✲

♣r✐❡❞❛❞❡s ❢ís✐❝❛s t❡♠ ✉♠❛ t❡♥❞ê♥❝✐❛ ❞✐r❡❝✐♦♥❛❧ ❬✹❪✳ P♦r ❡①❡♠♣❧♦✱ q✉❛♥❞♦ ♠❡❞❡✲s❡ ❛

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

❞✐③❡♠♦s q✉❡ ❡st❡ ♠❛t❡r✐❛❧ t❡♠ ✉♠❛ ❛♥✐s♦tr♦♣✐❛ ❞❡ s✉s❝❡t✐❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛✳ ❱❡❥❛ q✉❡✱

♦ ♠❛❣♥❡t✐s♠♦ ♥♦s ♠❛t❡r✐❛✐s ♠❛❣♥ét✐❝♦s ❞❡♣❡♥❞❡ ❞❡ ✈ár✐♦s ❢❛t♦r❡s✱ ❡♥tr❡ ❡❧❡s t❡♠♦s✿ ✐✮

❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s❀ ✐✐✮ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❡st❡s ♠♦♠❡♥t♦s❀ ✐✐✐✮

❞❛ s✐♠❡tr✐❛ ❞❛ r❡❞❡❀ ✐✈✮ ❡ ❞❛s ✐♥t❡r❛çõ❡s ♣r❡s❡♥t❡s✳ P♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛s ♣r♦♣r✐❡❞❛✲

❞❡s ❞❡st❡s ♠❛tér✐❛s sã♦ ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡s ❞♦ s❡✉ t❛♠❛♥❤♦ ❡ ❞❛ s✉❛ ❢♦r♠❛✱ ♦ q✉❡

♣♦❞❡ ❣❡r❛r ✉♠❛ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥ét✐❝❛✳ ❊①✐st❡♠ três t✐♣♦s ♣r✐♥❝✐♣❛✐s ❞❡ ❛♥✐s♦tr♦♣✐❛s

♠❛❣♥ét✐❝❛s✿ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥❡t♦❝r✐st❛❧✐♥❛✱ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥❡t♦❡str✐❝t✐✈❛ ✭t❛♠❜é♠ ❝♦✲

♥❤❡❝✐❞❛ ♠❛❣♥❡t♦❡❧ást✐❝❛✮ ❡ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥❡t♦stát✐❝❛ ✭♦✉ ❞❡ ❢♦r♠❛✮✳

❆ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥❡t♦❝r✐st❛❧✐♥❛ ♦❝♦rr❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❡✈✐❞♦ ❛♦ ❛❝♦♣❧❛♠❡♥t♦

s♣✐♥✲ór❜✐t❛✳ ❊st❡ ❛❝♦♣❧❛♠❡♥t♦ ✐♥❞✉③ ✉♠❛ ❞✐r❡çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ❛♦s s♣✐♥s✱ q✉❡ t❡♥t❛

✶✵
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♦r✐❡♥tá✲❧♦s ❡♠ ✉♠❛ ♠❡s♠❛ ❞✐r❡çã♦✳ ❉❡✈✐❞♦ à s✐♠❡tr✐❛ ❞❛ r❡❞❡✱ ❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛

❡♥tr❡ ♦s s♣✐♥s é ❛❢❡t❛❞❛✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❡①✐st❛♠ ❡✐①♦s ♣r❡❢❡r❡♥❝✐❛✐s ❞❡ ♠❛❣♥❡t✐③❛✲

çã♦✱ t❡♥❞♦ ❛ss✐♠ ✉♠❛ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥❡t♦❝r✐st❛❧✐♥❛✳ ❊st❛ ♣r❡❢❡rê♥❝✐❛ ❞❡ ❡✐①♦s ❡stá

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

♠❛❣♥ét✐❝♦s s❡ ♦r✐❡♥t❛♠ ❡♠ t❛✐s ❡✐①♦s✱ ❞❡♥♦♠✐♥❛❞♦s ❡✐①♦s ❢á❝❡✐s ❞❡ ♠❛❣♥❡t✐③❛çã♦✳

❆ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥❡t♦❡str✐❝t✐✈❛ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ ♠✉❞❛♥ç❛ ❞❛s ❞✐♠❡♥sõ❡s ❞❡ ✉♠

❝r✐st❛❧ q✉❛♥❞♦ ❡st❡ é ❡①♣♦st♦ ❛ ✉♠❛ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ ❙❛❜❡✲s❡ q✉❡ ❛ ❡♥❡r❣✐❛

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

r❡s♣❡❝t✐✈❛s ♦r✐❡♥t❛çõ❡s✳ ◗✉❛♥❞♦ ❛♣❧✐❝❛✲s❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ r❡❞❡✱ ❢♦rç❛♥❞♦ ♦s

♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❛ ❛❞♦t❛r❡♠ ✉♠❛ ♥♦✈❛ ♦r✐❡♥t❛çã♦✱ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❛✉♠❡♥t❛

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

❞♦ s✐st❡♠❛ s❡❥❛ r❡❞✉③✐❞❛✳ ■st♦ ♣r♦✈♦❝❛ t❡♥sõ❡s ♥❛ r❡❞❡ q✉❡ r❡s✉❧t❛♠ ❡♠ ♠✉❞❛♥ç❛s ♥❛

❢♦r♠❛ ❞❡st❡✳ ❊st❡ ❢❡♥ô♠❡♥♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥❡t♦❡str✐❝t✐✈❛✱ s❡♥❞♦

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

❡st❛ ❞✐♠✐♥✉✐ ♥❛ ❞✐r❡çã♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦✳

❯♠ ❢❛t♦r ✐♠♣♦rt❛♥t❡ ❞❛ ❛♥✐s♦tr♦♣✐❛ ♠❛❣♥ét✐❝❛ sã♦ ❛s ❞✐♠❡♥sõ❡s ❞♦s ♠❛t❡r✐❛✐s✳

❖s ❣rã♦s ♠❛❣♥ét✐❝♦s ❝♦♠ ❞✐♠❡♥sõ❡s ♠✉✐t♦ ♣❡q✉❡♥❛s✱ ♠❡♥♦r❡s q✉❡ ✉♠ µm✱ s❡ ♠❛❣✲

♥❡t✐③❛♠ ❛♦ ❧♦♥❣♦s ❞♦s ❡✐①♦s ❢á❝❡✐s ❞❡ ♠❛❣♥❡t✐③❛çã♦✱ s❡♥❞♦ ♣❡rt✉r❜❛❞♦s s♦♠❡♥t❡ ♣❡❧❛

❛❣✐t❛çã♦ tér♠✐❝❛✳ ❉❡✈✐❞♦ ❛ ✐st♦✱ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s át♦♠♦s ❞❡st❡s ❣rã♦s s❡

❛❧✐♥❤❛♠ ❡♠ ✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦ ❡ ❛♣r❡s❡♥t❛♠ ✉♠❛ ♠❛❣♥❡t✐③❛çã♦ ✉♥✐❢♦r♠❡✱ ♣♦❞❡♥❞♦✲s❡

❞✐③❡r q✉❡ ❡❧❡s ♣♦ss✉❡♠ ♠♦♥♦❞♦♠í♥✐♦s✳ ❈❛s♦ ♦❝♦rr❛ ✉♠❛ ♠✉❞❛♥ç❛ ♥❛ ❞✐r❡çã♦ ❞♦ ♠♦✲

♠❡♥t♦ ♠❛❣♥ét✐❝♦✱ t♦❞♦s ♦s át♦♠♦s q✉❡ ❝♦♠♣õ❡ ❡stá ♣❛rtí❝✉❧❛ ❣✐r❛rã♦ s✐♠✉❧t❛♥❡❛♠❡♥t❡✱

♣♦✐s ❡stã♦ r✐❣✐❞❛♠❡♥t❡ ❛❧✐♥❤❛❞♦s ❞❡✈✐❞♦ à ✉♠❛ ✐♥t❡r❛çã♦ ❞❡ tr♦❝❛✳ ❖s ❣rã♦s ♠❛❣♥ét✐❝♦s

❝♦♠ ♠❛✐♦r❡s ❞✐♠❡♥sõ❡s ❛♣r❡s❡♥t❛♠ ❞♦✐s ♦✉ ♠❛✐s ❞♦♠í♥✐♦s ♠❛❣♥ét✐❝♦s✳ ❉❡♥tr♦ ❞❡ ❝❛❞❛

❞♦♠í♥✐♦✱ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❛♣♦♥t❛♠ ❡♠ ✉♠❛ ♠❡s♠❛ ❞✐r❡çã♦✱ ♠❛s ♥ã♦ ♥❡❝❡ss❛✲

r✐❛♠❡♥t❡ ❤❛✈❡r✐❛ ✉♠ ❛❧✐♥❤❛♠❡♥t♦ ❡♥tr❡ ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❡ ✉♠ ❞♦♠í♥✐♦ ❝♦♠ ♦

❞❡ ♦✉tr♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛❧❣✉♥s ❣rã♦s ❝♦♠♦ t♦❞♦ ❡st❛r❡♠ ❞❡s♠❛❣♥❡t✐③❛❞♦s ❡♠ ✉♠❛

❡s❝❛❧❛ ♠❛❝r♦s❝ó♣✐❝❛✳ ❊st❡ ❢❛t♦ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ ✐♥t❡r❛çã♦ ❞✐♣♦❧❛r✱ ❞❡ ❧♦♥❣♦ ❛❧❝❛♥❝❡✱ ❡♥✲

tr❡ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞❡ ❝❛❞❛ ❞♦♠í♥✐♦ ♣r♦❞✉③✐r✐❛♠ ✉♠❛ ❡♥❡r❣✐❛ ♠❛❣♥❡t♦stát✐❝❛

♦✉ ❞❡s♠❛❣♥❡t✐③❛♥t❡ q✉❡ ♣♦❞❡r✐❛ s✉♣❡r❛r ❛s ❡♥❡r❣✐❛ ♠❛❣♥❡t♦❝r✐st❛❧✐♥❛ ❡ ♠❛❣♥❡t♦❡str✐❝✲

✶✶



✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

t✐✈❛✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ♠❛❣♥ét✐❝♦ t❛♠❜é♠ ❞❡♣❡♥❞❡rá ❞♦

❛rr❛♥❥♦ ❞♦s ❣rã♦s ♠❛❣♥ét✐❝♦s ❡ ❞❡ s✉❛ ♣ró♣r✐❛ ❢♦r♠❛✳ ❊st❡ ❢❡♥ô♠❡♥♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦

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

✷✳✶✳✺ ❉♦♠í♥✐♦ ♠❛❣♥ét✐❝♦ ❡ ❧✐♠✐t❡ s✉♣❡r♣❛r❛♠❛❣♥ét✐❝♦

◆❛s s❡ssõ❡s ❛♥t❡r✐♦r❡s✱ ✷✳✶✳✸ ❡ ✷✳✶✳✹✱ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡ ✉♠❛

♣❛rtí❝✉❧❛ ❞❡♣❡♥❞❡ ❞❡ ✈ár✐❛s ❝❛r❛❝t❡ríst✐❝❛s✱ ❝♦♠♦ ❛ s✉❛ ❢♦r♠❛✱ ♦ s❡✉ t❛♠❛♥❤♦ ❡ ❛s ♣r♦✲

♣r✐❡❞❛❞❡s ❞♦s ❡❧❡♠❡♥t♦s q✉í♠✐❝♦s q✉❡ ♦ ❝♦♠♣õ❡✳ P♦r ❡①❡♠♣❧♦✱ ♦s ❢❡rr♦♠❛❣♥❡t♦s ♣♦❞❡♠

❛♣r❡s❡♥t❛r ✉♠❛ ♠❛❣♥❡t✐③❛çã♦ ❡s♣♦♥tâ♥❡❛ ♠❡s♠♦ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①✲

t❡r♥♦✳ ❱✐♠♦s q✉❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛s ❞✐♠❡♥sõ❡s ❞❡st❡s ❢❡rr♦♠❛❣♥❡t♦s✱ ❡st❛ ♠❛❣♥❡t✐③❛çã♦

♣♦❞❡ s❡r ❞❛❞❛ ♣♦r ✉♠ ú♥✐❝♦ ❞♦♠í♥✐♦ ♠❛❣♥ét✐❝♦ ♦✉ ♣♦r ✈ár✐♦s ❞♦♠í♥✐♦s ♠❛❣♥ét✐❝♦s✳

❊st❛ s❡ssã♦ ❡①♣❧♦r❛ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❞✐♠❡♥sã♦ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♥❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡st❛✳

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

❞♦s át♦♠♦s q✉❡ ❛ ❝♦♠♣õ❡ s❡ ♠♦✈❛♠ ❝♦❡r❡♥t❡♠❡♥t❡✳ ❉❡st❡ ♠♦❞♦✱ ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦

t♦t❛❧ ❞❛ ♣❛rtí❝✉❧❛ s❡rá ❞❛❞♦ ♣♦r µ = µat ·N ✱ ❡♠ q✉❡ µat é ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❛tô♠✐❝♦

❡ N é ♦ ♥✉♠❡r♦ ❞❡ át♦♠♦s ♠❛❣♥ét✐❝♦s ❞❡st❛ ♣❛rtí❝✉❧❛ ❬✺❪✳ ◆♦ ❝❛s♦ ♠❛✐s s✐♠♣❧❡s✱ ♦

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

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ ❯♠ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡ s♦❜r❡ ❛s ♣❛rtí❝✉❧❛s ♠❛❣♥ét✐❝❛s é q✉❡

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

❞❡ r❡❧❛①❛çã♦ ❝❛r❛❝t❡ríst✐❝♦ τ ✱ ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❡st❛s ♣❛rtí❝✉❧❛s ♠✉❞❛♠ ❞❡ ✉♠

❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦ ♣❛r❛ ♦✉tr♦✳ ❖ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ ❞❡♣❡♥❞❡♥t❡ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡

t❡♥t❛t✐✈❛s ❞❡ ♠✉❞❛♥ç❛s✱ ❞❛ ♦r❞❡♠ ❞❡ ν0 = 1010Hz ❡ ❞♦ ❢❛t♦r ❞❡ ❇♦❧t③♠❛♥♥ e
+△E

kbT ✱♦✉

s❡❥❛✿

τ = τ0 · e
+△E

kbT , ✭✷✳✶✷✮

❡♠ q✉❡ τ0 = 1/ν0✱ △E é ❛ ❜❛rr❡✐r❛ ❞❡ ❡♥❡r❣✐❛ q✉❡ s❡♣❛r❛ ♦s ❞♦✐s ❡st❛❞♦s ❞❡ ❡q✉✐❧í❜r✐♦✱

q✉❡ é ❞❛❞♦ ♣❡❧♦ ✈♦❧✉♠❡ ❞❛ ♣❛rtí❝✉❧❛s V ✈❡③❡s ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❛♥✐s♦tr♦♣✐❛

ka ❞❛ ♣❛rtí❝✉❧❛✱ T é ❛ t❡♠♣❡r❛t✉r❛ ❞❛ ♣❛rtí❝✉❧❛ ❡ kb é ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✳ ❆

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

✶✷



✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

❛tr❛✈és ❞♦ ✐♥✈❡rs♦ ❞♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ ✿

ν = ν0 · e
−△E

kbT . ✭✷✳✶✸✮

❆tr❛✈és ❞❛s ❡q✉❛çõ❡s 2.12 ❡ 2.13✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♣❛r❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s

♦✉ ❣r❛♥❞❡s ✈♦❧✉♠❡s✱ kbT ≪ △E✱ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ é ♠✉✐t♦ ❣r❛♥❞❡✱ ❞❡ ♠❛♥❡✐r❛

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

❛❧t❛s t❡♠♣❡r❛t✉r❛s ♦✉ ♣❛r❛ ♣❡q✉❡♥♦s ✈♦❧✉♠❡s✱ kbT ≫ △E✱ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ

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

❆ ♠✉❞❛♥ç❛ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♣♦r ❞✐❢❡r❡♥t❡s

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

❝♦♥❤❡❝✐❞♦ ❝♦♠♦ t❡♠♣♦ ❝❛r❛❝t❡ríst✐❝♦ ✭tm✮✳ ◗✉❛♥❞♦ ♦ t❡♠♣♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❡ ♠❡❞✐✲

çã♦ ❞❡ ✉♠ ❛♣❛r❡❧❤♦ tm é ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ ✱ ♥ã♦ é ♣♦ssí✈❡❧

♠❡❞✐r ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡♠ ✉♠ ú♥✐❝♦ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ ❡st❛ ♣❛rtí❝✉❧❛ é ❝❧❛ss✐✲

✜❝❛❞❛ ❡♥tã♦ ❝♦♠♦ s✉♣❡r♣❛r❛♠❛❣♥ét✐❝❛✳ ◗✉❛♥❞♦ ♦ t❡♠♣♦ ❝❛r❛❝t❡ríst✐❝♦ ❞♦ ❛♣❛r❡❧❤♦ tm

é ♠✉✐t♦ ♠❡♥♦r ❞♦ q✉❡ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ ✱ ❛♣❛r❡♥t❛♥❞♦ q✉❡ ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦

❞❛ ♣❛rtí❝✉❧❛ ❡stá ♣r❡s♦ ❡♠ ✉♠ ú♥✐❝♦ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦✱ é ❞✐t♦ q✉❡ ❛ ♣❛rtí❝✉❧❛ é ❜❧♦✲

q✉❡❛❞❛✳ ➱ ✐♠♣♦rt❛♥t❡ ❡♥❢❛t✐③❛r q✉❡ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ s✉♣❡r♣❛r❛♠❛❣♥❡t✐s♠♦ ❞❡ ✉♠❛

♣❛rtí❝✉❧❛ ❞❡♣❡♥❞❡ ❡①❝❧✉s✐✈❛♠❡♥t❡ ❞♦ ❛♣❛r❡❧❤♦ ❞❡ ♦❜s❡r✈❛çã♦✳ P♦r ❡①❡♠♣❧♦✱ ❡♥q✉❛♥t♦

✉♠❛ ♣❛rtí❝✉❧❛ ♣♦❞❡ s❡r s✉♣❡r♣❛r❛♠❛❣♥ét✐❝❛ ❡♠ ✉♠❛ ♠❡❞✐❞❛ ♠❛❣♥ét✐❝❛ ❝♦♥✈❡♥❝✐♦♥❛❧✱

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

❡s♣❡❝tr♦s❝♦♣✐❛ ▼♦ss❜❛✉❡r✱ q✉❡ ❞❡♠♦r❛ ♣♦r ✈♦❧t❛ ❞❡ tm = 10−8s✳

❆❧é♠ ❞♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ ✱ ❛ ❞✐♠❡♥sã♦ ❞❛s ♣❛rtí❝✉❧❛s ♠❛❣♥ét✐❝❛s ❞❡t❡r♠✐♥❛

♦ ♥ú♠❡r♦ ❞❡ ❞♦♠í♥✐♦s ♠❛❣♥ét✐❝♦s q✉❡ ❡st❛ ♣♦❞❡ t❡r✳ ❱✐♠♦s q✉❡ ♣❛rtí❝✉❧❛s ❝♦♠ ❣r❛♥❞❡s

❞✐♠❡♥sõ❡s ♣♦ss✉❡♠ ✈ár✐♦s ❞ó♠✐♥✐♦s ♠❛❣♥ét✐❝♦s ✭♠✉❧t✐❞♦♠í♥✐♦s✮✱ q✉❡ ♥ã♦ ♥❡❝❡ss❛r✐❛✲

♠❡♥t❡ ❛♣♦♥t❛r✐❛♠ ❡♠ ✉♠❛ ♠❡s♠❛ ❞✐r❡çã♦✱ ❡ ❛s ♣❛rtí❝✉❧❛s ♣❡q✉❡♥❛s ❞✐♠❡♥sõ❡s ♣♦ss✉❡♠

✉♠ ú♥✐❝♦ ❞♦♠í♥✐♦ ✭♠♦♥♦❞♦♠í♥✐♦✮✱ ♣♦❞❡♥❞♦ ❡st❡ s❡r ❜❧♦q✉❡❛❞♦ ♦✉ s✉♣❡r♣❛r❛♠❛❣♥é✲

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

s✉❛s ❞✐♠❡♥sõ❡s✱ ❛ s✉❛ ❢♦r♠❛ ❡ ❞♦s át♦♠♦s ❞❡ s✉❛ ❝♦♠♣♦s✐çã♦✲ ❡①✐st❡ ✉♠ ♦✉tr♦ ❡st❛❞♦

♠❛❣♥ét✐❝♦ ❡♥tr❡ ♦s ❡st❛❞♦s ♠♦♥♦❞♦♠í♥✐♦ ❜❧♦q✉❡❛❞♦ ❡ ♦ ♠✉❧t✐❞♦♠í♥✐♦✿ ♦ ✈órt✐❝❡✳ ◆❡st❡

❡st❛❞♦ ✐♥t❡r♠❡❞✐ár✐♦✱ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s át♦♠♦s s❡ ♦ ❞❡ ❢♦r♠❛ ❝✐r❝✉❧❛r✱ ❢♦r✲
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♠❛♥❞♦ ✉♠ ✈órt✐❝❡ ♠❛❣♥ét✐❝♦✳ ❖ ❡①❡♠♣❧♦ ♠❛✐s s✐♠♣❧❡s ♣❛r❛ ❡st❡ ❡st❛❞♦ s❡r✐❛ ❞❡ ✉♠

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

❡ ❡st❛r✐❛ ❛♦ ❧♦♥❣♦ ♣❧❛♥♦ ❞♦ ❞✐s❝♦✳ ❊♠ s❡✉ ❝❡♥tr♦✱ ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s át♦♠♦s

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

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

❝♦♠♦ ♦❜s❡r✈❛❞♦ ♣♦r ❙✐❧✈❛ ❡t ❛❧ ❬✻❪✳

✷✳✷ ●❡❧♦s ❞❡ s♣✐♥s

❯♠❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♥t❡r❡ss❛♥t❡ ❞❡ ❛❧❣✉♥s s✐st❡♠❛s ❝♦♠ ✐♥t❡r❛çõ❡s ❝♦♠♣❡t✐t✐✈❛s

é q✉❡ ♦s s❡✉s ❡st❛❞♦s ❢✉♥❞❛♠❡♥t❛✐s ❡♠ ❣❡r❛❧ sã♦ ❞❡❣❡♥❡r❛❞♦s✱ ❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ ❢r✉s✲

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

♣♦ss✉✐ Ω0 ❡st❛❞♦s ❢✉♥❞❛♠❡♥t❛✐s ❞❡❣❡♥❡r❛❞♦s✱ ❣❡r❛♥❞♦ ✉♠❛ ❡♥tr♦♣✐❛ r❡s✐❞✉❛❧ ❞♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ ✐❣✉❛❧ ❛ S = kBln(Ω0)✳ ■st♦ ♦❝♦rr❡ ♣♦✐s ♦ ❛rr❛♥❥♦ ❞❡ s♣✐♥s ❡♠ ✉♠❛ r❡❞❡

✐♠♣❡❞❡ q✉❡ t♦❞❛s ❛s ✐♥t❡r❛çõ❡s s❡❥❛♠ s❛t✐s❢❡✐t❛s ❛♦ ♠❡s♠♦ t❡♠♣♦✳ ❖ ❡①❡♠♣❧♦ ♠❛✐s

❝♦♥❤❡❝✐❞♦ ❞❡ ❢r✉str❛çã♦ ❣❡♦♠étr✐❝❛ é ❞❡ ✉♠❛ r❡❞❡ tr✐❛♥❣✉❧❛r ❞❡ s♣✐♥s t✐♣♦ ■s✐♥❣ ❛❝♦✲

♣❧❛❞♦s ❛♥t✐❢❡rr♦♠❛❣♥❡t✐❝❛♠❡♥t❡✱ ♣r♦♣♦st♦ ♣♦r ❲❛♥♥✐❡r ❡t ❛❧ ❬✼❪ ❡♠ ✶✾✺✵ ✭❋✐❣✉r❛ ✶✮✳

❊♠ s✐st❡♠❛s ❛♥t✐❢❡rr♦♠❛❣♥ét✐❝♦s✱ ❛ ✐♥t❡r❛çã♦ ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ é ❞❛❞❛ ♣❛r❛ ♦s s♣✐♥s

q✉❡ ❛❧✐♥❤❛♠✲s❡ ❛♥t✐♣❛r❛❧❡❧❛♠❡♥t❡✳ ▼❛s ❛♦ ❡st✉❞❛r ❛ r❡❞❡ ♣r♦♣♦st❛ ♣♦r ❲❛♥♥✐❡r ❡t ❛❧✱

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

❣✉❡ s❡ ❛❧✐♥❤❛r ❛♥t✐♣❛r❛❧❡❧❛♠❡♥t❡ ❝♦♠ ♦s ♦✉tr♦s ❞♦✐s s✐♠✉❧t❛♥❡❛♠❡♥t❡✳ ❉❡✈✐❞♦ ❛ ✐st♦✱

❡st❡ t✐♣♦ ❞❡ s✐st❡♠❛ ✈❛✐ ❣❡r❛r s❡✐s ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛✱ ♦ q✉❡ ❣❡r❛

✉♠❛ ❡♥tr♦♣✐❛ ♣♦r s✐t✐♦ ❞❛❞❛ ♣♦r S ≈ 0.366kB✳

❋✐❣✉r❛ ✷✳✷✿ ❘❡❞❡ tr✐❛♥❣✉❧❛r ❞❡ s♣✐♥s t✐♣♦ ■s✐♥❣ ❛❝♦♣❧❛❞♦s ❛♥t✐❢❡rr♦♠❛❣♥❡t✐❝❛♠❡♥t❡✳ ❱❡❥❛
q✉❡ ❡①✐st❡♠ ✻ ❝♦♥✜❣✉r❛çõ❡s ❞✐❢❡r❡♥t❡s q✉❡ ♣♦ss✉❡♠ ❛ ♠❡♥♦r ❡♥❡r❣✐❛ ❞♦ s✐st❡♠❛✳
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✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

❯♠ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡ é q✉❡ ❡st❡ ♥ã♦ ❢♦✐ ♦ ♣r✐♠❡✐r♦ s✐st❡♠❛ ❡st✉❞❛❞♦ ❛ ❛♣r❡s❡♥t❛r

❢r✉str❛çã♦ ❣❡♦♠étr✐❝❛✳ ❊♠ ✶✾✸✺✱ ❲✐❧❧✐❛♠ ●✐❛✉♥q✉❡ ❡t ❛❧ ❬✽❪ ❬✾❪ ♦❜s❡r✈❛r❛♠ q✉❡ ♦ ❣❡❧♦

❞❛ á❣✉❛ ❛♣r❡s❡♥t❛ ✉♠❛ ❡♥tr♦♣✐❛ r❡s✐❞✉❛❧✳ ❊st❡ r❡s✉❧t❛❞♦ ❢♦✐ ❧♦❣♦ ❡s❝❧❛r❡❝✐❞♦ ♣♦r ▲✐♥✉s

P❛✉❧✐♥❣ ❬✶✵❪ ❡t ❛❧✳ P❛✉❧✐♥❣ ❡t ❛❧ ♦❜s❡r✈❛r❛♠ q✉❡ ♥♦ ❣❡❧♦ ❞❛ á❣✉❛✱ ❝❛❞❛ í♦♥ ❞❡ O2− ❡st❛✈❛

♥♦ ❝❡♥tr♦ ❞❡ ✉♠ t❡tr❛❡❞r♦ ❡ ❡st❛✈❛ ❝❡r❝❛❞♦ ♣♦r ♦✉tr♦s q✉❛tr♦ í♦♥s ❞❡ O2−✱ ❧♦❝❛❧✐③❛❞♦s

♥♦s ✈ért✐❝❡s ❞♦ t❡tr❛❡❞r♦✱ ❡ ♣♦r q✉❛tr♦ ♣rót♦♥s H+✿ ❞♦✐s ♣ró①✐♠♦s ❡ ❞♦✐s ❛❢❛st❛❞♦s✳

❉❡✈✐❞♦ ❛♦ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦s ♣rót♦♥s H+✱ ❞♦✐s ♣❡rt♦ ❡ ❞♦✐s ❛❢❛st❛❞♦s ❞♦ át♦♠♦ O2−

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

■s✐♥❣✳ ❆ss✐♠✱ ❤❛✈❡r✐❛ ❞♦✐s ♠♦♠❡♥t♦s ❞❡ ❞✐♣♦❧♦ ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❞❡♥tr♦ ❡ ❞♦✐s ❛♣♦♥t❛♥❞♦

♣❛r❛ ❢♦r❛ ❞❡ ❝❛❞❛ t❡tr❛❡❞r♦✳ ❊st❛ ❝♦♥✜❣✉r❛çã♦✱ ❡♥❝♦♥tr❛❞❛ ♥♦ ❣❡❧♦ ❞❡ á❣✉❛ s✐♠♣❧❡s✱

♣♦❞❡ s❡r ❞❡s❝r✐t❛ ♣❡❧❛ r❡❣r❛ ❞♦ ❣❡❧♦ q✉❡ ❡st❛❜❡❧❡❝❡ q✉❡ ❤❛✈❡rá s❡♠♣r❡ ❞♦✐s ♠♦♠❡♥t♦s

♠❛❣♥ét✐❝♦s ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❞❡♥tr♦ ❡ ❞♦✐s ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❢♦r❛✳ ❆ ✜❣✉r❛ 2.3 é ✉♠

♠♦❞❡❧♦ ✐❧✉str❛t✐✈♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❣❡❧♦ ❞❛ á❣✉❛ ❡ s✉❛ ✐♥t❡r♣r❡t❛çã♦ ❝♦♠ ♠♦♠❡♥t♦s

❞❡ ❞✐♣♦❧♦✳

❋✐❣✉r❛ ✷✳✸✿ ❆s ❣r❛♥❞❡s ❡s❢❡r❛s ❜r❛♥❝❛s sã♦ ♦s í♦♥s ❞❡ O2− ❡ ❛s ♣❡q✉❡♥❛s ❡s❢❡r❛s ♣r❡t❛s sã♦
♦s ♣rót♦♥s ❞❡ H+✳

❘❡❝❡♥t❡♠❡♥t❡✱ ❍❛rr✐s ❡t ❛❧ ❬✶✶❪ ❞❡s❝♦❜r✐r❛♠ ✉♠❛ ❝❧❛ss❡ ❞❡ ♠❛t❡r✐❛✐s ♠❛❣♥ét✐✲

❝♦s ❝♦♠ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ s❡♠❡❧❤❛♥t❡ ❛♦ ❣❡❧♦ ❞❛ á❣✉❛✳ ❊st❡s ♠❛t❡r✐❛✐s✱ ♣♦r ❡①❡♠♣❧♦

Ho2T i2O7 ❡ Dy2T i2O7✱ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❡str✉t✉r❛ t✐♣♦ ♣✐r♦❝❧♦r♦✱ ✉♠❛ r❡❞❡ tr✐❞✐♠❡♥✲

s✐♦♥❛❧ ❝♦♠♣♦st❛ ♣♦r t❡tr❛❡❞r♦s ❝♦♠ ✈ért✐❝❡s ❡♠ ❝♦♠✉♠✳ ◆❡st❛ r❡❞❡✱ ♦s ♠♦♠❡♥t♦s

♠❛❣♥ét✐❝♦s ❡stã♦ ❧♦❝❛❧✐③❛❞♦s ♥♦s ✈ért✐❝❡s ❞❡ t❡tr❛❡❞r♦s ❡ ❡♠ ✉♠❛ ❝❡rt❛ ❢❛✐①❛ ❞❡ t❡♠✲

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

❞❡ ❡str✉t✉r❛✱ ❡st❡s ♠❛t❡r✐❛✐s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❞❡s♦r❞❡♠ ❞❡ ❝♦♥✜❣✉r❛çã♦ ❞❡ ♦r✐❡♥t❛çõ❡s

❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s s✐♠✐❧❛r ❛♦s ❡♥❝♦♥tr❛❞♦s ♥♦ ❣❡❧♦ ❞❛ á❣✉❛✳ ❆ r❡❣r❛ ❞♦ ❣❡❧♦✱

❞♦✐s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❞❡♥tr♦ ❡ ❞♦✐s ♣❛r❛ ❢♦r❛ ❞❡ ❝❛❞❛ t❡tr❛❡❞r♦✱

✶✺



✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

s❡ ♠❛♥✐❢❡st❛ ❝♦♠ ✉♠❛ ♠✐♥✐♠✐③❛çã♦ ❞❛ ✐♥t❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛ s♣✐♥✲s♣✐♥✳ ❉❡✈✐❞♦ ❛ ❡st❛

❣r❛♥❞❡ s❡♠❡❧❤❛♥ç❛✱ ❡st❡s ♠❛tér✐❛s ❢♦r❛♠ ♥♦♠❡❛❞♦s ❝♦♠♦ ❣❡❧♦s ❞❡ s♣✐♥✳ ▼✉✐t♦s ♣❡s✲

q✉✐s❛❞♦r❡s ❬✶✷❪ ❬✶✸❪ ❬✶✹❪ ❬✶✺❪ ❬✶✻❪ ❬✶✼❪ ❬✶✽❪ ❬✶✾❪ ❬✷✵❪✱ t❛♥t♦ t❡ór✐❝♦s q✉❛♥t♦ ❡①♣❡r✐♠❡♥t❛✐s✱

❡①♣❧♦r❛r❛♠ ❛ ❢ís✐❝❛ ❞❡st❡s ♠❛t❡r✐❛✐s ❡♠ ❞✐✈❡rs♦s tr❛❜❛❧❤♦s✳ ❊♥tr❡ ❡❧❡s✱ ❞♦✐s t✐✈❡r❛♠

❣r❛♥❞❡ r❡♣❡r❝✉ssã♦✳

❖ ♣r✐♠❡✐r♦ tr❛❜❛❧❤♦ ❛ s❡r ❝✐t❛❞♦ ❢♦✐ ❢❡✐t♦ ♣♦r ❈❛st❡❧♥♦✈♦ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✷✶❪✳

❊st❡s ❛✉t♦r❡s ✐♥t❡r♣r❡t❛r❛♠ q✉❡ ❛s ❡①❝✐t❛çõ❡s ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦s ❣❡❧♦s ❞❡ s♣✐♥s

♣♦❞❡r✐❛♠ s❡r ✈✐st♦ ❝♦♠♦ q✉❛s✐♣❛rtí❝✉r❧❛s ❡♠❡r❣❡♥t❡s q✉❡ s❡ ❝♦♠♣♦rt❛♠ ❝♦♠♦ ♠♦♥♦♣♦✲

❧♦s ♠❛❣♥ét✐❝♦s✳ ❊❧❡s ♦❜s❡r✈❛r❛♠ q✉❡ ♣❛r❡s ❞❡ ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s ❞❡ ❝❛r❣❛s ♦♣♦st❛s

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

❛s ❝❛r❣❛s ♠❛❣♥ét✐❝❛s ♥ã♦ ❡r❛ ❞❡t❡r♠✐♥❛❞❛ ♣❡❧♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦ ❞❛ ✐♥✈❡rsã♦ ❞♦s s♣✐♥s

♠❛s s✐♠ ♣❡❧❛ ✐♥t❡r❛çã♦ ❈♦✉❧♦♠❜✐❛♥❛ ♠❛❣♥ét✐❝❛ ❞❡ ✉♠ ❣ás ❞❡ ♠♦♥♦♣♦❧♦s ✐♥t❡r❛❣❡♥✲

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

❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ❛ ❞❡s❝r✐çã♦ ❞❛s ❡①❝✐t❛çõ❡s ❝♦♠♦ ♠♦♥♦♣♦❧♦s ♥ã♦ ♣r♦❝❡❞❡✳ ◆♦s ❣❡❧♦s

❞❡ s♣✐♥s✱ ♦s ♠♦♥♦♣♦❧♦s ❞❡ ❝❛r❣❛s ♦♣♦st❛s sã♦ ❧✐❣❛❞♦s ♣♦r ✉♠❛ ✧str✐♥❣✑ s❡♠ t❡♥sã♦✱

❝♦♠♣♦st❛ ♣❡❧♦s s♣✐♥s ✐♥✈❡rt✐❞♦s q✉❡ ❧✐❣❛♠ ❡st❡s ❞♦✐s ♠♦♥♦♣♦❧♦s✳ ❯♠ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡

é q✉❡ ❡ss❡s ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s ♥ã♦ s❡r✐❛♠ ❛q✉❡❧❡s ♣r❡✈✐st♦s ♣♦r ❉✐r❛❝ ❬✷✷❪ ❬✷✸❪✱

♣♦✐s ♥❛ t❡♦r✐❛ ❞❡ ❉✐r❛❝✱ ❛ str✐♥❣ q✉❡ ❧✐❣❛ ♦s ❞♦✐s ♠♦♥♦♣♦❧♦s é ✐♥✜♥✐t❡s✐♠❛❧♠❡♥t❡ ✜♥❛✱

✉♠ t✉❜♦ s♦❧❡♥♦✐❞❛❧ ♥ã♦✲♦❜s❡r✈á✈❡❧ q✉❡ ❧❡✈❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

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

s❡✉ ❝♦♠♣r✐♠❡♥t♦ ❡ s✉❛ ❢♦r♠❛ s❡♠ ♥❡♥❤✉♠ ❝✉st♦ ❞❡ ❡♥❡r❣✐❛ q✉❡ ♥ã♦ s❡❥❛ ❛ ✐♥t❡r❛çã♦

❝♦❧✉♠❜✐❛♥❛ ♠❛❣♥ét✐❝❛ ❞❛s ❝❛r❣❛s ❡♠ s✉❛s ❡①tr❡♠✐❞❛❞❡s✳ ❉❡✈✐❞♦ ❛ ❡st❡ ❢❛t♦✱ ❛ ❝❛r❣❛

♠❛❣♥ét✐❝❛ ❞♦ ❣❡❧♦ ❞❡ s♣✐♥s ♥ã♦ ❡st❛ r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❝❛r❣❛ ❡❧étr✐❝❛ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦

qD = h/µ0e✱ ❝♦♠♦ ♣r❡✈✐st♦ ♣♦r ❉✐r❛❝ ✭❡♠ q✉❡ qD é ❛ ❝❛r❣❛ ♠❛❣♥ét✐❝❛ ❡ e é ❛ ❝❛r❣❛

❡❧étr✐❝❛✮✳ ❆ ✜❣✉r❛ 2.4 ✐❧✉str❛ ❛s q✉❛s✐♣❛rtí❝✉r❧❛s ❡♠❡r❣❡♥t❡s ♥♦ s✐st❡♠❛ s❡♥❞♦ ❧✐❣❛❞❛s

♣❡❧❛ str✐♥❣✳
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✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

❋✐❣✉r❛ ✷✳✹✿ ▼♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s✱ ❛s ❡s❢❡r❛s ✈❡r♠❡❧❤❛ ❡ ❛③✉❧✱ ❡♠❡r❣❡♥t❡s ♥❛ r❡❞❡ ❞❡ ❣❡❧♦s
❞❡ s♣✐♥✳ ◆♦t❡ q✉❡ ❛ ❧✐♥❤❛ ❝❧❛r❛ q✉❡ ❧✐❣❛ ♦s ❞♦✐s ♠♦♥♦♣♦❧♦s é ❛ str✐♥❣✳ ❬✷✶❪

❖ s❡❣✉♥❞♦ tr❛❜❛❧❤♦ ❛ s❡r ❝✐t❛❞♦ ❢♦✐ ❢❡✐t♦ ♣♦r ❲❛♥❣ ❡t ❛❧ ❬✷✹❪✳ ❆tr❛✈és ❞❛ ❢❛❜r✐❝❛✲

çã♦ ❧✐t♦❣rá✜❝❛✱ ❡st❡s ❛✉t♦r❡s ❝r✐❛r❛♠ ❡♠ ❧❛❜♦r❛tór✐♦ r❡❞❡s ❜✐❞✐♠❡♥s✐♦♥❛✐s ❞❡ ♥❛♥♦♠❛❣✲

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

♥❛♥♦✐❧❤❛s ❛❧♦♥❣❛❞❛s ❞❡ ♣❡r♠❛❧❧♦② ✭❧✐❣❛s ❞❡ Fe20Ni80✮✱ ♥♦ q✉❛❧ s❡✉s ❡✐①♦s ♠❛✐s ❧♦♥❣♦s

❛❧t❡r❛✈❛♠ s✉❛s ♦r✐❡♥t❛çõ❡s ❛♦ ❧♦♥❣♦ ❞♦s ❞♦✐s ♣r✐♥❝✐♣❛✐s ❡✐①♦s ❞❛ r❡❞❡✳ ❖ ❡s♣❛ç❛♠❡♥t♦

❡♥tr❡ ❛s ✐❧❤❛s ♠❛✐s ♣ró①✐♠❛s✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❡s♣❛ç❛♠❡♥t♦ ❞❡ r❡❞❡✱ ✈❛r✐❛✈❛♠

❡♥tr❡ 320nm ❛ 880nm ❡ ❛s ❞✐♠❡♥sõ❡s ❞❡st❛s ✐❧❤❛s ❡r❛♠ ✜①❛s ✭80nm×220nm×25nm✮✳

❉❡✈✐❞♦ ❛ ❡st❛s ❞✐♠❡♥sõ❡s✱ ❛s ❝♦♥✜❣✉r❛çõ❡s ♠❛❣♥ét✐❝❛s ❞❛s ✐❧❤❛s ❡r❛♠ ❡stá✈❡✐s ❛ ✉♠❛

t❡♠♣❡r❛t✉r❛ ❞❡ 300K ❡ ❡❧❛s ❝♦♠♣♦rt❛✈❛♠✲s❡ ❝♦♠♦ ❞✐♣♦❧♦s t✐♣♦ ■s✐♥❣✱ ♦✉ s❡❥❛✱ ❛s ✐❧❤❛s

t✐♥❤❛♠ ✉♠ ❞♦♠í♥✐♦ ♠❛❣♥ét✐❝♦ s✐♠♣❧❡s ❝✉❥♦ ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ♣♦❞❡r✐❛ ❛❞♦t❛r ❞♦✐s

✈❛❧♦r❡s ❞✐st✐♥t♦s✱ ❞❡ ♠❡s♠♦ ♠♦❞✉❧♦✱ ❛♦ ❧♦♥❣♦ ❞♦ ♠❛✐♦r ❡✐①♦ ❞❛ ✐❧❤❛✳ ❊st❡s ♠♦♠❡♥t♦s

♠❛❣♥ét✐❝♦s ❡r❛♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 3 × 107 ♠❛❣♥❡t♦♥s ❞❡ ❇♦❤r ❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❣❡r❛❞♦ ♣♦r ❡❧❡s ♥♦ ❝❡♥tr♦ ❞❛s ✐❧❤❛s ♠❛✐s ♣ró①✐♠❛s ❡r❛♠ ❞❛ ♦r❞❡♠ ❞❡ 10Oe✱ ❣❡r❛♥❞♦

✉♠❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❡ss❛s ✐❧❤❛s ❞❛ ♦r❞❡♠ ❞❡ 10−19J ✭❡q✉✐✈❛❧❡♥t❡ ❛ 104K✮✳ ❆

✜❣✉r❛ 2.5 ♠♦str❛ ✉♠❛ ✐♠❛❣❡♠ ✐❧✉str❛t✐✈❛ ❞❛ r❡❞❡ ♣r♦♣♦st❛ ♣♦r ❲❛♥❣ ❡ ✐♠❛❣❡♥s ❆❋▼

✭❆t♦♠✐❝ ❋♦r❝❡ ▼✐❝r♦s❝♦♣②✮ ❡ ▼❋▼ ✭▼❛❣♥❡t✐❝ ❋♦r❝❡ ▼✐❝r♦s❝♦♣②✮ ❞❛ r❡❞❡ ❝♦♥str✉í❞❛

♣♦r ❡❧❡✳
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✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

❋✐❣✉r❛ ✷✳✺✿ ❆ ✐♠❛❣❡♠ ❛✮ ♠♦str❛ ❛ r❡❞❡ ❢r✉str❛❞❛ ♣r♦♣♦st❛ ♣♦r ❲❛♥❣ ❝♦♠ ❛s ♣♦s✐çõ❡s
❞❛s ✐❧❤❛s ❡ ♣♦ssí✈❡✐s ♦r✐❡♥t❛çõ❡s ❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞❡st❛s✳ ❆s ✐♠❛❣❡♥s ❜✮ ❡ ❝✮ sã♦✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛s ✐♠❛❣♥s ❆❋▼ ❡ ▼❋▼ ❞❛ r❡❞❡ ❢r✉str❛❞❛ ❝r✐❛❞❛ ♣♦r ❲❛♥❣✳ ◆❛ ✐♠❛❣❡♠ ❝✮✱
❛s r❡❣✐õ❡s ♣r❡t❛s ❡ ❜r❛♥❝❛s r❡♣r❡s❡♥t❛♠ ♦s ♣♦❧♦s ♥♦rt❡ ❡ s✉❧ ❞❡ ❝❛❞❛ ✐❧❤❛✳ ❬✷✹❪

❆tr❛✈és ❞❡st❛s r❡❞❡s✱ ♦s ❛✉t♦r❡s ❡st✉❞❛r❛♠ ❡♠ ❣r❛♥❞❡ ❞❡t❛❧❤❡ ❛ ❢r✉str❛çã♦ ♣r❡✲

s❡♥t❡ ♥♦ s✐st❡♠❛ ❡ s❡♣❛r❛r❛♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ✈ért✐❝❡s ❡♠ ✹ ❞✐❢❡r❡♥t❡s ❣r✉♣♦s t♦♣♦✲

❧ó❣✐❝♦s ✭✜❣✉r❛ 2.6✮✳

❋✐❣✉r❛ ✷✳✻✿ ❊st❛ ✜❣✉r❛ ♠♦str❛ ❛s ❞❡③❡ss❡✐s ♣♦ssí✈❡✐s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ✈ért✐❝❡s ♣r❡s❡♥t❡s ♥♦
s✐st❡♠❛ ❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ✉♠❛ ❡s♣❡❝✐✜❝❛ ❝♦♥✜❣✉r❛çã♦ ❡♠ ✉♠❛ r❡❞❡ ❞❡ ❝♦♥✜❣✉✲
r❛çã♦ ❛❧❡❛tór✐❛✳ ❆❧é♠ ❞✐st♦✱ ❡st❛s ❝♦♥✜❣✉r❛çõ❡s ❡stã♦ ♦r❞❡♥❛❞❛s ❡♥❡r❣❡t✐❝❛♠❡♥t❡✳ ❖s ✈ért✐❝❡s
TypeI sã♦ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ ❡ ❛s ❝♦♥✜❣✉r❛çõ❡s TypeIV sã♦ ❛s ❞❡ ♠❛✐♦r
❡♥❡r❣✐❛✳ ❬✷✹❪

❖❜s❡r✈❡ ♥❛ ✜❣✉r❛ 2.6✱ q✉❡ s♦♠❡♥t❡ ♦s ✈ért✐❝❡s TypeI ❡ TypeII ♦❜❡❞❡❝❡♠ ❛ r❡❣r❛

❞♦ ❣❡❧♦ ✭❞♦✐s s♣✐♥s ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❞❡♥tr♦ ❡ ❞♦✐s s♣✐♥s ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❢♦r❛ ❞♦ ✈ért✐❝❡✮✳

❆tr❛✈és ❞❡st❛ ✜❣✉r❛✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ❡♠ ✉♠❛ r❡❞❡ ❝✉❥♦s s♣✐♥s ❛♣♦♥t❛♠ ❡♠ ❞✐r❡çõ❡s

❛❧❡❛tór✐❛s✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ✈ért✐❝❡s q✉❡ ♦❜❡❞❡❝❡r✐❛♠ ❛ r❡❣r❛ ❞♦ ❣❡❧♦ s❡r✐❛

s♦♠❡♥t❡ ❞❡ 37.5%✳ ▼❛s✱ ❲❛♥❣ ❡t ❛❧ ♦❜s❡r✈❛r❛♠ ❡♠ s❡✉s ❡①♣❡r✐♠❡♥t♦s q✉❡ ❛ ♣r♦♣♦rçã♦

❞❡ ✈ért✐❝❡s q✉❡ ♦❜❡❞❡❝✐❛♠ ❛ r❡❣r❛ ❞♦ ❣❡❧♦ ❡r❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 70%✱ ♠❛✐s ❞❡ 30% ❞♦

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

❛✉♠❡♥t♦ ❞♦ ❡s♣❛ç❛♠❡♥t♦ ❞❡ r❡❞❡✳ ■st♦ ✐♥❞✐❝❛ ❛ ♣r❡s❡♥ç❛ ❞❡ ✐♥t❡r❛çõ❡s q✉❡ ❢❛✈♦r❡❝❡♠ ♦
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❛♣❛r❡❝✐♠❡♥t♦ ❞❛ r❡❣r❛ ❞♦ ❣❡❧♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❡st❡ s✐st❡♠❛ s❡ ❛ss❡♠❡❧❤❡✱ ❞❡ ❛❧❣✉♠❛

❢♦r♠❛✱ ❛♦s ❣❡❧♦s ❞❡ s♣✐♥s ❝r✐st❛❧✐♥♦s✳

❯♠ ❢❛t♦r ✐♥t❡r❡ss❛♥t❡ ♥❛ ♣r♦❞✉çã♦ ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s ❡♠ ❧❛❜♦r❛tór✐♦

é q✉❡ ❛s ✐❧❤❛s ❞❛ r❡❞❡ sã♦ ✐♠♣❡r❢❡✐t❛s✳ ❯♠ ❡st✉❞♦ ♠❛✐s ❞❡t❛❧❤❛❞♦ ❢❡✐t♦ ♣♦r ❑♦❤❧✐ ❡t

❛❧ ❬✷✺❪ ♠♦str♦✉ q✉❡ ❛s ✐❧❤❛s ♣♦❞❡♠ t❡r ❞✐✈❡rs❛s ✐♠♣❡r❢❡✐çõ❡s✱ ❝♦♠♦ ❞❡❢♦r♠✐❞❛❞❡ ❡♠

s✉❛s ❡str✉t✉r❛s✱ ✐♠♣r❡❝✐sã♦ ❡♠ s❡✉s ♣♦s✐❝✐♦♥❛♠❡♥t♦s ❡ ❡♠ s❡✉s ❛❧✐♥❤❛♠❡♥t♦s✳ ❆ ✜❣✉r❛

✷✳✼ ♠♦str❛ ❛s ❡①♣❡❝t❛t✐✈❛s ❡ ❛ r❡❛❧✐❞❛❞❡ ❞❛s r❡❞❡s ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ♣r♦❞✉③✐❞❛s ❡♠

❧❛❜♦r❛tór✐♦✳

❋✐❣✉r❛ ✷✳✼✿ ❛✮ ■♠❛❣❡♠ ❞❡ ✉♠❛ r❡❞❡ r❡❛❧✱ ♣r♦❞✉③✐❞❛ ❡♠ ❧❛❜♦r❛tór✐♦✱ ❜✮ ❡ ✉♠❛ r❡❞❡ ✐❞❡❛❧✳ ❬✷✺❪

❉❡✈✐❞♦ ❛ ❡st❛s ❞❡❢♦r♠✐❞❛❞❡s✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞❡ ❝❛❞❛ ✐❧❤❛ sã♦ ✉♠ ♣♦✉❝♦

❞✐❢❡r❡♥t❡s ✉♠❛s ❡♠ r❡❧❛çã♦ ❛s ♦✉tr❛s✳ P♦r ❡①❡♠♣❧♦✱ P♦❧❧❛r❞ ❡t ❛❧ ❬✷✻❪ ♦❜s❡r✈❛r❛♠

q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ✐♥✈❡rt❡r ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦

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

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ♠é❞✐❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣❛r❛ ❝♦♥s❡❣✉✐r ✐♥✲

✈❡rt❡r ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❛s ✐❧❤❛s é b = 320Oe ❝♦♠ ✉♠❛ ❞❡s♦r❞❡♠ ❣❛✉ss✐❛♥❛ ❞❡

△b = ±60Oe✱ ❝❛✉s❛❞❛ ♣❡❧❛s ❞❡❢♦r♠✐❞❛❞❡s ❞❛s ✐❧❤❛s✳

✷✳✷✳✶ ●❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s ❡♠ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s

❖s ❣❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s ❛tr❛ír❛♠ ❛ ❛t❡♥çã♦ ❞❡ ✈ár✐♦s ♣❡sq✉✐s❛❞♦r❡s ❞❡✈✐❞♦

à ❡①✐stê♥❝✐❛ ❞❡ ❡①❝✐t❛çõ❡s ❝♦❧❡t✐✈❛s q✉❡ s❡ ❝♦♠♣♦rt❛♠ ❝♦♠♦ q✉❛s✐✲♣❛rtí❝✉❧❛s s❡♠❡✲

❧❤❛♥t❡s ❛ ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s✳ ❊♠ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ é r❡❧❛t✐✈❛♠❡♥t❡ ❢á❝✐❧

r❡♣r♦❞✉③✐r ✉♠❛ r❡❞❡ ❛rt✐✜❝✐❛❧ ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ❡♠ q✉❛✐sq✉❡r ❝♦♥✜❣✉r❛çã♦ ❡ ❝♦♥❞✐çã♦

❞❡s❡❥❛❞❛✱ ❢❛❝✐❧✐t❛♥❞♦ ❛ss✐♠ ♦s ❡st✉❞♦s ❞❡st❛s r❡❞❡s✳
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❯♠ ❡st✉❞♦ ✐♥t❡r❡ss❛♥t❡ ❢❡✐t♦ ♣♦r ❲②s✐♥ ❡t ❛❧ ❬✷✼❪ ♠♦str❛r❛♠ q✉❡ ❛ ✐♥✈❡rsã♦ ❞♦

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

❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ❡ ❢r❛❝❛♠❡♥t❡ ❞❛ ❞✐r❡çã♦ ❡ s❡♥t✐❞♦ ❞❡st❡

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

✐♥✈❡rt❡r ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞♦ ♥❛♥♦♠❛❣♥❡t♦ ❡r❛♠ ♠✉✐t♦s ♣ró①✐♠♦s ❡ ♣r❛t✐❝❛♠❡♥t❡

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

❛ ♦r✐❡♥t❛çã♦ ❞♦ ❝❛♠♣♦ ❣❡r❛❞♦ ♣❡❧♦ ♥❛♥♦♠❛❣♥❡t♦✳ ❆ ✜❣✉r❛ 2.8 ♠♦str❛ ♦ ❣rá✜❝♦ ❞❡

✈ár✐❛s ❝✉r✈❛s ❞❡ ❤✐st❡r❡s❡ ❞❡ss❡ ♥❛♥♦♠❛❣♥❡t♦✳ P❡r❝❡❜❛ q✉❡ ❛s ❝✉r✈❛s ❞❡ ❤✐st❡r❡s❡ ♣❛r❛

❞✐❢❡r❡♥t❡s ♦r✐❡♥t❛çõ❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ s❡ ❢❡❝❤❛♠✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✱ ♣❛r❛

✉♠ ♠❡s♠♦ ✈❛❧♦r ❞♦ ❝❛♠♣♦✳

❋✐❣✉r❛ ✷✳✽✿ ❆ ✐♠❛❣❡♠ ❛✮ ♠♦str❛ ❛ ❝✉r✈❛ ❞❡ ❤✐st❡r❡s❡ ♣❛r❛ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s ❡♠ r❡❧❛çã♦ ❛♦
❡✐①♦ x̂ ❞❛ ♥❛♥♦✐❧❤❛ ❞❛ ✜❣✉r❛ ❜✮✳ ❬✷✼❪

❯♠ ♦✉tr♦ ❡st✉❞♦ s♦❜r❡ ♦s ❣❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s ✉s❛♥❞♦ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛✲

❝✐♦♥❛❧✱ ❛♥❛❧✐s♦✉ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❞❡ ❡①❝✐t❛çõ❡s s♦❜r❡ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ✉♠

❣❡❧♦ ❞❡ s♣✐♥ ❛rt✐✜❝✐❛❧ ♥❛ r❡❞❡ q✉❛❞r❛❞❛✳ ▼ó❧ ❡t ❛❧ ❬✷✽❪ ♦❜s❡r✈❛r❛♠ q✉❡ ❛s ❡①❝✐t❛çõ❡s

❞❡ ♠❛✐s ❜❛✐①❛ ❡♥❡r❣✐❛ ♣♦❞❡♠ s❡r ✈✐st❛s ❝♦♠♦ ✉♠ ♣❛r ❞❡ ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s ❧✐❣❛❞♦s

♣♦r ✉♠ str✐♥❣ ❡♥❡r❣ét✐❝♦✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ♦s ❛✉t♦r❡s ❝♦♥❝❧✉ír❛♠ q✉❡ ❛ ❡q✉❛çã♦ q✉❡

❣♦✈❡r♥❛ ❡ss❛ ✐♥t❡r❛çã♦ s❡r✐❛ ❞❛❞❛ ♣♦r✿

V (R) =
a

R
+ b ·X(R) + C. ✭✷✳✶✹✮

◆❡st❛ ❡q✉❛çã♦✱ ♦ ♣r✐♠❡✐r♦ t❡r♠♦ r❡♣r❡s❡♥t❛ ❛ ✐♥t❡r❛çã♦ ❝♦✉❧♦♠❜✐❛♥❛ ❡♥tr❡ ♦s

♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s✱ ♦ s❡❣✉♥❞♦ t❡r♠♦ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❡♥❡r❣✐❛ ❞♦ str✐♥❣✱ q✉❡
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❞❡♣❡♥❞❡ ❞❛ s✉❛ ❢♦r♠❛ ❡ ❞♦ s❡✉ ❝♦♠♣r✐♠❡♥t♦ X(R)✱ ❡ ♦ ú❧t✐♠♦ t❡r♠♦ ❡stá r❡❧❛❝✐♦✲

♥❛❞♦ à ❡♥❡r❣✐❛ ❞❡ ❝r✐❛çã♦ ❞❛s ❝❛r❣❛s✳ ❖s ✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s ♣❛r❛ ❝❛❞❛ ❝♦♥st❛♥t❡

❢♦r❛♠ a = −4.0Da✱ b = 10.0D/a ❡ c = 23.4D✳ ❖s ♠♦♥♦♣♦❧♦s ♣r❡s❡♥t❡s ♥❡st❛ r❡❞❡ s❡

❝♦♠♣♦rt❛✈❛♠ ❝♦♠♦ ♦s ♠♦♥♦♣♦❧♦s ❞❡ ◆❛♠❜✉ ❬✷✾❪✱ ♣♦✐s ❛s str✐♥❣s q✉❡ ❧✐❣❛♠ ❡ss❛s sã♦

❡♥❡r❣ét✐❝❛s✱ ❡ ♣♦rt❛♥t❡ ♦❜s❡r✈á✈❡✐s✱ ❡ sã♦ ♦r✐❡♥t❛❞❛s✱ ♦✉ s❡❥❛✱ t❡♠ ✉♠ s❡♥t✐❞♦ ❞❡ ♣♦❧❛✲

r✐③❛çã♦ ✐♥trí♥s❡❝♦✱ ❝♦♠♦ ✉♠ í♠ã✳ ❖s ❛✉t♦r❡s ♦❜s❡r✈❛r❛♠ ❡♠ ✉♠❛ ♣r✐♠❡✐r❛ ❛♥❛❧✐s❡ q✉❡

❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ V (r)✱ ❡♠ q✉❡ r = R/a✱ t✐♥❤❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♣❛r❡♥t❡♠❡♥t❡

❧✐♥❡❛r✱ ❝♦♠♦ ♠♦str❛❞♦ ♥♦ ✐♥s❡t ❞❛ ✜❣✉r❛ 2.9✳ ◆♦ ❡♥t❛♥t♦✱ ❛♦ ❢❛③❡r❡♠ ✉♠❛ r❡❣r❡ssã♦

♥ã♦ ❧✐♥❡❛r ❝♦♠ ❛ ❢✉♥çã♦ fq(R) = q/R+ b′R+ c ✭❧✐♥❤❛ tr❛❝❡❥❛❞❛ ❞❡ ❛③✉❧✮ s✉❜tr❛í❞❛ ❞❛

r❡❣r❡ssã♦ ❧✐♥❡❛r ✭❧✐♥❤❛ ❝♦♥t✐♥✉❛ ✈❡r♠❡❧❤❛✮✱ ❡❧❡s ♣❡r❝❡❜❡r❛♠ q✉❡ ❛s ❝❛r❣❛s ♠❛❣♥ét✐❝❛s

✐♥t❡r❛❣✐❛♠ ♣❡❧♦ ♣♦t❡♥❝✐❛❧ ❞❡s❝r✐t♦ ♣❡❧❛ ❡q✉❛çã♦ 2.14✳

❋✐❣✉r❛ ✷✳✾✿ ◆❡st❡ ❣rá✜❝♦✱ ♦s ♣♦♥t♦s sã♦ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ♣❡❧♦s ❛✉t♦r❡s✱ ❛ ❧✐♥❤❛ ✈❡r♠❡❧❤❛
é ❢✉♥çã♦ ❝♦♥s✐❞❡r❛♥❞♦ s♦♠❡♥t❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❧✐♥❡❛r ❡ ❛ ❛③✉❧ ❡stá ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦
2.14✳ ❬✷✽❪

❖s ❞♦✐s tr❛❜❛❧❤♦s ❛♣r❡s❡♥t❛❞♦s ♥❡st❛ s✉❜s❡ssã♦ sã♦ ❢❡rr❛♠❡♥t❛s ♣♦❞❡r♦s❛s ♣❛r❛

❡st✉❞❛r ♦s ❣❡❧♦s ❞❡ s♣✐♥s ❝❛s♦ s❡❥❛♠ ❝♦♥✜r♠❛❞❛s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♣♦✐s✱ ❛tr❛✈és ❞❡❧❡s✱

s❡r✐❛ ♣♦ssí✈❡❧ ❢❛③❡r ♣r❡✈✐sõ❡s s♦❜r❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ❣❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s✱ ❝♦♠♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ❝❛r❣❛s ❡♠ ♦✉tr❛s ❣❡♦♠❡tr✐❛s ♦✉ ❝♦♠♦ s❡ ❝♦♠♣♦rt❛r✐❛ ✉♠❛ ❝❛r❣❛

♠❛❣♥ét✐❝❛ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳
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✷✳✷✳✷ ❘❡❞❡s ❞❡ ❣❡❧♦ ❞❡ s♣✐♥ ❡♠ ♦✉tr❛s ❣❡♦♠❡tr✐❛s

❆ r❡❞❡ ❞❡ ❣❡❧♦ ❞❡ s♣✐♥ ♠❛✐s ❡st✉❞❛❞❛ é ❛ r❡❞❡ q✉❛❞r❛❞❛✱ ♠♦str❛❞❛ ♥❛ ✜❣✉r❛

✷✳✹✳ ▼✉✐t♦s ❡st✉❞♦s ❥á ❢♦r❛♠ ❢❡✐t♦s ❡①♣❧♦r❛♥❞♦ ❡ ❝♦♠♣r❡❡♥❞❡♥❞♦ ♦s s❡✉s ♠✐stér✐♦s✳

❉❡✈✐❞♦ ❛ ✐st♦✱ ❛❧❣✉♥s ♣❡sq✉✐s❛❞♦r❡s ❝♦♠❡ç❛r❛♠ ❛ ❡①♣❧♦r❛r ♦s ❣❡❧♦s ❞❡ s♣✐♥ ❡♠ ♦✉tr❛s

❣❡♦♠❡tr✐❛s✳ ❖s ❡①❡♠♣❧♦s ♠❛✐s ❝♦♥❤❡❝✐❞♦s sã♦ ❛s r❡❞❡s✿ ❇r✐❝❦✇♦r❦ ❬✸✵❪✱ ❑❛❣♦♠é ❬✸✶❪✱

❍♦♥❡②❝♦♠❜ ❬✸✷❪ ❡ ❛ tr✐❛♥❣✉❧❛r ❬✸✸❪✳ ◆❛s ♣ró①✐♠❛s s✉❜s❡çõ❡s s❡rá ♠♦str❛❞♦ ✉♠ ♣♦✉❝♦

❞❡ ❝❛❞❛ ✉♠❛ ❞❡ss❛s ❣❡♦♠❡tr✐❛s ❡ ❡♠ ❡s♣❡❝✐✜❝♦✱ ❣♦st❛r✐❛ q✉❡ ♦ ❧❡✐t♦r ❧❡ss❡ ❝♦♠ ♠❛✐s

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

❜❛s❡ ♥❡st❛ r❡❞❡✳

❘❡❞❡ ❇r✐❝❦✇♦r❦

❆ r❡❞❡ ❇r✐❝❦✇♦r❦ é ✉♠❛ r❡❞❡ s❡♠❡❧❤❛♥t❡ ❛ ✉♠❛ ♣❛r❡❞❡ ❞❡ t✐❥♦❧♦s✳ ❯♠❛ ❞❛s

♠❛♥❡✐r❛s ❞❡ ♦❜t❡r ❡st❛ r❡❞❡ s❡r✐❛ ❛tr❛✈és ❞❛ r❡t✐r❛❞❛ ❞❡ ❛❧❣✉♥s s♣✐♥s ❞❛ r❡❞❡ q✉❛❞r❛❞❛✳

❊st✉❞♦s ♠❛✐s ❞❡t❛❧❤❛❞♦s ❞❡st❛ r❡❞❡ ❢♦r❛♠ ❢❡✐t♦s ♣♦r ❨✐♥❣ ▲✐ ❡ ❚✐❛♥✲❳✐♥❣ ❲❛♥❣ ❬✸✵❪✳

❊st❡s ❛✉t♦r❡s ❡st✉❞❛r❛♠ ❡st❛ r❡❞❡ ❡♠ ✸ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ✭✜❣✉r❛ ✷✳✶✵✮✱ ♦s s❡✉s

❡st❛❞♦s ❢✉♥❞❛♠❡♥t❛✐s ❡ s❡✉s ❡st❛❞♦s q✉❛s✐✲❣❡❧♦s✳

❋✐❣✉r❛ ✷✳✶✵✿ ❆s ✐♠❛❣❡♥s ❛✮✱ ❜✮✱ ❝✮ ♠♦str❛♠ ❛s três ❞✐❢❡r❡♥t❡s ❣❡♦♠❡tr✐❛s ♣❛r❛ r❡❞❡ ❜r✐❝❦✇♦r❦✳
❬✸✵❪

❉✐❢❡r❡♥t❡ ❞❛ r❡❞❡ q✉❛❞r❛❞❛✱ ❡st❛ r❡❞❡ ❛♣r❡s❡♥t❛ ✈ért✐❝❡s ❝♦♠ ❞♦✐s ❡ três s♣✐♥s✱

❛❧é♠ ❞♦s tr❛❞✐❝✐♦♥❛✐s ✈ért✐❝❡s ❝♦♠ q✉❛tr♦ s♣✐♥s✳ ❊st❡s ❞✐❢❡r❡♥t❡s ✈ért✐❝❡s sã♦ ❛♣r❡s❡♥✲

t❛❞♦s ♥❛ ✜❣✉r❛ ✷✳✶✶ ❡ sã♦ s❡♣❛r❛❞♦s ❡♠ ❞♦✐s ❣r✉♣♦s ❡ ✺ ❞✐❢❡r❡♥t❡s t♦♣♦❧♦❣✐❛s✳ ❈♦♠♦ ♥❛

✜❣✉r❛ ✷✳✻✱ ♦s ✈ért✐❝❡s ❞❡ ❝❛❞❛ ❣r✉♣♦ ❡stã♦ ♦r❞❡♥❛❞♦s ♣♦r ♦r❞❡♠ ❞❡ ❡♥❡r❣✐❛✱ ❞♦ ♠❡♥♦r

♣❛r❛ ♦ ♠❛✐♦r✳
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❋✐❣✉r❛ ✷✳✶✶✿ ❆s ✐♠❛❣❡♥s ❛✮ ❡ ❜✮ ♠♦str❛♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛s ❞✐❢❡r❡♥t❡s t♦♣♦❧♦❣✐❛s ♣❛r❛
r❡❞❡ ❜r✐❝❦✇♦r❦ ♣❛r❛ ❞♦✐s ❡ três s♣✐♥s ♣♦r ✈ért✐❝❡s✳ ❬✸✵❪

❘❡❞❡s ❍♦♥❡②❝♦♠❜ ❡ ❑❛❣♦♠é

❆ r❡❞❡ ❍♦♥❡②❝♦♠❜ é ✉♠❛ r❡❞❡ ❝♦♠ ❣❡♦♠❡tr✐❛ ❤❡①❛❣♦♥❛❧ ❡ s❡✉ ♥♦♠❡ s❡ ♦r✐❣✐♥❛

❞❡✈✐❞♦ ❛ ❣r❛♥❞❡ s❡♠❡❧❤❛♥ç❛ ❝♦♠ ❛ ❝♦❧♠❡✐❛ ❞❡ ❛❜❡❧❤❛ ✭❞♦ ✐♥❣❧ês ❤♦♥❡②❝♦♠❜✮✳ ◆❡st❛

r❡❞❡ ♦s s♣✐♥s s❡ ❧♦❝❛❧✐③❛♠ ♥❛s ❛r❡st❛s ❞❛ r❡❞❡ ❡ s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❛♣♦♥t❛♠ ❛♦

❧♦♥❣♦s ❞❡st❛s✱ ❣❡r❛♥❞♦ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✸ s♣✐♥s ♣♦r ✈ért✐❝❡✳ ❆ ✜❣✉r❛ ✷✳✶✷ ♠♦str❛

❛ r❡❞❡ ❍♦♥❡②❝♦♠❜ ❡ ♦s ♣♦ssí✈❡✐s t✐♣♦s ❞❡ ✈ért✐❝❡s ♣r❡s❡♥t❡s ♥❡st❡ t✐♣♦ ❞❡ s✐st❡♠❛✳

❋✐❣✉r❛ ✷✳✶✷✿ ❆ ✐♠❛❣❡♠ ❛✮ ♠♦str❛ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❛ r❡❞❡ ❍♦♥❡②❝♦♠❜✱ ❝♦♠ s♣✐♥s ♣♦s✐✲
❝✐♦♥❛❞♦s ❡ ♦r✐❡♥t❛❞♦s ♥❛s ❛r❡st❛s ❞♦s ❤❡①á❣♦♥♦s ❡ ❛ ✐♠❛❣❡♠ ❜✮ ♠♦str❛ ♦s t✐♣♦s ❞❡ ✈ért✐❝❡s
♣♦ssí✈❡✐s ❞❡ ❡♥❝♦♥tr❛r ♥❡st❛ r❡❞❡✳

◆❡st❡ t✐♣♦ ❞❡ s✐st❡♠❛✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ♦s ✈ért✐❝❡s ❚②♣❡ ■ ♥ã♦ ♣r♦❞✉③❡♠

✉♠❛ ♠❛❣♥❡t✐③❛çã♦ r❡s✉❧t❛♥t❡ ❡♥q✉❛♥t♦ ♦s ✈ért✐❝❡s ❚②♣❡ ■■ s❡♠♣r❡ ♣r♦❞✉③❡♠ ✉♠❛ ♠❛❣✲

♥❡t✐③❛çã♦ ❡s♣♦♥tâ♥❡❛ ❛♦ ❧♦♥❣♦ ❞♦ ♣❧❛♥♦ ❞♦s s♣✐♥s✳

❆ r❡❞❡ ❑❛❣♦♠é é ✉♠❛ r❡❞❡ ❝♦♠ ✉♠❛ ❣❡♦♠❡tr✐❛ s✐♠✐❧❛r ❛ ✉♠❛ ❡str❡❧❛ ❞❡ ❉❛✈✐

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

❞❡ ❜❛♠❜✉ ❥❛♣♦♥❡s❛✳ ❆ ✜❣✉r❛ ✷✳✶✸ ♠♦str❛ ✉♠❛ r❡❞❡ ❦❛❣♦♠é ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ❡ s✉❛
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s❡♠❡❧❤❛♥ç❛ ❝♦♠ ❛ ❝❡st❛ ❞❡ ❜❛♠❜✉ ❥❛♣♦♥❡s❛✳

❋✐❣✉r❛ ✷✳✶✸✿ ❆ ✐♠❛❣❡♠ ❛✮ ♠♦str❛ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❛ r❡❞❡ ❑❛❣♦♠é ❝♦♠ ♦s s♣✐♥s ♣♦s✐❝✐✲
♦♥❛❞♦s ❡♠ s❡✉s ✈ért✐❝❡s✳ ❆ ✐♠❛❣❡♠ ❜✮ ♠♦str❛ ❛ ❣r❛♥❞❡ s❡♠❡❧❤❛♥ç❛ ❞❛ ❝❡st❛ ❥❛♣♦♥❡s❛ ❝♦♠
❛ ❡str❡❧❛ ❞❡ ❉❛✈✐✳ P❛r❛ ♠❡❧❤♦r ✈✐s✉❛❧✐③❛çã♦ ❢♦✐ ❞❡s❡♥❤❛❞♦ ❞❡ ♣r❡t♦ ✉♠❛ ♣❡q✉❡♥❛ ❡str❡❧❛ ❞❡
❉❛✈✐ ♥♦ ❝❡♥tr♦ ❞❡st❛ ❝❡st❛✳

❆♦ ❛♥❛❧✐s❛r ♦s t✐♣♦s ❞❡ ✈ért✐❝❡s ❞❡st❛ r❡❞❡✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❡st❡s sã♦ ❡①❛t❛✲

♠❡♥t❡ ♦s ♠❡s♠♦s ✈ért✐❝❡s ♣r❡s❡♥t❡ ♥❛ r❡❞❡ ❍♦♥❡②❝♦♠❜✳ P❛r❛ s❡r ♠❛✐s ❡①❛t♦✱ ♣♦❞❡✲s❡

♦❜s❡r✈❛r q✉❡ ❛s r❡❞❡s ❍♦♥❡②❝♦♠❜ ❡ ❑❛❣♠é sã♦ ♥❛ ✈❡r❞❛❞❡ ❛ ♠❡s♠❛ r❡❞❡✳ ❆ ✜❣✉r❛

✷✳✶✹ ♠♦str❛ ❝♦♠♦ é ♣♦ssí✈❡❧ ♦❜t❡r ✉♠❛ r❡❞❡ ❍♦♥❡②❝♦♠❜ ❛tr❛✈és ❞❛ r❡❞❡ ❦❛❣♦♠é✳

❋✐❣✉r❛ ✷✳✶✹✿ ❆s ✐♠❛❣❡♥s ❛❝✐♠❛✱ ♠♦str❛♠ ❝♦♠♦ é ♣♦ssí✈❡❧ ♦❜t❡r ✉♠❛ r❡❞❡ ❍♦♥❡②❝♦♠❜✭❛✮
❛tr❛✈és ❞❡ ✉♠❛ r❡❞❡ ❑❛❣♦♠é✭❜✮✳
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❘❡❞❡ ❚r✐❛♥❣✉❧❛r ❡st✉❞❛❞❛ ♣♦r ▼ó❧

❘❡❝❡♥t❡♠❡♥t❡✱ ▼ó❧ ❡t ❛❧ ❬✸✸❪ ♣r♦♣✉s❡r❛♠ ✉♠❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦ ♣❛r❛ r❡❞❡ ❞❡

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

♣♦st❛ ♣♦r ❲❛♥♥✐❡r ❡t ❛❧ ♠❛s ❛♦ ✐♥✈és ❞♦s s♣✐♥s ✜❝❛r❡♠ ♥♦s ✈ért✐❝❡s ❞♦s tr✐â♥❣✉❧♦s✱ ❡st❡s

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

❞❡st❛s✱ ❤❛✈❡♥❞♦ ✻ s♣✐♥s ♣♦r ✈ért✐❝❡✳ ❖s ❛✉t♦r❡s ❞❡st❡ tr❛❜❛❧❤♦ ♦❜s❡r✈♦✉ ❛ ❡①✐stê♥❝✐❛

❞❡ ✻✹ t✐♣♦s ❞❡ ✈ért✐❝❡s q✉❡ ♣♦❞❡♠ ❛♣❛r❡❝❡r ♥♦ s✐st❡♠❛ ❡ ♦s ❝❧❛ss✐✜❝♦✉ ❡♠ ✽ ❣r✉♣♦s

t♦♣♦❧ó❣✐❝♦s✳

❋✐❣✉r❛ ✷✳✶✺✿ ❆s ✽ t♦♣♦❧♦❣✐❛s ♣r❡s❡♥t❡s ♥❛ r❡❞❡ ❞❡ s♣✐♥ ✐❝❡ ❝♦♠ ❣❡♦♠❡tr✐❛ tr✐❛♥❣✉❧❛r✳ ❊st❡s
❣r✉♣♦s ❡stã♦ s❡♣❛r❛❞♦s ♣♦r t✐♣♦s ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❡ ❡♥❡r❣✐❛ ♣♦r s♣✐♥✳ ❬✸✸❪

◆❡st❛ r❡❞❡✱ ❛ ✧r❡❣r❛ ❞♦ ❣❡❧♦✧é ❞❛❞❛ ♣♦r ✸ s♣✐♥s ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❞❡♥tr♦ ❡ ✸ s♣✐♥s

❛♣♦♥t❛♥❞♦ ♣❛r❛ ❢♦r❛ ❞♦ ❝❡♥tr♦ ❞♦ ✈ért✐❝❡✳ ❆tr❛✈és ❞❛ ✜❣✉r❛ 2.15✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r

q✉❡ s♦♠❡♥t❡ ❞✉❛s ❞❛s três ❝♦♥✜❣✉r❛çõ❡s ❞❡ ✈ért✐❝❡s q✉❡ ♦❜❡❞❡❝❡♠ ❛ r❡❣r❛ ❞♦ ❣❡❧♦ sã♦

❛s ❞❡ ♠❡♥♦r❡s ❡♥❡r❣✐❛s✳ ◆♦t❡ q✉❡ ♦✉tr❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s✱ q✉❡ ✈✐♦❧❛♠ ❛ r❡❣r❛ ❞♦

❣❡❧♦✱ t❡♠ ❡♥❡r❣✐❛ ♠❡♥♦r q✉❡ ✉♠❛ ❞❛s ❝♦♥✜❣✉r❛çõ❡s q✉❡ ♦❜❡❞❡❝❡♠ ❛ r❡❣r❛ ❞♦ ❣❡❧♦✳

❊st❡ ❛❣r✉♣❛♠❡♥t♦ é ❞✐❢❡r❡♥t❡ ❞♦ q✉❡ ❢♦✐ ♦❜s❡r✈❛❞♦ ♥❛ r❡❞❡ q✉❛❞r❛❞❛✱ ❡♠ q✉❡ t♦❞❛s ❛s

❝♦♥✜❣✉r❛çõ❡s q✉❡ ♦❜❡❞❡❝❡♠ ❛ r❡❣r❛ ❞♦ ❣❡❧♦ sã♦ ❛s ❞❡ ♠❡♥♦r❡s ❡♥❡r❣✐❛✳ ❆❧é♠ ❞✐st♦✱
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✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

♣♦❞❡✲s❡ ♦❜s❡r✈❛r ❛ ❡①✐stê♥❝✐❛ ❞❡ ✸ t✐♣♦s ❞❡ ❝❛r❣❛s ♠❛❣♥ét✐❝❛s✿ ❛ s✐♠♣❧❡s✱ ❣❡r❛❞❛ ♣♦r ✹

s♣✐♥s ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❞❡♥tr♦ ❡ ✷ ♣❛r❛ ❢♦r❛ ✭♦✉ ✈✐❝❡✲✈❡rs❛✮❀ ❛ ❞✉♣❧❛✱ ❣❡r❛❞❛ ♣♦r ✺ s♣✐♥s

❛♣♦♥t❛♥❞♦ ♣❛r❛ ❞❡♥tr♦ ❞♦ ✈ért✐❝❡ ❡ ✶ ♣❛r❛ ❢♦r❛ ✭♦✉ ✈✐❝❡✲✈❡rs❛✮❀ ❡ ❛ ❝❛r❣❛ tr✐♣❧❛ ❣❡r❛❞❛

♣♦r ✻ s♣✐♥s ❛♣♦♥t❛♥❞♦ ♦✉ ♣❛r❛ ❞❡♥tr♦ ♦✉ ♣❛r❛ ❢♦r❛ ❞♦ ✈ért✐❝❡✳

◆❡st❡ ♠❡s♠♦ tr❛❜❛❧❤♦✱ ♦s ❛✉t♦r❡s ♠♦str❛♠ q✉❡ ❛s ❡①❝✐t❛çõ❡s ❞❡ ♠❛✐s ❜❛✐①❛s

❡♥❡r❣✐❛s ♣♦❞❡♠ s❡r ✐♥t❡r♣r❡t❛❞❛s ❝♦♠♦ ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s ❞❡ ◆❛♠❜✉ ❬✷✾❪ ❡ ❡st❡s

❡r❛♠ ❧✐❣❛❞♦s ♣♦r ✉♠❛ str✐♥❣ ❡♥❡r❣ét✐❝❛✳ ❊st❡ ♣r♦❝❡ss♦ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ ✈✐♦❧❛çã♦ ❞❛ r❡❣r❛

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

V 1✳ ❆ ✈✐♦❧❛çã♦ ❞❛ r❡❣r❛ ❞♦ ❣❡❧♦ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ ✐♥✈❡rsã♦ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❡

✉♠ sít✐♦ ❞❛ r❡❞❡✱ ❣❡r❛♥❞♦ ❞♦✐s ✈ért✐❝❡s t✐♣♦ V 4✳ ❊ss❡s ✈ért✐❝❡s ♣♦❞❡♠ s❡r ✐♥t❡r♣r❡t❛❞♦s

❝♦♠♦ ♠♦♥♦♣♦❧♦s ❞❡ ❝❛r❣❛s ♦♣♦st❛s ❡ ♦ s♣✐♥ ✐♥✈❡rt✐❞♦ ❝♦♠♦ ❛ str✐♥❣✳ ❆ ❝r✐❛çã♦ ❞❡st❡s

❞♦✐s ♠♦♥♦♣♦❧♦s s♦♠❡♥t❡ ♦❝♦rr❡✉ ❞❡✈✐❞♦ ❛ ✈✐♦❧❛çã♦ ❞❛ r❡❣r❛ ❞♦ ❣❡❧♦ ❞❡ ❞♦✐s ✈ért✐❝❡s✳ ❆

s❡♣❛r❛çã♦ ❞❡st❛s ❝❛r❣❛s ♣♦❞❡ ♦❝♦rr❡r s❡♠ q✉❡ ❤❛❥❛ ♠❛✐s ♥❡♥❤✉♠❛ ♦✉tr❛ ✈✐♦❧❛çã♦ ❞❛

r❡❣r❛ ❞♦ ❣❡❧♦ ♥❡st❛ r❡❞❡✳ P❛r❛ ✐st♦✱ é ♥❡❝❡ssár✐♦ ✐♥✈❡rt❡r ✉♠ s♣✐♥ q✉❡ ❡st❡❥❛ ❛❞❥❛❝❡♥t❡ ❡

❛❧✐♥❤❛❞♦ ❝♦♠ ♦ ♣r✐♠❡✐r♦ ✐♥✈❡rt✐❞♦✳ ◆❡st❡ ♣r♦❝❡ss♦ ✈❡♠♦s q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ str✐♥❣

é ♣r♦♣♦r❝✐♦♥❛❧ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❛s ❝❛r❣❛s ❡ ♦s ✈ért✐❝❡s ❣❡r❛❞♦s ♥❡st❡ ♣r♦❝❡ss♦ sã♦ ❞♦

t✐♣♦ V 5✱ ♦s q✉❛✐s ♦❜❡❞❡❝❡♠ ❛ r❡❣r❛ ❞♦ ❣❡❧♦✳ P♦❞❡✲s❡ ❝❤❛♠❛r ❡st❡ t✐♣♦ ❞❡ s❡♣❛r❛çã♦

❞❡ s❡♣❛r❛çã♦ ♣♦r str✐♥❣ ❧✐♥❡❛r✱ ♣♦✐s ❛ ❢♦r♠❛ ❞❛ str✐♥❣ é s✐♠♣❧❡s♠❡♥t❡ ✉♠❛ ❧✐♥❤❛ r❡t❛✳

❊①✐st❡ ♦✉tr❛ ♠❛♥❡✐r❛ ❞❡ s❡♣❛r❛r ❛s ❝❛r❣❛s ♠❛❣♥ét✐❝❛s s❡♠ q✉❡ ❤❛❥❛ ✈✐♦❧❛çã♦ ❞❛ r❡❣r❛

❞♦ ❣❡❧♦✳ ◆❡st❡ s❡❣✉♥❞♦ ♠ét♦❞♦✱ é ♥❡❝❡ssár✐♦ q✉❡ ❤❛❥❛ ❞✉❛s ✐♥✈❡rsõ❡s ❞❡ s♣✐♥ ♣❛r❛

q✉❡ ❛s ❝❛r❣❛s s❡❥❛♠ s❡♣❛r❛❞❛s ❡♠ ✉♠ ❡s♣❛ç❛♠❡♥t♦ ❞❡ r❡❞❡✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ❛ ❝❛r❣❛

♠❛❣♥ét✐❝❛ é ❛❢❛st❛❞❛ ❢❛③❡♥❞♦ ♠♦✈✐♠❡♥t♦ ③✐❣✉❡✲③❛❣✉❡ ❡ ❣❡r❛♥❞♦ ✈ért✐❝❡s t✐♣♦ V 2✳ ❊st❡

t✐♣♦ ❞❡ ✐♥✈❡rsã♦ ♣♦❞❡ s❡r ♥♦♠❡❛❞♦ ❝♦♠♦ s❡♣❛r❛çã♦ ♣♦r str✐♥❣ ❞❡♥t❡✲❞❡✲s❡rr❛✱ ♣♦✐s ❛

❢♦r♠❛ ❞❛ str✐♥❣ é s✐♠✐❧❛r ❛s ❞❡♥t❡s ❞❡ ✉♠❛ s❡rr❛✳ ◆❡st❡ ♣r♦❝❡ss♦✱ ❛ str✐♥❣ t❡♠ ♦

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

♣♦❞❡♠ s❡r ♠❡❧❤♦r ✈✐s✉❛❧✐③❛❞❛s ❛tr❛✈és ❞❛ ✜❣✉r❛ 2.16✳
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❋✐❣✉r❛ ✷✳✶✻✿ ❊st❛ ✜❣✉r❛ ♠♦str❛s ♦s ❞♦✐s t✐♣♦s ❞❡ str✐♥❣s q✉❡ s❡♣❛r❛♠ ❛s ❝❛r❣❛s ♠❛❣♥ét✐❝❛s
s❡♠ q✉❡ ❤❛❥❛ ✈✐♦❧❛çã♦ ❞❛ r❡❣r❛ ❞♦ ❣❡❧♦✿ ❛✮ s❡♣❛r❛çã♦ ♣♦r ✉♠ str✐♥❣ ❧✐♥❡❛r ❡ ❜✮ s❡♣❛r❛çã♦ ♣♦r
✉♠ str✐♥❣ s❛✇t♦♦t❤✳ ◆❡st❛ ✐♠❛❣❡♥s✱ ♦s s♣✐♥s ❝✐♥③❛s sã♦ ♦s s♣✐♥s ✐♥✈❡rt✐❞♦s ❡ q✉❡ ❢♦r♠❛♠ ❛s
str✐♥❣s✱ ♦s ❣r❛♥❞❡s ♣♦♥t♦s ❛③✉✐s ❡ ✈❡r♠❡❧❤♦s sã♦ ♦s ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s ❞❡ ❝❛r❣❛s ♦♣♦st❛s
❡ ♦s ♣❡q✉❡♥♦s ♣♦♥t♦s ✈❡r❞❡s ❡ ❛♠❛r❡❧♦s ✐♥❞✐❝❛♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦s ✈ért✐❝❡s t✐♣♦ II ❡ t✐♣♦
V ✳ ❬✸✸❪

❯♠ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡✱ é q✉❡ ♦s ❛✉t♦r❡s s✉❣❡r✐r❛♠ q✉❡ s❡r✐❛ ♣♦ssí✈❡❧ ❞❡s♠❛❣♥❡✲

t✐③❛r ♦ ❡st❛❞♦ ♠❛❣♥❡t✐③❛❞♦ ❞❛ r❡❞❡✱ ❝♦♠♣♦st♦ ♣♦r ✈ért✐❝❡s t✐♣♦ V 5✱ ❡ ♦❜t❡r ♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ ❞♦ s✐st❡♠❛ s✐♠♣❧❡s♠❡♥t❡ ❝♦♠ ❛ ✐♥✈❡rsã♦ ❞♦s s♣✐♥s ❞❡ ✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦✳

❉❡st❛ ♠❛♥❡✐r❛✱ ❛ ❞✐♥â♠✐❝❛ ❞❡ ✈ért✐❝❡s ♣❛r❛ ❛❧❝❛♥ç❛r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ s❡r✐❛ ❞❛❞❛

♣♦r V 5 → V 4 → V 1✳

✷✳✸ Pr♦t♦❝♦❧♦s ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s

❛rt✐✜❝✐❛✐s

✷✳✸✳✶ Pr♦t♦❝♦❧♦s ❡①♣❡r✐♠❡♥t❛✐s

◆❛ s❡ssã♦ ❛♥t❡r✐♦r✱ ✷✳✷✱ ❢♦✐ ✈✐st♦ q✉❡ ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s ❡♠❡r❣❡♠ ❛tr❛✈és ❞❡

❡①❝✐t❛çõ❡s ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦s ❣❡❧♦s ❞❡ s♣✐♥s✳ ❊♥tã♦✱ ✉♠ ❞♦s ✐♥t❡r❡ss❡s ❞♦s ♣❡s✲

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

❡ ❧❡✈❛r ♦ s✐st❡♠❛ ❛♦ s❡✉ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ❥á q✉❡ ❲❛♥❣ ❡t ❛❧ ❬✸✹❪ ♦❜s❡r✈❛r❛♠ q✉❡

❡ss❛s r❡❞❡s ♥ã♦ s❡ ❡♥❝♦♥tr❛✈❛♠ ❡♠ s❡✉s ❡st❛❞♦s ❢✉♥❞❛♠❡♥t❛✐s ❛♣ós s❡r❡♠ ❝♦♥str✉í❞❛s✳

❊st❡s ♠❡s♠♦s ❛✉t♦r❡s✱ ♥❛ t❡♥t❛t✐✈❛ ❞❡ ♦❜t❡r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦s ❣❡❧♦s ❞❡ s♣✐♥✱

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

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

♣r♦t♦❝♦❧♦ ♣❛r❛ ♣r♦t♦❝♦❧♦✳ ◆♦ ♣r✐♠❡✐r♦ ♣r♦t♦❝♦❧♦✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❝♦♠❡ç❛

❝♦♠ ✉♠❛ ✐♥t❡♥s✐❞❛❞❡ ✐♥✐❝✐❛❧ Hi ❡ ❡st❡ ❡r❛ ❞✐♠✐♥✉í❞♦ ❡♠ SH ♣❛r❛ ❝❛❞❛ ♣❛ss♦ ❞❡ t❡♠♣♦

Ts✳ P❛r❛ ❝❛❞❛ ♠✉❞❛♥ç❛ ❞❡ ✈❛❧♦r ♥♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❛ ♣♦❧❛r✐❞❛❞❡ ❞❡st❡ ❝❛♠♣♦ t❛♠✲

❜é♠ ❡r❛ ✐♥✈❡rt✐❞❛✳ ◆♦ s❡❣✉♥❞♦ ♣r♦t♦❝♦❧♦✱ ♦ ❝❛♠♣♦ ❝♦♠❡ç❛ ❝♦♠ ✉♠❛ ✐♥t❡♥s✐❞❛❞❡ ✐♥✐❝✐❛❧

Hi ❡ ❞✐♠✐♥✉í ❧✐♥❡❛r♠❡♥t❡ ❛ ✉♠❛ r❛③ã♦ RH ❛té zero✳ ❖ t❡r❝❡✐r♦ ♣r♦t♦❝♦❧♦ ❝♦♠❡ç❛ ❝♦♠

✉♠ ✈❛❧♦r ✐♥✐❝✐❛❧ Hi ❡ ❞✐♠✐♥✉í ❡♠ ✈❛❧♦r❡s ❞✐s❝r❡t♦s SH ♣❛r❛ ❝❛❞❛ ♣❛ss♦ ❞❡ t❡♠♣♦ Ts✱

♠❛s ❞✐❢❡r❡♥t❡ ❞♦ ♣r✐♠❡✐r♦ ♣r♦t♦❝♦❧♦✱ ♠❛♥t❡♥❞♦ s✉❛ ♣♦❧❛r✐③❛çã♦✳ ❆ ✜❣✉r❛ 2.17 ♠♦str❛

✉♠ ❣rá✜❝♦ ❞❡ ❝♦♠♦ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡st❡s ❝❛♠♣♦s ✈❛r✐❛✈❛♠ ❡♠ r❡❧❛çã♦ ❛♦ t❡♠♣♦✳

❋✐❣✉r❛ ✷✳✶✼✿ ❊st❡ ❣rá✜❝♦ é ✉♠❛ ✐❧✉str❛çã♦ ❞♦s ♣r♦❝❡ss♦s r❡❛❧✐③❛❞♦s ♣♦r ❲❛♥❣✳ ❬✸✹❪

❊♠ ✉♠❛ r❡❞❡ ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ♠❛❣♥❡t✐③❛❞❛ ❝♦♠ ❡s♣❛ç❛♠❡♥t♦ ❞❡ r❡❞❡ ❞❡ 320nm✱

❲❛♥❣ ❡t ❛❧ ♦❜s❡r✈❛r❛♠ q✉❡ ♦ ♣r✐♠❡✐r♦ ♣r♦t♦❝♦❧♦ ❝♦♥s❡❣✉✐✉ ✐♥✈❡rt❡r 51.8% ❞❛s ✸✺✻✽

✐❧❤❛s q✉❡ ❝♦♥st✐t✉❡♠ ❛ r❡❞❡✳ ❊st❡ ✈❛❧♦r é ❜❡♠ ♣ró①✐♠♦ ❛♦ ✐❞❡❛❧ ❞❡ 50%✱ ✐♥❞✐❝❛♥❞♦ s❡r

✉♠ ❜♦♠ ♣r♦t♦❝♦❧♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦✳ ❖✉tr♦ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡ é q✉❡ ♠❛❣♥❡t✐③❛çã♦

♠é❞✐❛ ❞❛ r❡❞❡ ❞❡ mtot = 0.056 ♣♦❞❡r✐❛ s❡r ❛✉♠❡♥t❛❞❛ ❛té ✉♠ ✈❛❧♦r ❞❡ mtot = 0.152

s❡ ♦ ❡s♣❛ç❛♠❡♥t♦ ❞❡ r❡❞❡ ❢♦ss❡ ♣❛r❛ 720nm✳ ❖s ♦✉tr♦s ❞♦✐s ♣r♦t♦❝♦❧♦s ♥ã♦ ❢♦r❛♠ tã♦

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

❞❡ mtot ∼ 0.5✱ ♠❡t❛❞❡ ❞❛ ❝♦♠♣❧❡t❛ ♠❛❣♥❡t✐③❛çã♦ ❞❛ r❡❞❡ mtot = 1.0✳
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✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛

✷✳✸✳✷ Pr♦t♦❝♦❧♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s

❖ ✐♥t❡r❡ss❡ ❞❡ ♦❜t❡r ♦ ❡st❛❞♦ ❞♦ ❣❡❧♦s ❞❡ s♣✐♥s é tã♦ ❣r❛♥❞❡ q✉❡ ♠✉✐t♦s ♣❡sq✉✐✲

s❛❞♦r❡s ❝♦♠❡ç❛r❛♠ ❛ ❡st✉❞❛r ❛ ❞✐♥â♠✐❝❛ ❞❡st❡s ❡♠ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✳ ❯♠

❣r✉♣♦ ❞❡ ♣❡sq✉✐s❛❞♦r❡s q✉❡ t✐✈❡r❛♠ ✉♠ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♥❛ ❞✐♥â♠✐❝❛ ❞♦s ♣r♦❝❡ss♦s ❞❡

❞❡s♠❛❣♥❡t✐③❛çã♦ ❢♦✐ ❇✉❞r✐❦✐s ❡t ❛❧ ❬✸✺❪ ❬✸✻❪✳ ❇✉❞r✐❦✐s ❡t ❛❧ ♣r♦♣✉s❡r❛♠ q✉❡ ❛ ✐♥✈❡rsã♦

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

− ~si · ~Bi ≤ hc, ✭✷✳✶✺✮

❢♦ss❡ s❛t✐s❢❡✐t❛✳ ◆❡st❛ ❞❡s✐❣✉❛❧❞❛❞❡✱ t❡♠♦s q✉❡~si é ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❡ ✉♠❛ ✐❧❤❛

i✱ ~Bi é ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛t✉❛♥❞♦ ♥❡st❛ ✐❧❤❛ ❡ hc s❡r✐❛ ♦ ♠ó❞✉❧♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

♠í♥✐♠♦ ❞❡ tr♦❝❛ ♣❛r❛ ❛ ✐♥✈❡rsã♦ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❛ ✐❧❤❛ i✳ ❊♠ ✉♠ ❞❡ s❡✉s

tr❛❜❛❧❤♦s ❬✸✺❪✱ ❡❧❡s t❡♥t❛r❛♠ ♦❜t❡r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦s ❣❡❧♦s ❞❡ s♣✐♥s ❛tr❛✈és

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

♠❛❣♥ét✐❝♦✳ ❊❧❡s ❝♦♥❝❧✉ír❛♠ q✉❡ ❡st❡ ♣r♦t♦❝♦❧♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ♥ã♦ ❡r❛ ❡✜❝✐❡♥t❡

♣♦✐s s♦♠❡♥t❡ ❛❧❣✉♠❛s ❞❡ ✈ár✐❛s r❡❞❡s ❝♦♥s❡❣✉✐r❛♠ ❛❧❝❛♥ç❛r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳

❊♠ ♦✉tr♦ tr❛❜❛❧❤♦ ❬✸✻❪✱ ❡❧❡s ♣r♦♣✉s❡r❛♠ ✉♠❛ r❡❞❡ ✐♠♣❡r❢❡✐t❛✱ ♥❛ q✉❛❧ ❛s ✐❧❤❛s s♦❢r✐❛♠

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

❞❡ ♠í♥✐♠♦ ❞❡ tr♦❝❛ ❡ ♥❛ ✐♥t❡r❛çã♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦s s♣✐♥s✳ ◆❡st❛s r❡❞❡s✱ ❡❧❡s

♦❜s❡r✈❛r❛♠ q✉❡ é ✐♠♣♦ssí✈❡❧ ❞❡ ♦❜t❡r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❛tr❛✈és ❞♦ ♣r♦t♦❝♦❧♦ ❞❡

❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ r♦t❛❝✐♦♥❛❧✳
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❈❛♣ít✉❧♦ ✸

▼♦t✐✈❛çõ❡s ❡ ♠❡t♦❞♦❧♦❣✐❛

✸✳✶ ▼♦t✐✈❛çõ❡s

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

t❡❝♥♦❧ó❣✐❝♦s ❝♦♠♦ ❞❡ ♥♦✈❛s ❝✐ê♥❝✐❛s✳ P♦r ❡①❡♠♣❧♦✱ ❛tr❛✈és ❞♦ ❣❡❧♦ ❞❡ s♣✐♥ ♣♦❞❡rí❛♠♦s

❝♦♥s❡❣✉✐r ♥♦✈❛s t❡❝♥♦❧♦❣✐❛s ❞❡ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ❞❛❞♦s ❡♠ ❢♦r♠❛t♦ ❜✐♥ár✐♦✱ ♣♦✐s ♦s

s♣✐♥s ❞❛ r❡❞❡ só ♣♦❞❡♠ ❛❞♦t❛r ❞♦✐s ✈❛❧♦r❡s ❞✐st✐♥t♦s✳ ❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ❝✐ê♥❝✐❛

❜ás✐❝❛✱ ♦ ❡st✉❞♦ ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ♣♦❞❡ ❧❡✈❛r ❛ ✉♠ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❛❝❡r❝❛ ❞❛s

♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡①❝✐t❛çõ❡s ❝♦❧❡t✐✈❛s ❡ ♣s❡✉❞♦✲♣❛rtí❝✉❧❛s ❡♠ s✐st❡♠❛s ❞❡ ♠❛tér✐❛ ❝♦♥✲

❞❡♥s❛❞❛✳

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

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

q✉❛s✐♣❛rtí❝✉❧❛s s✉r❣❡♠ ❞❡✈✐❞♦ à ✈✐♦❧❛çã♦ ❞❛ r❡❣r❛ ❞♦ ❣❡❧♦✱ ♦✉ s❡❥❛✱ sã♦ ❡①❝✐t❛çõ❡s s♦❜r❡

♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳ ▼✉✐t♦s ♣❡sq✉✐s❛❞♦r❡s r❡♣r♦❞✉③✐r❛♠ ♦s ❣❡❧♦s ❞❡ s♣✐♥s ❡♠ r❡❞❡s

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

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

❝♦♠♣✉t❛❝✐♦♥❛✐s✱ ✈✐♠♦s q✉❡ ♥ã♦ ❢♦✐ ❡♥❝♦♥tr❛❞♦ ✉♠ ♠ét♦❞♦ ❡✜❝❛③ q✉❡ ❝♦♥s✐❣❛ ❧❡✈❛r ♦s

❣❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s ♣❛r❛ ♦ s❡✉ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳ ❊st❡ ❢❛t♦ ❞✐✜❝✉❧t❛ ♦s ❡st✉❞♦s

♠❛✐s ❞❡t❛❧❤❛❞♦s ❞♦s ♠♦♥♦♣♦❧♦s ♠❛❣♥ét✐❝♦s✱ ♣♦✐s ❡st❡s s✉r❣❡♠ ❝♦♠♦ ❡①❝✐t❛çõ❡s s♦❜r❡

♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳

▼ó❧ ❡ ❝♦❧❛❜♦r❛❞♦r❡s✱ ❡♠ ✉♠ ❞❡ s❡✉s tr❛❜❛❧❤♦s ❬✸✸❪✱ ♣r♦♣✉s❡r❛♠ ✉♠❛ ❝♦♥✜❣✉r❛✲

çã♦ tr✐❛♥❣✉❧❛r ♣❛r❛ ♦s ❣❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s✳ ◆❡st❡ ♠❡s♠♦ tr❛❜❛❧❤♦✱ ❡❧❡ ❝♦♠❡♥t♦✉
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q✉❡ s❡r✐❛ ♣♦ssí✈❡❧ ❧❡✈❛r ❡st❛ r❡❞❡ ❞❡ ✉♠ ❡st❛❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞♦ ♣❛r❛ ♦

❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ s✐♠♣❧❡s♠❡♥t❡ ✐♥✈❡rt❡♥❞♦ ✉♠❛ ❝❛❞❡✐❛ ❧✐♥❡❛r ❞❡ s♣✐♥s✳ ❙❡ ✐ss♦ r❡❛❧✲

♠❡♥t❡ ❢♦r ♣♦ssí✈❡❧✱ ❡st❛ r❡❞❡ ♣♦❞❡r✐❛ ♥♦s ♦❢❡r❡❝❡r ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞♦s ♠♦♥♦♣♦❧♦s

♠❛❣♥ét✐❝♦s ❡ s✉❛ ❞✐♥â♠✐❝❛✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ♦s ❡st✉❞♦s ❞❛ ♠❛❣♥❡t♦stát✐❝❛ ♥♦s ❣❡❧♦s

❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s✳ ❊♥tã♦✱ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♥♦ss♦ tr❛❜❛❧❤♦ s❡r✐❛ ✈❡r✐✜❝❛r ❛ ❤✐♣ót❡s❡ ❞❡st❡s

❛✉t♦r❡s ❛tr❛✈és ❞❡ ✉♠ ♣r♦t♦❝♦❧♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡①t❡r♥♦✳ ❖s ❞❡t❛❧❤❡s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ✉s❛❞❛ ❡♠ ♥♦ss♦ tr❛❜❛❧❤♦ s❡rá ❞❡s❝r✐t❛ ❝♦♠ ♠❛✐s

❞❡t❛❧❤❡s ♥♦ ♣ró①✐♠♦ ❝❛♣ít✉❧♦✳

✸✳✷ ❆ ❘❡❞❡ ❡st✉❞❛❞❛

❆ r❡❞❡ ❡st✉❞❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ❛ r❡❞❡ ♣r♦♣♦st❛ ♣♦r ▼ó❧ ❡t ❛❧ ❬✸✸❪✿ ❣❡❧♦ ❞❡

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

✈❛❧♦r❡s ❞✐s❝r❡t♦s ✭✲✶✱✰✶✮✱ ❡♠ ✉♠❛ ❣❡♦♠❡tr✐❛ tr✐❛♥❣✉❧❛r✳ ❊str✉t✉r❛❧♠❡♥t❡ ❡st❡s s♣✐♥s

❡stã♦ ❝♦♥✜♥❛❞♦s ♥♦ ♣❧❛♥♦ ❞❛ r❡❞❡ ✭xy✮ ❡ ❡stã♦ ❧♦❝❛❧✐③❛❞♦s ♥♦ ❝❡♥tr♦ ❞❛s ❛r❡st❛s ❞❡

tr✐â♥❣✉❧♦s ❡q✉✐❧át❡r♦s✱ ♥♦s q✉❛✐s s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❡stã♦ ❛♦ ❧♦♥❣♦s ❞❡st❛s✱

❣❡r❛♥❞♦ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ s❡✐s s♣✐♥s ❡♠ ❝❛❞❛ ✈ért✐❝❡✳ ❆ r❡❞❡ ❡st✉❞❛ é ♠♦str❛❞❛ ♥❛

Figura3.1✱ ❞✐❢❡r❡♥❝✐❛♥❞♦✲s❡ s♦♠❡♥t❡ ♣❡❧❛ q✉❛♥t✐❞❛❞❡ ❞❡ s♣✐♥s✳ ◆♦t❡ q✉❡ s✉❛s ❜♦r❞❛s

sã♦ s✉❛✈❡s❀ ❛s ✐❧❤❛s s❡♠♣r❡ ❝♦♥s❡❣✉❡♠ ❢❡❝❤❛r tr✐â♥❣✉❧♦s ❡q✉✐❧át❡r♦s❀ ♦ ❢♦r♠❛t♦ ❞❛ r❡❞❡✱

❝♦♠♦ t♦❞♦✱ é ❜❡♠ ♣ró①✐♠♦ ❛ ❞❡ ✉♠ q✉❛❞r❛❞♦❀ ❡ ❡①✐st❡✱ ♥♦ ♠í♥✐♠♦✱ ✷ s♣✐♥s ♣♦r ✈ért✐❝❡✳

❋✐❣✉r❛ ✸✳✶✿ ❘❡❞❡ s✐♠✐❧❛r ❛ r❡❞❡ ❡st✉❞❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦✳

❈♦♠♦ ▼ó❧ ❡t ❛❧✱ ❡st✉❞❛♠♦s ❛ r❡❞❡ ❛tr❛✈és ❞❡ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ♠❛s✱
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❞✐❢❡r❡♥t❡ ❞❡ s❡✉ tr❛❜❛❧❤♦✱ t❡♥t❛♠♦s ❛♣r♦①✐♠❛r ♦ ♥♦ss♦ ♠♦❞❡❧♦ ❞❛s r❡❞❡s r❡❛✐s✱ ❢❛❜r✐✲

❝❛❞❛s ❡♠ ❧❛❜♦r❛tór✐♦ ♣♦r ❧✐t♦❣r❛✜❛✳ P❛r❛ ✐st♦✱ ❛♥❛❧✐s❛♠♦s ♦ tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦ ♣♦r

P❤❛t❛❦ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✸✼❪ ❡ ❛❞❛♣t❛♠♦s ♦s ♣❛râ♠❡tr♦s ❞❡st❡ tr❛❜❛❧❤♦ ❝♦♠ ❛s ♥♦s✲

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

❛rt✐✜❝✐❛✐s s✐♠✐❧❛r ❛ ❝♦♥str✉í❞❛ ♣♦r ❲❛♥❣ ❡t ❛❧ ♠❛s ❝♦♠ ❞✐❢❡r❡♥t❡s ❞✐♠❡♥sõ❡s✳ ◆❡❧❡✱

❛s ✐❧❤❛s ✭♦s ♥❛♥♦♠❛❣♥❡t♦s✮ t❛♠❜é♠ sã♦ ❝♦♥st✐t✉í❞♦s ❞❡ P❡r♠❛❧❧♦② ♠❛s tê♠ ❞✐♠❡♥✲

sõ❡s ❞❡ 290nm ❞❡ ❝♦♠♣r✐♠❡♥t♦✱ 130nm ❞❡ ❧❛r❣✉r❛ ❡ 20nm ❞❡ ❡s♣❡ss✉r❛ ❡ ♦s ❝❡♥tr♦s

❞❛s ✐❧❤❛s ♠❛✐s ♣ró①✐♠❛s ❡stã♦ s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ a = 500nm✳ ❋♦✐ ♦❜✲

s❡r✈❛❞♦ q✉❡ ❡st❛s ✐❧❤❛s sã♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥❛s ♣❛r❛ q✉❡ t❡♥❤❛♠ ✉♠ ú♥✐❝♦ ♠♦✲

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

❞❡st❡s s❡❥❛ ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♦ t❡♠♣♦ ❞❛s ♠❡❞✐❞❛s ❡①♣❡r✐♠❡♥t❛✐s✱ ♥ã♦ ✐♥t❡r❢❡r✐♥❞♦

♥❛s ❛♥❛❧✐s❡s ❞❡st❛ r❡❞❡✳ ❆tr❛✈és ❞❡st❡s ❞❛❞♦s✱ ❝♦♥❝❧✉í♠♦s q✉❡ ♦ ♠♦♠❡♥t♦ ♠❛❣♥é✲

t✐❝♦ ❞❡st❛s ✐❧❤❛s é µ = M0V ∼ 6.0 · 10−16Am2✱ ❞❛❞♦ q✉❡ ♦ ✈♦❧✉♠❡ ❞❛s ✐❧❤❛s é ❞❡

V = 290nm · 130nm · 20nm = 7.5 · 105(nm)3 = 7.5 · 10−27m3 ❡ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❡

s❛t✉r❛çã♦ ❞♦ P❡r♠❛❧❧♦② é ❞❡ ❞❡ M0 = 7.958 · 10−4A/nm✳ ❆ss✐♠✱ ♣❡r❝❡❜❡♠♦s q✉❡ ❛

♠❛❣♥✐t✉❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ❝❡♥tr♦ ❞♦ ♥❛♥♦♠❛❣♥❡t♦ ✈✐③✐♥❤♦ ♠❛✐s ♣ró①✐♠♦ é ❞❡✿

[ ~B] ≡
D

µ
∼ 0.5mT, ✭✸✳✶✮

❡♠ q✉❡✿

D =
µ0µ

2

4πa3
∼ 3.0 · 10−19J, ✭✸✳✷✮

J = Am2T ❡ µ0 = 4π · 10−7N/A2✳

◆❡st❡ ♠❡s♠♦ tr❛❜❛❧❤♦✱ ❢♦✐ ❡♥❝♦♥tr❛❞♦ q✉❡ ♦ ♠♦❞✉❧♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ b

♥❡❝❡ssár✐♦ ♣❛r❛ ✐♥✈❡rt❡r ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❡ ✉♠ ♥❛♥♦♠❛❣♥❡t♦ é ❞❛❞♦ ♣♦r hc =

(550± 55)Oe✳ ❊s❝r❡✈❡♥❞♦ ❡st❡ ❝❛♠♣♦ ❡♠ ✉♥✐❞❛❞❡s ✐♥t❡r♥❛❝✐♦♥❛✐s t❡♠✲s❡ q✉❡✿

b = (500.0± 50.0)Oe = (500.0± 50.0) · 10−4T = (50.0± 5.0)mT. ✭✸✳✸✮

✳
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❖✉ s❡❥❛✱ é ♥❡❝❡ssár✐♦ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✵✵ ✈❡③❡s ♠❛✐♦r

❞♦ q✉❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ♥❛♥♦♠❛❣♥❡t♦ ✈✐③✐♥❤♦ ♠❛✐s ♣ró①✐♠♦✳

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

❆ss✐♠✱ ❝♦♠♦ ✈✐♠♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ ♥♦ss♦ s✐st❡♠❛ ✉t✐❧✐③❛♠♦s ❛ ❤❛♠✐❧✲

t♦♥✐❛♥❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❡q✉❛çã♦ 2.10✱

Edip =
∑

i 6=j

D

[

~si · ~sj − 3(~si · r̂ij)(̇~sj · r̂ij)

R3
ij

]

. ✭✸✳✹✮

◆❡st❛ ❡q✉❛çã♦✱ ❛❥✉st❛♠♦s ♦s ✈❛❧♦r❡s ❞❡ D ❡ ❞❡ D/µ ❞❡ ♠♦❞♦ q✉❡ ❡st❡s ✈❛❧♦r❡s

♠❛♥t✐✈❡ss❡♠ s✉❛ ♣r♦♣♦rçã♦ ❝♦♠ ♦s ✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s ♣♦r P❤❛t❛❦✳ ❊♠ ♥♦ss❛s s✐♠✉✲

❧❛çõ❡s✱ ❡♥❝♦♥tr❛♠♦s q✉❡ ♦ ♠♦❞✉❧♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ✉♠❛ ✐❧❤❛ ❡♠ s❡✉ ✈✐③✐♥❤♦

♠❛✐s ♣ró①✐♠♦ é ❞❡ | ~B| = 2.0D/µ✳ ◆♦ tr❛❜❛❧❤♦ ❞❡ P❤❛t❛❦✱ ✈✐♠♦s q✉❡ ♦ ✈❛❧♦r ♠❡❞✐❞♦

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ♣❛r❛ ❡st❡ ❝❛♠♣♦ é ❞❡ 0.5mT ✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ♣♦❞❡♠♦s ❝♦♥❝❧✉✐r q✉❡

2.0D/µ = 0.5mT −→ 4.00D/µ = 1.0mT. ✭✸✳✺✮

❆tr❛✈és ❞❡st❛ ✐❣✉❛❧❞❛❞❡✱ t❡♠♦s ✉♠❛ ❝♦♥❡①ã♦ ♠❛✐s ❝❧❛r❛ ❡♥tr❡ ♦s ✈❛❧♦r❡s ❡①♣❡✲

r✐♠❡♥t❛✐s ❡ ♦s ✈❛❧♦r❡s ✉s❛❞♦s ❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s✳ ❊♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s ❡s❝♦❧❤❡✲

♠♦s ♦ ✈❛❧♦r ❞❡ D/µ = 0.5u.r.✭u.r. ≡ ✉♥✐❞❛❞❡s r❡❞✉③✐❞❛s✮✱ ♣♦✐s ❛ss✐♠ t❡r❡♠♦s q✉❡

2u.r. = 1mT ✱ ❞❛♥❞♦ q✉❡ ♦ ♠♦❞✉❧♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ✈✐③✐♥❤♦ ♠❛✐s ♣ró①✐♠♦ s❡r✐❛

❞❡ | ~B| = 1.0u.r.✱ ✉♠ ✈❛❧♦r ✉♥✐tár✐♦✳ ❆tr❛✈és ❞❡st❛ ❝♦♥✈❡rsã♦✱ r❡❛❥✉st❛♠♦s ♦s ✈❛❧♦r❡s

❞❡ ♥♦ss❛s s✐♠✉❧❛çõ❡s✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ ❡st❡s ❝♦rr❡s♣♦♥❞❡ss❡♠ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s ❡①♣❡r✐✲

♠❡♥t❛❧♠❡♥t❡✳ P♦r ❡①❡♠♣❧♦✱ ♦ ✈❛❧♦r ❞♦ ♠♦❞✉❧♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ b ♣❛r❛ ✐♥✈❡rt❡r ♦

♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❛s ✐❧❤❛s ❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s s❡r✐❛ ❞❛❞♦ ♣♦r✿

b = (50.0± 5.0)mT −→ (100.0± 10.0)u.r. ✭✸✳✻✮

◆❛ ❡q✉❛çã♦ 3.6✱ ✈❡♠♦s q✉❡ b é ❞❛❞♦ ♣♦r ✉♠❛ ❞✐str✐❜✉✐çã♦ ❣❛✉ss✐❛♥❛ ❝❡♥tr❛❞❛

❡♠ ✶✵✵ ✉✳r✳ ❝♦♠ ✉♠ ❞❡s✈✐♦ ❞❡ ✶✵ ✉✳r✳ ❊st❛ ❡q✉❛çã♦ t❛♠❜é♠ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦✿

b = (100.0± 10.0)u.r. = bc +△b, ✭✸✳✼✮
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❡♠ q✉❡ bc = 100u.r. ❡ △b = 10u.r. = 10%bc✳ △b✱ ❝♦♠♦ ❢♦✐ ✈✐st♦ ♥❛ s❡ssã♦ ✷✳✷✱ ❡st❛r✐❛

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

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

♦ ❡❢❡✐t♦ ❞❡ss❛ ❞❡s♦r❞❡♠ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ r❡❞❡✳ P❛r❛ ✐st♦✱ ♠♦❞✐✜❝❛♠♦s ♦ ✈❛❧♦r

❞❡ss❛ ❞❡s♦r❞❡♠ ❞❡ 0% ❞❡ bc✱ ✉♠❛ r❡❞❡ ❝♦♠ ✐❧❤❛s ❝♦♠♣❧❡t❛♠❡♥t❡ ❤♦♠♦❣ê♥❡❛s✱ ❛té 20%

❞❡ bc✱ ✉♠❛ r❡❞❡ ❝♦♠ ✐❧❤❛s ❝♦♠ ♦ ❞♦❜r♦ ❞❡ ❞❡s♦r❞❡♠ ❡♥❝♦♥tr❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱

q✉❡ s❡r✐❛♠ ❝❛✉s❛❞❛s ♣♦r ❣r❛♥❞❡s ✐♠♣❡r❢❡✐çõ❡s ♥❛s ✐❧❤❛s✳

❊♠ q✉❛❧q✉❡r s✐♠✉❧❛çã♦ ❞♦ ♥♦ss♦ tr❛❜❛❧❤♦✱ ❛s ✐❧❤❛s ❞❛ r❡❞❡ tê♠ s✉❛s ♣♦s✐çõ❡s

✜①❛s ❡ ♠❛♥té♠ s✉❛s ❝❛r❛❝t❡ríst✐❝❛s✱ ❝♦♠♦ ❡str✉t✉r❛ ❡ ❞✐r❡çã♦ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦✱

✐♥❞❡♣❡♥❞❡♥t❡ ❞♦s ❢❛t♦r❡s ✐♠♣♦st♦s ♥♦ ♣r♦❣r❛♠❛✳ ❆ ú♥✐❝❛ ♣r♦♣r✐❡❞❛❞❡ ❞❛s ✐❧❤❛s q✉❡

♣♦❞❡ ♠✉❞❛r é ♦ s❡♥t✐❞♦ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❛ ✐❧❤❛✳ ❆ ✐♥✈❡rsã♦ ❞♦s ♠♦♠❡♥t♦s

♠❛❣♥ét✐❝♦s ❞❛s ✐❧❤❛s s♦♠❡♥t❡ ♦❝♦rr❡♠ ❛tr❛✈és ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ♠❛✐s ♥❡♥❤✉♠ ♦✉tr♦

❢❛t♦r✳ ❆ ❝♦♥❞✐çã♦ ♣❛r❛ ❡st❛ ✐♥✈❡rsã♦ q✉❡ ✉s❛♠♦s ❢♦✐ ❛ ♠❡s♠❛ ♣r♦♣♦st❛ ♣♦r ❇✉❞r✐❦✐s ❡t

❛❧ ❬✸✺❪ ❬✸✻❪✿

− ~Btot
i · ~si ≤ bi, ✭✸✳✽✮

❡♠ q✉❡ ~Btot
i é ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❛❞♦ ♣❡❧❛ s♦♠❛ ❞♦ ❝❛♠♣♦ ❡①t❡r♥♦ ~Bext ♠❛✐s ♦

❝❛♠♣♦ ~Bi q✉❡ é ♦ ❝❛♠♣♦ ❣❡r❛❞♦ ♣❡❧♦s ♦✉tr♦s s♣✐♥s ❞❛ r❡❞❡ ♥❛ ✐❧❤❛ i✱ ~si é ♦ ♠♦♠❡♥t♦

❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦ ❞❛ ✐❧❤❛ i ❡ bi é ♦ ♠ó❞✉❧♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♠í♥✐♠♦ ♣❛r❛ ✐♥✈❡rt❡r

♦ ♠♦♠❡♥t♦ ❞✐♣♦❧♦ ❞❡st❛ ✐❧❤❛✳ ❈♦♠♦ t❡♥t❛t✐✈❛ ❞❡ ❛♣r♦①✐♠❛r ❡st❡ ♠♦❞❡❧♦ ❞♦s s✐st❡♠❛s

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

♥ét✐❝♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ✐♥✈❡rsã♦ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❡ ❝❛❞❛ ✐❧❤❛ s❡rã♦ ❣❡r❛❞♦s

❛❧❡❛t♦r✐❛♠❡♥t❡✱ r❡s♣❡✐t❛♥❞♦ ♦s ✈❛❧♦r❡s ❡st❛❜❡❧❡❝✐❞♦s ♣❡❧❛ ❡q✉❛çã♦ ✸✳✼✳ ❉❡st❛✱ ❡s♣❡r❛✲s❡

q✉❡ ♦s ✈❛❧♦r❡s ❞❡ bi ❞❛s ✐❧❤❛s ♥ã♦ s❡❥❛♠ ❝♦rr❡❧❛❝✐♦♥❛❞♦s ✉♥s ❝♦♠ ♦s ♦✉tr♦s✳

✸✳✸ Pr♦❝❡ss♦s ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦

◆❡st❡ tr❛❜❛❧❤♦✱ ❢♦r❛♠ ✉s❛❞♦s ❞♦✐s ❞✐❢❡r❡♥t❡s ♣r♦❝❡ss♦s ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦✿ ♦

♣r✐♠❡✐r♦ ❢♦✐ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ r♦t❛❝✐♦♥❛❧ ❡ ♦ s❡❣✉♥❞♦ ❢♦✐ ❛tr❛✈és

❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❡♠ ✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦✱ s✐♠✐❧❛r ❛♦ ♣r♦❝❡ss♦ ❞❡ ❤✐st❡r❡s❡✳
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✸✳ ▼♦t✐✈❛çõ❡s ❡ ♠❡t♦❞♦❧♦❣✐❛

❆♥t❡s ❞❡ ❝♦♠❡ç❛r ❛ ❛♣r♦❢✉♥❞❛r ♥❛ ❞❡s❝r✐çã♦ ❞❡ ❝❛❞❛ ♣r♦❝❡ss♦✱ s❡rã♦ ❡♥✉♠❡r❛❞♦s ♦s

❛s♣❡❝t♦s ❝♦♠✉♥s q✉❡ sã♦ ❝♦♥s✐❞❡r❛❞♦s ❡♠ ❝❛❞❛ ♣r♦❝❡ss♦✿

1◦✮ ❆ ✐♥✈❡rsã♦ ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❛s ✐❧❤❛s ❞❡✈❡ s❡❣✉✐r ❡①❛t❛♠❡♥t❡ ❛s ❝♦♥❞✐çõ❡s

❞✐t❛s ♥❛ s❡ssã♦ ❛♥t❡r✐♦r ✭ ✸✳✷✮✳ ❖s ♠♦♠❡♥t♦s s❡rã♦ ✐♥✈❡rt✐❞♦s s♦♠❡♥t❡ ♣♦r ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❡ ♥ã♦ ❤á ❢❛t♦r❡s ♥♦ ♣r♦❣r❛♠❛s q✉❡ ❝♦♥s✐❣❛♠ ❞❡❢♦r♠❛r ❛ ❡str✉t✉r❛ ❞❛

r❡❞❡❀

2◦✮ ❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ s❡♠♣r❡ é ♣❛r❛❧❡❧♦ à r❡❞❡ ❡ ❡st❡ é ✉♥✐❢♦r♠❡ ❡♠ t♦❞❛

❡st❛❀

3◦✮ ❆♥t❡s ❞❡ ❝♦♠❡ç❛r q✉❛❧q✉❡r s✐♠✉❧❛çã♦✱ é ❛♣❧✐❝❛❞♦ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦

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

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

r❡❞❡ ❝♦♠♣♦st❛ s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s t✐♣♦ V 5✱ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ 2.15✳ ❆♣ós ✐st♦✱

❡ss❡ ❝❛♠♣♦ é ❞✐♠✐♥✉í❞♦ ❛té ♦ ✈❛❧♦r ❞❡s❡❥❛❞♦ ♣❛r❛ ♦ ✐♥✐❝✐♦ ❞❛ s✐♠✉❧❛çã♦✳

4◦✮ ❆ ♠✉❞❛♥ç❛ ❞♦ ✈❛❧♦r ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ♥❛s ✐❧❤❛s ❞❛ r❡❞❡✱ t❛♥t♦ ♣♦r

✐♥t❡♥s✐❞❛❞❡ q✉❛♥t♦ ♣♦r ✈❛r✐❛çã♦ ❞❡ â♥❣✉❧♦ ❞♦ ❝❛♠♣♦ ❡♠ r❡❧❛çã♦ às ✐❧❤❛s✱ ✐rá

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

❡st❡s s❛t✐s❢❛③❡♠ ❛ ❝♦♥❞✐çã♦ ❞❛ ❡q✉❛çã♦ ✸✳✽✳ ❉❡✈❡✲s❡ ❡s❝❧❛r❡❝❡r q✉❡ q✉❛♥❞♦ ✉♠

s♣✐♥ é ✐♥✈❡rt✐❞♦✱ é ✈❡r✐✜❝❛❞♦ s❡ t♦❞♦s ♦s ♦✉tr♦s s♣✐♥s ❞❛ r❡❞❡ t❛♠❜é♠ s❡rã♦

✐♥✈❡rt✐❞♦s✱ ♠❡s♠♦ q✉❡ ❡st❡s ❥á t❡♥❤❛♠ s✐❞♦ ✈✐s✐t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡❀

5◦✮ ❆s ✈❛r✐❛çõ❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱ t❛♥t♦ ❡♠ ✐♥t❡♥s✐❞❛❞❡ q✉❛♥t♦ ❡♠ ❞✐r❡✲

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

♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ s❡rá ❛q✉❡❧❡ q✉❡ ❡stá ♠❛✐s ❛♣t♦ ❛ ✐st♦✳ ❆tr❛✈és ❞✐st♦✱ ❡s♣❡r❛✲

s❡ q✉❡ ♦ s✐st❡♠❛ ❝♦♠♦ t♦❞♦ ❢❛ç❛ ♠✉❞❛♥ç❛s ❛❞✐❛❜át✐❝❛s✱ ♥ã♦ s❛❧t❛♥❞♦ ♣♦ssí✈❡✐s

❡st❛❞♦s ❞❡ ❡q✉✐❧í❜r✐♦ ♣❛r❛ ♠✐♥✐♠✐③❛r ❛ s✉❛ ❡♥❡r❣✐❛✳

✸✳✸✳✶ ❈❛♠♣♦ ♠❛❣♥ét✐❝♦ r♦t❛❝✐♦♥❛❧

❊st❡ ♣r♦❝❡ss♦ é ❜❡♠ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❞❡ s✐st❡✲

♠❛s ♠❛❣♥❡t✐③❛❞♦s✳ ◆❡st❡✱ ❛ r❡❞❡ ❡st❛r✐❛ ✜①❛ ❡♥q✉❛♥t♦ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦
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✸✳ ▼♦t✐✈❛çõ❡s ❡ ♠❡t♦❞♦❧♦❣✐❛

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

❊♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s✱ ❛ r❡❞❡ ❡stát✐❝❛ ♠❛♥té♠ ♦s ✈❛❧♦r❡s ❞❛s ♣♦s✐çõ❡s ❞♦s s♣✐♥s ❡ ♦s

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

s❡✉ ♠ó❞✉❧♦ ❝♦♥st❛♥t❡ ♠❛s s✉❛s ❝♦♠♣♦♥❡♥t❡s ❛♦ ❧♦♥❣♦ ❞♦s ❞♦✐s ❡✐①♦s ♣r✐♥❝✐♣❛❧ ❞❛ r❡❞❡

✭x̂ ❡ ŷ✮✱ s❡♠♣r❡ ❡st❛r✐❛♠ ♠✉❞❛♥❞♦ ❞❡ ✈❛❧♦r✳

❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✐♥✐❝✐❛❧ ❛♣♦♥t❛ ♥❛ ❞✐r❡çã♦ ❞♦ ❡✐①♦ +x̂ ❡ ❡st❡ ❣✐r❛ ❧❡♥t❛♠❡♥t❡

♥♦ s❡♥t✐❞♦ ❛♥t✐✲❤♦rár✐♦✱ ❞❡+x̂ ♣❛r❛ +ŷ✳ ❖ ♠♦❞✉❧♦ ✐♥✐❝✐❛❧ ❞❡st❡ ❝❛♠♣♦ ❢♦✐ ❞❡ |B̂ext| ∼ bc✱

♣♦✐s ♦❜s❡r✈❛♠♦s q✉❡ ♣❛r❛ ❝❛♠♣♦s ♠✉✐t♦ ♠❡♥♦r❡s ❞♦ q✉❡ ♦ ❝❛♠♣♦ ♠í♥✐♠♦ ❞❡ ✐♥✈❡rsã♦

bc✱ ♥❡♥❤✉♠ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❡r❛ ✐♥✈❡rt✐❞♦ ❡ ♣❛r❛ ❝❛♠♣♦s ♠✉✐t♦s ♠❛✐♦r❡s ❞♦ q✉❡

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

❝♦♠ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ ❆❧é♠ ❞✐st♦✱ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡st❡ ❝❛♠♣♦ ❞✐♠✐♥✉í ♠✉✐t♦

❧❡♥t❛♠❡♥t❡✱ ❞❡ ♠♦❞♦ q✉❡ ❡st❡ ❞✐♠✐♥✉í ❡♠ 1u.r. ♣❛r❛ ❝❛❞❛ três ✈♦❧t❛ ❝♦♠♣❧❡t❛s ♥❛ r❡❞❡✳

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

❞❡ ♦❜t❡r ✉♠ ❡st❛❞♦ ❡st❛❝✐♦♥ár✐♦ ♣❛r❛ r❡❞❡✱ ♣♦✐s✱ ❝❛s♦ ❡ss❡ ♥ã♦ ❢♦ss❡ r❡❞✉③✐❞♦✱ ❛❧❣✉♥s

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

♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛q✉❡❧❡s ♠❛✐s ♣ró①✐♠♦s ❞❛ ❜♦r❞❛ ❞❛ r❡❞❡ ❡ ♣❡q✉❡♥♦s ✈❛❧♦r❡s ❞♦ ❝❛♠♣♦

✐♥trí♥s❡❝♦ ❞❡ ✐♥✈❡rsã♦✳

✸✳✸✳✷ ❈❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♠ ✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦

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

❞❡ ❤✐st❡r❡s❡✳ ■♥✐❝✐❛❧♠❡♥t❡✱ ❝♦♥s✐❞❡r❛✲s❡ q✉❡ ✉♠❛ r❡❞❡ q✉❡ ❡stá ♠❛❣♥❡t✐③❛❞❛ ❞❡✈✐❞♦

❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ♥❛ ❞✐r❡çã♦ +x̂ ❞❛ r❡❞❡✳ ❆♣ós ❛❧❝❛♥ç❛r ❡st❡

❡st❛❞♦✱ ❡ss❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✈❛✐ s❡♥❞♦ ❧❡♥t❛♠❡♥t❡ ✐♥✈❡rt✐❞♦ ❛té q✉❡ ❛ ♠❛❣♥❡t✐③❛çã♦

❞❛ r❡❞❡ s❡❥❛ t♦t❛❧♠❡♥t❡ ✐♥✈❡rt✐❞❛✳ ❊ ♣♦r ✜♠✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ♥♦✈❛♠❡♥t❡ ✐♥✈❡rt✐❞♦

❛té q✉❡ ❛ r❡❞❡ ✈♦❧t❡ ❛ t❡r ❛ ♠❛❣♥❡t✐③❛çã♦ ❞♦ s❡✉ ❡st❛❞♦ ✐♥✐❝✐❛❧✳

❊st❡ ♣r♦❝❡ss♦ ❢♦✐ ❡s❝♦❧❤✐❞♦ ❞❡✈✐❞♦ ❛ ✉♠❛ s✉❣❡stã♦ ❞❛❞❛ ♣♦r ▼ó❧ ❡t ❛❧ ❬✸✸❪✱ ♦

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

q✉❡ ♦ ❡st❛❞♦ ♠❛❣♥❡t✐③❛❞♦ ❝♦♠♣♦st♦ s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s t✐♣♦ V 5 ♣♦❞❡ ❢❛❝✐❧♠❡♥t❡ s❡r

❧❡✈❛❞♦ ❛♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❛tr❛✈és ❞❡ ♣♦✉❝❛s ✐♥✈❡rsõ❡s ❞❡ ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s✱ ❞❡

♠❛♥❡✐r❛ q✉❡ ♦s ✈ért✐❝❡s V 5 −→ V 4 ❡ s❡❣✉✐❞❛ V 4 −→ V 1✳ ❉❡✈✐❞♦ ❛ ❡str✉t✉r❛ ❞❛ r❡❞❡✱

✸✻



✸✳ ▼♦t✐✈❛çõ❡s ❡ ♠❡t♦❞♦❧♦❣✐❛

s✉♣♦♠♦s q✉❡ ✉♠ ♣r♦❝❡ss♦ s✐♠✐❧❛r ❛♦ ❞❡ ❤✐st❡r❡s❡ ❝♦♥s❡❣✉✐r✐❛ ❛❧❝❛♥ç❛r ❡st❡ ♦❜❥❡t✐✈♦✳

❆✐♥❞❛ ♥❡st❡ ♠❡s♠♦ ♣r♦❝❡ss♦ ♣♦❞❡✲s❡ ❡①♣❧♦r❛r ❛✐♥❞❛ ♠❛✐s ♦s ♣r♦❜❧❡♠❛s ❡①♣❡r✐✲

♠❡♥t❛✐s q✉❡ ♣♦❞❡♠ ♦❝♦rr❡r ♥❛s ♠❡❞✐❞❛s ❡♠ ❧❛❜♦r❛tór✐♦✳ ❯♠ ❞❡st❡s é ♦ ❛❧✐♥❤❛♠❡♥t♦ ❞♦

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

t❡♠ ❞✐♠❡♥sõ❡s ❞❡ ♥❛♥ô♠❡tr♦s✱ ❞✐✜❝✉❧t❛♥❞♦ ♦ ❡①❛t♦ ❛❧✐♥❤❛♠❡♥t♦ ❝❛♠♣♦✲r❡❞❡✳ ❊♥tã♦✱

❞❡✈✐❞♦ ❛ ❡st❡ ❢❛t♦✱ ✐r❡♠♦s t❛♠❜é♠ s✉♣♦r ❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s ✉♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞❛

r❡❞❡ ❝♦♠ ♦ ❝❛♠♣♦✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ♦ ❝❛♠♣♦ q✉❡ t✐♥❤❛ ✉♠❛ ú♥✐❝❛ ❝♦♠♣♦♥❡♥t❡✱ ❛❣♦r❛

♣♦❞❡rá t❡r ❞✉❛s ❝♦♠♣♦♥❡♥t❡s✿ ✉♠❛ q✉❡ ❝♦♥t✐♥✉❛rá ♠✉✐t♦ ✐♥t❡♥s❛ ♥❛ ❞✐r❡çã♦ x̂ ❡ ♦✉tr❛

♠❡♥♦r ♥❛ ❞✐r❡çã♦ ŷ✱ q✉❡ t❡rá ✐♥t❡♥s✐❞❛❞❡ s✉✜❝✐❡♥t❡ ♣❛r❛ ❛❢❡t❛r ❛s ♠❡❞✐❞❛s ❞♦s ❡①♣❡✲

r✐♠❡♥t♦s✳ ❖ ❛♥❣✉❧♦ ❞❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦ θ ✈❛✐ ✈❛r✐❛r ❞❡ 0◦✱ ✉♠ ♣❡r❢❡✐t♦ ❛❧✐♥❤❛♠❡♥t♦✱ ❛

10◦✱ ✉♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♣♦❞❡✲s❡ ❡s♣❡r❛r ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳

✸✳✸✳✸ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

◆❡st❛ s❡ssã♦ s❡rã♦ ❜r❡✈❡♠❡♥t❡ ❛♣r❡s❡♥t❛❞❛s ❛❧❣✉♠❛s ❝♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s s♦❜r❡

❛ ♠❛♥❡✐r❛ ❝♦♠♦ ❢♦r❛♠ ♦❜t✐❞♦s ♦s ❞❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❝❛♣✐t✉❧♦ ❘❡s✉❧t❛❞♦s✳ ■♥✐❝✐❛❧✲

♠❡♥t❡ t♦❞♦s ♦s ❞❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ❡①tr❛í❞♦s ❞❡ ✉♠❛ r❡❞❡ ❝♦♠

❞✐♠❡♥sõ❡s ❞❡ 30a ① ∼ 30a✱ ❡♠ q✉❡ a é ♦ ❡s♣❛ç❛♠❡♥t♦ ❞❛ r❡❞❡✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ❛ r❡❞❡

t❡rá ❝♦♥❥✉♥t♦s ❞❡ ✸✵ ✐❧❤❛s ♣❡r❢❡✐t❛♠❡♥t❡ ❛❧✐♥❤❛❞❛s ♥❛ ❞✐r❡çã♦ x̂ ❡ ✉♠ ♦✉tr♦ ❝♦♥❥✉♥t♦ ❞❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✹ ✐❧❤❛s ❛❧✐♥❤❛❞❛s ❡♠ ③✐❣✲③❛❣ ♥❛ ❞✐r❡çã♦ ŷ✳ ❆♠❜♦s ♣r♦❝❡ss♦s ❝✐t❛❞♦s

♥❛ s❡ssã♦ ❛♥t❡r✐♦r✱ ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s ❛tr❛✈és ❞❡ ❞✉❛s ❣r❛♥❞❡③❛s ❞✐❢❡r❡♥t❡s✳ ❆ ♣r✐♠❡✐r❛

❢♦✐ ❛ ♠❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ ❞❛ r❡❞❡ ♥❛ ❞✐r❡çã♦ x̂✭Mag✮ ❡ ❛ s❡❣✉♥❞❛ ❢♦✐ ❛ ♣♦♣✉❧❛çã♦ ❞♦s

❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ✈ért✐❝❡s ♣r❡s❡♥t❡s ♥♦ s✐st❡♠❛ ✭✜❣✉r❛ 2.15✮✳ ❈❛❞❛ ❣r❛♥❞❡③❛ ❢♦✐ ♦❜t✐❞❛

❛tr❛✈és ❞❛ ♠é❞✐❛ ❞❡ 50 × 10 ❛♠♦str❛s✳ ❊♠ q✉❡ ❡ss❛s ❛♠♦str❛s ❢♦r❛♠ ♦❜t✐❞❛s ❞❡ 50

r❡❞❡s ❞✐❢❡r❡♥t❡s ❡ ❝❛❞❛ ♣❧❛❝❛ ❢♦✐ ❛♥❛❧✐s❛❞❛ 10 ✈❡③❡s✳ ❆ ❛♥❛❧✐s❡ ❞❡ ✉♠❛ ♠❡s♠❛ ♣❧❛❝❛ ❢♦✐

♥❡❝❡ssár✐❛ ❞❡✈✐❞♦ ❛♦ ♠ét♦❞♦ ✉s❛❞♦ ♣❛r❛ ✐♥✈❡rt❡r ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞❛s ✐❧❤❛s✳

❊♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s✱ ♦ ♥♦ss♦ ♣❛ss♦ ▼♦♥t❡ ❈❛r❧♦ ❢♦✐ ❢❡✐t♦ ♣♦r ♥♦ ♠í♥✐♠♦ 4 × Nspins

✭Nspins ≡ ♥ú♠❡r♦ ❞❡ s♣✐♥s ❞❛ r❡❞❡✮ ✈❡r✐✜❝❛çõ❡s✱ ❡♠ q✉❡ ❡♠ ❝❛❞❛ ✈❡r✐✜❝❛çã♦ ✉♠❛ ✐❧❤❛

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

♠❛❣♥ét✐❝♦ ✐♥✈❡rt✐❞♦✳

❆s r❡❞❡s ❡st✉❞❛s sã♦ ❞❡✜♥✐❞❛s ♣❡❧♦s ♣r♦❝❡ss♦s ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ♣♦r q✉❡ ❝❛❞❛
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✸✳ ▼♦t✐✈❛çõ❡s ❡ ♠❡t♦❞♦❧♦❣✐❛

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

♣❛ss❛r❛♠ ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ r♦t❛❝✐♦♥❛❧ sã♦ ❝❧❛s✲

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

♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♠ ✉♠❛ ú♥✐❝❛ ❞✐✲

r❡çã♦ sã♦ ❝❧❛ss✐✜❝❛❞❛s ♣❡❧❛ ❞❡s♦r❞❡♠ ❞❛s ✐❧❤❛s ❡ ♣❡❧♦ ❛♥❣✉❧♦ ❞❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❡♥tr❡

♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❡ ❛ r❡❞❡✳

✸✽



❈❛♣ít✉❧♦ ✹

❘❡s✉❧t❛❞♦s ❡ ❞✐s❝✉ssõ❡s

✹✳✶ Pr♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❡♠ ✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦

❖ ♣r✐♠❡✐r♦ ♣r♦❝❡ss♦ ❡st✉❞❛❞♦ ❢♦✐ ♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❡♠ ✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦✱ s✐♠✐❧❛r ❛♦ ♣r♦❝❡ss♦ ❞❡ ❤✐st❡r❡s❡✳ ◆❡st❡

♣r♦❝❡ss♦✱ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ❢♦rt❡ é ❛♣❧✐❝❛❞♦ ♥❛ ❞✐r❡çã♦ +x̂✱

♠❛❣♥❡t✐③❛♥❞♦ ❛ r❡❞❡ ♥❡st❛ ❞✐r❡çã♦ ❡ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛♣❡♥❛s ✈ért✐❝❡s t✐♣♦ V 5 ❡st❡❥❛♠

♣r❡s❡♥t❡✳ ❊♠ s❡❣✉✐❞❛✱ ❡st❡ ❝❛♠♣♦ s❡rá ❧❡♥t❛♠❡♥t❡ ✐♥✈❡rt✐❞♦ ❛té q✉❡ ♠❛❣♥❡t✐③❛çã♦ ❞❛

r❡❞❡ s❡❥❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ✐♥✈❡rt✐❞❛✳ ❊ ♣♦r ✜♠✱ ♦ ❝❛♠♣♦ s❡rá ♥♦✈❛♠❡♥t❡ ❧❡♥t❛♠❡♥t❡

✐♥✈❡rt✐❞♦ ❛té ❛❧❝❛♥ç❛r ♦ ❡st❛❞♦ ✐♥✐❝✐❛❧ ❞❛ r❡❞❡✳

✹✳✶✳✶ Pr✐♠❡✐r❛ ❛♥á❧✐s❡✿ ❙♦♠❡♥t❡ ❞❡s♦r❞❡♠ ♥♦s sít✐♦s ❞❛ r❡❞❡

■♥✐❝✐❛❧♠❡♥t❡✱ ❛♥❛❧✐s❛♠♦s ❝♦♠♦ s❡r✐❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ♠é❞✐❛

❞❛ r❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30 ♣❛r❛ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❞❡s♦r❞❡♠✳ ❆ ✜❣✉r❛ 4.1 ♠♦str❛ ♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ♣❛r❛ ❝✐♥❝♦

✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s ❞❡ ❞❡s♦r❞❡♠✳

✸✾
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❋✐❣✉r❛ ✹✳✶✿ ▼❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ Mag ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext ♣❛r❛ ✸ ❞✐❢❡r❡♥t❡s
✈❛❧♦r❡s ❞❡ ❞❡s♦r❞❡♠✳ ❘❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30✳

◆❡st❛ ✜❣✉r❛ ♣❡r❝❡❜❡✲s❡ q✉❡ t♦❞❛s ❛s ❝✉r✈❛s sã♦ ♠✉✐t♦ ♣ró①✐♠❛s✳ ❊♠ ✉♠❛ ♣r✐✲

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

♥❡t✐③❛çã♦✱ q✉❛♥t♦ ♠❛✐♦r ❛ ❞❡s♦r❞❡♠✱ ♠❛✐s s✉❛✈❡ é ❛ ❝✉r✈❛ ❞❛ ♠❛❣♥❡t✐③❛çã♦✳ ❖❜s❡r✈❡

q✉❡ ❛s r❡❞❡s ❝♦♠ ♠❛✐♦r❡s ❞❡s♦r❞❡♠✱ sã♦ ❛s ♣r✐♠❡✐r❛s ❛ ❝♦♠❡ç❛r❡♠ ❛ s❡ ❞❡s♠❛❣♥❡t✐✲

③❛r❡♠✱ ❞❡✈✐❞♦ ❛♦s sít✐♦s ♠❛✐s s✉s❝❡♣tí✈❡✐s ❛ ✐♥✈❡rsã♦ ❞❡ s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s✱ ❡

t❛♠❜é♠ sã♦ ❛s ú❧t✐♠❛s ❛ t❡r❡♠ ❛ s✉❛s ♠❛❣♥❡t✐③❛çõ❡s ❝♦♠♣❧❡t❛♠❡♥t❡ ✐♥✈❡rt✐❞❛s✱ ❞❡✲

✈✐❞♦ ❛♦s sít✐♦s ♠❡♥♦s s✉s❝❡♣tí✈❡✐s ❛ ✐♥✈❡rsã♦ ❞❡ s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s✳ ❊♠ ✉♠❛

s❡❣✉♥❞❛ ❛♥❛❧✐s❡✱ ♦❜s❡r✈❛♠♦s q✉❡ ♥❡st❛ ✜❣✉r❛ ❡①✐st❡♠ ✉♠ ♣❧❛tôs ❝♦♠ Mag = +1.0✱

✉♠ ♣❧❛tô ❝♦♠ Mag = −1.0 ❡ ✉♠ ♣❧❛tô ❝♦♠ Mag ≈ 0.0✳ ❖❜s❡r✈❡ q✉❡ ♦s t❛♠❛♥❤♦s

❞❡st❡s ♣❧❛tôs sã♦ ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛✐s à ❞❡s♦r❞❡♠ ❞❛ r❡❞❡❀ q✉❛♥t♦ ♠❛✐♦r ❛ ❞❡✲

s♦r❞❡♠✱ ♠❡♥♦r sã♦ ♦s t❛♠❛♥❤♦s ❞♦s ♣❧❛tôs✳ ❖s ♣❧❛tôs ❞❡ ♠❛❣♥❡t✐③❛çã♦ Mag = ±1.0

sã♦ r❡❢❡r❡♥t❡s às r❡❞❡s ❝♦♠♣❧❡t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞❛s✱ ❝♦♠♣♦st❛s s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s

t✐♣♦ V 5✱ ❡ ♦ ♣❧❛tô ❞❡ ♠❛❣♥❡t✐③❛çã♦ Mag ≈ 0.0 é r❡❢❡r❡♥t❡ à r❡❞❡ ❝♦♠♣❧❡t❛♠❡♥t❡ ❞❡s✲

♠❛❣♥❡t✐③❛❞❛✱ ❝♦♠♣♦st❛ s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s t✐♣♦ V 1✳ ❊st❡ ❢❛t♦ ✜❝❛ ♠❛✐s ❡✈✐❞❡♥t❡

❛♦ ❛♥❛❧✐s❛r♠♦s ❛ ❢r❛çã♦ ❞❡ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ❡♠ r❡❧❛çã♦ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦
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♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ♣r❡s❡♥t❡ ♥❛ ✜❣✉r❛ 4.2✳

❋✐❣✉r❛ ✹✳✷✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ❡♠ ❢✉♥çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext

♣❛r❛ ❞❡s♦r❞❡♠ ♥✉❧❛✳ ❆ ✐♠❛❣❡♠ a) ♠♦str❛ ♦ ♣r♦❝❡ss♦ ❡♥tr❡ ♦s ✈❛❧♦r❡s ❞❡ ❝❛♠♣♦s 0u.r. ❛
300u.r.✳ ❆ ✐♠❛❣❡♠ ❜✮ ♠♦str❛ ❝♦♠ ♠❛✐s ❞❡✜♥✐çã♦ ❛s ♣❛ss❛❣❡♥s ❞❡ tr❛♥s✐çõ❡s q✉❡ sã♦ ❞✐❢í❝❡✐s
❞❡ ✈✐s✉❛❧✐③❛r ♥❛ ✐♠❛❣❡♠ ❛✮✳ ❆s ❝♦♥✜❣✉r❛çõ❡s ❞♦s ✈ért✐❝❡s ❞❡ ❝❛❞❛ ♣❧❛tô é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛
❝♦♥✜❣✉r❛çã♦ ❞❡ ✈ért✐❝❡ ❛❜❛✐①♦ ❞❡st❡s✳ ❆ ♣❡q✉❡♥❛ ✐♠❛❣❡♠ ✐♥s❡r✐❞❛ ♥❛ ✐♠❛❣❡♠ ❜✮ é ✉♠❛
❛♠♣❧✐❛çã♦ ♠❛✐s ❞❡t❛❧❤❛❞❛ ❞❛ s❡❣✉♥❞❛ tr❛♥s✐çã♦✱ ♠♦str❛♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✈ért✐❝❡s V 4 ❡ V 6
♥❛ s❡❣✉♥❞❛ tr❛♥s✐çã♦✱ s❡♥❞♦ ♠✉✐t♦ ✐♥❢❡r✐♦r❡s ❛s ❞❡♠❛✐s ♣r❡s❡♥t❡s✳ ❘❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30✳

✹✶
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❉❡✈✐❞♦ à s✐♠❡tr✐❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦✱ ♥❡st❛ ✜❣✉r❛ ❛♥❛❧✐s❛r❡♠♦s s♦✲

♠❡♥t❡ ❛ ♣❛rt❡ ~Bext ≥ 0.0✳ ■♥✐❝✐❛❧♠❡♥t❡✱ ❞❡✈❡✲s❡ ❡♥❢❛t✐③❛r q✉❡ ♦s ♣❧❛tôs ♦❜s❡r✈❛❞♦s ♥❛

✜❣✉r❛ 4.1 sã♦ r❡❛❧♠❡♥t❡ ❝♦♠♣♦st♦s s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡ t✐♣♦ V 1✱ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧

❞❛ r❡❞❡✱ ❡ V 5✱ ♦ ❡st❛❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞♦✳ ❊ss❡s ♣❧❛tôs sã♦ s❡♣❛r❛❞♦s ♣♦r

❞✉❛s tr❛♥s✐çõ❡s✿ ❛ ♣r✐♠❡✐r❛ tr❛♥s✐çã♦ q✉❡ ❧❡✈❛ ❛ r❡❞❡ ❞❡ ❡st❛❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ♠❛❣♥❡✲

t✐③❛❞♦ ♣❛r❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ❡♠ Bext ∼ 85.0✱ ❡ ❛ s❡❣✉♥❞❛ tr❛♥s✐çã♦ q✉❡ ❧❡✈❛ ❛ r❡❞❡

❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ♦ ❡st❛❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞♦✱ ❡♠ Bext ∼ 220.0✳

◆❛ ♣r✐♠❡✐r❛ tr❛♥s✐çã♦✱ ♦s ✈ért✐❝❡s t✐♣♦ V 5 sã♦ ❛♥✐q✉✐❧❛❞♦s ♣❛r❛ ❛ ❝r✐❛çã♦ ❞❡ ✈ért✐❝❡s

t✐♣♦ V 4✳ ▼❛s ❡ss❛ ♠✉❞❛♥ç❛ é r❛♣✐❞❛♠❡♥t❡ ❛❝♦♠♣❛♥❤❛❞❛ ❞❛ ❛♥✐q✉✐❧❛çã♦ ❞♦s ✈ért✐❝❡s

t✐♣♦ V 4 ❡ ❞❛ ❝r✐❛çã♦ ❞❡ ✈ért✐❝❡s t✐♣♦ V 1✱ ❢❛③❡♥❞♦ ❛ss✐♠ ❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s t✐♣♦ V 4

s❡r ♠✉✐t♦ ♣❡q✉❡♥❛✳ ❯♠ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡ é q✉❡ s♦♠❡♥t❡ ♦s s♣✐♥s ❛❧✐♥❤❛❞♦s ❝♦♠ ♦ ❡✐①♦

x̂ tê♠ s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ✐♥✈❡rt✐❞♦s✱ ♦✉ s❡❥❛✱ s♦♠❡♥t❡ ✷ s♣✐♥s ❞❡ ❝❛❞❛ ✈ért✐❝❡

❢♦r❛♠ ✐♥✈❡rt✐❞♦s✳ ❆s ♣❛ss❛❣❡♥s ❞❡st❛ tr❛♥s✐çã♦ sã♦ ❞❡s❝r✐t❛s ♣♦r V 5 → V 4 → V 1✳

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

❞❡ ♠❛✐s ❞♦✐s t✐♣♦s ❞❡ ✈ért✐❝❡s✿ t✐♣♦ V 2 ❡ t✐♣♦ V 6✳ ◆❡st❛ tr❛♥s✐çã♦✱ ✈ért✐❝❡s t✐♣♦ V 1 sã♦

❛♥✐q✉✐❧❛❞♦s ♣❛r❛ ❝r✐❛r ✈ért✐❝❡s t✐♣♦ V 4✳ ❊st❡s sã♦ r❛♣✐❞❛♠❡♥t❡ ❛♥✐q✉✐❧❛❞♦s ♣❛r❛ ❝r✐❛r

✈ért✐❝❡s t✐♣♦ V 2✳ ◆♦t❡ q✉❡ ♦s ✈ért✐❝❡s t✐♣♦ V 2 sã♦ ♠❛✐s ❡stá✈❡✐s q✉❡ ♦s ✈ért✐❝❡s t✐♣♦

V 4✱ ♣♦✐s ❛ s✉❛ ❝r✐❛çã♦ ♥ã♦ é s❡❣✉✐❞❛ r❛♣✐❞❛♠❡♥t❡ ♣♦r s✉❛ ❛♥✐q✉✐❧❛çã♦✳ ❊♠ s❡❣✉✐❞❛✱

❡st❡s ✈ért✐❝❡s sã♦ ❞❡str✉í❞♦s ♣❛r❛ ❛ ❝r✐❛çã♦ ❞❡ ✈ért✐❝❡s t✐♣♦ V 6 ❡ ❡st❡s sã♦ r❛♣✐❞❛♠❡♥t❡

❞❡str✉í❞♦s ♣❛r❛ ❛ ❝r✐❛çã♦ ❞❡ ✈ért✐❝❡s t✐♣♦ V 5✳ ❆s ♣❛ss❛❣❡♥s ❞❡st❛ tr❛♥s✐çã♦ sã♦ ❞❡s❝r✐t❛s

♣♦r V 1 → V 4 → V 2 → V 6 → V 5✳ ◆❡st❛ tr❛♥s✐çã♦ ♦❜s❡r✈❛♠♦s q✉❡ ♦s s♣✐♥s q✉❡ ♥ã♦

❢♦r❛♠ ✐♥✈❡rt✐❞♦s ♥❛ ♣r✐♠❡✐r❛ tr❛♥s✐çã♦✱ ❛q✉❡❧❡s q✉❡ ♥ã♦ ❡stã♦ ❛❧✐♥❤❛❞♦s ❝♦♠ ♦ ❡✐①♦

x̂✱ tê♠ s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ✐♥✈❡rt✐❞♦s ♥❡st❛ tr❛♥s✐çã♦✳ ❆♦ ✜♥❛❧ ❞❡st❛s ❞✉❛s

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

❞❡ ✉♠ s✐st❡♠❛ ❝♦♠♣♦st♦ s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s V 5−x ✭✈ért✐❝❡s V 5 ❝♦♠ ♠❛❣♥❡t✐③❛çã♦ ♥❛

❞✐r❡çã♦ −x̂✮ ♣❛r❛ ✉♠ s✐st❡♠❛ ❝♦♠♣♦st♦ s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s V 5+x ✭✈ért✐❝❡s V 5 ❝♦♠

♠❛❣♥❡t✐③❛çã♦ ♥❛ ❞✐r❡çã♦ +x̂✮

❆♦ ❝♦♥s✐❞❡r❛r ❛ ❞❡s♦r❞❡♠✱ ✈❡r❡♠♦s q✉❡ ❡st❛ ❛❧t❡r❛ ♠✉✐t♦ ❛ ❞✐♥â♠✐❝❛ ♥❛ r❡❞❡✱

♦ q✉❡ ♥ã♦ ♣♦❞❡ s❡r ♥♦t❛❞♦ ♥❛ ✜❣✉r❛ 4.1✳ ❆ ✜❣✉r❛ 4.3 ♠♦str❛ ♦ ❣rá✜❝♦ ❞❛ ❢r❛çã♦ ❞❛

♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱ ❝♦♠ ✐❧❤❛s ❝♦♠ ❞❡s♦r❞❡♠
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❞❡ b′i = 10.0%✳

❋✐❣✉r❛ ✹✳✸✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext ♣❛r❛ ❞❡s♦r✲
❞❡♠ ❞❡ b′i = 10.0%✳ ❘❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30✳

◆❛ ✜❣✉r❛ 4.3 ♣❡r❝❡❜❡✲s❡ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s é s✐♠✐❧❛r

❛♦ ❞❛ ✜❣✉r❛ 4.2✱ ✉♠❛ r❡❞❡ s❡♠ ❞❡s♦r❞❡♠✱ ♠❛s ♥❡st❛ ❛♣r❡s❡♥t❛ ✉♠ ❣r❛♥❞❡ ❝r❡s❝✐♠❡♥t♦

❞❡ ♣♦♣✉❧❛çõ❡s ❞❡ ✈ért✐❝❡s t✐♣♦ V 4 ❡ V 6✳ ❖ ❝r❡s❝✐♠❡♥t♦ ❞❡st❡s ✈ért✐❝❡s ❡stá ❞✐r❡t❛♠❡♥t❡

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

❞❡s♦r❞❡♠✱ ♠❛✐♦r s❡rá ❛ ❝r✐❛çã♦ ❞❡st❡s t✐♣♦s ❞❡ ✈ért✐❝❡s✳ ❆ r❛③ã♦ ❞✐st♦ ❡stá ❧✐❣❛❞❛ à

❞❡s♦r❞❡♠ ♥♦s sít✐♦s✱ ♦s q✉❛✐s ♣♦❞❡♠ t❡r s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ♠❛✐s s✉s❝❡♣tí✈❡✐s

✭b′i < 0.0✮ ♦✉ ♠❡♥♦s s✉s❝❡♣tí✈❡✐s ✭b′i > 0.0✮ ❛♦ ❛❧✐♥❤❛♠❡♥t♦ ❝♦♠ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡①t❡r♥♦✳ ◆❛ ♣r✐♠❡✐r❛ tr❛♥s✐çã♦✱ ✈ár✐♦s sít✐♦s ❝♦♠ b′i < 0.0 t❡rã♦ s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥é✲

t✐❝♦s ✐♥✈❡rt✐❞♦s ♣❛r❛ ✐♥t❡♥s✐❞❛❞❡s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ♠❡♥♦r❡s ❞♦ q✉❡ ❛s r❡❞❡s

s❡♠ ❞❡s♦r❞❡♠✱ ❣❡r❛♥❞♦ ✉♠❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s t✐♣♦ V 4 ♣❡❧❛ tr❛♥s✐çã♦ V 5 → V 4✳

❆❧❣✉♥s ❞❡st❡s ✈ért✐❝❡s s❡rã♦ ♠❛✐s ❡stá✈❡✐s✱ ♠❡s♠♦ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱ ❞❡✈✐❞♦ ❛ ♣r❡s❡♥ç❛ ❞❡ sít✐♦s ❝♦♠ b′i > 0.0✳ ❆ss✐♠✱ ❛ ♣♦♣✉❧❛✲

çã♦ ❞❡ ✈ért✐❝❡ V 4 s❡rá ❝r❡s❝❡♥t❡ ❛té ✉♠ ✈❛❧♦r ❧✐♠✐t❡ ❞❡ ❝❛♠♣♦✱ ♥♦ q✉❛❧ ♦s sít✐♦s ❝♦♠
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b′i > 0.0 t❛♠❜é♠ t❡rã♦ ♦s s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ✐♥✈❡rt✐❞♦s✱ s❡♠♣r❡ ❞✐♠✐♥✉✐♥❞♦

❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡ V 4 ♣❛r❛ ✐♥t❡♥s✐❞❛❞❡s ♠❛✐♦r❡s ❞♦ q✉❡ ❛ ❧✐♠✐t❡✳ ❯♠ ♣r♦❝❡ss♦

s✐♠✐❧❛r ♦❝♦rr❡ ♥❛ s❡❣✉♥❞❛ tr❛♥s✐çã♦✱ ❛✉♠❡♥t❛♥❞♦ ❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s V 4 ❡ V 6 ❡

r❡❞✉③✐♥❞♦ ❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡ V 2✳ ❉❡✈✐❞♦ ❛♦ ❝r❡s❝✐♠❡♥t♦ ❞❡st❡s ✈ért✐❝❡s✱ ♦ t❛♠❛✲

♥❤♦ ❞♦ ♣❧❛tô ❞♦ ✈ért✐❝❡ V 1 é r❡❞✉③✐❞♦✱ ❣❡r❛♥❞♦ ✉♠❛ ❞✐✜❝✉❧❞❛❞❡ ❡♠ s❡ ♦❜t❡r ♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ ❞♦ s✐st❡♠❛✳

❖✉tr♦ ✈ért✐❝❡ q✉❡ ❛♣❛r❡❝❡ ♥❡st❛ tr❛♥s✐çã♦✱ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ♠✉✐t♦ ♠❡♥♦r ❡♠

r❡❧❛çã♦ ❛♦s ❞❡♠❛✐s ♦❜s❡r✈❛❞♦s✱ é ♦ ✈ért✐❝❡ t✐♣♦ V 7✳ ❉✐❢❡r❡♥t❡ ❞♦s ♦✉tr♦s ✈ért✐❝❡s✱ ♦

✈ért✐❝❡ t✐♣♦ V 7 ❛♣❛r❡❝❡ ❛♦ ❛❝❛s♦✱ ♣♦❞❡♥❞♦ ❛♣❛r❡❝❡r ♦✉ ♥ã♦ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡

❞❡s♠❛❣♥❡t✐③❛çã♦ ❞❡ ✉♠❛ r❡❞❡✳ ❆❝r❡❞✐t❛✲s❡ q✉❡ ♦ s❡✉ ❛♣❛r❡❝✐♠❡♥t♦ ❛❝♦♥t❡ç❛ ❞❡✈✐❞♦

❛ ✈ért✐❝❡s q✉❡ t❡♥❤❛♠ ❞♦✐s sít✐♦s b′i < 0.0 ❡ ❞♦✐s sít✐♦s b′i > 0.0✱ ❛❧é♠ ❞♦s ♦✉tr♦s ❞♦✐s

sít✐♦s q✉❡ ❥á t✐✈❡r❛♠ ❛ s✉❛ ♠❛❣♥❡t✐③❛çã♦ ✐♥✈❡rt✐❞❛ ♥❛ ♣r✐♠❡✐r❛ tr❛♥s✐çã♦✳ ◆❛ ✜❣✉r❛ 4.4

♠♦str❛♠♦s ✉♠❛ ♣❡q✉❡♥❛ ✐❧✉str❛çã♦ ❞❡st❛ ❝♦♥✜❣✉r❛çã♦ ❡ ❝♦♠♦ ❛❝♦♥t❡❝❡r✐❛ ❛ ❝r✐❛çã♦

❞❡st❡s ✈ért✐❝❡s✳

❋✐❣✉r❛ ✹✳✹✿ ❆ ✜❣✉r❛ ❛❝✐♠❛ ♠♦str❛ ❛ ♣❛ss❛❣❡♠ ❞❡ ✉♠ ✈ért✐❝❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❡st❛❞♦
❢✉♥❞❛♠❡♥t❛❧ V 1 ✭❛✮ ♣❛r❛ ♦ ❡st❛❞♦ ♠❛❣♥❡t✐③❛❞♦ V 5 ✭❝✮✳ ◆❡st❛ ♣❛ss❛❣❡♠✱ ♦ ✈ért✐❝❡ ✐♥t❡r♠❡✲
❞✐ár✐♦ ❡♥tr❡ ❡ss❡s ❞♦✐s é ♦ V 7 ✭❜✮✳ ❖s s♣✐♥s ❞❡ ♣r❡t♦ sã♦ s♣✐♥s ♥❡✉tr♦s✱ ❝✉❥❛ ❛ ❞❡s♦r❞❡♠ ♥ã♦
é ✐♠♣♦rt❛♥t❡✱ ♦s s♣✐♥s ❛③✉✐s t❡♠ b′i < 0.0 ❡ ♦s s♣✐♥s ✈❡r♠❡❧❤♦s t❡♠ b′i > 0.0✳

◆♦ ♣r♦❝❡ss♦ ❞❡s❝r✐t♦ ♣♦r ❡st❛ ✜❣✉r❛✱ ✈❡♠♦s q✉❡ ♦s s♣✐♥s ❛③✉✐s ✭b′i < 0.0✮ sã♦

♦s ♣r✐♠❡✐r♦s ❛ t❡r❡♠ ♦s ♠♦♠❡♥t♦s ✐♥✈❡rt✐❞♦s✱ s❛✐♥❞♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ V 1 ♣❛r❛ ❛ ❝♦♥✜✲

❣✉r❛çã♦ V 7✳ ❊ ❧♦❣♦ ❡♠ s❡❣✉✐❞❛✱ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡①t❡r♥♦✱ ♦s s♣✐♥s ✈❡r♠❡❧❤♦s ✭b′i > 0.0✮✱ t❡rã♦ ♦s s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ✐♥✈❡rt✐❞♦s✱

❣❡r❛♥❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✈ért✐❝❡ V 5✳ ❊st❛t✐st✐❝❛♠❡♥t❡✱ ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ❛ ♣r♦✲
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❜❛❜✐❧✐❞❛❞❡ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❛ ✜❣✉r❛ 4.4 ❛♣❛r❡❝❡r ♥❛ r❡❞❡ ♥ã♦ s❡r✐❛ tã♦ ♣❡q✉❡♥❛ ✭1/16

❝❛s♦ ❝♦♥s✐❞❡ráss❡♠♦s q✉❡ ♦s s♣✐♥s ✈❡r♠❡❧❤♦s ❡ ❛③✉✐s tê♠ ✐❣✉❛✐s ♣r♦❜❛❜✐❧✐❞❛❞❡s ❞❡ 1/2

❡♠ ❛❞♦t❛r❡♠ ✈❛❧♦r❡s b′i 6= 0.0✮✳ ▼❛s ❛♦ ❛♥❛❧✐s❛r ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦♥✜❣✉r❛çã♦ ❞❛ ✜❣✉r❛

2.15✱ ✈❡♠♦s q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦♥✜❣✉r❛çã♦ ❞♦ ✈ért✐❝❡ V 7 ✭27D✮ é ❡ é ♠❛✐s ❞♦ q✉❡ ♦

❞♦❜r♦ ❞♦ q✉❡ ♦ ✈ért✐❝❡ V 6 ✭13D✮✳ ❉❡✈✐❞♦ ❛ ✐st♦✱ ❡s♣❡r❛✲s❡ q✉❡ ❛ ♣❛ss❛❣❡♠ ❞❛ ✜❣✉r❛

4.4 s♦♠❡♥t❡ ❛❝♦♥t❡ç❛ ❝❛s♦ t♦❞♦s ♦s ✈❛❧♦r❡s ❞❡ b′i ❛❞♦t❛ss❡♠ ✈❛❧♦r❡s ❣r❛♥❞❡s✱ q✉❡ s❡r✐❛

❡st❛t✐st✐❝❛♠❡♥t❡ ♠❛✐s ❞✐❢í❝✐❧ ❞❡ ♦❝♦rr❡r✳ ❊st❛ ❝♦♥❝❧✉sã♦ ❡stá ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s ❞❛❞♦s

♦❜t✐❞♦s ❞❛ ✜❣✉r❛ 4.3✱ ♠❛s t❛❧✈❡③ ♥ã♦ s❡❥❛ ❛ ú♥✐❝❛ ❡①♣❧✐❝❛çã♦✳

P❛r❛ ✜♥❛❧✐③❛r ❡st❛ s❡çã♦✱ ✈❛♠♦s ❛♥❛❧✐s❛r ♠❡❧❤♦r q✉❛✐s ♦s ❡❢❡✐t♦s ❞❛ ❞❡s♦r❞❡♠ ♥❛

❞✐♥â♠✐❝❛ ❞❡ ✈ért✐❝❡s ❞✉r❛♥t❡ ❡st❡ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦✳ ❆ ✜❣✉r❛ 4.5 ♠♦str❛ ♦

❣rá✜❝♦ ❞❛ ❞✐♥â♠✐❝❛ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱

❝♦♠ ✐❧❤❛s ❝♦♠ ❞❡s♦r❞❡♠ ❞❡ b′i = 20.0%✳

❋✐❣✉r❛ ✹✳✺✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext ♣❛r❛ ❞❡s♦r✲
❞❡♠ ❞❡ b′i = 20.0%✳ ❘❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30✳

◆❡st❛ ✜❣✉r❛✱ ♣♦❞❡♠♦s ♥♦t❛r q✉❡ ♣❛r❛ ❞❡s♦r❞❡♥s ♠✉✐t♦ ❣r❛♥❞❡s ♦ ♣❧❛tô ❞❡ ✈ér✲

t✐❝❡ V 1 é r❡❞✉③✐❞♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✱ t❛♥t♦
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❡♠ s✉❛ ❛❧t✉r❛ q✉❛♥t♦ ❡♠ s✉❛ ❧❛r❣✉r❛✳ ▼❡s♠♦ ❛ss✐♠✱ ✈❡♠♦s q✉❡ ❡st❡ ♣r♦❝❡ss♦ ♦❢❡r❡❝❡

❜♦♥s r❡s✉❧t❛❞♦s✱ ♣♦✐s ❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s V 1❝❤❡❣❛ ❛ s❡r s✉♣❡r✐♦r ❛ 95%✳ ❆ ❞✐✲

♠✐♥✉✐çã♦ ❞♦ ♣❧❛tô ❞❡ ✈ért✐❝❡ V 1 ♦❝♦rr❡ ❞❡✈✐❞♦ ❛♦s sít✐♦s ❝♦♠ b′i ≫ 0.0 q✉❡ tê♠ s❡✉s

♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s s♦♠❡♥t❡ ♥❛ ❞✐r❡çã♦ x̂ ❡ ❛♦s sít✐♦s ❝♦♠ b′i ≪ 0.0 q✉❡ tê♠ ♦s s❡✉s

♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❛♦ ❧♦♥❣♦ ❞❡ ❛♠❜♦s ♦s ❡✐①♦s ❞♦ ♣❧❛♥♦✳ ❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡

❞❡s♠❛❣♥❡t✐③❛çã♦✱ ♦s sít✐♦s ❝♦♠ b′i ≫ 0.0 t❡rã♦ ♦s s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ✐♥✈❡rt✐❞♦s

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

♣❧❛tô V 1✱ ❡ ♦s sít✐♦s ❝♦♠ b′i ≪ 0.0✱ t❡rã♦ ♦s s❡✉s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ✐♥✈❡rt✐❞♦s ♣❛r❛

♣❡q✉❡♥❛s ✐♥t❡♥s✐❞❛❞❡s ❞❡ ❝❛♠♣♦✱ ♣♦❞❡♥❞♦ s❡r ✐♥✈❡rt✐❞♦s ❛té ♠❡s♠♦ ❛♥t❡s ❞♦s sít✐♦s

❝♦♠ ♠❛❣♥❡t✐③❛çã♦ s♦♠❡♥t❡ ❡♠ x̂✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛q✉❡❧❡s ❝♦♠ b′i ≫ 0.0✳ ◆❡st❡ ♠❡s♠♦

❣rá✜❝♦✱ ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♦s ✈ért✐❝❡s t✐♣♦ V 4 sã♦ ♦s ♠❛✐s ♣r❡s❡♥t❡s ❞✉r❛♥t❡ t♦❞♦

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

◆❡st❛ s✉❜s❡çã♦✱ ✈✐♠♦s q✉❡ ♦ ♣r♦❝❡ss♦ s✐♠✐❧❛r ❛♦ ❞❡ ❤✐st❡r❡s❡ é ✉♠ ❜♦♠ ♣r♦❝❡ss♦

❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❞♦s ❣❡❧♦s ❞❡ s♣✐♥s tr✐❛♥❣✉❧❛r❡s ❛rt✐✜❝✐❛✐s s❡♠ ❞❡s♦r❞❡♠✳ ❱✐♠♦s q✉❡

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

❡ ❛s r❡❞❡s ❝♦♠ ❣r❛♥❞❡s ❞❡s♦r❞❡♠ ❝♦♥s❡❣✉✐r❛♠ ♦❜t❡r ✉♠❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡ V 1

s✉♣❡r✐♦r ❛ 95%✱ ♦s ♠❡s♠♦s q✉❡ ❝♦♠♣õ❡♠ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳

✹✳✶✳✷ ❙❡❣✉♥❞❛ ❛♥á❧✐s❡✿ ❉❡s❛❧✐♥❤❛♠❡♥t♦ r❡❞❡✲❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡①t❡r♥♦ ❡ ❞❡s♦r❞❡♠ ♥♦s sít✐♦s ❞❛ r❡❞❡

❯♠ ❞♦s ♣r♦❜❧❡♠❛s q✉❡ ♣♦❞❡r✐❛ ❛♣❛r❡❝❡r ♥❛ ❡①❡❝✉çã♦ ❞❡st❡ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡

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

❞❡ ❣❡❧♦s ❞❡ s♣✐♥s✱ ❞❡✈✐❞♦ às ♣❡q✉❡♥❛s ❞✐♠❡♥sõ❡s ❞❛ r❡❞❡✳ ◆❡st❡ ♣r♦❝❡ss♦ ❢♦✐ ♦❜s❡r✲

✈❛❞♦ q✉❡ ♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❝♦♠ ♦ ❡✐①♦ x̂ ❞❛ r❡❞❡ ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ♣r♦✈♦❝❛

♠✉❞❛♥ç❛s ♥♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❛♥t❡r✐♦r♠❡♥t❡✳ ❊ss❛s ♠✉❞❛♥ç❛s s❡rã♦ ❛♣r❡s❡♥t❛❞❛s

❡♠ três ♣❛rt❡s✿ ♥❛ ♣r✐♠❡✐r❛ ♣❛rt❡ ❞❡ss❛ ❛♥❛❧✐s❡ s❡rá ❢❡✐t❛ ♣❛r❛ ♦ ❡st✉❞♦ ❞♦ ❞❡s❛❧✐♥❤❛✲

♠❡♥t♦ ♥❛s r❡❞❡s s❡♠ ❞❡s♦r❞❡♠✱ ♥❛ s❡❣✉♥❞❛ s❡rá ❢❡✐t♦ ♦ ❡st✉❞♦ ❞♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❡♠

r❡❞❡s ❝♦♠ ❞❡s♦r❞❡♠❀ ❡ ♥❛ ú❧t✐♠❛✱ s❡rá ❢❡✐t♦ ♦ ❡st✉❞♦ ❞♦s ❡❢❡✐t♦s ❞❛ ❞❡s♦r❞❡♠ ❡♠ ✉♠❛

r❡❞❡ q✉❡ ♥ã♦ ❡stá ❛❧✐♥❤❛❞❛ ❝♦♠ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ ❉❡✈✐❞♦ à s✐♠❡tr✐❛ ❞♦ s✐s✲

t❡♠❛✱ ♦s r❡s✉❧t❛❞♦s ❞❡st❛ s✉❜s❡çã♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♣❛r❛ â♥❣✉❧♦s ❞❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦s
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θ ≥ 0.0♦✳

❊st✉❞♦s ❞♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❡♠ r❡❞❡ ❝♦♠ sít✐♦s s❡♠ ❞❡s♦r❞❡♠

❆ ✜❣✉r❛ 4.6 ♠♦str❛ ❝♦♠♦ ♦s ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s ❞❡ ✐♠♣r❡❝✐sã♦ ❝♦♠ ♦ ❡✐①♦ +x̂

♣♦❞❡♠ ❛❢❡t❛r ❛ ♠❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ ♥❛s r❡❞❡s s❡♠ ❞❡s♦r❞❡♠✳

❋✐❣✉r❛ ✹✳✻✿ ▼❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ ❞♦ s✐st❡♠❛ Mag ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦
Bext✳ ❆s ❞✐❢❡r❡♥t❡s ❝✉r✈❛s r❡♣r❡s❡♥t❛♠ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s ❞❡ ✉♠❛ r❡❞❡ ❞❡ t❛♠❛♥❤♦ 30 s❡♠
❞❡s♦r❞❡♠✳

◆❡st❛ ✜❣✉r❛ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ♦s ❞❡s❛❧✐♥❤❛♠❡♥t♦s ❞♦ ❝❛♠♣♦ ❝♦♠ ❛ ♣❧❛❝❛ ♥ã♦

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

③❛çã♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❡st❡s ❞✐♠✐♥✉❡♠ ♦ t❛♠❛♥❤♦ ❞♦ ♣❧❛tô ❞❡ Mag ≈ 0.0✱ ❝♦♠♣♦st♦

s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s V 1✱ ❡ ❣❡r❛♠ t❛♠❜é♠ ✉♠ ♥♦✈♦ ♣❧❛tô✳ ❊st❡ ♥♦✈♦ ♣❧❛tô r❡♣r❡s❡♥t❛

✉♠ ♥♦✈♦ ❡st❛❞♦ ♠❛❣♥❡t✐③❛❞♦ Magxy✱ ♥❛ q✉❛❧ ❛ ♠❛❣♥❡t✐③❛çã♦ ❡stá ❛♦ ❧♦♥❣♦ ❞♦s ❡✐①♦s

x̂ ❡ ŷ✳ ❆ ❞✐♠✐♥✉✐çã♦ ❞♦ ♣❧❛tô Mag ≈ 0.0✱ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❡ ♦ t❛♠❛♥❤♦ ❞♦ ♥♦✈♦ ♣❧❛tô

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

−ŷ✳ P❛r❛ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞❡st❡ ♣r♦❝❡ss♦ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ✐❧✉str❛çõ❡s ❞❛s

❝♦♥✜❣✉r❛çõ❡s ❞❡ ✈ért✐❝❡s ❞♦s q✉❛tr♦ ♣❧❛tôs ❞❛ ✜❣✉r❛ 4.10 q✉❛♥❞♦ ✈❛r✐❛✲s❡ ♦ ❝❛♠♣♦
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♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❞❡ Bext = +200.0 ❛té Bext = −200.0✳

❋✐❣✉r❛ ✹✳✼✿ ■❧✉str❛çã♦ ❞❛ ❞✐♥â♠✐❝❛ ❞❡ ✉♠ ✈ért✐❝❡ ❞❛ r❡❞❡✳ ❆s ✐♠❛❣❡♥s ❛✮✱ ❜✮✱ ❝✮ ❡ ❞✮ sã♦✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛s ❝♦♥✜❣✉r❛çõ❡s ❞♦ ♣r✐♠❡✐r♦✱ ❞♦ s❡❣✉♥❞♦✱ ❞♦ t❡r❝❡✐r♦ ❡ ❞♦ q✉❛rt♦ ♣❧❛tôs ♣r❡✲
s❡♥t❡s ♥❛ ✜❣✉r❛ 4.6✳ ❆ ✐♠❛❣❡♠ ❡✮ s❡r✈❡ ♣❛r❛ ♥♦♠❡❛r ❝❛❞❛ ❣r✉♣♦ ❞❡ s♣✐♥s ❞❛ r❡❞❡✳ ❊①♣❧✐❝❛çõ❡s
❛❞✐❝✐♦♥❛✐s ❡♥❝♦♥tr❛♠✲s❡ ♥♦ t❡①t♦

◆❛ ✜❣✉r❛ 4.7✱ ❛ ♣❛ss❛❣❡♠ 4.7.a) → 4.7.b) r❡♣r❡s❡♥t❛ ❛ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❞❛ ♣❧❛❝❛

❞♦ ❡st❛❞♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞♦ ♣❛r❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳ ❆ ❞✐♥â♠✐❝❛ ❞❡st❡

♣r♦❝❡ss♦✱ ❝♦♠♦ ❢♦✐ ♦❜s❡r✈❛❞♦ ♥❛ ✜❣✉r❛ 4.6✱ ♥ã♦ ❢♦✐ ❛❢❡t❛❞❛ ♣❡❧♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞♦

❝❛♠♣♦ ❝♦♠ ❛ ♣❧❛❝❛ ❡✱ ♣♦r ❡ss❡ ♠♦t✐✈♦✱ s♦♠❡♥t❡ ♦s ❙ít✐♦s ✶ t✐✈❡r❛♠ s❡✉s ♠♦♠❡♥t♦s

♠❛❣♥ét✐❝♦s ✐♥✈❡rt✐❞♦s ✭✈❡❥❛ ❛ ✜❣✉r❛ 4.7.e)✮✳ ▼❛s ❛♦ t❡♥t❛r ♠❛❣♥❡t✐③❛r ❛ r❡❞❡✱ s❛✐r

❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ 4.7.b) ❡ ✐r ♣❛r❛ ♦ ❡st❛❞♦ ♠❛❣♥❡t✐③❛❞♦ 4.7.d)✱ ✈❡♠♦s q✉❡ ❡①✐st❡

✉♠❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦ ✐♥t❡r♠❡❞✐❛r✐❛✱ ✉♠❛ ❝♦♠ ♠❛❣♥❡t✐③❛çã♦ ♥❛s ❞✐r❡çõ❡s −x̂ ❡ −ŷ✳
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❊st❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦ é ❣❡r❛❞❛ ❣r❛ç❛s à ❝♦♠♣♦♥❡♥t❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ♥❛

❞✐r❡çã♦ −ŷ✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦ 3.8✱ ❛ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦

♥❛ ❞✐r❡çã♦ −ŷ ♣r✐✈✐❧❡❣✐❛ ❛ ✐♥✈❡rsã♦ ❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s ❙ít✐♦s ✷✳ ❖❜s❡r✈❡

q✉❡ ♦ ♣r♦❝❡ss♦ 4.7.b) → 4.7.c) é ❡①❛t❛♠❡♥t❡ ♦ ♣r♦❝❡ss♦ ✐♥✈❡rs♦ ❞♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦

4.7.a) → 4.7.b)✱ ♠❛s ❝♦♠ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❛ r❡❞❡ ♥❛s ❞✐r❡çõ❡s x̂ ❡ ŷ✳ ◆❛ ✜❣✉r❛ 4.6

✈✐♠♦s q✉❡ ❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ♣❧❛tô Mag ≈ 0.0 ❡ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞♦ ♥♦✈♦ ♣❧❛tô ❡stã♦

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

❞♦ ❝❛♠♣♦ ♥❛ ❞✐r❡çã♦ −ŷ✳ ❙❛❜❡✲s❡ q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ ❞✐r❡çã♦

−ŷ ✭ ~By✮ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛ | ~Bext| ·sin θ✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ q✉❛♥t♦ ♠❛✐♦r ♦ ✈❛❧♦r

❞❡ θ ♠❛✐♦r s❡rá ♦ ✈❛❧♦r ❞❡ ~By✳ ❊♥tã♦✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♣❛r❛ ❣r❛♥❞❡s ✈❛❧♦r❡s ❞❡ θ✱ ♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ ❞✐r❡çã♦ −ŷ é ❣r❛♥❞❡ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ✐♥✈❡rt❡r r❛♣✐❞❛♠❡♥t❡ t♦❞♦s

❙ít♦s ✷✱ ❞✐♠✐♥✉✐♥❞♦ ♦ ♣❧❛tô Mag ≈ 0.0 ❡ ❝r✐❛♥❞♦ ✉♠ ♥♦✈♦ ♣❧❛tô V 5xy ✭❝♦♠♣♦st♦ ♣♦r

✈ért✐❝❡s V 5 ♠❛s ❝♦♠ ❛ ♠❛❣♥❡t✐③❛çã♦ ♥♦s ❡✐①♦s x̂ ❡ ŷ✮✳ ❱❡❥❛ q✉❡ ❡st❡ ♠❡s♠♦ ❝❛♠♣♦✱

t❡♥t❛ ♠❛♥t❡r ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s ❙ít✐♦s ✸ ❛♣♦♥t❛♥❞♦ ♥❛ ❞✐r❡çã♦ −ŷ ♣♦r ♠❛✐s

t❡♠♣♦✱ ♠❡s♠♦ ♥❛ ♣r❡s❡♥ç❛ ❞❛ ♦✉tr❛ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❝❛♠♣♦ ♥❛ ❞✐r❡çã♦ −x̂ t❡♥t❛♥❞♦

✐♥✈❡rt❡r ❡st❡s ♠♦♠❡♥t♦s ❡♠ ♦✉tr❛ ❞✐r❡çã♦✳ ❉❡✈✐❞♦ ❛ ✐st♦✱ ♣❡r❝❡❜❡♠♦s q✉❡ ♦ t❛♠❛♥❤♦

❞♦ ♣❧❛tô V 5xy é ♣r♦♣♦r❝✐♦♥❛❧ ❛ θ ✭ ~By✮✳ ❊ ♣♦r ✜♠✱ ♦❜s❡r✈❛♠♦s ♠❡s♠♦ ♣❛r❛ ♦ ♠❛✐♦r

✈❛❧♦r ❞❡ θ✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ ❞✐r❡çã♦ −x̂ ❛❞q✉✐r❡ ✈❛❧♦r❡s ❣r❛♥❞❡s ♦ s✉✜❝✐❡♥t❡

♣❛r❛ ❝♦♥s❡❣✉✐r ✐♥✈❡rt❡r ♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s ❙ít✐♦s ✸✳ ❊st❡ ❢❛t♦ ❡stá ✐❧✉str❛❞♦

♣❡❧❛ ♣❛ss❛❣❡♠ ❞❡ 4.7.c) ❛ 4.7.d)✱ ❡♠ q✉❡ ♦s ✈ért✐❝❡s V 5xy ♣❛ss❛♠ ♣❛r❛ ✈ért✐❝❡s V 5x

✭✈ért✐❝❡s ❝♦♠ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ s♦♠❡♥t❡ ♥♦ ❡✐①♦ x̂✮ ❡ ❛ r❡❞❡ ✜♥❛❧♠❡♥t❡ t❡♠ ❛ s✉❛

♠❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ✐♥✈❡rt✐❞❛✳

❆ ❞✐♥â♠✐❝❛ ❞❡s❝r✐t❛ ❛❝✐♠❛ ♣♦❞❡ s❡r ♠❡❧❤♦r ❝♦♠♣r❡❡♥❞✐❞❛ ❝♦♠ ❛✉①í❧✐♦ ❞❛ ✜❣✉r❛

4.8✳ ❊st❛ ✜❣✉r❛ ♠♦str❛ ❛ ❞✐♥â♠✐❝❛ ❞❡ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ♣❛r❛ â♥❣✉❧♦ ❞❡ 10.0♦✳
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❋✐❣✉r❛ ✹✳✽✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext ❡♠ ✉♠
â♥❣✉❧♦ ❞❡ 10.0♦ ❝♦♠ sít✐♦s ❞❡ ❞❡s♦r❞❡♠ ♥✉❧❛✳ ❆ ✐♠❛❣❡♠ a) ♠♦str❛ ♦ ♣r♦❝❡ss♦ ❡♥tr❡ ♦s ✈❛❧♦r❡s
❞❡ ❝❛♠♣♦s 0u.r. ❛ 360u.r.✳ ❆ ✐♠❛❣❡♠ ❜✮ ♠♦str❛ ❝♦♠ ♠❛✐s ❞❡✜♥✐çã♦ ❛s ♣❛ss❛❣❡♥s ❞❡ tr❛♥s✐çõ❡s
q✉❡ sã♦ ❞✐❢í❝❡✐s ❞❡ ✈✐s✉❛❧✐③❛r ♥❛ ✐♠❛❣❡♠ ❛✮✳ ❆s ❝♦♥✜❣✉r❛çõ❡s ❞♦s ✈ért✐❝❡s ❞❡ ❝❛❞❛ ♣❧❛tô é
r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✈ért✐❝❡ ❛❜❛✐①♦ ❞❡st❡s✳❘❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30✳

❆♦ ❛♥❛❧✐s❛r ❛s ✜❣✉r❛s 4.2 ❡ 4.8✱ ♣♦❞❡✲s❡ ♥♦t❛r q✉❡ ❡①✐st❡♠ três ❞✐❢❡r❡♥ç❛s s✐❣♥✐✜✲

❝❛t✐✈❛s✳ ❆ ♣r✐♠❡✐r❛ ❡stá ♥❛ ❣r❛♥❞❡ ❞✐♠✐♥✉✐çã♦✱ q✉❛s❡ ❡①t✐♥çã♦✱ ❞♦s ✈ért✐❝❡s t✐♣♦ V 2 ♥❛
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s❡❣✉♥❞❛ tr❛♥s✐çã♦ ❞❡ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s✳ ❆ s❡❣✉♥❞❛ ❞✐❢❡r❡♥ç❛ é ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡

✉♠❛ t❡r❝❡✐r❛ tr❛♥s✐çã♦✱ ❢❡✐t❛ ♣❡❧❛ ♠✉❞❛♥ç❛s ❞❡ ✈ért✐❝❡s V 5xy → V 6 → V 5x✳ ❱❡❥❛ q✉❡

♦ ✈ért✐❝❡ t✐♣♦ V 6 é ✉♠ ✈ért✐❝❡ ❞❡ tr❛♥s✐çã♦✱ ✉♠ ❢❛t♦ ❥á ♦❜s❡r✈❛❞♦ ❛♥t❡s ♥❛ ✜❣✉r❛ 4.2✳

❊ ú❧t✐♠❛ ❞✐❢❡r❡♥ç❛✱ é ❛ ♠✉❞❛♥ç❛ ❞❛ ♣♦s✐çã♦ ❞❛ s❡❣✉♥❞❛ tr❛♥s✐çã♦✳ ◆♦ ❝❛s♦ ❞♦ ❝❛♠♣♦

♣❡r❢❡✐t❛♠❡♥t❡ ❛❧✐♥❤❛❞♦✱ ✜❣✉r❛ 4.2✱ ❛ s❡❣✉♥❞❛ tr❛♥s✐çã♦ ♦❝♦rr❡ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

| ~Bext| = 220D/µ ❡ ♣❛r❛ ♦ ❝❛s♦ ❝♦♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞❡ θ = 10.0♦✱ ✜❣✉r❛ 4.7✱ ❛ s❡❣✉♥❞❛

tr❛♥s✐çã♦ ♦❝♦rr❡ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡♠ | ~Bext| = 180D/µ✳ ❆ ❞✐♥â♠✐❝❛ ❞❡ ♣♦♣✉❧❛çã♦

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

♣♦r V 5x → V 4 → V 1 → V 4 → V 5xy → V 6 → V 5x✳

◆❡st❛ s✉❜s❡çã♦✱ ♦❜s❡r✈❛♠♦s q✉❡ ♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦

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

❝♦♠ ❞❡s♦r❞❡♠✱ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❛ r❡❞❡ ❡stá ♠❛✐s ❜❡♠ ❞❡✜♥✐❞♦✱ ❝♦♠♦ ♣♦❞❡✲s❡

❝♦♠♣❛r❛r ♥❛s ✜❣✉r❛s 4.2 ❡ 4.8✳ ❆ss✐♠✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r q✉❡ ♦ ♣r♦❝❡ss♦ s✐♠✐❧❛r ❛♦ ❞❡

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

❞❡ ❣❡❧♦s ❞❡ s♣✐♥s tr✐❛♥❣✉❧❛r❡s ❛rt✐✜❝✐❛✐s✱ ♠❡s♠♦ s❡ ❡st❛ r❡❞❡ ❡stá ❞❡s❛❧✐♥❤❛❞❛ ❝♦♠ ♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳

❊st✉❞♦s ❞♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❡♠ r❡❞❡ ❝♦♠ sít✐♦s ❝♦♠ ❞❡s♦r❞❡♠

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

t❡r♥♦ ❛❢❡t❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠❛ r❡❞❡ ❝♦♠ ❞❡s♦r❞❡♠✳ ■♥✐❝✐❛❧♠❡♥t❡ ♠♦str❛r❡♠♦s

❝♦♠♦ ❡st❡ ❛❢❡t❛ ❛s r❡❞❡s ❝♦♠ b′i = 10.0% ❞❡ ❞❡s♦r❞❡♠ ❡ ❡♠ s❡❣✉✐❞❛ ❛s r❡❞❡s ❝♦♠

b′i = 20.0% ❞❡ ❞❡s♦r❞❡♠✳ ❆ ✜❣✉r❛ 4.9 ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦ ♠é✲

❞✐❛ ❞❡ ✉♠❛ r❡❞❡ ❝♦♠ ❞❡s♦r❞❡♠ ❞❡ b′i = 10.0% ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦

♣❛r❛ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s ❞❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦✳
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❋✐❣✉r❛ ✹✳✾✿ ▼❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ ❞❛ r❡❞❡ Mag ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext ❡♠ ❞✐❢❡✲
r❡♥t❡s â♥❣✉❧♦s ❞❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦✳ ◆❡st❛ ✜❣✉r❛✱ ♦s sít✐♦s tê♠ ❞❡s♦r❞❡♠ ❞❡ b′i = 10.0%✳ ❘❡❞❡
❞❡ t❛♠❛♥❤♦ L = 30✳

❈♦♠♦ ♥❛s s✉❜s❡çõ❡s ❛♥t❡r✐♦r❡s✱ ✈❡♠♦s q✉❡ ❛ ❞❡s♦r❞❡♠ s✉❛✈✐③❛ ❛s ❝✉r✈❛s ❞❛

♠❛❣♥❡t✐③❛çã♦✳ ❱❡♠♦s t❛♠❜é♠ q✉❡ ❛ ❞❡s♦r❞❡♠ ❞✐♠✐♥✉✐ ♠❛✐s ♦ ♣❧❛tô Mag ≈ 0.0✱ ❞✐✲

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

♣❧❛tô V 5xy✳ ❆ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ♦❜t❡r ♦ ❡st❛❞♦ ❞❡s♠❛❣♥❡t✐③❛❞♦ é ❝♦♥s❡q✉ê♥❝✐❛ ❞♦s ♠❡s♠♦s

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

❛s r❡❞❡s s♦♠❡♥t❡ ❞❡s❛❧✐♥❤❛❞❛s✳ ❆ ✜❣✉r❛ 4.10 ♠♦str❛ ❛ ❞✐♥â♠✐❝❛ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐✲

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

b′i = 10.0% ❡ ❝♦♠ ✉♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦ θ = 10.0♦✱ q✉❡ ❛❥✉❞❛rá ❛ ❡♥t❡♥❞❡r ♠❡❧❤♦r ❡st❡

♣r♦❝❡ss♦✳
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❋✐❣✉r❛ ✹✳✶✵✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✱ ~Bext✱ ❡♠ ✉♠
â♥❣✉❧♦ ❞❡ 10.0♦✳ ◆❡st❛ ✜❣✉r❛✱ ♦s sít✐♦s tê♠ ❞❡s♦r❞❡♠ ❞❡ b′i = 10.0%✳ ❘❡❞❡ ❞❡ t❛♠❛♥❤♦
L = 30✳

❆tr❛✈és ❞❡st❛ ✜❣✉r❛✱ ♦❜s❡r✈❛✲s❡ q✉❡ ♦ ♣❧❛tô V 1 é ❢♦r♠❛❞♦ ❡ t❡♠ s❡✉ t❛♠❛♥❤♦

✉♠ ♣♦✉❝♦ r❡❞✉③✐❞♦✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥♦s ❣rá✜❝♦s ♠♦str❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡

✭✜❣✉r❛s 4.3 ❡ 4.8✮✳ ❆❧é♠ ❞✐st♦✱ ✈❡♠♦s q✉❡ ♦ ♣❧❛tô V 5xy t❡♠ ♦ s❡✉ t❛♠❛♥❤♦ ❜❛st❛♥t❡

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

❝♦♠♣❧❡t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞♦✳ ❱❡❥❛ q✉❡ ♦s ✈ért✐❝❡s t✐♣♦ V 4 ❡ V 6 sã♦ ♦s ú♥✐❝♦s ✈ért✐❝❡s

❝♦♠ ✉♠ ❝r❡s❝✐♠❡♥t♦ ❛♣r❡❝✐á✈❡❧✳ ❊st❡ é ✉♠ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡✱ ♣♦✐s ❛♦ ❝♦♠♣❛r❛r ❝♦♠ ❛

r❡❞❡ ❝♦♠ ❞❡s♦r❞❡♠ s♦♠❡♥t❡✱ ✜❣✉r❛ 4.3✱ ✈❡♠♦s q✉❡ ♦s t✐♣♦s ❞❡ ✈ért✐❝❡s V 2 ❡ V 7 sã♦

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

❆❣♦r❛✱ ❛♦ ❝♦♥s✐❞❡r❛♠♦s ❛s r❡❞❡ ❝♦♠ ♦ ❞♦❜r♦ ❞❡ ❞❡s♦r❞❡♠✱ b′i = 20%✱ ✈❡r❡♠♦s

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

❝♦♠♦ ❢♦✐ ✈✐st♦ ♥❛ ✜❣✉r❛ 4.5✳ ❆ ✜❣✉r❛ 4.11 ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦

♠é❞✐❛ ❞❡ ✉♠❛ r❡❞❡ ❝♦♠ ❞❡s♦r❞❡♠ ❞❡ b′i = 20.0% ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❡①t❡r♥♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s ❞❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦✳
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❋✐❣✉r❛ ✹✳✶✶✿ ▼❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ ❞❛ r❡❞❡ Mag ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext ❡♠
❞✐❢❡r❡♥t❡s â♥❣✉❧♦s ❞❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦✳ ◆❡st❛ ✜❣✉r❛✱ ♦s sít✐♦s tê♠ ❞❡s♦r❞❡♠ ❞❡ b′i = 20.0%✳
❘❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30✳

◆❡st❛ ✜❣✉r❛ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ♦ ♣❧❛tô Mag ≈ 0.0 ♥ã♦ ❡stá ❜❡♠ ❞❡✜♥✐❞♦

♣❛r❛ ❣r❛♥❞❡s â♥❣✉❧♦s✳ ❆ss✐♠✱ ❡s♣❡r❛✲s❡ q✉❡ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♥ã♦ s❡❥❛ ❛❧❝❛♥✲

ç❛❞♦✳ ❖❜s❡r✈❡ q✉❡ ♣❛r❛ ❣r❛♥❞❡s â♥❣✉❧♦s ❞❡ ❞❡s❛❧✐♥❤❛♠❡♥t♦✱ ❛ ♠❛❣♥❡t✐③❛çã♦ ❞❛ r❡❞❡

s♦❢r❡ ❛❧❣✉♠❛s ♦s❝✐❧❛çõ❡s ❞✉r❛♥t❡ ❛ ✐♥✈❡rsã♦ ❞❛ ♠❛❣♥❡t✐③❛çã♦✳ ❊ss❛s ♦s❝✐❧❛çõ❡s s✉r❣❡♠

♣ró①✐♠❛s ❛♦s ♣♦♥t♦s ♦♥❞❡ ♦s ♣❧❛tôs ❡r❛♠ ❢♦r♠❛❞♦s ♥❛s r❡❞❡s s❡♠ ❞❡s♦r❞❡♠✳ P❛r❛ ❝♦♠✲

♣r❡❡♥❞❡r♠♦s ♠❡❧❤♦r ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦✱ ✈❛♠♦s ❛♥❛❧✐s❛r ❛s ❢r❛çõ❡s ❞❡ ✈ért✐❝❡s ♣❛r❛

❛s r❡❞❡s ❝♦♠ ❞❡s♦r❞❡♠ b′i = 20.0% ❡ ❝♦♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞❡ θ = 10♦✳
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❋✐❣✉r❛ ✹✳✶✷✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext ❡♠ ✉♠
â♥❣✉❧♦ ❞❡ 10.0♦✳ ◆❡st❛ ✜❣✉r❛✱ ♦s sít✐♦s tê♠ ❞❡s♦r❞❡♠ ❞❡ b′i = 20.0%✳ ❘❡❞❡ ❞❡ t❛♠❛♥❤♦
L = 30✳

❆♦ ❝♦♠♣❛r❛r ❛s ✜❣✉r❛s 4.10 ❡ 4.12✱ ♥♦t❛✲s❡ q✉❡ ♦ ❛✉♠❡♥t♦ ❞❛ ❞❡s♦r❞❡♠ ♥❛ r❡❞❡

♥ã♦ ❛✉♠❡♥t❛ s✐❣♥✐✜❝❛♥t❡♠❡♥t❡ ♦s ✈❛❧♦r❡s ♠á①✐♠♦s ❞❛ ♣♦♣✉❧❛çã♦ ❞♦s ✈ért✐❝❡s V 4 ❡

V 6✳ ▼❛s ♣♦r ♦✉tr♦ ❧❛❞♦✱ ✈❡♠♦s q✉❡ ❡st❛ ♣♦♣✉❧❛çã♦ ❝r❡s❝❡ ❡❧❡✈❛❞❛♠❡♥t❡ ♥♦ ✐♥t❡r✈❛❧♦

❞❡ ~Bext = 100u.r. ❛ ~Bext = 200u.r.✳ ❊st❡ ❛✉♠❡♥t♦ é ❛❝♦♠♣❛♥❤❛❞♦ ❞❛ ❞✐♠✐♥✉✐çã♦ ❞❛

♣♦♣✉❧❛çã♦ ❞♦s ✈ért✐❝❡s t✐♣♦ V 1 ♥❡st❡ ♠❡s♠♦ ✐♥t❡r✈❛❧♦✳ ❆❧é♠ ❞✐ss♦✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r

q✉❡ ♦s ♣❧❛tôs ❞♦s ✈ért✐❝❡s V 1 ❡ V 5xy sã♦ s✉❜st✐t✉í❞♦s ♣♦r ♠á①✐♠♦s ❧♦❝❛✐s✳

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

❞❡s❛❧✐♥❤❛❞♦ ❡♥tr❡ ♦ ❝❛♠♣♦ ❡ ❛ ♣❧❛❝❛✳ ▼❡s♠♦ ♣❛r❛ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡st❡✱ ♦ ♣r♦❝❡ss♦

s✐♠✐❧❛r ❛♦ ❞❡ ❤✐st❡r❡s❡ ❝♦♥s❡❣✉❡ ♦❜t❡r ❡♠ ♠é❞✐❛ ✉♠❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s t✐♣♦ V 1

s✉♣❡r✐♦r ❛ 85%✱ ❛♣r♦①✐♠❛♥❞♦ ♠✉✐t♦ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ t♦t❛❧ ❞❛ r❡❞❡✳ ❉❡✈✐❞♦ ❛

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

❤✐st❡r❡s❡ é ✉♠ ❜♦♠ ♠ét♦❞♦ ♣❛r❛ ❞❡s♠❛❣♥❡t✐③❛r ❡ ♦❜t❡r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦s ❣❡❧♦s

❞❡ s♣✐♥s tr✐❛♥❣✉❧❛r❡s ❛rt✐✜❝✐❛✐s✳
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❊st✉❞♦s ❞❛ ❞❡s♦r❞❡♠ ♣❛r❛ r❡❞❡s ❞❡s❛❧✐♥❤❛❞❛

◆❡st❛ s❡çã♦✱ ✈❡r❡♠♦s ❝♦♠♦ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❞❡s♦r❞❡♠ ✐♥✢✉❡♥❝✐❛ ♥❛ ♠❛❣♥❡t✐✲

③❛çã♦ ❞❛ r❡❞❡ ♣r❡✈✐❛♠❡♥t❡ ❞❡s❛❧✐♥❤❛❞❛✳ ❆ ✜❣✉r❛ 4.13 ♠♦str❛ ❛ ♠❛❣♥❡t✐③❛çã♦ ♠é❞✐❛

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

❡♠ θ = 10.0♦ ❡♠ r❡❧❛çã♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✐♥t❡♥s✐❞❛❞❡s ❞❡

❞❡s♦r❞❡♠✳

❋✐❣✉r❛ ✹✳✶✸✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ~Bext ❡♠ ✉♠
â♥❣✉❧♦ ❞❡ 10.0♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ❞❡s♦r❞❡♠✳ ❘❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30✳

❆tr❛✈és ❞❡st❛ ✜❣✉r❛✱ ❝♦♥❝❧✉í♠♦s q✉❡ ♦s ❡❢❡✐t♦s ❞❛ ❞❡s♦r❞❡♠ sã♦ ✐❣✉❛✐s ❡♠ r❡❞❡s

❛❧✐♥❤❛❞❛s ❡ ❞❡s❛❧✐♥❤❛❞❛s✳ P❡r❝❡❜❡✲s❡ q✉❡ ❛s r❡❞❡s ❝♦♠ ♠❛✐♦r❡s ❞❡s♦r❞❡♥s sã♦ ❛s ♣r✐✲

♠❡✐r❛s ❛ ❡♥tr❛r❡♠ ♥♦ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❡ t❛♠❜é♠ sã♦ ❛s ú❧t✐♠❛s ❛ t❡r❡♠

❛s s✉❛s ♠❛❣♥❡t✐③❛çõ❡s ❝♦♠♣❧❡t❛♠❡♥t❡ ✐♥✈❡rt✐❞❛s✳ ❖ ♣❧❛tô ❝♦♠♣♦st♦ ♣♦r ✈ért✐❝❡s t✐♣♦

V 5xy é ❞r❛st✐❝❛♠❡♥t❡ ❛❢❡t❛❞♦ ♣❡❧❛ ❞❡s♦r❞❡♠✱ ♣♦✐s ♦ ❛✉♠❡♥t♦ ❞❛ ❞❡s♦r❞❡♠ s❡♠♣r❡ ❞✐✲

♠✐♥✉✐ ♦ t❛♠❛♥❤♦ ❞❡st❡ ♣❧❛tô✳ ❆s ❞✐♥â♠✐❝❛s ❞❡ ♣♦♣✉❧❛çã♦ ♣❛r❛ ❛s r❡❞❡ ❞❡s❛❧✐♥❤❛❞❛s

♣❛r❛ ❞✐❢❡r❡♥t❡s ✐♥t❡♥s✐❞❛❞❡s ❞❡ ❞❡s♦r❞❡♠ ❥á ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡✳ ❆tr❛✲

✈és ❞❡❧❛s✱ ❝♦♥❝❧✉í♠♦s q✉❡ ❛ ❞❡s♦r❞❡♠ ❞✐✜❝✉❧t❛ ❛ ♦❜t❡♥çã♦ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❛s
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r❡❞❡s ❞❡s❛❧✐♥❤❛❞❛s ❡ ♣❛r❛ ❛s r❡❞❡ ❝♦♠ ❣r❛♥❞❡s ✐♥t❡♥s✐❞❛❞❡s ❞❡ ❞❡s♦r❞❡♠✱ ✈✐♠♦s q✉❡ ♦

♣❧❛tô ❢♦r♠❛❞♦ ♣❡❧♦s ✈ért✐❝❡s V 5xy é s✉❜st✐t✉í❞♦ ♣♦r ✉♠ ♠á①✐♠♦✳

✹✳✷ Pr♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ r♦t❛❝✐♦♥❛❧

❖ s❡❣✉♥❞♦ ♣r♦❝❡ss♦ ❡st✉❞❛❞♦ ❢♦✐ ♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ r♦t❛❝✐♦♥❛❧✳ ◆❡st❡ ♣r♦t♦❝♦❧♦✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é r❡❞✉③✐❞♦ ❡♠ ✶

✉♥✐❞❛❞❡ ❛ ❝❛❞❛ ✈♦❧t❛ ❝♦♠♣❧❡t❛ q✉❡ ❡❧❡ ❞á ❡♠ t♦r♥♦ ❞❛ ♣❧❛❝❛✳ ■♥✐❝✐❛❧♠❡♥t❡ t❡♥t❛♠♦s

❞❡s♠❛❣♥❡t✐③❛r ❛ ♣❧❛❝❛ ❛tr❛✈és ❞♦ ♣r♦❝❡ss♦ ♣❛❞rã♦ ❞❡st❡ ♣r♦t♦❝♦❧♦✿ ❆♣❧✐❝❛r ✉♠ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ♠✉✐t♦ ❣r❛♥❞❡ ❡ ❞✐♠✐♥✉í✲❧♦ ❧❡♥t❛♠❡♥t❡✳ ◆❡st❡ ♣r♦❝❡ss♦ ♣❛❞rã♦ ✈✐✲

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

♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡ t✐♣♦ V 1 ❢♦✐ ♠✉✐t♦ ♣❡q✉❡♥❛✱ ♥ã♦ ❝♦♥s❡❣✉✐♥❞♦ ❛❧❝❛♥ç❛r ♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ ❞❛ r❡❞❡✳ ❉❡✈✐❞♦ ❛ ❡st❡ ♠♦t✐✈♦✱ ❞❡s❝❛rt❛♠♦s ♦ ♣r♦❝❡ss♦ ♣❛❞rã♦ ❡ ❡s❝♦❧❤❡r✲

♠♦s ✉♠❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♠❡♥♦r ♣❛r❛ ❞❡s♠❛❣♥❡t✐③❛r ❛ ♣❧❛❝❛✳ ❆ ♥♦ss❛

❡s❝♦❧❤❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✐♥✐❝✐❛❧ ❢♦✐ | ~Bext| = bc✱ ❛ ♠❡s♠❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣✲

♥ét✐❝♦ ♠í♥✐♠♦ ❞❡ ✐♥✈❡rsã♦ ❞♦s ♠♦♠❡♥t♦s ♠❛❣♥ét✐❝♦s ❞♦s sít✐♦s ❞❛ r❡❞❡✳ ■♥✐❝✐❛❧♠❡♥t❡✱

t❡♥t❛♠♦s ❞❡s♠❛❣♥❡t✐③❛r ✉♠❛ ♣❧❛❝❛ ❝♦♠♣♦st❛ s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡ V 5✱ ♠❛❣♥❡t✐③❛❞❛ ❛♦

❧♦♥❣♦ ❞❛ ❞✐r❡çã♦ +x̂✳

■♥✐❝✐❛❧♠❡♥t❡✱ ✈❛♠♦s ❛♥❛❧✐s❛r ❛ ♠❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ ❞❛ r❡❞❡ ❡♠ ❢✉♥çã♦ ❞♦ â♥❣✉❧♦

♣❛r❛ ✺ ❞✐❢❡r❡♥t❡s ❞❡s♦r❞❡♥s✳
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❋✐❣✉r❛ ✹✳✶✹✿ ▼❛❣♥❡t✐③❛çã♦ ♠é❞✐❛ Mag ♣♦r â♥❣✉❧♦ θ ♣❛r❛ ✺ ✈❛❧♦r❡s ❞❡ ❞❡s♦r❞❡♠ ❝♦♠ ♦

❝❛♠♣♦ ✐♥✐❝✐❛❧ ❞❡ | ~Bi
ext| = bc✳ ❘❡❞❡ ❞❡ t❛♠❛♥❤♦ L = 30✳

❆tr❛✈és ❞❛ ✜❣✉r❛ 4.14✱ ♣♦❞❡♠♦s ♥♦t❛r q✉❡ ❛ ❞❡s♦r❞❡♠ é ✉♠ ❢❛t♦r ❞❡ ❣r❛♥❞❡

✐♥✢✉ê♥❝✐❛ ♣❛r❛ ❡st❡ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦✳ P❡r❝❡❜❡✲s❡ q✉❡ ❡st❛ ❡stá ❞✐r❡t❛♠❡♥t❡

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

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

❯♠ ❢❛t♦ ✐♥t❡r❡ss❛♥t❡ é q✉❡ ❛s r❡❞❡s ❝♦♠ ❞❡s♦r❞❡♠ ❝♦♥s❡❣✉❡♠ ❣❡r❛r ❝♦♥✜❣✉r❛çõ❡s

❞❡ ✈ért✐❝❡s q✉❡ ♥ã♦ s❡r✐❛♠ ❛❝❡ssí✈❡✐s ❛s r❡❞❡ s❡♠ ❞❡s♦r❞❡♠✱ ❞❡✈✐❞♦ ❛♦s sít✐♦s ❝♦♠

b′i < 0.0 ❡ ❝♦♠ b′i > 0.0✳ ❊st❡ ❢❛t♦ ✜❝❛ ♠❛✐s ❡✈✐❞❡♥t❡ ❛♦ ❛♥❛❧✐s❛r ♦s ❣rá✜❝♦s ❞❡ ❢r❛çã♦

❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r â♥❣✉❧♦ ♣❛r❛ ❞❡s♦r❞❡♠ ♥✉❧❛✱ ✜❣✉r❛ 4.15✱ ♣❛r❛ ❞❡s♦r❞❡♠

b′i = 10.0%✱ ✜❣✉r❛ 4.16✱ ❡ ♣❛r❛ ❞❡s♦r❞❡♠ b′i = 20.0%✱ ✜❣✉r❛ 4.18✳
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❋✐❣✉r❛ ✹✳✶✺✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r â♥❣✉❧♦ θ ♣❛r❛ ❞❡s♦r❞❡♠ ♥✉❧❛✳ ❘❡❞❡ ❞❡
t❛♠❛♥❤♦ L = 30✳

◆❛ ✜❣✉r❛ 4.15 ♣♦❞❡✲s❡ ♥♦t❛r q✉❡ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥t❡r✈❛❧♦✱ ❛ ❢r❛çã♦ ❞❡

✈ért✐❝❡s t✐♣♦ V 5 ❞✐♠✐♥✉✐ r❛♣✐❞❛♠❡♥t❡ ❡ ❛ ❢r❛çã♦ ❞❡ ✈ért✐❝❡s t✐♣♦ V 1 ❝r❡s❝❡ q✉❛s❡ ♥❛

♠❡s♠❛ ♣r♦♣♦rçã♦✱ ♠❛s ✉♠ ♣♦✉❝♦ ♠❡♥♦s✳ ❱❡♠♦s q✉❡ ♥❡st❡ ✐♥t❡r✈❛❧♦✱ ❛s ❢r❛çõ❡s ❞❡

✈ért✐❝❡s t✐♣♦ V 4✱ V 6 ❡ V 7 ❝r❡s❝❡♠ ♠✉✐t♦ ♣♦✉❝♦ ♠❛s ❧♦❣♦ ❡♠ s❡❣✉✐❞❛ ✈♦❧t❛♠ ❛ ♥ã♦

❡①✐st✐r ♥❛ r❡❞❡✳ ❖ ✈ért✐❝❡ t✐♣♦ V 2 t❛♠❜é♠ ❝r❡s❝❡ ♣♦✉❝♦ ♥❡st❡ ✐♥t❡r✈❛❧♦✱ ♠❛s ❞✐❢❡r❡♥t❡

❞♦s ♦✉tr♦s três✱ ❡❧❡ ❝♦♥t✐♥✉❛ ❛ ❝r❡s❝❡r ❧❡♥t❛♠❡♥t❡ ❛té ❛❧❝❛♥ç❛r ✉♠ ✈❛❧♦r ❡st❛❝✐♦♥ár✐♦✳

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

❞❡s♦r❞❡♠✱ ❡①✐st❡♠✱ s✐❣♥✐✜❝❛❞❛♠❡♥t❡✱ s♦♠❡♥t❡ ❞♦✐s t✐♣♦s ❞❡ ✈ért✐❝❡s✿ ❖ t✐♣♦ V 1 q✉❡

❝♦♠♣õ❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 95% ❞♦s ✈ért✐❝❡s ❞❛ r❡❞❡❀ ❡ ♦ ✈ért✐❝❡ t✐♣♦ V 2✱ q✉❡ ❝♦♠♣õ❡

♦s ♦✉tr♦s 5%✳ ❊st❡s ✈ért✐❝❡s sã♦ ❡①❛t❛♠❡♥t❡ ♦s ❞♦✐s ✈ért✐❝❡s ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ ❡ ❛♠❜♦s

r❡s♣❡✐t❛♠ ❛ r❡❣r❛ ❞♦ ❣❡❧♦ ✭três s♣✐♥s ❛♣♦♥t❛♥❞♦ ♣❛r❛ ❞❡♥tr♦ ❡ três s♣✐♥s ❛♣♦♥t❛♥❞♦

♣❛r❛ ❢♦r❛ ❞♦ ✈ért✐❝❡✮✳

✺✾



✹✳ ❘❡s✉❧t❛❞♦s ❡ ❞✐s❝✉ssõ❡s

❋✐❣✉r❛ ✹✳✶✻✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r â♥❣✉❧♦ θ ♣❛r❛ ❞❡s♦r❞❡♠ 10.0%✳ ❘❡❞❡ ❞❡
t❛♠❛♥❤♦ L = 30✳

◆❛ ✜❣✉r❛ 4.16 ♣♦❞❡✲s❡ ♣❡r❝❡❜❡r q✉❡ ♦ t❡♠♣♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❞❛ r❡❞❡ ❝♦♠

❞❡s♦r❞❡♠ ❞❡ b′i = 10.0% ❢♦✐ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✷ ✈❡③❡s ♠❛✐♦r q✉❡ ♦ ❞❛ r❡❞❡ s❡♠ ❞❡✲

s♦r❞❡♠✳ ◆❡st❛ ✜❣✉r❛✱ ♣❡r❝❡❜❡✲s❡ q✉❡ t♦❞♦s ♦s ♣♦ssí✈❡✐s ✈ért✐❝❡s q✉❡ ♣♦❞❡♠ ❛♣❛r❡❝❡r

♥♦ s✐st❡♠❛✱ ❝♦♠ ❡①❝❡çã♦ ❞♦ t✐♣♦ V 8✱ tê♠ ✈❛❧♦r❡s s✐❣♥✐✜❝❛t✐✈♦s ♥♦ ✜♥❛❧ ❞♦ ♣r♦❝❡ss♦ ❞❡

❞❡s♠❛❣♥❡t✐③❛çã♦✿ ≈ 45% sã♦ V 1❀ ≈ 33% sã♦ V 2❀ ≈ 10% sã♦ V 3❀ ≈ 10% sã♦ V 4❀ ♠❡♥♦s

❞❡ 2% sã♦ V 5✱ V 6 ❡ V 7❀ ❡ 0% sã♦ V 8✳ ❊ss❡ r❡s✉❧t❛❞♦ é ❜❡♠ ❞✐❢❡r❡♥t❡ ❞♦ r❡s✉❧t❛❞♦

❡♥❝♦♥tr❛❞♦ ❡♠ ✉♠❛ r❡❞❡ s❡♠ ❞❡s♦r❞❡♠✱ ❡♠ q✉❡ ♦s ú♥✐❝♦s ✈ért✐❝❡s q✉❡ ❛♣❛r❡❝✐❛♠ ♥♦

✜♥❛❧ ❞❛ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❡r❛♠ ♦s ✈ért✐❝❡s t✐♣♦ V 1 ❡ V 2✳ ❖❜s❡r✈❡ q✉❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡

✈ért✐❝❡s ♣r❡s❡♥t❡s ♥❛s r❡❞❡s ❞❡♣❡♥❞❡ ❞❛ ❡♥❡r❣✐❛ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❡st❡ ✈ért✐❝❡s✱ ♣♦✐s ♦s

✈ért✐❝❡ ♠❡♥♦s ❡♥❡r❣ét✐❝♦s✱ ❝♦♠♦ V 1 ❡ V 2✱ t❡♠ ❛s ♠❛✐♦r❡s ♣♦♣✉❧❛çõ❡s✱ ❡♥q✉❛♥t♦ q✉❡

♦s ✈ért✐❝❡s ♠❛✐s ❡♥❡r❣ét✐❝♦s✱ ❝♦♠♦ V 7 ❡ V 8✱ t❡♠ ❛s ♠❡♥♦r❡s ♣♦♣✉❧❛çõ❡s✳ P❛r❛ ♠❡❧❤♦r

✈✐s✉❛❧✐③❛r ❡st❡ r❡s✉❧t❛❞♦✱ s❡rá ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ 4.17 ❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♥♦ ✜♥❛❧

❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦✱ r❡♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ 4.16✱ ♣♦r ❡♥❡r❣✐❛ ❞❡ ❝♦♥✜❣✉r❛✲

çã♦ ❞❡ ✈ért✐❝❡✳ ◆❡st❛ ✜❣✉r❛✱ ♦ ✈❛❧♦r ❞❛ ❡♥❡r❣✐❛ ❢♦✐ ❛✉♠❡♥t❛❞♦ ❡♠ 51u.r.✱ ♣❛r❛ q✉❡ ♥ã♦

❤❛❥❛ ✈❛❧♦r❡s ♥❡❣❛t✐✈♦s ❞❡ ❡♥❡r❣✐❛✱ ❡ ❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s V 8 ❢♦✐ ❡①❝❧✉í❞❛ ❞♦ ❣rá✜❝♦✱

✻✵



✹✳ ❘❡s✉❧t❛❞♦s ❡ ❞✐s❝✉ssõ❡s

♣♦✐s ❛ s✉❛ ♣r❡s❡♥ç❛ ♥ã♦ ❛♣r❡s❡♥t❛✈❛ ♥❡♥❤✉♠❛ ✐♥❢♦r♠❛çã♦ r❡❧❡✈❛♥t❡ ✭♣♦♣✉❧❛çã♦ ♥✉❧❛✮

♣❛r❛ ❛ ❝♦♠♣r❡❡♥sã♦ ❞❡st❡ ❣rá✜❝♦✳

❋✐❣✉r❛ ✹✳✶✼✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r ❡♥❡r❣✐❛ ♣❛r❛ ❞❡s♦r❞❡♠ ❞❡ 10.0%✳ ❘❡❞❡
❞❡ t❛♠❛♥❤♦ L = 30✳

✻✶



✹✳ ❘❡s✉❧t❛❞♦s ❡ ❞✐s❝✉ssõ❡s

❋✐❣✉r❛ ✹✳✶✽✿ ❋r❛çã♦ ❞❛ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s ♣♦r â♥❣✉❧♦ θ ♣❛r❛ ❞❡s♦r❞❡♠ 20.0%✳ ❘❡❞❡ ❞❡
t❛♠❛♥❤♦ L = 30✳

◆❛ ✜❣✉r❛ 4.18 ❛♣r❡s❡♥t❛♠♦s ♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❛s r❡❞❡s ❝♦♠ ❞❡s♦r❞❡♠ b′i = 20%✳

❆q✉✐ ✈❡♠♦s q✉❡ ♦ t❡♠♣♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ é ♠❛✐♦r✱ q✉❛s❡ ✺✺ ✈❡③❡s ❡♠ r❡❧❛çã♦ ❛s

r❡❞❡s s❡♠ ❞❡s♦r❞❡♠ ❡ q✉❛s❡ ✷ ✈❡③❡s ❡♠ r❡❧❛çã♦ às r❡❞❡s ❝♦♠ b′i = 10%✱ ❡ ❛s ❛♠♣❧✐t✉❞❡s

❞❛s ♦s❝✐❧❛çõ❡s ❞❛s ❢r❛çõ❡s ❞❡ ✈ért✐❝❡s sã♦ ❛✐♥❞❛ ♠❛✐♦r❡s ❡♠ r❡❧❛çã♦ ❛s r❡❞❡ ❝♦♠ b′i =

10%✳ ◆❡st❛ ✜❣✉r❛✱ ♣❡r❝❡❜❡♠♦s q✉❡ ❛s ❢r❛çõ❡s ❞❡ ✈ért✐❝❡s ♥♦ ✜♥❛❧ ❞♦ ♣r♦❝❡ss♦ ❞❡

❞❡s♠❛❣♥❡t✐③❛çã♦ ♥ã♦ ❡stã♦ ♠❛✐s ♦r❞❡♥❛❞❛s ♣❡❧❛s ❡♥❡r❣✐❛s ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❞❡ ✈ért✐❝❡s✳

❆♣❡s❛r ❞✐st♦✱ ♦s ✹ ✈ért✐❝❡s ❞❡ ♠❡♥♦r❡s ❡♥❡r❣✐❛s ❝♦♥t✐♥✉❛♠ s❡♥❞♦ ♠❛✐s ♥✉♠❡r♦s♦s ❞♦

q✉❡ ♦s ♦✉tr♦s ✈ért✐❝❡s ♠❛✐s ❡♥❡r❣ét✐❝♦s✳ P❡❧♦s r❡s✉❧t❛❞♦s ❞❡ss❛ ✜❣✉r❛✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r

q✉❡ ❡♠ r❡❞❡s ❞❡ ❣r❛♥❞❡s ❞❡s♦r❞❡♥s✱ ❡st❡ ♠ét♦❞♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ♥ã♦ é ❡✜❝✐❡♥t❡

♣❛r❛ ❞❡s♠❛❣♥❡t✐③❛r ❡ ♥❡♠ ♦❜t❡r ✉♠❛ ❣r❛♥❞❡ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡s V 1✳

❆♦ ❛♥❛❧✐s❛r ❛s q✉❛tr♦ ú❧t✐♠❛s ✜❣✉r❛s✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ s❡r✐❛ ✐♠♣♦ssí✈❡❧ ❛❧❝❛♥ç❛r ♦

❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❛ r❡❞❡ ❛tr❛✈és ❞❡st❡ ♣r♦❝❡ss♦✳ ❊st❛ ❝♦♥❝❧✉sã♦ ❡stá ♣❛r❝✐❛❧♠❡♥t❡

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

❛❧❝❛♥ç❛r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ t♦❞❛ ❛ r❡❞❡✱ ♠❛s ❢❡❧✐③♠❡♥t❡ ♦❜s❡r✈❛♠♦s ✉♠ ❞♦♠í✲

♥✐♦ ❞❡ ✈ért✐❝❡s ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞❛ r❡❞❡✳ ❊st❡ r❡s✉❧t❛❞♦ ♦❝♦rr❡

✻✷



✹✳ ❘❡s✉❧t❛❞♦s ❡ ❞✐s❝✉ssõ❡s

♣♦rq✉❡ ♦s sít✐♦s ❞❛ ❜♦r❞❛ ❞❛ r❡❞❡ ✐♥t❡r❛❣❡♠ ❢r❛❝❛♠❡♥t❡ ❝♦♠ ♦s ❞❡♠❛✐s sít✐♦s✳ P♦r ♦✉tr♦

❧❛❞♦✱ ♦s sít✐♦s ❝❡♥tr❛✐s ❡stã♦ r♦❞❡❛❞♦s ♣♦r ✈ár✐♦s ♦✉tr♦s sít✐♦s✱ ♣r❡s❡r✈❛♥❞♦ ❛ ✐❞❡♥t✐❞❛❞❡

❞♦ ❝♦♥❥✉♥t♦✳ ❉❡✈✐❞♦ ❛ ❡st❡ ❢❛t♦✱ ♦s sít✐♦s ❞❛ ❜♦r❞❛ ♥ã♦ ❝♦♥s❡❣✉❡♠ ❛❧❝❛♥ç❛r ♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ ♣❛rt❡ ❝❡♥tr❛❧✱ ♣♦✐s ❡st❡s t❡♥❞❡♠ ❛ s❡ ❛❧✐♥❤❛r ♠❛✐s ❢❛❝✐❧✲

♠❡♥t❡ ❝♦♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦✳ ❆ ❞❡s♦r❞❡♠ ❞♦ s✐st❡♠❛ ❛✉♠❡♥t❛ ♦ ♥✉♠❡r♦ ❞❡

sít✐♦s ❞❛ r❡❞❡ q✉❡ ♣❡r❞❡♠ ❛ s✉❛ ✐❞❡♥t✐❞❛❞❡✱ ✐♠♣❡❞✐♥❞♦ ❛ ♦❜t❡♥çã♦ ❞❡ ✉♠❛ r❡❣✐ã♦ ❜❡♠

❞❡✜♥✐❞❛ ❝♦♠♣♦st❛ s♦♠❡♥t❡ ♣❡❧♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳ ◆❛ ✜❣✉r❛ 4.19✱ ♣♦❞❡✲s❡ ♥♦t❛r q✉❡

❡①✐st❡♠ ❣r❛♥❞❡s r❡❣✐õ❡s ❝♦♠♣♦st❛s s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s ♥♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ♠❛s

❡st❡s ♥ã♦ t❡♠ ✉♠ ♣❛❞rã♦ ❜❡♠ ❞❡✜♥✐❞♦✱ ❛♣❛r❡❝❡♥❞♦ ❛❧❡❛t♦r✐❛♠❡♥t❡ ♥♦ s✐st❡♠❛✳

❋✐❣✉r❛ ✹✳✶✾✿ ■♠❛❣❡♥s ❞♦s ✈ért✐❝❡s ❞❛ r❡❞❡ ♣❛r❛ ❞♦✐s t✐♣♦s ❞❡ ❞❡s♦r❞❡♠✳ ❖s ❝ír❝✉❧♦s ♣r❡t♦s✱
✈❡r♠❡❧❤♦s✱ ✈❡r❞❡s ❡ ❛③✉✐s sã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦s ✈ért✐❝❡s t✐♣♦ V 1✱ V 2✱ V 3✱ ❡ V 4✳ ❛✮ ❯♠❛
r❡❞❡ ✜♥✐t❛ s❡♠ ❞❡s♦r❞❡♠✳ ❖❜s❡r✈❡ q✉❡ ❛ r❡❣✐ã♦ ❝❡♥tr❛❧ é ❝♦♠♣♦st❛ s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s
t✐♣♦ V 1✳ ❜✮ ✉♠❛ r❡❞❡ ✜♥✐t❛ ❝♦♠ ❞❡s♦r❞❡♠ b′i = 10.0%✳ ❱❡❥❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✈ár✐❛s r❡❣✐õ❡s
❝♦♠♣♦st❛ ♣♦r ✈ért✐❝❡s t✐♣♦ V 1✱ ♠❛s ❡st❛s ❡stã♦ ❡s♣❛❧❤❛❞❛s ❛❧❡❛t♦r✐❛♠❡♥t❡ ♥❛ r❡❞❡✳

◆❡st❛ s❡çã♦✱ ✈✐♠♦s q✉❡ ❛ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❞❡ ✉♠❛ r❡❞❡ ❝♦♠♣♦st❛ ♣♦r ✈ért✐✲

❝❡s V 5 ❛tr❛✈és ❞♦ ♣r♦❝❡ss♦ ❝♦♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r♦t❛❝✐♦♥❛❧ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ✐♥✐❝✐❛❧

| ~Bext| = bc ♦❢❡r❡❝❡ r❡s✉❧t❛❞♦s ✐♥t❡r❡ss❛♥t❡s✿ ◆❛s r❡❞❡s s❡♠ ❞❡s♦r❞❡♠✱ ✈✐♠♦s q✉❡ ❡st❛s

sã♦ ❝♦♠♣♦st❛s s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s q✉❡ ♦❜❡❞❡❝❡♠ ❛ r❡❣r❛ ❞♦ ❣❡❧♦ ❡ ♦ ❡st❛❞♦ ❢✉♥❞❛✲

♠❡♥t❛❧ é ❛❧❝❛♥ç❛❞♦ ♥♦ ✐♥t❡r✐♦r ❞❛ r❡❞❡❀ ◆❛s r❡❞❡s ❝♦♠ b′i = 10% ❞❡ ❞❡s♦r❞❡♠✱ ✈✐♠♦s

q✉❡ ❛s ♣♦♣✉❧❛çõ❡s ❞❡ ✈ért✐❝❡s sã♦ ♦r❞❡♥❛❞❛s ♣❡❧❛s ❡♥❡r❣✐❛s ❞❡ ❝♦♥✜❣✉r❛çã♦ ❞♦s ✈ért✐❝❡s✱

✻✸



✹✳ ❘❡s✉❧t❛❞♦s ❡ ❞✐s❝✉ssõ❡s

s❡♥❞♦ q✉❡ ♦s ✈ért✐❝❡s ❞❡ ♠❡♥♦r❡s ❡♥❡r❣✐❛s sã♦ ❛q✉❡❧❡s ❝♦♠ ♠❛✐♦r❡s ♣♦♣✉❧❛çõ❡s❀ ❡ ♥❛s

r❡❞❡s ❝♦♠ b′i = 20%✱ ✈✐♠♦s q✉❡ ❛ ❞❡s♦r❞❡♠ é ♠✉✐t♦ ❣r❛♥❞❡✱ ❢❛③❡♥❞♦ ❝♦♠ ❛s r❡❞❡s ♥ã♦

❢♦ss❡♠ ❡ ♥❡♠ t✐✈❡ss❡♠ ❣r❛♥❞❡ ♣♦♣✉❧❛çõ❡s ❞❡ ✈ért✐❝❡ V 1

✻✹



❈❛♣ít✉❧♦ ✺

❈♦♥❝❧✉sõ❡s ❡ ♣❡rs♣❡❝t✐✈❛s

✺✳✶ ❈♦♥❝❧✉sõ❡s ❡ ♣❡rs♣❡❝t✐✈❛s

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

s♣✐♥ ❛rt✐✜❝✐❛❧ ♥✉♠❛ r❡❞❡ tr✐❛♥❣✉❧❛r✿ ♦ ♣r✐♠❡✐r♦ s✐♠✐❧❛r ❛♦ ♣r♦❝❡ss♦ ❞❡ ❤✐st❡r❡s❡ ❡ ♦

♦✉tr♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r♦t❛❝✐♦♥❛❧✳

◆♦ ♣r♦❝❡ss♦ s✐♠✐❧❛r ❛♦ ❞❡ ❤✐st❡r❡s❡✱ ♦❜s❡r✈❛♠♦s q✉❡ é ♣♦ssí✈❡❧ ❞❡s♠❛❣♥❡t✐③❛r ❡

♦❜t❡r ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❛s r❡❞❡s ❝♦♠ ❞❡s♦r❞❡♥s ♠❡♥♦r❡s ♦✉ ✐❣✉❛✐s ❛ b′i = 10%✳ ◆❡s✲

t❛s r❡❞❡✱ ❛ ❞✐♥â♠✐❝❛ ❞❡ ♣♦♣✉❧❛çã♦ é ❞❡s❝r✐t❛ ♣♦r V 5 → V 4 → V 1✳ ❖ ❞❡s❛❧✐♥❤❛♠❡♥t♦

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

♠❛s ♣♦r ♦✉tr♦ ❧❛❞♦✱ ❡❧❡ ❝r✐❛ ✉♠ ❡st❛❞♦ ✐♥t❡r♠❡❞✐ár✐♦✱ ❝♦♠♣♦st♦ ♣♦r ✈ért✐❝❡s V 5xy✱ ❡♥✲

tr❡ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❡ ♦ ❡st❛❞♦ ❝♦♠ ♠❛❣♥❡t✐③❛çã♦ ♦♣♦st❛ à ♠❛❣♥❡t✐③❛çã♦ ✐♥✐❝✐❛❧

❞❛ r❡❞❡✳ P❛r❛ ❛s r❡❞❡s ❝♦♠ ❞❡s♦r❞❡♥s s✉♣❡r✐♦r❡s ❛ b′i > 10%✱ ♦❜s❡r✈❛♠♦s q✉❡✱ ✐♥❞❡✲

♣❡♥❞❡♥t❡♠❡♥t❡ ❞♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❝♦♠ ❛ r❡❞❡✱ ❡st❛s sã♦ ❞❡s♠❛❣♥❡t✐③❛❞❛s

❡ s✉❛s ♣♦♣✉❧❛çõ❡s ❞❡ ✈ért✐❝❡s V 1 sã♦ s✉♣❡r✐♦r❡s ❛ 85%✱ ❛♣r♦①✐♠❛♥❞♦✲s❡ ❜❛st❛♥t❡ ❞♦

♥♦ss♦ ♦❜❥❡t✐✈♦✳

◆♦ ♣r♦❝❡ss♦ ❞❡ ❞❡s♠❛❣♥❡t✐③❛çã♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ r♦✲

t❛❝✐♦♥❛❧ ✈✐♠♦s q✉❡ ♦ ♣r♦t♦❝♦❧♦ ♣❛❞rã♦✱ ❞❡ ❝♦♠❡ç❛r ❛ ❞❡s♠❛❣♥❡t✐③❛r ❝♦♠ ❝❛♠♣♦ ❞❡

❣r❛♥❞❡ ✐♥t❡♥s✐❞❛❞❡✱ ♥ã♦ ❢♦✐ ✉♠ ♠ét♦❞♦ ❡✜❝✐❡♥t❡✱ ♣♦✐s ❛s r❡❞❡s ❡r❛♠ ❞❡s♠❛❣♥❡t✐③❛❞❛s

♠❛s ♥ã♦ ❝♦♥s❡❣✉í❛♠ t❡r ❣r❛♥❞❡s ♣♦♣✉❧❛çõ❡s ❞❡ ✈ért✐❝❡ V 1✳ P❛r❛ t❡♥t❛r ❝♦♥t♦r♥❛r ❡st❡

♣r♦❜❧❡♠❛✱ s✉❣❡r✐♠♦s q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ✐♥✐❝✐❛❧ ❞♦ ❝❛♠♣♦ ❢♦ss❡ bc ❡ ❛ ❝♦♥✜❣✉r❛çã♦ ✐♥✐❝✐❛❧

❞❛ r❡❞❡ s❡r✐❛ ❝♦♠♣♦st❛ s♦♠❡♥t❡ ♣♦r ✈ért✐❝❡s t✐♣♦ V 5✳ ◆❡st❡ ♣r♦❝❡ss♦✱ ♦❜s❡r✈❛♠♦s q✉❡

✻✺



✺✳ ❈♦♥❝❧✉sõ❡s ❡ ♣❡rs♣❡❝t✐✈❛s

❛ ❞✐♥â♠✐❝❛ ❞♦s ✈ért✐❝❡s ❡stá ❢♦rt❡♠❡♥t❡ ❧✐❣❛❞❛ ❝♦♠ ❛ ❞❡s♦r❞❡♠ ♥♦s sít✐♦s✳ P❛r❛ ❛s r❡❞❡s

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

♣♦r ✈ért✐❝❡s V 1 ❡ V 2✱ ♦s ❞♦✐s ✈ért✐❝❡s ❞❡ ♠❡♥♦r❡s ❡♥❡r❣✐❛s ❡ q✉❡ ♦❜❡❞❡❝❡♠ ❛ r❡❣r❛ ❞♦

❣❡❧♦✳ P❛r❛ ❛s r❡❞❡s ❝♦♠ b′i = 10%✱ ✈✐♠♦s q✉❡ ♦s ✈ért✐❝❡s ❝♦♠ ♠❡♥♦r❡s ❡♥❡r❣✐❛s ❢♦r❛♠

❛q✉❡❧❡s q✉❡ ♦❜t✐✈❡r❛♠ ❛s ♠❛✐♦r❡s ♣♦♣✉❧❛çõ❡s✳ P❛r❛ ❛s r❡❞❡s ❝♦♠ b′i = 20%✱ ✈✐♠♦s q✉❡

❛ ❞❡s♦r❞❡♠ ♥♦ s✐st❡♠❛ é ♠✉✐t♦ ✐♥t❡♥s❛ ❡ ♥ã♦ ❝♦♥s❡❣✉✐♠♦s ❞❡s♠❛❣♥❡t✐③❛r ❡ ♥❡♠ ♦❜t❡r

✉♠❛ ❣r❛♥❞❡ ♣♦♣✉❧❛çã♦ ❞❡ ✈ért✐❝❡ V 1✳

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

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

s♣✐♥ tr✐❛♥❣✉❧❛r❡s ❛rt✐✜❝✐❛✐s✱ ♣♦✐s ♠❡s♠♦ ♣❛r❛ ❣r❛♥❞❡s ❞❡s♦r❞❡♥s ❡ ❝♦♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦

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

s✉♣❡r✐♦r ❛ 85%✳

❈♦♠♦ tr❛❜❛❧❤♦ ❢✉t✉r♦✱ ♣r❡t❡♥❞❡♠♦s ❡st✉❞❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ❝❛r❣❛s ♠❛❣✲

♥ét✐❝❛s q✉❡ ❛♣❛r❡❝❡♠ ♥❛ r❡❞❡ ❞❡ ❣❡❧♦s ❞❡ s♣✐♥s ❛rt✐✜❝✐❛✐s tr✐❛♥❣✉❧❛r❡s ♥♦ ♣r♦❝❡ss♦ ❞❡

❞❡s♠❛❣♥❡t✐③❛çã♦ s✐♠✐❧❛r ❛♦ ❞❡ ❤✐st❡r❡s❡✳ ❈♦♠ ♦ ❛✉①í❧✐♦ ❞❡ ❛❧❣✉♥s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s

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

♣r❡s❡♥ç❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❛tr❛✈és ❞❛ ❞✐♥â♠✐❝❛ ❞❡ ♣♦♣✉❧❛çã♦ ❞♦s t✐♣♦s ❞❡

✈ért✐❝❡ V 1✱ V 5 ✭♦s ✈ért✐❝❡ s❡♠ ❝❛r❣❛ ♠❛❣♥ét✐❝❛✮ ❡ V 4 ✭♦ ✈ért✐❝❡ ❝♦♠ ❝❛r❣❛ ♠❛❣♥ét✐❝❛

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

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

❞❡✈✐❞♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①t❡r♥♦ ❛♣❧✐❝❛❞♦ ♥♦ s✐st❡♠❛✳ ◆❛s r❡❞❡s ♥ã♦ ❞❡s❛❧✐♥❤❛❞❛s✱

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

❛ ♠❛❣♥❡t✐③❛çã♦ ❞❛ r❡❞❡✳ ◆❛s r❡❞❡s ❝♦♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦✱ ❛ str✐♥❣ é s❡♠♣r❡ ❧✐♥❡❛r✳
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❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❬✶❪ ❍❡❧❜❡rt ❲✳ ▼❡②❡r❀ ❆ ❍✐st♦r② ♦❢ ❊❧❡❝tr✐❝✐t② ❛♥❞ ▼❛❣♥❡t✐s♠❀ P✉❜❧✐s❤❡r✿ ❇✉r♥❞②

▲✐❜r❛r②✳

❬✷❪ ❉❛✈✐❞ ❏✳ ●r✐✣t❤s❀ ■♥tr♦❞✉❝t✐♦♥ t♦ ❊❧❡❝tr♦❞②♥❛♠✐❝s✱ ✹t❤ ❊❞✐t✐♦♥✳
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